PROTON-INDUCED FISSION CROSS SECTIONS

vestigations of the fission yields of U%8 when bombarded
by 340-Mev protons have been carried out by Folger
et al® Upon integrating these yields they find a fission
cross section of 2.0X1072* cm?, which is somewhat
higher than the result reported here.

The bismuth fission cross section at 340 Mev as
measured in this experiment is in fair agreement with
the value of 0.2394-0.03X10% cm? obtained by Biller*
by integration of the fission yields.

The following conclusions may be drawn from this
experiment :

(a) The high-energy fission cross sections of uranium
seem to be independent of whether U%% or U%8 js used.

(b) The relative fission probabilities as well as the
fission cross sections seem to decrease strongly with de-
creasing atomic number.

(c) The fission cross sections of uranium and thorium
seem to be fairly constant as a function of proton energy
in the energy region of 100 to 340 Mev.
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(d) On the average approximately one-third of the
proton’s initial momentum is transferred to the fission-
ing nucleus at proton energies of 190 and 340 Mev.
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The solution of the cascade equations, obtained previously by
Bhabha and Chakrabarty, is rearranged in a form suitable for
numerical calculations. Although the solution is still in the form of
an infinite series, the first term alone gives practically the entire
contribution to the number of particles in a shower for all values of
the energy of the shower particles. The results are compared with
the values given previously by Bhabha and Chakrabarty and also
by Snyder. The defects in the analysis of Snyder are discussed.

Values of N(E,f), the total number of particles in a shower
having energies greater than E, are obtained for different values

I. INTRODUCTION

HE development of the theory of cascade showers

has been made by various authors at different
times after the original works of Bhabha and Heitler!
and Carlson and Oppenheimer.? An accurate estimate
of the number of shower particles or photons and of
their energy spectrum is very important for the inter-
pretation of the different results of observations. In
previous papers the solution of the cascade equations
has been obtained by Bhabha and Chakrabarty® in the
form of an infinite series, and it was shown that the

* This work forms a part of a research project financed by the
Department of Atomic Energy, Government of India, and we are
indebted to the Government for the financial support.

1H. J. Bhabha and W. Heitler, Proc. Roy. Soc. (London) A159,
432 (1937).
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(1937).

3H. J. Bhabha and S. K. Chakrabarty, Proc. Roy. Soc.
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of E, t, and Eo. By the evaluation of a single integral it is now
possible to obtain the values of N(E,#) for any value of E in the
entire range (0,E), and also the nature of the energy spectrum
of the shower electrons at different depths. Asymptotic values to
which P(E) and N(E,f) merge, when E tends to zero and
infinity, are derived from the general expression. It is shown that
the values of No(#)+N2(¢), derived previously by Bhabha and
Chakrabarty, is a fair approximation to the value of N(E,) if
we take E=2mc?.

first term in the series solution alone gives the major
contribution. The subsequent terms are of importance
only at large thicknesses and at the tail end of the
shower where their contribution is mainly to the number
of electrons whose energy is much smaller than the
critical energy, a region where the cross sections for the
radiation loss and pair creation are not well represented
by their asymptotic forms assumed in the analysis.
Thus the subsequent terms in the series are negligible,
except in the region where the basic physical assump-

- tions are not precise. The rate of ionization loss assumed

in the analysis should also be modified in that region,
which will again considerably reduce the number of
particles in the actual shower. It was thus suggested
that the figures given in (B) were sufficiently accurate
unless improvements could be introduced in the basic
physical assumptions made in deriving the cascade
equations. Snyder* has modified the previous calcu-

4H. S. Snyder, Phys. Rev. 76, 1563 (1949).
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lations of Snyder® and Serber® and has obtained a
solution which, except for notation, is the same as
derived in (B). He has, however, later rearranged the
expression for the number of particles in a form which
is not correct, as will be shown later, for any value of E,
the energy of the shower particles, except when E is
zero, in which case the infinite series reduces to the
first term. In the derivation of the energy spectrum of
the shower particles, all the other terms appear except
the first in the series, and hence the results obtained by
Snyder* differ entirely from those deduced in (B). The
major contribution to P(E,f), the number of particles
at depth ¢ with energies in the range (E, E-+dE), arises
in Snyder’s analysis from the second term in the series
for N(E,), the total number of particles at depth ¢
having energies greater than E. But it is easy to see
that the first two terms in the series for N (E,f) give a
negative value for NV (E,t) even for E of the order of 8/e.
In the present paper we rearrange the solution ob-
tained in (B) in a form suitable for numerical calcula-
tions. Even now the solution is an infinite series, but
the first term alone gives practically the entire con-
tribution. In a later section we give the values of NV (E,)
for some values of E and # and for different energies of
the primary particle. We also derive the values of
P(E,t) for some values of E and for a particular value
of the energy of the primary particle and compare them
with the results obtained by Snyder. We also give the
reasons for the existence of the difference between the
results of Snyder and that of the present paper.

II. MATHEMATICAL SOLUTION

Asin (A) and (B), we denote by P(E,t)dE the mean
number of electrons and positrons in the energy range
(E, E-+dE), to be found in a cascade shower at a depth
¢ in radiation units, and by Q(Z,f) the corresponding
expression for the number of quanta. It has been shown
in [(B) Eq. (14)] that the solution of the cascade
equations can be put in the form

1 f(E(])s
21r’iE0 C E

x| £ (—%)"Eg(l:—)m(s,»]ds, 1)

where ¥,(s,f), \s, and u, have been defined in (B). By
applying a Laplace transformation in ¢, it can be shown
that

1 EO s—1
P(E’t)=_;éfdsfdr(-ﬂ_

sta T +
x(%) i‘s(s)n)e”m(s,r), )

5 H. S. Snyder, Phys. Rev. 53, 960 (1938).
8 R. Serber, Phys. Rev. 54, 317 (1938).
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where
G5 (5,7) =bn1(5,)o(s+n, 7)
=H d)o(S—l—’I:, 1’), (3)
=0
and

bo(s,7) = (D+7)/ (r+X\s) (r+-1s).

A similar expression for P(E,f) was also derived in a
previous paper.”
We now define ¢, (s,7) as a function of p, s, 7, such that

¢p(s7r) =le{¢0(S+N+1, 7’)}1,_'-1
N-w
N ¢0(S+i’ 1’)
0 Go(s+pti+1,7)]

where p is any number. ¢,(s,7) then satisfies the dif-
ference equation (3). We thus have

5 (- 1)"(3 )mr<s+n)¢n<s,r)

n=0

1 y+i0

I (s+pT (p+1DI(—2)

21 y—iw
ﬁ stp
x(=) et ©
E
where — 1<y <0. Substituting in (2) and simplifying,
we get

P(Ef)=Y Pu(E), ()

m=0

where

Pm(E’t)_____l_fer ds(Eg)s—li—_
2miB Vo i 8 2w
[ D 2y
; I'(s)

Y—10

D_>\s+m
g iy

Mstm— )\8+’m

eXp("‘>\s+mt)Gm (S,P)

Msym™— D
+~—--——- exp(—us+mt)Fm(S,P)]
ﬂs+m_>\s+m
=Pm)‘(E,t)+Pmu(E7t) (SaY)?
where

Gn(s,p)=T (p+1) Lim{¢o(s+N +1, = Npm) )7

N
XH do(s+i, — S+m) H 1/¢0(S+P+1+1 _>‘s+m),
i=0 i=0
#=m

7S. K. Chakrabarty, Nature 158, 166 (1946).
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and
Fu(s,p) =T (p+1) Lim{¢o(s+N+1, —pssm)}**
N—oo

N N
XH ¢0(5+7:; _.“8+m)H 1/¢0(S+?+i+1y ‘“.‘-‘8+m)- (7)
i=0 i=0
#m

The solution given by (6) of the diffusion equation
of the cascade theory is also in the form of an infinite
series, but it differs from the expansions used in
previous papers, in particular in (B) [Egs. (14) and
(19)7, in at least one important point. From the values
of \, for real values of s given in (A) it is clear that the
real part of A, increases with s, and hence the contribu-
tion of terms containing exp(—As4+1f) is much smaller
than that containing exp(—A\,t). Similarly the term
containing exp(—MAy2f) is smaller than that containing
exp(—As41f), and so on. In the expansions used in B(14)
and B(19), each term of the series contained exp(—N\f) ;
but in the form (6) and (7) given above P, (E;)
contains exp(—As1+mf), and hence exp(—\t) is contained
only in Py(E,z); thus the higher terms in the series are
insignificant as compared to Py(E,f). But the form of
the solution given in (A) and (B) shows clearly one of
the physical aspects of the shower production, wiz.,
that “if we look for electrons with energy E at depth ¢,
the majority of them will have been created at i—g
and then had an energy E-Bg, where g is of the order
of unity.”

In the numerical evaluation of (6) we have evaluated
the double integral by the saddle-point method. Snyder
has carried out the p integration by the method of
residues; each term P,(E,) and similarly N.(E}),
where

N(E,f)= f i P(E,)dE

0

=2 Nu(E}), (8)
m=0
has been obtained in terms of an infinite series. In the
next section we evaluate the values of N (E,z) for differ-
ent values of E and ¢ and compare them with the
results given by Snyder and also with the results given
in (B).

III. NUMERICAL RESULTS

It has been pointed out in (A) that for all but small
t, the part of P,,(E,t) containing exp(—usmf) makes a
negligible contribution as compared to that containing
exp(—Aspml), although in (B) we have retained both
these terms in evaluating N,,(E,f). A comparison of the
values of No(E,f) given in (B) and that in the previous
paper® will indicate the order of the contribution of the
terms containing exp(—pusymf). In the present paper
we have therefore neglected the terms containing

8H. J. Bhabha and S. K. Chakrabarty, Proc. Indian Acad.
Sci. 15, 464 (1942).
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exp(—psrmt) and have evaluated the double integral
by the saddle-point method in the usual way.
From (6) we have easily

N(B)= 3 NalB), 7
where B
Non(E,f)
(YL preteires
omi Bl v
= Bagm—Nopm
prosm—D e_wwm(s,z))]df’
Porm™ Notm
L[y L Rt
o gl om v

ﬁ s+p—1 D_)\s-f-m \
X 7 — “mGu(s,p)dp  (10)
Ms+m™ Ns4m

=N..ME,}) (say). 11)
G (s,p) is a smooth function of s and p for every value
of m and its exact value for integral values of p, positive
or negative can be easily obtained. For later calculations
we need the values of Go(s,p); exact values for some
integral values of p are given below:

Go(s,0)=1;
G( 1) D_ks
olS,1)= 5
O\s+l_)‘8) (l‘s+1_)\8)
Go(s,2)=2 _ Go(s,1);
(>\s+2"'>\8)(l"s+2'—)\8)
Gols,3) =3 O e
0 S, =9 0 S, ;
Aers—Ne) (ars—N,)
us_)\s
Go(S, —1)= k“,;
(>\s - )\a—l) (“'s——l_ >\s)
Gols, —2)= Go(s, —1);
D—X,
1 (As—Ae—2) (s—2—Ns)
Go(S, —3)=— Go(S, ——2)
2 D_>\s

For numerical computations we have utilized these
exact values of Go(s,p) for integral values of p and
different s such that (s+p)>0 and have obtained the
values of Gy(s,p) for intermediate fractional values of
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TaBLE I. Values of log.Go(s,p) as functions of s and p;
log,Go(s,0) =0.

s\ -—2.0 -1.0 1.0 2.0 3.0 —(s—1)
13 2.3002 —0.9357 —1.3917 —1.5564 0.4883
1.5 1.6313 —0.6332 —0.8264 —0.7657 0.6359
1.8 1.0679 —0.3323 —0.3054 —0.0426 0.7689
2.0 0.8268 —0.1994 —0.0686 0.2846  0.8268
22 32023 0.6471 —0.0983 0.1109 0.5316  0.9423
2.5 20773 04532 0.0131 0.3065 0.8003 1.0434
28 14974 0.3181 0.0901 0.4409 0.9859 1.1549
3.0 1.2338 0.2487 0.1320 0.5131 1.0764 1.2338

by interpolation. It may be mentioned here that the
function K,(y, —y) used by Snyder is the same as
Go(s, —s=+1), but in the evaluation of K,(y, —y) he
has used a different function and the values are slightly
different from what we have obtained, although their
effect on the calculation of No(0,f) is not very sig-
nificant.

In Table I we have given the values of the function
Go(s,p) for some different values of s and p in the
region of the saddle point, from which it will appear that
for the purpose of obtaining the saddle point in evalu-
ating (11) the variation of G.(s,p) with s and p may be
neglected, without introducing appreciable error in the
final result.

We define a function w,(s,p) such that
wn($,9) = (s—1)Yo—2y—Nsymt

TET(—$) | D—Aetm

+10g T log s
F(S) Mstm—Nsym

(12)
where

y():IOg(Eo/ﬂ), y=10g(E/5); Z=S+P"1,
and determine the double saddle point s, p» through

the equations
dom/3p=0, Bwm/ds=0.

Then, as shown in (B), we get

(13)

1
N ME) =0 exp{@n(sm,pm) }Grm (SmsPm)
™

Fwm Pwn [ P0m\2|?
oo Gs) | 7 09
ap* 9s? 3pds

where s,, pm, are the roots of the equations,

d d
Yo— Y—Asrm’ t+— logl (z) —— logI' (s)
dz ds

d  D—Aym
+—log——————=0,
dS ,Ur.H-m_ As+‘m

d d
—y+—logl'(2)+— logl' (— ») =0.
dz ap

for assumed values of y,, 9, and ;. We have calculated
the values of No(E,t) from (14) for some different values
of ¥, ¢, and y and they are given in Table II. It can be
easily shown that the subsequent terms in (9) make
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only an insignificant contribution to N (E,f). From the
above expressions the values of N (E,f) when E tends
to zero can also be obtained by taking the asymptotic
values of wm, %wm/0p? 0%wnm/0s% 0%wn/dpds, when z
tends to zero; since when E tends to zero y tends to — «
and z must tend to zero, we then have

0w,

ey~ (/) 1) —d (= ) =0,
ap

0w, 1 d

D_)\a+m
—_—= y0—>\s+m/t_ } Og =
ds (s—1) ds term—Aerm

’

%

o A/2)+¢ (z+1)+¢ (—p); (16)

0w

=1/ = Nesn” 1Y (z4+1) =9/ (5)

#  D—Aim
+— log———,
dsZ ,U's+m_>\s+m

Js?

02w

= 1/2)+¢' (5+1),

pas
where

d d
Y(2)=—1ogl'(z); ¥ (2)=—y(2),
dz dz

so that we get

{ 0%, 2w ( 62wm)2 }% 1[ \ ()
— —_| — R m'lt ’ _
ap?  9s? dpds z " vi=g

d? D—Nsim ¥
V) log————t0() .
ds? Mstm = Nstm
Consequently, when z tends to zero we get
N(0,)= 2 Na.(0,), 17
m=0
where
N (0,8) = N,(0,1)
= (1/27) exp{wn’(sn®, —s.2+1)}
XGn(sm®, =54+ {Ln(s20)}3,  (18)
and s,? is the root of the equation
1 d D~>\s+m
yO'")\s+mlt_ LF IOg =4,
(S_ 1) ds ,us-{-m_)\s—{—m
and
wnd(s, —s+1)=(s—1D)yot+1—Aspmt
D—>\s+m
—log(s—1)+log——, (19)
Mst+m™ Nst+m
d2 D—‘)\s+m
Lm (S,t) = ‘“As+m,,t—%

— log .
(s—1)2 ds®  perm—Asim
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TasBLE II. Values of No(E,t) for different values of Eo, E, and ¢. Eo=ge¥0; E={ev.
¥ N 0.5 1.0 2.0 4.0 6.0 8.0 10.0 12.0 15.0 20.0
2 — 0 1.79 1.96 1.74 0.701
—2 2.26 4.00 6.24 5.60 2.97 1.26
4 —4 2.48 4.52 7.67 7.711 4.37 1.90
— 2.57 4.89 8.51 9.44 5.69 2.66 0.797
—2 2.83 5.96 1449 33.11 32.00 20.89 10.59 4,73 1.45
6 —4 3.02 6.68 18.41 42.66 42.25 29.17 16.05 7.63 2.00
— 3.55 8.71 24.00 52.59 55.70 40.74 22.39 10.47 2.85
-2 2.92 8.04 32.00 125.9 197.2 195.0 144.5 85.10 29.50 3.80
8 —4 3.39 8.91 35.50 160.3 261.0 263.0 201.8 125.0 43.70 5.75
— 4.03 11.22 50.00 201.8 346.7 358.9 285.1 173.8 64.60 8.71
-2 7.28 45.80 338.6 891.3 1288 1259 952.0 436.5 80.30
10 —4 10.47 57.60 457.1 1175 1700 1718 1380 7244 127.9
— 16.18 87.30 651.0 1549 2291 2388 1950 1072 197.2

The first term in the series (17), viz., No(0,8), is easily
seen to be equal to
e

——Go(so", —so™+1)NA(8,0), (20)

(2m)
where Ny (E,f) is the number of particles in a shower
having energies greater than E if ionization loss is
neglected, and was calculated previously.? Thus, since
No(0,t) gives practically the entire contribution of
N(0,f), it is evident that the effect of introducing the
ionization loss is to multiply the number of particles
with energies greater than 8 (if ionization loss is ne-
glected in the calculation) at each depth by the factor
e(2n)¥Go (s, —s®+1), which, however, will be dif-
ferent at different depth since s depends on ¢ according
to (19). The values of N¢(0,f) can be easily obtained
from (18) and (19) using the last column of Table I.
Some values have been given in Table II.

The energy spectrum of the particles in a cascade
shower can be easily derived from (6) by evaluating
the integral by the saddle-point method. We have as
before

EoPn(E,t)=EP,ME\)
1
=— exXp{@n(Sm;Pm) }Gm(SmyPm)
2T
2D 2 Zon\2) "}
X ae G |+ @
ap? os? dpas
where
@m(s,)=syo— (s+P)y—Normi

I'(s+p)T(=2) D—Noim
}log .

N Ms+m™— >\s+m

+log (192)

sm and pn, are the roots of the equations
m/0p=0; ddm/ds=0.

It is easy to see that the saddle point lies within the
extreme values (s+p)—0 and (—p)—0 and these
extreme values correspond to the cases when E tends
to zero and o, respectively. Different values of s, will
give different values of Ey and ¢£. When (—$)—0,

0,
E—= —y+¥(s+p)—y(1—p)+[1/(—2)]
~y+(1/p)=0; y(—p)=1,
Oom d  D—Agm
= 90— y—Aet'tH— log————=0;
as S Ms-}-m"‘xs-{-m
%o
o7 =y (s+p)+¢' 1—p)+[1/(—p)*];
%o a? D—X\eym
=—Nogm 1Y (s+9) =¥/ () +— log—,
632 dSZ ,u's-}-m—)\s-f-'m
%y,
=¢/'(s+9),
0pas
{a%m o (a%,,.)2
ap®  as? dpas ‘
dZ D—)\s+1n
=Lim { —Asim’'t+—log
—p—0 (——1))2 d #s+m_>\s+m
Also
=1, if m=0,
im G (Smypm)
Pm—0 =0, if mz=0.

Hence, when E tends to infinity, i.e., —¢ tends to O,
we have

1 exp{syo—sy—Nepmi+1+10glD—Nsrm/Botm—Nstm 1}

EPME})=—

G (Sm,)0).

21 {—Nogm 't (d2/ds?) 10gLD —Nsim/porm—Norm I}

9 S. K. Chakrabarty, Proc. Natl. Inst. Sci. India 8, 331 (1942).
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Fi1c. 1. Graphs of logi108Po(E,f) against y, for yo=06. Solid curve
—— for t=10; dashed curve —~~ for =5. X and e are values
obtained in (B); the upper curves are from Snyder s analysis.

Hence
PMEf)=~ P (E,1)
e 1 Eo s D— s
= f (—) e Mstds
(2m)} 2miEq EJ u
~ P)\ (E)t) ’
where
Pu(Ef)=P}(E})+Put(E,),
and
P(E,t)=PME})+P(E,b).

It can also be shown that the term containing

€xp (— l~‘8+mt)

in (6) reduces to P,(E,f) when E is large. In a similar
way it can deduce from (16) that when E tends to
infinity, i.e., (—p) tends to zero,

(27r)JL 27 f(Eo)a_l s—l—

’ D—)\s ﬂs—'D
X{ n~>\st+

N(E,i)=

ﬂs'—)\s

Thus when E is large P(E,t) and N(E,) given by (6)
and (9), nearly reduce to the values deduced in (A)
[Eq. (24) and (34)] by neglecting ionization loss.
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In a similar way it can be shown that when E—0,
(s+p)—0, we have,

4 e By B
BPn(E})~ (—+a)——~ ——N (0,0 loge(—) ,
3 2V2 D—Xeym E

and hence

BP(0,5)~BP,(0,)

( )2\/‘ D—\ N°(Ot)loge( )

1 1 D—X\,
Yo—Ast— og
s—1 ds s—)\s

where

This shows that, when E tends to zero, P(E,) ap-
proaches infinity logarithmically. This is due to the
fact that when (s+4p)—0, the integrand contains a term
Netp+1Ms+p+1 Which goes to Ayus and thus goes to infinity
as B,C, when s tends to 1. If we look into the diffusion
equation it will be apparent that this infinity is associated
with the assumption that a photon of energy even less
than 2mc? can create pairs. If thus we restrict the lower
limit of the photon energy for pair production to 2mc?,
this singularity will be avoided and then P(E,#) will
tend to a finite limit when £ tends to zero. The above
expression for P(E,) represents its value only when
E=0 and not for any other value of E, and as expected
it is similar to the expression for P(E,f) derived by
Snyder. It is thus evident that our solution for the
cascade equation in the form (6) is valid for the entire
range of values of E, and merges to the two extreme
values deduced earlier.

It can be shown easily that the solution obtained by
Snyder [Eq. (40)7, is, except for notation, identical
with that given by (6) above. The difficulty in the
analysis of Snyder arises in the evaluation of the integral
(6) and (10) over p (in Snyder’s notation it is s) by the
method of residues. It is obvious from (7), (10), and
(11), that the integral over p may be evaluated by the
method of residues, the poles of the integrand being at
p=(—s—1—n) where = is zero or any positive integer,
provided only that

Lim Eng (s+N+1,

N—»w

S+m) > 1;

and not only if > E. But from (3) it is evident that
Lim ¢o(s+N+1, —)

N—eo

s+m)

D_)\s-}—m

=Lim
N—ow (>\s+N+1_)\s+m) (M3+N+1_ s+m)

which tends to zero as 1/logN. The evaluation of the
integral over p by the method of residues is thus
possible only when E is zero. The expression for N (E,?)
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given by Snyder [Eq. (42)] can be used only when E=0,
in which case the series for N (E,f) reduces to the first
term, which is identical with the expression deduced
from Eq. (18) given above by making m=0. Similarly,
the expression for P(E,t) given by Snyder represents
its value only when E is zero.

In Fig. 1 we have plotted the values of Po(ZE,¢#) for
some values of E, f, and y,=6. For purpose of com-
parison we have plotted the values of Po(E,f) deduced
from our previous analysis (B) and also that deduced
from the results of Snyder. As expected, they indicate
that our previous values are smaller than the present
ones and the difference increases as E decreases; we
also see that the contribution of the higher order terms,
vi3., Py, P3, Py etc., in the previous analysis becomes
more and more significant as we go much below the
critical energy. The values derived from Snyder’s
expression are much larger than the present values even
when E < and the expression is not valid when E> 8.
For comparison we have also evaluated the contribution
of the second term in the series for No(E,) given by
Snyder [Eq. (42)] and the results are given in Table ITI

TaBLE III. Values of Noo+No: for different values of v, ¢,
¥0=0, from Snyder’s analysis.

IANY -1 -2 -3 —4 -

3.34 —48.84 —2.20 23.04 35.29 45.16
4.74 —73.35 —11.88 24.00 42.10 57.12
8.88 —47.02 —16.41 5.76 17.92 28.69

which indicates that the series given by (42), from which
Snyder derived the form of the energy spectrum [Eq.
(45)], cannot be used, at least without further jus-
tification. In Fig. 2 we have plotted the values of
N (E,t) against ¢ for some different values of y and have
also plotted the values of N+, derived in (B) and
that derived by Snyder. It is clear from these figures
that significant differences exist between the results of
the present paper and that given in (B) only in the
region where the basic physical assumptions are not
precise, and the differences will be much reduced even
if the effect of the ionization loss is properly introduced.
If we remember that with E=2mc® we have —y equal
to 1.93, 3.21, 4.00, 4.74, 4.63 for Pb, Fe, Al, H;O, and
air respectively, then, as long as we consider only par-
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F16. 2. Graph of No(E,f) againt ¢ for yo=6. Solid curves are for
y=0, —2, —4, — . Dashed curve (~—--) represent values ob-

tained in (B) crosses (%) represent points derived from Snyder’s
analysis.

ticles with energies equal to or greater than 2mc? our
previous values are a very fair approximation for the
total number of particles in a shower. In many problems
we are required to use the value of N (0,¢), particularly
in the calculations of the size frequency distribution of
bursts produced by mesons under large thickness of
material, and the adoption of the value of N (E,f) when
E tends to 0 instead of that when E tends to 2mc? will
considerably alter the result and the subsequent inter-
pretation. We therefore feel that unless the basic
physical assumptions are improved, particularly in the
region of low energies where E <2mc?, it will be better
to use for E=2mc? the value of N(E,) for the total
number of shower particle at any depth #, instead of
N(0,z).



