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Abstract

The Plasma Experiment for Planetary Exploration (PEPE) made detailed observations of the plasma environment of Comet 19
during the Deep Space 1 (DS1) flyby on September 22, 2001. Several distinct regions and boundaries have been identified on bo
and outbound trajectories, including an upstream region of decelerated solar wind plasma and cometary ion pickup, the cometary
a sheath of heated and mixed solar wind and cometary ions, and a collisional inner coma dominated by cometary ions. All of thes
were significantly offset to the north of the nucleus–Sun line, suggesting that the coma itself produces this offset, possibly becau
collimated large dayside jets directed 8◦–10◦ northward from the nucleus as observed by the DS1 MICAS camera. The maximum ob
ion density was 1640 ion/cm3 at a distance of 2650 km from the nucleus while the flow speed dropped from 360 km/s in the solar wind to
8 km/s at closest approach. Preliminary analysis of PEPE mass spectra suggest that the ratio of CO+/H2O+ is lower than that observed wit
Giotto at 1P/Halley.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Previous in situ measurements of the plasma envi
ments of cometary comae have been obtained during
counters with Comets 21P/Giacobini–Zinner (GZ; encou
on 9/11/85 at 1.03 AU;Q = 2×1028 molecules/s), 1P/Halle
(five encounters took place from 3/6/86 to 3/14/86
0.79 to 0.89 AU, respectively;Q = 1 × 1030 to 7 ×
1029 molecules/s, respectively); and 26P/Grigg–Skjeller
(GS; encounter on 7/10/92 at 1.01 AU;Q = 7 × 1027 mol-
ecules/s). These data, combined with theory and model
have established the current understanding of coma
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phology and dynamics. What has emerged is that a w
bow shock or compressional wave forms in supersonic
mass-loaded solar wind plasma as it approaches the
coma. Inside the shock, there are several distinct c
sional and magnetic boundaries (for reviews see Me
et al., 1986; Ip and Axford, 1990; Cravens, 1991; Klu
mer, 1991; Neubauer, 1991; Schmidt and Wegmann, 19
In addition to standard coma features, there are also
nificant differences among the observations that can b
tributed to several factors. For one thing, total nucleus
and dust production rates, as well as solar wind para
ters, have been different during each encounter. In addi
nucleus properties such as spin rate, spin axis orienta
and spatial distribution of gas and dust production can c
tribute to variations in coma morphology (Sekanina, 19
Huebner et al., 1991). Finally, the nature of the solar wi
comet interaction is very dynamic, making it difficult
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consistently identify characteristic boundaries and feat
during a single, rapid spacecraft traversal of the coma.

In this paper we present observations of the coma
comet Borrelly, which show a number of morphological
pects not reported previously, but that may be character
of active comets having highly non-uniform gas product
rates across the surface of the nucleus, which appears
the case at Borrelly (Soderblom et al., 2002).

Cometary gases, mainly water, expand outward from
comet nucleus at speedsVn ∼ 1 km/s. Far from the nucleus
solar UV photons ionize these molecules on character
time scales of 104 ∼ 1.6 × 106 s, corresponding on averag
to ∼ 105 km from the nucleus, at the heliocentric distance
Borrelly, (1.36 AU; nearer the nucleus other processes s
as charge exchange become important). New ions are cr
at rest with respect to the solar wind in the spacecraft fra
of reference. They are accelerated (“picked up”) by the s
wind electric fieldEsw = −Usw × Bsw, whereUsw is the so-
lar wind velocity in m/s andBsw the vector magnetic field in
tesla. The maximum pickup energy of an ion of massM (in
AMU) is given by Emax = 0.021M(Vs sinθ)2, whereVs is
the solar wind velocity in km/s, andθ is the angle betwee
solar wind flow velocity and the local magnetic field dire
tion. Thus the energy of singly-charged pickup ions va
from zero to∼ 4 keV/nucleon in the spacecraft frame. O
important effect of the pickup process is that the addit
of heavy ions initially at rest reduces the speed of the s
wind. The other is that intense plasma waves are gene
in the process of ion pickup, causing wave–particle inte
tions that couple the collisionless solar wind and come
plasmas to each other.

Pickup cometary ions are initially cold and nearly statio
ary relative to the neutral gas of the comet, but in the s
wind frame of reference appear to be hot, creating a
row ring-beam distribution in that frame. Such a distribut
is unstable, leading to the generation and growth of l
frequency waves. Wave-field fluctuations are large eno
to cause ion pitch angle diffusion and scattering (the do
nant process depending on the intensity of the fluctuatio
instigate fluid instabilities, and lead to second-order Fe
acceleration of ions to hundreds of keV. (Papers by Gar
al., 1986; Ip, 1988; Johnstone et al., 1991; Yoon and W
1991; Coates et al., 1993; Huddleston et al., 1994; Ts
tani, 1991; Tsurutani et al., 1995, summarize various asp
of these processes.) Depending on gas production rate
solar wind conditions, a bow shock (Balsiger et al., 19
Johnstone et al., 1986; Balsiger, 1989; Schmidt et al., 19
or bow wave (Thomsen et al., 1986) may form in the ma
loaded solar wind, slowing the solar wind further, diverti
plasma flow around the dense inner coma, and heating
streaming plasma. In addition, an inner shock or comp
sional wave may form (Gombosi, 1987). As the flow pe
etrates deeper into the coma, neutral gas density bec
sufficiently high that ion-neutral particle collisions beg
to dominate fluid and chemical characteristics of the fl
(Gombosi, 1987; Cravens, 1991; Reme, 1991; Huebne
e

d

d

s

al., 1991; Haberli et al., 1995, 1997). The region where
occurs is termed the collisionopause (several such bo
aries could be defined depending on the collisional pro
of interest, see Gombosi (1987) and Cravens (1991)). A
the central axis of the comet–Sun line, solar wind fl
eventually drops to a few km/s, the flow nears stagnatio
and slips around a flow boundary called the cometopa
(Cravens, 1991). Since the slowing plasma flow carries m
netic field with it, magnetic flux piles at this boundary, c
ating a diamagnetic cavity inside.

Over the past 16 years a total of seven spacecraft
cluding DS1, have madein situ observations of the nea
perihelion plasma environments of four different come
21P/Giacobini–Zinner, 1P/Halley, 26P/Grigg–Skjeller
and now 19P/Borrelly. Gas production rates of the f
comets varied over two orders-of-magnitude at the t
of observation. Comet GS, visited by the Giotto spa
craft in July 1992, had a relatively low production ra
of 7.5 × 1027 mol/s but was a surprisingly rich sourc
of plasma physical phenomena nonetheless (Coates e
1993; Johnstone et al., 1993; Schmidt et al., 1993).
Borrelly production rate during DS1 encounter was roug
four times higher at 3.5× 1028 mol/s (Weaver et al., 2003
Schleicher et al., 2003; Szabó et al., 2002), and roug
equal to that of Comet Giacobini–Zinner (GZ) during t
International Cometary Explorer (ICE) observations in S
tember 1985 (Cravens, 1991). Comet Halley’s produc
rate was 7 to 10× 1029 mol/s during the Giotto, Vega 1
and 2, Suisei, and Sakigake encounters in March 1986 (
rutani et al., 1995), or roughly 20 to 30 times that of Borre
ICE observations were made 7800 km downstream from
nucleus of GZ.

At GZ, a compressional bow wave and turbulent mag
tosheath region were observed, but there was no evid
for a shock. However, plasma instabilities and strong M
turbulence were very much in evidence, a rather surpri
finding at the time (Gary et al., 1986; Bame et al., 19
Ip, 1988). Morphologically, the cometary ion tail of GZ w
found to be closely centered on the nucleus–Sun axi
within ∼ 500 km (Bame et al., 1986; Mendis et al., 198
The two Vega spacecraft passed inside 9000 km upstr
of Halley’s nucleus while Giotto came within 600 km. A r
view of these observations by Balsiger (1989) identifie
weak upstream bow shock∼ 1.1 × 106 km from the nu-
cleus (measured along the spacecraft trajectory, i.e., c
sponding to a subsolar distance of∼ 0.55× 106 km). At the
shock there is a sudden drop in bulk flow velocity, and
increase in the density of both protons and cometary i
At ∼ 8 × 104 km from the Halley nucleus, a collisiona
boundary was observed in which magnetic field inten
increased, the density of protons and He2+ decreased, th
density of cometary ions increased, and the inward flow
plasma stagnated (Balsiger et al., 1986; Shelley et al., 1
Haberli et al., 1995).

Inside the collisionopause (roughly∼ 105 km from the
nucleus at Halley) two- and even three-body collisions be
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to occur, setting off a wide range of complex physical a
chemical processes including charge transfer, ion-ne
collisions and electron impact ionization (Ip and Axfo
1990; Cravens, 1991; Haberli et al., 1995, 1997). Cha
transfer reduces the ionized component of the solar w
and is greatest where the ion mean free path (∼ R3), begins
to decrease rapidly (Gombosi, 1987). Ion-neutral collisi
lead to momentum exchange (Gombosi, 1987; Haberli e
1995, 1997) and formation of the collisionopause roug
at the point where the solar wind mean free path is com
rable to the distance to the nucleus (Ip and Axford, 19
Cravens, 1991). At Borrelly,RC is estimated to be inside th
DS1 closest approach distance. Depending on the ba
between pressure generated by gas outflow from the nu
and that caused by the inflow of plasma and magnetic fi
a sharply demarcated magnetic cavity may form. Altho
observed by spacecraft at Halley and possibly downstr
of the nucleus at GZ, the magnetic boundary at Borrelly
most likely located within a few hundred km of the nucle
well inside the DS1 closest approach distance of 2171 k

2. Instrumentation

The PEPE instrument consists of separate ion and
tron spectrometers that simultaneously measure the en
and angular distributions of electron and ion fluxes, and
composition of ions (Young et al., 2003). PEPE measu
electron and ion energy/charge (E/q) from 8 to 33,000 eV/q
with a resolution (�E/E) of 0.07. Directions of arrival ar
measured over a field-of-view covering±45◦ in elevation by
360◦ in azimuth or roughly 70% of the unit sphere. The el
tron FOV is divided into 256 pixels each 5◦ ×22.5◦ whereas
the ion FOV is divided into 256 pixels varying from 5◦ × 5◦
to 5◦ × 45◦ opposite the solar wind direction. During th
flyby PEPE was oriented such that the solar wind and co
velocity vectors were within the FOV, and were in or n
the finer resolution ion pixels.

Energy and angle parameters are sampled by fixing th
strument on an energy step, scanning the elevation by±45◦
and then advancing to the next energy step. Each scan o
gle requires 0.51 s, yielding a complete scan in angle
energy once every 65.5 s. At each ion energy and an
the time-of-flight (TOF) mass spectrometer builds up an
spectrum from which mass/charge (M/q) is derived over the
range 1 to 150 amu/q with a mass resolutionM/�M ≈ 20
at 10% of peak height (based on pre-encounter mea
ments of solar wind He++). Telemetry restrictions limit the
data returned to Earth to energy resolution of 0.15, an
lar resolution of 20◦ × 90◦ for electrons and 11◦ × 11◦ to
11◦ × 90◦ for ions. Composition data are returned as tim
of-flight spectra, summed over all energies and angles,
as energy spectra of selected ion species. In this pape
report primarily on ion observations. Electron data req
further analysis to remove the effects of spacecraft ph
electrons and spacecraft potential.
l

e
s

-
y

-

,

-

e

The PEPE time-of-flight unit consists of a ceramic cyl
der resistively coated on the inside surface. The resist
of the cylinder surface is carefully distributed so that wh
biased by equal negative and positive at the entrance
and the detector end, a linear electric field (LEF) is c
ated (McComas and Nordholt, 1990). The field is orien
to reflect incoming positively charged ions. In operati
the negative bias accelerates ions exiting the energy
lyzer into thin (∼ 1 microgram/cm2) carbon foils located
at the LEF entrance. As a result of collisions in the fo
incident ions scatter, lose energy, and change charge
exiting the foil as neutral atoms or as ions of either po
tive or negative charge depending on ion species and
energy entering the foil. Upon exiting the foils, ions (or ne
trals) knock out secondary electrons, which are collec
on a detector whose signal starts the time-of-flight (TO
measurement. In the case of oxygen, for example, the
ative ion yield is large (Funsten et al., 1993). Positive i
emerging from the foil with energies< 13 keV are reflected
by the LEF in such a way that their times of flight are
dependent of exit energy (McComas and Nordholt, 19
McComas et al., 1998). All other ions and neutrals tra
directly to the detector (Young et al., 2003). In the PEPE
sign, a single detector is used in contrast to two emplo
in a similar spectrometer on a similar instrument flown
the Cassini mission (McComas et al., 1998). The PEPE
design permits all three exiting charge states from the fo
be detected in the same TOF spectrum, facilitating de
volution. Further, the electric field accelerates negative i
producing a separate peak at shorter times of flight than
of the neutrals and LEF-reflected positive ions. During fli
operations, damage to the PEPE high voltage cylinde
duced mass resolution performance.

3. Observations

DS1 flew through the Borrelly coma on the sunward s
of the nucleus, moving from north to south relative to
plane of the ecliptic at a speed of 16.5 km/s relative to
the nucleus. The encounter geometry placed the ang
the DS1 trajectory at 8◦ relative to the ecliptic and approx
mately perpendicular to the Sun–nucleus line. The DS1
locity corresponded to 1080 km per instrument measurem
cycle of 65.5 seconds. Closest approach was at a dis
of 2171 km from the nucleus at 22:29:33 UTC, spacec
event time. During the DS1 encounter period from−10.5 hr
before CA to+7.5 hr after, DS1 was alternately pointe
towards Earth, a guide star located near Borrelly on
sky as seen from DS1, and the Borrelly nucleus (Raym
2002). (This paper uses decimal hours relative to CA so
12:29:33 UTC on September 22 corresponds to−10.5 hr,
CA = 0.0 hr, etc.) As seen from DS1, the spacecraft
proached the nucleus from above, i.e., from north of
ecliptic plane, at an asymptotic phase angle of 90◦.
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Fig. 1. PEPE total ion counting rate (coded as color) plotted as a function of ion energy in units of eV (ordinate) and time in hours (abscissa). Timnds
from 10.5 hours (6.3 × 105 km) before closest approach to 13.5 hours (8.1 × 105 km) after. Closest approach occurred at 22:29:33 UTC. At 00:31:30 U
on 23 September the DS1 ion propulsion system was started, causing the burst of first hydrazine and then xenon ions to be observed by PEPE. (
spacecraft event time.) The ion counting rate, C, is proportional to differential number flux,JE, through the relationC = J(E)EG, whereJ(E) is differential
ion flux in units of ions cm−2 s−1 sr−1 eV−1 and G is the instrument sensitivity.
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Figure 1 shows PEPE ion data in an energy-time sp
trogram format covering the entire encounter period. In
format color codes for ion flux intensity and all ion spec
regardless of mass are included. Solar wind He++ is the up-
per trace to the far left in the figure, while the lower, mo
intense trace, is H+. Although barely visible initially in the
figure, heavy ions can be seen from∼ 0700 UT onwards
at the top of the figure, indicating their high pickup ener
Features in Fig. 1 are similar to those in spectrograms sh
in Johnstone et al. (1986) and Coates et al. (1993). Tota
density measured during the Borrelly encounter is plotte
Fig. 2 and flow velocity in Fig. 3.

The density and velocity of the plasma can be ca
lated by taking statistical moments of the PEPE energy-a
spectra. This commonly used technique, however, requ
knowledge of the plasma composition to give accurate
sults. Rigorously, the values obtained from statistical m
ments are〈(q/m)1/2〉n andnv, wheren is the density,v the
velocity, and〈(q/m)1/2〉 the density-weighted mean of th
square root of the ions’ charge to mass ratio. An assume
measured composition is therefore required to determine
density and velocity. Our analysis of the PEPE data is ba
on the observed energy spectra of the dominant ion spe
specifically those of H+(TOF bins 47-88) and water grou
ions (TOF bins 151-458). Because the time of flight b
were summed over angle on the spacecraft (making t
less sensitive than energy-angle spectra integrated ove
species), and their absolute calibration is not as well kn
as the total-ion calibration, binned TOF data are not use
calculate moments. Instead, the energy spectra from sel
TOF bins are used to calculate only the relative abunda
of H+ and water group ions. From the shapes of the T
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Fig. 2. Total ion density measured by PEPE on September 22–23,
Closest approach occurred at 22:29:33. Density was calculated by t
statistical moments of the data (see text). The variations in density
spectrum to spectrum suggest the presence of strong plasma waves.

Fig. 3. Ion velocity measured by PEPE on September 22–23, 2001. A
inbound bow shock is visible near−3 hours. The stronger shock at+7
hours is interplanetary and unrelated to the comet.

spectra, we assume these are the dominant species, an
the water group ions have an average mass of 17 A
These data, combined with the moments of the energy-a
spectra, are then used to determine plasma density and
velocity.

Beginning with PEPE coverage at CA−6.3 × 105 km,
the solar wind density and velocity are 10–20 cm−3 and
340 km/s, the latter corresponding to a flow energy
604 eV. Assuming that pickup ions are on average mas
at this distance andVsw = 340 km/s, thenEmax is approx-
imately 41 keV. The solar wind velocity, before and af
the encounter, was essentially unchanged and the de
did not change substantially. This lends support to our c
clusion that any large change in plasma parameters
be caused by solar wind interactions with the coma,
not by the solar wind acting alone (Mendis et al., 19
Huddleston et al., 1994). A small interplanetary shock
curred on September 23 at+06.92 hr (Figs. 1–3), when DS
was+4.15× 105 km from the nucleus and well outside t
.

at

y

t

Fig. 4. Observed count rate of ions with energies above 10 keV. The da
lines show the 1 and 3 sigma statistical uncertainty. Cometary energeti
were observed between−7 and+5 hours of closest approach. The drop
the count rates near closest approach results from the slowing of the
and the mean particle energy dropping below the 10 keV threshold o
figure.

cometary shock. It therefore should have no bearing on
sults reported here.

At −9.33 hr and−5.88× 105 km from Borrelly, DS1
completed a turn to Earth-pointing attitude from its thrust
titude. This orientation centered the PEPE FOV on the s
wind ram direction for the first time during the encounter
quence. In this more favorable viewing attitude, pickup i
above 10 keV/e (Fig. 4) first began to appear.

The initial mean pickup ion energy was above the PE
limit of 33 keV, consistent with expectations for the pick
process far from the comet. Similar fluxes of 10 to 33 k
ions were observed until+3.6×105 km on the outbound le
(Table 1). Farther along the inbound leg, at−4.26× 105 km
(−7.08 hr) there is a jump in ion number flux (nv) by a fa
tor ∼ 2.5, most likely attributable to a compression of t
upstream solar wind.

The solar wind speed reached a maximum of∼ 370 km/s
(Fig. 3) and then began to slow noticeably at−2.1× 105 km
(−3.5 hr) from the nucleus. Although the pickup ion numb
density was below 1% of the proton density, slowing of
flow indicates that pickup ions accounted for∼ 10% of the
mass density at this distance. A similar degree of slow
on the outbound trajectory occurred+1.2 × 105 km from
the nucleus. Slowing and heating of the solar wind con
ued for the next hour until the cometary bow shock w
encountered at−1.52×105 km (−2.53 hr) from the nucleu
(Fig. 3). At the shock there is a moderate but sharp decr
in solar wind flow velocity from 275 to 240 km/s accom-
panied by an increase in proton and He2+ heating (Fig. 1)
and the rate at which ions> 10 keV/e are added to the flow
(Fig. 4). These data are interpreted as evidence of ion h
ing in the turbulent cometosheath behind the shock, eve
the bulk plasma velocity decreases (Johnstone et al., 1
Coates et al., 1993). The outbound shock at+9.6×104 km is
less distinct. Although density and velocity contrasts ac
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ent
Table 1
Summary of estimated cometary plasma boundaries relative to comet–Sun line

Boundary Inbound Outbound Average subsolar Displacem

Time Distance Time Distance distancea ratio (D)
[hr] [103 km] [hr] [103 km] [103 km]

Pickup ions observed −9.33 588 +6.00 360 237 0.48
10% solar wind slowing −3.50 210 +2.00 120 83 0.55
Bow shock −2.53 152 +1.62 96 62 0.45
Change in ion flux< 10 keV −1.25 75 +1.08 65 35 0.14
Cometopause −0.25 15.1 +0.15 8.6 5.9 0.55
Center of ion density −0.03 1.5

a Assumes boundary has a parabolic shape.
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Fig. 5. DS1 trajectory with measured ion velocity vectors. Lines startin
the spacecraft’s position point in the direction of the flow, and their len
indicates the flow speed. In this figure, the+X-axis points to the Sun an
the spacecraft’s trajectory relative to the nucleus is in theX–Y plane. This
causes the+Y to point near the north ecliptic pole.

the outbound shock are smaller than inbound, the shock
incides with sharp changes in proton temperature and
apparent level of plasma turbulence (Fig. 1).

Total ion flow (i.e., all species included) in the com
tosheath region clearly follows a pattern directed away fr
the comet (Fig. 5) as the nucleus–Sun line is approache

This is consistent with MHD models of solar wind flo
around comets (Schmidt et al., 1993). If the plasma bou
aries at Borrelly are parabolic in shape (Mendis et
1986) and flare at a ratio of 2: 1 between the flank, wher
DS1 is located, and the subsolar point, then a rough
mate of the subsolar distance to the Borrelly bowshoc
∼ 6.2× 104 km, roughly twice that expected from theore
cal estimates (Ipavich et al., 1986; Cravens, 1991) scale
Borrelly conditions.

Inside−7.5×104 km from CA (−1.25 hr), the number o
pickup ions above 10 keV starts to decrease rapidly (Fig
and 4) as their mean energy falls below 10 keV and the b
of pickup water-group ions enters the PEPE energy ra
No corresponding change seems to occur in any of the o
ion parameters. On the outbound leg this boundary occu
+6.5× 104 km (+1.08 hr).
r
t

Fig. 6. PEPE measurements of total ion density and speed are shown
expanded scale near closest approach. The ion density peaks at betw
to 2 minutes, or∼ 1500 km, before closest approach. The flow speed m
also be asymmetric about closest approach but this is not as obvious
the profile is broader than that of the density.

Within 10,000 km of the nucleus, the ion density
creases rapidly, reaching a peak of 1640 cm−3 approxi-
mately 1500 km prior to closest approach (Fig. 6).

During this period, the water group abundance increa
relative to total plasma density. Between−15,200 and
+8600 km, the water group ion abundance exceeded
and peaked at over 90%, approximately 1500 km be
closest approach. The near-nucleus perturbations to
speed have a broader profile, with a minimum speed
8 km/s roughly centered on closest approach. This res
bles the cometopause region observed at Halley, w
occurs when collisional processes such as charge tra
and Coulomb scattering become important factors in sl
ing the flow of mass loaded solar wind (Gombosi, 19
Cravens, 1991; Haberli et al., 1995). Collisionless mom
tum coupling via wave-particle interactions between prot
and heavy ions may also contribute to slowing (Saue
al., 1994). A simple analytical mass-loading model can
used to estimate the location of the subsolar cometopa
Following Gombosi (1987),Rcom = ((Uth/Usw)RsRo)

1/2,
whereUth is the ion thermal velocity,Rs is the sub-sola
shock distance, andRo the charge exchange scale leng
From PEPE observations we estimate approximatelyUth ∼
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Usw ∼ 40 km/s (Fig. 6), Rs ∼ 7.2 × 104 km, andRo =
σctQn/4πVn ∼ 4.3× 102 km (takingσct ∼ 3× 10−15 cm2).
This givesRcom = 5560 km. The average of observed
bound and outbound cometopause crossings (Table
11,900 km, at approximately 70◦ from the nucleus–Sun line
If this boundary has a parabolic shape, it could be rough
factor of two closer to the nucleus in the sub-solar direct
in agreement with theory.

As noted previously, and summarized in Table 1, ev
major plasma boundary observed on both inbound and
bound legs of the encounter is asymmetric to some de
about the nucleus–Sun line and closest approach point
asymmetry corresponds to displacements to the north
plane containing Borrelly and the Sun and parallel to
ecliptic plane. Boundary distances that are very differen
the inbound and outbound legs are those where pickup
< 33 keV begin to be observed, where the solar wind sl
ing starts, and where the cometopause is found. The
in energetic pickup ion fluxes is less asymmetric, but is
displaced northwards (Table 1), as is the peak in total
density near closest approach (Fig. 6).

The relative displacements of these boundaries ca
quantified simply by definingD = 2(y1 − y2)/(y1 + y2),
wherey1 and y2 correspond to boundary locations alo
the inbound and outbound trajectories, respectively (s
the encounter distanceDE  D for all boundaries discusse
here, we can treaty1 andy2 as straight, unsigned lines). A
though we are not in a position to put strong error limits
these findings, they clearly indicate a large and consis
asymmetry in the comet coma that does not appear to
been observed before. The most complete sets of plasma
taken on both inbound and outbound legs during prev
encounters are those of Bame et al. (1986) at GZ, J
stone et al. (1986) and Balsiger et al. (1986) at Halley,
Coates et al. (1993) at GS. If we use the positions of the
plasma boundaries identified by Bame et al. and, for the
of comparison, calculate the average value ofD at GZ, we
obtainD = 0.14, compared to 0.43 for the Borrelly data p
sented here. The average of the three transition bound
identified by Johnstone et al. (1986) at Halley wasD = 0.23.
There is no direct way to compare these boundaries, bu
worth noting that at each comet they are all found con
tently on the same side of the nucleus–Sun line. Som
this displacement is caused by magnetic field line drapin

The PEPE time-of-flight (TOF) mass spectra indic
the presence of He+ as well as the expected protons, so
wind alpha particles and cometary water group ions. F
ure 7 shows a TOF spectrum averaged over±11.5 minutes
(±11,500 km) around closest approach. This time inte
corresponds roughly to the region inside what we identif
the cometopause (−15 minutes to+9 minutes around CA
see Table 1) while also taking into account the duration
the PEPE TOF measurement cycle.

We show here the expected location of neutral and n
ative TOF peaks from incident water group, CO+ and CO+

2
ions. The main water group ions observed with PEPE
ta

s

Fig. 7. Mass spectrum averaged over±11,500 km around closest approa
distance. Water group ions and their daughter ions dominate the com
tion. He+ ions, charge exchanged from He++ in the solar wind, are als
present. The two sharp peaks at small times-of-flight are both due t
cident H+ from the solar wind and comet. The large peak near TOF
230 is produced by oxygen, which exits the instrument’s carbon foil wi
negative charge causing it to be accelerated (see text).

OH+ and H2O+, which coincide with the two main broa
peaks in the figure, rather than H3O+, which was the dom
inant species observed by Giotto at Halley (Balsiger
al., 1986; Krankowsky et al., 1986; Eberhardt et al., 19
Haberli et al., 1995). We attribute this primarily to the t
jectory of DS1, which very likely did not penetrate dee
enough into the inner coma to observe large amount
H3O+. Chemical modeling is required to determine whet
the gas production rate of Borrelly was sufficient to prod
H3O+, since the appropriate reactions are a strong func
of neutral density. The He+ seen in the spectrum in Fig.
is produced by charge transfer reactions between com
neutrals and solar wind alpha particles. Similar charge tr
fer reactions, involving solar wind heavy ions, are as
ciated with the production of cometary X-rays (Crave
1997, 2002). The maximum He+ abundance occurred a
proximately 2000 km before closest approach, where
[He+]/([He+] + [He++]) ratio was 0.4. This ratio is a me
sure of the neutral density integrated along a streamline
the Sun to the spacecraft, which is approximately equa
the neutral column density between the Sun and space
A symmetric Haser model (Haser, 1957) using an outfl
velocity of 1 km/s, an ionization lifetime of 1.6 × 105 s,
and rates for helium reactions taken from Greenwoo
al. (2000) would require a total water production rate o
2× 1029 s−1 to produce a ratio of 0.4 (Shelley et al., 198
This is roughly a factor of 6 greater than the total Borre
production rate observed near the time of the DS1 encou
We suggest that a likely explanation might be a strong as
metry in the neutral coma caused by the large jets seen o
dayside of Borrelly. This would concentrate most of the
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production rate into a smaller volume, creating the app
ance locally of a higher total production rate.

There is no clear evidence in the TOF spectrum
mass/charge 28, which would appear as a shoulder in the
ter group peak. Further analysis will allow us to set an up
limit on the CO+ abundance at Borrelly (since the TOF sy
tem is capable of separating CO+ and N+

2 ), and determine
whether Borrelly is depleted in CO as well as C2 and C3 as
indicated by ground-based observations (Fink et al., 19
Szabó et al., 2002). Our initial analysis indicates the C+
abundance is under 10%, compared to 25% measured a
ley (Eberhardt et al., 1987). Finally, ions in the 12–15 AM
range are not resolved because they lie in the wings o
strong water group peaks. Extracting the abundance of t
species and placing a better upper limit on the CO abund
will require detailed and accurate knowledge of the sha
of the molecular ion peaks. We are presently performing
oratory experiments to resolve this issue.

4. Conclusions

Initial analysis of PEPE observations reveals that Borr
is very different in several ways from other comets visi
by spacecraft. Perhaps the most prominent difference in
plasma environment is the global asymmetry of the entire
lar wind interaction with Borrelly. The large collimated je
observed by the MICAS camera most likely have some
fect on this displacement. Although the camera is prima
sensitive to emissions from dust (Soderblom et al., 20
ground based telescopic observations suggest that Bo
gas production is also very non-uniform and primarily s
ward pointing (Weaver et al., 2003; Schleicher et al., 20
Szabó et al., 2002). It is unclear without detailed mode
whether the tilt of the jets northward, in the direction of t
offset of plasma boundaries reported here, is sufficient to
count for the offset of plasma boundaries.

Another factor that must be included in our analysis is
solar wind magnetic field (at the time of this writing the DS
magnetic field data are not yet available). However, base
observations at other comets, the field would have piled u
front of the cometopause boundary, further slowing the fl
as magnetic pressure builds up. The magnetic field wo
also accentuate deflection of the solar wind to one sid
the coma depending on the interplanetary field’s spiral a
(Schmidt and Wegmann, 1991). Similarly, gyroradius effe
can cause asymmetries near the nucleus (Luhmann e
1988) that depend on the strength and orientation of the m
netic field. However, the charge state of solar wind He2+ is
primarily sensitive to the neutral density of the coma, wh
its speed is sensitive to the total ion pickup density. Th
both suggest that the 1000–2000 km northward offset
served by PEPE is a result of an asymmetric distributio
gas in the coma rather than magnetic field or gyroradius
fects. The time dependence of gas production before clo
-

l-

,
-

t

approach, and the shape of the expansion during that pe
may be other important factors.

Perhaps the most interesting aspect of the entire s
of DS1 data is that Borrelly presents a unique oppo
nity to track features in the plasma environment back
gas and possibly dust production and their dynamics.
though PEPE observations are confined to a single trajec
through the coma, it nonetheless may be possible to c
bine PEPE plasma data, ground observations of the ne
coma, and MICAS jet observations to model the distri
tion of plasma, neutral gas and dust in a self-consistent
Such a model would for the first time give a complete vi
of cometary processes from the active geology of the nu
us’ surface to conditions in the upstream solar wind.
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