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1 INTRODUCTION

Tbe properties of nuclear matter are still not very well known [1]. Only its saturation

point at equilibrium (density po = 0.17 /m~ 3 , binding energy per particle E/u =

—16 MeV) is well determined while even the compressibility at equilibrium is only

known to lie between 210 [2] and 300 MeV [3]. For densities much larger (2 - 4/>0) no

reliable information exists at all. This is exactly the range of densities that might be

reached in the gravitational collapse of massive stars [4]. The corresponding stiffness

of the nuclear equation of state [EOS] then determines whether a prompt explosion

of the eapernova can poswbly take place. It would thus be highly desirable to know

the nuclear equation of state at higher densities.

One of the exciting prospects of heavy-ion research in the energy regime of a few
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hundred MeV/u up to a few GeV/u is the prospect of obtaining just this information

about the properties of dense and hot nuclear matter. Among these properties are

the equation of state of nuclear matter, and the behavior of nuclear interactions in

dense matter that may lead to new phases of nuclear matter, e. g. , pion-condensates

and the excitation of pisobars , i. e. strongly coupled *N — Ah states [1]. Besides

being necessary for an understanding of astrophysical processes (supernova explo-

sions, for example) knowledge of these features is also mandatory for any reliable

analysis of the ongoing experimental searches for a quark-gluon plasma, a new state

of matter in which the building blocks of nucleons and mesons become deconflned

and move in an extended volume [5, 6]. Such experiments will always, in the bor-

der zones of the reaction volume, also lead to "colder," highly compressed nuclear

matter. Jts properties must be well understood so that particles emitted from it will

not be confused with those coming from the quark-gluon plasma.

The only conceivable laboratory experiments to compress nuclear matter to den-

sities of up to 2 — 3 times p0 and to temperatures of T « 60 MeV are heavy-ion

experiments in the energy regime indicated above. This energy regime offers a uni-

que window for a study of the phenomena cited in two respects. First, the mean-field

effects in this regime have not yet completely disappeared so that experiments here

are still sensitive to the densitydependence of the mean field and thus to the nucleo-

nic EOS. Second, with these energies one can expect to reach densities that are high

enough for an investigation of the questions raised above.

There is, however, a major complication connected with such experiments. Where-

as the term "hot and dense nuclear matter," about which we would like to gain

information, refers to nuclear matter in equilibrium, the initial configuration in a

heavy-ion collision is far from equilibrium. In momentum space it consists of two

spheres, well separated by the relative momentum, whereas an equilibrated confi-

guration is described by just one sphere in momentum space. Only the onset of

nucleon-nucleon collisions during the course of a heavy-ion collision will perhaps
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create such an equilibrated configuration [7]. One thus has to develop probes that

are sensitive to specific periods during the time that the reaction develops and

to specific phase-space regions. This is the primary motivation for investigating

particle-production in heavy-ion collisions. Particle-production measurements can

yield valuable information complementary to that obtained from other hadronic

variables such as sideward flow [8, 9].

Particles produced at bombarding energies (per projectile nucleon) less than

their threshold energies in a collision of free nucleons are called subthreshold par-

ticles. They are particularly useful for all the purposes described above since their

observation indicates that a considerable sharing of energy has taken place.

In the first part of this review, I discuss the theoretical framework for the des-

cription of subthreshold production processes. As a test I then briefly discuss the

available hard-photon production data in the energy regime from roughly 20 to 100

MeV/u because it is here that many data already exist and that model assumptions

can be checked; a more detailed account of these experiments can be found in ano-

ther recent review [12]. I then describe, more speculatively, the reactions at higher

energy and discuss the predictions for particle production cross sections there. I

will pay here particular attention to properties of hadrons (nucleons and mesons) in

the nuclear medium. Several recent reviews on related topics contain more detailed

discussions of specific problems [8, 10, 11, 12, 13, 14].

2 THEORY OF PARTICLE-PRODUCTION

Two crucial ingredients are needed for a theoretical description of particle production

in heavy-ion collisions. The first is a model for the production process itself, the

second is a framework for the description of the many-body dynamics. Both are

discussed in this Section.
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2.1 Particle Production Mechanism

Some of the first theoretical explanations of pion and gamma production data as-

sumed collective bremsstrahlung as the main mechanism [15]. However, it soon

became clear in quantitative studies [16,17,18] that the radiation from a collective

deceleration of the projectile in the collision can account for only a small part of the

total photon cross section.

Bauer et al [19] were the first to show that the observed photon yield can be

understood if one assumes that the radiation seen experimentally is comprised of

an incoherent superposition of bremsstrahlung from individual nucleon-nucleon col-

lisions. This picture has now been experimentally justified in the measured source

velocities [20].

Crucial for this result was the development of methods to describe this dece-

leration microscopically without any free parameters; explanations of particle pro-

duction in terms of collective radiation have the deceleration time as a free para-

meter which allows one to adjust the total yield [15, 21]. Collective deceleration

always proceeds on a longer time-scale than individual nucleon-nucleon collisions;

the energy-spectra obtained from collective deceleration are thus necessarily more

steeply falling than those caused by nucleon-nucleon collisions [12], This does not

preclude that in the low energy parts of the spectrum the collective radiation do-

minates over the incoherent. This is in particular true when the "charge" that

represents the source of the particles is large, because collective radiation increases

with the square of this charge [16]. Indeed, Koch et al [22] showed, for example,

that for the emission of energetic photons the collective, coherent bremsstrahlung

dominates for photon energies up to about 50 - 100 MeV when heavy nuclei col-

lide at bombarding energies above about 1 GeV/u. On the other hand, the hard

part of the spectrum is dominated by the incoherent radiation from nucleon-nucleon

collisions.
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It is thus natural to assume that this same mechanism also prevails in the pro-

duction of other particles, such as mesons, which (because of their finite rest mass)

are sensitive to the short range, high frequency (hard) part of the source spectrum,

just as hard photons are. Indeed, as I discuss in this article, this mechanism works

extremely well in comparison with experimental data. I therefore assume from now

on that the particle yield seen in experiment is made up by an incoherent superpo-

sition of the yields from individual nucleon-nucleon (NN) collisions.

In a model that ascribes the observed yield of particles produced in a heavy-ion

collision to individual NN collisions, we have to know the collision rates and the

total available energy in each NN collision as well as the positions and momenta of

all other nucleons so that the Pauli blocking of the final states of the two colliding

nucleons, after they have produced a particle, can be evaluated. Both types of

information are contained in the one-body phase-space distribution.

If this phase-space distribution, / (x , p, t), is known then the particle yield from

a collision of two nucleons with initial momenta pi and p2 and final momenta p3

and p4 is given by the production probability corresponding to the initially available

energy >/s, summed over all AW-collisions and integrated over the final momentum

distribution. In addition, there is an integration over the heavy-ion impact parame-

ter 6. One thus obtains the following expression [12] for the production cross section

for a particle y

• * /
bdb

x
v v 1/ •> 4 7 r *•• *&'» &l'«rlrl —coll

X ( l - / ( X , P 3 , O ) ( 1 - / ( X , P 4 , O ) - (1)

Although not shown here explicitly, / is also dependent on the impact parameter 6;

its arguments x and t are the space-time coordinates of each JVJV-collision. P is the

particle production probability, obtained by dividing the particle production cross
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section by the total nucleon-nucleon cross section; P is given in the NN center-of-

mass system and is then boosted to some common frame, for example the nucleus-

nucleus center-of-mass system. Hie last factors (1 — / ) contain the final-state Pauli

blocking since the WW-collisions take place in the nuclear medium; the blocking of

the intermediate scattering states is contained in the in-medium production rate P,

which may thus differ from that in free space.

According to Equation 1 there is no feedback from the particle production to the

phase-space distribution function / . This perturbative treatment is justified only if

the particle production probability is so small that the average time development

of the nucleus-nucleus collision is not affected by particle emission. This is the case

at bombarding energies in the subthreshold domain, well below the free particle

production threshold.

2.2 Nucleus-Nucleus Dynamics

A crucial input in Equation 1 is the phase-space distribution / ( x , p , f). For a sta-

tionary nucleus in its groundstate, it is given in a semiclassical description by the

spatial density, multiplied by * space-dependent momentum distribution that rea-

ches out to the local Fermimomentum. What is needed now is a theory to propagate

/ in time.

Such a theory can be derived from the equation of motion for the single-particle

density matrix by cutting the density matrix hierarchy at the two-body level, that

is by writing the two-particle density matrix as an antisymmetrized product of one-

particle density matrices plus a two-body correlation function. Whereas the former

leads to a theory describing particles that move independently in a time-dependent

mean field (time-dependent Hartree-Fock field), the latter term (the correlation

function) gives rise to explicit two-body correlations. If one performs a semiclassical

approximation in which all wave functions are locally replaced by plane waves, one
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arrives at a Boltzmann-like equation. Such a formal derivation has, for example,

been given in [23, 24]. In particular, Cassing et al [25] showed how on this basis a

time-dependent G-matrix theory can be derived.

Since this formal derivation is well documented in the literature [12] and was

described extensively in a recent rrview [14], in the following few paragraphs I give

only a heuristic derivation of the transport equation used to calculate the time

dependence of the phase-space distribution function / ( x , p , t ) (see also [11]).

I thus assume that the nucleons can be described as moving in a mean-field

potential and experiencing direct nucleon-nucleon collisions in addition. The time

development of / is then determined by Liouville's theorem stating that the total

time derivative of / is equal to a loss and gain term arising from nucleon-nucleon

collisions, C[f]. One thus has

* ^ (2)

where the collision term C[f] is obviously a functional of / . The total time-

d privative is to be taken for a phase-space cell that moves in the mean-field potential

U(x, p, i) = i /[ /(x, p, 0). This gives

4f(x,P,0 _ g/(x,p,o a/(x,p,o p aí/ df(x,p,t)du
dt ~ dt ai l m + ôpj aP ax l '

The collision term finally is given by

X[/(X,P,O/(X,P2,O

X lV>2l^3(P + P2 - P3 - Pi)

X(1-/(X,P3 ,0)(1-/(X,P4,0)

-gain - term] (4)

The structure of this collision term is quite similar to that of Equation 1. Notice



140

•gain the in-medium correction in the form of the Pauli-blocking factors (1 — /3)(1 —

/«) for the final states.

Equations (2), (3), and (4) together constitute the so-called Boltzmann-Uehling-

Uhlenbeck (BUU) equation. In it the phase-space distribution function / is a se-

miclassical quantity averaged over quantal oscillations. In the so-called Quantum

Molecular Dynamics model [26, 27] one approximates the phase-space distribution

function / ( x , p t t ) by Gaussians centered at the actual phase-space locations of the

nucleons.

It is intuitively dear and the formal derivations also show that both the mean-

field term and the collision cross section come from the same in-medium nucleon-

nucleon interaction [23, 25]. Since / and thus the degree of Pauli blocking change

with time, a consistent calculation would require the simultaneous solution of the

transport equation just given and a coupled G'-matrix calculation, that is, a time-

dependent G-matrix calculation [28].

Equations 3 and 4 are solved by a testparticle method. In this method, many

simulations of the nucleus-nucleus reaction with randomly chosen initial conditions

are run in parallel and the phase-space density is obtained by averaging / in each

time step over the full ensemble of parallel runs (for the details see [11,12]). While

the test particles move according to relativistic kinematics, the whole formalism

as outlined so far is clearly not covariant. This deficiency is overcome by ad hoc

techniques such as evaluating potential energies only in local rest frames but the

error inherent in such prescriptions is not well understood.

It is thus tempting to develop a manifestly covariant transport theory for nucleus-

nucleus collisions in the GeV/u energy regime. The practical implementation of such

a theory has indeed been achieved by Blãttel et ai [29, 30]; see also the work by Ko

and collaborators [31]. Blãttel et ai based their work on earlier theoretical work

by Gyulassy and collaborators [32]. In this method, one starts from an effective,

covariant Lagrangian (the Walecka model) and derives a transport equation for
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the Lorentz scalar part of the relativistic Wigner-matrix; the Lorentz vector part

can then be obtained by the usual local-density approximation. For details of the

formalism as well as of the results see the review by Cassing Sc Mosel [13] as well as

(29,30,31,33).

For higher bombarding energies, where pions and delta isobars can be copiously

produced, the perturbative method of calculating particle production is no longer

appropriate because, for example, the emission of pions constitutes a major source

of cooling for the nucleus-nucleus system. In this regime one thus has to generalize

the transport equation just described to a coupled system of transport equations

the.* include nucleons, pions, deltas and possibly other resonances. Only the heavier

mesons and baryons (that are clearly still subthreshold at the given bombarding

energy) can be treated perturbatively. Such a coupled transport equation method

was recently developed by Wolf et al [34] and Ko and coworkers [35], a covariant

version was proposed by Wang et al [36].

When evaluating the cross sections according to Equation 1 or the collision term

in Equation 4 one assumes that energy and momentum of the colliding particles

are connected by the classical dispersion relation for free particles in a mean-field

potential U. This allows the nucleons to pick up energy from the Fermi motion in

a nucleon-nucleon collision. For proton-induced particle production reactions, this

mechanism was discussed by McMillan Sc Teller [37] as early as 1947; for heavy-ion

collisions it was used again by Bertsch [38] in 1977.

For heavy-ion collisions the on-shell assumption finds its justification in detailed

studies of the energy-momentum relation performed some years ago by Cassing

[39]. There it was found that for bombarding energies above about 30 MeV/u

even particles in the momentum tails of one nucleus are put on the energy shell

when, during the nucleus-nucleus collision, the potential wall between the two nuclei

collapses and thereby allows these particles to move freely in the potential of the

other nucleus.



Figure 1 shows the production thresholds for various particles as a function of

the Fenni momentum sy both for nudeus-nudeus and nucleon-nudeus reactions. It

is seen that, in heavy-ion rnlHsioni in particular» pious can be produced quite easily

far below their free nudeon-nudeon threshold of 290 MeV in the laboratory frame of

reference, whereas the thresholds for heavier mesons are less sensitive to the Fermi

2.3 Elementary Cross Sections

To evaluate the heavy-ion induced particle production cross sections, one must know

the elementary elastic and inelastic NN cross sections. As discussed in the intro-

duction all these quantities have to be known in the nuclear medium, the properties

of which change during the course of the collision.

Only a few studies of the influence of density and temperature on nudeon-nudeon

scattering cross sections exist so far (40, 41, 42]. The usual assumption in these

studies is that the NN interaction takes place in homogeneous nuclear matter at rest

in which the momentum-space configuration is that of a single Fermi sphere. The

main difficulty here is that the self-energies of the mesons that mediate the nuclear

force may themselves change in the nuclear medium [1]. There are speculations

that the pion mass should go to aero with increasing density; this has profound

implications for the nudeon-nudeon cross sections [45,46].

A one-sphere momentum-space configuration is appropriate only for the final,

possibly equilibrated, state of a heavy-ion collision. Only recently were studies begun

that work with a momentum-space configuration of two overlapping, shifted Fermi

spheres. Faessler and collaborators [42, 43, 44] work with a frozen-configuration

assumption in which the NN interaction is evaluated for various fixed densities and

relative momenta of the Fermi spheres. The cross section to be used during the

collision then depends on the instantaneous density and momentum-space configu-
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ration.

In view of the very large uncertainties on the role of medium corrections for the

NN cross sections, in most analyses so far free cross sections have been used. Such

a simplifying assumption is not unreasonable during the early stages of a collision

at high bombarding energy where the initial phase-space configuration consists of

two well-separated Fermi spheres and the Pauli-blocked part of the total available

phase-space is relatively small. Unfortunately, even these free cross sections are

generally not measured in the full kinematical regime in which they are needed for

the calculations. An additional complication arises because the subthreshold pro-

duction of heavy particles proceeds largely through collisions of nucleon resonances,

the cross sections of which are mostly totally unknown (discussed below).

One is thus forced to model all of these cross sections. In the following short

sections I briefly discuss the models. A more detailed description can be found in

[12].

2.3.1 PION PRODUCTION

For pion production in nucleon-nucleon collisions quite reasonable parametrizations

guided by boson-exchange models exist. Ver West k Anidt [47] parametrized the

NN -» NNir and the NN —» N& cross sections; from the latter the cross section

for AN -* NN, a typical in-medium process, can be obtained by detailed balance.

These parametrizations are used, for example, in the work of Wolf et al [34].

Bauer [48] demonstrated that in subthreshold production of pions the A reso-

nance plays an essential role and hardens the spectrum considerably. This, as a

aide-effect, opens up the possibility of studying the properties of the A resonance in

dense nuclear matter.
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2.3.2 ETA PRODUCTION

Eta (17) mesons have a large decay width of 39% for decay into two photons, so

that high resolution photon spectrometers such as the new TAPS apparatus at the

heavy-ion synchrotron SIS can be used for their detection. They are predominantly

produced through the iV*(1535) resonance, because their direct coupling to the

nucleon is close to zero [49].

Exploiting this resonance production mechanism and using information on the r\

coupling constants obtained from earlier coupled channel analyses of the *N -*• qN

reaction [49, 50], calculations of the 17 production cross section have recently been

performed [51, 52]. In the results of these calculations, both based on an effective

one-boson-exchange (OBE) model, the influence of the resonance is clearly visible.

An example is shown in Figure 2 which gives the angle integrated 77-spectra

for three different bombarding energies. While the dashed lines give the spectral

distribution expected from phase-space only, the solid lines do contain the actual

production vertex through the resonance. At the two higher energies an effect of

the resonance is clearly seen.

Since the iV*(1535) resonance also acts as an absorber for TJ'S initially produced,

the T) spectra may yield information on the properties of this resonance in dense

nuclear matter. The absorption cross section can be calculated on the basis of a

Breit-Wigner fit to the amplitude [12]. Because the iV"(1535) is an Su resonance,

there is no centrifugal barrier so that at low 7 energies the absorption cross section

diverges. On resonance, i. e. at T, = 76 MeV, it is still around 40 mb, in agreement

with the coupled channel analysis of [49]; the corresponding mean free path it only

1 • 2 fm at po. At higher energies the cross section seems to level off [53].
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y/s = 2.62, 3 and 4 GeV cm. energies. The solid lines give the results of the full

calculation while the dashed lines were obtained by using constant matrix elements

thus representing the pure phase-space (from [51]).
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2.3.3 KAONS AND ANTIPROTONS

For kaons the total production cross sections are not well known close to threshold

[54], for antiprotons there are no data below about 10 GeV bombarding energy

and for both particles no spectral information is available. To obtain the spectra

of these particles one can follow the phase-space arguments of Randrup & Ko for

meson production [55] and assume that the spectra are determined by the final-state

phase-space. For antiproton production this requires the additional assumption that

the production proceeds primarily to a four-particle final state (p+p —• pppp). As I

discuss below, the lack of total cross section data for p production in NN collisions

close to threshold leads to order-of-magnitude uncertainties in the total subthreshold

production cross section in heavy-ion collisions.

2.3.4 PHOTONS AND DILEPTONS

As I discussed above, hard photons can also be viewed as subthreshold particles if

their energy exceeds about one half of the beam energy per nucleon, the maximum

energy possible in a collision of two free nucleons with this energy.

First studies of high energy photons used a semiclassical approximation for the

nucleon-nucleon photon cross section obtained by considering the hard-sphere scat-

tering of two classical charges [56, 57]. In this model the radiation from pp collisions

is suppressed relative to that from pn collisions [57], the suppression factor is about

20 at 200 MeV, and it still amounts to about 5 at 1 GeV [58].

Until very recently, only two sets of data were available for the pwy process. Thus

the needed cross sections had to be calculated. Schãfer et ai. [58], using an effective

one-boson-exchange model, performed microscopic calculations by evaluating the

fully relativistic Feynman diagrams for this process; the calculation is thus gauge

invariant and current conserving (see also [59]). The results of such a calculation

agree very well with a very recent measurement of the pnf cross section at 170 MeV
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by Pinston ic Nifenecker [58, 60] as illustrated in Figure 3.

As discussed in detail by Cassing et al. [12], real photons are difficult to ob-

serve in heavy-ion collisions at energies above about 300 - 400 MeV/u. A natural

extension of electromagnetic probes to this energy regime is then to investigate

the emission of correlated e+e~ pairs, dileptons, effectively the emission of massive,

timelike photons.

In the last few years data have become available on dilepton production in heavy-

ion and proton-induced reactions [61]. Experiments are also under way to measure

the elementary pn-dilepton cross section [62] in the energy regime up to 5 GeV, for

which at present no data exist.

Initial calculations of this dilepton yield were based on the so-called soft pho-

ton approximation, which assumes that the dilepton production cross section can

be factorized into a product of the nucleon-nucleon cross section and a term that

describes the emission of the photon and the following pair creation [63]. Schãfer

et al [64] performed a calculation based on an effective OBE model that was also

used for the calculation of production cross sections for real photons [58]. They

found [12] that the calculated spectra could indeed be quite well represented by the

long-wavelength approximation if a correction for the final state phase space of the

nucleons [65] was applied. Similar results have also been obtained by Haglin et al

[65].

In none of these calculations was a form factor for the electromagnetic nucleon-

photon vertex used. The electromagnetic form factor of the nucleon is very well

known for spacelike photons from elastic electron scattering experiments; in the

timelike sector, however, there are only data for q2 > 4 GeV2 from pp annihilation.

The whole momentum range between 0 and about 2 GeV is still terra incognita}.

The Breit form factor of the proton for spacelike photons (q3 < 0) follows very

well the so-called dipole fit [66] which exhibits a pole close to the /?-meson mass.

This — and other evidence [67] — has been used to suggest that the coupling
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Figure 3: Comparison of the 7 spectrum calculated with an effective OBE T-matrix

model for np bremsstrahlung at an energy of 170 ± 10 MeV with the data of [60]

(from [58]).
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of the nudeoa to the photon proceeds through a virtual p meson (vector-meson

dominance).

Based on the chiral quark-bag model Brown et al. [68] give an expression for the

electric form factor of the proton

GW<) = \ ( W ) + **-(«)) + ^ 3 . 6 3 ^ ^ ( 0 - (5)

Here /"„„ is the form factor of the quark-core of the nucleon, whereas F^^^ repres-

ents that of the vector meson cloud to which the photon may couple. The model

of Brown et al assumes that half of the total charge resides in the quarkcore, the

other half in the meson cloud; thus the factor 1/2 in front of both form factors. The

factor 3.63 on the right-hand side of this equation is the sum of the isoscalar and

two times the isovector anomalous magnetic moments (2KV « np). The two form

factors Fcore{t) and Fdotui(t), finally, are given by

^ ^ TO
Here A ~ 0.9 GeV and mv ~ 0.65 GtV [68].

This form factor is shown in Figure 4 by the solid line. In the spacelike sector it

agrees very well with the dipole fit; in the timelike sector it shows a clear resonance

enhancement that reaches a maximum vaiue of 6, very similar to the experimentally

known electromagnetic form factor of the pion [66].

In this model the neutron's electric form factor is given by *

Gl(t) = - ^ 3 . 8 2 ^ , ^ ( 0 (7)

While in the spacelike sector the neutron's electric form factor is about one order

of magnitude smaller than that of the proton, in the timelike sector it reaches a

value of about 2 (dashed line in Figure 4). Its amplitude is thus « 1/3 that of the

proton and causes a nonnegligible interference of the radiation from the proton and

the neutron. This effect has not been taken into account in any of the calculations

so far.
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The dependence of the electromagnetic form factor on the vector meson proper-

ties could conceivably permit the study of the properties of the vector mesons in

compressed, hot nuclear matter. It seems quite plausible that the meson cloud con-

tribution to the form factor, Fcb^t) , is affected by the surrounding nuclear medium

and that it is quenched at higher densities. A similar quenching of the axial form

factor, even at normal nuclear densities, is experimentally well established [1].

A very similar argument applies to r+r~ annihilation into dileptons. This pro-

cess is experimentally known to proceed through a p meson [66, 67].

For a conclusive interpretation of heavy-ion data on dilepton production, it is

therefore essential to determine the electromagnetic form factor of the nucleon in

the timelike region first in p + n and then in p + A reactions at energies of up to 2

GeV, so that the light vector-meson mass region is covered.

3 HARD PARTICLE PRODUCTION IN HEAVY-

ION REACTIONS

3.1 Hard Photons

The methods described above were first applied to the calculation of photon spectra

produced in relatively low energy heavy-ion collisions [19] (see also [69]). At bom-

barding energies of a few tens of MeV/u photons with energies up to 150 MeV were

observed, i. e. with energies clearly above those that could possibly be created in

free NN collisions at the same bombarding energy (in this sense, these photons are .

also 'subthreshold' particles). Data and theoretical results are reviewed elsewhere

{12]. The spectra are generally quite well reproduced; the calculated results show

some sensitivity to the elementary cross section used [70].

In Figures 5 and 6 I therefore show only a summary of comparisons of the cal-

culations with the data. Figure 5 compares the empirical probability per nucleon-
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nucleon collision to emit a 7 ray, and Figure 6 shows the slope parameter of the

spectra versus a Coulomb-barrier corrected bombarding energy. In extracting the

7 probabilities, a model expression given by Nifenecker &Pinston [71] for the num-

ber of neutron-proton collisions, averaged over impact parameter, has been used.

There is an indication of a somewhat too weak dependence of the slope parameter

on bombarding energy, but the overall systematic agreement between theory and

experiment is quite good.

This systematic agreement, together with the measured source velocities [20],

allows us to conclude that the mechanism for 7 emission in heavy-ion collisions is

indeed understood: the observed photons are due to an incoherent superposition of

nucleon-nucleon bremsstrahlung.

Now that the mechanism Las been clarified, one can use these particles as pro-

bes for phase-space distributions [72]. Photons with the highest energies observed

are produced in nucleon-nucleon collisions from the two opposing pole caps of the

momentum spheres of the two nuclei.

Photons have a great advantage over hadronic probes in that they suffer essenti-

ally no final-state interaction. They would thus be ideal probes at higher bombarding

energies also where they could give an undistorted picture of the high density, high

excitation phase of the collision. Unfortunately, existing 7-spectrometers cannot di-

stinguish these direct photons from those originating in the K° decay if the r° yield

becomes too large. This occurs at bombarding energies above about 300 MeV/u

[12].

3.2 Pion Production

Pions have a finite rest mass and thus can be produced only if the available energy per

nucleon-nucleon collision exceeds roughly 140 MeV in the reaction volume. Subthres-

hold pions are produced at bombarding energies below 290 MeV/u in the laboratory
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frame of reference. It b amusing to recall thai the fust laboratory experiment ever to

produce a pion was ran at a subthreshold energy; the reaction used was *He + " ( 7

at 95 MeV/u at the 184-inch cyclotron at Berkeley. More recently, subthreshold

pion production in heavy-ion collisions was started again in the pioneering work of

Benenson and collaborators [73] and, at lower energies (60 - 84 MeV/u), by Grosse

and coworkers [74]. These data were well summarized by Braun-Munzinger and

Stachel [1C;.

The first calculations for these energies used the phase-space prescription men-

tioned in Section 2.3.1 to generate the final state angular and momentum distributi-

ons. The total cross sections obtained were nearly correct [12] but the spectra were

considerably too soft. Bauer [48] showed that the spectra could be considerably har-

dened by recognizing that pions are produced primarily through the A resonance;

nevertheless at the lowest bombarding energies the spectra were still significantly

too steep.

A solution to this problem was recently found by Niita [75]. He showed that the

pion spectra in this energy regime are extremely sensitive to the tails of the momen-

tum distribution. By modeling the momentum distributions of the two interacting

nuclei very carefully down to their outmost tails, and by assuming that these high-

momentum tails are lifieú on»shell during the collision, Niita was able to reproduce

the measured pion spectra very well. This is illustrated in Figure 7, which shows

both a calculation without (dashed line)^nd one with (full line) high momentum

tails. The agreement is obviously perfect.

While the slope parameters obtained in the calculation without the momentum

tails fall off continuously at the lower bombarding»energies, those that do include the

tails stay constant for energies below about 100 MeV. The same effect is evident in

the data [76, 77]. While this behavior has been attributed before to some collective

effect [76], it finds a natural explanation here. At very low bombarding energies, only

the few tail nucleons have enorgh en>'xg\ f.n produce a pion so that they determine
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the cross section. With increasing bombarding energy, the many nudeons in the

bulk of the momentum distribution acquire enough energy so that the bombarding

energy becomes the determining factor. There are indications for exactly the same

process in hard photon production, as recently pointed out by Metag [78].

Unfortunately the mean free path cf slow pkms in nuclei is not very well known

[79]; theoretical considerations indicate a very strong dependence of the pk» mean

free path on the pton energy (see Figure 4.7 in [12]). In addition, its effects on

heavy-ion induced pion production data have to be calculated in a nuclear envi-

ronment varying rapidly with time. This introduces a rather large uncertainty into

quantitative predictions of pionyidds in heavy-kn collisions which thus makes pions

a much less desirable probe than strange mesons or photons.

A microscopic treatment of pion reabsorption in the framework of a nonperturba-

tive calculation (see discussion in Section 3.6) is possible nowadays and yields indeed

pion numbers which agree within 20 - 25% with the experimental numbers. Howe-

ver, a detailed study of pion absorption and (p, *) reactions in this same framework

shows that the basic mechanism of pion reabsorption is not well understood so far

(in the calculation only the absorption channel: N + N->& + N,A + H->N + lV

is included). This is in line with earlier similar findings [80, 81].

3.3 Eta Production

At higher bombarding energies in the GeV/u regime, heavier mesons can be produ-

ced subthreshold. For example, the ij meson has a free threshold of about 1.2 GeV

whereas kaons are produced in NN collisions only at about 1.5 GeV bombarding

energy. The kaon threshold is higher because of strangeness conservation, which

requires the simultaneous production of a hyperon together with the kaon.

Eta production cross sections for heavy-ion collisions have been calculated by

Schürmann and Zwermann [82] and DePaoli et al [83]. Total cross sections of 1 -
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10 mb at 1 GeV/u have been predicted; a summarizing discussion can be found in

[12]. Experiments to measure these cross sections at SIS were recently begun by the

TAPS collaboration.

As discussed in Section 2.3.2,i*'s couple strongly to the #"(1535) resonance; T/'S

with a kinetic energy of only 76 MeV in the nucleon rest frame can form this reso-

nance when they collide with a nucleon. Since the mean full width of the resonance

is about 150 MeV, all fj's with kinetic energies up to about 150 MeV can easily be

absorbed. Since the branching ratio of the JV"(1535) into the the rj channel is about

50%, roughly one half of all rj's absorbed will reemerge on the average.

As also discussed in Section 2.3.2 the mean free path of the t) below the resonance

region is very small (of the order of 0.5 - 2 fm at equilibrium density [12]); T/'S are

thus strongly reabsorbed and rescattered so that most of those seen experimentally

will have been produced in the nuclear surface, i. e. at rather low densities. At

bombarding energies below about 0.7 GeV the r/'s can because of energy limitations

only be produced in collisions between nucleons that have already undergone a

number of collisions and thus acquired enough energy [12]. At 500 MeV/u most of

the nucleons producing an i) have on average undergone 3 * 4 previous collisions;

some nucleons have even had 8 prior collisions. Since about 3 - 5 collisions are

needed to thermalize a system, at this low bombarding energy the r/'s are primarily

produced in a hot, nearly thermalized collision zone. Since the i\ production rate

closely tracks the density compression (as 2/>0 at this energy), these particles are

good probes for compressed, nearly equilibrized nuclear matter at low bombarding

energies, in contrast to pions, most of which are even there created in the first

collisions when target and projectile nucleons are still well separated in momentum

space [12],

The measurement of tf spectra at energies below about 800 MeV/u could thus

yield information on the properties of the JV*(1535) resonance in hot nuclear matter.

On the experimental side this would require high current heavy ion accelerators; on
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the theoretical side methods are urgently needed for a quantitative treatment of the

reabsorption and ^scattering effects on the q's produced.

3.4 Kaon Production

As mentioned above, kaons show features qualitatively similar to those of ??'s because

of their rather high mass; at sufficiently low energies they are produced predomi-

nantly by nudeons that have already undergone many collisions.

Positively charged kaons, however, have a great advantage over »/'s: they have a

rather large mean free path of about 6 — 8 fm at po so that especially in collisions of

light nuclei A'+ reabsorption plays only a minor role. K+ mesons then have the same

advantage as electromagnetic probes; they give information about the compressed

state largely free of final state interactions.

The main interest in a study of the K+ production stems from this feature;

many authors have discussed the production processes; for references to theory and

data see [12]. In all of these studies it has proved essential to include not only the

production of K+ in NN collisions, but also in JVA, AA, JTJV, and irA secondary

reactions. At an energy of about 800 MeV/u to 1 GeV/u the elementary cross

section increases rapidly with energy, and therefore small changes in the available

kinetic energy will cause large changes in the kaon production in heavy-ion collisions.

Based on this argument, Aichelin k Ko [84] predicted that the K+ yield should be

a particularly good tool for studying the nuclear equation of state; the calculated

yields change roughly by a factor of 2 when the equation of state is varied from

a hard to a soft one [12]. Quantitatively reliable results, however, still suffer from

the fact that momentum dependent effects in the mean field potential have so far

not bxn included [27]. Since these will also tend to take energy of the system and

since the effects of a momentum dependence on the interaction vertices are totally

unknown, their effect on the K+ production cross sections can easily be of the same
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order of magnitude as that of the EOS.

3.5 Antiproton Production

Antiproton production at energies of a few GeV/u is clearly the most extreme

subthreshold process of all particle production processes. Nevertheless, it was first

observed in proton-nucleus collisions more than 25 years ago [85]. Recently, experi-

ments performed at JINR [86] and at the BEVALAC [87,88, 89] have produced the

first measurements of subthreshold antiproton production in nucleus-nucleus colli-

sions. Various descriptions for these data have been proposed. Based on thermal

models it was suggested that the antiproton yield contains large contributions from

AN -» p-f X, A A -* p+X and pp -* pN production mechanisms [90,91,92). Other

models have attempted to explain these data in terms of multiparticle interactions

[93].

The BUU method is able to describe the full transition from the early, pre-

equilibrium stages of the collision to a stopped, possibly equilibrated configuration.

Batko et al [94] therefore recently studied the problem of antiproton production in

this framework by evaluating the cross section as

x [1 - /(x, p^; 01 [1 - / (x , p'«; <)] (I " / (x , P's; t)} • (8)

Note here the triple Pauli-blocking of the final state. The antiproton cross section

is obtained by integrating the differential multiplicity over the impact parameter b.

The differential elementary antiproton cross section is taken to be proportional to

the final state phase space. Unfortunately, not even the total BB —* p cross section

ia known experimentally at low energies (y/ã < IMP + 1 GeV). This uncertainty

in the elementary cross section causes a rather large uncertainty in the heavy-ion

induced cross section. As an example I show in Figure 8 the spectrum of antiprotons
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for the reaction nSi + MSi at 2.1 GeV/u calculated by Batko et al, neglecting

reabsorption [94]. The two dotted lines give the predictions obtained with two

different extrapolations of the elementary p production cross section down toward

the threshold; the uncertainty amounts to roughly one order of magnitude and is

thus comparable to that arising from the neglect of final-state reabsorption in this

calculation.

Nevertheless, the overall magnitude of the experimental cross section is quite

well reproduced. Essential for this significant improvement over the results of Shor

et al [89] is the inclusion of multiple collisions and of collisions between nuclear

resonances.

3.6 Dileptons

As mentioned i, Section 2.3.4 and discussed in detail by Cassing et al [12], in the

energy range above about 300 MeV/u direct, real photons can probably not be

seen with current experimental equipment, but the spectroscopy of virtual, massive

photons offers an interesting alternative.

Data on dilepton production in the energy regime of about 1 up to 5 GeV/u,

obtained at the Bevalac with the dilepton spectrometer (DLS) have been available

for about two years [61, 102, 103]. While first theoretical descriptions of dilepton

production were based on thermal models [63, 95, 96], Ko and coworkers [35, 97] and

Wolf et al [34, 98, 99] have now also performed BUU calculations; the calculations

take pions and nucleon resonances explicitly into account. This treatment gives an

excellent description of measured proton spectra, and agrees within about 20% with

the measured pion yields [34]. The model thus seems to give a realistic simulation of

nucleon and pion dynamics during a heavy-ion collision in the energy range between

400 MeV/u and 2 GeV/u. The calculations also include dileptons produced by

ir+ir~ annihilation, neutron-proton and TT-nucleon bremsstrahlung as well as those
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Figure 8: Invariant cross section for antiproton production in the reaction MSi +
2tSi at 2.1 GeV/u for d = 0 as a function of the laboratory momentum p. Data

are taken from [86]. The dashed line contains results obtained by including only

collisions between nucleons, whereas the solid line also contains the contribution

from collisions involving resonances. The two dotted lines correspond to two different

extrapolations of the elementary p cross section down to low energies (from [87]).
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coining from the Dalitz decays of the A and /V'(1440) (A, W -» Ne+e~). For the

comparison with the experimental data, the experimental acceptance filter has been

used.

In Figure 9 I show the results of calculations made by Wolf et al for the reac-

tion ^Ca + *°Ca at 1 GeV/u and 2 GeV/u. The various contributions are clearly

shown; bremsstrahlung and A Dalitz decay contribute about equally to the total

yield, which agrees reasonably well with experiment. The spectrum at 1 GeV/u, in

particular, shows a dominant contribution of TT+K~ annihilation for invariant masses

larger than about 500 MeV. The annihilation signal is less pronounced at the hig-

her energy because the bremsstrahlung spectrum hardens there and partly masks

the annihilation component; also, going to a heavier system does not increase the

relative importance of the pion annihilation signal (34, 99].

It will therefore not be easy to detect evidence for a nontrivial pion dispersion

relation in the n~ir+ events, i. e. a shift of the annihilation threshold to lower

invariant masses, or an increase by about a factor of 3 of the annihilation component

close to threshold [100, 101] (note that the predicted effects are now much smaller

than those originally expected [63, 95, 92)). At 1 GeV/u bombarding energy, the

annihilation contribution near threshold is much smaller than the bremsstrahlung

component so that the threshold shift and the increase at threshold will probably

not be observable.

More promising seems to be a detailed, high statistics study of the high energy

end of the ir+ir~ annihilation component. Since pion annihilation in vacuo is well

known to proceed through the p meson (vector meson dominance [66]), a detailed

determination of the peak position around 700 - 800 MeV in the mass spectrum

could give information on the properties of the p in dense nuclear matter. This

is particularly interesting since there exist theoretical predictions, based on quark

models, that call for a significant drop of the masses of pseudoscalar mesons with

increasing density [1, 104]. Also the in-medium properties of the A may become
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accessible by studying its electromagnetic Dalitz decay, which makes an important

contribution to the measured dilepton spectrum.

All the calculations discussed up to now have been performed without using

electromagnetic form factors for the nucleons (recall the discussion in Section 2.3.4).

In order to see the possible effect of such form factors Wolf et al have performed the

calculation for p + 'Be with an electromagnetic form factor for the baryons of the

form of Equation (5). Whereas this has virtually no effect at 1 GeV, it raises the

cross section for 2.1 GeV above the data by up to a factor of three at M ~ 700 MeV

(see Figure 10). For the ^Ca + 40Ca reaction, for which the calculations already

give quite high cross sections, the inclusion of the form factor raises the calculations

above the data by up to a factor of 20 at M ~ 800 MeV. Based on the resonable

agreement obtained in the calculation without form factors, Wolf et al [34] speculated

that the p meson could be suppressed in dense nuclear matter; subsequently several

speculations have appeared in the literature about the modification of the p meson in

the nuclear medium [104,105]. A final conclusion on this point has to wait, however,

until the effects of the electromagnetic form factors of the nucleon, discussed in

Section 2.3.4, on the elementary dilepton spectra have been taken into account.

4 SUMMARY

The existing data on hard-photon production in the energy range up to about 100

MeV/u. as well as measurements of source velocities, can all be understood in a mo-

del that assumes an incoherent superposition of bremsstrahlung emitted in proton-

neutron collisions. This same mechanism has thus been assumed to be applicable

to the production of other particles as well. I have shown that pion yields in this

energy range can be described by the same mechanism; at the lowest energies the

pion yields become sensitive to the details of the momentum distribution.

At the higher energies, around 1 GeV/u, the most promising probes are either
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dileptons, because of the absence of final state interactions, or alternatively, heavy

mesons, which because of their finite rest mass can be produced only if the available

energy in NN collisions exceeds the production threshold. I have previously deve-

loped criteria for particles and energies that select probes sensitive to the hot, i. e.

equilibrated, parts of the reaction volume [72]. Heavy mesons, such as the 77-meson

or the K*, seem to be best suited for this pupose; the K* has the additional im-

portant advantage of small final-state interactions. Finally, dileptons can potentially

give very important information on hadronic interactions and the behavior of meson

and baryon resonances in dense nuclear matter.

The unresolved problems in the theoretical descriptions, requiring intensive stu-

dies, are all related to the medium corrections to the nucleon-nucleon interactions

that enter both into the mean-field part of the description and into the collision

cross sections. Progress in this area requires a joint theoretical and experimental

effort. Before we can hope to obtain reliable information on the EOS in heavy-ion

reactions, we must be sure that we can control these in-medium effects in a less

complicated dynamical environment, namely that of nuclton + nucleus reactions,

where the nuclear phase-space density gets much less distorted during the course of

the reaction. Experiments determining the inclusive particle-production cross secti-

ons for photons, dilt.ytons and heavy mesons (n, A'+) in proton + nucleus reactions

for proton energies from about 200 MeV up to 2 GeV would be most helpful for this

purpose.

Finally, it is important to realize that the development of realistic transport

theories and their numerical implementation represents a major step forward in

our understanding of nuclear collisions. There is no longer the need to use different

models for preequilibrium processes and for the final, thermalized stages of a nucleus-

nucleus collision.
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