























These results have been checked in the radio range by direct measurement
of "cosmic static" both from this galaxy and from Andromede by Reber(7), Hey,
Phillips end Parsms(a) and many others,

Hey, Phillips, and Parsons find that the meen intensity, averaged over all
directions, is one~third that given in Table 2 and we shall use this factor to
correct the curve throughout the spectrum, As pointed out by Henyey and Keenan(6)
the energy in the visible must also be corrected for sbsorption by interstellar
dust, Applying these corrections and changing unite we obtein o (1), the
nurber of photons/em®/sec/A°/steradian as given in Teble 3, Also tabulated
are several integrals related to ¢’(\) which we shall find useful later, These
integrals were obtained by numerical integration using the trapezoidal rule and
were smoothed where necessary,

Korrf(s) has shown that the radiation density in intergalactic spece
is epproximately ,01 thet in the galexy by using Hubble's galactiec counts end
luminosities, For lack of better information we may assume the spectrum is the
seme, The emount of matter in intergalectic spesce is probebly small since
Hubble{10) finds that the sbsorption of light from distant gelaxies is less
then ,1 magnitude, Assuming dust perticles of 10~° om, we cen have only a
mess of one-tenth of a single layer of 10~ em thickness in & volume one om®
by 3 x 1026 om, This corresponds to & density of less than 3 x 10°52 gm/om®,
The density of ionized gas and stoms which give strong absorption lines in the
visibl; is even less, There is no observational limit to the hydrogen density
although it is probably small, The density of free electrons can be limited
by the lack of observable Thompson seattering or by the leck of redio waves
due to collisions, but neither limit is very stringent,

The expension of the universe does not affect the conditions inside
the galaxy since its diameter remains unaltered, The small change in density
of radiation due to the crowding of the galaxies in the past may be neglected,



On the other hand the rediation density outside the galaxy is inversely

proportional to the souare of the radius of space,

Assuming a linear expansion

the age of the universe is roughly two billion years, so that the properties of

intergalactic space have not changed significently for our purposes in the last

billion years,

TABIE 3
Photon Intensity in Interstellar Spasce and Releted Functions
—_ —— ——
A a’(r) T(\) w(A) L{1) M(A)
2° photons /em® | photons /om® photons fom* photon - 4% | photon - A°
/sec/A°/red | /sec/n° Jeec/ A° /em® / sec | /om* / see
1x10° | 1,44 5.8 x 10 4,9 x 10 012 x 107 006 x 107
2 11,5 46 39 .37 W17
3 39 160 130 2.8 1,34
5 180 720 600 36 17,2
7 450 1700 1300 180 104
1x 105 | 2.4x10° 5,8 x 10% 8,5 x 1ot .86 x 101° .46 x 1010
2 7,3 16,6 12,8 15 8,5
3 15 35 27,5 83 43
5 38 93 74 600 310
7 73 102 72 1850 800
1 x 10t | 140 70 42 4,0 x 1018 2,5 x 1013
2 20 25 10,3 9.8 6.6
3 6,6 12,6 4,5 14 10,6
5 2.2 5,7 1,9 20 14,5
7 1.3 3,6 1,8 24 17
1 x 10° .95 2,8 .95 32 20
2 70 1.2 .72 55 29
5 50 68 35 135 59
1x 108 .33 .35 .20 .30 x 1016 .15 x 1016
2 .19 .22 12 W71 .38
5 09 ! .06 2,2 1,27
1x 107 .05 .06 .038 4,9 3,2
2 027 033 .020 11.2 7.8
5 ,012 ,015 .009 32 23
1x10% | 66x 1071 77 x 10° 43 x 10° 70 48
2 36 43 23 150 110
5 15 19 10 420 260




Teble 3 (Continued)

A a(2) T(M) w(A) L(}) M(2)
1 x 10° 8 x 101 | 10x10° 5.5 x 10° .88 x 1019 .58 x 1019
2 4,3 5,2 2,8 1,9 1.3
= 1.8 2.2 11 5,1 5.2
1 x 1010 .9 1,0 .5 10,5 7.0
2 "33 T4 ‘20 20,1 13
5 07 e 5 3 .04 a2 29
1 x 10%? (170 x 10°% | 330 x 10~* | 85 x 10~4 64 x 1019 42 x 1019
2 (4] 88 15 998 54
5 1,4 15 2.5 136 62
1 x 1012 .2 3.8 .25 170 67
2 02 "0 " 025 200 71
5 - 002 15 " 0025 240 74
1 x 1013 ,0002 L0n . 0004 280 75
2
T()) = 2 [ x o (x)dx
[+]




2,2, Magnetic Fields

The terrestrial and solar magnetic fields have no effect on the general
distribution of cosmic reys but merely keep low energy particles from reaching
the earth, These fields also act as a spectrogreph and allow en analysis of
the charge and momentum distribution of the primary particles, The general field
of the sun is of the order of 25 gauss at the pole and is primerily of dipole
character, Recently Bebeook(11) has measured the Zeeman effect in several
early A-type stars with the results that the field strength at the pole is of
the order of 1000 geuss and that the dipole moments are rendomly oriented,

The most importent unenswered question is whether there exists & uniform
magnetic field throughout the galaxy due to its rotetion, Extremely small fields
can produce a large effect over amstronomical distencesy a field of 10-12 gauss
would prevent charged particles of energy less then 1018 electron volts from
reaching the earth from outside the galaxy, or vice versa, particles of less
then this energy could not escape from the gealaxy, Alrven( 12) end Spitser(u)
have proposed fields of this magnitude but e careful analysis of the various
possible sources of such a field end of the diamagnetic effect of the inter-
stellar electrons is lacking, The diemegnetic effect of the electrons, in
contrast to the degenerate electron gas in metals, is strongly field dependent
so that there may be several equilibrium configuretions, Furthermore the
relaxation time of e lerge scele megnetic field is very low as may be seen
from the formula given by Smythn(u)

]
(2.1) Relaxstion time = ;‘.‘l}?& (5&2.‘

for the lowest mode, where 7 is the resistivity, M is the permesbility,
R is the radius of the sphere, end 3,2 is the root of an equation involving




Bessel funetions, In a sphere with radius one light-year and with a resistivity
of 0,2 ohm-cn(m)‘ the relexation time comes out to be 2 x 1020 years, For the
whole gelaxy the time would be sbout 1028 years, but the dynemicel relexation
time of the gelaxy is of the order of 1010 years and this time dominates the
formation of the galaxy and the generation of a generel megnetic field, However,
the field ies probably not in equilibrium at present so that we cennot compute
its value without making assumptions concerning the initial conditions, Since
meny rotating astronomical bodies heve & megnetic field, it is reasonsble to
assume that the galaxy has one, but the magnitude of the field cannot be estimated,
At the oritical emergy at which particles could escepe from or enter the
galexy it is to be expected that there would be a discontinuity in the observed
spectrum, No such discontinuity is observed and, elthough the experimental error
is large, we may conclude that the field is less than 10-16 ganse (limiting
energy 109 ev) or even greater than 10-10 peuss (1015 ev), 8ince we do not now
which alternative is correct, we shall treat both cases separately for complete-

\

ness,

2,3, Diffusion of Cosmic Rays

Beceuse of the large distances in the galaxy, small charge or current
unbalences cen set up tremendous electric and magnetic fields, fields which
cen modify considerably the motion of charged p,u'tibln. swann(16) has shown
that if the cosmic rays incident on the top of the atmosphere were all positively
charged, and if the charge were not neutralized, there would exist interstellar
electric fields of stupendous size, He showed that the difference of potential
between the earth and e point on a sphere of radius R light years is greater

*It should be noted thet this value of the resistivity epplies to the
relaxation time of a magnetic field although it wes derived assuming no magnetie
field, It is probeble thet the conductivity of the interstellar medium was
considerably smaller when the galaxy was formed than it is now, but it is un-
like)y that it was so small that the relaxetion time of the megnetic field was
less than the dynemicel relexation time,
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than 7R® x 1017 volts, Thus, even in treveling one light year, cosmic ray
particles would lose or acquire much more than their meen energy, 4s pointed
out by Alfﬂm( 17), however, this result does not rule out the possibility of
only positively charged primaries since a very smell increase in electron
density would baslence the field (the number of primsries/em® is ebout 108,
while there is sbout one electron/om®), Evens'® hes computed the potential
which a star would ecquire if it intercepts only positively charged cosmic rays,
He shows that the conductivity of interstellar space, which is due to the free
electrons, reduces the potential to 10~? volts, If there is a galactic magnetie
field the conductivity perpendicular to the field is much reduced since charge
ean diffuse only by collisions which change the orbit in the field, However,

it is still ressonable to assume that the potential is much less than one vols
so thet we may neglect all electricel fields in the galaxy,

The effects of magnetic fields ere somewhat more complicated then the
effects of electricel fields but they are not unwieldy, The stellar fields scatter
the particles, but do not disturb the isotropy of the primary i stribution( 19).
in fact, they tend te meke non-uniform distributions more nearly isotropiec,

The isotropy of the distribution of cosmic rays allows us to draw
certain conclusions concerning thelr source, The secular vaeriations in intensity
do not show a significent variation with sidereal time, Periods of a solar day
end of 27 days (solar rotation period) ere essociated with the solar magnetic
ﬁold(zo'zl), The veristion with sidereal day is below the experimontal error
of 0,1 peroent(?2), Compton and Getting(2®) suggested that the motion of the
earth (280 lkm/sec) due to the rotation of the galexy would increase the intensity
on the front side of the earth and give rise to a varlation with sidereal time,
Vellarta, Greef and Kusaha(u) caloulated the effect takinglinto account the
earth's megnetic field and predicted en effeect of 0,17 percent for all positive

particles, The effect is probably reduced by scattering in steller megnetic
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fields end mey be masked by a small galactic megnetic field, Whether the small
predicted variation exists or not, we mey draw certein conclusions from the
isotropy of the cosmic rays,

It is reasonsble to assume that the rate of generstion of cosmic reys
is proportional to the density of matter on the average so that we should ex-
peot the preatest generation in the plane of the galaxy, Thus, if there is no
galactic magnetic field, the intensity of cosmic rays should be large in the
gelactic plane just as visible light is distributed, Of course, the scatter-
ing by the stellar megnetic fields would blur this distribution but the
anistropy would still be observable, Hence, we must assume that the cosmio
rays were generated when the universe was young or that their generation is
independent of the locetion of matter, a physicelly unattractive essumption,

In either case, we may assume that their mean age is nearly that of the universe
or conservetively 10° years,

If we assume the presence of a galactioc magnetic field, the distribution
should be isotropic since the particles would heve completed meny circles and
would have been scattered several times by stellar fields, Hence, isotropy
does not indicate any particular source, There are two attractive features
of this assumption, First, the small fraction of neutral particles in the
primaries (es seen from the geomegnetic effects) would be expleined since they
would leave the gelaxies and be diluted by the large volume of intergalactiec
spece, Second, the retention of the particles by the field would explain the
large intensity of cosmic rays campared to 1ight{2%s28) It 15 true that the
mean life of the primaries is less in the galaxy due %0 the intersction with
dust but there is still a net increase in intensity, It should be noted that
the galectic field would not retain the particles indefinitely since scattering
by the stellar fields would cesuse a slow diffusion outward,

Alfven(12t17) has caleulated the effect of self produced magnetic fields
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upon a beam of cosmic ray particles and has obtained & maximum current which
would not be destroyed by its own field, Actually, the large relexation time
of even a local field would prevent its formetion and so his restrictions do
not epply eand we mey assume that the distribution of the primaries is limited
only by the general galactic field if it exists,

In passing through interstellar space the cosmic rays will interact with
the dust end gas present, Assuming the density of 2 x 10™%% gm/om®, & particle
would penetrate only 0,1 gm/em® of metter in treversing the galaxy so that the
matter would cause no effect (experiment indicates that ebout 100 gm/om® ere
required to ebsorb one~half the primaries), The matter is probably denser
toward the center of the galaxy and z'lcky( 26) has suggested that the cosmic
radistion may be 1933 in this direction, but the effect is pfobably still less
than experimentel error, If the primeries are confined to the galaxy by a
mgnotio‘tiold, ﬂxe effeoct of the metter is larger, A particle retained in the
galectic plane would traverse 20 gm/em® in 107 years, Aotually, the particle
would spend only e small part of its 1life in the plaene of the galaxy if the
field is roughly similar to that of & current loop, Hence, we may assume the
mean life of the particle is of the order of 108 - 10° years, If the particles
come from extra-galeotic space, the intersction with matter is negligible,

Pomeranchuk(27) hes pointed out that high energy charged particles will

radiate due to their acceleoration in a megnetic field and he gives the expression
& 2 2
(d' ——
(2.2) o 2L )“' x§| (_E_)
fe me® :

dat 3 \me®
For an electron with energy 1020 ev in a field of 10710 gauss the fractionsl

loss of energy in 107 years is 10~13 and for protons it is 10-26, Hence, we
mey neglect the effect of e general galectic magnetic field on the energy of
the particles,



In approaching the earth, the field varies and the expression must be

integrated, Pmarano}mk(27) has done this and gives the epproximate expression
E B,

2,3 =
( ) Eq + Eg

where E is the energy of the particle at the surface of the oarth, Bo is its
initiel energy end Bg is & constent involving the radius and the magnetic moment
of the earth and the type of particle and its orbit, It is given by the

expression

% .ﬂks
(2,4) E =

where R is the radius of the earth, M the eerth's dipole moment, and a is e
constant, proportional to the fourth power of the particle's mass, whichk, for

normal incidence et the equator, is
(2,5) a = 4,0 x 1025 ev /gauss®-cm,

Using this value of a, the velue of B, is 7 x 1017 ev for electrons and 1030 ev
for protons, As a particle is sceattered by a stellar megnetic field it loses
energy but the loss is insignificent unless it approeches within a few stellar
radii, This meens that the cross section for capture is increased by e small
fector but stellar radii ere so small campared to interstellar distances thet
capture may be neglected,

One other source of energy loss may be mentioned, Bpstoin(ze) hes shown
that the energy of a high energy particle varies inversely ss the radius of
the universe, Hence, Lemaitre's assumption that the primaries were generated
along with the universe in an explosion of a gilent atom is untenable since

their initiel energies would have to heve been tremendous, - However, it is
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possible that they were generated in the early stages of the universe when
the density and rediation pressure were high, Even in this case the initial
energies must have been meny times their present values and other forms of
loss more probable, We shall come back to this point after studying the
interaction with radietion, If the particles are confined to the galaxy

by & magnetic field, their age is so short that expansion plays no role in
their history,
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I1I, INTERACTION OF PARTICLES WITH RADIATION

We are interested in determining the meximum energy that the primary
cosmie reys can have, Thet there exists a maximum is not obvious since the
interection of high energy particles with metter and radiation might have e
meximum end decrease at very high energies, Actually, this is not the case,
since, even though the interactions we shall consider do have & meximum,
there are other reactions which only become importent et these high energies,
which will keep the totel intersction from decreasing,

We shall be primarily interested in the slowing down of the high energy
particles by interaction with the rediaetion in interstellar space, It is to
be noted that slowing down the high energy particles does not violate the
prineiple of relativity since the stars from which the radietion is emitted
define a unicue inertial system, The interaction may also be loocked upon as
an approech to equi-partition of energy by degradation of the primary energy,

There are two different phases of the interection of high energy
particles with radiation; intersction with interstellar or intergalactic
radiation while trensversing spece, and interaction with radietion while being
generated, if the source is neer a star, We must discuss eech case for each
possible type of primary particle, viz,, photons, electrons, photons and light
nuclei (neutrons and mesotrons are unsteble and would decay; neutrinos ere
unobserveble), Before investigating these cases, we shall discuss the theory
of the various interactions, All these particles een interect with radiation
in several weys but we sheall discuss only the most important; photon-photon
pair production, Compton scattering of electrons, pair production in the fields
of the proton and the nuclei, and photo-disintegration of nuclei,

3,1, Theory of the Interection of Protons and Nuclei

In considering the interaction of e high energy particle with radiation,
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it is convenient to transform to & coordinate system moving with the particle
end to meke all the computetions in this system, jhe crogs~sections are

usually given with the particle et rest and the momentum trensfer is usually
simplest in such a system, let us consider a particle of mass m moving with
veloeity v along the 2 axis of the coordinate system, Using hyperbolie functions
we have

v =¢ tanh X ,
(3,1) p = m¢ sinh X ,

E = me® cosh X ,

where X may be defined by any of the three equations and the other two are then
consequences, A photon of frequency v, whose direction of motion makes an
angle g with the negative z axis, will, in the moving coordinate system, have
the frequency

(3.2) v' = y(cosh X + cos a sinhX),

end the direction

sin a
3,3 sin gt =
( ) coghX + cos @ sinh X ¢

The converse equations are

v = v! (coshX « cos a' sinhX),

(3.4)
gin at

sin a = .
coshX = cos a sinh X

It is %o be noted that if cosh X >> 1, then v'2> v and a'<< 1 for almost all a,
Hence, we may say that the particle sees a beeam of high energy photons incident
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along the z axis, For this reason we can define the function 7' (A) which
is defined so that 77(A)d\ gives the number of photons/om*/sec™ with wave

length in the range A to Ae dr s where A is given in Angstroms, This
cosh KX cosh X e

function is convenient since it is nearly independent of the velocity of the
perticle at large velocities, In interstellar space where the rediation is

isotropie T°(\) may be determined from the integral:
n

(3.5) T(A) a = auf stn o dar(n) B,

o

where A' = A(l = cos a tenhX), Setting tenh X = 1 end changing to \' as

variable of integraetion, we have:
2\

(3,.8) T(A) = -3—- [ A (A1) dar,
o

This function is tabulated in Teble 3,

In a coordinate system moving with the photon it is easy to see that
the dominent intersction with light is peir production, If we assume that the
electrons ere ejected with equel velocities in the direction of the photon beam

conservetion of momentum end energy give us:

hv' + Mo® = Me® cosh ¥ + 2me® cosh g
(3.7)

hyt

e

= Mo sinh Y+ 2me sinh g,

where hv' is the photon energy, M the mass of the proton, ¢ tanh ¥ its velocity
m the mess of the electrons and ¢ tenh ¢ the electron velocity,

*We meesure time in the stationary coordinate system since the Lorentz
fectors will cancel in the final answer,
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Writing

(3.8) e, padl

we have

2 cosh g = v = f(cosh ¥ - 1),

(3,9)
2 sinh f = 4 = Msinh ¥,

Squaring and subtrecting
(3,10) 4 = 2yy(sinhy - coshy + 1) + M%2 = 2 cosh ¥ ),

8ince most of the momentum is ebsorbed by the electrons, ¥ is small,
Expanding the hyperbolic functions in (3,10) and solving the resultant queadratic

equation, we heave

4
YH +f pE - 4 p® - ayp

(3,11) Y = )

H 'r>—f3-+a

Trensforming back to the stationary coordinate system the proton energy becomes
(3.12) E = Me* cosh(X =-y) & Me® cosh oV Ey (1 =¥),

so that (3,11) gives the frection of energy lost by the proton per pair produced,
While (3,11) was derived under special assumptions, it is nearly correct for
all probeble directions of emission and division of the energy between the
electrons so that we may use it with little error,

The cross section for pair produotion(29) is & complicaeted expression

which, in the high energy renge, simplifies to”

.1 / e 28 _ 218
(3,18) g (v) e ( m) [ 5~ 1n 2y 27}.

*We use the oross sections without screening by the atomic electrons
because the atoms would be ionized very quickly by the interaction of the electrons
with radietion (Paregraph 3,2) even if they were generated in sn unionized stete,
It ie to be noted thet the cross sections are used in an experimentally verified

region since, even though the partiole enerpies ere very large, the photon ener
ingthe morving' coordinatg syste:g is only a fgw Mev, w E¥e x &y
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8ince the fractional transfer of energy is small, we may negleect statisticsal
fluctuations and write

cosh

(v) .
f YMeY T pE - AR < g p ik,

h

(3,14) L & _7me

‘Edt[
o

where

(3.13) y = h cosh X
me A

In the case of atomic nuclei (3,13) must be multiplied by the square
of the ntomic number, Z, end (3,11) divided by the atomic number A, so that
(3,14) is multiplied by (2%/A), The factor multiplying T (A) in (3,14) is
very small so that the loss of energy is very slow, This factor is tabuleted
in Teble 4 for later use,

TABIE 4
Cross Section for Energy Loss by Peair Production
4 dv) 4 4(v)
Y - = i ¥
2 0 x 1032 om* 200 3,34 x 10=52 om®
3 2,0 500 1,689
1 5,33 1 x 10% . 088
5 7,92 2 . 555
6 9,48 5 ,258
10 12,20 1 x 10% Ja2
20 11,21 2 .o78
50 7.97 5 035
100 5,33 1 x 10° .019

Photo-disintegration of the nuclei is also possible end may oeccur

with high velocity nuclei, It requires 8 Mev (= 16 me®) to ejeet a neutron
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or proton from the nucleus so that, if the eross seotion is denoted by ¥y
the probebility of disintegration per second is

cosh
16 mo
(3,18) f To T(A) dA,

The cross section 0':( is proportional %o 4° according to Weisakopf(so) and,

according to Bothe and Gentner(m), the coefficient of proportionality is

.65 x 1028 om®/(Mev)®, This result holds et energies such that the wave

length is less then the nuclear ciroumference, At higher energies (approx.'

100 ¥ev) the cross section agein diminishes, In the case of deuterium we may

use the theoretical expression for the cross section given by Bethe and Baoher(sz),

&
4 ¢®h 18 (hv - Ifg
3lic hv®

(3.17) Ty

where I is the binding energy of deuterium and M is the mass of the proton,

3,2, Theory of the Interaction of Electrons and Photons

The interaction of electrons with radiation is just Compton scattering
in the coordinate system moving with the electrons but the treatment is more
complicated since large energy transfers c¢an take plece so that fluctuations
are importent, Hence, we must compute the probaﬁility for various frectional
energy losses for all velues of the energy, 8imiler consideretions hold for
the interesctions of photons, The situation is further complicated by the fact
that high energy electrons generate photons eand high energy photons generate
electrons so thet a sort of "cosmic canscade" ensues,

If we now consider & photon I:in the moving coordinate system incident
along the negative z - axis end assume a Compton scattering, then the energy

of the scattered photon is given by

' - 4
(8.18) - 1+ 4(1 =cos @)’
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where s is the engle of scattering, The c¢ross section 13(33)

2

-3
(e \ sin 6 d © {(l-ooae)+coa“9+ 1 }

1 =
(3,19) af me* / [1 + 4(1 - cos 0)] - 1 + ¥(1-s0s @)

o

and the mean scattering angle is

' 2
(3020) Gmean i T .

Now in order that we may neglect the beem width (3,3) we must have
3

hv
' B ., This is true since a' = e 2 eosh so thet
a'< < ®pean cosh X ! xmc“ '
h
(3,21) &' 1/ e << 1,
®neen 2me® cosh X

Conversely (3,21) end (3,4) insure that the scattered photon will be along

the z - axis in the stationary coordinate system, The energy of these photons

is

hy?

g y*'(coshX = cos € sinhyx)
(3.22) %2 41(1 - cos @) sinh )

4(1 - cos @)
1+ 4(1 - cos @)

sinh X,

Consequently, setting 2z = cos @, the fractional energy loss, §_ s» of the electron is

S_hv'-hv

me® cosh
(3,23)
y(1 - 2) g 1
"1leq(l-2) TT 1 a(1-2)
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Solving for z we have the relations

'ﬂl-—-—L——.
¥(1=-8)
(3,24) 0 &< 2
1+ 2¢v
dz 1 1

a5 Y° (1-8)% "

Substituting into (3,19) the cross section for a fractional loss between
§ and § + d_S'is

< - 1 B
dp’-i(m,,—e—)a (I-S)H[__l_a»,[l-:r—(-i—f-g—)] +1-£}-§%d8
(3.25) .
ﬁfo" { 1 ol o 28 . 58 "
-”‘M”) 1-5 178 T V‘(l-sw}ds'“’s" Ty

It may be seen that there is a large probubility of large fractional energy
loss since (1 -&) occurs in the denominator, An idee of the order of

magnitude of the cross section may be obtained fram the following table,

TABLE 5
The Values of & and df from (3,23) end (3,25)
¥ = 0 n/4 n/2 3n /A n
0,1 0 .028 L091 46 . 187
s 1,0 0 .227 .50 .63 .80
10, 0 . 745 .91 . 945 .952
0.1 80,0 60,4 40,4 61,2 84,8
df x 1026em= | 1,0 8,00 6.28 6,00 10,32 13,32
10, 0,80 1,28 4,04 7,04 8,44

It may be noted from the taeble that for large ¥ the mean loss is nearly
the maximum loss (for ¥ = 10, d;! drops to one~half when _§deoreasea from ,96 to ,90),
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The effect of the large fractional loss leads to an interesting conclusion,

We may say roughly thet the mean fraction of energy reteined is about equal to

twice the minimum, i,e, (1 - S)mean z

« If we assume that the electron
interscts with & 3 volt (4000 A°) photon then we have

hy cosh X
- m »

2 me® |

3,26 -
( ) 1 +2y goshx W °
28 (me™)* 10
B'.I*ZY- o = 8.3 x 10™ ev

Thus e very high energy electron will drop to about 10 ev in = single inter-
actiony it does not share its energy equally with the photon as is usual in
most high energy intersctions,

To obtain the probeble loss for a cosmic ray perticle we must multiply
(3,25) by the photon spectrum snd integrate, If P(& ) 4§ is the probability of

losing a frection of energy & per second, we have

A
P(§) a8 = fq—m 4 a\, ¥ = 2 coshxE— .1._;_5
(5.27) ° o 1
-3 \;c") h c::h)\ {{‘i‘:‘é" + 1 'SJL(Y) - H(?)} d § /second,

where the functions L(y) and M(y) only inveolve the photon spectrum end are

defined by

¥
L(y) = AT()) dA,
(3.28) oj—

, y « T
M(y) = _..f ART(A) dA - A° (M) dA,
; =/

These functions are tabulated in Teble 3,
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The cross section for photon-photon pair production has been worked
out by Breit and meler(34), who give the expression

= .
=
(3.29) $(c) = 2n %07) [ «5¢"% < 8¢*0 . oc~6 . 20c* o 290"2].

where

h( vy uﬁ)g sin g/2
mo® d

C =cosh @ =
(3,30)

8 = sinh 9,

end g is the angle between the directions of the photons, ¢ must be multiplied
by sin® ¢/2 when the photons do not collide heed on, It is epperent from Teble
6 that the megnitude of the cross section is comparable with that for Compton

soattering so that the order of megnitude of the meximum energy should be about

the same,
TABLE 6
Cross Section of Photon-Photon Pair Production from (3,29)
8 » 1002 5211 1,1762 5,627 10,02 100 1000
c 1,050 1,1276 1,5431 3,762 10,07 100 1000
§x 10°C em~ | 5,12 25,38 32,80 11,27 2,46 0473 . 0007

If G from (3,30) is less then one, the energy of the photons is in-
sufficient to make a pair, but scattering of light by light, with the formetion
of a virtual pair as an intermediate state is possible, although small, BEuler
and Kookel(35) have estimated that for long wave lengths the eross section is
epproximately

4
-/ \ 11
(3,31) Q } T

4
= st /8,
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We may expect that Q is less then but comparable to the pair production cross
section at energies at which pairs may be produced end that it drops off
according to (3,31) at low energies, Hence, the scattering is only epprecisble
for a small renge of energy at the limiting energy end has little effect on
the meximum energy; we shall neglect it altogether,

The formula for (A) was derived on the basis of a coordinete system
moving with the high energy particle but (3,29) was derived in a center of
momentum coordinate system, which varies with the energy of the light quantum,

We must, therefore, compute the interaction directly from the photon density
function (A), Keeping 4 constent, the probability of interaction per second is

n s
e ‘
(3.32) 2n sin gag an (1) -m—l::{— sin®d/2 sin* -4;- .
o o -
Transforming to the new varisbles of integration g end x
g =g
A
3,33 x =
( ) 1-cos g
d\ = (1 - cos 4) dx,
(3.31) becomes
n -3
2
1-cos 4 h
2n sin gag(l - cos #) dx (x - x cos 4) : -
o o :
h ®
(3.34) " afx) —— oax,
0 2mex
W & s
2me .
- a(2) 2 .
" 2moa

where the upper limit is replaced by the largest velue of A for whiech does not
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vanish and 2

(3,35) o)) = -’i; fcr-’(x) = dx,
(=]

This function is similar toT(A) as can be seen from Table 3 where it is
tabulated,

The energy of the electrons is restricted between .ﬂ. (1 - tanh @)
and -1’n—— (1 + tanh ©) but is strongly skewed and one partiolo takes most of
the mergy. In the center of mass system the distribution is isotropie but
even a small forward component of veloeity gives a large energy ratio; the
ratio of the energies is e2° ©°8F where © is defined in (3,30) end § is the
angle the pair mekes with the direction of motion of the coordinate system,
S8ince both here and in the Compton scattering most of the energy is carried
by one secondary the energy of e high energy particle is only slightly dissipated
even though several secondaries are produced and there is no upper limit to
the energy unless a 'largo number of collisions are possible, However, if the
light guantum has just sufficient emergy the asymmetry is not marked; the
integration over the spectrum introduces many such photons so that the distribution
in energy is reesonebly smooth,

3,3, Trensmission through Space

It might be expected that the large radiation density in the vieinity
of the earth would cause a significant interaction with high energy perticles,
This is not so since the time the particles spend in the radiation is quite
small, The radiation field of the sun at one light year is nearly equal to
the meen interstellar density due to stellar radistion, The mean radiation
dengity over this light year es the particles approech the earth is given by
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1
1-R, R* R,
Re

where Ry the radius of the earth's orbit, is 10~5 light years, Hence, we
see thet approaching the earth is cquivalent to a path of 108 light years in
interstellar space, and a trajectory reaching the sun would heve an eguivalent
pathof 107 years, Since we are interested in peth lengths of the order of
108 1ight years, the solar effect is small,

The intersction of heavy particles with radietion is small because of
the small oross section and because of the large value of y required for peir
production and for photo-disintegration, The fractionel loss of energy of
photons over a path of 10° light yesrs has been obtsined by numerical integretion
of (3,11), The results are given in Table 7 for various proton energies, It is
apparent that the lose is not important, The photo-disintegration probabilities
of deuterons and alpha-particles heve been obtained by numerical integration of
(3,16) and they are also given in the taeble, For deuterons the rate of dis-
integration is small and it is only important for particles with energy greater
than 101% ev, which were generated 10° years ago, For alpha-particles the
disintegration probebility is the same for en energy of 1016 ev but for an
energy grester then 10'7 ev the mesn range drops to 107 light years,

TABLE 7
Heavy Particle Interaction with Redietion in Intersteller Space

Fractional loss Probebility of photo-disintegration,/100
Energy |of energy by pro- light years
tone/1091ight years Deuterons a-particles
1014 ov .08 x 105 004 , 004
1016 4,5 A A
1018 6 .5 150
1020 |8 .7 200




28

The interaction of electrons with radiation is much stronger, Let us
assume that there is e galsctic magnetic field such that the electrons are
confined to the galaxy, Then the photons generated in the Compton scattering
process leave the galaxy and are diluted by the large volume of extragalactic
space to e negligible concentration and we may compute the final electron
spectrum from the number of ccllisions thet an electron has with a light quantum,
Using the integrals listed in Table 3, the value of the function F(&) from
(3,27) hes been computed for several values of § end the electron energy,

Since the energy loss may occur through a smell number of large transfers
the actual loss of energy by a high energy electron may only be given on the
average, The finel energy is given by the initial energy times the product of
the frection retained in the various collisions undergone, Hence the probable

frectional energy reteained is given epproximately by the expression

X
(2,37) oxp[[ P(S) In (1 -S)dS}
4]

The velues of P(S ) end of the integral in (3,37) are given in Taeble 8,

TABLE 8

Intersction of Electrons with gadiatim in Interstellar Space
Values of P( )/10° years from (3,27)

T NG I T S R R T ofP(S) In(1 -§)as
101% ov | 1160 114 14,2 004 ~een  coee  eeee - K
1011 1700 116 11,4 1,9 1 - .85
1012 2880 170 11,6 1,5 1,0 ,002 =we- -1,85
1018 s0t0 238 17,0 1,55 .78 1,04  ,002 1,75
101* 3600 S04 23,8 2,34 75 .83 1,04 -2,15
10" 2200 360 30,4 3,28 1,18 .78 .83 -2,75
106 700 220 $6,0 4,2 1,6 1,27 .78 3,5
10%7 125 70 22,0 4,9 2,1 1,8 1,27 -3,5
10%® 18 12,570 3.1 2,5 2,8 1.8 -3.0
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It is apparent from the table that electrons of energy greater then
1013 ov will drop to ebout one-tenth of their emergy in 108 years and that
in 10% years there would be no electrons of energy greater then 1010 ev, 1t
1s possible thet the electrons of enmergy much greater than 1018 ev could drop
dovn in%o the vacent energy range but their number should be small since the
energy spectrum et the source would be expected to decrease repidly with
energy in this renge, From the values of P(§ ) it is apperent that most of
the photons generated have roughly the same energy as the electron but that
there are some with much less energy, We may conclude from this result that
no eleotrons of enorgy greater than 1029 ev can heve been generated more than
about 3 x 10% yoars ago and that few have been generated more then 108 years
ago,

In case there is no galactic magnetic field so that the primaries ¢ ame
from outside the galaxy the high energy photons produced by the Campton scatter-
ing cannot be neglected, It is also necessary to apply a correction to the
radiation density and hence the above c¢alculation epplies to en electron travel-
ing 1010 yeers in intergalactic space at the present radiation density, Actually,
however, the expansion of the universe and the corresponding change in redistion
density reduces the aotual time %o 1,6 x 10% years, lLikewise, 109 years in the
gelaxy is equivalent to 1,96 x 10° years in intergalactic space,

Now let us consider the intersotion of photons with radistion, Teble 9
gives the mean number of pairs/108 years due to photon-photon pair production
es given by (3,31),

TABLE 9

Photon~photon Pair Production in Interstellar Spece
B, v . 1012 1013 101* 1015 1016 3017 1018

o, pairs/108 years 1,25 2,05 3,70 6,65 9,8 11,7 12,7
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It is apparent that over a period of 108 years the photons will heve
generated several pairs which will in turn generate more photons so that a
reguley cescade develops, Actually, over the course of 108 years the mean
number of seconderies per primary particle will not be large and meny will heve
s large energy, However, over the course of 10° yvears the cascade will develop
sufficiently so thet the mean particle energy will fall to about 1012 ev, end
over 5 x 10° years it will drop to 1013 ev, An exact computation of the develop=-
ment of the cascade would be very diffionlt end is not justified since the

fundamental data are so uncertain,

3,4, Proposed Sources of Cosmic Reys

We ere now in a position to investigete the composition of cosmiec reys
with verious assumptions as to their origin, ILemaitre has suggested that the
universe started as e gigentic atom which exploded giving rise to cosmic rays
emong the other products of the explosion, As pointed out at the end of saction
two,the expansion of the universe decreases the cnergy of fast particles inversely
eg the radius of the universe, Hence, the rays camnot heve been present et time
gero but they mey have been generated by the interaction of the matter with
itself at e slightly later epoch, The latest time et which this could happen
by & mechanism not possible today was when the gelaxies started to separate
since the intergalactic forces could heve been large, Furthermore, probebly
only existing particles, i,e,, protons end electrons, would be accelerated
under these ciroumstances,

Since the meen spaocing of gelaxies is ebout twenty times their meen
diameter todey, these particles must heve been genersted at one-twentieth of
the present age or 1,9 x 10° yeers ago, Such perticles must have traveled a
distence equivalent to 4 x 108 years in the galectic radiation field end hence,
any eleotrons and photons would be slowed down by cascade formation to ebout
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1013 ev, This slowing down would teke place largely in the first 108 years,
The expansion of the universe would then reduce the energy to about 1012 ev,
Any hesvy perticles would lose only the factor of twenty in energy due to the
expansion so that with this source we would expect chiefly protons as cosmie
ray primaries et high energies, Furthermore, the gemmagnetic offects show
that the number of primary photons is emall so that the number of electirons
initisl)r more energetic then 1013 ov must be smell since otherwise = large
number 61’ Compton recoil photons would be present, Therefore the asccelerating
mechanism must be most efficient with protons, a condition difficult to satisfy
by electromegnetic fields,

If the red shift of the galactic spectral lines is not a veloeity
shift, so thet the universe is stationary, then the perticles could come from
much greeter distances, Epatein(za) hes pointed out that they must come from
1011 light years distance to explein their intensity relative to light, The
intersetion with radistion would slow the electrons dom to 1012 ev in this
ease also,

If the galaxy has a general magnetic field, then it is possible that
its formetion, when the galaxy was formed, accelerated clarged particles by
the betatron principle, At that time the ionlzation of the interstellar ges may
not have been so large ss it is now but there should heve been sufficient free
eleetrons and protons to give the present intemnsity of cosmic rays, As shown
in the lest section, the high encrgy electrons would be slowed down to an energy
of 1010 ev in the 1,9 x 109 years since the formation of the galexy but the
protons would heve lost little of thelr energy,

Zwicky has proposed thet cosmic rays are genereted in novae or supernovae,
but this is not possible in the case of electrons due to the interaction with the
radistion, As pointed out, the solar radietion field is sufficient to equal
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107 light years for a particle approaching it, For & perticle leaving it,
the effect is reduced by a fector of about two since the particle must over-
take the photons most of the way, Thus & star 100 times as luminous or 5
magnitudes brighter would not be able to emit eny high energy clectrons since
the equivelent path would be 109 light years, The stellar speotra do not
contein as much infra red as used in the computations, but this rediation is
not vital and we may conclude that bright stars such as the O-type and early
B-type stars, end, & fortiori, novae and supernoveg, could not emit electrons
with energies greater than 1010 ov, In the crse of supernovee the radiation
1s 107 - 108 times as intense as that of the sun so that the interaction with
protons is not negligible, From Teble 7 we cee that

(3,38) %Ei- = 4,5 dt

for a proton energy of 1016 gv end for = supernove 107 times as bright es the
sun, The time in (3,38) is a fictitious time which measures the fraction of
rodistion passed, Integrating (3,38) we have

(3.39) E=E, o"*-5‘
Hence the energy drops to e velue such that the exponent is small, that is,
to about 1015 ev (it drops to about 101 ov for e supernova 108 times as bright
a8 the sun), |

In the case of cool staers, the interaction with radistion does not limit
the possible energies of emitted particles, Swsm(ss) has proposed thet high
energy electrons could be formed in sun spots by the associated verying megnetic
field by the betatron principle, Actuelly, this process need not be restricted
to electrons since protons could also be accelerated, nor need it be limited
to the sun since other stars probably have similar features,* However, the

*Recent deta(37) on a large increase in cosmiec ray intensity in
conjunction with a soler flare suggests that such a mechaenism is possible,
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energy of the emitted electrons is limited by the radiation of energy %o the
transverse acceleration in the solar maegnetic field, Using Pomeranchuk's(2,4)
calculations, the maximum energy comes out to be sbout 5 x 1012 ev, whereas the
energy needed to penetr:te the solar magnetic field is 1014 ev, If the magnetic
field due to the sunspot is properly oriented, it can camcel the general solar
field suffieiently so that lower energy particles cen escave from the sun by

a tortuous peth, but the maximum energy is probebly not altered appreciably,
Since there are no measuremente of steller megnetic fields, for the class of
stars similar to the sun, it is not possible to say whether they can emit high
energy electrons but it seems reasonable to say that their limiting energy is
neerly the same as that of the sun,

Au'mn(‘”) has suggested that cosmic reys could be generated in the
joint magnetic field of a double ster, A charged particle follows a trochoidal
orbit in the field of one star and as the other rotates the flux through the
orbit changes end accelerates the particle, The particle must be in an orbit
around the first star which requires a large energy to escepe to infinity a:l.nc.o
otherwise it would escape witi: little energy, Since the periodic orbits in a
dipole field lie near the plane of the equator, we shall approximete the orbit
by the eireuler periodic orbit which lies farthest from the dipole in order to
obtain an upper limit to the emergy, If the dipole moment of the ster is M
and the redius of tﬁe oribt is R then the particle energy, E , in the orbit is

(3,40) E = é‘ﬁ. .

Now the redietion emitted due to the acceleration in the magnetic
field is at least that emitted assuming the particle leaves in a straight line,
Hence, we shall use the meximum energy appropriate to this case althowgh it is
to be expected that the maximum energy is reduced significantly by spirel peth
since it meterially increases the time of trevel in the field, From (2,2) the




meximum energy is

(3.4'1) E -‘:-g-s—' .

Bquating E end E we have

o VT 3/7
(3.42) . '(;) o,
(3,43) . E =By = o/ ST

From (3,13) the meximum energy which could be genersted in a dipole
field equal to thet of the sun (M = 103* gauss - am®) is ,9 x 101* ev, For
protons the meximum energy would be 5 x 1017 ev but here the orbit would lie
inside the sun, It must be remembered thet these limits ere the results of
a very orude spproximstion and that the meximm energy that could be cbtained
is probsbly more nearly e tenth of these values, In the e¢rse of the early
type stars the dipole moment may be es large as 10%8 emu so that these energies
may be multiplied by four, but here, and to a certain extent in cooler stars,
the particles remein in orbits near the star for a sufficient time to lose
energy by Compton scattering,

Hillikan(sg) has suggested the cosmic rey primeries are generated by
the sponteneous trensformation of the mass of stoms in interstellar space
into energy which is given to a peir of electrons, There is no theoretical
method of treating this mechsnism so that the observed cnergy spectrum can
be compared quentitaetively with the density of the various elements present
but it seems difficult to explain the high energies required to generate Auger
showers, However, this mechanism generates the particles fer from intense
rediation and strong megnetic fields to thst there is no theoretical limitation

to the emount of energy they could bring to the earth,




IV, CONCLUSION

The general conclusion that may be drawn from these calculations
is thet the high energy cosmic reay primeries are not electrons or photons
because their interaction with interstellaer rediation and magnetic fields is
sufficient to slow them down, but that they are probably protons, while the
lower energy primaries may be sny type of particle, This result is in sgreement
with the experimental results of Sehein end coworkers(%0) glthough the deta
ere insufficient to prove the energetic primaries are protons,

It is diffioult to draw quantitetive conclusions sbout the meximum
energy electrons or photons can have because of the uncertainty coneerning their
plece of origin, It is not even clear whether their place of origin is inside
the galexy or not because the existence of a general galectie megnetic field
is uncertain, There is no astrophysical evidence either for or sgeinst such
a field except that all rotating astrcnamicel bodies seem to heve e permanent
magnetic field, If there is a general galactic magnetic field the primary
cosmic reys must come from the galaxy but the distribution in engle should be
uniform because of the charecter of orbits in a magnetic field, The intensity
relative to light would be higher since the particles are spread over a smaller
volume, Furthermore the absence of primary photons (the geomagnetic effect
shows that nearly all the primaries sre charged) is explicable by the dilution
of the photons by the lerge volume of intergalactic space,

The calculations of the intersction with radietion show that the mean
free path for high energy (1013 - 1018 ev) electrons to lose nine-tenths of
thelr energy is 108 light yeers in the galaxy, so thet the number of such
energetic electrons should be much smeller than the number of low energy
electrons, If the primaries were all generated when the galexy was formed
there should be no electrons of energy greater than ebout 1010 ev, but if they
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are being generated steadily the number of high energy electrons will be
finite but small, Furthermore the meximum energy of electron primaries may
be limited in the source, Thus if they are formed in B or O-type stars or

in novee then the intercction with radiation would limit the energy carried
away to 1013 ev, while if they are generated in supernovee the interaction
with radiation limits the electron energy to 1010 ev and the proton energy

to 101* ey, If they are generated by the magnetic fields associuted with
"sun-spots™ in mein sequence stars by induced electric fields the loss of
energy by radiation due to the acceleration in the stellar magnetic fields
would limit the electron emergy to 5 x 1012 ev, If they ere formed in the
joint magnetic field of double stars the electron energy is limited to 1013 ev
and the proton energy is limited %o 1017 ev, Only in the case of particles
generated in interstellar space far from intense rudiation end magnetic fields
will the energy not be limited in the source, However, even here, & large
fraction of the high energy electrons would have been genersted a sufficient
time sgo to be slowed down and the number of high energy eleetrons would be
small, Only in the few ceses mentioned would the heevy particle energy be
limited so that the final spectrum would heve mainly protons et high energy
if the source is inherently symmetrical between protons end electrons,

If there is no galaotic megnetic field the isotropy of the distribution
of primaries can be explained only by the assumption that they were generated
in the past, that their source bears no relation to the distribution of matter
or that they come from a distance of 1011 light years, The lest assumption is
violeted by the known age of the universe (sbout 2 x 10° years) and the former
two ere contradicted by the recent widonco(”) that cosmic rays cen be emitted
by the sun in conjunction with a solar flare, It is possible, however, that
the present rate of production is only a fraction of the total intensity,
Furthermore, in order to explain the absence of photons, it is necessary to
assume that no high energy electrons were present initially since they would
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generate high energy photons by intersction with radietion, If there were
eny epprecisble number of energetic electrons present when the galaxy was
formed they end their essociasted photons would still be present with an energy
of sbout 1012 ev,

Thus the main conclusions of this work are that if there exists a
general galectic magnetic field, them the primary spectrum has very few photons,
only low energy ( <1013 ov) electrons end the higher energy perticles are
primerily protons regardless of the source mechanism, and if there is no
general galactic magnetic field, them the source of cosmic rays sccelerates
mainly protons and the present rate of produetion is much less then that in
the past,
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