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Abstract:  In te rac t ions  of  60 GeV/c 7r- mesons  with nucleons,  light (C, O) and heavy (Ag, Br) 
nuclei have been investigated using emulsions of  two types:  the  usual 
( B r - 2 )  emulsion in which about  ~ o f  the  interactions occur on light nuclei and emulsion 
enriched by (CH2OH). In the latter type the fraction o f  interactions with free protons  
increases to 0.12 and with light nuclei to 0.5. 

It is shown that  the mean  multiplici ty o f  charged particles in inelastic collisions as a 
funct ion  o f  energy follows the E °'36 +- 0.04 law. 

The characteristics of  the interactions on C, O and Ag, Br have been studied, and also 
the coherent  interactions of  pions with the emulsion nuclei. 

l .  I N T R O D U C T I O N  

General characteristics of inelastic pion-nucleon collisions and coherent produc- 
tion of pions using standard nuclear emulsions (denoted by I) with 60 GeV/c n- 
mesons have been described in earlier papers [l,  2]. In this paper investigations in 
nuclear emulsions enriched by CH2 OH (denoted by II) using the method of ref. [3] 
are presented. 

Table 1 
Composi t ion o f  the emulsions.  

Number  o f  nuclei /cm 3 

I II 

H 3.148 X 1022 5.157 × 1022 

C 1.412 1.853 
O 0.956 1.675 
N 0.395 0.148 
Ag 1.036 0.387 
Br 1.031 0.385 
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The nuclear composit ion of  these emulsions is given in Table l .  
The photo emulsions were exposed to 60 +- 2 GeV/c zr- mesons at the Serpukhov 

accelerator. The admixture of  electrons,/~ mesons and K- mesons was less than 5%. 
Starting close to the primary 7r- meson entrance into the emulsion an along-the-track 
scanning for inelastic interactions was performed and 424 events were found along a 
length of  356 m. 

2. INELASTIC ~r--p INTERACTIONS 

Inelastic 7r--p interactions have been selected by application of  the usual criteria. 
The average multiplicities of  charged particles (n_+) and of  shower particles (n s) are 
shown in Table 2. The Table also presents the calculated (Cal) and experimentally 
obtained (Exp) values for the fraction of  7r--p interactions. When determining the 
values of (n+) and (n s) we corrected for the decay of  rr 0 meson into electron and 
positron (Dalitz pairs). This correction was --0.16. Events were divided into three 
equal random groups, and errors were calculated by considering the deviation of  
each mean value from the mean value of  the entire sample. 

Table 2 
Average multiplicities. 

II I from ref. [2] 

No. of zr--p int. 45 59 566 
(n±> 6.7 ± 0.2 6.3 • 0.2 6.56 +- 0.16 
(ns~ 6.4 ± 0.2 6.04 ± 0.2 6.25 ± 0.16 
fraction of 7r--p int. (Cal) 0.10 0.04 0.04 

(Exp) 0.1 +- 0.015 0.075 0.08 

The difference between the calculated and experimentally obtained values A is due 
to interactions with quasi-free protons. For emulsion I A I = 0.04, for emulsion II 
All = 0 + 0.015, a result which indicates that  interactions with quasi-free protons 
mainly occur on Ag, Br nuclei. It is advantageous that in emulsion II the fraction of  
interactions with quasi-free protons is small and the fraction of inelastic interactions 
with free protons increases to 0.1. Consequently, one can speak of  the unbiassed es- 
t imate of  (n±) in emulsion II (as far as emulsion I is concerned, this value could be 
overestimated, as shown in ref. [2]). 

Using (n±) = 6.7 + 0.2 and (n~) = 4.2 + 0.1 obtained from a hydrogen bubb le  
chamber experiment [5] at 16 GeV/c, we get 

(n+) = c E  (0"36 ± 0.04) 

where E is the energy in the lab. system. Statistical and hydrodynamic  models pre- 
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Fig. 1. The partial cross-sections in n--p inelastic interactions depending on the energy in the c.m.s. 

dict the E v4 law (if this law holds, then using (n±)16 we obtain (n_+)60 = 5.84). 
Pomeranchuk's  model, on the other hand, predicts an E 0-5 behaviour for the average 
charge multiplicity.  The value (n )  = E 1/3, obtained from Rotelli 's  work [7], agrees 
with the experimentally observed dependence. It should be noted that the loga- 
rithmic dependence (n )  ~ l nE  obtained from many theoretical models cannot be 
excluded by the experimental data within the limits of  the errors. It is interesting 
to compare the dependence of  (n )  on the available energy in the c.m.s., Eav for 
both  7r--p and p-p collisions. In Fig. 1 the data from ref. [8] are presented, and the 
point for n--p interactions at 60 GeV is added. As is seen from the figure, in experi- 
ments up to 30 GeV a steady increase of  (n )  as a function of  Eav is observed for 
7r--p and p-p collisions. However, the point for ~--p at 60 GeV is markedly different 
from those obtained in cosmic ray experiments. Consequently, either at energies 
30 GeV the curves for ~--p and p-p collisions diverge or there is an overestimate for 
the values of  proton energies in cosmic ray experiments*. 

Let us consider now the energy dependence of  partial cross sections for different 
multiplicities of  charged particles in inelastic collisions, which is essential for compa- 
rison with the hypothesis about the mechanism of  hadron interactions. 

Fig. 2 shows the dependence of  partial cross sections on the total  energy in the 
c.m.s, for inelastic n--p collisions from ref. [5] up to 25 GeV and the present results 
at 60 GeV. The latter were calculated using the multiplici ty distribution from ref. 

* In the paper of Alam-Ata-Dubna-Krakow-Moscow-Tashkent-Ulan-Bator Collaboration 
presented at the Amsterdam Conf. in 1971, in which inelastic p-p interactions were investi- 
gated at 67 GeV, (n+) = 6.6 • 0.2. This coincides with the results of n--p collisions at 60 GeV. 
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Fig. 2. The average number of charged particles depending on the free energy in the c.m.s. 

[2],  the total cross section (~  24 mb) from ref. [9] and the elastic scattering cross- 
section (~  4mb)  according to ref. [10]. As is seen in Fig. 2, the cross sections for 
smaller multiplicities asa function of  energy after the maximum are not yet satu- 
rated. 

3. INELASTIC COLLISIONS WITH C, O and Ag, Br NUCLEI 

At accelerator and cosmic ray energies, ambiguous criteria have been used to se- 
lect interactions with light nuclei and Ag, Br nuclei in different experiments. This 
leads to essential differences in dividing interactions into various nuclei groups. The 
selection of  interactions with light nuclei was especially complicated, since their 
fraction in usual emulsions (I) is 0.3, and a significant fraction of  Ag, Br nuclei 
have characteristics similar to those of light nuclei. The difficulty of  separating in- 
teractions with light nuclei from Ag, Br is, to a great extent, reduced when dealing 
with emulsions II, as 0.12 of events correspond to interactions with protons, 0.5 
with light nuclei, 0.38 with heavy nuclei (Ag, Br) and for Ag, Br interactions the 
number of  heavy prongs very often exceeds the number of  protons in light nuclei. 

Using the nuclear composition of  emulsions I and II, we have separated interac- 
tions with light and heavy nuclei by two methods. In the first method we use the 
distribution of  stars in emulsion II as a function o f n  h and in accordance with the 
nuclear composition from table 1 and the cross sections from data [4],  we define 



194 N. Dalkhazhav et aL, Interactions o f  60 Ge V 7r- mesons 

events with n h ~< 3 as due to C, O and n h > 3 as due to Ag, Br interactions. This 
division is the first approximation. The extrapolation of the distribution of light 
nuclei to the region n h > 3 and of Ag, Br nuclei interactions to the region n h < 3 
assuming that the ratio of the cross sections is conserved is the second approxima- 
tion. 
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Fig. 3. The particle number n h distribution on nuclei C, O obtained by method 2. 

In the second method the distribution of stars (without interactions with free 
protons) in emulsion I after normalization was subtracted from the distribution of 
stars in emulsion II. This difference is the distribution of C, O interactions nuclei in 
CH2 OH (see fig. 3). 

The characteristics of zr- meson interactions with C, O which were obtained by 
the second method are in agreement with the same characteristics from the first 
method. The results are shown in table 3. Fig. 4 shows the angular distribution of 
shower particles produced on light nuclei as well as on heavy ones. 

Let us consider at once the question about the unbiassed estimate of (n±) 
in emulsion II. If we look at ( n  s) for C, O, as a function of nh, we find that 
for n h -- 0.1, (n s) = 6.7 -+ 0.6, but for n b = 2, (n s) = 8.9 -+ 0.7. Consequent- 
ly, if we have even some admixture of interactions with nuclei in collisions with 
free protons, we do not have the biassed estimate of (n+). 
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Table 3 
Results. 

195 

C, O Ag, BI 

Method 1 Method 2 Method 1 
1st approx. 2nd approx. 1st approx. 2nd approx. 

9.7 -+ 0.1 9.6 -+ 0.1 10.7 ± 0.3 20.6 ± 0.5 20.6 ± 0,4 

7.4 ± 0.3 7.4 ± 0.3 9.9 ± 0.7 10.2 +- 0.3 

8.8 ± 0.8 16.4 ± 0.6 

1.79 ± 0.03 2.2 -+ 0.03 2.7 ± 0.2 10.8 ± 0.5 10.3 ± 0.3 
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Fig. 4. The angular distribution of shower particles on nuclei C, O and Ag, Br. 

4. MECHANISM OF THE I N T E R A C T I O N  OF F A S T  7r- MESONS WITH NUCLEI  

As is shown in refs. [1 l ,  12] ,  the cascade mechan ism for the in te rac t ion  of  par- 
ticles wi th  nuclei  takes place up to 10 GeV. Many authors,  for example  [ 13, 14],  
have considered the mechanism which can be called " t ra i l ing" .  Fo l lowing  the pri- 

mary in terac t ion ,  fast moving  secondaries leave a region of  less nucleonic  mat te r  
densi ty behind  them.  This fact  has recent ly  been conf i rmed by theoret ical  

calculat ions [ 15]. 

The increase in energy makes it possible to realize the process when  some secon- 

daries, p roduced  inside a nucleus in the pr imary collision, interact  wi th  one o f  its 
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nucleons. This mechanism has been proposed in ref. [16] to explain experimental 
results in cosmic rays. Table 4 compares the data from table 3 with the many-particle 
model calculations [17]. The data from ref. [14] regarding the interactions of 
17.2 GeV/c rr- mesons and their comparison with the calculations by the usual cas- 
cade model [l 8] are also presented. The predictions of  the many-particle model 
and the observed value of  (ns), {i/g) and 0s,1/2 for Ag, Br nuclei at 60 GeV/c are in 
agreement. 

Table 4 
Comparison of data with theoretical predictions. 

60 GeV/c 17.2 GeV/c 

C, O Ag, Br 

exp. theory [17] exp. theory [17] exp. [14] theory [18] 

(n s) 7.4±0.3 5.l ±0.3 9.9±0.7 9.3-+0.5 5.9±0.3 7.1±0.5 

0s, ½ 8.8 ± 0,8 9.6 ± 0.5 16.4-+ 0.6 15.4 -+ 0.8 22.0 ± 1.1 24 ± 2 

(nh> 2.2±0.1 10.0-+0.5 14.5-+0.6 

(ng~ 1.6±0.1 4.11±0.35 4.0-+0.2 / 2.3+0.1 

1 ( n  6 ) 6.54 ± 0.43 10.5 ± 0.5 

4.0±0.4 

Note that the proposed many-particle mechanism describes the process of  collec- 
tive interactions of  fast particles with nucleons inside the nucleus and is an inverse 
analogy of  the coherent generation process, lts experimental proof  is of  great inter- 
est for nuclear and elementary particle physics. As a consequence, analogous inves- 
tigations with larger variations of  the nuclear composit ion of  emulsions and energies 
of  primary particles would be interesting. 

5. COHERENT INTERACTIONS 

Coherent interactions are inelastic interactions of fast particles with all or some 
nucleons of  the nucleus in which the whole nucleus obtains a recoil momentum. 
This process was theoretically considered in [19]. 

In ref. [20] it was shown that at small angles without the absorption of  partial 
amplitudes o would be proport ional  to A 2. 

Absorpt ion effects which cannot be precisely calculated are very essential. Com- 
paring the theory with the experiment,  it was concluded that o ~ A 2/3 [20]. In a 
number of  works serious disagreements are observed. 

In ref. [21 ] a comparison between the emulsion and bubble chamber results has 
been made and it is concluded that all the nuclei of  photo  emulsions participate 



N. Dalkhazhav et al., Interactions o f  60 GeV  ~r- mesons 197 

in the coherent generation and the fast increase, i.e. A 2 due to the Coulomb gene- 

ration is not  valid. In ref. [22] a detailed comparison of  methodic factors in emulsion 
and bubble chamber works has been made and it is concluded that " there are no 
good grounds against Good 's  and Walker's assumption [23] that the coherent pro- 
cess occurs predominantly in light nuclei". 

The bulk of  the data on coherent generation has been obtained using bubble 
chambers with different filling liquids. 

In comparison with photo  emulsions, chambers with heavy liquids achieving 
sufficient statistics have an essential advantage to detect n- mesons. However, events 
characterized by the emission of  low energy particles from the nuclear disintegration 
which are not detected in bubble chambers are reliably detected in emulsions. 

In accordance with this fact investigations by means of photo emulsions with 
different nuclear compositions are of  interest. 

The results made with the help of  emulsion 1 are given in [ l ,  2] .  Coherent inter- 
actions in emulsion II were selected according to the same criteria as in [1 ,2 ] .  The 
data on three-prong coherent events n- + A ~ n- + U + n- + A showing an essential 
decrease in emulsion I1 are presented in table 5. 

Table 5 
Data on three-prong coherent events. 

I II 

Nuclei number C, O, N 2.76 × 1022 3.68 × 1022 

1 cm 3 Ag, Br 2.07 × 1022 0.77 x 1022 

Length of tracks (m) 3147 364 

Number of events 197 11 

(Acoh) (m) 16 -+ 1.4 33 +~ 10 

( Z3sin Oi~ 0.067 0.071 

As is seen in table 5, the relative increase (Acoh) for emulsion II corresponds to the 
relative decrease of  the Ag, Br nuclei number in emulsion II in comparison with I. This 
result reflects the fact that coherent integrations are mainly due to Ag, Br nuclei. An 

analogous conclusion was obtained from the theoretical work [24] where the re- 
suits on the coherent generation in photo emulsions and bubble chambers were 
compared. 

The assumption that a main role is played by light nuclei in such interactions is 
unlikely, since in this case (Aco h) in emulsion II should be decreased to 10.7 m. 

Preliminary results of  the present work were given in ref. [25].  
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