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Abstract

One of the main experiments of the Active Magnetospheric Particle Tracer
Explorers (AMPTE) satellite mission was the release of neutral barium
atoms in the solar wind. The barium atoms ionized by photoionisation ex-
tremely rapidly forming a dense, expanding, plasma cloud which interrupted
the solar wind flow creating diamagnetic cavities. On the upstream side of
the cavity a region of compressed plasma and enhanced magnetic field was
created as the result of being produced by the slowing down and deflection
of the solar wind, and magnetic field line draping. Intense electrostatic and
magnetic turbulence was observed by both the IRM and UKS satellites at
the boundary of the diamagnetic cavity with the most intense being de-
tected near the outer boundary of the compressed region. In this paper we
examine how the newly created expanding plasma couples to the solar wind
by means of plasma beam and current driven instabilities. In particular we
show how lower-hybrid and lower-hybrid drift waves are generated by cross-
field proton-barium streaming instabilities and cross field electron currents.
The saturation mechanism for these waves is considered to be the modula-
tional instability, this instability can also lead to filamentation and coupling
to magnetosonic modes which are also observed. As the result of modula-
tional instability the k; component increases, which allows the heating and
acceleration of electrons that is consistent with the observations.
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tSpace Research Institute, USSR Academy of Sciences, Moscow
!General Physics Institute, USSR Academy of Sciences, Moscow



I. Introduction

Recent experiments carried out by the Active Magnetospheric Particle Tracer Explorers
(AMPTE) involved the release of lithium and barium atoms in the solar wind. In all
cases the expanding cloud of atoms was photoionized by solar ultra-violet radiation,
producing an obstacle to the solar wind flow and the formation of diamagnetic cavities.
One of the main objectives of the experiments was to understand how the solar wind, in
the absence of collisions, interacts with newly created ions. This problem is relevant to
a number of astrophysical situations, such as the pick-up of cometary ions !, the study
of planetary ion exospheres interacting with the solar wind? and the pick-up of helium
3. Since both the released plasma
and solar wind plasma are collisionless any interaction between them must depend on

and oxygen ions of interstellar or planetary origin

wave-particle interactions producing the momentum coupling.

The Ampte releases provide at the present time the best detailed data set for the
study of artificially created plasma comets and in general for the investigation of plasma
turbulence created by releases and in flows in the solar wind. Using the results makes
it possible to try to formulate a physically self-consistent picture of the whole event
including especially the different turbulent modes excited and the creation of accelerated
electrons. At the present time some of the important parts of this picture have been
considered such as the possible excitation mechanisms for lower-hybrid waves * and the
subsequent electron acceleration by them*®. However, many aspects of the interaction
are still waiting to be understood even qualitatively, such as the observed level of ion-
sound turbulence inside the cavity’, the current filamentary structure, the slowing down
and heating of the solar wind protons and the heating of the barium ions®. We believe
that for different parts of the observed phenomena several explanations can be given. We
would like, though, to construct a general picture which will be able to give qualitative
answers to the most important observations, if not all, and find out the relationship
between the different phenomena observed such as the nature and level of fluctuations
observed both inside the diamagnetic cavity, at the boundary between the cavity and
the shock-like structure and within the shock-like structure. It seems very likely that
all these processes are related making it less likely that a number of different processes
are responsible. In the present paper we propose one main self-consistent picture of the
turbulence excited by the Ampte release. Such a model will help in the understanding of
future possible experiments. A similar approach can be used for the bow-shock, aurora
and other precipitation phenomena. In considering a self-consistent approach we bear
in mind the necessity of estimating the most probable nonlinear processes going on in
a consistent manner.



One important point should be mentioned before we start the discussion, namely
that one could not expect from the point of view of the present understanding of non-
linear turbulent process that the broad spectra observed are strongly related to the
frequencies of linear modes or to the wavelengths of the fastest growing modes one can
only obtain best estimates for such values. The opposite should be expected, namely
due to nonlinear processes the turbulence should have a broad spectra with a maximum
intensity not at the wavelengths of the maximum growthrates, or at the frequency cor-
responding to the maximum growthrate, most of the observed features will be the result
of turbulent nonlinear processes with a few features being describable by linear theory.

II. Major observational data on the Ampte barium release

Initially before the barium release the solar wind parameters were electron density
ne =~ 2em =3, velocity of solar wind v, >~ 550km/sec, electron temperature and magnetic
field T, =~ 20ev, B =~ 10~*G or 10nT. For these parameters the Debye length is 20m and
the lower-hybrid resonance frequency wry = (wH,-wHe)é‘ ~ 20sec™!. The interaction of
released ions with the solar wind produces a diamagnetic cavity, of the order of 70km
in radius, surrounded by a pile-up region of compressed plasma and high magnetic
field strength of the order of 100nT®. The scale size of the magnetic field structure
is of the order of 1-10km or less, with a gradual increase on a scale length of up to
200km. The magnetic structure surrounding the cavity is influenced by the solar wind
and is very filamentary®. The size of the filamentary structures could be less than
1km or even 100m. The cavity is surrounded by a shock-like structure in the upstream
region where there exists a large magnetic field structure of the order of 60-100nT. The
lower-hybrid frequency for barium ions in this region is of the order of 30-100Hz, which
corresponds to the range of frequencies of intense electrostatic noise observed mainly in
the region surrounding the cavity or between the cavity and the upstream solar wind.
The plasma density of the barium ions (singly ionized barium, ie the density of cold
electrons appearing in the cavity is of the order of the density of barium ions) varies
from 10° —10*cm ™2 in the centre down to almost the solar wind density at the upstream
side of the cavity. Inside the cavity ion sound turbulence is observed and maintained for
a period of observation (10 min.) although the Landau damping of ion sound waves is
of the order of or less than 1/10 of a second, this demonstrates a necessity for a source
driving the ion sound turbulence. The wave turbulence in the cavity is at a very low
level, in comparison with the compressed region as shown in figure 3 of reference 5. The
level of the turbulent fields observed will be given below in connection with theoretical
estimates.

In the region of the large field compression at the front of the cloud and more
importantly in the whole of the turbulent region between the shock and the cavity



electron energization (acceleration) is observed. Electrons with energies greater than
100eV are created. Solar wind ions are slowed down and deflected in this region. The
most intense wave activity is also observed in the region of enhanced compression. The
slowing down of the solar wind to 270km/sec also occurs in this region corresponding
to a flow energy of 0.4 keV. The initial flow energy is about 1.6 keV. This means that
the solar wind loses about 70% of its flow energy and it is heated up to 0.4 keV at the
rear of the wave activity. The barium ions can be considered practically as not moving.
The most intense waves appear at a frequency of 30Hz at 14:30 the time of maximum
magnetic field activity encountered.

ITII. A general physical picture of the wave activity

It is obvious that in the strongly turbulent region the magnetic fields are important
and the interaction of solar wind protons with barium ions should be treated with the
magnetic field taken into account particularly since some of the wave activity observed is
in the range of lower-hybrid frequencies ie some of the modes excited require the presence
of the magnetic field (in this sense the analysis of reference’ is not quite adequate to
describe the whole problem). Instead of a reflected ion beam as at the Earth’s bow
shock, the two beam situation in the barium release appears due to the interaction of
the solar wind protons with the almost stationary barium ions.

This ion-ion beam interaction should excite two types of waves, a long wavelength
mode k =~ w,./c in the vicinity of the lower-hybrid frequency and the shorter wavelength
k ~ wpe /vre ion acoustic mode. The most intensive wave activity is to be connected with
the ion-acoustic mode, the frequency of this mode as measured by the spacecraft varies
over a wide range from tens of Hz up to kHz. Simple estimates based on quasilinear
theory give for the wave electric field spectral density the value 10-30 mV/m+v/Hz, the
growth rate increases with np - the density of the barium beam and as a consequence
the instability mechanism under consideration is important in the whole turbulent zone
between the shock and the cavity. The effective excitation of the lower-hybrid mode is
possible only in the case of oblique propagation with respect to the magnetic field. The
excitation takes place in the outer part of the turbulent zone where ng ~ no—B- mp,p
is barium; proton mass. For larger ng the growth rate of the lower- hybrld mode ¥
decreases as "1—3% thus making the excitation of this mode at ng ~ 10* — 10° impossible
since the time needed for excitation 10/y becomes larger than the convective time
L/u (L ~ 300km - the width of the turbulent zone, u ~ 270km/s the speed of the solar
wind slowed down by the cavity).

Another type of instability to be considered is the lower-hybrid drift instability'®
induced by the currents. The largest currents are the diamagnetic currents (Jp =



—V(nT) x B/B?) existing at the boundary of the cavity. The growth rate of this
instability is limited only by the timescale during which the current flows and has
therefore less rigid conditions of applicability than the proton-barium beam instability,
ie it can also occupy the whole turbulent region. It also exists in the region of high ion
(barium) density and is not suppressed with increasing density. But there does exist a
threshold for the drift velocity of the current carrying electrons to drive this instability.
This threshold is not large — the electron drift velocity necessary could be much less
than the ion thermal velocity. The saturated level of electrostatic fluctuations excited
by both types of lower-hybrid instabilities are, as estimations show, determined by
the modulational instability, which is somewhat different from the usual modulational
instability because of the kinetic pressure of the barium ion flow in the solar wind frame.
In this case the nonlinear coupling between the lower hybrid waves occurs through the
low frequency magnetic field perturbations. Slowly varying magnetic field structures
having wavenumbers k < wpe/c which corresponds to characteristic space scales of about
1 km or less should develop. In places of low magnetic field the frequency of the lower-
hybrid mode is decreasing, hence these places serve as potential wells in which the
wave quanta of the lower-hybrid mode can be trapped. This trapping results in the
modulation of the lower-hybrid wave intensity which further increases modulation of
the magnetic field under the action of the pondermotive force of the wave.

The presence of fine scale low frequency magnetic field structures follows from ob-
servations obtained by Liihr et al®. The creation of these magnetic field structures due
to the modulational instability of lower-hybrid waves will result, according to Ampere’s
Law, in currents with J = =V x B sufficient to excite the lower-hybrid drift modes. It
is important that the development of the modulational instability lead to the appear-

1

ance of waves with k) ~ (%) ikLH, which can be absorbed by the tail of the electron

distribution. In the initial stage of the instability one could divide the turbulent region
between the solar wind and the inner boundary of the cavity into two regions. In the
outer part the instability of lower-hybrid waves driven by the two beam instability (solar
wind proton plus the barium ions) develops. In the inner region the lower-hybrid drift
waves are excited by the diamagnetic currents flowing as a consequence of Ampere’s
law due to the fine scale magnetic field structures.

Finally the stage will be reached when in the whole turbulent region including that
part where initially only the beam driven lower-hybrid instability develops the lower-
hybrid drift mode will also exist. These lower-hybrid waves of both types are absorbed
by electrons due to Landau damping and energize them. The time of energization
should be less than the confinement time of electrons in the turbulent region. In this
context it is important that lower-hybrid drift modes exist in the whole turbulent region.



Otherwise for the usual lower-hybrid instability, the outer part of the turbulent region
where it is effectively excited seems to be insufficient in size to accelerate the electrons.
The fastest electrons are lost thus increasing the electrostatic potential of the turbulent
region up to their escape energy (say 100ev). This D.C. electric field cannot produce
a large current due to the large value of the effective collision frequency inside the
turbulent region. These processes can also explain the heating of protons observed,
first of all via the beam-plasma driven ion-acoustic instability. Since the ion acoustic
instability considered in this paper is of the negative energy type, in the process of
increasing of their amplitudes the waves heat the resonant particles (barium or proton
ions) by an amount equal to their energy gain.

The proposed mechanisms are therefore the development of broad band intense elec-
trostatic turbulence as the result of the ion-acoustic instability as well as lower-hybrid
turbulence that could also be responsible for fine scale magnetic field structures. Both
instabilities are driven by barium beam solar wind plasma interaction. The currents
associated with the magnetic field structures could drive another type of lower-hybrid
instability - namely lower-hybrid drift instability. This turbulence is finally absorbed
by fast electrons, explaining the appearance of high energetic electron tails in the tur-
bulence zone.

The above scenario will be similar to the case of a shock and particle precipitation.
Indeed in the case of a bow shock the role of the second beam is played by the protons
reflected by the shock and in the case of precipitation the flux of fast ions in the beam.
The lower-hybrid drift waves appear at the final stage and can also explain the filamen-
tary structure of magnetic fluctuations at the shock and perhaps also the filamentary
structure of aurora.

IV. Linear theory of the various instabilities
A) Proton-barium beam plasma instability.

We start from the investigation of long wavelength instabilities (k ~ wp/c) resulting
in the excitation of waves with the frequencies in the vicinity of the lower-hybrid reso-
nance. Electrons are magnetized in such oscillations where kvre € wye, and w < wye.
The main plasma is the ionized barium gas, solar wind protons form a cold beam in
such a plasma. The dispersion relation for oblique (k) # 0) waves excited due to beam
- plasma interaction has the form:

2 2 k2 2 2
Wy m w w n w
LH Mp He Il LH P e treatE (1)

‘w? mp  w? k?+ wge/c2 (w—k.vyy,)? E k2c?

Here wry = \/whewn, is the lower-hybrid frequency in a dense (wpe > wpe) solar wind
plasma, ng,n,, mp, and m, are the densities and masses for barium ions and protons



respectively. For the two species case (protons flowing through electrons) this equation
was obtained and analysed in detail in ref'? and for the plasma and magnetic field
inhomogeneities taken into account in ref'®. The effect of inhomogeneity leading to the
lower-hybrid drift instability will be analysed in the next section. Here we will restrict
ourselves by analysing the homogeneous case and our aim would be to understand how
the presence of a third (barium) component will influence the modified two stream
instability described by equ. 1. We consider the region where ng > n, and hence use
the condition of quasi neutrality in the form n. ~ np ie the electron density is balanced
by the barium ion density. The plot of the left hand side of the Eq.1 F(w,k) as a
function of w is shown in Figure 1. The minimal value of F for the system to be stable
is given by

fgh o0 1
Fmin =2 LH 1 7)3 2
np (k.vsw)2( +a3) ( )
where the following notation
k2
ok, ) = 222 ey

n, mp = (k? + w2 /e?) me nyp

is used.

For the instability the dispersion relation equation (1) must have at least two complex
roots the condition for that is when F is less than Fjs;ny which corresponds to

K.V < kvg (ﬁﬂ)u +ad(k,ky))} (3)
np p

Here v4 = H,//47n,m,, is the Alfven velocity in the solar wind plasma. For transverse
magnetic field propagation (kj = 0), @ < 1 corresponding to the situation in the
AMPTE barium release. The condition for waves propagating almost along the beam
direction (kjv,,) has the form

v
np < n,—22 (4)

vsw

In the case n, = n. it coincides with the condition obtained in ref. 2. It follows from
this relation that for the conditions of the AMPTE experiment the instability under
consideration is possible only in the outer part of the barium cloud where

npg < (5—10)n,



The wavenumber of the fastest growing mode in the case a < 1 is equal to:

¥ wign, wigne
k=, -H e LHZE (5)
vsw np vAp np

The frequency and the growth rate of that mode are obtained from the relation

o= (2) F1+iV3 +2W5k.v,,,, (6)

In a more dense part of the cloud np < np TR =~ 102n,, it follows form Eq. (3) that the
instability is possible only for the case where a > 1 or for oblique (k) # 0) waves. For

the case n, = n, the instability of oblique waves was analysed in ref.!>. The frequencies
of excited waves for the case a >> 1 are obtained from the relation

w = L \Im”+ Bl (1)

NEwryr Bt wi/cm,

For the waves with k/k > /7, corresponding to oblique electrostatic waves with

w = wyeky/k for wye K ke, and the whistler mode with w = wHe ) HK for wpe > kec. The

growth rate of the most unstable mode for a > 11is also easily obtained from the Eq.(1)
and is given by

_V3_ e
L 2§ aé’(k,k”) (8)

For example for the AMPTE conditions where vy ~ 2x10%cm/sec(H, ~ 100nT'), v5y ~
2.7 x 107cm/s the excitation of waves in the region ng = nymp/m,, is possible in the
case a > 10%(ky/k > \/Tn"—g), the frequency in this case is w > wry ~ 2.5 x 10%s71.
For w ~ wrpy,a ~ 10? the growth rate obtained from Eq. (8) is v ~ 40s~! and the
instability growth length L ~ 10v,,/y ~ 107cm is quite sufficient for the excitation of
waves in the turbulent zone. In the more dense region further decrease of y(y drops

as n;% for fixed w) makes it impossible to excite the waves in that frequency range.
The similar decrease of ¥ makes the excitation of waves propagating at large angles ¢
towards the beam impossible. In this case it follows from Eq. (8) that the instability
region is shifted towards larger np but the growth rate decreases proportionally to cosf
in accordance with Eq. (6).



It is more convenient to consider the excitation of short wavelength ion-acoustic
modes in the solar wind reference frame, in which the barium ions form a cold beam.
Since the conditions kvre > wh. and kjvre > w are fulfilled for that mode the electrons
are unmagnetised. First we will consider the case of cold protons and w > kvr, then
the dispersion relation has the following form

1 _f‘)_lf’l)_&_n_Bm" wgl’ =0 (9)
’C2(Il‘2a w? n, mp (w + k. vaw)

where d. = ,/ﬁf——n: — is the electron Debye length, and wp, is the proton Langmuir
frequency. First of all we shall consider the case a, = %E-% < 1. In this case the
frequency of the excited wave is the usual frequency of the ion-acoustic mode namely

Wonkde
J1+ k22

The Cherenkov resonance condition with a beam becomes w, ~ —k.v,,, and it is
easy to see that the excited waves propagate almost perpendicular to the ion beam
with ]%—%ﬂ-l . ﬁ,/%% ~ 107! — 10-2. Substituting into the dispersion relation
w = —k.v,,, + 6w, and using | éw |« w, we have from Eq.(9):

Wg =

(10)

5w=wo(%)%1_+i_‘/_§ (11)

2 2

The condition of applicability of Eq (9) is w > kvr, which with the help of Eq.
(10) can be written in a form IP— <& 72 and it can only be fulfilled in the outer part of
the cloud where the density of barlum ions does not exceed very significantly the solar
wind density. More importantly is the opposite case with w < kvr, when the beam
driven instability is of a dissipative nature. In that case the dominant dissipation is due
to the solar wind protons and the dispersion relation has the form

1
14 1/k2d2 prph e ppFo ¥
+ 1/k°d; ¥ 1/R°d5+ 1 8 kury B2
2
“pp - 12
(w+kv‘,,,,)2 ’ i

the solution of which is the following
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Supphd. d/d2
i e ey R S (13)
/1 =3 k2d3 k’UTp 1+ k2d
where we have used the notation
O SO P By . g )
PR (T,, T
The condition for the instability developing
_;_
| 90t it (14)

J1 + k2d2

corresponds to a negative energy wave as is usual in the case of dissipative type
instabilities. It follows from Eq. (13) that the growth rate of the instability increases

L. A . .
with an increase in the barium ion density (v ~ nj). The solution of the dispersion
relation corresponding to the very dense barium plasma region a > 1 is

(1+z) vap
Vv by,
w+ kv ‘/ pplkv8w| (15)

which yields a growth rate vy o n% as in the previous case. Hence contrary to the
lower-hybrid mode the excitation of the ion acoustic mode takes place throughout the
whole cloud where the solar wind is present. The maximum growth rate corresponds to
short wavelength ion-acoustic oscillations with kd, ~ 1. The frequency of oscillations as
measured by the spacecraft given by w + k.v,,,, is of the order of the barium ion plasma
frequency wp,p which is of the order of kHz close to the compressed region.

B) Current driven lower-hybrid mode instability.

As mentioned before the large gradients of magnetic fields in the turbulent zone of
the cloud result in diamagnetic currents flowing as a consequence of Ampere’s law. The
effect of plasma and magnetic field inhomogeneities on the lower-hybrid drift instabil-
ity have been considered by Davidson et al'! and Hsia et al'®> The lower-hybrid drift
instability initiated by the current which has been investigated Sotnikov et al'® is of a
kinetic nature which has also been analysed by Davidson et al'’. Due to the presence
of cold barium ions there also appears a hydrodynamic instability of the lower-hybrid
drift mode described by the following dispersion relation in the solar wind frame
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w2, ( o w:e)_ wlp B wl kyK P 1 0 (16)
whe k2c? (w+kovew)?  whe(w — kyuey)k? ~ k2d2

Here we have assumed that the mode under consideration is polarized in the plane
perpendicular to the magnetic field with k; = 0. The inhomogeneity of the density and
the magnetic field profiles perpendicular to the magnetic field is characterised by the
inhomogeneity scale length £=! defined by

1\dw3' <1 dH
K= —

n, dz H dz’

and the electron current velocity u., that supports the inhomogeneity of the magnetic

field is
¢ dH

4mren, dr

Uey =

In the case of sufficiently small x the lower-hybrid drift instability is of a resonant
nature where
w—kyuey=¢, |e|<€w

In this case we have from Eq.(16) the following equation for the frequency of the
unstable mode

w=—k.v, +wyp=—-kvs + wLHBkr*MIL-?-/\/l + B + k2r*2 (17)
Ne

and its growth rate v = I'me where

3
2= Mo Bk (18)
np my k2 WHp

here w,,, is the frequency measured by the spacecraft, and the following notation has

been used
n ne
r* = ” S p
Me WHe np mev Re np

where v4. = cwhe/wpe is the electron Alfven velocity, wryp ~ | /r'n—'—'g-wLH - is the lower-

hybrid frequency for barium ions. The typical value of the frequency in the spacecraft
reference frame in the limit kr* > 1 does not exceed %wLHB or (10 — 15)Hz.
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The mechanism of the instability is quite a simple one. The necessary condition for
the instability is k < O giving rise to a negative energy drift mode and any dissipation
mechanism connected with the absorption of energy by barium ions or by solar wind
protons leads to an instability. In the case of the hydrodynamical instability the ab-
sorption of energy by cold barium ions is important. In obtaining the growth rate Eq.18
we have neglected the input from the wave damping due to the solar wind protons, the
condition for this is

I € I Ny, MpB ( Wsp 3
P >> e e
w ng my, \kvrp

which is more easily fulfilled in the region of dense barium plasma. The growth
rate of the hydrodynamical lower-hybrid drift instability for kr* < 1 (increasing with

ng) is v ~ ng. For example let us consider the region of dense plasma and “piled-
up” magnetic field n, ~ np ~ 10*cm™3,H ~ 1.5 x 10’nT. In that region wp/27 ~
% X 10°H z,wp. /27 ~ 4 x 102H z the electron current velocity u., = 106cm/s, we used
here also Az ~ 3km for the characteristic space scale of the inhomogeneity in the
“piled-up” region. The growth rate obtained from the Eq.(18) is v ~ 107's™! and the
typical growth length of the oscillations is L =~ %&_ ~ 107cm which is quite sufficient
for the development of the instability. The experimental results®>’ shows the presence
of intense oscillations down to the frequency of the lower-hybrid barium resonance in
the region containing the whole turbulent zone up to the boundary of the cavity.

In the case of the kinetic drift instability it is necessary to take into account the
wave damping due to solar wind protons in the dispersion relation given by Eq.(16) and
subsequently to make the following substitution

1 (1 Iy T Sw )
_—) pu—
k"’dg k2d§ 2 kvrp

Since the excited waves have negative energy the wave damping leads to the insta-
bility but of a kinetic nature with the growth rate similar to that obtained in ref.’® and
given by

. & e kyr* 2y 1
~ = luge =1 -——m—B—n—K,er w2l i o R A= (19)
T mp NB 1+ B+ kZr=? Mp WHp

In Conclusion we find
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1. The beam driven lower-hybrid instability is possible only in the outer part of
barium cloud where ng < npm,/mpg

2. The main instability due to the barium beam, solar wind plasma interaction is
the ion acoustic instability, this is responsible for the wave excitation in the wide
frequency range from tens of Hz up to kHz.

3. The current driven lower-hybrid hydrodynamic drift instability is responsible for
the low frequency (of the order of tens of Hz or less) part of the spectrum in the
whole of the turbulent zone.

V. Nonlinear theory of the instabilities involved, estimation of wave am-
plitudes, and energetic electron tails.

It has been shown in the previous section that the main wave activity in AMPTE is
connected with two instabilities namely the current driven lower-hybrid drift instability
for the low frequency range and the beam driven ion acoustic instability for the high
frequency part of the spectrum. We present here estimates that give us the opportunity
to compare the theoretical treatment with the observations. The detailed nonlinear
theoretical analysis of the instabilities involved would be the subject of futher work and
here we restrict ourselves with a brief nonlinear description. For the lower-hybrid drift
instability we will consider the most important nonlinear process to be the modulational
instability. Due to this instability waves that have been initially excited in the plane
perpendicular to the magnetic field acquire a component of the wave vector along the
magnetic field such that

m WrH
k” ~k =
mp VTe

This results in the cascade of waves with high phase velocities along B to waves with
phase velocities along B close to the electron thermal velocity and strong damping of
the oscillations by electrons freezes the wave amplitude level at the level of the threshold
of the modulational instability.

A) Modulational instability of lower-hybrid waves.

We will consider the case when the monochromatic lower-hybrid wave excited by
the drift instability and polarized in the plane perpendicular to magnetic field acts as a
pump for the parametric instability and generation of oblique (k) # 0) waves. In that
case the wave potential can be written in the form
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¢ - ei(ko.rl—wot) [¢o a ¢+ei(kl Ty +kzz—wt) o ¢_ e—i(k_L.r_L+k,z—wt)]

Here k, and w, are the wave vector and the frequency of the pump wave and

wo = —ko. Vo + WiLHB

which follows from Eq.(16) in the limit xr* > 1 ie when the proton term is unimportant.
Due to the modulational instability two satellites ¢, ,¢_ with the wave vectors k, + k
are excited resulting in the modulation of the pump wave amplitude. An analysis
of the experimental data demonstrates that in the turbulent zone the magnetic field
develops fine structure®. Such structure is due to the modulation of the magnetic field
that has a characteristic space scale perpendicular to the magnetic field direction and
very prolonged along the field lines and varying on a time scale much faster than the
barium gyroperiod. We assume that this modulation is created by long wavelength
magnetosonic waves that parametrically couple the pump wave to the lower-hybrid
satellites ¢4. Hence contrary to the usual treatment of the modulational instability
of lower-hybrid waves in which the slow mode is connected with density perturbations
such as the ion-acoustic mode we will consider the case when the slowly varying mode
is associated with the magnetosonic mode and results in magnetic field modulations.
In accordance with experimental data we will also assume that for these perturbations
k. < k;. Using the drift approximation for electrons | % |« whe and supposing that
ions are unmagnetized for the lower-hybrid mode | g; |> wpB, it is possible to obtain
the following equation for the electric field of lower-hybrid waves in the case of quasi-
neutrality n, = n:

2 2 2 /
(%'i"uey 3 ) [1+ . (g_vsw-Z) JZECL'*'@(E—vsw-_V_) aEz o (2'!" a )

) dy wlyp \Ot m. \ ot 8z \&t @ Yoy
o) 2 FE Y Py o o O\ /6H én
o) ol L (G ) ) (- 8-

x(at = _) K:wHB WHe 3t+uy8y E’ay E”ax H, n, 0 5d620)

Here the main nonlinear term is the (v..V)v, nonlinearity in the electron equations
of motion, én and §H are the density and magnetic field modulation due to the slow
magnetosonic wave. Neglecting in the Eq.(20) the term proportional to & that is re-
sponsible for the drift instability of the pump wave it is possible to obtain the following
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relation for the wave potential of the two lower-hybrid satellites

__iwipplko xKkl: 4 (6H 6") .
= on — byuey) (6o + KP \E,  mg) ¥ 5, plerivar (1)
_ iw%HB[ko X k]z ¢0 (6H* . 577,*) X 1 (21b)
= U-’HB(“-’ - kyuey) (ko Y k)2 Rq 6 +2 w:f:l;w

where we have used the fact that for the pump wave resonance w, = kyotey and

2 2
mp K wiys

5+ = gachgmiaplich w ey ol

is the detuning between the frequency of the pump wave and the satellites. For
simplicity we will suppose that the lower-frequency mode is mainly inhomogeneous
along the direction of the current (k, # 0) and very prolonged along the magnetic field
(kj < ky). The equation connecting the density and magnetic field fluctuations is the
usual one for magnetosonic waves:

0 n, 026 H
(é‘t‘—vsw.V) 6n—vABH ay

vag = +/ 41mgm3 is the Alfven velocity for barium ions.

While obtaining the equation for §H it is necessary to use the following relation

between the electron and ion velocities in the direction of inhomogeneity

8 8 9
{2 _yaw)s
<8t +Uag, )5””' (at Ve —> Ve

This relation being the consequence of quasineutrality of the slow magnetosonic wave
ie. 6n. = 6n;. Then the equation for §H has the following form:

(5 +vozp) B — o (5~ v9) 2] =
ot " "vay) gz T vig\at Y

_ 4menoc (3 i )2(899’ 8 9 0 )8299'
HUGP, SNPPE SOMIGGOR §ES 0y 18-S O
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The relation for the magnetic field modulation resulting from the coupling between
the pump lower hybrid wave and the satellites follows from Eq. 22 and is given by

dTen,c 1 (w+ k.vey)? 1
S H? ngB[ e (@ —kyuey) 1 o
yVaB
* * 2koy * *
X [(90+<po — ¢1p0) + =4l + 99_%)] (23)

Yy

We restrict ourselves to the consideration of the case when as the result of the
modulation sufficiently long wavelength magnetic structures are created k, < koy. In
that case the dispersion relation has a following form

2 2
Wt kVow Koy 2 leo L . - (24)

1'='8
wLHB  ky A (w— ky“ey)2 830 4w — kyuey)z/w%HB

It follows from the dispersion relation that the maximum growth rate corresponds
to the resonant case kyu.y + k.v,, = 0.

For sufficiently strong pump when the condition

2 2 2 2
koy *E; _ wigpms ki

— 25
B, H2 k? m, k? (25)
is fulfiled the maximum growth rate obtained from Eq. (24) is equal to:
9 271/3
\/§ k k]2c I Po | (26)

L Ve 3
Ymaz = 22/3 WLHB ky [k H02
The magnetic structures arising as the result of modulational instability are con-
vected with the solar wind and in order to give the instability sufficient time to grow
the following condition must be fullfiled Yoz L/Vsw > 10, where L is the size of the
cloud.

For L ~ 100km, v, ~ 3.107cm/sec we need a value of Yar ~ 30H, and it follows
from the Eq. (26) that for H = 3.1073Gu., ~ 10%cm/s,k, =~ LR ~ 10~*cm™' and

k/k, ~ ¢ the typical lower-hybrid wave amplitude needed for the development of the
mstablhty is E, ~ (3—5)mV/m which is close to the observed values. The modulational
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instability not only results in the creation of magnetic structures slowly varying with
time but also in the appearance in the lower-hybrid wave spectrum waves with k) # 0.

The waves with kj ~ —wLHB or kJL ~ 3—“—°1— ~ 1 1072 will be efficiently absorbed by
resonant electrons, tlus absorptlon will prevent growth of the pump amplitude causing

saturation of the pump wave.
(B) Electron heating.

Since the parametrically excited lower-hybrid waves have a finite longitudinal electric
field Ej|, they can stochastically accelerate electrons that fall into Cherenkov resonance
(w = kyjv)|) with them. The detailed calculation of this effect will be presented in a future
paper. Here will give an estimate for the energy gained by these resonant electrons based
on the quasi-linear diffusion equation

of _ 8 , Of.

pi g B e 2
Ys 0z 30” ”31)“ £

where f. is the electron distribution function and D) is the diffusion coefficient in
the parallel direction given by

Dy = —IEk |* (k”) e (ky = wLns/vy)

It is easy to obtain the following scaling law for the characteristic energy gained by
resonant electrons while flowing through the turbulent zone

E o~ | = £ L ; 28
e & (wHe v ——mviwins \/_) (28)

Using the following values, for the magnetic field, plasma electron density and turbu-
lent wave field of H ~ 100nT,n, ~ 102 and E ~ 10mV/m and distance L representing
the size of the turbulent zone of order 300km we have from equation (28) an estimate
of the typical energies of the accelerated electrons to be ~ 100eV which agrees very well
with the observations®. We can also estimate the fraction of electrons accelerated in the
tail by equating the rate at which energy is cascading into larger parallel wavenumbers
k| as a result of the modulational instability to the Landau damping rate of these waves
by electrons. The Landau damping rate of waves on electrons is given by

NTAIL Wiy

Ye ™ WLH (29)

2,2
n, kivt,
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This results in ﬂrim of order Im2= where Yqz is modulational growth rate defined
by eq. (26), resulting in a nrasr/n, of about 1-10%.

(C) Ion Acoustic Waves

The instability which drives the ion-acoustic waves unstable is of the dissipative
type and is caused by the cold beam of barium ions flowing through the solar wind
plasma. Here we present a qualitative description of the dynamics for the case a, < 1.
The energy source of the instability is the relative flow between the solar wind and the
released ions. For the situation we consider ie when n,m, < ngmp no significant change
occurs in the barium ion velocity distribution. The velocity spread of the barium ions
caused by the instability cannot exceed the value Av/v < ;";—%‘;— < (1073 -107*). In
this case the main quasilinear effect that can stabilize the wave growth is the formation
of a plateau on the resonant proton distribution function. The formation of a plateau
switches off the dissipation mechanism. Since for oblique ion-acoustic waves the whole
bulk of thermal protons is in resonance with the waves and the energy gained by these
particles due to plateau formation is

W, >~ n,T, (30)

It follows from the condition of instability ie., Eq.(14) that the excited waves are
propagating almost perpendicular to the direction of relative motion § = Ill(chwT o~

aw

1
ad 1’5’% B ,/f;ﬂ— < 1. This results in predominantly elastic scattering of the bar-

jum ion beam by waves. The change of longitudinal energy of the beam in such an
elastic scattering process is equal to

AWg ~ ngmpv,,Avp ~ nn,m,v’ (31)

sw

which also corresponds to momentum balance between the barium ions and the solar
wind, where 7 is the fraction of solar wind momentum lost in this interaction.

Only small amounts of this energy AWp of order of 6 is going into the waves, hence

1.

WE Y 2
vaaw

AWp (32)

is the energy in the waves.

1
Since w/kvr, ~ ad wpp;,‘-’T‘—p r~ %;—"ﬂ% < 1 the interaction of these waves with the

thermal protons is also almost an elastic one. The energy in the waves W is small in
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comparison with the energy gained by thermal protons in the process of their quasilinear
diffusion just by the factor w/kvr, ie.

i mp
W, ~ Wg, | 2 —
14 E Te mp (33)
Using the value of W, from the Eq. (30) it is easy to obtain the final result for

thermal proton heating:

T, ~ n*mpv? (34)

sw

If we assume that the 70% of the solar wind energy lost is due to the instability
under consideration then n ~ 2/3 and it follows from Eq. (34) that T}, ~ 0.65keV which
is somewhat larger than the observed value of T, ~ 0.4keV. The latter corresponds to
n ~ 0.5 and may serve as an indication that the decceleration of the solar wind flow in
the compressed region by the DC electric field, due to gradients in the magnetic field is
also important. The wave energy obtained from the Egs. (33), (34) given by

P el :
Wg=—o~n? drakd - 35
E A7 n mBTp anvaw ( )

is small in comparison with the energy lost by the solar wind flow by the factor
\/mp/mp. Nevertheless the wave electric field calculated from the Eq. (35) for the
typical solar wind parameters n, ~ 5¢cm ™3, v, ~ 270km/s and n >~ 0.5 is quite large and
corresponds to spectral energy density in the kHz range \/E-} of about 30mV/mvVHZ

which agrees with the observed values.

VI. Conclusions

In this paper we have proposed possible mechanisms for the generation of the broad-
band wave turbulence observed in the AMPTE release experiments. The mechanisms
are based on two types of instabilities that are possible in the cloud of the expanding
barium ions interacting with the solar wind. One is the barium beam driven instability
resulting in the excitation of long wavelength (A > 1km) whistler type waves as well as
short wavelength (A < 10— 100m) ion-acoustic oscillations. Another is the lower-hybrid
drift instability driven by currents associated with the large magnetic field gradients
in the turbulent zone. The frequencies of the excited waves change from about 5-10
Hz in the lower-hybrid range up to 1kHz for ion acoustic waves. The analysis of the
instabilities presented shows that
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. The modulational instability of lower-hybrid waves could result in magnetic field
modulation aligned along the magnetic field direction, of fine magnetic structures
which are observed both in the experiment® and in the simulations!4

. Excitation due to the modulational instability of oblique lower-hybrid waves with
k)| # 0 producing a cascade in wavenumber to larger values leads to the absorption
of the wave energy by resonant electrons producing energetic field aligned electron
tails with energies greater than 100eV.

. The nonlinear estimates derived from the saturation of the wave spectrum by the
modulational instability for lower-hybrid waves of the electric field amplitude give
values of E in the range 5-15 mV/m. For the ion acoustic waves which heat the
ions the estimated electric field amplitude is E ~ 300mV /m which is in very good
agreement with the experiment.

. The wave energy is not enough for significant “pick-up” of the barium ions by the
solar wind some of the heating of the barium ions may be mainly due to the lower-
hybrid drift instability. This is the dissipative instability of the negative energy
waves resonant with the thermal ions, with the growth of the wave amplitude
resulting in energy gain of the thermal particles. The same physics applies in
respect to the ion-acoustic instability which is also a negative energy instability
and could serve as the reason for the significant heating of the thermal solar wind
protons.



CAPTIONS

Figure 1. Graphical representation of the dispersion relation F(w), showing F,,.;,
values of F(w) falling below this value indicate instability.
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