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and 
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I . INTRODUCTION 
R e l a t i v i s t i c n u c l e a r c o l l i s i o n s are very o f t e n expected to 

enable i n an e a r t h l y l a b o r a t o r y the study of c o n d i t i o n s o f 
ma t te r as they might e x i s t i n neu t ron s t a r s . There, the 
a s t r o p h y s i c i s t s l a ck the knowledge o f s t a r p r o p e r t i e s when 
d e n s i t i e s of s e v e r a l t imes of nuc lea r dens i t y come i n t o p l a y . 
Th is n i c e l i n k o f r e l a t i v i s t i c n u c l e a r physics to the Universe 
may be c o m f o r t i n g . For r e l a t i v i s t i c nuc lear c o l l i s i o n s to 
f u l f ' l l these e x p e c t a t i o n s they must y i e l d i n f o r m a t i o n en the 
equa t i on of s t a t e o f nuc lea r mat ter of which very l i t t l e i s 
known. 

N u c l e i are f i n i t e pieces of n u c l e a r matter and one o f the 
f i r s t tasks i s to f i n d out how heavy n u c l e i have t o be to show 
nuc lea r matter phenomena in t h e i r r e l a t i v i s t i c c o l l i s i o n s . 
Aie n u c l e i of Ne good nuc lear mat te r probes or i s i t necessary 
to c o l l i d e U w i t h U fo r observ ing n u c l e a r mat ter phenomena? 

In F igure 1 the equa t i on of s t a t e o f nuc lear ma t te r is 
p l o t t e d i n a l l i t s v a r i o u s forms of s p e c u l a t i o n s . The e x p e r i 
m e n t a l i s t doing n u c l e a r c o l l i s i o n s t u d i e s and d e t e c t i n g nuc lea r 
f ragments at the t ime long past the pr imary stage i s faced w i t h 
the f a c t t ha t i n a l l r e a c t i o n s the a v a i l a b l e k i n e t i c energy i s 
t r ans fo rmed i n t o h e a t , p a r t i c l e p r o d u c t i o n , and perhaps a lso 
compression energy. I t i s necessary to f i n d observab les 
d i r e c t l y r e l a t e d to the extreme s t a t e of the e a r l y p a r t of the 
r e a c t i o n and to avo id a d i l u t i o n o f the content o f i n f o r m a t i o n 
due to the l a t e r f i n a l s t a t e i n t e r a c t i o n s . Another problem i s 
the s e p a r a t i o n o f s i n g l e nuc leon-nuc leon c o l l i s i o n s from 
m u l t i c o l l i s i o n or even c o l l e c t i v e phenomena. This i s necessary 
be fo re t a l k i n g about mat te r p r o p e r t i e s . Thus the e x t r a c t i o n o f 
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the equation of state the main goal of studying relativistic 
nuclear collisionsis not an easy task . 

Complementing the report of L. Schroeder, this report will 
focus on to the target rapidity and somewhat further on to the 
midrapidity region. Especially heavy targets and heavy beams 
will be subject of discussion in order to come as close as 
possible to nuclear matter studies. A more macroscopic view
point is taken with terms like bulkmotion, particle flux, 
energy flux, temperature, chemical equilibrium, etc. Not all 
of these terms are justified and some are highly disputable. 
A theoretical discussion along those critical points is done 
by M. Gyulassy in these proceedings. 

In Figure 2 the schematic picture of the fireball irodel is 
shown. This model, developed by our collaboration ) several 2 years ago and refined into the fire streak model, ) treats 
the reaction under the extreme aspect of total thermalization. 
The model is going through a "renaissance" since theorists 
find it practical to study all kinds of aspects (like Coulomb 
effects, ) Blast wave ) . . . ) . It is until now the only 
model which includes full particle production and cluster 
formation. 

This report will show the weakness of the fireball/fire 2 streak model ) and try to convince that more complex models 
are necessary and even available to close in on the data. It 
will first discuss the single particle spectra of nucleons, 
clusters and pions, then focus onto the fate of the target 
nucleus, look onto possible evidence of collective phenomena 
and finally discuss the data which are selecting on central 
collisions and reflecting the nature of the energy flux in the 
target nucleus. 

II. SINGLE PARTICLE INCLUSIVE DATA 
Lee Schroeders report in these proceedings points out the 

various featurea of high energy proton spectra from relati
vistic nuclear collisions taken mainly by S. Nagamija and 
collaborators. ) There it is shown that the momentum 
distribution goes to more than twice the beam value. 

In a clean knock out model — comparable to the first 
collision in a full cascade model—Hatch and Koonin ) show 
that the Fermi motion ;has to be included tn explain the data. 



A t o t a l d i f f e r e n t view point i s taken when looking a t the 
thermal p i c t u r e . Many c o l l i s i o n s (more than 2) a re necessa ry 
to j u s t i f y i t . The agreement of da ta and c a l c u l a t i o n s with 
the f i r e s t r e a k ) ( i n c l u d i n g chemical e q u i l i b r i u m ) showed 
s l i g h t l y b e t t e r agreement with t h e s e data than the c lean knock 
out model with Fermi motion. 

P ro tons 
A more detailed comparison with data is necessary to find 

out whether the simple thermal model really describes the 
inclusive data. Therefore, the region of maximum cross section 
has been chosen which is between 20 and 200 MeV. Figure 3 
snows proton spectra from the reaction of Ne on U at four 
different energies. ) There is a obvious strong disagree
ment with the data at 30° foi all energies and a fair agreement 
at low energies and large angles which disappear at high 
energies. Objections are voiced against the present fire 

Q 

s t eak c a l c u l a t i o n s in as they n e g l e c t the Coulomb f o r c e . 1 
Coulomb e f f e c t s are expected to be s i g n i f i c a n t for low proton 
e n e r g i e s and heavy nucleus sys tems . Therefore lock ing in to 

7 
the Z, . dependence the f i r e s t r e a k model") i s compared 

t a r g e t 
with data from 400 MeV/u Ne i n t e r a c t i o n s with t a r g e t s from U 
to Al. ) E s p e c i a l l y the l i g h t t a r g e t of Al should r e an 
example where Coulomb e f f e c t s are n e g l i g i b l e and the p re sen t 
f i r e s t eak model might work as i s . Figure 4 shows proton 
s p e c t r a from Ne + U, Ne + Au, Ne + Ag, Ne + Al a t 400 MeV/u. 
The f i r e s t r e ak c a l c u l a t i o n s are f a i r l y good a t hackangles 
( i g n o r i n g a f ac to r of 1.5 to 2 ) , however for a l l t a r g e t s the 
forward angle i s t o t a l l y off. 

Thus, the thermal model with i t s c l e a n - c u t , no d e f l e c t i o n 
geometry, cannot d e s c r i b e the da ta and the model cannot be made 
to f i t by i n t r o d u c i n g the proper t r ea tmen t for the Coulomb 
f o r c e . 
Neutrons 

When data d i s a g r e e with ones e x p e c t a t i o n , t h o s e data are 
e x c i t i n g and s u r p r i s i n g . In 1979 the measurement of s i n g l e 
neu t ron i n c l u s i v e da t a ) showed a s u r p r i s i n g d i f f e r e n c e to 
the s i n g l e proton i n c l u s i v e d a t a . For a uranium t a r g e t the 
n e u t r o n / p r o t o n r a t i o exceeded ry far the value of 1.6 expected 
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from the neutron excess in the target nucleus. Later neutron 
data from Ne on Al (Ref. 10) did not show a large 
discrepancy to the existing proton data. Again, the discrep
ancy of uranium was tried to be explained by the effect of the 
Coulomb force onto the protons which supposedly changes their 
spec t rum. ) 

11 12 
However, r e c e n t l y Stevenson ) and i ndependen t l y Stock ) 

came up w i t h a s t r a i g h t fo rward e x p l a n a t i o n based on the ex 
p e r i m e n t a l l y observed la rge c l u s t e r p roduc t i on i n r e l a t i v i s t i c 
nuc lea r c o l l i s i o n s . ) F igure 5 p o i n t s out f o r Ne + U reac
t i o n s the sma l l percentage of f r ee protons e m i t t e d (~30 pe rcen t ) 
versus the l a r g e amount o f bound pro tons em i t t ed i n c l u s t e r s 
(up to 60 p e r c e n t ) . Since the c l u s t e r s are dominan t l y T = 0 
f ragments — the y i e l d o f t r i t o n s i s s i m i l a r to t h a t o f He — 
the l a rge n/p r a t i o f o r r e a c t i o n s on uranium can be e a s i l y 
unders tood : Due to the removal o f on - the -average T = 0 f r a g 
ments a system w i t h a neut ron excess to begin w i t h w i l l 
e n d - - i n the extreme s i t u a t i o n - - i n a pure neu t ron system. 
Stevenson ) shows i n F igure 6 t h a t the re i s no anomalous 
n e u t r o n / p r o t o n r a t i o i f a l l neu t rons and pro tons bond i n the 
e m i t t e d c l u s t e r s are a l so counted p r o p e r l y . Th is success fu l 
e x p l a n a t i o n o f the n e u t r o n / p r o t o n r a t i o leads d i r e c t l y back to 
the prev ious s u b j e c t o f how to desc r i be c o n s i s t e n t l y the 
s i n g l e proton data and how to t r e a t the c l u s t e r f o r m a t i o n . 
Summed Charges 

The d e s c r i p t i o n o f the nuc leon emiss ion w i t h respec t to 
the s i n g l e p a r t i c l e i n c l u s i v e data i s w e l l under way by 
s e v e r a l groups some of which take the i n t r a - n u c l e a r cascade— 
some the hydrodynamica l p i c t u r e as bas i s f o r t h i s model. A 
d e t a i l e d r e p o r t has been g iven by M. Gyulassy and C. Schroeder 
i n t h i s s e r i e . F i g u r e 6 shows r e s u l t s from the cascade c a l 
c u l a t i o n by Stevenson ) from B e r k e l e y . F igure 7 has on the 
l e f t s i d e the c a l c u l a t i o n s (h i s t og rams) o f the cascade code o f 
F raenke l and Yar i v ) from Rehovot , on the r i g h t s i de i s a 
compar ison o f the summed-change data w i t h t w o - f l u i d hydro
dynamics c a l c u l a t i o n s . ) These models do not ye t t r e a t the 
c l u s t e r emiss ion and are compared t h e r e f o r e w i t h pseudo-proton 
s p e c t r a (summed c h a r g e s ) , where the p r o t o n - , d e u t e r o n - , 
t r i t o n - and tw i ce the He- and He-double d i f f e r e n t i a l 
c ross s e c t i o n s have been added up f o r g iven MeV/u b i n s to 
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produce somehow a spectrum c lose to the pr imary p ro ton d i s t r i 
b u t i o n . Th is b i n n i n g in Mev/u i s , however, on l y a l lowed i f 
mean f i e l d e f f e c t s are not d i f f e r e n t fo r p ro tons or neu t rons . 
I f the r e a c t i o n i s dominated f o r a c e r t a i n f ragment energy by 
the Coulomb f o r c e , as S. Koonin and o the rs c l a i m , then such a 
s imp le summing i n charges i s on ly v a l i d way above the Coulomb 
peak o f f ragment spec t ra or where Coulomb e f f e c t s can be 
n e g l e c t e d . These summed charges o f va r ious r e a c t i o n s are 
f a i r l y w e l l desc r i bed over a l l i n c i d e n t energ ies from 250 to 
2100 MeV/u by bo th the cascade and the hydrodynamica l c a l c u 
l a t i o n s . The comp lex i t y of these c a l c u l a t i o n s u n f o r t u n a t e l y 
has not yet a l l owed to i n v e s t i g a t e thorough ly w i t h s t a t i s t i c a l 
s i g n i f i c a n c e any d e v i a t i o n s and t h e i r dependence wii_h va r i ous 
q u a n t i t i e s or pa ramete rs , e . g . , d i f f e r e n t assumptions on the 
equa t ion of s t a t e . Thus, there i s the unusual p i c t u r e o f 
h is tograms p r e s e n t i n g theory and smooth l i n e s p r e s e n t i n g 
d a t a . I t i s r emarkab le , however, to see the cascade — and the 
hydrodynamical model to agree withina f ac to r o f 2 desp i te the 
t o t a l l y d i f f e r e n t ansatz of each one. There are t rends 
v i s i b l e i n d i c a t i n g t ha t there are d i f f e r e n c e s . The hydro
dynamical code needs to produce a " t r a n s p a r a n c y " to descr ibe 
the forward f l u x . This may be a p o i n t t ha t the t rea tment of 
bo th n u c l e i as a f l u i d i s e x a g g e r a t i o n . One shou ld keep i n 
mind t ha t there i s a vapor l a y e r on each f l u i d s u r f a c e . Thus, 
the hydrodynamica l behavior might be found on l y i n par t of the 
r e a c t i o n zone. A r e s t r i c t i o n o f data to sma l l impact param
e t e r c o l l i s i o n s , i f e x p e r i m e n t a l l y p o s s i b l e , would not t o t a l l y 
a v o i d hav ing s u r f a c e spots which shou ld be more a p p r o p r i a t e l y 
t r e a t e d as a n u c l e o n i c gas. 

C l u s t e r p r o d u c t ion 
The c l u s t e r p r o d u c t i o n has been approached i n va r i ous ways, 

e . g . , v i a a coalescence model ) or i n a chemical e q u i l 
i b r i u m model. ) The var ious ways and t h e i r d i f f e r e n t view 
p o i n t s are w e l l desc r i bed by J . Kapusta ( r e f . 1 3 ) : 

The coalescence model assumes t h a t two nuc leons c lose 
t o g e t h e r i n momentum space can coalesce i f they can g ive o f f 
excess energy and momentum to a t h i r d body, be i t a s imple 
p a r t i c l e or an o p t i c a l p o t e n t i a l o f a l a rge n u c l e u s . 
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If yd ff/dp is the relativistically invariant 
momentum space density for nucleons before the coalescence 
process then the probability for finding one nucleon inside a 
sphere with radius p at momentum p 

P U ) = XX — P 0 IY 7 M dp' 
where M is the mean nuclear multiplicity. Purely statistically, 
two nucleons are found in that sphere with the probability: 

P M (2 ) = (2) P 2 ( D ( 1 - P ( D ) M ~ 2 

M -2 
I f M<<1 and MP<<1 then (1 - P ( l ) ) i s app rox ima te l y one 

d 3 n deuteron 1 Air 
dp' 

= 2 ~ P0 
d 3n. 

dp-
No distinction is made between neutron- and pioton-
distribution nor has the spin been taken care of. The main 
finding is that the deuteron cross section is proportional to 
the square of the proton cross section. For heavier clusters 
like an a-particle its cross section would be the fourth power 
of the p:oton cross section, etc. 

The thermal model assumes an emitting system with both 
kinetic and chemical equilibrium. Given the baryon number, 
energy, charge and density of the emitting system then the 
volume V, temperature T and neutron and proton chemical 
density u and \i can be calculated. 

The distribution of particles of type i in momentum space 
is 

d 3ni 2 S i + X 

dp- (2TT)" 

, 2 2,1/2 
(p + m. ) - \i. 

exp ±- i ± 1 
-1 



Where S. is the sp in and r e f e r s to fermious or' bosons. 
Assuming non-degenerate p a r t i c l e s i n low densi ty the deuteron 
cross sect ion is i n terms of Lorent/. i n va r i an t dens i t i es 

d 3 n^ , , , 0 .3 , / d 3n . \ / d 3 n . 
deuteron 3 0 (2tr; 1 / protonw neutron 

Y — 7 ? — "* 8 ~ 7 I' dp3 AT~~17~~ 
Kapusta compares'2 more clusterformatior. models, but all of 
them have the power law dependance between cluster and single 
particle cross sections. Figure 8 shows some old data ) of 
high energy Boron emitted from the reaction of 343 MeV/u 
20 

Ne wi th U and a thermal f i t to the spectrum. The ve loc i t y 
and the temperature i s very close to the values " for a compound 
nucleus-system. 

Whereas the phys ica l s i gn i f i cance of the coalescence model 
i s not easy to grasp-- the physics i s covered up i n the value 
of p — t h e thermal model allows to ca lcu la te the c l u s t e r -
product ion based on a freeze out volume or ra ther freeze out 
d e n s i t y . However, the c lus te rp roduc t ion up to now has been 
only s tudied for s i ng le p a r t i c l e i nc lus i ve cross set ion 
i gno r ing the p o s s i b i l i t y that there are events w i t h pre
dominantly c lus te r emission versus events w i th predominantly 
nucleon emission. I t is i n t e r e s t i n g to see in fu tu re expe r i 
ments whether we f i n d some in fo rmat ion on the entropy of i n 
the ea r l y system v ia the measurement of c l us te r to nucleon 
r a t i o s the events. The problem of c lus te r fo rma t ion w i l l be 
discussed l a t e r on again for heavier fragments. Data on 
c l u s t e r emission are p l e n t i f u l ava i l ab le and more e f f o r t i s 
d e f i n i t i v e l y needed on the t h e o r e t i c a l s i de . 
Pions 

Whereas the emitted protons come from the projectile 
and/or target nucleus, under-going one or many collisions, the 
emitted pions are created in the collision and thus carry 
hopefully the information about the early stage of the reac
tion. The low energy pions are expected to be least affected 
by absorption equivalent to a j.arge mean free path as long as 
their energy is below that of the A(1232) resonance energy. 

18 Out of many samples of pion data ) the pion production in 
the reaction of 1.05 GeV/n ^°Ar or 4 0Ca is chosen ) 
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s ince i t has s t i r r e d q u i t e some i n t e r e s t . F i g u r e 9 shows the 
con tou rs o f c o n s t a n t i n v a r i a n t cross s e c t i o n s f o r p ions p r o 
duced i n the r e a c t i o n of 1.05 G^V/u 4 0 A r or 4 0 C a 1 9 ) and o f 

20 730 MeV pro tons on hyorogen. ) The pro ton data can be 
unders tood i n terms o f the decay o f an isobar n e a r l y a t r e s t 
i n the center o f mass produc ing a c h a r a c t e r i s t i c f o r w a r d -
backward peak ing . I n c o n t r a s t t o t h a t there i s a peak i n the 
m i d r a p i d i t y r e g i o n fo r Ar + Ca. 

Koonin e t a l . ) t r y to desc r i be the observed phenomenon 
w i t h the he lp o f "Coulomb f o c u s i n g . " The two n u c l e i pass each 
o t h e r , the i n t e r a c t i o n - r e g i o n forms a f i r e b a l l and , a f t e r the 

-22 
passage time o f more than 10 sec , the e m i t t e d p ions see 
t he Coulomb f i e l d s o f the o u t g o i n g two remnants bes ides t h a t 
o f the f i r e b a l l and are focussed i n t o 90° C M . F igu re 10 
shows, besides the data i n the upper l e f t comer, the c a l c u 
l a t i o n s assuming d i f f e r e n t f r a c t i o n s of the f i r e b a l l charge as 
c a l c u l a t e d i n the f i r e b a l l geometry. In the lower r i g h t s ide 
o f F igure 10 the au tho rs ) c a l c u l a t e d a contour diagram for 
p ion p roduc t i on from a near c e n t r a l c o l l i s i o n o f Ar or 
40 

Ca. Despite t h i s encouraging agreement the a u t h o r s po in t 
out t h a t a much more compl ica ted p ion emiss ion p a t t e r n i s 
necessary to f u l l f i l l c e r t a i n aspects of the d a t a . Their 
e x c i t i n g conc lus ion i s t ha t "some charge must remain near l y a t 
r e s t i n the cen te r o f mass a f t e r t he c o l l i s i o n probab ly d i s -

-22 p e r c i n g on a t ime sca le o f 10 s e c . " These data however 
have been s t u d i e d i n more d e t a i l than j u s t s i n g l e p a r t i c l e 
i n c l u s i v e . When on l y those events were looked a t where a 
t o t a l d i s i n t e g r a t i o n o f the t a r g e t and p r o j e c t i l e n u c l e i 
occu r red — t h u s , no b i g spec ta to r charge was l e f t t o f o c u s -
t hen the IT enhancement s t i l l remainder . Besides such a 

21 f a s c i n a t i n g aspect o f hav ing a g l impse of the NUFO ) the re 
i s another e x p l a n a t i o n o f t h i s m i d r a p i d i t y peak a t l e a s t as 

22 
f a s c i n a t i n g : Gre ine r e t a l . ) p r e d i c t e d a c o l l e c t i v e 
hydrodynamic f l ow which could a l so account fo r the p r e f e r 
e n t i a l s idewise e j e c t i o n of p ions observed h e r e . Fur ther 
c a l c u l a t i o n s are necessary to c l e a r these phenomena and 
s i m i l a r data o f TT~ emiss ion i n t h i s system 1.05 GeV/u 

Ar + Ca are needed to c l a r i f y the importance o f Coulomb 
e f f e c t s , even f o r hydrodynamica l models. P r e l i m i n a r y data by 

26 Sandoval e t a l . , ) i n d i c a t e t h a t the nega t i ve p ions do not 
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s imp ly f o l l o w the Coulomu rec ipe bu t some s idewise emi t tance 
, TO 

rema ins . The bulk of TI data ) shows many more bumps 
which w i l l r e q u i r e a l o t o f i n t u i t i o n and work u n t i l they are 
f u l l y unde rs tood . 

I I I . THE FQTE OF THE TARGET NUCLEUS 
The energy d i s s i p a t i o n i n l a rge t a r g e t n u c l e i l i k e J and Au 

i s the dominant theme o f the f o l l o w i n g s t u d i e s . At f i r s t 
n u c l e o n - n u c l e o n - c o l l i s i o n was cons idered to be the b a s i c 
d e t e r m i n i n g process i n the r e l a t i v i s t i c nuc lear c o l l i s i o n s 
thus the E/u of the p r o j e c t i l e was expected to be a reasonable 
g u i d e l i n e in the comparisoi j f r e a c t i o n s w i th d i f f e r e n t p ro 
j e c t i l e s . I t was a b i g s u r p r i s e when i n the v a r i o u s e x p e r i 
ments more and more the t o t a l k i n e t i c energy o f the p r o j e c t i l e 
became the impo r tan t q u a n t i t y r a t h e r than the v e l o c i t y and the 
s i ze o f the p r o j e c t i l e i ndependen t l y . I n t h i s c h a p t e r , data 
o f very slow f ragr .snts and t h e i r c o r r e l a t i o n to the f a s t 
p a r t i c l e s , p r e v i o u s l y d i scussed , are looked at to t e l l of the 
l a t e s t a t e of the r e a c t i o n process. For a b e t t e r under 
s t a n d i n g o f the d a t a , f i r s t a tour w i l l be given th rough the 
e x p e r i m e n t a l d e t a i l s . 

a) Exper imenta l Apparatus 
The apparatus used, which i s s c h e m a t i c a l l y shown i n 

F i g . 1 1 , cons i s ted o f th ree d i s t i n c t i v e d i f f e r e n t t ypes o f 
equ ipment ; (1) p a r t i c l e t e l escope , (2) s i l i c o n a r r a y , 
(? ) p l a s t i c s c i n t i l l a t o r a r r a y . The p a r t i c l e t e l e s c o p e and 
s i l i c o n a r ray were each mounted on independent l y moveable arms 
i n s i d e the one meter d iameter s c a t t e r i n g chamber. The p l a s t i c 
s c i n t i l l a t o r a r ray was mounted i n a i r ou ts ide the w a l l s of the 
chamber. 

The p a r t i c l e t e lescope cons i s t ed o f a AE gas i o n i z a t i o n 
chamber and th ree s i l i c o n sur face b a r r i e r E d e t e c t o r s . The 
i o n i z a t i o n chamber was a l a rge volume (1A.8 x 9.8 x 5.3 cm) 
F r i s c h g r i d chamber w i t h an a c t i v e cathode r e p e l l e r p l a t e . 

2 
The chamber had a 50 ug/cm po l yp ropy lene ent rance window 
and was operated w i t h methane gas a t a pressure o f 20 T o r r . 

2 
The t h r e e 6 cm a c t i v e a r e a , 100 pm t h i c k E d e t e c t o r s each 
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had an angular resolution of 2 and their centers were 
separated by an angle of 5.5 . The telescope, which sub
tended a solid angle of 11.5 msr, was calibrated with Am 

ug 252 
and Ge alpha sources as well as with a Cf spontaneous 
fission source. It was sensitive to particles with Z >_ A and 
energies larger than 5 MeV and less than 150M«V. 

2 The silicon array consisted of five 6 cm active area, 
100 pm thick silicon surface barrier detectors and was sen
sitive to any particle depositing 6 MeV or more. Three of the 
detectors were oriented in the reaction plane as defined by 
the target, telescope, and beam. Each detector had an angular 
acceptance of 5 and their centers were separated by an 
angle of 15 . The array subtended a solid angle of 127.2 
msr and was calibrated with Am and Gd sources as 

252 
w e l l as w i t h a Cf spontaneous f i s s i o n source. 

The p l a s t i c s c i n t i l l a t o r a r ray cons i s t ed o f 80 p l a s t i c 
s c i n t i l l a t o r s 1/4 i nch t h i c k which were coupled to pho to -
m u l t i p l i e r tubes by means of l u c i t e l i g h t p i pes . Seven ty -s i x 
o f t he s c i n t i l l a t o r s were arranged i n th ree az imu tha l r i n g s 
(A, B, and C) which subtended t h e t a angles of 9° to 2 0 ° , 
20° to 4 5 ° , and 45° to 8 0 ° , and accounted for 6756 o f 
the fo rward 2 IT. The remain ing fou r s c i n t i l l a t o r s (Ring D) 
were o r i e n t e d i n the r e a c t i o n p lane and subtended t h e t a angles 
o f 120° to 160° on bo th s ides of t he beam a x i s . 

A moni tor t e lescope was used f o r r e l a t i v e n o r m a l i z a t i o n o f 
each run . 

The assoc ia ted charged p a r t i c l e m u l t i p l i c i t y i n f o r m a t i o n 
was ob ta ined by measur ing the number o f f a s t charged p a r t i c l e s 
t h a t t r i g g e r e d the s c i n t i l l a t o r a r ray i n co inc idence w i t h 
o b s e r v i n g a p a r t i c u l a r fragment i n the p a r t i c l e t e l e s c o p e . 
The low energy t h r e s h o l d for obse rv ing p a r t i c u l a r charged 
p a r t i c l e s i n the p l a s t i c s c i n t i l l a t o r s i s e q u i v a l e n t o f 25 MeV 
p r o t o n s . One q u a n t i t a t i v e p iece o f i n f o r m a t i o n t h a t can be 
e x t r a c t e d from these measurements i s the average r e a l asso
c i a t e d charge p a r t i c l e m u l t i p l i c i t y . This average m u l t i p l i c i t y 
was determined by a d o p t i n g the s tanda rd techniques developed 
fo r Y _ r a y m u l t i p l i c i t y measurements c o r r e c t i n g f o r m iss ing 
s o l i d ang le , co i nc i dence summing, and a c c i d e n t a l and dead t ime 
p r o b a b i l i t i e s , assuming un i fo rm az imu tha l d i s t r i b u t i o n s and no c o r r e l a t i o n s i n p a r t i c l e emiss ion . Th is procedure was a p p l i e d 
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t o the m u l t i p l i c i t y i n f o r m a t i o n i n e^ch of the fou r r i ngs 
y i e l d i n g a q u a n t i t y d<m)/df t (9) . The average r e a l m u l t i p l i c i t y 
was determined by i n t e g r a t i n g d<m>/dn(6) f rom 0 to TT. The 
a c c i d e n t a l and deadtime p r o b a b i l i t i e s were s m a l l , of. the o rder 
o f a few p e r c e n t , i n a l l cases. 

The f i n a l p iece o f i n f o r m a t i o n ob ta ined from t h i s exper iment 
concerns az imu tha l c o r r e l a t i o n s (d a/63, dO (<j>), wnere 
tj> = |<i>, - <{>9j) between slow f ragments de tec ted i n the 
p a r t i c l e t e lescope and f a s t p a r t i c l e s de tec ted i n the p l a s t i c 
s c i n t i l l a t o r a r r a y . In order to determine i f such a c o r r e l a t i o n 
e x i s t s , a two p a r t i c l e c o r r e l a t i o n f u n c t i o n was e x t r a c t p d from 
the d a t a . I n p a r t i c u l a r , the R f u n c t i o n which i s de f ined as 

d 2 a 
dft, dfi„ 

R = a D - j — 3 — - 1 R d a , d a 2 

d a, d fi„ 

was used, where a R i s the t o t a l i n e l a s t i c c r o s s - s e c t i o n and 
d o , / d f i , and da„/drz„ are the s i n g l e p a r t i c l e i n c l u s i v e 
c r o s s - s e c t i o n s f o r p a r t i c l e 1 and 2 r e s p e c t i v e l y . 

F igure 12 shows the charged p a r t i c l e m u l t i p l i c i t y 
d i s t r i b u t i o n assoc ia ted w i t h a p ro ton of an energy o f 40 to 
200 MeV de tec ted a t 90° (Lab) when a U- ta rge t was bombarded 
w i t h 42 GeV Ar or 42 GeV Ne, r e s u l t i n g i n n e a r l y 
i d e n t i c a l d i s t r i b u t i o n s . ) Fu r the r i n v e s t i g a t i o n y i e l d e d 
the data i n F i gu re 13. The average t o t a l charged p a r t i c l e 
m u l t i p l i c i t y a s s o c i a t e d w i t h a p r o t o n , or deu te ron or t r i t o n 
de tec ted a t 90° (Lab) r i s e s smooth ly and, w i t h i n a few u n i t s , 

7 27 the m u l t i p l i c i t y i s independent o f p r o j e c t i l e . ' ) The 
m u l t i p l i c i t i e s are somewhat l a r g e r when assoc ia ted w i t h a 
deuteron or t r i t o n than w i t h a p r o t o n . The next F igure 14 
i l l u s t r a t e s the same f i n d i n g s f o r the charged p a r t i c l e m u l t i 
p l i c i t y assoc ia ted w i t h the emiss ion of slow fragments c f Z 

28 between 4 and Z _> 26 . ) I t i s shown t h a t r e a c t i o n s of 
4 4 

8.4 GeV He with Au—where the incident He energy is way 
above the pion threshold—lead to the same destruction of the 20 Au nucleus as do 8 GeV Ne—with the incident Ne energy 
just above the pion threshold. It is also shown that at half 
the energy of the incident He, ths associated charged 
particle multiplicity is much lower. These slow fragments are 



- ) ; 

also characterized by the absence of zero multiplicities in 
dicating that they come almost exclusively from central 
collisions. 

This findings suggest that e.g., a 2.1 GeV/u He as well 
as the slower AOO MeV/u Ne projectile get stopped in the large 
target-nucleus in such a short distance that there is enough 
nuclear matter still available to dissipate the deposited energy 
over most of the target nucleus, independent of the lucident 
particle velocity. As shown in Fig. 8 the thermal model fit 
to the Boron data predicts a hot moving source with a tempera
ture of 27 MeV and a 6 = 0.06c equivalent to a total dissipa
tion of tne incident energy in the target nucleus. This 
picture is supported by both cascade calculations (Toneev, ) 
Smith" ) and hydrodynamical calculations ' )) where in 
heavy targets the light projectiles are quickly stopped lead
ing to high density region in the early stage of the reaction 
close to the impact zone, and followed by an expansion and 
heating process involving most of the target nucleus. 

Attempts made by \ariv and Fraenkel ) to describe 
associated charged particle multiplicity distribution show at 
first sight a remarkable closeness to the data, in a second 
investigation, however, the cascade calculations have syste
matic deviations from the data. More calculations and 
comparisons with the data are needed to clear up the nature of 
the observed deviations. 

As a side remark: The nearby total simulation of the 
experimental conditions by Yariv and Fraenkel ) and also 
Noack ) in their computer codes are a fantastic help to the 
experimentalist since it allows to stay as close as possible 
near the raw data, a plus which is greatly appreciated in 
multi-correlation experiments. 

Correlations Between Fast and Slow Fragments 
All the thermal models, so far, have not incorporated any 

transverse momentum transfer from the reaction zone into the 
spectator matter. Thus the observation of the "spectators" 
would yield definite information on such an energy and 
momentum flux from the early stage of the reaction. 

The fragments measured in this experiment can provide this 
information because they are target fragments. Of interest is 

file:///ariv
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whether there is any correlation in space in the multiplicity 
pattern with respect to the reaction plane defined by the 
target and the telescope. 

Figure 15 shows the correlation function of fraqments of 
20 .^rious Z from the reaction of 400 Mev/u Ne + Au (lower 

3 portions) and of 400 MeV/n Ne + U for Z > 26 fragments 
which were identified as being predominately fission products 

9 R 

a s s o c i a t e d w i t h a very low m u l t i p l i c i t y . ) There i s a 
c l e a r 180° i n - p l a n e c o r r e l a t i o n v i s i b l e fo r the two midd le 
cases fo r fragments w i t h 13 <_ Z <- 26 and Z > 26. A heavy 
f ragment gets pushed out to e . g . , 90° whereas many f a s t f r a g 
ments are emi t ted i n t o the oppos i te d i r e c t i o n in $. This 
f i n d i n g i s to be e x p l a i n e d , w i t h momentum c o n s e r v a t i o n , o f 
c o u r s e , however, i t c l e a r l y po in t s towards the l i n k between 
the f a s t and the slow fragments and the react ion-mechan ism has 
to be unde rs tood . (A long range Cou lomb- repu ls ion of a second 
l a r g e body l i k e i n a b i n a r y f i s s i o n process can be r u l e d o u t ) . 
Such a b o u n c e - o f f - e f f e c t has oeen p o i n t e d out e a r l i e r ) to 
be v i s i b l e in the hydrodynamical model c a l c u l a t i o n s ) and 

3 1 3 5 r e c e n t l y Stocker et a l . ' ) have done a thorough t h e o r e t i c a l 
a n a l y s i s (F igures 16) d i scuss ing the d e f l e c t i o n o f he p ro 
j e c t i l e as a f u n c t i o n of impact parameter . They p o i n t out 
t h a t t h i s bounce-o f f e f f e c t cou ld be a good method o f s t udy ing 
the equa t i on of s t a t e s ince i t i s a measure of the pr essure 
produced i n the r e a c t i o n zone, be i t from compression or be i t 
f rom the hea t . There i s more i n f o r m a t i o n in the s p e c t r a of 
the slow f ragments . 

Fragment Spectra 
Since the l i g h t f ragments are earmarked by a domina te ly 

h igh assoc ia ted charged p a r t i c l e m u l t i p l i c i t y they come from 
very v i o l e n t r e a c t i o n s whe~e la rge amounts of energy are 
d i s s i p a t e d i n the t a r g e t nuc leus . F igu re 17 shows the 90° 
s p e c t r a o f f ragments o f Z = 6 to Z = 11 from 1.05 GeV/u 

He + Au. As in h igh energy p ro ton -nuc leus r e a c t i o n s the 
peak energy s h i f t s towards h igher va lues w i t h i n c r e a s i n g 
a tomic number. I t i s found t h a t the peak energy decreases for 
h i ghe r energ ies s imu l t aneous l y w i t h the increase o f the 
assoc i a t ed charged p a t i c l e m u l t i p l i c i t y . Also the s lope o f 
the spectrum gets f l a t t e r sugges t ing an increase i n 
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"temperature" of the emitting system i f sued a unique system 

would exist . Following the conventional two-step model the 

emitt ing system can be treated in f i r s t guess as consisting of 

less charges than the sum of Z ^ , Q „ * . , - 1 D + Z. ,,„ . -a projectile target 
Z,, . - <M>. The peak energy, .-ssociateu with the 

fragment r 3 J ' 
Coulomb barrier of the "evaporating" system, re f lec ts then a 
reduced Coulomb radius of r = 2.0 fm for the systems 

oc J 

studied. On one side the mystical factor of k = 0.5 used in 

the analysis of high energy proton nucleus reactions for the 

description of the Coulomb peak is more i l l jm ina ted . On the 

other side, the large reduced Coulomb radius j f 2 fm indicates 

that there is a huge deformation in the system. Therefore, i t 

is suggested to drop the two-step model and to look out for a 

more consistent but not necessarily simpler explanation. 

Figure 18 offers the suggestive picture of a central 

co l l i s ion as painted by a proponent of the hydrodynamic model. 

There the shape of the target nucleus developes, after a 

central co l l i s i on , into that of a bowl. I t can even lead to 

the formation ofdouok nat nuclei as suggested by C. Y. Wong. 

Then, of course, the emission from such a system is polarized 

to the beam d i rec t ion . Most probably, there is not an overall 

constant temperature and certainly is the Coulomb force vary

ing with the polar angle of emission. I f this picture is 

correct then there is no easy way to extract the para l le l 

momentum (or forward veloci ty) of the emitting system. I t 

should be comforting to remember that simple models are not 

always r igh t ; 

High Mu l t ip l i c i t y Selected Data 

I t has been shown that in reactions on heavy targets slow 

l i g h t fragment emission occurs only in violent reactions. The 

slow fragments might not give the whole picture since for 

higher and higher deposition energies a to ta l target and pro

j e c t i l e dis integrat ion into pions and nucleons has been 

observed. Figure 19 shows such data ) collected with the 

streamer-chamber where at 1.8 GeV/u Ar col l ides with KC1 

and to ta l d is integrat ion into protons and pions has been 

observed. Thus, another step over and above single part ic le 

fc 



inclusive data is: to select and study spectra from events 
characterized by a high charged particle multiplicity, there
fore by a high energy flux. In the common understanding this 
restricts the impact parameters to dominantly small ones, if 
the assumption holds that the multiplicity of an event in
creases with decreasing impact parameter. It may well be, by 
the way, that the multiplicity of charged particles does not 
change much between an absolute central collision and the last 
possible impact parameter which allows the projectile to dive 
fully into the large target nucleus. Such a selection does 
not totally rule out the contributions of single collisions in 
the spectra (they occur also in central collisions), but 
greatly enhances the probability for multicollision processes. 

The Figure 20 shows proton spectra for high and low 
20 multiplicity events for various incident energies of Ne on 

27 
U. ) When in F igu re 3 the 30° spec t ra d id not change for 
i n c i d e n t e n e r g i e s , the h igh m u l t i p l i c i t y s e l e c t e d spect ra a t 
30° get f l a t t e r w i t h i n c r e a s i n g Ne energy. The low m u l t i 
p l i c i t y s e l e c t i o n shows however aga in the f e a t u r e s o f the 
unse lec ted data ( F i g u r e 3 ) . When the high m u l t i p l i c i t y 

27 
s e l e c t e d spec t ra are looked a t fo r var ious t a r g e t s (F igure 2 1 ) , ) 
the s t ronger supp ress ion o f the forward angle i n the heav ier 
t a r g e t s 'S p o i n t e d o u t . When p l o t t e d i n form o f contours of 
cons tan t i n v a r i a n t cross s e c t i o n i n a p. - y p lane ( F i g . 11) 
t he c o n t o u r l i n e s are centered c l ose to the t a r g e t r a p i d i t y and 
move only s low ly t o l a r g e r r a p i d i t y values when lower cross 
s e c t i o n s are c o n s i d e r e d . A sudden and s t r ong s t opp ing o f the 
p r o j e c t i l e i n s i d e the t a r g e t nuc leus must have occu r red in 
o rde r to c rea te such an emiss ion p a t t e r n . A reve rsed p i c t u r e 
i s g iven i n F i g . 23 when pro tons from 1.05 GeV Ar on G 
are se lec ted f o r h i gh or low m u l t i p l i c i t y : The low m u l t i 
p l i c i t y protons c l u s t e r around the t a r g e t r e g i o n and the h igh 
m u l t i p l i c i t y p ro tons favor the m i d r a p i d i t y r e g i o n , c o i n c i d i n g 
w i t h the cen te r o f mass of t h i s sys tem. I t i s a l so there where 

9(1 

a nuclear fireball would be a rest. Going back to the Ne 
on U reaction where the forward emission is suppressed, this 
effect is so strong that when looked at in the form of an 
angular distribution for fixed fragment momenta even a side 
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wise emission is indicated, ) (Figure 24 and 25). For low 
27 

momentum deuterons t h i s e f f e c t i s s t r o n g e s t . ) The hyd ro -
dynamica l c a l c u l a t i o n s descr ibe such a suppress ion and even a 
s t i i g s idewise emiss ion for very c e n t r a l c o l l i s i o n s . The 
q t i t y o f agreement, however, i s poor as d iscussed i n M. 
Gyu lassy ' s r e p o r t . 

CONCLUSION 
Th is r e p o r t f o l l o w e d througn s i n g l e p a r t i c l e conc lus i ve 

data to more complex measurements o f observables w i t h an 
i n h e r e n t c o l l e c t i v e c h a r a c t e r . The obse rva t i on of c l u s t e r -
emiss ion and o f the bounce -o f f e f f e c t as w e l l as the emiss ion 
p a t t e r n o f p ions and p ro tons in h i g h - or low m u l t i p l i c i t y 
events rep resen t a l a r g e amount o f data w a i t i n g t o be a t tacked 
by s o p h i s t i c a t e d t h e o r i e s . Several phenomena were shown 
i n d i c a t i n g tha t the a l l dominat ing q u a n t i t y i n c e n t r a l 
r s l a t i v i s t i c nuc lear c o l l i s i o n s is the t o t a l k i n e t i c energy 
pumped to the system. Th is r e q u i r e s a very f a s t d i s s i p a t i v e 
p rocess . The nuc lear c o l l i s i o n s are compared i n t h e i r c l u s t e r -
p r o d u c t i o n mechanism w i t h super novae exp los ions yet the 
i n t e r e s t i n t h i s mechanism has been damped so f a r , by s imple 
but wrong phase space arguments o f the coalescence model . 
There i s hope t h a t the c l u s t e r data c a r r y much more phys ics 
than p r e v i o u s l y a n t i c i p a t e d and more t h e o r e t i c a l work focuses 
onto them. The equa t i on of s t a t e was shown in F i g . 1 w i t h a l l 
i t s s p e c u l a t i v e b e a u t y . K. R. Gudima and K. D. Donnev ) are 
t a k i n g the e x i s t i n g data p lus the t h e o r e t i c a l s p e c u l a t i o n 
s e r i o u s . In t h e i r u l t r a nuc lear cascade c a l c u l a t i o n they 
d e f i n e a dens i t y and a tempera tu re . Since they desc r i be w i t h 
t h e i r model f a i r l y w e l l the data they do the next s t e p : they 
look f o r the i m p l i c a t i o n s . F igure 27 shows the phase diagram 
f o r a t r a n s i t i o n i n t o the pion condensate. The curves A and B 
are c r i t i c a l temperatures from Ref. 37(A) and 38 (B ) . The 
dynamica l phase t r a j e c t o r i e s are c a l c u l a t e d for head-on c o l l i 
s i o n s . Both t h e o r i e s A and B would say t h a t above 500 MeV/u 

-23 
Ar + Ca the p ion condensate i s formed, fo r ca. 1 x 10 sec. 
I t i s ? 
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FIGURE CAPTION? 
F i g . 1 . The equa t ion of s t a t e of nuc lea r mat ter as 

s p e c t u l a t e d i n va r i ous t h e o r i e s . The o n l y q u a n t i t y 
known is the s t a t e of the normal nuc lea r dens i t y and 
the approx imate cu rva tu re through i t . 

F i g . 2. The f i r e b a l l model r ep resen ts the c l e a n - c u t 
sepa ra t i on o f nucleons i n t o spec ta to rs and 
p a r t i c i p a n t s . I t assumes t o t a l t h e r m a l i z a t i o n . 

F i g . 3. Double d i f f e r e n t i a l c r o s s - s e c t i o n s of p ro tons from Ne 
on U at f ou r d i f f e r e n t i n c i d e n t e n e r g i e s . L ines 
rep resen t a f i r e s t reak c a l c u l a t i o n fo r e m i t t e d 
p r o t o n s . 

Fig. 

Fig. 

Fig. 

Fig, 

Fig. 

Fig. 

A. Double differential cross section of protons from 393 
20 MeV/u Ne interactions with Al, Ag, Au and U. 

Lines represent the firestreak calculation for 
emitted protons . 

5. Precentage of protons observed in emitted clusters of 
3 4 

a, t , He and He vs em i t t ed p ro tons . 
6. Neutron to p ro ton r a t i o c o r r e c t e d fo r c l u s t e r 

emission observed and c a l c u l a t e d i n a cascade mode1 

by Stevenson ). 
7. Summed charge spec t ra from r e a c t i o n s of 393 MeV/u 

20 
Ne on U compared with intranuclear cascade calculations of Fraenkel and Yariv 15, ) and w i t h 

hydrodynamica l c a l c u l a t i o n s from R. Nix e t a l . ) . 
Double d i f f e r e n t i a l cross s e c t i o n of Boron em i t t ed 
from the r e a c t i o n of 393 MeV/u 2 0 N e on U. The 
s t r a i g h t l i n e represents a f i t assuming a moving 
e m i t t i n g system w i t h a tempera ture of 2? MeV. 
Contours o f cons tan t i n v a r i a n t cross s e c t i o n f o r 
p o s i t i v e p ions produced i n r e a c t i o n s of 1.05 GeV/u 

Ar w i t h Ca or in the r e a c t i o n of 370 MeV p on 
hydrogen. 

F i g . 10 . C a l c u l a t i o n s o f TT+ p r o d u c t i o n assuming a 
f i r e b a l l - l i k e l o n g - l i v e d p ion source and Coulomb 
e f f e c t s i n f l u e n c i n g the p i o n - e m i s s i o n . 

F i g . 1 1 . Exper imenta l l a y o u t o f the sca t t e r i ng -chamber and the 
var ious d e t e c t o r systems. 
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Fig. 12. Charged particle multiplicity distribution associated 
with the observation of a proton from 42 GeV Ne and 
42 GeV Ar on U. 

Fig. 13. Average multiplicity of charged particles associated 
with a proton, deuteron or triton emitted from 
reactions on a U target. 

Fig. 14. The average multiplicity depends on the total kinetic 
energy for small projectiles and large targets. 

Fig. 15. Slow fragment-fast particle correlation showing an 
enhancement of coincidences at 180° in 4>. This 
suggests, the establishment of a reaction plane by the 
target, the heavy fragment observed in the telescope 
and Dy the bulk of the fast particles associated with 
the slow heavy fragment. 

Fig. 16. Density contours as calculated in a hydrodynamical 
model. The experimentally observed bounce-off is 
shown to be dependent of the impact parameter. 

Fig. 17. Fragment spectra of Carbon to Na from 1.05 GeV/u 
He on Au with Coulomb peak shifting with 
incredsing Z. 

Fig. 18. Density contours as calculated in a hydrodynamical 
model. Note the bowl shape of the system strongly 
oriented with respect to the beam direction at a late 
state resulting in quite different Coulomb effects 
for different polar angles of emission. 

Fig. 19. Contours of invariant cross section for 1.8 GeV/u 
Ar or KC1 in the plane of negative-pion 

multiplicity vs total charged particle multiplicity. 
The straight line indicates the complete 
disintegration of both target and projectile nuclei. 

Fig. 20. Double differential cross sections of protons from 
events selected for low or high associated charged 
particle multiplicity. 

Fig. 21. Multiplicity selections for various targets. 
Fig. 22. Contours of constant invariant cross section in a p^ 

vs y plane for high or low multiplicity protons from 
20 Ne on U at 393 MeV/u. 

Fig. 23. Contours of constant invariant cross section in a p^ 
vs y plane for high or low multiplicity protons from 
1.05 Gev/u 4 0Ar on *°Ca. 



F i g . 24 . Angular d i s t r i b u t i o n o f f r agmen t -em iss ion a t f i x e d 
20 fragment momenta for 400 MeV/u Ne on U. 

F i g . 25. Angular d i s t r i b u t i o n o f fragment emiss ion a t f i x e d 
20 fragment momenta fo r 2 .1 GeV/u Ne on U. 

F i g . 26. Low energy protons s e l e c t e d f o r h igh or low 
m u l t i p l i c i t y from 42 GeV Ne and Ar on U and from 393 
MeV/u Ne on U. 
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