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Abstract. Using a new device for extensive air shower core localization consisting 
of four sets of Conversi neon detectors of total area 9 m2 (comprising 36 000 neon 
tubes), cores have been located with high accuracy and the lateral muon distribution 
has been measured for a threshold energy of 0.6 Gev. 

50 000 recordings of muon density by means of the Lodz muon analyser have 
allowed us to obtain a high accuracy of the mean density. The measurements were 
performed in the central part of extensive air showers: 2 to 30 m from core. 

The interpretation of the shape of this distribution is discussed and compared 
with theoretical calculations. As the muon lateral distribution is mainly determined 
by the angles of emission of parent pions, some features of the distribution of trans- 
verse momenta p ,  of pions produced in air can be analysed. For low p ,  values 
a discrepancy is found with the Cocconi empirical p ,  distribution which comes from 
accelerator data. A flattening of the muons’ lateral distribution near the shower axis 
is interpreted as being due to a lack of small p ,  values. 

1. Introduction 
As has been stated by de Beer et al. (1966) and Bonczak et al. (1968), a knowledge of 

the lateral distribution of the muon component of extensive air showers seems to be of 
great importance since it enables us to obtain information about some features of the 
distribution of the transverse momenta of pions produced in collisions with air nuclei, 
owing to the fact that the muon lateral distribution is mainly determined by the angles of 
emission of the parent pions. Other factors such as multiple scattering, deflection in the 
Earth’s magnetic field, the transverse momentum of the muon in the pion decay, etc., play 
a much smaller role. The total deviation of the muon from the axis because of these factors 
does not exceed 20 per cent of the effect due to the angle of emission of the parent pion, 
However, before valid conclusions can be drawn, it is essential to perform accurate measure- 
ments on the lateral distribution of muons and compare these with theoretical distributions. 

The present paper can be considered as a partial contribution to this subject; its main 
aim is to obtain accurate data on the lateral distribution of muons in the region from 2-30 m 
from the core. Most of the measurements of the muon lateral distribution performed in 
the past did not furnish sufficiently accurate information about the distribution in this 
region since they were usually designed for measurements at larger distances from the core, 

Previous work devoted to muon density distributions (Greisen 1960, Nikolski 1962) 
proceeded from information obtained from arrangements with a large base (values of muon 
density several tens or several hundreds of metres from the axis). From the data obtained 
in these experiments it was possible to determine the shape of the radial muop distribution 
at distances larger than 25 m from the shower axis. This knowledge of the lateral distribu- 
tion of the muon flux density may be of particular importance since this makes it possible, 
for instance, to determine the total number of muons in a shower as well as the fluctuations 
in this number under particular conditions (e.g. constant number of electrons). Extra- 
polation of the values of the distribution to distances less than 25 m is perhaps allowable, 
for example, when one is determining the total number of muons, but is impossible when 
one is trying to utilize the information carried by the muon component in order to obtain 
data concerning the character of the nuclear collisions. 
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2. The experimental arrangement 
Our experimental device (figure 1) is particularly suitable for measuring the muon 

lateral distribution not too far from the axis. The apparatus for core location consists of 
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Figure 1. The Lodz experimental arrangement (schematic), A, Geiger-Muller 
unshielded counters (6.5 mz total); B, Geiger-Muller muon detectors 0.6 GeV (21 m2 
total); C, Geiger-hluller muon detectors 5 Gev (42 m2 total); D, neon flash tubes 

(9 m2 total) ; 0, timing scintillators. 

36 000 neon flash tubes covering a total area of 9 m2 and grouped in four equal sets at the 
corners of a parallelogram with sides 15 and 20 m. This small separation between the 
individual detectors ensures accurate determination of the core location. The  experi- 
mentally evaluated error is 1-2 m at 10 m distance and 3-5 m at 30 m distance (Bonczak 
1967). It should be noted that the core position is determined for the electromagnetic 
component of the shower. 

The localization of the shower axis is based on the measurement of the density of 
charged particles in these four trays of the flash-tube hodoscope, assuming the Nishimura- 
Kamata radial distribution in the Greisen approximation. The accuracy of the procedure 
was found by the Monte Carlomethod, accountbeingtakenofthe fact that the age parameter s 
has a value of s = 1.1 in the central region of the shower. 

We have made 50 000 recordings of muon densities by means of the Lodz muon analyser, 
which has an effective area of 21 m2 and consists of 152 hodoscoped parts, in order to obtain 
a high accuracy in the muon flus density. The measurements were performed from 2 m to 
30 m from the axis; the threshold energy of the recorded muons was 0.6 GeV (the absorber 
consists of 30 cm Pb and 12 cm Fe). Showers of all registered angles were used in the 
analysis, the mean zenith angle being about 26". 

The hodoscoped area was divided into six segments (figure 1, segments 1-6); in this 
way information about the number of detection elements hit for various distances from the 
shower axis was obtained. 

We introduce the following notation : Ill, the total number of penetrating component 
detectors in each segment ; m, the number of detectors hit; Ap, the density of the penetrating 
component; S ,  the area of an individual detector (S = 0,136 m2). 
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3. The elaboration of the experimental data 
The whole of the experimental material was divided into 100 sub-groups with definite 

values of mean shower size L !  and mean core distance 7 (table 1). A histogram of a sub- 
group is shown in figure 2 as an illustration. 
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Figure 2. An experimental and corrected histogram corresponding to the mean 
shower size. 

The  radial density distribution of the penetrating component was calculated taking 
into account the effect of multiplication in the absorber (secondary particles of nuclear 
cascades in the absorber give the appearance of a higher density of the penetrating com- 
ponent). 

Each histogram is assigned an averaged value of density in the following manner: the 
value m = 0 has the value Ap = 0 assigned to it, while all other values m < are assigned 
to the most probable density Ap = (lis) ln{M/(M-m)). 

The weighted mean of these densities is regarded as the averaged density corresponding 
to the given corrected histogram; the method of correction has been described in detail by 
Hibner et al. (1965). 

In  accordance with other authors, we assume that the radial density distribution of the 
penetrating component for distances close to the axis can be described by the relation 
Ap = AN,r-*. For each group of 10 values of Ap associated with each successive value of 
N e  (table 2), we calculate the coefficients A and n by the least-squares method (table 3). 
This makes it possible to determine the radial density distribution of the penetrating 
component corresponding to any value of Re. For example, the distribution for fv, = lo6, 
found using a value of the s parameter equal to 1.25, is as shown in figure 3. 

The correction for the contribution of the nuclear-active component has been found 
by two independent methods, as fol1ows.t According to the data of the Bombay group 
(Chaterjee et al. 1963) the number of nuclear-active particles in an extensive air shower 
at an atmospheric depth of 800 g cm-Z is ATN ( > 1 Gev) = 3100 (N,/106)0.65* 0 ' 0 5  and falls 
off to 60 per cent of this value at a depth of 1100 g cm-2. For our depth (1000 g cm-2) we 
take a coefficient of 0.73. Assuming an energy threshold of 2 GeV for nuclear-active 
particles from the energy spectrum of Greisen (1960), we find the intensity to be 0.63 of 
the former. 

One should distinguish the procedure of subtracting the nuclear-active component from the 
total penetrating component and the above described corrections for multiplications in the absorber. 
The later corrections give densities of the total penetrating component on the basis of the histograms 
o f  the shielded detectors hit. 
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Figure 3. x the radial distribution of the penetrating particle flux for )Ve = IO6, using 
the value of the s parameter equal t o  1.25. $ the radial distribution of the muon flux. 

If, after Cocconi (1961) and Nikolski et al. (1956), we assume that the radial density 
distribution of nuclear-active particles has the shape AN - Y - ~ , ~  we obtain the values given 
in table 4. The table also lists the values stemming from the distribution obtained by 
Hibner (1964) (the third column). 

Table 4. The radial density distribution of nuclear-active particles obtained 
using the data of Chaterjee et al. (1964)(second column) and of Hibner (1964) 

(third column) 
- - 

y (4 Ne = 106 Ne = 106 

2 
4 
6 
8 

10 
12  
14 
17 
21 
26 

3.67 
1.39 
0.79 

0.39 
0.30 
0.24 
0.18 
0.14 
0.10 

0.53 

3.36 
1 e28 
0.72 
0.48 
0.35 
0.27 
0.22 
0.17 
0.1 3 
0.09 

The radial density distribution of the muon flux obtained after subtraction of the 
nuclear-active component is also shown in figure 3. It should, therefore, be stressed here 
that the experimental distribution represents the pure muonic component. 

The indicated errors are mainly caused by the various corrections-the errors of the 
initial distributions being practically negligible. 

As was mentioned above, we assume the age parameter s = 1-25 for the evaluation of 
the shower size. However, work, as yet unpublished, which has been carried out at Lodz 
shows that the value of the parameter s in the central part of the extensive air shower is 
1.1 instead of 1.25. This markedly changes the vaIue of iVe; taking this into consideration 
the radial distribution of the muon density is related to the shower size Re = 8.2 x lo5 
and not lo6. When the corrections ensuing from this are taken into account, the radial 
density distribution of the muon flux for a shower of size AT, = lo6 is as shown in figure 4. 

In  the interval from 10 to 20 m, we find good agreement with other results. The ratio 
of the respective values of the muon density obtained by Triimper et al. (1968, private 
communication) to those in the Lodz experiments for Y = 10-15 and 20 m are, respectively, 
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Figure 4. The radial distribution of the muon flux, after correction of the 
$ present work; $ Trumper e t  al. (1968). 

value; 

1.08-1.03 and 1.00. The  less pronounced flattening for smaller values of Y obtained by 
Trumper et al. and by Chaterjee et al. (1964) is, in our opinion, due to the fact that the 
contribution of the nuclear-active component had not been fully taken into account. 

4. Conclusions 
The present experimental results have been compared with the theoretical calculations 

of de Beer et al. (1966). These authors assumed the CKP distribution (Cocconi et al. 1961) 
of transverse momentum and performed the calculations for two variants: (i) the complete 
transverse momentum distribution; (ii) a distribution with a cut-off applied so that pions 
with transverse momenta below 0.1 Gevjc were suppressed. 

Figure 5 represents both theoretical curves; the upper one corresponds to the full 
p ,  distribution, the lower one to the distribution with a cut-off at 0.1 Gevjc. The  points 
represent our experimental results. 

, .- 
2 5 IO 20 50 100 

r ( m )  

Figure 5 .  The experimental density distribution of the muon flux (present work) in 
comparison with the theoretical curves; the upper curve corresponds to the full p ,  

distribution, the lower to the distribution with a cut-off at 0.1 Gevjc. 
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In  conclusion it should be pointed out that the muon lateral distribution is flattened at 
small distances from the core. This seems to provide some indication of a lack of particles 
with low p ,  among the secondary pions produced in pion-light-nuclear collisions. Specific- 
ally it can be seen (figure 5 )  that there is good agreement between the experimental distribu- 
tion and theoretical one withp, values below 0.1 Gevjc suppressed. This can be considered 
as an indication of a lack, as distinct from a complete absence, of low transverse momenta. 
It should be noted that in the case of a higher mean transverse momentum the relative 
lack of low transverse momentum would be observed even if the shape of the distribution 
remained of the form: p, exp(p,/p,). 
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