Calibration Experiment of All-sky
Electrostatic Analyzer
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Electrostatic analyzers have been widely used for measuring the energy and incident
angle distribution of space plasma on board the spacecraft. The measurement enables us to
derive the flow velocity, density, and temperature of plasma, to detect the large-scale distur-
bances in space, and to forecast the space weather. An electrostatic analyzer with all-sky
field of view has been developed for the Lomission and the proto-type model is calibrated
by a ground facility. The results demonstrate a fair agreement with the numerical model cal-
culations and its capability of the space plasma measurement on board 3-axis stabilized

spacecraft such as the L5 mission.
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1 Introduction

Electrostatic analyzers have commonly
been used as plasma measuring instruments
aboard satellites to measure the energy distri-
bution and three-dimensional velocity distri-
bution of space plasma. The electrostatic ana-
lyzer measures the E/q (energy per charge) of
particles using the unique kinetic characteris-
tic of charged particlesin an electrostatic field.
The measured energy of space plasma (ions
and electrons) around a satellite and the inci-
dent angle distribution obtained by the analyz-
er are used to calculate the plasma flow veloc-
ity, density, and temperature and to detect
large-scale space disturbances. The informa-
tion obtained on the plasma structure and
propagation is used to forecast space weather.
Further, the micro-scale velocity distribution
functions of ions and electrons provide us with
a better understanding of particle acceleration,
wave-particle interactions, and the propaga-
tion of accelerated particles in space plasma.
Moreover, by adding 111 a TOF (Time-Of-
Flight) velocity analysis function to the final

stage of the electrostatic analyzer, it will be
possible to identify individual species of ions
(such asH*, He™, and O).

In an electrostatic analyzer, two opposing
electrodes generate a potential difference
through which charged particles are passed.
These analyzers are categorized in accordance
with the structure of the electrodes, and
include the parallel plate type, the concentric
cylinder type, and the spherical type. The
spherical electrostatic analyzer has only one
inlet, which particles enter from various
angles. Since the exit position of a particle
varies according to its incident angle, detect-
ing the exit locations enables the simultaneous
measurement of the incident angle distribution
(one-dimensional) and the energy distribution.
Therefore, when a satellite mounted with a
spherical electrostatic analyzer rotates about
its spin axis, the analyzer is able to perform
three-dimensional velocity distribution meas-
urement. Because of this advantage, spherical
electrostatic analyzers are often installed on
satellites for space plasma measurement. To
date, the ISEE (2151, GEOS (61, AMPTE (7118,
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Giott (91, Ulysess (103, and Galileo 1111 have
carried onboard spherical electrostatic anayz-
ers. However, even a spherical analyzer with a
wide angle of visibility still has a range of
dead angles, and its analytical characteristic
will therefore vary depending on the line of
sight. This drawback was solved in the so-
called “top-hat” electrostatic analyzer (121013).
Its axially perfect symmetrical shape ensures
uniform analytical characteristic over a field
of view of 2 rad.

In Japan, three analyzers were designed
for the observation of solar wind plasmas and
mounted on satellites. Two were 270° spheri-
cal electrostatic analyzers 11411151, and the
third was a top-hat electrostatic analyzer [161.
However, these analyzers were al mounted on
satellites with spin-stabilized attitude control
and thus featured only one-dimensional angu-
lar resolution. By positioning the one-dimen-
siona field of view on a plane that partially
includes the satellite’s rotation axis, the satel-
lite's rotation and the one-dimensional angular
resolution are combined to enable the meas-
urement of angle distributions of two orthogo-
nal components, and also to provide a three-
dimensional velocity distribution function
when coupled with measurement of energy
distribution.

With a satellite using three-axis attitude
control, in theory it is not possible to perform
three-dimensional velocity distribution meas-
urement using the above-mentioned three ana-
lyzers. Three-axis control is expected to be
adopted for the L5 mission (177 aimed at imag-
ing CME in interplanetary space and activity
on the sun’s surface. In such a satellite, inno-
vative measures are required to widen the field
of view of the measuring instrument. One
method of establishing such an electrostatic
sweep isto install electrostatic deflecting elec-
trodes at the entrance section of the analyzer.
In the WIND satellite, the collimator section
of the onboard top-hat electrostatic analyzer
was provided with deflecting electrodes to
achieve a field of view greater than +45
degrees 1181. Figure 1 (a) is a schematic dia-
gram of this type of analyzer. The arrows in

the diagram indicate the traveling directions of
particles that enter and exit the instrument.
The field of view is the circular area of
approximately +45 degrees from both sides of
the plane (indicated by a dotted line in the dia-
gram) perpendicular to the analyzer’'s symme-
try axis. As aresult, the satellite body can eas-
ily interfere with the analyzer’s field of view.
Thus for maximum performance, this type of
analyzer must be installed at the tip of an
extended element, such as a boom.

\ Incident Particles

(b)
R | | Incident Particles

Cross-sectional diagram and
schematic of incident and exit parti-
cles of top-hat electrostatic analyzer
(a) and newly developed electrostat-
ic analyzer prototype (b)

On the other hand, a bottle-type analyzer
offers a full-sky field of view (2r str), con-
ducting its sweep by opening and closing a
conical surface with afield of view formed at
an angle of 45 degrees from the analyzer axis.
Fig.1 (b) isaschematic diagram of this type of
analyzer. Unlike the top-hat analyzer, this ana-
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lyzer can be mounted directly on the outer sur-
face of asatellite, amajor advantage.

To examine this analyzer in detail, we
obtained a potential distribution based on spe-
cific shape and electrode arrangement, and
used a numerical model to calculate the travel-
ing paths of alarge number of particles within
the analyzer [19]. This investigation revealed
favorable analyzer performance. Accordingly,
this paper introduces a prototype electrostatic
analyzer with a full-sky field-of-view sweep
function, designed for installation on a satel-
lite such as the L5 mission featuring three-axis
control, and also discusses the results of an
experiment we conducted to evaluate basic

(m g ]

analyzer performance, using a specific ion-
beam charged-particle calibration device (20.

2 Outline of the prototype analyz-
er

A cross section of the prototype analyzer is
shown in Fig.2. In this figure, the prototype
analyzer has been rotated 90 degrees from that
shown in Fig.1 (b). The analyzer is made
mainly of aluminum and constitutes the con-
ductor section (blue shaded area in the dia-
gram), and the deflection plates and energy
analyzer electrodes are electrically insulated
by UPIMOL (red shaded areain the diagram).
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[7e A Cross-sectional view of prototype analyzer

15D

MIYAKE Wataru and YAMAZAKI Atsushi 179



Since the prototype was produced to test
the analyzer’s basic functions in a ground
facility, we designed it without taking weight,
impact resistance, other mechanical character-
istic, or thermal characteristic into considera-
tion. We also determined the shape with a
main focus on achieving dimensional preci-
sion without the use of special assembly tech-
niques. We ensured an accuracy of 5 +£0.05
mm for the passage width along the charged
particle channels. The shape of this prototype
analyzer was determined based on the results
of numerical calculation, and the size (19) was
optimized for the measurement of solar wind
electrons aboard the L5 mission. Although
some have expressed the opinion that a larger
device would be more suitable for measure-
ment of solar wind ions (this will be discussed
later in detail), we determined the size of the
prototype component in view of the uniform
diameter of the ion beams generated by the
charged-particle calibration device (207 used in
our experiment. A larger instrument would
render quantitative evaluation difficult. In
other words, the prototype was produced to
assess basic performance with respect to the
analyzer shape; the optimal size will be inves-
tigated based on these results and in accor-
dance with the scaling law of charged particle
pathsin an electrostatic potential field.

The prototype analyzer consists primarily
of three types of electrodes: electrostatic
deflecting electrodes for line-of-sight scan-
ning, limiter electrodes to adjust sensitivity,
and spherical electrodes to analyze particle
energy. Electrostatic potentials created by an
external power supply are applied to the elec-
trodes. The analyzer is in cylindrica symme-
try. Particles enter the analyzer from the upper
left and lower left and move toward the center
of the X shape in the diagram. Particles pass
through a mesh section that prevents the ana-
lyzer's internal potential from leaking to the
outside. Particles then travel between the two
facing deflecting electrodes each featuring a
cuneiform cross section. By applying a poten-
tial to these facing deflection electrodes, the
analyzer generates an electrical field between

the electrodes and bends the paths of incident
particlesto freely deflect the line of sight.

After particles pass the center of the X,
they travel past the thin annular limiter elec-
trodes, which serve as the “diaphragm” for
sensitivity adjustment. Application of a volt-
age to the limiter electrodes reduces the num-
ber of passing particles, enabling the measure-
ment of a high particle flux. Since the dynam-
ic range (number of particles measured per
given period) of the particle detector in the
final stage is limited, this function was adopt-
ed to expand the dynamic range of the meas-
uring instrument and to enable measurement
of both extremely small and very large particle
flux.

Particles are then led to the spherical elec-
trostatic analyzer section. The radii of the
outer and inner spheres are 52.5 mm and 47.5
mm, respectively. A potential difference is
applied to the space between the two spheres,
so particles travel in a near-circular orbit. Par-
ticles with energies that are too great relative
to the applied potential difference travel
almost linearly, strike the outer sphere, and are
unable to exit. Orbits of particles with very
low energies are bent substantially; these par-
ticles collide with the inner sphere, and are
similarly blocked. As aresult, only particles at
the appropriate energy level exit the spherical
analyzer.

Particles passing through the spherical
analyzer reach the exit located at the right end,
where the detector converts them to electric
signals, which are detected as a pulse count. In
our experiment we used a microchannel plate
(MCP) (213, a type of secondary electron
amplifying tube, as a detector. Particles fly
around the analyzer in al directions and at all
energy levels, but only particles with incident
angles and energy levels satisfying certain
conditions relative to the potential applied to
the electrodes reach the final-stage detector.
All other charged particles collide against the
passage walls before reaching the final stage.
Changing the combination of voltages applied
to the individual electrodes and examining the
number of passing particles provides informa-
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tion on the angle-energy distribution of the
charged particles within the analyzer. For fur-
ther details, refer to the investigation based on
the numerical model calculations 9.

3 Outline of test equipment and
test procedures

Prototype performance was investigated
with a charged-particle calibration device [20.
This device produced parallel N, ion beams at
auniform energy level within a vacuum cham-
ber, abeit in conditions quite different from
those of actual plasma in space. Since the ion
beam generator was a particularly elaborate
device, we did not vary its energy level or
direction of radiation, but instead maintained
these at constant values. Instead, to study
angular characteristic, the analyzer was placed
on a vacuum gimbals (rotating platform) with
two orthogonal axes, and was rotated to vary
the direction at which the beam entered the
analyzer. To investigate energy characteristic,
on the other hand, the voltages applied to the
electrodes inside the analyzer were varied in
fine increments. Figure 3 shows the analyzer
setup on the dual-axis vacuum gimbals inside
the vacuum chamber. lons were directed from
left to right in the photo.

Profotype analyzer on dual-axis vacu-
um gimbals (rofating platform) inside
vacuum chamber

All devices used to measure analyzer char-
acteristic were controlled from a single per-

sonal computer via GPIB communication.
These devices included the following:

* Analog voltage power supply unit, providing
control voltage to the ion-beam control equip-
ment

* Multiplexer and multimeter to monitor ion
beam current and voltage

* Controller for gimbals control

* Multiplexer and multimeter to monitor
power applied to the analyzer and output volt-
age

* Detector output pulse counter

* lonization vacuum gauge (for monitoring of
degree of vacuum)

Figure 4 shows the control screen dis-
played on the PC. To enable independent con-
trol, we included separate control panels (on
the right side of the screen) within the applica-
tion. The sample screen shows the main panel
for automatic control sweep measurement and
the sweep control panel. To check the analyzer
characteristic for a selected parameter, all
other parameters were fixed, and an automatic
sweep was conducted for the selected parame-
ter while output pulse number was tallied,
enabling the smooth acquisition of data. The
sweep measurement items can be divided
roughly into the following three groups:

(1) Measurements related to output ion beams
(voltage/current sweep)

(2) Measurements related to analyzer direction
(incident angle sweep)

(3) Measurements of voltage applied to ana-
lyzer (energy, angle of visibility, sensitivity
sweep)

Measurements of the first type were con-
ducted by applying a control voltage to the ion
beam control device from the analog voltage
output device controlled by the GPIB commu-
nication. For type 2 measurement, a sweep
was conducted by rotating the gimbals inside
the chamber. For type 3 measurement, the
voltage applied to the observation equipment
was swept while the power supply voltage was
controlled directly by the GPIB.

In the experiment, the control panels (see
Fig.4) on the PC display were operated
according to the flow chart shown in Fig.5.
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Control panels on PC screen

First, a sweep item was selected, and all other
parameters were fixed using the main panel.

Next, using the sweep control panel, the
initial value, final value, and step value, as
well as the observation time at each measuring
point, were set. The Scan Start button was
clicked to start sweep measurement. At each
point, measurement began when the device
stabilized, one second after termination of the
parameter sweep. After the measurement was
completed at each point, the result was output
and displayed in the space below the sweep
control panel. After the measurement was
completed at the final sweep point, the data
was output as afile for analysis.

4 Analyzer characteristic

4.1 Energy-angle characteristic

Since the analyzer was axially symmetri-
cal, dependency on elongation of the axis
should be investigated. Here, the in-plane
orthogonal to this axis was defined as having
an elevation angle of O degrees, and the left-
ward plane parallel to the axisin Fig.2 was set
as 90 degrees. When the deflecting electrodes
for the field-of view sweep were grounded
(i.e., when the deflection was 0), incident par-
ticles would reach the entrance of the spheri-
cal energy analyzer centering around the ele-
vation angle of 45 degrees. By rotating and
fixing the gimbals at a certain elevation angle

Turn on [on Beam Power
Set Emission Current

Select Sweep Mode

1. Rotation Sweep
2. Beam Voltage Sweep
3. 85V Bweep

IS¢t sweep parameters of initial, final. and step values))

and other constant parameters
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v

| lon Beam ‘

[change Peam] [Move GIMBAL| Change HY

fe FN Measurement flow chart

and incrementally varying the potential
(sweep voltage, or SV) applied to the inner
and outer spherical electrodes of the spherical
analyzer, we were able to count the number of
transmitted particles per unit time in each step.
In this experiment, a positive potential was
applied to the outer sphere, and a negative
potential of the same degree was applied to
the inner sphere. Next, we moved the gimbals
dlightly to change its fixed elevation angle and
conducted the SV sweep again over the same
range. Repeating this process yielded the ener-
gy-angle characteristic near 45 degrees shown
in Fig.6. In the graph, the maximum transmis-
sion rate percentage (particle count) was
assigned the value of 100%, contour lines
were also plotted at 80%, 60%, 40%, and
20%.

Charged particles featuring the same ratio
of kinetic to potential energy (i.e., the same
potential distribution) followed the same paths
in the electrostatic field, in accordance with
the scaling law. Therefore, the degree of parti-
cle energy relative to SV was indicated on the
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horizontal axis. When +100 V was applied to
both the outer and inner spheres, particles with
an energy level of 850 eV to 1,000 eV passed
through. This SV value is proportionally relat-
ed to the energy value of transmitted particles.
In other words, particles of approximately 9 *
SV [eV] relative to the applied £SV will pass
through the analyzer and be detected by the
detector.

SV sweep: zero deflection

38 M 1
6 8 10 12
Particle Energy/SV (eV/V)

(7[N-N Energy-angle characteristic (meas-
ured value) at an elevation angle
approaching 45 degrees

The energy resolution and angular resolu-
tion are defined as half-value widths of the
integral distribution in the vertical and hori-
zontal directions, as seen in Fig.6. Since the
above scaling law applies to the horizontal
axis, the resolutions can be defined as the ratio
to the median of the half-value widths. In this
case, the energy resolution is approximately
+7%, and the angle resolution is approximate-
ly £1.8 degrees.

Figure 7 shows the energy-angle charac-
teristic of the analyzer obtained based on
numerical model calculations (191. This char-
acteristic is expressed in the same format as
that used in Fig.6, and agrees well to the graph
in Fig.6, indicating that this characteristic was
as estimated using the numerical calculations.
Detailed comparison, however, revealed a
dlightly wider spread in both energy and angle

distributions. We suspect that this was attribut-
able to limitations posed by the singularity of
energy and the parallelism of the ion beams
used in the experiment, in addition to manu-
facturing and assembly deviations, but we
could not determine the exact cause. Never-
theless, we believe that the close correspon-
dence between predicted and actual results
supports the practical application of the ana-
lyzer under study.

Numerical Model
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l7[e WAl Energy-angle characteristic (model
calculation) at an elevation angle
approaching 45 degrees

The absolute sensitivity of an analyzer is
referred to as the G factor, and it indicates the
ratio of transmission energy width multiplied
by the transmission solid angle to the product
of opening area and center transmission ener-
gy. In other words, integration of the transmis-
sion counts indicated by the contour lines in
Figs. 6 and 7 by energy and angle, in addition
to integration of the directions orthogonal to
the elevation angles, will yield the G factor,
provided that the incident particle flux is
known. The number of particles C (/sec) per
unit time measured at the center transmission
energy E and the differential flux F (/cm® str
keV sec) displays the following relation: C =
F(E)*GeE-¢ . Here, ¢ is the detection efficien-
cy of the detector and G is the G factor. In our
experiment, we could not measure the
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absolute ion beam flux with sufficiently high
precision; therefore, we were unable to obtain
the G factor. However, since the energy-angle
characteristic matches that of the numerical
model calculations, it is safe to assume the
applicability of the G factor value obtained in
these calculations.

In both Figs. 6 and 7, coupling is seen
between particle energy/SV and elevation
angle (EL), and skewing (221 (distortion) is
generated. This skewing occurs when the
bending angle (angle of deflection of particle
paths inside the spherical anayzer) is smaller
than 180 degrees (23). Particles with high
energies are not easily deflected and thus they
are able to reach the exits near the outer
sphere. Therefore, when the incident angle is
directed outward (from the inner sphere
toward the outer sphere), particles move even
farther away from the centers of the concentric
spheres at the exits, collide against the outer
sphere, and are blocked from passing through
the analyzer. If the incident angle is directed
inward, on the other hand, particles tend to
deflect toward the center (toward the inner
sphere), thus mitigating the effect of their
higher energies and allowing them to pass
through. With particles at lower energies, the
opposite phenomena are seen. As a result,
skewing is generated between energy and inci-
dent angle, as shown in Figs. 6 and 7.

When processing measurement data for
actual space plasma, this skewing and slight
variation in transmission rate can be ignored
in most cases. In other words, in the case of an
analyzer with an energy resolution of §% and
angular resolution of « degrees, uniform trans-
mission is assumed in the area within +4 %
relative to the center energy corresponding to
the applied SV and within +« degrees from
the direction in which the analyzer faces. This
area corresponds to that of the rectangle in
Figs. 6 and 7. Outside this area, transmission
is considered to be zero. This approximation is
valid when the energy-angle distribution of
measured plasma is sufficiently large in rela
tion to § and «. For example, when the tem-
perature of plasma is extremely low, the ana

lyzer must have low values for § and « in order
to obtain accurate measurements.

4.2 Field-of-view deflection

We examined the relationship between the
deflection voltage (Vdef) and elevation angle
(El. angle) observed when an electric potential
is applied to the deflecting electrodes for a
field-of-view sweep. Figure 8 shows the results
of this experiment, and Fig.9 indicates the
results of the calculations using the numerical
model. As described in (4.1), the particle ener-
gy and the voltage applied to the electrodes
are governed by the scaling law; the ratio of
deflection voltage to particle energy is shown
on the vertical axis. In the experiment, a posi-
tive potential was applied to one of the two
deflection electrodes and the other electrode
was grounded (zero potential). In the diagram,
those ratios of the positive side of the vertical
axis indicate the application of a positive volt-
age to the electrode, which was near the sym-
metry axis and cylindrical in shape (as seenin
Fig.2), while those ratios of the negative side
of the vertical axis indicate the application of
positive voltage to the disc-shaped electrode,
for easier understanding. This figure shows an
overall view of the field-of-view sweep char-
acterigtic. At the zero position on the vertical
axis, both electrodes were grounded.

Deflection Characteristics
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Numerical Model
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7l °A Field-of-view deflection (model calcu-
lation)

In Fig.8, the contour lines are discontinu-
ous, but this was attributable to the large scat-
tering of measurement points. In reality, the
contour lines would be smooth. In Fig.9,
stepped changes can be seen, but these were
due to the finite number of numerical calcula-
tion points. In both graphs, a near-linear rela-
tion can be observed between the applied
value and field-of-view deflection angle. Fur-
thermore, the entire field of view is covered
with a maximum voltage of 70 % to 80 % of
the particle energy.

Although the electrostatic deflection elec-
trodes appear to be symmetrical with respect
to the conical 45-degree surface, a three-
dimensional view indicates that the deflecting
electrode near the axis is amost cylindrical in
shape, and that the other deflection electrode
is nearly flat. Therefore, the formed potential
structure acts as a convex mirror when a volt-
age is applied to the cylindrical eectrode near
the symmetry axis, and as a concave mirror
when a voltage is applied to the disc-shaped
deflection electrode. Therefore, parallel inci-
dent particles diffuse in the former case (< 45
degrees), and they converge in the latter case
(> 45 degrees).

Due to these effects of diffusion and con-
vergence, the percentage of transmission is
higher for incident particles with alarge eleva-

tion angle than for incident particles with a
small elevation angle. When a voltage was
applied to the flat electrode (> 45 degrees), the
deflection was dlightly higher (same degree of
deflection observed at a low voltage) than
when a voltage was applied to the cylindrical
electrode near the symmetry axis (< 45
degrees). We suspect that the slight variation
in deflection may be linked to the potential
structure; i.e., whether it promoted diffusion
or convergence.

4.3 Limiter characteristic

Last, we investigated the sensitivity
adjustment function by applying voltage to the
annular limiter electrodes installed between
the field-of-view sweep electrostatic deflect-
ing electrodes and the spherical electrodes for
energy analysis. The results are shown in
Fig.10. The graph shows the integration (sum)
over angles in the data obtained in SV sweep-
ing at varied incident angles. The solid line
corresponds to the data in Fig.6, and the volt-
age applied to the limiter was zero. The
dashed line indicates the data obtained by
applying a voltage equivalent to 80 % of parti-
cle energy, while the dotted line shows the
data acquired by applying a voltage equivalent
to 90 % of particle energy. Figure 11 shows
the results of the corresponding numerical
model calculations.

The measured values and the model calcu-
lation results matched closely, thus indicating
the feasibility of controlling an approximately
tenfold variation in sensitivity, as we expect-
ed. Application of voltage to the limiter elec-
trodes not only reduced the number of trans-
mitted particles but also increased the trans-
mitted particle energy/SV value slightly, as
predicted under the numerical model. This
demonstrated that this type of limiter not only
hinders the transmission of particles with
energies lower than the applied voltage, but
that it also modifies the paths of the transmit-
ted particles, performing its limiting function
in combination with the energy-incident angle
characteristic of the spherical analyzer in the
later stage. Therefore, even an applied voltage
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SV sweep
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IZ[e W1} Limiter characteristic (measured val-
ues).
Solid, dashed, and dotted lines represent
data obtained with the limiter voltage/par-
ticle energy values of 0.0, 0.8, and 0.9
(V/eV), respectively.

Numerical Model
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7« WE N Limiter characteristic (model calcula-
tions).

Solid, dashed and dotted lines represent
data obtained under the same conditions as
those in Fig.10.

of approximately 80% of particle energy/q
will result in a noticeable decrease in sensitivi-
ty.

Although the limiter electrodes were
arranged as if the inside and outside of the
electrodes would provide about the same func-
tion and form an equipotential surface nearly

perpendicular to the direction of particle
motion shown in Fig.2, the convergence/diffu-
sion lens effects were the same as those seen
with the field-of-view sweep electrostatic
deflecting electrodes, converging particle
beams that were parallel before entering the
spherical analyzer to a foca point, as predict-
ed particle paths under the numerical model.
Due to the three-dimensional effect, the focal
point is slightly displaced from the center,
toward the exterior. Therefore, particles enter-
ing the spherical analyzer became diffused
particle beams emitted from afocal point clos-
er to the outer sphere. This means that the
incident particles followed a path from the
outside toward the inside of the outer sphere.
Therefore, similar to the skewing of the ener-
gy-incident angle of the spherical analyzer
explained in (4.1), the transmission of parti-
cles directed inward features alower SV value
(that is, ahigher particle energy/SV) and mini-
mal bending. We believe that this caused the
particle energy/SV to increase slightly, asindi-
cated by the dashed and dotted lines in Figs.
10 and 11.

5 Summary and discussion

The following summarizes the main char-
acterigtic of the prototype anayzer.

1) The energy resolution and incident angular
resolution were =7 % and 1.8 degrees,
respectively, and the center transmission ener-
gy/analyzer applied voltage was 9 (eV/V).

2) By applying a maximum voltage of 70 % to
80 of the particle energy/q to the electrostatic
deflecting electrodes, the analyzer achieved a
field-of-view sweep of +45 degrees for a full-
sky field of view (2r str).

3) By applying a voltage of 80 % to 90 of the
particle energy/q to the limiter, it is possible to
reduce sensitivity to approximately 10 % of
the original value.

These values were very close to those esti-
mated based on the calculation results of the
numerical model, although slight deviations
were noted. It was thus confirmed that the pro-
totype analyzer fulfilled its designed func-
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tions. The validity of the numerical model
produced prior to design was also verified,
indicating that the model may be used for
detailed investigation and design analysis in
the future. Although the instrument’s sensitivi-
ty (G factor) was not measured directly in our
experiment, given the fact that the above ener-
gy-incident angle characteristic corresponded
to the model calculation results, we concluded
that the actual G factor would also correspond
to the predicted value under the numerical
model. Although a number of aspects remain
to be examined prior to installation on a satel-
lite—such as vibration and impact resistance
mechanical characteristic, and thermal charac-
teristic in a vacuum—devel opment of our pro-
totype represents a major step forward in the
development of a plasma measurement instru-
ment with a full-sky field of view to be
mounted on a satellite with three-axis control.

Next we will discuss solar wind plasma
measurement in the context of the L5 mission.
Solar wind electrons consist of isotropic ther-
mal cores of up to approximately 30 eV and
high-energy tail halos elongated along the
magnetic field lines to severa hundred eV [241.
Further, electrons accelerated during the gen-
eration of solar flares propagate at energies of
several hundred eV or more, mainly in the
direction of the magnetic field lines (25).

For measurement of thermal cores and
halos of solar wind electrons requiring a field
of view in nearly al directions (4= str), instal-
lation of two measuring instruments on oppo-
site sides of a satellite may prove effective.
The full-sky field of view is limited from 70 %
to 80 % of the maximum output (several keV)
of the high-voltage sweep power supply, but
maximum measurement energy can be
obtained in the distribution along the 45-
degree cone. In the case of electrons, the
velocity distribution is expected to be depend-
ent on the pitch angle relative to the magnetic
field lines; therefore, when the conical surface
and the magnetic field lines are parallel, all
pitch angles are covered. For installation on a
satellite, it is best to position the analyzer so
that the direction of the 45-degree field-of-

view center conical surface is aligned with the
direction of the Parker spiral (45 degrees east
of the sun) toward which interplanetary mag-
netic fields are, statistically speaking, most
frequently pointed. This is expected to cover
the angular distribution of electrons accelerat-
ed by high-energy flares.

In terms of angular and energy resolution,
electron measurement poses no problem, and
can be used in the measurement of tempera-
ture and unisotropy of thermal electrons.
Moreover, the numerical flux of the electrons
of the solar wind is a maximum of approxi-
mately 107/cm? sec str eV. Assuming that the
width of the detector anode for azimuth distri-
bution measurement is roughly 30 degrees, the
sensitivity (G factor) near the incident angle of
45 degrees is 7.2 x 10" cm?® str eV. From this,
the maximum count is estimated to be 10* per
sec. The maximum total count over the entire
detector surfaceis estimated to be 10° per sec.

Solar wind ions consist mainly of protons
in supersonic flow. The particle count is high,
and these particles are easy to measure with
available instrument sensitivities. On the other
hand, thermal velocity (several tens of km/sec)
is low in relation to bulk velocity (several
hundred km/sec). This necessitates higher
energy resolution and angular resolution than
required to measure ions in the magnetos-
phere, if we are to secure sufficient energy and
angle distributions to perform the velocity dis-
tribution function. Thermal proton measure-
ment enables the calculation of basic solar
wind macro parameters such as bulk velocity,
density, and temperature. These basic parame-
ters are used to detect and identify shock
waves, disturbances, CIR, and high-speed
streams resulting from CME in solar winds.
The variations of these parameters, combined
with magnetic field data, are used to detect
and identify MHD waves in solar winds, and
they provide the basic information concerning
pitch angle scattering, heating, and accelera-
tion of ions.

The current energy resolution and angular
resolution near an incident angle of 45 degrees
are barely sufficient to allow for the proton
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velocity distribution function. On the other
hand, the proton energy flux reaches an order
of nearly 10%/cm?’ sec str eV. Therefore, based
on a G factor with an assumed azimuth width
of 1 degree, a count on the order of 10%/cny?
Sec str eV can be estimated. It is unredlistic to
arrange anodes of 1-degree width; widths of 3
to 5 degrees are suspected to be the limit. In
addition, due to the widening angle of protons
in the solar wind, the total count over the
entire detector surface is on the order of
10°/sec.

Thermal protons have an energy level of
approximately 1 keV. Since the velocity of the
proton flow is about the same as that of heavy
ions in solar winds, observation of this E/q
with an analyzer would result in a distribution
corresponding to the ionic M/q. In other
words, the peak of He™ appears at the area
where the E/q is twice as high as that of pro-
tons (H").

Various ions in solar winds not only pro-
vide data on the above-mentioned basic solar
wind parameters, but also serve two important
purposes in observation. As these ions consist
of high-energy particles generated and accel-
erated by shock waves in interplanetary space,
their compositions and ionization states offer
valuable information on CMEs and other phe-
nomena, enabling in-depth investigation of
CMEs and the history of the sun. The highest
number of heavy ions in the solar winds are
He™ ions (a particles), but their density is less
than 20 % of that of solar wind protons [26].
The figures for other heavy ions are even
lower. Therefore, the three-dimensional veloc-
ity distribution function is required only for
protons and He™. For other heavy ions, al that
is required is an energy distribution based on
the integration of angular arrival directions
[271.

lons in a solar wind flow at supersonic
speed away from the sun. Therefore, they are
more concentrated closer to the sun’s direction
and as a result there is no need for a full-sky
sweep of the electrostatic deflection electrodes
from O degree to 90 degrees; only the area
near the sun needs to be scanned. Therefore,

the analyzer must be positioned in such a way
that the line of sight of the 45-degree conical
surface is aligned toward the sun. To detect
particles reflected or accelerated by impulse
waves and pick-up ions, the analyzer should
be capable of sweeping over certain angles of
visibility. In our analyzer, when the high-volt-
age power supply (maximum output power of
3 kV) was used, the angle of visibility for par-
ticles of more than 10 keV was limited to
approximately 45 +15 degrees or less. Since
data is obtained in the azimuth direction along
the 45-degree conical surface, a certain range
can be covered for the measurement of high-
energy ions by combining the two of data
obtained.

The gain of the MCP used in a detector
drops when the output current (count) increas-
es excessively (211, Although this saturation
characteristic depends on the resistance of the
MCP, 10%sec is the guideline value. The
expected lifespan of the MCP is said to
depend on the total electric charge discharged
from the MCP (211. Therefore, it is important
to take measures to ensure that the application
of voltage to the sensitivity adjustment elec-
trodes will not result in an input count exceed-
ing 10°/sec. Currently this requirement is
expected to result in the area near the peak of
protons. Therefore, a limiter must be used for
measurement in the low energy range, and, in
the high-energy range, the maximum sensitivi-
ty must be used to measure heavy ions with
low flux. This poses no problem, as the limiter
voltage requires 80 % to 90 % of the particle
energy/q, and the maximum output of the
ordinary onboard high-voltage power supply
issevera keV.

Generally, the energy resolution JE/E of a
spherical electrostatic analyzer is approxi-
mately proportional to (R2-R1)/(R1+R2),
whereas the radii of the inner and outer
spheres of the analyzer are R1 and R2, respec-
tively. Thismeansthat if the size of the spheri-
cal electrodes are increased while maintaining
a constant separation between the radii of the
two spheres, energy resolution will improve
proportionally. Although limited satellite
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resources will impose some restrictions in this
area, if the center radius can be increased to
100 mm, energy resolution would improve to
approximately 1/2. Similarly, the particle ener-
gy/SV value may be expected to double, thus
enabling measurement within a larger energy
range using the same high-voltage power sup-
ply. Further, since resolution in the azimuth
direction is determined by the positioning res-
olution of the analyzer, a larger center radius
would provide higher angular resolution with
the same positional resolution. These points
should be taken into consideration when
designing the actual ion measurement instru-
ments.

6 Conclusion

Our calibration experiment with the proto-
type analyzer offers a promising view into the
possibility of three-dimensional velocity dis-
tribution measurement of plasma with a meas-
uring instrument aboard a satellite featuring
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