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1. INTRODUCTION

1.1. Motivation.

Until recently the properties of nuclear matter at high densities p >‘po =0.15 fm™S
and/or temperatures T > Bg = 16 MeV have been maccess1b1e for. study ‘

- experimentally. This is because normal nucle1 saturate at one den51ty P R pg, with a
unique volume energy per nucleon, —Bp. In the past, nuclear properties have been
studied either with elementary probes such as electrons, pions, and protons, or with
low enérgy nuclear pfobes. Such probes, however, cannot compress entire nuclei nor

. heat them up to 7 > Bg. Thus f.hese probes have been unaBle to shed light on this
aspect of nuclear matter. In nature, gravity can crush nuclear matter to high densities
iﬁ the hearts of neutron stars. Also, supernova collapse may involve high densif.ies and
temperatures before exploding. However, it is c!ear that the properties of_dense |
nuclear matter are very difﬁcult to extract from the limited obséﬁations of such

objects.

From the theoretical point of view, the properties of dense nuclear matter are
rather uncertain. Since only one measured point, (p,—B) = (0o.—By). exists to
constrain theories, it is not surprising that almost anything is possible theoretically at
high densities. For example, speculations on phase transitions to abnormal nuclear -
siates. pion condensates, and quark-gluon plasmas have been |
advanced. (TA)~(TA?)(TA8)~(TA11) Eyen in "standard” many body calculations the form of ,
£he high density equation of state varies by large factors depending on the particular
nuclear potential or approximation scheme employed. Clearly. thg measurement of
the equation of state away from saturation density would be invaluable in constraining

competing nuclear many body theories.

With heavy-ion accelerators we have at last the opportunity to prbbé_-_the- :

propertiés of dense, ﬁighly excited.'huclear matter in the laboratory. What nuclear
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beams offer that cannot be duplicated with elementary particle beams is the ability to
alter drastically the nuclear state over a spacé-time volume, V-c1, N R*~ AYS fmt,
that is much larger than typical hadronic scales (~ 1 fm?). Elementary particle beams
can deposit energy and momentum only into a small fraction of the nuclear volume.
They are therefore ideal for studying the rvesponse‘ of i-_’gr_ou'nd state nuclei to localized
disturbances. High-energy nuclear beaﬁs test, on the other hand, the resporfsé toa

major global change in baryon and energy density.

As shown in Fig. 1, that response is often the comiplete disintegration of both

" projectile and target nuclei. Fig. 1 shows a streamer chamber photograph®18) of a Ca

"+ Pb collision at Epap, = 2.1 GeV per nucleon (or, hereafter called A-GeV)." Of course, we
see only the shattered remains (nucleons and pions) of the hot, compressed nuclear
state. From the distributions of particles and momenta our task is to reconstruct, if
possible, the properties of that state. Clearly, the necessary first step rust be
understanding the basic reaction mechanism of compr"eséion. equilibratio'n,”exp'ansion,
and final state interactions. In addition, non-equilibrium prbcesses such as direct
knock-out must be separated out from any equilibrated components. This ambitious
program has been now under way since 1974. A vast arsenal of data as well as "
increasingly sophisticated theoretical tools have become available. While further
decisive (for example, 47 exclusive) experim;nts are still to be performed, it is

appropriate to take perspective at this time of the progress'made thus f‘eir.

In this repoft we discuss current interpretations of the available data.
Qualitatively, inclusive ‘data involving light nuclear beams (4 < 40) can be understo'oc}_
in terms of multiple nucleon-nucleon collisions. The role of nuclear geometry. finite
mean free paths, available phase space, initial Fermi motion, final composite
formation, and Coulomb distortions have been clarified by those data. Theoretical
methods now exist to incorporate all these effects in a semi-quantitative Way. However,
there are also several observaﬁions that have noﬁibiéeh"'explained” up to now.. lt may

be these observations that hold the key to the physics of hot, dense nuclear matter. ‘ '



Those observations include, for example, (1) non-statistical one- and two-particle
angular distributions of light fragments in high multiplicity events, (2) small deuteron-
to-proton ratios, and (3) anomalously short mean free paths of some secondary nuclei
produced in nuclear collisions. The first observation addressed the fundamental
question of ﬁhet.her nuclei behave as a fluid or a cascading nucleon gas: In other
words, do nuclei low? If they do, then we may be able_ to examine the nuclear equation
of state. The secon& observation raises interesting questions about the entropy, the
degrees of freedom of the excftgd nuclear system. Are nucleon_degrees of freedom
sufficient or must collective excitations such as.pion condensates be invoked to explain
the apparent high entropy? Finally, the third observation addresses the question of
whether long-lived novel or exotic states of nuclei can be formed under the conditions
of high baryon and excitation energy densities. Definitely, more data and theoretical

work are needed in resolving these questions.

It should also be emphasized that up to now the heaviest nuclear beams available
have been °Ar and low intensity 3Fe ions. Within a year truely heavy nuclei, ?*’Pb
or 238y, should become available at the Bevalac. These heavy nuclear beams aré
expected to provide more insight into .the current puzzles. With 4m exclusive ¢
experiments with 20 + 28U, we may finally know whether “all the king's horses and all
the king's men can pﬁt dense nuclei together again". In any case, the enlarged
domain of A dependence provided by heavy nuélei will be essential in sorting oﬁt the
many complex elements of the reaction mechanisrh. Also, the fragméntation of such-
nuclei will certainly extend the current s£udy of neutron-rich nuclei far from stability.
'In the following sections, our aim is td point out the key unsolved questions and the

directions of needed theoretical and experimental work.
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1.2. High—Energy Heavy—lIon Accelerators in the World

In 1974, a high-energy heavy-ion accelerator, the Bevalac, was corlnple_te<d in
Berkeley. This machine is a combination of the Hilac and thé Bevatron accelerators, as
shown in Fig. 2. Nuclear beams are accelerated to 8 A-MeV with the Hilac, then injected
into the Bevatron. and finally accelerated to energie’s of 50-2100 A-MeV. In the winter,
1981, a new vacuum system was installed inside the Bevatron ring. With an imprév_ed
vacuumn down to 107! Torr it is expec'ﬁed that ?°’Pb ions will be available in the summer
of 1982.
| Another working accelerator in the world is the Synchrophasotron in Dubna,

- U.S.S.R. It supplies nuclear beams up to 2°Ne with energies up to 4 A'GeV. The beam
energy there is higher fhan in Berkeley, but the beam intensity as well as the duty
factor of the machine are substantially lower. These two accelerators are currently

the only machines available in the field of high-energy nuclear collisions.

- If we eﬁend the beam énergy and projectile mass into a wider region, then three
other machines should be cited. In the energy region of ¥ 100 A-MeV the CERN SC
machine has been supplying 12 and ?°Ne beams at high intensities (< 10'? ions/sec)
sincé 1979. -Light ions such as d, 3He and « at about 1 A-GeV are available at Saclay in
France. In addition. a-a colliding-beam experiments at 10 A-GeV became possible at

CERN ISR in the summer, 1980.

In several countries »ther'e are éctive‘plans for future machines. At the Saturne II
in Saclay, France; an improved ion source is being constructed to accelerate Ne or C
beamns. Here, the duty factor as well as the beam intensity are comparable to those of
‘the preseht Bevalac. In the immediate future, GANIL in France and the Michigan State
Um'versity in the U.S.A. will complete the construction of intermediate-energy
machines up to 100 A-MeV. Furthermore, in the energy region of 1-10 A-GeV three
accelerators may be completed in 4-7 years; SIS in Darmstadt, Gerrhany. the Numatron

in Tokyo (or Nagoya), Japan, and TIS in Moskow, U.S.S.R. These plans are very



ambitious, and beam qualities from these ma‘chines are expected to be mﬁch better
than those obtainable now. In the Pplanning stage are even more ambitious proposals
for much higher energies. At CERN modifications of the ion source and linac _or_e under
discussions. If these modifications are carried out, then heavy ions beams up to Ar
with beam energles ~ 100 A-GeV.in the laboratory frame (SPS) or 10 A GeV + 10 A-GeV
in the CM (ISR) would become available. In Berkeley a proposal to construct VENUS | A'
(Variable-Energy Nuclear Synchrotron) is being formulated. This colliding beam o
facility would cover an incredible three decade range of energles 20 A MeVto 20 A GeV

in the center-of-mass frame. and be’ able to accelerate projectiles from protons to zan.

1.3. The High Density—Temperature Nuclear Domain

Fig. 3 illustrates some theoretical speculations on hovel phases of nuclear matter
that could arise at high density (o) and temperature (T). It is importvavnt'to emphasize
again that experimentally we know only one point on this figure: (p, T) = (po, 0). First
consider what may happen to nuclear rnattor as it is oompressed to densities p = 2pq at
T =0. Nucleono move well within the one pion exchange range allowing virtual pions to
propagate over longer distances 'io the medium. The enhonce'd amplitude for pion
propagation in the medium can result in long range correlations. Because the pion isa
pseudoséalar-iso?ector particle, the spin-isospin dens_ity correlations would be
expected to be Imost affected. ‘At a high enough density it is in fact possible that a -
~ phase transition to a spin-isospin lattice takes place. Detailed calculations(TA4-(TA7)
indicate that the critical density may be p¢ ® 2p¢. As the compressioﬁ is increased, the
attractive two pion exchange potential (o exchange) may lead to a further phase
transition. In non-linear g-models(TA1)~{TA3) t hat phase transition results a drastic
change of the properties of the nucleus. The effective nucleon mass vanishes m* - 0 in
that abnormal nuclear state! Ultimotely at some vefy high density p > 10pg, it is-

believed that the quark structurle of nucleons comes into play and nuclear matter
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melts into a quark-gluon plasma state. ®48)-

If on the other hand, the density is fixed and the matter is heated to high
temperatures, then as T + m,c® the nucleons are excited into isobar states (Agg, N*, -
---) and mesons appe'ar in the system (m, p, --*). This qualitatiVe change in the
constituents of the system can be called a transition from nuclear matter to a
hadronic gas.(T? Above T > m,c? so many hadrons are produced that their quark
wavefunctions overlap significantly. At that point it is believed that hadronic matter
melts into a quark-gluon plasma state. Therefgre. both the very high p and high 7 limit

of nuclear matter is thought to dissolve into a plasma state.

Also indicated in Fig. 3 are the estimated densities and temperatures that may be
reached in nuclear céllisions at different energies. For the Bevalac energy range, we
can in principle explore up to T & 100 MeV and p ™ 4p,. To see the quark-gluon plasma

transition would require much higher energies as VENUS or ISR would provide.

An important question is how long nuclei can remain compressed during nuclear
collisions. Fig. 4 shows the results of an intranuclear calculation{™3) for the time
evolﬁtion of the maximum density and temperature in typical reactions. Observe that ’
the total time spent in the high (p,T) domain is only At & 10 fm/c. Because causality
limits the maximum growth rate of any collective phenomena toI' < Ac/ R ~ R/ At,
where R is the dimension of the system, no phase transition can develop fully in
nuclear collisions. At best we can expect to see only the onset of critical
phenomena(TA“)-(m‘é) associated with new phases of nuclear matter. We can look also
for indirect evidence of phase transitions such as increased entropy associated with
softening of pion modes.™1.(TN?) However, we cannot expect chunks of pion condensed

matter to emerge from the reaction.

There are several additional factors that complicate the deduction of bulk nuclear
properties from nuclear collisions. First, even local thermal equilibriurri_ may not be

reached in a significant fraction of the nuclear volume. Thus, transient phenomena



associated non-equilibrium properties may be important. Second, the expansion phase
of the collision could distort the signals we expect to see from the high (p,T) region
due to final state interactions. Finally, we must necessarily deal with finite syStems.
For such systems collective modes with @ < &/ (collision time) and k <%/ R are
suppressed. Furthermore, surface curvature and thickness are not negligible. Thus,
bulk, transient, and surface prdperties of nuclear matter are all intermingled. Clearly
to have any hope to unravel these effects, careful and systematic studies must be
undertaken. No 6ne epreriment. can possibly provide all the riecessary information.

" However, with the léverage arm provided by variations of the projectile and target
nuclei and the beam energy, we can hope that enough circumstantial evidence can be
accumulated eventually to deduce at least qualitative picture of the high (o, T) nuclear

domain.

1.4. The Experimental View

Before we begin the detailed interpretation of data, it is useful to illustrate what
actual nuclear collisions look like in the laboratory. In Figs. 1, 5 (a), and 5 (b) three :
“typical" events were recorded by streamer-chamber photographs.(m‘s)'mps) The |
reactions shown involve 2.1 A-GeV Ca + Pb. Thus, 40 nucleons, each wifh 2.1 GeV
kinetic energy, are scattering from 207 nucleons in the farget. Cofnparing these
figures, qualitatively different phenomena are obvious. Fig. 5 (é\) shows mainly cne
forward jet of fragments. Such an event is expected to occur at a large-impact- -
parameter ("peripheral”) collision at which the projectile and target nuclei barely
touch each other. The energy-.moment'um transfer between these two nuclei are
relatively small, so that the projectile nuéléus breaks up into a few fragments with
velocities close to the initial beam velocity. The secondipicture. Fig. 5 (b), shows a
larger number of tracks; about 30 charged particles. In this picture a forward jet still f

exists, but at the same time nearly half the tracks are observed at large angles. Also,



negative charges due to n~ show up. It suggests that two types of reaction mechanisms
can operate in one event; one in which a part of the projectile nucleus interacts weakly
with target (creating the forward jet) and the other in which the remainder part of the
projectile interacts strongly with the target (creating the large-angle spfay). "The third
picture, Fig. 1, illustrates a much more violent collision. Almost all particles are
emitted over a wide range of angles and no forward jets remain. Such an event
originates from a small-impact-parameter ("éentral") collision in which all nucleons of

- the projectile interact strongly with the target nucleons. In such events the available

energy is shared among all participating nucleons and pions.

Counter experiments revealed these different features quantitatively. Fig. 6 (a)
displays the proton spectra measured at 0° [Ref. (EA14)] and 1B0° [Ref. (EL12)]in C + C
collisions at Ep,, = 1.05 A-GeV. The spectrav show two peaks, one at the beam
momentum per nucleon (at the beam velocity) and the other at zero momentum (at
the target velocity). The former peak corresponds to forward jets in the previous
photographs and arises as a result of projectile fragmentation. Similarly, the latter
peak arises from target fragmenﬁation. In Fig. 6 (b) these fragmentation peaks can be
seen clearly also in the neutfon spectra for 390 A-MeV Ne + U.ED3) Fig, 7 shows the
proton spectra measured at large angles® in 0.8 A-GeV Ar + KCl collisions. 'I'h.e
~ spectra are now very smooth as a function of proton momentum and extend over a
wide bregion of momenta. These protons correspond to largé-angie sprays observed in
Fig. 5 (b) and Fig. 1. The large angle neutron spectra are also smooth as seen in Fig. 6
(b).

These observations suggest that nucleons can be separated into two groups,
participants and spectators.(TW?) Participants suffer large momentum transfer
collisions, while spectators suffer at most small momentum transfer collisions.
Qualitatively, the Fermi momentum, pr ~ 250 MeV/c, sets the scale for large and smﬁl‘l
momentum transfers. Of course, such a classification is somewhat arbiirai‘y. but it

helps us to define the kinematic domain into which particles are emitted, as illustrated



schematically in Fig. 8. In the plane of rapidity (y) [see Appendix] and transverse
momentum (p1/ mc) of an emitted particle, the projectile and target frjagments. which
are mainly from spectator nucleons, are clustered at (y, pr/ mc) = (yp,O) and (yr.0),
respectively, where yp and yr are the projectile and target rapidities. On the other
hand, particles emitted from the overlap region between the projectile and target are
mostly participants and observed over a wide region of krapidity and .transverse
momentum. The data shown in Fig. 7 are mainly from the participant nucleons.
Because the available phase space for participants is much larger than for spectators.
* the differential cross sections in Fig. 7 are much smaller than those in the frégment at
the regions of Fig. 6. In addition, particles emitted at large angles are expected to be
mainly elementary particles éuch as protons and pions, since the energy transfer in
each nucleon-nucleon collision is expected to be much larger than typical nucleon
binding energies.

In contrast to reactions at high energies (Fig. 1), nuclear collisions at low energies
Elap < 30 A-MeV are far less dramatic.@‘“z) The multiplicity of fragments is smaller and
the momentum distribﬁtions fall off much more rap'idly. No clean separation can be
made between participant and spectator nucleons. The projecﬁile and target nuclei ,
can even fuse occasionally. This qualitative change at low energies is due not only to;
the smaller accessible phase space but also a rapid increase of the nucleon mean free
path with decreasing energies. At low energies the Pauli principle becomes very
effective in suppressing two-body collisions. Hence the dynamics is controlled by the-
time-dependent nuclear mean field, and the momentum transfers are much smaller.
Only at high energies, Ep,, > 200 A-MeV, does the mean free path approach the
geometrical value, A = 1/(oynp). At intermediate energies, Epp ~ 100 A'MeV, A is still
substar;tially .larger than 1/ (oNNp) as a result of non-local interactions due to exchange
force. (B9 To take advantage of the small mean free path at hivgh energies it is also
important that the de Br‘og'lie wavelength A/ k of incident nucleons is much smaller

than the nuclear radius, K. As we discuss in the next section the story is not quite so
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simple. However, qualitatively, the violence of high-energy nuclear collisions and the
separatibn between participant and spectator nucleons follow from the smallness of
R/ k in comparison to R and the ability of some nucleons (participants) to suffer large

momentum transfer collisions (A < R).
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2. THEORETICAL TOOLS
2.1. Quantal and Classical Aspects

Ideally, the théory of high-energy nuclear collisions should be based on a complete
quantum theory of strong interactions. It is currently believed that Quantﬁm
Chromodynamics (QCD) is, in fact, that theory. In terms of QCD, nuclear collisions
involve a complex cascade of correlated clusters of quarks and gluons. It may be
possible to perform such a QCD galculation when Monte Carlo la;ttice formulations of
QCD became sufficiently sophisticated. However, until that time an effective theory of
strong interactions must be employed. Unfortunately, even the non-relativistic N-body
Schr'ddinger equation with static potentials is too complicated to solve for nuclear
collisions. Approximation schemes such as the time-dependent Hartree-Fock method
are not applicable because of t‘:he short mean free path_s at high energies. The Eikonal-
Glauber appreoach is not applicable, because large momentum transfers are involved.
We are therefore forced to devise phenomenological theories and models of nuclear
collisions: Such a limitation on theory is of éourse not new to many body physics and
does not detract from the usefulness of a phenomenological approach. For example, if
a hydrodynamical model could fit the data with unique equation of state and transport

coeflicients, then that phenomenological equation of state could provide valuable

-constraints of more fundamental theories of nuclear matter.

Accepting the phenomenological appfoach. we can ask whether a classical or
quantal descriptioﬁ is most appropriate. At the cléssical level, there exist many well-
explored me;hods to calculate non-equilibrium trahsport of matter and energy.
Newton's classical equation of motion can be directly integrated in vsome cases. The
Boltzmann-Vlasov equation prévides a general framework for describing transport
properties of macroscopic systems. Monte-Carlo cascade calculations could be used to

describe finite mean free path systems. The Navier-Stokes equation could describe
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linear departures from local equilibrium. Thus, at the classical level there is an

arsenal of theoretical tools with which nuclear collisions could be analyzed.

At the quantum level, there are on the other hand very few practical tools at our
disposal. Therefore, it is not surpriéing that most of the rﬁodels developed thus far are
based on classical considerations. Before applying thé'classical arsenal th"ough',- we
. must consider the importance of quantumn effects. Whether classical concepts apply or
not depend sensitively on the specific observables and kinematic domain we wish to
describe. For exémple, diffractive elastic scattering, which accounts for nearly one
half of the total cross section, is a phre wave phenomenon. However, we generally
observe only the reaction cross section, o,. Because the total angular momentum in

the nucleus-nucleus center-of-mass can reach large values

~ a 4/3
Lrnax ® Ak X 2R % 104 [lGeV/c A >Hh, (2.1)

where k is the c.m. momentum per nucleon and 4 is the number of nucleons in the
projectile, the partial wave sum can be replaced by an integration over impact
parameters b. Nuclei are furthermore highly absorbtive, i.é. there are very many
inelastic channels open for each impact parameter. Therefore, the reactioh éross

section reduces to the classical geometrical value v
o, ~ {(Rp + Rp)2 - (2.2)

where Rp and Ry are the brojectile and target radii, respectively. Finite surface effects
can be estimated by iﬁtegrating over a realistic density profiles as in the Glauber
theory.(T¥1)

A more interesting question is whether classical concepts can be applied to
inclusiv.e or exclusive differential cross sections. In general, there are distinct
interference effects between different partial wave émplitudes in differential cross
section. However, with nuclei such inﬁerference effects can be eﬁpected to be far less

important because of the enormous number of orthogonal final channels accessible.
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Specifically, two different impact parameters (or paftial waves) most often lead to
orthogonal final states. An obvious example is that peripheral collisions lead to two

slightly excited nuclei in the final states while more central collisions lead most often

" to states containing many free protons, deuterons, pions, etc. Therefore, the

amplitudes for these two processes cannot interfere. In fact, changing the impact
parameter by ~ 1 fm will result in additional NN scatterings that must leave the
nuclear fragments in higher excited and hence orthogonal states. Because small
changes in the initial impact parameter lead to large changes in the final channels
populated, the .a‘mplitudes to scatter at different impac.t parameters are not likely to
interfere. Thus, even though the projéctile center-of-rﬁass wavefunction is a plane
wave {and not a localized packet!), it makes sense to sum over the probabilities to

scatter at different impact pararmneters.

F;or a given impact paranieter we can a_sk next how quantum phenomena affect the
dynamicai péth. Consider the scattering of'two nucleons at these energiés., While the
total nuclear angular momentum is lérge in Eq. (2.1), th'eﬂ relafive angular momentum
in each nuc.:leon-nucleonv collision is not.. Taking the force range as h/ meyc 1.4 fm. the

relative angular momenturmn is only
k : o
lra = [ h. . (R.3)

For an incident laboratory momentum k., < 1 GeV/c, lyq < 3ficannot be regarded as
large even initiaﬁy. Aftef only one NN cecllision subsequent NN collisions will have a
relative ahgular momentum = b This implies that a quantum mechanical treatment of
individual nucleon-nucleon collisions is necessary. This is alsov true if during the
collision a fireball were formed with a temperature T = (2/ 3)E. ., With E’c._m being the
c.m. energy per nucleon (Ec_m. N Flap/4 in equal-rri&ss collisions). In a fireball, the
thermal momenta ky & V2mT is génerally so small (e.g. k7 8':500 MeV/c for Ar + Ar

collisions at 400 MeV per nucleon) that S- and P-waves. dominate the NN scattering
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process. Thus at least on the nucleon-nucleon level a quantum treatment of the

scattering is necessary.

How does quantum mechanics affect two successive NN collisions? Two NN

collisions occur on the average every mean free path A:

ONNP mnuC lp

Note that mean free path is on the same order of the force range if p ~ pg. The time

interval between two successive collisions is 6t ® Amy/ 2k. The uncertainty in energy

0t ® h/ 0t compared to the c.m. kinetic ehergy g N K%/ (ZmN) is thus given by
oc 4h mﬂ'c] |
—_ N 4R, , . ) .
b ek J[Lo] (2.5)

By using Eq. (2.3) we also have 6&/ g, = 4l/ lyg for p ~ po. 'I'herefore. the higher the

nuclear den31ty the more uncertainty is t.here in the kinematics of each succeedlng
NN colhsmns' ThlS uncertalnty in the kinematics of the multlple colhsxon sequence
may have profound implications for the evolution of the system. Studles of such effects
have only just begunm'a’ and call for much further theoretical investigation. Egs. (2.3)
and (2.5) thus serve as a warning that even though the de Broglie wavelength of each
nucleon, A/ k, is much smaller than the nuclear radii, i/ k cannot be regarded as small

compared to the force range, i/ m,c and mean free path A.

The coincidence of A/ m,c and A also leads to another difficulty. Subsequent NN
collisions may not be treated as independent. The amplitudes to scatter off twb
successive nucleons could interfere with one another. In other words. the scattering
wave generated by the first target nucleon may not ha\}e reached its asymptotic form .

by the time it reachs the second target nucleon. Thus, near-zone effects may come
into play. The assessment of the magnitude of such effects remains an open

theoretical problem.
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‘Usually, application of classical methods to heavy-ion collisions has been

motivated by noting
kR > h. - (2.6)

While Eq. (2.8) is certainly necessary, it is by no means obvious that it is sufficient.
There are many length scales ih the problem besides R including i/ mqc, )\ R/ pFr,
W myc, ic / Ugp. It would seem that we need only to go to higher energies. However,
' higher energies actually makes things worse! That is because beyond Ep,), 2,300 A-MeV
pion production can reduce the momentum of the incident nucleon. For example, at
~ E'Lap ™ 600 A-MeV, NN - NA léads to A essentially at rest in the c.m. frame. In this case
the propagation of the A and the resulting N7 system should certainly be described

quantum mechanically.

Up to this time a full list of necessary and sufficient conditions for the validity of a
classical description of nuclear collisions has not been given. The more difficult '
prob‘lém of estimating the magnitudes of quantum corrections to specific observables.
has not even been formulated yet. These are important theoretical problems for the
" future. If classical methods ca:n eventually be justified, it is likely to be due to the
immense complexity of the nuclear systems. It could be that rélatively few dynamical

paths can lead to the same ezclusive final state and hence interfere.

Thus far, we have considered the possiblé role of quai’itum effects on the
dynamical path during what can be regarded as the intermediate stage of the reaction.
In addition, there are initial and final state intéractions. The initial state interactions” .
result obviously'in Fermi motion. This internal motion is naturally a quantum property
of ground state nuclei. Its effect will be to broaden the moméﬁtum d.istributionsi of the
final fragments. Thus, at the very least some preécr’iption will have to bé invented fo :
incorporate this internal motion in any classical framework. In the final state, there
are often many nuc_:l.eons emerging with small relative momenium. qij = [Bi Pl For gy

< pr such nucleons car: coalesce into nuclear fragments such as d, ¢, a, ---. The state
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of these fragments must certainly be described quantum mechanically. The

| abundance of nuclear fragments emerging from nuclear collisions implies that we

- cannot neglect such final state interactions. Therefore, it will be necessary to
supplement any classical approach with information on the ground state wavefunctions

of nuclei.

Another way in which quantum effects enter is through the indistinguishaLbility of
‘identical particles such as two protons or.two m~. Many particle wavefunctions
describing such particles must be (anti) symmetrized. This symmetrization can result
in constructive or destructive interference when the relative momentum gq;; <A/ R. As
~ we will see later in Sec. 3.5.4. such interference effects can in fact be observed in two-

particle correlation functions.

We can o_nly conclude that the nature-and importance of quantum effects needs
much more study. There are obvious examples such as initial and final state
interactions where these are important. There are suspicious signs, Egs. (2.3) and
(2.5), that indicate that quantum effects are not negligible in the intermediate state
either. Therefore, when applying classical concepts, we should always keep in mind the
reservations expressed above. On the other hand, progress can be made at this point
only if we devise phenomenological classical models. With these reservations, we

proceed therefore to exploit our calssical arsenal.

2.2. Classical Tools

Given a static spin—independent nucieon-nucleon force, the Classical Equation of
Motion {CEM) could iri principle be integrated .dirvectly.('rc’)'('rc*"’ Aside from the above
reservations, in order to apply CEM the energy should be low enough so that particle
(r) production can be neglected. Tl;xis implies that the beam energy per nucleon is
Epeamn < 1 A-GeV. The energy regibn between 200 - 500 A-MeV is probably the most

suitable with respect to the use of CEM. At these energies, pion production, relativistic
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kinematics, simultaneity, and retardation effects can also be neglected to a first order

approximation. Therefore, we could attempt to use the non-relativistic Newton's CEM.

Depending on the time and length scales in the problem, CEM can sometimes be

reduced't_;p an approximate dynamical framework such as hydrodynamics or

intranuclear cascade. The relevant length scales are again the force range, W/ mc,

the mean free path, A, and the nuclear radius, R ™ 1.2 A3 fm. These scales satisfy the
inequality |
Wmaee SAKR. ' ' (2.7)

(Quantum mechanics introduces the additional scale, A/ k, the de Broglie wavelength)

‘Various approximation schemes to CEM could be justified™" if any of the "< signs in

Eq. (2.7) would be replaced by "<«" signs.

Consider the following possibilities:

(A) Wmue KX —> p/po <1, ' ‘ (2.8)
(B) AR —> p/pg>AV3, - (2.9)
(C) Wmue KAKR —> AV3&Kp/po < 1, | (2.10)

In these three cases, CEM reduces to (A) Intranuclear cascade, (B) Hydrodynamics, and

(C) 1deal gas hydrodynamics, respectively.

In case (A),lisolated two-body collisions occur. Potential energy effects are
negligible between NN scatterings and the nucleons propagate as free particles. This

is the dilute gas limit. In this case CEM reduces to the Boltzmann equation or to

intranuclear cascade (INC). In both methods the free space NN cross section is the

~ main dynamical inplit. Intranuclear cascade is the more general of the two methods in

that it provides information on the full A-body density matrix, p4(z,.""".Z4,p,. ", Pa.t).
On the other hand, the Boltzmann equation assumes that p4 R p\(z,,p1.t) p1{z4.04.1).
and thus it provideé information on only the one-body density matrix p,;. Clearly,

correlations should be negligible if the Boltzmann equation is to prdvide a reasonable
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approximation to INC. For nuclear collisions, Eq. (2.8) is not satisfied well, especially

since densities up to (2 - 4)p, are expected at these energies. (F1).RA8).(RA1S)

It is important to note that .conditions (A) - (C) can only be regarded as sufficiency
conditions. Under special circumstances, each method may yield reasonable results
even when these co‘n'ditionéva.r'e violated. For eiample. just because the force range is
R/ mac A, it does not imply necessarily that the corrections due to potential effects
be large. The large momentum transfer NN collisions (g > m,c) most likely occur as a

result of hard core interactions at a radius
T. 80.5fm~A/3m,uc. - (R.11)

The tails of the one pion exchange potential .le.ad on the other hand to low momentum
transfer SCatterings (g < muc). Therefore, thevcondition T, << A insures that at least
the hard core scattering can be treated via cascade calculations. The lo'nger range
parts of the NN potential could contribute to an effective optical potential or mean
field. In terms of the Boltzmann equation this potential could be included via a Vlasov
term. The effect of hard core collisions (Ocore < Onn) could be included in the usual
collision integral. Such a separation of hard core and potential effects has been

advocated by Remler. TE?)

It remains an open theoretical problém to evaluate the importance of potential.
effects. In CEM studies(™-(%) 5 substantial traction of the available kinetic energy
was found to be convefﬁed intp potential eriergy during the maximum compression
phase of the reaction. However, that potential eneréy is associated w1th the short-
range, hard-core repulsivé interaction which might be well approﬁmated by INC. The
question of the effect of the longer f‘ange attractive forées ﬁrhich are not well

approximated by INC has yet to be investigated.
In case (B), A &« R, the mean free path is so short compared to size of the system

that local thermal equilibrium could be reached. In this case CEM reduces to viscous

hydrodynamics. Potential energy effects can be included readily via the equation of
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state, P(p,T), for nuclear matter. In addition, transport coeflicients such as viseosity
and thermal conductivity can be included to estimate first order O(A) corrections to
ideal Euler hydrodynamics. Those corrections are described by the Navier-Stokes
equation. The requirement for the validity of Navier-Stokes equation is that the

" gradients of the densit.y and temperature should be small in both space and time, e.g.
|8.0| < p/ A. This follows from the fact that the transport coefficients are related to
the static, long wavelength (o = k¢ =0) form of basic correlation functions of the
system. See for example the Kubo formulae.(T™) In general, frequency and wavelength

dependent transport functions are necessary.

‘Another important consideration in applications of hydrodynamics is that A K ®
applies only for nucleons traversing the central region of the target. For finite nuclei
approximately half (3\/ R) of the nucleons lie within one mean free path of the
surface. These "surface” nucleons cannot be expected to reach local thermal
equilibrium. Therefore, only a fraction of the nucleons can be considered to behave
hydrodynamically even in a ?38U + 238U collisions! Consequently, hydrodynamics should
always be suppiement.ed with a model to handle the non-equilibrium components of the

spectrum.

Case (C) provides the simplest limit of CEM. Petential energy may be neglected as
compared to kinetic energies. Furthermore, sufficient number of NN scattermgs
occur in order to equilibrate the kinetic degree of freedcm In this ideal gas limit the
dynamics is likely to be the least sensitive to the details of the NN interaction. The-
geometry and available phase space can be expected to dominate gross features of the
inclusive distributions. The geometry gives the number of nucleons that scatter with
any incoming nucleon. The available phase space becomes uniformly populated
(equilibrated) after sufficiently many collisions. In this case, thermodynamics or phase
space models may apply. Of course, as in case (B), A KR is likely to hold only for a:

fraction of the nucleons at any give im‘p'act parameter.
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While non of the limiting conditions (A) - (C) are obviously satisfied for nuclear
collisions, Eq. (2.7) indicates that neither are they grossly violated. Therefore, many
approximations to CEM may give qualitatively similar and reasonable results. Since all
approximations to CEM have energy-momentum conservation and the correct nuclear
geometry built in, their results must be similar to the extent that detailed dynamics
Are not relevant as, for example, when equilibrium is reached. Furthermore, the:
sensitivity to dynamics is diminished by the _fapt that inclusive cross sections -
necessarily average over a wide spectrum of»unobserved multiparticle configurations.
Unfortunately, there is no way to estimate the intrinsic errors introduced by any
approximation scheme when the basic ineqdhhty [Eq. (2.7)] contains "<" rather than

L signs. Only by confrontation with data can that accuracy be determined
empificaliy.

Since no rigorous and calculable theoretical framework exists at present to
calculate nuclear collisions, the only way to proceed is to turn to model calculations
that incorporate as many "realistic” effects as possible. By varying the parameters |
and assumptions within each model, we can hope to isolate at least the most essential
elements of the reaction mechanism. As we shall see, the cross comparison of results
of many models and their confrontation with data have already provided much insight
into the problem. Nuclear collisions have certainly not been “solved”, but some order
is beginning to emerge out of the chaos. In the subsequent subsections, we describe
some of the models developed and the lessons they have provided. The list of models is

by no means exhaustive but-is sufficient to introduce various important concepts.
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2.3. Statistical Models

. In both quantal and classical domains energy-momentum conservation and the
nuclear geometry are automatically included. An important question is to what extent
these basic features control the form and magnitude of inclusive cross sections. To

answer this question we turn to statistical models(T™!-T6?) of nuclear collisions.

The starting point is the decomposition of inclusive ¢ross sections into a sum of

 cluster-cluster collisions:(TP1)-(T05).(TB11).(TG4).(TG5)

: dTp“ @)= T os(ma) @),  (212)
ooy WO TowmmERGS
+ E ,d;,,(m,n.m'.n')-F.S,‘.’,.(ﬁ)Fé."?n'(ﬂ'). (2.13)

In these equatiohs m nucleons from:the projectile A interact with n nucleons from t;he
target B. The geome;trical weight.s o4p{m n) are the cross sections foram xn
cluster interaction. The distribution Ff). describes the one particle dlstrlbutlon
arising from such a cluster collision. Similarly, F(z) describes the two partlcle
distribution from that cluster. The two and higher pa.rt.;cle inclusive g:ross sections
involve additional terms as in Eq. (2.13) to accouht for the contribution of different z

clusters to a given many body final state. Thus, for exémple am(m,n,m’,n') is the '
Cross section for producing tﬁ'o -indepevndent cluster collislions.' o

With the cluster decomposition, nuclear collisions are reduced to a superpoéitign
pf cluster collisions. Next we have to specify o,4p and Fmn. The simplest choice for the
dynamical path is one that is so compliéated that t.he‘ available mdmentum space is-
uniformly populated. In that case, Fi{j), can be expressed in terms of phase space

integrals,
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, s,
en(P)= [ d: =~ dsp" ﬁpz - P), (2.14)

where &; = VpFc? + m¥c? and m; is the mass of the i* particle. Thei narticle

distribution F{), is given by

' i
¢m+n—_{»(Pmn_ ZPJ)
C =1

(m+n)! - (2.15)

m+n—i)! Pmin(Pmn)

Ffn@n B0 = ¢

where Ppn, = mp, + npp is the incident four momentum of the cluster in terms. of the
four momentum per nucleon g, {Pp) of the projectile (target). For large cluster sizes,
m+n > 1, Eq. (2.15) reduces in the non relativistic limit (g; = mc? + p2/2m) to the

familiar Boltzmann thermodynamic form -

(mn) _ e®l- D)/ 2T ]

(m+n—i)! (27 Ty, )34/ 2 (2.16)

R 70 =

where p(m'n) and (3/2)T,,, are the momentum per nucleon of the cluster and the
energy per nucleon in the c.m. of the cluster respectlvely Eq. (2 15) is of course more
general because it mcorporates the suppression of low and high energy regmns of |
phase space due to finite number effects. However as shown in Fig. 9, ﬁmte size effects
are neghglble as soon as the cluster size exceeds a relatlvely small value m+n >4,
Also, it is clear that the knock out or dlrect contribution, ™V~ ym +n =2, is a rather
-snecial case. bFor the knock out component, F{Y (8), it is important to improve the
statistical model by:using the experimental elastic NN cross section directly [see e.g.
Refs. (TD5).(TL1).(TL2)]. A further imnrovement of the model is to evaluate Fi),

assuming a one dimensional cascade.(TP1)~{Tb3)

Havmg spec1ﬁed the F,‘,fJ,,. we turn to the geometrical ‘welghts OB At hlgh
energxes (ELap >1 A GeV) the NN cross sections are forward peaked. ThlS observation
forms the ba31s of t.he Eikonal- Glauber approximation, that treats all nucleons as
moving in straight line trajectories along the beam direction. With this stralght line

assumption, the average number of collisions that an incident nucleon will suffer in a
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O

target B at impact parameter & is™D.(MN=(D5)
<Np(£)> = [ dz pp(z.2)ony. | o (217)

where pp is the {arget density distribution. Furthermore, the distribution-of the
number of collisions is approximately a Poisson, 4 '

*da(’))

Pa(n.8) ~e (<Np(®)>)/n!. BNCEY

In terms of this distribution the geometrical weights are given in this straight line
approximation by(TP%)

d"’s A d3s B

opimm) = [ .de BB [ — 6(5—8,-85)Py(m .8)Pg(n.85) . (2.19)

where B(b) is the distribution of nucleus-nucleus impact parameters (B = 1 for impact

parameter average reactions).

At lower energies, the straight line geometrical assumption breaks down? and

Eq. {2.19) can“be expected to underestimate considerably the contribution for large
clusters. A detailed study b_ased on a three dimensional intranuclear cascade
model™!!) has shown in fact that the finite perpendicular range of nuclear forces and -
large angle scattering leads to a'much,'broade_r distribution from aw(h .n) than given
by Eq. (2.19) even at BOO A-MeV. Nevertheless, the ﬁnal inclusive cross sections, Eq.
(2.12), were found insensitive to the detailed form of 045(m,n). This insensitivity to
the detailed geometry can be traced to Egs. (2.15) and (2.16). Beyond some relatively
small cluster size, m +n = 4, the spectra approach the thermodynamic limit. Energy
and momentum conservation then controls the form of the inclusive distributions.
Thus, we only need to know the cross section for producing large clusters of any size
m+n > 4. This integral broperty of o.g(m ,n) is not sensitive to the detailed form of (
O4B. - '

" The cascade the'orym"‘) also shows that the moments of cluster inclusive

distributions are rather insensitive to m +n even for small m+n. Thisis a
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conﬁrmation of many studies(™1)-(D5) that also show that inclusive distributions are

remarkably insensitive to dynamical details. The main lesson here is that iﬁ an’aiyzi‘ng

data the first step should always be to compare themn with the results of statistical .
model. The regions of phase space showing the strongest deviation are hkelv to posses

the most dynamical information. Conversely, those regions where the st.atlstlcal rnodel -
works well contain little dynamical information. Of course, in those regions more

elaborate models are also guaranteed to fit the data as well. An example of a reaction

where phase space dominates is the high momenturn spectrum from Ar + KCl at 800

~ A-MeV shown in Fig. 10. In this reglon dynarmcal effects, as measured by the

d.lscrepancy between the solid curves and data, result inless thana factor of two

variations over four decades of inclusive cross sections. The physics is in that factor of

two discrepancy not in the overall trend of the angular and energy spectrum. We will

return oftsn to this theme: Statistical considerations often lead to an agreement with

ldata Within’ afactor of 2. A more detailed dynamical model must agree with data much

better in order that its dynamical content -be tested. Log plots such as in Fig. 10 are

very forgiving in that factor of two discrepancies are barely resolved by the human eye.

‘The statistical model is clearly not limited to treating nucleons only. Pion
production and light nuclear fragment yisld may also be calculated with the additional
assumption of chemical equilibrium. As in Fermi's statistical theory, the probability
for any multiparticle configuration can be estimated from the total number of
accessible states for that configuration. If ¥ is the interaction volume, then the total
number of accessible states for a configuration of n- particles consisting of n; nucleons

plus n, pions plus other fragments is,{T¢9

.y

A, = [(21:;)3 en(P) [T[(Rsi+1)(Rr +1)my], (2.20)

where (s; 7;) is the spin-isospin of particle i and P is the total four momentum of the

particles. The statistical assumption implies that the probability for a particular
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configurationn = {n,,n,, | is simply

Po = o o |
LD Y | (2.21)

where the sum runs over all configurations that conserve baryon number and charge.v

(and by construction energy and momentum) of a given cluster. Note that the creatlon

of one pion introduces an additional factor of the interaction volume thlle the '

coalescence of two nucleons into a composite state (deuteron) removes one factor of
the interaction volume. Therefore, 7, depénds on the volume explicitly if the final
configuration diﬁérsvfrom all free nucleons. Such a volume dependence is to be
expected since in the hmit of n + o, V » =, it must be possible to recover the law of
mass action formulas for chemical ethbnurn These formulas state for example that

the average number of pions and deuterons in chermcal equlhbnum are(m“)

<ng> =3V [ LB @ n)3 (™" - 1) t=o. 1[-—}[7—] (2.22)

21\'7:g

: - >3 1 :
<ng> = <n,,><n,.>4 [m,, T 7 (2.23)‘

where the ~ sign in Eq. (2.22) is valid for temperatures 50 =< T < 150 MeV. The volume
should be taken such that the mean free path A; for particle ¢ becomes comparable
witﬁ the size of the system ~ V3, As the system expands beyond that point,
interactions cease and the concentration and rﬁor’nentum distributions of the particles
cease to vary with time. ’I'hisv"freeze-out" volume depends in general on the particlé
species since )\1 for m, p, d vary cpns_iderably. Qualitatively through, the freeze-out
volume V can be expected to satisfy A/ V < po. These formulas will be compared with
data iﬁ subsequent sections. Extensive cofnpéi‘isons of thermal models with data are

given in Ref. (RA14).

We conclude this section by emphasizing that statisticalTé0—(T6?) and

thermodynamic®A19.N-(M10) models provide valuable insight into the constraints .



impbsed by conservation laws and geometry. They should not be expected, however, to
yield quantitative resuits as their conditions for applicébilit.y ‘(absence of non-
équilibrium dynamical effects) are not satisfied in nuclear collisions. As we shall see,
the__se models agree with the overall trend of the data w1th1n A_fact_or of two or so. .
The;'efgre. fhe dynamical information is buried typic%ﬂiy m that factor of ;c_wo ‘

discrepancy with data.

2.4. Hydrodynamics. )

One of the prime tﬁotivations for studying hu;:le’ar collisions has been the
expecfation that during the course of the 'collision nuclear matter will be hlghly
coi_’npresséd ;nd heated. This expectatiép has been based on the as'sui:npﬁon thaf at
high energies a’nucleér shockwave is formed as two supersonic nuclei interpe‘ﬁetrate.

. The shock compfessibn and heat.ihg can be estimated from the Rankine-Hugoniot
equauon(mas).me)—(TAm).(TJx).(TKza) ‘

(W2 — W) + P(W/p—Wo/po) =0, (2.24)
which follows from the éontinﬁit_y of_baryon. momentum, and energy fluxes across the
shock front. _ Eq (2.24) applies to the rest frame of the compressed matter (nucleon-
nucleon c.m. frame). In Eq. (2.24), Wo = myc?~B ~ 931 MeV and po ~ 0.15 fm~® are the
energy per nuvcleon' and the satufatiori'dénsity, respéctively. of ground state nuclei.
The dénéiﬁj}, temperature, energy per nucleon, and pressure in the shock zone are, p.b

T, W= W(p,T), and P = P(p,T). respectively. The total pressure P is related to ¥ via
P(p.T)=p2 oW (p,T)/ 8p |s(p.7) = const. « (R.25)

where S(p,T) is the entropy pe'r nucleon in the shock zone: The energy per nucleon,

¥. is, however, fixed by the incident laboratory kinetic energy, E, to be

W= Yem (E) Wo )

with Ye.m. (E‘) =V1+E/2W,. For agiven W(p,S) Eqgs. (2.24)-(2.26) can be solved for



o(E). S(E), and, hence, P(E). In particular, the pressure in ,the shock zone is simply

related to the compression p(E) via™®3)
1 —i .
P(E) = 5-Epo[1 = Yem.(E)po/ p(E)]". - (2.27)

The dependence of p(E) on E of course depends on the specific form.of #(p.S ) For an

' deal nuclear gas we have

=2
P-spW.

PE) = po ( Zrem (B) + ). | @

In Fig. 11 the range of compressmns pressures and entroples that can be expected in
nuclear collisions is ﬂlustrated (TK=3) As we can see, in this energy range hlgh
compresswns [p (2-6)pg] and hlgh entroples per baryon (S R 1-4) are expected for T
A 20—200 MeV due to shockwaves

To describe the full three chrnensmnal evolution of shock formatlon the

h?_d_rod_ynarmcal equations must be 1nl;egrated numerically. The equations that include

first crder deviations from 'lccal equilibrium are the Navier-Stokes equations(m)‘-(mv‘s’
oo+ Oupu) =0, e
Bi(pws) + 8 (puiwy) = - =8, P + 85T, - (230)
8,(p Wr) +3;(p Wyw;) = — 8;(v; Pp) + a,-(v,.Ht.,.)} x3;8; T , (2.31)

where the viscosity tensor is
2 - :
[y = v, + 8;v; — 3—5:'1'51:”1:) + £045 0, vy . (2.32)

In these equatiofxs D] _(i',.t) is the flow velecity -ﬁeld of th‘e fluid, p(z,t) 1s tﬁe baryon
density, Wr = W(p;T) - W(p,0) is the thermal ehergy per. nucleen. P is the totai
pressure, Pr is fhe iherrdal pressure, T is the temperature field, and (ﬁ.s.x) are
transport coeflicients. When the transport coeflicients are set to zero, Eds. (2.29) -

(2.31) reduce to the Euler equations.®® With an assumed form of #(p,T) and S(p.T).
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Egs. (2.29) - (2.31) specify five equati;ns fof five unknowns p(2,t), 7(2 ,‘t). aﬁd T(2.t).
In general, the dependence of the transpoft co.etﬁcients on p and T must also be
spe:ciﬁed.
vUnfortu-nately. even wjth the .great cprnplexity of these equations, they are hot
éut‘ﬁcient for cofnparison with the data. A model heetis to be specified to describe the
breakup of the nuclear fluid into the 'nucleér fragments which are ultimateiy detected.
As. the fluid expands, the density reaches such a low value that the mean free path, A ~
{op) 71, becomes comparable to the dimension of the system. Beyond that pbirit loéal
thermal equilibrium certainly cannot be maintained. '
o The rﬁost éimple model®®) for fluid breakup is. terminating“the h;'drodynamical
calculation at sofne late time wheré the average density falls B_elow Po- The in(;lusivé
| bﬁrYbﬁ js;.>e;:'tra are thus determined by the mbmentum distributionuof the fluid vat that
breakup time. A more realisti¢c model, that has been ﬁsed.(m4) is to "freéze-out" ﬁmd
cells one at a time Wheh the cell density falls below a freeze-out dehsity. p N (O.B-i)pc..
Different fluid cells therefore freéz'é out at different times. Both models of breakup
can be suppleni_ented by' assumihg tﬁét vchemicbal equilibrium is reached by the freezé-
| ‘;gi.l_t‘time. Thus, the average number of ‘pior‘ls, deuteroﬁs. tritons, etc. can be estimated
”“,iir‘r“eac.h ﬁﬁid cellvusing Egs. (2.22) and (2.23), with V, T, N replaced by the volume,
temperature, and baryon number in each cell. Another model that has been used to .
deécrib'e breakup-is the evaporation model. (RA1S)(TK24) 1py thig model the number of
unbound nucleons V(protons, neﬁtroﬁs) is estimated by assuming é\ mean potential
energy, Vg, in each fluid cell. Only those nucleons with kinetic energy greater than Vo
are allowed to escape the cell as unbound nucleons. The rest are assumed to emerge
as bound 'fragments. In préctice. calcu_lations with this model for 400 ’A-MeV Né +U

collisions have sl:h‘own that 'only ~ 20 % of the matter in each cell ends up frée nucleons.

It is clear that any model of fluid breakup must involve assumptions and

parameters beyond those leading to Egs. (2.29) - (2.31). It is therefore vital to vary
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N

those parameteré by a wide margin to assess which feature of the spectra reveal true

. hydrodynamic behavior and which are dictated by the breakup mechanism.

Calculations(¥19){TK%4) show that the spectra of individual fragments, p, d, a, - are
indeed sensitive to the breakup mechanism. However, the inclusive charged or neutral

baryon cross sections,

dog, = ;L_'-‘N.Z do(Z.N), o (233)
domy =ZZJ}VN‘ do(Z.N), - (2.32)

show far less senéitivity to that mechanism. In these equations da(Z, N ) is the inclusive
Cross sectién for a nuclear fragment of chafge Z, neutron number N, and a fixed
momentum per nucleon. Thesé cross sécti'ons (dog,, do,,) measure the matter flow.
Therefore, it is most appropriate to compare' fluid calculations with summed charge

data, Eq. (2.33), or with dog, when more neutron data become available. (EP1)-(ED3)

F.ig. 12 iliustrates the r-eéuits of a hydrodynarﬁic calculation where the transport
| coefficients were set to zero. In pract‘i-ce‘ finite numerical cell size effects introduce

"numéribal" velbcity eﬁe‘r.tts.-(m)-(m‘s) On a qualitatiﬁe level, hydrodyriami'csv'accounts
for the gehef‘al trend of the ehergy and anglﬂar distributions well. Howev.er. the large
numérical uncertainties make a quahtitatiye cbmparison difficult. Those large
numerical unce.rtaintieslalvso conceal the variation of the results on the assumed
nuclear equation of stéte. The discrepancy at low energieé (E <20 MeV) inay be due to
the absence of fragments heavier than o particles in the‘ experimental points. At low

energies, higher mass fragments will increase the experimenta dog, considerably.

. Thus far, the full Navier-Stokes equation could_be'_solved orﬁy in the two-
dimensional approximation. (TK14{T4) Results for the réaction in Fig. 12 are not
available. However, estimates(T™22).(™4) for the effect of viscosity show that the entropy
increase is only %20 Z. Such effects are not likely to be .observable on top of large v

numerical uncertainties in solving Egs. (2.29) - (2.31).
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rwe now address the question of the level at which variations of the equat.ionvo‘fy
state can affect the final spectra. In a one dimensional model(™?) a high precision
numerical study showed that the ﬁual spectra arevremarkably insensitive to the
equation ef state. Those results can be understood readily from Eq. (2.27). The main
driving force for hydrodynamical flow is the pressure in shock zones. However, energy,
momentum, and baryon conservations constrain P to be given by Eq. (2.27). All the
‘dependence of P on W(p,T) occurs through the dependence of p on W(p,T) and E.
" Unfortunately, what Eq. (2.275 shows is that the higher the compression achieved, the
less sensitive Pis to p. Numerical estixuates(ms) have shown that P(E').varies by only
& 30 % when the compress1b1hty is varled by a factor of 10. Even tms modest
sensitivity is reduced at hxgher energles (E > 400 A- MeV) as the compression increases.
This is then the-level at which variations in the equation of state can be expected to
show up in hydrodynamical calculations 'Cl-early it will be necessafy to reduce the
numerical uncertalntles below 10 % and compare to data of the same accuracy if the

equatlon of state is ever to be deduced from nuclear colhsxons

Given all the .input quantities. S, m, py. - that also need to be specified in addition
to #(p, T),‘ itisa highly non-trivial task to pin down ¥ {p, T) from data. This situation is
aggravated by the .contribution to the spectra from non-equilibrium processes (single .
and double collision terms from surface scattering). Perhaps, multi-component
rhydrody'narr‘lical models(fA8).07K7) need to be used to handle such non-equilibrium
effects. While decermming W(p,T) from data remains far out of reach at present, we |
can still look’fcr qualitative features suca as collective matter flow predicfed by
hydrodynamics. The search for signatures of collectlve flow is one of the "hot" toplcs of

current research as discussed in Sec. 4.1.
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2.5. Intranuclear Cascade

In contrast to hydrodynamic models where the dynamics is controlled by the
‘equation of state of bulk nuclear matter, the assumption underlying a cascade model is
that the nuclear collision can be described simply as a superposition of elementary
nucleon-nucleon colﬁsioné. ‘The dynanﬁcal input is therefore tﬁe free space elastic and
inelastic NN cross séction. In its simplest form(™N~(T3) the cascading of nucleons is
assumed to occur along'straight line rtr'ajectories.v These linear or one dimensional |
cascade models are théq used to obtain more realistic distribution functions, F,Sf?n in
Egs. (2.12) and (2.13), than provided by statistical models alone. In practice, though,
such models have applicability only for the higher eneféy (= 1 A-GeV) collisions and do
not result in substantially better agreement with data than statistical
models(RA14).(T61)-(T6?) alone, However, they have provided insight as to rate of approach
“to thermal equilibrium. A rule of thumb that has emerged from such studies is that
after only 3 collisions the form of the distribution, F,;}},. becomes insensitive to the
detailed form. of the NN cross section. It is, however, eésential to include the direct

component {(m =n =1) through a Fermi momenturn averaged free space NN cross

section, (TL1.(TL2)

At lower energieé (= 1 A-GeV), the straight line geometrical assumption is
certainly not valid{TB11.(TE2) and the full complic_aitibn of three-dimensional trajectories
has to be treated. The siniplest three-dimensional cascade model(m‘)'(m_‘z) can-be
called literally a "billiard ball” model. Each nucleus is represented by a collection of
‘balls of radius R = \/%71—\' The cascade then follows the deterministic classical peith-
6f multiple billiard ball collisions. Such an approach neglects several important
propertles of nucle1 such as Fermi motion, binding, and the Pauli principle. It has the
great virtue, however, of havmg no pararneters and in this sense it is the cleanest and
least ambiguous of the cascade models. A comparison of such a billiard ball

calculations{™!? with inclusive data is presented in Fig. 13. Comparing Fig. 13 with Fig.
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12, we see that billiard balls dynamics can reproduce the qualitatiye trend of the data
as well as hydrodynamics The sensitivity of the inclusive distribution to various
assumptions about the scattering properties of the billiard balls was also tested. (TB12)
For example hard. sphere scattering was replaced by soft sphere scattering which
involved a random scattering angle at the point of closest approach. The conclusion -
reached from that study was that within the statistical uncertainties (™ factor 2) no
significant sensitivity of the results on the form of the NN cross section was found.

This observation conﬁrms the results of statistical models and hydrodynamical models
that_all the interesting physics (that which depends on the' dynamics rather than phase
space and geometry alone) is conﬁned to N50 7% modiﬁcations of the overall energy and

angular distributions.

" The most elaborate intranuclear cascade models'(‘m?‘mll)‘ involve‘.Monte-Carlo
sampling of the free space NN cross sections and include a variety. of “realistic” effects
such as Fermi moticn, etc. Thus, the quantum mechanics of isolated NN ,co]lisions is
' 'incorporated through the use of experimental cross sections although interference
and off-shell effects discussed in Sec 2.1. are neglected The most unportant

"realistic” effect which is sunulated is Fermi motion. This is included usually by
assigning 1n1t1ally each nucleon in the target a random momentum in the Fermi sphere .
@(pp—lﬁ .- Similarly. each nucleon in the pro]ectile is aSSigned a random F‘ermi

momentum in addition to the beam momentum per nucleon. The main problem with -
this prescription is that an artificial energy ~ g—(AP+AT)-E'F. with Ep ~ 35 MeV, is.

introduced. For some aspects of the data, such as the yield of high energy (£ > Ey)
nucleons, this additional energy is not expected to modify the results significantly.
'However. for other aspects, such as threshold production, this prescription is li-kely to
yield an overestimate of the pion yield. Furthermore, the low energy fragment (E <
Ep) distribution cannot be correct in this model. -On the other hand, for the high

energy fragments we have learned that phase space and geometry controlled the gross
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features of the data. Therefore, good qualitative agreement is expected and found(™®)

in those cases as shown in Fig. 14.
To correct for.the art.iﬁcial Fermi energy introduced by the above pfocedure an
effective potentxal energy V, can be mcludedme) such t.hat §-E‘p + Vo ™ -B MeV. While

saturation of nuclear rnatter cannot be simulated by such a potential, energy
conservatlon is thus 1nsured The s1mplest way to include such a potentlal is to assume
that nuclear scattering occurs as in the previous model,('m") but that after the colhsmn
all nucleons are slowed down accerding top -» ﬁm. as they climb 6ut of the
nuclear well. A more sophisticaied prescription including refraction at the nuclear
surface has also beeﬁ fermulat.led‘. (TB8) However, none of these prescriptions is
' satlsfactory from a theoretlcal point of view. Ferrm motion and nuclear binding arise
from quantum properties of ground state nuclel Only in the case when the 1mpulse
approximation is valid could they be treated as above. |

ha Fig. 15-, the large discre;;ancy at fo_rward angles and lo_f)v'energies between data
and calculation(™® is most likely associated with the model of Fermi motion and
binding empioyed. Notice that the results of pure billiard bail calculations(™? that
include none of these eﬁects (F‘ig 13) differ by a factor of ten in that region from
those(™®) in Fig. 15. Not surprisingly, it is posmble to const.ruct bmdmg |
prescnptlons("m) ('mo) (TP2) that lead to closer agreement with data. We ernphasme
however, that the cascade results are rather sensitive to the procedure used to handle
Fermi motion and binding. Therefore, intranuclear cascade models are‘not in fact free -
of (implicit) parameters. The results depend on many technical details that go beyond -

the simple billiard ball multiple collision picture for the dynamics.

An example of another technical detail on which the results are sensitive is the
‘method used to suppress multiple collisions with the same pair of nucleons. In Ref.
- (TB8) two methods were considered; "fast" and "slow” rearrangement. In fast

rearrangement, immediately after the pfojectile scatters with a nucleon in the target,
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the whole target density is depleted by one nucleon (6p = p/ A). In slow
rearrangement, only the density within a small radius around the interaction point is
depleted. These two technical possibilities lead to a factor ~ 2 variation in the results. '
The model in Ref. (TB9) does not suffer ﬁ_‘om this problem, but in this model the results
are sensitive to how nfucleonsvwith 1Fermi motion are assumed to propagéte beforé ihey

interact.

Having emphaéized the main loophole in cascade models, it is importént to
recognize the fremeﬁdous versatility of éuch models. A cascade model automatically
.pro_vides an approximation to the full 4 body density matrix, ps{2,8,. 24,84t ) In
fact, it is the only dynamical model capable of produéiné'an approximation for p,
including multiparticle correlations. As such, cascadg niodels provide the most
.pow,erful theoretical laborat.or"y to study('I;B“’)'(m“) the validity of var-ious simplifying
assumptions. In addition, cascade models can be éasily géneralized to incorporate
pion production, rescattering and absorptién. This .is aﬁ_hieved ihrough Monte .Carv'.ln.)
sampling thé inelastjc NN - NNm cross sections. | Furthermore, Remler has
dévelo;ied(me)‘.('m“’) a rigorous framework to calculate composite fragment yields from

the cascade data.

The cascade provides the poSitions and momenta, {2P(t),pP(t); i=1,Z} and
§27(t).B1(t); i=1,N}, for all protons and neutrons as a function of time. Also for each _
| particle the final collision time §tP, 't.;"f can be recorded. In terms of this cascade

"data”, the charged and neutral inclusive distributions, Egs. (2.33) and (2.34), are given

by
O(B) = 0p < f @ -pP(P)) >, - (2.35)
i=1 - -
onP) = 0, < 3 8PN > 2o

where <---> denotes an average over maﬁy cascade runs. Recall that o4, includes all

protons whether bound in clusters or not. In this sense o, and oy, can be called.the



35

primordial proton and neutron distributions. From Remler's theory, (T¥8)-(TH10) t}¢
primordial deuteron distribution o+¢(f) can also be calculated from the (PP, B] as

se@) =0 < 253 68@—15?(&,)—16,“(%)) Margag) > @)

t—lj_
where t,,; = max(tP.tP), ry = zP(t3) — zP(t3), gy = PP(LS) —pF(ty;), and Wy(r.q) is the
quantum mechanical Wigner density of the deuteron. Eq. (2.37) measures the total
number of deuteron like cofrelated (n,p) péxirs including those bound in heavier
fragments.(T48)-(TM10) Therefore, Eq. (2.37) should be compared to the prirmordial -

- deuteron distribution
do-¢ = do(1, 1) + Py/¢do(1,2) + P 4/ He 3da(2,1) + Py qado(2,2) + -, (2:38)

where Py, 4 is the a priori probability of ﬁnding a deuteron in a heavy fragmerit A, and
do(Z,N) is the inclusive cross section for a final fragment with Z prot.ons’and‘ N
neutrons for a given energy per nucleon. Simple estimates™? for Py yield Py g =~
Pyjy=15and Pyjg 3.
The results of 'casc‘:ade'calculationsmg) using the Cugnon code™® and Eq. (2.37)
are shown in Fig. 16. A binding potentiel (V§ N —»46 MéV') in eaeh nucleus was used in
this calculation to correct the final momentum distribution. It is seen that Beth the
-primordial charge and deuteron yields are qualitatively reprodueed to within 50 %
accuracy. It \;vas found, however, that the deuteron yields are not sensitive to the
detailed form of Wy(r.g). Therefore, it appears that phase space and geometry
strongly constrain the composite yields as well A sort of generalized chemical

equlhbrlum seems to be reached In Sec. 4. 2 we w111 return to the questlon of deuteron

productlon w1t.h regard t.o questlon of entropy production.

Pion production was found to be more sensitive to dynamical assumptions. The
early calculations(™8)-(TB9) tended to overestimate considerably the pion yield at all
energies and angles. Subsequently, more refined calculations including the

rescattering have approached the data. However, the pion yield as a function of beam
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energy is still predicped to be higher by N 50 % as compared with experiment. As
shown in Ref. (TG5), phase space considerations alone lead to the expectation of more
pions than actualy observed.®A") The origin of this discrepapcy is not completely
understood yet. However, it should be kept-in mind that the pion yield peaks at low
momentum in the c.m. frame. For low ¢c.m. momentum pions, p, < 100 MeV/c, a pion
wave packet must overlap a few nucleons at a time especially at high densities. It is
thus possible that quanturn many body effects become important for production of low
energy pions. These could in principle suppress pion production. For further

discussion on pion production see Sec. 3.5.

2.8. Non—thilibrium Quantum Scattering

In addition to the classical models described in the previous section, a new
attempt has been made inRef.- (TY3) to formulate a quantum theory for nuclear
scattering. The theory is based on the non-equilibrium Green'svfunction diagrammatic
technique initiated by Kadanoff and Baym(™"). This téchnique has been proposed
already to extend time dependent Hartree Fock methods for low-energy nuclear

collisions. T?)

In this approach the equations of motion for the one-particle Green's functions

G(z.y) = i<p'(z)ply)> | (2.40)

G (z.y) = —i<p(y)e'(z)> | o (Ra1)

are derived in terms of the proper self energies £>(<). Here ¢(z) is the Heisenberg

nucleon field opverator at space time positionz = (2,t). The expectation value is with
respect‘ to some non—equilibriuin s.tat'.e;' such as two separated Fermi sphe‘resv that are
prepéred at a time ¢,. The Kadanofl-Baym equations of motion are [see Egs. (8) - (27)

of Ref. (TY1)]
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.9 VE ) S -
[zgt—l—+ ‘_]z:n Gzy.z;) = [, Tpp(2,t .2t ) G“(j_'etl,zltl)A
| | ‘ 4 .

+ [dize (P-I9(z122) G(z221)

» |
- [ d4z, 2%z ,.z2) (-G )(zazy)  (2.42)

where a = > or <. In practice, Zgr, £, and Z¢ are calculated in terms of G> and G¢ via
diagrammatic technique similar to those used in ordinary T = 0 many body theory. In
the study undertaken in Ref. (TY3). the second order diagrams, corresponding to

direct-Born scattering, were included. In this case
2(z1,2,) = f 2,2, V(2)-25)V(2,-22)67(21.21) G (22.22) GX(z2.22)  (2.43)

where V is the two-body potential. Even with this simplifying approximation, Eq. (2.42)
poses a.formidable non-linear integro-differential problem. However, in Ref. (TY3) a

numerical procedure was devised to solve Egs. (2.42), (2.43).

In addition to solving Eq. (2.42) directly, an approximate Boltzmann Kinetic |
equation can be derived for the Wigner density f (£ 7.t) from Eq. (2.42). The necessafy
assumption is that the gradients in space and time of f are small compared to the
characteristic energies and momenta in the problem. Furthermore, it ié necessary to
assume-that the evolution of the syste_m can be approximated by the evolution of a
spacially uniform one. In this case f satisfies the Boltzmann equation

12, By,

0+ 9, 1(28.4) = 50, 2)(1-1 (22.0)) - PP, 20 (28.0). (249

where g, wp = p%/ 2m in the self energies are the Fourier transforms in the relative
variablés. From Eq. (2.44) £> and < are seen to correspond to the scattering out and

in rates.

The quéstion posed in Ref. (TY3) was whether the assumption leading to a kinetic

equation {Eq. (2.44)) are in fact satisfied in nuclear collision at energies 200 < E1,5/ 4 <
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800 MeV. Comparing the numerical results from the quantal equation (2.42) with those
from (2.44) considerable differences were found in the final momentum distributions.
Instead of reaching rapidly thermal equilibrium as with Eq. (2.44), the quantal evolution
was about 50 % slower and non-thermal momentum distributions resﬁlted. The quantal
evolution is slowed down because the typical frequencies w ® 50 - 100 MeV are
cornparaLble to the scattering rates opv =~ 50 - 100 MeV in this e'nergyvrénge. .Therefore.
not as many binﬁf-y collisions can oééur'in the quantal case. Based on these |
calculations Dﬂelewicz claims that quantal dynamics cannofc be ignored even at high

" energies. |

These techniques 6ﬁer the exciting possibility of providing a unified deécription of

.~ both low and high energy nuclear collisions. Clearly, more work is be needed in this

b “area before the results can be applied to experimental data.
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3. ELEMENTS OF THE REACTION MECHANISM

3.1. Collision Geometry

Suppose l;hét. the proje'ctile nucleus consists of Zp protons and Np neutrons
(Ap = Zp + Np) and that the target nucleus consists of Ar nucleons. Then the

geometrical cross section, og, is approximately expressed as
o = nr§ (A3 + AVE)R (3.1)

_with ro 1.0-1.2fm. Ifa proton inside the pI‘OJGCtlle hits the target it is class1ﬁed as a
part1c1pant otherwise it remains as a spectator. An estimate of the average number of
part.lcxpants and spect.at.ors can be obtamed from Glauber t.heory (TW1).(TD1).(TD2). (RA11)
The average number of part1c1pant. protons from the pro;ectxle nucleus is '

approxmlately given by Zp multlphed by the ratio of the target cross section to og:

- <zBati> w Z q,:ﬁ/f’ (Ayipfﬁ::/a)z : (3.2)
. Similarly we have
3
<zZfEi> (Aﬂ’foi{ 7y | (3.3)
The total number of protons assigned to the parti‘cipan_t; Z(Fart) g thI;s given by
ZEartd) = <é§, ati> + <Zfani>
L ZpA¥S + Z0AR/° 0.0

(A};/S + A,Il/S)Z

Similarly the total numbers of protons assigned to the projectile spectator and,target'

3

spectator are, respectively, given by

Zg"lroj Spec) — Zp — <Z&§‘5ti >

ZP(AE/S + 214[;/3141!/3)
CERVIS

"and



10

Zr (AR3 + 24 344/9)

Z‘(;garg Spec) gy (Aﬂ’a " A-ﬂ’?)z (3.6)1

The total integrated inclusive cross section of nuclear charge for each of these three

regions 1s therefore, expressed as

acharge(t) = Z('h) X 0. | | | ‘ Lo (87

In Figs. 17 (a) and (b) the above formula is compared with the data. 'l'he observed
projectile- and t.arget-x:nass dependences are reproduced very well by Eq. (3.7?). With
regard to absolute cross sections however the data at large angles fit with Eq. (3 7) at
| -ro = 1 2 fm, whereas the data of ‘pI‘OJectlle fragments requrre 9 =0. 95 fm wl'uch is
somewhat smaller than expected Why do we have a smaller value of rg for pro_]ectlle
fragments than for the data at large angles? The partlcxpant-spectator model mth
stralght-lme tra_]ectorles 1s only an approxutnatlon Because of finite scattermg angles
the boundary between spectators and partlclpants is not sharp. The nucleons in the v
boundary region are more likely to contribute to the large angle y1eld. thereby

- depleting the yield near the projectile rapidity. Noticing this fact a more detailed . - -
analysis on o} g"‘(7.) has recently been done in Ref. (TW_B). There it is pointed out that,
for nearly equal-mass collisions, Z.q for the projectile spectator (or target spectator) is
almost equal to Z.gq for the participant, contrary to the predictions by Egs. (3.5)-(3.7)

which yield the ratio of Z.n between these two regions to 3/2 for these collisions.

3.2. Evidence for Multiple Collisions

From this section through Sec. 3.6. we study the dynamlcs for the part}cipant
region. The spectator physics will be discussed separately in Sec. 3.9.
We start with the question of whatvexperimental evidence is there for the

occurrence of multiple NN collisions. The cleanest evidence has been obtained in the

measurements of large-angle two-proton correlations. E®-(EC4).E9) |n this experiment
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four sets of detectors were prepared, as shownin Fig. 18. They were placed at ¥ = 40°
with respect to t.he bearn direction. . The azimuthal angular separation between two
neighboring counters Ay was 90°. Here, the U (up), D (down), and R (right)'ielescopes
were plastic scintillator telescopes and S is. a magnetic spectrometer. Proton energies

were measured with the spectrometer in coincidence with these te’leseepes.‘ Consider

the ratio, C, defined by

2xS R

¢ SU+SD

(3.8)

where SR indicates the co_incidence' counts between the spectrorﬁeter,and the R
telescepe. 1IfC>1, then:two' protons tend to be emitted on the oppoéite_ side but within
the same reaet.ion plane. This ratio may thus be-called t.he degree -o f coplanarity. 1f
multiple NN collisions are dommant the ratio C would be close to one, because the
particle emission tends 1n that case to be statlstlcal On the other hand, if only the
first NN collisions are meortant this ratio would be larger than one, because PP
qua51-elast1c scattermgs induce two-proton emission in the same reactlon plane. In
800 A MeV C + C collisions the observed ratm C. is larger than one and has a peak at
the exact momentum which is expect.ed from pp quasi-elastic scatterings, as shown in
Fig. 18. Therefore, this experiment clearly demonstrates the impof_tance of ‘single-

NN-collision processes.

However, the data of Fig. 1B also show the existence of multiple NN eollisions. If
all protons suffered only one NN cellision. without subsequent second or third
collisions, then the calculated peak height of (C-l). would be about six times larger
than the observed one. Thie fact ixﬁplies_ that the coplaaar two-proton correlation is '
diluted bly the presence of multiple NN collisions. The coplanar correlation seen in Fig.
18 origi'nates from the process i.n which both protons after the first collision are not .
rescattered ihefeafter. If one of'a pair of protons in a pp quasi-elastie scat't.ering is v
rescattered, then the coplanar correlation decreases. vTherefor»e. the probability that a

nucleon experiences only one NN collision is given approximately by V1i/6 ~ 0.4, where
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1/6 is the dilution factor of (C-1). In other words, the probability for each nucleon to
experience multiple NN collisions is about 0.6 in 800 A-MeV C + C collisions. This
number is consistent with several recent theoretical calculations from cascade, (T8

linear-cascade,™?)} transport,™4 and phase-space(®) models.

The probability that a nucleon does not suffer an additional collision after the ﬁrstA
bne is given approximately by exp(-R/ A), where A is the mean free path of hucleons
mde the nucleus and R is the radius of the interaction region. Recent measurements
of two-proton correlations in proton-nucleus collisions(E12) have determined the value
of A to about 2.4 fm at B0O MeV basgd on such considérations.m‘lz) Values of R for
various nuélear collisions have been determined to 2-4bfm by a large number of

_experiments; two-pion 'mﬁerferometry.ma’-‘“‘_’)-(m‘s"(m“’) two-proton
interferometry,®14) composite specf.ra. (m)‘-m‘:"” and pion spectra.(T#) These values are
consistent with a simple. expectation from the particiﬁant-sbectator model in which &
is given by o[ P-(pe/ p)]V 3, where P is the nﬁcleon number involved in the participant
region aﬁd p is the density. R ~ 2fm is estimated for C + C. Therefore, we have A ~ R
for this system implying that exp(;R/ A) ~ 0.4. This value is consistent with that
obtained from. the study of two-proton correlations &iscussed above. '

Itis expeéied that the probabilify of mulf.iple NN collisions increases as p.x.jojectile
and target masses inqrease. Reflecting this expectation, the evidence of pp quasi-
elastic sca-t.terings' is observed only for light-mass nuclei (up to Ar + Ar). Two-proton
correlations in heavier-mass combinations such as Ar + Pb exhibit a completely
_di’ﬁerent featufe. as we will describe it later in Sec. 4.1. In the presence of frequent
fnulti_ple collisions global collective flow phenomena might occur. Such global flow
aspect is discussed later in this article. In ttﬁs section we concentrate on the
microscopic aspect of muitiple NN collisions frorh the Spectra of protons, composite

fragments.-pions and strange particles.
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‘3.3. Inclusive Proton Spectra

Much proton data hes become available in the past few years.®1)-EC?) |p Fig 19
the proton'energy spectra at c.m.A 90° from three' sets of nearly equal-mase hﬁclear
collisions, C + C, Ne + NaF, and Ar + KCl are shown.m‘?“)-mc") Invariant cross seeiions.
deﬁned by Eq. (A.13), are plotted as a function of the kinetic energy, E;'“‘;. The
nominal beam enei-gy was 800 A-MeV for all cases. These data tend to reflect the
dynamics of the participant region, because at ¥, , = 90° the influence from the

spectator is the smallest.

- Three features are observed in the data. First, the spectrum shape is neerly
identical for all cases. This fact suggests that the beam energy per nucleon, x"atheti
than the total beam energy, determines the major feature of a proton erhission. "I'his is
cons.istent with an expectatien that the nuclear collision aﬁ high energies is, to a first
order approximatien, a superposition of individual NN collisions. Secondly. e eopious
production of high-energy protons is observed, whi.ch“now cannot be e)‘cplained asa
sﬁperpositien of single NN collisions. If we ignbre the Fermi motion, the maxunum
proton energy is 182 MeV in this case. Even if we include a Gaussian-type F‘ermi
moment.um distribution, the emission of these high-energy protons cannot be »
explained,(™® as shown in Fig. 19. Thirdly, in this high-energy domain the spectrum-
shape approaches an exponentie.l, although it deviates substanfially from it at low

energies.

The observed cross sections shown in Fig. 19 can be parameter‘ized.mc") to a good

approximation, as

3 .
E%s;—x 42, o (3.9)

where 4 is the projectile (and target) mass. Observed values of a = a(E5 ™) are

displayved in Fig. 20 for various c.m. kinetic energies, E5™. For low-energy protons the

~ value of a is'very close to the geometrical limit of 5/3. In this limit the cross section:is



44

proportional to the product of the participating nucleon number (= A) times the
geometncal cross section (oc Az/s) [see also Eq. (3. 7)] However in the mgh energy
regxon the power a exceeds 2 and ﬁnally reaches t.he value of 2 6 or 2.7 at the highest
energy observed in thls experlment Such a large value of a strongly suggests that
multiple NN collisions are important for the production of high—energy (in this case
high-pT) protons. - | | -

An extrerne limit of multiple collisions is the thermal process. In this case the
spectrum shape is of a Boltzmann type [Eq. (2.16)]. Therefore, the exponentlal _
behavwr for high-energy protons seems consistent with the thermal- model :
expectatlon However in the thermal limit the power a is predlcted to comt:lde with
the geometrlcal hrmt of 5/ 3. ('ms) 'I'berefore t.he observed power dependence 1nd1cates
that hlgh-energy protons are produced through several but not too many NN colhsmns
Then. how many nucleons are mvolved"’ ThlS questlon has been studied by several
groups (TD3).(TC4).(TES) Accordlng to a recent calculation by Schiirmann and Macoc-
Borstmk (TE®) the averaae number of NN colhsmns <n> monotomcally mcreases as
| the observed proton energy increases. The value of <n> evaluated frorn thls ‘n
calculatlon is & 3 for E"”“ 200 MeV and ~ 4-5 for E5™ 800 MeV for the Ar + KCI

sys tem.
| 3.4.Composite Formation

In certain regions of momentum space a significant fraction of nucleons emerge
by composite fragments such as d, ¢, SHe etc.(EC® We consider in this section how
these cornpOSite fragments are created. An additional implication of composite

fragments, which is related to entropy, will be discussed separately in Sec. 4.2.

According to a simple phase space consideration, we expect that the probability of
forming a deuteron at a velocity 94 is proportional to the product of the probabilities of

finding a proton and a neutron at the same velocity:
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Py(0 =13) < Bp(D = 17‘-,‘)'}’,,(17 = 7). (3.10)

For relatively high energy fragments (E/ A = 50 MeV) the neutron spéctra can be
replaced by the proton spectra.®® Then, the cross section of a composite fragment

with mass number 4 would be given by

d30, [ dso, )} o
Ey——=Cy forpy = Apy, 3.11
A ggp, - Ch Ep _L]d"pp Pa Pp (3.11)

where Cyisa 'cohst.ant.. The validity of the above poﬁrer law was first tested vﬁth 250
and 400 A-MeV Ne bearns,®E) as shown in Fig. 21. Eq. (3.11) holds rernarkably'well with
one normalization constant ;. Recently it was demonstrated for light-mass corr;posite
fragments(FF2).EE3).(ECT) that this power law holds very well over a much wider kinematic
domain than reported in Ref. (EE1), although a slight deviation from Eq. (3.11) is

observed for heavy-mass composite fragments. E4)

In order to study.this power law in more detail the ratios of observed deuteron
cross sections to the squares of observed proton cross sections are displayed in Fig. 22
for Ne + NaF collisions at three bombarding energies, 0.4, 08 and 2.1 A-GeV.{E€?) The
value of C, is about 15 x 1078 in units bf [(mb-GeV)/(sr-(GeV/c )®)]7% and it is almost
iﬁdependent of deuteron momentum as well as deuteron emission angle. In addition,

the value of C, is almost independent of the Iprojectile energy.

To what extent does the power law of Eq. (3.11) hold in diﬂerent. theoretical
mbdéls? Assume thaf the par_ticle densif,y per unit phase spaée volume is given by
J (#) such that
Lo re. | @
V &% : <
whére Vis t'heb phase. épace volume. Then, the ratio C, is given by:.
‘ A-1 :
Cr = [71, [7"@%)},— for B4 = AP, @)

where 7 is the Lorentz factor of a particle measured in the frame at which Eq. (3.12) is



_ defined. In the simple fireball model, (E°

F(@)<e BT, | (3.14)

where E is the kinetic energy of an emitted parf.icle and T is the temperature.

Consequently, Cy is given by("™¥4)

const.
Cy = ———,
AT (v -

The .raﬁge of v is 1 - 2 for the data shown in Fig. 22. Therefore, within a factor two this

(3.15)

-+ fireball model seems to agree with the observed fact the Cy is almbst constant.

‘However, it is now known that the simple fireball model needs to be modified -
“substantially in order to explain thé observed large angular anisotropy of various light
fragments.(E) For this purpose the firestreak model™#M8 was proposed and it has
been used often to fit the experimental data.(RA1) In this model the nucleus is divided
into:several tubes with each tube-tube collision leading to a contribution as'in Eq.
(.2.;.16). Therefore, the temperature is different from tube to tube, and f (8) is now

given by a superposition of firestreaks as
(B = o —E/ Ty :
F@®)= Zj ae 5/ 74, (3.18)

| In this case Cy is no longer constant and has a strong fragment-energy dependence, as
shown in Fig. 22" For example, the predicted value™®) of C, in the case of 400 A-MeV at
30° (ief-t upper corner xn Fig. 22) varies from 5 t;o 20, depending on the fragment ’
energy, and this clearly disagrees with the data. This fact implies that compoéite “

fragments are unlikely to be produced from a.macuroscopic chemical equilibrium.

Another model is the coalescence model. (THD-(TH2) According to this model the
power law follows because nucleons located within a radius of pg in the mornentm:n‘
 space are assumed to stick together to form a composite fragment. In this case (, is

given by FE1.(EE2)
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'l 6.17)

where Po is cﬂled the coalescence radius. Here, z and y are, respéctivély. the proton
and neutron numbers in the composite particle (A =z +y):; Zs and Ns are,
respectively, the proton and neutron numbers of the projectile plus target system (Zs
=2 P+ Zrand Ng = Np + Np), m is the nucleon mass, and gy is the nucleus-nucleus
reaction cross section which is givén by Eq. (A.14). In this model the cross séétion of
composite fragment 4 is expected to be proportional to the A% power of the primordial
- nucleon cross section, since the a priori probablhty of ﬁndmg A nucleons mthm a

" momentum radxus po of B: ‘
o4 = [pRocn(®)]*. : (3.18)
However, the expenmental fact is that the power law holds usmg the observed proton
cross sections. Of course, if the cross sectlon for protons is much larger than that for
comp051te fragments, there is no sxgmﬁcant deference between o, and op. But in

certain kinematic regions the ratio of protons to composite fra.gments is close to one.

Still, the power law holds empmcally using the observed proton cross sections.

It is very hard to reconcile the constancy of Cy with angle, momentum, and beam
energy in Fig. 22 with chemical équilibri'um models. ®A14) For the very light nuclear
system such as Ne + NaF, however, a macroscopic thermodynamic déscription is least
likely to hold. In this case a rrucroécopic approach such as described in Sec. 2.5 is |
more appropriate. Up to now such detailed comparison with data for heavy system has
not been made. Thus, it is not known whether'chemical equilibrium is indeed reached

for large A.

Assuming chemmical equilibrium Mekjian™3) showed that an estimate of the
interaction volume V can be obtained from Eq. (3.13), in the limit that the intrinsic
radius of a composite particle is negligibly small cornparevd to the source radius ¥ =

(3V/ 4m)/3.- A generalization of this idea was proposed in Ref. (TM5).
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Empirically, ®2)-E) the interaction radii obtained in this way are reasonable (a few

Fermis), but the quantitative accura.cy of these radii cannot be assessed at this time.

- 3.5. Pion Production

For beam energie-s' of N 1 A-GeV the dominant secondary particles created in
collisions are pxons At these energles the pion product.lon proceeds mam.ly from Ass
~ excitation of nucleons Some of plons are then absorbed inside the media through
NN - NN, or they are rescattered through nN - nN. Since a typical cross section of
Owt(TTN) is 1‘00-200 n1b which is much larger than Owot(NN) (% 40 mb), pion epeetra tend

to freeze out at a later stage than nucleons. TA?).(TA10)

In this section we describe the excitation function, multiplicity, energy and
angular distributions, subthreshold pion production: pion interferometry, and a test of
coherent plon productlon Some of pion data at forward and backward angles will be

dlscussed separately in Sec. 3.8. in connectlon with scaling.

3.5.1. Excitation funot.i’on and multiplicity dist_.ribut.io_n

Using a streamer chamber, multiplicitiee of both negatively and positively charged
tracks have been measured.E®)(H10).®13) Negative charges are mostly from n~ while
.. positive cnarges contain both n* and charged nuclear fragments. For nearly equal-
mass collisions with Z'~ A/ 2 we expect m(n~) ~ m (n*), where m is the multiplicity.
_ Therefore, to a good approximation, the difference in numbers between positive- and
negative-charge tracks is almost equal-to the multiplicity of charged nuclear .
fragments, mz. |

The average multiplicities, <m»> and <m.z> have also been measured from
inclusive spectra with-a magnetic spectrometer. (EC7)  These quantities are related to
" the total integrated inclusive cross section through Eq. (A.16). We discuss'in this

section (1) the beam-energy dependence of <m,>/ <mz>, (2) distribution of m.,, at a
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fixed value of mz, (3) correlation between m, and mg, and (4) the projectile- and

target-mass dependence of <m,> and <mz>.

We expect that the pmduét.ion rate of pions increases as the beam energy
increases, whereas the number of part.iéipant nucleons is alrnost independent of the
beam energy. as shown in Fig. 17 (b). In Fig. 23 the observed ratios, <m,>/ <mz>, for
almost equal-mass collisions are displayed. The streamgr-chamber data agree well
with the data obtained from inclusive spectra. The ratio smoothly increases as the
Beam energy increases.. No sudden increase in the pion yield at a certain beam energy
i_s observed. Theoretical predictionsm“’)'m)-m"’)-m“)-(m’)-generally agree with these

data to within a factor of two.

According to the participant-spectator model the value of my is directly related to
the i;ﬁpact parameter, since once fhe impact parameter is fixed, the nﬁmber of
participant nucleons is almost uniquely determined by the geometry. Correlations
between fn,, and mz providé 4inforz‘nation on thg impact parameter dependence of the
pion yields. Fig. 24 shows the pion.xﬁultiplicity distribution for events with mz > 30 for
Ar + KCl collisions in a streamer chamber. 1% Since the ma)dmum value of myz is Zp +
Z-f = 36 in this case, the collision is almost head-on; the correséonding maximum
impact parametef. bm,,. is about 2.2 fm. The observed distribution is of a Poisson type
which has bé-en éxpeéted on very general theoretical grounds.™?) In this Poisson
distrib'utioh the square of dispersion, D?, must be proportional to the average
multiblicity, <mg>. The linear relation between D? and <m> was confirmed for
various vah.ieé of mZ. in Ar + KCl collisions,®19 although a certain deviation from the

Poisson typé is reported in Ref. (EJ18) for Ar + Pb collisions.

In Fig. 25 the correlations between m, and m  are shown. For Ar + }_(_Cl an almost
linear correlation between these two quantities is observed.(®19 In the data for non-
equal-mass collisions, such as Ar + Pb,(®13 however, a deviation from the linear '

- correlation is observed. In this case, the value of m (r~) is not equal to that of m{n*),
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since N # Z. Therefore, plotted in Fig. 25 (right) is the multiplicity correlation
between n~ and the total charged particles (which include both positively and
negatively charged particles). The unusual features of the correlations for Ar + Pb

have not been explained up to now.

Finally we describe t.ne prcjectile- and target-mass dependence of <m,>. Plotted
in Fig. 26 (a) are the obser_'ved values of <m.,,>m°7)vas a function of the average
participant nucleon number, P, for various projectile and target combinations at EBeam
= BOO A-MeV. Here the value of P was evaluated from Eq. (3.4). The multiplicity is

parametererized roughly as®1).(EK2)
<m1|'>A= a'Pz, i (319)

with z ~ 2/3. This snggests that the pions are emitted from the surface of the
part1c1pant region and not from the deep 1nsxde of thls region. We observe in F1g 26 (b)
that <mz> PZ where Pz is the average nuclear charge involved in the part1c1pant
region evaluated from Eq. (3.4). Therefore, the Y3 dependence of <m,> suggests the
impnrtance of pien'absorption pro‘cess. ‘

On the other hand, in Fig. 25 there was a linear dependence of m, x my for Ar +
KCl. To reconcxle the P"”3 dependence suggested in Fig. 26 and the P! dependence in
Fxg 25 we note that several asymmetric reactions (4p # AT) have been lncluded in Fig.
26. Omlttlng those reactlons leave only three data polnts which are conmstent with a
P! dependence for symmetrlc system. A possible explanation of this effect is that for
| asymmetric c.ollisions a larger piece of cold spectator rnatter remains to absorb pions.
The bigger the asyrnrnetry, Ap/ A, a higher fraction ot tne produced pions can be
therefore reabsorbed. While pions are produced enly by participants. the absorption -
process-is consi.derably complicated by the presence of spectators. What Fig. 26
clearly dernonstrates is that pion absorption cannot be neglected'in theoretical

models.
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3.5.2. Energy and angular distributions |

Next we cohsider the energy and angular distributions of ’
pions.m"'(m’)'(m"(m)'mc’)'(ma)"(EGQ)-(E“.‘)'(E“S’ In Fig. 27 the energy distributions of
negative pions at 0° [Ref. (EB6)], 180° [Ref. (EM5)], and at 90° [Ref. (EC7)] are
compared in the c.m. frame at Epe,m = 2.1 A-GeV. Although no direct comparison is
possible for the séme projectile and target combination, we observe that the energy
distribution is almost of exponential at any ernissioﬁ angle. If, has been known that for

projectiles heavier than a particles the spectrum shape approaches

exponential, (EK?).(EB8).(EA3)

In Fig. 28 the energy spectra at c.m. 90° in Ne + NaF collisions are plotted for
beam energies from 0.2 to 2.1 A-GeV.-E9) At any beam energy the spectrum shape

is approximately exponential:

di ~e.m.
E ai;'x exp(—E',, /Eo) : (320)

b

In Fig. 29 the observed values of the slope factor E; are plotted asa function of the
beam e'nergy per nucleon in the c.m. frame. Ejincreases monotonically as the beam -
energy increases. In addition, we notice that the value of Ej for pions is consistently

smaller than that for high-energy protons (see Fig. 19 for the definition of Eyp). .

Several ideas have been proposed to explain the observation of Eg(rr) < Eo@). in
terms of (1) finite ﬁem free path effects, (2) r:adially éxploding flow{™12) and (3) phase
space(Te¥{T69) In nuclear matter, the mean free path of protons (~ 2 fm) is generally
longer than that of pions (> 0.5 fm). Therefore, pions may be more sensitive to the late
colder stage of the collision than protohs [possibility (1)]. The radially exploding flow
possibility will be discussed in Séc. 4.>1. A third possibility is related to the NN
kinematics. In order to create pions the 140 MeV rest-mass energy has to bg supplied.
Then, the average kinetic energy available for pions is less than that for protons. From

the comparison between the protons‘and pions alone, it is hard to pfove which of these:
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mechanisms is the most important. With the aid of K* spectra, a partial answer is

obtained, as we will discuss in Sec. 3.6.

A typical angular distribution is shown in Fig. 30. Here the ratios of the ™ cross
sections between 30° and 90° in the c.m. frame for 800 A-MeV Ar + KCl collisions &7
are plotted as a function of the pion energy in that frame. The ratio has a peak at
ES™ ~ 100 - 200 MeV. This feature is consistent with the expectation that most pions
' 'anse from Ags resonances, which are ‘observed in NN » NN« reactions to produce pions

'amsotroplcally with a c.m. energy of ~ 200 MeV.

Much attention has focused recently on the detaﬂed structure for low-energy
pions. Wolf et al. ®%) and Nakai et al. 7 reported a broad 90" peak for ntat EpT o
© 10-20 MeV in Ar + Ca and Ne + NaF colhsmns at beam energies of 0.8-1.0 A- GeV The
peak is about 20-30 % above the smooth backgrounds. Theoretically, it has been

suggested that Coulomb eﬁécts nﬁght be responsible for creating such a broad
peak. ({82 Therefore, Frankel et al.®%) have recently measured both 7! and 7~
~with a magnetic spectrometer in 1.05 A-GeV Ar + Ca collisions, the same pfojectile and
target combinations used by Wolf et al Théy'have observed larger yields for n~ than
for n*, most likely due to Coulomb effects. However, these data show less evidence of

the peaking for ﬁ*. Further experiments are necessary to clarify this situation.

3.5.3. Subthreshold pio;l production

In nuclgar collisions at laboratory beam eneréies below 290 A MeV (which is the
pion production 't.hres‘holcvl energy in free NN collisions), the pion production is due
either to the ﬁucleon Fermi motion or to an accumulatiop of available energy greater
than m.c? through successive NN collisions. Benenson et al, (F89) have measured both
7~ and ._rr" at 0° in Ne + NaF collisions and showed that pions are produced even at a
beam energy of B0 A‘MeV, as seen in Fig. 31. At c.m. 90° the subthreshold pion
production has been studied in 183 A-MeV Ne + NaF collisions,€%) as shown in Fig. 28.

The kinetic energy of the observed pion extends up to 250 MeV in this frame, and the
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spectrum Ehape is hearly exponential over the entire energy region. If we ignored the
Fermi motion, a large number of nucleons (up to 9) would have to share their kinetic
energies in order to create these pions. In terms of single NN collisions a large Fermi
momentum has to be assumed; in this case, if both projectile and target nucleons
carry the same Fermi momentum 1n opposite directions. theh e virtual mementurﬁ &

350 MeV/c for both nucleons has to be assumed.

Previous thermalmz)'ms) and hard-scattering TF) models underestimate the cross
section at 0°. However, recently it was pointed out('m’ that, if we use the experimental
dataofpp » 7 and pnoom together witha reahstlc Fermi-momentum shape that fits’
the (e,e') data, then the hard-scattering model explains reasonably well t.he observed
data at 0°. The exponential shape at 90° on the other hang, cannot be explamed by
hard scatterings alone. It is reproduced only when nN rescatterings after the creation
of pions are taken into account.®9 as shown in Fig. 28. The phase-space
model{T67)(EGH) a]50 explaihs qualitat‘ively‘the exponential shape at 90°. In this model,
kinematic and chemical ecjuilibﬁgm are assum_ed (see Sec. 2.3.). For the creation of -
250 MeV pions at 183 A-MeV in Fig. 28 about eight nhcleo_ns have to be involved. .

The qualitative agreement of the dat.a with both of these approaches suggests that the
microscopic rescattering and absorption effects are effectively replaced by the

statistical behavior of a rather large number of nucleons.

3. 54 ‘Pion interferometry

A"s"’F'ig.' 24 shows, there is a large probability of producing two or more 7~ in
nuclear r"eactilons at high eﬁergies. Because pions are bosons, the wavefunction of tfxe
multipion system must be symmetrized. This symmetﬁzation leads to interference |
phenomena at small relatlve momenta. In astronomy such (¥y) interference effects
were first used by Hanbury “Brown and Twiss{T® to measure stellar radii. Later ‘
Goldhaber et al. M%) used n~n~ correlations to determme the size of pp mteractxons!.

Analogously, it has been proposed that pion’interferometry could provide information
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on the space-time history of nuclear collisions. T)-(Te8) , .

The basis for pion interferometry is the observation that the amplitude \I',g to
measure two pions with four momenta (k,,kg) given that they were produced at space-

time points (z,,zp), is -

£

1 -iklzl'- -*etg ) .—‘llklZa '1#221 . ) . l
Vo N 7 {e e +e e ] (3.21)
Therefore, the probability of observing (k,.kz) is

Pkyke) = [ Nna(z1.22)fp(z,22) 'z d'ze. - (3.2)

| ~ where p(z,,z2) is the probability density that-fwo pions were created at points (z,,z3).
- Assuming uncorrelated production, p(z,.z,) = p(z,)p(z2), Eq. (3.22) reduces to
© Plkykez) < 1+ lo(ky—k2)P, . (3.23)
where p(g) is the space-time Fourier transform of the source distribution p(z). For a

" Gaussian source with radii R; and lifetime T we have('ms)

Plkikz) < 1 + expl— (q,Rz + q,f]?z + qf]?z w?7?)/ 2] - (3.24)

where ' : :
| g = £k,  (32)
w=Vkf+m?Z —Vkg + m,, . ' ; - (8.28)

Therefore, measurements of P(k,,k;) can in principle reveal the three dimensional
épatial structure and the lifetime of the pion source. In practice, final 'stat_e
interactions especially Coulomb interactions must be treated carefully to eliminate

optical distortions.(T?)

In"addition, Eq. (3.24) holds only if the pions are produced uncorrelated..
Dynamical correlations can be 1nduced in many ways: In Ref. (TQ8) it was shown that
. absorption of pions by the spectator fragments could alter significantly the form of P.

. Also, if collective phenomena such as pion condensation would occur in nuclear
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collisions, the form of P would be very different. Therefore, pion interferometry is not
only a tool to study reaction geometry but also a tool to hncover novel dynamic
phenomena.

Experimentally the following ratio, Ca(exp). is usually measured:

dzﬂ'/ dEldEZ
%(dos dk,)(do/ dp) ~

 Colexp) =0 - (3.27)

where the denominétor. dao/ dk, is the single-particle incluéive cross sectibi;. This
quantity, Cz(exp). is directly related to Eq. (3.24). The measurement of Cz(exp) was
first performed in a streamer chamber with 1.8 A-GeV Ar bearns.®%" Here, the
numerator in Eq. (3.27) was replaced by the coincidence counts between two negative
pions and the denominator by the product of inclusive counts of n* and 7~. From the
' be‘st fits to the data the reaction time of 7 ® 5 x 10™% s and the vreacubn siz’ev of R ~ 3-4
fm were obtained. 'I'hiévalue 4of Ris cohsistent with what we expect from the
participant-spectator model with normal nucleon density. It is also consistent with the
value obtained from composite fragments(EC?) - ®E3).(BK2) In addition, Cp(exp) ~ 2 at |§] ~

0 is evidence against coherence effect.

After this experinient a: lafge amount of data of piqh_ interferometry have been
collected. Lu et al. (B'13) haye continued their stxjeamer\éhambér-analysis and reported
récently that the radius K increases as the event multiplicity increases.' This is |
consistent with 5 naive e;cpectation. since mére nucleons are involved ih collisions for
higher event multiplicities. . The ﬁub_na streamer chamber®® also d_eri'lonstrated
results whic_h give reasonable valués of thg collision size. Zajc et al. ®19) have
performed extensive measurements using. a magnetic spectrometer and obtained the
-results with much higher statistics. Their typical result is shown in Fig. 32, which leads
to R =3.0 + 0.3 fm for 1.8 A-GeV Ar + KCl system. | Whether Qg = 2 at lq_l ~ 0 depends on

the normalization of the data of Eq. (3.27). They have tried various possibilities on the

value of 0p. At present, however, there is no indication for a deviation of Cz from 2. !
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In the analysis of the data shown in Fig. 32 it was pointed out that aetual two-pion
spectra are affected 51gmﬁcantly by final state interactions. These mteractlons
originate both from Coulomb and strong interactions, and especially from the former
because n~n~ (T = ) strong interactions at small relative momentum are very small.
Therefore, the observed widths do‘ not immediately reflect ¥ and 7. Coulomb
correetiqns of the two-pion spectra ehange significantly the shape of the correlation
function. | |

It is also worthwhile to mention here the data on two-proton interferometry. In
_this case the correlation function, Cp, becomes 0 at |{| = 0, because fermion
- wavefunctions must be antisymmetrized. Zarbakhsh et al.{&14 have recently
measured C, for two protons 1n18 A"GeV_Ar + KCl collisions, as shown in Fig. 383. The

obs‘erved eorr.elatidn 'f\inction dees not show a simple interference pattern Instead, it
shows a peak at'|q| ~ 20 MeV/ ¢, most likely due to the strong final state mteractmns
between_two prptons.(m) In this case both repulsive Coulomb and attractive strong
interactions are important. The strong interactiorl induces a positive correlation while
the Coulomb interaction induces a negative,\cerrelatiion.. resulting in a peak a't a certain
momer_ltum.(T°5) ln»th_is experiment, a smaller source radius is observed for proton
emission at y = (yp+3';-r)./"2 than at y = yp. where yp 'and yr are the 'proj'ectile and
target rapxdltles respectlvely In addition, a much smaller radxus is obtained for
-higher event mult1p11c1ty The last statement is not consistent with the resuit of two-
pion interferometry.(mla) However, the great diﬁerences in in final state interactions

between pp and m™n~ makes it difficult to evaluate the significance of this latter result.

' 3.5.5. Test for coherent pion production

Since the early work on pion condensation{™4{TA% many attempts have been made
to look for exotic phenomena in nuclear collisions. In this section we review a new test

for possible pion field instabilities in such reactions.
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_Ifa spm—nsospm mstablhty occurred under the extreme conditions generated in__

nuclear collisions, then the nuclear axial (spin-isospin) current J us(Z.t) would acquire
a non vanishing_ expectation value. This current is coupled to the pion field through the

field equation
(0 + m2) Mz) = g.0*7 s(2.8). o 7 (3.28)

Therefore a time varying J,s will act as an antenna radiating pions. Such a radiation is
furthermore characterized by a coherent state. In Ref. (RA13) the unusual pfoperties
of such a pion field were discussed. An estimate of the number of such pions per

baryon showed thatn__/ A ® 107, which is much smaller than the number nﬂ_/-'A_vN

1072 expected from the usual incoherent processes (NN + NN). Thus, contrary to
naive exp'ectation pion condensation is not expected to lead to copious pion

production.

To detect such a small signal requires that the background incoherent eompohent
be reduced. As seen in Fig. 28, this can be achleved by reducmg the beam energy. At
Ef™ ~ 200 MeV at 13”1 = 90° the pion cross sectlon falls by five orders of magmtude as
the beam energy is lowered from 2.1 A-GeV to 183 A-MeV. The tiny signal due to _
coherent pions should be visible as a bump at ES™ ~ 200 MeV at Epeam = 183 A-MeV. As
seen in Fig. 28, only a smooth exponential spectrum is observed consistent w1th
incoherent phase-space models. Alﬁhough no bumps are observed in Ne + Pb collisions
as well,(E®® an interesting experiment that has not yet been performed is to look at’
this subthreshold 7~ spectfa with much heavier nuclei such as U + U. 1t is possible -
that collective phenomena could occur for such a heavy system. In any case, Fig. 28

shows a method to search for a needle in a haystack. In this case there is only hay.
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3.6. Strange Particle Production

In Fig. 34 threshold energies for particle production in nucleor_l—nut:le on collisions
are displayed. As the beam energy increases, the production of strange particles
becomes possible. At beam energies of around 2 A-GeV the production of K* [Ref.
(EH1)). A [Ref. (EHQ)]. and K~ [Ref. (EHB)] have been now measured. We discuss these
data below. | -

The motivation of measuring K* is as follows: Since the cross section of k* + N

[o( K*N) o~ 10 mb] is much smaller. than that of N + N [0(NN) =~ 40 mb] orm+ N

, [o n'N )~ 100 mb] (“Bl) K* is less likely to be rescattered by surroundmg nucleons in
contrast to mor N. Inother words the spectrum of K+ ‘may be a useful messenger of

the vmlent 1mt1al and perhaps, very compressed and hot stage in the nuclear colhslon

Scllnetzer et al. EHY) have measured K* spectra with a magneti_c spectrometer. In
: Fig. 35 an example of energy spectra in the c.m. frame is plotted for 2.1 A-GeV Ne +
. ltlan_collisions. . The spectrum shape is almost: .exponential with inverse exponential —
slope, E’o ~ 142 MeV. This ralue of Fy is larger‘ than £y for protons or pions (see Fig.
29). suggesting that K*'s seem to be created at a rnore.violent stage th.an pions or
protons. The exponential behawor of the spectrum 1s a general feature found for any
projectile (even p or d) on nuclear targets In addmon the angular dlstrlbutlon of K*

is almost 1sotrop1c in the NN c.m. frame agaln for any pro;ectﬂe on nuclear targets

It is interesting to compare the value Ey for K* with F' for pions and protons (see
Sec. 3.5.2.). If the slope Ej is determined mainly by the mean free path of product

particle, then we expect
Eo(m) < Eo(P) < Eo(KY), ‘ (3.29)

since A(m) < A(p) < A(K*). This relation Eq (3.29) agrees with the experiment. On the

other hand, in a phase space model we may expect
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Eo(K*) < Eom) < Eo(p). - - (3.30)

since the threshold energy of K* production is much higher than that of m production.
. Thus, when K's are produced less energy is avagable for kinetic energy. The
observation that Eq. (3.29) is satisfied sﬁggests that the pions and nucleons are
"cooled" down rriore in the expansion phase because of their shorter mean free paths.
We also note that Eq. (3.29) is not consistent with the model of radial explosive
ﬁow."klz) since in that case Ep(m) < EO(IK") < Eo(p) because m, < myg < my, (see Sec.
4.1). - | | |
According to Randrup and Ko‘m“)‘high enefgy tails can be explained neither by
Fermi motion nor by thglmul.t.iple NN ‘collisions during ihe com'pressi.on stagé . Itis
explained onij if we avllowv,at. most one rescattering of K* by surrounding nucleoné after
the creation of K* (the ‘average number of rescattering is estimatéd to be 0.68).(TV2)
‘However, tl‘ﬁs calculation fails to reproduce the angular distribution, especially for thé
case‘of protop + nucleus co}lisiohs. Ther:efore, this point still remain an opén question.
An ;ptgréstihg aspect of K* da_ﬁa is seen in the 4 depéndence. _If the cross section
s pafameterized as a power of A (= A'F)._then.the value of a is consistently larger for
Ne projectiles than fér d projectiles, as seen in Fig. 36. From a simple geometrical
consideration we expect the opposite trend, since with a heavier-mass projectile the
increase of target size must be less affected on the yield (in fact, we expect x 4#3 for
heavy-mass projectiles and = Ar for light-mass. projectiles from Eq. (3.7). Perhaps this
experiment indicates that vthe compressed hot region is éreated easier with heaviér-
mass projectiles. Slich a feature is not (or only slightly) observed for pion prodﬁction.

as seen in Fig. 36.

The A production has been studied recently by Harris ef al. (EH?) with a streamer

chamber .in 1.8 A-GeV Ar + KCl collisions. In this measurement the decay of A,
| A-p + " (64 % branching), (3.31)

was used for the identification. Although statistics of the data are low, a large number
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This is consistent with the previous data of K*. -

1t is well known that the decay of A shown in Eq (3.31) is t.hrough weak
interactions. Therefore, if A has a’ polarlzatlon P, the angular dlstrlbutlon of the decay

products, p and 7", is expressed as
F(9) =1 + aPcosd, S . (3.32)

where ¥ is the emission angle of nrotons with respect to the polarization axis and & =

-0.64 in this case. By defining the reaction plane sueh that the beam and the emnitted A

form this plane, the value of P has been determined to P = -0.10 = 0.05.(EH2) | terms
of the quark model A'is described as (uds) in which epins of u and d ‘ar_e coupled to
zero.B2) Therefore, the polarization of A measures the polarization of .s-quark. '
Measurements of A pnlarization may thus shed 1ight' on the role of quarks in high-A

energy nuclear collisions.

The K~ yield has been measured recentlv with a magnetic spectrometer (EH3) In
. tms case, the y1eld is extremely low, since the Bevalac maximum energy is 2.1 GeV per
nucleon while the threshold energy of K~ in NN collision is 2.6 GeV. Although these
data werev compared with various model c'alc‘ulat.ions., meaningful physics can be

,v ‘extrncted only when more data become available.

sy
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3.7. Coulomb Final State Interactions

Because the nucleus carries a positive charge, Coulomb interactions may distort

" fragment spectra. These interactions are important especially in the kinematic |

regions in which nuclear charges are highly clustered, namely for‘velocities ‘close to

those of projectile and target fragments.

The lmportance of Coulomb eﬁects in mgh-energy nuclear colllslons was first

pointed out by Heckman and Lmdstrom(m“) from the study of target-mass dependence

' of the cross section for prolectlle fragments. As shown in Fig. 37, the target-mass (AT)

dependenceof one-nucleon removal reactions, such as 0 - 1N or 12C - 11C, is much
sltronger than that observed for ordinary projectile fragments. Such an yield increase
was interpreted as due to the Coulomb excitation of a glant El resonance of a |
projectile nucleus®A4). (EA9) followed by its dissociation into a nucleus of mass number

(Ap 1) plus a nucleon

'In the fragmentatlon of 169 at 90-120 A-MeV beam energles Van Bibber et al. (EAL0)

' .found that the transverse momentum distribution of the prOJecule fragment is much -

w1der than the longitudinal momentum distribution. 'I‘hey 1nterpreted that this as due

mainly to the orbital deflection of a projectile via Coulomb interactions.

Recently an ohvious' eﬁect of Coulomb lnteractions was seen in the data of 7~ to r*

ratio. EB3.EB) In these expenrnents both 7~ and 7+ have been measured at 0° in Ne +

kNaF colhs1ons To a ﬁrst order approxunatlon we expect that the v1eld of 7~ is the

same as that of 7*, since both Ne and NaF contaln almost equal numbers of protons
and neutrons. However as seen from F1g 38, the 7~ yield is much l:ugher than that of

1r*. In addltlon. the spectrum of n~ has a sharp peak at a certain momentum, whereas

| that of wt has a valley there The pion velocxty at this peak (or valley) is very close to-
_the beam veloc1ty wl'nch is indicated by arrows in Fig. 38. There the n~ to m* ratlo

reaches about 20-30. 'I'hese results immediately suggest the u’nportance of Coulomb

mteractlons since 7~ mll be attracted by the prOJectlle fragment whereas m* will be
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repelled by it. In fact, theoretical calculations of Coulomb interactionsB3).(TR1).(TR2)

have explained reasonably well these observatmns

Detalled study of Coulomb eﬁects may tell us about the charge distribution and its
evolution in time. If the nucleus is completely transparent, then both projectile and
target pass through each other, and consequently, most of the nuclear charge will be
clustered at(y P1) = (yp.0) and (y1.0). On the other hand, if the nucleus is completely
black, then the projectile and'tar'get will stop each other completely in the c.m. frame.
For Ar + KCI collisions (at around 1 A-GeV) a theoretical value of the 7~ to 7* ratio at py
=0 at c.m. 90° is 2.8 for the complete black-case and 1. 6 for the complete transparent
case. (TR2) ‘From large angle data of the ™ to n* ratlo(Ec") (EG8) we obtain the ratio to be

about 2 wh1ch is ]ust in between these two extreme values

Ifn~ to t ratios show Coulomb effects, we expect also that neutron-to-proton |
(n/p )"as well astriton-to-aHe ratios might be affected by Coulomb 'Lnteractions In
- 300-400 A MeV Ne + (Pb,U) collisions it has been reported(ml) (ED2) that the observed
‘n/p ratiois larger than the neutron—to—proton (N/ Z) ratio of the svstem espec1allv
for small fraument energles A similar tendency is observed for the t/ 3He ratios in 80O

A-MeV Ar + KCl and Pb collxsmns (£C?)

With regard tothen/p and t/ SHe ratios, however, a different mechanism might
be involved other than the Coulomb effect. We consider the case of N/ Z > 1. Naively
one would expect that the n/p .ratio for the initial system is alrnost equal to the_N /Z
" ratio of the whole system. However, some of these nucleons are combined together to
forrn composite fragments due to ﬁnal state interactions. Am.ong these fragments the
formation of dueterons would be the largest. Since deuterons carry equal numbers of
protons and neutrons, the final system after the formation of deuterons contains much
more neutrons than protons than expected from the n/p ratio of the initial system.
Such an eﬂect is espec1ally 1mportant in the small momentum reglon because

deuterons are more eas1ly created there. Therefore, we might expect a n/P or t/aHe



~ " ratio larger than - N/-Z in-the-small momentum region. —Theoret—i_e ally-this mechanism
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" has been formulated by Randrup and Koom‘n»('rP Y and also by Stevenson. (TP2) Especially,

Stevenson showed that this isospin ethbratlon explains very well the observed n/p

ratio reported in Ref (ED 1)

3. 8.. Forward and Backward Spectra

In nuclear collisions the phase space accessible to any s'mgle 'parti»ele ls much
greater than that in free NN collisions. The maxunum momentum in the c.m. frame
p,‘,’m“;; , allowed by the kinematics is glven. for’ example by Eq (A 8). InTFig. 39 values of
pm for the production of plons and nucleons are plott.ed for C+Candp + p
collisions. The value of pS% is much larger for C + C than for P + p at the same beam
energy per inut:leoﬁ. Thus far, the partlcle emission near the absolute k1nemat1cal hrmt
has been measured extensively .at‘forward(EBl)-(Eaz)'(EB‘*)'(EBs) and backward EH1)-(Es)
angles.  In this'Section we review these data. |

Schmidt arid Blankenbécler(™? estimated single?particle inclusive cross sections

at 0° and 180° using a structure function of the nucleus. By using the Feynman scaling

variable, z defined by Eq(A’?) the v'c'ro'ss 's‘e‘c:uon is'approﬁmately expressed as

E—&?« 1—%,)9.: EE TR 1(3.33)

- where

g=2T(A=1+H - (3.34)
In the case of forward pion s"p;eet;'rv'a.' A"is the orojectile ma‘ss.. H 1san adjustable.
parameter which is normally 3 except for the hydrogen target for wmch H=1 The
paramieter T describes the type of NN interactions. If\WWN ’interaotioris are due to
vector meson -e)tchange plus monopole forfn factors, then T =3 Fig. 40 shows the 77~
spectra measured at 2.5° from j),' d, and d'beams'at several'bombarding energies. (F8?)

Observed cross sections fall alrmost pr“eé‘isely oh the curves predicted by Eq. (3.33) with
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T = 3. Recently it was pointed out®6) that this scaling law holds also for the 7~ o
spectra at 0° from C + C collisions at 1-2 A-GeV beam energies. A noticeable exception
to the.T = 3 power law occurs in the case of 2.1 A-GeV a + hydrogen coﬂiéions.(ﬁBe)
There the daﬁa show a less steeper fall-off as a function of z than bredicte& by Eq.
(3.33). If Ap > Ar, the target nucleus interacts w1th a part of projectile nucleus, and
consequently, the forward pion pf‘odhétibn rhay not reflect the structure function of
the entire projectile. |

A .similar deviation from Eq. (3.33) is observed for the backward pion production in
the case of AIS < Ar. (BN Again, the projectile nucleus will interact with a part of the
target nucleus, and the data Will Irm_tv reflect the structure function of the entire target.
Landau and Gy_ulass_ym'_s) therefore ap.plied Eq. (3.33) to cluster-cluster collisions and
found that the apparent nph—sgaling c;ould be accounted for if only'sfnall clustéré are
ir.lVO‘I.Vde. | | |

Aslanides et ol. % have measured pion spectra at 0°'in 303 A-MeV ®He + ®Li
colhsmns over a Wlde kmemat.lc reglon of pions up to alrnost the absolute kmematlcal
limit. The data are shown in Fig. 41 It is claimed in this paper that the predlctwn by
Eq. (3.33)_ de‘wates largely from the data especially in the region of 0.9 <z < 1.0. Also,
it is stated that a s;nail bump is oBserved at £ ~ 1, which may show an evidence of a
coherent enhancement of pion production. The data are certainly interesting, but the
statistical significance of the bump is not great. It is imbértant to test for this bump in
hig(he_r statistics measurements. Also, it is not so surprising that the data deviate from
Eq. (3.33), since the theory of Schmidt and Blankenbecierhas been formulated for the
limit of high beam energies. '

High-energy proton spectra have also been measured at forward®A3).(EA3).(EAL4) 5 g
backward{EL)-(ELI2) .angles. Compared to the pion spectra, the proton spectra cover
smaller région: inz. In addition, the spectra contain both fragmentation a;1d hard-

collision effects, which makes the comparison between the data and theories not so
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- —-~-straightforward—Nevertheless; much the'oretié al_work'_on_thegbackwazzd_ppp_t_o_r‘l_ e

emission has been performed during the last few years,™=("") especially for proton +

nucleus collisions.. These theoretical models are classified into two types; one })ased on

‘the single NN collisions with alarge nucleon Fermi momentum inside the target, and

the other based on the projectile proton scattered by a cluster of nucleons inside the

*-target nucleus. .These two types of mechanisms might be strongly related, because the

cluster formation requires short-range correlations between nucleons, and these
correlations may introduce high—m'.omentum tails for nucleons in the momentum
;pace.m) In addition, multiple collisions can lead to highvenergy tails in the
épectra'.(m‘*)‘(ms) Thus far, it has not been possible to disentangle the different
reaction mechanism responsible for the higﬁ energy t.ails.. ~Vgry recently experimental
efforts to separate these mechanisms have just begun from measurements of-

backward-forward two-proton correlations. EL8).(EL13)

3.9. Spectator Physics

From the vi:e'w‘point(of coliisibn fneéharﬁsm fhe sp:eic':tator region seems less .
interesting, because it is the region where no sf.rong nﬁéleon—nuéléoxi cdilisibné take
place. However, se\.rere‘xl' interesting phenomena can be found in this region that need
further investigation. Since much of the basic daté of projectile fragments' has been

reviewed already in Ref. (RA7), we concentrate here on two current topics.

" '3.9.1. Nucleon mome_ﬁtum distribution inside thé nucleus

In the study of !0 and !2C fragmentations®A! jt was found that the distribution of
parallel momenta (p) of projectile fragments in the projectile rest frame is expressed,

to a first order approximation, by a Gaussian form;

»f o
EU_A' _ . (8.35)

do
, —— e
dpy *P
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The wivdt.hv' o is the largest for a fragmént whose mass number is nearly equal to half the
projectile mass, as éhown in F1g '42. Goldhaberm’propos‘ed a simple explanation of
this observed systematics.” Since the projectile fragment is formed mainly from the
spectator region which has not experienced any stféng interaction, it tends to keep
various static properties that thg projectile nucleus had .before the colhsiéﬁ.f" He
assumed that the above distributibn‘, Eq. (3.35), reflects the momentum distribution of
th‘e equivalent cluster inside the static nucleus. Inthe rest frame of the projectile

(with mass number A) the sum of individual nucleon momenta, p;, must be zero:
fl P =0. o /(3.36)

S £ o ' v

Therefore, the squared average of the above quantity is expressed as

E ‘g)l <p?> + f P>

iy .
NA<p> + A(A-1)<pp;> = 0. {8.37) -
. Here the value of <p;p;> is assumed to be in‘d‘epehdent ofi and 7. Now, if we pickup a
subset of F" nucleons from the projectile nucleus, then the squared average of the
‘momentum of this subset is given by | | 7

- <(f} P:)?> R F-<pf> + F(F=1)-<p;p;>. © (3.38)
i=1 ‘ :

Using the relation of Eq. (3.37) we have

<(§ P>V R VFA-F)7 [ A-TIV<ps>. (3.39)
i=1 : : . . o B

According to the Fermi gas model <p2> = (3/5)-pf#, where pr is the Fermi momentum.

Therefore, the relation between o in Eq. (3.35) and py is given by

0 8 V375 VFA=F)7{A=1) - pF. | (3.40)

If one uses py = 221 MeV/c, then the gross structure of experirnenta] values of ¢ is well

explained by Eq. (3.40), as s2en in Fig. 43,This analysis further suggests that the
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- Aépx!ojectile-f-x;agments.ar:e_usehn,to_determineithegmoment.um_distribu»t_i_‘op‘of‘a_fnuclear_
cluster inside the static nucleus.

“Even in a gentle collision, the projectile spectator will feel a certain force F(t)

from the target. In the projectile rest frame the direction of the time-integrated force,

f F(t)dt, will be perpendicular to the beam direction. - Since this integral, called the
impulse, is equal to the momentum change-q , the projectilé spectatorf receives a
mornentum change into the transverse direction of the beam. Roughly speaking, |F| &
50 MeV/fm and the interaction time At & (a few fm)/c. Thus [d] ~ a few 100 MeV/c.
This magmtude of IQ| was conﬁrmed in the elastic and melast.lc proton-nucleus

| colhslons(m) as well as from the Doppler broademng of nuclear vy rays from exclted
nucle1 (EF9) 'I‘herefore we expect that the experunental momentum spread of a
pro;ect.lle fragment. (Aﬁ),,,,. is related to the intrinsic momentum spread of the

correspondmg cluster inside the nucleus, (Ap )m,, by the followmg relations:

o (APu)exp (Bppme . o
tpde™ VEETE. (4D
In other words, the transverse momenturn distribution of a fragment reflect both
nuclear reaction and internal motion eflects, whereas the longitudinal momentum
_ distribution reflects only the internal motion effect. .

_-Notieing the above feature, Fujita, Hifner, and NemesTMTT) pointed out that the
paralle]l momentum distribution in the fragmentation process of one-nucleon removal
fea‘ction. such as a -+ 3He or '80 - 190, will directly reflect the internal momentum
distribution of a nucleon inside the nucleus. In this reaction the longitudinal
momentum distribution of the observed {4-1) cluster in the projectile rest frame must
be _equél to the momentum distribution of a single nucleon (which was scraped out by
the target) méjde the projectile, because of the momentum conservation. Fig. 43
shows the analysis for '60 -+ 1°0.(3) A simple Gaussian momentum distribution does

not explain the data and an appropriate modification to nuclear wavefunction is



required in the high momeritum region. In this analysis multi-step processes which
might be involved in the creation of °0 are neglected, and perhaps a more careful
consideration is needed. Nevertheless. itis véry interesting to extend such
measurements and analyses into the region of much higher momenta. In the region
above 0.3 GeV/ ¢ it is not feasible to extract the nucleon momentum distribution by
(e.e’) or (e.e’p) reactions with electron accelerators. Thus, high-energy nuclear b_eams

might offer a unique opportunity for the study of internal structure of the nucleus.’

3.9.2. Production of neutron-rich isotopes

.The second area under intense study is the productioﬁ of neutron-richjisotopes.
Quélitatively,- the neutron-to-proton ratio of the projectile spectat.or is nearlyvequal to
the neutron—to-prjoton (N/ Z) ratio of the projectile nucleus, since the fermer is a part
~ of the latter. kFor example, if we use 23"’.U as eprojectﬂe. then N)Z ~ 1.6.‘ It is well

known, on the other hand, that the stability li'ne..of i'luclei extends along N ~ Z for light
‘nuclei. Thus projectile spectators from z38y beains tend to fill the unstable neutron-
rich-isotope region. | _

Symons et al. (EA12) and Westfall et al. (BA19) have accelerated 4°Ar (N/ Z = 1.2)

and “Ca (N/ Z =~ 1.4) beams and discovered 16 new isotopes in projectile fragments

~ especially from the latter, as shown in Fig. 44. It is almost certain that many more new"
isotopes ‘will be créated with U beams. The lifetimes and even the sbect’roscopy of
isoiopes far from the line of stability could be studied with these fragments. These new r

isotopes can eventually provide stringent tests for theories of nuclear structure.

Another application of neutron-rich isotopes is their use as secondary beams.
Because projectile fragments generally emerge with a velocity close to the projectile
velocity‘, we may obtain high-quality Secondary beams. So far; only stable nuclei have
been used as projectiles. If these new isotopes were used, we would have uhstable
nuclei as projectiles. For example, when 238U beame become available, if r_ﬁ'ay be

possible to use %*Ca.as projectiles.



The producuon mechamsm of isotopes cons1sts of the fast process {abrasion) in
which the pro;ectue nucleus is scraped by the target nucleus followed by the slow
process ,(ablat_f.ion)_ in which particles are evaporated fx:orn: the projeetile‘
spectator.(V9=(T8) 1n fact, the observed isotope distribution is substantially uiﬁerjent'
from what is expected from the abrasion process alone. If one uses an evaporation
model for the ablation process with T ~ 8 MeV, and in addition, if one further iakes into
account the isospin equilibration mechanism, theu the experimental isotope |

distribution can be reproduced reasonably well by this abrasion-ablation model. (™4

| Currently the dynamics for both aBrasion and ablation processes is widely studied.
In the abrasmn process a frictional force may be involved whmh could heat the
spectator matter. Thus, the temperature may be increased hlgher than 8 MeV An
' example of such studies is found in Ref. (TV’?) Whether one can theoretlcally Justhy a

'clear separatlon between t.hese abraslon and ablatlon processes is an open questlon
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4. TOWARD THE PHYSICS OF DENSE NUCLEAR MATTER

Thus far, we have concentrated on data which can be explained in terms of',a

combination of conventional reaction mechanisms. However, there are some data that
H

have not as yet been explained in terms of such mechanisms. Perhaps, it is these data

that contain clues on the physics of dense nuclear matter. We revﬁéw'thése data in this

section. : ‘

4.1. Do Nuclei Flow?

4.1.1. Hmt.s of collechve flow from emstmg data

Comparmg F‘lg 12 and 16 we could not demde whether nuclei behave as a fluid or

as a dilute gas at high energies. %In this section we address a more general questmn of

whether there is any evidence for collective matter flow in nuclear colhsxons.

Collective flow would occur if hydrodynamics were valid for such reactions. However,
as described in Sec. 3.2., the necessary condition (A &« R) is not well satisfied,
especially for light {4 < 40) nuclei. In addition, impact parameter averaged data

mclude pempheral reactions where that condition is obviously violated. Therefore, to

: have any hope of seeing ‘nuclear flow we should not only look at reaction involving heavy

nuclei (Pb or U) but also select small impact parameter cpllisions. The later can be

achieved by selecting high associated multiplicity events.
: i :

-So far, two methods have been used to seiect high-multiplicity events. The most
straigh’_cfé)rward one is the detection of as many particles as possible- using a large
number of counter arr;ys which surrounded the target.®?.(B8). The other method,
which is suitable for low-intensity beams of < 10(5-6) projectiles/s, is the selection of
events with no hlgh-Z fragments near 0°, (EGS) (B10) where Z is the charge of the
fragment. ThJS second method is equlvalent to the first because hlgh-rnultlphmty

events tend to spray nuclear charge over a wide range of angles leaving. only a small

«

*
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fraction of charge at 0°.

The first data on high-multiplicity reactions were taken with nuclear emulsions.
Baumgaradt et al. (EN) found that the angular distribution, dg/ d¥, of a part.icleé sﬁoﬁ*e‘d
a sidewards peak, suggesting the existence of nuclear shockwaves.™®) A similar
experirment was repeated later by Heckman et al: (‘_m-’) who found, however, less .'

evidence for this peak.

The first high statistics counter experiment on high-multiplicity events was
reported in Ref:. (EJ7). Stock et al.. rneasur'ed the proton spectra for 393 A-MeV Ne + U
collisions in coincidence with a multiplicity counter system. The associated |
multiplicity distribution for a 90° proton was first measured. High-multiplicity events
were defined such that the associated multiplicity was in the highest 15 % of that |
distributions. Theoretical estimates(™1{Tl2) for the range of impact parameters

' probed by this trigger indicate that b <2 fm. Low-multiplicity events were defined as
those events belonging to the lowest 15 % of that associated multiplicity distribution. -
As Fig. 45 shows, the measured spéctra differ considerably bvetween.the low _
(peripheral) and high (central) multiplicity events. For low multiplicities the angular.-
distribution is peaked at Y1ap = ‘0° for all energies. However, for high multiplicities the
forward y.ielci is reduced significantly. A similar tehdency toward forward suppre“ssidn
in high'-inultiplicity events was reported in Ref. (EJB) for B00 A-MeV Ar + Pb.
Quélitatively this forward suppression can be attributed to the nonvtransparencyl of

heavy nuclei to small projectﬂes (forward shadowing).

In Fig. 45 there is also a hint that the.low—energ'y fragments tend to emerge at -
finite angles (for E, & 12 MeV, ¥, ¥ 80°). This suggests that. some collective flow away
from the beam direc':tio'n'may be ocburring. In terms of hydrodynamics, a sidewards -
splash(T15) of the nuclear fluid is expected ih central collisions as illustrated in Fig. 46
(a). To test quantitatively whether ihe observed forward suppression can be attributed

to hydrodynamics, Figl. 47 shows a camparison of several model calculations™ 19 with
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‘the data. Both cascade models(™4)-(TB8) éredict only a B = 0° peak and thus cannot
account for the data. Similarly firestreak™® and transport{™1)-(T2) models lead to only
| a forward ’peak. In contrast the hydrodynamical model(TK17) witl; no thermal breakips
(Fluid ‘1) leads to very pronounced sidewards peaking, much narrower than the data.
In avmodiﬁed hydrodynamical model (Fluid 2) including an e\}aporation model of the
fluid to simulate composite formation {see Sec. 2.4.), the qualitative trend ofv-the data -
is reproduced. | ' |
Fig. 47 (a) emphasizes the difference bétween hydrodynamic and cascade model
predic‘tions. The former always lead to conspicuous sidewards collective flow, while the
latter do not.(™)-™BI0) Unfortunately, the proton data®?" are n‘bt sufficient to let us -
draw the conclusion that nuclei flow. First, the statistical uncertainties in the data are
rather 'large (~ 30 %) and systematic .errors' at forward angles are not well understood.
Thi_s problem can be OVerc'brhe only in the next generatién of experiments with the
- plastic.ball-wall system. (EP1) Second, the'cascade'modéls used thus far do not yield the
proton spectrum but thé charged inclusive spectrum given by Eq: (2.33). As seen
éomp&rmg Fluid 1 and Fluid 2 calculations, when composite formation is included, the
proton spectrum can differ markedly from the charged inclusive spectrum. Indeed it
was ermiphasized in Ref. (TM9) that the high phase space density in the forward
direction implies that ‘most protons emerge in composite nuclear fragments rather -
than as free protons. Thus the free proton.spectrum can be depleted in the forward
direbtﬂm due to composite formation. It is thus crucial to measure the d, t, o, -
angular distributions at high multiplicities. .,If these also show a sidewards peak as in
~ Ref. (TAB), then a cascadé picture can be ruled out. -Preliminary data [Fig. 24 on page
127 iﬁ Ref. (RA4)]ond and ¢ rspectra-éeem to support a sidewards emission of at least-
light fr;agmentsﬁ The spectrum of heavier mass fragments, especially «a, has yet to be
.‘ measured. | |
Fig. 47 (b) shows a detailed comparison of one-fluid, ™7 two fluid, ™" and a |

cascade(™® calculations with the same charge inclusive spectra (including p. d,t only)
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selected on high multlphclty Quantltatwely none_of these models reproduce the data -

(note the compressed log scale) However the numerical uncertamtles are also great
At low energxes F <50 MeV per nucleon the dxscrepaney w1th data is partlcularly :
severe. It is in this region where blndlng comp051te formatlon and Coulomb
chstortlons are most 1mportant Furthermore the preclse relatlonsmp between the.
range of 1mpact parameters selected by tlns partlcular hlgh multlphclty tngger is not
clear. The calculated spectra are sens1t1ve to varlatlons in the assumed impact
parameter cutoﬁ‘ In F1g 47 (c) thls same reactlon is compared to calculatlons (TH9)
based on Cu,gnon 5 cascade modelm“) with an 1mpact parameter cutof], B max = 2. 1fm,
adjusted to obtain the best ﬁt Both the hlgh energy sum charge and the prxmordlal
deuteron specta are Well reproduced However, the spectra below 25 MeV per nucleon
are overestxmated and do not show forward suppress1on m agreement with Cascade 1
and 2 results in F‘tg 47 (a) Comparmg Figs. 47 (a) - (c) we see that the high energy
spectra are cons1stent with cascade but not w1th hydrodynarmcs whereas the low
energy spectra are inconsistent with cascade models aid can be reproduced with a
'modiﬁedhvdr'od‘ynamic model. ™9 From this comparison it appeas that at most only
a fraction of the nucleons involved i Ne + U collisions exhibit collective flow and thére
is probably a substantial mixture of both cascade and hydrodynamical behabior for
this feaction. ' S ' ' '
F‘u.rther circvumstant.ial evidence for colleotive flow can be seen in the ttvo-proton v
correlation functlon in BOO A'MeV C + Pb and Ar + Pb collisions. BCH.(E59).(B11) ‘e

experlmental layout is 1llustrated in F‘1g 48 The ratlo c deﬁned as o

ZXS(‘BE')R

S@EYU+S®E) D (4.1)

c

was measured where S(’d EYR indicates the comc1dence counts between S and R,
similar to Eq (3.8). As seen in Flg 4B, U, D, and'R refer to plastlc-scmtlllator
telescopes and S.toa magnetlc spectrorneter. These three’ telescopes. which were =

placed at By, = 40°, selected relativeély hiéh-ene_rgy protons with £, = 200 MeV
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(namely. Jast perticles). The spectrometer. on the other hand, was rotated at angles
from 15° to 110° and detected both lovf- and high-energy protons above 50 MeV. If C >
1, then two protons tend to be 'emjtted on the opposite sides in azimuth, while if C <1,

then they tend to be emitted ori the seme side

Contour lines of the observed C are plotted in Fig. 49 At (9, E‘) (40° 1 GeV) we
see C' < 1 This 1mphes that once the first fast proton was detected by one of the -
telescopes at 40°, then the second fast proton tends to be emxtted on the same side at
¥ = 40°, as illustrated in Fig. 48 (lower-‘left). On the other hand, at (9, E') ~ (90°, 30
MeV) we observe c >1. In this case. it the first fast proton was detected at 40°, the
second sltrw proton is errﬁtted on the opposite 'side at 90°, as shown in Fig. 48 (lower-
nght) These features are exactly what Wwe expect from the bounce-oﬁ effect of the

hydrodynarmcal ﬁow (TK15).(TK16). ('f‘l<20) ) as schematlcally lllust.rated in Flg 46 (b).

A tmrd mdlcatlon of ‘poss_lblle collectlve flow is seen in the energy spectra of’ _
protons and pions for high-mﬁttipiicity events reported in Ref. (EJ8). Data are snown in
Fig. 50. The energy spectra at 90° in the c.m. frame are plotte’d for BOO A: M'eV-_Ar‘ + KCl
collisions. Typic,al features__ar.e («1) the n‘on?exponentiarl‘ shape for protons, (2) the
exponential shape for pions and (3) the steeper slope fo'r pions than for protons.

“Although the "shoulder-arm" type energy dlstmbutlon for protons is already observed
in the mclusxve spectra as shown in F‘1g 19 the ﬁattemng of the shape in the low-
energy reglon as well as the dlﬁerence in exponent1a1 slopes between protons and pions
are more pronounced in hlghjmultlpllclty events. In the phase-space model the

“"shoulder-arm" feature has been thought of as due to the existence of NN quasi-elastic
scatterings, since these scatterings.increase the proton yield at Ef™ ~ Efgin /A (=
182 MeV in this case). However, in high-multiplicity events these NN quasi-elastic
components are expected to be suppressed. Still,. the "shoulder-arm" shepe is
pronounced there. In order to solve this puzzle, Siemens and ‘Resmnssenm“z)‘ 4
interpreted these data as evidence for a radially-exploding nuciear flow. Ata ﬁxed

kinetic energy the velocity of a proton is much smaller than that of a pion. Therefore,
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if there is-an explosive flow, then the addition of that flow velocity will tend to broaden
the proton distribution more than the pion distribution The best fit to ;tJe data by this -
model is shown in Fig. 50. The observed shapes for both protons and pionsare. . . . =
reasonably well reproduced by this model. There are, however, two shortcomings of . .
this model.. First, the absolute yields of pions are underestimated by more thana .
factor of two in.this model.(™*) Second, this model assumes that all particles are
emitted from a thermal bath on which a explosive flow is superposed. Therefore, the
mass difference between the proton and pion solely determines the difference in the
slope. However, the largest \}alue of Eg among p,. K*, and 7, is observed for K*, as
described in Sec. 3.6. This fact cannot be explained by this model without further

“dynamical assumptions.

4.1.2. Global analysis

. The data above provide some hints that collective flow may occur in nuclear
collisions. However, it,‘isclear that the evidence is weak and ar_nbiguou_s_. In order to
test qu hydrodynamic flow more directly in the future, sev'era_l proposals have been
made to study global variable._s. |

. The simplest example of global variable is the longitudinal energy fraction™®

L = (L PE2m) /(T B 2m) . (4.2)

- where p(u) ant_i_:_m},’ are the momentum and mass, respectively, of fragment v. A
thermal equilibrated system yields f, = 1/3, while in central collisions (Fluid 1) .

hydrodynamics™® yields f, ~ 1/6. More complete global variables are thrust™ and

sphericity(™4-T¥"-(8) given by

P r(i‘t):2|,ﬂﬁ(u)l/,(§).h5(r/)lv). : R .‘ - (4.3)

: Sij,?,_,‘épf(v')p,'(u‘). . - L | (4.4)



- 78

Maximizing T('ﬁ) with respect to 'ﬁgives the direction,ﬂ of ma;ximum momentum flow.
~ Thrust does not provide, however, three dﬁnensional event shape analysis. For that
purpose the sphericity tensor ‘can be used to extract the three principal axes
specifying the “shape” of the event.™ However, usual spheg‘icity is not suitable for

; huélear collisions, because many fragments:are produc_ed.mm) Thus, a pa'rt;icleS'aré' '
weighed more than four nucleons at the same e«nergy per nucleon. Note that iising the
momentum per nucleon of fragment v underestimates the contribution of composites
to the matter flow. Correct weighting of composites can be achieved by dividing PiP;

by the fragmient mass m,. This leads to the kinetic flow tensor,™® -

In terms of F',,, fz = Fee /Tr(F) in Eq. (4.2). Note that F and S are equivalent if only
free nucleons were preseht. The eigenvalues of F specify the kinet;iq energy flowing
along three"principal axes. Sirhplé eiﬁfilytic'formulas éxist for the three e.igenvalues Ay
and principal axes, é The sphericity or ﬁdy} tensofs characterize an event as a three

' dirnenslio"nal ellipsoid in morriéntufh :spac'e with principal axes oriént.ed along %‘ and
radii = \/}\_1 Of course, all glob‘él variables must be evaluaté.d in the "nucleﬁs -nucleus
cente'r-of~r’nasé system. InFig. 51 a tYpicél charge exclusive event for 400 A-MeV Ca +
Ca'is shown as measured by thé piasﬁc ball-wall syétem. EPD) The rhomenta of all
particles are projected on the plane s;;anned by the bevam axis (;x,) and the principal
axis él corresponding to ‘makimum kinetic flow. The oriented ellipse that is detérmi_ned
by the flow analysis is als:o shown. This event shows é finite deflection angle 'dﬂow‘m 19°.

and corresponds to an ellipse with aspect'ratio.a'/ b =3

Global analysis is done on an event by eyent basis. Sphericity or flow analysis °
prodvuc’es six independent numbers p'ér event (A, )\2 A3. BFlow. ;apjow. Bg). It is_important
to plot these quantities in pairs to display the correlations. For example, A;/Ag>> iis
expected to be correlated with ¥ppw = 0° cbrresponding to peripherad collision. A flow

" diagram(™®, where Spow is plotted vs. A,/ Ag. is shown in Fig. 51. The flow
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A

characteristics arising from hydrodynamics™® are compared to those calcnlate_d('l’“’_)\ A
using Clxg-non'_s cascade code(™). The reaction considered is ®*U +2*%U at 400 A-MeV.
For such heavy system the fluctuations (shaded_area) are small. Fig. 51 shows the.
dramatic difference between a fluid and cascade behavior. There is some ﬂow with
cascade but far less than pred1cted by non-wscous ﬁu1d calculatlons It should be
noted that the trlple differential mcluswe yleld (TK“’) (rez) da/ dE dﬂdrp. ‘Where g is
measured with respect to the reaction plane, ¢ ’ would prov1de even more detailed
information on central colhsmns Of course, a measurement of * = Priow requ1res first

~

a global analys1s to determine the reaction plane.

.. What are the main features we can expect from ‘snch.global analysis? For "light”
nuclei, 4 < 100, it was shown in Ref. (TX6) that the ﬁnite number fluctuations lead to
large fluctuations of Bpey and A,/ Ag.. Second, for energies Em, > 400 A"N’eV the flow
angles become more and more conﬁned to small angles The optlmal beam energy for
collectlve ﬁow analys1s is therefore Ehb ~ 100 400 A MeV, where as noted in Sec. 2.4.
- the mternal pressures are also most sens1t1ve to dynarrucal assumptlons In the ‘
| .‘cormng year, truely heavy nuclear beams Pb and U will become avmlable at the
Bevalac. 'l'he streamer chamber and the plastlc ball-wall system are in operatlon and
have the capablhty of measurmg all charged fragments necessary for global analysis.

Only after that analysis will we be able to conclude if nuclei flow at high energies.

4.2. Entropy Puzzle

Siemens and Kapusta™?) pointed out that the yield ratios of composite-
fragments-to-protons may provide information on "entropy” created in nuclear
collisions.” Assuming chemical and thermal equilibriumi and isentropic expansion, the ‘
entropy per nucleon in the compressed stage is approximately given by(TW1).(RA18)

5 =395 -In(0g/0,), . (4.8)

where o4 and g, are, respectively, the deuteron and proton production cross sections.
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Furthermore, they pointed-out that the value of S obtained using Eq. (4.8) is larger,
Sexp ¥ 5.5 + 0.5, than expected in a thermal model (S ¥ 4) for Eeam = 800 A-MeV.
Therefore, they suggested that a new degree of freedom may be involved in high-energy
nuclear collisions. ' .
If‘entropy. S, is constant t;h_roughouﬁ the disassembly stage of the system, uien |
the stndy of:S may provide us with a tool to probe 'highly compressed matter. Ina :'
‘recent cascade calculation by Bertsch and Cugnon.(ms’ it was shown that after most
particles have collided, the valne of S stays ali:nost constan't; as shown in Fig. 52. The
same conclusion is obtained 1n macroscopic 'theorie-s.,m*)'(ms)'ma) although the
frictional force in the viscous fluid introduces a slight increaSe in the value of S by up
to 0.6 in units of S. These calcu]atlons suggest that the "entropy may indeed be a -

, useful concept for the study of mghly compressed phase

n thermal modelsm) (TNI) and in the mtranuclear cascade studym"s) the ratlo of
the 1ntegrated yield of deuterons and protons (d/ p) exceed the data by as rnuch as a
factor of 2 - 3, as shown in Flg 53 leading via Eq. (4.6) to a prediction of S that is‘ |
smaller than Sexp By invoking neﬁ degrees of freedom such as pion condensation.'
models have been constructed that can account”in part for this niissing entfopy,(TN"’) ~
However, before' any conclusion on'the'fexistence of such novel'degree of freedom can
| be accepted, several points must be clarified. V

First, Stocker et al. TK18) pointed out that the d/ p ratio could be significantly
‘smaller 'than the equilibrium value if excited nuclear states also come into chemical
ethbnum In that case, after the freeze-out point of the fireball, exmted nuclear
fragments (d*, a*, =) could decay into p + X much easier than into-d + X.
Consequently, the observed proton concentration after the decay of those fragments
could be larger than the equilibrium proton concentration. Thus, the. observed d/p

ratio does not necessarily reflect on the gquilibrium concentration.
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Concerning cascade estimates(™3)-(™) for d/p ratio it should be kept in mind
that the spectra of nucleons with momenta.close (within one Fermi momenta, Ap ™ py)
to the target or 'projectile momenta per nucleon are strongly affected by the model .
used to treat binding. As noted in Sec. 2.5., the large momentum transfer nucleons are
insensitive to binding prescriptions, but the low energy nucleons are very sensitive to
those prescriptions. Therefore, the integrated deuteron and proton yields are
intrinsically less accnrate than the high momentum differential yields. In Fig. 16 that
diﬁe'rential.yie‘lds of high momentum fragments could be reproduced well,™® although
‘the integrated d/p ratio was found to be too large as in Ref. ’(TNS).

Thjrdly. it should be noted that the 1ntegrated ratlos in Fig. 53 exclude fragments
near the beam and target velocxtles Those fragments are mostly compos1tes The
hlgh momentum spectra were extrapolated to low momenta in order to obtain the
experlmental mtegrated ylelds Therefore deuterons in the projectile and target
fragmentatlon reglons are not mcluded in the extraporated yields. Theoretlcal
estimates,™5MT¥9) on the other hand, include some deuterons in the fragmentation
region.

Fmally, we should note the observed mass dependence As pomted out in Ref
(EC'?) the prOJectlle and target mass dependence of thed/ p ratlo for BOO A- MeV
beams is emplncally expressed as (Ap + Ar)®38 Thxs tendency can be expected because
as the mass of the system increases, the event multlphclty increases so that it
becomes easier for one nucleon to ple up another nucleon to form a deuteron. The

thermal model (). () however, does not predlet this mass dependence (it predlcts no
pro;ectlle and target mass dependences at least for equal—mass nuclear collisions with
N = Z), as seen in Refs. (TM3) and (RA14). Furthermore, it is difficult to reconcile
thermal models with observations in Fig. 22. Obviously, some important mechanisms,

such as the effect of finite nucleon number, are missing in the current thermal model.
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These issues must be resolved before quantitative information on the nuclear
entropy function can be extracted from d/ p o/ p, ete. ratios.' This remains an
important topic for research in the near future.

N

. 4.3. Novel States of‘Nuclei

4.3.1. Anomalon

Since early cosmic ray studies, there have been recurring observations®™¥#) in
emulsions on anomalous projectile fragrnents with cross sections much larger than
expected from conventmnal nuclear collision. geometry Wlth regard to the reaction
mean free paths of nucle1 w1th charge 2 < Z < 26 and energy between 0. 2 and 2 A GeV
the mean free paths for primary beams are con513tent with sunple geometncal cross
sectlons ngen by Eq (A. 14) However, the secondary fragrnents produced in a nuclear

collision seem to have a component with a much smaller mean free path

In a recent experiment by Friedlander et al, (EN9) the subsequent interactions of
secondaries'and even tertiaries in sequential interactions have been studied in nuclear
emulsions).'_,‘ Fig. 54 shows a “typical” (interesting) eVentjcham in this study.(EN®) An
incident Fe beami(Z =26) at 1.88 A'Ge\f interacts with an emulsion nucleus (l}gBr) by
loosing two charges. The Cr (Z = 24) fragment continues in the emulsion until it too
interacts, this time by loosing four charges. This tertiary Ca {Z = 20) fragment then
suffers yet another collision leavmg a fourth generation projectile fragment with Z =
11 to interact once more. before leaving the emu1s1on as an a partlcle Such multl-
chain events are rare, but seem to occur more frequently than we would expect from

normal geometrical mean free paths.

Quantitatively, the reduced mean {ree paths of the secondary fragments were

measured as a function of D:

A*=A*(D), ~ (4.7)
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where D is the distance from the primary interaction-vertex point {(at which the
secondary fragment was created), where the mean free paths were determined. The
reduced mean free path in Eq. (4.7) is used to parameterize the mean free path of -

secondary fragments of charge Z accordlng to
A(Z)=A'vz-°. - o (4

Usmg Eq. (4.8) allows data for dlfferent V4 fragments to be combined, increasing the

statistics.

In practice each secondary track in the emulsion within a 6° cone of the beam
direction is followed for a lengt.n L. The charge_ _of the fragment Z; is. recorded. The
~ number .N (VQ) of secondary tracks that propagate freely for a leas_t distance D and
interact at a distance §; > D from the primary vertex is recorded. With Eq, (4.8) [b
0.44®N9)] one obtains

A%D) = X (4=D)ZO(L-D)/ N(D). )

as an estirnate for A*(D), where 8(z) = 1 forz >0 and = dfor z <1

- For prirnany fragments A* = 30.4 + 1.6 cm does not depend on D (in this case the
distance into the _ernulsion).' However, Fig. 55 shows that A *(D) varies significantly as a
function of D for secondaries., For D > 10 cm A*(D) approaches the value_ expected .
from normal geometrical cross sections. However, it appears that for D <5cma . _
vcomponent with mich shorter mean free path is mixed in. Assuming that some
fraction of the se‘condaries had an anomalously large cross section, then the data can
be fit 1f 6 7% of the secondaries have 10 tunes the geometncal cross sectxon Acceptable
ﬁts could also be obtained ‘assuming 20 7% of the secondarles had 4 times the
geornetncal Cross sectlon Such a large Cross sectlon cannot be expected mthrn the
framework of current knowledge of nuclear physws This anornalous component was
named the anomalon. Two other emulsion groups(ms) {EN") seem to see the same

phenomena.
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One of the difficulties ‘associated with the interpretation of the data on A* is that
only a fraction, f = 50-70 %, of the total reaction cross section is measured in
emulsions. The fraction depends on the criteria used to define interactions and on the
efliciency £ for detéctixig such interactions. Thus, A* varies by 10 % between |
experimental groupé even for primar';'e‘vs. It is also possible that the efficiency to detect
's'e.’condaries, Ea, is greatef than for détecting primary interactions £,.2N8) Also the |
efficiency is in géneral Z depeﬁdent(ENB? with £ (Z>20) < E(Z<20). Estimating these
eﬁiciencies and their effect on the analysis of such data is still in progress.

Nevertheless, the results thus far are certainly provocative.

If the effect is réal. then it is anomalous in the extreme. While the mean free path v
for anomalons is much smalier than for nuclei, thére seems to be ﬁo difference in the
characteristics of their interactions in emulsions from those of primary nuclei. Thus,
the distribution of "black" fragments, Ny, in an anomalon interaction cannot be
differevnvtiated' from the riistribution' due to primaijj interactions.(ENS).(EN?) 1n particular,
no enhancement of "white star” events with Ny = 0is seen. Adding to the mysztery, no -
decays in flight have bée.n 6bserved either in the target or projeciile fragmentation |
region. Therefore, if anomalons decay at all, they must have virtually no branching
ratio to chai'ged fr.agment channels. Even more mysterious is the great abundance of
anomalons produced, At least 6 7 if not more of all secondaries in the forwara
direct.ion must be anomalons. This is ho needle in a haystack - it is an everyday -

phenomena.

The above observa_tibns rule out virtually any conventional explahation (hyper- |
fragments, f)iohic atoms, iéotopé effec':ts’, etc.). Therefore. it is eithér an artifact of the
emulsion téchniqué ora fiew state of riuclear ma_tter.(TA}z) If it is the later, then it |
could reVolutitSnize nuclear physics. If it is the former, then we must continue the hunt

for novel states el'sewhere.



83

Decisi’v; experiments on anomalons must await high .st.atis‘tic‘s counter
experiment(s.cAlready experiments have been proposed to study invariant mass .-
spect.ra of projectiie fragments to look for unusual bumps. In addition. transrrﬁssion
experiments using several targets at variable distances are being proposed. The.
current data are so provocative that a major effect must be mounted to either prove or

disprove the existence of anomalons.
q

~ 4.3.2. Search for super—heavy compounds

Since ﬁhe proposal of meta-sf.able nuclear maﬁter at high densify (called abnormal
nuclear rnatteAr.)(T“)‘(T“a)" several searches have been made, EN2).(EN3).(ENS) These
expenments searched for prunarlly super-heavy compounds since if a h1gh-dens1ty
matter exists, 1t could show up in these compounds No ev1dence of the creatlon of
fragments with mass number substantlally larger than the target mass has been

dis covered

4. 3 3. Multl —baryonic excited states

Another area in which unusual nuclear states could show up is in multl-baryomc
excited states: No experimental data are currently available in this topic. However, we

discuss it, because future experiments on this subject are being contemplated.

When research on high-energy nuclear collisions was started, one goal was to see if
new exotic phases associated -with high-density nuclear matter exist. For the creation '
of such new phases, however, two difficulties may exist. The first one is related to the
time dependence. As pointed out in Sec. 1.3. (see Fig. 4) the high-density phase is
created only for the time period of (2-3) x 1072 sec. However, exotic phases are
usually predicted only for static high-density nuclear matter.TAD=TA" n order for the
system to change into such new phases a certain relaxation time is required. | The -
minimum relaxation time is of the order of 1072 sec which is already comparable to

the time period dur{ing which the system is at its high-density phase. Thus, the system
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may not ‘have enough time to undergo the phase transition into exotic phases.

The second difficulty is related to the dy-namibal path. Irx order to create high-
density rxuclear matter, e large fraction of available energies must b'e converted into'
compression energy. However, in nuclear collisione ‘the energy i'co’uld be used. for-
excxtmg nucleons 1nt.o baryomc excned states such as A, N*, or A. without compressmg
nuclear matter In this case we Would create highly excited yet non compressed -

- matter.

It may pe possibl_e t_ﬁat in such matter "multi-baryom‘c“excited states” could be
fvorme.d.& Fer eXample. a multi A system. isa perticulariy interesting system. At beam
energles of around 700 A MeV where the productlon cross section of A reaches its .
maximum, each NN c011151on creates A at a probablhty of about 50 . Ina nuclear V. |
collision, therefore up to 1/ 2 of pro;ectlle nucleons could turn into A s. InXe +Xe ‘
colhsmn.s,fM 10-50 A's may be created, Smce at this beem energy these A-partmles are
almost at rest in the NN c.m. frame, and ‘in addition, since they are created w1th1n a
radius of a few fm, they have .a.greater chance "t;o interact with e_aCh ether to form a A-
soup: Could a meta—stable 16A exist? .All 16 A's could sit in the 1s erbit,_ because S = T
= 3/2 for A. Of course, some mechanism must be invoked te preveni its decay in 10723
s, but it is '_fuﬁ to speculate, MA10).(MA11) ' |

s If we use light rmclei as projectiles, the study of dibary?nS may also be interesting.
Nucleon—nucleonvirrf.eractioxis have been studied for long time with proton (and
occasionally neutron) bearns;' However, very little is known on the interactions
between A and N, A and A, or A and N*.. With respect to A-A iriteractions, several
calculations, from phenomenological to six-quark models, MA1).(MA2).(MAS).(MA) predicted
‘thatperhaps a A-A pair is deeply bound with mutual binding energy up to 100 MeV. At
much higher beam energies a dihyperon matastable state (with lifetime longer than
107* s) might be created.(MA9) Experimental searches for such dibaryons have been .

done mostly with elementary-particle beams such as v, p, K, etc.®8 Nuclear beams,
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however, may offer a unique opportunity for this study. |

Discussions described above are mainly related to the creation of the multi-

- baryonic excited étafes in the ;;articipant region. In'the spectator region one can also
expect to create two or mére baryonic excited states. For exan‘xple.' the e;ccitatiori of
the deuteron projectile into A-A state has been proposed.¥A12) Also, three-neutron =
projectile spectator that absorbs 7~ to form a negatively charged nucleus (triton-like)
has been proposed. (MA13) 1 addi’tic}n, a possibility of creatirig a hypernucleus which '
contains two or more hyperons is also interesting. These unusual nuclear ’s.ta_tes could

be looked for in future eipe'riment.‘s.
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5. SUMMARY AND OUTLOOK

Form the fpregoing_discus_sibn it is clear that the ﬁeld of high-ene,rgy nuclear - ...
collisions is still in a state of rapid development and flux. In the past five years-a .
tremendous body of experimental and theoretical work has been completed. On the -
experimental side, single particle (p, d. ¢, a, 7, K, A) and tyvo-particlé' (pp; ) |
inclusive distributions have been measured for a wide variety of projectile and target
combinations. Systematic studies on the beam energy dependle‘nce of these yield: -
between 206 A-MeV and 2 A-GeV have been completed. Recently, central coliision. L
events were studied using high multiplicity triggers. On the theoretical side, many
pheno_menological models have been developed and applied to the above data. It is av
major aCi'lievemént to havé reached the peoint wheré nine competing models could be
compared to the néw central collision data as in Figs. 47 (a) - (c). and cross correlated
~ in Figs. 12 - 18.

Before these new data becbme available it was difficult to get a handie on the
i'eaction"mechanism, because so many models with contradictory assumptions could
reproduce the qualitative trend of the data. The new‘data provided on the other hand a
severe test for models. As seen in Figs. 47 (a) - (¢) most models féil the test. Part of
the f'eason is that different combinations of feaction mechanisms seem to operate in
diﬁefent kinematical domains. The high-energy fragments can be understood as due
to a few (* 3 - 4) but not too many NN collisions, as seen in Sec. 3.3. Therefore, for
such fragments finite number effects are crucial and call for an intranuclear cascade
description. For low-energy fragments, there is some indication of collective ﬁm;v"
possibly reflecting hydrodynamic effects. However, the data ciearly show that
composite formation is very important in that region. Thus, no model can succeed in
reproducing low-energy proton spectra without getting the composite yields right at
the same time. Composite yields at high energies (= 50 MeV per nucleon) can be

accounte‘_d for in a cascade theory, but the low-energy composites, especially the
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deuterons, have defied explanation. This later problem [Fig 53] has led to the so
called entropy puzzle and may also be related to the forward suppressxon of protons in

central collisions.

From the theoretical side the solution of these problems maf necessitate a new
approach quantum scattermg heretofore neglected in all models As indicated in
Sec. 2.1., and ernphas1zed in Ref (TYB) there is no obvxous ]ustlﬁcation for neglectmg
quantum eﬁects In fact they may be especxally important in the low fragment energy
regions where most difficulties are encountered by classical models when confrontmg
data. Formulatlng and solv1ng a quantal theory of non-ethbrium processes as

: outlinedi for example. inSec. 2.6. is one of the exciting theoretical challenges in the
near future. J o |

From _the experimental side it will be vital to carry out the program of globa‘l event
analysis. With"'the charge exclusive e‘xperiments' in preparation‘it s_ho;uld be possible to
pin down whether nuclei hehave in any way as 5' fluid and e'xhibitucolle'ctive flow '
patterns at high energies. It will be also exciting and crucial to utilize the truly heavy
nuclear beams that will soon be available at the Bevalac. Reactions such as Pb + Pb

cand U + U may exhibit qualitatively diﬁerent features than light nuclear (A <100)
reactions. In particular. many finite number effects can be expected to be less

important and collective phenomena phenomena could be easier to detect.

In searches for phase transitions, several sensitive experiments have been
performed, all with negative findings. The pi'on multiplicity distribution was found to be
accurately Poisson. The excitation function for pions is smooth and linear in Eya,. The
nm correlation data are consist.ent with chaotic.pion source. Finally, the |
subthreshold pion 'spectra s_horl no anomaly at high pr. Pion field instabilities are thus
ruled out for systems as light as Ar. It remains an open question of whether Pb + Pb
collisions can generate coherent pion fields. In any case, the study of‘the."pi-On,yield

with increasing A will help to clarify the role of pion production and absorption in
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The most provocatlve result obtamed thus far is the observatlon of secondary
fragments with an apparently enormous cross sections. 'I'hese anomalons are so welrd
that much effort has been spent thus far in trylng to find faults with the experlments
An 1mportant experlmental challenge is to devise a hlgh statlstlcs counter experlrnent
to prove or disprove the existence of these objects. If they are real they may open the
door to the study a completely new class of nuclear phenomena ’

In addition touthe provocative experiments, it is important to recognize the vast
body of experimental work that has clariﬁed the basxc reaction mechanism. 'l'he

differential yields [Figs. 6 and 7] integrated in different kinematical domains [Figs 17

(a) and (b)] have establlshed the usefulness of the partlclpant-spectator clas51ﬁcatlon i

Thus the role of nuclear geometry is understood reasonably well. Two-proton
correlatlon expenments [Flgs 18 and 49] have revealed quantltatlvely ﬁmte mean free
path effects and the 1ncreas1ng 1mportance of multlple NN scattermg w1th 1ncreas1ng '
A The A dependence of the high transverse momentum partlcles [Fig. 20] shows that
such nucleons suﬁer several but not many NN colhs1ons '[‘he role of ﬁnal state
mteractlons due to strong 1nteractlons has been demonstrated through the abundance
of nuclear compos1tes [F‘lgs 21 and 53] and through two-proton 1nterferometry [Fig.
33). The importance of Coulomb final state 1nteractlons was seen in pxon spectra [Flgs.
31 and 38u]. pion lnterferometry [Fig. 32] and projectile fragmentation [Fig. 37]. The
role..of initial state iriteractions has been demonstrated in particle spectra far beyond
the NN kinematicaldornain‘[l"'ig.‘ 40), projectile fragm'entation [Fig. 42}, and stripping
reactions [Fig. 43]. Finally, kaon production [Fig. '35] has provided a glimpse at the
initial violent phase of the reaction, shoﬁng the largest inverse’exponential slope (Eg =
142 MeV) observed thus“’far. »

ln the future several addltlonal areas need attentlon

(1) Measurements of eztremely sm.a.ll cross sectwns
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The_ smallebt _cross section measured so-farin hlgh-ener-g-y—nuelear m:lhsmns SEN of -

the order of 1 (ub-GeV)/(sr-(GeV/c)3). However, new phenomena may 'be hldmx= in
much smaller-cross sections. With current accelerator and detector technology, it
is possible to measure cross sections down to 1 (nb-GeV)/(sr-(GeV/-c)S) and nerhaps
down to 1 (pb-fGeV“)i/b(sr-(GeV/c)a). Obviously, a épecia_l experimental device is
r;ééded to measure such'l.o'w cross sections. The large magnet system called the
'HISS®) could be useful, for example, for such measurements. "
(2)"7 and lepton. yields
Measurement of y spectra provides a tool for searching for highly excited ruclear
matter. It also provides a tool for hunting for long-lived excited states. Especially,
delayed coincidence measurement is useful. For example, since no charge decays
of anomalons have been seen, it is possible that the ¥ y1eld could be used clarifying
the anomalon puzzle Also, further thought. should be given toete” or- ,u w
measurementg as a probe of the highly excited phase of nuclear collisions. Lepton
yields have been suggested as a tool to seaf'ch for the quark-gluen plasma phase
transition in very hot nuclei. |
(3) Neutron —rich zsotopes
As we mentloned in Sec 3.9., the productlon and systematic study of neutron-rlch
.1sotopes far from stablhty is an 1mportant and basic resear‘ch program. It is in this
area that nuclear collisions at high energies have 1mmed1ate impact on
conventmnal nuclear physws '
(4) Multi —baryonic exm.ted states
The high energy t_:lensity generated in nﬁclear collisions can in principle préduce
mqlti A, multi A éysiéms, éfs discuSsed in Ser_:. 4.3.3.. Up to now such excitations v
‘ have» not been searched qu systematicéuy and surprises are possible.
(5) Highe';' and lo@er beam energies | |
We expect a tran31ent region where the basm reactlon mechanism changes from

mean—ﬁeld mteractmns to microscopic nucleon—nucleon 1nteract10ns at beam
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energies hetween 20 and 200 A-MeV. At bearh energies‘ et around 10 A-GeV there is

another turnihg pointiwhere the basic reac;tion:mechahis.rn chva-nges from hucleen—

nucleon 1nteract10ns to quark- quark or quark-gluon interactions. In order to

understand miore in depth the physms of nuclear collisions at Fpq,® 1 A GeV, it is
.‘ lmportant and useful to extend the studv into these lower and hmher beam ’

ene I‘O’leS

There is clearly much work ehead in this frontier area of nuclear science. The
~ systematic study of high energy nuclear cellisions has yielded a wealth ef new _deta ‘
around which theory must now be molded. Ahfeady ‘rhuch pregress has ibeen made in
unraveling the many c.omplex elements of the reaction mechanism. I—I‘owever..i_t'
remains a formidable challenge to uncover novel states of nuclei, if they exiet. ‘and to
replace the "gedanken"‘ (0. T) ylandvs_cnape in Fig. 3 w;th _empirical facts.
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Appendix: DEFINITION OF COMMON VARIABLES

The single-particle inclusive procéss is defined as
A+B-C+X, - (A1)

where A is the projectile, B the target, C the partivcle”wh'ich is actually'deté'cltéd. and X

is anything else. Similarly we can define the two-particle inclusive process as

A+B-C+D+X, o (A.2)
where parti_'cles C and D are now d'e:t‘ectv,ed:v
In h'igh‘-ener.gy'nu»clear collisions it is convenient to iﬁtrodﬁcé ﬁgfént;¥invafiélﬁ£
kinematical variables to describe the phase space dbmai_n into which part:icles'are '.
emitted. The relativistic invariant quantity wﬁich’a;e'sérib‘es the inotibn "plairalle‘l to the
beam direction is called the ragpidity'.'y., "S}lp'pose_th_e’ béam direction is along the z-
axis, the rapidity is expressed as

_ 1, E+p.c _ -1
¥ =3 lnE “puc =tanh™}(v;/ ¢), (A.3)
where v,/c =p,c/FE. In non-relativistic case (v;/ c <« 1), the rapidity is nearly equal
to the velocity v,/ c¢. The advantage of the use of y is that a longitudinal boost of the
velocity vg along the z direction simply adds a constant yp = tanh™(vo/c¢) toy. For

example, in the collision of A + B » C + X the velocity vg of the .center—of-‘mass frame

of the total system (relative to the laboratory frame) is given by

Yo _ ,_ __ PaC
c P Eq + mgc? ' (A4)

where p4 and £, are the momentum and total energy of particle A4, respectively, and
"~ mgp is the mass of particle B. The rapidity of particle C as viewed in the laboratory

frame is related to the rapidity as viewed in this center-of-mass frame by

yEP =yd™ v yo . (A5
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The variable complementary to the rapidity is the transverse momentum pr. We

normally use the dimensionless transverse momentum,

2

p/ me =V p? +'pyz/ me, ' (A.8)
‘which is nearly equal to the transverse velocity (v1/ ¢) if pr < mc.

In order to describe the longitudinal motion, the following variable, called the

Feynman scaling variable, is also used:

z =ps™/ P o (A-7)
Here p - is the maximum c. m. momentum of partlcle C allowed by the klnematlcs

For example if partlcle C is a boson w1th zero baryon number then p,;g‘( in the

olhsmn of A+ DB - C + X is glven by

- 2.4 _ a4y 2.4, Lyt . B
pem = V(s —mégc* — M5c*) — amge* Mo o  (a8)
where ' '
s =mjfect + mﬁcﬁ*} RE myc?, - (A9)
M= (mA + mg)zf_ _ : (A.IO)
" For ‘the‘.case'that
| NE S M o (A1)
we have ' '
PEE ~V5/2. I L (A1R)

The Lorentz invariant single- partlcle inclusive cross section, olnd for partmle Cis

written as
d3a 1 d%
gincl( ™y = g = = .
nv ( c dgpc - dydp% '(A.13)

By integrating this cross section over the phase space d®pc/ E¢ we have the total
~ integrated inclusive cross section, oi¢(C). Th1s cross section should be distinguished

from the total cross sv'ectio,n,;‘ao.' whiczh is approximately given py(RA7)
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og = 1§ (AF/3 + A3 —6)%,  withry = 1.29 fm, (A.14)
- where ' '
0=10-0.028 Apyin for Apy, < 30

=0  for Amin = 30,  (A.15)

with Apin = Min(4p,A7). Here, Ap and Ag are the projectile and target mass numbers,

respectively. The quantity oiZf(C) is related to og by the relation,

olfe(C) = <me> 00, | | (A.16)
where <m,> is the average multiplicity of the detected particle vC. f‘or two-particle
inclusive processes we can define the invariant 'crossAsection as

16
EoE 1%

5 ALY
? dPpcd®pp (A7)

and the total integrated cross section of the above quantity is related to the total cross

" section by

al5e(C.D)

<memp> Og for C# D

<mg(me—1)> 0y for C = D. - (A1B)
Finally, we define associated multiplicity, #, as the number of charged fragments
registered in a particular counter array in coincidence with one or two particles for

which energy, angle, and charge measurements are performed.
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FIGURE CAPTIONS

Fig. 1 Streamer-chamber picturesin 2.1 A-GeV Ca + Pb collisions (I). Here a truely
| head-on collision is selected. See also Fig. 5. Pictures were taken by Sandoval et
ql. “[Ref. (EJ 16)] at the Bevalac . The bright blots are artifacts of the apparatus.

Fig. 2 Schematical illustration of the Bevalac. ' '

Fig.'3 Possible phases of dense, highly excited nuclear matter. Dashed lines indicate
the densityv and temperature domains that become accessible in nuclear
collisions at different bombarding energies. Dynamical paths A and b illustrate
different ways in which the available energy could be used wither for compression
or internal excitation of hadrons. |

Fig. 4 Time evolution of nuclear collisions calculated by cascade codes of Gﬁdima and
Toneev [Ref. (TBB)], in the plane of 7 (temperature) and n (density). The time

~23 5. Critical temperature 7(n) for pion condensation is

scale of ¢ is in units of 10
also given by RGG [Ref. (TA6)] and B [Ret. (TA7)].

Fig. 5 Streamer-chamber picturesin 2.1 A-GeV Ca + Pb collisions (II). Here, a
peripheral [see (a)] and a typical central but not head-on [see (b)] collisions are
seen. See also Fig. 1. Pi_ctures were taken by Sandoval et al. {Ref. (EJ16)] at the
Bevalac. |

Fig. 8 (a) The forward (0°) and backward (180°) spectra for proton production in 2.1
A-GeV C + C collisions. Data are taken from Refs. (EA14) and (EL12).

(b) Prelirﬁinary neutron spectra [Ref. (ED3)] in 390 A‘.MeV Ne + U collisions.

Fig. 7 Proton spectra at large laboratory angles in 800 A-MeV Ar + KCI collisions. Data
are taken from Ref. (EC7).

Fig. B Diagram presentation of the participant-spectator model and the kinematic‘al

region into which particles are likely emitted. See Appendix for definition of

kinematic variables.
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Fig. 9 Single particle distribution in the statistical model [Ref. (TG4)]. ';o,,,_,, =.
- F{})./ (m+n), Eq. (2.15), as-a function of center-of-mass kinetic energy, &c . for
different cluster sizes for an incident laboratory kinetic energy of 800 A-MeV.

Fig. 10 (a) Comparison of the statistical model predictions [Ref. (TG4)] with proton

| " inclusive data [Refs. (EC4).(EC":r‘)] at B00 A-MeV. | ‘ v
(b) Proton c.m. angular distributions for fixed kinetic energies [Ref.' (EJB)]. Selid
‘and dashed curves are calculated with the statistical niodel [Ref. (TG4)] for non-
triggered and high-multiplicity triggered events, respectively.

Fig. 11 T_he pressure, P(E), entropy per baryon, S"(E‘). and compression, p(£)/ pg, as a
function of the laborat;ary kinetic energy per nucleon are shown for a variety of 7
possible nuclear equations of state [Ref. (TK23)]. Curve FG rvefers.to" the ideal
Fermi gas case; 170, 270, 550 refer to relativisticv mean ﬁeldv equations of staie

with different incompressibility moduli K in MeV. ~

Fig. 12 Comparison bf charge inclusive data [Ref. (EC6)] (dots) with non-viscous
hydrodynamical calculations [Ref. {TK17)] (histogram). R_e'sults for three
equations of state are shown.

-Fig. 13 Comparison of billiard ball céscade calculations [Ref. (TB12)] with the same
data [Ref. (EC6)] as in Fig. 12. EMU = 1.63 MeV.

Fig. 14 Monte Carlo cascade results of Cugnon [Ref. (TB9)] (histogram) comparied with

", proton inclusive data [Refs. (EC4),(EC7)] (dots).

Fig. 15 Monte Carlo cascade results of Yariv and Fraenkel [Ref. (TB8)] compared with

the same reaction as in Figs. 12 and 13. .

- F‘ig. 16 Comparison of charge inclusive data [Ref. (ECB)] {{a) and (c)) with calculations

[i?ef. (TM9)] based on Cugnon's cascade code. In (b) and (d), the primordial _ |
deuteron distribution, Eq. (2.38). as calculated using Eq. (2.37) is compared to
~data (solid triangles) including {d, ¢, 3He, a) fragments [Ref. (EC6)]. The free

deuteron data are indicated by dots.
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Fig. 17 (a) Total integrated cross sections of nuclear charge for projectile fragments,
as compared with Eq. (3.7) with Z.q given by Eq. (3.5). Data points were evaluated
from the cross-section data listed in Ref. (EA2).

(b) Total integrated cross sections of nuclear charge for high energy particles
emitted at large angles. Data are taken from Ref. (EC7), and they are compared
with Eq. (3.7) with Zg given by Eq (3.6).

Fig. 18 Experimental configuration and the data of large-angle two—prdton correlations
in 800 A MeV C + C collisions. The observed values of the degree of coplanarity,

" C, defined by Eq. (3.8) are plotted as a function of the proton momentum.
Namely, the momentum spectrum of one proton emitted at ¥p,, = 40° in -
coincidence with the other proton detected by an in-plane counter (which is
normalized by the spéctrum for out-of-plane coinéidence) is plotted. Data are
taken frofn: Ref. (EJ9).

‘ Fig. 19 Proton energy spectra at ¥, = 90° in collisions of 800 A-MeV C + C. Ne +NaF
and Ar + KCl. The cross section for the high-energy tail is parametrized as exp{-
Eg™/ Ep) with an Ej as indicated. Data are taken from Ref. (EC7). 'I'he.dashed
curve is calculated with a single NN collision model assuming a Gaussian—_type

- Fermi momentum distribution [Ref. (TG6)].

Fig. 20. Projectile and tafget mass dependeﬁce of the proton emissioh ind+A
collisions. Data shbwn in Fig. 19 are parémeterized to o < A%, ahd-this o is
plotted as a function of the kinetic energy of protons (Eg = E‘;'m-.). Data are
taken from Ref. (EC7). |

Fig. 21 Evidence of the power law of Eq.l(B.ll) for composite'particle emission. | Solid

| r;urves were calculated by Eq. (3.11) by using the observed proton spectra.
Figure taken from Ref. (EE:).

Fig. 22 Observed d/p? ratios in cross sections at g4 = 2By for Ne + NaF collisions.

Figure taken from Ref. (EC7).
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1

Fig. 23 Excitation function of <m,>/ <mé> for almost equal-mass colli.sioné. Black
.c'ircles [Ref. (EJ10)] were obtained with-a streamer chamber for high-multiplicity
events in Ar + KCl collisions, whereas open circles and open squares [Ref. (EC7)]
are obtained from single particle inclusive data. FB indicates the‘predjction of
the fireball model while dashed curves show the calculations of the viscous fluid
model, where 7 indicates the degree of viscosity. Figure taken from Ref. (TK18).

Fig. 24 Pion multiplicity distribution for central collisions. Here, events with my 2.30

| are selectz;d in 1.8 A-GeV Ar + KCl coilisions. Dat;';\ are taken from Ref. (EJ16).

Fig. 25 Multiplicity correlétidns between negative pions and nuclear fragments in 1.8
A-GeV Ar + KCI collisions (left), and those between negative pions and total
charged particl-esin 1.8 A-GeV Ar + Pb collisions (right). Here, the total charged
particlés (includev; nuciear fragrnents and positive and negative pions. Data are
taken from Refs. (EJ10) and (EJ13). '

Fig. 26" (a) Average multiplicity <m,> for negative pions determined from the inclusive
spectra, plotted as a function of P, where P is the average nucleoh:number
involved in the participant region. Beam energies are 800 A-MeV. Data poinfs
were evaluated from the observed cross sections reported in Ref. (EC7).

(b) Average nuclear-charge multiﬁlicity <mgz> determined from the inclusive
spectra, plotted aé a function of P, where Py is the average proton number
involved in the participant region. Beam energies are also BOO A-MeV. Data
points are from Ref. (EC7).

Fig. 27 Pion spectra at 0°, 180°, and 90° in the c¢.m. frame with 2.1 A-GeV beams. Since
no direct comparison is.possible for the same projectile and target combinations,
the data from Ne + NaF collisions are multiplied by (12/20)% 3 [see Eq. (3.7)] for
comparison. Data are taken from Refs. (EBS), (EC?),b and (EM5). -

- Fig. 28 Pion energy spectra vat 9™ = 90° in Ne,+ NaF collisions at four beam energies,

0.2, 0.4,08,and 2.1 A-GeV. Ejyis the slopé factor when the cross séctions are

-

3
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parametrized by exp(-E5™ / Ep). The dotted curve is the predicted cross section
for pionic instability as calculated by Gyulassy [Ref. (RA13)]. The dashed line is
‘the calculated result by'a phase-space model, and the broken solid line is the

- result by a microscopic hard-collision model. Both data and calculated results

" are taken from Ref. (EG9).

29 Values of Ey for both pions and high-energy protons as a function of the beam
energy per nucleon in the c.m. frame. For the definition of £y see also Figs. 19 |
and 28. Figure taken from Ref. (EC?7). T

30 The 30°-to-90° yield ratio of 7~ in the c.m. frame in 80O A-MeV Ar + KCl
-ébllisions. plotted as a function of the pion kinetic énez‘gy in that frame. Figure

: taken from Ref. (EC7). S | |

31 Pion‘ spectra at 0° in low-energy Ne + NaF colln.isfit.)r;s,b Data and ﬁéure are taken
ffom Ref. (EB3) after the cofre?:iioﬁs for the beam energies cited in_the errata.

32 Recent two-pion interferometry ;esults in 1..8 A GeV Ar + KCl collisions. Raw

data give brdader shape than the Coulomb corr‘eéted data. Figure taken from

" Ref. (EJ15). -

33" Two-proton correlation function in 1.8 A-GeV Arv + KClI collisions, plotted as a
funciion of relative momentﬁm betﬁe'en two*protohs. Figure'faken from Ref.
(EJ4). | |

34 Threshold energies for various particle -prodi,lction in nucleon-nucleon _ '
collisions. ‘

35 Measured K* spectra inthe cm frame in 2.1 A-GeV Ne + NaF collisions. Data
‘are taken from Ref. (EH1). |

36 Target-mass dependence of K* crosé section. By pafameterizing the cross

‘section, 0, as o x Af for both deuteron and Ne projectiles, the value of a is

plotted as a function of the A* energy in the c.m. frame. For comparison, the

- corresponding value for pions is also plotted. Figure taken from Ref. {EH2).

.
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. 37 Target mass dependence of the projectile fragments in one-nucleon removal

reactions, as compared with that obtained from the the data systematics for
normal fragmentat.ioﬁ processes (solid line). Dafa are taken from Ref. .(EAZ_).

38 Spectra of 7~ and m* measured at forward angles in 386 A-MeV ‘Nei '+_NaF-
_collisions. Arrows indicate the pion velocity which is _eQual t.b the beam velocity.
Figure taken from Ref. (EBS5). A‘

39 Maximum c.m.‘ momenta for proton and pion emission in C +Cand Pp+p
collisibns. |

40 Negative pion production at 2.5° from p, d, and a beams at various l;ombarding
energies. Cross sections are 'plot‘ted as a function of the Feynman scaling |
\fariable. z, defined By Eq. (A.7). Also the predictions by Schmidt and
Blankenbecler [Ref. (TF2)], given by Eq. (3.30), are plotted. Data are taken from

“Ref. (EB2), and figure taken from Ref. (TF2). |

41 Negative pion production at 0° in 303 A-MeV 3He + 8Li collisions. Inset shows the
detailed structure of the pion spectrum near z = 1. Figure taken from Ref.
(EB4).

42 FWi'dths of parallel momeritum distributions of projectile ffagments measured in
the projectile rest fr.ame. The fit to the data by Eq. (8.37) is shown by a solid
curve. Data are taken from Ref. (EA1). '

43 Parallel momentum distribution of *0 measured at 0° in 2.1 A-GeV 160 + 12C

: co‘llisions. Data are plotted in the projectile rest frame. Figure taken from Ref. '

(TT3).
44 New isotopes produced with “*Ar and *8Ca beams. See Refs. (EA12) and (EA13).

45 Angular-distributions of low-energy protons for both low- and high—multiplicity

- events in'393 A-MeV Ne + U collisions. .Figure taken from Ref. (EJ7).

46 (a) Hydrodynamical side-splash effect expected at small impact parameters,

and (b) bounce-off effect at large impact parameters. Figure taken from Ref.
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(TK15). : | TN
'Fig. 47 (a) The angular distribution of protons with different laboratory kinetic
-energies emitted from high-multiplicity Ne (393 A; MeV) + U. Data (middle left
) from Ref. ('I'Kis)) are compared to Cascade 1 [Ref. {TB<)], Cascade 2 [Fef. {TB6)],
tivo-component [Refs. (TL1),(TLR)] (dashed line), firestreak [Ref. (TJ5)] (solid),
~ Fluid 1’ [Ref. ‘(T.Kl 7)]. and F‘llﬁd 2 [Ref. (TK24)] with thermal break-up. Figure
taken from Ref. (TK19). | | ’
.(b) The ehergy distribution of charged fragments including p, d, and ¢ for the
| same reaction [Ref. (TK15)] as in Fig. 47 (a). Fluid 1, [Ref. (TK17)]. T‘#o—ﬂuidé ‘
| model [Ref. (TK7)], and Cascé"de 2 [Ref. (T136)] predicfions are shown. “ Figure
‘taken from Ref. (TKR6). - % '
(c) As in Fig. 47 (b), compared to Ciqghon’s‘ cascéde model [Ref. (TBQ)]
supplemented with Remler's composite production theory {Ref. (TM9)]. The
primordial deuteron speétfum including 4 and { and t;he surn charge spectra are
calculated by integrating over impact parameters b < 2.1 fm. The unrestricted
impact-parameter integr:atibn yields Fig. 16.

- Fig. 48 Experimental layout for two-proton measu}ements in Ar + Pb collisibhs
(above), _and intuitive explanatibn for the data showh in Fig. 49 (below).

Fig. 49 Contour élot’of .the. ‘degree of coplanarity, C, defined by Eq. (4.1) for two-proton
emission in 80O A-MeV Ar + Pb coﬂisions. plotted iﬁ thé (19,1;)') plane in the
laboratory frame. The kinematical domain c’o?ered By the R telescopfe is
indicated by a hatched reéion. Data are taken from Refs. (EJ11) and (TKZO).b

Fig. 50 Proton and pio’n.energy spectra for Mgh-mult{pli‘ci-ty events in 800 A-MeV Ar +
KCl collisions. Fits to the data are based on the radial explosion model [Ref.

(TK1R)]. Figure taken from Ref. (EJ8). .

ges,
Q

g. 51 Calculated flow diagram [Ref. (TX6)] for U + U at 400 A-MeV. Insert shows one

Ca + Ca (400 A-MeV) event measured in the plastic ball [Ref. (EP1)] where the
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observed charge multiplicity for ¥ m < 0 was 22. The dots represent measures ,
and reflected (about p.,, = 0) momenta projected in the plane spannéd by the
.vbeam axis and the principle axis, d, of the kinetic flow tensor. The angle between
d.'and P: is the flow angle and the kinetic flow rAt.io is (a) b)?, where b is the
radius of the minor axis. For the eventa/b =3, a = 1 GeV/c, Spon = 19°. The
solid curve shows the flow characteristicé of non-viscous hydrodynamics [Ref.

_ ,.("I'XQ)]. The shaded region shows the results [Ref. (TX8)] using intranuclear
cascade [Ref. (TB9)]." The numbers along the curve ‘i'n(.iit.:'at.e the impact |
pérameter b.in units of b piee/ 10.

Fig. 52 Time evolution of entropy per nucléon (black-circles) and the number of

~ participant nucleons (tfiangles) for 80O A-MeV Ca + Ca collisions. Calculations
have been done by a Monte Carlo casc'ade code of Ref. (TB10). F‘igure taken from
Ret. (TN5). |

_Fig. 53 yOAbserved d/p ratios and éntropy. Data for equal-mass coliisions are comparéd :
ﬁth various theoretical prediétions by Siemens aﬁd Kapusta (thermal) [Ref.
(TN1)]. Bertsch and Cugnon (cas‘cade) [Ref. (TN5)] and Sto'cker (hydrodynamics +
thermal break-up) [Ref. (TK18)]. The C + C data are taken from Ref. (EE4) while
others are from Ref. (EC7).

Fig.. 54 An example of multi-chain e&ents in erhulsions for Fe projectile-fragments.
Beam enérgy is 1.B8 A-GeV. Figure' taken from Ref. (EN5).

Fig. 55 Evidence of short mean free path for projectile fréxgnierits. With 1.88 A-GeV Fe
beams the mean free paths of secondary fragments, A®*, were measured as a |
fﬁﬁction of D, where D is the dista;nce Setween the primary interaction-vertex
point (at which the secondary fragment of interest was created) and the starting
};oint (from which the mean free path of this sggondary fragment was actually

measured). Figure taken from Ref. (EN4).
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