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Abstract. Measurements of the floating potential and plasma return current on the GGS-
Polar spacecraft are used to determine the equilibrium photoemission current, J\n, as a
function of the spacecraft’s (S/C) “floating potential,” DFS/C. The photoemission current
function is found to be time independent using nearly 10 months of GGS-Polar data from
April 1996 to March 1997 including 1.6 million separate spectra from the Hydra (hot
plasma) and EFI (electric field) instruments. The photoemission current density leaving
the spacecraft at positive floating potentials DFS/C , 50 V is well fit by a sum of two
exponentials of the form: J\n(mA/m2) 5 A exp (2DFS/C/B) 1 C exp (2DFS/C/D),
where best fit estimates A . 152 6 57 mA/m2, B . 1.7 6 0.2 eV, C . 0.86 6 0.29
mA/m2, and D . 9.5 6 1.0 eV. In equilibrium this photoemission current density is
determined from the ratio of sunlit to spacecraft areas and the plasma current density,
JRC, collected by the spacecraft. For the Polar spacecraft this ratio of areas is not constant
in time, and the observed return current voltage relation is time dependent. After
correction for the orbitally induced time-dependent ratio of areas, the photoemission
curve reported above is obtained and is essentially time independent. After correcting for
the different procedures used the present results are illustrated to be consistent with early
results with less resolution reported by Pedersen [1995]. When the sensing of the floating
potential by EFI on the spacecraft is interrupted, the photoemission-voltage relationship is
essential for the assignment of the ambient kinetic energy of the detected particle fluxes.
We demonstrate a method using the plasma data and the statistical return current
relationship that recovers the floating potential of the spacecraft with a typical precision
that is the larger of 0.5 V and 0.1DFS/C. We also demonstrate that the ion and electron
densities determined by numerical integration over distributions corrected with opposite
energy shifts implied by the potential enhances their routine agreement, a further check
on the absolute precision of the potential inferences. The “systematic” departures of 40%
of the data from the statistically defined J\n(DFS/C) curve reported above are time varying and
organized in radius and with L shell. These data are inferred to be the signature of
missing ambient plasma currents to the spacecraft that are not directly detected by the
Hydra instrumentation (cf. X. Cao et al., Properties of very cold (Te . 0.1 eV) electrons
within the magnetosphere, submitted to Journal of Geophysical Research, 1999).

1. Introduction

As the sophistication of space plasma measurements in-
crease, and the detection energy of electron and ion measure-
ments approach those of the typical floating potential of the
vehicles in space, the routine in flight determination of the
potential and its variations are essential for high-precision de-
rived plasma properties. This should be clear because the
phase space density observed at collected kinetic energy E9
reflects information about the phase space density that had
energies E9 1 qDFS/C well outside the Debye layer sheath
about the vehicle, where DFS/C is the electrical potential dif-
ference of the spacecraft surface with respect to the nearby
plasma. These concerns are particularly relevant for the deter-
mination of accurate electron and low energy ion densities,

number fluxes, and current densities with particle detectors in
plasmas with low mean energies. Accurate electron flow veloc-
ities are central both to the in situ current density determina-
tions and the inference of the motion of magnetic field lines.
To determine an accurate electron flow velocity on a spacecraft
is challenging enough without imprecise information about the
floating potential.

In addition to establishing the ambient energy of collected
particles outside the spacecraft sheath, the routine knowledge
of the spacecraft’s floating potential aids the removal from the
observed electron spectrum of photoelectrons trapped within
the spacecraft sheath that meet the inequality E9 , ue uDFS/C.
Within the magnetosphere there are a variety of low-energy
(T . 1 eV) electron populations that are not photoelectrons
caused by the interaction of the solar UV spectrum with the
spacecraft surface. The best chance of knowing that observed
low temperature electron populations are geophysical comes
from using the measured DFS/C together with the knowledge
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of its precision to remove trapped spacecraft photoelectrons
from the observed spectrum. The recovery of a time-
independent photoemission curve with our data analysis has
led to a variety of understandings and clarifications of both the
quality of the floating potential information and its precision
which set the limits for the future discovery process of cold
plasmas in the magnetosphere and the precision of odd mo-
ments from the electrons.

In the past, plasma experimentalists have incorporated a
variety of special hardware modes or ground analysis in at-
tempts to correct for the effects of spacecraft potential varia-
tions. Rosenbauer et al. [1976], Bame et al. [1978], and Paterson
et al. [1998] describe special hardware modes to sense the
presence of photoelectrons by the break in the spectrum.

Knowledge a priori of the low-energy form of the ambient
plasma distribution was used by Feldman et al. [1975] to infer
the size of the potential as a fitting parameter. Scudder et al.
[1981] used quasi-neutrality between supersonic ion measure-
ments with little sensitivity to floating potential and electron
data in the solar wind on the same spacecraft to develop an
empirical photoemission spectrum for subsequent use within
Jupiter’s magnetosphere. A similar approach had been used to
determine the floating potential and the plasma return current
for use in iterating the floating potential variation on the ISEE
1 vehicle (J. D. Scudder and F. S. Mozer, private communica-
tions, 1977–1978).

In this paper we describe the implementation of a return
current technique similar to those used previously on ISEE 1
and Voyager, tailored for the GGS-Polar spacecraft that uses
the routine determinations of the floating potential from the
EFI experiment [Harvey et al., 1995] and the plasma return
current derived from the data of the Hydra plasma experiment
[Scudder et al., 1995]. We show the results of this construction
and illustrate how it may be used to infer the potential when
the onboard estimates of DFS/C from EFI are not available.
This situation usually occurs in warm plasmas of high densities
which are found in the cusp and at the magnetic equator. The
cusp proper is a location where the determination of accurate,
vector electron and ion plasma moments, including current
signatures and occasional direct signatures of ongoing recon-
nection, are an ongoing scientific objective of the Polar mis-
sion. The advent of high-quality electron flow parameters that
can be determined when DFS/C is accurately known, can be
used to statistically validate the cross-field drift velocity of the
plasma in terms of the c(E 3 B)/B2 velocity determined by
three-axis B and E measurements.

2. Physics of the Spacecraft’s Floating Potential
Consider an initially uncharged, conducting surface (that

will become the spacecraft subscript S/C in the discussion that
follows) that is immersed in a plasma. Because the plasma
electron thermal velocity is typically greater than that of the
ions, more plasma electrons than ions strike this surface, so it
initially collects a negative current from the plasma. If the
surface is in sunlight, it also emits photoelectrons. If the
plasma is “underdense,” the electron current from the plasma
is less than the photoelectron current, so the conducting sur-
face starts charging positively. As it charges more positive, it
attracts back some of the otherwise escaping photoelectrons
that were released from its surface, so that the net charging
rate decreases. Eventually, an equilibrium is reached in which
the magnitude of the incoming plasma current just equals that

of the escaping photoelectrons able to overcome the potential
difference between the charged surface and the nearby plasma,
denoted by subscript p , and to thereby escape to infinity. The
equilibrium potential difference DFS/C between the conduct-
ing surface and the nearby plasma is determined by this current
balance condition and is almost always positive in sunlight.

To simplify the following derivation while retaining the lead-
ing terms, assume that the ion current from the plasma is
negligible compared to the electron return current RC de-
noted by IRC, from the plasma. Also, assume that the photo-
electron energy spectrum is a pseudoexponential with an e-
folding energy, W0, that can depend on the energy of
observation. If, in addition, it is assumed that every plasma
electron that strikes the conductor sticks to it and that the
secondary emission is small, the current balance condition be-
comes

IRC 2 I\n exp F2
ue u~FS/C 2 Fp,S/C!

W0~FS/C 2 Fp,S/C!G 5 0, (1)

where I\n is the total photoelectric current from the conduc-
tor. The potential difference between the conducting surface
and the nearby plasma, DFS/C [ FS/C 2 Fp ,S/C, is sometimes
(loosely) referred to as the “floating” potential of the conduct-
ing surface.

Although (1) provides a relationship between the plasma
parameters that define IRC and the potential difference be-
tween the conductor and the nearby plasma, it cannot be ap-
plied directly to experimental data because the potential dif-
ference DFS/C between the conducting surface and the nearby
plasma cannot be measured directly. To overcome this prob-
lem, consider a second conducting surface denoted by sub-
script s (which is a sphere on a boom away from the spacecraft
body associated with the electric field experiment, EFI) that
has an additional bias current provided by electronics that is
connected between surfaces s and main body of the spacecraft
S/C. Current balance for surface s thus becomes

IRC 2 I\n exp F2
ue u~F s 2 Fp,s!

W0~F s 2 Fp,s!
G 1 Ibias 5 0. (2)

If the current Ibias is negative, the potential difference be-
tween surface s and its nearby plasma is reduced in magnitude.
When Ibias 5 2(IRC 2 I\n), the potential difference between
surface, s , and the nearby plasma (in the numerator of (2)) is
0. To be safe in practice, the bias current is set to somewhat
less than this value so the surface, s , is one or two volts
positive, DFbias with respect to its nearby plasma, i.e.,

F s 5 Fp,s 1 DFbias, (3)

where DFbias is 1 or 2 V.
Because the sphere potential is near plasma potential, most

of its emitted photoelectrons escape. This current must be
collected by the spacecraft in order to maintain overall current
equilibrium. It appears that an extra small term has been ne-
glected in (1). In fact, this is believed not to be the case because
the escaping photoelectrons from the spheres are attracted by
the positive potentials on the outer braids of the sphere cables
(which are at spacecraft potential) so they are collected with-
out the need for the spacecraft potential to change.

Under the assumption that the potential difference between
the plasma near the sphere and the plasma near the spacecraft,
(Fp ,s 2 Fp ,S/C), is small then, using equation (3),
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Fp,s . Fp,S/C

DFS/C 5 FS/C 2 Fp,S/C . FS/C 2 Fp,s.

5 FS/C 2 F s 1 DFbias (4)

(The potential associated with the electric field between two
points in the sheath near the spacecraft is very small relative to
the engineering voltages that are being sensed.) Because the
spacecraft body’s potential relative to that of the spherical
probe, (FS/C 2 Fs), can be measured directly, and because
DFbias can be estimated from knowledge of the EFI sphere’s
photoemission and the magnitude of its bias current, the di-
rectly unmeasurable DFS/C [ (FS/C 2 Fp ,S/C) in (1) can be
inferred from measured quantities for use in discriminating
trapped spacecraft photoelectrons and in building up the ex-
plicit form of the functional sensitivity of the photoemission
current to the spacecraft floating potential DFS/C implied in
(1) with particle inferences of the plasma current collected at
that potential.

To summarize, the potential of the spacecraft with respect to
the nearby plasma is determined by the balance between the
plasma thermal electron current and the spacecraft photoemis-
sion. This current balance causes the potential of the space-
craft with respect to the nearby plasma to depend on the
plasma current and density. To measure this potential differ-
ence between the spacecraft and the nearby plasma, one must
have an object at the potential of the nearby plasma. The
sphere becomes this object (to within a volt or two) through
setting its bias current to a value of typically half of its photo-
emission current. As the photoemission of the Polar spheres
increased from ;100 to 350 nA with a time constant of ;1
month, the bias current was adjusted ;20 times during the first
3 years on orbit, in order to maintain the proper ratio between
the two currents. This ratio causes the sphere to float positive
with respect to the nearby plasma by a fraction of the e-folding
energy of the photoemission spectrum, or by 1 or 2 V.

3. Spectra and Estimates of the Floating
Potential From EFI

Plate 1 illustrates a period on July 25, 1996, of Polar-Hydra
electron data collection at very low kinetic energies, Eobs when
there were both real geophysical electrons at low energy and,
at times, only photoelectrons contaminating the lower chan-
nels. The spectrogram depicts differential energy flux in stan-
dard energy time format in three panels. The proxy omnidi-
rectional flux is the average at the given energy over all 12
Hydra sensors regardless of the Sun phase or pitch angle in
each 13.8 s; it is the quantity plotted in all three panels.

Plate 1 (bottom) shows the fluxes at their observed kinetic
energies, E9 . The bright and variable yellow regions toward the
bottom of the energy range are trapped photoelectrons. This
impression is confirmed in Plate 1 (middle) where the spectro-
gram is replotted and two black overlay traces are drawn as
suggested by the inferences of the floating potential of the
vehicle made from the EFI measurements discussed above.
The lower trace is the spin average EFI determination of the
floating potential as indicated in the above analysis. The upper
trace of the middle panel is biased up 2 V from that EFI
potential. Two points should be made here: (1) the variable
yellow patches of the lower panels at lower energies are con-
firmed to be trapped photoelectrons; (2) the broadcast (lower
energy trace) potential does not exclude all bright yellow pop-

ulations that appear contiguous in energy, while the biased
(upper trace) seems to do a better job at rejecting the pho-
topopulations. The third panel of this figure depicts the omni
directional differential energy flux a spacecraft riding at the
plasma potential would “see.” The differential energy fluxes
are plotted at the energies they would have outside the Debye
sheath, ED 5 E9 2 ue uDF . This is the energy they would have
had were there no accelerating potential and the flux has been
corrected consistent with Liouville’s theorem. Note the clean
and clear photorejection at the lowest energies in Plate 1 (top).
The upper trace of the two potential estimates in Plate 1
(middle) was used for the transformations to obtain the upper
panel.

Plate 1 also points out clearly the routine types of problems
encountered making these low-energy measurements: the vol-
atility and spatial inhomogeneity of the plasma parametrically
cause the spacecraft floating potential to vary in a way con-
trolled by the current balance issues discussed above. When
there is little plasma electron flux, the potential of the space-
craft can be in excess of 20 V, while tens of minutes later the
floating potential is depressed by the arrival of a blast of flux
from the cusp around 0730 UT. After comparing a number of
such events we have estimated that the EFI spacecraft poten-
tial estimate DFS/C,EFI is biased in an absolute sense to be too
small compared to what the observed particle spectra would
suggest. We have used for the estimate of the spacecraft po-
tential

DFS/C 5 uDFS/C,EFIu 1 2 V.

For the remainder of this paper when we refer to DFS/C we are
referring to this positive offset number rather than the modu-
lus of the EFI telemetered potential which is usually plotted in
publications as a negative number. There are a variety of pos-
sible causes for this offset; among them are the “bias poten-
tials” discussed above.

4. A More Detailed Introduction to the
Physics of the Potential

In reality, there are several other sources of current than
discussed above involved in the balance equation that sets the
spacecraft floating potential. Not all the plasma particles that
hit the spacecraft “stick,” sometimes they eject a secondary
that though degraded in energy from the primary, may have
sufficient energy to escape the potential well that is primarily
sized to trap the low-energy photoelectrons made by solar UV.
In addition the ions of the plasma represent a current inter-
cepted by the spacecraft. To the extent that the ions may be
hotter than the electrons and when the ambient plasma is at a
very low density, the ion contributions to the balance equation
are in principle involved, though usually they are smaller than
the contributions of the electrons. With all the “puts” and
“takes” of the various sources the physics of the determination
of the floating potential is still that of current balance.

The spacecraft in sunlight adjusts its potential so that the
number of escaping photo-electrons and secondary electrons is
just balanced by the ambient net plasma current (caused by
electron and ion fluxes) to the surface of the spacecraft. Said
differently, the charge on the spacecraft changes in time until
the integral of the ¹ z J over a volume enclosing the spacecraft
vanishes. The currents passing through a surface encompassing
the entire spacecraft and appendages have at least four causes:
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(1) the flux of photoelectrons that surmount the attractive
potential in sunlight that leave the spacecraft vicinity; (2) the
incident flux of plasma electrons that come from outside this
surface arriving at the spacecraft surface with kinetic energy,
E9 . Eobs $ ueDFS/Cu; (3) the escaping electrons that result
from the ambient plasma electrons impacting the spacecraft
surface, usually called the escaping secondary flux; and (4)
incident ambient ion flux that is intercepted at the spacecraft,
which because of its charge is operationally equivalent to an
enhanced secondary loss of electrons. By Gauss’ law when the
spacecraft reaches an equilibrium potential, the surface inte-
gral of all these fluxes must vanish. We proceed to infer the
photoelectron flux, J\n, by determining the net fluxes that
compensate for this escaping flux when the vehicle is in equi-
librium for a wide range of potentials over the first 10 months
of operation of the Polar spacecraft.

As a geometrical aside, it should be clear that the effective
area, AJ, for collecting or emitting fluxes that are caused by the
plasma is different than the illuminated area, AS, which scales
the loss of photoelectrons. Polar’s spin vector, V, is perpen-
dicular to the plane of its orbit; this causes the angle q that V
makes with the spacecraft sun line to be time dependent.
Accordingly, the sunlit area is a seasonal function of time,
AS(t), while the plasma current collecting area is time inde-
pendent and, in subsonic flow, is essentially the geometrical
area of the spacecraft. We have approximated the spacecraft as
a right circular cylinder of radius R and height H , so that its
illuminated area, A*S, when q 5 p/2 is

A*S 5 2 RH .

The ratio of current collecting to photocurrent emitting area as
a function of time is given by

AJ

AS~t! 5
p~ A*S 1 2 R2!

A*Susin q u 1 pR2ucos q u . (5)

By determining the plasma return current density, JRC, of
ambient ingoing electron fluxes, less secondary outgoing elec-
tron fluxes, less incoming ion fluxes and correcting for the
above time-dependent ratio of areas we should be able to
recover the photoemission current curve as a function of DFS/C

that should be as independent of time as the solar UV spec-
trum. Thus current balance is restated as

J\n~DFS/C! 5
AJ

AS~t! JRC@DFS/C~t!# , (6)

where JRC contains all the contributions of types 2–4 enumer-
ated above.

5. Implementation of Scheme
By knowing the spacecraft potential DFS/C for a range of

values when there are plasma measurements, we can deter-
mine an experimental calibration curve consisting of ordered
pairs (DFS/C(t), J\n(DFS/C(t)), where the return current de-
termined from the Hydra detector is dominated by the incom-
ing electron current density given by the four fold integral over
spacecraft skin area elements, da (functions of the velocity
space polar angles uv and fv), the speed variable as well as the
accessible solid angles that can reach the spacecraft.

JRC@DF~t!# 5
ue u

AS/C

z EEEE
vF

`

fe~vobs, t!vobs
2 v z da~uv, fv! sin uv duv dfv dvobs.

(7)

Equation (7) is schematic in that the limits of integration
depend on the Debye length regime of the observations. Care
has been taken to perform these integrals with attention to the
varying limits of integration that such an approach entails,
including solving in each of the 1.6 million spectra the tran-
scendental equations that determine these limits of integration
[Whipple et al., 1974]. The lower limit of the speed integration
is that minimum speed an electron can have at the spacecraft
after traversing the accelerating potential difference across the
sheath: 1

2
mvf

2 5 ue uDFS/C. The solid angle integration is done
in a way that averages the flux over different angles of incli-
nation to the spacecraft surface, da z v, so that (7) accounts for
the incident current density intercepted by the spacecraft sur-
face. In practice, there is a small correction to this current from
ejected secondary electrons when the ambient plasma bom-
bards the vehicle. This correction is done in the manner de-
scribed by Whipple [1981]. The observed secondary current
densities are usually a very small correction to the direct elec-
tron current density. The ion current to the spacecraft is also
involved in the current balance although it is rarely important
in sunlight. It has, nevertheless, been computed so that this
systematic detail cannot explain any discrepancies indicated
below. Since Hydra is an energy per charge detector [Scudder
et al., 1995] without mass resolution, determining the ion cur-
rent assuming all the flux is protons is an upper bound on the
true ion current. Given the concerns outlined below we sub-
tract one half of this “proton” current from the other contri-
butions and add in quadrature one half of this ion current as an
uncertainty to the overall return current estimate. In some
parts of the orbit this may be the dominant source of uncer-
tainty in determining JRC.

If the ambient electron plasma were modeled to be a Max-
wellian distribution at temperature 1

2
mewe

2 5 kTe the one
sided return current density to a plane would have the form

JRC~2p! 5
2

Îp
nweS 1 1

vf
2

we
2D . (8)

The second term in parentheses a form determines the so-
called “focusing” correction term in the long Debye length
approximation to the return current of the ambient electrons if
the spacecraft were uncharged. The physics of this accelerated
contribution to the current is automatically included in the
ambient estimates made from the Hydra detector in the form
given by (7) as a simple change of variables will demonstrate.

There remain two practical issues for the velocity space
integration. For the return current the theoretically required
interval is from the lowest speed to the highest that can gain
access to the spacecraft from infinity, namely, [vf, `]. The
Hydra particle detectors measure electrons within fixed but
programmable energy steps that are roughly logarithmically
spaced in a finite range below 20 keV/q , while the above
integrals require integrals to `. The second issue is that with
fixed energy channels, as the spacecraft floating potential var-
ies there will, in general, not be a sampling of the distribution
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function at the kinetic energy E(t) that corresponds to the
neighborhood just above that of the floating potential energy
ue uDFS/C.

The semi-infinite speed interval [vf, `] is most easily ad-
dressed by transforming the integral with Liouville’s theorem
to be an integral beyond the Debye sheath by making the
energy transformation to Debye velocity space variables

vDebye
2 5 vobs

2 2 vf
2 ,

with limits of integration [0, `]. By a further transformation
this semi-infinite interval may be mapped onto the finite inter-
val x 5 [0, 1] with

x~vDebye! 5
vDebye

a 1 vDebye
. (9)

The constant a of the transformation is chosen so that

x~vDebye ; ^vDebye
2 &1/ 2! 5

1
2

This practice allows the inclusion of f(x 5 1) [ 0 as a point
in a finite domain of the numerical integration while leaving
room in the interior of [0, 1] for the structure of the integrand
determined from the measured distribution function. It is as-
sumed that the rate of convergence of f to zero is sufficiently
rapid to overpower the divergent Jacobian and the finite pow-
ers of v in the integrand so that the integrand’s derivative goes
to zero as x3 1. In the routine processing we keep track of the
percentage contribution to the plasma return integral made by
the last interval [x*, 1], where vDebye(x*) is the last speed
where finite counts were observed. This fraction is referred to
below as the “black” fraction; it will be shown to be an impor-
tant indicator of circumstances when Hydra is surveying the
dominant energy range of the returning plasma current, JRC.
This is the circumstance when the statistical empirically con-
structed photoemission curve can be used to infer the floating
potential when it is not provided by the EFI measurements.

The remaining difficulty in determining the return current
value for a given spectrum concerns the behavior of fe(vobs3
vf). In practice, there are usually no measurements precisely
at fe(vf), so the trend of fe(v) for vobs . vf must be used to
infer the behavior down to the lowest positive energy required.
Because the electrons are invariably ultrasubsonic there are
measurements in all 4p direction that approach the origin in
vDebye space. Thinking of the phase space before encountering
the spacecraft sheath, the unmeasured part of fe(vDebye) is a
small volume near the origin in the Debye variables. Our
procedure is to assume that ln fe(vDebye) has a second-order
Taylor series in three variables (vx, vy, vz) uDebye and to then
determine the 10 unknown coefficients in the neighborhood of
the origin as constrained by the data that are measured at
adjacent, but higher energies. It is this routine interpolation of
f(v) at the lowest energies that is the basis of the moments as
full numerical 3-D integrations as well as the routine return
current determinations.

6. Results of the Routine Determination of J\\n(t)
Plate 2 illustrates the frequency of occurrence of the above

ordered pairs (DFS/C, J\n) for the ten months of data from the
beginning of the mission when floating potential estimates
from EFI are available after screening them for their integrity
with sub-spin samples and removing time intervals of shadows,

or EFI self calibrations. To simplify the analysis intervals when
the PSI plasma neutralizer [Moore et al., 1995] was running
were excluded. This plot reveals a well-developed curvilinear
boundary from top left-hand corner to bottom right-hand cor-
ner that is a candidate for the photoemission calibration curve
that we seek. As shown below over 60% of the 1.6 million
spectra examined in this 10 month period are contained within
the immediate vicinity of this bounding ridge. In addition to
the scattered points near the curve, there are two notable
clusters below the upper bounding curve: (1) at low potentials,
2–4 V, in the bottom left-hand corner there are frequent de-
partures well below the bounding curve that represent several
orders of magnitude shortfall in Hydra’s direct determination
of the return currents and hence J\n plotted in Plate 2; and (2)
points between 15 and 30 V with J\n shortfalls that are gen-
erally smaller than those in group 1 just discussed.

The departures of points from the bounding curve vary from
week to week and month to month in a way that will be
discussed elsewhere (X. Cao et al., Properties of very cold
(Te . 0.1 eV) electrons within the magnetosphere, submitted
to Journal of Geophysical Research, 1999, hereinafter referred
to as submitted manuscript, 1999). The precise frequency of
occurrence in each region reflects the intersection of Polar’s
orbit with regions where cold plasma may be surmised to be
present. We will return in the discussion section to these ex-
ceptions from the single valued bounding curve that is the
focus of this paper. For reference and for synthesis of the
present work Plate 2 also contains curves that are the predic-
tions of three model fits of the photoelectric current calibra-
tion curve: (1) the dotted curve illustrates a previous photo-
emission current density curve [Pedersen, 1995]; (2) the dashed
curve is a determination of the boundary discussed later in this
paper in Figure 1; and (3) the solid line is the best fit deduced
from Polar data in this paper in Figure 2. We now proceed to
describe the empirical process for finding this bounding curve
in a methodical way.

Two approaches suggest themselves: devise by sorting meth-
ods a procedure for highlighting the bounding curve as an
important curve to compare with previous work for J\n. After
obtaining the fit to this empirical curve (1) look at what dis-
tinguishes the data points not close to this limiting curve or (2)
ascertain the statistical properties of those data not near the
bounding curve and then fit the remainder to define the bound-
ing curve.

In Plate 3 we illustrate the results of the first approach. All
the data were binned in contiguous potential bins commensu-
rate with the stated precision of the DFS/C measurement. The
mode of J\n in each potential bin is determined from the low
“black fraction” current densities in each potential bin. The
variance of this modal assignment has been estimated from the
points in the potential bucket that are above the modal value
assuming there is a mirror set of points below the mode. A best
fit model for the bounding curve of the function class used by
Pedersen [1995]; Escoubet et al. [1997] has been found. The
modal points and their variances together with the best fit
curve and fit parameters and their errors based on the analysis
of the Hessian [Press et al., 1992] at the optimal fit parameters
are indicated in Figure 1. Overlays of predictions from previ-
ous work [Pedersen, 1995; Escoubet et al., 1997] in Figure 1
confirm the likelihood that this upper boundary is determined
by the photoemission curve that we seek to define. Better
agreement exists between the present more extensive data set
and the earlier work of Pedersen [1995]. Differences do remain,
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however, especially in the form of this curve with increasing
floating potential. Possible reasons for these differences are
discussed below.

Alternatively, the data have been normalized in each poten-
tial bin with probabilities Pi , j

F such that the sum of the proba-
bilities in the same F bin is unity. We then construct the
analogous normalized probability Pi , j

J , where the data are or-
ganized by their current densities. Each subscript pair i , j of
each probability refers to the same location in F, J\n space. We
form the composite probability Ci , j 5 Pi , j

F Pi , j
J to give an

indication where the joint correlation is enhanced. Using this
composite probability curve to define the bounding curve we
can then look for the outliers against it. Rank ordering this
joint probability and then encircling the location of the highest
Q% of the probability allows the extraction of the desired
ridge. The results of such a procedure are illustrated in Figure
2, where the last bounding contour encompasses Q 5 60% of
the 1.6 million spectra examined. Returning to the potential
bins, we determine the mean and variance of the points that
are simultaneously within the potential bin and within this
outer contour. We have fit these data to the same model form
as used by Pedersen [1995] and Escoubet et al. [1997]. All three
curves are compared in Figure 2. The fit parameters on Figure
2 are those of the new binning procedure of this paragraph.

Finally, we have surveyed the (DFS/C, J\n) scatter plot look-
ing for systematic effects that segregate the data. Plate 4 is a
“black fraction” indexed survey that was particularly revealing.
The black fraction is generally low nearer Pedersen’s and our
60% cumulative probability ridge curve than further away.
Operationally, considering only J\n estimates that are suffi-
ciently convergent (for example, “black fraction” , 3 3 1023)
would appear to segregate points near to the bounding spine of
the probability curve. For future usefulness of this statistical

relation discussed below, it is important to be able to anticipate
when all the current to the spacecraft has been inventoried
from the measured Hydra data alone. When the black fraction
is high this signals one of two possibilities: there is a lot of
current either above or below the sensitivity range of Hydra. If
there is substantial missing current below Hydra’s energy
range, this reduces the real fraction of the current inferred
above its threshold. A secondary discriminator between these
two possibilities is the energy location of the peak electron flux.
If this peak is inferred to be above Hydra’s energy range, this
is another way that the operational value of black could be
high. In either case such points are not places where Hydra
data plus the statistical relation of equation (10) can be used in
a bootstrap fashion to find the floating potential DFS/C. Con-
versely, these are the input data points that should be excluded
from a statistical determination of the photoemission potential
relation.

Using the above approaches to enhance the bounding upper
ridge of the photoemission scatterplot, we have fit the selected
points to models formed as the sum of two Gaussian distribu-
tions.

J\n~mA/m2! 5 a exp S2
eDF

b D 1 c exp S2
eDF

d D . (10)

Such a model form is suggested since this current curve as a
function of DF reflects the distribution of photocurrent ejected
from a metal in sun light, where there is a characteristic UV
temperature of the Sun as well as far UV enhancements that
are well known. Crudely this model reflects these temperatures
in the b and d fit parameters. As may be seen in Table 1 (1.4 ,
b , 2 eV and 8.5 , d , 11 eV), respectively, are in line with

Figure 1. Determine bounding curve by characterizing the precipitous edge.
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such a simple picture of a very complex array of lines in this
region of the ultraviolet spectrum that are effective in ejecting
photoelectrons. Such a functional form was used previously by
Pedersen [1995] modeling ISEE and GEOS data and more
recently by Escoubet et al. [1997]. In Table 1 we present a
comparison of the fit parameters by various approaches and a
comparison with those found previously with ISEE, GEOS,
and Voyager. In Table 1, the comparisons between present and
previous work should concentrate on the keyed entries. Be-
cause the Escoubet et al. [1997] data set is a superset of Ped-
ersen [1995], the variation between these two rows indicates, if
only approximately, the uncertainties in their fit parameters.
Of interest is the average photocurrent that these relations
would suggest was emanating from the spacecraft if there
where no potential barrier, J\n(DFS/C 5 0). Within the func-
tion class used to model this relation J\n(DFS/C 5 0) 5 a with

a 5 152 6 57 mA/m2. Considerable caution must be taken in
using this number as it represents an extrapolation of the
observations to the desired zero potential regime. The large
uncertainty there is typical of steeply rising curves such as the
cold exponential. Clearly, the absolute size of this number is
model dependent. Its precision could only be improved by a
more detailed functional model of the expected photoemission
current, as a convolution of the UV spectrum with the mate-
rials property of the spacecraft.

The Pedersen and Escoubet studies estimate the plasma part
of the current using reported densities and temperatures in
formulae like (8) for the current as if the various plasma
regime distribution functions were Maxwell Boltzmann distri-
butions. By contrast the present study has done the more
fundamental integrals in (7) over the observed velocity distri-
bution as a function of energy and angle, thereby removing one

Figure 2. Double Gaussian characterization of the location of high joint probability readings.

Table 1. Comparison of Fit Parameters by Various Approaches and a Comparison With Those Found Previously With
ISEE, GEOS, and Voyager

Source

xv
2a 6sa b 6sb c 6sc d 6sd

Units mA/m2 mA/m2 eV eV mA/m2 mA/m2 eV eV z z z
Joint probability 138 130 1.68 0.36 0.71 0.26 9.92 1.07 0.9
Edge fit 152 57 1.65 0.21 0.86 0.29 9.49 0.99 0.22
Pedersen 80* z z z 2 z z z 3* z z z 7.5 z z z z z z
Escoubet et al. 50.4* z z z 2.40 z z z 1.49* z z z 12.63 z z z z z z
Joint probability† 42† 40† 1.68 0.36 0.58† 0.21† 9.92 1.07 z z z
Edge fit† 45† 17† 1.65 0.21 0.70† 0.23 9.49 0.99 z z z

*Estimated at the bias sphere of the electric instruments, while estimates of amplitudes (a, c) are made at the spacecraft surface of Polar.
†Amplitudes reflecting removal of the 2 V offset in the Polar spacecraft amplitudes using the exponential shift and the cold and hot fit

“temperatures” (b, d) without correcting the 1.6 million four-dimensional integrals.
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possible source of error in obtaining the underlying, and sup-
posedly slowly varying photoemission current floating potential
relation we seek. This difference is a possible source of the
different trends of the current with floating potential seen in
the present study versus those of Pedersen and Escoubet. In
addition, the present study includes many more independent
measurements than either of the Pedersen or Escoubet sur-
veys.

The “edge fit” entry is considered the best representation of
the present Hydra-EFI effort to characterize the photoemis-
sion potential relation. The Voyager PLS determination [Scud-
der et al., 1981] of the return current relationship yielded a
relationship J\n (mA/m2) . 10DFS/C

22 for potentials between 1
and 12 V that has the same trend but a different absolute level
as the above synthesis and has been overlaid on Figures 1 and
2 with the dash-dot-dash curve to show its relationship.

7. Assessment of the Method
As a measure of the success of this synthesis and as a test of

our ability to use it to infer the floating potential when EFI
cannot provide such an estimate, we have reprocessed a month
of Hydra data using only the average photoemission current
curve as our external calibration. For each spectrum we first
assume a first iterate for the potential, DF(1), and then deter-
mine from the Hydra data the corresponding return current,
J\n

(1)(DFS/C
(1) ), parametric in that assumption. We then inquire if

the coordinate pair (DF(1), J\n
(1)) is consistent with the statis-

tically characterized calibration curve. It usually is not, and an
iterative procedure is used to converge on a potential DF*S/C,
so that the associated J*RC(DF*S/C) is consistent with the sta-
tistical photoemission curve as modified for the local epoch
through the geometrical ratio of areas. (In production the first
iterate is assumed to be the last convergent value if it is not too
far away in time from the present spectrum.) Figure 3 illus-
trates the occurrence frequency of this difference distribution
between the EFI spacecraft potentials, DFEFI, and those in-
ferred by Hydra data alone by iterating against the statistical
photoemission curve (that is now de facto a calibration curve),
DFHydra, normalized by the expected measurement error. The
histogram clearly demonstrates that the potential is recovered
on average correctly and that the dispersion, .1, between the
iterated potential and the measured potential is well within the
estimated error.

To assess the precision of the floating potential assignment,
DFS/C, we now compare the electron and ion number densities
determined by numerical integration that corrects for DFS/C

provided by EFI and inquire what additional change in the
potential would be required mathematically to enforce precise
neutrality. The required correction dFS/C is approximately de-
termined by

dFS/C 5 2kTe ln F ne

ni
G . (11)

We plot in Plate 5 the frequency distribution of the dimen-
sionless quantity

Figure 3. Demonstration of the successful bootstrap iteration strategy for recovery of the floating potential
only using the statistical photoemission current potential relation and the Hydra data on May 29, 1996.

SCUDDER ET AL.: PHOTOEMISSION PROPERTIES OF SPACECRAFT21,292



s 5 2
kTe

eDFerror
ln F ne

ni
G , (12)

where

DFerror 5 H @max ~0.5 V, 0.1DFS/C!#2

1 F kTeÎSS dne

ne
D 2

1 S dni

ni
D 2D G 2J 1/ 2

(13)

is the expected error for the reconstruction. The constructed
frequency of occurrence distribution of s has nearly vanishing
mean value, and half width at full maximum that is essentially
at the unit width expected if errors have been estimated cor-
rectly. The top two panels of Plate 5 illustrate the time evolu-
tion of the computed electron (black) and ion (green) densi-
ties, and the variation of the DFS/C(t) for the period of the
histogram just discussed. Red bars highlight regions in the
nominal plasmasphere, where the inversion calibration against
the potential is not expected to work well as discussed in the
next section. These points were omitted based on orbital loca-
tion in the histogram in the Plate 5 (bottom).

Another qualitative expectation of probe theory as argued
by Pedersen [1995], and illustrated by Escoubet et al. [1997], is
that the density is nearly a single valued function of the space-
craft potential, being higher when DFS/C is lower. This is illus-
trated with the present data set for one day that contains a full
orbit in Figure 4. The UHR points at very low potentials for
densities in excess of 50 cm23 are provided by the PWI team
(J. D. Menietti, private communication, 1999). The remaining
density points are directly from numerical integration of the
Hydra data corrected for the potential when the “black frac-
tion” is acceptable. Figure 4 shows the clear progression from
Hydra densities and the potentials sizeable, down to low po-

tentials and very high densities typical of the plasmasphere,
accompanied by further decreases in the potential, that still
remain positive. While the spacecraft remains at a positive
potential relative to the plasma, the Polar curve contains
higher densities than does the curve of Escoubet et al. [1997]
that is shown for comparison. The Escoubet curve does not
attempt to correct for the bias voltage of the spherical probe
which is the probable cause for this apparent disagreement (P.
Escoubet, private communication, 1999). Since the UHR de-
terminations of density are rather precise (involving determi-
nations of frequencies measured by PWI and corrections that
involve the mean magnetic field) the ordinate of these points
cannot be suspect. This composite PWI UHR curve of densi-
ties joins smoothly onto a curve determined from the direct
numerical integration of counting individual particles, correct-
ing for energy shifts, etc. with a different collection of system-
atic corrections.

We have performed a model fit to a two-component Gauss-
ian curve with fit parameters indicated on Figure 4. Because
the Polar spacecraft has a seasonally varying illuminated area,
this curve is seasonally dependent and is not therefore a uni-
versal curve for this spacecraft independent of time. We will
present further statistical data addressing the point in future
work. For the present the continuity of this curve between the
UHR points from PWI (that are determined independent of
the knowledge of the floating potential) and those from Hydra
shows the integrity of the 2 V shift argued in the introduction
on the basis of the editing of photoelectrons from the electron
energy spectrum.

8. Outliers
As a clue to the cause for the systematic group of outliers

below the smooth bounding photoemission curve that we have

Figure 4. Empirical inventory of electron densities and potentials on Polar from Hydra, PWI and EFI for
May 29, 1996. The UHR density estimates (those above the density of 50/cc) form a smooth extension of the
density curve densities for Hydra points within the high probability contours of the J\n statistical curve. The
overlaid curve from Escoubet et al. [1997] has been shifted by 2 V, since its fit coefficients were established in
terms of the probe potential, not that of the spacecraft potential as has been done for the Hydra-EFI-Polar
construction. In this way the Polar curve and that from ISEE are directly comparable.
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determined in this paper illustrated in Plate 2, we plot in Plates
6 and 7 the average occurrence location of all the points con-
tained in Plate 2 but now color coded by the (R , L) coordinate
of the observation. From these figures it is clear that the typical
points in the “low DFS/C” anomalous parts of the Jpe, DFS/C

space of Plate 2 are localized inside the nominal plasma
sphere. The other group of outliers from the high probability
curve of Plate 2 at higher potentials are from higher L (Plate
7) and in the polar cap over a range of radial locations.

In a related paper (X. Cao et al., submitted manuscript,
1999) we illustrate that these regions are places where dense
and cold electrons are found that make up the “missing”
plasma return current as estimated by their distance below the
statistically defined calibration curve. From the systematic lo-
cation of these points it is clearly nearly impossible to infer the
potential if it is not available within the plasmasphere. Fortu-
nately, when the spacecraft is in this region there is usually a
high density and low floating potential, making the assumption
of a minimal potential not too controversial, except for its use
in inferring a precise plasmaspheric electron temperature.

9. Summary
A method of determining the average photoemission current

as a function of the floating potential of the GGS-Polar space-
craft has been implemented and evaluated. While the steady
average photoemission curve can be reproducibly recovered,
and can be used to infer the spacecraft floating potential,
intervals that do not fit this simple pattern suggest the presence
of time varying, but geophysically organized populations of
dense, cold electrons below Hydra’s 5 eV low-energy thresh-
old. Routine determinations of the floating potential by itera-
tion against this return current calibration have been shown to
recover the measured potentials used to generate the return
current curve and to permit quantitative analysis of plasma
measurements when the onboard sensors of the spacecraft
potential are inoperative. This capability is especially impor-
tant for traversals of the polar cusp when the EFI sensors can
oscillate and be unable by themselves to provide estimates of
Polar’s floating potential.

We have also validated the quantitative precision of the
spacecraft floating potential indirectly for the ten months of
data by producing a time invariant J\n curve and also by show-
ing the precision of tests of quasi-neutrality from the direct
quadratures of the oppositely energy shifted ion and electron
distributions.

The plasma electron current depends on the ambient distri-
bution function of the electrons primarily and the spacecraft
potential via (7). This in turn implies an interrelationship be-
tween the density, the electron temperature, and the electron
focusing factor, which depends on the floating potential. Ped-
ersen [1995] and Escoubet et al. [1997] have argued that the
temperature dependences are sufficiently weak as to allow the
density to be the primary determinant of the actual floating
potential achieved. An example of quasi-independence has
been illustrated (Figure 4) for one day in the life of Polar.
Because Polar’s attitude is seasonally dependent, the exhibited
density potential curve is not time invariant.
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