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1. Introduction

One of the key philosophies underlying the decision to
command the Giotto spacecraft on to an encounter with
comet P/Grigg-Skjellerup (G-S) on 10 July 1992, follow-
ing its highly successful encounter with comet P/Halley
on 13/14 March, 1986, was to compare, using measure-
ments made with the same suite of plasma and fields
instruments, a comet having a low gas production rate
(G-S) with very active and “fresh” comet Halley.

Since the G-S encounter was duly implemented accord-
ing to this plan, several papers have appeared containing
the first results from the onboard experiments including :
for the Magnetometer Experiment MAG (Neubauer et
al., 1993a, 1993b; Glassmeier and Neubauer, 1993); for
the 3-dimensional electron spectrometer of the RPA-
Copernic Experiment which recorded cometary electrons
in the range from a few eV to approximately 350 eV (Reme
et al., 1993); for the Ton Mass Spectrometer-High Inten-
sity Spectrometer (IMS—-HIS) which, at G-S, operated in
the energy/charge range 300-1400eV e~ and responded,
since there was no momentum selection, to any mass/
charge ions in this energy/charge range (Goldstein ef al.,
1994); for the Implanted Ion Sensor of the JPA instru-
ment, which recorded ions in the range 86V to 86keV
with sufficient mass resolution to distinguish between the
major mass groups and to provide 4n coverage (Coates et
—_— al., 1993a, 1993b; Johnstone et al., 1993) and, for the
Correspondence to: S. McKenna-Lawlor energetic particle detector EPONA which recorded pro-
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tons and heavier ions in the range several tens of keV
to several tens of MeV (McKenna-Lawlor ef al., 1993a,
1993b).

1.1. The present study

In the present Section | an overview is provided (below)
of signatures recorded by the MAG, RPA, IMS and JPA
instruments on Giotto during Bow Wave/Bow Shock, and
during Mystery Boundary Transitions (MBTs) at G-S.
Also, these accounts are compared with preliminary pub-
lished data recorded in energetic particles (E=> 60 keV) by
the EPONA instrument. Against this background, a more
detailed comparison than was hitherto made between the
published particles and fields records and the EPONA
energetic particle data is presented in Section 2 in an
attempt to determine if the same cometary boundaries
were sensed in energetic particles as were reported by
the other experimenters. All of the events discussed are
described in terms of Spacecraft Event Time (SCET).
MBTs identified in energetic particle data recorded
inbound and outbound at G-S are reported (for the first
time) in Sections 2.2 and 2.3, Characteristics of the inner
region between these transitions are described in Section
2.4. Energy spectra recorded during the inbound and out-
bound Bow Wave/Bow Shock traversals are presented
in Section 2.5. Energetic particle observations made by
EPONA at comet P/Halley (Halley hereafter) are pre-
sented in Section 3. The characteristics of MBTs identified
in the Halley data; of Halley’s innermost region and of
energy spectra recorded close to the times of inbound and
outbound spacecraft traversals of the Halley Bow Shock
and Bow Wave surfaces are reviewed in Sections 3.1-3.4.

In Section 4, the various observations presented in Sec-
tions 2 and 3 are individually discussed. In Section 4.6
an overview is provided of similarities and differences
identified between the energetic particle records obtained
at G-S and at Halley and the various observations are
attributed (a) to basic differences between these comets
and (b) to differences between local interplanetary cir-
cumstances pertaining at the time of each comet/
spacecraft encounter. General conclusions are contained
in Section 5.

1.2. Overview of reported Bow Wave/Bow Shock
transitions at Grigg—Skjellerup

At G-S, pickup ion-related wave signatures with a fre-
quency close to the local water group ion gyrofrequency
were recorded upstream to a distance of 624 x 10’ km and
downstream to a distance of 424 x 10 km from the nucleus
in magnetometer data (Glassmeier and Neubauer, 1993).
No shock was observed inbound, in the sense that no
jump in the magnetic field vectors between two relatively
uniform regions was recorded (Neubauer et al., 1993a).
A feature at 14.55SCET was, however, deemed by the
magnetometer team to constitute the magnetic signature
of a Bow Wave. The magnetic quantities averaged over
a water group cyclotron period increased continuously
inbound until a fast variation occurred at the Pile Up
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Boundary at 15.17 SCET ; a maximum was displayed at
15.18. 48 SCET and a sharp drop at 15.20SCET. There
was no evidence that a magnetic cavity was traversed.
Outbound, a characteristic change noted in the mag-
netometer data at 15.49 SCET was interpreted to con-
stitute the transition by the spacecraft of a Bow Shock.

A phenomenological study of the electromagnetic
plasma waves characterizing the solar wind—comet inter-
action region at G-8 was provided by Glassmeier and
Neubauer (1993). See also the complementary paper by
Neubauer et al. (1993b). Overall, the magnetic data were
shown to indicate the presence of very regular wave fields
just upstream of the G-S Bow Wave/Bow Shock. It was
suggested by Neubauer et al. (1993b) that either strong
deviations from gyrotopy (see Section 1.3) or nonlinear
dispersive effects could be responsible for the production
of the regular wave forms observed. Also, the power spec-
tra and polarization observations in combination with the
pertaining Alfven Mach number indicate that, in
the plasma frame (in contrast to what was observed at
P/Halley), left-hand polarized Alfven waves with a pro-
pagation direction away from the Sun provided the
dominant mode. In the region of transition to the (in-
bound) Cometosheath, regular waveforms were again
displayed (although the properties of the associated
convariance tensor were not simple). The Cometosheath
itself was characterized by strongly compressive vari-
ations produced in connection with the formation of
the Bow Wave/Bow Shock.

In RPA electron data, the first unambiguous evidence
of any effect on the electron fluxes was detected upstream
at 41.8 x 10°km from the nucleus, where periodic modu-
lation of the measured electron fluxes with a period close
to the local water group ion cyclotron period was ident-
ified—suggesting the ambient presence of waves excited by
the pickup of cometary ions (Reme ef al., 1993). Nothing
prominent was observed inbound in the data at
14.55SCET. However, traversal of a broad transition
region (width~9000km) interpreted to constitute the
inbound Bow Wave, was deduced to occur between about
14.47 and 14.58 SCET. At the latter time, peak electron
fluxes which were modulated at the local water group
ion cyclotron period abruptly increased at energies up to
about 100eV, thereby clearly indicating that Giotto had
entered the Cometosheath. The outbound Bow Shock
transition at 15.49 SCET was relatively clear and sharp
but, between 15.49 and 16.03SCET. a “Foreshock”
(thickness ~ 12 000 km) was recorded in the electron data.

A comparative study of electron plasma parameters
and magnetic field data was carried out by Mazelle et al.
(1995) around the inbound and outbound shock tran-
sitions and at the Magnetic Pile Up Boundary. This latter
region was characterized by a sharp magnetic dis-
continuity in the inner Cometosheath {a location which
was marked at Halley by a jump in magnetic field strength
correlated with significant changes in the ambient electron
plasma (Neubauer, 1987; Mazelle et al., 1989)). These
comparisons indicate that the cometary boundaries ident-
ified at G-S show strong similarities with those at Halley,
and reveal that the G-S plasma environment is highly
structured on a length scale smaller than a cometary ion
gyroradius.

The IMS-HIS instrument measured fluxes of ions at
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G-S from 260 x 10° km before to about 86 x 10° km after
Closest Approach. The ions recorded were probably
protons, although the presence of heavier ions cannot be
ruled out (Goldstein et al., 1994). Bow Wave/Bow Shock
crossings were identified to occur at approximately 14.55
and 15.49SCET respectively and an outbound ‘‘Fore-
shock™ was also detected. Strong modulation of the mea-
sured fluxes at the water group ion cyclotron period inside
the inbound Bow Wave, and the correlation of this modu-
lation with changes in the ambient magnetic field direc-
tion, were interpreted to indicate that, close to the nucleus,
the ion pitch angle distribution was very narrow and exhi-
bited little evidence of scattering.

The JPA instrument first detected cometary ions in
its water group channel at 5x 10°km from the nucleus
inbound, and the last ions were detected at 2.8 x 10°km
outbound (Johnstone et al., 1993). A sudden change in
the ion plasma flow direction at 14.55.53 SCET (inbound)
and at 15.49 SCET (outbound) were deemed associated
with shock related boundary transitions. Further analysis
of the JPA data showed that the distributions of cometary
water group ions were ring-like (see below) until quite
close to the shock ; also, the fall off of cometary ion density
with distance from the nucleus was demonstrated to fol-
low an r~? dependence (Coates et al, 1993a). More
detailed studies by Coates et al. (1993b) indicate that the
pitch angle width of the distributions increased between
60 x 10°km (inbound) and 85 x 10° km (outbound). Non
gyrotropy was an important feature of the ion dis-
tributions throughout the encounter and the extent of this
nongyrotropy increased significantly in the vicinity of the
nucleus. This effect was attributed to the relatively low
gas production rate of G-S, which results in a significant
density gradient of implanted ions relative to the cusp
to cusp distance of the nominal cycloidal implanted ion
trajectory (see Section 1.3).

The first signature recorded by the EPONA instrument
in energetic particles close to G-S was reported to occur
at ~480x 10°km from the nucleus inbound; similarly,
the last signature outbound was identified at about
280 x 10° km from the nucleus {McKenna-Lawlor et al.,
1993a). A more recent study by Kirsch ez al. (1996) shows
that, at encounter, the comet was emersed in a Co-rotating
Interaction Region (CIR) which added significantly to the
energetic particle populations in the comet’s environment.
Nevertheless, cometary water group ions dominated the
records from at least 09.00 SCET inbound on July 10
(when the spacecraft was at ~318x 10°km from the
nucleus).

According to an energization process, the under-
standing of which is now mature (see, e.g. Galeev and
Sagdeev, 1988 ; Coates e al., 1993b), neutral molecules in
an expanding cometary atmosphere become ionized by
various mechanisms and a typical freshly formed ion,
which is practically at rest in the comet frame of reference,
is then accelerated along the motional electric field. Since
it also gyrates around the magnetic field, its resultant
path is a cycloid. If the angle between the interplanetary
magnetic field and the solar wind flow is «, such “pickup
ions” drift at a speed v, sina in the E x B direction and
display a maximum energy on the cycloidal trajectory of
E,.. = 4AEqysin’ o (where A4 is the ion mass in amu and
Egw = mysy’/2 is the kinetic energy of a solar wind
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proton). The shape of the velocity distribution function
of these energized cometary ions is a ring in velocity space.
This ring is in the plane perpendicular to the magnetic
field ; it is centered on the component of solar wind vel-
ocity perpendicular to the magnetic field and it has a
radius equal to the solar wind velocity.

The unstable character of the ring distribution causes
energy to go into plasma waves, and the turbulence
thereby generated produces pitch angle scattering around
a bispherical shell (Coates et al., 1993b). If, in the flow
rest frame, efficient pitch angle scattering has occurred,
the peak energy of the ions is independent of the magnetic
field direction (£, = 44 Esyw), and the mean direction of
motion depends only on the direction of the solar wind
flow.

At comet G-S, the angle between the interplanetary
magnetic field and the solar wind velocity vector was close
to 90° during most of the encounter, thereby making the
pickup geometry unusually simple. It was estimated by
Johnstone et al. (1993) that, under the prevailing inter-
planetary conditions, water group ions would acquire a
maximum pickup energy of 51keV. At G--S however,
close to the Bow Wave/Bow Shock transitions, the JPA
instrument detected ions with energies up to 86 keV (the
maximum energy detectable by JPA) (Coates et al.,
1993Db). In the range extending from 60 keV to several tens
of MeV covered by the EPONA instrument, particles
interpreted by McKenna-Lawlor et al. (1993b) to be water
group ions with energies from 60 to >260keV were con-
temporaneously detected. This latter observation is in
accord with ion energies previously recorded at comet
Giacobini—Zinner by Hynds er al. (1986), and also at
comet Halley, using both the EPONA instrument on
Giotto (McKenna-Lawlor et al., 1986) and the Tunde
instrument on Vega | (Somogyi et al., 1990). In the case
of the records secured by EPONA, the fluxes measured at
G-S were almost a factor of 100 lower than those at
Halley, although the maximum particle energies attained
in both cases were similar (=260keV). An acceleration
mechanism in addition to the “pickup process” described
above may thus be inferred to have been operative in each
case (see also Section 1.5).

1.3. Non gyrotropy of pickup water group ions at Grigg—
Skjellerup

As observed in JPA data, ring like distributions were
present in the outer regions of comet Halley, with broader,
partially filled, shells closer to the Bow Shock (Coates et
al., 1989, 1990). The timescales for pitch angle diffusion
were generally in agreement with the predictions of quasi-
linear theory, although the observed energy diffusion
timescale was longer (Huddleston ez al., 1991). At G-S on
the other hand, the ion distributions were observed to
be ring like until shortly before the Bow Wave crossing
inbound. On the outbound pass, one sided pitch angle
distributions were present from the Bow Shock (at
20000 km from the nucleus) to 85000 km further down-
stream, when the distributions, again, became ring like. It
was inferred from these data that the timescale for energy
diffusion may be similar to that for pitch angle diffusion.
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Isotropic pitch angle distributions were never seen. Also,
at G-S, deviations from gyrotropy were detected through-
out the encounter and became more important near
Closest Approach, see Fig. 10 of Coates et al. (1993b).

In the latter connection, when cometary ions are first
injected into the solar wind flow, they follow a cycloidal
path perpendicular to the magnetic field which is seen in
velocity space as a ring distribution (Section 1.2). If the
injection rate is varying along the cycloidal path, the ring
will not be uniform and the distribution will not be
gyrotropic. The ion injection rate as a function of the
distance r from the nucleus is given by

o _ 0 r
ot 47er2eXp L

where Q is the gas production rate of the comet and L
is the ionization scale length. L is the average distance
travelled by a neutral before ionization and is of the
order of 10°km. This is much larger than the scale size of
G-S but is comparable with the size of Halley. The rela-
tive change in the injection rate over a distance Ar is
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and the variation is only significant if Ar is comparable
with r. Just outside the G-S Bow Shock (at a distance of
25000km from the nucleus) at the time of the Giotto
encounter, the distance between cusps on the cycloid of a
51keV water group ion in the prevailing magnetic field
(16 nT) was estimated by Johnstone et a/. (1993) to be
28 800 km. The relative change in the injection rate over
one cycloid is therefore approximately a factor of two (the
effect on the total ion density is less because that depends
on the integrated flux picked up over the whole interaction
region). The identification by Coates et al. (1993b) of
nongyrotropic distributions at G- is of special import-
ance since such distributions can drive instabilities that
effect the character of the waves detected by the other
plasma instruments (see the discussion of Neubauer e? al.
(1993b)).

1.4. Qverview of reported Mystery Boundary Transitions
at Grigg—Skjellerup

Reme et al. (1993) identified two “Mystery Regions™ at
G-S characterized by the presence of significant fluxes of
several hundred eV electrons. These regimes were anal-
ogous to Mystery Regions identified earlier at comet Hal-
ley (Reme et al., 1987; d’Uston et al., 1987) which were
also characterized by (unpredicted) large fluxes of plasma
electrons. Entry to the outbound “Mystery Region™ at
G-S was marked at 15.30.30 SCET by an MBT, beyond
which the “Mystery Region” extended as far as the Bow
Shock. The inbound ‘“Mystery Region” was more difficult
to identify but was deemed to extend between the Bow
Wave and a further MBT at 15.12 SCET.

The JPA team reported several coincident sudden chan-
ges in the G-S plasma environment close to the reported
MBTs (having regard to the 128 s time resolution of their
instrument) (Johnstone et al., 1993). These changes (which
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were similar to others previously identified in JPA data at
comet Halley in association with analogous MBTs (John-
stone, 1990; Amata et al., 1991)) included at —7200km
from the nucleus (the location of the inbound MBT),
and at +9000km from the nucleus (the location of the
outbound MBT), the appearance of a second line in the
cometary ion energy spectrum at energies which decreased
as the nucleus was approached. This effect, which was
also seen at comet Halley (where it was interpreted by
Thompsen et al. (1987) to be due to local pickup in a
draped magnetic field configuration), occurred at G-S,
inbound and outbound, at about half the distance between
the nucleus and the shock surface.

1.5. Overview of Energy Spectra secured at comets

An important result accruing to spacecraft observations
made at comets Giacobini~Zinner, Halley and G-S 1s the
detection in the environment of each of these bodies of
particles with energies significantly in excess of the
maximum available pickup energy (Section 1.2). Several
processes, see for example Ip and Axford (1986), provide
candidate mechanisms for producing the observed effect
including (a) adiabatic compression occurring in the
region of cometary plasma deceleration ; (b) First Order
Fermi acceleration: arising from the scattering of ions
between waves present in the rapidly flowing upstream
solar wind and the cometary bow shock surface, and/or
waves located in the, downstream, mass-loaded, flow; (¢)
Second Order Fermi acceleration : a stochastic process of
energy diffusion in the presence of strong wave turbulence,
leading both to a deceleration and to an acceleration of
particles.

Calculations by Ip and Axford (1986) show that adia-
batic compression at comets can not, alone, produce the
ion energies measured in situ. Theoretical spectra cal-
culated by these authors on the basis of Second Order
Fermi acceleration of cometary water group ions, were
computed for a location along the trajectory of the ICE
spacecraft at a distance of 2 x 10° km from the Giacobini-
Zinner tail axis (a pick-up region well outside the shock
surface). The calculations took into account the effect
of adiabatic compression in the cometary flow and an
adjustable parameter was provided by the ion mean free
path 4, given in terms of the ion gyroradius r, by 1 = kr,
(where k is a constant dependent on the level of turbu-
lence). Calculated spectra computed for £ = 1 and 5 were
compared by Richardson er al. (1987) with corresponding
experimental spectra measured at Giacobini—Zinner. The
experimental spectra were thereby found to be con-
siderably softer than the theoretical spectra and it was
suspected that the amount of ion scattering assumed
theoretically might have been over estimated.

Composite spectra prepared from water group ion
measurements made contemporaneously by the EPONA
and JPA experiments on Giotto at locations upstream of,
and just downstream of, the inbound Halley Bow Shock,
were compared by McKenna-Lawlor ef al. (1989) with
theoretical spectra similar to those described above, but
this time computed by Ip and Axford for the case of a
stream line which would intersect with the Giotto space-
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craft when it was at the experimental measurement
locations just mentioned. The calculations, as before, took
account of adiabatic compression in the flow and assumed
various levels of scattering. The results of these com-
parisons showed that, upstream of the Bow Shock, the &
parameter was of the order of 30 whereas, just down-
stream of the shock, it was of the order of 5. This result,
combined with consideration of energy spectra from the
Giotto IMS experiment and the (above referenced) study
made using Giacobini—Zinner data, led Ip and Axford
(1987) to conclude that a relatively weak scattering limit,
characterized by a large value of k& (= 30), should be used
when modelling upstream data ; near the cometary shock
front, however, acceleration mechanisms in addition to
the Second Order Fermi effect should be invoked to
explain the experimental measurements. In this connec-
tion, transit time damping by compressive magnetosonic
waves as described by Fisk (1976), and statistical accel-
eration by lower hybrid waves as discussed by Buti and
Lakhina (1987), were suggested to constitute candidate
contributors to the observed particle energization.

An interplay between velocity and spatial diffusion was
suggested by Gombosi et al. (1989) to be responsible for
the acceleration of heavy implanted ions in cometary fore-
shocks. According to this latter scenario, the Second
Order Fermi mechanism first accelerates particles to mod-
erate energies, and this process is then followed by (more
efficient) diffusive compressive shock acceleration. It was
assumed, in this connection, that the entire foreshock
serves as a region of diffusive-compressive acceleration
for cometary ions, and a power law spectrum with a spec-
tral index of 5-6 (above 100keV) was predicted to be
found.

The energy spectra of water group ions (Ey,, = 60 to
>270keV) measured at a sequence of locations (both
inbound and outbound) at comet G-S by the EPONA
instrument were considered by Kirsch ez al. (1991). In the
present study, spectra measured in close association with
transitions of the inbound and outbound shocks at this
comet are presented in Section 2.5 and compared in the
discussion of Section 4.4 with corresponding data
obtained at Halley.

2. The EPONA instrument/Encounter Geometry

The EPONA Energetic Particle Analyzer features three
semiconductor telescopes (T1, 2, 3), each with opening
angle 30° and geometric factor 2.0 x 10~ >cm’sr, employ-
ing similar discriminator levels in complementary chan-
nels. T1 and T3 each measure ions and electrons above
an energy threshold determined by detector noise. T2 is
fitted with a foil which prevents ions of approximately
300 keV from reaching the detectors, while permitting the
passage of electrons. T1 and (T2+ T3) are inclined at 45°
and 135° respectively to the positive spacecraft spin axis.
Measurements made in eight contiguous sectors during
each spacecraft spin provide an angular resolution of 45°
and a time resolution of 0.5s. Observations alternate
between T1 and (T2+T3), with T1 taking the odd sectors
(1,3,5,7) and (T2+T3) the even sectors (2,4,6,8).

Particle energies are determined by measuring their
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energy loss in the solid state detectors. Telescopes 1 and
3 were calibrated before launch for protons; for water
group ions and for heavy ions, to each of which the detec-
tors respond. The energy thresholds thus determined of
(representative) Telescope 1 (Channels 1-4) are 29, 44, 78
and 217keV for protons; 60, 97, 144 and 260keV for
water group ions and 92, 127, 206 and 460 keV for heavy
(Ar) 10ms, respectively. Only data measured by Telescopes
1 and 3 in Channels 1-4 are considered in the present
paper. A detailed account of the EPONA instrument is
contained in McKenna-Lawlor et al. (1987).

Figure la provides a schematic representation of the
encounter geometry at G-S in a plane perpendicular to
the ecliptic and to the comet—Sun line, looking towards
the Sun. The numbered lines represent the projections of
the EPONA look directions onto the page for the indi-
vidual sectors—solid lines looking out of the page, dashed
lines into it. The shorter is a line, the further its look
direction is away from the plane of the page. The dashed
sectors view to sunward and the full line sectors view in
the antisunward direction. See also Table 1 which lists the
look directions of the 8 EPONA sectors at the time of
Closest Approach to comet G-S (and also to comet Hal-
ley) expressed in the Comet Solar Ecliptic (CSE) coor-
dinate system, where + x points directly towards the Sun;
the +y axis (east) is parallel to the ecliptic plane in the
direction opposite to the motion of the planets and the
ecliptic north pole is near the 4z axis (i.e. lies in the
+ zx plane).

2.1. Energetic particle Bow Wave/Bow Shock signatures
(at Grigg—Skjellerup)

Figure 2 provides an overview of log fluxes (16 s averages)
measured by EPONA during G-S Encounter in Channel
1 of T1, Sector 3 (T1,S3). The times of the Bow Wave and
Bow Shock Crossings reported by Neubauer et al. (1993a)
based on magnetometer data are designated by vertical
lines and by the letters BW and BS, respectively. Closest
Approach (reported by the Spacecraft Tracking Team to
occur at 15.18.40 SCET) is designated by CA, and dis-
tances from CA on a scale of 10° km are provided. A Fore-
shock identified in the particle data outbound is labeled
“F”. Figure 3 shows the Foreshock as it appeared in the
omnidirectional data (16 s averages) of EPONA’s Channel
2, Telescope 1. Figure 4 presents (8s averages) data
recorded in Channels 1-2 of (T1,S3)—top two panels—
and (T1,S1)—bottom two panels—within the interval
14.50--15.50 SCET spanning the traversal of G-S from
Bow Wave to Bow Shock.

Significant changes in the energetic particle signatures
occurred at 15.00 SCET (inbound) and at 15.44SCET
(outbound) in the data of Channel 1 (T1,83), see Fig. 4.
The first of these changes was gradual, the second very
steep, and both changes occurred approximately 4600 km
deeper inside the comet than the locations of the inbound
Bow Wave and outbound Bow Shock reported on the
basis of magnetometer data. Since the gyroradius of a
singly charged 100 keV water group ion in the prevailing
(average) magnetic field of 20 nT is &~ 9650 km, the particle
enhancements mentioned each occurred approximately
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Fig. 1. (top left) Representation of the encounter geometry during the Grigg-Skjellerup flyby in a
plane perpendicular to the ecliptic (the east—west axis) and the comet—Sun line, looking towards the
Sun. V., is the direction of the velocity of Giotto relative to the comet, which was traversed in a

direction from West to East and from North to
of the various EPONA look directions onto the

South. The numbered lines represent the projections
page (based on eight 45° sectors), solid lines looking

out of the page, dashed lines into it. The shorter is a line, the further its look direction is away from
the plane of the page. The dashed sectors view to sunward and the full line sectors in the antisunward
direction. See also the look direction assignments in the CSE system provided in Table 1. (top right)
Representation of the spacecraft trajectory plane, showing ¥, and the look directions of the EPONA
telescopes. Counts were made every 0.5 s during the 4 s spin of the spacecraft alternating between T1
in the odd (1,3,5,7) and (T2+T3) in the even sectors. (bottom) Computer graphic (from ESA),

showing Giotto and comet P/Grigg—Skjellerup
The spacecraft, comet and the Earth are each

approaching each other, as seen from outer space.
moving in roughly the same direction. The comet,

passing through the ecliptic plane from the north is, in this representation, about to “catch up” with

the spacecraft. The relative flyby velocity is 13.99km s

half a gyroradius deeper within the comet than the
reported locations of the Bow Wave and Bow Shock. The
well-defined “step” in particle intensities seen in the data
of Fig. 4 at 15.44 SCET (see above), provides convincing
evidence that the Bow Shock crossing (outbound) was
sensed as a sharp boundary in energetic particles. This is

consistent with the character of the crossing reported at
15.49 SCET by the other plasma experimenters (see Neu-
bauer et al., 1993b; Coates, 1995).

The small “Foreshock’ recorded in energetic particles
from 15.49-16.03 SCET (see Fig. 3), was also identified in
RPA and IMS data. Glassmeier and Neubauer (1993)
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Table 1. EPONA look directions at Grigg—Skjellerup and at Halley

The angles listed below are the CSE polar (8) and aximuth (¢) angles, plus the angles to the sun (+ x axis) and to

east (+ y axis).
Grigg-Skjellerup

At closest approach, the Giotto spin axis (pointing along the direction of motion) has the CSE coordinates

8=290.0°;¢ = 90.4°
From this, the look angles of the eight sectors are:

Sector = 1 2 3 4 5 6 7 8

0 46.3° 53.4° 81.2° 112.3° 133.7° 126.6° 98.8° 67.7°
¢ —101.8° 62.2° —45.3° 50.3° —77.4° 118.6° —133.9° 1320.5°
To sun 98.5° 68.0° 46.0° 53.7° 80.9° 112.6° 133.3° 127.0°
To east 135.1° 44.8° 134.6° 44.7° 134.9° 45.2° 135.4° 45.3°
“From” “West” “East” “Sun” “A-Sun”

The last line uses the designations used in Fig. 4.

Comet Halley

At closest approach, the Giotto spin axis (pointing along the direction of motion) has the CSE coordinates

8 =280.1°¢ =723°
From this the look angles of the eight sectors are:

Sector = 1 2 3 4 5 6 7 8

0 142.4° 119.0° 108.0° 62.4° 56.7° 43.2° 86.2° 102.7°
¢ 125.8° —49.0° 61.9° —28.3° 94.4°  —102.8° 150.6° —111.6°
To sun 110.9° 55.0° 63.4° 38.7° 93.7° 98.7° 150.4° 111.0°
To east 60.3° 131.3° 33.0° 114.9° 33.6° 131.9° 60.7° 155.1°
“From” “East” “Sun” “A-Sun” “West”

The last line uses the designations used in Fig. 8. Sector 4 was disturbed by sunlight. Otherwise it would have

been taken as “Fm Sun”.

reported, on the basis of an analysis of magnetometer
records, that this was not a “classical” foreshock. Mag-
netic field lines were not connected to the shock and the
region was characterized by smaller, less regular, fluc-
tuations than were recorded further away in the solar
wind. Also, the angle between the solar wind velocity
vector and the magnetic field direction which displayed
values close to 90° within F, slowly decreased to values
closer to 60° in the upstream region. A study by Mazelle
et al. (1995) shows that, at 15.48.42 SCET when a steep
gradient in the magnetic field magnitude (the Bow Shock
ramp) was recorded in magnetometer data, the electron
parameters displayed a clear jump and there was an associ-
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Fig. 2. Log fluxes (16s averages) measured by EPONA in
Channel 1, Telescope 1, Sector 3, within an interval spanning
closest approach (CA) to P/Grigg—Skjellerup. The times of the
Bow Wave and Bow Shock Crossings (identified by Neubauer
et al. (1993a) in magnetic data), are designated by BW and BS,
respectively. A Foreshock identified outbound is designated by
F. Distances from Closest Approach on a scale of 10°km are
also shown

ated correlation between plasma density and magnetic
field strength (B) variations characteristic of a fast mode
type shock. A wave-like structure observed in B in the
parallel electron pressure data and in the 72300¢eV elec-
tron flux was present in the interval 15.49-~15.52SCET,
and the distance between these wave crests was of the
order of the local oxygen gyroperiod in the mean upstream
field. In the EPONA energetic particle records, no special
enhancement was recorded at 15.49 SCET (at the Bow
Shock ramp). Instead, irregular low amplitude fluc-
tuations characterized the Foreshock interval 15.49-
16.03 SCET. After 16.03 SCET the fluctuations recorded
in the downstream solar wind were, relatively, less pro-
nounced.

GIOTTO - EPONA

Distance from Gr-Ski, 10° km

= 17.87  26.25 34.62 43.08 51.43
[] [ TS P W WSr R W Vil W S W S —hed
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- : F :
:::, 10} : : 1
2 : TSV

1 .
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2 1 btd s a b FEEPIPE IS S PURT U S S N v |
S 19 T5460 1550 1600 1610 1620

SCET of 10 July, 1992

Fig. 3. Omnidirectional counts in the data of EPONA Channel
2, Telescope 1 (165 averages) encompassing an interval, 15.49—
16.03 SCET when a Foreshock signature (F) was recorded in
energetic particle data. The location of the Bow Shock crossing
identified in magnetometer data is designated by BS
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Fig. 4. Count rates (8s averages) measured by EPONA in Channels 1 and 2 of both Telescope 1,

Sector 3 (top 2 panels) and Telescope 1, Sector 1 (bottom 2 panels) between 14.50 and 15.50 SCET
on 10 July, 1992. Correspondences between telescope/sector (T/S) combinations and CSE coordinates
are provided in Table 1 (top). According to this specification, data from T1,S3 are plotted as coming

“from the Sun” and data from T1,S1 as coming “from the west”

. The times of transition of Bow

Wave/Bow Shock crossings reported in magnetometer data are indicated by vertical dotted lines and
by the letters BW and BS. The times of Mystery Boundary Transitions (MBTs) identified in energetic
particle data and in JPA data are indicated using full vertical lines and dotted vertical lines respectively,
and by the letters MBT. Distances from Closest Approach (CA) are based on ESOC tracking data

2.2. Energetic particle Mystery Boundary Transitions
(at Grigg—Skjellerup)

From 15.00 SCET (inbound) a significant change in ener-
getic particle fluxes was observed in the data of Channel
1 (T1,S3), see Fig. 4 (top panel). A sequence of peaks,
superimposed on the general particle background, was
recorded with maximum fluxes at 15.04 SCET and at
15.09 SCET, when levels exceeding by about a factor of 5
those pertaining at the Bow Wave were observed (the
corresponding data of Channel 2 show only minor chan-
ges). These variations are interpreted to represent Com-
etosheath particle signatures. The local cyclotron period
of 100 keV water group ions in the average (20 nT) ambi-
ent magnetic field (period T = 2nM/Bg, where M rep-
resents ion mass, B magnetic field strength and g electronic
charge) was about 1 min. Thus, the presence of a quasi-
periodicity of about 1 min in the energetic particle fluxes
recorded in the data of T1,S3 in the (inbound) cometo-
sheath supports an earlier diagnosis, based on spectral
analysis, that the particles recorded just upstream of G-S
were predominantly cometary and of the water group
(McKenna-Lawlor et al., 1993b).

A change in the quasiperiodicity of the particle fluxes
from ~15.10 SCET (+ 1 min) by a factor of 1.8, without
an accompanying change in B, suggests that a different
cometary regime was entered by the spacecraft at this
latter time. It is recalled (Section 1.4) that Johnstone ez al.

(1993) reported several coincident changes in the plasma
environment of G-S at —7200km (inbound) and that
these changes were interpreted to represent traversal of
an “MBT” of a type first reported by Reme et al. (1987)
and d’Uston et al. (1987) in association with comet Halley.

The 128 s time resolution (corresponding to 1700 km)
of the JPA measurements indicates an agreement between
this observation and the EPONA based inference of a
change in cometary regime at ~15.10 SCET + I min.

Also, the (inbound) pattern change in 2nergetic particles
occurred at least 1 min before a Mystery Boundary cross-
ing reported in low energy clectron (RPA) data
(E<300eV) by Reme et al. (1993) at 15.12 SCET (Section
1.4). Since the rigidity, and therefore the gyroradius, of
energetic heavy ions is much larger than is the case for
electrons, one would not expect close correspondences
between the electron and energetic ion signatures and,
indeed, they are dissimilar. However, the data suggest
overall that the designation “MBT” defines a change in
regime which can be sensed in energetic particles as well
as in JPA and in RPA data. It can be inferred from
the observational record that, in energetic particles, the
Mystery Boundary (inbound) is not sharp. Rather, the
transition from one cometary regime to the other is
smooth and about 1000 km in width.

From approximately 15.29 to 15.30 SCET (outbound)
the energetic particle data of Channel 1 (T1,S3) displayed
a change from the quasiperiodic behaviour first identified
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at = 15.10 SCET to a condition where relatively elevated
fluxes were recorded, characterized by rapid variations
and several very deep minima. The corresponding data of
Channel 2 show a large peak at 15.38 SCET and several
lesser, but well-defined, peaks that were not especially
correlated with the corresponding Channel 1 data. The
pattern change from = 15.29 SCET, which occurred with-
out an accompanying change in B, was time associated
with a further MBT reported by the JPA experimenters
(at +9000 km outbound), and, again, by the RPA Team
at 15.30.30 SCET. The width of the transition in energetic
particles is more difficult to determine in this case but it is
in the general range 1000-2000 km.

The energetic particle fluxes recorded thereafter in
Channels 1-2 (T1,S3) between about 15.29 and
15.44 SCET (see Fig. 4), are interpreted to constitute sig-
natures of the (outbound) Cometosheath. It is noted that
there is a considerable difference between the particle
records obtained during the inbound and outbound
spacecraft traversals of the G—S cometosheath in the data
of Channels 1-2 (T1,S3). Inbound, the data showed a
periodic structure at the cyclotron period of water group
ions in the prevailing magnetic field, superimposed on
the existing particle background. Outbound, the changes
recorded were relatively random, and the overall flux level
was substantially elevated relative to the inbound back-
ground level. The data of Channel 2 are not closely cor-
related with the data of Channel 1.

Figure 4 (bottom two panels), shows EPONA data
recorded in Channels 1-2 (T1,S1), where S1 was directed
westwards, see Fig. 1b. It is noted that the fluxes recorded
in Channel 1 (T1,S1) were nearly a factor of 10 lower than
those recorded in Channel 1 (T1,S3) but, when amplified
as shown, well-defined fluctuations in the counts occurring
between 15.12 UT and 15.29 SCET are highlighted. These
variations do not exhibit the symmetry and stability (on
the timescale of 20 min required for the spacecraft to tra-
verse this regime) seen in the corresponding (T1,S3) data.
Comparisons between the EPONA and magnetic field
data indicate that the highest fluxes occurred outside the
pileup region (of 15.17-15.20SCET) and no special cor-
relation between the particle peaks and associated pitch
angle determinations was identified. The data of Sectors
2,4, 6,7 and 8 (not shown) also displayed very small flux
increases near CA and only the records obtained in Sectors
3 and 5 showed minimum counts.

2.3. Pitch angle distributions at the Grigg—Skjellerup
Mystery Boundary Transitions

Figure 5 presents eight scatter plots of counts versus pitch
angles generated for EPONA, Channel 2, omnidirectional
data pertaining to various 1 min intervals in the period
from 15.05-15.17SCET on 10 July, 1992. This interval
spans a time (identified in energetic particle data to be
~15.10 SCET + 1min) of an MBT executed by Giotto
inbound at G-S, see Section 2.2. The plots show that a
change from a pitch angle distribution that was asym-
metric about 90° to one dominant close to 90° took place
at 15.09 SCET. Figure 6 presents a further set of eight
scatter plots similar to those presented in Fig. 5 but, this

1127

time, generated for various 1 min intervals within the per-
iod 15.25-15.33 SCET. This interval spans a time (ident-
ified in energetic particle data to be 2 15.29--15.30 SCET
+1min) of an MBT executed by Giotto outbound at
G-S, see Section 2.2. The plots of Fig. 6 show that a
pitch angle distribution close to 90° is a dominant feature
following the MBT (from &~ 15.31 SCET).

See Section 3.2 for corresponding effects recorded at
comet Halley. Section 4.2 contains a general discussion of
the pitch angle distributions at both comets.

2.4. The central region in energetic particles (at Grigg—
Skjellerup)

Between the MBTs the comet displayed very stable struc-
tures in the data of Channel 1 (T1,S3), characterized by
quasiperiodic variations with a period about 1.8 times
longer than those variations recorded in the inbound
Cometosheath. The data exhibited inbound/outbound
rather symmetrical peaks, with decreasing/increasing
“matching” amplitudes about a centre of symmetry at
15.20 SCET. No significant fluxes were present in the cen-
tre of this record (see, however, below). Only very minor
variations were recorded in the corresponding data of
Channel 2 (T1,53) with, again, minimum values at the
centre of symmetry. The reported time of “Closest
Approach” was between 15.18.30 and 15.19.30 SCET
(Spacecraft Tracking Team). The centre of symmetry
observed in energetic particles was slightly displaced (i.e.
later by 1.5 min = 1200 km) relative to Closest Approach.
Although asymmetric pickup might explain this obser-
vation, the overall disposition of the particle signatures
rather suggests that the passage of the spacecraft through
the comet was not central. OQutbound, before the MBT
was traversed at approximately 15.29 SCET, the quasi-
periodic structure was somewhat less well defined but,
nevertheless, identifiably of longer duration than the fluc-
tuations recorded in the inbound Cometosheath.

The fact that the magnetic field magnitude did not
significantly change from one side to the other of the
MBTs, while the quasiperiodicity displayed by the fluxes
increased by a factor of about 1.8 relative to the value
recorded in the Cometosheath inbound, allows us to sug-
gest that, while the majority of ions close to the comet
and in the inbound Cometosheath are of the species
M = 16-18 amu (see Section 2.2), the peaks between the
MBTs are due to ions with masses in the approximate
range M =28-33amu. Evidence supporting this
interpretation is provided by data secured aboard Giotto
using the spectral analysis procedure (see Balsiger et al.,
1986 ; Korth er al., 1987 ; Geiss et al., 1991), which dem-
onstrated the presence of heavy ions close to comet Halley
(discussion in Section 4.3). Such particles could consist
of cometary pickup ions, which, through the additional
acceleration processes now recognized to be typically
present in cometary environments (see bclow), gained
sufficient energy to be recorded in the low energy channels
of EPONA (see the threshold values given in Section 2).

It is (for completeness), recalled that a comparison
between energetic particle fluxes in EPONA data recorded
in the Magnetic Pileup regions of G-S and Halley by
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Fig. 5. Scatter plots of omnidirectional counts in EPONA Channel 2, vs. pitch angle for a selection
of 1 min intervals within the period 15.05-15.17 SCET on 10 July, 1992 (continued)

Kirsch et al. (1995) shows that, at G-S, there is no indi-
cation of a Cavity Spike at Closest Approach (the “‘miss
distance” at G-S was reported to be 200 km by the Space-
craft Tracking Team). Had such a spike been present, it
would have been detectable in the data of Channel 1,
Telescope 1 from a distance of <400 km from the nucleus.

2.5. Energy spectra at Grigg—-Skjellerup

Figure 7 presents phase space density as a function of
particle energy, calculated for (left-hand side) the period
15.00.36-15.10 SCET when the spacecraft was just down-
stream of the (inbound) G-S Bow Wave. These data are
fitted with a power law spectrum, (assuming that mainly
oxygen ions were accelerated), and the resulting spectral
exponent is y = 2.75. This plot may be compared with an
already published spectrum, not shown, measured from
12.50-12.55SCET (McKenna-Lawlor et al., 1993b),
which was interpreted to indicate that the mean free path
corresponding to random scattering by ambient waves
upstream of G-S is of the order of 30 gyroradii. Thus
viewed (see Section 1.5), the spectrum of 15.00.36-
15.10SCET implies that acceleration additional to the

Second Order Fermi process operative upstream took
place near the (inbound) shock.

It was reported by Glassmeier and Neubauer (1993)
that the region upstream of the G-S Bow Wave displayed
a different character to that observed at comets Halley
and Giacobini—Zinner. Uniquely at G-S, regular mag-
netic field fluctuations along the spacecraft trajectory,
which were observed from 14.29 SCET, pervaded this
regime and were continuously present up until
15.09 SCET. These reported fluctuations therefore ter-
minated at the location of the MBT identified in EPONA
energetic particle data (see Section 2.2). It was postulated
by Glassmeier and Neubauer (1993), that the large ampli-
tude, compressible, magnetic fluctuations identified point
to the presence, inbound, of a thick pulsation shock (see
also Neubauer e al. (1993b)). Such shocks are usually
observed under quasi-parallel conditions where waves are
generated due to ions reflected from the shock surface.
At G-S, where the Bow Wave was quasi-perpendicular
(Neubauer et al., 1993a), the pulsation shock charac-
teristic was suggested to be due to the fact that pickup
ions assumed that role played, in the quasi-parallel case,
by reflected ions. In such an environment, charged par-
ticles could be scattered and accelerated in moving mag-
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Fig. 5—continued

netic gradients via the transit time damping mechanism
described by Fisk (1976). This latter acceleration mech-
anism, unlike the Fermi scattering process, not only results
in little pitch angle scattering, but it also does not require
the presence of oppositely propagating wave trains with
similar magnitudes [as discussed by Ip and Axford (1989),
the transverse Alfven waves recorded in the comae of
comets G-S and Halley propagated primarily outwards
from the Sun]. The spectrum obtained downstream of the
(inbound) G-S Bow Wave which is presented in Fig. 7
(left) can, thus, be reasonably attributed to Second Order
Fermi acceleration, supplemented by the transit time
damping effect.

The spectrum presented in Fig. 7 (right-hand side) was
recorded at 15.32-15.42SCET, just preceding the out-
bound Bow Shock/Foreshock transition (Section 2.1).
Again the data are fitted with a power law spectrum under
the assumption that, mainly, oxygen ions were accel-
erated, and the spectral exponent is y = 5.09. A spectrum
which (above 100 keV) follows a power law with spectral
index in the range 5-6, was predicted by Gombosi et
al. (1989) to be produced under circumstances where a
population of particles, initially accelerated by the Second
Order Fermi process, undergoes further diffusive com-
pressive shock acceleration in the region of a Foreshock.

A well-defined Foreshock is, indeed, a feature (outbound)
at G-S. Thus, the spectrum which is presented in Fig. 7
(right-hand side) can be reasonably attributed to Second
Order Fermi acceleration, supplemented by diffusive com-
pressive shock acceleration in the Foreshock region. It is
noted that, although the overall energy attained by the
ions was higher than that pertaining in the inbound case,
in the main only the fluxes of T1,S3 were enhanced.

3. The Giotto encounter with comet Halley

It is of interest to compare the characteristic boundary
transitions and energy spectra recorded at G-S with
complementary data measured by the same suite of instru-
ments on Giotto at comet Halley, 13—-14 March, 1986.

3.1. Energetic particle signatures (Bow Wave/Bow
Shock/MBT) at comet Halley

The solar wind speed was ~350kms~"' at 14.20SCET on
13 March, 1986 in the early stages of the Giotto—Halley
encounter (Johnstone et al., 1986). In these circumstances,
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Fig. 6. Scatter plots of omnidirectional counts in EPONA Channel 2 vs. pitch angle for a selection of
1 min intervals within the period 15.25-15.33 SCET on 10 July, 1992 (continued)

the maximum energy attainable by a water group ion by
the pickup process acting alone would have been below
the lowest threshold (60 keV) for detection of these par-
ticles by the EPONA instrument. Thus, as at G-S, the
observed stimulation of Channels 1-4 indicates the pres-
ence, close to the comet, of particles with energies in the
range 60 to >260keV (if these signatures are interpreted
to have been produced by ions of the water group).

Figure 8 presents ion fluxes recorded by EPONA during
the Halley encounter. Ion intensities measured in four
spatial directions from 19.00 SCET on 13 March to
04.00 SCET on 14 March 1986 (45 s averages) in Channel
2, Telescopes 1 and 3 are displayed. Data in T3,S2 are
described as coming ““from the Sun”; in T1,S1 “from the
east”; in T1.S7 “from the anti-Sun” and in T3,S8 data
“from the west”” See also Table 1 (bottom) which provides
the look angles of all the EPONA sectors expressed in the
Comet—Solar—Ecliptic (CSE) coordinate system described
in Section 2.

The inbound Bow Shock transition at comet Halley
was reported by Neubauer ez al. (1986) to occur in the
interval 19.22-19.33 SCET, and its transition by the space-
craft is indicated in Fig. 8§ by vertical dotted lines and
by the letters BS. A Foreshock enhancement, only a part

of which is shown in Fig. 8 (see the top two panels),
was detected in the (T3,S2) and (T1,S1) energetic particle
records from 18.20-19.10 SCET. Thereafter, there was a
marked rise in ion intensities from about 19.15SCET in
T3,52 and in T1,S1. Following the attainment in each case
of a significantly enhanced flux level which was sustained,
with some superimposed variations, for about 2 h, a grad-
val decline in these flux levels took place. During this “fall
off ” period, the appearance, from just before 23.00 SCET,
of enhanced fluxes in the “A-Sun” and ‘“West” directions
caused the extreme flux anisotropy previously pertaining
to almost disappear.

A Mysterious Region, characterized by the unexpected
presence of keV electrons, was identified (inbound) in
RPA data between 8.5x10° and 5.5 x 10°km from the
Halley nucleus (Reme et al., 1987 ; d’Uston er al., 1987).
The duration of traversal of this regime is indicated in
Fig. 8 by vertical dotted lines and by the letters MR. There
is a suggestion in the energetic particle data from the
“Anti-Sun” and from “The West”, that slightly enhanced
fluxes may have characterized this interval. Fluxes re-
corded in the other two directions were too high to allow
correspondingly small increases to be identified in these
records. See also the slightly raised flux levels recorded in
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Fig. 6—continued

the corresponding Mystery Region outbound presented
in panel 3, and (more notably) in panel 4, bottom, of
Fig. 8.

MBTSs were reported in JPA data by Amata ez a/. (1991)
at Halley inbound between 21.44 and 22.00 SCET on 13
March, and again outbound between 01.15 and
01.31 SCET on 14 March, 1986. These, rather broad, tran-
sitions are each indicated in Fig. 8 by vertical dotted lines
and by the letters MBT. The special wave signatures that
allowed changes in pattern to be detected in association
with MBTs at G-S (see Section 2.2) are not present in
these data. There is, however, a drop in counts at the
location of the MBT (outbound) which is visible in three
directions (panels 2-4 of Fig. 8). A small drop in flux is
also noted to generally occur at the inner edge of the
inbound MBT.

Qutbound, a (quasi-parallel) Bow Shock crossing was
identified in magnetometer data from 02.30 to 03.05 SCET
(Neubauer et al., 1986), and this (broad) transition is
indicated in Fig. 8 by vertical dotted lines and by the letters
BW. Also, the Halley interaction region was reported to
be emersed in an intense magnetosonic wave field, the
outermost edge of which was exited by the spacecraft
at about 03.40SCET (Glassmeier e¢ al., 1987). The flux
profiles recorded in energetic particles outbound after

Closest Approach were characterized by high intensities
and varying levels in all directions. A rather minor
enhancement (Fig. 8) was associated with the reported
location of the outbound Bow Shock itself. Thereafter, a
general dip in fluxes in every direction preceded transition
of the end of the magnetosonic wave field at 03.40 SCET.
The flux levels thereafter rose again in every direction,
and fluctuating, high level counts (not shown) remained
a feature until the end of the mission at approximately
03.00 SCET on 15 March, 1986. It was reported by Kirsch
et al. (1991) that the escape of particles along the magnetic
field vector at the quasiparallel shock, resulted in these
particles acting to “‘supplement” an already existing popu-
lation of locally accelerated particles, thereby producing
a well-defined anisotropy at Halley in the outbound, rela-
tive to the inbound, flux levels.

3.2. Pitch angle distributions at the Halley Mystery
Boundary Transitions

Figures 9 and 10 present scatter plots of counts vs. pitch
angles generated for EPONA Channel 2, omnidirectional,
data measured at Halley’s comet pertaining to various
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Fig. 7. A pair of energy spectra (phase space density as a function of particle energy) calculated and
transformed into the solar wind frame on the assumption that mass = 16 amu, appropriate to the
time intervals 15.00.36-15.10.00 SCET and 15.32.00-15.42 .00 SCET on 10 July, 1992. At these times,
Giotto was respectively “‘just downstream” and “just upstream’’ of the inbound and outbound shocks
of comet P/Grigg—Skjellerup. The dotted lines are the least square fits of the power law spectra

5 min intervals within the periods 21.40-22.20 SCET on 13
March, 1986 and 01.05-01.45SCET on 14 March, 1986,
respectively. MBTs were identified by the JPA and RPA
experimenters to occur within these intervals at 21.44—
22.00 SCET on 13 March, 1986 and at 01.15-01.31 SCET
on 14 March, 1986, respectively (see Section 3.1). The
scatter plots appear as vertical lines because only magnetic
data with 1 min averages were available and, thus, we do
not see the continuous variation in pitch angle charac-
terizing the corresponding G-S plots (compare with the
1 s data presented in Figs 5 and 6).

Plot 9 shows a pitch angle change from anti-parallel to
parallel to 90° going through the inbound transition, while
the outbound transition (Fig. 10) shows a change from,
essentially, parallel to 90° flow. There is a suggestion in
the data obtained, outbound, on 14 March, 1986 of
“flapping” of the Mystery Boundary, compare plots 3
(recorded from 01.15-01.20) and 7 (recorded from 01.35—
01.40 SCET) which show mutually similar distributions.
These records obtained at Halley, and complementary
data obtained at G-S (see Section 2.3), are discussed in
Section 4.2.

3.3. The central region of comet Halley
The large Cavity Spike recorded near Closest Approach

at comet Halley was studied by Kirsch ez al. (1993) and
explained in terms of the acceleration in the electric field of

a current layer surrounding the Pileup Region of multiple,
charged, dust particles (107 '®-10"%g), foltowed by their
impact on the detectors to produce the observed peak
(semiconductor detectors are microphonically sensitive
and can produce false pulses during a mechanical
disturbance).

3.4. Energy spectra at Halley

Figure 11 (left-hand side) shows an energy spectrum re-
corded in association with the inbound Halley Bow Shock
which was traversed, see the magnetometer data of Neu-
bauer et al. (1986), between 19.22 and 1933 SCET. This
spectrum, which was measured between =~~19.24 and
1938 SCET, has a spectral index of 4.10. An earlier spec-
trum (not shown) recorded in the Foreshock Region,
which was well defined in energetic particle data from
18.20-19.10 SCET, had a spectral index of 3.34, and a
later spectrum recorded somewhat deeper within the
Cometosheath between 19.36.54 and 19.47.31 SCET (pub-
lished by McKenna-Lawlor et al. (1989)) had a spectral
index of 3.6.

As noted by Kirsch ez al. (1991), the Foreshock region
was observed at a time when sin’ « was very small (where
o = the angle between the solar wind and the magnetic
field direction). Also, the angle 8gy was ~40° (where
Oy = angle between the magnetic field vector and the
normal to the shockfront), thereby indicating that the
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inbound shock was quasiparallel. This latter circumstance
precludes the possibility that the shock drift mechanism
described by Armstrong et al. (1985) played a role in
accelerating the particles, since this process requires the
shock to be quasiperpendicular. It is thus reasonable to
conclude, using the model of Gombosi et al. (1989) already
invoked in the “outbound” case at G-S (see Section 2.5),
that the Foreshock at Halley served as a region of diffus-
ive—compressive acceleration for cometary ions already
accelerated by the Second Order Fermi process. (It is
noted that the diffusive-compressive acceleration achiev-
able by this mechanism is limited, in individual cases,
by the particular solar wind convection time locally
pertaining.)

Outbound, in magnetometer data, a region of increased
fluctuation identified from 02.30 SCET was interpreted by
Neubauer et al. (1986) to signify the commencement of
spacecraft traversal of an extensive quasiparallel shock on
the dawn side of the interaction region. This structure was
later shown from the magnetic data to have a thickness
of 120000 km and it was referred to as a *““draping shock”
(Neubauer ez al., 1990). Figure 11 (right-hand side) pre-
sents an energy spectrum recorded in energetic particle
data within this shock from ~02.40-02.50 SCET (spectral
index 5.87).

It was reported by Glassmeier et al. (1987) that, at

comet Halley, large amplitude, low frequency, magnetic
field fluctuations with a quasiperiodicity of 3—4min,
suffused the upstream region and the region between the
shock transitions, and continued to be present along the
spacecraft trajectory after the traversal of the outermost
boundary of the outbound shock until about 03.40 SCET.
Spectra recorded between 02.40 and 03.40SCET all
showed roughly the same spectral index and, thereafter,
the measured index immediately dropped to 3.71 (Kirsch
et al., 1991). It can be inferred that the transit time damp-
ing mechanism described by Fisk (1976) (a process
whereby particles are accelerated by interacting with
magnetosonic waves), combined with Second Order
Fermi acceleration, is likely to have produced the accel-
eration observed in association with the outbound shock
transition. See also Section 2.5.

4. Discussion

The observations presented in Sections 2 and 3 are dis-
cussed in the present section, with particular regard to (i)
the relationship between signatures of the Bow Wave/Bow
Shock/ForeShock transitions recorded in energetic par-
ticles at G—S and complementary signatures recorded by
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other instruments of the Giotto ‘“particles and fields”
payload; (ii)) MBTs in energetic particle data; (iii) the
inferred composition of the inner region of G-S; (iv) the
energization of particles close to G-S and Halley and (v)
similarities and differences between the signatures re-
corded at G-S and at Halley in energetic particles.

4.1. Signatures of Bow Wave/Bow Shock/Foreshock
transitions at Grigg—Skjellerup

It can be inferred, through comparing the energetic par-
ticle (EPONA) records with complementary data re-
corded by the various particles and fields instruments on
Giotto (RPA, IMS, JPA and MAG) at around the time of
the G-S Bow Wave crossing, that all of these instruments
sensed a transition region, inbound, between the undis-
turbed solar wind and the cometosheath. The apparent
width of this transition region, taking all of the reported
data into account, is estimated to be about 9200 km
(approximately the gyroradius of a 100keV water group
ion in the prevailing =20 nT magnetic field). The different
transition times reported by individual experimenters is
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accounted for (a) by the nature of the various measure-
ments made to detect the boundary (i.e. using magnetic
fields, low energy electrons and low and high energy ions
at time resolutions particular to the individual instru-
ments) and (b) by directional effects.

At both the inbound and outbound Bow Wave and
Bow Shock transitions, enhanced signatures in energetic
particles were, in each case, recorded approximately
4600 km deeper inside the comet than the Jocations of the
Bow Wave and Bow Shock crossings reported in mag-
netometer data, i.e. at a distance of about half the gyro-
radius of a 100 keV water group ion in the, average, ambi-
ent magnetic field. The outbound Bow Shock presented a
sharp boundary transition in the data of all of the particles
and fields instruments. A Foreshock was detected out-
bound in energetic particles (15.49-16.03 SCET), char-
acterized by somewhat irregular, but well-defined, fluc-
tuations relative to those variations recorded further
downstream. Although, at 15.49 SCET, a steep gradient
in the magnetic field magnitude (the Bow Shock Ramp)
was recorded in magnetic data outbound, accompanied
by a corresponding jump in electron related parameters,
no accompanying enhancement was recorded in energetic
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Fig. 9. Scatter plots of omnidirectional counts in EPONA Channel 2 vs. pitch angle for 5 min intervals
within the period 21.40-22.20 SCET on 13 March, 1986, spanning the reported time in JPA data of
the inbound (21.44-22.00SCET on 13 March, 1986) Mystery Boundary Transition by Giotto at

Halley’s comet (continued)
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Fig. 9—continued

particle data (see Fig. 3). The observations also indicate
that, outbound, the gyrotropic motion of the energetic
ions recorded by EPONA at G-S ended 5 min earlier than
that of the low energy electrons identified by the RPA
experimenters (Reme et al., 1993).

4.2. Characteristic signatures of Mystery Boundary
Transitions in energetic particles

There is a suggestion in the Halley energetic particle rec-
ords that slightly enhanced fluxes may have characterized
the locations of the Mystery Regions identified in RPA
and JPA data. At G-S, where the Mystery Regions ident-
ified in RPA and JPA data extended on the one side from
the Bow Wave to the MBT and on the other side from the
corresponding MBT out to the Bow Shock, the energetic
particle fluxes recorded in these regimes in (T1,53) were
elevated relative to those fluxes recorded between the
MBTs.

The present study presents the first ever report in ener-
getic particles of MBTs (recorded in G-S data). The pres-
ence of these boundaries is inferred from the observation
of pattern changes in particle fluxes recorded in the
measurements of T1, S3 (the closest viewing sector to the

Sun). The variations concerned are correlated, within the
time resolution of the reported observations, with MBTs
reported in JPA data.

EPONA Channel 2, omnidirectional counts plotted ver-
sus pitch angle during intervals spanning MBT's at Halley
show (inbound) a change in pitch angle from anti-parallel,
to parallel to 90°, while outbound there was a change
from, essentially, parallel to 90° flow (see Section 3.2).
Corresponding plots obtained at G-S showed, albeit less
clearly, the same effect (see Section 2.3). The data suggest
that, in each case inbound, a component of the EPONA
Channel 2 particles may have exhibited “mirroring”,
thereby producing an identifiable change from a trapped
to a “flowing” distribution as the magnetic field piled up
close to each comet. There are a number of factors that
would tend to obscure such an effect, e.g. variability in
the generally enhancing background magnetic field ; the
width of the energy channel utilized (97-144 keV for water
group ions); the 45° opening angle of each measuring
sector ; flapping of the boundary, etc. Also, the plots pre-
sented are computed for a single energy and do not take
into account the Compton-Getting effect. Nevertheless,
there is a clear indication of a change in the flow direction
in the vicinity of boundaries (MBTs) associated with entry
to a central regime at each comet characterized by the
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presence of relatively heavy ions. Outbound, “flowing”
distributions were identified downstream of the Boundary
Transitions, thereby revealing a difference between the
inbound and outbound measurements.

A more detailed analysis of these data in a subsequent
paper will take into account energy transformation effects
when considering the pitch angle distributions.

4.3. The inner region of Grigg—Skjellerup

The fact that the magnetic field magnitude did not sig-
nificantly change from one side to the other of the MBTs
while the quasiperiodicity displayed by the fluxes
increased by a factor of about 1.8 relative to the value
recorded in the cometosheath inbound, allows us to sug-
gest that, while the majority of ions close to the comet are
of the species M = 16-18 amu, the peaks between the
MBTs are due to ions with masses in the approximate
range M = 28-33amu, see Section 2.4. Candidate com-
etary pickup ions might be OF, CO*, N3* or NO* (see
also below) which, through the additional acceleration
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processes now known from in situ measurements to be
typically present in cometary environments, gained
sufficient energy to be recorded in the low energy channels
of EPONA (see Section 2.5). In considering these, and
other, candidate possibilities, it is recalled that Balsiger et
al. (1986), on the basis of data recorded with the Giotto
Ion Mass Spectrometer (IMS), reported a pileup of heavy
ions at a distance of approximately 10* km from the Halley
nucleus and commented on a notable lack of nitrogen in
the coma. Studies by Korth er al. (1987) of the com-
position and radial dependence of cometary ions at Halley
conducted using the Giotto heavy ion analyser (RPA2-
PICCA) indicate that, while water group ions dominated
the overall composition in the inner coma of this comet,
the second most abundant ions detected were of the CO
group. More recently, Geiss et al. (1991) established an
absolute mass scale that enabled ions in the mass per
charge range 25-35amue™" to be identified in IMS Halley
data. This study shows that ions resulting from pro-
tonation of molecules with high proton affinity were rela-
tively abundant, and relative source strengths for H,, CO,
CH,, OH, HCN and H,S were estimated. Although comp-
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Fig. 10. Scatter plots of omnidirectional counts in EPONA Channel 2 vs. pitch angle for 5min
intervals within the period 01.05-01.45 SCET on 14 March, 1986, spaning the reported time in JPA
data of the outbound (01.15-01.31 SCET on 14 March, 1986) Mystery Boundary Transition by

Giotto at Halley’s comet (continued)
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Fig. 10—continued

lementary observations at G—S are not available, the infer-
ence made from energetic particle data that heavy ions in
the range 28-33 amu were present close to G—S appears,
from the Halley composition measurements, to be
reasonable.

Between the MBTs in the data of Channel 1 (T1,S3),
G-S displayed very stable structures with decreas-
ing/increasing “matching” amplitudes (less clearly defined
outbound) about a centre of symmetry at 15.20 SCET.
The charge exchange mechanism can be invoked to
explain the marked fall off, and later rise, in overall ion
amplitudes recorded by T1,S3 during the spacecraft tra-
versal of the inner region of this comet, see the analysis
of complementary Halley data by McKenna-Lawlor and
Verigin (1993¢). However, only the sunward related sec-
tors 3 and S showed minimum counts. The data of Sectors
1,2, 4, 6,7 and 8 all displayed minor flux increases at
Closest Approach.

The enhanced fluxes recorded in representative Channel
1 (T1, S1) were nearly a factor of 10 lower than those
recorded in Channel 1 (T1, S3). They displayed well-
defined fluctuations in counts and the enhancements con-
cerned were clearly produced by energetic particles rather
than by dust. The highest fluxes occurred outside the

Pileup region (recorded in magnetometer data between
15.17 and 15.20SCET), and there was no distinct cor-
relation between the particle peaks and associated pitch
angle determinations. It can be inferred that some
process/es was operative at this location which was not
fully controlled by the magnetic field. It would be expected
that the scattering of particles from the ring distribution
that pertained until just before the Bow Wave inbound
(reported in JPA data ; Coates et al., 1993a, 1993b), would
result in the detection by EPONA of pickup ions in sectors
other than S3. Interpretation of the data is, however,
complicated by the possible disturbing influence on the
measurements of the piled up magnetic field around the
comet nucleus (McKenna-Lawlor er al., 1993b). The
impact of a dust particle with the spacecraft also disrupted
the data recorded in some of the sectors near the time of
Closest Approach. A detailed study to determine the role
played by pitch angle scattering on the disposition of the
particles recorded in all directions at Closest Approach,
having regard to the complicating factors mentioned
above, is presently planned, It may be that this inves-
tigation will provide, at the high time resolution of the
instrument, a picture of the “global” configuration of the
fluxes which will enable us to deduce from these data if
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Fig. 11. A pair of energy spectra (phase space density as a function of particle energy) calculated and
transformed into the solar wind frame on the assumption that mass = 16 amu, appropriate to the
time intervals 19.24.03-19.38.00 SCET on 13 March and 02.40.02-02.50.00 SCET on 14 March, 1986.
At these times, Giotto was traversing, respectively, the inbound and outbound shocks of comet
P/Halley. The dotted lines are the least square fits of the power law spectra

the spacecraft traversed the comet downstream or
upstream of the nucleus.

4.4. The energization of particles close to Grigg—
Skjellerup and Halley

In conformity with their different gas emission rates, the
fluxes of energetic particles measured at comets G-S and
Halley differed by a factor of 102. However, the ion ener-
gies measured by EPONA in the environments of both
comets were the same (measured range 60 to >260keV
for water group ions). This is, in each case, considerably
in excess of the maximum energy attainable by the pickup
process acting alone under the prevailing interplanetary
conditions and it can be inferred that an additional mech-
anism/s must have been operative to thus energize the
particles.

Comparisons between measured and theoretical spectra
pertinent to the upstream regions of comets Giacobini—
Zinner and Halley (Richardson ef al., 1987 ; McKenna-
Lawlor et al., 1989; Ip and Axford, 1986, 1987), show
that there are limitations to the efficiency of Second Order
Fermi acceleration upstream of the Bow Shock. In par-
ticular, the mean free path corresponding to random scat-
tering by Alfven waves appears to be of the order of 30
ion gyroradii upstream of Halley, and this situation may
be interpreted in terms of a weak energy diffusion process.
See also the review of acceleration mechanisms near a
comet by Coates (1991), and the comparison between

experimental and modeled data performed by Huddleston
et al. (1992).

In the present study it was shown (see Sections 2.5 and
3.4) that, at G-S outbound and at Halley inbound a
model developed by Gombosi et al. (1989) of diffusive
compressive acceleration in the Foreshock region of par-
ticles already accelerated by the Second Order Fermi pro-
cess, provides a reasonable explanation of the exper-
imental data. Inbound at G-S, and outbound at Halley,
the additional acceleration of particles already accelerated
by the Second Order Fermi Process through their inter-
action with magnetosonic waves close to the shock, pro-
vides a reasonable explanation of the observations.

Clearly, each individual case (taking account of both
inbound and outbound transitions) should be considered
when discussing how particles are accelerated close to
cometary shocks since the circumstance of whether a par-
ticular shock is quasiperpendicular or quasiparallel will
effect the outcome, as will the presence or absence of large,
local, fluctuating wave fields, the production of which, in
turn, depends on the gas production rate of the comet
concerned.

It should be noted that other mechanisms for acce-
lerating particles in close cometary environments can be
operative in addition to shock related enhancements. Ip
and Mendis (1976), Niedner and Brandt (1978), Ip and
Axford (1982) and Russell et al. (1986) for example pre-
dicted that magnetic field line merging could be realized
in a cometary magnetosphere, and evidence for such a
process at Halley was provided by Kirsch et al. (1989a)
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on the basis of EPONA data. Also, the Shock Drift Accel-
eration Mechanism of Decker and Viahos (1986), com-
bined with the First Order Fermi Process, was suggested
by Kirsch ez al. (1989b, 1990) to be responsible for the
production of a spike recorded by EPONA from
06.45SCET to ~09.00 SCET on 14 March 1986 during
the Giotto outbound pass.

4.5. The outgassing rates of Grigg—Skjellerup and Halley
and conditions in the interplanetary medium at each comet

Three important factors basic to differences identified in
the energetic particle signatures of comets G-S and Halley
are the following (i) the low outgassing rate of G-S,
namely Q = 7.5+ 1.5 x 10 water group mols™! (John-
stone et al., 1993), as compared with the corresponding
value at Halley, Q@ = 6.9x10”® water group mols™'
(Krankowsky et al., 1986); (ii) the unusually high Alfven
speed (105+20kms™") pertaining at G-S, caused by an
exceptionally strong interplanetary magnetic field
(16 + 1 nT) associated with an interplanetary structure (a
Co-rotating Interaction Region; Kirsch et al., 1996) in
which G-S was emersed during the encounter; (iii) the
orientation of the interplanetary magnetic field which,
unusually, was such that the angle between the solar wind
velocity and the magnetic field vector was close to 90°
during most of the G—S encounter, thereby rendering the
pickup geometry especially simple.

In consequence of the factor of approximately 100
between the gas production rates (Q) of Halley and G-S,
the sizes of their respective interaction regions were sig-
nificantly different. Thus, at Halley, the shock transitions
inbound and outbound were found at distances of
1.15x 10° and 0.6 x 10°km respectively from the comet
nucleus whereas, at G-S, the corresponding distances
were about 19900 and 25 500 km, respectively (Neubauer
et al., 1993a). The intrinsic length scales of the plasma
(e.g. the pickup ion gyroradius; the distance a freshly
created ion travels due to the streaming solar wind, etc.)
were, meanwhile, independent of the gas production rate.
As described by Neubauer er al. (1993b) and Motschmann
and Glassmeier (1993), a small ratio of interaction to
intrinsic scale length may cause the pickup ion phase space
density to become nongyrotropic. This has the consequence
of coupling the gyrotropic eigenmodes, thereby driving
instabilities that effect the character of the waves in the
close cometary environment. The plasma wave activity at
G-S was notable for the simple, regular and high ampli-
tude waveforms recorded in the data of the various par-
ticles and fields instruments on Giotto. The frequency of
these waves was close to the water group ion cyclotron
frequency and the nature of the waves was deemed by
Neubauer er al. (1993b) to be related to the ring and
nongyrotropic distributions identified by Coates et al.
(1993b) in JPA data. The frequency of the waves was close
to the ion cyclotron frequency because the angle between
the interplanetary magnetic field and the solar wind flow
was close to 90° during most of the G-S encounter, a
configuration which is consistent with the bispherical ion
distribution derived by Johnstone (1995).

Overall, similarities and differences observed between
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G-S and Halley in the various data sets are a consequence
of the difference between the gas production rates of these
two bodies, and of differences in those interplanetary cir-
cumstances pertaining at the time of spacecraft encounter.

4.6. Comparisons between the signatures recorded at
Grigg—Skjellerup and at Halley in energetic particles

Because of the different flyby geometries, the inbound
(outbound) pass of the Giotto spacecraft at G-S cor-
responds to the outbound (inbound) pass at comet Halley.
Comparison of relevant records reveals that the Fore-
shocks detected in energetic particles at G-S and at Halley
were recorded, in each case, on the same ““dusk” side of
the comet—sun line, if one envisages a direct rotating body
instead of the comet. (It is noted that a similar dusk/dawn
asymmetry in magnetic field and electron plasma data
was reported with respect to the inbound/outbound shock
boundaries at G-S and at Halley by Mazelle er al. (1995).)

A marked anisotropy was detected at Halley in the
recorded level of outbound relative to inbound energetic
particle fluxes. No such anisotropy was observed at G-S.
It was reported by Kirsch er a/. (1991) that, at Halley, the
escape of particles along the magnetic field vector at the
quasiparallel outbound “draping”™ shock was facilitated
by a lowering of pitch angles associated with the operation
of the transit time damping mechanism at this location.
In consequence, the escaped particles supplemented the
existing fluxes of locally accelerated particles to produce
the observed outbound asymmetry.

It is an interesting feature, given in each case the rad-
ically different ratio of the pickup scale length to the size
of the comet obstacle, that the Bow Wave/Bow Shock
transitions identified in particles and fields data at G-S
occurred in analogous locations to those recorded at
Halley. The MBTs identified at G-S in energetic particles
were thin structures relative to a cometary ion gyroradius,
and their relative positions in the cometosheath cor-
responded fairly closely to those identified at Halley in
JPA and in RPA data.

At G-S, because of its low Q value, the energetic ions
recorded by JPA exhibited nongyrotropic behaviour close
to the shock transitions, while no such effect was observed
in the Halley data. At G-S (outbound) the gyrotopic
motion of the energetic ions recorded by EPONA ended
Smin earlier than the corresponding motion of the low
energy electrons recorded by RPA.

Pitch angle data indicate that, inbound at G-S and at
Halley, the Mystery Boundaries were spatially associated
with transitions from trapped to “flowing™ distributions
of water group ions, suggesting mirroring of these par-
ticles in the magnetic field piling up around each comet.
Outbound, in contrast, “flowing” distributions were
identified downstream of the MBTs at each comet.

In EPONA data at comet Halley, signatures of ion
cyclotron waves were only prominent in the particle fluxes
near the inbound and outbound Bow Shock (Kirsch et al.,
1991), whereas high amplitude wave forms were present in
the energetic particle data throughout the encounter of
Giotto with G-S. This was a consequence of the large
wave fields present at G-S, as reported by Glassmeier



1140

and Neubauer (1993) and Neubauer ez al. (1993b). The
possibility to detect MBTs through changes in the qua-
siperiodicity of particle fluxes, thus did not exist during
the Halley transition. A well-defined drop in particle fluxes
in three directions at the position of the MBT (outbound),
and a less pronounced drop at the inner edge of the MBT
inbound, was observed. The outbound MBT at G-S was
also characterized by low fluxes. This effect was less pro-
nounced inbound.

At comet Halley the presence of a large Cavity Spike
near Closest Approach was interpreted by Kirsch et al.
(1993) to be associated with the impact on the detectors
of accelerated, charged dust particles. The absence of evi-
dence of a Cavity Spike at G-S is a consequence of the
relatively dust free nature of this comet.

At Halley, the initial highly anisotropic character of the
inbound particle fluxes was substantially reduced near
Closest Approach in consequence of the appearance, in
this vicinity, of enhanced fluxes from the A-Sun and from
the West. Outbound, rather high levels of fluxes were
observed in all directions. At G-S, the inbound and out-
bound fluxes were also highly anisotropic (McKenna-
Lawlor et al., 1993a). At Closest Approach very slightly
enhanced counts were recorded in all but the sunward
directions.

5. Conclusions

The energetic particle experiment EPONA on Giotto rec-
orded, in general, the same cometary boundaries (Bow
Wave, MBTs and Bow Shock) at G-S as those identified
by the MAG, RPA, IMS and JPA experiments. Mech-
anisms, in addition to the Second Order Fermi Process,
inferred to contribute to the enhanced energization of
cometary ions close to the Bow Wave and Bow Shock
surfaces at G-S included, as at Halley, diffusive com-
pressive acceleration in the Foreshock region and transit
time damping. The present paper contains the first report
in energetic particles, based on G-S and Halley data, of
MBTs. It is inferred that heavy ions were present in the
inner region of G-S.

Although the characteristic boundaries identified by
the particles and fields instruments at G-S occurred in
analogous locations to those identified at Halley, many
differences have been observed between the boundary sig-
natures recorded in energetic particles at each comet. This
is attributed (a) to differences of the order of 100 between
the Q values of each comet, and (b) to differences in
the interplanetary circumstances pertaining during each
encounter.
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