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Abstract

The TCM voltmeter experiment on the OEDIPUS-
C tethered payload provided a unique opportunity
to compare the charging of two geometrically sim-
ilar spacecraft, one of which carried a high-voltage
RF transmitter. The data from this experiment,
together with measurements of ambient plasma pa-
rameters from other onboard instruments, have per-
mitted stringent testing of available theories for elec-
tron collection by strongly driven antennas in the
space plasma. Preliminary results from a model
calculation appear to indicate that modi�cation of
the ponderomotive-force e�ect by the geomagnetic
�eld plays an important role in determining such
collection and thereby inuencing the oating po-
tential of the spacecraft. Earlier simple theories
appear to have provided a correct qualititive pre-
diction of a transition from recti�cation-dominated
electron collection at low frequencies, causing the
spacecraft's oating potential to be driven negative,
to ponderomotive-dominated collection at higher
frequencies, causing this potential to be driven
positive. However, these theories, which ignored
geomagnetic-�eld e�ects on electron motion, appear
to be quantitatively in serious error.

1. INTRODUCTION

The OEDIPUS-C tethered payload (Fig. 1) was
launched on 7 November 1995 from the Poker
Flat Research Range, Alaska (Fig. 2) [James and

Calvert, 1998, James et al., 1999,Prikryl et al., 2000,
James, 2000]. The Tether Current Monitor (TCM)
instrument operated the two subpayloads and the
conducting tether as a double electrostatic probe.
During the part of the experiment discussed here,
the ight upleg, the angle between the tether and
the geomagnetic-�eld direction was less than 5 de-
grees. The TCM con�gured the payload cyclically
as a high-impedance voltage probe and as a low-
impedance current probe.

FIG. 1. OEDIPUS-C tethered payload, two seconds

after separation.

FIG. 2. Trajectory of the OEDIPUS-C ight, with

major payload events.

OEDIPUS C also carried a pulsed high-frequency
RF exciter (HEX) on its forward subpayload. HEX
drove the forward subpayload's V-dipole stems sym-
metrically with respect to the central point of the
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RF feed, which was grounded to the spacecraft body.
The stems of two onboard Langmuir probes were
also grounded to the spacecraft body. With the
HEX connected to the forward subpayload dipoles
and with the frequency of the pulses swept progres-
sively from 25 kHz to 8.0 MHz, the transient re-
sponse of the TCM voltage showed a number of re-
producible features. At the lowest frequencies of the
sweep, the RF pulses drove the forward subpayload's
potential negative with respect to that of the aft
payload (REX) by several tens of volts. The time-
constant of relaxation of the payload's potential be-
tween the HEX pulses increased as background den-
sity decreased.

The TCM voltmeter data (Figs. 3-8) showed a
steady rise in the time-averaged oating voltage of
the forward subpayload as the HEX transmitter was
swept from lower to higher frequencies. This is as
expected when ponderomotive e�ects become rela-
tively more important relative to recti�cation. Su-
perposed on this was another feature in which the
forward subpayload was driven increasingly nega-
tive as the frequency approached the electron gy-
rofrequency from below, and increasingly positive
as it approached it from above. This suggests that
RF forcing of the electrons counteracted geomag-
netic restriction of the electron collection below the
gyrofrequency, but enhanced it above the gyrofre-
quency.

In order to verify this explanation, we have per-
formed a calculation of the charging and discharg-
ing behaviour of HEX relative to that of REX dur-
ing and between RF pulses as their frequency was
swept. Our strategy for these calculations is as
follows. We have so far avoided three-dimensional
particle-in-cell calculations, because the wide dis-
parities among temporal and spatial scales in the
OEDIPUS-C situation appear likely to result in un-
acceptably long computational times for such calcu-
lations. Instead, our approach has been to assume
that charging and discharging times are long com-
pared to other time-scales involved, and therefore to
use or develop simple parameterizations, for steady-
state currents, as functions of spacecraft voltage,
collected by all spacecraft surfaces except the HEX
dipoles during RF pulses, and for current collection,
time-averaged over an RF cycle, by these dipoles
during these pulses. Our charging and discharging
calculations require us also to use or develop param-
eterizations for the electric �elds, either steady-state
or time-averaged over an RF cycle, outside all space-
craft surfaces. Our work has included developing a
model calculation of electron collection in the com-
bined RF near-�eld and steady geomagnetic �eld in
the neighbourhood of an antenna element, assumed

to be an in�nite cylinder perpendicular to the geo-
magnetic �eld.

2. THEORY

For completeness, we repeat briey some of the ideas
contained in Rubinstein and Laframboise [1970] and
Laframboise et al. [1975].

2.1. Low frequencies

If the RF �eld varies slowly enough, the plasma will
have time to accommodate itself to the static con-
�guration corresponding to the instantaneous poten-
tial of the antenna; \slowly enough" means that the
driving frequency ! is small compared with the elec-
tron plasma frequency !pe. Each half of the dipole
(each dipole element) then has the static current-
voltage characteristic of a Langmuir probe.

With the transmitter o�, the antenna is at the Lang-
muir oating potential, VFL � �kTe=e, which is

much smaller than the amplitude
�

V of the RF volt-
age. Here, k is Boltzmann's constant, Te is the
electrons' temperature, and e is the magnitude of
unit electronic charge. When the transmitter is
switched on, each dipole element becomes positive
half the time, with potential up to +V , and therefore
electron-attracting; the opposite will happen during
the next half-cycle, but because the ion saturation
current is much smaller than the electron saturation
current, the net result will be an increase of nega-
tive charge on the element, which will lower its DC
potential.

This process will continue until the total (AC + DC)
potential of each element is positive and negative
during intervals �+ and ��, respectively, which sat-
isfy:

��
�+
'
Ie;saturation
Ii;saturation

(1)

Under this condition, the net charge gain at the end
of a cycle is zero. Since Ie;saturation � Ii;saturation,
this will happen for

VF ' �j
�

V j � VFL: (2)

2.2. High frequencies

In the presence of intense RF emission from a
spacecraft antenna, electrons near the antenna are
strongly repelled from it due to a nonlinear e�ect of
the emission. This repulsion arises because of the
radial oscillations performed by the electrons in the
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FIG. 3. HEX spacecraft voltage relative to that of

REX during a frequency sweep by the HEX transmitter.

In this and other sweeps shown in subsequent Figures, an

initial 600 �sec pulse at 25 kHz is followed after 12.12

msec by a series of 300�sec pulses at intervals of 3.03

msec, having frequencies which begin at 100 kHz and

increase by increments of 50 kHz up to 4.1 MHz. During

this sweep, measured values of ambient parameters were:

ne = 4:5� 103cm�3, kTe=e = 0:34V, and induced tether

voltage v�B:l = 0, where v is the spacecraft's velocity

and l is a separation vector directed upward from REX

to HEX.

FIG. 4. Same as Fig. 3

except that ne = 6:1 � 103cm�3; kTe=e = 0:29V, and
v�B:l = �0:05 V.

near �eld of the antenna. At the innermost end-
point of such an oscillation (the point nearest the
antenna), the outward force due to the near �eld
is stronger than it would be at the same instant at
the central point of the oscillation. Conversely, at
the outermost end-point, the inwardly directed force
is weaker. Therefore, there is a net time-averaged
force on the electrons, and to a much smaller ex-
tent on ions, directed away from the antenna. It
has been shown by a small-amplitude perturbation
analysis [Boot et al., 1958] that this time-averaged

\ponderomotive" force is equivalent to a static force:

�(q2=4m!2)r(E2
1) (3)

where q and m are the electronic charge and mass,
! is the angular frequency of the RF, and E1 is the
near-�eld RF electric-�eld amplitude. The implica-
tions of the ponderomotive force for radiating anten-
nas in ionospheric plasmas have been discussed by
Getmantsev and Denisov [1962], Whale [1964], Ru-
binstein and Laframboise [1970, 1972], Laframboise

et al. [1975], and following Eq. (8) of Calder et al.
[1993]. Because this force can be expressed as a gra-
dient, its presence is equivalent to the existence of
an additional term

�a = (q=4m!2)E2
1 (4)

in the static potential as seen by electrons. There-
fore it can be incorporated easily into the self-
consistent numerical treatment of a cylindrical, per-
fectly absorbing electrode (Langmuir probe) in a
collisionless plasma, already developed for the time-
independent case [Laframboise, 1966]. Based on this
formulation, an analysis of static sheath e�ects

FIG. 5. Same as Fig. 3

except that ne = 4:1 � 103cm�3; kTe=e = 0:30V, and
v�B:l = �0:09 V.
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FIG. 6. Same as Fig. 3

except that ne = 2:5 � 103cm�3; kTe=e = 0:43V, and
v�B:l = �0:27 V.

FIG. 7. Same as Fig. 3

except that ne = 1:5 � 103cm�3; kTe=e = 0:74V, and
v�B:l = �0:45 V.

FIG. 8. Same as Fig. 3

except that ne = 0:3 � 103cm�3; kTe=e = 1:25V, and
v�B:l = �0:68 V.

around such an antenna, due to intense RF emission
by it, has been published [Rubinstein and Lafram-

boise, 1970, Laframboise et al., 1975]. This analysis
assumed that E1 was just the vacuum near-�eld of
the antenna, and hence the approximation ! � !pe
was implied. For ionospheric sounding antennas of
the type carried by the Alouette and ISIS satellites,
it predicted enlargement of these antennas' sheaths
from a few cm to roughly 1 m radius. This pre-
diction is consistent with ISIS I and II observations
[James, 1980, Sec. IV].

A more re�ned analysis has also been published [Ru-
binstein and Laframboise, 1972], in which the re-
striction to a vacuum near-�eld was removed by
calculating, at each step of the numerical iteration,

the dielectric-constant pro�le implied by the static
electron-density pro�le (the latter having itself been
calculated during the previous iteration step), then
using this dielectric-constant pro�le to calculate the
modi�ed radial dependence of E1 for input to the
next iteration step. In this manner, the calculation
was extended to !=!pe ratios down to 1.5. In all of
these calculations, the time-averaged force on ions
due to the RF was ignored, and we retain this ap-
proximation here also.

At cylindrical radii r � wavelength�, and over most
of the antenna's length, the instantaneous near �eld
of a cylindrical antenna has the same dependence
on position as the static Coulomb �eld of an in�nite
cylinder. Hence, we assume that:

Erf = nr(c1=r)cos!t = E1cos!t (5)

Substitution into Eq. (4) then yields:

�a = (qc21=4m!
2)(1=r2) (6)

We introduce a dimensionless additional antenna
potential G as follows:

G =
q�aA
kT

=
q2c21

4m!2r2AkT
(7)

where �aA and rA represent additional potential
and radius at the antenna's surface, and q = �e.
The input parameters for static sheath calculations
are then three in number: the value of G, the
value of the dimensionless antenna static poten-
tial  A = e�A=kT , and the antenna Debye ratio
rA=�D = rA=(e

2n1=�0kT )
1=2. Here, n1 is the elec-

tron or ion number density far from the antenna, and
�0 is the permittivity of free space. We have elimi-
nated the ion-to-electron temperature ratio Ti=Te as
a parameter by assuming that Ti = Te � T through-
out.

2.3. Intermediate frequencies

The preceding discussion implies that at low fre-
quencies, we expect the recti�cation e�ect to pre-
dominate, and the spacecraft to be driven negative.
Conversely, at high frequencies, we expect the pon-
deromotive e�ect to predominate, and the spacecraft
to be driven positive. A central issue in modeling the
TCM voltmeter results then is: how do we describe
the transition from one to the other? We discuss
this issue in Section 3.1.2.

3. ION AND ELECTRON COLLECTION
BY SPACECRAFT SURFACES

These surfaces include the HEX and REX spacecraft
bodies, dipoles, and probe stems. We assume that
collisionless theory applies throughout.
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3.1. Electron Collection

We ignore the spacecraft's speed compared with the
electron (but not the ion) thermal speed. We ig-
nore all end-e�ects and e�ects of interactions among
spacecraft bodies, dipoles, and probe stems.

3.1.1. HEX and REX spacecraft bodies

We ignore the misalignment of these bodies with
the geomagnetic �eld B; this was less than 5� dur-
ing the analyzed portion of the ight. For electron-
attracting (positive) surface potentials, measured
relative to space potential, we use the lesser of the
canonical-upper-bound current prediction for a �-
nite cylindrical probe aligned with B [Rubinstein
and Laframboise, 1982, Eqs. (30), (33)-(35), and
1983, Sec. 2B], and the Mott-Smith and Lang-

muir [1926] orbital-motion-limited current predic-
tion for a spherical probe; reasons for this choice
are discussed in Laframboise and Parker [1973]. For
electron-repelling (negative) surface potentials, we
use the lesser of the current given by Rubinstein and

Laframboise [1982, Eqs. (30), (36), and (37)], and
the Boltzmann factor.

3.1.2. HEX radiating dipoles

For now, we ignore B. Later, we plan to include B,
especially to predict the features seen when the driv-
ing frequency crosses magnetically controlled reso-
nances. We obtain sheath and presheath potential
distributions using a two-region approximation of
the theory of Laframboise et al. [1975, Figures 3-8].
In this approximation, the sheath region is assumed
to contain a uniform density of ions only, and the
presheath region is assumed quasineutral, with pon-
deromotive repulsion of electrons only. The poten-
tial and the electric �eld are assumed to be contin-
uous at the sheath-edge. We calculate a \source ra-
dius" for electrons collected on the dipole elements,
either by numerical integration of reversed zero-
angular-momentum electron trajectories outward to
a location where the electrons' velocity distribution
can be assumed known, or by using the sheath-edge.
We then approximate the electron current either by
a Boltzmann factor based on the combined electro-
static and ponderomotive potentials at this source
radius, or by a value which includes the e�ect of an
instantaneous radial drift at the same radius.

3.1.3. Probe stems, HEX dipoles between RF
pulses, and REX nonradiating dipoles

For positive surface potentials, we use the lesser
of the canonical-upper-bound current prediction
for in�nite-cylindrical probes inclined to B [Ru-
binstein and Laframboise, 1978, Eq. (11)], and

the orbital-motion-limited current prediction for
in�nite-cylindrical probes [Mott-Smith and Lang-

muir, 1926, Eq. (29)]. For negative surface poten-
tials, we use the lesser of the currents given by the
corresponding canonical-upper-bound prediction for
repelling probes [Rubinstein and Laframboise, 1978,
Eq. (13)], and the Boltzmann factor.

3.2. Ion Collection

3.2.1. HEX and REX spacecraft bodies, REX
nonradiating dipoles, and probe stems

The ions' average gyroradius is much larger than
the spacecraft dimensions, so magnetic-�eld e�ects
on ion collection can be neglected. However, the
spacecraft speed is comparable to the ion thermal
speed, and therefore ion drift e�ects cannot be ne-
glected. Available theory for this situation [Go-
dard and Laframboise, 1983], combines ion drift with
available self-consistent potentials for corresponding
nondrifting cases. However, the results of this the-
ory are in tabular form, which is inconvenient for our
purposes, and may not cover the complete range of
external parameters found in our situation.

Therefore, we approximate further as follows.
Around each of the spacecraft bodies, dipole el-
ements, and probe stems, we separately assume
cylindrical symmetry of the sheath potential distri-
bution. For negative (ion-attracting) surface po-
tentials, we calculate the sheath potential distri-
bution using a uniform-ion-density, zero-electron-
density model. We then approximate the more
realistic drifting Maxwellian ion distribution by a
monokinetic one whose total kinetic energy includes
transverse drift and thermal energies. Speci�cally,
if Un is the component of ion drift speed trans-
verse to the cylinder's axis, we assume that every
ion has transverse kinetic energy 1

2
mU2

n + �
4
kT far

from the cylinder's surface; this choice gives the cor-
rect current for zero drift and zero surface-potential
[Laframboise, 1966, Eq. (10.11)]. We assume that
ion collection is limited by the least angular momen-
tum of accelerated ions which can exist at any radius
from the collector to the sheath-edge. The result is
a simple numerical approximation for ion collection.
For su�ciently positive (ion-repelling) surface po-
tentials q�s >

1

2
miU

2
n, we approximate the ion col-

lection very crudely by a modi�ed Boltzmann factor
exp[(�q�s+

1

2
miU

2
n)=kTi] times the random ion cur-

rent.

3.2.2. HEX radiating dipoles

For these, we use an ion-collection model similar to
that described just above, but modi�ed to include
the ion-repelling potential peak predicted by the
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two-region model potential described earlier [Section
3.1.2 above].

4. FURTHER DETAILS OF THE CALCU-
LATION

(1) E�ects of �nite HEX driving frequency (com-
pared to the electron plasma frequency) on the pon-
deromotive presheath potential distribution are in-
cluded. This permits our calculation to extend over
the full range of HEX driving frequencies, both be-
low and above !pe.

(2) Driving voltages across HEX V-dipole terminals,
calculated by one of us (H.G.J.), are used directly
to provide electric-�eld amplitudes as functions of
radius. This supersedes the use of nonmagnetic an-
tenna theory [Laframboise et al., 1975, Eq. (18)]
to obtain these from H.G.J's calculated values of
RMS current in each linear dipole, thereby avoiding
inconsistent mixing of magnetic and nonmagnetic
theories.

(3) The HEX dipole elements' �nite lengths (9.28m)
cause the ponderomotive repulsion to decrease more
steeply at radii comparable to these lengths. We
have included this e�ect, by approximating the
alternating electric-�eld distribution outside each
dipole element by that outside a prolate spheroid
having the same length-to-diameter ratio.

(4) We have rederived the ponderomotive repulsion
including the geomagnetic �eld B. Our results in-
dicate that electrons are repelled only along B, not
across B. Therefore the curvature of the alternating
electric �eld E away from B diminishes this repul-
sion, especially near the dipole elements' roots where
this curvature is largest. This situation suggests
that electron collection at lowest frequencies may
occur mostly near these roots. We have included
this e�ect by approximating the electric-�eld lines
connecting opposite dipole elements very crudely as
semicircles centred on the central point of the an-
tenna.
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