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OBSERVATIONS OF EXTENSIVE AIR SHOWERS NEAR THE MAXIMUM
OF THEIR LONGITUDINAL DEVELOPMENT*
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Extensive air showers have been studied at an
altitude of 4200 m (atmospheric depth 630 gjcm')
with apparatus previously used at sea level. ' '
Their characteristics are found to differ mark-
edly from those of showers at sea level, and de-
monstrate that vertical showers with about
30x10' particles are near their maximum de-
velopment. These results were derived from
data on approximately 400 selected showers with
sizes greater than 15&10' particles.

The experimental method2 employs the tech-
niques of fast-timing and density sampling with
eleven 1-m' scintillation detectors in an array
with outside diameter 700 m. The apparatus is
located on the Altiplano at El Alto near La Paz,
Bolivia. For each shower event the arrival di-
rection is determined from the timing data to
within O'. The size and core location are deter-
mined by a least-squares fitting of the density
data to a trial function representing the lateral
distribution. Tests of the analysis procedure on
artificial shower data generated by a Monte Carlo
method demonstrate that the average error dis-
placement in the core location is about 10 m, and
that the fractional error in the size determination
is about 8%, provided the trial function is an ac-
curate representation of the lateral distribution.
The function used throughout the analysis was the
Greisen representation' of the ¹ishimura- Kamata
function (NKG) with the age parameter s = 1.0 and
the Moliere unit equal to 132 m.

We first compared the observed average lateral
distributions with the trial function, for showers
grouped according to their sizes and zenith angles.
A part of these results for one size group (18X106-
25x108) are shown in Fig. 1, where the ratios of
the observed particle densities to the densities
calculated from the fitted trial function are plot-
ted versus the distance from the core. Also plot-
ted are the ratios found for artificial shower data
generated using the NKQ function with values of
s equal to 0.8, 1.0, and 1.2. The results for
artificial showers indicate that the method of
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FIG. 1. Comparison of the observed lateral distri-
butions with the trial function NKG 1.0 for three groups
of real events with sizes from 18 x 108 to 25 x 10, and
for three groups of artificial events. The abscissa re-
presents the distance from the calculated core position.
The ordinate represents the ratio between the average
observed particle density and the average density cal-
culated according to the fitted trial function. The
height of each box indicates the statistical and instru-
mental uncertainty.

analysis can reveal a systematic trend in the
steepness of the lateral distribution. The results
for real showers therefore support the conclu-
sion that the steepness of the lateral distribution
decreases with zenith angle. (By comparison, at
sea level the lateral distribution shows little or
no variation with zenith angle and can be fitted by
the NKG function for s = 1.3).' Note that our re-
sults are essentially limited to core distances
from about 40 m to 400 m.

We then plotted the integral intensity S of show-
ers with sizes greater than N as a function of
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sec8. We selected events according to criteria
which permitted accurate evaluation of the detec-
tion efficiency. The calculated sizes were cor-
rected for errors caused by the systematic change
with 6 in the lateral distribution function as dis-
cussed previously.

W'hereas, at sea level, S for fixed N can be ex-
pressed as an exponential function of sec& (which
is proportional to the slant thickness of the at-
mosphere), at 4200 m we find that S (for N near
30x10a) is approximately stationary with respect
to changes in sec& near sec8= 1.0. This is the
behavior expected if showers with N = 30 x 10' are
near their maximum longitudinal development.

The same data can be used to determine directly
the longitudinal development. For this purpose
we plotted S versus N for events grouped accord-
ing to zenith angle. For each group we evaluated
the average slant thickness of the atmosphere,
x =xo sec&, where re=630 g/cm'. We then read
from these plots the values of N at several given
values of S. In this way we obtained the data on
the variation of N with x at constant S which are
shown in Fig. 2. If the primary flux is isotropic,
and if there were no fluctuations in shower de-
velopment, then each set of points in Fig. 2 would
represent the dependence of size on depth for
showers initiated by primaries of a certain spe-
cific energy. Even with fluctuations present,
Fig. 2 should indicate the general features of the
deyendence on sec& of the average size of show-
ers initiated by primaries of a given energy. W'e
wish to emphasize that the imyortant feature of
these curves is the presence of the maximum
near 630 g/cm'.

Also shown in Fig. 2 is the analogous result
from the earlier sea level experiment' on the
variation of N with x at one of the same absolute
values of S. The discrepancy in size at equivalent
atmospheric depth is not yet understood.

A more comylete reyort on this work including
results on showers with sizes less than 10~ par-
ticles is in preparation.

The authors express their thanks to R. Schul-
czewski, who has assisted in the operation of the
experiment, and to the Massachusetts Institute
of Technology Computation Center for the use of
the IBM- 704 computer.
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FIG. 2. Experimental results on the longitudinal
development of extensive air showers. The plot is de-
rived from the observed integral size spectra at var-
ious zenith angles and represents the dependence of N
on x at constant S. The upper and lower sets of points
are for S=10 4 cm ~ sec sr ~ and 8=10 cm
sec ~ sr- ~, respectively. The straight line with an
error indicator represents the analogous results de-
rived from sea level data for S =10 3 cm sec
sr-'.
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