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Key Points:

�Measurement by rotating electric fields enables the identification of multiple
ions in the solar wind retaining their initial charge state.

�An incident ion beam is separated into multiple beams by lateral electric forces,
marking patterns on an image sensor in order of velocity.

�The proposed instrument is equipped with units to perform an energy analysis,
an overall velocity analysis and a detailed velocity analysis.

Abstract

This paper describes a method for analyzing the kinematic properties of ions
composing the solar wind. The core technology is a velocity analysis performed
by dual rotating electric field (REF) units arranged coaxially in tandem, where
the electric field in the downstream unit is set in the opposite direction to the
upstream one. When the solar wind flies freely through the REF units, ions
diverge outwards in the upstream unit and converge inwards in the downstream
unit. Since the degree of diversion and conversion correspond to each ion’s
velocity, ions separate into multiple groups flying through the REF units, ter-
minate their flights on an image sensor placed on the tail end, and create sorted
patterns that exhibit the velocity distribution of ions. As the REF units act on
ions only by dynamic lateral electric force, the initial velocity and charge state
of the ions remain invariant during the analysis process, which can be advan-
tageous for solar wind analysis. This paper introduces a proposed instrument
equipped with multiple functions, including an energy analysis, an overall veloc-
ity analysis, and a detailed ion velocity analysis. The kinematic properties of
the measured ions correspond to energy levels ranging from 300 eV to 20 keV,
velocities from 20 km/s to 1,900 km/s, and mass numbers from 1 to 200.

Plain Language Summary

An extremely fast flow of ions and electrons called the solar wind, which could
fly between New York and Paris in 15 seconds, constantly erupts from the
sun. Although a magnetic sector mass spectrometer can measure the velocity of
such high-speed ions on Earth, it is too heavy to be launched into space. This
paper introduces a simple and lightweight ion velocity analyzer utilizing either
a single or systemized dual rotating electric field(s). In the latter, ions enter
and fly through the analyzer, are subjected to perpendicular forces from the
rotating electric fields, and are separated according to velocity. By adjusting the
rotational frequency of the fields, specified ions exit from the center of the outlet
to be distinguished from other ions by speed. An improved analysis procedure
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for the solar wind measurement not only selects specified ions but also identifies
adjacent elements in one measurement to reduce the total measuring time. A
velocity analysis in basic experiments and mathematical simulations confirmed
that this analyzer is a powerful tool for kinematic elucidation of the solar wind.
Even though numerous instruments with various features and functions have
been implemented in space, this lateral approach is worthy of study.

1 Introduction

The solar wind consists of charged particles emitted from the sun at velocities
ranging from 300 km/s to 800 km/s (Hathaway, 2014) carrying a tremendous
amount of information about the sun’s activity, which is crucial for determining
the heliosphere’s boundary. Many attempts to elucidate solar wind dynamics
have been carried out over six decades, accumulating data and experience to
update our knowledge (Asbridge et al., 1976; Bame, 1972; Bame et al., 1968;
Feldman et al., 1976; Kallenbach et al., 1997; Marsch, E., 2006; Neugebauer, M.,
2002; Parker, 1961; von Steiger et al., 1995). Numerous in-situ instruments to
analyze charged particles in the solar wind have been placed into space, and they
have been sending large volumes of data including energy, velocity, abundance
ratio, isotopic ratio, and charge state distribution statistics (Bame et al., 1968;
Bochsler et al., 1996; Crowther et al., 2012; Geiss, 1972; Gloeckler et al., 1995;
Hundhausen et al., 1967; Ipavich, F., 1997; Kallenbach et al., 1997; Kasper et
al., 2015; Leske, R., 1997; Mason et al., 1998; Mukai et al., 1987; Oglivie &
Wilkinson, 1969; Shearer et al., 2014; Von Steiger et al., 2001)�The majority
of these analyses are based on a combination of energy analysis by a spherical
analyzer and time of flight (TOF) analysis using carbon foil as an incident
marker. From a physical point of view, however, it is difficult to maintain an
initial charge state through the measurement process (Bochsler et al., 2000).
In this respect, rotating electric field(s) (REF(s)) have a specific advantage in
analyzing ions without mechanical interference.

Historically, Kramer and Poole carried out a mass analysis experiment by REFs
in 1953 (Kramer & Poole, 1954). They created REFs using two X-Y deflectors,
injected ions of different velocities into the deflectors, found that the ions travel
along different courses in the downstream unit corresponding to their flight time
difference between the two deflectors, and obtained a photograph of multiple
ring patterns of different radii on a fluorescent plate set on the tail end. Al-
though quantitative analysis was not described, the possible confirmation of
mass separation by REFs was a great breakthrough. In 1998, Clemmons and
Herrero reported experiments and analyses of ion interactions against a REF
(Clemmons & Herrero, 1998). Using mathematical operations of ion arrival time,
position on the detector, and phase angle of the REF, they obtained a spectrum.
Their analyzer was launched into space in 2011 to collect new findings about
the distribution of molecular species in ionospheric plasma.

In 2012, the author and his colleague started an inspection of a lightweight
mass analyzer without using a magnetic sector, and elucidated a new method
to perform ion velocity analysis using dual REF units that were systematically
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activated and aligned in tandem (Hotta & Adachi, 2014). In 2013, a project
group began experiments subsidized by JST (Japan Science and Technology
Agency) to verify the theory, and in 2015, we succeeded in separating specified
ions from others as a result of the systematic behavior (Ohwaki et al., 2005) of
two REFs. In the experiment, we confirmed that a Ga ion beam was separated
into two beams, a 69Ga+ beam and 71Ga+ beam, and obtained a velocity
distribution spectrum by measuring the current of ions ejected from the center
of the downstream unit sweeping the rotational frequency. This means that by
selecting an arbitrary length and frequency of the units, the velocity analysis of
ions flying at any speed is practicable. For example, if each length of the REF
unit is 800 mm, by sweeping the frequency from 100 kHz to l MHz, a velocity
spectrum from 80 km/s to 800 km/s is obtained. In addition to this essential
feature, an improved function to select and read not only the centered ions but
also other ions together was contrived. A preliminary instrument assembled
from dual REF units and several ion optical components analyzes the ions while
maintaining the initial charge state, which is a unique and promising feature that
can determine the nature of the solar wind. Similar to a windsock swelling to
reveal wind force and direction on Earth, a set of dual REF units can hover
in the solar wind to read its velocity distribution. In this paper, the following
issues are reported:

� Physical and mathematical investigation of basic features of a single REF unit
and dual REF units.

� Report on a velocity/mass spectrometry experiment of Ga ions using dual REF
units.

� Introduction of the proposed instrument for solar wind analysis.

� Simulation of an energy analysis, an overall velocity analysis, and a detailed
velocity analysis by the proposed instrument.

2 Theory and methodology

2.1 Investigation of ion motion in the case of a single REF unit

The motion of an ion in an electric field can be expressed by the following
equation:

𝑚 dv
dt = qE, (1)

where m is the mass of an ion (kg), v is the velocity (m/s), t is the time (s), q
is the unit charge, and E is the electric field strength (V/m). The equation of
motion in a REF with rotational angular velocity � is calculated, assuming the
X-axis as the horizontal direction, the Y-axis as the vertical direction, and the
Z-axis as the central axis of rotation, thus,

𝑚 dv𝑥
dt = qE cos (�t + 𝜃0),  (2)

𝑚 dv𝑦
dt = qE sin (�t + 𝜃0) , (3)
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are obtained, where vx is the velocity in the X-direction, vy is the velocity in the
Y-direction, and 𝜃0 is the initial phase angle of the REF. The value of angular
velocity � is obtained by multiplying the rotational frequency f by 2�. Therefore,
the rotational speed is often characterized by the frequency f instead of angular
velocity � in this paper�Integration of Eqations (2) and (3) gives
dx
dt = qE

m� {𝑠𝑖𝑛(𝜔𝑡 + 𝜃0 ) − 𝑠𝑖𝑛(𝜃0 ) }, (4)
dy
dt = qE

m� {−𝑐𝑜𝑠(𝜔𝑡 + 𝜃0 ) + cos (𝜃0)}. (5)

These equations explain the movement of an ion perpendicular to the flying
direction. Integrating Eqations (4) and (5), the following equations are obtained:

𝑥 = qE
𝑚𝜔2 { −𝑐𝑜𝑠(𝜔𝑡 + 𝜃0 ) + cos (𝜃0) − �t sin (𝜃0)} , (6)

𝑦 = qE
𝑚𝜔2 {−sin (𝜔𝑡 + 𝜃0 )+ sin (𝜃0) + �t cos (𝜃0)} . (7)

Eqations (6) and (7) and the following equation:

𝑧 = vt                (8)

describe the ion’s motion. These equations imply that the ions entering the
REF follow cycloidal curves flying toward the exit and that their distances from
the central axis or deviation,

𝑟 = √𝑥2 + 𝑦2, (9)

increase continuously. The equations also indicate that the amount of ionic
deviation depends on the rotational frequency.

By assuming that the length of the REF unit is 800 mm, the deviation depen-
dency of 11 groups of 10 keV ions differing in velocity/mass was estimated by
sweeping the rotational frequency from 1 kHz to 10 MHz, as shown in Figure 1.
The X-axis represents the frequency, and the Y-axis represents the amount of
deviation marked on an

Figure 1. Deviation dependency of different velocity ions on frequency in a
single REF unit. Deviation by an 800mm length REF unit was estimated with
11 kinds of 10 keV ions; the deviation of the lowest velocity Kr+ (152 km/s)
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decreases in frequency from 20 kHz to 189 kHz, and that of the highest velocity
H+ (1,390 km/s) decreases from 110 kHz to 1,740 kHz.

image sensor placed 100 mm at the rear. Although all ions show almost the
same deviation below 10 kHz, that of slow-velocity ions begins to decrease
above 20 kHz, and the majority of ions show a decrease in deviation between
100 kHz and 1 MHz. The ion’s transit time through the unit and the period of
the REF are comparable in this frequency range, so the difference in deviation
due to the velocity is distinguishable. To clarify, Figure 2 shows the result of
another simulation in the case of a rotational frequency of 189.459 kHz. The
values of deviation are 29 mm for protons, 24 mm for carbon, 22 mm for Ne, 15
mm for Ca, and 8 mm for Kr. These values correspond to each radius of circular
patterns, depicting the abundance of each ion as luminescence intensity, formed
by ion beams on the image sensor. This procedure constitutes the single REF
analysis. Since mass numbers from 1 to 84 are distributed within 21 mm, ion sep-
aration is attainable, although identification may be challenging. Figure 3 shows

Figure 2. Deviation dependency on velocity/mass difference in a single REF
unit. Fixing the frequency of the REF at 189.459 kHz, deviation of 11 kinds of
10 keV ions was estimated. H+ depicts the top side curve and Kr+ the bottom
side one, showing velocity/mass dependency. Kr+ shows a noteworthy flight,
which is parallel to the center axis after passing the REF unit.

the orbits of ions forming cycloidal curves viewed from the incident point. The
slight difference in deviation in Figure 2 is amplified in Figure 3, implying the
possibility of intensifying the accuracy of velocity analysis if the relationships
among the arrival time, arrival position to the detector, and phase angle of the
REF unit are fully grasped.
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Figure 3. Trajectories viewed from the incident point of a single REF unit.
Each ion except Kr follows a portion of a cycloidal curve. Only Kr completes a
cycloidal curve.

In Figure 2, the Kr ion appears to be flying parallel to the central axis after ex-
iting the unit. This is because the frequency of the unit is selected to match the
traveling time of Kr + through the REF unit, which transforms �t into 2�at the
exit of the REF unit and Eqations (4) and (5) into null as a consequence, mean-
ing that this ion has no component of deviation. The ions that travel through
the unit in just one rotational period are named index ions; their velocity is
the index velocity, and the rotational frequency is the index frequency. In the
above example, Kr+ is the index ion, with an index velocity of 151.567 km/s and
an index frequency of 189.459 kHz. Figures 2 and 3, which are obtained from
Eqations (2) to (9), indicate that after exiting the unit, only the index ions fly
parallel to the central axis, while other ions fly with some inclination toward the
axis. This argument leads to the idea of arranging one more REF unit coaxially
in the downstream direction so that only the index ions are returned onto the
central axis and that other ions do not converge onto the central axis. In the
following section, the orbits of ions when using dual REF units are examined
mathematically.

2. 2 Investigation of ion motion in the case of dual REF units

Two REF units are arranged coaxially in tandem, and a sinusoidal wave with
the same amplitude and frequency is applied. The rotational frequency of the
downstream REF unit is shifted by 180 degrees from the upstream unit so that
the ions experience a reverse electric force. When the index ions leave from the
upstream REF unit, Eqations (4) to (7) are expressed as follows:
dx
dt = 0, (10)
dy
dt = 0, (11)

𝑥 = −qE
𝑚𝜔2 {2𝜋 sin (𝜃0)} , (12)
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𝑦 = qE
𝑚𝜔2 {2𝜋 cos (𝜃0)} . (13)

The ions entering from the center deviate from the central axis and exit in
parallel to the central axis from the circle obtained by Eqations (12) and (13).
When another REF unit with a phase angle shifted by 180 degrees is placed in a
downstream position, ions entering the downstream unit at positions obtained
by Eqations (12) and (13) are subjected to the opposite force from the electric
field, and
dx
dt = −qE

m� {𝑠𝑖𝑛(𝜔𝑡 + 𝜃0 ) − 𝑠𝑖𝑛(𝜃0 ) }, (14)
dy
dt = −qE

m� {−𝑐𝑜𝑠(𝜔𝑡 + 𝜃0 ) + cos (𝜃0)}, (15)

𝑥 = −qE
m� { −𝑐𝑜𝑠(𝜔𝑡 + 𝜃0 ) + cos (𝜃0) − �t sin (𝜃0)} − qE

𝑚𝜔2 {2𝜋 sin (𝜃0)}, (16)

𝑦 = −qE
m� {− sin (�t + 𝜃0) + sin (𝜃0) + �t cos(𝜃0)} + qE

𝑚𝜔2 {2𝜋𝑐𝑜𝑠(𝜃0)}, (17)

are obtained. When the index ions leave the downstream unit, the motion is
calculated as follows:
dx
dt = 0, (18)
dy
dt = 0, (19)

𝑥 = 0, (20)

𝑦 = 0. (21)

Eqations (18) to (21) state that the index ions surely return to the central axis
and proceed along this axis. However, ions with other velocities cannot return
and deviate from the central axis at a distance corresponding to each velocity.
Figure 4 shows an orbital simulation of an ion beam composed of five adjacent
different velocity ions where the median velocity ions are chosen as the index.
The red lines represent trajectories of index ions, the green

Figure 4. Trajectories and projected patterns obtained by a simulation with
ions of five adjacent velocities. When the median velocity ions are assigned as
index ions, they are projected onto the center position, while other ions form
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circular patterns overlapping each other. Therefore, only the centered ions can
be identified.

lines represent faster ions, the purple lines represent slower ions, and the pale
brown cylindrical regions denote the REFs. First, incident ions are diffused
in a cone shape in the upstream unit, separated in progress corresponding to
each velocity, and exit the upstream unit in cylindrical or cone shapes. After
flying through free space, the ions enter the downstream unit and converge
toward the central axis under the influence of a reversed electric field. Only
index ions exit from the center in the shape of a zero-radius cylinder or a solid
beam to form a spot on the center of the image sensor, whereas other ions exit
the unit in multiple cylindrical shapes of radii corresponding to their velocities,
forming annular patterns. When the diameter of the spot is smaller than the
nearest outer annular radius, the index ions can be visually separated from
other ions. Although there are adjacent annuli of one-step slower ions (purple)
and faster ions (green) surrounding the red dot (the center spot) in Figure 4,
it is difficult to distinguish these annuli clearly because they almost overlap
each other. Furthermore, two-step slower ions (purple) and faster ions (green)
appear around these rings. Although they are clearly separated in Figure 4, the
separation may be degraded depending on the beam diameters. As a result, a
spectrum can be obtained by measuring the current of centered ions by sweeping
the frequency of the REF units. Thus, a velocity analysis using dual REF units
is verified.

3 Experiment

A joint group of 3 universities and 2 companies conducted experiments to verify
the above theory from 2013 to 2015. Figure 5 shows a set of dual REF units
activated in the experiments. The photograph on the left shows a cross section
of the REF unit composed of 8 electrodes in a circular arrangement with an
inner radius of 10 mm; this view shows the entry location of incident ions. The
right side shows a side view of the analyzer, where two 150 mm length REF units
are assembled in tandem spacing of 70 mm between the two. We connected this
device to an ion

Figure 5. View of a set of dual REF units. Inlet view (left) showing eight
electrodes in the housing and side view (right) showing the 150 mm upstream
REF unit, 70 mm interspace, and 150 mm downstream REF unit.

optical column equipped with a 10 keV field emission ion gun sharing the central
axis. For the ion source, we chose liquid Ga which contains isotopes 69Ga and
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71Ga that travel at velocities of 167.323 km/s and 164.948 km/s respectively.
An ion beam was emitted from the gun and was controlled to focus to a beam
diameter of approximately 200 �m on the image sensor. Passing through the set
of dual REF units, the ion beam was separated in accordance with each velocity.
The separated beams collided against the image sensor with a fluorescent surface
placed at the tail end and terminated their flights in the form of bright annular
patterns, signifying the velocity information of ions. Figure 6 shows the image
of Ga isotopes separated on the image sensor (Nojima et al., 2016). As each
index frequency was estimated to be 1,115 kHz for 69Ga and 1,100 kHz for 71Ga
from experimental conditions, the dual REF units were activated at frequencies
ranging from 1,080 kHz to 1,125 kHz. When the frequency was swept between
these ranges, separated Ga ion orbits formed characteristic patterns on the
image

Figure 6. Dependency of projected radius of 69Ga and 71Ga on the rotational
frequency of the REF units. The pattern radius initially decreases as the ro-
tational frequency increases, reaches a minimum at each index frequency, and
then monotonically increases. 71Ga ions show the minimum at 1,097 kHz [image
(b)]; 69Ga ions show the minimum at 1,112 kHz [image (d)].

sensor. Figure 6 (a) shows the result at a frequency of 1,087 kHz; 69Ga generates
an annulus pattern with a radius of 900 �m and 71Ga generates an annulus
pattern with a radius of 340 �m. Image (b) shows the case of 1,097 kHz where
71Ga is focused on the center and 69Ga forms an annulus pattern with a radius
of 540 �m around it. Image (c) shows the case of 1,104 kHz, where both annuli
overlap. Image (d) shows the case of 1,112 kHz where 69 Ga converges and
71Ga generates a circle with a radius of 520 �m around it. Image (e) shows
the case of 1,122 kHz, where the outer ring is 71Ga and the inner ring is 69Ga.
This serial phenomenon indicates that the radius of the annulus decreases as the
rotational frequency approaches the index frequency, becomes null when they
coincide, and
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Figure 7. Velocity distribution of 10keV Ga ions obtained by the dual REF
units. The X-axis represents velocity converted from rotational frequency. The
left peak corresponds to 71Ga+, and the right peak corresponds to 69Ga+.

expands when the frequency exceeds the index frequency. Figure 7 shows the
velocity distribution of the ion beam where the X-axis represents the velocity
converted from the rotational frequency. The ions of 164.948 km/s (71Ga) and
167.323 km/s (69Ga) are clearly separated at a resolution of 180. With the
X-axis representing the mass number converted from the frequency, the graph
illustrates the mass spectrum (Anai et al., 2016). Note that the frequencies
adopted in the experiments were shifted to the lower side by 0.23% compared to
the calculated value. This peak shift was caused by the leakage of the electric
field from both REF units, which is unavoidable. Despite this minor discrepancy,
the overall result is consistent with the calculation, confirming the reliability
of the theory. Moreover, this analyzer showed excellent capability in analyzing
high-mass elements such as 197Au (Nojima, 2017). This feature was also verified
in mass ranges exceeding 100,000 such as argon cluster ions aggregated from
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over a thousand monomers (Moritani et al., 2018). These experiments were
supported by the Advanced Equipment Development Program of JST.

4 Proposed instrument under consideration for solar wind analysis

4.1 Solar wind analysis utilizing REF unit(s)

In the first experiment described in Section 3, Ga isotopes with velocities of 165
km/s and 167.3 km/s were separated clearly by a set of dual REF units without
energy analysis because the ion beam energy was determined by the ion source
potential. In addition, the Ga ion beam was well-collimated to a half apex angle
of less than 0.011 degrees with a diameter of 200 �m and a density as high as 1010

ions/s on the image sensor. On the other hand, to kinematically analyze the
solar wind using dual REF units, some preprocessing is indispensable prior to
REF analysis since the values of kinematic parameters are considerably diffused
and dispersed.

It has been reported that the mass range of ions in the solar wind is distributed
from 1 for H to 136 for Xe (Bame, 1972; Zurbuchen, 1998; Growther et al., 2012),
with energy levels ranging mainly from 300 eV to 4 keV exibiting a peak at 1 keV
in terms of protons, velocities ranging from 280 km/s to 870 km/s (Bame, 1972;
Zastenker & Borodkova, 1991), angular dispersion of flying direction ranging
by +/- 10 degrees (Hundhausen et al., 1967; Mukai et al., 1987), ion flux
ranging from 3x108 to 3.8x108 ion/cm2 /s at 1 AU (Ryden, 2011; Zastenker &
Borodkova,1991), and charge states distributed from +1 to +14 (Bame, 1972;
Ipavich, 1997). To analyze the solar wind, it is necessary to shape an ion beam
by separating the dispersed excess part of the solar wind, selecting the specified
energy ions, and maintaining a sufficiently fine beam diameter on the image
sensor.

In the velocity analysis of Ga+ by the dual REF units, a 150 mm length was
chosen for each REF unit to analyze approximately 165 km/s ions. Since this
length incurs excessive power consumption to activate the REF units compared
to the estimation, an 800 mm length is considered suitable for 800 km/s ions
of the solar wind, which calls for the total length of the analyzer, including a
spherical analyzer, an electrostatic lens, a set of dual REF units, and an image
sensor, to be approximately 5,000 mm. Although this total length, which is
inevitable for measuring the high speed of the solar wind directly, might create
excessive bulk, this concern can be mitigated by designing a foldable analyzer
that can be packed within 1 cubic meter. From these physical dimensions, an
appropriate beam diameter to be projected onto the image sensor is estimated.
Since a 75 mm image sensor across is already available (Hamamatsu Photonics
K.K. 2021), a beam of 7 mm across is considered to be reasonable. To visualize
such a beam on the image sensor, two countermeasures are needed. One is
to restrict the half apex angle to 0.03 degrees to keep the beam narrow while
traversing the analyzer. Another is to restrict the half apex angle to 0.7 degrees
so that the beam does not impinge against any electrode or the chamber wall
and focuses the dispersed beam into a prescribed diameter on the image sensor
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by arranging an electrostatic lens. In the case of 0.03 degrees, 2 ions/s collide
with the image sensor, whereas in the case of 0.7 degrees, approximately 1,500
ions/s collide on average. To perform an efficient analysis, the latter is advisable.
By counting ion beam dispersion and degradation due to the aberration of ion
optical systems, a preferable incident beam should have a diameter of 5 mm,
which is obtained by passing the beam through an aperture. If the instrument
stated above is constructed and appropriate electrical signals are applied to the
electrodes, REF analysis of the solar wind can be implemented. In both cases—
single and dual REF analysis—annular patterns of various radii are obtained
on the image sensor depicting ion velocity differences. In the case of dual REF
analysis, specified ions or index ions are ejected from the center of the outlet and
separated from the others. In the previous theoretical description of dual REF
units, only the ions projected on the center of the image sensor were identified,
whereas surrounding ions were ignored (Figure 4). Additionally, in experiments,
only the centered ions were measured to obtain a velocity spectrum (Figure 7).
This is a regrettable factor, especially in the case of solar wind analysis. Since
the solar wind is so dilute and dispersed, the measurement should be more
efficient and panoptic if possible. For example, if a method to identify not only
the index ions but also surrounding ions in one measurement is realized, it will
open up new avenues. To address this issue, two methods are discussed in more
detail below.

The first is a stroboscopic method, which is a common technique to virtually
halt rotation and is suitable for a single REF analysis. In concrete terms, an ion
beam taken out of the solar wind is packetized and synchronized to the electric
field rotation by a beam deflector placed far ahead of the REF unit. Each
constituent packet enters the REF unit at different times and different phase
angles. These packets form dotted or small arc patterns lined in a spiral on
the image sensor. The positions of the patterns depict the velocity distribution
of the incident ion beam, and their luminance shows each level of abundance.
Although the resolution of this method is not high, the kinematic properties of
the solar wind can be obtained in one measurement. This method is discussed
later.

The second is a silhouette method, which can be utilized for dual REF analy-
sis. Since the ion beams exit the upstream unit in cylindrical or cone shapes,
as shown in Figure 4, the beams are partially blocked by a partial beam stop-
per placed between the two units, while the remainder proceeds through the
downstream unit to be projected on the image sensor, forming arc patterns.
Neighboring ions of smaller mass numbers than the index ion (faster-speed
group) form arc patterns at a short distance from the center on the image
sensor. The missing parts of these patterns are the shaded part, or the “silhou-
ette”. Those of larger mass numbers than the index ion (slower-speed group)
proceed with their flight along 180-degree rotated courses from the faster beams
in the downstream unit and form similar arc patterns on the image sensor fac-
ing the faster group patterns across the center point. That is, these ions are
projected onto the shaded part made by previous ions, creating invisible silhou-
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ettes on previous arc patterns. As a result, the arc patterns of slower beams
and faster beams than the index ion are projected on opposite sides and can
be identified clearly, which is suitable for high-resolution analysis. A trajec-
tory analysis of a silhouette method is shown in Figure 8. Arc patterns are
projected on the image sensor and separated into two groups: a slow-speed

Figure 8�Trajectories and projected patterns obtained by a simulation with five
ions of adjacent velocities in the case of a silhouette method. The physical condi-
tions are the same as in Figure 4 except for a partial beam stopper. Surrounding
the center point, arc patterns are shown in two groups. One is formed by ions
slower than the index ion, and the other is formed by faster ions.

group (purple) and a fast-speed group (green). Since the velocity difference is
reflected on each radius, ions that were difficult to distinguish from each other
in Figure 4 are now clearly separated. Thus, all the ions composing the incident
beam can be identified by a silhouette method. Note that the partial beam
stopper in Figure 8 is 10% larger than a half disc to prevent the edges of arc
patterns from overlapping each other, which occurs in the case of a half disc.
Although it may appear inefficient to utilize less than half of the incident ion
beam, the efficiency is improved as a result since five or more elements can
be identified at the same time. Both a stroboscopic method and a silhouette
method ensure successful use of the REF unit(s).

4.2 Proposed instrument for kinematic analysis of the solar wind

In summary, this analyzer is composed of beam deflecting units to control the
passing and stopping of an incident beam, a spherical analyzer for energy analy-
sis, an electrostatic lens for beam focusing, dual REF units for velocity analysis,
a partial beam stopper to apply the silhouette method, an image sensor to de-
tect ion arrival, and electronic circuit units with power supplies to control the
electromechanical equipment. Figure 9 shows an example of the proposed ana-
lyzer. The solar wind enters from the inlet (first aperture) of the analyzer and
flies through as an ion beam that is gradually separated, encountering electric
forces from the field framed by multiple electrodes. Although most of these
beams may collapse against the metal wall of the analyzer and disappear on
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their way, those beams that meet specific conditions pass through the analyzer
and collide with the image sensor, generating luminescent spots depending on
their kinematic properties. The image sensor to be utilized in the system is a
multichannel plate 75 mm across and with 90% conversion efficiency, which is
sufficient to monitor the trajectory separation of ion

Figure 9. Configuration diagram of the proposed instrument. The instrument
takes in the solar wind as an ion beam from the first aperture. A beam of
specified energy is selected by the spherical analyzer, separated into plural beams
according to velocity by a single or dual REF unit(s), and the beams terminate
their flights on the image sensor. Labeled components are as follows: 1. First
aperture, 2. First beam deflector, 3. Spherical analyzer, 4. Second aperture, 5.
Second beam deflector, 6. Beam aligner, 7. Limiting aperture, 8. Electrostatic
lens, 9. Upstream REF unit, 10. Partial beam stopper, 11. Downstream REF
unit, 12. Image sensor.

beams 7 mm across. This analyzer accommodates three operational modes. The
first mode is an energy analysis activating a spherical analyzer, electrostatic lens,
and an image sensor to monitor the energy distribution in a range from 300 eV
to 20 keV at +/- 1%. The second mode is an overall analysis of the velocity
distribution between 20 km/s and 1,900 km/s, activating beam deflectors to
packetize the ion beam and either the upstream or the downstream REF unit in
addition to the first mode, to reveal the overall velocity distribution of the ion
beam. The third mode is a detailed velocity analysis of multiple ions activating
dual REF units and the partial beam stopper, to project the index ions and
several neighboring ions separately onto the image sensor at a resolution over
100 in one measurement, providing crucial information for investigating the
isotopic abundance ratio of the solar wind. These three different modes of
analysis are readily prepared to be activated in a minute, providing effective
measuring circumstances.

5 Simulation results of the proposed instrument

5.1 Energy analysis

The spherical energy analyzer consists of dual quadrant spheres concen-
trically set with different radii. To create an electric field toward the
center of the sphere, different voltages are applied to each sphere. The
radius of the center orbit in Figure 10 is 300 mm, and the energy
resolution is +/- 1% for an ion beam of 5 mm across. An ion beam
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Figure 10. Energy analysis by a spherical analyzer. Trajectories of three differ-
ent energy ions were verified in the simulation. The red beam energy is 5 keV,
the green beam energy is 4.9 keV, and the blue beam energy is 5.1 keV.

enters the first aperture and experiences radial force from the spherical analyzer.
Ions of specified energy trace the center course with a radius of 300 mm, whereas
other energy ions fly off the center course. Since the spherical analyzer focuses
the ions, specified ions are focused onto the second aperture as an energy filtered
ion beam. Figure 10 shows the result of a simulation of three different energy
ions passing the spherical analyzer. Only the red beam (5 keV) passed through
the second aperture of 5 mm across, while the green (4.9 keV) and the blue (5.1
keV) beams collided against the second aperture plate. This is how the energy
separation is implemented by the spherical analyzer.

5.2 Beam focusing by electrostatic lensing

The resolving power of the proposed instrument depends on the beam diameter
projected on the image sensor. Assuming that the divergent half-angle of the
beam is 0.7 degrees, a beam 5 mm across expands to 36 mm after a 1 m progres-
sion, which degrades the resolving power. To accommodate this situation, sev-
eral pairs of annular electrodes with an inner diameter of 120 mm are arranged in
front of dual REF units as an electrostatic lens to focus the expanded beam onto
the image sensor. Figure 11 shows a simulation result of the beam trajectory in
the proposed instrument, where the beam is analyzed by the spherical analyzer
and focused by the electrostatic lens. As the beam diverges with a half apex
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angle greater than 0.7 degrees after passing the second aperture, only the beam
with a half apex angle less than 0.7 degrees is sorted by the limiting aperture
and is focused to a spot with a diameter less than 7 mm on the image sen-
sor. In addition, the simulation revealed that the transmission efficiency of the

Figure 11. Focusing of the incident beam in the proposed instrument. An
energy filtered beam is focused to � 7 mm across on the image sensor with an
electrostatic lens placed on the front of the two REF units. Both REF units are
deactivated in this figure.

instrument is 60%, finally counting approximately 900 ions/sec on the image
sensor. The performance of the electrostatic lens was confirmed by investigat-
ing the focused beam profile. Figure 12 illustrates a simulation result of the
distribution of 900 ions that compose the 1 keV beam striking the image sensor
for 1 second. The curves in the graph show the X and Y distributions. The
graph reveals that the beam FWHM (Full width at half maximum) is

Figure 12. Ion distribution of a focused beam (1 keV) is illustrated with distri-
bution curves showing the beam FWHM: 4.4 mm in the X-direction and 6mm in
the Y-direction. Focusing characteristics show the same result at energy levels
from 300eV to 20 keV.

4.4 mm in the X-direction and 6 mm in the Y-direction and that 81% of ions
are included in this FWHM area. These properties were confirmed between
energy levels ranging from 300 eV to 20 keV, indicating that the beam diameter
remained under 7 mm or 1/10 of the diameter of the image sensor. Since no
REF unit is activated in the case of Figure 11, the beam is not separated and
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collides with the center of the image sensor. In this situation, by changing the
voltage applied to the spherical analyzer and the electrostatic lens, an energy
analysis is implemented by monitoring the centered beam.

5.3 Velocity analysis using REF unit(s)

5.3.1 Analysis for single REF unit activation

A simulation of a single REF analysis was performed by the proposed instrument
activating the upstream REF unit of 800 mm length with an innerdiameter of
100 mm. The target of analysis was an ion beam composed of 13 elements
already identified to be included in the solar wind and was filtered to 10 keV by
the spherical analyzer�The fastest group of ions was protons, at 1,389km/s, the
slowest was Xe, at 122 km/s, with ions of He, C, N, O, Ne, Mg, Al, S, Ar, Fe,
and Kr lining up in between. Figure 13 (a) illustrates annular patterns on the
image sensor

Figure 13. Simulated results activating a single REF unit: pattern obtained (a)
with a continuous beam and (b) with a packetized beam.

Table 1. The m/z and velocity of labeled ions shown in Figure 13 (b).

Label No. m/z Velocity (km/s)
1 1 1,389
2 1.5 1,134
3 2 982
4 3 802
5 4 695
6 6 567
7 7 525
8 8 491
9 12 401
10 14 371
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Label No. m/z Velocity (km/s)
11 16 347
12 20 311
13 22 296
14 23 290
15 24 284
16 28 263
17 40 220

indicating their velocity difference generated by a continuous beam. Protons are
projected on the outermost annular pattern and slower elements on the inner an-
nuli in turn when 56Fe was selected as the index ion and the upstream REF unit
was activated with an index frequency of 232.039 kHz. Figure 13 (b) illustrates
the result of a stroboscopic analysis visualizing an overall velocity analysis by
the proposed instrument. The beam that is synchronously packetized to the
REF unit enters and flies through the REF unit forming arc patterns spirally
aligned on the image sensor. Each position of arc patterns indicates their veloc-
ity or m/z (m over z). The outermost pattern represents protons at 1,389 km/s,
3He++ at 1,134 km/s, 4He++ at 982 km/s, and so on. Table 1 shows the labeled
m/z in Figure 13(b) and each velocity. In practice, it takes approximately 10
to 60 min to obtain a result, as shown in Figure 13 (b). Even though the sepa-
ration is insufficient and the innermost part is blurred, a stroboscopic method
has a distinct advantage in characterizing the kinematic properties of the solar
wind.

5.3.2 Analysis for dual REF unit activation

A simulation of dual REF unit activation was implemented, where each unit
has a length of 800 mm with an inner diameter of 100 mm. Figure 14 shows
the result of an analysis of ions filtered to the 2 keV energy level. Both REF
units were activated with an index frequency of 162 kHz for mass number 23
ions assigned as the index ion. Figure 14 (a) shows the result simulated with
a continuous beam. Index ions are projected onto the image sensor’s center

Figure 14. Simulated results activating dual REF units: (a) pattern obtained by
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basic operation, (b) using a silhouette method; (c) mass spectrum derived from
(b), where the X-axis represents the mass number transferred from frequency.
Mass numbers from 20 to 28 correspond to velocities from 135.6 km/s to 117.4
km/s.

and bright concentric circles formed by neighboring ions surround the center
spot. However, it is difficult to identify the elements from the surrounding con-
centric circles. To obtain accurate results, a silhouette method was developed.
In this method, a partial beam stopper is placed between the two REF units to
block a part of the ion beams flying in cylindrical or cone shapes. Unblocked
ions keep flying, whereas blocked ions cast their silhouette on the image sensor.
Unblocked ions are to be separated into two groups, a group slower and another
faster than the index ion. These groups pass through the downstream REF unit,
forming cycloidal curves with index ions between them, exiting the REF unit sur-
rounding index ions, and colliding against the image sensor on the counterpart’s
silhouette. Since each group contains subgroups of ions different in velocity, each
of them forms multiple arc patterns corresponding to their velocity. Figure 14
(b) illustrates the simulation results of a silhouette method visualizing a de-
tailed velocity analysis by the proposed instrument, where, ions of 28Si (117.404
km/s), 27Al (119.558 km/s), 26Mg (121.836 km/s), 25Mg (124.248 km/s), and
24Mg (126.810 km/sec) are lined up from left to center, 23Na (129.538 km/s)
is centered, and 22Ne (132.449 km/s), 21Ne (135.566 km/s), and 20Ne (138.914
km/s) are observed from center to right. Figure 14 (c) shows the abundance
from mass number 20 to 28 in the solar wind deduced from Figure 14 (b); the
X-axis represents m/z converted from frequency. The projected patterns in Fig-
ure 14 (a) overlap and are difficult to identify except for the index ion. On
the other hand, those of Figure 14 (b) are all separated and can be identified.
Although it might take a few hours to a few days to obtain an image, as shown
in Figure 14 (b), the silhouette method provides indispensable information to
identify neighboring elements of an index ion in one measurement.

5.4 Simulation conditions

Table 2 shows a summary of the operating conditions of each component used
in the five simulations of Figures 11, 13 (a) and (b), and 14 (a) and (b). The
components correspond to those of Figure 9. As shown in Figure 11, simulations
of energy analysis and beam focusing were performed using SIMION©, which
is a software package used to calculate the electric fields and trajectories of
charged particles. Figures 13 (a) and (b) show the result of simulations of single
REF analysis based on Equations (1) to (9), Figures 14 (a) and (b) show the
result of simulations of dual REF analysis based on Eqations (1) to (21), both
with the aid of Mathematica©.

Table 2. Simulation Conditions of Components

Components Signals Unit Simulated figure numbers
Figure 11 Figure 13(a) Figure 13(b) Figure 14(a) Figure 14(b)
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Components Signals Unit Simulated figure numbers
First mode Second mode Third mode

Beam Deflectors Amplitude V Off Off +/-43 Off
Frequency Hz 232,039
Duty Ratio  0.06

Spherical Analyzer Inner Electrode V -180.6 -1,806 -361
Outer Electrode V 150.0 1,500 300

Upstream REF Unit Amplitude V Off +/-28 +/-50
Frequency Hz 232,039 161,922

Downstream REF Unit Amplitude V Off Off +/-50
Frequency Hz 161,922

Lens Voltage V 689.8 6,898 1,379
Sigma Value mm 75 75 75

Ions Energy keV 1 10 2
Mass Da 1 1 to 129 20 to 28
Velocity km/s 982 122~1,389 117~139

Partial Beam Stopper Off Off Off On
Expected Measurement Time <1 min 10 min 50 min 8 h 16 h
Software SIMION©8.1 Mathematica©9

Note; These simulations were performed with referring to earlier studies (Bame,
1972; Bochsler et al., 2000; Geiss,1972; Kallenbach et al., 1997; Mason G
et al., 1997; Ogilvie & Wilkerson, 1969; von Steiger et al., 1995; Wimmer-
Schweingruber, 1998; Zurbuchen et al, 1998)

5.5 Estimation of resolution

The resolution of this instrument was investigated numerically. Although
the main feature of this instrument is velocity analysis, mass spectrometry
takes place at a certain energy level. Therefore, it is appropriate to calculate the
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Figure 15. Estimation of the mass resolution. The graph shows values higher
than 100 in the energy range from 500 eV to 1 keV.

resolving power as the mass resolution. This parameter is defined as the ratio
obtained from the mass number divided by the half-width of the mass spectrum
in question. In this paper, the resolution is estimated using 2.4� of the beam
diameter instead of the FWHM of the peak. Figure 15 shows the resolution of
the mass number from 1 to 200 at each energy level. Note that the resolution
is high even in the small-mass-number region. It is comparatively low, however,
in the high-energy level because of the low voltage amplitude of the REF units,
which suppresses power consumption.

6 Conclusion

Solar wind has been a consistent candidate for investigation since the beginning
of space exploration. In this paper, a theoretical explanation of the trajectory
separation of ions by a single and a dual REF analysis was first reported. Next,
experiments using dual REF units sorting out ions of specified kinematic proper-
ties were reported. Furthermore, a stroboscopic method for single REF analysis
and a silhouette method for dual REF analysis were introduced to improve the
functional capability of the analyzer identifying multiple ions simultaneously.
On the basis of the theories and experiments discussed above, a proposed in-
strument was designed to provide an energy analysis, an overall velocity analysis,
and a detailed velocity analysis aimed at kinematic analysis of the solar wind.
Simulation results of trajectory separation by the instrument were fairly reason-
able and convincing. Combining these three analyses, a 3D spectrum is obtained
revealing the kinematic properties of the solar wind in detail: energy levels rang-
ing from 300 eV to 20 keV, velocities ranging from 20 km/s to 1,900 km/s, and
mass numbers ranging from 1 to 200. The time required for one measurement
is estimated to be 1 to 2,000 min depending on abundance and aiming accuracy.
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This REF(s) analyzer offers unique advantages in the kinematic analysis of ions
and characterization of the behavior and composition of the solar wind.
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