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THE LATERAL DISTRIBUTION OF PENETRATINC PARTICLES

IN COSMIC RAY EXTENSIVE AIR SHOWERS

By

Jarhes A. Earl

Submitted to the Department of Physics on August 19, 1957, in partial

fulfillment of the requirements for the degree of Doctor of Philosophy.

ABSTRACT : (

The penetrating component of extensive air showers detected by the MIT air shower
experiment at Harvard, Massachusetts, has been observed with the aid of a large hodoscope
shielded by 985 g/ cm 2 of lead. The number of electrons, core location, and arrival direction
of each shower were given by the air shower experiment. Mu-mesons associateci with a shower
could be identified by requiring the projected zénith angle as measured by the hodoscope to agree
with the known arrival direction of the shower. An auxilliary detector consisting of a single
heavily shielded tray of counters was operated 920 m from the center of the array. In showers
with zenith angies less than 25° the density of mu-mesons is proportional to r-l.0£.2 ¢ ¢
between 20 and 150 m. (r is the distance from the shower. core to the meson detector.) For r
between 200 and 900 m the density is proportional to r-2.2 * -1 The shape of the lateral distri-
bution changes as tﬁe zenith angle of the showers is increased. The nature of this change is such
that the mesons in inclined showers are more spread out than those in vertical showers. The
effect of f;he magnetic field of the earth on the lateral distribution is small. The meson density
‘near the core is proportional to Ne: 79 * - 05 yhere Ne is the number of electrons in the shower.
For showers with a constant observed number of electrons, the meson density r;ear the core ’doeé

not change with zenith angle. This fact implies thaf, in a shower of given primary energy, the
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ABSTRACT -- continued

the density near the core decreases exponentially with depth with an absorption length of (253 +
40) g/ cm?2. The fraction of the mu-mesons with ranges greater than 540 g/cm? of lead which
are absorbed in an additional 360 g/cm?2 of lead is (9.9+1.5)%. This fraction is independent

of distance to the core for r between 40 and 300 m.

(.



I. INTRODUCTION

The study of the penetrating comi)onent of extensive air showers is a relatively direct
way of investigating the cascade of high energy nuclear interactions which gives rise to a shower.
In fact, most of the particles capable of discharging a Geiger-Muller counter under 20 cm or
more of lead shielding are presumably either high energy nuclear active particles (r-mesons and
nucleons ) which are directly involved in the nuclear cascade or p-mesons, which are the imme-
diate decay products of charged T-mesons. Thus the pénetrating particles are a much more één-
sitive indicator of the characteristics of high' energy nuclear interactions than are the particles
in the soft component which are related to 7° mesons, produced in interactions only through many
génerations of electronic cascade multiplication. Even so, we cannot hope that the study of the
penetrating component will yield anything more than some of the general features of high energy
nuclea\r interactions. The presence‘ of a nuclear cascade impljes that t;_he penetrating particles
come from many interactions which are distributéd over space-and over a wide range of energies.

Consequently, the behavior of the penetrating pai'ticles cannot be expected to reflect the detailed

characteristics of any particular type of interactions.

NevertI}eless, it is worth while to study large air showers because they are our only
usable source of information on interactions with energies above 1015 ev. Inferactiqns of up to
1014 - 1015 ey can be studied in emulsion stacks flown near the top of the atmosphére,' but above
1015 ev the rate at which events are detected with stacks of reasonable size is so low that the
method ceases to be practicable. In extensive air showers, on the other hand, the particles are
spread with appreciable density over many thousands of square meters so that even events of

1017 ev are detected with a usable frequency.

- Many studies of the pénetrat'mg component of air showers havelbeen made. In most Of.
these, detailed c,;haraéteristics of each shower which triggered the apparatus were completely un-
known; only the avefage characteristics of all the showers which triggered were icnown. The
present investigation was mdeﬁakén in order to take advantage of the very detailed knowledge of

individual showers which is obtained by the MIT air shower experiment at Harvard, Mass. This
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experiment determines accurately the core location, the size (i.e., the number of electrons in
the shower), and the arrival direction of each shower which triggers the array. This detailed
knowledge permits the intensity of the penetrating component to be studied as a function of these
quantities rather than as an integral over showers with a wide range of characteristics. This
information is useful not only on its own merit but also as an aid to interpreting the re'sults of
less detailed experiments which, in some cases, are our only source of information about the

penetrating component at altitudes other than sea level and at large depths underground.-

Although most previous experiments on. the pénetiating component of air showers have
been handicapped by incomplete knowledge of the size, core location, and zenith angle of the
showers being detected, much significant information has been obtained, The value of the ratio
of penetrating particles to electrons Rp has been measured at mountain altitudes.(.KHL 54) (SG
49) (GK 50) and at sea level (CB 48) (CG 49a) (TJE 48) in showers selected by threefold coinci-
dences between unshielded tfays of counters. In these experiments neither the core location nor

the shower size was specified, so that the value of R_ represented an average over these varia-

P
bles. R_ has also been measured at mountain altitudes (CG 49b) and at sea level (FG 53) in

p
showers selected by "core selectors. " In these experiments the core location was specified by
the requirement that the shower produce a highly ‘multiple coincidence under thick lead shielding.
Sucﬁ a requirement does locate the core, ;but the rate at which cores of large showers trigger
such a point detector is so low that the method is useless for studying showers having more than
108 electrons at sea lével. Measurements of Rp extending to very large distances from the core
haye been made at mountain altitudes (ZGT 53) and at'sea level (ELC 52) in showers whosé .
cores were located by a close-spaced array of electron detectors. The present investigation dif-
fers from all of the above experiments in that our emphasis is on measuring the density of pene-
trating particles rather than the ratio R of penetrating particles to electrons and in that the
knowledge of individual showers p'r_ovided by the Harvard array is much more complete than that
available in any of the above experiments. An éxperiment very similar to the present one has
been performed at Harwell (PNA 57). However, in neither ihe Harwell experiment nor in any of

the others were the zenith angles of individual showers measured. Since the Har\né.rd experiment

does give the arrival direction of each shower detected, the present experiment differs from all

-5



the rest in that the penetrating component can be studied as a function of zenith angle.

An attembt has been méde to take full advantage of the features of the Harvard array by
covering as wide a range as possible of shower sizes and distances from the core. However, it
is difficult to obtain much information about the immediate region of the core because, first, the
rate at which the cdres of the large showers detected by the air shower array strike near a detec-
tor is very low and, second, the density of penetrating particles in this region is so high that a
penetrating pa.rticlé detector with very good spatial resolution ( a cloud chamber, for exahple )
is needed to interpret correctly the complex events. For these reasons the emphasis in this work
is on distances from the core of more than 20 m. This means that the penetrating pé.rticles with
which we are dealing are essentially all u-mesons because the nuclear active component is known |
to be confined within about 30 m of the core. Therefore, the penetrating particle detectors have
been designed with large area so és to measure efficiently the small intensity of mesons far from
the'core. and with provision for m’a]ﬁng unambiguous identification of y-mesons. Thus the main
objective of this experiment i's'to measure the lateral distxibﬁtion of p-mesons ( i.e., the num-
ber'of'. ‘u-mesons passing through a one—square-rheter area as é function of Adistan’ce from the

shower core ).

The lateral distribution is related to the properties of very high energy nuclear inter-
actions. However, the analysis will be confined to a semi-phenomenological interpretation vjith
the objective of saying as much as possible about the altitude and angular distribution of the u's
at productibn. This is being done instead of the alternative procedure of making a detailed com-
parison with the predictions of va.n assumed model 'of nuclear interactions, because the mathe-
matical problem of finding the consequences of any particular model is prohibitively difficult and
‘because the models which are available are not valid for the low energy interactions from which

most of the u~mesons arise,



II. DESCRIPTION OF THE EXPERIMENT

A. The Penetrating Particle Detectors

The MIT air sho@er experiment located at Harvard, Massachusetts ( elevation 180 m )
consists of eleven large scintillation counters distributed within a circle of 230 m radius. Fig-
ure, 1 sﬁows the locations of the penetrating particle deétectors relative to the array of electron
detectors. A large hodoscope ( Detector 1) was operated in locations A (40 m from the center
of the array ) and B (300 m from the center ). A heavily shielded tray of Geiger counters ( De-

tector Il ) was operated at C ( 920 m from the center ).

The two detectors are shown in Figure 2. Detector I was a shielded hodoscope consist-
ing of two 48-inch by 48-inch trays of Geiger counters, one of which, A, was placed 17 inches
above the other, B. Each tray was made up of 48 counters whose dimensions were 48 inches by
1 mch The shielding consisted of 12 inches of lead plus 1 1/4 inches of iron between the trays
and 18 inches of lead plus 1 1/4 inches of iron above the top tray. The hodoscope trays were
also shielded by not less than 6 inches of lead on all sides and by 3 inches of lead plus one-half

inch of iron between the bottom tray and the grmmd

® o Il Scintillgtion Counter
Electron Detectors

@ ; Penetrating Particle
‘Detectors :
4,8 -Hodoscope {(Detector 1) G
C - Single Shielded T¥oy /
(Detector 1)

\ Magnetic North
D Ring

M Ring

0 I100m.

GEOMETRY OF EXPERIMENT

Figure |
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The total thickness of shielding above tray B was equivaleﬁ in stopping power to
985 g/cm2 of lead. This thickness is certainly adequate éhielding against the electronic compo-"
nent of showers, because Cocconi, Tongiorgi ahd Greisen (CG49a) have shown that only
250 g/ cm? of lead is sufficient to reduce the effect of the electronic component to negligible pro;
portions. More than this minimum thickness of lead was used in order to increasé the average

energy of the detected u-mesons and to decrease the effect of low energy nuclear active particles.

An electronic circuit connected to each of the 96 tubes in the trays made a photographic
record of all tubes that were discharged in coincidence with a master pulse coming from the air
shower experiment. This arrangement made it possible to analyze complex events. For exam-
ple, it was usually possible to distinguish penetrating showers broduced in the lead from events

in which several incident mesons penetrated the lead.

Detector Il was a tray of 30 36-inch by 1 inch G-M counters shielded by 13 inches of
lead. Whenever one or more counters were discharged a transistor circuit sent a pulse back to

the central station where it was exhibited by an oscilloscope on the air shower experiment display

- panel. Detector Il was used to study penetrating particles' falling far from the core -- a region
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where complex events associated with triggering air showers are so rare that elaborate hodoscop-

ing is unnecessary.

Circuit details and methodé of cﬁecking the operation of the apparatus are described in
Appendix 1. The apparatus was checked once a week and the counting rates of the two hodoscope
trays and of the Detector II tray were continuously monitored on an Esterline Angus pen recorder.
After an initial period of trouble shooting the equipment functioned very reliably except for occa-

sional G-M counter failures..



B, -Trig_gring Requirements for the Air Shower Array

Since the cores of most showers which satisfy the triggering requirement normally used
for studying air showers wif.h the Harvard array are clustered within about 90 m of the center of
the array, it was necessary to use special requirements whicl_1 resulted in distributions of cores
which were more suitable for the study of the penetrating ébﬁpomnt. In no case, however, was
the triggering influenced by signals from either penetrating particle detector. Therefore, the de-

tected showers are in no way biased in favor of showers associated with penetrating particles.

The normal triggering requirement, which will be designated as (D¥MHC), is that
three or more electron detectors have puises corresponding to a density of more thaﬁ 10 p/m2,
The cores of showefs which satisfy thlS requirement are clustered within the M ring of detectors
( see Figure I). Another requirement, ( D+tM), whi'chvwas Satisﬁgd by showers whose cores hit
in the reg’ioﬁ between the M and D rings, was identical to the ( D+M4C ) requirement except that,
in ad&i’tion, a twofold coincidence of a greater than 10 p/ m? pulse in any D-ring detector with a
greater than 10 p/m2 pulse in any other detector ( including another in the D-ring ) would sat-

isfy the triggering requirement.

With Detector I in position A, the ‘( DM ) requirement made it possible_ to study show-
ers at distances from the core more than twice as great as those that were feasible with the nor-
mal triggering requjrementf Whén Detecfof 1 was operated at position B, another special re-

" quirement ( 3D4—M ) was used in order to trigger efficiently on showers whose cores hit at the
maximum ‘usable. distance from the detector. The (3D+M ) requirement was identical to the

( D¥M ) requirement except that only the greater than 10 p/ m2‘ pulses from the D detectors des-
ingnated by e in Figure I would satisfy the twofold coincidence requirement. A small amount of
data was taken with various other special réquirements which were designed to select especially

small or especially large shawers.

Table I gives the number of showers recorded with each combination of detector loca-
tion and triggering requirement. With Detector II at position C the air shower array was oper-

ating essentially as a " care selector, " hecause the distance from C to the center of the array
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TABLE 1

Triggering Detector Location Range of distances Number of showers
Requirement ‘ from the core recorded

( DFMHC ) A 0to90 m 750

( DEMHC ) B 200 to 400 m " 350

(D+M) A 0to 160 m 710

(3D+M) B 200 to 400 m 900 ‘
(3DtM) C 800 to 1000 m 1600

All other Lomm= mmesesee- == : 200

was conéiderably larger than the radius of the array. Although the triggering requirement used
under these conditions was unimportant ( 3D+M ) was chosen so that the same sample of com-
pletely analyzed showers used in conjunction with the data from Detector I at location B could be

used with the data from Detector II. ( See Section I-E ).

For each shower detected with '( D+MHC ) triggering, the experiment can determine the
arrival direction with an error of +5° the number of electrons in the shower with an error of
20% and the core location with an error of 10% of the distance from the core to the center of the
array. With the special triggering reqﬁirements the information on showers striking far from
the center is less precise to an unknown extent. However, this uncertainty is certainly much
sxx.xa.ller than thé uncertainty introduced by the necessity of grouping the showers in fairly broad

ranges of these variables for the purpose of making the results statistically meaningful.
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C. Interpretation of the Hodoscope Records

Our objective in interpreting the hodoscope record for each shower was to determine,
with' as little error as possible, the number of mesons which traversed both trays of the hod-
oscope. Ambiguity in the interpretation was much reduced by the fact that the projected zenith
angle of any meson going through both trays could be compared with the projected zenith angle
fhat would be expected from the known arrival direction of the shower. For a group of showers,
a simple formula, which involves the geometry of the hodoscope and the zenith angle of the show-

ers, relates the mean number of mesons which traverse both trays to the mean density of mesons.

Figure 3 shows some typical hodoscope records.  There can be little doubt that records
similar to ( a) were caused by a number of parallel rays traversing thé trays. This interpre-
tation is almost completely unambiguous when the observed trajectories agree perfectly with the
trajectories computed from the air shower arrival direction. For less cleér-cut cases it is |
necessary to have objective criteria for interpreting "cluttered” records ( such as b)) and for
throwing out impoésibie records ( such as ¢ ). In setting up these criteria the'main' objéctive
is to achieve a balance between throwing out too many true mesons and including too many false

"mesons”. The criteria used were set up with this in mind.

TYPICAL HODOSCOPE RECORDS

=5

(0) *4t705 - 4 mesons

i

T

(b} 39110 - I3 mesons

(c) *12206

Dashed lines indicate projected zenith ongle
predicted from oir shower arrival direction

Figure 3



In the work of analyzing the records it was convenient to specify the projected zenith an-
gles by the horizontal displacement apardde would undergo in going from the top tray to the bot-

tom tray. This displacement, M, which was measured to the nearest inch, is given by:
M =17, 8 tan Op inches : (1)

where Op is the projected zenith angle and 17. 8 inches the distance between the trays. Figure 3a
shows how M was measured in terms of the number of tubes between the discharged tube in the
top tray and the tube directly above the discharged tube in the bottom tray.

The following criteria were used for identifying mesons in the hodoscope records:

1. (a) For each meson there must be at least one tube discharged in each
tl‘ay. :
(b) If two adjacent tubes are discharged in each tray, the occurrence is

counted as two mesons, provided M is less than 8 inches.. If M is
greater' than 8 inches, the occurrence is counted as one meson.
(c) All cases which involve two adjacent discharges in one tray and a single

discharge in the other are counted as one meson.

2. ' In a record which iivolves a single meson, the observed displacement
Mopg must agree with the displacement predicted from the arrival

direction of the shower Mpreq to within + 4 inches.

3. In a record which involves two or more mesons, at least one meson
must satisfy criterion 2 and the values of Mopg. for all the mesons must

be the same to within £1 inch.

The‘reasons for Criterion 1 are oﬁvious e);cept for part b, This requirement helps to
interpret correctly dense eventé in which there is a large probability that two separate mesons
would pruduce adjacent discharges in both trays. The probability that a single meson would pro-
duce such an event is negligibly small for vertical mesons. The requirement that M be small

ensures that mesons that can traverse two tubes in each tray because of their lirge inclination
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are not counted double. Criterion 1 (c) is intended to mc,lude the fraction (about 7%) of the mes-
ons which are accompanied by electrons as they emerge from the lead-above one tray or the

other.

Criterion 2 was inténd_ed tq take into account the fact that the measurements of air show-
er arrival directions were not perfectly accurate. This criterion was made very loose because
it was desirable to use some showers for which the experiment gave a very rough measurement
of the arrival direction ( D+M showers ). Figure 4 is a histogram which shows the number of
mesons accepted with various differences between the observed and predicted values of M. Fig-

" ure 4a refers to showers which satisfied the normal air shower triggering requiremenf and Fig-
ure 4b refers to showers which satisfied only the twofold coincidence part of the ( D+M ) require-
ment. It can be seen from these histograms that the numbe_; of mesons for which the observed
value of M differs by as much as 4 inches from the predicted is very small 'compared to the num-
ber with sﬁaﬂer deviations. We conclude from this that few true mesons were thrown out by
Criterion 2. On the other hand, since we would expect false mesons to be evenly distributed
among the intervals of the histogram, the number of false "mesons” in each interval can be no_
larger than the total number bbégrved with deviations of 4 inches. If we assume that the number

of false "mesons” is given by this upper limit, only 13% of the accepted mesons could be false.

60

Number of Mesons

-4 2 ) 3 “4
Mobsevv_ed - Mpredicted
(o) Normal Triggering Requirement

Number of Mesons

" Mobserved - Mpredicted
(h} (N +M) Triggering Requirement

QISTRIBUTION OF DIFFERENCES BETWEEN
OBSERVED AND PREDICTED ZENITH ANGLES

Figure 4
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No correction has been made for the true mesons which were thrown out or for the false "mes=-

ons" which were included because the errors are small and tend to cancel each other.

Criterion 3 was intended as a further aid in correctly interpreting dense showers. In
principle, one shoulq always use the same requirement on the projected zenith angle irrespective
of whether or not the mesons accepted are accompanied hy others. In practice, however, applica-
tion of Criterion 2 to all mesons would result in laxrge errors for dense events hecause, for any
discharge in either tray, there is a large probability that there would be another discharge in the
other tray satisfying Criterion 2 whether of not the original discharge was actually -associated |
with a true meson. By invoking a more rigid criterion for acceptance ‘of mesons comirig in groups,
we remove this ambiguity at the expense of introducing a risk that the bias against widely scat-
tered particles will depend on the density of the event. The impoxrtance of this éffect depends on
the degree to which the observed particles are actually scattered. Figure 5 is a histogram which
shows the ﬁun)ber of mesons with various deviations between the observed value of M and the
mean value of M for all mesons in the event. An attempt was made to include in Figure 5 mes-
ons which were rejected under Criterion 3. Every event used had two or more mesons. Itis
clear frorﬁ Figure 5 that, on the average, associated mesons do tend to be very neai'ly parallel.

200~

150 7_

100~

Number of Mesons

+
r—l—ﬂm@q J
-2 -1 (o] +1 +2
Mobserved - Maverage
DIESTRIBUTION O PROJECTED ZENITH

ANGLES IN EVENTS WHICH HAVE MORE
THAN ONE MESON

Figure 5

On the strenght of this fact, we feel that Criterion 3 introduces little bias.
’I‘he application of these criteria to artificial events which were generated with the aid

of a table of random numbers, showed no obvious systematic errors. In general, the process of
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interpretation was much simpler than the preceding discussion would indicate because most pf the
records wefe 50 "clean" that it was easy to interpret them. The event shown in Figure 3a is a
very typical event. Only when shower cores hit neaf the detector were the hodoscope records so |
complex that their interpretation was ambiguous. In the following, all data appreciably affected |
by ambiguous events.have been thrown out. In practice this meant that the measurements within
a certain distance of the core ( this distance depended on the shower size ) have been thrown out.
It will be shown later that the densities deduced from interpretation of the hodoscope records -

agree well with densities deduced from the number of tubes discharged in the bottom tray.
The following formula, which is derived in Appendix II, was used to relate the density p

to the number of mesons traversing both trays N ut

p = N . ' o (2)
d . -
A cos ¢ {1 - 2 ta.no}

A TR
|

’

where p is the density, A is the area of the trays, 6 is the zenith angle of the showers, d is the
distance between the trays, and ¢ is the length of the square trays. The factor 4/7 comes from

an averaging integral over the azimuthal angles.
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D. Analysis of the Signals from Detector II

The pulses from Detector 1I were displayed on an oscﬂ.loscope with a 50 usec sweep.
Wlth th.1s method of display it was poss1b1e to discrimmate against acc1dental pulses which came
at times mcompatlble with the time of arrival of the showers. The effective resolvmg time for
accidental coineidences could iiave been made as shoit as the rise time of the pulses, v{/hich x;vas

about 1 usec, but, in practice, a somewhat longer resolving time was found to be satisfactory.

Figtire 6 shows the distribution of measured delay times for all pulses from Detector II,
which were observed on sweeps trlggered by showers. The data for this plot includes some taken
with the Detector II tyay unshielded. It is clear that there is a marked clustering of delays around
a value corresponding to a deflection of 5 mm, which is approximately what would be expected from
a consideration of the length of the Detector II cable and the various delays involved in the trigger-
ing of the air shower experiment A]l pulses w1th deﬂections between 3 and 7 mm were counted
as "true" associated pulses. This range was made wide enough S0 that pulses from highly inclined

showers would not be counted as false.

‘Table I gives pertinent information on the data taken with Detector II.

o e Shielded
9 ©° Unshielded
3
of
oe
3
(3
[ X ]
o0 )
i ([ X 1 [e] ce e (o] [ N J o
o a0 40000 & 00 600 90 & & [ 1 X ..'- o0
T T T
6o . 10 20 30 40 50

Deflection in mm.

DISTRIBUTION OF DELAY TIMES OF
PULSES FROM DETECTOR II.

Figure 6
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TABLE I

Number of true  Number of Total number Ex;bected number

pulses "false" pulses of sweeps - .of "false" in the
3-7 mm interval
3-7 mm - 10-40 mm :
Shielded 18 23 1600 I -3
Unshielded 11 . : 3 . 534 ) R I

From the last column in this table it can be seen that the accidental pulses that were in-
cluded among the "true” pulses contribute a small error. In the following analysis this error has’

been subtracted out for each group of showers considered.
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E. Analysis of the Data

All pertinent data for each shower were punched onto a standard IBM card. Table I is

a key to the information recorded on each card.

The most significant items recorded were the shower éize Ne (i.e., the total number of
electrons in the shOWér ), the zenith angle 9§, the distance r from the core to the meson detebctor
and number of mesons going through both trays N ue The last of these was determined from the
hodoécope records in accordance with the rules set forth previéusly, whilc the rest were obtained
as results of calculations performed by the Whirlwind computer on data obtained from the electron

detecturs.

Once these -data had been pﬁnched on cards the showers were sorted into groups accord-
ing to their size, zenith angle, and distance from the meson detector. The range inclﬁded in each
of these groups is shown in Table IV, together with the code numbers identifying each grouping.
The size ranges are logarithmic intervals corresponding to a factor of about 3. The zenith angle
intervals were 'phosen so that the mean thickness of atmosphere traversed would increase by
100 g/cm 2 in going from one group to the next. The core distance ranges are logarithmic. inter-
vals such that the mean distance for each group is greater than that for the pi:eceding group by a

factor of about 1. 6.

TABLE III

IBM Card Format

Column
Number
1-4 Serial number-
6-10 .Air shower experiment sequence number
12-15 Time of arrival of air shower
17,18 . Shower size Ng
19 Exponent of Mer Aof 10 multiplying Ng
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TABLE III -~ continued

Column
Number
21-23 X co-ordinate of core
25-27 Y co-ordinate of core
29,30 Zenith angle 6
32-34 Azimuthal angle ¢ ( measured from geographic north )
36-38 Distance from core to meson detector (
40-43 Measured 'electron density ‘
45-48 .Computed electron density
50, 51 Number of mesons tfaversing both trays N,
53-57 . Record of tubes discharged in Tray B
58-62 Record of tubes discharged in Tray A
63 ‘Code number specifying azimuth of cbre with respect to meson detector.
64 Zenith angle interval 6y
65 Shower size 1:ange NN
66-67  Distance interval ry
77,78 Number of tubes discharged in Tray B Np
79, éO Number of tubes diséharged in Tray A Ny
TABLE IV
Size, Zenith Angle and Core Distance Intervals
Code Nu.mber ' Column 65
Ny ' » Size Range
; 1-3 x 105 electrons
2 | 3-10 X 105
6

3 ' 1-3 X 10
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"TABLE IV - continued -

Code Number' ) Column 65

Ny . ' Size Range
4 | - 3-10x 10°
5 | 1-3x107
6 . 3-10 x 107
7 ‘ > 108

" Code Number | Column 64
o Zonith Angle Interval
1 | | 0~25°
2 . 25-33°
3 ‘ 33-40°
4 40-45°
5 > 45°

Code Number , Columns 66 and 67
rN . _ ‘ Core Distance Interval
1 ’ ' © 0-20m
2 " | 20-30 m .
3 30-50'm
4 50-80 m

5 80-130 m
6 130-210 m
7 - 210-340 m

8 ' 340~430 m
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An IBM accounting machine ( Type 406 ) was.used to tabulate significant data for each
shower and to add up sums needed for the preparation of lateral distributions and for the compu-

tation of the mean size, zenith angle, and distance of the showers in each group.

Most showers recorded with Detector I-at 300 m from the ceﬁter ( Position B ) and Awit;h
Detector II give no indication whatsoever in the rheson detector, Since the labor of preparing cards
for analysis is considerable, it would be lvery'de§irable to process only thos‘e showers which did
give an indication in the meson detector. This has been done for a large g—foup of showers. The
average characteristics of the unanalyzed showers were éssumed to be identical to those of a sam-
ple of 242 showers obtained under identical conditions but fully analyzed. In this wdy it was pos-
ible, in the case of Detector I at position B, to use tﬁe data on mesons from 663 showers while
_processing only 150 of them and, in the case of Detector II, to use the data on 1600 showers while
‘ processing only 18. Since this procedure is equivalent to analyzing all the showers (except for a
slight increase in the statistical errors), no bias is introduced provided that the triggering re -
quirements do stay constant. Siﬁce the comdné rate of the air shower experiment depends sen-
sitively on these requi.feménts and since no variation of this rate was observed during the period

in question, - the data are probably not affected much by variation in triggering requirements.
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II. EXPERIMENTAL RESULTS

The most significant results hav'é to do with the main objective of the experiment, which
was to measure the lateral distribution of mumesoﬁs in showers having a wide range of sizes and. .
zenith angles. Results have also been obtained on ﬁe absorption of the mesons in lead, on the ef-
fects of the magnetic field of the earth on the lateral distribution of mesons and on 'the ratio of the

meson density to the total density of charged particles.

‘I'he data on the meson componént of showers is useful in studying the development of
showers in the atmosphere. The development starts when the high energy primary cosmic ray
interacts with an air nucleus in the upper atmosphere and produces a number of high energy sec-
ondary particles. The number of particles in the shower increases as the chain reaction initiated
by these secondary particles developes, but, at a certain atmospheric depth, a maximum is
reached because the average energy of the particles becomes so low that the mean number of par-
ticles produced in each new interaction is less than oﬁe. Below the maximum, the number of par-
ticles decreases with increasing depth as the energy in the shower becomes dissipated. The show-
ers in the size range we have studied are well past their maximum development at sea level.
Since it is likely that the shower development depends only on the thickness of atmosphere tra-
versed, a comparison of the properties of inclined showers with those of vertical showers can

yield information on the development of showers because the inclined showers have gone through

a greater thickness of air than have the vertical showers.

All the .results which will be presented refer to averages over large numbers of showers
with similar characteristics. For example, each point on a lateral distribution curve is the aver-
age density for a group of showers whose distances from the core lie. in a certain interval, This
point is plotted at the average distance from the core for all the showers in the group. It can be
shown that this usé of the average distance approximately compensates for variations with distance
of the triggering probability of the showers. The use of average zenith angles and shower sizes

has eliminated other errors of similar nature.

Tables presented in Appendix IIl summarize the data on which the results are based.
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A. Dependence of the Shape of the Lateral Distribution on Shower Size and on Zenith Angle

Figure 7 shows the léteral distxibutions of mesons in two groﬁps of near vertical showers
whose mean sizes differ by a factor of 8. The abscissa of each point is the mean distance from the
core to the meson detectqr T for the showers falling in each of the radial intervalé indicafed near
the top of the figure. The ordinate is the mean meson cie'nsity normalized with respect to the
shower size p/N (i.e., the meson density pidivided by the mean number of particles N in the show-
ers of the group ). The purpoée of normalizing the densities is to correct approximately for a
small systematic variation of mean shower size with distance from the meson detector. This
variation, which a.rises. because the triggering probability for showers of a given size strongly
depends on the distance from the core to the center of the array, could distort the shape of the

lateral distribution if it were not taken into account.

We see from Figure 7 that the curve for a mean size of 2 X 109 lies above the curve for

1.5 x 107 by a factor of about 1.3, but that, within the statistical accuracy of the data, there is
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no detectable difference in the shapes of the two curves. Although the fact that the two curves do
not quite coincide indicates that the density of mesons does not increase in exact proportion to the
shower size, it is apparent that the normalized density is approximately independent of shower

size since it changes by only a factor of 1.3 for a factor of 8 change in shower size.
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Figure 8

Since neither the normalized density nor the shape of the lateral distribution show a
strong dependence on shower size, it is justifiable to combine the normalized dengities from show-
ers in a wide range of sizes in order to increase the statistical accuracy of the determination of
the shape of the lateral .distfibution‘. Figure 8 shows the mean normalized density as a function
of distance to the core ( over the range 20 to 850 m ) for showers with sizés in the range 106 fo
3 x 107 electrons and zenith angles less than 2‘5°. The co-—ordinate.s of this plot are defincd in the
same way as thosg of Figure 7. From Figﬁre 8 we see that there is a change in the form of the -
lateral distribution at approximately 150 m from the shower core. Indeed, for r between 20 and

-1+ .2

100 m, the normalized density is proportional to r while for r between 150 and 850 m the
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density is proportional to x~2-2 % .1,

The total number of mesons in a shower is given by:.

Qa0

N, = g 2nrdrp(r) . I (1)
o X
where p (r) is the meson density at a distance r from the core. Since p has been measured only
at distances-less than 900 m from the core, . it is not possible to evaluate this integral from the
experimental data without making an extrapolation to take into account mesons falling more than

900 m from the core. From the experimental results presented in Figure 8 we obtain:
N, (r<900m) = (2.2+.4)x 10° mesons

for the total number of mesons falling within 900 m of the core of showers of mean size 4.0 X 100
electrons. (This result includes a small contribution from mesons falling within 20 m of the core
which was obtained by extrapolating the density distribution to r = 0 according to 'p'ar-l. ). As-

suming that p = kr-«z’ 2 for r greater than'900 m, we obtain:
N, (r>900m) = (3.6+2,0)x% 10° mesons

for the number of mesons falling further than 900 m from the core. Since it is very unlikely that
the meson density decréases less rapidly than in proportion tor-2-2 g any point beyond YUU m
this estimate is probably an upper limit on the number falling beyond 900 m. For the sum of -

these two estimates we abtain; -
N, = (5.7+2.2)x 10° mesons

for the total number of mesons in showers of mean size 4.0 x 10° electrons and zenith angle less
than 25°. This implies that the ratio of mesons to all charged particles in these showers is
(14 = 5)%. Since our estimate of the number of mesons falling more than 900 m from the core

was based on little more than speculation, this estimate of the total number of particles does not
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have very great significance as an experimentai result ( although it probably can be considered as
an upper limit on the total number ). On the other hand, we have considerablerconﬁdence in our
determination of the number of mesons within 900 m of the core. The ratio of this number to the

total number of particles in the shower is ( 5.5+ 1.0) %.

The root-mean—équare radius r* for a lateral distribution is given by:
r*2 = 1 S‘ . 2mr3drp(r) ' o (2)
o

where N, is defined by Equation IITI(1). It is not possible to do more than set a lower limit on r*
from thé experimental data, because the extrapolation used in estimating N# leads to a divergent

integral in the definition of r*2. From the results presented in Figure 8 we obtain:
*2 > 330 m

- as a lower-limit-on the root-mean-square radius of mesons in showers of mean size 4.0 X 106
electrons and zenith angle less than 25°, The fact that the integrand of Equation Il (2) is still
increasing with r at the limits of the measurements indicates that the trie r* (if it exists) is

prubdbly considerably larger than this lower limit.

Figure 9 shows the observed lateral distributions for showers with zenim angles greater
than 25°. The showers have been divided into ﬁvo groups having mean zenith angles of 28° and 36°.
1'hé solid line is the comparable curve for vertical showers (Figure 8 ). In Figure 9, approxi-
mate corrections for the effects of variations with zenith angle of the mean measurcd size of de-
técted showers have been made. Consequently, the normalized densities are proportionai to the
densities that would be obtained for showers with a constant number of electrons but varying zenith

angles,

A comparison between the curves for different angles in Figure 9.shows that the meson
density near the core increases by a factor of 1.3 as the zenith angle is varied from 0° to 40°.

It is apparent that the normalized densities at large distances from the core (200 - 900 m) increase
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by a larger factor when the zenith angle is increased than do the densities near the core ( 20 to
150 m ). This implies that the mesons in steeply inclined showers are more spread out than are

those in vertical showers.
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Figure 9
The statistical accuracy of the density measurements plotted in Figure 9 is so poor that
‘the procedure previously used to determine the number of mesons in vertical showers yields only
a rough estimate of the number of mesons in inclined showers. . The combined data for the two

zenith angle ranges gives:
Ny (r <900m) = (5&£1)X 10° mesons

for the number of mesons falling within 900 m of the core of showers with zenith angles in the
range 23° to 40° (mean angle 30°) and with a mean size of 4 x 100 electrons. No attempt has

been made to extrapolate the lateral distribution beyond 900 m because the data for r less than
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900 m is not accurate enough to justify such an extrapolation. This value of N, is a factor of 2.3
greater than the corresponding number of mesons in vertical showers. This large ratio contrasts
with the small value which was obtained for the ratio of densities near the core. The difference

lies in the dependence of the shape of the lateral distribution on zenith angle.
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B. Dependence of the Density Near the Core on Shower Size

For the purpose of studying the density near the core it is useful to define a quantity K
such that: |

- K
p(x) T ma - (3)

where p is measured in particles per m2 and r in m so that K has the dimensions of m'l._, Since
it is apparent from Figures 7 and 9 that the density near the core is approximately proportional
to r~1 independent of size and zenith angle, K is essentially a normalizing constant which is inde -

pendent of distance from the core over the region 20 m < r <150 m.

In connection with Figure 7, we have observed that the meson density near the core varies
with shower size but is not exactly proportional to No. We will now express this fact more pre-
dsdy by determining how K depends on Ng over a wide range of shower sizes. Density measure;
ments based on interpretation of hodoscope records are not ideal for this purpose because of pos-
sible sources of error in. especially large and especially small showers. In small showers, the
density may be underestimated because the arrival directions are so poorly determined by the air
shower array that true mesons may be thrown out under acceptance Criterion 2 (Section I C).

In large showers the méson density is so high that there is an appreciable probability that two mes-
ons are so close together that they may be counted as one under Criterion 1(b). Both of these ‘
sou.rées of error can be eliminated by using the total number of discharges in the baottom tray as

a measure of density. The error in small showers is eliminated because the number of discharges
is obviously independent of measurements of the sho§ver direction. The error in large showers

is automatically eliminated by the use of the correct method of relating the number of discharges

to the meson density.

- The mean number of discharges in an event with density p is:

T = 48 (1 - erA) : oI (4)
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where A is the area of each of the 48 tubes in the tray. Since the density p is confined to a narrow
range of values by the requirement that all showers in a group have roughly the same size and dis-
tance from the core, it is safe to infer the mean density p directly from thi; expression without
special conside'xation of the a Bxlg_r_l distibution of p. The fact that pA in Equation III (4) is never
more than .3 is a further argument for the vélidity of this procedure. By manipulating _E.quation

III (4) we obtain the approximate relation:

o1
'hlﬂl
o0

1, @ ‘

1+ x =— I 5

( 2 48 ) , (3)
where 1 is the mean number of discharges in the chowers under considerarion and A is the arca
of each tube. Ali;hough this expression is not exact it gives P accurately enough for our purposes
since the error introduced by the approximation is less than 2% as long as pA is less than . 3.

The term 1/2 %8' ‘inside the brackets in Equation III (5) can be interpreted as the correction for

high densities which is necessary for the correct analysis of data from large showers.

For the determination of K, only the data for showers with r between 30 and 130.m were
used. This restriction is necessary becausé, for r less than 30 m, an appreciable fraction of the
discharges in the bottom tray was caused by the products of nuclear interactions occurring in the
lead -- not by u mesons already present in the shower +- and becaubc, for r greater than 130 m,
1

p is no longer proportional to r™". The actual value of K used was computed from the following

formula:

K = )13 (’piri‘)ni/zi,l n; I ‘6)

where p; is the mean density computed for radial group i from Equation Il (5), rj ls the mean

radius and n, is the total number of discharges in the bottom tray for all the showers in the group.

Figure 10 shows K computed as outlined above as a function of shower size N,. The value
‘of K based on densities determined from interpretation of hodoscope records for N e = 1.9 x 10.6
electrons has been included as an open circle in order to show that the two methods of measuring

densities give comparable results under circumstances where the sources of error mentioned
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earlier are not important. The small remaining discrepancy can be attributed to double discharges
caused by knock-on electrons which accompany the mesons as they emerge from the lead. " A cor-
rection for this effect could be estimated from the known values of the probability that a meson un-
associated wifh air showers is accompanied by an electron with sufficient energy to penetrate the
counter walls. (BWW49a) However, since the energy spectrum of the mesons in air showers may
be different from that of unassociated mesons, it was felt that it would be better to normalize the

final results to the value of K determined with the hodoscope for Ne = 1.9X% 106 electrons.

This normalization gives a result which is practically identical to the result that would
have been obtained if the correction based on measurements on unassociated mesons had been ap-
plied. A small additional correction has been applied to ﬁ1e values of K for Ng less thap 109 elec-
trons in order to take into account the fact that some of the data for these points were taken with
24 inches of lead instead of 30 inches above the bottom tray. This correc.tion was base.d on the
values of K with and without the extra lead for N¢ between 109 and 3 x lO6 electrons. The ratio of
- these values was 1.1 +, 2. All the data used in the determination of K for values of Ne greater

than 109 were taken with the full 30-inch layer of lead.
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Figure 10

It is apparent from Figure 10 that the dépendence of K on N, is well represented by a

power law. Normalizing the values of K based on the number of discharges in the bottom tray to
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the value of K obtained from interpretation of hodoscope records at N e = 19X 10% we obtain:

K = (46.5+2) (N/10%) 7905

o (7)
for N in the range 2 X 10° to 108 electrons and for mesons observed in the range 30 to 130 m from

the core.

We have already seen that there is some evidence that the shape of the meson lateral dis-
tribution is independent of shower-size. If this result were strictly true, then K would be a meas+
ure not only of the density near the core but also of the total number of meso.ns in the shower. By
combining our result on the number of mesons within 900 m of the core of showers of mean size

4 x 106 electrons with the measured dependence of K on Ng, we obtain:

N .79 .05
S e) _ o (8)

N (r < 90m) = (.73+.1) x 10°x (-—-—-
TRL | 106

for vertical showers under the assumption that the lateral distribution is independent of Ne.

Calculations of the nuclear cascade based on the Landau model of high energy nuclear in-

teractions have been made by blbert and Stora (OS 57). These calculations vield the result that.
Ne o E, 1.16

where E, is the energy of the primary cosmic ray and Ne is the number of particles at sea level.

. If we accept this result, we obtain

K o E, .92+ ,06 . oW (9)
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C. Dépendence of the Meson Density Near the Core on Zenith Angle

We have already seen from Figure 9 that the normalized meson density near the core is
élmost independent of zenith angle for showers with a fixed numbexr of electrons. In Figure 11 we
present more results bearing on this ciuestion. The abscissa is the atmospheric depth x measured
in the average direction of the shower axes. For a group of showers with average zenith angle 9,
x is related to the vertical depth x, by x = x,,/cos 6. The ordinates -of the solid points are meas-
ured values of K computed with the aid of Equations III (3) and III (6) using densities inferred
from interpretation of hodoscope pictures. We see that K is nearly independent of x for x less
than 1300. g/cm2 and that the curves for the various size ranges are parallel within experi.ménf:al

errors.
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Figure 11

In order to obtain a mose exact idea of the form of the relation between K and x, we have
plotted as open circles on Figure 11 the values of K/N obtained by combining the data from all
showers with size between 106 aﬁd i07 eleétrqns. If we assume that K varies exponentially with
depth, i. e.,

K = constant e~ X =~ Xo
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where L is a constant, we obtain from these values of K/ N

-i— =+ (1£5) x 1074 g7} em?

provided the point at x ='1370 g/ cm? is ignored. Since this result implies that K changes very
slowly (if at all), with increasing x, we must conclude that, for depths less than 1300 g/ cm?,
the meson density near the core is essentially independent of-depth for showers with constant ob-

served size.

This conclusion would be essentially unaltered even if there were systematic errors (due
to misinterpretation of the hodnscope records) in the coxrectivu factar f (#) by which the obocrved
number of mesons at a zenith angle 6 must be multiplied in vrder to get the density. (See Equa-
tion I (2). ) Even if the variation of f (§) were ignored completely, the apparent value of 1/L

which would be obtained if K were truly independent of x would be only

1 _ 1
LAPP 550 g/cm2 ’

Since the uncertainty due to systematic errors in the evaluation of f ( 6) is probably less than the

source. A re-examination of some of the hodoscoﬁe records for showers with large zenith angles
led to the conclusion that, even at large angles, the interpretation of the pictures was usually un~
ambiguous, so0 it is unlikely that there is actually much error due to misinterpretation of the hod-

oscope records.

The points at 1370 g/ cm? appear to lie significantly higher than the points at smaller
depths. This could be due to a statistical ﬂuctuation; a systematic error, or a real effect. Since
the chance for systematic errors is largest at large angles and since it is possible that fluctua-
tions in shower development could lead to a real effect of this type, this point was neglected in the

determination of 1/L.

While it is significant that K is independent of x for a fixed observed size, what is really
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wanted is the dependenceI of K on x for a fixed primary energy. For this purpose, we introduce

the equivalent vertical size of a shower defined by:

N(x) = N (xo') e‘-_gi):—xi) o _ I (10)
where N (x) is the size of the shower observed at depth x, N(x¢) is the equivalent vertical size
(i.e., the size that would be observed at depth x, if the shower had come in vertically) and A
isa constanf absorption leé'th. There is considerable evidence from the variation of the rate of
detection of air showers with altitude, with pressure and with zenith angle (CGW 57) (GK 56) that
Equation III (10) is valid near sea 1e§e1 for showers of the size we are concerned with and that the

value of A is near 200 g cm™2,

- If Equation III (10) is valid and if fluctuations in shower development are neglected, then
a given equivalent vertical size corresponds to a unique primary energy. "I'hus our objective is
to find the dependence of K on x for a fixed equivaleni vertical éize, We shall use the value A=
200 g/cmz. (The uncertainty in this value is about 30 g/<:m2 (CGW 57). ) )

We shall assume that the values of K for showers observed at depth x with N electrons -

can be represented by a law of the form:

K(x,N) = F(x) N8 . m  (11)

where, according to our measurements, F(x) is essentially a constant and g =.79. Although

the data taken at large zenith angles are not éomplete enough to verify this assumption with any
degree of certainty, the fact that the curves in Figure 11 for showers with various sizes are neér—
ly parallel indicates that the experimental results are not in violent disagreement with this as-

sumption.

If we now substitute in Equation III (11) the value of N from Equation III (10) we get:

| e
K(x, N) = F(x) e ‘7&)203 [ Nxg)] ? m  (12)
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which is an expression.giving K as a function of equivalent vertical size and of x. If we express
F (x) as an exponential function:

F(x) = Ae “T2 | Com (13)

we obtain from Equation III (12)

17 (x-x0) 8
L] °" x [ N(x0) ]

1
K(x,N(xo)) = Ae_[(VQ)
o (14)

This result implies that, for a constant equivalent vertical size, K varies exponentially with depth

with the absorption length

1 _ : -
A =B T-ajBL o S (15)
Using our measured values of8 = .8 and i, = .001 cmz/g and assuming A = 200 g/ qmz

" we obtain;:

. 2
A= (253+40)g/cm

Here the error refers only to the uncertainty in 8 and 1/L; it does not include possible errer in
the assumed value of A. If 1/L is small, the value of Ais essentially unaffected by errors in this
quantity. Therefore, a rather crude demonstration that K is independent of x for constant Nis.

sufficient to determine A with considerable precision.

In this way we have reduced the measuremenfs of K Qs 6 for constant observed number
of electrons to 'measdréments of K vs ¢ for constant equivalent Averticail size. Alternativély, it is
possible to regroup the showers according to equivalent vertical size as defined by Equation m
(10). If this is done, then K can be computed as a function of x for showers which do have nearly
the same equivalent vertical size but come in at different zenith angles. Figure 12 shows the
rgsqlts‘of these computations. The abscissa is the depth x. The 6rdinates of the soﬁd points aré

the values of K for constant equivalent vertical size as deduced from measurement on showers
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with constant observed size. The ordinates of the open points are the measured values of K in
showers with constant equivalent vertical size but different zenith anéles. The solid lines were
computed according to the formula
.79 (X-Xg)
-1 N(xg) . (XXo) ) . :
K =3%m e 2 4

where N(x,) is the equivalent vertical size. This formula summarizes our results for the de-
pendence of Kon N and x. In Figure 12 the fact that the values of K computed by two different

methods agree, is further evidence for the validity of the procedure used to obtain A from meas-

urements of ‘A, 8, and L.
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The values of K at x = 700 g/ cm? were deduced from the measurements of Cocconi,
Tongiorgi, and Greisen at mountain altitudes of the ratio of the density of mesons to that of elec-
trons at 48 m from the core (CG 496). The method by which this §vas done will be explained in a

later section.
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C. Effect of the Magnetic Field of the Earth on the Lateral Distribution

It is possible that the magnetic field of the earth might deflect the mu-mesons in showers
enough so that an effect would be observable. We would expect the horizontal North-South field of
the earth to deflect vertical mesons to the East and West thus producing higher densities East-

West of the core than North-South of it.

In Figure 13 are plotted the results of an attempt to detect such an effect. All the show-
ers observed with the hodoscope in position A were sortéd into three groups according to the az-
imuth of their cores with respect to the detector. ;'North-South" and "East-West" showers hit
in the four 60° sectors centered N-S and E-W, respectively, and "Intermediate” showers hit in

the four 30° sectors between the N-S and E-W areas.

Figure 13 presents the lateral distributions for showers in these three groups which aléo

6

A 7 .,
have § < 33° and 10” < Ne <10°. p/N has been used as the ordinate.in order to eliminate any

azimuthal variations in the mean size arising from the fact that the meson detector was not in the
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exact center of the air shower array. It is apparent from the figure that there is no great differ-
ence between the three curves. We estimate from the errors on the individual points that it is
very unlikely that the true NS and EW curves could be displaced frém one another by more than
20% at r = 100 m. |
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D. The Rate of Absorption of the Mesons in Lead

We can obtain some information on the energy spectrum of the penetrating particles by
measuring the average number absorbéd in the lead between the two hodoscope trays. If there
were no absorption or local production of any kind and if the trays were identical in every respect,

A then the total number of discharges in the top and bottom trays would be equal. Therefore, we can
interpret any excess of discharges in the top tray as evidence for absorption in the lead between the
trays provided that the other assumptions are still valid. This excess is likely to be subJect to
large statistical errors, because, in inclined showers, fluctuations in the numbers of mesons that
hit one tray but miss the other may be much larger than the true excess. Errors due to this source
can be reduced by decreasing the distance between the trays ahd by requiring that the zenith angles
of the showers be small. These absorption measurements are also subject to large systematic

errors arising from small differences in the efficiency of the two trays.

In order to verify that the two trays were.equally efficient, the hodoscope was triggered
with a Geiger tube telescope consisting of two 48" Geiger tubes, each of which was placed directly
on top of the tubes in one of the trays with its length perpendicular to their axes. Since any parti-
cle which triggered this telescope also went through both trays, any inequ.glity in the efficiencies
of the two trays should cause an excess of unaccompanied discharges in the more efficient tray.

'In Table V, the events in two telescope runs have been categorized according to the number of

tubes discharged in each tray. In the October 13 run it is clear that, within the accuracy of the
statistics, the numbers of unaccompanied discharges in Tray A and in Tray B are equal. Since

the total number of mesons traversing the trays was about 500 and since a difference of about 10

in the number of accompanied discharges in Tray A and Tray B would he statisﬁcally significant,

we could easily detect a 2% difference in the efficiencies of the two trays. In the Decembér 10 run,
on the other hand, it appears that Tray A was about 4% more efficient than Tray B. This figure is
probabiy about the worst assymetry that ever existed because, at the ﬁme of the run, the Geiger
tubes had deteriorated to such a degree that they were just about due to be replaced. A correction
based on this 4% difference was applied to all the absorption data taken with the hodoscope in this

condition. All the rest of the data were taken while the trays were equally efficient.
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TABLE V

OCTOBER 13, 1956

Number of tubes

Number of tubes discharged in Tray A

discharged in
Tray B 0 1 2
-0 3 18 1
1 21 410 41
2 36 14
3 8

Total number of events = 560

DECEMBER 10, 1956

Number of tubes
discharged in

Number of tubes discharged in Tray A

- — e 0 1 - 2 -
Tray B - :
0 4 16 g
1 10 200 30
2 31 7
3 1

Total number of events - 309
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In Figure 14 we consider the dependence of the absorption on the distance from the core.

The abscissa is the distance from the core r and the ordinates of the solid points are the quanti-

ties:

F= Na-Ng

I 17
NA p(6) 47

Whei'e, for each radial group, N A and Ng are the total number pf discharges in the top and bottom
trays, respectively, and p( 3_) is the probability that a particle which hits the top tray will also 4
hit the bottom tray. Since Np~Np is presumably the number of mesons stopping in the absorber
and Np p( 9) is the number of mesons going through both trays, F can be interpreted as the frac-
tion of the mesons reaching the top tray that stop in the absorber between the trays. The zenith
angles of the showers used for this plot were all less than.25°. The errors, which aré much

smaller than they would be if Ny and Ng were statistically independent, were calculated using a

formula derived in an Appendix.

g em™2 of Pb

)

~
.

. Fractional Atsorption , F, in 36

—
Lo _Nu
Nr+Ng
“e Fraction Absorbed
Loty S N A )
0 100 1000

Distance from Core,r,in M
RADIAL DEPENDENGE OF THE
FRACTIONAL ABSORPTION

Figure 14
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' On this figure we see that the apparent absorption amounts to 30% near the core but drops
to only 10% in the region r >50 m. This nearly discontinuous transition followed by & region of
constant absorption can be interpreted as an effect caused by the nuclear active component of the
shower. Présumably secondary particles of local interactions produced in the lead by the nuclear.
active particles are much more strongly absorbed than mu~mesons incident from the air. This
would explain the strong absorption in the region where nuclear active particles are known to be"
concentrated. As further evidence for the validity of this interpretation, we have plotted as open

circles on Figure 14 the quantity: ' Y

N..

=2 P
G ‘NA+ Npg T (18)

This quantity is a meaéure of the fraction of the total number of discharges which can be assc;ci-
ated with mu~mesons identified by 1ﬁterpreting the hodoscope pictures, If the number of dis= .
charges is small enough so that the hddoscope records can always be satisfactorily interpreted,
this quantity should be a constant if all the discharges were caused by mu-mesons. Since the
total number of discharges was always rather small, we feel that the sharp drop 1n G at small

radii is evidence for a large number of multiple discharges associated with nuclear interactions.

If we interpret the constant absorption at large distances as absorption of mu-mesons we
obtain the result that the range spectrum is independent of radius for 50 m <r <400 m and that
the fraction of mesons with ranges greater than 540 g/ _cmz of Pb which are absorbed in an ad.ditioir~
al 360 g/cm? of Pb is 9. 9% % 1.5%. '



E. Dependence of the Ratio of the Meson Density fo the Total Density on Distance to the Core

A qpantity which has been measured in other experiments is Ry, which is the ratio of the
density of penetrating particles to the density of all.cha.rged particles. In order to compare the
present results with other experiments we halve derived values of R.p based on our measured den-
sities of penetrating particles and on measurements of the total density ma_de' with the air shower

detectors.

Comparison of Geiger and Scintillator Densities

Since most previous measurements of air shower electron densities have used Geiger
tubes, we have made a direct comparison of the densities measured by the scintillation counters
and the densiﬁes measured with the unshielded hodoscope trays operated in position A. The two
trays were placed side by side with nothing but the roof of a tent above them, and a standard. air
shower scintillation detector with afeé 1 m2 was set up about 2 m from the trays. The trigsering

requirement used was the normal one for studying air showers.

The Gelger tube density measurements were based on the same type of analysis that was
._:_1j1,sed to relate density of penetrating particles to the number of tubes dischaxged in the bottom trdy
(see Section IlI B). In this case, however, dénsities were inferred directly from the expression:
pA

T=961-H m (19)

where n is the mean number of tubes discharged per showelf, p is the average density of the show-
- ers, A is the area of a single tube, a.n.d 96 1s the total nulﬁber of tubes used. I.n principle, one
should take into account the a p_r_igx_:_i probability distribution of p in determining the true average
density. However, the average value of the quantity 1 - e-pA i very nearly equal to the quantity
1- e- P A, where p is the true average dénsity, provided that pA is restricted to sufficiently small
values. This condition has been satisfied by resi:ric_:ting the values of pc used in the final compar-
ison to P < 40 p/m2. This value of p corresponds to pA =1.06. The densiﬁes measured by
Geiger tubes for p > 40 P_/ m? may be very slightly in error due to the crudeness of this analysis,

but a more complete analysis is not necessary for the small amount of data obtained with
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p > 40 p/ m2. A coqmié ray teiescope was used to calibrate the scintillation counters under the
assumption that the meai; pulse height produced by vertical cosmic rays unassociated with showers
is the same as the mean pulse height per particle in air showers. A detailed examination of the
hodoscope records showed that the error due to two tubes being discharged by one inclined par-
ticle was negligible. |

Table VI summarizes the results of the comparison of the Ceiger tubé and scint.illatbn
éounter density measurents. In Table VI the showers have been classified according to the values
of the density at position A. In this classification the density pc was obtained from an assumed
structure function fitted to the densities measured by the scintillation detectors in the regular air
shower array. Therefore, pc is an interpolated deﬁsify which reflects the average calibration of
all the detectors in the array. Since the detectors at position A were included in neither the trig-
gering nor the fitting, pc is not direétly affected by the measurements made with the two detectors .

at position A.

From Table VI we can see that there is a systematic diifefen'ce between the interpolated
density pc and the directly measured density ps. This difference can be attributed to errors in the
calibration of the scintillation counter. Sirlce r.he-evaluation of pc involves an average over the
data from many detectors, it is the m§st suitable quantity for comparison with the densities me.as—'
ured with the Geiger tubes, From Table VI we see that the ratio pG/p cis abpro:dmafely independ-
ent of the value of pc and that the average ratio for p.<40 p/m2 is 1.3 £ .1. The statistical un-
certainties in pg and p. coﬁtribute little to the érrox in-this quantity. Most of the uncertainty is

due to systematic calibration errors, which we estimate could be as large as 10 %.

Determination of R,p

Figure 15 shows the results of the determination of the ratio of mu-meson density to the
total density of charged particles. For the total density we have used the following approximation -
to the Nishimura-Kamata (GK 56) J lateral distribution for s = 1.4:

3.3

p(r) - Ne 1.15 ( .2 ) : , Jun (19)
2rro0 b 4 2+ /70 v
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TABLE V1

Range of Mean Inter- Mean Mean - Mean Number
polated Density Density Number - of
pc Density Measured Measured of Geiger Showers
' by with Tubes in
Scintillator Geiger Discharged Groups
‘ Tubes :
Pe Ps G N pg/Pc  PglPs  Ps/Pc
-5 3.9 3.2 5.8 13.9 1.49 1,84 . 815 8
5-10 7.5 6.6 9.2 21.0 1.23 1.41 .870 24
10-20 13.1 12,0 . 16.3 33.8 1.2¢  1.36 918 24
20-30 24.1 23.4 32.2 555  1.3¢  1.38 975 - 14
30-40 33.0 30.0 43.1 65. .31 1.41 . 90 4
40-50 44,1 44.2 66.6 79.7 1.51 1.51 1.0 10
50-70 60. 6 63. 2 68.0 80. 5 1.12 1.07 1.04 5
Combined
Results 1.30  1.42 110 89

where p(r) is the electron _densits; at distance, r, ry is 79 m, N is the total number of particles,

and r is measured in meters. This expression accurately expresses the results obtained from the

air shower experiment for r < 300 m. The ordinates of the points on Figure 15 for r < 400 m are

the ratio of measured values of the mu-meson density for vertical showers as obtained from Fig-

ure 8 to the total density éomputed from Equation IIT (19). The point at 850 m is based on an inde-

pendent measurement of the total density at this distance ‘made with the unshielded Detector II trays.

Since the triggering requiremenfs were identical for the shielded and the wnshielded runs, the ratio

Rp is given by:
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where ng /Ng and n, /N, are, respectively, the fraction of the showers observed which had a count
in the distant detector with the trays shielded and the same fraction with the trays unshielded.

The factof of 1.3, which is the ratio of Geiger-tube densities to scintillation densities, has been
included in order to bring this value of Rp into harmolny with the values obtained at other values

of r which ‘are all based on scintillation counter density measurements. The zigzag line presents
the measurements of Eidus et al (ELC 52) of Rp as a Afunction of distance from the core. The
values of Rp qubted by Eidus have been multiplied by t.he factor 1.3 since these measurements

were based on Geiger counter total density measurements.

From our measured values of Rp we obtain the result:

L Lox.1
ar

I&)

This result is consistent with the measurements of Eidus, but there is a discrepancy of about

a factor of 1.4 between the absolute values of Rp obtained in the two experiments.
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E. Comparison with Other Experiments

The only results on the lateral distribution of y~mesons which are directly comparable
with the results of the present experiment are those of Porter and Sherwood (PNA 57). In Figure
15a the dashed line is their measured lateral distribution for showers of mean size 6 X 106 elec-
trons which came in at all vaenith angles. The solid line is our lateral distribﬁtlor_l for showers of
mean size 4 x 10% electrons which came in with 6 <25°. Since the orciinate is p /N, the difference
in shower sizes has been approximately taken into account and the curves would coinqide if the
agreement were perfect. It is apparent that the curves do not coincide. Furthermore, since the
‘magnitude of the discrepancy depends upon the distance to the core, the disagreement cannot be
removed by multiplying one curve or the other by a constant factor. Such a factor would be easy

“to 'explain, because it could:be attributed to errors in the shower size determination or other er-

rors that are independent of the core distance.

The difference between the two curves can be attributed to two effects, both of which are
connected with the fact that Porter and Sherwc;od were not able to determine the zenith angles of
the showers they observed. In the first place, we have seen in Secﬁon III A that the density at
large distances from the core increases more rapidly with zenith angle than does the density near
the c.orel. Since the average zenith angle for all showers is certainly 1arger than the average zenith
axfgle for showers restricted to ¢ < 25°, we would expeét the dashed curve to lie above the solid
curve at large distances from the core. In the second place, the distances from the core used by
Porter and Sherwood were measured in the plane of the experiment whereas the diatances nsed in
the present experiment were all measured in a plane perpendicular to the shower axis. Since the
distance in the plane of the array is always greater than the distance in the perpendicular plane,
the effect of averaging over arrival directions is to make the distances measured by Porter and
Sherwood greatér than the average distances which would be measured in our reference system.

This effect is also in the right direction to-explain the observed discrepancy.

The discrepancy with the results of Porter and Sherwood is not connected with our proce-
dure for interpreting hodoscope records, because, at all distances to the core, the lateral dis-

tribution based on densities deduced from the number of tubes discharged in the bottom tray is
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identical to the lateral distribution based on interpretation of hodoscope records except for a con-

stant factor which can be attributed to knock on electrons.

The factor of 1. 4 difference between our values of Rp and those of Eidus et al (see Fig-v
ure 15) can also be explained by the considerations presented above. It is worth noting that this

discrepancy is statistically significant only at large distances from the core.



IV. INTERPRETATION AND DISCUSSION OF THE RESULTS

A. Gross Facts

There are two basic characteristics of the mu-mesons in showers with interpretations
that are essentially independent of the detailed nature of the shower development. These are (1)
the large number of mesons in the showers and (2) the large root-mean-square radius of the mes-

on lateral distribution.

The number of y-mesons depends upon the ﬁumhers and energies nf the T-mesong pro-
duced in nuclear interactions. The large number of y-mesons impiies that the number of y-meson
producing interactions is large.,\ E\"en if we take a multiplicity of 200 r-mesons for every inter-
action ( 200 is approximately the multiplicity predicted by the Fermi theory (FE 50) for a nucleon-
nucleon interaction of 1017 ev) and assume that all these 7-mesons decay, the number of inter-
actions inferred from the observed number of u-mesons is greater than 2500 for a 107 electron
shower. This number, which is a conservative lower limit, is much larger than the number of
collisions a primary particle would make in going through the atmosphere. In fact, with a colli-
sion mean free path of 100 g/cmz, the mean number of collisions such a particle would make is

A only 10.

Since it is very unlikcly that the multiplicity of the avérage\iuteraction is actually as large
as assumed and since the other estimates involved in the calculation are conservative, it is likely
that this lower limit on the number of interactions is much less than the actual number involved.*
The only reasonable explanation of this large number of interactions is that there exists a nucléar
cascade process in which each interaction produces several particles capable of producing further
interactions. This cascade of secondary particles is not necessarily important in the developm-ent
of the shower. For example, it could be that essentially all of the enexgy invol\./ed is carried away

from an interaction by only one of the emerging particles. If this were true there would aiways be

* If the showers were caused by dust grains, as has been suggested by Alfven, the effective "multi-
plicity™ inthe first interaction might be very large. However, Porter and Sherwood (PNA 57) have
shown that the proportion of u-mesons in the central regions of the shower predicted by this model
is about five times larger than the observed proportion and that, consequently, the model is incom-
patible with experimental results.
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one particle with much higher energy than all the rest and the interactions of this particle would
control the development of the shower. In this case, the large number of interactions needed to
explain the large number of p-mesons could occur in cascades, which involve a small fraction of

the total shower energy, and which are generated by the secondaries with relatively low energy.

-No matter how many particles carry the bulk of the energy in the shower, it is likely that
most of the p-mesons arise from interactions of such low energy that the average number of sec-
ondary particles which interact is on the order of one. This assertion is based on the assumption
that-the m - decay process is the main effect which tends to damp the development of the nuclear
cascade and on the fact that, in any cascade of interactions, further increase in the number of
interacting particles stops when the cascade reaches a stage where the‘meim number of interacting
particles produced in each interaction is less than one. In such a cascade, the majority of the in-
teractions tend to be those whose multiplicity of interacting particles is very near one. These prop-
‘erties are well known in the case of electronic cascade multiplication and it is eaksy to show that

they are characteristic of any "damped"” cascade.

We know from the results of expe.riments with accelerators (SRP 56) that the mean num-
' ber of éecondary m-mesons produced in nuclear interactions generate_d by particles with energies
around 2 Bev is greater than one. Consequéntly, if the m-mesons did not decay, the multiplicities
at these very moderate energies would be large enough to sustain the development of cascades.
Since the average muitipiicity certainly incrcases with energy, this same conclusion would be val-
id at any higher energy. Tﬁerefora, if ir were not for the decay of m-mesons, the nuclear cas-
-cade would continue to grow even if ihe average energy ofits pérticipants were as low as 2 Bev.
The effect of the 7- u decay is to decrease the effective multiplicity at all stages of the process
because many of the m-mesons decay before they have a chance to interact. Since the probability
that a 2 Bev 7-meson: interacts before decaying in air at sea lével is on the order of .2, itis ap-
parent that the 7 - # decay is a much more important factor in the nuclear cascade in air than is

the fact that the multiplicity drops below one -at some energy which is less than 2 Bev.

The energy, which the effect of 7 decay prevents further-cascade multiplication, can be

estimated without detailed knowledge of the nature of the interactions. We shall assume that the
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only products of the interactions are 7 -mesons. It can be shown that the probability that 'a x-meson

of energy E interacts before it decays at atmospheric depth x is:
P/(E,x) = VRV ’ . v (1)
@) |

where cto is the distance a r-meson travellmg at the velocity of light would go in one mean life

(8 m), Mrc:2 is the rest energy of the T-meson (141 Mev), .hy is a characteristic length for the
atmosphere (7 km) and L is the collision mean free path for the 7's (100 g cm™2). If we now let
n(E, E) dE be the mean number of ‘F-mesons préduced with enexgy E in dE in an interaction of
primary energy E,, the mean number of secondaryfr' E:] tﬂat will interact is:

’

L - -
ny (Eqrx) = 5‘0 n(Eo, E) Py(E,x)dE

o0

_ (cto) (x ) 1 5 E n(Eg,E) dE
iy 2
| ho L VMC ° 1+(Cto E

If the term o\ (% —_— is small compared to 1 -
( B, J\ L me2 P

v (2)

throughout the range of E that ‘contributed to the integral inIV (2), we may neglect this term in

the denominator and obtain:

= cto X E; - | . .
e (2)(2) () v o

where E,,. is the total energy going into 1r-mesons produced in the mteract:lon This result is
initeresting because, within the limits of its applicabihty, the only charactenstlc of the interaction

which appears is E.; neither the total multiplicity nor the distribution of energy among the mmes-
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ons are involved. Since one of the seéondéry mesons might conceivably be carrying fndst of thé
energy E_, Equation IV (3) is strictly accurate only if the value of nj (E) is much less than 1,
(It is likely that the energy is fairly evenly distributed among the secondary 7-mesons for inter-
actions of energies such that n, & 1. If this is the case, and if the total multiplicity is high, Equa-~

tion IV (3) would be fairly accurate even if n, were on the order of one. )

Since ‘the value of n; (Ey) from Equation IV (3) is greater than the actual number which

- interact, and since the energy E_ is less than the total energy of the collision Eo, we can use

IV (3) to set a loweAr limit on the energy E¢ for which n; (E¢) = 1.. If we in,éert numerical values
into IV (3) we obtain: |

X x Eo

: I].(E 2 ——— .
i1%¢) = 030 gem-2 12 Bev

IV (4)

where Eq is measured in Bev and'x in g/ cm2. This result implies that the mean energy of prima-

ries that cause interactions for which n; (Ec) = 1 is greater than 12 Bev at sea level and pro-

ﬁortionally greater at smaller depths. Since the condition that n; (Ec) = 1 is also the condition that

" cascade multiplication ceases, we would expect most of the interactions _in the shower to have ‘
approximately this energy. If we now use the Fermi multiplicity of 4 for such collisions and as-
sume that all four of the T-mesons eventually give rise to a u-meson, we obtain from i:he'number
of y-mesons in a 107 electron shower, 1.2 X 105 for the total number of interactions in such a
shov)er. Since all the approximations on which this estimate is based tend to make it too small,
this value is still a lower limit on i:he number of interactions. The most significant sources of |
uncertainty in the preceding discussion are (1), we have neglected decay and absorption ;)f the

" u-mesons before they reach the level of observation (2) we have used the number of y-mesons
falling within 900 m of the core -- not the total numbér. It isi possible that _these plus errors in ' 4
our guess for the multiplicity might cause oﬁr estimate to be too low by as much as a factor of 10.
Tﬁcrefore, we have obtained the result that the total number of interactions in a 107 electron show-

er lies in the range 1_05 to 106

and that the average energy of the particles producing these inter-
actions is in the range 10 to 100 Bev. The fact that the y-mesons come from T-mesons produced
in many interactions of relatively low energy means that littleé or no direct information can be ob- -

_tained from the present experiment on interactions with energies comparable to the energy of the -
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primary. However, we can use knowledge of Ithé p-component as a means of studying the devel-

opment of the showér and the devdopﬁent is certainly influenced by the characteristics of the in-
teractions of the high ene.rgy particles in the shower. Furthermore, it is possiblé to obtain some
‘information on the avarage angular distribution of T-mesons in interactions which have higher en-

ergies than are presently available from accelerators.

Interpretation of the Large Lateral Spread of the Mesons

One process that certainly helps cause the mesons to spread away frém the ‘core is multi-
ple scattering. However, the magnitude of the observed spread rules out multiple scattering as the
main source of spread. In Table VII we present the calculated value of the root—méan-squa.re ra-
dius expected from multiple scattering for Iﬁesons which are produced with just enough energy to

go through the rest of the atmosphere and through the 400 g cm ™2

of lead above our meson detector -
(Detector II)M. From this table we see that even if all the mesons were produced at a debth of
100 g cm ™2 (which is uniikely, because at that depth only one generation of particles is involyed)
it would be impossible to account for our observed lower limit on the r. m.v s, radius, which was
330 m. If we consider the fact that this lower limit is almost certainly much less than the true

r.m.s. radius, then it appears that multiple sca\ttering is completely ruled out as the muin source

of thc lateral spread.

A similar argument applies tb the lateral spread which occurs because the trajectories of

the decay y-mesons make a finite angle with the direction of the deéaying r-mesons. Table VIII
presents the maximum laterai displacément expected from this effect forgnes_ons which are p;’n—
duced with just enough energy to set off the meson detector. The computations of thege displace~
ments were based on the fact that the maximum momentum of a decaying meson perpendicular to
the direction of the m-meson is 30 Mev. Since the figures in the last column arc all less the
lower limit on the r.m.s. radius and since the r.m.s. radius corresponding to the r.m. s decay
angle is certainly less than the maximum displacement, this effect is also ruled out as the main

gourcc of lateral spread.

The only other process which could lead to the observed spread is the angular spread of

the m-mesons at production. In a&empﬁng to explain the shape of the lateral distribution, we will

¢
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assume that this is the only cause .of the spread.

N

e

TABLE VII

Depth of 4 Energy at Root-Mean-.
Origin : Origin ' Square Radius
0 gocm™2 ; . 2.5 Bev | 430 m
100 ‘ ' : 2.3 . 1300
200 . ' 2.1 240
400 | ' 1.6 - 180
600 1.2 : 110
TABLE VI
Depth of Energy at ‘ Maximum Lateral
Decay ‘ S Decay Displacement
_2 - .
100 .g cm : 2.3 Bev . 215 m-
200" 2.1 ) 170
400 B 1.6 - 140
600 1.2 4 110
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"~ B. Interpretation of the Shape of the Lateral Distributions

We have seen that the p-mesons in air showers result from the decay of m-mesons pro-
duced with a signiﬁcént angular 'spriead in a ﬁMtitude of nuclear interactions. We will now attempt
to say Something about where these interactions occur and what the magnitude of the angular spread
- is. We will do this by comparing the observed lateral distribﬁtions with those computed under the
assumption that all the interactions occur on a line atthe center of the shower and that the. angular
distribution of the p-inesons arising from these interactions is independent of the depth af which

they occur.

The first of these assumptions is probably rather well justified becadse the nuclear ac-
tive component of showers is.known to be concentrated near the shower axis (DNA 56). The sec-
ond is not so well founded because Equation IV (4) implies that the energy of the average inter-
‘action increases with decreasing depth so that the average angle is presumably smaller for the in-
teractions occurring at small depths. Nevertheless, we shall retain this simplifying assumption .
because the error which it introduces is small compared to other uncertainties in the analysis.

We have also assumed\that the angular spread of the y-mesons arising from interactions is large
compared to the angles which the trajectories of the parent T-mesons make with respect to the-

direction of the shower axis. This assumption is probably well justified because the high energy,
well collimated particles emerging from an interactioﬁ are the ones which produce further inter-

actions.

In order to compute lateral distributions under these assumptions we need to know two

things:

(1) The number of y-mesons produced at each depth

{2) The angular distribution ot the u-mesons

If these are given, it is a simple matter to express the lateral distribution as an integral over the
depth. Since, in fact, ncither (1) nor (2) is lknown, our program will be to compute lateral dis=
tributions under a variety of agssumptions for the depth and angular distributions of the p-mesons

and to see which assumptions (if any) are incompatible with the observed lateral distributions.
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By this procedure we should be able to set rough limits on the class of angular and depth distribu-

tions that are compatible with the experimental results.

We shall assume that_the number of mesons produced at a depth x in the depth increment

dx is given by: ' - ;
. dN(x) = G(x)dx ‘ . IV (S)

In evaluating the integrals, it is cofivenient to normalize G so that the total number of mesons pro-~
duced at all depths is 1 and to use the variable u =x/x, where X, is the total thickness of the at~

mosphere above the level of observation. We then have:

dN(u) = g(u)du IV - (6)
for the number of u's produced atu in the increment du. ' -

We shall assume that the small angle approximation is valid and that the angular distri-

bution is described by:

PO = oy () a0 v

where p(8)dw is the probabihty that a meson is emitted w1thin the solid angle element dw at an

fo

]
angle 6, 0'0 is the root-mean-square angle of the distribution and f(
. o0
- been normalized so that S‘ t f(t)dt = 1. It can easily be verified that t\he requlrement
o .

) is a functlon which has

o0
that S‘ 2mép(p)de = 1 1is satisfled for this definitivn ol p(6).
0 o

With these definitions we find that the density produced at a distance r from the core by

the mesons originating in dx at x -is:

Ir
d =dx G )—-—— Iy IV (8)
p(x) u[ 12 p(h) |

where h is the distance to the level of observation from the level of depth x. Equatiori IV (8) is
" a direct consequence of the fact that the solid angle subtended at the source by a detector of area

A located at the level of observation is dw = A/h. and that the angle a- meson must have in
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order to reach distance r starting at a distance h is 6.= x/h. - An integral over x yields the total

density at the distance r:

b
) [h(x)] h(x)
For an exponential atmosphere, h(x) is given by:
h(x) = holog";g IV (10)

where ho is a characteristic length for the atmosphere (7 KM). If we use this expression for h

and rewrite IV (9) in terms of the functions g and f we obtain:

1 . | :

21(hg 85)” Y0 [log u ]2 hy60 logu
/
If we now set hooo' = r, we obtain the result: IV (11)
1
2 2 (£ = S' M f (r/rn
L0 P\ x, Jo [logul? log u

This is the quantity which will be plotted in graphs presenting computed lateral distributions. '

We shall use the following three functions, which are blotted"in an insert on Figure 16,

as trial functions for g(u) :

- 10u
1 ¥ - (10u)8e
(1) gy (u) 10 5

_ 5 ~ 10u

(2) gy (u) = 10 -(“1955?—-— IV (12)
9 10u
_ (10u)“e .
(3) gy (w) = 10 Y

a0
These functions have been normalized so that go g(u)du = 1. They were selected so that the
" maximum production would occur at 800 g/c;m2 (1), 500 g/cm2 (2>) and 200 g/cm2 (3).
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For the angular distribution function £ (—g—a) we shall use:

a(W) - [0 s T
o
Lo %, > A2

and ) IV (13)

These functions, which have been chosen so that the r.m.s. angle is 00; have a sharp cut-off for
angles larger than a certain critical angle. The function f} i;i flat at the origin. This is in accord
with the evidence from individual stars detected in nuclear emulsions which seem to have angular
distributions which are flat at the origin (CU 50). The function fohas a 6”1 singularity at the
origin which was suggested by the observed r~1 lateral distribution. Th1s choice is not incompat-
ible with the emulsion, evidence because the contributions from many interactions distributed over

a broad range of energies might well add up to give a 6 -1 angular distribution.
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COMPUTED LATERAL DISTRIBUTIONS
Figure 16
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Figure 16 shows the lateral distributions computed from Equation IV (11) using f; and
each of the three g(u)'s. In attempting to fit these curves to the experimental lateral distribution
it is permissible to adjust the abscissa as well as‘the ordinate because we have no a priori kﬁowl-‘
edge of the value of 8 o+ It is apparent that the shape of the curve for g3 (u) is incompatible with |
the shape of the experimental curve. The curves for g; (u) and ga (u) can be fitted reasonably
. well to the obser;red lateral distribution although the g; curve is’a little too steep near the origin
and. the g, curve is a little too steep far from the 6rigin. These discrepancies can be eliminated
by‘slight modifications of the function f(% ) . If'we compute the values of 6, needed to giverea-

0
sonably good fits to curves 1 and 2 in Figure 16, we obtain 14° and 2°, respectively.

.
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COMPUTED LATERAL DISTRIBUTIONS
Figure 17
Figure 17 shows the lateral distributions computed using f, and g; and g3 . These curves
are similar in shape to the curvés in Figurlé 16 and to the expérimental curve. It is apparent that _
the use of a 9_1 angular distribution has elimip_ated the disagreement with experiment which we
obtained with the flat angular distribution and g3(u).. The values obtained for 6, are 13° for curve’

3 and 2° for curve 1.
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Since it is likely that at least one of the assumed g(u)'s is a rough approximation to the
true production function'for u-mesons and since all' the values of oo‘deduced under our assumptioné
on f and g lie within the range 2° to 14°, the true value of 6, probabiy lies within this range. In
a later section we will show how some information on g(u) can be obta.inied and used to make a bet-

ter estimate of 6.

It is clear that the experimental results are compatible with a wide range of choices for
f and g. The form of the function f is by no means restricted to the ones we have used. Agree-
ment with experiment could undoubtedly be obtained for fag~ % for any n between 0 and 1. How-

A

ever, it is unlikely that n could be as large as 2.

' The next step is to try to eliminate some of the possibilities by the use of our experimen-
tal information on the change of the shape of the lateral distribution with zenith angle. Equation
IV (11)-can be used directly for the computation of lateral distributions in showers inclined at the

angle ¢ provided we substitute h,/cos 8 for h, and x,/cos 6 for x, in the definition of u.

30

Vertical
-——-=-0:33°

Density (arbitrary units}
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Figure 18

Figure 18 shows the lateral distributions obtained for showers coming in at an angle of 33°

for production functions corresponding to g1 and g5. (The substitution xq (339 = x5(0°) /cos 33°
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has been made in the definition of u.) The value of the unit in which distances are measured, rg,
.is the same as the 6i1e used for vertical showers, so that the curves for vertical (solid line) and
inclined (dashed line) showers are directly comparable. The ordinates of corresponding curves
for different angles have been normalized so that the curves coincide at small values of r/x,. The

angular distribution function used was fj.

It is apparent that the curves for g, show a larger change with angle than do those for gj.
It also appears that the experimental change is better described by the results for g, than by those
for g;. If this fact were taken seriously, it would imply that the production of mesons is not con-
centrated in the lower atmosphere; however, neither the experimental data nor the theoretical

analysis are accurate enough for us to base a firm conclusion on this fact.

While the fact that the lateral distribution is more spread out for inclined showers doeé
not put very stringent limijtations on the functions f and g, it does tell us that the shape of the
p-meson lateral distribution depends upon the history of the shower.” This behavior contrasts
with the electron lateral distribution, the shape of which depends only on the characteristics of

the air at the point of observation.
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C. Interpretation of the Dependence of the Density Near the Core on Depth

In Section III (B) it was shown that, in éhowers of constant eduivalent vertical size, K -
(see Equation IO (16) ) decreases exponentially with depth with an "absorption Vlength" A of
253 g/ cmz. The processes which might cause such a decreasevin the density near the core are
(1) decay of the p-mesons, (2) absorption in the air, and (3) increase in‘ spread due to angular
divergence. In addition to these processes leading to a decrease in the density near the core,
there is production of new u-mesons which would tend to cause an increase. Since the discussion
which follows is concerned with the large magnitude of the decrease, the presence of production

would only tend to strengthen the arguments.

Absorption can be ruléd out because of the weak absorption observéd in lead (see Section
IO (D) ). If absorption were the main cause of the decrease we would expect the absorption in
the 360 g/ cm? of lead between the trays to be the same as the absorption in an equivalent thick-
ness of air (200 g/cmz). In fact, the absorption in the lead was only 9. 9% (sée Section III (D) )-

. . 2
while the absorption in 200 g/cm® of air as deduced from F igure 12 was a factor of 2. 2.

If the angular spread of the mesons is the main cause of the decrease, then we can deduce
that the bulk of the mesons are not produced at small depths, If the meson production function were
peaked at small depths (g3(u) of Equation IV (12 ) is an example of such a function) then it is
necessary to assume that the angular distribution function is sharply peaked at small angles (£,
of Equation IV (13) is an example of such a function ) in order to explain the r-1 dependence of
‘the lateral distribution near the core. With such a combination of f and g, the u~mesons observed
near the core at sea level are in a well collimated beam which suffers little decrease in intensity
due to the angular spread of the mesons. In fact, under the assumption that all the mesons are
produced at exactly 200 g/cmz, it is easy to show that the expected decrease in dénsity when the
zenith angle is changed from 0° to 33° is only 25%, while the observed decrease for the same
change in angle is about a factor of 2. Therefore, if the production is concentrated at small
depths, decay of the mesons in flight is the only process which could result in the observed de-

crease in density near the core with increasing zenith angle.
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If the observed decrease in the density near the core is to be explained as a consequence
of the angular spread of the mesons, a large fraction of the mesons must be produced deep in the
attﬁosphere (500 g/ cmz). Since it is likely that the production is spread over a wide range of
depths, there is probably significant production even at sea level. We will show that, under the
assumption that there is appreciable production at the level of observation and that the anguiar
distribution of mesons is flat at small angles, K is a measure of the amount of meson production
at the level of observation. Under the assumptipn that (__%,) = f; (see Section IV B), Equation
IV (11) gives : °

e o V2 -

Zvrrozp(r) = S‘o‘ -[gi(—u)—drz— IV  (14)
vg ul ,

If we now split the integral into two parts -- an integral from u=0 to u= u, and an integral

I .
from uy to e / To ﬂ 2 where u, is an arbitrary value which is close to 1 but less than

_1 . )
e To 42 -- and if we assume that r is much less than ro, we obtain:
] -
r/roq 2
20(x) = H(uy) + | _g(u)du IV (15)
2mryp(x) = o o [logul? .

where H(u,) is a function of u,, Transforming the variable of integrationto v=1- u and using
the approximation - log (1 -v) = v, which is valid for small v, we obtain:
l-u
2 0 dv
2my p(x) = Hvg) + g(1) { N \ A 1)

Yo V2.

where we have been able to take g(1) outside the integral because of the assumption that g(u)
T ‘

does not change much in the range u=up to u = e /ro \l 2

Evaluating the integral in IV (16) we obtain :

Io‘rZ—I

I

2 ~
21y p(x) = H(w) + g(1) IV  (16a)
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Since the function H(u,) is independent of r, there is always a region near r =0 where the term

To¥ 2 g(1) 1s much larger than H(u,) and in which, therefore, p(r) @ L. Since a sim-
T

ilar argument would apply to other forms for f(g /90) provided that they are flat at small values
of g, this resuit is interesting because it gives an explanation of the observed r~1 dependence of '
the lateral distribution under rather loose assumptions about the functions f and g. The only
essential featﬁre of the model is that there is a line source of mesons with significant production
at the level of observation. The quantity g(1) appearing in Equation IV (16) is proportional to

the production function at the observation level. The value of K deduced from IV (16a) is: -

V2 x X G (x) : | v

Vi h;6,4

K = (17)

2

where G(x) is the number of mesons produced per g/cm“ at depth x.

If we accept this interpretation of K, it is possible to use the experimental results on the
variation of K with depth in order to obtain some information on the function G(x). In order to
obtain the depth variation of K for depths less than 1030 g/ cm? we shall extrapolaté the exponential '

dependence which was presented in Section III (B) for depths greater than 1030 g/cm -

The value of K deduced from the measurements of Cocconi, Tongiorgi, and Greisenl
(CG 49a) is in good agreement with the results of this extrapolation. (See Figure 12.) These
Measurements gave the result that the density 6f penetrating particles near the core decreases by
a factor of 2.33 = .1 between the 710 g/ cm? level and sea lével in showers which had the same rate
( _apd consequently the same prirriary energy) at the two elevations. The point marked by X in
Figure 12 is the value of K deduced by multiplying the value of K obtained for vertical showers at
sea level by this factor. In Equation IV (17) the factor xo/hy is the density of air at the level
of observation which, of course, is independent of the zenith angle of the showers. Therefore,
the values of K obtained from inclined showers observed at sea level are directly proportional to
the vaiile of G(x). 'I:he value o'fﬁ K at 710 g/ cm2 must be multiplied by the factor 1030/ 710 in
order to correct for the difference in air densifies at the two altitudes. The point marked + in

Figure 12 is the result of doing this.
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It is apparent from Figure 12 that G(x) decreases exponentially with depth over the
range 700 g/ cm2< x < 1300 g/ cm? for showers with a constant- vertical size of 2 X 100 at sea
level. The "abso:._'ption length" of this dependence is 253 g/ cm? which, ofcourse, is the value
of A which was deduced in Section III (B). This dependence of G(x) on depth is very similar in
form to the exponential dependence of the number of electrons in a shower of given primary energy

.on depth. In the first case the absorption length is 253 g/ cm?

while in the second case the cor-
responding length Ais 200 g/ cm?2. This difference between Aand A is to be expected because the
energy carried by the nuclear active particles (which is presumably proportional to the number of
electrons) should decrease more rapidl}-r with depth than the number of nuclear active particles

(which is proportional to the number of p-mesons produced ) because the mean energy of the par-

ticles probably decreases with depth (GK 57).

We shall now attempt to use the information we have obtained on the function G(x) in or-

der to make a more accurate estimate of the r.m.s. angle 80 of the r-mesons in the interactions

from which most of the p-mesons arise. Since there is no experimental information on the value
of K at atmospheric depths much less than 700 g/ cm?2, we shall assume that G (x) behaves like
the number of particles in a éhower which goes through a broad maximum at about 500 g/ cm?.
For the estimate of ,, we have drawn a "reasonable" curve for G (x) which joins smoothly onto
the measured exponential portion of the curve and which has a maximum at about 500 g/ cm7'. We
shall use f; as the angﬁlar distribution function. Since the shape of the éssumed production curve
happens to be very similar to that of g9 (u) (see the precéding section), the computed lateral
distribution is practically identical in éhape to curve 2 in Figure 16. We have already seen that

the value of 8, which gives the best fit to this curve is 2°,

This value of 8, can be subjected to a test which is based on the relation between G (x)

and K. If we rearrange the factors in Kquation 1V (17) and integrate, we obtain:

Xo Xo
S:) G(x)dx = Ny = _zlz (h6,) S‘o K_()_}:_)_‘i‘x— . IV (18)

V—!
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where N, is the total number of mesons in the shower. If we integrate over the "reasonable”
curve and insert 2° for the value of 8y, we obtain N, =3 X 10° mesons in a vertical shower of

2 X 166_ electrons observed at sea level. The measured number of mesons whaich fall within 900 m
of such a shower is only about 10° but it is likely that the mesons falling further than 900 m from
the core might bring the true total number up to 2 X 10°. The good agreement between the value

of N,, deduced from measurements of K vs depth and the value froni direct measurements is a strong
argument in favor of the basic validity of a model in which mesons are produced throughout the
atmosﬁhere. Nevertheless, the details of this basic picture could undergo considerable modifica-
tion without introducing disagreement with the experimental results. For example, decay and ab-
sorption have been neglected in the computation of the lateral distributions. If these were taken
into account, the value of 85 might become larger. This can be seen from Equation IV (18).
Since the integral over K is notv affected by decay or absorption (the mesons produced near the
level of observation have no opportunity to decay or get absorbed) and since N, refers to the total
number of mesons produced in the shower, the value of 8o must be iarger than the value obtained
if the number of mesons observed at sea level is used for N#. For this reason, our estimate of

2° for 8, must be interpreted as a lower limit. Since it is known from our results at sea level
(Section I (D) ) and from éxperin_lents at mountain altitudes (GK 57) that the mesons are weakly
absorbed, it is likely that their average energy is so high that decay and absorption are not impor=~

tant effects. Therefore, 2° is probably rather close to the true value of 4.

The value of §, depends upon the energy of the interaction and upon the angles at which
the T-mesons are emitted in the center of mass frame of reference. Since we have alfeady made
an estimate 6f the energies of the interactions (Section IV (A) ), we can compare the value of
8, deduced from our measurements with the value expected from the known energy of the inter-
actions. If we assume that the mesons in the center of mass co-ordinates are emitted forward

and backward in two cones of half angle ¢ 1* then the half angle of the narrow cone in the laboratory

system 8, is apprommatcly given by:
| 2M.2 9* ‘d1+1/2MC

tan 6; - tan & IV (19)
| ( )

1 + MC
“E
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where MC2 is the rest energy of the struck nuclei and E is the total energy of the particle which
produces the interaction. Assuming three nuclei are struck andusing our estimate E = 20Bev, we
obtain 8; =~ .1791*. Since our estimate of 2° was for the r.m.s. angle, which is certainly larger
than 6), we obtain the result that 6,* >12°, Thel‘ true value of §1* could be considerably larger
than 12° if the true angular distribution were much more spread out than the distribution f; which
we have used. Furthermore, the possible sources of error in the method of estimating the enérgy
of the interactions and in the method of obtaining 8, tend to give too small a value of §,. Conse-
quently, it is likely that the value of 0 1* is somewhat larger than our lower limit. Howevér, it is
unlikely that these errors could cause more than a factor of 2 or 3 ditterence in the estimate of 6;*
sb we have the result that 12°<'61* < 36% This indicates that, in nuclear interactions of energy
around 20 Bev, the mesons in the center of mass co-ordinates are emitted preferentially in the

forward and backward directions in the center of mass co-ordinates.

The model, in which the production of p-mesons is distributed along a line source which
exteﬁds through the whole depth of the atmosphere, appears to give a go§d qualitative éxplanat’ion
of the experimental facts. The r"1 lateral distribution near the core is explained as an essentially |
geometric property of the line source. The variation of K with depth is identified with the varia-
tion of the production function G (x) with depth. The increase in the lateral spread with increas-
ing zenith angle is éxplained as a consequence of the angular divergence of the mesons which are
produced at high altitu&es relauvé to the observation level. Tﬁe model also agrees with the view
that the development of air showers is strongly influenced by a few high energy nuclear active par-
ticles whose interactions feed new energy into the electron and u-meson components at all depths.
Since there is considerable evidence for this view from the slow rate of decrease of the electrons
with depth (GK 57), it is likely that our model based on an extended line source is essentially cor-

rect.

On the other hand, the experimental results on y-mesons alone do not rule. out the pos-
s.ibility that essentially all the mesons are produced at some small atmospheric depth. In this
‘case the r"1 lateral distribution would have to be attributed to a 6-1 angular distribution of the
mesons at production. The rapid decrease of K vﬁth increasing depth would be a consequence of

the decay of mesons in flight. The increase of lateral spread with zenith angle is again explained
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as a consequence of the angular spread at production.

kThere are experiménts which could distinguish between these two possibilities. If the val-

ue of K at a certain depth for inclined showers observed at mountain altitudes were compared with
the value of K for the same depth obtained from vertical showers observed at a lower altitude and
if it were fouﬁd that the two valués were equal, then decay would be ruled out as the mainAcause of
the decrease of K with depth. This conclusion follows from the fact that the mesons produced at
a given depth in inclined showers traverse a longer path before reaching the level of observation
than do those in vertical showers. If the meson Aproduc‘:tion depends only on depth, this implies

| that mesons produced at a certain depth in inclined showers have a greater pi:obability of decay
than those in vertical showers. Consequently, if decay is an important effect, the value of K for
én inclined shower at mountain altitudes should be smaller than the value of K for an equivalent
vertical shower at a lower altitude. If decay were ruled out by the results of this experiment, then
we could also rule out the model in which production is concentrated ét high altitudes, because, in
this model, it was necessary to assume that the decrease of K with depth was due to decay. If the
two values of K obtained were equa‘tl' (except for the correction for the difference in the air density
at the two locations) the interpretation of K as a reflection of the production function would be sup-
ported. It is worth noting that this proposed experiment would not require a very elaborate array
of electron detectors because, it would be sufficient for an excellent determination of K to locate
the cores of showers falling within a circle of only iOO m radius around a penetrating particle de-
tector. However, it is absolutely necessary that the array have some provision for the measure-

ment of the zenith angles of individual showers.

Another experiment which mighi distinguish between the two possibilities would involve a
measurement of the angié which p-mesc;n trajectories make with the direction of the shower axis.
If the mesons are produced along a line source, the mesons near the core should make a much.
larger angle with the axis than that expected if the mesons are produced at very high altitudes.
Since we have shown that even in the case of a line source the angle is only on the order of 2°, the
arrival direction of the shower and the angles of the mesons would have to be determined to at
least *1°, Although this requirement is rather stringent, it should be possible to do the experi-

ment using a cloud chamber to:measure the meson directions and a fast timing apparatus to meas-
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ure the air shower arrival directions.

It would be desirable to do an experiment similar to the present one at a higher altitude.
Such an experiment not only would méke it possible to compare values of K oi)tained in vertical
showers at different altitudes with those obtained in inclined showers at one altitude, but also it
would give detailed information on the lateral distributions at smaller depths. Comparison of
these lateral distributions with those obtained at sea level would surely help to specify the pro-

duction function and the angular distribution of the yu-mesons in air showers.
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APPENDIX 1

EXPERIMENTAL DETAILS

Tﬁe basic hodoscope circuit is shown'in Figu;e 19, This circuit, which is due to Regener,
uses only one electron tube per Geiger tube to turn off a neon bulb for about . 1 second after a mas-
ter pulse in 'all channels in which theré was no coincident pulse from the Geiger tube. If there
were a pulse from the Geiger tube the neon bulb would just stay lighted. The camera shutter is
opened after the master pulse for about .0S second so that a picture is taken in which only those
neon bulbs associated with discharged Geiger tubes are lighted. This mode of operatioﬁ is free

. from the difficulties which occasionally arise from long delays between tﬁe application of voltage
to a neon bulb and ignition. Figure 19 also shdws the hodoscope driver circuit which supplies the
master pulse to the hodoscope channels. The width of the master pulse must be less than the
width of the pulses from the Geiger tubes in order for the hodoscope to function properly. The
camera shutter was a "homemade" device in which a thin vane was moved in front of the lens by. a
"Husky" Rotary Driving Mechanism.* The coil of this device was pulsed by the shutter drive cir-
cuit shown in Figure 20. The 16 mm camera film was continuously advanced at the rate of 100 ft
per week and the hodoscope pictures were correlated with the air shower experiment record with
the aid of a .clock which was photographed along with the neon bulbs. ’

'I"he Detector II circuit, which uses transistdrs and was operated with a battery power

supply, is shown in Figure 21.

All of the Geiger tubes were made from l-inch o.d. brass tubing with . 5 mm walls. The
filling gas was a Petroleum Ether -- Argon mixture which not only gives very long plateaux (about
300 v ) but also has the advantage that the tubes work well at even the lowest temperatures of the

winter season.

Several procedures were used to ensure that the hodoscope circuits were operating cor-

'rectly at all times. The pulse from the Geiger tube could be observed with an oscilloscope

* Type 76 Basic Rotary Driving Mechanism with 28V. coil. Price Electric Corporation,
5560 Church Street, Frederick, Md. :
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at the test point for each hodoscope channel. (See Figure 19.) Each Geiger tubc waa cheched iu

this way at least once a week.

The operation of the circuits was checked by making sure that all the neon bulbs went out
when a master pulse was applied. The screen voltage and shutter open time were varied while

this was being done in order to make sure that all the circuits would operate even under adverse

conditions,
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APPENDIX II

GEOMETRIC PROBLEMS
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Figure 22

Figure 22 is a diagram showing a top view of the hodoscope detector. If mesons come in
with zenith angle 6 and azimuth ¢, it is apparent that only those that go through the shaded area in
the top tray will traverse both trays of the hodoscope. From the dimensions indicated in Figure 22

we find that the projection of this area in a plane normal to the direction of the mesons is: -

A(0,¢) = cos § (2 ~dtan® cos ¢) (£-d tan A sin ¢)
d d_z 2 ’
= A,y cos {1 -0 tanf (cos ¢+ sin¢)+ o2 tan“d cos gsin ¢ }
9 .
where A, = ¢ is the area of the trays. We are interested in the area averaged over all values
2
1 p2r 4 4 2
of ¢. Since = S‘ (cos¢ sing)d¢ = 7 and since the factor 2 tan 6 is very small
o . ~

for all values of ¢ of interest to us we have:
A 4 d
A(9) = A, coso{l'-rr ] tane}

From this expression it is clear that the density for showers coming in at all azimuths is given by:
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p = Ny .
.4d
A, cos 6 {1 thane}

which is-identical to Equation II (2).

From Figure 22 it is also apparent that the value of M (see Equation I(1)) is given, in

‘terms of ¢ and ¢, by:

M = dtan 0 sin ¢

This expression was used to relate the observed value of M to the angles § and ¢ which were given

by the air shower experiment,

From the geometfy of the hodoscope and from the theory of statistical errors it is a sim-

ple matter to show that the fractional error in the absorption between the trays is given by:

Af = 8 ‘
——? L \/1+3 gtanf)
f N o

where f is the fractional absorption, N_, is the total number of mesons going through both trays,

T
and Af/f is the fractional error in f.
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APPENDIX II

TABULATION OF DATA -

Most of the column headings have been discussed in the text or are identified in Table III.
"'The data in each line of the tables refer to all the showers which fell within a certain radial inter-
val. If' there were less than three showers in a group, the data was not tabulated. The column
' headed S (for sample) presents the numbe;‘ of showers from a completely analyzed sample of
242 showers which fell in the group. The column headed C (for culls) presents the number of
showers from a set of 663 showers which had an indication on the hodoscope _record‘ and fell in £he
group. The last column presents the total number of showers in the group, including those of the
663 that were not analyzed. This total number was computed from:
Np= Ng + _g_g% s - C. N

The asterisks* in the last column indicate the number of showers in the group whose hodoscope

records were too complicated to be interpreted.

10° -3x 10 9 <25°
x p/N " Ng Ny Ny, N, 0 N § C L
.
13 14 61 302 212 14 3.0 *x
25 .85 .1 22 67 179 127 15 3.4 . *x
42 Sr1ELS 7T 205 338 290 15 3.0
64 .42£.03 125 204 318 288 14 3.3
106 .27+.02 238 315 482 428 13 4.2 2 3 241
170 .125+.008 266 241 386 353 15 6.3 4 15 266
268 .044+.004 292 102 162 144 14 4.2 79 34 474
376 .016-.004 133 20 38 35 14 4.1 51 25 249




10° - 3 x 107
r PN N N, N, Ny 7 N, s C L
14 | 7 8 80 84 30 1.5 *x
24 1.38 +.27 10 2 90 81 29 2.5 **
41 - .68 +.15 IS 22 sl 45 29 2.3
65 . .38 +.05 42 61 103 99 28 4.0.
105 . .234.03 66 64 122 107 30 4.5
166 .16 +.02 92 73 166 122 27 5.1 2 3 9%
266 .13 .02 91 40 79 73 29 3.7 18 20 120
380 .11+.03 35 12 18 19 27 - 3.3 10 7 55
10° - 3 x 107 33°< 6 <40°
19 3 14 31 20 34 1.3
27 L25+.4 4 8 24 21 37 . L7
40 95 +.3 7 12 21 20 36 1.9
64 46 +.1 21 23 63 54 35 3.0
102 .37 +.06 36 41 104 80 36 3.9
165 .22 .04 36 33 56 60 35 . 5.1 |
266 .18 +.04 38 2 39 30 3 3.7 8 9 51
378 .007+.04 17 4 10 13 3 .38 S5 2
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10% - 3 x 10’ 40°< 9 < 45°
T p/N Ng N, N, Np ) N, C L
38 2.3 +.6 5 14 24 24 42 1.8
64 .80+, 22 9 13 26 31 42 2.7
99 284,09 11 ° 11 3U 24 42 41 113
174 .28+.07. 15 7 32 28 42 3.8 2 18
250 344,113 12 20 29 2 40 313
N,=1-3x10 6 < 25°
23 3.6 +3 2 2 2 2 20 2.6
37 .9 +.9 4 1 1 1 19 2.5
59 1.3+.7 10 3 3 5 14 2.3

- 79 -




e=3-10x105 6 < 25°
r p /N N, N, N, Ng 0 N, S C L
13 .- 7 1 38 38 11 5.1 E
26 .9 +.3 15 1 60 14 16 7.0
40 .9 +.2 35 21 41 43 15 5.8 *
61 .21 +.05 40 7 10 18 14 6.1
97 .16 +.09 22 3 6 6 14 7.5
143 -- 3 0 0 0 15 9.6
287 . 045+,045 23 1 5 2 17 8.5 8 2 43
364 .084+.084 12 1 5- 1 16 8.7 7 2 29
1-3x10 0 < 25°
12 7 44 132 72 17 1,4 .
26 .86 +,16 16 30 66 - 41 15 1.9
42 .95 +.1 57 124 192 178 16 2.0
65 .46 05 82 82 133 118 13 L9
104 S29 +,03 125 78 116 105 14 1.9
- 168 .17 +,03 74 29 . 41 41 14 2,0 1 .2 75
75 .66 +.1 138 35 48 47 15 1.9 45 19 242
369 ;2841 7S 9 15 15 14 1.7 37 12 164
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3-10x 10° 6 < 25°
r p/N N, N, N, Ny o E; 'S Cc L
_ "
14 --- 7 17 170 130 10 3.5 *s
24, 1.4 +.2 5 37 71 53 17 5.9
44 .62 +.08 17 60 117 85 15 5.0
. 65 .44 +.05 38 90 136 130 16 4.7
108 .3 +.025 95 171 255 224 14 50 2 1 100
169 .145+.014 149 137 215 205 15 5.6 2 10 149
265 .035+.005 122 41 67 55 14 5.3 31 11 19
390 .01 +.003 48 9 21 14 15 5.7 13 11 72
1-3x10 6 < 25°
43 .56 +.14 3 21 28 27 14 1.1
58 37+.1 5 32 48 40 18 1.5
109 .20 .03 18 66 110 99 16 1.6
174 .095+.01 43 75 130 107 16 L6 1 3 43
252 .05 +.01 32 26 47 42 13 1.4 3 5 35
364 .01 +.007 10 2 2 6 16 L7 1 2 1
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3 -10x10 o < 25°
r p /N N, N, N, Ny o N,
60 .29 +.06 2 23 35 34 . 15 3.5
92 .056+.02 3 9 46 33 17 4.7
167 .067+.01 10 44 79 61 12 5.7
260 J037+.01 7 14 32 21 16 4.7
3-10 x10° 25 < § < 33°

25 1,12 4.55 5 4 7 7 30 7,5
39 .81 4,37 9 5 6 9 28 . 7.2
66 .75 +.36 11 5 5 7 29 6. 4
98 .40 +.18 14 . 4 5 7 29 7.5
288 .16 +.16 9 1 -2 2 28 6.9
380 .27 +.27 4 1 3 1 29 8.1
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1-3x10 25 < 0 < 33°
T p /N N, N, N, Ng o 1:1; S C L
14 - 7 8 80 84 30 1.5 *s
26 2.0 +.43 7 21 31 38 30 1.6
41 14,2 12 12 26 25 29 1.5
63 67 +.11 29 35 61 50 29 1.9
104 .23 +.06 a6 15 32 26 2. 1.9
163 .13 +.04 33 10 16 21 28 2.0
272 .081+.03 47 11 17 16 28 2.0 13 10 72
380 .053+.03 18 3 4 6 27 20 7 6 31
3-10x10 25 - 33°
23 53 +.2 3 7 58 4 B 47 "
47 .75 +.3 3 10 18 26 31 4.7
69 .29 +.09 8 9 14 21 28 4.1
106 .25 +.05. 23 26 48 49 28 4.8
167 .20 1.00 48 48 75 74 29 5.3 1 3 48
264 .067+.03 33 . 11 27 25 28 4.7 4 8 37
379 .093+,03 15 9 13 13 28 4,7 3 2 22
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1-3x10 25 - 33°
r 0 NN N, N, Ny 6 N, L
69 .23 +.06 5 17 28 28 26 1.6
112 .21 +.04 7 23 82 68 28 1.7 *
159 .11 +.03 11 15 24 27 27. 1.3 11
- *
242 .099+.025 11 18 33 32 28" 1.6 12
3-10x10° 33 - 40°
44 .515+.3 11 3 10 17 35 6.4
61 1.17 +.6 6 4 7 6 36 6.9
103 .48 +.34 6 2 2 2 36 8.5
249 .38 +.38 5 1 1 1 35 6.4 10
359 6 0 1 0 36 6.4

14
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1-3x10° 33 - 40°
r p /N N_ N N, Ny 0 N s C L
19 --- 3 14 31 20 34 1.3
27 1.43 +.5 4 8 24 21 37 1.7
39 .95 +.34 6 8 15 22 36 1.7
63 .5 +:14 15 13 43 36 35 2.1
104 .39 +.1 23 14 34 29 36 1,9
167 .27 +.11 15 6 15 10 36 1.8 0 2 15
280 .05 +.04 18 2 3 7 36 1.8 5 4 27
384 6 0 0 0 36 1.8 4 0 18
6 o
3-10x 10 33 - 40
67 .37 +.1 6 10 20 18 36 5.4
93 31+.1 9 10 28 21 35 4.3
161 .21 +,06 15 13 23 23 36 5.1
250 15 +.04 17 14 25 17 35 55 3 6 20
376 .10 +.05 8 4 7 13 36 5.4 1 2 9
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1-3x10 33 - 40
r p /N N, N N, Ny 6 N s C L
108 .36 +.09 3 17 32 24 34 1.9
168 .22 +.06 6 14 18 77 34 1.3
229 54,07 3 5 10 6 36 1.3
376 3 0 2 0 36 1.3
1-3x10° 40 < 6 <4s°
38 2.3 +6 5 14 24 24 42 1.8
67 94 +.4 6 6 10 12 42 1.6
91 414.25 5 3 5 7 42 2.2
174 19+.13 7 2 4 5 43 1.6 1 0 10
256 19+.13 6 2 4 4 41 20 1 1 8
24 .24 47 45 42 1.9 2 1
3-10x 10° 0 < 45°
57 7 +.3 3 7 16 19 41 5.0
106 23+.09 6 8 25 17 42 57 1 0 9
175 13 +.06 6 4 11 9 41 5.9 1 1 8
250 21 +.1 6 5 8 13 42 47 0 1 6
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Data from Detector II

N
1 2 3 4 5
NN
9 1 0 1
(17) (2) (s) (3) (6).
3 1 1 1 0 1
(91) (23) - (11) (4) (4)
7 1 1 .
4 £
(54) (9 o ° | @ (2)
1
5 .
(5) (3)
7 1 1
(1)

9N and N are defined in Table IV.

Numbers with no parentheses are the number of showérs in a sample of 1600 which
triggered Detector II and had the indicated combination of 0 N and NN. -

Numbers in parentheses are the number of ghowers in the sampl‘é of 242 showervs '
which had each combinétion of BN and NN“ The total number of Ashowers in each box was ob-
tained Ey multiplying the number in parenthesis by 1600/242,



(BD 47)
(BWW 49a)
(BWW 49b)
(CB 48)

(CG 49)

(CG 49a)
(CG 49b)
(CGW 57)

(CU 50)
( DNA 56 )
( ELC 52)

(FE 50)
(FG 53)
{ GK 50)
(GK 56)

(KML 54)
(0s 57)
( PNA 57)
(SG 49)
(SRP 56)

(TJE 48)
( ZGT 53)
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