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Figure 2: Schematic of the Puck EPD. Panel a illustrates a cross sectional mechanical drawing 151 

that labels the various components of the sensor and TOF region. Incoming ions are represented 152 

by the yellow trajectory, which strike the foils and create secondary electrons (red) and finally 153 

strike the SSD depositing its energy. Panel b is a photograph of the Juno-JEDI flight model of 154 

unit 270 and panel c illustrates its SSD array and anode assembly. 155 
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J E D I  P E R F O R M A N C E
B.H. Mauk et al.

Table 1 JEDI Level-3/Level-4 Performance Requirements

Parameter Required Capability Comment

Electron Energies 40–500 keV 25–1000 keV Abuts JADE

Ion Energies
(Measured, not
discriminated)

H: 20–1000 keV
He: 30–1000
O: 50–1000

H + 10–2000 keV
He: 25–2000
O/S + 45–10000 keV

Abuts JADE

Energy
Resolution

Ions < 25% (< 30% for
E < 40 keV); Electron <
larger of 25 % and 15 keV

20 % Earth aurora spectra driver

Time sampling 0.6 s 0.5 s ≤ 30 km auroral sampling/

Angle resolution 30° 18° using rotation Resolve loss cone for
R < 2/3 RJ

Pitch Angle (PA)
Coverage

0–360 degrees for whole
orbit

0–360 degrees for whole
orbit

Requires 3 JEDI heads
with 160◦ × 12◦ fans

Time for Full PA
near Periapsis

2 s 1.25 s For high energy/angle
resolution

Ion Composition H and S/O over required
energies.
He: 70–1000 keV

H above 15 keV
He above 50 keV
O above 45 keV

Separate S from O for
E > 200 keV

Electron
Sensitivity:
Measure energy
spectra

I = 3E5–3E9 1/cm2 s sr Sensor-G: 0.0036–0.00018
Pixel-G: 0.0006–0.00003
Up to 5E5 1/s counting

I = Intensity (1/cm2 sr)
G = geom. factor × eff.
(cm2 sr)
Variable G; 6 pixels/sensor

Ion Sensitivity
Measure energy
spectra

I = 1E4–1E8 1/cm2 sr Senso-G: 0.002–0.0002
Pixel-G: 0.0003–0.00003
Up to 5E5 1/s counting

I = Intensity (1/cm2 sr)
G = geom. factor × eff.
(cm2 sr)
Variable G; 6 pixels/sensor

Again these requirements speak to both the JEDI instrument described in this paper, and
the JADE instrument described elsewhere in this special issue.

2.3 JEDI Level 3–4 Performance Requirements

The Mission level requirements described above flow down to requirements for the payload
(Level 3) and instruments (Level 4). At those levels the selected JEDI detailed performance
requirements are provided in Table 1. These requirements are generated based on previ-
ous measurements in Jupiter’s space environment, extrapolations from measurements within
Earth’s polar regions, remote imaging of Jupiter’s dramatic aurora from Hubble and Galileo,
and from the characteristics of the Juno trajectory during the science phase at Jupiter. With
regard to the requirements to separate mass species, we note specifically that we expect that
JEDI will discriminate between Oxygen and Sulfur ions for energies > 200 keV based on
similar instruments. However, because it was discovered by Galileo (Mauk et al. 2004) that
S and O spectra track each other very closely outside of the orbit of Europa and therefore on
field lines that map to the target auroral regions, separating S from O is not a requirement for
JEDI. An example of where Jupiter’s polar characteristics and Juno mission characteristics
meet is in the characterization of the smallest auroral structures that have been imaged at
Jupiter (∼ 80 km wide; Ingersoll et al. 1998) and the speed of the Juno near Jupiter, up to
∼ 50 km/s.
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C R O S S  C A L  W I T H  R B S P I C E

Electrons Protons

Cross-calibration efforts with RBSPICE on Van Allen probes proved fruitful



S U P R A T H E R M A L  S W  I O N S

• Preliminary 
analysis suggest 
that JEDI can 
measure approx. 
10 keV/nuc ions in 
the solar wind



W I T N E S S  D E T E C T O R S

small pixel mode

witness detector/unshielded detector
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Dominated by scattering
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6-views: 
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Identified scattering contribution and developed a method to determine 
penetrators exclusively 
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•  Currently not operating HV on the microchannel plate  
•  Can not distinguish heavy ions from protons 
•  Will measure incident ion and electron energies

JEDI 180



S C I E N C E  P L A N N I N G
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JEDI has identified regions of scientific interest in the current sheet —> increase 
data rates and tailor specific “modes”….WHY?

Mauk et al., 2013



J U P I T E R ’ S  M A G N E T O S P H E R E

How does Jupiter maintain its magnetodisk shape?
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Fig. 4 A meridian plane cut
through a data-based model of
the field of Jupiter’s
magnetosphere (Khurana 1997)
in the XZ plane. The field
becomes non-dipolar well inside
of 20 RJ (dashed line)

Fig. 5 From Paranicas et al.
(1991), count rates of the
Voyager 1 LECP detector in the
scan plane and for different
energy channels. The three
columns show measurements
made at 18.0, 23.1, and 35.45 RJ.
For each distribution the counts
per second are indicated and
below are shown the times (in
1979) of the measurements and
the energy range of the detector
assuming that the ions are
protons

Accepting the argument that the field distortion is produced dominantly by pressure
anisotropy, one may seek to identify the mechanism that leads to that anisotropy. The cen-
trifugal force has long been recognized as responsible for the confinement of low energy
plasma to regions close to the equatorial part of plasma sheet flux tubes (see, for example,
Bagenal et al. 1985; Moncuquet et al. 2002). Here I suggest a role for the centrifugal force
not merely in equatorial confinement but also in creating pitch angle anisotropy.

In order to understand the stretched field configuration, one needs to consider all of the
forces acting on the plasma. Equation (2) can be expressed as
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where (p⊥,p∥) are the components of the pressure tensor perpendicular and parallel to B,
ẑ is a unit vector parallel to the spin axis, r is radial distance, ϑ is co-latitude, ϕ̂ is a unit
vector in the azimuthal direction. Mauk and Krimigis (1987) found that on the day side of
Jupiter inside of ∼22 RJ (where the field configuration differs little from that of a dipole
field) the pressure gradient force, −∇p⊥, is sufficient to balance the magnetic force but this
force does not produce the stretched field configuration that develops beyond roughly 20 RJ.

centrifugal forcepressure  
gradient

magnetic  
tension

pressure 
anisotropy

McNutt et al., 1983 
Connerney et al., 1981 

Mauk and Krimigis 1987 
Paranicas et al, 1991 

Nichols et al., 2015



P R E S S U R E  A N I S O T R O P Y

PAI•,mCAS m' At.: JOVU, S Pm•ssua• AmsoTao•,¾ 21,139 

Total 
magnetic 

Total 
particle 

Anisotropy 

(a) R = 18Rj 
Rc= 0.174Rj 

Gradient 

Corotation [• E• 
0 

I [ [ [ , I I I 

lx10 -•e 5X10 -le 
Total 
magnetic 

Total 
particle 

Anisotropy 

Gradient 

Corotation 

Total 
magnetic 

Total 
particle 

Anisotropy 

Gradient 

•D (b) R = 23Rj 
t Rc= 0.301 Rj E 

I I I 

0 lx10 -is 2x10 -is 

Corotation • E 
o 

(c) R = 35Rj 
Rc= 0,55Rj 

I I I 

lx10 -19 
Force density (dyne/cm 3) 

2x10 -•9 

Fig. 4. Individual forces for three values of R/. Bar A corresponds to the 
total magnetic forces, B to the sum of the hot-particle forces, i.e., C + D, C to 
the anisotropic pressure force, D to the pressure gradient force and E to the 
corotational force. Also included is the radius of curvature of the field line at 
each crossing. 

had included the -• 10% reduction in the magnetic forces associated 
with the Vñ(B2/'2) term, the agreement would be even better. 

In performing the analysis described above, we have made the 
assumption that the ratio of pressures (P,/Po.) can be computed fairly 
accurately uS'rag o•y ion data in the range 30 keV to 4 MeV. This 
assumption is based on a calculation done by Mauk and Krimigis 
[1987] which shows that the total pressure in the Jovian neutral sheet 
is due almost exclusively to particles in this energy range. That 
calculation uses the total number density of particles (which is 
constrained by measurements made by other instruments) to put a 
bound on the ratio of the pressure due to particles of energy less than 
30 keV and the pressure due to the particles in the LECP range. Using 
that number and the assumption that the low-energy (<30 keV) 
population has pressure anisotropy as large as the largest value we 
measured in the LECP data, we find at most a 5% change in the 
anisotropic pressure force. 

4. SUMMARY AND D•scussioN 

In this paper we have shown, using three Jovian neutral sheet 
crossings (all on the nightside) where experimental conditions were 

favorable, that the hot-particle pressure parallel to the local magnetic 
field lines is greater than is the pressure perpendicular to the field 
lines. We then showed that the anisotropic pressure term we com- 
puted for these neutral sheet crossings was larger than the pressure 
gradient term, and thus dominated the particle force terms consid- 
ered. The size of the anisotropic pressure term depends on both the 
distribution of particles in pitch angle and the small radius of 
curvature of the field lines where these distributions are seen. The 
data indicate a sharp change in the radial component of B as the 
spacecraft crosses the neutral sheet. We used the technique of Mauk 
and Krimigis [1987] for quantifying this signature in the magnetic 
field data, thereby producing a value for the radius of curvature. By 
incorporating the anisotropic pressure term into the radial force 
equations, we were able to achieve approximate radial force balance 
for the nightside neutral sheet regions. It appears that the force 
balance problem identified by McNutt [1984] and by Mauk and 
Krimigi$ [1987] for the dayside regions is somewhat more severe 
than was the problem (without the anisotropy term) on the nightside, 
so a full accounting of force balance terms for the dayside regions 
remains to be achieved. Experimental conditions did not allow us to 
measure the anisotropies on the dayside, but we suspect, based on this 
work, that the anisotropy force term has an important role to play on 
the dayside as well. However, the possibility remains that field- 
aligned flows of the lower-energy populations could have a role to 
play (for example, see Mauk and Krimigi$, [1987] and Sands and 
McNutt [1988]). 

We emphasize that our focus has been on the very localized 
region near the center of the neutral sheet. Thus, our work is 
complementary to such global mode• work as that of Caudal [ 1986] 
and Caudal and Connerney [1989], who concerned themselves with 
the balance of forces everywhere within some radial bounds of the 
Jovian magnetospheric system. These authors have developed self 
consistent models of the magnetic field configuration and the hot- 
and cold- particle populations (assuming angular isotropy, contrary 
to our work). In developing their models, the authors attempt to 
match the observed magnetic field vectors not just at the center of the 
neutral sheet, but everywhere along the spacecraft trajectories. Thus, 
errors in matching observed values close to the neutral sheet will not 
strongly affect the results. Thus, one does not expect complete 
closure between a work that addresses specifically the force at a very 
localized region (the neutral sheet) and a work that addresses force 
balance globally. Just at the neutral sheet, Maukand Krimigis [ 1987] 
have pointed out a substantial inconsistency between the model of 
Caudal [1986] and observations, and this inconsistency was noted, 
but not resolved, in the more• recent work. On the other hand, with 
the exception of conclusions concerning the role of corotation 
centrifugal forces at just the neutral sheet, we do not dispute the 
general f'mdings of these authors. We note in particular that while the 
effects of the pressure anisotropies are crucial just at the neutral sheet, 
they are inconsequential most other places where the radii of curva- 
ture of the local lines are large. 

Finally, the anisotropy in the pressure raises the question of how 
particles are accelerated locally in the direction of the mag.•½tic'field. 
A possible scenario for this process in a taillike magnetic field is 
described by Tsyganenko [ 1989] for the Earth's magnetotail regions. 
During earthward convection, P, becomes larger than P.• for par ticles 
whose first and second adiabatic invariants are preserved provided 
the field lines are substantially extended into a taillike configuration. 
In our case, we suggest that the condition P./P•. > 1 could occur 
because plasma is transported (by an unspecified mechanism) radi- 
ally inward at Jupiter while preserving the first two invariants. 
Further, we expect any scattering that occurs in the neutral sheet, 
which would tend to randomize the distribution, to be, as in the case 
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Fig. 4 A meridian plane cut
through a data-based model of
the field of Jupiter’s
magnetosphere (Khurana 1997)
in the XZ plane. The field
becomes non-dipolar well inside
of 20 RJ (dashed line)

Fig. 5 From Paranicas et al.
(1991), count rates of the
Voyager 1 LECP detector in the
scan plane and for different
energy channels. The three
columns show measurements
made at 18.0, 23.1, and 35.45 RJ.
For each distribution the counts
per second are indicated and
below are shown the times (in
1979) of the measurements and
the energy range of the detector
assuming that the ions are
protons

Accepting the argument that the field distortion is produced dominantly by pressure
anisotropy, one may seek to identify the mechanism that leads to that anisotropy. The cen-
trifugal force has long been recognized as responsible for the confinement of low energy
plasma to regions close to the equatorial part of plasma sheet flux tubes (see, for example,
Bagenal et al. 1985; Moncuquet et al. 2002). Here I suggest a role for the centrifugal force
not merely in equatorial confinement but also in creating pitch angle anisotropy.

In order to understand the stretched field configuration, one needs to consider all of the
forces acting on the plasma. Equation (2) can be expressed as
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where (p⊥,p∥) are the components of the pressure tensor perpendicular and parallel to B,
ẑ is a unit vector parallel to the spin axis, r is radial distance, ϑ is co-latitude, ϕ̂ is a unit
vector in the azimuthal direction. Mauk and Krimigis (1987) found that on the day side of
Jupiter inside of ∼22 RJ (where the field configuration differs little from that of a dipole
field) the pressure gradient force, −∇p⊥, is sufficient to balance the magnetic force but this
force does not produce the stretched field configuration that develops beyond roughly 20 RJ.

• Parallel pressure is larger than perpendicular 
• Outside of ~20 RJ the pressure anisotropy force plays a dominant role 
• Process that generates these anisotropies is still an open topic

Conclusions

Paranicas et al., 1991



P R E S S U R E  A N I S O T R O P Y
F. Bagenal et al.

Fig. 7 Three selected Juno orbits: early, (PJ3 2016 Nov. 10 16:46), middle (PJ17 2017 Apr. 13 07:27), end
(PJ31 2017 Sep. 13 21:49) showing precession of line of apsides relative to Jupiter’s geographic equator. The
orbits are numbered according to the sequence of perijoves (PJ), where PJ0 is the initial orbit insertion, with
the start/end of a numbered orbit about a day before perijove. The full orbit period is about 11 days. The black
dots indicate ±4 hours of perijove. High-cadence observations are planned for about 12 hours near perijove

map out longitude structures in the atmosphere and interior, as well as gravity and magnetic
fields (see Connerney et al. 2014, this issue; Anderson et al. 2014, this issue; Janssen et al.
2014, this issue).

Labeling orbits by perijove (where orbit insertion is PJ0), we show the geometry of sci-
ence orbits 3, 17 and 31 in Fig. 7 to illustrate typical early, middle and late orbits. A time
for the start/stop of a numbered orbit is chosen about a day before perijove. The perijove
distance of ∼1.05 RJ is ∼5000 km above Jupiter’s cloud deck. The black dots (at ±4 hours
of perijove) illustrate how Juno passes very quickly from pole-to-pole (moving ∼60 km/s
around perijove, ∼20 km/s over the poles), gathering data at high rates. The high-rate data
are stored on the spacecraft and then transmitted to Earth over the remaining days of the
∼11-day orbit. The orbit precession driven by Jupiter’s oblateness not only produces a ∼1◦

increased tilt per orbit but also brings the (non-perijove) equatorial crossing distance closer
to Jupiter by ∼0.9 RJ per orbit. Figure 8 shows how Juno’s northward crossing of Jupiter’s
geographic equator of (plane of Galilean satellite orbits) moves inwards, crossing each satel-
lite orbital distance only once over the duration of the mission. Juno crosses the orbit of
Callisto between orbits 11 and 12, the orbit of Ganymede between orbits 23 and 24, and
the orbit of Europa at the very end of the nominal mission between orbits 33 and 34. The
planned prime mission for Juno has the spacecraft entering Jupiter on PJ34 with the result
that Juno does not come close to the orbit of Io. Hansen et al. (2014, this issue) show when
the Galilean satellites can be imaged by JunoCam.

• JEDI will measure the ion PADs and determine composition in the equatorial region  
• More complete measurements of the anisotropies 
• Also, See J. Nichols [2015], model of force balance with anisotropies included! 

Bagenal et al., 2014
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• Observational campaign between Galileo and Hubble 
revealed relationships between transient injections 
and auroral brighting.  

• Particle distributions are modified during the 
injection and perhaps scatter particles into the loss 
cone

Conclusions

Mauk et al., 2002

Mauk et al., 2002



A U R O R A L  R E S P O N S E  T O  I N J E C T I O N S

may very well be filamentation of the region into smaller hot
plasma sub-regions, with sharper gradients and multiple filed
aligned current structures linking them to the ionosphere. The
auroral emission structure seen in the inset of panel f suggests
something like this.

Finally, we present data from the period before and during day
42, 2007 when a solar wind pressure enhancement reached
Saturn, triggering enhanced emission in SKR, auroral UV, and
energetic neutral atoms. This time period has been presented and
discussed in Clarke et al. (2009), where those authors showed that
solar wind measurements from 1 AU, propagated to Saturn using
an MHD model, predicted the arrival of a strong solar wind
pressure enhancement shortly before the SKR and auroral
emission enhancements shown in Fig. 8. However, in this
presentation, we provide additional data from the ENA images
of the ring current, as well as magnetometer data that provide
direct evidence for the arrival and magnetospheric response to the
solar wind compression event.

Throughout the period shown in Fig. 8, Cassini remained in the
northern lobe at about 28 Rs, 581 latitude, and moving from post-
dusk to near midnight. Prior to day 42, the lobe magnetic field
remains nearly constant, with a weak modulation at the 10.8 hour
rotation period of Saturn. This interval was also characterized by
very weak SKR emission, low intensity, weak, and structureless
ENA ring current emission, and auroral emission below the
sensitivity threshold of the HST Wide Field Planetary Camera 2
(which was used when the primary instrument for this campaign,
the Advanced Camera for Surveys, went into safe mode).
Beginning just after 0300 UT on day 42 (marked by the vertical
cyan line) the magnetic field magnitude at Cassini began to
increase, quickly at first until 0600 and then more slowly until
1200 UT. This increase is what would be expected as a conse-
quence of a solar wind pressure enhancement and the resultant
compression of the magnetosphere. No immediate response is
seen in the SKR emission, but the ENA intensity rises with a profile
very similar to the magnetic field (although on a log scale). This

ARTICLE IN PRESS

Fig. 7. Six images from the day 129, 2008 sequence. UVIS auroral images scanned over approximately 15 min are superposed, at a larger scale so they can be more easily
seen. A pink line lies on top of the X axis of a coordinate system rotating about Saturn’s spin axis, at the SLS3 (extrapolated) period. This is for reference, to follow the motion
of the ENA enhancement and the bright auroral bulge over time. In the bottom left corner of each frame, the SKR data is reproduced, with a vertical pink line indicating the
center time of the hour-long ENA accumulation (time given at top of each frame). To the right, each auroral image is reproduced with a latitude-longitude grid (every 101 of
latitude). A white line indicates the terminator, and the 701 latitude line turns to white for a segment where it crosses the terminator. An inset in panel f shows a blow-up of
the equatorward bulge at about that time.
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Conclusions
• ~50 - 250 keV ENAs measured 

by Cassini INCA 
•  Local time enhancements in 

ENAs indicative of injection of 
energetic electrons & ions 

• Simultaneous observations 
from HST and Cassini UVIS 
reveal a strong correlation 
between transient 
magnetospheric phenomenon 
and auroral enhancements 

Mitchell et al., 2009
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• JADE-Ion may be able to tell us 
more about the distribution of 
O+ & S++ in Jupiter’s 
magnetosphere 

•  Important to understanding 
heavy ion dynamics

Clark et al., 2016
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Figure 7. Composite of sample images of Jupiter’s aurorae with quiet and disturbed conditions during
May–June 2007 observations near Jupiter opposition. The left-hand number is day of year in 2007, and
the part label letters correspond to the lettering at the top of Figure 8. Intensity scale and longitude/
latitude grid are as in Figure 1.

Figure 8. Total auroral power from Jupiter’s north (crosses) and south (filled circles) polar regions
compared with propagated solar wind dynamic pressure in May–June 2007. Arrival times of solar wind
forward shocks are indicated by shaded regions as in Figure 6.
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• Can JEDI infer crude solar wind variations from our TOF only measurements? 
• It would be very interesting to compare with in situ data from JADE and remote 

observations from Hasaki & HST 

Clarke et al., 2009
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would be needed (via the Knight mechanism) [Knight, 1973;
Lyons, 1981], not to produce the highly charged ions but to
boost the flux sufficiently to provide the observed 1 GW X-
ray power. It was pointed out that the solar wind protons
would also be accelerated to high energies, and the associated
UV emissions have not been observed (to our knowledge).
For the second mechanism, S and O ions in the outer

magnetosphere are the source, but these magnetospheric ions
have average energies of only 50 keV or so [Mauk et al.,
2002] and would be insufficient to produce the X-ray aurora.
CravensQ7 suggested that acceleration by several MV field-
aligned potentials would allow the ions to produce X-rays,
as discussed earlier. The ion fluxes are also boosted by such a
field-aligned acceleration process via the Knight mechanism.
The same mechanism has been invoked (in different forms)

Q8 for auroral electron acceleration on Earth (e.g., review and
this monograph) or on Jupiter [Hill, 2001]. Cravens sug-
gested that the heavy ion precipitation was associated with
the downward “return current” (into the planet) of the main

current system. Electrons that are accelerated upward to
several MeV could be responsible for the observed QP-40
radio bursts [MacDowell et al., 1993; Elsner et al., 2005].
Bunce et al. [2004] proposed that the field-aligned poten-

tials and associated field-aligned currents needed for the
X-ray aurora are caused by pulsating reconnections at Q9the
dayside magnetopause. They estimated that, at least for fast
solar wind conditions, the potentials (i.e., ion energies) and
fluxes would be sufficient to generate the required X-ray
aurora.

5. RECENT WORK ON THE JOVIAN X-RAY AURORA

Kharchenko et al. [2006, 2008] introduced sulfur as well
as oxygen precipitation (using the relevant cross sections) in
their model, given that the magnetosphere contains both
species. Significant quenching effects were found for the
3P0–1S and 3S–1S n = 2 transitions of O6+ (i.e., the inter-
combination and forbidden transitions, respectively) and

Figure 3. Chandra X-Ray Observatory (CXO) image of Jupiter. Note the disk and the auroral emission regions. From the
work of Elsner et al. [2005].

4 AURORAL ION PRECIPITATION AND ACCELERATION AT OUTER PLANETS
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The O6+* ion is excited and emits soft X-rays. In addition to
these processes, collisional ionization and excitation of the
atmospheric target gases also take place. Cravens et al. used
charge exchange (CX) and stripping cross sections for Oq+

(q = 0 up to 8) collisions with H2 to calculate an equilibrium
fraction versus energy (i.e., fraction of ion beam in each
charge state), as shown in Figure 2. Note that the O6+ and
O7+Q4 ions are found near energies of ≈ 1 MeV u!1. These
models assumed that the ions came from the middle magne-
tosphere with the necessary energies.

3.Q5 CHANDRA X-RAY OBSERVATORY AND
XMM-NEWTON OBSERVATIONS

Some CXO and XMM-Newton observations are briefly
reviewed. See Branduardi-Raymont et al. [2009] for a more
detailed review. Key CXO observations of Jupiter were made
by Gladstone et al. [2002], and the high-resolution camera
images clearly showed two types of soft X-ray emission: (1)
evenly distributed disk emission with a total power of about
1 GW and (2) auroral emission from latitudes clearly more
poleward than the main oval (also about 1 GW). The image
shown in Figure 3 from CXO [Elsner et al., 2005] illustrates
this. The polar cap location of the emission strongly sug-
gested that the responsible particle populations originate
either in the outer magnetosphere or even on open field lines.
The measured time history of the X-ray power [Gladstone

et al., 2002] showed a 40 min period. That is, the X-ray
emission was “pulsating.” However, the periodicities in later
observations were not so clear [e.g., Elsner et al., 2005;
Branduardi-Raymont et al., 2004]. Other Jovian phenomena
show ∼ 40 min periodicities, including ion fluxes both inside

and outside the Jovian magnetosphere [Anagnostopoulos et
al., 1998] and radio emissions, called QP-40 emissions
[MacDowall et al., 1993].
Oxygen lines are evident in CXO spectra of Jupiter’s

aurora (Figure 4). The spectral region near 500–800 eV is
where O6+ (helium-like transitions) and O7+ (hydrogen-like
transitions) emission lines are located as predicted [e.g.,
Kharchenko et al., 1998]. Any continuum emission (i.e.,
bremsstrahlung) is relatively weak. The region near 300–
400 eV contains sulfur lines [see Elsner et al., 2005, Table 2]; Q6
Kharchenko et al., 2006]. A cometary X-ray spectrum shown
in the bottom panel of Figure 4 has similar oxygen lines, but
unlike the Jovian spectrum, this spectrum has features near
400 eV due to solar wind carbon.
Branduardi-Raymont et al. [2008] displayed the locations

on a polar map of both low-energy (E < 2 keV) and high-
energy (E > 2 keV) photons using different symbols. Soft
X-ray photons (line emission from charge exchange) were
found mainly in the polar cap, and harder X-rays were mostly
found near the main oval. The harder X-rays were interpreted
as being electron bremsstrahlung photons.
Spectra measured by XMM-Newton also indicated the

presence of high-charge state oxygen and sulfur lines, but
with a different sulfur to oxygen ratio from CXO spectral fits
[Branduardi-Raymont et al., 2004, 2008]. An XMM-Newton
grating spectrum was also obtained, but the auroral and disk
emissions were mixed, complicating the interpretation
[Branduardi-Raymont et al., 2007]. Nonetheless, distinct
O6+ and O7+ oxygen lines were seen, and some components
had broad spectral widths consistent with fast oxygen (i.e.,
speeds of about 5000 km s!1 or energies of ≈ 1 MeV u!1).

4. INTERPRETATION OF INITIAL CXO AND
XMM AURORAL OBSERVATIONS

Cravens et al. [2003] noted that the location of the X-ray
emission poleward of the main oval implied that the source
particle populations were not in the middle magnetosphere as
originally thought, but were on open field lines and/or in the
outer magnetosphere. Two possible sources were suggested,
both involving high-charge state heavy ions (e.g., oxygen):
(1) a solar wind ion source and (2) a magnetospheric ion
source. For the first, solar wind ions precipitate on open field
lines associated with the polar cap and magnetospheric cusp.
Solar wind heavy ions are already highly charged and pro-
duce X-rays following charge exchange collisions, which is
the basis for the solar wind charge exchange (SWCX) mech-
anism for producing cometary X-rays [Cravens, 1997, 2002].
Cravens et al. [2003] estimated that to make the SWCX
mechanism work for the Jovian X-ray aurora, field-aligned
acceleration through a 200 kVor so electrical potential drop

Figure 2.Q3 Equilibrium fraction for oxygen charge states in H2 versus
ion energy and very similar to results from the work of Cravens et
al. [1995]. From the work of Ozak et al. [2010].

CRAVENS AND OZAK 3
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• JEDI will measure several 100 keV/nuc precipitating heavy ions 
• If these heavy ions are present, then how are they accelerated? 

Cravens & Ozak

Ozak et al., 2010
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• low-energy electron density 
drop 

• auroral hiss  
 

• ratio of diff. intensities from 
field-aligned energetic 
electrons with the same 
energy but oppositie 
directions is a proxy of open-
closed field line configuration: 
 
ratio = 1 (CLOSED) 
ratio ≠ 1 (OPEN) 

Indications for open-closed 
field line boundary: 

JEDI?

MOP 2011, BOSTON, MA, USA  July 14, 2011                                                           Norbert Krupp 

Locations of open field lines in Saturn‘s magnetosphere 
using offset dipole (green) or Khurana field model (red)    

noon-midnight cut dawn-dusk cut 

Gurnett et al., 2010

Krupp et al., 2011 MOP

• Ratio of energetic electron fluxes 
parallel and anti-parallel to the field

• What will the open field line 
configuration look like at Jupiter? 
How does it compare to Saturn?
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value is what an ideal detector, with delta-function angular
response, would see if it looked exactly along the magnetic
field line. The open red triangle represents the minimum
rate observed and is included for those situations where
there is a local maximum at 90 degrees.
[22] Figure 9a (bottom) shows the minimum pitch angle

viewed by the center of the detector view cone. A horizontal
line is placed at !15/2 degrees as a demarcation between
the situation when the magnetic field line resides within the
view cone at the time of the minimum pitch-angle sample
and when the magnetic field stays outside of the view cone.
When the magnetic field stays outside of the view cone,
beams with very high m values may not be visible.
[23] We preliminarily conclude from Figure 9a that there

is a high degree of structuring in the beaming characteristic
of the electron distributions. Two brief periods of robust
beaming are observed at the very beginning of the period of

Figure 9b. Sample electron pitch-angle distributions and
fits selected from the time period represented in Figure 9a.

Figure 9c. A time series of electron pitch-angle distribu-
tions sampled at the very beginning of the time period
shown in Figure 9a. The fractional hour of the day for each
panel is given at the bottom of the plot (e.g., 13.1544 for the
first panel). The number of minutes into the hour (hour 13)
is shown in the lower right-hand corner of each plot (e.g.,
9.3 min for the first panel).
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• Temporal (few mins.) 
and/or spatial (< 20 
km) variability 

• Angular scattering 
between source 
location and equatorial 
magnetosphere  

• Magnetic field 
signatures suggest 
turbulent Alfven waves 

the same region [Saur et al., 2002]. The beams are observed
in regions that map magnetically to Jupiter’s strong auroral
regions and are similar to beams observed within Earth’s
equatorial magnetosphere that map magnetically to Earth’s
strong auroral regions. Because it has been demonstrated
that Earth’s beams are generated at low altitudes within
regions of downward auroral electric currents, and because
of the similarities between the Earth’s and Jupiter’s beams
mentioned above, we conclude that the Jupiter beams likely
are generated at low altitudes within regions of downward
auroral electric currents. Because the beams at Jupiter are
highly structured and because strong aurora are expected in
regions of upward auroral currents, we also conclude that
the auroral field-aligned currents at Jupiter likely are struc-
tured like they are at Earth, with regions of downward

currents closely adjacent to regions of upward currents. The
magnetosphere–ionosphere coupling likely is more struc-
tured and perhaps dynamic than previous large-scale models
would suggest [Cowley and Bunce, 2001; Hill, 2001], as
suggested by Dougherty et al. [1998]. A spatial-temporal
averaging of our picture, however, would be qualitatively
consistent with previous large-scale models (Figure 17,
lower).
[48] A key open question concerns the mechanisms of

upward field-aligned acceleration. We propose that differ-
ences in the details of the broad upward-accelerated spectra
observed in both the Earth and Jupiter systems may corre-
spond to differences in the relative importance of the
contributions of coherent and stochastic acceleration pro-
cesses. Both kinds of processes appear to contribute to the
acceleration at both Jupiter and Earth.

[49] Acknowledgments. We thank Sven Jacobsen of the Institut für
Geophysik und Meteorologie Universität zu Köln for preparing Figure 17,
lower. Magnetic field data in Figures 15 and 16 kindly were provided by
M. G. Kivelson, the principal investigator of the Galileo magnetometer
experiment. Funding for this research was provided by National Space and
Aeronautics Administration (NASA) grants from the Outer Planets
Research Program and from the Geospace Research Program.
[50] Wolfgang Baumjohann thanks Richard Thorne and another

reviewer for their assistance in evaluating this paper.
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Figure 17. (top) A reinterpretation of the concept shown
in Figure 5. The data presented here indicate that the
electron beams are spatially structured. On the basis of our
Earth-derived assumption that such beams are generated in
regions of downward (with respect to Jupiter) electric
currents, this finding implies that the auroral currents
themselves are highly structured with a pattern of strong
upward and downward currents embedded in the broad
region that on average is a region of generally upward
currents. (bottom) Notional sketch of field-aligned electric
currents as a function of radial distance. The red line shows
a highly structured electric current system that we infer in
this paper. We expect a spatial and temporal average of
these currents (black curve) to render the static magneto-
sphere–ionosphere coupling currents derived by Hill [1979,
2001] and Cowley and Bunce [2001].

Figure 18. A replotting and fitting of the Earth-observed
electron beam data published by Klumpar et al. [1988] and
shown in our Figure 1 (left). The high value of m obtained
may more closely represent values expected while the
beams actively are being generated and before the beams
are degraded over time by scattering.
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Fig. 1. An ecliptic plane projection of the inbound trajectories for 
Voyager 1 and 2 at Jupiter. The labels V I and V2 illustrate the inner- 
most encounters of Voyager l and 2, respectively, with the Jovian bow 
shock. Long-lived events are noted by the solid bars on the trajectory 
line. The inset shows the angular sampling scheme of the LECP instru- 
ment, including the shielded sector (sector 8), the nominal direction of 
the IMF •, and the expected direction of arrival of ambient ions under 
the influence of the • x • electric field (adapted from B•ker et •l. 
[]984]). 

EXPERIMENT COMPLEMENT AND TRAJECTORY 

The low energy charged particle (LECP) instrument on the 
Voyager spacecraft uses a variety of solid-state detectors to ob- 
tain measurements of electrons (22 keV _< Ee -< 20 MeV) and 
ions (30 keV _< Ei -< 150 MeV) in several energy intervals with 
good energy, species, time, and spatial resolutions. The detec- 
tors are combined in two separate telescope systems: the low- 
energy magnetosphere particle analyzer (LEMPA) and the low- 
energy particle telescope (LEPT). Beyond an energy of --200 
keV/nucleon, individual ion species can be separately identi- 
fied and their energy spectra and angular distributions deter- 
mined. Sensor geometric factors range from 2 x 10 -3 to --2.3 
cm 2 sr and are designed to handle fluxes ranging from quiet 
time cosmic rays (a few counts per day) to well over 108 (cm 2 
s sr) -•. Characteristics of channels relevant to this paper are 

listed in Table 1. Details of the LECP instrument have been 
presented in previous publications [Krimigis et al., 1977, 1981, 
1983; Hamilton et al.: 1981] and will not be repeated here. Some 
of the detector characteristics, however, are important to the 
results presented in this paper and will be mentioned briefly. 

The LEMPA detector measures the total energy of incident 
ions without discriminating as to ion mass. It consists of a thin- 

surface-barrier (96.5 •m for Voyager 1 (V1), 89.1 •m for Voy- 
ager 2 (V2)), totally depleted solid-state detector with 10 ener- 
gy thresholds ranging from 12 keV to --- 7 MeV. The threshold 
discriminator outputs are combined electronically to provide 
differential energy channels from - 30 keV to - 7.4 MeV. The 
lowest energy threshold is set by the thickness of the aluminum 
contact facing the incoming flux and varies according to ion 
species; for example, on Voyager 1 the lowest energy threshold 
corresponds to a proton incident energy of - 30 keV, while the 
same threshold responds to oxygen ions with incident energies 
of -84 keV and sulfur ions of - 140 keV (see Table 1). Fur- 
ther, the efficiencies at the lowest energy thresholds for oxy- 
gen and sulfur are less than unity, and the general responses 
are fairly broad (for an extensive discussion of instrument re- 
sponse, see Krimigis et al. [1981]). Because the detector mea- 
sures total particle energy, it is possible that its response could 
be dominated by the heavier ions, even though relative abun- 
dances of such ions with respect to protons may be small when 
compared on the basis of energy per nucleon. This property 
of the detector is discussed in detail in Krimigis et al. [1981] 
and will not be elaborated on here. 

The LEPT detector, on the other hand, performs two- 
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Fig. 2. An overview of the intensity profile of several LF, CP chan- 
nels, covering a wide range of particle energies and species, for the several 
days leading to Voyager 2's crossing into the outer part of Jupiter's 
magnetosphere (adapted from Baker et al. [1984]). 
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Fig. 13. The energy spectrum of the event shown in Figure 12 using 
the same notation as in previous figures. Note that the protons are rela- 
tively less depleted in this particular event than in previous cases. The 
one-count level shown at the bottom of the figure refers to the LEPT 
detector. 

As a Consequence, only one long-lived event was observed by 
Voyager 1 upstream of Jupiter at the distance of -- 170 Rs at 
the time the IMF was approximately radial [Zwickl et al., 1981; 
Baker et al., 1984]. The data from this event on days 53 and 
54, 1979, are shown in Figure 12 in a format similar to that 
of Figures 3 and 7. Here the event lasted for some 20 hours 
and exhibited a degree of modulation that is reminiscent of the 
5-hour periodicity of Jupiter's magnetodisk; this modulation 
suggests significant Jovian control in the intensity observed at 
Voyager. Another possibility is that particles are controlled by 
the presence of tangential discontinuities at these times. Begin- 
ning with the top panel, we note that the anisotropies are quite 
large for significant periods of time except for a period toward 
the end of day 53 when 2:1 anisotropies appear to be charac- 
teristic. The anisotropy vectors indicate particle flow away from 
Jupiter toward the solar direction, with the anisotropy becom- 
ing convective and away from the sun after the end of the event. 
The PLO5-to-channel-32 ratio increased immediately at event 
onset, suggesting that the composition may well be dominated 
by ions heavier than protons. Finally, the ion energy spectrum 

(bottom panel) is quite soft but shows an overall trend toward 
harder spectra as the event progresses to its conclusion. Simi- 
larly, the anisotrophy shows a decreasing trend toward the end 
of the event. 

The spectral behavior for this event is examined in more de- 
tail in Figure 13. Here the spectra are plotted during event on- 
set from 0500 to 0600 UT in the sector of maximum intensity 
(sector 4), again assuming that the Z •_ 1 ions are primarily 
oxygen. It is evident from the plot that Z _• 6 ions in the MeV 
range were present during event onset and that the spectrum 
is depleted of protons in the range of -- 300-500 keV by at least 
a factor of -• 9 (the downward pointing arrow indicates that 
there was an ambient flux of protons in the interplanetary medi- 
um at the time of this event). As the event progressed toward 
its conclusion, the spectrum at higher energies did not change 
substantially except that the overall intensities of Z •_ 6 ions 
were enhanced while the slope remained about the same. At 
the lower energies, the spectrum became harder and flatter be- 
low -200 keV. This behavior is reminiscent of the spectral evo- 
lution on day 184 (Figure 10) and of the event on day 180 (Figure 
6). Note that the Z _• 6 point at --4 MeV is a two-parameter 
measurement. Channel 39, measuring ions with Z _• 2, was not 
functioning properly at this time on Voyager 1 and is not plot- 
ted in the figure. As was the case with Voyager 2, the spectrum 
for days 53 through 54 suggests that the dominant species dur- 
ing this event at energies • 300 keV were ions with Z _• 6; the 
continuity of the spectrum over the entire energy range from 
< 100 keV to --5 MeV suggests that the dominant composi- 
tion was oxygen, even at the lower energies. 

SUMMARY OF OBSERVATIONS 

The results from the analysis of the data presented in the 
previous sections may be summarized as follows: 

1. The ion spectral form at event onset is described well by 
a power law in energy (dj/dE - KE-L '• --- 4-7) over the 
range • 100 keV to • 4 MeV. Toward the end of three of the 
events, the energy spectrum was generally harder and exhibit- 
ed a relative flatness at the lower (_• 200 keV) energies. In two 
other cases, the spectrum toward the end of an event actually 
became softer at low energies (day 178) or remained essentially 
unchanged (days 182-183). 

2. The ion spectrum is depleted of protons at energies • 300 
keV and of helium at energies • 900 keV and is dominated by 
Z _• 6 ions (presumed to be oxygen and sulfur) at energies • 850 
keV. 

3. Ion energy spectra observed in Jupiter's magnetosheath 
exhibit features similar in both composition and spectral form 
to those observed in the upstream ion events. 

4. The observed continuity in the spectrum from the highest 
energies at -- 5 MeV down to • 100 keV and the exclusive pres- 
ence of Z _• 6 ions at the higher energies suggest that the prin- 
cipal ions contributing to these intensity enhancements are most 
likely oxygen and sulfur down to the lowest observed energies 
(--- 50 keV). 

5. Large (up to 100:1), variable anisotropies are present 
throughout all events. Those anisotropies in some cases decay 
as the event progresses but at other times stay large through- 
out the event. The direction of the anisotropy is always away 
from Jupiter and is often aligned with the IMF. 

Trajectory Data Conclusions

• Source of ions 
appear to originate 
form Jupiter 

• Ions are accelerated 
along bow shock 

• First order fermi 
acceleration does 
not play a role

Krimigis et al., 1985
Haggerty & Armstrong 1999



J U N O ’ S  S O L A R  PA N E L S

• Juno will be the first spacecraft to use solar panels in Jupiter’s magnetosphere 
• Can we learn something about the performance of Juno’s solar arrays in Jupiter’s harsh 

radiation environment 
• JEDI witness detectors can help diagnose the high energy radiation environment 



S U M M A R Y

• JEDI is in great shape to make energetic particle measurements throughout Jupiter’s 
magnetosphere  

• Detailed analysis of the JEDI EFB and cruise data are revealing new and interesting 
opportunities

• In addition to the high-latitude measurements, we have identified several science 
questions that can be addressed with JEDI 

• This list is not exhaustive however 
• In some ways, JEDI is uniquely positioned to test hypotheses (e.g., Cravens et al., 2003)

Thank you!



PA S T  E P D  I N S T R U M E N T S

↵ Pioneer: Simpson et al. 1975
� Voyager: Krimigis et al., 1977

� Galileo: Williams et al., 1994

� Cassini: Krimigis et al., 2004

✏ New Horizons: McNutt et al., 2008
⇣ Juno: Mauk et al., 2013

Instrument Measurements Region Discoveries

CPI
> 0.5 MeV protons
> 3 MeV electrons
> 10 MeV/nuc heavy ions

Foreshock
Dawn magnetosheath
Inner/outer magnetosphere

Periodicities in particle flux
Upstream Jovian ions
Particle trapping
Moon effects 

LECP
> 10 keV electrons
> 15 keV protons
> 50 keV/nuc heavy ions

foreshock
dawn magnetosheath
Outer/inner magnetosphere

HI-SCALE > 30 keV electrons
> 50 keV ions

EPD
> 15 keV electrons
> 20 keV protons
>10 keV/nuc heavy ions

Equatorial inner & outer magnetosphere
Satellite flybys

MIMI
> 20 keV electrons
> 30 keV protons
>7 keV/nuc heavy ions
charge state 2 < E < 200 keV

Bow shock
Magnetopause on dusk flank

PEPSSI
>20 keV electrons
> few keV protons
>10s of keV heavy ions

Flank
Distant magnetotail

JEDI
>20 keV electrons
> few keV protons
>10s of keV heavy ions

Dawn magnetopause/sheath
Polar magnetosphere
Inner/outer equatorial crossings 

↵

�

�

�

✏

⇣

⌘

⌘ Ulysses: Lanzerotti et al., 1992


