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Abstract

The Plasma Experiment for Planetary Exploration (PEPE) made detailed observations of the plasma environment of Comet 19P/Borrelly
during the Deep Space 1 (DS1) flyby on September 22, 2001. Several distinct regions and boundaries have been identified on both inbour
and outbound trajectories, including an upstream region of decelerated solar wind plasma and cometary ion pickup, the cometary bow shocl
a sheath of heated and mixed solar wind and cometary ions, and a collisional inner coma dominated by cometary ions. All of these feature
were significantly offset to the north of the nucleus—Sun line, suggesting that the coma itself produces this offset, possibly because of well-
collimated large dayside jets directet-8®° northward from the nucleus as observed by the DS1 MICAS camera. The maximum observed
ion density was 1640 igitm?® at a distance of 2650 km from the nucleus while the flow speed dropped from 3&0ikrthe solar wind to
8 kmy/s at closest approach. Preliminary analysis of PEPE mass spectra suggest that the ratid-Bi@Ois lower than that observed with
Giotto at 1P/Halley.
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1. Introduction phology and dynamics. What has emerged is that a weak
bow shock or compressional wave forms in supersonic but
mass-loaded solar wind plasma as it approaches the inner
coma. Inside the shock, there are several distinct colli-
sional and magnetic boundaries (for reviews see Mendis
et al., 1986; Ip and Axford, 1990; Cravens, 1991; Klum-
mer, 1991; Neubauer, 1991; Schmidt and Wegmann, 1991).
In addition to standard coma features, there are also sig-
nificant differences among the observations that can be at-
tributed to several factors. For one thing, total nucleus gas
and dust production rates, as well as solar wind parame-
ters, have been different during each encounter. In addition,
nucleus properties such as spin rate, spin axis orientation,
and spatial distribution of gas and dust production can con-
msponding author. tribute to variations in coma morphology (Sekanina, 1991;
E-mail address: dyoung@swri.edu (D.T. Young). Huebner et al., 1991). Finally, the nature of the solar wind-
1 present address: Southwest Research Institute, USA. comet interaction is very dynamic, making it difficult to

Previous in situ measurements of the plasma environ-
ments of cometary comae have been obtained during en-
counters with Comets 21P/Giacobini—-Zinner (GZ; encounter
on 9/11/85at 1.03 AUQ = 2 x 107 moleculegs), 1P/Halley
(five encounters took place from 3/6/86 to 3/14/86 at
0.79 to 0.89 AU, respectivelyp = 1 x 10%° to 7 x
10%° moleculegs, respectively); and 26P/Grigg—Skjellerup
(GS: encounter on 7/10/92 at 1.01 AQ;= 7 x 10?” mol-
eculegs). These data, combined with theory and modeling,
have established the current understanding of coma mor-
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consistently identify characteristic boundaries and featuresal., 1991; Haberli et al., 1995, 1997). The region where this
during a single, rapid spacecraft traversal of the coma. occurs is termed the collisionopause (several such bound-
In this paper we present observations of the coma of aries could be defined depending on the collisional process
comet Borrelly, which show a number of morphological as- of interest, see Gombosi (1987) and Cravens (1991)). Along
pects not reported previously, but that may be characteristicthe central axis of the comet—Sun line, solar wind flow
of active comets having highly non-uniform gas production eventually drops to a few kps, the flow nears stagnation,
rates across the surface of the nucleus, which appears to band slips around a flow boundary called the cometopause
the case at Borrelly (Soderblom et al., 2002). (Cravens, 1991). Since the slowing plasma flow carries mag-
Cometary gases, mainly water, expand outward from the netic field with it, magnetic flux piles at this boundary, cre-
comet nucleus at speells ~ 1 km/s. Far from the nucleus, ating a diamagnetic cavity inside.
solar UV photons ionize these molecules on characteristic ~ Over the past 16 years a total of seven spacecraft, in-
time scales of 1D~ 1.6 x 10° s, corresponding on average cluding DS1, have madim situ observations of the near-
to ~ 10° km from the nucleus, at the heliocentric distance of perihelion plasma environments of four different comets:
Borrelly, (1.36 AU; nearer the nucleus other processes such21P/Giacobini—Zinner, 1P/Halley, 26P/Grigg—Skijellerup,
as charge exchange become important). New ions are creatednd now 19P/Borrelly. Gas production rates of the four
at rest with respect to the solar wind in the spacecraft frame comets varied over two orders-of-magnitude at the time
of reference. They are accelerated (“picked up”) by the solar of observation. Comet GS, visited by the Giotto space-

wind electric fieldEsy = —Usw X Bsw, WhereUsy, is the so- craft in July 1992, had a relatively low production rate
lar wind velocity in nys andBsy the vector magnetic fieldin ~ of 7.5 x 10?” mol/s but was a surprisingly rich source
tesla. The maximum pickup energy of an ion of masgin of plasma physical phenomena nonetheless (Coates et al.,

AMU) is given by Emax = 0.021M (V; sing)?, whereV; is 1993; Johnstone et al., 1993; Schmidt et al., 1993). The
the solar wind velocity in krys, andd is the angle between  Borrelly production rate during DS1 encounter was roughly
solar wind flow velocity and the local magnetic field direc- four times higher at 3 x 10°® mol/s (Weaver et al., 2003;
tion. Thus the energy of singly-charged pickup ions varies Schleicher et al., 2003; Szabé et al., 2002), and roughly
from zero to~ 4 keV/nucleon in the spacecraft frame. One equal to that of Comet Giacobini—Zinner (GZ) during the
important effect of the pickup process is that the addition International Cometary Explorer (ICE) observations in Sep-
of heavy ions initially at rest reduces the speed of the solar tember 1985 (Cravens, 1991). Comet Halley's production
wind. The other is that intense plasma waves are generatedate was 7 to 10« 10?° mol/s during the Giotto, Vega 1
in the process of ion pickup, causing wave—particle interac- and 2, Suisei, and Sakigake encounters in March 1986 (Tsu-
tions that couple the collisionless solar wind and cometary rutani et al., 1995), or roughly 20 to 30 times that of Borrelly.
plasmas to each other. ICE observations were made 7800 km downstream from the
Pickup cometary ions are initially cold and nearly station- nucleus of GZ.
ary relative to the neutral gas of the comet, but in the solar At GZ, a compressional bow wave and turbulent magne-
wind frame of reference appear to be hot, creating a nar-tosheath region were observed, but there was no evidence
row ring-beam distribution in that frame. Such a distribution for a shock. However, plasma instabilities and strong MHD
is unstable, leading to the generation and growth of low- turbulence were very much in evidence, a rather surprising
frequency waves. Wave-field fluctuations are large enoughfinding at the time (Gary et al., 1986; Bame et al., 1986;
to cause ion pitch angle diffusion and scattering (the domi- Ip, 1988). Morphologically, the cometary ion tail of GZ was
nant process depending on the intensity of the fluctuations),found to be closely centered on the nucleus—Sun axis to
instigate fluid instabilities, and lead to second-order Fermi within ~ 500 km (Bame et al., 1986; Mendis et al., 1986).
acceleration of ions to hundreds of keV. (Papers by Gary et The two Vega spacecraft passed inside 9000 km upstream
al., 1986; Ip, 1988; Johnstone et al., 1991; Yoon and Wu, of Halley’s nucleus while Giotto came within 600 km. A re-
1991; Coates et al., 1993; Huddleston et al., 1994; Tsuru-view of these observations by Balsiger (1989) identified a
tani, 1991; Tsurutani et al., 1995, summarize various aspectsweak upstream bow shock 1.1 x 10° km from the nu-
of these processes.) Depending on gas production rate analeus (measured along the spacecraft trajectory, i.e., corre-
solar wind conditions, a bow shock (Balsiger et al., 1986; sponding to a subsolar distance-D.55x 10° km). At the
Johnstone et al., 1986; Balsiger, 1989; Schmidt et al., 1993)shock there is a sudden drop in bulk flow velocity, and an
or bow wave (Thomsen et al., 1986) may form in the mass- increase in the density of both protons and cometary ions.
loaded solar wind, slowing the solar wind further, diverting At ~ 8 x 10* km from the Halley nucleus, a collisional
plasma flow around the dense inner coma, and heating theboundary was observed in which magnetic field intensity
streaming plasma. In addition, an inner shock or compres-increased, the density of protons and?Helecreased, the
sional wave may form (Gombosi, 1987). As the flow pen- density of cometary ions increased, and the inward flow of
etrates deeper into the coma, neutral gas density becomegplasma stagnated (Balsiger et al., 1986; Shelley et al., 1987;
sufficiently high that ion-neutral particle collisions begin Haberli et al., 1995).
to dominate fluid and chemical characteristics of the flow  Inside the collisionopause (roughly 10° km from the
(Gombosi, 1987; Cravens, 1991; Reme, 1991; Huebner etnucleus at Halley) two- and even three-body collisions begin
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to occur, setting off a wide range of complex physical and  The PEPE time-of-flight unit consists of a ceramic cylin-
chemical processes including charge transfer, ion-neutralder resistively coated on the inside surface. The resistivity
collisions and electron impact ionization (Ip and Axford, of the cylinder surface is carefully distributed so that when
1990; Cravens, 1991; Haberli et al., 1995, 1997). Charge biased by equal negative and positive at the entrance end
transfer reduces the ionized component of the solar wind and the detector end, a linear electric field (LEF) is cre-
and is greatest where the ion mean free pattRg), begins ated (McComas and Nordholt, 1990). The field is oriented
to decrease rapidly (Gombosi, 1987). lon-neutral collisions to reflect incoming positively charged ions. In operation,
lead to momentum exchange (Gombosi, 1987; Haberli et al., the negative bias accelerates ions exiting the energy ana-
1995, 1997) and formation of the collisionopause roughly lyzer into thin ¢~ 1 microgramcm?) carbon foils located
at the point where the solar wind mean free path is compa- at the LEF entrance. As a result of collisions in the foils,
rable to the distance to the nucleus (Ip and Axford, 1990; incident ions scatter, lose energy, and change charge state,
Cravens, 1991). At Borrellygc is estimated to be inside the  exiting the foil as neutral atoms or as ions of either posi-
DS1 closest approach distance. Depending on the balanceive or negative charge depending on ion species and total
between pressure generated by gas outflow from the nucleugnergy entering the foil. Upon exiting the foils, ions (or neu-
and that caused by the inflow of plasma and magnetic field, trals) knock out secondary electrons, which are collected
a sharply demarcated magnetic cavity may form. Although on a detector whose signal starts the time-of-flight (TOF)
observed by spacecraft at Halley and possibly downstreammeasurement. In the case of oxygen, for example, the neg-
of the nucleus at GZ, the magnetic boundary at Borrelly was ative ion yield is large (Funsten et al., 1993). Positive ions
most likely located within a few hundred km of the nucleus, emerging from the foil with energies 13 keV are reflected
well inside the DS1 closest approach distance of 2171 km. py the LEF in such a way that their times of flight are in-
dependent of exit energy (McComas and Nordholt, 1990;
. McComas et al., 1998). All other ions and neutrals travel
2. Instrumentation directly to the detector (Young et al., 2003). In the PEPE de-
_ . . sign, a single detector is used in contrast to two employed
The PEPE instrument consists of separate ion and elec-j, 3 similar spectrometer on a similar instrument flown on
tron spectrometers that simultaneously measure the energyne cassini mission (McComas et al., 1998). The PEPE TOF
and ang'u.lar dlst.rlbutlons of electron and ion fluxes, and the design permits all three exiting charge states from the foil to
composition of ions (Young et al., 2003). PEPE measures pg detected in the same TOF spectrum, facilitating decon-
electron and ion energy/chargg/(q) from 8 to 33,000 eYq volution. Further, the electric field accelerates negative ions,
with a resolution QE/E) of 0.07. Directions of arrival are  15qycing a separate peak at shorter times of flight than that

measured over a field-of-view coveriggl5” in elevation by ot the neutrals and LEF-reflected positive ions. During flight
360 in azimuth or roughly 70% of the unit sphere. The elec- operations, damage to the PEPE high voltage cylinder re-
tron FOV is divided into 256 pixels each &% 22.5° whereas duced mass resolution performance.

the ion FOV is divided into 256 pixels varying fromi & 5°

to 5° x 45° opposite the solar wind direction. During the
flyby PEPE was oriented such that the solar wind and comet
velocity vectors were within the FOV, and were in or near
the finer resolution ion pixels.

Energy and ang|e parameters are Samp|ed by f|X|ng the in- DS1 flew through the Borre”y coma on the sunward side
strument on an energy step, scanning the elevatioh4%? of the nucleus, moving from north to south relative to the
and then advancing to the next energy step. Each scan of anplane of the ecliptic at a speed of 16.5 kenrelative to
gle requires 0.51 s, yielding a complete scan in angle andthe nucleus. The encounter geometry placed the angle of
energy once every 65.5 s. At each ion energy and angle,the DS1 trajectory at®relative to the ecliptic and approxi-
the time-of-flight (TOF) mass spectrometer builds up an ion mately perpendicular to the Sun-nucleus line. The DS1 ve-
spectrum from which mass/chargé (¢) is derived overthe  locity corresponded to 1080 km per instrument measurement
range 1 to 150 amyig with a mass resolutiond/AM ~ 20 cycle of 65.5 seconds. Closest approach was at a distance
at 10% of peak height (based on pre-encounter measureof 2171 km from the nucleus at 22:29:33 UTC, spacecraft
ments of solar wind He™). Telemetry restrictions limit the ~ eventtime. During the DS1 encounter period frerh0.5 hr
data returned to Earth to energy resolution of 0.15, angu- before CA to+47.5 hr after, DS1 was alternately pointed
lar resolution of 20 x 90° for electrons and I’1x 11° to towards Earth, a guide star located near Borrelly on the
11° x 90° for ions. Composition data are returned as time- sky as seen from DS1, and the Borrelly nucleus (Rayman,
of-flight spectra, summed over all energies and angles, and2002). (This paper uses decimal hours relative to CA so that
as energy spectra of selected ion species. In this paper wel2:29:33 UTC on September 22 corresponds-td.5 hr,
report primarily on ion observations. Electron data require CA = 0.0 hr, etc.) As seen from DS1, the spacecraft ap-
further analysis to remove the effects of spacecraft photo- proached the nucleus from above, i.e., from north of the
electrons and spacecraft potential. ecliptic plane, at an asymptotic phase angle ¢f.90

3. Observations
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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 (abscissandéme exte
from 10.5 hours (8 x 10° km) before closest approach to 13.5 hourd (8 10° km) after. Closest approach occurred at 22:29:33 UTC. At 00:31:30 UTC

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. (All times are
spacecraft event time.) The ion counting rate, C, is proportional to differential numbevgluthrough the relatiol = J(E) EG, whereJ (E) is differential

ion flux in units of ions cm2s~1sr1ev—1 and G is the instrument sensitivity.

Figure 1 shows PEPE ion data in an energy-time spec- sults. Rigorously, the values obtained from statistical mo-

trogram format covering the entire encounter period. In this
format color codes for ion flux intensity and all ion species
regardless of mass are included. Solar wind Hés the up-
per trace to the far left in the figure, while the lower, more
intense trace, is H. Although barely visible initially in the
figure, heavy ions can be seen from0700 UT onwards
at the top of the figure, indicating their high pickup energy.

ments ard(g/m)Y2)n andnv, wheren is the densityy the
velocity, and((g/m)Y?) the density-weighted mean of the
square root of the ions’ charge to mass ratio. An assumed or
measured composition is therefore required to determine ion
density and velocity. Our analysis of the PEPE data is based
on the observed energy spectra of the dominant ion species,
specifically those of FI(TOF bins 47-88) and water group

Features in Fig. 1 are similar to those in spectrograms shownions (TOF bins 151-458). Because the time of flight bins
in Johnstone et al. (1986) and Coates et al. (1993). Total ionwere summed over angle on the spacecraft (making them

density measured during the Borrelly encounter is plotted in
Fig. 2 and flow velocity in Fig. 3.
The density and velocity of the plasma can be calcu-

less sensitive than energy-angle spectra integrated over all
species), and their absolute calibration is not as well known
as the total-ion calibration, binned TOF data are not used to

lated by taking statistical moments of the PEPE energy-anglecalculate moments. Instead, the energy spectra from selected
spectra. This commonly used technique, however, requiresTOF bins are used to calculate only the relative abundance

knowledge of the plasma composition to give accurate re-

of HT and water group ions. From the shapes of the TOF
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Fig. 2. Total ion density measured by PEPE on September 22—-23, 2001.
Closest approach occurred at 22:29:33. Density was calculated by taking Fig. 4. Observed count rate of ions with energies above 10 keV. The dashed
statistical moments of the data (see text). The variations in density from lines show the 1 and 3 sigma statistical uncertainty. Cometary energetic ions
spectrum to spectrum suggest the presence of strong plasma waves. were observed between7 and+5 hours of closest approach. The drop in
the count rates near closest approach results from the slowing of the flow
and the mean particle energy dropping below the 10 keV threshold of this

R 10° .
ange %0 km] 4 flgure.

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

At —9.33 hr and—5.88 x 10° km from Borrelly, DS1
completed a turn to Earth-pointing attitude from its thrust at-
titude. This orientation centered the PEPE FOV on the solar
wind ram direction for the first time during the encounter se-
guence. In this more favorable viewing attitude, pickup ions
above 10 keVe (Fig. 4) first began to appear.

2 ; 3 The initial mean pickup ion energy was above the PEPE
of . ‘{ s E limit of 33 keV, consistent with expectations for the pickup
Time from Closect Approach [hrs] process far from the comet. Similar fluxes of 10 to 33 keV
ions were observed unt#3.6 x 10° km on the outbound leg
_Fig. 3. lon velocity m(_easgrgd by PEPE on September 22—-23, 2001. A weak (Table 1). Farther along the inbound leg-a4.26 x 10° km
:?bour!d .bow shock is visible near3 hours. The stronger shock a7 (—7.08 hr) there is ajump in ion number flux (nv) by a fac-
ours is interplanetary and unrelated to the comet. . . .
tor ~ 2.5, most likely attributable to a compression of the
upstream solar wind.
spectra, we assume these are the dominant species, and that The solar wind speed reached a maximuny@&70 kny's
the water group ions have an average mass of 17 AMU. (Fig. 3) and then began to slow noticeably-at.1 x 10° km
These data, combined with the moments of the energy-angle(—3.5 hr) from the nucleus. Although the pickup ion number
spectra, are then used to determine plasma density and flondensity was below 1% of the proton density, slowing of the
velocity. flow indicates that pickup ions accounted forl0% of the

Beginning with PEPE coverage at CA6.3 x 10° km, mass density at this distance. A similar degree of slowing
the solar wind density and velocity are 10-20 Tirand on the outbound trajectory occurredl.2 x 10° km from
340 knys, the latter corresponding to a flow energy of the nucleus. Slowing and heating of the solar wind contin-
604 eV. Assuming that pickup ions are on average mass 17ued for the next hour until the cometary bow shock was
at this distance andfsy, = 340 knys, thenEnay is approx- encountered at1.52 x 10° km (—2.53 hr) from the nucleus
imately 41 keV. The solar wind velocity, before and after (Fig. 3). At the shock there is a moderate but sharp decrease
the encounter, was essentially unchanged and the densityn solar wind flow velocity from 275 to 240 kpis accom-

did not change substantially. This lends support to our con- panied by an increase in proton and?#eheating (Fig. 1)
clusion that any large change in plasma parameters mustand the rate at which ions 10 keV/e are added to the flow

be caused by solar wind interactions with the coma, and (Fig. 4). These data are interpreted as evidence of ion heat-
not by the solar wind acting alone (Mendis et al., 1986; ing in the turbulent cometosheath behind the shock, even as
Huddleston et al., 1994). A small interplanetary shock oc- the bulk plasma velocity decreases (Johnstone et al., 1991;
curred on September 23-#06.92 hr (Figs. 1-3), when DS1  Coates et al., 1993). The outbound shock a6 x 10% km is
was+4.15 x 10° km from the nucleus and well outside the less distinct. Although density and velocity contrasts across
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Table 1
Summary of estimated cometary plasma boundaries relative to comet-Sun line

Boundary Inbound Outbound Average subsolar Displacement
Time Distance Time Distance distaffice 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 -125 75 +1.08 65 35 0.14
Cometopause —-0.25 151 +0.15 86 5.9 0.55
Center of ion density —0.03 15
& Assumes boundary has a parabolic shape.
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Fig. 5. DS1 trajectory with measured ion velocity vectors. Lines starting at F19- 6- PEPE measurements of total ion density and speed are shown on an
the spacecraft's position point in the direction of the flow, and their length €xPanded scale near closest approach. The ion density peaks at between 1
indicates the flow speed. In this figure, thel-axis points to the Sunand 10 2 minutes, or~ 1500 km, before closest approach. The flow speed may
the spacecrafts trajectory relative to the nucleus is inXh& plane. This also be asymmetric about closest approach but this is not as obvious since
causes the-Y to point near the north ecliptic pole. the profile is broader than that of the density.

Within 10,000 km of the nucleus, the ion density in-
the outbound shock are smaller than inbound, the shock CO-creases rapid|y, reaching a pea_k of 1640—énapproxi_

incides with sharp changes in proton temperature and themately 1500 km prior to closest approach (Fig. 6).
apparent level of plasma turbulence (Fig. 1). During this period, the water group abundance increased
Total ion flow (i.e., all species included) in the come- relative to total plasma density. Betweenl5,200 and
tosheath region clearly follows a pattern directed away from 8600 km, the water group ion abundance exceeded 50%
the comet (Fig. 5) as the nucleus—Sun line is approached. and peaked at over 90%, approximately 1500 km before
This is consistent with MHD models of solar wind flow closest approach. The near-nucleus perturbations to ion
around comets (Schmidt et al., 1993). If the plasma bound-speed have a broader profile, with a minimum speed of
aries at Borrelly are parabolic in shape (Mendis et al., 8 km/s roughly centered on closest approach. This resem-
1986) and flare at a ratio of:2L between the flank, where bles the cometopause region observed at Halley, which
DS1 is located, and the subsolar point, then a rough esti-occurs when collisional processes such as charge transfer
mate of the subsolar distance to the Borrelly bowshock is and Coulomb scattering become important factors in slow-
~ 6.2 x 10* km, roughly twice that expected from theoreti- ing the flow of mass loaded solar wind (Gombosi, 1987;
cal estimates (Ipavich et al., 1986; Cravens, 1991) scaled toCravens, 1991; Haberli et al., 1995). Collisionless momen-
Borrelly conditions. tum coupling via wave-particle interactions between protons
Inside—7.5 x 10* km from CA (—1.25 hr), the number of ~ and heavy ions may also contribute to slowing (Sauer et
pickup ions above 10 keV starts to decrease rapidly (Figs. 1al., 1994). A simple analytical mass-loading model can be
and 4) as their mean energy falls below 10 keV and the bulk used to estimate the location of the subsolar cometopause.
of pickup water-group ions enters the PEPE energy range.Following Gombosi (1987)Rcom = ((Uth/ Usw) RsRo)Y/?,
No corresponding change seems to occur in any of the otherwhere Uy, is the ion thermal velocityRs is the sub-solar
ion parameters. On the outbound leg this boundary occurs atshock distance, an&, the charge exchange scale length.
+6.5 x 10* km (4-1.08 hr). From PEPE observations we estimate approximaigly~
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Usw ~ 40 knys (Fig. 6), Rs ~ 7.2 x 10* km, and R, = 105 - T T T T
0ctOn/41 Vi ~ 4.3 x 107 km (takingoct ~ 3 x 10~1° cnd).

This givesRcom = 5560 km. The average of observed in-
bound and outbound cometopause crossings (Table 1) is
11,900 km, at approximately 7@rom the nucleus—Sun line.

If this boundary has a parabolic shape, it could be roughly a
factor of two closer to the nucleus in the sub-solar direction,
in agreement with theory.

As noted previously, and summarized in Table 1, every
major plasma boundary observed on both inbound and out-
bound legs of the encounter is asymmetric to some degree
about the nucleus—Sun line and closest approach point. The
asymmetry corresponds to displacements to the north of a
plane containing Borrelly and the Sun and parallel to the
ecliptic plane. Boundary distances that are very different on 200 400 600
the inbound and outbound legs are those where pickup ions Time of Flight Bin
< 33 keV begin to be observed, where the solar wind slow-
ing starts, and where the cometopause is found. The dropF9- 7- Mass spectrum averaged ouet1.500 km around closest approach
. L . . . . ... distance. Water group ions and their daughter ions dominate the composi-
in energetic pickup ion fluxes is less asymmetric, but is still

. ) . M tion. He' ions, charge exchanged from H& in the solar wind, are also
displaced northwards (Table 1), as is the peak in total ion present. The two sharp peaks at small times-of-flight are both due to in-

Counts

density near closest approach (Fig. 6). cident H from the solar wind and comet. The large peak near TOF bin
The relative displacements of these boundaries can be230 i§ produced by oxygen, which exits the instrument’s carbon foil with a
guantified simply by defining® = 2(y1 — y2)/(y1 + y2), negative charge causing it to be accelerated (see text).

where y1 and y» correspond to boundary locations along
the inbound and outbound trajectories, respectively (since
the encounter distandeg « D for all boundaries discussed
here, we can treat; andy, as straight, unsigned lines). Al-
though we are not in a position to put strong error limits on

OH* and HO™, which coincide with the two main broad
peaks in the figure, rather tharg®™", which was the dom-
inant species observed by Giotto at Halley (Balsiger et
these findings, they clearly indicate a large and consistent@! 193_36; Krankowsky et al.,. 1986; I_Eber.hard.t et al., 1987;
asymmetry in the comet coma that does not appear to have!"'aberl' etal., 1995). We attpbute 'FhIS primarily to the tra-
been observed before. The most complete sets of plasma datigctory of DS1, which very likely did not penetrate deeply

taken on both inbound and outbound legs during previous €M0Ugh into the inner coma to observe large amounts of
encounters are those of Bame et al. (1986) at GZ, John-H3O™. Chemlcql modeling is required to de'te'rmme whether
stone et al. (1986) and Balsiger et al. (1986) at Halley, and the gas productlon rate of Borrellyyvas sufficient to produpe
Coates et al. (1993) at GS. If we use the positions of the five H3O™, since the appropriate reactions are a strong function
plasma boundaries identified by Bame et al. and, for the sakeOf neutral density. The Heseen in the spectrum in Fig. 7
of comparison, calculate the average valuegboat GZ, we is produced by charge transfer reactions between cometary
obtainD = 0.14, compared to 0.43 for the Borrelly data pre- neutrals and solar wind alpha particles. Similar charge trans-
sented here. The average of the three transition boundaried€r reactions, involving solar wind heavy ions, are asso-
identified by Johnstone et al. (1986) at Halley vias= 0.23. ciated with the production of cometary X-rays (Cravens,
There is no direct way to compare these boundaries, but it is 1997, 2002). The maximum Heabundance occurred ap-
worth noting that at each comet they are all found consis- Proximately 2000 km before closest approach, where the
tently on the same side of the nucleus—Sun line. Some of[He"1/([He" ]+ [He"*]) ratio was 0.4. This ratio is a mea-
this displacement is caused by magnetic field line draping. sure of the neutral density integrated along a streamline from
The PEPE time-of-flight (TOF) mass spectra indicate the Sun to the spacecraft, which is approximately equal to
the presence of Heas well as the expected protons, solar the neutral column density between the Sun and spacecraft.
wind alpha particles and cometary water group ions. Fig- A symmetric Haser model (Haser, 1957) using an outflow
ure 7 shows a TOF spectrum averaged a#d.5 minutes  Vvelocity of 1 knys, an ionization lifetime of B x 10° s,
(£11,500 km) around closest approach. This time interval and rates for helium reactions taken from Greenwood et
corresponds roughly to the region inside what we identify as al. (2000) would require a total water production rate over
the cometopause~15 minutes to+9 minutes around CA, 2 x 10?°s71 to produce a ratio of 0.4 (Shelley et al., 1987).
see Table 1) while also taking into account the duration of This is roughly a factor of 6 greater than the total Borrelly

the PEPE TOF measurement cycle. production rate observed near the time of the DS1 encounter.
We show here the expected location of neutral and neg- We suggest that a likely explanation might be a strong asym-
ative TOF peaks from incident water group, €@nd CQ metry in the neutral coma caused by the large jets seen on the

ions. The main water group ions observed with PEPE are dayside of Borrelly. This would concentrate most of the gas
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production rate into a smaller volume, creating the appear- approach, and the shape of the expansion during that period,
ance locally of a higher total production rate. may be other important factors.

There is no clear evidence in the TOF spectrum for  Perhaps the most interesting aspect of the entire suite
mass/charge 28, which would appear as a shoulder in the wa-of DS1 data is that Borrelly presents a unique opportu-
ter group peak. Further analysis will allow us to set an upper nity to track features in the plasma environment back to
limit on the CO" abundance at Borrelly (since the TOF sys- gas and possibly dust production and their dynamics. Al-
tem is capable of separating CGand Nf), and determine  though PEPE observations are confined to a single trajectory
whether Borrelly is depleted in CO as well as éhd G as through the coma, it nonetheless may be possible to com-
indicated by ground-based observations (Fink et al., 1999; bine PEPE plasma data, ground observations of the neutral
Szab6 et al., 2002). Our initial analysis indicates the'CO coma, and MICAS jet observations to model the distribu-
abundance is under 10%, compared to 25% measured at Haltion of plasma, neutral gas and dust in a self-consistent way.
ley (Eberhardt et al., 1987). Finally, ions in the 12—-15 AMU Such a model would for the first time give a complete view
range are not resolved because they lie in the wings of theof cometary processes from the active geology of the nucle-
strong water group peaks. Extracting the abundance of thesels’ surface to conditions in the upstream solar wind.
species and placing a better upper limit on the CO abundance
will require detailed and accurate knowledge of the shapes
of the molecular ion peaks. We are presently performing lab- Acknowledgments
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