2-3 Solar Wind Plasma Instrument for the L5

mission
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The objectives of the solar wind plasma instrument for the L5 mission are to forecast the
geomagnetic storms by means of the measurement of solar wind parameters for identifying
the disturbances, and to study the particle acceleration processes, wave-particle interac-
tions and propagation of accelerated particles in the interplanetary space. The instrument
has a set of electrostatic deflectors for 2mT str field of view and a spherical electrostatic ana-
lyzer. We developed a numerical model to obtain the energy-angle characteristics and the
geometrical factor of the instrument. We conclude that the instrument under consideration
is suitable for the solar wind plasma measurement.
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1 Introduction

The L5 point, located 60° east of the Sun,
is considered one of several locations in which
a steady space-weather monitoring satellite
may suitably be deployed in the futureris.
Consideration is now being given to the inclu-
sion of a solar wind plasma instrument, in
addition to CME (Coronal Mass Ejection)
imaging equipment and the like, among the
equipment on board such an L5 fixed-point
solar observation satellite. This paper intro-
duces the results to date of a conceptual study
on this plasmainstrument.

2 Objectives of Solar Wind Plasma
Observation

2.1 Factors of Geomagnetic Distur-
bances

The solar plasma is an energy source that
fills the interplanetary space between the Sun
and the Earth, forming the magnetosphere by
confining the geomagnetic field, and govern-
ing the activities of the magnetosphere.
Therefore, variation in the solar wind is of
fundamental importance in predicting distur-

bances inside the magnetosphere, including
geomagnetic storms. Two major factors relat-
ing to the solar wind are known to affect geo-
magnetic storms; namely, CMEs and high-
speed solar winds from coronal holesi2;.
Monitoring and tracing of CMEs projected
toward the Earth is the main objective of the
L5 mission; thisis to be achieved by observa-
tions with imaging devices capable of a wide
viewing rangef1.

The main objective of a solar wind plasma
instrument placed at the L5 point would be to
perform routine preliminary monitoring of the
high-speed solar wind (Fig.1). It is hoped that
observation at the L5 point will enable us to
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A conceptual diagram of high-speed
solar wind preliminary monitoring at
the L5 point
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understand the characteristics and structure of
the solar wind approximately four days prior
to the date at which the solar wind will affect
the Earth, leading to dramatically improved
precision in space weather forecasting, which
is currently based on coronal-hole and solar-
wind observation data gathered from the posi-
tion of the Earth's orbit; analysis of this data
takes places when the data is 27 days old and
relies on the recurrent nature of the phenome-
nainvolved.

Moreover, solar wind plasma observation
at the L5 point will offer valuable data that
will help us to grasp the background solar
wind structure; this will prove essential in
modeling the propagation to the Earth of
shocks and disturbances and in predicting the
propagation of high-energy particles. The
solar wind measured at the L5 point as time
series data can be analyzed to determine the
solar wind structure between the Sun and the
Earth, excluding sudden disturbances (such as
CMEs) that propagate through this solar wind
structure to arrive at the Earth. In addition to
the interpretation of the solar wind observa-
tion data at one point in situ, the observation
of the non-thermal component of electrons can
be applied to the detection and identification
of the interplanetary magnetic field (IMF)
structure connected on the Sun(3sji4]; such
observation, combined with magnetic field
observation in the vicinity of the Earth and at
the L5 point, permits us to infer the structure
of the solar wind.

The shock and disturbance accompanying
a CME propagate to arrive at the Earth's orbit,
at the same time interacting with the preceding
solar wind. For example, it is known that this
interaction reduces the velocity of the shock
during its flight from the vicinity of the Sun to
its arrival at the Earth's orbitis;. Moreover, it
is known from comparison between the veloc-
ity of the CME observed in the vicinity of the
Sun and the velocity of the solar wind in the
CME in the vicinity of the Earth that assimila-
tion of the velocity of the CME into the veloc-
ity of the background proceeds as a result of
interaction between the CME and the back-

ground solar windiel. To model the propaga-
tion of the disturbance and to predict the time
of arrival at the Earth, it is essential to grasp
the structure of the background solar wind
between the Sun and the Earth; accordingly,
observation of the solar wind plasma at the L5
point is extremely important.

Moreover, as a result of this interaction,
the preceding background solar wind is com-
pressed in front of the CME and a sheath
region is formed between the shock and the
CME. It is known that this sheath region,
together with the main part of the CME that
follows, gives rise to geomagnetic storms;7i,
and that the characteristics of this region play
a significant role in storm development, par-
ticularly in cases of large geomagnetic
storms2l.  This provides further indication of
the importance of understanding the back-
ground solar wind structure preceding CMEs.

2.2 High-energy Particle Acceleration
The shock in the solar wind and a co-rotat-
ing interaction region (CIR) are aso important
targets of observation, as sources of high-ener-
gy particlesis) in interplanetary space. The
solar wind plasma aso plays arole as a source
of particles that will be accelerated to become
high-energy particles. The observation of the
non-thermal component in the solar wind plas-
ma is important in order to determine the effi-
ciency of acceleration of particles by the
shock, as the energy in such acceleration
serves as a threshold; only particles whose
energies exceed a given energy before being
injected into the shock can be accelerated
effectively. The existence of the non-thermal
velocity distribution component has been clar-
ified through recent observations of the solar
wind plasma by the ACE, WIND, and Ulysses
satellitesio)-(111, indicating ion acceleration of
up to approximately 0.1 MeV, which accelera-
tion is not due to the shock. However, the
details of this acceleration remain unknown.
These non-thermal components also
include pickup ions originating both in inter-
stellar space and within the solar system, and
hence observations in this case are quite sig-
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nificant. Among neutral particles in interstel-
lar space, only He, with a high ionization
potential, can enter into a1 AU region. Varia
tion of He* within the internal solar system
should depend on solar activity, but the task of
elucidation of the details of this variation
remains for the future. Further, trace amounts
of pickup ions have been observed that cannot
be explained as originating from interstellar
space, such as St and C*. A theory proposing
the internal solar system as the origin of dust
has been put forwardri2, but elucidation of
this problem also remains for the future. Itis
thought that these pickup ions are accelerated
by the shock at the end of the heliosphere to
become anomalous components of cosmic
rays, arriving at the inside of the internal
heliosphere againi131. However, the mecha-
nism of acceleration and generation remains
unexplained within such a scenario. Thus pick-
up ions are significant targets of observation.
The energy range of the heavy ions and
the non-thermal ions in the solar wind corre-
sponds to the lowest edge of the spectrum of
the high-energy particles generated by the
shock and CIR. With the data for heavy ions
and non-thermal ions combined with the data
from the high-energy particle measuring
instrument, a whole spectrum of accelerated
particles will be available, contributing to the
elucidation of the mechanism of high-energy
particle acceleration in the shock and CIR.

2.3 Source Region of Solar Wind

The ion composition and ionization state
in the solar wind plasma carry important infor-
mation about the origin of the solar wind plas-
ma in the solar coronari4;. The ionization
state is aso referred to as a "thermometer” of
the corona, which is the source of the solar
wind. After the solar wind leaves the corona,
the plasma is almost collisionless, and
processes of ionization, recombination, and
the like do not proceed further; therefore, ion-
ization is"frozen" in the state seen in the coro-
na. Further, it is known that there are clear
differences in composition between low-speed
and high-speed solar winds emanating from

the coronal hole, reflecting differences in the
state of the corona generating these winds. In
particular, peculiar ion compositions and ion-
ization states observed at the time of distur-
bancesi151116] (such as CMESs) provide impor-
tant data in the determination of the emission
region in the lower coronal region and help
provide an understanding of the physical
mechanism in question. Moreover, anomalous
increases of heavy ions and observation of the
ionization states thereof are also used to iden-
tify regions of emission of matter from the
Sun, including CMEs, and hence this can be
said to comprise essential data in research into
the large-scale structure of solar wind distur-
bances. The compositions and ionization states
of the ions in the solar wind provide valuable
verification data with respect to the mechanism
of acceleration and transportation of high-ener-
gy particles, through comparison with the com-
positions and ionization states of the high-ener-
gy particles accelerated by the shock.

The non-thermal electron flow (referred to
as the "halo" or "strahl") in the solar wind
plasma is important in tracing the magnetic
field lines in interplanetary space, due to the
motion of this flow along the magnetic field
lines3i41.  From the bi-directional non-ther-
mal electron distribution, a closed magnetic
field structure having its root on the Sun may
be inferred171. Moreover, from observation
of the electron flow accompanying an impul-
sive flare, linkage of the magnetic field lines
with a corresponding region on the solar disk
is suggestedi1s).  This enables us to make a
number of inferences concerning the source of
the solar wind, and to draw conclusions con-
cerning solar emissions (such as a magnetic
clouds), gjected structures, and propagation
characteristics.

2.4 Relationship with Wave Phenomena

Typell solar radio burst has become an
important index of the generation of solar
wind disturbance and provides evidence of
shock generation. Similarly, typell solar radio
burst in the km waveband, which cannot be
observed on the ground due to the ionosphere,
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is believed to be emitted by electrons acceler-
ated by the interplanetary shock, and thus such
radio burst forms an important observation
target for the plasma wave receiver in the L5
mission. The observation of non-thermal elec-
trons is important in order to verify the mech-
anism of this radiation of electromagnetic
waves and to determine the validity of (and
limits to) the use of such observation in moni-
toring shock in cases of typell radio burst.
Moreover, typelll radio burst in interplanetary
space is considered to be generated by the
electron flow accompanying an impulsive
flarer1g). The observation of such radio burst
also contributes to research into the mecha-
nism of electromagnetic-wave emission from
the electron flow. Information concerning the
electron distribution function is required in
understanding plasma wave phenomena (such
as the Langmuir wave and the whistler mode
wave in the solar wind) and wave-particle
interaction. Among these phenomena the
whistler mode wave in particular is considered
important in electron acceleration within the
shock, in that it plays the same role as an
MHD wave in ion acceleration, serving as a
reflector and a trapper. However, observation
of this phenomenon has been limitedi2o], and
thus quantitative evaluation remains a task for
the future.

Further, the MHD waves in the solar wind
are identified from magnetic field data and ion
observation data. It is thought that in the par-
ticle acceleration caused by the shock, acceler-
ation progresses to higher energy through the
process of wave excitation by the accelerated
particle itself and through scattering and
acquisition of particles by that waveis;. More-
over, it is considered that the wave also takes
part in ion acceleration (up to approximately
0.1 MeV) that is not due to the shock; this con-
cept and the mechanism involved have recent-
ly drawn attention as meriting further study.

3 Characteristics of Solar Wind
Plasma

3.1 Thermal Proton

Measurement of the thermal proton is
indispensable in calculating bulk velocity,
density, and temperature, all of which are
basic macro parameters of the solar wind.
Using these basic parameters, the shock and
disturbance resulting from the CME in the
solar wind, the CIR, and the high-speed solar
wind are detected and identified. Moreover,
variations in these basic parameters are used
together with the magnetic field data to detect
and identify the MHD wave in the solar wind,
providing basic information concerning pitch
angle scattering, heating, and acceleration of
ions.

The energy versus arrival-direction distri-
bution of ions in the solar wind is shown in
Fig.2i211. The direction of the Sun is set to 0°
in the figure and the distribution indicates
angle distribution in the ecliptic plane. Solar
wind proton flow is a supersonic flow with
large particle counts, and hence is said to be
an easy target for measurement given the sen-
sitivity of current equipment. On the other
hand, the thermal velocity (a few tens of
km/sec) is low relative to the bulk velocity (a
few hundreds of km/sec). In order to acquire
the detailed energy-angle distributions neces-
sary to obtain the velocity distribution func-
tion, higher energy resolution and angle reso-
lution are required relative to ion measure-
ment in the magnetosphere.
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Typical energy-angle distribution of
solar wind ions

3.2 Heavy ions and non-thermal
velocity distribution
The peak seen at 1 keV or higher in Fig.2
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represents heavy ions in the solar wind. Since
protons and heavy ions have nearly the same
velocity in the solar wind, observation with
this E/q analyzer yields a distribution that
reflects the M/q ion values. That is, the distri-
bution of He** features a peak at an energy
level amost twice that of protons (H*). Heavy
ions in the solar wind are of particular impor-
tance in two ways; first, they serve as a source
of high-energy particles that are generated and
accelerated by the interplanetary space shock,
and second, their composition and ionization
state provide clues as to the origin of CMEs
and the like within the solar corona. Observa-
tions are also being performed by currently
active satellites in the vicinity of the Earth,
such as the ACE and WIND satellites, and
these observations will prove valuable in
solar-wind plasma observations conducted in
the context of the future satellite programs of
various foreign countries.

The most significant heavy ion in the solar
wind is He™ (a particle); its density is 20% or
less of that of the solar wind protoni22;; other
heavy ions have even smaller densities. For
this reason, to date three-dimensional velocity
distribution functions have been obtained only
for protons and He*; for other heavy ions,
only energy distributions (obtained by inte-
grating incoming-angle directions) have been
obtainedi111.

3.3 Thermal electrons and non-ther-
mal electrons

These electrons are important in determin-
ing the large-scale magnetic field structure of
interplanetary space. Moreover, their velocity
distribution functions are required for interpre-

tation of plasma wave phenomena in the solar
wind. Furthermore, observation of these elec-
trons also contributes to elucidation of particle
acceleration mechanisms in the impulsive
flare and in the shock. Generally, the elec-
trons of the solar wind form an isotropic ther-
mal core whose energy ranges up to about 30
eV and a halo consisting of a high-energy tail
that extends along the magnetic field lines up
to a few hundreds of eV(23). Furthermore,
electrons accelerated by a flare or the like
propagate with energies of hundreds of eV or
more, mainly in the direction of the magnetic
field linesiis.

Characteristics of the above-mentioned
observation targets are summarized in Table 1
below.

4 Analyzer Numerical Model

4.1 Outlines of Instruments

As for instruments intended mainly for, or
designed in consideration of, observation of
the solar wind plasma, up to now there have
been three examples developed in Japan and
carried aboard satellites; for two of these
instruments, 270° spherical electrostatic ana-
lyzersi2111241 were used, while in the third a
top-hat type electrostatic analyzeri25) was
employed. However, all of these satellites
relied on spin stabilization attitude control.
Each of the above-mentioned instruments thus
featured one-dimensional angle resolution,
and was positioned in the satellite in such a
way that the one-dimensional field of view lay
on the plane containing the spin axis of the
satellite. The combination of the spin of the
satellite and this one-dimensional angle reso-

[[e[)[-M BN Characteristics of main observation targets

Thermal protons Heavy & non-thermal ions | Thermal & non-thermal electrons
E/Q 0.4—3keV/q 0.8—60keV/q thermal : —50eV/q
non-thermal : 50eV-tens of keV/q
M/Q 1 2—8 —
Flux ~10%cm?s str eV | <10%cm?s str eV <10"/cm?s str eV
Angular * 10° from the | heavy: = 5° from the sun | Solar wind electrons : all directions
distribution | sun non-thermal : unknown Flare electrons : = 3 0° from the
magnetic field line
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lution enables measurement of angle distribu-
tions of two orthogonal components, which
are used together with measurement of the
energy distribution to obtain a three-dimen-
sional velocity distribution function.

An ion sensor of the L5 mission is
assumed to cover a measurement E/Q range of
0.3—60 keV/q and an M/Q range of 1-10 as
targets. In order to separate multiply-charged
heavy ions in the solar wind from the high-
energy tail (composed of protons and « parti-
cles) and thus render observation possible, the
ion sensor is designed as a combination of two
analyzers. an electrostatic analyzer to anayze
[energy]/[electric charge] (E/Q), and a TOF
(Time-Of-Flight) analyzer to analyze velocity.
Moreover, since the satellite is oriented for
imaging system missions and three-axis con-
trol is assumed, the sensor obtains angle distri-
butions by sweeping its field-of-view direction
electrostatically. This represents a difference
from the analyzers aboard conventiona Japan-
ese satellites.

A schematic diagram of the ion sensor is
shown in Fig.3 Theionsin the solar wind are
first subject to selection, based on incidence
direction, in the field-of-view sweeper portion
of a trumpet-like structure on the upper por-
tion of the sensor. The ions that have passed
through this structure then pass through sensi-
tivity adjustment electrodes that enable obser-
vation of both thermal protons and heavy ions
(in addition to non-thermal components),
although the absolute quantities of these parti-
cles differ greatly, then passed through a flux
"diaphragm™ to be concentrated in a narrow
beam. The ions are then subjected to E/Q
selection by the spherical electrostatic analyz-
er and further subjected to TOF analysis using
athin sheet of carbon foil. This TOF anaysis
measures, for an electron emitted by an ion,
the time between its passage through the thin
foil and its arrival at the detector. For the par-
ticle detector, multi-anode MCP capable of
detecting a one-dimensional position is used,
and the angle distribution of the ions is deter-
mined in a two-dimensional plane using the
obtained positions together with field-of-view

sweeping. In particular, since the ion distribu-
tion is concentrated in the solar direction, the
anode corresponding to the solar direction fea-
turesfine divisions.

Axial symmetry ez,

.
Incident ions'\\‘\ >
b

s/
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%/ FOV sweeping electrode
A ~300mm

90-deg. electrostatic analyzer

o anal Carbon foil
clectmnq :. :
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St Stop Anode (GND)

Solar wind
oo

Schematic diagram of ion sensor

The measurement energy range of an elec-
tron sensor is assumed to be 0.02—20 keV/q.
The electron sensor is essentially configured
of an ion sensor without the M/Q TOF analyz-
er (downstream from the carbon foil) or the
sensitivity adjusting electrodes. As electrons
have a wide angle distribution, it is necessary
to measure the entire field of view in order to
detect the non-thermal component, which is
bi-directional with respect to the magnetic
field lines. Therefore, it is preferable to
ensure a complete field of view with two on-
board sensors.

4.2 Numerical Model of Electrostatic
Analyzer

By analyzing in detail particle movement
in the sensor (as shown in Fig.3), it becomes
possible to evaluate whether or not sensor per-
formance—in terms of sensitivity, measure-
ment energy range and resolution, field-of-
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view range, and angle resolution—is sufficient
for the measurement of solar wind plasma. In
the present case, we established a numerical
model for a common component of both the
ion sensor and the electron sensor, which
model extends as far as the output of the
spherical electrostatic analyzer; we then exam-
ined the performance of the model as an E/Q
analyzer by applying electric potentials to the
electrodes, finding a spatial electrostatic field
distribution, and tracing particle trgjectories.

If boundary conditions and space charge
distribution are known, an electrostatic poten-
tial distribution in a closed space can be
obtained from Poisson's equation. In the case
of the analyzer examined here, there are very
few spatial charges, and may be ignored in the
normal design of the analyzer. Thus, the
equation to be solved is reduced to Laplace's
equation. Since the analyzer features an
axisymmetric geometry, the problem is trans-
formed into a two-dimensional problem
through the use of a cylindrical-coordinate
system, as follows.

= + 7 T — = 0 (1)

In order to solve this numerically, the dif-
ference method is used; specifically, the Suc-
cessive Over Relaxation (SOR) method, one
type of relaxation method, is employed to
carry out the iterationies). Taking grid points
at the same intervals and converting the equa-
tion(1) to a difference equation, the electro-
static potential on the grid point (i, j) satisfies

Oirtj#Qijrt Oinjt Oaj-t)  (Bi0nj- Bi-ts

o )
0= 4 1 ¥

By the SOR method, the present values are
used to calculate new vaues, which are made to
converge by iteration. From values of grid points
a the k-th iteration, vaues at the (k+1)-th itera-
tion can be obtained by the following equation.

CD,.J.(IH'U — a)(&)i,j(hl) o (D,-,j(k)) + (I)i'j(k) (3)

Herewis a relaxation coefficient, which is
specified in the range 1 <w, and @;;**V is

defined by the following.
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After computation involving a few thou-
sand iterations, variation of valuesin al grids
nearly ceases.

Fig.4 shows examples of equipotentia dis-
tributions obtained when electric potentias are
applied to the electrodes. Parts to which elec-
tric potentials are applied are shaded in the
figure. There are five control voltages: Vpu,
Vpl, VI, Vso, and Vsi. In the example of
Fig.4, the upper electrode at the particle inci-
dence component (Vpu) is set to 10V, and the
lower electrode (Vpl) of the same component
issetto0V. Sinceitisgenerally cumbersome
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7o “N Sensor configuration used for model cal-
culafion and an example of a solution
for electrostatic potential distribution
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to reverse the polarity of a power supply, this
analyzer is configured such that both Vpu and
Vpl are specified as positive, and the electric
field for deflection is formed by applying a
positive voltage to one of the electrodes and
applying a zero voltage to the other. The
equipotential distribution shown in the figure
is such that 10 V is also applied to the sensi-
tivity adjusting electrodes (VI). To the inner
sphere (Vsi) and the outer sphere (Vso) of the
spherical electrostatic analyzer, -5V and +5V
are applied, respectively, based on the
assumption that a positively charged ion is to
be measured.

Two components of the eectric field Er(r,
2), Ez(r, z) are obtained from this potential
distribution, and kinetic equations of the
charged particle

2
ﬂ— 4 gy 1 Yo
d m ¥
[y - YV
dt ¥
ah
dt m

are solved asinitial value problems of an ordi-
nary differential equation using difference
method. Although the calculation is a two-
dimensional problem until the inclusion of the
electric field distribution, calculation of the
particle trajectory becomes a three-dimension-
a problem. We examined the resolution and
sensitivity of the analyzer by verifying the
transmission (or non-transmission) to the exit
(detector) of charged particles with various
given conditions of incidence.

5 Results of Particle Trajectory
Calculation

5.1 Characteristics of electrostatic
incident-angle sweeper

An example of the particle trgjectory at the
electrostatic incident-angle sweeper compo-
nent is shown in Fig.5. An electric potential
featuring the same polarity as the incident par-
ticle is applied to one of the two electrodes of

the incident-angle sweeping component.
Here, the incident angle of the particle is
defined by setting the direction of the symmet-
rical axis of the analyzer (z-direction in the
cylindrical coordinate system) to 0° and set-
ting the direction perpendicular to this to 90°.
Figures (@) and (c) on the left show examples
in which particles with an incident angle of
15° are introduced into the analyzer; figures
(b) and (d) on the right show examples in
which particles with an incident angle of 75°
are introduced into the analyzer. The two
upper figures represent the r-z plane and the
two lower figures represent a projection to the
X-y plane.

The dashed line outside of the deflecting
electrodesin Fig.5 (a) and (b) indicates a mesh
to prevent the electric field from leaking out-
side of the instrument; the location of this
mesh (at z = 0) is indicated with a dashed line
in the figures below. The particles are made to
enter the sensor from just outside of this mesh,
in the leftward direction. Incident particles
are arranged at intervals of 1 mm, with 12 in
al, in the y-direction. Incident particles that
reach the analyzer (i.e., particles that approach
the origin in this figure) are represented by
solid lines, while particles that hit the wall and
cannot be transmitted are represented by dot-
ted lines. The ratio of the electric potential
applied to the deflecting electrodes to the
energy of the incident particles here is 0.5.
Because of the electrostatic structure, a pro-
portionality relation is derived, with the results
being interpreted as follows: in the case of (a),
if the energy of the incident particle is 100 eV,
then Vpu=50V; and if itis 2 keV, then Vpu =
1kV.

In the plots in the r-z plane of Figs.5(a)
and (b), the electrodes have an apparently
symmetrical structure with respect to the 45°
line, but three-dimensionally, the upper
deflecting electrode is close to a cylinder and
the lower deflecting electrode is close to a
plane. For this reason, the formed potential
structure acts as a convex mirror when electric
potential is applied to the upper deflecting
electrode, and acts as a concave mirror when
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Examples of particle trajectory in the electrostatic incident-angle sweeper component

the electric potential is applied to the lower
deflecting electrode. Therefore, the trgjecto-
ries of parallel incident particles diverge in
figure (c), and convergein figure (d). Because
of this divergence/convergence effect, more
particles with an incident angle of 75° are
transmitted to the vicinity of the origin than
particles with an incident angle of 15°.

The relationships of incident angle to
deflecting electrode voltage when three kinds
of deflecting electrodes are adopted are shown
in Figs.6 (a), (b), and (c). Figure (a) shows a
case in which the deflecting electrode has the
same shape and the same dimensions as those
of Fig.4 and Fig.5. Here, multiple incident

particles are located in the y-direction, as in
the cases of Fig.5(c) and (d), and at the same
time multiple incident particles are arranged in
the direction (designated as Zp) perpendicular
to both the initial trajectory of the incident
particle and the y-direction; the number of
transmitted particles is then investigated, and
the results are displayed in contour representa-
tions. In other words, if the incident angle is
0°, the Zp-direction coincides with the z-axis;
if the incident angle is 90°, it coincides with
the x-axis. Now, since the particles are
arranged at equal intervals, the number of
transmitted particles is proportional to the
effective aperture area of the analyzer. The

MIYAKE Wataru and KAZAMA Youi chi 35



contour lines correspond to 0.05, 0.15, and
0.25 cm?, from the outside to the inside,
respectively. The Vp on the vertical axisindi-
cates Vpu for incident angles less than 45°,
and Vpl for incident angles larger than 45°.
From this figure, it can be seen that both in
cases where the electric potential is applied to
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the upper electrode and where it is applied to
the lower electrode, the incident angle and the
deflecting-electrode electric potential are near-
ly in proportion to each other. Moreover, it is
confirmed that if an electric potential that is
equivalent to the particle energy at the maxi-
mum is applied to the particle, afield of view
from 0° to 90° can be covered. Furthermore, it
can be seen that when electric potential is
applied to the lower electrode (> 45°), the
deflection angle is large relative to a case in
which the electric potential is applied to the
upper electrode (< 45°). It is believed that the
effect of deflection varies depending on
whether the potential structure is convergent
or divergent; this would explain the difference
between cases (c) and (d) of Fig.5. In addi-
tion, as can be seen in the comparison of ()
and (d) in Fig.5, due to the combination of
divergence and convergence of the incident
particles, particles with larger incident angles
are transmitted through this electrostatic
deflecting electrode component more easily.
Next, cases in which the shape and dimen-
sions of the deflecting electrodes are changed
are shown in figures (b) and (c) of Fig. 6.
Figure (b) shows a case in which the width of
the electrode is reduced by half, and (c) shows
a case in which the thickness of the electrode
is increased. In the case of (b), where the
deflecting electrode is made smaller, the volt-
age to be applied to the deflecting plates
becomes larger. In other words, the effect of
deflection has been reduced. Thisis because,
due to the smaller size of the electrode, the
space in which the potential is allowed to
expand becomes reduced, and accordingly the
gpatial distribution of the electric field is also
reduced. Thisis believed to be due to areduc-
tion in the total effect of deflection resulting
from a shortened range of integration, as the
total effect of deflection is an integral effect of
deflection along the trajectory. On the other
hand, large deflection is attained in the case of
(c). Thisis believed to be due to the increase
in the electric field resulting from the
increased thickness of the electrodes and the
reduced spacing between the electrodes,
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which causes the particle tragjectory to bend to
a larger degree. Thus, although some differ-
ences might arise depending on the shape and
dimensions of the electrodes, it is possible to
cover half of the celestial sphere within a
field-of-view range of 0" to 90°.

5.2 Energy-angle characteristics of
analyzer

Next, the characteristics when a particle is
measured all the way to an electrostatic ana-
lyzer will be examined. Fig.7 shows the tra-
jectory of a particle with a 45° angle of inci-
dence to adetector plane, in a case of deflection
voltage of Vpu = Vpl = 0 V. Asin the case
shown in Fig.8, multiple incident particles are
arranged in the y-direction, and particles that

l. Angle (deg) :45.0000 |
Vp/P. Ene. :

0.0000C0
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Example of trajectory of a particle
arriving at the detector plane

hit the wall halfway and cannot be transmitted
to the detector surface are represented by dotted
lines. A method of providing electric potentials
to the inner sphere and the outer sphere of the
analyzer in this case may be defined as Ko/(q-
Vs0) = -Ko/(q-Vs) = 8.8, where Ko is particle
energy and qiselectric charge.

Fig.8 shows a projection to the x-y plane
of the particle trgjectory in this case. The
upper figure (@) of Fig.8 is for an incident
angle of 45°, and corresponds to Fig.7. Asis
characteristic of spherical analyzers, abeam of
parallel incident particles has foci at points of
the analyzer angles 90° and 270°. Conse-
quently, it will be possible to analyze the inci-
dent azimuthal angle of the particles (¢ = tan*
(y/x)) by arranging detectors with positional
resolution at these points.
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Fig.8 ;L(—y plane projection of particle trajec-
ory

Figures (b) and (c) show cases of incident
angles of 15° and 75°, respectively. Asis
already clear from Fig.5, the particle trajectory
is bent, diverging in the case of the 15° angle
and converging in the case of the 75° angle by
the electrostatic deflecting electrodes follow-
ing entry of the particle into the electrostatic
anayzer. Therefore, in the case of (b), con-
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vergence in the analyzer is insufficient, and
the particle beam is not completely focused
when it arrives at the detector plane. On the
other hand, in the case of (c), a convergence
point is located a considerable distance from
the detector plane in the forward direction,
and the particle beam is significantly widened
when it arrives at the detector plane. This
means that as the incident angle approaches
90°, the resolution in the azimuthal-angle
direction tends to decrease. However, in order
to obtain significant angle resolution, it is nec-
essary to multiply the obtained angle resolu-
tion by cose, as a correction term for the inci-
dent angle («). That is, for an incident angle
of 90°, the particles fall on the anodes. In this
case, the azimuthal angle resolution is reduced
to zero, but in this case 90° represents only
one possible direction of the symmetric axis of
the instrument; in this case there is no particu-
lar significance to the azimuthal angle.

The characteristics of the electrostatic ana-
lyzer are described as energy-angle character-
istics. Fig.9 illustrates the relationship
between the incident angle and energy charac-
teristics for a case in which the electrostatic
deflecting voltage is set to Vpu = Vpl = 0 V.
The contour lines in the figure indicate effec-
tive aperture areas, as in the case of Fig.6,
where the contour lines represent 75 %, 50 %,
and 25 % of the peak value. The value of Vs

54 T T T T T T T T T T T T T T

52f ]

Particle energy/ Vs

40 42 44 46 48 50
Incident angle (degq)

Fig,9 Relationship between the energy and
incident-angle characteristics for inci-
dent angles at or near 45°

used to scale the vertical axisisVs = 2|q-Vso|
= 2|q-Vsi|. From this figure, the incident
angle of the center transmission with no
deflecting voltage applied is seen to be 45°,
with a half-value width of about +2°. Note
that although the half-value width determined
from Fig.6 is larger than this value, Fig.6
shows the angular characteristic of the electro-
static deflecting component at the entrance
only, while in Fig.9 the angular characteristic
includes the analyzer in addition to the elec-
trostatic deflecting component.

In the case of the spherical electrostatic
analyzer, since the electric potential isinverse-
ly proportional to the distance from the center
of the concentric circles, the energy of a parti-
cle transmitted in a circular trajectory with a
radius of 50 mm around the center of the inner
and outer spheresis given by Ko = g(VsoRo? -
VsiRi?)/(Ro? - Ri?). The substitution Vso =
-Vsi, Ri =47.5 mm, and Ro = 52.5 mm in this
equation gives Ko / (q-Vso) = 10.025. The
result indicates that a particle having energy
approximately 10 times that of the applied
voltage can be measured. That is, with the use
of a high-voltage power supply with a maxi-
mum output of £3 kV, a particle having up to
30 keV/q will be measurable.

The above-mentioned Vs becomes half of
9.48, resulting in Ko/Vs = 4.74. |t is believed
that transmitted particles will possess energy
near this value. In Fig.9, the center-transmis-
sion energy is approximately Ko/Vs = 4.5,
which is in rough agreement with the above
value, abeit slightly lower. We believe that
thisis because the electric field at the entrance
of the spherical analyzer is lower than in the
case of complete concentric spheres due to the
optical trap attached at this position on the
analyzer; as a result, the center transmission
shifts to a slightly lower energy. Moreover,
the half-value width here is approximately
+6%, and this value corresponds to the energy
resolution of this analyzer.

The sensitivity of the particle measuring
instrument is usually designated as the G
("Geometric") factor. Denoting the G factor
by the symbol G, arelationship C (Ko) = (¢ -
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G-F (Ko) exists between the count rate per
second (C) actually measured and the deferen-
tial flux of particle F (/cm? sec str eV). Here,
eis the detection efficiency of the detector
and Ko is the energy of the measured particle.
Now, G for an azimuthal angle of 1° in the
detector plane is found to be 2.4 X 105cm? str
eV by integrating the results of Fig.9. Inci-
dentally, if the anode of the detector on x-y
plane has a spread of 3°, the G factor will take
avalue three times larger than this value.
Fig.10 shows the relationship between the
energy and incident-angle characteristics with
the incident angle being deflected by the
application of a voltage to the electrostatic
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deflecting electrodes. Four examples are
shown in the figure; in each a constant deflect-
ing voltage is applied. The figure shows that
when the incident angle is deflected signifi-
cantly away from 45°, the width of the trans-
mission angle is widened. In the case of (a),
the half-value width is widened to approxi-
mately +6°; even in the case of (d), it reaches
+3°. This means that the angle resolution is
reduced at locations where the incident angle
is significantly deflected. On the other hand,
it turns out that the center transmission energy
and its half-value width are nearly unchanged.
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Fig. [[1} Relationship between the energy and incident-angle characteristics when the incident angle
is significantly deflected by a voltage applied to the electrostatic deflecting electrodes
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5.3 Sensitivity adjustment limiter char-
acteristic

Fig.11 shows the transmission characteris-
tics when the voltage of the sensitivity adjust-
ing electrodes (VI) is varied as a function of
particle energy and incident angle. Figure (a)
shows a case in which VI = 4.4 Vs/q (where
the definition of Vsis as described above) and
(b) shows a case in which VI = 4.6 Vg/g. In
both cases Vpu = Vpl = 0 V. If the voltage of
the sensitivity adjusting electrodes is 0 V, the
transmission is reduced to the incident-angle
distribution centered on 45°(Fig.9). To facili-
tate comparison between Fig.9 and Fig.11, the
values of the contour lines are shown using
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the peak value of Fig.9 as a reference value.
The straight dashed line in the figure indicates
the value of g-VI. It isassumed that particles
featuring energies larger than this value are
capable of being transmitted. However, since
the electric potential near the center of the
analyzer path is slightly lower than VI, the
value should be considered for reference only.

The number in the upper right of the figure
indicates the integral value in this energy-
angle plane divided by the integral value in
the case of VI = 0V (Fig.9); the result is an
indicator showing the extent to which sensitiv-
ity is masked with a "diaphragm.” Thus, it fol-
lows that the sensitivity is adjusted to approxi-
mately 18 % for (@) and to approximately 9 %
for (b). From these figures, it can be said that
sensitivity adjustment within a range of
approximately 10 % is entirely possible.
However, it must be noted that the center
transmission energy and the center incident
angle tend to shift as the applied voltage VI is
increased. Moreover, in connection with this
phenomenon, the half-value widths of the
transmission energy and of the incident angle
increase: the energy width reaches about £2 %
and the incident-angle width reaches about
+1.5" in the case of (b).

From careful comparison between Figs.
11(a), (b), and Fig. 9, it is found that the
change seen from Fig. 9 to Fig.11 is not a
simple one, insofar as the lower-energy por-
tion (corresponding to the area below the
dashed line in Fig.11) is disregarded in Fig.9;
the number of high-energy particles positioned
above the dashed line is also considerably
decreased. These phenomena suggest that the
electric field generated by VI neither simply
slows particles nor reflects them, but rather
changes their trajectories by deflection,
impeding transmission thereof both at and
after the sensitivity adjusting electrodes.

To clarify the effects of this electrostatic
sensitivity adjustment component on the parti-
cle trajectories, the initial spatial distribution
of the incident particles and the spatial distri-
bution of the finally transmitted particles on
the detector plane are shown in Fig.12. Fig-
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ures (@) and (b) show the initial and final dis-
tributions in the case where VI = 0 V; i.e,
when sensitivity adjustment is not applied.
Figure (a) shows the initial distribution, with
particles distributed in the y-Zp plane as
explained in the description of Fig.6, at inter-
vas of 1 mm in the y-direction and 1 mm in
the Zp-direction. The diamonds represent the
initial positions of particles that arrive at the
detector plane while the dots represent those
of particles that hit the wall halfway and can-
not be transmitted. Final positions on the
detector plane of the particles departing from
the positions indicated by diamonds are shown
in figure (b), with the beam of parallel inci-
dent particles focused at a point 90° from the
analyzer, as described above with reference to
Fig.8. Moreover, this point not only provides
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the focus in the y-direction (more specifically,
in the azimuthal-angle direction) but also pro-
vides the focus in the x-direction (or in the r-
direction). This feature is characteristic of the
spherical electrostatic analyzer.

In contrast to the above case, figures (C)
and (d) show the initial and final distributions
in the case where a voltage VI = 0.956 Ko/q is
applied, where Ko is particle energy. Note
that (c) isin the same format as (a), and (d) is
in the same format as (b). In this case, the
positions of the transmitted particles are limit-
ed to those represented by the diamonds
shown in figure (c), and the final positions
thereof on the detector plane are distributed as
shown in figure (d). Hereit is found that the
trajectories are disturbed by the electric field
of the sensitivity adjusting electrodes and that
the focus of the 90° analyzer angle is blurred.
This blurring corresponds to approximately
+3° or so in terms of the haf-value width of
the azimuthal angle distribution. As described
above, meaningful resolution in practice is
determined as a function of this value muilti-
plied by cosa (« is the incident angle). For
45°, the value becomes approximately +2°.

6 Summary and Discussion

Examination results using the numerical
model for the measuring instrument in the
foregoing examples are summarized as fol-
lows.

(1) With the electrostatic deflecting electrodes
at the entrance, the incident angle can be
deflected from 0° to 90° for particles having
energies of up to approximately [maximum
applicable voltage] x [quantity of electricity],
and thereby half of the entire celestial sphere
can be brought into the field of view.

(2) The center energy of particles that are
transmitted through the electrostatic analyzer
isroughly 9 g-Vso, the energy resolution is 12
%, and the resolution of the incident angle is
amost 4° for an incident angle of 45°. More-
over, the G factor for the incident particles of
incident angles of 45° and its vicinity is 2.4x
10° cm? str eV for a detector plane azimuthal -
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angle width of 1°.

(3) By applying a voltage of up to approxi-
mately [particle energy]/[quantity of electrici-
ty] on the electrostatic sensitivity controller,
sensitivity control of up to approximately 10
% can easily be achieved, leading also to
improved energy resolution and incident-angle
resolution.

(4) On the other hand, when a voltage is
applied to the electrostatic deflecting elec-
trodes and the sensitivity control electrodes, it
will affect the convergence of the particle
beam in the spherical electrostatic analyzer,
and hence resolution in the azimuthal-angle
direction will vary.

We may conclude that for electron meas-
urement in which a field of view covering
amost the entire celestial sphere is desired,
the use of two measuring instruments may be
recommended. Moreover, the maximum out-
put of a high-voltage power supply (several
keV) serves as arough limit to the inclusion of
the entire celestial sphere in the field of view,
and a distribution along a cone of a vertex of
45’ can be obtained up to the maximum meas-
urement energy. Inthe case of electrons, since
distribution is expected to depend on only the
pitch angle with respect to the magnetic field
lines, al pitch angles can be covered if this
conical surfaceis parallel to the magnetic field
lines.

In the case of electrons, an angle resolu-
tion as wide as 4° to 10° or so and an energy
resolution of approximately 12 % can be cov-
ered quite easily, and the temperature and
anisotropy of the thermal electrons can be
measured sufficiently. Moreover, Table 1
indicates that the number of electrons in the
solar wind, or flux, approaches approximately
107 /cm? sec str eV. Assuming that the width
of the anode used to measure the azimuthal
angle distribution is 30°, the G factor for an
incident angle of 45° and thereabouts becomes
7.2 X 10“ cm? str eV. The count determined
based on this data approaches approximately
10* /sec. Total count for the entire surface of
the detector is about 10° /sec.

The directions of arrival of the ions in the

solar wind strongly converge in the solar
direction (Fig.2). Because of this, it is not
necessary to sweep half of the celestial sphere,
from 0" to 90°, using the electrostatic deflect-
ing electrodes, but rather it is sufficient to
sweep only the region near the Sun. On the
other hand, in order to detect particles reflect-
ed and accelerated by the shock and also to
detect the pickup ions, it is preferable to
sweep a certain extent of the field-of-view
angle. With this analyzer, when a high-volt-
age power source capable of a maximum out-
put of 3 kV isused, the field-of-view angle for
particles with energies equal or greater than 10
keV islimited to about 45° +15° or less. Since
information may be obtained for the 45°
azimuthal angle along the conical surface, the
sensor can cover a certain extent of the field-
of-view angle.

As shown in Fig.2, the solar wind protons
converge in the solar direction, with a narrow
spread relative to the energy of the count peak.
It can be said that for a set corresponding to an
energy resolution of 12 % and an angle resolu-
tion of 4° for incident angles of 45" or there-
abouts, a proton velocity distribution function
may somehow be obtained. On the other
hand, the proton energy flux reaches the order
of approximately 10° /cm? sec str €V, as shown
in Table 1. Therefore, from the G factor for
the case in which one anode covers a width
corresponding to an azimuthal angle of 1°, a
count on the order of approximately 10* /sec is
expected. In reality, it is impractical to
arrange anodes each with a width of 1°; it is
assumed that the lower-limit width isin fact 3
to 5° or so. Based on the angle spread of the
solar wind protons, the total count on the
whole surface of the detector reaches the order
of 10°/sec.

Regarding heavy ions in the solar wind,
H* yields counts one or more orders of mag-
nitude lower than proton counts, and ions
other than He™ yield counts two to three (or
more) orders of magnitude lower than proton
counts. These heavy ions strongly converge in
the solar direction (Fig.2). Because of this, it
can be said that although it is possible to iden-
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tify He™ and other ions and to obtain the total
flux for each ion (with energy and angle reso-
lution corresponding to incident angles of 45°
and the vicinity, it is difficult to obtain infor-
mation for each velocity distribution function.

In the MCP used in the detector, the gain
is reduced if the output current (namely, the
count) becomes too large271. Although this
saturation value depends on the resistance
value of the MCP, areference value of 10%/sec.
may be used in measurement. MCP lifeis
also said to depend on the total amount of
electric charge that has been emitted from the
MCP2e1. Therefore, operations must involve
the application of voltage to the sensitivity
adjusting €electrodes such that the count does
not exceed 10°%sec. In the present condition, it
is estimated that the region of the proton peak
corresponds to this state. Although the appli-
cation of a voltage to the sensitivity adjusting
electrodes will reduce the resolution in the
azimuthal-angle direction (Fig.12), this is not
of great consequence, as the reduced resolu-
tion is comparable to the resolution at the
anode of the actual detector. It is hoped that
such application of a voltage will enhance
energy resolution (Fig.11), which will provide
for finer observation of the proton energy dis-
tribution.

From our investigation to this point, we
have concluded that despite given limits, the
sensor can be expected to cover measurement
targets sufficiently. Particularly in terms of
electron measurement, we may safely con-
clude that there are no problems with the cur-
rent design. One of the remaining problems
lies in the maximum measurement energy for
ions, which is currently limited to about 30
keV/g. For measurement allowing this limit
to be extended to 60 keV/q or so, a method
may be employed in which the radius of the

spherical electrostatic analyzer is enlarged
while particle path spacing is maintained at
the present value of 5 mm. Incidentally, if the
inner sphere radius and the outer sphere radius
are enlarged to 87.5 mm and 92.5 mm, respec-
tively, measurement of energies as high as
approximately 60 keV/q will be possible with
a high voltage of +3 kV. However, this raises
the problem of enlargement of the overall
measuring instrument. In addition, another
issue that remains to be addressed in the meas-
urement of ions is the investigation of a func-
tion for selection of mass using the TOF
method.

7 Concluding remarks

Through this research, we have investigat-
ed the basic prospect of realizing solar wind
ion and electron measurement with a satellite
employing three-axis control. When NASA's
LWS program(2g) establishes observation
points for investigation of solar wind plasma
across a vast region of space in the vicinity of
the Earth (including the L5 point), the co-
rotating high-speed solar wind, shock and dis-
turbance accompanying CMEs, and the propa-
gation of related phenomena will all be
observable within a multiple-point system. It
is hoped that this measurement, combined
with imaging observation data in the vicinity
of the Sun, will greatly enhance our under-
standing of spatial structures and the propaga-
tion of solar wind disturbances, as well as
deepen our understanding of the generation
and propagation of high-energy particles and
the like, which will in turn lead to improved
space weather forecasting. Hopes are high
that the solar wind plasma measurement of the
L5 mission will play a part in the further
exploration of space weather applications.
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