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On the Origin of Solar Radio Noise
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¹val Research Laboratory, S'as~ington, D. C.

(Received November 22, 1948)

The observed anomalous radio-frequency radiations from the sun are associated with sun spot
activity and are believed to be generated within intermingling streams of charged particles issuing
from active areas of the sun. Such streams have the property of greatly amplifying initial space-
charge fluctuations over a range of frequencies determined by the density and velocity distribution
of particles in the stream. The theory of generation of radio energy resulting from space-charge
interaction between streams of charged particles is reviewed and applied to the solution of the solar
radio noise problem. From estimates of average density and velocity distribution of solar particles
the frequency of the most intense radiation (30 to 60 megacycles) and the absolute value of radiation
intensity at the surface of the earth (7 to 2) &(10 ~(watt/cm'/cycle/sec. ) are computed and found to
agree well with measurements. The most probable spectral distribution of the anomalous solar
radiation is derived in the form

8/8 =(X/X )'expI2t1 —(X/X )gI,
where 8 is the maximum intensity corresponding to the wave-length P

I. INTRODUCTION

ECENT studies of solar radiation by means of
radio telescopes' indicate that in addition to

a steady component corresponding to radiation
from a black body at a temperature of about 6000'K,
there occur bursts of intense radiation within the
radio spectrum which are associated with solar
Hares. While the steady radiation originates over
the entire surface of the sun, the source of these
anomalous bursts appears to lie in the vicinity of
sun spots. The intensity of anomalous radiations,
as measured at the surface of the earth, exceeds the
normal radiation by a factor of 10' to 10' in the
frequency region below 50 megacycles. '

It has been suggested by several investigators'
that the abnormally intense radiations are caused
by oscillations of the electron gas or plasma existing
in the outer layers of solar atmosphere and corona.
It has also been suggested that the electron plasma
is excited by the passage of fact electrons or other
corpulscles originating in the sun spots. It has
always been assumed, however, that the frequency
of such radiation must be near the natural fre-
quency of oscillation of the electron plasma. '
Furthermore, no detailed picture of the mechanism
of excitation of the plasma has ever been given.

It is the purpose of this paper to present a de-
scription of a new mechanism of generation of radio
energy which is believed to be responsible for the
observed anomalous solar noise, and to interpret
the observed data on the intensity of solar radiation
and its spectral distribution in terms of the new
theory.

II. MECHANISM OF GENERATION OF RADIO ENERGY
BY STREAMS OF CHARGED PARTICLES

Consider a stream of electrons of velocity v1

injected into an electron cloud moving with velocity
v2. Because of Coulomb forces between electrons
the two streams will interact. In addition to a
familiar scattering due to individual electron en-
counters there occurs additional scattering due to
interaction of electrons with electric fields associ-
ated with space-charge waves. As was shown by the
author in a recent paper' this space-charge-wave
and electron interaction is a first-order effect con-
siderably larger than that due to "collisions" and is
believed responsible for the observed abnormally
high temperature of electron clouds. 4

As is shown in reference 3, the space-charge-wave
interaction in streams of charged particles results,
under certain conditions, in imparting to the space
occupied by the streams the characteristics of a
medium having negative attenuation. This means,
that under such conditions an initial perturbation
which may exist in the stream (such as caused by
statistical Ructuations, for example) will be am-
plified in an exponential manner as the disturbance
propagates along the stream. The amplification
process continues until the available energy is
exhausted. This energy is derived from the kinetic
energy of the particles in the stream so that the
energy spectrum of the composite electron cloud
will be substantially modified after a prolonged
coexistence of streams of different energy. The
kinetic energy is thus partially transformed into
the energy of the electromagnetic fields associated
with space-charge waves and can be observed as

~E. V. Appletonand J. S. Hey, Phil. Mag. N', 73—84(1946}. 'A. V. HaeA, Naval Research Laboratory Report No.
I. S. Shklovsky, Astronom. J. (U.S.S.R.) 23, 333-347 R-3306, June 24, 1948.

(1946). ~ A. V. Haeff, Phys. Rev. V4, 1532 (1948}.
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radiation emanating from the streams of charged
particles.

As is shown in Appendix I which reproduces for
the convenience of the reader the pertinent details
of the author's previous analysis' of space-charge-
wave and particle interaction effects, the amplitude
of perturbation U at a distance z from its origin
can be expressed as

V= Vo cos(~dt —a&s/v) (cosh', s+cosyp) (I)
where Uo is the initial amplitude of the disturbance
of frequency cu, v is the average velocity of the
inhomogeneous electron stream, and y„and y, are
the real and the imaginary components of the
propagation constant. When y„z)&1the increase in
energy of the original disturbance, or the energy
gain, G, can be approximated as

G= (V/ V )'=e'&"*

In the case of two-velocity streams the amplifying
properties can be indicated by the value of the
"inhomogeneity factor, " (see Appendix I) which is
defined as the ratio of the fractional velocity dif-
ference 8/v of the two components of the stream,
to the fractional plasma frequency &di/cu, or

x=(&/v) (~/~i) (3)

The real component of the propagation constant
has finite value when the inhomogeneity factor lies
within the range from 0 to K2.* The inhomogeneous
electron gas or plasma having the inhomogeneity
factor within this range will behave as a medium
of negative attenuation where original perturbation
can be amplified to an extent limited only by the
length of the stream and the amount of energy
available for the process.

Since streams of charged particles which are
present in sun spots consists of electrons, alpha-
particles, ionized helium atoms or other charged
particles, and resemble the inhomogeneous streams
discussed in the above theory it is reasonable to
assume that space-charge-wave and particle inter-
action takes place in these streams and can be
responsible for abnormal radiations characterized
by energy distributions corresponding to very high
temperatures of the plasma when observed over a
limited range of frequencies. It is important to
note that the frequency of the disturbance which
can be amplified by the space-charge interaction
within inhomogeneous clouds does not have to be
near the plasma frequency as has been always
assumed by previous investigators. ' In fact, as long
as the inhomogeneity factor does not exceed a

* A more general solution (when ~I W~2) gives a still wider
range of the inhomogeneity factor over which amplification
of energy can take place although the frequency band width
is reduced. See "General Solution of the Two-Beam Electron
Wave Tube Equation" by A. V. Haec, H. Arnett, and W. Stein,
submitted to the Proc. I. R. E.

critical value (V2 for the case &oi ——u&2), disturbances
of all frequencies are amplified to some degree up to
the limiting frequency.

Since the length, z, of the streams of solar par-
ticles along which the space-charge wave amplifi-
cation can take place, is quite large, it is clear that
a limit to amplification or to the maximum amount
of energy that can be generated and eventually
radiated will be set not by the magnitude of the
attenuation constant but by the amount of available
energy which can be converted from the kinetic
energy of the particles in the stream into the elec-
tromagnetic energy of the field of the space-charge
waves. The available energy can be estimated in
the following manner. Because of collisions and
space-charge wave scattering the energy spectrum
of the composite stream gradually changes. After
a prolonged travel of the stream a final energy dis-
tribution will be attained which can be characterized
by the condition that the real component of the
propagation constant becomes equal to 0, so that
no more kinetic energy of the particles can be
transformed into the electromagnetic energy of the
space-charge wave field. As shown in Appendix II,
a stream of particles having a continuous velocity
distribution such that des '/dv=K (const. ) has zero
value of the real component of the propagation
constant. Other distributions, for example dv/da& =0
also show no amplifying properties. Experimental
results obtained with the Electron Wave Tubes'
indicate that the "true" final distribution is rather
complex and resembles the first-mentioned but
with superposition of the Maxwellian distribution.

If it is assumed that the stream is initially com-
posed of two components, one having a current I~
and velocity corresponding to potential U&, and the
other a current I2 and potential U~, and that the
final composition of the stream is characterized by
the condition des„'/dv=const. , then the maximum
rate at which the kinetic energy of the particles in
the stream can be converted into the energy of
electromagnetic fields, is (see Appendix III):

P= —,'(Vi —Vi) (Ii —I2)

In general, it is reasonable to assume that the
available energy is of the order of the initial dif-
ference of energy of the components of the stream
so that

P=aU I.
This energy is the total available energy so that
the energy per unit frequency range will depend
upon the frequency band width over which ampli-
fication takes place. As was shown by the author in
reference 3, the band width (defined as the fre-
quency range over which the amplification is
within 3 decibels of the amplification at the opti-
mum frequency) is proportional to the optimum
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Fro. 1. Comparison of the theoretically derived spectral
distribution (Formula (13)) with observations of Appleton
and Hey (reference 1).

&/Af-&/f (6)

It is reasonable to assume that clouds of varying
compositions are generated by the sun spot activity.
Therefore, there exists a certain space and time
distribution of clouds having different particle
density, velocity and inhomogeneity. Each indi-
vidual cloud having a particular value of the
inhomogeneity factor will amplify mostly those dis-
turbances where frequency lies in the vicinity of

coop g
—

2 v3 co gv/ 6. (7)

that is, for which the inhomogeneity factor is near
its optimum value. The frequency at which maxi-
mum intensity of radiation from a particular cloud
will be expected should correspond to the difference
in velocity (28), to the average value of space charge
density (and thus of the corresponding plasma
frequency co~), and to the average velocity of
particles (v). The over-all spectral distribution can
then be determined by averaging over all clouds
both in time and space.

The problem of finding the frequency at which
maximum intensity of radiation is to be expected
then reduces to the problem of determining the
average velocity of particles, their charge to mass
ratio, their density and the most probable difference
in energy of the component streams.

The study of magnetic storms indicates that sun
spot activity sometimes causes streams of particles
originating from the surface of the sun to arrive at

frequency and inversely proportional to the square
root of the product of propagation constant and the
effective length s of the stream, i.e.

(5)

In the case of streams of solar particles, the effective
length of the streams is limited by saturation
eRects and it can be assumed that the product (y,s)
remains approximately constant. Therefore, we
may assume that the band width is proportional to
the optimum frequency, and the power per unit
band width is

the earth. The magnetic field due to current
generated by these streams of charged particles is
responsible for variations of the earth magnetic
field. From measurements of the magnitude of these
magnetic disturbances it has been estimated' that
the cross section of the streams when they arrive
at the earth is limited to an area, of (100—200)'
kilometers and the total current is of the order of
5-10' amperes. Thus the average current density
is of the order of (5 —1.25) 10 " amp. /cm'.
Neglecting focusing effects of the earth magnetic
field and assuming that the particles propagate from
the sun in radial directions so that the particle
density decreases as the inverse square of the
distance from the sun, we arrive at the estimate of
the average current density at the surface of the
sun:

2 b = (3k OT/m) & = 5.4 X 10' cm/sec. (10)

where ko is Boltzmann's constant.
Using the above estimated values of the current

density, the average velocity and the most probable
value of the velocity difference we can compute
from Eq. (7) the frequency at which maximum
energy will be generated in such an electron cloud:**

5 M. N. Gnevyshev, Astronom. J. (U.S.S.R.}, 25, 109-122
(1948}.**It is interesting to note that the same frequency will be
obtained if it is assumed that the streams consist of ionized
hydrogen, for example, rather than electrons. Indeed:

I CO jions = g~3(C0}iona(&/~} iona =
g I/3 (CO)electrons(~/~) ~

s., (m/3f) ~

I CO jelectrons

Where pCOg;, , and I CO/elec«o» repreSent Optimum frequenCy in
the ease of ion or electron streams, respectively, and (co)ion
and (c0),l represent the corresponding plasma frequencies.

I.=(92.9 10'/0. 43 10')'(5 —1.25)10 "
= (23 —5.75) 10 ' amp. /cm'-. (8)

It has been noted that the beginning of the mag-
netic storms takes place usually about one day
after intense fiares are observed at the sun. This
indicates that the particles emanating from the sun
move with an average velocity of the order of

v = [92.9 10'(miles)/24(hours) j
= 2.5 X 10' cm/sec. (9)

It has been shown that solar particles which
arrive at the earth are either ionized helium or
hydrogen atoms. ~ Whatever the nature of these par-
ticles it is reasonable to assume that at the origin of
a corpuscular stream there existed a corresponding
stream of electrons moving with the same average
velocity. Assuming that the initial temperature of
the particles corresponds to the observed surface
temperature of the solar disk (6000'K), the most
probable value of the velocity difference of the
electrons would be approximately
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I:),=A)'e-" * ~ ~ (12)

where A and k are constants. By differentiation of
Eq. (12), k can be expressed in terms of the wave-
length ) at which maximum of energy density 8
is observed. Expressing the energy density at a
wave-length ) in units of energy density 2 at the
optimum wave-length X, we obtain the following
relation:

E/E, = (X/II„)I exp[ —2(lI/lI„—1)]. (13)

This relation is plotted in Fig. 1 which also shows
experimental points obtained by Appleton and
Hey. ' The maximum of the theoretical curve has
been made to coincide approximately with the ob-
served value. Considering the fact that the theo-
retical assumption of the constancy of the average
density and velocity of particles in the clouds is
only a convenient approximation, and also con-
sidering the fact that the experimental data are
rather incomplete, the agreement between the
theory and observations is believed to be as good as
can be expected at this stage of the study.

On the basis of the theory given in this paper it
is also possible to estimate the absolute value of the
radiation density. The power generated per square
centimeter of the cross section of the solar stream
can be computed from Eq. (4'):
P, =hV I=0.8(volt)(23 —5.75)10 '(amp. /cm')

= (18—4.6)10 ' watt/cm'. (14)

LVith the peak of intensity occurring at 50 mega-
cycles the effective band width (taken from Fig. 1)

~ = -', V3~22/& =1.22 X 10"(~ /I ) '* (2/~)
=1.22X10"[(23—5.75)106/2 5 10']*

X (2.5 X10'/2. 7 X 10')
= (32 —64) megacycles. (11)

Considering the uncertainties in estimates of cloud
density and velocity this value checks surprisingly
v ell with the frequency of 50 megacycles corre-
sponding to maximum of solar radio noise as
observed by Appleton and Hey. '

In order to estimate the time and space averaged
spectral distribution of the abnormal radio noise we
may proceed as follows. We assume that the average
density and velocity are the same for all clouds but
that different clouds have different velocity dif-
ference. The probability that a cloud has a velocity
difference 26 is e—~', and the available energy in
such a cloud is proportional to 8 according to the
relation (4'). Since the band width is proportional
to the optimum frequency f (Eq. 5), and this fre-
quency is inversely proportional to lI, (from 7) the
energy per unit frequency range will be proportional
to P. Since 8 = 1/f =X we finally arrive at the result
that the energy density of abnormal noise when
averaged over space and time can be represented as

2, = F.,S/42rR2 = (17.0 —4.3) 10 I4

X [2.35 X 10'/42r(92. 9 X 10')']
=(7.7 —2)10 -" watt/cm'/cycle/sec. (17)

which agrees well with the observed value of 10 "
watt/cm'-'/cycle/sec. as measured by Appleton and
Hey. '

Figure 2 shows the theoretical curve of the spec-
tral distribution of the abnormal radiations as
computed in this paper, (Eq. (13)) together with
experimental observations in the radio spectrum
and the theoretical "Black Body" solar spectrum
at 6000'K.

Some recent observations by J. P. Hagen and his
coworkers at the Naval Research Laboratory indi-
cate that appreciable excess noise is generated
during the existence of active sun-spots at wave-
lengths even below 1 cm. This indicates that par-
ticle streams of higher density than estimated in
the present paper can also be produced.

Because of a rather good agreement between the
theoretical results and the observed data, it is
believed that a more detailed analysis of abnormal
solar radiations on the basis of the present theory
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FIG. 2. Solar radiation spectrum showing a second maximum
in the region of radio frequencies. These abnormal radiations
are caused by streams of charged particles issuing from sun
spots.

is about 106 megacycles so that the power density
(per cycle per second) E, at the active area of sun is

=I'. ,/Af, = (17—4.3)10 "
watt/cm'/cycle/sec. (15)

As reported by Appleton and Hey' the area of the
active sun spot (5) during the period of their
observations was estimated to be about 2&(10 ' of
the area of the sun's hemisphere:

S=2.10 ' 2Ir(0.432X10 )'
= 2.35 X 10 sq. miles. (16)

Assuming that the whole area of the sun spot was
effective in generating abnormal radiations the
power density 2, at the earth's surface (a distance
R=92.9X106 miles away) can be easily computed
to be
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APPENDIX I.
Theory of 8 ace-pace-Charge Vive and Particle

Interaction

Conside
'

er that n-streams of char g p
s p„moving in the z-

'z-"irection with
re injected into a s ace

t T k
turbations, we d fi h

ing into account onl fiy rst order per-
e e ne the s acep carge de sit

ve ocj.t~es as follows

QQ)pn = FZn

gcov. —v„I'v.= (e/m) E.

By using (3a) and (6a) we obtain

ja)p =I'(p„v„+v„p„)
so that

v = 0 /I'Ii (2(d I'v )—.
%hen 9a isis substituted into To a we obtain

(6a)

(7a)

(8a)

(9a)

pn = pn+ pnp

Vn =Vn+Vn,

(1a)
[(e/m) p ]

p = — I'E
((~+jI'v„)'

so that 5a can be written as

(1Oa)

Zn =1„+Zn=l„+p„Vn+8np„. (3a)

The first s m
quantities, and th

ym ols represent average or d.c.
e marked s mbo p

a ion quantities which-., - h.--. -e an distance in an
~ l, ,ho e variation of the field E.

E E ~
—I''z+j+t (4a)

f

(
v' E=gp. '

[,

where I' is the re propagation constan
t}1 d'e isturbance ha

equation
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" [(&/~) (~./~) ]rE.
((d+jI v )2

(11a)

=1..(.((o+jI'v )'
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(13a)
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t'"i dry /dv
dV =1.
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(14a)
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;~ li'!

(15a)

In the case of only two streams
quencies ~ and &„and ve
oI io oI (13 )a can be written exphcj. tly when

(0( vl —(412/v

I' = n[x'+ 1&(4x'+ 1)& &

/ // /
., /// ~ A.&l

il, / i' Z 3't.&
„

/'/
p

i z+&e iV, N
i z/lb'ii~~

0 & 4 .6 .8.8 I.O l, 2 l.4 l.6.8 . . . . I.8 2O 2.2 2.4

ltd ~i p4 %

FIG. 3. ar1ation of the r
ta t 'hth 'h"-"""'"(.

i ution index (P}.
x, or i erentvalues

where for the cae case vq=cv2

2 (v&+v&)

—'V —V

d
g (v(+vm) M( v(0(

(16a)

and foor the case ca(/v( ——(02 v1 —2

1
2 (v( v2) (d

(v(v2)~ (d co

(17a)
t'(~(a)2) 1

a=[
f

and x=
VyV2 ((2)

The factor x is calleca e the inhomogeneity factor It



OR I GI N OF SOLA R RA D IO NO I S E i55i

defines amplifying properties of the space traversed
by electron streams. The general solution of the
two-stream case when oui/id2 and a&ijvi/cd2/v2 is
given by Haec, Arnett, and Stein' from which Fig. 3
is reproduced. This figure shows the real component
of the normalized propagation constant (y,/a)
plotted against the inhomogeneity factor x for dif-
ferent values of the "distribution index" p defined
as p = v&&o~/v2&0&+viui/vi~dm and expressing the
current distribution between the two streams.
Maximum amplification of the space-charge-waves
occurs when cdi=rum or when cubi/vi=cu2/v2 and the
inhomogeneity factor is equal to ~%3. Therefore, the
frequency of optimum amplification is given by

~d, i=2v%a&i/il when a)i=a&2. (18a)

APPENDIX II

Zero-Gain Velocity Distribution

If the velocity distribution in the inhomogeneous
stream is such that da&„'/dv = k then the solution of
Eq. (14a) of Appendix I gives

kdv k f 1 1

(~+iTv)' iT' &~+iTvm ~+jf'vi&

k(v, —v2)
(19a)

(co+jl'v, ) ((0+jl'vi)

or, since

quantity, the propagation constant I' is always
imaginary, regardless of velocity range or the mag-
nitude of current. Therefore if the velocity dis-
tribution in the stream can be expressed as
d~d„'/dv =k, then no space charge amplification can
take place.

P2 ——

r

V(dI/d V)d V.
4 Vi

(24a)

But from the expression defining the distribution of
current

d(a.'/dv = k = e/me(dI/vdv),

we find that

(25a)

(m/e) ekvdv

APPENDIX III

Estimate of Available Power

If it is assumed that the original velocity dis-
tribution is such that current I~ is produced by
charges moving with velocity v& corresponding to a
potential U&, and the current I2 by charges of
velocity v& corresponding to a potential V2, then
the total power carried by the stream at the origin
is

Pi = Ii Vi+12 V2. (23a)

Assuming the final distribution to be as described
in the Appendix II, the total power carried by the
stream at the end will be

co~= i dv=
dv

kdv = k(v2 —vi). (20a)
= (ek/2) (m/e) (vm' —vi') = ek( V2 —Vi), (26a)

Equation (19a) can be written as

Vy+V2 0) —MI' —jt' w —— =0. (21a)

and

V2 —Vg

dI dI dv m vdv Ii+I2
=—~k = ok=

dV dv dV e dV
(27a)

The solution of (21a) gives Therefore,

I' ' Ii+I2
P, = Vd V=-', (Vi+ Vi)(I,+Ig). (28a)

~ v1 Vg —Vg

Since the sum under the radical is always a positive

6A. V. Haeff, H. Arnett, and K. Stein, submitted to the
Proc. I. R. E. in Nov. f948.

Finally, the available power, or the power that can
be converted from kinetic energy of the charged
particles in the stream into the field energy of the
space-charge waves and eventually radiated, is

P =Pi P2 ——(Ii Vi+I2V2—)——',( Vi+ Vg) (Ii+I2) = 2( Vi —Vz) (Ii —Ip). (29a)


