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Some results of neutral and 
charged particle measurements in 

the vicinity of comet Halley 
by Vega-1, 2 spacecraft 

1 INTRODUCTION 

Both Vega-1 and Vega-2 spacecraft carried plasma 
instrument scientific packages PLASMAG-1 which 
included neutral particle flux sensors and ion and 
electron energy spectrometerst 

Two hemispherical electrostatic analyzers 
measured the energy/charge spectra of ions arriving 
from the spacecraft-comet relative velocity direction 
(the Cometary Ram Analyzer CRA) and from the 
direction of the Sun (the Solar Direction Analyzer 
SDA). Electrons were measured by a cylindrical 
electrostatic analyzer (EA) which was orientated 
perpendicular to the ecliptic plane. PLASMAG-1 also 
included two Faraday cups. The Solar Direction 
Faraday Cup (SDFC) measured the solar wind ion 
fluxes, while the Ram Faraday Cup (RFC), in 
addition to measuring the total flux of ions arriving 
from the ram direction, provided information on the 
neutral particle flux from the comet by detecting the 
secondary electrons and ions produced by the neutrals 
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above mentioned papers, contains the main observa­
tional results of the PLASMAG-1 scientific packages 
and our present understanding of these results. 

2 THE NEUTRAL DENSITY DISTRIBUTION 

The neutral particle density was estimated in situ 
aboard the Vega-1, 2 spacecraft by means of a rather 
primitive multi-electrode Ram Faraday Cup in a 
special mode of operation (Apathy et a/. 1986, 

l 
striking a metallic collector. 

A description of the scientific payload and the 
detailed results of the plasma measurements have 
been published elsewhere (Apathy et al. 1986, 
Balebanov et al. 1987, Galeev et al. 1986a, b, 1987, 
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Gringauz et al. 1983, 1985, 1986a b, c, d, e, 1987a, b, 
Remizov et al., Verigin et al. 1986, 1987a, b). The 
present paper, which is mainly a compilation of the 

t The package was developed in the Space Research Institute of the 
USSR Academy of Sciences and in the Central Research Institute 
for Physics of the Hungarian Academy of Sciences, with 
participation of the Max-Planck-Institut fiir Aeronomic (FRO). 
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Fig. I -Schematics of the PLASMAG-1 Ram Faraday Cup (RFC) 
for measuring the neutral gas distribution in the vicinity of Halley's 
comet. The 19 holes in 0 1 are of 2.5 mm diameter. 
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Gringauz eta!. 1983, 1985, 1986a, b, Remizov eta!. 
1986). Fig. 1 (Remizov et al. 1986) is a schematic of 
this sensor which is different from the Faraday cups 
traditionally used on space probes. To avoid damage 
to the grid by cometary dust, the analyzing grid system 
was substituted by a flat disk electrode system G 1-G6 . 

There were 19 holes on each disk and the diameter of 
the holes increased toward the collector C. 

When neutral particle fluxes were measured, 
voltages of - 40 V and + 3500 V were applied to 
electrodes G 2 and G4 , respectively. Photo- and 
secondary electrons of the surrounding plasma with 
energies Ee < 40 e V, and cometary and solar wind 
ions of energies Ei < 3500 eV were thereby diverted 
from the collector by these potentials. 

In this way the collector current / 0 of the RFC is 
given by the following, in the vicinity of the comet: 

(l) 

where. /se and lsi are the secondary electron and 
sputtered ion currents, which are proportional to the 
flow of neutral particles (the individual short bursts in 
/c are associated with the registration of dust 
particles), /ph is the photoelectron current, and /e is the 
current of energetic electrons reaching the collector. 
To register /se and lsi separately, a potential of +40 V 
and -60 V was applied to electrode G6 , respectively. 
In the first case, when the current of secondary 
electrons is measured, lsi is suppressed, and / 0 is 
determined by /se• /ph• and /e, thus : 

(2) 

In the second case, when the sputtered ions current is 
registered, lse is suppressed, /ph decreases significantly 
and changes its sign (this current is now not produced 
by photoelectrons originating from the collector, but 
by the photoelectrons originating from electrode G 6), 

and the current /e slightly decreases since in this case 
only the electrons with energy Ee > 60 eV can reach 
the collector. Thus, the collector current (ions) is: 

(3) 

The following equation was used to determine the 
neutral gas density on the basis of the measured I . ce,1 

values: 
/ce.i - / o (4) 

11 = 
n qVscSYe.i 

[Pt. II 

Here /o is the sum of currents / ph and /e, q is the 
electroncharge, Vsc = 79.2kms- 1 (76.8kms- 1) isthe 
velocity ofVega-1 (Vega-2) relative to the comet, S = 
0.93 cm2 is the total surface area of the holes of 
electrode G 1 (see Fig. 1), and Ye,i is the yield of 
secondary electrons and ions provided by neutral 
particles impacting the collector. In general, /0 in 
equation ( 4) is not a constant, as it will depend on time 

, and on the distance from the cometary nucleus. 
However, for the estimation of nn we assumed / 0 = 

constant and used the value as measured by RFC at 
large distances from the comet where 1 . ~ 0 ' se,1 • 

The accuracy of nn estimations based on RFC data 
in the regions where Jce,i » / 0 depends mainly on our 
present knowledge of the secondary electron Ye and 
sputtered ion Yi yields from the Ni emitter (collector) 
used. The secondary electron emission from the metal 
surface may be caused in two ways (Kaminsky 1965). 
The potential emission occurs when the impinging 
particle is an ion or an excited neutral. There is no 
minimum kinetic energy to start this process, but the 
influence of it on the Ice value is small, as the number 
of ions with Ei > 3500 e V and the number of excited 
neutrals is small relative to the number of neutrals in 
the ground state. The kinetic electron emission occurs 
as a result of the energies of impinging particles 
exceeding the threshold energy. For the water group 
neutrals this energy is close to their energy relative to 
the spacecraft. Finally, the secondary ion emission 
results from the thermal sputtering of metal by a 
localized heating process. 

There are no direct experimental data on Y . for Ni e,t 

targets bombarded with water group molecules with 
Vsc ~ 80 km s- 1 . Fig. 2 presents the results of 
measurements of Ye,i dependence on energy for Aland 
Au targets bombarded by water molecules (Shmidt & 
Azens 1987). These measurements were conducted 
with energies greater than ~ 700e V while the energy 
of water group molecules relative to the spacecraft is 
~500 eV. The Ye ~ 0.3 and Yi ~ 0.005 values which 
were used during the preliminary processing of the 
RFC data are marked in Fig. 2 by asterisks. 

The yield values presented in Fig. 2 were chosen by 
the PLASMAG-1 team just after receiving the first 
RFC cometary flyby data on 6 March 1986, and Fig. 3 
(Gringauz eta/. 1986b) (computed from expression (4) 
and Ye) was presented to the scientific community 
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Fig. 2- Yields of secondary ele-ctrons and sputtered ions from AI and Au targets (Shmidt & Azens 1987) compared with the values used for 
RFC measurements processing (asterisks). 

meeting on the next day. Both Ye,i values were chosen 
as providing a reasonable agreement with the exper­
imental data available (Fig. 2), and simultaneously 

roviding the continuity of the neutral gas density 
rofile n0 (R) (Fig. 3) as a function of R at the 
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Fig. 3 - Radial profile of the overall neutral gas density, as 
measured inbound by the Vega-! Ram Faraday Cup. Comparison 
with the distribution predicted by theory (dotted line) yields an 
ionization scale length of).- 2 x I 06 km and an overall production 
rate of Q0 -1.3 x 1030 molecules s- 1 

cometocentric distances R ::::::: 105 km, where the 
secondary electron registration mode is replaced by 
the sputtered ion registration mode. The optimization 
analysis of Ye,i selection is not yet completed, so the 
profile presented should be considered as prelimi­
nary; we evaluate its uncertainty to be a factor of ::::::: 2. 

In addition to the nn (R) profile, the dashed line in 
Fig. 3 represents a simple fit to the data, assuming R- 2 

exp(- R/A.) density dependence. The ionization scale 
length was estimated to be A. ::::::: 2 x 106 km, and a 
value of::::::: 1.3 x 1030 molecules s- 1 was obtained for 
the total gas production rate Q0 • 

The data shown in Fig. 3 were obtained during the 
inbound pass of the flyby. On the inbound leg ofVega-
2, the estimated nn values were half those for Vega-! at 
distances 1.5 x 104 km < R < 105 km, although the 
nn values estimated from the data on both spacecraft 
are significantly closer to each other further away 
from the nucleus. Moreover, the values ofnn estimated 
from the Ice measurements on the outbound leg of both 
Vega-1 and Vega-2 at distances 1.5 x 105 km < R < 
3 x 105 km are about half the corresponding nn values 
on the inbound leg (see Figs. 4, 5 in Remizov et a/. 
1986). 

These and other deviations might be caused by jets 
of neutral gas originating from the rotating nucleus. 
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Also, (l) the solar UV radiation scattered by the comet 
may have some influence on the instrument perform­
ance, and (2) the solar radiation pressure can 
influence the asymmetry of the neutral gas distribu­
tion along the spacecraft trajectory. Although the 
neutral gas density estimations presented above were 
produced on the basis of a very simple instrument, the 
gas production rate of Halley's comet estimated fro1p 
the RFC observations on board Vega-1 and Vega-2 is 
in reasonable agreement with the estimates provided 
by other instruments on board Vega-1, Vega-2, and 
Giotto. The production rates for the H 20 and OH 
molecules were determined as QH

2
o ~ 4 x 1029 s- 1 

and QoH ~ 1.7 x 1030 s- 1 from the spectroscopic 
observations by the three-channel spectrometer 
(TKS) on board Vega-2 in the visible and infrared 
spectral ranges (Krasnopolsky et al. 1986), and as QoH 

~ 9 x 1029 s- 1 in the near ultraviolet range (Moreels 
et al. 1986). The value of Q0 estimated from the data 
measured by PID onboard Vega-1 varies between 
1030 < Q0 < 4 x 1030 s- 1 at cometocentric distances 
R < 1.5 x 105 km. 

Finally, a preliminary estimate of the gas produc­
tion rate of Q0 ~ 6.9 x 1029 s- 1 was provided by the 
instrument NMS on board Giotto (Krankowsky et al. 
1986). Besides, at cometocentric distances 2 x 105 km 
< R < 3 x 106 , the RFC was the only sensor on 
spacecraft that was able to measure the distribution of 
neutral gas along the trajectory. 

3 COMETARY PLASMA PHENOMENA 

The main feature of near cometary space is the 
increase, by orders of magnitude, of the population of 
neutral particles with approach to the nucleus of the 
comet, as considered above. This phenomenon deter­
mines the peculiarities of plasma flow in this region. 

The plasma sensors of the PLASMAG-1 scientific 
package are shown schematically in Fig. 4 (Apa.thy et 
al. 1986). The essential feature of the CRA and SDA 
analyzers, is the quadrupole electrostatic lenses in 
front of curved analyzing plates. These lenses increase 
the fields of view of the CRA and SDA up to 14° x 32° 
and 30° x 38°, respectively. The number of grids in 
the SDFC is the same as the number of flat electrodes 
in the RFC (Fig. 1). For the ion flux measurements, 
the voltages - 40 V and - 60 V were applied to the 
electrodes G 2 and G 6 . Then the subtraction of 
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Fig. 4 - Schematics of the PLASMAG instrument. 

collector C currents, measured with voltages 0 V and 
3500 V applied to the G~ electrode, permits the 
evaluation of the net ion flux fed to the SDFC and 
RFC. A more detailed description of the instrumenta­
tion is given in Apathy (1986) and Gringauz et a!. 
(1983, 1986a). 

For convenience of further discussion of near­
cometary plasma phenomena we present first, in Fig. 
5, a general overview of the different plasma 
formations , as identified from the PLASMAG-1 
plasma observations on board Vega- I and -2 during 
their encounter with comet Halley (Gringauz et al. 
1985). The terms 'cometosheath' and 'cometopause', 
were introduced by the PLASMAG-1 team (Gringauz 
et al. 1986b) to indicate the principal difference with 
respect to the physical processes occurring over this 
cometary regions as compared to those observed in the 
magnetosheath of planets with strong intrinsic mag­
netic fields, or in the ionosheath of planets with 
intense gravitational fields. These terms are now 
generally accepted. Let us consider the peculiarities of 
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F1g. 5 - General overview of the inbound and outbound locations 
of the 'bow shock' and of the 'cometopause' as well as of the 
'cometosheath' and of the 'cometary plasma region', as identified 
"rom PLASMAG-1 plasma observations on board Vega-! and -2 

ring their encounter with comet Halley. 

the plasma flow within the different plasma forma­
tions, beginning from the outermost ones. 

3.1 Solar wind region disturbed by picked-up ions and 
the bow shock 

In Fig. 6 the decrease in the solar wind proton 
velocities with cometocentric distance R is shown, as 
measured by the SDA on both Vega-1 and Vega-2 
during their inbound legs. (Verigin et al. 1986, 1987a). 
The location of the bow shock, which was determined 
from simultaneous measurements of the plasma, the 
plasma waves, and of the magnetic field (Galeev et al. 
1986a) is marked by S. As one can see, the decrease of 
the solar wind velocity due to mass loading by heavy 
cometary ions had already started at a distance of 2- 3 
x 106 km from the nucleus, i.e. 1-2 x 106 km 
upstream of the bow shock . 

The process of mass loading and deceleration of the 
solar wind by new ions, originating from the cometary 

neutrals, is well known in principle, and has already 
been considered in a number of hydrodynamic models 
of solar wind interaction with comets (see, e.g. Shmidt 
& Wegmann 1982). These ions first form a ring 
distribution in velocity space. The Alfven wave 
turbulence being excited by the ion-cyclotron instabil­
ity of such a distribution isotropizes the newly formed 
ions in the coordinate system moving with the solar 
wind (Sagdeev et al. 1986). 

On the basis of the kinetic theory developed in that 
paper, a complete system of equations for the 
variation of the isotropic part of cometary ion 
distribution function and the hydrodynamical para­
meters of the flow along the X axis (parallel to the 
solar wind direction) was presented and solved in 
Galeev (I 986, 1987) and Galeev et al. (I 986a). In a 
three-dimensional case, if the main contribution to 
the plasma pressure P comes from the cometary ions 
with average mass mi ~ 17 mP, the hydrodynamic part 
of this system can be written in the following form: 

div(pV) = Q(R) ) 

p(v,V)V= - VP - Q(R)V 

div(PV)=QV 2 /2, 
(5) 

where p and V are the plasma flow density and 
velocity, and Q = minnvn/A. is the mass loading rate. 
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Fig. 6 - Radial dependence of the solar wind bulk velocity, as 
observed by Vega-! and Vega-2 on their inbound trajectories 
upstream of the bow shock of Comet Halley (marked by S). 

(a) 

(b) 



152 Plasma 

From equations (5) one can obtain the expected 
variation of the flow parameters along the Vega-1, -2 
trajectories at large cometocentric distances, where 
the initial velocity U0 and density Po are slightly 
perturbed by the cometary ions : 

4 
u = U0 -- L 0 (R, cp), 

3po 

_ cos cp .sm cp L (R ) v -
3 

2 , cp, 
Po 

1 ( 3 cos 2 cp - 1 cos 2 cp. sin 2 
cp ) 

P =Po + - 2Lo + L2 + 4 , 
uo 6 2 

(6) 

.'YJ 

Ln(R,cp)=R I Q(Rje +sin 2 cp)("d(, 

coscp 

u and v are parallel and perpendicular to X axis 
components of the plasma flow velocity vector, and ¢ 
;:::: 11 oa is the angle between this axis and the Vega -1, 2 
trajectory. 

The cometocentric dependence of V(R) ;:::: u(R) 
computed in accordance with (6) along the Vega-1, 2 
trajectories, is shown in Fig. 6a (u0 = 540 km s- 1) and 
in Fig. 6b (u0 = 620 km s- 1) by smooth curves. The 
neutral density profile n11(R) was used in accordance 
with the RFC data described in the previous section ; 
the initial Po values were based on SDA measurements 
onboard Vega-1 (p0 /mp;:::: 12cm-3)and Vega-2(p

0
/mp 

;:::: 11 cm-3). The reasonable agreement between the 
computed and measured velocity profiles is obvious. 

The plasma flow deceleration while approaching 
the cometary nucleus is not continuous, and the bow 
shock is formed in front of the comet as a result of 
increasing mass loading by heavy cometary ions. The 
bow shock positions observed by Vega-1 ,2 are shown 
by crosses in Fig. 5. Fig. 7 (Verigin eta/. 1986, 1987a) 
presents the energy spectra measured by the SDA 
onboard Vega-l when crossing the bow shock on the 
inbound leg and on the outbound leg. Also, the 
gradual slowing down of protons, and a gradual 
widening of the energy spectra, can be observed when 
approaching the comet, i.e. the ion temperature is 
increasing several hours before reaching the bow 
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shock. After a data gap of 20 minutes around 0300 
UT, the ion temperature was already so high that the 
proton distribution overlaps the a particle peak in the 
spectrum. The gradient of the velocity is increasing 
significantly when crossing the bow shock at a 
distance of 1.02 x 105 km from the nucleus ( ~0346 
UT). 

The variation of the plasma parameters seems to be 
more complicated when crossing the bow shock on the 
outbound leg of Vega-1. The highest gradient in the 
plasma velocity was observed between 0900 and 0930 
UT at a distance of about 5.5 x 105 km from the 
nucleus. At the same time the ion temperature stayed 
high, so that the a peak could not be distinguished 
from the proton distribution until 1130 UT (R = 1.2 
x 106 km). Thus, on the outbound leg the bow shock 
was crossed at a distance of 5.5 ± 1 x 105 km (Galeev 
eta/. 1986a), and the high ion temperature which can 
be observed untill220 UT for about another 8 x 105 

km is associated with the high lever of magnetohydro­
dynamic (MHD) activity in the foreshock region. 

The latter distance seems to be determined only by 
the distribution of the neutral gas density nn around 
Halley's comet. The increase of n11 to 30 cm- 3 at a 
distance of 1.3 x 106 km from the nucleus (Gringauz 
et al. 1985, 1986b, Remizov et al. 1986) seems to be 
enough to ensure turbulent heating of the solar wind 
ions caused by the unstable beam-like distribution of 
ions of cometary origin. The location of the bow shock 
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Fig. 7- Ion energy spectra measured by Vega· I on the inbound leg 
and on the outbound leg around the bow shock of Halley's comet. 
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V EGA-1 BOW SHOCK CROSSING Mar 6, 1986 
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Fig. 8 - The behaviour of solar wind parameters during the 
::.bound bow shock crossing by the Vega-! spacecraft on 6 March 
1986. From top to bottom: solar wind velocity and effective 
.e:nperature measured in solar direction ; spectral amplitude of ion 

x fluctuations and electric field oscillations with the frequency 
: · = 1.5 Hz ; magnetic field strength. 

nd the gradient of the ion velocity related to the 
shock is naturally different on the inbound leg as 
om pared to the outbound leg of the Vega-1 trajectory 

as seen in Fig. 5, since the bow shock was crossed 
around the flanks on the inbound leg but closer to the 
subsolar point on the outbound leg. This is the reason 
for the difference between the dimensions of the 
regions of hot solar wind observed inbound and 
outbound around the bow shock. 

The behaviour of other plasma parameters across 
the bow shocks can be judged from the data presented 
in Fig. 8 (Galeev et al. 1986a). The solar wind velocity 
and the effective temperature ()Eon this figure are the 
first and the second moments of SDA ion energy 
spectra, respectively. The crossing of this quasiper-

endicular bow shock is identified most easily by the 
harp increase in intensity of the plasma waves. These 

lower hybrid plasma waves are excited by the beam of 

cometary ions leaking forward from behind the 
subshock front, similar to the excitation of these 
waves at the quasiperpendicular Earth bow shock by 
the beam of protons reflected from the shock ( Galeev 
1987). The jump of the magnetic field at the shock 
front is masked in Fig. 8 by the strong MHO 
turbulence of a loaded solar wind. 

The more complicated phenomena were seen at the 
quasi-parallel cometary shocks observed by Vega-! on 
the outbound leg (Fig. 7) and by Vega-2 on the 
inbound leg of the trajectory (Galeev et a!. 1986a). 
Further study and comparison with computer simula­
tions of these formations (Galeev 1987) is required. 

3.2 Cometosheath region and the cometopause 

Downstream of the cometary bow shock both Vega 
spacecraft encountered a region which was called the 
cometosheath (Gringauz et al. 1986b). The principal 
difference between the plasma flow within this region 
and that within the regions downstream of bow 
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Fig. 9 - Sequence of energy-per-charge spectra observed by the 
solar-direction ion electrostatic analyzer SDA on board Vega-! : (a) 
on the inbound and outbound leg in the cometosheath regions 
(CSR) and in the cometary plasma region (CPR). 
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Fig. 10 - Sequences of ion spectra measured (a) by the Vega-! SDA in the solar wind during the time of the encounterofVega-2; (b) by the 
Vega-2 SDA downstream of the cometary bow shock and up to a cometocentric distance of ~ 1.5 x 104 km ; and (c) by the Vega-2 
Cometary Ram Analyzer (CRA) over the same distance range. 

shocks near other celestial bodies is readily seen from 
the ion spectra as measured by the Yega-1 SDA (Fig. 
9) and by the Yega-2 SDA (Fig. lOb) and CRA (Fig. 
1 Oc) over the cometosheath. It is worth noting that the 
comparison of the ion spectra observed by the Yega-1 
SDA (Fig. lOa) in the undisturbed solar wind and, 
simultaneously, by the Yega-2 SDA (Fig. lOb) in the 
cometosheath region certainly proves that the plasma 
disturbances in this region are not of solar wind 
origin. 

At a cometocentric distance of ""8 x 105 km the 
SDA post-bow shock ion spectra are characterized by 
a wide, single maximum distribution of decelerated 
and heated solar wind ions (see the lower parts of Figs 
9 and lOb). The proton bulk velocity is 350-400 km 
s- 1• Approaching the nucleus, the following are 
observed: ( 1) the direction of the solar wind bulk flow 
changes smoothly from the solar toward the ram 
direction, as the maximum intensities at the same 
energies gradually decrease (increase) in the SDA 
(CRA), respectively (Fig. lOb, c); (2) the bulk velocity 
of the solar wind and its temperature gradually 
decrease (Fig. 9, lOb, c); (3) a second maximum starts 
to appear in the SDA spectra at higher energies (Fig. 
9), indicating that the corresponding ions may 
initially have had energies larger than 25 keY, which 
are not observable by the SDA. Certainly, these latter 
ions must be of cometary origin. Comparing the 
energies at the two peaks in the ion spectra, it is 

reasonable to deduce that these ions originate from 
the water-group (0+, OH+, H 20+, H30+)_ 

As was noted above, after a few cyclotron periods 
newly created cometary ions are isotropized in the 
coordinate system moving with the solar wind 
(Sagdeev et al. 1986). In this way the newly created 
ions are arriving from the solar direction with a 
maximum energy 4mJmP times higher than the proton 
energy, independently of the angle between the solar 
wind flow and the magnetic field direction. 

In the solar wind upstream of the bow shock, the 
energy of these heavy ions exceeds the upper limit of 
the energy range of the SDA (EJq < 25 keY). But in 
the outer regions of the cometosheath, where the solar 
wind flow is already decelerated by the shock and by 
the mass-loading process, the SDA measurements are 
in reasonable accordance with the abovementioned 
process of implantation of cometary ions into the 
plasma flow at large distances from the comet 
(Yerigin et al. 1986, 1987a). 

With deeper penetration into the cometosheath, the 
proton energy gradually decreases. The energy of the 
cometary ions observed in the SDA decreases faster, 
so that the ratio of the energy of heavy ions to the 
energy of protons is also decreasing (Fig. 9). At 
distances of 3- 4 x 105 km from the nucleus (0600-
0615 UT) the velocity of cometary ions from the solar 
direction decreases to the value of the proton velocity, 
owing to some collective process, which is not fully 
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orne comparable. Later, the rate of energy de­

ease increases further for the heavy ions, while the 
energy of the protons practically ceases to change. 

Around the cometopause (- 0645 UT), which 
eparates the cometosheath from the cometary plasma 

region, solar wind protons disappear from the 
acceptance angle of the SDA, and cometary ions 

roduce a peak around 1 ke V in the energy spectrum 
Figs 9, lOb). When the velocity ofVega-1,2 relative to 
be comet is taken into account, the velocity of the 
eayy ions relative to the comet can be estimated to be 
few tens of kilometres per second in the vicinity of 
e cometopause, while the proton velocity is still 

... round 200 km s- 1 in this region. 
After closest approach (CA in Fig. 9) these 

haracteristic changes in the cometosheath plasma 
occur again on the outbound leg, but in reverse order. 

The energy spectra of cometary ions as measured by 
PLASMAG-1 in the inner region of the cometosheath 
might be interpreted in two different ways. Here, the 
ratio of the energy of cometary ions E 1; to the proton 
energy EP measured by the SDA is smaller than 
~m; mP (- 60-80), and it gradually decreases with 

ecreasing cometocentric distances. The liS (implant­
ed ion sensor) of the JPA instrument on board Giotto 
was able to measure ions up to energies of E;/q < 90 
ke V and to estimate the mass of the ions (Johnstone et 
a/. 1986). According to the measurements of liS there 
is another more energetic branch in the energy 
spectrum corresponding to water group ions with an 
energy of E2; ~ 4mJmPEP as well as the branch which 
was also observed by the SDA. If the ratio E 2;/EP ~ 
4mJmP is constant in the cometosheath, the ions with 
energies E 2; might have been locally ionized and 
picked up by the process discussed above. In this case, 
the ions observed by the SDA with energies E\ < E 2; 

might have been ionized further upstream of the 
population with energies E 2 ;, and they might have lost 
their energy because of some later collective processes 
(Gringauz eta/. 1985). 

However, there is a preferable explanation for the 
existence of these two different cometary ion popula­
ions : the ions with the energy E 2; were actually 
reated far upstream from the point of observation 

(Johnstone eta/. 1986, Verigin eta/. 1987a), but the 
roton energy slightly changes in the cometosheath as 

observed by the SDA. Hence the ratio E 2;/Ep does not 
change much, or stays almost constant, as in the first 
case. The ions registered with energies E 1; were 
created in the vicinity of the spacecraft. First, these 
ions are only partly taken into the solar wind flow; 
however, when approaching the cometopause, these 
ions are no longer a minor population. At the start of 
this process there is no complete isotropization in the 
coordinate system moving with the solar wind. But 
when approaching the cometopause, the density of 
these ions (Fig. 9) is increasing, thus the energy of the 
solar wind flow will not be large enough to increase the 
velocity of all the newly created heavy ions. In the 
vicinity of the cometopause these ions are accelerated 
only to a velocity of a few tens of kilometres per 
second. Since the spacecraft has a velocity of - 80 km 
s- 1 relative to the comet, the slowly moving newly 
created cometary ions will be observed by the SDA 
with an energy of about I keY around the cometo­
pause. There is an additional fact in favour of the 
possibility that the cometary ions belonging to the less 
energetic branch E 1; were created not very far from 
the spacecraft: the flux of these ions increases with 
decreasing R (see Fig. 9), corresponding to the 
increase in the neutral gas density. The fluxes of heavy 
ions, however, belonging to the high-energy branch do 
not increase significantly when approaching the 
nucleus (see Fig.2 of Johnstone eta/. (1986). 

The characteristic feature of the electron plasma 
component in the cometosheath is a decrease of 
electron temperature Te with approach to the cometo­
pause. From the data presented in Fig. 11 (Gringauz 
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Fig. 11 - Distribution of the electron temperature in the 
cometosheath of comet Halley between 8 x 105 and 1.6 x 105 km 
(cometopause). CA = closest approach. 
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eta/. 1986e, 1987a) it readily follows (1) that there is an 
overall decrease ofT. from about 4 x 105 K to about 
2 x 105 K within this region; (2) that T. decreases 
fastest within the region of about 5.5-6 x 105 km, but 
stays approximately constant outside; and (3) that 
there are significant fluctuations in T. in the region 
outside about 6 x 105 km. It should be mentioned ~hat 
at a cometocentric distance of about 5-6 x 106 km, 
i.e. in the undisturbed solar wind, the electron 
temperature was about 2 x 105 K , and that it had 
already increased to its maximum value of about 3.5-4 
x 105 K, at a distance of about 3 x 105 km upstream 
of the cometary bow shock. 

During the encounter of the Giotto spacecraft with 
comet Halley, electrons were measured by the electron 
electrostatic analyzer EESA of the RP A experiment 
(Reme et a/. 1986). In the undisturbed solar wind the 
electron temperature was about 2.5 x 105K and it 
occasionally increased to about 3.5 x 105K beyond 
105 km upstream of the bow shock. Downstream, in 
the region from 1.15 x 106 km to 5.5 x 105 km, T. 
stayed practically constant (3.5 x 105 K) but with 
large fluctuations superimposed, while afterwards, 
when approaching the cometopause, T. decreased to 
about 2 x 105 K . Thus, outside the cometopause both 
the Vega-2 and Giotto electron measurements are in 
excellent agreement, not only with respect to the 
actual values of T. but also with respect to its overall 
radial dependence. 

We propose that the decrease in electron tempera­
ture from about 4 x 105 K near the bow shock to 
about 2 x 105 K at the cometopause, as observed by 
Vega-2 and Giotto independently, is due to inelastic 
collisions between the thermal electrons and the 
cometary neutral gas (Gringauz eta/. 1986e, 1987a). 
Near the cometopause at R ~ 1.6 x 105 km the 
neutral density is about n0 ~ 5 x 103 cm-3 (Remizov 
et a/. 1986). The energy loss of electrons caused by 
inelastic collisions with neutrals of the water group is 
N0L0 ~2 x l0- 11 eVcm- 1 ,whereL0 ~4 x 1Q- 15 eV 
cm2 is the energy loss function for electrons with an 
energy of about 40 eV (Olivero eta!. 1972), and N 0 is 
the number density of neutrals of the water group. The 
plasma velocity near the cometopause is V ~ 200 km 
s- 1 (Galeev eta/. 1987). The characteristic time for the 
plasma flow through the cometopause is therefore r ~ 
2R/ V ~ 1.5 x 103 s (taking into account that 4> ~ 
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VEGA-2 PLASMAG-1 Mar. 9, 1986 R = 7,4.105 km 

Fig. 12- Spectrograms of the ion fluxes as observed by the Sun­
directed (SDA) and ram-directed (CRA) ion electrostatic analyzer 
on board Vega-2 simultaneously in the cometosheath. Note the 
variations in the direction of the plasma flow of cometary ions. 

110°). During this time the thermal electrons, with an 
average velocity of about 4 000 km s- 1, have traversed 
a distance of about 6 x 106 km. Thus, according to the 
above estimate, their energy loss is about 12 eV. 

As well as the large-scale changes in the plasma 
flow in the cometosheath, which determine the global 
picture of the solar wind flowing around the comet, a 
high level of MHO turbulence with a wide frequency 
range is characteristic for this region. An example of 
the variations in the direction of the plasma flow 
within the cometosheath is presented in Fig. 12 
(Verigin eta/. 1986, 1987a). In these spectrograms, 
registered by the CRA and the SDA at a distance of 
about R ~ 7.4 x 105 km from the nucleus, the 
characteristic duration of the variations is 20-30 s. 
The outermost isolines correspond to a counting rate 
offo, and each inner isoline represents a counting rate 
which is 1.4 times greater than the corresponding 
value of the adjacent outer line. The variations in the 
flow intensity observed by both analyzers are caused 
by variations in the direction of the ion flow. When 
the intensity of the ion flow decreases in the direction 
of the CRA analyzer, the counting rates observed by 
the SDA increase simultaneously, and vice versa. The 
approximate value of this declination of the proton 
flow from the original direction can be estimated as 
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ere the proton temperature is T ~ 3 x 105 K and 
:.neir velocity V = 350 km s- 1, and where the ratio of 
-'-e maximum to the minimum counting rates is 

.min = 3-5. 
But the most spectacular variation of the cometo­

·heath plasma flow characteristics occurs at the 
ometopause, which separates the cometosheath 

itself. controlled by the solar wind proton flow, from 
he inner cometary plasma region dominated by 
lowly moving cometary ions (Gringauz eta/. 1985, 

l986b, c, d, 1987b). This boundary was not theoreti­
lly predicted but was discovered on the basis of 

PLASMAG-1 data from both Vega spacecraft. The 
existence of the cometopause was confirmed later by 
he plasma wave experiment APV-N onboard the 
'ega spacecraft (Savin et a/. 1986) and by the 

mstruments PICCA and JPA onboard Giotto (Korth 
et a/. 1985, Amata et al. 1986). 

The top panel of Fig. 13 (Galeev et al. 1987) shows 
.he ion spectrogramm measured by the CRA of the 
PLASMAG-1 package in the vicinity of the cometo­

ause. The outermost isolines correspond to a count 
te of 103 s- 1, and the ratio between count rates 

represented by adjacent isolines is two. The two 
·ertical dashed lines indicate the time interval 0643-
645 UT when Vega-2 crossed the cometopause 
Gringauz et al. 1986c). 

As shown by the spectrogram of Fig. 13, the typical 
energy/charge ratio of ions detected by the CRA 
ignificantly increases at the cometopause from "' 170 

e V to "' 900 e V. This feature is due to changes in the 
distribution function and ion composition of the 
plasma; protons (mP = 1 amu) are most abundant in 
the cometosheath, while water group ions (mi ~ 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 eta/. 1985, 1986c) and their 
typical energy increases to "'250 e V. 

Before crossing the cometopause, the ion energy 
pectra observed by the SDA show two maxima (see 

Figs 9, lOb). The first maximum, which is essentially 
due to protons is typically "'300 eV; the heavy water 
group ions produce a second maximum at -900 eV. 
After crossing the cometopause, protons practically 

isappear from the acceptance angle of the SDA, 
·bile the energy of heavy ions is hardly changed 
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Fig. 13 - 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, total magnetic 
field. The cometopause is indicated by dashed lines. 

(Gringauz et a/. 1985, 1986c). 
Electron spectra measured by the Electron Analyz­

er, and hence the density and temperature of the 
electrons, do not show any characteristic variation 
when the cometopause is crossed (Gringauz et a/. 
1985, 1986c). 

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 Fig. 13, the magnitude 
of the t0tal magnetic field is practically constant in 
this region. Only minor changes are observed in the By 
and Bz components (Reidler et a/. 1985). 

The middle part of Fig. 13 shows the plasma wave 
activity measured by the instruments APV-N and 
APV-V on board Vega-2. In general, the filter 
channels shown in this figure (and also other channels 
not shown here) are characterized by an increase 
of the average amplitude of plasma and electric 
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field oscillations from a cometocentric distance 
of 1.5- 2 x 105 km when the Vega-2 spacecraft 
approaches 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 ele~tric 
field suddenly increases in the lower hybrid frequency 
range (8-14 Hz) during a 2 min interval when the 
spacecraft crosses the cometopause. 

The wave activity in the lower frequency range can 
be seen in Fig. 14 (Galeev et al. 1987) 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 differ­
ence between count rates represented by adjacent 
isolines is 440 s- 1, and the outermost isolines 
correspond to a count rate of 103 s- 1. Dots on the 
spectrogram mark the maxima of the ion flux in an 
interval of 10 min around the cometopause. A 
comparison between the spectrograms simultaneously 
measured by the CRA and SDA (see Fig. 1 in 
Gringauz 1986c, where the spectrograms are colour 
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Fig. 14 - Fluctuations of ion flux, electric field and Bz 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. 
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coded) shows that the fluctuations of ion fluxes 
measured by the two sensors are in anticorrelation. 
This is an indication of the existence of large-scale 
MHO variations in the direction and/or in the 
velocity of the plasma flow with a characteristic 
period T ::::::: 1 min. 

These large-scale MHO waves at the cometopause 
are reflected in the electric field by oscillations at the 
lower hybrid frequency (2-32 Hz) and in the Bz 
component of the magnetic field by fluctuations with 
the same characteristic period (T ::::::: 1 min). The 
correspondence between the maxima of electric field, 
magnetic field, and ion fluxes is indicated by arrows in 
Fig. 14. 

The sudden decrease of proton fluxes within a ::::::: 2 
min interval (corresponding toLl::::::: 104 km along the 
trajectory of Vega-2) in the ram and solar direction 
cannot be explained without taking into account 
collisionless deceleration processes and 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 the protons and 
ions observed by PLASMAG-1. 

Outside the cometopause, the typical energy of solar 
wind protons is ~ 170 e V in the ram direction and 
- 300 e V in the solar direction. Their estimated bulk 
velocity relative to the spacecraft is vP, ::::::: 250 km s- 1 . 

The velocity of the protons relative to the comet vP ::::::: 

200 km s- 1 is given by a possible vector diagram 
shown by Fig. 15 (Galeev et al. 1987), where the 
spacecraft velocity relative to the comet vsc ::::::: 80 km 
s- 1 taken into account. Fig. 15 also shows the 
acceptance angles of the CRA and SDA sensors and 
the regions of velocity space in which protons can be 
observed by these analyzers (areas shaded with 
vertical lines). In a similar way, the velocity of heavy 
cometary ions can be estimated; vir ::::::: 120 km s- 1 

relative to the spacecraft, and vi ::::::: 60 km s- 1 relative 
to the comet. 

The measured magnetic field direction is not far 
from parallel to the plasma flow, and a 'fire-hose' 
instability might develop. Outside the cometopause, 
when the proton number density is nP ::::::: 10-20 cm-3 

and the magnitude of the magnetic field is B ::::::: 40y, 
the condition for a fire-hose instability caused by the 
solar wind flow through the cometary plasma is not 
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' 
Fig. 15- Possible proton and ion velocity vector diagrams and the 
~eptance angles of the SDA and CRA ion analyzers in the 
~cecraft reference frame. Particles from the shaded areas can be 
• served by the analyzers (sloping lines: cometary ions, vertical 

es: protons outside the cometopause, horizontal lines: protons 
ide the cometopause). 

fulfilled. On the other side of this boundary, when the 
mber density of heavy ions is ni ~ 10 cm-3 and the 

-elocity is vi ~ 60 km s- 1 relative to the comet, the 
reasing ionization of cometary neutrals leads to an 

- stability caused by the flow of solar wind protons 
nd picked-up cometary ions relative to the newly 

·onized cometary gas. As a consequence, protons are 
ecelerated, and pitch angle scattering takes place; 
e intensity of proton fluxes detected by both CRA 

nd SDA is therefore decreasing. 
A clear indication of the instability which develops 

ear the cometopause is the large-scale variation of 
h e plasma flow correlated with the oscillations of the 
• erpendicular magnetic field component (relative to 
the main field direction), as seen in Fig. 14. The 
haracteristic scale of these oscillations is V5eT ~ 5000 
m along the spacecraft trajectory which is compara­

ble with the thickness of the cometopause Ll, but it is 
much larger than the Larmor radius of cometary ions 
Qci = vJwei ~ 300 km (wei ~ 0.2 s- 1 is the cyclotron 
·requency of water group ions). The plasma velocity 
;ector was not measured by the Vega spacecraft, and 
- is not possible to determine the mode of oscillation 
excited by the instability. Since the magnitude of the 

agnetic field is almost constant there, the oscilla-
ions seem to be perpendicular. The amplitude of the 
·elocity perturbation bv can be estimated from the 

illation of the perpendicular magnetic field compo-

nent bB, 

bv ~ (bB/B)vA ~ 10 km s- 1 (8) 

where vA ~ 60 km s- 1 is the Alfven velocity. This 
effect can induce strong modulations in the ion flows 
observed by both analyzers. The large scale of these 
oscillations compared to the ion Larmor radius 
indicates that these waves are certainly not caused by 
cyclotron resonance. In other words, we possibly 
observe the development of a fire-hose instability with 
a significantly larger growth rate than in the case of a 
resonance instability (Galeev et al. 1987). The source 
of energy of such an instability is the kinetic energy of 
the newly born cometary ions relative to the plasma 
flow; the density of this flow is much larger than the 
density of the original solar wind proton flow. 

The significant decrease of the proton flux at the 
cometopause and in the cometary plasma region 
shows the importance of the charge exchange between 
protons and cometary gas for producing cometary ions 
here. The characteristic time for charge exchange is, 

ret ~ (O"ct Vp nn)- 1 ~ 6 X 103 S (9) 

where O"ct ~ 2 x I0-15 cm2 is the cross-section for 
charge exchange, nn ~ 4 x 103 cm-3 is the number 
density of neutral gas in the vicinity of the cometo­
pause at a cometocentric distance R ~ 1.6 x 105 km 
(Remizov et al. 1986), and vP ~ 200 km s- 1 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 ret is compara­
ble to the characteristic time of the plasma flow 
around the comet (of the order of2R/vi ~ 5 x 103 sin 
the vicinity of the cometopause for a flow velocity vi ~ 
60 km s- 1 ), charge exchange is effective in this region. 

As a consequence of the existence of a cometary ion 
beam in the plasma flow, the intensity of plasma 
waves is increasing in the lower hybrid frequency 

I • 

range at the cometopause (see F1gs 13, 14). The 
growth of this wave is limited by the quasilinear 
relaxation of the ion beam to a steady state (Formis­
ano et al. 1982), and the wave intensity in the lower 
hybrid range measured by the instruments APV-V 
(Fig. 13) and APV-N (Fig. 14) is in reasonable 
agreement with the theoretical estimate (Galeev et al. 
1987). 
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The excited lower hybrid waves accelerate the 
suprathermal electrons which are in Cerenkov reso­
nance (Galeev & Khabibzachmanov 1985). If the 
lifetime of the suprathermal electrons was significant­
ly 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. The acceleration of 
suprathermal electrons along the magnetic field lines 
leads to the excitation of oblique Langmuir waves 
(whistlers in high f3 plasma) due to the growing 
anisotropy in the velocity distribution of electrons. 
The frequency of high-frequency Langmuir waves 
increases as the plasma is decelerating in the vicinity 
of the cometopause because the energy of suprather­
mal electrons is decreasing. This effect is marked by a 
dashed-dotted line in Fig. 13. The increase in the level 
of lower hybrid and whistler mode plasma oscillations 
is a consequence of the rapid mass-loading and 
deceleration of the solar wind by cometary ions in the 
vicinity of the cometopause. It is not responsible for 
the mass-loading process (Galeev et al. 1987). 

3.3 Cometary plasma region and unsteady phenomena 

After crossing the cometopause, during the further 
approach to the cometary nucleus, the CRA sensor 
observed an increase of the counting rates of heavy 
cometary ions by an order of magnitude (see, for 
example, Figs. 13, 14). However, the increase of 
cometary plasma density was neither monotonic nor 
stationary. This is shown in Fig. 16 (Gringauz et al. 
1986d, 1987b) exhibiting two high-resolution spectro­
grams, as observed during 0700-0704 UT and during 
0706-0710 UT, or at distances of about 8 x 104 km 
and 5 x 104 km, respectively (time runs from right to 
left). The counting rates corresponding to the outer­
most lines are given by fo = 4 x 103 s- 1 and fo = 104 

s- 1, respectively. The increase in the counting rates is 
characterized in steps of df between two adjacent 
isolines with df = 4 x 102 s- 1 and df = 103 s- 1 

respectively. From these figures it readily follows that 
a quasiperiodic modulation in the intensity of come­
tary ions exists. This modulation is most pronounced 
in the energy-over-charges range around 500-600 e V, 
which corresponds to ions of the water group. The 
typical normalized amplitude (A) in the modulation of 

[Pt. II 

these latter ions is about, 

A = ifmax - /min)/(fmax + /min) ~ 0.05-0.1 

Moreover, we find that the modulation period -rM 

decreases when approaching the nucleus from about 
-rM ~ 10 sat 8 x 104 km to about -rM ~ 8 sat 5 x 104 

km. 
It should be noted that this type of modulation 

differs from the sporadic, burst-type density enhance­
ments which have been observed by Vega-2 at about 4 
x 104 km and 3 x 104 km (see Fig. 4 in Gringauz et 

al. 1985). These bursts were associated with enhance­
ments in the plasma wave intensity around the lower 
hybrid frequency, and their occurrence was possibly 
connected with the critical ionization velocity effect 
of Alfven ( Galeev et al. 1986). 

The observed quasiperiodic modulation in the 
heavy ion density in the cometary plasma region could 
be explained by the development of the large-scale 
instability caused by the anisotropic velocity distribu­
tions of cometary ions. This instability is connected 
with the cyclotron resonance of ions by Alfven 
oscillations, therefore the wavelength of these oscilla­
tions can be estimated as A. ~ v

11
Jfci where fci is the 

cyclotron frequency of the ions and v
11 
is their velocity 

along the magnetic field. Taking the magnetic field of 
B ~ 50y and the spatial dimensions of the plasma flow 
fluctuations as "'8 s x 80 km s-1 ~ 640 km into 
account, the field-aligned velocity can be estimated as 
v

11 
~ 30 km s- 1 which seems to be reasonable. 
Well inside the cometary plasma region both the 

thermal and the bulk velocities of ions become small 
compared to the spacecraft relative velocity of ~ 80 
km s- 1 . The energy-over-charge spectra break up in 
several well-defined sub-distributions with their max­
imum intensity located at distinct EJq values. This 
situation is depicted in Fig. 17 (Gringauz et al. 1986d, 
1987b), showing a sequence of 4 s averaged ion energy 
spectra as obtained by the CRA sensor at a distance of 
1.4-1.7 x 104 km from the nucleus. From the left­
hand distribution it readily follows that the bulk 
velocity of the protons is close to the spacecraft 
relative velocity. Thus, the energy/charge EJq spectra 
can be transformed into mass/charge mJq spectra. 

In this way Fig. 17 suggests the presence ofH+, C+, 
CO+ 2, and Fe+ ions in the cometary plasma region. 
The peak at 14 < mJq < 20 may originate from the 
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H~O parent molecules, such as o+, OH+, H 20+, and 
n30+, whilethepeakat24 < m;/q < 34maybedueto 
_ rent molecules of CO/C02 or to molecules contain­
mg N/S, such as CO+, N 2+, H 2CO+, HCO+, CN+, 
HCN+, or 0 2 + or to atomic ions like Mg+, Al+, Si+, 
?-.or s+ . Finally, the minor peaks at m;/q = 2, 8, 70, 
and 85 might stem from H+ 2 and o++ and from some 

eavier, not yet identified organic ions. We have 
arked these different groups of cometary ions at the 

op of Fig. 17. 
For these groups we have determined their densities 

t different cometocentric radial distances by sum-
ing the respective count rates. The result is shown in 

Fig. 18 (Gringauz et al. 1986d, 1987b), together with 
e total sum I: of all ions and with the expected R-2 

s.!ope. Straight lines correspond to the regions where 
he densities could be determined more accurately. 
From Fig. 18 it readily follows that, in principle, really 

e of the curves, except may be the curve of mass­
_youp 70+, can be approximated by a pure R-2 

""'ependence. For the total sum we find a dependence 
.:- R-~-~ for 3 x 104 < R < 1.5 x 104 km. 
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Fig. 17 - Time sequence of 4s averaged ion energy/charge 
(mass/charge) spectra, as observed by the CRA sensor on board 
Vega-2 at a cometocentric distance of (1.4-1.7) x 104 km. 
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A somewhat unexpected result is the observed well 
defined peak at mdq = 56 in the CRA ion spectra. 
This peak was also identified in the IMS (Balsiger et 
a/. 1986) and NMS (Krankowsky et a/. 1986} 
measurements onboard Giotto. However, it has not 
been observed by the Giotto-PICCA instrument 
(Korth eta/. 1986}, although otherwise this sensor is 
quite similar to the CRA sensor onboard Vega-2. It 
seems quite natural to identify this peak with the 
occurrence of Fe+ ions in the innermost part of the 
cometary plasma region, although it should be noticed 
that, owing to the energy resolution of the CRA sensor 
of 5.5%, there is an uncertainty of about 3 amu in the 
mass resolution. From the observed mass composition 
of cometary dust particles, iron has been identified in 
most of the mass spectra analyzed (Kissel eta/. 1986). 
Thus, sputtering of dust grains with large metallic 
cores and no layer of ice could account for the release 
of metallic ions in the cometary coma, (Ip & Axford 
1986) ·although other processes discussed in (Geiss et 
a/. 1986) could also account for the occurrence of 
metal ions. 

7.05 7.10 7.13 7.15 7.17 UT 

Fig. 18 - Cometocentric radial dependence of the densities of 
certain groups of cometary ions, as defined in Fig. 17 and of the 
total sum r of all ions. For comparison the R slope is inserted. 
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As indicated in Fig. 18, the density of cometary ions 
decreases somewhat faster than R-2 . This result is 
consistent with the observations of the IMS (Balsiger 
eta/. 1986) and the PICCA instrument (Korth eta/. 
1987) onboard Giotto. The neutral gas density, 
however, decreases as R-2 , as observed both by Vega 
(Gringauz eta/. 1985, 1986b, Remizov eta/. 1986} and 
by Giotto (Krankowsky eta/. 1986). This somewhat 
faster decrease in the ion density could be associated 
with the fact that the loss rate of ions increases with 
increasing distances from the nucleus, owing to an 
increasing convective outflow of the cometary ions. 
Vega-2 observed a neutral gas density of n0 ~ 1.5 x 
105 cm-3 at 2 x 104 km (Remizov eta/. 1986). For a 
characteristic time of ionization of ri ~ 106 s, the local 
production rate for ions is Qi ~ nn/<i ~ 0.15 cm-3 s- 1 . 

To obtain an ion density of ni ~ 103 cm-3 at these 
distances, a value for the velocity of the convective 
outflow of Vi ~ QiR/ni ~ 3 km s- 1 would be 
sufficient. This value for Vi is in reasonable agreement 
with the velocity determined for the water group ions 
from the IMS measurement on board Giotto (Balsiger 
et a/. 1986). 

On the other hand, if the loss of cometary ions is 
mainly caused by the convective outflow, then the 
ratios of the densities of the ions and of their parent 
molecules must be close to each other. In Krankowsky 
eta/. (1986) a value of 5% for the C02 content relative 
to the content of H20 was estimated. From our CRA 
measurements we find that 70-80% of the total ion 
content belongs to the water group ions and 2-5% to 
the ions withmJq ~ 44 (C02 +.In turn, as we find 15-
20% for the content of the CO/C02 group ions we can 
estimate the content of the parent molecules H 20 and 
CO/C02 based on our CRA data to be 70-80% and 
15- 20%, respectively. This agrees with the production 
rates of H 20 and CO as determined from the UV 
measurements onboard the IUE spacecraft (Festou et 
a/. 1986). 

As an example of the large-scale unsteady cometary 
phenomena, the inhomogenuity formed in the come­
tary plasma region by the solar wind IMF parameters 
change can be considered (Verigin eta/. 1987b). The 
general feature of the plasma measurements on board 
both Vega craft is the absence of any plasma 
registration by SDA analysers inside the cometo­
pause. However, in case of Vega-1 this sensor 
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served a burst, lasting for about 5 min, of ions with 
aergies Ei = 100- 1000 eV approximately, near the 
.:!osest approach to comet Halley, marked in black in 
Fig. 9. For roughly the same time interval as in Fig. 9, 
he SDFC sensor observed ion flux coming from the 
solar direction, which was evaluated as (5-8) x 109 

- 1 s- 1 (Verigin et a/. 1987b). The density of 
ometary ions by RFC data could only be estimated to 
few thousands per cm3 . 

Inspecting the evolution of the magnetic field 
irection along the Vega-1 trajectory, the authors of 

magnetic measurements concluded that in addition to 
he global draping of the magnetic field lines around 

the comet, the portion of the field observed near 
-Iosest approach is a remnant of the IMF of the 
. revious polarity (Riedler et a/. 1986, Schwingens­
~buh et a/. 1986). 

When interacting near closest approach, two 
• rtions of magnetic fields of opposite polarities will 
ead to an X-type reconnection pattern of the 

agnetic field lines (Fig. 19). The region in which the 
DA and SDEC sensors observed the enhanced flux 

ions is indicated by dots in this diagram. It seems 

VEGA-1 
March 6, 1986 

Plasma flow 

(:J 

75 

xcse' 1 o3 
km 

n g. 19 - Overall topology of the magnetic field around closest 
.!;:;'mach as deduced from the measurements of the magnetic field 

ion (arrows) along the Vega-! trajectory. The dotted areas 
• .-•esents the region in which the burst of accelerated ions (see Fig. 

observed. 
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Fig. 20(a) - Schematic representation of the look-directions and 
the fields of view of the SDA, SDFC, and RFC sensors on board 
Vega-1 relative to the cometary nucleus and to the spacecraft 
velocity direction V. 

Fig. 20(b) - Vector diagram of the spacecraft velocity V, and of the 
ion velocities V; and V in the cometary frame and in the spacecraft 
frame of reference, respectively. V; is presumed to be roughly 
parallel to the magnetic field lines. Only for large values of V; ;;;:; 35 
km· 1 will ions be detected by the SDFC/SDA sensors, as in this 
case V will fall into the field-of-view of the SDA/SDFC sensors. 

quite reasonable to suggest that these ions were 
accelerated by the non-stationary process of magnetic 
field reconnection near closest approach (Verigin et 
a/. 1987b). 

Why are these ions then observed by the 
SDA/SDFC sensors only on the outbound leg of the 
Vega-1 trajectory, not on the inbound leg? The answer 
is provided by Fig. 20a,b (Verigin eta!. 1987b). Here, 
together with look-directions and the angular fields of 
view of the SDA, SDFC, and RFC sensors (Fig. 20a), 
the possible diagram of the velocity vectors V., Vi, and 
Vis shown. Here, v. is the velocity of ions at rest in the 
cometary frame of reference, Vi is the velocity of 
accelerated ions in the same frame, and V = v; + v. is 
their velocity in the Vega-1 frame of reference. This 
diagram holds for the outbound situation (Vi is 
supposed to be parallel to the surface separating 
magnetic fields of opposite direction which are 
marked by the dashed curve in Fig. 19). For the 
inbo~nd case the direction of vi is close to the 
direction of v., hence the direction of Vis close to the 
same direction (and out of the field of view of 
SDA/SDFC). 

From ion composition measurements (Gringauz et 
a/. 1986d, 1987b, Balsiger eta!. 1986) we know that 
cometary ions are predominantly the water-group ions 
with mi = 16- 18. At their velocity relative to Vega-1 
of about 50 km s- 1 (see Fig. 20), they will be observed 
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at energies E; > 200 eV by the SDA analyzer. This is 
in agreement with the actual measurements shown in 
Fig. 6. From the SDFC measurements we estimated 
the total ion flux as (5-8) x 109 cm-2 s- 1 • Taking now 
their velocity V relative to the spacecraft into account, 
we are able to estimate their density as n; > (1-2) x 

103 cm-3 . This value agrees roughly with the number 
density estimated from the RFC observations. 

Based on these different, yet self-consistent, obser­
vations we may, in summary, conclude that the burst 
of cometary ions observed by the SDA and SDFC 
sensors onboard Vega-1 near closest approach to 
comet Halley was produced by the motion of cometary 
ions of the water-group accelerated up to some tens of 
km s- 1 (Verigin et al. l987b). This acceleration could 
be caused by merging of interplanetary magnetic field 
lines of opposite polarity retarded by the presence of 
cometary plasma and neutrals. 

3.4 The aurora-like phenomena in the vicinity of 
cometary nucleus 

The only essential difference between Vega and 
Giotto plasma observations within the cometary 
plasma region is the observation of ke V electrons 
onboard Vega-2 during its closest approach to Comet 
Halley. Fig. 21 (Gringauz et al. 1985, 1986b) presents 
two typical electron spectra as measured by the EA in 
the solar wind and near the closest approach ofVega-2 
to the cometary nucleus. The main difference between 
these spectra is the appearance of the energetic 
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Fig. 21 - Two electron spectra, as measured by the Vega-2 electron 
analyzer in the solar wind and near closest approach to the 
cometary nucleus at -1.5 x 104 km respectively. Notice the 
occurrence of ke V electrons close to the nucleus. 
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cometary electron component, which could serve as 
an additional source of ionization of cometary 
neutrals. 

The presence of "' 1 ke V electrons during the Vega-
2 flyby and the absence of similar electrons during the 
Giotto flyby could be due to either an instrumental 
effect, or to the sporadic occurrence of these particles. 
The possible instrumental effect was discussed in 
Gringauz et al. (1986e, 1987a). The electrons with 
energies of about 1 keY could be generated by a 
'magnetospheric substorm', similar to the auroral 
events occurring in the terrestrial magnetosphere. The 
occurrence of such events in the cometary magnetotail 
has been proposed by Ip (1976) and Ip & Mendis 
(1976). A schematic representation of a 'cometary 
substorm', as suggested by Ip & Axford (1982) and 
Mendis et al. (1985) is shown in Fig. 22 (Gringauz et 
al. 1986e, 1987a). In the steady state the cometary tail 
electric current adopts the usual 61-shape configura­
tion. If the cross-trail current becomes partly disrupt­
ed, the induced tail-aligned currents can discharge 
through the cometary coma (Fig. 22). Such a process 
can accelerate electrons to energies of a few ke V, as in 
the case of auroral electrons in the terrestrial upper 
atmosphere. Vega-2 might have observed such sub­
storm generated energetic electrons, while Giotto 
might not. 

We now summarize other observations that point 
also toward the possibility that energetic electrons 
may occur sporadically in the coma of Comet Halley. 
In Feldmann et al. (1986) the two UV spectra 
measured by IUE on 18- 19 March 1986, on the 
tailward side of the nucleus at a distance of about 
40 000 km and about 30 min apart, were compared. It 
was found that the C02 + emission had decreased to 
less than a quarter, while the OH+ brightness had 
remained nearly constant. The authors proposed that 
this difference could be explained by the existence of 
localized currents of energetic electrons close to the 
nucleus. 

The far-UV observations of Comet Halley in 
February 1986 with a sounding rocket experiment 
showed the presence of A. = 153.6 nm line tentatively 
identified as oxygen emission (Woods et al. 1986a). 
This intercombination line is not excited by solar 
fluorescence as the other emissions are, and it suggests 
the presence of a region of electron excitation within 
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Fig. 22 - Schematics of a cometary cross-tail disruptive event, 
which could have produced the ke V energetic electrons observed by 

ega-2 during closest approach (see Fig. 21). 

the inner coma (Woods eta/. l986a). The considera­
tion of a collisional processes with the electrons helps 
toward the solution of the 'carbon puzzle' (Woods et 
al. 1986), which is connected with the presence of 
unexpectedly large amount of neutral and ionized 
carbon in the vicinity of P/Halley and other comets 
(Balsiger et al. 1986, Festou 1984). 

4 CONCLUSIONS 

The results of in situ neutral and plasma measurements 
during the Vega-!, 2 encounters with P/Halley which 
have been presented above, generally confirmed the 
MHO description of the solar wind interaction with 
cometary plasma (see, for example, lp & Axford 
1982), yet led to the discovery of a number of 
phenomena that were not envisaged by the existing 
theories. 
In accordance with the predictions: 
• the deceleration of the solar wind flow due to mass 

loading starts a few million kilometres from the 
nucleus; 

• the bow shock is formed near R ~ 106 km, 
although the possibility of the absence of this 
structure is also discussed; 

• the additional solar wind mass loading by cometary 
ions and the associated increases of plasma 
pressure and density leads to the very low velocities 
of the flow at R ;5 105 km; 

• some evidences of the 'substorm' phenomenon in 
the cometary magnetosphere were obtained. 

On the other hand: 
• the distribution function of the multicomponent 

plasma within the cometosheath and the cometary 
plasma region turned out to be a stable but 
essentially unequilibrium function - tht:re are two 
branches of the picked-up cometary ions in the 
cometosheath. The protons and the heavy ions in 
the cometary plasma region seem to be decoupled; 

• the existence of the cometopause - the relatively 
sharp, yet unpredicted boundary within the come­
tary coma at cometocentric distances of about 1.6 
x 105 km - was revealed; 

• the continuous cooling of the electron plasma 
component through the cometosheath, due to 
inelastic collisions with neutrals, was observed; 

• it was shown that the increase of heavy ion 
densities within the cometary plasma region is. not 
monotonic but lumpy, quasiperiodic, with a 'per­
iod' decreasing while approaching the nucleus; 

• the unexpected presence of Fe+ ions in the P/Halley 
plasma was demonstrated. 
These and a number of other peculiarities of near­

cometary plasma are not yet finally and quantitively 
analyzed. There are new possibilities for such studies 
on the basis of the qualitative analyses of the data 
obtained. 
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