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Abstract 

This thesis is concerned with a study of the nucle-

onic component of the cosmic radiation, using the nuclear 
emulsion technique. It is the nucleonic component which 
produces the characteristic nuclear disintegrations, or 

stars, in emulsions. 
In Part I, the spatial distribution of stars in 

nuclear emulsions is considered. Early workers in the 

field had reported rather more stars at close separations 
from each other than would be expected on a random distri-
bution of stars. Possible mechanisms which lead to an 

excess of close star-pairs are examined and it is shown 

that the expected exoess using these mechanisms is rather 

less than that reported experimentally by earlier obser-
vers. The results used by Li (1950) are re-examined and 

it is concluded that there is insufficient evidenoe for 

an excess of the order of that claimed by Li. There 

seems little doubt that extreme care has to be taken in 

the scanning of the emulsions, as inefficient scanning 

can cause anomalous effects of the same order as that 

reported by Li. 

Part II is concerned with the angular distribution 
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of the ionising and non-ionising components of the star-

producing radiation. This has been investigated, using 

lead cones of various angles to attenuate the radiation. 

Assuming collimated interactions in the absorber, the 

angular distribution of the total star-producing radia- 

tion can be represented by a 008 4  & steradian-1  zenith 

angle distribution law, while the charged component 

follows a cos511  0 law. The results show an increase,  

in the proportion of low energy stars under the absorber, 

and there are indications of a continuous decrease in 

attenuation mean free path with increase in star size. 

If it is assumed that star-producing particles are 

produoed in secondary interactions in the lead absorber, 

then this can considerably modify the exponent m in the 

zenith angle distribution law. This problem is discussed 

in Part III, and it is shown that taking the extreme oon-

ditions of isotropic production of secondaries, and a 

collision mean free path of 150 g om-2  lead, the exponent 

m decreases from 3 to 2.2. 

In Part IV a nucleon cascade model is developed for 

interactions in lead. Under certain conditions the cas-

cade can lead to a variation of attenuation length with 

energy, the attenuation length tending to the interaction 

length at high energies. A method is shown for express-

ing a nucleon energy distribution in terms of a corres-

ponding star-size distribution. Using this method it is 
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shown that the differential energy distribution of the 

star-producing component at the Jungfraujooh can be 

represented by an E..11:0.? law instead of the 

prOriously reported,  E-2e5 
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SUMMARY  

This thesis is concerned with a study of the nucleonic 

component of the oosmio radiation, using the nuclear emul-

sion technique. It is the nucleonio component which 

produces the characteristic nuclear disintegrations, or 

stars, in emulsions. 

In Part I, the spatial distribution of stars in 

nuclear emulsions is considered. Early workers in the 

field had reported rather more stars at close separations 

from each other than would be expected on a random dis-

tribution of stars. Possible mechanisms whioh lead to 

an excess of close star-pairs are examined and it is shown 

that the expeoted excess using these mechanisms is rather 

less than that reported experimentally by earlier obser-

vers,. The results used by Li (1950) are re-examined and 

it is concluded that there is insufficient evidence for 

an excess of the order of that claimed by Li. There seems 

little doubt that extreme care has to be taken in the 

scanning of the emulsions, as inefficient scanning can 

cause anomalous effects of the same order as that reported 

by Li. 

Part II is concerned with the angular distribution 

of the ionising and non-ionising components of the star-

producing radiation. This has been investigated using 

lead cones of various angles to attenuate the radiation. 

Assuming collimated interactions in the absorber, the 
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angular distribution of the total star-producing radiation 

can be represented by a oos34  e steradian-1  zenith angle 

distribution law, while the charged component follows a 

5±l cos 	6) law. The results show an increase in the pro- 

portion of low energy stars under the absorber, and there 

are indications of a continuous decrease in attenuation 

mean free path with increase in star size. 

If it is assumed that star-producing particles are 

produced in secondary interactions in the lead absorber, 

then this can oonsiderably modify the exponent m in the 

zenith angle distribution law. This problem is disoussed 

in Part III, and it is shown that taking the extreme oon-

ditions of isotropic production of secondaries, and a 

collision mean free path of 150 g om-2  lead, the exponent 

m decreases from 3 to 2.2. 

In Part IV a nucleon cascade model is developed for 

interactions in lead. Under certain conditions the cas-

cade can lead to a variation of attenuation length with 

energy, the attenuation length tending to the interaction 

length at high energies. A method is shown for expressing 

a nucleon energy distribution in terms of a corresponding 

star-size distribution. Using this method it is shown 

that the differential energy distribution of the star-pro-

ducing component at the Jungfraujooh oan be represented 
-2.1±0.2 by an E 	law instead of the previously reported 

-2.5 E 	law. 
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GENERAL INTRODUCTION  

Since the original, discovery made by C.T.R. Wilson 

in 1900 of a slight residual ionisation in the atmos-

phere, it has been found that this ionisation is mainly 

caused by the passage of charged particles reaching the 

earth from outer space. Later workers have accumulated 

a great wealth of evidence as to the nature of these 

cosmic rays. 

Information about the primary radiation incident on 

the top of the earth's atmosphere has been obtained by 

various workers (survey by Peters 1952), using apparatus 

taken to high altitudes in balloons and rockets. The 

results of these experiments show that the primary radia-i 
r. 

tion consists of ionised atomic nuclei with a mass spec- 

trum similar to that of stellar matter (Brown 1949). The 

latest results (Kaplon, Peters, Reynolds and Ritson 1952) 

show that the primary particles are approximately 900 

protons, 100 alpha particles and less than 10 heavier 

nuclei. 
Many theories of the origin of the cosmic radiation 

have been proposed (Fermi 1949; Chang-Yun Fan 1951; 

Riohtmyer and Teller 1949; Alfun 1949, 1950; Unsaid 1951; 

Bierman and Sohltter 1951), but the experimental evidence 

is inadequate to verify them. 

In the first few gm cm-2 of the atmosphere the 



ix. 

primary radiation interacts with the nuclei of the air 

and produces secondary particles, some of which are 

capable of further interactions in the atmosphere. This 

type of process is referred to as a cascade process and 

has been ddmonstrated by observer,, studying high-energy 

interactions in cloud ahambers, using stacked parallel 

absorbers (Gregory and Tinlot 1951). 

The primary interactions are very energetic, and 

they produce showers of secondary nuoleons, acoompanied 

by charged and neutral mesons which are created in oolli-

sions between the nucleons taking part in the interaction. 

The earth's atmosphere is equivalent to about 10 inter-

action-path lengths of the primary protons and much more 

than this for the heavier nuclei, so practically none of 

the primary radiation reaches the earth's surfaoe. At a 

depth of 100 gm cm-2  below the top of the atmosphere (an 

altitude of 50,000 feet above sea-level) most of the pri-

mary radiation has interacted and the radiation below 

this falls into three main groups. 

The first group contains the nucleonic or N-component 

(Rossi 1948), which interacts strongly with matter and 

produces the disintegrations or stars found in nuclear 

emulsions. At mountain altitudes it consists of secondary 

neutrons and protons. The second group contains the 

charged mesons from the shower particles already mentioned 

above. This consists of mesons of various masses 
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(O'Ceallaigh 1951; Harding 1950; Herz, Hodgson and Ten-

nent 1952), which decay eventually into the / -mesons 

forming the penetrating component of the cosmic radiation. 
The third group, commonly called the soft component, con- 

sists of electromagnetic cascades initiatedby the neutral 

fir-mesons which accompany the showers of charged mesons. 

These neutral mesons have a very short life (Carlson, 

Hooper and King 1950) and decay into 1-  -rays which then 

generate showers of electrons and -rays in a secondary 

cascade process. Some contribution to the soft component 

also comes from knook-on electrons and bremsstrahlung. 
Theories have been developed by Messel (1950, 1951, 

1952) and Thomson and Hodgson (1951), whioh provide a 

satisfactory explanation of the nucleon cascade in the 

atmosphere. Messel has, in addition, proposed expressions 

which describe both the p  -meson and the soft components 

as a development from the nucleon casoade. 

This thesis is mainly concerned with the nucleonic) 
component, which is studied by analysing the stars pro-

duced by it in nuclear emulsions. Early workers (Leprince-

Ringuet and Heidmann 1948, and Li and Perkins 1948) repor-

ted an anomaly in the spatial distribution of stars in 

photographic emulsions. This could not be explained by 

any known mechanism of star production and indicated that 

some unknown particles contribute to the production of 

stars. This effect has therefore been studied in some 



detail in the first part of this thesis in order to see 

f the stars can be used as a measure of the nuoleonio 

component. Many other particles can produce stars in 

nuclear emulsions. These include fastr -mesons' (George 

and Evans 1951) 	-rays and electrons (Kikuohi 1951), 

but their cross-sections for star production are so small 

that their contribution at mountain altitudes is quite 

negligible compared with that due to the nucleonic corn-

ponent. However, under absorbers, locally produced fast 

it -mesons can produce stars with a oross-section comparable 

with that of the nucleons (Camerini, Fowler, Lock and 

Muirhead 1950). 7(  -mesons and it- -mesons coming to rest 

in the emulsion oan produce small stars, the oharaoteris-

tic / star, but these are easily reoognisable because of 

the scattered track of the incoming meson. 

The main problem in this thesis has been the deter-

mination of the angular distribution of the star-produoing 

oomponent at mountain altitudes. The angular distribution 

for charged particles produoing stars is simply found by 

measuring the zenith angles of the primaries, as has been 

previously reported by Page (1950). No such method exists 

for the non-ionising particles producing stars. It was 

therefore decided to construct special lead absorbers 

having good geometry. By studying the absorption of the 

star-producing component under these absorbers, it is pos-

sible to deduce properties of the angular distribution. 
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In addition, some interesting features of the 

absorption under lead have appeared which show disagree-' 

ment . with the results of Rosser and Swift (1951). 



THE AhOMALOUS DOUBLE-STAR EFFECT 

1. Introduction 

The nuclear disintegrations (stars) formed in nuclear 

emulsion are caused by the interactions of nucleons or 

mesons with nuclei of the emulsion. These stars will be 

expected to have a random spatial distribution, unless 

some of them are associated with other stars, by some 

mechanism. If such a meohanism exists it is very likely 

that an anomalous spatial distribution of stars is associ—

ated with a corresponding anomalous time distribution of 

stars. 

Many workers have reported an anomaly in the spatial 

distribution of stars (Leprinoe-Ringuet and Heidmann 1948, 

Li and Perkins 1948, Li 1950, Addario and Tamburino 1950).  

These observers measured the projected separation between 

stars in the emulsion and dbtermined the distribution of 

the separations of these star-pairs. They all found rather 

more star-pairs with small, separations than would be expeo-

ted on a random distribution. 

Leprince-Ringuet and Heidmann analysed 2,250 stars on 
2 640 om. of 100/4- C.2 plates exposed vertically at 3600 m. 

elevation. They found an excess of star-pairs of some 500 

of that expected on ,a random distribution for separations 

less than 250/4- . Li and Perkins, working in this labora-

tory, analysed 1,230 stars on 350 cm? of 100/L C.2 plates 

exposed vertically at 3650 m. elevation. They found an 
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2. 	I.1. 

excess of 2 for separations less than 700p-. The 

results found by these two groups of workers are shown in 

Figure 1.1 These are expressed as the number of standard 

deviations separating the observed number of star—pairs 

from the expeoted number of star—pairs assuming random 

distribution. Both these groups of workers calculated the 

anomalous distribution due to a regenerative process of 

star produotion. They showed that the observed excess 

could be explained if an average of between 5 and 10 

secondary particles, capable of producing further stars  

the emulsion, are emitted from every star in the emulsion. 

However, the average number of such secondaries is certain—

ly less than 2 for stars formed at mountain altitudes (see 

Section 3). The excess, therefore, is rather difficult to 

explain. 

Li (1950) continued the analysis in 100,µ C.2 plates 

exposed horizontally and found an excess of close star—

pairs which increased up to separations of 1500/.4... The 

excess was of magnitude 46 excess star—pairs per star and 

was again difficult to explain by any known regenerative 

or shower process. Li found that the excess was greatest 

for plates exposed under absorbing material, and in oommon 

with the two groups previously mentioned he included 

2—track stars in his analysis. 

Li discussed the possible errors of measurement which 

could cause an excess of close star—pairs. He considered 
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firstly an edge effect in the rectangular areas of his 

plates, which effectively reduces the area of eaoh rect-

angle, leading to an apparent excess of star-pairs. 

Secondly, uneven thicknesses of up to 20A will cause a 

slight excess. He also discussed the effect of inefficient 

searching on the star-pair distribution. As a large sec-

tion of his plates, the "ice" plates, was claimed to have 

an effioiency of more than 98A, Li considered that the 

effeot on the star-pair distribution was negligible. He 

concluded that none of these experimental errors were suf-

ficient to explain the observed excess of close star-pairs. 

In view of the difficulty of accounting for this 

double-star effect, it was decided in this thesis to make 

a further analysis of the spatial distribution of stars in 

G.5 and C.2 emulsion (Davis 1952), As a result of this 

analysis it appeared that the stars in the G.5 emulsion, 

from plates which were searohed recently in this laboratory, 

showed no signs of any excess of the magnitude reported by 

Li. 	The C.2 plates, searched earlier, did show an exoess 

of the same order as that reported by Li, but this excess 

completely disappeared when 2-track stars were excluded 

from the analysis. It seemed highly desirable to re-analyse 

the results used by Li in his 1950 paper, and to see the 

effect of excluding 2-track stars from the analysis. As 

a result of this repeated analysis it will be shown that 

the star excess, as reported by Li, and Li and Perkins, 
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can be explained as due to preferential inefficient 

searching. 

The spatial distribution of stars randomly distribu-

ted in nuclear emulsions is discussed in the second sec-

tion. In the third seotion possible processes which 

could lead to a non-random spatial distribution of stars 

are given and their maximum contribution to the anomalous 

star-pair distribution is determined. The expected anoma-

lous distribution is only some 1 of that reported by Li. 

The fourth section contains the experimental results and 

the re-analysis of Lits plates, referred to in the last 

paragraph. In the final seotion the statistical problem 

of the anomalous double-star effect is considered. The 

use of a rotating plate mechanism, capable of finding an 

anomalous time distribution of stars, is also discussed 

in relation to the double-star effect. 

2. Number of Double Stars expected  
on a Random Distribution 

Nuclear emulsion plates in this laboratory are sub-

divided into rectangular areas, and stars are recorded by 

means of their °artesian co-ordinates xj  yj  with the axes 
parallel to the sides of the area. The distance between 

two stars is thus equal to rhi 

2 where rhj  = (x11  x )2  + (Yh - Yi) 
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If one assumes a random distribution of stars on 

rectangular areas, then it can be shown (Li 1950) that 

the number of star-pairs having a projeoted distance less 

thanor:equal to r is given by Q(r) where 

N(11. 1) i r2 4(a+b)r r2 

2 	ab 3/fab 	2-ffab5 

.*c  
Q(r) 

i 

with r less than a. or b, a and b being the sides of 

the area and Ni  stars lying within a typical area 

The number of star-pairs having a projected distance 

between r and r+dr is equal to Ql(r)dr 'where 

1(2) 

(r) N 
r 

)
/T. 	: 

PI : - 2 
	+ 

ab 	ab 

(a+b) 

1-V 

t2 
1.(3) 

When calculating the observed distribution of double 

stars Li tabulated values of E (xh-xj) and 5.1 (yh-yj) 
hj 	hj 

for each area. It was then necessary to square each of 

these terms, add the corresponding terms in x and y, and 
obtain rhi  from equation 41). This is a somewhat lengthy 
procedure, and in, analysing a further 1,094 stars it was 

decided to define a new parameter instead of the actual 
separation of the star-pairs. The perimetral separation 

shjf between two stars h, j, is defined by 

Oh-Yi)1 • 

The comparison between rhiand shj is shown in Figure 1.2. 

sht = 1(xh7xj)I 
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Consider stars with a perimetral distance s from 0. 

They will lie along the square shown in the right half of 

Figure 1.2, one side of which AC, is shown in Figure 1.3. 

The average distance of these stars from 0, F is 

given by B r 
r dz 	dz 

A 	A 

 

 

. a)  z2 + a2  / a 

1 
where a = 	8 

log„(s 
2 	u 

[ loge(' + A)+ 

• 
• • S x 0,87 

The comparative simplicity of computing sh3  for large 

numbers of stars makes the perimetral analysis rather more 

convenient than the actual separation analysis, New rela-

tions similar to 1(2) and 1(3) now have to be caloulated. 

i I.+ 
< - - 	—a - 	— 

A 

491..  

	dy 	dr_ 
y 

y. X OD. >y 
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Consider an area sides a, b, containing N stars ran-

domly distributed. Let the oartesian axes x, y be paral-

lel to the sides a, b respectively. 

The probability of finding a star in an elemental 

strip dY is equal to N dY / b (Figure 1.4). 

The probability of finding a seoond star in an 

elemental strip dy, distant y from the element dY 

is given by N by (N-1) 2 1A31  for y Y (13-y 

d by N b(N-1) AI 	for y>Y, and Y>b-y 

The total probability P(y)dy of finding stars within  
an element y to y+dy from another star is equal to 

N(N 1) dy  lib-Yf 2 dY + 2 3rl dy] 
b2 	 y 	

d 

 

• P(y)dy _ 2(N)(N-1)  
b2  

The probability Pl(x,y)dx dy of finding stars within 

an elemental area dx x dy, distance x, y from other stars 

is given by 

P1(x0)dx dy = 41N-32.)  (a-x)(b-y)dx dy 	1(4) 
a b 

This is independent of the direotion of x and y,. and 

thus in general P1(x,y)dx dy refers to four elemental 

areas dx dy, as shown in Figure 1.5(a). 

(b-y)dy 
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The corresponding perimetral element de is shown in 
Figure I.5(b) and the element of area corresponding to 

dx dy can be expressed as ds dx. The probability P(s)ds 

of finding stars with perimetral separations between s and 

s+ds can be obtained by integrating I(4) over the elemental 

area shown in Figure I.5(b), subject to x+y W s. 

f • 	. 

	

P1(s)ds 4N(N-1) 	 	(a-x)(b-s+x)dx 
a2 b2 	x=O 

4N(N-1  and Pl(s)ds - 	) 	abs 	
2 

2 	ds .a±k 8 4. l 
6 
 a] 

2 2  a b 

In this analysis each star-pair has been included 

twice, and we must therefore divide by two to obtain the 

actual number of star-pairs. 

Hence PI(s)ds 2(N)(N-1) s 
a b { 2 a+b 

tab 
8  4. A

6ab ds 
	I(5) 
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and the number of starshaving perimetral separations 

less than or equal to s is obtained by integrating I(5) 

a+b s 	82  
3ab 	12ab 

The terms inside the brackets of relations I(2), 1(3), 

I(5) and 1(6) are very similar and contain two correction 

terms of first and second order which allow for the edge 

effect of the rectangular areas, Values of these oorreo-

tion terms are shown in Table I.1 for the differential 

relation Q1(r) and Pl(s) for several values of r and 8/ 

and with a = b = 2 cm. These corrections are rather im-

portant, as the reported excess is only of the order of 
- 10 2  star-pairs per star. 

Table I.1. 	Correction Terms in 01(r P (s) functions. 

(r) Fl(e) 

1*(10 2 C a+b) r 2 a+b 2 
ab 2ab 6ab 

:100 - 0.006 + 0.000008 100 - 0.005 + 0.000004 
200 - 0.013 + 0.000032 200 - 0,01 + 0.000017 
500 - 0,032 + 0,000199 500 - 0,025 + 0,000104 
1000 - 	- 0..064 + 0,000795 1000 - 0,05 + 0,000416 
1500 0096 + 0,00179 1500 - 0„075 + 0,000940 
2000 - 0.128 + 0,00318 2000 - 0,10 + 0..'001670 
4000 - 0.254 + 0.0127 4000 - 0.20 + 0.006660 

10000 - 0.6 + 0.0795 10000 - 0.5 + 0.0416 

1(6) 
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At this stage it is convenient to consider the effect 

on the P(s), Pl(s) functions of errors of measurement in 

the perimetral separations si. It will be assumed that a 

measurement of si  is subjeot to an error z1  , all values 

lying between sl+ a and sly 	 being equally probable. 

o is independent of s. The number of stars recorded as 

having perimetral separations less than s will now consist 

of two parts:- 

Figure I.E. 

rf3  1.6 

All stars having perimetral separations less than 

sl- 41 will still be recorded as having separations less 

than si. However, stars in the shaded portions of 

Figure 1.61  having separations between si+ LN and si- L. 2  

have a certain probability of being recorded as being less 

than si . Some stars in the shaded region inside the 
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81 

square si  will be recorded as lying outside sl, and vice 

versa. However, the shaded portion outside the square al  

is of greater area than the shaded portion inside square 

s1. This will lead to a slight apparent increase in 

star—pairs above the simple random picture. For a value 

of s between ai+ b, and ar  A the probability of being 
el—e 

recorded as less than si  = 2 A ' 
Therefore, the 

measured distribution of star—pairs 	) with s$si  is 

given by 

P (81)  = 

sr-A 
f p--(8) 
0 

8 +A 

ds + f P1(s) 

81—A 

1 ara 
2 + 22 

ds 

+A 
81-S  

= P(81- 	+ f 2 	2 A 
Sr-A 

2N( 	—1) a b s2  P  ( 	1 + . . 	 2 	2 a
.  

b 	 a1
2 

a+b 3 s 
6 1  

If equation 1(7) is compared with equation I(6), it 

can be soon that the error in measurement in s has led to 

an apDarent increase in the number of random star—pairs. 

The relative increase in star—pairs only becomes important 

for small values of s, and so only the first bracketed 

term in equation 1(7) need be considered. However, the 

total number of increased star--pairs is independent of s, 
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and is equal toN(N-1)  x 	2. For areas having an 
ab 	3 

average of m stars per area and dimensions a = b = 2 cm., 

then the excess of star-pairs per star is equal to 
41 

m 2002 where el is measured in 1.00?.. units. 

However, the error 6 introduced by inacouraoies in 

reading the verniers of the miorosoope stage will probably 

not be greater than 100/0-,. The apparent excess of star-

pairs is therefore equal to 1 x 10-5m star-pairs per star. 

As m was of the order of 10, for the areas used by Li, the 

maximum excess caused by the reading error is 2 x 

This is smaller by a factor of 100 than the excess repor-

ted by Li for separations up to 1500)4. 

3. Effects leading to a Non-random  
Distribution of Stars  

If the stars are not randomly distributed in nuclear 

emulsions, it is reasonable to assume that the mechanism 

responsible for this non-random distribution causes the 

simultaneous production of a certain fraction of the stars 

on the emulsion • It will be assumed that all stars are 

produced by nuoleons or mesons either in the "shower" 

particle energy region or with energies corresponding to 

the "grey" tracks. Although 	rays have been shown to 

produce stars (Kikuchi 1951), the cross-sections are so 

small that they can be neglected in the following work. 



There are two possible meohanisms by which stars 
could be simultaneously formed in nuclear emulsions. 

(a) Firstly, there is a regenerative process. The 
incident particle produces a "primary" star, whioh then 

emits further particles capable of producing secondary 
stars in the emulsion, 

(b) Secondly, there is a possible shower process. A 
number of particles, produced in a nuclear interaction in 
material above the plates, pass simultaneously through 
the emulsion. Two or more of these particles oan then 
form stars in the emulsion. 

(a) Regenerative Process. 

It will be assumed, in this regenerative process, 
that the secondary particles capable of producing further 
stars are emitted isotropically from the stars in the 
emulsion. It is well known that energetic secondary 
nuoleons are strongly collimated about the direction of 
the primaries (Brown, Camerini, Fowler, Heitler, King and 
Powell 1949). As star—producing primaries at the Jung—
fraujoob have a cos e zenith angle distribution (see 
Part III of this thesis), the secondaries will be oolli—
mated about the vertical. However, the plates analysed 
by Li were exposed horizontally and this collimation of 
seoondaries will cause them to pass downwards through the 
emulsion, giving little ohanoe to form stars. The above 



15. 	7.i. 

assumption o± isotropic seoondary emission will therefore 

give an upper- limit to the number of secondary stars. 

t will therefore be suppeed that each primary star 

in the emulsion emits on the average o partioles:  both 

charged and. Uncharg d:  with energica sufficient to form 

sdoondary stars. 

- 

Co=idor a star 3, distant y from the surface of an 

emulsion of thioknees a. The number of secondaries produo 

ing stars with projected dist:tilos from 6 between x and 

x.dx is equal to 

90  
g-fr- sin e de e 	dx  
4 IT 	 A Zirt 

(x)clx  - 	A 
2 >, 

whore r is tno aotual distance of the secondary star from 

where N (x)dx = 



1 

SI  and )t is the mean free path for star-produotion in 

emulsion ( 25 cm. for shover particles) (Camarini et al. 

1950). 

Although r is not constant as e varies, in the 
regions where e A begins to differ from unity r can be 

regarded as independent of 0 and equated to x, the pro-

jooted distance, 

Stars have equal probabilities of 000urring at any 

depth in the emulsion and the expression I.(8) has to be 

averaged over y. The number of seoondary stars with pro-

jeoted distance between x and x+dx from 8 is then equal t 

1(9) 

The number of stars N(x) having a separation less 

than x from S is given by 

N(x) 	(a 	AL I 1(10) 

if x cc a (i.e. 1 cm.) then the a 	term can be equated 

to unity. Or integrating 1(10) and thus negleoting absorp-

tion, it can be shown that 

N(x) 
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For x > a, equation I(11) is very nearly equal to 

( 2 	a 	x N(x) 	4  a + loge  -a- 	I(12) 

as was formerly derived by Li and Perkins (1948). 

It is possible to calculate the total number of 

secondary stars produced in the emulsion by integrating 

equation I(10) from 0 to 00 . The absorption oan no longer 
r 	x 

be ignored, but it is reasonable to replace e A by e A 
0o 	x r 

.°. Woo) = -9--- 	) e-  A [a tan-1  
c A 	o x 

a 
SAM 

2 
loge(1 + 9-1) d x  I(13) 

on integrating each term on the R.H.5 by parts, 1(13) 

becomes 

N (-2) [- a e-  a oot-1 2E3 a 

0. 
I s e'  
0  2 

A lOge(x272Idx3 

x 

1(14) 

the integral on the right hand side of I(14) is a standard 
infinite integral (Bierens de Haan 1858) and is equal to 

2 
- log a2  - 2 Ci 	cos - 2 Si 11 sin + -7-1 sin Att 

A2 
2 	

+ 10 e 
1. 

e Ci(a) is the cosine integral of A and equals 

+ log(2) — 
4 

(2)2 	a >> 1 A 	A  

Si()is the sine integral of and equals 
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18 

(2)3  if 1 

 

a + ge 

 

for a = 100r,  and )t 	25 om. then Woo) . 4.26 q! 

The mean distance of second-ry stars from the 

Primary star is given by 

Lc 	-1 x r A oot 	dx 
x 
A x2  log (v a2 =---) dx g 

era 
r 

0 
-1 >, 00u. 	a- 

00 	 2 2 1 	x 	ix +a 
)( e 	x log 	%AA. 

2 	 x2  

Both numerator and denominator have, been integrated 
by parts and resolved into standard infinite integrals. 
Using the condition that A >> al  x oan be expressed as 

x = .A a
2 (73i. 	

2J., e 1 1 og — 

for a = 100 pk. and A = 25 cm. 

the 	7 A 
 r"' 8 cm. 

It can be seen from I(11) and I(12) that the number 
of seoondaries is a slowly increasing function for inoreas-
ing x. The number of secondary stars per primary star 
within a distance x can be expressed as q f (x). Values 
of f(x) are shown in Table 1.2. This is oaloulated for 
a = 100/, 	A= 25 cm. 



Table 1.2. 

bo IA- 50p- 1.90p- 200 	300 p- 400,,  500fr- 600e,  

f(x) 0.14 0.5 0.8 1.1 1.3 1.45 1.56 1.65 

700t-  800,- 900 	1000r 15007- 1 om. 10 cm. 00 

1.73 1.8 1.85 1.9 	2.05 3.05 4.0 4.26 

It can be seen that the secondaries are closely 

grouped around the primary star. Aotually one quarter of 
the secondaries lie within 200,- of the primary, and one 

half within 1500r- 	Using the values of a and A given 

above, then for separations less than or equal to 1500r , 

the number of secondary stars per primary is equal to 

q. 10'"3. This number is only doubled if separations are 
taken up to infinity. 

Look and Yelcutieli (1952), discussing the analysis of 
30,000 stars in G.5 emulsion, found 14,800 shower particles 

emitted, 40 of whioh produced secondary stars in the emul-

elan. This is equal to 1.3.x 10-3  secondary stars per 

primary, and can be compared with the number expected from 
the isotropio regenerative theory. The dimensions of the 

plates are of the order of 1 cm., and q is equal to I for 
2 

the average number of charged shower particles. If we 

assume that the average thickness of the emulsion is 200/k, 

then the expected number of secondaries within 1 cm. is 

1.1 x 10 secondaries per primary. If the average is 
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• 4001r thickness, then the expected number is 1.8 x 10-3  

secondaries per primary. The stars desoribed by Look and 

• Tekutieli include most, of those found by the Bristol cosmic 

ray group, and are mainly on 200 /.1- and 400 r  G.5 emulsions. 

Although some of these plates were• exposed vertically and 

others horizontally, it can be seen that the isotropio 

regenerative theory gives very close agreement with the 

observed number of secondary stars. 

This value of q applies only to oharged shower par—

tidies and includes stars formed in emulsions flown at 

80,000 ft. 

In estimating a value of q for stars formed at the 

Jungfraujooh, the analysis of stars given by Brown et al. 

(1949) will be used. These showed that 1,223 shower par—

ticles were emitted from 4,923 stars, and making allowance 

for fast neutrons, the total number of fast particles in 

the shower energy region is certainly not greater than 

0.5 per star. The average number of grey traoks was 0.8 

per star, and multiplying by 2.25 to allow for neutrons, 

we find an average of 1.8 particles in the grey energy 

region. However, this includes protons with energies 

between 25 and 330 MeV, and not all of these can produce 

stars with more than 2 tracks. Brown et al. (1949) found 

that the average energy release in the nuoleons corres—

ponding to blaok and grey tracks can be represented by the 

empirical relation E(MeV) . 37N 4N2, where N is the 
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number of black and grey tracks. Therefore, the average 

energy required to produce a 2—track star is at least 

90 MeV, and for a 3—track star the energy is at least 

150 MeV. Tidman and Hodgson (1952) have shown that for 

3—track stars the energy release is somewhat greater, 

196 MeV, owing to the inefficiency of searching for small 

stars in the results discussed by Brown et al. Therefore, 

we have emitted from each star 0.5 particles of shower 

energy and 1.8 of grey energy, only a certain fraction of 

the latter being able to produce stars. It can 'be oonclu—

ded that the maximum value of q is equal to 2. Taking 

this value of q, then the total number of seoondary stars 

produced per primary is equal to 4 x 10-3  for 100 t- emul—

sions. 

The effect of this non—random distribution of seoon—

dary stars on the observed distribution of star—pairs will 

be disoussed after the consideration of the hower process. 

(b) Shower Process  

If a shower process can explain the anomalous excess 

of close star—pairs, it will require that the partioles 

in the shower produce stars close together in the emulsion. 

Such showers will be, closely collimated about the direction 

of the primary causing the shower and can be reasonably 

assumed to have a oosn & zenith angle distributions  with 

n greater than 2. The average path length through a 
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horizontal emulsion of thickness a is then equal to 

(n+2)!'/ (n+1). As n is greater than 2, the average path 

length of these shower particles through the emulsion, is 

less than 3 a. 

We then have a number of shower particles traversing 

the emulsion, each with a probability p, of producing a 

star, where p 	a /A 	with \ equal to the interaotion 

length. For a = 100r- and A = 25 cm, (geometria), then 

p . 2 x 10-3  

If we consider .n incident particles, the probability 
of produoing 1 star is equal to n p. 

The probability of finding 2 stars produced by these 
n shower particles is, equal to 12C2  p2  

n p. (n-1) p / 2. 

Hence, having found a particular star in the emulsion 
the probability of finding another star associated in the 
same shower process will be (n-1) p / 2 	 I(16) 

The ohance of finding 2 such stars, associated in the 

same shower as the first star, is much smaller, being 
proportional to (n p)2.  

Brown et al. (1949) analysed 4,923 stars formed at 

the Jungfraujoch. They found only 223 had more than 1 
shower particle and 13 more 10 shower particles. As the 
anomalous distribution of stars on emulsions occurs over 
distances of the order of 1 mm., sufficiently collimated 
showers could only be formed in very-high-energy interaotIons, 



producing the charaoteristic highly collimated bundle of 

shower particles. Such events are observed in less than 

1 of the stars in emulsions exposed at the Jungfmujoch. 

For the present, the actual separation of the shower par-

ticles will be ignored in calculating the magnitude of 

the shower contribution to the number of associated pairs 

of stars. Using the results of Brown et al. it has been 

shown that the number of shower particles in emulsion is 

equal to 0.5 per star, having made allowance for neutrons. 

If the absorber above the emulsion consists of lead, it 

is certain that on the average less than 2 shower par-

ticles are emitted from interactions in the lead. Even 

if this is arbitrarily increased to 5, the oontribution 

to the number of assooiated pairs of stars is equal to 

2p = 4.10, while Li reported an excess of star-pairs of 

magnitude 2 50 per star. 

In order to obtain associated pairs of stars of the 

magnitude reported by Li, it would be necessary to assume 

that all the star-producing particles incident on the 

emulsion occur in groups of 100 shower particles, each 

of these groups passing through the emulsion within an 

area of a feu square mm. This is rather unlike1y. 

It can be seen that both these processes would cause 

eaoh star in the emulsion to be associated with a certain 

number of stars formed at the same time.. This number oan 

be expressed as m x 00 where m or m+l is the average 
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number of particles taking part in the process and 	is 

of the order of it ,.1/2500. However, while the regenera-

tive process produces secondary stars close grouped about 

the primary star, there is no simple way of explaining 

bow the shower process can produce associated stars with 

separations predominantly of the order of 1 mm. It there-

fore seems that only the regenerative process can have an 

appreciable effect on the distribution of star-pairs for 

separations loss than 1500 

Effect of the Regenerative Process  
on the Star-Phir Distribution  

In determining an experimental excess of star-pairs 

in the emulsion it is assumed that all the stars in the 

area have a random spatial distribution. The exoess is 

then found by su oting the calculated random number of 
star-pairs from the observed number. 

It has already been shown in this section that the 

regenerative process, causes each primary star to be associ-

ated with N(x) secondary stars (given by equation I(12)) 

for separations less than or equal to x. As N(x) is of 

the order of 10 3  1  there is little likelihood of two close 

secondary stars being produced by a primary star. Li 

assumed that the expected exoess of close star-pairs, 
given by the regenerative process, was actually equal to 

N(x) star-pairs per star. However, due to the added 
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secondary stars, the total number of stars in the area 

is increased, and the expected number of star-pairs, cal-

oulated from a random distribttion of all the stars is 

therefore also increased. The observed excess of star-

pairs will therefore be somewhat less than N(x) star-pairs 

per star. 

Consider m primary stars in an area of sides a1, 

Each star will have an average of f secondary stars 

associated with it in the same area. p is given by N(x) 

in equation 1(12) with x of the order of the dimensions of 

the area al, bl. The total number of stars observed in 
the area is now equal to m(l+p). These will oonsist of 
two classes, a randomly distributed class of primary stars, 

and the class of secondary stars which are bunched around 

their respective primary stars. The resulting distribution 
is therefore not random. However, if the star-pair separa-

tions between all these stars are measured, the resulting 
distribution of separations will be very nearly the same as 

that obtained from a random distribution of the stars, 

except in the particular case of a separation between a 
secondary and its own particular primary. The expected 

exoess of star-pairs with separations 	r is therefore 

given by two factors. Firstly, we calculate the expected 

number of secondaries within a distance r of their primary 

stars, assuming the regenerative process. To find the 

expected excess of close pairs we must sub mot from this 
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figure the expected number of secondary stars within a 

distance r of their primary stars, assuming that they 

would have had a random distribution. 

Originally there were m'primary stars in the area. 

The random number of star-pairs with separations 	r is 

given by equation 1(2) and can be written as m(m-1)Cr. 

Due to the regenerative process there are now m(14) 

stars in the area. The corresponding random number of 

star-pairs is therefore equal to (m+mp)(m+mp -1)Cr. The 

increased random number of star-pairs is therefore equal 

to 2m2  13 Cr, neglecting terms in p 2.A fraction m  of 

this increase will have been due to separations between 

primary stars and their particular secondaries, and the 

contribution to the calculated random number of star-pairs 

by aecloolated primary and secondary stars is therefore 

equal to 2m r Cr. 

The observed excess of star-pairs will then equal 

m N (r) - 2 m f Cr 

N(  this can be written m (r) 2Cr) 

The term outside the brackets is the number of secon-

dary stars in the area. The first term in the brackets is 

the probability that a secondary star, lying in the same 

area as its primary star, should be within a distanoe r 

from it. The second term is the probability that a star, 

lying within an area, should be within a distance r of an 

unassooiated star. 

1(17) 
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In calculating the value of 11 , which gives the 

number of secondaries per primary in each area, it has 

been assumed that the star separations extend up to the 
dimensions of the area. This is not strictly true, and 

there is an uncertainty in the value of this separation 

not greater than a factor of 2. Owing to the logarithmic 

increase in the N(r) function, the uncertainty in 	is 

then 100. 

For a value of r equal to 1500p and areas similar 

to those used by Li (1" x 

then N(15001^)- 
	

and 2Cr . 0.02. 
3 

The second term in equation 1(17) can therefore be 
neglected for values of r less than 1500 	The exoess 

of star-pairs expected by the regenerative effect is there- 
fore equal to N(r) star-pairs per star, as was assumed by 

_3  
Li. For r = 1500p, N(r) = 2 x 10 ) and the excess is 

only some 100 of the experimental excess reported by Li. 

Analysis of 1,094 Stars in Nuclear 
Emulsions exposed under Lead Absorbers 

The stars analysed in this work were in two groups: 

A. 351 stars on 4 (2om.)2 areas of 400p G.5 plates, 

exposed as part of the Lead Cone experiment. This will 

be referred to as Group A. 
B. 743 stars on 15 areas (1" x 4") of 100 p-C.2 plates, 

exposed by Li under lead blocks. This will be referred 

twa  
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to as Group B. 

Both these groups of stars were analysed using the 

nperimetral" separation method discussed in Section 2. 

For each area the number of star-pairs having separations 

between s and s+ds were determined. A histogram was then 

tabulated with intervals ds equal to 200rand values of 

s up to 40001. The experimental histogram for Group A 

is shown in Figure 1.7(a) and can be compared with the 

expected distribution P1 (s), given by equation I(5). The 
parameters a, b are now both equal to 2 cm. It can be 

seen that there is no sign of any excess for separations 
less than 1600 microns. The excess of 20 reported by Li 

would lead to an excess of 7 star-pairs in this region, 
if the anomalous ni.;." effect generally applied to all 
stars in photographic plates. The 351 stars in this group 
inoluded definite 2-track stars, that is, those which were 
definitely not deflections. 

The second group, shown experimentally in Figure I.7(b), 

shows an excess of star-pairs of magnitude 3.8 x 10-2/ star 

for s 1500f. This is larger than that reported by Li. 

The actual excess is 28 star-pairs, over the expected 

number of 510 star-pairs having separations less than 

1500r. Thus the excess is some 1.3 times the root mean 

square deviation of the expected number, and is certainly 

not inconsistent with that reported by Li. The results 

in this case tend to confirm the pres4nce of an anomalous 
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star—pair effect. It was decided to repeat the analysis 

for Group B, but excluding 2—track stars. The resulting 

histogram, the lower dashed curve in Figure I.7(b),shows 

no excess over that expected on a random distribution. 

The anomalous star—pair effect, therefore, only applies 

to Group B if 2—track stars are included in the analysis. 

It is difficult. to see any simple mechanism which could 

produce an excess of olose 2—track stars only. Many of 

the 2—track stars in C.2 plates contain 1 or more "grey" 

tracks, invisible in C.2 plates, and will be reoorded as 

3— or 4—track stars in G.5 plates, 

The two groups of plates were searched at different 

stages of this laboratory. Group B was searched in the 

early days and searching efficiency was a little.  doubtful, 

Group A was searched for the recent Lead Cone experiment 

and high efficiency here was extremely important. However, 

(-2—track stars are difficult to find and define unambigu 

ously, due to the difficulty of separating out defleotions, 

possible it-t- decays etc. Their inclusion in an analysis 

of high statistical accuracy is rather uns4Iable, unless 

great care is taken in searching for these stars and 

identifying them. 

It is quite likely that the close star excess found 

originally for Group 13 could be due to a preferential 

inefficiency in the searching of the plates, 2—traok stars 

having a greater probability of being found in the 
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neighbourhood of another star. Suppose that a 2-track 

star has a probability p of being found if it lies within 

1500)A of a larger star, and a probability q of being 

found at larger distances from another star. It is 

assumed that, all stars with 3 or more tracks are found. 

If there are in a number of areas an average of m stars 

per area, then the random,number of star-pairs within a 

certain separation is proportional not to m(m-1) but to 

m21  as will be shown in the next section. Suppose an 

average of N large stars (with more than 2 tracks) and 

n 2-track stars lie in each area. The number of star-pairs 

found for separations less than 1500,P willbe proportional 

to (N+np)2, as the total star population is effectively 

N+np for this separation.. For the areas of Group B 

(1" x "6"), N. is equal to 35 and so a 2-track star has a 

probability of approximately 0.75 of occurring within 

1500y of a larger star. The total number of stars found 

in an area will therefore be N + ?Lt.  n (3p+q) and the expec-

ted number of star-pairs lying within separations of 1500r 
will be proportional to [Ii + n (3p+q)J 2. The observed 
number of star-pairs (including 2-track stars) for Group B 
was 538, with an expected "random" number of 510 

• • 	(V + np)2  /TN + n (3p+q)] 2  = 538/510 	1(18) 

where N = observed number of stars with more than 

2 tracks/area = 35 

(continued overleaf) 



4 n (3p q) = observed number of 2-track stars/area = 15 

Evaluating I(18) a value of - is obtained of 0.65. 

This means that the anomalous distribution observed 

for Group B can be explained if 2-track stars are rela-

tively more difficult to find at longer distances from 

other stars. If the efficiency is 100A for "close" 2-track 

stars an efficiency of some 650 for distant 2-track stars 

is sufficient to explain the anomaly. Li was well aware 

of the possibility of preferentially inefficient searching 

affecting the distribution of star-pairs, but claimed that 

the searching efficiency was too high ( > 980 for one group 

of "ice" plates) for this effect to explain the exoess of 

star-pairs. 

Nevertheless, it was decided to re-analyse two of 

the sets of plates described by Li in his 1950 paper. 

These are the "ice" plates and Pb" plates, exposed under 

ice and lead at 3650 m. altitude. Li did not analyse 

quite all of the areas in these plates, and it was not 

possible to find out exactly which areas he had chosen. 

He mentions for the "ice" plates 1,126 stars on. 77.5 in.2  

(on 155 areas), and for the "Pb" plates 374 stars on 

16 	 2 <on.32 areas). The average number of stars per 

area in  each group is therefore 7.3 and 11.7 respectively. 

In the present analysis the ."ice" plates contained 1,291 

stars:on 170 areas and the "Pb" plates 403 stars on 36 
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areas. The average numbers are now 7.6 and 11.2. It can 

therefore be concluded that although there are now a few 

more stars in each group, the results of the analysis can 

safely be compared with those obtained by Li. 

Both these groups of plates were 100)/4- C.2, and all 

the areas were 1" x 

Li had recorded the actual separation r between star—

pairs. It was therefore preferable, on repeating the 

analysis, to use the actual distance r, instead of the 
"perimetral" separation s. The co—ordinates of the stars 

in each area were plotted on graph paper, especially 

noting all 2—track stars, with a multiplying factor of 10. 

The star—pair separations were then measured with a ruler 

and expressed in 200f intervals up to 4000/w. Histograms 

were then drawn for the two sets of plates, with and with—

out 2—track stars included in the analysis. These histo—

grams are shown in Figures 1.8(a) and 1.8(b) together 

with the "expected" distribution Q1 (r)dr given by 

equation I(3). With 2—track stars included, both the 

"ice" plates and "Pb" plates show an excess of close star—
pairs (r 1500) of 2 x 10-2 close pairs per star. This 

is identical with Li's results, as was to be expected. 
On subtracting 2—track stars from the analysis, the 

excess completely disappeared for the "Pb" plates (Figure 
I.8(a)), but remained for the remaining 1,009 stars on 

the "ice" plates. This excess was 2.5 x 10-2  close pairs 
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per star and was equal to 25 close pairs more than the 

expected number of 100 close pairs. The average number 

of large stars ( 3-tracks) per area on the "ice" plates 

is 6.4. If it is assumed that certain types of large 

stars, t iith'3 or 4 tracks, are more difficult to see than 

others, thea a preferentially inefficient searching, 

similar to that assumed for the 2-track stars, will 

explain the observed excess. Using an equation similar 

to 1(18) it can be shown that the efficiency for stars at 

large distances from other stars must be less than 750, 

if one half of the stars with more than 2 tracks have 

this preferential searching inefficiency. The greatest 

efficiency capable of explaining the remaining star-pair 

excess must assume that all stars in the plate have this 

preferential searching efficienoy. This efficiency is 

then 890 for stars at long distances from other stars and, 

owing to the small probability (0.1) of finding stars 

within 1500/6- of each other on these plates, the overall 

searching efficiency will be -. 900. A searching effici-

enoy greater than this cannot explain the remaining excess. 

However, it was for this group of "ice" plates that 

Li assumed a conservative lower limit of the searching 

efficiency of 980, With a more probable effioienoy of 990. 

One tenth of the "ice" plates were oarefully re-searched 

and the original efficiency for stars with more than 2 

tracks was found to be 800 only. The remaining excess 
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for the "ice" plates can now be explained by preferential 

inefficient searching. This explanation is strengthened 

by the fast that the additional stars found were mainly 

at larger distances than 1500 `"from other stars, and 

there was a decrease in the total number of excess star- 

pairs. 

The expected number of star-pairs within a certain 

separation is proportional to •-n4(n.j.-1) the summation 

being carried out over all the areas. For the areas 

re-searched, originally 

i. n
i(n1-1) = 646 and the observed number of 

close star-pairs was equal to 11, 

After re-searching the areas the value of 

= 1112 and the observed number of 

close star-pairs is now equal to 13. 

Thus, while the expected number of olose star-pairs 
has increased by a factor of 1.7, the actual number has 

increased by a faotor of only 1.2. Originally for the 

"ice" plates there remained an exoess of 25 close pairs 

over the 100 expected, or a ratio, of 1.25 times the number 

expected. If the above trend for the re-searched plates 

was uniform over all theice"plates, it would therefore 
be more than sufficient to explain the remaining excess 

of close star-pairs. 

There is thus no conclusive evidence that there 
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exists a double-star effect of the magnitude reported by 

It was previoSly shown that the expected number of 

excess star-pairs was q x 10-3 for a separation of less 

than 1500/,4, assuming a regenerative process, with q not 

greater than 2, but such an excess would not have been 

observed in the present analysis, owing to the small num-

ber of stars involved. The statistical problem of deter-

mining such an excess is disoussed in the next section. 

In explaining the large excess of double stars 

reported by Li, it has been stated that scanners have a 

greater probability of finding difficult events in a short 

period following the discovery of an event. R.M. Tennent 

(1952) has confirmed this effect and reported that deflec-

tions near large stars were more often recorded than those 

at great distances from large stars. There is also the 

possibility that in rejecting possible deflections on 

/C,/iLdecays from the 2-track stars, the research worker 

might introduce some bias in favour of those nearer large 

stars. As far as is known, there was no really strict 

criterion for 2-track stars in the areas used by Li, and 

this makes their inclusion in the analysis rather 

unsuitable. 

The absence of a large anomalous double-star effect 

has recently been confirmed by Barbanti Silva, Bonacini, 

Depietri, Lovera and Perini Fedeli (1952). They analysed 
0 i 

1,359 stars in 73.52cm, of 200t, G.5 plates exposed under 
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paraffin at 3500 m, and also 1,603 radioactive stars in 

23 cm.2 of emulsion. They measured the star-pair separa-

tions up to 1000p,  and for the cosmic ray stars they 

found a probability 0.43 for the distribution being ran-
dom, 2  on applying a _x test. The oorresponding probabi-
lity for radioactive stars was 0.33. Thus there is no 
significant deviation from a random distribution of the 

cosmic ray stars, as the radioactive stars are almost 

certainly randomly distributed. These workers oonoluded 

that their statistics were insufficient to confirm any 
excess of star-pairs, but they would have found ah excess 

of the magnitude of that reported by Li. 

The detection of double stars by the photographic 
i jlate technique can only be easily applied for separations 
up to 1 mm. However, the shower and regenerative 

processes will also cause associated pairs with separations 

of the order of centimetres. Harding (1952) investigated 

the double-star effect using scintillation counters of 

potassium iodide. He used a bias setting such that the 

scintillation bursts corresponded with the production of 

stars in nuclear emulsions. The crystals were of dimen-
sions 3.1 x 3.1 x 1.2 cm, and were separated b 2 mm. lead. 
Coinoidenoesbetween the two counters were noted with the 
crystals side by side and one above the other. Random 
coincidences due to the finite resolving time of the 

coincidence imit  was quite negligible. He showed that 
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the majority of the coincidence events must have been 

produced by events other than double stars and found no 

positive evidence for any double stars. He ooncluded 
that the frequency of double stars detected by the crys—

tals must be very much smaller than that reported by Li. 

he Statistical Problem of  
the Double star Effect 

In designing an experiment to determine an excess 

of close star—pairs, the excess must be clearly discern—

ible from the random number of star—pairs. For an area 

with Ni  stars the number of random pairs has been shown 

to be proportional to Ni(Ni-1), while the number of non—
random excess pairs within a certain distanoe can be 
expressed as Ni p( . It would therefore seem that the 

fewer stars occurring on each area, the more clearly will 
the excess stand out against the random background, as 

the latter increases far more rapidly with increasing Ni. 
Consider n identical areas (in size) each having Ni  

stars on it, where Ni  varies with i. Li and Perkins 
(1948) have shown that the distribution of star frequen—

oies over areas of the dimensions of 1 cm. conform to the 

Poisson distribution. If the average number of stars in 
the n area is m, then the probability of finding Ni  stars 
in an area equals Pm(Ni) 

where M I 



-m 	 n f(r,a,b) 	e 	m  
ni 	(N1-2) 

00 	Ni  

33. 

The number of random star-pairs with separations 

< r are given by Q(r) in equation I(2), and this may be 

written 

Q(r) = N1(N-1) f(r,a,b). 

Therefore, the total number of random star-pairs in 

all n areas is equal to 
,00 

n 2. 2 (N.)( -1) f(r,a,b) m NI  

n m2  f(rla,b) = n m2i3 	. where it = f(rIalb) 

The total number of stars in the n areas is equal to 

n in, and the number of excess star-pairs given by the 

regenerative prooess is equal to n mac, where 0,4 is given 

by N(x) of equation I(12). If this excess is to be sig-

nificant, it is desirable that the excess of star-pairs 

should be at least twice the root mean square deviation 

of the random number of star-pairs. 

.°. n m 	2 in m2f 

II 	> 4 	1,..< 2 	I(19) 

It can be seen, therefore, that the detection of an 

excess of close star-pairs is independent of the actual 

number of stars in each area and depends only on the 
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number of areas. Of course, the total number of stars 

in the areas searched must be suffioient to give a 

reasonable number of exoess star-pairs so as to be able 

to determine the magnitude of the excess with any 

accuracy. Thus, the excess should be at least 20, to 

give an accuracy of 25%. To facilitate efficient searoh-

ing, however, it is desirable that the searchers should 

find at least one event in each line of searching, and 

the most suitable number of stars in an area 1" x le 

would be between 30 and 50 stars. If the number of stars 

is much above this, the events become difficult to find 

in the background of single traoks. The areas analysed 

by Li had an average of 8.5 stars per area, including 

2-track stars, and this could a000unt for the inefficient 

searching. 

For a separation of 1500 p in 1" x*jp areas on l00)A. 

plates p 1.1 x 10-2  and 04= 10-3 Substituting 

these values in equation 1(19) we find n >1.1 x 10 
It would therefore be necessary to analyse 104  areas in 
order to establish the star-pair excess expected from 

the regenerative procqss. The excess reported by Li, 

with 40(= 2.5 x 10'2, wouldbe observed with n greater 

than 70. In the continued analysis of areas and the 

re-analysis of Li's areas described in Section 3, some 

200 areas were taken. This would clearly resolve an 

excess corresponding to c.( greater than 1.5 x 10-2. No 
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excess was observed and from the analysis it can be con-
oluded that any excess of star-pairs is less than 10-2  

star-pairs per star for separations = 1500r. 
In their original work, Li and Perkins (1948) defined 

a quantity (P-Q) /4/7) , where P is the observed number of 

star-pairs within a certain sepatation and Q the expeoted 
random number. This quantity gives the statistical sig-

nificance of the particular excess (P--Q), bind the values 

found by Li and Perkins and Leprinoe-Ringuet and Heidmann 
were given in Figure I.1. The quantity of physioal sig-
nificance, however, is not (P-Q) /175 , but (P-Q) / 2N f  

where S.Ni  is the total number of stars in the area. It 
has already been shown in this section that by increasing 
the number of areas sufficiently the statistical signifi-
canoe of any slight real excess of star-pairs can be 
increased to any desired value. For example, if 
(2-Q) /ART = 1 for n areas, then by taking 100 n ide ti 

cal areas this function will increase to 10. 

The real significance of the (P-Q) /la function has 
not been entirely realised by some workers. Addario and 
Tamburino (1950) described an analysis of 84 stars of 3 

or more prongs, in. 100/A- C.2 plates exposed at 29,000 m. 

They calculated values of (P-Q) /1/-Q-and compared their 
values with those of Li and Perkins and Heidmann and 
Leprince-Ringuet. They then claimed a quantitative agree-

ment with the values obtained at mountain elevation. 
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However, the only real comparison can be between values 

of (P-Q) / 2 Ni, and Addario and Tamburino did not give 

su fioient data for this to be calculated, neglecting to 

state the area of emulsion searched. As they only had 

84 stars their value of the excess will not be of great 

statistical accuracy. 

The values of (P-Q) 	N. found by all the obser- i 
vers previously mentioned except Addario and Tamburino, 

are given in Figure 1.9, and can be compared with the 

values predicted by the regenerative process. Those 

referred to as Author, apply to the Lead Cone (Group A) 

and Li's Lead Blocks (Group B) (with 2-track stars exclu-

ded), described in Section 3. These values are shown for 

star separations up to 1200)A. 

It can be seen that the results of the present 

analysis (Author) and the recent results of Barbanti Silva 

et al. show no evidence of any excess greater than that 

given by the regenerative theory. There is an excess for 

separations less than 500 /A given by the original results 

for Heidmann and Leprince-Binguet, and Li and Perkins, 

but it may be remembered that these results included 

2-track stars. Both these sets of plates were exposed 

vertically, moreover, and this effectively increases the 
number of secondaries remaining in the plate by a factor 

of 2 or 3, owing to the downward collimation of the 

shower particles. 
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It was pointed out in Section 3 that any anomalous 

distribution of stars in a photographic plate is most 

likely due to the simultaneous creation of 2 or more 

stars in the plate. The analysis of star—pair, distri-

butions would not show any effect, however, if many of 

the stars are created simultaneously with separations 

of the order of centimetres. At least one half of the 

stars formed in the regenerative process, and most of 

the stars formed in any shower process come into this 

oategory. 

An apparatus was designed by N.C. Barford (1950) 

to study the production of stars as a function of time. 

This apparatus consists of two circular plates, rotating 

with respect to each other with a very close separation. 

The period of rotation is of the order of 3 weeks. Stars 

formed in one emulsion can be traced through to the 

opposite emulsion, and from the angular displacement of 

the two plates, the times of the formation of the stars 

can be determined. It is further possible in principle, 

to do this not only for stars, but for single "grey" 

proton tracks, if the background is not too large. The 

MRICiMUM resolution in time available was one part in 

10,000, using the total revolution of the plates. Stars 
formed in these rotating plates can therefore be regar—
ded as having been created in one of 10,000 time cells. 

The proability p of fiAding any star in a particular oell 
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is then equal to Y10,000. 

If there are N stars in the plates, the probability 

of finding 2 stars in 1 particular cell is equal to 

N  C2  p2, and so the probability of finding 2 stars in any 

cell equals NC2  p. If N is fairly large, so that N2  is 

large compared with N, then the random number of star—
pairs in all the time cells is equal to N2P/2. 

The actual number of stars created simultaneously 

can be expressed as Not. We are therefore expecting an 

excess of N 04 star—pairs, while the random number expec—

ted is N2  p/2. These conditions are very similar to 

those existing in the spatial analysis of star—pairs:  
discussed at the beginning of this section. 

The condition for an excess to be observed is 

analogous to equation I(12) with n equal to 1 

that is, 	1 > p 	2 

Henoe, using one pair of rotating plates, the minimum 
value of .(. which can be determined is c = 2p or 

404 . 1.4 x 10'2. The maximum regenerative effect gives 

.4 equal to 4 x 10 and it has previously been shown 
that the shower contribution is unlikely to be more than 

1 x 10-3  simultaneous stars per star. The rotating plate 

model could therefore be used to confirm the absence of 

any anomalous time correlation in star—production of the 

order of 10-2 excess pairs per star. 
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Discussion and Conclusion 

The nuclear emulsion technique has one great disad-

vantage over the counter and cloud-chamber techniques, 

in investigating statistical problems similar to the 

double-star effect. This is the human element which 

comes into the scanning of the emulsions. It has been 

shown that the bias errors introduced by the searchers 

can be of the same order of magnitude as the excess 

reported by the early workers in this field. 

The stars formed in nuclear emulsions are also 

unsuitable for determining any correlation in groups of 

particles passing through the emulsion, as the mean free 

path for star-production is much longer than the thick-

ness of the plates. If a very large number of particles 

pass simultaneously through the emulsion, then only a 

slight anomaly in the spatial distribution will be obser-

ved. In principle, the problem is similar to a coinci-

dence counter experiment, where each oounter has an 
-3 

efficiency of 10 in detecting particles. The large 

number of particles required to explain the original 

excess of star-pairs would be easily detected using 

counters or cloud chambers, but no such numbers have been 

observed in experiments at mountain altitudes. If the 

anomalous excess does exist, then one must assume that 

some stars in nuclear emulsion are formed by a different 

process from the usual nucleonic or mesonic interaction. 
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However, there, is no reason to believe that the 

original excess of star-pairs cannot be ascribed to 

biasing errors of the searchers, especially for 2-track 

stars. There is, it is true, a possibility that 2-track 

stars do contribute a real excess of star-pairs of mag- 

nitude 	10-2  per star, by some mechanism as yet unknown. 

In order to repeat the anelysis with a reasonable area of 

emulsion (200 1" x r areas) and a scanning efficiency of 

at least 990, about 4 scanner-years would be required. 

It can be. concluded that the results reported by the 

previous workers offer no conclusive evidence for an 

anomalous star-pair effect. In order to prove the absence 

of any anomalous excess, greater than that given by a 

simple regenerative process, a great scanning effort 

would be required. In the light of the preceding discus-

sion this would hardly be justified. 
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II. THE LEAD CONE EXPERIMENT  

Introduction 

Information on the star-producing component of the 

oosmic radiation may be obtained from three sources. 

The first is the nature of the stars produced, the second 

is the effect of absorbers on the radiation and the third 

is the angular distribution of the radiation. Experiments 

dealing with the first two aspects have been described 

(e.g. Barton, George and. Jason 1951; Brown et al. 1949; 

Rosser and Swift 1951) but the experimental conditions 

have been geometrically unsuitable for giving information 

about the third. The experiment described here was 

designed particularly for the last purpose, although in 

the course of the work interesting results have been 

obtained for the other two. 

The angular distribution of the charged component 

producing stars has been previously given by Page (1950), 
2 who reported a cos0 zenith angle dependence at moun-

tain altitudes. However, the statistics were rather poor, 

and this experiment shows that the charged particles pro-

ducing stars are rather more collimated than this. 

The lead cone absorbers used in this experiment were 

designed so that radiation with zenith angles greater 

than a certain angle could reach the plates without pass-

ing through the absorber, while radiation with zenith 
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angles less than this angle had to penetrate the total 

thickness of absorber. By varying this cone angle, cer-

tain angular properties of the radiation can be studied. 

1. Experimental Details  

Ilford G.5 nuclear emulsion plates (double-sided 

200,.. and single-sided 400,L) were exposed at the Jung-

fraujoch (3570 m., 47°  geomagnetic N) during 1950 and 

1951 under inverted lead cones. 

The lead absorbers were in the form of truncat4d 

lead cones, with various half-angles from 0°  to 90°  

Each cone was split into 3 shells of 10 cm. thickness so 

that absorption under 1020 and 30 cm. of lead could be 

investigated. The plates were stacked vertically below 

the cones, and only those parts of the emulsions were 

searched which lay within a vertical circular cylinder 

of diameter 2 cm. and height 2 cm. at the apex of each 

cone. The essential features of the experimental arrange-

ment are shown in Figure II.1. 

For a cone of half-angle ® we can define angles g 1 

and ' 2  such that any undeviated ray reaching the 

searched cylinder of emulsion with declination less than 

E) - Pl  must pass through the total thickness of lead, 

while if it is greater than E) + g2, it can pass through 

no lead. Values of g i  and r 2  are given in Table II.1 
for the various value$ of Q using 30 cm. lead (shells 1, 



Fig. XI 	Photocrap of a 400, 10 cmso  lead cane. 
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2 and 3). For 20 cm. (shells 1 and 2) and 10 cm. (shell 

2), these values of c  and cr 2 are less. The probable 

error in the 0 co-ordinate is clearly less than 	or 

2 and we may certainly say that the angular measure-

ments have a precision within 100. Also shown in Table I 

are the various distances of the plates from the :inner- 

most lead shell ( cm.) and from the concrete roof above 

which the cones were suspended (h cm.). 

Each set of plates was sealed at approximately 15 C. 

in an atmosphere of 30°  to 40°  relative humidity, and 

maintained at 10°  to 20°C. using thermostatioally oon-

trolled heating elements throughout the experiment to 

obviate fading. 

The photograph of a typical lead cone is shown in 

Figure 11.2. The method of suspension of the oones and 

of the plates is shown. At the apex of this oone oan be 

seen the thermostatically heated container, whioh holds 
the plate box. 

The boxes oontaining the plates, the heating ele-

ments, and the scaffolding supporting the cones, contri-

buted approximately 1 gm. cm-2  of absorber extra, but 

this has been neglected throughout. 
The emulsion was developed by the temperature vole 

method to a minimum grain density of 30 to 40 grains per 

100)A. of track. In the succeeding analysis those plates 

were rejected which were so distorted as to impair 
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searching efficiency or the classification of stars. As 

scattering measurements were not used in the analysis, a 

degree of distortion causing effective scattering of 

straight tracks by a few degrees in a 100,- length was 

not too serious. However, in one batch of plates the 

excessive scattering gave straight tracks a sinusoidal 

appearance, with a half wavelength of about lot. The 

exposure under the lead cones was therefore repeated for 

this batch. 

The emulsion thickness of one—third of all the 

plates was measured before and after the development, 

using a thickness gauge. Care was taken to measure the 

glass thickness of each plate separately. This was done 

using a microscope fine focussing adjustment, which was 

calibrated using glass slides of known thickness. As 

the same immersion oil was used in both cases, errors 

introduced by the different refractive indices canoel out. 

From this a shrinkage factor 2.5 ± 0.05 was calculated 

and used to determine the initial thiokness of the emul—

sion in the remaining plates, which were measured only 

after development. Variations of 100 or more from the 

nominal emulsion and glass thiokness were common. The 

nominal "400r" emulsion was found to have an average 

thickness before development of 417j., while for the 

"2007:-." emulsion the initial thickness was found to be 

184)x. The variations in thiokness of the emulsion were 
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sufficient to cause appreciable errors in the star-pro-

dli.ction rate, if the nominal thicknesses had been assumed. 

2. Scanning of the Emulsions  

Great importance was attached to the scanning of the 

plates. It has already been shown in Part I of this 

thesis that searching inefficiency can cause serious 

errors in work requiring statistical accuracy. Ineffioi-

ent searching soon showed up as irregularities in the plots 

of star-production rate against cone angle, and this prob-

lem was therefore considered in detail. As far as poss-

ible emulsion areas exposed under a particular cone were 

scanned by at least two scanners, to avoid any personal 

error for the star-production rate under that cone. 

A really efficient scanner requires a certain minimum 
power of concentration. It seems that girls of very high 

or very low intelligenoe do not make very good scanners, 

especially for the type of work required in the lead cone 

experiment, where there is little to arouse the interest 

of the scanner. The most efficient scanners in this 

department seem to combine the minimum of interest in the 
physical significance of the events found with an intelli-

gent awareness of any unusual event. Searchers lacking 
concentration were found to miss even stars with more 
than 10 traoksond the results found by such searchers 

were not used in this experiment. 

Some specimen areas of the emulsion were carefully 
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scanned twice and, assuming the overall efficiency of 

these to be 1000 it was found possible to divide the 6 

searchers concerned into 2 groups. The 4 experienced 

scanners, who scanned the great majority of the areas, 

were 950 to 104 efficient, and the 2 inexperienced scan-

ners were 800 to 900 efficient in finding 3 and 4-pronged 

stars. In the analysis of these small stars a correction 
foto' 

factor of 1.1 was there applied to those found by the 

latter. As this affected only a small fraction of the 

results, the overall correction factor is in most oases 

nearly 1.0 (see Tables 11.2 and 11.3), and none of the 

conclusions is invalidated if no such correction is made. 

The total scanning effort required was some 70 scanner-

weeks, not including those areas which were scanned by 

inefficient scanners and later neglected. 

The plates were scanned at 250 x magnification, and 

all the events recorded, including 2-track stars, were 

checked by the author at 800 x magnification. Any event 

showing 3 or more tracks of grain density greater than 

1.5 x minimum and length greater than 4p were used in 
the analysis unless 

(a) all such tracks were less than 70 p-  long, in 

which case the event was assumed to be a radio-

active disintegration, 

(b) one track could have been caused by a slow meson 

travelling towards the centre of the event - a 



Tables 11.2, 3, 4 and 5. 

Nh  = number of heavily ionising particles; 

ns  . number of shower particles; 

n = neutral primary; 

. charged primary. 
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Table 11.3. Nuclear Disintegrations under 
30 cm. Lead at 3570 m. 

27 16 6 4 3 2 3 - 2 - 1 - 1 
2 5 4 2 1 3 - 	- 1 - - - 
2 2 1 2 - 1 3 - - 1 - - - 
2 2 2 - - 2 1 - - - 1 1 - 
20 8 5 9 4 1 4 2 1 - - - - 
11 7 1 1 - 1 1 1 - - - - 
5 2 1 2 2 1 1 1 - - 1 - - 
2 4 2 3 1 1 1 1 2 - 1 1 1 
5 2 1 3 - 1 1 1 1 - 
- 1 - 1 1 - - - - 1 
- - 1 - - - - - - - 
1 - - 1 - - - - - - 
28 9 3 6 3 1 1 - - 1 

6 3 3 3 - 3 2 1 - - 2 1 
2 1 1 3 2 - - 1 2 
2 1 1 1 1 - - - - - 

8 2 2 	1 
1 1 	_ _ _ _ _ - - - - - 

1 
1 

18 15 9 6 1 - 3 2 1 - 
7 8 1 - 1 - 1 1 - 1 
1 2 1 3 1 1 - 1 - 
1 2 1 2 1 1 - - - 

6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 Total Search- 
	  ing 

Factor 

Number of heavy tracks Nh  

Cone Thick- Expo- Correc- Vol. 
Semi- ness 	sure ted 	V cc. 
angle d cm. 	Days Days 	of 

Emul. 

	

0° 	20 	51 	51.8 	0.596 

	

10° 	20 	51 	51.9 	0.655 

	

20° 	20 	51 	52.1 	0.145 

	

40° 	20 	51 	52.6 	0.881 

	

60° 	20 	51 	52.7 	0.146 

	

90° 	20 	51 	53.8 	1.06 

3 	4 	5 

Type 
of 
Star 
ns 

0(n) 170 95 52 
0(p) 16 10 15 

	

'1(n) 	7 	8 	4 

	

:1(p) 	4 	6 	2 

0(n) 182 116 50 
0(p) 14 5 12 

	

31(n) 	5 	5 	4 

	

31(p) 	6 	2 	9 

0(n) 39 21 11 

	

0(p) 	3 	6 	1 

	

1(n) 	3 	3 	1 

	

:1(p) 	2 	1 

0(n) 202 108 49 
0(p) 11 12 11 

	

:1(n) 	6 	2 	3 

	

:1(p) 	1 	5 	3 

	

0(n) 	40' 	8 	3 

	

0(p) 	3 

	

31(n) 	1 	1 

	

:1(p) 	- 	- 

0(n) 188 83 62 

	

0(p) 	12 	19 	5 

	

.3 1(n) 	4 	3 	2 

	

:1(p) 	6 	2 	2 

3  4  

- 
- 
1 

- 
- 
- 

382 
59 
32 1.00 

- - 23 

- 1 403 
- - 54 
1 - 31 1.00 

1 1 39 

86 
14 
8 1.00 

5 

1 412 
1 59 
1 1 25 1.04 

1 1 17 

64 
- - 5 

4 1.00 
1 

- - 388 
- - 56 
- 1 21 1.05 

- - 18 



Table 11.4. Nuolear Disintegrations under 
No Lead at 3570 m. 

33 

14 

5 

56 

7 

4 

8 9 10 11 12 13 14 	1 

23 14 13 9 4 5 4 

6 6 5 3 2 1 

5 4 2 6 

2 4 1 5 3 2 3 

36 24 19 19 15 8 

Number 
of 

Heavy 
Tracks 
Nh  

3 4 6 

Type 
of 
Star 
ns 

488' 291 146 70 0(n) 

0(p) 35 34 31 14 

7,1(n) 31 22 11 7 

l(p) 9 14 6 7 

Total 563 361 194 98 

Bristol Manchester 

16 17 18 19 20 3  ' Nla e-' 6  7 h 3-S 1111 66  17 ' Nh 3 "h 6  7 "h 
.10111110.1.101011111.0111001. 

2 2 1 995±32 113±11 600±11 101±4 835±25 116±9 

- - 114111 38±6 54±3 45±3 70±7 46±6 

1 1 1 711-8 27±5 :31±2 32±2 72±7 37±5 

1 36±6 29±5 29±2 33±2 45±6 18-4 

4 2 1 2 1216 207 714 211 .1022 217 

Corrected exposure 84.3 cm days. Sea ohing factor 1.01 (3 Nh.. 4). 



Table 11.5. Nuclear Disintegrations under 
30 om. Lead Hemisphere at 3570 m. 

Number 	 Manchester 
of 

Heavy 
Tracks 	3 5.N 6 	7 $Nh 	3 h 6 	7 Nh h 
Nh 

Type 
of 

. Star 
as 

0(n) 343±19 332'6 256±8 24-2 

0(p) 35±6 6±2 26±2 11±2 

1(n) 15±4 6±2 16±2 10:1'2 

l(p) 8±3 9±3 1611'2 10±2 

Total 401 54 314 55 

Corrected exposure 76.2 cm3  days. 

Searohing factor 1.00 (3 	4). 
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s/  -star, and 
(0) 	it could be interpreted as a proton-proton 

scatter. 

Quite a number of 3-track stars which at first 

sight seemed to be radioactive were found to have a 

steeply dipping track with a length of over 100/k. The 

scanners were warned to look out for such events, although 

inexperienced ones did tend to miss them. 

3. Results 

These are tabulated for all cone angles and thiok-

nesses in Tables 11.2 and 11.3, which show the 20 cm. and 

30 cm. cone results respectively. Plates under no absor-

ber were exposed during the experiments with 20 cm. and 

30 cm. and the stars observed in them are given separate-

ly in Tables 11.2 and 11.3. Also shown in Table 11.3 are 

the results with no absorber for plates exposed in the 

experiment with 10 cm. of lead. The plates under the 

10 cm. cones have not been used in the analysis, as the 

searching effort required was too great. In Tables 11.4 

and 11.5 the combined starintensities under no absorber, 

and under the 30 cm. hemispherical shell is summarised, 

and can be compared with the results of other observers. 

Classification  

The usual'olassification of tracks in terms of their 

grain density, g, relative to minimum grain density, gm, 
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• was employed. The numbers of "minimum" tracks 

(g 5:1.5 gm), "grey" traoks (1.5 gm  ` g fz7 gm) and 

"black" tracks (7 gm  g) were recorded for each star. 

The minimum tracks correspond to proton energies of 

greater than 330 MeV and meson energies greater than 

50 MeV. The grey tracks correspond to protons with 

energies between 330 and 25 MeV and mesons from So to 

4 MeV. The black tracks correspond to protons of less 

than 25 MeV and mesons of less than 4 MeV. 

• If at least 1 of the minimum tracks lay in the upper 

hemisphere, it was assumed that the disintegration was 

oaused by a charged particle (a p-star), and the number 

of shower particles (ns) was taken as 1 less than the 

number of minimum tracks. If not, it was assumed that 

the primary particle was neutral (producing an n-star), 
and ns was taken equal to the number of minimum tracks. 
It has previously been shown that about 100 of the shower 

particles are emitted upwards (Camerini, Davies, Fowler, 

Franzinetti, Muirhead, Look, Perkins and Yekutieli 1951) 
and some of the stars classified as p-stars will actually 
have been produced by neutral radiation. However, this 

classification of stars was used by Brown et al. (1949) 

and Rosser and Swift (1951) and can be safely used in 
comparing the rates of star-production. The size of a 

star is defined by the number of "heavy" prongs, 

where Nis the sum of the grey and black tracks. 
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Errors and Corrections  

The small correction factor for searching ineffici-

ency has already been discussed. All the plates used in 

the Lead Cone experiment were several days at sea-level 

and after the exposure at the Jungfraujooh. To correct 

for the sea-level exposure an absorption length in air 

for the radiation producing all types of stars of 

135 g cm.-2 has been assumed (Bernabdini, Cortini and 

Manfredini 1949). This gives a star-production rate at 

sea-level of one-twelfth that found at the Jungfraujoch. 

From the plates exposed without absorbers at the Jung-

fraujoch the sea-level production rate was found to be 

1.5 stars om.-2 day-1. The number of stars in eaoh batch 
of plates due to the sea-level exposure was then estima-

ted. This correction has been expressed in terms of a 

total equivalent exposure time at the Jungfraujoch, for 

each particular batch of plates considered. For a given 

sea-level exposure the equivalent number of days at moun-

tain altitudes depends on the star-production rate under 
the particular cone, and it can be seen in Tables 2 and 3 

that the corrected exposure time increases with the angle 

of the cone. 

It must be emphasised that all the numbers of stars 

given in the Tables 2, 3, 4 and 5 are of stars found and 
checked - corrections are applied only in the subsequent 

analysis. 
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In calculating star-produotion rates the statisti-

cal errors due to random fluctuations were calculated 

as follows. If N events were observed, the errors were 

assumed to be -± 451 if N 7 40, while for smaller 

values of N the fiduoial limits discussed by Regener 

(1951) were used. If the true mean were found (from an 

infinite distribution of stars), it would have a probabi-

lity of 0.84 of lying within the above limits. 

4. 	Analysis of the Jiesults 

In this initial analysis of the results the star-

producing component will be treated as a whole, and the 

resulting angular distribution obtained will be averaged 

over all the particles. The following simple assumptions 

are made: 

(a) star-producing radiation travels in straight lines; 

(b) if a primary particle in this radiation interacts 

in the absorber, giving rise to a secondary particle it-
self capable of producing a star, the latter continues in 

the same direction as the former (this will be called a 
collimated secondary); 

(o) the intensity of radiation at any angle traversing 
a distance d in the absorber suffers an overall reduotion 

0((d) of its original value, where of (d) is independent 
of angle. 

It will be assumed that the angular distribution of 

the radiation is proportional to cos m 	steradian-1  in 
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the upper hemisphere with zero intensity in the lower 

hemisphere, where O is the zenith angle. 

Consider an inverted lead cone of half-angle 8 
and thickness d. If we ignore absorption, the flux of 
particles reaching a given volume of emulsion with zenith 
angles between e and E) + d E) can be expressed as 

a2 -r" sine oosm e de 
where a is some constant. 
Those particles passing through the lead cone, that is, 
with zenith angles from 0 to C), will suffer an overall 
reduction of (d), while those with angles between ED and 
11 /2  will reach the emulsion unaffected by the absorber. 
The number of particles reaching the emulsion is there-
fore equal to 

9 
f 211  a o< (d) sin e oosm  g de + 	21-r a sin G oosme d9 

[
m+1 	(d) (1 oosm+1 O) oosm+1  C) 

The rate of star-production at the apex of such a 
cone is therefore of the form: 

N(e) = N(0) 0( (d) [ 1 + oosm+le 1 

 

hatever the value of m, aC (d) is given by 

(-1 ) 	N(0) 0( (d) 

If for different values of d the experimental results 
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satisfy a variation of type (1) for the same values of 

m, the zenith angle law of distribution will be verified 

(subject to the assumptions already mentioned). If, in 

addition, for variations of d, there is a constant 

satisfying 

c,((d) = e X 
	

II(3) 

one will be justified in talking of effective exponential 

attenuation and in defining 	as the attenuation path— 

length. 

Various classes of stars were examined to see how 

well laws 11(1) and II(3) were obeyed and to determine 
the relevant values of m and .\ 	Typical curves showing 

star—production rates under each cone are given in 

Figures 11.3 and 11.4. In order to obtain the most accu—

rate values of m and A the following procedure was 

adopted. N(0) was taken as the experimental value at 

= 0, combining all the results from emulsion with no 

absorber. For the two hemispheres of lead (20 cm. and 

30 cm.) two values of the attenuation length were then 

obtained from the formula 

d 
A . log 

C N(0) f N(i-)j 

derived from II(2) and II(3). If they were oonsistant 
their weighted mean was taken as A . 

In order to obtain an accurate value of A at least 

1 0.c. of 00  and 909  cone emulsiohsvere searched. A 
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few areas (2 cm. x 2 cm.) from each cone were searched 

to see if the production rates were consistent with 
IW 12,  

curves of 4:gore 11(1) With the values of W(0) and 
hlict 

previously determined, curves of Figure lItl)were con—

structed for various values of m, and the production rate 

of all stars with NO 3 gave a preliminary value of 

m 	3, both for the 20 cm. and 30 cm, curves. 

Additional searching was therefore concentrated on 

that cone 0 m which gave the best discrimination between 

a oosm  9 and a oosm+1  e law. This angle e m  is given 

by the maximum value of C(cosm+2  8 — c0sm+1 	) where 

C is given by 11(1) and equals N(0) (1 — 00:(d)). By 

differentiating this expression, we find 

em  . cos-1 m"11-  
m+2 

11(4) 

These maximum resolution angles are shown in Figure 11.5 

and it is apparent that the oone giving best discrimina—

tion for values of m from 1 to 5 is the 40°  cone. The 

cones with angles nearest to this are the 20°  and 60°. 

The 20°  cone would be important in determining the value 

of m only for very high collimation, with m between 10 

and 20. Owing to the great scanning effort required it 

was not possible to obtain good statistics for the other 

cones as yell. 

For the total star—producing component the above 

method of analysis gave a value of A of 330'15 gm om.-2 
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and for m of 3 ± 1 -. This value of .)t  is in good agree-

ment
2 

 with the earlier values of 310 ± 20 gm cm.-2  (George 

and Jason 1949) and 305 ± 7 g cm.-2  (Rosser and Swift 

1951). Values of m and X have similarly been calcula-

ted for different categories of stars, the final values 

being taken as the weighted mean of the values best fit-

ting the results for 20 cm. and 30 cm. absorber. 

5. The Angular Distribution  

This experiment was designed to determine the 

angular distribution of the total star-producing compo-

nent; the statistics, however, are not really good enough 

to permit an exhaustive analysis of the variation of the 

angular distribution with star size. Nevertheless, there 

are some indications of a variation of collimation with 

star size. 

For the lowest energy stars (with 3 $ N 	4) the 

exponent m = 2.5 11-  0.5 as compared with the average value 

of 3.0 ± 0.5. The values of m for various classes of 

stars are given in Figure 11.6. Although all these values 

are consistent with m = 3.0 ± 0.5, they are also consis-

tent with an increase in m with increasing star size. 

This would mean that the high-energy radiation is more 

collimated than the low-energy component, as would be 

expected from the following considerations. 

The high energy nucleons in the atmosphere are 

strongly collimated in the downward direction because of 
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the absorption effect. In nuclear interactions the high-

energy secondaries are known to be more collimated about 

the primary direction than those of low energy, and henoe 

are more collimated about the vertical. In addition, the 

large stars have a greater proportion of charged primaries 

than have the small stars; since these charged primaries 

suffer ionisation as well as nuclear collision losses, 

passage thTough the atmosphere above 3570 m. will tend 

to collimate them more than the neutral primaries. 

It has been assumed that "m = 2 (e.g. Harding 1951, 

Sohopper,Hboker, and Rt3ssle 1951) on the basis of measure-

ment by Coates and. Herz (1941) and Page (1950). The for-

mer were, however, of "straight line tracks" at sea-level, 

and were presumably mostly (mused by 	-mesons. The 

latter measurements were of charged primaries only, based 

upon some 60 p-stars. In neither case is there a direct 

measure of the angular distribution of the total star-

producing radiation, most of which is neutral at 3570 m. 

It has been possible in this analysis to investigate 

the angular distribution of the charged primaries by two 

independent methods. First, p-stars were analysed by the 

method discussed in the previous section:  using the 20 cm. 

and 30 cm. lead cones. This gave the value m = 4.0 ± 1. 

This is not a direct measure of the angular'distribution 

because of the secondary processes in the lead absorber. 

To obtain this directly the zenith angles of the primaries 
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of 200 p-stars found under no absorber were determined 

in the following way. 
Firstly, the projected angle (" is measured, where 

9r/is the inclination to the vertical of the projection 

of the track on the plane of the emulsion. Secondly, 

the angle of dip 	which the primary makes with the 

plane of the emulsion, in the undeveloped emulsion, is 

found, making allowance for the shrinkage factor caused 

by development. The zenith angle C) is then given by 

008 0 = 008 7, 005 yb 

The zenith angle distribution of 200 charged pri-

maries is shown in Figure 11.7(a), together with the 

theoretical distributions expected on a oosme steradian 1  
law, for several values of m. This shows a value of 

m 	5.0 1.0, in con-LSt with the value of m = 2 
reported by Page. 

It is possible that charged primaries dipping very 
steeply with respect to the plane of the emulsion will 
be missed in the analysis of the stars under the oil 

objective. However, in distortion-free emulsions, it 
was quite easy to observe primaries with angles of dip 
up to 700, as the rocking motion of the microscope fine 
adjustment enables one to follow the primary to or from 

the star. Indeed, it is often easier to see a dipping 
track than one lying in the plane of the emulsion, as 

the former can be seen for a longer period of time. 
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The observed distribution of angles of dip, and projec-

ted angles are shown in Figures II.7(b) and II.7(c), 

togeth,pr with the theoretical curves. If primaries 

with large angles of dip were preferentially missed in 

the checking of stars, then the number observed with 

arge angles of dip should be less than that expected 
- 1 

on a cos
m  e steradian zenith angle distribution law. 

However, both the histograms in Figures 11.7(b) and 

II.7(c) are consistent with m = 5.0 ± 1.0. As previous-

ly mentioned, some 100 of the shower particles are emit-

ted upwards, more or less isotropioally in the upper 

hemisphere, and the majority of these will have been 

classed as charged primaries. This will cause an apparent 

loss in collimation of the charged primaries, and the 

real value of m will therefore not be less than 

5.0 - 1.0, and possibly slightly greater. 

This may be compared with the angular distribution 

of the charged particles produoing showers determined by 

Walker (1950), who used a oounter array at a similar 

altitude. From the nature of his apparatus the counts 

Al  B1  C3  will include large stars of great energy. This 

angular distribution has m = 7.3 ± 1.0. 

It 1is also of interest to compare the corresponding 

distribution at great altitude. Lord (1951) has given 

the angular distribution of charged star primaries at 

28,700 m. 54°N (Magnetic). This is very nearly given 
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by a cos 9 steradian-1 zenith angle distribution law. 

These primaries will become more collimated in penetra—

ting the atmosphere. If one assumes an attenuation mean 

free path A = 135 g cm.-2, then the number of, primaries 

having zenith angles between (9 and e 	d e is re— 

duced by a factor exp( 	seo 9), where a g cm. 2 is 
, 	A 

'the depth in the atmosphere. The differential angular 

distribution at 3570 m. can therefore be obtained by 

transforming the corresponding distribution at 28,700 m., 

multiplying by this factor exp( 

On applying this simple transformation to give the 

simple air attenuation down to 3570 m., the distribution 

up to 600  zenith angle is best given by a oos4• 5  e law, 

which compares very well with the value found here for 

the charged primaries. 

It is important to realise that the effective angular 

distribution of the total star—producing component, as 

determined by absorption in the lead cones, is the true 

angular distribution of the primaries above the lead only 

if the assumption of collimated secondaries is true. The 

general problem of non—collimated production of seoond—

aries is quite complicated and will be discussed more 

fully in Part III of this thesis, when the effect of 
isotropic emission of secondaries is studied. 
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6. Absolute Rate of Star Production 

at the Jungfraujoch  

The rate of production of all stars with Ilk,/ 3 in 

nuclear emulsion of 17.0 ± 0.4 om.-3  day-1  is greater 

than previously reported. For comparison the stars 

recorded by the Bristol and Manchester groups (Brown et 

al. 1949, Rosser and Swift 1951) are shown in Tables 4 

and 5. These are corrected to the same exposure time, 

and in the latter case for the difference in altitude 

also. It can be seen that the differences involve small 

stars only, and in fact this experiment records twice as 

many 3—pronged stars as reported by the Bristol groups. 

There is very good agreement for production rates of 

stars with more than 7 tracks, both with and without 

absorber. 

In the classification of 3—track stars any track of 

length greater than 4t- was accepted, while one of 4f 
or less was defined as a recoil. The Manchester and 

Bristol groups have not stated their definition of a 

recoil and may have regarded 3—track stars containing 

one track between 4)̂ and 10 f  in length as a 2—track 

star with a recoil. This could possibly explain the 

discrepancy in the number of 3—track stars found. Tidman 

and Hodgson (1952) hage analysed the 3—track stars found 

under no absorber in the lead cone experiment, and using 

their results it is apparent that one—tenth of these 
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stars have one track with length between 4r and 10r. 

However, the production rate found here for 3-track stars 

is 260 of that reported by the Bristol group and 140 

of that reported by the Lanchester group. The discrep-

ancy cannot be explained by the particular choice of 

criteria in the classification of the stars and there can 

be little doubt that it is caused by the increased effioi-

ency in finding the small stars. 

Brown et al. (1949) had analysed their stars and 

showed that the total energy carried away by particles 

in the black and grey energy region, making allowance for 

neutrons, could be represented by the energy versus size 
2 law, B = 37N1.  + 4N for stars with. 4 	more tracks. 

Extrapolating this law to stars with 3 tracks gives a 

mean energy of 147 MeV. However, Tidmaa and Hodgson 

(1952) have analysed the 3-track stars found in this 

work and they obtained a mean energy of 186 MeV. It is 

therefore probable that the Bristol group tended to miss 

small stars having grey tracks. 

7. Attenuation of the Star-Produoing Radiation 

The star-production rates under no absorber and 

under the 20 cm. and 30 cm. hemispheres are shown in 

Figure 11.8. forvarious classes of stars. It can be 

seen that for all classes of stars the results are con-

sistent with exponential attenuation, and there is no 

sign of the anomalous increase under 20 cm. lead reported 
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by Sohopper et al. (1951) for stars with 2 or more prongs. 

In any oase, under the conditions of the experiment one 

would not have expected to observe the transition effects 

for small thicknesses of absorber, reported by Shapiro, 

Stiller, Birnbaum and O'Dell (1951) and Sohopper et al. 

(1951). 

Figure 11.9(a) shows the attenuation length in lead 

for different types of stars, obtained from the results 

shown in Figure 11.8. The attenuation length for all 

the stars withN 	3 is 330 15 gm om.-2. However, ip 
the size distribution under the absorber is not identical 

with that above the absorber. The results show a larger 

proportion of small stars under the absorber similar to 

that found with air as  the absorber by Addario and Tam-
burin° (1949), but not observed at a slightly lower 

altitude by Rosser and Swift (1951). 

This results in a definite trend towards smaller 

attenuation lengths for large stars, as can be seen in 

Figure 11.9(a). For small stars only (3 	4) pro-

duced by neutral radiation the attenuation length is 

370 ± 30 g am.-2, while for stars with more than 12 tracks 

it is somewhat lower, at 210 18 g om.-2. This smallest 

length, 210 g om.-2, may be oompared with the "geometrical" 

mean free path of 150 g cm.-2  based on a nuclear radius 

4 = 1.45 x 	
1.3

0 cm. 

There can be little doubt hat the increase in 
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proportion of the small stars does exist, as there are 

reasonably large numbers of the small stars (3— and 

4—track stars forming 650 of the total). However, the 

statistics for the large stars is very poor (stars with 

more than l2 traoks forming less than 2.5* of the total) 

and it is rather important to see if the continuing 

deorease in attenuation length with increasing star size 

is significant. For this oategory of large stars 

';13) the results are based on a total of 33 stars 

without absorber, 8 stars under the 20 cm. hemisphere and 

6 stars under the 30 cm. hemisphere. Using these numbers 
— one finds an attenuation length of 210 g cm. 2  . An 

attenuation length of 300 g om.-2  would have required 

roughly 11 ± 2 stars under each absorber, taking into 

aocount statistical fluctuations in the 33 stars without 

absorber. The significance of the lowest value of the 

attenuation length thus depends upon the probability of 

the two observed numbers ofstars, 6 and 8, not being 

statistical fluctuations of a random distribution of 

stars, having an average of between 9 and 13 stars in the 

given volume of emulsion. If one takes the lower value 

9 of the mean number of stars, then both the observed 

values 6 and 8 lie within the root mean square value, 

and the results are therefore just consistent with an 

attenuation length of 300 gm cm.-2. 

If, however, we include the result of Brown et al. 
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(1949) for stars with more than 2 tracks, the new pro—

duotion rate above the absorber hould give rise to 

37 ± 2 stars in the volume of emulsion which contained 

the 33 stars. The numbers under the 20 om. and 30 cm. 

hemispheres corresponding to an attenuation length of 

300 g cm. is 12.5 ± 10. The results are then not 

quite as easy to explain by statistical fluctuations. 

However, Rosser and Swift reported no change in the 

size distribution under 30 cm. of lead and actually 

found an increase in the attenuation length for stars 

with N 	15. They found a value of 400 ± 100 g om.-2  

for these large stars oompared with 307 ±7 g cm.-2  for 

all stars with Nx,3 3. Their results are shown in 

Figure I1.9(b) and show no sign of the trends found in 

the present experiment. Although their results for small 

stars might be suspect because of inefficient searching, 

there is no reason to doubt the results for large stars. 

In fact, as seen from Table 11.5, the corrected produo—

tion rates for stars with 7 or more tracks are almost 

identical with those found in this experiment. 

In view of the discrepancy between these two experi—

ments, it is not possible to confirm the presence of the 

decrease of attenuation length with increasing energy. 

Such an effect could have been oaused by statistical 

fluctuations in the small number of stars observed. 

A great deal of information is available on the 
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the attenuation of the radiation producing high energy 

bursts in ionisation chambers (Bridge, Hazer, Rossi and 

Williams 1948; Fahy and Schein 1949; Fahy 1951; Stinoh—

comb 1950 (a), 1950 (b), 1951). These bursts are usually 

caused by electron cascades from the neutral 1 a mesons, 

produced in high energy nuclear interactions, though a 

certain proportion are caused by 7—mesons, especially 

at lower altitudes. Hence these bursts include events 

corresponding to large stars in nuclear emulsions. The 

earlier results gave an attenuation mean free path in 

lead of the order of 440 ± 60 g cm.-2. However, on cor—

recting for those bursts caused by /- —mesons and air 

showers, these observers gave an attenuation mean free 

path of about 350 ± 50 g om.-2, as is shown in Table 11.6. 

Table 11.6. Attenuation mean free path of 
Radiation producing Bursts  

Observer 

Bridge et al. 1948 

Fahy & Scheir 1949 	434g cm.-2  

FeloY 1951 	346 ± 36 g cm.-2  

Stinohoomb 	1950 (a) 	440 ± 65 g cm.-2  

Stinchcomb 	1951 	350 ± 40 g cm. 

Attenuation mean free path 
in lead 

345 g om.-2 
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There is thus no sign of any decrease in the attenu—

ation mean free path for these high energy nuclear inter—

actions. However, these bursts cannot be directly corn—

pared with the large stars in emulsion, as they correspond 

to a higher energy region. 

A more direct comparison with stars in emulsion is 

given by the pulses produced in scintillation counters. 

The size of the pulse will be more or loss proportional 

to the number of heavy tracks in the star, and the material 

of the scintillation orystal, often silver iodide, is very 

similar to the silver bromide component of the emulsion. 

Michaelis (1952),in a private communication, has reported 

a variation in the attenuation mean free path of the par 

tidies producing pulses in scintillation crystals. His 

results are shown in Table 11.7. 

Table 11.7. Attenuation mean free ath for Various 

1952 

:Pulse Size in MeV 43 — 65 65 — 86 36 108 	108 

Attenuation mifftP. 
in lead in g om. 	380 	380 	340 	280 

This shows the same rend .as that reported in the. 

lead cone experimeatl.  the statistics, however, are rather 

poor for the higher energy .pulses. The value of 380 g om.-2  

for the lower energy pulses is in good agreement .with the 



71. 	11.7. 

value of 370 ± 30 g cm.-2  obtained in the present work 

for stars of 3 and 4 heavy tracks. The group oontaining 

the largest pulse energy will probably include most stars 

with more than 5 or 6 heavy traoks. The corresponding 

attenuation mean free path for stars with more than 4 

tracks was found to be 290 ± 20 g cm,-2 

ew of the above evidence no real conclusion 

can be drawn about the presence of this decrease in the 

attenuation mean free path. Although the very-high-energy 

events as typified by bursts give an attenuation mean 

free path of about 350 g om.-21  'there is ,still a possibi-

lity that the above effect does exist for stars with 

about 15 heavy tracks. A very suitable method of solving 

this problem is offered by the scintillation counter. 

High statistical results can be obtained by using large 

enough crystals with sufficient exposure times, and the 

method does not require the effort of skilled searchers 

as does the emulsion teOnique. It is intended to inves-

tigate the attenuation of the radiation causing large 

pulses in the near future, using the lead hemispheres 

of the lead cone experiment. 

If this variation of the attenuation with energy 

does exist, then it will have an important bearing on 
any theory f the nucleon cascades in the star-producing 
radiation. For if we assume that this radiation has a 

differential energy spectrum of the form 
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d N K E-  d E 

even the fairly general law that a nuclear collision of 

a primary of energy E yields n1  secondaries of 0( 1 E, 

f energy 04 2  E, eta. 

ing further stars where nZ, n2  ..., 04 1, 0Z2  ... are 

constants, would merely reproduce the same power distri-

bution at all thicknesses of absorber and therefore give 

the same effective attenuation for radiation of all 

energies. A cascade model for interactions in lead is 

developed in Part IV of this thesis. Under certain con-

ditions this model does lead to an increase of attenua-

tion with the nucleon energies. 

In addition to this cascade model, one could also 

assume that there is a low-energy out-off to the primary 

spectrum at the Jungfrau3ooh which is greater than the 

minimum energy required for a 3-pronged star. Inter-

actions in the lead would then cause a filling up of the 

spectrum with a corresponding relative increase in the 

numbers of small stars. 
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III. THE GEOMETRICAL PROPERTIES OF THE 
NUCLEAR INTERACTIONS IN THE LEAD CONES 

I. Introduction 

In the lead cone experiment, described in Part II 

of this thesis, the attenuation of star-producing radia-

tion is studied using cone shaped lead absorbers of 

various angles and thicknesses. From the observed rates 

of star-production under the various cones it is possible 

to deduce certain features about the angular distribution 

of the primary particles incident on the absorbers. The 

preliminary analysis described in Part II, Section 4, 

assumed that in interactions within the lead absorber 

secondary particles continued in the same direction as 

the primary. This assumption of collimated seoondaries 

permits an investigation of the angular distribution of 

the primaries which is independent of the actual proper-

ties of the nuclear interactions. The following work 

shows the effect of a non-collimated emission of secon-

daries on the theoretical lead cone absorption curves. 

In general, this leads to a different interpretation of 

the experimental curves and will modify to a certain 

extent the conclusions on the angular distribution of 

the radiation. 

It will be assumed that the interactions in the 

lead absorber can be represented by a one-stage cascade 

process. That is, each primary can make one collision 
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in the absorber, producing secondaries energetic enough 

to form stars. As the 30 cm. lead absorber has a thiok-

nese of more than 2 interaction lengths, there is a 

reasonable chance of a second or even a third stage cas-
cade developing. However, if a primary particle inter- 
acting in the lead produces a secondary particle, and 

this has sufficient energy to produce tertiary particles 
in a further interaction in the absorber, themselves 

energetic enough to produce stars, then it oan be assumed 

that the secondary particle is more or less collimated 

in the direction of the primary. It is well known that 

high energy interactions in the lead will produce colli-

mated events, from the point of view of high energy 

secondaries, but in the succeeding work no account is 

taken of any variation in angular properties with the 

energy of the incident radiation. The energy considera-

tions of the cascade in lead are discussed in the last 

part of this thesis. 

The following simple assumptions will be made in 

the succeeding work of Part III: 

(a) 	star-producing radiation travels in straight 

lines through the absorber until it suffers nuclear 

interaction. The interaction mean free path is taken 

as the geometric value (150 g cm.-2) and this will give 

an upper limit to the effect of the cascade prooess 

inside the absorber; 
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(b) the angular distribution of the primaries above 
— the cones can be represented by a oos (9 steradian 1  

law in the upper hemisphere and zero in the lower hemis—

phere, where 9 is the zenith angle. 

We will first consider a one stage cascade with 

collimated emission of secondaries, which is a partiou—

lar case of the general analysis given in Part II, Sec—

tion 4. In the remainder of Part III will be considered 

the effect of isotropic emission of secondaries in 

interactions in the lead absorber. 
Effects due to ionisation loss by the oharged star—

producing particles will be ignored. 

2. One—Stage Cascade assuming 
Collimated Secondaries  

The attenuation mean free path of star—produoing 

radiation in lead is known to be greater than the inter—

action mean free path. The latter has been shown experi—

mentally to be nearly geometric — 150 g cm.-2  (Walker 
Walker and Greisen 1950, Boehmeft and Bridge 1952), while 
this experiment yields an attenuation mean free path of 
330 ± 15 g cm.-2. This can be explained if secondaries 
capable of producing further stars are produced in inter—
actions in the lead. This category of secondaries will 
include primaries passing right through a nucleus unaf—
fected, due to a partial transparency of the nucleus, or 

elastically scattered primaries as well as nucleons 
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emitted in nuclear disintegrations. 

Let 	g cm.-2  be the geometric interaction mean 

free path of the radiation, and in a nuclear disintegra-

tion we will assume an average of n0  secondaries to be 

emitted. The number n refers to collimated secondaries. 

These secondaries themselves cannot produoe disintegra-

tions with secondaries energetic enough to cause stars, 

but, will be attenuated by nuclear interaction in the 

lead absorber. 

Suppose there are N primary particles incident on 
-2 an absorber of thickness d g cm. . Then the number 

of star-producing primaries emerging from the absorber 

will be 

N exp(- 17) (1 no  .;-) 	III(1) 
g 

The second term in the brackets gives the number 

of secondary particles emerging, while the first term 

represents the proportion of primary particles travers-

ing the absorber without interaction. For an absorber 

of 30 cm. thickness exp(- 	= 0.105, that is, one-

tenth of the primary particles emerge without interaotion. 
The expression Ili(l), neglecting the initial con-

stant N, is equivalent to the term .4 (d) in equation 
1I(1), which is the general equation giving star-produo-
tion rates for the interaction mechanism assuming oolli-

mation of secondaries. The rate of star-production at 
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the apex of a cone of semi-angle ED and thickness d is 

then given by N(8) 

This equation will obviously yield the same value 

of m as the more general equation 11(1) in interpreting  
the star-production rates under the various cones. As 

is to be expeoted,the production rate under the hemis-

phere is given by 

N(90°) = N(0) exp(- 	1 + no  41-- 
Ag  

However, the observed star-production under the 

20 cm. and 30 cm. hemispheres was consistent with expo- 

nential attenuation with a mean free path of 

330 ±15 g cm.-2. That is 

N(90°) = N(0) exp(_'.11.) 
a  

where ) a  is the experimentally observed attenuation 
mean free path. 

The functions 111(3) and 111(4) are plotted in 

Figure 111.1, the former being shown for several values 
of no, The two curves both give the observed attenuation 

under the 20 cm. and 30 om. hemispheres, for values of 
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no between 0.8 and 1.0. The one stage cascade can there-

fore explain the observed attenuation if an average of • 

0.9 collimated secondaries are emitted from eaoh primary.  

interaction in the lead,. 

For the 30 cm. cone 	2.25, and we have just 

shown that no 
= 0.9. It is apparent from equation III(1) 

that over two-thirds of the star-producing particles 

under the 900  hemisphere are really secondaries from 

interactions in the lead. This is an upper limit to the 

secondary effect, but it is important to consider the 

effect on the lead cone absorption properties if the 

secondaries are permitted to have an angular distribution 

about the primary direction. 

3. Isotropic) Emission. of Secondaries 

It was decided to consider only the case of isotro-

pic emission of secondaries, as any other type of angular 

distribution (except the oollimated case) leads to very 

complicated mathematics. It is known that the grey tracks 
emitted from stars with sufficient energy to produoe fur-
ther stars are certainly not isotropically emitted, and 
can be represented by a cos e zenith angle distribu-
tion or even higher degree of collimation about the 
direction of, the primary (Camerini et al, 1951). The 
above, assumption of isotropic emission will thus give an 
upper limit to the effect of non-collimated production 
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of secondaries. 

It will therefore be assumed that in each primary 

interaction in the lead an average of ni  secondaries are 

emitted isotropically' in the downward hemisphere with 

respect to the direotion of the primary. Those seoon-

daries emitted in the upper hemisphere cannot reach the 

plates, and so will not be considered here. 

The problem will be treated as a one-stage cascade, 

as in the previous section. However, the calculations 

have only been made for the 30 cm. cone, as the cascade 

effect is more pronounced for the greater thickness of 

lead. The 900  cone and 400  cone have been considered 

in detail as these are the ones of greatest use in deter-

mining the exponent m in the cosm  e law describing the 
angular distribution of the star-producing radiation. 
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4. Calculation of Seodndary Contribution 
assuming Isotropic Emission, under a  
90°  Cone  

Figure 111.2. 	Section of the 90°  Cone. 

FIGJE. 2.. SECTION OF THE 90 CONE 

A schematic drawing of the 90°  cone is shown in 

Figure 111.2. The thickness of the oone, measured in 

g cm.-2 is denoted by a. The star-producing radiation 

is travelling downwards with a oosm  & steradian-1  

zenith angle distribution and can interact in the lead 

absorber with an interaction mean free path A 

150 g om.-2. A certain proportion, exp( a/A g) of the 
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primaries will reach the centre 0 without interaotion. 

Whenever interaction occurs, however, the secondaries 

are isotropically emitted in the downward hemisphere. 

Any point within the lead hemisphere will thus be associ—

ated with a certain density of nuclear interactions, 

caused by the primary radiation. A certain proportion 

of the secondary radiation can then reach the plates at 

0, depending on the solid angle subtended by the plates, 

and also on the remaining thickness of absorber to be 

traversed. 

We will consider a typical point P(x00) inside the 

lead hemisphere, where P lies anywhere on the circle 

defined by x, the distance from 0, and the zenith angle 

between the vertical through 0 and the line OP. Unless 

there is a directional asymmetry of the incident radia—

tion, all such points P(x,9G) can be treated identically 

for• a given x, 5G, independent of the position on the 

cirole. Incident particles interacting at P must have 

traversed a certain thickness of lead and the number 

reaching P without interaction, can therefore be found by 
assuming exponential attenuation with the interaction 

mean free path. 

The number of particles reaching unit area, in the 

horizontal plane, at P, and making zenith angles between 

9 and G d (9 and azimuthal angles between 70  and 
79 + d 5Z can be expressed as 
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I 003m 	sin & exp(- r/Ag)de d 	III(5)r 

	

where the azimuthal angle 	is measured from the ver- 

tical plane through P and 0, and r is the distanoe the 

particle has to travel in the lead, before reaching P. 

N is some arbitrary constant. 

Let the point where the radiation enters the hemis-

phere be denoted R. Then the distance RF(r) is a 

function ofe l y,xand 

From the. triangle RPO it can be shown that 

L 
r 	x cos RPO + x2 cos2 RPO + a2 -x2 

where ooe RPO = sin e si7n cos - cos e oos 	111(7) 
• 

The number of disintegrations formed at P per cc. 

can therefore be obtained by integrating II1(5) over 

the values of e and 	and is given by i(x1f) where 
7rr 

I(X0r/) 7 	005 e sin 9  
12.0 9=0 

r(e l p, xoti) dear 	III(8) 

In evaluating this integral for a particular value 

of x, 	values of Ems RPO and r(e 	, x, )P) had to 
be computed over the full range of e and f' 	Curves 

4 

of the factor cos RPO are shown in Figure 111.3 as a 

continuous function of 9 , for different values of 19 
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and 	. Using these curves it was possible to compute 

values of r(e07, xo!) using equation 111(6)...  

The values of exi4 — 	(e 	x 	for 
Ag 

X = 0.5a are shown in Figure 111.4. As is to be expec—

ted, the attenuation is nearly always greater than that 

corresponding to the minimum path length of 0.5a in the 

straight line through Pand 0. The minimum attenuation 

of 0.325 is shown by the broken line in Figure 111.4. 

For equal numbers of secondaries from each interaction, 

one would therefore expect that less secondaries oould 

reach 0 than in the corresponding collimated case, for 

in the latter case all the primaries must travel in the 

radial line through P towards 0, this being the shortest 

possible distance through the absorber. 

The expression in 111(8) has been integrated for 

each value of x and 	by the following procedure. The 

exponential part was integrated over the range of ?9  

for the four values of 9 , 20°, 30°, 40°  and 60°. The 
values at e = 0°  and 90°  are,  not neoess ry as the 

cos e sin e term is zero at these two angles. Then 

was performed the integral over the range of 0 for the 

three angular distributions cos 9, oos3 E9 , and cosh  G. 
Thus for each value of I(x,p) it has required seven 

graphical integrations. However, I(x0b) has been evalu— 

ated for five values of 	and four values of x: a total 

of twenty different functions. Hence, in evaluating the 
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I(x,?) function throughout the hemisphere a total of 

140 separate graphical integrations were required. 

The values of the I(x,y/) functions are shown in 
Figure 111.5 for the three angular distributions of the 

primaries. This is expressed as a continuous function 

of 	, for the five values of x, a, 0.8 a, 0.5 a, 0.3 a, 

0. The horizontal lines denote the corresponding func-
tions assuming collimated secondaries. It may be 
noticed that the total variation in the curves as one 

goes from a cos 9 to a cos6  e primary distribution is 

not very great. 

Assuming isotropic emission (in the lower hemisphere) 
of n1 star-producing secondaries from each nuclear inter-

action, the number produced in an elemental Torus of 

volume 2-(t x2  sin y' d dx (Figure 111.6) is equal to 

FalLG 

r 

17-x  
••• • , 

(. I x, ) 2 -rr x2  sin 	d ,71/ dx 
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The number of these secondaries reaching 0 depends 

on the solid angle subtended by the emulsion, and the 

remaining distance of lead (x g cm.-2) to be traversed. 

Hence, the nomber of secondaries reaching an elemental 

area do at 0 from this elemental 1-Oros , and thus having 

zenith angles between 	and r + d 	is given by 

nt  I(x,r) 2 71-  x2  sin d dx exp(-x/ Az) d8/2 11x2  

Therefore, the total number of secondaries reaching 

unit area of the emulsion at 0 with zenith angles between 

y' and 	+ d y• is given by It  d 	where 

n4 	ar  
I . d 	--al sin V- 	j I( ?%) exp(-x/ Ag) dx III(9) 

' 	o 

This has been evaluated graphically for the five 

values of yi 0°, 20°, 40°, 600  and 900. The 	func-

tion gives the angular distribution of the seoondary 

radiation reaching the plates. Values of this function 

have been oaloulated assuming a cos e and cos6e zenith_ 
angle distribution of primaries and are shown in curves 

B and A of Figure 111.7. It is apparent that the angular 

diztribution of the seoon.daries does not vary appreciably 

with 'the corresponding distribution of the primaries. 

This is completely different from the results obtained 

with a strictly collimated production of secondaries, for 

these secondaries have the same angular distribution of 

the primaries. The I r  functions equivalent to a cos 0 
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cos3 9 and oos6e zenith angle distribution for colli-

mated secondaries are shown in Figure 111.7, normalised 

to the same area as the curves A and B. 

In both the isotropic and collimated oases the 

numbers of primaries traversing the absorbers without 

interaction are the same, and so the difference between 

the two will depend on the number of secondaries under 

the various cones. One would therefore expect to find 

relatively more stars under a small angled cone for the 

collimated than in the isotropic case, on studying 

Figure 111.7. The total number of secondaries under the 

900  cone is the same for the two types of secondary pro-

duction, due to the normalisation mentioned above. The 

problem of the general cone, for isotropic production of 

secondaries, is discussed in the next section. 

The total flux of secondary radiation entering unit 

area of the emulsion from the hemisphere is obtained by 

integrating I over the range of . The result is not 

very sensitive to the angular distribution exponent m of 

the primaries from m=1 to m=6, and can be expressed as 

0.75 N ni  exp(- a/ Ar) 	Ag 	 111(10) 

where N is the number of primaries which reach unit area 

of the plate without absorber. 

If this is compared with the second term of relation 

III(1) it can be seen that the effect of isotropic 
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emission reduces the number of secondaries by a quarter 

as compared with the collimated case. Hence, to explain 

the experimentally observed attenuation of the, total 

star-producing radiation, the isotropic mechanism requires 

one-third as many secondaries again as the collimated 

mechanism. That is, each primary interaction in the lead 

produces an average of 1.2 secondaries distributed isotro-

pically in the lower hemisphere, compared with the 0.9 

secondaries required for collimated production. 	These 

numbers of secondaries can be compared with the maximum 

number for stars in emulsion, discussed in Part I, § 2. 

It was shown that the upper limit to q, the average num-

ber of star-producing secondaries, could be fixed at 

q = 2. The above number of secondaries is certainly 

possible. 

5. Isotropic Emission of Secondaries  
in a General Cone of Semi-Angle EIP. 

In the last section was shown the result for the 

angular distribution of the secondary radiation under 

the 900  cone (Figure 111.7). For the collimated case, 

curves C and D, the number of secondaries under a cone 

of semi-angle CP is simply obtained by integrating the 
ourve from 0°  to CO °. However, in considering isotropic 

emission of secondaries,, a separate absorption calcula-

tion is necessary for each cone. 
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Figure 111.8. 

Consider a general cone with semi—angle ED (Figure 

111.8). Primary radiation reaching a point P(x, 0 inside 

the cone and having zenith angles less than 0 must have 

passed through the spherical cap of the cone and the geom—

etry is similar to that discussed in the last section for 

the hemisphere. However, for zenith angles greater than 

EP the primaries can enter through the conical surfamel  

and so have a shorter path length than is the case for the 

hemisphere, with correspondingly less absorption. Hence, 

for a typical point P(x,) the density function  

giving the number of nuclear disintegrations per unit vol—

ume of lead, is greater in a 0 0  cone than the correspon—

ding function for the 90°  cone. 

It follows that the number of secondaries arriving at 



0 With zenith angles less than ED will be greater than the 

corresponding number for a 90°cone. The angular disribu-

tion of secondaries under a 400cone is derived in:the next 

section, and for comparison the results are shown in 

Figure 111.7. Curves D,. E and F correspond to cos e , 

cos3 9 and cosh 9 zenith angle distributions of the pri-

maries, and are obtained from the same total number of 

incident primaries as the calculation for the hemisphere. 

It can be seen that the less collimated the primary par-

ticles the greater the difference between the 400  and 900  

curves. This is to be expected, for the less the collima-

tion of the primaries, the more can enter the cone through 

the, conical sides. 

In the next section the problem of the 400  cone is 

discussed in detail, as this is the one of greatest use in 

determining the angular distribution of the primary radia-

tion. 

6. Isotropic Emission of Secondaries - 400  Cone 

The 40°  30 cm. lead cones were truncated, and had an 

external radius of 45 cm. and an inner radius of 15 cm. 

The radius of the external spherical cap is thus 1.5 times 

that of the 30 cm. hemisphere. In calculating distances 

from points on this spherical cap to points within the 

4o°  cone the geometrical relations derived for the 90°  cone 

oan be used (III(6) and III(7)), though all distances must 
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be multiplied by the above factor. 
In Figure III.9(a) is shown a section of the 40°  cone. 

It must be remembered that the lead absorber lies within 
radial distances from 0 between 15 cm. and 45 cm. Consider 
a typical point P(x6G') inside the cone, where x is equal 
to .4a. For P to be within the absorber 	must lie bet- 

ween '6 and 1. Primaries reaching P with zenith angles 
less than 40°  cut the spherical cap, and so can be treated 
in the same way as for the 90°  cone, discussed in Seotion 4. 

However, primaries with zenith angles greater than 
40°  can out the conical sides, and the geometrical relation-

ship between r, the distance traversed through the absorber, 

and the variables y9, e x and G, have to be derived. 
These variables are exactly analogous to those used in. 

Section 4. 

All particles reaching P from outside the absorber 
with zenith angle G will lie along the sides of an inverted 

vertical cone of semi-angle e and apex at P. If e is 

greater than 40°, then the 	° cone and the 40°  cone will 

intersect along a certain ellipse in space. For the par-

ticular case of P lying on the vertical axis of the 40°  

cone, the intersection of the two cones will be a oirole in 
the horizontal plane. Consider a horizontal section XX 

across the two cones (Figure 111.9(b)) and cutting the 40°  
cone at a distance (0( +13 )a from the apex 0. The cross-
sections of the two cones will be two circles, with centres 



A and B (for the 40°  and 9  ° cones respectively) and these 
two circles will intersect at two points Ni  and N20  these 

being real or ima6inary. 

Primariea entering the 40°  cone at Ni  or N2  and reaoh—

ing P will have travelled the same distance z' through the 

absorber. The zenith angle of these primaries is of course 

e t  and the azimuthal angle 99  can be calculated from the 

triangle AJ3L1 (Figure 111.9(b))1  

—1 , 2 59 = oos kr' — -2 — d2) / 2 r2 d 	III(11) 

where 

'
,, 	

= 
 radius 0 4  00 

= 
(0(+11  ) a sin 40° 	 III(12) 1 	cone section 

radius of 9  ° = cone section = a(...(-1- ft)oos 40 — .4 cosi,  tan. e 	111(13) 

distance bet— 
d = wean centres = & a sin 5k 	 111(14) 

A and B 

Combining equations III(11) III(12)1  III(13) and 

III(14) it can be shown that 

7. 	2  ‘...e' 	 2. co.....;- k.  1- „., 	, c.v.:,  { 	
e.:,.. 

- ' 	(e4 .0) -.4 	• '40 — (0.40)2.  c-,.,-....1---...iit;.'L  6  —c__Ay,,,2- 1.0 `'''''  1*" I- 7- ck CA, + B 1 4,4.9.0 	Igo.... di‘ 0  
i za-  (r 5) 2.0((c4,12)  6.,.,9 .1±..16 

4..,... et. 0 .124,..' ei. 0 	4  "kr' 

while the distance r is given by 

r= a sec e 	(.4-1-fl)  cos 40 — c:4 cosy- ) 
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Using relations 111(15) and III(16) it was possible 

to obtain values of r corresponding to different values 

of 	and e) 	This has been done by varying the parameters 

of and 	to give real values of 99. ok can take any 

value between 1 and 1/31  while (04+p) must be equal to or 
less than 1. 

his calculation has been performed for the three 

values of 9% , 40°, 0°  and 20°, and the relations 111(15) 

and 111(16) simplify considerably for the first two of 

these. 

(a) 	= 40°. 

This applies to points P lying along the conical sides 

of the 40°  cone, r and 	are now given by 

r = '9 a oos 40 / oos e 	 III(17) 

	

-I 	2 4'4  + if 	ft tan2e / tan2  40 ?- cos 	"'• 	111(18) 
2 .4 tango / tan 40 

Having ohosen a value of 6) greater than 40°, values 

of r corresponding to different values of 	can be calou- 

lated from III(17) and 111(18) by varying p and04  . In 

particular, if we choose p = 0, some of the primaries 

will not pass through any lead at all, and this will be 

true for all 9 outside the region 	4 	271  

where y90  . cos (tan 40 / tart & ). 

For 6= 60°, 	=6l0 and hence one-third of the pri- 

maries arriving at a point P, on the conical surfaoe of 
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the 40°  cone with zenith angles of 60°, do not pass through 

any of the absorber. For zenith angles of 90°, this frao-

tion is increased to one-half. 

(b) Y =O. 

This applies to points lying along the axis of the 

00ne, and hence the distance r is independent of the azimu-

thal angle y9 . Equation III(16) simplifies to 

r = 2a sin 40 sin( - 40) 

(o) çt =20 

The relations III(15) and III(16) become slightly 

simplified, and r and 0 are now given by 

r = a sec 	+ /3 ) ocss 40 	cos 20 

,2 cet 	to...L(9 	 e  = 	-4-. 	z -6:4-tft) &.„,4-46 	f..aZ,Z-  2- o 	.0( 	) 	o 	4  

cz. (01/4  NuN) cia.c o 4"_2__.• it? 	2. 	9 
er--- ° 

Using the above results the new density functions 

I(x2 ) have been calculated for the 40°  cone, using a 

similar method as described for the 90°  cone. Then using 

the I(xq,) functions the angular distribution functions, 

I 	2  of the secondaries reaching the emulsion at 0 were 

oaloulated. 
The resulting Ix  functions, for cos e cos3e and 

oos6 e zenith angle distributions of primaries are shown 
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in Figure 11 1.7. By integrating the I. functions over 

the range of !t from 00 to  400, one obtains the total 

flux of secondaries under a 400  cone. This can be expressed 
as a certain fraction, f ,, of the number of secondaries 

40' 
under the 90 cone. 

For primaries of high collimation, oos3  & to oos6e 

zenith angle distributions, this fraction f 	does not 
40 

vary very much, and in faot the I y, function tends asymp 

totioally to that of the hemisphere as the collimation 

increases. This is because less of the primaries oan enter 

the oone by its oonioal sides. However, if we assume col—

limated production of secondaries, the corresponding frac-
tion f40  increases with the collimation of the primaries. 

Hence, for primaries having any reasonable degree of ool—
limation (greater than a cos2  9 distribution, say) the 

number of secondaries obtained from the collimated mechan—
ism is greater than the corresponding number assuming 

isotropic production of secondaries. 

Similar calculations have been made for a 600  cone, 

and the resulting fraction f60  obtained for a cos3  

zenith angle distribution of secondaries. The general 

effect on the lead cone absorption curves will be consid—

ered in the next section. 

It is of interest to consider a cone of very small 
angle, say with semi—angle 50. Under certain conditions 

the number of secondaries assuming isotropic production 
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is actually greater than the corresponding number assuming 

collimated production. 

For such a small cone, angle® , the density function 

I( x,2 is practically unaffected by depth in the lead, 

since the great majority of primaries enter from the sides. 

The number of isotropic secondaries reaching the apex oan 

be caloulated from equations 111(8) and 111(9) and is 

equal to 

2 1t N n 
(1 — cos ) (1 — ONO 

a 
A 

 

while the corresponding number assuming collimated secon—

daries is equal to 

2 1-1 14 nt  (1 — 008'1  ) ( m +l,  
a 

e—  A  ) 	111(20) 

For a cos3 e distribution of primaries, thickness 
a = 30 cm. lead and semi—angle 60 . 50, then the number of 
seoondaries is proportional to 0.36 no  and 0.34 n1  for the 

collimated and isotropic oases respeotively. However, in 

order to give equivalent numbers of secondaries under the 

900  cone, ni  = 1.33 no. If, therefore, we express the 

number of secondaries as the fraction fe of the number 

under the 900  oone, them the fraction for the isotropio 

meohanism is 1.25 times greater than the fraction for the 

collimated mechanism. 
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Effeot of the Isotropic Production of Secon—
daries on the Lead Cone Absorption  Curves  

The concept of isotropic production of secondaries 

can considerably affect the simple analysis of the lead 

cone absorption curves, discussed in Part II, § 4. The 

shapes of the, absorption curves were analysed to give a 

value of m, in the oosm  9 zenith angle distribution of 

the primaries. However, it will be shown that the theore—

tical absorption curves assuming isotropic secondaries are 

different from those assuming oollimated secondaries. 

Consider a lead none of semi—angle EP and thickness a. 

The number of primaries reaching the apex at 0 is equal to 

N (EP) where 

N„(9) (0) + 1 oosm 	) exp 

for a value of a = 30 cm. of lead, exp( / 	0.105, 

and so 

N (0) 0 (1 oos 	0.105 111(22) 

This number of primaries is independent of the angular 

distribution of the secondaries. The number of secondaries 

arriving at the apex, i5(0), oan be expressed as 

f s(fr/2), where Xs(fr/2) has been shown experimentally 

to equal 0.25 Np(0), for a 30 om. hemisphere. 
For a collimated production of secondaries f equals 

oosm+1  g), The calculations of f assuming isotropic 
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• production of secondaries have been described in the pre—

vious three sections for 30 cm. lead cones. 

In. Figure 111.10, ourves B and C show the number of 

secondaries expected under cones of semi—angles 9 , for 

the collimated and isotropic cases respectively. They 

have been calculated assuming a cos& zenith angle dis—

tribution of the primaries. Apart from the initial cross 

over at about 15°, discussed at the end of the last sec—

tion, the collimated curve B rises more rapidly than the 

isotropic curve. Consequently the curve showing total 

flux of star—producing radiation for the collimated case 

(D) will generally lie above that oorresponding to isotro—

pic secondaries (E). These ourves of total flux, D and E, 

are obtained by adding to the primary flux curve A, curves 

B and C respectively. 

The isotropic curve of total flux E shows some inter—

esting features. It intersects the collimated curve D at 

a value of & 15°, and actually has a minimum value at 

about 65°, in contrast with ourve D. This implies that 

the addition of lead between 65°  and 90°  increases the 

isotropic secondary contribution at a greater rate than 

the attenuation of the primary radiation within these 

angles. For a cos3  e distribution of primaries only 30 

of the primaries lie between 65°  and 90°  with respect to 

the vertic4, and this minimum is therefore understandable. 

However, the great, bulk of the searching was 
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comentrated in tae emulsion under the 0°, 40 and 90°  

cones. There is therefore insufficient statistics for the 

60°  cons to show the presence of a minimum corresponding 

to isotropio production of secondaries. Although the stat—

istics arc not of great weight, there is no sign of such a 

minimum, as can be seen from Figures 11.3 and 11.4. 

In the se figures 11.3 and 11.4 it mv.  be noted that 

increased collimation of primaries (that is, larger values 

of m) correspond to lower absorption curves. Any degree 

of isotropic emission of secondaries also causes a lowering 

of the absor tion curves, for cone semi—angles N 4002  and 
hence the initial analysis of Part II, § 4 will overesti—

mate the value of m. 

This is clearly shown in Figure 111.11, which gives 

the expected attenuation under a 40°  cone, 30 cm. thick, 

for values of m between 1 and 5, assuming isotropic and 

collimated secondaries. The curve corresponding to iso—

tropic secondaries lies well below the collimated curve 

at large values of in, but the curves actually cross at 

1.1. Hence, for values of m greater than 1 the colli—
mated assumption always gives loss attenuation than the 

isotropio assumption, and for a given attenuation, the 

collimated curve will give a greater value of m. For 

example, an experimental attenuation of 0.5 represents a 

cos4.5 9 law assuming collimated secondaries, but only 

oos3  9. law assuming isotropio secondaries. 
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The difference between corresponding values of m 

increases rapidly with the index m. However, increasing 

collimation of primaries implies increasing energy, with 

oorresponding collimation of secondaries, and the experi-

mental attenuation curve should tend towards the upper 

collimated curve. 
3 The initial analysis showed an effective cos et law 

for the total star-producing component. If the seoondary 

radiation is isotropic, then the true distribution is 

• represented by a oos& law. 

This difference between the true and effective 

• angular distributions increases as 

(a) the proportion of non-collimated secondaries to 

primaries entering the emulsion is increased (by 

decreasing the attenuation length for the primaries), 

(b) the angular distribution of secondaries ohanges from 

collimated towards isotropic. 

It has been shown above that the extreme possibilities 

for (a) and (b) that the attenuation length is geometrical, 

and the emission of secondaries is completely isotropic) 

give a value of m for the total star-producing component 

of 2.2. This is the least true value that could give the 

apparent value of 3.0, derived from the simple analysis. 

An attenuation length of 210 g cm.-2, instead of 150 g 

with the secondary distribution still isotropio would 

increase this to m = 2.5, and with some degree of secondary 
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oollimation it would rise still further towards m = 3. 
A more detailed knowledge of the production of secon—

daries is required before the angular distribution of the 
primaries can be established with oertainty. However, 
there is evidence that the true value of m oannot be much 

less than the effective value m 3, from the faot that 
the experiments under 20 cm. and 30 cm. of lead both gave 
this result. Since the proportion of seoondaries is very 
different in the two cases, their effect in determining 
the effective distribution cannot be very great. 

For the larger stars only)  the problem is muoh more 
complicated, for oharged primaries here play a much greater 
part and one can no longer neglect ionisation losses. The 
general effect of these is to sharpen the overall oollima•-
tion and thus counteract the effect of non—collimated 
secondary production. To judge from the effective and 
true angular distributions obtained in Part Il, §5 for 
p—stars, the former effect may be slightly the. greater. 
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IV. A ONE—DIMENSIONAL NUCLEON CASCADE_ MODEL 
IN LEAD, LEADING TO AN  ENERGY VARIATION 

OF THE ATTENUATION 

1. Introduction 

The lead cone experiment showed signs of a decrease 

in the attenuation mean free path with increasing energy 
(Part II, Section 7) although this could have been due to 

statistical fluctuations. In this part of the thesis a 

cascade model is developed which can produce the above 
results. This model is very sensitive to slight changes 
in the basic parameters and under certain conditions the 
cascade can be made independent of energy. The mathematios 

have been made as simple as possible and the physical im—
plications of the oascade can be seen at each stage of the 

formulation of the model. 

Several authors have developed oasoade models giving 
a description of the nucleon cascade in the atmosphere 

(Messel and Ritson 1950; Mellel 1951; Thomson and Hodgson 

1951). 

Messel considers a basic nucleon—nucleon interaction, 

in which an incident nucleon gives rise to two emergent 

nucleons, with a cross—section depending only on the ratio 

of the energies of the emergent nucleons to that of the 

primary. He then develops the cascade theory in homogene—

ous nuolear matter, which is analogous to star—production 

within a nucleus, and then continues the development in 
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nhomogeneous nuclear matter. From this theory it can be 

shown that a primary nucleon, incident on a nucleus, causes 

the emission on the average of a given number of nuoleons, 

and that their energy distribution, expressed as a fraotion 

of the primary energy, is independent of the primary energy. 

This means that the number of nucleons emitted in a given 

energy band, whose limits are proportional to the primary 

energy, is independent of the primary energy. 

Thomson and Hodgson in a rather simpler analysis formu-

late a convenient model for star production in developing 
their cascade picture. In this model 1.7 nuoleons are 

assumed to be emitted on the average from each nuolear 

interaction, each seoondary nucleon possessing one-quarter 
of the energy of the primary. The majority of shower par-
ticles are Tr-mesons; most of these decay in flight before 
causing stars in the atmosphere, and so are not effective 
in the oascade prooess. However it is very probable that 
the number of seoondary nucleons per interaction increases 

with the energy of the primary, instead of remaining con-

stant as Thomson and Hodgson assume. Since the majority 

of air nuclei in the atmosphere have only 14 nucleons, and 

at most 16, the assumption of constant numbersof secondar-

ies can be expected to give reasonable agreement between 
theory and experiment for a cascade in the atmosphere, but 

when the medium is lead, this assumption can hardly be jus-

tified for there are now 210 nuoleons per nucleus. 
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Both of these theories give a good picture of the 

nucleon cascade in the atmosphere, and the values for the 

neutron : proton ratio at different depths agree well with 

experimental results. Similar laws governing the produc-

tion of secondaries are used in the two theories. That 

of Thomson and Hodgson assumes a constant number of secon-

daries with energy directly proportiona1 to the primary 

energy; while that of aessel can be represented by the 

general law that a nuclear collision of a primary of 

energy E yields on the average n1  seoondarie,s of energy 

of El  n2  secondaries of energy c2B, etc., where n1,n 2***/ 
01, C2... are constants. 

Under these initial conditions, it can be shown (see 

Section 2) that if the initial energy spectrum has the 

form 11(E)dE 	dE, it will remain a power law with the 

same exponent throughout the atmosphere if ionisation and 

obliquity effects are neglected. If ionisation is taken 
into account, it will effectively remove low energy protons 

from the casoade, and should decrease from top to bottom 

of the atmosphere. In fact, Thomson and Hodgson calcula-

ted this effect in their theory and their results show a 

decrease in the index from 3, three-quarters of the way up 

the atmosphere, to 2.2 at sea-level. This result means 
that there is a relative increase in low energy nucleons, 
as one follows the cascade upwards to the top of the atmos-

phere. 
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This conclusion is in contradiction to the experimen—
tal work with photographic plates, which have been per—
formed with balloons (Lord 1951; Camerini, Coor, Davies, 
Fowler, Lock, Muirhead and Tobin, 1949). These all show a 
rapid increase in the proportion of very—high—energy events 
as compared with similar experiments at lower altitudes. 
It is clear that the above simple mechanism for star pro—
duction is not suitable for explaining energy distributions 
in the nucleon cascade. 

In a recent paper, Camerini et al. (1951) have desori—
bed 200 stars in G.5 nuclear emulsion, eaoh of which was 
produced by a charged particle whose traok was long enough 
to permit an energy determination. These stars were 
analysed in detail, and from their results it can be shown 
that the number of grey and shower particles (capable of 
producing secondary stars) can be represented by a power 
law in the energy range 100 MeVEE.s.10,000 MeV. If 	is is gs 
the number of these particles, then 

N(  ) 	0'75 	IV(1) 

The average energy of these particles is represented 
by a power law of the form 

ôç E0.35 	 IV(2) 

These two relations hold for stars produced in nuclear 
emulsions, and chiefly for the heavy elements silver and 
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bromine. In developing the following cascade theory for 

lead, it will be assumed that the numbers and average 

energies of the secondary particles can be represented by 

equations similar to IV(1) and IV(2). 

The theory of the nucleon cascade is developed in 

Section 2 for a purely neutronio cascade, and in Section 3.  

the assumptions made in formulating the cascade are discus—

sed and suitable values given to the constants in the 

theory. The results for the neutron cascade are given in 

Section 4 and the attenuation is oompared with experimental 

results. Under certain conditions the neutronio cascade 

leads tt an increase in the proportion of low energy secon—

daries. However, ionisation loss by the protons tends to 

reduce the low energy component and so counteraots the 

above effect. 

The effeots of ionisation will be discussed in Section 

5 for a cascade in 30 cm. of lead and the final nucleon 

intensities under the absorber are given. In Section 6 

these nucleon intensities are interpreted in terms of the 

distribution of star sizes, and the final comparison bet—

ween theory and experiment is set out in Section 7. 

2. The cascade model in lead ne leotin• ionisation.  

The oascade will be considered in one dimension only. 

All the nucleons taking part in the cascade are assumed to 

have the same mean free path for nuclear interaction in 
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the lead ( A gm. om. 2). 

If a nucleon of energy E (expressed in 100 MeV units) 

interacts with a lead nucleus, it will be assumed that the 

number of star-producing secondaries n(E) and their mean 

energy E can be represented by the following relations: 

	

n(E) = mE 	IV(3) 

	

El  = xE 	IV(4) 

A differential energy spectrum of the form 

N(E) dE =NE-/  dE is assumed for the incident nucleons, 

and it will be shown that this power law changes as a 

result of the cascade. Ionisation effect will be neglected 

in this initial treatment. 

Consider a cascade in a lead absorber y gm./om.2 

thiok. This can be expressed as 0L-interaction paths in 

lead, where .4A =y. 

It will be assumed that an incident particle of 

energy E produces n(E) particles all of the average 

energy El, where El  and n(E) are given by III(3) and III(4). 

In actual practice it is known that the secondaries are 

produced with a distribution of energies about the average 

energy, However, if the energy distribution of secondaries 

is taken into account, the mathematics becomes rather com-

plicated, involving the use of the Mellin transforms. 

Messel (1951) in his theory does consider the energy dis-

tribution of seoondaries, but even for the particular ease 
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where the form of the energy distribution is independent 

of energy the mathematics is rather elaborate. The solu-

tion for the general relations IV(3) and IV(4) would be 

exoeediAgly laborious. As the cascade is so sensitive to 

small changes in the basic parameters (Section 4), many 

of which are not known for interactions in lead, it was 

not thought worth while considering the effect of the 

energy distribution. 

The secondaries, of energy El, can in turn interact 

in the lead, each producing n(E1) secondaries of energy 

(E1)1, etc. Thence nucleons in the energy range E to 

E+dE found under the absorber will consist of two compon- 
ents. A proportion e 	of nucleons in the energy range 

E to E+dE will pass through the absorber without inter-

action. A second portion will consist of secondaries and 

tertiaries, etc. which are casoade products from higher 

nnergy particles interacting in the lead. Since the 

average energy of secondaries equals xE, a final nucleon 

of energy E can have been produced by primaries above the 
lead of energies: 

1 
c5d7  

, 1 

(71177)P2  

E 
x1 78  fl 

for 1st-order cascade 

for 2nd-order cascade 

for 3rd-order cascade 
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'or an nth-order cascade, the pr 1,rN. en3rr7 oorrea- 

pwiGi to a final energy is given by 34._ 
1 

IV(,) 

• • 0 • U(i) 

The number of nth-order easeade nucleons in the energy 

range r= to 2;4-d2. below the tlbsober will depend on the 

following; three quantities: 

(c,) the number of primtlri-s in tie caorgy range 
to' 4413 incidoat on t t rlboorber, 

n  
(b) the nualor of nucleons produced per interaction 

nteao:L stage of the athp-order cascade leading to 

a final nucleon energy of • 
(a) the effect of absorption on all the components 

of the easeado. 

(a) The first of these three quantities can be obtained 

bar differentiating IV(5), And is given by 

WE 	(E) dE 	Ivt.7)  

where 	fi 
	 IV(8, 

(b) and (a) The combined effects of Absorption and ticloon 

Multiplication at eaoh stage of the oasoade• 
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Consider a beam of nucleons, all of energy El  incid—

ent on an absorber g cm. 2  thick. In the cascade process 

the secondary nucleons will all be assumed to retain the 

direction of the primary, and all the nucleons are assumed 

to have the same mean free path, X g om.-2 for nuclear 

interaction. 

Nucleons of energy E interacting with a lead nucleus 

give rise to f (1) secondary nucleons, and each of these 

can give rise to fE(2) nucleons etc., fE(1), f (2) .... 

being given by equations IV(3) and IV(4). 

• At a point x g cm.-2  below the top of the absorber, 

the number of primaries interacting in an interval dx is 

equal to 

No(E) exp( — 

The number of secondaries produced and reaching the 

bottom of the absorber without further interaction is 

therefore equal to 

No(E) f )dx 
exP( x/A ) A 
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Thence the total reaching 0 is equal to 

	

(E) fm( ) 	exp(— a/A) 

Similarly, the number of secondaries interacting in 

an interval dy at y g om. 2—  below the top of the absorber 

is equal to 

	

No(B) f (1) 	exp(— Y/A 

The number of tertiaries reaching 0 is therefore 

1 No(E) fE(1) f 	a2  E(2) ---r 	exp(— a/A ) 
2. AZ 

It can be similarly shown that the number of nth  order 

nucleons reaching 0 is equal to 

No(E) 7r fE(193 
r=1 

(1-)n  exp(— 	) IV(9) 

However, this applies to a cascade generated by inoi—

dent nuoleons of energy E. In order to correspond with 

final nucleon energies of E, then fE(r) in relation IV(9) 

must be repla ed by fE  , where E_ is given by equation 
11 

IV(5). The combined effects of absorption and nucleon 

multiplication are therefore represented by the (n+1)0  

term of the following series, for an nth  order cascade: 

equal to 



of se 

* 
1r 

al r=1 

n' stage 
cascade 

IV.2. 

primary 
absorption 

_04,4 fE (1) 

1st stage 
oascade 

2 
e` c4 fE 2! 	2- 

2nd stage 
cascade 

daries each primary can 

n 
produce, f (2) is the number of tertiaries each secondary 

can produce, etc., in an nth  order cascade leading to a 
final energy of E. 

As primaries above the absorber are chosen so thnt 

each term of the above series corresponds to a final 

nucleon energy of E, then using relation IV(3) 

11  f (r) 	111(E...)V- r=1. 	r 
IV(10) 

Hence, combining the three quantities (a), (b) and 

WI  the total number of particles in the energy range E 

to E-14E1' after a cascade in 0C interaction lengths in lead 

is given by N (E) dE, where 	dE is equal. t 
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3 dE 	e 	Trm(F, ) (11/  

n.1 

Where E 
it 

and pn 
1- 

n-1 147  1+fi+/12  
(i) 	1 9 p 2 

m n E  C  1 

where S .  1  

112. 

No 	exp(-04 ) dE 

(a) number of 
incident nuoleons 
in the appropriate 
energy range 

(c) multi 
tion'factor 	plication 

factor 

(b) absorp- 

This can be somewhat simplified, using the relations 

derived above in this section.  

From equation IV(11) the series terms equals 

1 n 

	

JEL 	1 

	

37)  P .__ 	1 	E 4n- 	dE 
/ 

(a) determination of 
1  
-rt.-  E m(E 

and dE 
n 

exp 
4h1  

3711- of ) 
1( 

) 
) 

IV(1 ) 

attenuation of 
incident nucleons 
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1 	

" 1 
" (1 + 2,r+ 3/32+ ...ni2n ) 

	

/6 	/s  
c2  

(pn 	n/6  n) 
n 	1 - 

1-1  rn(E_ 
1 

= mn (Ph  73n ) 
1' X)/an 

The cascade series can now be written 

 

1 )- 	.2a- 
(144)n) (X) 

 
/3n  

fi 

 

dB 
n=1 

 

0
e 	

Li 
(pn-n fin\  
1- ) 

The nth  term of this series can be grouped into terms 

containing 1  - and E 

Ca e 	inn-nisn)  
1 fin 	( n  /3 	1- /3 ) 

(i) .1  term 	(1) 

1 ( 
(211  ( a-) + 	n) 
4n  (I) 

P..1  (1 - 	1743 
fi 

1_1  pn  
ic;  n ) 

E term 
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E te 

 

( 

 

The final series term oan now be written 

n'P) 
00 	n 	F. Of -1- 	+ 	1)  (1 -1- ) 

mn x 	-P 	E- pn. 
73T n 

n=1 

and equation IV( 	becomes 

N (E) dE = N E exp( 
.4. 

dE4- 	
°4
T  
1a  1 n 	K 1112c)  

E 	 Pn 	F E 

n.1 	• P il  
IV(12) 

where K= 	- 1 - 	- ) 
	

IV(13) 

It can be seen from IV(12) that the attenuation of 

nuoleons in a particular energy band is less than  that 

given by the interaction mean free path, and in general 

varies with energy. This means that the inverse power 

law is no longer true under the absorber. However, the 

assumptions made by Thomson and Hodgson on star produc-

tion are equivalent to making p = 1 and 3P = 0. Under 
these conditions K(F -n  -1) = 0, and the series terms 

become independent of energy. The exponent of the power 

law will then be the same under the lead as above it. 
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3. Choice of Values of the Constants  

of the Theory  

In this section the most suitable values of the con- 

stants X 1 	oil y/ 	x and e are discussed. 

The interaction in lead of particles producing pene-

trating showers of great multiplicity has been studied by 

Boehmer and Bridge (1952) and Walker, Walker and Greisen 

(1950). They both found an interaction mean free path of 

150 gm/cm.2 consistent with a geometric cross-section in 

lead. Camerini et al. (1950) found a geometrical cross-

section for the production of secondary stars in emulsion 

by shower particles. For low energy protons in the energy 

region 300-400 MeV. Bernadini, Booth and Lindenbaum 

(1952) and Bernadini et al. (1950) found a value of only 

oqz oR soometrioal for the production of stars in emulsion. 

This phenomenon of nuclear transparency in light elements 

has been, shown by Cook, McMillan, Peterson and Sewell 

(1949) for 90 MeV neutrons, and also by Fox, Leith, Wauters 

and. Mackenzie (1950) and by De Juren (1950) for 270 MeV 

neutrons. It is unlikely that the transparency shown for 

light nuclei will be as great for lead nuclei as the 

latter have for more nucleons. It is therefore assumed 

that all nucleons taking part in the cascade have a geo-

metric cross-section for nuclear interaction, and 

A = 150 gm/cm,2. This is probably quite true for naoleons 

with energies above 1 GeV, which play a leading part in 
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the cascade process. 

If there is any degree of transparency for. low energy 

nucleons, the theory will, overestimate their attenuation. 

However, these nucleons will have a corresponding longer 

mean free path for star production in emulsion, and as the 

nucleon cascade will be compared with the observed star 

production in emulsion these two effects, will tend to 

compensate each other. 

It has been assumed in this theory that the secon—

daries of stars are travelling in the same direction as 

the primary. This is a reasonable assumption for secon—

daries of enough energy to participate further in the 

cascade in lead, as shower particles are known to be 

strongly collimated about the primary direction. However, 

nucleons of an energy corresponding to "grey" proton 

traoks have, quite a broad angular distribution, about that 

of the primary. These will have a corresponding greater 

path length in the lead, and it is therefore probable 

that the theory will overestimate the numbers of low 

energy nucleons. The effective loss due to isotropic 

emission of secondaries in the lower hemisphere has been 

calculated in Part III of this thesis and is only 250 

for a hemispherical lead absorber 30 om. thick. This 

effect can therefore be aegleoted in obtaining an approxi—

mate description of the cascade. 

The results of Camerini et al. (1951) previously 
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discussed, showed that the number of "grey" and "shower" 

Particles produced by partipies of energy E could be 

represented by N s  = 0.3 0.75 with average energy 

0.8 3°3 where E is measured in 100 MeV units. There 

are no similar experimental results for nuclear inter-

actions in lead at the present time. These could be 

obtained by using wire-loaded emulsions (Danysz and 

Yekutieli 1951), or with lead foils (Hodgson 1951, Barbour 

1951), but the searching time would be quite prohibitive 

if good statistical results are required. It will be 

assumed in the theory that the exponents in the two power 

laws are the same for lead as for emulsion. The above 

relations apply only for charged particles emitted from 

stars, and allowance has to be made for neutrons emitted. 

In the lead nuoleus there are 500 more neutrons than pro-

tons, and allowing for neutrons in the "grey" track 

energy region (25-500 MeV), the number of neutrons is 
taken as 1.5 times the "grey" tracks. Fowler (1950) has 

shown that the majority of "grey" tracks are protons, but 

the proportion is only one-quarter for low energy shower 

particles (proton energies of 500 MeV to 800 LeV, and 

meson energies of 80 MeV to 1100 MeV). Assuming that the 

fraction of protons remains one-quarter for high energy 
shower particles, the correction for neutrons is found by 

taking three-eighths of the shower particles, For primary 
energies between 1 GeV, which produce four times as many 
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"grey" as "shower" particles, and 10 GeV, which produce 

roughly equal numbers of "grey" and "shower" particles, 

the neutron correction is approximately equal to the total 

nu#bet of "grey" and %lower" particles. Above this 

energy, the shower eemponent may well exceed the grey coar 

ponent, and the neutron component will be overestimated. 

However, it was decided to equate the total in the neutron 

component to that 'of the charged component, and in eqUa, 

tions IV(3) and IV(4), m = 0.6, 	= 0.75, x = 0.8, 

p = 0.35. This choice of constants can only be regarded 

as provisional estimates, and only a qualitative agree-

ment between theory and experiment can be hoped for. In 

using these values it is assumed that high energy neutrons, 

protons and mesons, which all take part in the lead cas-

cade, are equally effeotive in causing nuclear disinte-

grations in the lead. 

Following Thomson and Hodgson, the exponent - in the 

differential spectrum is taken as 2.5. This value was 

found for primary particles (Hoang 1951) and for the 

energy distribution of stars (Barton, George and Jason 

1951). For those particles producing extensive air 

showero with energies greater than 15 BeV, Hilberry (1941) 
found a value of \- of 2'.75. However, the more recent 

experiment of Winchler, Stix, Dwight and Sabin (1950) for 

primary protons between 1 and 14 BeV has shown a value of 

1.9. These results are not necessarily inconsistent, and 
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it seems most probable that the exponent varies with 

energy, the spectrum flattening out below 1 DeV and 

becoming steeper at high energies. 

4. Results for the Cascade  
(neglecting Ionisation)  

The negative exponent of E in the series terms of 

IV(9) is equal to K(p -n — 1). Using the values discussed 

in Section 3, K is equal to 0.35 and as the energy tends 

towards infinity, the attenuation mean free path of the 

nucleons tends towards the interaction mean free path. 

The series terms in IV(12) have been evaluated for 30 am. 

of lead (equal to 2.25 geometric mean free paths). 

	

—0.65 	—. series terms = 2.5 E 	+ 1.86 E 25  + 0.3 E-718  

(n.1) 	(n=2) 	(a=3) 

It can be seen that the series terms are rapidly 

converging with increasing n and E. For E = 200 MeV the 

series terms are approximately equal to 2 and the total 

attenuation of protons of this energy equals 3 e—  cc For 

E = 2000 MeV the series terms equal 0.4 and the total 

attenuation equals 1.4 e. The integral attenuation 

ourves for different lower out off energies are shown in 

Figure 111.1. Also are shown the curves corresponding to 

geometric absorption (m.f.p. of 150 gm/cm2) and the obser—

ved attenuation of all stars with more than 3 tracks dis— 

cussed in Part II, Section 7 with a m.f.p. of 330 gm/om2. 



Table IV.1. Values of Cascade Series for Different Values of 

Order n of 
Cascade 5 7 

Value of 

2.15 2.98 4.5 4.52 3.3 1.97 1.01 0.43 

2.2 2.9 	E-0.09, 36 3.98 E-0. 3.14 r1.12 1.12 E'"3.3  

2.3' 2.70 r-0.27 3.1 	E"11400  1.45 g-3'36  0.12 E-9'9  

.2.4 2.55 E70.*7  2.4 	E737,8  0.67 E75•6  

2.5 2,45:.1179•65  1.86 E''-5  0.3 	B771°8  

2.7 2.1 	t-1.02 1.15 E---g5  
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The increase in attenuation with energy agrees quite well 

with that reported in Part II, where it was shown that 

the number of 3 and 4—track'stars under 30 cm. of lead is 

four times that expected on a geometric attenuation, but 

for stars with more than 13 heavy tracks the ratio was 

1,5 times the geometric attenuation. 

However, this agreement between the cascade theory 

and the experimental results does not prove the existenoe 

of the variation of attenuation with energy. In, fact, 

the very good agreement could be regarded as fortuitous, 

because very slight ohanges in the parameters )' 	and 

p can completely change the nature of the cascade process. 

This can be clearly shown if we consider the effect 

of varying the exponent ,} , keeping the other parameters 

constant. 

If di  = 2.15, then K, given by IV(13), is equal to 0, 

and the series terms in equation IV(12) become independent 

of energy. For ji 	2.15 these series terms actually 

diverge and one obtains an infinite number of nuoleons 

under the absorber. However, for nucleons above 15 BeV 

is probably more than 2.5 and tends to increase with 

energy. 

The series terms of equation IV(12) corresponding to 

various values of 	are shown below in Table 111.1. 
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As \6` increases the effect of higher order cascade 

terms decreases. The sum of the series terms is shown in 

Figure IV.2. The value of these series terms gives the 

increase in the number of nucleons over that expected on 

a geometric attenuation, and it can be seen that quite 

small variations of 	would cause large changes in the 

energy distribution. 

At first sight this would seem to be a very good 

method for determining 	, if the energy distributions 

above and below the absorber were known. However, the 

effect of varying 	, described above, applies equally 

well to variations of yi and p , which are unknown 

factors for interactions in lead. 

The neutron cascade can explain the observed increase 

in low energy nucleons if the values discussed in Section 

3 are used. The effects of ionisation, discussed in the 
next section, will apply to a cascade with these initial 
oon6tants. 

5. Effect of Ionisation Loss on 
the Nucleon Cascade  

At high energies the mesons and protons in the cas—

cade suffer the same ionisation loss. For lower energies 

the protons predominate and so in the following calcula—

tions the charged component of the cascade will be treated 

as protons as regards ionisation loss, and the term protons 
will be understood to include charged mesons. 
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In correcting for ionisation losses, other authors 

(Thomson and Hodgson 1951, Messel 1950) have assumed con- 

stant ionisation loss for the charged component of the 

nucleon cascade. This is quite reasonable for energies 

greater than 1 GeV where a constant energy loss in lead 

of 1.15 MeV cm2 gm-1 has been assumed. However, protons 

with an energy of 200 MeV have an ionisation loss of four 

times minimum, and hence for protons of energy less than 

1 GeV range-energy curves in lead, calculated by Dr. S.F. 

Singer (1952), have been used. 	
are 

The range-energy ourves and energy loss curves/shown 

in Figure IV.3. It can be seen that only protons incident 

with energy greater than 650 MeV will emerge from an 

absorber 30 cm. (340 gm cm-2) thick. 

If the protons have a differential energy spectrum 

above the lead given by a power law with negative expon- 

ent 	= 2.5, than this spectrum is considerably modified 
by ionisation losses in the lead. The energy distribu-
tions of protons after penetrating 10 cm., 20 cm. and 

30 cm. of lead are shown in Figure IV.4. The effect of 

the 30 cm. absorber is to give a maximum number of protons 

with energy of the order of 200 MeV. While the number of 
protons of this energy is effectively reduced by a factor 
of 40, this factor will only be 2 for protons of 1 GeV. 
It is clear that the ionisation causes a strong reduction 

in the low energy component of the protons, but this 
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effect decreases with increasing energy. The curve for 

30 om. lead shown in Figure IV.4 will apply to those pro-

tons passing through the lead without nuclear interaction. 

It has been shown in Section 4 that only the first 

two stages of the cascade are effective for a cascade in 

30 cm. lead. Ionisation corrections have been applied to 

each stage of the two-stage cascade, assuming firstly 

that equal numbers of neutrons and protons above 1 GeV in 

energy are incident on the absorber, and secondly that in 

each nuclear disintegration equal numbers of ionising and 

non-ionising particles are emitted. As a result of ioni-

sation loss in the cascade, an emergent nucleon of energy 

E will be associated with an incident nucleon of higher 

energy than that given by the non-ionising cascade. Hence, 

for nucleons taking part in the cascade, ionisation loss 

tends to reduce the low energy component, but this is 

counteracted by the increase in low energy nucleons in 

the oasoade process itself. 

In applying ionisation corrections, the following 

oases are examined: 

,One-stage process 

(a) neutrons produced by protons (p, n)i  

(b) protons produced by neutrons (n, p)i  

(o) protons produced by protons (p, p)i 
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Two-stage process 

(a) neutrons produced by protons (p,n)ii  

(b) protons produced by neutrons (n,P)ii 

(c) protons produced by protons (P,P)ii 

produced 
by higher 
energy 
nucleons 

(i) One-stage process 

The term corresponding to a one-stage prooess; neg-

lecting ionisation, can be obtained from equation IV(12), 

and it is equal to 

N -`"( 	 E 	/E3 E E dE El 

1 
ix)13  

Relation IV(14) still stands for a one-stage prooess 

of neutrons produced by neutrons, but m is replaced by W I  

representing that portion of secondaries emitted as neutrons. 

(a) neutrons produced by protons (p,n)i  

A proton interacting in a lead absorber and producing 
a neutron will lose energy by ionisation in traversing the 

distance (y cm.) from the top of the absorber to the inter-

action. If El  is the energy of the proton at the inter-

action, E1(y) will represent the initial energy at the 

top of the absorber. El(y) can be obtained as a function 
of E1  and y from the range-energy relations in Figure IV.3. 
For energies of El  above 1 GeV, E1(y) 	by, where b 
is the minimum ionisation per unit distance. For an 

IV(14) 

where El  is equal to ( 
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absorber a, cm. thick the term in the cascade corresponding 

to a. (p,n) interaction is therefore equal to 

E 
f /Ei(Y)) E 

)  Cl/  dE d'y V(15) 

y=0 

If El  is greater than 1 GeV E (y) can be replaced 

by El  + by, and IV(15) becomes 

IV(16) 

neglecting terms of the order of (21)2  compared with unity. 
El 

For a 30 cm. lead thickness ab = 400 MeV. 

(b) protons produced by neutrons (n,p) 

Protons produced by neutrons, and emerging from the 

absorber with energy E, will have been produced with 

energy E(z), where z is the distance from the bottom of 

the absorber. Owing to the varying ionisation loss for 
E(El protons under 1 GeV, the term dE is replaced by d 	dE, 
dE 

and the term in the cascade corresponding to a (n1p)1  
interaction is equal to 

a 
) 13(  )  

a )( &4) ) E(z)1 	z)1 
z=0 

dE(z)  
dE, 

dE dz ) 

For proton energies greater than 1 GeV (E )-1 GeV), 
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expression IV(17) can be written as 

W e 	m E 	
(E+  a2b)_ 
	 (E --) IV(18) ab 9r)  0( 

1 
1 	2 

negleoti terms of the order of (  a12)2  compared with unity. 
‘E 

(o) protons produced by protons (p,p)1  

This is a very similar process to (b), but in addition 

a parent proton suffers ionisation loss before the inter-

action. The term in the cascade corresponding to a (p,p) 

interaction is equal to 

I 	
0<mi 

J3 T6 e— 

 

a 

 

E 	))f  
+ b(a-z)) 

E 

  

z=0 1(z)1 

E(z)1 	51' dE(z)  dE dz 
E(z) E(z)1 dE IV(19) 

Fifr proton energies greater than 1 GeV, expression 

IV(19) can be written as 

N  e-'‹ 	

E(E 	
E 	0+4)1  (E4--1:-1-:")/  

P 	-F-t-P-) 2 1+) 2 	- 2 	
2 1 IV(20) 

The expressions IV(14) to IV(20) were evaluated up 

to nucleon energies of 10 GeV and the results are shown 

in Figure IV.. The reduction in low energy nucleons 

caused by ionisation is clearly shown. 

0 
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(ii) Two— tage process 

In. a similar manner as described in. (i) ionisation 

corrections have been applied to a two—stage casoadepro—

case. For the simplest ease of neutrons produced by 

neutrons the term corresponding to a two—stage eascade is 

equal to 

N.  

where 

-(a) neutrons produced by protons (p2n)ii  produced by 

"primary" nucleons. The term corresponding to a (P,n)ii 

interaction is equal to 

No 	
exp(„<) m20(2 

2 r 2 
 

1 
where E (y) = 5213  4' 1); 

E 	E (v) E 2 .a 

E2 

'(y) Er dE IV(22) 

, 1 

(b) protons produced by neutrons (n2p)ii  produced by 

"primary" nucleons. The term corresponding to a (n,p)ii  

interaction ie equal to 
a 

N0 	f. 
Ez 

y) 1 EK) 2 P 2  

\di  d 
11111.Y.1 dE dy 

2 	E IV(23) 

where E(y) is the energy-  corresponding to B due to 

ex 2 
	IV(21) 

„,2_,/ 2 
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ionisation loss in y g cm.-2 

1 	1 
E(y) 	EE 2(y) -

El(Y)
)

14 
where E1(y) 	(   	) 	x 

(c) protons produced by protons (p,p)ii produced by 

"primary" nucleons. The term corresponding to a (pl p)ii 

interaction is equal to 

m2.42 	
a 
	E 	 dE(y)  

No 	exp(-4.4) 	a 	(y) + by) 	dE 2 112 

E2(y) 

 

E1(y) 

E(y) 	
E1 (y) E2 (y) dE dy 	IV(24) 

E (y)+1,12 1 	2 

For higher energies relations (b) and (c) both 

become 

l~to E- 
2 2  

exp(- 04) Ell=s 
2 	2 	i's2 

E + ab 1 -- - 
where 2  

' El - 	) 	E2 = 

E1 E2 IV(25) 

The expressions IV(21) to IV(25) were evaluated for 

values of E up to 10 GeV and the results are shown in 

Figure IV.6. The effect of ionisation is very similar to 

that for the 1st stage cascade. 

The energy distributions of the neutrons under the 

absorber is simply obtained by adding the total cascade 

terms to the constant factor 1 and multiplying by the 

geometric attenuation: 
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that is 

+ fn(E)?) 	IV(26) 

Where'-fn
(E) is.the Sum of the 1st. and 2nd stage cascade 

terms for neUtrons. This total cascade term is shown in 

figure 111.7, together with the corresponding term f (E) 

for protons. 

However, the energy distribution of the protons is 

not quite analogous to that of the neutrons. It is 

actually given by 

Np(E) dB = No  E-4  exp(-0() dEF(E) + f(E)3 	IV(27) 

where the F(E) term represents the additional attenuation 

of the original protons due to ionisation loss only. This 

F(E) term is shown in Figure 111.8, and reduces the proton 

component for energies less than 10 GeV. 

Using relations IV(26) and IV(27) the energy distri—

butions can be determined. 

The resulting energy distributions of neutrons and 

protons under 30 cm. of lead are shown in Figure I11.9 and 

can be comared with that obtained from the simple cascade 

developed in Seotion 2. It can be seen that the number 

of low energy neutrons is still always greater than that 

given by an E-2•5  law, while the oonverse is true for 

protons below 3 GeV. 

As the neutrons above the absorber have an B-2.5 law 
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distribution of energy above the absorber, it is evident 

that there is a relative increase in the number of low 

energy neutrons. However, ionisation loss in the atmos-

phere will cause a similar reduction in low energy protons 

as that effected in the lead absorber, and it is not 

obvious whether there is an increase or decrease in low 

energy protons. In the next section the cascade results 

are interpreted in terms of star-size distributions in 

nuclear emulsions, and a direct comparison with the 

observed star-size distributions is possible. 

6. Size Distribution of Stars caused 
by Nuoleons, formed in the Cascade  

The size of stars formed in nuclear emulsions is 

defined by the number of "heavy tracks", that is, by the 

number of tracks with a grain density greater than 1.5 

minimum. In general, the more energetic the incident 

particle, the greater is the size of the star. However, 

investigation of disintegrations produced by monoenergetio 

beams of particles of known energy from cyclotrons 

(Bernadini, Booth and Lindenbaum 1952; Germain 1951; and 

Titterton 1951) showed that particles of the same energy 

produce stars with a distribution of sizes. Messel (1951) 

and Barford (1951) have developed cascade theories within 

the nucleus which lead to a distribution in the number of 

nuoleons emitted. Hence a star of a given size can have 
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been formed by nucleons in a wide energy range. For a 

given energy distribution of primaries, however, the 

resulti4g size distribution of stars can be calculated, 

if the following functions are known: 

(a) The variation of the cross-section for star 

production with energy. 

(b) The relation between the incident particle 

energy E and the mean size m of the resulting 

stars. 
(c) The distribution in size of stars formed by 

primaries of energy E about the mean size m. 

All these functions are averaged over all the elements 

in the photographic emulsion, and it is assumed that they 
are independent of the nature of the primary particle, 

depending only on its energy. 

In the following analysis the rather drastic assump-

tion of constant cross-section for star production is made. 

This will overestimate the nuObers of stars produced by 

particles in the energy region 400 MeV, as the cross- 

section passes through a minimum in this region (De Juren 

1951). As discussed in Section 3, this will tend to oom-

pensate for the overestimated attenuation of these low 

energy nucleons in the lead absorber. Over the whole 

energy range considered, the cross-section does not vary 

by more than a factor of 2. 

Hodgson (1952) has considered this problem of 
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star-size distribution in detail, and he found that the 

distribution in size of stars formed by primaries of a 

given energy could be represented by a Poisson distribu-

tion. This has also been used by other investigators 

(Clementel and Puppi 1949; Yamaguohi,1949). The size dis-

tributions observed by Germain (1951) and Titterton (1951) 

for stars produced by monoenergetic beams of partioles 

agree quite well with a Poisson distribution. Using the 

results of Barton et al. (1951), Hodgson assumed that the 

differential distribution of energies released in stars 

(excluding particles of "shower" particle energy) can be 

expressed as an inverse power law, with exponent 2.5. 

Using this, he derived the best relationship between star-

energy and moan star-size, which gives the experimental 

star-size distribution at the Jungfraujooh (Barford and 

Davis 1952). This relationship can be expressed as 

E =1.4 (37 m + 4 m2), where the term in brackets is the 

result obtained by Brown et al. (1949) for the mean 

energy of stars of size m. In obtaining agreement with 

experiment, he found it necessary to assume a lower out 

off energy of about 50 MeV in the primary spectrum, 

corresponding to a mean star-size of m = 1. This out off, 

however, only affects stars of 3 or 4 tracks. 

If the energy distribution of primaries is eoual to 

f(E) dE, and the primary-energy mean star-size relation 

is given by E p  (m), then the relative size distributions 
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of the stars formed in photographic emulsions is given by 

0. 
m
N 

8(N) . f 	N! 	
r (m) 

dm 
dB dm 	IV(28) 

m o 

The first factor on the R.H.S. of the above eouation 

represents the probability that a primary, producing stars 

with a mean star-size m, will produce a star with actual 

size N. The middle factor in brackets gives the number of 

primaries in the energy range E to E+dE, oorresponding to 

mean size m to m+dm. If both the functions f(E) and p(m) 

can be represented by power laws, where f(E) equals r 

and p  (m) eouals oma, then substituting these values, 

equation IV(28) becomes 

8(N) . Cl 	a  1 
N! 

- 	N-c" em m 	dm 	IV(29) 

where .4 = (r- I) a + 1 	 IV(30) 

The cut off mo does not affect the integral for values 

of N greater than 5, if o< is not greater than 3. The 

integral in equation IV(29) is now equal to the complete 

gamma function fl  (N -c* + 1) for N > 5. 

The relative star-size distribution for stars with 

more than 6 tracks is thus proportional to -27- [-(11-0(+1). 

These distributions are shown for various values of ok in 

Figure IV.101  and may be compared with the observed star-

size distribution at the Jungfraujoch. The latter curve 
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s obtained using the results of Part II for stars with 

5 or less tracks, and the combined results of Brown et al. 

(1949) and Part II are used for stars with more than 5 

tracks. The values of c<. giving best agreement with 

experiment are given by c%s = 3 ± 0.4. If the exponent 

of the inverse power law equals 2.5, this means that the 
best value of the exponent a, in the mean star-size against 

primary energy relation, is equal to 1.35 ± 0.2. 

However, this relation has been derived experimen-

tally by Camerini et al. (1951). Their results are shown 
in Figure I11.11, and the relation between mean star-size 

and primary energy can be expressed as E 0'(111119  for the 

energy region between 0.1 and 5 GeV. It can be seen that 
the curve given by a = 1.35 is not in agreement with the 
experiment results for large stars. However, if the value 
of a is increased to 1.9, to conform with the experimental 
results, then in order to obtain the observed star distri- 
bution above the absorber, 	has to be changed to 
2.1 ± 2. This is in contrast with the value of 2.5 assumed 

in setting up the nucleon cascade. It is interesting to 
note that Vessel (1951) also found indications that the 
power lay should have an exponent 2.1 instead of 2.7, the 

value which he had assumed. As explained in Section 4, 

if this change is made in 	, the whole cascade will be 
altered, as long as the values for the other constants are 
left unchanged. 
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However, by slightly varying the other parameters 

y
, and la , the values of which are quite unknown for 

interactions in lead, a good fit with the experimental 

results could be obtained, with the new value of )1 of 

2.1. 
Since in the cascade process \ was taken as 2.5, in 

order to obtain the observed size distribution of "n" 

stars above the absorber, a star-size relation of the 

form E = 0.3 m1-35  was taken. This was then used in 

determining the size distribution under the absorber. 

In calculating the star-size distributions under 

30 cm. of lead, the integral in equation IV(28) has been 

evaluated for neutrons and protons at each stage of the 

cascade. A cut off energy corresponding to m . 1 was 

taken. Typical curves for this integral are shown in 

Figure IV.12 for incident nucleons with an E-2'5  differen-

tial energy spectrum. It is apparent that the out off is 

effective only for stars with less than 6 tracks. Each 

of the curves in Figure IV.12 shows the contributions of 

nucleons of various energies (corresponding to mean star-

size m) to a star of size N. It can be seen that the 

maximum on a curve N corresponds to a mean star-size less 

than N. This means that the average energy of nucleons 
producing stars of a given size N is less than the nucleon 

energy corresponding to a mean size N, as was pointed out 

by Hodgson. 
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7. Comparison of tho Results of 

the Theory with Experiment 

The star—size distributions under absorber are shown 

in Figure IV.13, and the separate contributions due to 

neutrons and protons at each stage of the cascade are 

given. The relative size distribution for all the stars 

agrees quite well with the results of Part II of this 

thesis and the results are normalised to fit the theoreti 

cal curve at II = 6. 

It is possible to calculate the attenuation mean free 

path for radiation producing stars of different sizes. 

This is shown in. Figure IV.14 for neutron stars, and can 

be compared with the corresponding results of the lead 

cone experiment. The theoretical curve shows the same 

qualitative features as the experimental results but does 

seem to be rather low. This suggests that the assumed 

geometrical mean free path for interaction of 150 gm 

may be too low. In calculating the geometric cross—

section of the lead nucleus the nuclear radius was taken 

as rA  = 1.45 25  10-13 cm. However, the uncertainty in 

the value of the constant 1.45 is about 100, and this 

leads to an uncertainty of some 207; in the mean free path. 

To explain the discrepancy between the theoretical curve 

and the experimental results, one could take the inter—

action mean free path as 180 gm om.-2. This reduces the 
oasoade component, but at the same time increases the 
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number of nunleono penetrating the absorb r. The restat.-

ing 4Itenuation length of neutron stars 1s ales shown in 

Figure IVA, and it is clear that this is a better fit 

for the experimental results. 

Tie ratio of neutron to proton stars under lead has 

boon calculated aad is shown in Figure IV.15. Owing to 

the criterion for minimum tracks (being less than 1.5 

minimum grain density) only protons having plore than 

330 MoV energy will be reoognicod o,s causing p stars. 

Ilene°, many p stars with less than 5 traoke will be regarm. 

dad as n stars in the lead 001/C aaalysis. The comparison 

between neutron and proton stars can therefore only apply 

to stare with more than 6 tracks. 

Discussion of Cascade ThecrY 

It is not claimed that the casoade model developed in 

this thesis gives more than an approximate d soription of 

the nuoloon oasoade in lead. Indeed, the mathematical 

methods applied here were necessarily simple to permit 

rather general assumptions as to the average numbers and 

energies of secondary particles in the basic nucleon—

nucleus interaction. It was assumed in the non—ionisinn  

model that all tho seoondary particles had the same energy. 

However, the statistical fluctuations in energies and 

numbers of these e condary particles will undoubtedly have 

a considerable effect on the properties of the cascade in 
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lead and could lead to different quantitative results 

from the simple pioture developed in Seotion 2 of Part IV. 

The highly effioient mathematic .l techniques of 

Massa and his collaborators are more suitable for tack-

ling the cascade problem, not only as  regards fluctuations 

in numbers and energies of the emergent nuoleons, but also 

in the three dimensional properties of the oasoades 

However, it must be pointed out that the refined oas-

oade treatment developed by Vessel can only be applied to 

problems which assume a homogeneous form of the basto 

nuoleon-nucleon oross-seotions That is whore the cross 

sootion for production of 2 nucleon energies El  and E2  by 

a primary of energy 1 is given by a function of the form 
dE d 

E2  

oross-section the general differential equations for the 

oaooado would be extremely difficult to solve. It was 

shown  in Part IV, Seotion 4 that given such a homogeneous 

cross-section, a power law spectrum of nuoleons will 

remain as a power law with the same exponent at all. thick 

'lessee of the absorber. If the oontinuous change in 

attenuation length with star size, reported in Part 

is a real effect, it could indicate a departure from the 

homogeneous areas-section. 

Although this &unease in attenuation moan free path 

could have been duo to statistical fluotuationa, the Gas 

cad° model developed here oan give a qualitative 

For a non--homogeneous form of the 
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description of tilts increase for certain values of the 

basic parameters. The fact that the original values 

assumed for theoc parameters actually showed a general 

doorenee in attenuation mean free path with increasing 

energy cannot be taken to prove its existence, as very 

slight .oho es in any of the basics parameters can cause 

the entire aspeot of the wsoade to ohange. 

kith the original values of the parameters the theory 

shows that the attenuation mean free path of the nucleons 

should decrease with increasing energy, tending towards 

the collision mean free path. If one accepts the theory 

quantitatively, then the experimental results for the 

attenuation moan free path could indicate an interaction 

mean free path in lead some 1.25 timea the accepted goo 

metric value of 150 gm on 2.In view of the many simpli 
fying assumptions in the theory no attempt has been made 

to find the set of parameters giving the boot fit with 

experiment. 

The analysis of star-.size distribution, shown in 

iootion 6, does seem to show that the different energy 

spectra of the star.producing radiation at the Jungfreus. 

jock is represented by an ti 2.1.41.2  law instead of the 

previously reported gm 



140. 

WJM4ABY OF . CaCLU6IONS 

24rt I 

The general features of the expected spatial distri 

tution of stars have been disouseed in some detail. It 

was shown that the main contribution to an excess of close 

star pairs would be by a regenerative nucleon or cascade 

process whioh produces an exoesu of the order of la"' star 

pairs per eta r for aeparations up to 1500 	this oomparec 

with the value of 2.10 reported by Li (1950). The data 

used by Li have boon carefully examined and it was found 

that the excess vas mait due to small stars, whioh were 

subject to rather inefficient searching. On re .searohing 

a portion of these elates rather more efficiently, the 

exactas tonde6 to dioappear, and it i3 concluded that no 

real evidence exic is for an excess as large as that repor-

ted by Li. 

In tacklin;=; otatistloal probleee of this nature using 

the nuclear emulsion technique, very (groat care must be 

taken to acJieve really offioient soanninc of the emul 

aims. Anomalous results introduced by ineffioient scan—

ning oould certainly be of the sere order as the expected 

excess oi. star pairs. 

Parts III md IV 

   

The angular distribution of the ionizing maponent 

trio stax.prc;duoini;.  rutiation is found to follow a 
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'6 zenith angle distribution law. The correspond 

distribution for tic total tar-produoinr rAiation 

depends on the nature of the casoado premiss in the lead 

abeorborc. However, it is certainly TIore oollimated than 

a cou2  e ate radian distribution and may be of the form 

00 a oteradian for the high energy component. 

The efficiency for finding small stars is higher then  

that achieved by earlier observers. The rate of production 

of all stars with 3 or more heavy nrongs is 17.0+0.4 c 

for emulsions exposed at the Jungfraujo0h. 

The attenuation moan free path in lead for tho total 

stari.produoing component i6 equal to 330±15 g om 	in 
reasonable agreement with the results of other observers. 

There is a definite increase in the proportion of small 

stars under load, the attenuation length of the radiation 

producinc,  3- and 4.traok stars being 370 30 g cm 2. In 
addition, there are some indications tint the attenuation 

mean free path oontinuee to decrease with increasing star 

si e to a value of 210 -t 70 g on 2 for stars with 13 or 

more tracks. However, the statistics are rather poor and 

the oontinued decrease could be due to statistical flu0-

tuations in the small numbers of stare involved. The 

cascade model develo red in this thesis can short this 

effect of as increas of the attenuation moan free path 

with increasing energy for certain values of the basic 

parameters. Under these oonditionc the attenuation length 
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actually tends to the interaction length at high energies. 

The enorgy distribution of stari.producing nucleons has 

been expressed in terms of an equivalent star-0Iva distri-

bution and it is shown that the differential energy die. 

tribution of the star.produoing component at the Jungfrau, 
4.1±0412 $ooh is represented by 	lac. 
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The Double Star Effect in Nuclear Emulsion Plates Exposed to the 
Cosmic Rays 

By G. DAvis 
Imperial College, London* 

Li (1950) reported an excess of close star pairs over that expected on a 
random distribution, in plates exposed at the Jungfraujoch. The excess 
was of magnitude 2 x 10-2  close pairs per star, the effect extending up to 
a star-pair separation of 1500 µ, (for 100 au plates). This ' Li effect ' 
was more pronounced for plates exposed under absorbing materials. Li 
included 2-track stars in his analysis. 

The excess is difficult to explain by any known regenerative or shower 
process, since rather high cross-sections for star production are required. 
Moreover, examination of 351 stars found in 16 cm2  of recently searched 
400 IL G.5 plates (exposed under lead) does not show the Li effect. It was 
therefore decided to re-analyse the two sets of plates for which Li found the 
maximum close-Pair excess, referred to as ' ice ' and Pb ' plates in his 
paper. 

The distribution of close pairs was found to be identical with Li's results. 
However, on subtracting 2-track stars from the analysis; the excess 
completely disappeared for the Pb ' plates (374 stars), while remaining for 
the ice ' plates (1126 stars). Both these sets of plates were searched in 
the early days of this laboratory, and the inexperienced searchers were 
very likely to miss 2-track stars. But 2-track stars may have a greater 
probability of being found in the neighbourhood of other stars, due to the 
increased alertness of the searcher in the short period following the discovery 
of a star (for plates with a star density of the order of 5 per cm2 ). Further-
more, the difficulty of identifying 2-track stars makes their inclusion 
unsuitable in an analysis of high accuracy. Li was aware of this effect 
but thought that the searching was so efficient that it did not matter. It is 
unlikely that the Li effect, if it existed, should be found only if 2-track 
stars are included in the analysis. The 351 stars analysed by the author 
showed no Li effect, either when 2-track stars were included, or when they 
were excluded from the analysis. 

It seemed very probable that the remaining excess of close star-pairs in 
the ice plates (2-track stars excluded) could also be due to preferential 
inefficient searching. One tenth of the ice plates were carefully researched 

*Communicated by Sir G. P. Thomson, F.R.S. 
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and the original efficiency was found to be slightly under 80%, contrasting 
markedly with the estimate of 98% reported by Li. The excess observed 
could then be explained by prefeiential inefficient searching. The areas 
researched did, in fact, show a decrease in the total number of excess 
star-pairs. If this trend were uniform among all the ice plates, it would be 
sufficient to explain the remaining excess of close star-pairs. 

It is concluded that the experimental data used by Li do not show that 
there is a double star effect. 

REFERENCE 
Li, 1950, Phil. _Mag., 41, 1152. 
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The angular distribution and attenuation of the star-producing 
component of cosmic rays 

BY N. C. BARFORD AND G. DAVIS 

Imperial College of Science and Technology, London 

(Communicated by Sir George Thomson, F.R.S.—Received 28 February 1952) 

Some properties of cosmic rays at 3570 m have been studied by observing nuclear dis-
integrations in G5 emulsion under lead absorbers. Good geometrical definition was ensured 
by making these absorbers in the form of inverted lead cones of various half-angles. The 
nuclear cascade process is such that the overall attenuation in lead of the star-producing 
component increases with energy, the attenuation length varying from 370 + 30 to 
210 ± 70. g cm-2  over the range of energy responsible for the stars examined. Interpretation 
of the results to give the angular distribution of the star-producing radiation depends upon 
the nature of the cascade process. However, it is certainly more collimated than a cost 
steradian-1  distribution, where 0 is the zenith angle, and may be of the form cos' 
steradian-1  for the high-energy component. For the charged component alone a direct 
measurement gave cos''I O steradian-8. 

The rate of production in emulsion under no absorber of all stars with three or more 
heavy prongs is 17-0 + 0.4 cm-8  day-1. 

1. INTRODUCTION 

In analyzing the properties of that part of cosmic radiation which causes nuclear 
disintegrations (`stars') it is necessary to investigate the types of stars produced, 
the effect of absorbers upon the radiation and the angular distribution of this 
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radiation. Experiments dealing with the first two aspects have been described 
(e.g. Brown, Camerini, Fowler, Heitler, King & Powell 1949; Rosser & Swift 1951), 
but the experimental conditions have been geometrically unsuitable for giving 
information about the third. The experiment described here was designed par-
ticularly for the latter purpose, although in the course of the work interesting results 
have been obtained for the other two. 

2. EXPERIMENTAL PROCEDURE 

(i) General 

Ilford G 5 nuclear emulsion plates (double-sided 200p, and single-sided 400p) 
were exposed at the Jungfraujoch (3570 m, 47° geomagnetic N) during 1950 and 
1951 under inverted lead cones of various half-angles. 

Each cone was split into three shells of 10 cm thickness so that absorption under 
10, 20 and 30 cm of lead could be investigated. The plates were stacked vertically 
below the cones, and only those parts of the emulsions were searched which lay 
within a vertical circular cylinder of diameter 2 cm and height 2 cm at the apex of 
each cone. The essential features of the experimental arrangement are shown in 
figure 1. For a cone of half-angle 0 we can define angles S1  and 82  such that any 
undeviated ray reaching the searched volume of emulsion with declination less than 
() — 81  must pass through the total thickness of lead, while if it is greater than 0 + 82  
it can pass through no lead. 81  and 82  are given in table 1 for the various values at 
() using 30 cm lead (shells 1, 2 and 3). For 20 cm (shells 1 and 2) and 10 cm (shell 2) 
they are less. The probable error in the 0 co-ordinate of our measurements is clearly 
less than 81  or 82, and we may certainly say that the angular measurements have 
a precision within 10 %. 

Each set of plates was sealed at approximately 15° C in an atmosphere of 30 to 
40 % relative humidity and maintained at 10 to 20° C throughout the experiment 
to obviate risks of fading. The emulsion was developed by the temperature cycle 
method to a minimum grain density of 30 to 40 grains per 100p of track. We 
rejected plates which were so distorted as to impair searching efficiency or the 
classification of stars. 

The emulsion thickness of one-third of all plates was measured before and after 
development. From this a shrinkage factor 2.5 ± 0.05 was calculated and used to 
determine the initial thickness of the emulsion in the remaining plates which were 
measured only after development. Variations of 10 % or more from the nominal 
emulsion and glass thicknesses were common. 

The boxes containing the plates and scaffolding supporting the cones contributed 
approximately 1 g cm-2  of absorber extra, but this has been neglected throughout. 

(ii) Searching 

The plates were searched at 250 x magnification, and all the events recorded were 
checked at 800 x magnification. Any event showing three or more tracks of grain 
density greater than 1.5 x minimum and length greater than 4,14 were used in the 
analysis unless 
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(a) all such tracks were less than 70A long in which case the event was assumed 

to be a radioactive disintegration, 
(b) one track could have been caused by a slow meson travelling towards the 

centre of the event—a o--star, and 
(c) it could be interpreted as a proton-proton scatter. 

t 
Bra 

FIGURE 1. Geometrical details. 

TABLE 1. GEOMETRICAL DETAILS 

(°) 0 10 20 40 60 90 
(°) — 2.2 2.8 5.2 7.9 0 

82 ( 0 ) — 2.0 3.0 5.4 7.4 15.0 
(cm) — 30 25 15 10 1.5 

h (cm) 27.7 26.3 26.9 26.7 28.5 28.0 

Our minimum-grain-density standard neglected the difference between the true 
minimum and 'plateau' grain densities reported by Voyvodic (1951). However, 
the similarity between our results and previous ones (Brown et al. 1949; Rosser & 
Swift 1951) for large stars shows that the grain-density standards are in good 
agreement. 
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Inefficient searching soon showed up as irregularities in the plots of star density 
against cone angle and led us to consider this problem in detail. Some of the emulsion 
was carefully searched twice and, assuming the overall efficiency of this to be 100 %, 
it was found possible to divide the six searchers wholook-part into two groups. The 
four experienced searchers were 95 to 100 % efficient and the two inexperienced 
ones were 80 to 90 % efficient in finding three- and four-pronged stars. In the analysis 
of such stars a correction factor of 1.1 was therefore applied to those found by the 
latter. As this applied only to a small fraction of the results the overall correction 
factor is in most cases nearly 1.0 (see tables 2, 3, 4, 5 and 6), and none of our con-
clusions is invalidated if no such correction is made. 

Very few stars of five or more prongs were missed by any searcher and no correc-
tions have been applied to them. 

3. RESULTS 

These are summarized for all cone angles in tables 2 and 3, while those of par-
ticular importance—the star intensities under no absorber and under the hemi-
spherical lead shells—are given in greater detail in tables 4, 5 and 6. Plates under 
no absorber were exposed during the experiment with 20 cm of lead and that with 
30 cm, and the stars observed in them are given separately in tables 2 and 3. The 
latter give a rate of star production somewhat greater than the former, but the 
difference is not statistically significant. We have therefore combined both results 
together with some obtained during the experiment with 10 cm of lead to give the 
star intensities under no absorber in table 4. 

(i) Classification 
The usual classification of tracks in terms of their grain density, g, relative to 

minimum grain density, gm, was employed. The numbers of `minimum' tracks 
(g <1.5g.), ` grey' tracks (1.5g„, g 57gm ) and `black' tracks (7gm<g) were recorded 
for each star. If at least one of the minimum tracks lay in the upper hemisphere it 
was assumed that the disintegration was caused by a charged particle (a p-star) 
and the number of shower particles (ns) was taken as one less than the number of 
minimum tracks. If not it was assumed that the primary particle was neutral 
(producing an n-star), and ns  was taken equal to the number of minimum tracks. 
The number of ' heavy ' prongs, Nh , is the sum of the grey and black tracks. 

(ii) Errors and corrections 
The correction factor for searching inefficiency has already been discussed. We 

must allow also for sea-level exposure before and after the experiments. To do this 
we have assumed an absorption length in air for all types of stars of 135 g cm-2  
(Bernardini, Cortini & 1Vlanfredini 1949) and have expressed the correction in terms 
of a total equivalent exposure time at the Jungfraujoch. 

It must be emphasized that all the numbers given in the tables are of stars found 
and checked—corrections are applied only in the subsequent analysis. 



TABLE 2. NUCLEAR DISINTEGRATIONS UNDER 20 CM LEAD AT 3570 M 

corrected 	3:5Nh 54 	55N7,,59 	105ATA. 	 35-7Vh 
emulsion exposure exposure 	n8  = 0 	 ns  = 0 	 n8  = 0 	 ns>1 	searching 

cone 	volume 	time 	time 	f______A, 	r______A____ 	f_x______Th 	r______A_____, 	factor 
half-angle (cm3) (days) (days) n p n p n p n p 35Nh54 

0° 0.60 51 51.8 265 26 105 28 12 5 32 23 1.00 
10°  0.66 51 51.9 298 19 92 32 13 3 31 39 1.00 
20°  0.15 51 52.1 60 9 22 3 4 2 8 5 1.00 
40° 0.88 51 52.6 310 23 95 26 7 10 25 17 .1-04 
60° 0.15 51 52.7 48 3 15 2 1 0 4 1 1.00 
90° 1.06 51 53-8 271 31 110 21 7 4 21 18 1.05 

TABLE 3. NUCLEAR DISINTEGRATIONS UNDER 30 CM LEAD AT 3570 M 

corrected 	3..-.5NA -.54 	5---c.,N4 ---c9 	105.Z‘Th 	3.--..Nh  
emulsion exposure exposure 	na = 0 	 ns=0 	 ns=0 	 ns  .- 1 	searching 

cone 	volume 	time 	time 	,__A__, 	f___A______, 	c______A, 	,_____A_____, 	factor 
half-angle 	(cm3 ) 	(days) 	(days) 	n 	p 	n 	p 	n 	p 	n 	p 	35Nh 5 4 

0°  0.86 46 46.4 380 38 144 32 24 5 58 36 1.0 
10°  1.01 46 46.5 429 35 157 32 22 9 31 20 1.0 
20° 0.34 46 47.2 118 14 51 11 3 3 19 11 1.0 
40° 1.12 46 47.9 324 24 117 17 9 6 18 22 1.0 
60°  0.34 46 50.3 74 8 18 7 0 0 5 2 1.0 
90° 1.50 46 50.8 288 24 79 16 9 1 21 17 1.0 

Nh = number of heavily ionizing particles; ns= number of shower particles; n = neutral primary; p= charged primary. 
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Bristol Manchester 

5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 3<N h<6 7<Nh 3. -N h<6 7<Nh  3<Nh<6 7.<Nh  

146 70 33 23 14 13 9 4 5 4 3 2 2 1 0 0 	995+32 113+11 600+11 101+4 835+25 116 + 9 
31 14 14 6 6 5 3 2 1 0 1 0 0 0 0 0 	114+11 38+6 54+3 45+3 70+7 46 + 6 
11 7 5 5 4 0 2 6 0 1 1 0 1 0 1 1 	71+8 27+5 31+2 32+2 72+7 37 + 5 
6 7 4 2 4 1 5 3 2 3 0 1 1 1 0 1 	36+6 29+5 29+2 33+2 45+6 18 + 4 

194 98 56 36 24 19 19 15 8 8 5 3 4 2 1 2 	1216 207 714 211 1022 217 

3 	4 

0(n) 488 291 
0(p) 35 34 

>1(n) 31 22 
..>1(p) 9 14 
total 563 361 

n, 
0(n) 
0(P) 
1(n) 
l(p) 

total 

n, 
0(n) 
0(p) 

,-.1(n) 
>1(p) 
total 

TABLE 4. NUCLEAR DISINTEGRATIONS UNDER NO LEAD AT 3570 M 

Corrected exposure 84.3 cm3  days. Searching factor 1.01 (3<Nh <4). N
. C

. B
arford  an
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 G
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avis 

TABLE 5. NUCLEAR DISINTEGRATIONS UNDER 20 CM LEAD HEMISPHERE AT 3570 m 

3 4 5 6 7 8 9 10 11 12 3<Nh <6 7<Nh  

188 83 62 18 15 9 6 1 0 3 3 351 37 
12 19 5 7 8 1 0 1 0 1 2 43 13 
4 3 2 1 2 1 3 1 1 0 3 10 11 
6 2 2 1 2 1 2 1 1 0 0 11 7 

210 107 71 27 27 12 11 4 2 4 8 415 68 

Corrected exposure 57.0 cm3  days. Searching factor 1.05 (3 <Nh< 4). 

TABLE 6. NUCLEAR DISINTEGRATIONS UNDER 30 CM LEAD HEMISPHERE AT 3570 M 

Manchester 

3 4 5 6 7 8 9 10 11 12 >13 3:5/Vh <6 7<Nh  3</Vh <6 7,-c.11Th  

190 98 42 13 11 9 4 3 3 2 1 343+19 33+6 256+8 24+2 
9 15 6 5 2 3 0 0 1 0 0 35+6 6+2 26+2 11+2 
6 4 2 3 1 0 0 1 0 2 2 15+4 6+2 16+2 10+2 
2 0 4 2 1 1 1 0 1 2 3 8+3 9+3 16+2 10+2 

207 117 54 23 15 13 5 4 5 6 6 401 54 314 55 

Corrected exposure 76.2 cm3  days. Searching factor 1.00 (3 <Nh< 4). 

N a = number of heavily ionizing particles; n8  = number of shower particles; n = neutral primary; p = charged primary. 
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If N events were observed the errors assumed in obtaining the final results were 
± VN if N 40, while for smaller values of N the fiducial limits discussed by 
Regener (1951) were used. 

4. ANALYSIS 

The simplest analysis of the results is obtained by making the following assump-
tions: star-producing radiation travels in straight lines; if a primary particle in this 
radiation gives rise to a secondary particle, itself capable of producing a star, the 
latter continues in the same direction as the former (we shall call this a collimated 
secondary); radiation at any angle traversing a distance d in the absorber suffers an 
overall reduction to a fraction a(d) of its original value. Then if the angular dis-
tribution of the radiation is proportional to cos?"' () steradian-1  in the upper hemi-
sphere and zero in the lower hemisphere, where 0 is the zenith angle, we shall expect 
the rate of star production in the emulsion at the apex of a cone of half-angle () 
and thickness d to be of the form 

N(0) = N(0) a(d)[1 + cosm+10(1/a(d)— 1)]. 	 (1) 

Whatever the value of m, a(d) is given by 
Nair) = N(0) a(d). 	 (2) 

If, for various values of d, the experimental results satisfy a variation of type (1) 
for the same value of m, the zenith angle law of distribution will be verified (subject 
to the assumptions already mentioned). If, in addition, for variations of d there is 
a constant A satisfying 	a(d) = 	 (3) 
we shall be justified in talking of effective exponential attenuation and in defining 
A as the attenuation path length. 

We have examined various classes of stars to see how well laws (1) and (3) are 
obeyed and to determine the relevant values of m and A. Examples are given in 
figures 2 and 3. In order to obtain the ' best ' values of m and A we adopted the 
following procedure. N(0) was taken as the experimental value at () = 0. For the 
two thicknesses of lead-20 and 30 cm—two values of the attenuation length were 
then obtained from the formula 

d/A = log [N(0)/N(170], 
derived from (2) and (3). If they were consistent their weighted mean was taken 
as A. With these values of N(0) and A curves of type (1) were constructed for various 
values of m to see if such a description was adequate. In general, this was so, and 
the values of m were such that the greatest precision in its determination was given 
by the experimental results at 0 = 40°. Searching was therefore concentrated at 
this value. The final value of m was taken as the weighted mean of the values best 
fitting the results for 20 and 30 cm absorber. 

The alternative method of obtaining m from the formula 
log [N(0) — N(2g)] = (m + 1) log cos + log [N(0) — N(17-r)] 

gave the same result in all cases. 
While our determination of the best values for N and m is not very refined, the 

labour of a complete least-square analysis seemed hardly to be warranted. 
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FIGURE 2. Rate of production of all stars with N,, 3 under 20 cm of lead. 
—, N(0) = 8.6(1 + 0.98 cosm+1  *0). 

20° 

	

40° 
	

60° 
	

80°  
cone half-angle (0) 

FIGURE 3. Rate of production of all stars with N,, 3 under 30 cm of lead. 
—, N(0) = 6(1 + 1.83 costn+1  0). 

5. DiscussioN 
(i) Absolute rate of star production 

The rate of production of all stars with NA  ?, 3 in nuclear emulsion of 17.0 ± 0.4 cm-3  
day-1  is greater than previously reported. For comparison the stars recorded by 
the Bristol and Manchester groups (Brown et al. 190; Rosser & Swift 1951) are 
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shown in tables 4 and 6. These are corrected to the same exposure time, and in the 
latter case for the difference in altitude also. It can be seen that the differences 
involve small stars only. It may be noted, that we observe more than twice as many 
three-pronged stars as the Bristol group. It has been shown (Tidman & Hodgson 
1952, private communication) that this significantly alters the energy versus star 
size law, E = 37Nh + 41q, given by Brown et al. (1949). 

360— T  

an 
250 

0 

° 150 

1111t 	1111 	It 
4 	6 	8 	10 	12 

N 
FiGuRE 4. Attenuation length for stars with Nh  N. 

(ii) Attenuation 
Figure 4 shows an attenuation length in lead for all stars with Nh  3 of 

330 ± 15 g em-2  which agrees with the earlier values of 310 ± 20 g em-2  (George & 
Jason 1949) and 305 + 7 g cm-2  (Rosser & Swift 1951). For small stars only 
(3 < Nh  < 4) produced by neutral radiation it is rather greater at 370 ± 30 g em-2. 
However, we find a smaller proportion of large stars under lead similar to that found 
with air as absorber by Addario & Tamburino (1949), but not observed at a slightly 
lower altitude by Rosser & Swift (1951). This gives a definite trend towards smaller 
attenuation lengths for large stars. The smallest length, 210 g em-2, may be com-
pared with the ' geometrical ' mean free path of 150 gem-2  based on a nuclear radius 
r = 1.45 x 10-13  Ai cm. 

Since the average primary particle energy must be greater for large than for small 
stars, this appears to give clear evidence that the effective attenuation of an 
absorber is less for the low-energy component of the star-producing radiation than 
for the high-energy component. This has an important bearing on any theory of the 
nucleon cascades in the star-producing radiation. For if we assume that this 
radiation has a differential energy distribution of the form 

dN = KE-v dE, 
even the fairly general law that a nuclear collision of a primary of energy E yields 
n1  secondaries of energy (z1E, n2  of energy a2 E, etc., themselves capable of producing 
further stars, where n1, n2, ..., a,, cc2, ... are constants, would merely reproduce the 
same power distribution law at all thicknesses of absorber and therefore give the 
same effective attenuation for radiation of all energies. 
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To obtain the effect we have observed we could assume that in a nuclear dis-
integration initiated by a high-energy particle a greater proportion of the primary 
energy is lost (as far as subsequent star production is concerned) than in those 
initiated by low-energy primaries. This is reasonable in view of the possibility of 
creating meson rest mass at great energies. 

We could also assume that there is a low-energy cut-off to the primary spectrum 
at the Jungfraujoch which is greater than the minimum energy required for a 
three-pronged star. Both assumptions lead to an energy degradation process in 
the absorber which increases the proportion of low-energy star-producing radiation. 

For all classes of stars examined our results were consistent with exponential 
attenuation. We should not have expected in any case to observe the transition 
effect for small thicknesses of lead (Shapiro, Stiller, Birnbaum & O'Dell 1951; 
Schopper, Wicker & Rossle 1951), but the measurements under 20 cm of lead 
showed no effect of the type reported by the latter authors for stars with two or 
more prongs. 
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3 	4 	5 	6 	7 	8 	9 	10 

N 
FIGURE 5. Angular distribution exponent, m, for stars with Nh  N. 

(iii) Angular distribution 
For the lowest energy stars (n-stars with 3 NA  < 4) we find m = 2.5 ± 0.5. 

Although this and all the values of m given in figure 5 are consistent with the value 
3.0 ± 0.5, there is some indication that the high-energy radiation is more collimated 
than the low-energy component. We might expect this from the fact that the large 
stars have a greater proportion of charged primaries than do the small stars; since 
they suffer ionization as well as nuclear collision losses, passage through the air 
absorber above 3570 m will tend to collimate them more than the neutral primaries. 

It has been assumed that m = 2 (e.g. Harding 1951; Schopper et al. 1951 ) on the 
basis of measurements by Coates & Herz (1949) and Page (1950). The former were, 
however, of 'straight-line tracks' at sea-level and were presumably mostly caused 
by ,a-mesons. The latter measurements were of charged primaries only, so that in 
neither case is there a direct measure of the angular distribution of the total 
radiation, most of which is neutral at 3570 m. 
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However, we have also investigated the distribution of charged primaries by 
two methods and find them considerably more collimated. First, p-stars only were 
analyzed by the method described above and this gave the value m = 4.0 ± 1.0. 
This is still not a direct measure of the angular distribution because of the secondary 
processes in the lead absorber. To obtain this the zenith angles of the primaries of 
200 p-stars found under no absorber were measured. These are shown in figure 6 
and give the value m = 5.0 ± 1.0. This may be compared with the angular distri-
bution of the charged particles producing showers determined by Walker (1950) 
at a similar altitude. From the nature of his apparatus the counts Al./31C3  will 
include large stars of great energy. This angular distribution has m = 7.3 ± 1.0. It 
is also of interest to consider the corresponding distribution at great altitude. Lord 
(1951) has given the angular distribution of charged star primaries at 28700m, 
54°N (magnetic). Taking a Gross transformation of this to give the air attenuation 
we find that at 3570 m the distribution up to 60° zenith angle is best fitted by the 
law cos4'50. 

0 	 20° 	40° 	60° 	80°  
zenith angle of primary, 0 

FIGURE 6. Angular distribution of charged primaries of stars under no absorber at 
3570 m. —, K sin 0 cosy,  0 normalized to 200 primaries. 

It is important to realize that the effective angular distribution determined by 
absorption in the lead cones is the true angular distribution of the primaries above 
the lead only if our assumption of collimated secondaries is true. We must now 
consider to what extent our results are affected by varying this assumption. 

The flux of star-producing radiation measured by the number of stars observed in 
the emulsion below a lead cone consists of two parts. There is first that fraction of 
the primary radiation which reaches the emulsion without any nuclear collisions. 
The second part consists of secondary radiation produced in the lead. The difference 
between the true and effective angular distribution increases as 

(a) the proportion of non-collimated secondaries to primaries entering the 
emulsion is increased (by decreasing the attenuation length for the primaries), 
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(b) the angular distribution of secondaries changes from collimated towards 
isotropic. 

We have investigated these effects on the basis of a single-stage generation of 
secondaries, neglecting ionization losses. In general, the true values of m are smaller 
than those obtained by the method of § 4. The extreme possibilities for (a) and (b) 
—that the attenuation length is geometrical and that the emission of secondaries 
is completely isotropic—give a value, m = 2.2. This is the least true value that could 
give an apparent value, m = 3.0. An attenuation length of 210 g cm-2  with the 
secondary distribution still isotropic would increase this to m = 2.5, and with some 
degree of secondary collimation it would rise still further. 

A more detailed knowledge of the production of secondaries is required before 
the angular distribution of the primaries can be established with certainty. How-
ever, there is evidence that the true value of m cannot be much less than the effective 
value, m = 3, from the fact that the experiments under 20 and 30 cm of lead both 
gave this result. Since the proportion of secondaries is very different in the two 
cases their effect in determining the effective distribution cannot be very great. 

For the larger stars only, the problem is much more complicated, for charged 
primaries here play a much greater part and we are no longer justified in neglecting 
ionization losses. The general effect of these is to sharpen the overall collimation 
and thus counteract the effect of non-collimated secondary production. To judge 
from the effective and true angular distributions obtained above for p-stars the 
former effect may be slightly the greater. 

6. CONCLUSION 

A rate of production of 17.0 ± 0.4 cm-3  day-1  of all stars with .N 3 in nuclear 
emulsion has been determined at 3570 m above sea-level. The radiation producing 
these stars is absorbed in lead at a rate equivalent to an attenuation length of 
330 ± 15 g cm-2  and to an angular distribution proportional to cos3±°'3 0 steradian-1, 
where 0 is the zenith angle. The true distribution is probably nearer to cos2'3±°'3  0, 
but the collimation appears to increase slightly with increasing energy and may 
reach the value cos4  0 for the radiation producing the largest stars. For charged 
primary radiation alone the distribution is proportional to cos3±10 steradian-1. 

There is a considerable increase in the effective attenuation of the radiation as 
its energy increases, the attenuation length varying from 370 ± 30 to 210 + 70 g cm-2  
over the range considered ( - 200 to - 2000 MeV). 
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