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Abstract

When within the inner solar system, comets possess gaseous atmospheres. 
The gases therein are ionized, and eventually join the solar wind. This thesis 
describes an investigation of the interaction of comets with the solar wind.

The work begins with an overview of the processes involved in the comet - 
solar wind interaction region, and the domains and boundaries that exist in 
the region. A review of remote observations of cometary ions is given. The 
characteristics of visible plasma features are summarized, together with the 
theories proposed to explain them. An overview of the Giotto spacecraft and 
its instruments, and a description of its mission to two comets are presented.

Ground-based observations were obtained of the ion features present in 
Comet C/1996 B2 Hyakutake. The morphologies and motions of the comet’s 
plasma features are described. The formation of tail rays was captured during 
a high temporal resolution image sequence. A gas production rate estimate is 
derived from the observations, and a model of ray morphologies is proposed, 
based partly upon observational evidence. 45P/Honda-Mrkos-Pajdusakova and 
C/1996 Q1 Tabur were also observed; however, no strong ion features were 
detected.

An analysis of the plasma features of 26P/ Grigg-Skjellerup then follows. 
A description of the solar wind conditions at that comet during the Giotto 
encounter is given, and an estimate of its production rate is made.

Ground-based observations of Grigg-Skjellerup are compared to in-situ Giotto 
data. Morphological features were detected in ground-based images; it is pro
posed that they could have been linked to certain solar wind discontinuities.

A qualitative description of a model of ion ray formation then follows. The 
thesis concludes with a summary of the main results.
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Chapter 1 

A C om et’s Interaction w ith the  
Solar W ind

Abstract

Interplanetary space is permeated by a particle population in the plasma state, 
termed the Solar Wind, which emanates from the Sun’s outer atmosphere. After 
atoms and molecules are sublimated from a cometary nucleus, they are ionized 
and ultimately join the solar wind. The production of cometary plasma is de
scribed, as well as the way in which the solar and cometary plasmas interact, 
forming distinct regimes within the interaction region. The importance of a 
comet’s gas production rate in determining the nature of the comet-solar wind 
interaction is demonstrated. The comets studied for this thesis are then de
scribed, and estimates are given of the parameters of the solar wind in their 
vicinity when they were observed. The chapter concludes with an outline of the 
aims of the work described in this thesis.

1.1 The Solar W ind

Interplanetary space is permeated by the Solar Wind. This is a constant outward 
flow of a collisionless plasma which originates in the solar atmosphere. The 
limits of this wind constitute the heliosphere, where the Sun’s influence is greater 
than that of the surrounding interstellar medium, and is suspected to extend to 
around 100 AU from the Sun.

The solar wind carries with it the entrained solar magnetic (B) fleld that 
also originates in the solar corona. Due to the plasma’s infinite conductivity, 
the B-fleld is “frozen” into the solar wind. Thus, on a macroscopic scale, the 
fleld follows the solar wind Archimedean spiral flow pattern, which is caused by 
the Sun’s rotation (Parker 1963). At Earth’s orbit, the B-fleld direction clusters

23



24 CHAPTER 1. A  C O M E TS INTERACTION WITH THE SOLAR WIND

Table 1.1: Typical solar wind parameters at 1 AU and their standard deviations 
(Feynmann 1985, Hundhausen 1995).

Average Value 1er

Proton Density 8.7 cm“^ 6.6 cm“^
Flow Velocity 468 kms“ ^ 116 kms“ ^
Proton Temperature 1.2 X lO^K 9 X lO^K
Electron Temperature 1.4 X IG^K 4 X 10%
Magnetic Field 6.6 nT 2.9 nT

around the nominal Archimidean angles of 45° or 135° (depending on polarity) 
to the radial line from the Sun (Neubauer 1991). By the orbit of Saturn (9.5 
AU) it is nearly perpendicular to this vector (Van Allen 1990).

The neutral sheet in the solar magnetic field is not constrained to the so
lar equator (fig. 1.1). Objects in the ecliptic plane thus pass through regions 
of opposing magnetic field direction between encounters with the heliospheric 
current sheet (Feynmann 1985, Mariani & Neubauer 1990).

Beyond around 10 solar radii, the plasma fiows radially outwards at an 
average velocity of around 450 kms“  ̂ in the ecliptic plane, independent of its 
distance from the Sun. From coronal holes and the solar poles, the wind’s 
velocity averages around 750 kms“  ̂ (Phillips et al 1995). Marked fiuctuations 
in speed caused by changes in solar activity give rise to a variety of collisionless 
shock phenomena as higher velocity streams overtake slower ones.

Typical values of the basic parameters of the solar wind are given in Ta
ble 1.1. Sporadic order-of-magnitude fiuctuations in certain parameters can 
occur in response to varying solar activity.

Atomic collisions in the wind are rare, but complex electric and magnetic 
interactions cause energy exchanges among constituents of the plasma, and these 
give rise to a host of wave-particle phenomena, including Alfvén Waves in the 
magnetic field, electrostatic oscillations, ion-acoustic waves, and bursts of radio 
“noise” (Van Allen 1990, Hundhausen 1995).
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Figure 1 .1 : Typical configuration o f the heliospheric current sheet o f the solar 
wind, out to the orbit o f Jupiter. The neutral sheet is seen to cross the eclip
tic plane several times (artist’s conception by Heil and Wilcox; from Arduini- 
Malinovsky, 1994).

1.2 The Com et—Solar W ind Interaction

1.2.1 Historical Background

Tiie existence of a solar “corpuscular radiation” was first hypothesised by Chap
man and Bartels in 1940, when it was suggested that fluctuations in the Earth’s 
magnetic field were caused by the Sun’s ejection of gaseous material distinct 
from its electromagnetic radiation (Van Allen 1990).

In 1943, Hoffmeister first noted the difference of a few degrees in direction 
between cometary plasma tails and the anti-sunward direction (Brandt 1982 
and references therein). In 1951, Biermann published a statistical investigation 
of this anomaly, revealing an average tail direction approximately 3° from the 
radial direction from the Sun. Biermann suggested that the cometary ions were 
being swept away by the solar corpuscular radiation postulated by Chapman 
and Bartels, that this stream was continuous, and that it had a radial velocity 
of a few 100 kms~b For momentum coupling between the solar plasma and 
cometary ions by Coulomb collisions, Biermann invoked a plasma number den
sity of 1 0  ̂ to 1 0  ̂ cm"^ -  much greater than the densities derived from white 
light measurements of the corona.

Alfvén (1957) solved this problem by proposing that the solar wind had a 
frozen-in magnetic field, and that the ray features exhibited by many comets 
were tracing the flow of the solar wind past and through the cometary coma
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(a) ib)

( d )

ic)

( e )

Figure 1 .2 : Alfvén’s (1957) interpretation o f cometary tail features as a mani
festation o f the interaction o f the comet with a stream o f charged particles with 
a frozen-in magnetic field, (a) to (d) show the deformation o f the solar wind’s 
magnetic held viewed from perpendicular to the solar wind magnetic held, as it 
is draped around the head o f a comet, a hypothesis vindicated by later space
craft measurements, (e) shows the interaction viewed from a point in the plane 
o f the B-held at the comet (Brandt & Chapman 1992).

(fig. 1 .2 ). Since that time, instrumented spacecraft confirmed some (but not 
all) of the early inferences about the solar wind.

Comets became of interest to magnetospheric physicists, as it was realised 
that the gaseous envelopes which they possess when within the inner solar sys
tem could form induced magnetospheres. The comet-solar wind interaction 
region was very different in scale to that of a planet due to the freely expanding 
atmosphere involved (Biermann et al 1967).

Theoretical modelling of the comet-solar wind interaction was carried out 
by several workers, with magnetohydrodynamic (MHD) treatments being used 
most often. The main results of these simulations were the positions of the 
cometary bow shock and the solar wind stagnation region upstream of the nu
cleus (Wallis 1973a, 1973b, Schmidt & Wegmann 1982).

More sophisticated models which included the effects of collisions of plasma 
particles with neutral species as well as the influence of magnetic stresses on 
the flow led to the prediction of the Diamagnetic Cavity and an Inner Shock 
within the cavity (Schmidt & Wegmann 1982). Deceleration of the supersonic 
cometary ions and their divertion into the tail would occur at this shock (Wallis 
& Dryer 1976, Mendis & Flammer 1984).
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Figure 1.3: The nucleus o f Comet Hailey as imaged by the Hailey Multicolour 
Camera aboard the Giotto spacecraft. The Sun was towards the left (from 
Keller et al 1994).

To test these ideas experimentally, artificial comets were created in and 
near the E arth’s magnetosphere in 1984 and 1985 as part of the AMPTE (Ac
tive Magnetospheric Paticles Tracer Explorers) mission. High-altitude space
craft explosively released Barium and Lithium vapours which were observed 
by ground-based observers and the local physical effects monitored by in-situ 
spacecraft (Nature 320, No. 6064, 1986, JGR. 91, No. NA2, 1986). Particle 
observations were made of Lithium ions in the first half of their gyrations. The 
existence of a diamagnetic cavity was confirmed by AMPTE-IRM spacecraft 
magnetic field measurements, while an increase in magnetic field strength out
side the cavity was recorded by the AMPTE-UKS satellite.

These investigations thus prepared the ground for the revolution in cometary 
science which has occured since the spacecraft encounters with comets 2 1 P/Giacobini- 
Zinner, IP/Halley and 26P/ Grigg-Skjellerup^ (from hereon G-Z, Hailey and G- 
S). W ith the results from these missions, improved models have been produced 
(e.g. Schmidt et al 1988, Schmidt et al 1993, Flammer & Mendis 1993b, Gom- 
bosi et al 1994, 1996), leading to a better understanding of the interactions of 
comets with the solar wind.

1.2.2 Cometary Nuclei and the Production of Gas

The existence of a discrete nucleus as the source of a comet’s gas and dust was 
postulated as early as 1813 by Laplace (Mendis 1988). The discrete nature of a 
cometary nucleus was confirmed by the Vega 1  & 2 and Giotto spacecraft during

^For an explanation of cometary naming procedures, refer to Appendix A .l
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obtaining the clearest images of the nucleus unobscured by the coma (fig. 1.3). 
These revealed a body of approximate dimensions 16 x 8 x 8 km, with an 
albedo of around 4% (Keller 1990).

Cometary nuclei are believed to have formed in the outer Solar System, 
which is indicated by the fact that most of these bodies consist primarily of 
water ice and dust, as postulated by Whipple (1951). The material constituting 
the nuclei is likely to be an aggregate of material of very low strengths and 
densities (Hughes 1996), whose icy component is believed to be in the form of 
a clathrate hydrate, which forms when water condenses in the presence of other 
gases. ‘Impurities’ may be locked within the crystal lattice of the water ice, and 
include CH4 , NH4 , C, CO and CN, as well as more complex molecules (Brandt 
& Chapman 1992). It is unclear at present whether nuclei are mostly individual 
bodies or weakly-bound conglomerates of smaller bodies.

As a cometary nucleus is heated by the Sun, the volatile material near the 
surface sublimates and leaves the nucleus with a terminal bulk velocity of around
0.7 - 1.1 kms“  ̂ (Krankowsky et al 1986). CO sublimation often precedes the 
release of water (e.g. Biver et al 1996). With the sublimation of the ice comes 
the release of the molecules trapped within its crystal lattice, leaving behind a 
porous dust crust which regulates the sublimation rate and insulates the ices 
beneath (Brandt & Chapman 1992). The escaping gases were witnessed by 
Giotto’s camera to form jets emanating from discrete active regions on the 
sunlit side of the nucleus (fig. 1.3).

Near the nucleus’ surface, the gas density is usually high enough to allow 
collisions between molecules; hence chemical reactions occur. Photodissociation 
of the original molecules may also take place, resulting in the formation of several 
generations of ‘daughter’ molecules (e.g. H2O gives rise to H, OH and O; HCN 
dissociates to give H, CN etc.).

The gas production rate of a nucleus (usually denoted by ‘Q’) is the key 
parameter determining the degree of plasma activity of a comet. Variations in Q 
can occur during a comet’s perihelion passage through the effects of varying solar 
heating, the activation of new active regions, and the occasional fragmentation 
of the nucleus. A general decrease in the gas production rate of a comet with 
each perihelion passage is expected, not only due to the decrease in the amount 
of source material and its surface area, but also with the suspected increase of 
the degree of insulation provided by the porous dust crust with age (Rickman 
& Huebner 1990). Observations of several comets suggest that a significant 
portion of a comet’s gas production can be due to the sublimation of grains, 
as opposed to direct gas release from the nucleus. It seems that C/1996 B2 
Hyakutake had a particularly large fraction of its gas production being due to
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such a process (Harris et al 1997).
Entrained within the nuclear gas jets is dust; the gas-to-dust ratio varies 

from comet to comet. Solar radiation pressure exerts a force on the particles 
in the anti-solar direction, thus forming a dust tail. This force is significant for 
these small particles due to their great area-to-mass ratios. Electrical charging 
of this material is believed to occur due to the effect of ultraviolet radiation and 
the immersion of the material in the cometary plasma. Physical and dynamical 
effects are also thought to be caused by the electric field of the plasma, causing 
changes in the loci of dust particles within the coma and tail. The charged 
dust is believed in return to have a weak effect on the plasma, particularly 
through the modification of low-frequency plasma waves (Mendis & Horanyi, 
1991). Lamy & Koutchmy (1979) suggested that striae seen in the dust tails of 
high production rate comets may be formed by the tracing of the interplanetary 
magnetic field by charged dust particles. Dust-plasma interactions will not be 
dwelled upon in this thesis.

The material released from the nucleus thus forms the cometary dust and 
plasma (described below) tails, as well as the recently-discovered neutral sodium 
tail (lAUC 6631), which had been predicted to exist three decades earlier (Levin 
1966).

1.2.3 Ionization of the Gases: The Production of Cometary  
Plasm a

The neutral molecules released from the nucleus as well as their descendant 
products are all eventually ionized. In order of importance, the three main 
sources of ionization are (Cravens 1991):

i. Photoionization by solar extreme ultraviolet radiation

hẑ  -f- M — M+ +  e“

where M stands for a cometary neutral species. The nuclear volatiles which form 
the near-nuclear neutral coma is believed to be dominated by H2O (~80%), with 
other species such as CO ( ^ 8 %), CO2 (^3%) and CH4 (~ 2 %) consitituing the 
remainder of the gas, along with other minor species (Schmidt et al 1988).

ii. Charge transfer with solar wind protons

H+(solar wind) 4- M — > H/ast +  M+(cometary plasma)
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The resultant H atoms have velocities of around 100 to 400 kms“ .̂ The effects of 
this process on the interaction region can be significant (e.g. Khabibrakhmanov 
& Summers 1997). Charge-exchange with heavier solar wind ions is likely to be 
the cause of cometary X-ray emission (see Section 2.3).

ill. Electron impact ionization

e" -h M — M+ +  e" -K e"

In addition to the above processes, in the inner coma (where the neutral 
densities are high and the plasma temperature is as low as 1 eV), several pro
cesses occur which lead to the alteration of the cometary plasma’s composition. 
These include charge transfer (which removes energy from the plasma), atom - 
atom interchange (which leads to HsO"*" being the major ion in the inner coma 
of active comets, produced when a water molecule interacts with a water ion), 
and dissociative recombination, which re-neutralizes the plasma.

H and OH are released by the photodissociation of water molecules. The 
released hydrogen atoms have velocities of 2 0  k m s" \ and further dissociation 
of the hydroxyl molecules releases hydrogen atoms with velocities of 8  kms“ .̂ 
Due to these high velocities, many hydrogen atoms are able to travel large 
distances before being ionized, thus forming an extensive neutral-hydrogen cloud 
surrounding the comet (Cravens 1991, e.g. Bertaux 1996). Protons formed 
by the ionization of these hydrogen atoms were detected clearly during the 
cometary flybys (e.g. Neugebauer et al 1987, 1989). Some other light atoms, 
e.g. C and O can have relatively high speeds due to the dissociation of various 
molecules (Neugebauer 1990 and references therein).

1.2.4 Ion Pick-up by the Solar W ind

Cometary neutral particles are unaffected by the B- and E-fields of the solar 
wind; however, upon ionization, their trajectories are immediately dictated by 
them. The ions’ inital instantaneous velocities in the comet’s frame of refer
ence are those which they possessed as neutrals. Their subsequent motion is 
a combination of two components: gyration about the magnetic field lines and 
streaming parallel to the field lines; hence giving a Ring-Beam Distribution 
which is subject to various plasma instabilities.

The gyration velocity about the B-held line (v±) is equal to u s in a , where 
a  is the angle between the solar wind velocity v and the B-held. The velocity 
component parallel to the B-held (uy) is equal to u cos a.

The pick-up process thus depends on the relative orientations of the B-held 
and solar wind how velocity vector. Two extreme cases can occur: When the
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Figure 1,4: An illustration o f cometary ion pick-up when the IMF is perpendic
ular to the How o f the solar wind. Ions form a ring distribution with velocity 
vj_ relative to the magnetic Geld in the plasma frame (Tsurutani, 1991a).

IMF is perpendicular to u, the macroscopic B- and E-fields alone control the 
pick-up process, and ions retain their magnetic moment at the point of origin 
(the motional electric field being defined by E  =  — v  x B). When the B-field 
and velocity vector are parallel, the microscopic fields generated by plasma 
instabilities dominate the pick-up process (Flammer 1991).

In the cometary frame of reference, the parallel and perpendicular ion motion 
describes a cycloid. The guiding centre speed in the cometary frame of reference 
is given by

( E x B )

The maximum velocity of the ions is twice that of the solar wind for the shell, 
and 2 v  sin a  for the ring.

A transfer of energy thus occurs from the solar wind to the newly-ionized 
cometary molecules, which results partially in the overall deceleration of the 
solar wind in the vicinity of a comet. Plasma waves interact with and scat
ter the pickup ions from their initial ring-beam distributions to more stable 
states; first to spherical shells in velocity space and thence, in the extreme inner 
regions, to Maxwellian distributions (Coates et al 1989, Coates 1991, Cowley 
1991, Flammer 1991, Huddleston et al 1990).

1.2.5 Plasm a Waves

The complex comet-solar wind interaction region is a source of many wave 
phenomena. Magnetometers were carried by virtually all cometary spacecraft. 
The two Vega, ICE and Sakigake probes also carried electric field experiments.
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The complex plasma wave data from these instruments have given rise to a 
wealth of results in this field of research (Tsurutani 1991a, Festou et al 1993a).

One of the main early results from the ICE encounter with G-Z was the 
identification of the pick-up water group ion cyclotron frequency from spectral 
power analysis (Tsurutani & Smith 1986, Gosling et al 1986). This frequency 
was detected in the large amplitude variations in the magnetic field, solar wind 
electron number density and solar wind fiow velocity.

At Hailey, B-field fluctuations were smaller than at G-Z; the wave power 
spectrum peaked at around 140 s, which was consistent with pump waves from 
the water group ion cyclotron resonant waves. There was good correlation 
between B-field and solar wind velocity variations upstream of the Hailey bow 
shock, which was characteristic of Alfvén wave propagation towards the Sun 
(Glassmeier et al 1988).

In the cometosheath of Hailey, ULF fluctuations increased; this was possibly 
linked to the bow shock formation. G-S was also found to have a solar wind 
interaction region dominated by large-amplitude plasma waves (e.g. Glassmeier 
& Neubauer 1993, Neubauer et al 1993b). A thorough review of this topic is 
given by Tsurutani (1991a).

1.3 General M agnetic Topology

On a macroscopic scale, the presence of a comet is seen as a site of low solar 
wind fiow velocity, and hence a region where the frozen-in B-field is distorted 
by the draping of the field lines around the comet’s coma (fig. 1.5).

Downstream of the nucleus, the ion tail, as predicted by Alfvén (1957), is 
comprised of a narrow current sheet of low field strength containing a cold, 
dense plasma (Cravens 1991). The neutral sheet is bounded by induced magne- 
totail lobes of high field strengths formed by the draping of the interplanetary 
magnetic field lines. The only in-situ measurements of the environment of a 
cometary plasma tail were made by the ICE probe during its encounter with 
Comet 2 1 P/Giacobini-Zinner.

The neutral sheet’s diameter was found to be around 1x10^ km at the 
7800 km tail ward crossing in G-Z (Slavin et al 1986, McComas et al 1987). 
The width to thickness ratio of the tail of G-Z was around 20:1 (Meyer-Vernet 
et al 1987). The opposing B-field directions on either side of the neutral sheet 
induces the fiow of a cross-tail current (fig. 1.10). Due to the strong coupling 
between solar wind particles and the cometary ions, ion tails can change in 
appearance over very short time scales.

Before the spacecraft encounters, the bulk of non-theoretical cometary plasma
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Figure 1.5: An illustration o f the magnetic held conhguration found at comets. 
Frozen-in solar wind B-held lines are draped around the com et’s head by the 
effect o f mass-loading of the solar wind. The relative sizes o f the features are 
not to scale (Neubauer 1990).

research had involved visual observations of the plasma tail (see Chapter 2). In
direct measurements of the effect of the presence of a comet on the solar wind 
were made in May 1910, when the Earth passed through the tail of Comet 
Hailey at 2.4x10^ km downstream of the nucleus (Russell 1988). Geomagnetic 
measurements recorded the response of the magnetic held at the E arth’s sur
face to the passage of the planet’s magnetosphere through the lobes and neutral 
sheet of the comet’s tail.

1.4 Cometary Plasma Domains
The comet-solar wind interaction region is the volume surrounding a nucleus 
where a general increase in ion number density and decrease in solar wind veloc
ity and ion temperature are seen with decreasing nucleocentric distance. This 
change is punctuated by features detected by several spacecraft instruments. 
The regions described here generally follow those listed by Rème (1991) (hg. 1.6), 
and unless otherwise indicated, features and scales refer to measurements ob
tained at Comet IP/Halley.

1.4.1 The Upstream Region

The presence of a comet can be detected at great distances in the solar wind, 
as demonstrated by the detection of cometary pick-up ions at a distance of 
7.8x10^ km from Hailey (Johnstone et al 1986b).
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There exists of a large disturbed region upstream of the bow shock. At 
Hailey, ap “foreshock” was found some 2.5 x 10  ̂ km ahead of the shock, with 
spikes of 1 keV electrons (Rème et al 1987), and an abrupt increase in water- 
group ion number density (Coates et al 1987). This may be a region where 
electrons are streaming back along the interplanetary magnetic field, in the 
direction opposite to the heat flux from the solar corona.

Other features seen in this region included a decrease in the bulk density 
and the detection of some ions (Rème et al 1986b). The plasma wave activity 
in this region as well as velocity fluctuations were much higher than expected.

1.4.2 The Bow Shock

The addition of cometary pickup ions to the solar wind slows down the flow due 
to the conservation of momentum. Additionally, the high-speed gyrations of 
these ions increase the effective temperature of the solar wind, thus decreasing 
its Mach number. When the Mach number is around 2, a weak bow shock is 
expected to form (Flammer 1991 & references therein).

The structure of this bow shock differs widely from that of the terrestrial 
magnetospheric bow shock; the Mach number is much lower, and a large number 
of ions are present with gyroradii greater than the thickness of the terrestrial 
shock.

Bow shocks had been predicted as a result of modelling studies (e.g. Wallis 
1973a, 1973b). Structures similar to those predicted have been detected during 
all cometary encounters, at roughly the cometocentric distances predicted, but 
the detected structures had greatly differing characteristics (Johnstone et al 
1986b, G alee V et al 1986, Mukai et al 1986, Smith et al 1986, Johnstone et al 
1993). These differences were probably a result of the differing IMF orientation 
during each encounter, as well as the possible presence of solar wind features 
in the vicinity of the shocks in some cases, namely Giotto-Halley inbound, and 
Suisei outbound (Goates et al 1997 and references therein).

At Hailey, the shock was crossed by Giotto at distances of 1.13 and 0.76 x 
1 0 ® km from the nucleus (inbound and outbound, respectively) along the space
craft trajectories (Johnstone et al 1986b, Goates et al 1986), corresponding to 
a subsolar stand-off distance of 5x10® km (Coates et al 1990). The physical 
changes seen at the features are a sharp decline in solar wind velocity (from 
supersonic to subsonic), a compression of the magnetic field, and the heating 
and increase in number density of ions and electrons.

The IMF orientation during each encounter has been found to have a fun
damental effect on the features. The thickness of the feature was one of the
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affected properties; this dimension varied from a few watergroup ion gyroradii 
to many gyroradii in the quasi-perpendicular and quasi-parallel cases, respec
tively. Due to their large gyroradii, heavy ions can leak through the shock 
upstream of the feature, and these ions were seen to change their characteristics 
outside the shock itself (Neugebauer 1990, Coates 1995, Coates 1997).

Some debate has arisen as to the nature of the structures, and as to whether 
or not they can be referred to as shocks. The complexity of the features caused 
by the presence of many heavy cometary ions has hindered their in-depth study 
(Coates 1995). Analysis of the in-situ data is now revealing the fact that these 
features all possess most shock characteristics (e.g. Coates et al 1997).

The upstream stand-oflF distance of the bow shock Rguh can be estimated by 
using the formula

_ Qfrii
^sub —

4'KL7Tlsyj'̂ SŴ SV}\̂ P̂ ^C l]

where Q is the total gas production rate; and nisw are the mean mass of 
cometary and solar wind ions, respectively; Usw is the solar wind particle number 
density; Usw is the solar wind speed; L  =  is the ionization scale length 
for ions escaping with velocity and ionization rate { p u ) c  is the critical 
mass flux ratio between total contaminated flow and solar wind flow [psw'^sw +  
piUi)/{ps.u}Uaw)  ̂where mass density p =  m n  (Huddleston et al 1992, after Galeev 
et al 1985).

The above formula is applicable to comets where the bow shock stand-off dis
tance is much less than the ionization scale-length. The validity of the formula 
decreases for comets of production rates around that of Hailey and above.

1.4.3 The Com etosheath

Between the Bow Shock and Diamagnetic Cavity lies the Cometosheath, where 
a mixture of cometary and solar plasmas flows (some workers have defined the 
sheath region as lying between the Bow Shock and Magnetic Pile-Up Boundary 
e.g. Neubauer 1987). Moving inwards through this region, the magnetic field 
strength increases due to the pile-up of the field lines and the flow speed con
tinues to decrease as the rate of ion pick-up increases — by the inner edge of 
the region, the flow is almost stagnant.

W ithin the Cometosheath, several regions and boundaries not predicted by 
prior modelling have been detected during the cometary spacecraft encounters 
(Galeev 1987); these are summarized below.
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Figure 1.6: Electron and cold ion data returned from the RFA experiment 
aboard Giotto, covering the inbound passage at Comet IP/Halley. The count 
rate changes in the upper panel o f the graph around 2330 SC ET (from Rème 
1991).

O uter Region 1

This region immediately inside the Bow Shock was found to be present at Hai
ley, but not at G-S (Rème et al 1993). Large number density increases were 
detected for all constituent species of the plasma, and fluctuations occured in 
the electron temperature and velocity. Low energy ions were detected in the 
ram direction with fluxes anticorrelated with the electron bulk velocity. Large 
increases occured in the number densities of protons, o-particles and cometary 
ions, and a temperature increase and bulk velocity decrease of the solar wind 
ions were recorded. Large fluctuations were present in all these parameters 
(Johnstone et al 1986b, Balsiger et al 1986b), and fluctuations were detected in 
the magnetic field strength and direction (Rème 1991 and references therein).

O uter Region 2 -  T he M ystery  Region

Here there existed higher ion number density, increased flow speed and decreased 
ion temperature (Fuselier et al 1991). An unexpectedly high flux of energetic



L4. COMETARY PLASMA DOMAINS  37

electrons (0.8 - 3.6 keV) was detected, which disappeared abruptly as the region 
was exited (Rème 1991). A large increase in ion number density and a small 
decrease in the ion velocity was recorded. Ram ion fluxes were anticorrelated 
with electron temperature and density (Rème 1991). This domain coincides 
with the region from whence X-rays were seen to emanate (Chapter 2), and was 
found to be present in both the Hailey and G-S cometosheaths (Mazelle et al 
1995).

The M ysterious Transition

The inner edge of the Mystery Region is marked by the Mysterious Transition 
(MT), where several marked changes occured in the plasma parameters recorded 
by the Giotto and Vega spacecraft. At Hailey, this boundary had a width of 
between 1.7 and 4.5x10^ km during the Giotto encounter (Rème 1991 and ref
erences therein), and was encountered at around 5.5 x 10  ̂ km from the nucleus, 
with most changes occuring between 21:46:14 and 21:56:47 SCET (SpaceCraft 
Event Time). The cometary ions’ energy distribution had begun to show signs 
of a bifurcation in the Mystery Region (Thomsen et al 1987), but were seen to 
split into two distinct groups according to energy at the MT (Johnstone et al 
1986b), as shown in fig. 1.7.

The electron population at the boundary was seen to undergo a decrease 
in temperature and density, and the shocked solar wind decelerated and ther- 
malized, but the number density was lower downstream (unlike that seen at 
the bow shock). The high energy electron flux (0.8<E<3.6 keV) underwent a 
rapid decrease to the level seen outside the Cometosheath (Rème et al 1987). 
Cold ions in the ram direction were seen to begin a sustained increase (Korth 
et al 1987), but the magnetic field underwent only a slow rotation. Protons 
underwent a temperature increase; water group ions cooled while decreasing in 
bulk velocity. The total ion density and velocity decreased (Neugebauer 1990), 
while the ion temperature increased (Amata et al 1991).

Similar features were also detected by Suisei and inbound by Vega 2 (Neuge
bauer 1991, Flammer 1991); it was suspected to be a consequence of the comet- 
solar wind interaction rather than a transient phenomenon (d’Uston et al 1987, 
Johnstone et al 1986b). ICE had detected a similar abrupt change in plasma 
parameters between the regions termed the transition region and the sheath by 
Bame et al (1986). The presence of the MT at G-S (Mazelle et al 1995, Jones & 
Coates 1997) suggests that it is a permanent feature of comets at around 1 AU 
from the Sun.

Thomsen et al (1987) proposed that the bifurcation can be explained by the 
pick-up of ions in regions of differing local velocity. Ions picked-up upstream
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Figure 1.7: Spectrogram covering the crossing o f the Mysterious Transition 
(before 22:00 SC ET inbound, and at 02:05 SCET outbound) by the Giotto 
spacecraft. These JPA data demonstrate the clear splitting in energy o f the 
water-group ions which happened at this boundary.

in the solar wind would have higher energies than those picked-up within the 
Cometosheath. The reason for the strengthening of the bifurcation at the Mys
terious Transition is however still not fully explained; Thomsen and co-workers 
suggested that it was linked to an overall slowing of the bulk flow in the region.

Pérez-de-Tejada (1989), noting the similarity of the transition to a boundary 
found in the Venusian-solar wind interaction region, proposed that the Myste
rious Transition could be the signature of a viscous-like interaction between the 
shocked solar wind and the main body of cometary ions. Amata et al (1989, 
1991) interpreted the primary feature of the transition as being the switching 
of the centre of mass from the solar wind protons to cometary ions.

O u ter Region 3

This plasma domain lies between the Mysterious Transition and the Magnetic 
Pile-Up Boundary. The average plasma flow decreased here, the average 10 eV- 
30 keV electron density was smaller than before and relatively constant, and
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the electron and water group ion temperatures also decreased. The electron 
distribution functions were more isotropic than in the other outer regions. Low 
energy ions were increasingly detected in the ram direction. The B-field mag
nitude remained almost constant (Rème 1991 and references therein).

The Vega spacecraft recorded further structures in this region, including 
features in the neutral species’ characteristics (Schwingenschuh et al 1987); but 
their non-detection by Giotto instruments suggests that they were not perma
nent structures.

The Cometopause

Based on data returned from the Vega 2  spacecraft, Gringauz et al (1986) re
ported the discovery of a boundary in the plasma environment of Hailey at a 
cometocentric distance of approximately 1.6x10® km inbound. The boundary 
was characterised by a sudden decrease in the proton fiux detected by the ram 
direction-facing Cometary Ram Analyser (CRA) of the PL ASM AG-1 instru
ment. Simultaneously, a steepening was seen in the rate of increase of heavy ion 
fiuxes. The instrument’s Solar Direction Analyser (SDA) recorded no dramatic 
changes in the solar wind parameters nor in the electron environment.

Amata et al (1986) and Formisano et al (1990) suggested that a density 
increase seen in the JPA data at a cometocentric distance of 1.8 x 10® km was 
the signature of the cometopause crossing during the Giotto encounter. This 
was countered by Neugebauer et al (1992), who reported that studies of Giotto 
IMS measurements revealed no significant change there.

Hypotheses proposed to explain the boundary have primarily centered on 
a chemical change due to the change in the ratio of protons to heavy ions, 
with heavy ions becoming predominant inwards of the boundary (an order of 
magnitude change in the ratio occured over a distance of 1 -  2 x 1 0 ^̂ km).

The existence or otherwise of the Cometopause has been vehemently de
bated. PL ASM AG-1 on Vega 2  has provided the only sampling of ram protons 
at a comet (the Vega 1 instrument was not operational). In 1991, Gringauz 
and Verigin suggested that the Cometopause is a permanent cometary plasma 
boundary. Goldstein et al (1992) and Neugebauer (1991) argued against the 
existence of the boundary, suggesting that the effects seen were due to a change 
in the fiow direction, which led to the shifting of the proton beam out of the 
field-of-view of the CRA detector. This could have been caused by the convec
tion of a solar wind discontinuity through the cometosheath at the time of the 
encounter.

Rème and co-workers (1994) also strongly disputed the boundary’s existence, 
remarking that plots’ colour tables exaggerated the changes that occured in
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Figure 1.8: Ion energy spectra taken in the ram (CRA) and solar wind (SDA) 
directions by the VEGA 2 PLASM AG instrument at Comet Hailey (from 
Tatrallyay et al 1995).

the PLASMAG-1 data. This was countered by Tatrallyay et al (1995), who 
published the data with a different colour scheme (fig. 1.8). The debate will 
probably not be settled until new in-situ cometary plasma data are gathered.

M agnetic P ile-U p B oundary

At a distance of around 1.35x10^ km from the nucleus of Hailey, several Giotto 
instruments recorded rapid changes in the local plasma characteristics, as well 
as a strong increase in magnetic field strength from ~ 8  nT to ~30 nT. This 
Magnetic Pile-Up Boundary (MPB) was marked by sharp decreases in electron, 
proton and o-particle densities. There was no clear change recorded in the 
cometary ion characteristics while crossing the boundary (e.g. B. E. Goldstein 
et al 1987, Neugebauer et al 1991). Neubauer et al (1987) showed that the 
boundary can be described either as a tangential discontinuity, or as a rotational 
discontinuity which is propagating slowly, with differing plasma anisotropies on 
either side.

Some have suggested that the MPB at Hailey was a transient effect caused by 
the convection of a solar wind discontinuity through the coma (e.g. Neugebauer 
et al 1991, Goldstein et al 1992). However, a very similar feature was recorded 
during the G-S encounter; hence it is likely that the MPB is a feature common 
to all comets (Mazelle et al 1995).

Some workers have related the MPB to the Collisionopause; the region where
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the outflowing neutral molecules decelerate the inflowing contaminated solar 
wind to such an extent that collisions dominate the flow (Flammer & Mendis 
1993b).

M agnetic Pile-Up Region Features

The MPB marks the beginning of the Magnetic Pile-Up Region. Within this do
main, Goldstein et al (1987) reported a discontinuity (X) recorded in the Giotto 
IMS-HERS data, where the proton number density fell abruptly at 23:41 SCET. 
This was also recorded in the JPA data (Coates 1997). A distinct density bulge 
was recorded between 23:53 and 23:55 SCET (Schwenn et al 1987).

A similar feature to the X discontinuity was detected by the JPA IIS and 
FIS instruments, at 23:49 SCET (Coates 1997); this has been termed the X’ 
discontinuity. This may also have been detected by the IMS, but the study pub
lished by Goldstein (1987) did not extend to this time. At 23:56 SCET (around 
27000 km from the nucleus), a sharp decrease in ion temperature was detected 
(Y) (Schwenn et al 1987), which was also seen in JPA data. At 23:59 SCET (at 
around 17000 km), another discontinuity (termed Z) was crossed, where a flow 
of ions away from the nuclear region gave way to the virtually stagnant plasma 
lying between Z and the Contact Surface (Balsiger et al 1986b, Schwenn et al 
1987).

Ion Pile-Up Region

The maximum ion density detected by Giotto and Vega instruments was reached 
at around 12000 km from the nucleus rather than at closest approach (Balsiger 
et al 1986b, Krankowsky et al 1986, Vaisberg et al 1987). The maximum was 
also detected indirectly by the sounding of the region using the Vega-1 downlink 
radio signal (Patzold et al 1997).

The total ion density peak at 12000 km is due to the density of 
reaching its peak there (H3O"'' was the most abundant ion inside 2 0 0 0 0  km at 
Hailey) (Krankowsky et al 1986, Altwegg et al 1993). Modelling work carried 
out by Haberli et al (1995) suggests that this occurs as a result of an increase 
in electron temperature with increasing distance, which reduces the rate of 
recombination of ions and electrons.

1.4.4 The Diam agnetic Cavity

The Contact Surface (also known as the lonopause) marks the outer edge of 
the region where the plasma is almost purely cometary in origin. Here, the
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Figure 1.9: Giotto magnetometer measurements o f the Magnetic Field Strength 
during closest approach to Comet IP/Halley. A t the edge o f the Diamagnetic 
Cavity, the magnetic Geld strength falls dramatically (Neubauer et al 1986b)

contaminated solar wind with its frozen-in magnetic field achieves its maximum 
penetration into the coma. The magnetic tension of the magnetic field lines of 
the inner coma is balanced by the forces imposed on the ions immediately sur
rounding the nucleus by the outfiowing cometary neutrals. Inside the Contact 
Surface, the region is almost devoid of a magnetic field, and is hence termed the 
Diamagnetic Cavity.

Only the Giotto spacecraft has entered this plasma domain, during its Hailey 
encounter. When the contact surface was crossed (at 4600 km inbound and 
3900 km outbound), the marked drop in the magnetic field strength (fig. 1.9) 
over a distance of only 300 km (Neubauer 1986b) was accompanied by a sudden 
decrease in the ion temperature from 2600 to 450 K, and the rapid onset of an 
ion fiow outward from the nucleus (Schwenn et al 1987).

Cravens (1986) arrived at an estimate for the sub-solar stand-off distance of 
the Contact Surface in km:

f^cs ~  1.07 X 10

where Bs is the magnetic field strength immediately outside the contact surface 
in units of nT, and Q is the total gas production rate in molecules s“ .̂

Bs can be estimated from the expression for the solar wind stagnation pres
sure, (because at the contact surface, all the solar wind kinetic pressure has 
been transferred to magnetic pressure) (Huddleston et al 1992):

B ; 2
 =  mriooU^
2po
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Figure 1 .1 0 : Some features o f the plasma in the inner part o f the comet-solar 
wind interaction region (adapted from Ip & Axford 1990, and Ip 1992).

where /tq is the permeability of free space; m is the mean mass of the solar wind 
particles, Uqo is the particle number density upstream of the comet, and is 
the undisturbed solar wind velocity.

The Inner Shock was one of the boundaries predicted by models prior to the 
spacecraft encounters with comets (Wallis & Dryer 1976), where the cometary 
plasma flowing outwards under the influence of the cometary neutrals was ex
pected to change direction to flow downstream. The cometary ions showed a 
constant velocity of around 1  kms"^ throughout the region of the cavity sampled 
by Giotto (Schwenn et al 1987), and no large electron temperature gradients 
were detected (which would be indicative of a shock boundary).

In the Ion Mass Spectrometer data however, hot ions were seen inside the 
ionopause flowing in the anti-sunward direction (R. Goldstein et al 1987), and
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a thin ion density spike was recorded at the inner edge of the contact surface 
(Goldstein et al 1989). It was suggested that this was due to the deflection and 
heating of ions near the cavity surface. Cravens (1989) modelled this region, 
and identified the thin ion pile-up layer as the location where the flow becomes 
subsonic, i.e. the predicted Inner Shock. However, this detected layer was not 
thick enough to divert as much of the flow as the inner shock was predicted to 
divert, hence more work is needed to fully explain this feature (Flammer 1991).

The region immediately surrounding the cavity may be a source of ion beams 
in the cometary environment. In the vicinity of the cavity, the plasma flow tends 
to converge towards the central axis due to charge-exchange cooling. The strong 
B-fleld line draping forms an enclosed magnetic region, bounded on the tailward 
side by an X-line topology, at the sunward extreme of the plasma tail neutral 
sheet. Reconnection may occur at the neutral point in the X-line topology, 
accelerating ions in the process, as shown in fig. 1.10 (Ip and Axford 1990).

1.5 A ctivity as a Function of Heliocentric D is
tance

Far from the Sun, a cometary nucleus generally experiences little outgassing; 
and, presuming that nuclei are non-magnetic, at heliocentric distances greater 
than around 5 AU, it is thought to form a non-magnetic wake in the solar wind 
(Flammer 1991).

The scale of a comet-solar wind interaction region is strongly dependent on 
the gas production rate of the nucleus. The heliocentric distance of a comet not 
only affects the nucleus’ production rate (fig. 1 .1 1 ), but also the photoionization 
rate of cometary neutrals due to the differing amounts of incident solar radiation.

It is known that cometary ions move along cycloid-type paths originating in 
the ion source region. At very low outgassing rates, it has been surmised from 
modelling studies that the cycloidal-type motion of the heavy ions is periodically 
attenuated by the build-up of ion density around the nucleus. This produces 
clumps of ions moving as solitons along the cycloid trajectory (Bogdanov et al 
1996, Sauer et al 1996).

Depending on the Alfvén Mach Number, bow shock formation is expected 
to take place when the production rate exceeds a threshold of around 0.5 to 
1 x 1 0 ^̂  s“  ̂ (Bogdanov et al 1996). This corresponds to heliocentric distances 
of less than around 2 AU for Halley-type comets (Flammer 1991). Below this 
threshold, a Mach cone is formed; although disturbed, the solar wind remains 
Super-Alfvenic in the interaction region (Bogdanov et al 1996). Using the same
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Figure 1.11: Heliocentric variation o f gas production rate Q for an H2 O- 
dominated comet o f the same size as Hailey (Flammer 1991).

model, Diamagnetic Cavity formation is calculated to occur at a production 
rate of around 1 x 1 0 ^̂  s~^.

The detailed interaction of a comet with the solar wind as a function of 
heliocentric distance and gas production rate will be investigated as part of the 
Rosetta mission (see Appendix D). The expected production rate for Comet 
Wirtanen is in the range of IxlO^'^ to 5xl0^®s“  ̂ during the Rosetta close ap
proach phase which will be at heliocentric distances of 3 to 1 AU (Rosetta 
Science Team, 1993).

1.6 The Comets Studied

The comets studied for this thesis are listed in table 1.2, along with their orbital 
elements. Hailey, G-S and Honda-Mrkos-Pajdusakova (from hereon H-M-P) 
are all short-period comets, with orbital periods ranging from 5.1 to 76 years. 
Hyakutake and Tabur have long orbital periods measured in thousands of years.

The orbits of the five studied comets viewed from two different vantage 
points are shown in figs. 1.12 and 1.13.

Figure 1.14 demonstrates the relative degree of activity of the comets at 
the time at which they were encountered by spacecraft and/or observed for this 
thesis. The range of production rates displayed by the objects can be accounted 
for by variations in nuclear age, size and active surface area. Broadly speaking.
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Table 1 .2 : Equinox J2000.0 orbital elements o f comets studied (source: Central 
Bureau o f Astronomical Telegrams Computer Service).

Comet T e q (AU) w( ° ) n ( ° ) i (°)
IP/Halley 9.4590/2/1986 0.967277 0.587104 111.8657 58.8601 162.2422
26P/Grigg-Skjellerup
45P/Honda-Mrkos-

22.137/7/1992 0.664325 0.994689 359.276 212.631 21.104

Pajdusâkovâ 25.929/12/1995 0.824302 0.531929 325.972 88.555 4.25
C/1996 B2 Hyakutake 1.3950/5/1996 0.999758 0.230221 130.1773 188.0454 124.9233
C/1996 Q1 Tabur 3.5269/11/1996 0.998901 0.839827 57.4072 31.4018 73.3581

Grigg-SkjellerupHonda-Mrkos Pajdusakova

Tabur Hailey

Hyakutake

Figure 1.12: Orbits o f the comets studied, viewed from the First Point o f Aries.

G-S and H-M-P can be described as “weak” comets, whereas comets Hailey, 
Hyakutake and Tabur can be considered to be “strong” . Further background 
information on the comets is given in Appendix C.

1.6.1 Nuclei

Although H ailey is the only comet to have had its nucleus directly imaged 
at close range (Section 1.2.2; Keller 1990), the majority of the other comets 
studied here have had their nuclear sizes estimated by other methods. In 1982, 
the Arecibo radio telescope received reflected radio waves from the nucleus of 
G-S. From the strength of the returned signal, a nuclear radius lower limit of 
0.4 km was calculated (Kamoun et al 1982, 1996). Hughes (1991) estimated the 
nuclear radius to be 0.23 km.

The nucleus of Comet H -M -P was imaged using the Hubble Space Tele
scope in February 1996 (Lamy et al 1996). The object was resolved against the
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Figure 1.13: Orbits o f the comets studied, from a vantage point above the 
ecliptic plane. Also included are the orbits o f the Earth and Jupiter. The Eirst 
Point o f Aries is in the downward direction in this view. The colours o f the 
orbits match those o f fig. 1.12.

background coma, and its effective radius was estimated as being 0.35 km, with 
1 0 % of the nuclear surface being active.

H yakutake’s nucleus was detected by radar using the Goldstone dish in 
California by Ostro and co-workers (Aguire 1996). An effective nuclear radius 
of 0.5 - 1.5 km was determined; the radar signals returned also suggested that 
the nucleus was surrounded by a dense swarm of centimetre-sized particles.

1.6.2 Solar Wind Conditions

Complicating the direct comparison of the comets studied was the fact that 
the solar wind conditions differed at each object. Greater solar wind veloci
ties and particle densities can affect the overall scale of the interaction region 
(see Sections 1.4.2 and 1.4.4). Turbulence in the flow undoubtedly leads to the 
appearance of more structure in the ion tail; it is possible that variations in 
magnetic field direction are the cause of ion rays, and the overall B-field direc
tion could determine the nature of the ion tail as observed remotely (as covered
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Figure 1.14: H2 O production rates and heliocentric distances o f the observed 
comets, at the times o f observation and/or encounter, as well as for G-Z during 
the ICE encounter (Sources: Hailey - Krankowsky et al 1986, G-Z - McComas 
et al 1987, G-S - Johnstone et al 1993, dockers et al 1993 and this thesis, Tabur, 
H-M-P and Hyakutake - estimates from visual observations using the method  
of Jorda et al 1992).

in Chapter 4 of this thesis).
To take into account the solar wind, the conditions in the locality of each 

comet at the time of observation had to be estimated. For Hailey and G-S, 
the in-situ measurements obtained by the instruments aboard Giotto provided 
comprehensive data on the solar wind conditions. For the other three comets 
studied for this thesis, conditions would have to be estimated by extrapolating 
from conditions measured elsewhere in the interplanetary medium.

In-S itu  M easurem ents

From Giotto measurements of the solar wind before and after the encounter 
with Hailey, the wind’s characteristics at the time are well defined. As the 
interaction region was so large however, it is difficult to ascertain the nature 
of the solar wind prior to its contamination by cometary pick-up ions. Several 
hours before the encounter, the fiow velocity averaged 370 kms“  ̂ and the proton
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number density was 8-10 cm“  ̂ (Johnstone et al 1987b).
On March 13 and 14, the B-held had a strength generally in the range of 

4-7 nT, and was predominantly outwards in direction (positive), with several 
hours of negative polarity and some intervals of mixed polarity (Neubauer et al 
1986b). Johnstone (1995) reported the average B-held strength to be 4.8 nT, 
at an average angle to the how direction of around 50°.

The solar wind conditions at Comet G-S on the day of the Giotto encounter 
are also well-established. The average proton density was 9.5 ±  2.0 cm“  ̂ and 
the mean how velocity 360 ±  20 kms“  ̂ (Johnstone et al 1993). The mean 
magnetic held direction was close to being perpendicular to the solar wind how, 
with a relatively high strength of 16 ±1 nT (Neubauer et al 1993, Johnstone 
1995). The local interplanetary conditions at G-S are investigated further in 
Chapter 6 .

E s tim a te d  P a ram e te rs

The three comets which were only remotely observed were at relatively similar 
heliographic (Carrington) longitudes to that of the Earth when studied, as can 
be seen in hg. 1.15. Therefore, provided that the solar wind source regions for 
both Earth and comet were similar, the solar wind conditions at the Earth could 
be extrapolated to the locality of each comet. Using this method, approximate 
estimates for the conditions at the comets could be derived. It was assumed 
that the latitude of the solar wind did not change signihcantly during its journey 
from the Sun to the comet, due to the near-radial how direction.

To ascertain the similarity of the solar wind source regions of the comets and 
Earth, the longitudes of the objects were mapped onto the plots of the source 
regions in the solar corona (at around 2.5 solar radii). A simple formula was 
applied for hrst-order estimations of source solar longitudes (Watanabe 1991, 
Farnham & Meech 1994):

r  T _  -  r . )L q -  L c  -   T7-------
* sw

where L q  = source longitude, L q  = sub-comet longitude, =  mean solar 
rotation rate (1.61186 x 1 0 “^degrees s“ ^); r =  heliocentric distance of the comet, 
Ts =  radius of the source surface (=  2.5 R©). This mapping process can only 
be considered as yielding approximate results due to the varying nature of the 
solar wind (Schwenn 1990).

For cases where the solar wind source regions for Earth and comet were 
similar, the solar wind in the vicinity of the Earth could be extrapolated to 
the position of the comet to provide first-order estimates of the interplanetary
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Figure 1.15: Positions o f comets Hyakutake, H-M-P and Tahur during the ob
servation periods, projected onto the plane o f the ecliptic. In this rotating frame 
of reference, the Sun and Earth remain stationary. This view is from a position 
perpendicular to the Earth’s orbital plane. Dates refer to 1996.

medium in the comet’s vicinity. The NASA WIND spacecraft provided near- 
Earth solar wind parameters. If the solar wind flow velocity in the spacecraft 
data was found to be very different to the initial estimated value of 400 k m s" \ 
the travel time from the Sun to the Earth and comet were adjusted until self- 
consistent results were obtained.

As there were no in-situ measurements of the solar wind at H -M -P, the 
local conditions had to be estimated. To ascertain the validity of extrapolating 
near-Earth measurements to comets, the similarity of the source regions of both 
objects needed to be determined, through the inspection of synoptic maps of 
the solar wind source region’s magnetic field.

During Carrington rotation 1905, it was found that both the source regions 
for the Earth and H-M-P were to the south of the solar magnetic equator at 
the time of the observations. Towards the end of the observing period however, 
H-M-P was likely to have approached, and maybe crossed, the interplanetary 
current sheet. If this happened, it would have probably occurred after the last 
observations were made.

H yakutake was relatively close to the Earth when studied (0.104 - 0.393 AU
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away). When plotted on synoptic maps of the solar source surface magnetic 
field during Carrington rotation 1907 (fig. 4.27), it was found that during the 
period of study, the comet began on the same (southern) side of the heliospheric 
current sheet as the Earth. By March 28, the comet was immersed in solar 
wind emanating from very close to the neutral sheet, and spent the next 5- 
6 days in the same situation, its projected track on the source surface being 
close and parallel to the estimated neutral sheet position. During April 2-5, 
the comet moved northwards of the estimated neutral sheet position, while the 
Earth remained south of the sheet, approaching it towards the end of the period.

Due to this situation, only measurements obtained during the early parts 
of the Hyakutake observing period could be compared to WIND measurements 
with some confidence. In Chapter 4, a comparison will be made between the 
conditions deduced here and the solar wind parameters estimated from the 
behaviour of Hyakutake’s tail rays.

The conditions at T ab u r were more difficult to estimate, due to the greater 
heliographic latitude difference (24°26’) between it and the Earth when com
pared to those of the other two comets. Inspection of Carrington rotation 1914 
source surface magnetic field revealed that at the time of observation, the source 
region for the solar wind in the comet’s locality was in a coronal hole, while in 
the E arth ’s vicinity, the solar wind had emanated from a slower flow region. 
No valid extrapolation could therefore be attempted in order to estimate the 
conditions at that comet.

1.7 T hesis A im s and C ontent

The main parameters controlling the global comet-solar wind interaction are 
the solar wind parameters and the occasionally rapidly-varying properties of 
the outflowing cometary plasma. The nuclear gas production rate generally 
determines a comet’s resistance to the penetration of the solar wind ions into 
its coma.

Hence, it is to be expected that comets of differing gas production rates will 
behave differently in their interaction with the solar wind. The overall aim of 
this work was to compare the way in which comets of differing gas production 
rates behaved. The Giotto spacecraft encountered two comets of very different 
degrees of activity; the data from those encounters would provide a means of 
directly comparing the plasma environments of two widely-differing objects.

Ground-based observations of comets have played a large part in developing 
our understanding of comet-solar wind interactions. Through the remote obser
vation of several comets of different sizes, variations in the modes of interaction
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of the comets with the interplanetary medium could thus be investigated by 
means other than in-situ studies.

The main aims of this work were:

• Using ground-based observations, to analyze the nature and behaviour of 
cometary ion features in several comets of varying strength at different 
times.

• Using Giotto data, to extend the analysis of JPA data from Hailey into 
the extreme inner regions and to compare the results to those of other 
instruments.

•  To analyze the features seen at Grigg-Skjellerup to compare and contrast 
them with those detected at Hailey.

•  To compare observations of Gomets Hailey and Grigg-Skjellerup obtained 
with ground-based versus in-situ means.

The thesis begins with three introductory chapters. Chapter 1 includes 
an overview of the present knowledge of cometary interactions with the solar 
wind. The techniques employed for remote observations are then described 
in Chapter 2, and an overview given of the results obtained by using those 
techniques. A description of the Giotto mission and its instruments is given in 
the third chapter, with an overview of its two cometary encounters.

Chapter 4 covers the remote observation of C/1996 B2 Hyakutake from the 
UK Schmidt Telescope, the Nordic Optical Telescope and the University of 
London Observatory. This relatively active comet made a close approach to the 
Earth in early 1996, and provided an ideal opportunity to analyze cometary 
ion features at close range. On certain nights, dynamic plasma features were 
recorded -  the characteristics of these features were studied.

The fifth chapter covers observations of Comet 45P/H-M-P from the UK 
Schmidt and Jacobus Kapteyn Telescopes, as well as G/1996 Q1 Tabur from the 
University of London Observatory. Although H-M-P made a close approach to 
the Earth, it displayed only very weak plasma features. Comet Tabur was more 
distant, but had a production rate of similar magnitude to that of Hyakutake. 
It did not however display strong ion features at the time of observation.

The sixth chapter covers the analysis of Giotto Extended Mission (GEM) 
data from G-S. Firstly, an overview is given of the solar wind conditions that 
prevailed at the comet at the time of the encounter. A new estimate of the 
gas production rate of the comet is then presented, followed by a description of 
several features recorded in the comet’s cometosheath by the JPA instrument.
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The comparison of remote and in-situ observations of comet G-S is described 
in Chapter 7. Data from the G-S Giotto encounter were compared to images ob
tained at the Anglo-Australian Observatory several hours before the encounter.

Finally, a qualitative description of a model for ion ray formation is given, in 
light of the results presented earlier in the thesis. A brief discussion of cometary 
X-rays and their possible influence on a comet’s environment is then given. The 
main results of the work are then summarized. Supplementary information is 
given in the appendices.
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Chapter 2 

R em ote Observations of 
Com etary Plasm as

Abstract

The emission of electromagnetic radiation from the constituent ions of cometary 
plasma allows the morphology and dynamics of these species to be studied re
motely. Prior to spacecraft encounters with comets, observations made from  
the Earth and its immediate vicinity provided all the direct information on the 
nature of cometary plasmas. In this chapter, some of the processes which lead 
to photon emission from ions are introduced, as well as the techniques employed 
in the study of cometary plasmas by remote observation. The morphological 
and dynamical features of these plasmas, as revealed by remote studies, are then 
described, as well as the theories proposed to explain them, and the relevance 
of in-situ data. Finally, the main observational results from before and after 
the acquisition of in-situ data are summarized (with a bias towards imaging 
studies).

2.1 O ptical E m ission  P rocesses

Most photon emission from ionized cometary coma and tail species is caused 
by the process of resonance-fluoresence of sunlight at optical and near-infrared 
wavelengths.

The fluorescence efficiency of a species, termed the ^factor (expressed in 
units of photon s“ Hon“ ^), is the likelihood of an ion emitting a photon in a 
particular band when irradiated by solar radiation at a distance of 1 AU. For 
correct application of the p-factor, the comet’s distance from the Sun and the 
state of solar activity at the time of observations must be taken into account. 

The process of fluorescence redistributes the absorbed energy among many

55
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emission lines, meaning that the ^factors of individual lines may differ widely 
in absorption and emission. For use in low-resolution spectroscopy or narrow 
band photometry, emission ^factors are obtained by adding together the con
tributions of the lines that emit within the instrumental bandpass.

The emission in a particular band may be affected by the radial velocity of 
the comet with respect to the Sun. This is because Doppler shifting of incident 
solar radiation may cause the excitation wavelength for the band concerned to 
coincide with an absorption feature in the solar spectrum. When this occurs, 
the rate of emission decreases; in some cases a variation of more than a factor 
of 5 can be seen in the ^factor; this is termed the Swings effect An additional 
complication is the Greenstein effect, where Doppler shifts in wavelength are 
caused by the motion with respect to the Sun of ions within the comet (Festou 
et al 1993a).

For all observations carried out for this thesis, the Swings and Greenstein ef
fects were not considered important due to the absence of any strong Fraunhofer 
lines in the solar spectrum in the wavelength regions involved.

Due to the great difference between the excitation conditions in cometary 
comae versus in the laboratory, it has taken many years to identify the sources 
of a large number of emission lines, A case in hand is that of the H20^ ion. 
Herzberg and Douglas first predicted the possibility of detecting the emission 
from the ion in cometary spectra (Wehinger & Wyckoff 1976 and references 
therein). The spectrum of H20'^ was then recorded in the laboratory by Lew 
and Heiber (1973). Previously unidentified features in the spectrum of Comet 
Kohoutek were then recognised as being due to H20"^ emission (Wehinger et al 
1974, Wyckoff & Wehinger 1976, Wehinger &: Wyckoff 1976). Six vibronic bands 
(5-0 through 10-0), including a total of approximately 50 rotational lines were 
identified with the laboratory H20"*" spectrum (Wehinger et al 1974). These 
results directly corroborated the existence of water in comets. Further studies 
of the spectrum were published by Lew (1976).

The refinement of the H2O"'" ^-factors has continued since its first determi
nation. Lutz (1987) produced a comprehensive study of H20"^ emission, giving 
^-factor values used by many workers since then.

The contributions of individual lines to the total band ^'-factor is most often 
calculated by employing the intensity distributions calculated by Wehinger et 
al (1974; Fig. 2.1) and Wyckoff & Wehinger (1976). The ^-factors employed by 
various workers are summarised in Table 2.1.

For this thesis, a g'-factor value of 4.2x10“  ̂ photon s“ ^ion“  ̂ (as calculated 
by Lutz 1987) was employed for the observational work involving the 0-8-0 
band of H2O"''.
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Figure 2.1: Predicted intensity distributions for the H20^ 8-0 II emission band 
studied with narrow-band filters for this thesis. Shown are the predicted distri
butions at temperatures of 100 K  and 50 K  (Wehinger et al 1974).

Table 2.1: H2 O+ 0-8-0 band g-factor values employed by various workers, along 
with their sources.

Worker (s) Line
(A)

p-factor (10  ̂
photon s~Ton~^)

Source

Scherb et al 1990, 
Schultz et al 1993

6159 1.2 DiSanti et al (1990) 
suggest 2.3 as an alternative, 
from comparison with Vega 
data [4.7 for entire band]

Meyer-Vernet et al 1987 6198 1.5 Shefov (1983)
Ip et al 1988 6198 1.7 Lutz (1987)
Rauer & Jockers 1993b 6159 2.1 [4.2 for entire band]
Bonev & Jockers 1994, 
Jockers & Bonev 1997

6198 2
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The emission from H2 0 "̂  discussed above is the most suitable for studying 
the plasma in inner comae and tail cores, as it is the ion with the greatest 
abundance in those regions (with the exception of in the extreme inner
regions). C0+ (which mainly fluoresces at around 4200 Â in the blue-green 
spectral region) is suitable for studying features of the outer coma and tail 
extremities.

H2 0 "̂  is mainly formed by the photoionization of H2 O, while H2 O itself is 
mainly destroyed by photodissociation (the latter process having a rate con
stant around twice that of the former). The scale of the source region where 

^  H2 O+ ions are formed is therefore limited by the water photodissociation rate.
 ̂ C0+ is produced by: dissociation of CO, dissociative ionization of CO2 , charge

exchange with solar wind protons (at a rate greater than that for H2 0 ^ forma- 
^ tion), and by a fourth unidentifled source. As CO undergoes photodissociation 

much less readily than a water molecule does, the source region of CO’*' covers 
a greater volume than that of H2 0 ' .̂ In the inner regions of the coma, the 
reaction CO^ +  H2 O CO +  H2 O+ further accentuates the dominance of 
the H2 O+ ion (Jockers & Bonev 1997). Through modelling studies, Wegmann 
et al (1987) showed that the ratio C0 +:H2 0 + exceeds unity at cometocentric 
distances greater than ~1 .5xl0^ km for a Halley-type comet.

Observations of CO 2  in IP/H alley were carried out by Jockers et al (1987), 
at a wavelength of 3674 Â. Few other ions are abundant enough to create easily- 
detectable structures, as the surface brightness of their emission is low. The 
relative ease of detection of certain ion species in a comet also depends on the 
object’s composition (Festou et al 1993a). Other ions which have been found to 
be remotely detectable include OH'*', CH+, ON'*' and N j (Wyckoff & Wehinger 
1976, Wyckoff 1982, Wyckoff & Theobald 1989).

2.2 Optical Observational Techniques

2.2.1 Spectroscopy

As well as for the identification (e.g. Brown et al 1996) and the derivation of 
the abundances of species, spectroscopy can be used to obtain the spatial dis
tributions of ions in cometary comae (e.g. Ip et al 1985, 1988). High-dispersion 
spectroscopic studies can also be used to estimate the velocities of individual 
species, by employing the Doppler effect. Spectra obtained with a slit perpen
dicular to the tail axis at several points in the cometary coma and tail can reveal 
the wavelength shifts caused by motion of the ions and neutrals, and hence the 
velocities and accelerations involved (neutral velocities are typically much lower
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than those of ions). The high dispersion required for such work is illustrated 
by the fact that detection of a radial motion of 200 kms“  ̂ in the H2O"*' 6198 Â 
emission line requires a resolution of 4.1 Â. This technique was successfully em
ployed for Comet 109P/ Swift-Tuttle (Brown et al 1993, Spinrad et al 1994), at 
a resolution of around 7 kms~^. Their work confirmed the suspicions of Rauer 
& Jockers (1993b) that the movements of condensations in the plasma tail are 
due to the bulk motion of particles.

2.2.2 Imaging

The imaging of ions in the cometary environment started with the development 
of astronomical photography in the late 19*̂  century. The images on these 
mostly blue-sensitive photographic plates (which mainly recorded CO^ emis
sion) also recorded dust-scattered sunlight. The dynamic nature of cometary 
plasmas was revealed, and by following the motions of plasma features, esti
mates were made of the ion velocities and accelerations.

W ith the advent of non-photographic imaging detectors, in particular charge- 
coupled devices (CCDs; Appendix A), the isolation of emission from specific 
species has become more straightforward, allowing accurate spectrophotometry 
to be carried out, giving reliable estimates of actual column densities.

Interference filters allow only light of certain wavelengths to pass through 
them, by the use of a narrow cavity between partially-refiective surfaces com
bined with a surface dye for the blocking of large wavelength ranges. Hence the 
emission from a particular species can be isolated to a certain degree.

Cometary spectra consist of a continuum of dust-scattered sunlight as well 
as emission from various neutral and ionized species. A filter of similar bandpass 
to the emission filter but centered at a wavelength on the nearby dust continuum 
can be used to obtain images of the continuum alone. These dust images can 
then be subtracted from the on-band images, giving images in the light of the 
ions alone.

With most CCD detectors, imaging in the red H2O"'" band is more efficient 
than that in blue-green C0+ bands due to the generally greater detector photon 
response at longer wavelengths.

For filters of very narrow band widths, the Doppler shift of the comet’s light 
due to its radial motion with respect to the observer needs to be taken into 
account.

Accurate image registration between the on-band and off-band images is 
crucial for satisfactory results. A centroid of the cometary photocentre was 
used for precise registration of the Hyakutake observations described in this
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thesis. So as not to lose information content in the ion images, the continuum 
frames were always the ones shifted (Pogge 1992).

For the subtraction of the continuum, the images need to be scaled to ensure 
that the same continuum level is included in both sets of data. To a first 
order, the scale factor is the ratio of the Full-Width Half-Maxima (FWHM) 
of the filters. Some complications can arise using this assumption however; 
changes in sky transparency and seeing, nonuniform transmission across the 
filters, different quantum efficiencies of the detector for each filter and the true 
spectral shape of the continuum can affect the results.

To avoid complications due to changes in observing conditions, several con
tinuum images were obtained during the observing sessions, especially at ULO, 
where changes occurred rapidly on some nights, which had the potential to 
reduce the accuracy of the spectrophotometric results.

Estimating the Production Rate

By subtracting the dust continuum element of images and correcting them for 
atmospheric extinction, the absolute fluxes due to emission from the ions can 
then be obtained by comparing the image fluxes with the fluxes of standard 
stars. Knowing the detected photon fluxes due to the ion emission and the 
geocentric distance, the original photon flux at the comet can be estimated. 
This can then be converted to an estimate of the ion population in the field of 
view using the relevant p-factor. This can be expressed using the formula

#  =
gÇl

where AA is the effective bandpass of the filter, H is the angular field of view, F\ 
is the measured flux, r is the heliocentric distance in AU, and g is the relevant 
^factor.

This technique for estimating the column densities was first successfully 
applied to images by DiSanti et al (1990), involving observations of Comet 
IP/Halley. Their results were compared to the ion densities recorded by the 
Vega 1 spacecraft, which made its flyby of Comet Hailey shortly before their 
observations. This technique was later applied by other workers (e.g. the ob
servations of Comets C/1988 A l Filler and lOP/Tempel 2 by Rauer & Jockers 
(1990)).

Knowing the column densities detected, an estimate can be made of the 
total number of ions in a cross-section of tail. To obtain a production rate, the 
fiux of ions down the tail is calculated by multiplying the ions in a cross-section 
of the tail by the tailward velocity of the ions. Estimates of ion velocity have 
to be used where there is no direct measurement.
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Several problems can arise when using this method. Apart from the am
biguities in the p-factor values mentioned earlier, the dust continuum may not 
be removed completely, and if the field-of-view does not encompass the visible 
plasma completely, underestimations of the total production rate will result.

Filters used for this Thesis

For the imaging of ionized water in Comets 45P/Honda-Mrkos-Pajdusakova, 
C/1996 B2 Hyakutake and C/1996 Q1 Tabur (Chapters 4 and 5), two filters 
were used; one centered at 6205 Â which covered several emission lines in the 
H2O''" 0-8-0 band, and a continuum filter centered at 6250 Â. The Full-Width 
Half-Maxima of the filter transmissions were 50 and 40 Â, respectively.

The response curves of the two filters are shown in fig. 2.2, along with the 
spectrum of C/1973 E l Kohoutek (in which H2O"'' was first identified). The 
choice of filters was made by following the advice given in DiSanti et al (1990), 
DiSanti (personal communication, 1995) and Jockers (personal communication,
1995).

The filters were found to work very satisfactorily, allowing relatively short 
exposures whilst keeping contamination in the band filter to a minimum. How
ever, as can be seen in fig. 2 .2 , there is some contamination within the band filter 
bandpass by the 0-2 transition of C2 at 6191.2 Â (Swan Band), and the dust 
continuum is broken by emission from neutral NH2 . The strong 01 emission at 
6300 A (e.g. Smyth et al 1995) was narrowly avoided.

Within the bandpass of the 6205 A filter lie several lines of the 0 -8 - 0  H2 0 "̂  
band. The relative intensities of these lines at a temperature of 100 K were de
rived from the calculations of Wehinger et al (1974; fig. 2.1). The lines contained 
within the bandpass consitute around 50% of the contribution of the 0-8-0 band; 
hence the ^factor value employed when reducing observations using this filter 
was 2.1x10“  ̂ photon s~^ion“  ̂ at 1 AU from the Sun.

The imaging of H2O+ in Comet 26P/ Grigg-Skjellerup (Chapter 7) was car
ried out using filters centered on 6162 and 6202 A. The FWHMaxmima were 13 
and 1 0  A. These narrow-band filters had a lower continuum contribution than 
the wider-band filters used for Comets H-M-P, Hyakutake and Tabur; however, 
the strength of the band emission detected in the G-S images was difficult to 
gauge due to the lack of corresponding continuum images. Around 25% of the 
0 -8 - 0  band emission was estimated to be contained within the 6162 A filter 
bandpass.
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Figure 2.2: Bandpasses of the filters used for the imaging of Comets H-M-P, 
Hyakutake and Tabur. Beneath is shown a section of the spectrum of C/1973 
El Kohoutek (Wehinger et al, 1974). The emission lines are marked with their 
wavelengths in Angstroms.
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2.2.3 Fabry-Perot Interferometry

Fabry-Pérot Interferometers (from hereon FPIs) employ pairs of parallel, flat, 
partially-reflecting surfaces (étalons), separated by a gap. The monochromatic 
light allowed through them undergoes a series of transmissions and reflections, 
producing multiple-beam circular Haidinger fringes. Adjusting the gap between 
the étalons allows adjustments to be made to the transm itted wavelengths. In 
transmission, the fringes appear as sharp bright fringes on a dark background 
(Walker 1991, Kitchin 1991).

By measuring the intensity of emission as well as the Doppler shift of emis
sion lines at various distances from the head, the flux of ions down the tail can 
be measured.

Tuning the FPI to several wavelengths near an emission feature (usually 
with gaps of one instrumental bandpass) allows datacubes to be created, which 
record the radial velocity of ions in the comet as well as morphological fea
tures. Additionally, due to the very narrow bandpass of the instrument, images 
obtained by this technique record very little contamination from the dust con
tinuum. The technique can be used to obtain an accurate estimate of the ion 
production rate; i.e. the flux of ions down the tail, as the ion velocities do not 
have to be estimated.

For this technique to be applied successfully, interferograms must be taken 
with short exposures in rapid succession, so that no significant changes occur in 
the ion emission. However, due to the very narrow bandpass of the instrument, 
this requires large-aperture instruments and/or bright comets (Schultz 1993).

Datacubes of plasma tails have revealed differential ion velocity distribu
tions, by showing a single-pronged tail at one wavelength, while showing a 
double-pronged tail at another (Schultz et al 1990).

An alternative technique for obtaining the near-simultaneous measurement 
of ion morphology and radial velocity is that employed by Rauer and Jockers 
(1993a, 1993b), whereby image sequences were alternated between interfero
grams and direct views of the comet through an interference filter. This was 
achieved by employing the étalon for half of the exposures. Using this tech
nique, ion velocities were only measured where constructive interference oc
curred. Tuneable FPIs producing datacubes give more complete velocity maps, 
but with reduced temporal resolution (Schultz et al 1990, Scherb et al 1990, 
Schultz et al 1993).

Bonev & Jockers (1994) utilised an FPI purely as an interference filter whilst 
observing C/1989 XI Austin, which provided a bandpass of 3.7 Â with which 
H2 0 ^ emission at 6199 Â was studied.
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2.3 X-Ray Emission

In late March 1996, the German-US-UK X-ray astronomical satellite ROSAT 
imaged Comet C/1996 B2  (Hyakutake), revealing for the first time evidence of 
X-ray emission from a comet (lAUC 6373). The emission region was roughly 
hemispherical in shape during the observations (which occured when the phase 
angle was close to 90°), with the axis of symmetry almost aligned with the Sun- 
Comet line, and centered around 18 0 0 0  km upstream of the nucleus (fig. 2.3). 
The total luminosity was around 4 x 10® W in the 0.1-2.0 keV range (Lisse et al
1996). Later observations showed a more circular emission region (lAUC 6433). 
In the ROSAT archives, serendipitous observations of X-ray emission from sev
eral other comets were subsequently discovered, including Comet Honda-Mrkos- 
Pajdusakova (lAUC 6404, Dennerl et al 1996).

Wickramasinghe & Hoyle (1996) proposed that the X-ray fiux could be ex
plained in terms of scattering of solar X-rays in the coma by carbonaceous 
particles with radii of several nanometres. Many workers however favour a so
lar wind interaction-linked explanation for the X-ray emission. Cravens (1997) 
suggested that the emission is due to the charge-exchange processes occuring be
tween cometary neutrals and heavy ions in the solar wind. Initial recombination 
of the heavy ions and electrons is followed by the emission of radiation, including 
at X-ray wavelengths, as the electrons fall to lower-energy states within their 
new parent atoms. A link may exist between the X-rays and the keV electrons 
detected in the Mystery Region of Hailey by the Ciotto RFA instrument. The 
case for this is strengthened by the observations of increased charge exchange 
between the solar wind and cometary ions within the Mystery Region (Fuselier 
et al 1991). Bingham et al (1997) proposed that the keV electrons detected 
during cometary fiyby missions can produce high enough fiuxes of X-rays due 
to Bremsstrahlung and K-shell radiation by cometary gas struck by these elec
trons. At the time of writing, the mechanism proposed by Cravens is gaining 
most favour. Studies carried out by Haberli et al (1997) based upon Cravens’ 
hypothesis, using a three-dimensional adaptive MHD model, gave results very 
similar the the observed fiuxes.

2.4 Inner Coma Observations

Remote observations of ions in the inner comae of comets are difficult, due to the 
strongly-peaked photon fluxes emanating from the dust continuum and neutral 
gases in the extreme inner regions. Emission from ions constitute only a very 
small fraction of the total photon fiux here. Hence, most observations of ion ray
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Figure 2.3: A sequence of X-ray images of Comet C/1996 B2 (Hyakutake) in 
the energy range 0.1 to 2.0 keV, obtained by the High-Resohition Imager on the 
ROSAT satellite. The sequence covers the period from March 26 to 28, 1996. 
The intensities in the images are not all to the same scale (Lisse et al 1996).

features to date have concentrated on the regions away from the photocentres 
of comets.

In 1986, Ip and co-workers reported the detection of localised H20^ peaks 
in the inner coma of Hailey, from narrow-band imaging studies carried out only 
a few hours after the Giotto encounter. They suggested that the features they 
detected could be the ion pile-up region found by Giotto. Ip et al (1988) sug
gested that the feature they detected in long-slit spectra of the H2 0 ^ emission 
of Hailey during the same period on March 14 1986 was again the Ion Pile- 
Up Region. The ion column density enhancement they detected was located 
around 2 x lO"̂  km upstream of the nucleus. It is suggested here that the fea
ture they detected may alternatively have been a contracting envelope of ions; 
a phenomenon linked to tail rays (see Chapter 4).

Cosmovici et al (1995) reported the detection of localised enhancements in 
the H2 O+ distribution in the near-nuclear region of Hailey, using a narrow-band 
filter centered at 6192 Â. To alleviate the problem of low signal-to-noise ratios 
when continuum images are subtracted from ion images in the extreme inner 
coma, H2 0 ^ and dust images were processed using a “ring masking technique”
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(Appendix A), and then compared directly with continuum images to search for 
differences. The local H2O"'" enhancements found near jets suggest that localised 
sources of icy grains could make significant contributions to the ionized water 
population of the inner coma.

2.5 Plasm a Tail Observations

Given a favourable phase angle, most comets exhibit a visible plasma (type I) 
tail during their perihelion passages. Several dynamic features on all phys
ical scales are seen in the ion tail (Wyckoff 1982, e.g. Farnham & Meech 
1994). Condensations and kinks often propagate in an antisunward direction 
(e.g. Zvolankova et al 1992), some of which have been linked to solar wind 
features (e.g. Biermann & Lust 1966). From their motions, accelerations of 
around 1 0 0  or more times that of solar gravity have been inferred for these 
features. Ion velocities range from a neutral molecule value (around 1 kms“ )̂ 
to around 10-40 kms“  ̂ at 1x10® km from the nucleus (e.g. Huppler et al 1975) 
and greater than 400 kms“  ̂ in some cases, where the ions have attained the 
local solar wind velocity (Jockers 1991 and references therein).

For some time, there was some debate as to whether the motions detected 
were actual bulk movements or instead manifestations of wave propagation. 
Some discrepancies exist when the velocities of ions calculated by the move
ment of features are compared to spectroscopic and Fabry-Pérot results; the 
imaging results give much lower accelerations than when employing the latter 
two techniques (0.09 to 0.89 ms“  ̂ as opposed to 0.3 to 3 ms“ )̂ (Schultz 1993). 
It has now been confirmed that the motion of tail features does indeed represent 
the bulk movement of material (Rauer & Jockers 1993a). It has also transpired 
that features which display greater ion column density move more slowly than 
fainter features (Jockers & Bonev 1997).

Most plasma tails rarely exceed a visible length of 1-2x10^ km; but C/1843 
D1 attained a tail length of 3x10® km (Ip & Axford 1982). Their widths rarely 
surpass 1 x 1 0 ® km; in most cases, the visible part is a few times 1 0 0 0 0 0  km 
wide.

Streamers are undulating structures that can be traced along the tail to very 
large distances from the nucleus. They are often formed from the merging of 
rays (Section 2.6).

Disconnection events (DEs) (fig. 2.4) occur when portions of the tail become 
detached from the comet’s head. It was proposed by Niedner & Brandt (1978) 
that these events are associated with comets crossing solar wind sector bound
aries. Reconnection would occur in their comae in these cases, with resulting
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Figure 2.4: A disconnection event in the tail of C/1908 R1 Morehouse recorded 
on Yerkes Observatory plates dating from September 30, October 1 and October 
2, 1908 (Brandt & Chapman 1992).

disconnection of the original field lines (fig. 2.5).

Modelling studies of DEs have shown that the basic mechanism proposed by 
Niedner & Brandt seems to be correct. Tracing the Parker Spiral to the source 
region at the Sun has shown some correlation between DEs and the heliospheric 
current sheet position. However there are cases where disconnection occurs 
when the current sheet is not nearby (Farnham & Meech 1994).

A major DE event began at Hailey during March 7-8 1986. This event was 
strongly correlated with a reversal in the field of the comet recorded by the two 
Vega spacecraft on March 6 and 9 and with an IMF sector boundary crossing 
by the Vega-1 spacecraft on March 7 (Niedner & Schwingenschuh 1987).

Interplanetary shocks may also cause this phenomenon; Wegmann (1995) de-
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Figure 2.5: The model for tail disconnection events proposed by Niedner & 
Brandt (1978). When the comet encounters a sector boundary in the solar 
wind, dayside reconnection occurs (b). A new tail with a reversed magnetic 
field direction then forms (d) to replace the lost tail (Brandt & Chapman 1992).

duced tha t around 25% of disconnection events could be caused by such shocks. 
Non-shocked high speed streams could also be a cause of some of the events (Ip 
& Mendis 1978, Ip 1980), and tail-side reconnection has also been proposed (Ip 
1985).

2.6 Plasma Rays

2.6.1 Observations

Tail rays are dynamic filamentary structures mostly seen on the anti-sunward 
side of the coma. Sequences of photographs of the dust-poor comets C/1908 R1 
Morehouse and C/1961 R1 Humason are among the best sources for studies of
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Figure 2.6: Photographs of C/1908 R1 Morehouse on 3-4 January 1908. A 
contracting envelope of C0 + ions is seen to develop in images (a), (b) and (c); 
and again in (d), (e) and (f). Meanwhile, tail rays are seen to fold towards 
the plasma tail axis (Ip & Axford 1982; prepared by K. Jockers from Royal 
Greenwich Observatory photographs).

these features (e.g. Eddington 1910, Schlosser 1966, Guigay 1966), as the weak 
dust continuum posed no great hindrance to the analysis of the rays, from well 
downstream to very close to the nuclear region.

There are few observational reports describing the formation of tail rays. 
Eddington (1910) reported ion structures in the form of parabolic envelopes 
around 100 000 to 150 000 km upstream of the optical centre of Comet More
house (fig. 2.6). Although the envelopes were interpreted at the time as shells 
of dust thrown off the nucleus, Eddington’s work was the first in which these 
plasma features were recorded. These observations were confirmed by Lust 
(1962) and by Wurm (1968). The envelopes were seen to shrink towards the 
centre of the comet at a rate of around 10 kms“ L Up to three of these parabolic 
features were observed at any one time, at different stages of collapse. After 3 
to 4 hours of shrinkage, the features slowed and sharpened (fig. 2.7).

The envelopes then lengthened, usually forming symmetrical ray-pairs. The 
envelope formation rate of around 1 h r“  ̂ is comparable to that of the formation 
of ion ray pairs during active periods.

In addition, Wurm & Mammano (1967) reported observations of new rays 
emitted in the sunward direction which made 180° turns into the antisunward 
direction. They surmised that because this motion occurs rapidly, blurring in 
images means that sunward tail rays are not often recorded.

The time taken for the formation of a new ray is typically 1 hour, and can
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Figure 2.7: The development o f a well-defined envelope on 21-22 October 1908 
in C/1908 R1 Morehouse. 5.25 hours elapsed between positions (1) and (8). 
The dashed line indicates the comet’s orbital direction (Ip Axford 1982; after 
Lust 1962).

grow in length from around 1 x 1 0  ̂ to over 1 x 1 0 ® km in times as short as 2-3 
hours.

Rays do not appear to interact with one another; they seem to originate 
from a small volume within around 1 0 0 0  km of the nucleus, and are generally 
convergent towards a point just ahead of the optical centre. As many as 20-25 
rays have been seen at any one time; conversely, rays are occasionally seen on 
their own.

During growth, the angle between a ray and the main plasma tail axis de
creases (fig. 2 .8 ), and longer rays are almost parallel to the aberrated tail axis. 
The motion has been likened to the folding of an umbrella (Ip 1994). They are 
first seen typically at an angle of 60° to the tail axis. The rate of this fold
ing decreases with a decrease in angle. The coalescing process takes around 
10 to 20 hours to complete. A narrowing of the rays is seen towards the end 
of closure, but this effect may be due to a reduction in smearing of the rays 
in images as their angular closing rate decreases. Only a few sequences of im
ages exist which show clearly the process of tail ray folding (e.g. C/1975 N1 

Kobayashi-Berger-Milon by Moore 1991).
By fitting ion rays with the folding times of 15 to 25 hours, Ness and Bonn
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Figure 2.8: The apparent motions of four ion rays (labelled I to IV) and an 
envelope in C/1908 R1 Morehouse on October 3-4, 1908. The directions of 
motion of the rays are indicated by the arrows. Displacements are shown by 
the shaded areas. (Ip & Axford 1982; after Liist 1962).

(1966) surmised that a tail-aligned flow velocity must vary linearly across a 
width of 1-2 million km. The folding of rays towards the tail axis is not the 
only motion seen; the folding can stop temporarily, and has been reported to 
reverse in very rare cases (e.g. Schlosser 1966). The folding of different ray 
pairs towards multiple axes has also been reported (Wurm & Mammano 1972).

Bundles of rays may appear, either almost symmetrical to the tail axis or on 
one side of the tail only (Jockers 1991). The observational properties of side-ray 
systems seen in Comets C/1957 P I Mrkos and C/1969 Y1 Bennett are reviewed 
by Miller (1988, 1992). Their appearance on only one side is almost invariably 
followed by a turn of the tail to the side on which the rays lie, suggesting that a 
change in the solar wind flow direction is the cause. Comet Bennet’s side-rays 
did not however follow this pattern. Occasionally, ray-like features are seen 
which originate at points downstream of the coma (e.g. Schlosser 1966).

Wide ion rays are sometimes seen to split into several components or into 
several pre-existing narrow streamers. Ray widths have been measured to be 
generally less than 2000 km near the nucleus, indicating that the ion production 
region is characterized by a very short time constant, or that the confinement 
of field lines is taking place. The ion number densities in rays are high, and 
hence the density gradient at the edges of tail rays are very large. Further down 
the tail, the ray diameters are between 1000 and a few 10 000 km (Ip & Axford
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1982).
Most rays merge with the main plasma tail, and ray events are often followed 

by a weakening of the main tail, which could be an effect of the varying viewing 
geometry of the magnetic held topology of the tail.

Hoban et al (1986) reported that at Hailey, C0+ rays exhibited a peak 
enhancement of around 20% over the adjacent CO^, and a lesser enhancement 
in the case of H2 O+. They also reported that the H20+:C0+ ratio varied by 
as much as 30 % from ray to ray. However, these variations may possibly have 
been caused by motion or some other changes in the material between the times 
at which the images were exposed. Jockers and Bonev’s (1997) study of ions 
features in Comet 109P/Swift-Tuttle suggested that H2 O+ rays were sharper 
than their CO"  ̂ counterparts. It is suggested here tha t this may be caused by 
the difference in mass of the two ions, implying greater gyroradii scales for C0+ 
under the same physical conditions.

Bonev & Jockers’ (1994) observations of C/1989 XI Austin revealed that the 
total ion content of that comet remained steady when tail rays were formed. 
The rays therefore represent the rechannelling of the ions from the coma, and 
are not caused by a change in the ion production rate.

A discussion of the ray phenomenon in the light of new observations of 
Comet Hyakutake is given in Chapter 4.

2.6.2 Theory

Alfvén (1957) first interpreted the ray folding phenomenon as the tracing of 
magnetic field lines by the cometary ions (Chapter 1). Following Alfven’s work, 
Marochnik’s 1964 review of the observations and theory of the cometary ray 
phenomenon emphasized the probable rôle of the solar wind in the creation of 
the features.

Currently, the most widely-accepted causes of the features are solar wind 
discontinuities. These are convected through the coma, wrapping around the 
head of the comet; their positions could be disclosed by localised increased ion 
densities. Ness & Donn (1966) postulated that the capture of neutral sheets 
by the comet was the cause of the features, where the comet would encounter 
an IMF field reversal. Multiple ray-pairs could be formed at each neutral sheet 
encounter, due to inhomogeneities in the solar wind. This model could not ac
count for all ray appearances however, as comets do not cross the interplanetary 
neutral sheet often enough to account for all displays of rail rays. Schmidt and 
Wegmann (1980) proposed that the solar wind features responsible were Tan
gential Discontinuities (TDs; Appendix A). This hypothesis would account for
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the frequency of ray formation, as TDs are typically seen in the flow of the solar 
wind around once every hour, i.e. at a similar rate to ray formation (Mariani et 
al 1983, Lepping & Behannon 1986). Ip (1980) proposed that high-speed solar 
wind streams could lead to the formation of side-ray systems.

A different approach was taken by Beard (1981), by proposing that strong 
shock waves in the sunward direction of the comet generate keV electrons and 
protons. The streaming of high-energy electrons along the magnetic field lines 
would cause high impact ionization in a short timescale. This would explain 
the narrow rays seen as well as the lengthening process.

Ioffe et al (1994) proposed that rays are an indirect result of the Kelvin- 
Helmholtz instability. The velocity shear in the equatorial plane of their model 
leads to the breakdown of the velocity sheared layer due to the non-linear evo
lution of the Kelvin-Helmholtz instablilty. This would give rise to large scale 
vortices, which in turn would generate magnetic flux ropes due to the twisting 
of the magnetic field. Finally, plasma jet acceleration would occur due to the 
pressure gradient, which would be seen as rays.

Modulation in the ion loss rate was suggested by Ip (1994) as a possible 
mechanism for the formation of the features. Changes in the electron heat flux 
in the solar wind could lead to the modulation of the size of the inner coma’s 
ion regime, causing flux tubes linked to the inner regions to occassionally carry 
away the ions.

Wegmann (1995) reported the formation of rays in an MHD model prior to 
disconnection events caused by interplanetary shocks. Rauer and co-workers 
(1995) carried out MHD modelling of the plasma environment of a comet when 
the solar wind magnetic field direction changed, which lead to the formation of 
ray-pairs under certain conditions.

Wegmann et al (1996) compared their modelling results with observations of 
C/1989 XI Austin made by Bonev & Jockers (1994). They inferred from their 
comparison that the local solar wind magnetic field direction underwent a rapid 
90° rotation during the observations, and produced a three-dimensional cross- 
section of the tail and rays which correlated well with the observed features.

In 1996, Verkhoglyadova published the results of a three-dimensional model 
which suggested that the macroscopic stream filamentation instability is the 
cause of plasma rays and envelopes at comets.

Although modelling studies are bringing a full understanding of the phe
nomenon nearer, there are many unanswered questions. Most ambiguities re
sult from the lack of knowledge of the observing geometry with respect to the 
three-dimensional magnetic field topology at the comet.

Some workers have noted the similarity of ray features to striations seen in
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spacecraft gas releases (Ip 1982, Rees et al 1987), as well as to raylike features 
seen in the aurorae (Rees et al 1987).

2.6.3 Putting in-situ D ata into Context

Some work has been carried out in an attem pt to explain the ray phenomenon 
in terms of the results obtained by spacecraft.

Yeroshenko et al (1986, 1987) reported the detection by Vega 1 and 2 of 
irregular magnetic field depressions with amplitudes of up to 40 nT and dura
tions of up to 50 s inside the coma of Hailey. These depressions were detected 
at distances of around 2 0  - 1 0 0 x 1 0  ̂ km from the nucleus; it was proposed that 
they were the signatures of tail ray traversal. Spikes were also seen in the quasi
static electric field (Trotignon et al 1989), and Klimov et al (1986) reported 
simultaneous plasma-wave bursts centered around 15 Hz.

The Vega magnetic field data were subsequently compared to an MHD model 
by Schwingenschuh and co-workers (1987), who reported that the magnetic field 
configuration seen at Hailey was consistent with the slow convection of solar 
wind discontinuities through the coma. Trotignon et al (1989) reported that 
although the electric field experiments aboard the Vega craft returned unusual 
signatures near the times of the B-field dips, no clear correlation existed between 
the events recorded by the different experiments. They noted that dust impacts 
may have been the cause of the E-field signatures.

Russell et al (1987, 1991) reported further work on these features, and com
parisons of the data with the heavy ion density measurements showed a clear 
anti-correlation between magnetic field strength and ion density (fig. 2.9). This 
strongly suggests that the magnetic field dips observed are indeed linked to the 
tail ray phenomenon. Russell and co-workers proposed that the features are 
the signature of mirror mode waves, and reasoned that these essentially planar 
features would only be optically detectable when the observer is parallel to the 
plane of these sheet-like regions of enhanced ion number density.

No similar features were simultaneously recorded in both the electron density 
and magnetometer data during the ICE traversal of G-Z’s tail (Bame et al 1986, 
Baker et al 1986).

In the data returned from the Giotto magnetometer, several discontinuities 
were seen in the magnetic field direction which were well correlated between 
inbound and outbound passes (fig. 2.10). It was again surmised that these fea
tures were solar wind discontinuities that had been convected through the inner 
coma, and were thus more concentrated in their frequency in the cometosheath 
than in the unhindered wind (Raeder et al 1987, Neubauer 1991).
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Figure 2.9: Magnetic Geld magnitude and ion density measurements in the 
Hailey coma as returned by the Vega-2 PLASMAG-1 instrument on March 9 
1986. Dips in magnetic Geld strength are accompanied by local increases in ion 
density (Russell et al 1991).

Measurements of the C0+ distribution in Comets Hailey and G-S taken by 
the Optical Probe Experiment on Giotto could provide valuable clues to the 
nature of the phenomenon. To the author’s knowledge, no study of the Hailey 
ion data from the OPE has been published.

It is proposed in this thesis that these solar wind discontinuities represent 
the magnetic field topology required for the formation of tail rays, and will be 
described in depth in the concluding chapter. It may well be the case that 
plasma rays, if they are planar structures, are only visible under favourable 
viewing angles, as will be described in Chapter 4. Rotations in the magnetic 
field of the solar wind may only bring their existence to observers’ attention 
when the IMF local to the comet is in a favourable direction.

2.7 The Future of Remote Observations

As the continuing emergence of results show, even after the close flybys of 
comets by spacecraft, ground-based observations are still extremely valuable 
(e.g. Rauer & dockers 1993a, 1993b, Spinrad et al 1994).

As simultaneous Doppler and imaging measurements will be more frequently 
applied in the near future, more findings can be expected. Presently, the use of 
Fabry-Perot Interferometers for cometary observations is not common (partly 
due to the difficulty of applying the technique to faint objects), but it holds 
great promise for revealing the detailed flow of plasma.
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A still unanswered basic question is how some comets possess an ion tail that 
seems to originate in a region comparable to that of the neutral coma, whereas 
others develop more slender tails whose ions seem to have been exclusively 
formed in the centre of the coma. The answer may be related to the geometry 
of the observations of the plasma -  as plasma tails have a sheet-like structure, 
differing observing angles should give different apparent widths.

The same is true of plasma rays. It is not yet known whether these fea
tures are cylindrical, tube-like or planar in nature. Ideally, wide-baseline stereo 
imaging of the features is needed to resolve the question. This would require 
spacecraft-based observations, and thus probably lies in the distant future.

The continual increase in the aperture size and quality of astronomical tele
scopes is resulting in improved observations of comets over a greater range of 
heliocentric distances. Finally, the new field of cometary X-ray observations 
will doubtless attract continued attention in the near future.
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Chapter 3

The G iotto M ission

Abstract

Cometary fly-bys by spacecraft have revolutionised cometary science. The Eu
ropean Space Agency’s Giotto mission has performed the two closest approaches 
to cometary nuclei so far achieved, when encountering IP/Halley in 1986 and 
26P/Grigg-Skjellerup in 1992. Here, the spacecraft and its missions are de
scribed, as well as the scientific instrumentation it carried.

3.1 Introduction

Giotto was the European Space Agency’s first interplanetary spacecraft. Its 
primary mission was to make a close fly-by of IP/H alley on March 13-14 1986, 
when the comet made its post-perihelion ecliptic plane crossing. The scientific 
objectives of the mission were as follows: (Reinhard 1986a)

•  to ascertain the elemental and isotopic composition of the volatile compo
nents in the cometary coma, in particular to identify the parent molecules

•  to characterize the physical processes and chemical reactions that occur in 
the cometary atmosphere and ionosphere

•  to determine the elemental and isotopic composition of the cometary dust 
particles

•  to measure the total gas production rate and the dust flux and size/mass 
distribution and to derive the dust-to-gas ratio

•  to investigate the macroscopic system of plasma flows resulting from the 
interaction between the cometary and the solar wind plasmas

•  to provide numerous images of the comet nucleus with a resolution down 
to 50 m, thereby allowing the nucleus’ size and rotation to be deduced and its 
mass to be estimated

Three spacecraft from the Soviet Union and Japan also encountered Hailey

79
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Figure 3.1: A cross-section of the Giotto spacecraft. The ram direction indicated 
is that of the Hailey encounter (Reinhard 1988).

during the same period, and one U.S. and one other Japanese spacecraft tra
versed the region upstream of the comet (details of these missions are given in 
Appendix D).

3.2 Spacecraft Design

The Giotto spacecraft was of cylindrical design, 1.86 m in diameter, 2.85 m in 
height, weighing 960 kg at launch. Power was supplied by a 196 W solar cell 
array. Communication was provided via a despun high-gain antenna inclined 
at 44.3° to the spacecraft spin axis and two omni-directional low-gain antennae 
(fig. 3.1). The high-gain antenna was pointed constantly at the Earth during 
the cometary encounters. The spacecraft was spin-stabilised, with rotation in 
the clockwise sense looking in the ram direction at Hailey, with a period of 4 s.

A solid rocket motor carrying 374 kg of propellant was used for heliocentric 
orbit insertion. Orbit and attitude correction manoeuvers were carried out 
using hydrazine thrusters with 69 kg of fuel available at launch. To protect the
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spacecraft against dust impacts, the forward end of the body was fitted with 
1 mm-thick Aluminium and 1 2  mm-thick Kevlar sheets separated by 25 cm, 
which could withstand particle impacts of up to 0.1 g at 6 8  kms“  ̂ (Reinhard 
1986a).

3.3 Instrumentation

Ten hardware experiments comprised the 60 kg scientific payload: a narrow- 
angle camera, three mass spectrometers for neutrals, ions and dust, various 
dust detectors, a photopolarimeter and a set of plasma experiments. The latter 
are described below, and an overview is given of the remaining instruments.

3.3.1 The Johnstone Plasm a Analyser

The JPA was comprised of two instruments -  the Fast Ion Sensor (FIS) and the 
Implanted Ion Spectrometer (IIS), designed to sense the characteristics of the 
solar wind and cometary ions during the Hailey fly-by.

The Fast Ion Sensor

The FIS was optimised for the detection of solar wind ions in the 10 eV/q to 
20 keV/q energy per charge range. The sensor benehtted from high sensitivity, 
a wide dynamic range, complete and continuous coverage of a wide solid angle 
and angular and energy resolution good enough to resolve the supersonic flow 
in the solar wind.

The analyser’s angle of acceptance was 160° in the plane containing the 
spacecraft spin axis. A solid angle of 47t sterad was covered every 4 s due to 
spacecraft spin (apart from the 20° cone around the Hailey relative velocity 
vector).

Ions entering the instrument aperture traversed a hemispherical energy anal
yser, which selected a range of energy per charge (JE/E=4.7% ). The ions then 
entered an 80° angular dispersion sector, which scattered them according to their 
incidence angle at the input aperture. Acceleration of the ions then followed 
onto the front face of a microchannel plate detector. The resultant electron 
clouds were detected using eight metal anodes (Johnstone et al 1986a, 1987a). 
The analyser was damaged near closest approach to Hailey and was hence in
operable at G-S (Johnstone et al 1993).
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Figure 3.2: Positions of the instruments aboard Giotto. Imaging instruments 
are coloured blue, gas mass spectroscopy devices are orange, dust experiments 
are red, and green denotes plasma instrumentation.(Reinhard 1988). MAG = 
Magnetometer, OPE = Optical Probe Experiment, IMS = Ion Mass Spectrom
eter, PIA = Particulate Impact Analyser, JPA = Johnstone Plasma Analyser, 
RPA = Rème Plasma Analyser, NMS = Neutral Mass Spectrometer, HMG = 
Hailey Multicolour Camera, EPA = Energetic Particle Analyser, DID = Dust 
Impact Detection System.
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Figure 3.4: The layout of the hnplated Ion Spectrometer of the Johnstone 
Plasma Analyser. Five electrostatic analysers with time-of-ffight analysers 
shared the entrance aperture at right. The spacecraft spin axis was parallel 
to the vertical in this diagram, with the ram direction at Hailey being down
wards (Johnstone et al 1986a).
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The Implanted Ion Spectrometer

The IIS was an ion spectrometer whose primary function was to investigate 
cometary ions implanted in the solar wind flow. Five sensors covered the angular 
range of 15° to 165° in five equally-spaced 10° sectors in a plane including the 
spacecraft spin axis (fig. 3.4). As the spacecraft rotated, three-dimensional 
coverage of the ion populations was provided. Each of the five sensors consisted 
of a spherical-section electrostatic segment analyser (ESA), and a time-of-flight 
(TOE) analyser.

The 50 mm mean radius ESA sectors with 3 mm plate spacing had energy 
bandwidths of SE/E =  10%. The outer plate was held at OV, and up to -11 kV 
could be applied to the inner plate. Positive ions were selected in the ESA 
according to their E/q. Following selection, the ions were accelerated to pass 
through a thin carbon foil at the entrance of the TOF analyser. While passing 
through the foil, a small amount of energy was tranferred to secondary electrons 
that were deflected from the foil onto an MCP to record the ‘s ta rt’ signal. The 
‘stop’ detector was an aluminium absorber which released secondary electrons 
from its surface layer. It was of spherical concave shape to reduce errors due to 
varying flight-path length, which in turn was due to Coulomb scattering in the 
‘s ta rt’ foil.

The mass-to-charge ratio was determined by

M  _  2W T^ 
q qD'̂

where T is the time-of-flight, D is the path length, W is the total energy after 
post-acceleration, given by

W  =  q(V +  ^ )

The response of the incident ions to a given accelerating potential depended 
on the charge/mass ratio. This ratio was determined by the selected E /q  and the 
measured time of flight (after acceleration) over a known path length. Counts 
were sorted into 5 mass bins using an on-board look-up table. Mass group 
1 contained protons, 2  contained mostly a-particles, and the remaining three 
groups contained pickup ions of increasing mass (flg.6 .8 ).

25//S were required to process the signals for each event, during which fur
ther pulses could not be processed. The maximum time interval allowed be
tween start and stop signals was 80 ns. Using this technique, a high rejection 
of background signals was achieved, allowing the reliable measurement of low 
densities.

The instrument covered the energy range 70 eV - 84.47 keV, which were 
split into 32 logarithmically-spaced energy levels (table 3.1). One energy level
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Table 3.1: Implanted Ion Spectrometer Energy Bins (Coates, personal commu
nication 1996)

Energy
Step

Central Energy 
(keV)

Equivalent Proton 
Velocity (kms“ )̂

Energy
Step

Central Energy 
(keV)

Equivalent Proton 
Velocity (kms~^)

1 0.070 116.2 17 3.030 762.0
2 0.102 139.7 18 3.782 851.3
3 0.133 159.7 19 4.745 953.5
4 0.164 177.5 20 5.943 1067.1
5 0.204 197.5 21 7.399 1190.7
6 0.258 222.5 22 9.232 1330.0
7 0.329 251.0 23 11.557 1488.1
8 0.415 282.0 24 14.478 1665.6
9 0.501 309.9 25 17.899 1852.0
10 0.634 348.6 26 22.316 2067.9
11 0.799 391.2 27 27.914 2312.7
12 1.002 438.2 28 34.930 2587.1
13 1.237 486.9 29 43.417 2884.4
14 1.550 545.0 30 54.066 3218.7
15 1.942 610.0 31 67.557 3597.9
16 2.443 684.2 32 84.570 4023.2

was sampled during each spacecraft spin; hence it took 128 s to obtain a full 
distribution covering all 32 energy bins (Weifi &: Wilken 1987, Wilken et al 
1987). The azimuthal discrimination of the data was 22.5° at G-S (as opposed 
to 45° at Hailey).

Some damage to the IIS was incurred at Hailey; the Polar 5 data returned 
from G-S were more noisy than those returned by the other detectors. As 
this analyser was looking almost in the ram direction at Hailey, it may have 
suffered some foil damage from dust impacts at that comet. This would most 
likely have occurred during the spacecraft nutation event (s) which occurred near 
closest approach. The Polar 5 noise seems to coincide with the solar direction, 
therefore it may be caused by cross-talk, which is at its worst when the other 
four IIS detectors are sensing the solar wind, or due to sunlight entering the 
detector via a hole in the foil (Coates, personal communication 1996).

Ram ions did not directly impinge on any detectors at GS; the sensor that 
came closest to the flow of oncoming ions was Polar 4, the acceptance cone of 
which was 8 .8 ° away.

Prom the returned data, moments of the ions in the 5 mass groups could be 
calculated. Further information on the data types available is given in Chap
ter 7.
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3.3.2 M agnetom eter

The magnetic field experiment (MAG) comprised of a fluxgate magnetometer of 
the ring-core type together with its associated analogue electronics and digital 
processor. The total mass of the experiment was 1.36 kg.

A sample rate of 28.24 vectors s~  ̂ was provided during the encounters, 
with virtually insignificant uncertainties in field measurement caused by ana
logue to digital conversion. Various memory modes allowed storage of data 
during telemetry gaps covering up to 10 days. Two sensor units mounted on 
the antenna tripod were used to allay the magnetic cleanliness problem of the 
spacecraft (mainly caused by the camera and antenna despin motors). During 
the encounters, the instrument provided data in a measuring range of ±256 nT 
for each component, with a digitization uncertainty of ±0.063 nT (Neubauer et 
al 1986a, 1986b, 1987).

3.3.3 Rèm e Plasm a Analyser - Copernic Experim ent

The RPA experiment consisted of two sensors; the RPAl-EESA spectrometer 
and RPA2-PICCA electrostatic mass analyser, which were designed to detect 
electrons and cometary ions, respectively.

The Electron Electrostatic Analyser

The EESA measured the fluxes and energy spectra of electrons in a 39-step 
energy range from 10 eV to 30 keV. The instrument had the capability to 
measure the electron distribution in all directions. This was achieved by using 
a symmetrical, spherical-section electrostatic analyser mounted such that its 
near-planar field of view was parallel to the ram direction. Spacecraft rotation 
provided the all-sky coverage.

The instrument’s data were reliable until around 3 minutes before Hailey 
closest approach, when dust impacts and neutral gas contamination began to 
affect the results (Rème et al 1986c). The damage incurred during Hailey closest 
approach resulted in a shift in the energy range of the instrument to one covering 
a few eV to '^350 eV at G-S (Rème et al 1993).

The Positive Ion Cluster Composition Analyser

The PICCA experiment was designed to measure the composition and spa
tial distribution of “cold” (< 5 keV) cometary ions in the ram direction. The 
analyser had a ±5° unobstructed field of view of the ram direction. The en
trance aperture was fully open, but only positive ions were deflected into the
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instrument, where they were detected using channeltrons in the mass range of 
10-203 amu (Rème et al 1986a). The instrument operated up to the time of 
closest approach to Hailey (Rème, personal communication, 1997).

3.3.4 Other Instrum entation  

Ion Mass Spectrometer

The IMS experiment had two primary science objectives: to measure the rel
ative abundances of both solar and cometary ions and to determine the ion 
velocity distribution as a function of position in the coma. The total mass of 
the instrument was 9.2 kg, and it consumed 8.5 W of power.

Designed for the outer coma, the High-Energy Range Spectrometer (HERS) 
covered the 10 eV to 2.0-4.5 keV (depending on m /q) range. It had a field-of- 
view from 15° to 75° from the ram direction (which included the solar wind), 
and took 16 s to acquire a full spectrum.

The High Intensity Spectrometer (HIS) was designed for use in the inner 
coma. It was composed of two separate analysers: a mass anlyser (MA) and 
an electrostatic quadrispherical analyser (EQA). The MA, had a 2 ° x 15° field- 
of-view, which included the direction of the spin axis. Its energy range was 
from 300 to 1400 eV. An EQA measured the arrival direction of ions. It had 
a 2° X 25° field-of-view, and had 5 elevation-angle bins, which were each split 
electronically into 16 azimuthal segments. A spectrum was obtained every 4 s 
(Balsiger et al 1986a).

The HIS was operational at GS, where, although the flyby geometry was 
unusual, it recorded a signiflcant amount of temporal structure in the proton 
distribution. A very narrow pitch angle distribution was deduced (Goldstein et 
al 1994).

Energetic Particle Experiment

The EPA or EPONA experiment consisted of three particle telescopes, each 
with two totally-depleted silicon surface barrier layer detectors. Telescope 1 
pointed 45° from the anti-ram direction, while telescopes 2 and 3 were pointed 
45° from the ram direction. Telescope 2 was foil-covered to measure electrons 
only. With spacecraft spin, three-dimensional viewing of particle pitch-angle 
distribution was possible.

No mass determination was provided by the experiment -  only the to
tal rest energy of particles could be determined. The experiment was also 
microphonically-sensitive, and hence gave false pulses during mechanical dis-
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turbances. (McKenna-Lawlor et al 1986, Kirsch et al 1995).

Neutral Mass Spectrometer

The NMS was an instrument primarily designed to determine the mass distri
bution of neutral particles in the coma. Prior to the determination of their 
characteristics, the neutrals were ionized by an electron beam. The ions were 
then focussed onto a microchannel plate detector. The NMS also had an ion 
mode which was used mostly in the outer coma at Hailey. In this mode of 
operation, the electron beam was not used, and cometary ions were sampled 
directly by the instrument. The instrument was damaged near closest approach 
to Hailey, but returned valuable data on the composition and concentration of 
particles in the comet’s coma during the inbound pass (Krankowsky et al 1986).

Optical Probe Experiment

The Hailey Optical Probe Experiment (HOPE or OPE) was a seven-colour 
refracting polarimeter pointing in the opposite sense to the ram direction. The 
experiment measured the intensity of light in the coma using a micro-channel 
plate detector. The spectral bands covered had central wavelengths of 4435Â, 
5750Â, 7175Â (three dust continuum bands), 3075Â (OH), 3870Â (ON), 5140Â 
(C2)and 4260Â (00+ ) (Levasseur-Regourd et al 1986). The measurement of 
the CO''' intensity distribution would allow a comparison of local ion density 
measurements via optical and other means.

The OPE operated at Hailey from 20:06 on March 13 to 03:31 on March 
14, 1986; covering the range 1 x 10® km inbound to 8.5 x 10® km outbound. A 
partial telemetry loss occurred after closest approach (Levasseur-Regourd et al 
1986b).

At G-S, the experiment provided data covering the entire encounter. Gas 
was first detected by the OPE 50000 km before closest approach, and dust 
17000 km before (Levasseur-Regourd 1993).

3.4 M ission Profile

The Giotto spacecraft was launched on 2  July 1985 aboard an Ariane 1 launch 
vehicle. The details of its two cometary encounters are summarized in table 3 .2 .
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Table 3.2: Key mission parameters for the two Giotto encounters (adapted from 
Grensemann & Schwehm 1993; additional data from Reinhard 1988).

Hailey Grigg-Skjellerup
Encounter Date March 14, 1986 July 10, 1992
Relative Flyby Velocity (kms“ )̂ 68.37 13.99
Flyby Distance (km) 596 <200 (approx.)
Heliocentric Distance (AU) 0.90 1.01
Geocentric Distance (AU) 0.96 1.43
Distance above/below Ecliptic (AU below) 0.02 0.10
Angle between Spin Axis and
Relative Velocity Vector 0° 68.8°
Solar Aspect Angle 107.2° 89.6°
SCET/GRT Difference 8 m 0.1 s 12 m 8.3 s

3.4.1 The Hailey Encounter

The spacecraft made its closest approach to Comet Hailey at 00:03:01.84 ±  
0.20 s SCET on March 14, 1986, travelling at a velocity of 68.373 kms“  ̂ with 
respect to the comet. The closest approach distance was measured as being 
596 km (Reinhard 1988). The spacecraft approached Hailey at an angle of 107° 
to the Comet-Sun line, as is shown in fig D.l.

The accuracy of the closest approach distance was due largely to data from 
the two Vega spacecraft reducing the uncertainty in the nucleus’ position prior 
to the Giotto encounter (Miinch 1986). All experiments performed well up to 
closest approach and returned a wealth of new scientific results.

The high-gain antenna was constantly pointed towards Earth, while the dust 
impact shield protected the majority of instruments against damage.

Around 2400 impacts were detected by the DIDSY experiment during the 
encounter (McDonnell et al 1993). Fourteen seconds before closest approach, 
Giotto was hit by a ‘large’ dust particle, which caused the spacecraft’s angular 
momentum vector to shift by 0.9°. Scientific data were received only intermit
tently for the next 32 minutes. Some previously-protected experiment sensors 
suffered damage during this interval. Other experiments were exposed to dust 
particles regardless of the accident and also suffered damage, whereas others 
survived the encounter with little or no damage. Giotto ceased operations on 
March 15, and was placed into hibernation on April 2, 1986.

In February 1990, the spacecraft was reactivated, and a check of its in-
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Table 3.3: Status o f the Giotto payload for the Grigg-Skjellerup encounter 
(Grensemann Sz Schwehm 1993).

Instrument Status Active
Hailey Multicolour Camera Aperture blocked; baffle missing; blind No
Neutral Mass Spectrometer Detectors dead No
Ion Mass Spectrometer HERS: high-voltage damage No

HIS: no damage Yes
Particulate Impact Analyser Mass spectrum slightly degraded No
Dust Impact Detection System Some detectors showing increased noise Yes
Optical Probe Experiment No damage Yes
Magnetometer No damage Yes
Johnstone Plasma Analyser High-voltage problems on FIS Yes
Rème Plasma Analyser Cold ion composition: high voltage damage 

Damage to electron electrostatic analyser
Yes

Energetic Patricle Analyser No damage Yes
Giotto Radioscience Experiment Not applicable Yes

strumentation’s condition was made, the results of which are summarized in 
table 3.3. On July 2, 1990, the spacecraft performed a swing-by of the Earth, 
changing its solar orbit by approaching to within 22731 km of the Earth’s sur
face. The Magnetometer and Energetic Particle Experiments were switched on 
during the swing-by, returning data on the Earth’s magnetospheric environ
ment (Glassmeier et al 1991). The spacecraft was then returned to a state of 
hibernation.

3.4.2 The G iotto Extended M ission

In preparation for its flyby of Comet 26P/Grigg-Skjellerup, Giotto was reacti
vated on May 4, 1992. On May 22 and July 8, orbit-control manoeuvers were 
carried out to allow the spacecraft to intercept the cometary nucleus’ trajectory 
on July 10, 1992.

The JPA-IIS was switched on at 18:40 SCET on July 9, and operated in a 
low bit rate mode until 04:24 SCET on the day of encounter, when the data 
were transmitted at the nominal bit rate.

At Hailey, the spin axis was parallel to the relative velocity vector, giving 
the spacecraft maximum protection from impacts by its dust shield. Due to the 
need for maximum power and continuous communication with Earth during the 
G-S encounter, Giotto’s spin axis was inclined by 65° to the relative velocity 
vector.

The spacecraft was travelling through the comet’s coma from the Sunward 
to the anti-Sunward side, at an angle of 79.5° to the Sun-Comet line (i.e. the
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Figure 3.5: The main boundaries in Comet G-S as detected by the RPA in
strument aboard Giotto, in a plane containing the spacecraft’s path and the 
anstisolar vector. The nucleus is at the origin of the coordinates. Giotto’s mo
tion was downwards in this view. Cylindrical paraboloids have been fitted to 
the positions of the boundaries (after Rème et al 1993).

reverse of the geometry at Hailey). The payload was switched-on in the evening 
of July 9. Eight experiments were operated. Around 03:00, the IIS detected the 
first cometary ions. The IIS was switched off at 02:00 on July 10; all remaining 
experiments continued operating until 03:00 UT.

The spacecraft was at its nearest to the nucleus at 15:18:43 SCET (15:30:36 
CRT) with a 1 sigma uncertainty of 14 s (Patzold et al 1993a).

As predicted prior to the encounter (Huddleston et al 1992, Flammer et al 
1993a), Giotto did not pass through the very small diamagnetic cavity of the 
comet.

The optical signature from the OPE experiment suggested a miss distance 
of less than 2 0 0  km, and that the probe passed on the anti-sunward side of the 
nucleus (Levasseur-Regourd et al 1993). From modelling of the OPE dust coma 
profile. Le Duin et al (1996) estimated the miss distance to be as little as 95 km, 
with the nucleus approaching to within 7 km of the edge of the instruments’ 
field-of-view.
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Conversely, Schmidt et al (1993) inferred from MHD modelling that the 
spacecraft passed on the nightside of the nucleus, at a distance of at least 
400 km, and positive Ycse at closest approach at 15:18:59 SCET. Israelevich 
et al (1996) also deduced a night-side closest approach, at the CSE coordinates 
[-220, 210, 130 km].

Three dust impacts were detected by the dust impact system (MacDonnell et 
al 1993). Prom signature in the spacecraft’s radio signal, Patzold et al (1993b) 
proposed that Giotto was also probably hit by a single large dust particle (of 
mass 20-39 mg) towards the antenna tripod end of the spacecraft.

All operational instruments operated as expected throughout the encounter, 
providing a wealth of information on the environment of this weak comet. Giotto 
will pass within 219000 km of the Earth’s surface on July 23, 1999, but further 
operation of the spacecraft is unlikely (Grensemann &: Schwehm 1993).
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Chapter 4 

Ion Features of Com et 
Hyakutake

“...it is necessary to recognise that Comet Morehouse was very 
abnormal in many respects, and it may be some time before a comet 
appears showing strictly similar phenomena.” A. S. Eddington, 1910

Abstract

C/1996 B2 Hyakutake approached to within 0.102 AU  of the Earth in late March 
1996. A t this distance, its relatively high production rate made the comet a 
spectacular sight. The distribution of H2 in the comet was monitored at two 
observatories; on certain nights, dynamic tail ray activity was recorded. The 
morphologies and movements of ion features in image sequences were studied. 
One of the sequences is believed to have the highest temporal resolution yet 
obtained for remote cometary plasma observations. Contracting envelopes of 
ions were seen on the sunward side of the comet; the first clear record obtained 
of such features since 1908. An estimate of the comet’s gas production rate was 
derived from tfie distributions of the ions. Interpretations of the dynamics and 
morphologies of the ion tail and rays are presented.

4.1 Introduction

The apparition of C/1996 B2 Hyakutake proved to be the most spectacular 
cometary display for 20 years. The reasons for the comet’s apparent brilliance 
were its relatively high gas production rate combined with a low geocentric 
distance (0.1 AU when at its closest to Earth). During its near-Earth pas
sage, the comet had a water production rate of approximately 1 — 3 x 10̂ ® s " \

95
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Background information on the comet and measurements carried out by other 
workers is given in Appendix B.

In the course of the work presented here, data from two observatories were 
used: the University of London Observatory (ULO), London, and the Nordic 
Optical Telescope (NOT), La Palma, Canary Islands.

4.2 Observations

4.2.1 University of London Observatory

During late March and early April 1996, images of Hyakutake were obtained 
using the Radcliffe 0.61 m twin refractor at the ULO, Mill Hill, North London. 
Five observing sessions were held, from March 26 to April 3. Poor weather 
conditions meant that the start of observations had to be delayed until after the 
comet’s closest approach to the Earth.

A CCD camera (see Appendix A) was at the focus of one of the parallel 
telescopes, equipped with a 6-position filter wheel. The detector used was a 
Wright Instruments 1200 x 800 pixel device covering a 14’ x 9.3’ field-of-view 
with 25 iim  square pixels. The dark noise level was 50 e~ in 500 s (or 10 counts), 
with a fairly low dark current of 0.1 e“s“ ,̂ and a 5 e"count"^ read-out noise. 
The pixel scale was 0.7 ”p ix e l" T h e  tracking of the telescope was adjusted to 
match the comet’s motion as closely as possible. Fine adjustments were then 
made to the rate of tracking by manually guiding on the position of the comet’s 
nucleus in the eyepiece of the second telescope. This was carried out during 
each exposure to obtain images of the maximum possible quality.

The filters used at the ULO were the H2O''" and continuum pair described 
in Section 2.2.2, and standard broad-band B, V and R filters. A CO^ filter was 
tested once but proved to require very long exposures due to the low sensitivity 
of the CCD in the blue spectral region.

Some technical problems were encountered involving telescope focussing, 
filter selection and tracking of the comet, which were all eventually solved. The 
tracking problem was a result of the comet’s extremely large apparent motion. 
On the night of March 27/28, the comet was very close to the north celestial pole, 
making tracking particularly difficult as the rate of change of right ascension 
was close to the physical limits of the telescope drive.

The observatory site suffers from light pollution. However, due to the bright
ness of the comet, this did not impair the quality of the images to a significant 
degree.
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4.2.2 Nordic Optical Telescope

The Nordic Optical Telescope (NOT) on La Palma, Canary Islands was used to 
image the comet as part of a target-of-opportunity service programme; conse
quently the images were studied for the first time after all the observations had 
been made. The amount of time that could be devoted to the acquisition of 
images of the comet was limited, as the observing time was allocated primarily 
to other observers. Additionally, no flux calibration images of standard stars 
were obtained by the telescope operators. The analysis is hence restricted to 
the morphology and temporal variations of the comet’s inner coma.

The 2.56 m reflector is on an alt-azimuth mount, with its instruments 
mounted on a field de-rotator. The imaging device used was the liquid nitrogen- 
cooled Brorfelde Camera, which housed a Tektronix 1024 x 1024 pixel back- 
illuminated thinned chip detector at the telescope’s Cassegrain focus. The CCD 
had a readout noise of 6.5 electrons and a conversion factor of 1.68 e“ ADU“ L 
Its pixels measured 24 fim  square. The pixel scale of the images produced by 
the camera was 0.176 ” p ix e l" re su ltin g  in a 3x3’ field-of-view (Norregaard & 
Nielsen 1994).

Images of the comet were obtained using the H2O"'" and dust filters matching 
those used during the same period at the ULO (described in Chapter 2). Addi
tionally, frames were obtained using International Hailey Watch (IHW) filters. 
These were a 3871 Â CN filter, and a 4845 Â continuum filter. The CN filter 
was to measure the A v= 0 sequence of the X^H system of CN. The fiux
from CN emission included in the filter bandpass was 90% due to the 0-0 band, 
with a 10% contribution from the 1-1 band. The 4845 Â filter covered a spectral 
region contaminated by the high vibrational and rotational components of the 
A v= 0 sequence of the Swan system of C2 (A’Hearn 1991).

Since at the time of the observations more than a decade had passed since 
the manufacture of the latter two filters, some changes in their wavelength re
sponses could have occurred. These changes have not yet been investigated. 
The reduced images obtained of the neutrals using the IHW filters do show in
teresting morphological features, in particular the CN images, and will undergo 
analysis in the future.

4.3 Data Reduction

All image frames were corrected using standard procedures (Appendix A). For 
analysis of the H2 0 "̂  features alone, the images needed to be centered with 
respect to each other (Section 2.2). This was carried out using the IRAF routine
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imcntr, which located the centroid of a peak in an image to within a fraction of 
the pixel size. The centres in x and y were computed independently; hence the 
routine is slightly inferior to a truly 2-dimensional centering algorithm. This 
routine was used with a small box size, as the radial profile about the optical 
centre was strongly asymmetrical due to the presence of bright sunward jets. 
Paired images were shifted with a precision of 0.01 pixels using the imshift 
routine.

4.3.1 University of London Observatory

Absolute flux calibration of the ULO images was carried out by using images 
of HST stellar standards (Turnshek et al 1990). The spectrum of one of these 
stars [t] UMa) was folded with the filter response curves (Chapter 2), and the 
resulting expected flux differences were compared to the fluxes recorded in the 
images obtained by carrying out photometry with IRAF packages. The fluxes 
recorded in the images were normalised for the atmospheric extinction of the 
sources.

During some observations, the elevation of the comet was so low as to 
make spectrophotometry particularly sensitive to atmospheric conditons. Dur
ing these periods, the nearby star a  Per was monitored to record the variation 
in atmospheric extinction with elevation, a  Per was subsequently found to be a 
low-amplitude variable star, but only over a period of 9.8 or 87.7 days (Hatzes & 
Cochran 1995). Variations in the star’s inherent brightness were therefore very 
unlikely to be signiflcant during our observations. Comet images were subse
quently corrected for extinction by following the trends found in the photometry 
of a  Per.

4.3.2 Nordic Optical Telescope

As no stellar standards had been imaged during the NOT service programme, 
it was not possible to derive absolute fluxes in the comet images. The relative 
transmission of the H2O''' and dust filters was known however, and the data 
were thus still suitable for morphological studies.

Imaging data from the evening of April 2 were contaminated by interfer
ence from a power supply at the telescope. This manifested itself as diagonal 
banding on the images. Although not at a severe level in the original images, 
following subtraction of the dust continuum, the amplitude of the interference 
pattern was comparable to the strength of the H2O+ features. To rectify this, 
a technique described by Hanisch (1992) was applied, whereby Fourier filtering 
of coherent noise was used to remove the periodic pattern from the images.
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Figure 4.1: H2 O production rate estimates of Hyakutake from March 17 to 
April 25, 1996. Estimates derived from reported visual magnitudes are marked 
as circles; orange diamonds represent estimates derived by other observational 
means (lAUC 6343 - 6388 and Hicks & Fink 1997). Observations carried out 
for this thesis are bound by the red vertical lines (March 26 00:00 UT -  April 
5 20:00 ETj

The Fourier transforms of the original images were obtained, and the signature 
of the banding removed from the transforms. The adjusted transforms were 
then inverted, thus restoring the original images with much-weakened banding 
patterns.

4.4 Overview of Observations

Figure 4.1 shows the estimated water production rate of Hyakutake during 
March and April 1996. Most estimates have been derived from visual magnitude 
measurements reported in I AU circulars, converted to values of Q using the 
technique of Jorda et al (1992) (Appendix A). The large scatter in measurements 
in late March is due to the comet’s coma covering too large an area of the sky for 
the comet’s total brightness to be measured consistently by different observers. 
Errors inherent in Jorda’s technique are insignificant on the scale of the plot.
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Figure 4.2: A mosaic o f three images o f Hyakutake using the continuum filter 
obtained at the Nordic Optical Telescope, o f exposure lengths 10, 100 and 100 s. 
The images were obtained between 00:08 and 00:14 UT on March 28, 1996. The 
Sun is towards the lower right. Two fragments are seen receding from the nuclear 
region; 9 fragments in total are visible in this mosaic, following enhancement. 
The phase angle was 92f.

Figures 4.2 and 4.3 show concurrent continuum images of Hyakutake ob
tained at the NOT and ULO, shortly after midnight UT on March 28. The 
images demonstrate the differing fields of view, atmospheric conditions and 
pixel size at the two telescopes at that time. Although of higher resolution, 
individual NOT frames covered much smaller fields of view than those of the 
Radcliffe at ULO.

A linear feature extending in the antisunward direction originating at the 
nucleus (seen in fig. 4.2) was first interpreted as being a plasma tail. The feature 
was however visible in both continuum and H2 O+ images, and is thus likely to 
have been a train of large dust particles being propelled from the vicinity of the 
nucleus by solar radiation pressure. Within this dust train, nuclear fragments 
surrounded by miniature comae were recorded clearly in many of the frames 
obtained (fig. 4.4). The dynamics of the nuclear fragments are worthy of analysis 
but will not be dwelled upon in this thesis.

During the period of study, Hyakutake displayed ion features of varying
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Figure 4.3: A continuum image of Hyakutake obtained at University of London 
Observatory between 00:12 and 00:17 UT on March 28 1996, overlapping the 
times when the mosaic in hg. 4.2 was acquired. The outline of the NOT mosaic 
is traced on this image to indicate the differing helds-of-view of the instruments. 
The poor viewing conditions are reflected in the quality of the image.

prominence and activity (e.g. fig. 4.5). Although observing conditions were 
not particularly poor, rays were not always visible after their first detection on 
March 29. As the geocentric distance of the comet and hence also the field-of- 
view changed considerably during the period of observations, the non-detection 
of plasma rays in the ULO images until that date may have been partially due 
to the relatively limited field-of-view of the instrument.

The following is a summary of the images obtained during the observing 
sessions at the two telescopes. A detailed log of observations is provided in 
Appendix C.

N O T, M arch 25-26: 4 images of the comet were obtained between 23:59 
and 00:03 UT.

ULO, M arch 27: 9 images of the comet were obtained between 02:46 
and 04:55 UT. There were some good observing conditions; however the images 
suffered due to some focusing problems and are thus not suitable for analysis of 
ion features. Flux calibration was carried out using p UMa.

N O T, M arch 27-28: A total of 22 images were obtained at 22:03 - 22:09,
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Figure 4.4: An enhanced version of the NOT mosaic shown in fig. 4.2. The 
original image was smoothed using a Gaussian filter, and the logarithm of the 
smoothed image subtracted from the logarithm of the original. The complex 
nuclear jet structure is revealed, as well as the numerous fragments moving in 
the antisunward direction (towards the north-east).

00:02 - 00:14, 02:00 - 02:07 and 03:58 - 04:02 UT.
ULO, M arch 27-28: 15 images were obtained between 23:19 and 01:45 UT. 

Atmospheric conditions were poor, with a setting 1st quarter Moon. No clear 
ion ray features were detectable.

N O T, M arch 28: 4 images were obtained between 22:02 and 22:06 UT. 
N O T, M arch 29: 9 images in total were obtained at 20:26 - 20:32 and 

22:25 - 22:31 UT.
ULO, M arch 29-30: 33 images were obtained between 22:56 and 03:41 UT. 

Observing conditions were good, with a waxing Moon. Flux calibration was 
carried out. Rays were detectable in these images with varying clarity, but were 
mostly weak.
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Figure 4.5: Au example of an image of H20'^ ray features recorded at the 
ULO using the Radcliffe Telescope on the evening of April 1, 1996; the start of 
exposure was at 23:36 UT. A continuum image was subtracted from the H2 Ü^ + 
dust image to isolate the emission from the water ions. The short near-vertical 
linear features are star-trails. Dark trails were those recorded in the subtracted 
continuum image. The image measures approximately 159000 by 106300 km at 
the comet; the Sun was towards the lower right.

N O T , M arch 30: 9 images in total were obtained at 20:34 - 20:48 and 
22:31 - 22:35 UT, in photometric conditions.

N O T, M arch 31: 4 images were obtained between 20:51 and 20:55 UT. 
The seeing was around 0.8” .

N O T, A pril 1: 4 images were obtained between 20:23 and 20:30 UT. The 
seeing was around 0 .8 ” ; conditions were non-photometric due to the presence 
of high cirrus clouds.

ULO, A pril 1-2: 29 images were obtained between 21:26 and 01:56 UT (see 
hg. 4.11 for a selection). Between 21:26 and 01:56, ion ray features strengthened 
and then weakened again. Visibility was good, with a 13.6 day-old Moon. Flux 
calibration was carried out.

N O T, A pril 2: On the evening of April 2, a sequence of 22 exposures 
of the comet were obtained at the NOT; each of 30 s in length. The images 
were acquired in rapid succession, with an image acquired every 1 - 2  minutes 
alternating between the H2 0 ^ and dust hlters. The seeing on this evening was
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around 1.2” ; however the conditions were photometric. Ion features were seen 
to change over the short observation period (see below).

Subtraction of the continuum images, gave a sequence of 11 H2O+ images, 
spanning the times 20:43 to 21:10 UT, which had been acquired every 2-3 min
utes. The average geocentric distance of the comet was 0.286 AU; hence the 
pixel scale at the time was 36.54 km p i x e l " a n d  the 1016x1016 pixel images 
displayed here are 37100 km square at the comet.

It is believed that these observations are the highest time-resolution sequence 
obtained which record the ray-folding phenomenon. The highest temporal reso
lution sequence found in the literature was that of Larson (1990), who acquired 
images of H20^ features in Comet 23P/Brorsen-Metcalf every 6 minutes, in 
1989. Those images were however contaminated by the dust continuum.

N O T , A p ril 3: 4 images were acquired between 20:20 and 20:29 UT. The 
seeing was around 1.0” .

U LO , A p ril 3: 14 images were obtained between 21:06 and 23:56 UT. Con
ditions were hazy, with a full Moon which was eclipsed for part of the observing 
period. The background levels in the images were therefore constantly chang
ing. Flux calibration was carried out. Atmospheric extinction was monitored 
by using the star a  Persei; ion rays were visible.

N O T , A p ril 5: 5 images were obtained between 20:18 and 20:28 UT; strong 
ion rays were detectable. Seeing was around 0.6” .

4.5 A nalysis

When viewed in succession, the ion images showed Hyakutake's plasma envi
ronment to be rapidly changing. Sequences recording ion features’ behaviour 
were recorded at ULO on April 1/2 and April 3, and at the NOT on April 2.

Here, the results of the analyses of these images are described. A survey 
of ion features in the comet’s extreme inner regions is covered first. A general 
overview of the ion rays is then given, describing the development and physical 
nature of the features. The rays’ motions are then outlined, and are compared to 
descriptions of ray motions reported by other workers. Then the implications for 
constraints on the physical processes which lead to ray formation are discussed.

The recorded ray behaviour is analyzed in an attem pt to ascertain the solar 
wind conditions at the comet. The possiblity of estimating the near-comet solar 
wind conditions from near-Earth in-situ measurements is discussed. Finally, the 
peculiar behaviour of the rays and main ion tail on April 1/2 is investigated, 
and a possible interpretation of the images as evidence for the slow rotation of 
the IMF in the vicinity of the comet is presented.
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4.5.1 Extrem e Inner Region Features

As mentioned in Chapter 2, Cosmovici et al (1995) reported the detection of 
“detached” structures of H2O+ in the coma of IP/Halley, following the applica
tion of image processing techniques to ground-based narrow-band filter images. 
To maintain a good signal-to-noise ratio when searching for features, Cosmovici 
and co-workers applied the same processing to the continuum images as they 
did to the ion-f-dust images, and then compared the results.

In the search for unusual near-nuclear plasma features in Hyakutake, several 
techniques were employed to enhance features in the ULO and NOT images 
(Appendix A). Overall, the search for features was unsuccessful.

However, in some images, a weak enhancement of ray intensity was some
times seen to occur when rays intersected nuclear jets. This suggested that 
nuclear jets provided a localized source of ions in the form of sublimating icy 
grains. When rays intersected these jets, direct injection of the ions into the 
ray features may have been occurring. This was also the inference reached by 
Cosmovici et al (1995), and was also suggested by Watanabe et al (1990) to 
explain an asymmetric ray-pair seen in Hailey’s tail in 1985. Separate obser
vations of neutral gas in Hyakutake also suggest that an extended source of 
volatiles existed in Hyakutake’s coma (Harris et al 1997).

Ip et al (1986, 1988) reported the observation of a plasma density peak 
in Comet Hailey at a distance of around 2 x lO^km from the nucleus, using 
spectroscopic techniques. These observations were carried out only 13 hours 
after the Giotto flyby of the comet, and agreed with the plasma density peak 
seen at around these distances by Giotto experiments. In searching for similar 
features in Hyakutake, dynamic sunward envelopes of ions were detected; these 
are described below.

4.5.2 The Developm ent and Physical Nature of Rays

The sequences of ion ray images obtained at ULO and NOT demonstrated 
clearly the dynamic nature of these features. The “folding umbrella” analogy 
(Ershkovich 1982) was demonstrated by the motion of the rays. Additionally, 
the formation of ray pairs from sunward contracting envelopes was recorded.

The NOT image sequence of April 2 (fig. 4.6) provides the highest temporal 
resolution series of images. The rays in the individual frames of this sequence 
were not very distinct above the background diffuse ion emission. When viewed 
as an animation however, dynamic features became visible that were not readily 
apparent in any single frame.

One ray pair which was clearly visible in the first images of the sequence
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20 :51 :38  U20 :43 :17  UT 2 0 :46 :20  UT 20 :49 :02  UT

20 :54 :18  UT 21:02:21 UT 
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2 0 :56 :55  UT 20:59:37 UT
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21 :05 :02  UT 21 :07 :40  UT 21 :10 :19  UT

Figure 4.6: Sequence of H2 O+ images obtained at the NOT on April 2. Times 
are start times of the 30 s exposures. The dust continuum has been subtracted 
from each frame. The remaining features are thus mainly H20~  ̂ ions. The 
horizontal interference pattern has been reduced as far as possible. The images 
have been smoothed with a Gaussian filter of o=2 pixels to improve the visibility 
of the rays.

had disappeared by the middle of the image series, and the plasma tail was seen 
to weaken significantly around this time. Two other clear tail-ray pairs folded 
towards the main tail, and a new pair formed.

R ay Form ation

The formation of a new ray pair recorded in the NOT April 2 sequence is shown 
in hg. 4.7. Initially, a diffuse cloud of ions moved towards the nucleus from the 
sunward direction. The elongated cloud had its greatest dimension perpendicu
lar to the sunward vector. The cloud became progressively less diffuse and more 
elongated with time. At the end of the image sequence, it draped around the 
extreme inner coma, forming a ray pair.

As was covered in Chapter 2 , the formation of rays has been the topic of 
some debate, primarily centered on images obtained by Eddington of C/1908 R1 
Morehouse (Ip & Axford 1982, Jockers 1985). Eddington (1910) interpreted his
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Figure 4.7: Formation o f a ray pair from a paraboloidal ion feature, and sub
sequent motion o f the pair, recorded in N O T images obtained on April 2. The 
Sun is towards the lower right. The feature moved from the south-west (bottom  
right) towards the north-east (upper left), i.e. in the antisunward direction. The 
position o f the cometary nucleus is indicated by the black spot. The times o f 
the exposures were 20.7317, 20.8274, 20.9151, 21.0037, 21.0942 and 21.1822 in 
decimal hours UT. The frame measures 37100 by 37100 km at the comet.

observations (see figs. 2.6, 2.7 and 2.8) as showing the formation of a ray pair 
from a cloud on the sunward side of the nucleus; this interpretation also being 
reached by Lust (1962). The sunward vertex of the Morehouse cloud decelerated 
from around 10 kms“  ̂ to a few kms“ .̂

Wurm (1968) interpreted the same observational data as evidence of rays 
ejected from the inner coma in the sunward direction, which rapidly turned 
into the antisolar direction (fig. 4.8); the sunward envelopes delineating the 
turning points of the sunward jets. Jockers (1985) suggested cautiously that 
the features that Wurm reported as sunward plasma jets may have been caused 
by the intersection of two envelopes, implying that these features were linear 
(i.e. not shells). It is suggested here that Wurm’s inferences may possibly have 
been the result of observation of the injection of ions into a ray from a nuclear 
jet. It is easily possible that in the photographs in question, emission from 
neutrals or dust in nuclear jets would be indistinguishable from the emission 
emanating from ion features.

Additionally, Combi &; Delsemme (1980) suggested that similar features were 
recorded by them in spectrophotometric observations of ions in comets C/1975 
VI West and C/1969 Y1 Bennett.
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2000 km
I— I

Figure 4.8: Streamer structures in the extreme inner coma o f Comet C/1908 R1 
Morehouse (Ip & Axford 1982, after Wurm & Mammano 1967).

The motion of the cloud directly upstream of the nucleus of Hyakutake in 
the NOT sequence was measured. This could only be done while the entire 
feature was visible (before the central region in the images was overwhelmed by 
contamination by neutral species’ emission). Between 8000 and 10000 km up
stream of the nucleus, the velocity in the downstream direction averaged around 
5 kms“ .̂ It may be possible that the apparent motion of this feature was the 
result of a propagating wave phenomenon as opposed to a bulk motion of ions; 
hence the velocities inferred should not be taken to be a direct measurement 
of the local ion velocity. Nevertheless, the measured velocity agreed with the 
recorded speed of propagation of similar features in Comet Morehouse.

In the NOT sequence, no sunward ion jets were recorded. Considering the 
high temporal resolution of the NOT sequence, it can be argued that any such 
jets -  even those moving at relatively high vélocités -  would have been recorded 
in the images.

ULO images recorded on April 1/2 also show similar contracting envelopes. 
Diffuse paraboloidal features were seen to sharpen, extend, and drape around 
the inner coma to form ray pairs (e.g. as traced in figs. 4.12, 4.13 and 4.17). 
The asymmetry of the paraboloidal features may indicate that the local IMF 
direction was oblique to the direction perpendicular to the solar wind flow.

As stated by Bonev & Jockers (1994), the interpretation of the sunward 
envelopes observed in Morehouse has remained unresolved. These observations 
are believed to greatly strengthen the case for Eddington’s sunward contracting 
envelopes being the precursors of ion ray formation.
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R ay  D im ensions

As the fields of view of the instruments used to observe Hyakutake were lim
ited, tail rays extended beyond the image areas. Thus, tail length measurements 
could not be made. However, tail widths could be estimated. A precise mea
surement of ray widths is difficult to obtain due to the long exposures usually 
needed to record these features (as the blurring effect of ray motions cannot be 
compensated for). This is particularly true for rays at large angles to the main 
tail, for whom the rate of motion is the greatest.

Ray width measurements obtained by other workers have been quoted as be
ing “[typically] 3000-4000 km” (Brandt 1968), “between 10  ̂ and a few 10  ̂ km” 
(Ip & Axford 1982), and “less than 10'* km” (Jockers 1985). Maffei & Wurm ob
tained a width estimate of 2000 km for features in Comet C/1959 Y1 Burnham 
(Brandt 1968).

Due to the very short exposure times required during the Nordic Optical 
Telescope observations, the apparent ray sizes could be deduced with some 
certainty, as the blurring of ray images due to the features’ motions was kept 
to a minimum. Measurement of the dimensions were difficult in the April 2 
sequence due to the banding interference present in those images. The image 
obtained at the NOT on April 5 however clearly recorded ion rays (fig.4.9).

In that image, several rays were visible, each of which had differing char
acteristics. Sharp, “strong” rays as well as broader, more diffuse rays were 
detectable. The significance of this variation in characteristics is discussed in 
a later section. A cross-section of some the rays shown in fig.4.9 is plotted in 
fig.4.10 (the image was smoothed using a Gaussian filter with a=2 pixels to 
reduce image noise prior to taking the cross-section).

Measuring these features yielded width estimates ranging from around 900 km 
for the sharpest features to approximately 1700 km for the broader, more dif
fuse rays. Inspection of NOT images from other observing sessions revealed ray 
widths of typically 2000 km.

Several workers have reported that the widths of rays decrease with time. 
Wurm (1968) suggested that this was a result of reduced smearing of the features 
as their turning motion with respect to the ion tail axis decreases. This effect 
could also be real (Jockers 1985), but determining if this is the case is difficult.

The apparent widths of the rays as measured in the ULO observations ranged 
from around 3000 km (sharp rays) to 6500 km (broader rays). These widths 
are likely to be less accurate than NOT image measurements due to the longer 
exposure times, for the reason mentioned above. Nevertheless, in single ULO 
images, a variation in the sharpness and strength of the features (above the
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Figure 4.9: H20~  ̂ features in the inner coma of Hyakutake recorded during a 
30 s exposure at 20:18 UT on April 5, 1996 at the NOT. The dust continuum 
has been removed. The image measures 51070 km square at the comet. The 
Sun was towards the lower right.

background diffuse emission) was seen, as in the NOT images.
It may also be possible that ray widths change with distance from the nu

cleus. So, the generally larger widths measured in the ULO images may be a 
result of the rays themseleves being larger than in the extreme inner coma, as 
opposed to being caused by the motion of the rays during the longer exposure 
times.

The magnetic-held dips recorded in-situ by the Vega spacecraft at Hailey 
had widths of between 400 and 1600 km (hg. 2.9), and were separated by 4000 
to 10000 km (Jockers 1991). The scales of these features are very similar to the 
NOT widths reported above, suggesting that the features may indeed be related 
to tail rays.

4.5.3 Ray Motion

To analyze in detail the dynamics of the ion rays, the positions of rays in image 
sequences were recorded. Three of the sequences recorded the ray phenomenon 
clearly; ULO on April 1/2, NOT on April 2 and ULO on April 3. The April 3
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Figure 4.10: Cross-section o f the image shown in hg. 4.9, from south to north 
along a vertical line 12740 km to the east o f the nucleus. The positions o f two o f 
the rays visible in the image -  one sharp, the other more diffuse -  are labelled. 
Note that the obliquity o f the features with respect to the direction o f the cross- 
section varied from ray to ray. This was taken into account when the widths 
were calculated.

sequence was analyzed, but the ion features recorded during that period were 
weaker than in the other two sequences. Additionally, the rays coincided with an 
interference pattern formed on the CCD image plane by the H2O"'' filter, which 
hindered a detailed analysis. Data from that night are therefore not presented 
here.

M ethod

The continuum contribution was removed from each H20''’ image, and the ion 
images enhanced by unsharp masking (Appendix A). Accurate measurements 
of ray gradients were obtained by marking several points along the length of 
each ray. A linear function was then fitted to these points, obtaining the best 
fit by minimizing the statistic. The probable uncertainty on the line gradient 
fitted to the points was used as the error on the ray angle determination.

Pairs of rays were identified, and half the angular separations between the
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members of each pair were recorded (as opposed to the ray-ion tail separation 
for each individual ray). This was done due to the uncertainty in the exact 
pointing direction of the tail, which was known to deviate slightly from the 
antisunward direction. This negated the additional uncertainties that would be 
introduced by determining the direction of the broad tail and those introduced 
if any rapid changes in the tail direction itself occurred during the acquisition 
of the image sequences.

Many of the observed rays displayed non-linear profiles. In measuring the 
angles that these features made to the tail axis, the gradients of the ray sections 
furthest from the nucleus were measured. Even so, it is possible that the non- 
linearity of the rays continued outside the field-of-view. Hence, the limited field 
of view meant that the measurements conducted using the NOT images cannot 
be directly compared to those obtained with a larger field of view, where the rays 
have become essentially linear in nature. Simultaneous imaging of rays using 
the ULO and NOT would have resolved this; however no such simultaneous 
data are available.

The positions of the rays were at times difficult to determine; when close to 
the ion tail, the rays tended to merge with the strong emission present in that 
region. When far from the tail axis, the ray features, as recorded, were often 
very diffuse. The main reason for this was the blurring which took place as a 
result of the features’ significant motion during each exposure. This was not 
a problem during the single NOT sequence; the temporal resolution there was 
high enough for unambiguous identification of features as they developed from 
image to image.

An added complication when dealing with the NOT images of April 2 was the 
near-horizontal banding caused by power supply interference. As this problem 
was not fully remedied, difficulties were encountered in tracing rays when they 
were close to being parallel to the interference pattern.

ULO, April 1 /2

Fig. 4.11 shows the first 8 H2O''' images obtained on the night of April 1/2, 
1996 at ULO. The positions of individial ray pairs recorded during that session 
are delineated in figs. 4.12 to 4.17. Each position is labelled with a number 
denoting the time at which it was recorded (listed in Table 4.1). Where gaps 
appear, identification of the ray position was difficult, due either to the weak 
appearance of the features, or coincidence with a star trail or the main ion 
tail. Some uncertainty in the correspondence of features in subsequent images 
occurred on occasion, when larger gaps in time between images meant that the 
motion of certain features was difficult to follow. In figs. 4.12 to 4.17, dashed
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Table 4.1: Times o f mid-exposure o f the ray positions summarized in figs. 4.12 
to 4.17.

Image
Number

Date
(1996)

Time of mid
exposure
(decimal hours UT)

1 Apr 1 21.5139
2 21.8914
3 22.6883
4 23.4208
5 23.7706
6 Apr 2 0.2397
7 0.4317
8 0.7614
9 1.2594
10 1.4878
11 1.8206

lines indicate weak or diffuse features, and the position of the nucleus is marked 
by a black spot.

The positions of the rays were determined as described above, and half the 
angles between the members of each ray pair were plotted against the time of ex
posure (fig. 4.18). The error bars represent the uncertainty in the determination 
of the angular separation. The rays displayed generally underwent consistent 
motion, with some exceptions where the folding rate differed greatly to that 
displayed by other rays. Where the folding motion was slow (rays displaying a 
small gradient in the fig. 4.18 plot), it did not necessarily imply that the rays 
were stationary. On occasion, the ray pairs continued to move downstream, 
but the angular separation between the members of the pairs did not change 
significantly (e.g. fig 4.16).

Some rays were essentially linear along their whole lengths, whereas others 
remained concave in profile even when quite far downstream (e.g. fig. 4.17). 
Determining the angular separation of these non-linear features was particularly 
troublesome. Gradients were fitted to the portions of the features furthest from 
the nucleus still visible in the images.

Under the assumption that the folding rates of the rays remained relatively 
constant during the observation period, an attem pt was made to combine the 
data for each ray pair to give a typical folding profile. This was done by adjusting
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23:41 UT

00:09

Figure 4.11: H20^ features in Comet Hyakutake recorded at ULO on April 
1/2, 1996. Labels indicate the time of mid-exposure UT. Each image measures 
approximately 159000 by 106300 km at the comet. All frames have been rotated 
such that the Comet-Sun line is horizontal; the solar wind hows into the comet 
from the right.
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Figure 4.12: Motion o f a ray pair from ULO images obtained on April 1/2.
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Figure 4.13: Motion o f a ray pair from ULO images obtained on April 1/2.
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Figure 4.14: Motion o f a ray pair from ULO images obtained on April 1/2.
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Figure 4.15: Motion o f a ray pair from ULO images obtained on April 1/2.
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Figure 4.16: Motion o f a ray pair from ULO images obtained on April 1/2.
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Figure 4.17: Motion o f a ray pair from ULO images obtained on April 1/2.
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Figure 4,18: A plot o f measured angles between conjugate rays recorded at 
ULO on April 1/2, divided by two, to approximate the separation o f individual 
rays from the main tail axis. Lines link the ray positions which unambiguously 
represent the same ray pairs.

the times of measurement of each ray’s positions with respect to those of other 
rays until an “average” profile was obtained (fig. 4.19). A 3’’‘̂ -degree polynomial 
was fitted to the data, and is also plotted on the figure.

In re-compiling the data in this way, it was found that the ray formation 
rate had an average value of 0.937 ray hr“  ̂ during the observation period; but 
the actual spacings ranged from 0.45 to 1.25 hours (another spacing in time of 
only 6 minutes between two particular ray pairs was thought to be an anomaly, 
possibly caused by the formation of two pairs by the same solar wind feature).

It is found that the time taken for a ray pair to converge from an initial 
separation of 45° to around 5° is approximately 4 hours. The combination of 
the positions of many rays, as has been done here, may not be valid, as indicated 
by the range of folding rates displayed by the individual rays in fig. 4.18. When 
combined however, the data are found to follow a relatively consistent profile. 
Outlying points on the graph in fig. 4.19 may be due to erroneous measurements 
of ray positions, or the misidentification of conjugate rays.

Also plotted in fig. 4.19 (dashed line) is the motion of rays in Comet C/1975 
N1 Kobayashi-Berger-Milon (K-B-M), as measured by Moore (1991). A com-
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Figure 4.19: The ray positions plotted in hg. 4.18, having been repositioned to 
estimate the closure rate o f a single ray. A  3f^-degree polynomial htted to the 
data has also been plotted (solid line). The dashed line represents measurements 
made by Moore (1991 ) o f ray motion in Comet K-B-M  (see text for description).

parison of the Hyakutake measurements with these data is made below.

NOT, April 2

Fig. 4.7, and figs. 4.20 to 4.22 trace the motion of four ray features during the 
NOT observing session of April 2, 1996. The mid-exposure times were 20.7317, 
20.8274, 20.9151, 21.0037, 21.0942 and 21.1822 in decimal hours UT. The full 
set of data were not included in the figure due to the very close proximity of 
downstream positions to one another in subsequent images of the “oldest” rays; 
hence only alternating positions have been traced. Where features displayed 
significant widths, the traces delineate the positions of their mid-points.

Half the angular separations between rays in a pair during each exposure 
are plotted in fig. 4.23. In fig. 4.24, the same data have been replotted with 
the respective image acquisition time of each ray adjusted so as to simulate the 
folding motion of a single ray. Each individual ray pair is represented in fig. 4.24 
by a single colour. The assumption was made that all 4 rays recorded in the 
sequence had folded at approximately the same rate. It was found that the rays
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Figure 4.20: Motion o f a ray pair from N O T images obtained on April 2. Times 
are as for fig. 4.7.

were spaced quite consistently at intervals of approximately 25 minutes. The 
rays took around 1.5 hours to turn from an angle of ~70° to 5° from the main 
tail axis. A 3^^-degree polynomial was fitted to the data; the resulting curve 
has also been plotted in fig. 4.24. The folding motion shows a slight anomaly 
when the rays are around 30° from the tail axis; it is unlikely that this feature 
is significant. However, it may represent a point in the development of the ray 
feature where the apex of the pair passes through a region in which the rate 
of change of the folding motion is not constant. Physically, this could mean 
the ray apex encountering a region in the inner coma where the velocity shear 
characteristics of the plasma changed.

Inferences of Ray M otion Studies

Polynomial functions were fitted to the ray-pair positions shown in figs. 4.19 
and 4.24. These functions were differentiated with respect to time, to obtain 
the folding rates of the rays. Fig. 4.25 shows the ray closure rates in units of 
°hr“  ̂ measured for the NOT April 2 and ULO April 1/2 observing sessions, 
plotted against the ray-tail angular separation when the rates were obtained. A 
large range of measured rates during the two observational periods is apparent 
from the plot.

At large angles to the tail axis, the rate of folding for ULO was found to be 
generally constant, but fell significantly as the angle between the ray and the 
main tail decreased. The NOT folding rate was seen to fall almost linearly as a 
function of ray-tail separation, and at a much higher rate than the ULO rate.
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Figure 4.21: Motion o f a ray pair from N O T images obtained on April 2. Times 
are as for Gg. 4.7.

Figure 4.22: Motion o f a ray pair from N O T images obtained on April 2. This 
particular pair disappeared during the image sequence, hence only the positions 
shown are plotted. Times are as for the first three times listed for Gg. 4.7.
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Figure 4.23: A plot o f half-angles between partnering rays for the rays recorded 
in the N O T image sequence o f April 2 1996, similar to that shown in hg. 4.18.

Larson (1996) reported on observations of ion features in Hyakutake obtained 
between 03:29 and 04:24 UT on April 2, 1996 (i.e. in the period immediately 
following the end of the ULO April 1/2 session). Ray edges were reported to 
have folded at a rate of 1° every 15 minutes when separated by 10° from the ion 
tail axis, at a distance of 2x10^ km downstream of the nucleus.

If the folding rates for Hyakutake rays at around 10° from the tail axis are 
compared, the NOT rays showed a rate of approximately 17°hr“ ;̂ the ULO 
rays folded at around 9°hr“ ,̂ and Larson’s (1996) rate for 03:29 to 04:24 UT 
on April 2 was around 4°hr“ L A change in the solar wind conditions may 
account for the differing rates of folding presented in the plot, which could have 
occurred even during the short time which had elapsed between the ULO April 
1/2 observations and those of Larson.

The Hyakutake folding rates were compared to the results of similar mea
surements carried out for other comets. Fig. 4.26 shows the ULO folding rate 
with those obtained by Larson for Hyakutake, Moore for C/1975 N1 Kobayashi- 
Berger-Milon (K-B-M), the mean folding rate for a number of comets (labelled 
Mean; with error bars) reported by Wurm & Mammano (1972) as well as the 
folding rate for Comet C/1959 Y1 Burnham, also by Wurm & Mammano; the 
latter three curves being published by Moore (1991).
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Figure 4.24: The ray positions plotted in ûg. 4.23 having been repositioned to 
show the closure rate of a single ray. A T^-degree polynomial fitted to the data 
has l)een overplotted.

The K-B-M rays reported upon by Moore were first recorded at 10° from 
the tail axis (Jockers 1985), with lengths of around 1 .5 x 1 0 ® km. By the time 
they were at angles of 4° to the axis, their lengths had reached 4.5x10® km, and 
the rays’ shapes had changed from convex to concave. The angular separations 
between tail and rays measured for K-B-M are overplotted on hg. 4.19 (dashed 
line), shifted by an arbitrary amount of time along the x-axis for the comparison 
of the rates of ray folding at the same angular separation from the tail. The 
folding rate was appreciably slower in K-B-M than that recorded at Hyakutake 
on April 1/2, as shown in hg. 4.26. But it can be argued that the K-B-M folding 
rate shown could also ht the ULO data over the range of angular separations 
which the two datasets had in common.

The NOT rates seem to be fundamentally different in prohle to the ULO 
and K-B-M curves, but are believed to be an accurate measurement of the 
ray folding characteristics. The possible causes of this discrepancy will now be 
discussed.

The ULO observations of Hyakutake recorded the ray prohles in Hyakutake 
much further from the nucleus than the NOT observations did (the latter cov
ered only a 3 arcminute-square region centered on the nucleus). Indeed, the
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Figure 4.25: Rates o f ray closure plotted against the angle from the main tail 
axis for several ray pairs during the Hyakutake observing sessions. Also plotted 
are ray closing rates for Comet K-B-M published by Moore (1991); see text for 
a full explanation.

diamagnetic cavity, if it were visible, would be expected to be resolvable in the 
NOT images.

In the region covered by the field of view of the NOT, the fiow profile of the 
plasma undergoes many changes. The inward component of the flow velocity 
falls essentially to zero immediately outside the sunward region of the cavity. 
The plasma is diverted around the obstructing cometary ionosphere.

Upon reaching this region, the ray features would have undergone very rapid 
distortion. From in-situ measurements and MHD modelling (e.g. Schmidt & 
Wegmann 1982), it is known that this would be due not only to velocity shear 
perpendicular to the Sun-comet direction, but also due to the deceleration of the 
flow in the direction parallel to the Sun-comet line, as well as the fiow deflection 
around the diamagnetic cavity.

Further downstream, in the tail region, the velocity profile perpendicular to 
the tail axis would be expected to be only slowly changing with cometocentric 
distance, as the contaminated solar wind is accelerated by coupling to the faster- 
flowing external solar wind.

It is therefore likely that the changes in the solar wind direction along the
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Figure 4.26: Rates o f ray closure plotted against the angle from the main tail 
axis for several ray pairs during a number o f observing sessions. Also plotted 
are ray closing rates published by Moore (1991 ); see text for a full explanation.

Sun-comet line mean that the ray motion in the NOT field of view is inherently 
different to that observed further downstram. The NOT images can not there
fore be directly compared to the folding rates obtained further downstream in 
Hyakutake and other comets.

The ULO rays also displayed parabolic tendencies, as shown in the delin
eations in figs. 4.12 to 4.17. Again, the curvature of the rays may have continued 
outside the field of view, leading to the discrepancy between the ULO rate and 
Larson’s result.

4.5.4 Solar W ind Conditions

Using a synoptic map of the source region of the solar wind (fig. 4.27), which 
covered the Hyakutake observation period, estimations were made of the loca
tions from whence flowed the solar wind which encountered the comet and Earth 
during the observation period. Mean values of solar wind parameters were used 
to derive the source locations, which are marked in red on fig. 4.27.

As was described in Chapter 1, the source of the wind which encountered 
Earth remained to the south of the interplanetary neutral sheet during this
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Figure 4.27; Synoptic map of the solar wind source region covering the period 
11 March to 8 April 1996. The red lines delineate the estimated positions 
of the source regions of the solar wind for Hyakutake (North) and the Earth 
(South) during the observational period (March 26.0 to April 5.8). [Diagram 
from Solar-Geophysical Data Prompt Reports 622, Part I, National Geophysical 
Data Center, Boulder, Colorado, June 1996.]
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time. Hyakutake however is likely to have crossed from the south to the north 
of the neutral sheet during the period of observations, and remained very close 
to the neutral sheet location for several days.

As a result of this, it is very difficult to ascertain the solar wind conditions at 
the comet. From March 26 to 28, the comet was likely to have been in the same 
solar wind sector as the Earth, where extrapolations could be made between the 
solar wind at the Earth and at the comet with some confidence. The plasma 
features of the comet did not however display any detectable dynamic structures 
during this period. Solar wind velocities at this time followed a gradual slowing; 
from around 600 kms“  ̂ on March 26 to approximately 330 kms”  ̂ in early April. 
During March 27 to 29, large variations were recorded by the WIND SWE 
instrument, however, as this was around the time of the entry of the spacecraft 
into the terrestrial magnetosphere, this may not be significant.

The comet remained close to the heliospheric sheet in the approximate period 
from March 28 to April 3, during which time some displays of ion rays were 
recorded, as has been described above. There may exist a link between the 
appearance of the features and the proximity of the comet to the current sheet. 
However, the comet also displayed clear rays when far from the sheet at the end 
of the period of observation. Therefore, it cannot be stated that the appearance 
of rays is dependent on the close proximity of the heliospheric current sheet.

A fact which may bear some relevance is that sector boundaries are associ
ated with clusters of tangential discontinuities, at which appreciable directional 
changes of the magnetic field are seen (Neubauer 1991). During its time near 
the neutral sheet boundary, the comet may therefore have encountered many 
changes in IMF B-field direction, leading to “displays” of ion rays.

4.5.5 Penetration of the Solar Wind into the Coma

As described in Chapter 1, the contact surface stand-off distance can be esti
mated from values of the production rate and the solar wind conditions. This 
was done for Hyakutake, using typical solar wind parameters of velocity in the 
range 352 to 584 k m s ' \  proton number density in the range 2.1 to 15.3 cm“ ,̂ 
and a gas production rate Q in the range of 3 to 5x10^^ s“ b The resulting 
estimated stand-off distances ranged from 866 km to 5694 km, with a mean 
value of 2628 km.

As ion rays are likely to trace the frozen-in B-field of the contaminated solar 
wind, the apices pf ray pairs are not expected to approach any closer to the ^  \  
nucleus than the diamagnetic cavity contact surface. Comparisons were there
fore made between the estimated stand-off distance and the shortest apparent



128 CHAPTER 4. ION FEATURES OF COMET HYAKUTAKE

distance between the nucleus and the rays directly upstream. The phase angles 
at the time of the observational sessions on April 1/2 and the evening of April 
2 were 109° and 110°, respectively. Hence, due to the viewing geometry, the 
apparent edge of the contact surface would appear slightly closer to the nucleus 
than the actual stand-off distance.

All the ray pairs recorded had their apices upstream of the nucleus (ray 
apices lying downstream of the nucleus reported for some other comets ( Jockers 
1991) may indicate that the apices had passed downstream of the diamagnetic 
cavity). As the positions of rays could not be traced into the extreme inner 
regions (a result of the contamination of the images by neutral gas emission), 
rays’ directions were extrapolated upstream to the nuclear region, and the clos
est upstream distance to the nucleus measured for each extrapolated ray. In 
figs. 4.12 to 4.17, the frames surrounding the ray positions represent 139000 by 
84600 km (this being less than the full frame size due to loss of data at the 
frame edges as a result of image enhancement). For the April 1 images, the 
mean minimum apparent distance was found to be 8800 km (corresponding to 
an actual distance of 8990 km). This is of the same order of magnitude as the 
predicted upstream standoff distance for the time.

In the NOT April 2 sequence, the rays were again lost in the neutral emission 
contamination region near the nucleus (albeit at a distance much closer to the 
nucleus than in the ULO images). From extrapolation of the northernmost rays 
imaged at 20.8274 and 20.9151 UT, the upstream position of the ray feature 
is estimated to have been around 2740 to 3850 km (derived from apparent 
distances of 2700 to 3800 km) from the nucleus.

This agrees well with the rays draping around the contact surface of the 
diamagnetic cavity; and is closer to the average predicted stand-off distance than 
the estimates made from the ULO observations. Differences between the NOT 
and ULO measurements could easily be caused by variations in the solar wind 
conditions and cometary gas production rates during the respective observation 
periods, however, the NOT result is considered more accurate as the features 
were traced much closer to the nucleus than was possible in the ULO images.

From these measurements, it is apparent that there is a good correlation 
between the calculated contact surface position and the shortest nucleus-ray 
distance observed. As the observed values were obtained from the extrapola
tion of rays using straight lines, it is likely that the actual shortest nucleus-ray 
distance was smaller than that given above, as the apex between the two rays 
in each pair was likely to be a curved feature attaining a distance closer to the 
nucleus than the extrapolated apex.

Using the estimation formula given in Chapter 1, with mean molecular
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weights tabulated by Schmidt & Wegmann (1982), the typical solar wind con
ditions were used to derive the bow shock stand-off distance during the period 
of interest. The mean predicted distance was found to be 8.1x10^ km around 
April 1/2. The bow shock (although not expected to be detectable in any way) 
was thus well outside the field of view of all the images studied for this thesis.

4.5.6 Tail and Ray M orphology Variations

As can be seen in fig. 4.11, distinct variations were recorded in the morphology 
of the ion tail and rays during the ULO observing session of April 1/2. At 
the beginning of the session, the ion features were weak and diffuse. These 
sharpened in appearance and became stronger in emission towards the middle 
of the observing period, when an increase in the emission from outer parts 
of the inner coma was also recorded. The ion tail then appeared to weaken 
significantly, the sharp region appearing to travel down the tail axis (in the 
00:21 and 00:41 UT images). At the end of the observing period, the ion tail 
and rays were again diffuse.

The sharpening of the rays (especially clear during the 00:09 and 00:21 UT 
images) could be argued to be caused by a reduction in the rate of motion of 
the features, resulting in less movement and hence the recording of more photon 
flux from certain ray locations. An alternative to this interpretation is given in 
the discussion section of this chapter (4.6).

A search was conducted to locate images obtained by other workers which 
would show the development of the tail feature after it had left the field of view 
of the ULO instrument. Images obtained using the Burrell Schmidt Telescope 
at Kitt Peak Observatory, USA do show the comet between 03:29 and 04:24 UT 
on April 2 1996 (Müller, personal communication, 1997). The field of view of 
that instrument was 69’ square (i.e. 834700 km at the comet). Variations in 
the apparent thickness and brightness of the ion tail and rays were recorded 
in those images. As the velocity of ion features in the tail was not known as 
a function of cometocentric distance, it was not possible to match a particular 
tail feature to the event recorded at ULO.

The changes recorded in the ion tail morphology may have been evidence of 
a disconnection event taking place, where a section of the ion tail detaches from 
the comet’s coma and travels downstream along the tail axis (see Chapter 2). 
Alternatively, as a sharp region of the ion tail was seen to travel downstream, 
leaving a more diffuse tail structure upstream, the possibility may exist that 
the morphological changes seen were a result of changes in the orientation of 
the ion tail with respect to the observer. The latter explanation is more likely
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as the Burrell Schmidt images did not show a disruption to the tail that could 
be classed as a disconnection event (such as was reported upon by Kinoshita et 
al (1996)).

It is known that ion tails consist of a narrow neutral sheet of cold plasma 
bounded on either side by the tail lobes (Chapter 1). The rotational angle 
the tail sheet makes about the tail axis is dependent upon the magnetic field 
configuration of the lobes, and hence upon the IMF direction in the locality of 
the comet. When the tail sheet is viewed “face-on” by the observer (i.e. with 
the line of sight perpendicular to the plane of the sheet), they see a broad tail 
of moderate brightness. Conversely, when viewed “edge-on” , the tail appears 
sharper and with greater surface brightness, as a greater column density of ions 
is presented to the observer.

The change in appearance of the tail may therefore be a consequence of the 
slow rotation of the B-field in the locality of the comet. As the comet would 
encounter such a rotation in the solar wind field, the feature would be convected 
through the coma and tail, turning the neutral sheet to a new orientation, as 
illustrated in fig. 4.28.

Saito et al (1987) suggested that some features reported as disconnection 
events by observers may only be kinks in the ion tails caused by such slow rota
tions of the IMF local to comets. The effects recorded here may be the manifes
tations of such field direction changes. Another rotation event in Hyakutake’s 
tail is included in the time sequence images of Cyanogen Productions (1996). 
Additionally, Bonev & Jockers (1994) remarked on the narrow appearance of 
the plasma tail of C/1989 XI Austin on May 6, 1990, suggesting that its neutral 
sheet was viewed “side-on” on that date.

As has been mentioned previously, a change in the appearance of Hyaku
take’s ion tail was also recorded during the NOT image sequence of April 2. A 
pair of ion rays folded slowly towards the tail, and they -  as well as the inner 
region of the tail itself -  seemingly left the field of view in the downstream di
rection around the middle of the sequence of images. This may be evidence of 
the early stages of a disconnection event.

To ascertain the nature of this event, other images showing the ion morphol
ogy over a larger field of view on the evening of April 2 needed to be inspected. 
No larger-scale ULO images were obtained around this time, and at the time of 
writing, the author has been unable to locate images obtained by other observers 
during the same period. The nature of this event therefore remains unresolved. 
A possible disconnection event was reported for the inner coma of C/1979 Y1 
Bradfield by Schulz et al (1994), hence the detection of such a disruption in the 
inner regions of a comet would not be unprecedented.
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Figure 4.28: A slow change in magnetic held direction as a cause for the rotation 
o f the neutral sheet in a cometary ion tail. The neutral sheet is located within 
the cylinder, with solar wind how from left to right. The original external 
solar wind B-held direction is seen at the right (arrowed). While changing 
azimuthal angle to that seen at the left o f the diagram, a change is induced in 
the orientation o f the tail neutral sheet. The tail therefore twists, and appears 
to an observer to be kinked.

4.5.7 Quantitative M easurem ents of Ion Concentrations

Flux calibrated images were obtained during several ULO observing sessions. 
When these were scrutinized carefully, it was found that during most sessions, 
atmospheric conditions had varied significantly (to a greater degree than was 
noted at the time). This meant that when images were converted to ion column 
densities, the absolute values calculated for the images could not be compared 
with one another reliably.

The observing session of April 1/2 was found to be the one with the fewest 
variations in atmospheric conditions. The results presented below have been 
derived from data obtained at that time.

Data Reduction

Dust continuum images of the comet were scaled such that the continuum con
tribution to the H20""̂  images was removed accurately. Image fiuxes were then 
adjusted according to the airmass of the comet, and the ADUs“  ̂ fiuxes were 
converted to photon fluxes (in mJy) from the photometry of spectrophotometric 
standard objects (Turnshek et al 1991). The flux calibrated images of H20^
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ions were then converted to column density maps of the ion distribution at the 
comet (as described in Chapter 2).

Ion Distribution

Fig. 4.29 shows the distribution of ions in the comet in units of ions cm“ .̂ A 
strong asymmetry is shown between the ion distributions up- and down-stream 
of the nucleus. The apparent distribution near the nucleus cannot be considered 
to be a true representation of the actual distribution due to the slight contam
ination of the filter bandpass by neutral species’ emission, and the significant 
changes in dust distribution that had occurred between the acquisition of the 
H2O"'' image and the continuum image subtracted from it. Ion rays are seen as 
clear enhancements in column density against a more diffuse background.

A Gas Production Rate Estimate

The column density maps were manipulated to ascertain the nature of the 
comet’s water ion distribution as a function of distance up- and down-stream 
of the nucleus. The maps were rotated such that the Sun-comet line lay in 
the horizontal direction (as shown in fig. 4.11). The mean ion column densities 
were then obtained for vertical slices through the images (i.e. in the direction 
perpendicular to the ion flow), as is shown in fig. 4.30.

The distribution of ions shows the general decrease in ion number density 
with distance downstream of the nucleus. This was enhanced artificially down
stream of around 6.7x10^ km, where the main tail began to leave the field of 
view, due to the oblique angle at which the CCD frame was positioned with 
respect to the tail axis.

Even when this effect is taken into account, the ion number density is seen to 
have fallen off with distance from the nucleus. This is due to the combination of 
two processes: the limited lifetime of the H2O"'" ion, and the accelerated motion 
of the ions as they travel further downstream. The latter process results in a 
fall-off in the recorded column density with increasing tailward distance, as ions 
spent shorter periods of time at particular distances from the nucleus.

In the sunward direction, the ion concentrations are seen to have fallen off 
more quickly with cometocentric distance than occurred downstream, as would 
be expected. Other features in the ion distributions were caused by sensitivities 
to dust subtraction (the data were particularly prone to this in the near-nucleus 
region where flux gradients were high) and star trails crossing the field of view.

As the instrument’s aperture did not cover the comet in full, a measure of 
the total ion production at the comet could not be obtained. The flux of ions
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Figure 4.29: Column densities of N2 O"'" ions in Hyakutake on April 1/2 at 
23:14 UT. Contours represent column densities o f 6 x  10^\ 8 x 10̂  ̂ and 1 x 
10^  ̂ ions cm~^. The data were smoothed using a 7 pixel-wide median filter to 
reduce noise levels.

down the tail within the field of view could however be estimated.
Jockers & Bonev (1997) conducted a similar study of ion flow in 109P/Swift- 

Tuttle. From studies of an MHD model of a comet with Q(H20) =  5.5 x 
10^  ̂ molec s~^ (Wegmann et al 1987), they concluded that the mean tailward 
ion velocity at 1x10^ km downstream of the nucleus would be around 40 kms“ F 
In applying this approximation to Hyakutake at 6x10^ km downstream (which 
is likely to be outside the main ion source region but within the region fully cov
ered by the instrument aperture) ,and ignoring the production rate differences, 
we would expect the mean velocity there to be lower than the value quoted 
above due to the smaller nucleocentric distance. However, considering the gas 
production rate differences of the model and Hyakutake (fig. 4.1), we would 
expect the mass-loading at Hyakutake to be slightly less extreme than in the 
model. Hence, we could expect the flow velocity to be higher at a particular 
downstream position than in the model.

Taking these conflicting uncertainties into account, a tailward ion flow ve
locity of 40±5 kms"^ to estimate the tailward ion fiuxes was applied. The esti
mated velocity was multiplied by the ion distribution to give the result shown
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Figure 4.30: Mean column densities o f ions integrated perpendicular to 
the ÛOW direction, for an image obtained at 23:36 UT on April 1, 1996. The 
Sun was towards the right, with ions consequently Rowing towards the left in 
this view.

in fig. 4.31. As the phase angle of Hyakutake was around 110°, the column 
densities were not considered to be significantly affected by geometrical effects.

As was discussed by Jockers & Bonev (1997, and references therein), from 
modelling studies, around 1% of H2O molecules emanating from the nucleus 
would be expected to ultimately become remotely-detectable H2O"'' ions which 
leave the inner coma. Applying this to the ion flow at 6x10^ km downstream 
of the nucleus , a neutral water production rate of 3 to 5x10^® molec s~^ is 
derived.

As is shown in fig. 4.1, the neutral H2O production rate at this time was in 
the range 3 to 4x10^^ molec s~^. These values therefore agree reasonably well. 
Although the ULO instrument only covered a small region of the comet’s coma, 
the rate can be considered to be reasonably reliable as the H2O molecule scale 
length is relatively short (implying that the aperture covered the bulk of the 
comet’s H2O''' distribution).

Some caveats must be quoted with this result. As was mentioned previously, 
the atmospheric conditions did vary to a slight degree during the observing 
session; the apparent column density values measured under poor conditions
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Figure 4.31: Average tailward How downstream during the entire April
1/2 observing session. The downstream direction is towards the left. Local 
enhancements at 35000 km upstream and 70000 km downstream o f the nucleus 
are caused by the trails o f bright stars across the images. The how estimate 
on either side o f the nucleus is slightly contaminated by emission from neutral 
species and has thus been removed. The solid line represents the flow derived by 
using a mean downstream ion velocity o f 40 km~^. The upper and lower dashed 
lines represent the flow calculated using values o f 35 and 45 kms~^, respectively.

would have been lowered; the mean column densities employed may therefore 
have been slightly lower than the actual value. The greatest uncertainty in 
determining the production rate lay in the mean downstream flow velocity -  
which at best can be described as an informed guess -  though some errors 
due to the flux calibration process itself may also be present. The location 
downstream at which the tailward velocity was extrapolated to a nuclear gas 
production rate was chosen somewhat arbitrarily, as the exact border of the 
main ion source region cannot be known with great precision.

Additionally, Jockers & Bonev (1997) found that their tailward ion flux, 
when compared to certain actual Q(H2 0 ) measurements obtained at the time, 
suggested that the actual neutral production rate may have been over 200 times 
greater than the tailward ion flux. This was stated with a degree of caution 
however, as the neutral Q values involved were signiflcantly higher than values
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derived by other workers. The results obtained for Hyakutake do suggest that a 
ratio of ~100 for the H2 0 :H2 0 + concentrations is probably close to the actual 
value.

Having stated these facts, it is believed that the result represents a rea
sonably reliable measurement of the ion flux and consequently of the water 
production rate of Hyakutake during the observation period. High-resolution 
spectroscopic or Fabry-Perot Interferometeric measurements of the downstream 
ion velocities could have provided suitable values for the derivation of the gas 
production rate estimate, though at this time such measurements would not 
have been very precise, as the the ion flow was predominantly in a direction 
only 20° from the plane of the sky.

4.6 Discussion

Further inferences that can be reached concerning the nature of the solar wind- 
comet interaction region will be discussed in this section. Firstly, limitations 
to the models explaining the ion features’ behaviour are covered. Implications 
for the morphology of ion ray features that were realized as a result of the 
observations will then be described, together with a proposed new model for 
the physical nature of rays.

4.6.1 Implications of the Recorded Behaviour of Rays

Models have been proposed by several workers in an attem pt to account for 
the recorded behaviour of ion rays, as discussed by Moore (1991). With the 
new data that have been presented here, these models can be tested for their 
validity.

It is generally agreed that the solar wind velocity is an important external 
factor which controls the motion of ion rays, as a consequence of the coupling 
of the flow to the material within the interaction region. Ness and Donn’s 
(1966) model for the formation of ion rays invoked cometary ion flow parallel to 
the ion tail axis; motion towards or away from the tail axis would be minimal 
compared to the downstream motion. Their model predicted that the rate of ray 
closure would be directly proportional to sin^ 6 (where 6 is the ray-tail angular 
separation).

Ershkovich (1982) proposed a model which contained the same sin^ 9 depen
dency; that flow model involved ions travelling along draped fleld lines, with 
the flow velocity decreasing linearly from the edge of the interaction region to 
the tail axis.



4.6. DISCUSSION 137

120

 ̂ 100

<ü
en
<  60
*0
(U
e nco 40
o
'o
(U

20

0.6 0.8 1.00.2 0.40.0
sin̂ e

Figure 4.32: A plot o f rate o f ray closure against sin^ 6, where 6 is the ray-tail 
angular separation. Upper curve: N O T April 2; lower curve: ULO April 1/2.

If this model were correct, the ray folding rate would give a straight line 
through the origin when plotted against sin^0. As can be seen in fig. 4.32, 
this was not the case for neither the ULO nor the NOT data; though the 
NOT data are much closer to obeying this relation. Moore (1991) found that 
the K-B-M data did not follow this rule either. Models of ion ray motion 
involving a linearly-changing tail velocity shear cannot therefore be supported 
by observational evidence.

Further clues as to the nature of the fiow velocity shear may be garnered 
from more detailed studies of the paraboloidal profiles that many of the ray 
pairs were seen to adopt. The changing profile of the rays in K-B-M, which 
went from having convex to concave shapes, suggests a change in the velocity 
shear across the ion tail with increasing distance down the tail. As the axial 
material was accelerated down the tail, the difference in velocity between it and 
material further out (near the extremities of the ion rays) probably decreased, 
resulting in a changing ray profile. Further studies of ray folding motions and 
profile changes at relatively high temporal resolutions are needed to isolate the 
physical conditions under which rays occur.
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4.6.2 The Causes of the Ion Ray Phenom enon

Ion rays were only detectable in Hyakutake on certain nights. On the night 
of April 1/2, the strength and sharpness of the ray features was found to be 
highly variable. The sharpening and then weakening of the main ion tail has 
been interpreted as being caused by a slow rotation of the IMF at the comet, 
which rotated the tail neutral sheet plane into a position perpendicular to the 
line of sight and then away again.

The rates of formation of the rays recorded in the ULO and NOT images 
generally agree with the frequency of occurrence that would be expected for 
the comet to encounter tangential discontinuities in the solar wind. This may 
therefore add to the evidence of those features being responsible for the creation 
of ray phenomena.

The NOT and ULO ray sequences both coincided with apparent changes in 
the morphology of the tail. This may be further evidence of the link between 
ray appearances and changes in the solar wind magnetic field direction. It has 
been noted by other workers (e.g. Brandt 1982, Jockers 1985) that ion ray 
“displays” often coincide with disconnection events (DEs). If DEs are caused 
by the crossing of a sector boundary by a comet, then this coincidence with the 
appearance of rays may be due to the comet encountering several tangential 
discontinuities in the region of the interplanetary neutral sheet. If DEs are the 
result of the comet encountering a high-pressure region in the solar wind, then 
the enhancement in ray activity that often accompanies a DE may be due to 
the same solar wind feature compressing ion number density enhancements in 
the coma, resulting in an increased ray clarity.

4.6.3 The Physical Structure of Rays

The observations presented here may have implications for the possible structure 
of the ion rays themselves. The presently-existing models of ray morphology 
are presented, and following a description of the Hyakutake rays, an alternative 
morphology is proposed.

Present Models

The mechanisms invoked to form rays vary widely (Chapter 2), but the physical 
morphology of rays resulting from these proposed mechanisms can be split into 
two general classes.

Firstly, rays may be the result of the projection of cones or paraboloidal 
shells of material (which would be symmetrical about the tail axis) onto the sky
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Figure 4.33: Rays as projections of paraboloidal or conical shells onto the sky 
plane. The diagram shows the cross-section of a volume near to, and down
stream of, the cometary nucleus. An ion number density increase exists in the 
thin paraboloidal shell. The contaminated solar wind flow is from the left of 
the diagram (as for all subsequent similar images presented here). The diamag
netic cavity is the teardrop-shaped feature seen downstream of the apex of the 
paraboloidal shell.

plane, as illustrated in fig. 4.33. Enhancements in ion density in these thin shells 
would result in the appearance of rays where the ion column density presented to 
the observer is at its greatest (i.e. at the edges of the cones as viewed remotely). 
Advocates of this model include Ip & Axford (1982). If this model were correct, 
under relatively constant gas production and solar wind conditions, all ray pairs 
would be seen to fold towards the tail axis at approximately the same rates.

The second class of proposed ray morphologies is that of plasma flux tubes. 
Ray pairs consisting of such tubes of ion number density enhancement would 
occupy planes containing the ion tail axis under steady solar wind conditions 
(fig. 4.34). Consecutive ray pairs may occupy planes which are at differing 
rotational angles about the tail axis. Therefore, ray pairs contained in planes 
at all angles to the line of sight would be equally visible.

A consequence of the plasma tube morphology would be that rays contained 
in a plane which is close to being parallel to the line of sight of the observer 
would appear to fold more slowly than rays in a plane perpendicular to the 
line of sight. This is illustrated in fig. 4.35, where the apparent ray-tail angular 
separation /3 is plotted for folding ray pairs contained in planes at several angles
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Figure 4.34: Rays as plasma flux tubes draped over the cometary diamagnetic 
cavity. The flux tube pair occupy the same plane passing through the ion tail 
axis (horizontal dotted line).

to the observer’s line of sight. is related to the angle of tilt a  and the actual 
ray-tail separation Ô by

/? =  arctan(tan Usinai)

Large variations in the rates of ray closure have been noted before, even to 
the extent of rays moving apart being recorded (e.g. Schlosser 1966).

A possible cause of the differences in the apparent linearity of ray features 
recorded in Hyakutake may have been differing viewing angles with respect 
to the positions of the rays in three dimensions. Rays showing paraboloidal 
characteristics may have been closer to being perpendicular to the sky plane 
than other, more linear rays.

A flux tube or other narrow, linear ray morphology has been advocated by 
Ioffe et al (1994), and Ip (1994), amongst others. Jockers (1985) maintained 
that observations of Kohoutek were suggestive of ion rays being “jet-like” as 
opposed to shells.

4.6.4 A Proposed Alternative Ray M orphology

Several different types of ray structures were observed at Hyakutake, often 
within the same images. Narrow rays tended to be sharper, whereas broader 
rays were more diffuse and generally fainter in appearance. It could be argued
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Figure 4.35: Apparent ray-tail separation angles, plotted for a ray assuming the 
folding profile derived from the ULO measurements plotted in fig, 4,19, Each 
curve represents the profile when the plane containing the ray is tipped at (from 
top to bottom) 9Œ, 8Œ, ... , l ( f  to the line o f sight.

that this may have been caused by different rates of motion (more diffuse rays 
being ones which had moved to a greater degree during the exposure times). 
However, rays appearing at around the same angular separation from the tail 
axis often had differing appearances, and at some times rays were seen to appear 
to overlap in the images. Additionally, as is seen in fig. 4.18, different ray pairs 
displayed differing rates of motion during the same observational periods. This 
fact precludes the conical shell model as a viable explanation of rays’ behaviour.

Put together, the above may suggest that rays are planar, ribbon-like struc
tures, draped around the cometary diamagnetic cavity, as is sketched in fig. 4.36. 
Rays would appear sharp when close to being edge-on to the observer, and con
versely would appear diffuse when face-on.

If successive rays form in pairs which are not co-planar (e.g. fig. 4.37), a ray 
pair which is edge-on to the observer would appear to fold more rapidly than one 
which presents its individual rays face-on to the observer. Consequently, if this 
were the true topology of the structures, it would be reasonable to expect diffuse 
rays to appear to fold more slowly than sharp ones. On inspecting the data, 
it appears that this is generally true; for example, the paraboloidal rays traced
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Figure 4.36: An illustration o f the proposed ribbon-like ion ray morphology. 
Ion number densities are located in the sheet o f limited width, draped over the 
diamagnetic cavity o f the comet.

in fig. 4.17 were found to have an apparent folding rate which was higher than 
tha t of the more linear rays traced in fig. 4.16. The results were not however 
considered decisive.

Ray pairs at right angles to the observer would appear much sharper than 
those presented more “face-on” . The former would also be more likely to be 
recorded by observers as they would display a column density more distinct 
from the background emission. It thus follows that the maximum ray folding 
rate is more likely to be observed than the apparently lower rate displayed by 
diffuse ray pairs.

A further consequence of this proposed topology would be an explanation 
of the non-appearance of rays at all times. It may be that rays are formed at 
near-continuous rates. However, if they do possess a ribbon-like morphology, 
their existence may only be easily detectable from remote observations when 
favourable observing geometries persist. If the rays’ orientations depend on the 
local magnetic field topology at the comet, it can be stated that the appearance 
of rays depends primarily on the IMF configuration in the vicinity of the comet 
with respect to the observer’s line of sight. This proposed ray morphology ex
plains the differences in ray appearances, as discussed above, while allowing for 
the continuous production of rays, which other models cannot do. A qualita
tive description of a model which would explain a ribbon-like ray morphology 
is given in Chapter 8 of this thesis.
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Figure 4.37: Proposed morphology o f several ion “ribbon” rays draped simulta
neously over the cometary diamagnetic cavity. Several ray pairs form, occupying 
planes at various orientations to one another.

If any of the three proposed models is correct, and the fact that rays trace the 
draped magnetic field about the nucleus, the sections of ray structures that lie 
directly upstream of the cometary nucleus (i.e. contracting envelopes) should be 
equally visible for any of the three models. Paraboloidal/ conical shell structures 
would present a maximum in column density directly upstream of the nucleus, 
and tube- and ribbon-like rays would also have increased clarity when in that 
region (fig. 4.38).

The implications of a ribbon-like ray morphology would include the fact that 
direct comparisons of rays as observed in various comets and at different times 
would be invalid. This would mean that tail ray folding rates could not be used 
as direct indicators of the solar wind velcity in the comet’s vicinity. A study 
of the latter was published by Watanabe (1991); Farnham &: Meech (1994) 
found the results of the application of W atanabe’s technique to be inconsistent. 
W atanabe’s technique could however be applicable to ray pairs when they are 
in planes perpendicular to the line-of-sight.

Comet C/1961 R1 Humason was a dust-poor comet which was observed 
while at opposition (e.g. Guigay 1966). This observational geometry meant 
that observers were viewing the comet with a line of sight close to the solar 
wind direction. The images of that comet’s rays are suggestive of diffuse ion 
enhancements on either side of the main ion tail. The author is of the opin-
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Figure 4.38: The possible configuration o f ion “ribbon” structures in the near- 
nucleus part o f fig. 4.37. The rays are draped over the diamagnetic cavity o f a 
comet. One ray pair is seen to slip downstream o f the cavity.

ion that the observations agree with the concept of rays having a ribbon-like 
morphology.

At present, the interpretation of images of the complex, dynamic plasma 
environment of comets is difficult (but is aided by the use of techniques such 
as high resolution spectroscopy to gauge ion velocities). Without stereoscopic 
observations of rays, or more detailed in-situ data from future spacecraft mis
sions, it will be difficult to ascertain which of the three proposed models (or 
alternatives which may be proposed in the future) is correct. Several processes 
may be responsible for the production of ion rays; it is important therefore not 
to exclude the possibility of several morphological models being valid simulta
neously.

4.7 Conclusions

Comet Hyakutake displayed an array of dynamic plasma features. Several in
ferences have been derived from a study of these features.
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In the extreme inner regions of the comet, some evidence was found for the 
increase in ion number density in rays coinciding with the locations of nuclear 
jets. This suggested that the direct injection of ions into rays by jets was taking 
place.

The formation of ion rays was recorded in sequences of H2O+ images; sun
ward envelopes of ions were seen to move towards the nuclear region, expanding 
into pairs of ion rays.

Ion rays were found to have widths of between 900 km and 2000 km in short- 
exposure images; longer-exposure images yielded width measurements of several 
thousand km. The former measurements are of the same order of magnitude 
as the dimensions of the magnetic field dips recorded by the Vega spacecraft 
at Comet IP/Halley. Asymmetry was recorded in the shape of the contracting 
envelopes with respect to the Sun-Comet line; suggesting that the features do 
indeed trace the direction of the IMF field as it is comvected through the comet.

Ion rays were not recorded on all occassions; when possible, ray motion was 
studied. Rays “folded” towards the main ion tail axis at various rates.

It was found that the solar wind conditions local to Hyakutake during the 
period of observations of dynamic ion features were very difficult to estimate 
from extrapolating measurements obtained in the vicinity of the Earth. The 
comet was found to have spent several days in the vicinity of the heliospheric 
current sheet, which may explain its occassional displays of ion rays if rays are 
formed by tangential discontinuities, which cluster around sector boundaries.

The minimum distances to the nucleus attained by the ion rays was found 
to agreee well with the theoretical distance of the comet’s contact surface from 
the nucleus. From this, it can be deduced that ion rays trace the draping of the 
B-field lines around the comet’s diamagnetic cavity.

The main tail and rays underwent rapid changes in morphology and be
haviour. It was suggested that a sharpening of the profiles of the tail and rays 
during an observing period may have been caused by the slow rotation of the 
IMF in the vicinity of the comet.

The H2O production rate on April 1/2 was found to be in the range of 
3 to 5x10^^ molec s " \  This was found to agree well with production rate 
estimates obtained by other means.

From observational evidence, it was suggested that ion rays have a ribbon
like morphology, and that ray visibility is determined by the direction of the 
IMF in the vicinity of the comet with respect to the line of sight of the observer.
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Chapter 5 

The Weak Plasm a Features of 
Two Com ets

“Comets are very much like cats; they both have tails, and they 
end up doing what they want to do.” Hal Weaver

A b stra c t

Comet 45P/Honda-Mrkos-Pajdusâkovâ passed within 0.17 AU of the Earth dur
ing early February 1996. Images of the comet were obtained at two observato
ries during its close approach. Serious technical difficulties hampered the study 
of one dataset. It was clear that the comet’s plasma features were detectable 
in late January, but faded away by the time of minimum geocentric distance. 
C/1996 Q1 Tabur was a relatively bright object during September and Octo
ber 1996. Observations presented here were obtained on one night; the comet’s 
plasma features were only marginally detectable. Possible causes of this are 
examined.

5.1 45P /H ond a-M rk os-P ajd usâk ovâ

5.1.1 Introduction

Comet 45P/Honda-Mrkos-Pajdusakova (from hereon H-M-P) is an intrinsically 
faint comet. Discovered in 1948, it has an orbital period of 5.27 years, and a 
perihelion distance of 0.53 AU. The 1995-96 apparition of the comet included a 
post-perihelion close flyby of the Earth (the closest by any comet since IRAS- 
Araki-Alcock in 1983). H-M-P reached its minimum geocentric distance of 
0.1688 AU on February 4 1996, at a heliocentric distance of 0.96 AU. The 
comet’s apparent visual magnitude was around -t-7.5 at the time (WWW page
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Figure 5.1: UKST plate OR 16940 TE; Geocentric distance: 0.175 AU, Helio
centric Distance: 0.903 AU. In this and all other H-M-P images, the direction 
to the Sun is parallel to the star trails, towards the left of the image.
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http://encke.jpl.nasa.gov). Further background information on the comet is 
given in Appendix B.

The observations presented here were obtained at two different observatories, 
and due to the large longitudinal differences between the sites, simultaneous 
imaging was not possible. The observations are summarized in Table 5.1. The 
wide-held UKST images were obtained to put the smaller held JKT frames in 
context.

Comet H-M-P was the intended second target of the Japanese spaceprobe 
Sakigake (Appendix D), however, that encounter was cancelled. Had it gone 
ahead, the hyby would have occurred during the period of the JKT observing 
run described here.

Table 5.1: Summary o f H-M-P observations.

Date Instrument Start Exposure Emulsion Filter A Rh Phase Airmass
(1996) (UT) (s) (AU) (AU) Angle (°)
Jan 31 UKST 17:08 1200 4415 OG590 0.175 0.903 53.2

17:40 1200 IllaJ GG395 0.174 0.905
Feb 1 UKST 17:20 2400 IllaJ GG395 0.172 0.918 57.9
Feb 2 UKST 17:30 1200 4415 OG590 0.170 0.932 62.6
Feb 3 UKST 17:32 720 4415 OG590 0.169 0.947 72.2
Feb 4 JKT 04:55 120 - H2 O+ 0.169 0.954 96.0 1.945

05:08 120 - H2 O+? 0.169 0.954 96.0 1.812
05:24 300 - H2 O+ 0.169 0.954 95.9 1.672
05:37 300 - Dust 0.169 0.954 95.9 1.574
05:47 300 - H2 O+ 0.169 0.954 95.8 1.517
05:55 400 - Dust 0.169 0.954 95.8 1.471
06:09 360 - CO+ 0.169 0.954 95.7 1.403
06:20 300 - B 0.169 0.954 95.7 1.358
06:31 400 - H2 O+ 0.169 0.955 95.7 1.321
06:41 300 - CN 0.169 0.955 95.6 1.287
06:51 300 - R 0.169 0.955 95.6 1.262
07:01 400 - Dust 0.169 0.955 95.6 1.236
07:12 400 - H2 O+ 0.169 0.955 95.5 1.215
07:23 250 - Dust 0.169 0.955 95.5 1.196

Feb 5 JKT 04:34 500 - H2 O+ 0.169 0.968 91.2 1.934
04:46 500 - Dust 0.169 0.968 91.1 1.810
04:58 500 - H2 O+ 0.169 0.968 91.1 1.701
05:12 500 - Dust 0.169 0.968 91.0 1.590
05:24 500 - H2 O+ 0.169 0.968 91.0 1.513
05:36 500 - H2 O+ 0.169 0.968 91.0 1.447
06:07 500 - H2 O+ 0.169 0.969 90.9 1.319
06:22 300 - H2 O+ 0.169 0.969 90.8 1.273

5.1.2 UKST: Observations

Wide-held images of H-M-P were obtained at the UK Schmidt Telescope of 
the Anglo-Australian Observatory. The telescope is an //2.5 classical Schmidt

http://encke.jpl.nasa.gov
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camera of 1.24 m clear aperture (UKSTU 1983). Differential tracking was used 
to follow the comet’s path.

Two combinations of emulsion and filter were employed. Film-based Kodak 
Technical Pan 4415 emulsion was used with a Schott OG590 filter; the combined 
bandpass was in the region of 5900 Â to 6900 Â. Plate-based IllaJ emulsion was 
combined with a GG395 filter, resulting in an effective bandpass of 3950 Â to 
5400 Â (UKSTU 1983).

The combined 4415 emulsion/OG590 bandpass would have been likely to 
contain emission lines emanating from several species. Several H20^ bands 
would be covered, as well as emission from O, C2 and NH2 . Na emission would 
also be marginally present at the blueward end of the wavelength range. The 
IllaJ emulsion/ GG395 images would have been likely to contain light emanat
ing from C 2 , C0+, and some from CN and C 3  emission lines (Wyckoff 1982). 
W ithout a spectrum obtained at the times of observation, it is difficult to as
certain which species were contributing to the detected emission to significant 
degrees. It can be stated that emission from ionic species would be expected to 
be detected with both the emulsion/filter combinations employed.

On January 31, both 4415 and IllaJ emulsions were used, and on February 
1, the IllaJ emulsion was again employed. 4415 emulsions were again used on 
February 2 and 3, with a shorter exposure used on the 3rd than had been used 
on previous occasions. The plates and films were digitally-scanned using the 
SuperCOSMOS machine at the Royal Observatory, Edinburgh.

5.1.3 UKST: D ata Reduction

The fields of view of the photographic plates were derived from comparisons 
of the images to those obtained from the STScI Digital Sky Survey (for which 
the precise scales were known). The apparent distances between stars identified 
in both sets of images were used to calibrate the exact angular scales of the 
digitized UKST frames.

By measuring the relative densities of step-wedge images at the corners of 
the exposed plates and films, an exact calibration of the relative recorded fluxes 
was obtained. This information was used to correct the images for the non
linear response to radiation of the photographic emulsions employed (UKSTU 
1983).
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5.1.4 UKST: Analysis

Overview

The regions of the Schmidt Telescope plates/films containing the comet are 
shown in figs. 5.1 to 5.5.

On January 31, the comet’s inner coma showed significant structure (fig. 5.1); 
a pear-shaped fan of material was clearly visible; its major axis was approxi
mately aligned with the antisolar direction. A very weak plasma tail was also 
detectable (fig. 5.2), emanating from a near-spherical coma. On February 1 
(fig. 5.3), the appearance of the comet was similar to that of the previous night, 
with a slightly stronger plasma tail detectable, but the comet displayed less 
obvious inner coma structure.

The February 2 image (fig. 5.4) showed a dramatic decrease in activity from 
the previous images. The detected coma was less extensive and no plasma tail 
was detected, but a clear elongation of the remaining coma was discernable 
in the anti-solar direction. The comet’s degree of activity had fallen further 
by February 3 (fig. 5.5). The remaining coma however still displayed some 
asphericity.

It can therefore be stated with some confidence that H-M-P underwent a 
very rapid decrease in nuclear production rate from January 31 to February 3, 
1996, with the greatest change in behaviour occurring in the period of February 
1-2. This behaviour is in keeping with the comet’s characteristic rapid onset and 
cessation of activity (Bortle 1996). The JKT images (which were all obtained 
after the last of the UKST plates) were therefore likely to have been recording 
the comet during a very weak period of activity. The change in emulsion used 
may have contributed to the apparent change of activity from February 1 to 
February 2. However, the comet appeared on February 2 (fig. 5.4) to be much 
less active than in the frame shown in fig. 5.1, which was obtained with the same 
emulsion and length of exposure. The various aspects of the comet’s behaviour 
as recorded in the UKST images are summarized below.

C om a

To ascertain the extent of the visible coma, cross-sections were taken of the 
comet images. The presence of numerous star trails in the images hampered 
the detailed study of the object. The overall radius of the near-spherical coma 
measured perpendicular to the solar direction was found to be around 140000 km 
across at the comet on January 31 (fig. 5.2). In the image taken a few minutes 
earlier using the 4415 emulsion (fig. 5.1), the apparent coma radius was around 
40000 km. This difference was undoubtedly due to the different responses of
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the emulsion/filter combinations used, as the exposure lengths were the same 
in both cases.

On February 1, the apparent coma radius was around 80000 km. This 
suggests that a decrease in activity had occurred from the previous day, as the 
exposure length was twice as long as used on January 31, but the resulting coma 
image was less extensive.

The February 3 and 4 observations resulted in much fainter images of the 
comet. The large-scale coma had disappeared, and the apparent brightness 
of the nuclear region had decreased dramatically. Although the decrease in 
brightness of the image was probably accentuated by the difference in emulsions 
used, it is believed that this apparent decrease in activity was real.

The bright moonlight (which increased during the period of the observations) 
means that the true optically-detectable boundaries of the coma were probably 
further from the nucleus than the values reported here.

If it is assumed that the bulk of the recorded near-spherical coma denoted 
the presence of cometary neutral gas species, and that the mean bulk velocity 
of the outflowing cometary gas was around 1 kms“ ,̂ an estimate could be made 
of the time taken for an abrupt major decrease in the nuclear gas production 
rate to result in the dissipation of the coma. Calculations show that this would 
happen in less than 24 hours for the coma of H-M-P at this time. Thus, a very 
large change in the extent of the coma was indeed feasible in less than a day.

To further characterize the nature of the coma of H-M-P, several image 
processing algorithms were applied to the data (Appendix A), to enhance any 
morphological features present in the images. No large-scale features were de
tected, apart from the plasma tail on February 1, which is discussed below.

Ion Tail

Enhancement of the UKST images resulted in the clarification of the ion tail 
of the comet, which was recorded in H laJ emulsion January 31 and February 1 
images. A contrast-enhanced version of the February 1 image (fig. 5.3) is shown 
in fig. 5.6. The tail was found to extend to around approximately 100000 km 
downstream of the nucleus. The ion tail axis was found to be parallel to the 
star trails. Because of this, it was possible that a coincident background objects 
may have been accentuating the brightness of the tail. STScI Digital Sky Sur
vey images of the relevant regions were checked, and no significant background 
objects were readily apparent. The appearance of the feature in the HlaJ emul
sion images suggests that it was CO'*' ions which constituted the detected part 
of the tail.
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U K S T : N ear-N ucleus F ea tu res

To enhance near-nucleus features, several image enhancement techniques (Ap
pendix A) were applied to the data.

The images of the highly-structured coma obtained on January 31 (figs. 5.1 
and 5.2) were converted into polar coordinates with their origin at the brightest 
point in the image, and following the removal of the minimum brightness profile, 
a search was made for any nuclear jets that were revealed. No clear structures 
were revealed that were not visible prior to enhancement. The presumption that 
the nucleus of the comet lay within the brightest recorded pixel may have been 
incorrect. The brightest region at that time may have represented the dense 
core of a bright nuclear jet, as opposed to the nucleus itself.

The bright antisunward feature may have been analogous to the train of 
centimetre-sized particles detected in the inner coma of Hyakutake (fig. 4.4). 
Amateur observations showed that the fan of material appeared between Jan
uary 27 and 31 (WWW site http://encke.jpl.nasa.gov/). Other analyses re
vealed a change in the apparent density of the antisunward feature with distance 
from the nucleus, suggesting that a change in nuclear activity had modulated 
the feature’s formation.

Further investigation of the recorded near-nucleus features could reveal some 
information about the rotational state of H-M-P’s nucleus. The number of im
ages which display near-nucleus morphological features is low, therefore images 
from other sources would be required for such an in-depth study. This avenue of 
research was not pursued as it fell outside the scope of this thesis, but is worthy 
of future study.

Similar enhancement of the near-nucleus regions of images obtained subse
quently did not reveal any clear morphological features.

5.1.5 UKST: Results and Discussion

As a record of the plasma environment of H-M-P as it approached the Earth, 
the UKST images do not reveal a large amount of information, apart from the 
presence of a weak ion tail on January 31 and February 1, 1996. The comet 
possessed a near-spherical coma, and at the beginning of the observing period, 
strong morphological features were detected in the extreme inner coma. The 
images chart the reduction in activity of the comet over several days.

http://encke.jpl.nasa.gov/
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Figure 5.6: Contrast-enhanced version of the H-M-P image displayed in Bg. 5.3. 
A weak plasma tail can be seen to extend in the anti-sunward direction (WNW).
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5.1.6 JKT: Observations

The inner coma observations presented here were made on the mornings of 
February 4 and 5, 1996, using the Jacobus Kapteyn Telescope (JKT) on the 
island of La Palma. The equatorially-mounted JKT has a 1.0 m primary mirror 
with a focal ratio of f/4.6. For these observations, a hyperbolic secondary mirror 
giving a Cassegrain optical system of focal ratio f/15.0 was used. Images of 
the comet were recorded on a liquid Nitrogen-cooled Tektronix TK1024A CCD 
at the Cassegrain focus, which provided an image scale of 0.33" pixel"^ (with 
24//m-square pixels). The field of view of the CCD was 5.6’ square (WWW site 
http://www.ing.iac.es/). Due to time limitations, flatfield images were taken of 
the illuminated telescope dome as opposed to blank areas of sky.

Observations planned for the morning of February 3rd were not possible 
due to inclement weather. The coordinates of the comet were not known to a 
very high precision as the comet was so close to the Earth, though the object 
was successfully located following a short search using the telescope’s guiding 
camera.

Differential tracking was used to follow the comet; on February 4 and 5, 
the comet’s apparent motion was at -0.60 sec min"^ in right ascension, and 
+3.3’’min"^ in declination.

During the bulk of the observations, seeing was 1” or better. However, the 
differential tracking of the telescope was unable to attain a quality of tracking 
equal to the seeing. This was accentuated by the rapid apparent motion of the 
comet. As a result, images contained non-linear star trails, and even gaps in the 
trails at some times, when the telescope’s position jumped. Had the tracking 
matched the seeing conditions, the resolution of the images would have been 
around 40.4 km p i x e l d u r i n g  both observing sessions.

Some additonal technical difficulties were encountered during the observa
tions. The filter wheel on the telescope was not correctly mounted at some 
times, leading to partial obscuration of the field of view; it is suspected that 
filters did not return to identical positions when selected for an exposure. This 
led to serious difficulties when reducing the data, as some flatfield images were 
affected by this problem to the degree that they were no longer useable.

A limited number of images were obtained using the filters CN (3871 Â, 
50 Â in width), CO^ (4260 Â, 65 Â in width) B-continuum (4845 Â, 65 Â in 
width) and R-continuum (6840 Â, 90 Â in width) of the International Hailey 
Watch (Section 4.2.3).

The fiux-calibration stars rj UMa and G138-31 were imaged; these were 
contained in the HST list of spectrophotometric standards (Turnshek et al 1990).

http://www.ing.iac.es/
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Figure 5.7: 300 s exposure of the H-M-P dust continuum, obtained at 05:37 UT 
on February 4, 1996 with the JKT.

A high sky background was present due to the Moon being full at the time 
of observation. A star field well away from the comet was also exposed, to 
determine the background sky fiux for accurate determination of the fiux due 
to the comet’s coma.

JK T : R eduction

The CCD images were reduced using standard procedures (Appendix A). The 
filter response curves were folded with the spectrum of the standard star, re
sulting in a conversion factor of the fiux measured to the actual flux from the 
source above the atmosphere. On analysing the reduced stellar images, it was 
found that the flatfielding problems had resulted in non-consistent stellar fiux 
measurements. The comet images could not therefore be fiux calibrated.

JK T : Analysis

Fig. 5.7 shows the comet as recorded using a continuum filter on the morning of 
February 4, 1996. No clear inner coma morphological features were detectable, 
as was the case for all other JKT images of the comet. The inner regions were
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relatively uniform in brightness, apart from the zone immediately surrounding 
the nucleus. A slight elongation was detectable in this near-nucleus region; this 
was more pronounced during the second observation session than it was during 
the first.

The comet had a low surface brightness and a weak degree of condensation, 
when observed using the JK T -  it did not possess the same extreme peak in 
flux at its optocentre as Hyakutake would have two months later.

5.1.7 JKT: R esults and Discussion

The results from the JKT observations were very disappointing. Once the prob
lems with the reduction of the data had been mostly solved, it was revealed that 
the comet displayed very few morphological features. The inner coma on the 
two nights on which the comet was observed displayed a very flat profile. Only a 
slight elongation of the extreme inner coma was detectable, the extent of which 
was close to the limit of the point-spread function of the data gathered.

Given an observing session with no technical problems and time limitations, 
it is unlikely that much more could have been gained in terms of detecting 
features in the inner coma of comet H-M-P during this period.

5.2 C /1996 Q1 Tabur

5.2.1 Introduction

A brief background to this comet is given in Appendix B. One observing session 
was held, on the night of October 15-16 1996; the first and last images of the 
comet being exposed at 23:45 and 02:51 UT, respectively.

At the time, Tabur was 18 days from reaching perihelion, and was 0.9083 AU 
from the Sun, while at a geocentric distance of 0.4859 AU. The phase and 
elongation angles were 85.6° and 65.3°, respectively. The heliocentric latitude 
of the comet was 24°26’; the sub-comet heliocentric longitude was 39° 11’. The 
visual magnitude of the object was around 4-5.3 (lAUC 6499). Prom reports 
of visual observations (IAUG 6499), the water production rate of the comet, 
Q(H2 0 ), was deduced to be approximately 1.2 x 10^  ̂ s“  ̂ (Jorda et al 1992; 
Appendix A). In the days following the ULO observations, the comet underwent 
a rapid decrease in brightness (see Appendix B).

As was explained in Chapter 1 , upon inspection of relevant synoptic maps 
of solar wind source regions, it was revealed that at the time of observation, 
Tabur was surrounded by the rapidly-flowing solar wind emanating from a polar
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Table 5.2: Summary o f Tabur observations.

Date Start Exposure Filter A R/i Phase Airmass
(1996) (UT) (s) (AU) (AU) Angle (°)
Oct 15 23:45:58 300 R 0.486 0.908 85.7 3.31055
Oct 16 00:14:54 60 R 0.486 0.908 85.7 3.16413

00:18:07 300 R 0.486 0.908 85.7 3.13969
00:28:24 300 R 0.486 0.908 85.7 3.07639
00:45:20 600 H2O+ 0.486 0.908 85.7 2.94333
01:00:53 600 H2O+ 0.486 0.908 85.7 2.83920
01:13:43 600 H2O+ 0.487 0.908 85.7 2.74058
01:29:26 600 H2O+ 0.487 0.908 85.7 2.62668
01:50:41 600 H2O+ 0.487 0.907 85.7 2.48593
02:03:28 600 H2O+ 0.487 0.907 85.7 2.39632
02:16:03 600 Dust 0.487 0.907 85.7 2.30933
02:28:19 600 Dust 0.487 0.907 85.7 2.23164
02:41:13 60 R 0.487 0.907 85.7 2.17527
02:45:55 60 R 0.487 0.907 85.7 2.14413
02:49:29 120 R 0.488 0.907 85.7 2.12663

coronal hole; the detailed parameters of which could not be ascertained.

5.2.2 Observations

The ULO Radcliffe telescope (described in Section 4.2) was used in conjunction 
with the H2O"'' (6205Â) and dust (6250Â) filters described in Chapter 2 . The 
detector was set up as described in Chapter 4. The distance of the comet yielded 
a CCD image scale of 247 km pixel"L A total of 14 exposures of the comet 
were obtained; these are summarized in table 5.2. A sequence of H2 0 ""̂ images 
was acquired in order to study the dynamics of any ion features that could be 
detected.

Precise visual guidance of the telescope through the use of a parallel telescope 
was not possible due to the relative faintness of the comet and its lack of a strong 
central condensation. The telescope’s differential tracking was thus used on its 
own. As the apparent rate of motion of the comet was not great, the use of the 
telescope’s own mechanical tracking was generally sufficiently good, however 
some adjustments were made to the tracking rate throughout the period of 
observations in response to the appearance of the comet in the images. Two 
sources from the HST stellar standard list (Turnshek et al 1990) were used for
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flux calibration purposes (these were HD93521 and 77 UMa).
Atmospheric conditions varied during the observing session. Photometric 

studies carried out using the images cannot therefore be considered to be reli
able. Consequently, the analysis of the images could not extend to absolute ion 
concentrations at the comet.

5.2.3 D ata Reduction

The CCD images were reduced by following standard procedures (Appendix A). 
Some problems were encountered when flatfielding the H2O''' images. Following 
flatfielding, a residual large ring was present in all the water ion images. After 
much effort, it was found that this effect could not be totally alleviated without 
compromising the quality of the data.

5.2.4 Analysis

Overview

Fig. 5.8 shows the distribution of dust in the comet. The comet showed a largely 
featureless dust coma and tail. As the phase angle was only a few degrees from 
90°, foreshortening of the tail was not significant. The anti-sunward extent 
of the dust tail merged with the sky background beyond the limit of the field 
of view of the instrument, the tail therefore extended to at least 1.5xl0®km 
downstream of the nucleus.

Seven broadband R images were also obtained of the comet. These showed 
some sunward features near the comet’s nucleus, appearing as two broad emis
sion enhancements almost symmetrical to the Sun-comet line. As they were not 
visible in the dust images, it is presumed that they represented jets of neutral 
molecules. These features did not change significantly during the observational 
period. Flatfielding of the R-band images was not satisfactory, hence the inter
pretation of enhanced versions of these images was difficult.

Plasma features in the comet were weak. Using several image enhance
ment techniques (Appendix A), ion images were searched for structures. In the 
01:00 UT image, some weak ray features were marginally detected on either side 
of the main plasma tail. These were at an angle of approximately 45° to the ion 
tail axis. In the images obtained earlier and later, no such rays were detectable. 
No analysis of the ray folding rate could therefore be carried out.

Fig. 5.9 shows a composite image of all the H2 0 ''' ion filter exposures ob
tained. When the dust continuum was subtracted from the individual and 
composite ion images, no significant structures could be discerned. The dust
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Figure 5.8; A composite dust continuum image o f Tabur, obtained from two 
exposures acquired between 02:26 and 02:48 UT on October 16, 1996. North is 
up and East to the left; the Sun was in the direction NNW.

and ion images displayed very similar flux profiles.

5.2.5 Tabur: Results and Discussion

Cornet Tabur showed no strong plasma features during the observation period, 
although the object apparently had a production rate of the same order of mag
nitude as that of Hyakutake, which had displayed strong, dynamic ion features 
at times.

Several explanations can be proposed for this. Firstly, the apparent weakness 
of the Tabur plasma features may have been due to the observing geometry - 
the IMF in the vicinity of the comet may have caused the comet’s ion tail to be 
presented “face-on” to the observer, resulting in a diffuse feature of low surface 
brightness (as was discussed in the preceding chapter). The marginal detection 
of rays is no great surprise, as rays do not always appear (e.g. Jockers 1985).

The apparent quiesence of the plasma features of this comet during the 
observing session may also be linked to other parameters of the solar wind in 
the comet’s vicinity. As pointed out by Brandt et al (1997), the solar wind 
conditions in the polar regions of the heliosphere are likely to result in comets
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Figure 5.9: A composite image obtained from all images acquired using the 
H2 Ü'  ̂ filter. Note that this image covers a smaller field of view than fig. 5.8.

in those regions displaying a less disturbed appearance (rays, kinks, etc.). This 
would be due to the more stable solar wind conditions which usually persist in 
those regions of the heliosphere.

Lastly, the impending apparent disintegration of the nucleus (Appendix B) 
may also have played a part in the apparent weakness of the plasma features. 
Large amounts of the radiation detected from the comet may have been due 
to dust-scattered sunlight. The application of the production rate estimation 
technique of Jorda et al (1992; see Appendix A) to a comet on the verge of 
catastrophic fragmentation such as this may also have been invalid. The true 
water production rate may have been much lower if the empirical law formulated 
by Jorda and co-workers is not valid when a larger proportion than usual of 
radiation detected from the comet is due to the scattering of sunlight by dust 
particles.

5.3 Conclusions

Although H onda-M rkos-Pajdusakova had displayed a clear plasma tail around 
perihelion (WWW site http://encke.jpl.nasa.gov/), by the time that it reached

http://encke.jpl.nasa.gov/
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the Earth, the strength of its plasma features had diminished considerably.
During the time at which images of H-M-P were obtained at the UK Schmidt 

Telescope, it is clear that the comet underwent a rapid decrease in activity. The 
plasma tail was weak but detectable on January 31 and February 1. The coma 
became rapidly more faint on other nights, in keeping with observations obtained 
by other observers. JKT observations revealed the comet to be in a quiescent 
state, displaying no clear near-nucleus features.

C om et C /1 9 9 6  Q1 T ab u r displayed no strong ion features. This may have 
been due to the location of the comet in the heliosphere, or the comet may not 
have possessed a gas production rate as large as that inferred from its visual 
brightness. As the comet was rapidly approaching an apparent catastrophic 
dissipation of the nucleus, the latter possibility may well have been true.



Chapter 6 

The Grigg-Skjellerup Plasm a  
Environm ent

Abstract

The Giotto encounter with 26P/Grigg-Skjellemp (G-S) provided in-situ data on 
the plasma environment of a weak comet, using identical instrumentation to that 
used at Hailey. A direct comparison of the features detected in the two comets 
was therefore possible. An analysis is presented of the unusual solar wind con
ditions under which the encounter took place. A new esimate of the comet’s 
gas production rate is then presented; this was derived using a technique not 
previously applied to these data. The JPA G-S data was at too low a resolution 
to study some plasma features in depth. An interpolation algorithm was thus 
applied to the data in order to improve their temporal resolution, with a resulting 
loss of energy resolution. Several plasma features similar to those found at Hai
ley were investigated. The Mysterious Transition was found to be present, and 
proton beams were detected in the extreme inner regions of the comet. Possible 
physical explanations are given for these unexpected features.

6.1 Introduction

The Giotto encounter with Comet Hailey verified the existence of the expected 
Bow Shock and Diamagnetic Cavity. As was mentioned in Chapter 1, several 
features in the cometosheath were not however predicted to exist; these included 
the Mysterious Transition (MT) and the Magnetic Pile-up Boundary (MPB). 
Giotto’s second cometary encounter with Crigg-Skjellerup (the Giotto Extended 
Mission - GEM) provided means of testing whether these features are common 
to all comets.

There follows a description of the interplanetary conditions encountered by

167
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Figure 6.1: B-fieid magnitude as measured by Giotto between 01:00 and 07:00 
on the morning o f 10 July 1992.

the comet at the time of the Giotto encounter (which were distinctly atypical). 
This is followed by the derivation of a new estimate of the comet’s gas production 
rate, using Giotto JPA-IIS data. Finally, a detailed investigation of the IIS data 
is described, using data enhanced to give a 64 s temporal resolution as opposed 
to the original 128 s resolution.

6 .2  Interplanetary Conditions

The data returned by the plasma instruments during the Giotto Extended Mis
sion (GEM) indicated that the solar wind conditions local to the comet were 
distinctly atypical (Neubauer et al 1993). Some workers suggested that at the 
time of encounter, the comet may have been within a magnetic cloud.

Some of the characteristics of magnetic clouds include a stronger than aver
age B-field strength, a smooth rotation of the B-field direction lasting approx
imately a day, a low proton temperature and a low proton (3 (Burlaga 1991, 
Burlaga, personal communication 1995). The solar wind characteristics around 
the G-S encounter did not meet these criteria in full. As the conditions were so



6.2. IN TERPLAN ETARY CONDITIONS 169

200

CO

^  15 0  o

E
8
c
o

5 0oÙ1
o3cnc
<

862 4
SCET on 10 July 1 9 9 2  ( h o u r s )

Figure 6.2: Rotation o f the B-fieid direction in the (Y-Z) plane o f the CSE 
coordinate system during the period from 01:00 to 07:00 on the morning of 
10 July 1992. The angle plotted is the rotation from the northward direction 
that would be seen by an observer at the Sun. Several sharp held rotations are 
recorded; particularly strong events occurred at 03:09, 04:27 and 05:11 SCET.

unusual however, they warranted further investigation.

6.2.1 M acroscopic Parameters

In brief, around the time of encounter, the solar wind B-field was predominantly 
in the Ycse direction, and its strength was unusually high (at around 16 nT com
pared to 5 nT which is typical at 1 AU) (Neubauer et al 1993). The proportion 
of ions which were of high mass was high, with significant numbers of Fe^+ to 
Fe '̂  ̂ ions (Johnstone et al 1993). The Alfvén speed was also unusually large at 
around 110 kms“  ̂ (Johnstone et al 1993, Neubauer et al 1993).

The Giotto magnetometer experiment provided intermittent data on the 
interplanetary medium from 3 to 9 July 1992, and near-continuous coverage 
from July 9 to 11.

Between July 5 and 7, the spacecraft had passed through a magnetic polarity 
reversal from negative to positive; being close to the outward spiral direction
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Figure 6.3: Total plasma pressure (magnetic, proton and electron) as measured 
by the Giotto JPA, RPA and MAG instruments. The time period covered is 
the same as that covered by Rg. 6.2

on 7 July. It is unlikely that the condition of the solar wind up to this time 
would have a remanent effect on the comet during the Giotto encounter and 
ground-based observations. From July 7 to experiment switch-off on July 11, 
the magnetic polarity remained outwards, but with strong deviations (Neubauer 
et al 1993).

On 9 July, at 19:15 UT, the magnitude of the B-field increased abruptly from 
8 to 12 nT, with a subsequent slow increase to 18 nT. Kirsch et al (unpublished 
manuscript) suggested that the solar wind features denoted the region to be a 
Corotating Interaction Region (CIR; Schwenn 1990), citing data obtained by 
the IMP-8 and Ulysses spacecraft (Bame et al 1993, Sanderson et al 1994). At 
this time, the comet and spacecraft were separated in radial distance from the 
Sun by approximately 200000 km (the objects were separated by a much larger 
distance in the direction perpendicular to the ecliptic plane). Solar wind features 
encountered by Giotto at this time were therefore likely to have encountered the 
comet only a few minutes later.

Earth-based observations also indicated that a clear increase in the density
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Figure 6.4: B-Reld direction and magnitude in the CSE coordinate system on 
either side of the directional discontinuity encountered at 12:39 SCET on July 
10. Magnetic held vectors are plotted every 4 s; the plots runs from 12:32:41 to 
12:47:41 SCET. The lower-right panel shows the view looking from the direction 
of the Sun. Bars at lower left indicate the length representing 10 nT.

of the solar wind in the direction of Giotto and G-S occurred during July 1 0 - 1 2 .
This was detected by interplanetary scintillation measurements at the Mullard 
Radio Astronomy Observatory (WWW site http://radio.astro.gla.ac.uk/ips/ips.htm ), 
The high-density region propagated in the antisunward direction, and was at 
its strongest on July 1 1 . This density enhancement has also been interpreted 
as being the signature of a corotating stream (Woan, personal communication, 
1997).

6.2.2 Small-Scale Features

In addition to the July 9 discontinuity mentioned above, several other solar 
wind features were detected by the Giotto magnetometer experiment. Dur
ing the morning of July 10 (figs. 6.1 and 6.2), several directional discontinu
ities were detected at a distance close enough to the comet to possibly still be 
present within the cometosheath of G-S at the time of ground-based observa-

http://radio.astro.gla.ac.uk/ips/ips.htm
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Figure 6.5: Total (magnetic, proton and electron) pressure o f the solar wind 
across the directional discontinuity encountered by Giotto at 12:39 SGET on 10 
July 1996.

tions (08:00-09:00 UT), and possibly even at the time of the Giotto encounter. 
The implications of the former possibility are discussed in Chapter 8.

The directional discontinuities were analysed to ascertain their character
istics. Fig. 6.3 shows the total plasma pressure of the solar wind (magnetic 
pressure as well as that of protons and electrons) during the time of crossing 
of the discontinuities (when data were available). Each sharp change in B-field 
direction was accompanied by a significant change in the total pressure, except 
for the minor rotations at approximately 06:50 and 07:20 SCET. As the plasma 
pressure remained constant across the latter features, they may therefore have 
been tangential discontinuities (the conditions for which are outlined in Ap
pendix A), and could have been present in the cometosheath of G-S during the 
ground-based observations (Chapter 8).

A strong interplanetary directional discontinuity (fig. 6.4) was also seen on 
the day of encounter at 12:39:20 UT (Neubauer et al 1993). At the time, the 
spacecraft was at a distance of 1.0079 AU from the Sun, and 133800 km from 
comet G-S. This directional discontinuity was accompanied by an increase in
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total plasma pressure (fig. 6.5) and B-field strength. This feature was thus not 
a tangential discontinuity. This and the earlier features determined not to be 
tangential discontinuities were likely to have been rotational discontinuities in 
the solar wind (Appendix A).

6.2.3 Summary

Around the time of the Giotto encounter, comet G-S was likely to have been in 
a corotating interaction region of the solar wind. The unusual interplanetary 
conditions at G-S results mean that, when comparing G-S to Hailey, it must be 
borne in mind that some of the differences between them at the times of the 
encounters may have been due to the respective solar wind conditions, and not 
due exclusively to the differences inherent in the comets themselves.

Small-scale directional discontinuities in the IMF direction on the morning 
of encounter may have been draped about comet G-S on the morning of July 
10, around the time of the ground-based observations described in Chapter 7. 
A directional discontinuity encountered by Giotto 3.6 hours before its cometary 
encounter may have been present in the comet at the time of encounter.

6.3 A Production Rate Estim ate

A new estimate of the gas production rate of G-S was calculated from the Giotto 
JPA-IIS data, using a technique based upon that applied to the ICE encounter 
with Comet 21P/Giacobini-Zinner by McComas et al (1987). The method and 
results are described below.

6.3.1 M ethod

A cylinder was considered with its main axis parallel to the Comet-Sun direction, 
with one cylinder face containing the path of Giotto through the cometary 
coma, centered on the point of closest approach, and the other face placed well 
upstream of the cometary mass-loading region. Only the solar wind would flow 
through the upstream face of the cylinder, whereas through the downstream 
face the solar wind plus the cometary ions implanted inside the cylinder would 
fiow. By finding the difference between the fluxes of particles through the two 
faces, an estimate of the number of ions implanted upstream of the path of 
Giotto could be made (fig. 6.6).

The upstream solar wind fluxes were derived from measurements taken by 
the IIS sensor well outside the cometary mass-loading region, from Johnstone
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Figure 6.6: Diagram illustrating the method used in obtaining a production rate 
estimate from Giotto instrument measurements. The cylinder encompasses the 
mass-loading region downstream to the path of Giotto through the comet. Solar 
Wind flow is from the top of the diagram. For definitions, see text. Adapted 
from McGomas et al (1987).

et al (1993): 378±8 kms“  ̂ inbound and 347di4 kms“  ̂ outbound for solar wind 
velocity, and 8.48±0.9 cm“  ̂ inbound and 10.634:1.9 cm“  ̂ outbound for total 
ion density.

To derive the flux through the other face of the cylinder, uniformity was 
assumed within half circular annuli perpendicular to the comet-Sun direction. 
Each half-annulus contained a point where the total number density of ions 
and the solar wind speed were returned by the JPA instrument. These values 
were integrated over the area of the half-annulus to obtain the total flux at that 
distance from the nucleus.

The rate Q at which ions entered the flow upstream of Giotto may be written
as:

Q  —  Ç y  ] 72(t)u(^)v4g) S { t I s w ' ^ s w )

a

where Aa is the annulus area at each point P along the trajectory, and n(t) and 
v{t) are the observed density and tailward velocity of the plasma at the same 
point. Usw and Vsw are the values used for the solar wind velocity and density, 
and S is the area of one face of the cylinder.

The sample comprised of data gathered inside a distance of 163000 km from 
the nucleus on both inbound and outbound passes. This distance was chosen 
as it encompassed the majority of the mass-loading region, while also lying 
within the largest of the JPA data gaps that occurred on the inbound pass. An
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Figure 6.7: Solar Wind velocity vectors along the Giotto trajectory on either side 
of the encounter with Comet Grigg-Skjellerup, in comet-centered solar ecliptic 
coordinates. The left panel presents the “side” view (from the other side of 
the comet to that o f the Earth at the time), while the right panel is the view 
seen looking from the direction of the Sun. The deceleration of the Bow near 
closest approach is clearly seen, as is the deBection of the plasma Bow around 
the comet (plot by A. J. Coates).

analysis was undertaken of the degree of deflection of the solar wind around the 
comet, and assuming cylindrical symmetry, it was deduced that 9±1% of the 
ion flux was deflected “out” through the sides of the imaginary cylinder. This 
was taken into account during the calculation of the production rate. Even at 
the large distances used for the limits of the cylinder encompassing the mass- 
loading region, there was a signiflcant deflection of the solar wind flow by the 
comet (fig. 6.7). This meant that all of the solar wind flux estimated to be 
entering the cylinder upstream did not reach the surface encompassing G iotto’s 
path.

6.3.2 Result and Discussion

The value for the rate of mass-loading of the solar wind by cometary ions up
stream of the path of Giotto was found to be 3.5(5) ±  1 . 1  x 1 0 ^̂  molec s“ E 

Due to the large areas involved, the final production rate was very sensitive 
to small changes in values of the various parameters. The production rates 
calculated by other workers (table 6 .1 ) did however lie within the limits of the 
errors on the value presented here.

This technique does not take into account the number of ions implanted
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Table 6.1: Neutral gas production rate estimates for 26P/ Grigg-Skjellerup

Workers Apparition Heliocentric Species Q Technique
Dist. (AU) (x lC f fs - i )

Osip et al (1992) 1977 0.996 - 1.014 CN 0.012 - 0.017 Photometry
1982 1.076 - 1.131 CN 0.001 - 0.002

OH 0.950 - 1.318
Newburn &: Spinrad (1989) 1982 1.04 H2 O 2.93 Spectroscopy
Feldman & A ’Hearn 1982 1.02 OH 1.75 UV Spectroscopy
(via Osip et al 1992)
Osip et al (1992) 1987 0.994 CN 0.005 Photometry
Johnstone et al (1993) & 1992 1.01 H2 O 7.5 ± 1 .5 Modelling of Giotto
Huddleston et al (1993) boundary positions
Jockers et al (1993) 1992 1.01 H2 O 6 Spectroscopy

(authors note
caution)

Neubauer et al (1993) 1992 1.01 Ail 6.7 ± 1 .6 Modelling of Giotto
boundary positions

Flammer &: Mendis (1993) 1992 1.01 Ail 7.2 - 7.3 Modelling of
Giotto data

Schmidt et al (1993) 1992 1.01 Ail 4.6 MHD Model;
adiabatic index
7 = 5 /3

3.17 7=2

This thesis 1992 1.01 H2 O 7.1 ± 2 .2

in the stream downstream of the Giotto trajectory (which was approximately 
through the centre of the coma). It is reasonable to assume that as many 
molecules were ionized and implanted downstream of Giotto’s path as there 
were implanted upstream; thus making it resonable to double the production 
rate value, as was done by McComas et al (1987). This gives the final estimate 
of production rate of 7.1 ±  2.2 xlO^^ molec s“ ^  The error on the final value 
may be an underestimation due to the reasons mentioned previously.

The process was further complicated by variations in the angle a  between 
the solar wind velocity and the magnetic field. During the outbound part of 
the encounter, a  changed significantly, allowing the IIS sensor to measure more 
ions carried from areas of higher density in the cometary coma. This therefore 
added to the degree of uncertainty in the final result.

Another source of error in the final result was the calibration of the IIS 
sensor itself, particularly for the solar wind velocities. Lack of accuracy in the 
measured velocities may have contributed to the error on the production rate 
value. Also, near closest approach, the energies of the ions fell below the energy 
range of the IIS sensor, therefore returning lower densities than were actually 
present.
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The result for the production rate presented here derived from spacecraft 
data compares well with that derived from ground-based imaging during the 
1992 apparition (Jockers et al 1993) as well as with the other spacecraft-based 
estimates. It is obvious from the range of estimates for the production rate 
of this comet seen in table 6.1 that variations do exist in the results obtained 
using various techniques for the calculation of the production rate. The estimate 
presented here is well above the values inferred by Schmidt et al (1993). It is 
suggested that this may be due to the limitations of MHD modelling at small 
comets.

6.4 IIS Data Temporal Resolution Improvement

6.4.1 Introduction

As was mentioned earlier, due to the small scale of Grigg-Skjellerup when com
pared to Hailey, the plasma boundaries as detected by the Giotto instruments 
were not well-defined. Although the relative fiy-by velocity was lower than that 
at Hailey (13.99 as opposed to 68.37 km~^), this did not fully compensate for 
the comet’s limited size.

The Johnstone Plasma Analyser’s Implanted Ion Spectrometer aboard Giotto 
stepped through its 32 energy bins over a period totalling 128 s (Chapter 3). 
This was done while sampling alternate bins, moving through increasing energy 
bins, and then sampling the remaining bins while stepping through decreasing 
energy bins.

Therefore, with a loss in energy resolution, the temporal resolution of the 
instrument could be artificially enhanced by splitting the data into upward- and 
downward-sampled data. The counts in the remaining energy levels could then 
be approximated by applying an interpolation algorithm.

This technique was applied to the data from the IIS which was obtained 
during the G-S encounter. This provided a dataset with which features could 
be studied that were not resolvable in the original data.

As well as the improvements described below, an attem pt was made to obtain 
processed plasma moments from the raw data. This was unsuccessful, hence the 
results described below are limited to analyses of the partially-reduced data sets.

Time-of-Flight Data

Data from the five time-of-flight (TOF) analysers of the JPA-HS were available 
for analysis from the G-S encounter. These were not returned during the closest 
approach period of the Hailey encounter due to downlink constraints. A TOF
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Figure 6.8: Example of a TOF output diagram, showing the locations of the 
five mass groups (from Wilken et al 1987).

data set was returned with every full distribution; the data from the 5 polar 
angles over 128 s were thus averaged. Each matrix was normally summed over 
32 spins and from all five polar analysers. Hence, no directional information 
was stored in the matrices.

Fig. 6.8 outlines the main features of these data. Ions were sampled at a 
range of energy levels (table 3.1). At each energy level, the time was measured 
of the flight of the detected ions across a fixed gap. The time was recorded 
for each particle, building up a matrix of ions with certain m /q  ratios against 
their E /q  ratios. An on-board look-up table was used to ascertain the masses of 
the ions from their energies and inferred masses. Some saturation effects were 
evident, resulting, for example, in the false detection of protons in the third 
mass group (shaded area in fig. 6.8). Eurther details of the TOF data were 
given by Wilken et al (1987) and WeiB & Wilken (1987).

To improve the temporal resolution, each 32 energy level TOF matrix was 
split into its upward- and downward-components for analysis. The intervening 
energy levels were then approximated to remove the “jailbar” pattern, in order 
to aid analysis, as shown in fig.6.9.

The exact times of certain occurrences could be ascertained from knowledge 
of the scanning sequence of the instrument.
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Figure 6.9: An example of the use of interpolation to aid the interpretation of 
TOF data, with mass groups indicated. A “full” TOF dataset obtained over 
128 s was split into its consituent upward- and downward-scanned elements 
(upper two panels). An interpolation algorithm was then applied to the two 
“new” data files, resulting in the data displayed in the lower two panels. Changes 
in the ion populations which occurred during the first and second halves of 
the 128 s data acquisition period are clearly shown in the final frames. The 
false colour scale used in this and other TOF plots indicates the number of 
ions detected, ranging from black for zero through dark green, light green, red, 
purple and finally white for the highest Huxes.
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D4D Data

D4D data (the exact origin of the name remains obscure; Coates, personal 
communcation 1997), provided the “raw” data from each of the 5 IIS polar 
analysers, binned into azimuthal sectors and 5 mass bins (as delineated in the 
TOF plots; fig. 6.8). At the inner regions of Hailey, the data were returned 
in 8 bins (referred to as the 4DH format in Johnstone et al 1986a); hence the 
data returned from that comet were of inferior directional resolution to the G-S 
data, which recorded the fiuxes of particles within 16 azimuthal bins (4DF in 
Johnstone et al 1986a). As was the case for the TOF data, the D4D data were 
split into upward and downward scans and subsequently interpolated, in order 
to improve the temporal resolution.

In interpreting the D4D data, the geometry of the G-S fiyby must be con
sidered. The spin axis of the Giotto spacecraft was almost parallel to the plane 
of the ecliptic. To an observer at the spacecraft facing in the direction of the 
Sun with “up” being northwards (i.e. the Zcse direction; Appendix A), the spin 
axis was close to being at 90° to the Sun direction (i.e. “left” to “right”). The 
spacecraft spin caused the IIS sensors’ fields of view to move from north to 
south when on the sunward side of the spacecraft. As it was at around 90° 
to the spin axis, the Polar 3 detector’s field of view contained the direction of 
the Sun. Travelling towards G-S, the comet would be seen to approach from 
“below” , “behind” and slightly to the “left” , to an observer at the spacecraft.

Due to the defiection of the plasma fiow around the comet, before closest 
approach, the solar wind was detected emanating slightly to the left and below 
of the typical direction, while outbound, the reverse was true (i.e. flow coming 
from above-right of the normal direction).

The D4D data were also plotted using an all-sky Hammer-Aitoff projection 
to view the change in fiow direction of the ions (e.g. fig. 6.14). No exact distance 
nor time scales were included in the D4D plots presented here because each D4D 
array was acquired over a time representing significant motion of the spacecraft 
through the comet.

6.5 Analysis of 64 s Data

The two data sets described above were used to analyse in detail the various ion 
data returned from the cometosheath of G-S; the results are described below. 
The initial analysis of these data was covered by Jones & Coates (1997).
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Figure 6.10: D4D data plot showing cometary pick-up ions at G-S (the third 
mass group covered by the JPA-IIS). The plot covers the times 15:03:40 to 
15:37:24 SC ET (19986 km  inbound to 24875 km outbound). Major boundaries 
have been labelled. Each panel represents a polar direction. Individual scans 
o f 16 azimuthal directions were built up from the 16 actual and 16 interpolated 
energy levels. The darkness o f each pixel represents the number o f ions detected 
in a particular direction. Distance scales are approximate, due to the scanning 
pattern o f the instrument.
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Figure 6.11: Plot o f D4D data acquired during the times 15:09:44 to
15:26:46 SGET (11930 km  inbound to 10720 km outbound). These five panels 
show the proton population at the comet. Black marks above and below each 
64 s distribution denote the solar wind Row direction well away from the comet. 
For explanation, refer to fig. 6.10 and the text.
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6.5.1 M ysterious Transition

The presence of a Mysterious Transistion at G-S similar to that detected at 
Hailey was reported by Johnstone et al (1993) and Rème et al (1993). Johnstone 
and co-workers located the MT at cometocentric distances of approximately 
7200 km inbound and 9000 km outbound. Rème and co-workers reported the 
crossing of the G-S MT at 15:12 SCET (5640 km) inbound and 15:30:30 SCET 
(9890 km) outbound.

Interpretation of the “improved” IIS data with knowledge of the instru
ment’s scanning pattern allowed the time of the MT crossing to be ascertained 
with greater precision than that presented by Johnstone et al (1993). The 
IIS data recorded a broadening in the energy range of the water-group ions at 
15:12 SCET; this matched the time of MT crossing established by Rème and 
co-workers. The broadening was best recorded in the Polar 2 and 3 detectors 
(fig. 6.10).

The energy range covered by the cometary ions became successively broader 
with decreasing cometocentric distance. Clear splitting in the energy of the ion 
population occurred at around 15:16 SCET (2290 km); this was best recorded 
in the TOF data (fig. 6.12).

Outbound, at 15:30:30 SCET (9890 km), a clear change was detected in 
the flow direction of the cometary ions; a greater number of ions moved into 
the field of view of the Polar 1 analyser. The time matched the boundary 
crossing time deduced by Rème et al (1993). No clear changes occurred in the 
characteristics of the proton population as a result of crossing the MT either 
inbound or outbound.

6.5.2 M agnetic Pile-U p Boundary

The existence of the MPB at C-S was confirmed by Neubauer et al (1993), 
Rème et al (1993) and Mazelle et al (1995). Inbound, the boundary was de
noted by a strong jump in the B-field magnitude from ~40 nT to ~60 nT at 
15:17 SCET (1440 km from closest approach). A jump from ^60 nT to ~30 nT 
over a distance of around 140 km was detected outbound (from 15:19:50 to 
15:20:00 SCET, at a mean cometocentric distance of 941 km). Sharp changes 
were also detected in the characteristics of the electron population inbound near 
the MPB.

Analysis of the JPA data detected no unambiguous changes in the plasma 
parameters at this boundary, expect for a possible decrease in the solar wind 
velocity recorded by the instrument. This can be seen most clearly in the D4D 
Polar 3 and 4 panels of fig. 6.11.
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Figure 6.12: Interpolated TOF plots showing the splitting in energy of the heavy 
cometary ions inbound at G-S. Although broadened, the ions within the M T did 
not split clearly in terms of energy until immediately prior to closest approach. 
The four panels span the times 15:12:55 to 15:17:10 SGET (7680 to 2020 km  
inbound).
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6.5.3 Inner Regions

In the inner regions, the highest-energy group of pickup ions disappeared. John
stone et al (1993) described the region over which these ions were absent as span
ning approximately 3600 km around closest approach (compared to 135000 km 
inbound and 188000 km outbound at Hailey).

W ith detailed knowledge of the instrument’s scanning routine, the exact 
times over which the ions were absent could be more precisely estimated. Ac
cording to the TOF data, the high-energy population almost completely dis
appeared during the 2 scans taken nearest closest approach (covering 604 km 
inbound to 2230 km outbound). The disappearance occurred sometime between 
15:17:43 (847 km inbound) and 15:18:39 SCET (66 km inbound). The popu
lation reappeared sometime between 15:19:46 (884 km outbound) and 15:20:58 
SCET (1880 km outbound). This region thus spanned a section of the inner 
coma between 670 and 3080 km across.

The directions from whence water group ions emanated deviated significantly 
around closest approach. Inbound, within the MPB, the bulk of the high energy 
cometary ion population was predominantly sensed emanating from the Polar 
2 direction. During the approximately 2 minutes during which the high energy 
population disappeared, the low energy group moved to the ram direction, and 
a burst of cold cometary ions was visible very close to the ram direction (Polar 
4) at closest approach. Outbound, the flux of low energy cometary ions was 
sensed with almost equal intensity in the Polar 2 and 3 directions.

Giotto did not enter the Diamagnetic Cavity of G-S; this was not unexpected 
considering the small estimated scale of the structure (e.g. Huddleston et al 
1992).

Possible wave features were detected in the water group ion distributions; 
ion fiuxes were seen to move back and forth between the Polar 3 and 4 directions 
prior to closest approach (fig. 6.10).

The TOF data were analysed carefully to ascertain the minimum in the total 
counts detected by the IIS; this could be obtained to a precision of 8 s (two 
detector scans). The minimum was found to have occurred between 15:18:47 
and 15:18:55 SCET.

6.5.4 Proton Beams

Between 15:18:03 and 15:18:30 SCET (approximately 570 km to 185 km in
bound), two proton beam distributions were detectable in the JPA data (fig. 6.14). 
These times are the definite times of detection; due to the scanning pattern of 
the instrument, the beams may have formed as early as 15:16:23 SCET. How-
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Figure 6.13: Interpolated TOF plots showing the changes in ion characteristics 
around closest approach (CA), from 2020 km inbound to 3650 km outbound. 
CA occurred during the acquisition of the frame at top right. The high-energy 
pick-up ions (upper right in each frame) are seen to disappear during closest 
approach. Aleanwhile, the lower energy ion component decreases to its minimum 
energy. The solar wind ions are also seen to drop in energy around minimum 
cometocentric distance.
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X /  ~ ^ f \  ...\î ::ÿ#::*;:.r.... > >•

/ ...........  4...........V - ' " \

© S - f i e l d  ;

9Ü............. ;.........1$
i ; :

X B - f i e l d  /

\  — # ........ ' - F

X'Fam : /  X> » ' , , '

Figure 6.14: All-sky Hammer-Aitoff projection of 102-133 eV proton fluxes 
detected by the IIS between 15:17:11 and 15:18:15 SCET (2020 km to 600 km 
inbound). The Sun is at the centre of the held; north is upwards. Proton beams 
are seen to emanate from close to the solar wind direction and from directly 
south (-Zcse)' The near-vertical rings represent the helds of view of the hve 
Polar detectors (from Polar 5 to Polar 1). The average magnetic held direction 
for this period is also shown.

ever, from the “semi-circular” nature of the Polar 4 beams recorded during the 
15:17:11 -  15:18:15 SCET half-frame, it seems tha t the beams was reaching 
the threshold of detectability by the IIS at around 15:18:03. The peak energy 
of these protons was in the range 102 to 133 eV. The features were also de
tectable in the 128 s resolution data; it can therefore be stated that they were 
not artefacts of the interpolation algorithm.

As well as being recorded in the mass 1  (proton) bin of the instrument, weak 
signatures of the features were also present in the mass 2 (a-particle) bin. This 
may not necessarily be indicative of a-particles also being present in the beams 
-  proton saturation of the TOF sensors may have been occurring at the time 
(Wilken et al 1987).

The proton beams emanated primarily from close to the external solar wind
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direction and the -Z direction in the CSE coordinate system (Appendix A); 
separated by an angle of between 135° and 157.5°. At this time, significant 
numbers of protons were being detected by the Polar 2, 3 and 4 detectors. The 
beams were most strongly visible in the Polar 3 detector. In the Polar 4 field 
of view (which was closest to the ram direction), a single stream of protons was 
visible.

6.5.5 Discussion  

Mysterious Transition

At the G-S MT, clear broadening (but not splitting) of the water group ions’ 
energies was seen. This may mean that certain differences do exist between the 
boundary as recorded at Hailey and G-S. If Thomsen et al’s (1987) explanation 
for the MT is correct, this would imply that a smaller velocity change occurred 
at the G-S MT than it did at Hailey. The possibility may exist that the multiple 
changes seen at the Hailey MT may have been due to the coincidence of several 
regions or boundaries of change.

Inner Region

It is noted here that the near-disappearance of the upper energy group of 
cometary ions in the inner regions of Hailey (Johnstone et al 1986b) coincided 
with the location of its Magnetic Pile-Up Boundary (Neubauer et al 1987). At 
G-S, the high energy ions were not significantly depleted in flux immediately 
inside the MPB location as deduced by the MAG and RPA instruments. The 
high-energy ion flux fell in a region closer to the nucleus than the MPB. The 
precise location of the region of diminished high energy ion fiuxes could not be 
ascertained with great precision due to the limited temporal resolution of the 
IIS.

The size of this region of diminished higher-energy water group ions is of 
the same order of magnitude as the approximately 1500 km-wide region where 
a drop in energetic particle fiuxes was recorded by the EPONA instrument 
(McKenna-Lawlor et al 1993). It was proposed by those workers that this flux 
drop may have been due to the distorted B-field surrounding the diamagnetic 
cavity. It is proposed here that due to the similarity in the sizes of the re
gions of diminished fluxes of high-energy ions recorded by the IIS and EPONA 
instruments that the diminution in fluxes may have been caused by the same 
process.

Inspecting the D4D data (fig. 6.10) suggests that the reduction in high-
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energy water group ions around closest approach was greatest in the Polar 4 
direction. This was also true for the fourth mass group covered by the IIS 
instrument. This was also the direction in which the greatest decrease was seen 
in energetic ion fluxes by the EPONA instrument, and strengthens the case for 
a common process reducing the higher-energy ion flux.

The time of minimum IIS counts (15:18:47 to 15:18:55 SCET) was found to 
agree well with the times of closest approach to the nucleus as obtained by other 
instruments. Levasseur-Regourd et al (1993) reported the maximum in optical 
brightness to have occurred at 15:18:50±01 SCET. Neubauer et al (1993) stated 
that the peak in B-fleld magnitude to have taken place at 15:18:48 SCET. The 
cometary pick-up ions therefore reached their minimum energies at, or just after, 
closest approach.

The directions from which cold cometary ions were sensed suggests that a 
cold plasma surrounded the diamagnetic cavity. At closest approach, few of the 
cometary ions appeared in directions other than the ram direction, suggesting 
that they had very low thermal energy. This population of ions was sensed for 
a longer period in the ram direction during the outbound period immediately 
after closest approach than inbound.

As the spacecraft was passing from the sunward to the antisunward side of 
the nucleus, this asymmetry suggests structure in the cold ions’ spatial distribu
tion, with the ions populating a larger region downstream of the nucleus than 
upstream. Combined with the information that the minimum in IIS counts 
persisted for longer after closest approach than it did before, this could be in
terpreted as being due to the compression of this cold plasma region upstream 
of the cavity, thus mirroring the suspected teardrop shape of the diamagnetic 
cavity surface which was closer to the nucleus.

Proton Beams

The proton beams represent a significant discovery. As the precise path of 
Giotto through the inner coma with respect to the nucleus is not known, it is 
difficult to test physical explanation for them.

Several mechanisms can be suggested for the creation of the beams. Firstly, 
magnetic reconnection could have been occurring upstream of the comet’s dia
magnetic cavity. This would accelerate particles, and could be seen as narrow 
distributions as recorded by the IIS. If the spacecraft travelled very close to 
the cavity, the flow of ions from the -Zcse direction may be due to accelerated 
particles from a site of upstream reconnection being accelerated in a direction 
perpendicular to the antisunward direction (i.e. +Zcse)- The beams did not 
persist after closest approach; this suggests that the source of the -Zcse protons



190 CHAPTER 6. THE GRIGG-SKJELLERUP PLASMA ENVIRONM ENT

was indeed in the region of the nucleus.
Reconnection occurring on the tailward side of the cavity would be more 

likely to accelerate particles in the sunward and antisunward directions than 
perpendicular to those directions. Hence it is unlikely that the -Zcse is from 
such a source.

The beam detected close to the sunward direction shows some deflection 
in a direction opposite to that caused by the redirection of plasma around the 
diamagnetic cavity. It is suggested that this may be due to the cooling of the 
plasma near the cavity due to charge exchange. This would tend to induce a 
cavity-ward flow (e.g. 1.10).

If the spacecraft passed on the anti-sunward side of the cavity (as suggested 
by Israelevich et al 1996), then the beams may represent protons flowing around 
the cavity region. However, it is difficult to envisage a situation where plasma 
flow diverted around opposite sides of a nucleus could be detected.

None of the EPONA particle telescopes was directed towards the -Zcse di
rection at G-S. It is unfortunate that data from this instrument cannot be 
compared be checked for coincident energetic ion fluxes (McKenna-Lawlor et al 
1993, Kirsch et al 1995).

No distinct changes occurred to the B-fleld at the time.

6.6 Conclusions

On July 10 1992, Comet G-S was probably within a corotating interaction region 
in the solar wind. Several directional discontinuities were encountered by the 
Giotto spacecraft before the encounter; these may have been still present in the 
cometosheath of G-S at the time of ground-based observations and during the 
encounter itself.

A water production rate of 7.1 ±  2.2 x 10^  ̂ molec s~  ̂ was derived from 
JPA-HS measurements at G-S.

A sudden splitting was seen in the energy of the cometary ion population at 
the Mysterious Transition inbound at G-S, and a change in the direction of ion 
flow was seen outbound. This confirms that the MT is a likely to be a feature 
common to all cometosheaths at around 1 AU from the Sun.

A possible decrease in the solar wind velocity was the only signature of the 
crossing of the Magnetic Pile-Up Boundary recorded by the JPA-HS.

At closest approach to G-S, a twin proton beam distribution was detected, 
which may have been the signature of magnetic reconnection occurring in the 
vicinity of the comet’s diamagnetic cavity. A burst of cold heavy ions was also 
detected at closest approach; this emanated from close to the ram direction.



Chapter 7 

A Comparison o f R em ote and 
In-Situ Observations

Abstract

The techniques of remote and in-situ measurements of the cometary plasma envi
ronment each have advantages and disadvantages. Remote observations provide 
information on large-scale structures, and can be used to monitor features over 
extensive periods. Such observations however record the distribution of cometary 
ions in two dimensions, projected onto the apparent plane of the sky, thus making 
it difficult to ascertain the three-dimensional distribution and motion of the ma
terial. In-situ data have provided detailed measurements of plasma parameters 
at many points within the cometary coma. These measurements have however 
been restricted to the paths of the spacecraft, and as all encounters carried out 
so far have been rapid fly-bys, the data acquired represent “snapshots” of the 
cometary environment at the time of the encounters. Here, an attempt has been 
made to compare and combine remote observations of Comet Grigg-Skjellerup 
with near-simultaneous in-situ measurements obtained by the Giotto encounter.

7.1 Introduction

Until the mid-1980’s, remote observations provided the only direct information 
on cometary plasmas. W ith the advent of in-situ measurements of the cometary 
environment, it is important that these data are put in the context of the 
large database of cometary observations made remotely. The Giotto encounters 
provided opportunities to do so (Chapter 3).

Near-simultaneous ground-based and spacecraft measurements have been 
compared in the past for the ICE enounter with 21P/Ciacobini-Zinner (Gold
berg et al 1986, Meyer-Vernet et al 1986, 1987), the Vega encounters with

191
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IP/Halley (DiSanti et al 1990) and the Giotto encounter with Hailey (Ip et al
1986), amongst other work.

Here, a study is described where ground-based observations of Comet 26P/Grigg- 
Skjellerup were compared to information gathered by the Giotto probe at the 
comet later on the same day. Studies such as these provide means of calibrating 
the two datasets and testing theoretical interpretations of remotely-obtained 
data.

7.2 Observations of Grigg-Skjellerup by Other 
Workers

Here, a brief overview of past G-S observations is given, as well as a short 
description of other observations carried out during the comet’s recent appari
tions. Further background information on the comet is given in Appendix B, 
and additional gas production rate estimates are given in table 6.1.

7.2.1 Previous Observations

Osip et al (1992) reported observations of G-S carried out in 1977, 1982 and 
1987, and predicted the water production rate during the Giotto encounter 
to be from 2.4 to 4.8x10^^ molec s“ .̂ Along with H-M-P (Chapter 5), G-S 
was reported to be the least productive comet observed, but one of the most 
typical in terms of the relative abundances of its constituent species. During 
the 1982 apparition, Hanner et al carried out IR observations of dust in the 
comet. Cochran et al (1992) reported on production rates for the species GN, 
Ca, GH, Gg and NHg in 1982 and 1987.

For primarily astrometric reasons (in preparation for the Giotto Extended 
Mission), Birkle and Bohnhardt (1992) carried out observations of G-S in 1987 
from the G alar Alto Observatory, Spain. They found the nucleus to be inactive 
beyond 2.7 AU, both inbound and outbound. During May and July 1987, a well- 
developed coma was observed, with a diameter of greater than 190000 km at 
times. A cone of diffuse brightness enhancement in the sunward hemisphere was 
also seen, moving from the sunward direction in May to almost perpendicular 
to the Sun-Gomet vector by July. A weak, narrow plasma tail was recorded in 
May 1987.
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7.2.2 Other observations during the 1992 Apparition

Ninkov (1994) suggested the presence of a nuclear dust jet from the obscura
tion of a star by the comet’s inner coma on July 8, 1992. Bohnhardt et al 
(1992) carried out imaging of the comet at ESO on the evening of July 9, 1992, 
and Jockers and co-workers (1993) observed from ESO on July 10 at around 
23:00 UT, using the 3.6 m and 1.5 m telescopes. Production rates of CN and 
C2 were found to be 3.98x10^^ and 2.63x10^'* molec s“ ,̂ respectively. Observa
tions of the dust suggested that the dust to gas ratio of the comet was around 
three times lower than that of Comet IP/Halley, and an elongation was seen of 
the dust distribution in the antisolar direction.

Fulle et al (1993) imaged the comet during July 14 to 25, 1992, in the V and 
R bands, and carried out IR photometry. They reported a regular coma with 
almost circular isophotes. In the V-band images, they detected a hemispherical 
fan in the sunward direction, and a diflFuse tail directed in the anti-sunward 
direction was recorded in the R-band images.

7.3 AAT Observations and D ata Reduction

The results presented here are based on narrow-band CCD images obtained at 
the Anglo-Australian Observatory by Professor Keith Mason on 10 July 1992, 
approximately 7 hours before the Giotto encounter with the comet, under moon
lit conditions and high airmass.

The viewing geometry for the observations is shown in figs. 7.1 and 7.2. At 
the time, the comet lay at a distance of 213.8 million km (1.429 AU) from the 
Earth, and 150.8 million km from the Sun. The phase angle was around 45.3°. 
Perihelion was reached by the comet 12 days later.

Two narrow-band filters were used for the observations, centered at 6162 Â 
and 6202 Â, with full-width-half-maxima of 13 Â and 10 Â, respectively. The 
6162 Â filter covered the H20'^ 0-8-0 emission band spin doublet at 6158.64 
and 6158.86 Â (Chapter 2). No calibrated response curve was available for the 
6202 Â filter.

Observations were made on the 3.8 m Anglo-Australian Telescope (AAT). 
Images of the comet were recorded on a blue-sensitive Thomson CCD which 
covered a field of view of 2.74’ x 2.78’ at a resolution of 0.514”pixel"^, with 
19 fim  square pixels. Windowing was used, such that only 319 by 319 pixels 
were used of the 1024 by 1024 available. The CCD’s readout noise was 3.4 
electrons, with a gain of 1.26 electrons/ADU. The CCD camera was mounted 
on the TAURUS Fabry-Perot interferometer which was used in direct image



19ACHAPTER 7. A  COMPARISON OF REM OTE AND IN-SITU OBSERVATIONS

Table 7.1: Observations o f G-S obtained at the Anglo-Australian Observatory- 
on July 10, 1992.

Date Exposure 
Start (UT)

Exposure 
Length (s)

Filter
(A)

Zenith 
Distance (°)

Phase

n
July 10 08:12:24 300 6162 59.0 45.3

08:18:08 300 6162 60.1 45.3
08:23:43 1000 6162 61.1 45.3
08:40:51 1000 6162 64.2 45.3
08:58:04 650 6202 67.6 45.3

Comet
Sky Plane

1 AU

1-4AU
Sun

1AU

Earth

Figure 7.1: Relative positions o f the Earth, Sun and Comet 26P/Grigg-
Skjellerup at the time o f the observations.

mode. Due to technical diffculties, interferometry was not possible. In direct 
image mode, the instrument acted as a focal reducer, and yielded an image scale 
of 1 pixel being equivalent to 532.8 km at the comet.

Differential tracking was used to track the comet at a rate of +10.6 s in RA 
per hour and -11.4” in declination per hour. Attempts to observe the comet on 
the two nights preceding the Giotto encounter were thwarted by cloud. Only 
around 1 hour of observing was possible, due to the comet’s proximity to the 
Sun in the sky. These facts combined with the inherent faintness of the object 
and the enhancement of atmospheric extinction at the time (due to the Mount 
Pinatubo eruption) reduced the quality of the images obtained.

As no images were obtained of the comet continuum emission alone, no
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Figure 7.2: Projection o f the viewing geometry o f Comet 26P/ Grigg-Skjellerup 
at the time o f observation, a  is the cometocentric phase angle between the 
Earth and the Sun, /? is the projection angle and 9 is the position angle in the 
sky.

subtraction of the flux component due to dust-scattered sunlight was possible; 
hence the images are a combination of H2 0 """-emitted light and dust-scattered 
sunlight.

The raw CCD images of the comet were reduced using standard procedures 
(Appendix A). Two standard stars located at the zenith and at the comet’s 
elevation provided flux calibration of the target; these were W485A (Oke 1974) 
and L970-30 (alias 0163-50; Turnshek et al 1990). Folding of the filter response 
curve with the calibrated spectra for these stars gave the flux expected in the 
absence of atmospheric extinction. Comparison of these values with the signal 
obtained on the night of observation provided a correction factor which was 
then applied to the cometary data.

7.4 R esu lts

7.4.1 Image Analysis

In fig. 7.3 is shown a composite of two exposures taken through the 6162/13Â 
filter, starting at 08:23 and 08:41 UT; total exposure time 2000s. A weak tail 
is apparent, as well as faint signatures of other anti-sunward morphological 
features. The coma of the comet had an approximate diameter of 40000km, 
and the tail extended to around 42000km downstream of the nucleus (taking 
foreshortening effects into account).
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Figure 7.3: Image of 26P/Grigg-Skjellerup with the path of Giotto through the 
comet projected onto the sky plane. The solar wind velocity as measured by 
the JPA instrument aboard Giotto is shown projected onto the sky plane as a 
series of vectors along the spacecraft track. The along-track resolution of the 
solar-wind measurements is 1790 km. Deceleration of the solar wind is clearly 
shown, as well as the deflection of the Row in the vicinity of the comet. The 
direction of the Sun is indicated.



7.4. RESULTS  197

The solar wind velocity vectors measured by the Johnstone Plasma Anal
yser (JPA) aboard Giotto were projected onto the G-S image. These velocity 
vectors are of solar wind measurements taken every 128 seconds (an along-track 
resolution of 1790km). Closest approach to the nucleus by Giotto was assumed 
to have taken place within the area represented by the brightest pixel at the 
centre of the comet image. Giotto’s path traverses the image from upper-left 
to lower-right , travelling ‘into’ the image plane at an angle of 21.5°. The plot 
covers Giotto’s path from 14:34 to 15:57 UT, with closest approach occuring at 
15:19 UT. The figure clearly shows the defiection of the solar wind fiow about 
the comet’s mass-loading region.

To enhance the comet’s morphological features, the image of the comet was 
rotationally-smoothed about its brightest point. The original composite image 
was then divided by this smoothed image to enhance radial features (Appendix 
A). This technique was found to be more effective in enhancing morphological 
features in this comet than unsharp masking and other techniques.

As can be seen in fig. 7.5, three anti-sunward linear features are apparent 
after processing. These have been interpreted as being an ion tail flanked by 
a pair of tail rays. The largest of these is not aligned with the comet-Sun 
line, but is however parallel to the projection of the solar wind velocity vector, 
thus suggesting that the feature is parallel to the solar wind (which would be 
expected in the case of a plasma tail).

The observations of plasma features in G-S are not unique -  Birkle and 
Bohnhardt (1992) observed a tail in their images taken during the 1987 appari
tion of the comet following similar image processing. No suspected ray crossings 
were detectable in the Giotto JPA, RPA nor MAG data. However, it is highly 
likely that the cometary environment changed in the 7 hours before the Giotto 
fiyby, especially as the comet may have encountered a major structure in the 
solar wind during that time (see Chapter 6). Further investigation of the data 
returned from the CO^ channel of the Giotto Optical Probe Experiment may 
be worthwhile, to search for brightening corresponding to the passage of the 
spacecraft through, or near to, rays (Levasseur-Regourd et al 1993).

Jockers et al (1993) did not find evidence for the existence of H20"^ in their 
spectra of the comet; however, all but the weakest of the species’ emission bands 
lay outside their wavelength range. Comparison of the AAT images with the 
continuum images of Jockers and co-workers suggests that the morphological 
features seen are due to H2 0 ^, not dust, due to the absence of any morphological 
similarities. It must be borne in mind however that there existed a 15-hour gap 
between the AAT observations and those of Jockers and co-workers, allowing 
ample time for changes in the comet’s morphology.
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Figure 7.4: Image of 26P/Grigg-Skjellerup seen in fig. 7.3, following division of 
the image by itself after rotational blurring about its brightest point. The re
sulting dark areas are those that were brighter than the mean radial distribution 
of the coma.

Due to a 15-day gap between our narrow-band imaging and the V-band 
imaging of Fulle et al (1993), we cannot comment on their suspicions that the 
sunward fan they observed was a gas feature. No such feature was seen in the 
AAT images.

7.4.2 Ion Distribution and Comparison with Giotto Data

Profiles of the comet, from the AAT H2 0 ^ plus dust images (curve C) as well 
as the dust image of Jockers and co-workers (curve B) are displayed in fig. 7.5. 
Also plotted (curve A) is a simulated cross-section of the comet as derived from 
the plasma data returned by the JPA-IIS instrument aboard Giotto. Due to 
the contamination of the H2 O+ image by the dust continuum, it was decided to 
convert the Giotto JPA water-group ion densities to an expected image cross-
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Figure 7.5: Profiles of the comet from three sources. The solid line (curve A) 
represents the intensity expected from the 6158Â emission doublet of H2 0'^, 
from the conversion of the Giotto IIS-measured heavy-ion number densities to 
column densities (scale given on the left axis). The line marked by crosses 
(curve B) is an average profile of the wide-band dust image taken by Jock
ers and co-workers, representing the intensity of the dust-scattered sunlight in 
the cometary coma (scale given on right axis). The line marked by triangles 
(curve C) is an average profile of the intensity seen in our narrow-band filter 
image of G-S, including both dust-scattered sunlight and H20^-emission (ar
bitrary units normalized to dust image at large distances). The dotted line 
(curve D) is a ^  distribution in local ion densities integrated over the line of 
sight, in the same manner as for the Giotto data.
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section, rather than attempting to convert the image fluxes to column densities.

Firstly, an average water-group ion distribution was extracted from the in
bound and outbound data; spherical symmetry was assumed. The proportion of 
H2O"'' in these data next needed to be estimated. The values at various distances 
from the nucleus were obtained from MHD modelling of Hailey (Wegmann et al
1987). It was assumed that the chemistry and scale-lengths of various species 
of ions in the G-S coma were similar to those exhibited at Hailey, and that the 
use of these data was thus valid.

A function was then fitted to this curve, and the column densities along a 
cut through the coma as viewed from Earth were calculated. This was done 
by integrating the fitted ion distribution along the line of sight. In the central 
region of the coma, JPA density values dropped to zero due to the energy of the 
ions in the centre of the coma falling below the energy range of the instrument.
This meant that the simulated cross-section is only valid down to a distance of 
approximately 3000 km from the nucleus.

Conversion of the H2O"'' column density to an expected flux was then carried 
out using the reverse of the procedure used for the comparison of Vega ion data 
to ground-based images by DiSanti et al (1990). The value for the resonance 
fluorescence efficiency used was 4.2x10“  ̂ photon s“  ̂ ion with the filter 
bandpass containing approximately 25% of the total band emission (Chapter 

2).

In fig. 7.5, it can be seen that there existed localized intensity enhancements 
in the dust plus plasma image (curve C), when compared to the image of the 
dust alone (curve B); particularly at around 20000km. This can be interpreted 
as a variation due to dust (curve B) with an enhancement due to ions (curve 
A) superimposed. A curve for an integrated density with a variation (which 
might be expected for gas or dust), has been included in the plot for comparison 
(curve D). Again, curve C shows a significant enhancement near to and at 
20 000km compared to the slope of curve D.

According to DiSanti et al (1990), for Hailey, the emission from the H20^
0-8-0 band contains fewer than 10% of the counts of the image of the continuum 
plus H2O''' emission. According to dockers et al (1993), the dust to gas ratio of 
comet C-S is approximately three times lower than that of Comet IP/Halley.
This implies that the H20"'"-emission component of the 6158Â images may be 
expected to contribute as much as 30% of the total photon flux of the image.
This strengthens the argument that the morphological features described in 
section 3.1 were indeed features of the cometary plasma.
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7.4.3 Solar W ind Conditions

Prom the AAT images, little can be gleaned about the solar wind conditions in 
the vicinity of the comet at the time. As is shown in fig. 6.2, at the time of the 
ground-based observations, Giotto was encountering an IMF direction around 
70° in azimuth from the northward direction.

If this field direction was dictating the orientation of the G-S ion tail plane 
at the time, it would be expected to be close to “face-on” to an Earth-based 
observer. However, prior to this time, the IMF underwent several changes in 
orientation. If the Giotto-measured IMF configuration at around 05:20 SCET 
as dictating the comet tail plane orientation at 08:20 to 09:00, the tail would 
be expected to be sharper and hence more easily visible from Earth.

It is suggested here that the tail rays which seem to have been recorded 
in the AAT images were due to the passage through the comet of one of the 
directional discontinuities visible in fig. 6.2.

The Giotto measurements suggested that the IMF direction at the comet 
could have been parallel to the plane of the ecliptic at the time of the AAT 
observations (however this cannot be confirmed as the measurements were sep
arated by several hours). If this was the case, the comet’s plasma tail would 
be expected to have a central current sheet close to being perpendicular to the 
ecliptic, and would hence appear quite diffuse to an Earth-based observer. This 
may be the reason for the deficiency in the observed ion tail’s clarity.

The Giotto spacecraft detected several directional discontinuities in the solar 
wind on the morning of July 10 (Chapter 6). It is feasible (in fact likely) that 
these discontinuities were also encountered by the comet. It is suggested here 
that one or more of these discontinuities was draped within the cometosheath 
of G-S at the time of the ground-based observations. It is suggested that one of 
the features was responsible for the appearance of the tail rays detected in the 
images of the comet at that time.

At the time, the time for the solar wind to traverse the distance between 
the radial position of the spacecraft and that of the comet would have only 
been a few minutes. This however does not deter the argument that one of the 
discontinuities was the cause of the detected rays as a significant time would be 
required for such a feature to be convected through the coma of the comet, and 
could still have been present when the ground-based images were obtained.
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7.5 Conclusions

The comparison of ground-based and in-situ measurements of the cometary 
environment provide a valuable method of intercalibrating results obtained by 
the two methods.

Morphological features were seen in the coma and tail of G-S near the time 
of the Giotto encounter, which suggest the existence of a visually-detectable 
weak plasma tail and rays. The detection of such features in a comet as weak 
as G-S is unusual. This suggests that rays are formed in comets of all sizes, but 
are more likely to be detectable in comets of higher gas production rates. No 
link was established between these rays and features in the data returned from 
the spacecraft’s plasma instruments and magnetometer, primarily because of 
the significant time gap between the ground-based observations and the Giotto 
encounter.

Prom a comparison of the Giotto data to the AAT H20"^ images, ion num
ber density increases were detected in the same regions of the coma of G-S 
as expected from the analysis of JPA data. Hence, ground-based observations 
confirmed the distribution of ions recorded by the spacecraft.

If the IMF direction at the comet remained similar between the times of 
observation and the Giotto encounter, it would be expected that the comet 
would display a broad, diffuse ion tail. This could explain the lack of observed 
strong antisunward features.



Chapter 8

D iscussion and Conclusion

Abstract

Earlier in this thesis, based upon observational evidence, it was proposed that 
cometary ion rays may have a ribbon-like morphology. Additionally, evidence 
was presented for the existence of ion density increases in the cometosheath of 
Hailey at sites of low magnetic field strength. Here, a qualitative description is 
given of a mechanism which could lead to the formation of rays with the said 
ribbon-like morphology. A summary is then given of the main findings of the 
work carried out towards this thesis. These results are then placed in the context 
of our current knowledge of comet-solar wind interactions, and possible future 
avenues of research are outlined.

8.1 A Theory of Ion Ray Formation

8.1.1 Introduction

The solar wind is often not a smoothly-varying medium. Directional disconti
nuities in the B-field are amongst the many features seen in the interplanetary 
plasma (Appendix A). These have been cited by several workers as the possible 
causes of the ion ray phenomenon (e.g. Schmidt and Wegmann 1982).

Here, a qualitative description is given of a mechanism involving such dis
continuities which could, in principle, be the cause of ray formation.

We shall consider in three dimensions a classical solar wind/cometary plasma 
interaction region, with the IMF draped through the coma, forming a tail cur
rent sheet in a plane perpendicular to the external IMF direction (fig. 8.1). The 
effect on a tangential or rotational discontinuity on encountering this region will 
be demonstrated, and the reciprocal effects of the discontinuity’s presence on 
the ion distribution within the comet will then be described.

203
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Figure 8.1: An idealized three-dimensional view o f the draping o f solar wind 
magnetic held lines in the locality o f a comet. The solar wind hows from the 
left towards the right.

8.1.2 Discontinuity Interface Distortion

The mass loading of the solar wind in the vicinity of a comet results in a region 
of decelerated plasma flow. The effect on a B-field directional discontinuity (be 
it a rotational or tangential discontinuity) during its traversal through such a 
region is demonstrated in fig. 8.2.

Prior to encountering the comet, a sharp rotation of the local IMF is seen 
on either side of the discontinuity interface. The discontinuity interface surface 
is distorted by the velocity shear in the interaction region. Consequently, the 
degree of rotation of the IMF on either side of the local plane of the discontinuity 
surface is also changed, depending on location. The near-constant degree of 
rotation in the IMF which existed at the discontinuity before it encountered the 
comet is thus lost.

To demonstrate this, fig. 8.3 shows a cross-section through a cometary 
plasma tail taken perpendicular to the solar wind flow direction and looking
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Figure 8.2: Three views of the progressive effect on the topology of a tangential 
discontinuity interface of the draping of the IMF about a cometary coma. Field 
lines on either side of the interface are also shown. The field lines and the 
interface itself are progressively distorted as the region of the TD nearest to the 
tail axis of the comet is decelerated with respect to the outer regions.

tailwards, during the passage of a directional discontinuity (from hereon DD) 
through the comet. The interface separates two regions of differing B-field 
topology. In the figure, the central bar represents the plasma tail neutral sheet. 
The large circular feature at the periphery is the location of the DD interface 
surface. On the inner edge of the interface surface is the original B-field con
figuration (which defines the orientation of the tail neutral sheet). The inward 
and outward senses of the B-field direction perpendicular to the plane of the 
cross-section are indicated by the crosses and dots, respectively.

Outside the interface surface is the “new” B-field configuration, which is 
being convected through the comet. The IMF on this side of the interface has 
undergone a rotation with respect to the original field, as is shown by the slightly 
differing senses of the B-field direction on either side of the surface.

In this example, the rotation of the B-field is small, and the components of 
the B-helds perpendicular to the plane of the cross-section on either side of the 
interface are generally similar. In two regions however, the B-field directions are 
in opposite senses on either side of the discontinuity. In these regions, neutral 
sheets (red) are formed. It is proposed that these neutral sheets could form ion
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Figure 8.3: A cross-section of a cometary plasma tail taken perpendicular to 
the direction of solar wind flow, showing the B-field directions on either side of 
a directional discontinuity (circle) being convected through the comet. See text 
for full explanation.

rays.

8.1.3 The Formation of Rays by Convected Discontinu
ities

The neutral sheets described above would form slightly curved planes of limited 
widths with ribbon-like morphologies. Their widths and degree of curvature 
would depend on the degree of rotation of the B-field at the directional discon
tinuity.

As a DD would be swept through a comet, ions could be trapped at the 
neutral sheets, thus forming localized regions of enhanced ion number density; 
or the neutral sheet ribbons may act as “bottlenecks” in the paths of ions as they 
move downstream, as opposed to “wells” where the ions’ motions are locked to 
those of the neutral sheets themselves. Ions could be constantly entering and 
leaving the neutral sheets, and indeed may be accelerated at them, as modelling 
studies of similar neutral sheets have suggested (Ip et al 1992).

Once within the neutral sheet, ions could enhance the diamagnetic effect at
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the sheets, thus hindering the process of magnetic reconnection, and prolonging 
the lifetimes of the sheets. A similar effect was suggested to be acting in the 
Ion Pile-Up Region of Hailey (Israelevich et al 1997).

During the convection of the DD through the coma, the ion number den
sity at the neutral regions would be likely to increase. To an observer with a 
favourable observing geometry, the motion of the DD through the comet would 
consequently be seen as a pair of near-linear ion number density enhancements 
moving downstream; the point at which they meet being rooted in the comet’s 
head.

The apex of the ray pair would be convected deep into the coma, eventually 
reaching the vicinity of the diamagnetic cavity. The feature would, in time, 
slip past the cavity and move downstream. The motion of the discontinuity 
surface apex down the tail axis would see the replacement of the original B- 
held configuration by a new one, and a rotation would be seen in the tail current 
sheet to accomodate the “new” field topology.

As the neutral “ribbons” would occupy approximately the same proportion 
of the discontinuity’s circumference at all points down the tail, it would be 
expected that the rays would increase in width down the tail.

8.1.4 Strengths and W eaknesses of the M echanism

Although this model requires testing, this qualitative study suggests that the 
proposed mechanism for ray formation holds some promise, as it takes into 
account many aspects of tail ray behaviour which are observed. This is in 
addition to the aspects outlined in Chapter 4 which were cited to strengthen 
the case for a ribbon-like ray morphology.

The mechanism has similarities to that proposed by Ness & Donn (1966), 
where the capture by the comet of sections of the heliospheric neutral sheet 
would form neutral sheets within the comet, where ions could be captured. 
Ness &: Donn’s proposed mechanism could not account for all rays, as comets 
could rarely cross the heliospheric current sheet often enough to display rays as 
frequently as they do. The mechanism proposed here does not invoke comets’ 
crossings of the interplanetary neutral sheet, but rather DDs.

DDs (be they rotational (RD) or tangential (TD) discontinuities) are en
countered in the solar wind at around the rate at which rays form during a ray 
“display” . This can be tested observationally with comets which pass through 
large heliographic latitude ranges now that it is known at what frequency these 
discontinuities are encountered in those regions(Tsurutani et al 1996). The anal
ysis of ray frequency at varying heliocentric distances could also help identify
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the cause(s) of rays. Mariani et al (1983) stated that TDs are seen more fre
quently at smaller heliocentric distances (0.3 AU) than they are at the Earth’s 
orbit. If rays are seen to form in comets more frequently when nearer to the 
Sun, then this would strengthen the case for these solar wind features to be the 
cause of ray formation. A large sample of observations would be required for 
such an investigation.

Indirect evidence of TDs being the cause of rays is the often seen coincidence 
of ray displays with plasma tail disconnection events (Jockers 1985). Many of 
these events are believed to be caused by the crossing of the the heliospheric 
current sheet by the comet (Niedner and Brandt 1978). It is known that TDs 
cluster around the heliospheric current sheet (Neubauer 1991).

In having TDs as a possible cause of tail rays, the mechanism shares a com
mon cause of ray formation with the model of Schmidt & Wegmann (1982). In 
that model however, a 90° rotation of the field was required to form a pair of 
ray-like features. The mechanism proposed here indicates that rays form at all 
rotational angles, but with wide rays being formed where rotational angles in 
the original DD were large. From the qualitative study carried out, no clear dif
ferentiation has been made between the subclasses of directional discontinuities. 
The interaction of comets with certain subclasses (e.g. tangential discontinu
ities) may be more conducive to ray formation that the interaction with other 
solar wind discontinuities.

There was a substantial difference in the data returned by the two Vega 
and the Giotto spacecraft at Hailey. The combined B-field dips and local ion 
number density enhancements seen by the Vegas were not detected by Giotto 
in such a clear manner. It may be possible that Giotto’s path did not take it 
through rays, and that it only recorded minor differences when passing through 
solar wind discontinuities being convected through the coma. The two Vega 
spacecraft however may have passed through the proposed neutral sheet “rib
bons” , and recorded the corresponding ion number density enhancements. This 
could conceivably have happened in an interaction region with such a complex 
three-dimensional magnetic topology. Indeed, Russell et al (1991) suggested 
that the features encountered by the Vega spacecraft were planar in nature.

Observations which would strengthen the case for this mechanism in par
ticular would be proof of increased ray width with distance downstream. Such 
observations would have to be made with short exposures to dispel suspicions 
of apparrent thicknesses of rays being due to their motion during the exposure. 
Such observations were made of C/1995 01 Hale-Bopp and do indeed suggest 
that ray features were greater in width far downstream of the comet’s head.

The greatest weakness of the proposed mechanism at present is the fact that
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it has not been tested thoroughly. Modelling of the processes involved through 
computer simulation will be needed to verify in full that the mechanism is a 
viable one.

A recent development which deserves mention is the work of Yi et al (1996), 
who modelled the crossing by a comet of the heliospheric current sheet. As 
well as perpetrating a tail disconnection event in their MHD simulation, the 
crossing was found to form a pair of rays which folded towards the tail axis. 
Although the resultant display of rays if very interesting, it cannot be said that 
this mechanism occurs at a high enough frequency for it to be the sole cause of 
the tail ray phenomenon. As stated earlier, several processes may be capable of 
forming rays, and the acceptance of one mechanism should not necessarily be 
to the exclusion of others.

8.2 Summary of Results

The following summarizes the main results of the work carried out towards this 
thesis.

Ground-based observations of Comet Hyakutake revealed evidence of the 
possible direct injection of ions into rays from nuclear jets. The ion ray formation 
process was recorded clearly at a high temporal resolution; this was the first time 
that the much-debated contracting sunward envelopes were recorded clearly in a 
comet since Eddington’s observations of Comet Morehouse in 1908. The image 
sequence that clearly captured the envelopes is believed to constitute the highest 
temporal resolution dataset of its type yet obtained.

Using short-exposure images, ion ray widths were determined to be be in the 
range 900 to 2000 km. Tail rays were seen to fold towards the main tail axis at 
various rates during periods of good ray visibility. The rays reached minimum 
upstream cometocentric distances similar to the predicted diamagnetic cavity 
stand-off distance. The comet’s main tail and rays underwent rapid changes in 
morphology and behaviour.

Hyakutake spent several days near the heliospheric current sheet. This may 
have been the indirect cause of ion ray formation (it is known that clusters of 
tangential discontinuities are present near the heliospheric current sheet).

Prom flux-calibrated ground-based observations of water ions on April 1/2, 
the comet’s H2O production rate was determined to be 3 - 5x10^^ molec s~^. 
This agreed well with estimates obtained by other workers.

A ribbon-like ray morphology was proposed, to explain several aspects of 
the Hyakutake rays’ motion and appearance. It was also suggested that the 
IMF at comets control the appearance of rays and the plasma tail to a remote
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observer.

A weak plasma tail was detected at Comet H-M-P. The comet underwent a 
rapid decrease in activity during January 31 - February 1, 1996. Near-nucleus 
structure and the plasma tail disappeared during this period. Comet Tabur 
showed no clear plasma features. This may have been due to the fact that the 
comet was on the verge of a catastrophic break-up of the nucleus. This could 
also have been due to the comet’s location in a coronal hole stream in the solar 
wind.

Comet G-S was likely to have been within a corotating interaction region of 
the solar wind at the time of the Giotto encounter. From Giotto magnetometer 
measurements, it was deduced that several directional discontinuités were likely 
to have been present in the comet’s coma and tail during the ground-based 
observations, as well as during the Giotto encounter.

From Giotto JPA instrument data, the comet’s water production rate was 
deduced to have been 7.1 ±  2.2 x 10^  ̂ molec s“  ̂ at the time of the Giotto 
encounter. The technique used to derive this value had not been applied to 
Giotto data in the past.

Features in the cometosheath of Grigg-Skjellerup were investigated. The 
presence of a Mysterious Transition at the comet was confirmed using JPA 
data. Near closest approach, high-energy ions disappeared, and a burst of cold 
ions was detected near the ram direction. A twin proton beam was also detected 
at closest approach. It was suggested that this may have been the signature of 
reconnection near the comet’s diamagnetic cavity.

Ground-based images of G-S obtained several hours before the Giotto en
counter were studied. These revealed anti-sunward morphological features to 
be present in the comet. These features strongly resembled a plasma tail and a 
pair of tail rays. Observations of features such as this in a weak comet such as 
G-S are very unusual. It was suggested that directional discontinuities detected 
by Giotto upstream of the comet in the solar wind were responsible for the 
features’ existence.

The profiles of ground-based images of dust and ions were compared to the 
data acquired at the comet by the JPA instrument aboard Giotto. It was found 
tha t the images showed enhancements in their fluxes at the same radial distance 
from the comet as expected from the integration of Giotto ion number densities.

A qualitative description was given of a mechanism which could form cometary 
ion rays. This was based upon the deformation of directional discontinuities in 
the solar wind. The model predicted the formation of ribbon-like rays.
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8.3 Conclusion

In the course of this work, an attem pt has been made to study several aspects 
of comet-solar wind interactions at several comets of differing characteristics. 
The data used for the studies had many sources; an attem pt has been made to 
link fields of research which have not normally been studied concurrently.

A link was established between the unique observations of the cometary 
environment gained by the Giotto spacecraft and ground-based observations of 
cometary ions.

Although a full understanding of the physics of cometary plasmas lies in the 
very distant future, it is hoped that the studies presented here will help progress 
towards that goal,

8.4 Future Research

Advances in this field of research will doubtless continue to be made. As was 
mentioned in Chapter 2, the constant improvement in ground-based and space- 
based observational instrumentation is leading towards a better global under
standing of comets of all sizes, as well as their interactions with the solar wind.

Combined velocity and spatial observations will reveal in more detail the 
morphology and behaviour of cometary plasma features, while modelling studies 
will better out understanding of the phenomena involved.

To learn more about cometary plasma regimes, more ground-based obser
vations of cometary ions are needed. As well as providing data with which 
researchers could better ascertain the conditions at comets, a large collection 
of ground-based images would yield more information about the relation of 
cometary plasma activity to the state of the solar wind.

Much remains to be learnt from the in-situ cometary data which have already 
been acquired. The limitations of fast fiy-by missions are obvious however. 
Further in-situ studies will be made as a result of the Deep Space 1 and Rosetta 
missions (Appendix D), whose payloads include plasma analysers. The latter 
mission will provide a long-term view of the interaction of a weak comet with 
the solar wind at a large range of heliocentric distances, and it is likely to answer 
many of the current questions regarding comet - solar wind interactions. As has 
been seen so often in the past however, the data which these mission will return 
will probably raise as many questions as they will answer.
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A ppendix A

Further Background Information

A .l  The Comet Nom enclature

At the beginning of 1995, the convention for the naming of comets was changed. 
The International Astronomical Union deemed the old system of separate pro
visional and definitive naming unsatisfactory, and introduced a new scheme.

Long-period comets are now named according to the time of discovery, with 
each half-month being allocated a letter of the alphabet. For example, the first 
comet to be found in the first half of February 1997 would be called C/1997 C l.

Periodic comets (those with orbital periods of less than 200 years or whose 
apparitions have been recorded on more than one return) would also have 
changes made to their names, with each one being assigned a number accord
ing to the time when their orbits were determined. Thus, P/Halley is now 
IP/Halley; P / Grigg-Skjellerup is 26P/ Grigg-Skjellerup and so on.

Retrospective re-naming of comets has taken place, with each recorded comet 
being assigned an appropriate designation. Additionally, “lost” comets are as
signed the prefix D /, and comets for which no meaningful orbit can be calculated 
are given the X / prefix.

In this thesis, the new naming system has been used throughout, except 
where the new designations for past comets were unavailable. More details of 
the system, including other prefixes, can be found in Minor Planet Circular 
23804-4.
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A .2 Production Rate Estim ates from Visual Mag
nitudes

An empirical relation between the water production rate of a comet and its total 
brightness was established from a large sample of radio observations of the OH 
molecule by Jorda et al (1992). The relation is expressed thus:

\ogQ[H20] = 30.74(±0.02) -  0.240(±0.003)m,,

where rrih is the heliocentric magnitude of the comet. The value of rrih can be 
derived from the visual magnitude observed at the Earth, rriŷ  using

nih = my -  5 log A

where A is the geocentric distance of the comet in AU. There is no strong devi
ation from this law for individual comets; the formula is valid in the heliocentric 
distance range of 0.32 to 2.8 AU.

A .3 Charge-Coupled Devices

Charged Coupled Devices (CCDs) have become the main astronomical detector 
for the visible wavelength range. The devices feature large dynamic ranges 
(10'*), the ability to allow long integrations, and high quantum efficiencies. The 
linearity of their response to incident radiation up to near-saturation levels also 
benefit their application to astronomical work.

The devices are arrays of small electrodes held at a small positive volt
age, placed next to a semiconductor (usually silicon), and insulated from the 
semiconductor by a thin oxide layer. The detection mechanism is related to the 
photoelectric effect. Light incident on the semiconductor produces electron-hole 
pairs. The positive potential of each electrode drives away the positive holes 
from its vicinity, and local electrons are attracted into a thin layer beneath it. 
Each region beneath the electrodes is insulated from neighbouring areas by very 
high p-type doping. A negative charge thus builds up which is proportional to 
the intensity of the incident radiation.

The electron “image” is retrieved by charge coupling. This involves the vary
ing of the voltages applied to the electrodes, such that the charge accumulated 
under an electrode may be passed on to its neighbouring electrode due to the 
effective removal of the insulating hole depletion regions. Using this process 
many times, the charges built up in each pixel can be moved to the edge of 
the array where the charge at the output electrode can be measured using an
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integrating current meter or similar device. This process is repeated for all the 
rows in the array, sometimes taking minutes to accomplish for large devices.

The instrumental effects of the device must be removed prior to the analysis 
of the data obtained. To ensure that no sub-zero pixel values occur, an electronic 
offset termed the bias level is added to the signal before it is digitized. De- 
biassing must therefore take place for the signal to be a true representation of 
the counts originally recorded at each pixel. Bias strips or overscan regions are 
columns or rows on each CCD which are read from the CCD without moving 
charge to the output registers. This allows the bias level of the device to be 
constantly monitored for changes due to thermal effects. The readout noise of 
the CCD can also be estimated by measuring the noise level in the bias strips. 
Some structure can exist in the bias level over the CCD array. To correct for 
this, bias frames are obtained; i.e. readouts of the CCD array with zero exposure 
times.

Flat-held exposures record the pixel-to-pixel variations in the CCD chip. As 
well as being caused by differences in the CCD’s characteristics from point to 
point, blemishes in hlters and dust in the optical system can result in variations 
in the pixel response. Flat-helds are exposed by imaging a blank area of sky, 
or by imaging a blank target within the telescope dome (the former being the 
preferred method). Flat-held images are normalised before being convolved with 
the raw images to remove instrumental effects.

Cosmic rays passing through a CCD cause spurious charge accumulation 
due to ionization. The signatures of cosmic ray particles are usually easy to 
identify as they have very narrow peaks compared to the point spread function 
of stellar sources, and can be removed by averaging over several neighbouring 
pixel values.

One of the few disadvantages of CCDs is their small physical size. Focal 
reducers are thus often employed to increase the held-of-view covered by the 
detector (e.g. Rauer & Jockers 1990).

A .4 Image Enhancement

Numerous techniques are available to improve the clarity of morphological fea
tures in comet images. Several which were employed for the work presented in 
this thesis are summarized below. It was found that slight variations to some 
of these techniques resulted in surprisingly different results, e.g. the reduction 
of noise in images prior to their enhancement improved results in many cases, 
with fewer image artefacts appearing. This was particularly true for regions far 
from the nucleus, where signal-to-noise ratios were poorer.
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D ifference Im ages

The simplest way of accentuating changes which occur with time is to subtract 
subsequent images from one another. Regions where no change occurs between 
images show a near zero flux, whereas those where a great increase or decrease 
in flux result in dark or bright areas in the difference images.

U n sh arp  M asking

This technique involves the employment of a filter to smooth an image. This 
smoothed image is then subtracted from the original, accentuating the clarity 
of features of a similar scale to the filter size, while largely removing the low- 
frequency background images (Farnham & Meech 1994). Hence, varying the 
filter width clarified features of different scales. In practise, boxcar filters were 
found to be unsuitable for this technique, as the square profile of the filter was 
found to interfere with the details in the images. Subtraction of the logarithm 
of the smoothed image from the logarithm of the original results in clearer 
signatures (Müller, personal communication 1997).

Unsharp masking can also be applied in the radial direction. This is achieved 
by converting an image into polar coordinates, with the optocentre as the ori
gin. The radial fall-off is then removed, by dividing amplitudes by their local 
mean. Unsharp masking is then applied in the radial direction, and the image 
retransformed into Cartesian coordinates, whereupon enhanced features can be 
investigated. This technique is particularly suitable for looking for shells; i.e. 
rings or arcs centered on the nucleus (Schwarz et al 1989).

Shift D ifference

When an image is subtracted from itself following shifting in one direction, 
the clarity of features is greatly accentuated. The maximum effect is seen for 
structures perpendicular to the direction of image shift. Those parallel to the 
shift direction are effectively removed from the image. Shifts in several different 
directions are thus needed to bring out details in all directions, and changes in 
the magnitude of the shift are needed to accentuate features of different scales 
(Farnham & Meech 1994).

Im age R o ta tio n

A variation of the shift difference technique is the subtraction of a rotated image 
from itself. An advantage of this process when applied to cometary images is 
that the sharp peak at the cometary optocentre is largely removed (Farnham
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& Meech 1994). Nuclear jets and features close to the axis of the main tail are 
those most greatly enhanced using image rotation. Tail rays are not accentuated 
greatly by this technique when observing the near-nuclear regions, as they are 
generally not radial to the nuclear position.

Another variation of this method is to average versions of the original image 
rotated by varying degrees. The resulting blurred image can then be subtracted 
from or divided by the original image to reveal morphological features (Schwarz 
et al 1989).

Local Histogram Adaptation

This technique involves the substitution of each pixel amplitude by a new am
plitude derived from histogram equalization in a window surrounding the pixel. 
This has the capability of allowing the detection of irregular intensity patters, 
e.g. detached bright “blobs” of material (Schwarz et al 1989).

Circular Symmetry Investigations

The subtraction of the maximum circular symmetric cone from an image can be 
used to test the global circular symmetry of an image. Following noise reduction, 
the image is transformed into polar coordinates centered on the nucleus. The 
minimum values of all columns (i.e. concentric rings about the nucleus) are 
found. A profile of minimum values is then constructed from these values, 
which represents the minimum values found at each radial distance from the 
nucleus. This profile is then smoothed, and is converted back into cartesian 
coordinates, forming a symmetrial “cone” which can be subtracted from the 
original image. This results in the enhancement of asymmetrical dust and gas 
distributions.

Radial Profile Ratioing

This technique compares “ideal” radial intesity profiles with actual image pro
files. A mathematical function is fitted to a radial profile of an image, with 
the image centre excluded to give improve fits further from the nucleus. This 
technique is suited to the invetigation of shells.

Ring Masking

If it is assumed that the flow from the cometary nucleus is omnidirectional and 
continuous, a circularly-symmetric flux profile centered on the nucleus would 
be expected. The ring masking technique uses this assumption to search for
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deviations from circular symmetry to reveal discrete features in the extreme 
inner coma. This technique has the advantage of fully exploiting the signal to 
noise ratio of the original image (Cosmovici et al 1995).

A .5 MHD Discontinuities in the Solar W ind

The solar wind is not a smoothly-varying medium. Dramatic changes in the 
solar wind conditions are seen in all parts of the heliosphere, reflecting dis
turbances at the wind’s source region near the Sun’s surface. Discontinuities 
separate regions of the solar wind of different properties. The scales of the fea
tures are thin with respect to the scale lengths of the fluid parameters, and thick 
with respect to the Debye length and ion gyroradii. Three different families of 
discontinuities exist: shocks, and two other families which are described below.

Contact Discontinuities

At a contact discontinuity, the plasma density can change, but all other param
eters are continuous. The feature is termed a contact discontinuity due to the 
connection between the two plasmas on either side of the discontinuity by the 
normal component of the magnetic field, resulting in the two plasmas travelling 
together tangential to the discontinuity surface. Changes in density across the 
interface are balanced by a change in temperature. An electron heat flux be
tween both sides of the discontinuity would balance the temperature imbalance, 
resulting in the fact that contact discontinuities do not usually persist for very 
long (Baumjohann & Treumann 1996).

Tangential Discontinuities

Closely related to Contact Discontinuities are Tangential Discontinuities (TDs), 
which have two defining conditions. Firstly, the total plasma pressure across 
the discontinuity is conserved (the plasma pressure being the sum of kinetic (p) 
and magnetic field (B^/2/zo) pressure), i.e.

MPtot) := A(p +  B /̂2po) =  0

Secondly, no normal component of the magnetic field can exist across a TD.
Across a TD, the velocity, density, temperature as well as the magnetic field 

strength may change independently of one another in an arbitrary way. TDs 
show many similarities to slow shocks in the wind. At slow shocks, the total 
plasma pressure across the discontinuity increases. For a reliable determination 
of the type of feature being investigated, accurate measurements of number
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densities and temperatures of protons, alpha particles, electrons and magnetic 
field strengths must be obtained on both sides of the feature (Richter 1991).

There is a definite decrease in the number of TDs in the solar wind with 
increasing heliocentric distance, most probably caused by the diffusion with 
time of the plasmas on either side of the discontinuity (Schwenn 1990).

Rotational Discontinuities

Rotational Discontinuities (RDs) belong to a different family of features; here, 
the tangential components of the velocity and magnetic field can only change 
together, without changing their magnitudes; the jump in the tangential flow 
velocity being equal to the jump in the tangential Alfvén velocity. Plasma 
pressure and density must be constant across a rotational discontinuity; hence 
there is no change in entropy across the boundary (Baumjohann & Treumann 
1996).

A .6 Com et-Centered Solar Ecliptic Coordinates

During the Hailey spacecraft encounters, the Hailey-relative Solar Ecliptic (HSE) 
coordinate system used by several experiment teams for the description of sev
eral positions and vecotrs. This system had the origin of the coordinates coin
cident with the position of the nucleus; the X direction was towards the Sun, Z 
towards the north ecliptic pole, and the Y direction completing the right-handed 
system.

This system can only be applied to comets when they are close to the plane 
of the ecliptic (as was Hailey at the time of the encounters). For the G-S 
encounter, the Comet-Sun-Ecliptic (CSE) reference frame was defined by having 
the X-direction again pointing from the comet to the Sun, while the Y-direction 
was in the ecliptic plane, opposite to the direction of planetary motion. Z then 
completed the right-hand system (pointing towards the north ecliptic pole for 
comets in the ecliptic plane).
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A ppendix B

The Com ets Studied

B,1 IP /H alley

The first recorded apparition of this most famous of comets was probably that 
of 240 BC, where it appears in Chinese records (Yeomans 1991). The object’s 
appearance has been recorded during almost every apparition since then.

In 1704, Edmond Hailey began a study of the orbits of 24 comets observed 
between 1337 and 1698, and concluded that the comets of 1531, 1607 and the 
one he saw in 1682 were the same object, returning to the inner solar system 
on average every 76 years. He predicted correctly that the comet would return 
in 1758, whereupon the comet was posthumously named in his honour.

The comet is the source of two meteor showers; the Orionids and E ta Aquar- 
ids (Hughes 1987). Comet Hailey’s orbit brings it to within 0.6 AU of the Sun 
at perihelion, travelling in a retrograde direction.

Comet Hailey was recovered for its most recent apparition on October 16th 
1982 at the Palomar Observatory by Jewitt and co-workers (lAUC 3737). Al
though not its most favourable apparition, the latest appearance of Hailey re
sulted in probably the most comprehensive observing campaign of an astronom
ical object ever seen, under the auspices of the International Hailey Watch (The 
IHW Staff 1986, Edberg et al 1987). This apparition also saw the investiga
tion of the comet by a flotilla of spacecraft from various nations, as described 
Chapter 3 and Appendix D.

B.2 26P /  Grigg-Skjellerup

W hat is now called Comet 26P/ Grigg-Skjellerup was probably first observed in 
1808 by the French comet-hunter Jean-Louis Pons. Comet 1808 HI underwent 
close encounters with Jupiter in 1809 and 1845, which drastically altered its

221



222 APPENDIX B. THE COMETS STUDIED

orbit (Kresak 1987).
On July 23rd 1902, the comet was next observed by New Zealander John 

Grigg, at a magnitude of +9.5. The comet was viewed 14 times between July 
23 and August 3. Only a parabolic orbit could be calculated due to limited 
observational coverage.

The next recorded observation of the comet was from near Cape Town on 
May 17 1922, by J. Prank Skjellerup, an Australian working in South Africa. He 
discovered the 12th-magnitude comet when it was located 0.39 AU from Earth, 
and its motion was followed until August 19 (Hughes 1991).

Following calculation of its elliptical orbit, it was discovered to be very sim
ilar to the parabolic orbit of Comet Crigg. The shared identitiy of the two 
comets was firmly established, which led to the change of the name of the 
comet to Crigg-Skjellerup. The comet has been observed at every apparition 
since its 1922 rediscovery. It is characterized by its short duration of visibility 
primarily caused by the rapid development and exhaustion of the coma before 
and after perihelion (Osip et al 1992), a low peak gas production rate, and an 
unusually high CN:C2 production rate ratio (A’Hearn 1979).

Since 1725 the comet has undergone several perturbations by Jupiter, which 
steadily increased its perihelion distance. The orbit is presently situated such 
that a meteor shower (Sigma Puppids) can be observed around April 23 (Linblad 
1987). The shower was discovered in 1977, peaking at a rate of 40 meteors 
per hour, and may only appear shortly before or after the comet passes the 
intersection point.

B.3 45P/Honda-M rkos-Pajdusâkovâ

This comet was discovered at magnitude +9 by Minuru Honda on December 
3, 1948. Independent discovery of the object by Antonin Mrkos and Ludmilla 
Pajdusakova occured 3 days later. The orbit was recognised as being elliptical 
with a period of 5.27 years (Kronk 1984, Bortle 1996).

The intrisically-faint comet is characterized by a very rapid coma appear
ance (at around 1.3 AU from the Sun) and disappearance while undergoing its 
perihelion passage (Bortle 1996). The appearance of 1974-1975 was the comet’s 
last best return, when the maximum magnitude reached +7.5 in early 1975 
(Kronk 1984).

The 1995-1996 appearance marked the 8th apparition during which this 
comet had been seen; since its discovery the comet has been missed only once. 
The comet reached it most southerly declination of -25.9° on November 6, 1995, 
reaching perihelion on December 25, 1995, when observed at a visual magnitude
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of +6.4, at 0.5319 AU from the Sun. A faint but distinct plasma tail was imaged 
by amateur observers during December 1995 (WWW site http://encke.jpl.nasa.gov), 

The visual magnitude of the comet in late January/early February 1996 was 
between +7.1 and +8.3 (lAUC). The comet was closest to Earth on February 
4, 1996 (0.17 AU), and its most northerly declination was reached on March 3, 
1996, at +18.1°. During this apparition, H-M-P was to have been the target of 
an extended mission for the ISAS spacecraft Sakigake (Appendix D).

The comet will make even closer approaches to the Earth in the future, of 
geocentric distances 0.06 and 0.08 AU in 2011 and 2017, respectively (Yeomans 
1996).

B.4 C /1996 B2 Hyakutake

Discovered on January 30, 1996 by Japanese amateur astronomer Yuji Hyaku
take at magnitude +11.0, this comet has an orbital period of approximately 
70000 years.

On March 25, 1996, the comet passed within 0.1019 AU of the Earth, and 
became the nearest comet for 13 years, and the brightest for 20 years, at mag
nitude 0 (Bortle 1997). The most northerly declination was reached on March 
27, when the object was only 3.4° from the celestial pole.

During its close passage by the Earth, at least seven nuclear fragments were 
seen to recede from the inner coma in an anti-sunward direction. The nucleus 
displayed many dust jets, whose motion indicated a 6 hour rotation period. 
The presence of the jets suggested that venting was occuring in the nuclear 
dust mantle; and that hence the comet was not a “pristine” object, as had 
already been suggested by the dynamics of the object (Hicks & Fink 1997).

The plasma tail displayed rays, kinks and disconnection events (e.g. Ki- 
noshita et al 1996). The maximum apparent tail length was greater than 75° 
(Bortle 1997).

The comet also became the first which was found to be an X-ray source 
(Chapter 2), Hyakutake had a gas production rate with an unusal dependence 
on heliocentric distance, implying that either the nuclear surface was unusually 
active, or that most of the water production was from cm-sized grains. Several 
“new” species were detected in spectra of the object, among them OCS, C2H6 

and C2H2 (Hicks & Fink 1997 and references therein). Following its close passage 
by the Earth, the comet’s apparent brightness failed to increase as had been 
predicted.

http://encke.jpl.nasa.gov
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B.5 C /1996 Q1 Tabur

This comet was discovered at 10th magnitude by Velio Tabur of Australia on 
August 18, 1996 (lAUC 6455). The object made its closest approach to Earth 
in October of that year, when it was 0.38 AU away and well-placed in northern 
hemisphere skies. Perihelion was reached on November 3rd at 0.78 AU from the 
Sun.

Tabur was found to be following virtually the same orbit as C/1988 A1 
Liller (IAUG 6464); implying that the two objects probably separated during 
their previous apparition (the original period of C/1988 A l was 2900 years). 
Tabur displayed a long, slender gas tail, and two sunward jet-like structures 
appeared in the coma (WWW site http://encke.jpl.nasa.gov/). The comet was 
also found to be an X-ray source (lAUC 6495)

At the time of the observations presented in this thesis, the comet was at 
an apparent visual magnitude of around 4-5 (lAUC 6499). In late October, 
rapid night-to-night variations in the brightness of the comet was followed by 
a dramatic decrease in brightness to 9th magnitude (lAUC 6499). The degree 
of condensation, which should have been high near perihelion, also rapidly de
creased. It was suspected that the nucleus’ gas supply was dwindling, and there 
were doubts that the comet survived its perihelion passage (such behaviour is 
not unprecendented).

The behaviour of Comet Tabur suggested to Sekanina (1997) that the object 
was a minor fragment of the nucleus of C/1988 A l Liller which underwent rapid 
dissipation due to a limited supply of volatiles.

http://encke.jpl.nasa.gov/
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Log of Comet Hyakutake 
Observations

C .l Introduction

The following lists catalogue the images exposed of C/1996 B2 Hyakutake. For 
brevity, flux calibration, flatfield and bias frames are excluded. Following the 
date are given the start time, exposure length and the filter used. “H2O+” 
and “Dust” signify the the 6205 and 6250 Â filters, respectively, “CN” the 
IHW 3871 Â CN filter, “C 0+ ” a C0+ filter, and “R” , “V” , “B” are broadband 
filters (details given in Chapters 4). Then are given the heliocentric distance of 
the comet at the time of observation in (R/i), the geocentric distance (A), the 
comet’s angle from the zenith (ZD), the phase angle (Sun-Comet-Earth) and 
image scale. Some entries also include the zenith distance (ZD) and airmass at 
the time of observation.

C.2 University of London Observatory

Five observing sessions were held at the ULO. Around 5 hours were spent on 
observing on March 26-27; the telescope was out of focus, but there were some 
good conditions. Observations on March 27-28 lasted for 4 hours. Conditions 
were poor, with a setting D* quarter moon. Around 5 hours were spent observing 
on March 29-30. There was good visibility, and a waxing moon. April 1-2 again 
saw good visibility; the Moon was 13.6 days old. On April 3-4, conditions 
were hazy, with a full moon, eclipsed during the observing period. Partial 
eclipse persisted from 22:21 to 01:59 UT, and totality from 23:26 to 00:53 UT 
(MacRobert 1996). ’T.o.’ denotes exposures where tracking stopped before the 
end of exposure; ’Sat.’ denotes partially-saturated frames.
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Date Start Exp. Filter Rh A ZD Phase Scale
(UT) (s) (AU) (AU) n (°) km pixel" ̂

March 27 02:46 60 H2 O+ 1.0038 0.1182 38.304 83.9 60.009
02:49 60 H2 O+ 1.0038 0.1182 38.378 84.0 60.009
02:51 60 Dust 1.0037 0.1182 38.427 84.0 60.009
03:15 300 H2 O+ 1.0034 0.1185 39.007 84.1 60.161
04:29 300 Dust 1.0023 0.1194 40.599 84.7 60.618
04:36 300 H2 O+ 1.0022 0.1195 40.728 84.7 60.669
04:47 60 R 1.0020 0.1196 40.922 84.8 60.720
04:51 60 V 1.0019 0.1196 40.989 84.8 60.720
04:55 120 B 1.0019 0.1197 41.055 84.8 60.720
23:19 10 H2 O+ 0.9855 0.1347 43.414 91.7 68.386
23:20 60 H2 O+ 0.9855 0.1347 43.459 91.7 68.386
23:33 300 H2 O+ 0.9853 0.1349 44.038 91.7 68.487
23:42 120 Dust 0.9851 0.1350 44.431 91.8 68.538
23:46 300 Dust 0.9851 0.1351 44.603 91.8 68.589
23:56 300 H2 O+ 0.9849 0.1352 45.028 91.9 68.640

March 28 00:04 300 7 0.9848 0.1353 45.360 91.9 68.690
00:12 300 Dust 0.9847 0.1354 45.685 91.9 68.741
00:54 300 H2 O+ 0.9841 0.1361 47.269 92.2 69.097
01:03 300 H2 O+ 0.9839 0.1362 47.578 92.2 69.147
01:12 150 H2 O+ 0.9838 0.1364 47.876 92.3 69.249
01:15 150 H2 O+ 0.9838 0.1364 47.973 92.3 69.249
01:22 300 Dust 0.9837 0.1365 48.192 92.3 69.300
01:31 600 H2 O+ 0.9835 0.1366 48.464 92.4 69.350
01:45 180 R 0.9833 0.1369 48.860 92.4 69.503

March 29 22:56 300 B 0.9426 0.1841 55.536 102.6 93.466
23:04 300 B 0.9425 0.1843 56.122 102.6 93.567
23:12 300 B 0.9424 0.1844 56.693 102.6 93.618
23:19 300 B 0.9423 0.1845 57.180 102.6 93.669
23:32 300 H2 O+ 0.9421 0.1848 58.051 102.7 93.821
23:39 300 H2 O+ 0.9420 0.1849 58.501 102.7 93.872
23:51 300 Dust 0.9418 0.1851 59.243 102.7 93.973
23:58 300 Dust 0.9417 0.1853 59.658 102.7 94.075

March 30 00:07 300 H2 O+ 0.9415 0.1855 60.172 102.8 94.176
00:13 300 H2 O+ 0.9414 0.1856 60.501 102.8 94.227
00:20 300 H2 O+ 0.9413 0.1857 60.873 102.8 94.278
00:27 60 V 0.9412 0.1858 61.230 102.8 94.329
00:31 60 V 0.9412 0.1859 61.428 102.8 94.380
00:42 60 R 0.9410 0.1861 61.947 102.9 94.481
00:48 120 R 0.9409 0.1862 62.215 102.9 94.532
00:57 300 B 0.9408 0.1864 62.596 102.9 94.633
01:04 300 B 0.9407 0.1865 62.875 102.9 94.684
01:26 300 B 0.9403 0.1870 63.652 103.0 94.938
01:40 600 B 0.9401 0.1872 64.065 103.0 95.040
01:54 600 B 0.9399 0.1875 64.414 103.0 95.192
02:07 60 V 0.9397 0.1877 64.681 103.1 95.293
02:11 120 V 0.9396 0.1878 64.751 103.1 95.344
02:15 120 V 0.9396 0.1879 64.816 103.1 95.395
02:21 120 V 0.9395 0.1880 64.904 103.1 95.446
02:26 300 H2 O+ 0.9394 0.1881 64.967 103.1 95.496
02:38 300 Dust 0.9392 0.1883 65.085 103.1 95.598
02:47 600 Dust 0.9391 0.1885 65.142 103.2 95.700
03:02 600 H2 O+ 0.9389 0.1888 65.174 103.2 95.852
03:15 300 Dust 0.9387 0.1891 65.139 103.2 96.004
03:22 300 H2 O+ 0.9386 0.1892 65.096 103.2 96.055
03:30 60 R 0.9385 0.1893 65.026 103.3 96.106
03:35 120 H2 O+ 0.9384 0.1894 64.972 103.3 96.156
03:41 300 B 0.9383 0.1895 64.908 103.3 96.207
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Date Start Exp. Filter Rh A ZD Airmass Phase Scale
(UT) (s) (AU) (AU) n n (km pixel"!)

April 1 21:16:03 300 R (sat.) 0.8780 0.2696 56.821 1.83781 109.2 136.873
21:25:50 300 H2O+ 0.8779 0.2698 57.928 1.89404 109.2 136.975
21:33:48 300 Dust 0.8777 0.2700 58.796 1.94134 109.2 137.076
21:41:23 120 R 0.8776 0.2702 59.647 1.98854 109.2 137.178
21:45:31 60 R 0.8776 0.2702 59.963 2.01571 109.2 137.178
21:48:29 300 H2O+ 0.8775 0.2703 60.276 2.03431 109.2 137.229
21:55:38 300 Dust 0.8774 0.2705 61.098 2.08259 109.3 137.330
22:04:27 300 CO+ 0.8773 0.2706 61.904 2.14413 109.3 137.381
22:14:09 300 B 0.8771 0.2708 62.886 2.21502 109.3 137.482
22:23:08 180 V 0.8770 0.2710 63.746 2.28322 109.3 137.584
22:31:18 600 H2O+ 0.8769 0.2712 64.491 2.34760 109.3 137.685
22:45:20 600 Dust 0.8767 0.2715 65.661 2.46325 109.3 137.838
22:59:48 120 R 0.8764 0.2718 66.945 2.59034 109.3 137.990
23:12:38 60 R 0.8762 0.2721 68.000 2.70865 109.3 138.142
23:15:15 600 H2O+ 0.8762 0.2721 68.157 2.73252 109.3 138.142
23:28:11 ~300 V 0.8760 0.2724 69.147 2.85895 109.3 138.295
23:36:14 600 H2O+ 0.8759 0.2726 69.799 2.93863 109.3 138.396
23:53:42 10 Dust 0.8756 0.2729 70.951 3.11829 109.4 138.549
23:55:13 300 Dust 0.8756 0.2730 71.016 3.13431 109.4 138.599

April 2 00:04:23 600 H2O+ 0.8754 0.2732 71.641 3.22846 109.4 138.701
00:15:54 600 H2O+ 0.8752 0.2734 72.342 3.35016 109.4 138.802
00:30:43 180 Dust 0.8750 0.2737 73.091 3.50874 109.4 138.955
00:35:41 600 H2O+ 0.8749 0.2738 73.389 3.56044 109.4 139.005
00:51:33 300 Dust 0.8747 0.2742 74.071 3.72157 109.4 139.209

(t.o.) 00:59:06 ~120 H2O+ 0.8746 0.2743 74.398 3.79189 109.4 139.259
01:10:34 300 H2O+ 0.8744 0.2746 74.806 3.89841 109.4 139.412
01:19:16 600 H2O+ 0.8743 0.2748 75.103 3.97581 109.4 139.513
01:39:14 600 H2O+ 0.8739 0.2752 75.641 4.12143 109.4 139.716
01:56:57 600 Dust 0.8737 0.2755 75.966 4.22303 109.5 139.869

April 3 21:06 600 H2O+ 0.8332 0.3311 60.267 2.01061 110.9 168.096
21:20 600 Dust 0.8330 0.3314 61.917 2.11742 110.9 168.248
21:34 600 H2O+ 0.8328 0.3317 63.5 2.23293 110.9 168.401
21:52 300 Dust 0.8325 0.3321 65.467 2.39783 110.9 168.604

(t.o.) 21:59 600? H2O+ 0.8324 0.3322 66.217 2.46807 110.9 168.655
22:16 600 H2O+ 0.8321 0.3326 67.95 2.64901 110.9 168.858
22:28 600 H2O+ 0.8319 0.3329 69.117 2.78791 110.9 169.010
22:48 300 Dust 0.8316 0.3333 70.967 3.04321 110.9 169.213
22:56 60 R? 0.8315 0.3335 71.683 3.15594 110.9 169.315
23:01 60 R 0.8314 0.3336 72.1 3.22560 110.9 169.365
23:09 600 H2O+ 0.8313 0.3338 72.767 3.34400 110.9 169.467
23:25 600 H2O+ 0.8310 0.3341 74.033 3.59578 110.9 169.619
23:46 300 B 0.8307 0.3346 75.55 3.95400 110.9 169.873
23:56 150 V 0.8305 0.3348 76.2 4.13089 110.9 169.974
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C.3 Nordic Optical Telescope

Date Start Exp. Filter Rh A Phase Scale
(UT) (s) (AU) (AU) (°) (km pixel" ̂ )

March 25 23:59:00 10 B 1.0275 0.1045 70.8 13.339
March 26 00:00:30 10 B 1.0275 0.1045 70.8 13.339

00:01:52 10 CN 1.0274 0.1045 70.8 13.339
00:03:16 10 CN 1.0274 0.1045 70.8 13.339

March 27 22:03:40 10 B 0.9866 0.1335 91.2 17.041
22:05:50 10 CN 0.9866 0.1336 91.3 17.054
22:07:50 10 Dust 0.9865 0.1336 91.3 17.054
22:09:32 10 H2 O+ 0.986 0.134 91.3 17.105

March 28 00:02:52 10 B 0.9848 0.1353 91.9 17.271
00:04:16 10 B 0.985 0.135 91.9 17.232
00:06:10 10 CN 0.9848 0.1354 91.9 17.283
00:07:24 10 H2 O+ 0.9848 0.1354 91.9 17.283

(Mosaic) 00:08:35 10 Dust 0.984 0.135 91.9 17.232
(Mosaic) 00:10:43 100 Dust 0.984 0.135 91.9 17.232
(Mosaic) 00:14:09 100 Dust 0.984 0.136 91.9 17.360

02:00:26 10 B 0.9831 0.1371 92.5 17.500
02:01:34 10 CN 0.983 0.137 92.5 17.488
02:03:02 10 H2 O+ 0.983 0.137 92.5 17.488
02:04:43 10 B 0.9830 0.1372 92.5 17.513
02:05:48 10 CN 0.9830 0.1372 92.5 17.513
02:06:52 10 H2 O+ 0.9830 0.1372 92.5 17.513
02:07:57 10 Dust 0.9830 0.1372 92.5 17.513
03:58:56 10 B 0.9813 0.1389 93.1 17.730
04:00:02 10 CN 0.9813 0.1389 93.1 17.730
04:01:03 10 H2 O+ 0.9813 0.1390 93.1 17.743
04:02:01 10 ? 0.9813 0.1390 93.1 17.743
22:02:10 10 B 0.9651 0.1568 97.9 20.015
22:03:47 10 CN 0.9651 0.1568 97.9 20.015
22:05:20 10 H2 O+ 0.9651 0.1569 97.9 20.028
22:06:48 10 Dust 0.9650 0.1569 97.9 20.028

March 29 20:26:30 10 B 0.9449 0.1813 102.2 23.143
20:28:30 10 CN 0.9448 0.1813 102.2 23.143
20:30:15 10 H2 O+ 0.9448 0.1813 102.2 23.143
20:32:00 10 Dust 0.9448 0.1814 102.2 23.155
22:25:25 10 B 0.9431 0.1835 102.5 23.423
22:26:46 10 CN 0.9430 0.1835 102.5 23.423
22:28:04 60 CN 0.9430 0.1836 102.5 23.436
22:30:19 10 H2 O+ 0.9430 0.1836 102.5 23.436
22:31:44 10 Dust 0.9430 0.1836 102.5 23.436

March 30 20:34:40 10 H2 O+ 0.9229 0.2094 105.4 26.729
20:42:25 10 H2 O+ 0.9228 0.2096 105.4 26.755
20:44:00 10 Dust 0.9227 0.2096 105.4 26.755
20:46:36 10 B 0.9227 0.2097 105.5 26.768
20:48:00 60 CN 0.9227 0.2097 105.5 26.768
22:31:02 10 H2 O+ 0.9211 0.2118 105.6 27.036
22:32:32 10 Dust 0.9211 0.2118 105.6 27.036
22:34:26 10 B 0.9211 0.2118 105.6 27.036
22:35:50 60 CN 0.9210 0.2119 105.6 27.049

March 31 20:50:02 15 B 0.9006 0.2390 107.7 30.508
20:51:29 60 CN 0.9006 0.2390 107.7 30.508

-- 20:53:41 15 H2 O+ 0.9006 0.2391 107.7 30.521
20:55:02 15 Dust 0.9006 0.2391 107.7 30.521
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Date Start Exp. Filter Rh A Phase Scale
(UT) (s) (AU) (AU) n (km pixel" ̂ )

April 1 20:23:31 30 Dust 0.8788 0.2685 109.2 34.273
20:26:08 30 H2 O+ 0.8788 0.2686 109.2 34.286
20:28:29 30 B 0.8788 0.2686 109.2 34.286
20:30:12 120 CN 0.8787 0.2686 109.2 34.286

April 2 20:43:17 30 H2 O+ 0.8562 0.2995 110.2 38.230
20:45:00 30 Dust 0.8561 0.2996 110.2 38.243
20:46:20 30 H2 O+ 0.8561 0.2996 110.2 38.243
20:47:43 30 Dust 0.8561 0.2996 110.2 38.243
20:49:02 30 H2 O+ 0.8561 0.2997 110.2 38.256
20:50:20 30 Dust 0.8560 0.2997 110.2 38.256
20:51:38 30 H2 O+ 0.8560 0.2997 110.2 38.256
20:52:58 30 Dust 0.8560 0.2998 110.2 38.269
20:54:18 30 H2 O+ 0.8560 0.2998 110.2 38.269
20:55:36 30 Dust 0.8560 0.2998 110.2 38.269
20:56:55 30 H2 O+ 0.8559 0.2998 110.2 38.269
20:58:14 30 Dust 0.8559 0.2999 110.2 38.282
20:59:37 30 H2 O+ 0.8559 0.2999 110.2 38.282
21:00:56 30 Dust 0.8559 0.2999 110.2 38.282
21:02:21 30 H2 O+ 0.8559 0.3000 110.2 38.294
21:03:42 30 Dust 0.8558 0.3000 110.2 38.294
21:05:02 30 H2 O+ 0.8558 0.3000 110.2 38.294
21:06:20 30 Dust 0.8558 0.3000 110.2 38.294
21:07:40 30 H2 O+ 0.8558 0.3001 110.2 38.307
21:09:00 30 Dust 0.8557 0.3001 110.2 38.307
21:10:19 30 H2 O+ 0.8557 0.3001 110.2 38.307
21:11:39 30 Dust 0.8557 0.3001 110.2 38.307

April 3 20:19:32 30 B 0.8339 0.3301 110.9 42.137
20:23:02 120 CN 0.8339 0.3302 110.9 42.149
20:26:30 30 H2 O+ 0.8338 0.3302 110.9 42.149
20:29:30 30 Dust 0.8338 0.3303 110.9 42.162

April 5 20:18:17 30 H2 O+ 0.7882 0.3930 111.4 50.166
20:20:33 30 Dust 0.7882 0.3930 111.4 50.166
20:22:15 100 CN 0.7882 0.3931 111.4 50.178
20:25:28 100 CN 0.7881 0.3931 111.4 50.178
20:28:14 30 B 0.788 0.393 111.4 50.178
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A ppendix D  

Com etary Spacecraft M issions

“A comet passed quite near...so they sprang upon it, together 
with their servants and their instruments.” -  Voltaire, Micromegas.

D .l  Past M issions

D . l . l  ICE - The International Com etary Explorer

The NASA International Sun-Earth Explorer 3 (ISEE-3) spacecraft was launched 
on August 12, 1978, and was initially placed in an elliptical halo orbit about 
Lagrangian point LI, to monitor the near-Earth interplanetary medium.

The cylindrical craft had a mass of 390 kg, and a nominal power output of 
173 W, spinning at a rate of 19.75 rpm. The craft carried 13 instruments, 8 
of which provided useful measurements at 21P/Giacobini-Zinner (G-Z). These 
included a solar wind plasma analyser, plasma composition experiment, ener
getic proton detector, magnetometer. X-ray and low-energy cosmic ray detector, 
plasma wave instrument and radio wave antennae.

In June 1982, ISEE-3 began the magnetotail and comet encounter phases 
of its mission; it was placed in a transfer orbit involving a series of passages 
between Earth and the L2 (magnetotail) Lagrangian point. After several passes 
through the Earth’s magnetotail, and gravity assists from four lunar flybys, a 
flnal 119 km lunar flyby in December 1983 ejected the spacecraft into a heliocen
tric orbit, on a trajectory intercepting that of G-Z. At this time, the spacecraft 
was re-named International Cometary Explorer (ICE).

The primary scientiflc objective of the ICE mission was to study the in
teraction between the solar wind and a cometary atmosphere. The spacecraft 
traversed the plasma tail of G-Z at 7800 km downstream of the nucleus on 
September 11, 1985, and made in situ measurements of particles, fields, and 
waves. It also transited between the Sun and Comet Hailey in late March 1986

231
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Figure D.l: The velocities and approach geometries of the six spacecraft to en
counter Comet IP/Halley in 1986. Note the logarithmic distance scale (Balsiger 
et al 1988).

(Branidt 1986, Brandt et al 1987). The main results included the confirmation 
of Alfvén’s (1957) draping model (Brandt et al 1988).

ICE continues to operate, monitoring the IP medium (Smith & Farquhar 
1995). In January 1990, ICE was in a 355-day heliocentric orbit with an aphelion 
of 1.03 AU, a perihelion of 0.93 AU and an inclination of 0.1°. It will return to 
the vicinity of the Earth-Moon system in August, 2014.

D .l. 2 Sakigake

On January 8, 1985, Japan launched the MS-T5 spacecraft which was subse
quently renamed Sakigake (“Pioneer”). Sakigake was Japan’s first deep space 
probe and its mission was to measure the solar wind and magnetic field as it 
flew by Comet Hailey. The craft was identical to its twin, Suisei, except for its 
instrument payload. The spacecraft is spin-stabilized at two different rates (5 
and 0.2 rpm). It is equipped with hydrazine thrusters for attitude and velocity 
control, star and sun sensors for attitude determination, and a mechanically 
despun off-set parabolic dish for long-range communication.
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Figure D.2: The üy-by geometry of Sakigake at Comet H-M-P, had it gone 
ahead as planned on February 3, 1996. The flyby velocity would have been 
23.6 kms~^, with the probe travelling up the tail o f the comet. (Dunham et al

The probe had a mass of 138.1 kg. Its instruments were a Plasma-Wave 
Probe, Solar Wind Ion Detector and Magnetometer, all of which operated nor
mally (Hirao 1986, Hirao & Itoh 1987).

On March 11, 1986, Sakigake made its closest approach to Hailey at a dis
tance of 6.99x10® km, where the solar wind was found to be affected by the 
comet’s presence. Shortly after closest approach, Sakigake served as a reference 
spacecraft for Giotto’s encounter, which helped eliminate terrestrial atmospheric 
interference with Giotto’s radio signals.

Sakigake made an 89000 km Earth swingby on January 8 , 1992, carrying 
our measurements of the geotail. A second Earth swingby occurred on June 14, 
1993 at 40 Rg, and a third on October 28, 1994 at 8 6  R^.

Further mission planning targetted a 23.6 km s"\ 10000 km flyby of Comet 
45P/Honda-Mrkos-Pajdusakova at 21:00 UT on February 3, 1996 (approaching 
the nucleus along the tail; fig. D.2), and a 14 million km passage of Comet 
21P/Ciacobini-Zinner on Nov 29, 1998. However, due to a lack of fuel following 
the spacecraft’s July 1995 Earth flyby, the extension of the mission to the two 
other comets was cancelled. The spacecraft is however still active (Dunham et 
al 1990, Uesugi et al 1988, Uesugi 1995).
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D .l .3 Suisei

The Planet-A spacecraft was launched on August 19 1985, and was renamed 
Suisei (“Comet”). Its dry mass was 139.5 kg and its nominal power output was 
100 W. It is identical to Sakigake apart from its payload: a CCD UV imaging 
system and a solar wind instrument. The main objective of the mission was 
to take UV images of the hydrogen coma for about 30 days before and after 
Hailey’s post-perihelion crossing of the ecliptic plane. Solar wind parameters 
were measured for a much longer time period. Suisei began UV observations in 
November 1985, generating up to 6  images per day. The spacecraft encountered 
Hailey at 151,000 km on the sunward side during March 8 , 1986, suffering only 
2  dust impacts (Hirao 1986, Hirao & Itoh 1987).

Original plans for flybys of Comets 2 1 P/Giacobini-Zinner and 55P/Tempel- 
Tuttle have been cancelled due to the shut-down of the spacecraft in February 
1991 (Uesugi 1995).

D .l .4 Vega 1 and 2

This mission combined a Venus swingby and a Comet Hailey flyby. Two iden
tical 2500 kg spacecraft, Vega 1 and 2  (for Vega-Gallei), were launched on 
December 15 and 21, 1984, respectively. After deploying landers and balloons 
at Venus, the two spacecraft intercepted Hailey’s path. Due to their more cir
cuitous routes to the comet, their approach geometries were differed from those 
of the other Hailey spacecraft.

The spacecraft were three-axis stabilized. The main features of each were 
large solar panels, a high-gain antenna dish, and an automatic pointing plat
form carrying those experiments that required directional control. The platform 
could rotate through ±110° and ±40° in two perpendicular directions with a 
pointing accuracy of 5’ and a stability of l ’s“ .̂ It carried a narrow- and wide- 
angle camera, a three-channel spectrometer and infrared sounder. All other 
experiments were body-mounted, with the exception of two magnetometer sen
sors and various plasma probes and plasma wave analysers which were mounted 
on a 5 m boom. The comet-encounter science data acquisition was from 2.5 h 
before until 0.5 h after the closest approach, with several periods of data acqui
sition before and after, each lasting about 2  h. Continuous coverage for plasma 
and dust instruments was provided by an onboard tape recorder. The spacecraft 
was shielded from hypervelocity dust impacts by a shield consisting of a 1 0 0  yum 
multilayer sheet 20 to 30 cm from the spacecraft, and a 1 mm aluminium sheet 
5 - 1 0  cm from the spacecraft. Approximately half of the Vega spacecraft were 
devoted to the Hailey module, and half to the Venus lander packages. The total
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scientific payload weight was 144.3 kg (Grard et al 1986, Sagdeev 1988).
Vega-1 encountered the comet on March 6 , 1986 at 07:20:06 UT, and Vega-2 

made its closest approach on March 9 at 07:20:00 UT. The flyby velocities were 
79.2 and 76.8 kms“ ,̂ respectively. The closest approach distances were 8890 
and 8030 km from the nucleus (Grard et al 1986, Sagdeev 1988). The space
craft continued to operate for alomost one year after their cometary encounters 
(Papkov 1995).

D .2  Future M issions  

D.2.1 D eep Space 1

This mission is part of the NASA New Millenium Project, and will be primarily 
a technology-demonstration project. The spacecraft will make use of an ion 
drive and autonomous on-board optical navigation to take it to its target of 
Comet 76P/ West-Kohoutek-Ikemura. A flyby of asteroid 3352 McAuliffe will 
also occur. As well as a miniature camera-spectrometer, the spacecraft will carry 
a plasma instrument. Launch is scheduled for July 1998, with the cometary flyby 
occuring in August 2000 (WWW page http ://nm p.jpl.nasa.gov/D Sl/).

D .2 .2 Stardust

Launch of this NASA Discovery-class mission is due in February, 1999. Cometary 
dust will be captured at Comet 81P/W ild 2  using an extremely low-density ma
terial called aerogel and will be returned to Earth in January 2000 via a re-entry 
capsule. Instrumentation will include a mass spectrometer and camera (WWW 
page http://pdcsrva.jpl.nasa.gov/stardust/hom e.htm l).

D .2 .3 R osetta

Rosetta is an European Space Agency mission due to be launched in January 
2003, which is designed to orbit Comet 46P/W irtanen to perform long-term 
remote sensing and in-situ investigations as well as landing a probe on the 
comet’s surface.

The rendezvous with the comet will occur in May 2011, following gravity- 
assist flybys of Mars and the Earth. After two asteroid flybys the spacecraft will 
enter a heliocentric drift phase to intercept the comet at a point close enough 
to allow communication with the Earth. In August 2011, the spacecraft will 
lower its velocity relative to that of the comet to allow it to enter an elliptical 
polar orbit about the nucleus, using its own images of the comet to fine-tune

http://nmp.jpl.nasa.gov/DSl/
http://pdcsrva.jpl.nasa.gov/stardust/home.html
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the approach. A landing site will be chosen and the probe, named RoLand, 
carrying a surface science package will be released in August 2 0 1 2 . The probe 
will land at a relative velocity of less than 5 ms“  ̂ and will transmit data from 
the surface to the orbiter, for relay to Earth. The spacecraft will remain with 
the comet and make observations through perihelion on 21 October 2013.

The scientific instruments on Rosetta will include a remote imaging system, 
a visible and IR spectral and thermal mapper, a gas and ion mass-spectrometer, 
a cometary mass analyzer, a scanning electron microprobe, a dust production 
rate and velocity analyzer, an electron density and temperature probe, and a 
plasma package.

The probe surface science package is likely to include an accelerometer, a 
permittivity probe, a thermal and evolved gas analyzer, a 7 -ray spectrome
ter, an CK-proton-X-ray spectrometer, a neutron spectrometer, a gas chromato
graph/mass spectrometer, an in-situ imaging system, and instruments which 
will penetrate below the surface (Schwehm and Hechler 1994, WWW page 
http: /  /  WWW .estec. esa.nl /  spdwww /  rosett a /h tm l/) .
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