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Abstract. Primary cosmic rays consist of fast protons and heavier nuclei. The dependence
of the number of cosmic rays on their energy and the relative abundance of the various
nuclear species, together with the isotropic distribution of the cosmic radiation, has to be
explained by any theory of cosmic rays.

It is shown that a random acceleration process, proposed. by Fermi, and a physical
location of the accelerating fields in radio stars, proposed by Unséld, account satisfactorily
for the main features of cosmic radiation.

§ 1. INTRODUCTION

UR atmosphere is steadily bombarded by high energy particles.
Deflection of these particles in the magnetic field of the earth, collisions

with nitrogen and oxygen nuclei, creation of secondary particles,
radiation and decay processes give rise to a complicated series of phenomena
known as cosmic rays. The primary radiation seems to be, however, quite
simple. Approximately 0-3 particle arrives per second on each square centimetre
from a unit solid angle. The main portion of the radiation is isotropic and
independent of time. Apparent variations with direction, latitude, the hour
of the day and the season of the year are mostly due to the influence. of the
geomagnetic field and of the atmosphere.

The greatest number of the primary particles are protons (Johnson 1938,
Schein 1948). The rest are heavier nuclei (Freier, Lofgren et al. 1948 a, b).
On the whole, the distribution of the nuclei is the same as the natural abundances
of the elements (Bradt and Peters-1950). This statement holds within experi-
mental accuracy when particles of equal ¢/m values are compared, and the ratio
-of the nuclear abundances remains unchanged while the energy per nucleon
varies in a range from 10° ev to 50 x 10° ev (Kaplon et al. 1952 a, b, ¢). In some
measurements it has been noted, however, that the nuclei of Li, Be and B are
relatively more abundant than would correspond to the small natural abundance
of these elements (Dainton et al. 1951 a, b).
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At energies greater than 10'° ev per nucleon the energy distribution can be
tepresented by dE/E*8. Below 10% ev fewer particles are found than would
follow from this formula, and there is little evidence for energies less than 10° ev.
The dE/E*® power-law seems to hold, at least in first approximation, up to
primary particles of the highest observed energies, that is up to 1017 ev. It is
not clear, however, whether these events of extremely high energies are due-
to protons or to heavier nuclei.

There is no evidence that electrons or gamma-rays are present in the primary
.component of cosmic radiation.

A portion of the cosmic rays is time dependent and—presumably—not
isotropic. Some violent solar eruptions have been followed in some instances
by considerable increases in cosmic-ray intensity (Forbush 1946, Ehmert 19438,
Clay 1949, Forbush, Stinchcomb and Schein 1950). The increase in intensity
follows the eruption by an interval of one quarter of an hour to an hour, but
-only ‘a small fraction of eruptions are followed by such cosmic-ray phenomena.
The cosmic rays occurring in the wake of eruptions have a considerably lower
energy than the bulk of cosmic radiation.

In addition to these marked changes, there are more gentle variations in the
-cosmic-ray intensity whose period coincides with that of the solar rotation
(Monck and Compton 1939). These variations are again connected with the
activity of sunspot regions and seem to be particularly strong from the lowest
-energy component of the cosmic rays (Simpson 1951).

It seems therefore clear that a relatively soft and minor component of the
‘cosmic radiation certainly originates in the sun, and in trying to explain the
source of cosmic radiation it is reasonable to look for phenomena which are
similar to those occurring in active regions of the sun.

In the following we shall give some general arguments which W111 show that
.cosmic rays are probably produced by processes of random accelerations due
to the interaction of individual particles with extended moving magnetic fields
(Fermi 1949). We shall then discuss in some detail production of cosmic rays
by the ‘radio stars’, which will lead to results that are in agreement with the
properties of the primary component as described above (Unsold 1949, 1951).
I do not believe that this model can be proved to be correct on the basis of present

information, but it certainly contains some  essential elements of the true
explanation of cosmic rays.

§ 2. SUDDEN ProDUCTION OR GRADUAL ACCELERATION OF THE Cosmic Rays

It has been suggested that the primary particles of cosmic rays are produced
in some sudden or catastrophic process. Other suggestions are that cosmic
radiation was created at the beginning of the universe. There are severa!
.arguments why such hypotheses seem unacceptable.

First, it would become necessary to appeal to unknown laws or unknown
'situations, and one should turn to such ad hoc hypotheses only as a last resort.

Second, the energy density of cosmic radiation is comparable with the
energy density of starlight and of the matter within galaxies, including the heat
energy within stars, the kinetic energy of the stars and the kinetic energy of
interstellar matter. If a new type of physical process or law should generate as
much energy, it is difficult to believe that this process should not manifest
itself in other experiments or other astrophysical phenomena. This same
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energy consideration bears upon the possibility of a uniform density of cosmic
radiation throughout intergalactic spaces. If such a uniform distribution were
assumed, the total energy of cosmic radiation would become greater than any
other known energy within the universe with the one exception of the rest
energy of all matter present. Even this last quantity would be greater than the
cosmic-ray energy only by a factor of the order of one thousand. It seems much
more plausible to assume that the cosmic rays are confined (Alfvén 1937) by
magnetic fields to the interior of the galaxies and that these same magnetic fields
shield the galaxies from exterior cosmic rays. As we shall see later, there are
indications for the presence of such galactic magnetic fields.

The last and probably most powerful argument against a catastrophic or
sudden production of cosmic rays is the existence of heavy primary particles.
Since these have similar energies per nucleon as the protons, and since their
abundance relative to that of the protons is essentially the same as the natural
abundance of the corresponding elements, one should explain the proton
component and the heavier component by the same hypothesis. It is extremely
hard to believe that the catastrophic process in which a heavy nucleus is given.
a velocity of many billion volts per nucleon should not also furnish enough
energy to tear the nucleus into its component parts.

It is therefore much more plausible to assume that cosmic rays are generated
by a gentle acceleration which acts on all particles with similar charge-to-mass.
ratio (i.e. on protons and on heavier nuclei) in a similar manner.

§ 3. THE NATURE OF THE ACCELERATING FIELD

Logically, cosmic rays could be accelerated by static electric fields or by
magnetic fields. The latter, of course, would have to be in motion, since in a.
stationary magnetic field charged particles do not gain energy. Of these two
hypotheses, the first seems unlikely. It would be necessary to assume exceedingly
high potential differences, and since regions of high conductivity do occur quite
frequently within the galaxy, it would not be easy to maintain these electrostatic
fields. On the other hand, magnetic fields are conserved for long periods, due
to the effect of self-induction in a conductor of large dimensions. Ionized
material in interstellar space is a conductor of this type.

In order to form a quantitative idea of the dissipation of electrostatic fields.
and of the permanence of magnetic fields, we consider the system of Maxwell

equations: VxE=(l/c)dH/dt .. (1)
VxH=—1/c(dE/dt +4=j) ... (2)
V.E =4rp .. (3)
vV.H=0. ... 4)

If the measured current is in a system in which the gas is at rest and in which.
no ‘wind’ is felt, we can write
j=cE . (5)
where o is the conductivity.
Substituting (5) into (2) we obtain
VxH=~1/c(dE/dt+4mcE) ... (6)

from which it is evident that ¢ has the dimensions of a reciprocal time. The
significance of this time becomes apparent if we take the divergence of both
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sides of (6), neglect the derivative of o, and eliminate V . E with the help of (3).
This gives dpjdt=—4mep e (7)
and, therefore, p=e~¥ (8)

Thus a charge distribution decays with a mean life of 1/47¢. It is to be noted
that in a region in which the conductivity has a constant value, the decay period
does not depend on the spatial extension of a charge distribution.

In an ionized gas the conductivity has the value

o=(Nx¥)me L (9)

where N is the number of electrons per cm?, A the mean free path, e is the electron
charge, m the electron mass and v the average velocity of the electrons. This
conductivity will of course have widely varying values in the interstellar and
intergalactic spaces.

Assuming that the interstellar spaces within the galaxy are filled with
approximately one hydrogen atom per cubic centimetre, that this hydrogen is
completely ionized and that the kinetic temperature of electrons is a few degrees
absolute, one finds 2~10%cm sec! and A=~10° cm, and therefore we get
o==107sec™!. Since the velocity is proportional to 7%2 and the mean free path
to T2, the conductivity will increase as T%2 At higher temperatures we shall
therefore expect higher conductivities. Values exceeding o =10 sec™! might
be expected.

In a completely ionized gas the product NX is independent of the density
and thus the conductivity does not depend on the assumed number of hydrogen
atoms per cubic centimetre. Hydrogen emission lines are observed to a distance
of about 100 light years from hot stars of high luminosity and thus nearly
complete ionization is to be expected in extensive regions within the galaxies.
Even for incomplete ionization the conductivity will remain practically
unchanged as long as the total scattering cross section of the ions is greater
than that of the neutral atoms.

Actually, an ionization as low as one in 10*! will give the same product NA
(where NV is the number of electrons) as we obtained for complete ionization and
the low temperature of a few degrees absolute. The low number of 101! electrons
per proton could be easily delivered even by such rare elements as Cs or Rb.
These can be ionized by radiation of 30004, and such radiation is surely present
throughout the galaxy. Due to ionization of some more abundant elements
which are somewhat more difficult to ionize, like Na, K and Ca, it is believed
that the number of electrons per cubic centimetre does not become lower
anywhere within the galaxy than 10~ times the number of protons per cubic
centimetre. Thus we may consider that the lower bound of the conductivity
in the interstellar spaces in the galaxy is near to o =107 sec”l. This of course
does not mean that electric fields cannot persist for longer times than 107 sec,
but it does mean that extended electrostatic fields must not be expected
anywhere within the galaxy.

We conclude therefore that cosmic rays cannot be generated by electrostatic
fields within the galaxy. Other forms of electric fields are present and explain
the acceleration of the primary cosmic rays. One possibility is to consider
electric fields connected with plasma vibrations (McMillan 1950, Menzel and
Salisbury 1946). The difficulty with this hypothesis is to find an adequate
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mechanism to feed the required great quantities of energy into the plasma
oscillations.

One can also consider the electric fields which are necessarily connected with
the observed changes in magnetic fields near the sunspots and on some stars
(Swann 1933). This approach seems indeed quite hopeful, but it becomes
necessary to consider the motion of charged particles in the simultaneous
presence of electric and magnetic fields.. While electric fields will be observed
in some coordinate systems, such will not be the case for the system which is
moving along with the local velocity of the conducting gas. The interaction of a
varying magnetic field with hydrodynamic motions in a gaseous conductor
gives rise to ‘ magneto-hydrodynamic’ phenomena which, although complicated
in detail, are simple in their basic behaviour (Alfvén 1950). We shall consider
first a magnetic field in a stationary conductor.

We take the curl on both sides of eqn. (6) and take the time derivative of
eqn. (1). Eliminating V x dE/dt, neglecting the derivative of o, and using (4),
one obtains the equation 1 &H - 4mo dH

== .. (10)

MBH=sm + = =

where the operator A must be considered as applying separately to each of the
components of the vector H. With the help of eqn. (10) one can understand
the time dependence of H for three simple limiting cases which are obtained
by neglecting in turn one of the three terms in the equation. In case AH on
the left-hand side is negligible, one obtains the solution H=H, exp i4not.
This is the magnetic field induced by the decaying electric field which' is
connected with the charge distribution given in eqn. (8). For quickly varying
magnetic fields the second term on the right-hand side of (10) can be neglected
compared with the first term. In this case (10) becomes the wave equation
for the propagation of electromagnetic radiation.

Finally, for slowly varying fields, the first term on the right-hand side of (10)
can be neglected. This is the case of greatest interest to us. It corresponds to
a quasi-static magnetic field. In this case all components of the magnetic field
behave according to a diffusion equation with the diffusion coefficient (47c)/c2.
According to the well-known behaviour of diffusion equations, the magnetic
fields will tend to become homogeneous and will change within a period
t=(4moL?)/c?, where L is the linear dimension within which a considerable
spatial variation of a magnetic field has originally been present. It should be
noted that this time is proportional to o, as indeed should be expected from the
consideration that the magnetic fields are maintained by self-induction which
becomes strongest in well-conducting media. If we use for o its minimum value
of 107 sec! and for L the distance of a light second (3 x 10'% cm), we obtain
t=12x108 sec=4 years. If L is equal to a light day we get #=3 x 10° years,
which is longer than the estimated age of the universe. Thus for distances
which are quite modest on the galactic scale, magnetic fields will not be dissipated
but will remain tied to a conducting gas.

This statement needs some more elaboration in case of a conducting medium
which is itself in motion. Let us consider an imaginary closed loop within this
conducting gas. This loop will enclose a certain magnetic flux. We think of
the elements of this loop as travelling with the gas, that is as fixed in a Lagrangian
coordinate system. Self-induction will maintain the magnetic flux through the
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loop, no matter how the loop may be distorted in the course of its travels. This
statement will not apply of course in small dimensions, but it will apply in the
big dimensions considered in the previous paragraph. In the sense now
specified the magnetic lines of force will be tied to the motion of conducting
matter in such a way that matter can freely slide along the magnetic lines of
force but is attached to the magnetic lines of force in any motion perpendicular
to these lines.

Motion of magnetic lines of force through stationary matter gives rise to an
electric field E=v x H/c, where v is the velocity of the motion of the magnetic
lines of force. The conclusion of the previous paragraph means that in the
coordinate system in which the conducting matter is at rest, v is also zero and,
therefore, no electric field will be felt in the system in which the conducting
gas is at rest.

Because of the importance of this conclusion for magneto-hydrodynamic
phenomena in the galaxy, we shall reconsider it from one more point of view.
In the presénce of a magnetic field, charges may flow freely along the magnetic
lines of force. This means that the component of the electric field which is
parallel to the magnetic field will disappear in materials of high conductivity
within a very short time. If the electric and magnetic fields are perpendicular,
two cases should be distinguished according to whether E or H is greater,
measured in the c.g.s. system. If E is greater, a coordinate system can be found
moving with velocity ¢|H|/|E| in which the magnetic field vanishes but an
electric field is present. In this coordinate system the electric field will again
vanish within a very short time, and we can therefore exclude the possibility
of | E| being greater than | H|. ' If the magnetic field is bigger, then a coordinate
- system can be found moving with a velocity ¢|E[/|H|, in which a magnetic
field is present but the electric field vanishes. In this coordinate system positive
and negative ions will move on circles with opposite serises of rotation. Thus
in this coordinate system the ions will not move relative to the lines of force of
the magnetic field. Given a sufficient length of time in which ions and neutrat
material may come into equilibrium, a situation will be established in which no
electric field is present and no ‘wind’ is felt in our new coordinate system. In
another coordinate system both electric and magnetic fields will be present,
while positive and negative ions will move in cycloids with opposite senses of
rotation but equal velocities of translation.

The above discussion leads to the conclusion that changing magnetic fields
will produce electric fields, but these electric fields will impart a motion
c|E|/|H| to the conducting matter as a whole and will not lead to strong
acceleration of individual ions which could be identified with the primary
particles of cosmic radiation.

§ 4. THE MECHANISM OF ACCELERATION

While the electric fields produced by moving magnetic fields will not produce
cosmic-ray primaries in a single process, repeated accelerations can give rise to
a spectacular accumulation of energy. Fermi (1949) has shown that a great
number of such collisions can give rise to the high energies characteristic
of cosmic rays and that, moreover, this stepwise acceleration process accounts
for the energy spectrum of the primary radiation. The theory is based on a
simple but startling idea. When a charged particle is deflected by a magnetic
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field which is tied to a conducting gas, there is an exchange of momentum and
energy between the particle and the magnetized gas. In a single collision the
charged particle may.gain or lose energy, but in the long run statistical equilibrium
should be approached, and this means that the particle tends to acquire an
energy equal to that of the moving magnetized gas taken as a whole. The time
needed to accumulate this enormous amount of energy in a single particle is
too long and equilibrium is never reached. But one can understand that, on the
average, acceleration of the particle continues until very high energy values are
reached.

How are the particles which acquire energy to be distinguished from the
other particles in the gas? The difference lies in the energy. Fast particles will
be further accelerated while the slow ones continue to participate in the Maxwell
distribution within the gas. We shall return to this question in connection
with the injection mechanism.

Let us consider the collision of a cosmic-ray particle whose energy and
momentum are E and p, with some magnetized gas of mass M. We shall
assume for the present that the gas is at rest. The rate of energy transfer
depends on the average (8p)%. The only important point in our discussion is
that this average is of the approximate magnitude of p2. Thus the cosmic

ray loses the energy SE=—~|pl¥m. L (11)

If the conducting gas is in motion the energy exchange will contain a term
proportional to p.V and also a term proportional to p? where V is the
velocity of the gas. The scalar product may be positive or negative and in
first approximation its average is zero. But collisions have different probabilities
according to the relative velocity of particles and gas, and, therefore, positive and
negative values of p.V will be found with different frequency. The difference
in the frequency of occurrence is proportional to V. Thus the term containing
the scalar product will contribute to the average change of energy a term
proportional to V2. Thus we may replace (11) by

SE=—pyM[1-AVZ. ... (12)
The coeficient 4 can be evaluated by noting that no average energy exchange

should occur for thermal equilibrium. In a relativistic gas the average kinetic
energy is not 3k7T/2. Instead one may set

cpr | (p42E) e EAT dp B | 1p*(dE/dp) e~E1T dp

S = = =3kTJ2. ...... 13
2E f p?e~Ei? dp f p%e—EAT dp 2. (13)
Therefore one finds SE=0 for MVI=(FpUE) ... (14)
where E is the total energy of the particle. Thus we find
A=ME/ep». (15)

In the actual accelerating process the energy of the conducting gas mass
will be very great compared with the energy of the particle. We may, therefore,
neglect the first term in the bracket of (12). At high energies it is permissible to
replace the average value of the ratio E/p? by the ratio of the averages:

(ﬁ) ~E (16)

2042 )
cp c?p?
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For E — mc*<mc? this is not accurate, but at these low energies no satisfactory
theory of the cosmic-ray spectrum seems possible at present.

Substituting (15) and (16) into (12) we obtain

SE=EV¥c. L. (17)
We see that in this expression the velocity of the conducting gas occurs but its
mass does not. It should be noted that the expression E on the right-hand side
of (17) is the total energy, that is the sum of the kinetic energy and mc?,

In this derivation several assumptions have been made which are not strictly
correct. One assumption of this kind is to consider a definite mass of moving
magnetized gas. Actually, the amount of matter to be attached to a moving
line of force is often ambiguous. Furthermore, the energy of the cosmic-ray
particle may be changed by an induction mechanism rather than by a collision
mechanism. Thus the motion of the gas mass may cause a change in the local
magnetic field, and this will cause an acceleration (or deceleration) of the
spiralling motion of the particle. One can show, however, that all these
mechanisms give rise to energy changes similar to expression (17).

In our derivation the only important thing is the tacit assumption that the
process considered shall have an equal probability for all cosmic-ray particles,
independent of their energy or magnetic rigidity. This assumption is fulfilled
if the cosmic-ray particle is twisted around the magnetic line of force in a tight
enough spiral so that within the radius of this spiral the magnetic field can be
considered homogeneous. In this case deflection processes will occur similarly
for all cosmic-ray particles independent of the radius of the spiral or the energy
of the particle and dependent only on the pitch of the spiral and the structure of
the magnetic field. Thus changes in energy will be proportional to the
momentum which the particle carries (3E=p.V). A similar proportionality
of 8F and p is found also in the mechanism of acceleration by induction. In all
these cases it is possible to show that when E —mc?> mc? expression (17) is valid,
while for low energies (17) seems to be a fair approximation.

The quantity V?/c? is always small compared with unity. We shall designate
this quantity by «. Then it follows from (17) that in n collisions the energy
will increase on the average from an original value E; to a value E, given by

the relation E,=E,e™ ... (18)

§ 5. THE ENERGY SPECTRUM

We shall now assume that during the acceleration process a certain fraction
of N, the number of particles, gets lost. Let the number 3V disappearing per
collision be SN=—8N

where B is small compared with unity and does not depend on the energy.
Then the number N, which on the average have survived #n collisions will be
connected with the original number N, by

N,=Nge® . (20)
It follows from (18) and (20) (or more directly from (17) and (19)) that the

number of particles with energies greater than a given energy E is proportional
to the inverse B/« power of E:

N(E)=const/E"+ ... (21)
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Here again E is the total energy, that is the kinetic energy plus mc?. At high
encrgies (E> mc?) formula (21) agrees well with the empirical results if one sets

Bla=18. . (22)

For low energiés (E< 10 mc?) the number of observed particles is smaller
than the number calculated from the power law. It is possible that magnetic
fields near the orbit of the earth prevent some of the particles carrying smaller
energies from reaching our planet. It is also possible that the cosmic-ray
particles cannot escape from the neighbourhood in which they are created
unless they possess a minimum amount of energy. If the latter is the case, the
dependence of the number of cosmic rays on the energy at E< 10 mc? may shed
some light on the nature of the sources of cosmic radiation.

The theory of acceleration shows that the fractional energy gain per collision,
that is the quantity «, is independent of the energy for E>mc?® The fractional
loss in the number of cosmic rays per collision 8 may well depend on the energy.
The fact that a power law represents the dependence of the number of cosmic
rays on the energy at E>mc? shows that B/« is independent of energy and
that 8 itself must be constant. Furthermore, the same exponent seems to fit
the energy distribution both of protons and of heavier nuclei. Thus the
fractional loss appears to be the same for all components in the cosmic radiation.

Comparing various kinds of nuclei with equal E/mc? values, one finds that
the relative abundance of atoms in cosmic-ray primaries is similar to the relative
abundance in any representative sample of matter. One is led to assume,
therefore, that any kind of nucleus will be injected with equal probability into
the acceleration process. Thus both the end and the beginning of the
acceleration process are governed by some occurrence which operates equally
on nuclei of all kinds.

On the basis of the foregoing considerations it is easy to understand why
electrons are not found in the primary cosmic radiation. Let us assume that
electrons are started as frequently on the acceleration process as protons, and
that the injection occurs at similar E/me? valaes. Then the electrons will receive
a smaller energy in the ratio of electron-mass/proton-mass=0-00055. A
considerable portion of the primary proton energy finds its way into showers in
which numerous electrons participate. If a fraction 0-00055 of the primary
energy is carried by electrons, the effects of these electrons will be hard to observe.

Actually it is to be expected that it is much more difficult to accelerate
electrons than protons. For equal E/mc® values, and therefore for equal
velocities, electrons and protons will lose similar amounts of energies to the
surrounding gas particles by coulomb scattering. At the same time electrons
will gain energy from the moving,magnetic fields much more slowly. If we
-assume that initial particles are produced at the same E/mc? value this may well
lead to effective acceleration of protons and to deceleration and effective loss of
the injected electrons. This conclusion is further strengthened if one remembers
that electrons may effectively lose energy to radiation as they circle around
magnetic lines of force, while the same process for protons is quite ineffective.

§ 6. THE ACCELERATION PROCESS IN THE SUN

It remains to find a process which will start the acceleratian of all kinds of
particles with similar probabilities and to find a second process which will
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terminate the acceleration with equal probabilities for all particles and for all
energies. One may look for a model of these processes to the solar activities
which are sometimes accompanied by bursts of radiation similar to cosmic rays.
There is evidence for magnetic fields of a few thousand gauss in the
neighbourhood of sunspots, which presumably extend to considerable heights
above the surface of the sun. At these greater heights, that is in the region of
the corona, one encounters quite small densities, of 10® atoms per cm?® or less.
In this region the energy density due to the magnetic field is apt to be considerably
greater than the energy density present as hydrodynamic energy and thermal
energy per unit volume carried by the material. Similarly, the Maxwell tensions
due to the magnetic field are greater than the material pressures which would
- be available to drive a purely hydrodynamic motion. Numerically, for a field
of 1000 gauss the magnetic energy density and the Maxwell stress will be
H?/87 =4 x10* ergcm™3®  Assuming a high velocity of 108cmsec? and a
density of 10® protons and electrons per cm? one obtains a kinetic energy of
only 0-8ergem™. In order to estimate the thermal energy content and
the pressure we assume a temperature 7 =10%deg. K. Such high temperatures.
are by no means unusual in the corona. With the same particle density
as above one finds for the energy density 0-04 erg cm™3 and for the pressure
0-027 erg cm~3=2-7 x 10-8 atmosphere. = Under these conditions the motion of
the ionized material is almost completely determined by the magnetic lines of
force. The energy, density, pressure and inertia of the material react but little
on the changes of the magnetic fields. If, therefore, there is any motion or
change in the magnetic fields due to some process originating in the sunspot
near the surface of the sun, the tenuous material of the corona will be swept
along with the moving magnetic fields, It is most probable that processes of
this kind are at play in the production and development of solar prominences.
It is easy to see that the gas in the corona will attain very high velocities.
Actually, collisions of such rapidly moving gas masses are likely to account for
the high temperatures in the corona which have been mentioned above.
Particularly rapidly moving magnetic fields may accelerate matter in the
corona to velocities sufficiently high, so that further acceleration by random
collisions can then transform the particles of this gas mass into cosmic rays.
As an explicit example let us consider protons of a velocity 108 cm sec! or 5 kev
kinetic energy. Actual velocities of this order do occur in disturbed regions.
of the sun. In a medium of 10® ionized hydrogen atoms per cm?, protons of this.
velocity would lose their energy in approximately 10° cm, that is a distance
comparable with the dimensions of the earth. The energy E for such protons
is 10°ev. Assuming for the random velocity of moving magnetic fields
108 cmsec™?, we find for the fractional energy gain «=10-%. This gives.
SE=aE=10kev. If we now imagine that some ionized gas is accelerated to
108 cm sec™! by the magnetic field, that a fraction of this gas finds itself at the
end of the acceleration process in a region of very low magnetic intensity and that
this gas now impinges upon another gas mass in the corona, we shall expect
that the protons which had originally belonged to the first gas mass will be
accelerated further if they make a new collision with moving magnetic fields in a
distance less than about 10° cm. It should be noted that these relatively slow
protons have little magnetic rigidity and will therefore be deflected by small
magnetic fields. - It is needed therefore that the collisions should occur with
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magnetic fields of small intensity in which, however, the magnetic lines of force
move with a high velocity.

It is not necessary to assume that the initial injection process into the
accelerating region should occur as described above. It is possible that plasma
vibrations play a role in the initial acceleration (McMillan 1950). In any case
it seems possible that injection energies as low as a few kev may suffice and that
from this level onward the acceleration process might resemble more and more
the one described in the previous section.

The injection process for heavier nuclei could be quite similar to that for
protons. The energy loss to the surrounding gas is proportional to Z2% whereas
the energy gain in a collision with a magnetic field is proportional to me?®. Thus
the ratio of these two quantities will vary as Z%/4. This ratio is the same for
protons and alpha-particles and becomes somewhat bigger for heavier nuclei.
Since the energy loss is inversely proportional to the square of the velocity, while
the energy gain is practically independent of the velocity, the required injection
velocity will vary as Z4~Y2. Thus for Fe the injection velocity will have to be
about five times as great as for protons. Since a sufficiently high injection velocity
is only one of the factors and since it is necessary to fulfil other conditions like a
sufficiently small value of the magnetic field at the right time, it may not be too
surprising to find that injection of heavier nuclei occurs with a similar probability
to the injection of protons. In addition, it is quite possible that during relevant
periods of the injection mechanism a heavy nucleus like Fe is not yet completely
ionized. At a velocity of 10% cm sec™ an Fe atom is not apt to lose many
electrons. This would lower the effective Z-value and the required velocity of
injection. Thus the question of the ease of injection might become a complicated
one which depends on the balancing of many factors.

After a considerable number of accelerating collisions a cosmic-ray particle
may find itself on a magnetic line of force which proceeds to a great distance from
the sun before turn ng back toward the solar surface. Itis poss ble hat the
intensity increases which are observed in cosmic rays in connection with solar
outbursts are due to such particles which start from the surface of the sun and
spiral along a magnetic line of force which happens to be directed toward the
surface of the earth. This would explain why only a few of the violent outbursts
are connected with a marked increase of cosmic-ray intensity. The time that
passes between the observed solar outburst and the first increase in the cosmic-ray
intensity may be due to the long path that the cosmic rays take, travelling along
a curved magnetic line of force rather than along the straight line taken by the
light signal which arrives from the solar outburst. The diffe;ence in the time
of arrival of cosmic rays moving in spirals of varying pitch accounts in part for
the duration of the phenomenon. Another explanation of the time of the
cosmic-ray burst is that a whole bundle of magnetic lines of force is directed
toward the earth’s surface and that diferent lines of force within this bundle
happen to be directed successively toward the earth.

It seems therefore possible to understand that part of the intensity which is
connected with the solar activity. At the same time we have seen that in the
sun processes go on which can inject positively charged nuclei into the acceleration
process discussed earlier. This injection mechanism may work for nuclei of
different charges in a manner which may be not too dissimilar for different kinds
of nuclei.
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It has been suggested (Richtmyer and Teller 1949) that all of the cosmic
radiation originates in the sun. This assumption can be reconciled with the
isotropy of cosmic rays only if one assumes that the cosmic-ray particles emitted
by the sun are caught in a more extended magnetic field stretching out over the
planetary system. Such a fleld might repeatedly deflect cosmic-ray particles
until eventual isotropy is approximately achieved. The solar origin of the
cosmic rays might seem attractive because only a very small fraction of the
sun’s energy would be required to maintain cosmic radiation. All other
hypotheses would make it necessary to assign much greater total amounts of
energy to cosmic rays because all other explanations must fill with cosmic
radiation not only the neighbourhood of the earth’s orbit but all the interplanetary
space as well. On the other hand, the solar hypothesis runs into difficulties when
trying to account for the cosmic-ray particles of highest energies. Particles
with more than 10 ev per nucleon have been observed. While such particles
are accelerated on the solar surface, fields of 1000 gauss extending over at least
3 x10® cm will be needed to confine them. In the later phase, when these
particles circulate in the interplanetary space, fields of 10-% gauss extending
over at least 3 x 10%% cm or 108 light seconds will be needed. This would extend
the orbits of such cosmic-ray particles to the outermost:limits of the planetary
system. N

A further argument against the solar origin of the cosmic rays is the fact
that the additional radiation which accompanies solar outbursts is considerably
less energetic than the steady component of cosmic radiation. It seems that in
the sun the ratio 8/« which determines the energy distribution of cosmic rays
is greater than in the main and steady component of the cosmic radiation.

§ 7. THE Sources oF CosMIC RADIATION

It is appropriate to look farther afield for the origin of cosmic rays. The
attractive proposal that cosmic radiation should be generated over all the
galactic system (Fermi 1949) suffers from the drawback that it cannot explain
the presence of the heavy nuclei. According to this proposal, the acceleration
of cosmic rays terminates by collision of a cosmic-ray particle with a proton in
interstellar space. Collisions with these protons might well account for the
behaviour of the proton component of cosmic rays. The heavier nuclei found
in the cosmic radiation would have, however, a bigger collision cross section.
They would be accelerated in a similar way to the protons but would be withdrawn
from the acceleration process with a greater probability. This withdrawal
would happen so rapidly that one could hardly account for their presence at all.
Thus the similar general behaviour of the proton component and the heavy
component cannot be explained on this basis.

More recently it has been proposed (Biermann 1953, Fermi 1954, Morrison,
Olbert and Rossi 1954) that part or all of the acceleration process does take place in
the galaxy, but that the termination of the acceleration process is escape from the
galaxy, that is a process similar to the one discussed in connection with the solar
acceleration. This assumption is not in disagreement with any known facts.
It seems, however, that the galactic magnetic fields have a rather regular structure
and are not in very strong motion. A more violently agitated magneto-
hydrodynamic field would be a more plausible source of cosmic radiation.
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The solar disturbances which coincide with the intensity increases in cosmic
rays are also associated with the emission of radar waves of a few metres wave-
length. The 'sun, however, is not the only celestial body which emits such
radar waves. Definite positions in the sky called ‘radio stars’ emit radiation
similar to that which is emitted by active spots on the sun. In the time average
the radar waves obtained from these distant sources are greater in intensity
than the waves arriving from the sun. It is reasonable to suggest (Unsold 1949,
1951) that the radio stars in addition to emitting radar waves should also produce
energetic particles similar to those which the disturbed sun emits. The greater
average radar intensity emitted by these ‘stars’ might give reason to expect a
greater flux of cosmic-ray particles arriving from them. Thus it seems likely
that the main component of cosmic radiation is due to phenomena similar to
solar magnetic activities but actually taking place in distant astronomical objects.

§ 8. THE TERMINATION OF THE ACCELERATION PROCESS

Let us consider then a radio star and let us assume that it is a region in space
in which magnetic fields and the hydrodynamic motion of ionized gas masses
are in mutual and sometimes violent interaction. We may continue to think of
an active sunspot and the adjacent regions of the corona as a small-scale model
of such a radio star.

It is known that occasionally a mass of gas is expelled from the neighbourhood
of asunspot. Such a piece of plasma moves away from the sun at a high velocity,
and in doing so it carries the magnetic fields with it that are frozen into that
particular chunk of matter. It is plausible that similar ejections will occur from
the surface of a radio star. The expelled gas mass will carry along not only its
magnetic field but also the cosmic-ray particles entrapped in this field. In
moving away, the gas will be dissipated, the magnetic energy will turn into
kinetic energy of matter and the' cosmic-ray particles will eventually escape.
They are then ready to start on the journey through interstellar space.

Here we have now a mechanism by which the acceleration process can
terminate with the same probability for all kinds of nuclei and for all energies.
The validity of a power law with a fixed exponent which is similar for all nuclei
has indicated just such a mechanism.

A slightly different mechanism accomplishing the same result may be
constructed by assuming that some fraction of the magnetic lines of force
originating in the radio star proceeds out into interstellar space and does not
return to the surface of the radio star. Cosmic-ray particles along these lines
of force can escape from the radio star, and the neighbourhood of these lines of
force will soon be depleted of such particles. It is quite possible that at different
times different lines of force will have the property of leaving the radio stars.
This implies that some wide loops in the magnetic lines will get distorted and
stretch out and eventually be opened toward the interstellar space, while
open-ended magnetic lines of force may form new closed loops. In order to
accomplish this some magnetic lines of force will have to move with high
velocities in regions that are distant from the radio star. If, at these great
distances, the density of matter is sufficiently small, one should indeed expect
that the magnetic lines of force can move quite rapidly. This velocity may
approach the velocity of light if the energy density of the magnetic field is greater
than the density of rest energy in the same part of space (de Hoffmann and
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Teller 1951). Thus it is possible that new open lines of force will continue to
be formed and the cosmic-ray particles along these force lines can escape.
In this model, as in the previous one, all the cosmic-ray particles, independent
of charge or energy, will escape the accelerating system. '
The motion of the cosmic rays within the galaxy will be influenced by any
magnetic fields which happen to be present. Polarization of light coming to us
from distant stars through clouds of dust indicatés the presence of such magnetic
fields (Hall and Mikesell 1949, Hall 1950, Hiltner 1949). Indeed, such magnetic
fields might orient any ferromagnetic or paramagnetic dust particles, and
orientation of conducting elongated bodies may account for the polarization of
light (Spitzer and Tukey 1951). It is more probable, however, that the
orientation is due to induced currents of rotating elongated bodies which are
either metallic or have high metallic content (Davis and Greenstein 1951,
Greenstein 1951). The interpretation of the experiments along these lines gives
rise to a system of magnetic lines of force as illustrated in the figure. A frontal

Lines of magnetic force.

Note. The figure is an artist’s conception of the magnetic lines of force in Sc NGC 5457
(M101), a Mount Wilson Observatory photograph printed in the monograph Principles of
Stellar Dynamics, by S. Chandrasekhar 1942 (Chicago : University of Chicago Press).

view of a galaxy is shown and the magnetic lines of force are schematically
indicated. The picture has been constructed with the idea in mind that magnetic
lines of force may have been concentrated originally in the galactic centre and
may have then been drawn out as the extending arms of the spiral dragged
magnetic lines of force along with them.

It is to be expected that cosmic rays will continue to circulate for a considerable
length of time within the galaxy. We shall return to this question. At present
it may suffice to state that eventually the cosmic rays must be lost from the
galaxy and that this loss process again must not distinguish sharply between
cosmic rays of various energies and nuclear charges. This can be accomplished
1in ways similar to that used in the case of the radio stars discussed above. In fact,
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the high energy density in cosmic radiation makes it appear quite plausible that in
some regions the magnetic lines of force are not sufficient to confine the pressure
of the gas and of the cosmic rays. These regions of interstellar gas may get lost
from the galaxy. The alternative possibility is that some lines of force continue to
stretch out into intergalactic space (Fermi 1954, Morrison, Olbert and Rossi 1954),
In the course of time different magnetic lines of force may possess this property.

§9. THE LoCATION OF THE SOURCE OF COSMIC RADIATION

Among the radio stars at least three kinds of objects have to be distinguished :
the extragalactic radio stars, the isolated galactic sources and the centre of our
own galaxy. We shall now turn to the question : which one of these is the most
likely source of cosmic rays?

Spiral nebulae outside our galaxy emit radio waves. One assumes, however,
that the magnetic field of our own galaxy will prevent these cosmic rays from
entering our galaxy. If some of the galactic magnetic lines stretch out into
intergalactic space, and if in the course of time some open lines may become loops,
cosmic rays coming from intergalactic space might get trapped in our own galaxy.
It is, however, unlikely that this will account for more than a small fraction of
the observed cosmic radiation. As has been pointed out earlier, exceedingly
great energies would be needed to fill intergalactic space with enough cosmic-ray
particles to serve as a reservoir from which all the observed radiation can be drawn.

Among the extragalactic sources there are most spectacular objects emitting
radar waves of exceedingly high absolute intensity. These are due to colliding
galaxies, located at distances of 100 million light years and more. The fact that
colliding galaxies emit such strong radar waves may itself be taken as an indication.
that spiral nebulae possess magnetic fields. Collisions of the conducting gas
masses must produce violent magneto-hydrodynamic phenomena which can
plausibly be associated with emission of radar waves as well as the emission of
cosmic rays. These sources of great absolute intensity are more interesting as
an indication of the presence of magnetic fields rather than an actual source of
the cosmic radiation impinging on the earth,

Among the isolated galactic sources there are found some which are
associated with exploded supernovae and others which seem to consist of wispy
filaments in rapid relative motion. In each case thereis evidence of hydrodynamic
activity which may well be associated with strong magnetic fields. It does not
need any stretch of imagination to make these objects sources of cosmic radiation
as well. On the other hand, these sources will inject their cosmic radiation into
interstellar space along specific lines of force which, as a rule, will not pass
directly through our solar system. If, indeed, cosmic rays were received in a
direct manner from an individual radio star of this kind, one would expect to find
the radiation on the earth to have definite directional properties. Therefore the
individual galactic radio stars cannot be regarded as a main source of the observed
COSMIG rays.

The radar waves originating from the centre of our galaxy do not have any
identified origin. It may be natural to assume that these radar waves come
from a collection of radio stars similar in nature to the individual radio stars
within our galaxy. These objects, like stars in general, may well have a much
greater density near the galactic centre, and in this way the great general intensity
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issuing from the core of our Milky Way system can be readily understood.
If this picture is correct, most of the cosmic rays generated within our galaxy
will actually be produced near the galactic centre, and we have to consider the
radio stars in the galactic centre as the main source of cosmic radiation.

Direct transmission of cosmic rays from the galactic centre to the earth
along a specific line of force will again result in an isotropic radiation. This is
contrary to experience. It is more likely that cosmic-ray particles circulate
through the galaxy for a considerable period, perhaps returning to the galactic
centre several times. This more involved path, which is also indicated by the
figure, is apt to produce an isotropic distribution of cosmic rays at any one point
in space.

It is not permissible, however, to assume that the cosmic-ray particles remain
within the galaxy for an unlimited period. Heavy particles like Fe will suffer
collisions with protons in the interstellar spaces. The collision cross section is
approximately 10-2% cm?2 - Since the density of protons in interstellar space
is in the neighbourhood of 0-1 particle per cm? to one particle per cm?, the mean
free path of such a collision must be between 1025 and 10%* ¢cm or between 108 and
107 light years. The lifetime of an Fe cosmic-ray particle within the galaxy will
thus be between 108 and 107 years. The actual lifetime might be shorter than the
estimated 108 or 107 years in case the particles encounter much higher density of
matter on their recurrent return to the centre. Whatever this period is, it sets
an upper limit to the duration in which cosmic rays must be lost from the galactic
system by means other than nuclear collisions. If cosmic rays were to be retained
in circulation for longer times, then the Fe particles would be depleted while the
depletion of smaller cosmic-ray nuclei and in particular of cosmic-ray protons
would be considerably less.

We must therefore conclude that cosmic rays will circulate within the galactic
system for a long enough period to pass throughout the system several times
but for a short enough period so that collisions with atoms within the galaxy
will not strongly modify the composition of the cosmic rays. This will set a
lower limit for the lifetime of the cosmic rays of about 10° years and an upper
limit somewhere in the neighbourhood of 107 years.

§ 10. Tue GaMMa-Ray anp ELECTRON CoMPONENTS OF COsMIC RADIATION

No primary gamma-ray component has been observed in cosmic rays. Our
assumption that cosmic rays are generated in the centre region of our galaxy
makes it possible to draw some more clear-cut conclusions about gamma-radiation.
Such radiation could be produced either if electrons were accelerated or if
protons or nuclei suffer meson-producing collisions. The neutral mesons to be
expected in such collisions would then decay and emit gamma-radiation.
We have pointed out above that the total energy given to electrons by our
postulated. acceleration process is quite small. Indeed, this mechanism could
hardly produce much more than one-tenth of one per cent of the cosmic-ray
energy, an amount which would pass unobserved.

Primary cosmic radiation impinging upon the earth’s atmosphere does
produce a considerable amount of secondary gamma-radiation through the
mechanism of nuclear collisions and neutral meson production. One should
therefore inquire whether the absence of gamma-radiation in the primary
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component proves the absence or rare occurrence of similar nuclear collisions
in the originating radio stars or in interstellar space.

If gamma-rays are produced, relatively deep inside a radio star, they may be
degenerated and eventually eliminated by a shower-production process familiar
in cosmic-ray phenomena. Protons or heavier nuclei possessing high energies
will be eliminated by collisions with other nuclei more effectively. Thus we
conclude that if both gamma-rays and fast nuclei are generated as cosmic-ray
components inside a radio star, the former will escape the radio star more easily
and will therefore reach the earth with less difficulty.

Emission of too great amounts of gamma-rays from the galactic centre would
cause noticeable deviations from the isotropy of cosmic radiation. Thus it is
likely that the energy carried by gamma-rays of this origin is less than one per cent
of the total cosmic-ray energy. An equal amount of energy flux leaving the radio
star in the form of protons and of gamma-rays may result, however, in a
100 times greater proton flux near the earth. .In fact, the estimates made above
show that protons might be trapped within the galaxy for approximately as
long as 100 traversal times, whereas the gamma-rays will of course be lost after
a single traversal. Even so, it is possible to conclude that the gamma-ray flux
leaving the radio stars is not more, and probably is less, than the energy flux that
leaves in the form of protons. This leads to the conclusion that the production
of fast energy protons takes place only in a very superficial layer of theradio
stars, so that most of the protons actually will escape rather than be stopped by
nuclear collisions. This is the same result which we have reached above.
If indeed protons were withdrawn from the acceleration process primarily by
nuclear collisions, then a different law of loss of particles would hold for protons
and for heavier nuclei, and one could not understand the similar dependence on
energy of the various components in the primary cosmic rays.

One also may consider the production of charged mesons in nuclear collisions.
These will be followed by the production of electrons which may escape the
radio stars in a way similar to the one discussed in the case of gamma-rays. Itis
not easy to draw quantitative conclusions from the fact that this process does not
give rise to a noticeable electron component in the primary cosmic rays. The
amount of energy escaping as electron radiation from the radio star will be less
than the amount escaping as gamma-rays because electrons will radiate while
spiralling around the strong magnetic fields in the radio star. On the other hand,
electrons which have escaped the radio star may be confined in the galaxy a
longer time by the action of the weak galactic magnetic fields. In any case, the
absence of an electron component is compatible with our general assumption
that relatively few protons lose their energy in nuclear collisions and the greatest
fraction escape from the radio star.

If meson production and subsequent gamma-ray emission should occur to
a substantial amount during the travel of the cosmic rays within the galaxy,
anisotropy should show up favouring radiation arriving in directions parallel
to the galactic plane. This would be a less marked effect than the one mentioned
in the last paragraphs. Similar considerations apply as in connection with
gamma-ray production in the radio stars. Production of charged mesons would
again give rise to an electron component in the primary radiation. On the basis
of absence of gamma-rays and on the ground of the observed isotropy of the
radiation, one may limit the number of nuclear collisions suffered by cosmic-ray
protons. This limit is not rigorous, and one can only say that termination
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of the proton orbit in the galaxy will not occur predominantly by nuclear
collisions. Thus in this case, as in the previous one, absence of gamma-radiation
serves to confirm the general process which we have assumed, but does not allow
us to draw new or more stringent conclusions than those which have been stated
earlier.

§ 11. SECULAR VARIATIONS IN Cosmic-Ray INTENSITY

There is no evidence that the cosmic rays had in the past an intensity
different from the present one. Investigation of the radioactive #C produced
by cosmic rays is at least compatible with the idea that the cosmic-ray intensity
has been constant for the last ten or twenty thousand years.

If, by a nova explosion or some other process, a radio star were to be formed
on the same bundle of magnetic lines of force which pass through thesolar system,
and at a distance of perhaps 1000 light years or less from our own location, then
a great increase in cosmic-ray intensity could be expected. This additional
radiation would not be isotropic but, due to the complicated magnetic fields
around the earth, it would probably reach, in greater or lesser intensities, our
whole globe. The duration of such excessive intensity is hard to predict in-
the absence of knowledge of the nature and behaviour of the radio stars. We know
that the supernova explosion which presumably gave rise to the radio star in the
Crab nebula occurred almost 1000 years ago, and thus a lifetime of at least
1000 years might be expected for the cosmic-ray source. In this time the
displacement of the source is approximately one-tenth of a light year. This
distance is equal to the radius of the most energetic cosmic rays circling around
the weak galactic magnetic lines of force. One may well assume that 1000 light
years may be a typical duration for an intense burst of cosmic rays on the earth.
The burst might last much longer if radio stars lived longer and if both the radio
star and also our solar system would manage to stay on the same bundle of
magnetic lines of force. This could happen if the radio star and also our planetary
system would manage to drag along with them the bundle of magnetic lines of
force on which they are sitting.

Evidence for a great increase of cosmic-ray intensity in the distant past might
be found in the formation of some long-lived radioactive substance. No
appropriate substance is known at present that could give evidence of such an
occurrence. It is, furthermore, unlikely that such evidence could be found in
any radioactivity unless the duration of the increased intensity was an appreciable
fraction of the time past since that occurrence.

There may be, however, another and much more adventurous way in which
cosmic rays of unusually high intensity could have left a lasting mark on the
surface of our planet. Cosmic-ray irradiation amounts at present to approximately
0-01 times the medical tolerance for steady radioactive exposure. A one-million-
fold increase of cosmic rays would have wiped out life from our planet with the
exception of the deep sea. A 1000-fold increase of cosmic-ray intensity would
have led to an increase of incidence of certain disease conditions and perhaps
to an increase in the mutation rate. An increase in mutation rate by a factor 10
for a relatively short period of time may not in itself have a profound influence
on the development of the species. It may be, however, that an essential change
of progress in evolution such as the jumps between non-vertebrates and
vertebrates could be accomplished only by a multiple, let us say sixfold, mutation.
If the single mutation rate should be speeded up by a factor 10, the sixfold
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mutation rate would be accelerated by a factor one million. Thus times of
increased cosmic-ray intensity might be times of increased disease incidence
but also times of great jumps in evolution. It is perhaps interesting to speculate
why no observable fossils are found in the pre-Cambrian Age and why, at the
beginning of the Cambrian, an incredible multiplicity of various living organisms
emerged, apparently at the same time.

The centre of our galactic system, which contains many more stars than our
suburban spiral arm, may be barren of life, due to an unbearably high steady
exposure to cosmic radiation. On the other hand, the big and decisive steps
in biological evolution on our own planet may be due to the greater dislocations
produced in our genes by temporary increases in cosmic rays.
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