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Abstract

The generation of growing electrostatic electron waves by
electron beams in the ionosphere and magnetosphere is investi-
gated. The auroral F-region, the high latitude exosphere, the
auroral acceleration region around 1 Rg altitude, the outer
pla8masphere and the plasmasheet are treated.

It is found that auroral electron beams can amplify electro-
static waves in all these regions but in different k-ranges.
The growth rate, in terms of »j/u, generally increases out-
ward. The propagation direction range of the waves discussed
varies from a narrow cone around the magnetic field lines to
all directions except close to perpendicularity. Strong cyclo-
tron resonance effects at propagation angles close to 90° are
not dealt with.

The method used can easily be applied to any plasma system
where free energy is available in the form of an electron
beam, including laboratory plasma.
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1. INTRODUCTION

Electrostatic waves have been shown to exist in the magneto-
sphere and ionosphere by a large number of investigators.
Measurement techniques which are based on density fluctua-
tions, such as incoherent scatter radars, depend on the exist-
ence of such waves in the plasma. Their generation and propa-
gation and the associated instabilities have been extensively
studied since Bernstein's (1958) original work, particularly
in connection with the observations of resonances in the upper
ionosphere by means of topside sounders and plasma line obser-
vations with the use of incoherent scatter radars, of VHF
radio refections from aurora, of the interaction of auroral
particles with the ionosphere and of waves in the magneto-
sphere with frequencies close to n+1/2 of the electron gyro-
frequency (see e.g. Hultqvist, 1984 for references). The free
energy for the wave growth may be in the form of a loss cone
distribution, temperature anisotropy or field aligned beams.
The last mentioned form will be discussed here.

Magnetic-field aligned pitch angle distributions, of precipi-
tating keV electrons have been observed since the 1960's in
the high-latitude ionosphere and lower magnetosphere during
aurora (Hoffman and Evans 1968; Holmgren et al., 1970; O'Brien
and Reasöner, 1971; Paschmann et al., 1972, Whalen and
McDiarmid, 1972; Maehlum and Moestue, 1973; Arnoldy et al.,
1974; 1985; Evans, 1974; Lundin, 1976; Kaufmann et al., 1978;
Eliasson et al., 1980; Sandahl et al., 1980). The electron
beams can frequently be approximated as Maxwellian distribu-
tions flowing along the magnetic field lines (see e.g. Evans,
1974; Lundin, 1976; Kaufmann et al., 1978; Eliasson et al.,
1980; Sandahl et al., 1980; Arnoldy et al., 1985). Intense
outward field-aligned fluxes of electrons with energies of the
order of a few hundred electron volts have also been observed
(Klumpar and Heikkila, 1982; Colin et al., 1982). Observations
of field-aligned electron fluxes in the outer magnetosphere
have been reported from regions in and near the geostationary



orbit (DeForest and Mcllwain, 1971, Borg et al., 1978 and

others) and streaming energetic ions have been observed in the

boundary layer of the plasma sheet (e.g. Williams, 1981).

Energetic particle beams are thus a common occurrence in most

parts of the magnetosphere.

A number of acceleration processes are known which produce

field aligned electron fluxes, such as acceleration in an

electric field along the magnetic field lines (see e.g. Alfvén

and Fälthammar, 1963; Lennartsson, 1977; Lyons, 1980; Chiu and

Cornwall, 1980), Fermi acceleration, and particle acceleration

in current sheets (Speiser, 1965, 1967; Cowley, 1980; Lyons

and Speiser, 1982).

As electron beams thus appear to exist and affect the physics

of the plasma in most parts of the magnetosphere and the iono-

sphere, it is of interest to investigate where and under what

conditions they may give rise to growing electrostatic waves.

To cover all ranges of interest for all variables of impor-

tance in all parts of the magnetosphere with numerical solu-

tions of the dispersion equation, for instance by means of the

WHAMP program (Rönnmark, 1983), very extensive computations

are required. The present report is therefore based on a

method derived by Hultqvist (1985) for solving the dispersion

equation and calculating the growth rate from simple scale

factor adjustments for three numerically computed curves.

After a brief presentation of this method we discuss in the

main part of the paper the conditions that have to be present

in different parts of the magnetosphere/ionosphere system for

electron beams of the kinds observed to produce growing

electrostatic waves. Their ranges of frequency, wave vector

magnitude and growth rate are evaluated. The beams are

described as flowing Maxwellians which, according to the

above, is often a reasonably good appproximation of observed

distributions. The streaming Maxwellian approximation is also

expected to give a rough idea about the action of non-

Maxwell ian beams.
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Figure 1. The functions ReF, ImF and DC for ^xAz
<()cxlcz)max' i#e* for wave propagation

directions where cyclotron resonance effects do not affect the functions significantly. For
definitions of the functions and their arguments see the text, (a) has a linear scale and
(b) and (c), which have logarithmic scale, give the values of the functions with better
accuracy than (a) for larger arguments.



The growth rate, wi» for slowly growing waves (wi«u>) is

given by the expression

.o. -Y
Q \

(5)

where

-) e

The wave vector k is assumed to be real.

If (>>i>0 the waves grow. RePj, ImFj and Dj can be read

from the curves in Figure 1 (index j refers, as mentioned, to

different electron populations, i.e. to different argument

values of the functions).

The parameter

C
'j

vthj.k/Q/2 (7)

in the argument of Figure 1 and in the function O D in the

figure is independent of direction of wave propagation up to a

certain limiting angle (see below). We thus see that the func-

tions ReF, ImF and D can all be found from Figure 1 for any

values of u>, k, kx/kz, Q, vtnj and V 2j. For large q/C

values (we leave out index r and j on q from here on in this

section) ReF and CD can be calculated from the asymptotic

expressions

1

(q/C)' (q/C)
(8)

and

CD(|) » -
(q/C)'

(9)

ReF is an even function of q/C whereas ImF and D are odd func-

tions. Since ImF<0 for q/C>0 and solutions of (2) and (3)



exist only where ][lmF./h. « XReF./tu » i«e« £°* q/Q,3, where
D<0, we see that u>j/Q<0, i.e. waves are damped, if only
electrons with q/C>0 exist in the plasma. Only if an electron
population has a flow velocity such that q = (u-kzVz)/Q<0
can it contribute to wave growth. From Figure 1a we can
conclude that there is a maximum contribution to
overstability from a flowing Maxwellian when the beam velocity
along the magnetic field lines, Vz, has a value which makes
q/C - -1, for which argument ImF has a (broad) maximum with

Inffmax - °»76-

The upper limit of k, below which maximum amplification can

occur, is given by the condition |lmFi|/h1 * 0.76/h2 , where

index 1 refers to the stationary plasma and 2 to the beam.

From this condition u is determined and the k-limit is then

given by (2). The lower limit of k for growing waves to exist

is defined by the expression (3), where -0 may be replaced

with <<k2, which is not so precise as the relation defining

the upper limit.

The curves in Figure 1 are applicable for propagation angles,
measured from the magnetic field lines, which are small enough
for cyclotron resonance effects not to affect the dispersion
function in a significant amount. Hultqvist (1985) has demon-
strated that this is true at least out to angles from the mag-
netic field lines given by

" <2cj " (10)

with Cj defined in (7). From a physical point of view one

may say that there is a "competion" between effects on the

dispersion functions which depend on the plasma temperature

(Landau type of resonance) and such which are associated with

the cyclotron motion (cyclotron resonance).

For instance, for Cj»1, (^x/^z^max*1' i#e« tne limit-
ing propagation angle is 4 ^ . O 1 (for the plasma component
contributing most to the solution of (2))gives a rough measure
of the plasma temperature (for given k and Q) above which
waves can exist over a wide range of propagation angles. How-



ever, waves without significant cyclotron resonance effects
may exist also for 2C2-1<0, but then only in a fairly narrow
cone around the magnetic field lines. An example of this can
be found in Figure 3(c) of Hultqvist (1984), where CO//2 and
the cyclotron effects on the ReF, ImF and D are still small
even 4S3 from the field line direction. This means that the
O 1 limit is generally a conservative one for applying the
present method of analysis. A rough estimate of the wave-
particle interaction can be obtained by using equations (2),
(3) and (5) also in some range outside the limiting propaga-
tion angle defined by (10). For those regions of the magneto-
sphere where the plasma is warm or hot (so that C>1) the above
expressions describe the interaction for all propagation di-
rections except in a narrow range around the perpendicular di-
rection.

The perpendicular direction is of little practical interest in
connection with beam-generated electrostatic waves in the
magnetosphere and ionosphere, because quite high electron
energies are required for resonance when the waves propagate
close to the perpendicular direction. There are generally much
lower densities of high energy electrons than of lower energy
ones in the magnetosphere. The conclusion is, therefore, that
the method of Hultqvist (1985) can be used to analyse practi-
cally all beam-generation of electrostatic electron waves of
practical interest in the magnetosphere and ionosphere.

When the dispersion relation is given by (2)-(4), with ReF and
ImF as shown in Figure 1, the frequency is in the first ap-
proximation equal to the plasma frequency, up. This is true
when the asymptotic expansion of the dispersion function can
be used in evaluating ReF, giving expression (8). The second
term in this expansion gives rise to the first order tempera-
ture correction of the frequency. Whereas the asymptotic ex-
pansion can frequently be used for the stationary electron
component this is not true for the electron beam. The beam
provides, as mentioned above, maximum amplification when

q 2/C 2—1, for which argument ReF_ <• -0.3. For small k-values
2the beam term ReFj/h- may therefore move u slightly away

from wp in the downward direction. For maximum amplifica-



tion (q2/C2—1) and for qi/Ci>3, u> is given by the expression

u2 _ "pi 3 K T 1 k 2

" 1 + O"71-2 '2 + m

In the next section we apply this method to determine in what

parameter ranges growing electrostatic waves may exist as a

result of electron beam-plasma interaction in different parts

of the magnetosphere and ionosphere.

3. BEAM-GENERATED ELECTROSTATIC ELECTRON WAVES IN DIFFERENT
PARTS OF THE MAGNETOSPHERE AND THE IONOSPHERE

We first investigate the amplification of electrostatic elec-
tron waves by Maxwellian electron populations flowing along
the magnetic field lines in the auroral zone ionospheric F-
layer and at greater altitudes. Thereafter the conditions in
the outer plasmasphere are considered. Finally we discuss the
hot plasma regions of the magnetosphere around the geostation-
ary orbit and in the plasmasheet.

3.1 The high-latitude F-layer

Of particular interest in the high latitude ionosphere is the

k-range used by incoherent scatter radars. Hultqvist (1984)

has analysed in some detail the conditions for electron beams

giving rise to growing electrostatic waves of a wavelength of

56.9 cm, which may be detected with the EISCAT VHF radar. To

be seen with the EISCAT UHF radar the wavelength has to be

16.1 cm (k2*0.1531). Let us first consider in the F-layer only

one stationary electron population, namely the cold

ionospheric electrons of T1=2000 K (0.172 eV) and densities

in the range ni»105-106 cm"3. Precipitating electron

populations of density n2-0.1-5 cm"3 and T2»10-1000 eV have

been reported. We investigate for what n1# n2 and T 2 values

electrostatic waves of k2»0.1531 can exist and when they can

grow, using equations (2)-(6) and the curves in Figure 1 for

obtaining the values of ReFi 2, imFi 2 and Dl 2. For one
stationary and one beam component the equations needed may be
written as follows:



v.

n1 n2 5 2=±- ReF. + -v ReF0 = 5.525*10 • kT1 1 1 2 I (12)

(13)

n

Q n. n~

f7 D1 + T~2 °2

(14)

2.386 (15)

tanG^ = (2C7 - 1),2
'1

" " kzVz

V2 _

(17)

U(eV) = 2.845-10-6 (18)

where U is the energy of the flowing electrons corresponding

to the flow velocity Vz (cm/s; for non-relativistic elec-

trons), and all temperatures are measured in electron volts.

The factor k2/30 in the right-hand side of (13) is a rather

arbitrary quantification of the term »0 in (3).

The real part of the frequency, a>, is evaluated from the real

part of the dispersion equation (12). The wave propagation is

determined completely by the stationary ionospheric plasma

(index 1) because of the much lowe:. density and higher temper-

ature of the precipitaing auroral electrons.

If, for instance, we choose ni=2»105 cm"3, T i=0.172 eV (2000

K), n2=1 cm'3t T2=100 eV and B=0.449 gauss (auroral zone
-2 FromF-layer),we find for kz=0.1531 that ReFi= 7.27*10

Figure 1b we read q/C1=
s
w/QC1=4.07. As Ci=0.662, u>/Q=3.51,
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ec is in this case 35°. For maximum amplification by the

beam of waves propagating at this angle from the field lines,

i.e. kz=0.321, the electron beam has to have a flow velocity

along the field lines of Vz=5.97«10
8 cm/s corresponding to

an energy of 101 eV. For waves propagating parallel to B,
Q

maximum amplification occurs for Vz= 4.90*10 cm/s, i.e.

U=68 eV. However, since the minimum of ImF in Figure la is

quite broad, flow velocities in a corresponding broad range

will amplify the waves, but less than maximum.

It still remains to be found out if condition (13) is met and

if the waves are damped or growing. For W / Q C 1 = 4 . 0 7 and <\2Ki~

»-1 we find that ^imF./h? = -2.53-10"3 and k2/£(ImF{/h
2 )"61.

Condition (13) is thus met. But, as £lmF./hf <0, u./0 < 0 and

the waves are therefore damped (̂ D./h. < 0) for this iono-

spheric electron density. The damping by the cold stationary

electrons exceeds the amplification by the beam electrons.

In order to have growing waves £lmF./h. has to be positive
which can only be the case if llmF,Ao MlmF./h, I. With the
parameter values used above it turns out that |lmFo/h^ I is
five orders of magnitude smaller than JlmF1/h.) j. It is thus
not possible to obtain growing waves by increasing the beam
density, n2, and decreasing its temperature, T 2 (within rea-
sonable ranges). We therefore have to find wave frequencies
for which llntf^/h2 |<|lmF2/h

2 |. With the use of Figure 1 we
see that [in^/h2 |»|lmF2/h2 |

 for u/QC.,-6.75. For this argu-
ment ReF.» 2.3-10"2 and thus n,= 6.3«105 cm"3 for k2» 0.1531

2

(ReF2/h2 is negligible). For the beam parameters chosen,
growing waves of k2 * 0.1531 are thus produced only in those
parts of the F-layer where the electron density ni>6.3*105

cm"3. The growth rate grows from zero at this electron density
level to positive values at altitudes with higher electron
density.
For instance, for n^S.10 5 cm"3 «*• find U/QCJ-7.65, (/Q-6.59,

u>i/Q«+3.39'10
7, ui/u»5.14»10-

8, Vz(q2/C2«-1 )=6.73»10
8 cm/s and

U-129 eV. We thus see that the growth rate is quite low. This
is a general characteristic of electrostatic waves in the
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F-layer with realistic beam characteristics because of the

high ionospheric electron density and low electron tempera-

ture.

For a given k-value n^ and u are limited at the upper end only

by the realistic electron densities available in the iono-

sphere .

For a beam density n2=1 cm"
3 and a beam temperature T2=100 eV,

used as a typical example above, and for a flow velocity V
z

2 -9
giving ^^iT ~^ (maximum amplification), ReF2/h2 =-5.43»10 ,
which value is generally negligible compared with ReF./h- in
the F-layer. The same is true for all reasonable auroral elec-

2 2tron beam densities and temperatures. Thus k = ReF./h. in
the F-layer.

In order to determine the maximum k-value, k m a x, for which
electrostatic waves can be amplified by an auroral electron
beam with n2 = 1 cm"3, T2 = 100 eV and a Vz value such that
92/c2 ~ "1 discussed above, we assume a maximum value of
ionospheric electron density ni = 2»106 cm"3 and a minimum
electron temperature T2 = 1000 K (B * 0.449 gauss as before).

where u/QC. i s determined from

Ji.81.10"6 • ^~^ • ImP^w/QC^I = 1 . 8 1 . 1 0 " 6 . ^ . 0.76 -

« 1.38»10"8

using Figure 1. We then find k^g = 0.96 cm"1 with a corre-

sponding minimum wavelength of 6.5 cm.

The minimum value of k for which wave amplification can occur

is defined only by the condition (13) for the existence of a

solution for a slowly growing wave, i.e. u>i << to. As the

contribution of the stationary population can be neglected

for u/QC less than one unit above that where | irnF 1 A> 11 =

2 2 2
|lmF2/h2|, k m i n is given by k m i n = 30 • ImF2/h2 . For the
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beam we have discussed above (n2 = 1 cm"
3, T 2 - 1Q0 eV)

- 6.5 • 10"**, corresponding to a maximum wavelength of 97 m.

We thus see that the wavelengths of the EISCAT radars, corre-

sponding to k=9.4»10~2 and k=0.39, are within the range of

possible amplification of electrostatic waves by field-aligned

electrons precipitating into the auroral zone F-layer, with no

other non-flowing electron component present except the iono-

spheric electrons. The UHF-radar can, however, only detect

such waves when the electron density is larger than 6.3*10s

cm"3, i.e. only close to the peak of the P-layer, if at all.

Besides field-aligned primary auroral electrons, secondary
electrons are generally present in the ionosphere at auroral
zone latitudes. Their pitch-angle distribution is generally
isotropic. In addition, a non-flowing (isotropic) auroral
electron population, of higher characteristic energy than the
beam electrons, is sometimes observed together with the beam
(Sandahl et. al., 1980). The secondary auroral electrons in
general contribute more to the stability of the plasma than
the cold ionospheric electrons. If we use index 3 for the
secondary electrons we may write the condition for wave growth
(a>i>0) as follows

ImP3| < 0.76 • ̂  • ̂  , (19)

where Vz is assumed to have a value such that the primary
auroral electron beam (index 2) contributes as large a posi-
tive value as possible to u>i (ImF2 * +0.76).

The number of secondary electrons and scattered primaries is

of the same order of magnitude as the number of primaries

(see e.g. Evans, 1974). If we assume that the secondaries can

be roughly approximated as Maxwell-distributed with a charac-

teristic energy of one tenth of that of the primaries, we

find (using (8)) that only waves with k-values given by
2 2h. k <0.1 T-j/T, can be amplified. The k-value measurable with

the EISCAT UHF radar (k * 0.39) is too large for typical para-

meter values of the auroral electrons, their secondaries and
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the auroral zone ionosphere, for realistic auroral electron

beams to be able to amplify the thermal density fluctuations.

For the k-value observable by means of the EISCAT VHF radar (k

= 9.39»10~2 cm"1) we find with typical values of the densities

and temperatures of the ionosphere, beam and secondary elec-

= 2000 K, N2 = 1 cm"
3tron populations (Nj = 8»105 cm"3,

T2 = 100 eV, N3 » 1 cm"
3, T3 = 10 eV, B = 0.32 gauss) a growth

rate value of = 6.67 10-6

An additional hot non-streaming auroral electron component

(index 4) with Ni, ~ 3 N2 and T4 ~ 15 T2, as observed by

Sandahl et al. (1980), reduces the growth rate only by about

10%.

So we conclude that field-aligned auroral electrons with a

distribution roughly approximated by a displaced Maxwellian is

expected to amplify electrostatic waves detectable with the

EISCAT VHF radar for typical values of densities and tempera-

tures of the various electron populations involved. For the

k-value observable with the UHF radar no amplification is

expected for typical parameter values.

3.2 The high-latitude exosphere

In the exosphere, with appreciably lower electron density than

in the F-layer (and slightly higher temperature and slightly

lower magnetic field intensity), no realistic auroral electron

beam can produce growing waves with the EISCAT k-values. For

the example of such an auroral electron beam discussed earlier

(n2=1 cm"
3, T2-100 eV) we find that in a typical situation at

1000 km altitude, with nl = 10
1' cm"3 and Ti=2000 K, growing

waves can be produced for k-values in the range

6» 10~'*< k <5»10~2, corresponding to wavelengths between 1.4

and 100 m. For k=10"2, for instance, the beam mentioned would

give the maximum amplification of waves with w/Q=0.97 for a

flow velocity of 9.8»108 cm/s, corresponding to a flow energy

of 275 eV. The growth rate would be o>i/Q=6.5»10~5 (0̂ /0)=

6.7» 10~5). For a value k=10~3, near the lower limit, the same

densities and temperatures give u)i/Q=5.4«10~2 (u>j/w=

5.8-10"2), i.e. much higher than for k=10"2. The required

energy of the streaming electrons to produce maximum amplifi-
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cation increases strongly with decreasing k to 10 keV for

k=10~3. Waves are generated only within a narrow cone around

B.

The presence of secondary auroral electrons in the exosphere

will also affect the k-range in which wave growth can be gene-

rated by auroral electron beams.

The intense field-aligned fluxes of low-energy electrons out

of the ionosphere at auroral latitudes, which have been re-

ported by Klumpar and Heikkila (1982) and Colin et al. (1982),

should be more destabilizing than auroral electron beams

because of higher density and lower temperature. Such beams

may occur already at 1000 km altitude.

If we assume as an example, n2=100 cm"3 and T2=1 eV in a

1000 km altitude exosphere with n^iO1* cm"3 and T1=2000 K (as

before) we find that growing waves can be produced in a narrow

k-range: 6.4»10~2< k <8.7»10~2. That means that only waves

with wavelengths between about 70 and 100 cm can be amplified

by such a beam. For these parameter values, the range is out-

side the EISCAT k-values.

If we estimate for what n2 value (other parameters unchanged)
at 1000 km altitude the upper and lower boundaries for k are
equal, we find values of n2=580 cm"3, k2*2.4»10~2. For higher
n2 values no solution of the dispersion equation exists.

We may evaluate what density of such cold outflowing electrons

is required for amplifying electrostatic waves with k 2 =

8.816»10~3 (EISCAT VHP radar), other parameters as above, and

we find n2>230 cm'3. A beam of e.g. 300 electrons per cm3

(temperature 1 eV), which may not be unrealistic for this out-

flowing kind of cold beam, gives a growth rate of wi/Q»

7.4» 10~3 (wi/w»6.9»10"*3) for a flow velocity of only

1.1*108cm/s, corresponding to an energy of 3.4 eV. We thus

conclude that outflowing cold electrons may destabilize elec-

tron waves with k2»8.816»10-3. No waves with k2«0.1531 can be

generated by an electron beam of 1 eV electrons flowing

through a typi<
and Ti»2000 K.
through a typical 1000 km altitude ionosphere with ni-101* cm'3
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3.3 The magnetosphere at 1 Bp altitude on auroral zone field

lines

If we assume an electron density of 30 cm"3 at 1 Rg altitude

over the auroral zone, as observed by Persoon et al. (1983),

a low temperature of 1 eV for the stationary electrons and an

auroral electron beam of n2=1 cm"3 and T2=100 eV (as earlier),

we find that growing electrostatic waves can have k-values in

the range 6.4»10~"*< k <1.8»10~3, corresponding to wavelengths

between 35 and 100 m. For k=10"3, a>j/Q=2.2«10"3, ui/iu=-

7.7»10"3, and V2=7.38»10
8 cm/s, corresponding to a flow

energy of U=155 eV for maximum amplification. The parameter

Ci<1//2, so waves exist only for small propagation angles

relative to the magnetic field lines.

For a cold beam (T2=1 eV) with a density of, say n2=10 cm"
3 we

get from (13) for maximum amplification the requirement

k>2.0»10~2. However, all solutions making ReF^.1 (ReF^.1 is
2 2

a requirement as FteF2/h2 « k in this range), require much

higher electron densities than normally found at 1 Rg alti-

tude over the auroral regions. For instance, for k2=10~3,

ni>5.5»103 cm"3 is required.

We therefore conclude that realistic cold outflowing beams

cannot produce growing electrostatic waves in the typical sta-

tionary electron population at 1 Rg altitude, but typical

auroral electron beams can.

3.4 The outer plasmasphere

In a stationary electron population in the outer plasmasphere

at »3 ^ altitude near the equatorial plane with the follow-

ing typical parameter values: ^=1000 cm"3, T^O.2 eV, B=

5#10~3 gauss, a Maxwellian beam with n2=1 cm"
3 and T2=10 eV

and a flow velocity, Vz, with a value such that q2/C2=-1»

can amplify electrostatic waves with k-values in the range

2.0»10~3< k <1.9.10~2 (3.3 m < wavelength < 31 m). With k=

10- , as an example, expressions (12)—(18) give the following

values for waves propagating at an angle of 45° from the field

lines with maximum amplification: w/Q=20.5; Ci=2.13; 9c=71°;
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<i>i/Q=1.44«10~2; u»i/w=7.0»10~'*; Vz=4.4«10
8 cm/s corre-

sponding to 56 eV. For maximum amplification of the same waves

but propagating along B V2=3.1*10
8 cm/s and U=28 eV.

For k-values down to where Cj=1, expressions (12) and (13) de-

scribe all beam-related wave-electron interactions except

those associated with wave propagation close to the perpendi-

cular direction, which require high electron energies for

amplification (Cx=1 for k=4.69*10~
3). With the same densities

and temperatures as above one finds with q2/C2=-1 and

k xA 2=1* w/Q-20; 9C»45°; c*i/u»=4.2.10~3; V2=6.66«10
8

cm/s, i.e. U=126 eV. For k xA 2=0, U=63 eV at maximum

amplification.

With a hotter beam the range of existence of growing waves is

extended downward whereas a denser beam reduces the range. For

T2=100 eV instead of 10 eV, but all other above parameters un-
2 2changed, the lower limit, defined by k >30lmF2/h2 , is changed

most and the k range of possible wave growth is extended to

6.4-10"H< k <2.2«10"2 (2.0 m< wavelength <98 m).

We can conclude that electrostatic electron waves can be am-

plified in the outer plasmasphere by realistic electron beams.

3.5 The outer Magnetosphere

For maximum amplification (q2/C2
2

be possible we require that ^

D by the electron beam to

! 1*^/^ * where the argu-

ment of ReF1 is obtained from the condition that -ImF-/h? =
2 2 2

0.76/h2 (where u^-0)), is larger than k^in* 30»£lmF,/hf (see

(13)).

In the outer magnetosphere we can find conditions which permit

growing waves (q2/C2=-1) only with some difficulty. Prom

ImF1»n1Ai*0.76»n2/T2
 we see that n1/T1>n2A2 is a necessary

requirement, since -ImFi cannot be larger than 0.76. If n^^

n2/T2r k2<0 and no waves exist (k is real in the present

method). So we have to have n1/*r1>n2/T2. But even if



i

t
t

18

102«n2/T2 it turns out that kmax<kmj.n, i.e. there are no

growing waves. For nl/Tl = 10
3»n2/T2 (with ^ = 10 cm"3, Tj =

100 eV, n2=0.1 cm"
3, T2 = 1000 eV) we find kmin

=6'4*10~5 and

kmax=1.1»10~"*. The k-range over which maximum amplification

is possible is thus very narrow even for this high value of

the ratio of n/T values. If we increase nj to 50 cm"3, which

is an extreme value in the geosta- ionary orbit and beyond, we

only increase kmax to 2.2»10~
l*.

For a k-value of 8«10~5, which is in the middle between kmin

and kmax, and nt=10 cm"
3, Tx=100 eV, n2=0.1 cm"

3, T2=10
3 eV

and B=10~3 gauss with maximum amplification (q2/C2=-1), the

following values are found: u>i/Q.=0.141, u>i/w=1.31 »10~2,

Ci=1.91, ec=68° , V2=3.7.10
9 cm/s with the corresponding

U=3.8 keV.

Parameter values which make {nl/Tl)/(n2/T2) even bigger than

5*10 are not easy to find in the outer magnetosphere. A lower

magnetic field intensity than the value 10~3 gauss used above,

which is found in the outer plasmasheet and elsewhere at great

distances, mainly increases C and therewith the range of pro-

pagation angle where expressions (12) - (18) describe the wave

particle interaction. This has only slight effects on k-ranges

of existence and other considerations.

We have concluded above that no growing waves are possible

when n1Ai
=n2/T2. If the beam parameters n2/T2>n1/Tl, the com-

ponent with index 2 takes over the dominating role for the

wave propagation. All considerations presented in this report

can still be applied by only switching the indices, i.e. by

taking the component stationary relative to the earth as the

streaming one and vice versa. However, for a measuring instru-

ment on a spacecraft the Doppler effect in the flowing plasma

component will of course be different from that in the

ordinary case considered in this report.
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4. CONCLUDING REMARKS

It has been demonstrated in this report that growing electro-
static electron waves can be produced in the ionosphere and
the magnetosphere out to the plasroasheet for k-ranges of vari-
ous widths in different parts. The cooler the stationary plas-
ma and the higher its electron density the easier are the
waves amplified by realistic electron beams. Typical auroral
electron beams can produce waves in all investigated regions.
Cold beams from the ionosphere are effective in amplifying
waves in the P-layer and the exosphere. The k-values decrease
generally from the P-layer outwards and the growth rate is
mostly higher in the hotter plasma than in the ionosphere in
terms of uj/w (but not necessarily in terms of s" 1).

A number of investigations of electrostatic electron instabil-
ities associated with field-aligned auroral electrons have
been carried out before (see e.g. Kaufmann et al. 1978; Lotto
and Maggs, 1979, 1981; Dusenbery and Kaufmann, 1980; Maggs and
Lotto, 1981). They have, however, generally been more limited
in parameter space because they have been based on numerical
solutions of the dispent ion equation for particular limited
parameter ranges. The method used here makes it easy to vary
all parameters without extensive numerical computations, be-
cause ReP, ImP and CD depend only on q/C in the way shown in
Pigure 1, as long as the basic conditions mentioned in section
2 are fullfilled, as found by Hultqvist (1985). No earlier
studies have been related to the incoherent scatter radars in
the way of the present one.

The model used takes into account only one kind of free ener-

gy, that of a flowing electron component. Other kinds may be

of greater importance in some parts of the magnetosphere. The

study has shown that the existence of field-aligned auroral

electrons is enough to amplify electrostatic waves in all

plasma regions of the magnetosphere - although in limited

k-ranges - and in the ionosphere. Pield-aligned electron

distributions are frequently observed in auroral situations,

as discussed in the introduction, but isotropic pitch angle

distributions are at least as common (e.g. Akasofu, 1977), and
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in diffuse aurora there is frequently a loss cone which drives

electrostatic waves with large kx/k2 values at about

(p+ i) Qe (see Rönnmark et al., 1978, 1981; Kurth et al.,

1979a, b, 1980). The method used in this report is not appli-

cable to this situation.

The frequencies dealt with here are generally not far from

the plasma frequency. The propagation directions range from a

narrow range around the B-direction to all directions except

close to perpendicularity. Only waves where the cyclotron

resonance effects do not significantly affect the dispersion

equation have been discussed. The cyclotron resonance is

generally of importance at fairly large angles from the mag-

netic field lines and requires therefore higher energy elec-

trons for resonance, which are mostly present in fairly small

numbers compared to the central part of the population. There-

fore, the form of interaction dealt with in this report is

frequently the dominating one in terms of wave generation.

In order to observe electron beam-generated electrostatic

electron waves within the ionosphere/magnetosphere system, one

can use incoherent scatter radars in the F-layer, or observe

the waves directly with dipole antennas, and the electron beam

with particle detectors on spacecraft. No attempts to identify

such beam generated waves in space data have yet been done.

On the basis of the demonstrated ability of typical auroral

electron precipitation to amplify electrostatic waves within

the ionosphere in the lower part of the k-range observable

with incoherent scatter radars, it appears that observations

in the lower part of the ISR frequency range of plasma lines

in the high latitude ionosphere may sometimes be due to waves

caused by the primary auroral electrons with characteristic

energies of a fraction of a kilo electron volt to several keV,

instead of by secondary electrons of a few eV to a few tens of

eV energy.
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The model employs flowing Maxwellians to describe the electron
bean. This is not an accurate model of many auroral electron
beams, but it still is expected to describe important parts of
the physics of wave-particle interaction in the ionosphere and
Magnetosphere.

The method used here can be directly applied also to labora-

tory plasmas with an electron beam, provided that the basic

assumptions used in the analysis - that the stationary plasma

and the beam are uniform over the region of interest, that the

magnetic field is constant there and that the description of

the beam as a flowing Maxwellian is a reasonable approximation

- are applicable.
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