-

Hugh R. Anderson -248-~ March 1967

RICE UNIVERSITY
SPACE SCIENCE 400 - LECTURE NOTES

_19. Lectures on Cosmic Rays

B S

_19.1 Definitions and description of priwary cosmic rays.

The term “"cosmic-radiation" was first applied by
Millikan and Regener, in the 1920's, to the penetrating ionizing
radiation that apparently reached the earth from outside its atmo-
sphere. Since then the meaning of the term has evolved as knowl-
edge of the phenomena associated with extra-terrestrial radiation
has increased. A good current definition is that coswic-rays
are those charged particles which reach the earth's magnetosphere
from interplanetary space with velocities greater than the solar
wina velocity of ~ 400 km/sec (corresponding to a proton energy
of ~ 1 keV and an electron enexrgy of ~ 0.5 ev). The term often
includes the energetic neutral particles, neutrinos and neutrons,
but does not usually wmean the photons of radio, optical, x or
gamma radiation, although these latter radiations are clcsely
related to the origins of cosmic rays.

Cosmic radiatioh is conveniently classified according to
its source. Galactic cosmic rays reach the earth from outside
the solar system, where their flux is thought to be isotropic
and constant over periods of at least tens of thousands of years.
The particles have energies from about lO7eQ (or perhaps lower)
to at least lOlgev. In approaching the earth's orbit the number
with energy below ~ 15 Bev that reach the earth's orbit is re-
duced by the solar wind and interplanetary magnetic field so

that the more active the sun, the fewer of these low energy
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particles are observed at the earth. -The flux of higher energy

particles at the earth remains constant. The maximum flux of galactic

cosmic rays observed at earth (which occurs when the sun is in the
quiet part of its 1l year cycle) may equal the interstellar flux,
but it could be thal the number of lower energy particles is always
depressed at the earth's orbit, since there is always some solar
wind. Hence we will describe the galactic cosmic rays observed
within the solar system and then consider the result of supposing
that the interstellar flux equals the maximum flux observed.

Figure 1 shows the integral energy spectrum of particles

observed at the earth.
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)
Above 2 x 10 ev the spectrum is well represented by
. | P iy 3
J(>T) = K/(T + ,938)Y the values of Y eppear in Figure 1.

The differential energy spectrum is

el - 2
ot J(>T) = K(y-L)/(T7 + .938)Ypart1cles/cm sec ster MeV

where T = is the kinetic énergy/nucleon in BeV, and the flux of
all nuclei J(>500 MeV) z.0.25/cmzséc ster.

Although the majority of cosmic rays are protons, heavier
nuclei are observed, and their energy spectrum has the same
dependence upon T, i.e., the same index Y, over the range
~ 2R lO9 kG lollev/nucleon. The charge spectrum (that is, the
relative abundance of different nuclei) is not known at higher
energies, and at the lower, non-relativistic energies the energy

spectrum is different for different kinds of nuclei. We will

discuss this point in detail later. Table I lists the fluxes of

galactic cosmic rays with energies above 2,4 BeV/nucleon (Waddington,
1960). The abundances in the sun and in solar cosmic rays (mostly

50-200 MeV/nucleon), taken from Biswas and Fichtel (1965), are

presented for comparison. The number of relativistic (T>1 MeV)
electrons among galactic cosmic rays amounts to a few percent of the.
proton flux.

We will return to the problem of cosmic ray composition
later, and now describe solar cosmic rays. Unlike the galactic
particles, these are produced by the sun, and this happens only
occasionally in those violent outbursts which also produce optical
flares, radio noise, and x-rays. The particles reach the earth a
few minutes to an hour after the solar eruption, the more energetic

(faster) ones arriving first. Typically the peak intensity is
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reached one or two hours after the'first arrival,. and then the
flux disappears in a period of a few days, with the wore energetic
particles declining more rapidly than the softer (slower)ones. ‘
Therefore, the energy spectrum varies during an event, and is
also quite different in different events. The integral energy
spectrum may be written J(>T) = K(T + .938)Yml with T>1 BeV and
Yy = 4 to 10, but at lower energies this fails and a form such
as'J(>T) = AT_m, with m = 4 to 10 is required. The integral
energy spectrum rises with decreasing energy down to T = 10 MeV,
and possibly lower. In very large events, relativistic particles
appear but frequently only slower particles are detected. The
ratio of protons to heavier nuclei varies from one event to another,
but the relative abundance of nuclei with Z>2 is usually about that
shown in Table I. The electron flux is at most a few percent '
of the proton flux. The peak intensity of all particles with
T>10 MeV ranges from 1 to 104/cmzsec ster.

| Although the major research problems in cosmic ray physics
today are the measurement of these primary fluxes and the ex-
planation of them in terms of astrophysical processes, we will
first consider the relationship between coswmic rays and the other

phenomena and will return to astrophysical considerations at the

end.
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19. 2 Relationship to Other Areas of Research

The study of cosmic rays has been and/or is related to
research in several other areas which are outlined below.
N, The interaction of high energy particles and the

nature of unstable, elementary particles:

1. Positrons, m and M mesons, and some heavier

particles were discovered among cosmic ray secondaries

in the atmosphere.

2. Some of the processes explained by quantum
electrodynamics such as pair production, and positron
annihilation were first observed in the electron-

photon cascade.

3. Currently cosmic rays are the only source of

particles with energies above ~ 30 BeV.
o
B. Various effects of the action of cosmic rays on matter

and on the geomagnetic field

1. Radioactive nuclei and spallation products are
produced in meteors when cosmic rays bombard them in
space. From the distribution of these elements in

fallen meteorites it is possible to estimate

a) The size of the meteor before it passed through

the atmosphere
b) The age of the meteor

2. Cosmic ray secondary neutrons produce C14 in the
atmosphere. By measuring the distribution and con-
centration of this isotope it is possible to

a) Calculate the length of time organic material

has been dead.
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b) Estimate the rate at which the atmosphere

circulates and mixes with the biosphere and oceans.

3. The distribution of cosmic rays over the earth re-
sults from the configuration of the geomagnetic field.
Changes in the latter can be deduced from changes

in the former.

4. Upward moving cosmic-ray secondaries which decay

in flight are one source of trapped radiation.

Processes in the outer portion of the sun and in

interplanetary space.

1. The composition of solar cosmic rays is related
to the composition of the sun, where the particles

are accelerated.

’2. The energy spectra and temporal variations of
solar cosmic rays are intimately related to the
processes in sunspots and othef active regions of
the sun. Models of solar activity must account for
cosmic rays as well as the radio, optical, and x-ray

bursts from the sun.

3. The interplanetary magnetic field determines
the time variations of solar cosmic rays at the earth
is part and, it is thought, causes all the temporal

variations observed in galactic cosmic rays.
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Extra-solar astrophysical processes.

1. The energy density of galactic cosmic rays is

~ l_ev/cm3 and is about equal to that of starlight

and of the estimated interstellar magnetic field.

fhus, depending upon cosmic raj lifetime, a significant
amount of stellar energy may go into accelerating

cosmic rays.

2. Galactic cosmic rays provide the only direct sample
of extra-solar system nuclear abundance. The

abundance is determined by the source of the rays

and by the amount of matter with which they have

collided since acceleration.

3. The energy spectrum and isotrepy is related to

the interstellar magnetic field strength.

4. The galactic electron spectrum wust agree with

the measured synchrotron radio noise from the galaxy.
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.19.3- Review of Particle Physics - Cosmic Rays

In order to understand cosmic radiation it is necessary
to understand how the particles comprising primary and secondary
cosmic rays interact with matter; i.e., with protons, neutrons,
and electrons. The more important (for our purpose) particles

are listed in the attached table. Electrical charge, denoted

by superscript in the first column, is + one electronic charge
=+ 1.6 x lO-lgcoulombs. Mass is expressed in units of the
electron mass, or more conveniently by the rest mass energy,
Eo = Mc2, where M = rest mass.

Motion is characterized by direction, of course, and
by the speed relative to the velocity of light, B = v/c, where
c = 3.00 x lOlOcm/sec. Related to B are

Mc B
momentum, pc = r Eﬁw ’

2
mass. The total energy, E is related to these by

. ; Mc .
klnet;c energy, T = /=1 - Mc , where M is the rest

~ 2
E =}&;c)2 + (Mcz)2 fvéggjl— = 7 + Mc2
_ 1-B

The momentum is a three-dimensional vector of magnitude pc,
and (pxc,pyc,pzc;E) transform like (x;y,z,ct) from one moving
system to another. That is, if there is relative motion Bc along

the x axes of two systems, the primed system moving in the
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plus x direction,

§7 o S
JpT (P B

and obviously E2 - (pc)2 = Mc2 is invariant.
It is also true that in any given coordinate system the

vector sum of the momenta of several particles is constant

for any interactions of the particles, as is the sum of total

energies The motion of an unstable particle affects its apparent

lifetime. If a particle with a mean life at rest of To moves

with velocity ¢ B, then its observed mean lifetime will be
T

o
T = = . h . . ; .
iﬁij;f e mean distance it travels before decaying is

ld = cBT= Top/M.

The different particles have different types of forces or
interactions. Pions and heavier particles have "strong" or
“nuclear" interactions, responsible for holding nucleons
tdgether and producing the unstable particles. Weak interactions
account for beta decay of nuclei and pion-muon decay. Electro-
magnetic interactions occur between ail electrically charged
particles. Gravitational forces probably occur between all
particles - certainly between nucleons - but are weak enough

to be ignored for our purpose.
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Electromagnetic Interactions.

The electromagnetic forces are most familiar. Classically

the equation of motion is

d
at P < dq(cE + vy x B)
and in a uniform magnetic field a particle moving perpendicular

to the field moves in a circle of radius

RS ren]

¢ in ergs
zeB P 9

p:‘.
e in esu

B in gauss.
This is more conveniently written

p = —_EEZ [cm] , pc in electron volts

B in gauss.

and the quantity EE is denoted R and called (magnetic) rigidity.

Rigidity is often expressed in units of volts.

In passing through ordinary matter particles lose energy
to atomic electrons thrbugh coulomb ' (electrostatic) interactions.
This is the dominant source of continuous energy loss by :

particles heavier than electrons and may be calculated from

2.2
: 2
QI.='QE§fEE.N Z’[ln _Elfifi_ B2 ev
ax 282 o A 1(1—62) B g/cm2

m C
e
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with I = kZ, the average ionization potential, of the target
material,

k =1l ev, N =6.02 x 1023, Z = atomic number of
¢ target

z = atomic number of
moving particle

and the quantity in brackets is called the stopping power per
electron. This expression is valid for all velocities greater
than the orbital velocity of the target atomic electrons, and
less than extreme relativistic velocities. 1In practice, electron
capture and other effects change the loss rate at low velocities.

Figure 2 shows proton energy loss in air.

ATZ%&, QV/&km“

A
1071 3T M“'/j/cm"
/
L !
[ -
/ Minvmaa
b f 1.82 MeV/g/ma
[
/r
158
: . 1 . : : t > %
(0% 10 [0® ve m kP

Fig. 2

Electron capture by protons becomes important when their kinetic
energy drops to ~ 100 keV, and sets in at a highef energy for

alpha particles.
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Integration of the energy loss equation lecads to a
definite range as a function of initial energy, although
experimental data are required for accurate work. Semi-
empirically"

1.8

"R_ = 100 cm of air at 150,760 mm Hg ,

T
P 9.3
T in MeV.
Note that in general for any particle

R = F (initial velocity)

NNlZ

The passage of a charged particle leaves a track of
excited atoms (and molecules), ions, and electrons produced
directly by the incident particle and by the faster electrons

f

(8 rays). In many cases the energy per ion pair does not

upon the nature of the incident particle. Some values are:

Air 34 ev/ion pair
Argon 26 ev/ion pair

Silicon 3.5 ev/hole-electron pair.

If a particle passes through a transparent target material
at a velocity Bc greater than the velocity c¢/n (n = index of
refraction) of light in the material, part of the energy trans-
ferred to electrons of distant atoms appears in the special form
of Cerenkov radiation instead of as ionization. This light is

emitted in a cone of half aﬁgle,ﬁy, about the track of the particle,
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and the energy lost to it is

2 .2, 2 >
ar _4ne’z IVZ 1 vav
ds 2 V.

Cerenkov c 1

Ewitted Hdht

¢/

5

pc

1
T =
cos on

= Particle

where the integration is carried out over all ffequencies, v,

of the emitted light for which Bc > ¢/n. Numerically a re-
lativistic particle in a material such as lucite, with Bn == 1.5
produces 200 quanté/cm with wavelengths from 4000 to 8000 2, and
loses about 1 keV/cm. Both heavy particles and electrons produce
Cerenkov light. .

Electron Energy Loss

Electrons lose energy in collisions with atomic electrons
as do heavier particles, although the effect is modified by the
incident electron's ability to lose all its energy to a single

atomic electron. The result is

m c?plp |

e S -

5 [ n—5 5 -B ev
I"(1-8") g/cm2

ar o 4ﬂe4 #
dXion meczs2 ©

> |

with T = kinetic energy.

Unlike heavier particles, electrons are scattered and also
lose energy to bremsstrahlung. Elastic multiple scattering reduces
the macroscopic range by a factor 1.2 to 4 below the total range,

depending upon electron energy and Z of the target. Elastic



-261-

scattering cross sections are given at the end of this section.
When a particle loses energy in colliding with another
particle it is said to suffer an inelastic scattering and to
have lost energy to bremsstrahlung ( German for stopping radia-
tion). .This energy loss is proportional to (acceleration in
scattering)2 o l/Mz, which is why only electrons lose appreciable
energy to bremsstrahlung. Because of quantum-mechanical effects
only some accelerations (scatterings) produce quanta. The
average rate of energy loss to bremsstrahlung by an electron of

energy T in colliding with a nucleusof charge Ze is,

2
aL = N(T + m c2)o B 2 ergs/cm.
ds e o
rad
or
daT 2 22 2
a;;ag No(T + m_cC )oOB x ergs/g/cm ,

3 .
where N = atoms/cm™, N Avogadro's number,

8

2 2
(o} = (e ) = 0.58 x 10 * barns/nucleus; barn = 10

o e —24cm2.
o ‘c \mc?
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B is a slowly varying function of energy as shown below:

3
1
20 |-
Wo.'fcr'
Ph
o |-
© l(lb“ ‘ 15"' ' 163 s
‘ Fig. 3

2 . i
Thus the rate of energy loss per g/cm increases linearly with
total energy and Z of the target (sinte z/A ~ constant). The

- 2 S .
quantity Go BZ = crad,the total radiative cross section.

2 - 183 1
i oY gi =0 n S5 kT b
At very high energies Orad OZ 4 [ n 21/3 18:}
Photons are emitted with all energies up to T, and the
energy per unit frequency interval is

2 T+mc2

hvds . and ¢ B Z d(hv)
0 (@]

ad

which is approximately constant since B ~ 10 to 20 for hv<T.

The photons are emitted perpendicular to the path of a slow
electron, but more forward from a fast one.

It is convenient to compare the cross sections for the

various processes. For nonrelativistic electrons we have

on L

=L [4dT
NT | d3/ion

. . . 2
Ionization %on = E% 1n (Iiz7barns/atom
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Elastic nuclear backscattering

2
Z
o e~ EZ barns/étom

nuc

D=

' . o ;
Elastic scattering (®45 ) from atomic electrons

27
O 1as = " barns/atom

Bremsstrahlung in terms of fraction of kinetic energy

2

o’ = ime_ g S T ZL'barns/atom
rad T rad T 3w k37 52 Y

o8}

The general form of the ionization and bremsstrahlung cross-
sections (not limited to non-relativistic electrons).may be
multiplied by N/density = NO/A to give the energy loss per g/cmz.
The result is shown in Fig. 4 for energies up to 5 MeV.

A dT/dx i e"/3/um1

A ioh"za‘é.tot\ lass
Ph

PL Rad. loss
\A" N \
¥ > T, Mev

Fig. 4 Electron energy loss rate
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It is useful to calculate the ratio of radiation to ionization

loss. It is, for a particle of mass M

(aT/ds) rad | me \ * o
(aT/ds) ion M /| 1600 m c2
e

which is unity for 9 MeV electrons in Pb, and 100 MeV in . water.
The reader is cautioned that the energy loss rates in Fig. 3

cannot be integrated to give range because of scattering and

fluctuations in bremsstrahlung loss. It is possible to calculate

the bremsstrahlung emitted when electrons strike a thick absorber

(one thick enough to stop them). The photon energy spectrum from
non-relativistic electrons is

dzI : .
e, t -V X fr rva
Y cons Z(vmax ) ergs/frequency interval

h\)max 5 Tinitial'

and this agrees with experiment. The total energy emitted as -
bremsstrahlung is

- 2
I~ (0.7 £ 0.2) x 10 3Z T "MeV/incident electron

where T the initial energy kinetic energy in MeV, lies

between 0 and 2.5 MeV.

The extrapolated or practical range of electrons may be -
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expressed by empirical formulae such as

530T-106

Il

Ro[mg/cmz]

1 to 20 MeV.

T

Both positrons and electrons suffer the energy losses

described. In addition, positrons will annihilate with electrons
: Rt 2 ;
after slowing down, to yield two Y rays of energy mec each, moving

in opposite directions.

+ -
e + e =~ 2Y
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Photon Enexqy Loss
Photons passing through matter lose most of their energy in one of
three processes , the dominant one being determined by the photon energy

and 2 of the target material. These are:

5
photoelectric absorption Ey = hv < few X 107 ev
Compton scatterxing ~0.1 S hv € 3 MeV
pair production hy > 3 Mev

In addition the processes
photo-disentegration of nuclei, e.q. Beg(y,n)Be% hv > 8 Mev
photo-prcoduction of mesons " hv >150 Mev

are sometimes observed.

Photoelectric absorption occurs when a photon interacts with an

electron bound in an atom, giving up all its energy to the electron;
i.e., the photon is compietely absorbed. The electron kinetic enexrgy
is - '
T = hv- Be
Be= binding energy of electron
The presence of the atom is necessary because the atom must carry
away some momentum from the interaction. The crossectionT cmz/atom
varies rapidly with Z and hv. When hV is not near any electron

binding energy, it is found that

o7 = const gﬁ_ and n=4,0 to 4.6
-  (hv)" =3 tol

as hv goes from 0.1 to 3 Mev,
Near a binding energy T changes discontinuously ( an absorption edge)
"as shown in Fig.5. '

In Compton scattering a photon interacts with either a bound or

unbound electron, the presence of the atom being irrelevant since
both momentum and energy can be conserved by a scattered photon of

"lower energy, and the struck electron,



T (electron)
hy

. hy!
The conservation laws require that in this scattering:

Wavelength change N S A (1 - cos?)
m_c
e

Energy change §1'= 1
hv 1 4+ a(l - cosv)

,T-"—h\)—h\)'

. 2
with o = hv/mec !

Note that the maximum energy that can be transferred to the electron

is

_ 20,
Tmax Ry 1420,

The cross section for this process can be calculated from the
laws of quantum—electrodynamics and the result, averaged over polar-

ization directions of the incoming photon is:

differential collision cross section

’ , 4 2
o vV .2V v ol cm
dg' = e e— — e — - J
c 2 (V ).[v ) Bt electron
with 2
L e s 2 = 2.818 x 10—1'3 cs.
© m C

; e : 2
The meaning of this is that, if I = ev/cm sec, the energy flux of
the incoming beam, then
I;

o (NZAS) dOc = (number of photons/sec scattered

2 :
into d0 at angleV by one cm of an absorber having
2
AsNZ electrons/cm in a. thickness As).
We assume that As is small so that scattered photons do not suffer

further interactions.
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The differeéntial scattering cross section dos is defined by

I (NZ2As) dcs

= energy/sec scattered into dQ
I
= hv [hv(NZAS) doc]
Hence
do =— do_ .
s Vv c

These cross sections may be integrated over dQ, taking account
of the dependehce of Yon v’, to yield the average collision

cross section, which for small a can be expressed

2 2
o :.'Q?E r [L -2 + 5.20 + ...] cmz/electron

%R)‘(NZ\AS)CC = number of photons scattered/sec

= number of electrons recoiling/sec

The average scattering cross section is similarly obtained by in-
tegration, and for small a equals

8 1
o I

2 ] 2
i + - o o = .
< 3 ro[l 3a 9 4a + Jem /electron

I(NZAS)1JS = energy in the form of photons scattered/sec.
Hence the average energy of a scattered photon is

(e}
hv’ = -5 h%
g
c

and the average electron energy is
T =hv - hv = hv(l - cs/’oc) .

Therefore 1 (NZAs)(c:C - GS) = energy going to electrons per second,

and it is convenient to define the absorption cross section
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0, = 0 =0

aps Cc S

2

§E'r02 [~ 4,207 + . . .] cmz/electron

3

The scattered electrons and photons are projected generally forwaxd,

(small a)

the direction being more strongly peakéd the greater a. Note that
' oabs is proportional to the energy deposited in a thin absorber,
while 9, is proportional to the number of photons removed from the
incident beam. The actual reduction observed when the absorber is
placed in the beam depends upon the type of detector used.
When the energy of an incident photon hv > 2 mecf it is
possible for a photon to be absorbed in the coulomb field of a

nucleus and create an electron-positron pair. The nucleus recoils

and absorbs some momentum, but essentially no energy, so that

SR W ="hv -~ 2 m c2.
+ - e

e e.
The distribution of energies of the e', say, is nearly flat from

0 to hv -~ 2mec2,’and the total crossection is

2 - 2
n = Go z° P. cm /nucleus

a

where P ~ 2 to 11 for hv= 5 - 1000 Mev, and drops to zero at lower

energies. For very high energies

P ={28 1n(;,l83 Y - 2‘!.
> L) 7
These crossections may be converted to attenuation lengths in

g/cm2 as follows

L =P =.A 1
N7+ NZo + NX N TH+ZO -+ k
3 Cc o] +]

g/ cm?

The qguantity 1/4 in Pb is plotted against hv in Fig. 5.
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Because photons are removed catastrophically by these processes,
are attenuated exponentially in passing through matter.

photon flux we have

I (x) _ L c-x/%

hv hV

Since I/hV =

they
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One can deduce from the foregoing that when a high energy
(>2mec2) clectron or photon falls on matter it will produce a
cascade of e-.t and Yy whose numbers multiply by alternate pair pro-
duction and bremsstrahlung emission as the particles pass
through the matter. Their number continues to increase, with
penetration, and the average energy per particle to decrease, until
the electrons have so low an energy that they lose more energy by
ionization than by radiation. Thereafter, the cascade, or shower,
is absorbed.

The multiplication occurs in a characteristic distance.which-

is
- -1 2 ; !
~ (c_2 P NO/A) g/cm” for pair production

' -1 2
~ (0 2 B NO/A) g/cm” for bremsstrahlung.

In practice a single thickness or radiation length XO is defined by

le

= s
= 4 GO(NO/A)Z(Z+1) 1n (183% 1/3)cm /9
o
‘and is the distance in which the kinetic energy of an energetic
electron or photon is reduced by the factor 1/e. The energy below

which multiplication is unimportant is called the critical energy Tc.

’,

2

Material X g/cm Tc , MeV
Air o TC et g
Al 24.5 . 48.8
Pb 6.5 7.8

If the initial particle has energy To , then after traversing a
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2 x/ (X In2)
thickness x g/cm there are ~ 2 particles

2z
(/3 v, 2/3 e ) of average enexrgy T, = it . The
maximum number of particles occurs when 'I‘x = T , and is equal
to TO/TC. Detailed calculations have been made of both the

longitudinal and lateral spread of these showers in the atmosphere.

Weak Interactions

The weak interaction forces couple the initial and final
particles in beta decay, exemplified by pion, muon, and neutron
decay, and by the interaction of neutrinos with matter. These
forces always involve some particles which do not experience
nuclear interactions; i.e., electrons, muons, neutrinos.

Neutrinos carry away, as kinetic energy, a significant amount of
the energy released in beta decay. Once produced, they interact
very weakly with matter. The interaction cross section
cV = 10—44c2§/nucéeon, so that.the mean free path of neutrinos
in Fe is 10" "g/cm or 1000 light years of solid iron. Therefore
the energy going into neutrinos is lost from the vicinity of the
neutrino's production. This is certainly tfue in the case of
neutrinos produced by cosmic ray interactions in the atmosphere,
and neutrinos escape even from the interiors of stars, carrying
an appreciable amount of the energy produced there with them.
However, stellar material is very dense, and it is a current
subject of theoretical research to calculate how many neutrinos
escépe from various kinds of stars. Experiments are also underway
to measure the flux of extraterrestrial neutrinos by observing
the rate of the reaction

T T e
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. . ! 37 37
which is the inverse of the electron capture decay of A to C4

(35 day half life). 1In practice large tanks (thousands of gallons)

of C2C£4(cleaning fluid) are shielded from charged particles, and
any a3? produced is flushed out with other gases. The A37 disinte-

grations are then counted with a small Geiger counter.

Muon decay goes as

+ & X
M - e + vV + 105.2 MeV

the kinematics of three body interaction allowing electron energies
0 - 53 MeV in the center of mass system. Most cosmic ray secondary
muons decay in flight after travelling a considerable distance.

For example, for a 10.3 BeV muon

: . el -
T(B) =2.16 x 10 sec,

L = 65.0 km,
a 65.0 km

which is greater than the height of most of the atmosphere. Some
muons are stopped by ionization loss and decay at rest. Negative
muons are usually captured into Bohr orbits around a nucleus, and
because of their large mass spend much time inside the nucleus. On
the average a . passes through lO17 g/cm2 of nuclear matter without

interacting, but occasionally the weak interaction

p— ¥ poon_4. N
occurs. This is the inverse of neutron decay.
Charged pions decay according to the scheme
+ %
. W3 + vV + 33.9 MeV

and the two body decay fixes the muon energy at 4.1 MeV in the CM
system. For a 13 BeV pion

=6
T(B) =2.4 x 10 sec,
A AR @ 712, meters.

Pions rarely stop before they decay. They suffer nuclear interaction

‘with about the same probability as nucleons, and so an energetic

charged pion may well have a nuclear interaction before decaying.
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Neutral pions decay into two yrays so rapidly that nucleax
interactions are unlikely.
n° = 2 y + 135.1 Mev, ,
At 13 Bev, a ™ has
T(B) = 1.44 x 10

Qd(ﬁ) = 4,3 X 10-3cm.

13

Strong Interactions

The pions and all heavier particles interact with strong, i.e.,
nuclear, forces, which are essentially independent of electric
charge except that at low energies Coulomb repulsion may prevent
particles coming close enough to interact. AL energies the oxdex
of or less than the binding energy of nucleons in nuclei (8 Mev)
nuclear reactions are extremely complex. At higher energies it is
a pretty good approximation to assume that nucleons and nuclei
interact if they come within a fixed distance, about equal to the

P A1/3) of each othex,

sum of their classical radii (R = 1.2 x 10
and otherwise not at all. Hence the crossection for interaction
between a pion or nucleon and a nucleus of weight A is

o) = 0.05 A2/3
nuc

barns/nucleus,
and the mean free path for nuclear interaction is
1/3 2
-ZnuC'~ 33 A g/cm”,
What happens depends upon the kinetic energy of the collision, If
the kinetic energy of the incident particle merely divides among the
kinetic energies of the incident and target particles the collision
is elastic. 1In order for mesons to be created, the kinetic energy of the
initial particles in the'CM (center of mass or zero momentum) system
must eqgual or exceed the rest mass energy of the mesons created.
Thus the reaction
+
P+P>p+n+ W

reguires Tp > 293 Mev in the lab system, If the target nucleon is
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round in a nucleus, it has some kinetic energy of motion, and the
reguired incident energy is somewhat less.

The probability of meson production increases slowly with in-
creasing energy, but the inelasticity, defined as the fraction of
kinetic enexgy in the CM system used for meson creation, does not
egual 1/2 until Tp = 1,7 Bev.;'With further increases of energy, the
number of mesons increases slowly and the average energy per meson
increases,

When an energetic particle strikes a C, N, or O nucleus of the
atmosphere, or a Ag or Br nucleus in a photographic emulsion, particles
emerge with various velocifties, and these are categorized according to
the density of the ionization tracks they make in the surrounding

medium, ( Grain density in an emulsion.)

shower particles ionization <1.41l°times minimum = = 2,> 80 Mev
(thin tracks) E. > 500 Mev
grey particles ionization:l.4. to 8 times minimun 80> Ep >25 Mev

500 Mev> Eq

black particles ionization > 8 times minimum 25 Mev> Ep

800 Mev> Eq

It is found that about 80% of the shower particles are pions and the
rest fast protons; the number of shower particles is denoted n_. The

total number of grey and black particles is denoted N The shower

particles are projected forward in the direction of tge incident
particle, and are produced by multiple interactions of the incident
particle and shower particles with nucleons inside the struck nucleus,
The grey particles diverge more from the incident direction, while the
black particles are emitted isotropically. The latter are "boiled
off" from the struck nucleus as the energy left in the nucleus after
the passage of the intra-nuclear cascade is shared among the remain—

ing nucleons. They are sometimes called evaporation particles.
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Figure 5 shows the appearance of a nuclear star in an emulsion, and

Fig. 6 gives values of ng and Nh produced by cosmic rays and machine

; . - th nc-o
accelerated protons in an emulsion Fraction of stors w s

Pdv{l c{cs/sfa.vf A

\ot Nu

L, O

o.\

81

(o]
Bev
0 b, o

Fig. 6

' + o . '
Note thatm , m , m are produced in about equal numbers at the
- = o ;
same energies as are p and n , but that the neutral particles make

no tracks.

References

Evans, R. D., The Atomic Nucleus, McGraw Hill, New York 1955

Rossi, B., High Energy Partiéles, Prentice Hall, New York 1952

Leighton, R. B., Principles of Modern Physics, McGraw-Hill,

New York, 1959. ‘

Rich and Madey, Range Energy Tables, UCRL-2301

Whaling, W.,“The Energy Loss of Charged particles in Matter)
Handbuch der Physik 34, Springer Verlag




19.4

~277-

Interactions of Cosmic-rays in the atmosphere

The processes described in 19.3 cause a very complex

chain of interactions when a high energy cosmic ray nucleus enters

the atmosphere (or other extended material) and collides with a

nucleus.

Figure 7 shows these schematically.

The trajectories

are spread for clarity; in fact the primary and energetic second-

ary particles move almost colinearly.

The intensity and energy spectrum of each type of

secondary radiation varies with atmospheric depth, with zenith angle

of the direction of motion, and with geomagnetic latitude. An

exact calculation can

be made of the production and loss rates

of ecach type of radiation from each energy interval, and it is

found that the experimental data can be fitted reasonably well.

The most important features of the secondary production are

summarized in Fig. 8 which is drawn for a mid-latitude when the

cutcff is 2 Bev.

They can be accounted for as follows:

The nucleonic component (nucleons with E > 1 Bev) can

be thought of as the source of the other radiations.

These inter-

. 2 ! . ¢
act with a mean free path of ~ 65 g/cm , and in each interaction

an average

fast protons and the remainder pions.

Thence the change

passing through a

or

of which half are

of 2.7 shower particles is produced, of which 20% are

in the flux N of the nucleonic component in

thickness dx is

i 5 2o 0.2.
= e ————
dN N dx ( L I )

N =n_ e/ Tabs
(o]

L

protons and half neutrons.
L
a

2
= 65 g/cm observed

2
ps™ 145 g/cm calculated.
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Actually the observed exponential absorption length of the
nucleonic component is ~ 125 - 140 g/cmz. Since the above
approximation has neglected neutron production and loss of
secondary nucleons below the (arbitrary)‘threshold of 1 Bev,
the agreement is very' satisfactory.

The production rate of evaporation particles and slow
neutrons in nuclear stars is proportional to the nucleonic
component, and because the slow particles have a range
~ 0.1 g/cm2 their flux is isotropic and proportional to the

total nucleonic component integrated over angle. If this

total flux is N , then
tot
Flux of evaporation particles :.Nto (ranqe of evaporation)
particles
L
~ N 0.1 .
tot 65

Pions produced in nuclear collisions decay after traveling

an average distance of 4. ~ 200 meters (E1T = 3.7 Bev) which at

sealevel is only 26 g/cmg. These suffer collisions like the
nucleonic component,'but clearly throughout most of thé atmosphere
most pions decay before interacting. Hence from 50 to 500 g/cm2
the pion flux, T, is approximately ‘

2.2
m=N zd 9_ :

with the density P = X/H

2 .
and X = g/cm depth in the atmosphere
H = 8 km, the scale height.

NX
1200

numerically M= , but the rise with increasing depth
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is partially offset by the increasing probability that pions
interact before they decay. .
In contrast with pions, the average muon travels an
appreciable fraction of the atmosphere before decaying so that
their number decreases more gradually. Decaying muons are a
source of fast electrons, and the dominant one at depths greater
than ~ 600 g/cmz. Higher in the atmosphere, electrons from
ﬂo initiated electronic cascades predominate. These electrons
are actually half positrons, and half negative electrons; the
number of cascade photons equals the number of negative electrons.
The data in Fig. 8 refers to electrons above the critical energy.
The fluxes of primaries and secondaries varies somewhat with
latitude. At lower latitudes, where the minimum rigidity able
to reach the top of the atmosphere is greater, the fluxes are
less than shown, the change being greatest at high altitudes, and
the maximum (call Pfotzer or transition maximum) moves to a
lower altitude. In going to higher latitudes the fluxes increase to a
point, called the latitude knee, and then are constant poleward
because the additional primaries allowed in are of such low energy
that they stop through collision loss before interacting. In
the polar cap region the total flux of nuéleons (primaries) may increase
rapidly from ~ 50 g/cmzdepth to the top of the atmosphere.
It is of interest to note an older classification of radiation

based on range. This is

Hard component (Range > 10 to 18 cm of Pb)

Pfotons, Ep> 0.5 Bev

Muons, EH> 0.25 Bev
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Soft component (Range < 10 to 18 cm of Pb)
Electrons ‘
Muons, Eu < 0.25 Bev

Slow nucleons E < 0.5 Bev.

In oblique directions (zenith angle ¢ > 0 ) a first approxima-
tion is that the flux of particles at a depth X is equal to the
verticallflux at a dééth x/cos(. This assumes that all secondaries
move -colinearly with their generating primary, and neglects the
fact that decay depends upon distance traveled, not upon mass

transversed;it is called the Gross approximation.

19.4.1 At'present the secondary radiation is of interest
principally because experiments that measure the intensity of
primary radiation by means of detectors at the surface of the
earth or at balloon altitudes respond in part or altogether to
the secondary radiation. At sealevel the radiation intensities

in a vertical direction are:

2
muons .008/cm sec ster
2
electrons.003/cm sec stexr

mucleons .OOOl/cmzsec ster

The muon flux_depends upon the total mass of air overhead, i.e.,
the barometric pressure, and upon the spatial extent of the
atmosphere, i.e. the temperature distribution, through the pro-

bability of pion and meson decay. The coefficients are

-0.18% per °K
-3.45% per cmHg \

Neutron monitors have been devised which respond only to the flux

of nucleons by counting neutrons produced locally by the fast
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nucleons in material surrounding slow neutron counters. These
monitors respond to primaries of lower average energy (E>2 Bev)
than do meson monitors (E ? 20 Bev) and have the advantage
that the nucleon flux depends primarily on barometric pressure
and very weakly upon atmospherié temperature.

Variations of highef energy primaries have been studied
by measuring the meson component underground. Energetic mesons
(E> 2 x lO7MeV) are found as deep as 1000 meters of water
equivalent (losg/cmz) underground, where the flux is ~10—4
that at sealevel.

The flux of primaries with E = lOlsev can be deduced from
observations of extensive air showers (EAS). 1In this technique
the electrons resulting ‘from an energetic electronic cascade are
detected by an array of fast counters (usually large scintillators)
spread out on the earth. By measuring the energy loss in each
counter in coincidence, and the delay time between arrival of the
particles at the various counters it is possible to deduce the
number electrons in the shower and the direction of arrival of the
particles, which propagate through the atmosphere in a thin disc.
Hence it is possible to deduce the primary cosmic-ray's energy and
direction. The electron flux falls off i; a calculable way from
a maximum on the shower axis. It is found that most large showers
have multiple cores,-local-peaks of intensity in a plane perpendicular
to the axis,-which probably come from the decay of several m* pro-
duced in one or more nuclear interactions. Some showers have single
cores, and it is hypothesized that these may result from primary

electrons or gamma rays.
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The largest EAS array in operation is at Volcano Ranch,
: : : 4
New Mexico, and is 1800 meters across. It records ~ 2 x10

showers per year of more than lO7electrons each.

19.4.2 The flux of secondary particles projected upward from the
top of the atmosphere, called splash albedo, is of special interest
for balloon borne experiments for which it often constitutes an
unwanted background. Charged splash albedo withlmagneticvrigidity
less than the magnetic cutoff rigidity at the point it leaves
the atmosphere is returned by the geomagnetic field to the same
latitude in one hemisphere or the other , and is called reéntrant
albedo. In various experiments these fluxes have been measured:

o

At geomagnetic latitude, xm = 55

' 2
Vertical, fast splash albedo = .0084/cm sec ster

At km = 410, more recent, complete measurements have
shown
Vertical splash albedo
Protons 90-350 Mev = 5 to 15% of primary flux

:..02/cmzsec ster

Electrons 10-500 Mev = primary flux

2
~ 0.2/cm” sec ster

Measured reentrant albedo flux equaled the
splash flux

: 2
Neutrons 1-14 MeV = 0.24/cm sec

Thermal neutron density < 10-7/cm3
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Neutrons of less than 0.66 ev are gravitationally trapped.
Decaying energetic neutrons are one source of the inner Van

Allen belt protons.

19.4.3 It is sometimes useful to summarize the interactions of
cosmic-rays in the atmosphere by calculating the energy balance

of the radiation. At mid-latitudes this is

Lost to ionization ' 64%
Lot to neutrinos 24%
Overcoming binding energy 8%

of nuclei

Flux into earth _ 4%

Although most of the collision loss is incurred by charged
particles transferring energy to atomic electrons, there is some
loss in elastic scattering of fast neutrons on atmospheric nuclei.
Neutron production is of special interest, and is considered at

length in the following paragraphs.
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19.4.4 Free neutrons are produced throughout the atmosphere
in nuclear collisions. About 90% are liberated by evaporation
from nuclear stars with an average energy of 1 MeV; the re-
mainder are knocked out of nuclei with higher energies. The
total production peaks at an-atmospheric depth of ~ 100 g/cm2
and declines exponentially at depths >200 g/cm2 with an e--
folding length of 160-200 g/cm’ at A, = 50° - 0°.

Most of these neutrons are thermalized by elastic collisions
with air nuclei before they decay or are lost from the atmosphere.
Typically a 2 MeV neutron diffuses 50 g/cm2 vertically and
makes 134 collisions in dropping from 2 MeV to 0.1 ev. ' The
resulting differential energy spectrum varies as 1/v with
T = 0.1 ev to 10 MeV; the differential spectrum decreases at
still lower energies, primarily because N14 in the atmosphere
absorbs thermal neﬁtrons (T < 0.1 ev) with a cross section
proportional to l1/v. The density of thermal neutrons, and
therefore of N14 absorption, has a maximum at ~ 100 g/cm2 depth
and is nearly two orders of magnitude less at sealevel. The

principal capture reactions are

A 14 :
N +n=' ¢ +H 10% of C "production.

19.5 Several of the nuclides produced by cosmic rays in the
atomsphere are of interest, but we will limit our discussion

' 14 :
to €. Radio carbon decays according to the scheme

1 -
C14 - N 4 + e + v + 0.158 MeV

with a half life of 5568 years. ( A more recent value is 5730 yr.)
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Most C  , therefore, is oxidized to CO2 and then thoroughly
mixed from the stratosphere, where it is produceq,into the

other reservoirs listed in Table IIL.

TABLE III. Reservoirs of Carbon

Reservoir Mixing time Total stored carbon per

cmzof earth's surface

Stratosphere 1- 8 years .

Troposphere '30-90 days | 0.126 g/cm2

Water vapor 4-14 days

Biosphere plus humus (30 yr, est.) 0.275

Surface ocean plus 20 years : 0.151
marine biosphere _

Deep ocean plus 500-3000 years 1,328

7.88 g/cn? = C A
. tot

. ‘ 2
Earlier estimates gave a total of 8.3 g/cm

- 2
The total amount of Cl4 is about 10.6 x 10 e g/cnm

.

If the rate of production of Cl4per cm2 of the earth g
atoms/sec cmz,'is constant for several half-lives, then the
disintegration rate per cm2 must equal g. The number of C
disintegrations per second per gram of total carbon therefore
equals q/Ctot =T and this ratio will apply to living
organisms as well as all other reservoirs. However, after an

; . . 14 :
organism dies it no longer exchanges C with the other reservoirs,

L R . 4 . . ; s
if it is preserved intact, and the C1 disintegration rate per
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gram, r, declines with time like

where To is the time at which death occurred. By measuring
r, therefore, it is possible to determine when an organism died.
The latter date is often assumed to be the time when wood was
incorporated into an artifact or structure, ete.

A global average value of g = 2.5/cmzsec has been calculated
from estimates of the neutron balance per cm2 of the earth's

surface based on neutron measurements in the atmosphere:

n A 14
St C Leakage other n capture
Solar max. Ble. 220 2.08 0.29 0.85
Solar min. 4.10 . 2.61 0.41 1.08

However, an earlier calculation, gives ¢ = 1.8 *.3. A value
of ¢ can be obtained from measurements of T and knowledge
of Ctot if it is assumed tgat g has been constant. A value
g ~ 1.9 disintegration/ cm sec is obtained in this way.

In order to determine if g has been constant the ages of
historically datable objects and of samples from tree rings are
dated by the C14 method. In general the C14 age is somewhat
less, as if g had been greater in the past than its present
value. Yet the present value of ¢ calculated from the pre-
sent value of rO is less than the present estimate of g based
on neutron measurements. '

The ratio r can be temporarily changed if climatic changes

alter the amount of CO. in the atmosphere. Recent injection of

2
14 ;
€ into the atmosphere by bomb testing has further confused

interpretation of data.
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19.6 The variation of cosmic ray intensity with geomagnetic
latitude is caused by the fact that the geomagnetic field prevents
charged particles with less than a minimum rigidity, R , (cutoff
rigidity) reaching a given location moving in a given girection i
the particles start infinitely far from earth. In general all
higher rigidities are allowed. The value of RC depends upon both
location and direction of arrival, and varies roughly from 15 Bv
to 0 at latitudes from 0 to 90°.

Liouville's theorem that the density of particles in phase
space is constant if the motion is describable by Hamilton's
(classical) equations, may be applied to motion in a static
magnetic field. In this case it implies that the directional
intensity, J particles/cmzsec ster, of particles with energy in dE
along a particle orbit is constant. Thence if the flux of charged
particles with energy in dE is uniform and isotropic far from the
earth, and if these particles are able to reach a given location
within the géomagnetic field at all, they do so with the same
energy and directional intensity, j, as they have infinitely far
away .

Thus, the total flux that arrives at a given location from
a given direction equals the integral flux at infinity of all
particles with rigidities = Rc of the location in question.

The geomagnetic field resembles a dipole sufficiently enough that
calculation of Rc is usually made by computing RC for a dipole
and then correcting this first approximation for various non-dipole

perturbations. The theory of motion in a dipole field was first
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O s
developed by Stormer, and elaborated by Lemaitre and Vallarta.

The equations of motion are

&8 Pt _cosb

d
Ben o = - 19.6-1
a2~ c ¥F¥ B _ 2 2 2 2
: r
25
where M = 8.06 x 10 gauss cm

6 = colatitude measured from north pole

Since lg] = constant, the equation can be written
4 Y Ze
it vV pc T ¥

Let ds = vdt'be the element of arc length along the particle's
trajectory, and define a unit of length CSt' called the Stormer
length, by

19.6-2

when pc is expressed in electron volts. Then if all lengths are
expressed in units of Cst,the equation of motion for'any charged

particle is

d2 d A
=~ r=4+ (G- r)x 3;-(;9 2cosb - 6 sinf) 19.6-3
d52 ~ ds ~ r3 ! /

4+ = sign of charge.

This cannot be integrated in terms of known functions, except

in special cases such as motion in the equatorial plane, 8 = n/2.
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Planar motion can be expressed in terms of eliptic functions,
and there is a circular orbit at r = 1 [Stdrmer]. Energies of
circular motion at two different distances from the earth's

dipole are:

Cst Fais Tproton
6378km 59.6 BeV 59.6 BeV

10 x 6378 0.596 BeV 190 MeV

Positive particles move from east to west.

In general the equation of motion can be separated to
describe motion in a meridian plane, and motion of the meridian
plane about the dipole axis. Let w, zAbe rectangular coordinates
in amoving meridian plane which contains the particle, and @ the

azimuthal angle of the meridian plane measured from some reference

axis.
w = r.sine = r cosi A = latitude
z = r cosf = r sink .

Then
§;¢E@'=‘%+i§ .

where Y is a second constant of the motion, related to the impact

parameter. (The first constant is kinetic energy.)



2 2 2
Define Q = w'2 + 2'2 =1 - (wp') =1- (—l-+ EE)
o r
we L3
Then . z" =T, o)
w _ 13
B

The latter pair of equations will not be used here. However,
a great deal of information can be extracted from the Q equation
by noting that if o = angle between the trajectory and a normal

to the meridian plane (a = 0 for W to E wmotion) then

v

2 2
Q =1 - cos ¢ = sin

Obviously regions in which Q < 0 are forbidden, and the boundaries
of these regions, Q = 0, are turning points of the motion where

o = 0 or m. The boundaries of the totally forbidden regions,
therefore, are obtained by setting cosa = *+1 and -1, and solving

the eguation

2, £cos A . 19.4-4
r cos \ r3

cosg, =

for r as a function of A, with y taking on various values. Figure
9 shows the result, and in Fig. 10 are drawn some orbits in the
equatorial plane for various values of y. It is evident that

|2yl equals the impact parameter; i.e., the perpdendicular distance

between the asympotic velocity vector and the dipole axis.
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Now in the case of radiation that is isotropic and homogeneous
at infinity, such as cosmic radiation, orbits with all values
of Y occur. The problem of finding the cutoff rigidity at a given
latitude and direction on the earth's surface is therefore re-
duced to finding the Y for which orbits reach a minimum distance
from the dipole at the given X and the value of @ corresponding to
the given direction of approach. For all X and a this occurs
when the "jaws" of the outer forbidden region have just opened

and the inner forbidden region has a minimum extent.

This happens when Y = -1 + ¢, 1 >> ¢>0. Hence the
minimum value of r is found from Eqg. 19.6-4 with Y = -1. The result
is

3 1 i i

Ve =5 (1 ifva + cos3) cosa) 19.6-5
min cos A\

with the positive root required to make r a minimum. For the

earth,r . C =r = 6378 km. Substitution into 9.6-2 gives
min st e _
r 2 4
: i s
(MR 300 M = r , = —22:5C08 A i~y BeV 19.6-6
Te I +'Vl + cos” Acosa.)

Thus, the cutoff rigidity decreases to zero as [X| - /2, and at
éVe}y A\, has a maximum for positive particles arriving from the east
(e=) and a minimum for those coming from the west (a=0). The

cutoff for vertical arrival is

R = 50.-8 cos4x "
m 4
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The cone of constant o corresponding to a particular Rm
and )\ is called the Stormer cone. The cone may be represented
by an orthogonal projection of its intersection with a unit
sphere upon a horizontal plane (tangent to Earth's surface). All
directions east of the Stormer cone are strictly forbidden to
positive particles with R <'Rmin' but not all directions to the
west are necessarily allowed. This is the case because for every
y such that -1 < y - .78856, there are periodic orbits in the
vicinity of the jaws. Consider a negative particle projected
outward from the earth, which must follow the same orbit as a
positive particle moving inward from infinity. For every
A there are directions asymptotic to periodic orbits (considering
negative particles projected outward) without- being reentrant, and
this set of directions is called the main cone. To the east of
this are directions whose orbits (called reentrant) approach the
periodic orbit,'then return to regions nearer the dipole, move
outward again, and after repeating this one or more times are
asymptotic to a periodic orbit. All such directions are forbidden
to particles from infinity, but they form a set of measure zero,
i.e., subtend infinitely small solid angie. However, to the east
of the cones of asymptotic orbits are directions whose orbits are
reentrant one or more times before escaping between the jaw: to
infinity. These directions are allowed,vbut in the presence of the
solid earth one of the reentrant orbits may intersect the earth so
that the directions are shadowed. Such directions are called
penumnbral . In addition to these penumbral directions there are
directions with small elevation above the horizon for which an upward

projected particle intersects the earth in its first loop about
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the earth's magnetic field as shown in Fig. .l1. These
directions are called simple shadow cones. Figure 12 shows the

complete set of cones at two latitudes

E | ines

/ ¥ A Fig,l'

Near the equator, the penumbra is nearly opaque. At higher

latitudes it becomes less so. The simple shadow cones do not

subtend much solid angle at aﬁy latitude.

19.6.1 Very exact calculation of Stormer orbits may not be

very useful because the geomagnetic field deviates from a dipole

field. At geomagnetic latitudes A S 55O these deviations can be

pretty well accounted for by using the eccentric dipole, or further

by calculating the Stormer cutoff that would be produced by a

dipole located at Earth's center, or at the eccentric dipole loéation,
but having the strength and direction required to produce the

actual surface field at the point in question. By such approxima-

tions it is possible to fit the ii;és of constant cosmic-ray flux at the
earth's surface (or equivalently at the top of the atmosphere) , the

measured cutoff energies, and other data. For example the line

of minimum cosmic-ray flux coincides more closely with the dip
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equator than with the geomagnetic equator. On this line the
maximum cutoff occurs in the SW Pacific ocean, and the minimum
in the South Atlantic. Tables of corrections to simple Stormexr
cutoffs have been published by Webber and others.

At k-2 550 the cutoffs are apparently considerably lower
than are predicted by even modified Stérmer theory, and may in
fact be zero over a portion of the polar caps. This is thought °
to be due to the great distortion of the polar field lines
which are stretched s?me @istance into the magnetospheric tail.

The exact configuration of the lines, and the resulting cutoff

rigidity is not known at present.
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19.7 When the cosmic radiation is observed for a long period of
time by monitoring stations on the surface of the earth, a
number of different variations are seen. The counting rates
of such monitors are affected first of all, by the amount of
overlying atmosphere, and in the case of muon counters, by
the temperature distribution of the atmosphere. The atmosphere
varies more or less randomly as the local weather changes,
and is also subject to systematic daily changes, seasonal
changes, and 1l year (solar activity cycle) changes in responsé
to solar heating. The atmosphere is temporarily affected during
solar flare activity due to heating by solar ultra-violet and
X radiation. These effects must be removed from cosmic-ray
monitor data before the direct effects of solar activity upon
cosmic-ray intensity can be studied.

Observations within the magnetosphere frequently make
use of the kﬁown variagion of cosmic-ray cutoff rigidity to
determine the rigidity spectrum of the particles in interplanetary
space in the range 1 - 15 BV. However, the effects of temporal
variations in the shape of the magnetosphere must first be
allowed for. The principle effects are first a diurnal varia-
tion in cutoff rigidity at latitudes A ':.50-65o due to the day-
night asymmetry of the magnetosphere. In this region the same
cutoff occurs at a higher latitude on the day than on the night
side. Secondly, during magnetic storms the latitudes of cutoffs
in the range ~ 0.1 - 2 BV move to lower latitude, in effect
broadening the polar cap regions. The trapping regions and

auoral zones undergo similar changes in latitudinal extent.
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19.7.1 In interplanetary space the galactic cosmic radiation

has an angular asymmetry and ﬁndergoes variations with time.

Both of these effects are apparently caused by the interplanetary
magnetic field which moves outward with the solar wind. It

is thought that in interstellar space, beyond the shock boundary
between the solar wind and interstellar med. ~mic-rays

are homogeneous, isotropic, and constant in time over many
thousands of years. | :

At the earths orbit the flux of particles is anisotropic,
with the maximum flux coming from a direction in the ecliptic
plane ~ 85O east of the sun, on the average. The amplitude of
anisotropy is 1/2 to 1% and is independent of rigidity at least

over the range 1-200 BV. The variation of the directional flux

with direction can be written

j(R) = jo(R)[l + 4 x lO_3 cosh cos(Y—SSo)]
A = latitude from ecliptic plane
¥ = longitude measured from solar direction.

~The direction of maximum intensity varies by + m/2 in a matter
of days. The anisotropy produces a diurnal variation in the
radiation observed at a point fixed on the earth, although the
local time of maximum flux depends upon the rigidity observea
due to bending of the particle trajectories in the geomagnetic
field.

This anisotropy is caused by streaming of the galactic
particles inward through the more or less regular spiral of the
interplanetary magnetic field.

No sidereal aniéotropy has been found, although one might

be expected due either to streaming along the magnetic field
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in the local spiral arm of the galaxy, to asymmetry in the
boundary between the interplanetary and interstellar mediums
caused by motion of the sun through the medium, or to a local
(galactic) point source of the radiation. Present experiments
set on upper limit of 0.1% to the amplitude of the sidereal

anisotropy.

19.7.2 The average interplanetary magnetic field has a regular
spiral structure, but the actual field has many irregularities

- that change the direction of drift of fast charged particles

so that particles may be regarded as scattering off of the
irregularities. This has the effect of making the particles
diffuse through the interplanetary medium. Galactic cosmic rays
diffuse inward from interstellar space through the medium expanding
and flowing outward. This depresses the density of radiation in
the medium bélow the interstellar level by an amount that depends
upon the solar wind velocity, average magnetic field strength

and turbulence, and the velocity and/or rigidity of the cosmic
rays. The best model to describe this process is a subject of
considerable current debate. The following discussion is limited
to a description of the more important opservations.

The number of galactic cosmic rays at the orbit of earth varies
with an eleven year periodicity, the minimum intensity occurring
approximately when the sun is most active, as measured by sunspot
number and average radio noise. The phase of cosmic ray variation
lags the solar variation by 6-12 months, this lag being greater
during decreasing than increasing solar activity, and greater

for lower energy cosmic-rays. Fig. 13 shows the depression
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below the 1954 (solar minimum) level of the integral fluxes

higher than 1.5 and 14 BeV rigidity.
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The depression of the integral flux with R > 0.7 BV was more
than a factor of two. Clearly the differential energy or
rigidity spectrum assumes different forms during rising and
falling solar activity. Fig. 14 shows measured spectra in a
~few different years. At relativistic energies the rigidity
spectra of protons and alpha particles maintain the same shape,
the protons being ~ 6 times more ;umerous, and the spectra
are modulated together. At lower energies the spectra are
probably modulated differently, although.experiments disagree
on this. Since the model of diffusion in the interplanetary
medium must account for modulation as a function of both
rigidity and charge, substantial experimental programs are still
underway to measure the modulation.

The dépression of cosmic ray intensity inside the solar
system below the intersteilar level implies that a gradient of
intensity with radial distance from the sun must exist at some

distance, if not throughout, the interplanetary medium. Experiments
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with interplanetary spacecraft have attempted to measure the
gradient. They are not very conclusive, but it seems clear

" that between 0.75 and 1.5 AU, in the years 1960-1965, the

gradient of particles with energles greater than ~ 200 MeV/nucleon
(>.65 BV rigidity) was between 0 and 20 percent per A.U. Much
larger gradients have been reported in less energetic particles.
Since the flux of particles with E > 200 MeV/nucleon varies by
more than a factor of two, this small gradient suggests that the
modulation extends over a volume 5-10 AU in radius, but the
gradient could steepen in some region outside the earth's orbit.

The lag of cosmic ray inténsity behind solar activity
is often taken to show that the modulated region is large. The
lag supposedly corresponds to the time it takes the solar wind
to fill the modulated volume. However, no systemétic measure-
ments have been made of the interplanetary medium over a solar
cycle, and it may be that variations of the solar wind lag
6-12 months behind sunspot activity.

The solar wind does not stop at the time of solar minimum,
as evidenced by the continued existence of the magnetopause and
bow shock in 1965-66. Hence the cosmic rays may be depressed
below the interstellar level even at sol;r minima like that
of 1965. (The minimum sunspot number was greater in 1965 than in
1954). Although the full interstellar flux of relativistic
nuclei has probably been seen at earth at solar minimum, we do
not at present know what the galactic flux of nuclei or
electrons of a few MeV may be. Fig. 15 shows the variation of

cosmic radiation within -the atmosphere during the past solar cycle.
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In contrast with the gradual eleven year modulation, very
rapid variations of the relativistic flux are sometimes observed.
The characteristic shape of these Forbush decreases is shown in

Fig. 16. The reduction occurs when a stream of solar plasma
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more rapid than that existing previously, overtakes the point of
observation. As such a stream expands, the cosmic ray density
in it is temporarily reduced below that in surrounding regions.
Recovery occurs as cosmic rays diffuse back in. When such a fast
stream envelopes the earth a magnetic disturbance often occurs.
Fast streams of plasma are ejected from regions of the sun that
frequently persist for several solar rotation. Thus, Forbush
decreases often exhibit a 27 day recurrence pattern.

f Forbush decreases affect particles with rigidities from a
few BV (or possibly less) to over 100 BV, the percentage decrease
is approximately proportional to l/E0 -9, Except during the
early, reduction phase the flux remains isotropic.

19.7.3 We have tacitly assumed that the energetic particles
normally present outside the magnetosphere come from interstellar
space. This is surely so for the majority, but some of the low
energy particles may be supplied by the sun. There have been re-
ports that the differential spectra, as shown in Fig. 14, rise
again for rigidities lower than 0.2 BV. The existence of a
large radial gradient at low energies would argue against this,

but the question is not settled.
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During certain large disturbances in the solar atmosphere
the sun generates a significant number of energetic charged
particles. By a mechanism not yet understood energy (probably
stored as magnetic field energy) is released in a small region of
the solar surface and converts to UV and visible light (a flare)
and to kinetic energy of electrons and nuclei. This takes place
during a few minutes or hours. The electrons lose much of their
energy to synchrotron.emission at radio frequencies, as they
spiral in the surface magnetic field, and to bremstrahlung x-fays.
Some escape into interplanetary space from the strong field of
the flare region, and many of the nuclei escape. The flare
often occurs in a disturbed region that has existed for some
time. Sometimes the region also emits a high speed stream of
‘plasmas after the flare occurs.

At the earth (or other observation point) electromagnetic
radiation from the flare is observed promptly, and charged particles
after a delay of 10-60 minutes. Fast particles arrive first, and
the slower ones do not reach a peak until wmany hours later.

The time history of arrival depends upon the configuration of
magnetic field that connects the flare region and the earth, or
point of observation. Arrival is most p}ompt if the field is
smooth and the earth is on a tube of force that connects with
the active regions. This requires that the flare occur on the
western portion of the visible disc as seen from Earth. When
there is a direct connection the prompt radiation may reach

the earth along the direction of the local interplanetary field
so that a maximum of intensity is observed in a direction ~ 50°
west of the sun. As the particles diffuse beyond the earth and

are reflected back the flux becomes isotropic, and remains so
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during the decay of the flux. In other cases only isotropic
fluxes are observed, and these arrive more slowly. Fig. 17
shows possible field configurations.

At the earth the energy (or rigidity) spectrum varies during
an event and from event to event. In general energetic
particles arrive first with slower ones reaching a peak flux
later. After the peak intensity has been reached, the integral
spectrum may often be represented by j(®E) = K/En with n = 4 to 6,
but below 10 MeV the spectra probably flatten. The form
J(>R) = Ke—R/RO sometimes appears to fit the data better. Fig.l18
shows the development of the energy spectrum during an event, and
Fig. 19 exhibits two measﬁred spectra in comparison with galactic
cosmic rays.

The fluxes decay with a dependence on time that varies be-
tween l/t3/2 and e“t/to , the former describing diffusion into
an infinite diffusing medium, and the latter, leakage from a
trapping region. Again, the behavior of the radiation depends
upon the condition of the interplanetary medium. When the flare
region begins emitting a stream of fast plasma, the stream may
reach the earth about a day after the flare. When this happens
the rate of flux decay may change, and fiesh low energy particles
(several MeV) may be carried in the stream. These are called
solar storm particles, and if the plasma stream persists, may
reappear after 27 days. The plasma stream may cause Forbush
decreases of galactic cosmic rays.

The ratio of protons to o particles in solar cosmic ray

fluxes ranges from 30:1 to 1l:1, but the distribution of Z = 2
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nuclei is about that shown in Table I, and is about the same
as the solar abundance. The electron to proton ratio varies but
is usually small.

Solar cosmic-rays can Jbe detected at Earth by instruments
above the atmosphere at high latitudes, and occasionally, when
very high energy particles occur, by monitors on the surface.

A powerful technique uses the riometer, a receiver that

records cosmic radio noise in the 1-50 mc range. When energetic
particles cause additional ionization in the low ionsophere,
absorption of the noise increases in proportion to the extra
electron density, n. When the sun illuminates the atmosphere,
so that negative ions, which lead to recombinétion, are promptly

photoionized, the electron density is given approximately by

dn

dt

2
kJ - an J = solar particle flux

0 at eqguilibrium k.,a are constants

. k :
s - N =1[£T;j % to absorption

Particles with energies down to ~ 10 MeV 'are effective, and the

method can detect fluxes as small as

3(>10 MeV) ~ l/cmzsec ster.
The radio absorption occurs uniformly over the polar regions at
latitudes higher than that where the cutoff is ~ 10 MeV. Hence
the solar cosmic ray events are called polar cap abéorption
(PCA) events. Variations of the region covered by PCA reflect
both changes in the solar cosmic-ray spectrum and in the magnet-

osphere. Figure 20 shows the sequence of events that may occur
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at Earth during a solar proton event.

The radiation dose due to cosmic rays in interplanetary space
is sometimes of interest. Behind more than a few mils of
material solar cosmic rays contribute only during a few very
large events. In Fig. 21 we show the dose due to galactic
cosmic rays, and to solar cosmic rays with E > 30 MeV (tops

of bars) and E > 100 MeV (triangles on bars).

. Ref.
W. R. Webber, ibid.
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19.8 The origin of cosmic radiation is not known, it should

be made clear at the outset, and current theories can only list the
requirements on a source, Or sources, and offer reasonable
possibilities. It is clear that most cosmic rays are accelerated
by electromagnetic processes and not directly by nuclear or

thermal (statistical collision) processes. Although some detailed
mechanisms for e-m acceleration have been described, notably by
Ferni, we do not expect to find the precise mechanisms of
acceleratioh. Indeed, we cannot do this for acceleration within

the earth's magnetosphere.

19.8.1 The principal features of the radiation that must be

accounted for are these:

1) The approximate constancy of the radiation (neglecting
solar modulation of course) over at least many thousands
of years, as. deduced from C14 and meteorite data. The
source must be either continual or if impulsive have been
long ago or else be repetitive and distant.
2) The isotropy of the flux, even up to the highest ob-
served energies of 1019— lOzOeV. This seems to require
either that ' _

a) Both galactic and intergalactic space be filled

uniformly with cosmic rays;

'b) Or, that the interstellar magnetic field be stronger
than the most likely value of ~ 5 X 10-6 gauss;

c) Or, that cosmic-rays £ill the galactic halo (the
spherical non-thermal radio noise halo) and the disc of
stars. Otherwise the flux of the higher energy particles

would be greater in the galactic plane than perpendicular

EN
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to it for those particles whose orbital radius of
curvature in the field is greater than the thickness

of the disc. The dimensions of the galaxy are shown in

Figure 22.

s 90 Kpe diometer
2 T 9% (Ozlcbi’.

Y4 kpe = 1.2¥ 102 e

)

é 25 hpe =‘r.$’xto"2cvn._3

( }*‘f 9.5 2 16" e

Average|B| in disc 5 x 107° gauss

in halo 1 x 10-6.gauss

The maximum rigidities a particle can have for various

turning radii, & , are listed below

\\\f 2 kpc 15 kpc

e ——

B 6| ox10™ ev 18
5%10 - = 7x10
1070 1.8x1017 1.4x1018

These are eqgual numerically to the energies of protons so that
there is a problem of containing the highest energies even

in the halo. If the high energy primaries are fully ionized
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heavy nuclei the problem is somewhat alleviated.

3) The charge spectrum of cosmic rays, which seems to retain
the same distribution of nuclei‘at all energies studied.
(Charges have been measured only up to ~10%ev). The
chief problem here is that nucleil with 2 = 2 to ~ 10
are more abundant compared with heavier‘nuclei than is
the case with the "universal" abundances. This is
particularly so with Li, Be, B, which are generally very
rare. This requires either that the sources of cosmic rays
are enriched in light nuclei, or, as seems more likely, that
heavy nuclei such as iron, and perhaps protons and alphas,
are accelerated and the heavy nuclei are fragmented into
lighter nuclei as the cosmic rays pass through interstellar
matter. Passage through 5-15 g/cmzof matter is required.
With an estimated interstellar gas density of 10_26 and
10—24 g/cm3 in the halo and disc, respectively, the cosmic
rays must have traveled 5 x lO6 to logﬁy,and have lifetimes
of an equal number of years. This may be termed the wean
nuclear lifetime. Heavy nuclei have ‘@ shorter average
lifetime than the light Snes.
a) If it is supposed that cosmic rays are accelerated inside
the galaxy and ultimately leak out into intergalactic
space, then the lifetime against leakage must approximate
the nuclear lifetime in order for the fragmentation
hypothesis to be tenable. This apparently requires storage

in a spherical volume, and not just in the galactic disc.
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The leakage lifetime from the spherical galaxy is estimated

8
to be ~ 3 x 10 years, which is adequate.

b) The fragmentation hypothesis predicts two other
phenomena that are in principle observable. Decay of o
produced in collisions must generate a flux of hard
gamma rays which is, however, at least two orders of
magnitude less than the experimentally determined upper
limit. In addition secondary electrons and positrons,
in approximately equal numbers, must result from the
decay of niproduced in nucléar collisions. The differential
energy spectrum of secondary electrons resembles that of

Y with v =~ 2.7.

primary nuclei and is proportional to E
The observed galactic eléctron flux is an order of magnitude
larger than the calculated secondary flux, has approximately
equal numbers of e+ and e—, and ay =1l.7. It is con-
cluded that most of these electrons have another origin

and are probably accelerated electromagnetically.

4) The energy spectrum and total energy content of the
rays. Their energ& density L ig ~ 1 ev/cm3, about equal
to the energy density of the interstellar magnetic field,
of the motion of gas clouds, and of starlight. The total
rate of energy loss by cosmic rays, and of energy input to

them, ch, is therefore

4 2
b Yor VOloataxy _ lx 73 (ax10 2)
cr T :
cr lO14 to 1016
68 '
= zxiz ¥ = 1054to lOszev/sec.
10" to 10

42
10 to lO4oerg/seC
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19.8.2 Before discussing possible origins of the cosmic radia-
tion, it is important to consider the galactic electron and gamma
flux. Measurements of very relativistic electrons are few.

Three available measurements are

2
j (> 0.5 BeV) 3.2 + 1.0/ m sec ster

2
j (> 5.3 BeV) 6.8 + .6/ m sec ster

4 1

2
aE - gl-6 /m sec ster BeV.

which are in rough agreement, and amount to about 1% of the proton
flux. Negatrons appear to predominate. As noted, this flux is
larger than the calculated secondary flux. According td some
calculations this flux is sufficient to generate the non-thermal
galactic radio noise, (see section 20) but other analyses show
that it is a factor of ten too small. If this is the case, it
could be that the interplanetary medium inhibits some electrons
from reaching the earth's orbit, but if this is so, nuclei with
rigidities of a few BV must be similarly inhibited. A further
burden is thrown on theories of cosmic ray origin if the inter-
stellar flux is a factor of ten higher than the terrestrial value
at solar minimum, which is normally adopted.

The non-thermal radio noise is further significant to an
understanding of nuclear cosmic rays because the existence of the
galactic halo is inferred from its angular distribution and
because the existence of point sources of radio noise (such as the
Crab Nebula) implies sources of relativistic electrons. It is
supposed that such objects may be sources of nuclear cosmic rays

also.

4
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Gamma rays result from three processes involving cosmic
ray particles. Nuclear collisions produce m° which decay:;
cosmic ray electrons collide with interstellar gas to produce
bremsstrahlung, and accelerate visible light photons to gamma ray
energies in inverse Compton collisions. The calculated number of

gamma rays is small, as the table below shows.

Production Flux, photons/cmzsec ster
Process EY>50 MeV EY>1 BeV
no - 2y 6.6 x 10°° 4.5 x 10
Bremsstr. 9.6 x 10-6 4.8 x 10_7
Inverse Compton ‘ lO—4 2 x lO_5

An experimental upper limit to the flux with E >50 MeV is

-4, 2 Y
3 x 10 /cm sec ster.

The total energy of non-thermal radio noise emission from the

: 38 z

galaxy is ~ 3 x 10  erg/sec, no more than 1% of the cosmic ray
energy loss. The energy lost by electrons to inverse Compton
collisions is estimated to be 3 x 1039erg/sec. Thus, if a
mechanism that accelerates cosmic-ray nuclei can be found, it

is no additional energy burden for it to accelerate electrons.

19.8.3 Various locations and mechanisms for acceleration have
been proposed, and doubtless all of them contribute somewhat,
although it lS presently thought that supernovae predominate.
1) The Ferml mechanism is statistical and produces a E FrY
energy spectrum. According to it, moving interstellar clouds
of gas contain regions of higher than average magnetic field

which reflect cosmic iays. The latter gain or lose energy
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depending upon whether the collisions are headon or overtaking.
The former are more likely, and éo there is an averagé'accelera-
tion. 1If v = cosmic ray velocity, V = gas cloud velocity,

A = mfp between collisions with clouds, and T = mean life of

a cosmic ray, then the average rate of energy gain in the

non-relativistic approximation is

2
g _ , EV ¥
at — Ac ©
which gives _ 2
ot 2V v
E=E e , o= 2
o A c

If N = number of cosmic rays, then their lifetime is given by

dN dt -t/T
= = - = or N(*t) = N e
N T (>¢) o
_ E 1/aT
Putting these together gives N(>E) = No EQ .
This mechanism is not sufficient because the slope of the energy

spectrum is greater for smaller T, and should therefore be greater
for heavy nuclei than for light if 7 is a nuclear lifetime rather
than a diffusive loss lifetime. It also fails because the

acceleration is too slow in the known interstellar conditions.

2) The sun accelerates energetic particles occasionally, the
average energy generation being 1023erg/sec. There are

10" sun-like stars in the galaxy, so their total energy
generation must ‘be ~ 1034erg/sec e 1040. Also, the

energy spectrum of solar cosmic rays is wrong, so sun-like

stars do not produce many galactic cosmic rays. Various special



-312-

classes of stars fall similarly short, with the exception

of novae and supernovae.

3) Supernovae occur about once in 100 years = 3 X lOgsec in
the galaxy and, it is estimated, produce'~ 6 X lOSOergs each,
of which 1047— 1048ergs goes into relativistic electrons and
ultimately synchrotron emission of radiation. If we assume
that 100 times as much energy goes into relativistic nuclei,

then the average cosmic-ray energy production is

1049 1059er 39 40
= L <~ - 3 x 10 °to 3 x 10 erg/sec

%r 3 x 10%sec

which is about enough energy. It should be noted also,
that the radii of superndﬁae shells are 1-2 pc and the
average B :lO—3 gauss, so protons up to lOl7 to lOlSeV
could be contained. .

For these reasons, supernovae are thought to be the

principal source of cosmic ray nuclei and electrons.

-4 -5
4) ©Novae develop 10 to 10 the energy of supernovae
4
but are 10 times as frequent. However, there is no
evidence of relativistic electrons in novae.

In conclusion it must be stressed that the above outline

may be subject to many errors. More complete theoretical analyses

of motion. in the interstellar medium might lead to different

conclusions. New experimental data on the energy spectra of heavy

cosmic ray nuclei and of fast electrons will be of great interest

when it becomes available.

Ginzburg, V. L. and S. I. Syrovotskii, The Origin of Cosmic

Rays, Macmillan, New York, 1964.



