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Abstract The Jovian Auroral Distributions Experiment Ion sensor (JADE-I) on Juno is a plasma
instrument that measures the energy-per-charge (E∕Q) distribution of 0.01 to 46.2 keV/q ions over a
mass-per-charge (M∕Q) range of 1– 64 amu/q. However, distinguishing O+ and S2+ from JADE-I's
measurements is a challenging task due to similarities in their M∕Q (∼16 amu/q). Because of this, O+ and
S2+ have not been fully resolved in the in situ measurements made by plasma instruments at Jupiter (e.g.,
Voyager PLS and Galileo PLS) and their relative ratios has been studied using physical chemistry models
and ultraviolet remote observations. To resolve this ambiguity, a ray tracing simulation combined with
carbon foil effects is developed and used to obtain instrument response functions for H+, O+, O2+, O3+,
Na+, S+, S2+, and S3+. The simulation results indicate that JADE-I can resolve the M∕Q ambiguity between
O+ and S2+ due to a significant difference in their charge state modification process and a presence of a
large electric potential difference (∼8 kV) between its carbon foils and MCPs. A forward model based on
instrument response functions and convected kappa distributions is then used to obtain ion properties at
the equatorial plasma sheet (∼36 RJ) in the predawn sector of magnetosphere. The number density ratio
between O+ and S2+ for the selected plasma sheet crossings ranges from 0.2 to 0.7 (0.37 ± 0.12) and the
number density ratio between total oxygen ions to total sulfur ions ranges from 0.2 to 0.6 (0.41 ± 0.09).

1. Introduction
Jupiter's magnetosphere is the largest cohesive structure in the heliosphere. The dynamics of Jupiter's mag-
netosphere is mainly driven by the planet's strong magnetic field, fast rotation period, and an immense
internal plasma source from Io. Volcanic activity on Io's surface releases neutral SO2, which is dissociated
and ejected from Io with subsequent ionization by electron impact at a rate of about 1 ton/s (see review by
Thomas et al., 2004, and references therein).

The magnetospheric ions at Jupiter are largely composed of dissociation products of iogenic SO2, 80% of
which comprise ions with similar mass-per-charge (M∕Q) (e.g., O+≈S2+≈16 amu∕q). Newborn iogenic ions
are then picked up by the ambient magnetic field and accelerated up to the bulk speed (∼57 km∕s relative
to Keplerian orbital speed of Io) of the surrounding plasma at the orbit of Io. These relatively cold dense
plasmas move radially outward via centrifugally driven flux tube interchange instability forming Jupiter's
plasma sheet (Hill & Michel, 1976).

Jovian magnetospheric ions have been observed by instruments onboard several previous missions (e.g.,
Bridge et al., 1977; Frank et al., 1992; Gloeckler et al., 1992; Krimigis et al., 1977; McComas et al., 2008;
Williams et al., 1992). However, the in situ relative abundance of O+ and S2+ in the plasma sheet are not well
constrained due to their similarities in M∕Q (e.g., Bagenal & Sullivan, 1981; Bridge et al., 1979; McNutt et al.,
1981). It is known that the magnetospheric plasmas are corotating at Jupiter's ∼10-hr rotation period within
a distance of ∼10 Rj (1 Rj=71,492 km) from the planet. Beyond ∼10 Rj, plasmas are under the corotation
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speed (i.e., subcorotating) but still share a common flow speed (Bagenal et al., 2017; McNutt et al., 1981).
O+ and S2+ have a similar energy-per-charge (E∕Q) under these circumstances. These similarities in E∕Q
and M∕Q make it difficult to resolve these ions in measurements that employ electrostatic analyzer (ESA),
or ESA and time-of-flight (TOF) techniques. A mass resolution (M∕ΔM) of ∼500 is required to resolve the
M∕Q ambiguity between O+ and S2+, but typical plasma instruments have M/ΔM<10 (e.g., Galileo PLS had
mass resolution ranging from 2≤M/ΔM ≤ 4.1, see Frank et al., 1992).

Instruments comprised of an ESA and a carbon-foil based TOF mass spectrometer are commonly used to
measure plasma in space environments (see Wüest, 1998, and references therein). An ESA selects incident
ions by their E∕Q, while a TOF mass spectrometer can determine the speed (v) of the ions so that the M∕Q
can be derived from its kinetic energy (E/Q=1/2·M/Q·v2). The speed of the ions is estimated by measuring
their TOF through a known path length in the instrument, the TOF being determined by the time differ-
ence between start signals generated by secondary electrons (SE) and stop signals produced by the ions.
These SEs are generated when the ions transmit through thin carbon foils. In addition to the SE generation,
there are other effects on the transmitted ions (e.g., Allegrini et al., 2003; McComas et al., 2004; Ritzau &
Baragiola, 1998; Wüest, 1998). These include charge state modification (e.g., Allegrini et al., 2014, Allegrini,
Ebert & Funsten 2016; Gonin et al., 1994; Kallenbach et al., 1993, 1995), angular scattering (e.g., Ebert et al.,
2014; Funsten et al., 1993), and energy straggling (e.g., Allegrini et al., 2006, 2015). Such effects, which
we refer to collectively as ‘carbon foil effects’ hereafter, are the consequences of nuclear and electronic
interactions between the incident ions and carbon foil materials. The count-TOF distribution (i.e., TOF mea-
surements at a given energy step) is strongly affected by carbon foil effects since they can alter incoming ion
properties (e.g., incident energy, angle, and charge states with respect to the carbon foil) and can change the
electrodynamics of ions in the TOF instrument. The shape of the count-TOF distribution for ions with sim-
ilar M∕Q can be different if they have distinct carbon foil effects. Thus, by characterizing these effects for an
individual ion species per energy step of the instrument, better species determination of the ions with M∕Q
ambiguity can be achieved for instruments using ESAs with non-field-free TOF mass spectrometers.

The Jovian Auroral Distributions Experiment (JADE) on NASA's Juno mission to Jupiter (McComas et al.,
2017) is an instrument suite composed of two identical electron sensors (JADE-E) and an ion sensor
(JADE-I). JADE-I measures the E∕Q (∼0.01–46.2 keV/q) and M∕Q (∼1–64 amu/q) of ions while JADE-E
measures electron energy from ∼0.05–100 keV/q. JADE-I is composed of a top-hat ESA, carbon foils, and a
TOF mass spectrometer. It is designed to measure ion energy distributions, angular distributions, and ion
composition in the polar regions of the jovian magnetosphere and is one of the key instruments for address-
ing the magnetospheric science questions discussed in Bagenal et al. (2017). One goal of a plasma instrument
is to derive macroscopic plasma parameters (i.e., velocity moments) from the measured distributions. To
achieve this, a distribution for each individual ion species is necessary for obtaining proper bulk parame-
ters in a multi ion plasma environment (e.g., the jovian magnetosphere). However, the mass resolution of
JADE-I (i.e., 2.5≤M/ΔM≤11) is not sufficient to directly resolve the M∕Q between O+ and S2+.

On the other hand, the TOF section of JADE-I has a huge electric potential difference (∼8 kV) between its
carbon foils and microchannel plates (MCP). This potential difference generates nonlinear electric fields
that accelerate electrons and negative ions or decelerate positively charged ions toward MCPs (see Figure 1).
While most of the ions have a neutral charge state after transiting the carbon foils, a fraction exits with
non-neutral charge states. The difference in exit (or residual) charge states for individual ion species produce
a distinct count-TOF distribution under the strong nonlinear electric field in the JADE-I's TOF section. In
this study, we demonstrate how the M∕Q ambiguity between O+ and S2+ can be resolved in JADE-I by
detailed modeling of the instrument response using carbon foil effects. Our simulation results show that
they have distinct count-TOF distribution due to the significant difference in their charge state modification
process (especially on the non-neutral charge states) and the presence of a strong electrostatic potential
(∼8 kV) in the TOF section of the instrument.

This study also presents bulk ion properties in the predawn sector (local time of ∼04:16) of the jovian plasma
sheet observed by Juno JADE-I. A kappa distribution is used in our analysis to account for wide E∕Q mea-
surements from JADE-I. They were first used on analysis of electron data from IMP-1, IMP-2, OGO-1, and
OGO-3 (e.g., Olbert, 1968; Vasyliunas, 1968) and it is an appropriate distribution function that can describe
both low energy (typically Maxwell-Boltzmann) and energetic (power law) ion/electron populations. We
combine a forward model using kappa distributions and the instrument response functions from the JADE-I

KIM ET AL. 2 of 36



Journal of Geophysical Research: Space Physics 10.1029/2018JA026169

Figure 1. The JADE-I SIMION model. Each colored line shows possible trajectories of incident H+ (1 keV/q) for
different residual charge states (blue: H{+}, green: H{0}, and red: H{−}) after transit through the carbon foil. The
trajectory for different charge states are different due to large electric potential differences from carbon foils to MCPs.
The orange line is a trajectory of secondary electrons released from the carbon foil.

Simulation Tool (JIST). Section 2 describes the data from JADE and MAG (Connerney et al., 2017) that
are used in this study. Section 3 explains the forward model. Section 4 discusses ion parameters obtained
from the forward model and comparisons with previous observations. An appendix presents JIST, compar-
isons with laboratory measurements, background subtraction method, and the updated geometric factor ×
detection efficiency.

2. Data
JADE-I measures the distribution of ions every 2 s. It measures the 4𝜋 sr distribution every ∼30-s spacecraft
spin period (McComas et al., 2017). The JADE-I data used in this study are provided with three different
formats, LOG, TOF, and SPECIES data products. LOG data have 25 logical counters including counts from
13 anodes (12 anodes + background anode; Wilson, 2017). We use background anode counts for subtracting
backgrounds in TOF data (see Appendix D). The TOF data product has high mass resolution (93 TOF bands)
summed over all look directions, and the SPECIES data product has high angular resolution with coarse
mass resolution. SPECIES data product has 12 anodes (only the data obtained from eight anodes are used for
Low Rate Science), and TOF data product has 248 separate TOF channels (or bins) onboard that are collapsed
down to 93 TOF bands for transmission. Both TOF and SPECIES data sets have the same 64 logarithmically
spaced energy steps covering from ∼0.01 to 46.2 keV/q. This study uses JADE-I TOF data to derive ion
properties in the Jovian plasma sheet and the JADE-I TOF data sets presented in this study are all Low-Rate
Science (LRS) data with 30-s time resolution.

In July 2016, Juno arrived at Jupiter and initiated its prime science investigation (Bolton, Lunine, et al. 2017;
Bolton, Adriani, et al. 2017; Connerney et al., 2017). Juno has a polar orbit with a period of∼53 days. Perijove
(PJ) occurs very close to the planet (3,000–5,000 km above the 1-bar level of the atmosphere) while apo-
jove is at ∼110 Rj. Through this orbit, Juno explores Jupiter's polar magnetosphere, plasma sheet, and outer
magnetosphere. Figure 2 shows total JADE-I count rates and the spacecraft trajectory in a magnetic coordi-
nate system. The magnetic field lines (magenta lines) were obtained from VIP4+CAN magnetic field model
(Connerney et al., 1981, 1998). The wiggly nature of the spacecraft trajectory in a magnetic coordinate
system is due to the tilt angle between Jupiter's rotation axis and magnetic dipole axis. As shown in Figure 2,
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Figure 2. Count rates of JADE-I in a magnetic coordinate system from 2017-188T18:00:00 to 2017-191T12:00:00 (from
left to right). The magnetic field lines (magenta) are from the VIP4+CAN magnetic field model (Connerney et al., 1981,
1998) and the spacecraft trajectory for Juno orbit 7 is shown by the white line. Start and end time of the data sets
presented in this study are highlighted with white boxes.

Figure 3. Count rates measured by JADE-I anode 4–11 from 2017-189T16:42:20 to 2017-189T20:40:50. The plasma
sheet ions are mostly observed in anodes 8–11. R is the radial distance in spherical coordinate system and 𝜌 is the radial
distance in cylindrical coordinate system (z axis for both coordinate systems are aligned with Jupiter's rotation axis).
Both R and 𝜌 are in units of the jovian radii (RJ). 𝜌 is used to compute a rigid corotation speed.
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Figure 4. E∕Q-time spectra of ion (top) and electron (middle) JADE data from 2017-189T16:42:20 to 2017-189T20:40:50
(highlighted with white boxes in Figure 2). Bottom panel shows magnetic field in spherical coordinates. Equatorial
plasma sheet crossings are identified by the reversal of the magnetic field vector radial component. Fourteen intervals
are selected to obtain the ion properties of the plasma sheet.

the spacecraft encounters multiple plasma sheet crossings in both the equatorial and high-latitude region
of the magnetosphere during the inbound trajectory prior to PJ 7.

We selected the plasma sheet data sets using the following criteria: (1) the count rates are focused in the
magnetic equator (i.e., zmag≈0); (2) the radial component of the magnetic field vector is near zero (i.e., equa-
torial plasma sheet crossing); and (3) the plasma sheet flow is mainly observed in anodes 8–11 of JADE-I.
Criteria (3) is important to avoid oversampling the distribution (anodes 0–3 and 4–7 measures same part of
the sky over a spacecraft spin) considering that the JADE-I TOF data essentially are the sum of counts mea-
sured from anodes 0–11. Selected data ranges are highlighted with white boxes in Figure 2. Figure 3 shows
the JADE-I count rates for all anodes during this period, and it shows that the counts are mainly observed
at the 8–11. Anodes 0–3 are not shown because in LRS modes, just anodes 4–11 are returned to provide a
4𝜋 sr view of the sky.

A summary plot showing the E∕Q-time spectra for ions (JADE-I), electrons (JADE-E), and magnetic field
(MAG) data during this interval is shown in Figure 4. The ions are mainly observed at >1 keV/q where
the energy centroid appears at ∼10 keV/q. The electrons are distributed over a much wider energy range
(occupying energy from ∼0.1 keV to ∼40 keV) compared to the ions. Both ions and electrons have fine
structures, possibly due to dynamic events during this interval. This is also well represented in the magnetic
field data. The radial component of the magnetic field data shows that the spacecraft crossed the magnetic
equator twice indicated by when the radial component of the magnetic field vector (Br) is near zero.

It is clear from the E∕Q-time spectra that the ion and electron energy distributions are very dynamic over
time. There are times when a significant portion of the ion energy distribution extends above the upper limit
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Table 1
Time Intervals of This Study During 2017-189

Interval UTC Start UTC End Total Accumulation Time
A 17:31:54 17:33:54 00:02:00 (120 s)
B 17:37:54 17:40:24 00:02:30 (150 s)
C 17:47:24 17:49:24 00:02:00 (120 s)
D 18:01:24 18:06:54 00:04:30 (270 s)
E 18:09:24 18:13:24 00:04:00 (240 s)
F 18:23:24 18:28:24 00:05:00 (300 s)
G 18:31:54 18:34:24 00:02:30 (150 s)
H 18:45:54 18:50:54 00:05:00 (300 s)
I 18:52:54 18:58:54 00:06:00 (360 s)
J 19:13:54 19:16:54 00:03:00 (180 s)
K 19:22:24 19:24:24 00:02:00 (120 s)
L 19:30:24 19:33:54 00:02:30 (150 s)
M 19:40:54 19:44:54 00:04:00 (240 s)
N 19:50:54 19:57:24 00:06:30 (390 s)

of JADE-I's E∕Q range. Because of this, we further divide the data sets into subintervals by choosing time
periods where (1) the variation in energy distribution (both ion and electron) and the total magnetic field
strength is small over time; and (2) the peak of the energy distribution is resolved in the JADE-I data. These
selected intervals are indicated in Figure 4 and are listed on Table 1.

The TOF data can be presented in E∕Q-time spectra (summed over all TOF bands for each energy step) as
shown in the top panel of Figure 5 and in E∕Q-TOF spectra (summed over each record or time steps) for
detailed mass analysis as shown in the middle panel of Figure 5. The mass tracer lines shown in the E∕Q-TOF
spectra (middle panel) are the estimated peak position of the given ion species based on equation (B2) that
was obtained during in-flight calibration (see Appendix B1). As shown in the middle panel of Figure 5,
O+ and S2+ are the dominant ion species in the data. Because they have similar M∕Q (∼16 amu/q), their
count-TOF distributions (i.e., horizontal slice of the E∕Q-TOF spectra shown in the middle panel of Figure 5)
are nearly superposed to each other (see mass tracer lines for O+ and S2+) so that it is difficult to determine
their relative ratios.

During the plasma sheet crossings we have also identified the presence of high-energy ion populations which
typically extend to the top of JADE-I's E∕Q range (i.e., 46.2 keV/q). They are not the major component of
the plasma sheet ion distributions and are hard to characterize due to the limited information provided by
JADE-I. Because we only use a single distribution function for individual ions species, we remove them
from in situ E∕Q-TOF spectra when the forward model results have kappa values less than 1.6. The removal
process adopts equation (B2) to account for corotational flow of the plasma sheet. Under a common flow
speed, ion species with higher M∕Q will appear at higher E∕Q, whereas ion species with lower M∕Q appears
at lower E∕Q. Equation (B2) provides an estimate of E∕Q value for ions with different M∕Q. For this study,
we crudely determine seven boundaries where the flow speeds for empirical removal boundaries are given
by plugging energies (derived from empirical corotation speed that corresponds to O+ energies at 15, 20,
25, 30, 35, and 40 keV/q + post-acceleration −10 kV) to Et (total ion energy at the carbon foil), set of mass
arrays (ranging from 0.01 to 50 amu) to M, and Q=1 in equation (B2). The bottom panel shows an example
of boundaries obtained with O+ at 20 keV/q (solid and dashed white lines from bottom left to upper right).
We preserve proton data in the E∕Q-TOF spectra by giving another boundary obtained by plugging M=2
and Q=1 into equation (B2). This boundary is shown next to the proton tracer line in the bottom panel of
Figure 5. Then the upper area covered by both corotational flow line and the proton boundary (white solid
lines above ∼2 keV/q) are removed from the E∕Q-TOF spectra for the forward model calculations.

To resolve the M∕Q ambiguity between O+ and S2+, we developed JIST for characterizing count-TOF dis-
tributions for individual ion species. JIST is a ray tracing simulation tool capable of calculating count-TOF
distributions for individual ions using carbon foil effects (see Appendix A1 for details). The sum of multi-
ple instrument response functions (i.e., normalized count-TOF distributions over JADE-I's E∕Q range for a
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Figure 5. E∕Q-time spectra (top) and E∕Q-TOF (time-of-flight) spectra (middle) of interval A (2 min of data from
2017-189T17:31:54 to 2017-189T17:33:54). Colored lines in the E∕Q-TOF spectra are the mass tracer lines that indicate
expected peak position of each ion species. Protons have two tracer lines due to the charge modification process in the
carbon foil. The bottom panel shows an example of data removal boundary at 20 keV/q of O+ cutoff energy. The data
enclosed by white solid lines are removed from E∕Q-TOF spectra for the forward model calculation. An additional
measurement error of 10% are applied in the data where TOF is greater than the magenta lines shown in the
bottom panel.

given ion species) shown in Figure 6 gives E∕Q-TOF spectra that will be used to characterize JADE-I TOF
measurements. The top panel shows E∕Q-TOF spectra and bottom two panels show normalized count-TOF
distributions at 1.07 and 9.37 keV/q, respectively. We combine the instrument response functions with
convected kappa distributions to obtain ion properties for the periods identified in Table 1.

3. Forward Model
This section describes the forward model for obtaining plasma parameters from the JADE-I measurements.
The model uses convected kappa distributions, the instrument response functions obtained from JIST for
eight ion species (H+, O+, O2+, O3+, Na+, S+, S2+, and S3+), and chi-square minimization to reproduce in
situ E∕Q-TOF spectra.
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Figure 6. E∕Q-TOF spectra (top) of the normalized instrument response functions from JIST. Bottom two panels show
count-TOF distributions at E/Q=1.07 keV/q (middle) and E/Q=9.97 keV/q (bottom). The black line is the total
distribution of all ions and each colored line represent individual ion species (shown in gray box around the top panel).
Each ion species has different shaped distributions at each energy step due to the carbon foil effects and incident
energy.

We start with the standard form of the convected kappa distribution (Livadiotis, 2017, Chapter 4) with
common isotropic temperature for individual ions and a common flow velocity v⃗𝑓 (i.e., corotating plasma),

𝑓 (E, 𝛿) = n ·
[
𝜋
(
𝜅 − 3

2

)
𝜂2
]− 3

2 · Γ(𝜅 + 1)
Γ(𝜅 − 1

2
)
·
⎡⎢⎢⎣1 +

E + E𝑓 − 2
√

E
√

E𝑓 cos 𝛿

(𝜅 − 3
2
)kBT

⎤⎥⎥⎦
−𝜅−1

, (1)

where 𝜂=
√

2kBT
m

is the thermal velocity, E𝑓 =1∕2 ·mv2
𝑓

is the flow energy where vf is the flow speed, and 𝛿 is
the angle between the individual ion velocity v⃗ and the corotational flow vector v⃗𝑓 representing the thermal
spread of the velocity. The spacecraft speed vSC is not considered here since the TOF data product does not
have any directional information and it is relatively small (∼8 km/s) compared to the flow speed (see Tables 2
and 3) for the intervals shown in Table 1.

The level 3 TOF data product is the sum of count rates observed by 12 JADE-I anodes covering an instan-
taneous field of view of ∼270◦ × 15◦. Converting count rates to counts c (by multiplying total accumulation
time Tacc (see Table 1) and the accumulation time per energy step for JADE-I, Δt [s]= 1

32
− 2 × 10−3), the

total measured counts C at energy level E is

C(E) =
∑
l,m

c(E, 𝜃l, 𝜙m), (2)

where l designates the anode number and m represents the azimuth (accumulation) number.

The counts are related to flux j and phase space density f such that equation (2) can be rewritten as

C(E) =
∑
l,m

EG𝜀(E)Δt · 𝑗(E, 𝜃l, 𝜙m) =
∑
l,m

2E2G𝜀(E)Δt
m2 · 𝑓 (E, 𝜃l, 𝜙m), (3)

where G𝜀 [m2·eV/eV ·sr]=6.84 × 10−5 + 2.52 × 10−6 · log10(E∕Q [eV/q]) +6.84 × 10−5 · E∕Q [eV/q]−0.28 is the
geometric factor G × detection efficiency 𝜀 (see Appendix E) and Δt [s]= 1

32
− 2 × 10−3 is the accumulation
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time per energy step for JADE-I, after accounting for the hemispherical voltage settling time (the 2 × 10−3

term).

Total accumulation time (Tacc) of the LRS data sets are approximately multiples of the spacecraft spin
period (∼30 s), the total counts C is roughly equivalent to multiple omni-directional summations of the true
distribution function. Then the average counts per sector (one anode, one azimuth) is

⟨c(E)⟩ = C(E)
12 · Tacc

2

= 2E2G𝜀(E)Δt
m2 · ⟨𝑓 (E, 𝜃l, 𝜙m)⟩

= 2E2G𝜀(E)Δt
m2 · 1

4𝜋 ∫
2𝜋

0 ∫
𝜋

0
𝑓 (E, 𝜃l, 𝜙m) sin 𝜃d𝜃d𝜙,

(4)

where 12 represents the number of JADE-I anodes and Tacc
2

is the number of accumulation (or azimuth)
including the duty cycle of the instrument (2 s). Thus, the analytical form of a one-dimensional count
distribution for each JADE-I energy step over all look directions for accumulation Nacc is

C(E) =
(

12 ·
Tacc

2

)
· 2E2G𝜀(E)Δt

m2 · 1
4𝜋 ∫

2𝜋

0 ∫
𝜋

0
𝑓 (E, 𝜃l, 𝜙m) sin 𝜃d𝜃d𝜙, (5)

Plugging equation (1) into (5) and choosing a coordinate system such that 𝜃=𝛿 (i.e., f =f (E,𝜃l)=f (E,𝛿), f is
now independent of 𝜙) yields an analytical form of the convected kappa distribution in a JADE-I frame of
reference,

C(E) =
(

12 ·
Tacc

2

)
· n

8

√
2
m

·
[
𝜋3E𝑓kBT

(
𝜅 − 3

2

)]− 1
2 · Γ(𝜅)

Γ(𝜅 − 1
2
)

·
⎧⎪⎨⎪⎩
⎡⎢⎢⎣1 +

E + E𝑓 − 2
√

E
√

E𝑓
(𝜅 − 3

2
)kBT

⎤⎥⎥⎦
−𝜅

−
⎡⎢⎢⎣1 +

E + E𝑓 + 2
√

E
√

E𝑓
(𝜅 − 3

2
)kBT

⎤⎥⎥⎦
−𝜅⎫⎪⎬⎪⎭ · E

3
2 G𝜀(E)Δt.

(6)

For a given interval (see Table 1), we use equation (6) to generate eight convected kappa distributions
(count-E∕Q distributions each representing H+, O+, O2+, O3+, Na+, S+, S2+, and S3+). Without any further
physical assumptions, this analysis has 25 free parameters (i.e., a common flow speed, 8 densities, 8 tem-
peratures, and 8 kappa values) which requires significant computation time to find a global minimum (i.e.,
absolute minimum where the difference between the data and the model is smallest in chi-square space).
In order to reduce the number of free parameters in the analysis, we use a common kappa value 𝜅heavy and
temperature Theavy for all heavy ions (i.e., O+, O2+, O3+, Na+, S+, S2+, and S3+) which cuts the number of
free parameters from 25 down to 13. This is a reasonable approximation since the heavy ions will be in ther-
mal equilibrium by the time they are transported from Io plasma torus to the plasma sheet as the transport
timescale is much greater than the Coulomb equilibration timescale for these ions (Delamere et al., 2005).

Once the kappa distributions are generated, a normalized (such that the total of each count-TOF distribution
in each energy step is equal to 1) instrument response function S (shown in Figure 6) obtained from JIST
needs to be multiplied to each point (i.e., JADE-I energy step) of the convected kappa distribution functions
to produce the forward model in E∕Q-TOF spectra,

Model(E, 𝜏) =
8∑

i=1
Ci(E) · Si(E, 𝜏), (7)

where subscript i represents each ion species and 𝜏 is each bin of 93 TOF bands. Instrument response func-
tion S is a crucial part of the forward model because it converts the kappa distributions (i.e., count-E∕Q
distribution) to E∕Q-TOF spectra and provides constraints to resolve the M∕Q ambiguity between O+ and
S2+. Most of the previous studies used the forward model only in energy or E∕Q space due to the absence of
M∕Q measurements or the inability to model M∕Q (or TOF) measurements. However, O+ and S2+ are the
dominant species in Jupiter's magnetosphere (indicated at the bottom panel of Figure 5) and they have sim-
ilar M∕Q and E∕Q if they share common flow speed. We use the TOF information and consider carbon foil
effects, which are different for each ion species, to resolve this ambiguity.

KIM ET AL. 9 of 36



Journal of Geophysical Research: Space Physics 10.1029/2018JA026169

Figure 7. Forward model results for interval A. The top two panels show E∕Q-TOF spectra of JADE-I measurements
(top) and forward model results (middle). The bottom panel shows a comparison between the in situ measurement and
the forward model results (the color-coded lines represent each ion and the magenta dots represent the total of the
forward model) at E/Q=8.58 keV/q in count-TOF space.

The best fit parameters of the forward model that represent the JADE-I E∕Q-TOF spectra can be found by
minimizing the chi-square value defined as

𝜒2 =
63∑
𝑗=0

92∑
k=0

[Data(E𝑗 , 𝜏k) − Model(E𝑗 , 𝜏k)]2

𝜎2
total(E𝑗 , 𝜏k)

, (8)

where Data is the background subtracted in situ data (see Appendix D for background subtraction) and
𝜎total is the uncertainty for the background-subtracted data expressed as

𝜎total(E, 𝜏) =
√
𝜎2

rd(E, 𝜏) + 𝜎2
bg(E, 𝜏), (9)

assuming that 𝜎rd (error of the raw data with no background subtraction) and 𝜎bg are independent to each
other (Bevington & Robinson, 2003). We use the Powell minimization method presented in Seiler and Seiler
(1989). Thus, the forward model finds 13 parameters vf , n(H+), n(O+), n(O2+), n(O3+), n(Na+), n(S+), n(S2+),
n(S3+), Tproton, Theavy, 𝜅proton, and 𝜅heavy that can best represent the plasma sheet data obtained by JADE-I.
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However, we decided to fix the proton kappa value to 3.5 (𝜅proton=3.5) based on Collier and Hamilton (1995)
due to the presence of the high-energy populations (described in section 6.8). Leaving the proton kappa as
a free parameter often resulted in a very small kappa (∼1.5) and very large temperature (≫100 keV) for the
proton distributions, which does not make any physical sense considering that JADE-I can only measure up
to 46.2 keV/q. 𝜅heavy also had same issues for some intervals. To obtain reasonable temperature and kappa
value for heavy ions, we use the boundaries introduced in the data section (one of the boundaries is shown
as solid white lines in the bottom panel of Figure 5) to trim the data for the forward model calculations. We
start with the raw data and proceed with trimmed data sets provided by corotational tracer lines for O+ at
15, 20, 25, 30, 35, and 40 keV/q until the kappa converged to a reasonable value (𝜅heavy>1.6). If the kappa
value was obtained through data trimming, we then run the forward model again with fixed 𝜅heavy and its
associated uncertainty on the raw (untrimmed) data. In this way, we can obtain 𝜅heavy and Theavy for the
major component of the heavy ion distribution obtained by JADE-I. We could only do this for the heavy
ions but not for the protons since their distribution seems to require a combination of multiple distribution
functions. This issue is discussed in section 6.8.

The presence of sulfur isotope 34S in Io's atmosphere has been revealed by measurements from Atacama
Pathfinder Experiment (APEX) and its isotope ratio 34S/32S is found to range from 0.065 to 0.120 (Moullet
et al., 2013). In this study, we only treat 32S+, 32S2+, and 32S3+ for sulfuric ion species and gave 10% addi-
tional errors to the heavy ion in situ data (i.e., 𝜎total=

√
𝜎2

total + (0.1 × Data)2) to account for the potential
contribution from these isotopes. This additional error is applied in the TOF region longer than the bound-
ary obtained by plugging in M=14 and Q=3 (shown as magenta line at the bottom panel of Figure 5. This
boundary is carefully chosen to include O3+ data in the E∕Q-TOF spectra.

Figure 7 shows the forward model result for interval A presented in Table 1. The E∕Q-TOF spectra for JADE-I
data and forward model result are shown in the top two panels and the bottom panel shows comparisons
at E/Q=8.58 keV/q in count-TOF space. In the bottom panel of Figure 7, the data are shown in black lines
with gray error bars. The total forward model results at this energy step is shown in magenta dots and the
results for individual ions are shown with different colored lines.

The uncertainties 𝜎 of the forward model results are calculated from MPFIT (Markwardt, 2009) by providing
best fit parameters obtained from Powell minimization routine (Seiler & Seiler, 1989). Then a goodness of
fit of the forward model results are represented by analyzing the variation of the chi-square value within
1𝜎 of the best fit results. Figure 8 shows a chi-square space analysis within 1𝜎 of the best fit parameters
for interval A. Both the best fit parameters and their associated uncertainties (i.e., 1𝜎) are shown on the
right. The center of each spectra is the best fit parameter from the forward model and the range of each
x and y axis are determined by ±1𝜎 of the best fit parameters. For example, the spectra in the first row,
second column of Figure 8 shows the chi-square space analysis for proton density n(H+) and flow speed
VFlow. The chi-square values are calculated by fixing the rest of the parameters but varying values of n(H+)
and VFlow within their 1𝜎. The minimum chi-square value is shown in blue and the maximum in red. As
stated in equation (8), the chi-square values represent the difference between the data and the model. A
successful chi-square minimization should have minimal difference between the model and the data (i.e.,
global minimum). Therefore, the goodness of fit can be validated by investigating if the center of each spectra
has a minimum chi-sqaure value. Chi-square space analysis for 𝜅proton is not shown in Figure 8 because
they are fixed in this study so that their 1𝜎 value cannot be obtained. However, a successful chi-square
minimization does not always guarantee physically reasonable parameters (e.g., very small kappa and very
high temperature) since the chi-square is just a difference between the model and the data.

Figure 8 also shows a correlation between each parameter. For example, an anti-correlation (i.e., one has to
decrease the value if another value increases) between O+ and S2+ is shown with negatively skewed ellipse.
This is due to the fact that their count-TOF distributions appear in similar TOF range and E∕Q ranges. But
as shown in Figures 6 and 7, the instrument response functions for O+ and S2+ have different shape and
peak positions due to their distinct carbon foil effects (see section C1 for details) under the large electric
potential difference (∼8 kV) in JADE-I's TOF section. A perfect circle in the spectra (e.g., n(Na+) and n(O+))
indicates that both parameters do not depend on each other and therefore have no correlation in the fit.

Figure 9 compares the count-TOF distributions from the in situ measurements with forward model results
at 7.59, 8.58, 9.97, 11.27, 13.10, and 19.43 keV/q for intervals A and L. The forward model results are shown
as colored lines, and the total of the forward model results are represented by magenta dots. These intervals
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Figure 8. A chi-square space analysis results for interval A. Each panel shows a variation of chi-square values from the best fit parameters (center of each
spectra) where their axis range is determined by ±1𝜎 from the center. This figure shows that the fitted parameters are at the minima within 1𝜎 of the best fit
parameters P. Proton kappa values are not shown in this figure since they are fixed in this study.

do not require any data trimming. The results for interval L has the highest flow speed where interval A had
a lowest flow speed. A detailed discussion on ion properties for selected intervals are presented in sections 5
and 6.

4. Assumptions and Limitations
Before we present the ion properties obtained from the forward model, we first summarize the assumptions
and limitation in our methodology. The instrument response functions (i.e., count-TOF distributions for
eight individual ions) are based on a ray tracing simulation that incorporates the carbon foil effects (see
Appendix A for details). O+ and S2+ are separable because they have a distinct shape in their count-TOF
distribution (Figure A5) due to differences in their carbon foil effects (mainly in the charge state modification
process shown in Figure A1) and the large electric potential differences applied in JADE-I's TOF section
(shown in Figure 1).

We were only able to validate simulation results for singly charged ions (including O+) with laboratory mea-
surements (see Figures A6 and A7) due to the limitation of the ion source at Southwest Research Institute.
We did not obtain any laboratory measurements on Sulfur ions due to a possible contamination of the facil-
ity. Therefore, instrument response functions for sulfur ions could not be validated. However, we think the
simulated spectra for sulfur ions are representative of the laboratory measurements based on following cri-
teria: (1) Other singly charged ions show good agreement with the laboratory measurements (Figures A6
and A7) and (2) carbon foil effects do not depend on the initial charge states of incoming ions.
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Figure 9. Forward model results for intervals A (left) and L (right) at several different energies in count-TOF space.
These intervals did not require any data trimming for obtaining reasonable heavy kappa values.

For the distribution functions, we assume that all heavy ions share common temperature based on the fact
that the Coulomb equilibration time is much smaller than the transport time from the Io plasma torus to
the plasma sheet (Delamere et al., 2005). This assumption was also used in analysis of Voyager PLS (Bagenal
et al., 2017; Dougherty et al., 2017) and Galileo PLS data Bagenal et al. (2016). Also, we had to fix the proton
kappa value due to the complexity of their distributions.

The error estimates for the forward model results (i.e., fitted parameters) were propagated from Poisson
statistics (including data compression errors presented in Wilson, 2017) of the measured ion counts. These
errors are shown in Tables 2 and 3. We note that the flow speed errors are very small because the forward
model is sensitive to the changes in the flow speed (i.e., the chi-square value changes rapidly for small change
in flow speed). A similar issue is discussed in Appendix C1 of Nicolaou et al. (2014).

In this study, we have ignored the spacecraft velocity in our convected kappa distribution because (1)
JADE-I's level 3 TOF data does not have any directional information and (2) they are relatively small
(∼8 km/s during intervals A–N) compared to the ion flow speed. Thus, the intrinsic error for the flow speed
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Figure 10. Comparisons of in situ data (black) and the forward model results (colored lines) in E∕Q-count space for all
intervals presented in Table 1. The total forward model results are shown as magenta dots. The convected kappa
distributions represent H+, O+, O2+, O3+, Na+, S+, S2+, and S3+ (see top of the figure for the corresponding colors).

should include the spacecraft speed at some degree but it requires information on the angle between the
spacecraft speed direction and the flow speed direction.

Also, we would like to note that kappa values cannot be less (function diverges) or equal (delta function)
to 1.5 (Livadiotis & McComas, 2013) and although our best fits are greater than 1.5, the lower boundary
(provided statistically by the 𝜅HEAVY − Error𝜅HEAVY

) for the heavy kappa values in Tables 2 and 3 are below
1.5 for some intervals. Large errors of the heavy kappa values are due to insensitivity of the forward model
on the JADE-I's E∕Q-TOF spectra.

5. Results
This section presents the forward model results and bulk ion properties of the Jovian plasma sheet intervals
described in Table 1. Figure 10 shows a comparison between the forward model results and in situ mea-
surements from JADE-I in count-E∕Q space. The in situ data and the forward model results are summed
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Figure 11. Summary plot of plasma parameters obtained from the forward model for all intervals. From top to bottom,
the panels show density, density ratio of O+ and S2+, temperature, pressure, and plasma 𝛽. Juno MAG data were used
to estimate plasma 𝛽. Radial distance from the planet (R), magnetic latitude (MLat), and equatorial crossing distance
(MShell) are shown in the bottom of the figure.

over all TOF ranges for all intervals shown in Figure 4 and Table 1. As shown in Figure 10, the convected
kappa distribution that characterizes vf , n(H+), n(O+), n(O2+), n(O3+), n(Na+), n(S+), n(S2+), n(S3+), Tproton,
Theavy, 𝜅proton, and 𝜅heavy successfully captures most of the distribution except in the <1 and >20 keV/q
ranges. We think these are background (<1 keV/q) and high-energy populations (>20 keV/q) which are
not a significant contributor to the bulk plasma parameters observed by JADE-I. The peak position of O+

and S2+ in E∕Q space (shown in Figure 10) do not always match due to their difference in thermal speed 𝜂
(i.e., 𝜂(O+)=

√
2 · 𝜂(S2+)). The peaks of the distribution functions (i.e., in count-E∕Q space) are not solely

determined by the flow energy (Ef ∕Q), but there are a small contribution from the thermal speed. The mis-
alignment of O+ and S2+ peak positions becomes more notable when the ratio between thermal speed and
flow speed becomes larger.

Figure 11 shows plasma parameters for all intervals with errors. The values of the plasma parameters
and errors are shown in Tables 2 and 3. The ion number density ratios during these plasma sheet cross-
ings are n(H+)/ne=1−11%, n(O+)/ne=5−14%, n(O2+)/ne=3−6%, n(O3+)/ne=0.3−0.8%, n(Na+)/ne=1−3%,
n(S+)/ne=2–5%, n(S2+)/ne=20–28%, and n(S3+)/ne=5–8%. ne is an estimate of the total electron number den-
sity derived from the total ion number density assuming charge neutrality ne=

∑
niqi, where qi is the number
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Table 2
Forward Model Results for Intervals A Through G from During the Juno orbit 7 Plasma Sheet Crossing

Parameters Units A B C D E F G
Ra RJ 36.12 36.08 36.01 35.91 35.86 35.76 35.71
MLat b Deg −0.43 −0.75 −1.17 −1.70 −1.86 −2.02 −2.01
𝜌 c RJ 34.32 34.28 34.23 34.13 34.09 34.00 33.96
vCorot

d km/s 431.5 431.0 430.3 429.1 428.6 427.5 427.0
vf km/s 307.9 ± 0.5 330.1 ± 0.7 370.3 ± 0.7 365.0 ± 0.7 374.6 ± 0.7 357.2 ± 0.7 387.1 ± 0.9

vSC
e km/s 8.18 8.19 8.20 8.22 8.22 8.24 8.25

vf ∕vCorot % 71.35 76.58 86.05 85.06 87.40 83.56 90.66

n(H+) × 104 cm−3 69 ± 4 105 ± 2 99 ± 2 134 ± 2 122 ± 2 129 ± 2 122 ± 2
n(O+) × 104 cm−3 823 ± 62 399 ± 19 433 ± 31 295 ± 19 291 ± 19 291 ± 20 136 ± 18
n(O2+) × 104 cm−3 419 ± 12 128 ± 4 192 ± 6 141 ± 4 124 ± 4 129 ± 4 115 ± 4
n(O3+) × 104 cm−3 40 ± 6 11 ± 2 15 ± 3 13 ± 2 15 ± 2 14 ± 2 13 ± 2
n(Na+) × 104 cm−3 145 ± 16 55 ± 6 127 ± 8 86 ± 5 100 ± 6 83 ± 6 71 ± 5
n(S+) × 104 cm−3 216 ± 12 101 ± 5 171 ± 7 155 ± 5 129 ± 5 128 ± 5 103 ± 5
n(S2+) × 104 cm−3 2324 ± 65 582 ± 20 1229 ± 32 922 ± 20 888 ± 20 892 ± 21 742 ± 19
n(S3+) × 104 cm−3 696 ± 19 214 ± 6 246 ± 8 191 ± 5 192 ± 5 202 ± 5 145 ± 5
n(O+)∕n(S2+) 0.35 ± 0.03 0.68 ± 0.04 0.35 ± 0.03 0.32 ± 0.02 0.33 ± 0.02 0.33 ± 0.02 0.18 ± 0.02
n(On+)∕n(Sn+)f 0.40 ± 0.02 0.60 ± 0.03 0.39 ± 0.02 0.35 ± 0.02 0.36 ± 0.02 0.36 ± 0.02 0.27 ± 0.02
ni × 104 cm−3 4731 ± 95 1595 ± 30 2512 ± 47 1937 ± 29 1860 ± 30 1868 ± 31 1447 ± 28
ne × 104g cm−3 8946 ± 158 2756 ± 49 4454 ± 77 3408 ± 49 3286 ± 49 3321 ± 51 2620 ± 46
n(H+)∕ne % 0.77 ± 0.04 3.82 ± 0.09 2.22 ± 0.06 3.94 ± 0.07 3.70 ± 0.07 3.88 ± 0.08 4.65 ± 0.10
n(O+)∕ne % 9.20 ± 0.72 14.47 ± 0.75 9.73 ± 0.71 8.66 ± 0.57 8.86 ± 0.60 8.77 ± 0.61 5.20 ± 0.69
n(O2+)∕ne % 4.68 ± 0.16 4.65 ± 0.18 4.31 ± 0.15 4.14 ± 0.13 3.76 ± 0.12 3.90 ± 0.13 4.40 ± 0.16
n(O3+)∕ne % 0.45 ± 0.06 0.41 ± 0.09 0.34 ± 0.07 0.38 ± 0.06 0.45 ± 0.07 0.42 ± 0.07 0.48 ± 0.09
n(Na+)∕ne % 1.62 ± 0.18 1.98 ± 0.22 2.85 ± 0.20 2.53 ± 0.16 3.05 ± 0.17 2.49 ± 0.17 2.70 ± 0.20
n(S+)∕ne % 2.41 ± 0.14 3.65 ± 0.21 3.84 ± 0.17 4.56 ± 0.16 3.92 ± 0.16 3.85 ± 0.16 3.93 ± 0.19
n(S2+)∕ne % 25.98 ± 0.86 21.13 ± 0.81 27.59 ± 0.87 27.05 ± 0.71 27.02 ± 0.74 26.86 ± 0.76 28.31 ± 0.88
n(S3+)∕ne % 7.78 ± 0.25 7.75 ± 0.25 5.52 ± 0.19 5.59 ± 0.16 5.85 ± 0.17 6.08 ± 0.18 5.55 ± 0.20
Tproton keV 9.55 ± 0.51 5.20 ± 0.10 4.80 ± 0.15 3.69 ± 0.06 6.24 ± 0.10 3.99 ± 0.07 4.05 ± 0.08
Theavy keV 1.21 ± 0.06 3.84 ± 0.09 3.95 ± 0.49 5.98 ± 0.11 4.75 ± 0.09 6.60 ± 1.09 12.94 ± 0.31
𝜅proton

h keV 3.50 3.50 3.50 3.50 3.50 3.50 3.50

𝜅heavy keV 2.11 ± 1.56 1.75 ± 1.55 1.75 ± 1.54 1.77 ± 1.56 1.81 ± 1.57 1.68 ± 1.54 1.63 ± 1.58⟨Ti⟩i keV 1.21 ± 0.05 3.84 ± 0.12 3.96 ± 0.33 5.97 ± 0.15 4.75 ± 0.12 6.59 ± 0.72 12.92 ± 0.41
Pthermal nPa 0.101 ± 0.045 0.100 ± 0.008 0.160 ± 0.029 0.181 ± 0.014 0.144 ± 0.012 0.192 ± 0.024 0.283 ± 0.025
Pmag nPa 0.030 0.029 0.005 0.003 0.011 0.030 0.030
𝛽 3.3 ± 1.5 3.4 ± 0.3 33.5 ± 6.0 61.1 ± 4.8 12.9 ± 1.1 6.4 ± 0.8 9.6 ± 0.8
aRadial distance from the planet in spherical coordinate system. bMagnetic latitude from VIP4+CAN model. cAxial distance from Jupiter's rotational axis.
dRigid corotation speed (12.57 × 𝜌[RJ] km/s). eSpacecraft speed in a Jupiter centered system based on J2000 (see Wilson, 2017). fRatio of total oxygen ions to
sulfur ions where 1≤n≤3. gElectron density obtained from ion densities with quasi-neutrality assumption (ne=

∑
niqi). hProton kappa indices are fixed in this

study based on Collier and Hamilton (1995). iAverage ion temperature ⟨Ti⟩=∑nimiTi∕𝜌, where 𝜌=
∑

nimi is the total mass density.

of charges for the ith ion. These density ratios do not add up to 100% because it is the mixing ratio within
the total electron number density not the total ion number density (electrons will have a higher number
density than ions since some ions have multiple charges such as S2+). We use ion mixing ratios throughout
this paper to follow the convention that has been used in previous Jupiter plasma papers (e.g., Bagenal et al.,
2017).

The density of the ions are dominated by O+ and S2+ (M/Q≈16 amu/q) and their relative ratio varies among
intervals as shown in the second panel from the top of Figure 11. The number density ratio between total
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Table 3
Forward Model Results for Intervals H Through N During the Juno orbit 7 Plasma Sheet Crossing

Parameters Unit H I J K L M N
Ra RJ 35.61 35.56 35.43 35.37 35.31 35.24 35.16
MLatb Deg −1.83 −1.65 −0.92 −0.52 −0.01 0.70 1.54
𝜌c RJ 33.87 33.82 33.71 33.66 33.61 33.54 33.47
vCorot

d km/s 425.8 425.2 423.8 423.2 422.5 421.7 420.8
vf km/s 350.9 ± 1.4 350.8 ± 2.1 373.8 ± 1.2 388.6 ± 2.6 402.6 ± 1.6 365.4 ± 1.9 360.5 ± 1.5

vSC
e km/s 8.27 8.28 8.30 8.31 8.32 8.33 8.34

vf ∕vCorot % 82.40 82.49 88.21 91.84 95.28 86.67 85.67

n(H+) × 104 cm−3 110 ± 1 120 ± 1 134 ± 2 113 ± 2 135 ± 1 137 ± 1 126 ± 1
n(O+) × 104 cm−3 127 ± 12 111 ± 11 203 ± 21 230 ± 24 233 ± 18 160 ± 15 110 ± 12
n(O2+) × 104 cm−3 86 ± 3 65 ± 3 126 ± 4 124 ± 5 132 ± 3 112 ± 3 85 ± 3
n(O3+) × 104 cm−3 10 ± 2 9 ± 2 14 ± 3 11 ± 3 14 ± 2 13 ± 2 10 ± 2
n(Na+) × 104 cm−3 46 ± 4 24 ± 4 71 ± 6 57 ± 6 62 ± 5 52 ± 5 41 ± 4
n(S+) × 104 cm−3 69 ± 4 32 ± 4 98 ± 5 73 ± 7 100 ± 5 88 ± 5 65 ± 4
n(S2+) × 104 cm−3 402 ± 13 219 ± 12 675 ± 22 505 ± 25 566 ± 19 488 ± 16 410 ± 13
n(S3+) × 104 cm−3 107 ± 4 70 ± 3 154 ± 5 128 ± 6 138 ± 4 123 ± 4 98 ± 3
n(O+)/n(S2+) 0.32 ± 0.03 0.51 ± 0.06 0.30 ± 0.03 0.45 ± 0.05 0.41 ± 0.03 0.33 ± 0.03 0.27 ± 0.03
n(On+)/n(Sn+)f 0.39 ± 0.02 0.58 ± 0.04 0.37 ± 0.02 0.52 ± 0.04 0.47 ± 0.03 0.41 ± 0.02 0.36 ± 0.02
ni × 104 cm−3 957 ± 20 651 ± 18 1,474 ± 32 1,241 ± 37 1,379 ± 27 1172 ± 23 945 ± 19
ne × 104g cm−3 1,680 ± 33 1,093 ± 29 2,610 ± 52 2,150 ± 61 2,381 ± 44 2043 ± 38 1656 ± 32
n(H+)∕ne % 6.56 ± 0.15 11.00 ± 0.31 5.14 ± 0.13 5.28 ± 0.18 5.66 ± 0.12 6.70 ± 0.14 7.59 ± 0.16
n(O+)∕ne % 7.56 ± 0.76 10.16 ± 1.07 7.77 ± 0.80 10.68 ± 1.14 9.78 ± 0.76 7.85 ± 0.74 6.65 ± 0.75
n(O2+)∕ne % 5.11 ± 0.21 5.97 ± 0.29 4.83 ± 0.19 5.77 ± 0.29 5.53 ± 0.17 5.48 ± 0.19 5.16 ± 0.20
n(O3+)∕ne % 0.61 ± 0.13 0.84 ± 0.18 0.53 ± 0.11 0.53 ± 0.15 0.58 ± 0.09 0.63 ± 0.10 0.62 ± 0.12
n(Na+)∕ne % 2.73 ± 0.25 2.22 ± 0.36 2.71 ± 0.23 2.65 ± 0.31 2.61 ± 0.20 2.54 ± 0.23 2.45 ± 0.23
n(S+)∕ne % 4.08 ± 0.24 2.91 ± 0.36 3.76 ± 0.22 3.39 ± 0.33 4.19 ± 0.23 4.29 ± 0.25 3.95 ± 0.24
n(S2+)∕ne % 23.95 ± 0.91 20.03 ± 1.19 25.85 ± 0.98 23.49 ± 1.34 23.79 ± 0.90 23.87 ± 0.89 24.73 ± 0.91
n(S3+)∕ne % 6.38 ± 0.26 6.40 ± 0.34 5.89 ± 0.24 5.97 ± 0.33 5.79 ± 0.20 6.00 ± 0.22 5.90 ± 0.23
Tproton keV 4.26 ± 0.07 7.05 ± 0.09 3.10 ± 0.07 5.19 ± 0.12 4.40 ± 0.07 4.17 ± 0.06 4.69 ± 0.06
Theavy keV 4.34 ± 0.12 11.30 ± 0.44 9.36 ± 0.25 7.13 ± 0.24 25.53 ± 0.54 8.66 ± 0.22 9.17 ± 0.25
𝜅proton

h keV 3.50 3.50 3.50 3.50 3.50 3.50 3.50

𝜅heavy keV 2.29 ± 1.69 1.75 ± 1.70 1.73 ± 1.64 2.71 ± 3.17 1.68 ± 1.58 2.38 ± 2.58 1.86 ± 1.70⟨Ti⟩i keV 4.34 ± 0.15 11.27 ± 0.59 9.34 ± 0.33 7.13 ± 0.36 25.46 ± 5.83 8.64 ± 0.29 9.15 ± 0.32
Pthermal nPa 0.066 ± 0.004 0.110 ± 0.005 0.208 ± 0.017 0.138 ± 0.014 0.519 ± 0.105 0.153 ± 0.008 0.130 ± 0.007
Pmag nPa 0.055 0.061 0.024 0.015 0.003 0.005 0.038
𝛽 1.2 ± 0.1 1.8 ± 0.1 8.5 ± 0.7 9.2 ± 0.9 200.3 ± 40.7 29.3 ± 1.6 3.4 ± 0.2
aRadial distance from the planet in spherical coordinate system. bMagnetic latitude from VIP4+CAN model. cAxial distance from Jupiter's rotational axis.
dRigid corotation speed (12.57 × 𝜌[RJ] km/s). eSpacecraft speed in a Jupiter centered system based on J2000 (see Wilson, 2017). fRatio of total oxygen ions to
sulfur ions where 1≤n≤3. gElectron density obtained from ion densities with quasi-neutrality assumption (ne =

∑
niqi) hProton kappa indices are fixed in this

study based on Collier and Hamilton (1995). iAverage ion temperature ⟨Ti⟩=∑nimiTi∕𝜌, where 𝜌=
∑

nimi is the total mass density.

oxygen ions (On+) to total sulfur ions (Sn+) follows a similar trend as the O+ and S2+ ratio but is slightly
lower in most of the intervals.

The flow speed of the plasma is always less than the rigid corotation speed (=12.57 ×𝜌[RJ] km/s, where 𝜌
is the axial distance from Jupiter's rotational axis). The proton temperature and the heavy ion temperature
varies over the intervals with no specific trends. The thermal pressure is mainly driven by the O+ and S2+

densities and is much higher than the magnetic pressure (derived from the Juno MAG data, Connerney
et al., 2017). The plasma 𝛽 (a ratio of the plasma pressure to the magnetic pressure) is typically greater than
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1 and sometimes reaches ∼200 which is due to high plasma pressure and weakening of the magnetic field
strength at the magnetic equator.

6. Discussion
6.1. Number Density
The number density estimates of jovian magnetospheric ions using Voyager Plasma Science (PLS) (Bridge
et al., 1977) have been presented in several studies (Bagenal & Sullivan, 1981; Bagenal et al., 2017; Bodisch
et al., 2017; Dougherty et al., 2017; McNutt et al., 1981). They selected intervals where the peaks in the
count-E∕Q distributions were clearly resolvable (i.e., cold plasma). These were well described by convected
Maxwell-Boltzmann distributions with eight different ion species (H+, O+, O2+, Na+, S+, S2+, S3+, and SO+

2 ).
However, Voyager PLS only measured the E∕Q of ions up to 5.95 keV/q, likely missing the high-energy tails
of the energy distribution. On the other hand, Voyager 2's Low Energy Charged Particle Experiment (LECP)
(Krimigis et al., 1977) measured energy distribution from ∼15 keV to ∼150 MeV for protons and heavier
ions. Kane et al. (1992) and Kane et al. (1995) employed convected kappa distributions for two species (H+

and Sn+ with unknown charge states) to describe the ion distributions in the energy range from 30 keV to
5 MeV . Both PLS and LECP on Voyager only measured E∕Q or E and could not measure M∕Q and therefore
had limitations on analyzing the plasma parameters.

The Galileo spacecraft was the first orbiter around Jupiter and extensively measured the plasma distributions
near the centrifugal equator. The plasma instrument (PLS) on Galileo measured E∕Q from 0.9 to 52 keV/q
along with M∕Q measurements (Frank et al., 1992). However, the mass resolution of the instrument was not
sufficient to separate heavy ion species from the data (Frank & Paterson, 2000) and had a low signal-to-noise
ratio on their TOF data (Bagenal et al., 2016). The analysis of plasma properties had to use fixed ion com-
position based on Cassini UVIS (Esposito et al., 2004) measurements of torus emission lines and a physical
chemistry model from Delamere et al. (2005) (see Bagenal et al., 2016). The Galileo Energetic Particles Detec-
tor instrument measured ions from ∼20 keV to ∼55 MeV . Kane et al. (1999) used three convected kappa
distributions (H+, On+, and Sn+ with unknown charge states). Clark et al. (2016) introduced a charge state
determination technique on energetic (∼0.3–5 MeV) oxygen and sulfur ions when there is an injection event.
They found that the most probable charge states of oxygen and sulfur ions are single and double charges,
respectively. However, the relative abundances between O+ and S2+ are still not well understood consid-
ering that the ion number densities are mostly from thermal population (e.g., Bagenal & Sullivan, 1981;
McNutt et al., 1981).

Although Ulysses SWICS (Gloeckler et al., 1992) and Cassini MIMI/CHEMS (Krimigis et al., 2004) could
immediately separate O+ and S2+ from their measurements, the statistics are insufficient (both spacecraft
only had a single flyby for gravity assist where the closest approach to Jupiter for Ulysses spacecraft was at
6.31 RJ and Cassini spacecraft at 136 RJ) to understand how their relative abundances change throughout the
magnetosphere. JADE-I covers a much wider energy range (0.01 up to 46.2 keV/q) of the distribution than
Voyager PLS and provides M∕Q measurements with higher mass resolution (2.5≤M/ΔM≤11) than Galileo
PLS (2≤M/ΔM≤4.1).

A direct comparison of ion number density ratio results from this study to Dougherty et al. (2017) and
Bodisch et al. (2017) show that we observe slightly more S2+ than O+ with similar mixing ratios for other
minor ion species except SO+

2 . Both studies (this study and Dougherty et al., 2017) have limitations on esti-
mating O+ and S2+ due to the limited information provided by the measurements. This study had to depend
on simulation work (i.e., JIST) due to JADE-I's insufficient mass resolution to separate O+ and S2+ and
Dougherty et al. (2017) had to assume ion mixing ratios from Delamere et al. (2005) due to the absence M∕Q
information from Voyager PLS.

At ∼36 RJ, we also identify a weak signal of O3+ but do not see any clear signals for SO+
2 (64 amu/q) from

JADE-I during the selected intervals. This is probably because these molecular ions quickly dissociate as
they move away from the source point. Bodisch et al. (2017) reports they were only observed between 5.07
and 5.31 RJ.
6.2. O+ and S2+ (M/Q≈16 amu/q)
Obtaining in situ relative abundances between O+ and S2+ has been a challenging issue due to the similari-
ties in their E∕Q and M∕Q. The plasma instruments flown to date at Jupiter have been unable to resolve them
in the measurements except for the Ulysses SWICS and Cassini MIMI/CHEMS measurements. Their relative
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abundances are important since they are the major constituents of the ions governing the magnetospheric
dynamics at Jupiter.

In this study, we developed JIST, which is based on a detailed instrument response (that includes carbon foil
effects) to determine the ion distributions of O+ and S2+. JIST shows that O+ and S2+ have different shaped
count-TOF distributions caused by their different interactions with the carbon foil (mainly the charge state
modification) and strong nonlinear electric field in JADE-I's TOF section (see Appendix for details). This
model was used to calculate the instrument response function that is an essential part of the forward model
presented in this study.

The results shown in Figure 11 indicate that the relative abundance of O+ and S2+ varies from 0.2 to 0.7
(mean value of 0.37 ± 0.12), accounting for 62–69% of the iogenic ions (i.e., O, S, and Na ions) and 50–66%
of the Jovian magnetospheric ion number density. The number density ratios between total oxygen ions
(On+) to total sulfur ions (Sn+) are 0.2–0.6 (mean value of 0.41 ± 0.09). This value is much lower than the
1.02 value derived by the Delamere et al. (2005) physical chemistry model. However, the physical chemistry
model only can cover radial distances up to ∼10 RJ and the 1.02 value is obtained assuming freezing-in of
the charge state. This assumption is used in previous studies (e.g., Bagenal et al., 2016, 2017; Bodisch et al.,
2017; Dougherty et al., 2017) to obtain ion properties from Voyager PLS and Galileo PLS.

However, we have only analyzed one plasma sheet crossing in this study and at a different radial distance.
An investigation with more plasma sheet crossing data will be conducted in the future. As the spacecraft's
equatorial crossing distance will get closer to the planet in the later phase of the mission, we should be able
to directly compare to Delamere et al. (2005).

6.3. Flow Speed
The flow speed obtained in this study ranges from 71–95% of the rigid corotation speed. These results
are higher than previously reported values in this region (e.g., Dougherty et al., 2017; Kane et al., 1995;
McNutt et al., 1981). The highest flow speed is observed in interval L which coincides with when Juno is at
a magnetic latitude (MLat) of near zero and the magnitude of Br is smallest (see Figure 11). Dougherty et al.
(2017) reports that the significant breakdown of corotation occurs at 9–10 RJ and the flow speed reaches an
asymptotic value of ∼225 km/s beyond ∼20 RJ. However, that analysis was heavily dependent on plasma
populations having a cold enough temperature where the peak of each ion distributions was resolvable in
the Voyager PLS data. Dougherty et al. (2017) pointed out that these cold ion populations may not be the
dominant contributors to the ambient plasma flow. The flow speed was also derived by Krupp et al. (2001)
using the Galileo EPD data covering 6–142 RJ and all local times. They used a power law for proton, oxygen,
and sulfur ions to obtain spectral index. The flow speeds obtained from this study are comparable to Krupp
et al. (2001) at similar local times.

Comparing flow speed to the Alfvén (magnetic field information from Juno MAG) speed, the flow
speed is always higher than the Alfvén speed (see Figure 12). We also computed the sound speed with√
𝛾 · (
∑

niTi + neTe)∕(
∑

nimi + neme) under assumptions of 𝛾=5/3 (monatomic gas), quasi-neutrality (i.e.,
ne =

∑
niqi), and the electron temperature being identical to the average ion temperature (Te = ⟨Ti⟩=∑

nimiTi∕
∑

nimi). The average ion temperature varies from 1 to 10 keV . The sound and magnetosonic
speed are higher than the flow speed for intervals G, I, J, L, M, and N and lower than flow speed for rest of
the intervals (Figure 12). Considering that the electron temperature is typically lower than the ions in the
jovian plasma sheet (Voyager PLS observed electron temperatures as low as 50 eV at 40 RJ, see Scudder &
Bridge, 1981), the sound speed can be much lower than the our estimates suggesting supersonic flow in the
plasma sheet.

The results shown in this study indicate that the hot plasma populations have higher flow speed than the
cold blobs observed by Voyager PLS. However, since this study only examines plasma parameters for one
plasma sheet crossing by Juno (mostly hot plasma), it is difficult to determine whether the hot or cold plasma
is more representative of the plasma sheet populations in the jovian magnetosphere.

6.4. Temperature
The temperature obtained in this study cannot be compared to Voyager PLS analysis results due to the differ-
ence in the selection of data (cold plasma for Voyager PLS and hot plasma in this study) and the difference in
E∕Q range for Voyager PLS and Juno JADE-I. Instead, we compare the results to the Voyager 2 LECP results
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Figure 12. Comparisons between flow speed and other characteristic speeds (gray: rigid corotation, magenta:
magnetosonic, blue: sound, and purple: Alfvén). Sound speed was calculated under assumption of quasi-neutrality and
electron temperature being identical to the average ion temperature.

that used two-species (H+ and Sn+ with unknown charge states) convected kappa distributions (Kane et al.,
1992, 1995).

The proton temperature ranges from 3<Tproton[keV]<10, while Kane et al. (1992, 1995) found that the
proton temperature is nearly constant with ∼20 and 10 keV for the dayside and nightside of the magneto-
sphere, respectively. This difference may be due to the local time effects as the data presented in this study
are sampled at ∼04:16 local time (predawn sector), a region which both Voyager 1 and Voyager 2 did not
encounter.

The heavy ion temperature in this study ranges from 1<Theavy[keV]<25 and is highly variable throughout
the selected intervals. This result is slightly lower than the temperature (∼30 keV at 36 RJ) shown in Figure
4 of Kane et al. (1995), and we think this is due to the difference in the number of ion species in the analysis.

6.5. Plasma 𝜷

The pressure of the plasma sheet is mainly dominated by the ion thermal pressure. The magnetic pressure
is relatively low compared to the ion thermal pressure due to the decrease in the magnetic field strength
(mainly the radial component of the magnetic field vector) at the plasma sheet crossing. Because of this,
the resulting plasma 𝛽 is very high, ranging from 1<𝛽<200. Thus, at these regions plasma forces dominate
resulting in a nondipolar magnetic field.

6.6. Kappa (Spectral Index)
The kappa value represents the statistical correlation between particles in a stationary state system. The
value of kappa can range from 1.5 to∞where the smallest value of kappa indicates a highly correlated system
(or far-equilibrium) and the largest value indicates a noncorrelated system (near-equilibrium) (Livadiotis
& McComas, 2011). In this study, we fixed 𝜅proton to 3.5 due to the presence of the high-energy popula-
tions that typically extends to the top of JADE-I's E∕Q range. Different fixed kappa values result in different
temperatures (e.g., larger temperatures for smaller 𝜅proton and smaller temperatures for larger 𝜅proton, see
Figure 13).

Collier and Hamilton (1995) obtained a linear relationship between the proton temperature and kappa value
(𝜅proton=0.08[keV−1]·Tproton[keV] +2.86) from Voyager LECP data during 33 plasma sheet crossings from
26 to 160 RJ. Plugging the Tproton derived from this study to the relationship above yields 3.1<𝜅proton<3.6
showing that our fixed proton kappa value is in the range. The heavy kappa value in this study ranges
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Figure 13. (left) Variations in (top) proton density, (middle) flow speed, and (bottom) proton temperature for different
(fixed) proton kappa values. (right) Forward model results for intervals D and M with various kappa values and
comparisons with the in situ data from JADE-I. High-energy populations are shown >20 keV/q.

1.6<𝜅heavy<2.7. Kane et al. (1999) found heavy kappa value of 4.4 during a plasma sheet crossing near 40
RJ in the midnight sector, which is slightly higher than the heavy kappa values presented in this study.

6.7. Plasma Parameters for Different Proton Kappa Values
We now discuss how the fixed proton kappa value affects the other plasma parameters by comparing the
proton density, flow speed, and proton temperature derived from the forward model results for different
values of kappa. Keeping the proton kappa value as a free parameter sometimes resulted in unreasonably
small proton kappa values (𝜅<1.51) and large proton temperature (T≫100 keV). This is likely due to the
presence of the high-energy populations in the JADE-I data.

Figure 13 shows the proton density, flow speed, proton temperature Tproton, and heavy ion temperature
Theavy for various kappa values for all intervals. The density and flow speed does not change much but the
temperatures are significantly different for various kappa values. The temperature is not highly correlated
with density, though a positive correlation appears for the initial events, leading to a polytropic index closer
to an adiabatic process.

6.8. High-Energy Populations
The JADE-I observations revealed high-energy populations that extend to the top of the instrument's E∕Q
range. The forward model developed in this study did not model these high-energy populations since it uses
a single convected kappa distribution per ion species. These high-energy populations are mainly composed
of H+, O+, and/or S2+ (see middle/bottom panel of Figure 5). They are clearly observed when the flow speed
is low during the plasma sheet crossing as shown in Figure 10. These ions are not well observed when the
flow speeds are high (e.g., intervals K and L) since the flow energy reaches closer to the top of JADE-I's E∕Q
range. Interval L has the highest flow speed and the lowest magnetic latitude as predicted by the VIP4+CAN
model (Connerney et al., 1981, 1998) where the magnitude of Br is close to 0 (see Figure 13). The rest of the
intervals show relatively low flow speed and the high-energy populations are clearly observed in JADE-I
data. It is not clear where these populations are originating from and how they affect the core population.
However, a rough calculation indicates that these high-energy populations appear to have 4 times the energy
of the bulk flow energy (or 2 times the flow speed).
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7. Summary and Conclusion
Obtaining the in situ relative abundance of O+ and S2+ have been a challenging task in the Jovian magneto-
sphere since they have similar mass-per-charge (M/Q≈16 amu/q). They also have similar energy-per-charge
(E∕Q) considering that all ions share a common flow speed. This paper presented a methodology to
resolve the M∕Q ambiguity between O+ and S2+ measured by JADE-I using the carbon foil effects and
omni-directional averaged convected kappa distributions with a common flow speed. We were able to sepa-
rate O+ and S2+ because they have very different charge state distributions after transiting the carbon foils.
In addition, the large electric potential difference (∼8 kV) in JADE-I's TOF section (Figure 1) creates a dis-
tinct count-TOF distribution for O+ and S2+ (Figure A5). We assumed a common proton kappa value 𝜅proton
of 3.5 based on Collier and Hamilton (1995) due to the existence of high-energy populations and introduced
a methodology to derive heavy kappa value by empirically trimming the E∕Q-TOF spectra (bottom panel of
Figure 5). We also use a common temperature Theavy for all heavy ions to reduce the number of free param-
eters (from 25 down to 13) in the forward model. With the assumptions and limitations discussed in section
4, we summarize our findings as follows:

1. The in situ relative abundances (i.e., the density ratio) for O+ and S2+ varies from 0.2 to 0.7 (mean value
of 0.37 ± 0.12). They contribute 62–69% of the iogenic ions and 50–66% of the Jovian magnetospheric ion
number density. The density ratio of total oxygen ions to total sulfur ions (On+/Sn+) ranges from 0.2 to 0.6
(mean value of 0.41 ± 0.09) lower than the 1.02 value derived by the Delamere et al. (2005).

2. The density ratios near the equatorial plasma sheet crossing at ∼36 RJ in the predawn sector (∼04:16
local time) of the magnetosphere range are n(O+)/ne=5–14 %, n(S2+)/ne=20–28%, n(H+)/ne=1–11 %,
n(S3+)/ne=5–8%, n(O2+)/ne=3–6%, n(S+)/ne=2–5%, n(Na+)/ne=1–3%, and n(O3+)/ne=0.3–0.8%.

3. Flow speed ranges from 71% to 95% of the rigid corotation speed and the speed is always super Alfvénic.
This flow speed is higher than the Voyager PLS observations in the same region. This difference is likely
due to the type of intervals selected as Voyager PLS analysis chose cold plasma and this study focuses hot
plasma distributions.

4. Proton temperature ranges from 3 to 10 keV and the heavy ion temperature ranges from 1 to 25 keV . The
proton temperatures are low compared to the Voyager 2 LECP analysis. This could be due to the lower
energy limit of the LECP instrument that could not measure ions at thermal energy range.

5. Plasma 𝛽 ranges from 1 to 200. The variation in the plasma 𝛽 is mostly due to the change in magnetic field
strength. The highest 𝛽 is observed when the magnetic latitude (from VIP4+CAN) and the magnitude of
Br is smallest during selected intervals.

Appendix A: JADE-I Simulation Tool
A1. Model
The dynamics of transmitted ions are mainly governed by electrostatic fields in the ESA and TOF sections
of JADE-I (see Figure 1). Each ion species has a unique count-TOF distribution as they have different mass
and charge. They also have distinct carbon foil effects so that the unique TOF measurement can be obtained.
When an ion travels through a thin carbon foil, it exits with a charge state that may be different from its initial
charge state. This process is called charge state modification. Residual charge states (i.e., charge states after
transit through the foil) of the transmitted ions can be either neutral, positive, or negative (the latter only
for a limited number of atomic species) with single or multiple charges unless it is neutral. This effect varies
for individual atomic species and depends on the incident energy of ions, foil thickness, and the chemical
composition of the foil (e.g., Allegrini, Coulter, et al. 2016; Gonin et al., 1994; Kallenbach et al., 1993, 1995).
Bürgi et al. (1990), Gonin et al. (1994), Kallenbach et al. (1995), and Gonin et al. (1995) provided a semiem-
pirical model to calculate residual charge states after passage through a thin carbon foil (1.1–10 𝜇g/cm2) for
various atomic species energy ranging from 0.5 to 5 keV/amu.

The trajectory of an ion varies after transit through the foil (i.e., angular scattering). This effect can be
approximated by Meyer's theory (Meyer, 1971), given as

𝜓1∕2E = kF (A1)

where kF (keV ·Deg) is a unique value for a particular particle-foil combination (Funsten et al., 1993), E (keV)
is the incident energy of the particle, and 𝜓1/2 (Deg) is the angular scattering half width at half maximum of
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the 𝜅-distribution expressed as,

F(𝜃) = F0

(
1 + 𝜃2

2𝜎2b

)−b

. (A2)

Moreover, 𝜓1/2 can be defined as,

𝜓1∕2 = 𝜎
√

2b(21∕b − 1) (A3)

where 𝜎 is the half-width of the distribution at height F0(1 + 1
2b
)−b and b is the power index.

Ions also lose energy while passing through the foil. Typically, the residual energy (i.e., exit energy of the ion
after the carbon foil) of the transmitted ions have dispersion in their distribution due to the energy straggling
process (Kalz et al., 1978). Like other carbon foil effects, energy loss varies for individual ions and depends
on the physical parameter of the foil (e.g., Allegrini et al., 2006, 2015).

JIST utilizes SIMION (Dahl, 2000), SRIM (Ziegler et al., 2010), charge state yield models (Bürgi et al., 1990;
Gonin et al., 1994; 1995; Kallenbach et al., 1995), and studies on angular scattering of incident ions (Ebert
et al., 2014; Funsten et al., 1993) to compute the carbon foil effects and ion behavior in the JADE-I TOF
section. SIMION calculates the ion and electron trajectories everywhere except in the carbon foil. SRIM
calculates interaction of atoms with solids which can determine energy loss of transmitted ions. The JIST
consists of three main parts:

1. ESA simulation. A population of ions with a distribution of energies, angles, masses, and charge states are
released toward the entrance aperture of JADE-I. The ions that have the correct E/Q and incident direction
pass between the ESA electrodes and are accelerated (at −10 kV) toward the carbon foil at the entrance of
the TOF section. The energy, incident angle, position, charge state, and mass of those ions that reach the
carbon foil are then passed to the carbon foil simulation.

2. Carbon foil simulation. The carbon foil effects on incident ions are computed based on the information
obtained from the ESA simulation. The new information for the transmitted ions are residual charge states
({Q}), residual energy (Eres), scattered angle (𝜃s, 𝜙s), and transmitted position (xt, yt, zt).

3. TOF simulation. Transmitted ions are released from the carbon foil with information obtained from the
carbon foil simulation. The TOF simulation calculates the TOF of the transmitted ions that land on the
microchannel plate (MCP) and outer anodes (Figure 1). Histograms for individual residual charge states
are then generated to obtain the count-TOF distribution.

Table A1
Comparison of the JADE-I Energy Range for Each Target Ion, Total Energy of Ion at the Carbon
Foil (Including −10 kV Post-Acceleration), and the Energy Coverage of the Charge State Model

Target ion Measurable energy Energy at carbon foil Charge state model
H+ 0.01–46.2 keV 10.01 – 56.2 keV ⋆ 0.4–120 keV
He+ 0.01–46.2 keV 10.01 – 56.2 keV ⋄ 2–20 keV
He2+ 0.02–92.4 keV 20.02–112.4 keV ⋄ 2–20 keV
C+ 0.01–46.2 keV 10.01–56.2 keV • 6–60 keV
N+ 0.01–46.2 keV 10.01–56.2 keV ⋄ 7–70 keV
O+ 0.02–46.2 keV 10.01–56.2 keV • 8–80 keV
O2+ 0.02–92.4 keV 20.02–112.4 keV • 8–80 keV
O3+ 0.03–138.6 keV 30.03–168.6 keV • 8–80 keV
Ne+ 0.01–46.2 keV 10.01–56.2 keV ⋄ 10–101 keV
Na+ 0.01–46.2 keV 10.01–56.2 keV † 11–115 keV
S+ 0.01–46.2 keV 10.01–56.2 keV • 16–160 keV
S2+ 0.02–92.4 keV 20.02–112.4 keV • 16–160 keV
S3+ 0.03–138.6 keV 30.03–168.6 keV • 16–160 keV

Note. Total incident energy of the key ions in this study (i.e., O+ and S2+) are within the energy
coverage of the model. The symbols in the fourth column indicates the model. ⋄: Bürgi et al.
(1990), ⋆: Gonin et al. (1994), •: Kallenbach et al. (1995), and †: Gonin et al. (1995). JADE-I =
Jovian Auroral Distributions Experiment Ion sensor.
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Table A2
Fit Parameters of the Residual Energy Distribution Generated From SRIM for Total Incident Energy of 11 keV and Normal
Incidence With Respect to the Foil

Species a b c d e f
H −3.52 4.74 × 102 6.08 × 104 4.27 × 102 6.19 × 104 1.26 × 102

He −1.38 2.41 × 102 1.39 × 105 8.34 × 102 1.41 × 105 1.80 × 102

C 2.36 1.12 × 102 5.81 × 104 1.72 × 103 6.21 × 104 4.46 × 102

N 2.7 1.02 × 10 5.77 × 104 1.93 × 103 6.13×104 7.17×102

O −1.00 0.50 6.03×104 3.01×10 6.03×104 3.01 × 10
Ne 2.56 1.56 × 1013 1.44 × 105 1.21 × 104 5.88 × 104 4.87 × 102

Na 2.81 1.55 × 1013 1.48 × 105 1.25 × 104 5.95 × 104 3.83 × 102

S 1.00 1.00 1.24 × 105 3.01 × 10 1.24 × 105 3.01 × 10

Note.The effective foil thickness used here is 130 Å.

Each part of the JIST iterates for each energy step and for individual ions. The JIST target species are H+,
He+, He2+, C+, N+, O+, O2+, O3+, Ne+, Na+, S+, S2+, and S3+. We extended the target ion list from O+

and S2+, which are the main focus of this study, to validate our model results with in situ and laboratory
measurements.

For simplicity, we assumed the following in regard to carbon foil effects and instrument response.

1. JADE-I's carbon foils have flat surfaces (i.e., ignore microscopic variations).
2. Chemical composition, mass density, and thickness of the foils are constant across the whole instrument.
3. Carbon foils used in Ebert et al. (2014), Bürgi et al. (1990), Gonin et al. (1994), Kallenbach et al. (1995),

and Gonin et al. (1995) are identical.
4. Angular scattering of an incident ion is equally likely in any direction in a 3-D cone defined by a 2-D

scattered angle.
5. All carbon foil effects are independent of initial charge states.
6. The carbon foil effects are not interdependent (e.g., charge state modification is independent of angular

scattering).
7. Ions hitting instrument structure other than the carbon foil or MCP are lost.
8. There is no delay or offset due to the electronics.
9. TOF contributions from SEs are ignored.

Further details on each part of the model are provided in following sections.

A2. ESA and TOF Simulation
SIMION is a software package that can calculate the trajectory of a charged particle under an electrostatic
field and a magnetostatic field. JIST uses the JADE-I SIMION model (i.e., electrodes configuration) devel-
oped in McComas et al. (2017). Figure 1 shows a cross-sectional view of the JADE-I SIMION model on a
user-defined x-z plane. Like any other top-hat ESA, JADE-I transmits ions within a certain E/Q range for
each energy step. The relationship between incident E/Q (denoted as Ein/Qin hereafter) of the ions and Vesa
are given as

EIN

QIN
[eV/q] = k[eV/V] ·

VESA

QIN
[V/q], (A4)

where k is an analyzer constant (4.62 e for JADE-I).

JADE-I has an energy resolution ΔEtotal/Etotal (where Etotal is the energy at the foil) of ∼18–28% full
width at half maximum (depending on energy) to allow ions with Ein/Qin ranging from approximately
0.7·Ein/Qin ≤Ein/Qin ≤ 1.3·Ein/Qin. The ESA simulation takes into account the exact function of the energy
resolution as a function of energy. For each energy step (64 for JADE-I), constant voltages are applied to
each part of the instrument except the inner ESA (Figure 1). SIMION records ion information when they
arrive at the user-defined boundary. For the ESA simulation, our boundary is defined at the carbon foils to
limit data to only those ions that land on the foils.

Once carbon foil effects on the incident ions are calculated, proper angular conversion from the 2-D scattered
ion angle (𝛽) to the SIMION angle (𝜃res, 𝜙res) is required to initiate the TOF simulation. Position information
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(xres, yres, zres) is then simply transferred vertically downward (negative x-direction) to the bottom of the
foil in the SIMION model. The carbon foil-modified incident ions are then mapped through the TOF section
using SIMION. The hit location on the MCP and the travel time are recorded. The travel time of the secondary
electrons are assumed to be zero for the time-of-flight (TOF) determination. The circular boundary (in the
y-z plane) is identical to the outer anodes, and the vertical boundary (along the x axis) is the MCP location.
Then we obtain the count-TOF distribution for individual residual charge states for given ion species per
energy step. If the peak position of the count-TOF distribution does not match with the laboratory/in situ
measurements, the foil thickness is adjusted to regenerate the residual energy distribution using SRIM.

A3. Carbon Foil Simulation
The second part of the model, carbon foil simulations, is further divided into three parts: charge state modi-
fication, angular scattering, and energy loss of the incident ions. The total energy (Etotal) of an incident ion
at the foil depends on its initial charge state (Qin), given as

ETOTAL[eV] = QIN[e] · (k [eV/V] ·
VESA

QIN
[V/e] + 104[V]), (A5)

where 104 V represents the post-acceleration in JADE-I. The third column of Table A2 shows the total energy
range of the target ions at the foil based on equation (A5). This equation shows that S2+ will have twice the
total energy of the O+ if both are detected at the same energy step.

The residual charge states of incident ions are determined by the models presented in Bürgi et al. (1990),
Gonin et al. (1994), Kallenbach et al. (1995), and Gonin et al. (1995). These models use carbon foil thickness,
incident atomic species, and incident energy as an input and is capable of computing the residual charge
states of most of the ions that are found in space plasma. Table A1 shows the measurable energy range
of JADE-I for different target ions and the energy range of the charge state yield models. We neglected
the initial charge state of the incident ions in the charge state yield models since they experience multiple
electronic interactions. The model covers most of the JADE-I energy range, but there are species that require
extrapolation in some of the instrument's energy bins (see Table A1). Based on the charge state yield models,
there are significant differences in residual charge states between O+ and S2+ in JADE-I's Ein/Qin range
(see Figure A1). Similar calculations for the residual charge state were performed for other species that are
listed in Table A2. The model takes a fixed ratio of residual charge states for each energy bin and randomly
allocates the charges to the ions.

For the angular scattering calculation, this study uses b=2 (Lorentzian) in equation A(2), which is a good
approximation for the JIST ions. The kf values for H, He, C, N, O, Ne, and Ar ions are obtained from Ebert

Figure A1. Charge state yield of O+ and S2+ in the Ein/Qin range from 0 to 50 keV/q (JADE-I has Ein/Qin range from
0.01 to 46.2 keV/q). The calculation is based on Kallenbach et al. (1995) and the −10 kV post-acceleration is considered.
O+ yields more negative ions (i.e., O{−}) than positive ions (i.e., O{n+}) and S2+ yields more positive ions (i.e., S{n+})
than negative ions (i.e., S{−}) at a given Ein/Qin where 1≤n≤3. The count-TOF distribution for O+ and S2+ are
different mainly due to the distinct residual charge states between them (O+ has more negative charge states than S2+

after the foil).
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Figure A2. Estimated kf value of Na and S using a simple linear fit to data points obtained from Ebert et al. (2014).
Atomic number (Z) and kf (keV · Deg) are proportional to each other.

et al. (2014) and the values for Na and S are estimated using a linear fit (kf versus atomic number Z).
Figure A2 shows data points from Ebert et al. (2014) and the interpolated data point. Figure A3 shows an
angular scattering distribution of O+ and S2+ at incident energy of 1 keV/q (outside the instrument). The
scattered angle distributions are normalized for a given species per an incident angle to obtain a probabilis-
tic distribution of scattered 2-D angles. JIST uses these distributions to generate cumulative probabilistic
distributions.

SRIM can help determine the residual energy of the ions for a given chemical composition, density, and
thickness of the carbon foil. However, it is challenging to find the right foil composition, density, and thick-
ness in SRIM to reproduce the correct energy loss and straggling (Allegrini, Coulter, et al. 2016). JIST uses a
chemical composition of 12% oxygen and 88% carbon, a mass density of 1.8 g/cm3, and a thickness of 90 Å (or
1.62 𝜇g/cm2) as a starting point then change the foil thickness to refine the model based on the comparisons
with the measurements. We calculate the energy loss of each target ion's energy range listed on the

Figure A3. Simulation result of angular scattering of O+ and S2+ based on
Meyer's theory (Meyer, 1971) using data points from Ebert et al. (2014) and
estimated kf value of sulfur (see Figure A2). Half width at half maximum
(𝜓1/2) for both species are shown in the middle of the figure.

third column of Table A2 with a step size of 0.5 keV . The ESA simula-
tion results show that the incident angle with respect to the carbon foil
ranges from 0◦ to 20◦. We use a step size of 0.5◦ in our SRIM calculations.
Figure A4 shows the energy loss of O+ and S2+ at incident energy of 1
keV/q.

We then fit the histogram profile of each ion's incident energy and angle
for a probabilistic approach to obtain the residual energy. We find that
the best matching fit function for the residual energy profile of all of our
target ions is

R(Eres) = a+b·exp

[
−1

2
·
(

Eres − c
d

)2
]
·
[

1 − tanh
(

Eres − e
2𝑓

)]
, (A6)

where R (Eres) is the residual energies distribution that represents the
probability distribution of residual energy of an incident ion for a particu-
lar atomic species with a given incident angle and energy. a, b, c, d, e, and f
are the free parameters and Eres is the residual energy of the incident ion.
Table A2 shows fitted parameters a, b, c, d, e, and f for an incident energy
of 1 keV with normal incidence (90◦) with respect to the carbon foil for H,
He, C, N, O, Ne, Na, and S. By normalizing total counts of R(Eres), we
obtain a probability
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Figure A4. Simulation results of O+ and S2+ residual energy using a
probabilistic approach based on SRIM results for 130 Å. The residual
energy distribution of S2+ is wider than O+. There is a slight difference in
the peak position of the distribution between O+ and S2+.

distribution for residual energy. The model generates residual energy
for individual ions per incident angle through a similar probabilistic
approach that is used for scattered angle calculation.

While low-energy (v≪v0, where v0 is a first orbital Bohr velocity) heavy
ions with high charge states (Q>10) could have charge state-dependent
energy loss (Ogawa et al., 1992; Schenkel et al., 1997; Wilhelm et al., 2016;
Wilhelm & Möller, 2016), which could limit the use of SRIM, we neglected
the initial charge state dependency of the energy loss process. JADE-I has
−10 kV post-acceleration on incident ions before they arrive at the carbon
foils and the expected ion species that JADE-I measures in the Jovian
magnetosphere are known to have charge states that are Qin≤3 (Bagenal
& Delamere, 2011).

Fama, Lantschner, et al. (2000), Fama, Eckardt, et al. (2000), and Famá
et al. (2002) show that there is a dependence between energy loss and
angular scattering. The model developed in this study assumes no depen-
dence between angular scattering and energy loss for simplicity. The
charge state modification process is not strongly connected to the other
carbon foil effects (i.e., angular scattering and energy loss, Allegrini, Ebert
& Funsten 2016). Thus, the residual charge states calculation for the tar-

get ions is independently performed in our model. Per each ion that reaches the carbon foils, the model
simulates 100 different cases using the probabilistic approach to account for random nature (i.e., random
energy loss and angular scattering) of the transmitted ions.

A4. Carbon Foil Thickness in the Model
Secondary electrons (SE) provide the start signal to the instrument and ions provide the stop signal. The
TOF is the difference between the travel time of the SE and the ion. The model results for a simple SE TOF
analysis (i.e., which includes the energy distribution after the foil but not the angular distribution of the
SE) based on Allegrini, Coulter, et al.(2016) show that it takes about 2.2 ns (the peak of the SE's count-TOF
distribution) to receive a start signal from SE for both the EM and FM. JADE-I's TOF bin has a minimum
size of 1.45 ns. The TOF simulation of the model does not include SE effect for simplicity since the energy
and angular distribution of the SE are not well characterized for the carbon foil used in JADE-I.

Each carbon foil simulation in the model (i.e., charge state yield, energy loss, and angular scattering) uses
foil thickness as an input parameter. The charge state yield model uses foil thickness in 𝜇g∕cm2 and SRIM
in Å. For the angular scattering, we use a kf value that is related to the foil thickness. kf is unique for each
specific projectile and is related to the foil thickness. Considering the similarity in the foil used in Ebert et al.
(2014) and in JADE-I's EM and FM, we use a kf value listed in Ebert et al. (2014) and fix this in the model.

Peak positions in the count-TOF distribution are mainly determined by the residual energy distribution of
transmitted ions, making it necessary to first find the SRIM foil thickness. However, the SRIM thickness
(i.e., the energy loss processes as a function of incident angle and energy of the ion) differs from the nominal
foil thickness due to the grid size of the model and the SE effect. Thus, we call it an ‘effective carbon foil
thickness’ to indicate that it is derived from our simulation. The model results show that the best matching
effective foil thicknesses for JADE-I's EM and FM are∼130 Å for the SRIM input parameter (or∼2.34𝜇g/cm2

for 1.8 g/cm3 foil density).

Once the effective carbon foil thickness is determined, we then obtain a foil thickness for the charge
state-yield model by comparing peak amplitude from the model results to the laboratory measurements.
We find that the foil thickness of 1.1 𝜇g/cm2 for the charge state model best represents the simulated O+

count-TOF distribution compared to the 1 keV/q laboratory measurement (see Figure A6). Note that this
is slightly thicker than the foil thickness shown in Ebert et al. (2014), from which we obtained the kf
values. However, considering that the foil can build an impurity layer that increases the foil thickness by
≥0.5 𝜇g/cm2 (e.g., nominal foil thickness foil 0.5 𝜇g/cm2 quoted by the manufacturer can have measured
thickness of 1.84 𝜇g/cm2, Allegrini et al., 2006; Funsten et al., 1993), 1.1 𝜇g/cm2 is in the uncertainty range
of the foil thickness in Ebert et al. (2014).
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Appendix B: Empirical Models

B1. Empirical Peak Correction of the Instrument Response Functions
The mass tracer lines shown on E/Q-TOF spectra in Figures 5–7 are obtained from the following relationship
between the measured energy-per-charge E/QMEASURED [eV/q] and the TOF bin t (note that this is different
from TOF band 𝜏),

ET [keV] = {(E∕QMEASURED [eV/q] + 104 [V]) · Q [e]} · 10−3, (B1)

t =

(
A0 +

A1√
Et [keV]

)
· M [amu]P0+P1 ·Et [keV]

+ (C0 + C1 · Et [keV] + C2 · Et [keV]2),

(B2)

where A0, A1, C0, C1, C2, P0, and P1 are constants obtained from in-flight calibrations using in situ
magnetospheric data that contain multiply charged ion species. A0, A1, C0, C1, C2, P0, and P1 are

A0 = −0.48,A1 = 67.68,
C0 = −1.68,C1 = −2.986 × 10−3,C2 = 9.96 × 10−5,

P0 = 0.53,P1 = −1.498 × 10−4.

(B3)

And the trace of secondary proton (i.e., H{+}) peak position can be obtained by using Et [keV] with Q=0.96
in equation (B1), M=2.6 in equation (B2) with the following constants:

A0 = 36.4,A1 = 49.4,
C0 = 17.8,C1 = −0.287,C2 = 1.59 × 10−3,

P0 = 0.541,P1 = −0.21.

(B4)

These mass tracer functions are used to correct instrument response functions from JIST, which is shown
in Figure 6. We note that these mass tracer lines are only valid for ions with charge state 1≤Q[e]≤ 3.

B2. Proton Model
The light ions (H and He) in the simulation results are observed to be much narrower in the width of the
count-TOF distribution compared to the JADE-I EM measurements. Since the protons are almost always
observed in the Jovian magnetosphere, we develop separate model for protons using Gaussian triplets (each
representing distribution of H{+}, H{0}, and H{−}, respectively). The curly brackets represent residual charge
states (i.e., charge states after the foil). Then the total count C at energy step E and TOF bin t can be
written as

CH+ (E, t) = 𝜁 (E)· exp
{

[t − X(E)]2

2 · U(E)

}
+ 𝜆(E) · exp

{
[t − Y (E)]2

2 · V(E)

}
+ 𝜉(E) · exp

{
[t − Z(E)]2

2 · W(E)

}
,

(B5)

where 𝜁 (E), 𝜆(E), and 𝜉(E) are the fractional counts determined by the charge state yield model (Bürgi et al.,
1990; Gonin et al., 1994, 1995; Kallenbach et al., 1995); X(E), Y(E), and Z(E) (=0.8·Y (E)) are the centroids of
the Gaussian derived from equation (B5); and U(E), V(E), and W(E) are the width of each count-TOF distri-
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bution. The best matching width were obtained by comparing it with JADE-I EM laboratory measurements
and they are related with the centroids as follows:

U(E) = log10[X(E)∕2],
V(E) = log10[Y (E)],
W(E) = log10[Z(E)∕3].

(B6)

B3. False Coincidences
False coincidences can occur when start and stop signals trigger within the TOF window. They are clearly
related with incident flux (see Gilbert et al., 2014). We model these false coincidences based on JADE-E
EM calibration data assuming that their functional form is power law distribution in count-TOF space,
expressed as

FC(E) = 𝜖(E) · t𝜐, (B7)

where 𝜖 is the energy-dependent scaling factor derived from ratio between maximum counts of measured
count-TOF distribution at energy E to the count of false coincidence distribution (t𝜐) at TOF bin t where
the maximum counts are observed. The 𝜐 value for the protons is −2.08 and 0.7 for the non-protons. The
modeled false coincidences are added to the JIST results in two separate ways. Proton false coincidences
are added in the long TOF range (longer TOF bin than the H+ tracer lines obtained from equations B2 and
(B3)) and the non-protons in the short TOF range (shorter than TOF bin for than tracer lines for a given
non-proton ions). The instrument response functions shown in Figure 6 contain these false coincidences.

Appendix C: Model Results
C1. O+ and S2+ (M/Q≈16 amu/q)
We now investigate if the count-TOF distributions of O+ and S2+ can be distinguished from the JADE-I TOF
measurement. Figure A5 shows the model results for O+ and S2+. The model result shows significant differ-
ences in the shape of the count-TOF distribution for O+ and S2+. Their non-neutral residual charge states
are different as shown in Figure A1 and they essentially determine the shape of the count-TOF distribution
in JADE-I's TOF section as positive ions are decelerated and negative ions/electrons are accelerated toward
MCPs due to the ∼8 kV electric potential differences as shown in Figure 1. The residual charge state of O+

has a significantly larger portion of negative residual charge states (i.e., O{−}) than S2+. Because of this, the
count-TOF distribution of O+ has a short TOF bulge as shown in Figure A5. The distribution of S2+ is wider
than O+ since S2+ has dispersion in the residue energy distribution (Figure A4) and more positive residual
charge states (i.e., S{n+}, Figure A1) than O+. As the incident energy (or Etotal at the foil) rises, the distri-
butions become narrower, but the difference still exist for O+ and S2+. Thus, O+ and S2+ can be separated
from the TOF measurement of JADE-I.

C2. Comparison With Laboratory Measurement (JADE-I EM)
In this section, we compare the simulation results to the laboratory measurements of the JADE-I Engi-
neering Model (EM) obtained at Southwest Research Institute's Ion Calibration Facility (see Appendix in
McComas et al., 2009). The JADE-I EM is functionally identical to the JADE-I Flight Model (FM) and is
used for ground support calibration purposes. Our test species were H+, He+, C+, N+, O+, and Ne+ at 1, 2,
4, 5, 10, 20, and 30 keV/q. We then simulated the test species using the model with the identical configura-
tion and scaled the simulation results to the peak position of the laboratory measurements for JADE-I's EM.
Figure A6 compares the simulation results with the laboratory measurement of various species at 1 keV/q
incident energy (2, 4, 5, 10, 20, and 30 keV/q comparisons are shown in Figure A7). As shown in Figures A6
and A7 the model is capable of separating the count-TOF distributions by residual charge states for each
ion species which helps us to understand the TOF measurement of the instrument. The model shows good
agreement in the main peak of the distribution. The count-TOF distributions for higher energies tend to
have a single peak for all species. This is because the electric field in JADE-I's TOF section is not strong
enough to separate residual charge distributions for ions with higher energies.

Appendix D: TOF Data Background Subtraction
Apart from the false coincidences in JADE-I TOF data, there are background counts that arise from the
sources (e.g., penetrating particles and radiation) that are not affected by the electrooptics. Because of this,
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Figure A5. Comparison of simulated E∕Q-TOF (time-of-flight) spectra between (left column) O+ and (right column)
S2+ for 130 Å. The TOF peaks were corrected using equations B2 and (B3). O+ has higher counts in negative residual
count-TOF distributions due to the difference in charge state yield.

the characteristics of these background counts do not have energy dependency in the measurements. There-
fore, the backgrounds appear as flat energy spectra in counts (or power law in differential number flux). The
JADE-I TOF data have 93 TOF bands over 64 energy steps covering from 0.01 to 46.2 keV/q. To properly sub-
tract backgrounds from in situ TOF data, a standard form of count-TOF distribution for background must
be identified beforehand. This can be obtained from the period when the strong radiation dominated during
PJ 1. JADE-I has a separate anode for measuring these background counts (see Figure 12 in McComas et al.
2017). Since the TOF data is a coincidence measurement and the background anode is not a coincidence
measurement, it should not be a linear function of the background anode counts. The relation between the
TOF count rate (summed over TOF bands) and the background anode count rate can be represented by the
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Figure A6. Comparison between JIST results and laboratory measurements of H+, He+, C+, N+, O+, and Ne+ at 1
keV/q incident energy. Colored dots on orange line (i.e., JIST results for 130 Å) represent the count-TOF distributions
due to the residual charge of the incident ions. Magenta line shows a proton model described in section B2.

following:

Ntof = 𝛼B𝛽 · e−B𝛾 ,

𝛼 = 4.5 × 10−5,

𝛽 = 1.8,
𝛾 = 5.8 × 10−6,

(D1)

where B is the counts per second in the background anode, averaged over the energy channel. The accumu-
lation time for the plasma sheet intervals presented in this study is 30 s (one of the low rate science mode)
and PJ 1 background example is in 2 s (highest time cadence of JADE-I). The level 3 TOF data are in count
rates and they can be converted into counts by multiplying total accumulation time Tacc (use the values in
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Figure A7. Comparison between simulation model results and laboratory measurements of H+, He+, C+, N+, O+, and
Ne+ at 2, 4, 5, 10, 20, and 30 keV/q of incident Ein/Qin. Each column shows species at different energies with fixed
time-of-flight ranges. All panels share a common y axis. Color legends are identical to Figure A6.

Table 1 for the plasma sheet intervals presented in this study) and the accumulation time per energy step
for JADE-I, Δt [s] = 1

32
− 2 × 10−3.

For every accumulation, the TOF background counts are determined by equation (D1), then the standard
form of background count-TOF distribution is scaled and subtracted from the TOF data with the following
equation:

N[tutc,E, 𝜏] = DATAtof[tutc,E, 𝜏] − Ntof[tutc] · Btof[E, 𝜏], (D2)

where DATAtof is the level 3 JADE-I TOF data (in counts per second), tutc is time step of coordinated univer-
sal time (UTC), E is energy step, 𝜏 is each TOF band, and Btof is the standard form of background count-TOF
distribution. The result of the background subtraction based on equation (D2) is shown in Figure D1 for the
day which includes PJ 1. The method described here does a good job removing the counts at times with high
background, but less well for low background times. The data in low TOF bands were removed where the
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Figure D1. An example of JADE-I TOF background subtraction during PJ 1 encounter (2016-240T11:50:24 to-
2016-240T13:39:40) is shown in E∕Q-time spectra (top two panels) and E∕Q-TOF spectra. The short TOF range was
removed from the data in the bottom plot.

remnant background counts may exist. These TOF ranges are

0 ≤ 𝜏 ≤ 14 for 0 ≤ E ≤ 25
0 ≤ 𝜏 ≤ 13 for 26 ≤ E ≤ 36
0 ≤ 𝜏 ≤ 12 for 37 ≤ E ≤ 41
0 ≤ 𝜏 ≤ 11 for 42 ≤ E ≤ 45
0 ≤ 𝜏 ≤ 10 for 46 ≤ E ≤ 47
0 ≤ 𝜏 ≤ 9 for 48 ≤ E ≤ 50
0 ≤ 𝜏 ≤ 8 for 51 ≤ E ≤ 52
0 ≤ 𝜏 ≤ 7 for E = 53
0 ≤ 𝜏 ≤ 6 for 54 ≤ E ≤ 55
0 ≤ 𝜏 ≤ 5 for 56 ≤ E ≤ 57
0 ≤ 𝜏 ≤ 4 for E = 58
0 ≤ 𝜏 ≤ 3 for 59 ≤ E ≤ 60
0 ≤ 𝜏 ≤ 2 for 61 ≤ E ≤ 63,

(D3)
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where 𝜏 is each bin of 93 TOF bands and E is the energy step of JADE-I.

Appendix E: Updates on JADE-I's Geometric Factor and Detection Efficiency
The G𝜀 (the geometric factor × the detection efficiency) for JADE-I quoted in Wilson et al. (2018) yields
higher (approximately by a factor of 4) charge densities (i.e., 𝛴niqi, where n is the number density and q is
the number of charges of ith ion) than those derived from Juno Waves (Kurth et al., 2017) when compared
to each other during the plasma sheet encounter. Waves can determine the electron density via local plasma
frequency. We have revisited G𝜀 with flight calibration data, and the work is presented in McComas et al.
(2017). Below is the updated G𝜀 (per pixel or anode) for the JADE-I instrument:

G𝜀(E∕Q [eV∕q]) = 6.84 × 10−5 + 2.52 × 10−6 · log10(E∕Q [eV∕q])
+ 6.84 × 10−5 · E∕Q [eV∕q]−0.28,

(E1)

where the unit of G𝜀 is cm2·eV/eV ·sr. For the TOF data sets, a factor of 12 should be multiplied to the G𝜀
shown in (E1) since it is a combined product of 12 anodes. The G𝜀 for the JADE-I TOF data is then,

G𝜀(E∕Q [eV∕q]) = 8.21 × 10−4 + 3.02 × 10−5 · log10(E∕Q [eV∕q])
+ 8.21 × 10−4 · E∕Q [eV∕q]−0.28.

(E2)
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