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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.



1w

13

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) provide