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Abstract. The longitudinal structure of the air shower particles in the shower disc has been 
investigated using the Kiel air shower array with additional fast-timing equipment. From 
the time delay measurements the longitudinal density distribution of particles has been 
derived, which near to the shower core (r < 10m) can be described by d(t) = 0.39t0” 
This distribution proves to be similar to the longitudinal dispersion calculated for purely 
electromagnetic cascades. 

1. Introduction 

Extensive air shower (EAS) particles move nearly in the direction of the primary particle 
with velocities close to the velocity of light. Transverse momenta and scattering lead to 
a slightly different direction for each of the particles and cause a lateral dispersion; in 
addition a longitudinal dispersion is produced by the path length and velocity differences 
of the particles. So the shower particles are concentrated in a disc with a longitudinal and 
a lateral structure. The lateral particle distribution is rather well known and is widely 
used in routine air shower data analysis. Information on the longitudinal distribution is 
rather scant, especially concerning its detailed shape, but enough is known about it for 
the main application : the arrival direction measurement in showers. 

The first experimental information on the thickness of the shower disc was given by 
Bassi et a1 (1953) : from time delay measurements between shower particles they derived 
a disc thickness equivalent to 4-43 ns and a curvature of the shower front with a radius 
of more than 1300 m. The penetrating particles were found in a less curved disc of 8 ns 
thickness which lags the electrons by not more than 10ns. This picture in its main 
features is still valid now, but has been improved in some respects. Linsley and Scarsi 
(1962) and Thielert and Wiedecke (1964) studied the lateral dependence of the disc 
thickness. Investigations of the disc of the hadron component were reported by Chatterjee 
et a/ (1965), and of the disc of the penetrating component, eg by Baxter et al(1968) and 
Armitage et a1 (1971). Hochart et a1 (1969) and Woidneck et a1 (1971) measured the 
curvature of the electron disc for core distances less than 100 m. 

In all experiments quoted, only the arrival time of the first particles passing through 
the detectors has been measured. This method is not able to give details about the shape 
of the distribution of the shower particles in the disc. The aim of the present investigation 
has been to measure the shape of the particle disc. The longitudinal distributions of 
electrons and of muons have been scanned for core distances I e 100m and for time 
delays of up to 30 ns with respect to the shower front. 
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2. Apparatus and method 

An array of sixteen 1 m2 scintillation counters provides basic information on the 
shower, ie core location, size and arrival direction (Bagge et U I  1965). Three fast-timing 
scintillation counters of different area have been added to measure the longitudinal dis- 
tribution of the shower particles. Two unshielded detectors of 1 m'(SC1) and 
0.01 m'(SC2) area and a shielded one of 1 m'(SC3) have been used (figures 1 and 2). The 
large unshielded detector is triggered by the first of many particles passing and indicates 
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Figure 1. Arrangement of the fast-timing counters. 
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Figure 2. Construction of the fast-timing counters. 
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the arrival of the shower front. By selecting single particle traversals through the small 
detector the arrival time of single particles with respect to the shower front can be deter- 
mined. In this way it is possible to scan the shower disc rather directly. By sampling 
many showers one obtains the average longitudinal structure of the disc. The same 
method can be applied to the shielded detector (880 g cm-2 of concrete). All detectors 
consist of plastic scintillators with two multipliers, one of which (53 AVP, 54 AVP) is 
employed to record the number of particles passing the scintillator, the other one 
(56 AVP, 58 AVP) to measure the arrival time. 

The error in the time measurement has been derived from prompt coincidences of 
both counters in question, using local showers with rather small longitudinal dispersion 
and single particle traversals in SC2, SC3. The time resolution (standard deviation) of 
the arrangement depends on the amount of light on the photomultiplier of SC1 and 
reaches a constant value of U = 1.3 ns for the system SCl/SC2 at a pulse height equiva- 
lent to 10 particles m-2.  The corresponding value for the system SCl/SC3 is U = 2.7 ns. 
The detection efficiency of the timing channels is 0.99 and 0.91 respectively. 

3. Results 

With the detectors SC1, SC2 and SC3 the following data have been obtained. 
(i) Arrival time differences between a single particle in SC2 and many particles in SC1. 

As mentioned in 0 2 the longitudinal distribution of air shower particles is probed in a 
rather direct manner. 

(ii) Arrival time differences between a single particle in SC3 and many particles in SC1, 
providing information on the longitudinal distribution of muons. 

(iii) Arrival time differences between single particles in SC2 and SC3. To some extent 
the mean value of the resulting distributions represents the delay between the electron 
and the muon disc. From the lateral dependence of this delay one can deduce the curva- 
ture of the electron disc. The result of this analysis has already been reported (Woidneck 
et a1 1971). In the present paper we are only concerned with (i) and (ii). 

3.1. The electron disc 

The data recorded in (i) have been subdivided according to core distance r 
(0-4-10-2543 m) and number of particles p1 in SC1 (this procedure is suggested by the 
expected lateral dependence of the disc structure and by the intrinsic influence of p1 on 
the time delay). 

Typical arrival time distributions are shown in figure 3. They are not symmetrical : 
there is a fast rise, a maximum at a few nanoseconds and a slow decrease up to the maxi- 
mum detectable time delay oft,,, = 30 ns. For fixed r there is a remarkable dependence 
on p l .  Near to the shower core (4-10 m) and for densities 10 m-’ c pl  < 100 m-’ this 
is mainly an instrumental effect : the time of detection of the particle is a function of the 
density because of the finite rise time of the photomultiplier pulse and the discrimination 
method used (leading edge). The response to time is shifted with p1 as indicated (events 
with t < 0 are due to the finite resolution of the detection system U = 1.3 ns). At larger 
core distances (r  > 25 m) the dependence of the arrival time on p1 is still stronger. This 
is due to additional delays caused by the muon component as explained later in 0 3.2. 
There exist events with particles delayed by 30 ns < t < 1 ps without exact arrival time 
determination. Some of them are due to the finite detection efficiency of 0.99. In total 
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Figure 3. Single particle arrival time distribution. (a) 4 m < r < 10 m;  (b )  25 m < r < 63 m. 

209 (3.4%) 'delayed' particles have been found, becoming more frequent with in- 
creasing core distance : 1.5 f 0.04 % at 4-10m, 8.9 & 1.3 % for r > 63 m. 

A longitudinal particle density distribution function has been derived from the 
measured arrival time differences. The function d(t)  = t" exp(- bt) with parameters U 

and b has been chosen to be fitted to the measured arrival time distribution at core 
distances 4-10 m, allowing for the finite time resolution of the detection system. The 
result is shown in figure 4. Apparently the longitudinal distributiofi of shower particles 
canbedescribedbytheparametersu = 0.9f0.3,b = 0.6&0.1 ns - ' up to t  = 12ns.The 
observed flat tail, however, exceeding 12 ns (4.4% of the events) is not reproduced 
correctly by this function. 

The time delay distribution at larger core distances is different from the distribution 
near to the core. This change can be explained by a larger contribution of muons which 
arrive earlier than the electrons (see Woidneck et a1 1971). This extreme (muon-) shower 
front is not always recognized by SC1, but is detected more frequently with increasing 
particle density or core distance and thus number of muons. The measured distributions 
are superpositions of time measurements with respect to two different fronts, the muon 
front or the electron front. The electron disc has been derived assuming a muon disc d(t)  
with a = 1, b = 2, which is suggested from the arrival time distribution of penetrating 
particles described in 0 3.2, preceding the electrons by a time of 6 ns taken from Woidneck 
et a1 (1971). A best fit leads to a disc structure for the electron component described by 
parameters a = 0.3k0.3, b = 0.4Ifr0.1 ns-'. However this result is not as reliable as the 
one obtained at small core distances. 

3.2. The muon disc 

The measurements of penetrating particles (mainly muons, E 2 2 GeV) have been 
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Figure 4. Comparison of measured and assumed trial distributions. The crosses are results 
expected from the density distributions. The curves marked A are those described by the 
parameters a and b in the relation t“ exp( - bt) for the values of a and b shown. 

( a ) 4 m  < r < 10m;  (b)  25m < r < 63m. 

analysed in a similar way to those of the electrons. Some typical arrival time distributions 
are shown in figure 5. It is to be seen, that the time delay distribution does not alter 
noticeably with core distance. The standard deviations are constant within experimental 
errors. Taking the symmetrical part of the distribution, ie cutting off the tail, the corres- 
ponding standard deviation is equal to the time resolution. Thus in first approximation 
the longitudinal density of penetrating particles can be supposed to be a spike at the 
shower front with a flat part up to 15 ns at least. 

4. Discussion 

For an interpretation of the experimental results a comparison with a three-dimensional 
shower simulation would be most suitable. This simulation should pay regard to the 
following effects, which are of differing importance for the various kinds of particles 
and core distances (cf Blake and Harris 1970): a time delay is produced by path length 
differences due to 

( U )  transverse momenta of the particles; 
(b) multiple scattering; 
(c) geomagnetic deflection; and by 
( d )  differences in particle velocities. 

Calculations of this type are not yet available. For purely electromagnetic showers a 
computation has been performed by Locci et a1 (1967) considering effects (a),@) and (c). 
Vertical showers originating from y rays of energy lOI3 eV at a height of 15 km 
above sea level have been simulated. The calculations provide the longitudinal electron 
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Figure 5. Arrival time distribution of single penetrating particles ( E ,  2 2 GeV). 

density at various observation levels and core distances. The distributions change only 
slightly with energy or observation level at core distances larger than 10 m. Thus their 
results could be valid for even higher energies at sea level. A comparison with our 
measurements (figure 6) shows rather similar behaviour. As far as the longitudinal 
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Figure 6. Comparison of longitudinal electron density distributions. (a) Calculated by 
Locci et a1 (1967); (b)  present experiment: curve A, ~ , t ~ ' ~ e - ~ ' ~ ' ,  4 m < r i 10m; curve B, 
~ , t " ~  25 m < r < 63 m. 
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dispersion of shower particles is concerned, there seems to be no difference between 
purely electromagnetic cascades and showers produced by hadrons, confirming that the 
main contribution to the delay comes from the electromagnetic component due to 
scattering. 

As pointed out by Lapikens et a1 (1973) the arrival time distribution of shower 
particles contains information about the longitudinal shower development. At small core 
distances r < 60 m this does not seem to be the case ; the delay is mainly due to Coulomb 
scattering and not caused by path length differences due to the transverse momentum 
distribution as at large core distances. 

Comparing the longitudinal distribution functions at the two core distance intervals 
4-10 m, 25-63 m there seems to be no change in the mean delay t = (a+ l)/b: 3.2 and 
3.3 ns respectively, while there is a slight increase in the standard deviation 
CT = [ (a + l)/b2]'/2 : 2.3 and 2.9 ns respectively. This change is not as fast as could be 
expected from the dependence of the mean electron energy on core distance (Vernov et al 
1960, Fukui et al 1960, Holtrup 1972). We conclude that the disc width does not depend 
on the mean particle energy, which changes strongly near to the core ( r  < 10 m); con- 
sequently a change in shower age and the related change in mean particle energy will not 
be observable by disc structure measurements, at least on the average. But before drawing 
final conclusions it would be useful to measure the disc structure in individual showers 
and the fluctuations in disc structure. To do that other methods than the one used here 
have to be developed. 

5. Application 

In recent years some shower phenomena have been investigated which depend strongly 
on the structure of the shower particle disc: the time distribution of Cerenkov light 
(Bosia et a1 1973) and the radio wave spectrum from the shower particles produced in 
the atmosphere (eg Allan 1971). In calculations of the radio wave frequency spectrum 
assumptions on the disc structure have been used : Fujii and Nishimura (1971) adopted 
d( t )  .II t S l 2 - l ,  derived from the shower calculations by Nishimura; the treatment by 
Allan (1971) is equivalent to a similar type of distribution. 

The contribution of the time delay distribution of particles to the radio frequency 
depends on the Fourier transform of the structure of the disc at the atmospheric depth of 
emission. The contribution to the response of a receiver is the integral effect of particle 
number and disc structure at the different stages of development. The longitudinal dis- 
tribution functions d ,  - t - K  and d ,  
and f , (v) - (bz + v ~ ) - ( ~ + ' ) / ~  respectively, both giving a power law spectrum at high 
frequencies, vK-', v - ( " +  ') but differing at smaller frequencies (v < b) (for experimental 
values of b see 9 3.1). 

The spectrum f, does not agree with the spectrum of radio waves observed experi- 
mentally (eg Allan 1971). Qualitativelyf, shows the same trend as given by the calcula- 
tions of Hough (1973), a shift of the maximum of the frequency distribution to smaller 
values with increasing core distance. But the flattening off, starts at too high frequencies. 
Since it seems not reasonable to adopt a much smaller value of b for the disc structure 
of particles the main contribution to the radio wave spectrum should not come 
from the shower disc but from other types of path length differences of the interfering 
waves. 

t" exp( - bt) lead to frequency spectraf,(v) - vK- 
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