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Composition of the Secondary Parttcles 

Produced in Nuclear Interaction at -1012 eV * t 
C. 0. Kim 

The Enrico Fermi Institute for Nuclear Studies 
and 

The Department of Physics 
The University o? Chicago 

. Chicago, Illinois 

ABSTRACT 

Twenty-two proton, neutron, and alpha jets (N, 23, 2 x 
A A 

1011 eV < E < 1.5 x 1013 .e~) found in a 22-liter emulsion stack 

flown for 13 hours at an altitude of 116,000 feet, have been 

analyzed to identify the nature of the particles emitted in the 

extreme backward c-m. coneo Among 82 tracks analyzed, out of 

149 tracks traced (total length of the secondaries traced was 

20.4 m, and 74 interactions were found), 53 secondaries were 

attributed to pions, 18 to kaons, 10 to protons, and one to a 

hyperon. The relative composition of the 82 secondaries has a 

dependence on the come emission angle 8. For 8 1 175', there 

were 7 rr, 9 K, 10 p, and 1 Y; for 8 < 175O, there were 46 rr, 

9 K, and no baryons, Similar distinction existed for the 

Y 
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 his paper is based on a thesis subaitted to the Department of 
Physics, t'he University of Chicago, in partial fulfillment of 
the requirements for the Ph.D. degree (August, 1963). Prelim- 
inary reports of this work were given in Bull. Am. Phys. Soc. 
1 ,  , 293 (1963) and in the Proceedings of the International -- 
Conference on Cosmic Rays at Jaipur, India (December, 1963). - - 



average come momenta 66" and t h e  averege t r a n s v e r s e  momenta 

<Pt a a s  fo l lows :  

Overal l  

The baryons c a r r i e d  t h e  average f r a c t i o n  .5 k .2 of  t h e  t o t a l  

a v a i l a b l e  energy i n  t h e  corn. system. Concerning t h e  K/T r a t i o ,  

P t  d i s t r i b u t i o n ,  and ~ 6 %  a t  < 175O, t h e  hydrodynamical t heo ry  
- with a c r i t i c a l  t empera ture  ' k ~ ~  = m c2  p r e d i c t s  t h e  c o r r e c t  

7r 

behavior.  I n  t h i s  region,  t h e  come momentum d i s t r i b u t i o n  of 

pions i s  oi' t h e  form dN a pn d6 wi th  n = -. 9 k .4. But f o r  
- 
0 1 1 7 5 O ,  t h e  smal lness  of  <pts f a v o r s  an i n t e r p r e t a t i o n  i n  

terms of t h e  Heisenberg theory,  s i n c e  t h i s  t heo ry  p r e d i c t s  

?t " mTc and h igh  K/T r a t i o  i n  t h e  extreme backward and 

forward c.m. emiss ion ang le  reg ion .  



I. INTRODUCTION 

I n  ' t h e  very high-energy nucle.ar i n t e r a c t i o n s ,  a  l a r g e  

f r a c t i o n  of t h e  c r e a t e d . p a r t i c l e s  a r e  narrowly col l imated i n  

the d i r e c t i o n  of t h e  primary incoming p a r t i c l e s  a s  a  

consequence of t h e  g r e a t  v e l o c i t y  of t h e  c.m. system of t h e  

inc ident  and t a r g e t  p a r t i c l e s o  These events,  which a r e  pro- 

duced by high-energy cosmic . rays  and recorded,most ly  by 

means of b i g  emulsion s t a c k s  flown by bal loons a t  t h e  top' of 

I1 the atmosphere, a r e  known a s  j e t s t t .  There a r e  e x c e l l e n t  

review a r t i c l e s  a v a i l a b l e  'on t h e  s u b j e c t ,  1t i s  we l l  e s -  

t ab l i shed  t h a t  t h e  c r e a t e d  p a r t i c l e s  ( secondar ies)  a r e  composed 

mostly of pions.  The exact  r e l a t i v e  frequenci,es of occurrenc,e 

og pions, kaons, nucleons, and hyperons are ,  howev.er, not  we l l  

known. A t  a c c e l e r a t o r  ene rg ies  up t o  - 30 GeV, t h i s  problem 

has been i n v e s t i g a t e d  f a i r l y  well,  3'4 and t h e  ques t ion  i s  open 

whether such f requencies  remain cons tant  a t  h igher  energies .  

Two i n d i r e c t  methods have been used t o  i n v e s t i g a t e  t h i s  

problemo 13 A first approach c o n s i s t s  i n  t h e  measurement of 

the  frequency of e l e c t r o n  p a i r s  versus  t h a t  of charged second- 

a r i e s  i n  t h e  core of j e t s .  Since e l e c t r o n  .pa i r s  a r e  assumed 

t o  a r i s e  from t h e  m a t e r i a l i z a t i o n  of decay y r ays  of n e u t r a l  

pions, t h e  frequency of t h e s e  e l e c t r o n  p a i r s  g ives  an es t imate  . 

of t h e  product ion r a t e  of n e u t r a l  pions.  The number of 

c rea ted  charged pions i s  then in fe r red ,  equal  t o  twice the  

number of n e u t r a l  pions, s i n c e  charge independence i s  expected 

t o  hold i n  t h e  production process,  provided the  pions a r e  pro- 

duced d i r e c t l y .  Then t h e  number of charged secondaries  



subtracted from that inferred for charged pions in a given 

solid angle will give the portion of non-pionic charged sec- 

ondaries. A second estimate is obtained from the observation 

of the frequency of secondary nuclear interactions produced 

by neutral particles, which are definitely non-pionic in 
. . 

origin. Both methods give an estimate of - 20s for the fre- 
quency of non-pionic secondaries at energies above 1012 eV. 

The direct approach to this problem is concerned with 
f. 

the identii'ication or" the, secondaries emitted backward in the 
I 

c,m. system of the two colliding nucleons, with respect to . 

the direction of the incident particle. In fact, the masses 
f 

of such secondaries can be often established by measurements 
. . of grain density, scattering, and range when they emerge in 

the laboratory system with energies. 5 10.GeV. 5 '6  On the other 

hand, the forward-emitted secondaries are too energetic in the 

! laboratory system for identification by conventional methods. 

i' 
i 

However, several plausible models of a single nucleon-nucleon 

collision suggest that. the secondaries in the' backward and 

forward cones must possess, on the average, overall symmetry 

with .respect to the center of mass, as to both' composition and 

angular distribution. Brisbout -- et ale7 further attempted to 

estimate the non-pionic portion of secondaries from an analysis 

the tertiary products emerging from the interactions of the 

backward-cone secondaries. In their study the tracks of sec- 

ondaries were followed for 17 meters. and 51 interactions were 

observed, 32 of which were studied; one kaon and one hyperon 

were observed among the tertiary particles. One unstable 

secondary was also reported. 



The present investigation follows the above authors' approach. 

The energy of the jets studied here is in the range of 2 x 10 11 

eV to 1.5 x 1013 eV. An attempt has been made to identify 149 

secondaries belonging to the c.m. backward cone. The large 

.volume of the stack employed here (22 liter) was used to full 

advantage. Not only multiple scattering and ionization measure- 

ments could be performed on very long tracks, but in several 

cases the variation of ionization along the path of the second- 

aries could be detected. In this, way 82 of the secondaries 

studied could be identified. 

Finally, severa1,important features of high-energy 

nucleon-nucleon collisions are investigated, here, such as the 

longitudinal and transverse momentum distributions of the 
I 
i 
! secondaries in the c.m. system and the dependence 09 these 
I 

i 
quantities on emission angles and particle composition. 

t 
j 11. EXPERIMENTAL MATERIAL 
f 
t 
5 
t 

1. Properties of the Emulsion Stack 
\ 
i 
i A 22 liter stack of Ilford G-5 emulsion, consisting of 

. . r _  - -  * 0 ,  , - . - 7 . . . .  , .. . , .. 
--I I , :  ,. . . . . , .  . . .. . 

at an altitude of ii6,ooo feet for thirteen 'hours, was used 
i 
L for the present experiment. Many investigations on various 
I 
i aspects of'high-energy phenomena based on the material 

t 
f contained in this stack were previously reported. 8-15 Data 

1 referring to the flight curve, the construction of the,stack 
k 

! 2nd scanning procedures are.contained particularly in Refs. 8 
i 
t and 10. 

1 
I Several detzils, pertinent to the present investigation, 



should, however, be mentioned here .  The s t a c k  was processec! 

in batches of 30 p l a t e s  p e r  day by t h e  "dry" method 09 

gone t t i  -- e t  a l .  l6 Three months e l apsed  between exposure and 

development, whi le  t h e  new Ryerson p roces s ing  p l a n t ' w a s  b u i l ' t .  

The mean g r a i n  d e n s i t i e s ,  go, of high-energy e l e c t r o n s  

are  shown i n  F ig .  1. The m e a n g r a i n  d e n s i t i e s ,  go, remain 

reasonably c o n s t a n t  f o r  t h e  group 09 p l a t e s  No. 1 - No. 112, 

which were processed  l a s t .  The f l u c t u a t i o n  of g r a i n  d e n s i t y  

f o r  t h e  r e s t  of t h e  p l a t e s  can be a t t r i b u t e d  t o  t h e  s e t t i n g -  

up 09 t h e  r o u t i n e  i n  t h e  new p roces s ing  p l a n t .  . . The t r a c k s  of  

nigh-energy e l e c t r o n s  were c a r e f u l l y  s e l e c t e d  from t h e  

e lec t romagnet ic  showers and were e s t ima ted  t o  have e n e r g i e s  

= 100 MeV, o r  w i t h i n  - 2% of t h e  r e l a t i v i s t i c  p l a t e a u  or" g r a i n  

dens i ty .  The dep th  dependence of g r a i n  d e n s i t y ,  g  ( z ) ,  09 t h e  
0 

nigh-energy e l e c t r o n s ,  on t h e  depth,  z, measured from t h e  

g l a s s  s u r f a c e  of  t h e  emulsion was c o n s t r u c t e d  f o r  s e v e r a l  

p l a t e s  and was t e s t e d ~ u s i n g  t h e  v e r y  high-energy e l e c t r o n  

p a i r s  i n  t h e  co re s  of j e t s .  Figure '  2  shows t h e  t y p i c a l  

dependence of t h e  g r a i n  dens i ty ,  g o ( z ) ,  which i s  normalized by 

go of t h e  p l a t e  where go = 1 g o ( z )  dz. I n  s p i t e  of t h e  l a r g e  

v a r i a t i o n  wi th  t h e  dep th  t h e  mean g r a i n  dens i ty ,  go, was 

c o n s i s t e n t l y  t h e  same over  d i f f e r e n t  r e g i o n s  f o r  each  p l a t e .  

The one -mi l l ime te r  LRL grid17 was pho tog raph ica l ly  

p r i n t e d  on t h e  g l a s s  s i d e  of t h e  emulsion and t h e s e  coo rd ina t e  

r ead ings  were used f o r  t h e  range measurements and f o r  a i d  i n  

t r a c i n g .  The al ignment of  t h e  g r i d  from a p l a t e  t o  t h e  nex t  

11 was w e l l  w i t h i n  1/2 mm. The g r i d  system and t h e  landmarks" 



~rovided by local tracks enabled'about 10,000 traversals of 

shower particles and tertiary particles between plates with 

about 26 impossible cases, ~rh.ich resulted mostly from crossing 

the cut edges which became rugged after cutting. 
i! 

.r The stack had two shortcomings:' (i) No systematic 
f: 

1 measurements of thickness of the emulsion prior to development 
I 
?'. 
I 

.F were made. (ii) The density of the emulsion during the flight' 

is not known. Thus, all the plates in the stack were assumed 

to be exactly 600 Pm before processing and of the standard 
.2  density, 3.815 gm/cn . The results of the present experiment, 

however, mostly based on measurements of multiple Coulomb 

scatterings and ionization, are particularly insensitive to 

variation in such parameters, at least within the lirxits known 

for typical emulsion stacks. 
. . 

i 
t 2. Scanning 
1 
i Each plate of this stack was scanned with 22X oil objec- 
i 
f tives and 12.5X oculars for groups of parallel and minimux- 
t . . 
i Ionizing tracks along'scanning lines defining 15 6x1 x 15 cm i 

squares. From about 2,030 groups of associated shower tracks i 
1 that were found on the scanning lines, all showers having more 

j than ten parallel tracks in one field of view were traced back 

to their origin. lo The scanning criterion corresponds to a 

lower limit of about 100 GeV for the energy contained in the 
I 

i . electron-photon component of the showers. A total of 120 

! 
i 

~uclear interactions (78 p; 6 n, 27 a, and 9 H) were found. 

r Among 84 p or n events, 57 events with dip angles less than 

17' were analyzed and reported by i3arkow et aiO8 Jain -- 9 



reported the results of the analysis of 17 a jets with dip 

angles less than 20'. 

3. Selection of Jets and of Tracks for Analysis 

Among these nuclear interactions, 22 jets of proton, a, 

or'neutral primaries, which satisfied'the following, criteria, 

were chosen for the present study: 

(1) The primary had a track length o'f more than 2 mm 

per plate. 

(ii) The potential length of the jet axis in the 

stack was larger than 20 cm. 

(iii) The number of 'grey or heavy tracks, Nh 2 3. 

(iv) The estimated energy was greater than 1011 eV. 

Condition (i) was imposed' to ensure having secondaries of 

favorable geometry, conditi0.n (ii) gives the secondaries more 

chances to interact in the detector, condition (iii) selects 

either p.rimariesf collision with hydrogen or with emulsion 

.n.uclei in which the effect of collisions with more than one 

nucleon i s  minimal. Thc relevar~L data I'6r these events are 

listed in Table I. Indicated are the event number, the type 

of jet in accordance with the standard nomenclature (ns 

corresponds to the number of secondaries with the normalized 

grain density g* < 1.5)) the C,astagnoli energy EcastJ l8 the 

energy carried by the charged secondaries defined as Ech = 

(2.4 GeV/sin Oil by assuming the transverse momenta of the 

secondaries as . 4  G~V/C and constant, the track length of 

primaries per plate, the spread of the distribution 

0 =  log tap ei - <log tan B~>)~/(~, - ~)]l/~, 



and the  g o t e n t i a l  l e n g t h  of t h e  j e t  a x i s  i n  t h e  s t a c k .  The 

emission ang le s  r e f e r  t o  t h e  c e n t r o i d  of t h e  s econda r i e s  i n  i 

the l a b o r a t o r y  system. For  most p  and n  even t s  Ecast and t h e  

p a r t i c l e  m u l t i p l i c i t i e s  correspond t o  t hose  gtven i n  Ref. 8. 

Only ?OF event  No. 63 a  new energy es t ' imate  i s  g iven  here .  Ech 
was c a l c u l a t e d  from t h e  p l o t  of  l o g  t a n  ei i n  Ref. 8. The 

seven a e v e n t s  were thoroughly  reana lyzed .  I n  a l l  c a se s  t h e  

emission a n g l e s  of t h e  backward-cone seconda r i e s  were c a r e f u l l y  

remeasured w i t h  r e s p e c t  t o  t h e  d i r e c t i o n  of t h e  i n c i d e n t  

primary. The p l o t s  of  l o g  t a n  Qi f o r  t h e  22 events ,  i n c l u s i v e  

of smal l  c o r r e c t i o n s  from t h e  reineasurements, a r e  shown i n  

Figs.  3 ' ( a )  and ( b ) .  

Out o f  501 shower p a r t i c l e  t r a c k s ,  t h e  fo l lowing  were 

s e l e c t e d  f o r  measurement: 

(i) A l l  t h o s e  belonging t o  1/8 of  t h e  charged second- 

a r i e s  i 'n t h e  extreme backward-cone. Such t r a c k s  

were t r a c e d  t o  t h e i r  e n d s i n  t h e  s t ack ,  r e g a r d l e s s  

of d i p  ang le s .  

g r a i n  d e n s i t y  

Four. t r a c k s  w i t h  normalized 

l a t e r  i d e n t i f i e d  

pro tons ,  were a l s o  i nc luded  i n  t h i s  a n a l y s i s .  

A l l  t r a c k s  of l e n g t h  p l a t e ,  no t  i nc luded  

i n  ( i) ,  t o  cover  about  1/4 of t h e  charged second- 

a r i e s  i n  t h e  extreme backward-cone. Such t r a c k s  

were. t r a c e d .  

The composite angu la r  d i s t r i b u t i o n  of t h e  22 j e t s  i s  shown i n  

Fig .  4. The s o l i d  l i n e  h i s togram r e f e r s  t o  t h e  t r a c k s  conta ined  

i n  l/i of  t h e  charged seconda r i e s  i n  t h e  backward-cone, whi le  
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the shaded area represents the' portion of secondaries which 

viere actually tracede In addition, the grey and black prongs 

of all the primary interactions were also traced to their ends 

i n  the stack. When the secondaries being followed interacted, 

the numbers or' black, grey, and shower. particles in tne 

secondary stars were carefully determined. Grey and black 

tertiary particles from all the secondary interactions were 

.then in turn traced throughout the stacke 

Table I1 summarizes the results of tracing secondaries. 

A total of 74 interactions was found in tracing 20.4 meters of 

secondaries*  h he corresponding interaction mean free path is 
27.2 cm in place of the geometrical mean free path in emulsion 

of 28 cm.) Twenty-six tracks out of 149 were lost in tracing. 

Only one of the four grey secondaries included in the analysis 

came to rest among all the secondaries analyzed and was 

? identified as a 130 MeV proton. 

i 
III, IDENTIFICATION OF JET SECONDARIES 

Aside from the rare occurrence of decays in flight or ' . 

strangeness conserving interactions, the systematic identifi- 

cation of charged jet secondaries s'tems from the measurements 

of quantities depending on their electromagnetic interaction. 

Thus, the mass of a secondary was determined essentially with 

! 
the following two standard methods, which were sometimes 

! employed simultaneously: 

a )  The parameter mi in the function g* = f[(~~/m~)], 

where g* is the grain density of a secondary normal- 

ized to that for shower electrons, g* = g/go, and R 
i 



the residual range, was determined by measuring the 

variation of the normalized grain density Ag* = gSx-* - 
g*l'at a value of g*l over a distance, ARi = Ri2 - Rile 

This was, of course, possible only if the thickness 

ARi of emulsion traversed was large enough to moderate. 

appreciably the energy of the secondary. 

b) The mass m in pp = miYB2 was determined by combining i 

the value of the pp, obtained' from measurement of 

multiple Coulomb scatterings with that of the normal- 

ized grain- density, g*, which to a good approximetion 

is a function'only of the velocity, @, and not of the 

mass. 

The function g-% = f [ ( ~ ~ / m ~ )  1 could be established by measure- 

ments on known particles in the region.of @ s .95 (pre-minimum 
i 

region), while g* = F(pf3) beyond the minimum ionization (trans- 

minimum region) is essentially predicted on theoretical grcunds; 

these func.tions were then used to attempt particle identifica- 
\ 

i tion. The details or' the grain density and scattering 
I 

measurements are descrtbed in Appendix I. 

1. ~rain'Density Calibration in the Pre-Minimum Region 

The grain density in the region .62 5 @ L'.83 was 

established using tracks of stopping ir', identified by their 

i 
r 

characteristic T-P-e decay. The pions were traced back from 

i their decay point and counting was performed in the region or 

1 
, .  residual range from 2 to 12 cm. This calibration is shown in 

Fig. 5 where the solid curve is a best fit to the experimental 

points. The curves for kaons and protons were derived from the 
[ 

; latter. 

i 



It  was p o s s i b l e  t o  extend t h e  curve f u r t h e r  down t o  t h e  

region of minimum i o n i z a t i o n  by observ ing  t h e  v a r i a t i o n s  of g* 

Tor j e t  secondar ies ,  even if t h e y  d i d  no t  s t o p  o r  decay i n  t h e  

s tack.  Th i s  i s  shown i n  Fig .  5 where t h e  observed v a r i a t i o n  

,, . 
i n  t he  normalized g r a i n  dens i ty ,  o v e r ' a n  i n t e r v a l  43, i s  f i t t e d  

: .  

t o  e x t r a p o l a t e  t h e  curves  ob ta ined  up t o  f3 z .95. By t h i s  

procedure some of t h e  s econda r i e s  were a l s o  i d e n t i f i e d .  The 

region t h u s  c a l i b r a t e d  i s  i n d i c a t e d  by d o t t e d  curves  i n  Fig .  5. 

The same symbol i s  used  t o  r e p r e s e n t -  p o i n t s  or" . t h e  same 

sec ,onda~y.  

2. The T h e o r e t i c a l  Grain  Dens i ty  i n  t h e  R e l a t i v i s t i c  Region 
, . 

i .  

The average energy l o s s  p e r  u n i t  p a t h  by i o n i z a t i o n  of a 

. s i n g l y  charged p a r t i c l e  of v e l o c i t y  f3 i n  u n i t  or" t h e  v e l o c i t y  

of l i g h t  c  may be expressed  by t h e  modif ied Bethe-Block 

where 

ne = number of  e l e c t r o n s  p e r  u n i t  volume 

m = e l e c t r o n  mass 

= average i o n i z a t i o r ,  p o t e n t i a l  or" atoms i n  t h e  medium 

T = maximum e'nergy t r a c s r e r  t o  2z elec:rsz; .r'or a  heavy 

?3*y<:.?-c<-: . . -. .: ?'  . . . 

4, = t h e  c o r r e c t i o n  f o r  t h e  d e n s i t y  e f f e c t .  

But a s  s t r e s s e d  by many au thors ,  20, 22-24 the I t  r e s t r i c t e d "  r a t e  



of energy loss, Ir' which is to be compared. with grain density 

in eraulsion, arises from absorption only in AgBr crystals along 

the track, and can be expressed as - 

where To is the maximum energy of delta-rays which are contained 

in the dimension of a single grain. The dashed quantities refer 

here to AgBr. The correction A' for the density effect, which : . , "  

is very critical for the present purpose, is approximated by 

the analytical expressions given by Sternheimer ~ 5 ~ 2 6  

2 2 A '  = In@ Y + C f  + -0235 (4 - x) 4003 for .30 < x < 4 ,  ' 

2 2 A '  = lnp y + C '  for x 2 4 ( 3  

where . . 

2 2 x = loglOp~; C I  = -ln[ml /(hv;) 1 - 1; v P = &- 
So 1, in Eq. (2) becomes 

- P.  for .30 ' x < 4 

and the asymptotic plateau value Ir(B = 1) becomes 

where there is no longer a dependence on the ionization 

potential as such, but only on the electron density n: in the 

medium linearly and through the plasma frequency v l .  Then the 
P 

theoretical expression g-s* = I~/I,(@ = 1). which is to be 

compared with the normalized grain density g*, is given as 



 his expres s ion  p r e d i c t s  t h a t  t h e  g r a i n  d e n s i t y  should i n c r e a s e  

again t o  an asympto t ic  p l a t e a u  va lue  a f t e r , p a s s i n g  through a 

broad minimum around rnin = .954. The e x i s t e n c e  of such r e l a t i -  

v i s t i c  r i s e  t o  a  p l a t e a u  was f i r s t  d e t e c t e d  by Pickup and 

~ o ~ v o d i c ~ ~  and subsequent ly  confirmed by many obse rva t ions .  28-31,5,6 

Shapiro and s t i l l e r 2 '  made a  d e t a i l e d  comparison of t h e  r a t e  of 

r e l a t i v i s t i c  r i s e  w i th  theory ,  and ob ta ined  a  ve ry  good f i t  t o  

the  curve which inc luded  t h e  d e n s i t y  e f f e c t  Sunct ion e l a b o r a t e d  

by S te rnhe ine r .  25 The comparison o f  Eq. ( 5 )  w i th  experiment 
I 

depends c r i t i c a l l y  on t h e  knowledge of t h e  mean i o n i z a t i o n  

p o t e n t i a l  o' f o r  AgBr. The va lue  f o r  t h i s  q u a n t i t y  chosen he re  

i s  o' = 574 eV a s  g iven  by Sternheirner.  26 For  t h e  e l e c t r o n  

d e n s i t y  i n  A g a r  t h e  va lue  n i  = .83 x electrons/cm3 has  been 

used,20 b u t  t h e  knowledge of n i  i s  no t  ve ry  c r i t i c a l  f o r  t h e  

p re sen t  experiment,  s i n c e  Eq. ( 5 )  does no t  depend on n i  any more 

except th rough  t h e  weak dependence on t h e  plasma frequency.  The 

pzrameter  To i s  u s u a l l y  determined by t h e  r a t i o  between minimum 

.and  p l a t e a u  g r a i n  d e n s i t i e s .  A s  w i l l  be ob ta ined  i n  t h e  nex t  

s ec t ion ,  gVx-* = .81 f o r  t h e  p r e s e n t  experiment,  which min 
de t e rmines .  a  va lue  To = .9 KeV. 

3. The exper imenta l  R e l a t i v i s t i c  Rise  i n  Grain  Dens i ty  

The exper imenta l  r a t i o  between t h e  g r a i n  d e n s i t i e s  a t  

minimum and p l a t e a u  i o n i z a t i o n ,  r e s p e c t i v e l y ,  was determined i n  



d 

(i) that this discrepancy is solely due to the Cerenkov 

I .  contribution, which is believed to saturate very early around 

y =  20 and (ii) that the estimated theoretical g* is accurate 

. .. to less than a percent in this region, the above estimate 

follows. Of course, it should be kept in mind that the 

scattering measurements might have given an underestimate of p$ 

because of spurious scatterings. If this were indeed the case, 

any difference between experimental points g*-pf3 and the 

theoretical g* would disappear, thus, reducing even further the 

above upper limit on the cerenkov contribution. 

4. Identity Assignments 

Out of the 149 secondaries traced, 13 secondaries were 

identilied by method a) alone, 4 secondaries by the combination 

of both methods a) and b), and 65 secondaries by method b) 

alone. Method b) was used only for those secondaries which had 

track lengths 2 6 mm per plate and did not interact within 5 mm 

from the parent jet. Altogether, the analyzed portion is 55% 

of the traced; i. e., 82 secondaries out of 149. Figure 7 (2) 

sholvs, by a shaded histogram, the angular distribution of the 

secondaries which were analyzed; Figure 7 (b) shows tne 

distribution of track length per plate for the analyzed sample; 

and finally, Figo 7 (c) shows the distribution of the total 

track length traced for each secondary. 

Method a) was used on the basis of Figo 5, If' a varia- 

tion in g* along the path of a secondary was detected, a fit . >. 

to each curve in Fig. 5 was attempted. The best fit to one of 

the curves for a given AR gave the identity of the secondary. 

The calibration of the g*-pp function of Fig. 6 provides the 



the ?ollov!i,ng manner, Tirst, & '  ~ n e  noraalized grain density oi' 

a proton primary (8 TeV, y = 8.5 x 10') was observed' to be 

g*plateau = 1.028 i .024, where the normalization is 'relative 

to the electron grain density at y .= 200. The grain density ,at 

minimum ionization was determined from' several of the measured 

pion secondaries. This corresponds to gXmin = .84 + .Ol. The 

observed relativistic increase is then (23 + 3)%. This result 

is compared in Table I11 with similar ones, in previous 

experiments 

The theoretical function Eqo (5) of the previous section, 

for the choice of the'critical parameters already described and 

for the trans-minimum region 'only, is reproduced in Fig. 6, 

where it is normalized to fit the experimental g*plateau. The 

prelminimum part of the curve in Figo 6 corresponds to the best 

fit of the g* versus R plot of Fig. 5. For this translation, 

use was made of the range-energy relation of Barkas. 32 AS can 

i be seen, 'the experimental points g*-pp r'ollow quite satisfac- 

'i torily the slow rise to the plateau predicted by Sternheimer 26 

and in this sense agree very well with the observations of 
. . 

31 Shapiro and stiller2' and of Barkas. 
e 

The contribution from the Cerenkov radiation, which was 
. . 

estimated by ~t'ernheimer~~ and ~ l l e n ~ ~  to amount at most - 2% 

of the total increase of ionization from the minimum to the 

'plateau, was not included in Eq. (5) of the previous sect,ion. 

The upper limit of this effect may be set to less than - 59 from 
.. . 

the present experiment. In fact, the experimental points of jet .. . 

secondaries around y = 20 lie, on the average, at most a percent 

I 
higher than the predicted g* c-rve of Fig. 6.  hen by assuming 



basis  f o r  i d e n t i f i c a t i o n  by method b ) .  A s  can be seen, a l a r g e  

number of p o i n t s  c l u s t e r  around t h e  p ion  curve,  whi le  s e v e r a l  - - 

f i t  the  kaon curve b e t t e r .  Pions  were d i s t i n g u i s h e d  from kaons 

< .  and p ro tons  i n  t h e  r eg ion  where t h e  curves  i n t e r c e p t ,  f o r  , t h e . .  

-. 
absence of a  v a r i a t i o n  i n  g*, I n  any case ,  f o r  each  event  t h e  

r e l a t i v e  p r o b a b i l i t y  of i t  be longing  t o  e i t h e r  i d e n t i t y  was 

est imated and an assignment made. The i d e n t i t y  assignment of 

the 82 seconda r i e s  (except  3 p ro tons  of  g* 3 1,8)  by a l l  methods 

i s  i l l u s t r a t e d  i n  F ig .  6 where t h e  b l a c k  f i l l e d  c i r c l e s  r e p r e -  

j; sent  p ions ;  t h e  open c i r c l e s ,  kaons; t h e  open squares ,  p ro tons ;  
3 .  

. and  a  f i l l e d  square ,  a hyperon, i d e n t i f i e d  by i t s  decay as w i l l  

be r epo r t ed  e lsewhere .  34 The secondar ies ,  i d e n t i f i e d  by method 

a ) ,  a r e  r e p o r t e d  i n  Fig .  6 w i t h  t h e  same synbols  a s  i n  F i g o  5. 

It  should be po in t ed  o u t  t h a t  t h r e e  kaons and a p ro ton  were 

separa ted  by t h e  combination of bo th  methods a )  and b )  from t h e  

pions i n  t h e  trans-minimum reg ion .  One of  t h e  t h r e e  kaons a l s o  

produced a  mesic hyperfragment.  

IV. EXPERIMENTAL DATA 

1. Composition of  Secondar ies  

Among t h e  82  seconda r i e s  analyzed,  53 were a t t r i b u t e d  t o  

pions, 18 t o  kaons, 1 0  t o  p ro tons ;  and one t o  a  hyperon; t h i s  

corresponds t o  r e l a t i v e  f r e q u e n c i e s  of  p roduc t ion  of (65 + 9)$ ,  

- .  . . - . * .. . -, . , , . ( ., . - . .. .. . - - 3 -  . - . . . . ' (22 9 5)$, ( 2  4 ec(? ' . . , . . .  , . .  . ., 

e r r o r s  quoted are only  s t a t i s t i c a l .  Table  VIII i n  Appendix I1 

shows a breakdown of  i d e n t i t y  'assignments f o r  each event .  The 

i d e n t i t y  of a  hyperon w i l l  be r e p o r t e d  e lsewhere .  34 
The degree  of  d i sc r imina t io 'n  between p a r t i c l e s  i n  t h e  



present set of data is shown by the two histograms in Fig. 8. 

Tiie -. upper histogram of the two is the mass distribution of the 

82 secondaries by,folding the errors of g* and pp, while the 
5 ' .  

. . lower histogram shows the mass distribution of the identified 
$ 

. . 
gecondaries when no errors in measurements of g-% and pp were 

assumed. . The mass values were calculated strictly with ref- 

erence to the theoretical g*-pp curve of the pion for both 
, . 

cases. The similarity of shape and width in the distributions 

of the two histograms in Fig. 8 shows consistency in errors of 

measurements adopted. . . 

It is realized that the separation is not very clear and 

the wrong identification is quite possible especially for those 
. . 

secondaries which lie in the intermediate regions between the 

peaks in the mass distribution in Fig. 8. An upper limit 09 

contamination is estimated at - 10% of the so-called kaon and 
proton samples. 

With the help of Ecast in Table I, the emission angle ol" 

each secondary was ,transformed into the c,m. system. The rela- 

tive composition of the secondaries was found to be dependent 

on the c.m. emission angle as shown in Table IV. 

2. C.M. Momentum and. Transverse Momentum -Distribution 

The results of the Lorentz transformation to the c.m. 

system are shown in Fig, 9 where the transverse momentum of the 
1' 
I jet secondaries is plotted versus their longitudinal momentume 
a 

8 .  

L 

1 Figure 10 shows the momentum distributions of pion and kaon, .- I 
1 where the shaded portion represents the secondaries with c.m. 

i 0 
t emission angles S 175 . The average c.m, momenta of the pion 
1 

and kaon are 2.1 G~V/C and 7.9 GeV/c respective]-y. 
g 



The r a t i o s  02 t h e  come energy of  t h e  11 baryons (10 

protons, .l Y )  t o  h a l f  t h e  a v a i l a b l e  energy i n  t h e  c.m. s y s t e n  

corresponding t o  each primary, can be de f ined  a s  an index of 

I I p e r s i s t e n c y "  f o r  t h e  baryons;  Table  V l i s t s  t h e  t r a c k  number, 

c.m. energy, h a l f  t h e  t o t a l  a v a i l a b l e .  energy,  and index  of 

pe r s i s t ency  of t h e  11 baryons.  The average of t h i s  index t h u s  

. . obtained ( exc lud ing  12-1) i s  .5 + .2, which should no t  be 

I 
inf luenced by t h e  i naccu racy  of t h e  p r imary ' ene rgy  e s t i m a t e  t o  

a  good approximation.  I n c o n s i s t e n c y  t h a t  t h e  t r a c k  12-1 has  

an index of p e r s i s t e n c y  l a r g e r  t h a n  1 might have r e s u l t e d  from 

the  wrong assignment of mass f o r  t h e  t r a c k .  

The l e a s t  square  f i t  o f  t h e  p ion  momentum d i s t r i b u t i o n ,  

f o r  c.m. emiss ion ang le  < 1751'~ t o  t h e  form dN c 5" dp g i v e s  

h and t h e  b e s t  f i t  i s  drawn i n  F ig .  10. 
i 

f 
The average t r a n s v e r s e  momentum of  t h e  s econda r i e s  has 

i 
? been given s p e c i a l  a t t e n t i o n , 3 5  s i n c e  it has been known t o  be:., 

J' amall and r e a s u ~ l a b l y  cons tant  Chrough t h e  wide range of pr imary ,' 
t.' .. 
i. e n e r g i e s ,  F igu re  11 shows t h e  t r a n s v e r s e  momentum d i s t r i b u -  

I . .:. 
t i o n s  of p ions ,  kaons, and p ro tons  where t h e  shaded p o r t i o n s  

L - 
t 
5 a r e  f o r  t h e  corn. emiss ion a n g l e  6 5 175'. The average t r a n s -  

i 
t v e r s e  momenta of p ions ,  kaons, and p ro tons  ob ta ined  from t h e  

i p r e s e n t  experiment a r e  '319 03.3.9 2 . ~ ?  7 ' .. ' 

I .  

, .,s. -.- . .. 

momentum pt = 1.3 GeV/c. F igu re  1 2  shows t h e  t r a n s v e r s e  
I 
i - 
t momentum d i s t r i b u t i o n  accord ing  t o  t h e  c.m. e n i s s i o n  ang le  8 .  

I - 
The a n g u l a r  dependence of  t h e  c.m, average momenta 'ps 



2nd t ransverse  momenta <?t, of' pions,  kaons, ar.d l r o t o n s  a r e  

l i s t e d  i n  Table V I .  The numbers i n  t h e  brackets  i n  Table V I  

are the average percentage r a t i o s  of t h e  c.m. energy t o  ha l f  

:' the t o t a l  a v a i l a b l e  energy f o r  secondaries  i n  t h e  given 
j 

angular i n t e r v a l s  where t h e  r a t i o s  a r e  not  inf luenced by the  

inaccuracy of t h e  primary energy es t imate  t o  a  good approxima- 

t ion.  I t  should be emphasized again here t h a t  t h e  secondaries  

analyzed i n  t h e  p resen t  experiment were s e l e c t e d  from t h e  ou te r -  

cone p a r t i c l e s  i n  t h e  l abora to ry  system, tnus,  t h e  average 
. . 

values i n  Table V I  a r e  p r e f e r e n t i a l l y  weighted over t h e  ' l a rge  

c.m. emission angles .  The decrease of t h e t r a n s v e r s e  momentum 

in  the  extreme c.m. emission angles  was noted by J. Pernegr 

36 e t  a l .  -- 

V. DISCUSSION 
i 

t 1. Observed Features  and Theories f o r  J e t s  
i, s The p resen t  experiment has i n v e s t i g a t e d  t h e  fol lowing 
I 

f e a t u r e s  of high-energy j e t s ;  ( i )  composition of produced 
i 

p a r t i c l e s ,  (ii) t h e  t r ansverse  momenta of d i f f e r e n t  secondary 

*X p a r t i c l e s ,  and ( i i i )  t h e  cam. momentum d i s t r i b u t i o n s  of 
1 

i d i f f e r e n t  p a r t i c l e s :  These f e a t u r e s  a r e  found t o  be dependent 

i on t h e  c.m. emission angle-  The index of pe r s i s t ency ,  P, i s  
- r e l a t e d  with ( i v )  i n e l a s t i c i t y  of i n t e r a c t i o n s ,  q ,  a s  P = 1 - q .  

$ Besides these,  previous extens ive  i n v e s t i g a t i o n s  of j e t s  have 
i 
I 
i 

yie lded  o t h e r  f e a t u r e s  such a s  ( v )  v a r i a t i o n  of m u l t i p l i c i t y  
t 
! of t h e  produced shower p a r t i c l e s  versus  t h e  energy of the  p r i -  
f 
1 mary and ( v i )  a n i s o t r o p i c  emission of t h e  secondary p a r t i c l e s  

f 
i n  t h e  cem. system. So f a r  few a t tempts  have been zade t o  



y:easure ( v i i )  t h e  t o t a l  and e l a s t i c  s c a t t e r i n g  c r o s s  s e c t i o n s .  

I n v e s t i g a t i o n s  of some f e a t u r e s ,  l i s t e d  above, s u f f e r  from t h e  

inaccu ra t e  e s t i m a t e  of t h e  primary energy i t s e l f .  

There have been many t h e o r i e s  proposed t o  e x p l a i n  

p a r t i a l l y  o r  t o t a l l y  t h e  observed f e a t u r e s ,  l i s t e d  above, sucn 

as  Heisenberg ' s ,  37 LOM1s, 38 F e r n i  I s ,  39 Landau Is, 4G and 

- Bhabha' s o  41 There a l s o  a r e  phenomenological models proposed 
3 

i" t o  e x p l a i n  c e r t a i n  pa rame t r i c  i ' ea tures ,  such a s  t h e  two-center  

L model, 42 t h e  t unne l  model, 43 and t h e  t w o - f i r e - b a l l  model. 44 

Rece'ntly P e t e r s '  hypothesisQ5 draws much a t t e n t i o n .  Arnati - e t  

46 a l .  developed a  f i e l d - t h e o r e t i c a l  model f o r  t h e  m u l t i p l e  - 
product ion of  p a r t i c l e s .  

The t h r e e  f e a t u r e s  ( i )  - ( i i i )  of t h e  p r e s e n t  'experirnmt 

could be s t u d i e d  on ly  f o r  two i n t e r v a l s  of c.m. emiss ion ang le  

is t a b u l a t e d  i n  t h e  Tables  IV and V I ;  i.&., Por 8 2 175' and 
- 
6 < 175'. I n  t h e  fo l lowing  s e c t i o n ,  i t  w i l l  be d i s c u s s e d t h a t  

the  hydrodynarnical t heo ry  'O' 47-5' d e s c r i b e s  t h e  observed 

f e a t u r e s  c o n s i s t e n t l y ,  as f a r  a s  t h e  K/T r a t i o ,  pt d i s t r i b u t i o n ,  
- 

and <p> a t  6 < 175' a r e  concerned. I n  Sec t .  3 t h e  Heisenberg 

theo ry  37'55 w i l l  be favored  f o r  i n t e r p r e t a t i o n s  o f  t h e  smell- 

ness  of <pt> and h igh  K/ir r a t i o  i n  t h e  extreme c.m. emiss ion 
- 

0 angle  8 2 175 . Landau theoryQ0 and Heisenberg theory37 a r e  

two extreme c a s e s  of  l aminar  f low and t u r b u l e n t  flow, Fespec- 

t i v e l y ,  i n  t h e  hydrodynamical system, 56 So t h e  i n t e r m e d i a t e  

t heo ry  between t h e  two extreme t h e o r i e s  o r  t h e  a p p l i c a t i o n  of 

two t h e o r i e s  t o  t h e  d i f f e r e n t  come emiss ion a n g l e s  might be 
. , 

neces sa ry  t o  . e x p l a i n  t h e  o v e r a l l "  p r o p e r t i e s  of j e t s .  ( s e e  t h e  

S e c t .  4 . )  



. - 
2.  Data for < 175' in Terms of the Fermi-Landau Theory 

The basic assumption of the Fermi-.Landau theory was first 

propased by Fermi and later modified by Landau. When the two 

very fast nucleons collide, the energy in the coma system is 

released in a very small volume R 

- 
where mi is the nucleonos mass and Eo is the total energy of 

the two colliding nucleons in the c.m. system, and the Lore~tz' 

contraction in the direction of the nucleon's ~otion is taken 

It 
I into account. The nuclear interaction is strong", the 

interaction volume fl is small and the energy distribution wlll 

be determined by statistical laws. Fermi originally took this 

initial 'stage of statistical equilibrium' as "frozen" and the 

observed final state of multiple production process reflected 

just such equilibrium. Landau modified the view to. that "ce 

observed number of particles in a nuclear interactior! does not 

correspond to the first stage of statistical equilibrium but to 

the second stage when a critical temperature has been reached. 

Namely, when due to the exgansion of the system the mean free 

path of the created particles becomes comparable with the 

linear dimension of the system and their rnutual interactions 

decrease.sharply. In the process of expansion the system can 

be visualized as a relativistic hydrodynamical system, since 

the mean free path remains small compared with the dimension of 

the system. 

According to the theory, the particle density of' the 

Boson gas p at the critical temperature, ,.Tc, at a certain 

... 
. .$,, 

. .  - -- I-' 



sec t ion  of t h e  system i s  expressed  by 

g i s  t h e  s t a t i s t i c a l  weight of  t h e  p a r t i c l e  of  mass mi and 
i 

X,(x) i s  a modif ied  B e s s e l  f u n c t i o n  of t h e  second o r d e r .  ~ ~ 8 ~ 5 7  
C 

+ + 
The K-./T- r a t i o  a s  p r e d i c t e d  by Eq. ( 8 )  a s  a f u n c t i o n  or' 

2 
Xc = mat /kTc, i s  shown i n  F ig .  13 where g,2, = gT:. = 2 i s  

assumed. Fron t n e  p r e s e n t  e x p e r i n e n t a l  r a t i o  of t h e  number of 

charged kaons t o  t h a t  of charged pions ,  - 3 4  2 .05, 

+ + 
I f  t h e  K:./< r a t i o  f o r  8 < 175' is cons idered  (9/46 = .2C  +- . 07) ,  

then 

'l'he hydrodynarnical t heo ry  f u r t h e r  p r e d i c t s  t n e  energy 

dens i t y  o f  t h e  produced Boson p a r t i c l e s  a t  a t empera ture  T as 

and ~ ~ ( x )  i s  a  modif ied  B e s s e l  f u n c t i o n  of-  t h e  f i r s t  o rde r .  48,5'1 

So t h e  energy p e r  p a r t i c l e  a t  t h e  c r i t i c a l  t empera ture ,  'PC, 



2  i. grzph of t h i s  f u n c t i o n  a t  var ' ious x  = nlrc /kTc i s  shown i n  
C 

Fig .  14 f o r  kaons and pions ,  a s  c a l c u l a t e d  from Refs.  48 and 57. 
- 

Also shown i s  t h e  r a t i o  of EK t o  ET, which s t a y s  around u n i t y  

2  f o r  kTc >> m c  , and goes up, i n  a  complicated manner, eventu-  
7r 

I a l l y  t o  3.54 = ml(/rnT i n  t h e  n o n - r e l a t i v i s t i c  l i m i t .  The o v e r a l l  
- 

average momenta of kaons and p ions  (<iK> = 7.9 GeV/c, 
= 

2 .1  G ~ V / C )  a r e  r a t h e r  l a rge .  when Eq. (12)  g i v e s  EK = *77 GeV 
- 2 and ETT = .46 GeV a t  kTc = in c  . Thi s  would immediately sugges t  

TT . . . . 

an exp lana t ion  i n  terms of h i g h e r  c r i t i c a l  t empera ture  t han  

< 

m?r 
c2 a s  seen  from Fig.  14. The same s i t u a t i o n  p e r s i s t s  even i f  

the average momenta of kaons and p ions  l o r  a ' 175' a r e  on ly  
>; 

1 taken i n t o  c o n s i d e r a t i o n .  While i t  may no t  be ignored  t h a t  t h e  
-, 

over -es t imates  .of  t h e  pr imary ene rg i e s ,  i n  gene ra l ,  r e s u l t  i n  
. '~ . . 

those of t h e  c.m. momenta p r o p o r t i o n a l l y  th rough  t h e  Lorentz  . . 

= &-, ano the r  n a t u r a l  e x p l a n a t i o n  could f a c t o r  yCEst c a s t  p 

be given by assuming t h a t  a p o r t i o n  of  t h e  f l u i d ,  t h a t  i s  

r e spons ib l e  f o r  t h e  i s o t r o p i c  emiss ion of  p ions  and kaons -accord-  

2  ing  t o  Eq. (12) ,  has  a come v e l o c i t y  z. While kTc = mTc , t h e  

average c.m..momenta of kaons and p ions  w i l l  r e ach  t h e  same mag- 

n i tude  a s  t h e  p r e s e n t  d a t a  f o r  8 < 175' i f  ,5 = .88 (7 = 2 .1 ) .  

Moreover, t h e  r a t i o  of t,he c a m .  average momenta of  kaons and 

pions 1.5 + .5 i s  c o n s i s t e n t  w i t h  

2  kTc = mTTc , 
s i n c e  it can be shown t h a t  t h e  r a t i o  of average momenta of kaons 

and p ions  i s  approximately  ~ o r e n t z  i n v a r i a n t  provided t h a t  . 3  



znd thst kaons and pions a r e  emit ted i s o t r o p i c a l l y  i n  t h e  

j'luib* 

The t r ansverse  momentum d i s t r i b u t i o n s  a r e  c o n s i s t e n t  with 

2 a c r i t i c a l  t e m ~ e ~ a t u r e  kT c m 7~ c  The o v e r a l l  d i s t r i b u t i o n  

of pion t r ansverse  momentum shows very good agreement with t h e  

2 calcula t ions  (Tor 'kTc = n?,c ) of ' ~ i l e G i n  and ~ o z e n t a l ~ '  a ~ d  

~ i 1 e k h i . n ~ ~  a s  t h e  experiments of Debenedetti  -- e t  and 

Hansen -- e t  a l .  59 previous ly  shoved.  he t r a n s v e r s e  momentum 

d i s t r i b u t i o n  of pions f o r  6 < 175" i s ' shown i n  Fig.  15, toge the r  

with the  t h e o r e t i c a l  c a l c u l a t i o n s  by ~ i l e k h i n ~ l  f o r  t h e  two 

parameters kT = mTc2 ar,d s i n h  4 = 0 and .5, where 4 i s  defined 
C 

2s t he  hydrodynamical t r ansverse  v e l o c i t y  a t  the.  moment of 

break-up. The b e s t  f i t  ob ta ins  when 

kTc = m c2 and s i n h  5 = 0,. 
7T 

which means t h e  t r ansverse  v e l o c i t y  a t  t h e  moment of break-up 

i s  n e g l i g i b l e *  Thus, t h e  one-dimensional hydrodynarnical theory .. 

gives an o v e r a l l  s a t i s f a c t o r y  f i t  t o  t h e  d a t a '  f o r  t h i s ,  angular  '.;. 

i n t e r v a l .  Here it must be reminded t h a t  Eq. ( 6 ) , i s  a l s o  con- 

s i s t e n t  with n = -1, which i s  p red ic ted  by t h e  hydrodynami'cal 

theory. 

3. Data f o r  3 l 175' and Thei r  I n t e r p r e t a t i o n s  

severa l '  disagreements emerge when K/T r a t i o ,  t h e  average 

momenta of pions and kaons, and t h e  t r ansverse  momenta f o r  
- 
e L 175' a r e  s t u d i e d  under t h e  l i g h t  02 t h e  hydrodynamical 

+ 
theory.  The l a r g e  K%- r a t i o  ( 9  K versus  7 rr) suggests  a  

l a r g e  c r i t i c a l  temperature of t h e  f l u i d  ( ~ i g .  13) 
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from an analogy with the black body radiation* But it turnzd 

out that when 

the hydrodynamical description becomes equivalent to the 

Heisenberg theory. Since the data for 8 2 175' in the present 

experlrnent favor an interpretation in terms of Heisenberg 

theory and those for 5 < 175' in terms of Landau theory, then 

it might be concluded that c: either varies according to the 

cam. emission angle or is some number between 0 and 1/3. 3ut 

it seems clear that the. two views are sufficient to describe 

the parametric features observed in the present,experiment. 

VI . CONCLUSIONS 

The 'present experiment has made full use of the .large 

dimension of the st.ack, which revealed extremely valuable both 

in the tracing of tracks and in the observation of the gradual 

change of ionization as the secondaries traversed the block of 

emulsion. Moreover, the local. normalization or" the grain 

density to that of high-energy electrons and the large 

statistics of grain counts contributed to improve the method 

of identity assignment. The present experiment shows good 

agreement with the theory of ionization loss in the trans- 

minimum region, to an extent which enabled discrimination of 

kaons from pions up to pes of - 10 GeV/c. 
Among 82 secondaries analyzed, the composition found 

consisted of 53 pions, 18 kaons, 10 protons, and one hyperon. 

The average c.m. momenta were 2.'1 and 7 , 9  ~eV/c for pions end 



kaons r e s p e c t i v e l y  i n  t h e  s o l i d  ang le  analyzed;  t h e  t r a n s v e r s e  

momenta were 31, -33, and .35 G e ~ / c ,  r e s p e c t i v e l y ,  f o r  pions,  

kaons, and p ro tons .  The o v e r a l l  r e s u l t s  of t h e  p r e s e n t  expe r i -  

ment mziy be roughly accounted f o r . b y  t h e  hydrodynamical t heo ry  

2 with a  c r i t i c a l  temperature  kTc = m f i ,  c o n s i s t e n t  w i t h  t h e  

observed average K/T r a t i o  and t h e  t r a n s v e r s e  momenta. 

The baryons c a r r i e d ,  on t h e  average,  a f r a c t i o n  .5 + . . 2  

of t h e  a v a i l a b l e  energy p e r  nucleon i n  t h e  c,m. system of t h e  

c o l l i s i o n .  Th i s  method, i f  r e f i n e d  f u r t h e r  w i th  b e t t e r  s t a t i s -  

t i c s ,  i s  a  good means of  measurement of i n e l a s t i c i t y  of n u c l e a r  

i n t e r a c t i o n  of high-energy j e t s  s i n c e  i t  i s  no t  a f f e c t e d  by t h e  

accuracy of t h e  pr imary energy e s t i m a t e  t o  a good approxima- 

t i on .  From a n a l y s i s  of t h e  row-momentum t r a n s f e r  of t h e  11 

baryons by assuming t h a t  t h e  i d e n t i f i e d  baryons a r e  s u r v i v i n g  

t a r g e t  nucleons,  i t  has  been i n f e r r e d  t h a t  t h e  p e r i p h e r a l  o r  

mu l t i phe ra l  of h igh-energy i n t e r a c t i o n s  d i s a g r e e  with '  

the  obse rva t ipn  or' = 1- 1 GeV. 62 This  conc lus ion  may 

co inc ide  wi th  t h e  c e n t r a l  c h a r a c t e r  of i n e l a s t i c  n u c l e a r  

processes ,  deduced from t h e  p r e s e n t  experiment.  

Even i f  t h e  number or" t r a c k s  analyzed i s  small ,  t h e  

q u a l i t a t i v e  s t r u c t u r e  observed i n  t h e  extreme backward r e i i o n  

of come emiss ion ang le  i s  conspicuous.  The observed f e a t u r e s  

a r e  as fo l lows:  ( i )  f o r  8 1 175', t h e r e  were 7 T, 9 K j  10 p, 
- 

and 1 Y; l o r  < 1 7 5 O ,  t h e r e  were 46 8, 9 K, and no baryons;  

( i i )  f o r  ?L 1 7 5 O ,  t h e  average c.m. momenta of p ions  and kaons 

were 8.5 and 14.3 GeV/c r e s p e c t i v e l y ;  f o r  8 < 175O, t hey  were 
- 

0 1.1 and '1.5 GeV/c r e s p e c t i v z l y ;  (iii j Tor 8 2 175 , t h e  t r a n s -  

v e r s e  momenta were .20, .21, and .35 G ~ V / C ,  r e s p e c t i v e l y ,  f o r  



- 
picas, kaons, and protons;  f o r  < 175O, those of pions and 

kaons were - 3 2  and .46 GeV/c re.spective'ly. And t h e  inc rease  of 
. . . . 

t ransverse momentum.with t h e  mass of t h e  secondary p a r t i c l e  i s  

not iceable .  
. . 

For t h e  observed feai;ures i n  8 * 175O, t h e  hydrodynamical 
I 

2 TF 
theory with kTc = m T c2 desc r ibes  c o n s i s t e n t l y  except the  f a c t  

+ 
i t ha t  t h e  average c.m. v e l o c i t y  of the  f l u i d  t h a t  i s  respons ib le  

Tor the  i s o t r o p i c  emission of mesons must be assumed. around B = 

9 .88 (7 = 2. l), t o  g e t  t h e  magnitude of t h e  average c.m. momenta 

observed. The f a c t  t h a t  t h e  come momentum d i s t r i b u t i o n  of pions 

i s  the  form dN a pn dp with n  = -.g + .4 supports  t h i s .  view. 
- 

0 But f o r  8 4 175 t h e  t r ansverse  momenta become smaller,  t he  corn. 

monenta l a r g e r ,  and t h e  K/T r a t i o  i s  around u n i t y .  So f o r  t h e  

l a t t e r  region, i n t e r p r e t a t i o n s  i n  terms or" t h e  Heisenberg theory 

a re  favored. 

The ex i s t ence  of s e v e r a l  .very high-energy 'secondary m&sons 

i n  t h e  extreme c.m. angle  must be examined with b e t t e r  s t a t i , s -  
3s  t i c s .  These mesons may be t h e  decay products  of t h e  p e r s i s t e n t 9 '  

exc i ted  nucleon s t a t e s .  O r  phenomenologically, they may have 

the func t ion  of t h e  energy c a r r i e r ,  which i s  b u i l t  i n  the  hydro-' 

dynamical theory t o  c a r r y  away about a  h a l f  of t h e  a v a i l a b l e .  

49 energy i n  c.m, system. 

The t h e o r e t i c a l  c o r r e l a t i o n  between t h e  two extreme views 

were discussed by.Milekhin.  The consequences of t h e  present  

view t h a t  both  t h e  Landau and Heisenberg t h e o r i e s  might con- 

t r ibu te .may  y i e l d  a  v a r i a t i o n  of t h e  m u l t i p l i c i t y  of shower 

p a r t i c l e s  n i  a s  a func t ion  o f t h e  primary energy Eo of the  form: 

1/2 + b Eo ns = a  Eo 



where a and b a r e  c o n s t a n t s .  The t o t a l  c r o s s  s e c t i o n  of 

i n t e r e c t i o n  would i n c r e a s e  s l i g h t l y  by consequence- of t h e  - 

fieisenberg p a r t .  The r a t i o  of kaon produc t ion  t o  t h a t  of p ion  

would no t  v a r y - v e r y  much from t h e  known r a t e  of p roduc t ion  a t  

a c c e l e r a t o r  e n e r g i e s .  
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APPENDIX I 

1. Grain Density Measurements 

Grain counting was performed with 53X objective and 

12.5X ocular. As discussed in Chapt. 111, the convention for 

counting is very critically relevant to the ratio of the 

plateau to the minimum, which, in turn, sets the 6-ray energy 

limit To. In the convention adopted here, those grains which 

were not strictly aligned with the particle path, were rejected 

in counting, but even small grains were counted i f  they aligned 

well. 'Repeated observations of the grain counts over the same 

track by the same observer showed consistently the same v:a'lue 

within 0.2s  over a substantial elapse of time. The grain 

density was not measured within 1 cm from the plate edges. 

Unfortunately, the grain density varied from one plate to an- 

other and had a dependence on the depth of emulsion as already 
. . 

shown in Figs. 1 'and 2. The grain density of a secondary, g, 

was normalized to the average grain density of high-energy 

electrons, go. This.procedure was carried out effectively by 

counting the grains through a whole plate from the glass bottom 

to the air surface of the emulsion, both for the secondary and 

for the high-energy electron.tracks. This normalized grain 

density, gX = g/go, was obtained by individual observers to 

eliminate subjective factors In the counting procedure. The 
. . . . 

grain density . . of flat secondaries was normalized to that of the 
... 

high-energy el'ectrons at the same depth of the emulsion in the 

vicinity of the secondary, after constructing 3 curve similar 

to that shown in Fig. 2. The elctron tracks were,carefully 



se l ec t ed  and low-energy t r a c k s  were d i sca rded .  The r a d i a t i v e  

correct ion63 was i n f e r r e d  a s  n e g l i g i b l e  from t h e  measurements 

., of  t h e  normalized g r a i n  d e n s i t y  of t h e  h ighes t -energy  e l e c -  

3 t rons  i r ? .  t h e  co re s  or" j e t s  ( y  k 4 x 1.0 ), g* - .99 + .03, where 

the  normal iz ing  procedure  was t h e  same a s  f o r  t h e  s econda r i e s  

by u s ing  t h e  shower e l e c t r o n s  ( y  r 290). The average g r a i n  
) 

dens i ty  ol" shower e l e c t r o n s ,  go, frorn d i f f e r e n t  showers i n  2 

given p l a t e  showed c o n s i s t e n t l y  t h e  same va lue .  The va lues  o f '  I 
f 

I 

g* f o r  t h e  same t r a c k  f o r  s e v e r a l  succes s ive  p l a t e s  u s u a l l y  
; 
% showed good r e g u l a r i t y .  E r r o r s  on.g-%, Ag*, were taken  a s  

where N and N a r e  t h e  number of g r a i n s  counted, respec-  
g  go 

t i v e l y ,  f o r  ' t h e  secondary and high-energy e l e c t r o n  t r a c k s .  

2. S c a t t e r i n g  Measurements 

; The m u l t i p l e  s c a t t e r i n g  measurements were made on 

I 
Kor i s tka  R-4 and MS-2 microscopes w i t h  l O O X  and gOX o b j e c t i v e s  

1 

' with a  t o t a l  magnifying power of about 1200X; t h e  microscope g 
l a z p  was always tu rned  on two hours  be fo re  measurement. Sca t -  

: 
t e r i n g  measurements were no t  performed l f  t h e  secondary was 

wi th in  about  4 cm.from the  p l a t e  e6ges. The s t anda rd  S a g l t t a  

was used t o  o b t a i n  pp. For  t h e  p r e s e n t  experiment 

, t h e  va lue  of  t h e  s c a t t e r i n g  c o n s t a n t  K was t a k e n  t o  be 26.7, 
! 
i 
1 

27.6, 28.5, and 29.3, r e s p e c t i v e l y ,  f o r  250 microns, 500 microns, 
I 
1' 1000 microns, and 2000 microns c e l l s .   his va lue  K r e f e r s  
i 
I t o  f3 = 1 wi th  t h e  c u t o f f  procedure,  which means t h a t  t h e  second 

I ~ 11 d i f f e r e n c e s  t h a t  exceed t h e  va lues  of  f o u r  t imes t h e  average 
i i 
I a r e  el irninate 'd i n  t h e  nex t  ave rage - t ak ing  procedure.  I n  



. . 
practice, the measured second differences, <D2(l)tmeas., 

contain contributions from effects other than mul'tiple Coulomb 

scattering. Among these effects65 the combined effects of 

stage noise and reading noise were estimated from measurements 
. . 

i of second differences on a Bausch and'lomb straight line. The 

. ,- combination of spurious scattering with the stage noise, read- 

ing'noise, and grain noise were estimated from scattering 

measurements on flat primary tracks of high energy. Results 

of these measurements are tabulated in Table VII. As seen in 

this table, while the stage noise is'almost independent of the 

cell size, other listed noises are probably due to small grad- 

.us1 distortions of the plates in packing and due to the ~ 
differential shrinkage of emulsion.during processing. Some. 

~ ePfect.might come from the fact the average second differences 

llsted for larger cell lengths resulted from taking comgletely 

overlapping second differences from the measurements for the 

basic cell length rather than taking the direct measurements 

for the actual cell lengths. 

The noise elimination was carried out on the assumption 

that the noise contribution, E, 

as follows: 

is independent of cell length, 

where "'2(l)smeas. is the average second difference of the 
- .  

basic cell length tl, 

where <D2(n)>rneas. is the average second difference by the 



completely overlapping procedure of t h e  c e l l  l eng th  n t l .  Then 

'from Eqs. (20)  and (21)  

The b a s i c  c e l l  l e n g t h  used was 250 microns o r  500 microns i n  

t h i s  experiment. The e r r o r s  of t h e  f i n a l  va lues  were processed 

according t o  D i  Corato -- e t  a l e ,  66 whose methods were based on t h e  

theory of DvEspagnat . 67 I n  most of t h e  cases  t h e  a c t u a l  e r r o r  

was e i t h e r  l . 4 6 / 6  f o r  n  = 2 o r  l.g2/dfi;; f o r  n  = 4, 1i:here n- 9 i s  

the number of second di 'fferences of t h e  b a s i c  ' c e l l  l eng th . ,  '$or 

each secondary, t h e  two s e t s  of values of pB and i t s  e r r o r  were 
a d  < Dz (1) 7lvnea-s. ) 

processed by a  combination of C D 2 ( 2 ) a m z r  by t h a t  of 

<D2(4)smeas. and <D2 ( 1 *me,; * through Eqo e (22),  and they were , . . 

examined f o r  consis tency of measurements. ' I n  a  few cases,  wheh 
. . 

t he  two values of p@ of t h e  same secondary, which were obtained 

a s  descr ibed abpve, were not  i n  agreement within:  t h e i r  e r r o r s ,  

then t h e  value 02 pf3 and i t s  e r r o r ,  which we,re obtained through 

t h e  conbinat ion of n  = 4 and n  = 1 values,  were adopted. The 
" 66 t h i r d  d i f f e r e n c e s  were processed i n  t h e  s i m i l a r  way t o  ge t  pB. 

The average r a t i o  of p@ deduced from t h e  t h i r d  d i f f e rences  and 

t h a t  from t h e  secondary d i f f e r e n c e s  on t h e  same t r a c k  were .99, 

which shows, on t h e  average, t h e r e  a r e  not  s e r i o u s  d i s t o r t i o n s  

i n  t h e  s t ack .  A l l  t hese  va lues  of pB w e r e . a l s o  t e s t e d  of t h e i r  

consis tency with those t h a t  were obtained independently by 

e l imina t ing  t h e  t o t a l  noise  assuming t h e  noise  of t h e  



+ .  

i" 
corresponding cell length listed in Table VII. 

d' 
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TABLE I 

, Even t s  S t u d i e d  

" ' .;:' 

P o t e n t i z l  
Event  Emst  , Dip J e t  Axis . . , 

No. Type (TeV) Ech (J mm/P ( cm.) 
:.. <$?. -. >... . . 

Average 5.2 2.2 

i 77 
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TABLE I1 

Tracks Traced 

i Numbers Length 
Event I n t e r -  Out of Followkd 

i No. Traced ac ted  Stack Lost ' (cm) 

l 'mesic  hyperfragment 
136. among t e r t i a r y  products  

8 17 10 5 1 269.5 A pion s c a t t e r s  4.5' 

51.0 
A t r a c k  s c a t t e r s  13.3" 

33*3 a t  -184 cm 
29.6 . . 

3 1 - 44.4 k proton s tops  

A t r a c k  s c a t t e r s  11.2' 
164e9 a t  .9 cm 

120 5 .  1 - 4 ' 21.1  A hypercn decays i n  f l i g h t  



The Ratio of the Asymptotic Plateau Value 

to the Minimum Grain Density 

Author Ratio Type of' ~ i ~ L e s t  y 
f o r  

Calibration 

Pickup et al. a 
-- 1.10 

Morrish b' 1.05 

C Danie'l et al. -- 1.10 

Alexander et al. e -- 1.133 + .008 
f' Edwards et al. -- 1 :08 

Patrick et a.1,' 1-18 

Present work 1.23 + .03 
a c e Ref. 27; b~ef. 28; Ref. 5; d~ef. 29; Ref. 30; 

f~ef. 6; g~ef. 31. 

TABLE IV 
- 

Relative composition 02 the Secondaries versus 6 



TABLE V . 

Index of P e r s t s t e n c y  

-- 

Track 
No. 

C.M. I d e n t i t y  Energy Index of' 
mpYcas t . P e r s i s t e n c y  

15.1 GeV 52 GeV 

290 3 39 
8.6 39 . 

5.1 17 
73.9 68 
8.5 35 
7.8 10 

17.3 7 2 
66.7 83 
10.8 37 
3804 53 

Average 250 6 ( ~ x c l u d i n g  .46 + .15 
12-1)  

TABLE V I  

Angular Depende'nce of' t h e  Average C.Me  

Momentum and Transverse  Momentum 

Range of C.N.  <p+(GeV/c) <pt>(GeV/c) 

Angle 8 K K P ' 7~ K P  

Overa l l  2 .1  . 7.9 26 . 31 *.33 0 35 

9 
Average precen tage  r a t i o  of t h e  c.m. energy t o  h a l f  t h e  

t o t a l  a v e i l a b l e  energy i n  t h e  c4m. system. 
-E -2 

E r r o r s  e r e  on ly  s t a t i s t i c a l .  



TABLE VII 

The Noise Level  by Secor.d Dli'f 'erences i n  Microns 

C e l l  Lengtn 
t By P r imar i e s  By S t ~ a l g h t  Line  

i n  MS-2 

250 microns 

500 

I 

* 
E r r o r s  quoted a r e  on ly  s t a t i s t i c a l .  

-sic 
The numbers' i n  t h e  b r a c k e t s  a r e  For MS-2. 

TA;.BLE VIII 

Breakdown of I d e n t i t y  Assignments 

I den -  Method ~e tit, .,,, P~ b 
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TP3LE VIII 

( c o n t i n u e d )  

a Track 
:. No. t a n  ei gf m c m )  9.2 Iden-  Method 

PB t i t y  used  't 



1 TABLE VIII 

( con t inued )  

Wacka t a n  Qi No. g",RR(cm) g t  PB Iden-  Method 
t i t y  used 't 



TABLE V I I I  

( c o n t i n u e d )  

a Trzck ' Iden-  Xethod . .. t a n  ei 0 3  ~ ~ ( c r n )  g x- 2 .  PB tity used  Pt . .. . No. 



TABLE V I I I  

( con t inued )  

~ r a c , k "  6i' 
No. g; ~ R ( c m )  g->:- 2 

Iden-  Method 
PB t i t y  u s e d  't 

a ~ h e ,  number be fo re  a dash i s  t h e  event  number, and t h a t  

a f t e r  t h e  dash  i s  t h e  secondary ' s  number. 

. . 
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