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for some of the strongest plasma wave electric fields in the
inner magnetosphere, reaching several hundred mV/m [4].
These waves are thought to be generated by electron
temperature anisotropy instability and are often observed
outside the plasmasphere [5].
It has been demonstrated that spacecraft potential
fluctuations can provide a good measure of plasma density
under many plasma conditions [6]. Using that technique,
other authors have demonstrated that plasma density
perturbations can either duct chorus waves [7] or affect their
growth rates [1].
Recently, the use of spacecraft potential as a proxy for
density has been extended to ever-smaller scales and to
conditions where plasma wave power may be significant
[1,2,3]. Therefore, it is important to understand whether
effects other than thermal plasma density variation may
influence spacecraft potential fluctuations under those
conditions. For example, ponderomotive forces may influence
plasma density on the timescales of individual chorus wave
packets [8] and sheath rectification effects are known to
couple plasma wave activity to spacecraft potential
fluctuations [9].
In this paper, we report recent analysis results of the Van
Allen Probes electric field data [10] and supporting results
from laboratory experiments [11,12]. A mechanism of
photoelectron-mediated spacecraft potential fluctuations is
suggested from the in situ observations and examined in detail
by the laboratory experiments. Our studies suggest that the
correlation between measured potential fluctuations and
chorus wave electric fields on small timescales is not due to
variation in plasma density, but rather to modulation of
photoelectron current by natural plasma waves. On timescales
where the average wave electric field is < 5 mV/m, it is found
that sheath effects minimally affect spacecraft potential.

Abstract— Using electric field data from the Van Allen
Probes mission, we examine the correspondence between highamplitude chorus waves and spacecraft potential fluctuations on
the timescales of chorus wave packets (< 1 second). While
measured potential and chorus wave electric fields correlate
strongly, the properties of potential fluctuations on these
timescales are found not to be consistent with plasma density
fluctuations. Instead, the potential fluctuations are consistent
with a modulation of photoelectrons driven by chorus wave
electric fields. Wave-driven photoelectron modulation can result
in potential fluctuations of the spacecraft body, electric field
probes, or both, depending on the ambient plasma and magnetic
field environment. This mechanism is likely similar to sheath
rectification as described in Boehm et al. “Wave rectification in
plasma sheaths surrounding electric field antennas”, Journal of
Geophysical Research, 1994. In the Van Allen Probes’ case, the
sheath rectification is mediated by photoelectrons. To further
test the photoelectron wave rectification hypothesis, laboratory
experiments were performed. These experiments demonstrate
that external electric field fluctuations can modulate the escape
of photoelectrons from a conductive body and thereby vary its
floating potential. When illuminated by a UV source, the
conductive body potential oscillates as an oscillating external
electric field is applied. The body potential does not respond to
oscillations faster than the body’s charging/discharging time.
The application of electric field wave packets results in rectified
body potential oscillations that follow the low-frequency wave
packet envelope. Experiments were also performed exploring the
effects of external magnetic field orientation and magnitude.
Keywords—Spacecraft potential fluctuations, photoelectrons,
chorus waves, electric fields, wave rectification, magnetic fields.

I.

INTRODUCTION

Using data from the Van Allen Probes mission, it is found
that naturally occurring plasma waves in the inner
magnetosphere can cause fluctuations in the measured floating
potential (Vm), where Vm = Vprobes − Vsc for spacecraft body
potential Vsc and electric field probe potentials Vprobes. In this
work, fluctuations in Vm are found to be consistent with a
modulation of photoelectron current by plasma wave electric
fields. This is in contrast to prior works that attributed waverelated potential fluctuations to small-scale variation in the
local thermal plasma density [1,2,3]. While plasma waveinduced spacecraft potential fluctuations are found to be
driven by whistler-mode chorus waves in this data, the results
generally apply to any naturally occurring electric field of
significant magnitude (> 5 mV/m).
We focus on whistler-mode chorus waves because they are
commonly encountered by the Van Allen Probes and account

II.

VAN ALLEN PROBES OBSERVATIONS

The Van Allen Probes are a pair of rotating spacecraft
with nearly identical instrumentation [13]. Each has six
spherical 8-cm diameter electric field probes. Four probes
(1,2,3,4) are deployed in the spacecraft spin plane at the ends
of 50 m fine-wires. Rigid 7-m booms perpendicular to the
spacecraft spin plane support probes 5 and 6. Electric fields
are measured using opposite probe pairs as dipoles (E12, E34,
E56). Probe voltages are also simultaneously sampled in
monopole mode, where the difference between each probe and
the spacecraft body is measured (Vi = Vprobe i − Vsc where i is
between 1 and 6). The spacecraft body potential (Vsc) can be
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estimated by Vsc ≈ V12 = − (V1 + V2) ⁄ 2, Vsc ≈ V34 = − (V3 + V4)
⁄ 2, or Vsc ≈ V1234 = − (V1 + V2 + V3 + V4) ⁄ 4. Further
information on the Van Allen Probes’ Electric Fields and
Waves (EFW) instrument is presented in Wygant et al. [14].
Fig. 1 shows chorus waves and associated potential
fluctuations recorded by the Van Allen Probe B high speed

Measurements of DC-coupled spacecraft potential are shown
in Fig. 1d and Fig. 1e. In Fig. 1d, V1234 is shown. In Fig. 1e,
the black trace shows V12, and the blue trace shows V34. All
spacecraft potential data were recorded at 512 S/s. Fig. 1f
shows the angle between the u vector and the wave electric
field. The ambient magnetic field, measured by the Van Allen
Probe B fluxgate magnetometer [15], has a magnitude of 613
nT and points 30◦ from the spacecraft spin plane during this
event.
Fig. 1 shows that potential fluctuations measured as V1234
closely follow the chorus wave electric field waveform
envelope. However, the potentials measured by orthogonal
probe pairs are not equal (black and blue traces in Fig. 1e),
and vary regularly with spin phase, implying that 1) probe
potential fluctuations are stronger than spacecraft body
potential fluctuations at this time, and 2) the sign and
magnitude of the potential fluctuations on orthogonal probes
depends on spin phase. These properties are not consistent
with thermal plasma density structure. A change in thermal
plasma density should cause potential fluctuations that are
insensitive to the orientation of the spacecraft, such that V12 ≈
V34 ≈ V1234 ≈ Vsc.
To further explore the properties of measured potential
fluctuations during strong chorus waves (|Ech| > 40 mV/m, for
chorus wave amplitude Ech), Fig. 2 shows measured potential
fluctuations as a function of ambient magnetic field strength.
These data are for all chorus wave events, on both spacecraft,
recorded between 1 October 2012 and 26 November 2012
where |Ech| > 40 mV/m. This data set contains 116 events,
each of similar duration to the event shown in Fig. 1. Fig. 2
shows fluctuations of V12 relative to the V12 potential measured
for times when |Ech| < 0.5 mV/m during each chorus wave
event. Blue crosses show the average dV12 for each of the 116
events for times when 39 mV/m < |Ech| < 41 mV/m and the
angle between u and Ech is < 45◦. The average V12 fluctuation
per event for times when 39 mV/m < |Ech| < 41 mV/m and the
angle between u and Ech is > 45◦ is indicated by red triangles.
The electron gyroradius for a 2 eV photoelectron in an
ambient magnetic field of |B| = 200, 300, 500, 700, and 800
nT, is shown at the bottom of Fig. 2.
Recalling that Vm = Vprobes − Vsc, and V12 = − (V1 + V2) ⁄ 2, it
is also true that V12 = −(Vprobe1 + Vprobe2) ⁄ 2 + Vsc. Therefore,
in strong ambient magnetic fields (|B| > 500 nT), the sign of
V12 indicates that probe potential fluctuations are stronger than
spacecraft potential fluctuations. When the condition |B| > 500
nT is true, the photoelectron gyroradius is smaller than the
approximate electrostatic size of the spacecraft, including
solar panels and magnetometer booms (~ 6 m). For |B| < 500
nT, the spacecraft body potential fluctuations associated with
chorus waves are stronger than probe potential fluctuations.
When |B| < 500 nT, the photoelectron gyroradius is larger than
the approximate electrostatic size of the spacecraft.
Fig. 2 shows that the sign of potential fluctuations
measured during chorus wave activity depends on the
magnitude of the ambient magnetic field, which is not
consistent with potential fluctuations caused by changes in
thermal plasma density.
To understand how measured potential fluctuation

Fig. 1 (a) Spectrogram of spin-plane electric field chorus wave power. (b)
search coil magnetometer waveform (c) electric field waveform (d) DCcoupled potential measured as V1234. (e) DC-coupled potential measured
as V12 (black trace) and V34 (blue trace). (f) Angle between the u vector
and chorus wave electric field vector.

waveform burst capture (see [14] for burst capture details) on
1 November 2012 after 21:26:26 UTC. For this event, the
spacecraft location was 2.63x, −2.61y, and −0.84z, in GSE
coordinates, where all distances are in units of Earth radii. All
data shown are in the spacecraft spinning frame of reference
(u,v,w). The vectors u and v are in the spin plane, where u (v)
is along the E12 (E34) dipole. The w direction is perpendicular
to the spin plane, anti-parallel to the E56 dipole. The
spacecraft completes a spin approximately every 10.8 seconds
[14], therefore Fig. 1 spans nearly one half of a full spin.
Fig. 1a shows a spectrogram of the spin plane electric field
wave power (Eu and Ev from Fig. 1c), centered near one half
the local electron cyclotron frequency (fce). The value fce/2
clearly divides the chorus wave power into upper- and lowerband chorus. The bulk of the wave power appears in falling
tone lower-band elements. Fig. 1b and 1c show burst
waveform data recorded at 16,384 S/s.
Search coil
magnetometer data is shown in Fig. 1b, while electric field
data is shown in Fig. 1c. The coordinate systems for these two
measurements are the same. The large spike in Ew near 3 s is
due to shadowing of the anti-Sunward axial electric field
probe by one of the Van Allen Probes magnetometer booms.
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strength varies with chorus wave electric field amplitude, we
examined a scatter plot of dV1234 as a function of measured
wave electric field (|E|) (see Malaspina et al. [10] Fig. 3). For
this analysis, we included all data points from all chorus wave

need to be co-located with density ducts on spatial scales
corresponding to individual chorus elements.
The data in Figs. 1-2, and the data in Fig. 3 of Malaspina et
al. [10] are inconsistent with measured potential fluctuations
during chorus waves being driven by thermal plasma density
changes. It is proposed instead that these data are consistent
with the modulation of photoelectron current by natural
plasma waves. In this mechanism, the wave electric field
provides an additional force on photoelectrons generated at
spacecraft surfaces. That additional force causes more
photoelectrons to be lost from the spacecraft than when the
external electric field is zero, modifying the photoelectron
current contribution to current balance, and therefore altering
the floating potential of the spacecraft body and/or electric
field probes.
Enhanced photoelectron escape by wave electric fields
predicts the V12 fluctuation behavior as a function of |B| shown
in Fig. 2. As predicted by Laframboise [16], photoemission
(and therefore wave-driven enhanced photoemission) is
reduced when |B| increases enough that photoelectrons have a
gyroradius comparable to or smaller than the spacecraft size.
Such photoemission reduction can cause the magnitude of
potential fluctuations to be reduced. This mechanism was
demonstrated using laboratory experiments (see section III).
On the Van Allen Probes, potential is measured as the
difference between probe and spacecraft floating potentials.
While the spacecraft electrostatic size can be comparable to or
larger than photoelectron gyroradii for some magnetic field
conditions encountered by the Van Allen Probes, the probes
(~8 cm diameter) are always smaller than the photoelectron
gyroradius. This implies that increasing magnetic field
strength may ‘shut down’ potential fluctuations of the
spacecraft body due to photoelectron modulation. However,
potential fluctuations of the physically much smaller electric
field probes cannot be ‘shut down’ by this mechanism for the
magnetic field conditions encountered by the Van Allen
Probes where chorus waves are observed. This behavior
dictates that as |B| increases, the sign of measured potential
fluctuations associated with chorus waves should change,
from positive (spacecraft dominated) at low |B| to negative
(probe dominated) at high |B|. This behavior is evident in Fig.
2.
Fig. 1, with |B| ≈ 613 nT, is a case where the probe and
spacecraft body contributions to the measured potential are
nearly equal, such that the orientation of the probes with
respect to the local magnetic field direction determines
whether the spacecraft body or the probes has larger potential
fluctuations.
Enhanced photoelectron escape by plasma wave electric
fields is also consistent with the scaling between potential
fluctuations and chorus wave electric fields presented in Fig. 3
of Malaspina et al. [10]. Increasing wave electric field should
lead to more photoelectrons lost, and therefore a larger
perturbation to the spacecraft body potential, even on 2 ms
timescales [10].
The proposed wave-driven enhanced photoelectron escape
mechanism is similar to the sheath rectification effect
described in [9]. While the wave rectification in [9] is

Fig. 2 Average potential fluctuation measured by V12 per chorus wave
burst capture as a function of ambient magnetic field magnitude. See text
for details. Gyroradii for a 2 eV photoelectron corresponding to |B| = 200,
300, 500, 700, and 800 nT are shown below.

burst capture events recorded between 1 October 2012 and 26
November 2012 where |B| < 500 nT (to ensure that the
spacecraft body dominates the measured potential
fluctuations). The quantity dV1234 is the measured potential
fluctuation relative to the potential measured when |E| < 0.5
mV/m during each chorus wave event. |E| is down-sampled to
512 S/s to match the sample rate of the dV1234 data. The
resulting plot contains ~ 450,000 data points. A trend is
evident showing that dV1234 increases with increasing |E| across
three orders of magnitude in |E| and two orders of magnitude
in dV1234.
To quantify this trend, we calculated the median value of
the dV1234 distribution for logarithmically spaced ranges of |E|.
That is, the median dV1234 for |E| between 0.1 mV/m and 0.2
mV/m, between 0.2 mV/m and 0.3 mV/m, between 1 mV/m
and 2 mV/m, between 3 mV/m and 4 mV/m, and so on for
0.05 < |E| < 300 mV/m. The best-fit power law to the
resultant median dV1234 as a function of |E| data is dV1234∝
|E|1.06.
While some scatter is present, the degree to which the data
follow the median trend is quantified by calculating the first
and third quartile of each dV1234 distribution. The quartiles
extend no more than a factor of 2 in dV1234 away from the
median trend, showing that a large majority of data points
follow the median trend.
This result indicates 1) inconsistency between the
observations and the expected scaling (dV1234∝ |E|2) for active
ponderomotive force and 2) for chorus wave ducting to be a
viable explanation, almost all chorus waves in this data set
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distance between two electrodes. Argon plasma (neutral
pressure 5.0×10-4 Torr) was created with a hot filament to
dissipate the photoelectric charge of the SCM. A magnetic
field was created by inserting a solenoid inside the SCM tube.
Laboratory parameters resemble the space parameters
encountered by the Van Allen Probes (Table 1).

mediated by a thermal electron sheath, the spacecraft potential
fluctuations in this observation are rectified by a photoelectron
sheath.
The mechanism of photoelectron-mediated spacecraft
potential fluctuations proposed to explain the Van Allen
Probes observation was examined and demonstrated using
laboratory experiments as described in section III. These
experiments include measuring spacecraft potential response
to external electric field oscillations, exploring wave
rectification by a photoelectron sheath and exploring magnetic
field effects.
III.

A. Oscillating electric fields
The first experiment examined how VSCM responds to
electric field oscillation. First, a square wave was applied to
the electrode. The photoelectric current dominates the plasma
electron current as shown in Table 1. When Vl rises, more
photoelectrons are emitted, charging the SCM more
positively. When Vl falls, ambient plasma electrons dissipate
the photoelectric charge. VSCM stays ~ 0.5 V more positive
than Vl to maintain a zero net current. The rising/falling time
constant sets the VSCM response frequency fres (~ 1 kHz).
In order to mimic chorus wave packets, electric field wave
packets were applied to the electrodes with a higher frequency
oscillation modulated by a lower frequency envelope. The
envelope frequency fe was 10 Hz and the oscillation
frequencies f were 100 Hz and 10 kHz. Fig. 4 shows that,

LABORATORY EXPERIMENTS

Two laboratory experiments were conducted in a stainless
steel vacuum chamber, 80 cm high and 60 cm in diameter. The

Fig. 3 Schematic of the experimental setup.

first experiment was performed with oscillating electric fields
only. The second experiment added a magnetic field. Fig. 3
shows the experimental setup. A metal tube (D = 9 cm, L = 14
cm) covered with a zirconium sheet, was used as a spacecraft
model (SCM). The SCM was placed in the middle of two
electrodes, separated by 32 cm, each with an area of 35 × 35
cm2. The SCM surface was illuminated by a collimated UV
light, created with a 1 kW Hg-Xe Arc lamp, through a quartz
TABLE I.

Fig. 4 VSCM response to the wave packets of local potential Vl. The
envelope frequency fe is 10 Hz. The oscillation frequencies f are 100
Hz and 10 kHz, respectively. The response frequency fres is ~1 kHz.

COMPARISON OF LABORATORY AND SPACE PARAMETERS

Parameter

Laboratory

Space (Van Allen Probes)

Current ratio (Iphe0 / Ithe0)

< 30

< 15

Debye ratio (λDe / R)

> 0.8

> 0.4

Mean free path ratio (λe / R)

>> 1

>> 1

Gyro ratio (re / R)

< 1 to > 1

< 1 to > 1

when f = 100 Hz < fres, VSCM responds to the full cycle of the
oscillation, i.e., both f and fe. VSCM oscillates with the same
magnitude as the Vl oscillation and stays 0.5 V more positive
than Vl. When f = 10 kHz > fres, VSCM responds to fe but not f,
generating a rectified oscillation.
Fig. 5 shows the magnitude of VSCM oscillations |dV| versus
the magnitude of oscillations in Vl and E at 100 Hz and 10
kHz. When f = 100 Hz < fres, |dV| ≈ | Vl | (|dV|=0.96|Vl| − 0.01)
and thus |dV| ∝ |E|. When f = 10 kHz > fres, |dV| and | Vl |
match a modified version of Equation 8 in Boehm et al. [9]. In
our case, the SCM potential fluctuations are rectified by a
photoelectron sheath instead of a thermal electron sheath. The
modified equation is |dV| = 0.8Tpheln[I0(|Vl |/Tphe)], where I0 is
the zeroth-order modified Bessel function, the coefficient is

Iphe0: photoelectron current.
Ithe0: plasma electron current.
λDe: photoelectron Debye length.
λe: photoelectron mean free path.
re: photoelectron gyroradius.
R: radius of SC/SCM.

window (200 nm cutoff wavelength). The floating potential of
the SCM VSCM was measured across a 1 GΩ resistor. Electric
field E across the SCM was created by applying an oscillating
potential on one electrode while the other was grounded, E = Vl
/ d, where Vl is the local potential at the SCM and d is a half
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0.8, and Tphe (photoelectron temperature) replaces Tthe (thermal
electron temperature).

frequencies < 8 kHz. As demonstrated in the first experiment,
the spacecraft potential fluctuations are unlikely to follow the
individual chorus wave cycles. Instead, they follow the
envelope of the potential fluctuations with a reduced
magnitude. Fig. 2 indicates that photoemission from the
spacecraft body will be reduced with an increase in |B|. As
shown in the second experiment, fres will thus become even
lower than 9.7 kHz, causing an additional decrease in |Vsc|.
However, |Vprobe| remains constant because photoemission
from the probes are unaffected. The result shown in Fig. 2 is
thus expected.
IV.

DISCUSSION AND CONCLUSIONS

The Van Allen Probes data shown here demonstrate that
the correlation between chorus wave electric fields and
spacecraft potential fluctuations is consistent with modulation
of photoelectron current by plasma wave electric fields rather
than plasma density-induced spacecraft potential fluctuations.
Laboratory experiments demonstrated such photoelectronmediated spacecraft potential fluctuations and investigated the
mechanism of wave rectification by a photoelectron sheath
and magnetic field effects. The laboratory results support the
Van Allen Probes observations. This study has several
consequences.
1) The floating potential of spacecraft surfaces can be
influenced by naturally occurring electric fields, including
those carried by plasma waves.
2) The sign and magnitude of the potential fluctuations
induced by natural electric fields depends upon ambient
plasma conditions, including the strength and orientation of
the natural electric fields and ambient magnetic fields.
3) Photoelectron current modulation as described here
should occur on any spacecraft where photoelectron current
constitutes a major contribution to overall current balance. On
the Van Allen Probes, chorus wave electric fields of > 100
mV/m can lead to floating potential fluctuations on the order
of 1 V.
4) These results demonstrate that the known correlation
between spacecraft floating potential and thermal plasma
density can be influenced by other effects, including strong
natural electric fields. Therefore care needs to be exercised
when interpreting spacecraft potential data in the presence of
strong electric fields. On timescales where the average natural
electric fields are small (< 5 mV/m), the effect described here
minimally alters the measured spacecraft potential.

Fig. 5 Magnitude of VSCM oscillations |dV| as a function of magnitude of
oscillations in Vl and E at 100 Hz and 10 kHz. When f = 100 Hz,
|dV|=0.96|Vl| - 0.01 and thus |dV| ∝ |E|. When f = 10 kHz, |dV| =
0.8Tpheln[I0(|Vl |/Tphe)], where I0 is the zeroth-order modified Bessel
function.

This experiment demonstrates that, when photoelectron
current dominates plasma currents, external electric fields
carried by plasma waves can alter the photoelectron escape,
resulting in spacecraft potential fluctuations due to wave
rectification by the photoelectron sheath.
B. Effect of magnetic fields
The second experiment was performed to understand the
effects of magnetic field on these photoelectron-mediated
spacecraft potential fluctuations. A magnetic dipole field was
created around the SCM surface (red lines in Fig. 3). Emitted
photoelectrons will gyrate along the field lines from one pole
and return to the SCM surface at the other pole, resulting in a
photoemission reduction. The photoelectric charging time (the
VSCM response frequency) will thus increase (decrease) with
increasing the magnetic field strength. We measured that the
charging time constant is approximately doubled as the
magnetic field strength increases from 0 to 12 Gauss at the
SCM surface, corresponding to a decrease in fres from 33 Hz to
15 Hz. We demonstrated that the amplitude of the VSCM
oscillations (f = 10 Hz) decreases to half of that in the absence
of magnetic fields (see Fig. 5 in Wang et al. [12]).
In space, the geomagnetic field is different from the
laboratory magnetic field configuration. However, as analyzed
theoretically by Laframboise [16], when the gyroradii of
photoelectrons are comparable to or smaller than the
spacecraft size, photoemission will be suppressed. Such
photoemission reduction will cause a similar effect on the
magnitude decrease of spacecraft potential fluctuations as
demonstrated in the experiment.
The response frequency of the Van Allen Probes spacecraft
potential is on the order of ~ 9.7 kHz in the absence of
magnetic fields [10], comparable to typical chorus wave

ACKNOWLEDGMENT
The authors thank the Van Allen Probes and EFW teams
for their support, especially J.B. Tao. This work was funded
by NASA award NAS5-01072, and by the NASA/SSERVI’s
Institute for Modeling Plasma, Atmospheres and Cosmic Dust
(IMPACT).
REFERENCES
[1]

5

W. Li, J. Bortnik, R. M. Thorne, Y. Nishimura, V. Angelopoulos, and L.
Chen, “Modulation of whistler mode chorus waves: 2. Role of density
variations”, J. Geophys. Res., vol. 116, A06206, 2011,
doi:10.1029/2010JA016313.

Spacecraft Charging Technology Conference 2014 - 153 Paper

(Abstract No# (153)
[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

O. Moullard, A. Masson, H. Laakso, M. Parrot, P. D.cr.au, O. Santolik,
and M. Andre, “Density modulated whistler mode emissions observed
near the plasmapause”, Geophys. Res. Lett., vol. 29, pp. 1975, 2002,
doi:10.1029/2002GL015101.
N. Haque, U. S. Inan, T. F. Bell, J. S. Pickett, J. G. Trotignon, and G.
Facsk., “Cluster observations of whistler mode ducts and banded
chorus”, Geophys. Res. Lett., vol. 38, L18107, 2011,
doi:10.1029/2011GL049112.
C. Cattell et al., “Discovery of very large amplitude whistler-mode
waves in Earth’s radiation belts”, Geophys. Res. Lett., vol. 35, L01105,
2008, doi:10.1029/2007GL032009.
R. M. Thorne, “Radiation belt dynamics: The importance of waveparticle interactions”, Geophys. Res. Lett., vol. 37, L22107, 2010,
doi:10.1029/2010GL044990.
A. Pedersen, et al., “Electron density estimations derived from
spacecraft potential measurements on Cluster in tenuous plasma
regions”, J. Geophys. Res., vol. 113, A07S33, 2008,
doi:10.1029/2007JA012636.
H. C. Koons, “Observations of large-amplitude, whistler mode wave
ducts in the outer plasmasphere”, J. Geophys. Res., vol. 94, pp. 15393–
15397, 1989, doi:10.1029/JA094iA11p15393.
B. Eliasson, and P. K. Shukla, “Theoretical and numerical studies of
density modulated whistlers”, Geophys. Res. Lett., vol. 31, L17802,
2004, doi:10.1029/2004GL020605.
M. H. Boehm, C. W. Carlson, J. P. McFadden, J. H. Clemmons, R. E.
Ergun, and F. S. Mozer, “Wave rectification in plasma sheaths

[10]

[11]

[12]

[13]

[14]

[15]

[16]

6

surrounding electric field antennas”, J. Geophys. Res., vol. 99, pp.
21361-21374, 1994, doi:10.1029/94JA01766.
D. M. Malaspina, R. E. Ergun, A. Sturner, J. R. Wygant, J. W. Bonnell,
A. Breneman, and K. Kersten, “Chorus waves and spacecraft potential
fluctuations: Evidence for wave-enhanced photoelectron escape”,
Geophys.
Res.
Lett.,
vol.
41,
pp.
236-243,
2014,
doi:10.1002/2013GL058769.
X. Wang, D. M. Malaspina, R. E. Ergun, and M. Horanyi,
“Photoelectron-mediated spacecraft potential fluctuations”, J. Geophys.
Res., vol. 119, pp. 1094-1101, 2014, doi:10.1002/2013JA019502.
X. Wang, D. M. Malaspina, H. -W. Hsu, R. E. Ergun, and M. Horanyi,
“Effect of magnetic field on photoelectron-mediated spacecraft potential
fluctuations”, J. Geophys. Res., submitted.
J. M. Stratton, R. J. Harvey, and G. A. Heyler, “Mission overview for
the radiation belt storm probes mission”, Space Sci. Rev., vol. 179, pp.
29–57, 2013, doi:10.1007/s11214-012-9933-x.
J. Wygant, “The electric field and waves instruments for the Radiation
Belt Storm Probe Spacecraft”, Space Sci. Rev., vol. 179(1-4), pp. 183–
220, 2013, doi:10.1007/s11214-013-0013-7.
C. Kletzing, et al., “The electric and magnetic field instrument suite and
integrated science instruments for the radiation belt storm probe
spacecraft”, Space Sci. Rev., vol. 179, pp. 127–181, 2013,
doi:10.1007/s11214-013-9993-6.
J. G. Laframboise, “Calculation of escape currents of electrons emitted
from negatively charged spacecraft surfaces in a magnetic field”, J.
Geophys. Res., vol. 93, pp. 1933-1943, 1988.

Spacecraft Charging Technology Conference 2014 - 153 Viewgraph

Spacecraft Potential Fluctuations Driven by
Plasma Waves
D. M. Malaspina1, X. Wang1,2, R. E. Ergun1, M. Horányi1,2, A. Sturner1, J. R.
Wygant3, A. Breneman3, K. Kersten3, and J. W. Bonnell4
1 Laboratory

for Atmospheric and Space Physics (LASP)
Institute for Modeling Plasma, Atmospheres and Cosmic Dust (IMPACT)
University of Colorado, Boulder, CO
3 School of Physics and Astronomy, University of Minnesota, Minneapolis, MN
4 Space Sciences Laboratory, University of California, Berkeley, CA
2

The 13th Spacecraft Charging and Technology Conference
June 23-27, 2014
1

Spacecraft Potential Fluctuations and
Chorus Waves
Chorus waves

Chorus waves are electromagnetic plasma
waves in the inner magnetosphere, frequencies
are below 8 kHz and appear in trains of wave
packets.

Plasma density
variations

Chorus wave characteristics are strongly
dependent on ambient plasma density (ducting
of chorus) [Scarf and Chappell, 1973; Koons et
al., 1989].

Spacecraft potential
fluctuations

Spacecraft potential fluctuations are used as a
proxy of plasma density variations to study
chorus waves [Moullard et al., 2002; Li et al.,
2011; Haque et al., 2011; Yearby et al., 2011 ].

Using Van Allen Probes data, we demonstrate that measured potential fluctuations
associated with chorus waves, on the timescales of individual chorus wave packets
(< 1 s), are consistent with enhanced photoelectron escape driven by plasma wave
electric fields rather than plasma density variations.

Charging of The Van Allen Probes
P3

V12 = Vsc - (V1+V2)/2
V34 = Vsc - (V3+V4)/2
V1234 = Vsc - (V1+V2+V3+V4)/4

w

• S/C potential floats at a
P1 potential where
Itotal = Ie+Ii+Iphe+Ise= 0.
• Largest currents: Ie and
Iphe. Variation in Ie will
change S/C potential.
• Iphe/Ie can be up to 15.
Change in photoelectron
escape rate will largely
affect S/C potential.
• Both E and B fields
control photoelectron
escape.

0.9 m

P2

P4

Waveform Observations
• |B| = 600 nT
• V1234 responds to the wave
packets rather than the
individual wave cycles.
• V12 and V34 behave
oppositely in both
magnitude and sign.
• V1234 fluctuation is NOT due
to plasma density variation.
If plasma density,
V12=V34=V1234=Vsc.

Malaspina et al., GRL, 2014

Variation with Magnetic Field Strength
dV34 = dVsc - (dV3+dV4)/2

• |B| < 500 nT, dVsc > dVprobes
|B| > 500 nT, dVsc < dVprobes
• Potential fluctuation
magnitude and sign change
with magnetic field strength
is inconsistent with plasma
density variation.

Malaspina et al., GRL, 2014

116 waveform bursts (5.3 sec each) and |E| > 40mV/m.
: E along V34 X : E perpendicular to V34

Statistical Results of dV vs. E
All 268 waveform bursts with V1234 > 0

Top: Contours enclose 90%,
80%, 60%, 40%, 30% of all
points (outside to inside).

Bottom: Median, 1st and 3rd
quartile values.

Malaspina et al., GRL, 2014

dV ∝ |E|1.06 (for E > 5mV/m), inconsistent with
ponderomotive effects (dV ∝ |E|2).

Hypothesis of Wave-Driven Enhanced
Photoelectron Escape
•

When Iphe dominates the
currents to/from S/C, S/C
charges positively relative to
the local potential Vl to return
photoelectrons to maintain a
zero net current.

•

Plasma wave E fields can
cause Vl on one side of S/C to
become higher and another
side to become lower, causing
S/C potential rise to pull back
more photoelectrons.

Potential

S/C

Vl
Vl from E
Distance

• S/C potential fluctuates with E variation.
• Fluctuations are influenced by B fields.

Laboratory Demonstration of Photoelectronmediated Potential Fluctuations
UV

E

1 GΩ

Filament

SCM: Spacecraft Model
Parameter

Laboratory

Space (Van Allen
Probes)

Current ratio (Iphe0 /
Ithe0)

< 30

< 15

Debye ratio (λDe / R)

> 0.8

> 0.4

>> 1

>> 1

< 1 to > 1

< 1 to > 1

Mean free path ratio
(λe / R)
Gyro ratio (re / R)

I. Potential responses to electric field wave packets
SCM response frequency fres : 100 Hz

• f < fres
VSCM follows the oscillation.
• f > fres
VSCM only follows the
envelope of the oscillation
rather than individual cycles,
causing a rectified waveform
with a reduced amplitude.

Wang et al., JGR, 2014

External E field modulates photoelectron current, causing S/C
potential fluctuation.

Photoelectron sheath rectification
• f < fres
|dV|=1.13|Vl| - 0.01 thus |dV| ∝ |E|
because VSCM follows the
oscillation in Vl.
• f > fres
|dV| and |Vl| match a modified
sheath rectification equation (8) in
Boehm et al. [1994],
|dV| = 2Tpheln[I0(|Vl|/Tphe)], where I0
is the zeroth-order modified Bessel
function, different from |dV| ∝ |E|2
due to ponderomotive effects.
photoelectron sheath
rectification

Wang et al., JGR, 2014

II. Magnetic Field Effects

Solenoid

•
•

Photoemission is suppressed as
B field becomes stronger.
The entire wave packet becomes
less positive.

Wave amplitude vs. B Field strength

•
•

Reduced photoemission causes an increase in the charging time and thus
a decrease in the response frequency fres.
Amplitude of VSCM oscillation decreases when fres decreases to close to
oscillation frequency.

Interpretation with Photoelectron Modulation Theory
B

30°
Photo e-

Photo e-

•

B has a small angle to the
photoemitting surfaces, photoelectrons
can be returned when the gyro-radii are
comparable to the S/C size.

B
Photo e-

•

When the probe boom // B, photoelectrons emitted from the boom can
transport to the probe, cancelling photoelectrons emitted from the probe.

•

When the probe boom ⊥ B, wire photoelectrons cannot transport to the
probe.

• V12 ⊥ B
V12 is negative and large
magnitude.

• V12 // B
V12 is positive and small
magnitude.

Malaspina et al., GRL, 2014

Effects of B field on Vsc fluctuations
dV34 = dVsc - (dV3+dV4)/2

dVsc ê
dVprobes = const.

dVsc < dVprobes

•

•

•
•

dVsc > dVprobes

Malaspina et al., GRL, 2014

Chorus waves are likely
rectified because fres = 9.7kHz
is comparable to f < 8kHz.
Photoelectrons from the S/C
body are suppressed as gyroradii come down close to the
SC size. So, fres è f, and
dVsc ê.
dVprobes = constant because
rprobes << rgyro.
Therefore,
|B| < 500 nT, dVsc > dVprobes
|B| > 500 nT, dVsc < dVprobes

Summary and Conclusions
• The Van Allen Probes data shown here demonstrate that the
correlation between chorus wave electric fields and spacecraft
potential fluctuations is not due to plasma density variations rather
consistent with modulation of photoelectron current by wave electric
fields.
• Laboratory experiments demonstrated such photoelectron-mediated
spacecraft potential fluctuations and the results support the Van Allen
Probes observations.
• This study has several consequences:
1) The potential of spacecraft surfaces can be influenced by naturally
occurring electric fields, including those carried by plasma waves,
that alter photoelectron escape rate.
2) The sign and magnitude of measured potential fluctuations depend
upon the strength and orientation of the ambient magnetic fields.

Summary and Conclusions
3) Photoelectron current modulation should occur on any spacecraft
where photoelectron current constitutes a major contribution to
overall current balance.
4) Care needs to be exercised when interpreting spacecraft potential
fluctuations in the presence of strong electric fields and
photoelectron currents. On timescales where the average electric
fields are small (e.g., < 5 mV/m for the Van Allen Probes
observations), the effect described here minimally alters the
measured spacecraft potential.

Backup Slides

I. Photoelectric Charging Process
•
•

•

VSCM stays ~ 0.8V more
positive than Vl.
Photoelectric charge is
dissipated by collecting
ambient plasma
electrons.
VSCM variation is
negligible in plasma-only
condition.

Wang et al., JGR, 2014

Photoelectron escape can be largely altered by an external electric field,
causing a large potential variation.

Simulation Results
• Using an iterative three-dimensional
Poisson solver and particle tracing
(Ergun et al. [2010] for details).
• A 100 × 100 × 100 cubic grid
representing a 20 m3 volume.
• Photoelectron: 3eV, 20𝜇A/m2;
Secondary electrons: 2eV;
Thermal plasma: 150 eV, 20 cm−3.
• No magnetic fields.

dV ∝ |E|1.36

Malaspina et al., GRL, 2014

The simulation result is closer to linear scaling of dV with E

