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Observations of triboelectric charging effects on
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[1] Investigation of Earth’s mesosphere using sounding rockets equipped with a myriad
of instruments has been a highly active field in the last 2 decades. This paper presents data
from three separate instruments: an RF impedance probe, a DC fixed bias Langmuir probe,
and an electric field probe, that were flown on a mesospheric sounding rocket flight
investigating the presence of charged dust within and/or around a sporadic metal layer.
The combined data set indicates a case of payload surface charging, the causes of which
are investigated within this paper. A generic circuit model is developed to analyze payload
charging and behavior of Langmuir-type instruments. The application of this model to the
rocket payload indicates that the anomalous charging event was an outcome of
triboelectrification of the payload surface from neutral dust particles present in the Earth’s
mesosphere. These results suggest caution in interpreting observations from the Langmuir
class of instrumentation within dusty environments.

Citation: Barjatya, A., and C. M. Swenson (2006), Observations of triboelectric charging effects on Langmuir-type probes in dusty

plasma, J. Geophys. Res., 111, A10302, doi:10.1029/2006JA011806.

1. Introduction

[2] Earth’s mesosphere is a site of many phenomena
associated with dust and aerosols such as sporadic atom
layers, polar mesospheric summer echoes, and noctilucent
clouds. Over the last few decades, these phenomena have
been studied via modeling theory and remote observations,
as well as in situ investigation using sounding rockets. One
of the most important and ubiquitously used instruments for
in situ investigation of electron density and temperature is
the Langmuir-type probe, where a DC current is monitored
from a voltage biased surface. This class of instrumentation
is known to be sensitive to vehicle floating potential, ratio
of payload surface area to probe surface area, and contam-
ination of the probe surface, among other things [Brace,
1998, and references therein]. With all of their shortcom-
ings, it is important that the data from this class of
instrumentation be scrutinized for instrument and payload
charging effects, so as to separate them from effects due to
the phenomena under study.
[3] The 80–100 km mesospheric altitude range presents a

different surface charging environment than the one present
at satellite orbital altitudes, which have been extensively
studied [Garrett and Whittlesey, 2000; Hastings and
Garrett, 1996]. One difference is manifested by the enor-
mous amount of meteoric ablation that condenses into dust
particles and is suspended in the Earth’s mesosphere
between 80 and 100 km. The presence of dust at such a
low altitude where the Debye length is greater than the

average distance between dust particles constitutes a ‘‘dusty
plasma,’’ as compared to the ‘‘dust in plasma’’ at higher
satellite orbital altitudes [Shukla and Mamun, 2002]. Charg-
ing of metallic surfaces by charge transfer from dust
particles due to the difference in work functions or due
to frictional contact is known as triboelectric charging.
Although this is known to commonly occur under various
conditions in the neutral planetary atmosphere, it has not
been reported to date as one of the mechanisms for
spacecraft charging. Within this paper we present evidence
for a triboelectric charging event as a sounding rocket
payload passed through a mesospheric dusty plasma.
[4] We first give an overview of the NASA Sudden Atom

Layer sounding rocket payload, followed by the instrument
description and data analysis of three of the onboard instru-
ments: a radio frequency Swept Impedance Probe (SIP) for
electron density measurement, a fixed bias (DC) Langmuir
Probe (DCP) for relative electron density measurements,
and a floating potential probe (V1S) that observed the
voltage difference between the payload skin and a deployed
floating sphere. We present an anomaly in the DCP and the
V1S data set that points to a case of strong and sudden
payload surface charging coincident with the mesospheric
dust. We then develop a simple circuit model for spacecraft
surface charging and Langmuir-type electric probe analysis.
This model is subsequently applied to the SAL data and we
conclude with a discussion of the surface charging event
and its implications regarding probe behavior and the
mesospheric neutral dust environment.

2. Sudden Atom Layer Investigation

[5] The NASA Sudden Atom Layer (SAL) sounding
rocket (21.117) was launched as a part of the COQUI II

JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 111, A10302, doi:10.1029/2006JA011806, 2006

1Department of Electrical and Computer Engineering, Utah State
University, Logan, Utah, USA.

Copyright 2006 by the American Geophysical Union.
0148-0227/06/2006JA011806

A10302 1 of 11



campaign from Puerto Rico on 19 February 1998 at 2009 LT.
The rocket’s main scientific purpose was the probing of
sporadic sodium layers (Nas). These are thin (1 km) layers
of neutral atomic metal that form in the mesosphere (as
observed by lidar), roughly within an altitude range of 90–
100 km [von Zahn et al., 1987]. Besides the three instru-
ments whose data are the subject of this paper, the payload
also included a charged dust detector, a Langmuir probe
operating as Fast Temperature Probe to measure electron
temperature, telescopes to measure sodium airglow, and
photometers and lamps to measure neutral sodium density,
the analysis of which have been published elsewhere
[Gelinas et al., 1998; Hecht et al., 2000; Kelley and
Gelinas, 2000]. Figure 1 depicts the payload instrument
configuration.
[6] The payload reached a maximum altitude of 115.5 km

and flew through two thin Nas layers at 94 km and 97 km,
with peak densities of 6000 cm�3 and 4000 cm�3, as
determined by the ground-based sodium lidar. Also, a
sporadic E (Es) layer at 92.5 km was detected by the
Arecibo radar. The charged dust detector was mounted on
the nose of the payload and an attitude control system was
used to point the nose in the ram direction for the upleg, as
well as the downleg, portion of the flight. It observed a 5 km
thick, positively charged dust layer accompanying the lower
Nas layer. This data set is presented in Figures 2 and 3
within the paper by Gelinas et al. [1998]. The in situ

photometer data has been presented in Figure 2 within the
paper by Hecht et al. [2000].

2.1. Swept Impedance Probe (SIP)

[7] The impedance characteristics of an antenna immersed
in an ionospheric plasma have been used to determine
electron density for over 30 years [Heikkila et al., 1968;
Balmain and Oksiutik, 1969; Baker et al., 1985; Steigies
et al., 2000]. The SIP consisted of two booms deployed
180 degrees apart with a 2-m tip-to-tip length and a 2.54 cm
diameter. The instrument used the last 52.5 cm of the booms

Figure 1. The Sudden Atom Layer (SAL) payload.

Figure 2. The SIP circuit.
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as active elements of the antenna. The antenna was differ-
entially driven with a 1-Volt sinusoidal signal, with a
frequency sweep at 40 fixed frequencies ranging over
0.2–12 MHz, at the rate of 96 sweeps per second. The
magnitude of current flowing to the antenna was monitored
using an RF current transformer as illustrated in Figure 2.
Although the impedance probe was driven in a dipole
configuration, the current was monitored on only one half
of the antenna. The antenna was electrically short at the
driving frequencies with a free space capacitance of C0 =
2.6pf.
[8] The observed current magnitudes were converted to

impedance magnitudes using preflight calibrations. We
compute the effective dielectric response of the plasma
surrounding the antenna, �r, as a function of frequency by

�r fð Þj j ¼ Zplasma fð Þ
Z0 fð Þ ð1Þ

where Z0 is the observed magnitude of the free space
antenna impedance and Zplasma is the measured impedance
magnitudes over the swept frequency range. Figure 3 shows
the computed effective dielectric response for three different
altitudes. The figure clearly shows that SAL flew through
two distinct layers of high electron density, one at about

92.5 km and the other at 114.2 km. The center panel shows
the low signal to noise ratio condition associated with low
plasma density.
[9] In order to derive electron densities from this data, we

compare the computed effective dielectric response to the
theoretical effective dielectric response generated from
Balmain’s model for a monopole antenna in a cold colli-
sional magnetized plasma [Balmain, 1964, 1969]. Bal-
main’s model gives us the antenna impedance as a
function of five parameters: the plasma frequency !p, the
electron cyclotron frequency !c, the electron-neutral colli-
sion frequency �en, the angle with respect to magnetic field
�, and the ion sheath size S. We fit our data to Balmain’s
theory for frequencies above that of the upper hybrid
resonance where the sheath resonances and the angle to
magnetic field do not play an important role and are thus
neglected. We used the IGRF (International Geomagnetic
Reference Field) model to determine !c, which was found
to be within 1% of 1.06 MHz during the entire flight. We
also used electron momentum transfer collision frequencies
[Banks and Kockarts, 1973; Schunk and Nagy, 2000] and
neutral densities from the MSIS (Mass Spectrometer, Inco-
herent Scatter Radar Extended) model to find �en for the
altitude profile of the rocket. The absolute electron density
thus computed from the least squares fit to SIP data for !p is

Figure 3. Effective dielectric response of the SIP antenna on the upleg and the downleg. Top and
bottom panels show response of instrument within the Es layer and the middle panel shows observations
in low density plasma.
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shown in Figure 4. The modulation in the derived electron
density at the rocket spin rate is expected as the SIP antenna
moved in and out of rocket wake at 1 Hz.

2.2. Fixed Bias Langmuir Probe (DCP)

[10] The DCP made use of two 5 cm long cylinders near
the base of both the booms of dipole antenna (refer to
Figure 1). As the instrument response was combined
from two cylindrical probes deployed on booms that were
180 degrees apart, the spin modulation effect is thus
subdued, but not eliminated. The probe was fixed bias
+3 volts relative to the payload skin to measure the electron
saturation current. The DCP relative density data, normal-
ized to the SIP data at 114 km, is shown in Figure 4. The
DCP was at its noise floor limit of 16 � 10�9 amperes in the
lower-altitude range of 90–94 km. This current after nor-
malization with SIP data corresponds to an electron density
of about 150 cm�3.
[11] The main theme of this paper is the investigation of

the fact that the lower Es layer observed by ground-based
radar and also by the SIP is not present in the DCP data. We
can be certain that this was not an instrument malfunction or
failure, as the DCP did respond to the 114 km Es layer and
generally agrees well with the SIP data throughout the
flight, especially if one takes into account a simulation of
neutral wake effects to be discussed later.

2.3. V1S: Floating Potential Probe

[12] The E-field experiment on SAL used sets of 3 m tip-
to-tip booms in the aft section of the payload to deploy four

carbon-coated spheres of 7.62 cm diameter [Gelinas, 1999],
as shown in Figure 1. Besides the E-field data the payload
skin potential was monitored as a voltage difference
between one of the spheres and the payload skin; this
measurement is designated as V1S. The data is shown in
Figure 5 as a function of rocket time of flight. The rocket
passed through the 92.5 km Es layer on the upleg at t = 103 s
and on the downleg at t = 243 s. Within the layer an upward
of 2 volt difference between the payload skin and sphere
was observed. The E-field within the layer was on the order
of 10 mV/m [Gelinas, 1999; Kelley and Gelinas, 2000] and
thus does not account for the large potential seen in the
V1S skin channel. Although the V1S measurement is not a
direct observation of the payload floating potential, it is
nevertheless an indicator of surface charging events that
occur differentially between the sensor and payload along
with the minor E-field effects.

3. Charging Circuit Model

[13] The typical assumption for spacecraft surface charg-
ing is that capacitive charging timescales are small com-
pared to the timescales of interest and the process can be
examined at steady state where all currents to the surface are
balanced. The potential at which this balance occurs is
called the floating potential when referenced to the ambient
plasma environment, which is the reference point for all
potentials in this paper. We have developed a nonlinear
circuit model for a current collecting surface in a plasma and

Figure 4. Comparison of density profiles from DCP and SIP. DCP data is normalized to SIP density at
114 km.
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implemented it in SPICE (Simulation Program with Inte-
grated Circuit Emphasis), which is an industry standard
simulation program used for simulating networks of linear
and nonlinear circuit elements [Keown, 2001]. The numer-
ical solvers available within SPICE are used to simulta-
neously calculate spacecraft floating potential and
instrument response, including all the transient capacitive
effects. We only consider the ion, electron, charged dust,
and triboelectric currents in our model and neglect other
plasma currents, since the payload was in darkness and in a
low radiation environment.
[14] The Es layer at 92.5 km is likely to have consisted of

metallic ions like Fe+ and Mg+ [Earle et al., 2000; Roddy et
al., 2004]. The Fe+ ion thermal speed for T = 180 K
(at 92.5 km) is about 285 m/s and the Mg+ ion thermal
speed is about 430 m/s. The rocket Earth relative speed at
92.5 km altitude was determined from the rocket trajectory
to be 761 m/s on upleg and 744 m/s on downleg. As the
rocket velocity is within a factor of 3 of these ion thermal
velocities, we chose to model the ions as a thermal current
to the first order, as justified by theory [Hoegy and
Wharton, 1973; Godard and Laframboise, 1983].
[15] The ion and electron thermal currents (Ii, Ie) for a

cylindrical collector are given by equation (2) and (3),
where the subscript represents the charged species being
modeled. The current due to electrons is modeled as
positive current and the current due to ions is modeled as
negative current. Equation (2) models the electron satura-
tion and ion retardation region, whereas equation (3)
models the electron retardation and ion saturation regions.
For a spherical collector we remove the square-root from

over the last term in the saturation current equation for both
species.

Ie Vð Þ ¼ Ane

ffiffiffiffiffiffiffiffiffiffiffi
kbTe

2�me

r ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ eV

kbTe

� �s

Ii Vð Þ ¼ �Ane

ffiffiffiffiffiffiffiffiffiffi
kbTe

2�mi

r
exp

�eV

kbTe

� � V > 0 ð2Þ

Ie Vð Þ ¼ Ane

ffiffiffiffiffiffiffiffiffiffiffi
kbTe

2�me

r
exp

eV

kbTe

� �

Ii Vð Þ ¼ �Ane

ffiffiffiffiffiffiffiffiffiffi
kbTe

2�mi

r ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� eV

kbTe

� �s V � 0 ð3Þ

where

A surface area;
Te electron temperature;
n plasma density;
V surface potential;
e elementary charge;
kb Boltzmann Constant;
me electron mass;
mi ion mass.

[16] The above equations are for unmagnetized collision-
less plasma. The presence of Earth’s magnetic field and the
collisional behavior of the plasma in mesosphere are
ignored in order to keep the model simple and tractable
[Chen, 1965], and their exclusion should not be a major
limiting factor affecting the accuracy of the model.

Figure 5. Upleg and downleg time of flight profiles of the floating potential probe (V1S).
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[17] The dust, being at least an order of magnitude
heavier than ions, is relatively immobile and is modeled
as a ram current (Idust). The dust particle speed distribution
is very narrow around the ram speed, and therefore the
current drops as a unit step function, H, whenever the
surface potential exceeds the directed ram energy. This
relation is expressed by equation (4). As the dust observed
in situ by SAL is positively charged, the current due to dust
is modeled as negative current.

Idust Vð Þ ¼ �AramendVramH "� eV½ 
 ð4Þ

where

Aram ram surface area;
e fundamental charge;
nd dust charge density;

Vram ram velocity;
" 1

2
mdustVram

2 .

[18] We also model a fourth current source due to
triboelectric charging (ITE) from the neutral dust present in
the Earth’s mesosphere. Triboelectric charging refers to
charge buildup or deficit that occurs when two different
materials come under either simple or frictional contact. If
two metals come merely in contact with each other and then
separate, the metal surface with lower work function loses
an electron to the surface with higher work function
[Harper, 1967]. The type of charge transfer is entirely
contact initiated and is not affected by the velocity of
separation or by frictional sliding during separation [Lowell,
1975]. The payload skin was aluminium (�wk = 4.2 eV), and
although the composition of dust was unobserved in situ,
we assume the metallic composition of the dust to be similar
to that in meteorites [Plane, 2004; McNeil et al., 2002].
Thus the dust was most probably composed of potassium
(�wk = 2.29 eV), sodium (�wk = 2.36 eV), calcium (�wk =

2.87 eV), magnesium (�wk = 3.66 eV), and iron (�wk =
4.67 eV). All oxidized metals behave, as far as contact
charging is concerned, like a different metal with a work
function equal to the depth of the acceptor levels in the
adsorbed oxygen, which is about 5.5 eV and is largely
independent of the nature of the metal [Cabrera and Mott,
1949; Sternovsky et al., 2001]. The presence of atomic
sodium, as observed by lidar, leads us to believe that there
was a population of dust particles with unoxidized sodium
or other low work function metal adsorbed on their surface.
Thus the triboelectric charging current source in the circuit
model will be sourcing positive current, as each unoxidized
dust particle with work function lower than 5.5 eV will
leave one electron on the oxidized aluminium payload skin.
The triboelectric current is modeled by equation (5)

ITE Vð Þ ¼ ArameNVram ð5Þ

where N is the component of neutral dust depositing the net
triboelectric current.
[19] Each of the above current sources has been coded as

a voltage-controlled-current-source (VCCS) and make up a
single subcircuit model, as shown in Figure 6. We model the
contamination present on a current collecting surface as a
parallel combination of a capacitor Cd and resistor Rd [Piel
et al., 2001]. The sheath is modeled as another capacitance
Cs in parallel with the current sources. The current equa-
tions, including capacitive effects, are solved by SPICE
simultaneously to find the floating potential of the space-
craft. The payload is modeled as a cylinder with its nose
cone and aft skirt ejected and a total length of 4 m and a
diameter of 43 cm. The rocket was pointing to within 2� of
the ram direction on the upleg and within 8� on the down-
leg. We meticulously calculate separate payload ram pro-
jected areas for the upleg and downleg case. Figure 7 shows
the electrical circuit model of SAL in SPICE. Each current
source shown is a complete subcircuit of Figure 6, incor-
porating four different current sources. The difference
between the subcircuit model used for DCP and that used
for the payload collecting surface is manifested by different
collecting areas, which are passed to the subcircuit in a
function call. We also model a spherical probe coated with
carbon (�wk = 5 eV) for estimating the V1S channel.

Figure 6. The SPICE voltage-controlled-current-source
circuit model for payload and probe surfaces.

Figure 7. The circuit model of the SAL payload, DC
Langmuir probe, and floating potential probe.
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[20] As a check for the model, we calculate the V1S
observed potential outside the Es layer using density as
observed by the SIP. We represent the DCP and the payload
skin with cylindrical surface current equations, and the
floating potential probe with spherical surface equations.
Using correct DCP to payload skin area ratio, V1S simu-
lated magnitude is 1.37 volts, which agrees quite well with
the V1S channel outside the lower Es layer (see Figure 5).

4. Discussion

[21] The wake in the neutral atmosphere around a sound-
ing rocket at mesospheric altitudes is well known and its
perturbing effects on in situ observations must be consid-
ered. The neutral wake perturbs the plasma environment
through strong collisional coupling such that data from
radially mounted probes spinning through this wake show
‘‘spin modulation.’’ The radial variation in the particle
density thus affects magnitude of the electron density and

other measurements. We computed this wake effect for
neutral particle density through a 2-D Direct Simulation
Monte Carlo (DSMC) numerical calculation [Bird, 1994].
The simulation was done for rocket flight conditions at
92.5 km altitude, where the total neutral number density and
temperature are approximated from the MSIS model to be
5.93 � 1019 particles/m3 and 180K, respectively. We
simulated three neutral species, namely O2, N2, and Ar.
We use the same payload dimensions as in the charging
model and do two separate simulations for the different
angles to the ram direction on upleg and downleg. The
results are shown in Figure 8. Although the booms were not
included in the simulation, they have been superimposed
within the figure to show the position of SIP and DCP
within the wake structure.
[22] Figure 8 shows that on the upleg the density around

DCP will see a minimum reduction by a factor of 2 and the
SIP should see a minimum reduction by a factor of 1.25
relative to the ambient plasma density. On the downleg,
although the SIP monopole should see an enhanced density
as it swings into and out of the ram side of the rocket, the
DCP is averaging the signal from both the booms and
should see less of a density swing. All of this corresponds
well with data outside the 92.5 km Es layer, as shown in
Figure 4, where the SIP density swings up and below the
DCP observed density. However, this does not explain the
total absence of DCP response on the upleg and its low
response on the downleg within the lower Es layer.
[23] Sternovsky et al. [2004] have shown that the pres-

ence of charged aerosols in the mesosphere can lead to a
charged rocket wake affecting E-field or floating probes.
The characteristics of this charged wake are dependent on
the polarity of the charge on the aerosols and the amount of
charge residing on the aerosols. The DROPPS mission
observed that all of the negative charge was on the heavy
aerosols, which led to charge separation between the ions,
embedded in the neutral flow, and the aerosols that are not
affected by the flow. This created a strong potential struc-
ture within the wake, which was observed by the E-field
instrument. The SAL payload saw a completely different
situation, in which a relatively small amount of positively
charged dust (20 particles/cm3) was observed coincident with
the lower Es layer. Electrons, being lighter, are assumed to
follow both the ions and the positively charged dust particles,
with the only charge separation being that attributed to
ambipolar diffusion. Thus, we do not expect a charged
wake as was observed in DROPPS. This is consistent with
the absence of spin modulation in V1S data. In a charged
wake the potential structure around the payload is correlated
to the plasma density; thus a spin modulation in V1S similar
to the SIP data would have been consistent with a DROPPS
like charged wake.
[24] The reduction in current collected by the DCP in the

lower Es layer must be due to negative charging of the
payload, more than the 3 volts bias on the probe, so as to
remove the DCP from operating in the electron saturation
region. Figure 9 focuses on the 90–93 km altitude range
and presents all three instrument data sets for correlation.
Once again, spin modulated SIP density data is observed
within the Es, while the DCP completely misses this layer.
The V1S data suggests payload charging in the region
where the DCP did not respond, with a peak differential

Figure 8. DSMC simulations of SAL payload wake on
upleg and downleg.
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charging at 2.5 volts on the upleg and 1.8 volts on the
downleg. This observation, along with the indication by the
DCP that the payload surface was more than 3 volts
negative, indicates that both the carbon coated sensor and
the payload surface experienced a negative charging event,
with the payload surface charging more. The difference in
their levels of charging could be due to differences in shape
and surface work function.
[25] We used our circuit model to simulate the charging

of the payload along with the DCP and V1S instrument
responses. The plasma density at the location of the DCP
and the floating sphere was estimated within the wake by
scaling the SIP density with the results of the DSMC
simulation. We started with the simplest model, considering
only ions and electrons without capacitive contamination
effects, charge dust, or triboelectric current sources. This
basic simulation did not show any significant levels of
payload charging in the lower Es layer. On the other hand,
modeling the ions as a pure ram current led to severe
charging throughout the entire layer and did not produce
the observed V1S data profile. The inclusion of various
capacitance and resistance values to account for the con-
tamination and sheath effects on the probe and payload
surfaces also did not produce the observed DCP and V1S
profiles. We approximated the positive charged dust density
based on data from the charged dust detector and used it in
the simulation. However, as the charged dust density was
only 20 particles/cm3, the effect of this charged dust current
source was also not enough to produce the required DCP
and V1S profiles. Thus we conclude that an additional
triboelectric current source from neutral dust in the meso-

sphere is needed to explain the sudden payload charging
within the 92.5 km layer.
[26] Estimating the density of neutral dust responsible for

triboelectrification is problematic due to the lack of obser-
vations of the dust composition. One may assume that most
of the metallic dust material encountered by the payload
existed in an oxidized state and thus little triboelectric
charging would be expected against the payload’s oxidized
aluminium surface due to similar work functions. Yet, both
in situ and ground-based observations indicated the strong
presence of atomic sodium. Sodium may have been
adsorbed on the dust surface in its atomic form and could
have been the reservoir for Nas layer, as has been hypoth-
esized elsewhere by von Zahn et al. [1987]. Such dust
would supply an additional current due to work function
differences. There is a possibility that other higher work
function metals might have supplied an opposite current,
but the net current required to produce the observed
charging must have come from low work function metals.
The triboelectric current density required to reproduce the
DCP and V1S response is presented in Figure 10, along
with the in situ observations of Sodium Volume Emission
Rates [Hecht et al., 2000]. We note that this current is
located below the stronger Nas signature and within the
Es layer observed by the SIP. This vertical separation of the
atomic sodium from the neutral dust responsible for tribo-
electrification of the payload could be due to neutral winds
or gravity waves and might also justify the separate life
times of the Es and Nas layer [von Zahn and Hansen, 1988].
[27] The simulation results including triboelectric charg-

ing effects are shown in Figure 11. The factor used to

Figure 9. Profiles of SIP and DCP electron densities and V1S potential between 90 and 93 km.
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normalize the flight DCP data to the SIP density at 114 km
was also used to normalize the charging model’s DCP
current. Furthermore, we also simulated a noise floor of
16 � 10�9 amperes that shows up as the instrument
sensitivity floor at about 150 e/cm3. The V1S data from
the simulation is expected to be only an approximate match
to the observed data throughout the entire 90–93 km

altitude region due to spin phase wake differences in
ambient density seen at the V1S sphere which was deployed
in a different direction than the SIP. We did not model this
temporal (and thus altitude) spin phase difference for the
charging calculations of the V1S sphere.
[28] The simulation derived the additional current

required to generate the observed DCP and V1S profile. If
we simply correlate this triboelectric current as a single
charge transfer from a solitary dust particle, then the
required neutral dust layer has peak density that is on the
order of several thousand particles/cm3, which is on
the same order as predicted by the Hunten model [Hunten
et al., 1980] for subnanometer mesospheric smoke particles
between 90 and 95 km. Although the model is widely
accepted, these neutral smoke particles have never been
directly observed and measured in situ, and their density
should vary with meteoric activity and neutral winds. What
is surprising is that the triboelectrically reactive component
of the dust was confined to an altitudinally narrow band.
The neutral dust could well have existed over a much
broader altitude range, as predicted by Hunten’s model,
but the compositional variation of the dust could have been
responsible for the thin altitude feature that we observed.
This thin triboelectrically reactive neutral dust layer was
within the broader (5 km) charged dust layer observed by
the charged dust detector. This in turn implies that for some
reason there was a higher concentration of adsorbed sodium
or other low work function metal on the neutral dust, right
where the Es layer existed. The difference in the layer
density and altitude spread between upleg and downleg is

Figure 11. Charging model simulation response of DCP and V1S along with effective neutral dust
density producing triboelectric charging.

Figure 10. Required triboelectric current density along
with in situ observed sodium volume emission rate (VER).
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possible as there was a horizontal distance of about 50 km
between the two legs of the flight trajectory as the payload
passed through the lower Es layer. The absence of tribo-
electric charging of the payload within the 114 km layer was
likely due to little or no neutral dust presence at that high an
altitude, which is corroborated by the fact that no charged
dust was observed around that layer.
[29] One might ask whether or not this phenomenon has

been observed before. At this point it is important to note
again that contact electrification is an unpredictable process
that is hard to precisely replicate even in laboratory con-
ditions [Harper, 1967; Sternovsky et al., 2001]. Thus
depending on the ambient neutral dust density, the major
metallic composition of the neutral dust particles, and the
difference between the major neutral dust constituent and
the payload surface metal one could expect varying positive
or negative charging results. Triboelectrification may have
occurred on four recent sounding rocket flights from Poker
Flat, Alaska, the results of which have been published
earlier by Gelinas et al. [2005]. Although these flights were
flown into layers of metallic composition, the layers were
not sporadic atom layers. Within these metallic layers, the
sodium density was about a factor of 4 lower than the iron
density [see Gelinas et al., 2005, Figure 5]. If we are to
assume that both of these metal layers had mesospheric dust
as their source, then iron should have been the major
constituent of the neutral dust on that night. Considering
simply the work functions of aluminium (�wk = 4.2 eV) and
iron (�wk = 4.67 eV), it is possible that the sudden bumps in
the electron density profiles were generated by triboelectric
charging of the payload and the charging would be in the
opposite direction to what was observed on SAL flights.
This shift of payload potential would have put the fixed bias
Langmuir probe further in electron saturation region, thus
increasing the current observed.
[30] Another significant implication of our analysis is that

if the DCP on SAL payload had been more sensitive and
observed currents down to 1 � 10�11 amperes, we might
have seen a ‘‘bite-out’’ in the electron density profile, even
though the SIP and ground based data sets showed a
sporadic E layer. Arguing that these layers are patchy by
nature, one cannot compare in situ observations with
ground-based observations, unless they were made over
common volume. Thus it is important to fly a fairly high-
resolution absolute electron density probe, such as the SIP,
in order to correctly interpret the high resolution relative
density profile from Langmuir-type probes.

5. Summary and Conclusion

[31] In this paper we have presented data from an RF
impedance probe, a fixed bias DC Langmuir probe, and a
payload skin floating potential measurement on a sounding
rocket flight investigating mesospheric sudden atom layers.
We have used Balmain’s theory for antenna in cold mag-
netoplasma to derive absolute electron density from the RF
impedance probe data and subsequently used those to
calibrate the fixed bias DC Langmuir probe to derive
high-resolution relative electron density. The coupled obser-
vations made by the three instruments presented in this
paper imply very interesting payload charging dynamics
that lead to anomalous DCP behavior. We have then

developed and presented a charging circuit model and
applied it to the sounding rocket payload. After investigat-
ing various reasons for the anomalous DCP behavior,
including a detailed study of the neutral wake, we have
concluded that the triboelectrification of the payload surface
from mesospheric neutral dust was the reason for the
anomalous DCP response.
[32] Besides the SAL data set, we have also discussed the

phenomenon of triboelectrification of payload surface for
another mesospheric sounding rocket campaign. Both of
these data sets clearly indicate the importance for consider-
ing the effects of triboelectrification on the interpretation of
Langmuir-type probe data sets in presence of dusty plasma.
The circuit model simulation derived neutral dust density
layer has a peak density that corresponds well with the
existing theory. It is thus possible that triboelectrification
effects may also be used as an instrumentation technique for
observing the neutral dust composition, as well as neutral
dust density.

[33] Acknowledgment. Amitava Bhattacharjee thanks Edward
Thomas Jr. and Wayne A. Sales for their assistance in evaluating this paper.
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