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Observation of Guided ULF-Waves Correlated with
Auroral Particle Precipitation Theoretically
Explained by Negative Landau Damping

N. Klocker

Institut fiir Geophysik und Meteorologie der Technischen Universitdt Braunschweig, Mendelssohnstrafle 3,

D-3300 Braunschweig, Federal Republic of Germany

Abstract. Measurements of magnetic and electric field
variations in the frequency range 0.3-3 Hz were made
on a payload flown as part of the IMS sounding rocket
campaign “Substormphenomena”. The downward dir-
ected Poynting flux of the waves had nearly the same
magnitude as the energy flux of the simultaneously
observed precipitating electrons. Both phenomena were
spatially confined to relatively thin layers. Model com-
putations based on quasi-linear theory taking into ac-
count the modification of the electron beam due to the
energy transfer exhibit a reasonable agreement with the
observed characteristics of the precipitating electron
beam, such as speed and temperature, as well as the
frequency range and amplitudes of the waves. They
support the assumption that the waves were amplified
by resonant interaction with the electron beam.

Key words: ULF-waves — Particle precipitation —
Wave-particle interaction — Cerencov instability

Introduction

Observations of magnetic field fluctuations with ampli-
tudes of more than 100 nT in the ULF regime obtained
by means of a rocket-borne magnetometer were first
published by Klocker and Theile (1979). During the
same flight of payload F3 A as part of the German IMS
sounding rocket campaign “Substormphenomena”
magnetic ULF-waves were also observed at an earlier
time. Simultaneous measurements of the electric field
variations and spectra of precipitating particles provide
a data set of reasonable completeness. They allow a
comparison with results of model computations of
wave-particle interaction in the magnetosphere.

Large amplitude fluctuations with periods 0.2-4s
were detected in the electric field on different rocket
flights together with an increase in the precipitating
electron flux (Mozer and Fahleson, 1970; Kintner and
Cahill, 1978; Petelski et al., 1978). The oscillations were
usually confined to regions of small spatial extent. Kint-
ner and Cahill as well as Petelski et al. identified them
as magneto-hydrodynamic waves propagating along the
geomagnetic field.

In the equatorial plane near the geostationary orbit
the ULF-waves are a more or less common phenome-
non. Perraut etal. (1978) and the S-300 Experimentors

(1979) describe frequently occuring magnetic field va-
riations with amplitudes of 0.3-1nT with long du-
ration. On the ground Pi/Pcl pulsations are observed
in conjunction with magnetospheric substorms (Kangas
etal., 1979).

In this paper an attempt is made to match the
observed parameters with model calculations. These are
based on the quasi linear theory and on the assumption
of resonant interaction between precipitating electrons
and Alfvén waves within a thin field-aligned sheet.

Observations

A description of the three-component fluxgate magne-
tometer was published by Klocker and Theile (1979).
The instrumentation of the payload as well as the
geophysical conditions during launch on October 13,
1977, at 21:26:00 UT are described in detail by Wil-
helm etal. (1981). The two successive ULF events un-
der discussion here occurred at about 21:30 UT when
the payload reached the northern boundary of the
auroral activity at a height of about 400km. They
coincide with observations of field-aligned current
sheets as indicated in Figs. 1 and 2. The lower curves
show the three magnetic field components in a coor-
dinate system which is fixed to the earth’s magnetic
field, i.e. B, is parallel to the undisturbed field B, B,
points to magnetic north and B, completes the right-
handed coordinate system pointing towards magnetic
east. The field data were transferred from the gyrating
payload system into this coordinate system by unitary
transformations after the misaligned sensor system had
been corrected into an orthogonal, normalized, and
spin oriented coordinate system. This operation was
complicated by the rather unstable payload rotation.
Because of energy dissipation in the long flexible
booms, the nutation angle increased so rapidly that an
activation of the attitude control system was necessary
about every 60s. The data gap between 216s-224s
after launch is due to this. The coherently occuring
transient oscillations in B, and B, with the nutation
frequency of 0.3 Hz are also a consequence of the high
variability of the attitude parameters. As the fit of these
parameters by time functions of limited order cannot
be an ideal one within a relative error of 1 x 10~% the
small deviations produce apparent wave fields. To elim-
inate a trend in B, a reference field for B was sub-

0340-062X/82/0051/0119/$02.00



120

0.1 - 25 keV

107"

11
00 ! I
I 1nL3a } :
- |13 Oct 1977
Ry | 2126 UT ! |
e | | |
@ 10" | |
= |
S | |
o
S | |
3 |
N
s 10° | b
£ | 10!
Y]
2 |
I
| |
108 - | Energy range I
, |
|
|
|
|
|

=
Electron energy flux (down), erg cm s

Magnetic field components
S
o
2
oo 3
f

| |
| + [
TSR A SO N AN SN SN TR SR UL SN S S

190 200 210 220
Time after launch, s

|l
I
|
I
I
I
l
I
|
|
2

Fig. 1. Comparison between electron flux data and magnetic
field observations made aboard payload T/NL 3 A during the
time interval 192-220s elapsed time. The apparent, smooth
wave forms occuring coherently in the B, and B, components
result from residual nutation contributions to the total mag-
netic field. The coordinate system is fixed to the earth’s mag-
netic field. Regions marked + and — are characterized by
downward- and upward-directed currents, respectively (from
Wilhelm et al., 1981)

stracted from the transformed z-component. Figure 3
shows the flight pass of the payload relative to the
field-aligned current sheets.

Both events are characterized by very similar signa-
tures in the B -component, i.e. a constant increase and
subsequent decrease, indicating oppositely directed cur-
rent sheets. This interpretation is supported by the low
energy electron measurements also presented in Figs. 1
and 2. (For a more detailed description see Wilhelm
etal, 1981.) The fluctuations we are concerned with
appeared in both cases confined to the northern up-
ward-directed current sheets. They are shown again in
Figs. 4 and 5 with an extended time scale and sup-
pressed long period variations. The high-pass filter used
has a cut-off frequency of 0.25 Hz.

The wave vector is purely transverse to the un-
disturbed magnetic field, since B, exhibits no va-
riations. Therefore it seems appropriate to separate the
wave vector into its circular-polarized parts and com-
pare the subsequent Fourier-analyzed magnetic data
with the electric field data treated in the same manner
in order to identify the observed wave mode. Figures 6
and 7 show the frequency spectra of E and B for the
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Fig. 2. High time resolution electron flux measurements com-

pared to magnetic field observations as in Fig. | for 230-260s

elapsed time (from Wilhelm et al., 1981)
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Fig. 3. Schematic picture of the flight path of the payload
relative to the current sheets. The payload had a horizontal
velocity of 860m/s and a vertical velocity ranging from
1,800 m/s at 350 km height down to 1,200 m/s at 450 km. The
horizontal direction of motion was 20°W of geographic
north. The beginning of the horizontal scale is arbitrarily
chosen

two events. In both figures the righthand and lefthand
polarized parts are drawn separately. The close agree-
ment of the spectra for at least the first event justifies
the interpretation of our observations in terms of
Alfvén waves. They were more or less linearly pola-
rized. This assumption is confirmed if we compare the
wave phase velocities derived from the observed wave
fields with the estimated Alfvén velocity v,
=BE/}/ uonm. The amplitude ratio E,;/B,; (i=rh,lh)
lies between 1,000 and 1,500km/s. With the plasma
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Fig. 5. High-pass filtered magnetic field data of the second
event. At 244 s the payload entered the upward directed cur-
rent sheet
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Fig. 6. Comparison of the frequency spectra of the electric
and magnetic field vectors during the first event. The right-
hand (upper part) and lefthand (lower part) polarizations are
drawn separately. B, and E, indicate the amplitudes of the
waves. TA is the time after launch at which the time window
is opened, it's length being 2 Tp,=4s
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Fig. 7. As Fig. S but for the second event

density measured on board n=(1.5+0.1) 10'°m~3 we
get 0v,~2000km/s if OT-ions dominate and
v,~1,500km/s for the case that the ion population
consists predominantly of NO*-ions.

Direction and amplitude of the wave field vectors
are plotted in Fig. 8 versus time after launch. During
time intervals of about 2s the phase difference between
E and B remains at nearly 90°, yielding a Poynting flux
S=ExB/u, in the direction of the precipitating elec-
trons. The energy fluxes carried by the electrons and
the Alfvén waves are of comparable magnitude. In the
first event they amount to 15-1073J/m?s and
3-1073J/m?s, respectively.

Consideration of the observed energy spectra of the
precipitating electrons completes this unique data set.
Figure 9 shows a sequence of energy spectra during the
first event. Outside the upward-directed current sheet
the spectrum can be approximated by a single power
law F(W)~W ~7, with the exponent y=2.3 (Wilhelm
etal, 1981). During the period with increased flux the
spectrum changes considerably. Superimposed on the
power law spectrum is an electron beam with a mean
velocity v, =25- 10*km/s corresponding to 4
=1.8keV and a thermal velocity v,,=3.5"10° km/s
corresponding to 35eV. Taking into account the mea-
sured pitch angle distribution the beam distribution
function can be represented by an anisotropic Maxwel-
lian function:

2
ui  (wy—w)?

f’(u):m e‘vap.eJ_ 2080 (1)
the L “the ||

3

n, is of the order of 1 10°m~> The perpendicular

thermal velocity v,,, , is about twice as large as v, .



122

NORTH -
n N N
LA / ,LIN b N
EAST / < 1‘ =‘ [ l
\ |
i' ." J’i SR
,' | | |
Y| I RIRNIS
h Iy \ : 1 , \
WEST t , AR
R
i |
NORTH t ; .
SUSS |
———E
100mV/m
100 nT
fi ‘M
| \| n
] N gb rg\,l \
= I |\JrJ\ f«wﬂ'j L ‘\.
211,133 245,131 T 950,131
—>t[s] —t[s]

Fig.8. Comparison of the direction (upper part) and ampli-
tude (lower part) of the wave vectors E and B for the two
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Fig. 9. Electron energy spectra as measured during the first of
the events described. The observations were made by two
instruments in different energy ranges with some overlap near
25keV (from Wilhelm et al., 1981)

The Cerencov Instability

The remarkable spatial correlation between the elec-
tron beam and the ULF-waves in the two events, their
extreme similarity and their small spatial extent, of the
order of a few km, suggest an interaction mechanism

between the beam and the waves such as was theoreti-
cally investigated by Fejer and Kan (1969). Starting
from the examination of the guided propagation of
Alfvén waves along the external magnetic field (Fejer
and Lee, 1967) they derived the growth rate of Alfvén
waves by ‘negative Landau damping’. The essential
attribute of guided Alfvén waves in a cold Elasma is
their small spatial extent perpendicular to B*, ie. the
wave number k, exceeds k; considerably. As a con-
sequence the component of the electric wave field in
the direction of Bf is not neglegible. If the amplitude
profile of the spatially confined waves perpendicular to
the propagation direction is approximated by a Gau-
ssian function with d as the l/e-width in x, assuming
no y-dependency, then according to Fejer and Lee
(1967) the width d is bounded by the inequality

4-5 <d<a’s, 2)
w w

pe

¢ is the speed of light, w the wave frequency, and w,, is
the electron plasma frequency. Under these conditions
most of the power is radiated into a beam along the
homogeneous ambient magnetic field, whose angular
width is considerably less than 0.1°. The in situ
measurements provide an upper and lower limit of
5,000 km and 250 m, respectively. The observed values
for d=3km in the first and about 5km in the second
event are at least one order of magnitude inside the
limits and therefore satisfy the inequality quite well.

In the presence of guided Alfvén waves with phase
velocities near the bulk velocity of the electron beam
(1) this distribution is unstable (Fejer and Kan, 1969).
The resonant growth rate k_;, i.e. the imaginary part of
the complex wave number k_ =k, . +ik,; parallel to B,
is given by Fejer and Kan as

nn kI o S .
k,=]/tle % @O 2 ok -2k 3
zI V; n k:R C{)z U" 3 ((D zR vz)e ( )

where n,, n, are the electron densities of the ambient
plasma and the beam, respectively (the primed values
denote the beam).
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where g, is the elementary charge of the ion component
a and m, its mass. Under the condition that w,, >,
w,.>w, and m,>m,, § is one of the diagonal elements
of the dielectric tensor of a cold plasma.

The sign of k,, determines the direction of the en-
ergy flow. If v, >v,,, the phase velocity of the wave, k_,
is negative, i.e. instability occurs. The exponent of (3)

together with the factor n/v/,.* indicate the number of
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Fig. 10. The growth rate k,; as a function of the bulk velocity
v, of the electron beam. The assumed parameters may be
typical for a magnetospheric plasma 3R; from the earth’s
centre

beam particles which are in resonance with the wave.
Therefore the growth rate increases with decreasing
beam temperature as is shown in Fig. 10. k,; is calcu-
lated as a function of v,, the mean beam velocity, in a
plasma which may be typical for the magnetosphere at
a distance of about 3R, (earth radii) from the earth’s
center, ie. BE=2,000nT, n,=10"m™3, nl/n,~10"2
These conditions provide an Alfvén velocity
v,~15000km/s and a parallel wave number
k,g~7-10""m~" if @=10rad/s is assumed. k, may be
10~*m~! which is the upper limit for a wave packet
with a perpendicular extent of 40 km. With an appro-
priate k, satisfying (2) and w <w,_, the growth rate is a
linear function of w. But only for frequencies less than
the ion cyclotron frequency can this wave mode propa-
gate. In the described plasma w,;~200rad/s only under
the condition that protons are present. This value is
lowered considerably if e.g. He™-ions contribute to the
ion population.

If we consider the resonant interaction between the
electron beam and the waves as a realistic mechanism
for the amplification of the waves and further note the
large Poynting flux in relation to the energy flux of the
beam the question arises how the beam itself is affected
by the interaction. An answer can be given in terms of
quasi-linear kinetic theory. The following conside-
rations are based on a publication of Kennel and
Engelmann (1966). They derived the quasi-linear ve-
locity space diffusion equation for waves of any oscil-
lation branch propagating at an arbitrary angle to a
uniform external magnetic field. The space- and time-
averaged distribution function of the beam is assumed
to change slowly compared to a gyroperiod and to the
characteristic times of the wave motion. Kennel and
Engelmann’s theory is restricted to a collisionless, in-
finite, and spatially uniform plasma immersed in a sta-
tic magnetic field with no curvature, which can only be
a very rough model of the near earth magnetosphere.

The electric field vector of an Alfvén wave propa-
gating within a thin layer has the following com-
ponents (Fejer and Lee, 1967):

(J)Z
E -1 (1 —”—)E
=2 s o)
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where E, and E, are the righthand and lefthand pola-
rized parts of the field in a plane perpendicular to the
external magnetic field. They are defined on the basis
e,=e +ie and e =e —ie,, respectively.

D, S, and P are the elements of the dielectric tensor
of a cold plasma. S is already defined in (4). The other
expressions are:

__y w0

— 5
de(wCa w ) (4a)

The local dependency of the electric wave field which is
confined to a comparably narrow tube of force can be
written in the form:

4x2

E(x,z,t)=Ege @ s =00 (6)

whose Fourier transform in a space-time element V
with the lengths L., L , and T is

E,(k,, k,, o,2)

=[E (x, z, t)e i *=xthr=odx dydt
v

VR
=E, de 16 gikzz

2
sin % k, sin 7 (w—0w)
) K ) o . 7
Substituting these quantities into Kennel and

Engelmann’s Equation (2.24) in a convenient way, as
outlined in the Appendix, we obtain the spatial de-
rivative in the direction of z of the beam distribution
function

_kzluz af;)’e’
2 5, ®
Ko MMy @y, U, Ou, |w—k ul® du,
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e

Together with the linear approximation

O0E}
. = 2k ES 9)

and the expression (3) for the growth rate we have a
complete set of coupled equations to estimate the en-
ergy transfer between the particle beam and the waves
and their mutual dependency along a magnetic field
line. The parameters of the wave propagation are still
governed by the cold stationary background plasma.

For a complete computation of the instability in
terms of (3), (8), and (9) we must know the frequency
spectrum of the waves and the energy spectrum of the
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beam at the point z=0 where the beam starts. This in-
formation is not available. In case of the wave spec-
trum the payload could only observe waves with periods
shorter than the transit time through the upward-direc-
ted current sheet. In addition we observed the results of
the interaction and not the original conditions. There-
fore it seems appropriate to assume the beam distribu-
tion function as Maxwellian along the whole path cov-
ered and to examine the variation of the characterizing
parameters which are v, and v,, . This is done in
determining the energy transfer, i.e. the divergence of
the energy flux of the electrons or the waves.

Let v- W, be the kinetic energy flux density of the
electron beam and S the Poynting flux. Then the en-
ergy balance condition has the form

Vo(v-W)=—VF-8
with

v-W,=im, fuuf),d>u, (10)

1 1
S=lim ——— [ — E* x Bdk,dk,do.
M Gy v Bk do (11)

Since v=(0, 0, v,) we obtain for the beam:

a oo o0 afole
Sz =T, | T d ) 2

du, du,. (12)

This is a sum of two integrals. The first one vanishes,
since together with (8) the integrand is a pure de-
rivative with respect to u,, and the distribution function
and all its derivatives tend to zero at infinity. This
indicates that the particle motion perpendicular to the
ambient magnetic field is not affected by the instability.

For a sufficient small growth rate the factor with k_,
in (8) can be replaced by a delta function.

lim ke =
kzr—0 ((U _szuz)Z +(uz kzl)2 B

T )
)

sz sz
This approximation is equivalent to neglecting nonre-
sonant interaction which in first order is a linear func-

tion in k_; (Kennel and Engelmann, 1966). The integral
(12) finally yields:

n w N w
1=]/ime*,—e— (——uz)e—z%o (13)
2 kzzk Uzh3e I k. g

for the energy transfer from the beam to the wave.
The gain of the Poynting flux in case of negative k_,
is described by the expression
oS . 2 |E|?
f=—1lim ———— |k ,—dk_dk
02 Vljl;l@ v,,h(2n)3V l zI #0 xd yd(U

following from (11) and (9) with the approximation
B ~E, /v, which implies that nearly all the wave en-
ergy is stored in the magnetic field. Except for the sign
the result coincides with (13). The integration follows

the same way as is outlined in the Appendix. The
complete expression has the form:

—nd(w—k,pu,)

0S, Ejm o> S 1
oz § Ho 1, d? kfR w1,27e Uthe ||3
: (i";—vz)e*z%o. (14)

Now we can return to our original aim of examining
the rate of change of v, and v,,,, due to the instability.
For this purpose we separate the kinetic energy of the
beam W, into its energy of the center of mass motion
W, and its inner energy W,, with

W=W., +W,,

=%n/eme(2vtlhzel+v;hze|[+vz2) (15)

and W,,=4m, [ (u—v)*f,,du.

The divergence of the flux of the inner energy vW,,
can be derived in the same way as the divergence of the
total flux. The relation is

0 w k,p 0
= === )R . W).
52 (UzVVeZ) (kZR vz) (0 82 (Uz e)

With this result it follows from (15) that

0 k 0
—(vz I/Vel)ZLRUz—(UZ VVE)
0z
me 0 r .3
T2 0z

With respect to the continuity equation V- (v-n,)=0 or

‘} ’
an, _

0z v, 0z

’
n, 0v,

we finally obtain the relation

dv, kg 1 0§,

z

—== : (16)
0z w n,m,v, 0z

Since, as has already been shown, the perpendicular
velocity component does not change during the in-
stability, it follows from (15) and (16) that

Ve | @) ) 1 ov
— = ——v,) 5— . 17
0z (sz s Uhe | 02 (17

Model Calculations

In contrast to the conditions limiting the theoretical
considerations, the near-earth magnetosphere is much
more complex and, more importantly, inhomogeneous.
An application of the theory outlined is therefore only
valid in narrow regions in which the magnetospheric
parameters can be approximated by constant values.
On the other hand the extent of these regions should
be at least of the order of the wave length. With this
contradiction in mind we must realize that the theoreti-
cal results can only give a rough picture of the actual
processes. Nevertheless this picture shows essential
characteristics which are in agreement with the obser-
vations.
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Fig. 11. Height distribution of the ionic constituents of the
model magnetosphere
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Fig. 12. The gain of the wave amplitude 4B, due to the

wave-particle interaction along a flux tube with L=7 at a
hight of 400 km as a function of the wave frequency

The calculations are based on a dipolar magnetos-
pheric model whose ionic constituents are H*, He™,
and O7. Their assumed height distribution is shown in
Fig. 11. Since we are interested in the variation of the
bulk velocity and the thermal velocity parallel to the
external magnetic field caused by the instability the
effect of conservation of the first adiabatic invariant
must be taken into account. In a converging magnetic
field kinetic energy is transferred from the parallel mo-
tion into the perpendicular velocity component. The
mapping of an anisotropic Maxwellian distribution
along field lines was studied by Chiu and Schulz (1978).
Taking their equations the estimated variation of the
bulk velocity between the equator and the upper iono-
sphere along a field line with an equatorial distance of
7R, is relatively small. v, is reduced from 2.0 x 10" m/s
to 1.9 x 10" m/s. In contrast, v,,, changes by about a
factor of 10.

The following figures illustrate the dependency of
the coupling between particles and field on various
parameters, such as the frequency of the wave (Fig. 12),
the width of the beam parallel to the ambient magnetic
field (Fig.13), and the bulk velocity of the beam
(Fig. 14). If the interaction were to take place in a
homogeneously magnetized plasma, Equation (14)
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Fig. 13. 4B, as in Fig. 12 at 400 km hight as a function of the
parallel thermal velocity of the beam
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Fig. 14. 4B, as in Fig. 12 as a function of the bulk velocity of
the electron beam

would demand a linear increase of the Poynting flux
with frequency or an increase of the wave amplitude

with ]/; The curve in Fig. 12 shows this behaviour,
where 4B, represents the gain of the wave amplitude
due to the interaction, computed at a height of 400 km.
v is limited to lower values than the ion cyclotron
frequencies.

The influence of the model magnetosphere on the
interaction along a flux tube is more evident in the
dependency of 4B, on vy, , as shown in Fig. 13. Since
the resonant velocity, i.e. the Alfvén velocity, passes
through a maximum along a magnetic field line, par-
ticles and fields can only exchange energy along a finite
length of path. But this length is a function of the
parallel beam temperature, because a beam with a
broad thermal velocity distribution covers a larger ve-
locity range. Therefore AB, does not behave as
Upey '°, rather it begins to decrease as v, and
changes over to v, ->.

Figure 14 shows 4B,, always at the height of
400km, as a function of the bulk velocity v, of the
beam. For v, near to and less than the maximal wave
phase velocity the direction of the energy transfer turns
over. In this case the Alfvén wave is Landau damped.
This might be the reason for the fact that no waves
were observed outside of the electron beams. As is
shown in the last figure (Fig. 15), the amplitude of a
guided wave would rise to about 20 nT from a value of
1 nT near the equatorial plane due to energy flux con-
servation alone. Since waves of this type and magni-
tude have often been observed on GEOSII their rare
occurrence at lower heights can be explained by Lan-
dau damping.
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Fig. 15. The evolution of the wave-particle interaction along a
flux tube with L=7 in the model magnetosphere. The charac-
teristic parameters are the bulk velocity v,, the wave phase
velocity v,,, the parallel thermal velocity of the electron beam
Uthe ||» and the amplitude of the wave field B,. v=1Hz. The
lower line of B, shows the increase of the amplitude due only
to energy flux conservation

Figure 15 also provides information about the lo-
cation in the model magnetosphere where the interac-
tion takes place. This is between 2 and 3R,, where v,,
has its maximum, and the complex wave number k_,
reaches a value which is a factor of 10 or less smaller
than k,p.

Discussion and Conclusions

The set of observations presented here is the first rea-
sonably complete description of electromagnetic ULF-
waves in connection with auroral electron precipitation.
During two successive events we observed, at the height
of the ionospheric F-region, electromagnetic waves con-
fined to thin field-aligned current sheets. We interpret
these fluctuations in terms of Alfvén waves, since their
phase velocities were of the same order of magnitude as
the Alfvén velocity estimated theoretically. Secondly,
only Alfvén waves can show such large wave numbers
perpendicular to the ambient magnetic field.

The last argument, involving the condition k <k,
which is important for the whole theory, is based on
the assumption that the payload crossed a more or less
steady structure. This is supported by all-sky camera
photographs showing a steady northern boundary of
the active arc region during the passage of the payload
(Wilhelm et al., 1981). Also the current sheets, observed
simultaneously both in B and in the electron flux,
which exhibit a time scale and signature in the payload
system quite distinct from the wave-like fluctuations,
make it more likely that we observed guided waves
rather than a transient phenomenon.

The observed net energy flux of the waves stands
against the possible interpretation as standing waves or
field line resonance. The Poynting vector pointed
downwards for at least 2s in each event. The sub-
sequent transition to a more turbulent behaviour at
213.5s and at 247.2s, respectively (Fig. 8), is probably
due to reflection at the ionospheric E-layer. The spatial
separation between the incoming and reflected waves
can then be explained by a southward motion of the

arc. Since the Alfvén velocity decreases rapidly to a
value of below 1,000km/s with decreasing height, a
separation of 2km at about 300 km above the E-layer
corresponds to a southward drift of approximately
1 km/s. This is in agreement with the observations.

An explanation of the waves in terms of the cyclo-
tron instability and pitch angle diffusion near the equa-
tor has been excluded for several reasons. This mecha-
nism is often discussed in literature (Engel, 1965; Corn-
wall, 1966; Kennel and Petschek, 1966; Gendrin,
1968; Coroniti and Kennel, 1970). (A very useful
technique to determine the sign of the imaginary part
of the wave number is published by Gendrin (1981).)
First, an explanation in terms of the cyclotron insta-
bility would not answer the question of the correlation
with the precipitating electrons. In addition, the ob-
served frequencies are too high for gyroresonance at
the equator, especially if not only protons are present.
For waves propagating at an angle to the magnetic
field, integral multiples of the gyrofrequency can be
amplified. But the instability is most effective for k =0.
Thus we would not expect such a thin spatial confine-
ment of the events.

In agreement with the arguments of Stiidemann and
Goertz (1981), who explain observed ULF-waves as-
sociated with an energetic proton beam in terms of
‘kinetic Alfvén waves’ (Hasegawa, 1977), these obser-
vations demand a similar interpretation. Such a hy-
pothesis is further supported by the model calculations
described above. The results indicate that under special
conditions (Fejer and Lee, 1967) the component of the
wave electric field, which is parallel to the guiding
magnetic field, is strong enough for an appreciable
energy exchange between the electron beam and the
waves. The observed parameters agree well with the
computed results.

Nevertheless one should keep in mind that the
boundary conditions of the underlying theory are prob-
ably violated by the properties of the model magnetos-
phere. Plasma and ambient magnetic field are not ho-
mogeneous within the characteristic scale length, i.e.
the wave length of the Alfvén waves. Due to flux con-
servation, the change of the wave amplitude is of the
same order of magnitude as the change of the wave
vector itself, which is not taken into account. Further-
more the complex wave number k,; can grow up to
values of the order of the real wave number k,,, which
can occur at the beginning of the interaction. So the
application of the linear theory might be doubtful. As a
consequence these considerations and model compu-
tations can give only a rough and tentative picture of
the actual physical processes by which free energy is
transferred to and exchanged between particles and
fields.

The question of the origin of the beam has not been
answered. The reverse process of the waves generating
the beam can be excluded, because it would require a
wave amplitude outside 3R, of about 10nT, which
seems to be unrealistically high. In addition it would
require a much longer interaction with slowly increas-
ing Alfvén velocity to accelerate the electrons from
about 300 eV, where we find a sufficiently high particle
density in the spectrum, up to 1.8keV. It would also
leave open the question of the origin of the waves. But



the model presented provides a boundary condition for
possible acceleration mechanisms which are currently
discussed. The incoming beam must exist outside the
region of maximal Alfvén velocity, i.e. at r22.5R,. This
condition is not inconsistent with the theory of elec-
trostatic shocks or double layers. The n=0 ion cyclo-
tron mode instability is a possible candidate from
which oblique shocks evolve (Swift, 1978). They may
form where the relative streaming speed between ions
and electrons exceeds the threshold for excitation of the
n=0 ion cyclotron wave. This will occur along the flux
tube where the ion density times the flux tube cross
section has a minimum. In our model this minimum is
located around r=3R,. Furthermore the small spatial
extent of the observed current sheets and the mode of
the amplified waves fit well with the theory of V-shocks
reviewed by Swift (1978).

Acknowledgements. This article is a short version of the
author’s thesis. Therefore I wish to thank especially Professor
Dr. W.Kertz, Direktor des Instituts fiir Geophysik und
Meteorologie der TU Braunschweig, for many fruitful dis-
cussions and steady support of my work. Furthermore I
thank Dr. B.Theile, the experiment scientist for the magneto-
meter work, for his support and also Dr. H.Liihr, who per-
formed the hardware side of the experiment. New ideas devel-
oped in discussions with Dr. C.K. Goertz, Max-Planck-In-
stitut fiir Aeronomie, Lindau. Measurements from additional
instruments of the same payload were kindly provided by Dr.
R. Grabowsky, Fraunhofer-Institut fiir Physikalische Welt-
raumforschung, Freiburg, and Dr. K. Wilhelm, Max-Planck-
Institut fiir Aeronomie, Lindau, who acted as project scien-
tist.

The rocket program “Substormphenomena” was funded
by the “Bundesministerium fiir Forschung und Technologie”
and managed by the DFVLR-BPT

Appendix

The diffusion equation of Kennel and Engelmann (1966)
reads

of) . 1 2 =
%=1 2 k dk dyd
0z Vl—»oo Q2n)*V u,m? X Tkydk dydo

a l=—00

L o—k, w\e

[(G+—“’ : ”Z) ng;;J,E;]
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with the following substitutions
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J,, is the Bessel function of the order n and the argument
k u o, E, and E, are the circular polarized electric fields
(5). ¢ is the azimuth angle of k. It should be noticed that k,
=k,(k,, ¥, ) is a complex value.
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As can be seen immediately from Eq. (A1) diffusion takes
place only for particles with a velocity u. near the resonant
velocity

o—lw,
zres >
sz

v

=0, £1, £2, ...

which is in our case the Alfvén velocity (/=0). The expression
(A3) for the perpendicular E-field component reads with (5)

e w?* D
gle=|:lk Ji+ e 5.2 k2 (Jt+1_Jt—1)] E,,

where k, =k_ and S is neglected relative to P (4), (4a). For [
=0 this simplifies to

w* D uk [(u k. ) ]
~E +0 A4
Goe= 2¢2 k2 o, O, (A4
The parallel E-field component has the form
k. k k.\?
JE,=—%R E 10 [(”* ")] (A5)
[9)

e

(,l)
2
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For regions in the magnetosphere, where the Alfvén velocity
has its maximum, the argument of the Bessel function is less
than 10~2 with k_ within the limits discussed. Since the ratio
of the highest order terms of (A4) and (AS) is of the order of
1, Eq. (A1) now reads

o 1 o
% _ lim —— dk_dk. d
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Substituting (7) for |E,|? and the dispersion relation

(A6)

N
k2=Sk2—" k2.
P

for k,g, the integration over w has the form

T
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noting, that k,, is a linear function of w. Since k,<w,/c the
integration over k. yields
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Finally the diffusion equation becomes

of! 2 w'? S
Ull: lim ]/27r E
dz Lo L.d py n,m, w
l a kzluz af;)/e

uz auz ((l)/'—sz z) (kzluz)2 a“z (A7)
where the condition was used that all physical quantities must
be real, which means k, (w)= —k*(—w). Since the electron
beam is spatially confined in the x-direction to the extent of
the wave perpendicular to the ambient magnetic field, L ,~d
was taken. This leads to Equation (8).
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