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ABSTRACT 

The possibility that the electrons producing discrete aurora are stochastically 

accelerated by waves is investigated. It is demonstrated that the lower-hybrid 

waves seen on auroral field lines have the right properties to account for the 

electron acceleration. It is further shown that the lower-hybrid wave power 

measured on auroral field lines can be generated by the streaming ions observed 

at the boundary of the plasma sheet, and that this wave power is sufficient to 

account for the electron distributions observed close to the atmosphere. 

To be published 1n Annales Geophysicae Tol. 6, No. 2 ( 1988) 



INTRODUCTION 

In this paper we describe in detail the model outlined by Bingham et al (1984] 

in which it was proposed that the streams of electrons that are associated with 

discrete aurorae are accelerated by electrostatic waves. 

The first direct measurements of the electrons that produced a discrete aurora 

were made by Mcllwain [ 1960) who, after careful examination of the data, deduced 

that the electron spectrum responsible for producing a bright active auroral arc . 
was more sharply peaked than a Maxwellian. nte spectrum was described as 

consisting of nearly mono-energetic electrons with about 6 keV energy. nte 

sharpness of the peak argued against it having been generated by a statistical 

process, and acceleration by electric fields parallel to the earth's magnetic 

field was suggested as a possible cause. ntis was followed by the work of 

Albert [ 1967), Evans [ 1968] and Hoffmann anci Evans [ 1968), who, in order to 

account for their observations of "near mono-energetic electrons" and field

aligned electrons, suggested that the electrons traversed a magnetic-field

aligned potential difference which accelerated them to energies of a few keV. 

This interpretation has since become almost a tenet of auroral physics. 

The auroral particle observations that have been made since 1968 have, however, 

led to the realization that the electron distributions cannot be accounted for 

by invoking a process as straightforward as one in which all electrons traverse 

the same potential difference [ O'Brien, 1970; Whalen and McDiarmid, 1972). 

It was pointed out by Hall and Bryant [ 1974) that the monotonic, rather than 

stepped, nature of the electron angular distributions, and the shape of the 

energy spectrum peak, which is too broad for the electrons to be described as 

"mono-energetic", indicated a stochastic acceleration process. To account for 

the wide range of energies that exhibit field alignment, and the wide range of 

angles over which field alignment extends, Hall and Bryant (1974) introduced the 

possibility that the accelerating electric field was essentially a time-varying 

phenomenon, with major fluctuations on timescales of milliseconds or less. A 

wave-particle interaction process was suggested by Bryant et al, (1978) as the 

mechanism. In order to accommodate another common feature of the spectrum - the 

rise in "temperature" of the high-energy tail with increasing peak energy [Burch 

et al, 1976; Bryant, 1981) - the degree of acceleration is requireci to be energy 

dependent as well as time-varying. Bryant [ 1983) has summarized the 

discrepancies between the observed electron distributions and those expected for 

acceleration through a potential difference. Wave-particle interactions have 
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been invoked to account for some of these discrepancies, such as the flatness of 

the peak on its low energy side [Bryant et al, 1978; Lotko and Maggs, 1979; 

Johnstone, 1980; Maggs and Lotko, 1981; Kaufmann and Ludlow, 1981], and multiple 

peaks [Hoffman~ anci Lin, 1981; Arnoldy, 1981]. 

The conclusions drawn from particle observations that the acceleration mechanism 

is stochastic and energy-dependent has led a~thors such as Bryant [1978), Whalen 

and Daly [ 1979] and Hall [ 1980) to consider the possibility that the electrons 

are stochastically accelerated by plasma waves. Kaplan and Tsytovich [1973] 

have shown that interactions between electrostatic plasma waves and electrons 

can be very efficient in accelerating electrons to produce non-thermal tails. 

The effectiveness of electrostatic waves for accelerating electrons has been 

recognized during the search for current drivers in Tokamak fusion-devices 

[ Boyd e t a 1 , 1 9 7 6] • 

In this paper we will consider the possibility of electron acceleration by 

lower-hybrid waves, which are observed to be very intense on auroral field 

lines, Scarf et al [ 1973]. Lin and Hoffmann [1979] have found that inverted-V 

electron streams are associated more closely with regions of low-frequency 

turbulence having the same spatial extent (Temerin, 1981], than with 

electrostatic shocks. Gurnett and Frank ( 1977] show that the maximum wave 

energy resides at frequencies close to the lower-hybrid frequency. Scarf et al 

[ 1973) , using results obtained from OGO S, found that the spectrum peaked near 

the lower-hybrid frequency with a normalized energy density (normalization is 

with respect to plasma thermal energy density) of 10-1+ to 10-3 , corresponding to 

electric field strengths between 0.2 - 0.5 Vm-l. Mozer et al [1980] have 

reported that the lower-hybrid waves are one of the most important auroral zone 

waves observed by the S3-3 satellite; the waves having field strengths of the 

order of 100 mV/m, the most intense being seen in the region of steep density 

gradients which correspond to the boundary between the plasma sheet and tail 

lobes. Bryant et al [ 1972] first demonstrated that the electron streams acco

siated with discrete aurora were formed at this boundary. 1l'lis was confirmed by 

the measurements reported in Bryant et al [ 1977]. Further confirmation has been 

provided by Winningham et al [ 1975], who have shown that diffuse aurora is the 

footprint on the atmosphere of particles precipitating from the plasma sheet, 

and that discrete aurora is normally located at the poleward boundary of diffuse 

aurora. Measurements at the plasma sheet boundary at altitudes of 10-20 RE have 

shown that the boundary is not a sudden transition from plasma-sheet to 
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magnetotail plasma, but that there is a boundary layer within which ions stream 

towards the earth [Decoster and Frank 1979)_, and where there are highly

structured electron streams [Parks et al, 1979; Williams, 1981]. Lyons and 

Evans [ 1984) have demonstrated that the ion streams are associated with the 

production of discrete aurora. The mechanism described in the present paper 

concentrates on acceleration of electrons by parallel electric fields of waves 

rather than by d.c. electric fields which could also play a role in shaping the 

electron distribution functions. 

Lower-hybrid waves can be driven unstable by a number of sources of free energy: 

e.g. differential electron-ion drift, cross-field currents due to density, 

temperature and magnetic field gradients, ~ x ..!_ drift, where~ and..!_ are the 

ambient electric and magnetic fields, ion loss-cone distributions with a 

positive value of af1 /av1 , where f1 is the perpendicular ion distribution 

function, and momentum coupling between inter-penetrating plasmas. 'TI"le most 

promising free-energy source is the earthward streaming ion flow in the boundary 

plasma sheet [Decoster and Frank, 1979; Williams, 1981]. The power carried by 

the ion stream at 20 RE is 2 orders of magnitude higher than that carried by the 

electrons just above the atmosphere associated with discrete aurora [Hall et al, 

1984,). TI-le process described here can be considered as a continuous transfer 

of ion power via the waves to the electrons. TI-le wave power observe9 at any 

point is then an equilibrium level between production by the ions and loss to 

the electrons. 

In this paper we consider various wave generation processes and calculate their 

growth rates and saturation levels. A quasi-linear theory of wave-particle 

interactions is then used to describe the acceleration, and to cal culate the 

effective temperature and density of the accelerated particles, together with 

the length of the acceleration region. 

LOWER-HYBRID WAVES 

It is well known [Kaplan and Tsytovich 1973] that the development of non

thermal tails by stochastic acceleration requires high phase velocities in 

at least one direction. Lower-hybrid waves have phase velocities along the 

field lines ranging from just above the electron thermal velocity, (vTe)' t o 

greater than the speed of light. In laboratory plasmas, lower-hybrid waves 

have been shown to be extremely effective in accelerating electrons parallel to 

!_and in producing high energy tails in the electron distribution function [Boyd 

et al, 1976]. Nume rical simulations hy McBride et al [1972) and Tanaka and 
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Papadopolous [ 1983] show how large amplitude lower-hybrid waves are generated, 

and how effective these waves are in forming high-energy tails. A number of 

laboratory experiments using ion beams injected along [Ioffe et al, 1961], and 

perpendicular to [Barrett et al, 1972], the magnetic field, demonstrate the role 

that the ion beams play in generating the waves and, consequently, in 

accelerating electrons. 

The dispersion relation for electrostatic waves in a magnetized plasma is 

[ Stix, 1962]: 

I + :: 0 (I) 

where k1 and k1 are the perpendicular and parallel 

with respect to the ambient magnetic field!.., k2 • 

components of the wave number 

k2 + k2 th l n, wce,i are e 

plasma angular frequency. electron, ion angular gyrofrequencies, and wpe is the 
2 2 ( For ka<< ki solutions to 1) represent lower-hybrid waves. 

Their frequency is given by: 

w -

where wLH • wpi/(1 + w;e/w~e)! is the lower-hybrid resonance frequency and wpi 

is the ion plasma frequency. 

These waves have k nearly perpendicular to.!.• There is, however, an electric

field component, and wave number ka ( (me/mi)tk, parallel to.!_, me/mi being the 

electron ion mass ratio. The group velocities parallel and perpendicular to the 

magnetic field can be obtained from (2) and are given by: 
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Vj,, - WL.H [, k~J,/J ~ (3) 
k 

~.L. - W'-"' k11 k.J. ~ (4) 
k 7 

k,, .1. 1-L 
w ~e.f't. /3 ~~ [' + ~ 

wt. ,_ 
-" k Me k. ,._ Me. 

From equations (3) and (4), and using the condition ki<<k!, we ohtain the ratio 

vgll /vgl == - k2 /kg k1 from which it follows that vgn >> vgl. Therefore, most of 

the energy flows parallel to the ·magnetic field. The phase velocity along the 

field is given by vphn = w/k 0 • Using the relation k 11 , (me/mi)t k, where 
.l 

k::: w/cs and cs is the ion acoustic speed, we find that vPhD ) cs(mi/me) 2 ; 

i.e. vPhll) vTe" Thus the phase velocity parallel to Bis greater than the 

electron thermal velocity. Characteristics of lower-hybrid waves are shown in 

Fig. 1. 

A wave-spectrum measured on auroral field lines is plotted in Fig. 2 (Gurnett 

and Frank 1977). In the acceleration region the waves have a broad range of 

frequencies. In the boundary of the plasma sheet there is a broad range of 

frequencies, indicating a broad range of parallel phase velocities which can 

resonate with electrons of matching velocities and consequently accelerate them 

via Cherenkov resonance. 
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EXCITATION AND GROWTH RATES 

As already noted, there are a number of free-energy sources on auroral field 

lines which can generate non-thermal levels of lower-hybrid waves. All 

ultimately derive their power from the solar wind. One model which transfers 

energy from the solar wind to the magnetosphere uses magnetic-field reconnection 

(see review by Sagdeev, 1979). The interaction between the solar wind and the 

magnetosphere compresses the plasma sheet transversely, the tail then narrows, 

leading to the tearing instability and the formation of a reconnection point. 

This in turn leads to enhanced particle flows [Decoster and Frank, 1979; Frank 

et al, 1976; Hones et al, 1972; Williams, 1981], with the ions convecting 

earthwards and carrying the bulk of the energy. As the plasma sheet is 

compressed, the magnetic field increases, leading to the enhancement of 

temperature and density gradients between the plasma sheet and tail lobes. 

These conditions excite several mechanisms which can drive lower-hybrid waves 

unstable; namely differential electron-ion drift, .!. x .!_drift, cross-field 

currents due to density, temperature and magnetic field gradients, and also loss 

cone-type distributions on auroral field lines. 

Various names are given to the processes which result in the growth of the 

waves. If gradients drive the instability, the process is known as the 

lower-hybrid drift instability; if ion convection is the driver, it is called 

the modified two-stream instability. In both cases there is a threshold 

requirement of vd) vTi where vd is the electron/ion relative drift speed, 

and vTi (= (KTi/m1 )!) is the ion thermal speed. 

In constructing a model for wave growth and electron acceleration we will 

concentrate on the streaming ions in the geomagnetic tail [Decoster and Frank, 

1979]. The acceleration mechanism then consists of excitation, by the streaming 

ions, of lower-hybrid waves which transfer their energy to the electrons. 

The streaming ions can be regarded as the free-energy source from which the 

lower-hybrid waves are excited by an instability which is driven by either a 

cross-field current, or by an ion-loss cone distribution [Mikhalovskii, 1974]. 

The first of the two mechanisms is called the modified two-stream instability. 
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MODIFIED TWO-STREAM INSTABILITY 

The modified two-stream instability is described by the dispersion relation 

(McBride et al, 1972): 

+ D 

where i;e = w/kuvTe , i;i = (w - ~-~)/kvTi , ku = kcos6, Z(i;) is the plasma 

dispersion function (Fried and Conte, 1962), and I
0

(A) is the zeroth order 

bessel function with A = k2 ~T sin20 /2w2 • In the fluid approximation, e ce 
where resonant particles are unimportant, equation (5) reduces to the 

following simplified dispersion relation: 

(S) 

(t,) 

which describes modes for which kvTe/wce << 1, kvTi <Jw - ~-vdj and k 1vTe < w. 

Equation (6) is similar to the two-stream or Buneman-instability dispersion 

relation (Krall and Trivelpiece, 1973), but is, in addition, valid for particle 

drift velocities much less than the electron thermal velocity. 

The term kfw~e/k2w~e is due to the adiabatic polarization drift of electrons 

across the magnetic field. TI-le term ktw~e/k2 w2 arises because the electrons 

are free to accelerate under an applied force only along the magnetic field, 

with the electrons behaving as if they had an effective mass rn = k2m /k2 
ef f e c' 

which is very much greater than me for k/ka >> 1. By writing equation (6) in 

the following form: 

M · 
_ 1. 

Me 
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we can identify the two waves which couple to produce the modified two-stream 

instability. The·y are w = wLH, the lower-hybdd mode; and 
. .l 

w = k1 vd - (k 11 /k) (mi/me)2wLH, the Doppler-shifted electron mode. For wpe < 
wee' which is the situation in the auroral zone, the electron mode is just the 

Doppler-shifted electron plasma oscillation, propagating almost perpendicular to 

!._ with frequency w == k1 vd - (k 11 /k)wpe• In this system the lower-hybrid mode is 

the positive-energy wave, while the Doppler-shifted electron mode is a negative-

energy wave. Equation (7) can be solved analytically by writing w = w' + tk1vd 

to give growth rates which agree very well with the numerical solution of 

equation (5) shown in Fig. 3. The solution of (7) for a wave number k = /3wLHvd 

and real frequency Rew= /3wLH/2 is: 

(~) 

The modified two-stream instability occurs for kn/k == (me/mi)t such that the 

wave propagates at an angle of about 1.4° with respect to the magnetic field. 

As k 0/k increases, the lower-hybrid mode no longer couples to the Doppler

shifted electron mode and the instability develops into the ion-acoustic 

instability. Numerical solutions of equation (5) for conditions found in the 

auroral zones, where wpe < wee and Ti) Te, are shown in Fig. 3. An important 

consequence of this instability, as already pointed out by Barrett et al (1972), 

is that unlike other electrostatic instabilities, such as the ion-acoustic 

instability, the instability is insensitive to the electron-ion temperature 

ratio Te/Ti, and can take place even if Ti> Te• The reason the modified 

two-stream instability can exist for Ti== Te is the finite or cut-off value 

of Rew as k 11 /k + O. This ensures that the phase velocity of the wave is 

always greater than the bulk thermal velocity of the ions, thus preventing 

strong Landau damping. This is even the case when Ti>> Te. In the auroral 

zone, where the plasma density n0 == lOcm-3, the maximum growth rate is 

Ygmax == 2 x 103 s-1, and the time requireq for 10 e-foldings is of the order 

of 5 x 10-3 sec, this corresponds to a distance, L, of about 300-lOOOkm along 

the field lines for waves with phase velocity three times the thermal velocity, 

The effect of the instability is to heat the ions primarily in the perpendi

cular direction, and to accelerate the electrons parallel to!~ Recent 

particle-in-cell simulations of the modified two-stream instability by Tanaka 

and Papadopolous [1983] confirm the threshold and growth rates given by the 
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linear theory. They also show that 60% of the initial ion-stream energy is 

transferred via lower-hybrid waves to electrons, producing a high-energy tail 

extending to about 7vTe" Their results demonstrate the efficiency of transfer 

of energy from ions to electrons. 

ION LOSS-CONE INSTABILITY 

Another important mechanism which can transfer the kinetic energy of the ion

stream, flowing earthward from the tail, to lower-hybrid waves is the electro

static ion-loss-cone instability (Rosenbluth and Post, 1965). A dominant 

characteristic of the ion distributions in the auroral zone is a loss-cone type 

distribution, with a positive value afi(v1 )/av1 , where fi(v1 ) is the ion 

distribution function integrated over the parallel velocity. 

The gyrating ions transfers perpendicular energy from their gyro motiort to 

lower-hybrid waves through Landau resonance on the positive slope of the 

distribution. This instability is similar to the modified two-stream 

instability with a beam-type distribution. Both excite the same mode, the 

lower-hybrid mode, whose frequency and wavelength satisfy the following 

inequalities: 

) 

k. ~ f'e << I << k.J.. f'i 

where pe i is the electron, ion gyroradius. These assumptions are appropriate , 
for plasmas of moderate densities with wpi >> wci" 

When these inequalities are satisfied we can neglect the influence of the 

magnetic field on the ion motion. The instability is described by the kinetic 

equations for ions and electrons, together with Poisson's equation: 

:: 0 ( q) 
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(to) 

\7. E - - :: (11) 

where ~ = - ~<I>, and 4> is assumed to have the space-time dependence 

[4> ~ expi(wt + kgz + k1 x)]. In the linear approximation, equations (9) to 

to 11) reduce to the dispersion relation for the electrostatic lower-hybrid 

mode given by: 

E ( vJ., ~) ~ Q. I .,. 2. k: /w'° k~ I + w,e W,e. - Wpe. + 

wr~ J ~ . ~h ,~!! ,iv (I~) 
k2.. 

(.,.) - f, -!! -tt () 
( 

In deriving equation (12) we have assumed that the perpendicular wavelength is 

larger than the electron gyroradius, ~lpe << 1, and that the parallel phase 

velocity is larger than the electron thermal velocity, an assumption commonly 

referred to as the cold plasma approximation. TI,e growth rate and frequency of 

the unstable modes can be obtained from the equation: 

To solve (13) we must carry out the ion integrals in equation (12). 

Defining f dfn fi (v2il '~D) • f1 (v:7_ )/n, and integrating over the parallel 

velocities, the dispersion relation now becomes: 

= 
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Rosenbluth and Post (1965) have shown that this dispersion relation is unstable 

for loss-cone distribution functions for kn * O. The fastest growing waves have 

frequencies: 

WL..H 

The physical nature of this instability is very similar to that of the two

stream fluid instability discussed previously. Tile free energy comes from the 

gyromotion of the ions. Tile general effect of the instability would be to 

convey energy from perpendicular to parallel motion, forcing them into the loss 

cone. Tilis instability is convective in nature, and therefore it is important 

to determine the exponentation length along the field lines. Solving equation 

(14) for the growth length at a given real w, yields: 

(u.) 

whe~e , 

)( 

Taking the square root, and expanding equation (16) using the condition 

k2 .J2:. ) w2 yields the following: Ti pi, 

/ 

(! 7) 

The spatial growth rate is obtained from the negative imaginary part of equation 

(17), i.e. the negative imaginary part of yF(y). Rosenbluth and Post (1965) 

analysed the function yF(y) for a distribution function expected in mirror 

magnetic fields, namely: 
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0 
(1 9) 

Using this function in equation (17), the fastest spatial growth alort~--~he field 

is found to be: 

I 

o., ( ~)'- w,." -
for a real frequency equal to the lower-hybrid frequency. This corresponds to 

an exponentiation length of 

L := SOO 

In the auroral zone this length is about 1000 km. For more extreme 

distributions, it may be much shorter. 

SATURATION LEVEL 

( [;.. ')) 

So far we have discussed the instabilities which could be responsible for t~e 

generation of lower-hybrid waves. To estimate the wave amplitude expected from 

such instabilities we have to consider the saturation mechanism. An important 

process common to both instabilities is the transfer of a substantial part of 

the ion kinetic energy to lower-hybrid waves which accelerate electrons in the 

tail of the distribution function. The equilibrium level expected when the 

system is marginally stable, i.e. when there is a balance between production and 

loss, can be obtained by considering specific saturation mechanisms. 

Simulations by McBride et al (1972) and Tanaka et al (1983) show that the waves 

saturate as a result of trapped ions. '!his increases the parallel phase 

velocity of the wave which stays longer in phase with the electron, thus 

increasing the efficiency of the acceleration process. Analytically, the waves 

are found to saturate at an energy density given by: 
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where WLH (= t £ 0 JEl 2 ) is the energy density of the lower-hybrid wave with an 

electric field E. On auroral field lines where wpe < wee' the saturation level 

for the waves given by equation (22) is 5 x 10-2 • TI1is value is to be compared 

to experimental values of the normalized energy density of 10-3 - 10-t+ obtained 

by Scarf et al (1973). These experimental values correspond to electric field 

strengths of between O. 2 and O. 5 vm-J. , and power fluxes of 0.1 to O. 6 mW /m2 at 

3Re. 

STATISTICAL ACCELERATION OF ELECTRONS BY LOWER-HYBRID TURBULENCE 

When a microinstability develops, fluctuating fields generated by the instabi

lity scatter plasma particles and cause diffusion of the velocity distribution 

function. If the spectrum of the fluctuating fields is characterized by 

sufficiently small values of the parallel wavenumber k 11 , such that the phase 

velocity of the wave parallel to.!_ is greater than the elec~on thermal speed, 

then the waves resonate with and accelerate only electrons moving parallel to B 

with velocities greater than vTe• 

The statistical acceleration of electrons in the tail of the distribution 

function due to the resonant interaction can be demonstrated by solving the 

one dimensional quasi-linear diffusion equation (Davidson, 1972): 

::: 

where fe is the electron distribution function, and Du is the quasi-linear 

diffusion operator resulting from the Landau wave-particle interaction, 

n1 = tv 2 /,. tv i~ the change in velocity in time,, and where D1 is given by 
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and E kU is the wave energy density per unit wavenumber 
00 

~ i (~6) } Eo Eu 'fMS - Gk,, d. k,1 -
0 

and Enrms is therms value of the lower-hybrid field. For an acceleration 

region of finite length the effective range of kn is 

l"' ~ k11 , ko 

where km is determined by the scale size of the plasma, and k0 is determined by 

the strong Landau damping that takes place for kn = wLH/2vTe" The total wave 

energy density is thus: 

By substituting equation (24) into equation (23) and integrating, it can be 

shown that the asymptotic solution is given by: 

where t 0 ~ L/<v> is the maximum time the wave and electron interact, and (v) is 

the average electron velocity. Equation (27) shows that a tail is established 

with a velocity equivalent to (4Dgt0 )t. 'nle temperature of this tail is found 

to be: 

--
The ratio of the electron tail temperature to the thermal temperature is now 

given by: 

'47r W~M k.11 Wpt. to --
r\o KTe k..o 
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An important parameter is the length needed to accelerate a particle from 

v 1 to v2 • This was shown to be (Bingham et al, 1984): 

L o..c.c. - W~i,4 ~o KTe (AV)'- k L,.V> (:~o) 
:i.. 

Wu1 
~ 4,r Wpi. VTe ku 

where !:i.v = V2 - Vl • Using results obtained by Scarf et al (1973), ie a 

normalized energy density of 10-4 - 10-3, and field strengths between 0.2 and 

0.5 vm-1, we find that the distance required to accelerate electrons from v to 

2v, where v = 2 x 10-7 ms- 1, is between 0.3Re to 2Re, where Re is the earths 

radius. 

One of the drawbacks of the analytic quasi-linear diffusion theory is that it 

allows for resonant acceleration only through Landau resonance. However, as 

shown by numerical simulations (Tanaka and Papadopolous, 1981), non-linear 

effects play an important role in tail formation. One non-linear effect is 

produced by the trapped ions which have been shown to lead to a positive 

frequency shift, which increases the parallel phase velocity of the waves, which 

in turn make the waves much more efficient in accelerating electrons than landau 

damping alone. The waves due to the non-linear effects have characteristics, 

such as the phase-velocity increase, which are found in an auto-resonant 

accelerator. 

Particle-in-cell simulations carried out by Dawson (1985), on the process of 

electron acceleration by waves around the lower-hybrid frequency , are shown in 

Fig. 4 plotted together with experimental results obtained from rocket 

measurements (Bryant et al, 1981). There is excellent agreement between 

experiment and simulations. 

Sometimes the experimentally observed electron di stributions have regions where 

afe/av" > 0, i.e. regions with a positive slope as depic ted in Figs 5 and 6. 

This feature again cannot be explained by the quasi-linear theory presented 

above. However, quasi-linear diffusion theory does predict a large velocity 

anisotropy, i.e. Ttail> Te• A numerical study by Papadopoulos et al (1977) has 

demonstrated how an initially flat-tail distribution will evolve towards a bump

in-the-tail distribution through the anomalous Doppler-resonance instability 

(Kadomtsev and Pogutse, 1968). We can understand this instability physically 

as follows. Let us assume that the flat-tail distribution has already been 

established with Ttail> Te• The streaming electrons in the t ail then generate 
waves under anomalous Doppler-effect conditions such tha t: 
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(3 1) 

with negligible Landau-damping, i.e. 

W ( k11 ~> V,e.. 

It follows from (31) and (32) that only particles with velocities 

ven > vm = Cwcelwpe)vTe/k 11 ADe can be resonant with the waves, Kadomtsev and 

Pogutse (1968) have shown that, for wcelwpe > 1, this interaction leads to 

pitch-angle scattering for particles with veU > vm, and to particles with 

velocities veil < vm being accelerated faster than particles with vm > veil> and a 

pile-up of particles will occur near vm. As a consequence the high-energy 

electron tail will develop a positive slope near veil = vm. Fig. 6 shows an 

experimentally observed distribution function showing the features expected from 

anomalous Doppler resonance such as the bump-in-the-tail and the pitch-angle

scattered higher energy particles. The particles in the beam are expected to be 

more closely field-aligned than the higher energy ones, as is indeed found. 

Using the experimentally-obtained parameters, it is found that vm = 6 x 10 7m/s, 

in good agreement with the measured position of the beam. 

CONCLUSION 

We have examined the possibility of electron acceleration by lower-hybrid waves 

on auroral field lines and have shown it is feasible that the streams of 

accelerated electrons (inverted V's) associated with discrete aurora could be 

produced as a result of a continuous, evolutionary, process along an auroral 

flux tube. The generation of the lower-hybrid waves has been considered to be 

due to instabilities driven by the streaming ions produced in the tail of the 

magnetosphere by magnetic reconnection processes. The power in the ion-streams 

and in the waves associated with the boun~ary plasma sheet is found to be 

sufficient to account for the power and the degree of acceleration. 

Two linear instability mechanisms have been studied, namely the modified two

stream instability and the ion loss-cone instability. Energy transfer takes 

place in a suitably short distance with an e-folding length along the field 

lines of about 400 km. An analytic theory for energy transfer from waves, 
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based on the quasi-linear wave-particle diffusion model, has demonstrated the 

effectiveness of the waves in producing a high energy tail. The observed wave 

energy density appears to be sufficient to accelerate electrons over a distance 

of the order of 0.3Re - 2Re• Simulations have shown that non-linear processes 

such as particle trapping can enhance the efficiency of tail formation still 

further. 
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Figure 1. 

Figure 2. 

Figure 3. 

Figure 4. 

Figure 5. 

Figure 6. 

FIGURE CAPTIONS 

Lower-hybrid wave characteristics. 

Spectrum of waves in the magnetosphere at 4Re, 
from Gurnett and Frank (1977). 

Growth rate of lower-hybrid waves, on auroral field lines, due to 
the modified two-stream instability. 

Auroral electron distributions. Dots represent experimental 
values, and the solid line represents results from a simula
tion code (J.M. Dawson, private communication). 

Auroral electron distributions measured at different 
locations within an arc. Bryant (1983). 

Pitch-angle dependence of an auroral electron distribution 
function showing a positive slope for electrons with 
small pitch angles. (X represents electrons with 750 
pitch angles;• represents electrons with 150 pitch angles 
(Bryant (1983)) • 

• 
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