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The nr~ d a t a were taken toy S . Magamiya a t a l - 2 } ana we 
a r e grafcefnal t o t!he aiatihors tio a l low ms t o p r e s e n t 
tbem toeare. 

I . JnitxodaaefcjLcaa 

iiffiher meairly ttat.ee y e a r s of Bevalac r e s e a r c h , tlfaa i n t e r ­
e s t teas s n i f f e d f i n tme p e r i p h e r a l react ions—steadied 
i n t e n s i v e l y toy ttoe Hecasmam/Greiaaer groaap and (described smc-
<oess€mlly toy tetoe . abras ion-ab la t ion model 7))—to meat c e n t r a l 
(Boll is ioas- SSfcereas p e r i p h e r a l r e a c t i o n s proceed wiitlfa r e l a ­
t i v e l y smal l t r a n s f e r of rniomentmim and energy, tine near—central 
c o l l i s i o n i s c h a r a c t e r i z e d a t toigih i n c i d e n t e n e r g i e s wifn am 
almost complete .d i s soc ia t ion of tootn t a r g e t and p r o j e c t i l e , 
a s made v i s i b l e i n some s t reamer cnamtoer picfciar.es3} . 

I t Bias been g e n e r a l l y accep ted tihaf a nigih m u l t i p l i c i t y 
of fragments and p i o u s a t l a r g e ang l e s and i n t e rmed ia t e ene r ­
g i e s may toe uased a s a d i s t i n c t i v e f e a t u r e t h a t a l l o w s one t o 
s e l e c t near c e n t r a l . co l l i s ions of r e l a t i v i s t i c m u c l e i . Since 
many mot iva t ions f o r t h e r e l a t i v i s t i c neavy ion plhysics nave 
and w i l l toe g i v e n toy t n e t n e o r i s t s p r e s e n t a t t h i s conference 
we can c u t t ik is i n t r o d u c t i o n s n o r t and focus immediately onto 
experimental f a c t s and observations 1 1 )) a v a i l a b l e now .after about 
two yea r s of c e n t r a l c o l l i s i o n steadies a t t n e Beva lae . Me 
w i l l nave t o l e a v e fcne toearatifiul " 'star-otoservatiOns'" t o t n e 
nex t tsirst s peake r s and w i l l c o n c e n t r a t e on to 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 of p r e c i s e l y i d e n t i f i e d fragments 
{(as t o t h e i r c n a r g e , mass, .energy, and emission .angle) toge the r 
wi th a s s o c i a t e d m u l t i p l i c i t i e s of f a s t cnarged p a r t i c l e s . 

We w i l l s e e tehat a l l t n e observed fragment s p e c t r a a r e 
stronctrareless and more o r l e s s e x p o n e n t i a l l y (decaying ftaronglh-
oufc the range of s t ud i ed fragment masses . Me w i l l .give a 
catalogue of exper imenta l ly found q u a l i t a t i v e feafcmr.es and 
w i l l look fcnen i n t o t n e a p p l i c a b i l i t y of s imple s t a t i s t i c a l 
thermodynamic models by t r a c i n g down i n tine s p e c t r a kimemafc-
i c a l e f f e c t s i n tine framework of a source of a fcemperafcore x 
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and a Ve loc i ty p . This l e a d s d i r e c t l y t o iihe 
model"'"')) we p r e s e n t e d n e a r l y a y e a r ago . 

"nuc lear f i r e b a l i -

Ttoe p roduc t i on <of complex p a r t i c l e s MJ.11 ibe d i smissed nex t . 
A s imple mass 'dependence i n fl-flno c r o s s s e c t i o n of t n e fragments 
i s ©nserved 5;) and l e a d s ms t o tine cpaestion i f a s t a c k p r o ­
j e c t i l e and tine exp los ion of a ""ccmpoiand nncleus"' -wijuiid inaike 
any s ense . 

I I . Experimental Teehnigaaes 

Tine b a s i c l a y o u t <of I-*"* exper imenta l sefcnp c o n s i s t e d of 
a. pa r t i / c l e ifceliescope mounted on a movable arm iinsiide a s c a t ­
t e r i n g chamber„ a monitor t e l e s c o p e f ixed a t 9iQs„ nased t o 
o b t a i n t n e r e l a t i v e iratmnmaii i? yjatt-ii inm „ and an a r r a y <D£ f i f t e e n 
p l a s t i c isr!ii mini n 1 aH-<™r paddles ({tag counters!) p laced ©natside 
ifcme s c a t t e r i n g cnamber, smbtending t i ie angles between 15° and 
6i0° wi tn r e s p e c t t o <t-i»» beam d i r e c t i o n , , and about one-tihird 
of time azimmtn. Th i s a r r ay was uised too determine t n e mnalti— 
p l i c i t y of cnarged p a r t i c l e s , w i t h e n e r g i e s above ^51 Me¥/ 
nmcleon, a s s o c i a t e d witih eacih e v e n t oneasmred i n t n e t e l e s c o p e . 

Severa l d i f f e r e n t t e l e s c o p e s nave jfrcwwi nosed t o measexe 
t n e l a r g e spectnam of mr^i*0** and e n e r g i e s i n t n i s experiment . 
Evaporation—like fragments were d e t e c t e d i n tfiTJin AE—jE s i l i ­
con d e t e c t o r t e l e s c o p e s wl tn t n i c i n e s s e s of 22 pm, 2<05 pm» 
and 177 pm and ISDffl pm. The n i g n energy compoments of nelinim 
and hydrogen i s o t o p e s were measured wi th a AE—E t e l e s c o p e con­
s i s t i n g of a 2 anm AE—silicon d e t e c t o r and a ID cm, c o n i c a l l y 
shaped s c i n t i l l a t o r coupled t o a 2 . 5 cm pnototaabe a s an E 
d e t e c t o r . 

The y i e l d s of t n e e lements between l i t h inm and oxygen 
aibov i am energy of about Id® MeV were measured wi th a t h r e e 
element t e l e s c o p e . F i g . 1 , c o n s i s t i n g of a l a r g e a r e a of t h i n 
S i AE d e t e c t o r s J 18(0 pmj fol—, 
lowed by nHfâ  same -srea of 3 mxn 
tmiclk i n t r i n s i c germanium whicih 
was followed toy frUm* 3rd e lement 
an 8 uikiu jLntrinsiLC cfermafflutssni 
d e t e c t o r , ftls AEa—ffiE2-E t e l e - z&ianmam^ • 
scope was i n flhe S i e lements 
saabgrosipsd TJ^frct* ^^TC asagiaiar 
b i n s so - tihat s i x angu la r 
s t e p s could b e - aneasiiured 
s imul taneous ly . EairtidLe idem- J&J> 
t i f i e r s p e c t r a of t h e s e t e l e ­
scopes a r e shown i n F i g . 2 . 
Ms a r e s u l t of ' -tHh<=» qaaality of 
ttoese d e t e c t o r s , we can <giwe 
t h e p r e c i s e m a s s , cha rge , ^ymt 
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Fig . 2 
energy as well as the react ion 
angle of tfee dletectedl p a r t i c l e s 
api to> '''He. From M. am we baree 
isotope resolution! only wfceire 
indicated! in tne f igures. 

Vfe nave recently imparowsd 
oaar setup by placing 80) p t o t o -
muJLtipliers witn s c i n t i l l a t o r s 
around a tfcin spnerical sca t t e r ing elmainbear,, F ig . 3 r wMcBi 
allows H« to> recognize mmon b e t t e r tfte pa t te rn of tme s t a r -
ewamt. *E&e lower par t off tfee f igure snows tfce multiplicity— 
ring pa t te rn looting in bean d i rec t ion . ftlso> i n tmis new 
setnip, we d!a> exclude frami tlie measuiredl nnalt ipl ici ty a l l 
pa r t i c l e s below am energy of 25 Me¥/ii. "Unas we a re sraare not 
t o measoare low evaporation l i k e fragments ini the associated! 
nnailtiplicit-y. Foirtfeermore we b u i l t a new telescope capable 
of detecting m* froim 17 t o Ifflffl MeW andl protons frann 5 t o 20)0) 
MeV e t c . Some off tne data I snow are already front tads \rin^ 
tage. *Ene w~ distriboitions a re taken from ref . *)) and! were 
measaared i n a magnetic spectrometer. 
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I I I . Kxp**T"'<mc'-'TtaiII BesmJLIts 

Let. ns have first a look at the low-energy or evapora­
tion like fragments. Figme 4 shows tbe 90im energy spectra 
of He to Be isotopes in tbe low energy region for *aHie bom­
bardment of M at 2.1 Gew/nracleon. These energy spectra show 
a Maxwellian shape with the peak position shifting towards 

energies as the atomic number of the fragment in— 
For a given element, the most neutron deficient 

isotope displays a more prominent high energy component. 
This trend, is most obvious in Fig. 4 for sIUi and Be. It is 
also observed for the He isotopes as will be indicated! below. 

The cross section for' the evaporation like at—particle is 
so high that—from an estimate of it-ft** integrated low energy 
a.—particle yield—on the average about 7 <x—particles are 
emitted per interaction, ihese low energy particles are not 
inclnded in the later dismissed associated multiplicities. 

At high fragment energies the double ifflii jr-fFr*%wp,f-r ̂f cross 
sections for Z IHe on 0 at 4 M HeV/nwcleon as an example pre­
sented in Fig. 5 are smooth and exponentially decaying with 
increasing energy , being flattest for the protons and becoming 

steeper as the mass of tine fragment in­
creases. For a given fragment the slope 
of the energy spectra rapidly increases 
with increasing angle, and the yield of 
each fragment decreases as ^̂ĵ '̂̂*a• mass: or 
charge of the fragment increases. S 
deviation from this general trend is 

400) IBWhucl! 

201 601 KXTI i m ZCD BE 60! 22 SB. HUP .20] 60) I0Q> MQ] 

E j j f c l M W m i d l ) ) 
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obssrved in the 'picinity of ithe evaporation region where the 
yield is higher for *He it-iĥ m for 3 H e . In tarn, 3 H e (exhibits 
a relatively more iprominent high energy cross section. In 
this respect, the He isotope cross sections follow the trend 
of neutron uSeficient isotope cross sections., as described 
earlier. 

TDhe, proton energy spectra from 2l0lHe n U at forward 
angles are extremely flat in itihe measured energy range. It 
is surprising to find that the usual kinematlcal argument 
that would predict more forward peaked angular distaribations 
the higher the oombaxdirag energy does not apply. In fact the 
trend is opposite for all tne fragments as shown in Fig. 6 
in tlhe angular distribatioms labeled a, b , c, which are 3 H e 
fragments integrated in itihe indicated energy windows from lHe 
on 10 at 21©©, 4i0©„ 250 MeY/nocleon respectively. At the 
highest Ijombarding energy the cross section changes by less 
than an order of magnitude from 2© to 13© degrees, while for 
itihe 25® MeS/hadeon bombarding energy it changes by more than 
two orders of anagniifcade. Similar 3 H e aaagnlar distributions 
are observed in the energy window from 5© to IffliD MeV/mncleon. 
Tine overall features are the same bat all slopes are steeper. 
A comparison at 210<O MeT7/nucleon between ((a5 uranium and 
fb))Sl .as target shows that for light targets the backward 
hemisphere is depleted. At 4<0i0 Meff/niacleon incident JeJ "'He 
and ((b) : 2 ] lNe on mraninm there is no significant difference 
in the s*hape of the angmilar distributions. Hobe that curves 
i(dj) and (ej are raised in absolute value by a factor of 1© 
for better graphical representation-

In general for fixed 
target, projectile, and 
incident energy, the angu— • 
lar distributions of all 
fragments become more for­
ward peaked the higher the 
energy window considered. 
Therefore, the value of 
angular <**! i* ̂ipr*ii H?mipi OTI^ of 
integrated spectra in these 
•experiments Is small and 
the presentation of doable 
differential cross sections 
should be preferred. 

looking now at the 
heavier fragments at inter­
mediate energies in Fig. 7, 
the slopes of the spectra 
also get steeper with 
increase in reaction angle 

'X. 

Fig. >S 
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*%»*«!(, momv/jnan. 

Fig. 1 

Fig. 8 

for a fixeS fragment. Ihe 
changes of the slopes with 

' fragment mass alt a given 
J angle axe less pronounced 
i than before, tout note that 
! here the spectra are 
• plotted in Mew" instead of 
' Mew/maclean as in the case 
of hydrogen and ĥTf̂flinn ILSO— 

I topes.previously shown. 
TEfae associated mrolti-

| plicities should give ms a 
hint whether we are indeed 

: observing near central .col— 
I lisions. Figure 8 snows 
from the 15 tag counter 
array in—fold coincidence 

| cross sections associated 
i with three different frag­
ments detected in the 
telescope at 9W°. For all 
fragments the average rail— 
tiplicity is large reflec­
ting quite a large trans­
verse mdnentmnii transfer 

, since the tag array is 
. sensitive to particles like 
; protons above 50 MeV. in 
the new experimental set-up 

' the selection of various 
: multiplicity patterns is 
I possible. 

In Fig. 9|aJ the pad-
i idle histogram is shown on 
i the top associated with 
Si-Ge telescope events on 

i the bottom associated with 
, the monitor telescope, 
i monitor telescope and 
| Si-Ge telescope are placed 
: opposite of each other at 
'• 9©D. We observe clearly 
' in ring & and B a large 
; angle—two particle—-conre-
: lation between fragments 
; in the telescope and frag­
ments in the paddles 
enhancing the yield .in the 
forward angles opposite to 
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the detected fragment. Note 
that, we aire looking here at 
stair events with average total 
mralfcipliciities off at least 12 
high energy particles ira the 
go-go© forward hemisphere. We 
are presently studying tiis 
correlation as a ©unction off 
angle '6 of the telescope and 
fragment energy. Figure 9 Pa) 
shows the difference in the 
paddle histogram for """ar on Ca 
and ©. For '"ar on Ca the 
prongs are much more forward 
peaked than for HJ. 

In order to ease the dis­
cussion the main characteristic 
features off the data may toe 
summarized in the following 
ways 
Summary off Qualitative Features 

off the Data 
13 all light fragment energy 
spectra are smooth except for 
an "evaporation peak1™ at very 
low energies. 
2} The most neutron deficient 
isotopes exhibit spectra with 

Fig. 9 (to) 

JUbracndftr 
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a relatively higher cress section in the high energy tall. 
33 The slope of the fragment spectra in the intermediate 
energy range gets steeper with increasing detection angle. 
Angular distributions are forward peaked. 
49 The double differential cross sections for He on ID at 
30° are approximately independent of the incident energy 
for a given fragment. At larger angles the yield Increases 
and the slope decreases with Increasing bombarding energy. 
53 The slope of the fragment spectra In enexgy/nucieon at 
a given angle gets steeper with Increase In fragment mass. 
€9 The total yields of light fragments fall off with In­
crease In mass. At energies of 3©—5© MeV/nucleon cluster 
emission comprises a, significant fraction {about 5<0%9 of the 
total baryonic cross section. Towards higher energies pro­
tons become predominant. 
79 Increasing . the projectile mass at a fixed incident 
energy per mucieon leads to a small increase in the cross 
section for low energy fragments but to a larger increase 
at. high fragment energies, especially for the heavier 
clusters. 
S3 In He and Ar bombardment of U, Ca, and Ai targets besides 
the difference In overall absolute cross section, one finds 
for Ca and Al a depletion of cross section at back angles. 
99 For all particles detected at angles between 20° and 160$ 
the mean associated multiplicity is high and not changing 
remarkably with fragment mass or energy. 
I©} The mean associated multiplicity increases with the pro­
jectile mass and with the target mass. 
119 Large angle emission of energetic fragments is enhanced 
in high multiplicity events. 
XV, Discussion of the Data 

In the peripheral reactions it is rather easy to deter­
mine where the particles originated by just looking at around 
<Q° and at a fragment velocity equivalent to that of the pro­
jectile. Here, however, we cover a large spectrum of longi­
tudinal .velocities and need therefore an appropriate repre­
sentation o£ ~ the longitudinal and 'transverse momenta of the 
fragments. 

In Figs. 10 and 11 contours of constant invariant cross 
sections — gsfrj axe given in a ly,p^ plane for different 
fragments, from aiDlHe on 0 at 40© MeV/nucleon and for 3Ee frag­
ments from 2 9Ne on 0 at different bombarding energies, y is 
the rapidity of the fragment defined as 

y = | ant ?E+p.|| 9/CE-pm91 -
This variable is simply shifted by a constant value if 
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expressed in a moving frame, y is approximately equal to © 
for small velocities, pi is the transverse momentum per 
nudeon of a fragment.. In the contours the spacing between 
the lines corresponds to a constant factor in cross section. 
The thick lines are labelled by the common logarithm of the 
invariant cross sections. Such contour plots are invariant 
with respect to I/orentz transformations, except for a shift 
of the rapidity axis. 

In these contour .plots the maximum pj. on a given contour 
line lies at a value of y which can be attributed to the 
velocity of an apparent source. In Fig. I'D it is clear that 
at low Pi values the apparent source velocities are close to 
zero but that as we go up in pi the associated y goes up 
too. {Note that we plot here p£/nucieon.) Thus it is clear 
that tliese fragments are not emitted isotropically from one 
unique moving source, which would give contour lines all cen­
tered around the rapidity of that source. In a peripheral 
collision the fragments from target and projectile would be 
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represented fey two steep "mountains"1 symmetric about the tar­
get ant projectile rapidities. It is obvious that the present 
data do mot cover the region of projectile fragmentation. 
Target fragmentation products may foe part of the cross sec­
tion only for. the lowest values of PJL and y. Host of our 
data thus represent fragments from non-peripheral collisions. 

The maximum of the invariant cross section at a given 
level of PJL occurs at increasing values of the rapidity for 
increasing pj|_, ©ue to the shift of the contour lines towards 
intermediate rapidities with wider spacing, there is clear 
indication for at least two qualitatively different sources 

****«« 

fcWPUNTJ'tSO $.w^iB.j««i^iieo F i g . 12 

• x 

BBOWetr/N C * C -• * > X 

£ " i m*?MOnrj'ij»3 
SJM»J»-Ty« rfoMaJ 



-11-

participating in the fragment emission. One source is moving 
slowly in the lab with a rapidity smaller than about <0.1. It 
accounts for the emission both of protons and clusters at 
small transverse momenta, pjiy/nucleon ̂ 25© MeV/c ((explosion of 
the total target and projectile system and/or target specta­
tor decayj). The other source moves with a rapidity inter­
mediate between those of the target and projectile, and its 
decay products extend towards higher transverse momenta, 
corresponding to the highest energy and momentum transfer 
between the target and the projectile. 

Before we go to the fireball model which tries to repro­
duce these findings, I show you again a ((y,pii) contour plot, 
Fig. 12, this time for ir~ emitted from 8ffl© MeV/raucleon C on 
C and B, measured fey S. Nagamiya, et al. The picture here 
is totally different from that just seen. There is no dif­
ference between C and C—which is in a kinematicai point of 
view a nucleon-nucleon system—and C on Pb. Therefore one is 
led to conclude that the source of pions at these transverse 
momenta is purely of nucleon-nucleon nature and does not 
reflect any collective effects, in contrast to that of the 
charged particle distrib;. tions which cannot be described with 
one single longitudinal source velocity. 
V. Fireball and Coalescence 

The change in slope of the spectra as a function of 
angle gave a clear hint to try a thermodynamic model based 
on a moving source with velocity !3 and temperature T. 
Since the observed rapidities were much higher than that of 
the center of mass of projectile and target, subsystems had 
to be found with higher apparent velocity. This led directly 
to the nuclear fireball model presented nearly a year ago4'} , 
which will be outlined shortly in the following: 

When a relativistic heavy ion projectile collides with 
a target nucleus there should be during a primary fast stage 
a localization of the interaction to the overlapping domain 
of target and projectile densities while the rest of the two 
nuclei remain relatively undisturbed. 'On a secondary time 
scale, dissipation of oompressional and surface energy, as 
well as reabsorption of pions and nucleons emitted from the 
primary interaction region will excite these remnants, re­
sulting in their subsequent decay that should be charac­
terized by moderately low energies. This idea leads to the 
separation of the nucleons in the system into partic ipants 
and spectators with respect to the time scale of the fast 
interaction stage. The nuclear fireball model deals only 
with the participant nucleons, i.e., it refers to a sub-set 
of the emitted particles. The model assumes that the two 
nuclei sweep out cylindrical cuts through each other. Fig. 13. 
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J"ig- 13 
Tiie pr<0jj<ectile pa r t i c ipan t s ace 
assanvea i s t ransfer a l l ©f tlheir : 

mam&n<£wn t© ±3ae ef fec t ive center <of 
mass system ®f a l l ttoe pa r t i c ipan t 
imieleeSts f©cmiaig a ficeSaall wMcm 
moves forward in tttoe iaib at/ a veloc­
i t y intermediate between tfoose of 
t a r g e t and p ro j ec t i l e . I t s average 
i n t e r n a l Jdjaetic energy per mjicleeaa i s mmcm feigner tman ttoe 
binding energy per naaeleiGaa- Tihe pa r t i c ipan t naacleon fireiaali 
i s tSaem treated as an ecjailitoiated men—rotating Meal gas 
CBaracterized toy a temperature < wiiicih expands isotfcropically 
i n tine center of mass of tiie f iretoall'witm a Mascwellian d i s -
t r ihut icmiaa energy- 1Eke mjaniber of participaints i s calcaa-

Fig- 14' 

tlae ef fect ive ©enter'.of mass of titae par t i c ipan ts i s impact 
parameter depen^fint a s i s the firefcall tbemperafcure- Italy for 
syronieifcrie systems : lijse *?Ar on """Ha e x i s t s a 

Figure 14 slbows tme geometrical gaaamtities as 
a j f a i a c t l ^ - ^ in^pact parameter- jMp/Sjfc i s tSae rati© of jar©-. 
j e c t i i e t ® t a rge t ' pa r t i c i pan t naaclecaas, %>r©tom i s tfce number 
of .•Qa&t&G&pamt protons^ and anrteKfeatoon/is it̂ ifi (weight given t o 
eacn impact parameter- T&e sol id limes represent t t e case ©f 
We on © and t t e (flasllaed lime am egmal mass pr©j'ectile-target 
conibJtoaatiam- HJbe arrow'©n' tine abscissa, imdicates tibe radius 
©f uaraniiHm and tine arrow labeled Iby^ indica tes tine impact 
parameter wittln ttoe maacimiam weigtet-,, 

Figure IS snows Jkinematicai <graantities as a faanciti©n of 
impact, parameter calcula ted in tine f ireJsall model- Tiie 
ve loc i ty ©f t&e f i r e b a l l i n tne l a b 'is iB and £ i s tine a v a i l -
able Jkiiietic energy per sQiueleon i n ttne f i r e b a l l - Tne com­
parison ©f tne daila witm t n a t model, integrated over a l l 
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mz am 

•*• F i g , 15 

F i g , 16 -*• 

impact p a r a m e t e r s , i s sbown i n F i g , 16 fo r 
2DiNe*0 a t 4(0® MeY/aiicleom, 2Si0 M€W/amcleon 
and f o r "He*© a t 4(010 MeV/imiclecm. (} flO ^0 't£0 160 

^ KiMeV) 

Going iback to Figs, 1(0 and 11 Cor 
jKeV/araacleam 2<0JBe«J, the fireball 

rapidity is (0,2S for tbe most probable 
«eigbt an3 fits well «it!h simply extracted 
values of y for bigb pi values. For tbe ir~ data in Fig, 12 
we see tbat tbe fireball rapidity for E+Pb is totally off from 
the extracted -value of D,fi, equivalent to tbat in C*C-

iCoatfanplatiaig over siucb a simple model one often ques­
tions first tbe assnamption of clear cylindrical cuts. Snoot­
ing boles into nuclei does mot sotund reasonable in ttbe face 
of nucleon anean-free-patb arguments. .Sfefc, a single molecule 
bitting a tbick wooden plate witb a velocity of 1 tan/sec bas 
no cnance to go tbroaigb, but if tbis molecule travels as part 
of a bullet it easily can make it to tbe otber side. From 
tbis viewpoint tbe nuclear fireball model sbould toe more sue— 
cessfiul tbe beavier the projectile mass is. Surprisingly, 
(however, tbe model earn even describe (double differential 
spectra of protons from p on Bi at 45© Mey, 

Ibe presented fireball model bas been extended tas include 
complex particle production*^ , Ibis will raise tbe tempera­
ture in tbe fireball,, since in tbe cberaical equilibrium fewer 
degrees of freedom are available if clusters do exist, (Our 
data do indicate ((see Figs, 1(0 and 113 ttoat tbe low pj. frag­
ments do come from slow moving sources wittb velocities from 
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that of i""1"3 target-projectile 
center—.of—mass down to zero. 
If one looks at boron ((Fig. 17) 
then a two parameter fit of a 

source with a weloeity 
p = (Q.6 and a toexnperatnre 
i — 27 Mey yields fair agree­
ment with the data. This 
velocity and temperature com­
bination, however, is close to 
that of a formed compound sys­
tem, i.e.* tlie projectile gets 

•Btmck in »H»P target nraclems 
' and randomizes totally its 
energy. If stuch a picture 
would be true *im=» tremendous 
angular momenta in that system 
((©early 5 M b < if or We*0 at 
4:0(0 MeV/siwacleoiii would change 
tih*> decay pattern of the frag— 
dime to the rotational energy. 200 3DD 

EtWleV) 
If one assumes that protons «aL™-«9i at a given jmomentomn are produced 

by tike same mechanism as the 
heavier fragments at the same 
momentum/imiclecai then one can. Fig. 17 
as we did 5}, try to express the 
complex particles in terms of nucleon double differential 
cross sections. 

fflmr first attempt to explain the emission of high energy 
light nuclei in relativistic heavy ion collisions was by 
final state interactions, or coalescence of emitted nncleons. 
In this model, if any number of protons and neutrons corre­
sponding to a bound modems are emitted in a reaction with 
imomemta differing by less than a coalescence radims p©, these 
mncleans are assumed to coalesce and form a nucleus- The 
cross sections for *•'*>» emission of light nuclei are then 
simply related to the cross- sections for the emission of 
nacleons at (the same jmomentinm per nucleoli, namely. 

d <GT. = i I P® A ( * 1 
Both cross sections 0^, for emission of a light nucleus formed 
with A nmcleons, and iff̂,. for emission of a single mracleom, are 
evaluated at the same momentum! per mucleon p with loremtz 



-15-

f actor -y, and 0 l O Is the 
total reaction cross section. 
(Our proton data have been 
.used too calcaaJLaite the light 
fragment cross sections from 
t M s emgation;; the results 
have been compared with omr 
experimental data, the only 
adjjaastatole parameter toeing 
p,Q- In Fig- IS smch a com­
parison is shown for d, it, 
3He, and "*He from the raac-
tions of He (Dm (0 alt 25© and 
4&B J&eV/ffliicleon. 15Efcie agree­
ment "between this simple cal— 
cnlatiom and ©mr.data is 
rather impressive, 'the 
largest discrepancy being fior 
3He fragments at the lowest 
energies and at forward 
angles. 13ae valees <©£ the 
parameter p© are Bemarikably 
aamifoirn and of reasonable 
imagnifmde, between 126 and 
147 MeV/c, since they are 
smaller than the Fermi imamen— 
ta of the (dusters. It 
should fee noticed that t M s 
simple phase space calcula­
tion does not explicitly 
include many factors., like 
spin and isospin couplings, 
integration over comfigmra— 
tion. space {not only momentum 
space)) and time. All these 
factors are hidden in the p 0 

valaie. In Fig. 19 it is 
shown that a similar calcula­
tion leads to a similar . 
agreement with omr data for 
heavier fragments, namely the 
litnium isotopes {omr (data 
incliude all isotopes, biat the 
calculation Idas been done 
assnaming mass 6)) .and ̂ Be, 
with a p l 0 of the same order 
of magnitude as that found 
from the light fragments. 
For the heaviest fragments, 
9* 1 , BBe to iQ, the overlap be­
tween the energy per macleon 
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range of these data and the range of our proton data is too 
small to make useful comparisons. 

The success' of the coalescence model, however, has to 
ibe looked at as a first glance into the mass dependence of 
the fragment distribution. Tike correct treatment of a final 
state interaction anodel mas to start with a primary nucleoB 
distribution which is different from ©mr procedure. In 
fact if one guesses such a primary proton distribution one 
gets smaller valines of po and destroys the simple dependence 
of light nuclei cross sections on unclean cross sections. 

It is very interesting to note that the observed power-
law between proton— and cluster cross sections is valid in a 
tiaeicmodynaniical picture like that-of the fireball, There, 
the double differential cross section in momentum space for 
emitting any cluster consisting of A nracleons decreases 
exponentially with tine total kinetic energy E of • tne cluster 
like ejgpJ-E/u)) where T is the temperature. Hence with 
respect to the kinetic energy per nucleon E/& it behaves 

25/a a . fch 
like ((exp - } which is proportional to the S. power 
of the cross section for emitting a single nucieon at this 
energy per nucleon E/&, in. contrast to the coalescence model. 
In tnhp* thenmodynamical anoflel we do not have to guess a 
primary mncleon distribution in momentum space. There is 
interesting physical information in the thermodynamic model, 
since the yeilds- of 'different nuclear species measured in 
relativistic heavy ion collisions can be used to obtain the 
freeze-out density'6]) of their .emitting systems, namely the 
density below which the hot matter expands freely. 

In summary, fragments from near central collisions of 
relativistic heavy ions may originate from several cpali-
tatively .different sybsystems of the overall decaying nuclear 
system, such as the fireball, the target spectators, or 
alternatively, an explosion of the fused target-projectile 
system, inhere is strong support of the validity of thermo-
dynamical models in the production of all fragments observed 
and the large amount of theorists in this field is promising 
exciting insights in the near future. The charged particles 
seem to have clear fingerprints of a collective reaction 
mechanism whereas the if" data observed at high pion energies 
seems not to be different from nucleon—nucleon collisions. 
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