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The introduction contains a brief review of the study of interplanetary plasma by the "transillumination"
method, with a summary of the development of the method and the results obtained with it during various
stages. Principal attention is paid to the inhomogeneity spectrum, which plays an important role in the
understanding of the physical processes that occur in solar wind. To this end, the experimental data
obtained by the "scintillation" method are considered in detail. This is followed by an analysis of the
theoretical conclusions that follow for two different models of the inhomogeneity spectrum, and by tests
with which it is possible to choose between the two hypotheses. The results of the latest experiments and
the difficulties connected with the available observed facts are discussed from this point of view.
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I. INTRODUCTION. INTERPLANETARY SCINTILLA-
TION OF RADIO SOURCES

Study of the physical properties of the interplanetary
medium by the methods of radio astronomy involves the
use of the "transmission" method. The different stages
in the development of this method are closely connected
with the discovery and use of new types of radio sources.

The "transmission" method is based on the use of
the occultation of discrete radio sources, i.e., on the
passage of radio waves from discrete sources through
circumsolar space. At first, sources of comparatively
large angular dimensions were used, such, for example,
as the Crab Nebula. When the radio emission from such
sources traverses a medium containing electron-con-
centration irregularities, it is scattered by those irreg-
ularities. As the source in its motion approaches the
sun, the radio waves are more and more strongly scat-
tered and the angular dimensions of the sources appear
to increase (Fig. 1). The quantity measured in the trans-
mission method is the scattering angle 8SC of the radio
waves as a function of the angular separation of the
source from the sun (the elongation e of the source)
(Fig. 1).

The studies in 1952-1953 of the circumsolar plasma
via "transillumination" by the radio emission from the
Crab Nebula [1~4] are regarded as the origin of the "trans-
mission" method. In subsequent years (1954-1967) this
method was successfully employed to investigate the in-
terplanetary medium at distances up to several tens of
solar radii from the sun (in the region (5-60)R©,
ε < 15°)ι5~1β1. These studies led to the discovery that the
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plasma near the sun has a nonuniform structure consis-
ting of small scale irregularities in the electron concen-
tration with a characteristic size aeff of some 50-5000
k m [ n , 14-ie]̂  A n d a l t h o u g h t h e "transmission" method
involved considerable uncertainty in estimating the
characteristics of the plasma—the effective size aeff of
the irregularities and the rms value ΔΝβ of the electron-
concentration fluctuations114'15-it provided considerable
new information on the circumsolar plasma, which had
previously been quite inaccessable to study. A relation-
ship was established between the activity of the irregular
component of the medium and the phase of the 11-year
solar activity cycle (the supercorona is about twice as
large on the average during a period of maximum activ-
ity Γ 5 ' 1 0 ' l l ] , and the irregular component was found to
depend on the heliographic latitude (the supercorona is
about twice as large in the equatorial plane as in the
polar direction)117·'. Simultaneous measurements of the
scattering angle with interferometers having differently
oriented bases led to the discovery of the anisotropy of
the scattering properties of the medium and of the pre-
sence of a magnetic field in interplanetary space[l8~22].
The anisotropy of the scattering can be accounted for
on the assumption that the irregularities have a prolate
shape and are mainly oriented in directions close to that
of the radius vector from the sun. The shapes and orien-
tations of the irregularities are due to the quasiradial
magnetic field of the sun. All these results provided a
basis for the development of various models of the cir-
cumsolar medium[15> 23~27).

The next stage in the development of the "transmis-
sion" method was the "scintillation" method. This
method involves the transmission through the medium of
the radiation from discrete radio sources having very
small angular dimensions and is based on the study of
the intensity fluctuations (scintillation) of such sources.

The discovery in 1963 of quasars-radio sources with
angular dimensions1281 of the order of 1" or less-made
it possible to extend the "transmission" method to the
study of more remote regions of interplanetary space,
thanks to the "scintillation" of the radio emission from
the quasars as a result of scattering of the radio waves
by the irregularities of the interplanetary medium that
they traverse on their way to the observer. The scintil-
lation of quasars as a result of scattering by the inter-
planetary plasma ("interplanetary scintillation") was
discovered in 1964[29].
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In principle the scintillation method works as fol-
lows1"*0'311: If there is a layer containing random elec-
tron-concentration irregularities between a point source
of radio waves and the earth, the waves will be diffrac-
ted on crossing the layer (Fig. 2). If the irregularities
move with velocity ν with respect to the earth the dif-
fraction pattern will move along the ground with that
same velocity. Then the spatial intensity modulation
pattern will be observed at a fixed point on the earth
as temporal fluctuations of intensity ("scintillation"),
whose period Τ will be

where I is the scale of the diffraction pattern at the earth
and ν is the relative velocity of the irregularities.

What one measures in the scintillation method is the
intensity fluctuations 5I(t) =I(t)-(l(t)\ which are char-
acterized by the parameter m, the relative rms devia-
tion of the intensity, the so called magnitude of the
scintillations or the scintillation index[ 3 2 ' 3 3 ] :

I"--(!)"-

(I"-) (2)

In investigating interplanetary scintillation one
measures the scintillation index m and scintillation
period Τ as functions of the elongation e and the wave-
length λ[15> 2 1 ' 3 4 «l. it was found that Τ is independent
of \ and remains almost constant over a wide range of
elongations (e > 20°)[29>34~**]. Typical m(e) curves show-
ing the scintillation index as a function of elongation are
presented in Fig. 3. The m(e) curves behave similarly
over the entire investigated wavelength range. Figure 3
shows that the scintillation index reaches a maximum
value m m a x at a certain value of e, which depends on λ.

From scintillation measurements one can determine
the parameters m, I, T, and veff, of the diffraction pat-
tern at the earth. In order to find the characteristics of
the medium one must decipher the diffraction pattern,
i.e., one must establish the relation between the para-
meters of the diffraction pattern and those of the medium.
This relation is established by analyzing the dependence
of the diffractifin_pattern on the structure of the phase
fluctuations *Αψζ of the wave, which are related to the
electron-concentration fluctuations in the medium[ 1 0 2 ].

From the source

FIG. 2. Diagram illustrating scintillation.

The effects of scattering and scintillation of the radio
waves are usually described in terms of the "thin phase
screen" model1 3*' 4 4 ' 4 8 ' 1 2 3 1 . In this model it is assumed
that the screen, lying at the distance ζ from the observer
(see Fig. 2), acts as a thin scattering layer and produces
the same phase changes in the incident plane wave as
does the action of the actual medium, which is extended
along the line of sight. All the basic relationships con-
necting the parameters observed on the ground (the
scattering angle 0 S C , the scintillation index m, the scin-
tillation period T, and the scale I of the diffraction pat-
tern at the ground) with the parameters describing the
irregularities of the medium (the size a e g of the irregu-
larities, the rms value ANeeff of the electron-concentra-
tion fluctuations in the irregularities, and the velocity
veff of the irregularities) are derived from the theory
of the scattering of waves by a thin phase screen [ 3 6 > 4 4~4 8 1.

Examination of the m(e) curves (Fig. 3) showed that
two basic types of interplanetary scintillation can be
distinguished144'491. The elongation e at which the scin-
tillation index reaches its maximum separates the inter-
planetary medium into two regions that differ as regards
scattering conditions^0': At large elongations (e > 20°
for the decimeter and meter waves), where m<< 1 and
\Δψ\ < 1, the scintillations are produced under conditions
of weak scattering, while in the region of small elonga-
tions (e < 10° for decimeter and meter waves), where
m « 1 and \Δφ\ > 1, the scintillations are produced
under conditions of strong scattering. We note that all
the basic information about the interplanetary medium
obtained by the scintillation method relate to the region
e < 20° (r > 70RQ) in which the irregularities of the in-
terplanetary plasma constitute a weakly scattering me-
dium.

At large elongations (e > 20"), where the interplane-
tary medium acts as a weak scatterer, the scattering
angle is given by the formula[ 4 5"4 7 ' 5 1 ' 5 2 > e o ]

θ* ==Λτ (3)

and is small compared with the angular size of the ir-
regularities :

θ κ < ^ £ . (4)

In this case the diffraction pattern at the ground has the
same scale as the irregularities in the medium:
1 ~ aeffP2) 3 3 ' *"' M]5 a l s 0 » t h e w a v e parameter D =Xz/ffa2

jff

is small compared with unity, so that aeff > VXz~, i.e.,
the irregularities are larger than the width of the Fres-
nel zone or ζ < zf = n a ^ A , where Zf is the Fresnel
distance. The last inequality means that the distance ζ
of the effective screen from the observer is shorter
than the Fresnel distance and the diffraction pattern is
formed in the near zone. In this case the scintillations
observed at the earth are a product of Fresnel diffrac-
tion.

In the region of small elongations (e < 10°) under
strong-scattering conditions (|Δψ| > 1) the expression
for the scattering angle has the form1*0"5 3'e o 1

andθ κ
(5)

FIG. 3. Scintillation index m vs. elongation for three different wave-
lengths: 1 - λ = 7.5 m, 2 — 5.0 m, 3 - 3.5 m (from observations of the
source 3C 144).

Then for the scale of the diffraction pattern measured
at the earth we have I = agff/ΐΔψΙ, and for the wave pa-
rameter, D > 1; i.e., aeff < /λζ~, or ζ > Zf. In this case
the distance ζ from the screen to the observer is greater
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than the Fresnel distance, the diffraction pattern is
formed in the distant zone, and the scintillations observed
at the earth are a product of Fraunhofer diffraction.

All that was said above refers to tiie case of a point
source. As the angular dimensions Source o f ^ source
increase, the diffraction pattern begins to smooth out
when

"source — · (β)

Thus, we can recognize sources with dimensions
9source ^ aeff/z from the presence of scintillation.
Condition (6) also explains why scintillation at decimeter
and meter wavelengths disappears near the sun in the
region r ~ (5-40)RQ (e < 12°) and only the "transmis-
sion" method works there.

Study of the scintillation of quasars revealed the
presence of an irregular structure of the interplanetary
plasma at very large distances from the sun-out to
~260Ro, which considerably exceeds an astronomical
unit (1 a.u. = 213RQ). It also proved possible unambig-
uously to determine the characteristic dimensions and
electron concentrations of the irregularities144'451. Fur-
ther, it proved possible to derive information not only
on the dimensions and concentrations of the irregularities,
but also on their shape and motion, from simultaneous
observations of scintillations at three points (the velocity
vectors of irregularities have been measured)15*"811. The
results of studies of the interplanetary scintillation du-
ring the period 1966-1970 showed that not only the ac-
tivity of the sun, but also that of the interplanetary me-
dium surrounding it-the solar wind-varies with time[ 5 5 ' e 2 ] .

The study of interplanetary scintillation developed
during the period 1964-1970 mainly along the line of
measuring the parameters m, aeff, and veff as func-
tions of €, and the principal effort was directed toward
evaluating the parameters aeff, ΔΝ6 eff, and veff at
various distances from the sun. The following charac-
teristic values were found at a solar distance of ~1 a.u.:
for the size of the irregularities, aeff - 200 km; for the
excess electron concentration in the irregularities,
ANeeff — 10"2 electron/cm3; for the relative excess elec-
tron concentration, ANe/(Ne> « 0.5%; for the scintilla-
riot period, Τ » 3 sec; and for the velocity of the irre-
gularities, ~300 km/sec[44]. Basic successes were
achieved in the problems of deciphering the relation-
ships between the parameters describing the diffraction
pattern observed at the earth and those describing the
irregularities of the medium'83"751.

A beginning has recently been made in me study of
new problems concerning the interplanetary medium.
In this connection we may mention the study of the sec-
torial structure of the interplanetary plasma by detec-
ting fast solar-wind streams, which have a marked ten-
dency to give rise to scintillations. It was found that
the effective parameters describing the irregularities
in the fast streams differ from the corresponding para-
meters for the quiescent solar wind 7e~81].

The features of the irregular structure of the solar
wind came to be intensively studied in their dependence
on distance from the sun and on heliographic latitude182"881,
and the transition began from the study of the integral
effective parameters of the irregularities to the analysis
of their variations, of the fine structure along the line of
sight. The assumption of the rigidity of the diffraction
pattern observed simultaneously at two or three points
was renounced and a beginning was made in the study of

several cases of the reorganization of the pattern and
in the analysis of the fine structure of the solar wind[8T"95].

The successes achieved in the study of interplanetary
scintillation revealed the possibilities of the method,
and recent years have seen an intensive development of
experimental studies. Whereas at first studies of the
interplanetary scintillation of quasars were undertaken
in only two or three countries (England, the USSR, the
USA) and attracted the attention of only a few specialists,
the greatest observatories are now involved in such
work (Table I). Scintillation caused by the interplanetary
plasma come to be more and more frequently invoked to
solve the most diverse astrophysical problems, frequent-
ly having nothing to do with questions of the structure of
the interplanetary medium. As such applications we
may mention the use of interplanetary scintillation to
investigate the intrinsic sizes of radio sources [98"99],
to investigate the distribution of the ionized component
in the galaxy[100], and to assist in the cosmological in-
terpretation of the red shift[10l]. Under discussion at
present are the use of interplanetary scintillation to
investigate changes in the angular sizes of quasars asso-
ciated with their variability, and the detection of sources
emitting discrete radio-frequency lines by their scintil-
lation caused by the interplanetary plasma with the pur-
pose of investigating the sizes of such sources and their
motions in the interstellar medium (from the absorption
line).

Despite the great popularity of the scintillation
method, however, and the successes achieved in apply-
ing it to the study of the structure and physical proper-
ties of the interplanetary medium, the physics of the ir-
regularities themselves is still but poorly investigated.
The nature of the irregularities remains obscure. In
this connection the form of the spectrum of the irregu-
larities in the interplanetary plasma is of especial in-
terest, and we now turn to the discussion of that problem.

II. THE FORM OF THE SPECTRUM OF THE IRREGU-
LARITIES IN THE INTERPLANETARY PLASMA

1. Basic relationships. The quantity directly measured
in scintillation observations is the intensity of the source
at a specific instant: I(t). In terms of this we define the
intensity fluctuations 51 (t) =I(t)-d). From many such
measurements made at a single point one can determine
the temporal autocorrelation function B(0, τ) of the in-
tensity fluctuations and the scintillation index m2 [32»33':

Β (0, τ) = (δ/ (r, i) 6/ (r, t + τ) >, (7)

(8)

From intensity measurements made simultaneously at
two or more points one can obtain the spatial-temporal

TABLE I

Country, observatory

France, Nancy
India, Ootacamund
USSR, FIAN
England, Cambridge
USA, University of California

at San Diego
Japan, Nagoya University
USA, Colorado

Working frequency
(wavelength)

1420 MHz (0.21 cm)
326 MHz (0.92 cm)
102 MHz (2.94 m)

86 MHz (3.5 m)
81,5 MHz (3.7 m)

74 MHz (4 m)

69.8 MHz (4.3 m)
34 MHz (8.8 m)

No. of
observa-
tion
points

1
1
1

1
4

3
1
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cross correlation function B(p, τ) of the intensity fluc-
tuations :

Β (ρ, τ) = (61 (r, t) 61 (r + p, t + τ) >. (9)

Further, using the known autocorrelation and cross-
correlation functions B(0, T) and B(p, 0) of the intensity
fluctuations, we can calculate the temporal and (two-
dimensional) spatial spectral densities of the intensity
fluctuations, Mj(i-) and Mgiiq), respectively. Expanding
the temporal and spatial autocorrelation functions
B(0, τ) and B(p, 0), respectively, in Fourier integrals,
we obtain [ 3 2 ' 3 3 ]

(10)

(11)

Β (0, τ) = j Μ, (V) ei2™ dv,

Β (ρ, 0) = j j M2I (q) ei2"«o dq,

where ν and q are the temporal and spatial frequencies,
respectively.

One of the fundamental assumptions on which the
analysis of the scintillation pattern is based is that
the diffraction pattern is rigid, i.e., that the entire
pattern moves through space with a single velocity u.
In this case the temporal intensity fluctuations can be
attributed to the motion of the spatial fluctuations with
velocity u with respect to the fixed line of sight. Then,
writing τ = p/u, we can pass from temporal correla-
tions to spatial ones and transform the crosscorrela-
tion function B(p, T) to a type of spatial correlation
function:

Β, (ρ, τ) = Β, (ρ - ut, 0),

in which, according to (11),

— UT, 0 ) = f

(12)

(13)

Now writing Βΐ(0, τ) = Bi(p - U T , 0 ) we obtain the fol-

lowing relation between the temporal and spatial spec-
t r a l densities Mi(v) and i 1 0 2 1

η 1*

Μ, (ν) = — J M2I (gx, qv) dqu,
(14)

where
2πν

?*= — · (15)

Now using the spectral densities Mx(f) and M2[(q) we
can write the following formulas for the basic scintil-
lation parameters—the scintillation index m2 and the
second moments v2 and q2 of the temporal and spatial
intensity fluctuation spectra, respectively:'32'33> 1 0 2 ]

*=w Π M"(q) dq=ih ί M i <v) d v ·
( ν2Λ/, (ν) dv J Ί'Μιΐ (q) ii

(16)

(17)

where v\ = (ΙΙ/2ΤΓ)^|. Here v2 and q2 characterize the
spectral width of the correlations or the scintillation
period Τ = vl1 and the scale of the scintillations

2. Formulation of the problem. One of the most
sharply posed problems in the theory of interplanetary
scintillation is that of the form of the spatial spectrum
M3ij(q) of the density irregularities. At first the ob-
served scintillations were interpreted on the assumption
that the medium contains irregularities with a charac-
teristic scale of ~ 100 km at a distance of about 1 a.u.
This approach was based on the assumption that the
spectrum Mgwfa) w a s Gaussian with the characteristic
scale qo1 [34'**' ' β 1 ' 1 0 3 ] . Doubt has been recently cast
on the idea that there is a scale such as qo1 inherent in

the medium, however, in connection with the hypothesis
that the irregularities in the interplanetary plasma have
the power-law spatial spectrum

M3N (?) α q-P (18)

(over a wide frequency range)[ 1 0 4 ] and the corresponding
temporal spectrum

M, (v) oc v-^P-" = v-« ' (19)

with the correlation scale q"1 > 10e km. In the case of
a power law spectrum one cannot speak of a character-
istic size of the irregularities, and in this case the
scale derived from the scintillation measurements can-
not represent the physical size of the irregularities,
but must rather represent the so-called "inner scale,"
which is of the order of the first Fresnel zone for the
wavelength at which the observations are made.

Thus, the problem of the form of the spectrum of
the density irregularities is connected with the answer
to a very important question: Does the length qi1 derived
from the scintillation data represent the true physical
size of the irregularities, coinciding with the size of
the first Fresnel zone only in order of magnitude, or
does it have nothing to do with a physical scale inherent
in the medium, being rather associated with the limit
imposed by diffraction theory, i.e., with the "inner scale"
of the irregularities ? We note that in the case of the
power law spectrum (18) the observed size q^1 of the dif-
fraction pattern as given by Eq. (17) is determined by
the length in spectrum (18) that coincides with the size
of the first Fresnel zone. In this case the length a derived
from the observations does not correspond to the physical
size of the irregularities.

The problem of the shape of the spectrum M3^(q) of
the irregularities is also connected with the answer to
another question: Do the large-scale (>,10e km) density
and magnetic-field fluctuations observed with satellites
and the small-scale ( ~100 km) electron-concentration
fluctuations revealed by scintillation measurements be-
long to the same power-law spectrum (18), and hence to
a single plasma regime, or are they associated with dif-
ferent regimes, thus differing in nature?

At present there are two hypotheses concerning the
form of the spatial spectrum of the irregularities. Ac-
cording to the first of these hypotheses (Fig. 4,a) there
is a Gaussian spectrum in thesmall-scale region with
the characteristic length qo1 ~ 100 km, which agrees with
the scale qi1 of the diffraction pattern observed at the
ground1 1 0 5. This would mean that the irregularities in
the interplanetary medium are generated by two differ-
ent mechanisms—the large-scale irregularities by one
mechanism and the small-scale ones by another. Ac-
cording to the second hypothesis, all the irregularities
of the medium belong to the single power-law spectrum
(18) (Fig. 4,b)[ l 0 4'1 0 6J

The arguments in favor of the first hypothesis are
based on the fact that a number of theories of the small-
scale irregularities predict that the medium will exhibit
a scale of magnitude a ~ rjn where rgj is the Larmor
radius of the ions, which, at a distance of ~1 a.u., cor-
responds to the observed scale ~100 kmt 7 e : l. The sec-
ond hypothesis is favored by the fact that the measured
scale q^1 of the diffraction pattern (Eq. (17)) agrees in
order of magnitude with qf1, the size of the first Fresnel
zone. Corresponding estimates of q2 and qf are presented
in Table Π; it will be seen that q2 and qf differ by only a
factor of the order of two[ 1 0 6 ].
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FIG. 4. Form of the spatial spectrum of the irregularities in the
interplanetary plasma according to two different models: a-spectrum
with a Gaussian hump, b—power-law spectrum.

TABLE II

r, a.u.

0.06-0.14
0.04—0.14
0.14—0.60

>0.34
>0.55

λ, m

0.11
0.21
0.70
1.54
3.70

V2

2 2—1 3
2.5—1,2
1.2-0.7

0.6
0.5

1.5
1.1
0.6
0.4
0.3

Ref.

12)

121

121

36

122

To analyze the problem further we need a criterion
to distinguish between the two models. The wavelength
dependences of the scintillation parameters m and v2

can serve as such a criterion, for the dependences pre-
dicted by the two models differ from one another. Then
by comparing the theoretical predictions with the obser-
vational results we can reach a conclusion concerning
the shape of the spectrum of the irregularities in the
interplanetary medium.

3. Observational results. Scintillation observations
made by various investigators over a wide frequency
range provide the data for determining the dependence
of the scintillation index m on the distance from the
sun (see Fig. 5, in which we have plotted the quantity
mv on the vertical axis for convenience)11073. The data
presented in Fig. 5 pertain to the region of elongations
exceeding the critical value of r at which the m(r) curve
exhibits a bend which is associated with the finite angu-
lar diameter of the source and is due to scattering of
the radiation from the source by the irregularities of
the interplanetary medium. From Fig. 5 we can conclude
that

m α λ 1 0 ± 0 0 5 . (20)

Figure 6 shows the values of the width v% of the temporal
spectrum of the scintillations derived from the observa-
tions at various frequencies'-107-1. This figure shows that
v2 depends as follows on the distance r from the sun:

v.ccr-1. (21)

Moreover, v2 is independent of the observation frequency.
Values obtained for v2 by other methods are listed in
Table m [ 5 5 ' 4 0 > e 0 ) 1 0 8 " 1 1 2 ] .

Now we must attempt to account for the relationships
(20) and (21) on the basis of each of the model spectra
adduced to describe the distribution of the irregularities.

We note that relations (20) and (21) characterize the
spectrum M3N(q) in the region of low spatial frequencies

10''
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—en
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"-si

i/i

om at as ι,ο
Radial distance, a.u.

FIG. 5

ai

MHz

• -m

"SI
•-17

\

o.i as w
Radial distance, a.u.

FIG. 6

FIG. 5. Dependence of the scintillation index m on the solar distance
from observations at different frequencies ν (the product rav is plotted
on the vertical axis for convenience).

FIG. 6. Width v2 of the temporal scintillation spectrum vs. solar dis-
tance from observations at various frequencies v.

TABLE III

Solar-distance dependence of the effective size of the irregularities

Solar distance
range

O.Isgrsgl a.u.

0.03 < r ς 0.8 a.u.

0 . 3 5 < r . £ l a.u.

0,2 s£ r =g0.8 a.u.

0 . 3 5 ^ r ^ l a.u.

0.3 sgrsj; 0.7 a-u-

0.1 j g r ^ l a.u.

Accuracy
of the

aeff mea-
surements

±25%

±15%

±10%

±10%

±10?i

±25%

Value of

aeff

200 km

r = l a.u.

240 km
r = 0.8 a.u.

150 km
r = i a.u.

200 km

r = 0.8 a.u.

200 km
r = 1 a.u.

100 km
r = 0.7 a.u.

200 km
r = 1 a.u.

r Depend-

ence OI
aeff

Rising

power
law

a o c r0.9±0.2

a oc r».s

α<χ r 1 . ·

Weak
dependence

a~const

o o c r l . l ± 0 , l

Method of Measure-
ment

From the size of the
diffraction pattern
(one source) and
from scattering

From the size of the
diffraction pattern
and from scattering

From the size of the

diffraction pattern

(one source)

Calculated theoreti-
cally with allowance
for the extent of the
medium

From the size of the
diffraction pattern
(one source)

From vt measurements
(six sources)

From the size of the
temporal spectrum
(five sources)

Ref.

60

108

5a, lot

90

110

H I

112

q. The spectrum has been measured at low frequencies
with satellites. These measurements show that at low
frequencies the spatial density fluctuation spectrum

follows a power law with the exponent β3 =3.3 [ 1 1 3 ] .

4. Theoretical results. Let us first consider how re-
quirements (20) and (21) are fulfilled in the model in
which the power-law spectrum (18) is assumed. Assuming
that the scattering takes place in a comparatively thin
layer lying close to the point on the line of sight nearest
the sun (because of the relation Ne(r) ^ r"2) (see Fig. 1),
we shall use the "thin screen" model to describe the
scattering effepts. For observations at elongations of
~ 60° and smaller this layer lies at a distance of ~ 1
a.u. from the observer on the earth.

The equations that relate the nonuniform three-dimen-
sional structure of the electron concentration ANeP(r),
which is described with the aid of the three-dimensional
spatial wave-number spectrum M3N(qx, qy> qz)> t 0 tn e

two-dimensional spectrum M2Ph(qx, qy) (which describes
the phase screen and also to the two-dimensional spec-
trum M2i(qx, q«) of the intensity fluctuations in the plane
of observation, liave the form1-1063

qy) = 2πΓ?λ2Μ3Ν(ϊχ, ϊ», 0), (22)
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(?*. In) = F (qx, qu) Qv) (23)

where Mjgiq) is related to the temporal intensity-fluc-
tuation spectrum Mi(f) by Eq. (14). Here F(qx, qy) is
a factor describing the "fresnel filter":

F(qx, qw) = iain* (*+$-); (24)

where qf is the spatial Fresnel number (qf = /3iA~
~ (110 km)"^' 1 ' 2 for ζ » 1 a.u.) corresponding to the
temporal Fresnel frequency Vf =(l/2)(u/350 km^ec^X" 1 7 2

Expression (24) has the following asymptotic forms in the
high- and low-frequency regions:

with ft = 2. In this case, however, the width q2* of the
diffraction pattern will be determined by the size of
the first Fresnel zone, which does not depend on the
elongation, and this is inconsistent with the result (21)[54].

If the upper limit of the irregularity spectrum (18)
lies in the region

?max =£ ?/> • ( 3 0 )

the spectrum Mj;(q) will have a form involving the char-
acteristic length q^ax (Fig. 7,b). In this case we shall
have

?<?/,

and

F« 2 for q> q,.

(25)

(26)

Expressions (25) and (26) together with (16) and (17)
can be used to calculate m and v2 for a given form of the
spectrum M^(q) of the irregularities. For the power-law
spectrum (18) with an upper limit q m a x that exceeds qf,

?min< ?,< ?m a X, (27)

we can determine the form of the spectrum Mj(f): the
low frequencies (q < qf) in the spectrum M3jj(q) will be
suppressed by the filter F and we must expect the spec-
trum Mj(f) to be nearly flat in this region. At frequen-
cies above Vf, MAf) will be described by a power law:

) °= irW-lT(Fig. 7, a ) [ 5 4 l

(29)

where βλ is the exponent.in the one-dimensional spectrum
MN(]), and β3 = A + 2 is the exponent in the three-dimen-
sional spectrum ( )

Thus, if the upper limit of the spectrum is large com-
pared with qf ( q m a x ^ qf), the theory gives (28) for the
form of the wavelength dependence of the scintillation
index, and this agrees with the observed relation (20)

-i/l-li

If

b

FIG. 7. Theoretical shape of the spatial spectrum of the intensity
fluctuations calculated on the assumption of a power-law spectrum for
the irregularities, whose upper limit qmax satisfies the condition
Qmax > qf (plot a) or q m a x < qf (plot b).

M,, (q) ex m <x λ2, (31)

and this is inconsistent with the observed relation (20).
Here, however, vt = u q m a x , and v2 is determined by the
minimum size in the spectrum, which depends on the
elongation, so that here u2 <* r'1. Relations (28), (29),
and (31) show that the conclusions derived from the
theory based on the power-law irregularity spectrum
do not agree with observation[54].

Now let us consider the second model for the irre-
gularity spectrum Μ 3^ (Fig. 4,a), in which it is assumed
that q0 > qf. In this case the maximum contribution to the
scintillation will come from irregularities with the scale
of q0 and the phase shift will not depend on the size dis-
tribution. Hence we have

mat.

and

Using Eq. (16) for the scintillation index and noting
that the high frequencies (v > Vf) are not so important
in generating scintillations (owing to the weakness of the
spectrum M^(q) they will produce only small phase
change, so that the scintillations will predominate at wave
numbers q of the order of V4TT/XZ, somewhat exceeding
the Fresnel break in the spectrum Mj(q)), we obtain

, H _ i ( t o + 2 , 4 . (28)

v2 = uq0
(ν, α r-1

(32)

(33)

Thus, comparison of the observational relationships
(20) and (21) with the calculated wavelength dependences
of the scintillation parameters m and vz, for which the
two models under consideration yield different predic-
tions, confirms the assumption that the irregularity
spectrum has a complex shape and that "weak" scat-
tering takes place from irregularities having a Gaussian
spectrum in the region of sizes of the order of 100 km.

It is important to note that the main objection to the
model with the power-law spectrum (18) is that the
scintillation data indicate (via the λ dependence of m)
that the spatial fluctuation-density spectrum M3u(q)
should be proportional to q"2 in the region of high fre-
quencies q , whereas data from satellite measure-
ments indicate that the medium has a steeper power-law
spectrum (M3jj(q) <"= q · ) in the low-frequency region[ l l 3 ] .
In other words, the scintillation data lead to a spatial
spectrum of the intensity fluctuations which, measured in
the high-frequency region, is less steep than the spectrum
obtained by extrapolating the satellite data to the corres-
ponding frequency region.

5. Temporal spectra of the scintillations. Not only
have the functions m^) and ^(λ) been investigated, but
an attempt has been made to obtain the spatial spec-
trum M3£j(q) of the irregularities in the high-frequency
region by another radio-astronomical method: from
measurements of the temporal scintillation spectrum

At present, such measurements have been made at
four observatories1 4 3 ' 1 1 2 ' 1 1 4 ' 1 1 5 1 ; the results are pre-
sented in Table IV. The table shows that the values of
a (the exponent in the temporal scintillation spectrum
(19)) obtained by different investigators differ widely.
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TABLE IV. Comparative data on temporal scintillation spectra

MHz

69.3
81.5

86

430

Elonga-
tion

60°
30—90°

30—50=
50—90°
11—36°

v b •

Hz

0.3
0.2-0.3

0.5

1.0

vmax'
Hz

1.0
1.0

2.5

3—12

α

1.4

3 — 4
2^-3
3 — 5

km/sec

400
330

300

400

Year

c 1971
1971

1973

1967

Source

3C48
X48,

237, 241,
287

3C48

CTA-21

Ref.

114

112

115

43

,[43, 115]We note that the values of a reported inLi"7 "" agree
with the calculations reported in [ u 3 ] and that the values

[112, 1141
agree with the radio-astronomical

σ . _ _ Γι/ν»! _
[107]

reported in
values derived from the λ dependence of mL107J. In order
to understand how such widely different values of α
might be obtained we must recall the limitations of the
theory that relates the measured temporal scintillation
spectrum Ui(u) to the spectrum M3N(Q) of the irregu-
larities .

The relation between the temporal and spatial scin-
tillation spectra (22), (23) was derived on the assump-
tion that the diffraction pattern is stationary (that all
the irregularities move with the same velocity) and
that the observed scintillations are those of a point
sourcetloe]. Recent observations have shown, however,
that the measured velocity of the diffraction pattern
constantly exhibits a fine structure which is associated
with the presence of different velocities among the ir-
regularities on the line of sight178'82]. Moreover, it was
found that the sizes of the scintillating sources in the
meter wavelength region are due to scattering by the
interstellar 1 3

The intrinsic size of the source and the fine struc-
ture of the solar-wind velocity lead to a difference be-
tween the observed temporal scintillation spectrum
Mi(v) and the spectrum due to irregularities of the
medium. Attempts were made in[11?1 and[ l l 4 ] to take the
effect of the angular sizes of the sources on the observed
spectrum MjM into account, and the values of a reported
in those papers are for the corrected spectrum Mj(y).
On the other hand, no such correction was made in1431

andCll5].

Much of the difficulty in comparing the results pre-
sented in Table IV stems from the fact that the several
studies are based on observations of different sources,
which have different intrinsic sizes and different helio-
graphic latitudes (a may depend on the latitude).

Since there is no reliable way to correct the measured
temporal spectra Mj(v), the conclusions concerning the
shape of the spatial spectrum M3N(Q) of the irregularities
are not reliable and lead to contradictory assertions.
Thus, in[ l 1 2 1 the presence of a bend in the temporal spec-
trum Mj(i') is regarded as a manifestation of a charac-
teristic length qjj1 inherent in the medium, whereas
in[1151 the same bend is attributed to the operation of a
Fresnel filter.

To obtain more reliable information about the form
of the spatial spectrum M3N(Q) it will be necessary to
combine measurements of the temporal spectra of the
scintillations with measurements of the velocity and
fine structure of the irregularities.

6. Discussion of new results. In 1972 the first direct
measurements of the temporal spectra MN(f) of the el-

ectron concentration fluctuations in the solar wind were
made in the high-frequency region 4.8 x 1(F3 s ν
S: 1.33 x 101 H z t m l . The frequency range covered by
these measurements adjoins frequency regions that
have now been measured by different methods. For com-
parison we note that the correlation length of the mag-
netic field, which is ~2 x 106 km, corresponds to a
frequency ν in the range ~1(Γβ-10'5 Hz. Previous re-
sults of measurements in outer space relate to the
region 10"5 s ν < 1(Γ3 Hz. The power-law spectrum
flattens out at frequencies below 10"5 Hz. The correlation
scale derived from scintillation measurements (~100
km) corresponds to the region ΙΟ^-ΙΟ1 Hz.

In half the cases, the measurements reported in[ U 7 )

lead to the average value β1 = 1.69 (1.12 < f t < 2.17),
which is in agreement with the value ft =1.3 derived
from previous low-frequency measurements. For the
other half of the cases, however, the measurements re-
vealed the presence of a hump or a relatively flat place
in the ΜΝ(«0 spectrum. Thus, the results of these mea-
surements are not inconsistent with either of the model
spectra MN(q) for the irregularities, and neither model
spectrum can be ruled out.

At the same time, the analysis presented in the pre-
ceding section shows that the model with the single
power-law spectrum (18) for the irregularities will not
do, and that the model with the complex spectrum M3N(Q)

having a Gaussian hump in the low-frequency region
(Fig. 4, a) is to be preferred. However, with the relative
positions of the components of the spectrum as shown in
Fig. 4, a, it is difficult to account for the bend in the
spectrum MJJ(V) in the low-frequency region (v ~10~2Hz)
observed with satellites. In this connection a new model
spectrum M^y) for the irregularities has been pro-
posed^1, which repeats the shape of the spectrum pro-
posed in the first model (Fig. 4,a) but with the high-
frequency part of the spectrum lying below the power-
law spectrum as extrapolated from the low-frequency
region and having a relatively flat section near the bend
(Fig. 8). Then the bend in the power-law spectrum ob-
served in the low-frequency region {v ~10~2 Hz) can be
attributed to the "inner scale" of the irregularities with
sizes of the order of 106 km, while the hump in the low-
frequency region (ν ~ 10"'-1 Hz) will mean that a length
of the corresponding magnitude (~100 km), which agrees
with the observed size of the diffraction pattern at the
earth, predominates in the medium. Such a spectrum
enables one to reconcile the satellite data and the scin-
tillation data on the spectrum M3u(q). The presence of
a hump in the high-frequency region may indicate that
waves of a certain type, for which qo1 is the character-
istic length, predominate in the plasma.

In discussing the physics of this phenomenon under

31

FIG. 8. Spatial spectrum for the irregu- ^
larities, combining the satellite data at low =\
frequencies with the radio-astronomical
data at high frequencies. ;
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various hypotheses concerning the shape of the spatial
spectrum of the irregularities, the theory has provided
support for the model having a Gaussian spectrum in
the small-scale region (Fig. 4,a) in which the basic scale
qo1 of the irregularities in the interplanetary plasma is
associated with the basic scale of the plasma instability.
Hence the analysis of the instability of the plasma was
associated with the search for a type waves for which
the basic scale qo1 of the instability would coincide with
the size a * q^1 of the diffraction pattern at the earth.

In [ 7 6 ] , the plasma instability mechanism associated
with the ionic cyclotron instability of waves, for which
the basic scale q"1 of the instability is determined by
the proton Larmor radius rg i , was invoked to interpret
the scale a of the diffraction pattern:

» = =£• (34)

This hypothesis arose because of the fact that at solar
distances of about 1 a.u., the observed value of a agrees
with estimates of rjji· In order to analyze this hypothesis,
a comparison was undertaken in 1973 between the values
of a derived from scintillation observations and calculated
values of rjij for a range of solar distances from ~ 6RQ
to 1 a.u.1 . It was found that a and ru i agree at r » 1
a.u., but that as the solar distance r decreases, a falls
off considerably faster than rjjj, the scale of the irre-
gularities becoming considerably smaller than rjjj.

It has been suggested that the above discrepancy may
be due to inaccurate estimation of the phase shift φ of
the wave at the irregularities of the medium, which may
prove to be greater than unity (φ > 1) at r * 1.3 a.u. If
this is the case, then at solar distances r < 0.3 a.u. the
size of the irregularities (allowing for the "strong
scattering" conditions) should be increased by a factor
of * -JW-

« = "Κ2ψ9ο-\ (35)

in order to remove the discrepancy between a and rjji.

We may add that there is a way of testing the above
hypothesis that φ > 1 at r * 0.3 a.u. It has been shownt l l 9 ]

that there should be a sharp decrease in the asymmetry
parameter S of the crosscorrelation function B(r, τ) on
passing from the region φ < 1 to the region ψ > 1. An-
alysis of the trend of S as a function of r might lead to
proof or disproof of the hypothesis that the small-scale
irregularities are associated with the ionic cyclotron
instability of the plasma.

Interesting and noteworthy is an attempt to approach
the analysis of the hypotheses discussed above concern-
ing the shape of the spectrum of the irregularities from
another side—from the physics of the phenomenon. Per-
kins1 1 2 0 1 has shown that if there are two different pro-
cesses going on in the plasma, in which large-scale
density irregularities are associated with the outward
propagation of Alfven waves while small-scale irregu-
larities are associated with microturbulent processes
in the plasma, the two types of waves will have charac-
teristic features. The phase velocity of the waves re-
sponsible for the scintillation of radio sources will be
directed opposite to that of the Alfven waves, the elec-
tron concentration fluctuations in which can be measured
with satellites.
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