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=7 A Century of Cosmic Ray Research

B. . Sree kanter
Nrekonet Sml—d\,h a;( Ddvewnted Stediet de-?dm Sb oo (-

In 1785, the famous french scientist Coulomb had published a paper in which he had
reported the observation that ‘arr:vczsf:;r&c(ally charged metal sphere suspended by an insulating 51/:k |
thread leaked away its charge\in a short time. The reason was unknown. The mystery was solved
only in the year 1912 by Victor Hess >who established through a series of manned balloon fights thg; P
the leakage of charge was due to bursts of ionization of the air surrounding the metal sphereiby
highly penetrating charged particles of extraterrestrial, indeed of extrasolarorigin. The name >
'cosmic radiation' was given to this mysterious radiation by Millikan in 1925.

d at the Loawe Rwe

The radiation ha;{ several unique 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

; i el tudies on The VRria Ron o e (‘M-o.i.‘j
few decades to figure out the various complexities of the radlatxon s a function of latitude an ‘

s
longitude established the influence of the earth's magnetic ﬁeld on the radlatlon and the charged cdicho
nature ofradiatien (Fig. 1). This led to the discovery of the so called knee eﬁeet of the radlatlon

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 ob?ewed that this radiation

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

on the otherhznd arrived mostly as a single particle and did not multiply in passing througl}{iygzh

thlcknesciofllead absorber. However, the ?:bsorpnon characteristics of the penetrating radiation

showed a very anomalous feature - the exten}f of absorption was different in equal grammage of a
e di Gan WMedi Lws l\g

condensed medicines like lead and an extendeﬂ memcmes}l\lke the atmosphere. penetratmg

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 like a radioactive nucleus. These

Cial Covning fewilich.
@gg;ﬁaﬂeﬁsl features of cosmic raygesxperiments were pmgnssmé at the sometime as the heady
% Arevred Pm‘d"’j

days of 1€ developments in relati\;{ty and quantum mechanics and naturally |previded crucial



o

confirmations of the theoretical developments in these fields. The development of the relativistic
C
quantum equation of tlLeelectron by Dxr37 led to the prediction of the - posntron the anti-particle of
_ tmg aLIeYe of 4

the electron. Without knevz«g this theoretical prediction, C D Anderson of California Institute of
Yon

Technology discovered thgr£051tm (Fig 3) while analyzing the nature of cosmic ray particles in a
Hren dislovery b

magnetic cloud chamber. ‘Ehm was followed by the development 0{ the cascadedheory by Bhafha

and Heitler in England and simultaneously by Carlson and Oppenilem(er)m the ¢.S. The cascade

theory provided a simple and elegant e>2planation of the features of the soft component of cosmic

T . (S, . .
radiation - the multiplication of particles through a-easeade=of pair production and bremstratlung

radiatié(ﬁFig. 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-dynamics theories, Homi

e Sorty Mid 14385 e
Bhabha, in the mid 30%—of-thelast—eentury came to the conclusion that) (i) esther quantum
electrodynamics breaks down at high energies, or (ii) there exists in cosmic ra{dlatlon a particle with
a mass intermediate between that of the electron and proton. Around the same time, Anderson and
Neddermey(ef1 xand also Street and Steve}r':on were mounting evidence,from their cloud chamber
experiments,on cosmic ray parncles)for the existence of u&gcehévr les of intermediate mass.
Further experiments established that the mass of this particles, was 200 + 2 electron masses.
Whie&he 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.

So?‘nhfge sp Q”ttnsous decay of the meson was recorded in cloud chamber a‘r’ld a classic
0
examplé&s shown in ﬁ_g_ The half-life of the meson was measured by bringing the-mesos to rest

eSS con 09 ‘e dele YO anels,
in an absorber and recording the time of rt-sldeea-y—mtem electron. “It was also established that this
meson dggay was a three body process involving in addition to the electron, two more neutral
Cown
particles,\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 exl:;nation of the penetrating
component,;uﬂ its decay characteristics’ i&&mted for the anomalous absorption characteristics
discussed earlier, serious problems arose becalése of certain theoretical developments in the field of
nuclear physics and also because of the vfry weak interaction )6 these particles in nuclear

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



v
neutrons and neutrons in nuclei, the Japanese physicist Y#kawa ﬁad 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 Yfikawa particle (Y}(kon) and the experimentally discovered meic;‘nz\:ere one and the
same. This led to|lot of confusion and complication and was resolved only theeugh another major
discovery/ Foltowsed-
(1»

The expenments of Conversi, Panchini and Piccioni on the mean lifetimes of positive and
negative mesons gg:g 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 (;nh;“hlgh
atomic nu\r’nber material like iron, some of them did decay in lighter atomic number materials like

(o)

carbon and magnesium and a clear dependence on ¥ could be established. This behaviour was

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

theth
mesons also should have decayed in all materials, 1rrespect1ve of atomlc number. Ar&other
a hewndve
discrepancy was that tl’(lf lifetime of 2 microseconds was a—ieeteﬁ-e&'h@O longer than what Y#kawa

had predicted for the Y?kon. Theoreticians like Marshak ha;( been suspecting that there may be two

kinds of mesons.

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 thrtough amy materials. This
development was rewarded by the discovery of yet another meson "(Fig 7.) _28). What was
remarkable was that this new meson which wcadsb( (gtn/‘_en the name Pi-meson, (Pion) decayed
spontaneously into the old meson which wgs now gewen the Mtz=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 and a neutrino.

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

rays encountered at mountain altltuds and sea level were satisfactorily explained. The inter-
o

relations between|that remained was - how dad these Pl-mesons cfme into existence at these deep

levels of the atmosphere}especnally since the El -mesons ha7 a mean life of only 2 x 10™ seconds

‘H\C_ dcffehent Cow\lpo\nt'\l’s &lSo ;B¢C¢w\¢ Cleetr . The q)ucchon

ped ¥



Cevnot
and despite relativistic elongation of timeeentd not survive for long distances in the atmosphere/? \

What is the connection between these Pi-mesons and whatever is the pripary cosmic ra iation that =
Suen fsstes Fodies thek hed been Caviri®

is incident at the top of the atmosphere?/’th‘s\takes us to the study)ef the viour of cosmic i th
Gt

g

radiation as-a-function of altitude-to very great heights, started by the "ioneer Victor Hess himself,

and-also-of-the-penectrating—component—oi-cosm adiation-underwater_and underground. Victor
hed ' N A
Hess|found that the intensity of the ionizing radiation increased as he ro/l'e to higher and higher

heights upto about 13,00 ft in his manned balloon g%g_g‘l_a, Eter experiments of Regener and others

showed that the intensity started slowly levelling of at&nig—her heights{eegespend-'mg‘to—abvm*ﬂm
gms%em%(Flg S)M). Further experiments revealed that the radiation incident r%f ;lsle top of
the atmosphere consistegt primarily of protons and it is in the collisions of these primattes with air
nuclei that a lar%i;lumber of secondary pqq;\t&l:gswere produced, the most dominant being charged
and neutral pi-mesens. The -- ns which constituted the penetrating component at lower levels
of atmosphere, at mountain altitudes, underwater an(gn l:vrge%round ,were the decay products of the
pions. The neutral pions decayed into pairs of that gave rise to the soft componan of cosmic
rays - photons and electrons through cascade development. There was also an indication|that the
primary cosmic rays extended over a v{v’irgie energy band,@specially from the deep underground

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

(i) Study of the characteristics of high energy nuclear interactions.
Speck b

(i) Study of the composition and energy rgge of the primary radiation

X et

Cosmﬁc ray studies on High energy interactions}{\Era of Particle Physics
(

Around the same time as the discovery of the pi-meson in nuclear emulsior“lﬁs aes(posed at
IS

mountain altitudes, Rochster and Buﬂler found %/gélence for yet another-mew tw%paﬂicles - called

e —

by them V-paﬂicle@ a cloud chamber operat# at sea level) The photograph of a typical "\f‘:

i hewme
[ ; , NN P
particl(e ('r)ecorded in a cloud chamber jis shown in Fig 9. These V-partlc_l"e‘f were later sd%ﬂ-ﬁed—as
c Strange I
the K-mesons and Hyperons which—actuall s articles” \heralded the new era of
yperons y §f "swong p X I

fundamental particlesybeselnvestigations oth with cosmic rays and neelear accelegatois(éw—hﬁ“""e
~rie e S Cawe & Waajor Gefivity

a-n-mjﬁwﬁsit-y-ia—t-he-&reoav}ef fundamentai)fesearch all over the world. The Table 1, summarises



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

v discoveved
(the ealy exceptions being the posit/bn diseussed in 1932, the mu-meson in l93ﬁ .
f(rhdd. went el v

These| particles, excepting the posit]on, 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 10" 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 camﬁl I't\q be known as
‘associated production' led Gellmann and Pai(s‘ -8 propose a new quantum number wh;ﬂ-they called
"strangeness quantum number" to be conserved in strong interactions involving the production of

- -a(bh . -k‘% . . -
these new particles 1&-&43*!09—«) 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 associatevd with var'i_ous particles. Gellmann predicted ,on the basis of the
phenomenological SU(3)lt'ha¢t he developed that there should be a particle with strangeness quantum
number (—3) thatshould be 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 oﬁ-great-mﬁsequeno/ 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 (1 7, 1°n") and at other times into three pions - @, 1%, %), (x°,n’, )
and also (n°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-conservation{ of the
symmetry - parity. In cosmic ray studies the particle that decayed into two pions was called the 6
particle and the one that decayed into three was called t-meson and the puzzle was called -6
puzzle. The first reaction ('—d-o-\f--- to treat these two as different particles. To resolve the puzzle, Lee
andyang oposed symmetry breaking of the mirror reflection symmetry in weak interactions an&
suggested the famous B-decay experiment)wléem successfully carried out by Madame Wf,
confirming g} parity breakdown.
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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
: ' : Aduent of high enevgy QRcceleve
construction of higher and higher energy accelerators. s cosmic ‘rﬁ? studies or:r high energy

bein
interactions gradu%lly shifted to energies beyond the range of acceleratioys_a.t_d.i.ffemm_pans.oﬂtime.

yesulted
\'a)
Also the pfimary cosmic ray beam provided the opportunity for studying the characteristics of
collisions involving'rlll\eave nuclei, which had been discovered ae:bemg=pfe£em in the primary beam
WS
around 1948, Gsadually the emphasis in cosmic ray research shifted to ¢ systematic study of the
view

primary spectrum and comp%sition, especially from the point of ------ of unravelling the sources of
a

/=
cosmic rays and the physicf processes responsible for the acceleration of thgse particles.

Spectrum and composition of primary cosimc rays
From a varietaingeniously designed experiments - emulsion stacks flows to balloon
- . - &
altitudes, measurements of muon alntensny upto veq,t-‘g‘iat depths underground and the study of
extensive air showers, it has bec;ﬁme clear that the primary cosmic ray energy spectrum extendseel
from a few hundred Mev to well beyond 10%° ev - more than 14 decades of energy,the intensity itSetf
. : . demanded :
- f?llmg by more than 20 decades. The ingenuity segutred in the design of experiments can .li_e seen
Yo S
*ﬁ)the fact that while the cosmic ray intensity at about one Gev is 1000 panicles/cm2sc, Ffasto 4
| particle{/ 1000 kilometer squared year.
enevgy came
Though some preliminary ideas on the nature of the primary \spectrum were—obtaied

Anolysis : g - "
through an =—--- \e = of the high energgointeractions in nuclear emulsion stacks flownto balloon \
/

: A nexpected bonws fromn these frights s
altitudes, the primary—purpose—these—served was\ qﬂt:% detection of heavy nuclei in the primary
in —_—

radiation. In the balloon flights carried out | by the University of Minnesota and University of
Rochester groupsl a\\vith piles of nuclear emulsion plates,reaching to an altitude of 94,000 ft., ionizing
tracks corresponding to multiply charged particles of several gev energy }‘ere rec/%rgic%." and later
experiments established that these indeed more due to variocys types of heavy atoms svepped of their
electrons. The Table II shows the relative abundance of th¢se heavy nuclei in the pri\mary radiation.
Though there is a general sim;ilarity to tY¢ universal abundance of elements, the n{ group is much &
more abundant in cosmic rays. A matter of primary interest in cosmic ray studies in more recent
of erowns hucler

years,has been the determination of theyerelative abundanceslat very high energies. The—very

§pecial types of large area emulsion stacks with interspersed X-ray sheets \have enabled the

M l\éJN. buh
< Hown On (cmj_

dj_,.\ra‘h:(lh

b&((ocn f&g‘\"(



Medium
determination of the relative abundances of the light, rmfdum and heavy groups of elements upto
abeut an energy per nucleus of 10"° ev (Fig 11). The shape of the-spectrafor the different graups
beyond this energy-range-is-of great-astrophysies-interest. T '

The all particle spectrum in the energy range 10"-10" ev was determined with ghe help of
20
deep ionization calorimeters on board the Broton satellite series by Grigorov et al. This is

reproduced in Fig 12. (Th)e all particle pnmary spectrum over the entire energy range V0™
Teshima
as complied by Hase—et-w/ in 1l almost JO years after Grigorov's experiment is given in Fig 13. It
493 =
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 a ﬂattening of the spectrum around 101—{1.,
ese

/Vvﬁh has been called the 'Ankle' of the primary spectrum 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 .., Cext

Geigesows suggested by Bernard Peters in the mad’ 1950's.

kehick 'F"V
Such a rigidity cut off depends onZ/A ipetr is different by a factor 2 between protons and
Aince
heavy nuclei and i in air shown experiments, what—ismeasused=is the total energy of the
is heasSured ening oveh
‘primary, energy per nucleus one should expect a steepasag Of the spectrum &4 a range of primary

vo abour b Movin N reased
energies a—gﬁed-u-ﬂf—ehmge-m the primary composition -momg towards gn abundance of
i : 2 R¥otnd Jol% £33
heewvier-and heavier nuclei. An estimate of the relative primary nucléar composition y S/(ordy in

1993 based on the emulsion stackf experimenté is given in Table IIL. 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 ge‘l,ey in the arrival times of the different components of the shower - eleclgll-e)rnc;g\S
mesons, nuclearceter particles e#e, the multiplicity distributions of muons etc,have been used to
estimate roughly the primary composition through extensive montecarlo simulations of these
characteristics. 'Dh/Table IV gives 12‘1 comparlson of the relative composition in the energy range
10°-10" e\( O)ne trend that is clear 50{ the table is that at energies beyond 10" there is an increased

rendContvr-es Continues
heavy primary dominance. The question is whether this upto very high energies.

The flattening of the s

etring T ot possibly o , . : |

dem-me-ﬁiee—o{ uqmﬁﬁlzahaf an ex&galarﬂc component of cosmic rays which has this.
(23

spectrum.and«ﬁ along time it was thought that this component has to be
/

rum, well beyond the knee region,is accounted for in terms of the

flatren

* jAtSd ‘&Gl'(-ves bc(ﬂ-W\& e/\f\:(/(tl\" gw— exferEde AQAlv %Lo(,.)e/\,
(’D(()e\«l‘vneh}ff At hoonbein @IRFLdes awnd Kec level.



1€5
necessarily protonic in character since #e heavy primarj of extragalarte origin would all be
Mucleah intevac fions

disintegrated in \with ghe extragalatic matter. However, an anomalous situation

has developed with the—finding of some of the large air shower experiments in which the

3 Sl ; 4 ~individual Coulel :
longitudinal development and absorption of particles in the-cases-of showerseaﬂ\be determined and

: . Indicating thak oroumd P T :
related to the nature of the primary, memw&mmmmmm 10" ev, there is a

rimaries
dominance of very heavies (iron group) and above this energy the “------- are mostly protons.

Immediately after the discovery of the 3 r,r}l’licrowave radiation, it was pointed out both by Greiselg 2.6
N Yie . : :
16{(6?%13\Kuzmgn tl%at there shogld be a steepe,lmg of the primary cosmic ray spectron beyond 10" ev,
L
dut to the interaction of th(?se particles with the 3% photons. The existence of this effect has been

looked for and is perhaps confirmed by the observations that the



necessarily protonic in charaqcter since the heavy primary of extragalarte origin would all be
%

disintegrated in whether interactk\)*s\with the extragalatic matter. However, an anomalous situation

experiments in which the

has developed with the finding of\sgme of the large air show

longitudinal development and absorption\o( particles in the casés of showers can be determined and
\

related to the nature of the primary including the showet that around an region of 10'” ev, there is a

dominance of very heavies (iron group

above this energy the -------- are mostly protons.

Immediately after the discovery e 3° microwave ‘sadiation, it was pointed out both by Greisen

and Kuzmin that there should be a steepering of the primary cosmic ray spectron beyond 10" ev,

iseffect has been

for and is perhaps-confirmed by the observations-thatthe 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" eyiaxe:bmeeerded.——lhe-cha—r—ae(eﬁ-s&cs of

24'17', 1¥
Toble T

%> An interesting feature that is to be noted is that all the three showers havedcorélee within 50°
isCevynhinm
of the antigalactic centre. ghese three events have posed a serious challenge in te:m&of—idedg-t:yhg

AS  idenkfgcw
the nature of the pn'mati?s of these showers as well b oflthe possible sources. The absorption

due to the interacfion of those particles with the 3° photons.

loo

characteristics of protons, heavy nuclei,and X-rays shor;_ tt\},rlgt the distance of the sources has to be
less than 50 megaparsecs. There are no interesting ------ @)alactic N:flei within this distance and
within reasonable direct.l;?%f arrival of these showers, unless my’ ideas on the strength of the
intergalactic magnets ﬂeld}f-&h%order of a few microf-‘-‘?Ef is totally wrong.

E(ectrons
Primary eleetrom§and gamma rays

Cesmic
Though the primary|radiation is essentially hadronic in nature, the presence of electrons and
gamma rays was re grﬁsed in balloon borne and satellite’ fxperiments as early as 1961. The primary
electron spectrum in the energy range 10-1000 Ge;irep%ced in the figure 14. The special
importance of the electron component arises for the actlthe 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 backgroundsmeasured in the vicinity of the earth's outer atmosphere.
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Tev anmd Pev Pstronemies !
With the discovery of g Pulsars in the radio and optical ancpfray regions, consider ‘-‘ff

interest was revived in the search for very high energy gamma rays,especially pulsed Y—rays. The
pul%z—irs with magnetic fields of 10'? gauss and above in their neighlgorhood were considered to be
the kind of environments_in Wthh charged particles could be accelerated and cosmic ray

W Foy tnvesti fahoens in +his donmin (#1306
energies atleast upto 10 evi) e method of air cerenkov radiation ) has been used

effectively upto about 10 Tev,} One of the most prominent sources in the Tev region has been the

¢érab Nebula W‘imle practically alLNe grf()‘t.lps thg(t lgve made observations on this source have seen
Clatwae

it as steady source there-is some dispute-stillregardtng-the pulsed component in this energy range.
c&aracmnshcﬁ Aeen
The Table 6 gives the\Wst of sources that have been sean in the Tev band md—thcrcharactcmﬁ’_(is
%&cg

It is seen that

s evidence for atleast two extragalactic sources Markﬁuan 421 and Mark}hflan
0l (24)

(< defnibet
h Pe\r (>,0 o) ’fkﬂ- has beew Leen def \j
I/the still higher energy range greater-thmr+6 =2, the only definite source\is again the crab
nebula, though the famous x-ray source has been claimed to be Pev source oeca&em-l-l»y bt £

Sy
(‘33 X3 \fdv Cwt u—-S '

Gzr?zﬁaé
3¢a~v§

Cosmic ray muons and neutrinos

So for we have concerned ourselves with the component;of cosmic rays that can easily be

detected either at sea level or at mountain altitudes or at balloon a.nd satellite altitudes. Hlstorlcally,

l‘\M eduthe& & 4&‘00
the study of cosmic rays underwater and underground were staned) to understan\d%s_;}:

the mystery of the penetrating radiation, which later turned out to be the p-meson component

produced in the decays of  and k—mesons What is most interesting is that cosmic ray muons have
(‘ Aom@wr reat %s ahdcv;\ou-o( 41..; lcocc.v M..\nv.s On Grmedia >
> eoStvrmen

beenrecorde , pending-to 8000 P OTOR] 2 $ ug
Kawh- Do Covtsd o6t U‘ud\cu dq,ns oF Fece f\-, - oL,

it 2
-angular dl'gtnbutlon measurements, GAcagor- corresponding Jae-equivale depths of 10,000 ft rock

hrave-beerrdetermimed. (fig.16) « The Meons fmdx-(u* v Fhe AbUSHhere hain . (22)
hevw &uo&_u tn —}i‘ tems of Teu /B-hjc fo }Dcm.;vah o fran dephhs:

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, m-meson and p-

meson in the atmosphere. ' The fig 17 shows the example of a neutrino mteractlon in the rock that

Necov

gives rise to a pair of muons releaded at a depth of 8000 ft in the Kolar mmesﬂ%h%hreocst},odl of tE?—
e Atwm eve.

neutrino is such that it must have originated ia-the-atmesphere somewhere uiAustralia and travelled



/ A
-t through the dif)meter of the earth before interacting in the rock close to the K)lar
installation.
Cosmic &y wpward

In recent years, through a study of the angular dlstnbutlon of th }zeutnno induce ugﬁa:d
P ymu»ons‘ " : . t;(.a jo keawnde 2

wm;ag_mmm.#én&)ln the underground mstallatlo yf( supe;—-m*e'ﬂaﬂ de—(okada—HE-43-01-
o st

e. bhe
16HCRC) it has been possible to estabhshthe neutrino oscillations between-vrand-v-. ( v p.é > . ) .
‘___'—_‘——‘—-'——"‘

-

The future of cosmic ray research

Even after a hundred years of cosmic ray research, there remain many outstanding problems
Gwd. RlSoor WaGe
regarding the radiation 1tself1mang,r astrophystcal problems and also problems in the field of
ol v‘ﬁ; Gvnwt Gleleve
elementary particle physws):“'»@eje gaging the : attentfon of both the experimentalists and the
theorists all over the world. These
(RS
Regarding the radiation itself whese extends over 14-15 decades of energy, the sources and
mechanisms of accelerations have nor been unambiguously established yet though supernova
Aecve Nueler hidh : 3 f tnther ored
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 10* 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.

W

in



A Century of Cosmic Ray Research*

B V SREEKANTAN
National Institute of Advanced Studies
Indian Institute of Science Campus
Bangalore 560 012, Email: bvs@nias.iisc.ernet.in

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
of manned 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 like a radioactive nucleus. These special

* To appear in the 125% Anniversary Celebratory Volume of the Indian Association for the
Cultivation 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 of Scientific 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)



A century of cosmic ray research

8.0 ) ! 1 T
7.0 £
" 4,360 meters /E
6.0 // 33 per cent-
EOO e TR M R B
5.0
$40
I |} 4
£ 2,000 meters °
: Sy —
44 =] 22 per cent
AT glehN) g WO e O
(
2-0 sea |evel =7 =
Dt L = A e o, i
E 14 per ceﬂ
1.0
0 1 1 1 1
60
. 20Geon?t?gneﬁc Iaﬁtud§0

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 (ﬁot 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
Rayal Society (London), vol. Al39, p. 699, 1933)

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-dynamics theories, Homi Bhabha [8],
in the mid 1930's, came to the conclusion that either (1) 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 p 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, The Physical Review, 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

Figure 7. Photomicrograph showing a = meson (7) coming to rest in a nuclear emulsion and a p meson
(w) arising from the end of the m-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 of mesons.

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 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
rays 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 of high energy nuclear interactions.

(i1) 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-borne 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 10" 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 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 m., decays in two distinctly different modes -
sometimes into two pions (1 7", n°%") and at other times into three pions — (n°, ©°, n°), (7°,

n,m) and also (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 Massin | Spin | Charge | Lifetime in Decay Modes
particle ness No. | particle | particle | terms seconds
symbol | strange | of M.
mass No.

Positron e 0 e 0 1 1/2 1 - -
Muon w 0 il 0 207 1/2 1 22x107° (€ vy Vo)
Pion T 0 nt 0 273 0 -1 26x107° (L V)

° 0 n° 0 264 0 0 8.0x107"7 (y)
Kaon 2 +1 K -1 966 0 +1 1.2x10° (7', (u'vy), (€' 1°ve)

K’ +1 K, ol 974 0 0 K, 9x1071 (n'n), (n°n°),

Ki: 5.4x107 | (n°2°n°), (x"n'n), (n"e've)

Lambda A % A, +1 2183 1/2 0 2.5x1071° (pn), (n®)
Hyperon
Sigma X B Bt +1 2328 | 12 +1 8.0x107" (pr°), (nm")
Hyperon [ 30 iy 30 1 2334 | 112 0 x107™ (A%)

b -1 | +1 2343 172 &} 1.5x107"° (nm")
Cascade =0 i) 50 +2 2573 11 0 3.0x1071° (A% %)
Hyperon | =- ey w +2 2586 | 1/2 “l 1.7x107° A’n)
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Figure 9. Example of 6o-decay (film #R-151) by Thompson ef al. (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(m, m)-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 8 particle and the one that decayed into three was called tT-meson
and the puzzle was called 70 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 10%° 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 Geyv is
1000 particles/cm’sc, it is 1 particle/1000 kilometer squared year at 10% 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
proton
E 2 7620.06 o :
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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 et al. (1971) using total
absorption calorimeters on board Proton satellites.

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.

Such a 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 thdught 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 (GeV/n) 10° 2.5x10° 7.14x10° 4.17x10° 1.79x10°
Flux estimate (GeV/n) 1.3x10* 2x10° 1.2x10 3x10' .
Flux calculated 1.3x10* 2.26x10* 1.22x10" 7.81x10° 8.02x10°
(GeV/particle)

Relative abundance (%) 20 36 19 12 13

Table 4. Composition of primary cosmic rays

Energy Protons Alpha-particles CNO Si Fe
<10" ey 42 % 13 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 10% 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 ahtigalactic 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 10% (1.7~2.6) x 10
a(®) 75+ 10 86 +1 18.9
3(°) 45 +4 44 + (10 ~ 20) 211
b(°) < 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 of Daniel 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 right 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 of primary electrons.

method of air 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 of Pev (> 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 p-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 and Astrophysics, 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 p-meson component produced in the decays of =«
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. I[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 p-meson in the atmosphere. The (Fig. 16) shows the example of a neutrino
interaction in the rock that gave rise to a pair of muons 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.
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Several underground experiments had indicted an anomaly in the ratio of Vu to v, flux
among the neutrinos produced by the decay of p, 7 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 Vu € W

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 102 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 of Big 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 10'7 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 pfoblems 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. :
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