
apyjy?unotunnyfyPryyaa)9O5/%HF
SMD)INVUYLao

yo-yepry7Yppsaysodo

ipPoenessptpSOT40maeDasyeendRosy

oadietgnromeBBa
po!bemowp“pareWB|cat)v4)orereryOH

weYU;prow)aypFPwaPOUyp
>?yey

Cyaboesyve“MYpm
a)4hyp245474se

yay24)?Psopowafe
o$V

uns229

JNAi14
40SmapPHHs

ww)st

xP
Lyasvey!

Zso$2epwysyouy749swokep
a wygWOUYagp46,“$9:240)yr?

My

yh2°?"77
4pPBasnpPog"Pwnedsofta6

52
sopesyee,=pssapet

yunapry“HPAPPLHE
‘Sth

Gpmserveysmepf

>papibeu)

pryhua7
WMOYT?[M7594 9%

tay4Mprytd)

Ar)‘N

WU4279):7)SU

syEIDNDNPOND
AD)05PAYXD

fa
ypveypuYOYpSP49fPAPOpoypyrfrr

p
poY)

bupesyourndbbybaoykYo4on“YYeyea
OY)

wo
Np

PBPETIAYfaweg97TPSPT

fLoeyp4)HyesaorpegPMH?#rsp
2orFI13)TAFSoTSS2Horitiv

*Y
bonoyyyS2TLrayshoy

Tae wosveyYLONEUp
sb04)4)MY

yrvr?)Yayney”UyAF)ISUI9DhayopredSV/

aaydsyeeryyarspeyawyPup
wapDA

APSEQ)

ayvrrodayPry>myyeded
voPrysnyd

PyGu)FSHPDS~punfsonst4)‘ssL]Yt

)Ag

A)
UJ

D
yuses*e/bo>S2DfoLayueyya

MU



here las een ¢ndscadian ef +e Cywmpoo
nents fh lon?

di [ferent Chavecttehistes . 6 Aeof Covwfro mend fet
.

Las easily
Absa bed

Py
a fer Cenkmeter of (ead

awd A
Penetradtn ¢

Ginpe nent Ghat Crt oh penetrate

Wete’ cf lead. < Aeefe Gupurnt
LoS obserled

f, Arete “Koff as Ao pavbetes
bu nes, as

busls of ert Bert Pe he oS hy othfyte. p VEKK vt

las EBM obSerted fhot hes radreasus boiled
Meto Severed povket eA

Ch
posiivg theerge

Cr

A Sobor lete lead. Fhe
Peneoa tng parece

Ory

fhe Ofherhand Grrtird
inesttg

A pavkehe

Gud a>h Nop Melbiy fs
pasting be (avg

dhtene 6s of lead d obese ft

ObSor piu Chak arkeyit pes of dhe
Peretrehng

Dadcat-un

Aira o
ery AnOtvc 06-5 fectece

- het "fhe extent

of absorp 4eS Afferent
fr eatin fremwrege

of

OQ CrderSed Mecltcaw (sve loca Ownd. AK

Ordended Medcem Oke dhe ON Mere: Mere pevetrolng

Dorkeles
bene lea en dhe Atinither Onpard hb br

(e6 s lead. Ths we the fre Clee thee fh.

Penetvatn pavhicte ney
be

energy
Aponte neds

de Ce. Cole ¢ Nedkoc. tee Neeteens , FheS ObSer vedcuneh

faSbaret of Chowne. rey Cxbehomerls deve pogprseng

ar dhe Dome tine AS ¢

heady wn of <

developments
iy

(Vhebocty
Ayn hk qe m Mechanics

Bnd Nakralty proded
Cricat Gnfir watod

OF

dhe freocepeed clovelopment
iy Ghebe feta

The & development of dre (eledveste Gfrdvbew egpater of

the Cleelbon Dirac, lech bo fhe padichan ie,
the posChen’

DI He And- povieet of the Cleelwn. wh

lone n dls fhewelcet Prediefien,
CD. prdeheo of

Cetcpdden Shh Ff Techrolory Aserenred dhe

Mir the



OS, hors CR 2+]
Gmeigkn

fhe

CAPH ve
nheLe

CWA or FhDe Las
$

HezHer tr
rghen

a Arn ctl heaton a } Caylson

An ck O Ppenherwner
{rs fhe in-s. Fhe I. sib hee

nels the CASCe he Bette On

Wihded a hirtte enol elegant exKlanedia of the

fectorn of the Arty Conppwtden of Moen Nackokon—

he Mittpr-cedion of parker
ng.

a CoSceha a

pore Pro diede anak q bremstrak (or hecrafran SB

(Kop
deme Spe Is)

Poon Ornt4 A benade Cnet Le of CU dhe hey

date
on fhe Jace And hemes

be Girefoorn unl

Mafia hres And a CNrKeetl RCeKhert oftm 4

the {f Srten

=

ecb cap panned
rears Hone hatha ne

he bred 30's of Ae Cast
Crvtery

Came bo the GneuScon

fret (0) exthen penton
Clee

Tynes
breats dotnet:

“ff Rr ner Gch n- (iJ here Cnisfe Ch

?

Chine Vedat 6 pevlet
hf, 2 mar

Interbnediate bettaen for of dhe Cleckr and proton
.

N round fhe Seve fave: Fine AndeSn ond Nreddev ine wv,

ond Chhy Shree nd Sfevanfn bere broent:
Ng

OM hue from frery Chea Chanwkhe 2x Prunes
OW

Game hag pavberh far the existe of bnct Chae

Peveetes deg Unde tnedcate Mas Fike, experrnnerts

OStablt the ad drat. dh. ars of das pareda
lek

2o0F>. Cterkharr MASEL. A te dle Name
'

MeSotren J

las re to dhs pavkete
Mete ten dhe?

Meforn’
S

He fgestid Py
Brebhe Mh 143g

On dk fhe letter. Name aS Bue OF.
!

Name



Sern dhe Agin taneous
Aecey

of dhe MeS6n las
hetoded Cr Cloud Chawher Fee aeA AéSfie CX Cityte iS Bihan ind Be CS di, Fe

peutfe of the Wem bene hen fo deope

Meo th leh UK GH Ababa aud d TF
time of cK

Oca
ind an Cero, ot les a,

OStabl Hed fh at fies Me Ge dAeCa

peters
eesteeng

fn addcku, & Fhe Cheeky tyro f
More Nerten podcted |

the Neveencs. Fhe Meer

(cfe dime ef fe Metm Mas determine & fe 22

WiiwwS. Gnd,

(eo,

las bed

Vacte the Axes dhe dnc fin whedekh An elegcnt

OX Manet un edt pone ee ole cBrf
delay Chohnctwiste erp Accillted for dhe Kromalows

toe CharactersSk AtuUkel Gaytown

whlews s
peCerSe Cey

denel men }t - dhe Seth Nnele ok Qe And

CAR) pee of the i ct, watch By

poketA Pn Mrelear ELeoumfeS. Td exblarn the

Aron j Povdng
belreen pry Wns

And probes Probe

beh UMetwhon? arth Nertwas And Neotons fh hneler

the (fap anese
Pry

Sita Yiheva hack bostlebed dhe

Cxitente ef No. Uses cf hnags hwter Wnediate

hetteen dre Cleedvn Gnd fron dre las

Gedbnrorety exchanged beltyern
°

fucke Welesr Compunenl£ ,

bie hud dcstorny Jef the Mefn, the Matares

E8564 Boe least bed bade thet the Yohabe

pave ( Yatun) and dre €y
pevinonteliy

Axtotrrcd

Mek? lege One Gnd be Borne |
re

of theke

led bo l&« of Con £65 com
Ow & Comp LCA Ge and

las OeSlved a fase
Cano fen ineyor Aseavery



©
he expehimenk of Conversi, Panchini ana Precionr

On dhe Mean lo fe Kink wickVe Gw Ne gate

Mone bo hes}
Aw

Absa ren!

Ltn mee We evt Ake kno of daer LAte posi ve Megane

Cle Ce, d th Gu Frbs tantes ih, the Awe (c SAN

hel 2-2. Wn tea SeLanclg the be havo of nega tes
Me Sons leas ASK

Hy Afferent. lANTe Kobe of theKC

Ne ode MeSone
cleLeged

Ob a Ka Abwn ie Minbar

Matera lol TWH Same cf then” dh
decay

(Np

Lao Aric Nenbe Mmaterrats (ele Covbo aud

he NeSeiw OnhA
CA Cheer depen Lee On 4

Cou & foc establithed. his behaveotr bas
Contre

wer
to the enfe tekan fret fle hne Sun

Lae the Some as the YOAcbr ni dhs Case

the Ne
gate

Ine@ns atso Shoud hate deCayed

AU Metewals, Pyrespetic
he Abwnre Huw

Dy nofrew Aiscr€ ben kts dhat he [de Lmwe cf
2 MeeroSednds

d leas a forw cf [ ve
lovgsh

dh ew LArer VWikele had preciched fn fe YVUAvon
,

Thevvetitcane (elee Marsnate hact been
fies feeksng

ther there hne be thy lWwnads of W eSons.

Th dhe hod bro's Po koede Ond hes Co llebor atorc

CA dhe benceveystt of Rwctrt peonecrre
d the

Clevety p rremt
d of the Phobgrefehz

tml Son AS

A pavtete
tleteww brew fu (re. A. On ere

) q # ry

Povk lec Laan had hie Characteritke of
lolvest fonizaken (mA de bessen Thea any
Mmetehiat . f hs development lox \elsevded by



Ah

_
¢

Aetoveny
cf t* Anchen MeSen Fe 7 a8.

Ver Las emer ILette. Las fret this hewn
Wefan Lae Las Goren, fhe. Name Pr hneSay, (Poon)
dCoed Jip on bane o y into fhe eth MeSn Lena
hat has Given de ML. mem ( Maen). fhe Pie betn
bak pete tre CharaeterSkes expected of dhe Yrerka
evkde -_ iK mass lag 273 Che rAvnn hyoSef On d

(cfe bene 9.6% Jo & SROUES On & if
Aspek

Undo

GC Wun 2nd G Netkro.
. hn ‘ ¥

rede dhe
distoverg

of bh. Pen bern the Ait fe ckve

of de Oo ferent Compenen lt of Chin 14 On inte rnr
oA bndbntarn at pde Onad Se (erecl bene

ot

UPCKSFee exp lavned . The Cnvber -heatons
belteem fhe Afferent Compo news RA So beCame Ceév. The

AIRES ow dhe (emocned las - bow ad-A HoeSe

Po- Mef&ms Come inh OniGenr® Gk dike deep levele of
the Akin here, petty Ante fhe Po Mains

had Oo Mean
(che Ort 2105 Klands And

Acsbite hetekuiske
Clomgacon

ft Kw Qud rot

Rev vive fw
(ong

Acsfalax te the Abt Phe te. Mer te

fre Connection OF bet been these Pre mesine
Gre [netever

Js the Prine CMe J adia kur det iS Un Cdent

or fhe tp of the Ad woe(|thete 9 Fhes tahes Ls

do the
Aree of dhe behavrote of Chrnve hadcat:a,

4|

os & tovcdeet of Althce fo Very
teat Kes ;

. Crd aASo
Aroirh by

tee proteer eee Hen huts
V

uz BK



Crnce Nadcation bs
rb € entvatn Gynpo

her of

\eekw Hess fund he a God
F bade YGVOLRA . Tah

4 ds Is

C

intent of fle foni2e

adcaton twtrecved oS he YhKe . hgher no

hsgew height
(Ati L3o~ fr fh hrs habe&

bear
fonane

litter ex petwrer! of Regerev
And offer

)

ater “her “the Intenity
Aba Alby levertng

d,

cf ok ee hex Corte pr tvg
fo Atur 20

G bes Jen
C
ky

S Dees aL ): Further expe ramen Nevecle & thet

dh

fic hediaton inG dent
fre dop of the Atins fibers

ConSi che dA

prween
& proins

ord tt MS Nes
€

Courcims Of fhe primar
[4h Ber Mele ha 2

ean

poureler
[exe proched,

le e NEN Se
rf boast yee bong?
bi- meSons.

Phe Ine: hnesins
Tren’ Gorshrter fle

Gnpenent en (apr (ers of Cb yik Where, at
brountacr

Lb beden | Gar
bnderbretw Cn &

Lrdergnora
rene

S

decoy prdverc f fhe pions.

de f. Ihab pars of rts her gon
he

Nhe Aeott Ge poron cf GCAIWKT no?
-

phedvns
bork

Chekwrs dk ChiaAa Aawetéprrent
There las

ah ar t(rdcoka ther dhe power
Onlrdek Ow C. bWele

fw dhe deeb bndlerg ent
©»

(are J4ka's| fhe Next phase

helen Gut
Clealy defsred!

(1) Study of he Chevactensh of heh &
dy 4 Uber AcdonS .

7 “es

(i) Shay dhe doe Grd) id cf Combsidin
Se

Cnrtry Nag
:

agen
Av A Netter

COnS
Gte

“" ¢

bana OS fetcedth.
exme NS Phas

rime hades



Gsmie ey Sted on

ys Enogy DPrpratons :

——_ dd

Arvind the Bowe dime AS dle As
Covey

of dhe Pr- we Porn

In Weecleeh Cant Lance Ox
pose

A at Woe"atin RLU ‘t-hef
Rohes Ler And Rut lew fronk Cardele foe ck Caro flor

“ers bavtetec
~ Cotter by them rH pordueg

bs Sea Leet , Thely A Chota Chew her Operated

phots rebl of @ typicer Ve patete Neloted br &

nie Chewher Wee ho tT 3. 04 ) TheSe

fle pb. hoe fons-
par betes

frre Cetn Idenkfet 4°,
Linen Gefrelly GS Shree Pavrerek

|

Fondewentet pavk
hes

f And
O-d ke pens
| evardcH the Neh ere otf

Ine Cnvesdgattens
bo dh

LAdA Cetin vi . ¢
Nuelech Adcce lerahvE beCanre 2

hnapev
At

oF
(ekeact au OKhy~

In fhe thee ef ferdement

lavta. “The TJabte jit prem ense’ fhe propert4 af
Py Cotwe

Cdn dre edhe wert of

e
. 22

ey pos ben
fhe Posi herr Acard Th 19 ,

hee hye Ge ip IG 37.

e “che SR the spAn
Thes pavkeA S$, exlepd 4 woe peer an a

4A e¢ Kepar hetes Coed
deer i

Swe fe Arle’. fhe fc *i
ae le BJ
2.

axtb Selnds to Sule KeborLS They
hovgedk

ond hale & Spin 6 & I/

Ler dre kh. We Gans Lexa Astovered An
Ondegt ind

fecknre ther hod bee, VWteed Sw has ak the

Are CH (ans fable

Te

Eva of ‘PorBue PhySces
U

Aek

Ow the AcGde I¢q7- [98 dhe OW
he



Meg

(4)
kee atte Prodi ASC

tee Anchen

Cane be le now Cs
Meta. She bn pe

lea

SSO

lMakn An Are prodinck

{/ Br
dem

Diepbern Lives, ty Catte Strasge ers
props,

Conserved tn
Abong

IhhevActionc Pabotino dhe prodrlan of dhe te

Nears paw fees Pn Mite dh the pi-ineBms

Eyer breve Kreated as MNon-
Arrange

porkees. i.
open tarresenrs

Akar pe havioery of thefe Wrven

porketes
Aas” thee the

Arwuge ners
obs Ramen

And Kn homdn

bas No} CopSetved tn break Untaactune. The.

Tetete eo Bros de
Arresage mess

Cifim Werner

thee bree AK Crehe hh Vovocd VLdles.

Gey MWe bin predicted
Ow fhe beses of the Phere irene

f Tel

S03) fret he
Aevelope cl thet dhere het be

a porele hed,
Arargenct Gren how

Tue tehen (-3)

dhex Aotd be prncd Cy yf Oey
Onfer eters,

Tt las Mheed free
PEW ph fm (he reay

dee thes poere
Cele hk 2 Les ASCored

iP

Ltn Ch Wlelerehvs.

Vet Gnedher iMWWpadant (ehuk 6F Greek Conse qhon“

der Enger fan &
Kody

cf fh, hea parketer

Lams < fre WWdeehon

.

My hack MHhreveatone. Nh Can fe

Tehte the Ko bein heb a hess f£ 47h me,

d eleys
tn tyro

distine Hy
different Modec —

Non Cone oh

par Sanedhe



\
> 10)



(lo)

Boyne bewres bad the pions C ath Fe 7°) Cnt at
J

cher mes th free fiens
- (nen a) (0H)

Cyd AlSo G ere) are qpite Afferent lifob
nA

fo dhe ra yrons de Ge Medes. Fle OSctrehe

rf beth Thor ody
dg, lice bod

decoy
fo

fre awe poke Meant fle bn ~ CorSer vostar

ON Cot iz
hey

Bb-&S&

of qhe teWreokvy
— Fart

dhe p

a f J
ind Theo pions las

aVvhede fh cr Ae Ce Aa

cued the 9 pavers
d.

Nats Gree bes Cette T- hnetr

las Catek TF porte.
bo brecu thee din AS A Cfferent parkcles.

“Té

Yesolu< tre pierre,
lee avd 74 pripored

fhe One det
AAA 2lte

Fire fr eactrn

ie An ¢ ‘nev () NaN

Age “ Dreet 4 of th ror fr
who akus Ow A fat A

ialhnoas

hs lec oC * ¢
p -Aelay Ox errment

Lar S coer falt
Corwed

d ree Le
donfarresing

ae
or Vb

ponty
F brarndou nH.

- “hese dstovences re Che ACA of fondcrnemban pavkcek

prdnted
he

No
Onere Col Scans of GROWN No

Ankh they Je Com
AER pwned

Cons cdarctte

[nde tve dn fs Kpcabon fe dhe Cont dy 4 o0n of

Ome DAtirlevOfVyr . dhs
higher

And UGAGY
“dd

GRO he dseh Or oreoL:

tenarg: ons Gio lly haps Fagetayn



Cmev rns
beyenct the

§
@

revs he shen.d
q fr Atedy:ryed fh.
Tne”°F

CA flerewo.
De Qin

CHA

paket of GuliKeene UnvelWen Aucle’,
wn heel heew Acstowne d AS be f eg! fhesa

pre
peti Cxract IAL. Cede & see

owfey
J ehecrek, feed et

sis “frm AN Lie af ,;

alt = dle 1.4, fk Wn of Linreveticng the

ourVg CK -2. 1 And pk Cees cr
hercporsdye fr dre

4
Acecterede (hha ppevdetes,

Pin a
Varery

of fngenieescy desghed Cxpermenlt
—

Cam Scorn vais fae he betloon ENA

doe p—bieedoe sprorc
heaSere men of hen Inherkity

bbb
eng geo depts

Lncher gratin
Od

[he Aree of OxbenSivze AY Cie K ) ee Nee

belune eich, (her the pee
Ce.

row

mers Jo pekrw
ortends fwF

be Lou beysr
al yas - havea ly Acecked

of ‘ty a ers fou“4
law fhen

26 de ef. fhe On
erecty

) onc Oh fhe Oe Fah

if expermerls
Can be Ku, fe Me fot

her Lace fhe ee
ha hnhenh + C4 Choir

as
J

CL fous ®

dine Gev TS love patter / Se
| bavece J) lose leclebevter

Sq pate dh weer

Specht On dA GnfooSc Kren of Pw Wn Ary Cos) z
' 4 f

q

hendur Mev



(12)

CdeaS %% dhe ealere of fhe

pra Abe elerte
bere ObparncedA

deers
Arn Ande & of

as Kncteav
|

Ow’ me pret mrnan

(he
he Soy

(WH aravrk ons
Crawl Cror

Aut de bauan CHE he’ dh. pirinery

pavpe
de Seved aS fhe defector of

Loaw pres
heer be fre bre Jadcalen. i fhe

d f dhe t Paria of

ON

ellovn far Cone & oLk

Henne Sets On & Coniveyseh of Rochester qrocps

hedh peles of Mudke ar 5 uideon fer fh eachon bo

bracts @
Spoteng

wy(

an of AM,Ov fr. fOni2em

be
fot pis Onarga paskictes of eurened Ges

mere fence. [lene Burd (ker oxperancnt

CStebl She t hoe dpete (rh deed
lrve Ah<

Fey
of heewt

offers Atrppe% of
="

tf

lanous e\

Cherhva Fle. Tohle i
hurncler

Chinderte of Thke hear
a, tk

1 ede fun ( rez
>: ) . Tough

dhere
rs A Bemereh Ari only

be he LinrtuerSer

Opus dan E& ef Clemente
a aS hunch

broye, abundant IN Cobh has

Fann dhe (lete

4

pee

proeay
(nreres4 rw CRW.

Ons

hn one

has bee (he debev re neko cf
Hh elert ae
Pike Netebie Dpundontes ak

bey ha onengieh

qhe
vert

Pipeces
“” of aw lage

LYRA

Car ti So on roers fh hers perked
xX~

Lave er.clyled de detemrineke of fle Netelee

thiderte of fk lagu,
Webhu Ad hes gre

N

-enr

<



ed 3

of hemes Oph he4, An 2t.9

NasaJ
retro

Ihe Kobe of dh

<

Coe Nan

dhejos 5

ASof fie Cok in Fest

dhe VEe chyun, dhe

Manns “tons
Noone eb al. Fxrs

Yepmrarad -r

2

Tie_i 12. ( Bs pra )-

She ct peviete

me
‘fect

der dhe entte

lo

One Nay

lo
hn it he

VM

On hoard
offonPro

\ dun O,
Jo! fo [6%ea as Corebeled byfay

0 ix ay te

ifs ceetnend.
is eo OL

af
% reFE

I3

Be thes there

the Ape of dhe eerey
Fe fpetanwn

Onin |p Sev

ves hag Come. deo be kober AS dhe ‘kwee* open

promot
Chan th

Ou kd “fe
2Lng F

fhe J epee own

ae beer, Calter the

*

Delete! 4 the Prioeny
SPebvtim

, Ghe feckors

‘ Cntrebedy
F

dete Bog
Bre hak Clear gor,

OW tnd JO

As tex d dine
“|enee Concerned

fe CLww fy

At Yeon’,
of has bens furimnited dher

ns

na hoe
kndtsa Dogehas at

nfs
ag

neebe.

ragud 5 Tareedee in the cart
S645.

Mic |4S0's. ye clorarne met fe “Gort.

heptane beget — this hen has Pema



©)

fom by
O ficlay face 2. beltren ro tuas Oyd

heey

eels Ser Fnte im Biv Ader exper meade
Lee es

MeaStre d MS the heat Cnerey of fhe Priceyrf
7

Seesy per Nnelene
OWe rod Ox

foe ce
a Ak feng

of

fee Ape ebe
Mw a

peege
of priveny mee Aw OA

a f vaceost
Che Oy

Aw Gbovdarte hecucen Cup ob.
hearer Mneker Ar

C:S{lwrek of te Netetur prvren
Kwetecy Compo Senn by

©

Mal
Ch IG42 based ow he Anal Gen rect

Expermul (S$ re Cn Table 3 C Tan &- |

A Aku higher a fle “y
Inether AUCH. 1

et of OxtenScye Ocy hooves . De fhe Me thet |

Sua 4
rogndiy

Cut ff depends
on 2/y dha ie

CcVB
hav hn

dhe Charnete KS bus of dhe rower be

dhe Arevver of the Comp

the den -
etvwins news Mrclear Bldve pohets Hz

re here
Keely

AXtWhiten ¢ of
hrawns ety. her deem

“

KOa Lo eghixer Negtty
he

pomey
Corfe Shin thing +

Onde Siv Monk Cevo Aa of lite Cheyectenit Fis

The Tome < ee A Cmnperfo oP he Vette

Crm pe Leb oa im te Cen (eB
Jo? ly Sexy.

One brenct thee 1 ear cd
Ig! fhe Ow Cn Cy eK

heavy pr UWAY Khe
LeMenFle

dies bre eng



Is

leub na
CKee

Cen wn
of Yum

Adhnrwerte
Ne “ON Atty UR

elev Fe ound of. Aun
(Bib up

ew C/A

giz rf dhe Apert ren
Laren hes tes Chea

C4 fe a low

Curmprn has de be NelesSen Wy

rw nie ,

frie ih
“ prmeee tte exhegalecete Orig

Lote! CA int Ales Fag ve bnes

mn Kyeteor perce bor®

te fhe erhegehete bn Aer « Ho brewer
AW Are py oes

Porveber
he Aerels ped

he the po&eg
of di.

ere f dhe lee
Av hukew onperine

IS thy es

bie longi frets net dentopment
An® AabsSorp Ken

cf pastes

Ades Con br deere or o€

C Syn dhe ANN

Lue Las hg tw

roe

bre hethe
betes 3:10

Cwuwd be os We )
Least.

dh
bore he

emery

Drewes Drove beaten
often

fhe
distowry

Wi Er LEV™ Iadiakan
|

Ok 2S pentoee bointet
od

bole 4 GreSew ant Car wee fer fhrevz Brod

be 4 d fee perry
f eee]

CRON hey

A perre bayer
iy tes

Aine be A. iwreedte

AeA \ A. fie 3 poses
The 0 yichte

Les En poresHoras oh. zeof de

Cran&hie pe aS b
love

fis eve obSer vere
yn Pvwehev Lebs



V9b|9hase
SYypramnadlg421724-95/

ey

“werg“19g“AYrandysay
\ysemenbh

yy
pe#aphesaag™)‘SA~youyMyPIADIY

WanessaS!PUYLenn7M)yFroyy

PayLeroy
rugebeniD)wr

2peeopPoetsoubouy
277243|

yyDaeofbaymY
ugSPP)ArpBPN)

TydemapTY>y77572,

m

SHer
UPOAey

eee

Cry,
97IBSeesaedovo0S

“wy53°?)aTy
.

;“>2~IIITFONsurgord

paowad
=p

F2
>

yo
Y

sae
gopsdweySwe74

4b
,

2AjVv2sqyOLyyo92S“)Uy

24eryay7wYpHYvyve)
S|pa0

|

:Yu

Hyna
a)oymova}feytSPA)q

wreMLLPYyO

oteyads2
2MOATYyeray

>

yoyYo2std

yyyYP2)7
POUwyfeHP

YDSlona,OF
|

D>oatfLoversPnaryPaguny,

J,DAMS)yessuuyey?Tony

YODA

myowSYA
WM+4

WO”7291p

yawn”ayodpp»
5Wa

sop.

Yt?

(+3HULL
)—~2"Ayon Gwe),gSwv2h

nyyyGeoP?OPAL)|

yen

74
9|AswayOHraNB,

Ssrava
AYJ

fp
7201p

3asyvD

rab159)

NY9257vy
“9petdvag



2
The

Prmeng
edwin Apel On fhe

Creve evga
lo Gen LP Jor Cou PS Yepydeter Cn the

haere
14 (Fg 4-+-ps6)

dhe Fafpe Cah wher fan of the Clectrn
Comnfov heat AWSeA fn

hee fac he
Pechg

Na doo EancSS ton rs dtre Ee

/Jpnebobor
CEamArcS Stun of fle Hetakles£e Cle ehons

Agivetiong
YWund the

Meg
nee fds, fle drreke Gap ben

dhe Chekwns Lad. dhe photws of fhe

(seb inwg of
3° Meee Mcevo Lave hed ickoar gi“ hy os do He

diffse Kove
lyk Cowewe YD akgwd

WecSunwA tr bre ony
dF {Le @ovihs

Oien Chun
[there

;

Teu Ana Pens Y-
pes

lh the dxev of dhe Pusav< Ow be H2d= 6

Cr A Cpkcek ‘deck vey egont
Con Crd err Zz

bywebe ve & Lac Ke Livegk te Khe eet fe
bnune YS C¥he Call prscaL. oven

“4 ! are beth! Ineqnete J fretels

of | Io

As hone mees

(2% cA unk Chou Ure My h buoevhk oot

Cotok he

Coha be gcecele rears ft Cfons oF eee
Fie Melber of“

op
Mone Hh

So)' | eter
vee Fadsafet has been Hot “fete

Or Ceve ‘ } _
ao

_
(sts ay Chg boo bse ) a S loTex.

One of the hast Prowehent Spevler CK the Tex veppon

has heen the Cre NWetcle . Ve
praebectiy

Ce

fhe
groups

far hee ede obServedons OO

flix Sowle bev Been Ce AS
Alecdy

Xow

Lew Cor6 here h dfn he
Nh 2gw

Cy [Ae Chev gaa povbeten
&

Canin 1lcswu



Lu
Cle

WU Seo Compenre
floes

“tAYR lee (1%

lm, of Any been

fey be, Orn tery
Aro thet

Chernetew Chey

rs CARH EL

M evterce Sv}

he Ata been One v ("Van

Ye Can
|

d

(a fhe ic
Tey the

ohty
defn Nin

Ma Prag
Let owe Me Ylecwe. dy 2) ae

CvA4 Nebele
ke Aout. hac been

dd
Pen Kove CCW

Cos Meone On Newtrnys

So fer haw ConCevin
OL Kelek

thes own, CS be

Anta of CA d
a Se. Se lek or OF

MLR en ALE fcleS Cyn Dee
ow

ck battun ank Ackil Abp ded. Hespericetey

Mee Arey
of CAWN Nes

(aindevbgeter
Grice

Lndengwvunc
me Afeshd ty the |[4ads (here

bo iwderS dank (he ohn

my
of dhe Penetwahngbe fle

be

yoRatron,
Last, lekn tw ek

On 4
‘

nck

[A-
ln Sn Crmporev> pw tbe of

On the
AcogS

of Ne

\c - ne rk . Whee is nS4
Intereitng

as I<A-

0 hott th
¢ heve bee, Ne Crete & hs dept

‘¢
ie ev Gud Conk Kee Ceghen

AXA bebe

Nyce Cn We aS lrewredlA eta Rap Corr kpedbivg



L sealer Cephs of (0, ase fe Noe her been ( fay «

dtcy Wind. ( 9 [4 ). Cys) ps )
fue Ofer Grrpurert of aaa GR Nek

[ke

NnveEk degedions
Lave bee, Cordicter deep

bvderguené

KS the New ING Comper he CK fre Aeay fh

F

Je neeen, Fehnehen Gee fro
Wnefer Ue he Aheyiien . fe

M4
7 (Pg 8) Aurr the Gent Ff

etre ih wo Maprncebu Ow fhe ocr fhe pe De L

o
peasy of bons Neinater at a Aap oF Cw fh

A

bh

Ow the Ieee han e# Kola Wndnes . ‘Ge Aoced
em AK

Hh. Metrene 1 rr drer Ct honk han wT
be The fin Fortine Prshele ch

ot dive fle Ascheerc~ of cf
byertte d inet) :con Nort Cuke he he lote

che Wn

Ocshbide of he
: r

Mu- Me Gos bn be lyodengrin
Vncdtuere”

ae pezene)

tne Sey on [mmc ollerne® ( O\co-AG - HE 4o)
sn °

7
ee

:
\ ac ecw

~
poses

We bo es tobl ih fre CLE

Lan Je:(-

areneSVS FOUACEoy KOS

he dhe elke Ket
be Las

ow etter
CURhath

ont Vv

ron eCen ea he Keee
trv

we

bere
bSc-UCAURS



ay72)
Gowhyopmemp

yunptotnDAap"9~y“)Paar.

sod

yfFraforaryWekIPNBOT
7psoyrr4Rou,1)~)

aoaneS!SNA-apap
YP udpe

wae
erne

ay
vaOWNrape

SwwaysOpry

Spb?
“>17tS8)THEPAG88

pepe
byDH

2‘y
MY

veSyon,oY
“ypryoyrfseWADI

D.»
pomswmaoyBwayYWPyeMOND

comppany.vets
PG

MMF Ermad7y2myomp~~
yrap2eg~p>*~2IN

“Pp.
APY

yyy=O?asadMSTAPIM

z2yPrYPTrr)F5Gpod,prokyn72SPOD

yr?
S|

YNWW37297")m4eU
pbp r24os5LngyhYrs?W453

a
2qh74~)

“2aaSIAPPY7729
IWYU?OPN

PY
Sry~Yy

LevawnaPfSint
MoWyrePV"Fey)VERPY~Ywoyaz

Puy7aNYIP>vrayLf
yy?545.po}WawraoYPrg2MAMWyYb

LoAbsayOyashadpaarLopromays

jeyry“\)Swayyar|9SVYyoyoSsaq
hou

“
Fay?OPOPY~~)besproeyom

snapoid
sarourePSANDAMY2Wo.UYow)or2eye

boy
2)W59Dfoywotpe

2wifeWang

os

|aahyPPG ot)Ros



|

(
‘

-
Gpame We gacts hk limps ov

recy (nfevactng
, 7%

Inassive parberes Connect
Fhe FThwtek 4

« AGhes
he Tq “awe phonTn teas

‘dwl| ( oh
mae

Cx pernwe
Lave

Gnfivinsé (age

cf fhe Chernecterethes *botve,vigmywa be AS Cevined |

Ab dec

\ the 2 ova. A (~(& fe heeCog
d wor

Can ch

ofiunt, Onoretir Pwvebrte~
cf heelece

ves d Led eR Mourne Anomae (ces

BE Cxcsh.



A Century of Cosmic Ray Research
B.Y Sree kanten

Nekonet Incthh of Ddvetd Strctiet, Bangali, Sb 70

In 1785, the famous french scientist Coulomb had published a paper in which he
had

reported the observation that invert» charged metal sphere suspended by an insulating sigk |

thread leaked away its chargein a
shor

time. The reason was unknown. The mystery was solved

onlyin the year 1912 by Victor Hess‘3 who established through a series of manned balloon fights thatuse
the leakage of charge was due to bursts of ionization of the air surrounding the metal

spherq by

highly penetrating charged particles of extraterrestrial, indeed of extrasolar origin. The name [>

‘cosmic radiation’ was given to this mysterious radiation by Millikan in 1925.

d at the Same Rwe
The radiation hag several uniqueal intriguing features. The radiation was present all over

the globe. It was pouring in both during day and night and from all directions. It took more than a

{!

tides Om the VAriaton of the. intesscty
few decades to figure out the various complexities of the radiation, s a function of latitude an of

(2) its
longitude established the influence of the earth's magnetic field’on the

radiation
and the charged dic hum

nature of-+radiatien (Fig. 1). This led to the discovery of the so called knee ohieet of the radiation

(Fig. 2 nom NrOoOpeH

rad ee

There was clear indication of two components with widely different characteristics - a soft

component that was easily absorbed by a few centimeters of lead and a penetrating component that

could penetrate meters of lead. The soft component was observed to
amve not

as single particles,

but mostly as bursts of simultaneous multiple particles. It was also obsenved that this radiation

multiplied into several particlesin passing through an absorber like lead. The penetrating particle,

on the
otherhand , arrived mostly as a single particle and did not multiplyin passingoushicknes

offend
absorber. However, the

absorption
characteristics of the penetrating radiation

showed a very anomalous feature - the
extend

of absorption was differentin equal
ggrammage of

ofavecateh Medi lun mMediuw Mod
w

«ff
condensed medicines like lead and an

extendeff medicines\like
the atmosphere. senetrating

particles were lostin the atmosphere compared to the lossin lead. This gave the first clue that the

penetrating particle may be undergoing spontaneous decay like a radioactive nucleus. These

eCtak beeming ferni(ich,
Losbecatenal features of cosmic

raysexpersments
were progressing at the sometime as the

neeAterrek brewidiw
wg

days of thédevelopments in relativity and quantum mechanics and naturally |provided nie



be
confirmationsof the theoretical developments in these fields. The development of the relativistic

quantum equation of
the electron by

Diag.
led to the prediction of the© positfon

the anti-particle of
.

tweg @006rYe +
the electron. Without knowing this iheoretical prediction, C D Anderson of California Institute of

von
Technology discovered

the positiwe
(Fig 3) while analyzing the nature of cosmic ray particlesin a
tren discovery b

magnetic cloud chamber. thes was followed by the development of
the

cascade theory
by Bhafha

y]
and Heitler in England and simultaneously by Carlson and Oppentiemer

iin the G.S, The cascade

theory provided a simple and elegant
expegnation

of the features of the soft component of cosmic

radiation - the multiplication of particles through e-easerde=of pair production and bremstratlung

(4

£53
radiation. (Fig. 4 and 5)

From a systematic analysis of all the cosmic ray data on the soft and penetrating

components
and from a critical assessment of the quantum-electro-

dynami¢s theones,
Homi

Beri mid 14385
Bhabha® in the mid30%3-of thetast-eentury came to the conclusion thal)“either quantum

.
7 . .

electrodynamics breaks down at high energies, or (ii) there exists in cosmic radiation
a particle with

a mass intermediate between that of the
electron

and proton. Around the same time, Anderson and
(43

Neddermeyer, and also Street and
Stevefson

were mounting evidence, from
their cloud chamber

C heva
experiments,on cosmic ray particles, for the

existence ofvat bodes’xB5ieles of intermediate mass.

Further
experiments established that the mass of this particles, was 200 + 2 electron masses.

e
Whigk the name ‘mesotron' was given to this particle by Millikan, the name ‘meson’ was suggested

by Bhabha in 1939 and the latter name has stuck on.

Soon, the spont
agous

decay of the meson was recorded in cloud chamber anda classic
oF fre deco! it

example\is
shownin fig.6. The half-life of the meson was measured by bringin the-meson

to rest
emisscon OF the Cherged delay Produk,fhe

in an absorber and recording the time of#s|deeay+nte-an electron. “It was also established that this

meson
decay

was a three body process involving in addition to the electron, two more neutral
Genes

particles, \the neutrinos. The mean life time of the meson was determined to be 2.2 microseconds.

t
While the discovery of the meson provided an elegant exeanation of the penetrating

component, and its decay characteristics, ‘accounted
for the anomalous absorption characteristics

discussed earlier, serious problems arose“because of certain theoretical developments in the field of

nuclear physics and also because of the
vey

weak interaction p these particles in nuclear

encounters. To explain the strong binding between protons and protons, protons and neutrons and



Y
neutrons and neutrons in nuclei, the Japanese physicist Ykawa had postulated the existence of a

particle of mass intermediate between the electron and proton, that was continuously exchanged

between these nuclear components.
With the discovery of the meson, the natural assumption was

made that the Ypkawa particle (YAkon)
and the experimentally discovered

Meson’ were
one and the

same. This led to\lot of confusion and complication and was resolved only threugh another major

discovery, fol lowed

(1%
The experiments of Conversi, Panchini and Piccioni on the mean lifetimes of positive and

negative mesons conting to rest in absorbers of different atomic numbers showed that while positive

mesons decayed in all substances with the same lifetime of 2.2 microseconds, the behaviour of
guhen Atop

negative mesons was distinctly different. While none of the negative mesons decayed]|in a high

atomic number material like iron, some of them did decay in lighter atomic number materials like
or

carbon and magnesium anda clear dependence on ¥ could be
established.

This behaviour was

contradictory to the expectation that the meson was the same as the
Y kon In this case the negative

the th
mesons also should have decayed in all materials, irrespective of

she
atomic number. Another

A hendved Kmes v
discrepancy was that

the
lifetime of 2 microseconds was

a factoror to
O longer than what Ydkawa

had predicted for the
Y4kon.

Theoreticians like Marshak
hag

been suspecting that there may be two

kinds ofmesons.

In the mid 40's Powell and his collaborators at the University of Bristol pioneered the

development of the photographic emulsion as a particle detector, even for very high energy particles

which had the characteristic of lowest ionization loss in passing through aay materials. This

development was rewarded by the discovery of yet another meson (Fig 7.)~~). What was

remarkable was that this new meson which
was given

the name Pi-meson, (Pion) decayed

spontaneously into the old meson which
was

now gien the Mte-Meson (Muon). The Pi-meson had

just the characteristics expected of the Yfkawa particle - its mass was 273 electron masses and

lifetime 2.6 x 10° seconds and it decayed into a muon anda neutrino.

With the discovery of the Pi-meson, the main features of the different components of cosmic

rays encountered at mountain
altitudes

and
sea

level were satisfactorily explained. The inter-

hat remained was - how 4a these Pi-
gnesons came into existence at these deep

phere
especially

since the Pi-mesonsShaya mean life of only 2 x 10° seconds

nk Components GlSo feCame Cheech. The qpestkes

pedom

ja

relations between}t typ
levels of the atmos

He» Acf F|eh:



Connot
and despite relativistic elongation of time,sooutd

not survive for long distances in the atmosphere,?
\

Whatis the connection between these Pi-
mesons

and whateveris the primary cosmic radiation that
Sucw (oShes

is incident at the top of the
atmosphere7/ This\takes

us to the study
Eke

radiation as-a-fenction_of altitude-to very great
heights,

started by the
Pioneer

Victor Hess himself,

als a sa adiatien-underwater_a und. Victor
Reno.

4
Hess\found that the intensity of the ionizing radiation increased as he

rafe
to higher and higher

heights upto about 13,00 ft in his manned balloon
gondola, fater

experiments of Regener and others

showed that the intensity started slowly levelling ofat phe heights(eeresponding to-about 200

Fig 8)Ros Further experiments revealed that the radiation incident at the to of
emstem?)( g Rossi ptt),

P the
top

the atmosphere consistegt primarily of protons and it is in the collisions of these primattes with air

nuclei that a large number of secondary particles were produced, the most dominant being charged
_ptons.

and neutral pi-mesens. The - uted the penetrating component at lower levels

of atmosphere, at mountain altitudes, underwater and
undergroundwere

the decay products of the
mins.

pions. The neutral pions decayed into pairs of \that gave rise to the soft componan of cosmic

rays - photons and electrons through cascade developme that the

primary cosmic rays extended over a wide energy band,(especially tr ground
Med

experiments) Thus by the late 1940's, the rest phase of cosmic ray research got clearly defined:

(i) Study of the characteristics of high energy nuclear interactions.
cA tiws

(ii) Study of the composition and energy renge of the primary radiation

Cosméc ray studies on High energy
interaetions{ Era

of Particle Physics

Around the same time as the
discovery

of the pi-meson in nuclear
emulsionsexposed

at
1c)

mountain altitudes, Rochster and Budler
found

evidence
for yet another trew type| particles

- called

by them V-particles\in a cloud chamber operat¢f at sea
level.)

The photograph of a typical V-
(16)

ven the Name

particle fecordedin a cloud chamberjs shown in Fig 9. These V-particles were later iddatified as
Strange aq

the K-mesons and Hyperons , which=aetually 98 "Strong
particles” \heralded

the new, era of

fundamental particles
shes

vestigation both with cosmic rays and neelear
accelerators peerwne babeartic tes BecCavec & hoajor Keriveby

a-majes-aetinityin-the-ereemef
fundamental esearch

all over the world. The Table 1, summarises

Audies thet hed been _CarTr™
lef the Viour of cosmic Ou ot

oe TYLUONS
5 ns which constit

rt. There was also an indication

deep under

Ape



the properties of all the fundamental particles discovered in cosmic rays over the decade 1947-1957,
Y discovered

( the ealy exceptions being the
positfon

discussed in 1932, the mu-meson in 1937)
.

Fundawentoel v
These| particles, excepting the positjon,

are all unstable particles and decay away in

extremely short intervals of time into other particles. The lifetimes range from 2 x 10° seconds to 8

x 107” seconds. They are all singly charged and have a spin 0 or 1/2, When the K-Mesons were

discovered an intriguing feature that had been noticed was that the K= Meson was always produced

in association with a hyperon or another K-meson. This unique feature which
came{9

be known as

‘associated production’ led Gellmann and Pal! to propose a new quantum number bert they called

"strangeness quantum number" to be conserved in strong interactions involving the production of

these new particles i eadition-to the pi-mesons which were treated as non-strange particles. The

spontaneous decay behaviour of these strange particles showed that the strangeness quantum

number was not conserved in weak interactions. The Table gives also the strangeness quantum

numbers that were associated with eS ous particles. Gellmann predicted ,on the basis of the

phenomenological suc3)}hat he
developedthat there should be a particle with strangeness quantum

number (—3) that-should-be produced in high energy interactions. It was,indeeda great triumph for

1¢

the theory that this particle called Q” was discovered later at accelerators.

Yet another important result
of-grent-cnsequeney/

that emerged from a study of these new

particles was the first indication of parity non-conservation in weak interactions. It can be seen

from the Table that K°-meson with a mass of 974 me, decays in two distinctly different modes -

sometimes into two pions (x7,anm’) and at other times into three pions - (x°, nr, n°), (x°, nm, )
and also (x e” ve),with quite different lifetimes for the various decay modes. The occurrence of

both two body and three body decays for the same particle meant the non-conservationg of the

symmetry - parity. In cosmic ray studies the particle that decayed into two pions was called the @

particle and the one that decayed into three was called t-meson and the puzzle was called t-0

puzzle. The first reaction
Nas

to treat these two as different particles. To resolve the puzzle, Lee

and Yang 1M posed symmetry breaking of the mirror reflection symmetry in weak interactions
and

suggested the famous f-decay experiment vohreH—wes
successfully carried out by Madame

Wh

0)

confirming t¥€parity breakdown.



These discoveries in the area of fundamental particles produced in high energy collisions of

cosmic rays and their secondaries provided considerable incentive
| and

justification for the
Advent of Enevgy Accelere

construction of higher and higher energy accelerators. Fras cosmic ra
studies dd high energy

bern
interactions eradually shifted to energies beyond the range of acceleratioys at different parts of time.

resulted

Also the pfimary cosmic ray beam provided the opportunity for studying the characteristics of

collisions
involving heave

nuclei, which had been discovered
as-being-pregent

in the primary beam

around 1948. Gsadually the emphasisin cosmic ray research shifted to
@
systematic study of the

yieo
primary spectrum and

composition,
especially from the point of of

unravelling
the sources of

cosmic rays and the
physiefprocesses

responsible for the acceleration of thdse particles.

Spectrum and composition of primary cosime rays *

of
From a

variety)
ingeniously designed experiments - emulsion stacks flows to balloon

aq

altitudes, measurements of muon
1 intensity upto very heat depths underground and the study of

extensive air showers, it has
becgme

clear that the primary cosmic ray energy spectrum extend’
20

from a few hundred Mev to well beyond 10 - more than 14 decades of energy, the intensityy itserg ?
“demanded>

falling
by more than 20 decades. The ingenuity seqtredin the design of experiments can

be ss
seen

~$HAihe
fact that while the cosmic ray intensity at about one Gevis 1000 particles/em?SC, H=fke+oa

| particles/
1000 kilometer squared year.

energy Ca.me

Though some preliminary ideas on the nature of the primary \spectrum were—obtared
Arnalysis

through and of the high energy interactions in nuclear emulsion stacks flowhto balloon |

; A GUNnexpected bonus frown theSe Ftig bts =
altitudes, the primary~purpoethese—served was the detection of heavy nuclei in the primary

in 19u¢
radiation. In the balloon flights carried out) by the University of Minnesota and University of

Iq
Rochester groups with piles of nuclear emulsion plates,reaching to an altitudeof 94,000 ft., ionizing

tracks corresponding to multiply charged particles of several gev energy Here recorded.od ane
hater

experiments established that these indeed more due to
various

types of heavy atoms Hopped of their

electrons. The Table II
shows.

the relative abundance of th¢se heavy nucleiin the
primary radiation.

Though thereis a general simyflarity
to tid universal abundance of elements, the igng group is much x

more abundant in cosmic rays. A matter of primary interest in cosmic ray studies in more recent
of Various nucler

yearshas been the determination of these relative
abundances)

at very high energies. he-very

Special types of large area emulsion stacks with interspersed X-ray ain enabled the

> ther hewe been
‘ Howrn on londprahon

bal Lo6n Fughts



Medium
determination of the relative abundances of the light,

migdum
and heavy groups of elements upto

abeut an energy per nucleus of 10'° ev (Fig 11). Fhe-shape of the-spectra for the different _graups

beyond this energy range is-ef creat astrophysics interest.
'

The all particle spectrum in the energy range 10''-10'° ev was determined with
fhe

help of
2.0

deep ionization calorimeters on board the
Proton

satellite series by Grigorov ef al. This is

reproducedin Fig 12. The all
ramicle primary spectrum over the entire energy range 10''-107° v

Teshima>
as complied by Here-ere/in} 1966 almost f years after Grigorov's experiment is given in Fig 13. It

1443 =
is seen that thereis a pronounced changein the slope of the energy spectrums around 10’* ev which

has come to be known as the "knee" region and again a flattening of the spectrum around 10'® ev

*K these
. The factors contributing to ¢hiek

changes are not clear yet. As far as the knee is concerned, for almost fifty years, it has been

surmised that this may be connected with the rigidity cut off imposed by the galactic magnetic field;
_
as . , Cert

Gsiaerexs suggested by Bernard Peters in theme1950's.

thick fov
Sucha rigidity cut off depends on @/A inetis different by a factor 2 between protons and

Aine
heavy nuclei and in air shown experiments, what-is-measured-s the total energy of the

is measured enn oveh.9
‘primary, energy per

nucleus,
one should expect a steepasiag Of the spectrum en a range of primary

‘bro + Gbour6 Moviw ine veased
energies a-eradual_change-in the primary composition towards

abundance
of

C22)
heevier-end heavier nuclei. An estimate of the relative pri y Sftordyin

1993 based on the emulsion stackf experiments is given in Table III. At still higher energies the

only method availableis that of extensive air showers. In this method, the special characteristics of

the showers like the
the delay

1

in the arrival times of the different components of the shower - elements”

mesons, nuclear-eeter particles ete, the multiplicity distributions of muons,etc,have been used to

estimate roughly the primary composition through extensive montecarlo simulations of these

characteristics.
Tre Table IV gives accomparison of the relative composition in the energy range

10'-10"°15 9%One trend thatis clear for‘the table
i
is that at energies beyond 10'* thereis an increased

vend comtenees Con finwes
heavy primary dominance. The question is whether this\eensiderable upto very high energies.

The flattening of the speum
well beyond the knee region, is accounted forin terms of the
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With the discovery of #fe Pulsars in the radio and optical and X-ray regions, consider
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The future of cosmic ray research

Even after a hundred years of cosmic ray research, there remain many outstanding problems
Gnd AlSoor Mery Oeloted

regarding the radiation
itself, many

astrophysical problems and alse problems in the field of

. .
beyona the ew fe of Cre, tthe. Cosrremt ccetevehh,

elementary particle
Physis clare

efansng the attentton of both the experimentalists and the

These
theorists all over the world.
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Regarding the radiation itself where extends over 14-15 decades of energy, the sources and

mechanisms of accelerations have nor been unambiguously established yet though supernova

At¢Hye Aweler bAndh
nthe Gres

remnants and Aetre Galactic \---- beth condensed objects like giant blackholes| have become

increasingly popular as source and their environments most condensive for high energy

acceleration. The composition of the primary radiation beyond 10'° ev is still not clear. While the

change of the shape of the spectrum around the knee region (~10'° ev) is well established, the

flattering beyond 10'” ev and the evidence for a cut off due to 30 radiation is still indispute. The

theoretical work on the acceleration of particles in the neighborhood of AGN's is throwing open the

possibility of recordable fluxes of very high energy neutrinos in the underground and undevice

installations. The search for high energy quark nuggets and WIMPS or weakly interacting massive

particles continues. The sources of the highest energy cosmic rays of energy beyond 107! is also

posing serious problems while accelerator experiments have confirmed by and large many of the

characteristics of ultra high energy interactions discerned from cosmic ray studied in the earlier

years like the riffing cross sections, increasing production of nucleon and antinucleons with energy,

some anomalies still exist.
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In 1785, the famous french scientist Coulomb had published a paper in which he had

reported the observation that an electrically charged metal sphere suspended by an insulating
silk thread leaked away its charge invariably in a short time. The reason was unknown. The

mystery was solved only in the year 1912 by Victor Hess [1] who established through a series

ofmanned balloon fights that the leakage of charge was due to bursts of ionization of the air

surrounding the metal sphere caused by highly penetrating charged particles of
extraterrestrial, indeed of extrasolar, origin. The name ‘cosmic radiation’ was given to this

mysterious radiation by Millikan in 1925.
|

The radiation had several unique, at the same time intriguing features. The radiation

was present all over the globe. It was pouring in both during day and night and from all

directions. It took more than a few decades to figure out the various complexities of the
radiation. Studies on the variation of the intensity of the radiation as a function of latitude and

longitude established the influence of the earth's magnetic field [2] on the radiation and its

charged nature (Fig 1). This led to the discovery of the so called "knee" [3] of the radiation

(Fig 2).

There was clear indication of two components with widely different characteristics - a

soft component that was easily absorbed by a few centimeters of lead and a penetrating

component that could penetrate meters of lead. The soft component was observed to arrive

not as single particles, but mostly as bursts of simultaneous multiple particles. It was also

noted that this radiation multiplied into several particles in passing through an absorber like

lead. The penetrating particle on the otherhand, arrived mostly as a single particle and did

not multiply in passing through even large thicknesses of a lead absorber. However, the

absorption characteristics of the penetrating radiation showed a very anomalous feature - the

extent of absorption was different in equal grammages of a condensed medium like lead and

an extended medium like the atmosphere. Larger number of penetrating particles were lost

in the atmosphere compared to the loss in lead. This gave the first clue that the penetrating

particle may be undergoing spontaneous decay likea radioactive nucleus. These special

* To
appear

in the 125" Anniversary Celebratory Volume of the Indian Association for theCultivation of Science, Calcutta. (2001)
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Figure 1. Isocosms, or curves of equal cosmic-ray intensity, according to A.H. Compton. The

numbers on the curves give the intensity of the cosmic radiation level, as measured by the number of
ion pairs they produce in 1 cm’ of air at standard temperature and pressure. Dots show locations where

measurements were made. The graph also shows the geomagnetic equator and two geomagnetic

parallel (50°N and S). (From a paper in Review ofScientific Instruments, vol. 7, p. 70, 1936).

features of cosmic rays were becoming familiar at the sometime as the heady days of

developments in relativity and quantum mechanics and naturally started providing crucial

confirmations to the theoretical developments in these fields. The development of the

relativistic quantum equation of the electron by Dirac, led to the prediction of the ‘positron'
the anti-particle of the electron. Without being aware of this theoretical prediction, C D
Anderson [4] of California Institute of Technology discovered the positron (Fig 3) while

analyzing the nature of cosmic ray particles in a magnetic cloud chamber. The positron

discovery was followed by the development of the cascade theory by Bhabha and Heitler [6]
in England and simultaneously by Carlson and Oppenhiemer [7] in the U.S. The cascade

theory provided a simple and elegant explanation of the features of the soft component of
cosmic radiation - the multiplication of particles [5] through pair production and

bremstratlung radiation. (Fig 4 and 5)
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Figure 2. Cosmic-ray intensity as a function of geomagnetic latitude at three different altitudes. The

intensity is measured by the number of ion pairs produced by cosmic rays in 1 cm? of air at normal

temperature and pressure. (From A.H. Compton, The Physical Review, vol. 43, p.387, 1933).

Figure 3. The positron, or positive electron, was identified as the particle that entered the cloud

chamber from below and produced the track curving sharply to the left after traversing the lead plate.

The photograph, taken by Anderson in 1932, definitely established the existence of positrons. (From a

paper in The Physical Review, vol. 43, p. 491, 1933.)
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Figure 4. Development of a shower in matter through successive events of pair production and
radiation. Dotted lines represent photons, solid lines electrons.

Figure 5. Photograph obtained by Blackett and Occhialini with their counter-controlled cloud
chamber. The chamber is situated between the poles of an electromagnet. Sixteen separate tracks of
secondary particles enter the chamber simultaneously; they originate above the chamber, being
produced, apparently, in the copper coils of the magnet (not shown in the picture). The curvature of the
tracks is caused by the magnetic field: the tracks of positive particles curve to the right, the tracks of
negative particles to the left. [From P.M_S. Blackett and Giuseppe Occhialine [5], Proceedings of the
Royal Society (London), vol. A139, p. 699, 1933)

From a systematic analysis of all the cosmic ray data on the soft and penetrating components,
and froma critical assessment of the quantum-electro-dynamics theories, Homi Bhabha [8],
in the mid 1930's, came to the conclusion that either (i) quantum electrodynamics breaks
down at high energies, or (ii) there exists in cosmic radiation a particle with a mass
intermediate between that of the electron and the proton. Around the same time, Anderson
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and Neddermeyer [9], and also Street and Stevenson [10] were mounting evidence, from their

cloud chamber experiments on cosmic ray particles, for the existence of singly charged

particles of intermediate mass. Further experiments established that the mass of this particle, -

was 200 + 2 electron masses. While the name ‘mesotron' was given to this particle by

Millikan, the name ‘meson' was suggested by Bhabha in 1939 and the latter name has stuck

on.

Figure 6. Decay of a 2: meson. The meson enters the cloud chamber from above. It traverses an

aluminum plate 0.63 cm thick, where it loses most of its energy. The meson, which leaves the plate as

a slow and therefore heavily ionizing particle, comes to rest in the gas. The track of an electron

originates from the end of the p-meson track. The electron, traveling at nearly the speed of light,

produces a track approximating that of a minimum-ionizing particle. The tracks of the meson and the

electron are slightly bent by a magnetic field, and the direction of the deflection shows that both

particles are positively charged. (From R.W. Thompson, 7he PhysicalReview, vol. 74, p. 490, 1948.)

Soon, the spontaneous decay of the meson was recorded in cloud chamber and a

classic example of the decay [11] is shown in (Fig. 6). The half-life of the meson was

measured by bringing it to rest in an absorber and recording the time of emission of the
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charged decay product, the electron. It was also established that this meson decay was a

three body process involving in addition to the electron, two more neutral particles, namely

the neutrinos. The mean life time of the meson was determined to be 2.2 microseconds.
.

While the discovery of the meson provided an elegant explanation of the penetrating

component, its decay characteristics and accounted for the anomalous absorption

characteristics discussed earlier, serious problems arose because of certain theoretical

developments in the field of nuclear physics and also because of the very weak interaction of
these particles in nuclear encounters. To explain the strong binding between protons and

protons, protons and neutrons and neutrons and neutrons in nuclei, the Japanese physicist
Yukawa [12] had postulated the existence of a particle of mass intermediate between the

electron and proton, that was continuously exchanged between these nuclear components.

With the discovery of the meson, the natural assumption was made that the Yukawa particle

(Yukon) and the experimentally discovered ‘meson' were one and the same. This led to a lot

of confusion and complication and was resolved only when another major discovery

followed.

The experiments of Conversi, Panchini and Piccioni [13] on the mean lifetimes of

positive and negative mesons brought to rest in absorbers of different atomic numbers

showed that while positive mesons decayed in all substances with the same lifetime of 2.2

microseconds, the behaviour of negative mesons was distinctly different. While none of the

negative mesons decayed when stopped in a high atomic number material like iron, some of

them did decay in lighter atomic number materials like carbon or magnesium and a clear

dependence on Z could be established. This behaviour was contradictory to the expectation

we
.
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Figure 7, Photomicrograph showing a x meson (7%) coming to rest in a nuclear emulsion and a 1 meson

(1) arising from the end of the x-meson track. (From C.M.G. Lattes, H. Muirhead, G. Occhialini, and

C.F. Powell, Nature, vol. 160, p. 453, 1947.)
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that the meson was the same as the Yukon. In this case the negative mesons should not have

decayed in any of the materials, irrespective of their atomic number. Another discrepancy
was that the lifetime of 2 microseconds was a hundred times longer than what Yukawa had

predicted for the Yukon. Theoreticians like Marshak had been suspecting that there may be

two kinds ofmesons.

In the mid 40's Powell and his collaborators at the University ofBristol pioneered the

development of the photographic emulsion as a particle detector, even for very high energy

particles which had the characteristic of lowest ionization loss in passing through materials.

This development was rewarded by the discovery of yet another meson [14] (Fig 7). What

was remarkable was that this new meson which was given the name Pi-meson, (Pion)

decayed spontaneously into the old meson which was now called the Mu-Meson (Muon).
The Pi-meson had just the characteristics expected of the Yukawa particle - its mass was 273

electron masses and lifetime 2.6 x 10° seconds and it decayed into a muon and a neutrino.

With the discovery of the Pi-meson, the main features of the different components of
cosmic rays encountered at mountain altitudes and sea level were satisfactorily explained.
The inter-relations between the different components also become clear. The question that

remained was — how do these Pi-mesons come into existence at these deep levels of the

atmosphere, especially since the Pi-mesons have a mean life of only 2 x 10° seconds and

despite relativistic elongation of time, cannot not survive for long distances in the

atmosphere? What is the connection between these Pi-mesons and whatever is the primary
cosmic radiation that is incident at the top of the atmosphere?

Such issues takes us to the studies that had been carried out on the behaviour of
cosmic radiation at very great heights, started by the pioneer Victor Hess himself. Victor
Hess had found that the intensity of the ionizing radiation increased as he rose to higher and

higher heights upto about 13,00 ft in his manned balloon gondola. Later experiments of

Regener and others showed that the intensity started slowly levelling off at still higher heights
(Fig 8). Further experiments revealed that the radiation incident at the top of the atmosphere

consisted primarily of protons and it is in the collisions of these primaries with air nuclei that

a large number of secondary particles were produced, the most dominant being charged and

neutral pions. The muons which constituted the penetrating component at lower levels of

atmosphere, at mountain altitudes, underwater and underground, were the decay products of
the pions. The neutral pions decayed into pairs of gamma rays that gave rise to the soft

component of cosmic rays - photons and electrons through cascade development. There was
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also an indication especially from the deep underground experiments that the primary cosmic

Tays extended over a wide energy band. Thus by the late 1940's, the new phase of cosmic ray
research got clearly defined:

(i) Study of the characteristics ofhigh energy nuclear interactions.

(ii) Study of the composition and energy spectrum of the primary radiation
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Figure 8. Intensity of cosmic rays as a function of atmospheric depth, as measured by Regener and his

group with balloon-bome electroscopes. The atmospheric depth plotted on the horizontal axis is the

mass per unit area of the air layer above the electroscope. The vertical scale gives the number of ion
pairs produced per second by cosmic rays in 1 cm’ of air at standard temperature and pressure. In these

units, the cosmic-ray intensity at sea level is about 2.
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Cosmic ray studies on High energy interactions: Era of Particle Physics

Around the same time as the discovery of the pi-meson in nuclear emulsions exposed
at mountain altitudes, Rochester and Butler [15] found evidence in a cloud chamber operated
at sea level for another type of new particle - called by them ‘V-particle’. The photograph of
a typical V-particle [16] recorded in a cloud chamber is shown in Fig 9. These V-particles
were later given the names the K-mesons and Hyperons, the "strange particles" that heralded

the new era of fundamental particles. Investigations both with cosmic rays and accelerators

on fundamental particles became a major activity of research all over the world. The Table
1, summarises the properties of all the fundamental particles discovered in cosmic rays over

the decade 1947-1957, (the exceptions being the positron discovered in 1932, the mu-meson

in 1937).

These fundamental particles, excepting the positron, are all unstable particles and

decay away in extremely short intervals of time into other particles. The lifetimes range from

2 x 10° seconds to 8 x 107” seconds. They are all singly charged and have a spin 0 or 1/2.

When the K-mesons were discovered an intriguing feature that had been noticed was that the

K-meson was always produced in association with a hyperon or another K-meson. This
unique feature which came to be known as ‘associated production’ led Gellmann and Pais

[17] to propose a new quantum number which they called "strangeness quantum number" to

be conserved in strong interactions involving the production of these new particles along with

the pi-mesons which were treated as non-strange particles. The spontaneous decay behaviour

of these strange particles showed that the strangeness quantum number was not conserved in

weak interactions. The Table gives also the strangeness quantum numbers that were

associated with the various particles. Gellmann predicted, on the basis of the

phenomenological SU(3) theory that he developed, that there should be a particle with

strangeness quantum number (~—3) produced in high energy interactions. It was, indeed, a

great triumph for the theory that this particle called Q” was discovered later at accelerators.

Yet another important result that emerged froma study of these new particles was the

first indication of parity non-conservation in weak interactions. It can be seen from the

Table that K°-meson with a mass of 974 me, decays in two distinctly different modes -

sometimes into two pions (x°x, 1°n°) and at other times into three pions ~ (n°, 2°, 12°), (n°,

n,m) and also (x e" ve), with quite different lifetimes for the various decay modes. The



Table 1. Properties of elementary particles discovered in cosmic rays 1930-1955 (5 3)
(some of the properties listed - spin, lifetime, antiparticle, decay modes were determined later in accelerator experiments)

Name of | symbol | Strange- ; Anti Anti Mass in | Spin | Charge | Lifetime in Decay Modes

particle ness No. | particle | particle | terms seconds

symbol | strange | ofM,
mass No.

Positron e* 0 e 0 1 1/2 1 - -

Muon Wo 0 ue 0 207 1/2 1 2.2x 10° (€& Vu ve)
Pion t 0 x 0 273 0 =) 2.6x 10° (Vy)

n° 0 n° 0 264 0 0 8.0x10 7
(vy)

Kaon * +] K -1 966 0 +] 1.2x10°% (x*n°), (uv), (e° 2 ve)
K® +1 K, -] 974 0 0 Ky: 9x10! (x’x), (x°n’),

Ki: 5.4x10° | (x°n°n®), (n°n'’n), (a e*ve )
Lambda »° ~] A, +] 2183 1/2 0 2.5x107!° (pr), (n°)
Hyperon

Sigma > -] yt +] 2328 | 1/2 +] 8.0x107)! (px’), (nn*)
Hyperon yo -1 Fo +] 2334 1/2 0 x10-'4 (A°y)

x -] y- +] 2343 1/2 -] 1.5x10°° (nz)
Cascade = 2 Ro +2 2573 | 1/2 0 3.0x10°'° (A°o 7°)
Hyperon [| = -2 = +2 2586 | 1/2 1 1.7x10°% (An)
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\ TT
Figure 9. Example of 60-decay (film #R-151) by Thompson et a/. (1953b). The momenta of the

positive and negative fragments are (0.90 = 0.02) and (1.9 = 0. 1) GeV/e, respectively. Both tracks are

at minimum ionization. The angle between the tracks is (17.5 = 0.1) and the Q(x, ™)-value is (219 = 12)
MeV.

occurrence of both two body and three body decays for the same particle meant non-

conservation of the symmetry — parity. In cosmic ray studies the particle that decayed into

two pions was called the @ particle and the one that decayed into three was called t-meson

and the puzzle was called t-9 puzzle. The first reaction was to treat these two as different

particles. To resolve the puzzle, Lee and Yang [18] proposed symmetry breaking of the
mirror reflection symmetry in weak interactions and suggested the famous B-decay

experiment, successfully carried out by Madame Wu, confirming parity breakdown.

These discoveries in the area of fundamental particles produced in high energy
collisions of cosmic rays and their secondaries provided considerable incentive and

justification for the construction of higher and higher energy accelerators. Advent of high
energy accelerators resulted in cosmic ray studies on high energy interactions being gradually
shifted to energies beyond the range of accelerators. Also the primary cosmic ray beam
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provided the opportunity for studying the characteristics of collisions involving heavy nuclei,
which had been discovered in the primary beam around 1948. Thus the emphasis in cosmic

ray research shifted to a systematic study of the primary spectrum and composition, ~

especially from the point of view of unravelling the sources of cosmic rays and the physical

processes responsible for the acceleration of these particles.

Spectrum and composition of primary cosmic rays:

From a variety of ingeniously designed experiments — emulsion stacks flown to

balloon altitudes, measurements of muon intensity upto large depths underground and the

study of extensive air showers, it became clear that the primary cosmic ray energy spectrum

extended from a few hundred Mev to well beyond 107° ev — more than 14 decades of energy,
the intensity itself falling by more than 20 decades. The ingenuity demanded in the design of

experiments can be seen from the fact that while the cosmic ray intensity at about one Gev is

1000 particles/cm’sc, it is 1 particle/1000 kilometer squared year at 107° ev.

Though some preliminary ideas on the nature of the primary energy spectrum came

through an analysis of the high energy interactions in nuclear emulsion stacks flown to

balloon altitudes, the unexpected bonus from these flights was the detection of heavy nuclei

in the primary radiation. In the balloon flights carried out in 1948 by the University of
Minnesota and University of Rochester groups [19] with piles of nuclear emulsion plates,

reaching to an altitude of 94,000 ft., ionizing tracks corresponding to multiply charged

particles of several Gev energy were recorded. Later experiments established that these

indeed were due to various types of heavy atoms stripped of their electrons. The Table 2

shows the relative abundance of these heavy nuclei in the primary radiation. Though there is

a general similarity to universal abundance of elements, the iron group is much more

abundant in cosmic rays. A matter of primary interest in cosmic ray studies in more recent

years has been the determination of the relative abundances of various nuclei at very high

energies. Special types of large area emulsion stacks with interspersed X-ray sheets that have

been flown on long duration balloon flights, have enabled the determination of the relative

abundances of the light, medium and heavy groups of elements upto an energy per nucleus of
10'° ev (Fig 10).

The all particle spectrum in the energy range 10''~10'° ev was determined with the

help of deep ionization calorimeters on board the Proton satellite series by Grigorov et al
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Table 2. .....

Nuclei Z Relative number

(E > 2.5 Gev)

Hydrogen (P) 1 100,000
Helium (F) 2 6,770

Light Nuclei 3-5 146

Medium Nuclei 6-9 430

Heavy Nuclei >/10 246
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Figure 10. Combined fluxes of JACEE 1-12 for individual elements.

[20]. This is reproduced in Fig 11. The all particle primary spectrum over the entire energy
range 10''-10”° ev as compiled by Teshima [21] in 1993, almost 20 years after Grigorov's
experiment is given in (Fig 12). It is seen that there is a pronounced change in the slope of the
energy spectrums around 10’° ev which has come to be known as the "knee" region and again
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Figure 11. The all particle integral energy spectrum obtained by Grigorv ef ai. (1971) using total

absorption calorimeters on board Proton satellites.

to

a flattening of the spectrum around 10’* ev which has been called the ‘Ankle’ of the primary

spectrum. These features became evident from extensive air shower experiments at mountain

altitudes and sea level. The factors contributing to these changes are not clear yet. As far as

the knee is concerned, for almost fifty years, it has been surmised that this may be connected

with the rigidity cut off imposed by the galactic magnetic field; as suggested by Bernard

Peters in the early 1950's.

Sucha rigidity cut off depends on Z/A which is different by a factor 2 for protons and

heavy nuclei and since in air shown experiments, the total energy of the ‘primary, energy per

nucleus, is measured one should expect a steepening of the spectrum over a range of primary

energies brought about by the primary composition moving towards increased abundance of
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Figure 12. Compiltion of the primary energy spectrum from direct as well as air shower measurements

(Teshima, 1993).

heavy nuclei. An estimate of the relative primary nuclear composition around 10'* ev, made

by Swordy [22] in 1993 based on the emulsion stack experiments is given in Table 3. At still

higher energies the only method available is that of extensive air showers. In this method, the

special characteristics of the showers like the delay in the arrival times of the different

components of the shower — electrons, mesons, nuclear active particles, the multiplicity

distributions of muons, etc, have been used to estimate roughly the primary composition

through extensive montecarlo simulations of these characteristics. Table 4 gives a

comparison of the relative composition in the energy range 10'°-10"° ev [23]. One trend that

is clear from the table is that at energies beyond 10’ there is an increased heavy primary

dominance. The question is whether this trend continues upto very high energies.

The flattening of the spectrum, well beyond the knee region, is accounted for in terms

of the setting in, possibly of an extragalartic component of cosmic rays which has flatter

spectrum. For a long time it was thought that this component has to be necessarily protonic in

character since heavy primaries of extragalarte origin would all be disintegrated in nuclear

interactions with extragalatic matter. However, an anomalous situation has developed with

of some of the large air shower experiments in which the longitudinal development and

absorption of particles in individual showers could be determined and related to the nature of

the primary, indicating that around 10°’ ev, there is a dominance of very heavies (iron group)

and above this energy the primaries are mostly protons. Immediately after the discovery of
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Table 3. An Estimate of the composition of primary nuclei at 10’ eV/particle by Swordy (1993)

Group of nuclei p He CNO Ne-S Fe-group

A 1 4 14 24 56

E (GeVin) 10° 2.5x10* 7.14x10° 4.17x10° 1.79 10°

Flux estimate (GeV/n) 1.3x10* 2x10° 1.2x 10? 3x10! 7

Flux calculated 1.3x104 2.26x 104 1.22x10* 7.81x10° 8.02x107

(GeV/particle)

Relative abundance (%) 20 36 19 12 13

Table 4. Composition of primary cosmic rays

Energy Protons Alpha-particles CNO Si Fe

<10" ev 42 3 10 11

~10'* ev 20 36 19 12 13

~10"° ev (a) 6 4 16 32 42

~10'* ev (b) 11 14 15 17 43

the 3° microwave radiation, it was pointed out both by Greisen [24] and Zatcepin and

Kuzmin [25] that there should be a steepening of the primary cosmic ray spectron beyond

10!” ev, due to the interaction of these particles with the 3° photons. The existence of this
effect has been looked for and was thought to be confirmed by the observation that the

number of showers of energy greater than 10’ ev is an order of magnitude less than what is

expected on the basis of a simple extrapolation of the spectrum between 10'* and 10’? ev.

More recent data on these very high energy showers, however, seems to indicate that this

ZKG cut off has not been established unambiguously. Also three showers of energy greater

than 107° ev have been recorded. An interesting feature that is to be noted is that all the three

showers Table 5 [26-28] have come within 50° of the antigalactic centre. These three events

have posed a serious challenge in discerning the nature of the primaries of these showers as

well as of identifying the possible sources. The absorption characteristics of protons, heavy

nuclei, and y-rays show that the distance of the sources has to be less than 50 megaparsecs.

There are no interesting Active Galactic Nuclei within this distance and within reasonable
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directions of arrival of these showers, unless our ideas on the strength of the intergalactic

magnetic field, of the order of a few microgauss, is totally wrong.
Table 5,

Group Yakutsk Fly's Eye AGASA

Date of observation May 7, 1989 Oct 15, 1991 Dec 3, 1993

Energy (eV) 2.3 x 10° 3.2 x 107° (1.7 ~ 2.6) x 10”

a’) 75+10 86 +1 18.9

5C) 45+4 44 +(10 ~ 20) 21.1

b(°) 3 8 -41

1() 162 167 131

Primary electrons and gamma rays

Though the primary cosmic radiation is essentially hadronic in nature, the presence of
electrons and gamma rays was recognized in balloon borne and satellite experiments as early

as 1961. The primary electron spectrum in the energy range 10-1000 Gev is reproduced in

the (Fig 13). The special importance of the electron component arises from the fact that the

background radio emissions is due to synchrotron emission of the relativistic electrons

spiralling round magnetic fields. The inverse Compton scattering of the electrons with the

photons of the 3° microwave radiation gives rise to the diffuse X-ray and gamma ray

backgrounds measured in the vicinity of the earth's outer atmosphere. The importance of the

study of the high energy electron component is discussed in the review article ofDaniel and

Stephens [29].

Tev and Pev y-ray astronomies

With the discovery of Pulsars in the radio, optical and X-ray regions, considerable

interest was revived in the search for very high energy gamma rays, especially pulsed y-rays.

The pulsars, with magnetic fields of 10’? gauss and above in their neighborhood were

considered to be the nght kind of environments in which charged particles could be

accelerated to cosmic ray energies atleast upto 10’° ev. For investigations in this domain the
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Figure 13. World data on the energy spectrum ofprimary electrons.

method ofair cerenkov radiation [30] has been used effectively upto about 10 Tev. One of
the most prominent sources in the Tev region has been the Crab Nebula (Fig 14). While

practically all the groups that have made observations on this source have seen it as a steady

source, some have claimed a pulsed component in this energy range. The Table 6 gives the

characteristics of sources that have been observed in the Tev band. It is seen that there is

evidence for atleast two extragalactic sources Markarian 421 and Markarian 501.

In the still higher energy range ofPev (> 10’° ev), the only source that has been seen

definitely is again the crab nebula, though the famous x-ray source Cyg-X3 has been claimed

to be a Pev source, with varying intensity over years.
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Table 6. Source List

Name Source type Independent Characteristic

detections emission

Crab SNR 8, regular DC, steady
PSR 1706-44 SNR 1 DC, steady
Vela SNR 1 DC, steady
Mrk 421 AGN 5 DC, episodic
Mrk 501 AGN 2 DC, episodic
1ES2234+514 AGN 1, preliminary DC

GRS1915+105 }.-quasar 1, preliminary DC, episodic

Vela X-1 XRB 5 Periodic, variable

Cen X-3 XRB 2 Periodic, variable

AE Aqr CV 5 Periodic, variable

[B. Christo Raubenheimer, High Energy Astronomy andAstrophysics, Universities Press, 193

(1998)]
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Figure 14. Energy spectrum of gamma rays from Crab Nebula obtained from various observations compared with
model predictions. For references see Rao and Sreekantan (1992) [31].

Cosmic ray muons and neutrinos

So for we have concerned ourselves with the components of cosmic rays that can

easily be detected either at sea level or at mountain altitudes or at balloon and satellite
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altitudes. Historically, the study of cosmic rays underwater and underground were started

immediately after the discovery of cosmic rays to understand the mystery of the penetrating

radiation, which later turned out to be the -meson component produced in the decays of x
and k-mesons. What is most interesting is that cosmic ray muons have been recorded down

to very great depths underground. In the Kolar mines in India, intensity measurements have

been carried out upto vertical depths of 8000 ft., and angular distribution measurements,

corresponding to depths of 10,000 ft rock [32] (Fig 15) . The muons produced in the

atmosphere have to have energies in the tens of Tev range to penetrate to such depths.
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Figure 15. The variation of intensity of penetrating particles as a function of depth—based on a

variety of experiments at the Kolar Gold Fields. (M.R. Krishnaswamy et al., Proc. |[COBAN, Bombay

(1982) p. 115.)
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The other component of secondary cosmic rays whose investigations have been

conducted deep underground is the neutrino comport that arises in the decays of k-mesons, 7-

meson and t-meson in the atmosphere. The (Fig. 16) shows the example of a neutrino:

interaction in the rock that gave rise to a pair ofmuons recorded at a depth of 8000 ft in the

Kolar mines [33]. The direction of the neutrino is such that it must have originated

somewhere in the atmosphere of Australia and travelled through the diameter of the earth

before interacting in the rock close to the Kolar installation.

ZENITH

Figure 16. One of the early cosmic ray neutrino interactions recorded at K.G.F. The two penetrating

tracks meet below the horizon at a depth of 7500 hg/&n2 about a meter inside the rock. [C.V. Achar et

al., Phys. Lett., vol. 19, p. 78, (1965).] um
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Several underground experiments had indicted an anomaly in the ratio of v, to ve flux
among the neutrinos produced by the decay of p, x and k-mesons in the earth's atmosphere.
The Super Kamiokande installation in Japan set up essentially for resolving the solar neutrino
problem, has given a clear indication that there might be flavour oscillations in the
atmospheric neutrinos produced by cosmic rays. From an analysis of the angular distribution
of upward going muons in the Super Kamiokande [34], they find evidence for vz <> v,
oscillation.

The future of cosmic ray research

Even after a hundred years of cosmic ray research, there remain many outstanding and
very challenging problems regarding the radiation itself and also on related astrophysical and
elementary particle physics problems. It is now well established that the primary cosmic
radiation extends well over 14-15 decades of energy with rapidly falling intensity, the highest.
energy particles being ~10”’ ev. Neither the mechanism of acceleration nor the identity of the
sources have been unambiguously established yet. The neutron star environments with
magnetic fields exceeding 10'? gauss for energizing particles up to about 10'° ev and the
Active Galactic Nuclei with giant black holes in their cores for accelerating particles to
energies beyond 10'° ev have been the most popular, though some have evoked the
possibility of the annihilation or collapse of Topological Defects ofBig Bang Origin [35]. It
is interesting that the characteristics of the highest energy showers and their arrival directions
are not consistent with the primaries of the showers being either nuclei, protons, neutrons or
gamma rays.

The evidence for flattening of the spectrum beyond 10’” ev and the slight tendency for
an upward trend in the spectrum beyond 10’ ev and the possible absence of the ZKG cut off
are again problems that need considerable clarification. While the arrays like the FLY'S EYE
[36], AGASA [37] YAKUTSK [38] which provided the crucial results on these very large air
showers over the last few decades, will continue to gather more data in the future, the new
arrays like the {Hi ReS} [39], AUGER [40] which are designed to have very much larger
effective areas, might help in cleaning up many of these issues. Several new arrays with
special design to clinch the composition problem in the knee region, HEGRA [41],
CASCADE [42], GRAPES [43], TIBET [44] etc., have come into operation. The Whipple
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telescope [45] gave a breakthrough in the field of Tev astronomy by developing the Cerenkov

Imaging technique and proving its effectiveness by detecting even extragalactic sources. The

new installations at Pachmari [46] and Mount Abu [47]in India which have many new design
features for investigations in this area of astronomy have also started operating. The

installation MILAGRO [48] that has been set up in Los Alamos is expected to bridge the

crucial gap between the Tev and Pev astronomies. The recent book of Rao and Sreekantan

[49] gives a full account of the current status of cosmic ray research at these high energies

and the future direction in which experimental effort is progressing.

With the possibility of large scale cosmic ray installations coming in to operation on

the Space Stations, it is expected that many of the problems connected with primary

composition at low energies, the flux of primary antiprotons and positrons, the relative fluxes

of isotopes and of very heavy nuclei, the discrepancies regarding the characteristics of

interactions as discerned from the large area emulsion chamber experiments and the

accelerator experiments in the hundreds of Tev region, will all get resolved. Prospects on

ultra high energy neutrino astronomy with deep underwater SADACO [50], NESTOR [51]

and under ice installation AMANDA [52] seems very bright.

.

Acknowledgement

I have made extensive use of Bruno Rossi's book "Cosmic Rays" [53] while dealing

with historical aspects of cosmic ray research.

References

Hess Victor, Physica Zeits 13, Nos 21/22 , 1090, (1912)

A.H. Compton, Reviews ofScientific Instruments 7, 70, (1936)

A.H. Compton, Phys. Rev. 43, 382, (1933)

C.D. Anderson, Phys. Rev. 43, 491, (1933)

P.M.S. Blackett and G. Occhialini, P.R.S. A139, 699, (1933)

H.J. Bhabha and W. Heitler, P.R.S. A159, 432, (1937)

J.F. Carlson and J.R. Oppenheimer, Phys. Rev. 51, 220, (1937)

H.J. Bhabha, P.R.S. 164, 257, (1938)
S.H. Neddermeyer and C.D. Anderson, Phys. Rev. 51, 884, (1937)



BV Sreekantan

10. J.C. Street and E.C. Stevenson, Phys. Rev. 51, 1005, (1937)
11. R.W. Thomson, Phys. Rev. 74, 490, (1948)
12.H. Yukawa, Proc. Phys. Math. Soc. Japan 17, 48, (1935)
13. M. Conversi, E. Pancini and O. Piccioni, Phys. Rev. 68, 232, (1945)
14.C.M.G. Lattes, H. Muirhead, G.P.S. Occhialini and C.F. Powell, Nature 159, No. 4047,

694, (1947)
15. G.D. Rochester and C.C. Butter, Nature 160, 855, (1947)
16. R.W. Thomson, A.V. Buskirk, L.R. Fretter, C.J. Karzmark and R.H. Rediker, Phys. Rev.

90, 1122, (1953)
17.M. Gellmann and A. Pais, Proc. 1954 Glasgow Conference on Nuclear and Meson

Physics 342, (1955)
18. T.D. Lee and C.N. Yang, Phys. Rev. 104, 254, (1956)
19. H.L. Bradt and B. Peters, Phys. Rev. 74, 1828, (1948)
20.N.L. Grigorov et al, Proc. 12th International Conference on Cosmic Rays, Hobart, 5

(1971)

21.M. Teshima, Proc. 23rd ICRC, Calgary, InvitedRapporteur andHighlights Papers, 257
(1993)

22. S. Swordy, Proc. 23 rd ICRC, InvitedRapporteur and Highlights Papers, 243 (1993)
23.R. Srivatsan, Ph.D. Thesis, Bombay University (1994)
24. K. Greisen, Phys. Rev. Lett. 16, 748, (1966)
25. G.T. Zatcepin and V.A. Kuzmin, Soviet. Phys. JETP 4, 114, (1966)
26. B.N. Afanasiev et al, Proc. Tokyo Workshop for the study of Extremely High Energy

Cosmic Rays, Tokyo, 23, (1993)
27. P. Somers, /bid (1993)
28. N. Hayashida, CCR Report-324-94-19, (1994)
29. R.R. Daniel and S.A. Stephens, Space Sci. Rev. 10, 599, (1970)
30. T.C. Weekes, Space Sci. Rev. 59, 319, (1992)
31.M.V.S. Rao and B.V. Sreekantan, Current Sci. 62,617, (1992)
32. MR. Krishnaswamy et al, Proc. ICOBAN, Bombay, 115, (1982)
33. C.V. Achar et al, Phys. Lett. 19, 78, (1965)
34. A. Okada, Proc. 26th ICRC, Utah, HE 4.1.01 (1999)
35. P. Bhattacharjee, Current Sci. 71, No.7, 532, (1996)
36. D.J. Bird et al, Astrophys. J. 424, 491, (1994)



37

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

31.

52.

53

-1 century ofcosmic ray research

. 8. Yoshida et al, Astroparticle Phys. 3, 105, (1996)
B.N. Afansiev et al, Proc. 24th ICRC, Rome, 2, 756, (1995) "

T. Abu-Zayyad et al, Proc. 25th ICRC, Rome, 5, 321, (1997)
M. Boratav, Proc. 25th ICRC, Durban, 5, 205 (1997)
R. Plaga et al, Proc. 24th ICRC, Rome, 2, 693, (1995)
H.O. Klages, Proc. 25th ICRC, Durban, 8, 297, (1997)
S.K. Gupta ef al, Proc. 25th ICRC, Durban, 4, 153 (1997)
M. Amenomonri et al, Proc. 22nd ICRC, Durban, 2, 704, (1995)
T.C. Weekes, Space Sci. Rev. 75, 1, (1996)
P.N. Bhat, High Energy Astronomy andAstrophysics, University Press, 370 (1997)
C.L. Bhat, Proc. ICRC, Durban, 8, 211 (1997)
G.B. Yodh, High Energy Astronomy andAstrophysics, University Press, 216 (1997)
M.V'S. Rao and B.V. Sreekantan, "Extensive Air Showers", World Scientific (1998)
L.G. Dedenko et al, Proc. 25th ICRC, Durban, 7, 89, (1997)
A. Capone, Proc. 25th ICRC, Durban, 7, 49, ( 1997)
S.W. Barwick ef al, Proc. 25th ICRC, Durban, 7, 1, (1997)

. Bruno Rossi, "Cosmic Rays" Mc-Graw-High Book Co. (1964)


