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A b s t r a c t :  Angula r  and  energy  charac te r i s t i cs  of i n t e rac t ion  be tween  9 GeV pro tons  and emuls ion  
nuclei,  as well as the  p roduc t ion  of s t range  par t i c les  have  been inves t iga ted .  The ob ta ined  
expe r ime n t a l  resul ts  reveal  a be t t e r  a g r e e m e n t  wi th  the  cascade m e c h a n i s m  of nuc leon-nuc leus  
in t e rac t ion  t h a n  wi th  the  nuc leon- tube  model.  

The average  energy loss in a s ingle  nucleon-nucleon coll ision is e s t ima ted  to be (40== 10) %. 
The size of a nucleon core is discussed. Through  the  opt ica l  ana lys i s  of nucleon-nucleon 
in te rac t ions  the  va lue  r e ~ 0.6 × 10 ~3 cm is ob ta ined  for the  size of the nucleon core, while  t he  
f rac t ion of per iphera l  coll isions cons t i tu t e s  ~ 20 o//o. Angula r  and  energy  d i s t r i bu t ions  of 
slow K+ and ~±  mesons  have  also been obta ined.  The produc t ion  cross-sect ion for K + mesons  
wi th  energy  up to 140 MeV on an  average  emuls ion  nucleus is a = 5 ± 2  rob. 

1. I n t r o d u c t i o n  

The interaction of fast nucleons with nuclei has been studied by many 
investigators both in the beam of accelerated particles (with energy E ~ 9 GeV) 
and in cosmic rays 1). The present work attempts an analysis of experimental 
results on the interaction of the 9 GeV protons with emulsion nuclei. The 
preliminary data were reported at the Geneva conference ~). 

In analysing nucleon-nucleus interactions two important  factors should be 
kept in mind: 

Firstly, the initial stage of proton-nucleus interaction may be represented 
either as a proton-nucleon collision or as an interaction of the proton with 
several nucleons of the nucleus simultaneously - -  the so called " tube"  or 
" tunnel"  which the incident proton cuts out in the nucleuq. In the latter case 
the nucleon of the " tunnel"  loses its individuality and the features of the 
initial stage must depend on atomic nmnber. The conditions leading to " tube"  
interaction were formulated by E. L. Feinberg 3). I. A Ivanovskaya et al.4), in 
analysing the results obtained in cosmic ray studies, came to the conclusion 
that  the experimental data are consistent with the " tube "model. 

Secondly, one should take into account the subsequent intranuclear inter- 
actions of particles produced in the first encounter. The probability of such 
interactions increases with atomic number. 
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Owing to these factors the interaction of a nucleon with light nuclei consider- 
ably differs from the interaction with heavy nuclei. The mechanisms of excita- 
tion and subsequent disintegration in light and heavy nuclei also have a 
number of distinctive features. 

Therefore, in our analysis we divided all the observed nuclear interactions 
produced by incident protons in stripped emulsions into two groups: 

1. interactions with light nuclei (C, N, O), 
2. interactions with heavy nuclei (Ag, Br). 

These groups differ in the number of nucleons by a factor of 7 and in the size 
of nuclei almost by a factor of 2. 

2. Exper imenta l  Results  

The greater part of the results analysed in this work was obtained with stack 
"A" consisting of 100 stripped emulsions NIKFI-R,  450 microns thick and 
10 × 10 cm wide, the remaining part - -  with stack "B" similar to stack "A". 
These stacks were exposed to the internal beam of 9 GeV protons from the 
synchrophasotron of the Joint Institute of Nuclear Research. 

The following notations are used: 
s: shower particles with ionization I ~ 1.4 Io, where I 0 is the ionization loss 

of 9 GeV protons; 
g: particles with I > 1.4 I 0 and a range R > 3.73 mm (grey tracks}; 
b: particles with R ~ 3.73 m n  (black tracks). 

The s-particles consist mainly of pions produced in collision of particles within 
the nucleus, and of a small fraction of protons (m 0.5 per star) ; g and b particles 
are for the most part nuclear disintegration products. 

The following criteria were used for singling out interactions with light 
nuclei: 

a) the number of grey and black tracks in the star ng+n b =< 7; 
b) the star does not contain any track with R ~ 10# i.e., there is no recoil 

nucleus; 
c) there are no electrons in the residual nucleus disintegration; 
d) among all tracks at least one has a range 10/~ < R < 50#. 
(The emission from heavy nuclei of s-particles with R < 50/.~ is suppressed 

by the Coulomb barrier, the hardly probable tunnel effect being neglected.) 
The criteria for selecting the interactions with heavy nuclei were the following 
a) either TtgJl-~b > 8; or 
b) if "Ytg~-}~ b ~ S, the star should contain a recoil nucleus, i.e., a track with 

R ~< 10/~, and should not contain any track with 10# < R _< 50/,. 
Thus, 53 stars out of 1260 found in track scanning and 66 stars out of 2060 

found in area scanning were attributed to interactions with light nuclei; this 
constitules 3.6 % of all stars. The experimental data obtained by other 
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investigators 5) and the optical model analysis of the cross-section show that 
the interactions with light nuclei should constitute 25--30 % of the total 
number of interactions. Consequently, the chosen selection criteria are suffi- 
ciently rigid. 

According to the above criteria, 67 stars out of 100 found in track scanning 
were ascribed to interactions with heavy nuclei. The obtained characteristics of 
interactions for light and heavy nuclei and for mixtures of nuclei found in 
track scanning are given in table 1: 

TABLE 1 

Charac ter i s t ics  of t he  in te rac t ion  be tween  9 GeV )rotons and  emuls ion  nuclei  

L igh t  nucle i  H e a v y  nuclei  S tars  wi th  
Mix tu re  of nuclei 

(C, N, O) (Ag, Br) n g + n  b > 28 

~s 3.0-t= 0.2 3.5-4- 0.3 4.02=0.4 3 . 2 ±  0.2 
fig 1 . 4 ±  0.1 4.1=t= 0.5 } 3 . 1 ±  0.4 
f i b  3.34- 0.1 6.1=t= 0.6 32 4.74- 0.5 

0Os,{ 2 2 . 5 ±  1 27 .5±  1.5 53 25.0=t= 1.5 
OOg,~_ 56 .5±  3 65 ± 3 63 65 ± 3 
OOb, 2X - -  84 ± 3 --  84 .5±  3 

Es~ ~ (GeV) 
Es, p (GeV) 
Eg, lr (MeV) 
Eg, p (MeV) 
E b (Meg) 

132 =t=20 
~ 6  

118 ± 1 2  
12 ± 2 

m 

m 

1 .0±  0.2 
3 . 0 ~  0.5 

40 ~ 3 
120 :t= 12 

11 ± 1.0 

Dg±,p (3IeV/c) 344 ± 2 0  354 : J20 --  350 ± 2 0  
Ps±,rr (MeV/c) 370 ± 7 0  

1. the average numbers ns, he, nb of charged particles per star; 
2. the angles 0~, ½, Og, ½, Ob, ½ which contain half of all particles, determined 

from the angular distributions plotted in figs. 1, 2, 3; 
3. the mean kinetic energy for the different kinds of particles; 
4. the average transverse momenta for pions and protons. The kinetic ener- 

gies Eg and Eb for g and b particles were determined from the experimental 
energy distributions. Fig. 4 shows the energy distribution of g-particles for 
light and heavy nuclei. The energies of all stopping particles were determined 
from their range on the assumption that they are all either p.ions or protons *. 
The energy distribution of the escaped g particles as well as that of s particles 
was determined by  ionization and multiple scattering measurements (see 
Appendix). 

The average transverse momenta /~j.,, and /~gj_,p for pions and protons 

* The  r ange -ene rgy  curves  for the  Ilford G-5 emuls ions  were used.  The  va l id i ty  of these  curves  
for the  N I K F I - R  emuls ion  is p roved  by  the  fac t  t h a t  t he  ranges  of # mesons  f rom the  x~--/~ decays  
agree well for bo th  t ypes  of emuls ions .  
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Fig. 1. A n g u l a r  d i s t r ibu t ion  of 3 part icles .  
The  solid line is for h e a v y  nuclei ,  t h e  do t t ed  

l ine for l igh t  nuclei .  

Fig. 2. Angu l a r  d i s t r ibu t ion  of g par t ic les .  
The  solid line is for h e a v y  nuclei ,  t h e  do t t ed  

line for l ight  nuclei .  
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were obta ined from the exper imenta l  values of their  energies and angles. The 
values of average t ransverse momen ta  for nucleon-nucleon collisions calculated 
on statist ical  theory  are 0.6 GeV/c and 0.45 GeV/c for nucleons and pions 
respectively. 

The above-enumera ted  features of interact ions with light and heavy  nuclei 
and mixtures  of nuclei allow us to calculate the overall energies es, %, % 

carried away by  s, b and g particles per star. The  energy % is given by  

eg = ( l+~/ )ng(Eg+EN) 

where ~1 is the ratio of the number  of neutrons  to protons,  and E N the average 
binding energy of a nucleon in the nucleus. The energy e b was calculated on the 
assumption ei ther  t ha t  all B particles are protons,  or t ha t  the fraction of 
particles eonsitutes 0 .2--0.3 of the number  of b particles s): in bo th  cases % 
happens to be pract ical ly the same. 

The values for the energies es, eg and %, as well as for the energy W = % + %  
transferred to the nucleus, are given in table 2 for the light, h eav y  and average 
nuclei of the emulsion. 

TABLE 2 

Values of energy EaEg and E b carried away by s, g and b particles and of energy W = Egd-E b 
transferred to the nucleus 

Mixture of nuclei 

E s ( G e V  ) 7 .5~  1.0 
E b (MeV) 180 ~ 18 
E g  ( M e V )  870 ~ 90 
w (MeV) 1050 ±100 

I 

I-Ieavy nuclei 

245±  25 
1165 i120  
1410±140 

Light  nuclei 

m 

~ 9 0  
390±50  
4 8 0 ! 6 0  

I t  should be noted  tha t  for the light nuclei our  value W z = 4 8 0 ± 6 0  MeV 
is in good agreement  with the figure 4404-160 MeV obtained b y  N. L. Grigo- 
rov  9) for cosmic ray  radiation.  I t  was also indicated b y  N. L. Grigorov tha t  with 
var ia t ion of the incident  part icle (proton) energy within the 3- -40  GeV range, 
W~ changes bu t  little. 

3. M e c h a n i s m  of  I n t e r a c t i o n  w i t h  N u c l e u s  

I t  was pointed  out  in the in t roduct ion  tha t  a fast p ro ton  m a y  interact  ei ther  
with a " t u b e "  or with individual  nucleons in the nucleus. In order  to determine 
which of the two possible mechanisms actual ly  takes place, accurate  Monte 
Carlo calculations of nuclear  cascades should be compared with the exper imenta l  
data.  Since such calculations are not  ye t  completed  we shall confine ourselves 
only to some qual i ta t ive  considerations. 

The  assumption tha t  the p r imary  nucleon interacts  with a " t u b e "  leads to 
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values of Os, ½ angles ~ 30 ° and ~ 40 ° for light and heavy nuclei respectively *. 
These values considerably exceed the experimental ones. The probability of 
secondary interactions of particles produced in the nucleon-tunnel collision 
might only increase the calculated values of the angles. 

Furthermore, if the initial stage of the nucleon-nucleus collision is a nucleon- 
tube interaction, the centre-of-mass velocity in the case of interaction with 
Ag and Br tubes will be much lower than for light nuclei, since on the average 
the tube is almost twice longer, and consequently the number of s particles 
must be considerably greater. In the experiments, however, the numbers of s 
particles produced on heavy and light nuclei are respectively equal to 3.54-0.3 
and 3.04-0.2. Such a small difference can be explained by the cascade mecha- 
nism of interaction. Indeed, in the case of cascade collisions the energy of s 
particles decreases rapidly as the cascade proceeds, and this leads to a dimi- 
nishing multiplicity of particles produced in these collisions. 

Besides, the realization of the nucleon-tube mechanism would imply a 
considerable contamination of g particles by pions produced in the collision 
of a nucleon with the nuclear tube. The experimental data show, however, that  
g particles are almost exclusively nucleons, which can again be explained on the 
assumption of the cascade mechanism of the nucleon-nucleus interaction, 
according to which the majority of g particles are recoil nucleons. This agrees 
with the experiments on meson-nucleon collisions at E > 0.5 GeVI°), in which 
recoil nucleons of an energy corresponding to g particles were observed with a 
probability near unity. 

The tube interaction model is of still less avail in explaining the events of 
nuclear disintegration with emission of more than 28 g and b particles (~g+ b = 32) 
which are observed in > 2 % cases and listed in table 1. In these dis- 
integrations a complete decay of a nucleus into protons and neutrons with a 
small fraction of e-particles takes place, and the us, 0g,½ and W values are 
nearly the same as the corresponding values for all cases of interaction with 
heavy nuclei. 

The fact that  the values of the transverse momentum Pg± coincide for g 
particles produced on light and heavy nuclei, and also agree with the transverse 

t The average num ber  of nucleons in a tube,  

volume of tube 
n =  ~ ~/A, 

specific volume per nucleon 

wi th  due consideration for the emulsion composition, is 2.4 and 4.6 for l ight and heavy  nuclei. In  
calculating the 0s, ½ angles a dis t r ibut ion of the produced particles isotropie in the centre of mass  
sys tem was assumed and the laws of conservat ion of energy and momen tum,  ba ryon  number  and 
strangeness were taken into consideration. Account  was also taken of the resonance interact ion 
between the generated mesons and nucleons in a s tate  wi th  total  and isobaric spins equal to ~ a t  
200 MeV. Similar, bu t  somewha t  lower, values of the 0s, [ angles for l ight and heavy nuclei were 
also obtained by  V. M. Maksimenko; we wish to thank  V. M. Maksimenko for making  the results of 
his calculations available to us prior to publication. 
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momenta of ~-mesons (see table 1), also points to the cascade mechanism of 
interaction. 

All other experimental results can also be explained on the assumption of the 
nuclear cascade. 

4. Energy Losses in Nucleon Collisions 

For the purpose of determining the average energy of s particles 83 particles 
with dip angle < 3 ° were selected. The momenta of those particles were esti- 

E~ 
Gel~ 

20 ¸ 

1.5- 

~8 

2 

Fig. 5. Curve  2 represen ts  t he  dependence  of p ion  energy  on t h e  emiss ion  angle  (mix ture  of nuclei) .  
Curve  1 is a theore t ica l  curve  ca lcula ted  f rom s ta t i s t ica l  t heo ry  for N - - N  collisions. 

mated by multiple scattering measurements, and their masses were obtained 
from ionization losses (for more detail see Appendix). In the angular interval of 
0---15 ° the mean energy of the protons was found to be 3±0 .5  GeV, while the 
ratio of the number of pions to the number of protons was ~ 1, which corre- 
sponds to m 0.5 proton per star. Then, the curve of the pion energy dependence 
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on the angle was obtained as plotted in fig. 5. Using this dependence and the 
angular distribution of s particles for the mixture of nuclei, and also taking 
into account the found fraction of protons, we obtained the mean total energy 
of mesons which, in the 0--30 ° angular interval, equals E ,  = 1.3±0.25 GeV 
(measurements were performed with chamber "B", see Appendix). The total 
energy averaged over all angles is E~ = 1.0±0.2 GeV. Thus, the energy losses 
for meson production constitute 4.04-0.8 GeV. 

Together with the energy of nuclear disintegration the losses will be equal to 
5.14-0.8 GeV, i.e., 604-10 %. 

The number of collisions which the incident proton undergoes on the average 
in a light nucleus can be estimated from the measured values ~s- -  3 and 
g'g = 2.8 (including neutrons). It can be assumed that  in the first collision the 
proton yields one g particle (0.5 proton and 0.5 neutron) and together with 
neutral mesons the total number of fast particles is 

= = 4 . 3 ,  

where ~s, p, the average number of s particles in proton-nucleon collisions, is la) 
equal to 2.7 (the coefficient ~- takes into account the fraction of neutral pions). 
The number of secondary collisions will be 

~ ' g - -  1 __ 0 . 4 .  

~ r  s 

Consequently, the primary proton on the average undergoes 1.4 collisions in a 
light nucleus. The number of collisions with Ag and Br nuclei, in accordance 
with the nucleus size, can be taken to be two times greater. Hence, on the 
average, the proton undergoes >~ 2 collisions in the emulsion nucleus. 

If the nucleon energy after one nucleon-nucleon collision is E1 ~ ~E, 
where E is the initial energy of the nucleon, then, after n collisions, the nucleon 
energy is E n = 8n E. With n ~= 2, we obtain that  the average energy loss in one 
nucleon-nucleon collision constitutes 354-10 %. 

The energy losses in nucleon-nucleon collisions can also be estimated in the 
following way. We have derived that  the mean total energy of pions produced 
in collisions with nuclei is 1.04-0.2 GeV. The experimental value us for p - -p  
collisions was obtained in ref. 11,10~). Considering that  the mean pion energy in 
nucleon-nucleon collisions cannot be lower than in nucleon-nucleus collisions 
and that  s particles contain ~ 0.5 proton, we deduce that  the energy loss in a 
nucleon-nucleon collision must be ~ 40~10 %. Within the limits of experi- 
mental errors this value is not in contradiction with the theoretical one of 50 °/o 
obtained in statistical theory 12). Peripheral collisions may slightly reduce this 
value. 

I t  should be noted that  in cosmic ray studies 9) the average energy losses of a 
nucleon in collisions with air nuclei were found to be 304-3 °/o in the 3--40 GeV 
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energy range. If the number of collisions in an average nucleus of the air is 
taken to be equal to 1.5, the energy losses for a single nucleon-nucleon collision 
must constitute 20 °/o of the primary particle energy. 

The results obtained above, as well as the previously published data on 
nucleon interactions 12) make it possible to offer some considerations pertaining 
to the size of the nucleon core. 

The paper just mentioned 1~) reported some results on the nucleon-nucleon 
interactions at 9 GeV. It  was shown that  on the whole there is agreement with 
the statistical theory of multiple production 7). However, there is a discrepancy 
in the region of small angles pointing to anisotropy in the centre of mass 
system. Similar experimental results were obtained by N. P. Bogachev et al. 11). 
Further work 13) established that  only for stars with a small number of particles 
does anisotropy of angular distribution occur in the centre of mass system. 
The angular distribution of prongs in stars with a great multiplicity of particles 
may be considered isotropic within experimental errors. 

In terms of a nucleon model consisting of a central core and peripheral 
meson cloud collisions with great multiplicity can be considered as core colli- 
sions. The statistical theory of multiple production is applicable for describing 
such collisions. As to the collisions with small multiplicity, they can be regarded 
as collisions of the core of one nucleon with the periphery of another, or as 
peripheral collisions of nucleons. Since the experimental number of s particles, 
their energy, angular distribution (with the exception of small angles) and the 
energy losses agree in the main with the statistical theory calculations, we are 
led to conclude that  nucleon-nucleon collisions at E ~< 10 GeV are for the 
most part collisions of their cores. 

The optical analysis of proton-nucleon collisions in the 1--10 GeV energy 
range has shown that  they occur with the greatest probability for an impact 
parameter 

b -- ~VZ(l+ 1) 

approximately equal to 0.6× 10 -la cm. (There , ~ is (2n) -1 times the wave- 
length in the centre of mass system, and l the corresponding angular momentum.) 
This can be seen from fig. 6, which represents the relative contribution to the 
cross-section of inelastic proton-proton collisions: 

~ln(b) (2 l+l ) (1- -e  -4~(z)) 
OO 

flirt (2z+ 1) (1-e-~")) 
Z=0 

due to interaction in the region b, b+g, at energies E = 1.5, 4.4 and 10 GeV *, 
i.e. ~ = 0.24, 0.14 and 0.09I × 10 -la cm. 

t T h e  v a l u e s  of a b s o r p t i o n  a n d  r e f r a c t i o n  coe f f i c i en t s  K(r) a n d  U(r) a re  t a k e n  f r o m  ref.  6). 
A t  10 GeV,  ~ta is  a s s u m e d  to  b e  e q u a l  t o  30 × 10 -27 c m  2 in  a c c o r d a n c e  w i t h  t h e  r e s u l t s  of r e f )4 ) .  
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I f  nucleon-nucleon collisions a t  9 GeV are ma in ly  collisions of the  cores, we 
thus  infer  t h a t  the  radius  of a nucleon core r c is > l b ,  i.e., r e > 0.3 × 10 -13 cm, 
which agrees wi th  the  analysis  of the  e lec t romagnet ic  size of the core 15). 

I f  one accepts  t h a t  core collisions are mos t  p robab le  for the i m p a c t  p a r a m e t e r  
b ~ re, then  r c is ~ 0.6 × 10 -13 cm. (The la t te r  value gives the  l imit  be tween  
large and  small  values  of the  absorp t ion  coefficient K = K(r )  16).) In  this case 
the cont r ibu t ion  of per iphera l  collisions cons t i tu tes  ~ 20 °/o. I t  should be no ted  
t h a t  the  an i so t ropy  of angu la r  d is t r ibut ions  revealed  b y  the  exper imen t s  m a y  

123- 
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Fig .  6. R e l a t i v e  c o n t r i b u t i o n  to  t h e  c r o s s - s e c t i o n  of i n e l a s t i c  N - - N  co l l i s ions  w h i c h  is  d u e  t o  t h e  
i n t e r a c t i o n  in  t h e  r e g i o n  (b, b+Yt). T h e  c u r v e s  2, l ,  3 d e s c r i b e  t h e  co l l i s ions  a t  1.5, 4.4, 10 G e V  

r e s p e c t i v e l y  (in t h e  l a b o r a t o r y  s y s t e m ) .  

in some pa r t  be  due to the  conserva t ion  of angu la r  m o m e n t u m .  Bo th  effects are 
being calcula ted a t  present .  

The  value  of 80 °/o ob ta ined  in ref. 17) for per iphera l  collisions was based  on 
the  unsound  as sumpt ion  t h a t  

0"perlph " ( l ln tegra l  ~ 7~'e2 : ~ r N  2, YN ~ 10--13 c m  

(cf. the  g raph  K = K(r )  in ref. 16)), as well as on an inaccura te  choice of the  
values  of constants .  
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5. Product ion of S low Strange Part ic les  and Pions  

In following up all prongs of the 100 stars found in track scanning not a 
single strange particle was registered. The systematic search for strange par- 
ticles was carried out by area scanning. All the marked part (a circle 8.5 cm in 
diameter) of the 15 emulsion strips was twice scanned under the 200 × magnifi- 
cation. The efficiency of single scanning was equal to 88 °/o for primary stars 
and 80 °/o for secondary stars. Altogether 2322 primary and 2361 secondary 
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Fig. 7. Angular  dis tr ibut ion of ~r ± mesons. 
Solid curve includes geometrical corrections. 
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stars were found. In scanning 18 emulsions 387 stars and 386 :~+--#--e decays 
were detected. In following up these meson tracks it was discovered that  203 :~- 
and 146~ + mesons were generated in the primary stars of the marked area of 
the chamber. Angular and energy distributions of these mesons proved to be 
similar. Their spectra were calculated with the corrections for the escapes due 
to the finite size of the chamber. These corrections were introduced by the 
method described in ref. is). Figs. 7 and 8 represent angular distributions of 
n+ and :~- mesons and their energy spectrum with and without the geometrical 
corrections (solid and dotted lines respectively). 

For the purpose of singling out strange particles all the two-prong events 
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were analysed. Ident i f icat ion was effected th rough  the residual range and 
ionization by  the me thod  of blob and gap count.  32 strange particles were 
detected:  22 K + mesons, 1 K - ,  42:± hyperons  and 5 A ° particles. The  values of 
thei r  emission angles with respect  to the beam and their  kinetic energy are given 
in table  3. Only 18 paren t  stars were found for all s trange particles (from among 

Par t i c l e  
t y p e  

T A B L E  3 

S u m m a r i z e d  d a t a  on s t r ange  par t i c les  * 

P a r e n t  s t a r  Angle 0 w i t h  Ektn Q 

t y p e  respec t  to the  (MeV) (MeV) 
( n g + n b ) + n  s p ro ton  b e a m  

R e m a r k s  

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

11 
12 
13 
14 
15 
16 

17 
18 

Z + 

K+ 
K+ 
K+ 
K + 
K+ 
K+ 
K + I 
K + 
K + 

K+ 
K+ 
~ ±  

X±  
Z'± 

A o 

A o 
I 

I Ao 

8+4 
25 ~6 
1 5 + 5  
2 4 + 6  
1 2 + 6  

8 + 8  
1 6 + 2  

8 + 1  
5 + 2  

2 3 + 8  

1 5 + 7  
1 4 + 3  
2 1 + 4  
1 0 + l  
1 8 + 5  
1 7 + 6  

2 3 + 6  
1 3 + 1  

150 
80 

0 
50 
43 

1 
95 
91 
47 
14 

95 
102 

6 
79 
90 

160 
135 

84.9 
107 

10.7 
66 
54 
48 
22.6 
71 
44 
96 

9O 
i 38 
i I 
! 

168 
8 36.6 

27 37.3 

i 67 37.4 

The parent s tar  is outside 
the marked area 

Found in area scanning 
and in following pion 
track; the range is 13.5 mm 
The range is 10.5 mm 
The is 13 mm range 

t The  t a b l e  l is ts  even t s  which  h a v e  p a r e n t  s tars .  

them parent  stars fSr 3 A ° particles).  Fo r  these stars fi~+fib----15.6~:4, 
n s = 4 .2 j :  1.2. These values exceed the average characterist ics of stars found in 
t rack  scanning. One event  of s imultaneous product ion  of 2 s trange part icles 
was registered. Out  of 22 K + mesons 12 were genera ted  in p r imary  stars and  
thei r  mean  energy equals 61 MeV. We shall now determine the cross-section of 
the K + produc t ion  for this pa r t  of the spectrum. The  efficienty of detect ing the 
K + type  events  was es t imated  in the following way. All the two-prong events  
containing s and b or g particles (including K meson decays) were selected, the 
to ta l  numbe r  amount ing  to 57. Out  of this number  37 relativistic particles are 
emi t t ed  in the in terval  of dip angles 0 ° _< ~ _< 36 ° (0.59 of the to ta l  solid 
angle). If  the angular  dis t r ibut ion of these particles is isotropic 64.5 events  
ought  to be observed,  whence the relat ive efficiency over  different  dip angles is 
0.88. A similar analysis of black prongs led to a relat ive efficiency of 0.90. 
I t  remains then  to de termine  the detect ion efficiency for the events  with the 



V 

black and  relat ivist ic  prongs conta ined  in the  angula r  in te rva l  0 ° ~< c~ _< 36 °. 
This  efficiency was ob ta ined  b y  independent  double scanning of one and  the 
same emulsion area  and  was found to be 0.85. 

The  average  densi ty  of the p ro ton  flux was equal  to (3.1-t-0.3)× l0 s cm 2. 
The  n u m b e r  of nuclei in one cm a of the emulsion is 7.83 × 1022. Thus,  the  pro- 
duct ion cross-section for K + mesons wi th  energy up to 140 MeV, on the average  
emulsion nucleus, corresponds to (5-1-2)mb (with geometr ical  corrections).  
The  angular  dis t r ibut ion of the 12 K + mesons (also wi th  geometr ical  correc- 

I0 1 

534  v . s .  BARASHENKOV et al. 

cos 8 

F i g .  9. A n g u l a r  d i s t r i b u t i o n  o f  K + m e s o n s  p r o d u c e d  in  N - - N  co l l i s ions .  T h e  c u r v e  is c a l c u l a t e d  
f r o m  t h e  s t a t i s t i c a l  t h e o r y .  

t ions) is g iven in fig. 9. The  s ta t is t ical  theory  curve  for the angular  d is t r ibut ion 
of K mesons produced  in p - - p  collisions is p lo t t ed  in the same figure. Compari -  
son of the exper imenta l  and  theoret ical  curves reveals  a large discrepancy,  
which is difficult to explain only b y  K meson sca t ter ing  in nuclei. 

Indeed,  in the  energy in te rva l  up  to 300 MeV the mean  free p a t h  of K mesons 
in nuclear  m a t t e r  is 11 × 10 -13 c m  19). I f  we assume tha t  the  m a j o r i t y  of K 
mesons was p roduced  on h e a v y  emulsion nuclei, and  take  their  range to be of 
the  order  of the  nuclear  radius  1.2A ~ × 10 -13 cm, we obta in  t h a t  the n u m b e r  of 

in teract ions  within the  nucleus will be < 1.2{/94/11 ~ 0.5 i.e., m u c h  less t han  
for ~ mesons.  

The  combina t ion  of such facts  as the high value of the  p roduc t ion  cross- 
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section, wide angular distribution and large size of parent stars support the 
inference that  the greater part of strange particles is produced in the intra- 
nuclear cascade process, which is quite probable in view of the value m 1 GeV 
for the mean energy of mesons. A similar conclusion was reached by C. Besson 
et al. 2°) who investigated the production of strange particles by ~- mesons 
at 4.3 GeV. 

In conclusion the authors wish to thank G. Beznogikh, Z. Kuznetsova, 
N. Metkina, M. Prisnolova and V. Vaksina who were very helpful in scanning 
and also to acknowledge the aid in analysis by L. Popova. They would also like 
to express their gratitude to the Zeiss company, Jena, German Democratic 
Republic, which has manufactured a first-rate measuring microscope for 
nuclear research, to professor K. Rambush who was very helpful in making 
this microsope available to the Joint Institute and in particular to H. Bayer, 
H. Schiller and M. Sost who were in charge of the delivery and installation. 

Appendix 
M O M E N T U M  D E T E R M I N A T I O N  F O R  S T R A N G E  P A R T I C L E S  BY M U L T I P L E  SCAT- 
T E R I N G  M E A S U R E M E N T S  

The following microscopes were used: MB1--8 with a modernized stage and 
a noise background ~ 0.03/, for a 2000/, cell; KSM-Karl Zeiss Jena with noises 

0.008/, for a 2000/, cell; Koristka with noises ~ 0.02# for a 2000/, cell. 
Measurements were performed on two emulsion chambers: chamber " A "  whose 
pellicles were processed in a free state, and chamber " B "  whose emulsion strips 
were stuck to the plates before processing. 

The average distortion level and quasi-scattering were evaluated by direct 
measurements of proton beam tracks. The value 1.5# on a 1000/, cell was 
obtained for chamber " A "  and 0.65/, on a 2000# cell for chamber "B" .  

A rough estimate of the secondary particles energy made from their inter- 
action with emulsion nuclei allowed us to infer that  all the strange particles 
with 0 angles > 30 ° are comparatively slow. Therefore, chamber " A "  despite 
great distortions proved to be suitable for scattering measurements of particles 
with 0 angles > 30 °. 

For these particles the cell length was chosen in such a way that  the ratio of 
the measurement signal to the distortion signal equalled 3 or more and there 
was no need to introduce corrections for distortion. The momentum of these 
particles was calculated from the formula 

At{  
IDi - ( 1 )  

PPc 

where A ---- 50.6 for a scattering constant K = 29, and t is the cell length in 
units of 100#. 
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TABLE 4 

R e s u l t s  o f  e n e r g y  m e a s u r e m e n t s  o f  s e c o n d a r y  p a r t i c l e s  on c h a m b e r  " B '  

S p a c e  a n g l e s  E::~ A E 
N o .  I d e n t i f i c a t i o n  

0 ° ( M e V )  

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16  

17 

18  

19 

2 0  

21 

22  

23  

24  

25  

26  

27  

28  

29  

30  

31 

32  

33  

34  

35  

36  

37  

1.9 ° p r o t o n  

5 .9  ° p r o t o n  

1 .5  ° p r o t o n  

3 ° p r o t o n  

1 .3  ° ~ - m e s o n  

4 . 5  ° p r o t o n  

10 .3  ° p r o t o n  

1 .3  ° ~ - m e s o n  

7 .6  ° p r o t o n  

3 . i  ° p r o t o n  

0 .6  ° p r o t o n  

1 .4  ° p r o t o n  

1O ° 

1 .5  ° 

5 ° 

8 .1  ° 

4 . 4  ° 

4 . 3  ° 

14 .1  ° 

1 2 . 4  ° 

6 .4  ° 

4 . 8  ° 

2 . 4  ° 

9 .7  ° 

22  ° 

13.1  ° 

14 .8  ° 

11 o 

30  ° 

2 .2  ° 

9 .7  ° 

9 .5  ° 

11 .8  ° 

2 9 . 8  ° 

18.8 ° 

5.9 ° 

9.7 ° 

p r o b a b l y  p r o t o n  

2 ~ - m e s o n  

p r o t o n  

p r o t o n  

g-meson 

n - m e s o n  

~-meson 

F/:-m@son 

p r o b a b l y  ~ - m e s o n  

p r o t o n  

p r o t o n  

x~-meson 

probably z-meson 

proton 

proton 

~ - m e s o n  

p r o b a b l y  ~ - m e s o n  

~ r - m e s o n  

~ - m e s o n  

p r o b a b l y  ~ - m e s o n  

~ - m e s o n  

~-meson 

a - m e s o n  

p r o t o n  

p r o b a b l y  p r o t o n  

5 q44.3  
• v - 1 .  5 
]W1.2 

" - 0 . 5  
,744.5 

' - - 1 . 4  
a 4 4 . 6  

" - - 1 . 7  
3 a+0 .7  

• v - 0 .  5 
3 ~+1.6  

"~-0 .9  
l O + 1 . 0  

"~-0 .5  
3 ~41.0 

• u - 0 .  5 
] + 1 . 4  

" ~ - - 0 . 9  
141.4 

" ~ - - 0 . 9  
3 ` ) 4 0 . 8  

- ~ - o . 6  

8 

5 742.9  
• - 1 . 5  
a+2.5  

"~-1 .3  

7.6+_24 
3 ~+1.2 

• v_0 .  8 
2 9 + ° ' 7  

" - 0 . 5  
1 ~40.4 

" ~ - 0 . 2  
+2 0 

0 .86_012 
O ~240.17 

.vv_o .14  
140.5 

• ' - 0 . 4  

2 0 +1"°  
" - - 0 . 6  

0 ~`)40.16 
" ~ - - 0 . 0 7  
,),)+0.06 

" ~ - - - 0 . 0 3  
1 (~40.6 

"~--0.4 
n+0.4 

"v--0.2 
12+0.5 
"~--0.3 
,7]40.24 

" '*- -0 .11  
`)+0.9 

"~--0.6 
,a+0.3 

"~--0.2 
2 ~+1.3 

' " - -0 .7  
1 ~40.6 

"~--0.4 
0 ~o40.17 

' ~ - - 0 . 0 9  

2 a+1.1 
'~--0.7 

0 1~40.03 
' ~ - - 0 . 0 3  

0 ~]+0.18 
• ~ ~--0.06 

1 a+0 .9  
"~-0 .4  
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TABLE 4 

(continued) 

No. S p a c e  a n g l e s  I d e n t i f i c a t i o n  E:t:AE 
0 ° (MeV) 

38 16.6 ° 

39 5.3 ° 

40 15.3 ° 

41 2.5 ° 

42 11.8 ° 

43 1.6 ° 

44 2 ° 

45 4 ° 

46 0,9 ° 

47 1.1 ° 

48 ! 4,2 ° 

4 5 ~ 0 ~  13"3° 
5.5 ° 

x-meson  

7f-nleson 

ze-meson 

p r o t o n  

p r o b a b l y  p r o t o n  

p r o b a b l y  p r o t o n  

p r o b a b l y  a - m e s o n  

p r o b a b l y  p r o t o n  

a -meson  

p r o t o n  

a - m e s o n  

a - m e s o n  

p r o t o n  

0 ee+o.17 
"~--0.13 

1 ~+0.3 
.0_0. 2 

0 ~£+0.14 
' ~ - 0 . 0 9  

2 ~+1.5 
-~-0.7 
1+0.5 

• ~ - - 0 . 3  

z_+0.5 
"~-0.3 
a+0.5 

"~-0.3 
o+0.6 

• v_0. 4 
1 ~t+0.3 

"~-0.2 
1+0.3 

• ~ - - 0 . 2  

4+0.07 
" --0.05 
.71+0.13 

• "  ~ --0.09 
2 ~+0.8 

"~-0.5 

Tracks  with flat  0 angles < 30 ° were measured  on stack "B" .  Here  the 
part icles were divided into two groups: pflc < 2 GeV and pflc 2 > 2 GeV. The 
m o m e n t a  of particles with pfic < 2 GeV were calculated from formula  (i),  
quasi-scat ter ing was el iminated th rough  the  formula 

--2 --2 2 . 
Dcoul == Dmeas--/~quasi, (2) 

/Dquas I was averaged over  all emulsion strips in which the measurements  
were made. 

For  particles with pfic > 2 GeV noises and distort ions were el iminated th rough  
the  formula  21, 22) 

I D ] C o u l + q u a s i  = 0,715~¢/D~2+.DiDi+l-2~iDi+2 ( 3 )  

and  quasi scat ter ing th rough  formula  (2). Quasi-scattering was measured  on 
be a m particles all along a secondary  t rack,  i.e., along five-or s ix-beam tracks.  

All the measurement  results are summar ized  in table 4. 

ERRORS 

The  to ta l  error  in m o m e n t u m  measurements  was respect ively made  up of the 
s tat is t ical  error  of direct  measurements  (A = 0.86/~/n in accordance with 
ref2))  and of the error  due to the el imination of quasi-scattering.  

In  determining the  na tu re  of secondary  particles a blob count  m e th o d  was 
addi t ional ly  used. The  results are p lo t ted  in fig. 10. 

The  a - - a '  lines mark  an area in which protons  cannot  be separated from 
pions b y  their  ionization. This area contains 9 particles. We roughly  es t imated  
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tha t  half  of them are protons  because in the neighbouring areas the rat io of 
protons  to pions is of the order  of a uni ty.  

! 

112 

I f -  

<ot~ 

1.02 

Q98 

o) 

Q 

0 

O 

(2. OJ • 

F i g .  10. T h e  m o m e n t u m  v e r s u s  i o n i z a t i o n  c u r v e s  fo r  p r o t o n s  a n d  a -  m e s o n s  (on  t h e  b a s i s  o f  
B a r k a s '  t ab l e s }  a n d  t h e  e x p e r i m e n t a l  d a t a  o n  s p a r t i c l e s .  

• - -  p r o t o n ,  (D - -  p r o b a b l y  p r o t o n ;  • - -  ~ m e s o n ,  • - -  p r o b a b l y  ~ m e s o n .  

Fur ther ,  it t u rned  out  t ha t  among the identifiable particles all protons  have 
angles ~ 15 °, therefore  the particles with angles > 15 ° in the a - - a '  area were 
t ransferred from the pro ton  group to the meson group *. 

* I t  s h o u l d  b e  n o t e d  t h a t  t h e  p r o c e d u r e  o f  p a r t i c l e  i d e n t i f i c a t i o n  i n  t h e  a - - a '  a r e a  d o e s  n o t  
p r a c t i c a l l y  a f f e c t  t h e  o b t a i n e d  v a l u e  o f  m e a n  e n e r g y ,  b e c a u s e  t h e  e n e r g y  v a l u e s  in  t h i s  a r e a  a r e  
c lose  t o  t h e  m e a n  e n e r g y .  
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