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Abstract. Mach shock waves and head shock waves occur during the interpenetration of a
light high energetic nucleus with a heavy one. Collisions of ¢0, '*C and *He ions at
energies between 0.25 and 2.1 GeV/N with Ag and Cl nuclei have been investigated. The
theoretical concepts and the experiment are presented and interpreted. From that a velocity
of first sound in nuclear matter ¢,~0.19¢, a Mach shock velocity v,~0.58¢ and a nuclear
compression constant K =300 MeV are deduced.

1. Introduction

If nuclei collide with the relative velocity v larger than
the velocity ¢, of first sound in nuclear matter, shock
waves are predicted to develop [1, 2]. They are of
principal importance, because of the rather high den-
sities (p/p,~2-5) and temperatures (T ~ 30-200 MeV)
expected in the shock zones and the thus developing
isobaric and hot matter with properties which are
completely unknown at present, and because of the
possibility to investigate the energy density functional
W(p, T) of nuclear matter far beyond the equilibrium
point p=p,. The measurement of the nuclear com-
orw
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possibility of finding density isomers, i.e. secondary
minima in the functional W(p, T), are particularly
fascinating and important opportunities.

pression constant K=9p? and the
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Nucleus-nucleus collisions in the high-energy region
>100 MeV/N up to relativistic energies have —in the
past —been studied using as projectiles fast nuclei from
the cosmic radiation. Many of the experimental data
have been obtained from measurements of star-events
produced in nuclear emulsion as target and detector,
where they could be observed in 4n-geometry.

A wide spectrum of energies and masses of the pro-
jectiles, and the mixture of different light and heavy
nuclei in the target—the nuclear emulsion—have
complicated the evaluation of those experiments and
have restricted the informations available from them.
A new access to the investigation of high-energy
nucleus-nucleus collisions has been opened with the
availability of beams of heavy ions at fixed energies
up to 2.1 GeV/N at the Bevatron accelerator of the
LBL at Berkeley.

Using as target a new type of solid state particle track-
detectors, developed at the University of Frankfurt
[3-5], which consist of thin monocristalline layers of
silverchloride only, we were able to confine the inter-
actions of the heavy ion projectiles (*°O, 2C or *He)
on the two nuclides of the detector with medium
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Fig. |. The various stages of a central penetration of a light nucleus into a heavier one at high bombarding energies. The scattering of particles
along the Mach shock front into the backward hemisphere occurs in the direction fixed by the angle ¢,. The main Mach shock front moves
in the direction given by ¢, =¢, —90°. Further Mach shock fronts travel with lower density discontinuities indicated by ¢,. The head shock

front (black area) has the highest density

masses, 4,Ag and ,ClL (A small amount of 0.5%
13Cd-doping may be accounted to the neighbouring
Ag nuclide.) Assuming the cross sections for (O, Ag)
or (O, Cl)-collisions resp., as proportional to(R 5, + Ro)*
and (Rgy+Rp)* the ratio of interactions will be
Tag/Oc1=1.62, ie. 629 of all collisions will occur at
the silver nucleus.

These detectors have been irradiated at the LBL-
accelerator with fast ions of oxygen at energies of 2.1,
0.87 GeV/N and carbon at 0.25GeV/N and with
He-ions at 0.87 GeV/N.* Evaluating these inter-
actions which present themselves as star events in the
volume of the detector in 4n-geometry, we were able
to follow up trends in their appearance with the pro-
jectile energy.

Amongst other data we observed peaks in the angular
distribution of the reaction products at forward and
at backward angles, which, by following their position
and their shift with the energy of the projectile, will be
interpreted as signatures of nuclear shock waves.

The paper is arranged in the following way: In Sect. 2
the general concepts of shock waves and Mach shock
waves are presented together with a discussion of the
validity of hydrodynamics and thermodynamics. The
third section contains the relativistic shock equations
for an one-phase nucleonic gas and an isobaric gas.
This is followed by the presentation of the experiment
in Sect. 4, the interpretation of the various observations
in Sect. 5, and the final outlook on some possibilities
provided by shock waves for experimental investiga-
tion.

2. Shock Waves and Mach Cones

If the projectile nucleus with A, nucleons is rather
small compared to the target nucleus with A, nucleons,
the situation of a central relativistic collision can be
schematically depicted as in Fig. 1, which shows three

* We are greatly indebted to our colleagues at Berkeley, Dr. Grun-
der, F. Lothrop and Dr. Heckman, LBL, and Dr. Benton and Dr.
Cruty, University of San Francisco, for their kind help.

phases of interpenetration. In the first, the diving stage,
the projectile enters the target with supersonic velocity
and thus creates a high density shock denoted as head
shock, which is strongest on the projectile’s head and
therefore penetrates faster along the incident trajec-
tory through the larger nucleus.** Due to this shock.
matter is expected to be pushed to the side and along
the sidewards developing surface of the compression
wave at angles ¢, and ¢, =¢, +90°, where ¢, charac-
terizes the propagation of the Mach front. The flow
of matter into backward angles is analogous to splashes
occuring, when a fluid drop hits a fluid surface. When
the shock front intersects the nuclear surface at positions
¢, and ¢@,, matter will be ejected because of the high
pressure within the front.

In the penetrating stage the Mach shock wave becomes
fully developed and propagates in the direction charac-
terized by the angle ¢, (Fig. 1). The occurrence of the
Mach cone is possible because the density in the
Mach shock wave is lower than the density in the head
shock wave and therefore the velocity (v,)y, of the
head shock wave is larger than the velocity (v,),, of
the Mach shock wave. Indeed, as shown in Fig. 5, the
velocity of a shock front increases with the density in
the shock zone: The higher the density, the larger the
shock velocity v,. Behind the projectile highly dis-
turbed matter of lower density appears. This zone can
be thought as a collapsing “drilled hole” or “dead
water”.

In the various high density zones the temperature Tis
rather high (we refer to Fig. 3). This makes the creation
of nuclear isobars possible with densities determined

** The rather sharp, experimentally observed Mach angles (see
Fig. 9) and the very small recoil of the residual nucleus (see Tabie 1)
indicate that the head shock wave is moving rather friction-free
and compact through nuclear matter. The reason for that could
be the occurrence of pion condensate (n* — 7z~ -dipole layer cloud).
At present it cannot clearly be decided theoretically whether
7~ -mesons are also bound like the n*, or whether they autoionize
like positrons in overcritical fields. In the latter case one would
expect the reaction =" +n - p to occur, thus leading to proton-rich
(or neutron-poorjreaction products.



H.G. Baumgardt et al.: Shock Waves and Mach Cones

by the Boltzmann distribution

p=e ey ()

where 1, is the statistical weight and E, the excitation
energy of the i-th isobar; p denotes the total baryon
density and p, the density of nucleons (E, =0). There-
fore, in violent shock waves large quantities of hot
and highly isobaric matter should occur [1, 2, 8], which
probably have quite different characteristics and be-
haviour as ground state matter. A thorough and de-
tailed study of the shock phenomena, the emission of
particles, the measurement of the temperature through
evaporation spectra and of the production of isobars
may answer some of these questions and deepen our
understanding of baryonic matter. Particularly the
structure of the fundamental energy density functional
Wi(p,, T), which we will discuss in some approximation,
can be investigated via the shock processes.* This in-
cludes the possible existence of density isomers.

The creation of isobars is also important in another
respect, namely for the equilibrization of energy and
hence for the validity of hydrodynamics and thermo-
dynamics in nucleus-nucleus collisions. Indeed, the
created N* will immediately decay with a decay time
of 10~2* sec, and emit pions which are reabsorbed by
the neighbouring nucleons, i.e. N* >N +g—-N*—...
(Ref. 9). The typical mean free path for pions in nuclear
matter is

) 1
/vn:"O_:'p*zO-:; pO/p fm (2)

where we use o,~200mb. This pion wave moves
through the nucleus and helps indeed for equilibriza-
tion. At the nuclear surface, the pion emission can be
expected to be more or less thermal except for those
pions carried in the various shock waves.

The typical mean free path of nucleons is determined
by

e ~1.4p,/pfm 3)
N

where ¢,~40mb is the free elastic nucleon-nucleon

cross section. This is important for the initial develop-

ment of the shock. Because of the relativistic shrinking

one initially has for high energetic collisions:
P 1 E

kin

2
M,c

o Y1I-F

* In the introduction we spoke of W(p, T) but learn now that in fact
it is a functional depending on all p,, ie. W(p,, T). Nevertheless,
for simplicity reasons and also because it is a good approximation
near T=0, we will use W(p, T) in some parts of our discussion
later on.
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Therefore, the free path Ay=14/1+E, /M,c*) " fm
is small compared to the dimensions of the target
nucleus. At lower energies the relativistic increase of
the density due to shrinking decreases, whereas in-
versely the nucleon-nucleon cross section increases.
Therefore, the conclusion remains valid. This should
be sufficient to initiate shocks even at energies of
2 GeV/N. After that occurred, the density p becomes
even higher and the inelastic processes described above
set in, so that hydrodynamics has validity [1, 2, 10].
Hence even a certain transparency of nuclear matter
should not inhibit the formation of shock waves, except
if oy(E) drops at ultrahigh energies faster than 1/;=
V1i-p

The Mach cone should be observed in the direction
@, given by

CO8 @, =(Ug)ars/ (0 )yt 4)

The velocity (v,), of the head shock wave is related to
the kinetic energy of the projectile and is determined
in Sect. 5.

Mach shock waves do also occur for noncentral col-
lisions as long as the overlap of the two colliding nuclei
is not too small and the interaction violently enough.
In these cases the Mach front still propagates in the
direction ¢,. Since collisions will occur equally often
for all azimutal angles around the central collision
axis, the Mach shock cone will also be visible in the
statistical ensemble of all collistons which is demon-
strated in Fig. 2. In this case, also the shock front in the
projectile is of some importance. The noncentral
collisions can be experimentally distinguished from
the central collisions in track detectors (see Sect. 4
and Fig. 12).

The particles and clusters finally ejected from the
Mach shock wave at the nuclear surface will have a
maximum velocity ¢, which is the velocity of matter
flow in the compressed zone (see Eq. (23)). Hence their
maximum kinetic energies

| ;
—1 5
Y1=(0 /0 ) ®)

are proportional to their masses. This can serve in
future as a further experimental check on the shock
waves: The particles ejected under the shock angle
should fulfil this relation; we note, however, that the
density in the Mach shock decreases behind its front
which leads to a velocity dispersion and hence also to a
directed emission of slower particles (see the schematic
Fig. 8).

The distribution of the particles and the fragments in
the Mach cone will obtain an angular spread A¢, due
to the zero point motion E ~ 30 MeV and due to

En= Mc? (

fermi
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Fig. 2. Noncentral collision of a light nucleus with a heavier one.
The resulting angles of the Mach fronts are expected to be the same
as for the central collision discussed in Fig. 1

the thermal energy E,; ...~ 50 MeV. The value of the
thermal energy depends on the density in the Mach
shock front and can eventually serve for its experimen-
tal observation. A@, is determined via Advi, =

2(EFermi+Etherm)/M0 by
1 2 UIZVIS 2 -
A, =|arccos [— (UMS—!-(I— 3 )AUMS> ]—(p2
Vs ¢
~5—15°. 6)

3. Relativistic Shock Equations

3.1. One-Phase Nucleon Gas

First for simplicity we consider a one-phase gas of
nucleons with density p, i.e. we neglect the production
of isobars [2, 8]. Basic for its behaviour is the energy
per nucleon W(p, T) as a function of p and T, for which
we use the ansatz

elp, T) _

Wip, T)= Myc?—W,
C erlp, T)

o (p—pg T ™
PPo p

where W, ~ 16 MeV is the binding energy per nucleon
in the ground state of nuclear matter (7 =0). The third
term describes the compression energy per particle,
ie. an expansion of W(p, T) around p=p,. C is
related to the compression constant K by K=9 C. e;
denotes a general function for the volume density of
the thermal energy, which has to obey the only re-
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quirement that the partial pressure p,,.,,, is connected
with the thermal energy per particle E,, ., =e;/p via
the relation

ptherm =a eT(p» T)
where o is a constant factor. The total pressure is given
by

oW

pzpcomp+ptherm=p2

C
2p,

(‘qp constentropy

(P2 —pd)+aerp, T). (8)

This relation should be illustrated by two examples:

For the ideal gas it follows from pV=NkT that

Pinerm = £k T and, therefore, E,, ... =3k T =e,/p, which

in turn gives p,....=%e;. Hence we find a=2 in this

case. The same is also true for the Fermi gas, for which

Epen = pT?p 27— 4L 2m P M,
p

therm = with § 2(7) (he)?

holds. For the Fermi gas the pressure is calculated to

, 2 .
be p=——(p*—p3)+—- e, which has again the
2p, 3

form (8).

At the shock front the continuity of energy and
momentum flux must be assured. It yields the relativistic
Rankine equation which reads with the specific
enthalpy i=e+p (Refs. 11, 12)

ip i2+( )(io+i)0 o)
R, p_p PO [ — | =0.
ps P’ A\ P

The quantities on both sides of the shock front are
distinguished by the index 0 and no index, respectively.
Inserting (7) and (8) into (9) yields a relation for the

energy density as a function of p:

2

a a
er=ot |/ +b

1 -
a TN [(Mo ? = Wollap? = (x+2)p po)

C
—T(P_PO)GP‘“PO‘*'“(p_pO))]

= ¢ p 3 2.
b= 2 ([+a)p2 (p—=po) Myc*—W,—C). (10
This in turn yields for any e, (p, T) the temperature T
in the shock front as a function of the shock density.
In Fig. 3 the temperature T{(p) is shown for various
values of compressibility: The thermal energy per
nucleon E,.,.(p) can be seen in Fig. 4a. Obviously
there occurs no limiting density as in the nonrelativistic
theory [1,2], even though the shock equation (9)
reduces in the limit M,c*—o0 to the nonrelativistic
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Fig. 3. The temperature T(kT in MeV) as function of the density
following from the relativistic Rankine equation (9), for the ideal gas
(dashed lines), and the Fermi gas ansatz (full lines) for various com-
pressibilities. The dotted-dashed line is the temperature T for the
Fermi gas including the (3, 3)-resonance for K =300 MeV

Rankine-Hugoniot equation [1, 2, 13, 14]

2W- W (ot po) (5~ ) =0 (1
P P

which has a pole at p=4p, for a=% (Refs. 1,2). The
compression energy per nucleon, given by the third
term of Eq.(7) is graphically depicted in Fig. 4b and
the excitation energy per nucleon in Fig. 4c.

The above mentioned continuity equations at the
shock front lead also to the shock velocity v, relative
to the resting fluid characterized by p,=0 and W, =

eo/po=Wi(p,.0). It is given by
p-W(.T)p

I/W(P, ) p—W( PQ,O) po) (W(po,()) /’ +1’)

With Eq. (10) the shock velocity can be expressed as
a function of p only and approximates v,—c¢ for
p/po> L. Itis depicted in Fig. 5 for various compression
constants and equations of state, i.e. values of «.

(12)

3.2. Isobaric Gas

The complex situation in a relativistic nucleus-nucleus
collision is more properly described by a many-phase
isobaric gas, which allows for the excitation of the
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nucleons to their various excited states. Assuming a
Boltzmann distribution, the baryonic densities of the
various phases are given by Eq.(1). In addition one
should also treat the pionic phase which, however,

iMey?
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Fig. 4. The thermal energy, the compression energy and the total
excitation energy per nucleon as function of the density for a=%.
The thermal energy is calculated with Eq. (10). The total excitation
energy is given by the sum of the thermal energy and the com-
pression energy

‘l /

1 . . ! . L Lgm
o7 b b & 0

Fig. 5. The velocity of the shock front according to Eq.(12) as
function of the density p/p, for 2 =3, 1 and for various compression
constants K. The velocity of the first sound in nuclear matter is
given by the value of ¢, at p/p,=1
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we disregard at present to simplify the treatment.*
We assume also the same velocity field for all baryonic
phases and, furthermore, that the total energy density
of the many-phase baryonic gas can solely be expressed
by the total density p and a common temperature T.
Eq. (7) is accordingly changed into

e(p, T)

Wip, T)="*
o

1 € (p’ T)

=M, ¢ “’Wo+2 (p—po) + u (13)
Po p

where
¢ N Tn
=3 (Kier(Mi—Mo)cz)v,-- (14)
p =1 pl

The nucleonic phase is denoted by i=1. M, =M, is
the mass of the nucleon and the y, are defined in Eq.(1).
Here, n=1 describes the ideal gas and n=2, a=2/3
the Fermi gas. The K, are certain constants, which
are given e.g. for the Fermi gas by

p._1 ( 2t m )2"3 M, c?
2 2 3 (hc)

K. =

H

The pressure results from (n+1):
T
ji (_> dT = € 2)
o T? T 2/’
T

(h—=1)-T" ZZ

1-1

(15)

az(n Caln—1)—1 j (n— 1) 1
For N=1, ie. for the one-phase nucleonic gas, we
have y, =1 and Eq.(15) becomes Eq.(8). Under the
assumptions outlined above, the relativistic shock
equation is exactly the same as in Eq.(9). This is
rather obvious, because the shock equation is a con-
sequence of momentum, energy and baryonic number
conservation across the shock front. Assuming that
before the shock front W,=W(p,, T=0)=M,c> - W,
and p,=0, it can be written in the following more
explicit form
0=2(W-W,)+ (1 1)+ (1+1) W-",
TP P Po g p o pol WHW,’
(16)
which shows the relativistic addition (third term) to
the non-relativistic Rankine equation (first two terms,
see Eq. (11)). Its solution can only be obtained numer-
ically. The resulting functional T=T(p) is also shown
in Fig. 3 for an isobaric Fermi gas including the nucleon-
and the 3/2— 3,2 resonance-phases only. The thermal
energy which contains also the internal energy of the
* Since the pion mass is M, ~3M, the velocity field of the pionic

gas is considerably different from the baryonic one and the above
simplified treatment would need major modifications.
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isobars is compared in Fig. 6 with the one-phase ap-
proximation of Fig.4 and shows a strong increase
with temperature. Also the dependence of the shock
velocity on the total baryonic matter density p/p, is
changed due to isobar degrees of freedom as shown
in Fig. 7.

Mevd e Energy / Baryon
1200 (Fermi Gas , K =300 Mev)

(@) Nucleons

(& Nucleans +
800~  (4:3}-Resonances

L

S
8 p/p,

.t

Fig. 6. Thermal energy per baryon as function of the isobaric density
for the Fermi gas ansatz (Eq. (14) with n=2, «=2%). Only nucleons
and (3,3)-resonances are included in the calculation. For com-
parison the thermal energy for the one-phase gas consisting of
nucleons only is shown. The last curve is also drawn in Fig. 4a

% (Fermi Gas, K=300MeV)

}
T

(D Shock velocity fve/c)
(D Flow velocity (w/c)

——— No Resanances
——— With Resonances

i P U B

—L. R
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Fig. 7. The velocity of the shock front and the velocity of matter,
flowing in the compressed region behind the shock front (Eq. (23)),
for K =300 MeV for the nucleon gas and the two-component gas
consisting of nucleons and (3, 2)-resonances as function of the den-
sity. Tt should be noted that for smaller densities only a few (3, 3)-
resonances are excited and both curves do not differ appreciably

I
3
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4. The Experiment

4.1. The Detectors and Their Evaluation

The detectors consist of monocrystalline sheets of
150 to 300 microns thickness of pure silverchloride
(density p=5.6 gcm ), doped with 200 to 8000 ppm of
Cd, depending on the sensitivity desired.

The detector sheets used in these experiments, were
supported by thin plates of quarzglass with dimensions
of 1.5 times 2.5 cm?, in order to prevent mechanical
distortions by the handling procedures. They also can
be used as large free foils and mounted as stacks.
Based on a similar fundamental process of the forma-
tion of particle tracks as in the nuclear emulsion, they
possess, besides the more simple and homogeneous
structure compared to the latter, several interesting
particular properties [4-6]. We are giving here some
details which are relevant for the experiment.

The tracks of charged particles in the detectors are
made visible —developed — simply by irradiation with
ultraviolet light (~~406nm) after the exposure to
particles; deformations and shrinkage by the process-
ing are thus excluded. Undeveloped tracks of particles
are quickly fading, unless they are not stabilized during
the particle exposure by inactinic, for instance yellow
light [5]; kept in darkness, the detectors remain free
of background-tracks.

The detectors have been exposed to the heavy ion
beam — partly parallely partly perpendicularly to the
detectors surface —with about 10° particles/cm?.

The star-events observed were evaluated by means
of a special electronic video-amplifier device, a mod-
ified Quantimet 720 (Fa. Imanco) [5].

High precision and reproducibility in the determina-
tion of track coordinates—eliminating subjective pa-
rameters —are achicvable by the following means:

a) focussing of the microscopic image of the track
on the video-screen, or, if necessary, in a nonsubjective
way by determining electronically the depth position
of the steepest lateral density profile O(r) of the track:

b) electronic positioning of the x,y coordinates of
the scanning field (the smallest corresponding to
0.035 x 0.05 microns at the detector site) combined with
an electronic movement of the stage;

¢) electronic measurement of the dip-coordinate :
(+0.1 micron).

The determination of the lateral density profile of
the track-image projected on the video-amplifier
cathode (with 20 picture-points per micron in the
lateral dimension r of the track at the detector site)
permits to calibrate the ionization of the particle.
Corresponding to the doping concentration of
5000 ppm Cd, the detectors used in our experiment
had a sensitivity threshold: If we admit “grained™
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thresholds
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7. B- 57

evaporation
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shock wave ;
particles fets,
knock on

particles
a np

energy

Fig. 8. In the upper half of the figure the sensitivity thresholds of the
AgCl-detectors for protons (28 MeV) and He-particles (200 MeV/N)
are shown. Below there are drawn the schematic spectral ranges of
the evaporation component (p, d, x-particles), of the shock wave
component and of the knock-on and cascade particles

tracks —in the terminology of nuclear emulsion people:
grey and white tracks which also occur in AgCl-
crystals —and if we fix the threshold of recognizability
of a track at the opacity 0=0.2,* the threshold will
be given by a linear energy transfer (LET)

1E MeV keV IE
(L,,) =107 26 g5 (1)
dx iy, gcm micron dx

min.Z=1

(17)

with corresponding energies of

E ~28 MeV for protons, p=024

~4.4 MeV for n-mesons,

~200 MeV/N for a-particles, §=0.57

Thus the particles recorded in our detectors roughly
correspond to the group of black prongs in K5-
emulsion. We should keep in mind that «-particles
up to E=200 MeV/N are falling into this group; they
are of particular interest in the context of shock waves,
whereas singly charged particles of corresponding
LET, n-mesons and protons, are low-energetic only;
the latter are belonging to the so-called evaporation
spectrum, which occurs in the final phase of high
energy nuclear interactions (see Fig. 8).

4.2. Angular Distributions and their Components

We have, first of all, determined the angular distribu-
tions of all particles emitted from stars with = 3 prongs.

* Following Barkas [7], two tenth of a unit of length of a track are
covered by silver.
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We could disregard their mass and charge for the 4g

following reasons:

Nucleus-nucleus collisions in the energy range con- (a.u)

sidered, may be regarded as a superposition of different
mechanisms: The incoming projectile represenis a
bulk of nucleons which make nucleon-nucleon inter-
actions within the target nucleus. On the one hand
they are creating knock-on particles and pion-jets of
higher energy emitted mainly in forward angles in the
lab-system and followed probably by cascade processes
to a certain extent. On the other hand they are preparing
the shock wave mechanism which we are discussing.
After these fast processes the excited residual nucleus
comes to a gliding thermal equilibrium and deexcites
by evaporating particles of low energies <30 MeV
with a temperature spectrum: protons and «-particles
mainly; a small amount consists of fragments and
clusters.

We are interested in the intermediate stage, where
cascades and compression waves are expected to
develop. Following the schematic Fig. 8 the sensitivity
cut-off of our detectors excludes the fast, mainly
forwardly directed particles of the jet and knock-on
group, except heavier fragments with Z >3, such as
B, C, N, O; these, however, following recent results of
the Heckman group at Berkeley [17], are also mostly
emitted into small forward angles with low transverse
momentum. At larger angles we are observing the
evaporation component and He-particles of higher
energies up to 200 MeV/N, which belong to the
interesting group in the range of Mach shock velocities
(v) ys<0.6 ¢ (Table 2).

This argumentation is supported by the results of
earlier work, in particular by Otterlund et al. [15, 16]:
in stars produced in nuclear emulsion by nuclei of the
cosmic radiation with energies > 100 MeV/N they find
among the outcoming particles tracks of He-particles
with energies above 30 MeV up to 200 MeV, —pre-
dominantly from larger stars (>8 prongs)—, which
cannot be attributed — under reasonable assumptions—
to the evaporation component.

The angular distributions obtained from collisions of
19(0-ions at 2.1 and 0.87 GeV/N and of ?C-ions at
0.25 GeV/N with the nuclides Ag and CI are depicted
in Fig. 9. The left side gives the measured histogram,
the right side the distribution after subtracting the
calculated evaporation spectrum. The error bars are
marking the peaks, which we attribute to hydro-
dynamic shock wave effects.

1t may be noticed that besides the first peak in forward
direction a satellite peak in backward direction ap-
pears, which is correlated to the first by a shift of 90°.
We assign it to the backward “splashing tide wave”
which is expected to occur at the discontinuity at the
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Fig. 9. Left hand side: Angular distributions da/d€ in arb. units of

particles from stars at Ag and Cl nuclei, with different projectiles

and energies; full line: calculated evaporation component

0 at 2.1 and 0.87 GeV/N, stars >3 prongs

Y2C at 0.25 GeV/N, stars = 13 prongs

ordinate: overlapping means
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abscissa: 40 in 5 degrees.

Right hand side: remaining component after subtraction of the
evaporation component (see text).

Error bars: ¢, (peak minus evaporation)

intersection of the shock front plane with the surface
of the nucleus (Fig. 1).

For comparison, in Fig. 10 angular distributions are
depicted for *He and '°O ions as projectiles at
0.87 GeV/N. In both cases the peaks appear at about
the same angles, but with reduced height for He-
particles (see also Note Added in Proof, page 371).
The number of particles and the energy spectrum of
the evaporation component has been calculated follow-
ing Le Couteur [18]. The angular distribution which
is isotropic in the c.m.-system has to be shifted in
forward direction as a consequence of the forward
velocity (f,.,) of the evaporating residual nucleus. We
have to consider the following relations between the
excitation energy U of the evaporating nucleus, its
temperature 7, the energy distribution n(E)dE and
the mean number of evaporating particles per star-
event N, We are including protons, deuterons and

evap”
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Fig. 10. Comparison of two angular distributions, plotted as in
Fig. 9 for '®0 and “He as projectiles at energies of 0.87 GeV/N

o-particles with the ratio given by Le Couteur’s theory.
The excitation energy

U=aT?- A a=0.1, A=mass number (18)

leads to N,

evap

n(E)dE = f(T, V),

(T). From the evaporation spectrum
(V3= Coulomb barrier) (19)
follows a mean energy per evaporated particle
Eeun(T. V) or Bo(T).

We have fitted the angular distribution of the evapora-
tion component to the shape of the measured angular
distributions (Fig.9 and 10) at large angles 6> 130°
and around 0=90° where no hydrodynamic effects
are expected. The fitted parameters are N, and
Bres/Bevap» Which are correlated by Eg.(18) and (19)
The particles, remaining after subtraction of the
evaporation component — right side of Figs. 9 and 10—
are due to the fast processes mentioned above, for
instance shock wave effects.

Table 1 lists the data used for the calculation of the
fitted evaporation curves. The Coulomb-barrier is
taken as Vz=0. Looking at the values of f, th
momentum transfered to the residual evaporatlng

Table 1. Evaporation data, used for the calculation of the curves in
Figs. 9 and 10, averaged for Ag and Cl; U mean excitation energy;
Pres ve]ocny of the evaporating residual nucleus; mean number of

prongs: N, per star, N, evaporating particles per star
Projectile energy U Bree N, Now NN
(GeV/N) (MeV)
%0 21 210 0.02 8.2 5.6 2.6
0.87 305 0.03 10.2 7.1 31
2C 025 255 0.06 8.0 6.5 1.5
‘He 087 295 <0.01 8.8 74 1.4
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nucleus occurs to increase with decreasing energy of
the projectile: the collision mechanism becomes more
frictional. As expected the momentum transfered by
He-projectiles is much smaller.

We assign to the peaks Gaussian-like shapes: the
errors, represented by bars in Figs. 9 and 10, correspond
to the mean standard deviation o, of the difference
d = peak-evaporation. For the forward peaks we find

427 for 2.1 GeV/N 10

g m

=4.4 for 0.87 GeV/N '°0
=3.2 for 0.25 GeV/N 2C.

The backward satellites shifted by 90°, are not signifi-
cant, regarded as isolated peaks. Their correlation to
forward peaks, and their occurrence with three
projectils are, however, supporting their significance.
We have checked alternatives to the shock wave
explanation:

One of the hypotheses to be considered with regard
to the energy range covered by the detector sensitivity
was that of a simple evaporation mechanism. Using
the frec parameters N, ., the mean number of
evaporating particles per star-event, and f,,, /B,.,, the
mean velocities of the evaporating particles and of
the residual nucleus, we have adjusted evaporation
curves to the histograms by least square fits. They
could be rejected by y>-tests; in the case of oxygen-
projectiles of 0.87 GeV/N at the 0.01 level. Besides this
statistical argument, the fit requires a rather high
number of N =9.6 compared to the whole mean

evap

number N, = 10.2 prongs per star-event, and f, .~ 0.08;
they are in contradiction to known data [15, 16] and
to our data which we finally elaborated (comp. Table 2)
for the calculated curves in Fig. 9.

The possible objection that a kinematic cut-off of
the angular distributions towards smaller forward
angles or faster particles due to the sensitivity threshold
of our detectors, might simulate the peaks, could
be ruled out. We have calculated the angles under
which protons are scattered with 28 MeV, and
a-particles with 200 MeV/N by the impact with
nucleons or clusters from projectiles of various energies
(Fig. 11). The comparison with the experimentally
observed peaks shows that the latter cannot be caused
by a kinematic cut-off.

In order to examine the influence of the different
masses of the target nuclei Ag and Cl onto the position
of the observed peaks, we have compared the angular
distributions of particles from all stars (=3 prongs)
with those from small stars (3-6 prongs) and from
large stars (>13-30 prongs); the latter are ascribed to
collisions with Ag. With 1°O-projectiles at 0.87 GeV/N
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Fig. 11. Calculated angles under which protons of 28 MeV (p, ) and
a-particles of 200 MeV/N (x,) are scattered in collisions with
nucleons and a-particles of the projectile at different projectile
energies

the position of the peak does not remarkably change
(Fig. 12a). It is, however, smeared out and dis-
appearing at 0.25 GeV/N with small stars (Fig. 12b).
This is well fitting with findings of Otterlund [16] that
the o-particles observed with energies above the
evaporation spectrum did not occur in small stars.

If we observe large and symmetrical stars, which can
be discriminated easily (and only) in track-detector
experiments, we obviously exclude strongly peripheral
collisions, which at lower energies, where the mean
star size is smaller, are covering the shock wave
effects.

A more detailed examination of these questions will
be given in the diploma thesis by H.G. Baumgardt [21].
We often observe tracks of narrow pairs or triples of
particles emerging from the star-events; they could
be due to clusters formed in the compression zone
and decaying at the nuclear surface in a collective
motion.

5. Interpretation of the Experiment

The angular distributions of the fragment tracks ob-
served in the star-events show indeed the theoretically
predicted peak structure: For **O or **C ions respec-
tively these peaks (first peak and its satellite) are listed
for various projectile energies in Table 2.

From the 0.25 GeV/N data we deduce the Mach shock
velocity {v,),,, =0.49¢. The density p needed to calcu-
late v, with Eq.(12) can be obtained in a dynamical
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Fig. 12. Angular distributions of particles from stars produced at
Ag and Cl nuclei, for small stars (3-6 prongs) and for large stars
(> 13 prongs) by (a) '°0 at 0.87 GeV/N, (b) ' *C at 0.25 GeV/N

nonrelativistic calculation as described in Refs. 1, 2.
It depends on the compression constant K. To repro-
duce approximately the 0.25 GeV/N-data we take
K =300 MeV. This compression constant yields ¢,=
1V C/M =11/ K/M =0.19 ¢ for the velocity of first sound.
With that the dynamical nonrelativistic calculation
predicts the Mach shock densities as function of the
projectile energy per particle as shown by the full
curves in Fig. 14. The Mach shock densities can also
be deduced from the experimental Mach angles ¢,.
For that we first calculate the Mach shock velocity
(Ug)ys =€0S @, - (v)y, and then deduce the Mach shock
densities (p/pg)y, from the curves in Fig. 7. The con-
nection of the head shock velocity (v,)y, with the
projectile energy is discussed in Eqs. (20)~(23) (see also
Fig. 13). The resulting densities (p/p,)y, are listed in
Table 2 and shown in Fig. 14.

Obviously there is qualitative agreement in Fig. 14,
but it should be remarked that the high energy data
are sensitive to the relativistic effects, the density
functional W{(p, T)and in particular to the temperature
energy term e,(p, T). A possible structure in W(p, T)
for densities p>p, (density isomer) influences the
theoretical behaviour of (p/p)y, in Fig. 14 significant-
ly.* The fact that the Mach shock velocity is practically
the same for projectile energies =870 MeV indi-
cates, that the Mach shock densities for these energies
are the same, which is a surprising, but not unphysical

* We note, that density isomers in W(p, T) would lead to regions
0

. W
of negative pressure p=p>—-..
One can therefore expect that the shock wave phenomena will
disappear in that region of the density or projectile energy — which
both are correlated —where the isomer occurs. Even though the
temperature will smear out this effect somewhat, it can eventually
be used as a signature in the search for density isomers.
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Table 2. The experimental angles for the forward and satellite peak, the density and the velocities in the Mach shock wave and head shock
wave. The quantities p/p,, v, and v, are calculated assuming an isobaric Fermi gas consisting of nucleons and (3, 3)-resonances. The compression
constant is taken as K =300 MeV. We obtain the head shock density (p/pg)y, from Fig. 13 and then, the velocities (v )y;, (v/)y, from Fig. 7.
The Mach shock velocity (v),,, is calculated by using the experimental angle ¢,: (v), =cos@, - (v )y, With (v,),,, the density (p/p,),, and

velocity (z,) y, are obtained from Fig. 7

Mach shock wave

Head shock wave
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Fig. 13. The projectile energy, the thermal excitation energy (same
as in Fig. 6) and the compression energy are drawn as function of
the density in the head shock. The connection between the pro-
jectile energy and the head shock density is obtained from Eqs. (21-24)

result.* It could mean, that as soon as there is a
density p/p,=3.5 reached on the sides of the projectile,
these compressed matter zones separate from the bulk
of the head shock matter and travel sidewards as
Mach shock waves.

The densities (p/pg)y, reached in the Mach shock

* Even though this “limiting” velocity (v)MSzO.SSCzc;’]/i seems
to be identical with the sound velocity of an ultrarelativistic ideal
gas, the interpretation of the Mach shock waves as sound-waves has
to be ruled out. Since the gas is nor ultrarelativistic a sound wave
would require an extremely high compression constant

K =9 M,(1,)%,~ 2800 MeV).
0l\rs

Fig. 14. The density in the main shock front as function of the pro-
jectile energy for K=300MeV. In (a) the nuclear matter consists
of nucleons only, in (b) also (3,3)-resonances are included. The
full curves are the result of the dynamical calculation with the
model described in Ref. 1. The dashed curves are drawn through
the “experimental ™ data (circles). The “experimental™ points are
obtained via the following prescription: For a given projectile
energy the density (p/py)y, is taken from Fig. 13. The value of
(p/polus serves to obtain the head shock velocity (v),, by using
Fig. 7. With the experimental observed angles ¢, the main shock
velocity is calculated according to (vy)y,=cos @, - (v,)y,. Finally, the
main shock velocity is used to get the main shock density (p/p )y,
from Fig. 7

wave are obviously considerable but still smaller than
those in the head-shock wave (p/pg)y, (Table 2). The
latter are obtained by requesting that the energy of the
projectile particles is the same as the energy of the
particles in the head shock wave. The energy per
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projectile particle
po Moo (20)
1- (vpmj/c)2

i1s slowed down due to the compression and heat
energies, which are given according to (7) for the
Fermi gas by

C
EX=_——(p—po)*+

—-2/3 TZ.
2pop 3Bp 21

Therefore, an effective energy per particle within the
head shock wave results as
E M2 —W,+E*

eff /1 —(Uf/C)z :
Here, v, is the velocity of matter in the head shock

wave behind the shock front and is measured in the
lab-system. It is given by [12]

(22)

—po W(p,,0))
po,O)) p Wip, T)

The flow velocity v, is shown in Fig.7 as function
of the density. Equating Eq.(20) and (22), we obtain
vy, p and v, of the head shock wave as function of
the pro_]ectlle energy, respectively of v,.. In Table2
these quantities are listed. Fig. 13 shows the connection
between the projectile energy per particle and the head
shock density.

Table 2 shows also the flow velocity in the head shock
in units of the incoming projectile velocity. Obviously
the relative slow-down of the projectile particles while
traveling through nuclear matter (head shock) is larger
for smaller energies. This seems to be supported by
the experimental findings (Table 1, last column).

A strong experimental argument for shock wave effects
is the emission of particles into backward peaks and
their strong 90°-correlation to their forward partners
(Figs. 9, 10); they can hardly be explained by other
mechanisms. In addition, the assumption of com-
pression waves as nonfrictional collective processes
offers a simpler explanation for the observed very low
momentum transfer by the projectile nucleus onto the
residual target nucleus, than for instance cascade
processes producing the same angular distribution.
As an alternative to our shock wave model one might
think of target recoil effects. To that end we have
calculated the target recoil for the two cases of pure
Coulomb interaction and Coulomb interaction with
a hard core at R=R, +R,. The true interaction of
such high energetic ions is expected in between these
two cases, probably closer to the hard core potential,

ple Wip, T
P+p0

(23)
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because of the strong soft core occurring between
relativistic nuclei due to the compression effects. In
the first case the recoil peaks occur at 90°, in the latter
case at 35°, but in both cases the recoil peak is nearly
independent of energy, contrary to observation.
Therefore, we conclude, that in the investigated energy
range we have observed hydrodynamic effects, i.e.
shock waves and Mach cones, and that they are
playing an important role amongst the mechanisms
of interaction contributing in nucleus-nucleus
collisions.

6. Outlook

The presently carried out experiments should be con-
tinued and supplemented in various ways. The most
general requirement is perhaps to resolve with im-
proving statistics the “fine structure™ in the angular
distribution of the fragments, so that the predictions
on Mach shock waves and their backward satellites
can be made even more quantitative. It is well known
from hydrodynamics, that second and higher order
Mach shock waves can occur [19]. They have usually
lower densities than the main shock front. This
situation is schematically depicted in Figs. 1 and 2. It
leads to shock ejection of particles at somewhat larger
angles ¢,, ¢,. These higher order Mach shock waves
would produce fine structures in the angular distribu-
tions. Also it is possible that shock waves in the
projectile nuclei can occur. By observing finer struc-
tures the now known nuclear compressibility can be
determined even more accurately [20]. In principle
the compressibility could depend on the nucleon
number A=N + Z. The observation of Mach cones in
different targets and for different projectiles could
clarify this question.

Furthermore, the velocity profile of the Mach shock
particles which causes dispersion of the shock front,
would be interesting to know, as would be the cluster
distribution within the various shock waves. Since
the densities are rather high, this could tell us some-
thing about clustering in nuclear matter as a function
of the density. It can be obtained through an analysis
of particles and their velocities within the Mach cone.
On the other hand, information can also be gathered
on the temperature within the shock waves via both
the angular widths (Eq. (6)) of the shock cone and the
possible proximity-decay of some clusters, which we
have already seen. The clustering effects of nuclear
matter as a function of its density can be studied by
analyzing the angular distributions of the binary and
triple tracks. Into the same category belongs the futural
observation of emitted pions and nucleonic isobars [2]
and their consecutive decay. The possible existence
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of density isomeres is of still greater speculative nature,
but even more fascinating.

The friendly interest of Prof. Ch. Schmelzer in this work is greatly
appreciated.

Note Added in Proof. The position of this peak has been confirmed
by recent results from an electronic AE— E-type experiment by
Gutbrod, Jandoval and Stock (Marburg); and Poskanzer, Sextro
and Zebelmann, at the LBL Berkeley: The reaction “He + 238U —*He
at E(*He)=0.7 GeV/N and 1.05 GeV/N shows (broadened) forward
peaks in the angular distribution do/df at 40+ 3°(1.05 GeV/N) and
38+5° (0.7 GeV/N) for 3He-particles with 60<E< 100 MeV/N
(private communication by R. Stock).
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