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We investigate the details of Titan’s interaction with Saturn’s magnetosphere, which
includes formation and location of an ionopause, mass loading via ion pickup and the
effects of finite gyroradii. We present new interpretations of the Voyager 1 plasma
instrument measurements, not addressed by Hartle et al. (1982). Pickup ions H and H,"
dominate in the outermost region with respect to Titan's “ionopause”, followed by CH;"
at intermediate distances and N," just outside the “ionopause”. Mass loading and slowing
down of the ambient plasma is observed to increase as the pickup ion mass increases with
decreasing radial distance from Titan's ionosphere. H, and CH4 are molecules not
originally included in the exosphere of Titan by Hartle and coworkers and the pickup ions
of H," and CH," are a new feature of our model calculations and should be present in
Titan’s exospheric region. Therefore, Titan could be an important source of carbon to
Saturn’s magnetosphere. Finite gyroradius effects are identified in the plasma interaction
with Titan’s atmosphere, which results in an asymmetric removal of ambient plasma
from Titan’s exosphere region. The finite gyroradius effects also show that the observed
hot keV ion component of the ambient plasma is a heavy ion such as N'/O". A minimum
“ionopause” altitude of 4800 km is estimated by a new approach using mass loading.

1.0 Introduction

A new picture of the interaction of Saturn's rotating magnetospheric plasma with Titan's
atmosphere emerged from measurements made by instruments onboard Voyager 1 as it
flew by Titan on November 12, 1980. Since then a number of the atmosphere,
ionosphere and interaction models (Yung et al., 1984; Yung, 1987; Toublanc et al., 1995;
Keller et al., 1998) have been developed that encourage further analysis of this data.
Consequently, we extend our earlier interpretation of the plasma measurements in an
attempt to account for some of the new information embodied in the recent models.

Voyager 1 plasma and field instruments detected a complex interaction with Saturn’s
outer magnetosphere (Bridge et al. (1981) and Ness et al. (1981)). These initial results
were followed by the more comprehensive analysis (Hartle et al. (1982), Ness et al.
(1982) and Neubauer et al. (1984)). The upstream parameters are summarized in Table 1.
They showed that the sonic Mach number was less than 1, no shock was detected and the
magnetometer did not detect an internal magnetic field. The thermal plasma is composed
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of H" and N*/O", having densities of 0.1 cm™ and 0.2 cm™ and temperatures of 210 eV
and 2.9 keV, respectively. The electron's density is N ~ 0.3 cm™ with a temperature T, ~
200 eV. These constituents yield a high kinetic pressure (due primarily to the hot N"/O")
relative to that of the observed 5 nT magnetic field, resulting in a plasma beta of about
11. Hartle et al. (1982), showed that ambient N'/O" had gyroradii ry > 5000 km, which
are larger than the physical dimensions of Titan, making finite gyro-radius effects an
essential feature of the interaction. The analysis by Hartle et al. (1982) demonstrated that
the inbound pass was very complex and that pickup ions had been observed. This result
was supported by the enhanced levels of wave emissions observed by the Plasma Wave
System (PWS) instrument during the inbound approach (Gurnett et al., 1981; Gurnett et
al., 1982). Hartle et al. (1982), hereafter referred to as Paper I, modeled the pickup ions
by using a ring distribution, which then had to be convoluted with the Plasma Science
(PLS) instrument's response (see Bridge et al., 1977 for a description of the instrument).
In Paper I the ambient ions were modeled by convected Maxwellians, which were also
convolved with the instruments response function. As shown in Paper I the ambient ions
can be modeled with a light component (H') and a heavy component (N"/O"). The
identification of heavy ions was based on a Mach number effect, which produced a
different response in the instruments four sensors. The PLS instrument only provided E/Q
measurements and could not uniquely identify the ion composition.

In order to simulate the pickup process they used an exosphere model (Hartle et al., 1971,
1973a,b) composed of H and N», the constituents known to exist in the exosphere at the
time. Because of the finite gyroradii the use of MHD codes to model the interaction does
not apply, therefore a multifluid 2D MHD model was developed later by Cravens et al.
(1998) to describe the interaction. This effort was then followed by the 3D MHD models
of Titan interaction with Saturn’s magnetosphere by Ledvina and Cravens (1998) and
Kabin et al. (1999). Luhmann (1996) studied the gyromotion of pickup ions around Titan
treating them as test particles using a simple 2D lunar wake structure. Ledvina et al.
(2000) examined ion trajectories in the vicinity of Titan, treating them as test particles
similar to that by Luhmann (1996), but using more realistic electric and magnetic fields
from 3-D MHD models of the Titan interaction. These efforts were then followed by that
of Brecht et al. (2000) who developed a 3D hybrid calculation of the interaction, which
did include the finite gyroradius aspects of the interaction. Their model only included a
single ion component, an “ad hoc” ion profile and the cell size was sufficiently large that
it could not resolve the “ionopause” boundary (Here we use quotes since this boundary
could also be interpreted as being a stagnation boundary, see later discussions.). Their
hybrid simulations self-consistently included the pickup ions, where they simulated self-
consistent electric and magnetic fields. Nagy et al. (2001) developed a multi-species 3-D
MHD model of the interaction between Saturn’s magnetosphere and Titan’s ionosphere.

For this paper we revisit the analysis of Paper I and provide new insights about the nature
of the interaction. In addition to H and N,, we have added H,, CH4 and exothermic
nitrogen atoms, N*, to our exospheric model. We then use this model to compute mass
loading of the plasma by pickup ions, which are formed primarily by photoionization,
electron impact ionization and charge-exchange of the neutral exosphere.



2.0 Voyager 1 Encounter with Titan Revisited
2.1 Encounter Geometry and Inferred Model of Interaction

As shown in Figure 1, the Voyager 1 encounter with Titan occurred when Titan was
within Saturn’s magnetosphere. It was also near local noon and thus near Saturn’s
magnetopause. The inset shows the encounter geometry with respect to the nominal co-
rotational wake. In Figure 2 we show the Voyager 1 flyby geometry, along with the view
axes of the A, B, C and D cups of the plasma instrument during the encounter period.
Paper I located the points numbered 1 to 8 along the spacecraft trajectory, where the PLS
ion spectra were analyzed to characterize Titan’s interaction with Saturn’s
magnetosphere. The sensor alignment is such that the D cup is pointing approximately
into the corotation direction, the C cup has partial alignment along the corotation
direction, while the A and B cups look at right angles to the corotation direction. The D
cup has a conical field-of-view (FOV) with half-width ~ 45°, while that for the A, B and
C cups their FOVs are more complex with considerably larger angular half-width ~ 70°
(see Barnett and Olbert, 1986 for a description of the instrument response). During the
Voyager 1 flyby, the ambient plasma was moving about 20 degrees from the corotation
direction, toward Saturn at a mean speed of 120 km/s (velocity range of 80-150 km s™,
Paper I). The maximum flux of the pickup ions comes from this flow direction and gives
the largest signal in the D cup.

Some of the inferred properties of Titan’s interaction with Saturn’s magnetosphere, as
envisioned in Paper I, are shown in Figure 2, where the estimated location of the
“lonopause”, Rijon ~ 4400 km and the exobase, Rexo ~ 4000 km are indicated. The Cassini
spacecraft, for its planned 40 plus Titan encounters, will come as close as 1000 km or less
of Titan’s surface. The figure also shows a deflection of the wake by about 20° from the
corotational direction, which was interpreted in Paper I to be caused by an inward
deflection of the magnetopause due to an increase in solar wind pressure and Titan’s
close proximity to the magnetopause. The figure shows the cycloidal trajectory of pickup
hydrogen ions observed during the spacecraft’s inbound leg of Titan’s flyby.

2.2 Analysis of Plasma Data: New Results

In Figure 3 we show, as done in Paper I, six of the eight PLS ion spectra analyzed for
study of the Titan interaction (spectra 5 and 6 in the ionotail are not included for brevity).
Here we note that for this paper we have used the original analysis results of Paper I with
regard to modeled simulations of the ion spectra in Figure 3. But for this paper we have
modified our original interpretations of the simulations performed in Paper I. Spectra 1
and 8 were measured when the spacecraft was far from the interaction region and showed
the presence of very hot ambient magnetospheric plasma. In Paper I we summed the ion
spectra far from Titan to get a large scale picture of the ambient ion properties (see Figure
7 in Paper I). As stated previously we modeled in Paper I the ambient ions with
convected Maxwellians with a low energy component identified to be H™ (i.e., confined
below a few hundred eV) and a hot keV heavy ion component such as N'/O". The



ambient ions because of their high temperatures are characteristically broad in E/Q space
and appear in all four sensors.

In Table 2, we show estimated ion gyro-radii for the ambient plasma, spectrum 1, and
possible pickup ion components for spectra 2, 3 and 4. For the ion spectra, the pickup
ions modeled as ring distributions will show an increase in amplitude with increasing E/Q
until the ion speed is vi ~ 2V (i.e., V is the local flow speed of the plasma) above which
the ion flux will drop precipitously with increasing E/Q (see the paper by Sittler et al.,
2004b for an in-depth description of the observational properties of a ring distribution in
the spacecraft frame of reference). The presence of pickup ions is clearly seen in the D
cup for Figure 3 spectra 2 and 3. The table shows gyro-radii for ambient protons of ~ 400
km, while that for N'/O" of ~ 5600 km, the latter being greater than the diameter of Titan.
In our future discussions the guiding center concept will play a critical role in our
conclusions. It should also be noted that the positive ions will gyrate in the counter-
clockwise direction when looking down upon Figure 2.

Consider, Figure 2 and spectrum 2 in Figure 3. When the spacecraft is ~ 5500 km from
the center of the deflected wake, attenuation of ambient heavy ions (N'/O"), residing
toward keV energies, is apparent. The ambient protons at lower energies are essentially
unaffected. Also, there is the possible presence of pickup ions in the D cup at energies
extending up to 500-1000 eV. In spectrum 3 the ambient heavy ions are essentially
removed and the ambient protons are also showing attenuation toward higher energies.
The dominant feature for this spectrum is the presence of a pickup ion component with
energy below a few hundred eV. The magnetometer data indicates that spectrum 4 is just
outside the wake region. In spectrum 7, when the spacecraft exits the wake, only ambient
protons appear and in spectrum 8 both ambient protons and heavy ions have completely
recovered. Overall inspection of these figures indicates a preference for the ambient
heavy (N"/O") ions to be removed during the inbound pass relative to that on the
outbound pass consistent with a finite gyroradius effect.

Continuing this reasoning, we note that the distance Voyager 1 is from the wake region
when taking spectrum 2 is of the order of the gyroradii of the ambient heavy ions
(N'/O"). Thus, upstream heavy ions (N'/O"), whose guiding center trajectories pass
between the spacecraft and the wake, will have a high probability of gyrating into Titan’s
atmosphere and be lost from the plasma flow as suggested in spectrum 2. It is important
to note that if the ion velocity vector is to point directly into the D cup, the guiding center
of the ambient ion must be on the Titan side of the spacecraft position for spectrum 2.
Since the D cup has a fairly wide FOV, not all ion trajectories entering the D cup will be
attenuated by Titan’s extended atmosphere. On the other hand, the ambient protons,
having gyroradii of only about 400 km, will not encounter Titan’s atmosphere and thus
show little attenuation at spectrum 2. Spectrum 3 is only about 1000-2000 km from the
wake boundary. Consequently, if ambient heavy ions (N'/O") are to be observed in any
of the Faraday cups, their guiding center trajectories must be inside the wake. When this
is the case, the ambient N'/O" have a high likelihood of encountering Titan’s upper
atmosphere and disappear from the plasma flow, as observed. The same can be said for
spectrum 7 during the outbound pass. The absence of ambient N'/O" in spectrum 7 is



consistent with their large gyroradii and closeness of the spacecraft to the wake. While
the ambient protons with their smaller gyroradii show nearly full recovery. In order for
the ions to be observed by cups C and D, their guiding centers must be further away from
Titan with respect to the spacecraft and thus increase their probability of not encountering
Titan’s upper atmosphere. By spectrum 8, the spacecraft is ~ 3000 km from the wake.
Since the guiding centers of these ions are on the Saturn side of the spacecraft, they do
not encounter Titan’s atmosphere and as observed have no attenuation.

As can be inferred from Figure 2, ions entering cups A and B, can have their guiding
centers further away from Titan during the inbound pass, relative to that required for cups
C and D. There is evidence, especially for cup A, which looks furthest from the
corotation direction than the other three sensors, that ambient N'/O" ions are present in
spectrum 2 as expected. Cup D in Figure 2 does show some signal up to 5 keV (weaker at
lower energies than spectrum 1), but this could be due to a heavy pickup ion component
forming further upstream before mass loading has taken effect (i.e., r, ~ 7300 km). Ions
observed in spectrum 7 by A and B cups must have their guiding centers shifted toward
Titan with respect to ion trajectories sensed by cups C and D. Therefore, the guiding
centers of ambient protons must be no closer than ~ 400 km from the upper atmosphere
of Titan (i.e., above the exobase). The location of the inferred boundary of the wake, as
shown in Figure 2, is consistent with this interpretation. Altogether, it should be clear
from the above discussion, that finite gyroradius effects do play an important role in the
physics of Titan’s interaction with Saturn’s magnetosphere. A similar effect as described
above was suggested by the hybrid calculations of Brecht et al. (2000), which showed a
preference for the ambient ions on one side of the tail and the pickup ions on the other.
The finite gyro-radius effects reported here, also clearly show that the hot keV ion
component of the ambient plasma is a heavy ion such as N'/O".

Returning to spectrum 2, the location of the high energy edge of the pickup ion peak will
be equivalent to twice the flow speed of the plasma if the ions are described by a ring
distribution (see previous discussions about ring distributions). In Table 2 we indicate our
estimated drift speeds of the plasma for an assumed composition of the pickup ions. If
protons, the inferred drift speed of 175 km/s exceeds our upper estimate of 150 km/s for
the flow speed of the ambient plasma. In the case of N™ (equivalent to CH4") the drift
speed is ~ 50 km/s, which is below our lower range of 80 km/s for the flow speed of the
ambient plasma. But it would be consistent with some mass loading of the plasma by the
pickup ions. If the ion is N, the drift speed is ~ 33 km/s. Note that the gyroradii of the
pickup ions are 350 km < r, < 1800 km, considerably less than the gyroradii of ambient
N'/O" ions ry ~ 5600 km. We also note that there is evidence of lower energy pickup ion
component in Figure 3, which could be pickup H," if the higher energy peak is due to
pickup N* (CHy).

For spectrum 3, where the pickup ions are confined below a few hundred eV, the
estimated drift speeds are ~ 85 km/s, 23 km/s and 16 km/s for H', N* (CH;") and N,
respectively. At this point, considerable mass loading of the plasma has occurred. We
also see a further decrease in the gyroradii of the pickup ions, where 170 km < r, < 900



km. Finally, in spectrum 4, the spectral peak is confined below the low energy cut-off of
the PLS instrument, 10 eV, and the inferred flow speeds are 60 km/s, 10 km/s and 5 km/s
for H, N" (CH,") and N,", respectively. Here, the plasma flow is very close to the wake
boundary and severe mass loading of the plasma has occurred and is probably composed
of N," ions. At this point, the flow is more fluid like, and the gyroradii are 120 km < r, <
280 km. In conclusion, we can say, further from the wake, finite gyro-radii effects are
dominant, while near the “ionopause” boundary, the flow becomes more fluid like.
Therefore, future models must consider these issues. The numerous close encounters of
the Cassini spacecraft with Titan will allow us to constrain models of the interaction over
a wide range of encounters and Titan interaction geometries, which could include Titan’s
interactions within Saturn’s magnetosheath or the solar wind.

3.0 Titan’s Exosphere
3.1 General Exosphere Properties

We extend the exosphere model in Paper I, which included H and N, constituents
observed at the time. Atmosphere models by Keller et al. (1998), Yung (1987), Yung et
al. (1984) and Toublanc et al. (1995) predicted significant quantities of H, and CHy in the
exosphere. We include these species and added the ejection of suprathermal nitrogen
atoms, due to electron and photon dissociation of N, (Strobel and Shemansky, 1982; Ip,
1992; Strobel et al. 1992) and sputtering due magnetospheric ion impact (Shemantovich
1998, 1999; Shemantovich et al. 2001; Michael et al., 2004). For the suprathermal
nitrogen component we use a source strength Sy ~ 4.5x10% atoms/s, which is the value
used in Sittler et al. (2004a). The results are shown in Figure 4 for a spherically
symmetric model of the exosphere. As can be seen H,, H and N* dominate far from Titan
with H; an order of magnitude larger than H, while H is two orders of magnitude larger
than N*. Because methane is lighter than N it will dominate for heights greater than a
few hundred kilometers above the exobase at r ~ 4000 km, until a height ~ 1500 km when
H, starts to dominate. Note that the mass density of CH4 will dominate over that of H, for
heights up to 2500 km. This will be important when considering mass loading
calculations. Finally, when within a few scale heights of the exobase, N, will dominate
over everything else, especially its mass density. The neutral exospheric densities in
Cravens et al. (1998) for radii > 10,000 km are larger than our’s by an order of
magnitude. They use an estimate of the loss rate Sy ~ 5x10°° atoms/s (Barbosa (1987)).
At lower heights, where methane dominates, we are in agreement.

4.0 Mass Loading Calculations: Ionopause Location?

Using the exosphere model described above, we compute the effects of mass loading on
the flow of the ambient plasma due to pickup ions as in Paper I. The “ionopause” altitude
is estimated to be the point above the ionosphere where the mass loaded plasma velocity
vanishes. The pickup ions are formed by ionizing the neutral exosphere constituents,
which include H;, N*, and CH4 in addition to H and N, used in Paper I. We include
photoionization, electron impact ionization and charge exchange reactions in our model
calculations. The cross-sections and reaction rates are summarized in Table 3. The



plasma velocity, V, along a streamline, s, is obtained by solving the mass conservation
and momentum equations

apV ov
’; =2 mP->mlL, (la pVF=—2VijPj (1b)
j k s j
where,
p=2mN; (22) V=2 mNV/> mN, (2b)

The total mass density, p, and the bulk velocity component, V, along the streamline s are
obtained by summing over all ion species whose components include the j-th ion mass,
m;, ion density N;, and ion velocity, Vj,. P;is the total volume production rate for the j-th
ion and Ly is the charge-exchange volume loss rate of the kth ion. The momentum
equation (1b) has been simplified by only including the impulse force due ion pickup,
while ignoring the pressure gradient force, op/0s, and the magnetic force, jxB. These
calculations, which only include mass loading effects and are intrinsically 1D in
character, tend to over-estimate the “ionopause” height, while the missing horizontal flow
component will move the “ionopause” position inward. Based on the Venus results of
Hartle et al. (1980), this boundary would move outward because of the expected pile up
of plasma and magnetic field above the “ionopause”. This can cause the total pressure
gradient force (particle plus field) to point upstream in the same direction as the impulse
force. The Cravens et al. (1998) MHD results would argue that the total plasma pressure
would be almost a constant above the boundary and have little effect on our predicted
“ionopause” location. The numerous Cassini encounters with Titan is expected to identify
the differences between Venus and Titan.

In Figure 5, the geometry used for our calculations is shown for a fluid element moving
past Titan with impact parameter b. The distance s is the distance traveled by a fluid
element through Titan’s exosphere and as pickup ions are added to the fluid element it
slows due to the impulse term in Eq. 1b. In these calculations we ignore deflections and
compressions/expansions of the fluid element as it moves past Titan and are thus 1D in
character. The observation point is for a particular spacecraft position, but is more
symbolic of an observation point for a continuum of s values. In the case of zero impact
parameter, b=0, the fluid element moves towards Titan along the axis parallel to the flow,
through the origin, at 20° to the x-axis. When mass loading becomes large, the plasma
stops at a boundary we identify as the “ionopause”. In Figure 6 we show the reduction in
flow speed along a streamline with impact parameter b = 0, where considerable
deceleration occurs between 5000 km and 6000 km. Due to the addition of methane we
find a slightly larger “ionopause” (~ 4800 km) than was estimated in Paper 1 (~ 4400
km). We note that the “ionopause” altitude estimated in paper I was where the ion-neutral
mean free path equaled the horizontal scale height. Below such an altitude, the ions
formed would tend to be tied to the neutral atmosphere and behave more like
“lonospheric” ions. One could argue that this boundary is more like a stagnation
boundary, since the definition of an ionopause, originally defined for Venus, is where the
ionospheric plasma drops off rapidly. In the case of Venus it is where the ionospheric



plasma pressure balances the solar wind pressure. But, as discussed in Sittler and Hartle
(1996) for Triton where analogies were made with Venus, the ionopause can be very
thick if the external pressure is higher than average and the magnetic field penetrates
deeper into the ionosphere. We would argue from the MHD calculations by Cravens et al.
(1998) that the ionopause layer will be thick in the case of Titan and that our usage of
ionopause boundary is appropriate. But. for now, we will use quotes around the word
“ionopause” to indicate potential uncertainty in using this terminology.

We have compared our flow velocity calculations with that by Cravens et al. (1998) for
which their ram case is similar to our b=0 case. Their calculations show a more gradual
drop in flow speed with decreasing radius over larger scales lengths ~ 10,000 km. This is
due to a combination of a) a denser population of suprathermal nitrogen atoms far from
Titan (see section 3.1) and b) their use of only photoionization. From looking at Table 3 it
is clear that electron impact ionization dominates over photoionization for electron
temperatures Te ~ 200 eV. In their Figure 3 the electron temperature within the
magnetosphereic flow is only 5000°K (i.e., ~ 0.5 eV), for which the electron impact
ionization rates will be negligible. Their magnetospheric electron temperatures are a
factor of 400 below that observed by the Voyager 1 plasma instrument (Hartle et al.,
1982). Also, Cravens et al. (1998) used an upstream flow speed of V ~ 95 km/s and not
the 120 km/s we have used. Nagy et al. (2001) used the same ion production radial profile
as used by Cravens et al. (1998), but a higher upstream flow speed V ~ 120 km/s as used
in this paper. As expected, in the Nagy et al. (2001) paper, the slowing down of the flow
in the ram direction is similar to that reported by Cravens et al. (1998). They also used
the same electron temperature profile as that used by Cravens et al. (1998). These models
are inconsistent with the observations of magnetospheric electron temperatures by a
significant amount.

At an impact parameter of b = 6000 km, the flow speed decreases considerably before it
asymptotes to ~ 60 km/s as the plasma moves past Titan. This speed is lower than
expected for H' in Table 1. Considering the flow to be 20 degrees or more from the x-
axes, as shown in Figure 2, and using the values in Table 1, we would argue that this
calculation pertains to spectrum 2, where the pickup ion might be CH;". We note that the
gyroradius of CHy" at its birthplace upstream is greater than the scale height of its source
unlike for H and H,. In this case, the observed cutoff energy is expected to be less than
that corresponding to 2 times the drift speed of the ambient plasma (Hartle and Sittler,
2004). Therefore, the pickup ion will not have reached its maximum velocity at the
observation site. Consequently, the 47 km/s at for CH4" in Table 1 is a lower limit. In the
case of b = 5558 km, the flow speed decreases to an asymptotic value ~ 5 km/s as the
fluid element moves past Titan. This case is consistent with spectrum 4 when the
“jonopause” is ~ 4800 km. Table 2 shows the drift speed to be ~ 5 km/s for pickup N,".
For lower impact parameters the flow decreases rapidly. Under these circumstances, the
flow must be moving tangent to the “ionopause” boundary. Spectrum 3 would be
intermediate to cases b = 6000 km and 5558 km.

Our calculations have ignored the effects of the plasma pressure gradient force and the
magnetic force, which may tend to cancel each other out. Since the above calculation



using (Egs. 1 a, b) is a fluid approximation, the impulse force assumes that the ions are
instantaneously picked up at the ambient drift speed. This tends to overestimate the
impulse force due to finite gyroradius. The problem arises because heavy ions like N, ©
have gyroradii that are much larger than the scale height of the source gas. Such ions
born in the last scale height or two above the ionopause may never attain the ambient
drift speed over the acceleration region studied, thereby leading to an overestimate of the
impulse force. Consequently, finite gyroradius corrections would put the “ionopause”
below 4800 km. However, the altitude where ion neutral drag stops the flow would
determine the ultimate limit.

5.0 Summary and Conclusion

We have presented a new analysis of the plasma observations by Hartle et al. (1982) (
Paper I). Initial results were presented in the paper by Sittler et al. (2004c) for the
conference on Titan at ESTEC in April 13-17, 2004. Here we emphasize the importance
of finite gyroradius effects in the analysis of Voyager 1 plasma data, which show an
asymmetric removal of ambient ions from the plasma flow by Titan’s extended
atmosphere. As indicated by the viewing geometry of the plasma instruments’s four
sensors, and the spacecraft’s position along its track past Titan, the ambient ions were
preferentially lost on the side of the tail where pickup ions were observed. This was
consistent with the viewing geometry of the plasma instrument’s four sensors and the
spacecraft position along its track past Titan. For the D cup to see ambient ions for
spectrum 2, the ion guiding centers had to be offset toward Titan relative to the spacecraft
and thus had a greater probability of encountering Titan’s upper atmosphere, while on the
outbound pass the reverse was true. This feature of the data is consistent with the 3D
hybrid calculations by Brecht et al. (2000). Here we emphasize that when looking down
on Figure 2 the ions are gyrating in the counter-clockwise direction. Including the finite
gyro-effects, reinforce the analysis in Paper I that the ambient ions were composed of a
light (H") and heavy ion component (N'/O").

We have upgraded the exosphere model in Paper I to include H,, CHy and N, in addition
to the H and N, used in Paper I. Using this revised exosphere model we have calculated
the effects of mass-loading on the external flow using a simple 1D model. But, mass
loading alone cannot determine the “ionopause” location, since the upstream flow can
dominate the mass loading term. Ignoring this caveat, we then compared our mass
loading calculations with the plasma ion spectra and showed that the pickup ions in
spectrum 2 were consistent with CHy™ ions. However, there may also have been some
evidence of heavy ions being picked up somewhere upstream and then observed by the
plasma instrument at energies ~ 5 keV (i.e., ion gyroradii ~ 7800 km). We then showed
that spectrum 3 was probably CH,', although N," could not be ruled out. Finally,
spectrum 4 was very likely N,". This is a revision of the original analysis in Paper I,
where it was proposed that H™ was the likely pickup ion for spectra 2 and 3. This was
before the authors were aware of the likely presence of CHy in Titan’s exosphere (Keller
et al., 1998; Yung, 1987; Yung et al., 1984; Toublanc et al., 1995). Here we show that
H," pickup ions will dominate at larger altitudes, followed by CH," pickup ions and then
at altitudes just above the “ionopause” N, pickup ions will dominate the mass loading.
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In our calculations we ignored the effects of the upstream plasma pressure, magnetic field
pressure and magnetic tension, all of which will tend to move the “ionopause” to lower
altitudes. For impact parameter b = 0, we estimate the mass loading force to be Fyy ~
4.5x10"" dyne/cm’ at the nose of the “ionopause”, while the upstream magnetic field
pressure will be Fy = B*/87 ~ 107" dyne/cm” for a field strength B ~ 5 nT. The upstream
plasma pressure p ~ 10” dyne/cm’, with plasma B ~ 11 as reported by Neubauer et al.
(1984). Therefore, p >> Fy > Fyy so that mass loading alone will probably not define the
actual position of the “ionopause” or its thickness. The model calculations by Galand et
al. (1999) give an “ionopause” density of N, ~ 2000 electrons/cm’ at an altitude z ~ 1000
km or r ~ 3600 km. If we impose pressure balance at the “ionopause” then

P ~ 10”° dyne/cm’ is the upstream plasma pressure and magnetic field pressure. Ignoring
a possible magnetic field in the ionosphere, we can get pressure balance altitude of z ~
1000 km if we set T = (T; + T.)/2 ~ 1800 K which is much greater than the neutral gas
temperature of T ~ 180 K of the upper atmosphere, as originally derived from the
Voyager 1 observations by Broadfoot et al. (1981). If there is significant penetration of
the magnetic field into the ionosphere then this temperature estimate for the ionosphere
will be reduced. Therefore, the “ionopause” location resides somewhere between 3600
km < Rjon < 4800 km. This feature of the interaction is similar to that calculated by
Cravens et al. (1998). They found a similar location and thickness of this “ionopause”
layer estimated here, 3600 km < r < 4800 km, and confirm the general validity of our
calculations. But, as previously emphasized, the ability to properly characterize this
boundary one must use a hybrid code similar to that developed by Brecht et al. (2000) at
high altitudes, which then transitions to an MHD calculation at lower altitudes where the
flow is more fluid like.

The above analysis suggests that there is still much to learn from data expected from the
multiple passes through Titan’s upper atmosphere by Cassini. For instance, the above
argument ignores the fact that the slowing down by mass loading is usually accompanied
by piling up of magnetic field and plasma (ambient and new born ions). The piled up
field and plasma can add significantly to pressure and pressure gradient forces as
discussed in Hartle et al. (1980) for Venus. In addition, we note that although Fyy << P,
the scale length for Fy at the boundary where mass loading is most important (i.e., r ~
4800 km and b = 0) is Ly ~ 100 km, while for P it is L ~ 1000 km. Therefore, at this
boundary mass loading can dominate over pressure gradients and there could be a sudden
drop in flow speed at this boundary. Inside this boundary inward motion of the plasma to
the ionosphere would be dominated by pressure gradients in the plasma. These estimates
also indicate that there could be considerable mixing of the magnetospheric plasma with
Titan’s upper atmosphere for 3600 km < r <4800 km (Brecht et al., 2000). These features
of the interaction are similar to that calculated by Cravens et al. (1998), who used a 2D
MHD code. One also expects the thickness of the “ionopause” to be ~ an ion gyroradius,
which for Titan could be several hundred kilometers thick or more as suggested by our
previous arguments.



11

The location of the “ionopause” is critical in determining whether the pickup ions
efficiently interact with the region below the exobase causing atmospheric loss
(Shematovich et al., 2001; Michael et al., 2004) and whether magnetospheric electrons
have access to the atmosphere below the exobase (see Strobel and Shemansky, 1982).
Strobel et al. (1992) used arguments similar to those in Paper I to put the “ionopause” at
Rion ~ 4400 km. If true, their result would prevent the magnetospheric plasma from
having access to Titan’s upper atmosphere and thus downgrade the importance of the
exothermically produced nitrogen atoms with regard to the nitrogen torus surrounding
Saturn. They estimated that the source strength for the escaping N atoms would be
reduced from Sy ~ 3x10%® atoms/s as originally proposed by Strobel and Shemansky
(1982) to be Sy ~ 10% atoms/s. If the “ionopause” is rather at r < 4400 km, then the
source term for exothermically produced nitrogen could be considerably greater. Ip
(1992) and Sittler et al. (2004a) discuss these issues in more detail.

Because the upstream plasma and magnetic field can have pressures large compared to
ionospheric pressures without heating, the ionosphere could be highly compressed with a
correspondingly thick “ionopause” residing between 3600 km and 4800 km. Sittler and
Hartle (1996) discussed a similar situation for Triton, where they made analogies with
Venus’ ionosphere. Under these circumstances energetic electrons will tend to gradient
drift around Titan and not have direct access to its upper atmosphere for altitudes less
than 1000 km. This could have an important effect on models of Titan’s ionosphere, such
as that by Galand et al. (1999).
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Table 1. Plasma Upstream Properties: Voyager 1 Titan Flyby'

Parameter Value
Magnetic Field B 5nT
Flow Speed V 80-150 km/s
Proton Density n, 0.1 cm™
Nitrogen lon Density ny: 0.2 cm™
Electron Temperature T, 200 eV
Proton Temperature T, 210eV
N' Temperature Tn- 2.9 keV
Total Plasma Pressure p 107 dyne/cm’
Plasma 3 11
Alfven Speed Va 64 km/s
Sound Speed Vg 210 km/s
Alfven Mach Number MA=V/V 4 1.9
Sonic Mach Number Mg = V/Vg 0.57

1. Parameters derived from Hartle et al. (1982) and Neubauer et al. (1984)

Table 2. Ion Drift Speeds and Gyro-Radii at Titan

Spectrum # Parameter H' N* N,"
1 Thermal Speed 200 km/s 200 km/s 140.0 km/s
1 Gyro-Radius 400 km 5600 km 7840 km
2 Drift Speed 175 km/s 47 km/s 33 km/s
2 Gyro-Radius 350 km 1316 km 1848 km
3 Drift Speed 85 km/s 23 km/s 16 km/s
3 Gyro-Radius 170 km 636 km 896 km
4 Drift Speed 60 km/s 10 km/s 5 km/s
4 Gyro-Radius 120 km 280 km 280 km
Table 3A. Photoionization Rates
Reaction Reaction Rate sec”’ Reference
H,+hv>H +H+e 107" Huebner & Giguere, 1980
H,+hv>H, +e 5.9x107"° Huebner & Giguere, 1980
H+hv>H +e¢ 8x107"° Huebner & Giguere, 1980
N+hv>N'+e 2x10” Huebner & Giguere, 1980
No+hv >N, +e 3.9x10” Huebner & Giguere, 1980
CH,+hv > CH, +e 6.5x10” Huebner & Giguere, 1980

Table 3B. Electron Impact Ionization Rates'

Reaction Reaction Rate cm’/s Reference

H+e>H +2¢ 5.13x10” Lotz, 1966

H+e* > H +2e 3.1x10" Lotz, 1966
H,+e—>H +H+2e 6.3x10” Rapp & Englander-Golden, 1965
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H,+e*>H +H+2e 5.13x10™ Rapp & Englander-Golden, 1965
Ny+e >N, +2e 1.02x10™ Rapp & Englander-Golden, 1965
N, +e* >N, +2e 1.64x10” Rapp & Englander-Golden, 1965
CHy+e > CHy +2e 2.33x10° Rapp & Englander-Golden, 1965
CHy+e* > CHy +2e 2.2x10” Rapp & Englander-Golden, 1965
N+e>N +2e 6.59x10” Lotz, 1966
N+e* >N +2¢ 9x10° Lotz, 1966

1. We use “e” to represent hot secondaries with T, ~ 10 eV and use “e*” to indicate
magnetospheric electrons with Te ~ 200 eV.

Table 3C. Charge Exchange Reaction Rates

Reaction Reaction Rate Cross section Reference
cm’/s 107'%cm?
(225km/s) (260 eV/amu)
H+H>H+H' 5.0x107 22.0 Tawara 1985; Newman et
al., 1982
H+H,>H+H 17.x10° 0.77 Tawara 1985; Tawara,
1978
H, +H, 2H, +H," 6.6x10” 2.9 Massey & Gilbody, 1974
H,"+H>H,+H 2.25x107 10.0 Estimate
H+N>H+N! 10° 4.4 Basu et al., 1987
H+N,>H+N, 2.3x107 1.02 Rees, 1989; Rudd et al.,
1985
H +N,OH +N,"° 4.5x10° 0.2 Basu et al., 1987
H + CHy;>H+ 7x107 31.0 Rudd et al., 1985;
CH," Koopman, 1968
H, + N> H, +N* 2.25x107 10.0 Estimate
Hy +N, > H, + 4.5x10” 2.0 Estimate
N,"
H,"+CHy > H, + 4.8x107 21. Koopman, 1968
CH,"
N"+CH; > N+ 9.4x10°™° 0.42 Albritton, 1978
CH,"
N," +CHy > N, + 107 0.44 Albritton, 1978
CH4+ 2
N'+N>N+N'° 1.4x10® 6.2 Lo etal., 1971
N +N; 2> N+N," 1.7x107 7.5 Phelps, 1991
N +HO>N+H 1.7x107 7.5 Tarawa 1985; Phaneuf et
al., 1978
N +H,ON+H, * 8.4x10” 3.7 Tarawa 1985 ; Phaneuf et
al., 1978
N,  + N> N, +N* 10" 0.0044 Albritton, 1978
N, +H> N, +H 4.5x10° 20 Estimate
N, + N, D N, + 0.7x10® 3. Estimate
N,"
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CH," +H > CH, + 0.4x107 2 Estimate
H+
CH,"+H, > CH, 0.2x10® 1. Estimate
+H,"
CH, " +N > CH,4 + 0.1x10® 0.5 estimate
N+
CH," +N, > CH, 0.1x107 0.5 Estimate
+N,"
CH, +CHy > 1.15x10” 0.57 Huntress, 1977
CHSJr + CH;

1. Used H' + 0O - H+ O reaction at E, = 1 keV
Actual end products are CH;" & CH,"

Used N"+ O > N + O reaction at E = 40 keV
Used cross-section at Exy = 10 keV

Used cross-section at E, = 1 keV

ol
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Figure Captions

Figure 1. Figure shows the trajectories of the various spacecraft (Pioneer 11, Voyager 1
and Voyager 2) as they pass through Saturn’s magnetosphere. Bow shock (BS) and
magnetopause (MP) boundaries are shown (Derived from Figure 1 in Sittler et al.
(1983)). It also shows Titan’s trajectory around Saturn and its position during the
Voyager 1 closest approach with Titan (TCA), one day before TCA and one day after
TCA. This figure shows the closeness of Titan to the magnetopause as Voyager 1 made
its close encounter with Titan. We then show a blow up of the encounter geometry at
TCA (Derived from Hartle et al., 1982). Here, the nominal corotational wake is shown,
sunlit side of Titan indicated and the alignment of the plasma instrument’s four potential
modulated Faraday cups.

Figure 2. Rendition of the interaction of Titan’s upper atmosphere with Saturn’s
magnetosphere as observed by the Voyager 1 spacecraft during its close encounter with
Titan as originally proposed by Hartle et al. (1982). The figure shows the alignment of
the PLS sensors A, B, C and D relative to Titan and the upstream flow. The figure also
shows the spacecraft trajectory and the ion spectra recorded by the plasma instrument and
numbered 1 to 8.

Figure 3. This figure shows the ion spectra recorded by the PLS instrument for those
outside the wake region. This figure shows the response of the instrument to the ambient
plasma, its interaction with Titan and the presence of pickup ions.

Figure 4. Model of Titan’s exosphere, which includes H, H,, N*, CH4 and N», that was
used for our mass loading calculations. See text for details.

Figure 5. Shows geometry of mass loading calculations with fluid element shown as it
accumulates pick up ions and are then observed at the spacecraft position which is
downstream from the flow. The length of the streamline is indicated by s and the impact
parameter b is also shown.

Figure 6. This figure shows the effects of mass loading for various impact parameters of
the flow relative to Titan’s center. See text for details.
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