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We investigate the excitation of plasma turbulence at frequencies on the order of the lower hybrid
frequency by ion beams reflected from a shock-wave front, and the acceleration of electrons by the
oscillations. The relaxation of the ensuing strongly anisotropic electron distribution is accompa-
nied by excitation of oscillations having frequencies several times lower than the electron cyclo-
tron frequency. Measurements of the low-frequency plasma turbulence and of the plasma-parti-
cle velocity distributions are in satisfactory agreement with the theoretical model developed in the

present paper.
PACS numbers: 52.35.Ra, 52.35.Tc, 52.40.Mj

1. INTRODUCTION

Magnetohydrodynamic analysis of the structure of
strong shock waves propagating across a magnetic field in a
collisionless plasma has shown that when the critical Mach
number is exceeded the wave profile breaks and multivelo-
city ion flow sets in." In the kinetic description this corre-
sponds to the instant when part of the incident plasma-
stream ion is reflected from the electric-potential jump in the
shock-wave front. It was predicted theoretically in Ref. 1
that owing to excitation of lower hybrid oscillations of fre-
quency 0 ~w,y = (0,0,)""* (@, = e;/Hy/m;c is the cy-
clotron frequency of the particles of species in the magnetic
field H,) by the opposing streams of the incident and reflect-
ed streams of the incident and reflected ions, part of the ener-
gy of the ion directional motion will be converted into ther-
mal energy of the plasma. Direct measurements of the
plasma parameters and of the lower-hybrid oscillations in
the front of the departing shock wave produced in the super-
sonic solar wind ahead of the earth’s magnetosphere have
confirmed that this energy-dissipation mechanism, together
with the occasionally realized anomalous ion-sound viscos-
ity, is basic for strong collisionless shock waves and can ex-
plain the observed thermalization of the ions behind the
wave front.2

On the other hand, since the phase velocity of the prop-
agation of the excited lower-hybrid oscillations along the
magnetic field is much larger than the thermal velocity of the
electrons, they can effectively accelerate electrons along the
magnetic field.>* In the case of a shock wave near the earth,
the accelerated electrons easily go off along the magnetic
force lines fromthe shock-wave-front region into the inter-
planetary space and can be easily registered there in an ener-
gy range of the order of several keV,> comparable with the
energy of the ion streams.

In Sec. 2 of this paper we propose a theoretical model of
electron acceleration on the front of a strong collisionless
shock wave in a magnetized plasma. The model is based on a
self-consistent description of lower-hybrid plasma turbu-
lence and of the velocity distributions of the beams of ions
and superthermal electrons, within the framework of a qua-
silinear approximation. This model permits not only an esti-
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mate of the characteristic energies and fluxes of the acceler-
ated electrons, but also indicates the mechanism of the
anisotropic velocity distribution of the electrons accelerated
in the manner described above. The theory developed de-
scribes satisfactorily the results of measurements of plasma
turbulence having a very low measurements were made on
the “Prognoz-8” satellite and are discussed in Sec. 3.

2. EXCITATION OF LOWER HYBRID OSCILLATIONS AND
ELECTRON ACCELERATION

When constructing a model of electron acceleration in
the front of a strong collisionless shock wave in a magnetized
plasma, we start from the firmly established fact that a sig-
nificant fraction of the ions is reflected from the shock-wave
front and forms a beam that goes off, along the magnetic
force lines, from the wave front into the region of the inci-
dent supersonic stream. This beam is the main source of en-
ergy for the accelerated electrons. The acceleration mecha-
nism consists of excitation, by the ion beam, of plasma
oscillations having very low frequency and propagating al-
most across the magnetic field. The dispersion equation of
these oscillations is well known:
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where w,; = (4n;e}/m;)'/? is the plasma frequency of the
particles of species j, w is the wave frequency, k is the wave
vector, k|, and k, are the wave-vector components along the
across the unperturbed magnetic field, f,(v) is the beam-ion
velocity distribution function, and f, (v ) is the longitudi-
nal-velocity distribution function of the superthermal elec-
trons in the drift approximation. In the derivation of the
dispersion equation it was assumed that the frequencies and
the wave vectors of the oscillations lie in the intervals
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wherevy; = (2T;/m; )!/2 is the thermal velocity of the parti-
cles of speciesj, and r;; = vy; /w,; is the Larmor radius of the
particles of speciesj. The inequalities (2) allow us to neglect
the influence of the magnetic field on the ion motion and use
the drift approximation for the description of the electrons.
In this paper we confine ourselves to a discussion of the
limiting case w,, »®.., which is typical of solar wind and of
most laboratory experiments. In this limit, the short-wave
oscillations are electrostatic and their frequency is equal to
(at k), = 0) or higher than (at k| #0) the lower-hybrid reso-
nance frequency. With increasing wavelength the deviation
of the oscillations from potential becomes appreciable and
they are transformed into the well known whistler oscilla-
tions.

The condition that Cerenkov resonance exist between
the reflected-ion beam and the indicated ions

® =ka
determines the phase velocity of the waves along the magnet-
icfield as a function of the transverse component of the wave

vector and of the projection of the beam velocity on the oscil-
lation-propagation direction:
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where v, is the beam velocity, 6, is the angle between the
wave propagation direction and the beam-velocity vector,
and v,; = H,(4mnym;)~"/? is the Alfven velocity. Since the
reflected-ion velocity is 2-3 times larger than the velocity of
the super-Alfven plasma flux ahead of the shock wave, the
ratio v, /v,,; is usually large. For small angles 8,, the phase
velocity of the wave propagation along the magnetic field
turns out to be of the order of the electron Alfven velocity
v 4. This means in turn that in a typical cosmic plasma with
B~1, where

p=8an, (Ti+T.)/Hy?

is the ratio of the plasma and magnetic-field pressures, such
oscillations cannot be excited because of the Landau damp-
ing by the thermal electrons. The only oscillations that can
build up in such a plasma are those propagating at a large
angle 6, to the ion beam, when cosf, <v,, /v, <1. The
growth rate of the instability reaches then a maximum

Ym~@rr (Vad/ Avy) *ny/my

at k = w,, /c, and in the case of strong shock waves with
n, 0.5n, it turns out to be large enough (7,, >, ) to justify
neglect of the effect of the magnetic field on the motion of the
ions in the wave field (w., is the cyclic frequency of the
lower-hybrid oscillations).

In the quasilinear approximation, the complete system
of equations that describes the kinetics of the waves and of
the plasma particles consists of the following equations:
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where |E | |*/8 is the spectral energy density of the electric
field of the excited plasma oscillations.

The first of these equations describes the ion dynamics
near the shock-wave front with allowance for the quasilinear
relaxation of the ion velocity distribution by the excited plas-
ma oscillations. Since this solution has not yet been solved
even with a computer, the ion-beam density »n, and the ve-
locity v, and temperature T, =~m;Av%/2 of the ions will be
assumed known and have typical values recorded in cosmic
experiments (see, e.g., the review®). Equations (5) and (6) de-
termine then respectively the distribution function of the su-
perthermal electrons and the spectral energy density of the
excited wave. They can be easily solved at low electron ener-
gies and accordingly at short oscillation wavelengths. In this
limit, expression (3) for the phase velocity of the oscillations
along the magnetic field takes the simple form
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We have neglected here the weak departure of the oscilla-
tions from the region in which they are generated. The solu-
tion of Eq. (8)
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where ny, = n,v5;/Av;, is valid only at |v; | Sv,,, so that
the constant it contains cannot be determined. This expres-
sion permits nevertheless a determination, from Eq. (5), of
the behavior of the spectral energy density of the electric
field of the excited oscillations at short wavelengths:
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We see thus from (9) that the most superthermal elec-
trons have rather low energies m,vi/2S H{/8mn,. This
does not mean, however, that the main contribution to the
energy content is made by just these low-energy electrons.
Existence is quite possible of superthermal electron-distri-
bution tails that fall off more rapidly than (9) but still slowly
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enough to make a large contribution to the energy content.
Since Eq. (6) can as yet not be solved in the region of such
tails, we confine ourselves to estimates of the density and
average energy of the superthermal electrons, using the wave
and particle energy conservation laws, as was done for the
first time in the problem of the onset of a superthermal ion
tail when electron-sound turbulence was excited by an elec-
tron current.” The first equation we need is obtained from
the condition (6) of the energy balance of the excited waves:
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where &, and n, are the average energy and density of the
superthermal electrons. For the second equation we use the
requirement that the energy flux of the reflected ions in the
electron-acceleration region balance the flux of the acceler-
ated electrons from this region. This condition can be easily
obtained as a corollary of Egs. (4) and (5) with account taken
of the wave balance (6)

NyMV AV, N1 o (& o/ m.) ™. (12)

We have neglected here the wave energy flux, using the esti-
mate (10) for the wave energy density. From (11) and (12) we
get

(11)
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For typical parameters of the ion beams?® reflected from the
front of the leading shock wave ahead of the earth’s magne-
tosphere (m; v} /2 ~ 1-5 keV, m; Av2 /2 5 102V, n, ~0.1n,),
the average energy of the thermal electrons turns out to be on
the order of a hundred electron volts. At the same time, a
small fraction of electrons can be accelerated to significantly
higher energies, but to obtain such high energies in this case
the turbulent acceleration should take place over much larg-
er length. An estimate of the length needed to accelerate an
electron to an energy &, is obtained from the quasilinear
equation (5)

L= 16n*n.& 2 (& ./ m,) "
-1
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When dealing with kilovolt energies, this length is found to
be of the order of 10°~10” km.

Inasmuch as when electrons are accelerated only their
mtion energy along the magnetic force line increases, the
resultant electron distribution becomes strongly anisotrop-
ic:

_ Nzem, ( m.v,?
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) fo(v), (15)

where the characteristic electron energy is m, vﬁ /2> T, and
Jolvy) is the longitudinal-velocity distribution function.
Since the electrons are accelerated in the immediate vicinity
of the shock-wave front, at a certain distance from the front
the electrons moving away from it will predominate. As-
sume that v; >0 in this direction. Even though dfo/dv, <0
atv; > 0in this case, one can expect for a sufficiently general
form of £, the distribution (15) to be unstable to excitation of
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oscillations as a result of cyclotron resonance in the anoma-
lous Doppler effect?:

o—kyto.=0 (16)

(the so-called ““fan” instability). The frequency of these oscil-
lations is @ =w.k/k and v, = (w4/k)(1 + 1/cosf),
where cosf =k /k. (This is valid at ck/w, ~w.c/
@,V cosf R 1, when the excited oscillations can be regarded
as electrostatic. At ck /w,, <1 the excited oscillation branch
goes over into the whistler mode.) The stabilizing contribu-
tion to the growth rate from the resonance with the normal
Doppler effect v — kv, = w,, is small, since the number of
electrons moving towards the front (v, < 0)is small, since the
number of electrons moving towards the front (v, <0) is
small. In addition, the parameter w,,/k should exceed by
two or three times the thermal velocity of the cold electrons
if the stabilizing effect of the Cerenkov damping of the oscil-
lations by thermal electrons is to be small.

The quasilinear electron-“tail” relaxation due to the de-
velopment of “fan” instability leads to diffusion of the reso-
nant particles along the lines:

v, Ht—-2 J. (_m_) dvj,=const, v, = Mﬁi
kl]

17
)

i.e., to a ““turn” of the electron tail of the transverse veloc-
ities. We shall assume (this will be confirmed by subsequent
calculations) that the spectral energy density of the oscilla-
tions has a sufficiently narrow maximum with respect to the
angle 6, so that higher resonances with # > 1 can be neglect-
ed. We assume in addition that the oscillation spectrum is
monochromaticin k (k = k ). Then the “quasilinear” relaxa-
tion of the resonant electrons leads in final analysis to estab-
lishment of a “plateau’ along the diffusion lines:

w=v,’+ (Vy—Vmin/2) *=const,
where v,,;, = 20, /k is the minimum velocity of the reso-

nant electrons. The correspnding distribution function is of
the form

fo OnL) = %mu) [ (utmir) @vmen/2) 17, (18)

U=Upnin/2+ V.

The quasilinear relaxation is accompanied by excitation of
plasma oscillations whose electric field has a spectral energy
density given by
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Umax= (@ce/k) (1+1/cos 0).
The total energy of the oscillations excited as a result of the
fan instability is
CE*87) ~nrel o (0ce’/ @5e”) (B]@ce) . (20)
In this equation,  is the frequency at which the: spectral
density of the electrostatic oscillations has a riaximum.
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With the aid of (19) it can be shown that
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3. COMPARISON WITH DIRECT MEASUREMENTS ON THE
FRONT OF A SHOCK WAVE NEAR THE EARTH

Measurements of the spectra of the low-frequency elec-
tric-field oscillations and of the energy spectra of the ions
and electrons were made with the ‘“Prognoz-8” satellite,
launched on 25 December 1980 on an elliptic orbit with ap-
proximate apogee 200 000 km. These measurements permit
verification of the cited theoretical premises and indicate
new paths for the development of the theory. The electric-
field sensor was a twin floating probe. Decoupling high-ca-
pacitance capacitors connected directly to the inputs of
preamplifiers located near the sensors ensured separation of
the dc component of the signal from its fluctuations. The ac
component was then amplified and fed to a set of band-pass
filters (5-30, 85-125, and 640-800 Hz). The signal from a
separate output was fed to a spectrum analyzer in which for
nine frequencies in succession. The analyzer ensured simul-
taneous analysis of the electric-field and ion-flux signals in a
frequency band of effective width Af = 3 Hz centered at the
frequencies 2, 4, 8, 12, 18, 25, 45, 70, and 105 Hz.

In addition, the signals from the input of the spectrum
analyzer were transmitted to earth, at individual time inter-
vals of duration up to 1.5 hr, at a scannign frequency 150 Hz.
In the land-based data reduction, a spectral anaysis of these
signals was carried out to obtain the dynamic spectra (the
time—frequency—intensity dependences).

In the primary operating regime of the assembly, the
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FIG. 1. Dynamic spectrum of electric extremely low-fre-
quency oscillations when the front of a near-earth shock
wave is crossed (the departure from the transition region to
the solar wind took place at 13:33:55 hr Moscow time on 11
February 1981). The spectrum was obtained by the method of
fast Furier transformation of the wave shape of the oscilla-
tions.
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FIG. 2. Successive spectrograms of electrons obtained near the front of a
near earth shock wave at 23 hr Moscow time on 29 December 1980. An
electrostatic analyzer oriented perpendicular to the satellite rotation axis
is directed towards the sun and ensures a spiral trace of the distribution
function in the plane. The upper spectrum was obtained in solar wind
(23:09:29 to 23:13:24 hr), and the lower in the transition region (23:13:55-
23:17:30 hr). Inset—electric-oscillation spectrum recorded at wave-front
crossing at 23 hr 12.5 min.
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spectra of the electric-field fluctuations were measured con-
tinuously during the entire operating time of the satellite
every 30.72 sec. In the high-speed signal transmission with
land-based reduction, we calculated the fluctuation of the
electric field in the frequency range from 0.3 to 75 Hz with a
time resolution from 3.5 sec at 0.3 Hz to 0.8 sec at frequen-
cies higher than 10 Hz.

Figure 1 shows an electric-field spectrum obtained dur-
ing the crossing of a shock wave near the earth on 11 Febru-
ary 1981. The high intensity of the electric-field oscillations
corresponds to the lighter sections. The instant # = 40 sec at
which the maximum intensity was reached corresponds to
the instant when the wave front was crossed (to the jump of
the magnetic field). In the solar wind ahead of the shock-
wave front (to the right of the point # = 40 sec), an increased
level of the electric field oscillation is observed for a long
time in the lower-hybrid frequency band. This is due to the
presence of ion beams reflected from the potential jump in
the wave front.> At the same time one can see clearly here a
second intensity maximum at f~ 30 Hz. This maximum may
be due to excitation of high-frequency f~f,, /3) oscillations
on account of the anisotropic velocity distribution of the
electrons accelerated by the aforementioned lower-hybrid
turbulence. To verify this assumption, we analyzed nine
crossings of the near-earth shock-wave, during the time of
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FIG. 3. The same as in Fig. 2 for the crossing of the near-earth shock wave
at 01:26: hr Moscow time on 30 December 1980. The upper spectrogram
was obtained in the transition region (01:20:33-0.1:24:29 hr), the front
crossing occurred during the recording of the second spectrum (01:24:39—
0.1:28:45). Inset—electric-oscillation spectrum recorded for the wave
crossing at 0.1:26.
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which we measured the spectrum of the oscillations at nine
frequencies from 2 to 105 Hz. Only two of these spectra
turned out to be perfectly smooth in the frequency range
from 10 to 70 Hz. The other spectra have either clearly pro-
nounced peaks at frequencies 2040 Hz or shelves in this
frequency region. Three of these spectra are shown in Figs.
2-4, each together with the two successive electron spectra
(behind the wave front, in the front, and in the solar wind
ahead of the wave front). Disregarding the singularity in the
frequency region 2040 Hz, the intensity of the oscillations
decreases in the high-frequency region like f ~2. It is inter-
esting to note that this agrees with the previously obtained
solution (10) of the quasilinear equation (5).

To estimate the energy of the accelerated electrons and
their density, we can use relations (13) and (14) assuming that
up to 10% of ions with energy ~5 keV and temperature
~100 eV are reflected from the front, and the region of de-
celeration of these ions is L | ~v, /o.; = 108 cm. As a result
we obtain &, ~ 100 eV. Electrons of this energy were indeed
observed earlier® and are present in our measurements (Figs.
2-4). The estimate of the intensity of the oscillations respon-
sible for the electron acceleration is also found to be reasona-
ble ((E?)'/2~1072 V/m-Hz'?). Owing to the anisotropy of
the electron velocity distribution, the electron energy spec-
trum measured with a cylindrical electrostatic analyzer is
found to be modulated at the satellite-revolution frequency
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FIG. 4. The same for the crossing of the front on 31 December 1980 at
19:51. The upper spectrum was obtained in the transition region
(19:47:08-19:51:03), the lower in the solar wind (19:51:14-19:55:09). In-
set—electric oscillation spectrum obtained for crossing of wave front at
19:51.
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FIG. 5. Sections of three-dimensional electron distribution function for
the case illustrated in Fig. 2.

(during the 4 minutes that the spectrum is plotted the satel-
lite executes two revolutions about an axis directed towards
the sum). The minima in the spectrum correspond to an ana-
lyzer direction perpendicular to the magnetic field.

Figure 5 shows an intersection of the three-dimensional
distribution function of the electrons in the solar wind ahead
of the shock wave with a plane perpendicular to the direction
to the sun at the instant of time shown in Fig. 2, as well as the
energy spectrum of the electrons. The light and dark circles
were obtained respectively in the direction perpendicular to
he vector of the interplanetary magnetic field and along the
projection of the magnetic-field vector on this plane. The
temperature of the core of the distribution function is 10 eV,
and the superthermal component of the electrons in the di-
rection of the anisotropy maximum and in the energy range
200-350 eV can be roughly approximated by a Maxwellian
distribution with temperature 65 eV. The dotted curve in
Fig. 5 is the excess of the electron density above the core. The
average energy ~65 eV of the accelerated electrons agree
with the theoretical estimate (13).

To estimate the effectiveness of the mechanism de-
scribed in Sec 2 of the isotropization of the electron distribu-
tion, we estimate numerically the oscillation intensity in the
frequency region 2040 Hz, assuming that in this region the
low-frequency electric-field oscillation intensity spectrum,
which decreases smoothly like f ~2, receives contributions
also from the higher-frequency oscillations. In the case when
distinct intensity peak appears in this region at 25 Hz (the
crossing at 19 hr 51 min on 31 December 1980, Fig. 3), the
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intensity of the electric field of the oscillations can be esti-
mated at E~10"* V/m-Hz'/2. This value agrees with the
rough theoretical estimate (20).

The appearance of this intensity peak correlates with
the onset of the anisotropy of the directions (v; >0 and
v, <0) on the distribution funciton of the superthermal par-
ticles. For the crossing shown in Fig. 2, the directions v >0
and v <0 are symmetrical and there is no peak in the oscil-
lation intensity. The onset of the direction anisotropy for the
crossing shown in Fig. 3 is accompanied by a distinct intensi-
ty peak. As already noted in Sec. 2, the fan instability is
possible only if f,(v; <0) <f(v; > O) for the fast particles. In
the opposite case the instability is eliminated because of the
contribution made to the growth rate in the normal Doppler
effect.

CONCLUSION

Direct measurements of low-frequency oscillations of
the electric field and of the energy spectra of electrons con-
firm the theoretical premises concerning the energy dissipa-
tion and particle acceleration in the fronts of collisionless
shock waves with large Mach numbers M~ 10. The se-
quence of the processes that occur on the front of such a
wave reduces to the following:

1. Part of the incident-flux ions is reflected from the
potential jump in the wave front and excites intense electro-
static oscillations with frequencies of the order of the lower-
hybrid resonance frequency in a plasma. The primary dissi-
pation of the energy of the supersonic plasma flux is due to
interaction with these beams.

2. Part of the energy of the excited low-frequency oscil-
lations is absorbed by electrons; this results in anisotropic
superthermal tails of electrons with energy from 100 eV up-
wards.

3. Collisionless relaxation of the velocity anisotropy of
the superthermal electrons is due to excitation of oscillations
having frequencies several times lower than the electron cy-
clotron frequency.
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