CHAPTER I

HISTQRICAL INTRODUCTION

1.1 The discovery of cosmic radiation.

The Iirst o%servations that led %e ultimmtely to the dia;
cavery of cosmic rays were made in 1900 by C.T.H. Wilsen (1) end
by Elster and Seitel (2). ?Endependently they cbserved that an
electroscope in = vessel at earth potential graduglly lost 1ts
charge &y the motion ol gaseous ions produced Ly a small reaidual
icnization opven if it ia very carcfully insuleted. An ion current
oan aﬁly be maintained if the ions, which are swept away by the
electric field, arc constantly replaced by ncw ores. TRe assump-
tion that the ions are preduced by some internal mechanism as, for
cxample, by thermal agitation, was rejected as improbablie, and it
wag concluded that the icnizetion must be Aue to some outside zgency

suchk us %X - rays or E - Tays.

Later investigations by Butherford end Cook {3) and by
Melennan and Burton (4) in 1903 showed that the rate of ionization
in a c¢losed vessel is considerably roducad when it Iz surrounded by
a sufficiently thick layer of lead or octher absorbers. This proved
that the "penetrzting radiation" as it was then called, comes

partly from vutside the ionization chamber.

In 1909 2 large number of investizations on the conductively

of gases and its canses Ffollowed,Wulf (5) and Gockel (6}, as a
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result of the anaiysis of their own results and theose of others,
came 10 the conclusion that the whele of the penctrating radistion
can be accsunted for in terans of x - rays omitted by raliosctive
substances present near the surface of the carth.

in
Pacini {(7),1912, who obscrvel simultanecous variations of the

rate of ionization on hish mountains, over a lake, and gver the sea,
did not accept this conclusion, He concluded that a certain part
oi the ionization must be due to sources other than the vadicacti-

vity of the certh or the air.

It was ®ohy years, howover, before the corigin of this source
of ionization was shewn by Hess {8) to lie ocutside of the earth.
Bezs exmployed frec balloens to carry ionizaticon chambers to alti-
tudes sbout 5,000 m. above sea-level and found that at these heighiss
the ionizetion is already twe or three times that observed ol the
carkii's suriace. This discovery ruled cut tho pd%ibility that tae
renetrating rodiaticn is due to the radicactivity of the carth's
cregt and proved thet it travels downward through the earthls

atmosphero,

The result of legss were lator confirmed by Kolhorster (9)
{1914 - 19) in a number of ballcons flights up %o 9,200 m. above
sea-level. Am increase of the ionization up to ten timesg ithat at

sca-level was absorvel.

It vas estimated that the cosnic rays coming from avove wera

respongible for the production of1to 2 ion pairs poer c.c. por sad.



The ionizebtion gt sea-leovel is ameinly dup to coamic roys. Hoas
also found that the intensity of the rediation is practicelly the
seme ati night as at the day time, and that ifta penetrating power

Zrecatly exceeds that of any cther ¥mown radiations.

In 1522 Willikan {10) ond his cellaboraters investigatel by
containing recording instrumonts in free ballosoms, and was thug
able to obtain ueesurencnts at altitudes of 15,500 m.. In aciiiion,
obsvrvationa were made im oirplanc flights and on mountain tops as
well ag at congiderable Jdapth in the water of mountain lakez. The
existence of the punetrating radiaztions under all those conditions
wes confiroed, and gince they gppearvé to come Trom an exkraterres-—

trial sourco, Millikan in 1925 called them "cozmic rays?

I.2 Lomponcnts of ¢ospic ray particles.

The earthls etmpaphere iz thus under the continugus bombard-
ment of hish enerpgy particlces coning from outer space, These
particles are the prinary ccsmiec rays occuring in the mmiverce,
accelerated by some unknowm mechanism to be of great enersy of the
order of billions of electron volt per nuclecn. The primary cosmic
radiation consists mostly of protons {about B%%)}, alpha-particles

and g small ameount of heavier nuclei.

As they penetrate inte the atmesphare, primary cespic rays
lose encrgy end graduslly disappoar on colliding against the oxygen

and nitrxocsen ztoms of the air. A nuclegr rpaction securs and
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sevaeral new particles are created. These new particles are called
"Secondary eosmic rays'. In these collisions they collide with
the nuclei thus nroducing seccndary protons arné neutzona. Thoy
also generate pi-mesons. The pi-mesons are known to be 276 elec-
tron . masses. They may be positive or negative pr neutral, and
have zero spin. These are unstable znd decay inte a mu-peson and

a neutrino.

T= - — i//$¢T + Y
" o M+ 9

Feutrel pi-mesons disintograte immediately into twe photons,

Tor

which then mnultiply into showers.

T sy ¥

The nean docay time!z; for a pi-megson at rest is about

2.6 x 1G-G sec. If it moves with reletivistic veloeity, the time

rnust be rTf
T, o __
NS
v
1 - ':E}
where v = the velocity of mi-meson

¢ = thg veloelity of lizht

The mean frec peth before deoczy is

L a‘T‘H’ = (]’01:__" o = ‘TG ‘E
{1 N [%) Mo

wherp P is the nooentum and Me is the rest masg: 2. For a pi-noson




of 1D93ve energy one obtaing L = 55 m. It is vnderstandable, that

very few pi-mosons are observed st sea level.

O the other hand the mean life of mu mesons at rest is
. : -6
longer thon that of pl-mesonsﬁEE¢15 x 10 sec.) Mu-mesong of 1090v.
hove the mean free¢ path belore decay about & km. Again they are

unsgtable and may decay inle an electron and two newtrincs.
flé-n—————————f (o + W + </

dingce ihe intcraction with nucliei is weak, the mu meson
Productions in high altitudes direetly or by decay of pi-mesons,
iz able to rewmch ses level without decaoying or being zsbacrbed by
nuclei,

Thus it con be peinted oui that the cosmie radiation, in
generel, consists of two main componentz, soit and hard when they
ere classified by the penetroting power.

. Boft end hard components.

The extruordinary penetrating power of cosmice rays is sHOWR,
by their obility to pass through the esrth's etmosphere, in the
Tirst place. 4 study of the absorption of cosmic reys in matter
has shown the fact thst the intensity docs nmot decrease regularly
with the thickness of the absorbing material. For cxample, with
lead as absorber, as done by Rossi, (22) the intensity of the cosmic
rays diminishes rapidly for the Tirst 10 cm. thickness, and then
Tzlle off much



more slowly. This indicates that the cosmic rays consists of at
least two dlfferent types of rﬂdiationaﬁhat part which ia absorbed
by about {C cm, of lead at sce level iz colled the "soft componcent"
of the cosmic rays. It consiets chilefly of clastrons, positrong,
camng photons, end porheps low-encrgy mosona. The pcrtioq of tho
cosmic radiclion which is c¢anpable of pemetrating much greater thick-
ness of mattor, end which i3 absorbed only with difficulty; is called
the "hard compotients", consistas of protona, pi ungz;esuna'at hiza
eltituies, end gt seca level nlmost entirely of mu mesons. The soft
somponent i1s more casily absorbed ﬁhan the hard component in paossing:
through the atmosphere. Sirce ptumospherid absorption is eguival ent
to the abeerption of ten meters of weter, or osne meter of lead; the
soft component cannot be e pricary cosmic ray constitucnt. Woore
the herd component is more closely related to the primary cosmic
radiation. The aoft component wﬁuld not be observed at seo level,
but it can still be detected at great depths below sen lovel. It
may be explained by the fact that the soft componhent is egquivalent
to the seeuniary rediaticn resultingfrem the interaclion of the
primary rays with mstter, or frem spontonecus changes undergone by
the bard cougoncent. The clag¢¥rons of the soit componcnt of cosmic
reys arc beliwved to orginate chiefly in threoe ways. TFirstlyentrges
pl-mesons decay into cu-mesons and the latter then cmit electrons,
either positive or negative mocording to the sign ol the primary
TIES0IE . Secondbﬂthe decay of neutrzl mesons is accompnnicd by the

liberation oi gamma~ray photons of high encrzgy which can produce



positron-olectronpmirs when they ccllide with atomic nuclei; dnd.
finally, result froo direct impact of the fast mesons with the

oroital clectrens of the oxygen and nitrogen atomsin gtmosophore.

. Huolcar Irtersction Componcnts of Coamice Hays.

&5 stated Lefore cosmis rays contrin many different inds of
perticles,; theugh not all of them may be sble to produce 'nuclear
irteractions" with a target nucled. Trom experimental cesults of
rory iunvestigators we cancluded that protons, ssutrons, and ﬁ--
magons sre nainly regponsible for this kind of interscetionas. 1t is
proboable that all of these partieles hove large nuclear cross -
se¢iicns. This is inewn to be true for prolons and newirorns with
crnergics ¢l the orfer of ‘ml[5 ev, The prompt nuclear abscrption of
negetive pi-meosons at rest shew that these particles interaet
sbronfrly with nucleons, and recent experiments have supplied convin-
cing evidence that fast pi-wesons are very effective in producing

nuclear interactions.

Ihe relative number of nuclear interactions due te protons,
neutrens, and pi-nesens, depend not only on the nucleur creas -
sCetions oF thesc particles, but also on their relative abundance

in the atneosphore.

icet of the particles that cause nuclear interactions arve
of secondary arigin ant their abundiance in the stmosphexe ia deter-
mined by their rate of producticn and by their rate of disappezrance.

Heulrens disapprar only by nuelear interactions. Proions, losc



encrgy Ly lonizaiion. Fi-mesons disappear rapidly by sponteneous
dgcay asz they travel in the atnosphere and most mesons will decay

before undcrgoing naclear c¢ollisicns.

Among the products of nuclear interactions, the Tollewlng
rarticles heve weoen identifieds protons, neutrcnsyheuvier raclear
fragments, pi-mesens, photons (from the deeay of neutral mesons),
possivly K-mesons and hyperons and other xinds cf shorb-li#ed
perticles, There are ressaas to bolicve that pi-mesons neve 2 Civos-
section for nuelesr interactions cemparable with nucieons. So thaet
when a nuclear interaction coours in condensod matter,.secﬁndary
yi-wezsons may interact agein.

]

; + T (in nucleus) — 5 n + ghﬁ5;£
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When a nuclear interacticn occcurs in sir, the secoendary nucleoons
are wore eifective ia the producticn of furtherauclear ifntoractions
then thc gecondary piemecsons, bocause wmost i the pl-mescens decay

into mu-mesons before urdergeing a nuclear encountor.

Wheon e nucleser interactiol cccurs, resulting sometimcs arc
called cosmic ray stars. The star was interpreled as a nuclear
explcgsicn subsequent te the sbscrption of trhe mesons at rest {preo-
sumably o ncgative mescn) by e nucleus of one of the elemenis in

the emulsion.

ilost of the negative pi-mesons give rise to stars at thoe eng



of their irecks in the ecmulsiorn. It arhesrs likely that =211 nego-
tive pi-esans produce nuclesr disintegraticons after zooing ta rost
in the entlsick but that in abouwt 27 per cent of the cazses the
miclear disintegrations result in the emissicn of nevwtron only, wnd
Tor the star producing by nuclear shsovptior of Wu-Gpesons 15 very

Iore evenlh.

T.3 &Altitufie Varictions ol Comiic Bays.

1. ECosmic =~ ray Intensity at Various fltitudcs.

The digcavery of the cxisteonce of 2 rediaticn cominzy from
the pubter atmosphere, waz made through observaticns of the inteonsiiby
of radiabtion at varigus zltituies. The picvaecring balloon {lights
cf Hess [11) znd XKalnorster {12), who atteined respeciive sltitudes
of 5,200 and 9,000 uweters, contributed some evidence wveparding the

manncer 0of the increease of intensity of ecenic rays with aliitules.

Leter in 1923 Millikan snd Bowen (43) scnl up srall soundirg
Bzlloons corryins sufficignt recerding apparetuls to obtain the dzta
at i higher altitudes Wedcad e —thda ey,  Pour duplicate
instrunents vwere designed eospecinlly for the flights.  Bach of thoese
included a recording electroscope and g recording barepzeter and o
thermereter, The recerds ware made on a moving photographie fidx
driven by cloclkwork, se thot the instrument is sclf=recording.
These ingiruments wore carried up by bzlloons siwilaxy to tiiose uscd
for weather observations. Each instrusent was carriecd by two bal-

loons, It was hoped that af 2 e¢ne had broken at a hizh zltitude,
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the other would c¢arry the instrunent beck to enrth. Three of the
four instrunents were recovered afier the flight, znd two of these
had setizfazctory rezords. These had z=ttained altitudes of 11,200
and 15,000 meters, respectively. In agrecment with previous work,
these exprriments showed that the intonsgity incrcases with aliitude.
But the irncreage wes not zs large as it appecarecd from the pignecring
woerk of Hegs ond Kolhorster 11-12).  The average intensity betwoen
5 and the 15 kilormeter levels was aboubk threco bimes that at the
varth's suricce. Thease general Tindings were confirmed shortly
through ncezsurements ande on the top of mountaius znd in airplanes.
After that; observations on tho chenge of inteusity with 2ltitude
have been carried practically to the ftop of the atmosphore. With
the improved apparalus that later bec-me avaiiable a more careful
and detsiled examination of the effeet of altitude has boen nade at
geveral differoent geohegnotic lgtitudes, The intensitiecs obtoined
for cosmic - ray particles by the instruments sre plotted sgainat
the corresponding values of the atmoepheric pressure oxpressed in
terms of meters of water, a pressure of 1 aime., or 76 cuw. of mercury,

being equivalent to 10.33 meters of watar.

Rezuits of studies at two pluces for instance; Madrus & Ban
dntonio are showrn in Fig. I bepause of certein significent difference.
Iadras in India is wvery closc to magnetic eguater, E'H magnetic
latitude, whereas the pluace Ban Antonio in Texas is much farther
rorth, 55.R azgnetic latitude. From Fipure I we =zee that these
intensity - sltitude %ﬂﬁﬁé ere different. Althouvgh each has the

sans genersl form, and cach reaches a maximum intensity



Tona
]

80—

b3

% o
SASKATCON, CANADA 60 N
OMAFA , KEB 5T ¥

8

o
OKLAKOMAE CITY, OKLE L5 N

a
SAN ANTONIO, 2 TEXAS 35 H

Baletive Cosmic-Rey Intensity
By
o
| L

L

Altitude In meters woter equivalent

Flg. I Cosmle-ray intanéity as o function of the
etmospbarie preossure.

( from : Source Book On Atomic Energy by Samuel Glasatene p 560 )



11

about 19,000 meters, shave which the intensity starts te fall off

with incromsing height.

The generzl shape of the intensity=-altitude curve may be
g¥pleined in the following manner. Hear the top of the atmosphere,
the Pfﬁﬂmary cosmic ray purticles, helieved to be nuclei but mostly
pfctans intereact with the molecules of oxygen and nitrogen in the
air, producing numbers of sccondary parlicles, mostly electrons,
both positive and negative, and photens. The instrument which
neasures the total number of charged particles, of total ionizatien,
thug rogisters an incresse of intensity with decresnsing altitudes
This scecounts for the amull rising portions of the curves ait the
left of Fig T thus fror A to B. As the secondory particles rass
deym through the atmosphere, they are absorbed, that is, they arc
slowed down wuntil they no longer producce ionization. Hence, az
the instrunent descends, the ionizstion inténsity rocorded deocreases
gt first repidly, =and then more slowly ae sesa level is attzined at

the oxtreme right of the figurc frem B to C.

The letitude effect as shown in Fig I mey be cxplaiped by dif-
fexent charges of the ¢osmic ray perticles. The primaries of cog-
ni¢ rays zre elocctrically charged and are therefore defleeicd by the
ncgnetie field of the ezrth while far outside the earth's atmosplicre.
& particle of mass m and charge ¢, moving with a velnci%y v perpcrh-
diculer to a magnelic field H will dezcrdibe in a circle of somo
radius @ . If &l]l quontities are expressed in the same system of

units the relation

2
my

e

Hev =
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Kolds for the quentitics involved, The mass @ is ol course +he
q $

zetual mass of a particlhe having a veloecitly v, it might ke replacad

T

vhere r, is the rest nass. If this caquaticn is szlved for the

by the quartity ne/
/)

mopnentun of the periicloc ono owiaing
Poa ov = e
whore P ig the mementum of the particle.

Char;ed particles approaching the carth from the zontith at
the ragnetic polrs experionce negligitle magnelic aeflecticons, so
in this regiong particles of all energies can reach the earth
ztmosshere. Tarticles apsroaching the eparth et other latitudes,
'? # nest cut acroas the

1
1
1
-
1
k

|

assmetic field lincs

L

and are Zdeflectel as

Geomasnetic
north poeles,

indiczted in Fig 2.

The deflections are
rraiztest at the mag-

nelic equatar, but

; : : o at overy cagnetlic
Fig., 2. Trajectionecs of frimary -

Lo R 3 it Y >t 3 i N
Coscic Have in Barth's Memetic Feild, latitude B, a charsed

perticles appreacning
from the zerith must possess a minimum momentum in srder to reach

the earth's stmosphere. For relativistic particles with total
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pnergsy much greater than their rest energy, thisg minirum momentun
is

P min. = 14.8 Cosd

& Bcv/c e drra it e F1j
Equation {1) implics that the cosmic -~ ray intensity should
increase steadily from lhe vguator to the magnetic poles. This
does not oeceour because of abserption of the lower energy particles
in the earth's etomsphere. Ae a result the intensity at cach alti-
tucde increascs to & eriticsl latitude ond then remains nearly cone
stant to the magnetic pole. However, investigation of Llhe latitude
cfiget with free balleons at very high altitudes has revealed a
steady incresse in primary cosmlic - ray intensity right ap Lo the
norih megnetiec pele. This proves thet the cutoff of the primary
cosmic = ray spectrum cccurs at low energy. 4n important consequence
of this Fzct is thot the permanent dipole magnetlic ficeld of the
gun pust be small, since this megnetic field wowld ftend to prevent
low-énergy cosmic - ray primeries from resching the earth at all
latitudes,

At esch geomagnelic latitude, primary cosmic - ray protons

+

must possoss the minimun momentum givern by eguation (1} in order o

reach the carth from the zenith. Greator nomentum is reguired to
1

penctrate the sarthts wasmetic field from dircctions other than

the vertical. If the particle epproaches in the east - west nlane

and at en angle @ from the zenith, then the limiting volues of

nomenta needed for positive partieles to reach the earth at magnetic
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letitude 8 aro

4
. Cos g

T+ {1+ Sinﬁft}oaie}%]z

ceareorransas (2]

CGE4B

[1+(t- Sin@’ﬂoaﬁﬂ}%)} 2

Bev

Jc

Pp o= 59.3

The orbits of electrically charged particles in the field of
a pagnetie dipole were studied by Stormer (14) and aftor défelupcﬁ
by Lowmaitre and Vellarta (15%). It was found that particles of any
nomentun can reazch the pelez oi Lhe carih but only particles of
suliiciently high momentum can approach e earth ot lower altitudes
cer at the cguutor. The sinimun sowentws for o singly casrged pesticle
to reach the eguntor in o vertical direction is found to he 15,000
mevfc and only particles of momentum cxecoding 60,000 ncv!G con

reech the czrin from any dircction.

The effects produced by the magnetic ceflexion of prizaries

may be iterned geonmagnetic eficets.

Effectes at Figh Altitudes due to Latitude

4As nentioned beferc the ceosuic-ray intonsity has been mcasured
up to conziderablice heithts with ingtruments carricd up in balloons
ang¢ aeroplanes. The lztitude ¢ifest incrcasecs with height and at o

height correosponding to 3 em. cf'mercury prosgsura, it is =2bout 80
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per cent lnercosac.

The latitude cifect extonds only up to geomagocotic latitudes
of about * 50. TFor higher geomegnetic letitudes the intonsity

rorflsins constant.

Cosmic Hay Stars.

The first ocxienasive obzcrvation on the multiple nurnleszv
digintegrations or “stars" produced by cosnic rays were made by
Hlou & Wanbscher in 1%3%7. They found that photegraphic platcs
kept for sometime showed "stars" i.c. groups of tracks originated
fror the comkon centro receslling these in Wilson cherker, but
reduced in proporticon to the greater dengity of the pholographic
plate comparcd with the gas in the chamber. Hueclear emulsion method
is cne of the 7 or & zcothods used in ehecerving =nd messuring ocogmic
rays. M£ll methods of detcction depend on tho tonlsalion phencosena
end the cifccts of cellision process by charged particles. Thus
the charge particles of cosmic ray can only be detected directly
but neutral porticles can only be detected indirectly through the

intermediary of the sceondary charged perticles produced on their

wey s through matter. \a@?ﬂ@zg

luclear emulsions consisting of silver helide crystals mixed
with gelatin placed on gless pletes can record the trajectory of
ignizing particles whichn poss througﬁ it permunently. Hoenigenlsa
and Fecguerel's initial investigetions werc lLased on Lhe blackeéing

of the photogrephic plates by charged purticles. The production

: . u . .
of g few hundred igrne in the nﬁaghbg;hood o0l a stlver helide grain

112 6H%Ax
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in the cnulgion rernders the gwain Jevelopatle., Thon 2 large nunboer
of such eovenis have cccurred in a small regicsn of a nlate, that
region is blackened in tke development process.. Jrdirary emulsions
contain only = small amount of silver oompared 8¢ the other cempa-
nent prosert, with recent development of cmulsicns coalzaining over
G0 per ccot ailver halide by weisht, however, the sensitivity is
nuch increcasgsed, and under micrescoplc examningtion of the developed
plate, the path of each ionizing particle appesrs as a trasl of

ailver [rolns.

The towrm "star" will be uscd to dengote an event in which
two or acve heavily ienizing rtraclks apprar to Jiveorre fron oa cornion
point in the ecoulsion, whilo "showor" w11l be used o dencte one
in whieh three or nowe lishtly ionizing tracks Jo sce Tracks esti-
noicd ts have a donsity of ienization one to three times miznieum
(minimam = the grain density of hizhk energy electiron which is whout
12.5 srains per 50 microns) are classes as "light trock® those of

1

our Timcs LIinimun oor merce as Theavy track. Ly Ddign wmliitudos

4

events with oth light and heavy tracks are comnon. The teorm
'Bhower-star” will be used wher Lotk tws or nore heavy iSracks and

tharce or wmore light traecks are present.

Bonme of the stars were due to eontzminaticn au represcnted
sugocegsive ol purticle'disintegrations due to a swmeok of radic-
aclive inpuriiy in the plates. But others inecluded tracks too long
e e due o any known redicgctive impurities. rurthernore, Stottoer

& Vanoehsr {lﬁj in 1938 - 9 showed thet the nurizer oi =tars
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increased 3L the plates were taken for »n few weeks teo the tep of =
meuntain. This was correctly interpreted as meaning that they are
due to sowe cowmpeoneni of the cosmie roys and represent fragments

1

fron the cxpleliing nucleuns of so0me atom in the coulsion.

For tae event such os "starsY, the following notaeticnsg ere

commonly usuod.,

The size of a nuclear disintepraticn which ig alss refored

.
]
L]

to 2a a "stor" onshower" obscrved in the emulsgion is represcntod

EP + d . . X

3

T

D the totsl number of grey mnd black tracks with arain
densitics > 1.5 minimum value.
g = the nunmber of "snower paurticles™ wilh grain-donsitices
ézi.ﬁ minimum value
and X = iz the type of primary particle producinzg the star.

The primery particle is represented by p for protons, o for

alpha-purticle and n for ncutral particlec.

The guffix 'p' is usuaelly usce? when the track of {the primsry
partiele proiucing the disintegration is seen, If no such track is
visible the event must te assumed Lo be produccd by gowe form of
neuvtral narticles an? the sufiix 'n' uzed. Thug the feilowing atars

arc donctod Ly
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Tre interpiv.aticn is
_ & + 3 = 4 prongs sior producen By an incicdont charped
particle prabally proton (p) with three shower

particles.

A4 Bn o= A.pronss star prosuced Ly rneutral particle (not

vigihle) with % shower porticles.

A+ 0p = & prongs ster producced by an incident charged par-—

tiele but no shevwer etc., #P5).
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