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Abstract Over the last few decades, the role of ionospheric outflow for the loss of atmospheric
constituents, as a plasma supplier to the magnetosphere and hence for the evolution of the Earth’s
atmosphere has been recognized. A substantial amount of the outflow is thought to be caused by the
presence of an ambipolar electric field aligned with the open magnetic field lines of the polar region.

To better understand how the changes in outflow are influenced by the solar and geomagnetic activity,

it is critical to get a better understanding of the impact of this electric field, and to be able to measure it
under various conditions. However, such measurements are not possible with present techniques. In this
paper, we propose a new technique to measure the tiny electric field. This technique builds on existing
instrument technology but extends the capability to measure the very small electric fields. We present the
underlying design concept and demonstrate that this concept is viable and able to measure the very small
ambipolar electric fields thought to play a key role in the polar wind.

1. Introduction

Ionospheric outflow plays an important role in the evolution of the Earth’s atmosphere andmagnetospheric
dynamics (André & Cully, 2012; Brinton and Mayr, 1971; Dessler & Hanson, 1961; Engwall et al., 2009;
Haaland et al., 2015; Hoffman, Dodson, Lippincott, & Hammack, 1974; Kronberg et al., 2014; Lundin
et al., 2007; Welling et al., 2015; Yau & and André, 1997). Ions in the polar ionosphere can be extracted by
an ambipolar electric field along the magnetic field lines (Axford, 1968; Ganguli, 1996; Yau & André, 1997,
and references therein). With the magnetic field lines open and connected to the solar wind through the
magnetotail, this electric field enables ions to escape from the Earth’s gravity. The outflow through this
mechanism is characterized by low-energy ions and is often referred to as the polar wind (Axford, 1968;
Banks & Holzer, 1968). The outflow rate of the polar wind can reach up to 10°® s™* and can be higher than
the outflow in the form of conics and beams from the auroral zone. Consequently, the polar wind outflow
is considered to be the main contributor to loss from the ionosphere, as well as the dominant plasma source
for the magnetosphere.

The presence of an upward ambipolar electric field was first observed by the ISIS-1 spacecraft in the form
of a persistent difference in upward and downward electron fluxes (Winningham & Heikkila, 1974). Sub-
sequent observations from the Dynamic Explorer spacecraft eventually led to the interpretation that the
downward moving electrons are reflected due to an upward electric field at altitudes higher than the space-
craft (Winningham & Gurgiolo, 1982). High-energy electrons can overcome the electric potential and es-
cape from the Earth, whereas electrons with energies lower than the electric potential energy return to
low altitudes. Using data obtained from the Akebono spacecraft between 300 and 3,200 km altitude, Abe
et al. (1993) found a correlation between electron temperature and ion outflow velocity of the polar wind at
a given altitude. This directly indicates that ions of the polar wind are accelerated by the ambipolar electric
field. As the increase in ion outflow velocity is larger at a higher altitude, their results suggest a cumulative
effect of the ambipolar electric field on the accelerating and eventual escape of ions from the ionosphere.

Theoretical studies based on modeling have estimated the values of the field-aligned electric potential
drop due to the ambipolar electric field (Khazanov et al., 1997; Tam et al, 1995). In the models by Wilson
et al. (1997) and Su et al. (1998), a field-aligned potential jump of about a few V was predicted at high
altitudes (several Earth radii). A recent simulation by Khazanov et al. (2019) demonstrated that a small
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and gradual potential drop of 3-4 V exists at altitudes below 3,800 km and a potential jump exists at
higher altitudes. In their model, the potential jump is controlled by the ratio between hydrogen ion flux
and the flux of photo electrons and polar rain electrons. The value of the simulation based potential jump
is consistent with those reported by Kitamura et al. (2012), derived from the FAST spacecraft measure-
ments. They found that the total electric potential drop above ~3,800 km altitude is frequently larger than
~10V during geomagnetically quiet periods. However, the experimental studies conducted so far have not
been able to resolve the detailed structure of the potential drop and the ambipolar electric field. There is
therefore a strong need for complete experimental analyses of the ambipolar electric field in addition to
theoretical studies.

Direct measurements of the ambipolar electric field or total potential drop are challenging for several rea-
sons. The main challenge is that the magnitude of the ambipolar electric field is very small. The 1-3 V total
potential drop below 3,800 km altitude as reported by Su et al. (1998) would imply an average ambipolar
electric field of the order of 1 X 107 V m™. It is not feasible to measure such small electric fields with exist-
ing techniques and present generation instrumentation.

In this paper, we present a new concept for measuring very small ambient electric fields in the polar region.
The proposed instrument partly builds on existing electron drift instruments but expands their capability to
also measure parallel electric fields. Such an instrument can be deployed on a spacecraft traversing the polar
cap region, and in principle provide direct, in situ measurements of the ambipolar electric field. While we
strongly emphasize the conceptual nature of the proposed instrument, our calculations demonstrate that
the instrument principle is feasible, and can be used in future missions to study weak ambipolar electric
fields in the polar wind.

This paper is organized as follows: in Section 2, we first outline the basic physics behind ionospheric out-
flow and the motion of an electron in an electromagnetic environment. In Section 3, we describe the work-
ing principle of the new instrument concept. Section 4 discusses a possible technical implementation and
design requirements, and Section 5 summarizes this paper.

2. Forces Acting on an Electron in the Polar Cap Region

An electron in an electromagnetic environment like the terrestrial polar cap region will experience various
forces. In particular relevance for ion outflow, is the acceleration along the magnetic field. This can be ex-
pressed as:

av, M 0B _db
=l L gy iy »

a
"at ym " ymoos dt

The four terms on the right-hand side correspond to the parallel component of accelerations due to the
ambipolar electric field, the magnetic mirror force, gravity, and the centrifugal force, respectively. In Equa-

tion 1, q is the electric charge and m is the electron mass. The term y = 1/+/1 — V2 / ¢? is the Lorentz factor
with ¢ being the speed of light in vacuum and V'is the speed of the electron. E| is the sought after ambipolar
electric field. Furthermore, g is the parallel component of gravity. M = ym V2 / 2B is the magnetic moment
of the electron, with vy being the gyro-rating speed of the electron. S is a unit length along the magnetic
field. ii; = E x B / B*is the E x B convection velocity, primarily driven by solar wind-magnetosphere inter-
action. Finally, b is a unit vector of the magnetic field.

Not all of these forces and acceleration terms are relevant for electrons in the region of space we consider
here. The acceleration due to centrifugal force is only a few m s~ (see Li et al., 2012) and only becomes rele-
vant at higher altitudes and over longer distances (Nilsson et al., 2010). Likewise, acceleration due to gravity
is also smaller than 10 m s~ and can be neglected.

The other two terms are of more interest for our purpose. Acceleration due to E; (we refer to it as a, in the
following) is estimated to vary from ~10* to ~10’ m s~ depending on E;. Acceleration due to the mag-
netic mirror force, a,,, can be comparable to a, depending on the electron gyro speed (v,) and gradient of
magnetic field strength. In the polar cap region below a few thousand km altitude, the Earth’s magnetic
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| | field can be approximated by a convergent (respectively divergent in the
\ \\ Earth's Magretic Field Lineg southern hemisphere) dipole field. In polar coordinates the strength of
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\\ ‘\ ‘\ | ,’ ,’ /’ / polar angle from the polar axis of the northern hemisphere (6) can be
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where B, = 3.12 x 107> T is the mean value of the magnetic field at the
magnetic equator of Earth’s surface, Ry = 6.731 x 10° m is the Earth’s
radius. Therefore, a,, calculated from the dipole field model is:

Magnetic Field Lines

Spacecraft/?l'rajectory Open-Close Boundary M OB VZ, 6cos6 3cosOsin’ O
/ Legend m = m OS - 2r 1 3 (3)
/ (1+3c0529)2 (1+3cos2 9)2
\/ Spacecraft
—p Spacecraft Velocity X X . . .
—p Downward Acceleration Thus, since we ignore centrifugal acceleration and gravity, the total accel-
—p Upward Acceleration eration can be expressed as:
—P Velocity of Magnetospheric
Convection aq =a, tay, 4)
Figure 1. Schematic of a spacecraft carrying the instrument across the We note that a,, depends on the electron energy and magnetic field con-

polar cap ionosphere. The vectors in colors show the directions of the
velocities and accelerations as indicated in the legend. The upward and
downward accelerations are mainly caused by the mirror force and the

ambipolar electric field, respectively.

figuration only. Provided that we operate in a near-dipole like magnetic
field configuration, both these parameters can be determined with high
accuracy.

3. Working Principle of the Instrument

The proposed instrument concept, hereafter referred to as the Polar Wind Electric Field Analyzer (PWEFA),
partly builds on the existing Electron Drift Instrument (EDI) successfully flown on Equator-S, Cluster (Pas-
chmann et al., 1997; Quinn et al., 2001) and the Magnetospheric MultiScale Mission (MMS - see Torbert
et al., 2016). Basically, these instruments emit a set of coded electron beams with a fixed energy (in Cluster
and MMS, the EDI beam energy is either 500 eV or 1 keV) perpendicular to the ambient magnetic field, and
then relies on the detection of the emitted electrons after one gyro period (experience with EDI has shown
that analysis can even be done for “multirunners” - electrons performing several gyrations.)

To measure the ambient magnetic field and to determine the direction of the electron beams, a precise mag-
netometer, similar to the Flux Gate Magnetometer (FGM) on Cluster (Balogh et al., 2001) or MMS (Russell
et al., 2016) needs to be deployed along with PWEFA. On Cluster and MMS, the EDI instruments are also
used to calibrate the magnetic field measurements.

Figure 1 shows a schematic plot of a spacecraft carrying the proposed instrument across the polar region of
the Earth. The coordinate system used is a solar magnetospheric system (SM) in which the x-axis of the co-
ordinate system points from the center of the Earth to the Sun, the z-axis is pointing northward and aligned
with the magnetic dipole. The y-axis completes the right-handed system. To sample a range of altitudes, we
envisage an elliptical orbit with apogee changing over time.

In the polar cap, which is defined by open magnetic field lines, electrons emitted from the spacecraft will
experience upward and downward forces as described in Section 2. The emitted electrons will gyrate around
magnetic field lines moving relative to the spacecraft. This effect on the ability to detect the return electron
beam under such conditions will be discussed in Section 4.1.

As for the EDI instruments onboard Cluster and MMS, the proposed PWEFA will have an electron gun
emitting coded electron beams in the direction perpendicular to the ambient magnetic field, but now with
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Figure 2. Definition of AS. Given the same ambipolar electric field and
ambient magnetic field, the electron beams from the electron gun with
three different energies result in three different AS values. By adjusting
the energy of the electron beam, AS changes sign at a specific energy. The
trajectories are for the electrons with energies at which the two forces
cancel (blue), the mirror force is larger (red), and is smaller (black), than

the electric force.
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the possibility to sweep the beam energy, (W = 3 ymvé) over a wide ener-

gy range. From Equations 3 and 4, we note that different values of W will
result in different values of ). A servo principle similar to the one used
on EDI on Cluster and MMS ensures that after one gyro period, T, the
artificially emitted electrons will return and hit the detector unit of the
instrument. Due to forces across and along the magnetic field, the gyro
path of emitted electrons will not be perfectly circular. In general, there

i will be a distance between the point of exit from the electron gun and

! the point where the returning electrons hit the spacecraft. The distance
/ projected in the direction parallel to the ambient magnetic field (AS), and

- —
—
~~

2AS
T, can be used to derive a;, as @) = ——. This is illustrated in Figure 2.

o

1 AS can be measured by the electron detector unit, which is a combination

/ of an electron lens and a microchannel plate surrounding the lower part

1 of the electron gun. We will describe the design requirements for this mi-

! crochannel plate detector in more detail in Section 4.4. We also note that

/ the beam energy can be tuned (e.g., vé adjusted) so that a,, balances a,, and

the total acceleration a; = 0. The emitted beam will then remain in the
plane perpendicular to B and not move along in parallel direction at all.

Figure 3 shows plots of V,, Ty, 1, (gyro-radius), a,, a., and AS as a func-
tion of the electron beam energy for 500 km altitude and 90° latitude.
Parameters for other locations will be discussed later. In Figures 3e-3f,
the different colors show values of AS for E; =1077,107°,and 10> Vm™,
respectively. In Figure 3f, we also note the transition from negative to
positive values of AS at energies where a,, balances a, in Equation 4. As
seen in the right part of all panels, the effect of relativity will significantly
affect these parameters when the electron beam energy exceeds ~10° eV, but as we shall see, this beam en-
ergy is not relevant for the very small electric fields in the polar wind.

In normal operation, PWEFA will emit electrons with energies sweeping from low to high (or from high to
low). The energy of the emitted beam (and thus a given V), where AS flips negative to positive (or vice versa)
will be used to determine E). For example, if the sign of AS changes when the energy of the electron beam
is about 22.91 eV and increasing, E|, is determined as 10°Vm™.

Figure 4 shows the energy of the electron beam at which AS changes its sign (Ki,m) as a function of E for
various altitudes and latitudes. For the latitudes from 70° to 90°, it can be seen that the changes in altitude
from 300 to 900 km only result in a small variation in Kj,,,. At a given altitude, changes in latitude within 20°
from the dipole axis have negligible effects on Ki,,. Consequently, the accuracy in measuring E; depends
almost solely on the energy span of the electron beam for each sweeping step and the spatial resolution of
the electron detection unit.

4. Technical Details and Design Requirements

While the above presented technique would conceptually work (and we strongly emphasize that the design
is a concept at this stage), there are challenges associated with the design of such an instrument. Below, we
briefly discuss some of the design challenges and address possible solutions.

4.1. Effects of Induced Electric Fields due to Relative Motion Between Spacecraft and the
Magnetic Field

One would require that T, should be small enough so that the spacecraft does not move too far across
field lines to detect the returned electron beam. This relative motion is affected by the ionospheric convec-
tion. The separation between the electron beam and the spacecraft AL is AL = T, , where i, is the
spacecraft’s velocity (a spacecraft in a nearly circular orbit at 500 km altitude travels at a speed of ~7 km

Use —UE
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Figure 3. Parameters of electrons emitted from the electron gun as a function of initial energy for 500 km altitude and 90° latitude. Given different ambipolar
electric fields (E)), a. varies (shown in Figure 3e) and subsequently AS changes sign at a given energy (shown in Figure 3f). The energy at which AS change its

sign can be used to determine E,.
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Figure 5. A cross-section view of the cylindrical symmetric instrument,

including the electron gun, the array of electron lenses, and the array
of microchannel plates. Electrons emitted from the electron gun can be
steered by the deflection cathodes into a direction perpendicular to the

ambient magnetic field. The electrons return after one gyro period and hit
the electron lens, which magnifies the small displacements caused by the
imbalanced accelerations along the ambient magnetic field. The magnified
displacements are big enough to be resolved by the microchannel plates.

s, ii; is the ionospheric convection (rarely more than 1 km s~ in these
altitudes). These figures lead to a maximum value of AL about 10™°m
when the energy of the electron beam is lower than 10° eV. Therefore, the
return electron beam can be detected by an MCP if the size of the MCP is
larger than 107> m in the direction of ii,, — iiy.

4.2. Size of the Electron gun and the Electron Detection Unit

The size of the electron gun and the electron detection unit are impor-
tant parameters for the instrument. The instrument needs to be smaller
than the gyro-radius of the electron beam, r,, so that the electrons can
leave from the electron gun on one side, and hit the electron detector
unit on the other side after one gyro-period (see Figure 5). Given a fixed
size of the instrument, the lower limit of r, constrains the minimum E;,
the instrument can measure. As demonstrated in Figure 4, measuring E|,
as small as 10™° V. m™ requires an electron beam with energy of about
3 eV, which corresponds to a gyro-radius of about 10 cm (Figure 3c). Con-
sequently, the whole instrument unit has to be smaller than 20 cm in
diameter. A less stringent E resolution, e.g., 10~° V m~! would work with
a higher beam energy, and allow a larger instrument size.

4.3. Beam Steering Mechanism

An important property of the electron gun is the ability to rapidly orient
the electron beam in the direction perpendicular to the ambient magnetic
field. This can be achieved by applying deflection electrodes beside the
path of electrons (see details in Figure 5). The same technology has been
successfully used on the EDI for Equator-S, Cluster, and MMS spacecraft
(see Paschmann et al., 1997; Quinn et al., 2001; Torbert et al., 2016). Elec-
trons are emitted from a thermionic cathode contained in a Wehnalt cyl-
inder, which is a circular cylinder with an aperture at the center of one of
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its bases. The Wehnalt cylinder has a negative electric potential and repels electrons. Only electrons from
the thermionic cathode that are aligned with the long axis as well as the aperture of the cylinder will pass
through. As a result, an electron beam in the direction parallel to the long axis of the Wehnalt cylinder is
generated. An anode with positive voltages is used to accelerate the electron beam to the desired energies.

Unlike the EDI instruments onboard Cluster and MMS, the proposed instrument does not need a fully
180° steerable electron beam. Recall that Cluster and MMS probe large regions of the magnetosphere, and
the magnetic field can have any direction relative to axis of the electron gun. As noted above, EDI beam
energies on Cluster and MMS are 500 or 1,000 eV, and typical gyro radii of the order of several km. Beam
spread then becomes an issue (see e.g., Kletzing et al., 1994), and the returned beam is actually an elongated
sheet along the magnetic field although beam is refocused after one gyroration in the plane perpendicular
to the magnetic field.

In the target region of our new proposed instrument concept (the polar cap), the magnetic field is stable and
almost radial. The spacecraft on which the instrument is to be deployed, traverse these field lines almost
perpendicular. A much smaller range of beam directions (and detector unit) is, therefore, acceptable. Better
focusing of the beam should then be possible. Combined with the much smaller beam energies, and thus
smaller gyro radius of the emitted electrons, the elongation in parallel direction of return beam becomes
smaller.

For PWEFA, the design requirement is that the beam is narrow enough, and has a spread characteristic
that ensures that the displacement, AS, can be resolved by the detector unit (described in the next section).
While we think that the beam spread design requirement can be met by using the combination of a thermi-
onic cathode technique, and a detector system able to detect the center of the “spread” beam, a solid state
emitter technique may be an alternative. In particular, the double-gate field emitter cathode as described
and tested by Lee et al. (2018) and Tsujino et al. (2016) is a promising technique. The actual emitter tip of
the double-gate field emitter cathode has a curvature radius of only a few nanometers, and generates highly
collimated electron beams with angular spread much smaller than that of the EDI instruments on Cluster
and MMS. The spread in energy of the beam is just a fraction of an electron volt. While not tested in space
environments, deployment of this technique should be feasible.

Stability and uniformity of deflection plate voltages are crucial to be able to accurately steer and focus elec-
tron beams with energies of only a few eV. As the voltages are controlled by the instrument’s electronics,
electronics with fast response and high precision, combined with materials with high, uniform conductivity
and low capacitance are needed. Influence from photoelectrons should be reduced by minimizing sunlit
surface areas.

4.4. Unit of Electron Lens Combined with Microchannel Plate (EL-MCP)

Our calculations show that measuring E;, of the order of 107° V m™ require a Micro Channel Plate (MCP)
detector unit capable of resolving AS values of the order of 107 m. With current MCP based technology,
this is not yet possible. The best spatial resolution of an MCP-based detector achieved in space environment
so far is approximately 1 X 10> m (Popecki et al., 2016; Tremsin & Vallerga, 2019). This limits our ability to
make an instrument capable of measuring values of E, smaller than about 10~V m™". One possible solution
to circumvent this constraint is therefore to use electron optics to magnify AS prior to detection by the MCP
measurements.

Here we propose to use an array of electron lenses. The perspective view of this spherical symmetric arrays
of electron lenses (EL) and MCPs is shown in Figure 6. The MCPs are installed on a sphere with a smaller
radius which shares the same origin as the sphere for the electron lenses. Figure 7 shows the details of one
of the electron lenses. Similar to the electrostatic Einzel lens (Heddle, 2000), each electron lens consists of
two apertures aligned to the radial direction (shown as 7). Two pairs of plates with different electric poten-
tial (V1 and V2) are aligned perpendicular to the polar direction (é). The two pairs of plates are separated
in the radial direction, and each pair of plates are separated in the direction of the polar angle. There is no
obstacle in the azimuthal direction for electrons. To fit all of the electron lenses in a sphere, the aperture for
electrons traveling in is slightly larger than that for electrons traveling out.
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Figure 6. A perspective view of parts of the spherical electron detection
unit, which includes the array of micro channel plates (MCP, in red) and
the array of electron lenses (EL, in blue). The three vectors at the bottom

right indicate the radial (), polar (é) and azimuthal (¢3) directions for (

6, $)=(155, 45) degrees. Only the parts with the polar angle between 135°
and 175° and the azimuthal angle between 30° and 60° are shown in this
figure, although the entire electron detection unit covers the sphere with
0 > 135° (see Figure 5). The upper part of the electron gun occupies the
sphere with 8 < 45°. Each EL is composed of two pairs of plates with
different electric potentials; its purpose is to magnify beam displacements
AS smaller than approximately 10~> m, prior to direct measurements by
the MCP.

rrrrrrr > Electric field lines

Electron trajectories with various AS
Electrodes with different potentials (V1>V2)
Surface of MCP

Figure 7. A cross-sectional view of each electron lens (EL). The EL
consists of two pairs of plates with different electric potentials (V1>V2
and V1>0). Electrons entering the EL with a small AS (as indicated on the
right-hand side) will be diverted by the electric fields and hit the surface of
the MCP with a large AS. The magnification, defined as AS/AS, needs to
be approximately 10°.

Figure 7 illustrates a situation for V1>V2 and V1>0. Electrons entering
the EL from the right, and a small AS relative to the central dashed line,
are accelerated in the polar direction. As electrons exit the EL to the left
of the plates with potential of V1, they are diverted and hit the MCP with
a spread AS'. The magnification (calculated by AS/AS) has to be about
10*. This can be achieved by adjusting V1, V2, the distances between the
two pairs of plates, and the distances between the EL and the MCP. A
similar technology with a magnification up to 10° for cold atoms has al-
ready been published by Stecker et al. (2017). We infer that magnification
of the displacement of electrons can be even larger because electrons
have a much smaller mass than atoms.

4.5. Some Notes About Operation in a Nonideal Plasma
Environment

To emphasize the concept and possible design solutions, we have for sim-
plicity assumed a near-ideal operating environment, with a strong and
stable dipole-like magnetic field which allows for an accurate determi-
nation of the mirror force term in Equation 1. We have also assumed a
situation with no significant background electron content.

From our experience with the EDI instrument onboard Cluster, we know
that the latter assumptions are not completely unreasonable at high al-
titudes above the polar cap regions. In lower altitudes of the polar cap
region, there will be a higher background electron flux and more atten-
uation of the artificially emitted electron beam, possibly causing loss of
the beam signal. For the small gyro radii used here, this is less of an issue
compared to the EDI instruments on Cluster and MMS, since the beam
has a very short travel distance. Increasing the beam current and decreas-
ing the angular spread of the beam can also partly compensate for some
of the attenuation.

A second concern is that photoelectrons and secondary electrons with en-
ergies close to the beam energy can be generated at or near the electron de-
tector unit, and possibly making it difficult to detect and decode the beam
signals. Alternating beam coding may help increasing the signal-to-noise
ratio (SNR). The instruments flown on Cluster and MMS utilized a rath-
er simple, correlation technique to increase the SNR; Beam detection is
based on a positive correlation between the emitted and received electron
beam code. Recent technical advances in signal processing, making use of
more powerful onboard digital processing units may be used in a future
mission to improve the SNR for detection of the returning electron beam.

4.6. Issues with the Smallest Detectable E|

As shown in the above calculation, a target of 10° V. m™" for E, implies an
energy of about 3 eV for the emitted electron beam. Such small energies
can be affected by small scale, local electric potential structures around
the instrument. According to Anderson et al. (1994), the electric poten-
tial of the Dynamics Explorer 2 spacecraft operating at altitudes between
300 km and 1,000 km was negative and rarely exceeded 1 V negative if
there is no significant particle precipitation. However, potentials on the
instrument can be different if the instrument is differently shaped.

In a typical plasma environment of the ionosphere, electric currents
on the surface of the an instrument are dominated by bombardment of
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background plasma. Ions with small thermal speeds are considered stationary to spacecraft, and only ram
surfaces of the instrument will be hit by ions. In contrast, all surfaces of the instrument will be hit by elec-
trons, since their thermal speeds are much larger than that of the spacecraft. The voltage on the instrument
@& due to collecting charged particles from background plasma can be calculated as:

1
>
o=y i[;”f ] )

e A\ 2zmp2,

where A, and A; are the areas on the instrument collecting electrons and ions, respectively. k is the Boltz-
mann constant. m, and T, are mass and temperature of electrons, respectively. vy, is the speed of the space-
craft. Considering a spherical surface of a spacecraft and T, = 1,500 K, the calculated & is —0.458 V (An-
derson, 2012). Thus, to minimize any unwanted potentials caused by ambient electrons and ions hitting the
instrument and spacecraft, the surface area of the instrument and spacecraft should be kept small. Highly
conducting surface areas combined with active potential controls like the Plasma Source Instrument (PSI)
flown on Polar (Su et al., 1998) or Active Spacecraft Control (ASPOC) flown on Cluster (Riedler et al., 1997)
may also help reducing effects of externally generated, unwanted potentials and spacecraft charging effects.

Spacecraft induced electric and magnetic fields also affect motion of electrons close to the spacecraft. These
effects can be reduced by putting the instrument on a sufficiently long boom, as often done with magneto-
meters to reduce the effect of spacecraft induced magnetic fields.

A relaxed E), target, e.g., of the order of 107> V m™" or larger, will allow higher beam energies, and meas-
urements will be less affected by electric potential structures near the instrument or nonuniform deflection
plate voltages in the electron gun. Realization of the proposed instrument obviously implies a balance be-
tween science objectives (ability to measure very small electric fields) and technical feasibility.

5. Summary

The loss of atmospheric ions from the Earth's polar region is mainly attributed to the ambipolar electric field
along the magnetic field. This electric field is generated by the charge separation between electrons and
ions, and can be as low as 107° V. m™". Presently, electric field measurements onboard spacecraft typically
rely on measurements of electric potential between the two separated probes in plasma. To obtain accurate
measurements of very small electric fields, the distance between the two probes will have to be very large.
This introduces difficulties in the structural design of spacecraft due to imbalance heating and irradiation
on different parts of the spacecraft, and is presently not feasible. An alternative indirect method in which
the electric field is derived from plasma instruments and particle spectra is also not accurate enough.

To address this dilemma, we propose a new technique to measure the small ambipolar electric field in
the polar cap region. The proposed instrument — polar wind electric field analyzer (PWEFA), builds on
the experience from the electron drift instruments (EDI) flown onboard the Equator-S, Cluster, and MMS
spacecraft, but adds the capability to measure very small parallel electric fields. The proposed instrument
emits electron beams in the direction perpendicular to the magnetic field and measures the movements of
the returning electron beam to determine the ambipolar electric field. This instrument combines existing
technologies, including an electron gun, an array of electron lenses, and an array of micro channel plates
with a spatial resolution as high as possible.

While we once again emphasize that the instrument presented here is conceptual, our calculations demon-
strate that the proposed design concept is feasible. It should be possible to construct such an instrument
using present technology. The ability to measure very small parallel electric fields will significantly advance
our knowledge about acceleration mechanisms responsible for low energy ionospheric outflow.

Finally, although our scientific interests, and thus the motivation for this study, are focused around iono-
spheric outflow and the very small ambient electric field driving the polar wind, deployment in other re-
gions of space are also conceivable. The measurement principle - determining the balance between upward
forces from the mirror force and downward force by the electric field acting on an electron - should work in
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any region with similar magnetic topology. For example, the nearby cusp and auroral regions have similar
magnetic topologies with nearly radial magnetic fields and parallel electric fields that can be orders of mag-
nitude larger. Although the underlying mechanisms generating field aligned potentials in these regions may
be different from those of the polar wind, the proposed instrument concept should be able to measure also
in this regions. As alluded to in the calculations above, a lower measurement resolution also relaxes some
of the instrument design parameters.

Data Availability Statement

The data used in this work are obtained from the theoretic calculations described in the text.
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