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I. INTRODUCTION

THE study of the physical properties of interplanetary
plasma has been attracting great interest in view of the
intense mastery of outer space. The most important
characteristics to be studied are the concentration,
structure, and dynamics of the interplanetary plasma,
and also the structure of the magnetic fields. These
characteristics are studied with the aid of rockets and
earth-based radioastronomical and other research
methods.

Radioastronomical investigations are based on the
study of the influence of the interplanetary plasma on
the passage of radio waves through it. They therefore
make it possible to solve problems of two types: 1) if
the true characteristics of the radio emission of the dis-
crete sources are known, then it is possible to obtain
from them and from their observable characteristics
information concerning the properties of the near-solar
plasma; 2) on the other hand, if we do not know the true
characteristics of the radio sources (their dimension,
structure, radio-brightness distribution), then they can
be obtained from the observed characteristics and known
properties of the near-solar plasma. Two radio-
astronomical methods involving different quantities are
extensively used at present to solve this group of prob-
lems. These are the ‘ transmission’’ method, based on
the use of the eclipses of sources in the radio band, i.e.,
on transmission of radio waves from discrete sources
of radio emission through the near-solar space, and the
method of ‘‘radio scintillation,”’” which is based on the
study of the scintillation of the intensity of sources with
very small angular dimensions.

The ‘“‘transmission’’ method was proposed and em-
ployed for the first time in 1951 by V. V. Vitkevich, who

...............................

called attention to the fact that one of the most powerful
discrete sources of radio emission, the Crab nebula, is
located near the ecliptic. This suggested the investiga-
tion of the solar corona ‘‘by transmission’’ during
periods of visible approach of this source to the sun!'1,
To effect these observations, a radio interferometer was
proposed and employed, with specially chosen param-
eters, making it possible to separate the radio emission
of the Crab nebula against the background of the much
more powerful (by one order of magnitude) radio emis-
sion of the sun. Observations carried out in 19511953
in the Soviet Union and in 1952—1953 in Cambridge
(England) led to unexpected results. It turned out that
the near-solar medium exerts an influence on the
meter-band radio waves passing through it over tremen-
dous distances (up to 15 RQ), since a decrease in the

amplitude of the interference pattern is observed in this
caselt»1d7, However, the nature of the observed effect
remained unclear until 1954 because these results could
not be interpreted uniquely. They could be due both to
absorption of the radio waves in the solar corona and to
scattering in it. Observation with an interferometer

with bases of different lengths have made it possible to
clarify the nature of the observed effect®*!. It was es-
tablished that the increase of the angular dimensions of
the Crab nebula is due to scattering of its radiation by
inhomogeneities of the electron density, which first ob-
servations have shown to extend over tremendous dis-
tances, on the order of 15 R. An extension of the solar
corona (the supercorona of the sun) could thus be ob-
served.* It was established thereby that the supercorona

*This is usually defined as the region r <60Rg,. The extension of
the supercorona is the interplanetary plasma.
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has an essentially inhomogeneous structure, and this is
indeed the cause of the observed scattering of the radio
waves. Perfection of the radio-interferometric obser-
vation procedures has made it possible in subsequent
years to observe the supercorona in the region of larger
distances, which by now have reached = 1/3 a.u. (i.e.,
~60 ),

The discovery of quasars (sources with very small
angular radio dimensions, < 1”) in 1963/*°7 has made it
possible to extend radiocastronomical investigations to
more remote regions of interplanetary plasma. This
has become possible as a result of the application of a
new method—the ‘‘radio scintillation’> method, which is
also based on transmission through the interplanetary
plasma, but the measured quantities are in this case the
fluctuations of the intensity and the period of the ‘‘scin-
tillation’’ of the radio source. This method was first
used in 1964 by Hewish et al.!''? The idea of the method
was proposed back in 1956 by V. L. Ginzburg"?' and
was considered in detail in 1958 by V. V. Pisareval®],
However, its practical implementation became possible
only after the discovery of the quasars. The principle
of this method consists in the following. If a layer in
which the electron density is statistically inhomogeneous
is located between a point source of radio waves and the
earth, then the waves passing through this layer are dif-
fracted. When the inhomogeneities move with velocity v
relative to the earth, the diffraction pattern moves over
the earth with the same velocity, thus causing fluctua-
tions (scintillations) of the intensity of the radio emis-
sion at the point of observation. Such radio scintillations
were first observed systematically by Hewish et al. for
a large number of sources'**!, Since the intensity os-
cillations observed inf**'"? had a period 7 on the order
of several seconds, they could not be due to changes of
the intensity of the sources themselves, because 7 is
much shorter than the time of propagation of the light
through the source. One must also reject an ionospheric
origin for the observed scintillations, since such a hypo-
thesis leads to the absurd result whereby scattering of
radio waves by the ionospheric inhomogeneities should
lead to ‘‘visible’’ angular dimensions of the source
> 10°. It was therefore concluded that the scintillations
of the radio sources are due to diffraction of the radio
waves by the inhomogeneities of the interplanetary
plasma, which move with the velocity of the solar wind,
reaching in accordance with Parker’s theory approxi-
mately 400 km/sec at a distance on the order of
100 RG[“” . Observations of radio scintillations have

made it possible to study the electronic inhomogeneities
of interplanetary plasma in the region (80—260) RQ,
i.e., up to record distances exceeding the radius of the
earth’s orbit. Recently these observations were exten-
ded to the region of high frequencies, making it possible
to investigate by the ‘‘flicker’’ method regions closer to
the sun, and thus encompass a broader region of dis-
tances, (20-—-260) R...

The combination of the two radioastronomical
methods makes it possible to carry out regular obser-
vations of the near-solar plasma in a distance range
(4.5—260) R . and obtain its most important parameters,
namely the form, dimension, and concentration of the
electrons in the inhomogeneities, and also their velocity
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of motion at different distances from the center of the
sun. These characteristics of the interplanetary plasma
cannot be obtained by any other method.

II. RESULTS OF STUDY OF THE SOLAR SUPERCOR-
ONA BY THE ‘‘“TRANSMISSION’’ METHOD

1. Characteristics of Inhomogeneities in the Distance
Range r = (5—60) R®

Observations by the ‘‘transmission’’ method have
established that the presence of inhomogeneities is a
characteristic and permanent property of the quiescent
supercorona and the interplanetary plasma. The inhomo-
geneities are observed both during the years of the
maximum and during the years of the minimum solar
activity, in both low and high solar latitudes!-%%1,
Inhomogeneities of various types were discovered and
investigated in the near-solar plasma®?*!, Thus,
rapidly moving large-scale inhomogeneities were ob-
served (with dimension ! ~ 10% km and velocity on the
order of several thousand km/sec), leading to short-
duration variation of the intensity of the source signal
(characteristic time ~ 1—3 min). Stable (without notice~
able motion) large inhomogeneities (characteristic
dimension about 10° km) leading to refraction of radio
waves were observed starting in 1956; refraction near
30’ was observed at a wavelength A = 6 m and a distance
(10— 20) R . These values of the refraction were attri-
buted to the presence of inhomogeneities with an elec-
tron density approximately 10 times the average value.
Cases of refraction were observed many times later
also at larger distances. However, the main result of
these investigations was the establishment of the fact
that the plasma in the near-solar space always contains
small-scale inhomogeneities which scatter radio waves
of the meter band®**%?*1 A study of the dependence
of the angle of scattering of the radio waves on the
minimum distance of the line of sight to the center of
the sun $°(r,) has made it possible to obtain estimates
of the characteristics of these inhomogeneities.

In “transmission’’ experiments, the quantity meas-
ured directly is the radio-wave scattering angle ®, with
the aid of which one calculates the combination of quan-
tities 2427

e, g
where AN—excess of the electron concentration in the
inhomogeneities above the mean value and {—effective
dimension of the inhomogeneities. To determine the
parameters AN and / separately, estimates were made
of I by starting from indirect considerations, and then
the values of AN were obtained from the known values
of ® using (1). An estimate of the upper limit of ! was
obtained from the conditions of applicability of the
geometrical-optics approximation to the problem of
radio-wave scattering in a statistically inhomogeneous
medi;;m containing inhomogeneities of the electron den-
sity#*!

>4, 2)
p- Yy, (3)

where A—radiation wavelength, R—distance from the
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observation source to the effectively scattered region,
and D—wave parameters. As shown in'*®), it is neces-
sary in this case to consider two possibilities. The first
occurs when the angular dimension of the inhomogenei-
ties satisfies the relation

V@<%—, 4)

at which rays from only one inhomogeneity of the phase
of the wave front reach the observation point. In this
case only refraction phenomena can be observed, without
an increase of the source dimensions. When the inverse
relation

o> (5)

is satisfied, the radiation arrives at the point of obser-~
vation from several inhomogeneities of the wave-front
phase, and the effect of radio-wave scattering leads to
an observable increase of the angular dimensions of the
radio source. In this case the observable quantity ®

can be regarded as the upper limit of the angular dimen-
sion of the inhomogeneities:

2lmax = RD. (6)

Estimates based on formula (6) have shown that®*
Imax = 5% 10° km at r/Rgy = 60. To estimate the lower

limit Iy, iy, the diffraction-theory approximation was
used for the case when the wave parameter D satisfies
the condition

D>1. (7

In this case, the deviation of the incident-wave energy
flux from the unperturbed direction (i.e., the increase
of the “‘visible’” angular dimensions of the radio source)
is due to statistical diffraction of the radio waves. The
expression for the radio-wave scattering angle has in
this case the form®®

O — i (B0, (8)

where (Ag)® is the mean square phase shift of the wave
in the layer as a result of the inhomogeneities. Substi-
tuting in (8) the value of {A@)® = 1, corresponding to the
maximum possible value of the scattering angle (an ap-
parent increase of the dimensions of the source will be
observed only for the case of strong perturbation of the
wave front, when (a¢)’ > 1%%), we get

A
lmin:‘ﬁ - (9)

Application of formula (9) to the values of & obtained in
experiments by ‘‘transmission,”’ lead to the value®*!
Imin ~ 50 km at r/R~ = 90. The values of the scattering
angles were recalculated in terms of electron densities
with the aid of the obtained values of 1[%»2%%%3%,

From the values of lyyax and Ipyiy we get

50 km < i< 5000 km. (10)

The plasma characteristics I and AN estimated with the
aid of the ‘‘transmission’’ method are subject to a con-
siderable uncertainty, due to the inaccurate value of the
characteristic dimension of the inhomogeneities. None-
theless, this method has yielded many new data on the
near-solar plasma, which heretofore could not be inves-
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tigated at all. First, it was established that the dimen-
sions of the supercorona depend on the phase of the
eleven-year cycle of solar activity: during the period
of the maximum, the dimension of the supercorona is
on the average twice as large, but the laws governing
the variation are different for different regions of the
coronal®?*%®); second, it was established that the super-
corona is asymmetric (is elongated in the equatorial
plane) in different years (on the average the dimension
of the equatorial region is approximately double the
polar dimension)®'?; finally, these measurements
served as a basis for the creation of models of the in-
homogeneities themselves %%,

2. Influence of the Scattering of Radio Waves in the Solar
Supercorona on the Observable Dimensions and Shape
of the Discrete Sources of Radio Emission

A study of the solar supercorona by the ‘‘transmis-
sion’’ method has led to the discovery of anisotropy of
its scattering properties™®***1, It was established!®*)
in 1957 that the scattering of radio waves in a direction
radial with respect to the center of the sun is much
smaller than scattering at an angle perpendicular to it.
This anisotropic scattering effect can be attributed to
the fact that the inhomogeneities have an elongated form
and are oriented principally in directions close to radial.
The form and the orientation of the inhomogeneities are
due in all probability to the influence of the quasiradial
magnetic field of the sun, which makes the diffusion of
the charge particles across the force lines difficult. It
has therefore become customary to consider the scat-
tering properties of the supercorona by starting from
the existence of radially-elongated inhomogeneities.

Simultaneous observations of the Crab nebula during
the periods of its approach to the sun, with interferome-
ters having three differently oriented bases, have made
it possible to ascertain that the form of the scattered
source in the picture plane is close to elliptie, with an
axis ratio equal to approximately unity at r/ RQ < 10,
becoming equal to about 1/2 at r/RG > 10, and remain-

ing constant at this value in a wide range of distances
(up to 40 RO)[”]. These averaged results make it possi-

ble to draw some conclusions concerning the form of the
scattering inhomogeneities and to propose the existence
of isotropic inhomogeneities in the distance region

r/ R@ < 10 and radially-elongated the inhomogeneities
in the region r/R . > 10. The results of these investi-
gations served as the basis for the development of a
supercorona model using two types of inhomogeneities:
isotropic and radially-elongated®®!. Extensive calcula-
tions made within the framework of this model have
made it possible to take into account the influence of the
solar supercorona and of the interplanetary plasma on
the observable dimensions and shapes of the discrete
sources of radio emission located at various distances
from the sun, when observed from different points of the
solar system!'*,

The problem consisted of relating the observable
scattering of the radio waves with the properties of the
near-solar plasma. An integral equation was derived,
in which the scattering properties of the medium at each
point of space are characterized by a scattering function
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V() =2 ;‘/&‘.4.47.10-1%;,% ) (11)
When applied to the case of the isotropic inhomogenei-
ties, this equation takes the form¢®}

T, =2 v,

ro

rdr . 12
L (12)

In the case of the radially-elongated inhomogeneity
we have

331

—_ 2 bt ‘Zd
®7aq (ro) =7 S 1Fgmd ) Vr;f';r; . (13)
ro

In experiments with ‘‘transmission’’ it was established
that the dependence of the radio-wave scattering angle
on the minimum distance of the line of sight to the cen-
ter of the sun r¢ in the distance range

4.5 <7—<<90
can be well approximated by the power-law function

aZ("(J):—

2m
0

2 (14)
in which the parameter m depends on the phase of the
solar activity: according to Vitkevich, for the major
axis of the scattering ellipse m = 1.11, during the years
of minimum solar activity (1959—1963) and m = 1.72 in
the years of maximum activity (1956—1958)"*"1; ac-
cording to data by foreign authors, the corresponding
values are m = 1.38 and m = 2.33%%%1 A power-law
dependence of the type (14) makes it possible to solve
the integral equations of scattering (12) and (13) by the
Abel method, and to find an expression for the scatter-
ing function ¥ in terms of the values of the parameters
k and m, which are known from experiment!**?:

1
2 .
]’.ismisr (’"is -+ ?)
VAT i 1) "7
k2 (2mpag — DT (i
rad (2"1ad (7 rag) Y (16)

9 1/5 r (”Lrad /;_A%) L rad ™+t

.
Wi (ry mis)

(15)
1IrA;’ad (r, M) =

where I'(m) is the gamma function.

Knowledge of the scattering functions for the radially
elongated and isotropic inhomogeneities makes it possi-
ble to calculate the radio-wave scattering angles for a
source located both ‘‘infinitely’’ far (for example, in the
galaxy),* and at any finite distance from the sun. The
latter problem is quite timely in connection with the
study of the influence of the near-solar plasma on the
intrinsic radiation of the ‘‘quiet’’ sun and its active
formations. We encounter a similar problem also when
the supercorona is viewed by transmitted light from
Jupiter and other planets, and in problems involved in
rocket investigations. The inhomogeneities of the near-
solar plasma influence the observable distribution of the
radio brightness of the ‘‘quiet’’ sun, the observable
dimensions and shape of the individual local sources.
This influence, at wavelengths near 10 meters, becomes
quite noticeable and it must be taken into account in the
interpretation of the experimental data.

Calculations have shown that allowance for the finite
distance from the source to the scattering medium leads

*This case is realized when the supercorona is viewed by transmitted
radiation from the Crab nebula and from other galactic radio sources.

to a weakening of the radio-wave scattering effect*?,
The influence of different factors (shape of the inhomo-
geneity, values of the parameters m and ro) on the at-
tenuation of the scattering effect was investigated. It
was shown that the weakening of the scattering is less
pronounced for radially-elongated inhomogeneities. The
influence of the scattering of radio waves on the ob-
served shape of the discrete sources was also investi-
gated, and the ‘‘visible’’ elliptical form of the radio
source was found to depend on its distance from the
center of the sun: when the source approached the ob-
server, a noticeable elongation of the elliptic form took
place in a direction perpendicular to the radial direction
to the source!®!. The influence of the inhomogeneities
of the near-solar plasma on the observed shape and
dimensions of the source situated at a finite distance
from the sun were investigated by observation from
points that were likewise located at a finite distance
from the sun. It was shown that the presence of the
supercorona leads to scattering of the radio emission
from the active regions of the sun by amounts on the
order of 3'—20’ (at 8 meter wavelength)!*?, Observa-
tions of such effects can be used to obtain regular in-
formation on the near-solar plasma.

3. Model of Two-component Structure of the Solar
Supercorona

The concept of the supercorona as a two-component
medium was developed in®®*'*'?, This concept follows
from a comparison of the optical measurements of the
electron density with the radioastronomic measure-
ments, which were described in Sec. I above. The opti-
cal investigations of the supercorona are based on the
fact that the light flux from these regions is due to
scattering of the radiation of the photosphere (in the
continuous spectrum) by free electrons and by the dust
component of the supercorona. It is assumed here that
the polarized emission is connected with the scattering
by electrons. The photometric polarization measure-
ments made it possible to determine the dependence of
the average concentration of the electrons on the dis-
tance to the center of the sun. Such measurements were
performed by Blackwell during the time of the solar
eclipses of 1954 and 196311, they encompassed the
distance range 5 = r/ RG = 20. Taking into account the

earlier observation by Michard®*! (3 = r/R_, = 10), it

can be stated that optical data obtained in the distance
region 3 = r/R_ =< 20 indicate that Ng =~ 3.4 x 10° el/cm®

(at /R = 3), 10% el/cm® (at r/R©= 10), and 2.6
x 10° el/cm’® (at r/RQ = 20). We note once more that the

optical investigations yield the average electron density,
whereas the radio observations by the ‘‘transmission’’
method make it possible to obtain the excess AN of the
electron density in the inhomogeneities over the average
concentration N in the supercorona. The rates of de-
crease of the electron density with increasing distance
from the center of the sun, as obtained from optical and
radio data, were compared in‘*'?. For both electronic
components, the exponent of the decrease was calcula-
ted in'? as a function of the distance to the center of
the sun. It was established that for distances (5—10)R

the exponent obtained from optical data is much higher
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than that obtained from radio data, but the two exponents
are approximately equal in the region (12—15) RQ

Starting from these results, Vitkevich reached the con-
clusion that the supercorona of the sun has a two-com-
ponent structure, One is a regular component, with
uniform distribution of the electron density. Radio waves
propagating through it are not scattered. The second
component is statistical and consists of inhomogeneities
of the electron density, which cause scattering of the
radio waves.

In the investigation of the solar supercorona by the
“transmission’’ method, using radio sources such as
the Crab nebula, it is natural to assume that the statis-
tical component is responsible for the scattering of the
radio waves and leads to an increase of the observable
angular dimensions of the radio source, whereas the
regular component is responsible for the refraction of
the radio waves. Since the regular component is charac-
terized by a relatively rapid decrease of the electron
density with increasing distance from the sun, it can be
assumed that at large distances (r > IORQ) the effect

of scattering of radio waves will prevail, and the refrac-
tion of the waves can be neglected. However, at distan-
ces (3—10) R®, when both effects are significant, it is

essential to solve the problem of the simultaneous influ-
ence of the scattering and refraction of the radio waves.
The problem of the influence of a two-component med-
ium on the observable position and shape of the pene-
trating radio sources was considered qualitatively in®*!
and in detail in!*®), It was found that allowance for the
simultaneous influence of refraction and scattering of
the radio waves at distances up to 10 RQ leads to a shift

of the effective radiation center of the source and to a
distortion of its observed form. It has been shown that
by measuring the shift of the effective center of the
radiation of the transmitting radio sources it is possible
to investigate the distribution of the average electron
density by a radioastronomical method, a fact which is
of certain interest.

III. STUDY OF INTERPLANETARY PLASMA BY THE
““RADIO SCINTILLATION’’> METHOD'!

1. Observations of Interplanetary Scintillations

The first observation of interplanetary scintillations
of radio sources were made (by Hewish et al.) at a wave-
length A = 1.7 m and at an angular distance § = 80° from
the source to the sun™". The use of longer wavelengths,
A= 3.5 and 7.9 m (Vitkevich et al.) has made it possible
to observe scintillations up to 8 = 160°, i.e., much far-
ther!®2%, At the present time, such observations are
carried out successfully in a number of countries, and
we have data for the wavelengths A =7.9 and 3.5 m
(Vitkevich; sources 3Cl44, 3C48, 3C14T)I5 19201 ) = 3.7
and 1.7 m (Hewish; sources 3Cl44, 3C48, 3C138, 3C237,
3C208, 3C225)' 1416461 "3 = 0,74 m (Sinigaglia; source
3C273)*7, A = 1.5, 0.70, 0.49 m (Cohen; sources CTA21,
3C138, 3C273, 3C287, 3C286, 3C298)!"21881 and A = 0.21
(Hogg and Menon; sources 3C273 and 3C279)%?). In each
case, very complicated plots were obtained. These were
used to calculate the period of the scintillations (the re-
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ciprocal of the number of maxima per unit time)
(1

=

where L is the scale of the diffraction pattern on earth,
v is the velocity of the inhomogeneities relative to the
earth, and the measure of the scintillation F is the rela-
tive mean square deviation of the intensity

p_I'=D? (18)

2

The dependence of 7 and F on the angular distance 6 and
on the employed wavelength A was investigated.

Comparison of the data obtained by different authors
has made it possible to draw the important conclusion
that the period of the scintillations 7 does not depend on
the wavelength A and remains approximately constant in
a wide range of angular distances from the source to
the sun. Data at the shorter wavelengths, 0.75—0.21 m,
are used at closer distances (6 < 35°), and data at the
longer wavelength, 7.9 m, are used for larger angles
(6 =~ 80—160°). These conclusions were obtained in!'®?,
where it was shown that the histograms of the periods of
the scintillations at 3.5 m (Vitkevich et al.) have a spec-
trum similar to the spectrum obtained by Hewish at
1.7 m.

The results of the observations!»** 718221 haye
made it possible to conclude that the scintillations can
be subdivided into two main types: scintillations pro-
duced under conditions of weak scattering (§ > 20°), and
those produced under conditions of strong scattering
(6 < 10°). All the principal data pertain to the region of
radial distances 6 > 20°, when the interplanetary in-
homogeneities form a weakly scattering medium, i.e.,
when the total phase shift of the wave Ag due to the in-
homogeneities of the interplanetary medium along the
line of sight is smaller than 1 rad. In this case it is well
known that the dimension of the diffraction pattern L ob-
served on earth can be assumed equal to the dimension
! of the inhomogeneities themselves!*!. Indeed, in the
case when the dimension of the inhomogeneities greatly
exceeds the wavelength (~1 m), as is the case under
the conditions of the near-solar plasma, the conditions
of geometrical optics are well satisfied, so that the scat-
tering action of the layer of inhomogeneities in the case
of weak deflection of the rays reduces to a distortion of
the phase of the wave Ap.* When V(@¢)® « 1 (as is
known from the theory of scattering or radio waves by a
thin phase screen), the scale of the diffraction pattern in
the observation plane coincides with the characteristic
dimension of the inhomogeneities, L = I/; on the other
hand, if Y(A¢@)? 3> 1, then the observed dimension of the
diffraction pattern L depends on the ratio of the dimen-
sion of the inhomogeneities ! to the first Fresnel zone
VAR % When D > 1 (i.e., when I < AR ; see (7)) we
have

L=—t (19)

whereas when D < 1 (when ! > vAR) the diffraction pat-

*Satisfaction of the conditions of geometrical-optics and of small am-
plitude modulation of the wave after emergence from the layer makes
it possible to replace the layer with inhomogeneities by a phase screen.
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tern contains characteristic dimensions of the order of
1 and I/¥(A¢)®. The presence of the scale ! is connected
with the focusing action of the inhomogeneities, which
takes place when ! > vAR. All these considerations
pertain to a pointlike source. With increasing angular
dimensions & of the source, the diffraction picture be-
gins to smear out when

W~ (20)

i

where R is the distance from the layer containing the
inhomogeneity to the earth. This makes it possible to
detect sources with & < I/R (quasars) by the presence
of scintillations, and since in this case & « 3%, (11)—(13),
it follows that for each wavelength A there is a certain
limiting value of ¢, determined from the condition (20),
beyond which the approach of the source to the sun leads
to a decrease in the scintillation measure F. On the
other hand, in the case of very large 9, the increase of
the angular distance will also lead to a decrease of F,
this being connected with the decrease in the density of
the medium (i.e., with the decrease of the phase shift
V(A @)?). Therefore, for each wavelength A there is a
separate region of values of § where the fluctuations of
the intensity are particularly strongly pronounced. Ob-
servation of the intensity fluctuations at different wave-
lengths makes it possible to separate different regions
of the near-solar plasma.

2. Method of Calculating the Electron Densities From
Radio-scintillation Data

The experimentally known values of 7 and F make it
possible to calculate the plasma parameters [ and AN.
Relation (17) allows us to obtain the value of [ if we
know the velocity of the inhomogeneities relative to the
earth, v. The value of AN is calculated from the known
values of F and I. Inthe case when (A9)° « 1, the ex-
pression for F takes the form!*

A e 1
F =208 [1 = pamar | - (21)
The mean-square phase shift of the inhomogeneities
V(a@)? is determined in terms of the phase shift from
one inhomogeneity V(A ¢o)? and the number of the inhomo-
geneities m: (A¢)® ~ m (A@,)°; more accurate calcula-

tions give an additional factor V7, so that

(Ag)t =1.8{Aq)E m. (22)

Expression (21) for F was obtained under the assump-
tion that the phase screen is produced by the inhomo-
geneities located in a layer having a small thickness
AR compared with the distance R, i.e., AR < R. When
scintillations of the radio sources are observed, this
inequality is not satisfied, and for most cases AR ~ R.
No rigorous theory has yet been developed for this re-
lation, so that we shall take R to mean a certain mean
distance from the earth to the layer with the inhomo-
geneities, and AR to mean a certain effective thickness
of the scattering layer. R and AR, were calculated
numerically in!*®?,

Let us see how F changes with changing R along the
line of sight at a specified §. When the condition AR
< R is satisfied, the scintillation measure F depends
strongly on the distance R. When 2AR « 7l® (observa-
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tion in the near zone) the quantity in the square brackets
of (21) is much smaller than unity, and F is also small.
Thus, at close distances from the scattering layer, the
efficiency of the inhomogeneous screen is small. With
increasing R, the number of scintillations from the same
layer increases; when AR = {* we have

F=0.6Ag)p. (23)

Finally, at 2 AR > 71%, when we are in the far zone, the
quantity in the square bracket can be assumed equal to
unity. In this case the action of the inhomogeneous
screen is most effective. As to the dependence of the
phase shift per unit length (along the line of sight) on the
distance, it is obvious that at sufficiently large distances
this quantity always decreases. Therefore, if we repre-
sent F in the form of a sum, breaking up the entire layer
into thin layers 6R; of equal thickness with phase shift
(8 @1)? and with corresponding distance to the observer
Rj, namely

F:22¢Mm11—_ﬁ%ﬁl, (24)
i= - k4

=t Ty
then the terms for small values of i will be small be-
cause the second factor is small, and at large i the first
factor will always be small, starting with a certain value
i = k. For a certain value i = m, the corresponding term
of (24) will have a maximum, i.e., this layer will make
the largest contribution to the scattering. The distance
to this layer will be denoted Ry, i.e., Ry is a certain
effective distance from the observer to the scattering
inhomogeneities. It is further possible to find a certain
effective layer thickness AR, which we define as the
thickness at which F decreases to 0.5 of the maximum
on both on the side of smaller distances (R;) from the
observer, and on the side of the larger distances (R:)

AR=R,—R,.

The corresponding calculations were performed in!**?,
and the values of Ry and AR were obtained for differ-
ent 9.

Since AR is the path in the inhomogeneous medium
and 27 is the dimension of the inhomogeneities, we re-
write (22) in the form

(Bo) = 1.8 B 4 . (25)
using the well known relation '}
VG =y, 45102 Y (26)

we find the expression of interest to us for the electron
density of the inhomogeneities

(Ap)?
7‘1211[kmAHkm

(AN)E == 3 5-1010

where A¢? = F/2 from (21).

Figure 1 shows an example of the values of Ry, Ry,
and R; as functions of the angle 6 for A = 7.9 m. We see
that at 8 = 180° the region of the more effective scatter-
ing comes closer to the earth, AR ~ 0.45 a.e. When 6
decreases, AR first increases, but it decreases notice-
ably on approaching the sun.



FIG. 1. Location of that layer of in-
homogeneities of interplanetary plasma
which makes the main contribution to the
radio scintillations. R; and R, —internal
and external boundaries; AR —thickness
of layer along the given direction 8. In
the calculations it was assumed that \ =
7.9 m,!=600km, and 2m = 3.5.

3. Description of Radio Wave Scattering with the Aid of
the Theory of the Phase Screen

As already noted above, to describe the scattering
of transmitted radio waves by a medium, extensive use
is made of the theory of the phase screen, in which the
action of the medium is replaced by a phase screen
which produces the observed scattering. A recently
published paper by Salpeter™ is devoted to an exten-
sion of the result of the theory of the phase screen to
the study of the intensity and measure of the scintilla-
tions in the picture plane as a function of the distance z
from the screen to the observer at different values of
(A@)2 1331331 We consider the cases z < zoand z > z,
where zo is the distance from the scattering screen at
which the angular dimension of the inhomogeneities of
the refractive index coincides with the angular dimen-
sion of the first Fresnel zone. When z = z,, the wave
parameter (3) is D = 1 and

(28)

2ml2
Zg=-"—
The case z < zo (D < 1) corresponds to the region of the
near field, when effects of focusing can play a major
role in the distribution of the intensity in the observa-~
tion plane, together with the diffraction effects (this is
the case if (A¢@)% > 1). In this case, the intensity distri-
bution contains both large inhomogeneities, with dimen-
sion on the order of I, as well as smaller ones, on the
order of I/ (Ago)i, which are superimposed on the large-
scale inhomogeneities. The presence of large inhomo-
geneities when (A¢)° > 1 is connected with the focusing
action of the inhomogeneities of the refractive index,
which have a characteristic dimension ! >> vz '3,

The case z > zo (D > 1) corresponds to the region of the
far field, when only diffraction effects are observed and
the average dimension of the inhomogeneities in the ob-
servation plane is of the order of Z/\f (a@).

Salpeter'®? has shown that the character of the
flicker of a point source depends on two parameters:
(A@)? and z/zo- In this case it is possible to distinguish
four different regimes:

Region 1, where z < zo when vV (A 7 < 1 (weak scat-
tering) and z < I = z,/V{&A®)? when vV (A¢)® > 1 (strong
scattering). In this region, the spectrum M(q) (the
Fourier transform of the intensity correlation function
I(x) (one-dimensional screen)) takes the form

M@ ~1i(Z) @*e* @

(29)

The measure of the scintillations is
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FaVdeR £ (30)
¢(x)—random change of the phase along the screen,
A@)?—mean square phase deviation, (A¢)? p(r)—auto-
correlation function of ¢(x), and ¢(q)—Fourier trans-
form of the autocorrelation function of the phase of
@(x). The correlation length [ is defined as the reci-
procal of the second moment of ¢?(q), for example, for
a Gaussian screen
1,r\2

p()=e2(),

¢ @)=Vl (Sge 2, (31)

12 = g5,

)

_.‘_([)2 !‘
AN ]
J

where gi~second moment of ¢?(q). The spectrum (29)
has a maximum at q = [, and the scintillation measure
F is proportional to A%, The frequency spectrum of the
intensity is Gaussian and there exists a high cross-
correlation between the scintillations observed at differ-
ent frequencies.

In region 2 we have z > zoand (A¢)’ < 1 (weak
scattering). The spectrum is

M (g) =~ 24%¢9*(g),
Fr1.

(32)
(33)

In this case the spectrum (32) observed on earth is the
same as the spectrum of the phase fluctuations on the
screen. The scintillation measure F is proportional to
A. There is a Gaussian distribution of the intensity and
a high cross correlation under the condition

Av 1 ve—vy 12

v T 2 Ve z -

In region 3 we have z 3> [ = zo/V (A@) and (Ag)* > 1,

(34)

M (g) ~ exp [ - ¢ (35)

2V BeR )z:l '

F1. (36)

The spectrum has a Gaussian form, and its width

V2V {2a@)?/I is proportional to A. The scintillation meas-
ure is of the order of unity, and the cross correlation
is small if

o (2) VT )
Region 4 is the boundary between regions 1 and 3,

z ~ 1 « zo. Scintillations with sharp maxima prevail,

and there is a weak correlation between the scintilla-

tions at different frequencies if

& (VGG (38)
The width of the spectrum depends strongly on A, in-
creasing from 17! in the region 1 to V2V {a ¢)? I"! in reg-
ion 3. The scintillation measure exceeds unity. The
theory of the phase screen makes it possible to separate
the four principal regimes of the scintillations (inten-
sity fluctuations), depending on the values of the param-
eters V(A@)? and z/z,. Knowledge of these regimes
(29)--(38) makes it possible to determine from the
available experimental data the region of the scattering,
and accordingly to obtain the parameters of the phase
screen: its distance, the characteristic scale 7, and the



INVESTIGATIONS OF THE NEAR-SOLAR PLASMA

electron densities AN. This work was performed in?*"?,
where the results of observations at wavelengths 1.5 m,
70 ¢cm, and 49 cm are compared with the theory presen-
ted above. It is shown that the observations are in
sufficiently good agreement with the theory and it is
possible to determine the corresponding scattering
regime. The characteristic dimension ! has been de-
termined (I = 110 km), as well as the mean-square fluc-
tuations of the electron density, which amount to ap-
proximately 2% of the surrounding density:

A~ 2. (39)

4. Radio Astronomical Observations of Solar Wind

A study of the interplanetary plasma by an indirect
method, from observations of comets, has shown that
there always exists a plasma stream flowing in all
directions away from the sun. The plasma flows in first
approximation radially, with an average velocity
400—500 km/sec. This makes it possible to regard the
interplanetary plasma as a solar wind, i.e., we can state
that the interplanetary plasma is of solar origin and is
connected with the hydrodynamics of the external layers
of the solar atmosphere!®1, In the region of the earth’s
orbit, the velocity of the solar wind was measured with
the aid of rockets, and values v = 270—800 km/sec were
obtained®*?,

The question of the direction and velocity of the mo-
tion of the inhomogeneities is one of the fundamental
ones in the physics of the interplanetary plasma. For
radioastronomical calculations, it is very important to
know the velocity of the inhomogeneities, for this makes
it possible to calculate the dimensions / of the inhomo-
geneities (17) and the electron concentration AN (27).
Until recently, however, the velocity of the inhomogenei-
ties remained undetermined. To be sure, in estimates
of I and AN use was made of values v taken from rocket
data, but in this case it was implicitly assumed that the
inhomogeneities are frozen into the interplanetary
plasma, and that their velocities coincide with the mean
velocities of the total flow of the interplanetary plasma.

In the summer of 1966, at Vitkevich’s initiative™®?,
an experiment was set up at the FIAN radioastronomical
station for the purpose of directly measuring the projec-
tion of the velocity of the inhomogeneities on the earth.
The velocity was measured by determining the relative
time shift of a similar picture of scintillations between
three observation points. Observations were made of
the scintillations of the sources 3Cl44, 3C48, and 3C147
at a wavelength X = 3.5 m and at angular distances be-
tween the source and sun § = 35—45° %!, We note that
the values 6 = 35—~45° correspond to a location of the
effectively scattering layer r ~ 150 R® from the center

of the sun, i.e., to a distance approximately equal to the
orbit of Venus. We recall that according to Parker’s
theory the velocity of the solar wind in the section from
Venus to the earth remains practically constant!'*J. The
measured velocity of the inhomogeneities responsible
for the ‘‘scintillations’’ of the discrete sources was
approximately equal to 350—250 km/sec, and its direc-
tion was close to the radial direction from the sun‘®®!.
Thus, it was established experimentally that the veloc-
ity of the solar wind is on the average close to the
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velocity of the inhomogeneities of the interplanetary
plasma. This makes it possible to assume that the in-
homogeneities of the interplanetary plasma are among
the components of the solar wind. Analogous results
were obtained by Hewish for measurements of the delay
of the scintillations between two points'*®!, A somewhat
underestimated value of the velocity v compared with
rocket data is connected apparently with the fact that
the scintillations are really used to measure the projec-
tion of the velocity vector.

The described method of measuring the velocity of
solar wind from the radio scintillations can in principle
be extended to smaller wavelengths A, making it possi-
ble to measure the velocity of the solar wind at small
distances from the sun ~ (20—40) R . and to verify ex-

perimentally Parker’s theory in those regions in which
direct rocket measurements are impossible.

5. Interpretation of the Experimental Data

Measurements of the fluctuations of the intensity of
radio sources at different wavelengths A have shown
that the period of the scintillations 7 does not depend on
the average on AP*?%M1 Ag applied to formulas (17)
and (19), this means that the obtained data can be re-
ferred to the case of a thin screen, when V{A¢@)2 < 1. As
already mentioned in Sec. III, the period 7 of the scin-
tillations remains practically constant in a wide region
of angular distances from the source to the sun!*®1,
Taking (17) into account, this allows us to conclude that
in a wide region of distances from the sun (60—260 R@)

the dimension of the electron inhomogeneities remains
constant (provided their velocity remains unchanged).
Knowledge of the velocity of the inhomogeneities makes
it possible to determine uniquely the scale of the diffrac-
tion picture on earth, which in the case of weak scatter-
ing (Y {A¢)? < 1) coincides with the scale of the inhomo-
geneities. Thus, data on the period of the scintillations
and on the velocity of motion of the inhomogeneities
gives a unique determination of /, which makes it possi-
ble to decrease the uncertainty of the initial estimate
(10). Comparison with data obtained by the ‘‘trans-
mission’’ method shows that the spectrum of the scatter-
ing inhomogeneities, at distances 4.5 = I‘/RQS 260 lies
mainly in the interval

100km << I < 1000 km (40)
with a characteristic dimension / at distances =100 R

amounting to # 800 km in accordance with the Vitkevich
estimates®'*"*®)  and ~ 200—300 km according to the
data of Hewish!*®). Knowledge of ! makes it possible in
turn to calculate AN with the aid of (11), (21), and (27).
In™®? they used radio-wave scattering observational
data obtained from the scintillations, and the values of
AN were determined for different distances from the
sun (Fig. 2). The electron concentration near the earth’s
orbit turned out to be 0.1—0.5 el/ecm®. Comparison of
these values of AN with the existing data on the average
electron concentration, obtained from Blackwell’s opti-
cal measurements‘®®?, shows that the relative values of
the electron concentration of the small-scale inhomo-
geneities (40) is approximately 1.5—4% (this agrees
with the estimate (39) given in®'?), Thus, the param-
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FIG. 2. Electron concentrations of the solar supercorona and of in-
terplanetary plasma. Ny —mean values (upper curve), AN —inhomogeneity
concentrations. 1 —Data on radio-wave scattering (Vitkevich); the upper
and lower curves were obtained for inhomogeneity dimensions / = 600
and 200 km, respectively; 2 —data on radio scintillation observations
(Sinigaglia), 0.74 m wave; 3 —data on radio scintillations (Vitkevich),

3.5 m wave; 4 —the same (Hewish), 1.74 m wave; 5 —the same (Vitke-
vich), 7.9 m wave.

eters of the inhomogeneities were uniquely determined
and a unified picture of the inhomogeneous structure of
the solar supercorona and of the interplanetary plasma
was constructed.*

IV. NATURE OF THE INHOMOGENEOUS STRUCTURE
OF THE NEAR-SOLAR PLASMA

Radioastronomical investigations make it possible to
assume the existence of an inhomogeneous structure of
the near-solar plasma as reliably established. Addi-
tional very important information on the properties of
the interplanetary plasma were obtained in 1966 by
rocket measurements. As a result of measurements
performed with the rocket ‘‘Pioneer-VI’’ it was estab-
lished that there exists an appreciable anisotropy in the
distribution of the plasma particles by velocity near the
earth’s orbit (the trajectory of Pioneer-VI is close to
the earth’s orbit): the temperature T} in the direction
of the magnetic field turns out to be approximately five
times larger than the temperature T | in the perpendicu-
lar direction, and T, ~ 10°°K near the earth’s orbit®".

A possible mechanism for the occurrence of the tem-
perature anisotropy is discussed in™®, Thus, for ex-
ample, it is shown in this paper that in the region of
distances <1 a.u. from the sun the inertial cooling of
the solar wind with increasing distance from the sun

*After this review was already in press, an article by Douglas and
Smith appeared [%°], reporting results of a study of the fast temporal
fluctuations of the dekameter radio emission from Jupiter (A = 13.5 m).
Observations with the aid of four receivers located at different points
have made it possible to establish the existence of a one-second com-
ponent in the temporal structure of the decimeter radiation of Jupiter.
Using the inhomogeneous structure of the solar wind as presented in
the present paper, and extending it to the region of larger distances
from the sun, approximately to 2 a. e., the authors of [*°] have con-
ciuded that sources with small angular dimensions exist on Jupiter. The
existence of decimeter flashes of radio emission from Jupiter are iden-
tified by them with interplanetary scintillations of the emission of these
sources. The scale of the inhomogeneities of the interplanetary plasma
(assumed equal to approximately several hundred—several thousand
kilometers) makes it possible to obtain an estimate of <5’ for the
upper limit of the intrinsic angular dimensions of these sources.
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leads to a slower decrease of the thermal component v,
than of the component v, the decrease of which occurs
by virtue of the conservation of the first adiabatic in-
variant. The difference between the changes of v, and v
leads to the appearance of the temperature anisotropy.

The occurrence and development of instabilities in
the plasma as a result of the anisotropic temperature
distribution was regarded in®®? as one of the possible
causes of the formation of the inhomogeneous structure
of the near-solar plasma. The present section is de-
voted to an examination of this mechanism.

The instability of a plasma with anisotropic tempera-
ture has been investigated in the literature in sufficient
detail™-®1 It is known from these investigations that
the plasma is unstable at arbitrarily small anisotropy
T, # T). The instability is manifest in an excitation of
long-wave (low-frequency) oscillations in the plasma.
Thus, in a collisionless plasma in the absence of a mag-
netic field (more accurately, when 8 = 87NT;/B3 > 1)
at T, > T, there occurs an aperiodic buildup of the os-
cillations propagating almost perpendicular to the mag-
netic field (the direction of the maximum temperature).
This means that the perturbations corresponding to such
oscillations should be elongated in a longitudinal direc-
tion at least by a factor 2—3. The increment of the de-
velopment of the instability is of the order of®”!

mLeva”

VR e
Viter L 0},

(41)

where k is the wave number (or the reciprocal dimen-~
sion of the perturbation, k ~ 7/1), v, = VTj/m—thermal
velocity of the plasma electrons, and wy e = v47Ne?/m—
the Langmuir frequency. The conditions for the applica-
bility of formula (41), ¥ 3> kvT,, ve determine the
dimensions of the perturbations that can develop in the
plasma:

T 1%
Y e
e

T[| OLe

(42)

Here ve—frequency of the electron collisions.

When g ~ 1, the influence of the magnetic field on
the character of the anisotropic instability becomes ap-
preciable. The development of the instability is possible
in this case if

T” 1 V2,

ﬁ>5(1+;§), (43)
where v = VBZ/4rNM—Alfven velocity, the increment
of its development being of the order of(®"%

y<VEie)/ I

Perturbations connected with the development of such
an instability are also elongated in a longitudinal direc-
tion, although to a lesser degree than those considered
(when 8 >>1). From the condition of the applicability of
(44), namely Q; = eBo/Mc > y > vj, we get the dimen-
sions of the instability of the perturbations in the

plasma:
xy/ H LR v
oV ar<i<s, N

Finally, when 8 << 1, a slow cyclotron anisotropic insta-
bility can develop, with a maximum increment(®?

(44)

(45)
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The wavelength of the most rapidly increasing oscilla-
tions

Q; T[)
e e R
h ”A( 7y

corresponds to perturbations with dimension

I Wa (1~ﬂ—_)71.
0, 7,

(47)

Let us attempt to connect the anisotropic instability
of the plasma with the observable inhomogeneities. We
note first that the anisotropy of the interplanetary
plasma can be regarded as experimentally established
only in the region of the earth’s orbit (the trajectory of
Pioneer-VI). According to!®®?, it is precisely in the
region of the earth’s orbit where the plasma anisotropy
should be maximal. Therefore we shall consider pri-
marily the region of the earth’s orbit. In this region we
have 8 ~ 1 and T /T ~ 5, thus ensuring satisfaction of
the instability condition (43). From the inequalities of
(45) (recognizing that in the region of the earth’s orbit
we have N ~ 1 em™, f ~ 2x 107" sec™, and &;
~ 107% sec™), it follows that the dimensions of the ob-
servable inhomogeneities should lie in the range

300km< I < 10¢ km. (48)

Since the instability growth increment (44) increases in
this region with increasing k, the most probable are
small-scale inhomogeneities with [ ~ 300 km, in agree-
ment with experiment (see above).

In the region behind the earth’s orbit 8 > 1, and if a
temperature anisotropy T > T, exists there, then we
should use the inequalities (42) to estimate the dimen-
sions of the inhomogeneities. Recognizing that in this
region N $1cem™, T ~ 10°°K, and vg ~ 4 X 107 sec™’,
we have

20km << I << 10%km. (49)

Here, too, the most probable are the small-scale
inhomogeneities. However, inhomogeneities of very
small scale, owing to their rapid oscillations (w ~ vy

~ wiLe(vTe/c) ~ 10'~10* sec™) may not be observed in
the experiment if the period of their oscillations is

much smaller than the observation time 7 ~ 0.5—0.9 sec.

In order for the inhomogeneities to be observable, it is
necessary to have 7 < 1/y. This inequality is satisfied
for inhomogeneities with I > vpe/27 ~ 100 km. I
should be noted that when the observation time is de-
creased there should appear in the region behind the
earth’s orbit also inhomogeneities of smaller scale, as
predicted by the theory, if the anisotropy of the tem-
perature in the plasma is appreciable, T) > 2T .
Therefore an experimental investigation of this region
of the interplanetary plasma can serve as a criterion
for the correctness of our hypothesis concerning the
nature of the inhomogeneities.

Finally, in the region up to the earth’s orbit, where
B8 K 1, the observed inhomogeneities can also be con-
nected with the anisotropic instability of the plasma.
The most probable dimension of such inhomogeneities,

h
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determined from (47), is I ~ 100—300 km (we note that
in this region £j/vA change quite little with distance),
and is also in good agreement with experiment.

In conclusion let us discuss the question of the values
of the fluctuations of the density AN/N upon development
of anisotropic instability in a plasma. This topic is dealt
with in the nonlinear theory of plasma oscillations. At
the present time, such a theory is far from complete
and an answer to this problem can be obtained only in
the case of weak anisotropy, when [T —T,} << T). In
weak magnetic fields, the theory then yields!®! AN/N
~ vha/c? ~ 107, and in strong fields (8 < 1) we get
AN/N ~vj/c® ~10"—10"% These are much lower than
the experimentally observed values (we recall that
(AN/N)exp ~ 107%), but this is not at all surprising,
since the theory considers only the case of small aniso-
tropy [T; — Ty| < T. Inthe case of large plasma aniso-
tropy, AN/N can be much larger, at least by T% /T
~ 25 times. These estimates likewise do not contradict
the experimental data.

CONCLUSION

A systematic study of the inhomogeneous structure of
the near-solar plasma by radio astronomy methods has
been under way since 1951. As a result of these investi-
gations, it was possible to observe the supercorona and
the interplanetary plasma. The inhomogeneities of the
electron density were observed and investigated, and
this led to a unified picture of the inhomogeneous struc-
ture of the near-solar plasma.

The rapid advances in radioastronomic research in
recent years, both in our country and abroad, are con-
nected primarily with the need for mastering outer
space. In this connection, we note that knowledge of the
properties of the near-solar space and its influence on
the radio waves propagating in it is important for the
extraction of scientific information and for the estab-
lishment of radio communication with cosmic rockets
sent to the planets and to the space beyond the sun.
Knowledge of the properties of the space near the sun
is important also for the study of the physics of the sun,
since the supercorona and the interplanetary plasma
are continuations of the structure of the corona and of
the sun itself, concerning which we know little as yet.
Knowledge of the characteristics of the near-solar
plasma is important for the study of the physical nature
of certain cosmic radio-emission sources, since it
makes it possible to investigate, by ‘“transmission’
through the interplanetary plasma, the fine structure of
the sources, and to determine the radio dimensions and
the structure of quasars (new astrophysical objects).

In conclusion we wish to point out those problems
which are of interest from the point of view of further
investigations of the near-solar space. It seems to us
that such problems are connected with extension of the
‘‘scintillation’’ method to the region of angular source
distances smaller than 20° and larger than 160°, with
the study of scintillations at large distances exceeding
1 a.u., with a small time constant (in order to observe
small-scale inhomogeneities and to study the tempera-
ture anisotropy). It is advantageous to extend the method
of ‘‘transmission’’ to the region of distances less than
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5 RO' Mention should be made of the fact that radio-

astronomical investigations of the near-solar plasma in
the indicated regions are the most effective, and in many
cases they are also the only ones possible.
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