CHADTYER I1

INTERACION OF COSMIC RADIATIONS

The primary cosmie radiation undergoes both glectronagnctie
and nuclear ilnteractions in the atmosphere which will be discuszed

in more detail as follows.
1, Flectropagnetic Interzctions. (5)

Ae Chargéd Particles. When a charged particle passes thrmugh
o medium it can lose enefgy by two main processes,

(i) Collision processes., The collisilon process resulls
in clastic Bcattering, excitatien and ionization. The total encygy
less due to collicion processes must be calculated in two paris.
Firstly, there are the lcsses due to amall tranefer of energys The .
elactron, which is ejectod after such 2 collision has energy smalles
than E < 1D4 - 1D5 ev, » This c;rrﬂsponds to a distant e¢ollision
Secondly, if the cnergy transferrcd guring the collision is larqe,
we troat the collision as one between the incident particle and g
free electron, This corrcsponds to a c¢lose collision. The total
rate of energy less by collision (ionization loss) for both clssjes
is given by the relation, Ll
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whera ¢ =g N % pE , 1 = Avogadro’s number, L = ztemic welrht
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of the absorber, % = atomic number, = = charge of the
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particle,
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T = somee is the classical clectron radius,
L=

=

I {%) is the average itonizaticn potential,
c = velocity of lipht
w . . .

JE Z e v o= velocity of the particle.

The probability of collision is expressed by
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where ¢ col {(E, & ) is differential collision probability of am

-t
electron of kinetic energy 2, traversing a thickness af dx g cm
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to transfer an encrgy betwwen E and E + dE to &h atomic electron.
!

For negatron-negatron collision P (E, E y = 1 eand for positron-

negatron colliision
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P(E ,E) = [ 1 -2 L, 2 {% 3° J .

i

{i1) bremsstrahlung. Dremsstrahlung is the emigsion
of clectromasnetic radiation when a charged particle is accelerated
in the eleetric ficld of the nucleus, This phencmancn is qaquryed
s close collision with a distance smaller than atomic nuclei, IT
the distance from thc nueleus is large compared with the nucloar
radius, the screening effect of the outer electrons is often im-
portant, This effect is calculated by Bethe and Hcitlex (6), Thc
theory indiceted that the influence of screening on a radiation
process in which an electron of kinetic energy E protuced a photan

£

of enerpy E is determined by the quantity
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and tne fracticn photon ensrgy vy o= - .
U

The srresning effect is greater the smaller is ¥ , for ¥ = O the
effcect is complete screening.

We aon examine the everafe energy loss due to bremsstrahlung.
Conslder & fest electron of encrgy E pasuing through a medium of
stomis rumber 2, and atomic Welght A. The average rate of radiation

lass is given by tie relaticn
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where " o= 2ae = QL iz the fine structure ecnstont,
he 137
N is Avogadro’s number.

It is convenlent to cullect all the constants and porameters of the

medium together end write,
1
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IO has & dimensicn of & lengkth ir E/Eme' and is called rediatlon
lengkth of the medium.
Thus, from eg. (L) we cbtBinud
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From thls equation we find that if the enerpy of electron before

entering an abscrber is Eﬂ, its energy, on sverage, after penetratiog

a8 distance x is
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KO 1s thus the dilstance after which, on average, thc clectron cnergy
will hove fallen to é of 1ts original value.

Fy F
The probability § ag (B E)dE dx for an eloctron of kinetic
ad

-2
#nergy E traversing s thickness of dx g cm to emit & photon

r r Pl
wlth enepgy in the range E and E + AdE may be written as
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where F {U, v.) 15 screening factor,

ra
_gﬁrad (E, EVY is called the differentisl radistion probability

of electrons.
For high cnergy electrons the complete sereening approximation is

used, that is ¥ ~ 0, eond the function F (U , V) is
1
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F (U, v) = [1+I:l—v)

From Fig. 2 it is seen that for high cnergy electrons the
fracticnal energy loss by radiation is far greater than the loss by
collislon., This flgure elec show the dlfferznce hetween these

o

quantities feor two different absorbers, that is,air and lzad .



1 ]

{2

o | AT Redlation
. ;;}Iir .

h —

0.4 \LEML \Air —
' kﬂ“i!iw‘ﬂ.& )
>

_1aFE
Ui_t 0 < e
1o’ 10 10 ev
J ——=
. , - 1 .dE
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U 4t
and Fractional Energy Loss by Radiation, - E{EEJ , for Rlectrons,
U gt rad

ver Radiation Length of Air or Lead,

L. Photon, There are three dominant processes which occur
when a o - ray passcs through matter,

(i} Photoelectric effect, This involves the complete
absorption of o ¥ - ray by a bound electron, The encrgy cof the in-
cident photon is used to remove an electron from one aof the atomic
shells and leaves it cither in one of the previously unoccupicd
bound states or iz an icnized bound state. The probability of thie
process cecurring 1s very high for & - ray encrgies c¢lose to the
ionization energy. Howover, the cross section for the rhotoelectric

effect decresses rapldly with increasing energy and will be assuncd



negligible when we discuss in the field of high energies.

{ii) Compton effect. The Cempton effect can be deseribed

-
.

ms an ¢lastic colllsicn between a photan and.; frec electron dnipialdy at
rest. When the incldent photon is scsttered by a free electron, the
seattered photon has a lower energy.. The Eneféy and momentum lost by

the photon are carried awny by the recoil electron. Aftgr being

scattered seversl times the encrgy of the ¥ - ray will be reduced to

a value at which it can be absorbed by the rphotoelectric effect.

3y using principle of conservation of energy and momenbum we get.

r 2
E = EMg ,  Compton formula (9)
mec2 +E (1 ~ cos 8}
f ' {
where E i1s the energy of scatterad photon,

E is the energy of incident photon,

G is the angle at whieh the photon scattered.
The prehability of Compton scattering carried cut by Kleiﬁ and Nishina
{T) gave the result below.

Ii ¢cﬂm (E, EF} dé dx 1s the probebility for a pioton of evergy
E traversing a thickness dx gcuf to underpoa Compton collision in .
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. , i
which tihe ecatierad photon has an energy betwesn E and E + dE

The expreslon 1s obtained
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The total probability for the occurence of Compteon scattering per g om ,
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whem E >% m_e is glven by
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It is scmetimes convenicnt teo consider the total probability of

i - Lo e o 2=
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Campton offoct per radiétion_length, It iz callcd Yoom *
E
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Fig, 5 shows the plot of Yoo ag a function of chergy for air,
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: {ﬁii} Fair hreduction.. Yhen & photon has erergy greater
than 2 mecE {1.02 Mev.) it can’'raise an .EIEEfrﬂﬁ from the highest
negative energy state into the lnweslt positive energy stete. The
lotter is what we r‘egafd as a negative eléctron or negatron and the h:ole
remaifine in the high negative energy stdate behaves as a positively
charged zlectron or positron. Thapefors, the incident Cphoton with
eﬁérgy = ErnEc2 1z ansorbed and a 'positive and negative electrons
simultanecusly come Into exlstence. The excess over the threshold
ENETREY appéaré as the einetic energy of the two particles. |

This theory of palr production is clesely ralsted to that of
radiation process. In the cese of process ogcurred at relatively
large distance 1n the Coulomb fileld, the slectric field of the

nucleus 1s screened by the outer electrons. The influence of screening

is determined from

' 1
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where v = =...lel 1s the fractionsl energy of:tht pesilrons;
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The s¢yeening is negligible when ¥ 2% 1, and ¥ O 15 referrad
ko complete secreening.-

The probability ¢Pair (E, EF} 4E dx of a photon traversing
8 thickness dx Egm-g of absorber, will produce en electren pair with
the kinetle energy of the positren Tbetween Ef.and é + dEr- The
differentiel probability to produce electron peir has been shown by

2
Bethe and Heitler for EH m c 8L -
1=
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where E = efgergy of the incldent photon,
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energy of the pasitron,
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v _ . E
E d

end 0 (E, v} 1s & screening fecter
The expression one takes Tor the screening fector G {E, v} depends on
the volue of %, but the function G (E, v} varies only slowly with E
end v. For very high cnergy photon we have szid that complete seresning

1s aspprepriate and for this specizl caze

1
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It iz possible to obtaln the votal probability for a photon with energy
-2

E to produce @& pair within a thickness dx g &m by integrating the

eq. {l4) and give
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Thus, the total probability for pair production per radlation length is

E - em_cf

}i(E) = X € _ ] ;

pair ) ﬁﬁ ir (E, E} 4E , . (18)
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where X is the radistion length which is the seme a3 radiation lose.
o - s
Th the cese of compleve screening, the total probability for

pair producticn per radlation length has the constant value

T b
T
A 5 5

1

b — e —
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where 8 In (185 2 5}

+ and 1s very slowly varying

Tunction of Z which may be taken as O. 0125 for sll element with
2 >> 4,

From tlmee three processes ong gen see that, for low energy
photen [ < 0.1 Mev.) the photcelectric effect i1is the predominant
process, Wt this falls off rapidly for increasing snergy, and in
the range 0.9 - S Mev. the Compton effect 1s the most lmportant
process. . The probability that a Y- ray will produce a palr of electron
increesed quite rapidly for energies in excess of 1 Mew., but the
inereaee 1s more gradueal at higher shergies. Fig. $ shows tﬁﬁt for
high energies ﬁ;ir production is the dominant process for ¥ - ray

interaction.

2. Muclear Interactions.

When a nuclgen strikes a nucleus a variety of processes can
occur, depending on the cnergy of the nuclegn. the size of the
v leus, ebo.. The processes are divided iInto twe phenomena.

L. Absorption Frocess. The incident nuelesn 15 absorbed by
the nucleus and & new compound nucleus 15 formed. This compound
nucleus will usually fall to & state of lower energy with the emission

of radiation and, perhaps, new particles.
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B. Scatiering Prccéss. It iIs subdlvided into two kKinds.

{1} Elastic scettering. The momentum and kinetic
ENEYEY Bre gonserved and therefore, there is a billiard - ball
type of collistion. ﬂ

{i1) TInelastic scattering. Some of the kinetie
encrgy of the incident macleus 1s absorbed by the nuc;eus, ghich
is then raised to an excited state. There follows thé emissich
of this energy in the form of ¥ - rays, -particles, ete. . This
is czlled evaporation procoess. If the cnergy of the incident
nucleer 3s high enough, new particles mainly T-mesons mey
be mgenerated in a e¢ollision with an individusl nucleon in the
nucleus. Then secondary particles are'émitted very guickly,
before the recoll energy of the struck nuclion is Aistributed
through the mucleus and the evaporation precess begins,

At low cenergy the interaction is easentislly with the nucleus
as a whole. The characteristde of the intersctl®n then depend
critically upen the nuclear structure and the energy.

At high energy the interaction is between the incident
particle and at most, a few of the individual nucleons of the
Larget nucleus. The exact strusture of the nucleus  lsunimportant.
It is in this field of bigh energy, i. e, the reglion of energy well
above that aveilable from the emission of radicective nuclel, that
cosmle ray studles have yielded so many lmportant advances. The
exact theory of some nuclear lnteraction ape still not nown. Many
theerctical physiciats have been attempted to explain by using many

models.
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fross scction and interacticn length. The probhability of a
particuiar nuelear reaction is usually cxpressed in terms of an
eff;ctive area of cross section of the nucleus. There will be a
valuez of the cross section for each type of interaction : scatter-
ing, absorption, etc., and cach is represented by an aren; AEDO-
ciaﬁed with eech nucleus, such that if an incoring particle pene-
trates this ares the intecraction will take place.

The geometric crosé sectian wé is definedlas n HE , where
T 415 the nuclear radius. The ralation R = 1.30 Aj 19-15 Gmi is
sufficieatly accurate for most purpeses, i.e d = 0,0573 It
barns. ‘The geomctrie cross section does not inciude the size cof
the colliding particle so thab for this reason, and others, the
total cross gection for a particular interaction differs aomewhat
from the geometric valus, However, at high energy general feature
of most interacticns iz that the cress seetion approaches geometric
CI‘U.ES asction, 99?020

Corresnonding to esch cross section @, therc is an interac-
tion length, L, equal to the averapge distance in [ cm-E, travelled

by a partic¢le between collision. The ralation between L and ¢ is

L = N iT y Where F is Avopadre's number, angd A iz the
atomic weight. Thus, the geometric interaction length is given by
1
A : -
L == a = 2'9.(] Aj‘ E.f cma .
N O0,3575 & 3

]
If HG particles are incident on an absorber of thicknese x g cm

the number of particles which emerge withcut having interacted, W,

le given by

Lo R A BT R A
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towever, cosmic raya contain many Kinds of particles ; they
mey be able to produce nuclear interéctions depending on their
cross secticns. The gharged particles can undergo both elegtra =
magnetic and nuclear interactions but for ﬁ high energy orotan
the ionization 13 so small that can be negiected. Dy exclusion-
from many exgoriments the particles mainly regponsible for nuclear
interaction in coomiec ray phenomena are protons, neulrons, and %-
mesons. They alsc devend on the abundance in the atmosphore.
Electrons and photons present in the atmosphere are not respone
sible for any large fraction of the obsaerved nuclcar interaction.
They mostly underge clectromapgnetic interaction., Ly the decaying-
af unctable particles such as g-mesons and these procesSsSces af
intcraction the cascode showers are formed. Tﬂe Aetajil of cascade

theory can be seen in Refersnce (8) or others,
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