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Lower Hybrid Turbulence at Cometsty Bow Wave 
and Acceleration of Cometsty Protons 
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The wave measurements at the spacecraft encounters with comet Halley have shown intense wave activity 
at the lower hybrid frequency. The excitation of the lower hybrid instability by the pickup cometary ions (protons 
and water group) in the bow wave region and the quasi-linear diffusion of the ions in these fluctuations are 

discussed. The quasi-linear diffusion of the pickup protons takes place over a scale length shorter than that of 
the heavier water group ions. This enhances damping of the waves by protons, and when the pickup proton 
density is large enough, it can result in the saturation of the instability as this damping balances the heavy ion 
driven growth. The observed electric field amplitude and the scale length of proton relaxation are in agreement 
with the theory. For small pickup proton density the instability can saturate due to the wave energy cascade 
arising from the modulation instability of the large-amplitude lower hybrid waves. This saturation mecahnism 
leads to electron acceleration and suprathermal tail formation. 

1. INTRODUCTION 

The mass spectrometer and wave measurements at the comet 
Halley encounter with the Giotto [Neugebauer et al., 1987, 1989, 
1990] and VEGA [Galeev et al., 1986; Klimov et al., 1986] 
spacecraft have shown very effective cometmy proton heating 
which is well correlated with the peak of wave activity at the 
lower hybrid frequency. The cometary proton heating occurs 
within several heavy ion gyroradii or approximately 5 x 104 km 
of the estimated "shock front." The magnetohydrodynamic (MHD) 
turbulence driven by the mass loading of the solar wind with 
heavy cometary ions is the dominant source of fluctuations in the 
transition region and develops very far away from the comet at 
distances of 5-10 x 106 km [Johnstone, 1990]. However the MHD 
turbulence may not be effective for proton heating because of the 
low spectral energy density of these waves resonating with the 
protons. In the upstream region of the mass-loaded solar wind the 
lower hybrid turbulence is quite weak as the growth rate scales as 
7 ~ W(VA/U) ø, as is evident from the following (6), and the ratio 
of the Alfven to the solar wind velocities VA/u in the undisturbed 
solar wind is usually small, ~ 0.2. Also the isotropization of 
the cometary ion velocity distribution and the formation of the 
velocity shell from the initial ring distribution due to pitch angle 
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scattering caused by MHD waves [Gary et al., 1986; Sagdeev et 
al., 1986] lead to the depletion of the source of the lower hybrid 
instability and its stabilization. Far upstream of the cometary bow 
shock this isotropization is ineffective because of a very low level 
of MHD turbulence. As the Giotto measurements have shown, the 

boundary at which the cometary ions picked up by the solar wind 
acquire a shell-like distribution is at 2.5-3 x 106 km from the 
comet Halley [Coates et al., 1990], which is quite far upstream. 
The situation changes closer to the bow wave, where the ratio 
VA/u approaches unity. The cometary ion velocity isotropizafion 
and formation of the shell distribution are due to their pitch angle 
diffusion caused by MHD waves as it was originally proposed by 
Sagdeev et al. [1986]. The rate at which the solar wind is mass- 
loaded by the cometary ions is proportional to 1/r •, r being the 
distance from the comet, and consequently much closer to the bow 
shock there are a significant number of freshly born ions whose 
velocity distribution has not been isotropized. The typical scale for 
isotropization is at least ~ (u/wci)(B •'/ABe'), where the Larmor 
radius of the pickup ion is u/wci ~ 104 km at comet Halley 
and the relative level of MHD turbulence is AB"/B" ~ 0.1. 
The presence of freshly born ions with ring distribution cotfid 
be easily masked by the presence of the dominant population of 
isotropized ions convected by the solar wind from the upstream 
region, but their presence is an important feature of the solar 
wind mass-loading process. The ions with the ring distribution 
can excite lower hybrid turbulence with typical space scale of its 
development of the order of several heavy ion gyroradii. Thus, it 
is important to examine whether the heating of cometary protons 
is associated with the development of lower hybrid turbulence. An 
alternative explanation is the heating of cometary protons by quasi- 
linear diffusion in the MHD turbulence [Gombosi, 1988], in which 

case the typical space scale for the heating mechanism should be 
of the order of 106 km, which is larger than the observed scale 
lengths. The diffusion lengths in the MHD waves are the same 
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for the protons and the heavy ions. This arises as the quasi-linear 
diffusion coefficient is proportional to (mi/my) 2, where mi and rn•, 
are the masses of the cometary heavy ions and protons respectively, 
and to the spectral energy density of the modes in resonance with 
the particles. The cometary protons are accelerated with modes 
that are in resonance, i.e., kucosO = W cp, where 0 is the pitch angle 
and W c•, is the proton gyrofrequency. As a result the acceleration 
is due to very short wavelength (k > Wc•,/u) oscillations, and with 
levi ~ k the gain in the diffusion coefficient from the mass 
ratio of the ions is compensated by the decrease in the wave 
spectral density [Galeev et al., 1991]. 

The key role of the lower hybrid turbulence was first recog- 
nized by Hizanidis et al. [1988], who developed a self-consistent 
model of the resonant lower hybrid instability based on the quasi- 
linear diffusion of cometary ions. The saturation of the lower 
hybrid turbulence due to quasi-linear diffusion alone leads to fiuc- 
tuarion levels that are higher than the observed values. In this pa- 
per a self-consistent model of the lower hybrid instability based on 
the stabilization of the wave growth due to two mechanisms is pre- 
sented. For sufficiently large density of the pickup cometary pro- 
tons (np/ni > rnp/rn•, n•, and ni being the densities of the cometary 
protons and heavy cometary ions respectively), the stabilization 
is attributed to a smoothing of the bump on the cometary proton 
velocity distribution due to diffusion and the consequent damp- 
ing of the waves, while the heavier water group ions continue to 
destabilize the waves. For smaller densities of cometary protons 
the stabilization is attributed to a wave energy cascade caused by 
the modulafional instability of the lower hybrid waves. The char- 
acteristic values of the wave amplitudes for lower hybrid waves 
obtained in both cases are in good agreement with the observations. 
Furthermore, the computed spatial development of the cometary 
proton velocity distribution agrees with the observations. 

2. LOWER HYBRID INSTABILITY 

AND QUAS•-LINEAR DIFFUSION 

In the cometary bow wave region a number of plasma modes 
are excited in the solar wind by the cometary ions (see the review 
by Tsurutani [1991]). The lower hybrid waves are excited by 
the ring distribution of the cometary ions and can be considered 
electrostatic. The frequency of these electrostatic oscillations is 
given by 

where •LH -- •/;Oce;Ocp is the frequency of the lower hybrid 
resonance, W ce is the electron cyclotron frequency, and the wave 

number k has the component k II parallel to the magnetic field. 
For linearly unstable waves k ii/k < v/m•/mp as electron Landau 
damping can quench the instability for larger k II' that is, when 
the longitudinal phase velocity •o/kll < v/mp/m• VA is small 
enough. The frequency of the excited oscillations is close to the 
lower hybrid resonance frequency, which is ~ 5-10 Hz for the 
comet Halley bow wave. The assumption of the waves being 
electrostatic implies that kc >> %,e, %,• being the electron plasma 
frequency [Hizanidis et al., 1988]. For oscillations with k ~ 
•Or•H/V•¾, v•'p being the solar wind proton thermal velocity, the 
damping by the solar wind protons prevails over the wave growth. 
This condition may be rewritten as k 2 2 2 ~ > for/ 
< 1, where/• = 8•-noT/B 2 is the ratio of the energy densities 
of the solar wind plasma and the magnetic field. It should be 
noted that the solar wind forms the bulk of the plasma, consisting 

of the solar wind and cometary plasmas, and thus the relevant 
/• for determining the wave properties is that of the solar wind 
plasma. At the encounter with comet Halley the 3 for the solar 
wind plasma, which supports the waves, can be comparable to 
unity [Johnstone et al., 1987]. However, the finite/• effects which 
contribute to the electromagnetic nature of the waves do not change 
qualitatively the picture of wave-particle interaction [Sagdeev et 
al., 1987]. 

The quasi-linear set of equations for the instability describes 
the evolution of the wave energy density and the particle distribu- 
tion function, and has been discussed extensively elsewhere (see 
the review by Shapiro and Shevchenko [1988]). It consists of the 
equation for the spectral wave energy density, in which the wave 
growth due to their interaction with the cometary ions is balanced 
by wave convection by the solar wind (O/Ot -• uO/Oz), 

OqX k 2 •p me OvA. 

x 
(1) 

and the quasi-linear diffusion equation for each of the cometary 
ion species a given by 

(2) 

In (1) the summaion over c• is over the mass mo• and the dis- 
tribution function fo• of both species of cometary ions (protons, 
p, and heavy ions, O, and co• = (4•re2no/mp) 1/2 is the proton 
plasma frequency in the solar wind, no being the solar wind proton 
density. The waves are assumed to be polarized in the plane per- 
pendicular to the magnetic field. The x axis is oriented along the 
sun-comet line in the cometward direction, A is the angle between 
this axis and the magnetic field, • is the azimuthal angle in the 
velocity space, and the index II denotes the direction antiparallel 
to the magnetic field. Both types of ions execute cycloidal trajec- 
tories under the E x B force in the solar wind, while their velocity 
along the magnetic field remains equal to the cometary gas expan- 
sion velocity, which is much smaller than the solar wind velocity. 
Consequenfiy the initial distribution function of the cometary ions 
in the solar wind frame is well approximated by 

- + f• (0, va.,vii ) = 2•rua. ' 

where u a. = c E/B and u II are the components of the solar wind 
velocity perpendicular and antiparallel to the magnetic field. Equa- 
tion (2) describes the diffusion of the cometary ion perpendicular 
velocity due to their interaction with the lower hybrid waves. The 
parallel component of the particle velocity does not change signif- 
. • • 
lcantly as v II -u ucosA. Also, in the plane perpendicular 
to the magnetic field, the velocities are assumed to be phase mixed 
over the azimuthal angle 4• so that 

= (t, v,). 

By changing the summation over the wave vector [ into an integral 
and integrating over •, (2) becomes 
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(3) 

with k.t ' > w/v .t.' Further the q• integration in the right-hand 
side of the equation for the wave spectral energy density can be 
carried out to yield 

(4) 

The left-hand side of this equation equals 2-rl E 12, where '7 is 
the growth rate. 

Another type of interaction between the particle distribution 
and the waves is the pitch angle diffusion caused by turbulent 
Alfven waves. This interaction starts at large distances from the 
comet and resttits in the transformation of the initial ring into the 
isotropic shell distribution: 

v,) 

It is readily seen from (4) that such a transformation results in the 
stabilization of lower hybrid instability since the integrand in the 
growth rate in (4) can be rewritten using the spherical velocity 
coordinates (v, O) with cos0 _> 02/k a_ v and integration over 0 
yields 

•r 02 ] O f • 022 7= kS dv Ov arc sin 1 k]_v 2. (5) 

This gives a negative value of 7 even when the shell distribution 
has a maximum at a certain v = Vo. Because of the arcsin the main 

contribution to the integrand is from the region v > vo,, where 
Of/Or < 0. Thus the lower hybrid instability is excited only in the 
region quite close to the bow wave, where as a result of the very 
fast implantation of new ions into the solar wind, their distribution 
has had insufficient time to isotropize and thus maintain the ring 
distribution. This can occur when either the distributions of both 

the heavy ions and protons are close to the ring distribution, 
or the heavy ions have ring distribution and dominate over the 
contribution from the protons with shell distribution [Neugebauer 
et al., 1989]. The growth rate can be obtained from (3) as 

1 Am 024 mp •' 1 Ofp 
'7= 2 rn k 3 u•_ +-- -- - no •- va_ •vva_ dva_dvll (6) 

where it has been assumed that 02/kva_ ,,, VA/tt << 1. The first 
term in this growth rate is the input from heavy ions,/Xrn/rn being 
the relative increase in the mass density of the solar wind due to the 
mass loading, with Am ,,, nimi and m ,,, no%,. For the heavy ions 
the velocity diffusion due to the lower hybrid waves is weak and 
their distribution function remains close to the initial 5 function, 

as was assumed while obtaining the first term in the right hand 
side of (6). The second term in (6) is the contribution of cometary 
protons and becomes important for n•, > ni rn•,/rni. It is easily 
seen from (6) that the growth rate 7 is proportional to (02/ku) 3 

,-o (VA/it)3. as was stated in the introduction. Considering the 
heavy ion contribution to the instability, the characteristic length 
Linst for the development of lower hybrid instability is given by 

Linst__.10 u m U .l_ mi •o/•/Xrn v• (7) 
In obtaining Linst we have taken the logarithm of the ratio A of 
the wave to the thermal fluctuation energy densities to be given by 
lnA '-' 10. For the Giotto encounter with comet Halley near the 
bow wave where VA/U "• 0.5 and Am/m ,-, 0.3 [Johnstone 
et al., 1987], Li=t- 5 x 10 4 km. 

The contribution of the cometary protons to the growth rate, 
the second term in (6), is important when their density is suf- 
ficiently large. Initially this contribution is positive, but as the 
instability develops, the sign of this term changes as the particle 
distribution function changes its form due to the turbulent diffu- 
sion. That could result in the stabilization of the instability. The 
proton velocity spread A v resulting from such diffusion can be 
expressed in terms of the scale length L and the coefficient D as 

(/Xv)2 •, DL -- usin2• ß 

Using L •_ Linst, expressing the diffusion coefficient from (4) 
through the electric field energy density 

E 2 1 12 W = 87r = 327r • f dk•-k't'dklllE• 
and with the help of the approximate relations 02[k • V A, 02 •-- 

•_ usinX we obtain 02LH and v•_ , 

2 v•t 02LHL nomp(hv) 2 • 2W wpe inst - 3 sin2A 
(8) 

The total wave energy of the lower hybrid oscillations can be 
obtained as 

WTo, = O(.,S) W 
002 

2 /02 •2• _ 02 2 /02 2 is the dielectric constant where e = 1 + 02pc pp 
transverse to the magnetic field, for unmagnetized ions (02 >> 02ci) 
and magnetized electrons (02 << 02c,). For electrostatic oscillations 
s = 0 and hence 

2 

pe 

WTot = 2----•W. 

The initial bump in tail for the distribution of cometary protons 
is thermalized when A v ,,, u a_. Also the level of the lower 
hybrid wave field at which cometary proton diffusion leads to the 
saturation of the instability can be calculated by using Li•t given 
by (7). This yields 

W 02p½ 1 2 Am mp wc2½ •-- 2-•nomp u.l_ -- -- sin • A. (9) m mi 

For the parameters of the VEGA encounter with comet Halley 
namely, • • 0 4 02p,/02c, "' 1 , no ", 10, ua_ ,',, 350 km/s and 
Arn/rn ,,0 1/3, it follows from that E ,-, (1- 2) mV/mv/-•, 
which is quite close to observed values in the bow wave region 
[Galeev et aL, 1986; Klimov et al., 1986]. 



1328 SttAPIRO Er AL: LOWER HYBRID TURBULENCE AND COMErARY PROTON ACCEI,ERATION 

3. COMETARY PROTON DISTRIBUTION AND 
LOWER HYBRID WAVE ENERGY DENSITY 

The velocity distribution of the cometary protons due to the 
quasi-linear relaxation can be obtained by solving (3). Assuming, 
as in the case of the calculation of the growth rate, that a, < < kv.• 
and using the dimensionless length variable 

(10) 

2/u 2 (3) can be and the normalized energy variable w - 
reduced to the following standard form [Galeev, 1967; Davidson, 
1972]' 

Ofp 40(10fp) 0• = 250w •Ow ' (11) 
The solution of this equation with the initial condition correspond- 
ing to the ring distribution function is 

1.5 - 

• 0.5 

o 
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 

v_j u_• 

Fig. 1. The evolution of the cometary proton distribution function 
for different values of the dimensionless variable •. The forms of the 

distribution agree with observations [Neugebauer et al., 1987]. 

where 

fp(• w)= 5rip , r(e, (12) 

F(•, w) - • exp - • I-3/s 2 
and I-3/$ is the modified Bessel function of order -3/5. The evolu- 
tion of the distribution function for • = 0.2, 0.55 and 5.0 is shown 
in Figure 1. With the increase of •, which corresponds to the 
increase of the wave energy, the bump of the velocity distribution 
of the picked-up protons v a_ = u a_ spreads and finally disap- 
pears. Similar behavior have been observed in the measurements 
of the distribution function on the Giotto spacecraft as it traverses 
the bow wave region of comet Halley (Neugebauer et al., 1987). 
It may however be noted that the observed disappearance of the 
bump in the distribution function may also be due to the fact that 
the cometary proton peak cannot be distinguished from the larger 
peak of the heated and compressed solar wind protons (M. Neuge- 
bauer, personal communication, 1992). For • >> 1 the distribution 
function has the self-similar solution that decreases monotonically 
with energy [Sagdeer and Galeev, 1973] as 

0.003 

0.002 

0.001 

o 

-0.001 

0.10 

np/ni= 0.01 

np/ni= 0.03 

0 4 x 10 4 8 x 10 4 1.2 x 10 5 

x x %.a / 

Fig. 2. The normalized growth rate of lower hybrid waves as a function 
of x given by (16). The different cases corresponding to the different mass 
loading by the cometary protons are shown. 

More accurately, wave amplitudes for the quasi-linear saturation 
mechanism under consideration could be obtained from (4). On 
substituting for 7(•) from (14) into (4), with 

5np [ w 5/• f -- 2u•_•/5 exp --• (13) 

With the help of the distribution function (12) the growth rate 
given by (6) can be rewritten as 

W•H Am mp 
7= k•u•. m m• 

1 mp 5np dw F(•,w) 
o 

(14) 

Using the parameters of the encounter with comet Halley, 
the plot of 7(½) as a function of x, which is related to ½ by (10), is 
shown in Figure 2 for different values of the npini ratio. It follows 
from this figure that for n p/ni > 3 x 10 -2 the velocity spread 
of the proton distribution due to quasi-linear diffusion changes 
the sign of 7 and hence leads to the stabilization of the lower 
hybrid instability. Also, it is readily seen that the estimate for 
the wave energy given by (9) corresponds to the values ½ • 1. 

o i: i 

carrying out the summation over k and integrating over f, the 
electric field energy density is given by 

2 

1 •Aw• u• Am mp W = --sin nomp --I(•c)•- 5 (15) 
50 Wp•e m m i 

where we have used the notation 

= e+ n, 
0 0 

Using the definition of • and assuming as before that for the 
main part of the lower hybrid waves the wave phase velocity 
WzH/k ----- VA, the equation connecting • and x is found to be 

/ d, _ Am(m..•p.)2V.•XWLH m ,, 
o 

(16) 



SHAPIRO ET AL: LOWER HYBRID TURBULENCE AND COMETARY PROTON ACCF, I,FRATION 1329 

Equations (15) and (16), in the parametric form, define the de- 
pendence of the electric field energy W on x. The plots of this 
dependence for different values of the nplni ratio are shown in 
Figure 3. The growth of the electric field energy W saturates in 
the described quasi-linear model only for higher values of nplni 
and remains monotonic for smaller values of ndn,., as shown by 
the 7 versus x behavior in Figure 2. In Figure 4 the maximum 
vMue of the electric field energy is shown as a function of the ratio 
n.Jni. Only a small a part of the solar wind energy, ,• 10 -4, goes 
into the lower hybrid oscillations. The numerical values are close 
to those given by the approximate relation (9), which agree well 
with the observations. In the case when the instability saturates 
due to quasi-linear diffusion of the pickup ions [Hizanidis et al., 
1988], the waves grow to higher amplitudes. In the present case 
the damping by the quasi-linearly relaxed pickup protons leads to 
saturation at lower amplitudes. It is also important to note that the 
quasi-linear mechanism under consideration is effective for values 
of nv/ni > 3 x 10 -2, which is always the case in the cometary bow 
wave region [Neugebauer et al., 1990]. 

4. MODULATIONAL INSTABILITY OF LOWER HYBRID WAVES 

Another nonlinear mechanism for the saturation of the lower 

hybrid instability is the wave cascade caused by the modulational 
instability. At comet Halley the fluctuation level at which this 
mechanism is effective is approximately the same as that given 
by the quasi-linear mechanism, and hence both mechanisms can 
contribute to the saturation process. An interesting feature of the 
modulafional instability is the production of energetic electrons, 
as discussed below. Also, the wave cascade process could be im- 
portant in other magnetospheric contexts; for example, the mod- 
ulational instability of the lower hybrid waves has been observed 
in auroral regions of the Earth's ionosphere by rocket experiments 
[Vago et al., 1992]. Modulational instability is a tendency of the 
lower hybrid waves to be localized in the density cavities with 
the plasma expelled out under the action of wave pressure. This 
process is described by the following set of equations [Musher 
and Sturrnan, 1975]: 

(17) 

2 

025n T ASh -- 1 cope A[V•* x V•]ll (18) Ot 2 mp 4wimp WceWLH 

• these •uations •(t, • is the •mplex amp•tude of •e lower 
hybrid wave potentel: 4•H = }4(t, F) e -i•"t + c.c.; 5n(•, • 
is •e low-ff•uency quasi-neugal density pe•rbafion of the ion 
a•usfic t•e; and R is a t•i•l •spersion leng•, which is •u• to 
el•tmn Lamor ra•us • the case W•e >> Wce under mnsiderafion. 
The det•ls of the derivation of •e set of •mfions (17) •d (18) 
are •ven by SMpim et al. [1•2]. •e temperature T is •e sum 
of el•tmn and proton temperat• • the so•r wind. The i•fi• 
spa• stoles of the cavities cr•t• by the m•u•fional insmbifi• 
c• be obtain• by comparing •e •spersive and nonfiner terms 
• (17) as 

(19) 

Thus the cavities are much more extended along the magnetic 

8 x 10.5 

•o• 6 x 10 '5 rip/hi= 0.10 -- 
.• 4 x 10 .5 
• 2 x 10 '5 

0 
0 10 5 2 x 10 5 3 x 10 5 5 x 10 4 

x x c%u/U.[ 

Fig. 3. The lower hybrid wave energy density as a function of x, the 

normalized space scale, with ,• = 50 ø and VA/U_l_ = 0.8. 

m m mm mm mm I ' 

9 x 10 '5 

• 8 x 10 '5 

• 7 x 10 '5 

•8 6 x 10 '5 

• 5 x 10 -5 

4 x 10 -5 

0.02 0.04 0.06 0.08 0.10 

np/n i 
Fig. 4. The maximum of the wave energy density as a function of the 

pickup cometary proton density. 

field than accross it. The modulation may not be stable as the 
wave pressure is negative, and it increases with the decrease of 
the density, thus leading to collapse until it reaches dimensions 
at which the resonant absorption of the wave energy by particles 
becomes important. The collapse is described by the serf-similar 
law [Sotnikov et al., 1978] 

( r.l - rl. )exp[--i/ O--q5 X/Zo----t' to--t 

5n = to -- t x/to -- t' t•--t ' 

to--t 

(20) 

to being the instant of collapse of the cavity. Due to the col- 
lapse the wave energy cascades to larger k a_ and kll, and as 
it proceeds faster in the parallel direction, the cascade to larger 
kll is dominant. As the result of such a cascade the wave e n- 
ergy is transported to sufficiently small electron resonant veloCi - 
ties, •/kll •< VA x/rni/rn•, leading to the resonant absOrPtion of 
waves by the electrons. This interaction of the very short scale 
length fluctuations with the electrons leads to the acceleration and 
formation of suprathermal tails. 

The modulational instability can lead to the establishment 
of a quasi-steady turbulent state by the generation of short wave- 
lengths and collapse, and then energy absorPtion mainly by reso- 
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nant electrons. The rate of energy dissipation is characterized by 
the so-called effective collision frequency which can be as large 
as tota [Sotnikov et al., 1978]. Since the growth rate of the lower 
hybrid instability, which characterizes the rate of energy pumping 
into turbulence, is essentially smaller than tota (see Figure 2), in 
the quasi steady state we expect that the saturation level of the 
energy of the lower hybrid wave will be close to the threshold for 
modulational instability, i.e., 

E2 2 Wp• 3noTm• T• (21) 
87r • c2e m p m p V •, t 

For the typical values of wave numbers in the source region of the 
turbulence, the values corresponding to the lower hybrid instability 
k ~ to•, •t / v A have been used in obtaining (21). Numerical values 
for the case of the comet Halley encounter are close to those ob- 
tained from (9), with E ~ 1 mV/m. For a sufficiently small number 
of comettry protons, n•,/ni < 3x 10 -2, saturation amplitudes due to 
the quasi-linear process obtained from Figure 4 are much smaller 
and the saturation due to modulational instability will be dominant. 
However, the observations show values above this threshold and 
hence these saturation mechanisms work concurrently. 

An important feature of the modulational instability is the 
generation of energetic electrons [Papadopoulos, 1985; Sagdeev et 
al., 1987]. The distribution function of the energetic electrons can 
be found by balancing the damping rate due to the absorption of 
lower hybrid waves on resonant electrons with the rate of nonlinear 
wave cascade due to collapse. This yields 

s 16a'2e2 v• 
vii ___ m2 • W Linst 

Substituting Li•t from (7), the typical energies in electron tail e e 
can be expressed as 

Ee 577 tope me mi 
m•vS• • • w• B• v• sina• . (25) 

Here v• = •B•/4•nom• is the elocon •ven veloci•, and 
at •e en•unter wkh comet H•ley v• • 4 x 108 s-•. The 
e•ression • the fight hand si• of (25) is of the order of u• 
and hen• the •piml ener• • el•tmn tail is 1•-2• eV. 

F•ally the number of accelerat• clemons •n be esfimat• 
from the ener• balan• con•tion. •sming that a• of •e ener• 
pump• into the lower hybrid waves by the insmbi• is m•i• 
away by energetic el•tmns, the energy ba•n• •ves 

•2 2 
WP2 Linst • [n' me 

where n • is the number of accelerat• el•trons, v• is the elocon 

vel•ity and 7• is the growth rate of the lower hybrid insmb•, 
which can be obmin• from Fig•e 2. It follows from energy 
b•ance con•tion t•t 

n' 2 E2 7vLinst v}t• (26) ~ tOP e . 
no to•2e Bo 2 VAe v• 2' 

a' to •..___• to • + = 0 (22) 
2 nok 2 OVll rc•sc 

where rc•,, is the typical time for cascade in the parallel wave 
numbers that is readily obtained from the self-similar law of 
collapse, i.e., (20): 

1 1 dkll 
___ oc kll. 

rc•s• kll dt 
Then it follows from (22) that resonant absorption creates a pro- 
longed (logarithmic) tail on electron distribution function 

(vii) ~ In (v* - vii), v* = const (23) 

The typical energies in the electron tail can be estimated from the 
diffusion equation, which governs the electron heating by lower 
hybrid waves. Since the electrons are magnetized, their diffusion 
occurs only in the direction of the magnetic field and the diffusion 
equation has the form 

o oL oL 

OVll D• • = vii 0rll, (24) 
where the coefficient of electron diffusion along the magnetic field 
is given by 

D• = 2•rm2• vii k•- 
and kll = to/vii' 

Assuming that e•ectron diffusion occurs at distances Limt 
where the lower hybrid turbulence is present, an estimate for the 
electron velocity is 

For conditions of encounter with comet Halley % ,,, 1 $--1 and 
E ~ 1 mV/m, yielding n'/no ~ 10 -2 - 10 -3 . These estimates 
are in agreement with the energetic electron data from the retarding 
potential analyzer instrument at the Giotto encounter with comet 
Halley, which gave n'/no ,,, 2 x 10 -2 for 165-790 eV and 
n'/no ~ 10 -4 for 0.8-3.7 keV electrons [Anderson et al., 1987]. 

5. DISCUSSION AND CONCLUSIONS 

The lower hybrid instability plays an important role in the 
pickup ion relaxation and wave turbulence in the neighborhood 
of the bow wave. The instability is driven by the mass loading 
of the solar wind by both the comettry protons and heavy ions, 
and in spite of the low number density, the comettry protons play 
an important role because of their relatively lower mass. The 
quasi-linear relaxation of the comettry protons in the lower hybrid 
waves takes place over a scale length of ~ 5 x 104 km whereas 
the heavy ions are not significantly affected by these waves due to 
theix heavier masses. The instability saturates when the damping 
by the thermalized protons balances the destabilization by the 
heavy ions. The fluctuation level calculated from this mechanism, 
E ~ 0.5 - 1 mV/m v/•z, as well as the spatial evolution of the 
comettry proton distribution function agree with the observations. 
This mechanism yields lower values of the saturated electric fields 
compared to the case when the saturation is due entirely to the 
quasi-linear diffusion of the comettry ions [Hizanidis et al., 1988]. 

When the density of the comettry protons is small, this 
saturation mechanism may not be effective and the saturation 
may then be due to the nonlinear wave cascade arising from 
the modulational instability. The waves excited by this process 
resonate with low-velocity electrons and can generate electron 
mils. The estimated wave amplitudes from this process in the 
case of comet Halley are of the same order as mentioned above. 
The typical energies of accelerated electrons are 100-200 eV, with 
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the density n'/no ~ 10 -2 - 10 a, and are in agreement with the 
observations. 
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