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ABSTRACT 

The mean-free-path for inelastic interactions 

of 200 GeV protons in nuclear emlsion has been 

measured using the techniques of along-the-track 

scanning and area scanning. The results obtained 

are, respectively, X ' = 35.3 ? 1.0 cm and inel 

'inel 
P 33.1 f 1.5 cm. The average charged multi- 

plicities have been found to be <n > = 8.2 ? 0.2 
S 

for 'whitelstars' and <n > = 12.9 t 0.15 for all 
S 

events. A plot of n versus N (where N is the 
s h h 

number of black and grey tracks) shows a linear. 

relation over the region 0 4  N 4 25. The Castagno- h 
li method applied to 'white' stars overestimates 

the C.M. energy by Q 40%, however, for stars with 

N 5. 1, the-ie is good agreenent. h 

INTRODUCTION 

1" We present here the preliminary results of an international colla- 
boration using nuclear c~ulsion exposed to the 200 GeV proton beam at 
the National Accelcrztor Laboratory, Eatavia. The initial measure- 
ments were restricted to the determination of the inelastic mean-free- 
path and the average charged multiplicities. 

Since different techniques have been used by various groups, we 
thought it advisable to present results fron independent groups sepa- 
rately; thus, no particular effort has been made to combine the re- 
sults at this stage. 

IRRADIATION AhD PROCESSING OF EAWLSION STACKS 

Three stacks of 1lfbrd K5 emulsion were exposed to the rjAL 200 GeV 
proton bcam in Scptcrrber, 1972. The bcam used had the follo!\ring cha- 
racteristics: a cross-sectional area of 3 CiII x 8 cm and a flux of 
- lor, protons/pulse. The beam traversed an equivalent of 2 p/cm 2 
bcforc entering the stacks. Two stacks (40 pellicles each), having 
dimensions 20 cm x 5 cr,? x 600p, were exposed horizont~lly (bcam pa- 
rallel to the emulsion surface) to & flus of 2 x lo4 protons/cm2; 
the third stack (20 pellicles) , having diacilsions 5 cm x 5 cm x GOOp, 
was ci:poscd vertically ('scam pel-pendicular to the eiwlsion surfacc) 



t o  a f l u x  of .-lo6 protor;s/cn2. The dens i ty  of t h e  emulsion a t  t h e  
time of exposure was 3.75 &crn3. 

The processing of t h e  two hor izontel  s tacks  was ca r r i cd  out i n  
Strasbourg and the  s n a l l e r ,  v e r t i c a l  s tack was processed i n  Ottawa. 
A two-tempratme development technique, using a dry hot-stage, was 
employed i n  each case.  

14EASURELW1.JT Or" TKE INELASTIC MEAN-FNE-PATH 

The hor izontal  s tacks  were scanned by two d i f f e r e n t  methods: 1- 
along-the-track scanning and 2- area  s c a n n i ~ g .  Only area  scanning 
was used i n  the  case of t he  v e r t i c a l  s tack.  A cut-off  angle of 0.25O 
( r e l a t i v e  t o  the  beam d i r ec t i on )  was applied t o  t he  inc iden t  protons 
i n  order t o  reduce t h e  contanination by secondaries t o  l e s s  than 3%. 

Table I. Measurement of X by along-the-track scanning 
i n e l  

LAB No. of Length of X i n e l  
stars . t r ack  (metres) (cm) 

PARIS-STRASBOURG 513 .177.66 34.1 t 1.6 
ROXE 343 126.84 37.0 k 2.0 
BELGRADE 200 69.77 34.9 ? 2.5 
LUND 14 1 47.81 33.9 k 2.7 
Nkh7CY 92 33.17 36.0 k 3.7 

TOTAL: 1289 455.25 < 35.3 ?: 1.0 ) 

.Table 1 summarizes t h e  r e s u l t s  of f i v e  groups using along-the- 
t r ack  scanning. 1289 i n e l a s t i c  i n t e r ac t i ons  were observed along a 
t o t a l  t r ack  length of 455.25 m, corresponding t o  a mean-free-path 
of X i n e l  = 35.3 U . 0  cm. Although t h i s  value of  X i s  not corrected 
f o r  l o s s  of events,  the  e f f ic iency  of t h e  technique should be well 
above 90%. 

Table 11. Measurement of X by a rea  scanning 
i n e l  

LAB Direction Xo. o f ,  h i n e l  
of Beam stars (cm) - 

BUCHAREST P a r a l l e l  3814 36.8 + 1.1 

CANADA Ver t i ca l  227 32.6 t 2.0 
132 34.4 k 3.0 
150 32.8 2 2.8 

TOTAL; 509 (33.1 i 1.5 > 



Table T I  shows t h e  r e s u l t s  of  t h e  Bucharest group, who used t h e  
area-scanning technique over a well-defined reg ion  o f  one o f  t h e  
horizontal ly-exposed s t a c k s .  4485 even t s  were found i n  a t o t a l  
volune of  11.75 cm3 of e m l s i o n .  O f  t h e s e ,  oiliy 3814 s t a r s  s a t i s f i e d  
t h e  c r i t e r i a  f o r  a primary i n t e r a c t i o n ,  g iv ing  a va lue  of t h e  i n e l a s -  
t i c  mean-free-path of  Xine l  = 36.8 k l . 1  cm. 

Also shown i n  Table Ii a r e  t h e  r e s u l t s  of t h e  a r e a  scanning of  t h e  
s t a c k  exposed v e r t i c a l l y .  The r e s u l t s  t a b u l a t e d  r e f e r  t o  a second 
scan i n  which only a small  f i e l d  of view was examined a t  one time; 
a pre l iminary ,  more r a 2 i d  scan o f  - 1 cn2 of emulsion ind ica ted  t h a t  
t h e  e f f i c i e n c y  of  d e t e c t i o n  of  e v m t s  wi th  no b lack t r a c k s  was low. 
I n  o rde r  t o  apply a c o r r e c t i o n  f o r  t h e  l o s s  of  ve ry  small  'white '  
s t a r s  (2 o r  3 charged shower p a r t i c l e s  o n l y ) ,  a p o r t i o n  of t h e  a r e a  
was again  c a r e f u l l y  rescanned. The c o r r e c t e d ,  average va lue  of  t h e  
i n e l a s t i c  mean-free-path f o r  509 events  i s  linel = 33.1 t 1.5 cn.  
The va lues  of t h e  mzan-f ree-~ath  obta ined by t h e  d i f f e r e n t  scanning 
techniques  ag ree  wi th in  t h e  l i m i t s  of  t h e  s t a t i s t i c a l  e r r o r s .  . 
' 

'White' s t a r s  having on ly  2 chzrged shower-part icles  (n, 2 )  
o r  3 charged shower-2arcicles (2, = 3)  have been c a r e f u l l y  s tudied  
i n  o r d e r  t o  e l imina te  high energy &-ray events  and t r i d e n t s  due t o  
d i r e c t  p a i r  fo rna t ion .  (A ? a r t i c l e  2s c l a s s i f i e d  a s  a shower p a r t i c l e  
i f  t h e  t r a c k  has  a g r a i n  d e n s i t y  g < 1 .4  go, where go corresponds t o  
the g r a i n  count  f o r  t h e  200 GeV proton t r e c k s ) .  A b u t  one-half of  
t h e  observed events  wi th  ns = 2 o r  3 were a t t r i b u t e d  t o  electromagne- 
t i c  i n t e r a c t i o n s .  

STAR-SIZE DISTRIBUTION 
-- - - -. . . . -. -. . - . . - . - - . - - . 

Fig .  1. IIistoqrar;~ o f  Nh d i s t r i b u t i o n  
(correc ted  for  loss of  cvents) 
The shaded area corrcsponds t o  

.. . -  s t a r s  k i t h  ,a s h o r t  r e c o i l .  -- 

An unexpected f e a t u r e  
of high-energy proton in-  
t e r a c t i o n s  i n  nuclear  
emulsion i s  t h e  r e l a t i v e l y  
h igh  percentage (Q 255) of 
s t a r s  having % G1. 
(Nh = Nb-k Ng ; Nb = number 
of black t r a c k s  wi th  
g >4 go; Ng = number of 
g rey  t r a c k s  wi th  1.4 go 
<g< 4 go) . 

, F i g .  1 shows a d i s t r i -  
but ion  of the n u i i e r  of 
s t a r s  ( co r rec ted  f o r  l o s s  
of s t a r s  wi th  Nh 4 2) a s  
a func t ion  of  Nh. I n  
Table 111, t h e  d i s t r i b u t i c n  
i s  broken down i n t o  d i f -  
f e r e n t  groups. Approxima- 
t e l y  155 of t h e  s t a r s  a r e  
hydrogen-type cvents ;  
two-thirds of  t h e  s t a r s  
f c ~ l l  i n t o  t h e  Srou;? Iih <S 
and,  a e r e f o r c ,  t h e  



remaining one-tkird w i t h  N h  > 8 a r e  unanhiguous Ag o r  Br stars. 

Table 111. Percentage of S t a r s  i n  var ious  Nh groups 

LAB Nh = 0 N h d  1 N z i 5  . Nh< 6 
h Nh< 8 

PARIS 14.7 + 1.7 28 5 6 67 
LUND 15 + 4 5 2 6  8 
OTTAWA- 
MONTREAL 

12 ' 1 

(no r e c o i l )  
BUCHAilEST 3 5 

- 
It is  in t e r e s t i ng  t o  note a t  t h i s  point  t h a t  from the  composi.tion 

of t h e  nuclear einulsionl, 4% of t he  i n t e r zc t i ons  should take  place i n  
hydrogen, 25% i n  t he  C ,  N ,  0 nucle i  of t h e  ge l a t i ne  and 2. 716 i n  A g  
and 13r2. In the  vert ically-exposed s tack,  it i s  possible  t o  i den t i fy  
p rac t i ca l l y  a l l  of t h e  Ag and 9 r  s t a r s  included i n  t h e  group Kh d 8 
on the  bas i s  of t he  presence of a  very shor t  r e c o i l  ( r eco i l s  a s  shor t  
a s  1 t o  2u a r e  usual ly  c l e a r l y  v i s i b l e ) .  Events i n  the  group 
Nh < 10 having a shor t  r e c o i l  a r e  shown by t h e  shaded a rea  i n  Ficj. 1. 
Prac t i ca l l y  a l l  of t h e  events  with Nh = 9 have a  r e c o i l  and a r e ,  
therefore ,  c l a s s i f i e d  co r r ec t l y  a s  Ag o r  9r i n ~ e r a c t i o n s .  For t he  
s t a r s  with Pn 4 8 ,  almost exact ly  one-half have a  shor t  r e c o i l .  I f  
these  events a r e  a t t r i j u t e d  t o  i n ~ e r a c t i o n s  i n  A g  o r  E r ,  t h e  percen- 
t age  of in te rac t ions  i n  heavy nuc le i  i s  found t o  be about 70%, a s  
expected from the  composition of t h e  eaulsion.  

AVERAGE CHARGED MULTIPLICITIES,. <ns> 

Figure 2 shows t h e  observed 
3 5 charged mu l t i p l i c i t y  d i s t r i -  

bution f o r  hydrogen-type 
events  (Nh.s.l) i n  the  hori-  

. zontally-exposed s tacks .  
The average charged multi- 
p l i c i t y  f o r  a l l  events (so- 

, l i d  l i n e s )  i s  <ns>= 8.1; 
f o r  events with xh = 0 

- (dashed l i n e s )  , <ns> = 7.6. 
. .. 

4 ---.---a . ' - . 
5 10 15 20 . .. . - -. - - - - ns 

F ig .  2 .  Charged m u l t i p l i c i t y  d i s t r ibukion  f o r  s t a r s  with Nh < 1. 
Dashcd l i n e s :  Nh - 0; s o l i d  l i n e s :  N!., = 0 o r  1. 



I n  t h i s  qroup of even t s ,  - 25% a r e  due t o  i n t e r a c t i o n s  i n  hydrogcn, 
t h e  remainder being a t t r i b u t e d  t o  f le r iphera l  c o l l i s i o n s  with n u c l e i .  

, Thc n u i i e r s  of even t s  having cJen and odd x u l t i p l i c i t . i e s  a r e  roughly 
equal ,  i n d i c a t i n g  an a ~ p r o s i x a t e l y  equal  nw&r  of c o l l i s i o n s  k i t h  
protons  and neut rons .  The frequency of even t s  wi th  ns = 3 t ends  t o  
i n d i c a t e  a  p o s s i b l e  resonance. A s i m i l a r  e f f e c t  has been obsenred In 
emulsioll a t  67 GeV/c i n c i d e n t  proton moment-m by Antonova e t  a13. 
The l a t t e r  a t t r i b u t e d  t h i s  e f f e c t  t o  t h e  coherent  production of p a r t -  
i c l e s  i n  proton-nucleus c o l l i s i o n s .  Unfor tunate ly ,  a t  t h i s  s t a g e  o f  
our work, t ! ~ e  s t a t i s t i c s  a r e  t o o  poor t o  a l low a  d e f i n i t e  conclusion 
t o  be reached a t  200 GeV. 

I n  Figure 3 ,  t h e  charged m u l t i p l i c i t y  has  been p l o t t e d  a s  a  
func t ion  of  t h e  s t a r  s i z e ,  Nh. The average m u l t i p l i c i t y  f o r  a l l  t h e  
even t s  i s  12.9 f 0.15. 

o b a r i s  
X Lund 
0 Ottawa 

4 1- Bucharest 

Fig.  3.  Charged shower-part icle  n u l t i p l i c i t y ,  <n,>, a s  a  func t ion  
of s t a r  s i z e ,  Nh. The exper ixen ta l  p o i n t s  are p l o t t e d  a t  t h e  c e n t r e  
of g r a v i t y  of t h e  measured i n t e r v a l .  

We observe an almost l i n e a r  r e l a t i o n s h i p  between <ns> and Nh. A t  

f i r s t  s i g h t ,  t h i s  r e s u l t  appears  t o  i n d i c z t e  an inc rease  i n  t h e  avera- 
ge charged m u l t i p l i c i t y  with inc reas ing  m u s s  number of  t h e  t a r g e t  
nucleus.  lio~\rever, it should be bornc i n  mind t h a t  about one-half of 
t h e  e v e ~ t s  with Nh i 8 should be c l a s s i f i c d  a s  i n t e r a c t i o n s  i n  heavy 
n u c l e i .  An a n a l y s i s  of  t h e  chargcd m u l t i p l i c i t y  i n  t h e  v c r t i c a l l y -  
exposed s t ack  i n  which short r e c o i l s  could be dc tcc tcd  shows t h a t ,  i n  
f a c t ,  t h e  nvcragc multip1icii:y i s  no t  ap~3rcc iab ly  d i f i e r c n t  f o r  t h e  
light (C,N,O) and t h e  heavy ( A g , B r )  n u c l c i .  The average values  found 



a r e  <nsslight = 13.1  1 . 0  and <n,> heaT = 1 4 . 1  5 0.6. The i n c r e a s e  
i n  m u l t ~ p l i c i t y  w i t h  i n c r e a s i n g  Nf i  i s ,  t n c r e f o r e ,  probably a s s o c i a t e d  
wi th  secondary c o l l i s i o n s  i n s i d e  t h e  t a r g e t  nucleus.  

For t h e  hydrogen-type c o l l i s i o n s  (Nh < 1 1 ,  t h e  avcrage charged 
m u l t i p l i c i t y  was found t o  be 8.2 5 0.2. The corres2onding va lue  
obta ined with t h e  hydrogen bu5Sle chamber4 i s  7.65 f 0.17. 

Table I V  shows a comparison o f  t h e  r e s u l t s  obta ined a t  200 GeV wi th  
previous  d a t a  f o r  i n c i d e n t  proton energ ies  o f  6.2 and 22.5 G~v' .  

Table N. Comparison o f  even t s  a t  6.2, 22.5 and 200 GeV. 

. E 
G e V  

- - - - - - - 

There seems t o  be l i t t l e  d i f f e r e n c e  bettieen t h e  even t s  a t  6 GeV and 
22 GeV, except  f o r  an i n c r e a s e  i n  t h e  average number of  charged 
mesons produced (about a  f a c t o r  of 2 ) .  Between 22 and 200 GeV, t h e r e  
is an inc rease  i n  average s t a r  s i z e  as  w e l l  a s  an i n c r e a s e  ia chzrged 
m u l t i p l i c i t y .  The average number of  g rey  t r a c k s  a t  200 GeV has de- 
creased by about 15: a s  cozpared with 22 GeV. This  does not  necessar i -  
l y  imply t h a t  t h e r e  i s  any f u n d m e n t a l  d i f f e r e n c e  i n  t h e  i n t e r a c t i o n s  
a t  200 GeV. The e f f e c t  c sn  be accounted f o r  by t h e  emission a t  22 GeV 
of more lower-energy charged mesons, which would be c l a s s i f i e d  from 
t h e i r  i o n i z a t i o n  a s  g rey  t r a c k s .  I n  f a c t ,  even i n  t h e  events  a t  200 
GeV, we do observe such low-energy mesons. 

ANGULAR DISTRIBUTION 

Angular measurements of each shower t r a c k  have been made f o r  even t s  
of t h e  type Nh = 0 .  Only t h o s e  even t s  wi th  ns 3 4 were included i n  
o rde r  t o  exclude p o s s i b l e  h igh energy &-rays and pseudo-tr idents .  
The angular  d i s t r i b u t i o n  of  a l l  t h e  charged shower p a r t i c l e s  p l o t t e d  
i n  t h e  center-of-mass (C.M.) system i s  shown i n  Figure  4. 

The reason f o r  t h e  p r o n o u ~ c e d  asymmetry i n  t h e  forward-backward 
directions i s  n o t  c l e a r .  P a r t  o f  t h i s  e f f e c t  could be accounted f o r  
by the f a c t  t h a t  s l i g h t l y  n o r e  than h a l f  o f  t h e  events  (odd n u l t i p l i -  

. 

c i t y )  presunably correspond t o  c o l l i s i o n s  wi th  a t a r g e t  neutron.  For 
syrmetry reasons ,  one would expect  t h e  s t r u c k  neutron t o  be emit ted  
backwards (cos 0 *  between -0.8 and -1.0) and being uncharged, t h e  
neutron is no t  observed ainongst t h e  shower p a r t i c l e s .  

The t o t a l  energy i n  t h e  C.:.:. system was c a l c u l a t e d  f o r  t h e  saxe 
134 even t s  by t h e  Cas tagnol i  nethod5. An avcrage value  of  log  c t g  eL 

was found f o r  each of t h a  s t a r s .  The d i s t r i b u t i o n  of  t h e  average 
va lues  of < l o g  c t g  O L >  i s  p l o t t c d  i n  Figure  5 ,  



The mcan value of  the d i s t r i b u t i o n  corxcsponds t o  log  Y C . ~ . ~ .  = 1.15, 
which would i n d i c a t e  that t h e  Castagnol i  lsethod overes t imates  t h e  
energy in  the C.M. system by about 40%. 

. . .  .--- 

c o s  e* 

Figure  4. Anqular d i s t r i b u t i o n  i n  
C.M. s y s t e n  of charged shoW::er a r t i c l e s  
i n  'whi te '  s t a r s  (N - 0 and ns 4 )  h - 

0 0.4 0.8 1 . 2  1 .6  2.0 
<log c t g  q, > 

Figure 5 .  <Log c t g  9 > p l o t  f o r  s t a r s  (134) 
L 

with N = 0 and n > 4 
11 S 4 



The Castagnoli method hzs a l s o  been t e s t ed  f o r  an unbiased saml;le 
of 53 events. In  F i g w e  6 i s  shov,~ t he  dis",ib-uti.on of t h e  values or' 
log c t g  OL f o r  a l l  the  shower parki'clcs observed up t o  an angle of 
840. 3rd of t he  charged s!;o:.?z-r p a r t i c l e s  i n  l a rge  s t n s  were eq i t t ed  
a t  g r ea t e r  angles and, there fore ,  could not be included i n  the 
histogram. In  t he  m a l l  s t a r s  (shaded a rea  i n  Figure 6) , no shower 
p a r t i c l e s  a r e  observed a t  an angle g rea te r  than 7S0. The s n a l l  s t a r s  
a r e  i n t e r ac t i ons  i n  l i g h t  ( C , N , O )  nuc le i  and a r e  those events with 
Nll 4 8 and no sho r t  r e c o i l .  The remaining events a r e  i n t e r ac t i ons  
i n  heavy (;ig,Br) nuclei .  

The averase value of log c t g  OL was 
ca lcu la te2  f o r  each of t h e  two g r o u p  
of events acd f o r  t he  whole sample. 
The values  of log  ~ c . M .  obtained are:  

-.- C I N I O :  109 Yc,M. = 1.00 
Ag,Br: log YC-N. = 0.97 

A l l  events:  log  y c . ~ ~ .  = 0.98 

The values  of iog y C . ~ .  , f o r  both the  
l i g h t  and the  heavy nuc le i ,  show a 
remarkable agreement with t he  Casta- - gnol i  method. This r e s u l t  would see3 
t o  ind ica te  t h a t  the  i n t e r ac t i ons  
involve a s ing l e  nucleon i n  the  t a r g e t  
nuclcus; hoxever, we 'have observed a 
mzrked s h i f t  of <log c t g  GL> towarcs 

-10 -.6 -.2 .2 6 10 1.4 It? 22 2 6  lo>?er values i n  events of high charged 
I 10q c t g  0 . : . -. . . . . . .  . . . .  - . .  . L m u l t i p l i c i t y  (ns>20) i n  both the  l i 9 h t  

and t h e  heavy groups, indicat ing t 5 a t  
Fig. 6. EIistogrm of log i n  these  i n t e r ac t i ons  more than one 
c t g  €IL d i s t r i bu t ion  f o r  t a r g e t  nucleox appears t o  be invoived. 
charged shoi:ler p a r t i c l e s  i n  
53 events.  The shaded a rea  
corresponds t o  s n a l l  s t a r s  
(C,N,O group). 

CONCLUSION 

The in t e r ac t i ons  of 200 G e V  protons i n  nuclear emulsion a r e  not 
ba s i ca l l y  d i f fezen t  i r on  lower energy proton in te rac t ions .  A cornpcri- 
son with 22.5 GeV proton in t e r ac t i ons  shovrs t h a t  alrilost the  same s t a r -  
s i z e  i s  observed i n  both cases (escept fzr t h e  charged mul t ip l ic i -  
t i e s ) ;  the  percentage of 'white '  s t a r s  (Nh .-- 0 or  1) i s  almost the  
same i n  each case  (20-25:). If we compare the  charged m u l t i p l i c i t i e s  
f o r  'white '  s t a r s  and p-,n colZisions a t  t he  sc'~ie incident  proton 
energies ,  we f i nd  the same values within the  experimental e r r o r s  
(account being taken of sFLowers with odd n u i t i p l i c i t i e s ,  which a r e  
a t t r i bu t ed  t o  neutrons) .  A l l  the cvidcrice po in t s  t o  t he  f a c t  t h a t  i n  
t h e  la rge  majori ty of the  'white '  s t a r s  thc  incident  proton in t e r ac t s  
with a proton o r  a ncutron a t  tha periphery o i  tile nuclcus, the  l c t t c r  
receiving l i t t l e  exc i ta t ion  energy i n  the  process. 



Coherent  p roduc t ion  of  r e sonances  shou le  be impor tan t  a t  200 GeV 
p ro ton  energy,  b u t  t h e  s t a t i s t i c s  a v a i l a b l e  a t  t'nis t h e  do  n o t  
a l l ow any m c a s u a ~ e n t  o f  c ros s - sec t ion .  

An i n t e r e s t i n g  f e a t u r e  o f  t h i s  p r e l i n i n a r y  study i s  t h e  m a l l  d i f -  
f e r e n c e  i n  charged m u l t i - p l i c i t i e s  of  t h e  (C,N,O) group and t h e  
(Ag,Br) group. A s imple  e x ~ l a n a t i o n  could  be g iven  i n  t e r n s  o f  a 
pr imary p.-oton-nucleon c o l l i s i o n  wi th  a r e s u l t i n g  ' f i r c b c l l '  t r a v e l l -  
i n g  o u t  of t h e  nuc leus  b e f o r e  it d i s i n t e g r a t e s .  T h i s  na ive  model 
could  p o s s i b l y  be  checked by u s i n g  v e r y  heavy n u c l e i ,  such as  l e a d ,  
as t a r g e t s .  
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