ns ete.

hiedenen

men dar-

e Eigen-
des An-
hiedenen
whydrat-

weichen.

ohydrats
onal den
:chenden

Isysleme.

* stufen-
n Dehy-
isl.

gieunter-
2iten der
in der
lich der
syslemen

I1.

meinem
JJERRUM,
sllen Be-

en Dank

gl. Tierarzt-

Det Kgl. Danske Videnskabernes Selskab.
Mathematisk-fysiske Meddelelser. XVII, 11.

ON THE THEORY OF THE
EFFECTS OF THE PHOTON COMPONENT
IN COINCIDENCE EXPERIMENTS
ON COSMIC RAYS

BY

NIELS ARLEY ano BODIL ERIKSEN

K@OBENHAVN
EINAR MUNKSGAARD
1940




TABLE OF CONTENTS

Introduetion . .............. s TR "R B R R R e

1. Number of electrons and photons above the critical energy.....
2. Number of electrons below the critical energy. ... .

3. The fluctuation formula ............ S

4. Energy spectrum of the incident photons ... .. ... .. ... ... ..
5. General discussion of results and comparison with experiments
6. Comparison with the experiment of Rossi and JAnossy

7. Special discussion of the beginning of the Rossi curves.... .. ...
Appendix 1

Appendix 1l

Appendix [1]

Summary .

References

Tables 1—8§

Printed in Denmark.
Bianco Lunos Bogtrykkeri A/S.

Page
3

4
6
13
15
21
a0
35
40
44
45
45
48
49

I n
se

the ¢
only
in di
of tk
This
isola
that
into
are 1
mate
differ
coing
out
the ¢
detai
I
part

disct




rgy

riments

45

49

INTRODUCTION

In a previous paper" one of us has discussed the
secondary phenomena produced by the electrons® in
the soft component of the cosmic radiation. Until now
only this part of the soft component has been investigated
in delail experimentally as well as theorelically in spite
of the fact that the photon part is quite as important.
This lack is due partly to the experimental difficulties in
isolating the effects of the photons, and partly to the fact
that the photons and electrons enter almost symmetrically

into the cascade theory, so that their secondary effects

are nearly identical, at any rate for large thicknesses of

material. For small layers the curves are, however, rather
different and for the discussion of the beginning of the

coincidence curves it is therefore necessary also to work

out the photon curves. Furthermore, for the problem of

the existence of neutral mesons® it is important to have
detailed knowledge of the photon part.

[t is the purpose of this paper to discuss the photon
part of the soft ecomponent in a way analogous to the
discussion of the electron part given in A.

1) AnpLey (1938). In the following quoted as A.

2) By electrons we shall understand in the following both negatively
and positively charged particles, unless otherwise stated.

3) See e.g. AnLey and HerrLen (1938); Kemmer (1938); MoLLer (1938).

Cf. also the discussion in § 6.
1‘
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1. Number of electrons and photons above
the critical energy.

so |
Let us consider a photon with energy k, falling on a
layer of material with thickness ! expressed in shower-
units?. By cascade multiplication this photon will give whe
rise to a shower of electrons and photons. We shall now elec
work out the average number of these particles emerging
with energies above E or k, respectively, as functions of
ky, I, and E or k, respectively. These functions we deduce
and

in the same way that the corresponding ones for electron-

initiated showers were deduced by B & H. For the average

number h(l k) dk of pholons emerging from a thickness h(l,
! with energies between k and k- dk, we therefore have
their equation (16)
\ -ing? . VR i ) '
h(l,k)dk = l € -cxf\ e, W k) +f_ (k) dl' 4 to 1
- 1 (1 var
+ h(0, L) (»—C“J dk. B&
Here o is a constant equal to 0.6, [, (I', k) and
[_(I', k) the average number of positive and negative elec-
| trons, respectively, which at the point I’ below the surface
have energies above k, and h(0, k) dk the energy distri-
bution of photons which fall on the surface. Since we have
only one incident photon with energy k,, we have wh
h (0, k) dk = 5("2?"’\ oF, \ R0, dk =1 (2) :
ko kg~ i an
I (_\\-'hlere & () is the Dirac 8-function), and
1) Buapna and Herreer (1937) (in the following quoted as B & H)
wi

and A. Cf. also Cancsox and OppeNHEIMER (1937).
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f (0,k) = [,(0,k) =0 (3)
so that we have
[ k) = f LK) = [UK) (4)
where f (1, k) is the average number of negative or positive
electrons. Introducing the logarithmic variables

k L"]

y=1log -, u=log7 (5)

and using (2) and (4), equation (1) becomes

rnl
h(l,k)dk = h(ly,) dy,= [log2-e “’\fﬂ“' 2f(l, y,)dl +\
LA l (6)

+8(y ) e x e dy,.

[ntroducing this expression into the equation analogous
to eq. (17) of B& H and transforming to the logarithmic

variables (5) we obtain, proceeding in the same way as

B & H, the final integral equation for the function [ (L, y)

! J—T
'f'(f‘ !,f} — X Iug 2'('_‘-‘” \ dl’ \ dl’”’ I!,ctﬂ' +1") %
(1]

. 'l}
Wl
X \ dy 2f" y ) W @ +1,y—y)+ (7)
bl R
fae @\ dr S W1, p)

Yo

which is analogous to eq. (21) of B & H.
The solution of this equation, analogous to egs. (22)

and (23) of B & H, is given by

-
!

[(Ly) = 2 fo (L y) (8)

n=1

with i
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1

fLy) = o€ '““\ ar ' Wl +1,y)
(1] .
(23]0{3’ 2}“ o , rri—l(!'_r n—1i
Ly) = 28082) —at| gpeat T8 x|,
AT 2log2 L —DE "t ()

Y

(n—2)!

all _—
X \ w—y) W +ny)dy ((=2)

bl

which is proved in appendix I, where we also give the
details of the numerical evaluation.

In Table 1 (cf. also fig. 17) we have tabulated the
function Er — 2f (1, y,) giving the average number of posi-
tive and negative electrons which emerge from the thickness
I with energies above the critical energy E. and which we

therefore denote by ‘“‘fast” electrons.

9. Number of electrons below the critical energy.

The total average number of “slow" electrons, i. e. elec-
trons with energies below the critical energy, arising from
the secondary electrons with energies above E, can be cal-
culated in the same way as for electron-initiated showers.
This number, which we shall denote by N, (sec. el.), is

given by (cf. eq. (15) in A)

al
= ) af(L, y")
N, (sec. el.) = 2 log 2 \ _(9;; — dL
{—=
1 E,
= Mig|l=r—s: 0 L= bmmr—s
111\( log 2 ) I l log 2

which is evaluated as described in § 1 in A using the values

for ! given in Table 4, The results are given 1n Table 1.
)
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Electrons with energies below the critical energy can
also be produced by a second process. In the calculation

of the number of “slow” electrons mentioned above it was

assumed that above a certain critical energy E_—equal to
1107 e. V. in lead—the electrons can only lose energy by
radialion and below I, only by ionization. For the pho-
tons, however, this critical energy plays no role, the pair-
production being the dominating process down to much
lower energies—of the order 10° e.V. in lead. Below this
energy the Compton and, later on, the photoelectric effect
becomes the dominating process but, as discussed in § 1
in A, we consider it legitimate to neglect these two pro-
cesses. A photon with energy above E_ has a certain pro-
bability of producing a pair of electrons one of which has
an energy below E_, and this electron has not been inclu-
ded either in :{?r or in :‘\?s (sec. el.). Furthermore, if the
energy of the photon is below E,, it can still produce a
pair of electrons which will, however, both have energies
below E,. In part I we have neglected the “slow” elec-
trons produced by this process, bul on closer investigation
it has appeared that they can contribute in some cases
about 25 per cent of the total number of electrons.

As already discussed in A (see end of §1) the total
number of “slow” electrons will certainly exceed possible
experimental values since these electrons will have a rather
great chance of being scattered in the material. As a conse-
quence of this fact one ought, therefore, to include only a
certain fraction of these “slow” electrons in the later cal-
culations. However, on the one hand it is extremely diffi-
cult to treat this scattering in a proper way, and on the
other hand we shall see later on (cf. §5) that the form of
the Rossi curves does not depend critically on the number

of slow electrons included.

B
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In order to get some idea about the number of slow
electrons of this second kind we can proceed in the follow-
ing way. We first consider the primary photon and denote
the total average number of slow electrons which it pro-
duces by :’\-"s (prim. phot.). The probability that the primary
photon with energy kq penetrates to a depth I' below the
surface is e~ %! and the probability that it in travelling the

distance dI’ will produce a pair where the positron has an
I

energy between E_ and E +dE _ is adl’ -—I?:"-. This last
expression is, however, only valid for lar‘;__[gjc values of
k,. For smaller values it is reduced by a factor 8(ko),
0 < 6 < 1, which depends on the energy ko, (being 0 for
ko < 2mc* = 2p) and on the shower-producing material
(cf. e.g. fig. 18 p. 201 in HEITLER 1936). Using the formula
(5) in A for the probability that an electron loses an energy

between E” and E” +dE" by ionization in travelling the

distance I = [ — I we have that the total average number

" . ~rt . . . .
of these slow positrons N, (prim. phot.), i. e. positrons with
energies below E_, is given by

eI wl

4\_\+ (prim. phot.) = dE \ dl' %

e/l LA
(4kq
x\ dE, e—“"-f_f 8 (k)8 (E, —E—pU—1)) - A(E,<E)
v o
p=log2E,

: 1 for E, <EM
AE.<E) =) i, =E,
F="¢ 10 for E,>E,

where p is the rest energy of the positron.

1) In conformity with A, we shall denote by a symbol A () a func-
tion which is 1 when the condition siated in the brackets is fulfilled,

and 0 elsewhere.

=0y

m = Min (ky, E,) )

T

intro

= 8 (y,

= 6 (y

(3
<
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be
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This expression can be easily evaluated and we find,

introducing

g, == log =, (12)

N (prim. phol.) =

log 2 . log 2
e N B 4. [ G B T e \

avelling the — 8(y) HI‘ —log 2-¢ Ve l+ B2
tron has an o i e
- . H,.
. This last for y, <0 and < ud
. log 2
values of & .5
ot o Ve eec
wctor 8 (ko) , — 8(y, )| —al l() 12¢ Ve [ Jouz" | ) 1]\
: : | « |
being 0 for ,
ng material for y, <0 and I e
. <5 = log 2
the formula
s an energy (13)
relling X ' 2 log 2
awelling the _ ﬁtucl{v_”r-([l—log‘.’-i-'-— Ip%_)_{,_—m | o log m
age number - & L o |
sitrons with . &3
for y,=0 and < Tog 5
- ‘ ( G- )
=0(y,) l et Y log 2 (-._t‘ﬂ”la —1 ] —1 |
( \ o l
R = 1
E,<E) for y, >0 and [Z ic_)g_z'

(11)

A( ) a func-
ets is fulfilled,

If the energy ko of the primary photon is greater than
2 E, and if one of the pair-electrons is produced with an
energy below E_ the other electron must necessarily have
an energy above E,. In this case eq. (13) gives the total
number of electrons (posnwe as well as negatnc).

In case k,< E, both pair-electrons will have energies

below E, and the total number of electrons is, therefore,
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given by eq. (13) multiplied by a factor 2. In the range
E, < ky < 2E, it can either happen that both electrons
have energies below E, or that one has an energy below,
the other above E,, but not that both have energies above
E,. These facts we take into account roughly in the follow-
ing way. For y,>0 (i.e. ky>E,) we take 8(y,) =1 and
the total number equal to .-\_’s_ (prim. phot.) as given in
eq. (13), and for y, = 0 (i.e. ky < E,) we take the total
number equal to 2.-{'-: (prim. phot.) as given in eq. (13),
the numerical value of 8(y,) being read off from fig. 18
p. 201 in HerrLER (1936). Since for a given value of k,
y, depends on E_, i.e. on the material used, the total
number of slow electrons will thus depend on the material
for y, = 0. In Table 3, which gives the sum of all the

different sorts of electrons, the values for y, = 0 give the

total average number ;_-'g (prim. phot.) for lead, iron, and
aluminium of the slow electrons calculated as just dis-
cussed. The corresponding values for y, >0, which are
independent of E , depending only on y , are given in
Table 1.

We next consider the secondary photons produced by
the cascade multiplication from the primary photon. The
average number of secondary photons which at the depth
I' below the surface have energies between k and k- dk

is for k > E_ given by

ho (I, K)ydk = h(l', k) dk—h (0, k) P

S5ec

al'
= log:-’g" ¢ ““\ UL (U )+ k) dl”
i (k=>E,)

(cf. eq. (1)), which is tabulated in Table 5 (cf. also fig. 18).

(14)
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For k < E, we have
(ol
3 (15)

1 Jo

(k<E))

where [, (1", Hc')—l-j“__(i”,.';'c) gives the average number of
electrons which at the depth I below the surface have
energies above E_. In our approximation only such elec-

trons can produce photons by bremsstrahlung. The probab-
Ik

ility for this process is given by the factor log 2- .
Finally ¢ =1 gives the probability for the photons
produced at the depth I” to penetrale the distance r—1r'.
As already discussed above the pair production is the dom-
inaling process for the photons down to much lower ener-
gies than E,_. If, however, the Compton and the photoelectric
effect are also laken inlo consideration it is found that the
total absorption coefficient is roughly constant in the whole
energy range considered and equal to the value of the ab-
sorption coefficient due to pair production for large ener-
gies, which is just «.

The total average number of slow positrons '\_: (sec.
phot.) arising from the secondary photons is then, in
analogy to eq. (11) for the primary photon, given by the

expression

(¥ sl (1 alk,
.Nﬂ’:(sec‘ phol.) = \ dE \ dl' \ dk \ dE, hg, (', k- %6 () %
L Jo  e2H B | ll(]ﬁ)

x 8 (E, —E—pU—1))A(E,=E)

Here the integrations after dE and dE_ can be evaluated
and we find using (15) and introducing the logarithmic

rariables 7, and y, given in eqs. (5) and (12)
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(el
K"“_" (sec. phot.) = a\ di' (1—log2(I—1")) x
IH‘_ o I.’" B \
X .\”“'Ur.- h,,. (', y,) 8 (y,) e - A\ﬂ <p-—1I)= = ‘-’,) +
Al Vg |_iu] .
\ dl' h, (I, y,) \ dy, © (yt,){l —e“a."!’c(g- +log ‘_’{I—l'))] X
L) vy c .

&

<Bl0<pU—D1)= P (erm——)).

\ log 2 \ E.))

Here the first and second terms represent the contribution
from those secondary photons which have energies above
and below, respectively, the critical energy E_. In order
to obtain the total number of positive as well as negative
electrons we therefore proceed in the same manner as in
the case of the primary photon (cf. the discussion on
p. 10). In the first term we take B(y,) =1 and do not
multiply by 2 whereas we in the second term take the
value for ©(y,) obtained as described above and mul-
tiply by 2. By this procedure the first and second terms
become independent and dependent, respectively, of the

shower-producing material used and we shall therefore write
f_c(_sec. phot.) = .-\_"H(seu. phot. ind.) + E(_sec, phot. dep.) (18)

The values for the first term obtained by numerical
integration are given in Table 1. One might hope that
the second term could be neglected, but a trial calcul-
ation showed this to be wrong and, as will be seen from
Table 2 which gives the values for the second term, again
obtained by numerical integration, this term can in some
cases contribute about 20 per cent of the sum of all the

different kinds of electrons, which is tabulaled in Table 3.

(17)
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3. The fluctuation formula.

All the numbers of electrons obtained so far are only
average values and we must, therefore, now decide which
fluctuation formula has to be used. By fluctuation formula
we mean the formula giving the probability P (N) that a
shower contains just N posilive as well as negative elec-
trons.

Originally B & H took for this formula the well-known

Poisson formula

P(N) = S~ = P(N.LY), (19)
N being the average number of secondary electrons, which
formula follows directly assuming the secondary electrons
to be independent of each other. The application of this
formula to the fluctuation of the number of electrons in
showers has later been criticized from various sides. In
spite of the fact that the electrons are of course not in-
tlependenl of each other, it has, however, :111|)ez1red as
discussed in § 2 in A that the Poisson formula represents
a good approximation for the small showers measured in
counter experiments.

Since for photon-initiated showers there are only secondary
electrons, the fluctuation formula is directly given by (19)
with N equal to the sum of the average number of all
the different kinds of electrons corresponding to a given

) e e ;
value of [ and y, = log -I-:'. his formula applies, however,

&

c
7. For negative values

only to positive values of y,i.e. kg=>1F
of y,, i.e. k,<E,, we can obtain the fluctnation formula
as follows. In this energy region the primary photon can
only undergo one single multiplication since already the

two pair electrons produced in the first step will have

R
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energies below E, and can, therefore, in our approximation
only lose energy due lo ionization. The multiplication
process, therefore, stops after the first step and the shower
can at most conlain fwo electrons. For the positive as well
as the negative electron there are only two possibilities:
either it is stopped by ionization or it comes out and the
probability of the last event is therefore equal to the mean
value ."\_":(pl"llll.]lllol.) = E’: (prim. phot.). Treating the evenls
of the positive and negative electrons coming oul as in-
dependent we have consequen tly for negative values of y,
i.e. k, < E,, the binomial distribution

P, Ly) = (1—N;)

P(1,1,y) = 2N (1—N;)

s » P
— Y=

P(2,Ly) = N,
P(N,ly) =0 for N=3

with (: — ﬁ\_ (prim. phot.).

It could be objected that it is not correct o use the
Poisson formula (19) for small thicknesses ! since in this
case praclically only one transformation, i.e. formation of
a single pair, will take place so that we cannot observe
more than two electrons, It \\*2111(1. therefore, be more
N
correct to use (20) with .-\_-'5! »“,. For small values of I
we have, however, N<¢{1 and thus, neglecting third and
higher powers of N, the Poisson formula reduces to

T -]

— N — —3 N
P()c>1—N+-, P)N—N, P« <

and .
P(N)=0 for N=3

which agrees to the first power with (20) which-gives for
— ‘.‘\.'
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PO) =1—N+°

(&

2 T B

—, PQ)=N—5-. P(9) = s
: +

and
P(N) =0 for N=3.
.
As soon as [ becomes so large that N cannot be neglected
it is, however, also necessary to take the next transform-
ations into account, which will allow more than two elec-
trons to emerge. We shall therefore use the Poisson for-

mula for all positive values of y,.

4. Energy spectrum of the incident photons.

The expressions (19) and (20) give the probability for
a photon with the definite energy k, to produce a shower
with just N electrons. What is measured in all coincidence
experiments is, however, the mean effect produced by all
the incident photons (plus, of course, all the incident
electrons) hitting the material during the time of investi-
gation. Let us denote the probability of the primary photons
having an energy between ko, and ky+dky by F (k) dhg.
The average probabilities with respect to this spectrum is

then given by

=

P(N, 1) = \ P(N, 1, ky) F (ko) dkq \
L] (1]

-

\ F(ky) dky = 1 i. e
o N=(
where P (N, 1, k,) is given by (19) and (20).

The form of the photon spectrum is, however, poorly
known. As already mentioned in the introduction it is
experimentally very difficult to isolate the effects of the
photons from those of the electrons. The cascade theory

allows, however, to make a rough estimate of the form.

F————

B ————— s e s~

|
i
|

|
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We first assume that all electrons and photons found al
sea-level are produced by mulliplication in the atmosphere
of the primary radiation reaching the earth from outside,
From the geomagnelic effects one concludes, as is well-
known, that most, if not all, of this radiation consists of
energetic electrons”. From the cascade theory HEITLER?
and Norpuemm? have estimated the spectrum of these
primary electrons and found that it can be approximated

by a power law
dEy (22)
!Ul :.Y

.”.

[(E,) dE, = consl. X

where y depends only very slowly on E,; and is of the
order 1 —2. If h (L k, E,) dk denotes the average number of
photons which at a depth [ below the top of the atmo-
sphere have energies between k and k+dk, the photons
being produced from a primary electron with energy FE,,
the photon energy spectrum al the depth [ is simply

given by

F(L k) dk = dk \ h(l, k,Ey) [(E,) dE, l
oM i [2:”
M = Max (k, Eq,)
where g
HCP = 1.0%10Y% cos*p e.V. (24)

is the minimum energy required by an electron to pene-
trate the magnetic field of the earth and reach the top of
the atmosphere in the vertical direction at the geomagnetic
latitude @. For k = E™ = 1.5x 10° e. V., which is the
critical energy for air, h (I, k, E,;) is given by a formula
analogous to (14)Y, and for k= Ei}i" by a formula analogous

1) Jounson (1938).
2) HerTLer (1937).
3) Norpuem (1938).
4) Cf. eq. (16) in B & H and our Tables 7 and 8.
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to (15). Introducing (22) in (23) and transforming to loga-
rithmic variables analogous to (5) we have therefore

o
(]

Ik =S
F(l, k) dk = consl. ;']—er \ n(l,y,)e Y dy,

M, = EL,"r

* ; E
”;\. = ](’]g ii‘l—I, .'111._ = Max {U, yf — lug .’?j

v )

- (25)

L]
const dk ' 5
F(l, k) dk = (_;1?1 ¥ & \ h(l,y) e YVdy,
E ) Lair

Ve k<E:

E [ E
U, = l%rﬂ ;M= Mnx(ll, y? = log — :]:r)

air ?
c “e 7

10% 2" h(29,y,) —

° 12 %

0 s
Fic. 1. The integrand from eq. (25) corresponding to sea-level, | = 29.
= 29

In fig. 1 is shown the common integrand for I

corresponding 1o sea-level and, since, from (24),

E, = 1.9%10Y e.V., we have

10
1.9x10 - (26)

CP‘ t,r lc:,_,1 - 10° ~ 4,8.

0:: y

(]

D, Kgl. Danske Vidensk Selskab, Math.-fys. Medd. XVIL 11.
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It is seen from the figure that the integrals are very

nearly constant, independent of both k and the latitude @,

and the cascade theory thus yields for the photon spectrum

al sea-level

F(k) dk = lug flT"Jr? fi:’ for B <k< Ejf"'
E vy
B dk e
F(k)dk = — H‘fir_ | Aty for E, <k
log ),;.,- +y
\ F(k)dk =1
JE

where E’ is the—unknown—lower limit for this spectrum

which because of the divergence for k— 0 cannot be put

equal to 0. Transforming (27) to the logarithmic variable y,

from (5), we finally have

1
F(y) dy. = — pair | dy,
log- J{:, -+
> E Y
1(" 1'111"'
for log 3 =g Lp,S0: = log f-:_

< <o

F(y)dy, = —=w— € ' 'cdy,

where E_ is the critical energy for the material.

(28)

[+]]

w
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(28)

erial.
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For the numerical values we have taken y = 1.5 as in
~air - . .
A, and E, = 15X 108 e. V. With this value and the

expression (1) in A for E_., we havel

i . l 2.7 for Pb |
y:w = log I' = log 5;—: “ — ¢ 1.6 for Fe (29)
- ) \ 0.9 for Al l

For the lower limit of the spectrum we shall take the

value E' = 107 e. V. With this value we have

‘ 0.0 for Pb
1.1 for Fe I (30)

, E’ A
y, = logp = 10855 =
—1.8 for Al

The assumptions under which the spectrum is deduced
are certainly valid down to this energy. Presumably they
also hold down 1o energies of the order 10% e. V. From (28)
it is seen, however, that taking E" = 10° e.V. instead of
107 e. V. mainly means altering the normalizing factor (from
0.296 to 0.176, i.e. multiplying by roughly 2/y). Altering
the limit of integralion in (21) will, as seen from (20),
only have influence for N =0, 1 and 2, and the calcul-
ations show that this influence is negligible, except on the
absorption curve (cf. § 5).

The spectrum given in (28) was, however, deduced under
the assumption that the whole of the sofl component
observed at sea-level arises from cascade multiplication of
the primary electrons in the atmosphere. From this assump-
tion and from the cascade theory it follows, as shown by

1) We note that these values deviate slightly from the corresponding

ones for the electron spectrum given in eq. (27) in A. This is because
we have here used a theoretically deduced spectrum, while the electron

spectrum was deduced partly from theoretical arguments and partly

from experiments.
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HerrLer! and also from the preceeding calculations, that
at sea-level the latitude effect® of the soft component should
be zero, which HEITLER also finds in agreement with
experiments. On the other hand EuLer and HEISENBERG
state in their report® that at sea-level the soft component
shows a latitude effect of the same order as the hard
component, i.e. 10 per cent. It is perhaps worth noting
that these contradictory conclusions are based on one and
the same experiment, viz. that of AvGer and LEPRINCE-
Ringuer?. Looking at the experimental curves of these
authors we find it, however, because of the large {luclu-
ations, very difficult to draw any positive conclusions
regarding the existence of a latitude effect of the soft
component at sea-level. Furthermore, Jounson® concludes
on the basis of more recent experiments that the whole
of the latitude effect observed must be atlributed to the
hard component. It thus seems that experiments do not
contradict the assumption that the whole of the soft com-
ponent found at sea-level is produced by cascade multipli-
cation of the primary electrons.

On the other hand, however, we must expect thal a
smaller or greater fraction has its origin in the secondary

effects of the hard component, i.e. the mesons. These

particles can theoretically produce cascade showers of

electrons and photons by three processes. First, the meson
is assumed to be unstable and to disintegrate into an

electron and a neutrino, the electron at once starting an

1) HerrLer (1937). I—1
2) The latitude effect is measured by oL ?, where "‘P is the inten-
sity at the geomagnetic latitude @.
3) EuLen and Heisexpera (1938).
4) Avcer and Lepmisce-Rincuer (1934).
5) Jounsox (1938).
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ordinary shower. Second, a meson can in an elastic colli-
sion eject secondary electrons which will also at once slart
ordinary showers. Third, a meson may be absorbed by a
heavy particle, the whole energy being emitted in the form
of a photon. The experimental verification of the first
process is NOW beyond any doubtV. The second process is
also well established®-®, whereas it seems that the third
process does nol occur in nature or at any rate only with
an extremely small probability®. In air the first process is
certainly the dominating process and from the spectrum of
the mesons as a function of e.g. the atmospheric pressure
it would be easy to calculate from the cascade theory the
contribution of the hard component to the photon spec-
lrum at sea-level. The meson spectrum in high altitudes
is, however, poorly known at present experimentally, and
since it is not yet known by what processes lhe mesons are
produced” the speclrum cannot be estimated theoretically
either. We believe, however, that the meson contribution lo
the photon spectrum would not alter its form appreciably
from that calculated above as the contribution of the
primary electrons. Finally, it will later appear that the
result does not seem to depend critically on the form of
the spectrum. We shall, therefore, base the following cal-

culations on the spectrum given in (27).

5. General discussion of results and comparison
with experiments.

The expressions given in (21) cannot yet be directly
compared with experiments, since they only give the aver-

1) WirLriams and ROBERTS (1940) and Rossi (1939).

2) Wirson (1938), and others.

1 LoveLL (1939).

1) Generally it is assumed that they are produced by the soft com-
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age probabilities for a shower emerging after a thickness ! 3
to consist of just N electrons. What is measured is, how- i
ever, the weighted probabilities for showers to consist of

at least N electrons. We thus have to calculate

=
P(=N,D) = \ {;Nr!—;(.\", ) (31)
NT=N
where the weight g, is the probability for a shower con-
sisting of N electrons to produce a coincidence. As discussed
in §4 in A these weights, the so-called geomelrical factors,
are rather difficult to estimate, and we shall, therefore, again
take the non-vanishing g,'s equal to unity throughout.
In figs. 2, 4 and 6 we give the curves I_’(; N, DV for
lead, iron, and aluminium and for N = 1, 2, 3, and 4 cal-
culated for the spectrum (27) with y = 1.5, !;':"i" = 1.5 X
% 10% e. V., and the lower limit E* = 107 e. V. (With the
same spectrum but with E' = 10° e. V., the curves will,
as discussed on p. 19, differ only by a constant factor).
Comparing the curves with the corresponding curves for
electron-initiated showers (see figs. 4 and 5 in A, and fig.
19 in appendix III in this paper) it is seen, that the general
shape and the positions of the maxima and their variation
with N is the same for electron- and photon-initiated showers.
The absolute magnitudes are, however, different. For lead
the electron curves lie roughly 50 per cent. higher than the
photon curves. This is partly due to the contribution from
the primary electrons and partly due to the electron spec-
trum being in favour of somewhat higher energies than
ponent in high altitudes, but it has also been proposed that they are
produced by primary protons (Arrvex (1939), Joussox (1939)).
=

1) Normalized so that :J P(N, )= 1009,
Ne=10
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the photon spectrum. For aluminium, on the other hand,

the photon curves lie above the electron curves, because

T.mc T | IJ ?.u[— —-—jﬁ,ﬂ}
80 10— //~—
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Fig. 2. Pholon-initiated Rossi curves for Pb (I = 1 corresponds lo

4.06 g/em® Pb or 0.358 cm Pb). The figure in the corner gives the be-
ginning of the Rossi curves on a larger scale.

of the fact that we have included more slow electrons in

the photon curves than in the electron curves. These new
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Fic. 3. Mean value of clectron- and photon-initialed ROSSI curves for
Pb. The figure in the corner gives the beginning of (he Rossi curves on
a larger scale.
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slow electrons contribute far more in aluminium than in
lead and will thus outweigh the other two effects.

In most counter experiments all the counters are placed
below the shower-producing plate and what is measured is,
therefore, the average effect of both photons and electrons.
The theoretical curves with which these experimental curves
are to be compared is thus given by

F

,piml (:'-'T N, D)+« ‘F{-! (=N, D '

' (32)
)

aphol el

G|1i|nt T C(f.'] =1

where o, . and o, mean the relative probabilities for the

pho
particle hitting the plate to be a photon or an electron,

respectively, and P and P, are the expression given in

phot
(31) for photon- and electron-initiated showers, respectively.

If we compare for electron-initiated showers the values

H, (l,y,) in Table 8 giving the average number of photons
. . Ey .
with energy above E, corresponding to y, = log - with

p— c
the values N, (sec) = 2f(l,y.) in Table 1 in A giving the
average number of positive and negative electrons with

~

energy above E_,

we see that H oo .-‘Gf(sec.} for all values
of y, and all values of [ except the smallest ones. Since,
furthermore, the geometrical distribution is nearly the same
for photons and electrons, there will thus be an even chance
for the plate to be hit by a photon and an electron and,

from the normalizing condition, we therefore have

(33)

o | -

alﬂl{nt - C:".t-l

As will be noted, this statement is independent of whether

we assume that the whole soft component at sea-level is
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produced by cascade multiplication of the primary electrons

or whether some part is produced by the hard component.

a l ]
% | b, i /, Plz2)
60 A
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1 ~— | ©0 o2 04 06 08 10
40 / Piz2) \*\
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O 0t e
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0 2 4 6 8 10 12 : 14
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Fic. 4. Photon-initiated Rossi curves for Fe (1= 1 corresponds lo 10 g/cm®
Fe or 1.26 cm Fe). The figure in the corner gives the beginning of the
Rosst curves on a larger scale.
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In figs. 3, 5, and 7, we give the curves o P, -5 P
for lead, iron, and aluminium and for N =1, 2, 3, and 4.
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Fie. 5. Mean value of electron- and pholon-initiated Rossi curves for
Fe. The figure in the corner gives lhe beginning of the Rossi curves on
a larger scale.

As will be noled, the positions of the maxima are the same

as for the corresponding curves for electron-initiated showers

(see figs. 4, and 5 in A and fig. 19 in appendix [1I). For
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Pb the position varies very little from N = 2 to N — 4 shy
| and lies at values of [ between 3.5 and 4.5 (o 1.2 —1.4 cm at
Pb ~ 14—18 g/ecm* Pb). For Fe it lies between I = 2.5 and

il | =4 (v 3—5em Fe o~ 25—40 g/em® Fe). For Al it lies be-

tween [ = 2.5 and I = 4 (~v 16—27 cm Al oo 45—75 g/em?®

_ Al). These values are in agreement with the corresponding

'-.:| i experimental values, viz. about 20 g/cm® for P (> 2) in

I PbY, about 35 g/cm?® for P (= 2) in Fe? and a very broad

| maximum of P (= 3) in Al at 50—100 g/cm?® ¥, The agree-

ment between the theoretical and experimental values of the

position of the maxima is thus very satisfactory.

| For the relative magnitudes of the maxima we now

find better agreement than in A. From fig. 3 we see that F
. !’ (;’ 3)I.'II.HX . - . 4
' in Pb =————— = 0.7 in agreement with the experimental
. P(= 2)
i — max .
' value 0.5 which we have deduced subtracting the hard f
component by exirapolation from the results given Dby L

GelGER and ZeiLLer?. From N = 3 we see, comparing
oD
#) JJ]
. P, . - - max P max
figs. 3 with 5 and 7, that —= o 3 and that -
3 Fe Al

max max

which is in agreement with the experimental values 2—3

8

and 10 which we have deduced from the results given
by MorGaN and NieLsen®. The agreement between the theo-
retical and experimental values of the relative magnitudes of
the maxima is thus salisfactory. In order to see whether
these conclusions depend critically on the number of slow
electrons included we have performed some trial calcul-

ations with various values of this number. The resulls

) ScawecLer (1935), see also our Fig. 9.
] 2) Pmienscu (1935).

i 3) Monean and Niersex (1936).
4) GeigeEn and ZeiLrLenr (1937).

? 5) Monrcan and NieLsen (1936).
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showed that the position of the maxima was not altered

at all and that the relative magnitudes of the maxima

— & /TT P(E2)

TBD /— IxP(21)
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Fic. 6. Pholon-initiated ROSSI curves for AlLfl=1 corresponds to 18 g/em’
Al or 6.71 cm Al). The figure in the corner gives the beginning of the
Rossi curves on a larger scale.

N and different materials only varied slightly.

for constant !
The relative magnitude of the maxima for the same material
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Until now we have discussed only the general features
of the theoretical curves. We shall now compare the whole
shape with experimenlts. For N =1, i. e. the absorption curves,
AUGER, LEPRINCE-RINGUET and EnreNFEsST! have measured
both the pure electron absorption curve (two counters above

. 1
and one below the plate, cf. fig. 8) and the 3 phu[on-i"}J

electron absorption curve (three counters below, no coun-

+ 100
.[ 5 _ & !
9 = 2 300
L
80 e —m 3
(b) s =
_— @_ﬁ“ﬁ"“‘* S
60 —({a) ] 200
~a | <
40 \_ c) \ \
@ H"“-‘-.‘_H_ \
A ", 100
~J
- RN N 8
—
S~ \*-\'
——
! 0
0 2 4 6 8 10 12 1%
o 1 2 3 4 5
cmPb —s

1 1
FiG. 8. Absorplion curves for Pb. (a) and (b) gives 5 Pholon -+ — elec-

]
fron curves with the lower limil for the photon spectrum E’ equal to
10" e. V. and 10" e. V., respectively. (c) gives the pure electron curve

1
(ef. FiG. 3 in A) mulliplied with 5 S0 as lo make the curves coincide

for 1 = 0. O denotes the experimental points of AUGER, LEPRINCE-RINGUET
and EHRexFEST (1936), oblained with the upper, [F] with the lower ex-
perimental arrangements.

lers above the plate, cf. fig. 8). In A we have already

compared the theoretical and experimental pure electron
. - : . 1

absorplion curve. In fig. § we give the theoretical 5 photon

1 ; : .
+ -, electron absorption curve and the experimental points

1) Avcer, Lerrince-RinGuET and EHRexresT (1936).

(norm
ponds
the pk
but b
points
surem

betwer

coinc/

Fic. 9.
Ph wit
(1935)

salisf
and f
retica
throu
In
probl
also
been
of Sc

1)



ral features
» the whole
slion curves,
e measured

niers above

photon + 1

, no coun-

|

—=

300

Mhour

coingy

200

[T

E T

l

!

= 3
= &

1
RS 5 elec-
n E' equal to
eleciron curuve

-urves coincide
RINCE-RINGUET
the lower ex-

we already
are electron

1
al 2 photon

ental points

(normalized so th
ponds to the value E = 10°

the photon spectrum and (b

On the Theory of the Effects of the Photon Component. 29
at they agree for I = 0). Curve (a) corres-
e. V. for the lower limit of
) to the value E' = 107 e. V.,

but because of the large experimenlal errors (since the

points represent differences between non-simultaneous mea-

surements) this experiment
alues. It is seen, that the agreement is

does not allow us to decide

between these two V

cemr.‘/hwr

,_.—-—'_"-_'_-_-'
o 1 2 3 4
cmPb—
the electron- and photon-initiated RoOSSI curves fn‘r

Fic. 9. Mean value of

ph with N = 2. The experimental poinls are

(1985). The theoretical curve has been mulliplied with a constant so as
{o make the maxima coincide.

those given by SCHWEGLER

allowance is made for the large errors

satisfactory when
theo-

the fact that the geometrical factors in the

and for
reality not all be equal to unily

retical curve need in
throughout.

In spite of the fact that it would seem an obvious
problem to separate the soft and the hard component
also for the other Rossi Curves, this question has only
as we know, in the experiment

been investigated, as far
536 and

of ScuweGLER already discussed in A (cf. page

1) SepwecLER (1935).
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fig. 2). In fig. 9 we give SCHWEGLER's experimental poinis
for the P (= 2, 1) curve in lead and the corresponding

: 1 1 A . >
theoretical o photon + electron curve, since with his
arrangement both the photons and the electrons contri-
bute to the coincidences. Also here the large statistical
errors are caused by the fact that the points are diffe-
rences between non-simultaneous measurements. As is seen,

the agreement is as good as can be expected.

6. Comparison with the experiment of Rossi and Jinossv.
Until now we have discussed only experiments dealing
with the total effects of both photons and electrons, or

with the effects of the

electrons alone. Recently,

however, Rossrand JANos-

sy!) have succeeded in

—————

: the photons alone, using
Fig. 10. Experimenlal arrangement of

Bossrand Tieosss. the melhod of anticoin-

cidences. In fig. 10 their
experimental arrangement is shown, The live upper counters
A are in parallel, as are also the two lower counlers D.
An anticoincidence is now a coincidence between B, C, and
D, which is nol accompanied by a simultaneous discharge
of the counter battery A. It is lo be noted, that the amplifier
is so built that the anlicoincidenses are measured directly,
which procedure makes the statistical errors very small in
contrast to the usual difference method (cf. e. g. the measure-

1) Private communication. We wish to thank Professor Rossi and
Dr. JAnossy for kindly sending us their manuscript before publication.
(A short survey of the experiments has later been given at the Sym-
posium on cosmic rays held at the University of Chicago, June 1939;

see Brackerr and Rossi, 1939).
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ments of ScuwecLER discussed above). What is measured
by this arrangement is obviously showers conlaining at least
one electron and initiated by photons or, at any rate by non-
ionizing rays, since both primary electrons and primary
mesons would discharge the counter battery A and could
thus not produce an anticoincidence.

In fig. 11 is shown the number of anticoincidences per
hour as a function of the thickness of the lead plate s;
we nole that the mean errors are in facl very small, as
discussed above. The full curve gives the theoretical curve
P (= 1, ) in lead, fitted to the experimental points by the
method of least squares. As is seen, the agreement is nol
too good. In order to see whether the Fault lies in the form
of the spectrum chosen, we give also the curves for the
same spectrum but with the exponent y (cl. eq. 27) equal
to 2 (dotted curve) and 4 (stippled curve). Since a higher
ralue of the exponent y means that the spectrum is dis-
placed towards lower energies, the tail of the curves will
lie lower the higher the value of y, as is also seen from
the figure. It is, however, not possible in this way to obtain
curves which have as high and as narrow a maximum as
the experimental points indicate. Looking at the geometrical
arrangement of the counters (fig. 10) we see, however, that
mosl, though not necessarily all, of the electrons have to
penetrate up to five counterwalls (each of which consists
of 0.1 mm. copper foil plus a certain amount of pyrex glass)
besides a certain amount of wood and iron from the frame-
work of the apparatus. It is, therefore, likely that only
energetic electrons are measured, the less energetic ones
being stopped in the counterwalls. Rossr and JANOSSY them-
selves estimate that only electrons with energies above 107

e. V., which is just the critical energy in lead, are registered,
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and we therefore have to compare the experimental points
with the theoretical curve P (= 1, D) calculated with N= \_f
where ;G‘, (given in Table 1) is the average number of
#fast” electrons. The result is shown in fig, 12 where the
full curve corresponds to the spectrum (27) with y = 1.5,
the dotted curve to y = 1, and the stippled curve to y = 2,
all curves fitted by the method of least squares. As is seen,
the curve with y = 1.5 fits the experimental points much
better than the curves with y = 1 or 2, the agreemen! being
almost belter than could be expected.

If we use, however, the so-called Xﬁ-lesl of goodness of
fit" the agreement turns out to be less good than the figure
indicates. If p, is some measured number and T, the
theoretically expected number, x* is given by

(p;—m)*

i =¥ -
T iy

Here p, is the directly measured total number of counts
and Tr; is the number given in the fligures plus the zero-
point number, both multiplied by the number of hours
counted. From the values given by Rossi and JANOSSY we
find, that x* = 50.5 for the 1.5 curve in fig. 12. From a
table of the distribution of x* ? we see, however, that the
probability for a x? value as high as or higher than this
alue is much smaller than 0.001 (the number of degrees
of freedom being here one less than the number of poinls,
8). This large value of x? is, however, mainly due to the
first experimental point the deviation of which is not clearly
brought out in the figure because of the steep rise of the
curve at the beginning. If we regard this single point as

1) Cf. e.g. Fisuen (1938), chap. V.

2) See e. g Fisuer and YATES (1938), table 1V.

D. Kgl. Danske Vidensk. Selskab, Math.-fys. Medd. XVIL 11, 3
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false and omit it, X* reduces to 19.8, the corresponding
probability being of the order of 0.01, which is still some-
what too small. We think, however, that, because of the
many uncertainties and approximations, the goodnees of fit
obtained is all thal can reasonably be expected here.
Comparing the figs. 11 and 12 we see that the effect
of including all the “slow™ electrons is to make the curves
flatter and broader, the tail being higher in proportion lo
the maximum. If we included only a certain fraction of

.

the “slow™ electrons, assuming the rest to be scattered away
(cf. p. 7), we should thus obtain nearly the correct form
with a value of y somewhat higher than 1.5. We cannot con-
clude, therefore, that y must necessarily have the value 1.5.

In this connection we note that the value 107 e. V. which
the electrons necessarily must have, according to Rossr and
JAnossy, in order to penetrate the counter walls etc. seems
to us to be rather high. Furthermore, il is quitle possible
that we have to use a higher exponent in the spectrum.
Because of the backward eflect it is possible that not all
the photons which hit the plate give rise to anticoinci-
dences. This backward effect would be the more pronoun-
ced the more energetic the photons. We should thus expect
that the anticoincidences are mainly produced by the less
energetic photons, i. e. by a spectrum with a somewhat
higher value of y.

Finally, we observe that the theoretical curve fits the
experimental points even for thicknesses as great as 5 cm.
lead. This means, that if the hard component conlains neuiral
mesons al all, the probability for these particles lo produce
ionizing rays musl be extremely small. For, if the neutral
mesons did produce such rays they would obviously give

rise lo anticoincidences and since the neatral particles would
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be very penetrating they would contribute mainly to the
tail of the curve and thus quite aller its form.

To test this point directly, Rosst and Jinossy measured
the number of coincidences when a 5 c¢m. lead plate was
placed (1) between the counters A and B and (2) hetween
B and C, a 10 cm. lead plate being located between C and
D throughout. A positive difference will then indicale that
non-ionizing rays have produced penetraling ionizing rays.
In fact, they found a positive, but very small difference.
However, as they point out themselves, further control ex-
periments are necessary in order to allow the conclusion
that we have really to do with neutral mesons transform-
ing themselves into charged mesons. On the other hand,
this process has already been searched for by LoveLt?, but

with negative result.

7. Special discussion of the beginning of the Rossl curves.

As already discussed in A (5 6) several investigators
have found that, if the number of coincidences is plotted
for different elements as a function of the thickness on a
scale proportional to the product of 7% and the number
of atoms per ecm.® (i. e. practically on an [scale), the

points all lie on the same curve for small thicknesses, up
- _ {
o 12 H o ? ~ 9 =9
to oo 12, In fig. 13 we plot o Po (=2,D)+ P, (=2,1),

. l= : < . .
and in fig. 14 -jpphut (=3, -+ 5 P, (=3, for lead, iron,

and aluminium for 0<1<1. As is seen, the three curves

do not coincide at all. Only for thicknesses of the order

1 Al - -
1< 1 are the differences very small. Taking the zero point

1) LoveLt (1939).
2) Hu Cuiex Suax (1937); Hu Caien SHan, KiSILBASCH and KETILADGE
(1937); Warase (1937).
H‘

e ——
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I effects and the stalistical errors into accoun! one would,

therefore, expect identical curves in agreement with what is P  phot (Z N,

. found in the experiments quoted. In the experiments of Hy

i the curves seem, however, lo be identical also for larger

values of /, up to about /=1, for which value the theoretical

curves deviate considerably. In A we suggested that this

because
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way. In the experiments mentioned above coincidences of Poaist 5
at least three particles were measured. The proportionality Finally

with Z* was then explained by a simultaneous arrival of aisd P
* el

a photon and an electron, the photon transforming into _
- ; ; : . ilities «
a pair which, together with the electron, gives rise to a

i : : the rati
coincidence. This argument was, however, false because

in figs.]

both the influence of the energy spectrum of the primary
the thre

radiation and of the fluctuations was neglecled. We can

o y o ke
now evaluate the probability, which we shall denote by to tak

2] -~ M N frr a of RO THON i o \ \urve \
Py s phot (=N, D, for a simultaneously arriving pair of one cul
electron and one photon producing a common shower this m
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|

N—i,D)+P,(=N+1,0)

N,D) = \ a (51" 1|1[10T( =

‘l hlwt{I ” P ( > N—i, I)_'—!phut(hﬂ I+1, I)

i=A0

because = N electrons means either just 0 electrons in the
shower produced by the electron and > N in the shower
produced by the photon, or just 1 in the first and = N—1
in the second shower and so on, or finally just N in the
first and >0 in the second shower, the probability of
which is just given by the sum. To this has, however, to
be added the probability for = N+ 1 electrons in the first
and > 0 in the second shower, which is just given by the
last term.

Because of the symmetry in electrons and photons we
musl, however, also consider the case that two electrons
or two photons arrive simultaneously. The corresponding
pmh.:luhiwq which we shall denote by I — - N, ) and
Imml « phot (=N I), are given by formulae dnaloﬂnus to (35).
Finally, we have to take the mean of PP L_],I_plmt ik

and P, | with the weights , because the probab-

1 x phot 4' 4 2
lities of the events el X el, phot X phot, and el X phot have
the ratios 1:1:2. The results for N=2 and N=3 is shown
in figs. 15 and 16 for lead, iron, and aluminium and, as is seen,
the three curves do not coincide at all. Since, in fact, we have
to take the weighted mean of —rl, R_, + ‘]’ F‘ph“l and the last
curve wilh some presumably small weight for the last one,
this means that we cannot explain the result found by Hu.
As already pointed out in A (end of §6) we have, however,

to remember that the effect of the hurd component has not
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been sublracted in these experiments and thal we do not
know at present what contribution the hard component
gives to the beginning of the Rossi curves. Only further
experiments" can clear up this point and hefore they have
been made it is not possible to draw any conclusions
regarding the beginning of the Rossi curves.

A further difficulty in comparing the theoretical with
the experimental Rossi curves for small thicknesses is
presented by the zero point effect. As discussed in A (§ 4)
this effect is due partly to the final resolving power, partly
to the air showers, and partly to showers from the walls,
the ceiling, the floor, etc. As a rule, the zero point effect
is eliminated by subtracting a constant amount from the
counts measured. As regards that part of the zero point
effect which is caused by the air-showers, wall-showers,
etc. coming from above, it is clear that this procedure is
not quite correct since the plate will give rise to a multi-
plication of these showers which would be different in
different materials. This fact is seen from fig. 15 where
the finite starting point comes from the fact that two
simultaneously arriving electrons also can produce double
coincidences wilhout any material present. We see e. g.
that in lead this zero point effect increases by a factor
2.6 when the thickness of the plate is increased from I = 0
to I = 1. For three simultaneously arriving particles we
would have curves analogous to figs. 15 and 16, and we
thus see that, in the experiments of Hy, we had to subtract
different zero point effects for different materials and for
different thicknesses. Unfortunately, we should thus obtain

1) We suggest that the method of anticoincidences (see p. 30) would

also be a valuable method in isolating the effects of the hard component
from those of the soft one.
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s with the wrong dependence on material, the alumi-
the zero

curve
nium curves lying above the lead curves, since

point effect is multiplied more in lead than in alumininm.
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We think, therefore, that the explanation must be sought
in the fact that the hard component also contributes for
these small layers. If this contribution were known we
should possibly have a new check of the theory, because
we could then calculate the curves corresponding to
those given in fig. 16 for three simultaneously arriving
particles and adjust a weighted mean to give the correct
zero point effect instead of adjusting to give the correct
maximum,

Morean and NIELseEn! have plotted the shower inten-
sities for different materials containing the same number
of nuclei per cm.* as a function of Z They found, for
layers corresponding to 0.6 cm. lead, a deviation from the
Z*% law but still a power law. From fig. 14, we can evaluale
the same curve and we find, in fact, a power law but with
a power 5 instead of MorGaAN and NIELSEN’s value oo 3.2,
If, however, we plot the corresponding curve for other
thicknesses, we do not find a power law. It seems thus
fortunitous that there exists a power law for a certain
thickness.

Appendix L.

In order to prove that the series given by (8) and (9)
is the solution of the equation (7), we proceed by induc-
tion. We remark that the number of electrons of the first
“generation”, i.e. f;, just come from the last term in (7)
and that, in general, the number of electrons of the n'th
“generation”, i.e. f, just come from the n — 1'st “gener-

ation”, i. e, 4+ We therefore have only to prove that

n

1) Monrean and Niersen (1937).
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S0 our CXpI’ESSiU[l reduces to
1) Strictly speaking, the case n = 2 has to be considered separately
but, since lim f, (1, ) = fi (L, y), which is easily seen, we can confine

n=>1
ourselves to the general case.
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Comparing this expression with eq. (28) in A we see that
[y, 1* = [n—1,y,I+1],

where [n, y, I'] is the corresponding expression in the
fo (L, y) functions describing the electron-initiated showers.
We can thus use our previous calculations (cf. A, Appendix
[) and perform the !’ integration numerically (by means of
SimpsoN's formula). For n = 1 we have directly used the
values of W, as given in PEArson’s tables. The results are
given in Table 1 and shown in fig. 17 which gives log, [
as a function of log,,I. (It is seen that these scales are
very convenient for the purpose of interpolation).
Inserting the values of f(/,y,) in (6) we obtain by
numerical integration the values given in Table 5 and fig.
18 for the differential photon spectrum h(l, y.). For the

sake of comparison, we have also calculated the total
.

photon spectrum H (l,y,) = \ h (1, yy) dy;. giving the average
el
number of photons with energies above E, (cf. Table 6).

Since the corresponding functions for electron-initiated
showers have not yet been published, we give them in
Tables 7 and 8 (ef. eq. (20) of B & H).

Appendix II.

The number of positive or negative electrons which at

. E(_ E) E 2
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o\ Ko kq kq

_ waE _ _0fQy) . 4Of(y) E
kyp(LE)d ky 3B dE = e By d k,
].
y = log .

We
obtain
way a

A). Tl

Fic. 1¢
10 gler

show
culat

cf. e

3\
shov
rays

1




see that

in the
howers.
ppendix
ieans of
sed the

ults are

s logy f

tles are

tain by
and fig.
For the
1e total
average

able 6).
nitiated

hem in

rhich at

jiven by

On the Theory of the Effects of the Photon Component. 45

We have calculated k, p (I, E) from the values of f(Ly)
obtained in Appendix I and given in Table 1 in the same
way as for electron-initiated showers (cf. Appendix 1I in

A). The results are given in Table 4.

Appendix IIL
In A we have given the {heoretical Rossi curves P (=N,

(cf. egs. (22), (24), and (27) in A) for electron-initiated

100 | 15 ‘ ;
% —\— | Piz2)
80 ! — ] /,é
& 5[ /.[/ ] 2p23)
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Fic. 19. Electron-iniliated Rossi curves for Fe. (1= 1 corresponds to

10 glem* Fe or 1.26 cm. Fe). The figure in the corner gives the beginning

of the Rossi curves on a larger scale.

showers in lead and aluminium. We have now also cal-

culated the same curves in iron (for a = 10 and y = 1.5,
cf. eq. (24) in A); the results are given in fig. 19.

Summary.
We have calculated the theoretical Rosst curves for
showers initiated by the photon component of the cosmic

rays. The calculations follow those of ArLEY! dealing with

1) Aneey (1938), quoted as A.
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the theoretical Rossi curves of electron-initiated showers. possible
In § 1 we work out from the cascade theory of showers, regardir
in the form put forward by Buasma and HEITLER, the thermor
average numbers of “fast” electrons and photons, i.e. par- | subtracl
ticles having energies above the critical energy of the shower | In ¢
producing material. In §2 we calculate in the same way as for his

in A the corresponding numbers of “slow” particles, i. e. .
particles having energies less than the critical energy. In
§3 we discuss the fluctuations of the number of electrons
about the mean numbers, and in §4 the energy spectrum .
of the photon component. With this energy spectrum the
mean probabilities of finding one, two or more electrons,
respectively, emerging from a cerlain layer of material are
calculated, giving the absorption curve and the Rossi trans-
ition curves. In § 5 we give a general discussion of resulls
and compare them with experiments, and in §6 we dis-
cuss especially the experiment of Rosst and JAnossy which
investigates the photon component separately. The guan-
litative agreement between the theoretical and experimental
Rossr curves is very satisfactory with regard both to the
shape of the curves and to their dependence on the material.
In § 6 we also discuss the possible existence of neutral
mesons. We conclude that they either cannot exist in the
cosmic radiation or must have an extremely small prob-
ability for transforming to charged particles (mesons or
secondary electrons). Finally we discuss, in §7, the be-
ginning of the Rossi curves and find that the Z% law found
by Hu and others for small thicknesses cannot be under-
stood from the cascade theory. In this connection we poinl
out, however, that before the contribution from the hard
component lo the beginning of the Rossi curves in different

materials has been investigated experimentally, it is im-
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possible to draw any further conclusions. New experiments
regarding this point are, therefore, extremely desirable. Fur-
thermore, we point out that difficulty is presented by the
subtraction of the zero point effect.

In conclusion, we wish to thank Professor NiELs BoHR

for his kind interest in this work.
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TABLE 1
“slow" (8
Ny=2f
secondart,
ind.) tha

Ye
l :
A
1B
024 3
A
}
i
0.441%
A
I
0.64]°%

1.0 ¢




TABL

“slow’

K’fﬁ 2f(Ly.) fvs (sec. el.) the number of

secondary electrons, Ng (prim. phot.) from th
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Photon-initiated showers. The average number N of “fast" (f) and
' (s) electrons (positive and negalive) as funclions of I and ¥, = log ED'
G

“slow'’ electrons arising from the
e primary photon and N,_ (sec. phol.

ind.) that parl, arising from the secondary photons, which is independent of
the material.
S.LOI"I(]O[]. : __: -~ S = = |_ _‘ |_ = e
5. Radium ! i .'_h" 2 ! , 6 i 8 | 10
. | |
quoted as . N . |o200 | o023 | 0242 | 0246 |0248
. I N, (sec.el)......| 0.003 | 0.00030 0.00013 | 0.00007 | 0.000046
0291 N, (prim.phot.). . | 0.0142 ‘ 0.00193 | 0.00026 | 0 0
l N, (sec.phot.ind.) 0.00043 | 0.00066 | 0.00069 | 0.00069 i 0.00069
o Ny 4
5, London. o 0.350 ‘ 0,432 0.462 0.482 | 0,502
0.4 I N, (sec.el.). 0.011 0.0019 | 0.0010 | 0.00074 | 0.00056
l N, (prim.phot.). . | 0.0247 0.00335 | 0.00045 | 0 | 0
| N, (sec.phot.ind) | 0.0025 | 0.0041 | 0.0045 0.0046 | 0.0046
N .| 0.484 0.636 0.716 0.782 | 0.848
. Roy. Soc. I “_ﬁl N, (sec.el)......| 0.025 0.0063 | 0.0041 | 00034 | 0.0028
l N, (prim.phot,). . | 0.0319 0.00432 | 0.00058 | 0 0
: N, (sec.phot.ind)) | 0.0070* | 0.013 * 0.015 * | 0.016 * | 0.016 *
|
I Nioosmsent 0.598 0.858 1.01 1.16 1.32
0.8 )| Ns (sec.el). 0.045 | 0.0163 | 0.012 | 0.010 | 0.010
' ] N, (prim.phot.) 0.0361 0.00489 | 0.0007 0 ]
| N, (sec.phot.ind.)| 0.015 * | 0.027 * 0.032 * | 0.084 * | 0.036 *
l Wi cosasumss 0.694 | 1.07 1.36 1.65 | 1.96
10| N (sec.el). 0.072 0.034 0.026 0.024 | 0.027
" || Ny (prim.phot.).. 0.0378 | 0.0051 0.0007 0 ‘0
N, (sec.phot.ind.) 0.028 0.0482 | 0.059 0.063 0.069
Nyoooono- 0.926 226 | 4.08 6.44 9.38
90| Ns (sec.el) 0.349 0340 | 0.399 0.463 | 0.576
N, (prim.phot.). 0.0241 0.0033 | 0 | 0 |0
N, (sec.phot.ind.) | 0.115 * | 0237 * 0.371 * | 0489 * | 067 *
Npnvi ] 0940 * | 340 * | 844 = [166 ° |3u,n .
q0)| Ns (sec.el) ... 0.730 1.07 | 150 | 228 | 343
N, (prim.phot.). . 0.0132 0 | 0 0 | 0
| N, (sec.phot.ind.)| 0.180 ‘ 0478 ‘ 0.94 1.80 | 292
* Interpolated.
4
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Tanre 1 (conlinued).

NieLs ARLeEY and Bopin Eriksex:

* Interpolated,

2 | 4 6 8 10
|
- /A— 170 * ! 10.6 564 * | 144
. l N, (sec.el)......[ 0880 | 3.17 8.28 186 | 382
o N, (prim.phot.).. | 0.0040 0 0 0 | 0
N, (sec.phot.ind.)} 0.155 | 0.97 3.35 7.8 16.7
I A — . 0.0556 | 210 *|228 147 *| 838
10.04] N (sec.el)... 0169 | 3.16 23.9 112 514
' | N, (prim.phot.).. | 0.0002 0 0 [0 0
N, (sec.phot.ind.)| 0.0271 0.835 5.75 30.5 147
I Ny oovoveeoeo ol 000830 | 0618 *{10.2 115 * [ 1070
14.0 lys(ﬁcc, el)...... 0.0426 1.34 14.9 126 1070
) | N (prim.phot.).. | 0 0 0 0 0
N, (sec.phot.ind.)| 0.0033* | 0.281 *| 38 * 275 * | 280 *
l N oo | 000105 | 0120 % 310 192 * | 748
18.04| Ns (sec.el)...... 0.00448 | 0.31 5.4 724 1080
- l N, (prim.phot.).. | 0 0 0 0 [ 0
N, (sec.phot.ind.) | 0.00052 | 0.071 1.40 13.7 229
I O .| 4.66:10°5 0.00760* | 0.358 | 9.24 * | 234
9.0 ¢ N; (sec. 3 b Dt 925104 | 0.026 0.86 19.1 | 490
o I N (prim.phot.).. | 0 0 0 0 0
N, (sec.phot.ind.) | 2.3-10-5* 0.0055 *| 021 * | 3.0 83 ¢
l NG o csssmnias ... | 35-106*% 0.00056* | 0.047 * | 20 *| 69 *
990 - N (su, el.). .. 5100 0.0022 0.15 . l.i_ﬂ 190
l N, (prim.phot). . | 0 0 0 0 0
| N, (sec.phot.ind.) | 1.5-10 % | 0.0008 0.034 0.73 26

TABLE 2. Pholon-iniliated showers. Fs (sec. phol. dep.), that part of the number

of “slow" elecirons (positive and negative), arising from the secondary photons,

which is dependent of the material, as Funclions of Land y,
Fe and Al

= loyg EU for Pb,
c

N e

K

Al 0.0020
0.2 | N, (sec.phot.dep.)q Fe| 0.0013
IP(: 0.00045 | 0.00054

0.0024 | 0.0024 | 0.0024
0.0016 | 0.0016 ‘ 0.0016
| 0.00054

0.0024
0.0016

(.00054 | 0.00054

:,r‘ N
04 | N,
u_li_ N,
n._s_ N,
10 | ¥,
20 |N
:i.: N
50 | A
10.0 |72
14.0

];.n

"




10

144
38.2
0
16.7
'l 838
| 514
]
147

* 11070
1070
0

* | 280 *

- 748
1080
0
229
ny 234
4490
0
N !__‘“" )
" 6y *
190
]
26

»f the number
dury photons,

og gs) for Pb,

B 10

124 | 0.0024
16 | 0.0016
1054 | 0.00054

TaBLE 2

(conlinued).
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\"\“’ 2 ! 4 6 8 | 10
|
Al 0012 | 0.015 0.015 0.015 0.015
0.4 | N, (sec.phol.dep.)y I'e 0.0077 i 0.0099 | 0.010 0.010 0.010
Pl 0.0028 | 0.0032 | 0.0034 | 0.0036| 0.0036
Al 0.032 0.041 0.045 0.046 0.047
0.6 | N,(sec.phot.dep.) Fe | 0.021 0.028 0.030 0.031 0.031
N} 0.0079 | 0.0093 0.010 0.011 0.011
H 0.063 0.079 | 0.089 0,093 0.094
0.8 | N, (scc.phot.dep.) 0.042 | 0.053 0.059 0.062 | 0.063
] !*h 0.016 0.019 0.021 0.023 l}u‘u
= — P | = B I [
I Al 0.11 0.14 0.16 0.17 0.18
1.0 \ (sec.phot.dep.) 0.073 0.093 0.11 0.11 0.12
l P.’: 0.026 0.034 0.038 0.042 0.045
Al] 0.40 0.65 0.94 1.2 1.6
2.0 | N (sec.phot.dep.) | Fe 0.27 0.43 0.63 0.82 1.1
l b 0.096 0.16 0.22 0.30 0.39
U 0.66 1.4 2.7 4.3 6.7
3.0 | Ny(sec.phot.dep.) .44 0.93 1.8 29 4.5
l Pb .15 0.35 0.63 11 1.7
H .66 3.0 8.9 21 43
5.0 | N (sec.phol.dep.) 0.44 2.0 5.9 14 29
] Ph 0.17 0.81 24 9.0 11
Al 016 3.1 23 08 380
10.0 | N, (sec.phot.dep.){ Fe| 0.11 2.1 15 65 250
l.-"h 0.040 0.83 | hb 25 110
I Al 0.031 1.3 16 110 560
14.0 | N, (sec.phot.dep.) ¢ Fe | 0.021 0.84 11 70 380
Ph| 0.0076 | 0.32 3.9 26 150
N Al 5.11-]0'3; 0.33 0.8 a1 360
18.0 | N, (sec.phol.dep.) 3.3-10-8] 0.22 3.9 34 240
| po| 12-109] 0.088 | 1.6 14 96
Al ] 28-10-4 0.032 0.91 13 140
94.0 | N, (sec.phot.dep.)  Fe | 1.9-10-4 0.021 0.61 8.4 94
| Pb| 6.6:10-3 0.0085 0.24 32 36
Al] 22-10°5 3.8-10-3 0.16 2.9 {0
20.0 | N, (sec. phot.dep.) § Fe| 1.5:10°%| 2.6-:10°% 0.10 19 |27
| Pb| 5.9:10-8] 9.9-10-4] 0.042 0.76 |12




Nr. 11.

TABLE 3. Photon-iniliated showers.

= log ;{] for Pb, Fe and Al. For y_=

NieLs ArLey and BopiL ERIKSEN:

The total average numberg

of electrans (positi

0 equal to J"V_s (prim.

—3

S 2 1 0
! \ |
l Al 2.49-10°3 ‘ 247-10°2 0.0869 . 0.140
0.2 N ..... Fe 4104 1.07-10-2 0.0549 0.112 |
| Pb 0 | 1.0-10°8 0.0183 0.0594 |
I Al 2.21-10-8 I 2.19-10-2 0.124 | 0.243 !
0.4 Koo ¢ Fe 3.3-10-4 9.51-10-8 0.0780 0.195
l Pb 0 9-10-4 0.0260 0.103
) (ALl 197-10 1.95-10-2 0.117 0.314 '
0.6 N . Fe 2.9:10-4 8.44-10°8 0.0744 0.251 ‘
| Pb 0 8:10-4 0.0247 0.133
- . - S| P S e |
l At 174108 | 173-102 0.104 0.356 |
0.8 R 1 Fe 26-10-4 | 7.49-10-8 0.0657 0.285
| pb 0 | 7104 0.0219 0451 |
B ] Al| 1.54-10°8 1.53-10-2 0.0926 0.373 ‘
1.0 1 Fe l.d w 4| 644-10°3 0.0585 | 0.298
l Pb ‘ 6-10-4 0.0195 | 0.186
. (AL 85104 | 840-10°8 0.0508 | | 0237
20 |N.. Fe| 1. .5 1(1 4 | 3.65-10°8 00321 | | 0190
I\ Pb 3.5-10-4 0.0107 (0.158
— — i ———
B l Al 4(; lu 4 4.69-10-8 0.0278 0.130
3.0 N . 1 Fe 2.04-10-8 0.0176 ‘ 0.104
I_ Pb 1.9-1(: 4 0.00586 0.0552 |
B A! 1 4- Iu 1 ; 1,351-1n 3 8A41-10-% | 0.0392
5.0 N Fe 0 I 6-10-4 531108 | ‘ 0.0313
Pb 0 . 0 1.77-10-% | 0.0166
I Al 0 0 4.1-101 1.95-10°8
10.0 N. s Fe 0 0 26-104 ‘ 1.56-10-9
l_ Pb 0 | 0 0 8.3-10-4
Al 0 0 0 | 1.8-101

1.4-10-4




he fotal average nimbers

7, Fe and Al. For y_<

0.0869 |

10-2 0.0549
0-10°% 0.0183
9.10-2 | 0.124
1-10-3 0.0780
0-10-4 0.0260
5-10-2 0.117
4-10-3 0.0744 |
8104 | 0.0247 |
3102 | 0104
0.10°3 0.0657
7-10-4 0.0219
3-10-2 0.0926
4-10-3 0.0585
6-10-4 0.0195

|
0-108 | 0.0508
5-10°8 : 0.0321
5-10-4 0.0107
9.10-9 0.0278
4-10°3 ‘ 0.0176

10-4 | 0.00586
9.10-% | 841-10°%
6-10-4 ‘ 5.31-108
0 | 1.77-10°3
0 4.1-104
0 26-10-4 |
0 0 |
0 0
0 0
] 0
0 0
0 0
] 1
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of electrons (positive and negative) as funclions of I and ¥, =

equal to ;"\75 (prim. phol. dep.).

0 2 4 6 8 10
|
| o |
0.140 0.220 0.239 0.245 0.249 0.250
0.112 0219 | 0239 | 0245 0.248 0.250
| 0.0594 0218 | 0238 0.244 0.247 0.249
| = — e — | - e e e == e —— e _ -
I |
| 0243 0.400 0.456 0.483 0.502 0.522
| 0195 0.396 0.451 0.478 0.497 0.517
0.103 | 0301 | 0445 0.471 0.491 0.510
0.314 0.580 | 0.701 0.781 0.847 0.912
0.251 0560 | 0688 0.766 0.832 0.897
0.133 0556 | 0.669 0.746 0.812 0.877
0356 | 0757 \ 0.985 1.14 1.30 1.46
| 0285 0736 | 0.959 1.1 1.27 1.43
0.151 0.710 0.925 1.07 1.23 1.39
| E = i T — — === - — e -
0.373 0.942 1.30 1.61 1.91 2.24
0.298 0.905 1.25 1.55 1.85 218
0.186 0.858 1.19 1.48 1.78 210
0.237 1.81 3.49 579 8.6 12.2
0.190 1.68 327 5.48 8.21 11.7
| 0458 1.51 3.00 5.07 7.69 11.0
0130 9,52 635 | 136 95.0 431
0.104 2.30 5.88 12.7 23.6 40.9
0.0552 2.01 5.30 | 115 21.8 38.1
0.0392 2.20 11.8 40.1 104 | o2
0.0313 1.98 10.8 37.1 97 298
0.0166 1.71 9.65 33.6 88.3 210
1.95-10-8 0412 | 92 76 387 1880
1.56-10°8 0.362 \ 8.2 68 345 1750
8.3-10-4 0.292 6.3 58.1 305 1610
— P | B et e, S
1.8-10-4 0.085 3.54 45 379 2980
1.4-10-4 0.075 | 3.08 40 339 2800
0 0.0618 2.56 328 | 285 2570
| 0 0.0111 0.83 15.7 186 | 2420
! 0 (.0094 0.72 13.8 169 2300
0 00073 | 059 11.5 149 | 2150




Nr. 11.

NieLs ArLey and Bobir Eniksens:

TasLe 3 {contin ned).

T T e
~._ ¥ . | i '

Ny —3 | —2 ‘ —1 0
. —_—

B [ Al 0 ‘ 0 | 0 0

24.0 Neiomn o s Fe 0 ' 0 0 0

l_ Pb 0 ‘ 0 | 0 0

| _ _ e R E =

B ‘ Al 0 1] 0 0]

29.0 ) « Fe ] 0 | 0 0

| Pb 0 0 ] 0

TABLE 4. Pholon-initiated showers. The energy spectrum Ry p (1, E) for
the secondary electrons (posilive or negalive) as a funclion of I and

Y = log kn.
*E
™,
¥ 2 4 | 6 ‘ 8 | 10
P N | |
' _— - | o
0.2 0.158 ‘ 0.153 0.552 2.34 11.8
0.4 0.298 0.537 2.44 14.1 ‘ 86.8
0.6 0.449 1.36 7.34 ‘ 46.6 315
0.8 0628 | 271 152 | 102 920
1.0 0.850 ‘ 4.48 28.4 201 [ 2030
2.0 2.30 21.6 207 | 1990 1.92-104
3.0 3.56 48.7 624 7410 [ 8.82-10
5.0 2.89 108 2410 ‘ 4.14-100 ‘ 6.84-10
10.0 0.500 81.3 4700 [ 1.84-105 7.11-108
14.0 0.0891 20.0 | 2580 ‘ 1.82-10% ‘ 1.26-107
18.0 0.0124 6.18 893 [ 9.44-10 1.13-107
24.0 | 583104 0459 | 132 2.29-10 4.67-108
200 | 441105 | 00404 | 228 | 682100 | 178-100

TABLE 5. Photon-initiated showers. The energy spectrum h (I, k) for the

k
secondary photons as a function of I and Y, = log ;‘ey
Yk ] |
k P) , 4 6 8 10
! i |
| | |
0.2 0.0136 0.016 [ 0.016 | 0.016 ‘ 0.016
0.4 0.0483 0.0556 .0588 ‘ 0.0596 0.0607
0.6 0.0979 0.120 0.130 0137 |  0.140




Tabr 3 | {continued).
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|
2 ‘ 4 ‘ 6 ' 8 10
6.0-10-4 | 0.071 ‘ 2.34 ! A+ 947
51-104 | 0.060 2.04 | 39.7 901
el el 3.9-10-4 0.048 1.67 345 843
0 0 0 3.2-10°5 ‘ 0.0074 | 039 116 325
{.lI | ] 0 25-10°% | 0.0062 ‘ 0.33 ‘ 10.6 [ 312
0 | 0 0 1.6:10-5 | 0.0046 0.27 95 | 297
op (L, E) for TasrLe 5 (conlinued).
mn of | and = = =
NIk 2 4 ‘ 6 . 8 10
I - |
- 0.8 0.158 0.193 | 0.225 ‘ 0.240 ‘ 0.262
1.0 0.224 0209 | 0350 0.389 0.450
2.0 0.535 0.923 1.40 2.00 3.06
11.8 3.0 0.768 2.09 4.23 6.92 11.6
86.8 5.0 0.776 4,32 13.4 | 31.6 83.1
315 10.0 0.170 3.85 28,2 132 728
920 14.0 0.0337 1.59 17.5 ‘ 132 1210
2030 18.0 | 5.46-10°3 038 | 6.4 66.8 1080
1.92-1(4 24.0 2.99-10-4 0.0363 | 0.966 14.1 438
8.82-104 29.0 249105 4.68-10°2 0.156 3.39 150
6.84-100
7.11-106
1.26-107 TABLE 6. Pholon-iniliated showers. The average number H_, (1, y ) of
l“]j:::: secondary photons with energy above EC as a function of i.:mu’ Y. =
4.67-108
1.78-108 log :f' The probability of finding the primary photon in the depth I is
Csimpiy given by t’_m. which is given in the last column
LR) for the ¥e 2 4 ‘ 6 8 10 e—al
Ry I | I
g 5 , i
— 1 0.25 078 | 14 22 30 | 055
10 5 0.64 47 | 21 |61 170 || 0.050
10 0.12 27 28 150 840 | 25-10°38
R 14 0.025 0.92 14 120 1040 0
0.016 18 | 3.10-% | 022 ‘ 4.1 56 690 0
0.0607 24 | 3-10-4 0019 | 050 | 93 310 0
0.140 29 | 3-10-5 | 2.7-10°8 0.10 2.3 70 0
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TABLE 7. Electron-initiated showers. The energy spectrum h (I, k) for the

Nr. 11. NieLs ArLey and Bobpi. Eniksex: On the Theory ete.

secondary photons as a function of I and Y, = log }}n.
Jk 2 4 6 ‘ '8 10 15
1 I |
| ] | |
0.2 0,129 | 0.130 ‘ 0.133 ; 0.136 0.138 0.141
0.4 0.244 0.251 | 0265 | 0275 0.293 0.320
0.6 0.352 0.389 i 0.428 0.468 | 0.504 0.607
0.8 0.453 0.543 0.622 0.684 ‘ 0.795 1.05
1.0 0.550 0.724 0.867 1.02 1.22 1.75
2.0 0.933 1.91 3.47 5.19 7.41 16.2
3.0 1.02 3.16 7.94 14.8 | 251 79.4
5.0 0.850) 5.89 18.6 50.1 113 646
10.0 0.128 2.95 294 191 | 895 1.79-104
14.0 0.0183 | 0.589 14.2 146 | 1250 7.09-104
18.0 | 2.44-10-3 0.112 4.67 72.4 | 971 1.39-10%
24.0 | 1.10-10-4 | 8.51-10-3 0.603 17.0 | 333 1.55-108
29.0 8.5-10-8 7.9-10-4 | 85-10-2 3.3 | 96 9.1-10¢

TABLE 8. Electron-initiated showers. The average number H(l,y_) of sec-

E,
ondary pholons with energy above E_ as a function of l and Yy, = log E”'
c

NJVe 2 ' 4 | 6 8 10 ‘ 15
1
|

1 083 | 20 3.7 ‘ 5.5 7.8 15
5 0.50 5.2 | 26 91 250 1900
10 0.06 20 | 25 200 1200 2.8-104
14 0.01 0.43 8.7 110 1200 9.9.104
18 1108 0.079 2.6 47 | 750 1.7-1056
24 5-10-5 5.5-10-8 0.31 91 220 1.5-10°
29 | 4-10¢ | 59-104 | 63-102| 20 ‘ 66 6.8-10¢
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