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Abstract: High Density Nuclear Mach Shock Waves (HDNMSW)
occuring in central high energy heavy ion collisions (chehic)
are up to now the only tool to produce and investigate bulks
of highly excited and strongly compressed nuclear matter. Due
to strong meson condensates,phase transitions of dense
nuclear matter into density isomeric states (superdense nuc-
lei) can be expected. We discuss the occurence of pion,
condensation in - and the influence of phase transitions

on - relativistic nucleus nucleus collisions. Calculated
pion multiplicities are presented as function of the bombar-
ding energy for central collisions of various projectile -
target combinations. A new effect expected in chehic is

the "strong cooling" of the strongly compressed nuclear
matter due to the occurence of deeply bound pionic states

and due to a phase transition from baryon-to quark matter.

We calculate the propagation of HDNMSW in a relativistic
dvnamical model. The comparison of the calculated angular -
and energy distributions for the emission of matter with re-
cent experimental data seems to indicate a phase transition
in nuclear matter at densities of about 3.?’? .

1. Introduction:

Early speculations on the existence of abnormal super-

1,2,3,“ (

dense nuclei "Density Isomers") have recently been

studied by field theoretical model calculat:ion,‘j.16 which

show that compressed nuclear matter (fV&% 2 Q) due to meson

¥,
Talk presented by H.St3cker
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condensation may become unstable. Then it may undergo a phase
transition into a new form of matter with densities, binding
energies and (Z/m)-ratios several times the nuclear groundstate
1-4,7-16,18 (see Fig. 1). At even higher densities (P/}%ﬂu 15)
phase transitions from baryon to quark matter can be discussed.iT

values

Although the stability of superdeﬁse nuclei is questionable
because of their high surface energies18 there may exist at least
metastable superdense nuclear states.iu Up to now the only
feasible way to produce bulks of strongly compressed nuciear
matter consists in the formation of nuclear shock waveslu’19-31
which occur in head-on collisions of two nuclei, when their
relative velocity exceeds the nuclear sound velocity (c,/c::o.z).

The nucleon Pauli principle then forces their wavefunctions
apart,19 which can be interbreted phenomenolosically as comoression
energy. At higher energies the hard core of the nucleon-nucleon
potential, which may stem from the Pauli principle for quark

matter, gives strong repulsion.

Contrary to sound waves in nuclear matter32 nuclear shock
waves are connected with strong, density dependent matter flows
with flow velocity vf(?). The shock front propagates with shcck
velocity vs(P) , also strongzly dependent on the compression
amplitude. Hence very nonlinear phenomena appear for very larce
amplitudes, both VS(P) and vrQP) tend to the velocity of lirht ¢,
while for small perturbations they approach the linear limit
for sound waves (see Figs. 2,3).

2. Pion Condensation and the Validity of Hydrodynamics

The formation of nuclear shock waves calls for the validity
of hydrodynamical concepts, which means that fast thermalization
(short mean free path or more precisely:short longitudinal
momentum decay length) during high energy heavy ion collisions
must occur. High relative momenta between two nuclei,
signifying no overlap in phase space, as well as large longitu-
dinal momentum decay length's calculated from the free n-n
scattering cross sections were interpreted as decease for
nuclear shock waves at bombarding
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energies above one GeV per nucleon.27 However, in the "formation
flight" of ensembles of nucleons collective phenomena become
important: Pionic waves, produced in inelastic n-n collisions by
the creation and decay of nuclear isobars (nucleon resonances)

in processes of the type N+N—»N+N*—N+ U +N-N®4N- ... may lead
to rapid randomization of longitudinal momentum and energy and
thus to short mean free path and to the generation of shock

20-28,30,31 Recent exper:i.ment;szs’3’""“0 have shown, that

waves.
the reaction products show high multiplicities and large trans-
verse momentum transfer, thus indicating short longitudonal

momentum decay length and only little transparency.

Another important process for randomization is the critical
scattering of nucleons in the vicinity of a phase transition
point.is’n’33 This is analogous to the critical opalescence,
which is e.g. characterized by the great enhancement of the
scattering cross section of light near a liquid-gas phase transition
or the critical scattering of neutrons in ferromagnets near
the Curie point or - as the last example - by the critical
scattering appearing in two colliding plasma beams when the
"drift velocity of the two plasmas exceeds a critical value. Then
unstable plasmon modes appear, resulting in the growth of strong
electric fields, greatly reducing the penetration depth of the
two plasma beams in comparison with estimated values from simple
two body n-n collisions.

Thus the vicinity of a phase transition point, as the onset
of pion condensation, is expected to be marked by the occurence
of critical nucleon scattering, i.e. a large enhancement (a
factor 2 - u)33 of the density dependent n-n-cross section and
a sudden reduction of the longitudinal momentum decay length.
Thearetically the onset of pion condensation is often described
as the decay of the Hartree-Foék,groundstate into ordered zero
frequency (zero energy) particle-hole excitations carrying
pionic quantum numbers. In the new phase at high density the
groundstate nuclear matter consists of nucleons forming a
spin—isbspin 1atticeil. This can phenomenologically be inter-
preted as a phase transition from the nuclear liquid to a
nuclear spin - isospin - crystal.
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The occurence of a pion condensate in high energy heavy
ion collisions depends strongly on the question of temperature,
finite size and time scale during such collisions;15’31’33 The
critical temperaturesT, (p) above which the thermal excitations
destroy the ordered spin - isospin lattice lie substantially above
those expected in shock waves (see Fig.4).

As the condensate occurs at finite momentum kc'z,z m, , the
critical distance Rc~'¢zdz 1 ‘gm,Thus a dense system of dimension

xd va\. could support a condensate.

The relaxation time of the pion condensate can be estimated
from 'tc,:‘::mllzmca] ,» where wis the complex zero of the
pion propagator A‘rr in nuclear matter. This gives "C'mz"ro-AF
Wwith®%, = 10~27 sec and 4§=@—f‘)/]o, As the collision time is of
the order of 5% and %, 4~ T, the time scale is not too good.
More detailed calculations were needed

In the following we assume local equilibrium as a first
approximation, so that hydrodynamical concepts can be used in
our calculations. We have incorporated in our calculations:

1) relativistic dynamics

2) particle ( =, N*¥- ) production

3) finite'geometry

4) interactions and correlations between nucleons

3. The Nuclear Equation of State

We use a phenomenological description of nuclear matter,
where phase transitions can be described as secondary minima
or bends respectively in the density - dependent binding energy
per nucleon Ec(P) (see Fig. 1 ). We treat the colliding nuclei as
droplets of nuclear matter, neglecting quantum mechanical effects
as pairing, shell corrections and surface - as well as' Coulomb
energies, which are of the order of a few MeV per nucleon; while
we are dealing with bombarding energies in the 0.1 - 4.2 GeV/N rangei
Furthermore, as the de Broglie wave length at the=m high energies
is small compared to the nuclear dimensions, classical calcula~
tions are justified. Substantially below about 100 MeV/N, these
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approximations will become worse.

Basic for the nuclear equation of state is the rest energy
per nucleon W (P'T) as function of densityP and temperatureT .
It can be written as v
W(p,T) = M, <+ E (o) + a§=o (E-ri_(?i.,T) + E-.)'\-. + Eqr(ffr.fuT)
Here Moca' is the rest mass of a free (unbound) nucleon, and
Ec(.?' T=0 ) gives the binding (compression) energy per nucleon in
cold (T=0) nuclear matter. Ec(f) is practically unknown: Only Ec
(_on):o and EC(P°)= -16 MeV (groundstate nuclear matter) are
fairly certain. (See Fig. 1a). At higher densities, the nucleon
Pauli principle causes repulsion, so that Ec (P) increases
smootnly up to a possible critical point, where phase transitions
may occur (See Fig. 1 ):a "soft" pion condensationGmay be described
by a bend in Ec(P)’ while strong meson condensation will result

7-14,16 ien nepative pressure

in a strong secondary minimum in Ec(P)
(p<0) at ‘the phase transition region. The drastic -consequences on
the propagation of shock waves are discussed below. Also the co -
existence of two phases with different energies at the same
density is possible, which may lead to two different shock
waves in the first and second phase. For our dynamical calcu-
lation we first usz;9 E. .= K/@Zfﬁ:) (e - Ytrom the extende%/ .
liquid drop model. ETL(P*’T) =Pi/9- 9.._"35 leith P;'—'(—%—‘t;_"l’) 5M&c/&<j'
is the thermal energy of the i-th baryonic resonance phase, the first
term of a free Fermi-gas expansion. This is valid in good
appruximation for TL 100 MeV.

Mi , Ei= (Mi—-M)& amd pi=Aip
are the mass, exitation energy and baryon number rest density of
the i-th baryonic resonance phase respectively, while the
"C;,=(2Il.'+E4) '”(2J.+-1E)/ll.‘are statistical factors and the
A=re” ‘/“'.(E T e ‘h}g.ive the exitation probabilities for

. =0
the different %esonances.

. . . . : 2
The pionic energy is given by E.“. = A,“.' ( Mq;“ C *%T)
where mq:“ ¢ is the rest mass of the pion, which at high
densities may become very smalllj compared to the free pion
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rest mass mwcz'ﬂ'-l}B MeV. This is similar to the "diving" of
electrons in supercritical fields (we refer to the article of
W. Greiner at this meeting). (See Fig. 5)

3

5T is the thermal energy and -y
—mar - -3 e
= . - T +3¢ T +...=2 m/m—=sm

is the probability for multiple pion production. The pions are
txeated here as an ideal gas. This should be a fair approximation
at the high temperatures occuring in shock waves. The pressure
p= Pz 3\(/99[5?"9&5 to be evaluated at constant entropy, which

{10526, %1 . o+
vieles (N A Ll SO

R TR

=0

The curvature in the first minimum of Ec(P) is connected with
the nuclear compression constant (incompressibility- ):

L .
_ 9.2 Y [
K—Sf B\l\//gf P:fo|T=O,S=CC’WS+-
which is of the order of K%=100 -,400 MeV, which corresponds to
a sound velocity in groundstate nuclear matter

cs/c = (/W% | comst.
where \As/o = W(f, 'PT=O)2‘. Sl%smg?is the nucleon's

groundstate energy. We used in our calculations K=300 MeV (C:/c=0.19).

4. The Relativistic Shock Equations

We have to require the conservation of

a) baryon number-

b) momentum - flux density

c) energy -
This yields the following consistency condition for the state
variables in the rest system of the "shocked" and undisturbed
(grougéstate) nuclear matter:2

WipT) - we +plem- (Wl /p-W,/n)=0

This equation is called the relativistic shock equation25’26,
which for W - W <<V, becomes 2(w-wo) +'P(9-1 - ‘4)=0 i.e. the

21522

(non-relativistic) Rankine-Kugoniot equation The shock

front velocity VS(P) and the velocity for matter flow v:(P)



with respect to the undisturbed matter are then given t:'y:!'6
vs7c = (p-W-p /CCWp- W9,)(w,p.+~p)))"2
Ve/c = (p-(p-W- g.wo)/cy prf9.W)))

respectively. One recognizes that Vs and ve are proportional
to p’i where the pressure p«-g?- So in the presence of a phase
transition, where the pressure becomes negative during the
collapse, the shock phenomena must vanlsﬁseﬁhllg' of great
importance for the possible detection of a density 1somer.1
The above equations have to be solved numerically. For a
nucleon gas, excluding resonances, pions and their "cooling"

22,26,30

effects , we can find an unique analytical relation

between thermal energy and density in the compressed matter26

= [-B+@-4AC)%:} /(2n)

AI=4+ac B = (WorE) (2+) +pe/p- «J}w
CQAH-E) W+WPL(9 4)*‘Ec‘Pc.§’"4

and Pr= "?Er which with ® = 2/3 is valid for as well ideal-’
and Fermi-gases. Now we have a connection between all state
variables ‘behind the shock front and the velocities with the
density p.

where

A relativistic model for central collisions of equal nuclei

The rest densitiesy and temperatures T in the compression
region of two equal, centrally colliding nuclei can be
evaluated in the center of mass-system by assuming that the
velocity field in the compression zone is small2 this is
true near the collision axis even for very high bombarding
energiesBo), Then the flow velocity of the "shocked" matter
in the projectile and target nucleus is equal to the c.m.
velocity of projectile and target. (v°=vf) (see’Fig.‘s)

In the laboratory system, the projectile velocityis

Ve = 2 vp-( 4+ v

(see Fig. 3)

677
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C . =%
and therefor the kinetic lab energy is E\_M/m=((4-vp"') - 1)W,

As'we know vr(g) from the numerical solution of the relati-
vistic shock equations, we get a unique relation between 9
and ELAB/n‘ The density as a function of the bombarding
energy ELAB/n is shown in Fig. 7 for various equations of
state. Within this model we have calculated the mean pion
multiplicities for central collisions as a function of the
bombarding energy per nucle’smu1 (see Fig. 8):

<mar= (Anr 3 A)-2A,
For bombarding energies ELAB/n>0.u GeV < mg> can fairly
well be fitted by a straight line:

< mgd>= (017 E  /m [GeVl=-0.04)-2 A
Clearly, the excitation of nuclear isobars and pions at
high energies costs the system a lot of thermal energy.

Fig. 9 shows the "cooling" of the compressed nuclear matter
due to the increasing number of nuclear isobars taken into
account.26

It has been shownu2 that an exponentially increasing re-

‘'sonance spectrum results in a maximal temperature TMaxx ‘vn.“,cl

which can not be exceeded in nigh energy n-n collisions, as
the exitation energy is pumped into additional mass of

heavy resonances. This behaviour may be changed drastically
in central high energy heavy ion collisioqs"lz (See Figs.5,10)
The strong collective nuclear forces in highly dense nuclear
matter may lead to strongly bound pionic states with very
small effective masses (mqfrrécmw ).

These small effective masses, which may result from the
repulsive o self interaction, prevent the pions from diving
into their own negative continuum (in contrast to electrons,
which may dive in the presence of supercritical Coulomb fields
(we refer to the talk of W. Greiner at this conference)).
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Due to such strongly bound pionic states the temperature
in central high energy heavy ion collisions will be reduced
substantially at high densities (9/3%213: many pions can
thermally be created in this strongly bound state with small
effective mass, thus wasting a lot of the exitation energy of
the system. This sudden reduction of the temperature above a
theshold bombarding energy can experimentally be detected, as
the evaporation spectra of the reaction products and the mean
pion multipiicity stronglv depend on the temperature of the
compression zone.q‘

Also the pion production rate will be significantly changed:
the direct production of free pions as calculated above will
be reduced substantially, but two step processes, e.g. the
exitation of pions from the low lying state into the conti-
nuum become very importantul. The expansion of ‘the compression
zone after the reaction makes. the production of free pions
feasible, which have been created in a bound state, which
however approaches the upper continuum for smaller densities.
These processes may lead to a much smaller limiting temperature
TMAiV mgfgﬁin central high energy heavy ion collisions than
that occuring in single n-n-collisionsuz. The strong cooling
can also be expected for baryon - quark - matter phase
1:ransit:ionsu1
internal energy is distributed over a three times larger

from a nucleus to a giant quark bag : as the

number of degrees of freedon, the quark matter temperature will
be 1/3 of the nucleons temperature.

Central High Energy Collision of Small Projectile and Heavy
Target: A Relativistic Dynamical ModelH3

Our model describes phenomenologically the geometry and
dynamical variables during a central high energy collision
of a smaller projectile and a heavy target and yields the
angular- and energy distribution of the reaction fragments.
We carried out the calculations in the lab-frame (target
at rest). There are mainly three different phases of evolution

during such a collisionlu’26 (see Fig. 11).
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The diving phase: The kinematically contracted projectile
enters the target, becomes highly compressed and excited. In
the diving process a splashing wave should 1lead to backward
emission of matter.

The penetrating: stage: The projectile interpenetrates the
target, pushing matter to the side; thus initiating the side-
wards travelling ‘strongly compressed Mach shock wave.

The evaporation phase: The projectile- and Mach shock matter
leaves the residual target which now evaporates, while pro-
jectile and Mach shock explode because of their very high
excitation energies which correspond to temperatures from

20 - 60 MeV. (See Fig. 12)

The explosion of the head shock wave which contains at the

end of the collision more than double the nucleons of the in-
coming projectile, corresponds to the explosion of the nuc-
lear fireball, which has recently been used té explain angular-
and energy distributions in-non-central high energy heavy

ion collisions.>’

It may also be possible, that the strongly compressed and
highly excited projectile explodes inside the target during
the interpenetrating stage. This will lead to superstars with
enormous multiplicities. In this case the Mach angle will be
washed out and can not be seen. This will be taken into
account in a further calculation.

To restrict the number of degrees of freedom, we para-
metrize the compression zone by two paraboloids,
z. = a1r2 + 2,2 = a2r2 + 25, 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
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(paraboloid 2) with a drilled hole of radius R.P in it. The
residual .nucleus has not yet been incorporated in our present
calculations. The projectile (head shock wave) is divided from
the Mach shock zone by a third paraboloid z =-a r2 + 2,
(see Fig.11).

1

So the geometry of the system is determined by four

variables: al, a2, 245 zz.

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 our 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:

The surface points on the paraboloids shall fulfil
the shock equations. They move with the shock velocities:

i'E:%—_E +V'F=O v éa= Ve (P‘) 1;;4.: vf(f’d)
1
Gox (Vslp): (1+ ol 72) % = Vg () o™
‘A 3 1

Gy = (vf (f’z)'(4 * Lf'q}_ ”rs;.)%“ Vf (?‘))-‘,-,—E;L

where F is the surface.
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The time derilvatives ‘of ‘the Mach- and head shock densities

are determined by use of the conservation of the total baryon
number A, and the total energy Eq

a) Aq: A ’+AP= J\ ?'CX) olsx
b) E =(A; +A)W + Blap Ap=
fj)()t)\«f(g(x),‘l‘(gcx)))d X= E 9&\:\/ V'

There j 1ndlcates the different density regions. The prlmes
indicate the quantities in the lab frame. They are connect-
ed by Lorentz-transformations with the quantities in the
respectlve rest frame:

9 (x) = g;(x) (4‘ v‘cgcx))) z w-w (4- Vl) %

The indices 0, 1, 2 are connected with the rest target, head-
and Mach shock respectively. The differentiation of a) and
b) with respect to time yields:

{(fa'dv*-“?‘\{‘+ﬂ )v+
—Q(A +A g Vo0, Y, )}V
Dot {Zn g (Wi-w-n )]

{v (M, 5l - +9~aw T
W]
Urheae =i = AW
'35’; {f§§a it ‘“35'75 ‘[Ka*?gfag,}
wiho gy s (4 - en)®
ok Vt; = j.,\.lca dz
3!

L]

d)gf; G



The V; are calculated using the rotational symmetry around

the z-axis. The time derivatives of V; derend on the geome-
trical parameters and their time derivatives only. The quanti-
ties j%, w} s Vf} in the rest system are calculated by
numerical interation from the primed lab-quantities. Also

the initial values of the densities, velocities, and geome-
trical parameters are iteratively calculated by requiring

the correct total enerry and baryon number.

The time evolution of the phvsical quantities is ob-
tained bty simultaneous numerical integration of the six
differential equations in time-steps of At = 0.1 fm/c,
which is sufficiently exact tc ensure enerry- and baryon -
number conservation better than one per cent.

The Results of the Calculations

The head- and the Mach shock densities [ and po as a‘
function of time are shown in Fig.13 for various enerfies:
In the beginning, the projectile is strongly compressed,
but this compression is substantially decreased later on.
The Mach shock density 92 is about 2 S;below fl
respectively.

The mean compression in the head- and Mach shock (each
at t = 5 fm/c) is shown in Fig.14a as function of the berm-
barding energy. The mean kinetic energy EKiN=((1-‘ﬁf)—;5—4)-MQ
of the emitted particles (Fig.14b) after the collision is
smaller than 200 MeV/N for Mach shock particles up to bom-
barding 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 zhown in Fig.1lc.
It has been corrected within our one-dimensional model.of
chapter 5 by the cooling influence of nuclear isobars which

683
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were not yet includad in our present calculations.

As the mes&n head shock densities are approximately equal
to those calculated within the one-dimensional modelas, we
can make use of the later model to yield the pion production
rate, when we take care of the resul:, that the number of
headshock particles is atout 2.

The Mach shock angle P is depicted as a function of 1lab-
energy in Fig. 15. It smoothly decreases from about 60
degrees at 0.1 GaV/N to 35 degrees at 4 GeV/N. It is smeared
out very much because of the terverature in the Mach shezk
and because of the curvature of the Mach-"cone".26 The
explosion of the highly excited head shbck causes s‘ronz
emission of fast particles into forward iirections, which
may hinder the visibility of the Mach shock peak at small
bombarding energies. The energy spect}a of the exploding
projectiles (head shock) drawn in Fig.16 were calculated bv
relativistic addition of the flow velocity and the thermal
velocity in the head shock after the collision, taking into
account the isotropic decay cross section in the rest system
of the projectile.

The Influence of a Density Isomer on the Reactions

If we assume a density isomer at}yﬁz3, the above
picture applies only below ELAB 0.2 GeV/n, as then the
projectile density reaches the phase transition region,
i.e. the region of negative pressure (‘P< 0)

(see Figs. 1,6,15,17,18). 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 think on a piece
of ice which moves through water - this is important for
the appearance of the Mach shock wave, since a water
droplet dumping into water would produce too high friction
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and therefore soon damp out the collective motion. This, in
fact, can to some extent be seen in the hydrodynamic calcu-

lations of Nix et a1.29

As during the phase transition the head shock velocity
becomes small, the Mach shock angle ? substantially decre§§es
in this energy region, since the Mach shock moves faster
than the collapsing head shock during this time period. The
crystallization 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 approaches the critical region: Now the Mach shock
matter collapses into the density iscmeric state and the Mach

shock velocity becomes small, so that the Mach angle now will
be substantially increased. (See Figs. 15 and 17)

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 Vug and Vys tend to the light
velocity ¢ at very high densities, so that\f¢0for very high
energies.

One also may think that higher phase transitions do
occur, which may again produce such a characteristic depen-

dance of the Mach angle P on the bombarding energy.

Comparison of Our Calculations with the Experimental

Observations

HDNMSVW should be observable in central
high energy collisions of light projectiles with heavy
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targets:

1)

2)

3)

In azimuthally symmetric central collisions, which can
be identified by very high multiplicities
and azimuthally symmetric distributions of the reaction

fragments e.g. by many prong stars in AgCl - detectors,
26

a preferential emission angle must be observed©".

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.

The Mach shock peak and the decay of the head shock

should predominantly be seen in the k-particle channel

for three reasons:

a) A pion condensate with a structure of a spin-isospin
lattice g-=ferentially decays into X-particles as
smallast lattice cells.

b) When the Mach shock wave approaches the nuclear
suface, it kicks out the o -particles contained
enhanced in the nuclear surface.

c) During the individual collisions of the constituent
particles in the high temperature zone of the Mach
shock, mainly those cx-particles (and heavier
clusters) survive, which have not undergone a
scattering. Thus tiie 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 occurence of pion condensation
should also lead to a large enhancement of the pion
production cross section.
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Simultaneously to the medium energy sidewards Mach

W
()

shcck peak, a broad high energetic forward peak at

\quo°, stemmine from the exploding head shock, will
be seen. It may consist of protons and pions mainly
because of the extremly high temperatures in the head
shock. Evidence for this projectile explosion seems to
be seen in a recent experimentuu. (See Figs. 12 and 19)

£) A nearly isctropic distribution in the lab frame may
stem from the residual nucleus with small temperatures
and kinetic energies.

In the presence of a pion condensate the Mach shock
peak should be more clearly oronounced and also should have
the abcve predicted detendence on energy. Recent experimen-
tal dat:a,26’36’33'uO which fulfil the above criteria on
centrality, energy- and o« -particle windows, show a peak in
the angular distributions of the reaction fragments. The
systermatic shift of this preferential angle with enersry ‘can
be interpreted in comparison with our calculations as
indication for a phase transition in dense nuclear matter at
P/EL:=3-5 (see Figs. 15 and 20, and figure caption).

Summary and Conclusions

HDNMSW can be used as a tool to study bulks of highly
excited and strongly compressed nuclear matter, which means
the investigation of the nuclear equation of state under
extreme conditions. We have shown, that HDNMSW show speci-
fic effects, when phase transitions of nuclear matter into
the pion condensate or density isomer occur at high densities.
Yie can study the properties of the so-formed highly excited
isobaric ras f(eventually quark gas), and we can look for a
possitle iimiting temperature T..,.. wnich mav be drastically

BT
denmaagardt oy the sevanc caaling due =s stronsly hound nionie
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states or a baryon—-quark matter phase transition.

Besides that, information on the compressibility constant
K and sound velocity c¢g in ground state nuclear matter can
be gained. It thus seems that high energy heavy ion physics
can furnish fundamental information about nuclear matter.
This may lead to an exciting future.
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Fig. 1: shows various possible forms of the binding energy
Ec(?) per nucleon (as described in the text).

Ys=Ylp)

Cg = Const
e —

Fig. 2: shows schematically the difference between weak
and strons compression waves (sound- and shock waves)
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: Phase diagram of nuclear matter, which showa, that

the critical temperature Tc (9) above which a
possible pion condensate cannot be formed, is always
much higher than the temperature occuring in nuclear
shock waves. So pion condensates can occur in high
energy heavy ion collislona.’s



Fig. Sa: A head-on collision of two equal relativistically
contracted nuclei is shown schematically.

b: The occurence of a strongly bound pionic state‘in
high density nuclear matter is indicated schematicallyv.
The thermal production of pions is indicated, by
arrows for direct - and two step processes.
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Pig. 6: The influence of a secondary minimum in E (9) on
the propagation of shock waves is ahown“l : in the
region of negative pressure (1,‘ 0) the shock
phenomena vanish.
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Pig. 7. The ici'luence ol the compression ceonstant and excitation of nuclear reegpances
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an The conaresciv %= in certral ccllisions of tw> equal nuclei is shown<”. The

] eonstagt 1e of (rather smasl) importance for small hombarding energies (below
1 nil ohar- and piosn production become very important for high bombarding
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Pig. 8. The mean pion multiplicity <ng> as function of the bombarding enmergy 13 de-
pictad. liost pions stem from the direct thermal production of free pions, but a consi-
derable part stemsfrom the decay ol thermaly excited nuclear isobars. The number of pions
emitted froz certral high enercy heavy ion collisions thus can be used to measure the
termperature T achieved in the reaction.

<ry> can also be used to determine the ccmpressibility of nuclear matter: For a low
compression constant (E « 1CC Fe') the guzyeT of emitted pions at 1 GeV/n will be about

20 percent larger than for £ = 30C lieV €%
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Pig. 9. The lowering of the temperature due to the exitation of resonances is shown: If
e number of resonances taken into account ia our calculation is increased, the tenpe-

roture is sibstoantially decreased as a Iuncgion of bombardin; erersy. This shows the

trend to a limitins temperature T)..: o 2y ¢< at very large enercies for an exponentially
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Pig. 10. The :‘-Cf ne ﬁoolinv of the reuctign zone in the presence of a stronfly bound
pionic state (mc¢f c - 16 Le7 at ¢/0>3) is depicted. Two step processes will lower
the temperature even core {or very hizh temperaturec.

Due to thece strons collective effects in bulks of hichly cempressed nuclear matter the
maximal tempex-atuxe”l‘t,u will be drastically decreased in comparicon with the maximal

temperature Twzmwcz possibly occuring in single nucleon - nucleon collisions.
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fig. 13: show the head- and Mach shock densities as a

a and b function of time for various bombardine enerries.
The numbers at the curves indicate the tormbarding
enersy in GeV/n.
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Pig. 14.a The mean density of the head- and the Mach shock (at t « 5 fo/c respectively)
ac lunction of the bomdyarding encr_y is depicted. An inlicated thase transition at a gi-
ven density will affect the bcadchiock formation for relatively low energies, while the
NMach chock will reach this ptoce transition region at much higkber eser:ies.

Pig. 14.b The kinetic enzrgy Eyj, per nucleon of the reaction fraccents stemming from the
Bead- and lNach shock respcctiVeiy is drgwn as a furction of tte bombarding enmergy.
(The thermal ener:y is not yet included.

Pig. 14a.c The temperatures of the head- and Ploch shock before theil explosion is shown.
T.e daclied lines are thte tenperatures taling into account the cooling influence of the
sroduction of nuclear isobdars.
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Fig. 15: The dashed line shows the energy dependent position
of the Mach shock peak calculated without a density
isomer in E, (9). The solid line shows the
influence of a phase transition point at 9/9"23:
At 0.25 GeV/N the projectile dives into the density
isomeric state (crystallization) which results in
a smaller angle than expected without density
isomer. At energies between 1 and 2 GeV, the Mach
shock reaches the phase transition region, resulting
in a larger Mach shock angle (vf->90°)_ It tends
to smaller angles for even higher energies. The
dots represent the peak position in recent experiments
of E. Schopper and collaborators. They show just the
behaviour which can be expected within our model.
This seems to indicate the existence of a phase
transition (secondary-minimum) in nuclear matter at

about 3 9/?, .

bodolE Projectile Explosion LGeVIN

025 6evIN

0 L P e | X P ey | P
10 100 1000 E[MeV/N)
fir. 16: The energy spectrum of the projectile, which explodes
because of its high excitation energy when it leaves

the target, is shown for ELAB’N e 0,25 and 4 QeV/N.
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Fig. 17: The mean density in the head- and Mach shock
respectively‘as function of the bombarding qnersi
is depicted. A possible phase transition will effect
the head shock at rather small energies, while the
Mach shock will be effected only at much higher
bombarding energies.
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Pig. 18: shows the arastic consequences of a secondary

minimum in Ec( ) on the reaction: The head- and
Mach shock density as a function of time is shown
for two different Ec(p): the dashed curves indicate
normal nuclear matter, while the solid curves
represent the results calculated with a phase tran-
sition at densities between 3.3 and UP,:

The headshock.dives into the secondary minimun,
which results in a smaller Mach shock angle (as
described in the text). The lowering of the Mach
shock angle can be used to determine the width

of the region of negative pressureusz strong
deviations of the Mach angle indicate large soreadine
of this phase transition region.
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The calculated angular distribution of <he head shock
particles (full curve) is compared to the resul: of

a recent experimentuu (dots; C.8 fe¥/n e—>Tt): 72
least five fast (ELAB> 200 MeV) azimuthally symnetric
distributed protons have been measured in coincidence,
which seems to indicate the existence of a rather

compact highly excited projectile (head shock).
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Fig. 20:

shows the angular distribution of the "no evaporation”
components (ELAB/n<2OO MeV for ox-particles) in theh
recent experiments of Prof. Schopper and coworkers.
Ag-Cl-solid state particle track detectors have
been illuminated with various projectiles (%He,

12C, 160) at energies between 071 and 4.0 GeV/n.
The criteria on central collisions as quoted in the
text have been applied. A forward peak, shifting
drastically with energy, which is nearly indepencent
on the projectile mass can be seen.

The respective peak position is indicated by arrows.
The comparison of this peak position as function of
energy with our calculations seems to indicate a
phase transition in nuclear matter at 9/.9.:;}.
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