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ABSTRACT

In the present paper we develop the essential theoretical tools for the treatment
of the dynamics of High Energy Heavy Ion Collisions, We study the influence of the
nuclear equation of state and discuss the new phenomena connected with phase tran-
sitions in nuclear matter (pion condemsation). Furthermore we investigate the pos-
sibility of a tramsition from nuclear to quark matter in High Energy Heavy Iom Col-
lisions. In this context we discuss exotic phenomena like strongly bound pionic
states, limiting temperatures, and exotic nuclei.

KEYWORDS
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1. INTRODUCTION

One of the most exciting motivations for the high energy heavy ion physicist is the
possibility to study the nuclear equation of state at high densities, temperatures
and pressures (Scheid, 1968; Chapline, 1973; Scheid, 1974; Scheid, 1974a; Wong,1974;
Heinz, 1978), as well as the search for phase transitions into abnormal superdense
states of matter like pion condensates (Migdal, 1972; Brown, 1975; Brown, 1976;
Migdal, 1978; Campbell, 1975), density isomers (Lee, 1974), and quark matter (Col-
lins, 1975; Baym, 1976; Keister, 1976).

We will concentrate on the following topics:
First we discuss the semi~validity of the nuclear fluid dynamical model which we
use later on to describe high energy nuclear collisions. Then the nuclear equation

of state is discussed, together with the compressibility, phase transitions like
pion condensates and density isomers and the baryon-quark matter.

1 Supported by Bundesministerium flir Forschung und Technologie (BMFT), and by the
Gesellschaft fiir Schwerionenforschung (GSI).

2 Invited speaker at the Erice School on Heavy Ion Interactions at High Energies,
Erice (Italy), 26 March - 6 April, 1979.
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By comparing the results of the hydrodynamical approach with a number of recent ex-
periments we will discuss the c¢ircumstantial eévidénce for the occurrence of strong
compression effects (shock waves) and high thermal excitation. Finally we specu-
late about the phenomena which may occur at very high energies.

2. APPLICABILITY OF THE HYDRODYNAMICAL APPROACH

For the applicability of the fluid dynamical concepts it has to be ensured that
fast equilibration and thermalization of the incident momentum and energy occurs
in high energy heavy ion collisions, and that the mean free path (more precisely:
the longitudinal momentum decay length) over the typical dimension, L, of the sy-
stem is small A/L << 1,
The mean free path A is given by

A o= A

a*p

where 0 is the total nucleon—-nucleon scattering cross section and p is the actual
nuclear density. For normal nuclear density p, and a free n—n scattering cross sec-
tion oyy ~ 30 mb at high energies, the mean free path is A~ 2fm, which is not too
small against the nuclear dimensions L~10fm (Scheid,1968; 1974; 1974a).

High relative momenta between nuclei, signifying no overlap in phase space, as well
as the large longitudinal momentum decay length calculated from the free n-n
scattering cross section were interpreted as a complete transgparency for the two
nuclei at high energies and as a death for compression (shock) waves at energies
above 1 GeV/n (Sobel,1975). However, in the "formation flight" of ensembles of
nucleons, collective scattering phenomena (Gyulassy,1977; Ruck,1976) and compres—
sion effects can not be neglected, so that the scattering cross section and the
density can be modified drastically leading to a decrease of the mean free path

g P
)\‘-‘14U_NN-—° fm .
coll o

Pions and pionic waves produced in inelastic nucleon collisions via the creation
and decay of nuclear isobars (Hofmann,1976) (nucleon resonances) in processes of
the type

N+N-+N+ Nx > N+mT+N > Nx + N> ...

and via pionic bremsstrahlung (Vasak,1979) may lead to rapid randomization of longi-
tudinal momentum and energy, and thus to a short mean free path and to generation
of shock waves.,

Another important process for randomization is the critical scattering of nucleons
in the vicinity of a phase transition point (Gyulassy,1977). This is in analogy

to the critical opalescence, which is characterized by the great enhancement of

the scattering cross section of light near a liquid-gas phase transition, or of

the critical scattering of neutrons in ferromagnets near the Curie point (Stanley,
1971) or - as the last example - the critical scattering appearing in two collid-
ing plasma beams: When the drift velocity of the two plasmas exceeds a critical
value, unstable plasmon modes appear, resulting in a growth of strong electric
fields, which greatly reduce the penetration depth of the two plasmon beams in com-
parison to values estimated from free two-body collisions.

Thus, the vicinity of a phase transition - e.g. the onset of pion condenstion or
gluon condensation is expected to be marked by the occurrence of critical nucleon-
nucleon scattering, i.e. a large enhancement (a factor of 2-4 for pion condensation)
of the density-dependent n-n cross section (Gyulassy,1977; Ruck,1976).
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Together with the doubling of the nuclear density due to the overlap of nuclear
matter the mean free path can then reduce by a factor of 4-8 or more to

A £ 0.4 fm
This would mean that even at bombarding energies above one GeV/n nuclei do not be-
come transparent to each other: On the contrary,very violent collisions can be ex-
pected. One should keep in mind, however, that nucleus-nucleus collisions are a
quantum meachanical process.Hence - in the sense of quantum mechanical fluctua-
tions - under the same initial conditions processes with violent randomization
(i.e. the occurrence of pronounced shock waves) may occur as well as processes with
less pronounced interaction. It is a formidable experimental task to separate the
former from the latter.

Indeed, recent experiments (which we discuss later) show that up to lab-energies
of 4 GeV/n a considerable part (~ 30%) of the total cross section are violent
events with high multiplicities and large momentum transfer.

3, THE EQUATION OF MOTION

The most complete representation of nuclear hydrodynamics is given for the non-re-
lativistic case by the Navier-Stokes equations, where the nuclear viscosity and
thermal conductivity are included as well as a realistic treatment of the nuclear
binding and surface via the Coulomb- and Yukawa potential (Wong,1977; Maruhn,1977;
Stécker,1979). The equations of motion express the conservation of particle number

%% + Ve (p ;) =0 t
momentum
a(p‘“: + Vimp ve¥) = -V8-pw (2)
and - energy
B 4 vomw) = Ve )-TEN- oveT S

o

where S a Newtonian form has been assumed. The potential, which allows a realistic
treatment of the nuclear binding and surface is a sum of the Coulomb potential de-
termined via the Poisson-equation

V2V (@) = - B o (4)
c A
and a Yukawa potential Vy given by
.
Py V) = - im0 ()

The Yukawa force allows for a smoothed nuclear surface - a realistic surface thick-
ness can be obtained e.g. with the parameters o = 2.1 fm~! and B = - 280 MeV fm
corresponding to a nuclear surface energy coefficient

n=21r—ﬁ NQOMermS

o

(6)

Up to now, three-dimensional nuclear fluid dynamical calculations have only been
performed using the Euler equations, i.e. the equations of motion for an ideal -
i.e. non-viscous and non-thermo-conducting fluid (eq. (1),(2),(3) with n, K=0).
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(Stécker,1979), The above equations describe fluid dynamical processes completely.
However, it is often advantageous to gain more insight into the physical processes
by solving more simplified, schematic models, which can be solved (at least to

some extent) analytically. In this case another set of equations is applied in the
more schematic treatment of the fluid-dynamical description of high energy heavy
ion collisions, namely the shock equations:

Shock waves have to be clearly distinguished from sound waves. In contrast to
sound waves, shock waves are connected with a strong, density dependent mass flow
with a flow veloeity vg. The shock front itself propagates with the shock velocity
vs>vy and does also depend strongly on the compression amplitude (Baumgardt,1975).
Shock waves are non-linear phenomena - for large amplitudes p>>p, both vg and v¢
tend to the velocity of light (see Fig. 1), while for small perturbations p~ p,
they approach the linear limit of sound waves. Shock waves imply a large entropy
production: The matter flow through the shock front is highly irreversible, it is
not only connected with strong compression, but also with large thermal excitation
(Hofmann, 1976; Stdcker,1977,1977a,1978).
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Fig. 1. shows the strong dependence of the
shock velocity v, and the flow ve-
locity of v4 on the compression.

The shock calculations have to be viewed as an idealization assuming a zero width
of the shock front together with the discontinuous jump of the state variables(e.g.
p,T,e,p). However, the comparison of the nuclear shock wave calculations with the
result of the full Navier Stokes calculations (Stdcker,1979b) show that the result-
ing compression rates and temperatures are very similar, although in the Navier
Stokes calculations the compression front is smeared out over 1-2 fm due to the
viscosity. Such a width seems to.be rather realistic, as the width of a shock
front is approximately given by 2-3 mean free path, which can be 1less than half a
fermi in high energy nuclear collisions. For a large nuclear transparency, the
shock front width may be of the order of the nuclear radius. However, no indica-
tion for transparency has been found in the high energy experiments up to now.
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The relativistic shock equations (Baumgardt,1975) can be derived from the continu-
ity of the

particle flux density [jO] = [p ux] =0
energy flux density [Tox]- [i uoux] = 0 @))

and momentum flux density [Txx]‘ (i ui +pl = 0

where [ ] denotes the jump of the respective variable across the shock front, and
x gives the direction normal to the shock front as seen from the shock fromt's rest
frame.

Eliminating the velocities u, from the continuity equations yields the relativistic
shock equation

2 )

i i2 i, i

— o e & (p_p ) (—-— - __) = (Q (8)
2 2 o 2 2

oo o oo P

which gives an unique connection between the free enthalpy i, pressure p, and den-
sity p within the respective rest frame of the matter (subscript o stands for the
undisturbed matter in front of the shock wave, quantities without subscript refer
to matter in the compressed state). When we insert i = p Weép and i . = p W
the equation ° 0o

W
2 2 W o

Ww-w,tp (3 po)-=0 (9
is obtained. Here W(p,T) is the energy demsity functional, which characterizes the
nuclear equation of state. It will be discussed in the next section. Neglecting
pions and resonances and regarding the pure nucleon fluid only, the relation
Pr = 0P Ey obtained in the next section can be used to obtain a quadratic equation
in Ep, which can be solved in terms of the nucleon density p analytically. Eg is
the temperature-dependent part of W(P,T).

For the non-relativistic case o = % s the temperature is easily calculated from
Ep: RIFENYE
T =( —a ) . (10)

It is important to note that the thermal energy of the nucleon gas does not depend
on the gas ansatz for Ep, but only on the relation pp = 2/3 p Ep. Thus this equa-
tion is also valid for a classical ideal gas, whereas the temperature in the .
compressed matter depends drastically on the gas ansatz T = 2 Eg for the classical
gas. (see Fig. 2). 3

The inclusion of pions and resonances demands for an numerical iterative solution
of the shock equation,as the pressure is now more complicated.

The shock velocities vg and vg can be determined by the continuity of the energy
and momentum flux demnsity, From the relative velocities of the matter with re-
spect to the shock front, the relative matter flow velocity vg is obtained by co-
variant summation (see Figs., 1 and 3).

1
_V_s;’_{ 5 w D }/2
¢ ?G; - wopo)(wopo +p) (11)
Zi . plpw - Py wo) 1/2
c ow (p + 0, W)
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Fig. 2. The density dependence of the tempera-
ture T is shown for different equations
of state and compression constants K.
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Fig. 3. The dependence of the shock velocity on the compression
constant is shown,
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A one dimensional relativistic shock model

A simple illustration model can be constructed to calculate the shock compression
and -~temperature in the central collision of two heavy nuclei as a function of the
bombarding energy (Baumgardt,1975; St8cker,1978). This model assumes the compress-
ed fluid to be at rest in the center-of-momentum system (equal velocity frame).
Three-dimensional fluid dynamical calculations show that this requirement is ful-
filled fairly well for non=peripheral collisions of heavy nuclei near the collision
axis: A sort of stationary compression stage develops. That means, that practical-
ly all of the incident kinetic energy is transformed into internal energy (compres-
sion and excitation).

As vg denotes the relative velocity from the laboratory to the shocked matter in
the c-M frame, the lab energy is given by

-1/2
2
Em"[“"%’ﬂ’ ) —l]wo (12)

2y

where v¢ = denotes the projectile velocity.

1+(vflc)2

Though this model will, due to the lack of kinetic energy of the compressed matter
and due to the outflow of matter perpendicular to the collision axis (as compared
to three dimensional calculations), give too large values for compression and tem-
peratures as function of the bombarding energy, it is sufficiently good to give a
rather quantitative overview about the expected compression and thermal excitation.
The influence of the beam energy and the nuclear equation of state (e.g. different
compressibility constants) and the importance of resonance and pion production on
the collision dynamics can be studied rather nicely at very low cost — the inte-
gration of the full three dimensional fluid model actually is not yet possible
with the inclusion of resonances. The results of this model calculations are pre-
sented in section 7.

4, THE NUCLEAR EQUATION OF STATE

Usually one starts with the energy per nucleon W(p,T) for which we use the ansatz

WE,T) =4 o+ E_ (p) + Ey(o,T) )

for purely nucleonic fluid. Here Mbcz is the nucleon's rest energy, E (p,T=0) phe-
nomenologically reflects the nucleatr binding energy, the Fermi energy, the hard
(soft) core and the exchange parts of the nuclear forces. For E.(p) one usually
uses a power expansion in the density as obtained in nuclear matter calculations.
We will use a parabolic expansion known from the extended liquid drop model (Scheid,
1969)

K
-

18 DOO

- 2 (2)
Ec(o) (o po) + B

(o]

where Bo = - 16 MeV and K = 200 MeV is the nuclear compression constant.

Secondary minima (density isomers) are represented by a similar ansatz with differ-
ent Py, Kp, B]. For the thermal energy, the simplest ansatz is the classical
ideal gas™ Ep'= 3/2 T. (See Fig. 4).

We will also use the Fermigas expansion

- 2 2/
2/3 2 _0° 213

B -
E (P,T) =5 P 75 P E (p,0) (3)



140 H. Sttcker et al.

where we used the standard thermodynamical relations

2
W g 23 5_2/3 me”
0 being the nucleon's specific entropy.
b (p)IMevin]
o<’ /
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Fig. 4. The compression energy with the various possibili-
ties for a density isomer is shown.

At high temperatures, the production of resonances becomes important (Hofmann,1976)
The resonance excitation is treated thermodynamically, where the following approx-
imations have been used. As practically nothing is known about the nucleon - N¥
and NX - NX interactions, we assume that the N® interaction does also only depend
on the total baryon density. Therefore the compression energy E.(P) is unchanged,
P being now the baryon number density. The first difference is the thermal excita-
tion energy of the isobars. Using the free Fermi gas expansion as above the ther-
mal energy of a resonance with mass mjcs is given by

1 -2/3 .2
Ep = 28 P T (5
. 2
2/ mic
where B (Ti/6w) P

and pi is the density of the i-th resonance phase.

The resonances can be viewed as excited nucleons (resonance pair production is not
important at the above temperatures). A Boltzmann distribution for the excitation
probability of the i-th resonance has been assumed. Ensuring baryon number conser-
vation, one obtains the partitions
. o CilT
U S (6
i It e TK/T
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g. . . . . .
where Ti - El - (2 Spin (i) + l)4 (2 Isospin (i)+1)
n

. . s . . 2.
is the statistical weight factor of the i~th resonance, and E; = (mi-mo) ¢’ is the
energy necessary for the resonance excitation.

The density of the i~th phase is then given by
;o= AP n

and the total energy density e = pW 1is given as the sum over the energy densities
of all phases

e = I e, = I p. W,. (8)

As all baryons are assumed to interact only via Ec(p), the energy per resonance i
is

2
wi = mc + EC + ETi (9)
which corresponds to a mean energy per nucleon
2
W(p,T) = m.c + Ec + i )\i(ETi + Ei) (10)

where the mean thermal energy per baryon is

s I B an
i i
and
AMc2 = I A E (12)
i i

is the mean additional rest mass due to the occupation of the resonances with
mi> o . The inclusion of a free pion gas (Stdcker,1978) with energy

r 2 A gm « dg ez 92 - m2 (13)
E“ ) m c2- " ' (h )3(21T)3 v e £ ; -1
_n oy € o 2
e T -1 e

is of little importance at lower temperatures because most of the pions stem from
the decay of the Aresonance only. The direct production of pions due to thermal
nucleon-nucleon collisions has also been studied, but will be reported elsewhere
(Stdcker,1979a).

The pressure is evaluated from the relation

2 9w (14)

_ ¢ SE ., T .
p = ( o )s P 5 *s

Taking the pure nucleon gas only, we immediately obtain
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dE 9E(p,0)
2 27T
P=P. *Pp =P G *P T3 5 (15)
For the compression energy we obtain the compression pressure
K
0 2 2
P. = T (o I . (16)
o
The thermal pressure of the Fermi gas is given by
1 -1 2 1 1/3 .2
pp= 3 B o p5/3-313p { T (17)
which leads to the relation
Pp = %0 E | (18)
T 3 T °

This relation, however, is not only valid for the low temperature limit, but also

for the zero temperature Fermi gas and, non-relativistically, for any finite tem-

perature. This relation is, in fact, also valid for a classical ideal gas as can

be seen directly from p V = N k Ty which is equivalent to p = p * T and with
=3/2 T one has p = 2/3 p Ep.

For an ultra-relativistic gas (e/m >>-1) the analogous relation pp = 1/3 p Ep
holds again as well for a classical as a Fermi gas (even for Tp = 8) Therefore
one has in this case Ep = 3T.

Knowing the pressure and the energy density e = p W we can calculate the sound ve-
locity in nuclear matter

1

c ,c = (-R /2| (19)
s/ o

which for groundstate nuclear matter (p = p s T =0) is connected directly to the
compression constant (see Fig. 3)

2
3° E
K - g p2 [
o o 5 p?
'
4 o] (20)
Ko 2
via cs/c = {EVTO-‘E" 0.1 - 0.2

5. PHASE TRANSITION OF NUCLEAR MATTER IN HIGH ENERGY HEAVY ION COLLISIONS

One of the most intriguing motivations for investigating relativistic heavy ion
collisions is the possibility that phase transitions occur in highly dense nuclear
matter, which eventually can lead to stable, abnormally dense nuclei called den-
sity isomers. A lot of theoretical investigations on this subject have been under
taken: Feenberg (1945) and Primakoff discussed the possibility of a transition

of normal nuclear matter into a superdense "collapsed" tightly bound nucleus,with
a total mass close to zero and therefore with enormous binding energies. They ar-
gued that this phase transition may occur due to strong nuclear tensor forces or
short-range attractive many-body forces. The collapsed state should be separated
from the normal ground state by a large potential barrier, which practically pre-
vents the transition into the new state of matter. They also mentioned at first
the possibility of collapsed transuranic (i.e. superheavy) nuclei, and briefly
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discussed highly deformed states and very large gpin states. 20 years later
Ne'eman (1974) considered a similar effect: The existence of an attractive inner
part in the hard-core nucleon-nucleon interaction may lead to the appearance of
strongly bound dense nuclei.

Independently of both former ideas, Bodmer (1971) proposed to look for collapsed
light nuclei with large baryon numbers, behaving like new elementary particles.He
suggested that these objects may consist of a dense system of tightly bound
quarks, so that a soft repulsive core might be responsible for their existence.

A series of publications were initiated by Migdal (1972) when he proposed the for-
mation of abnormal nuclear states due to pion condensation. Theoretically, the
onset of pion condensation is often described as the decay of the Hartree-Fock
ground state into ordered zero frequency (i.e. zero energy) particle-hole states
carrying pionic quantum numbers. In the new phase at high density the ground
state nuclear matter consists of nucleons forming a spin-isospin lattice(Irvine,
1975). This phenomenon may also be interpreted as a phase transition from the
nuclear liquid to a nuclear spin—isospin crystal. Or in other words, the phase
transition to the abnormal state takes place as a strong collective pion mode ap-
pearing above a critical demsity pg 2 Po Wwith the pion field acquiring a finite
ground state expectation value. The pion condensate leads to a lowering of the
total energy per nucleon with respect to normal nuclear matter. This is due to
the strong, attractive p-wave pion-nucleon interaction. Later on it was found
that the inclusion of nuclear correlations and the effects of pion s-waves and
A(3/2,3/2) interactions shifts the critical density p., at which the normal ground
state of nuclear matter decays into the spin-isospin ordered system, to higher
densities pg 2 1.5 po.(Migda1,1972; Brown,1975,1976; Migdal,1978).

It is very essential to note that the perturbation expansion and therefore the RPA
approximation completely break down if the system undergoes a phase transition. We
therefore propose a method which allows the possibility of a phase transition and
which is capable of allowing calculations beyond the phase transition point.
(Mattuck,1968).

In the following we will use the effective particle-hole interaction of Migdal
(Migdal, 1967): ‘

L]
@e ) Usef +f T,+7, +g G20, +g 53 m
de o o 172
Fop=p,
In the momentum independent limit we use,this interaction corresponds to a zero
range force in ordinary space. The constants fo, £, 80s 8 can be calculated
from elementary processes (T,p,00 ..... exchange). (Anastasio,1977).

Furthermore we define the nucleon propagator as
> ->
el =5 edio + 5 s + 7 - Tl

(2)
+ (t Td,w) @ 3d,0) 1

>
where g(I,w), E(T,w), T(I,w) are functions which _have to be determined self-con-
sistently from the Dyson equation

> -1 -1 -
G(l,w) =1I G, . ] ) (3)
where G;l - - (ek -u) + i§ is the free propagator with € = %E and

the chemical potential u . ZHF is the self-energy in Hartree-Fock approximationm,
i.e.
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The direct part is given by

3= -

z VI T ] T wy] e ivo (5)
dir ilf — 57 tT [ue (1,m)] e
(2m)
It has to be stressed at this point that denotes the full propagator which is

a matrix in spin-isospin space; it has diagonal elements which do not change spin
or isospin but in addition has off-diagonal elements which describe spin or iso-
spin flip., The off-diagonal elements vanish in the normal phase and are non-zero
after the phase transition. THis is the reason why the HF approximation does not
break down in the condensed phase in our method.

As the observables e.g. p (particle density) and b3 (spin density) are given by

% do > -iwo
po=-if—s St [Chwle
: (2m)
(6)
a’x dw > > -iwo
- -iJ 3 o7 tf [ oG(k,w)] e ¥
(2m)
and
> dz-]: daw > —io
t = =1 S 3 -z—w- tr [TG(k,w)J e 1o
2m
(2m) N
o -
p.. =-i J d3k 9 i [ro G(; w)] o ito
ik (2ﬂ)§ 2m i’k ’
the total self-energy (direct and exchange) is
i i ik
ZHF = F]p + on Zi + F3 T ti + F4 T 0 Pik (8)
where 1
LD
F.o=+I[5g ~f -£ -g'1] ®>
2 4 o o o
= l LI - v
F3 4 (s fo fo g * & !
=41 v )
F, =7 [3 gy ~ f_+ £ +g 1
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As we are mainly interested in the spin-isospin degree of freedom, we disregard
for the moment the spin-spin and isospin-isospin part in Iyp. If we no insert Iyy
into the Dyson equation we can easily solve for the unknown functions

> 4F
gl) = FTE, G FT, D o)

and
4F 4

FLO) = FTE HE AT, D

(i

where p is the only non-vanishing component (after rotation in spin-isospin space)

of the tensor p;; and F = w- (ex -¥)  i§ - F; N, With 0 = 3f ~fi-go~8, and

B = f,-£3-8,-380, g(T,w) and P(1,w) can be integrated with respect to 1, yielding

after elimination of y by means of particle number vonservation the self-consistent
equation for the spin-isospin magnetization M = p/N

I3 _ (1an?!3

B 1 2
f—e;’ -5 L[GQa0 ] (12
dsF
with 8 = B (dT)O-D so that the actual density dependence of the left side
o
is
8 P 1= 0 .1/3 (13)
7w =386
F o

where B is density independent.

Different magnetization curves are shown in Fig. 5. To decide whether the condens-
ed state M = 0 yields lower energy than the normal state M = O we calculate the

10-M

08 B=fa0 /35 /30 /275 15 2.25 20

06+

04

0.2

0 i 1 ‘ ] 1 1 1 i |l 1 | 1 L —
0 2 b 6 8 10 12 plg

Fig. 5. The density dependence of the spin-isospin magnetization for
different values of 8 is depicted.

T 1

T

L

energy per particle as
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E 3 5/3 5/3 1rap B o 2
E EE[O'FM) + (1M ]+Z[7€; "-2—6? M ] (14)

To get lower energy we see that 8 > O is required. In Fig. 6 we show the actual
condensation energy for different values of 8 . As we neglect spin-spin and iso-
spin-isospin interaction§ B 1is essentially given by B = fo - 3gé . As for nor-
mal nuclei (p = po) fo =1 and g} ~ 0.7 there is certainly no phase transition.
Nevertheless the momentum dependence of the pion-nucleon interactiop induces a re-
normalization (Migdal,1978) of g6 yielding values from B~ 2 to R~4. This mo~
mentum dependence induces a periodic magnetization instead of a spatially constant
one, i.e. we recover the structure of the pion condensate as a spin-isospin lat-
tice. To decide whether there is really a second minimum in the energy per par-
ticle as function of P we need the E/A (P) curve for the normal nuclear state in
order to add the condensation energy. Several results are shown in Fig. 7. For

[~
P

801 Ecyng /A [MeV] 840

60

40

20

Fig. 6. The condensation energy as function of the density for
different values of B .

reasonable values of B8 ~(2-4) an extreme softening of the equation of state can be
observed. At least a van der Waals type of behaviour can be seen, yielding a mi-
nimum of the pressure as function of p. If the phase tramsition occurs at rather
low density (p/po~ 1.5) a rather broad second minimum may occur allowing extremely
high compression of nuclear matter. At reasonable value of #~ 3 we observe a den-
sity isomer at about p/p, ~5-6 with absolute binding energy of E/A ~ -13 MeV
(Fig. 8). The phase transition actually starts at p/po ~2.8 even lower than the
barrier maximum at about -10 MeV. Finally we may summarize that a proper treat-
ment of the spin-isospin phase transition in the framework of the Landau-Migdal
Fermi-liquid theory yields a density isomeric state at moderate densities of

about 2 £ p/p, < 6 with an energy gain of 20-40 MeV per nucleon. At this low
densities the phase transition region (from pcr/po to p(M=1)/p, (see Fig. 9))

is rather narrow, so that the condensation can be achieved in a time which is
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short compared to the collision time.
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Fig., 7. The nuclear equation of state Fig. 8. The equation of state develops
with spin-isospin condensation a second minimum for an effec-
shows an extreme flattening at tive nucleon mass m* = 0.5 m.
higher densities.
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Fig. 9. The critical density and the width of -
the phase transition are shown as function of 8.
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The only possibility to reach such high densities in the lab seems to be violent
collisions of heavy ions. This raises the question, whether the high nuclear ex-
citations one expects for these collisions will destroy the ordering effect of
this pion condensate. This has been investigated by Ruck, Gyulassy and Greiner.
They found that finite size and short time scale are sufficient to allow for pion
condensation (Ruck,1976) Gyulassy and Greiner (1977) modified the p-wave part
of the pion polarization operator to include the nuclear temperature by a smeared
out Fermi distribution of the nucleons (see also the later treatment of Weise and
Hecking,1979). They find that the density dependent critical temperature T,,
above which the thermal distributions destroy the ordered spin-isospin lattice
lies ‘substantially above that expected from hydrodynamic calculations (see Fig.10)

T 4 (Mev]
100F 1
c
(critical temperature)
80+
region of
60F no condensation pion condensation 7
40 /// {shock waves)
20r -
1 p/p,
| - 1 -
% 1 ? 3 ;

Fig. 10. The critical temperature T,, above which pion-condensa-
tion does not occur. Tg indicates the temperature oc-
curring in shock waves.

. . .. . ~1
As the condensate occurs at finite momentum ko~ 2my, the critical distance R.~k

~ 1 fm. Thus a dense system of dimension ~ 2 fm could support a condensate. The
relaxation time of the pion condensate can be estimated from T—é = max|2 Im w|,
where ¢ is the complex zero of the pion propagator A; in nuclear matter. This
gives T, onq ~ 1/5 Teoll indicating that a condensate can develop during the
collision time, The occurrence of a pion condensate is also connected with the
critical scattering of nucleons at densities in the vicinity of the phase tran-
sition. In fact, the observed strong increase of the n-n scattering (see later

) may also be used as an experimental signal for the onset of
pion condensation.

Lee (1974) and Wick suggested within the O-model Lagrangian field theory that
the restoration of chiral symmetry can result in very small nucleon rest masses.
The practically massless nucleons forming strongly bound nuclei with binding ener-
gies of 140-500 MeV/n,i.e. an order of magnitude larger binding effects than in
normal nuclear matter. The ground state of this abnormal phase is expected at

p2 2-5 Po+ The total energy of the abnormal nucleus consists of the nucleon ki-
netic energy and a potential energy term arising from the o-meson field energy.

In central collisions of e.g. two Uranium nuclei even the formation of superheavy
superdense nuclei seems feasible.
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Such an abnormal nucleus can have completely different properties from a normal
nucleus: Due to the probably totally different mass defect the atomic mass will
not be an integer number. Furthermore, a collapsed (superdense) superheavy nucleus
will have interesting atomic properties., Fig, 11 shows the electronic binding
energies of collapses superheavy nuclei as function of the nuclear density as cal-
culated by J. Reinhardt. (Stdcker,1978a). One sees that for large Z the binding
energy exceeds twice the electron rest mass - an empty electron state will then

be filled by an electron from the Dirac Sea, accompanied by the production of po-
sitrons without expenditure of energy. This process manifests the spontaneous de-
cay of the neutral vacuum into a charged vacuum. If in a fast nuclear collision
collapsed superheavy nuclei are formed, the exotic atomic properties may help in
the identification of long lived or even stable collapsed superheavy nuclei via
the emisgion of high energy characteristic X~rays or - better - by searching for
sharp resonances in the positron scattering cross section. These observations
would yield precise information on the nuclear charge density of an abnormal nuc-
leus.
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Fig. 11. The electronic binding energy as func-
tion of the nuclear density is shown.

6. QUARK MATTER AS A SPECIAL PHASE OF HADRONIC MATTER

The strong compression available in nuclear collisions at very high bombarding
energies may serve as a tool to form a new form of matter: If the nuclear matter
is so dense that the nucleons overlap strongly it is possible and may be energeti-
cally more favourable that not only the nuclei, but also the nucleons desintegrate,

When the nucleons dissolve into their constituents, the partons, which are believ-
ed to be quarks, the formation of a multi-quark object is feasible (Collins,1975;
Baym, 1976; Keister,1976). We will investigate the possible quark phase within the
pheonomenological MIT-quark bag model: (Chodos,1974).

One can show that the simple model of a bag - which must be viewed as a volume in
space, in which massless quarks move quasi-free — can fit the mass spectrum of
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the light hadrons quantitatively quite convincingly, if the following conditions
are fulfilled: a) The bag, i.e. the volume in which the quarks move, has a con-
stant positive energy density, which therefore increases infinitely with the bag
volume. This bag energy accounts for the quark confining potential, which does

not allow the separation of single quarks from each other. b) The zero point
motion has to be included for quarks which move within the small volume of a hadron.
c) The energy of the quarks is included by solving the Dirac equation for a bound
quark state inside the bag, d) Low-order terms in the quark-gluons coupling con-
stant are additionally included to take into account the mutual interactions more
realistically.

For our test calculations on the formation of a "Giant Quark Bag" we assumed that
the bag energy density constant remains unchanged if the hadronic matter "fuses"
into the Giant Quark Bag volume. We neglect the zero point motion, as the GQB is
supposed to be much larger than a hadron bag. For the kinetic energy of the
quarks we used the free, massless "ultra-relativistic" (p = 1/p p Eq) Fermigas
model which for zero temperature yields

2 1/3
6 1
E, -% (-ng-—) e P 3 (1)
Q Q
From the quark Fermi energy, the Fermi pressure may easily ba calculated as
2 OJE . .
Pp =0 =% | which yields
F ap o
P 1 : 6."2 )l/3 P 4/3 ) 2)
Q 4 8y Q

Thus, the fermi energy and -pressure of the quark gas are related

E . (3)

The latter relation does not only hold for T=0, but is actually valid for all tem-
peratures. The interaction of the quarks can be calculated and leads to an effec-
tive £ 507 rise of the density-dependent Fermi energy (Stdcker,1977).

The density-dependent ground state energy of the Giant Quark Bag is then given by

21/3

B 3 67 1/3
E = L (— +35 () he (1+a )p ). (4)
BAG ’ 4
e P gq . ¢e
EBA is depicted in Fig. 12. It is shown, that near the normal ground state of
nuc?ear matter, with the parameters used by Chodos(1974) et al. the GQB energy is

approximately £ 300 MeV/n above the nuclear matter curvejhere we used B = 56 MeV

and o, = 0.5. The statical factor gq for a quark gas with spin, flavour and co-
lour (gQ = ]12) was used. However, for smaller B and G, this difference is much
smaller and the Quark energy may be lower than that of nuclear matter, already at
rather moderate densities, if a rather stiff, i.e. quadratic compression interac-
tion is used for the nucleons.

In our investigation we have up to now not taken into account the density depen-
dence of o, (Freedman, 1978).

_ 121 l
o (k) = 33-2n, In (k2/A%)
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If we replace k + kF we induce a density dependence

127 1
@e(P) 33-2 2{3
-2n 2 2 ,
£ i & he)® o203y
g
i.e. 6g+0 if p» ., Detailed calculations by Freedman (1978) et al. show, that

o, ~0.5 at low baryon densities and a .« 0.1 already at Ppyc~6 Po. We therefore
expect to be on the a, = O curve at high densities. This density dependence of
a, lowers the phase transision point considerably.

b £(p)/N1GeV]
20

104
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Fig. 12, The energy per nucleon for a quark gas
is shown for a bag constant B = 56 MeV
and different values of 0.. The nuclear
equation of state is shown (dashed curve).

The quark matter equation of state can be put into the relativistic shock equa-
tion (3.8) to yield the thermodynamic variables for a dense quark gas when it is
formed in a relativistic heavy ion collision.

To solve the relativistic shock equations, the free enthalpy and pressure

1= pEg +B + p (5)
pP= pp -8B (6)
have to be inserted into equation (3.8), where remaining "undissolved" nucleons
are neglected. Then the following equation is obtained:
E., W W E., bp
2 2 F 0 [} F F
E_ - W + — == )4+B (—+— ¢ =0 . 7
FoVWo+ pp (5--22)+B 2+ —C 4 og) )

] o
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Here the last part gives the influence of the Bag itself. Using Pp = % Ep for
the quark gas, eq. (7) can be solved analytically to yield

2 2 . 1/2

1 B B -3 W e/ HT-1))

v 7/ -7/ o o) .
4o o P ° (8)

1
Ecm 2 p

o 7
+ + - W
/Y CGW, o/p
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From this equation the quark density within the compression zone is obtained as

function of the bombarding energy (see Fig. 13). For B=0 this equation reduces
to

E
-
W
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1 1 2y
T ol + JB T (p/oo) ) 9)

( 00
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These results are also applicable for e.g. Lee-Wick matter and prescribe the upper
limit of the compression in the ultra-relativistic regime.

104 p/p,

gL
Relativistic Shock

8k in Normat Nuclear Matter
(K=200, N=15)
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in Quark Gas
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Fig. 13. The actual density achieved in a shock wave in quark
matter as function of the bombarding energy.

Due to the large Fermi pressure of the quark gas, its compression increases much
slower with the bombarding energy than in the case of nuclear matter. The large
ground state energy of the GQB could be responsible for another effect: If at
high bombarding energy the nucleons desintegrate and a GQB is formed, the excita-
tion energy of the system mostly has to go into the quark Fermi energy, which can
reduce the temperature of the system considerably. Also the distribution of the

residual thermal energy over three times as many degrees of freedom will lower the
temperature.

In a three-dimensional hydrodynamical test calculation we found that the quark mat
ter is only transiently produced in the collisions of fast nuclei for a very short
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time., However, it is possible that part of the quark matter does not immediately
recondensate into hadronic matter, but stays within the quark phase for a longer
time. This piece of quark matter then expands freely into the state of minimum
energy at p, . The expansion will approximately follow curves of constant entro-
Py, Q for which

4/3

by 1/3

= const and E ~ O (for all T!) . (10)
Such a metastable GQB would have a ground state density different from the nuclear
equilibrium density. It can decay by the sudden release of a large amount of ener-
gy (~ 300 MeV/n) into a bulk of normal hadronic matter, hopefully a considerable
time after the collision: This may open a way of detecting GQB's. The resulting
"hadronic nucleus" may have a rather unique structure, e.g. consisting of many
resonances.

Furtheron it seems worthwhile to investigate the possibility of condenstion phe-
nomena due to the colour degrees of freedom of the quarks, which mediate a colour
quark—quark interaction.

This colour interaction may be written as (Dalitz,1976)

8 ..
U=fk) I At
i=]
1
where f(k) = 4m ac(k) ;7
with a (k) = V. ——!l—r—
c 33--2nf 1n(k*/A%)

which is the QCD fine-structure constant and ng = is the number of light flavours
The definite structure of a.(k) as function of the momentum k is only vaguely
known from renormalization group arguments: (Freedman,1978)for k +wit is expected
that o, + O (asymptotic freedom at high densities). At low densities o, should be-
come large (non-perturbative region of colour confinement).

The expression for a.(.) given above fits the large k region quite well. The cut-
off parameter has been determined from charmonium data to be of the order of

A ~ 300-500 MeV (Richardson,1979). As we treat the quarks in Fermi gas approxima-
tion, we replace k by the Fermi momentum ky thus inducing a density dependent inter
action. This corresponds to the assumption that the medium screens the long range
quark-quark interaction as in the case of an electron gas.

With the quark propagator

CUew) = 5 [gl,w) + A1 (k0]
we calculate the Hartree-Fock self-energy
2 1 k

gp =g fP 3% 4y €

. . k ..m
+ f (1fikj + dikj)(lfjim + djim) c I .

P.P.N.P. VOL 4—F
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where fijk and djj; are the SUC(B) structure constants and CX(k=1,...,8) is the
integrated colour density

3 ., -
Cksg-ifg—E-? %Akal,w)e“‘”
(2r)

As the colour group SU.(3) allows to select two diagonal generators e.g. A3 and Ag
(which we call in the following colour-isospin and colour-hypercharge) we investi-
gate e.g. colour condensation in the Ag—direction. Furthermore we assume the
quarks to be magsless and treat them as relativistic Fermi gas i.e,

2

1 1 . . s

ep = kF = Qég-é 3 p 3 where g is the factor of statistical degeneracy g=12.
Applying now the method developed in the nuclear context we find the self-consi-
stent equation for the colour magnetization by solving the Dyson equation. For

the colour-hypercharge magnetization we find with Fy = 1/6 - 3) £ and
Mg = (1/2) 3Cglp

Fio 1 Mg 1/3 1/3
ot Grz) TOw
and the energy
M, 4/3 4/3 . ¥.p
N BT D= -1 5 1 172
& g [ 20+ UM J- g g 6 &

{3

Expanding (li:M)l we find the phase transition point as

As can be seen from the energy, there is an energy gain through condensation only
if F]>O, i.e.

1 1

F]=(E 3)47Tac(kF)—k?>0 .

We therefore find that there is no net colour magnitization as long as
o >
@ (k) >0

Our present knowledge (Freedman,l1978) from QCD says that a.(k)>0 at all k. There-
fore there should be no phase transition at all. Nevertheless it is well known,
that the phase transition from a nucleon gas to a quark gas is very broad with the
coexistence of a nucleon and a quark phase. Therefore there may be many-body ef-
fects changing ac(k)  to an effective agff(k) during this percolation phase.
This agff(k) may have negative domains, thus accomplishing colour condensation.

As

&)

p eff

5 4o (k)
€p ¢

l

eff 1 . . . P
already e, =-g is sufficient for the colour phase transition to take place.

This type of intermediate colour condensate will enhance the nucleon-quark phase
transition due to the condensation energy gain, which is (in the condensed region)
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with 3= 73 MeV for e = = ~0.3. Therefore the nucleon—quark phase transition re-
gion at about 5p° the actual condensation energy gain is of the order of 125 MeV.
We therefore conclude that a phase transition from nucleon to quark matter at den-
sities lower than predicted by bag calculations may be a hint for condensation
pheneomena pointing out a deviation from standard QCD. At the phase transition
point we expect the well known critical scattering phenomenon (Gyulassy,1977):

The scatter1ng cross section is drastically enhanced. This point needs further
investigation in the context of quark matter,

7. THE COMPRESSION AND EXCITATION EXPECTED FROM NUCLEAR SHOCK WAVE
CALCULATIONS FOR HIGH ENERGY HEAVY ION COLLISIONS

Let us first look for the results of the one dimensional shock calculations of
head-on collisions of equal nuclei, which allow the study of the influence of va-
rious parameters of the nuclear equation of state on the reaction, mainly on the
compression rates and temperatures reached, but also the shock and flow velocities
and on the production of plons and nuclear resonances (Baumgardt,1975; Stocker,
1978) The compress1on rate in the rest frame of the compressed matter is shown
in Fig. 14. It is found that the compressibility constant is of importance for
the compression of the lower energies, where a stiffer equation of state (i.e. lar-
ger K-values) results in lower compression. For very high energies, we can neg-
lect the compression energy completely and derive an analytic expression for the

asymptotic behaviour of (plp ) asymptotic (E ) For an ideal gas p = 2/3 p Ep
the shock equations reduce to

1/a
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Fig. 14, The compression reached in the rest frame of the com
pressed matter is shown.
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where Y. LAB + 1, Therefore, in the relativistic domain, the rest frame com-
pression is fot limited to p[po = 4  (this was wrongly assumed by various authors
(Sobel,1975)) as in the non-relativistic limit (yy*1), but increases with the
square root of the bombarding energy. p[po = 4 is reached at Ejpg= 1 GeV/n, i.e.
just where relativistic phenomena become lmportant.

e s . s 1 .
In the ultra-relativistic limity>>1, p = 31)ET one obtains

Y, + 1
plog = 4+ )12 = 4 vy 2)

At the very high energies, the influence of the nucleon resonances dominates. Owing
to the increased number of degrees of freedom, the equation of state is softer and
therefore higher compression is possible.

Like the compression, the temperature achievable also depends strongly on the nu-
clear equation of state used. (See Fig. 2). A lower compression constant increases
the temperature, as less energy is needed for compression. On the other hand, the
inclusion of nucleon isobars decreases the temperature considerably,as the internal
excitation goes into the formation of heavy resonances, which means the transfor-
mation of thermal energy into additional rest mass. This cooling pheonomenon is
vhat leads to a maximal temperature in connection with an exponentially in-
creasing hadronic mass spectrum (see later). However, the resonances become im-
portant only at densities p/0y~3 , reached only at relatively high energies.There-
fore, the inclusion of resonances is important in the relativistic regime, but may
be neglected for moderate energies Ej,p<400 MeV/n. At such energies, the feed-
back of the N® formation on the system is small and one may consider the A(3/2,3/2)
resonance only. In this case the temperature may be calculated for the simple one-
phase nucleon gas and from there the resonance excitation can be obtained as in a
perturbational treatment. NA[N is then given by the simple formula

293

-BE
NN e T aae T (3)

We find that thermal pion production is very small for ELABSAOO MeV/n. This means
that copious pion production at low bombarding energies will strongly indicate an
exotic phenomenon (see later) . The importance of the equation of state for the
temperatures attained is seen in Fig. 2, where the temperature obtained in a Fermi
gas model is compared to that of a classical ideal gas Ep = 3/2 T at higher den-
sity, the deviations are very large. However, in a relativistic treatment, the
Ferm1on temperature approaches the ideal gas limit for very high temperatures
T2200 MeV, as then the Pauli principle can be neglected. Fig. 3 shows the in-
fluence of the compression constant on the shock veloc1ty in nuclear matter as a
function of the shock amplitude p/po in the matter's rest frame: The shock veloci~-
ty increases with density and with the compression constant. For small amplitudes,
the shock velocities tend to the sound velocity Cg /c, of the ground state, which
of course is different for different values of K:

1/2 1/2
Cs/c = (%E) = (-5—) for p = po . (4)
o=const o

For large amplitudes c¢_ tends to the velocity of light and the influence of K vani-
shes. If for the thermal pressure an equation of state (or the gas law) different
from an ideal gas is used, i.e. for example O=1 instead of a= 2/3,pT=pET.resu1ts.
The higher internal pressure leads to a much faster increase of vg(p).
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Pion Production

To calculate the total pion production rate, one sums over all pions emitted in
the decay of the excited resonances and includes the production of the free pion
gas. For the strongly compressed state, which is calculated in our model, the for-
mation of temperature-free pions was negligibly small (an order of magnitude down)
compared to the A-resonance. A comparison with several different model calcu-
lations (see Fig. 15) (e.g. pion Bremsstrafilung calculation (Vasak,1979), indepen-
dent nucleon-nucleon collsions (Bertsch,1977), thermal models (Chapline,1973;Heinz,
1978) ) does,however, show qualitatively good agreement with the data (Fung,1978).
Therefore more refined calculations will be called for interpreting more exclusive
experiments, The emission of the pions from the initial, strongly compressed
stage during the whole expansion stage, will also increase the number of free pions
in the system which is proportional to the volume of the hot matter.
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Fig.15. The number of pions produced in a heavy ion
collision in different models (see text).
Existing experimental results are indicated
by points with error bars.

Dependence of the Particle Production on the Nuclear Equation of State.

Within the one-dimensional relativistic shock model, the dependence of the forma-
tion of isobars and pions on the nuclear binding energy functional may be investi-
gated by iterative solution of eq.(4.16). In analogy to the influence on the tem-
perature, also the pion production rate strongly reflects the properties demsity
dependence of the compressional energy E.(p, T=0). A soft nuclear equation of
state, i.e. small K values, leads to an increasing number of produced particles,as
a larger fraction of the internal energy is available for thermal particle produc-
tion. Thus, the measurement of the rate of increase of the particle production
with the bombarding energy may be used to investigate the compression energy E.(p)
and the compression constant

C - ol e d sound velocity e /c =(Kig, )'/? ()
o po ‘5_01 p -oo and sound velocCity cs c 9w°
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experimentally. One can also learn about the thermal properties of the nuclear
fluid at high temperatures: Using the ansatz E, = 3/2 T for an ideal classical
gas yields a much faster increase of tHe shock temperature with the bombarding
energy (see also the next sections).

Influence of the Formation of Abnormal Nuclear Matter on Shock Waves.

In the case that a phase transition into a secondary minimum would occur, these
results are drastically changed (Hofmann,197%): Above a critical bombarding ener-
gy, the matter is compressed to the critical density p,, at which the pressure
does no longer increase with the density. If the pressure p~3E./3p decreases
with increasing density, the matter Becomes unstable and collapses with no addi-
tional need for external compression into the abnormal superdense state. In the
region of decreasing pressure no shock waves can be formed, (vg~ p), i.e. the
shock phernomena vanish for this region. This can be used as a signal to detect
phase transitions experimentally, namely through the disappearance of Mach shock
phenomena. It should Be noted that this can be used also to detect inflection
points in E.(p), where p_(p) decreases, while no secondary minimum is formed! It
was shown by Hofmann(l979$ that also an equilibrium coexistence of the normal and
abnormal phases, which we excluded because of the short collision times we are con-
sidering, does not allow for a stable shock front in the phase transition region

- nor for a double-shock as postulated by Galitski (1978).

Another effect of the phase transition is also very important: The collapse of
the matter into the abnormal state leads to a sudden release of the condensation
energy as additional excitation energy. Thus, a phase transition into a density
isomeric state will be accompanied By a strong additional heating of the system,
which can be used to observe density isomers in heavy ion collisions independent
of the disappearance of Mach sfock phenomena, namely by strong threshold increase
in the excitation function of the particle production rate (pions, resonances,
strange particles - see Fig. 16) and of the high energy tails of the particle spec-
tra, which also reflect the temperature of the emitting source.

009 F Q> Bf-“oo MeV

i B, <0

008
007 -
006 -
005 r
004
003
002
001 -

E g [GeV/n]
0 5 10 15 20

Fig. 16. The influence of a density isomer on the thermal pion
production rate is shown.
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Expansion and Explosion of the Highly Compressed Matter

The above increase should be observable also when the subsequent expansion of the
matter is taken into account. Particles will be emitted during all stages of the
reaction from the dense, hot piece of nuclear matter, and mainly from its surface.
Two competing processes will lead to the decay of the compressed shock zone: First,
the compressed matter will expand isentropically, i.e. with constant entropy.This
will result in a collective flow of matter outwards, with the thermal energy per
nucleon

g 2/3
ET B P (6)
and the temperature
g 2{3
T = 3 P 7

diminishing with decreasing density, and the kinetic energy per nucleon increasing
because of the expansion E€ID = ECM - (ET ¥ Ec) (see Fig. 17). This process con-
tinues until the mean distance between the nucleons is too large to ensure thermal
contact and equilibrium: The matter breaks then up into pieces. Possibly these
break-up densities are reached at densities whlere the pressure has a minimum
(p/po= 0.5) which corresponds to a hydrodynamically unstable situation, where the
dilute matter condensates into separate fragments.

In the case that abnormal superdense matter is formed, the system retains at lar-
ger temperature as compared to the normal matter case (see Fig. 18). As the isen-
tropic curves show the Barrier to the secondary minimum even at large temperatures,
a trapping of the matter within the abnormal state is possible for a considerably
long time. This is discussed in greater detail in the next sections. Secondly,
also the possibility of a rapid explosion of the highly excited shock zone has to
be taken into account. Since a considerable fraction of highly energetic partic-
les moves faster than the collective outflow described by isotropic expansionm,

they can quickly escape from the surface of the shock zone.
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Fig. 17, The reaction kinematics for a heavy ion collision is
shown as described in the text.
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Fig. 18, The energy dependence of the temperature for a) normal
nuclear matter, B) density isomer with By = 0 ,
c) By = = 140 MeV.

The vaporization of the surface of the compressed matter (shock zone) will lead to
the emission of fast particles, which carry information about the - most interest-
ing- state of highest compression and excitation. Therefore, special emphasis
must be given to the observation of the highly energetic radiation components,
mainly light, sidewards emitted fragments to learn about the initial compression
stage of the reaction, The compressed zone is cooled down via particle radia-
tion, thus slowing down the expansion of the system. The cooling effect, of
strong enough, may stabilize an eventually formed abnormal nucleus.

We calculate the expansion of the highly excited matter assuming isentropic ex-
pansion of the whole system - the vaporization of the surface of the hot object
is presently neglected. Let us, for the sake of simplicity, consider now a pure
nucleon Fermigas. Then the thermal energy (6)

E. = & 203

T 28
for an isentropic expansion (U= constant) from the state of highest compression in
the shock zone to the lower density can be easily calculated: Because of the ex-
pansion, the matter cools down as T, Ep ~ p2/3 | The internal energy EX=E +E, -
compression energy and random thermal motion - is transferred into kinetic ener-
gy, namely the directed collective outward flow of the system. Fig.17 shows Eq,
E., and Exjn = Eqy = (Ep + E;) as functions of the density for two different bom-
barding energies E;,p = 0.4 and 1.07 GeV/n. The state of highest compression is
approached along the shock adiabate, the thermal energy increasing rapidly with
the density. In the expansion stage, however, Ey decreases rather slowly with the
density, while the kinetic energy of the collective outflow increases very fast,
approximately as
where Po is the shock compression. The kinetic energy of the collective outflow
is considerably larger than the internal random motion.
Let us now study the time development of the expansion of a homogeneous density
distribution in the non-relativistic one-dimensional case, which can be solved
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analytically: One can estimate the time dependence of the density which is in our
case P = N/R from equation (8)

R 1/2
oM RGO ) (9)

where R is the radius of the system in the highly compressed state. Separation
of variables and integration yields

R(E) = V.. (1 -

VL [RVER] +R In(R «®R)-R VR }= ¢. (10)

cn

Fig. 19 shows the compression- and expansion phase for various cases. One notices
that a much lower compression than calculated in the shock model does end up in
quite a similar final expansion as the shock calculation, only the initial stages
are different (dashed line).
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Fig. 19, shows the compression and expansion phase in non-relati-

vistic one-dimensional model,

Another result is the much slower decrease of the density, when a lower bombarding
energy is investigated. Finally, the decrease of the demsity proceeds much faster
when collisions of small nuclei are investigated. Therefore, most interesting are
central collisions of heavy nuclei, as here the system stays for the longest time
in the highly compressed stagep > 20 , namely 47 and 36 fm/c for U-U collisions at
0.4 and 1,07 GeV/n. During such a lgng time, particles (e.g. pions) with vx0.5 ¢
can travel 24 and 18 fm respectively, much longer distances than they need to leave
the highly compressed zone with R = 8 fm, This means that one may even obtain in-
formation about the compressed center, when the high energy tails of the particle
spectra are studied under 90° in the CM-frame: Here the central compression re—

gion can be seen without a shadowing effect from the residual projectile- and tar-
get nucleus.

Recently, such an experiment was performed by S. Nagamiya (1979) and collaborators
in the bombardment of Na F with Ne-projectiles at various energies.

P.P.N.P. VOL 4—F*
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They measured the spectra of the particles (protons and pions) emitted at 90° in
the CM frame. They find an exponential decrease of the particle spactra, from
which the temperature of the highly compressed zone can be deduced. Fig. 20 shows
the results of their measurements (dots). The solid line represents the shock
temperature as obtained (without any fit) from the relativistic shock calculations
A remarkable agreement between the data and the theory is found; thus the experi-
ment seems to indicate that the shock wave model implying strong compression and
high excitation may be valid for the description of study theoretically central
collisions of fast heavy nuclei. Furthermore, the experiment shows that it is
necessary to use a Fermigas ansatz for Ep (P,0) - a calculation using a classical
ideal nucleon gas with Ep = 3/2 T yields a linear increase of T(E), which strong-
ly contradicts the experiment,

/
WO e e
vl
«IZU_ //T=§ECM .D
100+ // T, On

80 / I
60 >

WE Yo
~ ® Exp. Ne—-NaF

T

T
~
O
1y
Ny
.

20+ S.Nogamiya etal.
O L ! 1 lELub[GeYLm,

0 1 2

Fig. 20, The proton(full dots) and pion tem-
paratures (open dots) ad deduced from
the experiment of Nagamiya et al. com-
pared to the shock calculations for
pure nucleon gas (full curve) and in-
cluding the resonance cooling (dashed curve).

However, the absolute value of the deduced temperature is surprisingly high - one
would expect that the matter is cooler due to the resonance - and pion creation.
If the curves of Nagamiya (1979) et al. are extrapolated to higher bombarding emer:
gies, the limiging temperature (Hagedorn,1965) TH&X T mrc = 140 MeV may be
achieved already for Epap~3 GeV/n, i.e, at heavy ion energies,which are presently
only available at the synchro-phasotron in Dubna. The possibility of finding tem
peratures T >IMaX jg an exciting task for further experiments. According to
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recent papers (Fowler and Weiner,1979; Kapusta,1979) the existence of quark matter
would not allow for an exponential mass spectrum of elementary particles and thus
a limiting temperature would not exist, Another important feature of the data of
Nagamiya is the result tfiat the temperature of the pions is systemantically lower
than that of the protons. The proton spectra may show up higher energies due to
the hydrodynamical outflow of nucleons resulting in an apparently higher tempera-
ture. One may also speculate that they arise from a stage cooled because of
higher compression energies or finite resonance production, or that the pions are
not in a complete thermal equilibrium with the nucleons. Sandoval (1979),
Stock, Schroeder and collaborators determined in a streamer chamber experiment the
pion production rate in central callisions of Ar on KCl. They measured very large
charged particle multiplicities (approximately the sum of the proton numbers of
projectile and target) for Epag = 1-2 GeV/n. They find that the pion multiplicity
<mp> is of the order of 10-20 per cent of the nucleon multiplicity <m,> increasing
approximately linearly with the bombarding energy. Using the temperatures calcu-
lated on the basis of the relativistic shock equation, which coincide well with
the temperatures measured by Nagamiya, we estimated the number of pions created
considering A-resonance formation via

< %> ) A/T,
—<mN> P TA e = 4 e

-E
A[Ts

where Tp= 4 1is the statistical factor of the A(3/2, 3/2) resonance. In Fig, 21
the data are compared to the calculations. The experimental data are again si-
milar to the results of the shock calculations.
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Fig. 21. The pion production rate <my>/<my> as obtained in the
experiment of Sandoval et al, (dots) compared to the
shock calculation without resonance cooling (full curve)
and including the resonance cooling (dashed curve)

However, again we would expect that the cooling influence of the resonance - and
pion formation lowers the temperature, thus leading to a smaller pion production
rate than experimentally observed, and to a lower increase of <m“>/<mp> with the
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bombarding energy (dashed curve), A full relativistic treatment of the resonance
production can increase the pion multiplicity obtained in the shock calculation.
However, the data point at 1.6 GeV/n is slightly above the straight line. If this
result is not due to a statistical error, which cannot be excluded at the moment,
an increase of <m;> and a change of the slope <my> seems to appear at E;,pn~1.6 GeV/
n. This would be a very exciting result, as it would be interpreted as evidence
for phase transition in dense nuclear matter at p[p°=4p°. From the apparent jump
in the temperature one may deduce the condensation energy of the density isomeric
state (i.e. the depth of the secondary minfmum in E, as measured from the barrier
at E, (p.)). However, as long as this effect has not been definitely proven by
more extended and refined experiments with better statistics and measuring at the
lower energies and in smaller energy bins, this remains speculation - which, never
theless, may be stimulating also for the forthcoming experiments. In conclusion,
already from these simple one-dimensional shock calculations it appears that one
can learn about the reaction dynamics and the properties of the nuclear equation

of state from high energy heavy ion collisions, if the relevent windows, uniqu-

ly reflecting the occurrence of interesting or exotic phenomena, are searched care-
fully.

The Importance of Nuclear Viscosity and Thermal Conductivity

Let us now turn away from the more schematic one-dimensional shock model to more
refined nuclear fluid dynamical calculations: Though the solution of the relativi-
stic shock equations allows for an overview of the phenomena and reasonably enab-
les us to obtain values for the various variables considered, it is highly idealis-
ed and does not give an answer to the questions concerning the details of a nuclear
reaction at high energies. This is only possible by solving the equations of
motion for a non-ideal nuclear fluid numerically. The most important feature of

a non-ideal fluid is the occurrence of viscous effects and thermal conductivity -
therefore at least equations of the Navier—Stokes type have to be solved. A two
and three—-dimensional relativistic fluid dynamical model is presently under pre-
paration by G. Buchwald, but not yet available, Therefore we concentrate on the
influence of the viscosity in a one-dimensional fluid dynamical model. Within

this model we can look somewhat deeper into the details of a heavy ion collisionm,
e.g. study the time dependence of the compression and thermal excitation as well

as the possibility of formation abnormal superdense states.

To solve the equations of motion - the non-relativistic Navier-Stokes equations

in one dimension - we had to incorporate the nuclear potential and the friction
tensor into the Euler equations. The Yukawa potential allows for a realistic
treatment of the nuclear surface in that a smooth decrease of the density is_ob-
tained. For the friction tensor § a one dimensional Newtonian form F=-n( -;)2
is used. The friction constant is adjusted to n= 104 fm ®, which ensures numeric-
al energy conservation to E/Egyny~10%. The most important advantage of the viscosi-
ty is to smooth the otherwise sharp shock fronts obtained in fast collisions to
reasonable width. The formation of resonances and pions was not taken into account
in these first calculationms.

The integration of the equations of motion was done for various bombarding ener-
gies. Density isomeric states with different depths and critical densities were
also investigated. For normal nuclear matter we first found a rapid increase of
the compression rate in the center of mass, followed by a rather stationary stage
of constant compression (corresponding to the shock wave model) - and subsequent
expansion stage (see Fig. 22a,b). Within that model we can also look for fusion
events (see later). The mean thermal energy increases much more slowly - since
for hypersonic projectile and target velocities matter not yet reached by the
shock stays practically undisturbed in its ground state (see Fig. 22c)

On the other hand, the compression rates and temperatures obtained in the "station-
ary stage" are in quite good agreement with the result of the shock calculations
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(see Fig. 23a,b) The inclusion of thermal conductivity has the consequence that
heat energy is transported away from the most strongly compressed regions - this
is of great importance for the formation and stabilization of metastable super-

dense nuclei.
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Fig. 22, (a) The density distribution of various stages of a
central collision of two equal nuclei Ej,p=75 MeV/n. The
left-hand shows p(z) for a normal equation of state
Ko=300 MeV/): the second central region quickly expands
again. The right-hand side shows the strong density in-
crease in the case of a density isomeric state: a 'large
part of the system stays rather long within the abnormal
phase (density isomer at P, = 2p5sP1 ™ 2.5 pg» By = 0).

(b) The central compression p/po(t) increases strong-
ly above the critical density for the production of an
isomeric state: compared to the normal nuclear matter
(lower curve), the presence of a density isomer leads to
the collapse of the nuclear matter into the abnormal su-
perdense phase (upper curve). Thus the matter remains
much longer within the strongly compressed state.

(c) The gain of condensation energy leads to a strong
increase of the mean thermal energy Ep(t) in the presence
of a density isomer (upper curve). Lower curve: normal
nuclear matter.

Effectively the thermal conductivity also takes into account particle emission -
i.e. for example cooling due to pion - and nucleon evaporation. These investi-
gations are being pursued presently by G. Buchwald (1979) in two- and three-di-
mensional calculations.
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Fig. 23. (a)The central compression p/p. increases smoothly with the
bombarding energy up to the critical point for the production
of a density isomer.Then the system collapses into the abnormal
superdense state:the density increases suddenly.Curve a,normal
nuclear matter,dashed curve: result of relativistic shock cal-
culation[4,5]; b,density iscmer with PelPo=2,01/0p=2.5,B1=0;
c,density isomer with p./po=3,p;/py=4,B1=0. "(b)Similar to Fig.
(a) a threshold increase of the excitation function of the mean
temperature T(E; ,.) reflects the presence of a density isomer.
This may be usé&A%o detect density isomeric states experimental-
ly(see text).Curve a,normal nuclear matter; b,density isomer
with pe/po=2,01/00=2.5,B,=0;c,density isomer with Pe/Po3,01/00
=4, B1=0; d,density isomer with pe/pg=2,01/py=2.5,B1==10 MeV.
The rate of increase of T may be used to determine the depth B
of the secondary minimum. (c)The expansion of the compressed nu-
clear system approximately follows the curves EX(p)=E (p) +
Ep(p,T)g of constant entropyo (solid lines).These curves still
exhibit the secondary minimum for rather high excitations.

The shaded area indicates the region for which "fusion" in-
to metastable abnormal states may be possible (see text),
The dot-dashed line gives the position of the respective mi-
nima os the isentropic curves. The dots mark the state of
strongest compression and excitation obtained numerically
for the indicated bombarding energies (in MeV/n). The dots
within the shaded area actually represent the "numerical
fusion events.

Formation of Abnormal Superdense States

Again we find an important effect of a density isomeric state on the thermodynami-
ca} variables like p and T. When the critical density p, is reached, only a
slightly stronger compression results in the collaps of the central compression re
gion into the abnormal state. This also means that the density now becomes
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considerably larger than that calculated with an equation of state without demnsity
isomer (Fig. 22a, 23a). As the collision time Too11510722 sec is very small com-
pared to the tunnel time Tyy,.e) Necessary to form the equilibrium phase composi-
tion, a Maxwell construction %or the van der Walls-type equation of state is mean-
ingless during the fast collision process. As a function of the bombarding ener-
gy, the compression increases drastically at the threshold for the production of
the density isomer (see Fig. 23). Qualitatively the same effects hold for the
thermal excitation energy: "When the system collapses into the abnormal superdense
state, the temperature increases immediately due to the gain of condensation ener-
gy (see Fig., 23b). Contrary to the increase of the density, which experimentally
is not directly observable, the increase of the temperature may be used to detect
the abnormal state: Analogously to the density (see Fig. 23a), the temperature

of the system as a function of the bombarding energy shows a drastic increase at
the threshold for the formation of the density isomer (see Fig. 23b). As a con-
sequence of the higher temperature, a threshold increase of the high energy parts
of the energy spectra of the emitted fragments as well as the pion production rate
will reflect the formation of abnormal superdense nuclear matter. On the other
hand, fast emission of highly energetic particles can serve as a cooling mechanism
for the abnormal nuclear matter. Such mechanisms are not yet included in our mo-
del. Thus the formation of metastable, fused superdense nuclei seems feasible
for a range of bombarding energies (see Fig.23c).

During the compression stage, the system becomes thermally excited, i.e. a lot of
entropy is produced. However, the system starts to expand from the state of
highest compression along curves of constant entropy . These curves will exhibit
the potential barrier at P, although the barrier height and density of the second-
ary minimum become lower for increasing entropy. Therefore, if the energy of the
final compression state is smaller than the corresponding isentropic barrier (ana-
logous to the centrifugal barrier), the system can be trapped within a metastable
state, from which it may deexcite into the cold density isomeric state via emis-
sion of particles from the nuclear surface. Thus, e.g. for U-U collisions, even
the production of (meta) stable collapsed superheavy nuclei, which also have very
interesting atomic properties, may be feasible, But also at bombarding energies
above the fusion region, where the excessive kinetic and thermal energies lead to
the decay of the system, it may still remain rather long within the abnormal phase.
We find such a behaviour in our model calculations (see Fig. 23c): For the three
bombarding energies Ej,p = 75, 117, 169 MeV/n, the state of greatest compression
lies within the fusion region. Acutally, we could not find a subsequent decay of
the formed abnormal system during the time of the calculation (which was consider-
ably longer than the collision time). On the other hand, for energies at 6! MeV/n
(which is still undercritical), and 300 MeV/n respectively, we find that the sy-
stem dissolves again relatively quickly. This apparent energy window for producing
"stable" abnormal matter depends, of course, on the location and shape of the bar-
rier between normal and abnormal nuclear matter. Hence our schematic calculations
should only be taken as illustration of the physics to be expected, if the equa-
tion of state contains exotic features.

In the next paragraph the collisions of two heavy nuclei are studied in a three-
dimensional model. This model does not include viscosity and thermal conductivity,
but it allows for the theoretical investigation of the modifications due to the
three-dimensional case compared to the schematic results obtained here. It espec-—
ially leads to a decrease of the achievable compression p/Max as the matter
will strongly be pushed to the sides. Po

8, THREE DIMENSIONAL CALCULATIONS OF HIGH ENERGY COLLISIONS OF
EQUAL NUCLEI

To compare the results of the three-dimensional NFD calculations directly to the



168 H. Stdcker et al.

relativistic shock calculations and to the one-dimensional non-relativistic Navier-
Stokes results, let us go back to the Euler equations (Stécker,1979). In the pre-
sently discussed hydrodynamical calculation, local heating is neglected. This is
reasonable approximation, because one can easily estimate the heat energy produced
by the strong shocks from the apparent energy loss in the calculations. Comparing
the three-dimensional calculations with earlier one-dimensional calculations with
the Navier-Stokes equations, we find that this omission has only a minor influence
on the reaction, but in the decompression phase, the internal pressure is too
small (the thermal pressure is missing) to ensure the correct expansion velocity.
This is not so important for medium energies with moderate thermal excitation but
for the higher energies it should be taken into account. The collision of two
Zr-nuclei at Ep,p=200 and 400 MeV/n was used to investigate the influence of the
details of the density isomeric state, which is represented by a parabolic expan—
sion of E.(p) around the secondary minimum (see Fig.4):

K

1
Ec] () = ]800l
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(o -ep for > =120, .
The influence of the density isomer on the reaction is analogous to the results ob-
tained above,

Let us now investigate the dependence of the formation of density isomers and of
the compression rate on the mass of the reacting nuclei and on the parameters of
the density isomeric state, respectively, To do this we have calculated the reac-
tion Uranium on Uranium at b = O fm and 200 MeV/n with the above equation of state.
We find only a slight increase of the maximal compression, but generally the same
characteristics as in the Zr case. On the other hand, the dependence of the com—
pression on the nuclear equation of state is significant. Lowering the isomeric
compression constant Ky = 9 plzszEc/32|p from 3000 MeV to 300 MeV is sufficient
to increase the compression from 2.88 ! to 3.41 at Epap = 200 MeV/n. Using a
density isomer with P, = 3 py,0] = 4Py, E.(pc) = +6 MeV, E, = (p])= -26 MeV results
an even much stronger compression,namely p/pC = 4,8 for E;aB = 400 MeV/n, Ve
find that the threshold bombarding energy for the formation of a density isomer as
characterized in Fig. 4 is located somewhat below 100 MeV/n. This value is con-
siderably higher than the 60 MeV/n obtained in the one~dimensional Navier-Stokes
calculations. This is due to the outflow of matter perpendicular to the collision
axis. At 200 MeV/n, the critical impact parameter is b = 7t1 fm, corresponding
to an isomer formation cross section of
450

g " o 1540% 300 mb .
To compare the nuclear density distributions, as obtained with and without density
isomer, directly to the one-dimensional results, Fig. 24 shows cuts through the
density distribution along the collision axis (P(z), left-hand side) and perpen-
dicular to the collision axis (p(y), right-hand side) for a head~on collision of
two Zr-nuclei at Ejap = 200 MeV/n. The dashed curves show the density distribu-
tions at various times obtained with a normal nuclear equation of state (i.e. no
secondary minima in Ec(P) ). The full curves show the analogous results (i.e. the
same reaction at the same time) calculated with a density isomeric minimum in
Ec(p) with a barrier of Ec(pc) = - 8 MeV at a critical density Pe = 2pc, and the
density of the abnormal state at o) = 2.5 p_ with E (p)) = -16 MeV (see Fig. 24).

The upper curves show various stages during the compression phase of the reaction.
It is clearly seen that the matter approaching the center of momentum along the
z-axis during the reaction is pushed out perpendicular to the collision axis, i.e.
along the y-axis. The incident longitudinal momentum is transferred into trans-
verse momentum. This will result in the predominant outflow of matter at center
of mass angles of about 90°. This prediction of the hydrodynamical model can be
tested experimentally (see below).
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Fig.24 a. The nuclear equation of state Fig.24 b, The density distributions
used in the three-~dimensional p(z) (left) and p(y) (right)
calculations shown in Fig.24b. of a Zr*Zr head-on collision

at Eppp=200 MeV/n resulting
from a normal (dashed curves)
and density isomeric equation
of state (full curves) are
shown (see text).The curves
are to be reflected around
the center of mass(y,z=0) re-
spectively.
The perpendicular outflow is stronger in the case of a normal equation of state,
while for the density isomeric case the matter is sucked into the isomer, there-
fore the internal pressure is smaller, resulting in a less pronounced sidewards
flow. This may serve as another possibility to detect abnormal nuclear matter ex-
perimentally. In analogy to the previously obtained result, the central compres-
sion is larger in the presence of the density isomeric state (see Fig. 24). Yet
again the most important difference is the following fusion-like “"trapping" of the
nuclear matter within the abnormal state. While the formation of the superdense
matter seems to be rather similar in the two different cases, the decompressed pro-
cess differs dramatically (lowest curves): For a normal equation of state there
only remains a completely dissolved system with very low nucleon density (p/py%0.4
at t = 40 fm/c, whereas in the isomeric case at the same time a strongly compressed
"fused" density isomer surrounded by a dilute atmosphere can be seen. TFrom the
low density regimes mainly small reaction fragments will be emitted, i.e. ome can
expect that central violent collisions result in events with high multiplicities
of the emitted fragments. The density isomer may be viewed as_a highly excited
object moving With the center of mass velocity. The trapping occurs also when
the lsomeric ground state is emergetically less favourable than the normal ground
state. This is due to the isentropic expansion of the matter.

We have mentioned already that the occurrence of shock waves in fast céentral col~
lisions of equal mass nuclei implies a predominant outflow of matter perpendicular
to the collision axis. This effect has been predicted very early (Scheid,1968;
197431974a; Baumgardt,1976) and constituted cne of the earliest predictions in
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nuclear shock waves. A recent experiment of the GSI-Marburg-Berkeley collabora-
tion (Wolf and co-workers,1979; Meyer,1979) seems to present evidence for this
sidewards splash in the reaction Ar Ca at 1.05 GeV/n.

They detected T in nearly central collisions and measured the pions transverse
momenta and rapidity, which is essentially the forward momentum (see Fig. 25).

The pion production itself can be viewed as a trigger for centrality, They pre-
dominantly find pions emitted with a forward momentum corresponding to the center
of mass velocity of the equal mass nuclei, and a rather large sidewards momentum

P /y® 0.5. The maximum in the contour plots is interpreted as a pion emitting
source, moving with vgoyree~ 0.5¢c to 90° in the CM-frame. This is just what we
expect from our calculations. When the compressed, hot matter flows to 90° in the
CM-frame. This is just what we expect from our calculations: When the compressed,
hot matter flows to 90° in the CM-frame, during the whole expansion stage fast
particles will be emitted. Due to the collective flow of the emitting matter the
transverse momentum versus rapidity distribution will show up a maximum at the cm
rapidity but at finite Py . This effect will be even more pronounced, as the pions
from the initial compressed stage can also escape only under 90° in the CM-frame,
because of the shadowing effects of the residual projectile and target nuclei, in
the forward-backwards hemisphere, As the velocity and temperature of the pion
emitting source are time-dependent, no narrow peak but a broad sidewards bump is
expected.
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Fig. 25. The rapidity-perpendicular momentum plot
of T obtained experimentally in heavy
ion collisions shows clearly the side-
wards emission of T+ in contrast to the
results for proton-proton collisions
where forward-backward emission of m+
is observed.

From our one-dimensional calculation (see Fig. 19) we can estimate the outflow ve-
locity. During the stage of high compression, the thermal energy is largest -
therefore we expect that the thermal pion production occurs mainly in that stage.
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For 1 GeV/n and p/p,>2, the outflow kinetic energy increases from Ey; = 0-100 MeV/n,
corresponding to flow velocities v/c$0.5. To obtain some more detailed information
on this subject, we performed a set of three-dimensional calculations for the case
studied experimentally. For these high energy collisions the shock heating has
been taken into account properly, as it is most important for the expansion stage.
This (accounting for convective heat flow) can be done only by working in the
center-of-momentum frame, where the energy per nucleon is the same for all nucleons.
Then the the thermal pressure and -energy as well as the temperature can be calcu-
lated at each point in space from the discrepancy between the initial and instan-
taneous energy. However, we remark that the energy density and internal energy
vary over all space. The use of a non-relativistic model at bombarding energies
Epas~! GeV/n is not too bad when working in the center of momentum system: Here
the kinetic energy per nucleon is only 1/4 of that in the lab, i.e. E M-250 MeV/n
and Yeop~1.25, Therefore, the deviations from a relativistic treatment will be on
the order of 257. This seems to be not too bad for these exploratory investiga-
tions. The resulting density contour plots for the reaction Ar Ca are depicted
in Fig. 26 for various impact parameters at Eyap = 400 MeV/n. Again it is found
that for the central collisions a complete desintegration of the projectile and
target appears (normal equation of state). The hot compressed matter is squeezed
out into 90° in the center of momentum frame.
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Fig. 26. The density contour plots Ar*Ca are shown at various
impact parameters (numbers at the right—hand side)
and at various times (indicated on top).
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For the more grazing impact parameters the target and projectile are also excited,
but they stay rather compact. Therefore we expect that grazing collisions lead

to particle evaporation from the target and projectile, which practically maintain
their initial velocities. If the impact parameter is lowered, a collective trans-
verse momentum transfer to the whole target and projectile is observed. The nuclei
are also much stronger excited - they may not survive the reaction but decay into
smaller fragments. For the nearly central collision b = 2 fm, the picture looks
like a central collision with a finite rotation energy. One sees that the matter
is smashed sidewards with a slight forward-backward asymmetry around 90° in the
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center of mass. Also the calculated transverse momentum versus rapidity shows up
maxima in the heart-form as is seen in the experiment (Fig. 25). However, as ex—
pected, the velocity of the matter (i.e. the pion emitting source) varies con-
tinuously in time. For the high temperature stage, where pion production is most
probable,then a bump in the transverse momentum distribution appears at

o, =
Py/y=0.1-0.4 and p”/M = —— 0.2 for E; \y = 400 MeV/n.

For 1 GeV/n, qualitatively the same phenomena are found, however, the momentum
transfer is larger. The bump is also broader due to the higher excitation energy.
For b = O collisions we find P3/y® 0.1 - 0.7, but a rather narrow P /[y distri-
bution. If the corrections due to relativistic kinematics are accounted for pro-
perly - they lower the velocities by ~207 -~ we find that the velocity of the
sidewards squeezed matter is close to the experimentally determined velocity of
the pion emitting source.

In conclusion, the recent measurement of a pion emitting source moving with large
transverse momentum to 90° in the center of mass system can be viewed as a further
indication for a quasi-hydrodynamic behaviour of nuclear matter in high energy
heavy ion collisions. However, the model has to be improved in the future to in-
corporate consistantly the pion emission process in the calculations.

9. MACH SHOCK PHENOMENA AND THE HIGHLY INELASTIC BOUNCE-OFF EFFECT
IN COLLISIONS OF SMALL PROJECTILES WITH HEAVY TARGETS

In the violent reactions of small projectile nuclei with heavy targets, the com
pression effects reflect in somewhat different phenomena than in the collision of
equal mass nuclei. For central collisions, the projectile nucleus penetrating into
the target is surrounded by target matter - thus we expect to observe the streng-
ly compressed projectile - which is called the head shock - mnot directly(Stécker,
1977a). However, compression— and heat waves (the Mach shock) will travel through
the target matter, which allows to study the transport phenomena in nuclear matter
(see Fig. 27). This was first predicted by Baumgardt (1975) and Hofmann(1974).
When the projectile enters the target with hypersonic velocity (the diving phase),
strong local compression and heating of the matter near the contact point occurs.
When this head shock continues to interpenetrate the target as a projectile-like
object with hypersonic velocity, it pushes matter to the side. This initiates a

diving stage penetration stage final stage

Fig. 27. Various stages of central collision of a light nucleus
into a heavier one with the sidewards travelling Mach
shock wave are shown schematically.
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compression wave which has been called Mach shock wave travelling sidewards through
the target matter. This phenomenon allows to study the transport of compressed mat-
ter through a region of ground state nuclear matter, namely the residual target
nucleus. The nuclear Mach shock wave can be detected experimentally by observing
the azimuthally symmetric sidewards emission of matter (predominantly light nuclei)
with medium kinetic energy (i.e. significantly higher in energy), much lower than
the kinetic energy of the projectile, but different from the evaporation particles.
This is discussed below in greater detail, TFor intermediate impact parameters,
the Mach shock phenomenon becomes less pronounced. Here the highly inelastic
bounce-off (HIBO) of the projectile from the target is expected to occur; in this
process the projectile due to the compression is scattered to the side and is de-
stroyed, transferring a considerable transverse momentum to the residual target
nucleus (see the next paragraph).

Recently a series of measurements have been performed at Berkeley and at Dubna
(Meyer,1979; Antonenko,1979). They seem to confirm the pioneering experiments of
E.Schopper and collaborators (Baumgardt,1975), which have been interpreted earlier
as indication for Mach shock waves in relativistic nucleus-nucleus collisions

(see later where this is discussed in detail).

Let us now first discuss the more recent experiments from the GSI-Marburg-Berkeley
collaboration (Stock,Gutbrod,Sandoval, Poskanzer et al.,1979). They observe in
central collisions of Neon on Uranium a strong sideward emission of nuclear matter,
when high multiplicity events with a rather azimuthally symmetric fragment distri-
bution are selected. This is just what has been predicted theoretically if the
Mach shock phenomenon appears and strongly supports the earlier measurements of
Schopper (Baumgardt,1975; Hofmann,1976). Secondly, in the same reaction strongly
¢g-asymmetric events with a large momentum transfer on a target-like fragment, ac-
companied by the 180° correlated explosion of a deflected projectile-like object
have been detected (Wolf,1979). This obviously must be interpreted as a highly
inelastic bounce-off (HIBO) of the projectile from the target. Our model calcula-
tions indicate that these phenomena can be used to detect experimentally the im—
pact parameter in these collisions and to deduce the compression rate in such col-
lisions. This bounce-off is quite analogous to what is seen in Fig. 26 for reac-
tions of equal mass nuclei., We will study theoretically colligions of Neon pro-
jectiles with Uranium targets. For the non-relativistic cases let us again use
the three-dimensional fluid dynamical model where the same nuclear equation of
state and potentials as in the last chapter have been used. Again we work in the
equal velocity frame, because of two reasons: First, the local shock heating can
most easily be computed in all space within this system. Secondly, the computing
time is only half of that when working within the lab frame, because the integra-
tion time steps can be doubled.

Results for Central Collisions

First let us investigate theoretically with a normal equation of state the colli-
sion of the Ne-projectile with an Uranium target at b = O (head-on collision) for
E[aB=400 MeV/n, Fig. 28 shows a cut through the scattering plane. Snapshots of

the collision are depicted in the form of contour p}gts of the density in the
scattering plane. The density increases by 0.04 fm ° from line to line. The outer
line represents 0.02 fm™3, i.e. approximately a tenth of the ground state density
Po = 0.17 fm 2, The collision time in fm/c is indicated by the numbers within
each plot. The length scale in fm is depicted at the left. Remember that our cal-
culations proceed in the equal velocity frame, therefore the target moves to the
left. As the target hits the projectile with hypersonic velocity V. =0.46 c

(while ¢g®0.15 c), a head shock zone is formed during the diving phase of the re-
action (t~5-8). This strongly compressed and highly excited projectile-like ob-
ject continues to interpenetrate the target with supersonic velocity, pushing the
matter to the side, thus initiating the formation of a sidewards travelling Mach
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shock wave within the target nucleus (t~.11-20)., The density of the matter within
the Mach shock decreases with the distance from the head shock, being always con-
siderably smaller than the head shock density. Due to this effect and due to the
deceleration of the projectiles, the Mach shock is curved (not a clear cone as

in a Mach sound wave). Because of the additional high temperature within the mat-
ter, one expects that the emitted matter (mainly light fragments because of the
high thermal excitation) will peak strongly, but not too sharply, to the sides.
This peak should be narrower, when only & particles or other larger nuclei are
investigated, because they carry most clearly the "collective direction” of the
Mach-shock wave: They would be destroyed, if they make a temperature collision.
Observing them thus means, that they are not temperature-scattered. There are al-
so other reasons for observing the Mach shock in the a-particle window: The pion
condensate - a spin-isospin lattice — is expected to be formed in the Mach shock
wave and to break up substantially into a~particles., Also, o-particles are expect:
ed to be concentrated within the atmosphere of normal nuclei. Because a shock wave
would eject mostly the surface particles, again an a-particle window would be pre-
dicted.This narrowing of the sidewards Mach shock peak has been first reported ex-
perimentally by selecting mainly a-particles in 4T particle track detectors by
Schopper and co-workers(Baumgardt,1975). Indeed, also in the above mentioned ex-
periment of the GSI-Marburg-Berkeley collaboration, the predicted sidewards emis-
sion of matter has been observed in an electronic experiment measuring the proton
angular distribution. However, the sidewards peak of the emitted protons can be
seen only, when "central" events are selected, which are identified with high
charged-particle multiplicities and azimuthally symmetric charge distributions.For
Ne*U at 400 MeV/n the peak position was found at 60° for E %50 MeV and at 500 for
Ep>100 MeV.  We calculated the angular distribution of the emitted matter averag-
ing over impact parameters b<4 fm and - because of better statistics - over the
calculated currents during the last 25% of the reaction, where the matter expands
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and flows apart. Without fitting anything we find peaks in the angular distribu-
tion, which are centered at 60° for Ey;j,=50120 MeV/n and at 50° for Ej;,~100t10
MeV(see Fig. 29), These are just the same peak positions as found experimentally.
In our calculation, for smaller angular bins (15° instead of +10°) the peak posi-
tions do not change. However, the peaks become rather narrow. The peak is broaden-
ed due to the additional thermal smearing, caused by an isotropic Maxwellian di-~
stribution of the internal nucleonic velocities. Moreover, not only the peak po-
sitions are in good agreement with experiment,but also the relative height of the
peaks agree reasonably well, A complete angular distribution for various energies
of the observed emission particles in high multiplicity events is shown in Fig.30.
It is due to Meyer, Gutbrod, Stock, Sandoval, Poskanzer et al.(Meyer,1979). One can
clearly recognize the Mach-shock particles with energies between 10 MeV/n and 2000
MeV/n all peaking around 50°-60° and also the backward directed "diving splash"
which is seen for particles with energies around 5-10 MeV/n. The latter is also
predicted by fluid dynamics (see Fig. 27) and was already predicted in the very
early work by Schopper and co-workers (Baumgardt,1975).
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Fig. 30. The experimentally obtained double dif-
ferential cross section dzc/deE for
Ne*Au at 400 MeV/n triggering for the
high multiplicities as obtained by Meyer
et al. (1979).

The comparison of our theory to the experimental data seems to support the interpre-
tation that compression takes place in high energy heavy ion reaction and that Mach
shock waves are formed in central collisions, which can allow for the search of ab-
normal nuclear matter (see section 10).

Results for Non-Central Collisions

While the central collisions seem to be associated with a total desintegration of

target and projectile, in non-central collisions large target- and projectile-like
fragments can be observed. We would like to discuss here a new effect occurring in
the intermediate impact parameter region, which can be viewed as a highly inelastic
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bounce-off (HIBO) of the projectile from the target (Stdcker,1979¢). In this pro-
cess, the projectile is scattered by a compression potential to the side, as is

the strongly hit target matter, while a rather large part of the target stays
bound. To this heavy target fragment a large transverse momentum is transferred,
showing a collective response of the whole fragment to the interaction. This high-
ly inelastic bounce-off can be detected experimentally by measureing a large tar-
get fragment with rather large perpendicular momentum in coincidence with many
small fragments going into the forward hemisphere, correlated to the target frag-
ment in 180° in the azimuthal angle. The large amount of small, higher energy
particles stem from the explosion (nearly complete destruction) of the projectile-
like fragment. Fig. 3] shows this bounce-off effect in the Ne U collision at
EpAR=400 MeV/n as calculated within our model for three different impact parame-
ters: b = 4,6, and 8 fm, Again, snapshots at various timesteps are taken, One no-
tices that initially, when the target is just hit by the projectile, for the more
central b=4 fm collision again a head shock is formed, which additionally also ini-
tiates a Mach shock wave in the target. However, as the upper part of projectile
and target appear to each other as if they were generally colliding equal nuclei,
also a splashing out of matter perpendicular to the collision axis occurs just in
analogy to what is seen in the case of a head-on collision of equal nuclei. The
bonnce-off effect can be viewed as follows: The strong compression potential de-
flects a considerable part of the projectile to the vacuum. Thus the first group
of particles which should experimentally be detected are those deflected fast light
fragments (heavy fragments will not survive the high excitation energy). The se-
cond group of particles will stem from the compressed direct reaction zone, which
will also explode. Thirdly, a rather large residual target fragment, which was
not centrally hit, and therefore is not strongly enough disturbed for total des-’
integration, can survive the reaction. It can get rid off its internal excita-
tion by evaporating off particles. However, during the reaction a considerable
amount of transverse momentum is transferred to the whole target—-like fragment,
while most of the longitudinal momentum is transferred to the exploding direct re-
action -(compression) zone, and partly is also carried away by the sidewards de-
flected residual projectile-like fragment.
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For b=6 and 8 fm qualitatively the same picture holds, however, the direct inter-
action region becomes less compressed with increasing impact parameters, and there-
fore the interaction between projectile and target is less pronounced (see also
Table 1).

The head- and Mach shock become less intense at b=6 fm and can no longer be seen
clearly at b=8 fm., A very important feature of the more grazing collision is the
change of the scattering angle of the projectile-like fragment to more forward ang-
les with increasing impact parameter (see Fig. 31). It can be viewed as the less
pronounced repulsion from a smaller compression potential. We now will show that
the dependence of the scattering angle on the impact parameter is of great import-
ance for further analysis of high energy nuclear reaction data, as it can serve as
an unique tool to determine the impact parameter of each collision experimentally.

TABLE 1
bLEm] 0 2 A 6 )
E . >30 MeV) . 37 32 27 21 16
a) @M > kin (b) :
[
b) (p/po)max (b) : 2.06 2.02 1.90 1.72 1.34
e)  T*[Mev] (b) : 44 44 44 42 40

The dependence of the mean multiplicity <M > of high energetic particles,
" the maximum compression and the maximum temperature on the impact para-
meter in Ne*U collisions at 400 MeV/n as obtained in the three-dimensio-
nal calculations.

As the rate of compression in a reaction does also depend strongly on the impact
parameter, the above proposed experiment may be used to determine indirectly the
rate of compression achieved in fast nuclear reactions. Therefore, similarly to
the Coulomb deflection trajectory used to measure the impact parameter in low ener-
gy nucleus collision the measurement of the bounce-off effect can be used for im-
pact parameter measurements in high energy nuclear collisions. To make our dis-
cussion more quantative, we define the characteristic variables of the "projectile-
like fragment" and "target-like fragment" as the variables at the respective re~
gion of maximal density and determine the momenta, energy loss and deflection

angle in a late stage of the collision, when the nuclear fragments have split again
and thus the investigated variables stay constant in time. The results are plotted
in Fig. 32 for the different impact parameters: Fig. 32a shows the dependence of
the deflection angle of the projectile-like fragmeng on the impact parameter b.

One notices the increase of the deflection angle & Lgﬁl with increasing centrali-
ty. However, it does not look at all as like elastlc scattering of hard spheres,
but must be viewed as a highly inelastic reaction with strong mutual interpenetra-
tion of projectile and target connected with strong compression and thermalization
effects. The diving depth of the projectile into the target can be evaluated ap~
proximately from the scattering ange by calculating the effective scattering

radius

b
Regr = T defl (10)
si LAB
7

of the scattering of a particle by a hard sphere from the scattering angle S1AB"



178 H. Stdcker et al.

Ne-U  E_=400MeV/n E.‘..lﬂMeV/n] Ne—~U
10 e 4008 _ )
LP/M P b) N E,..-400MeV/n
3 Ef/ EI L O\\
/
r ’ \\
L // \
05 r_— o projectile 300~ \0\
| o target \\
- i \
- "\»-KP;,_ N
U 1 ’ i i 1 i 1 1 i i 200 - \h C)
90°F & a) \
[ a2 i) - \
60°- : m
SN 100 N\
L \!)\4,27 \
¥t g - N\
I o805 R g
00 L N e 0 1 1 | 1 L [ 1 ]
0 2 & 6 8 10blm go 30° 60° 900

Fig.32. For the collision Ne U at 400 MeV/n we show (a) the dependence
of the deflection angle OLap of the projectile-like fragment on
the impact parameter b. (¢) The forward momentum loss (dashed
curve) and sidewards momentum gain (full curve) of the projec-
tile-like fragment (open dots) with decreasing impact parameter
and the transverse momentum transfer to the target (full dots).

(c) The theoretically obtained deflection function OLAB (Ekin)
is shown.

The numbers in Fig.32a give the effective scattering radius R.ff and show that the
diving depth d(b) is approximately given by

d(b) = (RT -b) . (1)
By measuring © degl one may therefore also deduce the interpenetration depth for
distinct reactioké. The measurement of the deflection angle of the projectile-
like fragment, however, can not simply be detected, as the highly excited fragment
explodes. Thus one has to measure in coincidence the angles and momenta of all ex
plosion products of thes projectile-like fragment to determine its center—of-mass
values. The longitudinal momentum p of the projectile~like fragment is another
quantity of interest (see Fig. 32b)): p decreases strongly with increasing cen-
trality and for rather central collision it is only of the order of 10Z of the
initial momentum. The forward momentum is distributed over many particles and is
carried away by the explosion products also of the compressed zone, in which the
projectile- and target matter are mixed up and strongly excited. The transverse
momentum of the projectile is increasing strongly when b goes from 8 to 6 and 4 fm.
It decreases again for b = 2 fm - this is due to the practically complete energy
transfer (“sticking") to the dense and hot compression zone (head shock) in the
case of nearly central collisions. Actually, the transverse momentum p /,, of the
residual target-like fragment is considerably smaller than p /M of the projectile,
as the residual target still has a rather large mass compared to the rest of the
pProjectile As the dilute nuclear matter of the direct reaction region expands
and still connects the projectile- and target-like fragments, we cannot determine
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the mass of the residual target, the only conclusion possible in the moment is
that the mass decreases with increasing centrality and is always much smaller than
the original target mass, For a more detailed information also the evaporation of
particles has to be included in the calculation. It is important to point out
that the large momentum transfér on the whole.heavy fragment implies a collective
response of the wholé fragment to the compréssion potential,which acts between

the bounce-off projectile and the target. Therefore, the impact parameter depend-
ence of the transverse momentum transfer is an important information on the com-
pression phenomena., Our theoretically obtained values 0.03 £ p /,,< 0.1 are in
good agreement with the recent data of the GSI-Marburg-Berkeley collaboration
(Meyer,1979). They measured strongly asymmetric events with 180° azimuthal corre-
lation in the scattering plane; for various systems they observe on one side many
fast (Egip> 30 MeV/n) light particles and, on the other side, a heavy target (e.g.
Z=26) at 90° in the lab (i.e. with small forward momentum) with transverse momenta
P /v (e.g. they found values of p su* 0.036, which are in the same region as our
results).

In our calculations we obtain practically no longitudinal momentum transfer to the
target-like fragment - the same as is observed experimentally. The calculated
multiplicities of charges with Eyxijp>30 MeV/n depend on the impact parameter (see
Table 1). In these experiments it is found that the production of such target-
like fragments is predominantly seen for rather high charged particle multiplici-
ties <M¢> ~10-20 within Egj,>30 MeV/n. This in our model corresponds to impact parameter
b~6-8 fm, when one takes into account the formation of composite particle

which we did not discriminate in our <M.> determination from single nucleon.

Fig. 32c shows the deflection function of the Neon-like fragment at 400 MeV/n.

The kinetic energy loss is larger than 90% of Ep,p for ¢ < 60°, which corresponds
to a rather central collision (b<2 fm), but already for Op,p»30° the kinetic ener-
gy loss of the projectile-like fragment is of the order of 25%. Contrary to the
elastic Coulomb scattering in low energy heavy ion collisions, all scattering pro-
cesses in the high energy region with impact parameters b<Ry lead to highly inela-
stic events, By detailed coincidence measurements of these highly inelastic
bounce-off effects it will be possible in the future to measure the impact paras
meter also for collisions at relativistic energies. The various variables, which
have to be determined experimentally to deduce the impact parameter, are:

(a) The charged particle multiplicity of fast particles which increases with the
centrality, (b) The azimuthal symmetry of the events - symmetry should only ap-
pear for very small impact parameters bS2 fm, (¢) The azimuthal asymmetry with
180° correlation in the intermediate impact parameter region. The correlation bet-
ween the target-like fragment and the exploding projectile-like fragment going
hand in hand with the collective response (large perpendicular momentum transfer)
of the fragments, the longitudinal momentum loss and the total kinetic energy loss
of the projectile-like fragment and the deflection angle of the center of mass of
the fast, sidewards pushed particles. From the measuremen of these quantities we
can deduce the degree of violence and the diving depth in the reactions, from
which not only the impact parameter, but also the compression rates and shock heat-
ing can be estimated by comparison with the theory (see our Table 1).

The compression rates obtained are low compared to one-dimensional shock calcula-
tions, which at 400 MeV/n yield p/p%8%s 3.4. This is largely due to our three-
dimensional tratment; the matter pushed to the side can freely expand into the
vacuum. To a certain extent this also comes from the smallness of the projectile,
which dissolves before the stage of largest compression is reached. For example
in U-U collisions, one can reach a rather stationaly stage of constant compression
in our calculations. The width of the shock fronts we obtain is of the order 1.5~
2 fm, but it depends on the reaction considered. This is more realistic than the
infinitely sharp shock fronts used in the simpler model calculations and in a dif-
ferent fluid dynamical approach.
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Conclusions

One can split violent collisions of light nuclei with heavy targets into two types,
namely nearly central collisions, which exhibit the strong compression phenomena
most clearly by the sidewards moving Mach shock wave and very high azimuthally
asymmetric fragment distribution with strong sidewards peaks, and the intermediate
impact parameter collisions leading to the highly inelastic bounce~off, where the
compressed matter acts in analogy to a repulsive spring which releases strong col-
lective transverse momentum transfer. In these 180° correlated events one can
learn from the deflection angle and momentum transfer and -loss about the impact
parameter and therefore about the compression phenomena in non-central collisions
of fast heavy ions., We finally mention, that the results on the deflection func-
tion and impact parameter do not depend very sensitively on the equation of state
(i.e. compression constant K) used, as long as the nuclear equation of state is
normal. If it contains exotic features like density isomers, we expect modifi-
cations of the above resulty and even signatures for isomers in the deflection
function. Such calculations are presently carried out.

High Density Nuclear Mach Shock Waves and the Search for Density Isomers in Re-
lativistic Collisions

As the Mach shock experiments have not only been carried out at the nonrelativi-
stic energies, but experimental data have been obtained at Epag = 4.2 GeV/n as
available in Dubna, we now have to use a relativistic model for interpreting the
fast nuclear collisions, We will here investigate the dynamics of a relativistic
heavy ion collision in terms of a simplified hydrodynamical model, using a para-
metrization of the Mach shock geometry similar to the results found in the nonre-
lativistic calculation. This model allows to study the influence of the nuclear
equation of state using the relativistic shock equations. The geometric,thermo-
dynamic- and kinematic variables and their time evolution as obtained in the more
schematic calculations are used to yield the mean values of the mentioned variab-
les and of the angular- and energy distribution of the reaction fragments.

In Fig. 33 the typical time evolution as resulting from the calcutation is shown.
It looks quite similar to those obtained from the full non-relativistic calcula-
tions, The calculations are carried out in the lab frame. Mainly three different
phases of evolution during the collision can be seen (Baumgardt,1975).

Fig, 33. The geomatry of the relativistic Mach shock model is shown
for various time steps.

The diving phase: The kinematically contracted projectile enters the target, be-
comes highly compressed and excited. In the diving process a splashing wave
should lead to backward emission of matter.
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The penetrating stage: The projectile interpenetrates the target, pushing matter
to the side; thus initiating the sidewards travelling strongly compressed Mach
shock wave,

The evaporating phase: The projectile— and Mach shock matter leaves the residual
target, which now evaporates, while projectile and Mach shock explode because of

their very high excitation energies, which correspond to temperatures from 20-60

MeV.

The explosion of the head shock wave which contains at the end of the collision
more than double the nucleons of the incoming projectile, is what has been named
recently the explosion of the "nuclear fireball” which has been used to explain
angular- and energy distributions in non—central high energy heavy ion collisions.
It may be possible, that the strongly compressed and highly excited projectile ex~
plodes inside the target during the interpenetrating state, This will lead to
superstars with enormous multiplicities. In this case the Mach angle will be wash-
ed out and cannot be seen. This will be taken into account in a further calcula-
tion. As mentioned earlier, the nucleus-nucleus encounters are quantum mechani-
cal processes with corresponding probability distributions. A classical hydro-
dynamical calculation can therefore be viewed at best as a calculation of the mean
values of the quantum mechanical system in the sense of Ehrenfest's theorem. Super-
imposed to that are always the quantum fluctuations. They lead under the same
initial conditions to events with sticking of the projectile and its explosion
(superstars), to events with a penetrating superstar and a creation of a Mach shock
wave and also to events where the projectile is practically little disturbed by
the target (semi-transparency). It is a formidable experimental task to discrimi-
nate between these events by making e.g. the proper star-selections.

To restrict the number of degrees of freedom, we parametrize the compression zone
by two paraboloids, z = ajrs + z;, 2z = a2r2 + z9, which describe the shock front
and the backside of the compression zone respectively. The undisturbed part of
the target nucleus is described by the part of a spheroid of radius R up to the
shock front (paraboloid 1), while the residual nucleus is described by a spheroid
up to the backside of the compression zone (paraboloid 2) with a drilled hole of
radius Ry in it. The residual nucleus has not yet been incorporated in the pre-
sent calculations. The projectile (head shock wave) is divided from the Mach
shock zone by a third paraboloid 2z = -ajr® + z3 (see Fig. 33 ), Thus the geo-
metry of the system is determined by four variables: aj, ag, Z;, 2. The
dynamical variables (energy density, momentum, pressure, temperature, density)

are obtained by assuming homogeneous density-, velocity-, and temperature fields
in each compression region. Thus for the sake of simplicity we concentrate on the
mean values of the physical observables in the different regions as a function of
time. The shock equations yield an unique relation between energy, pressure,
temperature, velocities, and the rest density in the compression zone. Using these,
we can describe the stage of the system by the four geometrical variables and the
density in the Mach- and head shock region. To describe the evolution of the
system in time, we need six differential equations for these six variables. These
equations are obtained by the conditions that the surface points on the paraboloid
have to fulfill the shock equations and that total baryon number A and total ener-
gy E are conserved, One has to take into account the correct Lorentz-transforma~
tions for the various quantities (density,energy,...) in the different regions.The
time evolution of the physical quantities is obtained by simultaneous numerical
integration of the six differential equations in time-steps of At=0.1 fm/c,which
ts sufficiently exact to ensure energy— and baryon number conservation better than
one percent,
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Results of the Schematic Mach—-Shock Calculations

The head- and the Mach-shock densities p; and pj as a function of time are shown
in Fig. 34 for various energies: In the beginning, the projectile is strongly
compressed, but this compression is substantially decreased later on. The Mach
shock density Py is about 20, below the Mach shock density pj. The mean compres-—
sion in the head- and Mach shock (each at t=5 fm/c) is shown in Fig. 35a as func-
tion of the bombarding energy. The mean kinetic energy Epi, =((1-v§)'] 2-1) W,

of the emitted particles (Fig. 35b) after the collision is smaller than 200 MeV/n
for Mach shock particles up to bombarding energies of 5 GeV/n, while it is larger
than this experimentally important threshold for the projectile (head shock) at
high energies. The temperature in head- and Mach shock just after the collision
is shown in Fig. 35c. The fragments from projectile, Mach shock wave and the eva-

poration residues fall within angular domains relative to the beam axis as shown
in Fig. 36.

a)
plHeadshock )

b)
17 plMachshock)

3 F\ 3 Pai 0 Fochshock portictes

1 U S W S Y I ] L PP
0 5 Wiime 0 § I

Fig.34. The evoluton of the high den-
sities in the head shock and
Mach shock as a function of

time.
Fig. 35. The density a)kinetic energy
As the mean head shock densities are of fragments b) and tempera~
. ture c) of the various com-
approximately equal to those calculated i 20 functi
within the one-dimensional model, we p;es; on .gestas a tunction
can make use of the latter model to yield of the incident energy.

the pion production rate, when we take

care of the result, that the number of head shock particles is about 2Ap. The
Mach shock angle ¢ is depicted as a function of lab-energy in Fig. 37. It smooth-
ly decreases from about 60 degrees at 0.l GeV/n to 35 degrees at 4 GeV/n for a nor-
mal equation of state. It is smeared out very much because of the temperature in
the. Mach shock and because of the curvature of the "Mach-"cone". The explosion of
the highly excited head shock causes strong emission of fast particles into forward
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Fig. 36. The fragments of the head- and Mach shock fall into
the indicated angular domains. The angular distri-
bution of the evaporation residues is also shown.
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Fig, 37. The Mach-angle ¢ in dependence of the projectile ener-
gy for a normal equation of state (---) and for an
equation of state with a density isomer ( ).

directions, which may hinder the visibility of the Mach shock peak at small bom—
barding energies. The energy spectra of the exploding projectiles (head shock)
drawn in Fig. 38 were calculated by relativistic addition of the flow velocity
and the mean thermal velocity in the head shock after the collision, taking into
account the isotropic decay cross section in the rest system of the projectile.
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Fig. 38. Energy spectra of exploding projectiles for two dif-
ferent incident energies.

The Influence of a Density Isomer on Mach Shock Waves

If we schematically assume a density isomer at p/p, %3, the above picture applies
only below Eppp%0.2 GeV/n, as then the projectile density reaches the phase tran-
sition region, i.e. the region of negative pressure (p<0). (See Figs. 39,40).

The projectile collapses into the density isomeric state. Thus the"quasi-stable
nuclear crystal" can move with rather small dispersion through the surrounding
normal nuclear fluid. One may thing of a piece of "nuclear ice" which moves
through "nuclear water" - this is important for the appearance of the Mach shock
wave, since a water droplet dumping into water produces too high friction and
therefore soon damps out the collective motion. This, in fact, can to some extent
be seen in the full hydrodynamic calculation (see last section ).

As during the phase transition the head shock velocity becomes small, the Mach
shock angle ¢ substantially decreases in this energy region, since the Mach shock
moves faster than the collapsing head shock during this time period. The cry-
stallization of the projectile causes a much more pronounced Mach shock peak at
higher energy, because the projectile moves with much less friction through the
target. At bombarding energies of about 1.5 GeV/n the Mach shock density appraches
the critical region: Now the Mach shock matter collapses into the density iso-
meric state and the Mach shock velocity becomes small, so that the Mach angle now
will be substantially increased (see Figs. 37 and 39). It will also be broadened
out due to the rapid change in Mach shock velocity within a small density regime.
At even higher bombarding energies, the Mach angle shall decrease again as both
vys and vyg tend to the light velocity c at very high densities, so that ¢»0 for
very high energies. One also may think that higher phase transitions do occur,
which may again produce such a characteristic dependence of the Mach angle ¢ on
the bombarding energy.

Comparison of the Calculations with the Experimental Observations

High Density Nuclear Mach Shock Waves (HDNMSW) should be observable in central
high energy collisions of light projectiles with heavy targets. The pioneering
experiments of Schopper et al. (Baumgardt,1975) supplemented by the theory, have
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set the stage for the criteria to discriminate the Mach shock events from others:
il In azimuthally symmetric central collisions, which can be identified by very
high multiplicities and azimuthally symmetric distributions of the reaction frag-
ments, e.g. by many prong stars in AgCl-detectors or emulsions, a preferential
emission angle must be observed. 2) The kinetic energy of these particles will
be smaller than 200 MeV/n. It may be decreased to even lower values, if the
Mach shock density is in the secondary minimum. 3) The Mach shock peak and the
decay of the head shock should predeminantly be seen in the o-particle (or other
complex nuclei) channel for three reasons: (a) A pion condensate with a struc-
ture of a spin-isospin lattice preferentially decays into nucleons and o~particles
as smallest lattice cells, The former can hardly be distinguished from evapora-
tion particles, but the complex fragments can. (b) When the Mach shock wave
approaches the nuclear surface, it kicks out the a-particles contained enhanced
in the nuclear surface. (¢) During the individual collisions of the constitu~-
ent particles in the high temperature zone of the Mach shock, mainly those o-
particles (and heavier clusters) survive, which have not undergone a temperature
scattering. Thus the mach angle is conserved by those clusters, while scattered
and unscattered nucleons cannot be distinguished. '4) One should find fast
pions emitted by highly excited nuclear matter. The occurrence of pion condensa-
tion should also lead to a large enhancement of the pion production cross sectiom.
5) Simultaneously to the medium energy sidewards Mach shock peak, a broad high
energetic forward peak at 0~40°, stemming from the exploding head shock, will be
seen. It may consist of protons and pions mainly because of the extremely high
temperatures in the head shock. (see Fig. 38). The head shock particles are - in

P.P.N.P. VOL 4—G
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the mean - of energy and can thus be (partly) discriminated from the Mach shock
particles. 6) A nearly isotropic distribution in the lab frame may stem from
the residual nucleus with small temperatures and kinetic energies.

In the presence of a density isomer the Mach shock peak should be more clearly
pronounced and also should have the above predicted dependence on energy. The ex-
perimental data of Schopper et al. (Schopper,1979) which fulfill the above cri-
teria on centrality, energy- and a-particle windows, show a peak in the angular
distributions of the reaction fragments. The systematic shift of the preferential
angle with energy can be interpreted in comparison with our calculations as indi-
cation for a phase transition in dense nuclear matter at 010023—5 (see Figs.37 and
4] and figure caption).

Deviations in the prong-angular distribution of multiprong stars have also been
seen by the Heckman—group (see Fig. 42). These deviations agree with the peaks
seen by Schopper et al. and thus supplement the Mach-shock picture. Also the pre-
viously discussed angular distributions obtained by Gutbrod, Stock, Poskanzer et
al. (see Figs. 29 and 43) show the peak in the same position as those of Schop-
per.

do 2ot
ane
. -aU oo |6
* n i A AL o
=3 T ha ¥ 1 " adhedl = Al
annem-c

Fig. 41. Angular distribution of prongs for large stars
at various energies (after Schopper et al.,1979).
The evaporation background had been subtracted.
The systematic variation of the peaks can be recognized.
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Recently, both Heckman and Schopper have measured the angular distributions of
only o-particles coming out of multiple prong stars in emulsion. As was theoreti-
cally expected, the a-particle distribution shows the Mach-shock peak much clearer.
Also the rapidity plots of the Gutbrod-Stock-Poskanzer-group for various clusters
(see Fig. 44) seem to indicate that the heavier particles (e.g. the o-particles)
stem from a source of intermediate velocity (the collective Mach shock wave). It

is this completion of the picture as well as the additional observation of Schopper
(1979) and Baumgardt (private communication) that the velocity of the Mach-shock
particles is significantly faster than the velocity of the background particles,
which strengthens our confidence in the validity of the Mach-shock model. We pre-
dict, that the observation of angular distributions of big clusters out of azimu-
thally symmetric high multiplicity events will yield well recognizable peaks

(Mach shock emission) whose dependence on energy will give us most valuable infor-
mation about the gross features of the nuclear equation of state.
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Fig.44. Rapidity plot of the heavier
fragments measured by the GSI-

LBL-collaboration show emission
from medium velocity source.

10. STRONG BOUND PION STATES

In this section we shortly mention a purely speculative phenomenological idea:
From the usual description of the pion nucleon interaction by a pseudo-scalar coup~
ling

= - i S
L‘rrN ig ¢ Ys T Yo

where the pion field couples to the pseudo current

1‘[ =
Yss ] Ys T ¥
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one might expect that for high nuclear densities Wyow this interaction becomes
very strong. Because of the very non-linear interaction between pions and nuclear
matter, one does at present know very little about quantitative aspects at high
nuclear density. For the low nuclear densities one knows that the pion-nucleon
interaction is rather well described by the Kisslinger (Kisslinger,1955) potential.
Ericson and Myrer (Ericson,1978) and others have shown that indeed for heavy nuclei
(A>200) the Kisslinger potential may lead to bound pion states in the nucleus,the
binding energy of the pion increasing with the nuclear density. This is shown
qualitatively in Fig.45 . However, the Kisslinger potential looses its validity

at such high densities. Therefore it cannot be definitely concluded that the gap
between the T*- and 7 -states will actually approach zero for some critical densi-
ty Pgs as suggested by the figure. For instance a strong repulsive interaction at
high pion density (e.g. a $4 term in the T-Lagrangian) may prevent the two states
shown in the figure from approaching each other. Though very little is known
about strongly bound pionic states in high density nuclear matter. Such states,
eventually leading to "spontaneous" 7t-n"-production i.e. without loss of energy
should indeed by an exciting phenomenon if they exist.

Let us - phenomenologically - assume that strongly bound pion states exist in nu-
clear matter and ask how such states would reveal themselves in relativistic heavy
ion collisions. In some test calculations we assumed that the strong collective
nuclear force in highly dense nuclear matter leads to a strongly bound pion state
with a small effective pionic mass’(mﬂeff<<mﬂ), which is supposed to arise from
the repulsive - interaction. We found that, owing to the strongly bound pionic
state the temperature in high energy heavy ion collisions will be reduced substan-
tially at high densities 0/0032 (see Fig. 45). A lot of pions are created in this
strongly bound state of rather small energy, thus using up a large amount of the
thermal energy of the system. This can lead to a drastic strong cooling even at
rather small bombarding energies: These low energetic pionic states can be popu-
lated very massively already at relatively low temperature. The sudden reduction
of the temperature above the critical bombarding energy necessary for the forma-
tion of such a strongly bound state may be detected experimentally as the

b TIMeV /
l Tl ] /4;cmuw
Y only
0 / nep+ T
/
/
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/
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L / T~ T "
cooling effect of a strongly
bound pionic state
10r
B qp/n[MeV]
0 i ‘ 1 1 1 l 1 { i 1 1 P
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Fig. 45. The presence of a strongly bound pionic state would strong-
ly cool the reaction zone in high energy heavy ion colli-
sions above the critical energy.
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evaporation spectra of the reaction products and the mean pion multiplicity strong-
ly depend on the temperature of the compression zone. The pion production rate
will be changed additionally because of the following processes: There will be
less direct production of free pions as calculated above. However, two step pro-
cesses, e,g. the excitation of pions from the bound state into the continuum, be-
come important. Also the expansion of the compression zone after the reaction
makes the production of free pions, which were originally created in a bound state,
feasible.This is so, because of the "adiabatic" extraction of the pions (similar
to electron~hole production in intermediate superheavy quasi-molecules) when ap-
proaching the upper continuum for smaller demsities. Such a process may also lead
to a decrease of the limiting temperature in central high energy nuclear colli-
sions.

11, THE LIMITING TEMPERATURE - THE HADRONIC MASS SPECTRUM

Another important question, which can be raised in connection with high energy nu-
clear collisions is the search for a "limiting" temperature, as suggested by
Hagedorn (1965) to occur in a single n-n collision, and suggested for nucleus-nu-
cleus collisions by us (Scheid,1974; Greiner,1975). In the experimentally deter-—
mined hadronic mass spectrum one notices a fast (actually nearly exponential) in-
crease of the number of particles (resonances, mesons) with the mass of the par-
ticles. Presently, because of the ]limited accelerator capacities, the particle.
spectrum is practically only known for masses mS3 GeV. However, if the hadromic
mass spectrum is assumed to increase exponentially for all masses(which is a con-
sequence of the bootstrap equations) there should exist an upper bound to the tem-
perature which can be reached in high energy particle collisions. This so-called
"limiting temperature” TM8X originates physically from the fact that hadronic mat-
ter with rising thermal excitation prefers to create particles of increasing mass
(see Fig. 46). So, instead of increasing the temperature, higher excitation energy

AN —_—
L N

K=200 MeV

_
=
L e

04 170
: i
F 1670
[ 1650
0L 1890
F 1810
o 1950
ol Lo ., B
01 1 10 [Gev/n)

Fig. 46. The probability A; for the excitation of
various resonances as calculated in the shock
model is shown as function of the bombarding energy.
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is transformed into mass of heavy particles. This can be seen clearly for the
case of nuclear collisions in Fig. 2 ,where the lowering of the temperature due
to the excitation of resonances is shown (Hofmann,1976). If the number of resonan-
ces taken into account is increased, the temperature is substantially decreased
compared to the calculation with a lower resonance number. This fact may also be
viewed as the distribution of the internal energy over more degrees of freedom,
which leads to a lower temperature. With the presently known experimental exponen-
tial increase of the hadronic mass spectrum, Hagedorn derived a limiting tempera-
ture for hadron~hadron collisions which is of the order of the pion rest mass

% 2 o? - 140 Mev . m
However, according to fluid dynamical calculations one may read such a large tem—
perature only for rather high bombarding energies, Ep,p>10 GeV/n. The best way to
test whether a limiting temperature exists should be in a colliding beam experiment,
with the much larger CM-energies available. One can convince oneself that a pre-
sent CM-energies of the order of 4 GeV/n,it may be difficult to decide experimen-
tally whether the limiting temperature Tﬁax is reached, because of various concur-
ting processes. One indication of a limiting temperature is that the pion produc-
tion rate no longer increases, as the limiting temperature is reached. However,the

decay of the known heavy resonances mainly produces pions, so ¢n,» should neverthe-
less still increase.

Let us now consider another phenomenon, which may lead to a strong cooling of the
nuclear system: According to Huber and Dilling(1978), the excitation energies of
the isobaric resonances can be lowered coherently in a nuclear density, the so-
called "Giant Isobaric Resonances', where

GIR _ , free N"
i

E % 50 - 80 MeV .

Such an effect, if it exists, may become even stronger in heavy ion reactions at

T [MeV]
160
AN

140 Thox —— -
120+

coll
Tmux

100 - T

[= o]
o
T

Eyqp (GEV/ )

0 1 L L ! | I

o1 02 05 1 2 5 10
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ture. Curve b was obtained assuming a density isomer
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high densities, and thus would lead to enhanced transformation of excitation energy
into resonance masses,thus lowering the temperature of the system drastically (see
Fig 47). For an exponentially increasing hadronic mass spectrum a coherent lower-
ing of the hadronic masges in the strongly interacting medlum should lead to a col-
lective limiting temperature T 2%, considerably lower (T 1 <<T"ﬂx) than for the
free hadronic masses. Recently, however, it has been shown éy different authors
(Kapusta,1978; Weiner,1979) that the existente of a quark phase excludes an expo-—
nential raise of the hadron mass spectrum and therefore a limiting temperature,

In fact there are experimental indications (Friedlinder,1979) that there is no li-
miting temperature.

12. SPECULATIONS ON THE FORMATION OF EXOTIC NUCLEIL

The high excitation energy per nucleon achievable in relativistic nuclear colli-
sions may also serve as a tool for the production of exotic pieces of matter like
e.g. A N®' huclei, i.e. nuclei which include several nuclear resonances at once of
even consist exclusively of nuclear resonances. This would allow the study of the
many-particle interaction of N* with each other. In close analogy, the formation
of strange nuclei and even nuclei consisting of strange particles only may be fea-
sible. A number of interesting problems concerning the mutual strange particle in-
teraction have still to be solved. TFor very large energies, anti-nucleon produc-
tion becomes feasible, where the total energy for baryon pair production as a col-
lective process is large enough, while the energy per nucleon is still too small
("sub-threshold production'). These opportunities seem very speculative for the
moment, however, some preliminary evidence for a strongly enhanced strange particle
production process was recently discovered by Sandoval, Stock, Schroeder and co-
workers (Sandoval,1979) in a streamer chamber experiment at Berkeley, where they
found an order of magnitude increase of the A' production in RHI-collisions com-
pared to pp-reactions, They measured the proportion <on>/<m"-> for the system
Ar-K at 1.8 GeV/n and found

<m A > /< m - > o .77, n

which is nearly an order of magnitude increase of the strange particle production
compared to nucleon~nucleon collisions. This enhanced strange particle production
is very exciting, as it points further to a collective production mechanism for
heavy baryons. We can estimate the strange particle formation within the one-di-
mensional shock calculatlons as presented in section . The thermal excitation
probability for a A’ in this model is given by the product of the probability of
Kaon production and A° production

p » A +k'

> A% +&° (2)
<my0> _Epo _me? 674 Mev
_-—<mn? ~ e T_S—- . e Ts x e TS . (3)

The excitation function for A’-production then leoks similar to the T-production
shown in Fig, 24 , however, with a much smaller value. Inserting the temperature

T, as obtained in the simple shock calculation into equation (3), we find

< m oo > / < n > = 0.0033. (4)
Thus, from this rough estimate we obtain
< m A° >/ < mw—> X 2,92 (5)
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in reasonable agreement with the preliminary experimental result of Sandoval,Stock,
Schroeder and co-workers (Sandoval,1979) and in fact an order of magnitude larger
than what has been measured in pp-reactions,

13. SUMMARY AND OUTLOOK
We attempted to demonstrate that Relativistic Heavy Ion physics can open new
fields in fundamental research. Very important is the unique opportunity to study
the properties of nuclear (hadromic) matter under extreme conditions in fast nu-
clear collisions: We gave - in our view convincingly - circumstantial evidence
for the existence of shock waves, i.e., various high compression and temperature
effects in relativistic heavy ion collisions. The once promoted general transpa-
rency of nuclear matter at high energies does - as a general effect - not exist.
It might only have validity as a quantum—fluctuation, which can, however, be separ-
ated experimentall from the strongly interacting nucleus-nucleus encounters.
The high densities which may be achieved in relativistic collisions enable us to
search for phase transitions (like pion condensation, density isomers) in nuclear
matter and in particular for a transition of baryon into quark matter. These
phase transitions themselves amplify because of critical scattering the validity
of hydrodynamical and thermodynamical concepts. Therefore we can expect high com-
pression effects to occur even up to bombarding energies of 10 GeV/n and higher.
Also the experimental determination of the nuclear compression constant and sound
velocity seems feasible. The high thermal excitations allow to study the succes—
sive transformation of nuclear matter into highly excited hadronic matter and the
search for a limiting temperature. The collective formation of very heavy partic-
les, bulks of strange matter and antimatter are further intriguing possibilities.

There are indications in the Mach-shock experiments of Schopper and Baumgardt
(1979) that a phase transition of some kind (perhaps into a density isomeric confi-
guration) might occur between !.2 and 1.8 GeV/n. To check this out convincingly
more refined experiments (excitation functions ofwx —particle angular distributions
from multiplying events, pion production excitation functions) are necessary. Most
important in this connection is also the further continuation of these experiments
to higher energy up to e.g. 10 GeV/n and even higher energies.
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