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frame, the Lorentz force, F, on electrons in the rod is

Abstract— Juno was launched on August 5, 2011 and will
arrive at Jupiter in July 2016 where it will be injected into a
highly elliptical polar orbit. Juno’s high spacecraft speed during
auroral region passage and Jupiter’s large magnetic field
generate considerable vxB effect. Also the potentials on three
solar array wings alter with the spacecraft’s rotation of few rpm.
Surface potentials of Juno spacecraft at Jupiter auroral region
were calculated using Nascap-2k which was upgraded to include
vxB effects The potential profiles of the spacecraft in 0.1 second
time interval for two revolutions were successfully calculated.
The calculations showed that about -1200 V of potential
difference was developed along the solar arrays. Also to evaluate
the effect of vxB potentials on the electron and proton detectors,
the adjoint trajectories of electrons and protons with several
different energies and initial directions were simulated under the
spacecraft and space potentials at selected rotation phases. This
information provided by the Nascap-2k simulation will be very
useful for the Juno Science Team in interpreting the data
obtained from the detectors.

F  e (Ε  v  B) .
For this force to be zero, there must be an electric field, E, that
exactly cancels the vxB term.
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Fig. 1. A conducting rod of length  moving with velocity v across a magnetic
field B.
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How is this electric field generated? When the rod first
starts moving across the magnetic field, there is no electric
field to counter balance the vxB force, and electrons will be
accelerated down the rod (Fig. 2).

INTRODUCTION

The Juno spacecraft will be inserted in a highly elliptical
polar orbit in order to study Jupiter's composition, gravity field,
magnetic field, and auroral plasma environment. At perijove,
the orbital velocity, v, is about 60 km/s, which is significantly
higher than typical low-Earth-orbit velocity of 7.5 km/s. Also
the peak magnetic field at Jovian auroral region is about 1.0 x
10-3 T (10 gauss) which is about 20 times higher than Earth
magnetic field ~ 4 x 10-5 T (0.4 gauss). Juno’s high spacecraft
speed and very large magnetic field generate a unique situation
where the potential due to vxB effect is dominant.
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Fig. 2. Initially, electrons are accelerated down the rod.

The physics of why a conductor moving across a magnetic
field generates a potential difference is well understood.

The electrons moving down the rod leave a net positive
charge at the top of the rod, and accumulate at the bottom of
the rod resulting in a net negative charge (Fig. 3).

velocity, v meters per second, across a magnetic field of B
Teslas (Fig. 1).

+++

In steady state, no current can be flowing in the rod, since
there is no return path to close the loop. If there was a net
force on electrons in the rod, they would move, and there
would be current in rod. Since there is no current, the
electrons in the rod feel no net force. To an observer in the rest
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--Fig. 3. The electron motion results in a polarization electric field, E, along the
rod.
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there is a current loop, with charged particles flowing through
plasma and along the conductor, as shown in Fig. 5.

The result of the charge motion is a polarization electric
field, E, that builds until it exactly cancels the vxB force. At
steady state, an observer in the rest frame sees a potential
difference, , between the top and bottom of the rod.

  vB

B 

This potential difference is shown in Fig. 4. (Note that to an
observer on the rod, there is no potential difference between
the top and bottom of the rod.)
  vB

+++
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Fig. 5. In steady state there is a current flowing along the rod and closing
through the plasma.

 0

By Kirchhoff’s law, the current in the conductor has to
equal the current flowing through the plasma. When the
conductor dimensions are large compared with the local
plasma Debye length,
Debye   ,

Fig. 4. To an observer at rest, there is a potential difference between the top
and bottom of the rod.

The maximum electric fields at Earth and Jupiter are

Ε max  max v  B

the plasma current densities depend only on the sign of the
voltage difference with respect to the plasma, and vary very
little with the magnitude of the voltage difference. Surfaces
that are positive with respect to the local plasma collect
electrons; surfaces that are negative with respect to the local
plasma collect ions. If the total surface area of the conductor is
A, then the total electron current is the area with potentials
positive with respect to the plasma, A+, times the electron
current density. Correspondingly, the total ion current is the
area with potentials negative with respect to the plasma, A-,
times the ion current density. From current continuity, there is
no net current to the conductor.

Ε max
Earth  0.3 V/m
Ε max
Jupitier  60 V/m
For example, if the length along the Juno arrays were
perpendicular to both the velocity vector and the magnetic
field, since the diameter across Juno is about 20 meters, the
potential difference could be as large as 1200 V.
Let us now examine the effects of adding a low density
background plasma. By low density, we mean that plasma
current densities are very small compared with those in the
conducting rod. For example, maximum ionospheric plasma
number densities, n, are the order of 1013 m-3. The current
density in such plasma is quite low,

I e  je A 
I ion  jion A 

n  1013 m 3

I e  I ion  0

v  7500 m s 1

For a satellite at a relatively low altitude orbiting either Earth
or Jupiter, the spacecraft velocity, vs/c , is higher than the
plasma ion thermal velocities, vion , and the spacecraft velocity
is much lower than electron thermal velocities, ve.
v ion  v s / c  v e .

j plasma  n v e  0.1 A m  2
where we have used the velocity of a satellite in low earth
orbit, v = 7.5 km/s. In contrast, an electric field of 0.3 V/m
will support a huge current density in a metal, such as
aluminum.

Since for Juno, the solar arrays are edge on to the spacecraft
velocity, we assume the effective ram surface area to be about
10% of the total spacecraft area. In contrast, for an orbiting
sphere, the projected ram facing area fraction is 25%. To
account for the relatively co-rotational velocities found in
Jupiter’s ionosphere, the spacecraft velocity, vs/c, could be
replaced by the vector difference between the orbital velocity
and the plasma co-rotational velocity. This would increase the
effective ram projected area.

 Al  3  107  1 m 1
E  0.3 V m 1
jconductor   Al E  107 A m  2
The current carrying capability of the metal is about eight
orders of magnitude larger than the plasma, and thus the
currents in the plasma are small enough not to impact the
relative potential distribution along the conductor. However,

To estimate the spacecraft potentials with respect to the
plasma, we assume that positive areas collect the one-sided
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Table I
Orbital velocities and peak ionospheric plasma densities for Earth and Jupiter

electron thermal flux, and ram facing negative areas collect
ram ion current,

v
je   n e e
4
ji  n v s / c e

n
Te
ve
vs/c
Aram/As/c
A-/A+
fje
ji

where

8 eTe
 me

ve 

and the electron temperature, Te , is in electron volts.
Combining current continuity with the formulas for the
plasma current densities, we obtain an expression for the ratio
of negative area to positive area in terms of the electron
thermal velocity to the spacecraft orbital velocity.

Earth
1E+13
0.15
2.6E+05
7500
25%
35
97%
1.0E-01
1.2E-02

je A  jion A  0

A

A

   0.1 v  B  

je
jion

A/m2
A/m2

Plasma

   0  plasma ground

Aram
As / c

B

1
4

ve
Aram
vs / c
As / c

v
   0.9 v  B  

The ion current is multiplied by the ratio of the projected
ram facing area, Aram, to the total spacecraft surface area, As/c.
The fraction of the spacecraft surface that is negative (ion
collecting), f -, is

f 

m-3
eV
m/s
m/s

For this ideal case, the potential distribution on the
conductor with respect to the local plasma is shown
schematically in Fig. 6.

I e  I ion  0
A

A

Jupiter
3E+10
0.15
2.6E+05
60000
10%
11
92%
3.1E-04
2.9E-04

Fig. 6. The potentials on the moving conductor are mostly negative with
respect to the local plasma.

A plot of the potential along the conductor is shown in Fig.
7. Note that the peak potential difference between the
conductor and the local plasma, as seen in the rest frame, is
about ninety per cent of the magnitude of total potential
difference along the conductor.

A
A
A .
A

1

We take the electron temperature in the Earth’s ionosphere
as approximately 0.15 eV (1700 K). For Jupiter we assume the
electron temperature is also about 0.15 eV. This is an
important issue since one model of the Jupiter ionosphere [1]
has an electron temperature of 46 eV. The higher the electron
temperature, the higher the plasma currents. The peak reported
plasma density at 3500 km above one atmosphere is about
3x1010 m-3 [2].
For the parameters in Table 1, a large majority of the
spacecraft is negative with respect to the local plasma, and
only a small area is positive and electron collecting.
f Earth
 97%


f Earth

f Jupiter
 92%


f Jupiter
 8%

Fig. 7. Potential with respect to the local plasma as a function of position
along a moving conductor.

 3%

To an observer in the moving frame (e.g. on the
spacecraft), the potential along the conductor is a constant. We
refer to this potential as spacecraft chassis ground. However,
the moving observer sees an electric field in the plasma, and
depending on where the observer is on the conductor, the
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The model includes the spacecraft bus, solar arrays and
science instruments such as electron detectors, ion detectors
and the sun sensor.

plasma has a different potential. The plasma potential with
respect to spacecraft chassis ground is shown in Fig. 8. An
exposed insulating surface will collect charge particles from
the plasma and will charge to within a few volts of the local
plasma potential.

Fig. 9. Juno model for Nascap-2k is shown. Wings A, B, and C are defined
here and the velocity and magnetic field vectors at t = 0 are shown.
Fig. 8. Positional dependent local plasma potential with respect of chassis
ground as seen by an observer on a moving conductor.

In the model, the spacecraft fixed coordinate system is
used. The symmetry axis was defined as the z axis (antenna
pointing toward –z), and the +x axis is pointing between Wing
C and A. Wing C is pointing in the –y direction.

The physical description described in the above has been
validated by data from Earth orbiting satellites. The most
significant were the two flights on the Space Shuttle Orbiter of
the joint US – Italian Tethered Satellite System, TSS-1 and
TSS-1R [3]. During the second mission, TSS-1R, the tethered
satellite was deployed to a distance of 20 km above the Shuttle
cargo bay. The mission was cut short when the tether broke
due to an electrical arc through a flaw in the tether insulation.
However, during the 5 hours of tether deployment, significant
scientific data was obtained, and vxB induced potentials of
greater than three thousand volts were measured. The
measured potentials were in good agreement preflight
predictions that combined models of the Earth’s magnetic
field with the Space Shuttle’s orbit.

Most of spacecraft is covered with “Black Kapton” which
represents the Multi-Layer Insulator (MLI) with a conductive
outer surface. The solar panel surface with ITO coated cover
glass is modeled as ITO coated solar cells. To see the effect of
some dielectric spacecraft surfaces, the sun sensor is modeled
as having a 5 mil thick aluminum oxide, Al2O3 (representing
black anodized aluminum) coating.
Fig. 10 shows the grid used for space charging simulation
of the Juno spacecraft. Several levels of finer grids were used
around the sun sensor with dielectrics and electron and proton
sensors.

There have been measurements of vxB induced potentials
and currents on other satellites. Among them was the Plasma
Motor Generator (PMG), a secondary payload on a Global
Positioning System satellite Delta 2 launch vehicle. PMG was
a tether with hollow cathode plasma emitters at each end. The
purpose of the flight experiment was to understand the physics
of how the plasma sources coupled tether currents to the
ionosphere [4].
Calculating the surface potentials on a rotating spacecraft
in orbit around Jupiter with a variety exposed materials is a
complex task. In the case of Juno, the rotation period is the
same order of magnitude as some of the surface charging
timescales. To perform these time dependent 3-D simulations
we have use Nascap-2k [5]. Nascap-2k is an advanced
spacecraft charging code that has been successfully used in
several spacecraft charging simulations. Results from Nascap2k charging simulations of the Juno spacecraft including very
large vxB potentials are shown below.
II.

Fig. 10. The grid used in this simulation is shown.

The parameters for the plasma environment of Jovian
aurora are taken from Ref. 6. At t = 0, the velocity vector is
pointing x-direction with a magnitude of vx = 6.0 x 104 m/s,
and the magnetic field components are By = 1.0 x 10-4 T and
Bz = 1.0 x 10-3 T. Sun illumination was from -z-direction and
the intensity is 4 % of the intensity on earth because Jupiter
distance from the sun is about 5 AU.

SIMULATION DETAILS
Initial potentials of 0, 10, 20, and 30 V on the solar array
conductors are evenly distributed to simulate the varying

The finite element model of the Juno spacecraft, shown in
Fig. 9, was generated from a 3D CAD model using NX-Ideas.
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voltages on strings of solar cells. All other spacecraft
conductors are at the chassis potential, which is initialized to 0
V.

B. The trajectory calculations for electrons and protons
To visualize the effects of vxB potentials on low energy
particle detectors (electron detector and ion detector shown in
Fig. 9), the adjoint trajectories of ions (sulfur) and electrons at
several different energies and initial directions were simulated
under the spacecraft and space charging conditions at different
rotation phases. As examples, the trajectories of sulfur and
electrons at t = 24 s are shown in Figs 13 and 14, respectively.
The trajectories are computed backward in time to determine
where a particle with a prescribed energy and direction when
it arrives at the detector originated. If a reverse trajectory
strikes the spacecraft such a particle would have been blocked
by the spacecraft and would not reach the detector. Only
particles that have reverse trajectories that escape from the
vicinity of the spacecraft can reach the detector.

The spacecraft reference frame is used for the Nascap-2k
simulations. The rotation of the spacecraft is accounted for by
rotating the velocity vector and magnetic field vector in the
reverse direction. 5 rpm is used for this simulation. Two
periods of rotation (24 seconds) with 0.1 s increments are
simulated and the space potentials are evaluated at selected
rotation phases.
III.

SIMULATION RESULTS

A. Potential profiles during rotations and space potential
Fig. 11 shows the potential profiles during two rotations at
5 rpm. This profile generally follows the same trend as the
analytical calculation shown in Fig. 19 of Ref. 7. The potential
difference due to Juno rotation in this study is about twice of
that of Fig. 19 of Ref. 7 because the angle between the
  
induced electric field, E  v  B and Juno long dimension
(solar panel plane) was assumed to be 60˚ in Ref. 7 whereas it
was only 5.7˚ in this study. Also, it can be seen that there is
only 3 V of differential charging between the dielectric Al2O3
surface and nearby aluminum surface. It can be said from this
study that there will be very small differential charging due to
relatively thin dielectrics on the main spacecraft body of Juno.

Fig. 13. The sulfur trajectories. The 18 trajectories from an ion detector for 9
different initial directions and two different initial energies (0.5 and 1.3 keV)
are shown.

Fig. 11. The potential profile during two rotations. The potentials on Wings A,
B, and C, and the main conductor (spacecraft bus), and the sun sensor are
shown here.

Nascap-2k can evaluate the space potential surrounding the
spacecraft at any time during rotation. As an example, Fig. 12
shows the space potential at the end of the two rotations (t =
24 s).

Fig. 14. The electron trajectories from an electron detector for 9 different
initial directions and two different initial energies (0.5 and 25 keV) are
shown; 0.5 keV electrons move with small gyration radii and 25 keV
electrons show larger radii.

The 18 sulfur trajectories from the ion detector for 9
different initial directions and two different initial energies
(0.5 and 1.3 keV) are shown in Fig. 13. All 9 trajectories for
1.3 keV sulfur escaped without hitting the spacecraft surface
and are labeled 1 to 9 in Fig. 13. In the other hand, all sulfur
with 0.5 keV initial kinetic energy hit the spacecraft surface
because the initial ion kinetic energy is smaller than the
potential on the spacecraft surface, total energy less than zero.

Fig. 12. The space potential after the two rotations at t = 24 s.
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Fig. 14 shows the electron trajectories from the electron
detector for 9 different initial directions and two different
initial energies (0.5 and 25 keV). All trajectories follow
magnetic field lines. The 0.5 keV electrons have a small
cyclotron radius and 25 keV electrons have a large radius. Due
to this large cyclotron radius, many 25 keV electrons hit
spacecraft, which means that the detector field of view will be
reduced for electrons with cyclotron radius comparable to the
spacecraft size.
IV.
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Overview
•
•
•
•
•
•

Nascap-2k
vxB
Juno Model and Grid for Nascap-2k
Environments
Calculation results: Surface and space potentials
Particle tracking under the calculated potential
Electrons and Ions (sulfurs)
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What is Nascap-2K
•
•

3-D spacecraft charging code developed by Leidos
for NASA & AFRL
Used by many science missions, e.g.

CHAWS

Messenger – JHU/APL
MultiScaleMagnetosphere (MMS) – NASA/GSFC
Radiation Belt Storm Probes (RBSP) – JHU/APL
Communication/Navigations Outage Forecasting
Systems (C/NSOFS) - AFRL
STEREO – NASA/GSFC
CHAWS (Wake shield) - AFRL

Messenger
3
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vxB
φ = v×B•

B ⊗

φ ′ = 0.1 v × B • 
φ ′ = 0 = plasma ground

v

E

B⊗
v

vxB
φ =0

At steady state, vxB induced
electric field is cancelled with
the electric field due to potential
difference.

Plasma

φ ′ = −0.9 v × B • 

The velocity of electrons is larger
than ions, so the electron flux will
be larger for the same area. For
the charge balance, the more area
will be negatively charged.
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Juno
• Launch: August 2011
• Arrive: July 2016
• 32 Polar Orbits

v = 60 km/s
Earth: 7.5 km/s

v

vxB effect
~200 times
compare to
Earth

Magnetic Field
B = 1.0 x 10-3 T
Earth: ~4 x 10-5 T
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Juno Model Imported from 3D CAD Model NX-Ideas

V: Ram

Wing A
Black Kapton

SS Body
Aluminum

Wing C

SS Baffle
5 mil
Wing
Wing A
AAl2O3

Ion Detector
Sun
Sensor

Electron
Detector

Wing C
C
B Field Wing

Wing B
ITO Solar Cell
Wing B

Juno model includes instruments and initial potentials on solar arrays
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Grid Used for Juno
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Simulation Parameters

• S/C rotation, 5 rpm wrt z-axis  12 second period.
• Velocity: vx = 6.0 x 104 m/s at t =0
• Magnetic field: By = 1.0 x 10-4 T and Bz = 1.0 x 10-3 T at t = 0
• Sun illumination: 4 % of Earth intensity, -z direction
(Jupiter distance from Sun: 5 AU)
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Particle Environment
• Estimate of the Jovian
Auroral environment from
H. B. Garrett, R. W. Evans, A. C.
Whittlesey, I. Katz, and I. Jun,
“Modeling of the Jovian Auroral
Environment and Its Effects on
Spacecraft Charging”, IEEE
Transactions on Plasma Science, Vol.
36, p. 2440-2449 (2008)

• Juno science return will result
in an improved understanding
of the environment

Suggested “Worst Case” Auroral Zone and Diffuse Aurora
Parameters for Input into the NASCAP-2k Program for
Three Auroral Environments.
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Potential Profile during two rotations (24 s, 5 rpm)
There is only small charging on the Sun Sensor Al2O3 surfaces
relative to the Sun Sensor aluminum body.
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Surface and Space Potentials, t = 24 s
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Particle Tracking – Ions (Sulfur)
• 9 different trajectories for each energy (0.5 keV and 1.3 keV)
• 0.5 keV ions cannot escape because potentials of Ion Detector is lower than 0.5 kV.
No such ion can be detected by Ion Detector.
• 1.3 keV ions escape – labeled 1 through 9 in the Figure.

Adjoint track
from Ion
Detector

1
2

3

The surface
potential of
Ion Detector
was ~ - 600 V.

4
5
6

7
8
9
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Particle Tracking – Electrons
• 9 different trajectories for each energy (0.5 keV and 25 keV)
• 0.5 keV electrons have a small cyclotron radius and 25 keV electron have a
larger radius. Some of 25 keV electrons hit spacecraft body (meaning no
such a particle can be detected by Electron detector.

Adjoint track
from Electron
Detector
The surface
potential of
Electron
Detector was
~ - 600 V.
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Thank you!
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