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7he react10n Au+Au at 400 MeV/nuc1e0n 15 ana1y2ed 1n the c00rd1nate 5y5tem 91ven 6y the pr1nc1pa1 axe5 0fthe k1net1c ener9y 
f10w e111p501d. 1n add1t10n t0 the prev10u51y 065erved 51de-5p1a5h and 60unce-0ffwe f1nd a pr0n0unced c0mp0nent perpend1cu1ar 
t0 the react10n p1ane at m1d-rap1d1ty 60th 1n p051t10n- and m0mentum-5pace. 7he an150tr0py 15 1nve5t19ated a5 a funct10n 0f 
mu1t1p11c1ty and 15 f0und t0 he m05t pr0m1nent f0r 5em1-centra1 c0111510n5. 

1.1ntr0duct10n 

7he0ret1ca1 pred1ct10n5 0f  c011ect1ve effect5 [ 1-4 ] 
1n re1at1v15t1c heavy-10n c0111510n5 have 6een c0n- 
f1rmed 6y exper1ment5. A 5tr0n9 a21mutha1 c0rre1a- 
t10n 0f  part1c1e5 em1tted fr0m the react10n 20ne ha5 
6een f0und 6y mean5 0f  5pher1c1ty ana1y515 [ 5 ], the 
1nve5t19at10n 0 f the  avera9e tran5ver5e m 0 m e n t u m  1n 
the react10n p1ane [ 6 -9  ] and the 5tudy 0f  mu1t1-par- 
t1c1e c0rre1at10n funct10n5 [ 10-13 ]. 7he5e meth0d5 
have revea1ed tw0 c011ect1ve effect5, 60th 0ccurr1n9 
1n the react10n p1ane: (a )  a 51deward5 def1ect10n 0f  
5pectat0r part1c1e5, the 50-ca11ed ••60unce-0ff••, and 
(6 )  an a21mutha11y a5ymmetr1c em15510n 0f  part1c1- 
pant  part1c1e5, t0 50-ca11ed ••51de-5p1a5h••. 51mu1a- 
t10n5 w1th1n the f ramew0rk 0f  the 1ntra-nuc1ear 
ca5cade m0de1 have n0t 6een a61e t0 de5cr16e the5e 
effect5 [5,14].  1n th15 paper  we 5ha11 1nve5t19ate the 
0ccurrence 0f  c011ect1ve phen0mena  perpend1cu1ar t0 
the react10n p1ane, u51n9 the fu11 1nf0rmat10n wh1ch 
15 ava11a61e fr0m 4n-5pectr0meter511ke the P1a5t1c 8a11 
[ 15], wh1ch mea5ure5 the f0ur -m0mentum 0f  the 
char9ed part1c1e5. 7he  5pher1c1ty ana1y515 [14] re- 
duce5 the ava11a61e 1nf0rmat10n t0 a few 065erva61e5, 

Pre5ent addre55: CERN, EP-D1v1510n, CH-1211 6eneva 23, 
5w1t2er1and. 

11ke the f10w an91e and the a21mutha1 an91e 0 f the  re- 
act10n p1ane. 7he  tran5ver5e m0men tum meth0d [ 6 ] 
5h0w5 that a react10n p1ane can 6e determ1ned fr0m 
the m0menta  0f  the em1tted part1c1e5. 1t 91ve5 ( p , )  
and ( p , ) ,  the avera9e 1n-p1ane and 0ut-0f-p1ane 
c0mp0nent5 0f the tran5ver5e m0menta ,  re5pec- 
t1ve1y, wh1ch are 9enera11y p10tted a5 a funct10n 0f  
rap1d1ty. F0r  5ymmetry rea50n5, (p , . )  15 2er0 at a11 
rap1d1t1e5, wh11e ( p , )  cr055e5 2er0 at m1d-rap1d1ty. 
0 n  the 0ther hand, 1t 15 ant1c1pated that  pr0n0unced 
c011ect1ve effect5 take p1ace at Yc~M-~ 0 [ 3,14,16 ]. 

Furtherm0re ,  the em15510n perpend1cu1ar t0 the re- 
act10n p1ane 15 the 0n1y d1rect10n where mat te r  m19ht 
e5cape dur1n9 the wh01e c0111510n t1me w1th0ut 6e1n9 
h1ndered 6y e1ther the tar9et 0r pr0ject11e nuc1eu5. A5 
a c0n5e4uence, th15 m19ht 1ead t0 a jet-11ke em15510n 
pattern, a150 referred t0 a5 ••0ut-0f-p1ane 54uee2e-0ut•• 
[3 ] ~.  Recent1y, an 1nd1cat10n 0fan  0ut-0f-p1ane peak 
1n the a21mutha1 part1c1e d15tr16ut10n at m1d-rap1d1ty 
ha5 6een rep0rted 6y the D109ene 9r0up [ 17 ] f0r Ne- 
1nduced react10n5 at 800 MeV/nuc1e0n. 

1n th15 1etter we 5ha11 ana1y2e exper1menta1 event 
5hape5, repre5ented 60th 1n p051t10n and m0men tum 

~ 7he ana1y515 0f the event 5hape 0f re1at1v15t1c heavy-10n c0111- 
510n5 ha5 6een the 5u6ject 0f5evera1 the0ret1ca11nve5t19at10n5 
wh1ch can 6e f0und 1n ref5. [ 3,4,15-17 ]. 
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267 



V01ume 216, num6er 3,4 PHY51C5 LE77ER5 8 12 January 1989 

5pace f0r the react10n A u + A u  at 400 MeV/nuc1e0n. 
We 5ha11 5h0w that the appr0pr1ate c00rd1nate 5y5- 
tem t0 repre5ent the data 15 the f10w e111p501d c00r- 
d1nate 5y5tem, 1.e. the frame ha5 t0 6e determ1ned 
event-6y-event. 

2. Exper1menta1 5etup 

7he exper1ment5 were perf0rmed at the 8erke1ey 
8eva1ac, u51n9 the P1a5t1c 8a11/Wa11 5pectr0meter 
[ 15 ]. 7h15 detect0r 5y5tem ha5 part1c1e 1dent1f1cat10n 
capa6111ty, 1n the an9u1ar ran9e fr0m 9 ° t0 160 ° 1n 
the 1a60rat0ry 5y5tem, f0r 51n91y and d0u61y char9ed 
part1c1e5 a5 we11 a5 p051t1ve1y char9ed p10n5.7he f0r- 
ward d1rect10n ( 0 ° - 9  ° 1n the 1a60rat0ry 5y5tem) 15 
c0vered 6y the P1a5t1c Wa11, mea5ur1n9 t1me-0f-f119ht, 
AE, and the an91e 0f the  part1c1e5, thu51dent1fy1n9 the 
nuc1ear char9e and the ve10c1ty 0f  the part1c1e5.7he 
1nner part 0f the P1a5t1c Wa11 15 a150 u5ed t0 def1ne 
the tr199er 0f  the wh01e 5pectr0meter. 7he  data d15- 
cu55ed here were taken w1th a m1n1mum 61a5 tr199er. 

3. Ch01ce 0f the c00rd1nate 5y5tem 

7he ch01ce 0f  the c00rd1nate 5y5tem 15 m0t1vated 
6y the exper1menta11y we11-e5ta6115hed ex15tence 0f 
n0n-2er0 f10w an91e5 [ 5,9,18 ] and thu5 the a6111ty t0 
determ1ne the react10n p1ane. We w15h t0 ana1y2e the 
event 1n a c00rd1nate 5y5tem wh1ch c01nc1de5 w1th the 
pr1nc1pa1 axe5 0f the  f10w e111p501d. 

7he  f10w e111p501d 15 ca1cu1ated fr0m the 5pher1c1ty 
ten50r [ 14], 91ven 6y ~1=2p~( u)pj( u)/2m~, where 
p ( v )  and m,  are the m0mentum and the ma55, re- 
5pect1ve1y, 0f  the vth fra9ment. 7he  three e19envec- 
t0r5 ej~ 0f the  ten50r 11e a10n9 the pr1nc1pa1 axe5 0f the  
c0rre5p0nd1n9 ten50r e111p501d and the e19enva1ue5 2 k 
are the 54uare5 0f  the ha1f axe5.7he e19envect0r c0r- 
re5p0nd1n9 t0 the 1ar9e5t e19enva1ue 11e5, per def1n1- 
t10n, 1n the react10n p1ane and p01nt5 1n the f10w 
d1rect10n. 1t 15 u5ua11y den0ted w1th f~. 

H0wever, the tran5ver5e m0mentum ana1y515 15 a 
6etter meth0d t0 appr0x1mate the ••true•• react10n 
p1ane than the 5pher1c1ty meth0d [6,19].  1n the 
tran5ver5e m0men tum meth0d the react10n p1ane 15 
def1ned 6y the vect0r (~= 52w,/~7(v) and the 6eam 
ax15, where the/~7(u) are the tran5ver5e m0menta  0f  

a) 
00U11C~ U11 21 

6 0 u n c e  0 f f  

6) 
2 u 

F19. 1. Pre5entat10n 0f the c00rd1nate tran5f0rmat10n5 app11ed t0 
the data. (a) 7he c00rd1nate 5y5tem K• after r0tat10n 0f the event 
1nt0 the react10n p1ane. 7he d15tr16ut10n 0f part1c1pant5 and the 
5pectat0r 60unce-0ff are 1nd1cated 6y the e111p501d and 6y the ar- 
r0w5, re5pect1ve1y. (6) 7he c00rd1nate 5y5tem K•• after r0tat10n 
0fthe event 6y the f10w an91e 0•. 1t c01nc1de5 w1th the pr1nc1pa1 
axe5 0f the e111p501d 0f the 5pher1c1ty ten50r. 

the part1c1e5. 7he  we19ht5 w~ f0r f0rward and 6ack- 
ward 901n9 part1c1e5 are + 1 and - 1, re5pect1ve1y. 7he  
accuracy 0f Q p01nt1n9 1nt0 the true react10n p1ane 15 
1mpr0ved 6y exc1ud1n9 m1d-rap1d1ty part1c1e5. 

7heref0re, 1n a f1r5t 5tep, we r0tate the event ar0und 
the 6eam ax15 50 that (~ 11e5 a10n9 the p051t1ve x•-ax15. 
F19. 1a 5h0w5 an art15t•5 v1ew 0f the event after th15 
r0tat10n t0 the react10n p1ane c00rd1nate 5y5tem K•. 
7he  d15tr16ut10n 0f  part1c1pant5 and the 5pectat0r 
60unce-0ff151nd1cated 6y the e111p501d and 6y the ar- 
r0w5, re5pect1ve1y. 7he react10n p1ane 15 den0ted x• 2•. 
A5 a next 5tep we eva1uate the f10w an91e 0• 1n the 
react10n p1ane 6y mean5 0f  a m0d1f1ed 5pher1c1ty 
ana1y515, 1.e. we want t0 1mp05e the react10n p1ane de- 
term1ned 6y the tran5ver5e m0mentum ana1y515 a5 a 
5ymmetry p1ane f0r the f10w e111p501d. 7hu5 the 
5pher1c1ty ten50r 5•,/15 m0d1f1ed f0r 50 that 1t5 e19en- 
vect0r ~, w111 11e 1n the react10n p1ane x•y• a5 91ven 
6y the tran5ver5e m0mentum ana1y515. 7h15 mean5 
that the e1ement5 5~,~,, and 5~., f0r wh1ch ref1ect10n 
5ymmetry re4u1re5 (5•,.,,) = ( 5~=v ) = 0, are 5et t0 2er0 
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f0r each event, and the f10w an91e 0• 15 ca1cu1ated 
f r0m the m0d1f1ed ten50r. 7he event5 are then r0- 
ta ted 6y - 6~ ar0und the y•-ax15.7he re5u1t1n9 f10w 
e111p501d c00rd1nate 5y5tem K•• (f19. 16) 15 den0ted 
6yx••y••2••, where y•• =y•. 

4. Re5u1t5 

F195.2a-2c 5h0w the a21mutha1 d15tr16ut10n 0fpar- 
t1c1e5 re1at1ve t0 the react10n p1ane ~2 (rp•-d15tr16ut10n 
1n the K• c00rd1nate 5y5tem) f0r three rap1d1ty 61n5 
(ar0und tar9et-, m1d-, and pr0ject11e rap1d1ty), re- 
5pect1ve1y. 7he data are 5e1ected f0r 5em1-centra1 c01- 
11510n5, c0rre5p0nd1n9 t0 the th1rd 0ff1ve mu1t1p11c1ty 
61n5, a5 def1ned 1n ref. [7 ]. A 5tr0n9 a119nment 0fthe 
part1c1e51n re910n5 0f pr0ject11e and tar9et rap1d1ty at 
4~ = 0  ° and ~0~= 180 ° can 6e 5een. 7h15 a119nment 
c0rre5p0nd5 t0 the tw0 6ranche5 0fthe 5-5haped curve 
0f c0nvent10na1 ( p , )  ana1y515 [5]. H0wever, 1n a 
narr0w 61n at m1d-rap1d1ty the part1c1e5 are a119ned 
perpend1cu1ar1y t0 the react10n p1ane. 7h15 can 6e 
c1ear1y 5een 1n f19. 26, where the tw0 peak5 1n the ~0~- 
d15tr16ut10n ref1ect a preferent1a1 0ut-0f-p1ane 
em15510n. 

1n th15 repre5entat10n 0f the data the 60unce-0ff 
cann0t 6e c1ear1y 5eparated fr0m the 51de-5p1a5h 6e- 
cau5e the5e part1c1e5 are em1tted at the 5ame ~0~-an- 
91e5. 7he re5u1t1n9 ~0~-d15tr16ut10n at tar9et and 
pr0ject11e rap1d1ty w111 theref0re a1way5 have c0ntr1- 
6ut10n5 fr0m 60th part1c1pant5 and 5pectat0r5, 1fthe 

~2 Aut0c0rre1at10n5 have 6een rem0ved 6y exc1ud1n9 the part1c1e 
0f  1ntere5t f r 0 m  the eva1uat10n 0f 60th the react10n p1ane [ 6 ] 

and the f10w an91e. 
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F19. 2. ~0~-d15tr16ut10n5 0 f  the num6er 0f part1c1e5 1n d1fferent 
rap1d1ty 61n5: ( a )  - 1.2<y~/y~c~<-0.8; ( 6 )  - 0 . 1  <y,/y,c~ 
< 0 . 1 ;  (c )  0,8<y~/y~c~< 1.2. 

1atter 0ne5 are n0t exc1uded 6y add1t10na1 m0men- 
tum cut5. Furtherm0re, 1neff1c1enc1e5 f0r the detec- 
t10n 0f 10w ener9y part1c1e5 w111 d15t0rt the ¢~- 
d15tr16ut10n5 pred0m1nant1y at 6ackward rap1d1t1e5. 

7he em15510n pattern 6ec0me5 much c1earer, 1fwe 
repre5ent the event5 1n the f10w e111p501d c00rd1nate 
5y5tem K••. 7he event5 are r0tated ar0und the y•-ax15 
6y the f10w an91e 6~ 50 that the new 2-ax15 2•• 15 de- 
term1ned 6y the ma1n ax15 0f the f10w e111p501d. F19. 
3a 5h0w5 n0w the ¢~-d15tr16ut10n a5 a funct10n 0fthe 
n0rma112ed m0mentum per nuc1e0n a10n9 the maj0r 
ax15 0f the e111p501d: n . . . .  p,,c~/p,,c~ 7he  ~0~-an- v 2 "-- 7, ~--pr0j  • 

150tr0py at p7 ~ 0, a5 can 6e 5een f r0m f19. 36,15 m0re 
pr0n0unced a5 c0mpared t0 f19. 26, wh1ch re5u1t5 fr0m 
the fact that n0w the pr1nc1pa1 axe5 0fthe f10w e111p5- 
01d are u5ed a5 a c00rd1nate 5y5tem, Furtherm0re, 1t 
can 6e 5een that the preferent1a1 em15510n 0fpart1c1e5 
1nt0 the 0ut-0f-p1ane d1rect10n (~0" = •+ 90 °, 270 ° ) a5 
0pp05ed t0 an em15510n 1nt0 the x•-d1rect10n extend5 
n0w 0ver the wh01e p7-ax15. 7here are 1ar9e d15t0r- 
t10n5 at tar9et and pr0ject11e m0mentum. H0wever ,  
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F19. 3. ( a )  D15tr16ut10n 0 f  the num6er 0f part1c1e5 1n the p1ane 
~0~ ver5u5 p " .  7he 512e 0fthe 54uare5 15 pr0p0rt10na1 t0 the n u m -  

6er  0f part1c1e5. ( 6 )  ~p~-d15tr16ut10n 0 f  the num6er 0f part1c1e5 
f0r  - 0.1 < p "  < 0.1.  (c )  4~-d15tr16ut10n 0 f  the avera9e tran5ver5e 
m0mentum per nuc1e0n f0r  - 0.1 <p•• < 0.1. 
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the tar9et cut5 are c1ear1y v15161e 1n f19. 3a a5 a dep1e- 
t10n at ~ = 0  ° and p"  <0 ,  wh11e the 60unce-0ff  par- 
t1c1e5 can n0w 6e 5een a5 5tructure at pr0ject11e 
m0mentum and ~0~ = 180 °. 7he tw0-peak 5tructure 0f  
the 60unce 15 the re5u1t 0 f t h e  5tr0n9 C0u10m6 repu1- 
510n fr0m a heavy pr0ject11e remnant ,  9enerat1n9 a 
••h01e•• 1n the em15510n pattern.  

1n f19.3c we 5h0w the a21mutha1 dependence  0 f the  
tran5ver5e m0men tum per nuc1e0n (p~/nuc1e0n). 
A9a1n we f1nd an an150tr0py 1n (0•• at p"  ~ 0 .  7h15 
mean5 that  n0t 0n1y the den51ty 0f  part1c1e5 15 en- 
hanced 1n the 0ut-0f-p1ane d1rect10n 6ut the5e part1- 
c1e5 are a150 em1tted w1th a h19her avera9e tran5ver5e 
m 0 m e n t u m  per nuc1e0n• 

7he  an150tr0py 1n ~0~ d15cu55ed a60ve c0rre5p0nd5 
t0 an e111pt1ca1 d15tr16ut10n 0f  the part1c1e5 60th 1n 
p051t10n and 1n m 0 m e n t u m  1n the x~y~-p1ane. 7he 
d15tr16ut10n5 1n f195. 36, 3c have 6een f1tted w1th 
f( ~0~ ) 0c 1 + c~ c05 (2(p••) y1e1d1n9 the ha1f axe5 R, .  and 
R< a5 ext rema 0f,(, where 0~ 15 a f1t parameter .  F19. 4 
5h0w5 the mu1t1p11c1ty dependence  0 f the  a5pect rat10 
R~.,/R,. f0r the p051t10n den51ty (f111ed c1rc1e5) and 
the m 0 m e n t u m  per nuc1e0n (0pen c1rc1e5). 80th  ra- 
t105 exh161t the 5ame tendency: they f1r5t r15e w1th 
mu1t1p11c1ty, reach a max1mum and then decrea5e 
w1th mu1t1p11c1ty ~3. 1n the 11m1t 0 f a n  1mpact param-  

~; 1t 5h0u1d 6e n0ted that the a5pect rat105 ~/~.;.~/,;% 06ta1ned fr0m 
5pher1c1ty ana1y515 are a60ut 30% 5ma11er than the rat105 R;/ 
R,  4u0ted a60ve. 7h15 ref1ect5 the fact that R,./R~. 15 taken 
at p•=• ~ 0, wh11e ,j~).~/2~ 15 eva1uated f0r the wh01e event. 

eter 6 = 0  5ymmetry re4u1re5 that  the rat105 6ec0me 
e4ua1 t0 0ne. 7h15 11m1t, h0wever, cann0t  6e reached 
exper1menta11y: even tr199er1n9 0n very h19h mu1t1- 
p11c1ty w111 a1way5 5e1ect a ran9e 0f  1mpact parame-  
ter5. Fur therm0re ,  the pr06a6111ty that the 1mpact 
pa ramete r  11e5 6etween 6 and 6+d6 15 pr0p0rt10na1 
t0 6 and theref0re the c0ntr16ut10n5 0f  very centra1 
c0111510n5 have 0n1y very 5ma11 we19ht. 

5. C0nc1u510n5 

1n c0nc1u510n, we have f0und t h a t  event5 1n re1at1- 
v15t1c heavy-10n c0111510n5 have a c0n51dera61e a21- 
mutha1 an150tr0py at m1d-rap1d1ty, 1n acc0rdance w1th 
pred1ct10n5 fr0m f1u1d dynam1ca1 ca1cu1at10n5 [3] .  
7he  an150tr0py 0ccur5 60th 1n p051t10n and m0men-  
tum 5pace. 7h15 54uee2e-0ut effect 15 m05t pr0- 
n0unced 1fthe event5 are ana1y2ed 1n the c00rd1nate 
5y5tem 91ven 6y the pr1nc1pa1 axe5 0f  the 5pher1c1ty 
ten50r. 54uee2e-0ut part1c1e5 e5cape fr0m the h0t and 
den5e react10n 20ne unh1ndered 6y 5urr0und1n9 c01d 
tar9et- 0r pr0ject11e-matter. 7h15 0pen5 the p0551611- 
1ty 0f a ••w1nd0w•• thr0u9h wh1ch 0ne can 100k d1- 
rect1y at the c0mpre55ed and h0t f1re6a11. Deta11ed 
5tud1e5 0f  ener9y 5pectra, p10n y1e1d5, c0mp051te par- 
t1c1e rat105, etc. 1n th15 w1nd0w m19ht 91ve further 
u5efu11nf0rmat10n f0r a prec15e determ1nat10n 0 f t h e  
e4uat10n 0f5tate  0f  nuc1ear matter .  

t r  

r r  

2. 

1.8 

1.6 

1.4 

1.2 

1. ;0 60 80--  

Percent 0f max1mum mu1t1p11c1ty 
F19.4. A5pect rat10 0fthe ha1f axe5 0fan e111p515 at p~ ~ 0 de5cr16- 
1n9 the d15tr16ut10n 0f part1c1e5 (f111ed c1rc1e5) and the m0men- 
tum per nuc1e0n (0pen c1rc1e5) 1n the x••y•• p1ane a5 a funct10n 
0f mu1t1p11e1ty. 7he 5011d curve5 are t0 9u1de the eye. 
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