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ABSTRACT

Space plasma instruments provide 3D particle velocity distribution functions. Because of telemetry limitations, these cannot be transmitted
in high time resolution and the plasma needs to be characterized by moments of the velocity distribution function. These moment uncertain-
ties have vital effects on the reliability and accuracy of onboard plasma moments. We assess the measurement accuracy for magnetosheath
and solar wind ions using an ion spectrometer with an asymmetric field of view designed for the all-sky measurement of low-energy ions in
the magnetosheath and solar wind. We focus on moment uncertainties for the ideal spectrometer, not considering the background counts,
which may have considerable effects on the uncertainties in real life. To obtain number density, bulk velocity, and temperature, different
orders of moments are integrated assuming a Maxwellian velocity distribution. Based on the design specifications, we use simulations to
estimate systematic and random errors for typical plasma conditions. We find that the spectrometer resolution is adequate for determining
the density of solar wind (~7% error) and magnetosheath ions (~4% error). The resolution is also adequate for determining the temperature
of solar wind (~10% error) and magnetosheath ions (~2% error). For high speed flows with a bulk velocity of 750 km/s and a tempera-
ture of 20 eV, the maximum density and temperature errors become 9% and 7%, respectively. The bulk velocity errors are less than 2%
for all cases. The contributions of heavy ions to the systematic errors are less than 5% for magnetosheath ions and less than 8% for solar
wind ions.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0028866

I. INTRODUCTION distribution function analysis and space plasma parameter measure-
ments were described first by Vasyliunas." Many theoretical and
The velocity distribution functions of space plasmas have experimental studies used moments of the distribution function

been measured by many different instruments and techniques to study the plasma parameters including number densities, bulk
since the 1960s."’ Detailed experimental methods for particle velocities, and temperatures. Later, in the 1980s, the accuracy of
Rev. Sci. Instrum. 92, 024501 (2021); doi: 10.1063/5.0028866 92, 024501-1
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computed moments was assessed, for example, for the AMPTE-
IRM’ 3D plasma instrument, including the effects of energy range,
energy and angular resolutions, and sensitivity. On-board data anal-
ysis techniques were described for fast moment calculations with the
AMPTE-IRM 3D plasma instrument and for the on-board deter-
mination of pitch angle distributions with the Giotto Réme plasma
analyzer.’

On-board moment calculations are essential for space plasma
instruments because the telemetry rate usually does not allow to
transmit the full 3D plasma distributions with high time resolution
and the moments are used to characterize and understand pro-
cesses that occur in the solar-terrestrial system. The accuracy of
moments is seriously influenced and compromised by measurement
uncertainties that generally include systematic errors and random
errors due to limited counting statistics. Space plasma moment cal-
culation and error assessments have been carried out for a long
time, and most of them focus on systematic errors that arise from
uncertainties in instrument response, insufficient resolutions, lim-
ited energy ranges, and spacecraft charging effects.” '’ Furthermore,
space plasma instruments that detect individual particles are suscep-
tible to statistical uncertainties due to a finite number of counted
particles. The effect of counting statistics on the accuracy of results
was surveyed for space plasma measurements with the AMPTE-UKS
ion instrument.'' The measurement accuracy was estimated for the
CLUSTER CIS instrument, taking into account the effects of both
particle counts and instrument characteristics.'” A new analytical
method was proposed in Ref. 13 to estimate uncertainties due to
random counting errors in an arbitrary differentiable function of
moments.

With the requirements of faster plasma measurements and
large field of view (FOV) on three-axis stabilized spacecraft, instru-
ments with wider FOVs are urgently needed. Symmetric deflec-
tors are supplemented to expand the original elevation range up
to a maximum value of +45° by plasma instruments such as DS-
1/PEPE,"" Juno/JADE,” MAVEN/STATIC,'® MAVEN/SWEA,"
MAVEN/SWIA,'® and PSP/SWEAP."” To satisfy the all-sky obser-
vation requirement, asymmetric deflector configurations have been
developed to obtain elevation angles between 0° and 90°.”"*' Many
studies have been carried out aiming at the moment calculation
and error analysis for symmetric FOV instruments. However, simi-
lar studies toward the assessment of moment errors for asymmetric
FOV instruments do not appear to have been carried out. With a dif-
ferent FOV configuration, instrument responses such as azimuthal
expansion, elevation resolution variation, and ion counts variabil-
ity within the asymmetric FOV may be quite different from those of
instruments with symmetric F OvVs.”

Solar wind and magnetosheath ions represent two typical ion
populations in space, which are quite different in their character-
istics such as temperatures, velocities, and densities and have been
investigated by missions including PSP,” Cluster 11,”> STEREO,*
and MMS.” To detect the two different types of ions populations,
an ion spectrometer with a high resolution ion optical system and
wide FOV is required.

In this paper, we present the main technical parameters of an
ion spectrometer with a wide asymmetric FOV and high energy and
angular resolution for low-energy ion detection in the solar wind
and magnetosheath. We calculate moments such as number den-
sity, bulk velocity, and temperature of ions based on the asymmetric
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FOV design and assess the moment uncertainties for the measure-
ment of ion distributions. To acquire a complete three-dimensional
ion velocity distribution, the FOV scanning deflectors of the spec-
trometer have a 90° coverage of elevation and uniformity in the
elevation resolution, energy response, and sensitivity throughout the
elevation range. Through the combination of an electrical FOV scan
and 360° azimuthal position detection, the cylindrically symmet-
ric spectrometer achieves a 2 hemispherical FOV. To achieve the
all-sky measurement of the magnetosheath and solar wind ions, we
assume that two spectrometers are mounted on the satellite platform
pointing in opposite directions.

The ion spectrometer can determine moments of ions from the
magnetosheath and solar wind with bulk velocities from 100 km/s to
2000 km/s. In this paper, we present simulation results of moment
errors based on the technical parameters of the spectrometer. We
use drifting Maxwellians for the magnetosheath and solar wind ion
velocity distribution functions as input and calculate the output
moments by integrating the distribution functions in velocity phase
space. The root mean square deviation (RMSD) between the out-
puts and inputs mainly arises from two kinds of errors: systematic
errors caused by limited energy and angular resolutions and random
errors caused by the particle counting statistics. The uncertainties
of the three parameters density, velocity, and temperature charac-
terize the measurement uncertainties of the spectrometer. As space-
craft charging effects are closely related to the satellite structure and
surface properties, the contribution of spacecraft charging effects
on the uncertainties is not included here and will be discussed in
the future.

Il. DESCRIPTION OF THE SPECTROMETER
A. High resolution ion optical system

Ions from the Earth’s magnetosheath and solar wind are
detected by the high resolution ion spectrometer. The ion opti-
cal system has five main components illustrated in Fig. 1(a): (1) a
field of view deflector system, (2) a variable geometric factor sys-
tem, (3) a spherical electrostatic analyzer, (4) a microchannel plate
(MCP) detector, and (5) a discrete anode position-sensitive readout.
Figure 1(b) shows an example of electric field equipotential lines of
the spectrometer with the electrostatic analyzer inner plate biased to
—-178 V, the upper deflector to —200 V, the MCP to —2000 V, and
other electrodes grounded.

The wide-FOV analyzer simultaneously detects the energies
and directions of incident ions over a 27 sr (steradian) FOV. The
scanning voltages biased on upper and lower FOV deflectors enable
the 90° coverage of elevation angle. Incident ions from directions
covering 27 sr are deflected into the collimator with an elevation of
30°. The variable geometric factor system contains a top cap elec-
trode that adjusts the geometric factor by two orders of magnitude
via a top cap voltage.”””” The energy of the ions is selected by a volt-
age scan on the spherical analyzer with a resolution of ~10%. Ions
exiting the analyzer will hit the MCP detector and produce charge
pulse signals. After being amplified by the MCP and collected by dis-
crete anodes, the pulse signals are accumulated and analyzed by the
data processing unit for scientific applications.

Figure 2 shows a general view of ion focusing effects and anode
division. Ions that enter the ion optical system on parallel trajectories
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FIG. 1. (a) Simplified schematic diagram of the ion optics of the spectrometer. The ion optics consist of a grounded shielding grid, asymmetric FOV scanning deflectors, a
geometric factor adjusting channel (top cap), a spherical electrostatic analyzer (inner and outer plates), the MCP, and an anode. The red dashed line shows a typical ion
trajectory through all components of the spectrometer. (b) Example of electric field equipotential lines of the spectrometer with the electrostatic analyzer inner plate biased to
—178 V, the upper deflector to —200 V, the MCP to —2000 V, and other electrodes grounded. Mechanical dimensions of the spectrometer are also shown with a size of 162.9
x 162.9 x 139.9 mm3, an inner electrostatic analyzer radius of 43 mm, and an analyzer gap of 4 mm.
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FIG. 2. Discrete anodes and ions focusing characteristics. lons passing through all
elements are focused at the exit of the electrostatic analyzer and hit the MCP. The
360° azimuth FOV is covered by 48 anodes, each providing a resolution of 7.5°.

and pass through the elements of the ion optical system are focused
on the exit of the electrostatic analyzer and finally hit the MCP detec-
tor. The incident azimuth angle is determined by the ion position on
the MCP. The anode is divided into 48 sectors, each providing an
azimuth range of 7.5°.

B. Performance of the spectrometer

The plasma ion spectrometer measures the 3D velocity dis-
tribution function of ions in the energy range of 50 eV-20 keV
in 62 logarithmically spaced energy steps. The high-resolution and
wide-FOV ion optical system enables an energy resolution of 10%
and a 2m sr FOV. The FOV deflectors have 16 scanning steps
between 0° and 90°. Figure 3 shows examples of ion trajecto-
ries at three central incident elevations of about 0°, 30°, and 90°.
Figure 4(a) illustrates the elevation response to the deflector factor
S, which is defined as S = (Vup — View)/(E/q). Different elevation
resolutions such as 5.6° and 11.25° can be reached via binning of
elevation channels. Ions are deflected by the FOV deflecting volt-
ages, guided by the collimator, selected by the electrostatic ana-
lyzer voltage, and finally captured by the MCP at the exit of the
analyzer. The time resolution is defined by the energy and ele-
vation step lengths of 0.002 s. The time resolutions for magne-
tosheath and solar wind ion measurements are 1.0 s and 2.0 s,
respectively.

With the deflectors and the cylindrically symmetric structure,
the spectrometer has a field of view of 360° by 90°, and two spec-
trometers pointing in opposite directions could provide a 41 sr FOV
coverage of ions.

FIG. 3. Three examples of ion tra-
jectories at different incident elevations
between 0° and 90°. The central inci-
dent elevation angles are (a) 0°, (b) 30°,
and (c) 90°. The central incident direc-
tions of ions are indicated by three red
arrows and the exit directions by three
blue arrows.
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FIG. 4. (a) Elevation response to the deflector factor S, where S = (Vyp — Viow)/(E/q). (b) Responses of elevation resolution and azimuth resolution to the elevation angle. (c)

Variation of normalized ion counts with the elevation angle.

TABLE I. Main simulated specifications of the ion spectrometer.

Parameters

Value or range

Particles detected

Energy range (keV)

Energy resolution

Field of view

Elevation range (°)

Azimuth range (°)

Elevation resolution (°)

Azimuth resolution (°)

Time resolution for a full 3D scan (s)
Geometric factor (cm? sr eV/eV)

Low energy ions in the magnetosheath and solar wind

0.05-20
10% for 3D velocity distribution function
27 st (hemispherical FOV)

0-90
0-360

5.6, 11.25

7.5, 15.0, 22.5, 30.0
Magnetosheath: 1.0; solar wind: 2.0

2 x107*-2 x 107° (per 7.5° azimuthal pixel)

The 360° azimuth FOV is covered by 48 anodes, each providing
a resolution of 7.5°. Different azimuth resolutions such as 7.5°, 15°,
22.5°, and 30° are reached via anode binning. Due to different scan-
ning steps, the spectrometer can be set to different modes to meet
the detection needs of different space plasma regions. The variable
geometric factor system adopts a top cap sweeping voltage to adjust
the geometric factor between 2 x 10™* cm? sr eV/eV and 2 x 107
cm® sr eV/eV. The main simulated specifications of the spectrome-
ter used in this paper by SIMION software (http://www.simion.com)
are summarized in Table L.

Space plasma instruments with asymmetric FOVs usually
have wider azimuth responses when the incident elevation angle
approaches 90°. In the extreme case of an elevation of 90°, the
azimuthal position detection ranges throughout 360°.”° In addi-
tion, when parallel ions reach the deflectors, the counts could
decrease by over 50% at the elevation of 0°.% Figures 4(b) and 4(c)
illustrate angular resolutions and ion counts response with the ele-
vation angle. The elevation and azimuth resolutions show a smooth
variation over the elevation range of 0°~90°. The ion spectrome-
ter’s asymmetric FOV utilizes a deflector inclination of 30° [6 in
Fig. 1(a)], rather than 45° used in previous studies,”””' to nar-
row down the azimuth response at the elevation of 90° by about
50% (from 52° in previous studies to 26° in this paper) and
enable the consistency of counts above 85% through the elevation
range.

I1l. THEOREMS FOR MOMENT CALCULATION
AND ERROR ANALYSIS

A. Definition of space plasma moments

The moment M, of the velocity distribution function, f(v), of a
particular particle species is defined as

M,,:ff(v)v”dv, 1)

where v" is an n-fold dyadic product and dv is the volume element
in velocity space.

The commonly used moments, number density N, bulk velocity
vector V, and pressure tensor P are defined as follows: "’

N:/f(v)dv, (2a)
1
Vo= f F(v)vdv, (2b)

P-= m/f(v)(v—V)(v—V)dv. (2¢)

Using the definition P = N-kg-T, one can convert the pressure
tensor into a temperature tensor. In this paper, we focus on the
number density, bulk velocity, and scalar temperature of solar
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wind and magnetosheath ions. Non-diagonal components in the
pressure tensor or higher moments are not calculated and discussed.
Scalar pressures and temperatures can be obtained from the traces
of the associated tensors: p = Tr(P)/3 and T = Tr(T)/3 = p/(N-ks).
In these formulas, m is the particle mass and kg is the Boltzmann
constant.

B. Analysis methods of measurement errors

Scientific data from space plasma instruments are usually in the
form of an array of phase space density fj centered on velocities
(o, Bj» v), where o and fj are discrete azimuth and eleva-
tion angles, respectively. Each array is the average over accep-
tance volume of the spectrometer. In order to calculate moments
of the discrete distribution, the integral formula of moments
need to be converted to summation forms via the following
expression:

dv = +* sin Bdadfdy. 3)

A simulation method is presented to analyze systematic errors
due to the characteristics of the designed spectrometer and ran-
dom errors due to particle counting statistics. Moments are cal-
culated using the discrete summation formulas. First, assuming a
Maxwellian velocity distribution, input parameters including num-
ber density, bulk velocity, and temperature are selected to calculate a
count matrix Cjx and phase space density fjj in a single integrating
element. We use an accumulation time of 0.002 s for each electro-
static analyzer and a deflection voltage step for the calculation of
Cijk. Second, a random number of counts obeying Poisson distribu-
tion are generated, and output values of moments are obtained by
integrating these random count matrices. Finally, different kinds of
errors are extracted by comparing the input and output moments.
The same method is applied to obtain measurement errors for a
range of the three input parameters: number density, bulk velocity,
and temperature. An ideal spectrometer with equal sensitivity and
no noise is assumed for the simulation. The background subtraction,
which may have a considerable effect on the moments and uncer-
tainties, is not taken into consideration for the ideal spectrometer
in our paper and should be analyzed carefully during future in-
flight calibrations. Detailed steps for moment calculation and error
analysis are shown in Fig. 5.

To calculate moments from count matrices, integral formulas
introduced above are converted to discrete forms as follows:

gk
N= Z Z Zk tace - Vk4 G

v -sinf; - Aai - ABj- A, (4)

.2
- cosai; - sin” ;

— le . 3
Z Z Zktcc Vk4 Gtk vk

. A(X,‘ . Aﬁj . Avk, (5a)
zjk 3 . .2
. . (x . s :
ZZZM“ e G Vi~ - sina; - sin”
. Aoc,- . Aﬂj . Avk, (Sb)
Ijk 3. on . .
Z Z Zk PR Cor Vi - sinf; - cosp;

. A(X,‘ . Aﬂj . Avk, (SC)
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Set sensor characteristics: resolution,
sweeping frequency,and geometric factor

v
Choose Maxwellian distribution input

parameters: number density, temperature,

and bulk velocity
¥
Calculate counts in single integrating

element: Cjc
v

Generate counts obeying Poisson
distribution by using random number
seeds

!

Get moments by integrating counts matrix

Compare output and input values to
calculate measurement errors

Repeat with new random number seeds

l

Repeat with new Maxwellian input
paramters

FIG. 5. Flowchart of moment calculation.

Py =m- Uk vt cosa - sin’
xx ZZZktacc vk4 Gk k ! /3]
-Aoc,'~A/3j~Avk—m-Vx -N, (6a)
l]k 4 .2 .3
Py=m- ZZZkt“ " G v sin” o - sin” B
~Aoc,-~A/5j~Akam-Vy -N, (6b)
l]k 4 . 2
Po=m-y. Z Zkt G vy - sin; - cosf;
acc * Vk

~A¢xi~A[3j~Avk—m-Vz -N. (6¢)

Note that the moments are calculated by using the geometric fac-
tor Gy but not including the variable geometric factor function.
Combining the components of bulk velocity and pressure, the bulk
velocity and temperature can be obtained by using the following

relations:
V=y/Vi+V,2+ V2 (7a)

B Py + Py + P

3-N-kp (75)

To evaluate the measurement uncertainties, we utilize RMSD
by comparing all outputs to the input values, with the differences
being due to the combined effect of systematic and random errors.
Ions at several typical incident elevations are chosen to analyze
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the errors caused by the spectrometer characteristics and count-
ing statistics. The spectrometer is specifically designed for mea-
surements in the magnetosheath and solar wind (including high
speed flows). We present, therefore, simulation results of moment
uncertainties in these environments. In low-density (low-count)
plasma, random errors can be one of the dominant sources of
moment uncertainties. Therefore, we display the random errors
to help estimate the spectrometer performance in some low-flux
conditions.

Here, we define the three errors mentioned above. For each
input moment Xy, total M count matrices were generated, and the
moment was calculated M times (M is set 300 in this paper). The
RMSD of a moment is defined as the root mean square deviation
percentage between all outputs and the input value,

/1L M 2
fZi: (Xi _XO)
Spasp = LALEE . (8)
Xo

The systematic error of a moment is defined to assess the mean
deviation between the outputs and the input value,

X-Xo

X &)

8systemutic =
The random error of a moment is defined as the root mean square
deviation percentage between all outputs and the mean value of a
specific moment,
1 M )2
i1 L (Xi - X)

6random = = >

X (10

where X; is the output value and X is the mean value of all outputs
for a specific moment.

IV. SIMULATION RESULTS

The spectrometer has different modes to fulfill different mea-
surement requirements. Here, we consider two modes for mag-
netosheath and solar wind ion measurements. The magnetosheath
mode scans the elevation between 0° and 90° in 8 steps, and the
solar wind mode scans the same elevation range in 16 steps. There-
fore, elevation resolutions for magnetosheath and solar wind ion

ARTICLE scitation.orgljournal/rsi

measurements are 11.25° and 5.6°, respectively. A complete sum-
mation over the 47t sr FOV needs 47 616 count matrix elements (62
energies x 8 elevations x 2 x 48 azimuths) for the magnetosheath
and 95232 count matrix elements (62 energies x 16 elevations x 2
x 48 azimuths) for the solar wind. In Fig. 6, examples of sampling
energies and elevation angles of the distribution function of ions in
the magnetosheath, solar wind, and high speed flows are shown with
an incident elevation angle of 0° as an example. The centered bulk
velocities are 300 km/s, 400 km/s, and 750 km/s for magnetosheath
ions, solar wind ions, and high speed flow ions, respectively. Ener-
gies are sampled logarithmically in the range of 50 eV-20 keV, and
elevation angles are sampled linearly in the range of —=90°-90°.

To illustrate the typical number of counts of ions in the accu-
mulation time of 2 ms, we use typical values of 10 cm™ (1 em™)
for the density, 500 eV (10 eV) for the temperature, and 300 km/s
(400 km/s) for the velocity of magnetosheath (solar wind) ions.
From the counts’ distribution in Fig. 7, we can conclude that typ-
ical maximum counts in one bin for magnetosheath and solar
wind ion measurements with our ion spectrometer are about 20.3
and 178.4 counts in 2 ms, respectively, for the plasma parameters
shown above.

A. Magnetosheath ion measurements

Ions in the magnetosheath mainly come from the decelerated
solar wind, usually with larger number densities and higher temper-
atures than in the solar wind. We evaluate RMSDs of the number
density, the temperature, and the bulk velocity for magnetosheath
densities of 0.01 cm™>-100 cm™>, temperatures of 10 eV-10* eV,
a typical bulk velocity of 300 km/s, and three elevation angles (0°,
45°, and 90°). We note that typical values of number densities
and temperatures for magnetosheath ions are 1 cm-10 cm™, and
500 eV,' "> respectively.

The RMSD simulation results for magnetosheath ions are dis-
played in Fig. 8, and RMSD percentages are indicated in the color
bar.

At the elevation of 0°, RMSDs of the number density, the
temperature, and the bulk velocity decrease as the input den-
sity increases. RMSDs of the number density, the temperature,
and the bulk velocity in magnetosheath are at most 4%, 2%, and
2%, respectively, when the input number density varies between
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|

FIG. 6. Examples of (a) sampling ener-
gies and (b) elevation angles of the dis-
tribution function of ions in the magne-
tosheath, solar wind, and high speed
flows. Each marker represents a sam-
pling energy or elevation angle step for
jons in the magnetosheath (red solid
squares), solar wind (green solid dots),
and high speed flows (blue solid trian-

gles).
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FIG. 7. Typical maximum counts for
(a) magnetosheath (N = 10 cm=3, V
=300 km/s, and T =500 eV) and (b) solar
wind ions (N = 1.cm=2, V =400 km/s, and
T =10 eV). The incident elevations for
the two panels are selected to be 45° as
an example. The counts are selected for
the anode sector with maximum counts
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FIG. 8. Number density, temperature, and bulk velocity RMSDs of magnetosheath ions (V = 300 km/s) at (a) 0° elevation angle, (b) 45° elevation angle, and (c) 90° elevation
angle.
1 cm™ and 10 cm™. When the input density is larger than 10 cm™, 2% when the input density is 1 cm™>~10 cm™ and the input temper-

the corresponding RMSDs will drop to 2%, 1%, and 1%, respectively.

RMSDs at the elevation of 45° are almost the same as those at
the elevation of 0° because the spectrometer performance changes
only slightly when the deflectors scan from 45° to 0°.

At the elevation of 90°, RMSD contour plots of the number
density and the temperature become different because the azimuth
response gets wider when the incident elevation approaches 90°. The
azimuth response spread should be smooth and gradual. The deflec-
tors have a spherical shape, which we found to be the best to meet
the performance requirements, with an extreme azimuth resolution
of better than 30° at the elevation very close to 90°. Larger errors
occur at the lowest temperature of 10 eV and the highest tempera-
ture of 10* eV. The density RMSD in the magnetosheath is at most

ature is ~500 eV. The temperature and bulk velocity RMSDs are less
than 2% under the same input conditions. When the input density
is larger than 10 cm ™, the density and temperature RMSDs drop to
less than 1%.

In order to clarify the contribution of systematic errors to the
RMSD contour lines, we illustrate systematic errors at different ele-
vation angles for magnetosheath ions determination in Fig. 9. We
chose a temperature range of 10> eV-10* eV and a velocity range of
100 km/s—400 km/s to cover typical magnetosheath ion parameters.
The systematic error is density independent according to the sys-
tematic error definition. At the elevation of 0°, the systematic error
of density is about —1.5%, while both temperature and velocity sys-
tematic errors are about —1%. Negative errors mean that the output
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FIG. 9. Number density, temperature, and bulk velocity systematic errors of magnetosheath ions at (a) 0° elevation angle, (b) 45° elevation angle, and (c) 90° elevation

angle.

value is smaller than the input value. At the elevation of 45°, the
density systematic error is about —1%, while both temperature and
velocity errors are less than 1%. At the elevation of 90°, systematic
errors of the number density and the temperature are both about
—1%, while the systematic error of the velocity is about 1%. Sys-
tematic errors and random errors determine the shape of the RMSD
contour lines together.

Another simulation was run to study the effect of the increas-
ing counts on the accuracy of the moment determination for mag-
netosheath ions. For this simulation, the input velocity was fixed
at 300 km/s and the input temperature at 500 eV, while the den-
sity was varied from 0.01 cm™ to 100 cm™>. The random errors
of moments are shown in Fig. 10. It is obvious that all parameters
are well measured at the magnetosheath density of 1 cm™-10 cm™,
with random errors less than 3% for all the three moments. Once the

density reaches values above 10 cm™>, all parameters are determined
to better than 1%. Random errors at different incident elevations
are basically the same. Random errors of moments generally scale
as 1/y/Ncs, where N = > Cijk is the total number of counts in the
distribution, which has also been found in previous studies.'"" Ran-
dom errors are only significant for low densities of <1 cm ™. Errors at
the lowest and highest temperature regions of the RMSDs are mainly
caused by systematic errors, which usually are due to inadequate
sampling, finite resolution, and uncertainties in the spectrometer
response.

B. Solar wind ion measurements

Solar wind ions have lower temperatures and higher bulk
velocities than jons in the magnetosheath. With a higher elevation
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ks = —m—dsdeg| | —=— 45deg
,g 10-1 ,.g 10-1 —¥—90deg ,g 10-1 —¥—90deg
&) &) m
g g g
S 107 S 107 S 107
5 g =
& ~ &

1073 107 107

001 01 1 10 100 001 01 1 10 100 001 01 1 10 100
N [cm'3] N [cm-3] N [cm-3]

FIG. 10. Number density, temperature, and bulk velocity random errors of magnetosheath ions (V = 300 km/s and T = 500 V) at elevation angles of 0°, 45°, and 90°.
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FIG. 11. Number density, temperature, and bulk velocity RMSDs of solar wind ions (V = 400 km/s) at (a) 0° elevation angle and (b) 45° elevation angle.

resolution of 5.6°, simulation results of RMSDs for solar wind ion
moments are shown in Fig. 11. For this study, the bulk velocity was
fixed at 400 km/s, with a density range of 0.1 cm™-100 cm™ and
a temperature range of 5 eV-100 eV. Since the incident solar wind
ions usually have narrower distributions and are almost at the inci-
dent elevation of 0° according to the mounting of the spectrometer,
with a maximum expansion of no more than 20°, only two eleva-
tion cases of 0° and 45° were taken into consideration to evaluate
the measurement accuracy.

At the elevation of 0°, the density is well determined to 7%
and the temperature to 10% at an extreme temperature of 5 eV. The
RMSDs of the density and the temperature drop significantly to bet-
ter than 3% for input temperatures of 10 eV-100 eV and number

RMSDs are less than 1%, while the input density of solar wind ions
increases to 10 cm ™. In the whole temperature range, the bulk veloc-
ity RMSD is less than 0.5%, and it drops further to 0.1% as the input
density increases to 10 cm™

At the elevation of 45°, the density is well determined (~3%
error) for solar wind ions with a density larger than 1 cm™ and
the temperature higher than 5 eV. The temperature error is about
5% under the same input condition. For the input density larger
than 10 cm™ and the temperature higher than ~7 eV, RMSDs of
both the density and the temperature are less than 1%. The bulk
velocity RMSD is almost the same as in the case of the elevation
of 0°.

Systematic errors for solar wind ion measurements are shown

densities larger than 1 cm™

. At the same temperature range, the
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FIG. 12. Number density, temperature, and bulk velocity systematic errors of solar wind ions at (a) 0° elevation angle and (b) 45° elevation angle.

in Fig. 12. For typical solar wind ions with a velocity of 400 km/s
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FIG. 13. Number density, temperature, and bulk velocity random errors of solar wind ions (V = 400 km/s and T = 10 eV) at elevation angles of 0° and 45°.

and a temperature of 10 eV, the density and temperature system-
atic errors are less than —1% and —5%, respectively, and the velocity
systematic error is less than 0.1%.

Similar to the magnetosheath case, random errors of solar wind
ion moments are calculated and plotted in Fig. 13. For this study, the
bulk velocity was fixed at 400 km/s and the temperature at 10 eV.
Random errors of the density and the temperature are about 5.1%
and 4.2%, respectively, at an extreme number density of 0.2 cm™
for solar wind ions.”’ Random errors of the density and the tem-
perature are less than 3% for the input density larger than 1 cm™.
They decrease to less than 1% when the input density is larger than
10 cm ™. The velocity random error is less than 0.4% for solar wind
density of 0.2 cm™> and goes lower than 0.3% for typical solar wind
density of 1 cm™. Random errors in the solar wind decrease with
1/y/Nets as well.

It is possible for the ion spectrometer to encounter high speed
flows from coronal holes when in the solar wind. In order to evaluate
the performance of the spectrometer comprehensively, the accuracy
of moment measurement for high speed flows in the solar wind was
also determined. The number density, temperature, and bulk veloc-
ity RMSDs for high speed flow ions at elevation angles of 0° and 45°
are listed in Table II. In this simulation, the bulk velocity was fixed
at 750 km/s and RMSD was evaluated for a temperature range of
15 eV-100 eV and a number density range of 0.1 cm™-100 cm™,
covering typical values of the bulk velocity and the temperature of
750 km/s and 20 eV, respectively.

At the incident elevation of 0°, the number density is accu-
rate to 9% and the temperature to 7% for input densities larger than
1 cm™ and input temperatures higher than 15 eV. Note that the den-
sity and temperature RMSDs for high speed flows are slightly worse
than those in the solar wind of 400 km/s. When the input tempera-
ture increases to more than 20 eV, the density determined is better
than 4%. In the whole temperature range, the bulk velocity RMSD
is negligible (less than 0.3% error) if the input density is larger than
lem™,

At the incident elevation of 45°, the number density and tem-
perature of high speed flows are accurate to 2% and 3%, respectively,
for an input density of 1 cm™-10 cm™ and a temperature of 20 eV—
100 eV. The bulk velocity RMSD is less than 0.2%, which can be
generally neglected. RMSDs for high speed flow ion moments are,
to some extent, larger than those for slow solar wind and magne-
tosheath ions at low temperatures. This is mainly caused by the
coarser samplings of the distribution function at lower temperatures
and higher velocities.

In Table II, we list systematic errors for high speed flows at a
velocity of 750 km/s and a temperature of 20 eV. In this case, sys-
tematic errors are obviously larger than for the magnetosheath and
the slow solar wind. At the elevation of 0°, the density and temper-
ature systematic errors increase to 3% and —7%, respectively. At the
elevation of 45°, they decrease to 1% and —3%, respectively. System-
atic errors of the bulk velocity at both elevations are less than 0.1%,
which can generally be neglected.

TABLE Il. Moment maximum uncertainties with the density larger than 1 cm—2 for magnetosheath and solar wind ions at different incident elevations.

. RMSD Systematic error Random error
Incident
Regions elevations (deg) N (%) T (%) V (%) N (%) T (%) V (%) N (%) T (%) V (%)
0 4 2 2 —1.5 —1 —1 2.4 1.5 1.8
Magnetosheath 45 4 2 2 —1 0.4 1 2.1 1.5 1.6
90 2 2 2 —1 —1 1 1.8 1.3 1.3
Solar wind 0 7 10 0.5 —1 —5 0.1 2.4 0.3
45 3 5 0.5 —1 —5 0.1 1.9 1.5 0.2
. . 0 9 7 0.3 —7 0.1 1.6 1.7 0.1
Solar wind high speed flows 45 2 3 0.2 1 -3 0.1 1.3 11 0.1
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Random errors are also shown in Table II for measurements
of high speed flow ion moments. The bulk velocity was fixed at
750 km/s and the temperature at 20 eV. All parameters are well
measured for high speed flows at densities more than 1 cm™, with
the random error of density less than 1.6%, temperature less than
1.7%, and bulk velocity less than 0.1%. For high speed flow ion
densities larger than 10 cm ™, all parameters determined are better
than 1%. Random errors at different incident elevations are basi-
cally the same. Random errors in the high speed flow decrease also
Wlth 1/\/th5.

Maximum uncertainties for ions moment determination in the
magnetosheath and solar wind are listed in Table II. In summary,
for all investigated cases, the current technical parameters of the
spectrometer are adequate for moment determination. Measure-
ment errors are no more than 5% for magnetosheath and no more
than 10% for solar wind (including high speed flows) ion measure-
ments. This will guarantee the excellent detection performance of
the spectrometer for future space missions.

C. Systematic errors due to the presence
of heavy ions

Generally, protons dominate in the solar wind and magne-
tosheath. But heavier ions are also present and can possibly affect
the measurement accuracy for protons. The three most common ion
species in the solar wind are H*, He**, and O®" and are likely to per-
sist in the magnetosheath.” The number density of He?* is typically
a few percent of that of protons.”

Ions in the magnetosheath have complex and broad distribu-
tions after they penetrated the bow shock.”***” The He**/H" den-
sity ratio in the magnetosheath was, for example, 6.2% + 0.6% during
the magnetopause crossing recorded by MMS4 on 22 November
2015.”" Temperatures of He®" in the magnetosheath may vary over a
quite broad range. It was noted in Ref. 35 that the temperature ratio
was ~4 in the magnetosheath because its thermal velocities were
comparable. However, the ratio varied when streams with different

ARTICLE scitation.orgljournal/rsi

velocities and when coronal holes, CIRs, and ICMEs were taken into
consideration.” To estimate the influence of the He?* number den-
sity on the proton moment measurement errors by the spectrometer,
a typical bulk velocity of 300 km/s and a proton temperature of
500 eV are chosen to study the broad magnetosheath ion distribu-
tions. For He?", we take a temperature of 2 keV and the same bulk
velocity as that of protons. We vary the He**/H" number density
ratio from 0% to 10%, which generally covers the range of observed
ratios in the magnetosheath. The results for three incident elevation
angles of 0°, 45°, and 90° are shown in Fig. 14(a). When the density
ratio is zero, the errors are what we have described in Fig. 9. Maxi-
mum systematic errors of the number density, the temperature, and
the bulk velocity are —2.5%, 4.9%, and 3.0% for a density ratio of
6.2%. Figures 9 and 14(a) show that the accuracy of the moments for
magnetosheath ions is still better than 10%, even if a contribution of
He** up to 10% is taken into account.

In Figs. 14(b) and 14(c), we show the variation of systematic
errors for slow solar wind and high speed flow, respectively. Because
the velocity vector of solar wind ions varies typically within +20°,
large elevation angles can be avoided by the appropriate orienta-
tion of the spectrometer relative to the sun aboard the spacecraft.
For solar wind analysis, we consider two elevation angles of 0° and
45° and a number density ratio from 0% to 10%, which covers the
density ratio range both in the solar wind and high speed flows. As
introduced in Ref. 39 and references therein, temperature ratios of
He** and H' at 1 AU are about 3.2 and 6.2 for the solar wind and
high speed flows, respectively. When the He?*/H" density ratio is
zero, the errors are what we have shown in Fig. 12 and Table II, only
taking protons into consideration. For the density ratio of 3.8% in
the solar wind and 4.8% in high speed flows,"’ systematic errors of
the number density and the bulk velocity have only a small varia-
tion with the density ratio. The maximum number density error is
—1.2% for solar wind protons and —1.0% for protons in high speed
flows. The maximum bulk velocity error is 1.3% for solar wind pro-
tons and 1.5% for protons in high speed flows. Systematic errors of
the temperature would be extremely large in the solar wind and high
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FIG. 14. (a) Systematic errors of protons in the magnetosheath affected by He?* ion density at elevation angles of 0°, 45°, and 90°, with a proton bulk velocity of 300 km/s
and a proton temperature of 500 eV. For He?*, we assume a bulk velocity and a temperature of 300 km/s and 2 keV, respectively. (b) Systematic errors of solar wind protons
affected by He?* ion density at elevation angles of 0°, 45°, and 90°, with a proton bulk velocity of 400 km/s and a proton temperature of 10 eV. For He?*, we assume a bulk
velocity and a temperature of 400 km/s and 30 eV, respectively. (c) Systematic errors of protons in the solar wind high speed flows affected by He?* ion density at elevation
angles of 0°, 45°, and 90°, with a proton bulk velocity of 750 km/s and a proton temperature of 20 eV. For He?*, we assume a bulk velocity and a temperature of 750 km/s
and 120 eV, respectively.
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FIG. 15. Energy per charge (E/q) distributions of H* and He?* in the solar wind and
high speed flows assuming Maxwellian velocity distributions. Temperatures in the
solar wind are 10 eV for H* and 30 eV for He?*. Temperatures in high speed flows
are 20 eV for H* and 120 eV for He?".

speed flows if heavier ions are present and not excluded from the
moment calculation. However, the solar wind He** does have the
same bulk velocity as protons. Therefore, in the electrostatic ana-
lyzer, the peak of He?* will have about twice the energy per charge
(E/q) value of that for protons. Because of the low temperature in the
solar wind, the two peaks of H" and He®" are well separated in E/q,
as shown in Fig. 15. To obtain a better temperature measurement,
we start in our simulation with the summation of the count matrices
Cijk atlow energy per charge and stop before the He** peak. The tem-
perature systematic errors are also plotted in Fig. 14(b) for the solar
wind, with a maximum error of —3.7% and in Fig. 14(c) for high
speed flows, with a maximum error of —7.9%. The He**/H" density
ratio in the solar wind may vary with the solar wind speed and solar
cycle, which is found to be changing periodically between 1% and
4% over Carrington rotations for different solar wind speeds over
a 3-year period from 1995 through 1998"' and not larger than 6%
during four solar cycles.”” However, the systematic errors for solar
wind (including high speed flows) ion measurements at the eleva-
tions of 0° and 45° show only a small variation with the He**/H"
density ratio.

To summarize, systematic errors due to heavy ions in the mag-
netosheath, the slow solar wind, and high speed flows are still better
than 10%, which indicates that the spectrometer is adequate for pro-
ton moment measurements in its operating regions even if it is not
equipped with a time-of-flight system that would provide separation
by mass per charge.

V. CONCLUSIONS

In this paper, we have introduced the main features and per-
formances of a new plasma spectrometer with an asymmetric FOV
for the high-resolution and all-sky detection of low energy ions in
near-Earth space and solar wind. In order to evaluate the accuracy
of ion plasma measurements with the asymmetric FOV, we calcu-
late moments of plasmas from different regions in near-Earth space
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by integrating the Maxwellian velocity distribution function over the
4m FOV and analyze the moment uncertainties. Moment calcula-
tion and error analysis are of great significance for this kind of space
plasma spectrometer since a wider FOV is increasingly becoming
the basic configuration for space plasma detection on non-spinning
spacecraft. The spectrometer will determine the basic moments of
the magnetosheath and solar wind ion distributions in situ, such
as number density, temperature, and bulk velocity under different
conditions.

The moments of ions in the magnetosheath, typical slow solar
wind, and high speed flows are calculated based on the spectrome-
ter specifications. We conclude from our simulation that the energy
range and resolutions are adequate for determining the ion density
in the magnetosheath (<4% error), the solar wind (<7% error), and
high speed flows (<9% error). The spectrometer is also adequate for
determining the ion temperature in the magnetosheath (<2% error),
the solar wind (<10% error), and high speed flows (<7% error).
The bulk velocity errors are less than 2% for the magnetosheath
and less than 0.5% for solar wind (including high speed flows) ion
measurements. While considering heavier ions’ influence, the spec-
trometer can still perform well on determining moments of protons
in all operating regions. In addition, we also estimated the influence
of insufficient counts on the accuracy of the moments by calculat-
ing random errors under different input conditions. Random errors
scale as 1/\/N¢s and are less than 3% for all cases.

The simulation results for the uncertainties of the moment
density, bulk velocity, and temperature show that the technical
design parameters of the ion spectrometer are adequate for the high-
resolution measurement of low energy ions in the magnetosheath
and the solar wind. This work also lays a foundation for the future
investigation of more complex distribution functions and moment
error analysis over a 47 st FOV.
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