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INTRODUCTION

.ANY experimental results obtained in recent years
allow us to attempt to examine the general picture of
the construction of the outer ionosphere up to the
uppermost limit as depicted by these data.

This is the region of the near-earth plasma, the
existence of which has been known for many years.
It was deduced a priori long ago from general con-
siderations concerning the structure of the earth's
atmosphere and its interaction with the solar radia-
tion, and its investigations began with studies of
whistlers in 1953, when it was shown that at dis-
tances 18—19 thousand kilometers from the earth the
electron concentration is of the order of
400—600 el/cm3. In 1957 and 1958, the first curves
showing the distribution of the electron concentration
up to an altitude of the o r d e r of 13,000 km '•2-' and
25,000 km L we re obtained with the aid of wh i s t l e r s .
At the same t ime, it was stated in the l i t e r a tu re that
the ear th has a thick outer ionosphere consist ing of
ionized hydrogen and extending to al t i tudes of the
o r d e r of eight e a r t h ' s radi i ( Ro) , where it has a
sharp boundary, beyond which in te rp lane tary winds
blow . This notion is in fairly good agreement with
modern concepts . It has turned out, however, that at
d i s tances 15—25 thousand km from the ear th the
p r o c e s s e s occur r ing in the n e a r - e a r t h p l a sma a r e
m o r e complicated. Apparently the so-cal led " k n e e "
is formed here from t ime to t ime ' 6 .

It i s cur ious to note in this connection that r e l a -
tively recent ly it was st i l l stated that a previously
unknown p lasma sheath exis ts around the ear th in the
altitude region 2—20 thousand km, and i ts exis tence

was deduced on the bas i s of an investigation which, as
will be shown below, general ly cont radic ts the pub-
lished d a t a [ l 0 ] .

As a resu l t of an analysis of the s ta te of the n e a r -
ear th p lasma it becomes advantageous, for a number
of r ea sons given below, to regard the region of the
knee, i .e. , the region of al t i tudes (3—4.5)R0, a s the
boundary of the outer ionosphere. On the other hand,
the region from (3—4.5) to (8—10) Ro—the magneto-
sphere—is the region of t rans i t ion to the in te rp lane-
t a r y medium.

We point out a lso the grea t var ie ty of designat ions
of the outer ionosphere, which cause a ce r ta in degree
of confusion and which lack sufficient physical founda-
tion. Thus, for example, it is called by different
au thors " p r o t o s p h e r e , " " p r o t o n o s p h e r e , " " e x o -
s p h e r e , " "magne tosphere , " " p l a s m a s p h e r e , " and
" g e o c o r o n a . " The last t e r m is par t icu la r ly inappro-
pr ia te , since the physical conditions in the outer
ionosphere differ great ly from the physical conditions
existing even at the boundary of the so la r corona.
Apparently, in view of the ever growing r e s e a r c h on
the n e a r - e a r t h plasma, it would be advisable to e s -
tabl ish a single t e r m for it—the outer ionosphere .

Research with the aid of whis t l e r s and low f r e -
quency waves of other types has by now become a
very important source of information on the n e a r -
ea r th p lasma. The r e su l t s obtained with it pe rmi t a
deep insight into i t s main propert ies—the effective
t empera tu re of the medium, the par t ic le velocity
distr ibution, the concentration of the e lec t rons and
ions of different so r t s , e tc . [7,8,9] The corresponding
published exper imenta l data will be used below. How-
ever , we p resen t only a brief analysis of the theory
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of these methods. Theoretical questions will be
separately treated in a special article.*

An important role in the study of the outer iono-
sphere (its lower part) is also played by results of
an investigation of the energy spectra of "incoherent"
scattering of radio waves by electron fluctuations.
Experimental data on incoherent scattering of radio
waves have disclosed important properties of the
outer ionosphere '12> . These experiments have
revealed the fundamental fact that in the region of
altitudes 300—700 km the electron temperature dif-
fers from the ion temperature by 3—4 times in some
cases, and have yielded data on the composition of
the ionosphere, its concentration, etc. Naturally, an
appreciable contribution was made by various meas-
urements with satellites and rockets. We shall use
below charged-particle altitude distributions obtained
by different methods'-14"19. An important result of
these experiments is the measurement of the hydro-
gen and helium contents in the outer ionosphere > 2 .
Of great interest are also the measured concentra-
tions of the neutral particles above 5—6 thousand
km '-22 , which have in part led the author to the con-
clusions presented below concerning the boundary of
the ionosphere, and concerning the "sweeping out" of
particles from the higher-lying regions of the mag-
netosphere.

However, some measurements with rockets and
satellites, using so-called ion traps, have led to in-
correct conclusions ' . This is due is in particu-
lar to the fact that the conversion of the measured
fluxes of particles captured in probes into the cor-
rect values of the density of the surrounding medium
calls for great caution and is frequently unambiguous.
The question of the status of the theory of the corre-
sponding measurements will be discussed briefly
below.

1. ALTITUDE VARIATION OF THE CHARGED-
PARTICLE CONCENTRATION UP TO
50-100 THOUSAND KILOMETERS ABOVE THE
EARTH

The aggregate of the experimental data that give a
general idea of the altitude distribution of the
charged-particle concentration in the outer ionosphere
is shown in Figs. 1 and 2. The curves in these figures
were obtained from different experiments. In order
to reveal certain singularities of the altitude distr i-
bution, the results of individual investigations are
given in Figs. 3—6. The generalized curves of Figs.
1 and 2 contain a large amount of information: they
include the results of numerous experiments carried
out in different periods of time by various methods.
A careful examination of these figures leads directly
to a number of general conclusions concerning the
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Let us examine Fig. 1 first. The general property
of all the data, with the exception of curve 10, which
will be discussed separately below, is that the curves
form a single channel: the concentration of the
charged particles in general decreases smoothly and
slowly with altitude, starting with Z ~ 800—1000 km
to Z ~ 30—40 thousand km from the surface of the
earth. Singularities appear in the N ( Z ) dependence
at altitudes of 15—25 thousand km, above 30—40
thousand km, and also below 700—800 km.

It was observed with the aid of whistlers that at
altitudes Z ~ 15—25 thousand km, during the periods
of even relatively weak magnetic disturbances (index
k ~ 2), the electron concentration decreases very
rapidly, almost " jump like," by a factor of several
thousand times, while the altitude decreases in some
cases only by 600—700 km. This phenomenon was
called the "knee" . The region of the knee, accord-
ing to the latest data'- , is outlined in Figs. 1 and 4.
In Fig. 2, the altitude dependence of the charged par -
ticles is plotted in a linear altitude scale, showing

how the individual N ( Z) curves vary in the region of
the knee. Figures 3 and 4 show primary research
data on the knee, taken from ^ . For comparison,
Figs. 3 and 4 show also an electron-concentration
plot obtained in these experiments during the periods
when the knee was not observed (curve a).

Above 30 thousand km, we used in Fig. 1 the r e -
sults of measurements of the concentration of low-
energy ("thermal") positive ions with the aid of a
spherical electrostatic analyzer on the orbital geo-
physical laboratory OGO-A . Notice should be
taken here of two important properties of the results
of these experiments. In the next section we shall
consider one more of their singularities. The values
of the concentration change strongly from measure-
ment to measurement and lie within the limits of the
band shown in Fig. 1. From 40—50 thousand km up to
160 thousand km, at which the measurements were
made, the concentration is almost constant and fluc-
tuates approximately in the range 5—10 particles/cm3.
We note that the concentration of the particles with
higher energies (~ 400—1300 eV) is of the order of
one per cm3.

It is easy to note now that the upper limit of the
concentrations measured in these experiments is
quite close to the upper limit of the electron concen-
trations obtained with the aid of whistlers, and is
also in good agreement with the data of other meas-
urements LI4>15] on the other hand, the lower limit
falls in the region of minimal values of the region of
the knee. Thus, it appears likely that the spread in
the values of the concentration obtained on the
OGO-A U I J is due to the same cause as the phenome-
non of the knee, and is connected with the fact that
above 15—20 thousand km, during the "disturbed"
periods, the concentration of the charged particles
decreases. Attention is called here to line 22 shown
of Figs. 1 and 2, i.e., to the variation of the concen-
tration of neutral particles, obtained with the rockets
"Zond I " and "Venus II" by measuring the intensity
of scattering by hydrogen—the La line (1216 A) of
solar emission . Above 15—20 thousand km, the
concentration of the neutral particles agrees closely
with the minimum values of the concentration of the
charged particles.* (In Sec. 3, where certain meas-
urement methods are briefly reviewed, we discuss
the need for correcting somewhat the results of the
measurements obtained with the aid of whistlers.)

The foregoing circumstances allow us to assume
that during the periods of "disturbances" the part i-
cles, as it were, are "swept" into the lower regions
of the ionosphere. The particles "fall out" and as a
result additional belts, electric fields, vibrational

*In ["], using coherent frequencies, it was also found that
on the average N ~ (1-2) x 10s el/cm3 at an altitude Z ~ 13
thousand km.
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plasma structure, and other complicated plasma
phenomena can occur. It is not excluded that the
"breakup" of the regular structure of the lower
regions of the ionosphere, observed during the period
of the so-called strong "ionospheric s torms," is the
clearest manifestation of these phenomena.

It will be shown in the next section that in the
region of the near-earth plasma referred to above,
i.e., at altitudes (3—3.5) Ro and higher over the
earth's surface, the Maxwellian distribution is also
strongly violated, there is apparently no quasi-
neutrality, and large electric fields are produced. All
this indicates that the plasma here is in a nonsta-
tionary state and is governed essentially by the par-
ticle streams that fall on the earth from the outside.
For these reasons, we believe a correct definition of
the boundary of the ionosphere to be the region of
formation of the knee, where the concentration N ( Z )
has two branches, one of them corresponding to the
minimum values of N, agrees closely with the con-
centration of the neutral particles, as is perfectly
natural.

With such a definition of the boundary of the iono-
sphere, it becomes apparently possible to describe
the ionization balance by means of a single equation
for the formation of the ionosphere, which will be
considered in Sec. 5.

The region of the nonstationary state of the near-
earth plasma (above (3—3.5) Ro) is the upper part of
the magnetosphere. It is here that the magnetic field
of the earth begins to break up even under undis-
turbed conditions, inasmuch as frequently HJ)/8
~ (NoMvjj/3). At distances (8—10) Ro from the earth,
as is well known, the regular magnetic field of the
earth plays already a minor role, with fields of the
fluctuation type prevailing, such as "frozen in" field
of plasma bunches. It is here where the interplan-
etary plasma proper begins.

In the region of altitudes from 700—800 km to
10—15 thousand km, the differences in the variation
of the concentration N ( Z ) in different experiments
is due to a number of causes: principal among these
is apparently the change in the external conditions of
the experiments (time, coordinates, magnetic field).
Individual experiments or series of experiments fre-
quently have different singularities, evidencing the
complicated dynamics of the particles in the iono-
sphere, the frequent absence of a smooth variation of
N ( Z ), and in general the great variety of states of
the near-earth plasma. For example, Fig. 5, which
shows individual curves of the altitude variation of
the electron concentration, obtained in Peru by inco-
herent scattering of radio waves during approximately
the same interval of time (15:24—15:36) on 1, 2, and
3 February 1965 [23], and at altitudes 4—8 thousand
km, the variation of N ( Z ) is patently quasi-periodic.
On the other hand, in the same experiments at lower
altitudes, the N ( Z ) plotted during a 24-hour period
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verge to a single node (Fig. 6), indicating that the
electron concentration had an almost irregular value
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curves can, naturally, differ greatly because of the
influence of the diurnal variation, (see Figs. 1 and 6).
However, even in this region of altitudes one ob-
serves in different experiments certain distinguishing
features. For example, in investigations using co-
herent waves with the aid of the satellite "Elektron"
in Moscow^18'1 and in Kharkov , the average alti-
tude variation of N( Z ) has additional maxima (see
Fig. 1, curves 18 and 19). The nature of these
maxima is not clear. They must, naturally, not be
regarded as the result of a regular formation of ad-
ditional layers above the principal maximum of the
ionosphere N ( Z ). They are apparently due to the
complicated dynamics of the upper ionosphere and
point to the presence at different points of a pre-
ferred direction (sign) of the horizontal gradient of
the electron concentration and to a predominant
direction of the wind. Above the principal maximum
NMAF^ 2 , and in other experiments, additional max-
ima are also observed'-24'2 , the origin of which can,
however, be connected with other factors (see, for
example, ). In the next section we shall present
data indicating that the lower part of the outer iono-
sphere—approximately 400—800 km—has also other
peculiarities, which offer evidence of the variety of
the processes occurring in it and in general of the
"activity" of this region of the near-earth plasma.

Notice should also be taken of the results of in-
vestigations of the altitude dependence of the electron
concentration in the outer ionosphere, obtained re-
cently with the "Elektron" satellite in the altitude
range Z ~ 2—20 thousand km'-51 . In these experi-
ments, the electron concentration was determined
from satellite measurements of the electromagnetic
radiation of outer space at frequency 1525 kHz. Owini
to the influence of the ionospheric plasma on the radi-
ation resistance of the receiving antenna, the level of
the received cosmic radiation changes strongly when
the satellite passes through the ionosphere. One can
therefore calculate, taking into account the variation,
of the equivalent capacitance of the antenna in the
ionosphere, the electron concentration of the plasma
along the orbit in the vicinity of the receiver mounted
on the satellite. The results of these measurements
are generally in good agreement with the N ( Z ) plots
shown in Fig. 1. From data of'-51-' we get
N ^ 104 el/cm3 at altitude Z ~ 2,000—3,000 km, de-
creasing smoothly to N ~ 103 el/cm3 at Z ~ 10—15
thousand km.

A large amount of material on the outer ionosphere
has recently been accumulated by analyzing the re-
sults of observations with the aid of the satellite
"Alouette," on which a pulsed ionospheric station
was mounted, probing the outer part of the ionosphere
from the height of its principal maximum NMAXF2

to Z ~ 1,000 km. The results were published in a
number of papers ~ 5 B > . The general aggregate of
these measurements shows that in the indicated re-

gion of altitudes, the altitude dependence of N ( Z) is
smooth and changes within limits that agree well with
the data given in Fig. 1.

An analysis of all measurements of N( Z ), shown
in part in Fig. 1 (a large number of other measure-
ment results were also considered) leads, in particu-
lar, to the recommendation that the average N ( Z )
plot shown in Fig. 7 be used in various calculations
for the outer ionosphere. Above 15,000 km it is nec-
essary to consider two possible variants of N( Z ).

We have already noted that the altitude dependence
of N ( Z ) contradicts curve 10, which was obtained
with the aid of ion traps on the rocket "Luna 2" " .
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clearly seen in Fig. 2, where curve 10 is drawn to a
linear altitude scale. It is seen there that when
Z ~ 15—20 thousand km the rate of decrease of N( Z)
(curve 10) slows down only slightly. On the other
hand, the phenomenon of the knee is characterized by
a rapid almost-jump-like change of the electron
concentration only, as illustrated by curve 6.

Let us see now how curve 10, obtained by recalcu-
lating the measured values of the currents in ion
traps, agrees with the altitude variation of the cur-
rent, I ( Z ), registered with the aid of ion mass-
spectrometers and shown by curves 21 on Fig. 2.'-21-'
These curves are shown in Fig. 2 for atomic-hydro-
gen ions. Above 1,000—1200 km, however, as is well
known by now, the protons are the principal component
of the ionosphere[20-1. In1-21-1, the results of measure-
ments for helium also show that it constitutes only
several per cent of the composition of the external
ionosphere. Therefore curves 21 actually character-
ize the general state of the plasma.

The measurement results represented by curve 21
correspond to different conditions of magnetic dis-
turbance and represent the altitude variation of the
current I( Z) in amperes (lower scale of Fig. 2). The
authors of '-21-' exercise the required degree of caution
and set the values of the current in correspondence
with the values of the concentration (upper scale of
Fig. 2) only tentatively. We see that above 1000 km
curve 10, regarded as the altitude dependence of the
current I ( Z ), does not contradict in general the al-
titude vs. current curves 21. Taken together, how-
ever, curves 21 and 10 not only do not agree, with the
altitude variation of the concentration N( Z ), but
contradict it. This can be seen from the following:

In the altitude range 1—10 thousand km, I ( Z )
changes very slowly, and in some cases even de-
creases with decreasing altitude (two such curves 21
are shown in Fig. 2). This does not tie in at all with
the normal variation of N ( Z ).

Second, the "saturation" of the I(Z) curves oc-
curs in different experiments at greatly differing al-
titudes. In Fig. 1 these altitudes range from 13 to 28
thousand km, and go far beyond the region of the knee
(see Fig. 1). Third, finally, if we assume for an in-
stant that the values of N ( Z) obtained from the I ( Z)
curves are correct, then we see that the concentra-
tion reaches unity in the region where they exhibit
saturation, and continues to drop, which does not
agree with the value of N( Z ) in this region of alti-
tudes. These values of N are approximately one-
tenth of even the neutral-particle concentration, which
should be close here to the minimum limit of N ( Z ).
As we have already seen, when Z £, 30,000 km the
decrease of N ( Z ) does in general slow down appre-
ciably, and the particle concentration tends almost to
a constant value N ~ 5—10 el/cm3.

Thus, the results of[10] and [20] do not give the
correct altitude dependence of the particle concen-

tration of the outer ionosphere, which on the average
has already been sufficiently reliably investigated by
now.

In connection with the foregoing, it is surprising
that the authors of "0' have constructed the afore-
mentioned model of the outer ionosphere on the basis
of only one series of measurements, and have even
stated that they were the first to establish the exist-
ence of hitherto unknown plasma sheath of the earth
in the 2—20 thousand km altitude region .

2. EFFECTIVE TEMPERATUHE AND OTHER
PROPERTIES OF THE OUTER IONOSPHERE

The results of measurements of the temperature
in the lower regions of the ionosphere and of the
average energy of the low-energy "thermal" parti-
cles in the outer ionosphere and above it are shown
in Fig. 8. To construct Fig. 8 we use the results of
the papers cited earlier'-12"14'17, and also other pub-
lished data'-27' . Unfortunately, at the present time
the measurement results above 1,000 km are still
quite scanty, and for the altitude region near
1—6 thousand km we found no suitable data at all.

7ff'

•a

^w3

ro2

70'' 7 70
Energy of "thermal" particles (K Tefj), eV

FIG. 8

Nonetheless, the general picture of the variation of
the energy of the "thermal" particles with altitude
can be outlined quite definitely.

Up to Z ~ 1,000 km, a very large amount of data
has been accumulated. We cite only a few sources.
Under different conditions, the temperature fluctu-
ates in the range indicated in Fig. 8: for Z ~ 300—
400 km, i.e., in the region of the principal maximum,
«Teff ~ 0.05—0.1 eV, and when Z ~ 1,000—1200 km
we have «:Teff ~ 0.1—0.3 eV. One of the most im-
portant properties of this region of the outer iono-
sphere is that when Z ~ 200—700 km the ion temper-
ature Ti is not equal to the electron temperature Te.
The ionosphere is not isothermal here, the maximum
difference being observed at Z ~ 250—350 km; in
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many c a s e s T e (3—4) T\. These r e s u l t s w e r e ob -
tained from an analys is of the energy spec t ra of the
radio waves " i n c o h e r e n t l y " sca t t e red by the iono-
sphere'-1 2 '1 3^. The nonisothermal na tu re may be the
consequence of the influence, of the e lec t r i c field or,
conversely , the cause of i t s appearance . On the other
hand, we can a s sume that quas i -neut ra l i ty i s violated:
Ne ^ Nj. It i s a lso natura l to expect violation of the
equi l ibr ium Maxwellian dis tr ibut ion of the par t ic le
ve loc i t ies in th is region. We do not know, however,
the r e s u l t s of exper iments that can indicate these
violat ions. F o r higher regions of the ionosphere (see
below), however, such data a r e avai lable.

The p re sence of " h o t " acce lera ted e lec t rons at
Z ~ 200—700 km should contribute to the instabil i ty
of the p l a sma and to the excitation of waves and o s -
ci l la t ions in it—to cloud formation of the ionosphere .
An investigation of this set of p rob lems i s of g rea t
in t e r e s t (see Sec. 4).

Above 10,000 km, as can be seen from Fig. 8, the
effective t empera tu re i n c r e a s e s rapidly from *Teff
~ 1 eV to *Teff ~ 10 eV at Z ~ 30,000 km.* When
Z ~ 30—40 thousand km, the par t ic le energy r ema ins
a lmos t constant . It i s in te res t ing to note that such a
var ia t ion of xTeff i s quali tat ively in good agreement
with the var ia t ion of the e lectron concentrat ion (see
Fig. 1). In the region of the knee, where fast changes
of N ( Z ) take place and the p lasma i s nonstat ionary,
t h e r e is a lso a rapid change in the par t ic le energy.
The data presented he re for l a rge al t i tudes were ob-
tained pr incipal ly for the analys is of the r e s u l t s of
m e a s u r e m e n t s c a r r i ed out recent ly on OGO-A'-1 . In
the analys is of these data, attention mus t be cal led
to one m o r e very important c i r cums tance .

In a r e given the fluxes (Nv) j and concen t ra -
tions Nj of the posit ive ions, and the e lectron fluxes
( N v ) e , at d i s tances 20—160 thousand km from the
ear th . The values of «Teff shown in Fig. 8 w e r e ob-
tained by us from the ra t io ( N V ) J / N J . There a r e
much fewer measu remen t r e s u l t s for e l ec t rons . It
can be noted, however, that (( N v ) e / ( Nv)i)V m/M > 1
for all the presented data. This ra t io r anges from
1 to 2.6 and i ts average value is 1.6. We point out that
in the l imiting region of the outer ionosphere, at a l t i -
tudes 20—30 thousand km, the range of this r a t io i s
1.3—1.6. Inasmuch as Vj » Vo (Vo is the velocity of
the sa te l l i t e ) everywhere in the considered alt i tude
region, the foregoing inequality i s evidence that the
elect ron energy density exceeds the ion energy
density. Thei r difference i s

\W ~ (NxT)e — (NxT), ~ 100 — 1000 eV .

If we now as sume for an instant that th is i s due en-
t i r e l y to the absence of quas i -neut ra l i ty N e * Nj, and
that AW ~ Eo/87r, then we find that the e lec t r i c field
intensi ty is Eo ~ (1—4) x io" 2 V/cm, i .e. , the e l e c -
t r i c field i s s t rong. The extent to which this important
conclusion i s c o r r e c t will be demons t ra ted by future
exper iments . It should be noted that in genera l it
a g r e e s with the overall p ic ture of the nonstat ionary
state of the p l a sma at these al t i tudes, and also with
the following r e su l t s of invest igat ions of the outer
ionosphere:

At d is tances 12—25 thousand km from the earth,
an analys is of the cutoff f requencies of the so-cal led
nose whi s t l e r s (see Sec. 3) has yielded the differen-
t ia l energy spec t rum of the electrons—the par t i c le
velocity distr ibution in the energy region 200—2000
eV *• . F igure 9 shows the corresponding resu l t s , in
the form of a plot of

1 ~j~, )v —-V ~-2n \ / (v,, vz - — ^o) vT dvT
o

against E u = M V Q / 2 , where f ( v z , v r ) i s the d i s t r i -
bution function in a cyl indrical coordinate sys tem
( v z i s d i rec ted along the magnetic field) and

dvT

This analysis method is d iscussed briefly in Sec. 3 .
It follows from Fig. 9 that

dvz

We note that for a Maxwellian velocity dis tr ibut ion

df
dv%

We see that the obtained data lead to a very important
consequence, namely: the Maxwellian velocity d i s t r i -

T h e data of [6I] confirm that at Z » 30 thousand km the tem-
perature reaches not 10 eV, but about 2 eV (see [14] and Fig. 8) and
changes little up to Z » 100 thousand km. These data disagree with
the results of ["]. FIG. 9
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bution is greatly violated at the limits of the outer
ionosphere and higher. The distribution tail includes
electrons of increased energy. The rise of the tail of
the distribution (the acceleration of the electrons) is
possible, and is due to the electric field indicated
above. One can assume, naturally, that not the entire
tail is raised, and that it has only an additional max-
imum or maxima in the indicated region of energies,
due to various electron beams. Both cases, as is
well known, contribute to an intensification of the
plasma instability.

3. CONCERNING SOME METHODS OF INVESTI-
GATING THE OUTER IONOSPHERE

Let us examine briefly the theoretical methods for
reducing the measurement results, with the aid of
which, in particular, a number of the data used above
were obtained. We shall note also certain shortcom-
ings and difficulties of these methods.

A. Investigations with the Aid of Low-frequency Waves

This, in this author's opinion, is one of the most
promising methods. An analysis of the character of
propagation of low-frequency waves in the near-earth
plasma reveals its main physical properties, and the
method itself is closely related physically to the
corresponding problem.

At the present time, when speaking of studies of
the ionosphere with the aid of low frequency waves,
one has primarily in mind investigations of whistlers.
In plasma theory they are sometimes called holicons;
they encompass the range of frequencies fijj « w
< wjj and, in addition, their frequency satisfies the
condition w2 « u | / u } ] . It is known that these investi-
gations are based on an analysis of oscillograms that
register the dispersion of signals emitted by lighting
discharges and propagating over long paths in the
ionosphere. Namely, a study is made of the frequency
dependence of the time of group delay of the wave
spectrum of the signal

is the so-called group coefficient of refraction, n is
the refractive index, and ds is the path elements; the
integral is taken along the wave-propagation trajec-
tory. It is postulated that the trajectory coincides
with the magnetic-field line, since whistlers are r e -
corded at points situated on opposite ends of the mag-
netic force line that begins in the emission region of
the lightning discharge—the source of the waves . It
must be noted, however, that the causes of the chan-
neling of these waves along the magnetic-field line
are insufficiently clear and call for further research,
since waves of this type can easily propagate in a
plasma in a large range of angles relative to the mag-
netic field. It can be assumed that such guiding of the
whistler wave spectrum is enhanced by elongated
ionized clouds situated along the magnetic field. The
question of finding such inhomogeneous formations
and investigating them up to the outermost border of
the ionosphere is therefore of great interest.

Figure 10 shows groups of whistlers. These sig-
nals, which have two branches, are called nose
whistlers, and the frequencies w]$/2ir at which the
delay times have a minimum, are called nose fre-
quencies. The range of frequencies of the whistlers,
shown in Fig. 10, corresponds to a part of the wave
spectrum emitted by the lightning discharge, and
varies in different experiments in the range w/2T
~ 1—10 kHz. The propagation of waves of this type in a
plasma is determined principally by the motion of the
electrons. Therefore waves with right-hand polari-
zation, corresponding to the extraordinary wave, are
not strongly damped.

However, the spectrum of the signals radiated by
lightning discharges, is much broader than the indi-
cated frequency range. Near the earth, the spectrum
of the whistlers ranges from a few to several dozen
kHz . On the other hand, the low-frequency waves,

(s) (s)
where U ( s) is the group velocity, n™ = n + u> dn/dw

down to several Hz, pass freely in the outer iono-
sphere . Besides, it is well known that at frequen-
cies lower than the gyrofrequency fin of the ions in
the plasma, two waves can propagate. One is the
already mentioned extraordinary wave, which is a
fast magnetosonic wave when w « flu- The other
wave, the propagation of which is determined by the
motion of the ions, has right-hand polarization (ordi-

FIG. 10

Time, T, sec
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nary wave), and is produced a s an ion cyclotron wave,
which i s an Alfven wave at frequencies a> « £2JJ.

An important problem was there fore the analysis
of the na ture of the frequency cutoff of this type of
whis t ler , and a l so a s ea rch for cor responding signals
down to the range of severa l Hz.

Recently, in sa te l l i te exper iments in the iono-
sphere , both indicated waves were observed in the
infralow frequency range from 100 to 500—600 Hz [31~34],
the source of which a r e lightning d i scha rges . These
waves were called respec t ive ly " e l e c t r o n " and
" i o n " (proton) whis t les (Fig. 11). The f i rs t i s the
" t a i l " of an ordinary infralow-frequency whis t le r
which has, however, covered only a short path from
the source to the satel l i te , while the second i s an
ion-cyclotron wave, cut off at the gyrofrequency of
the ions and covering the same path.

1000

aoo

6'ffO

•400

,200

The physical gist of the analys is method used for
wh i s t l e r s of both types, and the information on the
s t ruc tu re of the outer ionosphere obtainable from th is
analys is , cons is t in the following.

F r o m the d i spers ion cu rves of the ordinary s ig -
na l s one de te rmines f i rs t the e lec t ron concentrat ion
at the apogee of the wave t ra jec tory , from the nose
frequency U>N and from the delay t ime TJJ . This is
done by compar ing the corresponding values of OJN
and Tjyf with the r e su l t s of calculat ions of a family of
T (oo ) cu rves . The analytic N( Z ) dependence is used
in the calculat ions. The functions most frequently
used a r e

where Ro i s the rad ius of the ea r th and R is the
dis tance from i t s cen te r . These functions, with a
suitable choice of constants , a r e in genera l in good
agreement with the N ( Z ) p lots shown in Fig. 7 for
R ~ (1—6) Ro. Of course , they differ in the region of
the knee, where N( Z) falls off rapidly. It i s t h e r e -
fore important to use subsequently a theore t ica l
family of T (co ) cu rves calculated for this N ( Z ) d e -
pendence, and to verify the extent to which this af-

f e c t s t h e e l e c t r o n d e n s i t y d e t e r m i n e d f r o m t h e e x p e r -

i m e n t a l d a t a . Such a c h e c k a p p a r e n t l y n e c e s s i t a t e s a

n o t i c e a b l e c o r r e c t i o n in t h e v a l u e s of N f o r t h e c a s e s

w h e n a k n e e i s o b s e r v e d . S i n c e u s u a l a t m o s p h e r i c s

( s e e F i g . 10) a r e r e g i s t e r e d a t f r e q u e n c i e s w h i c h

m u c h g r e a t l y e x c e e d t h e ion g y r o f r e q u e n c y £2 JJ , w e

c a n n e g l e c t t h e i n f l u e n c e of t h e i o n s i n t h e e x p r e s s i o n

f o r t h e r e f r a c t i v e i n d e x . In m a n y c a s e s , h o w e v e r , i t

i s n e c e s s a r y t o t a k e i n t o a c c o u n t t h e i n f l u e n c e of t h e

t h e r m a l m o t i o n of t he e l e c t r o n s — t h e k i n e t i c c o r r e c -

t i on t o t h e r e f r a c t i v e i n d e x . A s a n e t r e s u l t , in t h e

r e a l i z a b l e c a s e w h e n OJQ » LOLOU, w e g e t f o r l o n g i t u d -

i n a l w a v e p r o p a g a t i o n

1 J y ( » f l j-CO)

)(tow—(O^ z Vcy 2~\/(ii)H — (o)» '

ve = V2/cT/m is the t h e r m a l velocity of the

(2)

(3)

w h e r e v e

e l e c t r o n s , con a n d w 0 a r e t h e g y r o a n d L a r m o r f r e -

q u e n c i e s , a n d c i s t h e v e l o c i t y of l i gh t . In s p i t e of

t h e s m a l l n e s s of t he t h e r m a l c o r r e c t i o n s t o n a n d

ng, t h e y m a k e n o t i c e a b l e c o n t r i b u t i o n s t o t h e i n t e -

g r a l s . T h e r e f o r e an a n a l y s i s of t h e d i s p e r s i o n a t t w o

p o i n t s of t h e a t m o s p h e r i c — a t t h e n o s e f r e q u e n c y U J J

and t h e u p p e r cutoff f r e q u e n c y w u of t h e a t m o s p h e r i c

( s e e F i g . 10), r e v e a l s t h e i n f l u e n c e of t h e t h e r m a l

m o t i o n of t h e e l e c t r o n s and m a k e s i t p o s s i b l e t o d e -

t e r m i n e n o t o n l y N b u t a l s o t h e e f f e c t i v e t e m p e r a t u r e

a t t h e c r e s t of t h e w a v e t r a j e c t o r y .

A n i m p o r t a n t q u e s t i o n i n t h e a n a l y s i s of a n o r d i n a r y

w h i s t l e r ( s e e F i g . 10) i s : w h a t d e t e r m i n e s t h e f r e -

q u e n c i e s a t w h i c h t h e s i g n a l s a r e o b s e r v e d ? Cutoff a t

t h e m i n i m a l f r e q u e n c i e s Lo/2it ~ 1 kHz h a s n o t b e e n

a n a l y z e d t h e o r e t i c a l l y t o t h i s d a y . I t i s n o t e x c l u d e d

t h a t a s u i t a b l e r e d u c t i o n of t he m e a s u r e m e n t r e s u l t s

m a y b e f ru i t fu l . On t h e o t h e r h a n d a n a n a l y s i s of t h e

cutoff f r e q u e n c i e s cou/2ir ~ 8—10 kHz a t t h e u p p e r

l imit of the whis t l e r s had led to very important r e -
sul ts *• . This cutoff i s due to the rma l motion of the
e lec t rons and cor responds to cyc lo t ron- resonance
damping at the e lec t ron gyrofrequency u)H. Since the
damping occurs at the c r e s t of the wave t ra jec tory ,
i .e . , in a re la t ively nar row region of the ionosphere,
the corresponding analysis of the whis t l e r s is a very
sensi t ive method of determining the wave damping
coefficient itself.

As is well known, cyclotron gyroresonant a b s o r p -
tion of the wave occurs when the veloci t ies vz of the
elec t rons along the magnetic field satisfy the condition

(4)z 0 ,

i . e . , w h e n t h e D o p p l e r sh i f t of t h e f r e q u e n c y " s e e n "

b y t h e e l e c t r o n i s e q u a l t o a> ( v o / c ) n . T h e w a v e

d a m p i n g c o e f f i c i e n t i s h e r e

~ 2
- ( 0 / df

(5)

where f i s the distr ibution function and
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(6)

i s the differential energy spec t rum of the e lec t rons ,
since N (d f /dvz )vZ= - v 0

 i s t n e number of pa r t i c l e s
having a velocity vz = - v 0 . The ene rgy - spec t rum
r e s u l t s p resented in Sec. 2 (see F ig . 9) w e r e obtained
from the value of K calculated from the cutoff f r e -
quencies w u .

Let us consider now a method for analyzing the
infralow-frequency signal o sc i l log rams shown in F ig .
11. The refract ive indices of both waves, for u> « WJJ
and w\ »O>CL>H a r e respect ively:

, - . . . , (7)
(OCOJJ

9k
)

(8)

where floi> fi02» • • •» flHi» nH2> • • • a r e the L a r m o r
and gyrofrequencies of the ions of the different so r t s ,
and Nj, N 2 , . . . , and M t , M2, . . . a r e the i r dens i t i es
and m a s s e s ( N—electron density) . F o r m u l a s (7) and
(8) were wri t ten without allowance for t he rma l c o r -
rec t ions and for the number of col l i s ions . In taking
the number of col l is ions into account, it i s n e c e s s a r y
to add everywhere to the m a s s symbols m, Mi,
M2, . . . the factor 1 + iv/iii, where v is the coll ision
frequency of pa r t i c l e s of so r t i .

Formula (7) i s equivalent to formula (2) with
OJ « WJJ, and makes due allowance for the ions . It
co r responds to an electron wave whose ref rac t ive
index i s l a r g e r than ze ro eve rywhere . On the other
hand, the ref rac t ive index n2

Q of the second wave—ion
wave—is l a r g e r than zero only in d i s c r e t e frequency
regions . Putt ing for convenience &Hi > &H2 > . . . ,
we see that the f irst region nj > 0 begins at u = Q^
and extends to the value of w at which the ref rac t ive
index n§ has the f i rs t ze ro (n2 = 0 ) ; when o^ d e -
c r e a s e s further, n2 again becomes negat ive. Then
n2 becomes posit ive in a second region at co < fiH2>
e tc . At the points a; ~ Jifj we have njj-*0 0 , i .e. , the
wave velocity d e c r e a s e s rapidly he re and the wave
delay t ime i n c r e a s e s rapidly. This explains the s teep
growth and then prac t ica l ly horizontal section of the
dispers ion curve in F ig . 11 for the ion signal . The
dispers ion curve in F ig . 11 cor responds to the f r e -
quency of ions having the leas t mass—pro tons . We
see that ion whis t le r s de te rmine the gyrofrequencies
of the ions, and if the magnetic field is known they
de te rmine the composit ion of the ionosphere . F u r -
ther , a very important feature of these osc i l lograms
is the point of in te rsec t ion of the two d ispers ion
curves , where a\ = n2. In F ig . 11 the corresponding
value of the frequency at th is point i s denoted o>1>2.
This frequency de te rmines the ra t io Nj / N . Thus,
for example, if we take into account only the influence
of ions of one sort , we can obtain from (7) and (8)

Thus, an ana lys i s of ion wh i s t l e r s gives ve ry e x -
tensive information on the p rope r t i e s of the outer
ionosphere . In t e r e s t a t t aches to fur ther r e s e a r c h at
even lower frequencies than shown in Fig. 11.
Natural ly, the reg i s t ra t ion of such s ignals at different
al t i tudes will yield the cor responding alt i tude v a r i a -
tion of the indicated quant i t ies .

In concluding this section, we note that we have
considered he re only ques t ions connected with
" p a s s i v e " e lec t romagnet ic waves, whose source l ies
outside the p lasma . Yet in t r ins ic excitation of the
ionospher ic p l a sma itself at low frequencies is a lso
poss ib le (and has a l ready been observed in many
cases) ^35~38^. So far, such radiat ion has been observed
at frequencies from seve ra l hundred to severa l thou-
sand Hz. It i s important , however, to s e a r c h for
corresponding " a c t i v e " waves and p l a sma osc i l l a -
t ions at frequencies nea r the ion gyrofrequencies ,
down to seve ra l Hz, d i rec t ly in the p la sma (using
sa te l l i tes or rockets ) . Bes ides the la rge information
on the s t ruc tu re and p a r a m e t e r s of the ionosphere
which such r e s e a r c h can yield, it a l so r evea l s the
mechan i sms of i t s s ta t i s t ica l inhomogeneit ies and
cloud formation, and p e r m i t s a study of the ins tab i l i -
t i e s and of other impor tant p r o p e r t i e s of the iono-
sphere .

B. Investigations of " I n c o h e r e n t " Radio-wave
Scat ter ing

Measuremen t s of the intensity and of the spec t ra
of the radio waves sca t t e red by the p la sma enable us
to study var ious p rope r t i e s of the ionosphere . P h y s -
ically, th is method is based on the interact ion of the
radio waves with the p lasma . Therefore , the r e su l t s
of the corresponding m e a s u r e m e n t s provide a
thorough diagnosis of the p la sma . The sca t t e r ing of
radio waves in the ionosphere [40-1 was observed soon
after the publication of the ve ry f i r s t pape r in which
the possibi l i ty of such r e s e a r c h was indicated ^ , and
by now th is method yielded many r e su l t s , some of
which were repor ted above t'1"13-1.

The measu remen t of " i n c o h e r e n t " sca t te r ing of
radio waves cons i s t s mainly of radiat ing ver t ica l ly
upward shor t packets of high-intensi ty radio waves
of frequencies great ly exceeding the maximum p lasma
frequency of the ionosphere

WO, max-=
4it (iVmF2)

wl,2 — ! (9)

The delayed back sca t te r ing of this packet of waves
from different heights of the ionosphere Z i s r e -
corded. One of the f irst such osc i l lograms i s shown
in Fig. 12 ^ ; it contains the record of the continuous
field of " r e f l e c t e d " signals from different heights of
the ionosphere . Integration of the intensi ty of the
sca t t e red waves in individual altitude sect ions AZ
= cAt , effected d i rec t ly with the aid of i n t eg ra to r s at
the output of the rece iver , r e su l t s in osc i l lograms of
the type shown in Fig. 13. On the osci l logram, the
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teraction exists in the plasma between the electrons
and the ions, 6N (w ) depends on the ion motion.
Therefore the scattering of radio waves in the iono-
sphere can in general not be a purely coherent scat-
tering of the Thomson type by free electrons. When
the incident wave interacts with the plasma, the col-
lective properties of the plasma come into play. The
more the wavelength of the incident radiation
A = 27rc/o; exceeds the Debye wavelengthmo urn Ma sffo a

km

km !

FIG. 12

mo fsao
Altitude, km

FIG. 13

vertical deflection of the point is already proportional
to the intensity of the scattered waves in the interval
( Z + AZ ), so that such an oscillogram gives directly
the altitude variation of the scattering energy. We
note that in one of the best setups for "incoherent"
radio wave scattering, operating at 50 MHz, the sig-
nal pulse power was ~ 5 x 106 W, the antenna area

4 2was 8 4 x io4 m2, and the pulse width was 3 x 1O~3—
10~4 sec. The apparatus radiated alternately, at fixed
time intervals T, waves circularly polarized in op-
posite directions [l2'1. This has made it possible to de-
termine the phase difference between the ordinary and
extraordinary waves, and also the temporal auto-
correlation function, which is proportional to the
Fourier-transformed energy spectrum.

Let us examine the physical principle of the method
and its possibilities, bearing in mind that the fre-
quency of the incident wave is w » w0 ) m ax- The radio
waves are scattered in the plasma by spontaneous
" thermal" fluctuations of the electron density <5N(w).
With this, inasmuch as a self-consistent Coulomb in-

D -
U —

i.e., when the condition

4JIA e o)0

(10)

is satisfied, the greater the influence of the ions.
Thus, purely incoherent Thomson scattering takes
place only if

(ID

In this latter case the differential scattering cross
section, i.e., the spectrum of the Doppler frequency
shifts

Qs = (os — <B- kve = ~ve (12)
of the scattered waves, has a Gaussian character,
owing to the Maxwellian distribution of the electron
velocities. The spectrum is bread and its width is
of the order of kve = k V2xT/m. Indeed, it is easy
to see that the frequency distribution of the back
scattering per unit volume in a unit solid angle is
equal to

ao ,dQ,=JV/0(i0A;-^, (13)

where N is the electron density,

/.(") = :

is the Maxwellian distribution and

= 'in —« 1
Jis the isotropic electron scattering cross section.

Using (12) we find that the scattering cross section
per unit solid angle is

... JVcr, 1 f Q
exp (^-

and the total scattering cross section over all fre-
quencies and angles is

(14)

a — An \ (15)

i.e., it coincides with Thomson's formula. In this
case the radio waves are scattered not by the elec-
tron-density fluctuations but by the electrons them-
selves.

For an arbitrary value of \/27rD, i.e., when Debye
screening of the electron by the ions is in effect, the
formulas for OQS are much more complicated. An
analysis of the calculation results shows that the
scattered radiation presents a highly harmonic physi-
cal picture.[41"43]
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For an arbitrary value of A/2TTD, the total cross
section of the back scattering per unit solid angle in
an isothermal plasma is

_ Na. V X, J

concentration occur already on longitudinal ion-sound

from which we see that when A/27rD » 1 we have

Thus, owing to the action of the ions, the total scat-
tering energy at all frequencies is reduced by one-
half when A » D. On the other hand, the scattering-
energy frequency distribution has a number of singu-
larities.

For an isothermal plasma ( T e ~ Tj), assuming
first that there is no external magnetic field, the scat-
tering spectrum consists of two parts. The greatest
part of the scattering energy lies in the frequency
region Qs ~ kvj. This is the Doppler-broadened
fundamental line of the spectrum—its ionic part. In
the electronic part of the spectrum, at frequencies
fis ~ kve, the scattering intensity is much smaller
throughout. When A/27rD ~ 1, satellites begin to ap-
pear in the electronic part of the spectrum—maxima
which become quite narrow when A/27rD » 1 and
correspond to the electron Langmuir frequency, i.e.,
in this case fis ~ wo- The reason is that the fluctua-
tions of the electron concentration in this case occur
on longitudinal electron oscillations. It is seen from
Fig. 14 that fis is already sufficiently close to a)0

even when A/27rD = 4. Indeed, for A/2TTD = 4 we have

Qs — 3.5 kve ~ 3.5 —5— • co0 — co0.
A

In a n i s o t h e r m a l p l a s m a , t h e c h a r a c t e r of t h e s c a t -

t e r i n g s p e c t r u m c h a n g e s n o t i c e a b l y .

waves u) = kVs, where V s = Vj\ is the veloc-
i t y of n o n - i s o t h e r m a l s o u n d . C o n s e q u e n t l y m a x i m a a t

f r e q u e n c i e s fis
 = kviV T e / T j a p p e a r i n t h e s p e c t r u m .

I t i s e a s y t o s e e f r o m F i g . 4 t h a t t h e r o l e of t h e i o n -

s o u n d w a v e b e c o m e s n o t i c e a b l e a l r e a d y a t T e / T j ~ 2 .

T h i s r e s u l t of t h e t h e o r e t i c a l c a l c u l a t i o n s of t h e s c a t -

t e r i n g s p e c t r a i s in i t s e l f q u i t e i n t e r e s t i n g . In a n o n -

i s o t h e r m a l p l a s m a w i t h A / 2 T T D » 1, t h e t o t a l d i f f e r -

e n t i a l c r o s s s e c t i o n p e r u n i t s o l i d a n g l e i s e q u a l t o

Noae 1

T h e m a g n e t i c f ie ld Ho, a s i s w e l l known, l e a d s t o

a n i n c r e a s e in the n u m b e r of o s c i l l a t i o n m o d e s and

w a v e s in t h e p l a s m a , and t h i s , of c o u r s e , s h o u l d b e -

c o m e m a n i f e s t i n t h e p r o p e r t i e s of t h e s c a t t e r e d

r a d i a t i o n . T h e m a g n e t i c f ie ld , h o w e v e r , d o e s n o t i n -

f l u e n c e t h e s c a t t e r i n g r a d i a t i o n w h e n t h e d i r e c t i o n of

i t s w a v e v e c t o r k s c o i n c i d e s w i t h HQ, a n d b e c o m e s

n o t i c e a b l e on ly w h e n k s 1 H o .

W e p o i n t ou t f i r s t t h a t t h e p r o p e r t i e s of t h e t o t a l

d i f f e r e n t i a l s c a t t e r i n g c r o s s s e c t i o n in a m a g n e t i c

f i e ld r e m a i n t h e s a m e a s in a n i s o t h e r m a l p l a s m a ,

a n d a r e d e s c r i b e d w i t h t h e a id of (16) . On t h e o t h e r

h a n d , t h e s p e c t r a l d i s t r i b u t i o n a c q u i r e s t h e f o l l o w i n g

p e c u l i a r i t i e s .

J u s t a s in t h e c a s e w h e n Hj = 0, t h e h igh f r e q u e n c y

f l u c t u a t i o n s of t h e e l e c t r o n d e n s i t y 6N (w ) o c c u r on

L a n g m u i r p l a s m a o s c i l l a t i o n s if a> » u>0, i . e . , on

h i g h - f r e q u e n c y l o n g i t u d i n a l w a v e s . T h e r e f o r e t h e

s c a t t e r i n g s p e c t r u m h a s a m a x i m u m f o r A/27rD » 1

a t t h e h y b r i d f r e q u e n c i e s

± -j ^ 9

When T e » t h e f l u c t u a t i o n s of t h e e l e c t r o n in the electronic part of the spectrum (Qs ~ kv e) .
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In the low-frequency part of the spectrum, when
Qs ~ kvi, the spectrum is an isothermal plasma with
k s 1 Ho should have a maximum at the frequency of
the fast magnetosonic wave, i.e., when

Qs = kVA, (20)

where V A = S20/i2jj is the Alfven velocity (Qo is the
ion Langmuir frequency). In a strongly nonisothermal
plasma, when T e » Tj, scattering by slow magneto-
sonic waves also occurs, and the spectrum should
have additional maxima at

Q.-=kV.. (21)

Naturally, side bands appear at the ion gyrofrequen-
cies S2H corresponding to the frequencies of the ion-
cyclotron waves. Scattering by Alfven fluctuations of
the plasma (o> « £2JJ) should similarly appear in the
spectrum.

The properties of the scattered radiation, which
we considered briefly above, pertain to a two-com-
ponent plasma. In a multi-component plasma the
ionic part of the spectrum is modified, and this part
broadens when the light particles begin to predom-
inate (for example, when Nj ( Hj) « Nj ( 0 )).

We see that a sufficiently complete theoretical
analysis of the recorded scattered radiation of the
ionosphere can yield much information on different
plasma parameters. A feature of this method is that
it depends in organic fashion on the vibrational prop-
erties of the plasma; by the same token, a sufficiently
detailed analysis of the scattering spectra can also
serve as an appropriate research tool. In particular,
one must bear in mind observation of deviations from
Maxwellian distribution.

A direct determination of the ratio of the total
scattered-radiation intensity registered by the r e -
ceiving unit to the incident-radiation intensity gives
the total differential effective cross section per unit
solid angle. We see that this cross section depends
on the concentration N and on the ratio T e / T j . If
T e / T j is sufficiently large, then the cross section
can be determined from the maxima of the spectrum.
However, the picture becomes more complicated in a
multicomponent plasma. It is therefore necessary to
determine N independently, say by measuring the
phase difference tp between the extraordinary and
ordinary waves in a specified altitude interval. If the
corresponding theoretical curves are used, the spec-
trum of the scattered radiation determines also the
relative contents of the different plasma components.
This is done by measuring the autocorrelation func-
tion

E(t)E*{t + T) sin f, E (t) E* (t + r) cos T|>.

The Fourier transform of E ( t ) E* (t + T ) gives the
energy spectrum of the scattering.

In conclusion it must be noted that the entire
potential of the method of "incoherent" scattering

has not yet been exhausted. A deeper insight into the
theoretical methods of analyzing the measurement
results can be gained by using electronic computers
directly in the experiments. It is advantageous to ef-
fect at a single point simultaneous measurements at
several frequencies, chosen such as to go through the
values 2TTD/A » 1, ~ 1, and « 1 in different regions
of the ionosphere. Experiments with very narrow
beams are important. These reveal, in particular, the
influence of the magnetic field on the scattered-radi-
ation spectra.

C. Investigations with the Aid of Langmuir-type
Probes

The method of determining the concentration of
charged particles and other parameters of the iono-
sphere from measurements of a particle flux drawn
from the surrounding medium into chambers of var i -
ous constructions (mass spectrometer, ion traps,
spherical analyzers) is based on the principle of the
Langmuir probe, which was developed more than 40
years ago'-44 . It was first used for the ionosphere in
1946 . The Langmuir probe, generally speaking, is
an elegant and fruitful means of investigating the
properties of a highly rarefied plasma. However, when
used under the conditions of interest to us, it is sub-
ject to a number of limitations and requires great
caution.

In different regions of the near-earth plasma,
noticeable changes occur in the characteristic
parameters of the medium (particle velocity, Debye
radius, Larmor radii, potential of the body, etc.), and
a corresponding change takes place in the effects
produced in the vicinity of a moving body by its inter-
action with the plasma. It is frequently difficult in
general to determine under what conditions the meas-
urements were made, for example, if the potential
cpo of the body is unknown. At the same time, exact
knowledge <£>o nmy be decisive for a correct utiliza-
tion of the results of the measurements with the aid
of probes. On the other hand, no sufficiently com-
plete theory of probes, with allowance for various
conditions of the external ionosphere (for example,
with allowance for the magnetic field), has yet been
developed. Consequently in many cases we do not
know in general how to convert the measured value of
I (current in the probe collector) into the sought
density of the unperturbed medium. This explains,
for example, why an incorrect altitude variation of
the particle density was obtained from the measure-
ments of the altitude variation of I( V) (Sec. 1). We
shall consider here briefly, by way of illustration,
only a few peculiarities of probe measurements of
the ion density in the ionosphere. Naturally, a com-
plete analysis of this problem goes byond the frame-
work of the present article.

When the probe is moved a large distance from the



800 Y a . L. A L ' P E R T

earth's surface, as is the case for example in the
experiments described i n [ l ] and [2l], radical changes
occur in the physical conditions under which the
measurements are made. Therefore the theoretical
relation that describes the connection between the
concentration of the ions and the current I measured
by the instrument changes in a complicated manner.
At the present time, under certain conditions, it is
not known at all what formulas can be used for this
purpose. For concreteness let us consider the condi-
tions at four fixed distances from the earth's surface,
for which the main parameters determining I are
given in the following table:

Alti-
tude
Z, km

500
2000
6000

20 000

105
7-105
108

3-10"

Velocity
of space
rocket,

v0

106
10«

8 105
5-105

v0
"i

10
1 4
0.8
0.16

D, CM

0 6
2 7
7.4
102

"He cm

4
8
24

1.5-103

pH,-
cm

7-102
3-102

1-10"
3-104

It follows directly from the table, first, that a l-
ready at Z ~ 2000 km it can no longer be assumed
that the probe moves with supersonic velocity, for
the particle velocities become commensurate here
with the velocity of the body. Therefore when
Z ~ 2000 km the formula

= SeNlV0, (22)

which is frequently used when VQ/VJ » 1, is no
longer valid ( S is the effective area of the instru-
ment) .

At lower altitudes, where V0/vi, formula (22) is
in general suitable, but only ahead of the moving body,
if the surface of the probe collides head-on with an
incoming particle stream. On the other hand, a r a re -
faction region is produced in the rear of the body.
For example, along its axis, at a distance 0.1 p0 from
the body ( p0 is the radius of the body), the particle
density is approximately l/lOth of the unperturbed
density No of the plasma surrounding the body, with
N depending strongly on the angle 0 between the
probe and the direction of motion of the body '-ie~is^.
Therefore any accurate determination of the particle
density calls for knowledge of the orientation of the
probe relative to the vector Vo and of the correspond-
ing angle function. The latter, however, depends on
many factors, in particular on the shape of the body
and the distribution of its potential cp0 (6 ) . For cer -
tain potentials, a condensation region may even ap-
pear behind the body, in the vicinity of its motion
axis, while to the side of the axis there is a rarefac-
tion region. At the same time, not only is the poten-
tial of the body during the time of the measurements
unknown, but there are even no sufficiently accurate
methods for its determination. Since the body carry-

ing the probe has a complicated geometrical and
electric structure—its surface consists of conducting
parts, dielectrics, and semiconductors—the distribu-
tion of its surface potential <p$ ( 6 ) may be compli-
cated. It is therefore not excluded that locally <PQ
can reach large values. This will greatly influence
the characteristics of a probe placed near such a
region. It is seen from the foregoing that the use of
probe measurements to determine the concentration
is quite difficult even in the regions where V0/vj » 1.

Let us consider now the higher altitudes. From
Z ~ 2000 km up to Z ~ 6000 km we have Vo ~ VJ.
Furthermore, the Debye radius becomes commen-
surate here with the linear dimension of the probe (of
the order of several centimeters). Under these con-
ditions formula (22) is not suitable at all for the de-
termination of the particle density, No other rigorous
theoretical formulas, are available to functionally r e -
late I with No. Furthermore, the influence of the
magnetic field on the probe characteristics is expec-
ially strong in this region. The electron Larmor
radii become commensurate here with the probe
dimensions, and then with the dimensions of the body.
Under these conditions the particle flux captured by
the probe can greatly decrease. The particles can
"slip by" the probe. However, there is still no ap-
propriate probe theory in which account is taken of
the influence of the magnetic field.

At distances Z > 20,000 km from the earth, the
Debye radius already exceeds the probe dimen-
sions by several times ten. Moreover, for attracted
particles (positive ions if the body potential is nega-
tive), the probe can be assumed to be at (vj » v0),
and we can use the well known Langmuir formula

£2 (23)

However, formula (23) is valid in practice only if
UT/e<po) (D/Po)8 >> 1 (see [ 4 4 ]) . With increasing po-
tential, the flux increases rapidly, namely:

/ =J

and conditions under which j/jo ~ 20 become pos-
sible even in this region of altitudes. Conse-
quently, a particle density smaller by a factor of 20
produces in the instrument the same current as in the
case when j is determined by formula (23). Yet the
latter formula has been used to process the experi-
mental data without taking into account the concrete
measurement conditions.

Thus, the present-day theory used to reduce
probe-measurement results does not permit a re l i -
able investigation of the outer ionosphere with the aid
of these methods; we emphasize that this is particu-
larly true if

''o ,- 1 °
I I P0

i, —
P0

(24)
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i.e., in the altitude region from Z ~ 1500—2000 km
to Z ~ 10,000—20,000 km. At large distances from
the earth, Z > 20,000—30,000 km, the thermal energy
of the particles is already sufficiently large UTeff
~ 10 eV), and consequently epa/xT can hardly be
very large. Further, the influence of the magnetic
field should also be greatly reduced, since PHe.

 an<J
certainly PHJ. is much larger than the dimensions of
the body, so that the trajectories of the particles
relative to the probe can be regarded as straight
lines. Furthermore, D is either larger or much
larger than po throughout. The net result is that the
flux density is determined, as in a medium at rest,
with the aid of formula (23), and the difficulties in-
volved in using probes are greatly reduced. It should
be noted that in many cases, even in the near-earth
plasma zone in which probes are the least reliable,
the conditions can be made favorable by choosing the
proper shape of the body, by appropriate placement
of the probe relative to the least-charged part of the
surface, etc. Such measurement conditions, however,
are difficult to foresee. Thus, further improvement
of the quality of probe measurements is possible only
if an adequate theory is developed for these measure-
ments. With this, to obtain the full value the measure-
ment results it is necessary in many cases to derive
theoretical formulas for specified concrete experi-
mental conditions, with due allowance for the dimen-
sions and shape of the body, the placement of the
probe relative to the body, the electric configuration
and the reflecting properties (degree of accommoda-
tion) of its surface, etc.

4. INHOMOGENEOUS FORMATIONS IN THE OUTER
IONOSPHERE

As is well known, the ionosphere is a statistically
inhomogeneous medium, in which the inhomogeneous
formations are created and annihilated almost con-
tinuously. Therefore the character of the ionosphere
inhomogeneity is described with the aid of the
spectra of the sizes of the inhomogeneous formations,
the spectra of the fluctuations of their electron densi-
ties, the autocorrelation function of the scattered
radiation, etc.1-49'501. The dimensions of the inhomo-
geneous formations range from hundreds of meters
to hundreds of kilometers. The relative fluctuations
of the electron density

x\r AN

range from 10~3—10~2 to several units. At the same
time, naturally, inhomogeneous formations that vary
"slowly," and are not describable statistically, are
also observed in the ionosphere. These constitute
principally the large-scale inhomogeneity of the iono-
sphere, which is described by a functional dependence
on the time and the coordinates.

The statistical inhomogeneity of the ionosphere is

closely related to the vibrational and wave properties
of the plasma and to its interaction with the particle
fluxes and the radiation incident on it. The occurrence
of a local uncompensated charge, the action of the
external electric fields, or the violation of the equili-
brium distribution or of the isothermal conditions all
lead to instability of the plasma and to various types
of wave motions. Since the main physical parameters
of the ionosphere (density, temperature, mean free
path, Larmor radius) depend on the height and on the
horizontal coordinates, the processes become more
complicated. In general, a continuum of oscillations
can exist in the entire ionosphere at a given instant
of time. Moreover, just as in the ionosphere, drifts
and general large-scale motions of the particles are
observed, vibrational processes can develop, and
turbulization of the plasma can set in.

We see that an investigation of the general physical
characteristics and properties of the inhomogeneity
of the ionosphere, particularly the outer ionosphere,
is of great interest. It is important here also to in-
vestigate the shape of the inhomogeneities, the char-
acter of their orientation along the magnetic field,
and the degree of their ellipticity. The degree of
ellipticity observed in the lower region of the iono-
sphere is of order 2—4, i.e., relatively weakly
elongated inhomogeneities. At the same time, we can
assume that at large altitudes there exist inhomo-
geneous formations of "sausage" type, very strongly
elongated along the magnetic field, since transverse
diffusion in a weak-collision plasma is much slower
than longitudinal diffusion. In particular, observation
of such inhomogeneities would help explain the propa-
gation of whistlers over long distances.

The altitude variations of the properties of the in-
homogeneities thus reveal the character of the
processes that occur in the ionosphere, and determine
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its principal parameters. A very important experi-
mental problem is to measure simultaneously, in
local regions of the ionosphere, the dimensions of the
fluctuations of the concentration of inhomogeneous
formations and the plasma-oscillation frequencies.
The author knows of no such experiments. They would
establish, in particular, the type of the waves excited
in the plasma and permit a thorough diagnosis of the
plasma. We see that an investigation of the inhomo-
geneous structure of the ionosphere and of the
plasma-wave processes connected with it is a funda-
mental problem. While noting these circumstances,
we are unable, however, to construct at present any
ordered picture of the corresponding data, especially
in the outer ionosphere, owing to the scarcity and
sporadic nature of the individual experimental results.

The latest investigations in the altitude region
400-2500 km with the "Elektron" satellite, using
coherent radio waves, have made it possible to con-
struct the spectra of the sizes of the inhomogeneous
formations, W(p), and of the fluctuation of their
electron density, W(AN), by analyzing the fluctua-
tions of the differences in the Doppler frequency
shifts. These are shown in Figs. 15 and 16 [5 l ]. How-
ever, a rather difficult analysis of their altitude de-
pendence has shown that these inhomogeneities were
apparently observed mostly in the lower part of the
outer ionosphere. It is interesting to note that the
spectrum has three maxima at ~ 1—3 km, 7—10 km,
and 12—30 km. The maximum in the ~ 12—30 km
region has a steep front, which possibly indicates
that the excitation of these inhomogeneities has a
resonant, shock-like character. A preliminary analy-
sis of the possible types of waves associated with
these inhomogeneities shows that these can be ion-
cyclotron or Alfven waves. However, there are no
experimental data on the frequency spectra of the
plasma for these observations. It is also important
to note that the electron density in the smaller in-
homogeneities reaches 105—10e el/cm3, i.e., AN is

W(dN)

as
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commensurate with or larger than the perturbed
density No. This indicates that the excitation of the
inhomogeneities in these cases is intense.

We can indicate that the presence of inhomogen-
eous formations with dimensions 100—500 km up to
altitudes of 700—1000 km has been established by
different investigations. These data, however, are
still skimpy. For the altitudes of interest to us, how-
ever, which extend to the border of the ionosphere,
there are in general no measurement results at all.

5. IONIZATION BALANCE EQUATION IN THE
OUTER IONOSPHERE

The general picture of the structure of the iono-
sphere, as considered above, indicates that a con-
temporary theory of ionosphere formation and the
ionization-balance equation should be based on an
allowance of a number of new important circum-
stances. These are dictated by the latest experi-
mental data.

It is necessary, first, to bear in mind that the
motion of the particles as in many cases non-
Maxwellian. In a number of regions of the ionosphere
the quasi-neutrality can apparently be violated
(N e * Nj), the plasma is not isothermal ( T e * Tj),
and electric fields may be produced. In addition, it
is not excluded that besides the formation of charged
particles, due to ionization by the incident radiation
(principally ultraviolet radiation from the sun), there
is an influx of particles from the magnetosphere
("spilling" of particles) caused on by currents
whose dynamics in the ionosphere can be quite
complicated. As a net result, the ionization balance
of the ionosphere should be based on a kinetic analy-
sis and is solved self-consistently with the Poisson
equation. Thus, the initial functions for the solution
of the problem of the formation of the ionosphere
should be the following: the altitude dependence of
the particle distribution function, of the particles, of
the electric and magnetic fields, and of the directional
velocity of the particle motion.

All these functions, naturally, can be obtained es -
sentially only by experiment.

On the other hand, the ionization-balance equation
can be obtained from the kinetic equation in the fol-
lowing manner.* We have for one species of part i-
cles:

T dj e E d f , e

/ p a r t i c l e \

I f o r m a t i o n /

j particle \
I annihilation /

_j_ f particle influx 1
^ from outside '

(25)"

J O ' J O ' W J O S

F I G . 1 6

*The author is grateful to L. P. Pitaevskii for a discussion of
this question.

*[vHJ = vxH0.
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where f (v, Eo, Ho) is the distribution function and v
is the summary velocity ({"thermal"}
+ {translational}).

We integrate (25) term by term, and obtain

which is the change in the density with time. Calcula-
tion of

\ \'!Ld3v = - \ v/d3y = - (A'v) - div (A7v)
•> dv dt v dr

yields the particle transport in general form. Fur-
ther,

*>d»«; = E [ *-
d\ 1 dvd\ L, M

sv

where dSv is a surface element in velocity space, and
f—• 0 when v — °°. Finally,

\ [vH, ]^>r - \ -{[vH0

I n0 {[v Ho] /} dS — \ {H cur l v - v cur l H} / d3v - 0 .

where n0 is the normal to the surface Sv in velocity
space, and account is taken of the fact that

f Lvx Ho] =divvLv x Ho] and f
ov

0 when v -*

while curl Ho = 0 and curl v = 0.
As a result of these simple manipulations we ob-

tain a system of ionization-balance equations in
primary form

, l - W , . ( 2 6 )

However, it is necessary to add to (26) the equation

v2<p = div(tfe-./Vj), (27>

bearing in mind here that the conditions Nj ~ Ne

= Noee ( eq>/nT) can be satisfied.
We see, and this is the main conclusion of the

analysis presented here, that to solve the system
(26)—(27) we must know the quantities

,= J Vefed'v, iti d3v,

Nt = \ ft d*v, (28)

i.e., primarily the distribution functions. For con-
creteness, we assume in (26) that the formation of
the particles

•i'oo (29)

i.e., the ionization) is due to incident ultraviolet radi-
ation ( n—density of neutral particles ), and that the
annihilation of particles is via photorecombination
and electron adhesion.
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