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, NOTICE 1 

HEAVY ION' COLLISIONS AT RELATIV1STIC ENERGIES ,7Z£ZJZ£rX?££S£. 

Shoji Nagamiya 

Lawrence Berkeley Laboratory, University of Cal i fornia 
Berkeley, Cal i fornia 94720 

1 . INTRODUCTION 

About f ive years ago a summer study l<as held in Berkeley on r e l a t i v i s ­

t s heavy-ion col l is ions. Several stimulating theoretical suggestions were 

reported there on the possibi l i ty of creating a highly-excited, dense nucle­

ar system by using r e l a t i v i s t i c heavy-ion beams. These suggestions have 

grea t ly encouraged experimentalists and, in f a c t , have had a strong i n f l u ­

ence on the experimental programs pursued in the last few years . 

So f a r , however, no concrete experimental evidence of the existence o f 

dense nuclear matter has been observed. Iii this regard, the major question 

addressee! by r e l a t i v i s t i c heavy-ion research has not been answered at the 

present stage, and i t remains for future experinental and penaps theore t i ca l 

i nves t iga t ions . 

Instead, the most exc i t i ng and f r u i t f u l r esu l t s of the las t few years 

chti be found in the pursu i t o f a deep understanding o f the basic react ion 

mechanism. In t h i s regard there has been a strong in te rp lay between exper i ­

mental data and theore t i ca l analysis which has created promising r e s u l t s . 

The major in te res ts are re la ted to (1) geometry and (2) dynamics o f the c o l ­

l i s i o n s . In the f i r s t part o f t h i s paper the current understanding o f the 

react ion mechanism is reviewed and descr ibed. 

Recent measurements have also revealed some new phenomena whicii cannot 

be eas i ly explained w i t h i n the framework o f the ava i lab le t heo re t i ca l t o o l s . 

>l" 
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These phenomena observed with beam energies of 0.4 - 2 GeV/A are described in 
the second part of this paper, as those observed with beams below a few 100 

p MeV/A will be reported by other speakers. 
In the last part of the paper, the topics remaining for future studies 

are briefly mentioned, especially in connection with the present conference's 
subject, namely, as study of collisions at beam energies of 10 - 200 MeV/A. 

2. COLLISION GEOMETRY 

Typical examples of fragment spectra in r e l a t i v i s t i c nuclear coll isions 

are shown in Figs. 1 and 2 . Fig. 1 displays the data by Anderson et a l . 
3 

who measured p, d , t , and He at 8, . = 0° in col l isions of 2.1 GeV/A a + C. 

The y i e l d o f each fragment is sharply peaked at a certain momentum. I f we 

p lo t these data as a function of the re la t iv is t ic - invar ian t velocity called 

the rapidity y , which is defined as 

y = 1 l n [ ( l + P / / / E ) / ( l - P / / / E ) ] , (1) 

then all the fragments have a peak at the same rapidity which is almost the 
same as the beam rapidity, y„. This implies that most of the fragments at 
0° came from a piece of the beam nucleus which was not scraped out by cue 
target nucleus. Thus the velocity of this piece is the same as the beam 
velocity. Furthermore, the mass (A) and charge (Z) of the beam fragments 
are always smaller than those of beam nucleus, (A„,Z„). Two features, 
y (at peak) = y R and (A,Z) * (Ag,Z„), are commonly observed for fragments 
emitted at 0° in all combinations of beam and target nuclei, as have already 

4 5 6 
been shown by Heckman et al.' and by Papp et al. 

Fragment emission at large angles is somewhat different. Fig. 2 shows 
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proton inclusive spectra at large angles (e, ^ = 10°-145°), observed in 

coll isions of 800 MeV/A Ar + KC1. There the spectra are essentially struc­

tureless and very smooth as a function:of laboratory momentum. The dominant 

y ie ld at large angles comes from protons (> 60-70 % of tota l y ie ld ) . 

These two observations readily suggest a simple picture of the c o l l i ­

sion geometry, as shown in Fig. 3. Th'js is called the participant-spectator 

model. After the col l is ion the non-overlapping part between beam and target 

nuclei, called the spectator, just keeps going without any interference. On 

the other hand, in the overlap region, called the participant region, strong 

interactions occur between nucleons of beam and target, with the result that 

the fragments are emitted over a wide angular range. The fragments from the 

participant piece are mainly elementary particles such as protons, neutrons, 

or pions, because the energy transfer involved there is much higher than the 

mutual binding energies of the nucleons. 

The average number of participant protons which come from the beam nuc­

leus, < Z 3 e a m 1 C i P a n ' i s P r 0 P D r " t " ' 0 n a l t o the rat io of the target cross section 

to the total cross section, 

irfr A 1 / 3 ) 2 

-Participant = 7

 n T T ' 
W > " <* l ( r A l / 3 ,1/3,2 

" , r (TB r 0 T ' 

- Z B A| / 3 / {A^ / 3 + A J / 3 ) 2 . (2) 

Similarly, we have 

p a r t i c i p a n t , . ^ 2 / 3 ^ 1 / 3 , ,1/3,2 _ ( 3 ) 

The total nuclear charge of the beam fragments is thus given by 

(Z - < Z P a r t 1 c l ' P a n t > l x , . r 2 ( A 1 / 3 + A 1 / : V ^ B B̂eam > ) , x

t " r Q ^ B ftT > , 
V ^ 1 \ y 

Beam spectator charge Cross section 



On the other hand, the total nuclear charge emitted from the participant 
piece becomes 

- p a r t i c i p a n t 7 P a r t i c i p a n t . „ 2 f , l / 3 . 1 / 3 . 2 
l < £ Beam > + < z T a r g e t >>x*r

0lR& + A T ' 

= ^ ( Z B A 2 / 3 + Z T A 2 / 3 ) . ( 5 ) 

Formula (4) i s given by Hiifner e t a l . 

In Figs. 4 and 5 the formulas (4) and (5) are t e s t e d . For beam f r a g ­

ments the experimental points shown in F ig . 4 were ca lcu la ted from the data 

by Lindstrom et a l . who measured a l l isotope y i e l d s a t 0° f o r beams o f C 

and 0. The ta rge t mass (A T ) dependence o f the y i e l d goes l i k e A!J where n ^ 

1/4. This is pred ic ted in Eq. ( 4 ) . The absolute values p red ic ted by Eq.(4) 

are about 50% la rger than the observed y i e l d s . This may be due to missing 

charges which have not been detected in tha experiment, or i t may be a r e ­

s u l t of the crude assumptions used to der ive Eq. ( 4 ) . In s p i t e o f t h i s 50% 

discrepancy, we can conclude tha t the simple geometrical p i c t u re explains 

very well the beam fragments. 
3 

F ig . 5 shows the sum of charges f o r p, d , t , and He ca lcu la ted from 

the data at la rge angles. In order to obtain the t o t a l y i e l d an ex t rapo la­

t i o n to 0° and 180° was done based on the data a t 1 0 ° < 0 < 1 4 5 ° . The ambigu­

i t y of the ex t r apo la t i on is not l a r g e , since (da/d8) 0 < > = (da /d8) ,g 0 o = 0. 

The y i e l d p l o t t e d ir: t h i s f i gu re comes most l i k e l y from the p a r t i c i p a n t 

piece. Agreement o f the data w i th the pred ic t ion by Eq. (5) i s f a i r . 

A s i m i l a r argument can be made fo r ta rget fragments. However, no pre­

c ise data f o r t a r g e t fragments are a v a i l a b l e , because i t is almost impossible 

to measure a l l isotopes produced as ta rget fragments. Extensive measurements of 



unstable isotope production were recently reported, and it may be worth­
while to extrapolate these data to stable isotopes and to compare the results 
with Eq. (3). 

From the comparison described above we can conclude that the geometri­
cal aspect of heavy-ion collisions at relativistic energies can be explained 
rather well with a simple picture, the participant-spectator model. In 
the use of this model it is rather instructional to know that about 1/4 of 
the total available nuclear charges gq into forming the participant region 
in the case of identical nucleus collisions, since the yield of the partici-

2 2/3 pant charges is given by Z-nr-ZA while that of spectator charges (beam + 
2 2/3 

targets spectators) i s given by 6irr 0ZA ' 

Once the geometry i s understood, the next immediate i n t e r e s t i s the dy­

namics. In the next sect ion the dynamics f o r the pa r t i c i pan t i s discussed. 

3. COLLISION DYNAMICS FOR PARTICIPANT REGION 

3.1 Inc lus ive Proton and Pion Spectra 

Considerthenucleus-nucleus c o l l i s i o n to be simply a superposi t ion of 

nucleon-nucleon sca t te r ings . At r e l a t i v i s t i c energies the mean f ree path o f 

nucleons inside the nucleus i s 1 - 2 fm,which is shor ter than the t yp i ca l nu­

c lear radius. This implies tha t both the s ing le nucleon-nucleon knock-out 

and mu l t ip le nucleon cascades con t r i bu te to the production o f fragments. 

The p a r t i c l e y i e l d , a , can thus be w r i t t e n as 

CO 

<J = X°- , (6) 
i=l 1 

where a- describes the y i e l d o f p a r t i c l e s emit ted a f t e r i - t h .nucleon-nucleon 

sca t te r ings . The i = l term expresses the clean knock-out (herea f te r ca l l ed 



the CKO) process. I f the terns with large i 's are dominant compared to 

o thers , namely i f p a r t i c l e s are emitted af ter a suf f ic ient ly large number of 

nucleon-nucleon scatterings, s ta t is t ica l models, such as the thermal model, 

become more accurate in predicting the y ie lds. In this section we w i l l con­

s ider which o f o - ' s are dominant in r e l a t i v i s t i c heavy-ion co l l is ions . 

For th i s purpose the f i r s t step is to compare the inclusive data with 

the theoret ica l p red ic t i on for each of the a. termsL For s impl ic i ty we usu­

a l l y r e s t r i c t our considerations to identical nucleus col l is ions except in 

places where other combinations between beam and target nuclei play a key 

ro le in the d iscuss ion. 

Theoret ica l ly two extreme cases are easily handled: the CKO process 

( o , ) , 9 ' 1 0 , 1 1 and the thermal process ( £ o . ; m : 1 a r g e } . 1 2 ' 1 3 ' 1 4 According to 
i=m 

the thermal model, the t o t a l ava i lab le energy in the part icipant region wi l l 

be converted to thermal energy, g iv ing a temperature, 7 , which is given by 

Eg/* = ! ' + 2.28-^ ( ^ ) 9 / V - (?) 

wiiere Ei/A is the c m . k i n e t i c energy o f the inc ident beam per nucleon, and 

P i s the nuclear dens i ty o f t h j a r t i c i p a n t p iece. Once the energy per nu­

cleoli is f i x e d , then the temperature i s independent o f the mass number o f 

the inc ident beam nucleus. [The above formula i s v a l i . -r i d e n t i c a l nucleus 

c o l l i s i o n s . ] 

F ig . 6 shows the energy spectra o f proto.-.s a t c m . 90° for c o l l i s i o n s 

of C + C, Ne + NaF, and Ar -i KC1 at E B e a r o

= 8 0 0 MeV/A, a l l o f which are essen­

t i a l l y i den t i ca l nucleus c o l l i s i o n s . The c m . 90° spectre were se lec ted , 

since the p a r t i c l e emission a t t h i s angle i s less a f fec ted by the spectator 

fragments. The shape o f energy spectra i s exponential at high energies but 

deviates s u b s t a n t i a l l y from an exponential a t low energies. 
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The exponential shape is expected from the thermal model, since this 
model predicts a Boltzmari distribution. The exponential slopes for the 
three spectra are almost independent of the nuclear masses, which is what 
we expect from Eq. (7). At E g (Lab) = 300 MeV/A, E*/A = 182 in Eq. (7), 
which gives T = 91 MeV for p 0/p = 1 and T = |82 MeV for p 0/p = 2. If we use 
T = 82 MeV and apply the participant-spectator model (given by Eq. (5)) for 
the purpose of absolute normalization, then the theoretical curve for col­
lisions of Ne + NaF roughly explains the observed data to within a factor 
of 2-3, as shown by a thick solid curve in Fig. 6. Here, the isotropic 
angular distribution is assumed to derive the theoretical curve. The mass 
dependence of the observed yield, (da/dn)ggo;, is roughly given by 

c . i protons 
S - z" with n = 1.9 ± 0.3, (8) 

which is predicted from Eq. (5), where n is 5/3 = 1.67. 
Next, let us study the prediction of the CKO model. If we neglect the 

internal motion of nucleons inside the nucleus, elastically scattered pro-
* * tons should be sharply peaked at E p = E„/A = 182 MeV. Inelastic pp or pn 

scatterings produce protons with lower energies than this. However, the 
actual nucleons have an internal motion called Ferrsi motion. Hatch and 
Koonin used an empirical form of the momentum distribution of nucleons 

14 inside the nucleus, derived by Frankel et al., as 

— ; « (|p|/Po)/sinh(|p|/po), (9) 
d 3P 

and calculated the proton spectra. The results are indicated by a dashed 
curve in Fig. 6. The slope is nearly exponential, and of course, by defini­
tion, the slope does not depend on the mass of the colliding nuclei. The 
assumption of the momentum distribution of the form of Cq. (9) has to be 



carefully examined,* but, nevertheless, the surprising fact is that the o, 
term can again explain the dominant feature of the proton energy spectrum 
at almost the same level that the thermal model did. If we change the 
value of po to a larger value, the agreement becomes even better. 

Now we face a dilemma: both models predict almost the same tendency 
for the energy spectra. In the rest of this subsection we will therefore 
compare other aspects of inclusive data with both the thermal and CKO models. 

Fig. 7 shows proton and pion energy spectra at c m . angle of 90° in 
collisions of 800 HeV/A Ne + KaF. We observe that the exponential slope of 
pions is steeper than that of protons. The thermal model p?«.;;ccs the 
same slope for pions. We therefore first thought that a comparison between 
protons and pions would tell us the importance of the CKO process. How­
ever, the situation is not so simple. As pointed out by Kapustr the 

decay characteristics of the A-resonance induces a steeper slope for pions 
12 tnan the calculated slope without A's. Recently Sano et al. noticed this 

point and showed that the pion slope is steeper than the proton slope if we 
take into account a stronger A effect, as shown in the figure. An alter­
native explanation based on the thermal model was presented by Siemens and 
Rasmussen " who proposed an explosion flow (blast wave) from the compressed 
nuclear matter. I personally feel that this model is very attractive. 
However, the point here is that both thermal and CKO models can again pre­
dict the observed difference between proton and pion slopes. 

In Fig. 8 we show the beam energy dependence of the proton spectra in 
collisions of Ne + NaF. The slope strongly depends on the beam energy. 
However, if we plot these observed slopes in Fig. 9, then both thermal and 

*This point will be discussed later in Sec. 4.3. 



observed slopes. Here, the CKO models again explain reasonably well' the 
slope was estimated by Eq. (7) for the thermal model and by our Monte Carlo 
calculations for the CKO model. In the CKO model the high energy protons 
are produced mainly by the high-momentum comsonent of the Fermi motion. As 
the beam energy is increased, such a component is enhanced more than the 
linear sum, p F + p , because of the relativistic effect. 

The yield of protons and pions at cm. 90°, (da/dn)gn<>, predicted by 
both models are compared with the data in Fig. 10. Within the framework 
of the thermal model, the proton yield stays constant because it is deter­
mined solely by the number of participant protons and independent of the 
kinematics. On the other hand, the CKO process directly reflects the 
kinematics of nucleon-nucleon scatterings, and we expect less yield at 90° 
for high energy beams. Nevertheless, the dominant features can be explained 
reasonably well by both the models. In regard to pions, dynamics determines 

their yield in both models. In the thermal model the ratio of the IT" to 
13 14 proton yield is expressed as ' 

N 
if - °"46 -T &* 

= 0.2 [-

P 
EB "l 
A Jm^\ (10) 

whereas the CKO process using the A-isobar model p red ic t s 

model 

j> ,da\ i nel . ]_ ,da\ i nel 
1 6 W p p 3 W p n 
2 rdoi t o t a l fdo-| t o t a l 

Wpn 
rda i to ta l 
W pp 

(11) 

f o r ident ical-mass nuclear c o l l i s i o n s . Here the angular d i s t r i b u t i o n o f 

i n e l a s t i c a l l y scat tered protons is assumed to be the same as t ha t o f p ions. 
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For a 2.1 GeV/A beam, not only A but some other excited nuclear states, 

such as N* and p, are produced as well, which 

Using an empirical pion multiplicity per%ucleon-nuclcan inelastic scatter-
on 

ing, we approximated the ratio as 

1 ™p >A-n 

cause the multipion emission. 

(12) 

20 
"p v "p 'A-model 

where M = 1 for 400 and 800 MeV/A and H = 1.«'" for 2.1 GeV/A. The pre­
dictions of Eqs. (10) and (12) again fit the data well., 

As the last piece of information from the inclusive spectra, the angu­
lar distributions of protons in the cm. frame are shown in Fig. 11. 
Shown here are those for protons with c m . energies of 200, 400, and 600 
MeV emitted in the collisions of 800 MeV/A Arj+ KC1. How we observe for 
the first time a sharp difference between the predictions of the two models. 
The data show in general the forward and backward peaking, but the ratio of 
forward to 90° yield is not as large as the prediction of the CK0 model. 
The thermal model should show an isotropic distribution, because there the 
multiple collisions are dominant, and all the initial memory of the beam 
direction is lost. The data certainly deviate; from it. In this respect 
both predictions fail to explain the data, and it is strongly suggested that 
the inclusive data are a mixture of the two components, thermal and CK0 
processes. 

In summary, the inclusive data show the following features: 
(1) Several aspects of the energy spectra at cm. 90°, especially 

their shape, the slope difference between protons and piom, *rd 
the beam energy dependence can be explained by both the therrvjl 
and CK0 models. 



(2) The angular d i s t r i b u t i o n cannot b t '&p la ined by c i ther no-del .= " 

The data s t rong l y suggest that both components aake large con-
SP> .- , - " .. " ' -' 

t r i b u t i o n s t o the inclusive data. ^ ., ~ = e ,, -./; 

Regarding the second p o i n t , several Models which e f fec t ive ly include 6 

both aspects have been developed, * » inc lud ing the very cCgplicated' * 
23 24 ' -

cascade ca l cu la t i ons . ' However, in the following two subsections,? 
f u r the r studies on the ro les of CKO and thermal components w i l l be described 

. ' v ' c? ' ^ '-" :•- a- • ' 

from an experimental point of view. 

^ ^ " O 8 

3.2 Two-Proton Cor re la t ions r? n • ' 

The experimental layout i s sketched i n F i g . 12. I n ' a d d i t i o n to. the" 

magnetic spectrometer ( S ) , which has been used to measure i n c i s i v e da ta , 

three sets o f tag counter telescopes were prepared". These tag coj raters, 

named r i g h t (R) , up CU) and down (D) counters , were set c t . ang les ('.:.?) * 

(40°, 180°) , (40° , 9 0 ° ) , and (40° , 270°) , r espec t i ve l y , the bear ax is being 

the z -ax is . This e-angle corresponds to 6 . '- 90" i n the nucleon-nucleon 

c m . frame. The spectrometer was located a t sj = 0 C and ro ta ted between 

0 = 15° and 110°. With each telescope protons w i t h energies £ > 203 NeV, 

and occasional ly E > 100 HeV, were detected. The s o l i d af to l t o f each t e l e ­

scope was 48 msr which subtended angles 3?"< <?<45'. 

We take the r a t i o C(e,p) def ined as 
(3(C-,p)-R)/R 

C(6,p) = 2 , (13) 
(S(6,p) -U) /U + (S(6,p)-D) /D 

where 8 and p are the scattering angle and momentum of a proton detected in 

the spectrometer. The quantity (S(e,p)-R) indicate' the coincidence counts 

between the spectrometer and R-telescope, and R indicates the single counts 

of the R-telescope. The ratio C then can be called the degree of coplanarity, 

/ 



because, i f C > 1 , then the coplanar- type two-proton emission is favored. 

In the thermal l i m i t s we expect C = 1 . 

In F ig . 13 contour l ines o f the observed values o f C( 8,p) are shown 

fo r c o l l i s i o n s o f C + C and Ar + KC1 a t E D „ = 800 MeV/A. The data are 
Beam * 

displayed in the plane o f p., and p, o f the emit ted protons i n the nucleon-

nucleon c m . frame. The dot ted c i r c l e indicates the nucleon-nucleon e l a s ­

t i c sca t te r ing kinematics when the i n te rna l motion o f nucleons ins ide the 

nucleus is ignored. In the case o f C + C the value o f C is always l a rge r 

than 1 , ar,d C has a peak r i g h t on the c i r c l e but at the opposi te s ide o f 

the in te rsec t ion between the R-telescope and the c i r c l e . Here, the cross-

hatched area show; the kinematical region o f protons detected by the R-

telescope. The data thus c l e a r l y show the existence o f p-p quas i -e las t i c 

s c a t t e r i n g . 

The broadening o f the peak i s due to the Fermi-motion. The shape and 

width o f C can be f i t t e d by both the Gaussian and exponential shapes o f 

i n te rna l momentum d i s t r i b u t i o n s w i t h <Pj-> ^ 260 HeV/c. A t yp i ca l f i t i s 

shown in F ig . 14. 

The peak height is higher f o r C + C than fo r Ar + KC1. One can guess 

t ha t t h i s may be because the f r a c t i o n o f the CKO process is l a rger f o r a 

l i g h t e r mass system. However, such a guess i s not qu i te co r rec t . In order 

to exp la in i t l e t us c o r ' i d e r the extreme case where a l l protons are pro­

duced from purely CKO e l a s t i c s c a t t e r i n g s , as shown i n F ig . 15. When both 

the beam and ta rge t are pro tons, then the two scat tered protons are com­

p l e t e l y co r re la ted so tha t C = •». I f the beam and ta rge t are both d ip ro tons , 

then there are two pai rs o f p-p e l a s t i c sca t t e r i ngs . In each pa i r the two 

protons are c o r r e l a t e d , but s ince there i s no c o r r e l a t i o n between the p a i r s , 

the U- or D-counter can be f i r e d even whei; one proton i s detected by the 
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spectrometer, so tha t C is now f i n i t e . When there are two pa i rs o f p-n 

e l a s t i c sca t t e r i ngs , two protons come from two independent e l a s t i c sca t ­

te r ings so t ha t C = 1 . A nucleus-nucleus c o l l i s i o n i s the sum o f a l l 

possible combinations. When s u f f i c i e n t l y l a rge numbers o f pa i rs are i n ­

vo lved, we can der ive the fo l l ow ing r e l a t i o n : 

' C - ^ a t p e a k " 1 ^ , (14) 

where <Z>is the average proton number involved in the system. Therefore, 

the value C could be smaller for the system with a larger number of protons. 

In actual nuclear collisions both inelastic and elastic scatterings 

are invloved in the CKO process, which ;nai;es the ratio C even smaller. 

Define the fraction of the CKO component, P, as 

P = o , / [ o 1 = o./o . (15) 
1 i=l • ' 

Then P is proport ional to the p r o b a b i l i t y o f f i n d i n g one proton emit ted 

by a s ing le CKO process. For two-proton c o r r e l a t i o n s the p r o b a b i l i t y o f 
f i nd i ng two protons, both of which are emit ted by a s ing le CKO process, 

i s propor t ional to P 2 . We then can eas i l y guess 

< C - 1 > a t p e a k ' " , 2 ' < z > - ( 1 6 ' 

The actual formula o f (C - 1) in terms o f P a n d < Z > i s s l i g h t l y more com­

p l i c a t e d . Calculated resu l t s f o r c o l l i s i o n s o f i d e n t i c a l nuc le i a t E- = 

800 MeV/A are p lo t ted in F ig . 16 as a func t ion o f the average charged-

p a r t i c i e m u l t i p l i c i t y , m -̂. Curves are labeled accord ing to the percentage 

values o f P. Cross-hatched areas ind ica te experimental po ints obtained in 

C + C, Ne + NaF, and Ar + KCI. Experimental values o f m T , which now inc lude 

both ir + and i r , were determined from the t o t a l i n c l u s i v e y i e l d d iv ided by 
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the geometrical cross section. From the figure we conclude 

P -u 50% (17) 

fo r a l l the combinations o f beam and t a rge t n u c l e i . This impl ies t h a t , 
* * 

for protons emitted a t e i . 90° w i t h the energy E„ = Eg/A, h a l f are from 

a s ingle CKO process. For Ne + NaF a t E D 0 a m ( i a h ) = 400 MeV/A our r esu l t s 

again show P x 502. Two-proton c o r r e l a t i o n measurements are thus very 

useful fo r evaluat ing the f r a c t i o n o f a CKO process f o r protons emit ted i n 

a l im i ted kinematical reg ion. 

Another i n te res t i ng feature observed in two-proton co r re l a t i ons i s the 

ant i -cop lanar i ty f o r heavy-mass t a r g e t s . F i g . 17 shows the contour p l o t 

of C fo r the co l l i s i ons o f 800 MeV/A C + Pb. The r a t i o C is smal ler than 

1 , and, furthermore, we observe a va l l ey o f contour l i nes which - tends 

toward 0 '*. 60°. This phenomenon can q u a l i t a t i v e l y be understood in 
cm. r ~t J 

terms of .uc lear shadowing, as i l l u s t r a t e d in F i g . 17. When we detect the 

f i r s t pa r t i c l e at a cer ta in ang le , then the react ion region is e f f e c t i v e l y 

biased toward the shaded hemisphere shown in F ig . 17. In t h i s case, i t i s 

rather d i f f i c u l t fo r the second p a r t i c l e to be emit ted in the opposi te 

d i rec t i on from the f i r s t , because i t has to penetrate the th i ck nuclear 

matter. On the other hand, i t i s not very d i f f i c u l t f o r the second p a r t i c l e 

to be emitted in the up or down d i r e c t i o n . This makes C < 1 . 

3.3 H i g h - M u l t i p l i c i t y Events 

H i g h - m u l t i p l i c i t y events (herea f te r ca l led HME) would be su i t ab le f o r 

studying the thermal process, s ince they are l i k e l y to be associated w i th 

a large overlap between the beam and ta rge t n u c l e i , where there is a 

greater chance f o r mu l t i p l e nucleon-nucleon cascade c o l l i s i o n s . In Berkeley 
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several groups are doing experiments by se lec t i ng HME. We show here an 

example from our data. 

He have used 9 sets o f tag counter telescopes placed a t 6 = 40° to 

se lect high m u l t i p l i c i t y events. Each telescope se lected r a t h e r . h i g h -

energy p a r t i c l e s , t y p i c a l l y E D r n t o n

 > 100 MeV, and i t subtended the s o l i d 

angle o f 48 msr. Although the t o t a l s o l i d angle covered by 9 counters 

is small (3.4g o f 4n ) , we can s t i l l evaluate w i th reasonable accuracy the 

to ta l average m u l t i p l i c i t y o f charged p a r t i c l e s . C o l l i s i o n s studied are 

Ar + KC1 and Ar + Pb a t Eg = 800 MeV/A. Our experimental procedure i s 

such that we f i r s t selected Hj. > 4 f o r Ar + KC1 and M- > 5 f o r Ar + Pb 

and then measured l i gh t - f ragment spectra f o r such HUE using the magnetic 

spectrometer. 

For i nc l us i ve events where a t l e o ' t one p a r t i c l e i s detected by the 

spectrometer placed at 40° , the t o t a l associated cha rge -pa r t i c l e m u l t i p l i ­

c i t y , triy, measured by the tag counter was 12 f o r Ar + KC1 and 24 fo r Ar + 

Pb. These values are about 30% higher than the average nuclear charge c a l ­

culated using Eq. (5 ) : <A> = 9 fo r Ar + KC1 and < Z > = 17 f o r Ar + Pb. 

my ><Z> p a r t l y because my includes n + and n" but p a r t l y because the detec­

t i on of one p a r t i c l e by the spectrometer already favors the higher m u l t i ­

p l i c i t y . 

The pa r t i c i pan t - spec ta to r model gives a unique r e l a t i o n s h i p between 

<Z> and the maximum impact parameter, b , as shown i n F i g . 1C. The t o t a l 

average m u l t i p l i c i t y o f high-energy p a r t i c l e s (E > 100 HeV) f o r HME was 

25 fo r M > 4 o f Ar + KC1 and 49 fo r M T > 5 o f Ar + Pb. Values o f b 
lag lag max 

for HME estimated from th i s model are ind ica ted by arrows i n t h i s f i g u r e . 

Because of the se lec t ion o f high-enercy p a r t i c l e s by the tag counters, the 

arrow gives an upper l i m i t o f b 
" r max 
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Fig. 19 shows a comparison o f proton spectra between HME and i n c l u ­

sive events f o r Ar + Pb. For i nc l us i ve events we observe both the beam and 

target fragments in the small p T reg ion . For HME, however, we observe t a r ­

get fragments on ly . This i s expected w i th the pa r t i c i pan t - spec ta to r model. 

As the impact parameter becomes s m a l l , most o f the beam nucleus (Ar) 

becomes the p a r t i c i p a n t , wh i le the ta rge t nucleus (Pb) i s always p a r t i a l l y 

the par t i c ipan t and p a r t i a l l y the spectator a t any impact parameter. The 

suppression of beam fragments f u r t h e r suggests the importance o f the m u l t i ­

ple nucleon cascade process f o r HME. 

High energy protons in HME show an i so t rop i c angular d i s t r i b u t i o n in 

the frame whose r a p i d i t y i s y ( - 0.48 ± 0 . 0 3 ) . As the inc lus i ve events 

showed forward and backward peaking, t h i s f a c t again suggests the importance 

of the mul t ip le nucleon cascade process f o r HME. I f y 0 represents the c m . 

frame of t r e pa r t i c i pan t p iece , the r a t i o o f ta rge t charge to beam charge 

w i t h i n the par t i c ipan t piece becomes about 1.64, which is l a rger than the 

impact-parameter averaged r a t i o , < Z ^ ^ i P a n t ^ < Z ^ i c 1 p a n t > = 1.52, c a l -

culated from Eqs. (2) and ( 3 ) . 

In F ig. 20 the proton y i e l d s f o r both inc lus i ve events and HME are 

p lo t ted as a funct ion o f the angle in the frame of y = y 0 , f o r three sets 

of proton energies: 200, 400, and 600 MeV measured in tha t frame. For 

Ar + KC1 yo = 0.60 which i s c lose to the nucleon-nucleon c m . frame. We 

observe more c l e a r l y from t h i s f i g u r e than from F ig . 19 tha t the angular 

d i s t r i b u t i o n i s more i s o t r o p i c f o r HME than f o r i nc lus i ve events. For con­

venience we normalized the HME such tha t the 90° y i e l d f o r 600 MeV protons 

is equal f o r both i nc l us i ve events and HME. Under t h i s normal izat ion we 

observe the f o l l ow ing f ea tu res : 
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(1) For HME forward and backward emission is suppressed in Ar + KCl, 

and the forward emission is especially suppressed in Ar + Pb. 

(2) At 90° there is a lower y ie ld of low energy protons for HME in 

the case o f Ar + KCl; namely, low-p T events are suppressed. 

Now l e t us assume that the proton y ie ld for HME, c t ,^ , represents the 

mul t ip le nucleon col l ision component: 

°HME " I / i • <18> 

Then the inc lus ive y i e l d , o, can be written as 

a = o j+ const • o H M E , (19) 

Hatch and Koonin ca lcu la ted the dynamic behavior of a\. We use the i r 0 l 

r e s u l t , except f o r t h e i r normal iza t ion. Then we have 

o = a o H ] < + b o H H E , (20) 

where o H K is the calculated result for the CKO process, and a and b are 
parameters. We searched for the best fit for the observed inclusive data 
by changing a and b and obtained results giveing very reasonable fits, 
as shown in Fig. 20. Let us define the ratio P as 

p = H l> (2i) 
a °HK + b °HME ' 

Then P shows the fraction due to the CKO component. Using the fitted values 
of a and b, we estimated the value of P for Ar + KCl over a wide kinematical 
region of protons. Typical features are: 

(1) P ̂  0 for high energy protons at 90°. This implies that large-p-r 
events are mainly from multiple collisions. 
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(2) The CKO process is dominant f o r proton production at small ang les , 

even fo r high-energy protons. 

(3) At 90° P -vO.6 f o r E = 200 HeV. This r esu l t i s cons is tent w i t h 

the data of two p a r t i c l e co r re la t i ons (Sec. 3.2) where we obtained 

P 1-0.5 fo r protons w i th E = 182 HeV a t 90° . 

The data of associated charge m u l t i p l i c i t y give f u r t h e r support to obser­

vat ion (1 ) , as shown in F ig . 2 1 . When we detect sma l l - p . protons using 

the spectrometer, the associated charge m u l t i p l i c i t y i s about 9 , w h i l e , i f 

ve detect l a rge -p T events, i t is 17. This fac t confirms tha t h i g h - p T p ro ­

tons are mainly from m u l t i p l e c o l l i s i o n s . Furthermore, observat ion (1) 

gives the v a l i d i t y of the normal izat ion o f the proton data f o r HHE as 

shown in F ig. 20. 

Although the discussion presented here i s ra ther crude and, in p a r t i ­

cu la r , the assumption in Eq. (18) has to be more c a r e f u l l y examined, the 

h i g h - m u l t i p l i c i t y events have given f u r t he r in format ion on the reac t ion 

mechanism. In p a r t i c u l a r , the f r a c t i o n a t t r i b u t a b l e to the CKO component 

can be studied over a wide fragment kinematical region by HME, whi le the 

two-proton co r re la t i on data can give i t s value in a l i m i t e d kinematical 

reg ion. 

F ina l l y l e t us mention a word about the energy spectra f o r HHE. F i g . 

22 shows energy d i s t r i b u t i o n s o f protons and pions. I t i s expected t h a t 

the thermal model reproduced them be t te r than the inc lus ive spectra. So 

-ir, the best f i t has been obtained by Siemens and Rasmussen in terms c f 

-..-» explosion model. Therefore , the data may suggest an explosion f low 

- —-̂m -re co-pressed mat ter . 
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3.4 Summary o f the Reaction Mechanism 

From inc lus i ve data we learned tha t the nucleus-nucleus c o l l i s i o n a t 

r e l a t i v i s t i c energies has the nature o f both the CKO process and the thermal 

process. Using two-proton co r re la t ions and h i g h - m u l t i p l i c i t y data we 

could separate out each process and could determine the f r a c t i o n due to 

each process over a wide fragment kinematical reg ion . The cur ren t under­

standing is summarized i n F i g . 23. 

4 . TOPICS 

4.1 Reaction Size 

°5 26 In the past few years several t heo r i s t s ' ' have suggested a measure-

2 7 

ment of the Hanbury-Brown/Twiss (H-B/T) e f fec ts ' :n heavy-ion c o l l i s i o n s . 

Gyulassy et a l . ' f u r t h e r speculated that the peak height o f the H-B/T 

e f fec t is a good measure f o r studying c o l l e c t i v e phenomena such as pion 

condensation. 

The H-B/T e f f e c t i s an in ter ference e f fec t between two p a r t i c l e s . I f 

two par t i c les have the same momentum (both magnitude and d i r e c t i o n ) , then 

there is a strong in te r fe rence between them. The degree o f i n te r f e rence i s , 

however, small i f the two p a r t i c l e s are located a la rge d is tance apar t when 

they are emit ted. S i m i l a r l y , the inter ference e f f ec t disappears when two 

par t i c les are emit ted independently in t ime. 

The f i r s t experiment on t h i s e f fec t was done f o r two IT" fragments by 
29 Fung et a l . using a streamer chamber. They measured the two-pion c o r - e l a -

t i on func t ion , def ined as 

D = ^ d ' o /i-dg •, f dg i 
R - O 0 dp7dW/ [ dp7 H 3?7 } 

= R(Pi,q) , (22 ; 
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where q is the r e l a t i v e momentum between two pions, q = Pi - p 2 . According 

to Kopylov and Yano and Koonin, this rat io should be given by 

R = K (1 +

 2J/+

rffEfd) (Kopylov) (T 

= K [1 + exp(-i2E;j/2) exp(-rJq2/2)] (Yano-Koonin) , (23) 

where T and ro a-e the reaction time and the reaction size. The data give 
T T- 5 x I0-J" and rD(overall) = (3.3 ± 0.9) fm for 1.8 GeV/A Ar + P^O^,. 
Typical examples of the data are shown in Fig. 24. For high multiplicity 
events an even larger value of ro was observed. According to the partici­
pant-spectator model, the average radius <r 0>for Ar + Pb becomes <r£>^4.2 

fm for the normal density participant. This value is comparable to the 
observed one. 

When the two emitted particles are a proton and a neutron, we expect 
an interference effect in the inclusive deuteron spectrum. Hekjian devel­
oped the theory of complex particle formation in terns of the thermal model 
a,;d demonstrated that the reaction size can be derived from proton and 
deuteron spectra. According to the phase-space argument, the probability 
cr producing a deuturon at a velocity v. is proportional to the probability 
of finding a proton and a neutron with the same velocity, namely 

Pd(v = v d) =P p(v = v d).P n(7 = v d) , (24) 

where P(v) is the p r o b a b i l i t y o f a p a r t i c l e having ve loc i t y v. This i s the 

31 

well-known idea o f coalescence, sometimes ca l l ed the f i n a l s ta te i n t e r ­

ac t ion . In r e l a t i v i s t i c c o l l i s i o n s the spectra of neutrons are approximately 

replaced by those o f protons. Therefore we have 
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a d ( E = E d ) = A [ c p ( E = E d / 2 ) ] 2 , ( 2 5 ) 

where A is a constant . F ig . 25 shows tha t p r e d i c t i o n (25) works wel l over 

a wide kinematical reg ion. The c o e f f i c i e n t A i s almost independent o f the 

beam energy but depends on the mass o f beam and t a r g e t n u c l e i , as can be 

seen from F ig . 26. This f a c t t e l l s us tha t the complex-fragment emission 

re f l ec t s the geometrical aspect and the dynamics o f the f i n a l s t a te i n t e r ­

actions but not the formation or dynamics o f the primary protons and 

neutrons. 

Ue can guess that A = f ] f 2 where f j includes the dynamics o f format ion 

of a complex fragment, such as the radius o f the complex fragment or the 

in te rac t ion st rength between proton and neut ron, and f2 includes the 

react ion s ize and react ion time of heavy-ion c o l l i s i o n s Unfor tunately we 

do not have a complete formula i n t h i s respect , but i n F ig . 27 we show the 

quant i ty r 0 deduced from the formula o f Mekjian which is propor t ional to 

( f ] f 2 ) " ' / ' 3 - T ^ i s quant i ty r 0 represents the reac t ion s ize but s t i l l includes 

the e f fec t o f f l t the dynamics. This po in t i s open to fu tu re s tud ies . 

4.2 90° Peak o f Low-Energy TT+ 

Detection o f low-energy pions is an i n t e r e s t i n g p r o j e c t , as some 

theor is ts have proposed t h a t , i f a phase t r a n s i t i o n such as pion condensa­

t i on or quark matter e x i s t s , i t iray be s e n s i t i v e l y r e f l e c t e d in low-energy 

pion product ion. 

32 33 

Chiba et a l . and Wolf et a l . have recen t l y observed tha t low-energy 

pos i t i ve pions are enhanced at c m . 90° at a c e r t a i n P T ( p T ^ 0.5 m c) f o r 

equal-mass c o l l i s i o n s such as Ne + NaF and Ar + Ca a t beam energies around 

0.8-1 GeV/A. This 90° peaking i s independent o f the fragment m u l t i p l i c i t y . 
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"he- r-a-,L'ii.i ar-c- shown in Figs. 28 and 29 where the data are compared with 

' > c . - " • . - - " ' data. The 90° peaking is a phenomenon specific to heavy-ion 

; : ' " s i r r s . explanation of this peak is not yet avai lable, but there are 

severs", sugpestions, such as i ts being due to the Coulomb e f fec t , the 
1° : " = • ; w;ve, " or two A-sources in project i le and target . I t encourages 

- " j r f . e r measurements of both TT+ and IT" using a magnetic spectrometer. 

- . 3 Backward Particle Production 

Measurements of backward-emitted particles are ideal for studying 

nuclear co l lec t iv i ty , since, i f the nucleus behaves j"ust l i k e an assembly 

of nucleons without any mutual correlat ions, then the backward production 

is not kinematically allowed, unless the Fermi motion of nucleons is 

except iona l ly la rge . 
35 A Russian group f i r s t started the backward production measurements 

and proposed the cumulative model where a sort of cluster (fluctuon) due 

to a strong nucleon-nucleon correlat ion inside the nucleus is assumed. 

~'.oui production a t backward angles could be explained, according to them, 
15 :., : i e sca t te r ing o f the nucleon by such a cluster. Frankel la ter prop-

: :sec an a l ternac ive explanation of the i r data for backward production, 

"---'.j t i e existence of very large Fermi motion o f the form o f 

• :•; = e x p ( - p / P o ) , (26) 

-.--.' ; : -- 3" KeV/c. 

~'- idea of the cluster may be c lose ly re la ted to the idea of a large 

-.----r.: ,i Fermi motion, since the origin of the cluster is a short-range 

'.;----' ~.-.\r.r\ among the nucleons and i t s Fourier transform gives a long t a i l 

" ~f.~v.-i~ space. 

http://~f.~v.-i~
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Recently Schroeder et al. observed the beam energy dependence of p „ 
in Eq. (26), as shown in Fig. 30. (In the figure it is named k 0.) If 
nucleons inside the nucleus have an intrinsic Fermi motion distribution 
given by Eq. (26), then the value p„ should not depend on the beam energy. 
The data clearly show the beam-energy dependence. Therefore, it is more 
appropriate to think that the parameter p 0 effectively includes several 
collision effects such as the cluster collision and multiple collisions. 
V/e note that the assumption of Eq. (9) mentioned in Sec. 3.1 is based on 
Eq. (26). 

4.4 Total Energy Dependence of Charged-Particle Multiplicity 
37 Recently Poskanzer et al. found an interesting result, shown in 

F'n. 31, which cannot be understood in terms of the available theoretical 
tools. They find that the total charged-particle multiplicity observed in 
several different beams on a uranium target depends on the total available 
beam energy only. In Sec. 2 we showed that energy/nucleon determines the 
collision dynamics. The present data show that total energy determines the 
observed quantity. This is a very interesting observation, but it is hard 
to explain it. 

4.5 Forward Suppression a t High M u l t i p l i c i t y 

In Sec. 3.3 we showed tha t the p a r t i c l e emission at forward angles i s 

suppressed fo r h i g h - m u l t i p l i c i t y events compared to the i nc lus i ve data. The 

reason was very s imple; namely the p r o j e c t i l e fragment is missing in h i gh -

m u l t i p l i c i t y events. 

38 Gutbrod et a l . recent ly showed t h a t , when high m u l t i p l i c i t y events 

were selected, the y i e l d o f protons a t 20° ( l ab ) became less than t h a t a t 

30° ( l ab ) . Their pre l iminary data are shown i n F ig . 32. 
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If this observation is correct, then the data suggest several thingi. 
It may be simply due to the fact that it is easier for the beam particle 
to escape sideways rather than to penetrate the thick nucleus lying in the 
forward direction. It may represent the positive evidence of a hydrodyna-

39 mical flow that was suggested by Nix et al. Or perhaps it may indicate 
the presence of a Mach cone, as was previously suggested by emulsion 
work. We cannot judge at the prer.ent stage what types of physics are 
hiding behind this observation, 1(30°) < 1(20°) at high multiplicity. 

5. SUMMARY AND RELATION TO LOW-ENERGY PHYSICS 

In Sees. 2 and 3 we learned that the geometry of collisions is well 
described in terms of the participant-spectator model and that the dynamics 
of the participant piece is described as a superposition of single knock-out 
and multiple nucleon-nucleon scatterings. The idea of the participant-
spectator model is meaningful when the de Broglie wave length of the inci­
dent beam nucleons is small compared to the distance between nucleons inside 
the nucleus. This means that the model can be applied when 

* d = -|- << d = 1.8 fm , (27) 

where d i s the internucleon d i s tance . The above r e l a t i o n i s s a t i s f i e d when 

the beam energy in the c m . frame is more than 10-tO MeV/A. Below a c m . 

energy o f 5 MeV/A the i n d i v i d u a l i t y o f each nucleon disappears and both 

p a r t i c i p a n t and spectator are combined to form the well-known compound 

nucleus. The study o f t h i s model w i th bean energies o f 10-100 HeV/A i s thus 

very i n t e r e s t i n g . 

Although the thermal model does nov describe the whole area o f 
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collision dynamics, it is worthwhile to study how weTl the model can des­
cribe the collision dynamics at lower energies. He plot the temperature 
calculated by Eq. (7) by a dotted curve on the famous diagram created by 
Scott in Fig. 33. From the momentum distribution of projectile frag­
ments'3 it has been known, although we have not discussed it in the present, 
paper, that the beam spectator can be heated up to a limiting temperature 
of 8 MeV/A. Such a temperature is also plotted in the figure. The 
temperature of the participant intersects with that of the spactator at the 
cm. beam energy of 12 Hev'/A. Above 1,0-20 MeV;A, therefore, the two 
temperature components start to separate out. It is thus again interesting. 
to study the collision dynamics with beam energies froa 10-100 KeV/A. 

In the present paper we have not discussed angular momentum! because 
no theories treat it correctly. Although it is expected that the angular 
momenta carried by the spectator and participant are not large at high '• — 
energies, it is worthwhile to test this. As illustrated in Fig. 34, we.can 
imagine several methods for this purpose. For beam fragments we can easily 
identify the product nucleus by the dE/dx T £ method. If the product nuc­
leus is 6-unstable, its polarization can be detected from measurements of 
8-decay asymmetry. For target fragments the measurements of isomer ratio 
and r-multiplicity would be powerful. He have no clean methods to 
measure the angular momentum of the participant piece, but it is possible 
to determine it by detecting particle correlations at large angles. 

It has been shown that the complex-fragment emission can be explained 
by means of the coalescence model which depends on the reaction size. We 
know that the coalescence radius, p», is almost independent of the beam 
energy in the region of 400 HeV < E, . < 2.1 GeV per nucleon. However, its 
study at lower energies may have to be done. 
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The importance of the single CKO process has been studied in Sec. 3.2. 
The thermal model becomes more adequate to describe the collisions at lower 
beam energies, as the total cross section of nucleon-nucleon scatterings 
becomes larger at lower energies. The fraction of the CKO component as a 
function of the beam energy is ihus an interesting quantity. 

.'.5 a whole, there is a large gap in the interpretation of physics at 
high energy and that at low energy. However, most of the aspects are 
common down to a fairly low energy, and it is certainly worthwhile and 

interesting to test several concepts which have emerged from relativistic 
heavy-ion studies at lower beam energies. 
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FIGURE CAPTIONS 

F ig . 1. Fragment spectra a t 0° in c o l l i s i o n s o f 2.1 GeV/A a+ C p l o t t e d 

as a f unc t i on o f l a b . momentum ( l e f t ) and as a func t i on o f 

r a p i d i t y ( r i g h t ) . y „ indicates the beam r a p i d i t y . 

F ig . 2. Proton spectra a t large angles in c o l l i s i o n s o f 800 MeV/A Ar + 

KC1. Pnpan/A ind icates the beam momentum per nucleon. 

F ig . 3. Par t i c ipan t -spec ta to r model. A f t e r the c o l l i s i o n non-overlapped 

parts o f the beam and target nucle i form the beam spectator and 

target spec ta tor , wh i le the overlapped pa r t forms the p a r t i c i p a n t 

piece. In the plane o f pJmc and pT/mc the beam and tp>-get spec-

ta to rs are sharply peaked a t P B p a r t /A a n d P-rarnet/^' r espec t i ve l y , 

whi le the p a r t i c i p a n t emits p a r t i c l e s a t a l l angles. 

F ig. 4. Total y i e l d o f nuclear charges emit ted a t 0" as compared w i t h the 

p red ic t ion by Eq. ( 4 ) . 

F ig . 5. Total y i e l d o f nuclear charges emit ted a t l a rge angles (0 =<6<130°) 

as compared w i th the pred ic t ion by Eq. ( 5 ) . Data a t 10°<s<145° 

were used and ext rapolated to 0° and 180°. 

F iq . 6. Proton spectra a t 6 = 90° in c o l l i s i o n s o f C + C, Ne + MaF, 
c m . 

and Ar + KC1 a t E- = 800 MeV/A. T = 82 MeV was used f o r the Beam 

thermal model (see t e x t ) . 

F ig . 7. Proton and pion spectra a t 6 = 90° in c o l l i s i o n s o f 800 MeV/A 

Ne + NaF. 

Fig. 8. Beam-energy dependence of proton spectra a t 0 = 90° in c o l l i ­

sions o f Ne + NaF. 

F ig . 9. Plot o f exponential slope f a c t o r , Eo, o f proton and pion spectra 

at c m . 90° f o r c o l l i s i o n s o f Ne + NaF as a func t ion o f c m . beam 

energy. So l id curve was ca lcu lated from Eq. (7) w i th p 0 / p = 1 , 
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and dotted curve was ca lcu la ted w i th our Monte-Carlo code. The 

l a t t e r can be appl ied to proton slope on ly . 

10. do/dli at c m . 90° f o r protons and pions in c o l l i s i o n s o f Ne + NaF, 

p lo t ted as a funct ion o f the c m . beam energy per nucleon. So l id 

curves were calculated from Eq. ( ! ) w i t h p 0 / p = 1 and dot ted curves 

from Eq. (12). Both curves were normalized to the data a t the 

point o f proton y i e l d f o r 400 MeV/A. 

11. Angular d i s t r i b u t i o n o f protons in the c m . frame in 800 MeV/A 

Ar + KC1, as compared w i th the thermal and clean-knock-out models. 

12. Experimental layout o f the two-proton c o r r e l a t i o n measurements, 

" • , fin and DD were f i xed at 40° and e was var ied . 

13. Contour p lo t of the degree o f cop lana r i t y defined by Eq. (13) f o r 

C + C and Ar + KC1 at E„ = 800 MeV/A. Dotted c i r c l e ind ica tes Dram 

the kinematics o f p-p e l as t i c s c a t t e r i n g when the in te rna l motion 

of protons ins ide the nucleus is ignored. Cross-hatched area 

indicates the kinematical region covered by the R-telescope shown 

in Tig. 12. 

14. F i t of the degree of cop lana r i t y , C, using an exponent ia l - type 

momentum d i s t r i b u t i o n , exp ( -p /p 0 ) w i t h < p > = 260 MeV/c. 

15. Ef fect of p a r t i c l e m u l t i p l i c i t y on the value of the deqree of 

cop lana r i t y , C, in the extreme case where the nucleus-nucleus 

c o l l i s i o n is the superposit ion o f pure nucleon-nucleon e l a s t i c 

scatn_:-ings on ly . The value o f (C - 1) becomes proport ional to 

1/nij when a s u f f i c i e n t l y large number o f nucleons are involved in 

the c o l l i s i o n . 

16. Values o f C-1 a t the peak in the contour map of C (see F ig . 13) 

p l o t t ed as a func t ion o f the t o t a l charged-par t ic le m u l t i p l i c i t y nu.. 
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Theoretical curve;" are labeled according to the percentage o f 

s ing le clean-knocl.-out c o n t r i b u t i o n to t o t a l y i e l d ; P i s def ined 

by Eq. (15) . Cross-hatched areas ind ica te experimental points 

obtained in C + C, Ne + NaF and Ar + KC1 a t E_ = 800 MeV/A. 
Beam 

17. Degree o f cop lanar i t y in c o l l i s i o n s o f C + Pb a t 800 MeV/A. The 

r a t i o C is smaller than 1 and t h i s observat ion suggests the e x i s ­

tence o f nuclear shadowing, as i l l u s t r a t e d in the lower p a r t . 

18. Average nuclear c h a r g e < Z > f o r the pa r t i c i pan t piece p lo t t ed as a 

funct ion o f the maximum impact parameter o f the c o l l i s i o n . So l id 

curves are p r e d i c t i ns of the pa r t i c i pan t - spec ta to r model. Impact-

parameter bias by our tag counters i s indicated by an arrow. Since 

r e l a t i v e l y high-energy protons (E > 100 HeV) were selected by the 

tag counters, the arrow gives an upper l i m i t of the maximum impact 

parameter. 

19. Proton spectra in 800 MeV/A Ar + Pb f o r inc lus ive (above) and h igh -

m u l t i p l i c i t y (below) events. 

20. Proton angular d i s t r i b u t i o n s f o r i n c l us i ve and h i g h - m u l t i p l i c i t y 

events p lo t ted as a funct ion o f the angle in the c m . frame of the 
pa r t i c i pan t piece in c o l l i s i o n s o f Ar + KC1 and Ar + Pb a t E„ = r r r Beam 

800 MeV/A. Theoret ical values f o r the clean-knock-out component 

are shown by dotted curves. Sums o f clean-knock-out component and 

the h i g h - m u l t i p l i c i t y events, def ined by Eq. (20) , are ind ica ted by 

so l i d curves which can be compared w i th the inc lus i ve data. 

21 . Associated charged-par t ic le m u l t i p l i c i t y d i s t r i b u t i o n when one pro­

ton is detected in the m id - rap i d i t y region at low p T (black c i r c l e ) 

md at high p T (open c i r c l e ) . A l a rge r number o f t o t a l associated 
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multiplicity is observed when a high-p, proton is detected. 

Fig. 22. Energy spectra of protons and pions for high multiplicity events 

in 800 MeV/A Ar + KC1. 

Fig. 23. Current understanding of the reaction mechanism of heavy-ion 

collisions studied from the proton production. It is illustrated 

in the plane of p,,/mc and pT/mc for proton fragments. 

Fig. 24. The ratio R defined by Eq. (22) as a function of the relative pion 

momentum |q|. 1.8 GeV/nucleon *,0Ar beam incident on (a) Balj 

and (b) Pb 30 t in an "inelastic" triggering mode, and on (r.) Pb 30, 

triggering on the most central collisions, where "inelastic" means 

10-15% of peripheral inelastic scatterings are included. Data 

are taken from Ref. 29. 

Fig. 25. Deuteron spectra compared with the prediction of the coalescence 

model in collisions of 800 MeV/A Ar + KC1. Open squares and 

diamonds are calculated by squaring the proton spectra. 

Fig. 26. Coalescence radius, p„, for deuteron/(proton)2 as a function of 

the beam energy for Ne + NaF and Ne + Pb. 

Fig. 27. Radius R evaluated from the data of complex fragments and by using 

the thermal model formula by Mekjian, plotted vs (Ai/3 + A'' 3). 

Data for beams at 800 MeV/A are used. Empirical fits of R in 

terms of (A„'3 + Ai./3) are given in the figure. 

Fig. 28. Contour plot of invariant cross sections of positive pions pro­

duced in 800 MeV/A Ne + NaF (left) and 730 MeV/A p ? p (right), 

taken from Ref. 32. 

Fig. 29. Contour plot of invariant cross sections of positive pions pro­

duced in 1.05 GeV/A Ar + Ca (above) and 730 Mev/A p + p (below), 

taken from Ref. 33. 
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30. Exponential slope of the proton momentum distribution inside the 

nucleus, p 0, defined by Eq. (26) as a function of the beam energy. 

In this figure p 0 is named ko- Values were calculated from the 

data on backward production in collisions of p + Cu by SchrDder 
,. . 36 et al. 

31. Charged-part ic le m u l t i p l i c i t y d i s t r i b u t i o n associated w i th one 

proton (E = 40 - 200 MeV) detected a t e L f l b = 90° , p l o t t ed as a 

func t ion o f t o t a l energy of the beam w i t h uranium t a r g e t . Data 

are taken from Ref. 37. 

32. Proton y ie lds fo r h i g h - m u l t i p l i c i t y events in c o l l i s i o n s o f 400 

HeV/A He + U. Data are taken from Ref. 38. 

41 

33. Nuclear temperature vs. beam energy p l o t t e d by Scot t . The 

temperature fo r the pa r t i c i pan t and f o r the spectator are super­

posed on i t . The two temperatures become equal a t (E - V)/nu-

cleon = 12 MeV. 

34. Par t i c ipan t and spectator model w i t h angular-momentum e f f e c t taken 

in to cons iderat ion. Possible methods to measure angular momenta 

are ind ica ted . 
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