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[1] Radio occultation measurements of the Saturn ionosphere have shown that persistent
but variable electron density layers appear well below the major peaks. We model here
the region of hydrocarbon ions that is below the main peak and is produced by absorption
of solar photons in the wavelength range 842 to 1116 A, which penetrate to altitudes
below the methane homopause in the wings of the Hy absorption lines, and in the gaps
between groups of lines. In this wavelength range, H> absorbs photons in discrete
transitions to rovibrational levels of electronically excited states, which then decay to a
range of rovibrational levels of the electronic ground state, or to the continuum of the
ground state. The cross sections for these discrete absorptions vary by several orders of
magnitude from the peaks to the wings of the absorption lines. We find that the adoption
of high resolution photoabsorption cross sections for the H> bands leads to different
photoionization profiles for both the hydrocarbons and H atoms, and to peak CHZ‘r
photoproduction profiles that are more than an order of magnitude larger than those
computed with low resolution cross sections. For the present model, we find that
ionization by energetic electrons that accompany the absorption of soft X-rays appears in
the same altitude range. We predict that a broad region of hydrocarbon ions appears well
below the main peak, in the altitude range 600 to 1000 km above the 1 bar level

(2-0.04 pbar) with a maximum electron density of ~ 3 x 103 cm™> at low solar activity.

Citation: Kim, Y. H., J. L. Fox, J. H. Black, and J. I. Moses (2014), Hydrocarbon ions in the lower ionosphere of Saturn,
J. Geophys. Res. Space Physics, 119, 384-395, doi:10.1002/2013JA019022.

1. Introduction

[2] Radio occultation (RO) and in situ experiments have
shown that persistent but variable electron density layers are
observed near and below the main peaks for solar system
bodies that have well-developed ionospheres, including that
of Saturn [e.g., Atreya, 1986; Nagy et al., 2006; Kliore et al.,
2009]. The suggested sources for these lower layers include
absorption of solar X-rays in the ~1-150 A range, precipita-
tion of very energetic charged particles, ablation of meteoric
particles, and, for Earth, ionization of NO by solar Lyman
alpha radiation. Lyman alpha photons penetrate to very low
altitudes only on the Earth, where the main UV absorber is
O,. The O, photoabsorption cross sections are characterized
by an accidental “window” at Lyman alpha (1215.67 A) that
allows solar photons to penetrate to altitudes of ~ 75 km;
a discussion of this phenomenon can be found in any of
numerous standard textbooks on aeronomy [e.g., Banks and
Kockarts, 1973].

Additional supporting information may be found in the online version
of this article.
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[3] Ionization by precipitation of very energetic particles
is mostly confined to the auroral regions, which we do not
consider here. We here model two mechanisms for pro-
duction of low-altitude hydrocarbon ions at low to middle
latitudes on Saturn. First, we model the direct ionization
of hydrocarbon stable molecules and radicals by solar pho-
tons that penetrate to low altitudes in the wings and gaps
of the H, absorption lines between 842 and 1116 A. In this
wavelength region, H, absorbs in discrete transitions, mostly
in the Lyman (B'X;;v < X'X;;v"), the Werner (C'IT,;
V < X'37;v7), and the Rydberg (B 2V < X'E75v7)
and (D'I1,;;V < X! ¥;;v") band systems. The absorption
lines are very narrow, and the cross sections at the line cen-
ters are several orders of magnitude larger than those in the
wings of the lines and those in the gaps between the clusters
of lines. In order to compute the hydrocarbon photoioniza-
tion rates, we have modeled the photoabsorption of H, with
very high resolution cross sections, of the order of 103 A,
and similarly high resolution solar fluxes. This resolution
is sufficient to resolve the thermal Doppler-broadened line
cores at any temperature above 10 K. Kim and Fox [1991,
1994] had previously shown that this mechanism produces
a lower layer of hydrocarbon ions in the Jovian ionosphere.
In the text that follows, the model constructed with the
high spectral resolution H, photoabsorption cross sections
and solar fluxes will be referred to as the “high resolution
model”, and that constructed with low spectral resolution
H, cross sections and similarly low resolution solar fluxes
will be referred to as the “low resolution model”. The high
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Figure 1. H, photoabsorption cross sections in the 842—
1116 A region at 200 K. (top) High spectral resolution
cross sections constructed in this work. (bottom) Low reso-
lution cross sections. These cross sections were constructed
by averaging the high resolution cross sections over 1 A
bins. Also shown as large dots are the very low resolution
cross sections measured by Backx et al. [1976], which have
been used in many investigations of the ionospheres of the
outer planets.

resolution cross sections are temperature dependent. Those
from 842 to 1116 A at a temperature of 200 K are shown in
Figure 1 (top). These cross sections are averaged over 1 A
bins, and the resulting cross sections are shown in Figure 1
(bottom). The cross sections of Backx et al. [1976] are given
at 30-40 A intervals and are shown as large points on the
lower plot. We note that most researchers use the very low
resolution cross sections of Backx et al. [1976], while “low”
spectral resolution here denotes a resolution of 1 A. Previ-
ous studies of high resolution cross sections and their effects
on ionospheres/thermospheres include those of Lavvas et al.
[2011] for N, on Titan and of Fox and Black [1989] for CO
on Venus.

[4] The second mechanism we consider here for produc-
tion of hydrocarbon ions is the photoionization by solar soft
and harder X-rays in the wavelength region below ~ 150 A
and subsequent ionization by the concomitant very ener-
getic photoelectrons, secondary, and Auger electrons. For
the particular model that we have employed here, the two
sources described above are found to maximize roughly in
the same altitude range. This may not be the case for other
Saturn models, where the homopause is found at different
pressure levels.

[5s] Previous models of hydrocarbon ions on Saturn have
neglected H, line absorption and were based on lower
resolution H, cross sections that allow fewer photons to
penetrate to the region below the methane homopause. A
few investigators have, however, included ionization by soft
X-rays and their photoelectrons and secondary electrons.

In order to provide context for our study, we present
below a short review of measurements and models of the
Saturn ionosphere, followed by a review of studies of
hydrocarbon ions.

1.1. Measurements and Models
of the Saturn Ionosphere

[6] Reviews of measurements and models of the iono-
sphere/thermosphere of Saturn have been presented by, for
example, Majeed et al. [2004] and Witasse et al. [2008].
Nagy et al. [2009] have summarized the observations of
the ionosphere of Saturn up to 2009 and the various mod-
els that were constructed between 1973 and 2009. Prior to
Cassini, most of the information about the Saturn ionosphere
was in the form of six radio occultation (RO) profiles, mea-
surements of Saturn electrostatic discharges (SEDs), and
intensities of the infrared emissions from Hj. The latter
emissions were found to be highly variable and largely con-
fined to the auroral ovals, with only a few percent arising
from lower latitudes [e.g., Stallard et al., 1999; Melin et al.,
2007].

[71 SEDs are impulsive radio bursts, the transmission of
which is assumed to be indicative of the peak electron den-
sity at various local times. The detection of SEDs by Kaiser
et al. [1984] suggested that the diurnal variation of the peak
from noon to midnight was 2 orders of magnitude, from
~ 10° em™ to ~ 10° ecm™, with dawn and dusk values of
~ 10* cm™. The measurements of the diurnal variation of
the electron density peak are reproduced here in Figure 2.
Fischer et al. [2011] have more recently reported the inci-
dence of SEDs detected from 2004 to 2009 and their local
time behavior. They found that SEDs were highly variable
but exhibited a somewhat smaller diurnal variation of 1 to 2
orders of magnitude, with noon values of the peak electron
density of (1 —4) x 10> cm™, midnight values of (5 — 10) x
10° cm™3, and dawn and dusk values of ~ 5 x 10* cm™. The
error bars on these values are, however, large.

[8] The Saturn ionosphere near the terminators has been
probed by RO experiments on the flyby spacecraft Pioneer
11 [Kliore et al., 1980] and Voyagers 1 and 2 [e.g., Lindal
et al., 1985]. The six electron density profiles that were ret-
urned from these spacecraft were highly structured and exhi-
bited widely different characteristics for various latitudes
and local times. The electron densities of the upper iono-
spheric peaks were of the order of 10* cm™ between 1800
and 2500 km above the 1 bar level. The Voyager 1 ingress
profile showed well-defined peaks down to ~ 500 km.

[o] Recently, the Cassini spacecraft has carried out RO
measurements of the Saturn ionosphere, and the first 12 elec-
tron density profiles at low latitudes were published by Nagy
et al. [2006]. The individual profiles show large variabil-
ity in the peak altitudes, magnitudes, and vertical structure.
Nagy et al. [2006] averaged the dawn and dusk profiles
separately and found fairly large differences. These profiles
are reproduced here as Figure 3. The averaged dawn pro-
file showed smaller peak densities, of the order of (1 —2) x
10° cm™ at altitudes of ~ 2400 km, while the averaged
dusk profiles exhibited larger peak densities of ~ (5 —6) x
10° ecm™ near 1900 km. Both sets of profiles showed mul-
tiple layers below the upper peak to 500-600 km above the
1 bar level. Some layering in the upper region of the iono-
sphere is also apparent. Nineteen more profiles from middle
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Figure 2. Equatorial peak electron densities as a function
of local time obtained from Saturn electrostatic discharges.
Maximum and minimum densities occur just after noon and
midnight, respectively. The dashed line is a least squares fit
to the data. Figure from Kaiser et al. [1984].

to high latitudes were published by Kliore et al. [2009].
These profiles clearly showed that the peak electron density
increases with increasing latitude. A high degree of vari-
ability was observed, however, with peak electron densities
ranging from ~ 5 x 10° to ~ 4 x 10* cm™.

[10] Early models of the Saturn ionosphere, as well as
those of Jupiter, had predicted peak H' and electron den-
sities that were larger than those observed by at least an
order of magnitude, with protons dominating the ionosphere
over a large altitude range [e.g., McElroy, 1973]. In order
to reduce the predicted densities of the long-lived protons
photochemically, they must be converted to molecular ions,
which are destroyed efficiently by dissociative recombina-
tion (DR) with ambient electrons. McElroy [1973] suggested
that protons could be converted to molecular ions by reaction
with vibrationally excited Hy(v > 4):

H +H(v > 4) —>H§+H, (1)
which is usually followed by
H; +H, — H; +H. @

Hj ions are readily destroyed by DR

H; +e — Hy(v,))+H (3a)
or

H;+e—> H+H+H. (3b)
Reaction (1) is usually assumed to proceed at gas kinetic
rates, with rate coefficients in the range (1-2) x 10~ cm3s™'.
Cross sections and/or rate coefficients for reaction (1) were
recently computed by Ichihara et al. [2000] and by Krsti¢
[2002]. Ichihara et al. reported high temperature rate coeffi-
cients in the range ~ (1.2 — 1.8) x 10~ cm?s™!. The fraction
of H, molecules in vibrational states v > 4 is, however,
unknown. It is probable that the vibrational levels of H,
are not in local thermodynamic equilibrium (LTE) near or
above the peak of the electron density layer. The distribu-
tion of vibrationally excited H, in the atmosphere of Jupiter
has been computed by Cravens [1987] and by Majeed et al.
[1991] and reviewed by Yelle and Miller [2004]. The effects
discussed for Jupiter are similar to those for Saturn.

[11] Connerney and Waite [1984] suggested that an influx
of water from the rings could reduce the proton density
by converting the H' ions into molecular ions, in such
reactions as

H +H,0 — H,0" +H %)

which is followed by reactions, such as

H, + H,0" — H;0" + H. %)
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Figure 3. Weighted averages of dawn and dusk electron
density profiles from 14 radio occultation measurements
made by Cassini. The solar zenith angle range is from 84
to 96° at near equatorial latitudes. Figure from Nagy et al.
[2006].
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A rich chemistry of oxygen-containing species is produced
by this influx of water [e.g., Moses and Bass, 2000]. The
water influx into the Saturn atmosphere has recently been
suggested to arise from the gaseous plume of Enceladus
rather than from the rings [e.g., Waite et al., 2006; Hartogh
etal., 2011].

[12] The focus of most of the studies since the publica-
tion of Connerney and Waite [1984] has been on the relative
effects of the two suggested photochemical mechanisms for
destruction of protons, reactions (1) and (3), and on the
role of dynamical processes such as magnetic field-aligned
ion drift, which can act to raise or lower the altitude of
the ion density peak [e.g., Majeed and McConnell, 1991,
1996; Moore et al., 2004, 2006, 2007, 2008, 2009, 2010,
2012; Miiller-Wodarg et al., 2012].

[13] The vibrational distribution of H,(v) in the iono-
sphere of Saturn was computed by Majeed et al. [1991],
who included as sources of vibrational excitation fluores-
cence of H, in the Lyman and Werner band systems that are
excited by photons or electrons, DR of Hj (reaction (3a))
and vibrational excitation of H, by photoelectron impact.
Loss processes for vibrationally excited H,(v) included VT
(vibration-translation) transfer of H,(v) to H and to Ha,
and VV (vibration-vibration) transfer from H,(v) to Hs.
Majeed et al. adopted a gas kinetic rate coefficient for
reaction (1) of 2 x 10° cm’s™' and reported profiles of
effective vibrational temperatures in the Saturn ionosphere
for each vibrational level up to v=14. The effective vibra-
tional temperature T, at the electron density peak was found
to be in the range 1800-2600 K. This computed vibra-
tional distribution was used in the model of Moore et al.
[2004]. The calculations of Majeed et al. [1991] were,
however, criticized later by Huestis [2005] and Huestis et
al. [2008] as not including vibrational quenching of H,(v)
by protons, which is deemed to be as important as the
charge transfer process. Hallett et al. [2005] have also pre-
sented other reactions that could be important in producing
non-LTE effects in the vibrational distribution of H,(v),
including excitation of H,(v) by collisions with energetic
H atoms.

[14] Moses and Bass [2000] adopted the altitude-
dependent vibrational temperatures computed by Majeed et
al. [1991], converted them into effective rate coefficients
for reaction (1), and reported values that increased from
102 cm®s™! at 750 km to 10713 cm’s™! at altitudes above
~ 2200 km. At the peak of the electron density profile for
their standard model, which was found to occur at about
1200 km (107° mbar), the effective value for k; was ~3 x
10718 cm3s™!.

[15] The effective rate coefficient for reaction (1) has
often been assumed to be an adjustable parameter that is
used to fit the H" peak density [e.g., Majeed and McConnell,
1991; Majeed and McConnell, 1996]. In the former study,
effective rate coefficients of 107!, 107", and 107" cm’s™!
were tested, and the best fit rate coefficient was found to
be 7 x 107" cm3s!. In some models, the altitude profile
of ky of Moses and Bass [2000] has been varied by a con-
stant factor over the entire altitude range to fit the H* profile.
For example, in their time-dependent models, Moore et al.
[2006, 2010, 2012] found that the best fit profile of the effec-
tive rate coefficient for reaction (1) was equal to 0.125 times
that of Moses and Bass [2000].

[16] With three essentially free parameters: the effective
value of k1, the rate of water influx, and ion drifts along field
lines, it is possible to fit a wide range of electron density
profiles at Saturn. For example, Moore et al. [2006] found
that with sufficient influx of water, the value of k; could be
reduced considerably. The diurnal variation in the peak elec-
tron density that is indicated by the detection of SEDs has,
however, not been reproduced [e.g., Majeed and McConnell,
1996; Moses and Bass, 2000; Moore et al., 2004, 2006,
2012].

[17] Nonetheless, recent models of the ionosphere of
Saturn have suggested that beneath the topside proton
transport-dominated region, there are two photochemically
produced regions: one in which the major ion is Hj and
one that appears at lower altitudes in which hydrocarbon
ions dominate. The electron density profiles measured by
RO experiments sometimes show sharp layers, the chemi-
cal identity of which is unknown [e.g, Kliore et al., 2009;
Nagy et al., 2009]. Nearly all parts of the ionosphere near
and below the peak region show some layering sometimes,
which may be caused by gravity waves [e.g., Matcheva et
al., 2001; Matcheva and Barrow, 2012]. Wind shears can
cause layering of metal atoms, as shown by Lyons et al.
[1992] and Moses and Bass [2000]. Although it is usually
suggested that the longer-lived atomic ions react to gravity
waves or wind shears by forming layers, evidence of wave
activity can also be seen in the Martian electron density
profiles that were returned from the Mars Global Surveyor
Radio Science experiment [e.g., Hinson and Simpson, 2008;
cf., Fox and Weber, 2012]. The dominant ion near the peak
of the Martian electron density profiles is a molecular ion,
O; [e.g., Hanson et al., 1977].

1.2. Hydrocarbon Ions on Saturn

[18] Probably the most cited source of H, photoabsorption
cross sections in the wavelength range 842-1116 A is that of
Backx et al. [1976]. Their cross sections are given at 0.5 to
2 eV intervals or about 30—40 A in this wavelength range.
Values from ~ 1.8 x 1078 to ~ 3.7 x 1077 cm? have been
reported, as shown in Figure 1.

[19] The chemistry of the hydrocarbon ion layer has
received little attention. Following a suggestion by McElroy
[1973], Atreya and Donahue [1975] first modeled the
hydrocarbon ion chemistry in the ionosphere of Saturn
but included only photoionization and photoelectron-impact
ionization of the major species: H, H,, and He. Hydrocar-
bon ions were produced by charge transfer and dissociative
charge transfer of H", Hj, and He" to CHy. These reac-
tions were assumed to produce only C;-containing ions,
and subsequent reactions of these ions with the major
neutral species eventually formed the terminal ion C,HJ.
Atreya and Donahue [1975] predicted a small peak den-
sity of C,HY ions of about 4 x 10?> ¢cm™ beneath the upper
peak of H' ions, which were characterized by a density
of 10> cm™. Many subsequent models have either ignored
hydrocarbon ions altogether [e.g., Majeed and McConnell,
1991, 1996] or adopted the assumptions of Atreya and
Donahue [1975] in their models [e.g., Moore et al.,
2004, 2006].

[20] Among the early models of Saturn, only Waite et al.
[1979] and Waite [1981] included the direct ionization of
methane by photons and photoelectrons, and ionization of
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Figure 4. Eddy diffusion coefficient profile from about
400 km to 3200 km. From Moses and Vervack Jr. [2006].

CHj; by Lyman alpha in their predictions of the altitude pro-
files of hydrocarbon ions. The predicted terminal ion was
C,Hi, and its peak density was, however, small, in the range
~2x10*to 1 x 10° cm™.

[21] In their model of the Saturn ionosphere, Moses and
Bass [2000] included complete hydrocarbon ion chemistry
up to the Cy4 level with generic ions CsH! and C¢H rep-
resenting higher hydrocarbon ions. Most of their photoab-
sorption cross sections were characterized by low spectral
resolution, although they included ionization of hydrocar-
bons by four solar lines, including those at 923.1, 933.4,
949.7, and 977 A.

[22] Galand et al. [2009; cf., Moore et al., 2008, 2010,
2012] focused on the effects of photoelectrons and sec-
ondary ions on the ionization profiles but included only
photo- and electron-impact ionizations of methane as the
initial source of hydrocarbon ions. The hydrocarbon ion
chemistry in this model is limited to C;-ions. Furthermore,
the photoabsorption and photoionization cross sections that
are shown in the paper are almost structureless. For the
wavelength region longward of the H, ionization threshold,
these authors adopted the H, photoabsorption cross sections
of Backx et al. [1976]. In addition, the spectral resolution of
their solar flux model was 10 A, which made capturing the
discrete line spectrum of H, impossible.

2. Modeling Approach

[23] The major constituents in the thermosphere of
Saturn are H,, He, H, and CH,. The abundance of CH4
drops off rapidly above the homopause, which is defined
here as the altitude where the methane molecular diffusion
coefficient is equal to the eddy diffusion coefficient. Stable
hydrocarbon molecules are insignificant species in the upper
thermosphere of Saturn but are found in abundance below
the methane homopause, which is observed to vary greatly
with latitude and time [e.g., Kliore et al., 2009; Nagy et al.,
2009]. For this study, we have adopted a model from Moses
and Vervack Jr. [2006] that was developed to reproduce the
Voyager 1 egress solar occultation data. The abstract for
this model can be found at the website www.Ipi.usra.edu/

meetings/lpsc2006/pdf/1803.pdf. This model is character-
ized by a latitude of 27°S, a magnetic dip angle of 45.5°,
and a homopause altitude of 1010 km, which corresponds
to a pressure level of 4 x 1072 pbar. A plot of the eddy
diffusion coefficient as a function of altitude is shown in
Figure 4. We have assumed here a local time of noon; there-
fore, the solar zenith angle (SZA) is 27°. The range of the
model is from 400 km to 4000 km (120 to 2.6x 1078 ubar),
and the altitude grid size is 10 km. All of the altitudes quoted
here are referred to the 1 bar level for this particular model;
pressure levels are quoted along with the altitudes, which,
because of the oblate shape of the planet, vary with latitude.
Lindal et al. [1985] have shown values for the radius of
Saturn at the 100 mb level as a function of latitude, labeled
with the latitudes of the radio occultations for the various
pre-Cassini missions.

[24] The background atmosphere consists of fixed den-
sity profiles of 18 neutral species, including H,, He, CHy,
C,H,, C,H4, C,Hg, CH;, CH;C,H, H,0, CO, C, CH, C,, O,
0,, CO,, H,CO, and CH30H, which, along with the neu-
tral temperature and eddy diffusion coefficient profiles, are
adopted from the model of Moses and Vervack Jr. [2006].
In Figure 5, we present the altitude profiles of the densities
of the most important neutral species, which include H, H,,
and He; the stable hydrocarbon molecules methane, ethane,
acetylene, and ethylene; the radical CH3; and water. We have
compiled from the literature the photoionization and pho-
todissociation cross sections for the fixed neutral species
and H over the 1-2000 A range. The sources of these cross
sections can be found in the supporting information of this
paper. The electron temperatures are adapted from the cal-
culations of Moore et al. [2008] for noon conditions, and
the ratios of the values of 7, are assumed to be the same
as the ratios of 7, in their model and ours. The resulting
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Figure 5. Altitude profiles for the densities of the major
neutral species and neutral and electron temperatures in
the thermosphere/mesosphere of Saturn from the model of
Moses and Vervack Jr. [2006]. The altitudes are those above
the 1 bar level of the atmosphere. The model is character-
ized by a latitude of 27° S and a magnetic dip angle of 45.5°.
The densities of these background species are assumed to
be fixed, except for those of H, which were computed self-
consistently in the model. The electron temperature profile,
which is shown as a dashed profile, is based on the model of
Moore et al. [2008].
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electron temperature profile increases with altitude to a value
of ~500 K at the top of the model.

[25] For the high resolution model, we have constructed
photoabsorption cross sections of H, over the wavelength
range 842-1116 A with a resolution of 0.001 A, using
the transition probabilities for rovibrational lines in the H,
Lyman (B — X), Werner (C — X), and Rydberg (B’ — X) and
(D — X) band systems computed by Abgrall et al. [2000].
In this wavelength range, the photoionization and photodis-
sociation cross sections of the other main species were also
interpolated to 0.001 A resolution. We have assumed, in
this preliminary model of fluorescent scattering, that the H,
vibrational distribution is in LTE at the local neutral temper-
ature. It is likely that LTE is not valid at the higher altitudes
le.g., Shemansky and Liu, 2012].

[26] We have constructed a low solar activity solar spec-
trum at a resolution of 0.001 A from that measured by
SOHO/Solar Ultraviolet Measurements of Emitted Radia-
tion (SUMER) in the wavelength range of 842-1116 A for
the quiet solar disk [Curdt et al., 2001]. The total photon
flux in this region of the spectrum was scaled to that of
the SOLAR2000 (S2K) v2.22 76200 spectrum, which per-
tains to 18 July 1976 [e.g., Tobiska, 2004], so that the total
solar photon fluxes in the 842-1116 A range are the same
for the low and high resolution models. The low resolution
H, cross sections in the range 842—1116 A were not taken
from experiments; they were computed by averaging the
high resolution cross sections over 1 A bins. The spectrum
for the wavelength ranges outside that of the high resolu-
tion cross sections was adopted in “Hinteregger” format: that
is, with 1 A resolution in the continua and as delta func-
tions at the strong solar lines [e.g. Hinteregger et al., 1981].
For the spectral region from 400 A to 841 A and that from
1116 to 2000 A, we have adopted the solar fluxes from the
S2K v2.22 76200 spectrum. For the fluxes of photons with
wavelengths smaller than 400 A, we have adopted the Ther-
mosphere Ionosphere Mesosphere Energetics and Dynamics
satellite (TIMED)/Solar EUV Explorer (SEE) XUV Photon
Spectrometer (XPS) level 4 spectrum for 21 June 2008 for
which F10.7 = 64.8 [Woods et al., 2008]. The XPS spectra
that we use are characterized by 1 A resolution between 0
and 400 A, and we have converted them to Hinteregger for-
mat. The photon fluxes of the XPS spectrum shortward of
100 A are smaller by about a factor of 5 than those in the
S2K 76200 spectrum.

[27] We have included electron impact processes for
seven species, including H,, He, H, CH4, C,H,, C;H,4, and
C,Hg, the cross sections for which were obtained from our
previous Jupiter models [e.g., Perry et al., 1999] and from
a more recent literature search. The sources of these cross
sections are given in the supporting information of this
paper. We have assumed that photoelectrons deposit their
energy locally, using a simple method that was described
many years ago by Dalgarno and Lejeune [1971].

[28] We have compiled a set of rate coefficients for 749
reactions, including ion-neutral, neutral-neutral, and disso-
ciative recombination reactions. These reactions involve 53
ions, including H*, H;, He", H}, and HeH"; the hydrocar-
bon ions C*, CH", CH;, CHj, CHj, CHE, C}, C,H", C,H3,
CyHj, C,H;, CHE, C,H, C,H7, C3H', C3H;, C3Hj, C5Hj,
C;Hi, C;H;, C;H7, C;Hg, C3Hy, C4H', C4H;, C4Hj, C4Hj,
C4HZ, C4Hg, C4H7, C4Hg, and C4Hg; two generic hydrocar-

bon ions CsH; and C¢H; the oxygen-bearing ions OF, O3,
HO", H,0", H;0", CO", CO;, HCO", HOC", HO;, CH,0",
CH,OH", CH;0H", and CH;OH}; and a generic oxygen-
bearing ion C,H,O] for which x and z are greater than 1.
Twenty-five neutral species are included in the chemical
reactions: the eighteen fixed background species and seven
radicals, including H, 'CH,, *CH,, C,H, C,H;, C,Hs, and
OH. The latter seven species are computed self-consistently
in the model. Photochemical equilibrium is assumed at the
bottom boundary at 400 km, except for H, which is fixed
to the number density in the model of Moses and Vervack
Jr. [2006]. At the top boundary, zero flux is assumed for
all species.

[29] The neutral-neutral rate coefficients were adopted
from the University of Manchester Institute of Science and
Technology (UMIST) database [Woodall et al., 2007]. The
rate coefficients for most of the ion-neutral reactions were
adopted from the compilation of Anicich [2003]. There have
been several recent studies of hydrocarbon ion-molecule
reactions motivated by studies of the lower ionosphere of
Titan, and we have adopted these recently measured rate
coefficients, about 50 of which have been compiled by
Anicich et al. [2005]. These rate coefficients can all be
found in the literature, and we do not repeat them here.
Most of the dissociative recombination coefficients, except
that for Hj, have been taken from the review of Flores-
cu-Mitchell and Mitchell [2006]. The DR coefficient of H}
has been the subject of many conflicting studies, which
have been reviewed by Johnsen and Guberman [2010]. We
have adopted the value from Pagani et al. [2009] of 6.8 x
108(300/7,)*%* e¢m’s™!. For the generic ions CsH;, CsH;,
and C,H,0;, we have adopted DR coefficients of 3.5 x
107(300/T,)*° cm®s™!.

[30] The reaction set, like those applied to the Titan
ionosphere, is more or less complete for hydrocarbon ions
containing up to four carbon atoms [e.g., Keller et al.,
1998; Banaszkiewicz et al., 2000; Wilson and Atreya, 2004;
Vuitton et al., 2009; Cui et al., 2009]. Even this reaction
set is not exhaustive, however, since hydrocarbon ions with
four or more carbon atoms may have several isomers, includ-
ing straight or branching chains and cyclic and noncyclic
structures. The hydrocarbon ions whose densities we have
calculated here most likely will continue to react with ambi-
ent hydrocarbons, forming higher hydrocarbon ions. The
total density of hydrocarbon ions will, however, probably
not be much affected by this process.

3. Results and Discussion

[31] In Figure 6, we present the altitudes for optical depth
unity for wavelengths from 1 to about 1500 A for the high
resolution model. The apparently “solid" section of this
figure, from about 842 to 1116 A, is the region where the
depth of penetration of photons, which is determined by the
photoabsorption of Hj, is highly oscillatory, and the alti-
tude of penetration ranges from ~700 to about 3400 km,
which corresponds to a pressure range of about 0.88 wbar to
2.2 x 1077 ubar. Some of the solar photons in the range 842
to 1116 A, including the strong C III line at 977.02 A, the O
VI line at 1031.91 A, and part of the continuum, penetrate
to below the methane homopause, resulting in significant
photoionization of hydrocarbons and H. Solar photons short-
ward of 842 A are absorbed mostly by the H, continuum,
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Figure 6. Altitude of unit optical depth for the wavelength
range of 1 to 1500 A for the high resolution model, which
is characterized by a solar zenith angle of 27°. The oscilla-
tions in the 842 to 1116 A range are characteristic of the high
resolution photoabsorption cross sections of H,. Soft X-rays
with wavelengths of ~ 40—150 A can be seen to be absorbed
between 700 and 1000 km.

and those longward of 1116 A are absorbed by methane
and other hydrocarbons. Lyman alpha photons penetrate to
about 700 km (~ 0.88 ubar), and soft X-rays are absorbed
between 700 and 1000 km. The harder X-rays, defined here
as those shortward of the Auger threshold of C, ~ 40 A pen-
etrate below 700 km due to the very small photoabsorption
cross sections of He and H, at these wavelengths [e.g., Yan
etal., 1998].

[32] In Figure 7a, we present production rate profiles of
H", H;, and He" due to photoionization of their parent neu-
trals as functions of altitude and pressure for both the high
and low resolution models. Also shown are altitude and
pressure profiles for photodissociation and photodissociative
ionization of H,. Only the photoionization profile of H and
the photodissociation profile of H,, which are shown as solid
and dotted curves, are different for the high and low reso-
lution models. The profiles for photoionization of H for the
low and high resolution models differ greatly because ion-
izing photons in the 842-911 A range penetrate deeper into
the thermosphere in the high resolution model. In the low
resolution model, the peak in the H" production rate appears
near 2000 km (~ 1.5x 10~ pbar), with a magnitude of about
4 x 1072 cm>s7!; in the high resolution model, the H' pro-
duction rate peaks much lower, near 830 km (0.2 ubar), with
a magnitude of about 1 cm=s™'. This value is larger by sev-
eral orders of magnitude than the production rate of H at the
same altitude in the low resolution model. The altitude pro-
files for photodissociation of H, differ substantially for the
high and low resolution models, because absorption of pho-
tons in the 842—1116 A range only leads to dissociation when
the photons are emitted to the continua of the excited states,
in the so-called “spontaneous radiative dissociation” [e.g.,
Dalgarno and Stevens, 1970]. Figure 1 shows that our low
resolution H, photoabsorption cross sections, which were
constructed by averaging the high resolution cross sections
over 1 A, still show significant oscillatory structure, with
peaks and troughs that vary over 1 to 4 orders of magnitude,
compared to 7 to 8 orders of magnitude for the high resolu-
tion cross sections. By contrast, the measured cross sections

of Backx et al. [1976] vary by factors of only about 20 over
this region.

[33] In Figure 7b, we compare the predicted production
rate profiles of CHj, C,H;, C,H;, C;H{, and CHj due to
photoionization of hydrocarbons as a function of altitude
and pressure for the two models. In the high resolution
model, the production rate of CHj peaks near 760 km
(0.36 pbar) with a rate of 2.3 cm™s™!, whereas for the low
resolution model, the peak is a factor of 22 smaller. Except
for CHj, which is produced mainly by photoionization of
CH; by Lyman alpha photons, the production rates of the
other hydrocarbon ions are also considerably larger in the
high resolution model than in the low resolution model.

[34] In Figure 8, we present altitude profiles of the rates of
electron impact ionization of H,, H, He, and hydrocarbons,
along with electron impact dissociation and dissociative
ionization of H,. The profiles for ionization, dissociative
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Figure 7. (a) Altitude profiles of the rates of photoion-
ization of H, H,, and He and rates of photodissociative
ionization and photodissociation of H, computed using the
high resolution model are shown with solid curves. The pro-
duction rate profiles of H" and H for the low resolution
model are shown with dotted curves for comparison. (b)
Altitude profiles of the production rates of the major hydro-
carbon ions by photoionization of hydrocarbons for the high
resolution model are shown with solid curves. The produc-
tion rates computed with the low resolution model are shown
as dotted curves for comparison. Note that the production
rate of CHj is larger by a factor of ~ 22 for the high resolu-
tion model as compared to that of the low resolution model.
The solar zenith angle is 27°.
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Figure 8. Altitude profiles of the production rates of var-
ious species due to electron impact ionization of H,, H,
and hydrocarbons, and electron impact dissociative ioniza-
tion and dissociation of H,. The lower peaks are due to
the energetic electron impact ionization that accompanies
the penetration of soft X-rays into the Saturnian lower ther-
mosphere. The label “H. C. ions” refers to production of
hydrocarbon ions by energetic electron impact. The solar
zenith angle is 27°.

ionization, and dissociation of H, exhibit two peaks. The
upper peak near 1500 km (2x107 pbar) is that associ-
ated with photoelectrons produced by ionization of the
major thermospheric species by EUV photons with wave-
lengths longward of ~ 200 A. The lower peaks near
750 km (0.42 pbar) arise from ionization of the major
species by the more energetic electrons that are pro-
duced subsequent to absorption of soft X-ray photons
with wavelengths in the range ~ 40 — 150 A. The
peak of the direct electron-impact ionization rate profile
of hydrocarbons is very small and appears near 700 km
(0.88 wbar) with a magnitude of about 102 cm™s™!. The
direct production rate of hydrocarbon ions reflects both the
small densities of the hydrocarbons and the small X-ray
fluxes that characterize our low solar activity model. X-ray
fluxes can increase by orders of magnitude on time scales
of minutes to hours following solar flares, which are more
common at higher solar activity. For electron impact ion-
ization, the high and low resolution models do not differ,
because photons in the 842-1116 A region do not produce
photoelectrons that are capable of further ionization.

[35] Even though hydrocarbon ions are not produced in
significant amounts from direct electron impact ionization,
they are produced in abundance by chemical reactions of
neutral hydrocarbons with the ions produced by electron
impact ionization of the major species, including H,, He,
and H and by photoionization of H. Hj is the major species
produced, but over most of the thermosphere, it reacts imme-
diately with H, to form Hj (reaction (2)). Hydrocarbon
ions are produced in reactions of Hj, H', and He" with
hydrocarbon neutrals below the homopause, such as

H; +CHy — CH;— +H,, (6)
H; +C,Hy — CzHg +H,, (7)
H; + C2H2 — CzH;— + Hz, (8)

H"+CHy — CH; +H, 9)
H++CH4 — CH;+H2, (10)
He" +CHy — CHj +H + He, (11)
and
He' +CH; — CH; + H, + He. (12)

In Figure 9, we present altitude profiles of the rates of these
reactions and a profile that represents the sum of all the
reactions that are primary production mechanisms for hydro-
carbon ions. These reactions are accompanied by many other
reactions that transform hydrocarbon ions into other, usually
larger hydrocarbon ions. By comparing Figures 7b and 9, we
see that production of hydrocarbon ions due to direct ioniza-
tion of the parent neutrals peaks near 760 km with a value
that is larger by a factor ~ 1.6 than that of reactions that rep-
resent primary production of hydrocarbon ions. Below the
hydrocarbon photoionization peak, these reactions are, how-
ever, more important than direct photoionization, and the
production profile forms a broad shoulder that extends down
to 400 km, the lower boundary of the model.

[36] In Figure 10a, we show altitude and pressure profiles
of the densities of the most important non-hydrocarbon ions
for both the high resolution and the low resolution models.
The density profile of the major ion H peaks near 1900 km
(1.5 x 10* pbar) with a magnitude of 5 x 10* cm™ for the
high resolution model.

[37] A calculation of the vibrational distribution of H,(v),
which determines the importance of reaction (1), is beyond
the scope of this study. With the substantial water influx that
is in the model, we have assumed that the vibrational dis-
tribution is such that the effective rate coefficient for this
reaction is 1 x 107!® cm?®s™!. The predicted peak H" density
is sensitive to larger values of k; but not to smaller val-
ues; the predicted H" peak density is indistinguishable from
that for a rate coefficient of 102°cm?s™!. This will prob-
ably not be the case for smaller assumed water influxes.
As we discussed in section 1, the order of magnitude of
the rate coefficient is generally consistent with other mod-
els that include a substantial influx of water [e.g., Moore et
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Figure 9. Primary production rate profiles of hydrocarbon
ions due to reactions of the major non-hydrocarbon ions with
hydrocarbons. The curves are labeled by the associated reac-
tions (see text). The total production rate is shown with a
dashed curve. The solar zenith angle of the model is 27°.
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Figure 10. (a) Steady state density profiles of (non-
hydrocarbon) H- and He-bearing ions. The total electron
density for the high resolution model is shown with a thick
curve in both parts of this figure. The solid and dotted curves
are the densities for the high resolution and low resolution
models, respectively. (b) Steady state density profiles of the
major hydrocarbon and oxygen-bearing ions. Note the dif-
ferent altitude and density scales on the two parts of the
figure. The solar zenith angle is 27° and the magnetic dip
angle is 45°.

al., 2006, 2010]. For this assumption, however, loss of H" is
dominated by reactions (9) and (10) below an altitude of
~ 1100 km. H" may also react with oxygen-bearing species,
such as H,O, to form H,O" (reaction (4)), and H; may react
with H,O to form H;O":

H; + H,0 — H;0" + H,. (13)

For such reactions, we have adopted as fixed the H,O den-
sity profile from the background model, which is shown
in Figure 5.

[38] In Figure 10b, we present predicted altitude profiles
of the densities of the major hydrocarbon ions and the sum of
all the hydrocarbon ion densities on an expanded scale. The
major hydrocarbon ions are found to be CHZ, C,Hj, C;HI,
and C4Hj, and the generic ions CsH; and C¢H; . Although
CH, is the dominant product of photoionization in the high
resolution model, as shown in Figure 7b, the terminal ions
are much heavier hydrocarbon ions that result from reac-
tions between hydrocarbon ions and hydrocarbon neutrals.
For the high resolution model, the sum of the hydrocarbon
ion densities forms a peak with a maximum of about 3.2 x

10° cm™ near 770 km (0.3 pbar); the peak for the low res-
olution model is ~ 1.8 x 10° cm™. The effect of the high
resolution calculation is apparent in this model, but its rela-
tive magnitude depends upon the X-ray fluxes in the adopted
solar spectrum. For this very low solar activity model, the
X-ray fluxes are relatively small. At higher solar activities,
ionization by X-rays will be greater and may dominate the
ionization on the bottomside.

[39] We can compare our model to the noon model of
Moore et al. [2008], who adopted a high solar activity solar
flux model, the EUV solar flux model for aeronomic cal-
culations (EUVAC) for Fo; = 267. Despite the difference
in solar activity, they predicted low-altitude electron densi-
ties that are similar to ours. Our calculations do not show,
however, the dominance of Hj that they predict up to nearly
2000 km. Moore et al. [2009] adopted a wide variety of solar
fluxes, including the TIMED/SEE fluxes for solar maximum
[Woods et al., 2005, 2008]; they presented results for a high
solar activity model for 1200 h local time that showed a peak
in the hydrocarbon ion region (from about 500 to 700 km)
of ~ 2 x 10> cm™, which is similar to the magnitude of our
lower peak at low solar activity. They also find, however,
that the major ion is Hj over the altitude range of about 900
to 1400 km. There are many apparent differences between
the model of Moore et al. [2009] and ours. For example, the
ion production rates, including that of H; appear to be much
larger than ours, sometimes by almost an order of magni-
tude. The difference may be tentatively ascribed to the lower
solar activity of our model, but a verification will have to
await the construction of high solar activity model, which is
planned for the future.

4. Summary and Conclusions

[40] Radio occultation measurements have shown the
existence of electron density layers near and below the main
peaks on Saturn [e.g., Lindal et al., 1985; Nagy et al., 2006;
Kliore et al., 2009], but the chemical identities of the ions
that make up the lower layers are not well known. We have
carried out calculations of the hydrocarbon ion densities in
which the background neutral densities, including H,O, the
neutral temperatures, and the eddy diffusion coefficients, are
adopted from the model of Moses and Vervack Jr. [2006]
for the Voyager 1 egress UV solar occultation, for which
the latitude is 27°S; the homopause is near 1010 km above
the 1 bar level (0.04 pbar). We have computed the density
profile of H self-consistently in this model. In the “high res-
olution model”, we adopt H, absorption cross sections and
solar fluxes that are characterized by a resolution of 0.001 A
in the wavelength region from 842 to 1116 A. In the “low
resolution model”, the high resolution fluxes are averaged
over 1 A bins in this wavelength range.

[41] We have here shown that as for Jupiter, hydrocarbon
ions are produced in abundance at low altitudes by direct
ionization of hydrocarbon neutrals by photons that penetrate
to below the methane homopause in the wings and gaps of
the narrow H, absorption lines between 842 and 1116 A. The
resulting photoionization rates for H and hydrocarbons in the
high resolution model are significantly larger at low altitudes
than are those for the low resolution model. Thus, we have
shown that the photoionization rate profiles of atomic hydro-
gen and many hydrocarbons cannot be computed accurately
with low resolution H, absorption cross sections.
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[42] We have also found that the photoionization rates
of hydrocarbons in the high resolution model compete in
the same altitude range with reactions of hydrocarbon neu-
trals with non-hydrocarbon ions. The non-hydrocarbon ions
are produced by the photoionization of H and by ioniza-
tion of the major species H, and He by soft and harder
X-rays and the concomitant energetic photoelectrons, sec-
ondary, and further ionizing electrons. Clearly, the solar
spectrum at X-ray wavelengths, which is highly variable and
not well characterized, is important in determining the X-ray
and electron-impact ionization rate profile for H,, He,
and hydrocarbons.

[43] Finally, our photochemical model shows that a broad
hydrocarbon ion region is produced in the altitude range of
650—1000 km above the 1 bar level (2 — 0.044 pbar), with a
total peak density of ~ 3.2 x 10> cm™3. This model is appro-
priate to low solar activity, and the hydrocarbon ion densities
are expected to be significantly larger at higher solar activ-
ities by factors that cannot be predicted without a detailed
calculation, which we plan for the future. As noted above,
however, Moore et al. [2008, 2009] have constructed high
solar activity models appropriate to noon conditions and
have shown a lower peak in the ion and electron densities of
3 x 10° em™, which is comparable to our predictions for a
much lower solar activity model.

[44] Since estimates of methane homopause pressure on
Saturn are also variable [Nagy et al., 2009; Moses and
Vervack Jr., 2006; Shemansky and Liu, 2012], the peak
hydrocarbon ion densities and altitudes are almost certainly
model dependent. In the future, we will carry out investiga-
tions that take into account thermospheric density profiles
over the range derived from solar and stellar occultations
from other spacecraft, including those of the recent Cassini
spacecraft [e.g, Shemansky and Liu, 2012]. We note that we
model here the photochemistry but not the layering due to
gravity waves or wind shears that may affect the morphol-
ogy of the electron density profiles [e.g., Lyons et al., 1992;
Moses and Bass, 2000; Matcheva et al., 2001; Matcheva and
Barrow, 2012].

[45] The model that we present here is a dayside steady
state noon model, and therefore, it is not strictly comparable
to those from RO profiles of Saturn, which are constrained
to near-terminator SZAs and local times. The assumption
of steady state at noon is a satisfactory approximation for
the intermediate and terminal hydrocarbon ions, which are
characterized by lifetimes that are less than 12-14 min
near the peak altitudes of 740-810 km. The approximation
breaks down for longer-lived ions, such as protons. In order
to model the density profiles near the terminators, and as
a function of local time, we will in the future employ a
time-dependent model that is similar to that which we used
previously for Jupiter [Kim and Fox, 1991, 1994].

[46] The detection of Saturn electrostatic discharges has
been interpreted as indicating that the peak electron densities
on the dayside are large, exceeding 10° cm™, with large error
bars and with a 1 to 2 orders of magnitude decrease from
noon to midnight [e.g., Kaiser et al., 1984; Fischer et al.,
2011; Moore et al., 2012]. For our high resolution model, the
predicted H™ peak densities near 1900 km are of the order of
5% 10* cm™. For the H,O profile that we adopt here, we find
that the effective value of k; can be as small as 102 cm’s™!
or as large as 107'® cm®s™'. The effective value of k; is

strongly dependent on the local vibrational distribution of
H,(v), which is almost certainly not characterized by LTE.

[47] It is possible that the hydrocarbon ions that we have
modeled here will continue to react with ambient neutrals,
producing significant densities of higher hydrocarbon ions,
the mass distribution of which is dominated by groups of
terminal ions that are separated by ~ 12 amu. This effect has
been observed by the Cassini ion neutral mass spectrometer
in the Titan ionosphere [e.g., Cravens et al., 2006; Vuitton et
al., 2007]. The model that we present here, however, shows
clearly that significant densities of hydrocarbon ions should
be found below the methane homopause on Saturn, even at
low solar activity.
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