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Determination of accurate solar wind electron parameters
using particle detectors and radio wave receivers

C. Salem,? J.-M. Bosqued,? D. E. Larson,* A. Mangeney,! M. Maksimovic,*
C. Perche,! R. P. Lin,* and J.-L. Bougeret®

Abstract. We present a new, simple, and semiempirical method for determining accurate solar wind
electron macroscopic parameters from the raw electron moments obtained from measured electron
distribution functions. In the solar wind these measurements are affected by (1) photoelectrons
produced by the spacecraft illumination, (2) spacecraft charging, and (3) the incomplete sampling
of the electron distribution due to a nonzero low-energy threshold of the energy sweeping in the
electron spectrometer. Correcting fully for these effects is difficult, especially without the help of
data from other experiments that can be taken as a reference. We take here advantage of the
fact that high-resolution solar wind electron parameters are obtained on board Wind using two
different instruments: the electron electrostatic analyzer of the three-dimensional Plasma experiment
(3DP), which provides 3-D electron velocity distribution functions every 99 s as well as 3-s resolution
computed onboard moments, and the thermal noise receiver (TNR), which yields unbiased electron
density and temperature every 4.5 s from the spectroscopy of the quasi-thermal noise around the
electron plasma frequency. The present correction method is based on a simplified model evaluating
the electron density and temperature as measured by the electron spectrometer, by taking into account
both the spacecraft charging and the low-energy cutoff effects: approximating the solar wind electron
distributions by an isotropic Maxwellian, we derive simple analytical relations for the measured
electron moments as functions of the real ones. These relations reproduce the qualitative behavior of
the variation of the raw 3DP electron density and temperature as a function of the TNR ones. In order
to set up a precise “scalar correction” of the raw 3DP electron moments, we use the TNR densities and
temperatures as good estimates of the real ones; the coefficients appearing in the analytical relations
are obtained by a best fit to the data from both instruments during a limited period of time, chosen
as a reference. This set of coefficients is then used as long as the mode of operation of the electron
spectrometer is unchanged. We show that this simple scalar correction of the electron density and
temperature is reliable and can be applied routinely to the high-resolution 3DP low-order moments.
As a by-product, an estimate of the spacecraft potential is obtained. The odd-order moments of the
distribution function (electron bulk speed and heat flux) cannot be corrected by the model since the
distribution is assumed to be an isotropic Maxwellian. We show, however, that a better estimate of

the electron heat flux can be obtained by replacing the electron velocity by the proton velocity.

1. Introduction

Accurate measurements of the solar wind electron
density and temperature are key elements in under-
standing the properties and the physics of the solar
wind. Usually these quantities are obtained as mo-
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ments of the measured electron velocity distribution
functions (VDF's), obtained from electrostatic particle
analyzers [see, e.g., Montgomery et al., 1968; Feldman
et al., 1975; Rosenbauer et al., 1977]. Typical mod-
ern instruments have the capability to provide detailed
three-dimensional measurements with high time reso-
lution, generally combining electrostatic analyzers and
particle detectors (channel electron multipliers (CEMs),
microchannel plates (MCPs), etc) [Fazakerley et al.,
1998, and references therein]. In one spacecraft spin
period, such instruments scan the full sphere and pro-
vide three-dimensional (3-D) distributions over an en-
ergy range sufficiently large that the moments (density,
velocity, temperature, etc) can, in principle, be easily
extracted with an accuracy that depends on limitations
in the measurements (see Paschmann et al. [1998] for
details).

However, the VDF in the vicinity of the spacecraft
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(S/C) is severely polluted, at low energies, by photo-
electrons emitted by the S/C body, and distorted by
the electric field created by the S/C charging, an elec-
tric field which modifies both the energies and direction
of motion of the solar wind electrons incident on the
detector.

Accurate measurements of the solar wind electron
density and temperature require therefore a full correc-
tion of these two effects. Correcting for the photoelec-
trons is relatively straightforward. Since the photoelec-
trons have a typical temperature of the order of only a
few eV, the disturbances caused by this population con-
cern only the low-energy range E < Ep, ~2—3 eV and
can generally be removed by considering only the en-
ergy channels above some minimal energy Emin > Eph.
However, this low-energy cutoff introduces a bias in the
calculation of the electron VDF moments. This effect
was studied, for instance, by Song et al. [1997], who
developed analytical tools for correcting the moments,
in many plasma conditions, neglecting the effect of the
spacecraft potential.

Correcting for the S/C electric potential is much more
delicate, since this potential depends itself on the val-
ues of the density and temperature that one wishes to
measure. Spacecraft charging has been studied for a
long time [e.g., Grard, 1973; Garrett, 1981; Whipple,
1981; Goertz, 1989], and basically two methods have
been used to determine the spacecraft potential. It can
be determined from inflections in the shape of the mea-
sured VDF at the energy FEp; separating the domains
of phase space where photoelectrons are dominant from
those where solar wind particles are dominant [see, e.g.,
Feldman et al., 1975; Phillips et al., 1993]; it can also
be obtained by solving a set of equations expressing the
fact that, far from the spacecraft, the plasma is electri-
cally neutral and roughly time stationary, so that the
corrected electron number and/or current densities are
in reasonable agreement with the respective ion (pro-
tons plus alpha particles) parameters [see, e.g., Scud-
der et al., 1981; Pilipp et al., 1987]. For each of these
techniques the proposed corrections are usually “scalar
corrections”; that is, only particle energy changes in
the electric potential are taken into account, neglect-
ing modifications in the particle trajectories. A more
sophisticated “vector correction” method [Scime et al.,
1994a] has also been developed, in which both the en-
ergy and the direction of motion of the electrons are
corrected; this correction was applied to the electron
distribution function measurements on board Ulysses.

Of these two methods of dealing with the S/C po-
tential, the second is probably the most robust, since
the energies of the solar wind ions are significantly
larger than the S/C potential, so that they are almost
unaffected by the S/C potential. Nevertheless, this
method has also its limits. First, the solar wind alpha
particle density is not always available [Pilipp et al.,
1987]. Second, possible temporal variations of the ion

SALEM ET AL.: ACCURATE SOLAR WIND ELECTRON PARAMETERS

instrument internal calibrations can lead to systematic
discrepancies between ion density measurements taken
from different analyzers [Russell and Petrinec, 1992;
Petrinec and Russell, 1993; Paularena and Lazarus,
1994; Petrinec and Russell, 1994].

As an alternative to the use of the solar wind ion den-
sity as a reference, Maksimovic et al. [1998] proposed
using the solar wind electron density obtained from the
spectroscopy of the quasi-thermal noise (QTN) around
the electron plasma frequency, which allows in-situ diag-
nostics of space plasmas [Meyer- Vernet et al., 1998] by
analyzing the spectrum of the thermal noise induced in
an electric antenna by the random motion of the ambi-
ent electrons and protons. This method yields an accu-
rate determination of the low-order moments of the elec-
tron VDFs such as the total density and bulk temper-
ature [Meyer- Vernet and Perche, 1989; and references
therein] which is almost insensitive to the S/C poten-
tial and photoelectron perturbations, since the volume
sensed by the antenna is much larger than the space-
craft volume [Meyer- Vernet et al., 1998]. We empha-
size the fact that QTN spectroscopy measures the solar
wind density with an accuracy of a few percent and has
been extensively used on the Ulysses S/C, using data
from the Unified Radio and Plasma Wave experiment
(URAP) [Stone et al., 1992], in the ecliptic plane at var-
ious heliocentric distances [Maksimovic et al., 1995] as
well as at higher latitudes [Issautier et al., 1998].

The Wind spacecraft, launched November 1, 1994,
was designed to observe the solar wind approaching
Earth from a position near the Lagrangian point LI.
Wind is equipped with radio wave receivers as part of
the WAVES experiment [Bougeret et al., 1995] and with
particle detectors for the 3-D Plasma (3DP) experiment
[Lin et al., 1995] or the Solar Wind Experiment (SWE)
[Ogilvie et al., 1995], providing, for the first time in the
solar wind, high time resolution data (4.5 s for the radio
wave receiver, down to 3 s for the particle detectors). In
the Maksimovic et al. [1998] study the WAVES and the
SWE experiments have been used to make a solar wind
density intercomparison, in order to correct the density
measured by the SWE electron analyzer. These cor-
rections were based on a rough estimation of the Wind
S/C potential, for a short period of time. The aim of
the present paper is to resume this kind of compari-
son in a much more detailed way by taking fully into
account the effects of both the low-energy cutoff and
S/C charging. More precisely, we make a comparative
analysis of high-resolution solar wind electron densities
simultaneously obtained by the thermal noise receiver
(TNR), part of the WAVES package [Bougeret et al.,
1995], and by one of the pair of electron electrostatic
analyzers (EESA), EESA Low, part of the 3DP experi-
ment [Lin et al., 1995] on board Wind (section 2). The
3DP experiment is able to sample a full 3-D electron
VDF every 3 s. Because of the allowed telemetry rate,
only the electron VDF moments, up to the heat flux,
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processed on board are transmitted routinely every 3 s,
while the full 3-D VDFs are transmitted only every 99 s
(when Wind is in the solar wind). These 3-s resolution
electron VDF moments are the highest time resolution
electron moments ever obtained in the solar wind. Their
use can potentially yield to very interesting study, for
instance, of solar wind turbulence. However, since the
onboard processing of the moments completely neglects
the photoelectrons and charging effects, they must be
used with caution.

Taking the TNR electron density as a reference, we
first analyze qualitatively the differences between the
TNR and the 3DP densities (section 3) and then fully
discuss the corrections that have to be applied to the
3-s resolution 3DP data. For that we develop (section
4) a scalar correction model for the electron moments as
measured by an electron spectrometer, taking into ac-
count both the spacecraft charging and the low-energy
cutoff effects, but neglecting any other instrumental ef-
fects inherent to particle detectors (such as saturation,
etc). The main interest of this very simple model, valid
in the solar wind conditions, is to provide analytical
relations between the real electron moments and the
measured one. We then test the validity of these correc-
tions (section 5) by comparing the TNR electron den-
sity and temperatures, assumed to represent the actual
electron moments, to the corresponding corrected 3DP
moments, for different periods of time and different low-
energy thresholds Emin. An estimate of the spacecraft
potential is also derived. We finally analyze the third-
order electron moment, i.e., the electron heat flux, and
show how to get a better estimation of it (section 6).

2. Experiments and Measured Solar
Wind Parameters

2.1. Wind Thermal Noise Receiver

The WAVES/TNR [Bougeret et al., 1995] instru-
ment was mainly designed to measure the thermal elec-
tric noise (TN) in the solar wind, around the electron
plasma frequency f,. Two multichannel receivers cover
the frequency range of 4 to 256 kHz in five overlapping,
logarithmically spaced frequency bands (A, B, C, D,
and E). Each of these bands is divided into either 32
or 16 logarithmically spaced channels. For most of the
time the TNR measures the thermal noise spectrum in
the so-called ACE mode, i.e., with 96 channels, in three
nonoverlapping frequency bands (A, C, and E), with
a time resolution of 4.5 s. The determination of the
electron density, N, TNR, relies basically on the identifi-
cation of the “plasma line” at the local electron plasma
frequency, in the spectrum of the thermal noise. Then
fp is obtained, in most cases, with an accuracy of about
half a frequency channel, except when the line is located
at a band boundary (for example, between the A and
C bands or the C and E bands); since the electron den-
sity N, o fg, half a frequency channel corresponds to

21,703

a relative uncertainty in N, of 4.4%. Note that the to-
tal bandwidth of the TNR corresponds to an electron
density range from < 1 to 500 cm™3. The identifica-
tion of the plasma line can be done routinely, with the
neural network developed by the WAVES team at the
Meudon Observatory [Richaume, 1996]. It is important
to note that the neural network uses only the form of
the plasma line in the noise spectrum so that the TNR
electron density is obtained independently of any model
for the electron distribution.

A more refined but model-dependent way to use QTN
spectroscopy is to fit the data points to the theoretical
power spectrum of the voltage measured at the termi-
nals of the wire antenna, at frequencies much above
the ion characteristic frequencies and the electron gy-
rofrequency [Meyer- Vernet and Perche, 1989; see also
Meyer-Vernet et al., 1998; Issautier et al., 1999]. This
method allows for the determination of the electron
temperature, the electron density, and the electron
bulk speed. Since the theoretical spectrum depends
directly on the electron velocity distribution function
f(v) [Meyer-Vernet and Perche, 1989], one has to use a
model for the electron VDF f(v), usually the sum of two
isotropic Maxwellian distributions, a core (density N,
temperature T;) and a halo (density Nj, temperature
Ty). This model for the electron VDF has shown to be a
good approximation for the observed electron distribu-
tion in the solar wind [e.g., Feldman et al., 1975; Pilipp
et al., 1987]. The parameters (No+ Ny, Tc, @ = Ny, /Ng,
and 7 = Ty /T.) of the model are determined from the
best fit of the model spectrum to the measured one.

It is worth noting that with this method, the deter-
mination of the electron density (obtained now to bet-
ter than 3%) is independent of the model of f(v) cho-
sen to characterize the solar wind electrons, while the
core temperature T, is quite insensitive to the shape
of the hot population distribution. Indeed, Chateau
and Meyer-Vernet [1991] have shown that only the
suprathermal parameters (N, and Tj) are changed for
different models of the electron distribution (for exam-
ple, bi-Maxwellian or kappa distributions). For high-
speed flows the ion contribution to the thermal noise
cannot be neglected anymore because it is Doppler
shifted to higher frequencies and hence affects signifi-
cantly the electron QTN. The QTN method has already
been generalized, taking into account the ion contribu-
tion [Issautier et al., 1999], in order to be routinely
used on Ulysses [Issautier et al., 1998]. This extension
of the method has been recently implemented on Wind,
thereby improving the QTN determination of the core
electron temperature (obtained to better than 10%), es-
pecially for high-speed solar wind flows (Vsw > 500 km
s71).

In what follows we use the TNR electron density
obtained by the neural network (which is in very
good agreement with the one obtained by the fit) and
the electron temperature obtained by the QTN spec-
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troscopy method; we refer to these quantities as the
TNR electron density and temperatures.

2.2. Wind 3-D Plasma Experiment

The Wind 3-D Plasma experiment [Lin et al., 1995]
is designed to make measurements of the full three-
dimensional distribution of electrons and ions from en-
ergies of the order of those of the thermal solar wind
plasma to those of low-energy cosmic rays, with a high
sensitivity, wide dynamic range, good energy and angu-
lar resolution and high time resolution. A pair of elec-
tron electrostatic analyzers (EESA-low (L) and EESA-
high (H)) cover different parts of the electron popula-
tion. In normal modes of operation the EESA-L instru-
ment measures the electrons from a few eV to 1.1 keV
and EESA-H measures from ~100 eV to 30 keV (en-
ergy resolution ~20 %), with 15 logarithmically spaced
energy steps and full 47 angular coverage in one space-
craft rotation (~3 s). The data are combined on board
into 88 angular bins, each with roughly 22° x 22° resolu-
tion. These instruments provide full 3-D electron distri-
butions and also onboard computed moments (density,
velocity, pressure, temperature, and heat flux) with a
very high time resolution (~3 s). Because of the al-
lowed telemetry rate, only the onboard computed elec-
tron moments are transmitted routinely every 3 s. The
full 3-D velocity distribution functions are transmitted
only every ~99 sec (for the time period considered in
this paper).

We shall use in what follows the usual definitions of
the lowest-order moments of an electron distribution
f(v):

- the number density N,

N, = f F(v)d®,

- the bulk flow velocity vector Ve,

Ve = Nie‘/v f(v) d3v,

- the pressure tensor P,

Po=m, / (v = Vo)(v = Vo) f(v) v, (3)

- the heat flux vector Qe,

Me

Q. = ——2—/(v —Ve)  (v—=Ve)(v—="Ve) f(v) d3v. (4)

The thermal pressure p., can be used to define the ki-

netic temperature of the electron plasma component
(pe = N.kp Te)v

Me

N, /(v — Vo) (v—V,.)f(v) d®v.  (5)

T,
3kp

From the matrix of count rate samples, Cijz =
C(E;, ¢;,0x), collected by EESA-L every spacecraft
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spin, the moments can then be computed, either on
board or on ground, according to the definitions given
above, by noting that for an electrostatic analyzer,

(6)

with a proportionality factor given by the detector re-
sponse function; the limit of integration is between
the two cutoff velocities vyin and vmax associated with
the low- and high-cutoff energies, Emin and Emax,
respectively (where Emin = mev2;,/2 and Epax =
mevZ .. /2). As Unmay is generally many times greater

4
fijk o< Cijr/vijk,

than the electron thermal velocity and flow velocity, it
is practically infinity. The integrations are replaced by
summations, and usually the assumption is made that
f(v) is constant over the integration volume elements,
d?v = v?dvdQ? = v® (dv/v) df, with dv/v = 0.5dE/E ~
0.16.

For the period of interest in this paper (from June 1
to 26, 1995; see section 3), the EESA-L instrument has
transmitted a total of 15 x 88 count rate samples (avail-
able every ~99 s), which we have used to compute “on-
ground” moments (namely, the density N, q¢, the bulk
velocity Ve q4s, the pressure Pgq4r, the temperature Ty g¢,
and the heat flux Qgg4s, where the index df means com-
puted with the distribution function); the low-energy
threshold was Enin = Eo—8Eo/2, Eg = 11.47 eV being
the central value of the first energy step, whose width
0Fq is ~3.65 eV, so that Ey;, ~ 9.65 V.

On the other hand, the thermal noise receiver (see
section 2.1) provides measurements of the electron den-
sity every 4.5 s; thus it was interesting to compare
this TNR density with the 3DP high-resolution elec-
tron density, calculated on board every 3 s. We have
therefore checked for a relatively long period of time
(roughly 1 month) whether the available 3DP high-
resolution electron moments (namely, the density N s,
the total velocity V ss, the pressure P35, the temper-
ature T, 35, and the heat flux Q.3s, where the index
3s indicates electron moments calculated on board) are
compatible with moments obtained directly by integrat-
ing the 3DP electron distribution functions. We have
found that this is indeed the case for the lowest-order
moments, the densities, N,3; and N, g4¢, the velocities,
Vess and V, g4¢, and the temperatures T, 35 and T g¢, but
not for the individual components of the pressure tensor
P.3; and P.q4r as well as for the heat fluxes Q.3; and
Q. 4t. The important conclusion of this analysis is that
the 3DP experiment provides reliable, high-resolution
(3 s) measurements of the density, velocity, and tem-
perature of the solar wind electrons.

3. A 3DP/TNR Electron Density
Comparison

Let us now compare the TNR electron density mea-
surements given by the neural network N.rngr and the
3DP uncorrected electron densities computed on board
N.3s. The comparison has been made for a limited
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Figure 1. Synopsis of the solar wind parameters from
June 1 to 26, 1995. The numbers indicate the beginning
of the corresponding day of the year (June 1 = 152). (a)
Solar wind speed in km s~ from the three-dimensional
plasma (3DP) experiment (proton data). (b) Electron
density in cm ™3 from the thermal noise receiver (TNR).
(c) Electron temperature in eV (3DP electron data).

period of 26 days, June 1 to 26, 1995 (7 months af-
ter launch of Wind), when Wind was at > 200 Rg from
Earth (in the free solar wind). This period is well suited
to such a comparison, since it exhibits a large range of
variations of the physical properties of the solar wind.
As illustrated in Figure la, which displays the solar
wind speed (the 3DP proton velocity) as a function of
time, Wind crossed two high-speed flows and spent a
long interval of time in a relatively low-speed wind. The
numbers indicate the corresponding day of the year (day
152 = June 1, 1995). As shown in Figures 1b and Ic,
the solar wind electron density (from TNR) ranges from
~2.5 to 90 cm ™3, while the electron temperature (from
3DP) ranges between ~10 and 25 eV. Note that to draw
these plots, we used ~1-min resolution data and that
N, nr Was interpolated in order to get TNR and 3DP
measurements at the same times.

21,705

Figure 2 displays a scatterplot of N3, as a function
of N.tnr for the period considered, containing 748,800
data points (26 days x 28,800 points day~'). The two
densities are significantly different: 3DP slightly over-
estimates the density for small densities and underes-
timates it for larger densities (when N, > 5 cm™3),
even more as the density increases. This can be simply
explained if we recall that we have used raw densities
N, 36, uncorrected for spacecraft charging, photoelec-
trons, and the low-energy cutoff of the electron spec-
trometer.

To illustrate what happens, Figure 3 shows schemati-
cally an electron distribution function f(E) in the vicin-
ity of the spacecraft surface, which is the sum of the
photoelectron and the ambient solar wind electron dis-
tributions. Both populations are assumed here to be
Maxwellian, the photoelectrons having typical density
Npn and temperature Tpp of ~500 cm™2 and 2 eV, re-
spectively [see Grard, 1973], while three different cases
are considered for the solar wind electron distribution
perturbed by the S/C potential: Figure 3a corresponds
to a high-density solar wind (N, = 40 cm™% and T, = 10
eV), Figure 3b to an intermediate-density solar wind
(N, = 15 cm™2 and T, = 15 V), and Figure 3c to a
low-density solar wind (N, = 2 cm™2 and T, = 22 eV).
Before proceeding further, let us recall that in the solar
wind, the photoelectrons emitted by the S/C body are
usually dominant compared to the ambient electrons it
collects. Thus the spacecraft charges positively, reach-
ing a potential ¢ with respect to the plasma. As a con-
sequence, the photoelectrons with energies smaller than
e¢ return to the surface and may be collected by the de-
tector; only those emitted with an energy larger than
e¢ can escape into the plasma. Simultaneously, the in-
cident solar wind electrons gain an energy e¢, and their
density is higher by a factor exp(e¢/kpTe) at the sur-
face of the spacecraft than far from it. Thus, neglecting

26 days : 95/06/01 to 95/06/26
100 L T T T T T T ;:

80

TNR electron density (cm™)

40 60 80

3DP density (cm™)
Figure 2. Scatterplot of the TNR electron density
N TNR (cm's) versus the raw 3DP electron density
N, 36, over 26 days. The diagonal line is shown by the
dashed line.

100
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Figure 3. Sketch of an electron distribution function
measured at a spacecraft, positively charged to an elec-
trical potential ¢, representing two different population
of electrons (taken as Maxwellians here): photoelec-
trons (with a density Npp = 500 cm~2 and a tempera-
ture Tpp = 2 €V) emitted at the spacecraft with energies
below e¢ and ambient electrons with energies increased
by ed. Emin is the low-cutoff energy of the detector.
Three different cases considered: (a) e¢ < Emin, so that
the density measured by the detector (hatched surface)
is underestimated; (b) e¢ = eds; < Emin, so that the
density measured by the detector (hatched surface) is
Jjust equal to the real density; and (c) e¢ > Epip, so that
the density measured by the detector (hatched surface)
is overestimated.

any anisotropy, no ambient electrons with energies be-
low e¢ will be collected by the detector. As a result,
the temperature of the solar wind electrons will also be
affected by the S/C potential, since the mean random
energy of the electrons is slightly higher in the vicinity of
the spacecraft than far from it. In the first case (Figure
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3a), e is much smaller than the 3DP/EESA low-energy
cutoff Emin (~9.65 €V), so that the measured density
(hatched area) is smaller than the true solar wind den-
sity. Because the solar wind electron density near the
surface of the spacecraft is higher than far from it, there
is a threshold of potential ¢, below Ein, for which the
measured density is equivalent to the true one (Fig-
ure 3b). For any S/C potential ¢ > ¢,, the measured
density will be higher than the true solar wind density,
particularly for e¢ > Epin (Figure 3c), because of the
contribution of part of the low-energy photoelectrons.

As a result, the discrepancy between the TNR and
3DP measurements at small densities (N, < 10 cm™3)
seems to be due to both the spacecraft charging and
low-energy cutoff, Epy;y,, of the 3DP electron analyzers,
while at high densities it appears to be mainly related to
the existence of a low-energy cutoff, spacecraft charging
being negligible.

It is then interesting to try to quantify the difference
between N.rnr and N.3s and to correct accordingly
the raw 3DP density. As explained in the introduc-
tion, the problem of correcting particle detector mea-
surements without the help of data from other exper-
iments has been extensively studied. However, these
“internal” corrections require a significant amount of
work, while the comparison with thermal noise mea-
surements is very easy to implement, as we see in what
follows. In principle, such corrections could be applied
to any situation where particle detectors are operating
simultaneously with a radio receiver capable of measur-
ing thermal noise with sufficient sensitivity.

4. Scalar Correction Model for the
Electron Moments

In what follows we show that a very effective and in-
expensive way of performing these corrections can be
achieved with the help of QTN spectroscopy. For that
we begin by developing a very simple model in order
to set up a “scalar correction” of the electron moments
as measured by an electron spectrometer, taking into
account the effects of both spacecraft charging and low-
energy cutoff of the spectrometer (neglecting, at this
stage, any other instrumental effects inherent to parti-
cle detectors). We proceed here along a path similar to
that used by Song et al. [1997], our basic aim here be-
ing to extract, from simple analytic formulas, the basic
trends of these scalar corrections as the plasma param-
eters vary. We therefore assume the following:

1. The electron spectrometer is a point source of elec-
tric potential ¢(r) in the ambient plasma (p(0) = ¢,
¢ = 0 at infinity), implying spherical symmetry around
the point source, all quantities depending only on the
radial coordinate r.

2. The particle trajectories are purely radial, so that
the conservation of total energy reduces to

1)2 — vlz

- v, (7)
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v’ being the velocity, at the detector, of an incident
particle of velocity v at infinity, and

2e¢

2 _
'Ud)——me.

(8)
3. The detector has a low-energy cutoff at energy
Emin, corresponding to a minimum speed vpip =
(2Emin/me)1/2'

4. This minimum speed satisfies vmin > v4, a condition
always verified for Emi, ~ 10 €V, as we show later (see
section b).

5. The solar wind electron distribution far from the
spacecraft is a simple Maxwellian distribution (neglect-
ing the high-energy electrons) at rest in the spacecraft
frame, since the solar wind velocity Vo is always small
compared to the electron thermal velocity vy, at 1 AU
(1/2m. V3 < kpTeo),

Ne() ’U2

Vth

(9)

with density N.o and temperature Tio,

<2 kBTe())l/z
vep = | ———— .

Me

(10)

As mentioned in section 2.1, the real electron dis-
tribution function is actually not a simple Maxwellian.
The commonly used model to represent the observed
distributions is a sum of two Maxwellians, a core and a
halo, with a halo component contributing to only ~5%
of the total electron density and to ~20% of the total
temperature [Feldman et al., 1975; Pilipp et al., 1987].
Those percentages are roughly comparable to the uncer-
tainties of the determination of the electron density and
temperature from the thermal noise analysis. Therefore
the use of a simple Maxwellian distribution as a zero-
order approximation of the real distribution is relevant
to our model.

Note that when assumption (4) is valid, no photo-
electron can be measured by the detector, so that this
population may be safely ignored in this model. The
“raw” electron density N, and temperature T, are then
given by -

N, = 47r/ v'? f(v) dv,
v

*

(11)

A7 Me 14 gty 1
= dv’
¢ 3kB N, ot v f (U ) v

(12)

where
(13)

v* = max(Vmin, V¢)-
The distribution function at the particle detector,
f'(v"), can be expressed as a function of the distribution
f(v) at infinity:
f1(") = flv).
Using the conservation of energy (equation (7)), this
leads to

(14)
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th

fl(v') = (15)
with v/ > vg. Since we are assuming e¢ < Emin (so
that v* = Vmin), both expressions (equations (11) and
(12)) can be rewritten after simple manipulations as

2 2
N, = Ngg e"¢ [1 — erf(Umin) + —Umine

v ], o

4
T, = T, 14+ —
e e0 [ + 3\/7—'(
'u,?n. e_"”:znin
mn 5 _u2 , (17)
1 — erf(umin) + = Umin €™ “min
where

1/2
Vo ed)
- 1 = 1
Y (kB'leo) ’ (18)

1/2
VUmin Enin
Umin = = . 19
T g (kBTeo> (19)

We see that N,/Ngo depends on both the spacecraft
potential and the low-energy cutoff of the electron spec-
trometer, whereas T, /7.0 does not depend explicitly ei-
ther on the density nor on the S/C potential, but it is
affected by the missing electrons between 0 and Epnin,
even in the case where all the solar wind electron dis-
tribution is sampled (for e¢ = Emin)-

It may be seen in (16) that there is a value ¢ = ¢
(smaller than Epnin) of the S/C potential depending
On Umin, i.6. on Emin and Teo, for which N = Neo,
even if only part of the electron population is sampled;
this is the case represented schematically in Figure 3b.
The same equation shows also that for given values of

Eoin and T.o, N, will be smaller (greater) than Neo
if ¢ is smaller (Figure 3a) (greater, Figure 3c) than
$s. The variation of ¢, with T,y is shown in Figure
4a, for Emin = 9.65 eV. In addition, Figure 4b shows
how much the measured density is overestimated in the
case where the potential reaches the low-energy cutoff
(e¢ = Emin): the ratio Ne/Neo is displayed as a function
of Ty, also for Emi, = 9.65 eV. This condition could be
met for very low solar wind densities, so that N /Neo
could reach ~1.5. The domain above the curve (Figure
4b) corresponds to e¢ > Emin, and the one below it
corresponds to e¢ < Enin.

The S/C potential depends on both the electron den-
sity Neo and temperature Teo; in Appendix A, we de-
rive an expression for ¢ (equation (A7))b from a bal-
ance between the photoelectron current and the solar
wind electron current, depending on the electron den-
sity Ngo, the electron temperature T,o, and three other
parameters. These are the photoelectron temperature
Tpn, a parameter x depending on the spacecraft mate-
rial, and the solar distance dau (in astronomical units),
all of which here are given fixed values, Tpn = 2 €V,
x =2, and day = 1 AU. Note that, on the basis of this
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Figure 4. (a) The critical potential ¢, for which

= Ngo as a function of the electron temperature
Teo. (b) Ratio Ng/Ngo, in the case where e¢ = Epin,
as a function of the electron temperature T,.

expression, the condition of the validity of the model,
0 < e < Emin, is met for 0 < Ngo < 40 cm™3 (above
40 cm™3, ¢ becomes negative) and for 7 < T, < 23 V.

Inserting this expression of the S/C potential into
(16), N, appears to be a function of Neg and Teo while
T. is only function of T, for a given Epin (equation

(16)):

F(NeOa TeO)
= G(Teo)

N, = (20a)
T. (20b)

Equations (16), (17) and (A7) then form a compli-
cated system of nonlinear equations for Ngo and Teo
(see (20b) and (20b)) in terms of the raw moments N,
and T, which cannot be simply inverted analytically
in order to get Neo and T, as functions of the mea-
sured moments N, and T,. Therefore we have tried to
obtain approximate, but simple forms of the solution,
valid in the range 0 < N < 40 cm™3 and 7 < Teo < 23
eV as described above. First, (17) can be simply ap-
proximated by a linear relation between T¢o and T, in
the range considered here. Figure 5a displays Teo as a
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function of T, (equation (17)) for Emin = 9.65 eV, the
diamonds being the corresponding best linear fit,

Teo = —5.97+ 1.09 T, (21)
and the dashed line representing the diagonal line.
Since the ratio Te/Teo (equation (17)) is found to be
simply proportional to u2;;, (Te/Teo o uZy;,), the con-
stant coefficient in the relation above is only due to
Emin. For Eniy = 0 (thus ¢ = 0 because of the condi-
tion e¢p < Emin) we have verified that Teo = T,.
The approximate solution for N,y has the form of a
polynomial in N,
Neo = #(TeO) + V(TeO) N, + P(TeO) N:: (22)

as suggested by the nonlinear shape of the observed
scatterplot of N, 35 versus N, rngr (Figure 2), where the

coefficients p, v, and p depend on T,o. These coeffi-
30 [ T T T T T T /'/_
L (a) Emin = 9.65 eV ~ 7]
25 r e¢ < Emin ///

TeO (ev)

30

" T T T T
E o (b)
40 7eV, 13ev E
; Ty = 5 eV 21 eV
30F =
& F
S F ]
L ]
?’20_— -
z F ]
10F 3
0 L . L L el
0 10 20 30 40
N, (em™)

Figure 5. (a) The real temperature T, as a function of
the measured one (see equqtion (17)), for Epiy = 9.65
eV (solid line). The diamonds are the corresponding
best linear fit (equation (21)), and the dashed line is the
diagonal line. (b) N as a function of N, for different
values of Tpo = 5, 7, 13, and 21 eV. Solid lines are the
exact solutions of equation (16), whereas the diamonds
are the approximate solutions (equation (22)).



SALEM ET AL.: ACCURATE SOLAR WIND ELECTRON PARAMETERS

95,/06,/25
T T

r T T T LR
24r .
F Linear o

22 : Regressiog,.-"
20}

18F

Te 3DP (eV)

16}

14f

10ifx 1 I 1 1 1 1 1
10 12 14 16 18 20 22 24
Te TNR (eV)

Figure 6. Scatterplot of the 3DP electron temperature,
T, q¢, versus the TNR electron temperature T, Tnr, 00
June 25, 1995 (data points represented by crosses). The
solid line is a linear fit, and the dashed line is the pre-
diction of the model (equation (21)).

cients are themselves polynomials in 1/T,o to take into
account the observed fact (not shown here) that, glob-
ally, the ratio Ngss/N.TNr increases with increasing
temperature, so that temperature does seem to play a
decreasing role for large values of N,:

p(Teo) = 0.48 — 20.61/Teo + 86.27/T7 (23a)
v(Teo) = 0.84+2.30/Teo— 20.87/T% (23b)
o(Teo) = 0.01—0.16/T.o+2.73/T%  (23c)

The values of the various coefficients have been obtained
by a best fit between the direct numerical solutions of
(16) (combined with (A7)) and the approximate one
(equation (22)), in the case when Epin = 9.65 eV.
Examples are displayed in Figure 5b for T,o = 5, 7,
13, and 21 eV; the solid lines are the exact numeri-
cal solutions, and the diamonds are the corresponding
approximate solutions. Note the similarities between
these “theoretical” curves and the scatterplot of Fig-
ure 2, i.e., their parabolic shape, the various branches
corresponding to different temperatures, as well as the
overestimation and underestimation of the density, re-
spectively, for small and large densities.

'~ Equations (21) and (22) provide simple correction for-
mulas relating the raw moments to the actual values in
the plasma, far from the spacecraft. Let us stress once
again that they are valid for ep < Emin and that the
coefficients depend appreciably on Emis; besides, they
have been obtained within the framework of a very sim-
ple model, so that the best one can hope is that they are
qualitatively correct, the precise value of the numerical
coeflicients appearing in these correction formulas vary-
ing with the geometry of the spacecraft, the detector,
etc, or with any other instrumental effects.

This can be checked by using the 3DP high-resolution
moments calculated on board (Ne3s and T, 3,) and the
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TNR electron density and temperature (N.rnr and
T. Tnr) identified as the true electron density and tem-
perature (N and Teo). This has been done for the
period of 26 days considered previously (June 1 to 26,
1995), during which the low-energy threshold of the de-
tector is Fmin = 9.65 eV. We considered only the data
points such as N.rnr < 40 cm™3 in order to always
remain within the limit of validity of the correcting for-
mulas (equations (21), (22), and (23b)-(23c)).

In the present stage of data reduction, a large, com-
prehensive set of TNR electron temperatures is not yet
available, so that we have limited our comparison to
June 25, 1995, as far as temperatures are concerned.
Figure 6 displays the 3DP electron temperature as a

g H(Teo) E
L a(Tw)

a and u

10 15 20 25 30

b and v
T

10 15 20 25 30

p(Te)

c and p (x10%)

10 15 20 25 30
TeO (eV)

Figure 7. Variations of the “theoretical” (equations

23a)-(23c)) and the “experimental” %equa,tion (26a)-

E?ﬁc)) sets of coefficients (a) p and a, (b) v and b, and

(c) p and ¢, with the electron temperature, shown by

dotted and solid lines, respectively.
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Table 1. Coefficients of Equation (27) for
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Different Low-Energy Thresholds E;,

June 1-26, 1995,

July 7-21, 1995,

Emin = 9.65 eV Emin = 5.46 eV
ap 5.368 + 0.115 7.063 + 0.631
a1 -103.680 + 2.074 -150.283 + 5.874
az -24.987 + 16.432 247.408 =+ 32.869
bo 1.411 4+ 0.011 0.259 + 0.030
by -36.397 + 0.358 9.608 + 0.690
b2 480.575 + 2.870 -20.372 + 3.958
co -0.0228 + 0.0004 0.028 + 0.001
c1 1.594 + 0.015 -0.442 + 0.020
c2 -14.754 4 0.122 2.180 + 0.116

function of the TNR one (crosses correspond to data
points). The solid line is a simple linear regression made
over all the data points,

TerNr = —5.52 4 1.10 T 3, (24)
whereas the dashed line shows the prediction of the
model (equation (21)), which does a very good job, ex-
cept for a small systematic difference of ~0.5 eV, prob-
ably due to the electron bulk velocity, which is not zero
as assumed in the model.

For density comparisons we take advantage of this
good agreement and determine first a “corrected” 3DP
temperature T35 (the index ¢ meaning corrected) using
(24). We then fit a polynomial of N,3s (of the form
given by (22)) to the density N, rnr,

N, TNR = a(Tec 35)+b(Tec 33) N, Ss+C(Tec 38) Ne23si (25)

where a, b and ¢ are polynomials of 1/T,. 3, of the form
given by (23b)-(23c):

a(Tec 3s) = ao+ a’l/Tec3S + a’Z/Tezc 387 (263)
b(Tec3s) = bo+ bl/TeC38 + bz/Tezc3s’ (26b)
C(Tec Ss) = ¢+ cl/Tec 3s + cz/Tezc 3s* (26C)

A multiple linear regression fit, with 745,750 data
points, is done over all the period to determine the nine
coefficients with good precision, given the large num-
ber of data points. As a result, Figure 7 displays the
variation of the “theoretical” coefficients (u, v and p of
(23b)-(23c); dotted lines) with the electron temperature
Teo = Tec3s, compared to variations of the “experimen-
tal” set of coefficients (a, b and c of (26b)-(26¢); solid
lines). It is seen that both sets of coefficients are compa-
rable and behave similarly, giving some confidence that
the correcting formulas (21), (22), and (23b)-(23c) con-
tain the essential effects to affect the particle detector
measurements.

‘We now extend the comparison outside the limits of
our simple model. First, since there is a linear relation
between the raw electron temperature and the actual
one, it is more practical to use directly the former one

in (25),

Ng7rNR = a(Te 3s) + b(Te 3s) Ness + C(Te 35) N323s . (27)

Then, the multiple linear regression fit is redone us-
ing directly T, 34, now with all of the data points (i.e.,
748,800 data points; see section 3.2), even for densities
above 40 cm™3. The coefficients obtained by the fit are
given in Table 1; note that they are somewhat different
from those obtained above.

Adopting these coefficients, we then corrected the
3DP density N3, (displayed in Figure 2) using (27).
With the same format, we display in Figure 8a a scatter-
plot of the corrected 3DP density Ne.3s as a function of
the TNR density N.nr. Comparing Figures 2 and 8a,
it is now evident that all the data points are distributed
along the diagonal line, with small scatter. Only 0.4%
of our sample corresponds to a density > 40 cm™3, so
that the fluctuations around the diagonal for densities
> 40 cm ™3 may not be significant. The agreement be-
tween the two densities is very good; their difference,

26 days : 95/06/01 to 95/06,/26
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Figure 8. Scatterplot of the 3DP high-resolution elec-
tron density Necss, corrected using equation (27), ver-
sus the TNR electron density for (a) June 1 to 26, 1995,
and (b) May 20 to 31, 1995. In both cases, all the data
points are distributed along the diagonal.
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Figure 9. Scatterplots of the (a) raw and (b) corrected 3DP electron density, using the correction
law with the coeficients given in Table 1, versus the TNR electron density for Emin = 5.46 eV.

NeTNR — Neess

ON = (28)

Nernr
has an almost Gaussian distribution (for the 748,800
data points) with a standard deviation ~0.05 (or 5%),
of the same order of the accuracy of the TNR density
measurements, ~4.4% (see section 2.1). Here 90% of
the data correspond to |6N| < 7.5%. The 10% of the
data for which [§N| > 7.5% correspond to values of the
density close to the TNR band boundaries (A-C or C-E
boundary), where the TNR density is determined with
an accuracy of only 10%.

5. Semiempirical Correction Using
QTN Spectroscopy

Before using routinely (24) and (27) to correct the
raw moments N,3s and T, 35, we must check that they
predict correctly the electron density and temperature
for time periods other than the period of 26 days used
to calculate the coefficients of the fitting. As an exam-
ple, we present in Figure 8b the comparison between
N.rnr and Nec3s (calculated using the coefficients of
Table 1) for a period of 11 days, from May 20 to 31,
1995 (for which Enin ~ 9.65 eV, as for the reference
period); the agreement between the TNR density and
the 3DP corrected density is very good, and the small
deviations observed for densities around 45 cm~2 are
due to a systematic overestimation of the TNR density
by the neural network, on May 23, 1995, between 0730
UT and 1200 UT.

When the EESA-L mode of operation changes, i.e.,
when Emin changes significantly, it is expected that the
values of the coefficients appearing in the correction
formulas will change and that a new empirical “cali-
bration” with the TNR data has to be performed. To
illustrate this, we consider another period, July 7 to
21, 1995, during which Emin = 5.46 €V. For this pe-
riod also, the 3DP electron density and temperature are
those calculated on board every ~3 s, Ne3s and Te 3.

Using the same technique, we obtain new coefficients,
which are also reported in Table 1. Figure 9a displays
the raw 3DP density versus the TNR one, while Figure
9b shows the density N, cas, corrected with (27) and the
appropriate set of coefficients, versus N, TnR; it is seen
that the correction formulas work very efficiently.

For a mode of operation with a low-energy threshold
much smaller than e¢ (Emin < €4, as shown schemati-
cally in Figure 3c), as sometimes happens, the resulting
electron density is much higher than the true one, and,
conversely, the electron temperature is smaller than the
true one. This is due to the contribution of the pho-
toelectrons (which are cold relative to the solar wind
electrons, Tpn < Teo) with energies between Fnin and
e¢. In this case, in order to be able to apply our cor-
recting formulas, it is simplest to use in the moments’
calculation a higher low-energy cutoff Ej;, > e¢ (i.e.,
and discard all energy steps below E; ).

We can conclude that (1) the simple scalar correction
model, described in the previous section, which takes
into account the spacecraft charging and the low-energy
cutoff effects, describes in a qualitative way the discrep-
ancy between the raw particle moments and those ob-
tained from QTN spectroscopy and that (2) it provides
a simple way for correcting, with good accuracy, the
electron density measured by the electrostatic analyz-
ers. An important point is that one does not need to de-
termine the spacecraft potential to perform the correc-
tion; this is replaced by the much simpler task of finding
the nine coefficients appearing in the correction formu-
las (equation (27)), by fitting the raw densities and tem-
peratures obtained by the particle detectors with the
corresponding density from the QTN spectroscopy over
a relatively small period of time chosen as a reference.
As discussed above, the semiempirical relation obtained
by this fit leads to a corrected electron density within
5%, as long as Emin remains unchanged. The corrected
electron temperature can be obtained in the same way,
by finding the two coefficients appearing in (24) over
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Figure 10. Wind electrical potential ¢, as predicted by
the model (deduced from equation (22)) using NerTnr,
N.3s and T, 35, (a) as a function of time (days) for the
period of 26 days, from June 1 to 26, 1995, and (b)
versus of the electron density N, Tnr represented in a
logarithmic scale.

the same period; the corresponding relative uncertainty
is of the order of 10%.

Note, however, that the model also predicts the
spacecraft potential as function of density and temper-
ature. Indeed, it can easily be obtained from (16) and
(17), using N, TNR, Ne 35, and T 3,. The result is shown
in Figure 10a, which displays the Wind electric poten-
tial as a function of time, for the period of 26 days
considered initially (from June 1 to 26, 1995), where
Emin ~ 9.65 eV, used here as a test period. The S/C
potential exhibits a relatively large range of variations,
between 0 and 10 V. One can notice that it reaches neg-
ative values during a short period of a few hours, during
which the solar wind density was higher than 50 cm~3
(on June 19, 1995). This is in good agreement with
the spacecraft potential calculated “theoretically”, i.e.,
from a balance between photoelectron currents and am-
bient electron currents (equation (AT7)). For reference,
Figure 10b displays a scatterplot of the spacecraft po-
tential versus the TNR density in a logarithmic scale:
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the relation between ¢ and logio(NeTNr) is close to lin-
ear, with some evidence of curvature. The S/C poten-
tial determined in this way can be used, for example, to
correct the electron distribution functions themselves.

6. Electron Heat Flux

The simplified model described in section 4 assumes
that the electron distribution function is an isotropic
Maxwellian and therefore does not allow one to correct
the raw electron bulk velocity, though, as discussed be-
low, it is seriously affected by the spacecraft potential
and the incomplete sampling of the core of the distri-
bution (a nonzero Emiy), even more than the electron
temperature. This can thus alter the determination of
the electron heat flux.

6.1. Electron Velocity

We use in the following the electron moments (in-
dexed by df) obtained by integrating the 3-D distri-
bution functions, with a time resolution of 99 s. The
3DP electron velocity, V.af, exhibits large differences
when compared to the proton velocity, V,, especially
when N, at/NeTNg Is smaller than unity. We use here,
for Vp, the 3DP high-resolution proton velocity (calcu-
lated on board), interpolated at the V,qr times. Let us
then consider the difference between the electron and
the proton velocities,

V=V,-V, (29)
By analyzing the azimuth of this drift and the azimuth
of the ambient magnetic field B, we find that there is
an electron-proton drift perpendicular, rather than par-
allel, to B. This corresponds to an angle between the
directions of V, and V,, of ~20°. We used for that the
key parameters magnetic field data (with a resolution of
1.5 min), measured in the Magnetic Field Investigation
(MFI) experiment [Lepping et al., 1995]. The magnetic
field has also been interpolated at the V. g4¢ time.

Can this systematic drift, in the direction perpendic-
ular to B, be compensated by the alpha particles? We
can check that by using the conditions of charge neu-
trality and zero current in the solar wind. For a plasma
with several species the space charge o and current den-

sity j are
o= ZZi e Nj,
i

.i:ZZieNiVi,
i

(30)
(31)

where e = 1.6 1071° C is the elementary charge. In the
solar wind the most abundant heavy ions are the alpha
particles (Z, = 2). So the space charge and the current
density are

oc=-¢e(Np+2Ny— N,), (32)

j:e(Npr"“zNaVa_Neve)a (33)
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26 days, 10 min averaged data
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Figure 11. (a) Histogram of the difference A2(Q.) —
Az(B) in degrees, between the azimuth of the electron
heat flux Q. and the azimuth of the magnetic field B
during the 26 days with 10 min averaged data. The
solid line corresponds to the electron heat flux Q. cal-
culated with respect to the bulk electron velocity (as
measured with Fpi, = 11 eV), and the dashed line cor-
responds to the “corrected” electron heat flux Q}, cal-
culated with respect to the bulk proton velocity. Here
180° corresponds to a heat flux antiparallel to B, and
360° corresponds to a heat flux parallel to B. (b) Con-
tours of isoprobability of occurrence of a pair of values
of [A2(Qg) — A2(B), Neas/NeTNr]-

where the indices p, @ and e represent the protons, the
alpha particles, and the electrons, respectively. The
conditions of charge neutrality and zero current, in the
solar wind, are

o~0, |jl=~0, (34)
leading to
Ve=V,+ AV, (35)
where o N
AV, = Na (Vo —Vyp). (36)
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The alpha particle contribution, AV, is evaluated us-
ing (1) the TNR electron density N.Tnr as N., and
(2) the SWE proton density from the key parameters
Npswg (more accurate than the one given by the 3DP
experiment because of a detector saturation problem
with the 3DP proton electrostatic analyzer when the
density is > 10 to 30 cm™3), combined with the 3DP
alpha to proton density ratio in order to get the al-
pha particle density N,. This contribution is found to
be much smaller than §V (equation (29)), i.e., about
~1073 to 1072V, on average, so that the apparent
perpendicular drift between electrons and protons can-
not be due to the alpha particles. It is probably due
to the uncertainty in the determination of the electron
bulk velocity, due to the missing core electrons in the
distribution function. One can thus consider the pro-
ton bulk velocity as a good approximation of the “true”
electron bulk velocity. This is an important point for
the determination of the electron heat flux.

6.2. Correcting the Electron Heat Flux

The 3-D electron heat flux (equation (4)) is calcu-
lated by a numerical integration from ~10 to 1200 eV
for the 26 days considered. We only consider the heat
flux vector Q., i.e., the trace of the heat flux tensor in
the GSE directions. This total electron heat flux Q. is
calculated with respect to the bulk velocity V. of the
whole electron population (equation (4)), without cor-
rection of the effects of the spacecraft potential and/or
the low-energy cutoff and without separation of the core
and halo electrons, as Feldman et al. [1975] did for the
IMP 7 data. Pilipp et al. [1987] considered the 2-D elec-
tron distributions (on Helios) only for energies above 10
eV, in order to eliminate the photoelectrons, and cor-
rected the electron heat flux (calculated with respect to
the bulk electron velocity) by the ratio of the proton to
electron density, while Scime et al. [1994b] calculated
all the electron moments from the “vector-corrected”
electron distributions (on Ulysses).

Our sample contains 3250 points, which are 10-min
averages of the electron heat flux (125 points per day
during 26 days). Figure 11a displays a histogram (solid
line) of the difference between the azimuth of Q. and
the azimuth of B, Az(Q.) — Az(B), calculated between
90° and 270°. If Q. was statistically parallel or an-
tiparallel to B, the difference Az(Q.) — Az(B) would
be 360° or 180°, respectively. However, this difference
peaks close to 160° and 340°: the azimuth of Q. is
systematically smaller (by ~20°) than the azimuth of
B. Such a systematic deviation of the heat flux with
respect to the direction of the magnetic field is contra-
dictory to earlier studies [Feldman et al., 1975; Pilipp et
al., 1987; Scime et al., 1994b]. It may be related to the
systematic error in the determination of the electron
velocity, since we have calculated Q. with respect to
V. (equation (4)). We argued above that the bulk pro-
ton velocity V, is a better approximation of the bulk
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Figure 12. (a) Scatterplot of Q. (calculated in the
electron frame) as a function of the angle between Q.
and the magnetic field B during the 26 days with 10
min averaged data. (b) Scatterplot of Q} (calculated
in the proton frame) as a function of the angle between
Q? and the magnetic field B.

electron velocity than the measured V.. We thus re-
calculate the electron heat flux QJ with respect to V,
(equation (4)). The histogram of the difference between
the azimuth of Q} and the azimuth of B is also dis-
played for comparison in Figure 1la (dashed line): it
peaks correctly at 180° and 360°. This implies that Qg
is a better estimation of the electron heat flux than Q..

Moreover, as Q., Q} has also been calculated with
Ein = 9.65 eV. We recall that over the period con-
sidered here, e¢/Epipn varies between 0 and 1 (see Fig-
ure 10a), so that a more or less important part of the
core electrons is missing, which could affect the esti-
mation of Q. We have seen (section 3.2) that as a
consequence of this effect, the ratio Ngas/NeTNR Can
be either smaller or larger than unity. Thus we dis-
play, in Figure 11b, a 2-D histogram of the values of
[42(Q}) — Az(B), Neat/NeTNr] as contours of isoprob-
ability of occurrence, which shows that the direction of
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Q: does not depend on N, 4 /N, Tnr (0 €4/ Emin). The
same conclusion holds for the modulus of Q}, implying
that neither its direction nor its amplitude depends on
the fact that part of the core electrons is missing, what-
ever its proportion. This is in agreement with a total
heat flux dominated by the halo electron particle flux,
in the frame of the total electron distribution [Scime et
al., 1994b].

The moduli of Q. and of Q} are displayed as func-
tions of the cosine of the angle between the heat flux
and the magnetic field, respectively, in Figure 12a and
Figure 12b. These figures confirm that Qj is closer to B
than Q. and show that the average of |Q}| is ~2 times
smaller than the average of |Q.|. The largest values of
the heat flux found in our sample are 30 uW m~2, but
|Q?| is generally below 10 uW m~2 (see Figure 12b).
These values are consistent with those found by Pilipp
et al. [1990] and Scime et al. [1994b] at 1 AU.

7. Summary and Conclusion

In this paper we have compared the solar wind elec-
tron parameters obtained on Wind simultaneously with
the TNR wave receiver of the WAVES experiment and
the electron electrostatic analyzers of the 3DP experi-
ment. This is the first time that such a detailed com-
parison of simultaneous measurements made by a radio
wave receiver and a particle instrument has been made,
allowing a recalibration of the particle data.

The main results of this work can be summarized as
follows:

1. The electron densities provided by both instru-
ments are observed to be significantly different. We in-
terpret these differences as due to the spacecraft charg-
ing effects coupled with the effects of the low-energy
cutoff of the energy sweeping in the electron spectrom-
eter, Emin (~ 10 eV).

2. We show that one can account very well for such
differences through a simple physical model of the par-
ticle spectrometer, taking into account both the space-
craft charging effect and the low-energy cutoff in the
energy sweeping. The model, valid for e¢ < Emjp, is
based on the assumption that the solar wind electron
distribution is a simple Maxwellian, and that the space-
craft potential ¢ modifies only the electron energies (the
electron trajectories remaining unchanged) and affects
the electron distributions isotropically. The main ad-
vantage of such a model is that it provides simple ana-
lytical relations for the measured electron density and
temperature as functions of the “real” ones.

3. Because the spacecraft potential ¢ is unknown, as
is often the case, we consider the TNR density to be the
real electron density, in order to fix the parameters of
the model and derive quasi-empirical relations for cor-
recting the electron density and temperature. We show
then that these quantities are very well corrected, to
better than 5% for density and 10% for temperature.
Moreover, the corrected 3DP electron temperature is in
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very good agreement with that measured with TNR, to
better than 10%. Finally, the model allows prediction
of the value of the spacecraft potential ¢. We show
that it matches the expected values, so that the uncer-
tainty on the measured electron moments is due to the
low-energy cutoff and spacecraft charging rather than
to the photoelectrons, e¢ being always below Emin.

4. Taking into account the conditions of charge neu-
trality and zero electric current in the solar wind, it
is seen that the proton bulk velocity is a better ap-
proximation of the real electron bulk velocity than the
measured one itself. So the electron heat flux is clearly
improved when calculated in the frame of the proton
velocity instead of the electron velocity. Indeed, its di-
rection is found to be aligned with the magnetic field,
while it was found 20° away from it when calculated in
the electron frame.

This new method for correcting particle data is based
on the use of simple, semiempirical relations; it is reli-
able and can be routinely used to determine accurate

"electron parameters at a rapid cadence.

In any case, in spite of the spacecraft charging and
low-energy cutoff effects, the electron electrostatic ana-
lyzers remain an essential means to investigate the ac-
tual shape and the fine details of the electron distri-
bution functions in the solar wind (and more generally
in space plasmas). Although very different, thermal
noise spectroscopy is complementary in measuring accu-
rately the density and bulk electron temperature when
spacecraft charging cannot be properly eliminated. So-
phisticated methods with intrinsically complex space-
craft geometry for correcting fully for the effect of the
corresponding potential on the ambient electrons are
sometimes irrelevant. Frequently, such methods de-
pend more and more on parameters that are poorly
known and cannot be easily applied to a different case.
By comparing simultaneous measurements on Ulysses,
from the Solar Wind Observations Over the Poles of
the Sun (SWOOPS) electron analyzer [Bame et al.,
1992] and from the thermal noise spectroscopy with the
URAP radio receiver [Stone et al., 1992], Maksimovic
et al. [1995] have shown that the initial difference of
19% between the densities obtained from the two in-
struments is only reduced to 13% by using improved
SWOOPS data obtained with the vectorial correction
method of S/C charging effects [Scime et al., 1994a).
Our model, whose formulas were also validated, seems
to contain the essence of the physics making it possi-
ble to explain how the electron measurements made by
the electrostatic analyzers are altered. However, the
exact parameters of the model depend on time, on the
fatigue of the detectors (microchannel plates (MCPs)),
and eventually on other instrumental effects related to
particle analyzers. Fatigue of the detectors is partially
corrected on board by periodically increasing the high
voltage applied to the MCPs (in order to increase the
gain). The exact value of the density is thus difficult
to obtain by a particle spectrometer alone, improving
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the utility of a thermal noise receiver from which the
plasma frequency can be obtained without requiring a
receiver gain calibration. We could thereafter improve
the model described in this paper by taking into ac-
count the suprathermal electron population that have
been neglected in this study and/or generalize it to the
case of a drifting plasma (with a nonzero bulk velocity).
Nevertheless, the equations of the model presented in
this paper can already be applied to electron measure-
ments on board other spacecrafts equipped with instru-
ments for measuring the thermal noise, such as URAP
[Stone et al., 1992] on Ulysses or RPWS [Gurnett et al.,
2001] on Cassini.

Appendix A: Spacecraft Electrical
Potential

In most practical cases the charging of a body in space
is due to a balance between some of the following phys-
ical processes: (1) ambient electrons and ions striking
the surface of the body and transfering their charge;
(2) incident energetic electrons striking the surface, in-
ducing secondary emission of electrons; and (3) incident
energetic photons inducing photoelectron emission.

When a surface is illuminated by a flux of ionizing ra-
diation, it emits photoelectrons. The number of ejected
photoelectrons per absorbed photon, W(E), depends
on the physical and chemical structure of the material.
The photoemission flux is found by integrating over the
spectrum the product of W(E) by the absorbed solar
flux S(E) [see Grard, 1973]. Photoelectrons are ejected
with a typical energy of 1-2 eV, which can be approx-
imated by a temperature kpTpn ~ 1-2 eV. The pho-
toelectron saturation current density, Jpno, is obtained
simply by multiplying the photoemission flux by the
elementary charge e. This leads to

(A1)

where the unit is A m~2, x is a parameter depending
on the material of the spacecraft, and day is the solar
distance in astronomical units; 107° x is the photoelec-
tron saturation current density at 1 AU, and x is of
the order of 2 [see Grard, 1973, Table 2]. Jpno can vary
from a few to several tens of uA m~2; the photoelectron
density is of the order of 10 — 102 cm™3 in the vicinity
of the spacecraft.

Suppose now that photoemission prevails, i.e., Jppo >
Jeo, Jeo being the unperturbed (for spacecraft potential
¢ = 0) ambient electron current density, and that sec-
ondary emission is negligible, so that the charging is
determined by a balance between collection of ambient
electrons and emission of photoelectrons. This usually
occurs in the interplanetary medium at Earth’s orbit.
As m, <€ m; (where m, and m; are the electron and
proton mass, respectively), the ambient proton current
density can also be neglected.
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Figure A1.  Theoretical spacecraft electrical potential
#(Neo, Teo) as a function of electron density Ngo, de-
termined from a balance between collection of ambient
electrons and emission of photoelectrons. It is obtained
as a solution of equation (A7), for T, = 2 eV and
x = 2. Here ¢ is plotted for three different tempera-
tures, Teo = 5, 15 and 25 eV.

Since photoemission prevails, the object charges pos-
itively, thereby attracting photoelectrons, so that only
those emitted with an energy larger than e¢ can escape.
The photoelectron flux depends also on the geometry.

Let us assume, as a first approximation, that the
spacecraft is a sphere with a radius 7,: in three di-
mensions the photoelectron flux is just the flux of those
emitted with a kinetic energy larger than e¢. Assuming
that the photoelectrons have a Maxwellian energy dis-
tribution with a temperature Tp, and integrating over
the relevant velocity space, one finds for ¢ > 0 [see
Grard, 1973]:

e

B Tph

Jph = JphO (l + % ) e e¢/kBTph, (A2)

in A m~2. The ambient electron current density is de-
fined by

Je =€ N¢ v, (A3)

where N, and v, are the electron density and velocity,
respectively, at the surface of the spacecraft. We as-
sume also that the ambient solar wind electrons have
a Maxwellian distribution f with a density N,y and a
temperature Tpo and that the velocity distribution ob-
served at the surface of the spacecraft is the one given
by (15). If we assume isotropy, the electron velocity v,
at the surface of the spacecraft is then

_Am [

Ve -—

— Ne .. " fl(vl) v:zd,ﬁr’

(A4)

where vy is given by (8). After integration, one finds
[see e.g., Garrett, 1981]

e

Je = eo (1 3
Jeo ( +kTeO)

(A5)
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where
_ 2e

Jeo—ﬁ

Normally, the floating potential of the spacecraft ¢ is
defined by the equality between photocurrent Jpn Spn
and plasma current J, S./4, where Sy, and S, are the
photoelectron emission area (7r2) and the electron col-
lection area (47r2), respectively; the factor 1/4 for the
ambient electrons arises because only N.o/2 particles
per unit volume are approching a given infinitesimal
surface element from one side with an average perpen-
dicular velocity (v)/2 = v /+/T.

In this way, by just writing J. = Jpn, we obtain a
nonlinear expression for the spacecraft potential

e0 Uth- (A6)

ed (14+e¢/Tpn)  96.15x
—— —1In =0, (A7
Tph (1 + e¢/TeO) NeovTeo diU ( )

where N, is given here in cm™3, and Tpn and Ty are in
eV. In order to calculate the spacecraft potential ¢, we
compute the root of (A7) as a function of Ngg and Teo,
with Tpp, = 2 €V, x = 2 and day = 1 AU. The result
is shown in Figure A1, where we display the spacecraft
potential as a function of the electron density N, for

different values of the electron temperature Teo: ¢ de-

pends appreciably on the electron temperature only for

solar wind densities above ~10 cm~3. For solar wind

densities above 40 to 50 cm™3, the S/C potential seems
to reach negative values, so that it cannot be deter-
mined by a simple balance between photoelectrons and
ambient electrons, as the one considered here.
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