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Abstract : fiigh £ensity Nuclear �ach �hock �aves (HDNMSW) 
oc curing in central high !ner�y neavy !on £Ollis i�ns ( 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 1 phase transitions of dense 
nuclear matter into density isomeric  state s ( superdense nuc­
lei ) can be expected . We discuss the oc curence of pion. 
condensation in - and the influence of phase trans itions 
on - re lativist ic nuc leus nuc leus collisions . Calculated 
pion mult ip licities are presented as funct ion of the bombar­
ding energy for central collisions of various proj ectile  -
target combinat ions . A new effect expected in chehi c is  
the " strong cooling" of  the strongly compressed nuc lear 
mat ter due to the occurence of deep ly bound pionic states 
and due to a phase transition from baryon · to quark matter . 
We calculate the propagation of HDNMSW in a relat ivi stic 
dvnamical mode l .  �he comparison of the calculat ed an�ular -
and energy distribut ions for the emission of matter with re­
cent experimental data seems to indicate a phase transition 
in nuc lear mat ter at dens ities of about 3 f'fo ·

1 .  Introduction : 

Early specu lat ions on the existence of abnormai super­
dense nuc lei 1 ' 2 , 3 , 4 ( "Density Isomers " )  have recent ly been
studied by field theoreti cal model calculation , 5- 1 6 which
show that compressed nuc lear matter C p/fo � 1 )  due to meson
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condensation may b ecome unstab le . Then i t  may under�o a phase 
transit ion into a new form of matt er with densit ies , b indin� 
energies and ( Z /m ) -rat i�s · several  t imes the nuclear grounds tate 
values 1- 4 ,1- 1 6 , 1 8  ( see  Fig . 1 ) . At  even higher dens ities < p/n � 1 0 )

Jo 1 ' ' phase transitions  from baryon t o  quark mat ter can be  discussed . 1 

Although t he stabi lity of  superdense nuc lei i s  ques tionable  
becaus e  of their high surface energies 1 8  there may exist at least 

1 4 m etastab le superdense nuclear s t ates . Up t o  now the only
feasible way to produce bulks of stron�ly compressed nuclear 
matter consi s t s  in the format ion of nuclear s hock waves 1 4 , l 9- 3 l
which oc cur in  head- on collisions o f  two nuclei , when their 
relat ive veloci ty exc e eds the nuc lear sound velo city ( c.5 /c Z o.i) . 
The nucleon P auli  principle then forces their wavefunct ions 
apart , 19 which can be  int erpre ted phenow.enolo�icallY as compression
energy . At higher enereie s the hard core of the nucleon- nucleon 
pot ent ial , which may stem from t he Pauli princip le for quark 
matter , �ives strong repulsion . 

Contrary to sound waves in  nuclear mat t er3 2 nuclear shock 
waves are conne cted with strong , dens ity dependent mat t er f lows 
with flow velocity vf (p ) .  The shock front pr'opa9;ates  with shc ck
velocity vs (.P) , also stron�ly d ependent on the  compress ion
amplitud e .  Hence very nonlinear phenomena appear for very lar�e 
amplitudes , both v s <p> and vf <p> tend- t o  the veloc ity of liP:ht c ,
while  for small perturbat ions they approach the l inear l imit  
for  sound waves { s e� Figs . 2 , 3 ) . 

2 .  P ion Condensation and the Validity o f  Hydrodynami cs 

The formation of nuelear shock waves calls for the validitv  
of hydrodynamical conc ep t s , which means that fast  thermali zat ion 
( short mean free p ath  or more precisely : short lon�itudinal 
momentum decay length ) during high ener�y heavy ion collisions 
mus t  occur . High relat ive momenta between two nuc le i , 
s ignifying no overlap in phase space , as we ll as lar�e lon�itu­
dinal momentum decay len�th ' s  calculated from the free n-n 
scattering cross  sect ions were interpre ted as decease for 
nuc lear 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 ( nuc leon resonances ) 
ip proc::esses of the type N+N�N+N•-+ N+  'lt +N -..N•+N -1- _ • • •  may lead 
to rapid randomization of longitudinal momentum and energy and 
thus to  short mean free path and to  the generation of shock 
waves . 20- 28 , 30 , 3i Recent experiments26 , 34 - 4o have shown , that 
the reaction products  show high multiplicities and large trans­
verse momentum transfer , thus indicat ing short longitudonal 
momentum decay length and only little transparency . 

Another important process for randomization is the critical 
s cattering of nuc leons in the vicinity of a phase transition 
point . 1 5 , 3i , 33 This is analogous to the critical opalescence � 
which is e . g . characteri zed 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 
s cattering 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 colli sions .

Thus the vicinity of a phase transition point , as the onset
of pion condensation , is expected to  be �arked by the occurence
of critical nucleon scattering , i . e .  a large enhancement ( a
factor 2 - 4 ) 3 3  o f  the density dependent n-n-cross section and
a sudden reduction of the longitudinal momentum decay length .
Theoretically the onset of pion condens�tion is  often described
as the decay of the Hartree-Fock. groundstate into ordered zero
frequency ( zero energy ) partic le-hole excitations· carrying
pionic quantum numbers . In the new phase at high density the
groundstate nuc lear matter consists  of nucleons forming a
spin-is�spin lattice1 1 • This  can phenomenologically be inter­
preted as a phase transition from the nuc lear liquid to a
nuclear spin - isospin - crystal ,
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The oc curence of a pion condensate  in high energy heavy 
i on collisions depend s ·  s trongly on the question of t emperature , 
f inite s i ze and time s cale during such colli sions ; 1 5 , 3l , 3 3  The
crit ic al t emperat'ures Tc (J> ) above which the thermal exc itat ions
destroy the ordered spin - isospin latt i ce lie substantially above 
those expected in shock waves ( see Fig . 4 ) .

As · the condensate occurs at finite momentum kc-x. . 2 m� , the
criti cal distance Re - lcZJi � 1 r· Thus a dense system of dimension
� .t  � could support a condensat e .  

The relaxati on t ime o f  the p ion condensate can b e  estimated 
from t:c.::J : "h\AA l.t  � e., J , where � i s  the complex zero of the 
p ion propagator � iri nuclear matt er . This gives 't',� 't"0 • A p
with'tc = 10-2 3 s ec and 6.p � (f -fe)lfo As the collis ion t ime is  of
the order of 5 "t'o and 't'� � -r0 the time scale is not too good . 
More detai led calculat ions were needed · 

In the following we assume -local equilibrium as a first 
approximati on , so  that hydrodynamical concep ts can be  used in 
our calculat ions . We have incorporated in our calculat ions : 

1 )  relat ivistic  dynamics 
2 )  particle ( 1t - \ N* - ) product ion 

3 ) finite ' geometry 
4 )  interactions and correlat ions between nucleons 

3 . The Nuclear Equation of State 

We use a phenomenologi cal description of nuclear ·matter , 
where phase transitions can be described as secondary minima 
or b ends respectively in the density - dependent binding energy 
per nuc leon Ec (p )  ( see Fig . 1 ) .  We treat the collid in� nuc lei  as
droplets of nuclear matter , neglect in� 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 s while 
we are dealing with bombarding energies in the 0 . 1  - 4 . 2  OeV/N range i 
Furthermore ,  as the de Broglie wave length at theS! hi�h energies 
is small compared to the nuclear dimensions , c lassical calcula­
tions are j ustified . Substant ially below about 100 MeV/N ,  these 



approximations will become worse . 

Bas i c  for the nuc lear equation of state is the rest ener�y 
per nuc leon W Cp , T) as function of densityp and temperature 1' .
It can be written as 

675 

W <r,T) � M.  c1 + i:c. C rl + #a ( E,._( f '- 1  T) + E.: ) ·A , + E,r C.f"i· , f  ,T)
Here M

0
C� is the rest  mass  of a free ( unbound ) nucleon , and 

Ee ( .P , T = 0 ) p.:i ves the binding ( compression ) enerE!:Y per nucleon in
cold (T=O)  nuclear matter .  E ( o) i s  practically unknown : Only E 

C J C 
(p :O) =O and Ec ( p0 ) =  - 1 6 MeV ( ground state nuc lear matter ) are
fairly cert.ain . ( See Fig . la ) . At higher · densities , the nucleon 
Pauli princip le causes repuls ion , so that Ec (p) increases
smoothly up to a possib le critical point , where phase trans itions 
may oc cur ( See Fig . 1 ): a " soft " pion condensation6may be described 
by a bend in  Ec (p) ,  whi le strong meson condensation wi ll result
in a strong secondary minimum in Ec (.f>) 7 -lu , 1 6  with ne�ative �ressure
( p < O) at ·the phase trans it ion region . The drastic  -consequences on 
the propagation of shock waves are discu ssed below . Also the co -
existence of two phases with different ener�ies at the same 
density is possib le ,  which may lead to two different ohock 
waves in the first and second phas e .  For our dynamical calcu-

lat ion we first use Ee. ·= K /��.ffo) ·{_f -�T"rrom the extende� 2. 2.
liquid drop modei . 19 ETt Cj>i,T)  = ?t72 p"-� T4with �i. = (}c-tt 'lT) 3Mt C�J 
is the thermal energy or the i-th baryoni c resonance phase , the first 
term of a free Fermi-gas expansion .  Thls is valid in good 
apJH'ux.imal.lun for T < 100 Mt:V . 

M t , E '" =  ( M � - Mo) c� OJ-n.J. .P i ; l i f
are the mass , exitat ion energy and baryon number rest density of 
t he i-th baryonic re sonance  phase respective ly , whi le the 
� .. = C 2 I . + -1 ) • ( 2J 1

. + 1 ) / 4 are stat istical factors and the
L ,J - f: rt:'I .A.� �t e- E�fr.( � "C1e e cl'r_P-;ive the exitation probab ilities for 

i. K=<> the different resonances . 

The p ionic energy is given by E
'lt' = Aitr · C " l'M.'ltcff C

i. 
� t, T)

where m
ffr
o# ,� is the rest mass of the pion , which at high 

densities may become very sma115 com?ared to the rree pion 
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rest mass m
l\t'

c.2.i::138 MeV. This is s imilar to  the "diving" of
electrons in supercritical fields (�e refer to the article of 
W. Greiner at this meeting ) . ( See Fig . 5 )

LT is the thermal energy and2 - �r
\ A - 'M.,r - �T - �lr e 1 

A
rrr 

= ,, · e T + l e T + 3 e • +- . . . :: ( 
1 

_ e -�1r )•
is the probability for multiple pion production . The pions are 
tleated here -as an ideal gas . This should be a fair approximation 
at the high temperatures occuring in shock waves . The pressure 
p =  l'- d\l /�f I S:�s to be evaluated at constant entropy , which
y ields 2 6 , "' 'f -c- 'f' + 'f, + 'f'It T 

rp= K /� B r,H.f' .. _fo .. ) + ; y1'lT! f@· s,l�cl,TJ +4p T
0 

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

K = 3 l d2. W nf Ip : .fo I T: o I S =  CO"lv,lt.
which is of the order of K�100 - .. 400 MeV , which corresponds to 
a sound v elocity in groundstate nuclear matter 

C s / C = ( d f /� ( ',/·,r))% I s : cO'Wl.st. 
where Wa = W ( .fo I T: Q )  � � ii MeV is the nuc leon ' s
groundstate energy . We used in our calculations K= 300 MeV ('J"G=0 . 19 ) . 

4 . The Relativistic Shoak Equations

We have to require the 
a )  baryon number-
b )  momentum -
c )  energy -

conservation of 

}r lux dens ity

This yields the following consistency condi�ion for the state 
variables in the rest system of the " shocked" and undisturbed 

2 6 ( groundstate ) nuclear matter : 

V1p,T) - I,/:- + 'f (f ,T) . ( \.I ('? ,T) /.r - \I. Ip. J =. 0
This equation is called the relativistic shock equation2 5 , 2 6 , 
w�ich for W - W0<< W0 becomes 2 (W-W0 ) + -pC J- 1 -ff:� ) =O i . e .  the
( non-relativistic ) Rankine-Hugoniot equat ion2 1 , 2 . �he shock 
front velocity �s <p> and the velocity for matter f low v� (�) 



with respect to the undisturbed matter are then given byi, 

( see Fig . 3 )  
Vs / c = ( -p ·  W' ·p /CC \v j> - W0 po ){ Wo.f'o + 'f>))) ¥� 
V�/ C  : (-p · l f·w'- fo Wo ) / ( p · V< 4f) T J)0 � )))�

respectively . One recognizes that vs and vf are proportional
to p 1-a. where the pressure P"' ;;. So in the presence · of a phase 
transition , where the pressure becomes negative during the 

· . < see ?ig , 6 )  collapse ,  the shock phenomena must van1sfi . �his i s  o f  great
importance for the possible detection of a density isomer . 1 4

The above equations have to be  solved numerically . For a 
nucleon gas , excluding resonances , pions and their "cooling" 
effec ts 22 , 2 6 , 3° ,  we can find an unique analytical relation
between thermal energy and density in the compressed matter2 6  

where 
ET= {- B + (B � - lr A (, ) %_ J / ( 2 A)

and i>,- ==cx9E.,, which with o<. = 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· 

5 ,  A relativistic model for central collisions of equal nuclei 

The rest densitiesf and temperatures T in �he 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 sma112�this is 
true near the collision axis even for very high bombarding 
energies 3°) .  Then the flow velocity of the " shocked" matter 
in the projectile and target nucleus �s equal to the c . m .  
velocity of  projectile and target . (v0=vf ) ( See : Fig . · 5 )

In the laboratory system ,  the projectile velocity is 
V p =- J. V f . ( ,1 + vt)-4 
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and therefor the kinet ic  lab energy is E
'-/t.e/""' = ( ( '1 - vp

-
%_ '1 )  ·\v'0 

�s · we know v
r

<9) from the numerical solut ion of the relat i­
vist i c  s hock equat ions , we get a unique re lat ion between � 
and ELAB /n .  The densi ty as a funct ion of the bombard ing
energy ELAB /n is shown in Fig . 7 for various  equat ions of
stat e .  Within this  model we have calculated the mean pion 
mult iplicities  for central  collisions as a func tion of the 
bombarding energy per nuc leon 4 1 ( see Fig . 8 ) : 

N < rn.'tT> = ( A \'r  -t- � Ad · l A-pf.1>0 
For bombarding energies ELAB/n>O . 4 GeV <. ""-1r"> can fairly
wel l  b e  fitt ed by a straight l ine : 

< m.,n- > � ( 0 .  '1 r · E LA� / tn, [ Gt e. V] - 0 · 0 4-) · l A 1)
Clearly , the exc itat ion of nuc lear isobars anc pions at 
high energies cos t s  the syst em a lot of · thermal energy . 
Fig . 9 s hows the " coo lini" of the compressed nuc lear mat ter 
due to the increasing number of nuc lear isobars taken int o 
ac count . 2 6

It  has been s hown4 2 that an exponent ially incr eas in� re­

·sonance  spectrum results in a maximal temperature ':' "" � "m,_C.i 
• · l"\C\'l( -11 

which c an not be exceed ed in high energy n-n collis ions , as
the exitation energy is pumped into addit ional mas s  of
heavy resona�ces . This behaviour may be changed drasti cally
in c entral high energy heavy ion col l i s iorys 

11 1 : ( See Figs , 5 , 10 )
The strong collect ive ��c lear forces in highly dense nuclear
matt er may lead to  strongly bound p icnic states with very

eff small  effect ive masses  ·( m'Q: �<. m'tr ) .

Thes e  small effective mas ses , which may result from the 
repulsive ir-� self interact ion , prevent the p ions from div ing 
into their own negat ive cont inuum ( in contrast  to elec trons , 
which may d ive in the presence of supercrit ical  Cou lomb fie lds 
(we refer to the t alk  of W.  ureiner at this  conferenc e ) ) .  



Due to such strongly bound p ionic stat es  the temperature 
in central high energy heavy ion collis ions will  be reduc ed 
sub s tant ially at high dens ities (? lg�:.:.LJ: many p ions can 
thermal ly be created in  thi s  s trongly bound state  with small 
effect ive mas s , thus wasting a lot of the exitation energy of 
the system .  Thi s  sudden reduct ion of the t emperature above a 
theshold bombarding energy can experiment ally be  detected , as 
the evaporat ion spectra of the react ion p roducts and the mean 
p ion �u ltip li city stronf lV depend on the temperature of the 

4 1
compres s ion zone . - -

Als� th� pion produc tion rate wi ll  be  significant ly chan�ed : 
.th·e direct product ion of free p ions as calculated above will  
be  reduced substant ially , but two s tep proces ses , e . g .  the 
exitat ion of p ions from the low lying state  into the conti­
nuum b ecome very important 4 1 . The exp ansion . of  ·the compression 
zone aft er the react ion makes . the product ion of free · p ions 
feas ible , which have b een created in a bound stat e ,  whi ch 
however approaches the upper c ont inuum for smaller densit ies . 
These  proces s es may lead to a much smaller limit in� t emperature 
TMAX"" m�f�in central high energy heavy ion collis ions than

h . . . 1 1 1  · . 4 2 1 · t at occuring 1n s in� e n-n- co i s ions . The strong c oo in�
can also be  expected for b aryon - quark - mat ter phase 
trans it ions 4 1 from a nuc leus to a �iant quark bag : as the 
int ernal energy is di stributed over a three times lar�er 
number of degrees of freedon , the quark matter temperature will  
be 1 / 3 of  the  nucleons temperature . 

6 .  Central High Energy Collision of Smal l  Proj ect ile and Heavy 
Tarp;e t :  A Rel·at ivis t ic Dynamical Mode l 43

Our model  describes phenomenologically the geometry and 
dynamical variab les during a central high ener�y collis ion 
of a smaller proj ectile  and a heavy target and yie lds the 
angular- and energy d istribution of the reac t ion fra�m�nt s .  
W e  carr ied out the calculat ions in  the lab- frame ( t arget 
at rest ) .  There are mainly three different phases of evolut ion 
during such a collision 1 4 , 2 6  ( see Fig . 1 1 ) .

679 
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The diving phas e :  The kinematically contracted proj ectile 
enters the target ,  be comes highly c ompres sed and excited . In 
the d iving process  a sp lashing wave should lead to backward 
emission of mat ter . 
The penetrating· stage : The proj ect i le interp.enetrates  the 
t arget , pushing. _matter t o  th� side ; thus initi at ing the s ide­
wards travelling· 'strongly compressed Mach shock wave . 
The evaporation phas e : The proj ecti le- and Mach shock matter 
leaves the residual target which now evaporates , while pro­
j ectile and Mach shock explode be cause of their very high 
excitation ener�ies which correspond to  temperatures from 
20 - 60 MeV . ( See Fig.  1 2 ) 

The explos ion of the head shock wave which cont ains at the 
end of the collision more than double the nucleons of the in­
coming proj ect i le , corresponds to the explos ion of the nuc­
lear fireball , which has re cent ly b een used to exp lain angular­
and energy di stributions in �non- central high energy heavy 
ion collisions . 37

It may also be  possible , that the strongly compressed and 
highly excited proj ecti le explodes inside the tar�et during 
the interpenetrating stage . This wili  lead to  superstars with 
enormous mult ip licities . In this case the Mach angle will be 
washed out and can not be ieen . This will  be  taken into 
account in  a further calculat ion . 

T.o �estrict the number of degrees of freedom , we para­
metrize the · comnres sion zone by two paraboloid s , 

_ 2 
. 

2 z . - a1r + z1 , z = a2r + z2 , whi ch de scribe the shock front
and the backside of the compression zone respectively .  The 
undisturbed part of the target nuc leus is described by the 
part of a spheroid of radius R up to the shock front 
( paraboloid 1 ) , while the residual nuc leus is  described by 
a spheroid up to the backs ide of t he compress ion zone 



(parabo loid 2 )  with a dri lled ho le of ·radius R? in it . The
residual .nuc leus has not y et been incorporated in our present 
calculat ions . The proj e c t ile  ( head shock wave ) is  divided from 
the Mac h  shock zone by a third paraboloid z = -a1r2 + z2
( see Fig . �1 ) . 

So the �eometry of the system is  determined by four 
variables : a1 , a2 , z 1 , z2 ,

The dynamic al variab les ( energy dens ity , momentum , pressure , 
temperature , dens ity ) are ob tained by assumin� homo�eneous 
density- , velocity- , and te�perature fie ld s  in each compression 
region . Thus for t he sa ke of simp li city we c oncentrate on the 
mean values of the phy s i cal obs ervables in the d ifferent 
regions as a function of tim@ . 

The shock equat ions yield an unique relation b etween 
energy , pre s sure , temperature , velocities , and the rest  
dens ity in the compress ion zone . Using these , we  can describe 
the stage of our system by the four geometrical variab les and 
the densi ty in the Mach- and head shock region . 

To describ e  the evolution of the syste� in time , we need 
six  different ial equations for these six  variables : 

The surface point s  on the paraboloids shall fu lfil 
the shock equations . They move with the shock veloci ties : 

g_f 'd F  � -. � • 
c.l t. = 'a t:  + v'· J:" = O � ... = Vs <p .. > , '?:.t : Vf <.r1 )

0.-1 = ( Vs ( 5'a.> · ( � + 4- a.� 't"f ) � - v� ( f,, )) · rt"";� 
4 • ' 1  

&.� = ( vf Cp,.) .  (,,... 4- et! rrt)� - v
f 

( s,,)) : ,.. i� 
where F is the surface . 
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The t ime derivatives ·or "the Mach- and head shock densities 
are determine� by use of the conservat ion of the total baryon 
number A0 and the total energy E0 

a )  A C:t -: AT· � Ap = J �16) d
3
x

v' -
b )  EG = (A T +A-p) ·Wo + Et..Ae ( Ar :.

J 
I W' 3 , ' , , , V I\ p <.,c) C.g1�), T (9' (x))) d x =- L· �i w �  �

There j indicat es the d ifferent density regions . 6The primes 
indicate the quant ities in  the lab frame . They are connec t­
ed by Lorent z-transformations with the quantit ies in the 
respect ive rest frame : . � _ A I :t - ::S. 

f
r 

( )() : � ( X) • ( � - vt( f { X )) ) � j \J: \,/. ( '1 - \{f ) 
·rhe indices O ,  1 ,  2 are connected with the res t target , head­
and Mach shock respect ive ly . The d ifferent iation of a) and
b )  with respect to t ime yields :



The v; are calculated us inp; the rot at ional symmetry around
the z-axis . The t ime d erivat ives of vJ depend on the geome­
trical parameters and the ir time derivatives only . The quant i-
ties .ft ,  WA- , vf· in the rest  system are calculat ed by
numerical interation from the primed lab-quantities . Also 
the init ial values of t he d ens i t ie s , velocities , and �eome­
trical parameters are i terat ively calculated by requiring 
the cor�ect total enerF,y and b aryon number . 

The t ime evolut ion o f  the phy s ical q�ant ities is  ob­
t ained by s imultaneous numerical int e�rat ion of the s ix 
different ial equat ions in  t ime- st eps o f  A t  = 0 . 1 fm/ c ,  
which is sufficient ly e xac t t o e�sure ener�v- and baryon -
number conservat ion better than one per cent . 

7 .  The Result s of the Calcu lations 

The h�ad- and the Mach shock densities  g1 and f2 as a
.

funct ion of t ime are shown in Fig . 1 3 for various ener�ies : 
In the beginning , t he proj ect i le is strongly compressed , 
but this compression is substantially decreased later on . 
The Mach s hock density 5>2 i s  about 2 9, be low fi
respect ive ly . 

The mean compression in t he head- and Mach shock ( each 
at t = 5 fm/ c )  is  shown in Fig . 1 4a as func tion of the uc�­
b arding energy . The mean kinet ic energy EK

·
rn

= ( ( 1- Y/ )- �- '1) ·\tl;,
of  the emitted part icle s  (Fig . 1 4 b ) after the col lision is
smaller than 200 MeV/N for Mach s hock particles up to bom­
barding energies of 5 GeV/N , whi le it is lar�er tha� this
exp er iment ally important threshold for the proj ec t i :e
( head shock)  at high energies . The t emperature in head-
and Mach s hock j ust  after t he collision is  �hewn in Fi� . 1 4c .
I t  has been corrected within our one-d imens ional mode l . of
chapter 5 by  t he cooling inf luence of nuclear isobars  whi ch
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were not yet inc lud�d in our present calcul�t ions . 

As the me�n head shock densit ies are approximately equal 
to those calculated within the one-d imensional mode1�6 , we 
can make use of the later model to yield the pion product ion 
rate , when we t ake care of the result , that the nu�ber of 
headshock part icles is ar ou't 2A

'f>
.

The Mach shock �ngle 'f is  depicted as a funct ion of lab­
energy in Fig . 1 5 .  It smoothly decreases from about 60 
degrees at 0 . 1 GeV/N to 35  d�grees at 4 GeV/N . It  is  smeared 
out very much b�cause of the ter�erature in the Mach shock

· 2 6  . and because of t he curvature of the Macp- "cone" . The
explosion of the highly exc ited head shock causes s�ron� 
emission of fast part ic les into forward � ir �ct ions , which 
may hinder t he visibility of the Mac � shock peak at smal l 
bombarding energies . The energy spectra of the exp lod in� 
proj ect i les ( head shoc k )  drawn in Fig . 1 6 were calculated bv 
relativistic  add it ion of the flow velocity and the therma l 
velocity in t he head shock after the collis ion , taking into 
account the isotropic decay cross  s ect ion in the rest syst em 
of t he proj ect i le . 

8 .  The Influence of a Density Isomer on the React ions 

If we assume a density isomer at j>�� 3 ,  the above 
picture applies only below ELAB 0 . 2  GeV/n , as then the
proj ec t i le dens ity reaches the p hase transit ion region , 
i . e .  the region of negative pressure ( -p < o) 
( see F igs . 1 , 6 , 15 , 17 , 1 8 ) . The proj ect i le collapses into the 
density i someric  stat e . Thus the quasi-st able  nuclear 
crystal can move with rat her small d ispers ion through the 
surrounding normal nuc lear f luid . 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 
drop let dumping into water would produce too hi�h frict ion 



and therefore soon damp out the collect ive motion . This , in 
fact , can to some ext ent be  s een in  the hydrodynamic calcu­
lat ions of Nix  et a1 . 2 9

As during t h e  phase trans ition the head shock veloc ity 
becomes small , the Mach shock angle f substantially decreases
in this  energy region , since t he Mach shoc k Moves faster 
than the collapsing head shock during this t ime period . The 
crystal li zation of the proj ec t i le causes a much more pronounced 
Mach shock peak at higher energy , b ecause the proj ect i le moves 
with much less frict ion through t he tar�et . 

At bombarding energie s of about 1 . 5  GeV/n the Mach shock 
density approaches the critical  region : Now the Mach shoc k 
mat ter collapses into t he dens ity isomeric state and the !:!!£h 
shock velocity becomes smal l ,  so that the Mach an�le now will  
be substant ially increased . ( See  Figs . 15  and 17 ) 

It  w i ll also be broadened out due to the rap id chan�e 
in Mach shock ve locity within a smal l  dens ity re�ime . At 
even higher bombarding energie s ,  the Mach angle shall 
decrease again as both v 83 �r.d v MS t end to the light
velocity c at very high densities , so that t•O for very h igh
energies . 

One also may think that higher phase transit ions do 
oc cur , which may again produce such a charact eristic  d epen­
dance of the Mach angle f on the bombard ing energy . 

9 .  Comparison of Our Calculat ions with the Experimental 
Observations 

HDNMSW should be obs ervable  in central 
high energy collisions of light proj ect iles with heavy 
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targets :

1 )  In azimuthally symmetric central collis ions , which can 
be identified by very high multip licit ies 
and azimuthally sy�metric d istribut ions of the react ion 
fragments e . g .  by many prong stars  in AgCl - detectors , 
a preferential emission angle must  be observed 2 6 • 

2 )  The kinetic  energy of these par t ic les wil l  b e  smal ler 
t han 200 MeV/N . It may be d ecreased to even lower 
values , if t he Mach shock dens ity is in the second ary 
minimum. 

3 ) The Mach shock peak and the d ecay of t he head shock 
should predominant ly be seen in the o<.-part icle channel 
for t hree reasons : 
a )  A pion condensat e with a structure of a spin- isospin 

latt ice t�� ferent ially decays  into o<.-partic les as 
smallast lat t ice cells . 

b )  When t he Mach shock wave approaches the nuc lear 
suface , i t  kicks out the ex -part ic les contained 
enhanced in the nuc lear surface . 

c )  During the individual collisions of the constituent 
part ic les in the high t emperature zone of the Mach 
shock , mainly t hose 0<. -part icles ( and heavier 
c lust ers ) survive , which have not undergone a 
scat t ering . Th�� the Mach angle is conserved by 
those clusters , while scat tered and unscatt ered 
nuc leons cannot be distin�uished . 

4 )  One should find fast p ions emitted by highly excited 
nuc lear matter • The occurenc e of pion condensat ion 
should also lead to a large enhancement of the pion 
product ion cross sect ion . 



5 )  S imultaneous ly to  the medium energy s idewards Mach 
shock peak , a broad hi�h energet ic fvrward peak at 

f �4o0 , stem�in� from the e xploding head shock , will  
be  seen . I� �ay cons ist of protons  and p ions mainly 
because of t he ext remly high t emperatures in the head 
shoc k .  2vide;.ce for this  proj ect i le explosion seems  t o  

• 4 4  b e  seer. i �  a re cent experiment . ( See Fi�s . 1 2  and 1 9 )

6 )  A nearly i sotropic  di stribut ion in the lab frame may 
ste� from the res idua l nuc leus with small  t emperaturP.s 
and kinet i c  ener�ies . 

In the presence of a p ion c ondensat e the Mach shock 
peak should b e  core c learly pronou� ced and also shou ld have 
�he atcve oredicted dep endenc e on ener�y . Rec ent experimen-

2 6  "t 6  3 5- 40 tal  data , , � ' whi ch fu lfil  the above cri teria  on
central ity , energy- and CX: -partic  le windows , show a peak in 
the an�u lar distribut ions of the reaction fragment s .  The 
syst e�at ic shift of this  preferent ial angle with ener�y �an 
b e  interpret ed in comparison with our c a lculat ions as 
indi cat ion for a phase transit ion in dense nuc lear mat t er at 

.f>l_s>.-:::::3-5  ( see Fip.::s . 15  and 20 , and figure caption ) .

10 . Summary and Conclusions 

HDNMSW can be  usesi as a t ool  t o  study b ulks of highly 
excited and strongly compressed nuc lear matt er , which means 
the invest igat ion of the nuc lear equat ion of stat e  under 
extreme conditions . We have shown , that HDNMSW show spec i­
fic effec t s , when phase transit ions of nuc lear matter into 
t he p ion condensat e or density isomer oc cur at high densities . 
We can study t he properties  of the so- formed hi�hly excited 
i sobar i c  �as ( event ually quark �as ) , and we can look for a 
pos s ib le l �mit i�K t ecperat ure �h ich mav b� drast i c a l l� 
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state s  or a baryon-quark matt er phase transition . 

Besides that , information on the compressibility cons tant 
K and sound velocity Cs in ground state  nuclear matter can 
be gained . It thus seems that high energy heavy ion physics 
can furnish fundamental information about nuc lear matt er . 
This may lead to an exciting future . 
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Ec (f>) per nucleon (as described in the text ) ,
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Fig. 2 :  shovs schematically the di fference between veak 
and stronv. compression waves ( sound- and ahock wavea )  
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the critical temperature Tc <9> above which a 
poaa ible pion condenaate cannot be formed , la alwaya 
much hiRher than the temperature occurinR in nuclear 
ahock waven , So pion condenaatea can occur in hiRh 
enerRY heavy ion colliaiona . 15 
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-mrrcZ�-----=.;.-------�---�p

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

b: The occurence or a strongly bound pionic state • in 
high density nuclear matter is indicated schemati�ally , 
The thermal production or pions is indicated. by 
arrows for direct - and two step processes . 
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Fill!. ?. Th,,. i:::.�·luc-nc e of t::-.e cor.:pressi vn constant and exc itstion o! nuc l ear res�gancP.s
0r:t::Tcor:;,resrio:1 �cbievnb!..;, in c 0:r: tral coll i s  ions of tw:i equal nuclei i s  shownc • The 
:: ,� ::- ,  :. ,:.:; ;: 1.0!1 l! ·>�staat 1i::  ,)f { rat!:.�r s::1a .:. l  I ii::;ic,x·tanc-? for s:::all bombardinc energies (below
l ,e ·:/:.J , whi ! -?  i;, .:>:-,;J.!'- !!fd. T'i,m ;:;ro.!uc t ion bec,:,me ver:, important for llit::b. bombarding 
,:· r.. c r  " i -�.: ( a�O\'r.! ·..; . �  :.;e..:/r.. J .  

t (
n1t40 A - A  I 2 

l A1 2 A2 = 50 ) 

��20 

10 

3 
Et.ab/n [GeV ] 

4 5 

Fi!.:..Jb. The �:an pion multiplic i ty < ny) as !unction of the bombardinc energy ia de­
iiict:,:od . ?,ost p1ons ste!:! !roe the direc t  thernal production or rree pions,  but a consi­
de:·nl"Jle part st c!r.S !roc the c.ec ay of  thermaly exc ited nuc lear isobars. Th-e numbf!r or pions
e:ittetl f:::-o::. c ,.>r.tr:i.l hirh c-ni>rt::r heavy ion collisions thus can be used to measure the 
tc-r.peroture T ach1�v.ed in thP. r��ction.  
<n.-> can 3li.o be  used to dete1·:ninr: tbe ccmp1·essibility o f  nucl ear matter: For a low 

col!lpr'!'�ftion constant (£ • l C.C. r-:e•,r) the i,111t�Ir of en:i tted pions at l GeV/n will  be about
30 perc ent l ::irr;er t.han !,:,r Z: • ;Ge 1·,c'/ .. c, • 
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trend to a lil!litinc t e�perature '.:.'::;.,: ""' :ii  ... c at very larE;e ener1::ies !or an exponentially 
increasing resonance mass epcctrWII 42 , 
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11�10. The r.tf�nc �oolin� or  the reacti9n zone in the pre�ence o r  a stronrrly bound 
pionicstate (cC � c • .16 r:e 'I at fir. > 3 } is depicted .  T\1'o s tep processes4I will lower 
th'! teoperature even core for wu:y hi;:h t>!rnperaturec. 
Du'! to thece Etrnn: collect ive errec tc  in bulks or hichl:r ccm�recseJ nuclear matter the 
mnxi::ial temperature · Tr'..A.<. will be dr11cticAll:, decreased in cor.iparicon with the maxicial
temperature T

HAX
=:sm�c2 poaaibl;y occu.ring in single nucleon - nucleon colliaiona.
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Figi l4ta The roean den::; i ty of the head- :ind tbe 1',nch shock. (:it t • 5 !a/c respectively)
� unc 10n o! t.he boc �ardinr, en�1·�7 i s  dericted. Ao in�icated �base transition at a gi­
ven dcn�i ty ..:ill affect the b<•ad::hock !ormRtion !or rela tivcl:, l ow enerEies,  wbile the 
�ach shock wi:l reach t�is pto::e trnnsit i on r�cion at cuch bict�r eoer:ies.  

Fig. 14.b The kinetic en�r£y Ekin per nucleon o! the reaction !raccents stemming !rom the
he'ld- :md fo1cb shock re spcctiv;Iy is  dr{lwn as a !1.ar,ction or tt.e bombardine enerey. 
(The th�r�al ener�-y is not 1et incl udeJ . J  

Fig. 14. c  The temr,eraturei, o f  the head- and l'locb shock before their explosion i s  shown. 
i'i,P. da�:1ed lines are the ten;,eratures taldnc:; into account the cooling influence or the 
production o! nuclear isobRrs. 
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Fig . 15 :  The dashed lin� shows the energy dependent posit ion 
or the Mach shock peak calculated without a density 
isomer in Ec Cp> .  The solid line shows the
influence of a phase transition point at f / fo -:::: 3 : 

2 

At 0 . 25 GeV/?1 the proj ecti le d ives into the density 
isomeric state { crystallization ) wh�ch results in 
a smaller angle than expected without density 
isomer ,  At energies between l and 2 GeV . the Mach 
shock reaches the phase transit ion re�ion , result ing 
in a larger Mach shock angle <y�90° ) . It tends
to smaller angles for even higher energies . The 
dots represent the peak posit ion in recent experiment� 
or E. Schopper and collaborators .  They show j ust 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 

-ctu(E) 
dE 

about 3 f' fo • 

Projectile Explosion 4GeV/N 

010 100 1000 E[MeV/N) 
Fi� . 16 : The enor�y spectrum or the proj ectile , which explodes 

because or its high oxcitation energy when it  leaves 
the target , i s  ahown for !

LAB
/N • 0 , 25 and b OeV/N , 
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Fig. 17 : The mean density in the head- and Mach shock 

respectively .as function or the bombarding energy 
is depicted. A possible phase transition wiil ettect 
the head shock at rather small energies , while the 
Mach shock will be etrected only at much higher 
bombarding energies . 
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Pig . 1 8 :  shows the a�as�ic consequences or a secondary 
minimum in Ec <p> on the reaction: The head- and
Mach shock density as a function or time is shown 
ror two different Ec ( p) :  the dashed curves indicate
normal nuclear matter , while the solid curves
represent the results calculated with a phase tran­
s it ion at densities between 3 ,  3 and 4 .P• : 
�he headshock. dives into the secondary minimu� , 
which results in a smaller Mach shock an�le (as 
described in the text ) .  The lowering or the Mach 
shock angle can be used to determine the width 
or the region or negative pressure 4 3 : stron� 
deviations or the Mach angle indicate lar�e soreadin� 
or this phase transit ion region . 
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Project i le explosion 
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60° goo
Fig . 1 9 :  The calculated angular distribution or �he head shock 

particles { full curve ) is comoared to the result o�
a recent experiment 44 ( dot s ;  C. S '1eV /n ::e -+:b � :  ;. , 
least five fast (ELAB> 200 MeV ) azimuthallJ symnetric  
distributed protons have been measured in  coinc idence , 
which seems to indicate the exist ence of a rather 
compact highly excited projectile ( head shock ) .  
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Fjg .  20: 
shows the angular distribution or the "no evaporation"
components (ELAB/n�200 MeV ror oc-particles ) in the
recent experiments or Pror.  Schopper and coworkers�0 

Ag-Cl -solid state particle track detectors have 
been illuminated with various proj ectiles ( lloffe ,  
12c 1 

160) at energies between 0:1 and b . O  GeV/n . 
The criteria on central collisions as quoted in the 
text have been applied . A forward peak , shiftin� 
drastically with enerKY , which is nearly independent 
on the proj ectile mass can be seen . 
The respective peak position is indicated by arrows . 
The comparison of this peak position as function or 
energy with our calculations seems to indicate a 
phase transition in nuclear matter at j>/jt:::: 3, 
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