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A series of experiments on cosmic-ray air showers is
described. Four ‘‘fast” ionization chambers, with electronic
coincidence and photographic recording of pulse height,
were used to investigate the structure of these showers in
detail, at mountain altitudes. The experiments show that
the showers have the structure characteristic of electron
cascades. There is no evidence for unusually narrow
showers. If the showers originate from the decay of neutral
mesons, these mesons must be produced either singly, or
in groups whose total angular divergence is not greater
than ~10~* radian.

The frequency of occurrence of showers which have
particle density greater than p-particles per square meter
at the point of observation is shown to be 1.05(460/p)!-%

hr.71, 300<p<2000 particles/m? at 3050-m elevation.
This frequency is also given for two points of observation
with various distances separating them. Data on the
angular distribution of the showers at 3050 m and the
altitude variation between 3050 m and 4300 m are pre-
sented. The results of some theoretical calculations on
altitude and angular variation are given, but they are not
sufficiently accurate to indicate clearly the nature of the
primary event which causes these showers. Absolute rates
for the number of showers of a certain size, and for the
number of primary events, are presented.

Twenty-seven showers of more than 10%-ev total energy
were recorded.

I. INTRODUCTION

ARGE cosmic-ray showers, often called
“Auger showers’” or ‘‘extensive showers,”’
were discovered by Geiger-tube coincidence
methods.®? They have also been investigated
with cloud chambers** and ionization cham-
bers.5~7 Most of the Geiger-tube experiments
seem to be in general agreement with the cascade
theory of multiplication of high energy electrons
and photons.®#12 The relation between theory
and experiment is somewhat indirect, however;
all Geiger-tube counting rates are averages over
the local particle-density spectrum, which itself
is an integral over space and over an assumed
“primary’’ electron spectrum.

The ionization chamber has the advantage of
making a direct measurement of the particle
density in each shower. The experiments of
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Lewis,®7 using coincidence between two low pres-
sure ionization chambers, have been interpreted
as showing complete disagreement with the cas-
cade theory, and the question has been raised
whether the large air showers have an entirely
different structure.!

Recent advances in experimental technique
have made it possible to use pulse ionization
chambers with quantitative electron collection
as instruments of high sensitivity and micro-
second time resolution.’®* The present experi-
ments make use of the new techniques to investi-
gate in greater detail the structure of these air
showers. In particular it proved feasible, by the
simultaneous use of four pulse ionization cham-
bers, to obtain direct information on the structure
of an individual shower.

II. METHOD AND APPARATUS

A recent publication of this laboratory,!® here-
after referred to as BHRW, describes the ioniza-

181, Wolfenstein, Phys. Rev. 67, 238 (1945).

14 Evidence has also been found, by counter experiments,
for non-cascade radiation (penetrating particles) associ-
ated with air showers, but the number of these particles
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Counters, Vol. 2 of the Los Alamos Technical Series, in
print.

16 H, S. Bridge, W. E. Hazen, B. Rossi, and R. W.
Williams, Phys. Rev. 74, 1083 (1948).
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tion chambers and auxiliary apparatus used by
us, and discusses the application of ionization
chambers to cosmic-ray measurements. Therefore,
we shall describe only the main points of the
method here, referring the reader to that paper
for details.

1. Theory of the Ionization Chamber

An ionization chamber gives a signal which is
directly related to the number of ion-pairs
created in it. It is particularly appropriate for
studying the particle density of showers of high
energy particles, for this reason: the energy loss
by collision which is experienced by a particle
of electronic charge in matter is nearly a function
of velocity alone.” The number of ion-pairs
created, per unit path length, is approximately
proportional to the energy loss (and different for
different materials). Therefore, a relativistic par-
ticle (velocity nearly ¢) will have a specific
ionization almost independent of its mass and
energy. Let this average specific ionization be j
ion-pairs per gram per square centimeter, in the
gas of the ionization chamber. If the ionization
chamber is traversed by a shower whose particle
density at any point is p particles per square
centimeter, the number of ion-pairs created in
the chamber is

N=j6f pldS,
8

where S is the area of the chamber perpendicular
to the shower direction, / the length of path
which a shower particle has in the chamber, and §
the density of the gas. If p is nearly constant
over the area of the chamber, we obtain the
relation N =jévp (where v is the chamber volume)
which shows that the ionization chamber signal
is a direct measure of the particle density in the
shower.

The relation between the number of ion-pairs
N which is released in the ionization chamber and
the resulting change in potential difference of
the electrodes is discussed in BHRW. (It should
be noted that we are not interested in the average
ionization current, but only in the sudden bursts
of ionization, and resulting voltage pulses, con-
nected with specific events.) In the chambers

17 B. Rossi and K. Greisen, Rev. Mod. Phys. 13, 240
(1941),
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used, the negative ions are electrons which are
all collected within 7X10—¢ second, and the
output of the fast amplifiers is essentially pro-
portional to the change in potential caused by
the motion of the electrons alone. In a cylindrical
ionization chamber with (positive) inner elec-
trode of radius @ and outer electrode of radius 5,
this change in potential is a fraction f=In(r/a)/
In(b/a) of the change caused by collecting the
whole charge, if the electron is released at
distance 7 from the axis. We may assume that
the showers to be observed will leave an approxi-
mately uniform density of ionization in the
chamber, so we find upon integrating the above
expression over the chamber volume that the
fraction of total potential change caused by
electron motion is

f=0/(6*~0a*) —1/Q2In(b/a)).

2. Calibration of Ionization Chambers

The ionization chambers used in this work are
described in detail in BHRW. They were cylin-
drical, with outer electrode 7.45 cm, inner elec-
trode 0.0635 cm, and active length 53 cm; they
were filled with five atmospheres of specially
purified argon. A thin source of polonium alpha-
particles was permanently installed at the inside
surface of the outer electrode.

The charge released by a polonium alpha-
particle is 5.3 X 10%/ Wy, where W, is the average
energy to produce an ion pair. The fraction of
change in potential due to electron motion is
unity in this case, because the entire charge is
released very close to the wall of the ionization
chamber. In Section 1, it was shown that the
charge induced, when a shower of particle-
density p strikes the ionization chamber, is
Ne=jdvpe; the fraction of the corresponding
change in potential which is due to electron
motion is f. Thus if V is the change of potential
due to a shower of particle-density p, and Ve is
the change in potential caused by an alpha-
particle,

p=>5.3X108V/fiWqbv V.

One correction is necessary. The brass walls of
the ionization chamber, though only 0.7 g cm™
thick, will change the density of shower particles
slightly, mainly by materialization of photons.



LARGE COSMIC-RAY AIR SHOWERS

Bethe!® has calculated the effect for a thin wall,
and finds multiplication by a factor

142(1—7.2/2)t/ X,

where ¢ is the thickness, Z is the atomic number,
and X, the “‘radiation length” of cascade theory.
For brass, Z2=29.2, X,=13.3 g cm™2, so the
multiplication would be 1.08 for our chamber,
except that rays off the axis of the chamber see a
greater thickness of material. This means that
tottective 1S greater than ¢; the factor proves to be
4 /7 if all the ions are collected. Electron collec-
tion complicates the matter, but an upper limit
can be shown to be 7/2. We take an intermediate
value of 1.5, which makes the final multiplication
factor 1.12. (Most showers prove to be nearly
vertical at the altitude of these experiments, so
the variation of f.;s because of inclination of the
shower along the cylinder axis is ignored.)

The product jW, is just the average energy
loss of a shower particle in one gram per square
centimeter of the ionization chamber gas. If the
chamber were filled with air, the value of the
energy loss would be that used by the cascade
theory. Since we have argon, but with particles
of energy distribution corresponding to air, we

ADDITION
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use the energy loss in argon of an electron of
108 ev, the average energy of cascade electrons in
air.!® This is!? jW,=2.1X10% ev g~! cm? For our
chambers f=0.90, d=0.0083 g cm™3, v = 2320 cm?,
and it is convenient to measure V in terms of V,,
a calibration voltage pulse applied to the high-
voltage electrode (cf. BHRW). We find that
V.=4.25 millivolts corresponds to a polonium
alpha-particle, so

p=5.3X105X10*V./1.12X0.90 X 2.1
X10%X0.0083X2320X4.25=308V,,

where p is particles per square meter, and V. is
measured in millivolts.

3. Electronic Equipment

Figure 1 is a block diagram of the electronic
equipment used to obtain data with the four
ionization chambers. Each chamber is connected,
through its own amplifier, to its own cathode-ray
tube which is normally quiescent. In addition,
each amplifier output is fed into an addition
circuit, which is actuated whenever any two of
the four chambers give pulses larger than a
certain (adjustable) amount at the same time.
When this circuit is actuated, it fires the sweeps

SWEEP

CIRCUIT
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GENERATOR

DISCRIMINATORS ]

AMPLIFIERS~__

IONIZATION
CHAMBERS ———a

CATHODE ~ RAY ————»
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Fi16. 1. Block diagram of the electronic circuits.

18 Private communication.

19 As indicated in the earlier discussion, c{ W, is not sensitive to this choice, and, in fact, the formulas for particle density

will be approximately correct for any kin

of shower with very high energy particles.
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on the four cathode-ray tubes, thus giving a
record of what is happening in each ionization
chamber at that instant. Thus the oscilloscopes
only sweep when a coincidence of a certain
magnitude occurs, and they report, at that
instant, on all four chambers, even though only
two need to be giving pulses. The oscilloscope
traces are recorded by a 16-mm movie camera.
The film moves slowly and continuously, shutter
always open, and whenever a shower of sufficient
size strikes the chambers, the four sweeps fire and
leave a record of the shower at that point of the
film. Figure 2 shows a record of a shower.

The resolving time of the addition circuit
which fires the sweep was 25 microseconds.
Since the data are obtained from examination of
the film, and the pulses rise in 7 microseconds,
the true resolving time for the apparatus is that
for which the pulses appear to be simultaneous,
i.e., about 7 microseconds. The accidental rate—
arising mostly from the alpha-particle source—
was under 1 percent in all experiments.

III. EXPERIMENTAL PROCEDURE
1. Calibration and Routine Checks

Before each run the bias of the individual
discriminators was set by means of the calibra-
tion pulser. Thus, for example, by setting the
bias to correspond to V,=2 millivolts, only those
events would be selected in which at least two

F1G. 2. Photographic record of a large air shower. Each
of the four oscilloscope traces corresponds to one ionization
chamber; the height of the pulse at the beginning of each
trace is a measure of the particle density at that chamber.
Total time of the sweep is 90 microseconds.
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chambers had pulses corresponding to at least
616 particles per square meter density in their
vicinity. A calibration record was then obtained
by applying known calibration pulses of, for
example, 2, 5, 10, and 20 millivolts to the cham-
bers, and photographing the resultant oscillo-
scope traces. The calibration was repeated, and
biases checked, at the end of each run. The
stability of the amplifiers and discriminators was
in this way found to be quite adequate.

This electrical calibration does not check on
the possibility that the chamber leaks or the
filling become contaminated. To detect the
former possibility a pressure gauge was perma-
nently installed in each chamber, and to check
on the latter the polonium alpha-particle pulses
were periodically checked against the calibration
voltage. As a further routine check the ionization
chambers were occasionally interchanged, and
also their individual counting rates for cosmic
rays were intercompared. The photographic rec-
ords, rather than simply the number of counts,
have been used as the primary source of all our
data. A microscope with a scale in the eyepiece
was used to measure pulse heights; the calibra-
tion pulses were measured in the same way and
a calibration curve drawn for each chamber and
for each run.

2. Placement of Ionization Chambers:
Arrangement 4

The ionization chambers give four measure-
ments of the particle density of each large shower
which strikes in their vicinity. The principal
object of the experiment was to obtain direct
information on the structure of these showers,
and two of the arrangements used were designed
for this purpose.

The first series of experiments was carried out
at Climax, Colorado, at 3500 meters, during the
winter of 1946-7. ‘““Arrangement 4"’ in Fig. 3
shows the principal set-up used at Climax. The
four chambers were horizontally placed on a line,
1 meter apart and with their axes perpendicular
to that line. The shack which housed the experi-
ment had walls and roof of wood, 13 g cm™2
thick.

This arrangement was chosen because it was
felt that such a ‘“‘cross section’ of the showers
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which struck in the vicinity would show up the
occurrence of multiple, spacially separated cores
in the air showers.?® One might expect to see an
occasional event in which large pulses in the two
extreme chambers were accompanied by smaller
pulses in the middle chambers.

3. Arrangement B

A second type of experiment involves the
statistical analysis of air showers and for this
purpose it is necessary to study the air-shower-
caused coincidences between two ionization cham-
bers placed quite close together. The appropriate
configuration is illustrated as ‘‘arrangement B”
in Fig. 3. The four ionization chambers were
arranged as two pairs, each pair consisting of one
chamber directly above the other. Only the top
chambers were used for quantitative analysis,
but the criterion for a true air shower included
the requirement that the bottom chambers show
pulses. The necessity for this precaution was
brought to light in the course of some other
investigations which are reported in BHRW,
reference 16. There it is shown that most of the
bursts in an unshielded ionization chamber of
the type used in these experiments are caused by
nuclear disintegrations (heavily ionizing particles
which are produced locally). For example, in
one of our chambers at 3500 m, 98 percent of the
bursts of more than 7.5 Mev are nuclear events;
2 percent are air showers. Cloud-chamber records
of nuclear events® show many in which some
moderately high energy heavy particles are
emitted, particles which are easily capable of
penetrating the thin walls of our ionization
chambers. The low probability that such an
event will simultaneously cause large pulses in
two ionization chambers proves to be offset by
the enormously greater frequency of the nuclear
disintegrations. Three and even four chambers
may be affected this way, and it is only by using
what amounts to four-chamber coincidence that
one finally reduces the nuclear events to a
negligible fraction of the showers.??

20 Such a possibility had been discussed in connection
with the experiments of Lewis, reference 5, which did not
show agreement with the cascade theory. Cf. M. M. Mills
and R. F. Christy, Phys. Rev. 71, 275 (1947).

21 W. Hazen, Phys. Rev. 63, 213 (1943).

2 Clearly, a very high gas pressure in the chamber will
eventually favor the detection of showers, and it turns out
that requiring a very large energy loss has the same effect.
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F16. 3. Disposition of the cylindrical ionization chambers
in arrangements 4 and B.

Arrangement B was used, with various dis-
tances separating the two pairs, at the second
high altitude station, Doolittle Ranch (near
Echo Lake),-Colorado. There at an altitude of
3050 meters a series of experiments on air
showers was carried out during the summer of
1947, with the assistance of R. Davisson. These
experiments were done in the open, with only
canvas over the ionization chamber containers.

Arrangement B was also used in Climax in
connection with another experiment and with a
bias different from that used in arrangement 4,
but within the rather large statistical error the
results can be extrapolated to compare with
those from arrangement 4.

4. Arrangement C

Figure 4 shows arrangement C, which yields
the most detailed description of the showers.
Three chambers were placed at the corners of an
equilateral triangle, 12.2 meters on a side, and
the fourth was placed in the center. In addition,
we were fortunate in having available for part
of the time a cloud chamber operated by W. E.
Hazen. This cloud chamber was being used for
another study, but it was also tripped by a
signal from our equipment whenever our addition
circuit fired. Identification of the pictures was
accomplished by photographing clocks on both
cloud-chamber and ionization-chamber records.
The cloud chamber was just outside the triangle,
as shown in Fig. 4.

Arrangement C was used both at Doolittle

Thus Lapp (reference 6), whose ionization chamber had a
pressure 10 times ours, and who required 100 times the
energy loss, reported that about 85 percent of his bursts
at sea level were caused by air showers.
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Ranch (3050 m) and at the top of Mt. Evans
(4300 m).

IV. RESULTS
1. Qualitative Structure of Individual Showers

The principal objective of these experiments
was to gain information on the structure of
individual air showers, by finding the particle
density at several points in each shower. An
examination of the 250 showers which were
recorded in arrangement A, during 240.5 hr.
of operation, shows that they have the qualita-
tive structure which is expected if they arise by
cascade multiplication from a single electron or
photon (i.e., particle density decreasing mono-
tonically with distance from a unique core). In a
great majority of the cases the pulses were all
about the same size. All but seven of the showers
gave measurable pulses (greater than § the
minimum pulse required for coincidence) in all
four chambers. One had pulses in three adjacent
chambers. Six had pulses only in an end chamber
and its neighbor.

There were three records in which two non-
adjacent chambers showed pulses. Since the ex-
pected number of such double accidentals from
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ion chamber
"2

F1G. 4. Disposition of the
cylindrical ionization chambers
in arrangement C.

alpha-particles was between one and two, these
were assumed to be accidental coincidences. Ob-
viously, some of the six double coincidences be-
tween adjacent chambers could also have been
accidentals. Of the remaining 243 records, most
of the groups are about uniform, many of them
rising from one end of the group to the other,
and some having a maximum. A few cases in
which there was a minimum were not very pro-
nounced, and undoubtedly could have been
caused by fluctuations. There were a few cases
in which the maximum was quite pronounced—
as it should be if the shower struck nearby—and
no cases of an equally pronounced minimum.

The three cases in which the singularity in
the electron density function (see below) is best
illustrated are described in Table I.

It should be noted that the ‘‘size”” of an air
shower does not have a precise meaning. Although
a shower with very many particles will be
detected over a large area, the particle density
will nevertheless change violently over a distance
of less than a meter in the vicinity of the shower
core. Thus the small spacing used in arrange-
ment A is already large enough to show the most
characteristic feature of the shower structure,
and, conversely, it is nearly impossible to make an
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apparatus so small that the particle density
incident upon it is always uniform.

Examination of the 540 showers registered
during 325 hours of observation in arrange-
ment C at 3050 meters leads to the same general
conclusion : the structure of these showers seems
normal. Often the center chamber will have a
larger pulse than its neighbors, or there will be
a gradual increase in pulse height from one side
to the other. In no case is the central chamber
significantly smaller than all its neighbors. The
quantitative analysis of the Arrangement C data
will be described below.

The regularity of these results also leads to
the observation that the probability for an air
shower to cause a nuclear disintegration in an
ionization chamber must be very small. This
result would follow from the evidence, presented
in BHRW, that most nuclear disintegrations are
not caused by photons.

2. Coincidence Rate as Function of Separation
between Chambers

Statistical analysis of air showers can be based
on the coincidence rate between two ionization
chambers as a function of their horizontal dis-
tance of separation. (Auger calls the analogous
function for Geiger tubes a ‘‘decoherence curve.”)
All of the experimental arrangements which
have been' described yield information on this
function ; it will be represented here by W(p, d)
=number of coincidences per hour between two
ionization chambers separated by distance d
meters and each required to have a particle
density 2 p particles per square meter. Arrange-
ment B yields this function directly; at each
distance of separation one simply adds up, by
inspecting the record of pulse heights, the num-
ber of times the two top chambers simultaneously
had pulses corresponding to particle density > p,
for various values of p. The dependence of W on
p which is found in this way can be represented,
within the statistical error, by a power law,
W =constant X p~?, and both the constant and
the exponent prove to be functions of the dis-
tance d. A similar examination of arrangement 4
in which one concentrates on only two chambers,
ignoring what happens in the other two, gives
W for three values of d; Arrangement C gives W

1695

TABLE 1. Three showers which struck near the apparatus,
arrangement A. The numbers represent probable values
for the number of electrons which went through the
chamber.

Chamber 1 Chamber 2 Chamber 3 Chamber 4
200 204 61 32
10 5 40 135
1§ 119 15 21

for two values of d (the side of the triangle and
the distance from a vertex to the center).

Table II summarizes the data on the func-
tion W. In analyzing the data at 3050 meters
and 4300 meters a minimum particle density of
460 particles/m? was chosen, although records
were available down to a particle density of 308
particles/m?. In this way the discrimination is
entirely done by the photographic record ; if one
chose the minimum to correspond to that of the
electrical selection (308 particles/m?), the selec-
tion of showers would rest partly on electrical
discrimination and partly on the photographic
record.

The second column shows the actual number
of showers observed with the minimum p selected.
The fourth column shows the best value of 7,
the exponent in the density law, obtained from
the data at that particular distance. Thus the
function W for 0.15 m at 3050-m elevation, for
example, can be written

W(p, 0.15) =0.99(460/p)'-5° coincidences/hour
in the range 300 < p <2000 particles/m?2.

TasBLE II. Coincidence vs. distance data.

3050 Meters
No. of coincs. Coincs.

Distance with 460 part/m? per hour ¥
0.15m 58 0.99 1.50
0.36 m 96 1.04 1.67
1.00 m 47 1.09 1.56
7.05 m 134 0.51 1.85

12.20 m 109 0.42 1.90

3500 Meters
No. of coincs. Coincs.

Distance with 615 part/m? per hour
0.23 m 37 1.22 Average
1.00 m 89 0.70 value of
2.00 m 83 0.65 yis 1.7
3.00 m 72 0.57

4300 Meters
No. of coincs. Coincs.

Distance with 460 part/m? per hour %
7.05 m 103 1.60 1.8

12.20 m 75 1.16 2.2
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Fi6. 5. The coincidence rate vs. separation of ionization
chambers for 3050 m.

At 3050 m the data for d=0.15 m, 0.36 m,
and 1.0 m were obtained with arrangement B.
The data for d=7.05 m and 12.2 m were obtained
from arrangement C both at 3050 m and 4300 m.
At 3500 m the data for d=0.23 m were obtained
with arrangement B, the rest with arrange-
ment A. The statistics did not seem to warrant
obtaining separate values of v for each distance.
It should be noticed that the minimum value of p
is different here, so that the counting rates are
not directly comparable with those at 3050 m.
The 3500-m data should be multiplied by about
(615/460)1-7=1.63 to compare with the other.

The decoherence curves from the low altitude
data in Table II are shown in Figs. 5 (3050 m)
and 6 (3500 m). The agreement between the two
sets of data is not perfect, owing mainly to the
0.23-m point on the latter curve, which has a
very large error. As previously explained, this
point is obtained from another experiment, and
its error involves the value of v as well as the
statistics from number of counts. We will use
the more complete and accurate curves of Fig. 5
in analyzing these results.

The Geiger-tube experiments of Cocconi and
co-workers also yielded an air shower rate as
function of particle density. At 2200 m, using a
triangular arrangement four meters on a side,
they found a rate W=3600(1/p)!-5 hr.~!, where p

WILLIAMS

is an average particle density over the apparatus;
the range of p was 10 to 220 particles/m?. When
the altitude difference is corrected this should be
approximately comparable with our interpolated
rate at four meter separation, Fig. 5, even though
the arrangements are not identical. Choosing a
particle density intermediate between the two
experiments we find that, for the same rate, they
measure a density 11 percent lower than ours,
which is quite satisfactory agreement.

From Table II it appears that v increases
with distance. v is obtained as the slope of the
best straight line drawn through the graph of
logW against logp at a particular distance. Since
the points on such a graph are not independent,
it is hard to decide what the reasonable limits
of error on ¥ might be. In order to see whether
or not the change in v is real, we have plotted
the differential frequency curves for the two
extreme distances. These curves yield values of
v-41, and the error of each point is independent.
Log(AW/Ap) is plotted against logp, ford=0.15m
and d=12.2 m, in Figs. 7 and 8, with the statis-
tical errors indicated. p is indicated in arbitrary
units. Since the number of cases is not great,

1.6

COINCIDENCE RATE Vs
SEPARATION, 3500 m
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F1G. 6. The coincidence rate vs. separation of ionization
chambers for 3500 m.
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F16. 7. Differential distribution curve of number of
coincidences as function of particle density, at 0.15 m
separation. E is the particle density in arbitrary units.

only three ranges of Ap are taken, and the
approximately correct abscissas are found by
assuming the value of vy which the integral
curve gives in each case. The extreme values of
v+1 which can be obtained from these curves
by drawing lines which are just within the errors
are at 0.15 m: 2.14 and 2.70; at 12.2 m: 2.75
and 3.14. The lines drawn on the graphs corre-
spond to the assumed values of v derived from
the integral curves. The increase of y with
distance seems to be real.

3. Angular Distribution

During some of the runs at 3050 m, the cloud
chamber was operating and was tripped every
time a shower struck the apparatus with a
particle density greater than 308 particles/m? in
the vicinity of at least two ionization chambers.
It turns out that this does not always represent a
high enough particle density near the cloud
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Fi1c. 8. Differential distribution curve at 12.2-m separation.

chamber to make the shower show up clearly.
If the shower struck near chamber 2, for example,
its density near the cloud chamber might be
quite small. Also the scattering of low energy
electrons tends to reduce the number of tracks
which show a coherent direction. A certain dis-
crimination in favor of large showers therefore
operates, since about 30 percent of the pictures
have to be rejected.

Figure 9 shows the resulting distribution of air
showers as function of projected angle, using all
available photographs. (The projected angle is
the angle one sees on the photographic film, and
of course is always less than or equal to the
true zenith angle in space.) If « is the projected
angle, 6 the zenith angle, and ¢ the azimuthal
angle, tana=tan#é cos¢. A consequence of this is
that if the distribution per unit solid angle in
space is of the form cos™8dQ, the distribution in
projected angle is of the form cos™ada.?® Thus the

28 J. Daudin, J. de Phys. et rad. 7, 302 (1945).
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F16. 9. The distribution in projected angle of large air
showers at 3050 m. Smooth curve is the calculated dis-
tribution, arbitrary normalized.

sharp maximum of Fig. 9 shows that most of
the showers at 3050 m are almost vertical. This is
in fair agreement with a similar study of Daudin,*
though he seems to find a slightly flatter dis-
tribution, perhaps because of having selected
larger showers.

We use the observation that most showers are
vertical to simplify the analysis of the local
behavior of air showers. For example, the fact
that nearly all showers have 8#<30° means that
the uncertainty in apparent distance between
two ionization chambers is <13 percent. One
can show that this causes only a very small
change in the shape of the decoherence curve.

The angular distribution will be compared with
theoretical predictions in Section V-6.

V. ANALYSIS
1. Application of Cascade Theory

Since the large air showers have the qualitative
appearance of cascades, we will try to apply some
results of the cascade theory to the data. In the
first approximation the cascade theory'17 treats
all particles as though they traveled along the
same straight line, and yields, for example, the
spectrum of electrons in the shower as it reaches
thickness ¢, having started at {=0 with a single
electron of energy E,. If energies are measured
in terms of the ‘‘critical energy” e and thickness
is measured in terms of the ‘‘radiation length’
X,, the results of cascade theory can be ex-
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pressed independent of the material. X, and eare
defined in reference 17, but it has been pointed
out? that the contribution of the atomic elec-
trons to pair production and radiation cross
sections must be considered. This lowers the
values given in reference 17; we have used
e=86 Mev, X¢=36 g cm™2 for air.

The lateral spread of the cascade electrons
(which is essential for the interpretation of
experiments on air showers) arises almost entirely
from multiple Coulomb scattering. Most of the
calculations of the lateral distribution function
refer only to the point of maximum development
of the shower. In many experiments the showers
recorded are mostly near their maximum, and
Moliere!! argues that it is a reasonable approxi-
mation to assume that all observed showers have
the same lateral distribution function. In the
experiments reported here the smallest showers
we record must be well past the maximum;
nevertheless we will use this assumption, i.e.,
that all showers are geometrically similar, and
are similar to themselves over their whole length.

The particle density at a depth ¢ below the top
of the atmosphere, and distance ' from the

F16. 10. Chart for the location of the center of individual
showers. Each line corresponds to the ratio of particle
densities indicated.

24 J. A. Wheeler and W. E. Lamb, Jr., Phys. Rev. 55,
858 (1939).
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axis of the shower, can then be expressed as
p=N(@)f(r"), where N(¢) is the total number of
electrons at depth ¢, and f(r’) is the function
calculated by Moliere.!! ' must be measured in
units of the ‘“‘characteristic scattering length”

7= (Xo/é)E,.

E, is 21 Mev', so that ;=74 m at sea level,
106 m at our 3050-m station. For f(»') we use
the analytic approximation given by Bethe,?s

0.454
£ =r—’(1 +4r")exp[ —4(r)t]. ¢))]

2. Analysis of Individual Showers: Theory

Knowledge of the particle density at four
points in a shower should enable one to compute
the location of the axis of the shower if a lateral
density distribution function is assumed. The
linear disposition of arrangement 4 proved un-
satisfactory for this purpose, both for geometrical
reasons and because the distance between ioniza-
tion chambers was too small. The triangular form
and larger spacing of arrangement C were there-
fore adopted to make this direct test of the
shower structure.

The four ionization chambers give four simul-
taneous measurements of the particle density
o(r'Y=Nf(r"), where 7’ is the distance of the
ionization chamber from the axis of the shower
and f(r’) is the structure function, which we
assume to be that calculated by Moliere, Eq. (1).
Any two measurements of p determine a line
which the axis must intersect as it crosses the

% H. Bethe, Phys. Rev. 72, 172 (1947).
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Fic. 11. The second chart
for the location of individual
showers. Reading from the center
circle the numbers are 15, 10.0,
7.0, 5.0, 4.0, and 3.5.

plane of observation; four measurements there-
fore determine three lines, which should meet in
one point if f(r’) is correct.

Figure 10 is a small-scale reproduction of a
chart of these lines of constant ratio of density
for the ratios between the points labeled 4 and C
(the lines circling point 4) and between B and C
(circling point B). The charts were prepared with
the help of the Laboratory’s Computing Group,
using the form of the Moliere function given in
Eq. (1). The scale is determined by the distance
from the center to any one of the chambers 4, B,
or C, as this must correspond to the actual dis-
tance in arrangement C, or 7.05 m/106 m =0.067
characteristic scattering lengths at 3050 m. The
numbers on the lines are the density ratios.
Figure 11 is a similar chart, but with the dis-
tance between the two chambers equal to 0.067.
It therefore corresponds to the central ionization
chamber and any one of the three outside ones.
(The central chamber is referred to as “0."")

To locate a shower, one reduces the four pulse
heights to particle densities by means of the
calibration. Chambers 1, 2, and 3 are the outside
chambers; the chamber with the largest particle
density is made to correspond to 4, the next to B,
the smallest to C. Then the ratio 4/C places the
shower axis on one of the lines encircling 4, B/C
places it on one of the other lines, and in general
the two lines will intersect in two points, one
inside the circle circumscribing ABC and one
outside. Because of the order of 4, B, and C, only
one sextant of the chart is used. The ratio 4/C
or C/A, whichever is larger, places the shower
axis on one of the lines in the original of Fig. 11,
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TasLE III. Location and energy measurements
on individual showers.
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plus four (4) showers too large to be measured.

which is drawn on tracing paper and can be
superposed on the chart of Fig. 10. If the theory
is correct, this line should pass through one of
the two points of intersection of the two lines
already chosen.

The other ratios (e.g., center to B) are not in-
dependent and therefore add no new information.

If it were possible to determine the particle
densities accurately this method would be a
sensitive test of the Moliere theory, because it
is not likely that another type of shower would
fit (notice that even with only three chambers
not all data would fit these curves—the ratio B/C
cannot be greater than 2.4). However, the sta-
tistics of individual particle density measure-
ments are poor, since the sample taken from the
shower is small.

When # uniformly ionizing particles from a
Poisson distribution cross a cylindrical ionization
chamber of our type perpendicular to the axis,
the fractional error in the density measurement
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is greater than n~? because the particles near
the axis contribute more to the total ionization
than do the particles near the edge. If all the
ionization is collected, the error is 1.76n~. How-
ever, electron collection favors the particles
which pass near the edge (cf. BHRW), so that
the error is smaller, and we take 1.5%2~% for our
error estimates. For most of the showers in
arrangement C the particle density in at least
one chamber was so low that the data could not
be subjected to this detailed analysis. Only those
showers were chosen for analysis, therefore, in
which all four chambers had particle densities
corresponding to at least 616 particles/m?, or
24 particles per chamber. The maximum frac-
tional error is then 1.5/(24)}*=0.31, and in the
worst case (equal minimum particle densities)
the error in a ratio of particle densities is
0.31 X V2 =0.44.

3. Analysis of Individual Showers: Results

During the 325 hours of observation in arrange-
ment C, 47 showers were recorded which satisfied
the minimum pulse height criterion established
above. The analysis of these 47 showers is given
in Table III. The ratios 4/C, B/C, etc., have
been explained above. For each shower we have
found the best location of the shower axis, and
measured the distance from this center to each
chamber. Since the pulse size in chamber 1
gives p, and the shower location gives 7/, we
know the total number of particles in the shower
at the plane of observation: N=p(r')/f('). The
next columns give the values of N corresponding
to each chamber, and the last column is the
average of the four.

The agreement between the different values of
N for the same shower furnishes a measure of
the agreement of these data with the hypothesis
that these showers are simple cascades. Table 111
shows that the fluctuations of NV are within the
statistical error, and therefore that these showers
agree with this hypothesis.

Occasionally the shower struck so near one
ionization chamber that its amplifier was satu-
rated. These cases are distinguishable by a >
sign before one or more ratios. For the three
cases of this type for which a blank appears in
an N column the shower center was not over-
determined.
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The six showers at the end of the table are all
consistent, within the statistical error, with axes
which struck too far from the apparatus to be
located (more than 40 m). Four showers satu-
rated more than one ionization chamber and
therefore could not be analyzed.

4. Statistical Results: The Shower Rate

In order to interpret statistical results such as
the decoherence curve it is necessary to assume
some spectrum (i.e., frequency distribution) of
cascade showers. Often one takes a spectrum of
primary electrons at the top of the atmosphere,
but it is sufficient merely to assume a local
distribution of showers at the altitude of the
observations. Thus, we let S(&V, ) be the number
of showers, per square meter per hour, which
contain more than N electrons as they cross the
depth ¢; N is the number of electrons which
cross a horizontal plane at depth ¢, in a given
shower. (Recall that we are now assuming all
showers to be vertical.) This function S is a
convenient way to join experiment (which can
determine .S directly, in principle at least) with
a theory of the origin of the showers (which
must account, for example, for the variation of
S with £).

The decoherence curve function W(p, d) is
given by an integral over S(I). The observed
power-law dependence of W on p suggests a
power-law form for S(NV). Blatt?® has made a
detailed analysis of the decoherence curve for
power-law S(V), assuming Moliere’s structure
function f(r’'). Agreement of the theory with the
experimental points of Fig. 5 is not very satis-
factory, and the probable cause of the discrepancy
is discussed in Blatt’s paper. It appears that the
theory is more likely to be correct at the larger
separation distances, and we therefore use the
points at 7 m and at 12.2 m to obtain the absolute
shower rate. From Blatt’s analysis, the number
of showers per square meter per hour, of more
than N particles, at 3050-m elevation, is
S=1.8X103(N/10%)~1-5 m~2 hr.”!, 105< N <109,
S=1.8X10"3(N/10%)~1-9 m~2 hr.7, 106 <N <108,
It should be emphasized that the absolute value
of this result depends on the assumption that
Moliere’s structure function applies to all showers.

26 J. M. Blatt, Phys. Rev., in print.
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In Section 3 we have shown that the results of
measurements on individual showers agree with
the Moliere function. However, the showers
which could be analyzed in this way were all
large, and therefore fairly near their maximum.
Many of the showers which contribute to the
decoherence curve of Fig. 5 are much smaller,
and presumably well past their maximum. Also
the absolute value of .S depends on the normal-
ization of the structure function. Since this
function was tested only for distance r <0.47;,
one cannot conclude that the normalization is
correct. Therefore the value which we give for S
is uncertain, perhaps by as much as a factor
of two.

5. Altitude Variation: Assumptions about
the Primaries

The data in Table II have been used to infer a
local shower spectrum S(V), at 3050 m. The data
at 4300 m are less complete, but if we assume the
same form of S(V), we can find the factor relating
the number of showers per square meter per
hour at this altitude to that at 3050 m. This
proves to be S(V, 4300)/S(NV, 3050) =3.6+0.4.
The range of N which contributes most to this
result is about 105—107 particles, corresponding
to the minimum accepted particle density of 460
particles/m?2.

This result can be used to test theories of the
origin of large air showers, since these theories
may predict different altitude dependences. The
altitude dependence is also sensitive to the form
of the production spectrum, i.e., to the exponent
if a power law is assumed, but the value of this
is circumscribed by the experimentally deter-
mined form of S(V).

If we assume a primary electron spectrum,
letting F(E,) be the number of electrons per
square meter per hour per steradian in the
vertical direction, then at depth ¢,

S(Nv t) = F[EO(Nv t)],
where, if II is the total number of electrons as
defined in Rossi and Greisen, N=1II(E,, 0, ¢). If
we assume that the shower-initiating electrons
are secondaries, produced in the atmosphere
with a mean free path A\,

S(N, t) = f L FLEo(N, t—7)Je="™dr/N).
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TasLE IV. The number of showers of more than N par-
ticles, S(IN), per square meter per hour per steradian, in
vertical direction, calculated for various assumptions about
the primary. Depth measured in radiation lengths.

Atmos-
Assumptions pheric
about primary depth  8(104) S(109) S8(10%) S(107)
Electrons
vy=1.8 16.8 3.14X1072 8.52X10~¢ 1.63X10°5 2.34X10~7
28.6 8.20X107¢ 5.30X1075 2.61X1076 3.73X10°®
Electrons
vy=2.0 16.8 6.98X10"2 1.27X10"%  1.57X1075 1.40X1077
28.6 1.22X1073 5.81X1075 2.06X107¢ 1.84X10"8
Single production
A=100 g cm™2 16.8 6.31X1072 1.07X1073 1.44X10~5 1.45X1077
=18 28.6 1.07X1072 1.04X10~¢ 3.80X10°¢ 8.78X10°%
Multiple production
A=0 16.8 4.10X10"% 1.83X10"¢ 6.32X10¢ 1.34X107?
y=1.8 28.6 2.50X1075 1.48X1078 7.50X107% 3.09XX107°
Multiple production
A=200 g cm™2 16.8 3.63X1072 7.26X10™¢ 1.39X10°5 2.12X10~7
vy=18 28.6 4.60X107% 1.00X10™* 2.13X107¢ 3.86X107%

Recently the possibility has been pointed out?
that the high energy soft component may arise
from decay of neutral mesons produced in a
highly multiple process. According to this theory,
a primary proton of energy E, would lose a large
fraction of its energy in a single act of meson
production, producing on the average about
v=2(E,/u)} mesons, where u is the meson mass.
This would lead to an air shower started by ~»/3
neutral mesons (decaying quickly into gamma-
rays) with average energy E,/v». We have made
an estimate of the S arising from this case, using
slightly different numerical coefficients (the cal-
culation was done before the detailed results of
reference 27 were available). We assumed that
v=(E,/108)}, that all mesons have energy E,/v,
and that all mesons give rise to showers. Then E,
is related to N and ¢ by N=vII(Ey/», 0, ¢), and
the calculation of S goes through as before.

TaBLE V. Calculated ratio of the number of showers per
square meter per hour, of more than N particles, between

4300 meters and 3050 meters, for various values of N and
various assumptions about the primary.

Single Multiple
Primary  production, production,
Primary electrons,  electrons, A=100 g cm~? \ =200 g cm™2
N y=1.8 vy=2.0 ~vy=138 vy=1.8
S(4300)
4 L
10 5(3050) 2.94 3.20 1.82 1.78
108 2.40 2.50 1.94 1.79
108 1.74 1.86 1.51 1.86
107 1.62 1.67 1.28 1.69
27 H. W. Lewis, J. R. Oppenheimer, and S. A. Wou-

thuysen, Phys. Rev. 73, 127 (1948).
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Values of S for these possibilities have been
calculated numerically assuming power-law pro-
duction spectra. The production spectrum is nor-
malized in all cases to the number of “primary”
particles of greater than 10'® ev according to the
Heisenberg-Euler spectrum,?® 2.2 X10~* particles
m~2 hr.7! sterad~!. The assumed production spec-
trum therefore becomes 2.2 X1074(10'® ev/E,)”
m~2 hr.7! sterad~.. Table IV shows some values
of S for various values of the parameters.

To compare with the observed values of ioniza-
tion chamber counting rates, we must integrate
over all angles. A single ionization chamber?®® is
non-directional, so that we want

/2
Si1(NV, t) =f S(N, t/cos8) 2w sinfdf =
0

the number of showers crossing a sphere of unit
cross section. This function should compare
directly with the S derived from the decoherence
curve.

Ideally one should adjust the assumed pro-
duction spectrum until the calculated S; has the
same form as the observed S. However, the
power-law spectra assumed here prove to match
the observed form of S fairly well. For primary
electrons, a spectrum of power 1.9 would seem
to match the data best.

Table V gives the calculated altitude variations
of S for several cases.

6. Angular Dependence

The angular dependence of the large air
showers can be calculated by a method similar
to that for the altitude variation. The results are
less accurate because it is necessary to calculate
the counting rate of an ionization chamber using
the number of showers coming in a particular
direction, S(NV, t/cosf). With a power-law pri-
mary, this function does not approximate a
power law in N so closely as .Sy does.

The calculated distribution in projected angle,
for primary electrons with y=1.8, is shown as
the solid curve in Fig. 9.

28 W. Heisenberg, Cosmic Radiation, ed. by W. Heisen-
berg (Dover Publications, New York, 1946), Ch. 1.

29 The effect of finite separation between two chambers
makes the calculation very complicated. An estimate
shows that the method used here is sufficiently accurate
for the altitudes used in these experiments.
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VI. DISCUSSION
1. The Measurements on Individual Showers

In Section V the cascade theory was applied
to the detailed results obtained on individual air
showers, and it was seen that within the limited
statistical accuracy the results were consistent
with the theory. Assuming the validity of cascade
theory it is possible to find the total energies of
the events tabulated in Table I11. The number of
particles in the showers at the plane of observa-
tion, 20 radiation lengths below the top of the
atmosphere, ranges from 2X10°% to 108, Figure 12
shows the necessary primary energy for an
electron which creates NV electrons at the maxi-
mum development of its shower. For N=107 it
1s 1.4X 108X e=1.2X10'¢ ev. There seems to be
ample evidence for primary particles of 4 X 10'¢ ev
and perhaps even 10'7 ev.3?

The values for N in Table III depend on the
normalization of the Moliere structure function,
of course. The dotted curve in Fig. 12 gives the

10°
5
N:
Fic. 12. Energy (in critical Lo [
energy units) of initiating elec- € 10®
tron vs. number of electrons
created: (a) after 20 radiation
units (upper curve); at
shower maximum (lower curve).
s
2
107 i
10° 2

30 The effect which we observe could arise from a large
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minimum energy corresponding to a given N; if
the initial electrons were produced in a multiple
process, this curve still represents the minimum
energy which could have initiated the shower.

The measurements on individual showers are
consistent with the Moliere distribution and
therefore with the hypothesis that the primary
particle is an electron or photon. Evidence has
recently been obtained® that not more than a
few percent of the primary cosmic rays are
electrons or photons. Also, production of cascade
showers in lead by penetrating particles has been
observed at high altitudes.?> Of course, the par-
ticles which cause the effects we observe con-
stitute ~10~° of the primary cosmic rayvs, and
are in a completely different energy range, but
it is of some interest to inquire whether the
process observed by Bridge, Hazen, and Rossi
could also account for the large air showers.

It is clear that the structure of the air shower
should be unchanged if it originates from a single
electron or photon. If a large number of electrons

T

T
H

108
N

group of particles, each with a much lower energy, but

these particles would have to arrive at the earth in a bunch not more than 1 m across and 1000 m long.

3t R. I. Hulsizer and B. Rossi, Phys. Rev. 73, 1402 (1948).

32 H. Bridge, W. E. Hazen, and B. Rossi, Phys. Rev. 73, 179 (1948).
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TaBLE VI. Results expected from multiple meson pro-
duction theory (assuming that showers start 100 g cm™
below top of atmosphere). 6! is the radius of the circle
within which most cores will strike.

Av. dist

Multi- between Energy

Ey plicity O m.s. ol cores per core
10t ev 46 1.4 X102 220.0 m 50.0 m 2X101 ev

1014 ev 100 4.5 X103 72.0 m 13.0 m 1012 ev
105 ev 200 1.4 X103 220m 2.8 m 5X1012 ev
101 ev 460 4.5 X104 7.2 m 0.6 m 2 X108 ev

107 ev 1000 1.4 X107 2.2m 0.12 m 104 ev

were produced with average angles of emission
similar to that encountered in pair creation
(~mc*/E), they would start showers whose cores
would be separated by less than a centimeter
when they reached our apparatus.®® Because of
the similarity principle of cascade structure, such
an event could not be distinguished from a single
cascade. If, however, a large number of electrons
were produced in a single event of the type
discussed by Lewis, Oppenheimer, and Wou-
thuysen,?” it has been proposed that the electrons
would be ejected with spherical symmetry in the
center of gravity system. In this case they would
have a rather large spread in the laboratory
system, approximately Gaussian with the angle
of standard deviation being given by 6.m..
~4(108 ev/E)}. Table VI shows some numerical
values for 8, for the expected multiplicity accord-
ing to Lewis et al. (order of magnitude), for the
radius 6/ within which most of the showers would
hit at 20 radiation lengths* below the top of
the atmosphere, for the average distance be-
tween cores, and for the average energy per core.

It is seen that a unique core of the shower is
no longer to be expected, with reference to the
dimensions of our apparatus. If the cores are
sufficiently spread out so that only one strikes
near the apparatus, its energy is too low to be
recorded. For showers of 10'® ev the cores are
spread out over an area the size of arrange-
ment C, and the results of arrangement 4 and
arrangement C become unintelligible. A large
number of separate cores, each contributing a
particle density varying approximately as 1/7,

3 If one assumed an angle uc?/E, where u is the meson
mass and E the meson energy, the separation becomes a
few tens of centimeters for the showers of lowest energy.

# ] the distance from the point of creation of the shower,

is 13,000 m if production takes place 100 g cm™2 below the
top of the atmosphere.
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lead to a much more uniform distribution in
pulse heights than that expected from a single
core. Thus even a shower whose ‘“‘center’” lies
within the triangle of arrangement C will either
be inconsistent with the Moliere distribution or
will appear to have struck very far away. This
qualitative observation has been verified by com-
puting the pulse height distribution which would
result from a number of assumed distributions
of cores.

Examination of Table III shows that many of
the showers exhibit a pronounced single-core
structure. Nine of the showers in Table III
struck inside the triangle of ionization chambers.
The cases from arrangement 4, in Table I, are
equally striking. Because of the finite size of the
ionization chambers the maximum ratio obtain-
able between two chambers 1 m apart is about 6,
when the core strikes one chamber. This ratio
is lowered if other cores strike in the vicinity
of the two chambers, of course. Thus Table I
can be understood only in terms of a single core.
This core would have to correspond to an initial
energy of about 10" ev, and reference to Table VI
shows the inconsistency : either we must assume
all cores to be separated by many meters, in
which case the energy of a single core is far too
low, or we must assume that they all fall within
a circle a few tens of centimeters in diameter,
in which case the total energy is observed, and is
far too high.

2. The Statistical Data

In Section V the altitude and angle dependence
of large showers were calculated for several
hypotheses about the primary. Table V shows
the results for the altitude dependence, which are
all less marked than the observed average ratio
S4300/Ss050=3.6+0.4. In Fig. 9 the observed
angular dependence is sharper than that pre-
dicted for primary electrons with y=1.8. This
is, of course, in the same direction as the steeper
altitude dependence.

The original calculations of the number of
showers, in Table IV, show that the altitude
dependence for multiple production and a zero
mean free path is very much stronger than for
any other case. It seems likely, therefore, that
the data could be fitted by assuming multiple
production and a mean free path appreciably
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shorter than 200 g cm~? (which was the value
used in the Table V calculations). This would
suggest that the showers are produced with high
multiplicity, but with angular spread charac-
teristic of normal relativistic processes rather
than the large angle required by the Lewis-
Oppenheimer theory.

However, in addition to the rather large
statistical error in the experimental data, there
are two effects which make the interpretation
uncertain. The first is the change in structure
function for old showers, which we have neg-
lected, and which will affect the altitude de-
pendence because the showers are older, on the
average, at lower altitudes. The second effect
is the longitudinal fluctuation in shower develop-
ment. These fluctuations are known to be large,!”
and will have an effect on the altitude dependence
which has not been calculated.

3. A Consequence of the Meson
Decay Hypothesis

If the large air showers are assumed to arise
from the decay of short-lived mesons, it is clear
that the existence of fully developed showers of
108 ev total energy at 3050 m implies that the
meson lifetime must be shorter than about 10—2
sec. if one assumes a single meson, or 107! sec.
if one assumes a high multiplicity.

4. Primary Intensities

The values for the number of showers per
square meter per hour, S, which are given in
Table 1V, are based on an absolute intensity
extrapolated from the Heisenberg-Euler spec-
trum. Comparison of the resulting values of S;
with the observed value at 3050 m shows that
the assumed spectrum should be multiplied by a
factor 12 to obtain an approximate fit for the
primary electron hypothesis ;* the best value of vy
lies between 1.8 and 2.0. For the multiple pro-
duction hypothesis, the factor is 10; for the
single production hypothesis, the factor is 7.
Thus an approximate production spectrum for
electrons, in the energy range 10" ev-10'¢ ev,

3 A similar calculation by Cocconi, reference 9, indicated
that his experimental intensity was only 1.7 times the
Heisenberg intensity. The difference arises partly because
our results are in a higher energy range, and partly because
his calculation neglected the finite size of the apparatus.
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would be F(E;)=number of events in which
energy FE, goes into soft component=2X10-3
X (10 ev/Ep)'? m~2 hr.~! sterad~!. For primary
electrons this is simply the integral spectrum.
For the other cases this refers to the number of
events in a column of air one square meter in
cross section.

Following a suggestion of H. Lewis, an attempt
was made to extrapolate the meson production
spectrum which can be obtained from the ob-
served meson range spectrum?® and compare
this with our production spectrum, the assump-
tion being that the large air showers arise from
neutral, short-lived mesons which are produced
in about the same numbers as the observed
charged mesons. The extrapolation must be done
differently depending on whether one assumes
single or multiple production. There is a differ-
ence of a factor of about 25 between the two
extrapolations, at 10 ev, but uncertainties in
the energy loss of the observed mesons (from
density effect, possible radiation effects, and
possible nuclear collisions of w-mesons) lead to
an uncertainty of perhaps one power of ten in
the expected number of large showers. Thus it
is only possible to state that the number of
showers could agree, within this large uncer-
tainty, with either hypothesis.

VII. CONCLUSIONS

Direct measurements on large showers, with
an instrument of higher resolving power than
any used previously, show that they have a
single core of high particle density, with the
density falling off at points away from this core
according to the prediction of cascade theory.
The gross features of these showers therefore
indicate that they are electron cascades of
enormous energy. These results are not in con-
tradiction with the finding that a comparatively
small number of particles other than electrons or
photons (penetrating charged particles and neu-
trons) are present in air showers. However, there
is no evidence to indicate that another type of
particle is responsible for the propagation or
lateral spread of the electrons, and indeed it
would be remarkable if a different mechanism of
propagation would yield the same structure of
shower as that derived from the cascade theory.

38 V. C. Wilson, Phys. Rev. 53, 337 (1938).
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The fact that a unique core is observed, for
showers in the energy range 10" ev-10'ev, is
shown to be in disagreement with the high
angular divergence expected from the multiple
production theory of Lewis, Oppenheimer, and
Wouthuysen.?” If the showers arise from neutral
mesons produced in a high multiplicity, these
mesons must have an average angular divergence
not greater than ~uc?/E.

No evidence is found for showers which are
narrower than normal cascade showers. The
three ‘‘narrow showers” listed in Table I corre-
spond to ordinary cascades which struck very
near the apparatus. With the local shower
spectrum, S(N), one can estimate that this is a
reasonable number of such close hits in 240
hours.

The coincidence rate between two ionization
chambers at ~zero separation, W(p, 0), is just
the particle density spectrum at a given point.
This rate can be obtained by extrapolating the
data of Fig. 5 (3050 m elevation) and is W(p, 0)
=1.05(460/p)!% hr.”!, the number of times a
shower occurs which has particle density > p par-
ticles/m? in the neighborhood of the point. The
range of validity is 300<p <2000 particles/m?,
but the experiments of Cocconi indicate that
this expression should hold approximately at
least down to 10 particles/m?.

By assuming the Moliere structure function
we obtain an estimate for the absolute number
of showers. The local shower spectrum S(NV),
the number of showers, containing more than N
particles, whose axes cross a sphere 1 square
meter in cross section, per hour, is found to be

S(N) =1.8X10-3(N /10915 m~2 hr.~,

105< N <10°
S(N)=1.8X10-3(N/108)~1-9 m~2 hr.,

108 < N<108

ROBERT W.
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at 3050-m elevation. The variation of number of
showers with altitude is found to be more rapid,
and the angular distribution more sharply verti-
cal, than is expected on the basis of a simple
analysis assuming primary electrons. However,
the analysis must be refined before this can be
considered to be evidence for anv one type of
production mechanism.

Twenty-seven showers of more than 10!-ev
total energy were recorded. The frequency of
events of this energy agrees (very roughly) with
what one obtains by extrapolating the ordinary
meson spectrum, and assuming that the number
of showers observed is about the same as the
number of charged mesons.
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FiG. 12. Energy (in critical o T
energy units) of initiating elec- € .
tron vs. number of electrons 10
created: (a) after 20 radiation
units (upper curve); (b) at
shower maximum (lower curve).
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F16. 2. Photographic record of a large air shower. Each
of the four oscilloscope traces corresponds to one ionization
chamber; the height of the pulse at the beginning of each
trace is a measure of the particle density at that chamber.
Total time of the sweep is 90 microseconds.
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Fic. 7. Differential distribution curve of number of
coincidences as function of particle density, at 0.15 m
separation. E is the particle density in arbitrary units.
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Fic. 8. Differential distribution curve at 12.2-m separation.



