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On the Density Syectrum snd Structure of Extensive Air Showers*f

S. F. SxmzR
A pplied I'hysics Laboratory„Johns Hopkins Ueieesity, Silver Spr&sg, Maryland
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Experiments on the particle density spectrum and structure of extensive air showers were conducted in
the Arctic regions by means of a G-M counter arrangement which allowed simultaneous measurements on
showers of high and low densities. The mean densities investigated ranged from about 40 to 1000particles/m .
The integral density spectrum of shower particles at sea level was found to be N(& p) = 562p '4 hr ' (p in
particles/m'). Kith this spectrum it was possible to satisfy all the experimental data obtained with arrange-
ments of various counter areas and multiplicities of coincidences. The decoherence curve of two counters,
where extensive showers were first selected by a master coincidence, was found to be Bat for small separations
down to ? cm, in disagreement with the results of other workers who did not select extensive showers.
This result provides evidence against the existence of a large number of "cores" distributed throughout
the extent of the shower.

No latitude dependence of extensive showers was found between geomagnetic latitudes X=50' and
X=80' to 90'.

I. INTRODUCTION

XTKNSIVK air showers (Auger showers) are
— ascribed to the very high energy component of the

cosmic radiation (10"—10"ev), and manifest themselves

by blanketing areas of the order of 100 m radius with
thousands, and even millions, of time-correlated parti-
cles. Their discovery by Auger' and his collaborators
Grst provided evidence for the existence of cosmic-ray
primary particles possessing nearly macroscopic energies
(10"ev is about 4 millicalories). In their initial experi-
ments, Auger and his collaborators obtained estimates
of the density and energy of air showers, and also
described their principal features: the large number of
particles, predominantly electrons produced in a cascade
process; the existence of a heavy concentration of
particles in the center of the shower forming the shower
core; the penetrating quality of some of the shower
particles.

The high energies of the shower-originating primary
particles make the subject of considerable interest from
the astrophysical point of view. Their presence must be
explained by any successful theory of the origin of
cosmic rays. It is also of importance to establish
whether there exists an upper limit to the energy of
cosmic-ray particles. It has been suggested' that our
galaxy has a magnetic Ge1.d of the order of 10 "to 10—'
gauss extending over a distance of 10,000 parsecs. If
cosmic rays originate in the galaxy, then there exists a
critical energy (10"—10"ev) below which recirculating
cosmic-ray particles will have a 6nite chance of hitting
the earth. Particles of energy higher than critical will
escape from the galaxy and hence will not be detected.

In practically all cosmic-ray studies the question of

the existence or absence of a geomagnetic e6'ect is of
fundamental interest since it provides a means of
establishing the ratio of momentum to charge of the
primary particles responsible for the phenomenon under
study. The normal latitude e6'ect displayed by the total
cosmic radiation, which is caused by the geomagnetic
cutoG at lower latitudes of particles with energies in the
range of 10' ev or less, is not expected to be observed
for extensive air showers. However, the possibility has
been pointed out' of observing a latitude effect at high
latitudes produced by a cutoff (due to radiation loss in
the earth's magnetic 6eld) at the high energy end of
the primary particle spectrum (10"ev).

Of great physical interest are studies which bear on
the mode of origin of the extensive showers in the upper
portion of the atmosphere. The complete description of
their initiation process constitutes perhaps the central
problem in the study of showers. The application of
experimental techniques to this problem involves the
study of certain properties of showers at relatively low
altitudes suKciently far removed from their place of
origin so they can be termed "extensive. " To allow
discrimination between various types of proposed initi-
ation mechanisms, a rather high degree of precision is
necessary in certain of these measurements in view of
the extrapolation involved in applying data obtained
at low altitudes to processes occurring near the top of
the atmosphere.

To gain more information on some of the problems
just mentioned, it was decided to carry out a shower
experiment along with other investigations conducted
in connection with a U. S. Navy expedition into the
Arctic during the summer of 1947. The following
objectives were to be accomplished:

~ Supported by the Navy Bureau of Ordnance.
f Based on a dissertation submitted to Princeton

June, 1948, in partial fulfillment of the requirements
degree.

'Auger, Maze, and Grivet-Meyer, Compt. rend. 206, 1?21
(1938).

'H. Alfvbn, Z. Physik 107, 579 (1937); L. Spitze
Rev. 70, 777 {1946).

(1) A very careful absolute redetermination of the particle
density spectrum of extensive air showers at sea level, and the
extension of these measurements to a wider range of densities.

University,
for a Ph.D.

r, Jr., Phys. 'I. Pomeranchuk, J. Phys. (U.S.S.R) 2, 65 {1940).See also
Sec. VI.
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Fro. 1. ProbabiTity of obtaining a coincidence es pA (the
number of particles per counter tube area A) for G-M counter
arrangements of various areas and multiplicities of coincidence.

(2) Verification of the concept of shower density over a variety
of experimental arrangements to help resolve discrepancies in
earlier work of other investigators.

(3) A new determination of the decoherence curve of two
counters for small separations in order to gain more information
about the structure of showers.

(4) Investigation of the existence of a latitude efkct; in partic-
ular the "inverse" latitude eGect suggested by Pomeranchuk. '

Experimentally, showers can be detected by coincidence
counts between Geiger-Muller counters, generally
located in a horizontal plane and separated by several
meters, but so disposed that they cannot all be set oG

by a single particle. Care must be taken to insure that
there is a minimum of material above the counters to
avoid the e6'ects of "local showers" which may be
produced in the material by single particles. In the
present experiments these precautions were carefully
observed, the efficiencies and e6'ective areas of the G-M
counters used were measured in separate experiments,
and considerable e6'ort was spent in making the whole
system completely reliable in order to assure an accurate
measurement of the particle density spectrum. An
improvement in technique was obtained by designing
the equipment to collect data on showers of high and
low densities simultaneously through use of a system of
master and subsidiary coincidences. Then, in reduction
of the data, counters could be considered in various
parallel or multifold coincidence arrangements. The
results obtained. in this manner, in agreement with the
findings of other workers, indicate that the density
spectrum of particles in extensive showers can be
expressed quite well in the form of an immrse power law.
Furthermore, the same spectrum satisfies all the data
obtained with diferent experimental arrangements. The
results of the decoherence experiment clearly favor the
existence of a single central shower core as opposed to a
large number of subsidiary cores distributed throughout
the extent of the shower. Comparison of the results
obtained at X=50' with those obtained in the Arctic
regions (X=80'—90') show an absence of any /atitude

dependence As far as we can determine there are no
comparable results of other investigators in this range
of latitudes. The Pasadena group4 in recent experiments
at lower latitudes has similarly found no evidence for
geomagnetic eGects of extensive showers; their results
may be regarded as complementary to ours.

II. ANALYSIS OF COUNTER EXPERIMENTS
ON SHOWER DENSITY4.

The utility of the concept of shower density (particles
per unit surface area) is well known' and has been
applied extensively to the analysis of counter experi-
ments. ' In analogy with the concept of intensity in
telescope experiments, it enables one to express results
in a manner which does not depend very strongly on
the dimensions of the equipment, and thus provides a
means of comparing the shower experiments of diBerent
workers. The concept is meaningful because (a) exten-
sive showers contain a very large number of particles,
and (b) the density does not vary appreciably over the
dimensions of the usual experimental set-up (2 to 4
meters), i.e., distances which are a small fraction of the
shower radius' (75 m at sea level), but large enough to
assure that narrow showers which originate in the
vicinity of the apparatus are not detected. Point (b) is
perhaps subject to criticism if the equipment should be
located near the core of the shower where a large
density gradient exists; however, it has already been
shown experimentally' that these events can be neg-
lected. With the assumption of uniform density' in the
vicinity of the apparatus subject only to statistical
fluctuations, the classical probability argument' can be
applied to counter experiments. Assuming a shower
density p particles/m', we find that the probability of
missing a counter of area A m' is exp( —pA). The
probability for the counter to be hit by one or more
particles is

p(p, A) =1—exp( —pA). (1)

The probability for n counters, of areas A;, to be set

4 Biehl, Neher, and Roesch, Phys. Rev. 76, 914 (1949).
4*More precisely: Loca/ particle density of an extensive air

shower. The expressions "high density shower" and "low density
shower" are not strictly correct. It is well known that the concept
of "density of a shower" is not meaningful, since particle densities
ranging from very low to very high values may be observed in
the same shower depending on the distance of the point of obser-
vation from the shower core (see Appendix).

~ C. G. Montgomery and D. D. Montgomery, Phys. Rev. 48,
786 (1935).' Cocconi, Loverdo, and Tongiorgi, Nuovo cimento 2, 14 (1944);
Phys. Rev. 70, 841 (1946).

7 P. Auger and J. Daudin, J. phys. radium 6, 233 (1945).
8 G. Cocconi and V. Cocconi-Tongiorgi, Phys. Rev. 75, 1058

(1949).
9 Define as E~p/e, where E,=21 Mev, a=critical energy,

Xx=radiation length. See B.Rossi and K. Griesen, Revs. Modern
Phys. 13, 240 (1941).

9 The requirement of uniform density can be relaxed if in
order to determine the shower density spectrum only the effective
areas of the counter trays are changed in a proportional manner.
It can be shown that it is then only necessary to assume that
aQ showers —irrespective of the number of particles in the shower—have the same lateral structure function (see Appendix).
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o6 by a shower with average density p at the location
of the counters is the product of the independent
probabilities

This expression also gives the probability of a coinci-
dence count for a certain counter arrangement due to
a shower of density P; in Fig. 1 I'(P, A;) is plotted as
a function of p for various combinations of n and A;.

In general, the equipment will experience particle
densities ranging from very low to very high values and
occurring with frequencies given by a certain distribu-
tion of densities v(p). The quantity v(P)dP represents
the number of showers per unit time with densities
between p and P+dp at the point of observation. The
coincidence rate is then given as

C„= P(P, A;) v(P)dP.
Js

(3)

Since I'(p, A,) is a function which rises from zero to
unity over a narrow interval of P, while v(P) is found

to be a rapidly decreasing function of p, the integrand
of (3) shows a rather sharp maximum at a particular
value of p. Thus, a speci6c experimental arrangement
records predominantly events occurring with a partic-
ular value of density. 6' An integrand of the form in

(3), computed for a certain density spectrum and
coincidence arrangement, is shown in Fig. 2.

Integral (3) can be evaluated in closed form in
certain special cases. Let the experimental density
spectrum be represented by a power law of the form

v(P)dP=EP "dP.

On substitution into (3) we find

(4)

II[1—exp( —pA')]Ep "dp (3')
40 i-L

Expanding integral (3') we get

rate of coincidences

C.=EI'(1—v) {—[Ai~'+As~'+As'-'+" ]
+L(Ai+As)' '+(Al+As)~1+(As+As)' '+ "]
—[(Ai+As+As)' '+(Ai+As+As)~'+ .]}. (5)

We can apply expression (5) to our experimental
results; the coincidence rates C„are known for diBerent
experimental arrangements of counters, and we would
like to determine whether the data can be correlated
with a power law spectrum of particle densities Ep &.

In other words, can we find a value for y in (5) which
will make the calculated coincidence rates 6t the
observed rates over the whole range of densities? After
y has been determined, the constant E can be normal-
ized to the most precisely known experimental point.

Having obtained numerical values for K and y, it is
of some interest to determine the mean density of
showers p as recorded by different arrangements of
counters, and as dehned by

P—=C ' +[1—exp( —PA,))EP—&&—'&ifp. (6)
40 %=1

It is evident that (6) can be evaluated from expression
(5) by substituting (y —1) for y throughout.

Another arrangement of interest is that of n separate
counters of equal area A which experience a shower of
density p. The probability for particles striking any k
counters and missing the remaining (ss —k) counters is
from (2) and (1):
P„(k)= I ss!/[k!(rs —k)!]I

X[1—exp( —pA)]»[exp( —pA)]"-». (7)

P„(k) has been computed for ss=4 and is plotted as
a function of k in Fig. 3 for different values of p. In the
experiment the densities involved are given by the
spectrum (4) selected by a coincidence arrangement

O.I5

C =E {1—[exp(—pAi)+exp( —pAs)+ ]
+[exp(—PAi —PAs)+exp( —PA i—PAs)

+exp( —PAsp —As)+" "]
—[exp( —pA i—PA»

—pA s)+exp( —PA i—PA s

PA4)+ ]+["—]}P dP.

Even though individual terms of the integral diverge,
we can make use of the formula

O.IO

0.05

00
0

(~ -IOPA)'(~ -PA)~ -24

pA

and evaluate the integral (3') formally is we find for the

' The mathematical justi6cation for this procedure is given by
D. Sroadbent and L. Jinossy, Proc. Roy. Soc. (London) 192,
364 (194S).

Pro. 2. Differential frequency distribution of particle densities
in showers recorded with experimental arrangement (ABCd4)
(sevenfold coincidence between trays A, B, and C, each containing
i0 counters, and 4 single counters in tray D). The "diGerential
response function" of this particular experimental arrangement
has been calculated using the density spectrum v(p) ~ p~'. Note
the sharp maximum corresponding to pA~j. , i.e., for a density of
the order of one particle per counter area.
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and, therefore, modified by a probability function of
the form (2): i.e.,

v'(p)d p=E(p, A,)v(p)d p. (g)

This expression might be termed the "differential

response function" of the particular experimental
arrangement described by (2); an example is shown in

Fig. 2. If we select showers by means of a set of i
counters of areas A; in coincidence, the rate at which

k counters out of e additional counters of equal area A

are set oB, is then given by the expression

C-(&)= ~-(&)v'(p)dp. (9)
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FIG. 4. Diagram of Auger shower experiment showing arrange-
ment of 6-M counter trays. Trays A, J3, and C produce a master
coincidence which is then used to establish subsidiary coincidences
with the ten counters of tray A and the ten counters of tray D.

These integrals can be evaluated by the procedure used

to obtain Eq. (5).
The results of this section which are contained in

Eqs. (3'), (6), and (9) will be used to interpret the

experimental data in terms of a power law spectrum of
particle densities and to establish the range of densities

over which the power law is valid.

III. EXPERIMENTAL ARRANGEMENT

The arrangement which was used to detect the Auger
showers, measure their densities, and gain some infor-

mation concerning their structure was laid out on the
signal deck of the USS Wyandot (AKA 92) as shown
in Fig. 4. It consisted of four trays, each containing
i0 G-M counters; they were designated, respectively,
G-M trays A, 8, C, and D, and located at the corners
of a 2 m rhomboid. The equipment was designed to
gather a large amount of data about individual showers,
essentially by sampling each shower at twenty locations
by means of twenty G-M counters. By analyzing the
data so as to obtain the e6'ects of various counter areas
or multiplicities of coincidences, it was possible to
determine the frequency distribution of densities v(p).

As has been shown by Cocconi, Loverdo, and Tongiorgi, e the
counting rate of an arrangement of this type does not depend
appreciably on the counter tray separation for distances of the
order of two to eight meters. As can be seen from Fig. 4, the
separation between trays 8 and C was about four meters. Further-
more, the trays were arranged so that no particle traveling in a
straight line could set o6 more than two counter trays. The trays
were housed in individual wooden boxes, whose temperatures were
thermostatically controlled. Each tray was placed directly beneath
the wooden cover which had a thickness of 0.6 g/cm'. No other
material was located above the trays.

The equipment operated in the following manner. In
G-M trays A, 8, and C, the outputs of the G-M
counters were connected in parallel into the master
coincidence circuit. An extensive shower which set oG
at least one counter in each of the three trays would
operate the master coincidence circuit and produce a
master coincidence pulse at the output of the circuit.
Subsidiary coincidences were then formed between the
master coincidence pulse and the twenty indkideul G-M
counters of trays A and D. A 20-pen recorder indicated
the counters in trays A and D which were set oB by the
Auger shower.

A detailed description of the experimental arrange-
ment follows:

(a) Each G-M tray held ten self-quenching 6-M counters,
arranged side by side and touching, so as to form a large rec-
tangular area. The counters were matched as to G-M threshold
and flatness of plateau as determined by tests of counting rate es
voltage on exposure to a radium source. The threshold was
around 960 volts; the counters were operated at 1100 volts. The
counters were of the "all-metal" type with 0.8-mm thick copper
walls, 0.10-mm tungsten wires, filled with a mixture of 10 cm
argon and 1 cm absolute ethyl alcohol. In auxiliary experiments,
the eGective length of the counters was measured with an arrange-
ment similar to that of Street and Woodward. "The active volume
of the counters was found to be a cylinder 2.38 cm in diameter
and 29.2 cm long, and efkctive area of 69.5 cm~. The e%ciency
of these counters for cosmic-ray particles was tested in coincidence
telescopes and found to be greater than 99.3 percent. The recovery
time as measured on a cathode-ray oscilloscope was about 3)(10 4

sec. No appreciable variation in the counting rate was found for
temperatures between 10' and 100'C.

(b) The pulses of each G-M tube were fed into individual
cathode followers, and then added into a common tray output by
means of a crystal diode mixing circuit (Fig. 5). In the case of
trays A and D, the outputs of the cathode followers were also
connected to individual coincidence circuits to be described later.

» J. C. Street and R. H. Woodward, Phys. Rev. 46, 1029 (1934).
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The tray counting rate due to radioactive background and cosmic
rays was approximately 16 counts/sec for each of the four trays.

{c) In trays J3 and C provision was made for changing the tray
counting area from its full value (10 counters) to one-tenth of
the full value {one counter) by disconnecting nine counters from
the high voltage supply.

(d) The master coincidence (MC) circuit {Fig.6) was a Rossi-
type triple coincidence circuit fed from trays A, 8, and C. By
measuring the accidental coincidence rate of two counter trays
when they were exposed to radium sources, the resolving time
of the MC circuit mas determined to be 3)(10 5 sec. The bias on
the 6AQS output tube was set to give complete discrimination
against double coincidences. The output (MC pulse) was a shaped
negative 80v square pulse, S)(10 ' sec wide, fed from a low
impedance circuit to the twenty subsidiary coincidence circuits.
To allow rapid testing of the G-M counters and coincidence and
recorder circuits of trays A and D, a negative dc voltage (—22$ v)
could be switched into the output of the MC circuit by the
Operate-Test switch. It was eG&ctively an artificial MC pulse,
which was on continuously. The actual counting rates of the
G-M counters of trays A and D were thereby recorded.

(e) Coincidence and recorder circuit trays were attached to
G-M trays A and D (Fig. 7). Each had 10 independent sections-
one for each G-M tube —consisting of a two-pentode coincidence
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FxG. 5. Circuit for G-M trays A and D. In the circuits for trays
8 and C the outputs to the subsidiary coincidence circuits are
omitted.

circuit and a thyratron driver for the recorder. The grid of the
first pentode was connected to the corresponding G-M tube
cathode follower in the G-M tray, the grid of the second pentode
was fed from the MC circuit. These coincidence circuits had a
resolving time of about 10)&10 5 sec.

(f) An Esterline-Angus 20-pen operations recorder indicated by
markings on paper tape the G-M counters set oE by a shower.
MC pulses were recorded directly through a thyratron driver
circuit on the MC circuit chassis by a second tape recorder
which was monitoring other experiments conducted on the same
expedition.

(g) The resolving time in all coincidence circuits was sufBciently
short to allow us to neglect all chance coincidences without further
correction. At the same time, it was ample to.allow for differences
in the arrival time of pulses caused by spurious delays in G-M
counters, fixed delays in circuits and cables, and possible dHFeroo

ences in rise times of pulses.

For equipment to be used in the Geld which required
stable operation over an extended period of time,
reliability, coupled with a simple procedure for opera-
tional chects, was a most important requirement.
Consequently, the following program was adopted:
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FIG. 6, Master coincidence circuit. With the switch in the
TEST position the individual G-M counters and coincidence
circuits of trays A and D are automatically checked for proper
operation.
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FIG. 7. Subsidiary coincidence and recorder circuits for trays
A and D.

(a} In the original design of the circuits a large factor of safety
was allowed for, so that variations in supply voltages, aging of
vacuum tubes and components, temperature changes, etc., would
not acct the proper operation of the experiment.

(b) Over-all checks were made on the system with an artificial
pulser to establish the operating ranges of supply voltages and
their interdependence. It was found, for example, that outside of
this operating range, crosstalk caused by capacitive coupling
between adjacent tray circuits would actuate recorder pens; or
conversely, pens would fail to be actuated by genuine pulses.

(c) Detailed checks were made at every point of the system
with artificial pulser and cathode-ray oscilloscope to establish
critical levels of pulse height in the various circuits. With G-M
counters active, the G-M pulses were later verified to be mell
above the critical levels.

(d) G-M counter rates were checked daily by means of a pulse
scaling circuit and oscilloscope. A set of simple tests was evolved
which were used for rapid trouble shooting but which mere also
applied daily to check the operation of all circuits and recorders.

(e) The problem of outside interference {electrical pick-up) was
solved by proper electrical shielding and by making solid ground
connections everywhere, particularly to the G-M counter shells
and the negative side of the high voltage supply. Coaxial cable
was used for all high voltage and pulse cables. To check absence
of electrical pick-up, the high voltage on the G-M counters was
reduced from 1100v to 810 v (150 v below the G-M threshold).
No coincidence counts were observed even when severe electrical
interference was produced by operating a Tesla coil close by.
Runs with reduced voltage were carried out periodically.

During the course of the experiments, all circuits
were found to be quite stable in operation and their
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YssLE I. Coincidence rates for experimental runs during
period July 16-September 24, 1947, at geomagnetic latitude
) =80'-90 .

1
~

2 3 4 5 6
Coincidence Time No. of Threefold coinc. Fourfold coinc.

Run arrangement (hr) coinc. rate (hr 1) rate (hr 1)

ABC (ABC) 410 5362 13.08~0.18'
(ABCD) 382 3286

AbC (AbC) 347.5 1072 3.09~0.09
(A bCD) 345.5 805

8.60 ~0.15

2.33 ~0.08

Abc (Abc) 8&7
(AbcD) 847

893 1.05~0.035
793 0.936a0.033

a All rates are corrected for accidental coincidences, counter efficiency,
and counter dead time. All errors quoted are standard deviations assigned
only on the basis of the number of counts, i.e., square root of number of
counts divided by time.

characteristics did not have to be readjusted. It was
not necessary to replace any of the G-M counters.

As a further check on the reasonableness of the
results, a plot of the differential frequency distribution
of time intervals between showers was prepared for
certain portions of the experimental runs. As antici-
pated, it gave the exponential relation expected from
random events.

IV. DENSITY SPECTRUM OF PARTICLES IN
EXTENSIVE AIR SHOWERS

The experimental data will now be summarized and
applied to the computation of a density spectrum. In
70 days of data collecting, about 7500 master coinci-
dences produced by trays A, B, and C were observed,
each accompanied by up to twenty subsidiary coinci-
dences with the counters of trays A and D. Three
types of experimental runs were carried out:"

(i) ABC Run: Trays A, B, and C each contain 10
counters.

(ii) AbC Run: Trays A and C each contain 10
counters, tray B only one active counter.

(iii) Abc Run: Tray A contains 10 counters, trays B
and C only one active counter each.

Columns 5 and 6 of Table I show the striking change
in counting rate when the area of a counter tray is
changed, which reQects the rapid fall-oG with density
of the number of events of a given density. This decrease
may be deduced from the consideration that the ABC
arrangement is quite sensitive to low density events,
which would thus appear to be very numerous; it also
records all high density events, but their number is
comparatively small. For Abc runs, however, it is only
this small number of high density events which gives
rise to the observed coincidences, since the sensitivity
of the Abc arrangement to the low density events is
practically zero (see Fig. 1).

In Table I the threefold coincidences are, of course,
the master coincidences. The fourfold coincidences
correspond to cases in which at least one counter was
struck in tray D. A more detailed analysis of the sub-
sidiary coincidences is possible. For this purpose, we
select four counters in tray A (counters 41, g4, g 7,
and $10) and four counters in tray D (counters /11,
f14, $17, and $20). These counters are "spaced, "
i.e., separated sufBciently, so that the chance for a
single particle to set oB two of the counters is very
small. " We can now present some of the subsidiary
coincidence data by giving the rates at which k out of
4 spaced counters in trays A and D are set oG: k=0,
1, 2, 3, 4.

It is of interest to note the rapid decrease —in
passing from ABC to AbC and then to Abc runs —in the
counting rate for events in which none of 4 counters are
hit. At the same time we notice the very slight decrease
in the rate for all out of 4 counters going ofF in the
event of a shower. Another interesting fact is apparent

ThsLE II. Rates with which k out of 4 spaced counters are set o6' in trays A and D for ABC, AbC, and Abc runs.

Run

ABC

Tray

A

3
Time
(hr)

317

317

4
Number of counts
1 2 3

1554 1769 519 232 140

2331 1138 446 185 108 7.35
&O.f5

3.59
%0.11

5
Rates (hr 1)

2

1.64
&0.07

1.41
&0.07

0.73
~0.05

0.58
a0.04

0.44
~0.04

0.34
~0.03

AbC A 267 341 f74 96 0.84
a0.05

1.08
&0.06

0.55
~0.04

0.30
&0.03

0.33
~0.03

Abc A

317

831.5

831.5

152 222 207

204 214 152 137 174

403 255 161 86 78 1.27
&0.06

0.183
~0.015

0.245
~0.017

0.80
~0.05

0.267
a0.018

0.257
a0.018

0.51
W0.04

0.176
a0.015

0.183
a0.015

0.27
&0.03

0.185
&0.015

0.165
~0.014

0.25
~0.03

0.249
w0.018

0.210
~0.016

~ Lower case letters indicate one active counter in the corresponding tray, upper case letters teN active counters.
's It will be shown in Sec. V that this assertion is indeed correct.
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Pro. 8. Normalized coincidence rates os mean density. The
coincidence rates of nine experimental arrangements are plotted
as circles. The size of the circle indicates the experimental error.
These values are compared with the expected coincidence rates
computed under the assumption of a differential density spectrum
of the form v(p)dp=Ep Mp. It is seen in Table III that the
exponent y=2.4 gives the best fit to the experimental points.
The mean densities corresponding to the various experimental
arrangements have been computed usia y=2.4; their use as
abscissa serves only the purpose of graphical presentation of the
comparison in Table III.

from the data in Table II: the rate for all out of 4
counters is about 70 percent lower than the rate for 3
out of 4 counters in the case of ABC runs, about the
same in the case of AbC runs, and about 20 percent
higher in the case of Abc runs. The explanation, of
course, rests on the fact that Abc runs, and to a lesser
degree AbC runs, are sensitive only to high particle
densities. The difFerence in the rates between trays A
and D arises because at least one counter (out of 10)
had to 6re in tray A to produce a shower count, whereas
tray D did not contribute to the master coincidence.

One can now select from the data coincidence combi-
nations which are sensitive to even higher densities:

(i} (abc): Coincidence rate observed with one active counter in
trays A, 8, and C. This requirement is partially satisfied by Abc
runs (Abc); to obtain the effect of a single counter in tray A,
we fix our attention on one particular counter of tray A out of
the four spaced counters and determine the rate at which it is
hit by showers selected in Abc runs. (We have, of course, the data
to get this rate directly; however, the procedure given below is
more convenient to apply. ) Clearly, if all 4 spaced counters of
tray A are set off, our chosen counter is fired with a probability
of 1; if 3 out of 4 counters fire, the probability for our counter
is 3/4; for 2 counters the probability is 1/2, for 1 counter going
out of 4, the chance for our counter is 2/4. Applying these weight-
ing factors to the data of Table II, we get for the coincidence
rate of three single counters

(abc) =0.547+0.026/hr.

(ii) (Abed): Using the procedure described above, we consider
Abc runs and select one counter in tray D.

(Abc') =0.488+0.024~.
(iii) (Aha): We consider Abc runs and require all four spaced

counters in tray D to be struck.

(Am) =0.210~0.016/h .

TABLE III. Observed coincidence rates, and coincidence rates
calculated using a power law density spectrum of the form Ep~dp.
Mean densities p calculated using spectrum 787p~'dp hr '.

Counter
combi-
nation

Obs. coinc.
rate (hr 1)

Obs. coinc. rate Calc. coinc. rate
(normalized to (normalized)
(ABC) =100) y =2.3 y =2.4 y =2.5

5
Mean

density
(No. of
parti-

cles/m~)

(ABC)
(ABCD)
(AbC)
(AbCD)
(Abc)
(A AD)
(fbi)
(Abed)
(Abide)

13.08 +0.18
8.60 +0.15
3.09 &0.09
2.33 +0.08
1.05 +0.035
0.936+0.033
0.547 +0.026
0.488 W0.024
0.210a0.016

100 +1.4
65.7 &1.1
23.6 a0.7
17.8 &0.6
8.0 +0.27
7.15+0.25
4.18+0.20
3.73+0.18
1.60~0.12

100
70.5
24.2
20.2
9.0
8.4
5.0
4.9
2.44

100
67.5
22.6
17.6
7.7
7.1
4.0
3.9
1.76

100
64.1
21 ~ 1
16.3
6.6
5.8
3.2
3.1
1.3

45.7
63

118
144
268
291
457
478
975

It is now possible to determine (a) whether the
observed coincidence rates can be checked by calcula-
tion on the assumption of a power law density spectrum
of the form Ep 'r, and (b) if such a spectrum exists,
what are the values for E and y.

It can be seen from Table III and Fig. 8, which
incorporates the data of Table III, that the differential
density spectrum can indeed be represented by a power
law expression of the form Ep—~. The calculated coinci-
dence rates C were obtained from Eq. (3') using the
following values for the differential spectrum exponent:
y=2.3, y=2.4, y=2.5. It is seen that the experimental
values (column 3) agree very closely with the Y=2.4
results. They difFer considerably from the p=2.3 and
the y=2.5 results. This comparison indicates the
sensitivity of the agreement between experimental and
calculated coincidence rates to the value of the spectrum
exponent y. On comparison of the absolute observed
coincidence rate per hour with the value of the integral
(3') calculated using Y=2.4, we 6nd E to be 787 hr ',
so that 6nally we obtain as the difFerential density
spectrum of extensive air showers at sea level

v(p)dp=787p s4dp hr ' (10)

where p is given in particles/m'.
It is now of some interest to calculate with the help

of our experimentally determined density spectrum and
Eq. (6) the mean particle densities which were recorded
with the different experimental arrangements. The
results of these calculations are listed in column 5 of
Table III.

%e next want to make use of a group of data obtained
in this experiment, but not employed for the determi-
nation of the density spectrum, in order to check the
spectrum law independently. Let us consider ABC runs,
i.e., cases in which at least one counter has been set oG
in trays A, 8, and C. If we 6x our attention on the four
spaced counters of tray D (+11, g 14, g 17, and @20),
we notice that combinations of them (i.e., (i) none,
(ii) one, (iii) any two, (iv) any three, (v) all four) 6re
at different rates. These rates are tabulated in column
5 of Table II, where it is seen that they decrease by a
factor of more than 20 in going from (i) no counters
6ring to (v) all counters 6ring. It is now possible to



S. F. SI NGER

4.

O

0

I.KXP.

pKXP.

V. THE DECOHERENCE CURVE FOR
SMALL SEPARATIONS

From the data obtained in the present experiment it
is possible to determine the coincidence rate between
two counters as a function of their separation. However,
we erst select extensive showers (by means of a master
coincidence) and thee carry out a decoherence experi-
ment.

FIG. 9. Rates for setting off k out of four spaced counters
(counters 4'11, 4'14, 417, and 4'20 of tray D), when extensive
showers are selected by coincidences between trays A, B, and C,
each containing 10 counters. The experimental points are as
indicated. The calculated rates are shown by the heights of the
solid bars; they were computed with the use of the density
spectrum v(p)dp=787p~'dp, obtained independently through
other data of this experiment.

check these rates by calculation. We have earlier
derived an expression (9) giving the rate at which h

out of e counters go oG. It remains now to substitute
m= 4 and to put our observed density spectrum 787p—"
hr ' inside the integral. The excellent agreement be-
tween observed and calculated values is evident from
Fig. 9.

Our result (10) for the particIe density spectrum of
extensive air showers at sea level and geomagnetic
latitude'4 80' to 90'N can also be expressed in the
integral form

N() p) =562p "hr-'.
Very roughly, this spectrum corresponds to:

~20 events per hour with density greater
than 10 particles/m',

1 event per hour with density greater
than 100 particles/m;~ 1 event per day with density greater

than 1000 particles/m'.

The experimental results can be stated in a diferent
manner by giving the twofold, threefold, and fourfold
coincidence rates of an arrangement of counters, each
of area A m~:

Cs(A)=1330A" hr ',
Cs(A) = 546A'4 hr-',
C4(A)= 360A" hr '.

These expressions are applicable to counters located in

a horizontal plane at sea level, separated about 2 to
4 m, and with areas of the order of 0.0010 to 0.0700 m'.

The results given in this section provide corroboration
for the validity of an analysis in terms of a density
spectrum of showers over a wide range of densities.
Such con6rmation of the validity of the density concept
tends to increase our con6dence in the general picture
of an air shower as we think of it now.

TAmz IV. Coincidence rate as a function of counter separation
of spaced counters in tray D.

Run

2 3 4
No. of coinc. for

counter separation of
(i) (ii) (iii)

Coinc. Time 7.6 15.2 22.8
arrangement (hr) cm cm cm

5
Coinc. rate/hr for counter

separation of
(i) (ii) (iii)
7.6 15.2 22.8
cm cm cm

A BC (A BCd tdx) 233 155 94 47 0.22
+0.02

AbC (AbCdxds) 227 54 41 21 0 08
+0.01

Abc (A bed tdg) 565 53 30 20 0.031
&0.004

0.20
+0.02

0.09
+0.01

0.027
&0.005

0.20
+0.03

0.09
&0.02

0.035
&0.008

We again fix our attention on the four spaced counters of tray
D (f11, 414, 017, and 4'20) and consider only cases in which
two out of these four counters go oG. The twofold coincidence
rate of two counters is now determined as a function of their
separation in the tray:

(i) 7.6-cm separation (for counters 4'11 and f14, 4'14 and
0 17, g 17 and g 20).

(ii) 15.2-cm separation (for counters 411 and 4 17, f 14 and
g 20).

(iii) 22.8-cm separation (for counters f 11 and g 20).

The results are listed in column 5 of Table IV after applying
proper weight factors to the data of column 4.

We can obtain one additional point on the decoherence curve
by computing the rate which corresponds to a separation of the
order of the extension of the experimental set-up, about 2 to 4
meters. We consider the case in which the three master coincidence
trays A, B, and C each have ten active counters (ABC). There
are also four single counters connected to subsidiary coincidence
circuits (D); the rate with which two particular counters (and
only these two) are set o8, is just given by:

(ABCd&da) =J I Ll —exp( —pA) JLexp( —pA)PI
X ID —exp( —10pA)]'Ep «}dp. (12)

On evaluating this expression using A=0.00695 ms and our
experimental spectrum (10) we obtain for (ABCd1ds)0. 24 hr ' for
a separation of 2 to 4 m. This is very closely the same as the
experimental rate of 0.22%0.02 hr 1 for small separations of the
order of 10 to 20 cm.

We 6nd then that when extensive showers are
erst selected by a group of counters, the coincidence rate
between two additional counters located in the vicinity
of the selector —within our experimental error —is
independent of their separation for distances of the
order of a few meters down to 7 cm. From the obser-
vations of other workers' in a diBerent region of sepa-
rations, the coincidence rate can be expected to decrease

All runs 262 165 88 1.00
~0.06a

0.95
&0.07a

1.01
&0.11a

"And, hence& at any latitude between 50' and 90' N, as the
latitude effect 1s neghgible between these regions according to
results given in Sec. VI.

&The coincidence rates averaged over all runs are normalized by a
factor 3/262.
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for separations large enough so as to constitute an
appreciable fraction of a shower radius.

VL LATITUDE DEPENDENCE

Pomeranchuk' has pointed out that primary electrons
will lose energy by radiation on being accelerated in the
earth's magnetic 6eld. The effect becomes important
for electrons coming in vertically in the plane of the
geomagnetic equator at energies greater than 10'~ ev.
The radiation loss is zero at all energies for electrons
entering along the geomagnetic axis. A variation with
geomagnetic latitude could, therefore, exist for showers
provided two conditions are satished:

(i) There exist in the primary radiation electrons of energy
10"ev and higher. However, it has been pointed out recently" "
that electrons traversing intergalactic space cannot maintain an
energy greater than about 10~ ev because of Compton collisions
with photons; primary particles of higher mass would not be
latitude-sensitive even at the extremely high energy of 10's ev.

(ii} But even assuming the presence of electrons of energies as
high as 10"ev in the primary radiation, the experimental conse-
quences of the radiation loss may not be easily observable. Tzu'~
has shown that the excess energy of these electrons wouM be
radiated in the form of some 600 high energy photons, all of
comparable energy, which would give rise to extensive showers at
sea level. These showers mill be practically superimposed on the
original shower and will, therefore, be experimentally indistin-
guishable from it. The main efkct would consist in shifting the
shower maximum to a higher altitude. This shift might be dificult
to demonstrate experimentally.

On the basis of the foregoing considerations we do
not expect to 6nd a latitude dependence, particularly
so in view of the fact that only a very small fraction of
the events observed in the present experiment are
caused by primaries of energy greater than 10" ev.
Experimentally, no evidence of a latitude effect was
found between 50 and 90', as shown in Table V, which
compares data at 50' with the data of Table I which
were obtained almost entirely at geomagnetic latitudes
between 80' and 90 . Every effort was made to keep
other experimental conditions as nearly identical as
possibIe. Comparison of coincidence rates shows the
absence of a dependence on latitude within the limits of
experimental error.

VII. DISCUSSION

This section is devoted to relating the results of the
present experiment on the particIe density spectrum
and the structure of showers to the general experimental
picture of showers, in particular to the question of
what type of process in the upper atmosphere is
responsible for the initiation of extensive showers.

Origin of Extensive Showers

It has now been established that 98 to 99 percent of
the ionizing partides in extensive showers at low alti-

's J. W. Follin, Jr., Phys. Rev. 72, 743 (1947)."E.Feenberg and H. Primakoff, Phys. Rev. 73, 449 (1948).
» H. Y. Tzu, Proc. Roy. Soc. (London) 192, 231 {1948).

Tmm V. Coincidence rates for experimental runs at Silver
Spring, Maryland () =50').

Run

. 2
Coincidence
arrangement

4
Number of

coincidences

5
Coincidence
rate (hr ~)

ABC
Abc

(ABC) 145 1881
(Abc) 339 338

13.0 ~0.3
1.00~0.05

ABC
Abc

From Table I: Coincidence rates at ) =80'-90'

(ABC) 410 5362 13.08&0.18
(Abc) 847 893 1.05&0.035

' Cocconi, Cocconi-Tongiorgi, and Greisen, Phys. Rev. 75,
1063 (1949); W. W. Brown and A. S. McKay, Phys. Rev. 76,
1034 (1949).

"Cocconi, Cocconi-Tongiorgi, and Greisen, Phys. Rev. 74,
1867 (1948).

so Critch6eld, Ney, and Oleksa, Phys. Rev. 79, 402 (1950).
s' S. F. Singer, Phys. Rev. 76, 701 (1949).
~ Schein, Jesse, and Wollan, Phys. Rev. 59, 615 (1941); R. I.

Hulsizer, Echo Lake Conference (June, 1949); J. A. Van Allen,
Echo Lake Conference (June, 1949}.IB. Rossi, Revs. Modern Phys. 20, 537 (1948);Bridge, Hazen,
Rossi, and Williams, Phys. Rev. 74, 1083 (1948); C. V. Chao,
Phys. Rev. 75, 581 (1949); W. B. Fretter, Phys. Rev. 76, 511
(1949);B.P. Gregory and J.H. Tinlot, Phys. Rev. 79, 205 {1950).

tudes consist of electrons which have been produced by
cascade multiplication. The remainder, the so-called
"penetrating component" of showers, is presumably
made up of p,-mesons there is also a small admixture
of nucleonic component. "

InitiaOy it was believed that Auger showers were
originated by high energy primary electrons, the
presence of penetrating particles (mesons) being ex-
plained by assuming them to be produced by energetic
p-rays. At present, however, there exists direct experi-
mental evidence from cloud chamber measurements, "
speci6c ionization, " and burst measurements~ at very
high altitudes against the presence of an appreciable
friction of primary electrons in the 10-Bev energy
range. The lowest upper limit given is about 1 percent. "
There is evidence against the existence of primary
electrons with energies of 10" to 10" ev, which might
lead to production of extensive showers, but the
conclusion is indirect'@'6 and the possibility of having
a few electrons of such high energies in the primary
radiation cannot be completely excluded.

Nevertheless, it is now generally supposed that the
electronic component of showers originates in the
nuclear interactions of primary protons or heavier
nuclei with air molecules in the upper atmosphere. The
mesons present in showers can then be explained quite
naturally as being produced in the same interaction.
There is a good deal of experimental evidence from
experiments in the lower atmosphere for the produc-
tion of electrons and/or photons with mesons.

The interactions observed so far in the experiments
cited involve energies very much lower than those
encountered in the initiation of air showers; however,
they are suggestive of the higher energy processes. The
detailed mechanism for the production of the electronic
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component is not known, and constitutes one of the
outstanding problems of shower theory. Some of the
mechanisms considered have been of the electromag-
netic type, e.g. y-rays produced in the deceleration of
primary protons near an air nucleus~ analogous to the
bremsstrahlung of electrons, also p-rays emitted in the
acceleration of charged mesons" as they are generated
in a nuclear interaction. In distinction, processes have
been considered which are of the nuclear type. Lewis,
Oppenheimer, and Wouthuysen26 have proposed pro-
duction of neutral rnesons along with charged rnesons.
The neutral meson is assumed to be extremely unstable,
decaying into two p-rays which then initiate electronic
cascades. There appears to be now Grm experimental
evidence for the existence of neutral mesons from
experiments at Berkeley. " Independently, a very
remarkable star" showing the interaction of a primary
alpha-particle of about 10"ev with an Ag or Br nucleus
in a photographic emulsion, lends much support to
this hypothesis for the origin of Auger showers. Bethe"
has recently put forth a qualitative but very suggestive
picture of the development of an extensive shower to
6t the present experimental situation; it is based on
the neutral meson hypothesis, and incorporates ideas
on cascade multiplication of the X-component (nucleons
and s.-mesons).

Experimental Approach and Difhculties

The present experimental evidence on extensive
showers is not suBicient to give a description of the
initiating process or even to discriminate between
various possibilities. One promising approach seems to
be the study of some of the gross properties of extensive
showers, the particle densities and structure of showers,
as functions of the altitude. For all practical purposes
this approach entails a study of the electronic compo-
nent, which should behave in accordance with cascade
theory. A complete analysis of such data on the basis
of cascade theory gives in principle some information
about the initial multiplicity and angular divergence of
the cascade-initiating p-rays or electrons. However,
many factors enter in to complicate the simple picture.

One of the principal difBculties in the interpretation of high
altitude data on showers arises from the contribution of nonvertical
showers; at sea level, however, the showers detected arrive pre-
dominantly from the vertical direction if—as in the present experi-
ment —the counter separations are not very large. o

~ J.L. Powell, Phys. Rev. 75, 32 {1949).
& L. I. Schi8, Phys. Rev. 76' 89 (1949).
~6Lewis, Oppenheimer, and Wouthuysen, Phys. Rev. 73, 127

(1948).~ Sjorklund, Crandall, Moyer, and York, Phys. Rev. 77, 213
(1950).~ Kaplon, Peters, and Sradt, Phys. Rev. 76, 1735 (1949); see
also discussion by R. E. Marshak, Phys. Rev. 76, 1736 (1949},

~'H. A. Bethe, Echo Lake Conference (June, 1949)."G. Cocconi, Phys. Rev. 72, 350 (1947); S. F. Singer, Phys.
Rev. 74, 844 (1948). A very strong zenith angle dependence (as
great as cosset) has been deduced for air showers by various
observers: J. Daudin, J. phys. radium 6 302 (1945); W. W.
Brown snd A. S. McKsy, Phys. Rev. 76, 1034 l1949); H. L.
Kraybill, Phys. Rev. 77, 410 (1949).

In order to compare experimental data obtained at
diferent altitudes, the results should be expressed in
units which are independent of the local air density.
Accordingly, the integral density spectrum (11) ob-
tained in the present experiment should be stated as

N() p)=1.0X10sp r4 hr ',

where p is now expressed in particles per shower radius'
squared.

From the experimental density spectrum, we can compute
immediately an expression for the frequency distribution of
showers as a function of the number of particles in the shower,
under the assumption that the particles are distributed in every
shower according to a certain structure function (see Appendix).
Using this result together with certain expressions from cascade
theory, 9 we have carried out a computation for the primary spec-
trum based on the early model of primary electrons initiating
extensive showers at the top of the atmosphere. The results of
this computation~ give a primary spectrum about thirty times
larger than that obtained by other workers' the discrepancy
arises mainly from the fact that we used a corrected value for
the radiation length in air in order to take into account the
bremsstrahlung and pair production effects of the atomic elec-
trons. ~

Comparison of Experimental Results on the
Density Spectrum

Figure 10 shows a comparison of some integral
density spectra determined from 6-M counter and
ionization chamber measurements near sea level. The
three sets of counter data' ' are seen to be in good
agreement with one another. Our spectrum is in excel-
lent accord with Cocconi's recent measurements. In
agreement with his result, a trend toward a slightly
higher value of y is discernible in our data (in Table III
and Fig. 8) for the point corresponding to our highest
mean density (about 1000 particles per square meter).
This increase in y is very pronounced at even higher
mean densities, which are more accessible to measure-
ment by means of ion chambers. The results of Mont-
gomery and Lapp shown in Fig. 10 were taken from
Montgomery's~ summary paper. The use of high pres-
sure chambers in their burst measurements tends to
minimize the eGects of stars and local showers, and
therefore leads to quite a reasonable value for p.
Nevertheless, a large discrepancy exists between G-M
counter and ion chamber results at intermediate shower
densities, possibly due to the fact—as pointed out by
Cocconi"—that ion chambers do not measure particle
densities directly but rather total ionization of the
shower particles, which includes secondary electrons
and possibly nuclear events.

"S. F. Singer, thesis, Princeton University, 1948.
~A. Migdal, J. Phys. (U.S.S.R.) 9, 183 (1945); Cocconi,

Loverdo, and Tongiorgi, Phys. Rev. 70, 846 {1946).
Ig J. A. Wheeler and W. E. Lamb, Phys. Rev. 55, 858 {1939).
3' C. G. Montgomery and D. D. Montgomery, Phys. Rev. 72,

131 (1947),
3i' G. Cocconi, Phys. Rev. 70, 975 (1946).
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Significance of the Density Spectrum Exponent y

It is evident from Table III and Fig. 9 that the same
spectrum can be used to compute the coincidence rates
of all types of counter arrangements used in our experi-
ments; in other words, the value of y is the same in our
experiment whether determined by variation of counter
areas or by varying the multiplicity of coincidences.
This, we feel, should certainly be the case if our concept
of shower density (Sec. II) is correct; it is the result
anticipated with the symmetrical arrangement of
counter trays used in the present experiment.

Other experimenters who have not found such agree-
rnent have accounted for the discrepancy in various
ways: (I) The applicability of Poisson's law to the
analysis of counter experiments on showers may be
doubtful in view of correlations existing between shower
particles, according to Daudin. "We believe that while
a correlation effect certainly exists,"it is not of great
importance experimentally. This conclusion is drawn
from our data on the decoherence curve at small
separations (Sec. V). It is rather difficult to draw
unambiguous conclusions from the experiments pre-
sented by Daudin, since in some cases showers were
detected by only a twofold coincidence. (2) Treat and
Greisen" have expressed the opinion that the discrep-
ancy arises from extraneous causes, such as changes in
barometric pressure, etc. Effects of this sort would not
have affected our results appreciably since in our master
coincidence arrangement essentially both methods for
determining y were carried on simultaneously. (3)
Recently, Ise" has pointed out that in general one
should not obtain a unique value for p, since even in a
counter arrangement of moderate extension most
showers detected have their cores located close enough
to give an appreciable density gradient over the exten-
sion of the equipment. This gradient should not affect
the value of p as determined by variation of counter
areas (see Appendix), but would increase the value of

y obtained by adding additional counters for multifold
coincidences. No estimate of the magnitude of the
effect is given; in any case only an estimate of an
upper limit of the increase may be meaningful since the
assumptions on which the calculations are based are
open to some question (see Appendix). We cannot
check this effect by means of our experimental results
since we used the additional tray (tray D) in a very
symmetrical arrangement and quite close to tray A
(Fig. 4). Because of this symmetrical set-up, one would
expect that the concept of a distribution-in-density
(which neglects the density gradients which actually
exist) would be a good first approximation. This is
what we Gnd experimentally. On the other hand, Ise's
arrangement —consisting of three counter trays in a
straight line, with a fourth one at right angles —is much

~ J. Daudin, J. phys. radium 10, 65 (1949)."V.Serestetzky, J. Phys. (U.S.S.R.) 9, 197 (1945)."J.E. 'Treat and K. I. Greisen, Phys. Rev. 74, 414 (1948)."J.Ise, Jr., and W. S.Fretter, Phys. Rev. 76, 933 (1949).

less symmetric, and the assumption of constant density
over this arrangement is much less adequate.

In any case, we feel reasonably certain that the
concept of shower density can now be considered well
conhrmed, and that it provides an adequate basis for
the expression and comparison of results obtained with
djtfferent experimental arrangements.

L
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Fzo. 10. Integral density spectrum of extensive air showers at

sea level. A comparison of results obtained with counters and
with thin-walled high pressure ionization chambers.

J. Clay, Physica 9, 897 (1942).

Structure of Extensive Showers

The existence of a large number of shower cores
distributed throughout the extent of the main shower
has been suggested by some authors, "but no clearcut
experimental evidence has been brought forth on this
point. Recently, this question has assumed added

importance because of a theory concerning the origin
of extensive showers involving neutral mesons of very
short lifetime. "According to the authors, the neutral
mesons are produced with an angular divergence of
(2M/Eo)&, a divergence suKciently great to effect
appearance of a multiple core structure in the shower,
with a core separation —near sea level —of the order of
io m. Furthermore, the possibility cannot be ruled out
u priori, that individual penetrating particles have
associated with them clusters of electrons (genetically
related to them) so as to give a type of "fine structure"
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to the weH-lmown distribution function; this structure
would be revealed only upon detailed examination.

It is possible to determine how our result of Sec. V,
namely uo rise iu the decohercncc curce for small sepa-
rations whee extensive showers are first selected, bears on
this question of the existence of local condensations of
particles or "cores."VVe will erst examine the behavior
of the decoherence curve of two counters for small
separations where no selection of extensive showers is
involved. Experimentally, the coincidence rate has been
found to rise very rapidly as the counters are brought
together. "This increase can be ascribed to a number
of causes:

(i) The coincidence rate may rise just due to the
effect of the core of extensive showers, as has been
pointed out by Blatt.~ However, the same basic
assumptions which occur in Ise's calculations are in-
volved here to an even greater degree and are open to
some question (compare Appendix).

(ii) At small separations, the coincidence rate will

also be affected by "narrow showers, " knock-on pro-
cesses, and possibly other phenomena not directly
connected with extensive showers. This is thought to
be the principal cause for the rise in the coincidence
rate."

(iii) Furthermore, if a large number of cores exist in
a shower, the coincidence rate will rise rapidly as the
counter separations decrease to distances of the order
Of magnitude of the dimension of the cores.

In applying the foregoing considerations to the
present experiment, we note 6rst that our results might
seem to be in contradiction with point (i) above.
Actually they give no information on point (i), since
the master coincidence arrangement becomes quite
insensitive to showers of very low particle densities; as
shown in the Appendix, the cores of the low density
showers are the ones which might have been responsible
for a rise in the coincidence rate. The requirement of
an extensive shower in our decoherence experiment
clearly eliminates the possibilities mentioned under (ii).
The absence of a rise in our decoherence curve, there-
fore, points to the absence of a large number of sharp
density gradients extending over distances of a few
centimeters and distributed throughout the extent of the
shm er.

Ion chamber experiments by %illiams4' have shown
the absence of multiple shower cores with separations
from a meter to about 30 m. Cocconi, Tongiorgi-
Cocconi, and Greisen~ by means of a "shower-core
selector" experiment have found no evidence for sub-
sidiary, multiple cores with separation greater than 10

Alichanian, Asatiani, and Alexandrian, J. Phys. (U.S.S.R.) 9,
175 {1945);10, 296, 518 (1946); 11, 16 (1947};J. Wei and C. G.
Montgomery, Phys. Rev. 76, 1488 (1949); Keck and Greisen,
Echo Lake Conference (June, 1949).

~ J. Blatt, Phys. Rev. 75, 1584 (1949).
43R. W. Waliams, Phys. Rev. 74, 1689 (1948).

Cocconi, Tongiorgi-Cocconi, and Greisen, Phys. Rev. 76,
1020 (1949).

meters, but rather a monotonic decrease in density with
distance from the main shower core. This absence of
widely separated cores is in disagreement with the
anticipated results of the neutral meson theory as
quoted in reference 26. However, it has been pointed
out by one of its authors'~ and others that the essential
features of the theory would not be affected by assuming
that the neutral mesons are produced with a much
smaller angular divergence, possibly of the order of
M'/Eo, analogous to photon pair production.

Taken together, all experimental evidence tends to
exclude the presence of local condensations or cores
distnbuted throughout the extent of the shcwer We ca.nnot,
however, exclude the presence of a number of multiple
cores—separated by a few centimeters —located within
the main core of the shower; indeed their existence is to
be expected in view of some of the initiation mechanisms
proposed.
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v(plop 2wf fiIIl=iaIIlrdr, (16)

4~ J. R. Oppenheimer, private communication; see also p. 236
of reference 26.

"G. Moliere, Cosmic Radiant'ion, edited by W. Heisenberg
(Dover Publications, ¹wYork, 1946).

APPENDIX

We are interested in computing from our experimental particle
density spectrum ~(p)dp the distribution f(G)dG; f(G)dG can be
interpreted as the number of showers per hour, whose centers
strike within a horizontal area of one square meter at the place
of observation, and which contain a total number of particles
between G and II+dII. We will assume that the particles in
showers of all sizes are distributed according to the same lateral
structure function p(r), computed by Molihre4~ for the lateral
distribution of particles at the plane of the cascade maximum.
An analytical approximation to the Moliere function has been
given by Bethe {and quoted by Williams~):

p(r) =L2.85/(2~ror) j(1+4r/ro) expt —4(r/ro) &j, (14)

where ro is the shower radius deined earlier. ' 2~&(r)dr can be
interpreted as the probability for a shower particle to fall between
distance r and r+dr from the shower center. From this de6nition
it follows that

p(r)=4(r) G (15)

Let us consider now the apparatus which measures shower
densities located at the origin of a polar coordinate system. A
shower containing G-particles and centering at a distance r from
the apparatus mill produce at the origin a particle density given
by (15) and (14). A distribution f(G) mill, therefore, lead to a
distribution of densities
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where II must satisfy (15), so that

r(p)k p=2~f, fop/4(r}r~p/4(r)] «
If we assume a power law distribution for f(II)

f(D)dII=kII cdII
we obtain

r(p)k p=2xkf fp/4(r)] '[kp/4(r)]r«

= 27rkp 'apf L4 (r)]'-%dr. (17)

We can now compare this result with our experimental density
distribution v(p)dp=Ep~dp. For agreement 44 must equal y, a
result which is seen to be independent of the form of the structure
function qb{r} and depends only on the assumption that the
structure function is the same for all showers. The final result
for f(II) based on our experimental spectrum 787p~' hr ~ is

f(II)dII =2.5&(104II~.4dlI hr ' m~. (18}
When the shower radius' is used as the unit of length, Kq. (18)
becomes:

f{II}dlI= 1.4&10'll '4dII hr-~ (r,)-~. (18'}

In the calculation above it has been assumed implicitly that
the dimensions of the experimental arrangement are small enough
so that the particle density may be considered as uniform over
the extension of the apparatus. In reality, however, the counter
trays are separated by an appreciable fraction of a shower radius.
The coincidence rate C„of a set of n Geiger counters of areas A;
and located at distances r; from the shower core is given by

+2 II'

C.= J kII~dIIrdrde II(1—expL —IIA;4,(r;}]}. (19)

By making the substitution II'= IIA, and taking A; =e;A, we can
see immediately that C ~A~ '; i.e., the counter areas need not
be equal, but if they are changed in a proportional manner, the
exponent of the distribution-in-number f(II} can be obtained
directly from the coincidence rates C ~

A numerical integration of expression (19) has been carried
out by Ise" for a very useful experimental case, namely that
of three counter trays of equal area A, located on a straight
line with a spacing e =0.05ro. The integral then becomes"

Co m /g

C,(A}= kII~dII 2erdr 2d8/e(1 —exp( —IL4&(r}])
0 0 0

X(1—exp) —IIA4(r&)])(1—exp[ —IIA&(rz)]), (19')

where r~g=(a~+r~~2er cos8)&; all distances are expressed in
units of ro.

It is a rather trivial problem to extrapolate these calculations
to the case of e= 0, but comparison of the case e=0 with the case
e=0.05ro gives considerable insight into the assumptions under-
lying these calculations, and is also of importance in the interpre-
tation of decoherence experiments involving small separations.
We first note that the probability of a coincidence is a maximum
when the center of the shower coincides with the center tray. "
Ise shows that (for e=0.05) this maximum probability is 1.0 for
values of IIA down to about 1.0, and then falls off, the probability
being about 0.22 for DA =0.1. In our case (e=0) the probability
remains 1.0 for all values' of IL4. This difference accounts for
the discrepancy between the two sets of curves in Fig. 11 for
small values of IIA. There we have plotted the function I(r),
obtained through one integration (over 8) of a portion of the
integrand of Eq. (19'):

x/g
I(r) =r {1—expL —DA411(r}j) {1—expL —IIA&(r&)jj

{1—exp/ —IIAy(rg) j)d8. {20)

"The dimensions of the counter trays are neglected in this
discussion. This will tend to overemphasize the difference between
e~0 and the e=0.05 plots in Figs. 11 to 13.

'8 This no longer holds true for very small values of II, as will
be discussed later.
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Fn. 11. Probability I{r}of a threefold coincidence due to all
showers striking at a distance r from the central counter tray for
various values of IIA.

This function represents the probability of a threefold coincidence
due to all showers which strike at a distance r from the central
counter for various values of mA.

The next step in the evaluation of Eq. (19') can be the integra-
tion over r, yielding the function

R'(IIA) = 2rrII &f I(r)dr. (21)

A graph of this function vs the logarithm of IIA is shown in
Fig. 12 for the two values of e and for y=2.5. From the relation

R'(IL4) =dCB(A)/dII (22)

"No great accuracy is implied in the curves presented in
Figs. 11 through 13.

~' Qualitatively, the finite size of the counters serves to exclude
the extremely small showers, which lead to the very steep rise in
the e 0 curves, e.g., in Figs. 12 and 13. The eEect of the finite
dimension of a detector has been considered in the case of ion
chambers by Slatt (reference 42).

it is possible to interpret R'(GA) as the difterential distribution
with respect to II of showers which contribute to the coincidence
rate (19'). The function R'(IIA) can be plotted vs IIA on a linear
basis (Fig. 12). The areas under the curves represent the coinci-
dence rates (19') for e=0.05 and e=O, respectively.

Instead of integrating over r, the second step in the evaluation
of (19') could also be an integration over IIA, yielding the function

P(r) f(II=A)rI(r, IIA)d(IIA). (23)

A graph of this function vs r is shown in Fig. 13. Again the areas
under the curves represent the coincidence rates (19') for e=0.05
and e=O, respectively. P(r) can be interpreted as the differential
distribution with respect to r of showers which contribute to the
coincidence rate (19').

Several interesting conclusions may be drawn from the com-
parisons shown'~ in Figs. 12 and 13, subject to certain reservations
as stated below which involve the assumptions on which these
calculations are based:

(i) In going from a tray separation of 0.05ro to zero separation,
the coincidence rate increases by not more than about 50 percent.
To evaluate this increase precisely, it is definitely necessary to
take into account the finite size of the counter trays. ~o

(ii) The counter arrangement with separation e=0.05 shows a
sharp maximum at IL4 =0.04 according to Ise" (Fig. 12), but a
very get maximum (Fig. 13) around r=0.1 (about 7.5 m at sea
level). One is, therefore, not justified in assuming that the centers
of most showers detected by counters with moderate separations
strike within about 10 meters of the apparatus.

(iii) As anticipated for the case of zero separation, the maximum
contribution to the coincidence rate occurs at a much smaller

value of r and a very much lower value of IIA. In other words,
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Fzo. 13. Contribution to threefold coincidence rate by all
showers (taking account of their distribution-in-number) at
various distances r of shower core to central tray.

Fro. 12. Contribution to threefold coincidence rate by showers
of various total numbers IIA of electrons striking at all distances
from the central counter.

with very small counter separations a large fraction of the coinci-
dence rate is due to showers, containing relatively few particles,
whose cores strike a short distance away from the counter arrange-
ment.

(iv) These considerations lead to ideas on the construction of
a core selector based purely on the structure of showers. It would
consist of two identical sets of counters. The 6rst set of, say,
three counters would be very closely spaced, the second set
moderately spaced and in anticoincidence with the 6rst set. A
combination, such as shown in Fig. 13, would select showers
whose cores are about one meter from the center of the counter
arrangement. The area A of the counters would determine the
mean size 0 of the showers selected.

We 6nally wish to discuss briefly some of the assumptions on
which the above considerations have been based.

(i) With a counter tray area of about 10 ~rP, most of the
showers registered by our equipment contain in the neighborhood
of 0.04X 10'~4000 particles (see Fig. 12}.A shower with II~4000
particles at sea-level can be expected to be an "oM" shower, ' i.e.,
to have passed through its stage of maximum development at a
much higher altitude. Its structure peur the core would not be as

steep as given by the Moliere function. ~' Furthermore, if Auger
showers originate in a multiple process, as seems likely, the
structure function would again be much flatter near the core of
the shower.

(ii) In addition, we suspect that the distribution-in-number of
showers does not follow a pure power law, but becomes much
flatter for smaller values of II (as it certainly must, in order not
to exceed the total cosmic-ray intensity). Some evidence for this
is already available from shower experiments.

(iii) Finally, for very small values of II the probability expres-
sions we have been using become inaccurate and break down.
This arises from the fact that the probability of a coincidence is
no longer the product of the separate probabilities. Electively,
when one counter is hit by a particle, it "robs" the other counters
of that particle, decreasing II and, therefore, their probabilities
to be hit.

These points have various degrees of importance, depending on
the exact nature of the experimental arrangement (areas, separa-
tion, etc.). Broadly speaking, their e8ect will be to minimize the
influence of the shower core; e.g., on the rise of the decoherence
curve at small separations, ~ and on the discrepancy of the
determination of the density spectrum exponent p by diGerent
methods. "The above considerations, we believe, tend to bring
experimental results into harmony with theory.

~' The recent experiments of the Cornell group (reference 44}
give information on the structure function only at some distance
from the core.


