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Abstract The ionization of N2 by strong solar He II 30.4-nm photons produces distinctive spectral
peaks near 24.1 eV in Titan's upper atmosphere, which have been observed by the Electron Spectrometer
(ELS) as part of the Cassini Plasma Spectrometer. The ELS observations reveal that, in addition to the
dayside, photoelectron peaks were also detected on the deep nightside where photoionization is switched
off, as well as at sufficiently high altitudes where the ambient neutral density is low. These photoelectron
peaks are unlikely to be produced locally but instead must be contributed by transport along the magnetic
field lines from their dayside source regions. In this study, we present a statistical survey of all
photoelectron peaks identified with an automatic finite impulse response algorithm based on the available
ELS data accumulated during 56 Titan flybys. The spatial distribution of photoelectron peaks indicates that
most photoelectrons detected at an altitude above 4,000 km and a solar zenith angle above 100◦ are field
aligned, which is consistent with the scenario of photoelectron transport along the magnetic field lines.
Our analysis also reveals the presence of a photoelectron gap in the deep nightside ionosphere where
almost no photoelectrons were detected. It appears to be very difficult for photoelectrons to travel to this
region, and such a feature may not be driven by the changes in the orientation between the solar and
corotation wakes.

Plain Language Summary The strong solar Extreme Ultraviolet radiation generates
photoelectrons with spectral peaks near 24.1 eV in the Titan's dayside ionosphere, which have been
observed by the Electron Spectrometer (ELS), part of the Cassini Plasma Spectrometer. In addition to the
dayside, ELS also detected photoelectron peaks on the nightside where solar radiation is switched off and at
large distances from Titan where the ambient neutral density is extremely low. These photoelectron peaks
are, therefore, more likely contributed by transport along the magnetic field lines from the dayside. We
present a statistical survey of all photoelectron peaks identified with an automatic algorithm based on the
available ELS data. Our analysis confirms that most photoelectrons detected at high altitudes and in the
deep nightside move along magnetic field lines. Besides, our result reveals, for the first time, the presence
of a photoelectron gap on the nightside. However, no viable mechanism, such as the Saturn local time
variation, could explain the gap.

1. Introduction
Titan is the largest moon of Saturn and lacks a significant intrinsic magnetic field but has a dense neutral
nitrogen-methane atmosphere (Backes et al., 2005; Cui, Yelle, et al., 2009; Neubauer et al., 1984). Within its
atmosphere, an ionosphere is formed at altitudes above 400 km with an ionospheric peak varying between
950 and 1,250 km on the dayside and between 900 and 1,400 km on the nightside (Ågren et al., 2009).
Titan is usually immersed in Saturn's magnetosphere because the semimajor axis of Titan's orbit is about 20
Saturn radii. Thus, besides solar radiation, Saturn's magnetospheric plasma contributes as a source of Titan's
ionosphere (Agren et al., 2007; Cravens et al., 2009). Titan has been occasionally observed in Saturn's mag-
netosheath and supersonic solar wind (Bertucci et al., 2008, 2015; Ma et al., 2009). It also acts as a source of
particles for Saturn's magnetosphere. For example, Titan's ionospheric ions can be picked up by incoming
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magnetospheric plasma, which causes mass loading in the upstream flowing plasma (e.g., Coates, 2009;
Hartle et al., 2006; Regoli et al., 2016). Mass loading and magnetic pressure forces contribute to the exter-
nal magnetic field draping around Titan's conducting ionosphere, also resulting in the formation of a tail
downstream of the corotation flow (e.g., Backes et al., 2005). The relative position between this magnetotail
(also known as corotation wake) and the solar wake (i.e., nightside) depends on Titan's orbital position and
changes continuously (Ness et al., 1982).

In planetary atmospheres, photoionization is an important source of ionization. Photoelectrons with a par-
ticular energy can be produced by the solar Extreme Ultraviolet (EUV) and X-ray ionization of various
molecules in the sunlit ionospheres (Coates et al., 2011). The He II 30.4-nm line is one of the most intense
EUV lines in solar radiation. It produces photoelectrons with different energy peaks in the ionospheres of
different planets in the solar system, depending on the main neutral composition in the upper atmosphere.
For instance, the photoelectron spectrum contains distinctive peaks at 24–25 eV or at ∼22 eV associated
with the ionization of N2 or O at Earth (e.g., Coates et al., 1985; Nagy & Banks, 1970). At both Mars and
Venus, photoelectrons with energy peaks at ∼22 and ∼27 eV are observed due to the ionization of CO2 or O
(e.g., Coates et al., 2008; Cui et al., 2011; Mantas & Hanson, 1979; Schunk & Nagy, 2000).

At Titan, photoelectrons with an energy peak at ∼24.1 eV are produced by the ionization of N2 with the
He II 30.4-nm line radiation (e.g., Coates et al., 2007, 2011; Cui, Galand, et al., 2009; Galand et al., 2006, 2010).
The Electron Spectrometer (ELS), part of the Cassini Plasma Spectrometer (CAPS), has observed these pho-
toelectrons as a discrete peak in the electron energy spectrum during Titan flybys of the Cassini-Huygens
mission (Young et al., 2004). Instead of being observed at 24.1 eV, the photoelectron discrete peaks in
the electron energy spectrum are slightly shifted due to the spacecraft potential and the ambiopolar elec-
tric field. The spacecraft potential is typically 0 to −2 V when Cassini passes through Titan's ionosphere
(e.g., Coates et al., 2007; Wahlund et al., 2005). The upper limit of Titan's ambipolar electric field, between
the sunlit ionosphere and up to 6.8 Titan radii, is 2.95 eV (Coates, Wellbrock, Waite, et al., 2015). Thus, the
24.1-eV photoelectrons are virtually always seen in the 22.2-eV ELS energy bin. At distances higher than
∼2,000 km, CH4 becomes more abundant than N2 in Titan's atmosphere (Cui et al., 2012; Strobel, 2012),
and the photoelectron produced by single, non-dissociative ionization of CH4 with the He II line radiation
has an energy of 28.2 eV (Liu & Shemansky, 2006). Besides the observations of photoelectron peaks with an
energy of 24.1 eV in the sunlit ionosphere, where they were produced, these photoelectrons have also been
detected on the nightside and at high altitudes of Titan (Coates et al., 2007; Wellbrock et al., 2012). The lack
of solar EUV radiation on the nightside and the low neutral N2 density at large distances from Titan mean
that these observed photoelectrons are less likely to be produced locally. The most likely explanation is that
these hot electrons were escaping the low-altitude sunlit ionosphere of Titan, traveling along magnetic field
lines (Coates et al., 2007, 2015; Wei et al., 2007). Wellbrock et al. (2012) compared the Cassini data with the
results from a global quasi-neutral hybrid model of Titan's interaction with Saturn's magnetosphere. They
found that for the T15 flyby, there were magnetic field lines connecting the sunlit ionosphere and the loca-
tion crossed by Cassini where photoelectrons were observed. This explains the presence of photoelectrons
on the nightside of Titan.

Studying photoelectron detections outside the sunlit ionosphere of Titan can therefore improve our under-
standing of the complex spatial distribution of the magnetic field line geometry and plasma morphology in
Titan's space environment. Similar works have been undertaken to determine the Martian magnetic topol-
ogy based on the observations of photoelectron peak by the Mars Express mission (Frahm et al., 2006) and
the Mars Atmosphere and Volatile Evolution mission (e.g., Xu et al., 2016; Xu, Mitchell, Liemohn, et al.,
2017; Xu, Mitchell, Luhmann, et al., 2017).

In this study, we examine the ELS data from 56 Titan flybys to present a statistical survey of all observed
24.1-eV photoelectrons produced by the ionization of N2 with the He II line radiation. In section 2, we start
with a brief description of the ELS data set we used. We present a typical photoelectron detection in Titan's
nightside ionosphere in section 3.1 and the spatial distribution of all photoelectron peak detections from
all available Titan flybys, focusing on the nightside, in section 3.2, where we also find that there is a region
on the dark-side where virtually no photoelectron peaks. This is followed by section 3.3 where we define
an anisotropy factor in terms of the photoelectron pitch angle distributions (PADs) of the photoelectrons to
classify the results. In section 4, we discuss the results, their implications, and also the possible mechanisms
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Table 1
Summary of the Cassini Titan Flybys Studied Here

Flyby Date LT (hr) LT typea Flyby Date LT (hr) LT type
TB 13-Dec-04 10.47 c T33 29-Jun-07 13.53 c
T3 15-Feb-05 10.33 c T34 19-Jul-07 18.8 d
T4 31-Mar-05 5.27 b T35 31-Aug-07 11.53 c
T5 16-Apr-05 5.27 b T36 2-Oct-07 11.47 c
T6 22-Aug-05 5 b T37 19-Nov-07 11.4 c
T7 7-Sep-05 4.93 b T40 5-Jan-08 11.33 c
T8 28-Oct-05 9.27 c T41 22-Feb-08 11.2 c
T10 15-Jan-06 8.47 b T42 25-Mar-08 11.13 c
T11 27-Feb-06 1.13 a T43 12-May-08 11 c
T12 19-Mar-06 6.4 b T44 28-May-08 10.93 c
T13 30-Apr-06 23.13 a T45 31-Jul-08 11 c
T14 20-May-06 4.4 b T46 3-Nov-08 10.5 c
T15 2-Jul-06 21.2 a T47 19-Nov-08 10.5 c
T16 22-Jul-06 2.4 a T48 5-Dec-08 10.5 c
T17 7-Sep-06 2.27 a T49 21-Dec-08 10.4 c
T18 23-Sep-06 2.27 a T51 27-Mar-09 10 c
T19 9-Oct-06 2.2 a T52 4-Apr-09 22 a
T20 25-Oct-06 2.13 a T55 21-May-09 22 a
T21 12-Dec-06 2 a T56 6-Jun-09 22 a
T23 13-Jan-07 1.93 a T58 8-Jul-09 22 a
T24 29-Jan-07 1.87 a T59 24-Jul-09 22 a
T25 22-Feb-07 13.8 c T61 25-Aug-09 21.8 a
T26 22-Feb-07 13.8 c T62 12-Oct-09 21.7 a
T27 26-Mar-07 13.73 c T63 12-Dec-09 17 d
T28 10-Apr-07 13.67 c T64 28-Dec-09 17 d
T29 26-Apr-07 13.67 c T65 12-Jan-10 17 d
T30 12-May-07 13.6 c T69 5-Jun-10 16 d
T32 13-Jun-07 13.53 c T71 7-Jul-10 16.04 d

Note. Date, local time (LT), and local time type are shown for each flyby.
aLT type indicates the relative position of solar and corotation wake (see section 4).

responsible for the gap region on the dark-side and the criteria of the anisotropy factor. Finally, we provide
concluding remarks in section 5.

2. Instrumentation and Data
The CAPS-ELS is a top-hat hemispherical electrostatic analyzer which measures the energy and angle dis-
tribution of electrons. It works by sweeping a 63 level energy spectrum from 28,000 to 0.6 eV every 2 s. The
energy bins are logarithmically spaced with an energy resolution (ΔE/E) of 16.7% (Linder et al., 1998; Young
et al., 2004). ELS has eight sectors (“anodes”) with 20◦ × 5◦ angular coverage and has a total instantaneous
angular coverage of 160◦ × 5◦. The CAPS-ELS is fixed to a rotating platform, or actuator, rotating around
the Z axis of the spacecraft by ±104◦, with which approximately 56% of full 4𝜋 sky can be covered in 3 min
(Lewis et al., 2008; Young et al., 2004). In this study we only use Anodes 2–7 because Anodes 1 and 8 are
affected by considerable spacecraft-plasma interactions (Lewis et al., 2010).

Our work is based on the electron spectra data acquired by ELS during 56 Titan encounters, from
December 2004 to July 2010. The flyby details are shown in Table 1. We use an automatic finite impulse
response algorithm, which is based on a short-term-average/long-term-average phase picker (Allen, 1978,
1982), to find 24.1-eV photoelectron peaks in the ELS data. The algorithm calculates a characteristic function
for an averaged spectrum every three sweeps (6 s) twice and examine the characteristic function to see if it
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Figure 1. An example of ELS data from T62 on 12 October 2009. (a) ELS energy-time spectrogram from Anode 6. The
prominent ionospheric photoelectron peak near 24.1 eV is visible from 08:29 UT to 08:43 UT. The dashed lines indicate
the time of the closest approach (CA) and the time of the spectrum used in panel (b), respectively. (b) Electron
spectrum averaged over three energy sweeps (6 s) at 08:30:42 UT. The arrow points at the center of the 22.2-eV energy
bin which contains the 24.1-eV photoelectron peak. Error bars assume Poissonian statistics on the original data.

meets the criteria for the characteristic function of photoelectrons. A quality index is then determined based
on the signal-to-noise ratio. All photoelectron identification results can be accessed via Caro-Carretero,
Raquel; Wellbrock, Anne; Cao, Yutian (2019), “Cassini ELS Photoelectron identification,” Mendeley Data,
v1 (https://doi.org/10.17632/dwxhzbnvr9.1).

We further classify the photoelectron observations according to their PAD. Pitch angle is the angle between
the electron velocity and the magnetic field direction and indicates the direction of the electron propagation
that moves along the magnetic field line. According to the PAD, we are able to determine if the photoelec-
trons are observed close to their source region (a more isotropic PAD) or moved a long way from it (a more
field-aligned PAD). For field-aligned electrons, the pitch angle direction with the maximum flux (PAmax)
should be close to 0◦ or 180◦ . The PAD is determined based on the Cassini magnetometer (MAG) data
(Dougherty et al., 2004). Similar to the spectrum, we averaged the PAD every three sweeps (6 s) and resam-
ple the PAD covered by Anodes 2–7 into 10◦ pitch angle bins. Due to the field of view (FOV) limitations, a
full 180◦ coverage is almost never reached, and we classify the photoelectrons with PAD coverage spanning
more than 90◦ as the sufficient angular coverage category. An additional requirement for this category is
that there is some pitch angle coverage at pitch angles <40◦ or >140◦ to ensure that coverage is sufficient to
observe field-aligned PADs (parallel or antiparallel) when present. More details will be discussed in section 3.

3. Observations and Analysis
3.1. Typical Photoelectron Peaks in Titan's Ionosphere: An Example
As a large number of photoelectrons with an energy peak at ∼24.1 eV are generated in Titan's ionosphere,
a clear discrete peak of these photoelectrons can be seen in the electron energy spectrum from CAPS-ELS.
In Figure 1a, we present a typical CAPS-ELS energy-time spectrogram during the T62 flyby, which occurred
on 12 October 2009 with closest approach at an altitude of 1,298 km at 08:36:23 UT. Here we only show the
data from Anode 6. The spacecraft is in the ionosphere from 08:29 UT till 08:43 UT when the hot, dense
electrons are the prominent feature in the spectrogram. A photoelectron peak at 24.1 eV is visible as a fine,
subtle line during this period. After 08:43:32 UT, Saturn's magnetospheric electrons, with energy of a few
hundred electron volt, appear highly variable, and the population of spacecraft photoelectrons with energy
<5 eV can be observed as a result of the spacecraft being positively charged.

Figure 1b presents an electron spectrum averaged over three energy sweeps (i.e., 6 s) and with a starting
time stamp at 08:30:42 UT during the T62 flyby. The broad peak below 10 eV is the hot ionospheric electrons
and the arrow points at the photoelectron peak that lies in the energy bin of 22.2 eV. Because the energy
resolution of ELS ΔE/E is 16.7%, the 22.2-eV energy bin contains 24.1 eV, the theoretical energy of the
primary photoelectrons produced by the ionization of N2 by HeII (30.4 nm). Error bars assume Poissonian
statistics on the original data.

From 08:29 UT to 08:38 UT, the solar zenith angle (SZA) decreases from 130◦ to 90◦ , which indicates that
Cassini was in the nightside ionosphere. During this period, the photoelectron peak at 24.1 eV is visible
all the time. At these SZAs we would expect the solar radiation to be weak or nonexistent. It is therefore
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Figure 2. Photoelectron peaks detected by Cassini CAPS-ELS during 56 Titan encounters. Every dot is an observation,
and the lines show the Cassini trajectory. (a) A general view of the spatial distribution of all observed photoelectron
peaks. Altitude is given in kilometers, measured from Titan's surface, and is shown on a log scale. The blue and black
data points indicate the photoelectron peaks with sufficient angular coverage (PAD angular coverage >90◦ ) or
insufficient angular coverage (PAD angular coverage ≤90◦ ), respectively. (b) Zoomed-in version of Figure 2a, with
950 km < Alt < 3, 000 km and SZA ranges >110◦. Altitude is shown on a linear scale. The green line indicates the
He II radiation edge, beyond which the He II radiation intensity goes below 10%. The grey dashed line presents the
exobase altitude, above which the photoelectron collisions with ambient neutral particles become negligible. The
region enclosed by the red trapezoid only shows two data points observed at 19:40:51 UT during T5 (the upper one)
and 21:24:04 UT during T55 (the bottom one).

less likely for the 24.1-eV photoelectron to be produced locally, especially with such a relatively high abun-
dance. This encounter is therefore an example of 24.1-eV photoelectron observations that are likely to have
been produced remotely at a lower altitude on the sunlit side and traveled to the observation site along mag-
netic field lines. We can use photoelectron peak observations in this fashion to learn more about the spatial
distribution of surrounding magnetic field lines.

3.2. SZA-Alt Distribution of Photoelectron Peaks
Using the automatic finite impulse response algorithm, we detected photoelectrons with a peak near 24.1 eV
during each of the 56 flybys in the ELS data. In Figure 2, we present the spatial distribution of photoelec-
trons according to the SZA and altitude of the location where ELS observed these photoelectrons. Each dot
represents a single detection while the lines are the trajectory of Cassini during each flyby. Because the PAD
of each photoelectron observation spans less than 180◦ , we classified the photoelectrons with PAD angu-
lar coverage over 90◦ as sufficient angular coverage category (shown as blue dots) and the photoelectrons
with PAD angular coverage less than 90◦ as insufficient angular coverage category (shown as black dots);
65% of the photoelectron peaks are found under 2,000 km and at a SZA less than 90◦, that is in the sunlit
ionosphere, where most 24.1-eV photoelectrons are primarily produced through the ionization of neutral N2
with the He II solar line radiation. The altitude of the observed photoelectrons varies from 950 to 40,000 km
while the SZA ranges from 10◦ to 170◦. The grey dashed line indicates the photoelectron exobase of Titan,
located at the altitude of ∼1,505 km. The exobase, above which the photoelectron collisions with ambient
neutral particles become negligible, is estimated as the altitude where the mean path length is equal to the
pressure scale height. Based on the neutral density adapted from Strobel (2012), we provide an estimated
He II line radiation edge, shown as the green line, below which the He II radiation intensity is less than 10%
of the subsolar value. The He II radiation edge is determined by integrating the photo-absorption of the He
II line radiation by the atmosphere, assuming a spherical atmosphere and adopting N2 is the only neutral
component. Due to lack of sufficient neutral density data, we only determined the He II radiation edge up
to 3,300 km.

In this work we focus on the nightside ionosphere region. We therefore zoom in Figure 2a and present
the region over the altitude range of 950–3,000 km and with the SZA beyond 110◦ in Figure 2b. The peak
electron density of Titan's atmosphere lies at approximately 1,200 km, and the ionosphere can extend up to
nearly 2,200 km (Ågren et al., 2009; Galand et al., 2014). Beyond 110◦ SZA the solar He II 30.4-nm flux is
almost attenuated, which no longer generates substantial photoelectrons in the main ionosphere (Galand
et al., 2010). The 24.1-eV photoelectrons found below the green line in Figure 2b, where the He II radiation
is relatively low, cannot have been produced locally. These observations indicate that there may be magnetic
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Figure 3. Fan plots of the electron PAD observed at two different times. The energy shown on the X and Y axes
increases radially outwards from the center of each plot. The color scale indicates the differential energy flux (DEF) of
electrons along a given radial direction associated with a given pitch angle bin. Because of the spacecraft negative
potential combined with the energy resolution of the energy grid, photoelectron peaks at 24.1 eV were found in the
22.2-eV energy bin in both cases. Left panel (a) shows data from the T5 flyby at 19:40:51 UT, corresponding to the dot
in the trapezoid-shaped region in Figure 2b. As DEF differences among the electrons with different pitch angles are
less than half magnitude, the PAD of (a) appears to be nearly isotropic. The right panel (b) shows the observation at
08:30:42 UT during T62, corresponding to the spectrum in Figure 1b. This observation happened in the nightside
ionosphere, and the PAD shows that the photoelectrons are field aligned.

field lines that connect the nightside and the dayside ionosphere. The connections can sometimes reach the
deep nightside with SZA above 170◦.

In addition, we find a trapezoid-shaped gap area in the middle of Figure 2b with SZA >130◦ at an altitude
range between 950 and 2,700 km. In this region only two photoelectron detections, the dots in Figure 2b at
1,611 km, SZA = 143◦ and at 1,070 km, SZA = 154◦, were identified. Except for these two observations, no
photoelectron peaks were detected during the other 20 Titan flybys which passed through this region.

The detection in the gap region at 1,611 km was observed during T5 at 19:40:51 (UT). The T5 encounter
occurred on 16 April 2005, and the spacecraft flew through the nightside. We examine the PAD of this detec-
tion to see if photoelectrons observed here were moving along magnetic field lines. Figure 3 shows fan plots
at two different times showing the PAD of electrons averaged over 6 s (three energy sweeps) and resampled
into 10◦ pitch angle bins. The energy increases radially outwards from the center of the plot, shown on the
X and Y axes. Only three energy bins are shown here. The central energy of the three energy bins are 19.26,
22.2, and 26.34 eV, respectively. The color indicates the differential energy flux (DEF) of electrons along
that direction, and each angle bin covers 10◦. The 24.1-eV photoelectron peak is detected in the 22.2-eV
energy bin.

Figure 3a is the PAD of the electrons detected at 19:40:51 (UT) during T5. From Figure 3a we can see that
most of the electrons were observed at pitch angles between 80◦ and 90◦, perpendicular to the magnetic
field. The DEF differences among the electrons with different pitch angles are less than 60%. Unfortunately,
the data only covered pitch angles between 60◦ and 140◦ due to the FOV restriction. Thus, we do not know
how many electrons are parallel to the magnetic field, and it is difficult to distinguish between field-aligned
and non-field-aligned photoelectrons in this case. The PAD still indicates that these photoelectrons may be
near isotropic. Usually newly born photoelectrons are expected to have isotropic PAD (e.g., Galand et al.,
2006). The PAD coverage of the other photoelectron peak observation in the gap region is only 20◦ , making
it difficult to identify whether it is field aligned or not.

We also show the PAD of electrons which the ELS detected at 08:30:42 UT during T62 (see Figure 1b) in
Figure 3b. The pitch angle observations at this time of the flyby cover a range of 20◦ to 130◦ . The DEF of
photoelectrons with low pitch angles is over three times higher than that of photoelectrons perpendicular
to the magnetic fields. This means that photoelectrons detected at this time appears strongly field aligned.
These photoelectrons are highly likely to have moved along magnetic field lines to the nightside ionosphere
where they were detected.
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Figure 4. Flowchart of the way that we classify photoelectrons using their PAD data. PAmax is the pitch angle direction
with the maximum DEF.

3.3. Anisotropy Factor
Here we define an anisotropy factor, 𝛼ani, to classify photoelectron detections into three types: near isotropic,
field aligned, and non-field aligned. For the PAD of electrons seen in the 22.2-eV ELS energy bin, we calculate
an anisotropy factor 𝛼ani, defined as the ratio of the maximum DEF among all angular bins to the minimum
DEF as

𝛼ani =
DEFmax

DEFmin
.

Strictly speaking, the pitch angle data contain all electrons detected by the ELS, but in this energy bin pho-
toelectrons are usually the dominant source. Figure 4 shows a flow chart we use to classify different types
of photoelectrons using our anisotropy factor. We use PAD data averaged over Anodes 2–7 and over three
energy sweeps (6 s). The 𝛼ani are only calculated for photoelectrons with sufficient pitch angle coverage
(the blue dots shown in Figure 1). Though about 80% of photoelectrons are not classified due to this angu-
lar coverage criterion, the remaining 1,328 data points distribute uniformly (see Figure 1) and are adequate
for further analysis. If 𝛼ani ≤ 3.4 we define the photoelectron distributions as near isotropy, because it indi-
cates that the DEF of photoelectrons are similar regardless of the PAD. 𝛼ani > 3.4 means that the majority of
photoelectrons have a preferred pitch angle, which correspond to the bin with the largest DEF. Anisotropic
distributions are further classified as field aligned (PAmax < 40◦ or PAmax > 140◦) or not field aligned
(40◦

< PAmax < 140◦). Based on these definitions, the two PADs in Figures 3a and 3b are classified as insuffi-
cient pitch angle coverage and field aligned, respectively. Because of the FOV limitation and the precision of
the data, we chose the threshold value 𝛼limit

ani = 3.4, a relatively large value, as the criterion to distinguish the
near-isotropic and anisotropic photoelectron angular distributions. Changing the threshold value of 𝛼limit

ani
may affect the classification of the photoelectrons, and we discuss this further in section 5.

We use the anisotropy factor to identify whether photoelectrons observed by the ELS are far away from the
region where they were primarily produced due to photoionization. In Figure 5, we present histograms of
probability of each type of photoelectron angular distributions in fixed altitude bins below 14,000 km. Each
altitude bin contains at least 10 photoelectron observations to ensure statistical significance. We define the
probability of detection as the ratio of the number of photoelectron peak detections to the total number of
samples with sufficient pitch angle coverage in the ELS 22.2-eV energy bin. The total number of samples for
one flyby means the number of every single energy sweep from the time when the first photoelectron peak
was observed to the time of the last photoelectron peak signal.

The top panel in Figure 5 shows the probability of the three types of photoelectrons in 2,000-km altitude
bins. Below 2,200 km, where Titan's main ionosphere is located, most of the observed photoelectron peaks
on the dayside are expected to be locally produced and to have an isotropic angular distribution (Galand
et al., 2006). The probability of detection of the near-isotropic photoelectrons is the highest, over 21%. The
sum of the observation probability for the three types of photoelectrons is not 100% as the ELS did not always
observe photoelectrons throughout each encounter. Because we define every flyby time period as the time
interval between the first and last photoelectron detections, closest approach variations among different
flybys affect the altitude range sampled strongly. In this work, we are only interested in the relative prob-
abilities of the three types of photoelectron angular distributions. With increasing altitude, the ratio of
the probability of field-aligned photoelectron distribution to that of other distributions increases. Above
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Figure 5. Histograms of the detection probability of three types of photoelectron angular distributions during a total of
56 flybys at a fixed height bin. The probability of detection of a given angular distribution class is the ratio of the
number of detections for this class to the number of total samples in the 22.2-eV energy bin. The top panel shows the
detection probability for every 2,000-km altitude bin below 14,000 km, and the bottom panel shows the probability
between 1,000 and 4,000 km for every 300-km bin. The Y axis is nonuniform and emphasizes the significant variation
of the detection probability with increasing altitude.

4,000 km, field-aligned photoelectron distributions become the most likely to be observed, because the
photoelectrons are expected to travel to the observation sites via magnetic field lines, resulting in more
field-aligned angular distributions.

In Figure 5b, we zoom in to an altitude range between 1,000 and 4,000 km and determine the probabilities
of each class in 300-km altitude bins. The near-isotropic category is always dominant in this altitude range,
indicating that photoionization generates a substantial amount of photoelectrons below 4,000 km. Below
1,300 km, the detection probability of non-field-aligned photoelectrons is about twice higher than that of
field-aligned photoelectrons. This is in line with our expectation to see less field-aligned photoelectrons
because some of them may travel away along magnetic field lines easily. Above 1,300 km, which is above
the ionospheric peak, the replenishment of photoelectrons via transport along magnetic field lines becomes
much more important, and the detection probability of field-aligned photoelectrons is therefore higher than
that of non-field-aligned photoelectrons.

Figure 6 presents a similar histogram to Figure 5, but showing the probability of detecting the three types of
photoelectron angular distributions as a function of SZA using 20◦ SZA bins. On the dayside (SZA < 90◦ ),
where most photoelectrons are produced locally, the near-isotropic photoelectron distributions are also the
dominant type except for the SZA range between 20◦ and 40◦ . For SZA beyond 100◦ , the field-aligned pho-
toelectron distribution becomes the most probable type to be observed, indicating that on the nightside the
observed photoelectrons are likely to have traveled along magnetic field lines before being detected by the
ELS. Above 120◦ , the total probability of observing photoelectrons decreases sharply to below 0.3%. Over
the SZA range of 0◦–20◦ , though the near-isotropic photoelectrons are the most likely to be observed, the
detection probability of near-isotropic photoelectrons is only slightly higher than field-aligned photoelec-
trons. Between 20◦ and 40◦ , the detection probability of near-isotropic photoelectrons is even lower than
non-field-aligned photoelectrons. The above counterintuitive scenario indicates that the SZA variation of
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Figure 6. Similar to Figure 5, but as a function of SZA using 20◦ SZA bin.

photoelectron PAD may not only depend on the solar radiation input. More detailed case studies in this
region are required to help explain this slightly contradicting trend.

4. Discussion
We have presented the spatial distribution of the 24.1-eV photoelectron peaks detected by the ELS dur-
ing 56 Titan encounters in section 3; 65% of the photoelectrons are seen in the dayside ionosphere, where
they were produced. In other regions, at high altitude or on the nightside, there were also some detections.
Photoelectrons found in these regions traveled there from the sunlit ionosphere along magnetic field lines
(Coates et al., 2007; Wellbrock et al., 2012). Detections of the photoelectrons show that draped magnetic field
lines extend to extremely high altitudes and deep into the nightside. However, there is a large photoelectron
gap found in the dark-side as illustrated in Figure 2b. The lack of photoelectrons in this region indicates that
the magnetic field lines, which connect to the lower sunlit ionosphere, do not appear to be connected to this
gap region. This may be caused by the specific orientations of the solar and corotation wakes. As Titan orbits
Saturn, the solar radiation input and plasma flow input are not always overlapping. Solar EUV radiation
produces photoelectrons in Titan's sunlit ionosphere, while Saturnian magnetic field lines draped around
Titan, roughly with respect to the corotation direction (Bridge et al., 1981; Coates et al., 2007, 2011; Galand
et al., 2006). Sillanpää et al. (2006) used a hybrid simulation to investigate the effects of the orbit position on
magnetic interaction with Titan's plasma. They found that the number density of exospheric ions in shadow
changes with local time (LT).

In Figure 7, we present sketches of configurations of solar radiation and draped magnetic field lines around
Titan at different LTs. Saturn's nominal magnetospheric plasma flow is always coming from the left while
solar shadowed area changes on Titan in this figure. Because the magnetic pressure is comparable to thermal
pressure in the exo-ionosphere region, above approximately 1,430 km from Titan surface, plasma flow is not
always from day to night (Agren et al., 2007; Cravens et al., 2009). When the solar wake and corotation wake
are in an antiparallel position, like in Figure 7b, the field line geometry may only favor electron transport
from dayside terminator region to nightside terminator region. The photoelectrons will be lost quickly once
the field lines dip into the dense atmosphere at high SZAs. Thus, it is difficult for photoelectrons to travel
along magnetic field lines to the deep nightside. In Figure 7a, it should be easier for photoelectrons produced
on the flow side (the top hemisphere) to transport to the nightside ionosphere and to be observed by Cassini
than the photoelectrons produced on the wake side (the bottom hemisphere). A similar tendency is expected
in Figure 7c. Only for Figure 7d, the photoelectrons produced on the dayside may be transported to the
nightside along magnetic field lines more easily.

We further add the photoelectron observations in Figure 2 onto Figure 7 according to the LT during each
flyby; for example, the observations during LT 21:00 to 03:00 are plotted in Figure 7a. The LT type of each
flyby is listed in Table 1. Similar to Figure 2, the grey lines, green lines, and the red trapezoid regions in
Figure 7 represent the Cassini trajectories, He II radiation edge, and the photoelectron gap region, respec-
tively. The wake-side and flow-side flybys are separated in Figures 7a and 7d. Photoelectrons can be observed
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Figure 7. Sketches of the idealized draped magnetic field lines near Titan during four different local times (LTs) of
Titan with respect to Saturn. Black lines are draped magnetic field lines. The shadowed surface on Titan is shown as a
shaded area (dark-side). The sketches are shown in Titan's orbital plane, assuming that the Sun is always at the right of
Titan. Saturn's nominal magnetospheric corotation flow therefore changes with different LTs. The results in Figure 2
are presented in four panels, including the observed photoelectron events, grey Cassini trajectories, green He II
radiation edge, and the red trapezoid gap, according to the LT during each flyby (see Table 1 for the classification).

below the HeII edge during all four types of conditions, and we found the a, b, and c type of orientations in
the gap area where almost no photoelectrons are detected. For the type a or type c situation, ELS was able
to measure photoelectrons whenever Cassini passed through the flow side or wake side. The T5 and T55
flybys, during which the photoelectrons were detected in the gap region, took place at the LT of 22:00 and
05:16, respectively. The results in Figure 7 appear to be inconsistent with our previous discussion; thus, we
cannot simply use this generalized classification and the configuration of solar wake and corotation wake
to explain the photoelectron transport and the presence of the gap in Titan's ionosphere. Maybe there are
some photoelectrons but the flux is not high enough to create a peak during most of gap flybys, or maybe
their energy changed because of scattering process or other mechanism (Coates, Wellbrock, Frahm, et al.,
2015; Tsang et al., 2015). Some case studies in the gap region are required, which is beyond the scope of this
study but will be the focus of future studies.

The observation of near-isotropic photoelectrons at high altitude (above 8,000 km in Figure 5a) or on the
nightside (the SZA beyond 100◦ in Figure 6) may be due to scattering by wave-particle interactions with
photoelectrons traveling along magnetic field lines (Jasperse, 1977; Jasperse & Smith, 1978), as enhanced
waves are found to reduce the particle anisotropy (Gary & Wang, 1996; Li et al., 2008). This may be the
reason why the probability of near-isotropic photoelectrons is not always 0 at high altitudes where it is very
unlikely that photoelectrons were produced locally.

The classification of the different types of photoelectron PAD is also associated with the 𝛼
limit
ani we use. We

further analyze how the results may change with a different 𝛼limit
ani . In Figure 8, the top panel shows the ratio

of near-isotropic photoelectron distributions to the total number of classified photoelectron peak detections
in every 2,000-km height bin. We used different values of 𝛼limit

ani from 2.0 to 4.0 to demonstrate the changes
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Figure 8. The ratio of near-isotropic photoelectron distributions (top panel) and field-aligned photoelectron
distributions (bottom panel) to the total number of three categories of photoelectrons in every 2,000-km height bin
with different threshold value of 𝛼limit

ani . The color indicates the ratio of the particular type of photoelectrons.

of ratio at different heights. Below 4,000 km, the ratio of near-isotropic photoelectron distributions is sen-
sitive to the change of 𝛼limit

ani . With 𝛼
limit
ani increasing from 2.0 to 4.0, the ratio increases from almost 0 to over

50%. According to our study, 65% of the photoelectrons are seen in the dayside ionosphere, below 4,000 km.
Because the locally produced photoelectrons are isotropic, the ratio of near-isotropic photoelectron distribu-
tions is sensitive to 𝛼

limit
ani , the criterion we use to classify near-isotropic photoelectron distributions. Above

4,000 km and below 8,000 km, the ratio of near-isotropic photoelectron distributions gradually increases
by 30% when 𝛼

limit
ani increases from 2.0 to 4.0 because at this altitude range, the field-aligned photoelectrons

become the dominant type. Above 8,000 km, the ratio of near-isotropic photoelectron becomes sensitive to
the 𝛼limit

ani again due to the limited number of observations. The observations of near-isotropic photoelectrons
at that altitude may be produced by the scattering of magnetic field-aligned photoelectrons. The bottom
panel is similar to the top one but shows the variation of the ratio of field-aligned photoelectron distributions
with different 𝛼limit

ani . Between 4,000 and 10,000 km, the ratio of field-aligned photoelectron distributions takes
up over 60% and is not sensitive to the change of 𝛼limit

ani . When 𝛼
limit
ani increases from 2.0 to 4.0, the ratio just

changes by approximately 20%. Despite that the classification of photoelectrons somewhat depends on the
choice of 𝛼limit

ani , the main conclusion of the paper, in terms of the trend to observe field-aligned photoelectrons
at high altitudes, is significant.

5. Conclusions
Previous research on photoelectron peaks from the CAPS-ELS showed that some photoelectrons observed
at large distances from Titan indicate the escape of photoelectrons from Titan's day ionosphere along mag-
netic field (e.g., Coates et al., 2007; Wellbrock et al., 2012). In this work, we use an automatic finite impulse
response algorithm to detect all photoelectron signatures from the ELS data during 56 Titan flybys and use
the result to present the spatial distribution of photoelectrons. Most of the photoelectrons are observed in
the sunlit ionosphere, but some are also found in the dark-side of Titan or extend to high altitudes. We iden-
tified a gap of photoelectrons in the dark-side of Titan's ionosphere over the altitude range of 950–2,700 km
and with SZA > 130◦. The gap region was sampled by more than 20 flybys; however, only two photoelectron
peaks were detected. It appears to be very difficult for photoelectrons to travel to this particular combina-
tion of altitude and SZAs (the gap region) from the dayside ionosphere, and this does not appear to change
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for different magnetospheric conditions. Considering the different orientations of the solar and corotation
wakes of Titan does not help to explain the presence of this gap region.

We defined a parameter 𝛼ani to classify near-isotropic photoelectrons and found that the probability of
finding field-aligned photoelectrons at high altitude (>4,000 km) is significantly higher than finding
non-field-aligned photoelectrons. Similarly, field-aligned photoelectrons are significantly more abundant
on the dark-side at SZA > 100◦. These survey results are consistent with the prediction that photoelectrons
found at high altitude or on the nightside traveled along magnetic field lines from the sunlit ionosphere,
where they were produced. Some near-isotropic photoelectron observations on the nightside ionosphere and
at high altitude are expected to be caused by wave-particle interactions, which can reduce the anisotropy
of particles. More detailed case studies together with modeling efforts are clearly required to interpret the
photoelectron gap region and the observations of near-isotropic photoelectron distributions at high altitudes
and at large SZA.
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