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I. INTRCDUCTION

The earth's atmosphere is constantly being bombarded
by high energy particles from cuter space known as "orimary
cosmiec rays”. As they penetrate the atmosphere, these par-
ticles, which consist of protons, alpha particles end heave~
ler nuclel, lose energy through collisions end give rise to
secondary particles consisting of protons, neutrons, and
both neutral and charged plemesons. The neutral pl-mesons
glmost immediately disintegrate into photons which then
mltiply into electromagnetic cascades. Charged pl-mesons
dlsintegrate into mue-mesons asnd neutrinos, MNu-mesons inter=
sct with nuelel weakly; therefore they lose energy by
ionization until they decay into electrons and neutrinos.
Thus in the stmosphere one may find protons, neutrons,
pl-mesons, mu-mesons, electrons, and photons.1 Electrons
are the main products of an extensive air shower and com-
prise approximately 90% of the shower. S8ince these electrons
ere the most numerous particles near the axis of a large
shower snd are easlly detected, extensive alr showers are
‘mdsﬁ éasily studied by means of the electronic cdmponont.'
Thus, whatever concern there mey be about the nucleonic
cascade of which the electron 1s an outgrowth, it is
necessary first to understand the development of the elec~;
tronic component and 1ts latersl and angular distribution.
Also, for the correct snalysis of any experimental data, 1t

is of particular importence to know something about the







angular distribution of the particles at a prescribed dis-
tance from the axis of the shower. These effects are quite
often concealed because of the zenith-angle distribution.
These problems sre quite complicated mathematically,g’3 and
it was the purpose of this experiment to gain some information
on these problems.

Since the actusl tracks left by the electronic component
can be photographed and snalyzed, a cloud chamber was used
at the principal pilece of equipment in this experiment. The
results of this investigation furnished the basis of this
paper. Detalls of the experiment, anslyasls of date, inter-
pretation of results, and comparison of these results with
those of other experiments and theorles are treated in sub-

sequent parts of the paper.







II. APPARATUS

1). Description of Chamber

The cloud chamber, Plate I, designed and built by
John R. Oreen, was operated at the rear of the Physics
Department of the University of New Mexico during the
experiment. It 1s constructed of brass with the outside
dimensions being 12 3/4 inches high, 12 inches wide, and 16

¢

inches deep. The eloud chamber 15 a constant-pressure

change type,5

utilizing the release of excess pressure to
cool the chamber gas sufficlently to feorm the saturated
vapor necessary to form droplets.

The chamber was operated at an expanded pressure of
approximately 1.15 atmospheres of argon with sufficlent
alecohol to gilve tracks with an expansion ratio of 1.13.

The front and both sides were covered with % inch

glass for viewlng and observation. The center of the chamber

contained % inch of lead plate.

2). Operation

' e cloud chamber was used in conjunction with other
experiments being performed in connection with extensive air
showers., Triggering of the cloud chamber will be described
in more detall later in the paper. Simply, a pulse was used
to trigger a thyratron, the discharge of which was used to
energlze an electromagnet which in turn released an arm that

normally maintained an air-tight condition between the rear
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5
trap door and & rubber gasket. Creater detall can be obtained
in Reference 4. The chamber was then allowed to expand
rapidly. After the expansion had taken place, and & phcto~
sraph taken, the chamber was reset automatically for the
next expansion. This resetting was operated by a motor
which was started by the expansion. The operations that
followed were simply:

1})e The arm of the magnet was brought back into
position.
2). The chamber was expanded twice at & very slow
rate. Such slow expansions were utilized for
clearing the chamber of small droplets that did
not evaporate readily.
3). The film of the photographing camers was edvanced.
During the recyeling of the chamber, the chamber was insensi-
tive to rapld expansions. This period lasted approximately

two minutes.

3). Photography

vThe‘chgmbor was photographed by means of a stereoscople.
camera placed four feet from the front of the chember. To
eliminate the need for fast shutter synchronization, the
camera had no shutter and was open constantly; therefore it
was necessary to keep the camera and chamber in s dark
enclosure by means of a "cloth-tent".

The film used was Kodek Linograph Ortho 35 mm. film







and was processed normally. Illumination was provided by

photoflash tubes at both sides of the chamber.

4)., Locatlon

The cloud chamber was operated at the rear of the
Physics Department at the University of New Mexleco, Albuquer~
gue, New Mexlco (elevatlion 1575 meters). It was situated
approximately 8 feet from the main scintillator tank and
housed in & building attached to the scintillator structure.
Ses Plate II. The roof of the housing was made of 3/4 inch
exterior plywoocd. The housing was kept at a constant tem-
perature (approximately 23%2°C.) by sufficlent insulation

and the use of heaters and a refrigeration unit.

§)s. GCeometry of the Experiment

The experimental set-up consisted of five liguid scin-
tillation detectors. Two of the scintillators that are 10
feet in dismeter are plseced to form & vertlical telescope.
The same structure that housed these scintillators also
housed the cloud chamber as dlscussed earlier: The three -
other scintillators are three feet In dlameter end are
arranged in the form of an lsosceles trlangle with the

larger scintillators. Figure 1 shows the arrangement.
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142, andeg, 3-ft. Scintillators
o Vertical Telescope
5e Cloud Chamber

Experimental Geometry

Fig. 1







ITI. EXPERIMENTAL DATA

1). Genersl

Triggering of the cloud chamber was accomplished by
means of pulses from the upper scintillator 6f the vertical
telescope. The output pulse was discriminated so that a
triggering pulse was supplied to the cloud chamber only
when the particle density was grester than aspproximately
100 particles per square meter at the location of the large
scintillator. This corresponds to a minimum shower size
of spproximately 4x104 particles.6 The minimum size for
vhich the entire array, including the three amaller 8ein§
tillators, was sensitive was leo5 perticles. Therefore,
the events selected by the single scintillator are repre-
sentative, on the average, of a smaller size shower than
that of the mein array. |

Esch time the chamber wes triggered and expanded, &
photogreph of the event was taken.

At the same time, as &n Iindependent experiment by
snother student, the density of the shower, as observed
in each of the seintilleting tenks, was eutomatically
recorded by en I.B.M. machine. These data furnished the
basis for the determination of the core location and slze of
the shower. The suthor of this peper utilized these core
locations in part of the anslysis of his own experiment.,

Of approximstely four hundred pictures taken, only

sixty were found to be useful in the part of the experiment
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having to do with core lccatlons. 4 large percentage of the
unused pictures consisted of showers for which it was not
possible to determine the locatlon of the core. This was
brought about by the fact that the tanks that determined
the location of the core were not run in four-fold coincidence
with the scintillstor that controlled the cloud chamber.

Most of the unusable pictures were due to perlods of opera-

tion of an improperly expanded chamber.







IV. DATA AND ANALYSIS
Part I

1). General

After the film was processed, those events for which
the entire arrey was sensitive were sorted out. Enlargements
were made on 8x10 inech projection peper and then analyzed.
The following date were extracted Irom the enlargements:

1). The angles measured on the enlargements between
the zenith and the directlon of the incident
particle in the upper half of the chamber.
Jeasurements were not made in the lower portion
of the chamber because of the scattering in the
lead.

2). The seme engles measured as in 1)., but only for
those inecident particles for which a minimum
maltiplicity of three could be observed below
the § inch of lead. 7

%). The general directlion of the particles, that is,
wvhether they appeared to be incldent from the
left or right side of the chamber.

2). Angular Distribution as & Function of Distance from

the Core.
The engles measured from the vertical for all the

incident particles were summed and averaged for each event.
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These averaged angles were plotted as a funetion of distance

from the point of impact of the shower. The results are

shown in the following table end graphically in Figure 2.

R (feet) © (degrees) R (feet) © (degrees)

12 17.4 61 20.9
16 24.2 62 19.5
19 18.6 73 15.8
20 22.7 74 25.3
22 12,85 75 8.4
23 15.4 7% 12.7
25 2l.1 82 15.2
50 22.9 82 27.0
52 15.0 87 21.5
37 16.5 88 18.9
42 30.1 e3 273
43 23.6 95 31.2
45 15.4 o7 19.4
45 2e.8 100 21.3
47 13.4 100 25.2
49 20.8 106 13.1
53 20.8 118 15.8
54 22.5 115 12.0
58 12.0 130 17.5
50 16.7 140 11.1
81 22.6 140 19.2

Celeulations by Galbralth7 show that the scattering

angle of electrons is inversely proportional to the totsl

energy of the electronsj that 1s, the highest energy par~

ticles are least scattered and are found nearest the core.

As seen from the graph in Figure 2, however,; the observed

average projected angle is not & function of the distance

from the core. In fact, there appears to be no correlation

between the distsnce and the angles measured.
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Aecording to caloculstions of Roberg and Nordheim,a
low energy electrons diffuse in random directions. Thelr
spectrum show about 1/6 of all electrons in the shower ere
composed of these low energy electrons. An example of such
low energy e¢lectrons can be seen 1n Plate III. Since such
low energy particles were included 1ln obtaining the results
shown in Figure 2, the dlstribution seems to indlcate that

low energy electrons are of considerable importence at all

radlael distances.

3)s Angular Distribution of High Hnergy Blectrons as &

Funetion of Distence From the Core.

To find the angular distribution of higher energy
electrons, the photographs were re-snalyzed, end only those
tracks thet resulted in & minimum multiplicity of three
particles upon interaction with a } inch lead plate in the
center of the chamber were consldersed. Thils was done %o
set some criterion for the energy of the incident particles
for which the angular distributions would be determlned.
From the csalculations of Ivanenko;g such a maltiplicity
would require the inltlating particle to have a minimanm
energy of spproximately 165 Mev. Typical of these 1s the
event shown in Plste IV. As was done previously, the pro=-
jected anglea were measured and averaged, and were plotted

as a function of the distance of impact of the shower.
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The distribution is shown in the following table end graphl-

celly in Flgure 3.

R (feet) e (degrees)|| R (feet) | & (degrees)
12 14.3 81 15.0
16 24.0 62 16.0
22 9.3 75 2.0
28 10.0 82 6.0
25 12.7 82 25.0
30 5.0 88 22.5
32 11.0 93 3.0
42 26.0 o7 12.5
45 3.0 100 4.5
4% 20.6 100 4.0
47 10,3 106 14.0
49 11.2 115 3.8
85 11.6 140 3.6

Even though the low energy electrons (which would
have given large angle gcattering) were eliminated, the mean
angle distribution is still found %o be poorly correlated
with the dlstance from the shower. As 1s evident from the
graph, however, the average mean angle has dropped consid-
erably.

Ivanenko showed a definite increase in the mean
scattering sngle as & function of distance from the core.
Comparison with his results, however, would require the
mean projected sngle from the core direction as a function
of the energy of the particles at a given distence from the
cors of the shower., The core direction could not be

ineluded 1n the snalysis by the author since this determination
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was not possible with the experimental set-up. Since the
results in Figure 3 do not show the distribution as pre-
dicted by Ivenenko, 1t was deemed necessary to investigste
the situation further.

A distribution was made utilizing the same values of
% and the core distance but alsoc ubtilizing the directlon of
the core as observed from the photcgraphs. The photographs
of the iIncident particles were c¢lsssifiled as elther positive
or negative, depending upon whether the particles appeared
to arrive from the ncrthern or southern directions respecs
tively., Decause of the location of the camers end two=
dimensionsgl photography, it was impossible to determine
whlch showers arrived from the east-west dlirections.
Reference was made to the gzimuth angle of the point of
impact of the shower to Investligate the possible influence
of the showers arriving with large angles to the zenith.

The results are shown in the following table.

Ko. of Particles No. of Particles
o) with Azimuth Angles | with Aztmath Angles
0 to 180 180 to 360 Lty
Positive 3 5
Fegative 9 : 9

If 8ll the showers srrive from the zenlith, then those

photographs classified as positive should correspond to cores
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wvhose locations were characterized by the azlmuth angles
¢ to 180°, Similerly, sll photogrsphs clessified negatlve
would have core locations charecterlzed byvazimuth angles
160 to 360°. Obviously, one can see from the table that
this is not the case., The fraction of showers arriving with
eppreciable genith angles 1is certeinly not negliglble. The
large number of events in the negstive directlion can be
gttributed to the geometry of the experiment which favored
showers whose cores fell on that side. It 1a apparent from
the distribution that the observed angular distriiutions are
strongly influenced by the zenith sngle distribution,

The ‘results of thls analysis make 1t apparent that one
cannot determine the angular distribution of the particles
with regard to the direction of the shower axls as a function
of the distence from the axis of the shower without &
sinmulteneous knowledge of the zenith angle.

Because of the large influence of the zenith angle
distribution on the observed results, it was determined teo
enalyze the data to determine an approximate zenith angle

distribution for the shower sxis.







Part II

1). Genersl ‘

The change of shower counting rate with varying sltitude,
varying barometric pressure at & fixed elevation, end vary-
ing zenith angle are closely related since they all result
primarily from the growth end decay of the electronic cascades
as they traverse increasing amounts of matter. Interest in
these phenomena persists because the development of extensive
gly showers 18 influenced not only by the properties of pure
electronic cascades, but also by the shape of the primary
cosmic reay energy spectrum and the nature of the process by
which the primary energy 1s transferred to the soft component,
both at the origin of the shower and throughout the associa-
ted nucleer cascade, For this psper we will be concerned
with the zenith sngle distribution.

There are several methods of measuring the zenith
angle distribution. One method of measuring the distribution
is to compare the colincidence rates obtained with counters
whose axes are vertical end horizontal.lo A newly developed
method 1s to measure thd différence in tiﬁe‘of fespoﬁaé 6f“
counters that are separated from each other in a horizontal
plano.11 This method can yleld the space angle distribution
as well as the distribution of projected angles. An enale-
gous method 1s to measure the angles of the tracks of all
shower particles seen in a cloud chamber.12 These sxperi-

ments are undesirable since they yleld the engular diastribution,
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not of the shower axls, but of the shower particles, many of
which have been badly scattered. The method employed for
this paper was to consider only those cloud chamber pictures
that showed high energy electrons of nearly parallel tracks
cf which the average direction could be well determined.

Since informastion in coincidence from all five tanks ia no
longer required, all photographs obtained were now analyzed.
It 1s known that the response of a single scintillator, such
as triggered the chamber, favors showers whose cores strike
close to the sxm:mr:id:uw,‘1:5 the average distance belng approxi-
mately fifteen to twenty meters. At this dlstence from the
core the average energy of the perticles is still several
hundred Mev. and the angular deviation from the core direction
only a few degrees. Thus, this method should result in a

falr epproximation to the zenith angle distribution end should
not be strongly influenced by the angular deviation of the
particles from the direction of the axis of the shower. A

typical event used 1s shown in Plate V.

2). Zenith-Angle Distribution

Let us assume that the zenlth-angle distribution takes
the form 14)

N ()an = A cos @ sine de ad (1)
where A is the normalizing constant equal to Eg%% s 80
that aw W,
A cosne siné de dap = 1 (2)













24
This zenlth angle distribution gives the probabllity per
unit solid angle for showers arriving at the zenlth angle 6,
Therefore

n41l n
P(e,§) sine ae d¢='§t“1r cos © siné de 49 (3)

Since these distributions asre computed for space-angle dise
tributions, a relationship must be developed for the distri-
bution of projected angles which asre used in this peper.
From Figure 4 the relation 1s seen %o be

tanf,= tané cosd (4)
where §, 1s the projected angle on the plane of observation

and @ and ¢ are the space zenith and azimuth angles respec-

tively. Squering, we obtain

) g R
tan §=tan @ cos ¢

Inserting th 1n the integral, we obtain

n + 1 n 2 2
tan cos © 8in® tan © cos ae d¢
&=

The integral cen be evaluated in & stralightforward mamner to

glive

2 1
tan = n-T {5)

From the above function, we can find the value of n.

3). Experimental Determination of the Zenith Angle

Distribution.

To determine the zenlth engle distridbution, it was

necessary to revliew all of the photographs taken during the







@\~

T e

Relation Between Observed Projected Angle And
Space Angles

Figo L

25







|

experiment. This was done by projecting each negative
individuslly and selecting only those photographs that
showed high energy electrons or a mlnimum of three nearly
parallel tracks. The angles were measured from the vertical
and averaged for each event. The tangent of each average
engle was then squared and added. The mean square tangent

was found to be

2
tan ep-- 0.186

or §= 23.33°
Employing equation (1), we obtain

n = 637,

4). Comparison with other Experiments.

The value of n obtained sgrees favorably with other
experiments performed to determine zenith engle distri-
butions. Kraybill,lo using the cosné distribution, deter-
mined the meean zenith angle for mountain elevations to be
approximetely 20°, Other work by Daudln];6 Williams,17
Brown and McKay,ls using the same distribution, determined
the mean zenlth angle to be 30°, 250, and 300 respectively,
et varlous mountain altitudes.

One large deviation came from the work of Cusevs,
Zatsepsin, and Khriatlanaen14 in the U.8.8.R. at epproxi-
mately 3860 meters. Using & cloud chamber end a hodcscope

erreangement, they found the zenith angle to be very steep







wlth & velue of n ranging from 7.5 to 13.5 with the most
probable value belng 11.

Experiments performed at Cornell University by K.
Grelaonls show that the sngulsr distribution there more
nearly follows the distribution

(secé-1)
& sec

where @ 1s the zenlth angle and x the verticel depth of the
atmosphere (at Cornell, 1008 gm./cmz.). This function glves
a mesn zenith angle of 27°.

The agreement between the various experiments 1s satle~
factory in all cases except the one in the U.S5.3.R.. In
this case the dlserepency 1s strong snd has not been explained;
but the error quoted is large and the distribution somewhat
uncertain., If this discrepancy can be ignored, the remaining
agreement with the other values glves support of the method
used in this experiment as a satisfactory means to study

angular distributions of extensive slr showeras.
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