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and photons and a sagllcr percentare of char
ing particles, and in all represent a verj larjge ener(y
r clease of the order of 1015 ev. ZIvents of this tyne
represent the collislions of the most cnergetic protons
and heavy nuclel of the prinary cosnlc radistion with air
nuclel. The soft component of the shower is the electron-
photon cascade of the decay awmna rays of the neutral
nil-nesons produced iIn the initial nuclear explosion at the
top of the atmosphere, and the penetrating comnonent is
the result of a nucleonic cascade of the charged pi-mesons
and nucleons produced in the same cvent.

The general phenomenological picture of cosmic
radiation as described above 1s considered as fairly
well established. However, further experimentation is
required for confirmation and for a @more detalled
knowledge of the various events that take placo. But any
changes in the picture are expected to be only of secondary

importancec.
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TABLE I

Total counts recorded and hours of observation.

gime 123 123 123-123L 123%a 123hb 123Lc A B c AB AC iC
rSe

I 128.69 5782 5091 691 216 1,00 521 65 115 261 32 7 1
II 116.36 5399 651 7h8 196 395 507 56 121 274 52 11 145
III  178.75 8037 7116 921 297 610 754 131 229 k25 65 13 228
IV 111.18 5163 L1517 6116 238 1108 L72 118 18 251 W6 7 147
v 100.4L 1561 1,003 558 221, 340 78 102 97 261 37 11 132
VI 175.18 8037 7053 98l L6l 66l 30 215 207 h23 80 25 233
VII  103.83 Wrh3 L3 609 277 398 hrhh 13h 135 247 L4l 8 128
VIIT 116.52 5235 L4599 636 322 1168 550 1hs 1Sl 287 65 1 151
IX 169.56 7785 6942 83 513 126 8080 223 222 372 93 25 239
X 102.67 L6hS 1073 581, 300 386 k92 137 101 2hs 48 10 132
X1 99.67 Lj08 3813 590 304 115 456 120 124 211 59 13 127
XII  235.68 10852 9392 14,60 691 933 1137 312 279 569 109 22 298
XIIT 11Y.94 5366 L4626 710 358 La32 565 162 118 268 55 18 156
XIV  180.47 8416 7338 1078 56l 7Ll 923 253 220 47 91 19 229
Xv 146.68 6L68 3708 760 ﬁya 630 72 194 184 3L g2 1l 182

I'  131.20 6716 5852 861, M7 421 s7ly 81 127 279 15 16 21
ITI' 101.56 5306 14603 703 107 333 h91 43 115 273 T 7 161
c 10h.32 1,330 1207 623 332 M1 sy 18 12l 252 46 21 160
Fe 100,18 464l ) 070 57l 295 360 ko 1y 125 206 16 1 118

Pb 119.76 5393 Lr2l 669 230 b1y 51“. 106 122 255 L6 10 131

sg*



TABLE TI

‘Total resulis observed with the shower configuration.

Time 123 123y 123s 123s As Bs Cs ABs ACs RCs ABCs s

hrs.
III  Shev9 2490 2172 98 5 1 10 9499
VI N3.00 1955 1761 73 L 1 1 11 6961
IX  71.39 3237 2881 131 6 1 1 9 12592
XII  64.83 256l 2941 112 6 8 11134
XIV  7he60 3451 3000 139 1), 1 1 6 13315
C 10L.32 )830 1207 196 . 1 1 1 12 18265
Fe 97.4,8 L6l Lho70 181 16 T 17622
Pb  119.76 5393 L72) 237 2l 1 1 2 I 18 21134

ge*
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Hence the true numnber of events associated with I single
penetrating particles are related to the observed number,

designated by the suffix o, by the following

A to
T =
1-(p/¥) (Bp + BCp + Cp)
By = Ao
1-(p/H) (Ap + ACp + Cp)
Cp = 2o
U
B = ABg=(p/N) Apip
T 1~(p/N) Cp
ACy={p/N) ApCq
ACp = o~\P VT

1-(p/N) Bp

ABCp = ABCo-(p/N) (ABqCy + ACpdp + Ap3Cyp)

Substituting the known values of x, N, T into
these equations the true number of events can be deter-
mined by successive calculations. That 1s, substituting
the observed values into the right hand side of the
equation for Ap, a value for AT can be determnined.
Then using this value along with the observed values for
the other factors a value for DBt can be obtained and so
on for the other equations. Then the process can be

repeated using the calculated values. Iowever, the
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it is noted that the counting; rates of the 123 and 123L
pulses are essentially constant for the different arrange-
ments. The fluctuations that are present appear randomly
and can readily be attributed to statistical fluctuations
since the root mean square deviation of the numbers set
forth in the table equals the statistical standard
deviation. This 1s not true for the countin; rate of the
accompanying radiation as determined from the 123 - 123L
rates. In this case the root mean square deviation is about
tcwice that expected if only counting statistics are
considered. However, it is reasonable to attribute this
larger fluctuation as being caused by changes in
meteorological conditions which would have a larger effect
on the accompanying soft radiation. Thus the ability of
the telescope to detect particles lncident upon it remained
stable throughout the experiment.

The alijnment of the coincidence counters can be
checked from a comparison of the aversge rates with
counter 2 1in the telescope (normal configuration) and
asunter 2 removed (arrangements I'!' and III!' ). The

results are given in Table VI.
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per 1000 penetratin; particles of the various coincidences
are riven in Table VII,

Continuing under the assumption that the phenoscnon
is the production of secondaries, then a tentative
interpretation of the various coincidences in teras of
physical events is possible as set forth below.

a, b, and ¢ Events

These are interpreted as representing the production
of a secondary in the material above trays a, b, and ¢,
respectively.

A Event

This type of event represents the production of a
secondary in the material above tray a but with
insufficient energy to penetrate the material between trays
a and b,

B Event

This event indicates the production of a secondary
in the material between trays a and b, wailch does not
have sufficient energy to pcnetrate the material between
trays b and c.

C Event

A secondary produced in the naterial between trajs
b and ¢ can only glve rise to a C evont.

AB Event

If a secondary created in the material above tray

a has sufficient energy to penetrate the material between
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the most information, and because the other events are
wore susceptible to background variations, only the
secondaries produced in the material above the a tray
will be treated éompletoly. These results are set forth
separately in Table VIII where the thickness of material
above the a tray includes the wall thicknesses of
counter 2.

The number of 123Lja events represents the total
number of secondaries emerging from the material above
tray a which can activate a counter, normalized for
1000 incident particles. The A3 + ABC ovents are
produced by secondaries which have ranges greater than
the thickness of material between tray a and b,
namely, l.31 gm.-cm.'z, while the A events are
produced by those whose ranges are less than this value.
The ABC events are produced by those whose ranges are
greater than the thickness of material between trays a

and b and b and ¢, 1i.e., greater than 2.62 gn.-cm.'z.
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with respect to the incident meson direction and with
energy between E and E + 4E.
Then the conservation laws yield the following

expression for the elecctron energy.

2p2 cos2 9 [l]
[(m/1) + (p2 + 1)£]2 - p2 cos? &

D ==

The maximum transferable energy corresponds to a "head-on'

collision, 1.e., cos 8 = 1,' therefore

. 2p2
Emq = N [2]
(m/i1)2 + 1 + (20/i4) (p2 + 1)%
since M= 200 m then (m/11)2 can be neglected and setting
1+ 0,01 (p2 + 1)% =k, [2] becomes Ey = 2p%/k

Also rearranging [1] yilelds

2 4 |z E |3
cos 8 = [B——2X —_— [3]
p2 E+ 2

The probability that such a collislon will occur when the
meson traverses a thickness dx (gm.-cme."2) of material as

calculated by Bhabha (86) and by iiassey and Corben (87) is

2, gE k - 1.25 «10-3 2
P : = 1+ psy db 1y _ T + E.] Iy
(p,E) 4= 26 ( p2 ) E2 [ 2(1 + p2) 1+ p2 [ ]

where C ='ﬂNr§Z/A = 0.15 2/A g1."lem.2. Z and A are the

charge and mass number of the material, N 1is Avogadro's
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number, and rg = e2/mc2 1s tae classical radius of the
electron. Thus C represents the total "area" covered by
the electrons conteined in 1 ;ra:, each considered as a
sphere of radius rg.

In order for the knock-on clectron to be ccunted,
it must have sufficlent energy to penetrate the counter
wall and enter the sensitive volume. The thiclmess of the
glass and carbon forming the counter wall
(0.2 £ 0.01 gn.-cm."2) corresponds to the range ¢f an
electron with energy 1.3 me2. Thus the minimun energy
that the electron must have; upon emerging from the
aluminum, is 1.3 me2 in order to Lo detected.

If the Imock=-on is produced in the interval
between x and x + dx (Fisure 5) there exists an
energy By such that the energy on enmergonce from the
material is 1.3 me2., Thus, if G(E,x) is the rrobability
that an electron of encrgy E produced in the interval

between x and x + dx is counted,

1 for & > E,

Q(E,x) =
for E< Ep

It, therefore, follows that the frequoncy of
production of a detectable ltnock-on electron by a meson of
momentum p 1in a thickness Xq gm.cm.'a of nmaterial is

given by
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Xo Eqp(p)
£(p,xo) = P(p,&) dE dx [5]

o Eq(x)

The function Eo(x) can be obtained from the following
considerations., In order to be counted, the range R(E)
of the electron rust be greater than (x/cos 8) + 0.2l.

Therefore, R(Ey) = (x/cos 8) *+ 0.2} or using equation [3]

‘LZ -'i- = EO z:. /.
> x R(Eg) =~ 0.2L)| |—20— [4]
P *+ k] Eg + 2

The expression for the electron range given by Katz and

Penfold (7l) when transferred to the units used in this

worlk appear as

R = 0.195 E1+20 = 0.095 1nE for 0.2<E<5

R

Using these relationships, numerical values of the
right-hand side of equation [6J can be calculated for
various values of E. These values are plotted as descrete
points on the graph of Fifure 5 with Ep as the ordinate.
The curve shown on the graph is represented by tho

functions
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3.727 + 1.94 for x<1
1+ 0.192 expe (= 3-9370‘76)
and
3.72y + 1.94 for x>1
. 2 3
where y = X
p2 + Xk

Thus we can represent E; as a function of x

and p to a close approximation by the expression

Bolx) = (Ax + B)/(1 + 0.492z) for x< 1
and [7]
Eo(x) = Ax + B for x> 1

b
where A = 3.72 p/(p® + k)%, 5 = 1,94, and
Z = expe (= 3,9x0+76),
Carrying out the integration of equation [5] with

respect to the electron energy to obtain the function

2p2/k
F(p,x) = P(p,E) aE
Eo(x)
yields
F(p,x) = 2C [1—‘”—1’3 (1/80) + X 1nio - 122521073 7 K] (3]
p2 2p2 n2
where X = 2.5-1073 21 +p3) _ k__ k2 1n(2p2/x) 1is

I 2plt 2p2  2p



independent of x.

Substituting the appropriate expression for Bg

tives
N(p,x) + M(p,x) for x<1
F(p,x) =
H(p,x) for x> 1
where
+ p2 1

k
+ sz ln(A.x + D)

1
i x}) = 2C
(P! ) [ p2 + B

- 1.25 1070 '210'3 (Ax + B) + K]
P

and

H(p,x) = 2¢ |Q:1922 , 1.25+103z (Ax + B) _ _k_1,(1 + 0.9)2z)
Ax + B p2(1 + 0.492z) 2p2
Therefore, 1t follows:
Xo Xo
£(xg,p) = N(p,x) dx + H(p,x) dx for xo <1
o )
and [5]
X0 1
f(xo,p) = N(p,x) ax + H{p,x) dx for xo >1
o o)

The first integral can be treated analytically and gives

the result
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Xo
I(p,xo) = N(p,x) ax

o

It

2
1l +p (Dxo + 1)
2¢ {in(on + 1)[ pev + 2052 J

2plt  p2 p2 2p2  2p2 It

- x 2 [1.2 ° 10-3A]> 10
QpEs (20

where % =1 + 0,01 (p® + 1)%, A = 3.72 p/(p® + k)&,

_xo[k e d 4 1:25:20-3 kB _2;.10-3]

B =1.94, and D = 1,92 p/(p2 + v)%. The second inte;ral
of equation [9] is not readily integrated analyticelly but
since for values of x >1 it is a constant, only a few
numerical integrations are needed.

Thus far the calculations have ylelded the
frequency, f(p,xo), of emergence of a detectable knock-on
electron as a function of the production material thick-
ness Xgp, for a meson of a glven momentum, p. The next
step is to integrate the frequency over the momentunm
spectrum of the cosmic ray mesons at sea level. Tnls is
most readily done numerically. To facllitate this
procedure, the variation of f(p,%o) as a function of »
is deteramined for various fixed values of Xxo. Those
curves are shown in Figure 6. Also shouwn is the sea level

meson momentum spectrum for p 1less than 100 ilc. It i3
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cos 8 = cosa cOSB

de = cosa do P

one obtains, for the probability p(p) that the electron

will emerge from the material in the projected angular

interval B to p+ dp , the expression
p(p) dp = X cos2+5p dp [12]
where
/2
K=k cos3*Sx dx [13]
-Ti/2

Thus, under the assunption that the telescope is
of infinite length, the lateral efficiency is glven by
the fraction

PU /2
f p(p) ap J p(p) dp
-1, /2

where the limits - B, B, are deter .ined by the eoxetry
of the detecting tray. The actual values of these angular
limits depend upon the lateral distance at which the meson
enters the telescope. Therefore, the efficiencies for
various lateral displacements need to be deter:iiined and
averaged in order to ascertain the mean lateral efficiency.

This is acconplished in the following manner,
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TADLLE X

Values of the efficiency of detcction
for various lateral dis- lace:ents.

Lateral Displacement x ifficiency of Detection
in inches in por cent

85.6
83.9
83.2
81.6
80.9
799
78.3
77.1
76.7

\NFEWwW -

OCO0O0O0OCCOO
e & s o 0 0o 0o v C

~ -3 O
n

ilean 81,1

Thus, the mean lateral cfficiency as determined by tals

method is 81,1%.

In considering the possiblo effect of the finite
length of the counters, it is seen that it influencos the
efficioency by altering the limits of inte;raticn in the
expression for K as given by equation [13]. In tnc
example illustrated, for instance, the limits of varlation
of « are not -T/2 to /2 but rataner arc tan D/(y - L)
and arc tan D/(y + L) wherc 2L is the longth of the
counter and equals 20 inches. Thus the fraction of
knock-ons emerging at the indicated projccted angle

that are detected is given by
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arc tan D/(y + L) /2
F = cos3+5«¢ de cos3+5¢ do [lh.]
arc tan D/(y -« L) ~T/2

It is obvious that this ratio is not constant but
depends upon y and D which in turn deponds upon 8.
However, if a mean value F is determined then an averare
overall efficiency of detection is given by F times the
lateral efficiency. In order to estimate F the first
requirement is to obtain a realistic mean value of the
distance D for any value of x or .

For a given value of x an effective value of D

can be defined by

Dere, = D cosz'Sp dp/j::osz'sp ap

where the limits imposed on the integration are the linmits
of detectability (i.e., set by the insensitive counter and
geometrical configuration) and the value of D 1s the
geometrical distance from the point of emergence from the
material to the counter wall at the given angle Pp. Using
this definition the following values of Dgpge, are
obtained
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