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PHYSICAL PROCESSES IN THE VICINITY OF THE COMETOPAUSE INTERPRETED ON THE BASIS
OF PLASMA, MAGNETIC FIELD, AND PLASMA WAVE DATA MEASURED ON BOARD THE
VEGA 2 SPACECRAFT
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Abstract. This paper presents the first step
toward a comprehensive iInterpretation of the
plasma, electric, and magnetic fileld
measurements performed by four different
instruments near the cometopause of Halley's
comet., No flow parameter displays any drastic
variation at this boundary which separates two
environments with different chemical
composition., A fire hose instabllity is
possibly developing near the cometopause where
the number of cometary ions significantly
increases. The waves at the lower hybrid
frequency and in the whistler range have similar
amplitudes.

Introduction

The plasma data collected by the instrument
Plasmag 1 on board both VEGA spacecraft led to
the discovery of a thin boundary downstream of
the bow shock of Halley’s comet at a distance of
about 1.6x10° km from the nucleus. This
boundary separates the region controlled by the
solar wind proton flow from the inner cometary
plasma region dominated by slowly moving heavy
cometary ions [Gringauz et al., 1985,
1986a,b,c]. The existence of this boundary was
confirmed by the low-frequency plasma wave
analyzer (APV-N) on board the VEGA spacecraft
[Savin et al., 1986]) and by the positive-ion
cluster composition analyzer (PICCA) and the
Johnstone plasma analyzer (JPA) on board Giotto
[Korth et al., 1985; Amata et al., 1986].
However, some observations showed differences.
The Giotto magnetometer observed a sudden field
increase at a cometocentric distance of
~1.35x105 km [Neubauer et al., 1986], while the
magnetic field slowly increased around the
cometopause as measured on board both VEGA
spacecraft [Riedler et al,, 1986). Besides,
plasma detectors which were not oriented
parallel to the ram direction observed a broader
transition in this region [Balsiger et al., ..
1986; Amata et al., 1986]). *
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In spite of the fact that the characteristics
of plasma and field parameters near the
cometopause have been independently reported
elsewhere, no discussion of this phenomenon has
been based on simultaneous analysis of plasma,
magnetic field, and plasma wave measurements,
The physical processes responsible for the
existence of the cometopause have not been
investigated either. In this work we shall
attempt to give a complex approach to the
phenomena occurring at the cometopause on the
basis of plasma, magnetic field, and plasma wave
data simultaneously recorded on board the VEGA 2
spacecraft.

Experimental Data

Ion and electron energy spectra were measured
by different sensors of the Plasmag 1 instrument
package on board the VEGA 2 spacecraft [Gringauz
et al., 1985, 1986a). The cometary ram analyzer
(CRA), which was oriented along the velocity
vector of the spacecraft relative to the comet,
detected ions in the energy/charge range 15-3500
eV/Q. The solar direction analyzer (SDA)
measured fons in the range 50-25,000 eV/Q.
electrostatic electron analyzer (EA) was
oriented perpendicular to the ecliptic’ plane and
detected electrons in the energy range 3-10,000
eV.

The magnetic field was measured by the
triaxial flux gate magnetometer MISCHA (magnetic
fields in interplanetary space during comet
Halley’s approach) in the range +100 vy for all
components with a resolution of 0.05 vy [Riedler
et al., 1986]. The intensity of plasma waves
was observed by the instruments APV-N [Klimov et
al., 1986) and APV-V [Grard et al., 1986}. The
first instrument recorded the electric field
oscillations and the fluctuations of ion fluxes
in the direction of the spacecraft velocity
relative to the comet in the frequency range
0.01-1000 Hz. APV-V (high-frequency plasma wave
analyzer) measured the same electric. field
component ‘in the frequency range 0-300 kHz,

The top panel of Figure 1 shows the ion
spectrogram measured by the CRA of the Plasmag 1
instrument in the vicinity of the cometopause.
The outermost isolines correspond to a count
rate of 103 s'l, and the ratio between count
rates represented by adjacent isolines is equal
to 2. The two vertical dashed lines indicate
the time interval 0643-0645 UT when VEGA 2
crossed the cometopause [Gringauz et al.,
1986b].

As shown by the spectrogram of Figure 1, the
typical energy/charge ratio of ions detected by
the CRA significantly increases at the
cometopause from ~170 eV to ~900 eV.

An

This

feature is due to changes in the distribution

7521

function and ion composition of the plasma;
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Fig. 1. Plasma and field data collected by
four different instruments during the last 100
min before closest approach, From top to
bottom: spectrogram of ion flux in the ram
direction, plasma wave activity in three
different frequency ranges, and total magnetic
field. The cometopause is indicated by dashed
lines,

protons (mp-l amu) are most abundant in the
cometosheath, while water group fons (my=-16-18
amu) dominate inside the cometopause. Proton
fluxes detected by the CRA significantly
decrease after crossing the cometopause, though
their energy spectra become wider (Gringauz et
al., 1985, 1986b] and their typical energy
increases to ~250 eV,

Before crossing the cometopause, the ion
energy spectra observed by the SDA show two
maxima [see Gringauz et al., 1986b, Figure 1;
Gringauz et al,, 1985, Figures 2 and 3]. The
first maximum, which is essentially due to
protons, is ~300 eV; the heavy water group lons
produce the second maximum at ~900 eV, After
crossing the cometopause, protons practically
disappear from the acceptance angle of the SDA,
while the energy of heavy ions is hardly changed
[Gringauz et al,., ‘1985, 1986b],

Electron spectra measured by the electron
analyzer and hence the density and temperature
of the electrons do not show any characteristic '
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change when the cometopause is crossed [Gringauz
et al,, 1985, 1986b].

Magnetic field measurements performed by the
magnetometer .MISCHA on board VEGA 2 are also
consistent with the conclusion that the plasma
density does not change significantly at the
cometopause. As seen from the bottom panel of
Figure 1, the magnitude of the total magnetic
field is practically constant in this region.
Only minor changes are observed in the By and B,
components [Riedler et al,, 1986; Gringauz et
al., 1986¢c].

The middle part of Figure 1 shows the plasma
wave activity measured by the instruments APV-N
and APV-V on board VEGA 2. In the selected
frequency bands shown in this figure (and also
at other frequencies not shown here), the
average amplitudes of plasma and electric field
oscillations are generally increasing at a
distance of 1.5-2x10% km from the nucleus. In
the vicinity of the cometopause (around 0630-
0650 UT), plasma wave oscillations are observed
in the whistler frequency range (0.2-1 kHz), and
the amplitude of the electric field suddenly
increases in the lower hybrid frequency range
(8-14 Hz) during the 2-min interval when the
spacecraft crosses the cometopause.

The wave activity in the lower frequency
range can be seen in Figure 2, where more
detailed measurements of plasma, magnetic field,
and waves are presented, The top panel shows the
ion spectrogram measured by the CRA. Here the
difference between count rates represented by
adjacent isolines is 440 81, and the outermost
isolines correspond to a count rate of 103 s-1,
Dots on the spectrogram mark the maxima of ion
flux in an interval of 10 min around the
cometopause., A comparison between the
spectrograms simultaneously measured by the CRA
and SDA (see Gringauz et al.’'s [1986b) Figure 1,
where the spectrograms are color coded) shows
that the fluctuations in ion fluxes measured by
the two sensors are in anticorrelation, This
is an indication of the large-scale MHD
variations in the direction and/or in the
velocity of the plasma flow with a
characteristic period T=l min,

These large-scale MHD variations around the
cometopause are reflected in the electric field
oscillations of the lower hybrid frequency (2-32
Hz) and in the B, component of the magnetic
field by fluctuations with the same
characteristic period (T=l min). The
correspondence between the maxima of electric
field, magnetic field, and ion fluxes is
indicated by arrows in Figure 2,

Discussion

The sudden decrease of proton fluxes within
a ~2-min interval (corresponding to A«=10% km
along the trajectory of VEGA 2) in the ram and
solar direction cannot be explained without
taking into account collisionless deceleration
processes and/or isotropization of the proton
distribution function; this phenomenon may be
caused by an instability due to the relative
motion of solar wind protons and cometary ions.
We shall therefore estimate the velocity of
protons and ions observed by Plasmag 1.

Outside the cometopause, the typical energy
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Fig. 2. TFluctuating lon flux, electric field,

and B, component (pointing toward the north
pole of the ecliptic) of the magnetic field
around the cometopause (indicated by dashed
lines). Maxima are shown by dots and arrows.

of solar wind protons is ~170 eV in the ram
direction and ~300 eV in the solar direction.
Their estimated bulk velocity relative to the
spacecraft is vppe~250 km/s! Then the velocity
of the protons relative to the comet vp-200 kn/s
is given by a possible vector diagram shown in
Figure 3, where the spacecraft velocity relative
to the comet, vg =80 km/s, is taken into
account. This figure also shows the acceptance
angles of the CRA and SDA sensors and the
reglons of velocity space in which protons can
-be observed by these analyzers (areas shaded
with vertical lines). 1In a similar way, the
velocity of heavy cometary lons can be
estimated; vi,~120 km/s relative to the
spacecraft and vi~60 km/s relative to the comet.

The measured magnetic field direction is
nearly parallel to the plasma flow, and a fire
hose instability might develop. Outside the
cometopause, when the proton number density is

«10-20 cm"3 and the magnitude of the magnetic
field is B~40 v, the condition for the fire hose
instability caused by the solar wind flow
through the cometary plasma is not fulfilled.
:On the other side of this boundary, when the
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number density of heavy ions is nj=10 cn3 and
velocity is v{=60 km/s relative to the comet,
the increasing fonization of cometary neutrals
leads to an instability caused by the flow of
solar wind protons and picked-up cometary ions
relative to the newly ionized cometary gas. As
a consequence, protons get decelerated, and
pitch angle scattering takes place; the
intensity of proton fluxes detected by both CRA
and SDA is therefore decreasing.

A clear indication of the instability which
develops near the cometopause is the large-
scale variation of the plasma flow correlated
with the oscillations of the perpendicular
magnetic field component (relative to the main
field direction) as seen in Figure 2. The
characteristic wavelength of these oscillations
is vgoT=~5000 km along the spacecraft trajectory,
which i{s comparable with the thickness of the
cometopause A, but it is much larger than the
Larmor radius of cometary ions p.i=v{/wc{=~300 km
(wei=0.2 sl is the cyclotron frequency of water
group ions). The direction of the plasma flow
was not measured exactly on board the VEGA
spacecraft, and it is not possible to determine
the mode of oscillation excited by the
instability. Since the magnitude of the
magnetic field is almost constant there, the
oscillations seem to be perpendicular, The
amplitude of the velocity perturbation §v, can be
estimated from the oscillation of the
perpendicular magnetic field component §B, :

§v, = (§B,/B)Vp = 10 kn/s (1)

where Vp=60 km/s is the Alfven velocity. The
spatial scale (defined as the inverse wave
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Fig. 3. Possible proton and ion velocity

vector diagrams and the acceptance angles of
the SDA and CRA ion analyzers in the spacecraft
reference frame. Particles from shaded areas
can be observed by the analyzers (sloping
lines: cometary ions; vertical lines: protoms
outside the cometopause; horizontal lines:
protons inside the cometopause).
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number) of éhese oscillations is tvice as lprge
as the cometary’ ogtparmor radiiis, .’ There 'are
two instabilities excltgd‘b— the, new{f born
‘cometary 1onpl\the regonanc\cyclotron

"lnsgability and ‘the nqnfesonant fire hose
'”1 1nstnbility\.The fastest growing modes of both

cypes have a spatial scale comparable to' the ion
Larmor radius, and it is not possible to
separate these modes on the basis of our limited
data. ' However, the resonantly excited MHD waves
can be accompanied by whistler waves as observed
at comet Giacobini-Zinner [Tsurutani and Smith
1986]. Such whistler waves are, absent in our
case with a time resolq;iqn of lO magnetic field
vectors per secopd., pn the. othet hand, the
plasma flowsAnearli parqllel to She magnetic
fiel u;n,tbe vicinity of the cometopause (cos
547, and the cond}tion for the fire hose

~plckup of cometary lons is inefficient along the
magnetic field: the growth rate of the fire hose
instability is of the order of the cometary ion
cyclotron frequency, explaining the fast onset
of the~instability.

The‘isotropizatlon of the proton
distribution function in the vicinity of the
cometopause,. resulting in a significant decrease
of the proton flux at this ‘boundary, leads to
the increasing importance of charge exchange as
a mechanism producing cometary ions,

The characteristic .time for charge exchange
is N

e = (Teevp ng) -l « 6x103 s )
RAEY
where act-2x10‘15 cm? 1s_the cross section for
charge exchange, nn-loxlo3 cm-3 is the: number
density of neutral gas in the vicinity of the
cometopause at a cometocentric distance
R=1.6x105 km [Remizov et al., 1986], and vp=200
km/s is the velocity of the proton flow outside
the cometopause, which is of the same order of
magnitude as the proton gyrovelocity inside the
cometopause after pitch angle scattering. Since
the above estimated r.y 1s comparable to the
characteristic time of the plasma flow around
the comet (it is of the order of 2R/v{=5x103 s
.in the vicinity of the cometopause for a flow
velocity vy=~60 km/s), charge exchange 1s
effective in this region.
As.'a consequence o qhenexistence of a ‘"
cometary ion heam 1n t%e pIasma flow, ‘the . .«
1ntensity‘»8fL lgsmdqwaveg is increasing in the
lower hybria £requency range at_ the cometopause
(see Eigurés ,andv2). . The growthvgdikhi§ wave

Wyt
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‘The excited lower hybrid waves accelerate the
suprathermal electrons which are in Cherenkov
resonance [Vaisberg et al., 1983; Galeev and
Khabibrachmanov, 1985]., If the lifetime of the
suprathermal electrons were significantly larger’
than the time of acceleration, their maximum
density would be determined by the condition
that the ,electron Landau damping be small

" compared to the growth rate of the instability.

et

I?L

{pited“b 'thexqvasi -linear re}axationloi the

ion beam to a steady stqte when ‘the" whos"
intensity rea&hgsU(Fdrnigpno“éf al., 1982)

ﬂ

Yoy
Ef =(ng m12 v, 2)/(11 np e2)~l mv2 m’zhﬁz'l (3)

i, - M,

where Eg2/8x is the spectral ener&yﬁuensity of
the lower hybrid electric fileld osb!”letion my

is the mass of ions, and ri~5x16 }g th P
characteristic ionization time of thp ﬂ@ﬁtrat/ffu

gas taking into account the increased: éﬁﬁfbieﬁay&%/

of charge exchange in the vicinity of; “the
cometopause, The wave intensity in the lowet 2
hybrid range measured by the 1nstrumbnts APV-V'
(see Figure 1) and APV-N (see Figure 2) ls,in
reasonable agreement with the theoretical"'
estimation given by equation (3).

EY SR

A

In this case the efficiency of energy transfer
from the ion beam of ‘density np=nnj (where
n=7.5%) to electrons is around unity; therefore
the density nye and the energy co of the
suprathermal electrons can be estimated
[Vaisberg et al , 1983; Galeev and Sagdeev,
1983]
NTe = Np = 1 cn-3

,5”LV | (%)
U ce = my v12/2 = 300 ev

The denslty of suprathermal electrons estimated
by relation' (4) 1s.1n,agreement with direct
measurements [d'Uston et al., 1986}, but it is
not sufficiently high to explain the observed
increase  of cometary fon density by electron
impacts.

The acceleration of suprathermal electrons
along the magnetic -field lines leads to the
excitation of oblique Langmuir waves (whistlers
"-in high 8 plasma) due to the growing anisotropy
in the velocity distribution of electrons,

These waves reach their maximum intensity around
the frequency [Vaisberg et al,, 1983)

v)\l s
;>f7? 2,303 81 (5)

whene‘wce-7x103‘ ‘1 l; .the electron cyclotron

_ f'.'x:equencx‘|L and vTe~2\5x108 cm/s is the thermal

velocity co;rpsponding to a temperature of

2x109K -around the cometopause [Gringauz et al.

"1986d). ~The maximum amplitude of the

high-frequency oblique Langmuir waves can be

estimated from the limit imposed by the Ry

nonlinear theory [Vaisberg et al., 1983]: s
52-4xnh¢e(wc, /wpez) (w/u_quS-zo wvZ m 2"' (6)

od?

it ‘2. . ST
wheré -2x b :“‘1 13 the electron plasma
fre&uency ﬁFroﬂ ;he ‘estimations given by
equetlons (3) and (6) and in agreement with the
measurements, it\is seen that the spectral
energy densitles sof the electric fleld
oscillations in tbe oblique, Langmuir mode and in
the lower: hybrid range have,the same order of
magnitude. It has to, be. mentioned here that the
excitation of lower: hybrid«and whistler mode (in
low 8 plasma obllque,Langquir mode) with similar
energles‘ts. .typleak yhei)ty ‘plasma flow interacts
with a gas, as discusged,flhewhere in the case
of the Io plasma torus [Gﬂ&e;v and
Khabibrachmanov, 1983). :-

In agreement with equation (5).
frequency of high-frequency Langmuir waves

T %, inicteases as. the plasma 1s decelerating in the
@WinInlty of the cometopause because the energy
.. fsggprethermdl electrons is decreasing in

‘tnpétiénv(h).

This effect is marked by a dashed-

&bgﬁéﬂ)lfne in Figure 1 connecting the

"@iqhancements of the whistler wave intensities at
: kthq,trequencieg 250 Hz and 950 Hz (ion flux

fluctuatlons vere measured in a frequency range
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up to 1 kHz [Klimov et al., 1986]). Both of
these enhancements have the same nature; i.e.,
these waves were excited by the tail electrons
generated at the beginning of the fast solar
vind mass loading by cometary ions and at the
cometopause, respectively. The increase in the
level of lower hybrid and whistler mode plasma
oscillations {s the consequence of the rapid
mass loading and deceleration of the solar wind
by cometary ions in the vicinity of the
cometopause; it 18 not responsible for the mass
"loading process.
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