TEESIS : NUCLEONIC COMPO“’EHT OF THE COSMIC
RADIATION
Bva. Davis.
Abstract

- This thesis is ooﬁcerned with a study of the nucle-
onic component of the cosmic radiation, using the nuclear
emulsion teohnique; It is the nucleonic component which
produoés the characteristic nuclear disintegrations, or
stars, in emulsions; | -

~In Parf I, the spatial distribution of stars in
nuclear emulsiohs is oonsidered; Barly workers in the
field had reported rather more stars at close separations
~ from eaoch other than would be‘exneoted on & 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 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 evidenoce for
aﬁ excess of the order of that claimed by Li; There

seems little doubt that extreme care has to be taken'in
the soanning:of the emulsions, as ipnefficient scanning
can cause anomalous effects of the same order as that
reported’by Li;

Part II is concerned with the angular distribution



2.

of the ionising and non-ionising components of the star-
producing radiaticﬁ. This hag been investigated, using
lead cones of various angles to attenuaté‘the radiaticn,
ASSHm1D& collimated interactions in the absorber, the
aﬂgular distribution of the total utar—produoing radla—
tlon can be represented by a oos3 % © steradlan -1 zenith
angle distribution law, while the charged component
folloﬁs & 003511169 1aw; The results show an inoreasé
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'sizé.

If it is assumed that ster-producing particles are
produced in secondary interactions iﬁ the 1ead absorber,
then this can considerably modify the exponment m in the
zenith angle distribution law. This problem is discussed
in Part III, and it is shown that taking the extreme ocon-
ditions of iéotropiovproduotion of secondaries, and a
collision mean free path of 150 g cm‘z lead the exponent
m decreases from 3 to 2.2.

~ In Part IV a nuoleon cascade model is developed for
interactions in lead. Under certain conditions the cas-
cade can lead to a variation of attenuation 1engfh'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



3.
shown that the differential energy distribution of the
‘sﬁaféprdducing component at the Jungfraujoch can be

g-2.1%0.2

represented by an law, instead of the

~ previously reported 22 law,



Thesls entitled

'NUCLEONIC COMPONENT OF THE COSMIC

RADIATION

by

G. Davis

Proesented to the
University of London
for the degree of
Doctor of Philosophy
and to the
Imperial College of Science and Technology
for the

Diploma of the Imperial College

Supervisors: Sir George Thomson, F.R.S. (Former)
Dr. E.P. George (Present)



ii.

CONTENTS

SU MMARY
ACKNOWLEDGEMENT S
_ GENERAL INLRODUCITION

PARE

PART

PART

Wr oy

. s

W W WD WD L WR W

I, THE AﬁOMALOUS DOUBLE—brAR ETFLCT
1. Introduction

5.  Number of Stars expected on a
Rendonm DlutIEEiElOH

3. Eifects leading to a Non—B&ndom
DlStleﬂthﬁAOf Stars

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

5. The Statistical Problem of the
Double~Star Effect

DluOuSSlOﬂ and Conclu 3ion

II, THE LEAD CONE EXPERIMEFT
Introduction
+ Experimental Details

1l
2. Scananing of the Emulsions
3. Results |
4. Analysis of the Results
5. The Angular Distribution
6. Absolute Rate of Star Production
- at the Jungfraujoch
7. Attenuation of the Star—Produclng '

Radiation -

III. THE GROUETRICAL PROPERTIES OF
| THE KUCLEAR INTERACTIONS IN

| 'HE LEAD CONES
1. Introduction '

2. One-Stage Cascade assumlng
Collimated Secondaries

3. Isotropic Emibssion of Secondaries

Page

iv
vi

viii

13

27

37
44

46
47
50
52
55
59

64

65

75

75
78



PARD IV.
§
§
§
§ 4.
§
§
§

§ 8.

iii,

Calculation of Sgcondary Contribu-
tion assuming Isotropic Emission,
under a 90° Cone

Isotropic Emission of Seoondarles
in a General Cone of Semi-ingle

Isotroplc Emission of Secondaries,
40° Cone

Effect of the Isotropic Production
of Secondaries on the Lead Cone

~ Absorption Curves

4 ONE-DIMENSIONAL NUCLEON CASCADE
MODEL IN LEAD, LEADING TO AN

ENERGY VARIAELOY OF THE ATTENUABION

Introduction

The Cgscade Model in Lead,
neglecting Ionisation

Choice of Values of the Constants
of the Theory

Results for the Casgcade,
neglecting Ionisation

Effect of Ionisation Loss on the
Nucleon Cascade

Size Distribution of Stars caused
by Nucleons formed in the Casoade

- Comparison of the Results of the

Theory with Experiment
Discussion of Casoade Theory

SUMMARY OF CONCLUSIONS
REFEREHCES
PUBLICATIONS

Page

80
87

89

96

101
105

115

- 119

121
130
136
137
140

1435
146



iv.
- SUMMARY

‘This thesis is concerned with a study of the mucleonic
component bf fhe cgsmic radiation, using the nuclear emul—
sion;teohnique; It is the nucleonic component which
prodﬁces the charecteristic nuclear disintegrations, or
stars, in emulsions; . | |

In Part I, the spatial‘distribﬁtibh of sters in
nuclear emulsions is cousldered. Eariy workers in the.
field 'had reported rather‘more stars at close sefarations
from each other than would be expected on a random disu
tribution of stars. Possible mechanisms whioh lead to
an excess of close star-pairs aie examined and if is shown
that £he ezpected,exgess using these mechanisms 1s rather
less than‘that‘reported expe:imentally_by earlier obser-
vers, . The results used by Li (1950) are re-examined and
it islcondluded~£hat there is insufficient evidende fér
an excess of the order of that claimed by Li; Therelséems
little doubt that extreme care has to be taken in the,v
scanning of the emulsions, as inefficient scanning can
cause anomalous effects of the same order as that.reﬁérted
by Li.

Paxrt 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 oollimated interactions in the absorber, the
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angular distribution of the total star-producing radiation
can ve represented by a 0033+é © steradian” -1 zenmth angle
dlstrlbutlon law, Whlle the charged component follows a
]‘69 law., The resulto show an increase in the Pro-
portlon of low energy stars under'the absorber,‘and there
are 1ndloatlons of a oontlnuous deorease in attenuatlon
mean free path with increase in star sigze.
If it is assumed that star—produoing partlcles are
produced in seoondary interactions in the lead absorber,
then this can consxderably modify the exponent m\;n the
zenifh anglé ﬁiétribution 1aﬁ; This problem is discussed
in Part III, and it is shown that taking the extremevobn—
’ditions of isétropic produétion of secondaries, and &

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

;nferaotions in lead; Under certain conditions the éas~
cade can lead to a variation of attgnuation length with
energy, the attenuationdlength tending fq the interaction
length'at high energies; A method is shdwn for expressing
a nucleon enexrgy distribution in terms of & correéponding
star-size distribution; Using this method it ié shown
that the differential energy distribution of the star-pro-
duciﬁg éomponpnt_at the Jungfraujoéh can be iépresented
b&' an E-z.li‘o.‘z law,

instead of the previously reportéd
E2+% law.
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GENERAL INTRODUCTION

Since the original disoovery made by C.T.R. Wllson

in 1900 of a Sllght re31dua1 ionisation in the atmos— ,
phere, it has been found that this 1onlsatlon is malnly

¢ |

}

caused by the passage of charged particles reaching the
Later wofkers have accumulated J

7

earth from outer space.
a great wealth of evidence as to the nature of these

cosmiovrays. ,
Information about the primary radiation incident on

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

various workers (survey by Peters 1952), u31ng apparatus
The,

taken to high altitudes in balloons and rockets.
results of these experiments show that the prmmary radia~
'j

tion consists of ionised atomic nuclei with a mass speo~
trum similar to that of stellar matter (Brown 1949) The
latest results (Kaplon, Peters, Reynolds and thson 1952)

show that the prlmary partleles are a@prox1mately 90%

protons, 10% alpha partloles and less than 1% heavier
nuclei. ,
Many theoriés of the origin of the cosmic radiation
have been proposed (Férmi,l949; Chang-Yun Fan 1951;

Richtmyer and Teller 1949; Alfuén 1949, 1950; Uns#ld 1951
Bierman and Schlfiter 1951), but the experiméntai evidence

is inadequate to verify them, |
2 of the atmosphere the

In the first few gm om
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primary radiation interacts with the nuclei of the air
and produces seoondary.particles, some of which are
capable of further interactions in the atmosphefe. This
type of process is referred to as a cascade process and
tias been démonstrated by observers studying high-energy
interactions in cloud chambers, using stacked parallel
absorbers (Gregory and Tinlot 1951); |

The primary interactions are very energetic, and
they produce shoWers of secondary nucleons, accompanied
by charged and neutfal mesons which are created in colli-
sions between the nucleons taking paxrt in the interactioﬁ.
The earth'é atmosphere is equivalent to about 10 inter-
action-path lengths of the primary protons and muoh 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 atmospﬁere (ané
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 theé nucleonic or N~-component

(Rossi 1948), which interacts strongiy with matter and '?

pa—

\\,_.4.

produces the disintegrations or stars found in nuelear
emulsions. At mountain altitudes it consists of secondary
neutrons and protons. The second group contains the
charged mesons from the shower particles already_mentiéned

above, This consists of mesons of various masses
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(0'Ceallaigh 1951; Harding 1950; Herz, Hodgson and Ten-
nent 1952), which decay eventually into the p~ -mesons
forming the penetrating component of the cosmic radiatﬂxi*
The third group, commenly oalled the soft component, con-
sists of electromagnetic cascades initiatedﬁby the neutral
¢« -mesons Which'accompany,the showers of charged hesons.
These neutral mesons have a very short life (Carlson,

" Hooper and King 1950) and decay into ¥‘~rays which then
generate showers of electrons and } -rays in a secondary
cascade procesé.' Some contribution to the soft component
‘also comes from knook-on electrons and bfemsstrahlung;

Theories have been developed by Messel (1950, 1951,
1952) and Thomson and Hodgson (1951), which provide a
satisfactory explanation of the nucleon oascade in the
atmosphere;' Messel has, in addition, proposed eﬁ@ressians
which describe both the p- -meson and the soft components
as a development from the nucleon casoade:

This thesis is mainly concerned with the nucleonioc
component, which is studied by analysing the stars pro-
duced by it in nuolear emulsions; Early'workers (Leprinoe—
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 indioatéd that
some unknown particles contribute to the production of

stars. This effect has therefore been studied in some
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detall in the first part of this thesms in order to see
if the stars can be used as a measure of the nucleonlo
component Many other partleles can produee stars in
;nuolear emu151ons.’ These 1nclude fast/r-ﬂnesons (George
and Evans 19513, } -rays and electrons (Kikuohi 1951),
but thelr oross~seotlons for star produotion are so small
‘that their contrzbutlon at mountain altltudes is quite
negllglble oompared with that due to the nuoleonlc com-
ponent. However, under absorbers, locally pro&uced fast
ﬂ'~mesons can produoe stars w1th a eross~sectlon comparable
with that of the nucleons (Camerlnl, Fowler, Lock and
Muirhead 1950). 77 —mesons and.f-—mesons com;ng to rest
in the emulsion can produce small stars, the characteris-
tie‘a/ star, but these are easily recognisable beoause of
the scattered track of the inocoming meson. |
Tie maln problem in thls the81s has been the deter-
mination of the angulaxr distrlbutlon of the star—producmng
oomponent at mountain altltudes. The angular dlstributiml
for charged partlolee produolng stars is simply found by
measurlng the zenlth angles of the primaries, as has been
prev1ously reported by Page (1950) No such method exlsts
for the non—10n181ng pertlcles produ01ng stare. It was
therefore decided to construct special lead absorbers |
“hav1ng good geometry. By etudying the abeorptlon of the
4star—produclng component under these abeorbers, it is pos-

sible to deduce propertles of the angular distrlbution.
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In addition, some interesting features of the
absbrptipngunder 1ead4have appeared which show disagree-

" ment with the results of Rosser and Swift (1951).
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I, THE ANOMALOUS 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

ﬁ expected to have a random spatial distribution, unless

Y

rﬁ) ,uS

| some of them are associated with other stars, by some
mechanism. If such a mechanism exists, it is very likely
thet an anomalous spatial distribution of stars is associ-
ated with a corresponding anomalous time distribution of
staré.

Many workers have reported an anomaly in the spatial
distribution of stars (Leprince-~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 détermined 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. '

Leprinae»ﬁ;nguet and Heidmann analysed 2,250 stars on
640 om? of 100 M C.2 plates exposed vertically'at 3600 m.
elevation, They found an excess of star-pairs of some 50%
of'that expectedicn_a random distribution for separations
less than 250 & . | Li and Perkins, working in this labora-
tory, analysed 1,230 stars on 350 om? of 100 s c 2 plates
exposed vertically at 3650 m. elavation. They found an
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Fig 1.1, E¥2Ess oF CLO7R STAR DAIRS ORSERVED BY LEPRINCE-RINGUET AND LI ANMD PERKINS
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2, I.1.
exoess of 20% for separations less than 700}*;. The
results found'by these two groups of workers are shown in
Figure I;l; These are expressed as the number of standard
deviations separating the observed number of star-pairs
from the expected number of star-pairs assuming random
distribution; ~Both these groups of workers calculated the
anomalous distribution due to a regenerative process of
stax productioﬁ. They showed that the observed excess
could be expléined if an average of between 5 and 10
secondary particles, capable of producing further stars in
the emulsion, are emitted from every star in the emulsioﬁ.
However, the average number of such secondaries is certain-
1y less than 2 for stars formed at mountain altitudes (see
Seotion 3); The excess, therefore, is rather difficult to
explain; ,

Ii (1950) continued the analysis in 100 g C;2 plates
exposed horizontally and found an excess of close star-
pairs which increased up to separations of lBOO/u.; The
excess was of magnitude 2% excess star-pairs per star and
was again diffioult‘to explain by any known regenerative
or shower prooess;i Li found that the excess was greatest
for plates exposed under absorbing material, and in ocommon
with the two groups previously mentioned he inoluded
2-track stars in his analysis;

Li disocussed the possible errors of measurement which

could cause an excess 0f close star-pairs. He considered
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firstly an edge effect in the rectangular areas of his
plates,’whiuh”eifectively reduces the area of each reot-
angle, leading to an apparent exocess bf starupairs;
Secondly, uneven thiokneaaea of up to 20% will éause &
éiight exoess, He also disoussed the effect of ineffioient
;searaﬁing on the star-pair distxibutioﬁ. A8 a large seo-
tion of his plates, the "ice" plates, was claimed to have
an efficieney af more than 98%, Li considered that the

effeet on the 3taw~pair élatxihutlan was neglmgihle. He
| gconcluded that none of these experimental exrors were suf-
ficlent to explain ﬁhe observed excess of olose star—pairs;
| In view of the difficulty of mocounting for this
double-gtar effect, it was deoided in this thesis to make
a further anal&aia of the spatial distiibuxiaa'af stars in
6;5 and C.2 emulsion (Davis 1992); ‘AS a result of this
analysis it appeared that the stars in thé G;E_Emulsion,
from plates which were searohed reaeﬁtiy in,this labvoratory,
shawed no &igﬂ& of any excess of the magnitude reportad by
1i, The €,2 plates, searched aawiier, didshow an excess
| of tho same order as that reported by Li, but this excess
completely disappeared when 2-track stars wers excluded
from the analysia; It seemed highly'desirable to re-analyse
kthe resulis uaedkby Li in his 1950 paper, and té gee the
effect of excluding 2-track stars from the analyaia; As
a result of this repeated analysis it will be shown that

the star excess, as reported by Li; and Li end 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 seaﬁidn possible processes which
could lead to a ﬁon&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 10% of that reporfed by Li;
The fourth section contains the experimental results and
the re-analysis of Li's plates, referred to in the last
paragrapﬁ. -In the final seotion the statistical problem
of the anomalous double-star effeqt is consideredl The
v, ﬁse of a rotating plate mechanism, capable of finding an
anomalous time distribution of stars, is also discussed

~in relation to the double-star effeot,

2. Number of Double Stars expected
on a Random Distribution

Nuclear emulsion plates in this labdraiory are sub-
‘dividéd,into rectangular areas, and stars‘are recorded by
means of their cartesian co-ordingtes xj{ Ty with the axes
parallel to the sides of the area. The distance between

two stars is thus equal to Thy

where rhzj = (xh - xj)z + (yh - yj)z ’ I()



5. ' I.2.
_ If one assumes a random distribution of stars on
rectangular areas, then it can be shown (ILi 1950) that
the number of star-pairs having a projected distance less
than or equal to r is given by Q(xr) where |

(N -1) 7 2 gl 4(a+b)r re §

+ CI(2)
2 - ab

Q(r) :5

i
with T less than a or b, & and b belng the sides of o

-3ﬂab zﬁab

the area and Ki stars 1ying within a typioal area i

The number of star-pairs having a projeoted dlstanoe

between r and r+dr is, equal to Ql(r)dr where S
2

o _ A _ (a+b). | ,_ga e
(r) Emi(m. 1) -—---a‘bk %1 2 frabr + gy dr  I(3)

When calculatlng the observed dlstrlbutlon of double

stars. Im. tabula,ted values of S (xh-xj) end < (yh-y )
. hj hj

for gachlarea. It was then necessary to square each of
(these;termé, add‘the dorresponding terms in x and y, and
obtain rhj from equation I(l); This is a somewhat lengthy
procedure, and in analysing a further 1,094 stars it was
deolded to define a new parameter instead of the aotual
separation of the star-pairs. The perimetral sepdratlon

8pjs between two stars h, j, is defined by
Shj = I(:x:h-xj), + Kyh"‘YjN

The comparison between Ty, and sy, is shown in Figure I.2.
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7. I,2,
Consid:er stars with & perimetral distance s from O,
They will lie along the square shown in the right half of

Figure I.2, onc side of which AC, is shown in Figure I.3,

The average distance of these stars from O, T is

B ./ B
frdz/ [az
A - A
_—:ajmz/a ‘vrhereaz‘/’s
0
[-B-E 1og (s + a,2+82) +§-}WJ'
2 © 2 ;

% [loge(l+ ,fé)+ J-Z]

given by

Kl
"

o o

i

i

. T=sx0.87

The comparative simpliocity of computing Sh;j for large
numbers of stars makes the perimetral analysis rather more

convenient than the actual separation anaslysis. New rela-

‘tions similar to I(2) and I(3) now have to be calculated.
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- 8. ILZﬂ
Consider an‘area,sides a, b, containing N stars ran-
domly distributed; Let fhe cartesian axes x, y be parai—
lel to the sides a, b resneotively;‘
The probablllty of finding a star 1n an elemental
strip dY is equal to N dY / b (Figure I. 4)
The probability of finding a second star in an

elemental strip dy, distant y from the element dY

is given by W %—Y— (W-1) 2 .%;’[ for y<Y<b-y

and by ¥ & (N—-l) %Y- for y>Y and Y>b-y

The total probabillty P(y}dy of flndlng stars within

. an element y to y+dy from another star is equal to
v, .
-1‘-‘-%‘22,3-)- as [ fde+z yf‘dY]
L R - Mﬁl (b-7)dy
The probability Pl(x,y)dic dy' of finding stars within

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

is given by
Pl(x,y)dx dy = M (a~x)(b~y)dx dy I(4)

This is independent of the direction of x aﬁd y, and
‘thus in general Pl(x,y)dx dy refers to four elemental
areas dx dy, as shown in Figure 1.5(a).
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The corresponding perimetral element ds is shown in
Figure I;E(b) and the element of area corresponding to
~dx dy can be expressed as ds dx; The probability P(s)ds
bf‘finding stars with perimetral separations between s and
s+ds can be obtained by integrating I(4) over the elemental
area shown in Figure Il5(h), subjeoct to x+y = |

C g
e Pl(s)ds - AN(N-1 ,[ (a=x)(b-s+x)dx = ¢
a2 -b2 x=0

3
and Pl(s)ds..—l%-hl-’%)— [a,bs-@-t‘i 2+§6—] ds
b

In this analysis each star-pair has been 1ncluded
twice, and we must therefore divide by two ta obtaln the

aotual number of star-pairs.

1 _2(EH (-1 atb o
Hence P~ (s)ds = = s [:l 5op © 6 = ] ds I(5)
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and the number of stars having perimetral separations

less than or aqual to s is obtained by integrating I(5)
(s) = lﬁﬁ:ll 2 [,1 el R (O

12ab

| rhe terms‘inside the braokets of relations 1(2), 1(3),
I(5) and I(6) are very similar and contain two correction
terms of first and second ofder‘whioh aliow for the edge
effect of the rectangular areas._ Values of these ocorrec—
tion terms are shown in Table I.1 for the differential
relations Q (r) ‘and Pl(s) for several values of r and s,
and with a = b =2 om. These corrections are rather im-
portant, as the reported excess is only of the order of

10™ -2 Starmpalrs per star,

Table I.l. Correction Terms in Ql(r), ?1(5)‘functions.

o) - Pe)
2 | | 2
ol _ 2(a+b) T _ atb - 8°
j‘) ab ¥ + ab s(/‘IJ 2ab s + 6ab

100 - 6,006  + 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 - 0.096  + 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 4+ 0.0795 10000 -~ 0;5 s 0;0416
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At this stage it is convenient to consider the effeot
,oﬁ the,P(s),‘P;(s) functions of errors of measurement in -
the perimetral separations sl;: It will be assumed that a
- measurement of s is subjeot to an error 4 , all values
lylng between sl+ a and sl~ A Dbeing equally probable.
: :13 is independent of s, The number of stars reoorded as
‘hav1ng perimetral separatlons less than s will now consist

of two parts:-

Figure I.Eei

|
|
All stars having perimetral separations less than
8- o will still be recorded as having separations less
than Sl; However, stars in the shaded portions of
Figure 1;6, having separations between 81+ A and 89— R

have a certain probability of being recorded as being less

than sy, Some stars in the shaded region inside the
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square Sy will be recorded as lying outside s, and vice
versé. However, the shaded portien outgide the square Sy
‘ 1s of g:cea.ter area then the sha.ded portlon 1ns1de square
; Sq This w:Lll lead to a ullght apna.rent increase in
star—palrs above ’che s:.mple ra,ndom picture. For a va.lue

| of s between s+ A and 8- & the probablllty o.E being

835"
recorded as less than s = -‘;-'- + 21A . 'lherefore, the

measured distribution of star-pairs P’ (sl) with s $8, is

given by
s 1 °1 +Al 81-8
P (5) = fl’(s)ds+ fP(s)g 2A§ds
Sl"‘A
S +a 1 .Sl“—s
= P(s;-4) + fPl(s)g-é- 2A§45
8174 :
.. P(Sl):‘:z}“gm_%)g aATZDS (l+ )"‘é'thsl}x
a“ b 331

2 A2 4 By
(1»+uii-,) + L 814 1+ 22 4 = i L I(T)
, 8.2 24 2. & .45

1 817 &

If equation I(7) _is compared with eguation I(6), it
can be seen that the error in measurement in s has led to
an apparent increage in the number of random star-pairs.
The relative increase in star-pairs only beéo-mes,impbrta.nt
for small values of s, and so only the first bracketéd |

te,i*m in equation I(7) need be considered, Howe#er, the

total number of increased star-pairs is independent of s,
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NN-1) L, 2

ab 3 .
average of m stars per area and dimensions a = b = 2 cm.,

and is equal to . For areas having an

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

4 | :
Lo () a '
= m (200) , Where A& is measured in 100 . units,

However, the error & introduced by inacouracies in
reading the verniers of the mioroscope stage will probably
not be greater than 100/», The apparent excess of star-

pairs is therefore equal to 1 x 10~

m star—pairs per star,
As m was of the order of 10 for the areas used by Ii, the
maximum excess caused by the reading error is 2 x 107 4

This is smaller by a factor of 100 than the excess repoi~

ted by Li for separatlons up to 15ng.

5, Effects leading to a Hon-random
Distribution of Stars

If the stars are not randomly distributed in nuclear
emulsions, it is reasonable to assume that the mechanism
reépbnsible for this non-random distribution causes the
simultaneous produotion of a certain fraction of the stars
on the emu181on . It will be assumed that éll stars are
produced by nuoleons or mesons either in the "shower"
pamticle energy region or with energies corresponding to
the "grey" tracks. Although h’ rays have been shown to
produce stars (Kikuchi 1951), the cross-section are so
small that they ocan be neglected in the following work;
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There are two possible mechanisms by which stars

could he simultaneously formed in nuclear emulsions.

(&)‘Firsﬁly, there is a regenerative prooess; The
inoident particle produces a "primary" star, which then
emits further particles capable of producing secondary
stars in the emulsion,

(b) Secondly, there is a possible‘shower proces&. A
number of partioles, produced in a nuolear interaction in
maﬁerial above the plates, pass simultaneously through
the emulsion., Two or more of these particles can then

form stars in the emulsion,

(&) Regenerative Process.

It will be assumed, in this regenerative process,

~ that the secondary partioles 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 direaticﬁ of
the primarieg (Brown, Camerini, Fowler, Heitler, King and
Powell 1949), A48 star-producing primsrics at the Jung-
fraujoch have a 0033 © zenith angle distribution (see
Part III of this thesis), the secondaries will be colli-
mated about the vertical. However, the plates analysed
by Li were exposed horizontally and this collimation of
secondaries will cause them to pass downwards through the

emulsion, giving little chence to form stars, The above
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hﬁﬁumﬁtlﬁﬂ of isotropic scoondayy emission will therefore
give en uppeyr limit to the number of uucoadary stars,
It will therefore be suppoed that cach primery star
in the ewmule .ww emitsc on the average g ‘a&x‘malw, both
charged and unca&rgmd, wz%hAewergieﬁ‘aufficient to form

S&GOEEMZJ gtars,

AR |
R | |
S ; e, 2
i \ -
i ) } P gz/\}- ’//"
! o o 9’\/},}'/’“
Y. =N L s L L - - - -
STR&G) "
P -~ {
} T ' i
: T |
Y (1
i € - - —x - = - DK

Congider a star S, distant y from the surface of an
emuloion of thioknese a. The nwiber of secondaries produce
ing stors with projected distence from S between x and
z+dx 1 equal to @Iy(x)dx

n ' z
e “f g2 RPN
whe?e ‘Iuy(x)dx ef; g sin® d© e Teine
-z . |

where r is the actual distance of the secondory star from
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8, and ) 1is the mean free path for star~production in
emulsion ( ~ 25 om. for shower particles) (Camerini ot al..
1950).

Although r is not constant as © ma:?iée, :m the
regiona where e}* % begins to differ from unity r can be
regarded as independent of © aend equated to x, the pro-
“jected distance.

Stars have equal probabilities of occurring at‘ any
depth in the emulsion and the expression I(8) has to be
averaged over y’. The number of secondary stars with pro-
jeoted distance between x and x+dx from & is then equal to

a
1*?(3)&3&“-%-8 ‘ax% f(tan"'lx-t-t 3—...1}45,

-

‘,”Q,-. ﬁ:"(x)dx = % e

>4

§4!

N 2
dx ::;-‘ [at -l & - £ 20g,(1 *%)]dx 1(9)
*

fﬂha number of stars N(x) having o separation less
then x from 3 is given by

2
W(x) = i f o5 (o tar -§log, 1+ 0ax 1020)

la_

X
-

if x ¢« ) (d.e.~ 1 om.) then the e » term can be equated

to unity. O» integrating I(10) and thus neglecting absorp-
tion, it can be shown that

a ~lE 1.2 8
I@(x)mmgax got -§~m4x 1oge (l»s-;{-év).p

7 2% log, (1 + -ix;D § I(11)
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For x > a, equation I(1l) is very nearly equal to
N(x) = L ¢ 2g42 log £ | 1(125
TN ER T e |

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

It is péssible to calculate the total number of
secondary stars produced in the emulsion by integrating
equatipn 1(10) from O to oo ‘. The absorption can no longer

e x - X
be ignored, but it is reasonable to replace ¢~ ) by e .

L. >4 E . 2
.-.N(w).-:;?'-l-:\, ‘ofe 3 [at 1§-§1oge(1 +i2-)]dx1(15)

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

becomes
;'g- _‘E -1 x o oo '\ _ X X2+82 “
B = = ;[— ald e ) oot a]o ..{J 5 e 2 1088("""'—"::2 Jyd=

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

)E 2‘ a
loga—ZC:L-cosx-ZSi sn.n-—+‘7'fsin -
2 ) A

A2 6, 10 L
o g‘“.“-ge 5

where Ci(é) is the cosine integral of & K and equals

A+ 10g(~) (a)2 1f ﬂ~>> 1

Si(%) is‘fhe sine integral of % and equals
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a _ a3 A
2. 18 A) if 'z 271
L=0.577
ey c L § 2 b B10g, X «
N(w):f-;ézafzawz— log, = % )

for a = jl‘OO’A. and ) = 25 om, then N(oa) = 4.26 q_%
The mean distance X of seoondary stars from the

prima,r;y star is given by

x <. o X 5 2.2
-= -1l X 1l -= 2 X"+a"-
Joot™ Xax -2 [ & ) x° log (B5~) dx
0 a 2 7o o £

-i - . ; " ) : Sy . -

=, X . 00 p'd 2..2
Ifae"icot’l%dx-% S e T x log (32-) dx
o

2

~ Both numerator and denominator have been integra,ted
b;y' pa:r:ts and resolved into sta.nda,rd infinite integrals.

Using the condition that ) >» a, X can be expressed as
E——-,\za,z/a. ( 110 ’\’)
=A% ge a

for a = 100 }». and ;\ = 25 om.

then X 7 2 ~ 8 om.

3
It can be seen’ from I(11) and I(12) that the number
of seoondames is a slowly increasing function for inoreas-
-;ing X, ‘I.‘he number of secondary stars per prima.ry star
>With1n a dlstance x can be expressed as f (x) Values
of £(x) are shown in Ta.’ble I, 2 This is ca.loula.ted for
= 100 4, A= 25 om.
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Table I.2.

x  10p 50 100j 200~ 300 400~ 500p 600 p~
) f(x) 0.14 0.5 0.8 1.1 1.3 1.45 1,56 1.65

700/~ 800p- 900y~ 1000 p~ 1500 p~ 1 om. 10 om.
1.73 1.8 1.85 1.9  2.05 3.05 4.0 4.26

It can be seen that the seeoﬁdéries'are'éibsely"
grouped around the primary star. Aotﬁally 6né quarter of
the secondaries lie within 200}#-'of'the primery, end one
half within‘lSOolyw. Using the values of a éﬁd A given
 above, then for separations less than or equal to 1500 p ,
the number of secondary stars per primary is equal to
q. 10"3. This number is only doubled if separatlons are
taken up to 1nfin1ty. |

Look and xekpfie'li (1952), disoussing the analysis of
30,000 stars in 6.5 emulsion, found 14,800 shower perticles
‘¢emiﬁ§ed,-40 of whibh produged'seacndafy stérs in the emul-
sion. This is equal to llle 10~7 secondaiy stars per
primary, and can be compared with the ﬁumbér expected from
" the isotropic regenerative theoryl The diﬁénsions of the
plates are of the order of 1 cm;, and g is equal to %ffor
the average number of charged shower particles. If we
assume that the average thlckness of the emulslon is 200/&,
then the’ expected number of secondarles withln 1l om. is

1 1x 10 3vsecondaries‘per primaxy. If the average is
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400 - thickness, then the expected number is 1.8 x 10"‘3

- gecondaries per primary. The stars desocribed by Lock and

Yekutieli include most of those found by the Bristol cosmic
ray group, and are mainly on 200 - and 400 //‘G.E. emulsions.

’:“uglthoughASome'of:these plates were exposed vertically and

others horizentally,{itiean be seen that the isotropio
 regenerative theory gives very close agreement with the
observed‘number,ef secendary‘stare;‘

- This value‘of:q—applieeeOnly to eherged shower par--
‘ticles and includes stars formed in emulsions flown et
80,000 £t. G L

In estimating a value of q for stars formed at the
Jungfraujoch, the analysis of stars given by Brown et al;
(1949) will dbe used; These showed that 1,223‘shbwer par-
ticles were emitted from 4,923 stars, and making allowance
for fast neutrons, the total number of fast particles in
tpe'showerﬁeeergy region is certainly not greater than
0.5 per star. The average number‘of greyltraoks was 0‘8
‘per star, and multlplylng by 2. 25 to allow for neutrons,
we find an average of 1.8 particles in the grey energy
‘,reglon. However, this 1ncludes protons w1th energles
between 25 and 330 Mev, and . not all of these oan produce
stars wath more than 2 traoks. Brown et al. (1949) found
that the average energy release in the nucleons eorres~
_pondlng to black and grey traoks can be represented by the
empirlcal relatlon E(MeV) = 37N + 4N2, where N is the
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umber of black and grey traeks. Therefore, the average

energy requlred to produoe a 2-track star is at least |

90 MeV, and for a 3-track star the energy is at least"l 

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

3-track stars the energy release is somewhat greater,
196 MeV,‘OWing‘to the ineffidiency of searching for small
étars in the results discussed b& BrOWn'et“al;' Therefore,
weihéve'emitfed from each star 0.5 particles of shower
energy and l 8 of grey energy, only a certaln fraction of
‘*he latter being able to produce stars. ‘It can be conclu-
" ded that the maximum value of q is equal to'z;‘«Taking
this value of 4, then the total number of secondary stars
produced per prlmary is equal to 4 x 10~ for lOOlp-emula«
sions., |
. The effect of this non-random distribution of secon-

dary’ stars on the observed distribution of star-pairs w1ll

be disoussed after the consideration of the shower process.

(b) Shower Procéss

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 reaéonably

assumed to have a cos™ © zenith angle distribution, with

'n greater than 2, The average path length'through a
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horizontal emu131on of thickness a is then equal to
(n+2)a/ (n+l), As n is greater than 2,-the average path
length of theselshawe; particles through the,emulsion‘is :

__1ess than % a |
Ne then have a number of shower Dartlcles traver51ng
the emu131on, each w1th a prcbablllty p, of producing a
| star, ‘where p = —~a /A; wiﬁh‘ X equal tovthe‘lnteractlon
| length, 'm. a = 100. IS and A ;=’2f5, cm.,‘ (geometrio), then
pzzlo'y, e
If we consider n 1noldent partleles, the probabllity
lof produ01ng 1 star is equal ton .
The probablllty of flndlng 2 stars produced by these

n. shower partioles is equal to @cz p2

=1 p; (n-1) p / é

Henoe, having found a partlcular star in the emulsion
the probability of flndlng another star asseolated in the
same shower process will be (npl) P / 2 o I(16)

" The ohance of flndlng 2 such stars, assoolated in the

 same shower as the flrst star, is much smaller, belng

“ proportlonal to (n p)2
“Brown et al ( 949) analysed 4, 923 stars formed at
the Jungfraujooh They found only 223 had more than 1

" shower particle and 13 more 10 shower partlcles. As the

anomalous dlstrlbutlon of - stars on emulslons ococurs over
dlstances of the order of 1 mm., aufflciently ccllimated

showers could only be formed in very—hlghwenergy 1nteraotmmﬂ,
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producing the ohargeterlstlc highly collimated bundle of
;shower particles.‘ Such eventu are obscrved in less than
: 1% of the stars in smulslons exposed at the Jungfraujooh
For the present the actual separatlon of the shower par-
‘_ tlcles w1ll be 1gnorad in calculatlng the nagnltude of
the shower contrlbutlon to theé number of ass ooiated pairs
of stars. U81ng the results of Brown et al it has been
shown that the number of shower partlcles in emu181on is
equal to O 5 per star, hav1ng made allowance for neutrons;
If the absorber above the emulslon con51sts of 1ead, it
is certaln that on the average less than 2 shower par-—
tloles are emltted from 1nteract10ns in the lead. Even
if this is arbitrarily increased to 5, the contribution
to the’number of associated pairs of stars is equal to
2p = 0.1%, while Li reported an excess of star-pairs of
- magnitude 2;5%‘per star;

In order to obtain associated pairs of stars of the
‘magnitude reported by Ii, it would be necessary to assﬁme
that all the‘star~pf6duoing particles inoident on the
emulsion ooeﬁr in groups of 100 shower particles; each
of these groups passing through the emulsion within an
area of a few square mm, This ié rather unlikely;

It can be seen that both these processes‘would cause
each star in the emulsion to be associated with s gertain
‘number of stars formed at the same timé; This numbex ban

be expressed as m x o, where m or m+l is the«avérage
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number of particles taking part in the process and  is
‘of the order of % '~1/25001 However, while the regenera-
tive process produces secondary stars close grouped about
‘ifhé‘yrimary“Star, there is no simple way of explaining
' how 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
‘Eypfeciable,effeét on the distribution of star-pairs for
éeparationé less than 1500lf»; | -

Effect of the Regeneratlve Prooess
on the Star—Pair Dlstrlbutlon

In determining an experimental exaessldf star-pairs
in the emulsion it is assumed that all the étars/in the
area have a random spatial dlstrlbutlon. The exoess is
then found by suggécting the oalculated random number of
star-pairs from the observed number.

It has already been shown in this section that the
regeneratife process. causes each primary star.to be associ-
ated with N(x) secondany stars (given by équaticn 1(12))
for gseparations 1ess than or equal to x. As N(k) is of
the order of 10~ -3, there is little likelihood of two olose
secondary stars being produced by a primary star. Ii
aSQumed that the expected excess of close star—palrs,
given by the regenerhtmve prooess, was actually equal to

N(x) star-pairs per star. ‘waever, 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-
culated from a random distribmtion of all the stars ié |
therefore also increased; The observed excess of star-
pairs will therefore be somewhat less than N(x) starépairs
per star. | ‘ 4

Consider m primary stars in an area of sides a;, bl.
Each star will have an aﬁerége of f secondary stars
associated with it in the same areﬁ. 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 no& equal to m(1+ﬁ);. These will oonsist of
two oclasses, a randomly distributed class of primary stars,
and the class of seoondary stars which are bunched around
their respective primary stars; -The resulting distribution
is therefore not randomQ However,‘if the star-pair separa-
tions between all these stars are measured; thé‘resulting
distribution of separations will be very nearly the same as
that obtained from a random distribution of the stars,
exoept in the particular case of a separation between a
secondary and its own paitioular primary; The expected
excess of star-pairs with separations ¢ r is therefore
given by two faotors; Firstly, ﬁe oalculate the expected
number of secondaries vithin a distance » of‘their primary
stars, gssuming the regenerative proaess; To find the

expected excess of close pairs we must subtract from this
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figure the expected number of secondary stars within a
distance r of their primery stars, assuming that they
.wduld have had & random diStributioﬁ. ‘

Originally there were m primary stars in the area.
The randam'numbef,ofistarnpairs,with'sebarations < ris
given,by>equation,I(Z),and can be written as m(m-1)Cr.
Due to the regenerative process there are now m(1l+f)
- stars in‘the'areg, ‘The corresponding random number of
star-pairs is therefore équalfo‘ﬁmﬂnp)(m+mp-l)cf. The
increased random number of star-pairs is therefore equal
vt0~2m2|BCr, neglecting terms in p 2. A fractiony% of
this increase will have been due %o separations between
primary stars and their partioular secondaries, and the
contribution to the caloculated random number of star-psirs
by associated primary and secondary stars is therefore
equal to 2m F Cr‘.

The observed exoess of star-pairs will then equal

m N (r) - 2mp Cr

this can be written mgp (E%El_ 2Cr) IQ7)

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 distance r
from it. The second term is the probability that a star,
lying within an area, should be within s distance r of an

unassociated star.
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In caloulating the value of P , which gives the
number of secondaries per primary in each area; it has
been ausumed‘thét the star separations extend up to the
dlmen81ons 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 logarithmioc
ixicrea.se in‘theﬁ(r) function, the uncertainty inp. is
then 10,
‘For a value of r equal to 1500/ and areas similar
to those used by ILi (1"‘x-§")=—

thenﬁ N(1500 /) _ % and 20r = 0.02.

The second term in equation I(l?) can therefore be

\neglected for values of r less than 1500 B The ex0ess

‘of‘star—palrs expected by the regeneratlve effect is there-
x - | fore equal to N(x) star—paiis per star, és Waé aSsumed by
w14, For = 1500p, N(x) = 2 x 107, and the excess is
v | only some 10% of the experlmental excess reported by Li

4. 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 (20m.)? areas of 400 p G.5 plates,
Wi;wgg~33posed as part of the Lead Cone experiment. This will

be referred to as Group A.

B. 743 stars on 15 areas (1" x %") of 100 p~C.2 plates,
exposed by‘Li under lead blocks, This will be referred
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to as Group B‘ '

- Both ﬁhese groups of stars were analysed using the
| "perimetral® separatlon method dlscuused in Section 2,
For each area the number of star—palrs having separations
between s and ‘s+ds were determlned A histogram was then
| tabula,ted with intervals ds equal to 200 /” and values of
s up to 4000}’ The experimental histogram for Group A
is shown in Plgure I 7(a) and can be compared with the
expected dlstrlbutlon Pl(s), glven by equatien 1(5) The
parameters,a, b are now both equal to 2 om. It can be
. seen that there is no sign of any excess for eeparations
less thanvl6OC ﬁicrone; The excess of 2% reported by Ii
woﬁld lead to an excess of 7 star-pairs in fhis region,
if the anomalous " hx ® effeot generally 8pplled to all
stars in photogrephio‘plates. The 351 stars in this group
included definite 2-track sta:s, that is, those which were
definitely not deflections.

The second group, ‘shown experlmentally in Figure I 7(b),
shows an excess of star-palrs of magnitude 3 8 x 10 2/ star
for s & 1500}*. Th;s 1s larger than that reported by L&.
The actual excess is 28 star-pairs, ever the exﬁeoted
number of 510 star-palru having separatlons less than
1500/~ Thus the excess 13 some 1.5 times the root mean
square devaatlon of the expected number, and is certalnly

not 1noon31stent w1th that reported by Ll. The results

in this case tend to confirm the presénce of an anomalous



e

a

¢

29, 1.4,

star—palr effect It was decided to repeat the analysis

for Group B, but excludlng Z-tr&ok stars. The resulting

'..hlstogram, the lower dashed,curve in Figure I.7(Db), shows

)
N

L

e ]
Z

-

:ﬁb‘exoéss over that»expeétedfon a random distribution.

- The anomalous Star—paif gffect, therefore, only applies

to Group B if Z;track‘utars are included in the analysi°
It is dlfflcult to see any ‘simple mechanism whlch could
produce an excess of close 2—track stars only. Many of

“the 2~-track stars in C 2 plates contain 1 or more ‘grey"

o~ tracks, 1nv1sible in C 2 plates, and will be recorded as

3- or 4-track stars in G > plates, ,

The two groups of plates were searched at dlfferent
stages of this laboratory.» Group B was sedrched in the
early days and searching efficiency was a 1ittle_doubtful;
Group A was searched for the recent Lead Cone experiment
and high efficiency here was extremely important; However,

2-track stars are diffioult to find and defihe.unambigu~

Xﬁ Z ously, due to the difficulty of separating out deflections,

p0331b1e - po decays gto. Their inclusion in an analysis

) of high statistlcal agouracy is rather unsq;ﬁgble, unless

great care is tahen in searohing for these stars and
1dent1fying them. .

| It is quite 11kexy that the olose star excess found
orlglnally for Group B chld be due to a preferentlal
1nef£101ency in ‘the searching of the plates, 2-track stars

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

star has a probability p of being found if it lies within
1500 p of a larger star, and a probability g 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 randompumber of star-pairs within a
certain separation is proportional not to m(m-1) but to

mz, as will be shown in the next section; Suppbse 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 /- will be proporiional
to (N+np)2, as the total star population is effectively
N+np for this separatioﬁ._ For the areas of Group B

(A" x ¥"), N is equal to 35 and so a 2-track star has a
probability of approximgtely 0;75 of occufring within
1500/ of a larger star. . The total number of stars found

in an area will therefore be N +2p (3p+q) and the expec-

4
ted number of star-pairs lying within separations of 1500~
will be proportional to [N + % n (3p+q)] 2; The observed
number of star-pairs (including 2-track stars) for Group B

was 538, with an expected "random" number of 510

' .'. . '. l -

. (U + np)z/ [ + 21 (Gp+a)]) 2 - 538/510 1(18)
where N = observed number of stars with more than

2 tracks/area = 35 |

(continued overleaf)
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% n (3p+q) = observed number of 2-track stars/area = 15

Bvaluating I(18) a value of % is obtained of 0.65.

. This means that the anomalous dlotrlbutlon observed
for Graup B can be explalned if 2-track stars are rela-
tively more difficult to find at longer distances from
other stars; If the efficienocy is. 100% for "close" 2-track
stars, an efficiendy of some 65% for distant 2-track stars
is sufficientlto_eiplain the‘anomaly; Li was well aware
of the possibility of preferentially inefficient searohing
affecting the distribution of star-pairs, but claimed that
the searching efficiency was too high ( > 98% for one group
of "ice" plates) for this effect to explain the excess of
star—pairs;

Nevertheleuu, 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. Ii did not analyse
quite all of the areas in these plates, and it was not
possible to find out exactly which areas he had ohosen.

He mentions for the "ice" plates 1,126 stars on 77.5 1n.2
(on 155 areas), and for the "Pb" plates 374 stars on

16 in.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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aréas; The average numbers are now 7;6 and 11;21 It can
therefore be concluded thaf although theie are now a few
more stars in eaoh group, the results of the analysis can
safely be compared w1th those obtalned by Ll.

Both these groups of pl&tes were lOO/k‘C 2, and all
,the areas were l" x 4", '

. Li had recorded the aéfual separation r between star-
pairs; It was therefore preferable, on repeating the
analysis, to use the actual dlstance r, instead of the
"perimetral® separatlon 8. The co—ordlnates of the stars
in each”area were plotted on graph paper, espeoially |
noting all 2-track stars, with a multiplying factor of 10;
The star—pair separations were then measured with a ruler
and expressed in ZOO/F-intervals up to 4000/¢: 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 Ila(a) and ILB(b) together
with the "expeoted” distribution Q(r)dr given by
equation I(B)L With 2-track stars included, both the
“1ce" plates and "Pb" plates show an excess of close star-
palrs (r £1500) of 2 x 10™ ~2 close palrs per star. This
is identical with Li's results, as was to be expected.

On subtracfing 2-track stars from the analysis, the
excess completely disappeared for the "Pb" plates (Figure
IlB(a)), but remained for the remaining l,OC9 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 olose pairs more than the

expecfed numbér of 100 close pairs. The avérage number

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

is 6, 4.' It 1t 1s assumed that certaln types of large:
‘stars, with 3 or 4 tracks, are more dlffloult to see than
othere, then a preferentlally 1neff101ent searching,

31m11ar to that asuumcd for the 2-track stars, will

expla;n the observed exoess. U81ng an equatlon similar

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

large distagces £rom.9ther stars must be less thaﬁ 75%,

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

this'preferential searching inefficiency. The'greatest

effioiency capable of explaining the remaining star-pair

excess must assume that all stars in the piate have this

preferential searching efficienoy. This efficiency is

‘then 89% for stars at long dlstanoes from other stars and,

owing to the small probablllty (O 1) of findlng stars
W1th1n lEOO/P-of each other on these plates, the overall
searching efflclency will be ~ 90% ‘A searching effici-
ency greater than this oannot explain the reméining exoess;

However, it was for this group of "icé"vplates that
Livassumed‘a ccnservative lower limit of the séaﬁéhing
effi@ienoy'of 98%, With a‘more probable effiociency of 99%;
One ténth of the "iée" plates were'earefully ié—searched
and the ormglnal efflolenqy for stars with more than 2

tracks was iound to be 80% only. The remaining excess
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for the "ice". plctes can now be explalned by preferentlal
1nefflclent searching. ThlS explanatlon is strengthened
by the faBt that the addltlonal stars found were malnly
- at 1arger dlstances than l500)f‘from other stars, and
. there was a decrease in the totml number of excess star-
‘palrs. | ” :

The expeoted number 01 star—pelrs Wlthln a certain

‘separatlon is eroportlonal to Eirhﬁn‘~l), the summation
i

A being carried out over all the areas. For the areas

‘re-searched, originally
E ni(n .-1) = 646 and the obsewe‘d number of

close star—palrs was equal to 11
After re-searching the areas the value of
| ?ni{ni-l) = 1112 and the observed xiumber of
close star-pairs is now equal to 13; |
Thus, while the expected number of close sterupairs
has inoreased by a factor of l 7, the actual number has
- inoreawed by a faotor of only 1.2. Originally for the
"ige" plates there remained an excess of 25 close pairs
.ever the.lOO expected, or a ratio of 1125 timee‘fhe number
expected If the above trend for the re—searched plates
;was uniform over all thevice"plates, 1t would therefore
be more than sufflclent to explain the remaining excess
~of elose star—pamrs.

There is thus no oenclu51ve evidence that there
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ki f/ex1ats a double~star effeot of the magnitude reported by

e

excess star~pa1rs was q x 107 -3 for a separation of less

than 1500, assuming a regenerative process, with g 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 discussed in the next seotioﬂ.

In explaining the large exocess éf 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 evenf. ﬁ.M; Tennent
(1952) has confirmed this effect and reported that deflec-
tions nesr large stars were more often recorded than those
at great distances from large stars. There is also the
possibility that in rejecﬁing possible deflections on
7t~ /A decays frpm‘the 2-track stafs, the research worker
might'introduce some bias in favour of those nearer large
stars, As far‘aé 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, Bonaoini,

Depietri, Lovera and Parilll Fedell (1952). They analysed
1,359 stars in 73 52cm, of ZOO/M.G «5 plates exposed under
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paraffin at 3500 m, and also 1,603 radioactive stars in

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

tions up to lOOO/« and for the cosmic ray stars they

© found a probability 0.43 for the distribution being ran-

dom, on,applying a x 2 test., The corresponding probabi—
lity for radioactive stars was 0.33. Thus there is no

gignificant deviation from a random distribution of the

- gosmic ray stars, as the radioactive stars are almost

certainly randomly distributed. These workers concluded
that their statistics were insufficient to confirm any
excess of star-pairs, but they would have found an excess
of the magnitude of that reporteﬂ by Li;

The detection of double stars by the photographic

\‘pl&te technlque can only be easily applied for separations

up to 1 mm. However, the shower and regenerative
processes will also cause associated peirs with separations
of the order of pentimetres; Harding (1952) investigated
the doublé—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 orystals were of dimen-—
sions 3.1 x 5.1 x 1.2 om. and were separated by 2 mm. lead
Coincidencesbetween 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 unit was quite negligible. He showed that
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the majority of the coincidence events must have been
prcduoed by events other than double stmrs and found no
positive evidence for any double stars. He concluded
‘that the frequency of double,sfars_deteoted by the crys—
‘tals must ﬁé,very much smaller than that repérfed by Li;

5. The Statistical Problem of
the Double-star Effesct -

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 N; stars the number of random pairs has been shown
to be proportional to Ni(ﬂi—i), while the number of non-
random excess pairs within a certain distance can be
expressed aS'NioL. 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 inocreases far more rapidly with increasing Ni;

Consider n identical areas (in size) each having N;
stars on it, where N; varies with i. Ii and Perkins
(1948) have shown that the distribution of star frequen-
cies over areas of the dimensions of 1 om. conform to the
Poisson distributibn; If the average number of stars in
the n area is m, then the probability of findinghﬂi stars
in an area equals Pm(Ni)

, -7 M
where Pm(Ni) = e 2z
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The number of random star—pa,:s.rs with separations
< T are given by Q(r) in equatlon .[(2), and this may be

wrltten , 4
Qlr) = Ni(Nj_"'l) £(r,a,b).

qherefore, the total number of random star-pairs in

all n aveas is equal to

N % N .
n N.Z_O 2 (M=) £(x,8,b)
=
=n £(r,a,b) > 0 —Ln—-———-l-
n; =0 (Wy=-2)7

n m? f(r,a,b) = n mzp ~ where f = £(r,a,b)

The total number of stars vin fhe n areas is equal to
n m, and the number oi‘ exoess star—-palrs glven by the
regenerative process is equal to nm o(, where o is given
by N(x) of equat:.on I(12). 1If this exoess is to be sig-
nificant, it is desirable that the excess of star-—palrs
should be at least twice the root mea.n sq_uare devia.tlon

of the random number of sta,r-palrs.

e o nm X >2 1/n’m2,8

.. n >4/ 1(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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‘pumber of areas; 0f course, the total number of stars
" 4in the areas searched must be suffiocient to givé_a
reasonable number of excess star-pairs so as to be ablé
to determlne the magnltude of the exoess with aﬁy
“acouracy. Thus, the excess should be at least 20, to
give an accuraocy of 25%. To facilitate efficient search-
ing, howéver, it is desirable thét the séarohers should
find at 1east one eﬁent»in each line of searching, and
the most suitable number of stars in an area i x B
would be between 30 and 50 stars? If the ﬁﬁmber of stars
is much above this, the events become difficult to find
in the bvackground of single traoks; The areas analysed
by Ii had an average of 8.5 stars per area, including
2-track stars, and this could account for the inefficient
searching. | .

For a separation of 1500/~ in 1" x %" areas on lOO/k
plates R =1.1x107% and o= 107 -3, 'Substltuting
these values in equation I(19) we find n >1l.1l x 10+4
It would therefore be necessary to analyse 10* areas in
order to establish the s#ar—pair excess expecoted from
the regenerative process. The excess reported by Id,
with e( 2.9 x 10'2, would be observed with n greater
than 70, 1In the continued analysis of areas and the

- re-analysis of Li's‘areas described in Sectibn 3, some
200 areas were taken, This would clearly resolve an

excess corresponding 1o o greater than-lLS X 10'2; No
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excess was observed and from the analysis it can be ocon-
¢luded that any excess of star-pairs is less than 10™2
. star-pairs per star for separations = 1500/*.

In their original work, Ii and Perkins (1948) defined
a quantity‘(P—Q) )’J75 , where P is the observed number of
star-pairs within a Certaih-sépamation‘and Q the expeoted
random number}j This qﬁantity gives the}statistical sig-
nificance of the parficular excess (P-Q), and the values
found by Ii aﬁd Perkins and Leprince-Ringuet and Heidmann
‘were given in'Figuré’I;l; The qﬁaﬁkity of physical sig-
" nificance, however, is not. (P-Q) /#Q , but (P-Q) / ‘Zﬂji_,,
where £ N; 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 sifnifi-
cance of any slight real excess of star-pairs can be
incressed to any desired value; For example, if
(P-Q) /4 Q = 1 for n areas, then by taking 100 n identi-
cal areas this function will increase to lOL ,

The real significance of the (P-Q) / ¥Q 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 # C.2 plates exposed at 29,000 m;
They calculated values of (?—Q) 7A/6_aﬁd compared their
values with those of Ii and Perkinse 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 compariéon can be’between values
of (P-Q) / 2 Wy, and'Addario and Tamburino did not give
~ sufficient 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
statlstlcal accuraoy. .

The values of (P-Q) / = N; found by all the obser-
.vers previously meﬂtioned except'Addario and Tamburino,
| are glven in Flgure I 9, and can be compared with the
values predicted by the regeneratlve prooess.’ Those
referred to as Author, apply to the Lead ane (Group A)
and Li's Lead Blocks (Group B) (With.Z—tragk stars exclu~
ded), desoribed in Section 3; These values are shown for
star separations up to 1200/*; | |

| It can be seen that the results of the present

‘analysis (Authbr) and the‘receht results Of.Barbanti Silva
et all show no evidence of any excess greater fhan that
given by the regenerative theory; Theré is aﬁ(éxoess for
séparations less than 500 f~ given by the original results
for Heidménn and Leprinoe—Ringuet, and Li and ferkins,
but it may be’remembered that these results included
2-track stars. Both these sets of plates were exposed
vertically, moreover, and this'effectively iﬁcreases the
number of secbndaries remaining in the pl&te 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
distribﬁtion of stars in a photdgr&phio 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 éffect, hoﬁever, if many‘of.
' the stars are oreated 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 agy'shower‘process come into this
categorj. | |

_An apparatus was Qesigned by N;C; Barford (1950)
to study the production of stars as a function of time?
This apparatus oconsists of two circular plates, rotating
with respect to each other with a very close separatioﬁ.
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 dispiacemenh,of
the two plates, the times of the formation of tﬁe 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
meximum resolution in time available was bneﬁart 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 1n one of 10, OOO time cells.

The proability p of finding any star in a partlcular cell
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is then egual to 710,000;

If there are N stars in the plates, the probability
of finding 2 stars in 1 particular cell is equal to
 NC2 p2, and s0 thg probability of finding 2 stars in any
cell equals C, p. If N is fairly large, ‘so that Ne is
~ large compared with N, then the random humber of star-
h pairs in a1l the time cells is equal to NZP/Z;
' The actual number of stars created simultaneously
~ can‘bé expressed as ini, We sre therefore expecting an
excess of N of star-pairs, while the random number expec-—
ted is N2 p/z; 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

Hence, using one pair‘of rotating plates, the minimum
value pf.<<.whiph can be determined is o¢ = Y2p or
L = 1.4 x 1072, The maximum regenerative effect gives
< equal to 4 x 10"3#and it has previously been shown
that the shower contribution is unlikely to Be more than
1x 10"3_simu1taneous stars per staf. The rotating plate
model could therefore be used to confirm the absence of

any anomalous time correlation in star-production of the

order of 1072 excess palrs per star.
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Discussion and Conclusion

The nucleér‘emulsion teohniqﬁe has one great disad-
'vantage over the counter and cloud—ohamber techniques,
in 1nvest1 atlng statlstlcal problems 81m11ar to the
@‘dcuble~star effect  This is the human element which
comes into the scanning of the emu181ons. It has been
B shown that the bias errors 1ntroduced by the searchers

can be of the same order of mamnltude as the exoess
reported by the early workers in thls fleld

‘ The stars formed in nuclear emulslons 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 thiock-
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 counter has an
efficiency of 10~ -3 in detecting partloles. The large
nunber 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,mounﬁain altitudes;"lf the
anomalous excess does exist, then one must éssume that
some stars in nuclear emulsion are‘formed by a different

. process from the usual nucleonic or mesonic interaction,
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However, theré.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
S stars; :There is, it is true, a possibility that 2-track
é‘stars do contribute a real excess of star-pairs of mag;-‘
E nitude 1072 per star, by some mechanism as yet unknown,
é In order to repeat the analysis with a reasonable area of
%‘emulsion (200 1" x %" areas) and a scanning efficiency of
at least 99%, about 4 scahner-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

cosmic radiation may be obtained from thrée 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 aistribution'of the‘radiation: ‘Experiments
dealing with the first two aspects have been described
(e.g. Barton, George and Jason 1951; Brown et ai. 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 inferesting results have been
obtained for the otherthOL

' The angular distribution of the charged component
producing stars has been previously given by Page (1950),

2 © zenith angle dependence at moun~ .

who reported a ocos
tain altitudes, However, the statistiocs were rather poor,
‘and this experiment shows that the charged particles pro-
 ducing stars are rather more collimated than this.

 The lead come 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 d.5 nuclear emulsion plates (double-sided
ZOO/u.and singlefsided 4OQ/L) were exposed at the Jung-
fraujoch (3570 m., 47° geomagnetic N) during 1950 and
1951 under inverted 1ead'oones;

The lead absorbers were in the form of truncatéd
lead cones, with various half-angles from 0% to 906.
Each cone was split into 3 shells of 10 cﬁ. 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 fhe eﬁulsions were
searched which lgy within a vertical circular cylinder
of q;ameter 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 C) we can define angles SZL
and 5'2 sﬁch that any undeviated ray reaching the
searched cylinder of emulsion with declination less than
® - Sllmust pass through the total thickness of lead,
while if it is greater than ® + 82} it can pass through
no lead. Values of gj_and ! o are glven in Table II.1

for the various values of (@ using 30 cm. lead (shells 1,
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2 and 3); For 20 oﬁ. (shells 1 and 2) and 10 cm; (shell
2), these values of g , and J\ are less. The probable
error 1n the C) co-ordinate is clearly less than J’l or
'J and we may certalnly say ‘that the angular measure-
”ments have & pr901510n within 10%. Also shown in Table I
are the various distances of the plates from the inner—
most lead shell ( & om:) and from the concrete roof above
which the cones wére‘SQSPeﬁded (h cm;);

Each set of plates‘was sealed at approximatély 1500;
in an atmosphere of 30° to 40° relative humidity, and
nedintained at 10° to 20°C. using thermostatioally con-
trolled heating elements throughout the experiment to
obviate fading. |

The photograph of a typical lead cone is shown in
Flgure I1.2, The method of suspension of the cones and
of the plates is show ; At the apéx of this ooﬁe can be
~seen the thermostatically heated container, whioh holds
the plate box;

The boxes containing the plates, the heating ele—
ments, and the scaffolding supporting the cones, contri-

buted approximately 1 gm, o2

of absorber extra, but
this has been neglected throughout. -

The emulsion was developed by the temperature oycle
method to a mlnlmun grain density of 30 to 40 grains per
100}~ of track. In the succeeding analy81s those plates'

were rejected which were so distorted as to impair
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searching efficiency or the classification of stars; As
scattering ﬁeasurements were not used in the analysis, a
degree of distortion causing effective scattering of
streight tracks by a few degrees in a lOO}r length was
not too serioue. However, in one batch of plates the
excessive soattering gaﬁe;straight»tracks a'sinusoidalw
appearance, with a half wavelength of about 10/1 The
exposure under the lead cones was therefore repeated for
this batoh.

The emulslon 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 separatelf. This was done
using & microscope fine focussing adjustment, which was
calibrated using glass slides of known thicknessl As
the same immersion 011 was used in both cases, errors
introduced by the different refracﬁlve indices cancel eut
From thls a shrinkage factor 2.5 £ 0.05 was calculated
and used to determine the imitial thickness of the emul-
sion in the remaining plates, which were measured only
after developmente Variations of 10% or more from the
nominal emulsion and glass thickness were eommone The
| nominal "400r." emulsion was found to have an averege
thickness before development of 417}L, while for the
“ZOQrT" emulsion the initial thickness was found to be
184JW. The variations in thiokness of the emulsion were
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sufficient to cause appreciable errors in the star—pro—

duction rate, if the nominal thicknesses had been assumed.

‘2.. Scannlng of the Emulsions

Great 1mportance was attached to the scannlng of the
plates. It has already been shown in Part I of thms
th8818 that searching 1nefflclency can cause serlcus
errors in work requiring statlstlcal ‘aceuracy. Ineffioi*
ent searching soon showed up as irregularities in thé plots
of star-production rate against cone angle, and this prob-
lem was therefore considered in detaill As far és pPOSS~
ible emulsion areas exposed under a partioular coneiwere
scanned by at least two scanners, to avoid any personal
error for the star-production rate under that cohé.

A really efficienﬁ Scanner requires a oertéin minimum
power of concentration. It seems that girls of very high
or very low intelligence do not make very goéd scanners,
especially for the type of work required ih‘the lead oahe
experiment, whgre there is little to arouse the inteiest
of the scanner. The most efficient scanners in:fhis
de?artment seem to combine the minimum of interest in the
physical significance of the events found with an imbelli-
gént éwareness of any unusual event; Searchers lacking
concentration were found to miss even stars with more
than 10 tracks,and 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 100%, it was found possible to divide the 6

searchers conceraed into 2 groups. The 4 experienced

scanners, who scsnned the great majority of the areas,

were 95% to 100% efficient, and the 2 inexperienced scan-—

ners were 80% to 20% effioieﬁt in finding 3 and~4—prbnged

stars; In the analysis of these small stars a correction
Sorw

factor of l 1 was there applied to those found by the
latter. As this affeoted only a small fraction of the

‘ results, the overall correctlon factor is in most cases
nearly l 0 (see Tables II.2 and II 3), and none of the

‘ conolusions is 1nva11dated 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, includiﬁg 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 minimun and length greater then 4 4 were used in

the analysis unless
(a) all such tracks were less than 70 g~ long, in
Whlch case the event was assumed to be a radio-
active dlSlntegratlon,
(b) one track could have been caused by a slow meson

travelling towards the centre of the event - a
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Pables II.2, 3, 4 and 5.

number of heavily ionising particles;

number of shower particles;

neutral primary;

charged primary.



fable IL.2, Huclear Disiategrations undor
20 om, Lond at 2570 m.
Aumbor of heavy tracis i), | 3 4 5, 6 7 8 9 10 11 12 13 14 15 16 17 18 19 5o Total goaroh-
Cone ‘Thiok~ Fxpo- Correo- YVol. Type | | o pﬁ%ﬁw
Semi- ness sure ted V sc. of ' | . 5 ey <4 I
angle d om. Days Days of star h- !
Bral, n&
Gay 77 57 18 |10 3 4 2 3 1 - 2 = 1 = = = = - 178
O 10 57 39.2 0343 y0p 2 2 2 | . e e e e e e e 1 e e 1 =~ - a 1.0
O(ny 241 13% 76 33 14 13 8 7 6 1 3 2 2 1 2 - « - 548
0 30 46 46,4 0862 345 22 22 5 5 3 4 2 - 1 3 - - = = - - - 1 353 W0
>1(p) 5 6 4 4 2 1 4 1 3 1 1 2 - - - 1 - 1 56
On) 269 160 80 ,38 28 6 5 5 1 8 2 2 1 1 1 = - 1 608
o , Gpy 16 19 12 8 5 4 3 L 2 2 1 1 e = 2 - = = 78
10 30 46 46,5 1009 500 36 7 03 |2 1 - 1 031 1 03 3 « 1 1 = = = - 3 b0
A() 3 3 4 |1 1 2 - 1 1 1 - 1 - 1 1 - - - 20
o(m) 67 51 2 19 7 2 2 3 = = = = = = . - - -
o (o) 4 10 3 |4 3 =« 1 1 = = 1 = = = -« = 1 - 28 ‘
20 30 46 47,2 0.343 5000 5 9 2 | w2 e e = 1 1 1 2 = = = = = - 19 1.0
O(n) 213 111 58 (31 10 14 4 5 2 1 1 = e = = e« = = 450
>1(p} 6 6 2 1 2 1 « 1 2 @« = =« « & « =~ = 1 20
oln) 47 27 11 5,1 1 - =« . « 4 o e = - - - - 92
o o o(py 3 5 6 | = 1 = - = = =« = = = - . = = - 15
60 30 46 50,3 0,338 >1(n) - P e 5 1.0
>1(p) - = 1 1l e e e e e e e e e m e e = a2
Gy 190 95 42 (33°11 9 4 3 3 2 = L = = = = - = 376
5 o 0{p) 9 15 6 | 5.2 3 - = 1 = =« = = - =~ - -« - £
§§€} Bﬁ} 46 5@.& 1&5 33.(31} i’} 4 2 3 ‘ 1 - - 1 - a;:« - e - 1 l - o . 31 1.Q
21(p 2 - 4 i 2 1 1 1 = 1 2 1 w« = 1 = 1 =« = 17




Tgble II.3. HNuclear Disinterrations under

30 cm. Lead at

570 m.

Number of heavy tracks Np 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 5o Total Search-
. in
Cone Thick- Expo- Correc—- 7Vol.  Type Fa%tor
Semi- ness sure ted V cc. of 3 SN, <4
angle d cm. Days Days of Star * Y h
Emul. ng
o(n) 170 95 52 |27 16 6 4 3 2 3 - 2 - 1 - 1 - - 38
- 0(p) 16 10 15 2 5 4 2 1 3 -4 - - 1 = = = = = 59
Y 3
0 20 51 518 0.596 1) s 412 2 1 2 - 1 3 - - 1 - - - 1 - 3 LO
21(p) 4 6 2 2 2 2 - - 2 1 - - - 1 1 - - - 23
O(n) 182 116 50 f20 8 5 9 4 1 4 2 1 - - - - - 1 403
0 | o(p) 14 5 12 1 -7 1 1 - 1 1 1 - - - - - - - 5 1
21(p) 6 2 9 # 2.4 2 3 1 1 1 1 2 - 1 1 1 1 1 39
0(n) 39 22 1. {5 2 1 3 - 1 1 1 1 - - - - = - 86
; , 0(p) 3 6 1, - 1 - 1 1 - - - - 1 - - - - - L
20 20 51 52.1 0.145  51(p) 3 3 e 3 1.00
21(p) 2 - 1 1 - - 1 - - - - = = = = - - = 5
O(n) 202 108 49 ;28 9 3 6 3 1 1 - - 1 - - - - 1 4l
. : ‘ o(p) 11 12 11 6 3 3 3 - 3 2 1 - - 2 1 - 1 - 59 '
21(p) 1 5 3 [ 2-1 1 1 1 - - - - - - - -1 1 17
:“
omy 40° 8 3 | 8.2 2 - 1 - - - - - - - - - - 6
' 0 3 ~ - .1 1 - - - - = = = = = = = = - 5 :
60° 20 51 52.7  0.146 21Ei§ 1 T 4 1.00
21(p) - - - = - -1 - - = === === 1
O(a) 188 8 62 18 15 9 6 1 - 3 2 1 - - - - - - 388
0 | o(p) 12 1 5 7 8 1 - 1 - 1 1 - 1 - - = - - 56 :
21(p) 6 2 211 2 1 2 11 - - - - - - - - - 18




Table II.,4, Nuclear Disintegrations under
No Lead at 3570 m.

Nugger Bristol Manchester
Tracks 3 4 5 6 7 8 9 10 11 12 13 14 15 | 16 17 18 19 20 3N, €6 TeNy 3¢l €6 TN, 3sN €6 TN,
Type
of
Star
Ry g |
O(n) 488 291 146 70 33 23 14 13 9 4 5 34 2 2 1 - - 995%32 113711 600711 1014  835%25  116%9
o() 35 34 31 14 14 6 6 5 3 2 1 T b V5 R 5 5473 4523 7037 46%6
1) 31 22 1 7 5 5 4 - 2 6 - 1y - 1 - 1 1 mis 21 stz ozt 7Yy 3725
21(p) 9 14 6 7 4 2 4 1 5 3 2 -/ 11 1 - 1 3616 29%5 29ts 3340 45X6 18+4
Total 563 361 194 98 56 36 24 19 19 15 8 3: 4 2 1 2 1216 207 714 211 11022 217

Corrected exposure 84.3 cm3 days.

Searching factor 1.01 (3 S, $4).



Pable 1I.5. Nuclear Disintegrations under

30 om. Lead Hemisphere at 3570 m.

I\Iumbeﬁf ‘Manchester
- of
Heavy . < ‘ g e i < .
Tracks 5—-ﬂh\6 /-Lh B-Hh‘ 6 7~I\Ih
Ny
Type
of
Star
o
o(n) = 343%19 3326 256+8 24%2
o(p) 35%6 6t 26+ 11%2
1(n) 1534 *o 16%2 10%2
1(p) 8x3 ot3 16t 1032
Tobal 401 54 314 55

Corrected exposure 76.2 cm3 days.

Searching faoctor 1.00 (3 ¢ Ny, & 4y,
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g -star, and
(¢) it could be interpreted as a proton-proton

soatter;

Quite a number of J-track stars which at first
sight seemed to be radioactive were found to have a
steeply dipping track with a length of over 100/~; 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 thick-
nesses in Tables II;Z and II;3, which show the 20 cﬁ; and
30 cm: odne results respectively} Plates under no absor-
ber were exposed during the experiments witﬁ 20 cm; and
30 cm. and the stars observed in them are given separate«
ly in Tables IX 2 and II. 3 Also shown in Table II.3 are
the results with no absorber for plates éxposed'in the
experiment with 10 cm; of lead; The platés under the
10 cm; cones have not been used in the anaiysis, as the
searching effort required was too greétl In Tables II;4
and II;5 the ocombined starintensities under no absorber,
and under the 30 om; hemispherical shell is summarised,

and can be compared with the results of other observers.

Classification

The usual classification of tracks in terms of their

grain density, g, relative to minimum grain density, -
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- was employedl, The numbers of "minimum" tracks
(g ¢ l'.5 gn), "grey" traoks (l‘.5 8, < 8 <7 gm) and
"black" tracks (7 gn < g) were recorded for each star.
The minimum tracks correspond to proton energies‘of
greater than 330 MeV and meson energies greater than
50 MéVl' The grey tracks correspond to protons with
'energiés between 330 and 25 MeV and mesons from 50 to
| 4‘Mef The black tracks correspond to protons of less
than 25 MeV and mesons of less than 4 ieV. |

I at least 1 of the minimum tracks lay in the upper
hemisphere, it was assumed that the disintegration was
oaused by a charged parficle (a péstar), and the number
of shower particles (n,) was taken as 1 less than the
number of minimum tracks; If not, it was assumed that
the primery particle was neutral (produoing‘aﬁ n-gtar),
and n_ was taken equal to the number of minimum tracks;

s
It has previously been shown that about 10% of the shower -
particles are emitted upwards (Camerini, Davies, Fowler,
Franzinetti, Muirhead, Lock, Perkins and Yekutieli 1951)
and some of the stars ola381fled as p~stars will actually
have been produced by neutral radiatlon. However, this
cla881flcatlon of stars was used by Brown et al. (1949)

- end Rosser and Swift (1951) and can be safely used in
cdmparing'the rates of star—producfion; The size of a
star is defined by the number of "heavj" prongs, Id
where NL» is the sum of the grey and black tracks.
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Errors and Corrections

The small correction factor for searching ineffieci-
ency has already beenrdiscussed; All the plates used in |
the Lead Cone experiment were several days at sea-level é&?f'
and after the exposure at the\Jungfraujooh. Po correot
‘for the sea-level eXposﬁfe an absorption length in air
for the radiation produoing all types of stars of
135 g cm;fz has been assumed (Berngbdini, Cortini and
- Menfredini 1949). This gives a star-production rate at
sea~level of one-twelfth that found at the Jungfraujooh.
From the plates exposed without absorbers at the Jung-—
frauaoch the sea~level produotlon rate was found to be
1.5 stars om. 2vday'l. The number of stars in each batoh
of plates due to the sea~level exposure was then esfima~
ted? This oorrection has been expressed in ferms of a
total equivalent exposure time at the Jungfraujdch, for
each particular batch of plates considered; For a given
sea~level exposure the equivaelent number of days at moun-
tain altitudes depends on the star—productlcn rate under
the particular cone, and it can be seen in Tables 2 and 5
~that the corrected éxposﬁre 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-production rates the statisti-
cal errors due to random fluctuations were calculated
as follows;. If N events WGre observed, the errors were
assumed to be ﬁ if N > 40, while for smaller
values of I the fiducial limits discussed by Regenexr
(1951) were used; If the true mean were found (from an
infinite distribution of stars), it would have a probabi-

1ity of 0.84 of lying within the above limits.

4, Analysis of the Results

In this initial analysis of the results the_star—
produoing 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: o |

(a) star—producing radiation travels in stralght lines;

(b) if a prlmary particle in this radiation interacts
in the absorber, giving rise to a “secondary partlcle it~
self canable of produclng a star, the latter continues in
the same dlrectlon as the former (this w1ll be called &
collimated secondary); | |

(¢) the intensity of radiation at any angle traversing

a distance d in the absorber suffers an overall reduction
9((&) oi its original value, where o (d) is independent
of angle,

It will be assumed that the angular distﬁibﬁtion of

the radiation is proportional to cos ™ Gﬁ steradian~t in
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 the upper hemisphere with zero intensity in the lower
hemisphere, where ® is the zenith a,ngle‘.

Consider an inverted lead cone of ha,if—a,ngle ®
and thickness d‘. If we ignore absorption, the flux of
particles reaching a given volume of emulsion with zenith
angles between © and © + d © can be expressed as

a 277 sin © cos® 6 4 ©

where a is some constantv. ‘
Those particles pé.ssing through the lead cone, that is,
with zenith angles from 0 to (®, will suffer an overall
reduction ‘of (d), while those with angles between @ and
7 /2 will reaoh the emulsion unaffected by the a.bsorber.,

The number of particles reaching the emulsion is there-

fore equal to

f
1O | 2

'f2‘ﬂ a X (d) sin © cos®™ © ) +®f 27 5 sin © cos™O 4O
0

i, gﬁiﬂ ’:o((d) 1 - cos™ @) + oosm"'l@]

The rate of star-produotion at the apex of such a

oone is therefore of the form:

N(@) N(O) <« (d) [ 1+ oosm+1@ ( -—-—-Ca—- - l)] II(1)

Wha.tever the value of m, <{ (d) is given by
-’N(;) = N(0) « (d) II(2)

If for different values of d .the experimental results
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T1e, . 3 Rate of production of al' stars with N, >3 under 20 em of lead.
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satisfy a variation of type (1) for the same values of
m, the zenith angle law of distribution will bg verified
(subject to the assumptions already mentioned). If, in
addition, for variations of d, there is a constant
sétisfying

-4
X

one will be justified in talking of effective exponential
sttenuation and in defining )\ as the attenustion path-
length.

Various classes of stars were examined to see how
well laws II(1) and II(3) were obeyed and to determine
the relevant values of m and X\ ; Typical curves showing
star-production rates under each cone are given in
Figures II;3 and II;4; In order to obtain the most acou~-
rate values of m and ) the following procedure was
adopted; N(0) was taken as the experimental value at
® = 0, combining all the results from emulsion with no
absdrber; Ror the two hemispheres of lead (20 cm; and
30 cmp) two values of the attenuation length were then

cbtained from the formula
4 ot
£ = log [ (0) / W]
derived from II(2) and II(3). If they were consistant
their weighted mean was taken as J) .
In order to obtain an accurate value of A at least

1 ¢c.c. of 0° and 90° cone emulsions were searohed A
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few areas (2 cm; x 2 oﬁ.) from each cone were searched
to see if the production rates were consistent with
curves of Eéé;;e 1111) With the values of H(0) and
previously determined, curves of F;g;re II.Cl)wére con-
struotedifor various values of m, and the production rate
of all stars with NL 2 3 gave o preliminaxry ve,lue of
m % 3, both for the 20 cm. and 30 cm, curves.
| Additional searching was therefore concentrated on
that cone ® q Which gave the best discrimination between
2 coc™ ® and a cos™t ® law, This angle © o is given
by the meximum value of C(cos™2 ® - cos™1 ©@ ) where
C is given by II(1) and equals H(0) (1 - (d))v. By
differentiating this expression we {ind

Cbmvz.oos‘l ﬁf% 11(4)
These maximum resolution angles are shown in Figure 11;5
and it is apparent that the cone 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 o?:tly for very high collimation, with m between 10
and 20, Owing to the great scanning effort reguired it
was not poésible to obtain good statistics for the other
cones as welll

For the total star-producing component the above

method of analysis gave a value of A of 330115 gm om.=2
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and for m of 3 2 %. This value of )\ is in good agree-
ment with the earlier values of 310 X 20 gm cm'."2 (George
and Jason 1949) and 305 £ 7 g cml."2 (Rosser and Swift
l951); Values of m and )\ have similarly been calcula-
ted for different categories of stars, the fingl 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 < NL'S 4) the

expogent m = 2.5 X 0.5 as compared with the average wvalue
of 3.0 £ 0.5. The values of m for various classes of
stars are given in Figure‘II.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 éffect! In nuclear interactions the high—
energy secondaries are known to be more collimated about
the primary direction than those of low energy, and hence
are more c¢ollimated 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 through the atmosphere above 3570 m; will tend
to collimate them more than the neﬁtralvprimaries; |

It has been assumed that m = Z-Ce;é. Harding 1951,
Schopper‘Hacker, and R8ssle 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 caused by f~ -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 whioh is neutral at 3570 ﬁ.

It has been possible in this analysis to i@vestigate
the angular distribption 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 om. lead oones; This gave the value m = 4;0 x l;
This is not a dirsot measure of the angular'distfibution
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;

‘F;rstly, the projected angle Y is measured, where
 ﬁV'is‘the inclination to the vertical df the projection
'df the traék on the plane of the emuléion; Secondly,
the angle of dip ?’, Whloh the primary makes with the
plane of the emu131on, in the undeveloped emulsion, is
found, making allowance for the shrinkage factor caused
by development, The zenlth angle © is thén given by
cos = cos @ cos VJ |

The zenlth angle dlstrlbutlon of 200 charged pri-
maries is shown in Flgure II 7(a), tOgether W1th the
theoretlcal distributions expeoted on & cos™ O steradian” -1
1aw, for several values of m. This shows a value of

= 5.0 1,0, in conta&t with the value of m = 2
' reported by Page.
| It is possible that eharged primaries dlppzng very
steeply w1th respeot to the plane of the emulslon will
be mlsse@ in the analy81o of the stars under the oil
objeotive.‘ However, in distortion-free emulsions, it
was quite eaéy to‘observe primaries with aﬁgles of dip
up to 70°, as the rocking motiom of the mioroscoﬁe fine
'adjustmént enables one tovfollow the primary to éi from
the star. Indeed, it is often easier to see a dipping
traok than one lying in the plane of the emu181on, as

the former can be seen for a longer period of time.
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The observed distribution of angleg of dip, an§ projeo—
" ted angles are shown in Figures II.7ﬁb) andlII.7(o),
ftogethpr with the theoretical curves, If priﬁaries
with large angles of dip'Were pfefereﬁtiélly missed in
the checking of stars, then the number observed with
'1afge aﬁgles‘oi dip‘should be less than that expected
-1

dn‘awcoé é5 steradian zenlth angle. dlstrlbutlon 1aw.

However, both the histograms in Figures II /(b) and

}

~ II.7(c) are consistent with m = 5.0 x l O As previous-
1y mentioned, some 10% of the Shower‘particiéSQare emitnv
ted upwards, more or less isotropically in fhe upper
hemisphere, and the majority of these will have been
classed as charged primaries; Thishwili‘baﬁSe‘an apparent
loss in collimation of the charged prlmarles, and the
real value of m will therefore not be less than

5.0 + l.O, and p0831bly slightly greatex.

This may be compared with the angular distribution
of the_chérged partiéleé produocing showers determined by
Walker (1950), who used a oountef array at a similar'
‘altitude. From the nature of his apparatus the counts
; at Bt ¢ will inolude large staru of great energy. This
angular distribution has m = 7 3 %1.0.

It is also of interest to compare the oorrespondlng
 distribution at great altltude. Lord (1951) has given
the angular dlstrlbutlon of oharged utar primaries at

28,700 m., 549K (Magnetlc). This is very nearly given
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1 zenith angle distribution law.

by a cos O steradian™
These primeries will become more collimated in penetra-
ting the atmosphere; If one assumes an attenuation mean
free ﬁath. :X = 135 g om;'z, then_the number of primaries
having zenith angles between ® and © + 4O 1is re-
‘duced by a factor  exp( 5»-?—‘- sec ©), where a g cm‘."2 is

‘ the depth in the atﬁosphere; The differential angular
distribution at 3570:m; can therefore be obtained by

" transforming the corresponding distribution at:28,700 M,y
multiplying by this factor exp( —-%4"9‘.

' On applying this simple transformation to give the
simple air attenuation down to 3570 ml, the distribution
up to 60° zenith angle is best given by a cos*? e law,
which ocompares very well with the value found hefe for
the charged primarieé. |

It is important to realise that the effeétive angular
distribution of the total star-producing component, as
determined-by absorption in the lead cones,.is fhe;true
angular distribution of the primaries above,fhé lead.only
if the assumption of collimated secondaries is true; The
general problem of non-collimated production ofvéeoond—
aries is quite complicated and will be disoﬁssed‘more

fully in Part III of this thesis, when the effect of

isotropic emission of seoondaries is studied.



64, II.6.

6. Absolute Rate of Star Production
at the Jungfraujoch

The rate of produotlon of all stars with NF:” 3 in
nuclear emulsion of 17. O O 4 em, -3 day~ -1 is greater
than prevzouolyfreported. - For comparisonvthe stars
recorded by the Bristol and Manchester groups (Brown et
ai. 1949, Rosser and Swift 1951) are shown in Tables 4
and 5;, These are corrected to the same exposure tine,
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-prounged stars as reported by the Bristol groups;
There is very good agreement for production rates of
stars w1th more than 7 tracks both with and without
absorber.

In the classification of 3-track stars.ény track of
length greater than 4 ¢~ was accepted, while one of 4 &
or less was defined as a reooiI; The Manchester and—
Bristol groups have not stated their definition of a
-recoil and may have regarded 3-track stars confaining
one track between 4 p~ and 10 S~ in length as a 2-track
- star with o recoil. This could possibly explain the
discrepancy in the nuwber of 3-track starsfound; Tidman
and Hodgson (1952) haye analysed the J-track stars found
under no absorber in the lead cone experiment, and uéing

their results it is apparent that one-tenth of these
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stars have one track with length between 4 f~ and 10/*;
However, the production rate found here for J-track stars
is:260% of that reported by the Bristol group and 140%
of that reported by the MNanchester group;‘ The discrep-
‘ancy cannot be explained by the particular choice of
criteria in the olassification of the stars and there can
" be 1little 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
law, B = 37N + 4NL2 for stars with 4 or more tracks.
Extrapolating this law to stars with 3 tracks gives a
mean energy of 147 Mevl However, Tidman and Hodgson
(1952) have analyéed}the 3-track stars found in this
work and they obtained a mean energy of 186 MeVl It is
~ therefore probable that the Bristol group tended to miss

small stars having grey tracks,

7. Attenuation of the Star-Producing Rsdiation

The star-production rates under no absorber and
under the'zp cm. and 30 cm. hemispheres are shown in
Figure II.8. for‘various classes of stars; It can be
seen that for all classes of stars the results are con-
sistent with exponential attenuation, and there ié no

sign of the anomalous increase under 20 cm. lead reported
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by Sohopper et al (19%1) for stars with 2 or more pmongs.
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 0'Dell (1951) and Schopper et al.
(1951). - -

Figure 11;9(3) shows the attenuation length in lead
for different types of stars, obtained from the results
shown in Figure If.SL The attenuation length for all
the stars with N, > 3 is 330 15 gm om. 2. However,
the size distribution under the absorber is not identical
with that above the absor@er; The results show a larger
proportion of small stars under the absorber similar to
thet found with air a the absorber by Addario and Tam-
burino (1949), but not observed at a slightly lower
altitude by Rosser and Swift (1951).

This results in a definite trend towardé émaller
attenuatlon lengths for large stars, a8 can be seen-in
Figure II 9(a). For small stars only (3 ¢ W, 4 4) pro-
duced by neut;al radiation the attenuation length is
370 X 30 g om,”%, while for stars’with more than 12 tracks
it is somewhat 1ower, at 210 +7O g on, 2; This smallest
length 210 g om. 2, may be compared with the “gemnefrimal“
mean free path of 150 g om, -2 based on a nuclear radlus
4-145::1015.43031. |

There can be little doubt that the increase in
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proportion of the small stars does exist, as there are
reasdnably large numbers of the small stars (5- and
4-track stars forming 65%16f the tbtalj ﬁbweVer, the
StatlStIOS for the large stars 1s very ‘poor (stars with
" more th&n 12 tracks formlng less than 2.5% of the total).
‘and it is rather 1mportant to see 1f the contlnulng
deorease in attenuation length w1th 1ncrga81ng star size
is'éignificantl Fof’this category‘of large stars
'(N1v2,13j the results are based og_g total of 33 stars
without absorbgr, 8 stars under the 20 cm.'hemisphere and
6 stars ﬁnder EhB.3O cm; hemisphere; -Using these numbers
one finds anJattenugtion length of 210 g cm;-zl An

attenuation length of 300 g om. ™2

would have required
roughly 11 % 2‘stars under eaéh absorber, taking into
v‘abcount gtatistical fluctuations in the 33 stars without
absorber. The 31gn1flcance of the lowest Value of the

attenuatlon length thus depends upon the probablllty of
the two observed numbers of stars, 6 and 8, not being
statistical fluctuations of a random dist?ibution of
stars having an average of between 9 and 13 stafs in the
gilven volume of emulsion; If one takes the lower value
9 of the mean number of stars, then béth;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 om.~2

If, however, we include the result of Brown et al;
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(1949) for stars with more than 12 tracks, the new pro-
dguction rate above the absorber should give rise to o
37 * 2 stars in the volume of emulsion which contained
the 33,stars; The numbers under the 20 om;‘and 30 cﬁ.
| hémiéyhere correspondlﬁg to an attenuation length of
A3OO g om. -2 35 12, 5 * 1.0. The results are then not
guite as easy to explaln by statistical fluotuationé.
However, Rosser and Sw1ft reported no change in the
size dlstrlbutlon,under 30 cm. of lead and actually
found an inorease in ‘the attenuation length for stars
with Ny % 15. They found a value of 400 £ 100 g cm.‘2
for these large stars compared with 307': 7 g om. -2 for
all stars;with_Nhra 3; ‘Their results are shown in
~ Figure II.9(b) and show no sign of the‘tren&s‘foﬁnd in
the Dresent experlment Although their résults for small
staras mlght be suspect because of 1neff101ent searohlng,
-there is no reason to doubt the results for large stars.
In fact as seen from Table II.%, the corrected produe—
tlon rates‘for stars with 7 or more tracks are almost
identical with those found in this experiment;
. In view of the disoreyanoy between these two experi-
.ments, it is not p0381ble to confirm the presence of the
deorease of attenuatlon length with 1ncrea31ng energy.
Such an effect could have been caused by statlstical |

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; Stinch~
fccmb’1950 (a), 1950 (b), 1951)' These bursts are usually
caased by electron cqscades from the neutral 77 ° mesons,
produced in high energy nuclear 1nteraet10ns, though a
certain proportion are caused by F/ -mesons, especially
at loWer‘altitudes;  Hence these bursts‘inolude évents
corresponding to large stars in nuclear emulsions; The
earlier results gave an attenuation mean £f£ree path in
lead of the order of 440 ¥ 60 g~cm;*2; However, on cor-
recting for thqsé bursts oaused'uy/k ~mesons and air

showers, these observers gave an attenuation mean free

path of about 350 Y50 ¢ cm."z, as is shown in Table II 6

Table II.6, Attenuation mean free path of
R Radlatlon producing Bursts

Attenuatlon mean free path

Gbservér : o ~in lead = -
 Bridge ot a1;'194sAr" | 345 g om.~2
 ‘Fahy Scheir 1949 | - 434 g cml.'2
Faby 1951 346 *36 g om 2
,Stinohcoﬁb 1959 (a) B 440 * 65 g om.—2

Stinchoomb 1951 350 40 g om.~2



There is thus no sign of any decreass in the attenu~
stion mean free path for these high energy nuclear inter~
aotiéﬁa‘ Ha&ever; these bursts canhot be éifaotly conm-
pared with the large stars in emulsion, as they correspond
to a higher energy regibn; |

"A more diﬁect«oemparisonAwith stars in emulsion is
given by the pulses produced in scintillation countewrs.
The size of the pulse will be more or less proportional
to the number of heavy trsocks in the étar, end the material
of the scintillation erystal, often silver iodide, is vexry
gimilar to the silver bromide component of the emulsidn.
Michaelis (1952),in a private communication, has reported
a veriation in the attenuation mean freé ﬁafh of the par—
ticles producing pulses in scintillation crystalé. His

results are shownvin Table 1I.7.

. Table II.7. Abtenuation mean free path For Various
Pulse Siges reported by Michaelis (1952)

Pulse Size in MeV 43 — 65 65 - 86 86 - 108 | 108

Atﬁeﬁnaﬁian m;f,p‘
in lead in g om.”™ 380 380 340 280

- This shows the séme'trend as that reported in the.
lead aoﬁe experiment;‘the statistics, however, are rather
poor for the higher energy pulses. The value of 380 g cm.."2

for the lower energy pulses is in good agreement with the
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-2 obtained in %he present work

value of 370 £ 30 g cm.
for stars of 3 and 4 heavy tracks. The group containing
the largest pulse energy will probably‘inoludé'mOSt stars
‘with more than 5 or 6 heavy fraaks; The corresponding
attenuation mean free path for starS‘with more than 4
tracks was found to be 290 X 20 g cm, 2.

In view 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—highpenergy
events as typified by bursts glve an attenuvation mean
free path of about 350 g om. 2 ‘there is still a possibi-
lity that the above eifect does exist for stars with
about 15 heavy tracks. A very suitable method of solving
this problem is offered by fhe scintillation countef.
High statistioal results can be obtained by using large
enough orystals with sufficient exposure times, and the
method does not require the effort of skilled searchers
as does the emulsion technique. It is intended to inves—
tigate the attenuation of the radiation causing large
pulses in the neér future, using the lead hemispheres
of the lead cone exneriment; '

If this variation of the attenuation w1th energy
does exist, then it will have 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 spectrum of the form



11,7,

72,
.

d N=KE

even the fairly general law that a nuclear collision of
a primary of'energy E yields nq secondaries ofs.{ l‘E,
27bf energy A 5 E, eto;; themsel#és'capable of;p?oduce
1ng further stars, where nl, By eosy AL 15 <12 +ee aYre
constants, “would merely reproduee the same power distri-
butlon at all thlcknesses of absorber and therefore give
" the same effective attenuatlon for r&dlatlon of all
energies;( A cascade model for interactlons in lead is
developed in’Part IV of this thes1s. Under certain con-
dipions this model does lead to an increase of attenua-
tion with the nucleon'encrgieé{

In addltlon to this cascade model, one oould also
assume that there is a low~energy cut—ofz to the primary
spectrum at the Jungfraugoch whioh is greater than the
minimum energy requlred for a 3-pronged star. Inter—

actions in the. lead would then cause a fllllng up of the

speotrum with a correspondlng relative increase in the

numbers.of small stars.
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II1L. THE GEOMETRICAL‘PROPERTIES OF THE
HUCLEAR INTERACTIONS IN THE LEAD CONES

1. Introduction

) Infthé lead cone eﬁ@ériment, desoribed in Part IIi
of this thesis, the attenuafion bf-§tar—p%oducipg‘?adig~
tion is studied using‘COné shaped lead absorbers cf,4_'
various angles and thicknesses. From the observed rates
of star—production under the various cones it}is pdssible
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 partioles continued in the same direction as
the primary; This assumption of collimated secondaries
permits an investigation of the angular distribution of
the primarieé which is independent of the actual proper—-
ties of the nuolear interactions; The following work
shows the effect of a non—collimated emission of seoon-
daries on the theoretical lead cone absorption ourveé.
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 om; lead absorber has a thiock-—
ness of more than 2 interaoction lengths, there is a
reasonsble 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 can be assumed .
that the seoondary 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 agoccount 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;‘z) and this Wi1l give
an upper limit to the effect of the cascade process

inside the absorber;
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(b) the angular distribution of the primaries above
the cones can be represented by a cos™ ® steradian'l
- law in the‘upper hemisphere and zerb in the lower hemis~-
"phere, where © is the zenlth angle,
', Ve will first con31der a one-stage cascade with
éolllmated em}331on of secondaries, Wh;ph 15}& particu—
1ar oase of the generai analysis given in Part II, Seo-
tion 4. In the remainder of Part IIT will be considered
the effect of isotropio emiésicﬁ 6£‘seoendafies in
1nteractlons in the lead absorber.
Effeots due %o ionisation 1oss by the oharged star—

produelnﬂ partloleu will be 1gnored

2. One-Stage Cpsocade assuming
Collimated Secondaries

The attenuation mean free path of star-producing
radlatlon in lead is known to be greater than the inter-
action mean free path The latter has been shown experi—
mentally to be nearly geometrie - 150 g cm."2 (Walker
Walker and Greisen 1950, Boehmen and Bridge 1952), while
this experimept'yields‘an attenuation méan free path of
1330 X 15 g om.”%, This can be explained if secondaries
capable of producing further stars are produced in inter-
aotions in the lead; This category of secondaries will
include primaries passing right through a‘nucléus unaf-
fected, due to a partial transpasrency of the nucleus, or

elastically socattered primaries, as well as nucleons
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~emitted in nuclear dlSlntegratlons.

Let ng g om, -2 ‘be the geometrlo 1nteract10n mean
‘free path of the radlatlon, and in a nuolear disintegra-
, tlon we will assume an average of n vueéondarieé to be
, em;tted. The number n, ‘refers to colllmated secondarleg.
_lThese,secondarles‘themselves cannot.producemdlslntegra—
~ tions with secondaries enetggtic?énqugh to éauée)stars,
but will be,afteﬁuated by nuclear interaction in the
| lead absorber.‘ o ‘ | |

Suppose there are N primary partlcles 1ncldent on
an absorber of thickness d g cm. 2. Then the number
of star-producing primaries egerging from thé absorber

will be

N exp(- §) @ + ng iL)' o ITI(L)
' g g |

The second term in the brackets gives the number
of secondary partlclem emerging, while the first term
represents the proportion of primary particles travers—
~ing the absorber without 1nteract10n. For an absorber
of 30 cm., thickness exp(- X~) = 0.105, that is, one-
tenth of the primary partlclgs emerge without 1nteractiaﬁ.
The expression III(1), neglecting the initial con-
stant N, is equivalent to the term o£ (d) in equation
II(1), which is the general equation giving star-produc-
‘tion rates for the interaction mechanism assuming colli-

mation of secondaries. The rate of star-production at
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the apex of a cone of semi-angle @ and thickness d is
then given by N(®)
“where N(®) = N(O) [(1 - Qgsm"’l @) éxp(- %—-’)x
d m+l ; ’
1 +a_ ) + ocos ® \ o ITI(2)

C
g

‘This equation will obviously yield the same value
"of m as the more general equation II(1l) in interp;’eting
the star-production rates under the various cones, As
is to be expected, the produétion rate under the hemis-

phere is given by

N(90°) = H(0) exp(- fla él +n fL§ 1II(3)
- g g

Bbwever, the observed star-production under the
20 cm. and 30 om. hemispheres was oonsmstent with expo-
nential attenuation with a mean free path of
330 X 15 g om. 2. That is
N(90%) = N(O) exp(_ f§) o III(4)
where X a is the experimentally observed attenuation
mean freé'path;
The functions III(3) and III(4) are plotted in
Figﬁre-lllll, the former being shown for several values
of ncl The twolourves bot@ give the observed attenuation

under the 20 cm. and 30 om. hemispheres, for values of
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n, between 0.8 and 1.0. The one-stage cascade can there-
fore explain the observed attenuation if an average of
0;9 collimated seoondafigs are emitted from cach primary
interaction in the lead,

For the 30 cm. oone %» = 2,25, and we have just
&

shown that ng = 0:9; It is apparent from equation III(1)
that over two-thirds of the star-producing particles
under the 90° hemisphere are really secondaries from
interacfions in the 1ead; This is an upper limit to the
secondaxry effeot, 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 6f isotro-
pic emission of secondaries, as any other type of angular
distfibutionf(exéept the ocollimated case) leads to very
complicated mathematics; It is known that the grey tracks
emitted from stars with sufficient'énergy'to produce fur-
ther stars are’oertainly not isotropically emitted, and
can be represented by a cos © zenith angle distribu-
tion or eveﬁ 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 therecfore be assumed that in each primary
interaction in the lead an average of n, secondaries are
emitted isotropically in the dowanward hemisphere with
reS§ect‘to‘the'dirébtion‘of the.primary;‘ Those secon-

' 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,sécﬁioﬁ. However, the calculations
have only been made for the 30 cﬁ. cone, as the cascade
effect is more prorounced for the greater‘fhickness of
lead. The 90° cone and 40° cone have been considered
in deteil as these are the ones of greatest use in deter-
mining the exponent m in the cos™ © law describing the

angular distribution of the star-producing radiation.
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4, Caloulation of Secondary Contribution
assuming Isotropic Emission, under a
90° Cone

Figure II1,2. Section of the 90° Cone.

FIGT. 2.. SECTION OF. THE 90 CONE
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A schematic drawing of the 90° cone is shown in

Figure III.2. The thickness of the cone, measured in

2

g om.” “, is denoted by a. The star-producing radiation

no, 1

is travelling downwards with a cos steradian”

zenith angle distribution and can interact in the lead
absorber with an interaction mean free path A _ =

g
-2 ;
150 g om.”“. A oertain proportion, exp(~ a/A ;) of the
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primaries will reach the centre O without interaotion;
Whenever interaction occurs, however, the secondaries
are isotropically emitted in the downﬁard hemispherel
Any p01nt within the lead hemlsnhere will thus be assooi-
ated W1th a certaln denslty of nuclear 1nteractlons,
caused by the prlmaxy radlatlon. A oertaln proportlan
of the ‘secondary radiation can then reach the plates at
0, depending on the SQlld angle subtended by the plates,
and also oﬁ the remaining‘thicknéés of absorber to be
traversed;

We will consider a typical point P(x, ¢) inside the
lead hemisphere, where P lies anywhere on the ocircle
defined by x, the distance from 0, and the zenith angle
between the vertical through O and the line OP; Unless
there is a direotional asymmetry of the incident radia-
tion, all such points P(x, {¢) can be treated identically
for a given x,}b, independent of the position bn the
~circle., Incident particles interacting at P must have
traversed a certain thickness of lead and the ﬁumber
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
©and © + d® and azimuthal angles between 9” and

P +d @ can be expressed as
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W cos™ © sin & exp(- r/ Xg) ae dcf I1II(5)

where the azimufhal angle C/ is measured from the ver-
tical plane. thx-ough P and O, and r is the dlsta,nce the
P artlcle hza.s to travel in the lead before reachlng P,
N is some arbitrary consta.nt | |

Let the point where the radiation enters the hemis-
phere be denoted R..; ‘i‘hen the distance RP(x) is a
function ‘oi’ e ,‘? y X aﬁd 2’;.

From the triangle RPO it can he shown that

. L
r = x cos RPO + ,\/:acfz—c‘;2 RPO + a° — x° ITI(6)

L
where cos RPO = sin € Sin‘f cos { - cos 6 cos f' III(7)

The number of disintegrations formed at P per oo-.
can therefore be obtained by integrating III(5) over |
" the values of & and ¥ , and is given by I(x,f) where

-+ z . | :
I(x,¥) = /\ ASM/ cos™ e sin ©
=0 ©=0

expé - X]-; r(0,p, x,¥) 3 de dg | ITI(8)
In evc,lua,tlng this :mtegra,l for a part::.cular value

of x, ¥ , values of oos RFO and r(e ’f ) X, ‘f) had to

be oomputed over the full range of €& and ?9 Curves

of the :Eector cos RPO are shown in Figure III.3 as a

continuous functlon of © , for different values of P
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and \/ Using these curves it was possible to compute
values of r(e 1P x,‘]ﬁ) using equation III(6).<.

The values of expg - -)%'- r(e, 79, X, 74) % for
&

0 5a are shown 1n Figure III 4. As is to be expec-—
ted, the ‘attenuation is nearly always greateér ‘chan that
corresponding tp the ‘mininm‘m path length of O'. 5a in the
straight line through P amd‘ O'. The minimum attenugtion
of 0'.325 is shown by the broken line in Figure IIL.4.
For egual numbers of seconda‘ries from each interaction,
one would therefore expect that less secondaries oould
reach O than in ‘chve corresponding collimated case, for
in the latter case all the primaries must travel in the
radial line through P towards O, this being the shortest
possible distaunce through the absorber..

 The expression in III(8) has been integrated for
each value of x and Y by the :following proce.dure'. The
exponential part was integrated over the range of 4
for the four values of 6 , 20°, 30°, 40° and 60°. The
values at © = 0° a.nd 90° a,zfe,ndt ,necessafy as the
cos™ '© sin & terw is zero at these two angles.. Then
was performed the integral over the range of & for the
three angular distributions cos 9 y 00339 " and 00569
@hus for each value o:L. I(x, ¥) it has required seven

_graphioa,l integrations. However, I(x, ¢) has been evalu—
ated for five values of }4 a.nd four values of x: a total

of twenty different :Eunctlons. Hence, in evaluating the
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I(x, y') function throughout the hemisphere a tota;L of
140 separate graphical integrations were required.

| The values of the I(x,}U) functions are shown in
Figure ITI.5 for the three engular distributions of the
primaries‘. This is expressed as a contlnuous :Eunction
ofsﬁ for the five values of X, a, O 8 a, O 5 a, 0.3 a,
Ov. The horlzontal lines denote the corrcspondlng func-
tions assumlng colllmated secondames. It may be
noticed that the total vama.tlon in the curves as one

® © primary distribution is

goes from a cos © to a cos
not very grea.’c'.

Assuming isotropic emission (in the lower hemisphere)
of ny star-producing secondaries from each nuclear inter~
action, the number produced in an elemental torvs of

volume 2 T %2 sin Y d ¥ dx (Figure III.6) is equal to

Flo 1t e

n; I(x,y) 2 wx° sin ¢ 4 ¢ dx
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The number of these secondaries reaching O depends
on the solid angle subtended by i:hg emulsion, and the '
remaining distance of lead (x g cm.'z) to be traversed.
Hence, the number of secondaries reaching an elemental
area ds at O from this elemental Forvs , and thus having
zenith angles -be{:ween 7” and ¥+ d y is given by

n; I(x,f) 21T -x? sin ¥ d 70 dx exp(~x/ ,\g) ds/2 %%

Therefore, the total number of secondaries reaching
unit area of the emulsion at O with zenith angles between

¥ and ¥ +d ¥ 1is given by I)” d;’ , where
| n a '
I, af =% sing dy /0 I(x, ¢ ) exp(-x/ A,) dx IIL(9)

This has been evaluated graphioan{;r for the five
values of Y 0°, 20°, 40°, 60° and 90°. The I y funo-
tion gives the angular distribution of the secondary
radiation reaching the plates.. Values of this funotion
have been caloulc?ted_g.séuming a 0os © and cos®e zenith
angle distribution of primaries and are shown in ocurves
B and A of Figuvre III’. 7’. It is apparent that the angular
distribution of the secondaries does not vary appreoiably
with ;the‘correépondillg distribution of the prima.ries‘.
This is completely different from the results obtained
with a strictly collimated production of secondaries, for
these seoondaries have the same angular distribution of

the primaries, The I 4 functions equivalent to a cos 8 ,
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cos3 & and 003669 zenith angle distribution for colli-
mated secondsries are shown in Figure III,7, normalised
to the same area as the curves A and B.

In both the isotropic and collimated cases 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
collimatéd than in.the isotropic case, on studying
Figure IIIL7; The total number of secondaries under the
90° cone is the same for the two types of secondary pro-
duction; due to the hormaiisation mentioned abbve; The
problem of the general cone, for isotropic production of
secondaries, is disoussed in the next seotioﬁ.

The total flux of secondary radiation entering unit
area of the emulsion from the hemisphere is obtained by
integrating I y over the range of Y'; 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 n; exp(- a/ Ag) a/)\g III(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 secondariés by a querter,
as compared with the collimated case. Hence, to explain
the experimentally observed attenuation of the total
star-producing radiation, the isotropic mechanism réquires
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 g, thé avérage num-—
ber of star-producing secondaries, could be fixed at

qQ = 2. The above number of secondaries is certainly

possible.

5. Isotropic Emission of Secondaries
in a General Cone of Semi-Angle ® .

In the last'séééion was shown the result for thém
angular distribution of the secondary radiation under
the 90° oone (Figure III.7). For the collimated ocase,
curves C and D, the number of secondaries under a cone
of semi-angle @ is simply obtained bj integrating the
ourve from 0° to ® °. However, in considering isotropic
emission of secondaries, a separate absorption caloula~

tion is necessary for each cone.
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Figure III.8.

. a :
r33. 3.0 conge

.
PR

Congider a general cone with semi-angle ® (Figure
III'.B)'. Primary radiation reaching a point P(x, 70) inside
the cone and having zenith angles less than ® must have
passed through the spherical cap of the cone and the geom-
etry is similar to that discussed in the last seoction for
the hemisphere; However; for zenith angles greater than ——

® the primaries can enter through the conical surface,
and so have a shorter path length than is the case for the
hemigphere, with correspondingly less a'bsorptionl. Hence,
for a typical point P(x,¥ ) the density function I(x, ¥),
giving the number of nuclear disintegrations per unit vol-
ume of lead, is greater in a @ ° cone than the correspon-
ding function for the 90° cone.

. It follows that the number of secondaries arriving at
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0 with zenith angles less than ® will be greater than the
corresponding number for a 90°cone. The angular disribu;
tion of sccondaries under a 40%cone is derived in the next
‘section, and for comparison the results are shown in |
- Figure III:?; Cur?est,‘E and F'correspond to cos @,
: 0083 © and 0056 © =zenith angie‘distributions-of the pri-
meries, aand are obtained from the same total number of
incident primaries as the caloulation for the hemisphere.
It can be seen that the less collimated the‘primary par-
ticles the greater the difference between the 40° and 90°
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 seotion the problem of the 40°% cone is
discussed in detail, as this is the one of greatest use in
dete;mining the angular distribution of the primary radia-

tion.

6. Isotropic Emission of Secondaries — 40° Cone

The 40° 30 om; lead cones were truncated, and had an
external radius of 45 om; and an inner radius of 15 om;
The radius of the exterpal spherical cap is thus 1;5 times
that of the 30 cm; hemisphere. In calculating distances
from points on this sphérical cap te points within the
40° cone the geometrical relations derived for the 90° oone

can be used (III(6) and III‘(7)), though all distances must
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be multiplied by the above factor;

In Figure IIIL9(a) is shown a section of the 40° oone;
It must be remembered that the lead absorber lies within
redial distences from O between 15 om; and 45 om. Consider
a typical point P(x,g&) inside the cone, where x is equal
to £ a. For P to be within the absorber o must lie bet-
ween J; and 1; Primaries-reaching P with zenith angles
less than'40° cut the‘spherical cap, and so ocan be treated
in the same way as for the 90° cone, discussed in Section 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 absorbexr,
and the variables ¢ , ® , x and y y have to be de:rivedﬁ.
These variables are exactly analogous to those used in
Section 4;

A1l particles reaching P from outside the absorber
with zenith angle e§ will lie along the sides of an inverted
vertical cone of semi-angle © and apex at P;' It © 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 circle in
the horizontal plane: Consider a horizontal secotion XX
across the two cones (Figure III;9(b)) and cutting the 40°
cone at a distance (X + F )a Irom the apex 0; The cross—

sections of the two cones will be two circles, with centres
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A and B (for the 40° and © © cones respectively) and these
two circles will interscct at twe points N; and N,, these
being real ox imaginary.

Primavies entering the 40° cone at §y or N, and reach~-
ing F will have twavelled the same distance r through the
a,bsorber‘. The zenith angle of these primaries is of course
©, and the azimathel angle & can be calculated from the
triangle ABl, (Figure | III'. (b)),

P = oos™t (22 - r2 - a®) /273, a - IIIQ)
where “ |
radius of 40° 0
1 = gcone section = («+£) a sin 40 I1I(12)

o = radius of ©°
2  cone section

~ distance bet= |
d = ween centres = « a sin ¢ III(14)
- A end B | | |

o

a$(«+ §)005 40 - < cos g Jtan ©  III(13)

4

Combining equations III(11), III(12), III(13) and
II1(14) it can be shown that - |

2 at . z *
¢=w:7‘ (dvﬂ) _a(z M..“q-O"eu )zt‘:’\:g _le C?ct‘.'“' &“:9 "z'“(o‘*p) Z:O e‘:“io T (I S)
2 (ki +p) T Gnd i fnat o |
o 0 @ing.® suF o

k3
2 &L

while the distance » is given by

x'-.:a.seceg(e(é-ﬁ’) cos 40 - dcosyj), | III(16)
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 Using relations ITI(15) and III(16) it was possible
to obtain values of r corresponding to different values
of ?o\a,nd‘ © ‘This has been done by va,rying the parameters
o and f to give real values of 90 ot ‘cah(take"any
value Betwelen,l and"/3,’ while (ot +/0) must be equal to or
less than 1.

" fhis calculation has been performed for the three
values of i, 40°, ¢° and 20°, and the relations ILI(15)
and III(Ll6) simplify considerably for the i’irst two of
these; | o - “ | '

(a) ¥ = 40°,
This applies to points P lying along the conical sides

of the 40° cone. =» and % are now giveh by .‘

x = g ac0s 40 / 008 © III(17)
-1 (2% + Ff - P tan®© / tan® 40
= 005
9/ g : 2 < tan © / tan 40 g 1II(18)

Having chosen a value of e'gréater than 40°, values
of r corresponding to different values of @ can be calou-
lated from III(17) and III(18) by varying p andet ‘, in
particular, if we ohoose f = 0, some of the primaries
will not pass through any lead at all, and this will be
true for all ¢ outside the region g, ¢p =27 -7
where & = cos™ (tan 40 / tan & )’. k

For © = 60°, @ = 61° and hence one-third of the pri-

maries arriving at a point P, on the conical surface of
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the 40° cone with zenith angles of 60° , do not pass through
any of t}m.(absorber'. For zenith angles of 90°, this frao-
tion is increa,sedté one—ha,lz':;,

(bY 9‘ - oql
| This applles to po:.nts lying along the axis of the

oone, and hence the dlsta.nce r is independent of the azimu—

thal a.ngle ?9 \ Bqua.t:mn III(J.G) simpllf:.es to
= 2a sin 40 / sin( 6 - 40)
(e) ¥ = 20°,

The relations III(15) and III(16) become slightly

simplified, and r and ¢ are now given by

T = a,‘sec e é( < +f ) cos 40 - oL GOS8 '203

. ot ztc,.e 2 b ® : bt ©
% :c,ao{(“*p)"" d.nczo fxtfl) l‘-’an.‘i'b 44-4‘,.2_0 1'4’((9(.+p)44.,..2,o L G0
: Cetl(Avglasezs Bme 2 ta O

o‘-< —
Lo e a0

Using the above results the new density functions
I(x, y,) have beexi calculated for the 40° cone, us:ﬂzg a
similar method as described for the 90° cone. Then using
the I(x,y/) functions the angular distribution functions,
I)‘ , of the secondaries réaching the emulsion at O were
caloulated.

The resulting Iy functions, for coso , c0s°© and

0036 © gzenith angle distributions of prima,i'ies aré, shown
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in Figure IIIl?L By integrating the Iy functions over
the range ofky’? from 0% to 400, one.obtains the total
flux}oﬁ,secondarieq under a 40° cone. This can be expressed
as a ocertain fraction, £ o7 of the number of secondaries
uﬁder the 90’0 cone; .40 | |

For primaries of high collimation, cpsj & to cosPe
zenifh'angle>diStributions, this fraction f o does not
vaiyyeryvmuch, and in fact the Iiyfunctioggtegds asymp—
totically to that of the hemisphere as the collimation
inéreasesl This is because less of»the primariesloan enter
the ocone by its ooniocal sides; However, if we assume col-
limated production of secondaries, the corresponding frac-
tion f,, inoreases with the coliimation of the primariesl
Hence, for primaries having any reasonable degree of col-

limation (greater than s cos?

© distribution, say) the
number of secondaries obtained from the 6ollimated mechan—
ism is greater than the oorresponding number assuming
isotropic production of secondaries;

Similar caloulations have been made for a 60° oone,
and the resulting fraction f60 obtained for a cos3 e
zenith angle distribution of secondaries; The general
effect on the lead cone absorption curves will be consid-—
ered in the next sectiOﬂ;

It is of interest to consider a cone of very small
angle, say with semi-angle 5°, Under certain conditions

the number of secondaries assuming isotropic production



95, III.6,

is actually greater than the corresponding number assuming

 gollimated production.

For such a small cone, angle ® , the density function
l(x,? ) is praotlcally unaifected by depth in the lead,
since the great majority of primaries enter from the 31des.
The number of isotropic secondaries reaching the apex can

be caloulated from equations III(8) and III(9) and is

equal to
———= (1 - cos ® ) (L -¢e" ) IT11(19)
m+ 1

while the corresponding number assuming collimated secon-

daries is equal to

a

210 W n ‘
T ogt+l x ~-=
——E (1 - ®) (¥ 5 III(20)
For a 9053 @ distribution of primaries, thickness

= 30 om, lead and semi-angle @7 = 5° then the number of
seoondaries is proportional to 0,36 nc and O 34 n, for the
collimated and 1sotroplc cases respectively. - However, in
order to give equivalent numbers of éecandaries under the
90° cone, n; = 1;33 nc; If, therefore, we express the
number of secondaries as theffraqtion fg of the number
under the 90° cone, then the fraction for the isotropio
meohanism is 1;25 times greater than the fraction for the

collimated mechanism,
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7. Effect of the Isotropic Production of Secon-
daries on the Lead Cone Absorption Curves

The conoept of isotropic production of 80&0116&:&193
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 cos™ & zenith angle distribution of
the primayies. However, it will be shown that the theore-
tical absorption curves assuming isotropic seosmdaﬁea are
different from those assuming collimated aecenéarieak.

Consider & lead oone of semi~angle ® and thickness a.'.
The number of primaries reaching the apex at 0 is equal to
Np(@) ~where

N,(®) = B,(0) Ecasm"'l@ + (1 - 00s™L ® ) exp(~ a/ A 33 III(21)

for a value of a = 30 om. of lead, exp(-~ a/ A= | 0.105,
and s0
H(@) = N,(0) gcasm"'l@ + @A - cos™L @) o, 105% I1I(22)

This number of primaries is iﬁfi@zsend&aﬂt of the sngular
distribution of the secondaries. ‘The nuaber of secondaries
arriving at the apex, N (@), oan be expressed as
£fg N ('\//2), where i (1"/2) haa beexn shown expurlmentally
to equal 0,25 ;\Ip(G), for a 30 ci. henmisphere,

For a collimated production of secondaries fp equals

(A - cos™L @ 3 wpe caleulations of £ o ossuming isotropic
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pioduction of secondaries have been desoribed in the pre-
vious three sections for 30 cm; lead cones.

In Figure III1,10, curves B and C show the number of

- secondaries expected under cones of sem1~angles ® , for
the collimated and 1sotroplc cases respectively. They
have,been'caloulatéd:assumingva cos’ & zenith angle dis-
tribution of the primaries; Apart from the initial cross
over at about 15°, disoussed at the end of the last sec-
tion, the colllmated curve B rises more rapldly than the
isotropic ocurve. Consequently the ourve showing total
flux of star-producing radiation for the collimated case

- (D) will generally lie above that 6orresponding to isotro-
pic secondaries‘(E); These curves 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 ourve D at
a value of @ ~'15°, and actually has a minimum value at
about 65°, in contrast with curve D; This implies that
the addition of lead between 65° and 90° inoreases the
isotropic secondary contribution at a greater rate than
the attenuation of the primary radiation within these

angles., Tor a cos3

@& distribution of primaries only 3%
of the primaries lie between 65° and 90° with respeot to
the vertical, and this minimum is,therefore.understandable;

However, the great bulk of the searohing was
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conecentrated iﬁ the emuleion under the 0°, 40° and 990‘
cones, There is therefore insufficient statistics for the
60° cone to show the preaenee of a minimum corresponding
to isotropic production of secondariss. Although the stat-
istics arc not of great weight, therc is no sign of such a
minimum, @8 ocan be scen fram Figure& I1.5 and I1.4.

In these figures II. and II,4 it may be noted that
inorsesed céllimﬁtiam 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 ourves, for cone semi-ongles ~ 40°, and
hence the initial analysis of Part II, § 4 will overesti~
mate the wvalue of m, |

This is clearly shown in Figure III;ll, which gives
the expected attenuation under a 40° cone, 50 35. thiok,
for valucs of m belween 1 and 5, assuming isotropio and
collimated ﬁecandaries; The ourve corresponding to iso-
tropic secondsries lies well below the collimated ourve
at large values of m, but the curves actually oross at
m= 1,1, Hence, for values of m greater than 1 the colli-
| mated assumption always gives less sttenustion than the
igotropic assumption, and for a given attenuation, the
collimated ourve will give'& greater value of m, For
example, an experimental attenuation of 0;5 represents a
c0s**? © law assuming collimated secondaries, but only a

cos” O law assuming isotropic secondariss.
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The difference between corresponding values of m
- increases rapidly with the index m; However, increasing
¢ollimation of primaries implies increasing energy, with
oorresponding collimation of secondaries, and the experi-
- mental attenuation curve should tend towards the upper
collimated curve. -
- The initial analysis showed anfeffeotive~cos3.ér law

- for the total star-producing component;‘ If the secondary
radiation is isotropic, then the true distribution is
_represénted by a c0s?*% © law.

This difference between the true and effective

“angular distributions increases as
(a) the proportion of non-collimated cecondaries to
primaries entering the emulsion is increased (by
decreasing the attenuation length for the primaries),
(b) the angular distribution of secondaries changes from
collimated towards isotropic;

It has been shown above that the extreme possibilities
for (a) and (b) (that the atfenuation 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 om;"z, instead of 150 g om:'z,

with the secondary distribution still isotropie would

inorease this to m = 2.2, and with some degree of secmdary
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‘collimation it would,xise'still further tqwards_mrs 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 ocannot be much
less than the effective value m =3, irom the fact that
~the eanerlmentu under 20 cm., and 30 om, 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 largexr stars only, thé problem is much moxe
complicated, for charged primaries here play a muoh greater
part and one can no longer neglect ionisation losses; The
general effect of these is to sharpen_the_overall ¢ollima~
tion and thus counteract the effect of non-~collimated
secondary production. To judge from the effective and
true angular distributions obtained in Part II, §5 for ,

p-stars, the former effect may be sllghtly the greater.
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IV. A ONE-DIMENSIONAL NUCLEON CASCADE MODEL
1IN 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
casocade can be made independent of energy; The mathematiocs
have been made as simple as possible and the physical im-
pliocations of the cascade can be seen at each stage of the
formulation of the model.

Several authors have developed cascade models giving
a description of the nucleon cascade in the atmosphere
(Messel and Ritson 1950; Mellel 1951; Thomson and Hodgéon
1951).

ilessel considers g basic nucleon-nucleon interaction,
in which an ingident nucleon gives rise to two emergent
nucleons, with a oross-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 nuclear matter, which is analogous to star-production

within a nucleus, and then continues the development in
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inhomogeneous nuclear matter; From this theory it can be
shovn that a primary nucleon, incident on a nucleus, ocauses
the emission on the éverage of a given number of nucleons,
and that their energy distribution, expressed as a fraotion
of the primary energy, is independent of the primery energy.
This means that the number of nucleons emitted in a given
energy band;iwhdse limits are proportional to the primary
energy, is independent of the primary energy.
Thomson and Hodgson in & rather simpler analysis formu-

late a convenient model for star production in developing
- their cascade piotuxe;"ln this model 1;7'nucleons are
assumed to be emitted on the average from each nuclear
interaction, each secondary nucleon possessing one-guarter
- of the energy of'the primary; The majority of shower par-
ticles are ﬂ’-mesdns; most of these decay in flight before
causing stars in the atmosphere, and so are not effective
in the cascade process. However, it is very probable that
the number of secondary 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 assumpti¢n 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 ocan hardly be jus-

tified for there are now 210 nucleons per nucleus.
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- Both of these theorieg give a good picture of the
’nucléon cascade in the atmosphere, and the values foi the
:neutron : proton ratio at different depths agree well with
experlmental results.‘ Similar laws governing the prqdue-
tion of secondaries are used in %he,two theories; That
;of Thomson and Hodgson assumes a constant number of secon-
darles with encréy directly proportional to the prlmary
energy, while that of ilessel can be represented by the
‘general law that a nuclear collision of a primary of
enefgy E yields on the average:nlvseandaries of energy
°1 E, n2 secondaries of énergy,czE, etg., where.nl, nz.;;,
015 C5... are constants. |
Under these initial GOﬂdlthnS, it can be shown (see
Section 2) that if the initial energy spectrum has the
form N(E)dE < E -¥ dE, it will remain a power law with the
same exponent throughout the atmoéphere if ionisation and
obliquity effects are neglected; If ioniszation isvtaken
into account, it will effedtively removeilow énefgy protons
from the cascade, and should decrease from top to bottom
of the atmosphere. In fact, Thomson and Hédgéon calcula—
ted this effect in their theory and their results éhow a
decrease in the 1ndex from 3, three-quarters of the way up
the atmosphere, to 2.2 at sea~level, This result means
that there is a relative 1ncrease in low energy nuoleons,
as one follows the cascade uuwards to the top of the atmos-

phere.
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» This conclusion is in contradiction to the experimen~
vtal work with @hotographlo plates, which have been per-
| formed with balloons (Lord 1951 Camerini, Coor, Davmes,
Fowler, Lock, Mulrhead and Tobin 1949) These all show é
>rap1d increase in the proportlon of verywhléh-energy events
'as compared with 31m11ar experlments at lower altltudes.
'It ig olear that the above simple mechanlsm for star pro-
' duction is not suitable for explaining‘energy distributions
j:m the nucleon oascade. - | ‘

~ In a recent paper, Camerini et al. (1951) have desorl—
,bed 200 stars 1n G. 5 nuclear emulsion, each of which was
produoed by a oharged partlole whose track was long enough
to»perm;t an energy determlnatipn. These stars were
analysed in detail, and from their results it can Be shown
that the number of grey and showver narticies (capable of
producing secondary stars) can be represented by a power
law in the energy range 100 11eV<ES10, OOO MeV If N is

gs
the number of these particles, then ‘

w8 o 5075 IV (1)

The average energy of these p@ytmclos is repreoented

by a power law of the form

. 0.7 !
E, =< Y77 Iv(2)

These two relations hold for stars produced in nuolear

emulsions, and chiefly for the heavy elements silver and



105. .2,

brominé; In developing the following cascade theory for
lead, it will be assumed that the numbers and average
energies of the secondary particies can be represented by
 equations similar to IV(1) and IV(2).
| The theoxry of the n@cleon cascade is developed in
Section 2 for a purély neutronié cascade, and in‘Section 3.
the aSSuﬁptions mede in formulating the cascade are disocus-
~ sed and suitable values given to the constants in the .
theory;;~The¢resﬁlts.fér the neutron cascade are givén in
Section 4 and the attenuation is compared with experimental
e iesults;‘ Under 6eftain conditions the neutronivoasoéde
>léadsvtm an increasse in the proportion of low energy seoon-
dariéé; However, ionisation loss‘by the protons tends to
reduCe the low energy component and so counteracts the
above effect. |

The effeots of ionigatidn will be discussed in Section
5 for a cascade in 30 om. 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 finai comparison bet-

ween theory and experiment is set out in Section 7.

2. The casoade model in 1ead,.neglecting ionisation.

The oascade‘will>be considered in one dimeﬁsion 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 nuoleon 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

energylE can be represented by the following relations:

n(E) = mE? | | IV(3)

Eq x5f v(4)

"

A differential energy speotrum of the form
N(E) dE = HOE;k dE dis assumed for the incident nucleons,
and it will be shown that this power law changes as a
result of the casoade; Ionisation effect will be negleoted
in this initial treatmenf |
Con51der a cascade in a lead absorber ¥ gm. /cm.2
thiok. This can be expressed as ak-lnteractlon paths in
lead, where -44\ Yo

It will be assumed that an incident partiﬁle of
energy E produces n(E) particles all of the average
enexgy E;, where B, 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
eﬁergy, 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 secondaries, but even for the particular ocase
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where the form -of the énergy distribution is independent
of energy the mathematics is rather elabOrate; The solu-
A'ﬁion for the general relations‘IV(B) and IV(4) would be
exceediﬂgly'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 oonsidering'the‘effect of the
energy distribution. |

The seéqndaries, of energy-El, can in tuin interaoct
in the iead;-eaoh‘producing n(El) seoondaries ofienergy
(El)l, éto; Thence nucleons in thévenergy range E to
E+dE found under the absorber will consist of,two‘compon—
| eﬁts. A proportion e~ ™ of nucleons in the energy'range
E to E+dE will pass through the absorber without inter-
‘action. 4 seeond portion will oon81st of second@rles and
tertiaries, etc, which are cascade products from hlgher
Bnergy particles interacting in the lead. blnee the
average energy of secondaries equals xE, a final nucleon

of energy E can have been produced by primaries above the

lead of energies:

Q%)ﬂ | for lst-order cascade
i S
(—I~——) 2_ _ for 2nd-order cascade |
| 1 | |
(-——~E~———)ﬂ3 for 3rd-order cascade

1+/3+/?



l{}at 3:?* 2 &
For sn ntheorder ccsende, the primary onergy 00TY0S-

ponding to o £inal energy T is given by E.
7
1

b
i ¥ 11.?5? *

where T = (mim)p® V(55
R Jn

. _ - el L=p% 6
and gsmmle‘ff + p * eees + B &1»,8 IV{G
The nunbor of ntheorder cascade aucleons in the energy
vonge ¥ to D+dE below %h%’a%&aéha@ will depend on the
foliowing three quantities:
(2) the nunber of primaries in the onergy Tange

. to 5 4R incidont on the absorber;

e
‘—

n n n
{b3  the aursber of nucleoons prodused per interaction
ot eagh stage of the nthe-order ocnacoade leading fo
& final nucleon encrgy of Hj
(6) the effeot of mbuorption on all the components

of the oasoasde,

(n) The first of theme three guantities con be obtained
by differentiating IV(5), vnd is given by

H(E_y 4% = Ho(F) a5 | IV(7)
n i n ! :
pﬂ 1 -1
‘ n o |
where d8_ = c%:-;'” Z];_-; 5l s Iv(8;

(by sud (e Tho combinsd effests of Lbsorphbion sngd Hucleon

Yultipiiontion at cnoh atage of the casonde,
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Consider a beam of ﬁucleons, all of energy E, incid-
ent on an absorber g cm;"z thick. In the dgscade process
the secondary nucleons will all be assumed to’retain'the
* direction of the primary, and all the nucleons are assumed
to have tne same mean free path, X g om, 2, for nuolear
1nteraotlon. |

Nucleons of energy B interacting with a lead nucleus
give rise to fE(l)’secondary.nucleons, and each of these
can give rise to fE(Z) nucleons etc:,fE(l), £5(2) ;;L;
being given by equations IV(3) and IV(4); | |

LEAD

At a point x g om.”? below the top of the abSorber,.
the number of primaries interacting in an interval dx is

equal to
| N (E) exp(- x/ A) &

‘The number of secondaries produced and reaching the
bottom of the absorber without further interaction ié

therefore equal to

W (B) £5(3) %% exp(~ x/x )
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Thence the total reaching O is equal to
N, (E) £,(1) %& exp(~ &/A.)
Similarly, the number of secondaries interacting in’
an interval dy at ¥ g om.™2 below the top of the absorber

is equal to
N,(8) £51) L exp(- /) ) I

The number of tertiaries reaching 0 is therefore
equal to

Y '
N (E) £5(1) £5(2) g% iﬁ exp(- a/) )

It can be similarly showﬁ that the number of n® order
nucleons reaohing 0 is equal to
n.
N, (E) ;S& ng(r)% ﬁ%-(%%)n exp(- a/A ) IV(9)

However,‘this applieg‘to a cascade generated by inci-
dent nucleons of energy E. In order to‘coriespond with
final nucleon energies of E, then fp(x) in relationvIV(9)
must be replaced by fE y where E_ is given by equation
, = o
IV(5). The combined effects of absorption and nuecleon
multiplication are therefore represented by the (ﬁ+1)th

term of the following series, for an nth order cascade:
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2 ) B
e~ + T fp (1 + e % ‘35—'- fEf(Z) + ceee
. = 21 3
primary .. 1lst stage 2nd stage
absorption cascade casocade .
th \
n - :
84*2%- Al ng (r)%
‘ n: I‘:l 'ﬁ
o stage
cascade

where fECDis the number of sécondaries each primary can
= e . ; ,
produce, fE (2) is the number of tertiaries each secondary

n
- can produce, eto;, in an o ordsr cascade leading to a
final energy of_E.

As ?rimaries above the absorber gre ohoseh s0 that
each term of the above series corresponds to a final
nucieon energy of E, then using relation IV(3)

n n ‘
ot (r) = TT gm(E 72 |
1 EE ol ;) ) | Iv(10)
Hence, combining the three quantities (a), (b) and
(o), the total number oi particles in the energy range E
to E+dE, after a casoade in X interaction lengths in lead

is given by N (E) dE, wherg NO\CE)‘dE’is equal to



112, ' wa. 2.

H E_k

o exp(~xX ) dE +

attenuation of
incident nucleons

o | - ’
s [NO E:kdE__ . exp(-—ot)'a—r , "{EmE )] Iv(1l)

1 n n T )
(&) number of (b) absorp- (¢) multi-
“dncident nuoleons tion factoxr plication

in the appropriate : factor

energy range

This can be somewhat simplified, using thé relations
‘derived above in this section.
From equation IV(1l) the series terms equals
. o n
gﬁo(:}g—)* dE o= & Tm(E_) ¥ 3

=1
1

L]
N
|
A
B
E
ie,
B

i

)
F

where E =
z 0 C1-p
In_ —_t -7

1. 0 1 n-. -
and dE_ = (= —— E dE
;- ®@F <5 B

: n
 (a) determination of T [ m(E )YJ
o 1 T

o 2 J n-1




113. - IV.2,

§, =2 n-l +—-]-‘-- L A +28+38+ ...1 l)
2 /& +'f32 pn /,n + ﬁ n/G ﬁ
= 1 (PD - g )
AR " 1-p
.. | ¢ . ¥ pn-ng?

The cascade series can now be written }

| | 1

&% 1 1y 35 . ==
 pn¥ ¢ po- n/?

e"d-g-? m? Epn (= )/5 ( ) §

The nt term of this series can be grouped into terms

containing % and B

B & = ¥ p__.__n-nﬁ_n.g

(1) -}Etermz()ﬁ /311 l—ﬁ‘

%P— <1—-}> + H/;L- n) /1-/8 4

L]

(-) .
) (2._ Eﬁ% (1-4d +$) -%:%%

i
]
-
Y
RN
o]

(ii) E term

i
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b torm - T ¢ .gl/EG-’;%:o (¥ -2 ;-‘1;%)?

Phe final series term can now be written‘

o RV WL G < . 1o )

St e =TT Gt e )
"

I'.L::l

and equation IV(ll) becomes

W, (E) E = N, &7 exp(-=)

v - oe ‘ n o, n?’ _ ___:_L___')
=<2 1 (= K + I—:—) K(- 7o
dBE [} + ji; Ejiﬁﬁrmn x P2 B & P
I7(12)
where X = \’ -1-4¢/0-F ) Iv(13)

It can be seen from IV(1l2) that the attenuation of
nucleons in a particular energy band ié 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 £ =1 and ¥ = 0. Under
these conditions K(F"n --l)'.= 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
qf the‘Theory

In this section the most suitable values of the con-
stants A , ¥ , m,y , x and g are discu}ssed’.‘_ |
The interaction in lead of particles producing pene-

 trating showers of great maltipliecity hés beenstu&ied by
Boehmer and Bridge (1952) and Valker, Walker and Greisen
(1950); They both found an interaction mean free pafh of
150 gm/cm.z, oon81stent with a geometrlc cross—-gection in
- lead. Camerini et al.-(1950) found a geometrical oross—
section for the production of secondary stars in emulsion
by shower particleg? For low energy profons in the energy
region 300-400 eV, Bernadini, Booth and Lindenbaum
(1952) and Bernadini et al. (1950) found a value of only
Foft of goometrical for the production of stars in emulsioﬁ.
~~ This phenomenon of nuclear transparency in light elements
has been shown by Cook, Minllan, Peterson and Sewell
(1949) for 90 MeV neutrons, and also by Fox, Leith, Wouters
and Maokenzie (1950) and by De Juren (1950) for 270 NeV
'neutrons. It is unlikely that the transparency shown for
light nuclei will be as great for lead nuclei as the
- latter have for more nucleans; It is thereforé assumed.
that all nucleons taking part in the'casoade have a geo-
metrio 0r088~890t10n for nuclear interaction, and

A = 150 gm/em. . This is probably quite true for micleons
with energles above 1 GeV, which play a leading part in
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~the cascade process; o

va ﬁhere is any degree of transparency for low energy
’nucleons, the theory will,ovérestimate theirattenuation;
However, these nucleons will have a corresponding longer
mean free pathvfbﬁ star production in emulsion, and as the
nucleon cascade will be compared with the observed gtar
 production in emulsion these two effects‘will tend %o

- compensate each’other;

It has been assumed in this theory that the secon-
darieé of stars are travélling,in the same direction as
the primary; This is a reasonable assumption for seedn—
darieé of’endugh enérgy to paiticipate further in the
Gascade in lead, aé shower partiocles are known to be
strongly collimated about the prihaiy direction. However,
nucleons of an.eﬁergy corresponding to "grey" proton
traéks‘havelquite a broad angular distribution,about‘fhat
of the primary. These will have a corresponding greater
path 1ength in the lead, and it is therefore probable
that the theory will overestimate the numbers of low
energy nucleons. . The effective loss due to isotropie
emission of secondaries in the lower hémisphere has been
caloulated in Part IIT of this thesis and is only 25%"
for a hemispheridal lead absorbér 36 cm; thick; This

effect can therefore be negleoted in obtaining an approxi-
mate descriptieh of fhe Cascade;

The results of Camerini et al. (1951)‘previcusly
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discussed, showed that the number of "grey" and "shower"
artlclos nroduced by partlcleu of energy E could be

0.75

represented by ¥.. = 0.3 E Wlth average emergy

s
‘O 8 EO 3), mheregE 1s measured in 100 JeV units, There
are no élmllar experlmental results for nuclear 1nter—

| aotlons in lead at the presemt tlme. These could be
obtalned by using wlre—loaded emu131ons (Danysz and
Yekutlell 1951), or with lead. fclls (Hodgson 1951, Barbmxr
1951), but the searching time would be qulﬁe prohibitive
if good statistical results\are required, It will be

" assumed in the thebry‘that the exﬁonents in the two power
laws are the same forllead as for emulsion; The above
relations apply only for,oharged particles emitted from
‘stars,\and éllowance has to be made for neutrons emitted.
Invthe 1ead’nucléus there are 50% more neutrons th&n pro-
tons, and ailowing for neutrons in the "grey"»traék‘
enexrgy region (25-500 MeV), the number of neutrons is
taken as 1.5 times the grey" tracks. Fowler (1950) has
‘shown that the maJorlty of "grey" tracks are protons, but
the proportlon is only one-~-gquarter for low energy shower
partloles (proton energies of 500 Mev to 800 iieV, and
meson energles of 80 MeV to 1100 NeV} Assuming that the
fraction of protons remains one~quarter for high energy
shower partlcles, the correctlon for neutrons is found by
taklng three-eighths of the shower paftlcles. For primary

energles between 1 Gev, which produce four times as many
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vorey" as "shower" particles, and 10 GeV, which produce
roughly eqval numbers of "erey" and "shower® particles,

the neutron correction is approx1mately equal to the total

‘:number of Ygrey" and “shower” partlcles. Above this
energy, the shower eomponent may well exceed the grey oom-
ponent, end the neutron oomponent will be overestimated.
However, it was deolded to equate the total in the neutron
'component to that of the charged component and in equa~
tlons IV(B) and IV(4), m = 0.6, y,_.O 715, x = O 8,

R = 0.35. 'This choice of constants dan'oni& be regafded
as provisional estimates, and only a gualitative agree-
ment between theoxry and experiment'can be hoped fof; In
using these #alues it is.assumed ﬁhat high energy ﬁeutrons,
protons and mesons, which all take part in the 165@ cas-
cade, are equally effective in causing nuclear disinte-
gratlons in the lead) | '

Follow1n& Thomson and hodgson, the eXponent \4 in the
differential speotrum 1s taken as 2.5. This value was
found for primary particles (Hoang 1951) and for the
eﬁergy dlstrlbutlon of stars (Barton, George and Jason
1951) For those partioles producing extensive air
shomeru, w1tn 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
p?imary‘protons between 1 and 14 BeV has éhown a value of

1.9. These results are not necessarily inconsistent, and
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it éeems most probable that the exponent varies with
energy, the spectrum flattening out below 1 BeV and
~ becoming steeper at high energies.

4. Results for the Casocade
(neglecting Ionisation)

The negative exponent of & in the series terms of
IV(9) is equal to K(B ™™ - 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 ch;

of lead (equal to 2.25 geometric mean free pathsj.

series terms = 2.5 E"0'65 + 1.86 E'2‘5 + 0;3 E_7‘8
(n::l) (D.:Z) (11--:3)

It can be seen that the series terms are rapidly
converging with inocreasing n and E; For E = 200 leV the
series térmé are approximately equal to 2 and the total
attenuation of protons of this energy equals 3 e""i For
B = 2000 HeV the series terms equal 0.4 and the total
attenuation equals 1.4 e~ %, The integral attenuation
ourves for different lower ocut off energies are shown in
Figure IV.1l. Also are shown the curves corresponding to
geometric absorption (m.f.p. of 150 gm/cmz} and the obser-

" ved attenuation of all stars with more than 3 tracks dis-—

oussed in Part II, Section 7 with a m.f.p. of 330 g?u/om2



Table IV.l., Values of Cascade Serles for Different Values of } .

order n of

Cascade

. 1 -2 3 4 5 6 7
Value of»%

2.5 2.98 4.5 - '4.52 | 3.5 1.97  1.01  0.43
2.2 2.9 E0-09 3,08 038 3.14 g-1.12 1.12 g=3.5 |
2.5 2,70 E-0-27 3.1 §-1.08 1,45 55 36 .12 9.9
2.4 2.55 5-0-47 2,4 E-18  0.67 E°5-6
2.5 2.45 £70-65 1,86 5-2-5 0.5 E77-8

2.7

2.1 prl.02

‘lals E‘S-Q?
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The inorease in‘attenuatiéﬁ with enérgy 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
k for 8tafa with more than 13 heavy tracks the ratio was
i.ﬁ tiﬁes the geometric attenuation. ‘

However, this agreement between the cascade theory
and the experimental results does not prove the existenoce
of the variation of attenuation with energy;'vln,faot,
the very good agreement could be regarded as fortuitous,
because very slight changes in the parameters.)'g 99 and '

P oan}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
anstante

If )’ = 2.15, then K, given by IV(13), is egual to O,
and the series terms in équation IV(12) become independent
of energy. For }":_2.15 these series terms actually
diverge and one obtains an infinite number of nucleons
under the absorber;,'ﬂowever, for nucleons above 15 BeV
}} is probably mofevthan 2.5 and tends to increase with
energy.

The series terms of equation IV(12) corresponding to

various values of 3’ are shown below in Table IV.1.
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~ As B’ increases the effect of higher order cascade

térms decreases; The sum of the series terms is shown in
Figﬁre‘lﬁ.é. The value of these series terms gives the
inorease in the number of nuoleons over that expected on
' & geometric atteﬁuation;'and it can be seen that quite
small variations of would canse large changés in the
energy distributioﬁ;

At first sight this would seem to be & very good
method for determining\}’ , if the energy distributions
above and below the absorber were knowﬁ. However, the
effect of varying‘)’ , described above, applies egually
well to variations of yf and B s which are unknown
factors for interactions in lead. |

The neutron cascade can explain the observed inorease
in low energy nucleons if the values disoussed in Section
5 are used. The effects of ionisation, discussed in the

next éection, will apply to a cascede with these initial

"~ constants.

5. Effect of Ionisation Loss on
‘the Nucleon Casocade

At high energies the mesons and protons in the cas-
oadé suffer the same ionisation loss) For lower energies
the protoné predominate and so in the following calcula~
tions the ohargéd 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, ilessel 1950) have assumed con-
- stant ionisation loss for the éharged compornent of the
. nucleon cascade; This is quite reasonable for energies
greater than 1 GeV where & constant'enefgy loss ih»lead ‘

2 1 has been assumed. However, protons

'of 1.15 eV oem® gm
with an energy of 200 eV have an ionisation loss of four
times minimum, and hence for protons of energy lesé than
1 GeV range-energy ourves in lead, calculated by Dr; S}F.
Singer (1952), have been used. »

‘The range-energy ourves and energy loss ourves/gigwn
in Figure If.BL’ It can be seen that only protons incident
with energy gre@ter than 650 MeV will emerge from an
absorber 30 cm. (340 gm cm‘z) thick.

If the protons have a differential energy spectrum
above the ;ead given by a. power law with ﬁegative ‘eXpon-
ent } = 2.5, then 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 om. 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 effebtively 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 cﬁ. lead shown in Figureiif.4 will apply to those pro-
tons‘passing through the lead without nuclear intgraction.
| It has been shown in Section 4 thaf only the first
two stages of the cascade are efféotive for a cascade in
30 cm; lead. Ioniéation corrections have been applied to
each stage of the two-stage cascade, assuming fiystly
that equal numﬁefs of neutrons and protons above 1 GeV in
energj are ihdidént on the absorber, and secondly that in
each nuclear disintegration equal numbers of ioniSing and
| non-ionising partioles are emitted; As a result of ioni-
‘Sation loss in the cascade, an emergent nucleon of energy
E will be associated with an incident nucleonlof 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‘componenf, but this is
counteracted by the increase in low enérgy nucieons in
the cascade process i tself.

| In applying ionisation oorreotions,‘thé following

cases are examined:
i. One-stage process
(a) neutrons produced by protons (p, n)i

(b) protons produced by neutrons (a, P)y
(¢) protons produced by protons (p, P)y
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] -st Yocess
ii. Two-stage p produced

(a) neutrons produced by protons (p,n);; by higher
119 energy
(b) protons produced by neutrons (n,p)ii} nucleons

- (¢) protons produced by protons (PyP)y4

(1) One—s%age process

The term corresponding to a one—stage process, neg-

lecting ionisation, can be obtained from equation IV(12),

and it is equal to

| N -°(°.S.— E—}EE/}L

o

; EEl 5,” a8 O Iva)

where By is equal to'(E/ ),

" Relation IV(14) still stands for a one-stage proocess
of neutrons produced by neutrons, but m is replaced by m',

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 ih traversing the
distance (y om.) from the top of the absorber to the inter-
action; iz El is the energy of the proton at the inter-
action,_El(y)'will represent the initial energy at the

‘top of the absorber. El(y) can be obtained as a functlon
of E, and y from the range-energy relatlons in Figure IV. 3
For energies of Ey above 1 Gev, El(y) =B + by,vwhere-b

is the minimum ionisation per unit distance. For an
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absorber & cm, thick the term in the cascade corresponding

to a (p,n) interaction is therefore equal to .
B g =X o n' %E—-»f x /EE/ ;}
Yo € B a 0 ' EICY)

: . y=v. - ]

?If‘El'is'gréater than 1 GeV, E;(y) ocan be replaced

L g ¥ar av IvVQLS

.bvai + by, and IV(15) beéomes

E | | -
i e X "““' "} g ~ k -+ Elf” dF IV(16)
"o | B, + ba/z) B

neglectlng terms of the order of (B‘b)2 oompared with unity.

For a 30 om. lead thickness ab = 400 MeTV.
(b) protons produced by neutrons (n,p)i

Protons produced by neufrons, and eﬁerging 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
protons under 1 GeV, the term dE is replaced by dgé-l dE,
and the term in the cascade corresponding to a (2,p);

interaction is equal to

=X mt __} l a ( B )’ E(Z) fb
N, e ;1 GO ) s By
BC) 4 as - wan

For proton energies greater than 1 GeV (E > 1 GeV),
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expression IV(17) can be written as

‘ \) ‘ab |
' ; : E+=5
" e“c<'2£m~' E‘y Eb ? S %31“(Ef+ );w Iv(1s)
© B ((B+ %—-)li E +§‘-§- |

negleéting terms of the order of (%?)2 compared with unity.
(¢) protons produced by protoans (p,p)i
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

a
- =X Lt -3 1 ( E )3
o e B £ a z{; (8(z); + bla~-2z))
E(2)y ¥ ancs | |
e B *leE dE 4z | IV(19)

Fdr proton energics greater than 1 GeV, expression

IV(19) can be written as

| -X Lm' _\‘ E } (E+-—-)l ab- ¥
W, e B §<E+ )1 a,bg EPE (B+501 1v(¢20)

+—2—-'

The expressions IV(14) to IV(ZO) were evaluated up
to nucleon energies of 10 GeV and the results are showﬁ
in Figure 1IV.5., The reduction in low energy nucleons

caused by ionisation is clearly shown.
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(ii) Two-stage process

in a similar menner as desoribed in (i) ionisation
gorrections have been applied to a two-stage cascade pro-
cess. PFor the simplest case of neutrons produced by
neutrons the term corresponding to a two-stage cascade is

equal to

g IV(2L)

where By = (x)

(a) neutrons produced by protons (p,n)ii produced by
"primary" nucleons. ‘The term correaponding to a (p,n)ii
interaction is equal to

N 2,2 5 )e E
- _yy BAS (BEIE, L L ¥ 4w
o B exp(-<) E~E~§ (EZ)Egp33 By (y) EF 4B IV(22)

B0y % 1 by =
¢ N -—.- -u-.) & '
vwhere El(y) = (X)F * 5 | E2 = (359

(b) protons produced by neutrons (n’P)ii produced by
- "primery” nucleons. The term corr?sponding to a (n,p)ii

interaction ig equal to

- 2,2 2 .
= Cm2l? 1 gy ¥
B E 0 exp(eo) BZL 2 ( 50 w0y E2
: dE ‘ o
E, (¥ ~Eé13~ dE dy - | . Iv(23)

where E(y) is the energy corresponding to I due to
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. . -2
ionisation loss in y g cm.

E (y) %
<—@>P B, = CRIF

where El(y)

(¢) protons produced by protons (p,p)ii produced by

"primary" nucleons. The term corresponding to a (p,p)ii

interaction is equal to

_\ 02 o42 y E )X dE(y)
B, BG) ¢ Z
EL ) E, (y) dE dy IV(24)

ab E
El(y)+2 @

For higher energies relations (b) and (¢) both

become

X E, y ¥

B," E, IV(25)

N, g ¥ exp(= &) m2"2 (2

B ab
E + &0
2P 2 +2 |
b o
: E+§‘-——% Eli
where By = ( - B, = <3F)F

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 1lst stage oascade; v

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

N (B) dE = Wy ¥ exp(~c{)ndEgl +fn(E)3 S T

whefeffn(E) is'the;sum‘of the lst and 2nd stage casoade
 ferms for necutrons, This total cascade term is shown in
figure I?.?, together with the corresponding term fp(E)
for protons.
"However, the energy distribution of the prgtons‘is
"not quite analogous to that of the neutrons. It is

actually given by
NP(E) dE = N, E") exp (= K) dEEF(E) + fp(E)% e

where the F(E) term represents the additional aﬁtenuation
of the original protons due to ionisation loss only; This
F(E) term is shown in Figure Iv;B, 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 IV;9 and
can be oompared with that obtained from the sim@le 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 E2:2 law, while the converse is true for

protons below 3 GeV.

As the néutrbnsvabove the absbrber have an E_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 enefgy 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

obgserved star-size distributions is possible.

6, Size Distribution of Stars cagsed
by fucleons 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 deusity greater than i.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. iessel (1951)
and Barford (1951) have developed cascade theories within
the nucleus whioh lead to a distribution in the number of

nucleons emitted. Hence a star of a given size can hsve



131. IV.6..
been formed by nucleons in a wide energy range. For a
given energy distribution of primaries, however, the
resulting size dlstrlbutlon of stars can be calculdted

“f the fallow1ng functlono are known:

(a) = The variation of the ocross-section for star
production with energy.

(b) The relation between the incident particle
energy E and the mean size m of the resulting
stars.

(e¢) 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 nupgbers of stars prodﬁced by
particles in the energy region 400 MeV, as the cross-
section passes through a minimum in this region (Ve Juren
l951j. As discussed in Seotion 3, thiskwill tend to com-
pensate for the overestlmated attenvatlon of these low
energy nucleons in the lead absorber. Over the whole
energy range consldered the cross—sectlon does not vary
.by more than a factor of 2.

Hodgson (1952) has considered this problem of
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gtar-size distribution in detail, and he found that the
distribution in size of stars formed by primarieq of a
glven energy could be renreseﬁted Dy a f01ssom distribu-
~ tion. This has also been used by other 1nvest1gators
(Clementel and Punpl 1949; Yamaguchl 1949) The size dis-
tributions observed by Germaln (1951) and Titterton (1951)
ffor stars produced by monoenergetic beams of partloles
agree quite well with a Poisson dlstrlbutlon. Using the
results of Barton et al.-(l951), Hodgson assumed that the
differential distribution of energies released ih 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 mean star-size, Which_gives the experimental
star-size distridbution at the Jungfraujoch (Barfofd and.
Davis 1952); This relationship can be expressed as

E =1.4 (37 m + 4 m°), 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 ocut
off energy of about 50 HMeV in the primary spectrum,
corresponding to a mean star-size of m = l; This cut off,
however, only affects stars of J or 4 trscks.

If the energy distribution of primeries is equal to

: f(E) dE, and the primarj—energy mean star-size relation

is given by E = f7(m)’ then the relative size distributions
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of the stars formed in photographic emulsions is given by

say = f & fgfmg % dm . Iv(28)
g, ‘

The first factor on the R.E.S. of the above equation
reyresents’the'probability that a primary, prodlclng stars
with‘a mean star-size m;‘will produce a star with actual
size N. The middle fzctor in brackets giyesvthe number of
’pfimafies in the eunergy range E to E+dE, oerre3§onding to
mean size m to m+dm. If both the funotions f(E) and @ (m)
cen be represented by power laws, where T(E) equals “"X ’
and, ff(m) equals cm®, then substituting these.values,

equation IV(28) becomes

i

san = ¥ a -ﬁl— Joem = g IV(29)
/ -
(¢}

|1}

where « = (¥F=1)a +1 | - IV(30)
| - The cut off m, does not affeot the integral fér values

‘of N greater than 5, if & is not greater than 3. The
integral in equation IV(29) is now equal to the complete
gamma, function T M= + 1) for i > 5.
| ~ The relative star-size distribution for stars with

more than 6 tracks is thus proportional to il (-(N-o<+l)
These dlstributlons are shown for various values of oA in

Figure IV.10, and may be oompared with the observed star-

size distribution at the Jungfraujoch. The latter ourve
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was 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
traokS; ‘The values of « giving best agreement with
experiment are given by A =3 z Q.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 I o.2.

. However, this relation has been derived experimén—
tally by Camerini et al. (1951); Their results are shown
in Figure IV.1ll, and the relation between mean star-size
and primery energy ocan be expressed as E <ml*? for the
‘energy region between 0.1 and 5 GeV# It can be seen that
the ourve given by a = 1.35 is not in agreement with the
experiment results for large stars; However, if the wvalue
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, tThis is in contrast with the value of 2.5 assumed
in setting up the nucleon cascade, It is interesting to
note that Messel (1951) also found indications that‘the
power lew should have an exponent 2.1 instead of 2.7, the
value which he had‘agsumed. 48 explained in Section 4,
if this change is made in 3’ » 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
4 and F , the values of which are quite unknown for .
interactions in lead, a good fit with the experimental H
results could be obtained, with the new value of ‘k of U
ZFlL | :

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 ml'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
oasca@e. A cut off energy corresponding to m = 1 was
taken. Typiqal curves for this integral are shown in
 Figure IV.12 for incident nucleons with an E-2-2 differen-
tial energy spectrum. It is apparent that the cut off is
effective only for stars with less than 6 tracks; Each
of the curves in Figure Iv;lz 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 meén 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 cor;esponding to a mean size N, as was pointed out

by Hodgson.
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7. Comparison of the 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
giveﬁ. 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 N = 6.

It is possible to caloulate the attenuation mean free
path for radiation pfoducing 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 om.~2
may be too low, In calculating the geometric cross—
section of‘the1lead‘nuoleps,the nuclear radius was taken
as r, = 1.45 A% 10715 cn, However, the uncertainty in
the value of the constant 1.45 is about 10%, and this
leads to an uncertainty of some 20% in the mean free pathL
To explain the discrepancy between the theoretical curve
and the experimental results, one could take the inter—

2

action mean free path as 180 gm em.” %, This reduces the

cascade component, but at the same time increases the
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nunber of nucleons penotrating the asbsorber. The recult-
ing attonustion length of noutron stars is algo shown in
Figure E@Q&, and 1t is oleoar that tnis ig o better fit
for the oxporimental resulis,

The ratic of neutron to proton stars under lead hos
beon coloulated and is shown in Figuve IV,15., OGwing %o
the eriterion for minimum tracks (being less than 1.5
minimum grein densgity) only protons having more than
%30 eV enorgy will be roocogniced ng cousing p sters.
Kenoe, meny p stars with lees than 5 traecks will be regar-
ded ne n otors in the lead eopne anplysis, The comparison
between neutron and proton stars ocan therefore only apply

to stars with nore than 6 traoks,

8, Dispuseion of Casoode Theory

It is not clmimed that the cososde model developed in
this thosla gives more than sn approximate degoription of
the nuoleon onsosde in lead. Indeed, the mathematiosl
methods applied here wore necessarily simple to permit
rather genoral sssumptions ns to the average numbsrs and
energios of secondary particles in the bosic nucleon-

nucleus intormetion, It was posumed in the son~ionising

model that all the secondary partiocles had the same energy.
However, the statistical fluotuations in energics and
aunbors of these eecondaxy particles will undoubtedly have
o ocongiderable effect on the propartios of the onsoade in
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lend and oould lead to different quantitetive results
from the siople pioture developed in Seotion 2 of Part IV,
The highly efficient methemationl technigues of
yeasel and bis collaborstors sre more sultable for tack-
ling the copoade problem, not only as regarde fluctuatlons
in nusbers and energies of the omergent nucleons, but aleo
in the throee dinensional properties of the cascade,
However, it muszt be pointed out that the refined cas-
oade treatment developed by Messel can only be applied to
problems which assume a homogengous form of the basio
nucleon-anucleon oross-section, That ig where the Crodge
seotion for production of 2 nucleon enorgies By and B, by

g primary of energy © is given by o fuoction of the form
fg{fz}‘dﬁldEz

KE T T

+» For a non-homogoneous form of the

oross~section the goneral differentlal oguations for the
ongsendo would be extremely diffioult to $@l?$; It wne
shown in\?mrt IV, Seotion 4 that given such a homogeoncous
orogs~ssetion, a power 1&wlﬁpantrum of nucleons will
respin as o power low with tho same exponent at all thiok-
nesses of the absorber. If the continuous change in
&ttaﬁa&tﬁaa length with stor size, reportsd in Part I1I,
is n real eoffect, it could indicate a departurse from the
homogeneous ceross-section,

Although this deercase in attenuation mesn free path
gould have been dus to statistionl fimﬁﬁumti&m&, the ocoge

onde model developed hews oan give a gualitative
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deseription of this inoreasse for corteln waluvo of the
basie poranaters. The fact that the original values
aseumed for these paraneters actually showed a general
cdopronoe in attenuation moan free path with inoreasing
enargy ospnet be taken to §wéva its ewigtence, as very
slight ohanges in any of the basic porancters can cause
the entire nspeet of the onsonde to changs.

With the ordiginal volues of the poaraseters the theory
showa thot the attonuation mean fres path of the nucloons
ghould deorease with ilnoreasing onergy, tending towards
the collision menn free path. If one zooepts the theory
quantitatively, then the oxporimental results for the
attenuntion mean free path gould indivate an interaction
moan frec path in lead some 1.25 times tho accepted geo-
metric vaiue of 150 gm‘@m"g. In view of the meny ocimpli-
fying &ﬁéumptians in the theory no atiompt has been made
to find the sot of paremeters giving the bsot f£it with
ezperiment,

The analysis of star-size distribution, shovn in
section 6, doee acoem to show that the different energy
spectra of the slar-producing radistion ot the Jungfran-
jooh is ropresented by amn ﬁ“a‘lzﬁ*z law instead of the
previounsly reported g2ed low,
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SUMMARY,_OF COKCLUSIONS

Zoxt I

The general features of the oxpected spatinl distri-
pution of otars have heon disoussed In some detall., 1%
wag shown thot the main contribution to an excess of olose
aster paire would be by o regenerstive nucleon or oassocade
process whiock produces an exeeoss of the order of lﬁ”ﬁ star
s

nairs per ster for seporations up %a‘lﬁﬂgf*; ?hia ounpaTe
with the velue of 2‘15"2 reported by Li (1950), The data
used by ILi have boen carefully exasined snd it wes found
that the oxcess wag nmainly due to small sters, whioh were
subjeot to rothor inefficient searohing. On re-searohing
a portion of these plates rothor more efflciently, the
exgeas tonded to dieappear, and it is concluded that no
real evidence exists for an oxcess as large as that repor-
ted by Li.

In taokling statistical problems of this nature using
the nuclear emulsion teohnique, very grest care must be |
token o aonieve really efficient soanning of the emule
sions, Ancmalous results introduced by inefficient zoane
ning oould certainly be of the samne order as the expooted

axcass of ptarepalirs,.

Parts II, III and IV

The angular disgtridbution of the fonising component

02 the stoveproducing radiation is found to follow o
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.

{maﬁﬁ*;}e> gonith angle distribution law. The corrospond-
Eiﬁg/gimﬁwihmﬁian for the total star-producing rudistion

depends on the nature of the cssoade process in the lead
abaorbors. However, it is certainly more collimated than

a oos” © gteredian™ =+ dfstribution and may be of the form
4

608 © steradien™ ~L gor the high energy component,

The efficienoy for finding small stars io higher than
that achleved by sariier ohserversg., The rate of production
of all stars with 3 or more hesvy prongs is 17. «4 on =7
day = for emulsions exposed at the Jungfraujooh.

The attonuation menn free path in lead for the total
star-producing cﬁmyaménﬁ is equal to 330%15 g om™, in
reasonable agreement with the results of other cbaoervers.
There 1o e definite inorcase dn the proportion of small
stars under load, the attenuation leagth of the radiation
producing 3= end 4-track stars being 37¢ = 30 g oo "a In
addition, there are some indicstions that the attonuation
mean free path contioues to deorcase with inoyessing star
gize to a velus of 210 £ 70 g on 2 for sters with 13 ox

more tracks. However, the statistics are rather poor and ) "
ooy
/

the coatinued decrense could be due to statistical fiue- |7

tustions in the emell punbers of stars involved. The |
cascade model developed in this thesis osn show this
effeot of an inoresse of the attenuation mean free path
with i&ﬁﬁ&@ﬁiﬁ@ enorgy for certain values of the basio

paramoters, Under these oconditions the stienustion length



142,

actunlly tends to the intermotion length at high energies.
The enorgy distyibution of stareproducing nuoleons has
been expressed in terms of an cquivalent stor-size distri-
bution and it is shown thalt the differentiasl encrgy dils-
tribution of the stor-producing component at the Jungfrau-
jooh is represented by an ﬁ”g*lﬁﬂ‘a inw,
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» April 1952,

The Double Star Effect in Nuclear Emulsion Plates Ewposed to the
Cosmic Rays

By G. Davis
Imperial College, London*

L1 (1950) reported an excess of close star pairg over that expected on a

random distribution, in plates exposed at the Jungfraujoch. The excess

was of magnitude 2102 close pairs per star, the effect extending up to

a gtar-pair separation of 1500u (for 100 u 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 cm? of recently searched
400 u 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- pau' excess, referred to as ‘ice’ and ‘ Pb’ plates in his
paper.

The distribution of close pairs was found to be identical with Li’s regults.
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 em?). Further-

"more, the difficulty of identifying 2-track stars makes their inclusion
unsuitable in an analysis of high accuracy. 1i was aware of this effect
but thought that the searching was so efficient that it did not matter. Itis
unlikely that the Li effect, if it existed, should be found only if 2-track
stars are included in the analysis. The 851 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 809, contrasting
markedly with the estimate of 989, reported by Li. The excess observed
could then be explained by preferential 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
-L1, 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.8—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 cos? ®
steradian—! distribution, where © is the zenith angle, and may be of the form cos* ®
steradian—! for the high-energy component. For the charged component alone a direct
measurement gave cos®*! O steradian—1, )

The rate of production in emulsion under no absorber of all stars with three or more
heavy prongs is 17-0+0-4 em~% day—L :

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

Tiford G 5 nuclear emulsion plates (double-sided 200 4 and single-sided 400 y)
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 em 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 2cm and height 2 em at the apex of
each cone. The essential features of the experimental arrangement are shown in
figure 1. For a cone of half-angle ® we can define angles §, and d, such that any
undeviated ray reaching the searched volume of emulsion with declination less than
® — 0; must pass through the total thickness of lead, while if it is greater than @ + 4,
it can pass through no lead. 4, and 4, are given in table 1 for the various values ot
® 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 @ co-ordinate of our meagurements is clearly
less than d; or §,, 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 1004 of track. We

Al rejected plates which were so distorted as to impair searching efficiency or the

N2

" classification of stars.

The emulsion thickness of one-third of all plates was measured before and after
development. From this a shrinkage factor 25 + 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 109, 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=2of 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 x were used in the
analysis unless
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(@) all such tracks were less than 70 x 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

(¢) it could be interpreted as a proton-proton scatter.

Figure 1. Geometrical details.

"TABLE 1. GEOMETRICAL DETATLS

0 (° 0 10 20 40 60 90
8, (°) — 2.2 2:8 52 7.9 0
8, (° — 2.0 3:0 54 74 15-0
I (cm) — 30 25 15 10 15
h (em) 277 26-3 26:9 26-7 285 28-0

Our minimum-grain-density standard neglected the difference between the true
minimum and ‘plateau’ grain densities reported by Voyvodic (1g951). 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 searchérs who.took 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. REsurLts

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, g,,, was employed. The numbers of ‘minimum’ tracks
(9 < 1:5g,,), ‘grey’ tracks (1-5,, <¢ < 7¢,,) and ‘black’ tracks (7g,, < 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 (n,;) 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 n, was taken equal to the number of minimum tracks.
The number of ‘heavy’ prongs, IV, is the sum of the grey and black tracks.

(ii) Hrrors 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 135gem=2
(Bernardini, Cortini & Manfredini 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.



TaABLE 2. NUCLEAR DISINTEGRATIONS UNDER 20 CM LEAD AT 3570 M

corrected 3<N,<4 B N,<9 10<N, 3N,

emulsion exposure exposure n,=0 n,=10 n,=0 ny=1
cone volume time time ——r— —r PR — —h—
half-angle (em?3) (days) (days) n P n p n P n P
0° 0-60 51 51-8 265 26 - 105 28 12 5 32 23
10° 0-66 51 . 51-9 298 19 92 32 13 3 31 39
20° 0156 51 52-1 60 9 22 3 4 2 8 5
40° 0-88 51 52-6 310 23 95 26 7 10 25 17
60° 0-15 51 52-7 48 3 15 2 1 0 4 1
90° 1-06 51 53-8 271 31 110 21 7 4 21 18

TaBLE 3. NUCLEAR DISINTEGRATIONS UNDER 30 CM LEAD AT 3570 M

corrected 3N, <4 5<N,<9 10< N, . 3<N,

emulsion exposure exposure n,=0 n,=0 R,=0 ny=1
cone volume time time —r— —— —_— RN —
half-angle (em?3) (days) (days) n P n P n P n P
0° 0-86 46 - 46-4 380 38 144 32 24 5 58 36
10° 1-01 46 46-5 429 35 157 32 22 9 31 20
20° 0-34 46 47-2 118 14 51 11 3 3 19 11
40° 1-12 46 47-9 324 24 117 17 9 6 18 22
60° 0-34 46 50-3 74 8 18 7 0 0 5 2
90° 1-50 46 50-8 288 24 79 16 9 1 21 17

N, =number of heavily ionizing particles; n,=number of shower particles; n=neutral primary; p=charged primary.

searching
factor

3<N,<4
1-00
1-00
1-00
1-04
1-00
1-05

searching
factor

3<N,<4

1-0
1-0
1-0
1-0
1-0
1-0
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(n) 488 291 146 170
(p) 35 34 31 14

)y 81 22 11 17
=1p) 9 14 6 7

total 563 361 194 98

TABLE 4. NUCLEAR DISINTEGRATIONS UNDER NO LEAD AT 3570 M

Bristol Manchester
A A

- Y 4 Al
7 8 9 10 1112 13 14 1516 17 18 19 20 3<N,<6 7<N, 3<N,<6 7<N, 3<N,<6 T<N,

33 23 14 13 9 4 56 4 3 2 2 1 0 0 99+32 113+11 600+11 101+4 835+25 116+9
14 6 6 5 3 21 0100 0 0 0 114+11 38486 54+ 3 456+3 707 46+ 6
6 58 4 0 2 6 011 01 01 1 7148 27+ 56 31£2 32+£2 7247 37+5
4 2 4 1 53 2 3 01110 1 36+6 29+ 5 290+2 33+2 45+6 18+4
56 36 24 191915 8 8 5 3 4 2 1 2 1216 207 "T14 211 1022 217

Corrected exposure 84:3 cm?® days. Searching factor 1-01 (3 N, < 4).

TABLE 5. NUCLEAR DISINTEGRATIONS UNDER 20 CM LEAD HEMISPHERE AT 3570 M

0(n) 188
0(p) 12
=1n) 4
=1(p) 6
total 210

4 5 6 7 8 9 10 11 12 =13 3<N,<86 7<N,
83 62 18 15 9 6 1 0 3 3 351 37
19 5 7 8 1 0 1 0 1 2 43 13

3 2 1 2 1 3 1 1 0 3 10 11

2 2 1 2 1 2 1 1 0 0 11 7

107 71 27 27 12 11 4 2 4 8 415 68
Corrected exposure 57-0 em?® days. Searching factor 1-05 (3<N,<4).

TABLE 6. NUCLEAR DISINTEGRATIONS UNDER 30 CM LEAD HEMISPHERE AT 3570 M

190 98

=1(p) 2 0
total 207 117

Manchester

5 6 7 8 9 10 11 12 =>13 3<N,<6 7<N, 3<N,<86 7<N,

42 13 11 9 4 3 3 2 1 343119 33+6 256+ 8 244+ 2
6 5 2 3 0 0 1 0 0 35+6 6+2 26+2 11+2
2 3 1 0 0 1 0 2 2 15+ 4 6+2 16+2 10+2
4 2 1 1 1 0 1 2 3 8+3 9+3 16+2 10+2

b4 23 15 13 5 4 5 6 6 401 b4 314 55

Corrected exposure 76-2 cm?® days. Searching factor 1-00 (3N, <4).

N, =number of heavily ionizing particles; n,=number of shower particles; n=neutral primary; p =charged primary.
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The attenuation of star-producing radiation 231

If N events were observed the errors assumed in obtaining.the final results were
+ 4N 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 produeing 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-! in the upper hemi-
sphere and zero in the lower hemisphere, where @ 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(®) = N(0)a(d)[1 + cos™t1 O(1/a(d)—1)]. (1)
Whatever the value of m, a(d) is given by v _
N(ym) = N(0) ald). (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) = e~ (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

| dJA = log [N(0)/N(3m)],

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 ® = 40°, Searching was therefore concentrated at
thig value. The final value of m was taken as the weighted mean of the values best
fitting the results for 20 and 30 em absorber.

The alternative method of obtaining m from the formula

log[N(®)—N(im)] = (m+1)log cos @ +log [N(0) — N (im)]
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.



232 N. C. Barford and G. Davis

14~

10—

rate of star production, N(®) (cm—* day—1)

6 | 1 | ! ] I ! ] |
0 200 400 600 . . 800

cone half-angle, ®

Ficure 2. Rate of production of all stars with N, > 3 under 20 cm of lead.
—, N(@)=28-6(1+0-98 cos™*1 @),

18—

141~

101~

rate of star production, N(®) (cm—2 day~1)

A ] I ] 1 ] i 1 | |
20° 40° 60° 80°
cone half-angle (©)

<

Ficure 3. Rate of production of all stars with N, >3 under 30 cm of lead.
—, N(©)=6(1+1-83 cos™*! @).

5. DISCUSSION
(i) Absolute rate of star production

Therate of production of all stars with &V, > 3 innuclear emulsion of 17-:0 4+ 0-4 cm—3
day—! is greater than previously reported. For comparison the stars recorded by
the Bristol and Manchester groups (Brown et al. 1949; 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, B = 37N, + 4N}, given by Brown ef al. (1949).

?

50
| P

150} B 8

350

_ attenuation length (g em~—?)

| | 1t | SR N ' ] | )
4 6 8 10 12

N

FiouRE 4. Attenuation length for stars with N,>N.

i (ii) Attenuation

Figure 4 shows an attenuation length in lead for all stars with N, >3 of
330 + 15 gem—2 which agrees with the earlier values of 310 + 20 gem—2 (George &
Jason 1949) and 305+ 7gem~? (Rosser & Swift 1951). For small stars only
(3< N, < 4) produced by neutral radiation it is rather greater at 370 £ 30 gem—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 gem—2, may be com-
pared with the ‘geometrical’ mean free path of 150 gcm—2 based on a nuclear radius
r=145x 10" At em.

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

dV = KE-dE,
even the fairly general law that a nuclear collision of a primary of energy  yields
ny secondaries of energy o, £, n, of energy o, #, ete., themselves capable of producing
further stars, where ny, 7, ..., @, &,, ... 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, Hiocker & Rdossle 1951), but the measurements under 20cm of lead
showed no effect of the type reported by the latter authors for stars with two or
more prongs.

Or=
I [
4 (o]
§
3_{
2_
] ! ! | ] i ] ]

Fiaure 5. Angular distribution exponent, m, for stars with N, > N.

(iii) Angular distribution

For the lowest energy stars (n-stars with 3<N,<4) we find m = 25 + 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 ef 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 u-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 3570m.
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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 A*B'C? 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 cos*36.

60

40

i
—J
=

number of charged primaries

| | 1 1 1 i
0 20° 40° 60° 80°

zenith angle of primary, @

Ficure 6. Angular distribution of charged primaries of stars under no absorber at
3570 m. —, K sin 6 cos™ ¢ 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 emulgion 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

(@) 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
isotropie.

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 (@) 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 210gcm—2 with the
secondary distribution still isotropic would increase this to m = 25, 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, thereis 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— 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 gem—2 and to an angular distribution proportional to cos?+95 0 steradian—1,
where @ is the zenith angle. The true distribution is probably nearer to cos?5+05 @,
but the collimation appears to increase slightly with increasing energy and may
reach the value cos*® for the radiation producing the largest stars. For charged
primary radiation alone the distribution is proportional to cos®+! @ steradian—.

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 gem—2
vver the range considered ( ~ 200 to ~2000MeV).

We should like to thank Sir George Thomson, F.R.S., for the interest he has
shown in our work. We are indebted to Mr S. Lattimore for help in preparing the
apparatus and to Mr A. J. Herz and Miss M. Edgar for developing the plates. The
experiment was only made possible by the facilities available at the Jungfraujoch,
and for these we are grateful to Professor von Muralt, Dr R. Stdmpfli and Herrn H.
Wiederkehr:
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