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Abstract: The Mars Ion and Neutral Particle Analyzer (MINPA) onboard Tianwen-1 aims to study
the interaction between Mars and the solar wind via in situ ion measurement and energetic neutral
atom imaging. Despite the efforts for Ultra-Violet suppression in MINPA design, 0.48% of ion ob-
servations from November 2021 to July 2022 were identified as UV-contaminated. The UV emissions
primarily penetrate into the instrument through the ENA entrance. Statistically, the distribution of
the UV contamination in phase space typically spans 3 to 4 azimuth sectors. The contamination is
uniformly distributed across the polar dimension while, in the energy and mass dimensions, it is
proportional to the time-of-flight duration. Comparisons between the in-flight performance and
ground calibration suggest that azimuthal broadening and intensity variations of the contamination
may result from differing responses across the azimuthal sectors. Based on the characteristics of the
UV impact on MINPA ion observations, a removal algorithm is proposed to reduce contamination
while preserving valid signals, which improves the data quality effectively and benefits the inter-
pretation of MINPA’s ion measurements in the Martian space environment. The cause, effect, and
distribution of the UV contamination obtained by this study may serve as a reference for other space

ion observations.

Keywords: ion observations; UV contamination; electrostatic analyzer; Tianwen-1

1. Introduction

Particle detection, which includes measurements of charged and neutral particles,
plays a crucial role in the exploration of planets. Without shelter from the intrinsic mag-
netic field [1,2], the atmospheres of unmagnetized planets, such as Mars, are susceptible
to erosion by the solar wind after ionization by the solar extreme Ultra-Violet (EUV) emis-
sions [3-5]. Detection of plasma and energetic neutral atoms (ENAs) produced through
charge exchange collisions between the upper atmosphere and the plasma [6-8] enables
monitoring of atmospheric escape and enhances our understanding of the evolution of
planetary habitability. Electro Static Analyzer (ESA), the most common detector for
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charged particles, is widely utilized in interplanetary, terrestrial, and planetary explora-
tion missions, e.g., Advanced Composition Explorer (ACE), Cluster, and Mars Atmos-
phere and Volatile Evolution (MAVEN) [9-12].

Like the pioneer Chinese Mars exploration mission, Tianwen-1, comprising an or-
biter and the Zhurong rover, aims to investigate various aspects of Mars, including the
Martian topography and geological structure, the material composition of Mars’ surface,
and the distribution of water-ice, the magnetosphere, ionosphere and their interaction
with the solar wind, the Martian gravity field and its interior structure [13]. The Mars Ion
and Neutral Particle Analyzer (MINPA) onboard Tianwen-1 is designed to investigate the
interaction between the solar wind and the Mars atmosphere [14]. MINPA employs a
standard toroidal top-hat electrostatic analyzer with a time-of-flight (TOF) mass analyzer
to detect ions in situ and image plasma remotely through ENAs. Notably, MINPA intro-
duces an innovative design to integrate the ion and ENA detection units into a single sen-
sor head. The instrument sensors alternately receive ions from outer space and ions gen-
erated by ENAs hitting the charge exchange plate by manipulating the voltages at the
entrances for ions and ENAs. Then, ESA selects incident particles of specific energy-to-
charge ratios by deflecting them with an electrostatic field applied between concentric
plates [15-18]. The TOF mass analyzer determines the mass-to-charge ratio of ions by
measuring the time for particles to travel a fixed distance [19]. Discrete anodes resolve the
azimuthal direction of the ion’s velocity, while the measurement of velocity outside the
intrinsic planer field of view is accomplished by the electrostatic deflectors positioned at
the front entrance. These designs enable MINPA to resolve velocity for the main ion and
ENA species. More detailed information about MINPA can be found in the instrument
article [14].

However, the micro-channel plates (MCPs) used for amplifying electronic signals are
extremely sensitive to the solar Ultra-Violet (UV) emissions, particularly the Lyman «
emission at 121.6 nm [20,21], which is both energetic (10.2 eV) and intense in the vicinity
of Mars (~2.6 mW/m?) [22]. These emissions, as well as their secondary photoelectrons, hit
the MCP, introducing significant noise [21]. Since the voltages used to deflect ions make
it difficult for photoelectrons to access the MCP, direct impact by photons may be the
primary contributing factor. Given that photons are not influenced by the electrostatic
field, the UV emission generally contaminates all energy, mass, and polar angle channels
and partial azimuthal angle, which is a prevalent issue for ESA in-flight operations. To
suppress UV contamination, light baffles, light traps, and low-reflectivity diffuse coatings
are frequently incorporated into the design of ESAs [21]. Careful designs of spacecraft
orbits and instrument attitudes are also essential to prevent direct exposure of particle
entrances to the sunlight. Additionally, various data processing routines are devised to
minimize the effects of UV emissions. For instance, in the data process of the ASPERA-3
Ion Mass Analyzer (IMA) on the Mars Express (MEX) mission, Franz et al. [23] recom-
mended subtracting the maximum count rate of each angular sector with energy more
than 8 keV and less than 40 eV from all bins for most UV-contamination scenarios. In the
case of severe UV contamination, the mean counts of non-zero bins were subtracted from
all bins. Similarly, Nozzoli and Richelli utilized the data where the solar wind was beyond
the field-of-view (FOV), yet the UV contamination was detected to evaluate and remove
the UV effect [24]. These methods observably reduced the noise level.

MINPA coated its ion and ENA entrance paths and the outer surface of the ESA in-
ternal sphere to suppress UV contamination. Ground calibration shows that MINPA
achieved a very high UV suppressing efficiency (>98%) [14]. However, UV-contamination
has already been found in the in-flight ion and ENA measurements. To access the UV
effects on MINPA ion observations and provide an adequate explanation of the ion data,
this work analyzes the UV contamination in the MINPA ion observations from November
2021 to July 2022.
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2. In-Flight Operation of Tianwen-1 and MINPA

The journey of Tianwen-1 began with its launch on 23 July, 2020, followed by a seven-
month cruise phase to Mars. During the cruise phase, MINPA operated for approximately
three months, demonstrating good in-flight performance [25-27]. After it successfully en-
tered an orbit around Mars, MINPA commenced regular scientific data collection follow-
ing an elliptical orbit of 243 km x 10,760 km from November 2021. Figure 1a—c illustrate
the Tianwen-1 orbiter and MINPA in the spacecraft coordinates (X, Yy, Zp). As shown in
Figure 1a, MINPA is mounted on the spacecraft main deck, in the +X;, plane, close to the
+Zy, corner, but slightly shifted by 6.23° toward the +Y, side. The ion FOV of MINPA co-
vers the entire 27t +X;, hemisphere. Figure 1a also defines two angles: the solar incident
angle (o) and the solar azimuth angle (Bsyy). Qsun is the angle between the sunward
direction (indicated by the green arrowed line) and +Xy,, ranging from 0° to 180°. In the
Yy—Zp plane, Bsy, is defined as the anti-clockwise angle from the -Y}, axis to the projected
sunward direction, ranging from 0° to 360°. As shown in Figure 1b,c, MINPA has 16 polar
sectors covering the instrument polar angle (0: 0°-90°), and 16 azimuth sectors covering
the instrument azimuth angle (¢: 0°-360°). The ENA window, located in the equatorial
plane of MINPA, has a field of view of 9.7° x 360° with an angular resolution of 9.7° x 22.5°.

YR,
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28/May/2022

23/Mar./2022
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17/Jan./2022

4 2 0 2 13/Nov./2021

X[Ry]

Figure 1. Tianwen-1 orbiter, MINPA, and the orbits. (a) Tianwen-1 orbiter and the illustrations of
the solar incident angle (asy,) and solar azimuth angle (Bsyy,) relative to the spacecraft coordinates
(Xp) Yb, Zp). MINPA is mounted on the +Z,, corner. (b) Side and (c) top views of MINPA, with the
illustrations of the instrument polar (8) and azimuthal (¢) angles. (d-f) Tianwen-1 orbits from 13
November 2021 to 31 July 2022 in the Mars-Sun-Orbital (MSO) coordinate system. Ry is the radius
of Mars. The red and blue curves in (d-f) represent the nominal bow shock and magnetic pileup
boundary (MPB), respectively [28].

Figure 1d—f show the Tianwen-1 orbits spanning from 13 November 2021 to 31 July
2022 in the Mars-Sun-Orbit (MSO) coordinate system, where the Xyso axis points from
Mars toward the Sun, the Zygo axis aligns with the normal of Mars’ orbital plane, and the
Ymso axis completes the right-handed system. The orbital period of Tianwen-1 is approx-
imately 7.1 h. Throughout the presented time interval, the orbital apoapsis gradually
shifted from the southern to the northern poles. As shown in Figure 2, the Tianwen-1 or-
biter utilizes two different attitude references: the Sun-oriented and the Mars-oriented
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references. In the Sun-oriented reference +Xy,+Yy,, and +Z, are aligned with —Yyso, +Zmso,
and —Xyso, respectively. The Mars-oriented reference has +Z,, pointing toward the center
of Mars, +X}, perpendicular to the line connecting Mars and the spacecraft and making an
angle less than 90° with the direction of the spacecraft’s orbital motion, and +Y, complet-
ing the right-handed system. Tianwen-1 switches between these two attitudes approxi-
mately every three orbits, as indicated by the inner colored ellipse in Figure 2. During the
apoapsis segment, Tianwen-1 adopts the Sun-oriented attitude (green), and the ion FOV
covers the -Yygo hemisphere. In the periapsis segment, Tianwen-1 switches to the Mars-
oriented attitude (red) to capture the cold planetary ions in the windward direction. Be-
tween these two attitudes, Tianwen-1 performs maneuvers (black). In the following two
orbits, Tianwen-1 will maintain the Sun-oriented attitude. However, if there are special
scientific assignments, Tianwen-1 will contingently adjust its attitude. Figure 2 also pre-
sents the operational modes of MINPA ion observations by the outer colored ellipse.
MINPA works in three modes with ion data products binned in varying mass(M), en-
ergy(E), phi(P), and theta (T) resolutions: the default mode (8Mx40Ex16Px4T), the mag-
netotail mode (8Mx64Ex16Px4T), and the ionosphere mode (32M x48E).

/ Mars-oriented
1 —
maneuver
default mode
0— (~2.7h)
= ==
N
maneuver
. default mode
g\% (~2.7h)
3,
LW
magnetotail Sun-oriented /
| mode
(=1h)
1

-1
X[R,] ’ ! - Sy Rl

Figure 2. Schematic of Tianwen-1 attitude references and MINPA operation modes. MINPA ion
FOVs in the Sun-oriented and Mars-oriented attitudes are also given. The ellipse is a Tianwen-1 orbit
in the MSO coordinate system. The inner colors represent the attitude references of Tianwen-1 dur-
ing its regular operation phase. In the apoapsis segment (green), Tianwen-1 is in the Sun-oriented
attitude (-Z, points toward the Sun). In the periapsis segment (red), Tianwen-1 is in the Mars-ori-
ented attitude (+Z, points toward the Mars). The black curves show the Tianwen-1 maneuver
phases. The outer colored curves represent three MINPA operation modes: default (blue), iono-
sphere (orange), and magnetotail (magenta) modes.
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3. Contamination Caused by the Solar UV Light
3.1. An Example of the UV Contamination

Figure 3 presents an example of the MINPA ion observations in the magnetosheath
along an inbound orbit from 15:20 UT to 16:30 UT on 09 December 2021. The correspond-
ing Tianwen-1 orbit for this interval is presented in Figure 3a—c. The spacecraft was ini-
tially in the magnetosheath near the bow shock and moved toward the magnetic pileup
boundary (MPB). Figure 3d illustrates the time series of the solar incident angle (agy;,) and
the solar azimuth angle (Bsyy,). The green bar at the top of Figure 3d and the green orbits
in Figure 3a—c indicate that the Tianwen-1 orbiter adopted the Sun-oriented attitude from
15:20 UT to 15:32 UT. During this period, both ag,, and Bs,, remained stable at 90° (Fig-
ure 3d). Thereafter, the orbiter maneuvered, gradually from the Sun-oriented attitude to
the Mars-oriented attitude, as denoted by the black bar and black orbit arcs. In the early
phase of the maneuver, ag,, rapidly decreased to 57° and then increased back to 88°,
while the spacecraft rotated anti-clockwise, resulting in a final Bg,, value of 345°. After-
ward, ag,, decreased slowly to87.5°, and sy, increased to 346°. From 16:01 UT onward,
the attitude remained Mars-oriented, accompanied by a further decrease in osg,, and a
gradual increase in Bgyp.
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Figure 3. Time series of MINPA ion measurement on 09 December 2021 from 15:20 to 16:30 UT. (a—
¢) Tianwen-1 orbits in MSO. The red and blue curves are the nominal bow shock and MPB, respec-
tively. (d) Solar incident angle (as,,) and solar azimuth angle (Bs,n). Ion count-rate spectrograms
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with respect to (e) ion mass, (f) energy (W;), (g) azimuth angle (¢), and (h) polar angle (8). Ion mass
between 1 and 60 amu (the first 7 mass channels) are counted in (f-h). The colored orbits in (a—c)
and the colored bars on top of (d) show the spacecraft attitudes (green: Sun-oriented, black: maneu-
ver, red: Mars-oriented).

Figure 3e presents the mass spectrogram of the ion count rate (C;), and Figure 3f-h
display the energy, polar, and azimuth angular spectrograms of the total ion count rate
for masses below 60 amu (the first 7 mass channels), respectively. In this event, MINPA
detected shocked solar wind H* and He?* ions, as well as pick-up heavy ions of Mars
ionosphere origin, appearing above the magnetosheath ions between 15:20 UT and 16:10
UT. During the maneuver, the observed flow direction of the magnetosheath ions contin-
uously changed with the solar incident angle og,,, and the solar azimuth angle Bs,,. The
reduced ion count rate after the maneuver is likely due to the limitation of the FOV. In the
Mars-oriented phase, MINPA's +X,, axis is perpendicular to the Mars-orbiter line, result-
ing in an FOV unfavorable for the magnetosheath measurements. As illustrated by the
spectrograms in Figure 3e-h, the MINPA ion observations exhibit two types of contami-
nation. The first type is characterized by high count rate noise distributed almost uni-
formly across all ion masses, energies, and polar angles, within a certain range of azi-
muthal angle. Examples of this type can be observed at 15:33 UT and 15:44 UT during the
maneuver, as well as from 16:07 UT to 16:18 UT during the Mars-oriented phase in Figure
3. These contaminations are likely caused by the solar UV emission [23]. The second type
of contamination featured ubiquitous low-count rate random noise across all energies.
The noise could be generated by radioactive decay in the MCP glass, and/or the cosmic
rays [18,24]. In this report, we focus on the high count-rate contamination.

The ions in the Mars space environment consist of those originating from the solar
wind, primarily H* and He®' ions, and the Martian ionosphere, mainly 0*, 03 and
CO3 ions, as well as ionized exospheric neutral particles, predominantly H* ions. It is
important to note that ions with masses exceeding 60 amu are rare in the Mars space en-
vironment. Therefore, the signals detected by the heaviest mass channel (ranging from 60
amu to 70 amu) are reasonably considered as noise accumulated over the longest TOF
duration, and they can be used to identify and quantify the UV contamination. Figure 4a—
c present the ion count-rate spectrograms for the heaviest mass channel of MINPA. The
high count-rate contaminations are easily distinguished as two narrow stripes and one
wide stripe covering all energy channels (Figure 4a) and polar angles (Figure 4c). Figure
4b illustrates that a strong correlation between these contaminations and the Sun-pointing
direction (Bsyy), denoted by the black curve. Additionally, it could be noted in Figure 4a
that ions with the same energy (~1 keV) as the aforementioned magnetosheath ion popu-
lations are ghost peaks, caused by the internal scattering of protons, and they are com-
monly observed by other ion instruments as well [18,29].
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Figure 4. Count-rate spectrograms with respect to (a) W, (b) ¢ and (c) 6 for ion mass between 60
and 70 amu (the last mass channel). (d) The red curve shows the direction-integrated and energy-
averaged count rate for the 8" mass channel between 2.5 eV to 6.36 eV (the first four energy chan-
nels), and the black curve gives the direction-integrated count rate averaged for all energy and mass
channels. The green dashed line denotes the mean value of the background count rate in Sun-ori-
ented, and the green dotted line is three times of background’s standard deviations above the green
dashed line. (e) agyy. (f-h) Scatter plots of ag,, versus count rate in the three high count-rate inter-
vals. The gray shaded bars in (d-h) label the intervals with count rate above the green dotted line.
The color bars on top of (a) show the spacecraft attitudes in the same format as Figure 3.

To identify intervals of UV contamination, we analyze the direction-integrated count
rate of the 8" mass channel, with ion energies averaged over the first four energy channels
(2.5-6.4 V), represented by the red solid curve in Figure 4d. For comparison, we also plot
the direction-integrated count rate averaged for all energies and masses (black curve).
Magnetosheath ions are discernable in the black curve but negligible in the red curve,
where the count rate basically weakly fluctuates around the average (green dashed line in
Figure 4d) except during the UV-affected intervals. The exact intervals of UV contamina-
tion are identified when the count rates are higher than the average level by at least three
standard deviations (derived from the red curve), depicted by the green dotted line in
Figure 4d. The three gray shaded bars mark the UV-contaminated intervals. To further
investigate the relationship between the UV contamination and the Sun-pointing



Atmosphere 2024, 15, 19

8 of 17

direction, we examine scatter plots of the high-count rate versus ag,, in Figure 4f-h. Fig-
ure 4h exhibits the ag,,~C; profile, with a distinguished count rate peak at ag, = 85.4°.
Similarly, the count rates in the two short intervals in Figure 4f, g reach a maximum at
around 85°-86°. However, rapid attitude changes (~32 s) during the two short intervals
make it difficult to resolve details of the ag,,—C; profiles. Therefore, we only consider the
longer intervals (>160 s) for quantifying the UV contaminations in MINPA.

Based on the analysis, an algorithm is developed to identify UV-contamination inter-
vals in the default mode. First, intervals with count rates exceeding the average back-
ground by three standard deviations are elected as UV-contamination candidates. Con-
sidering that the background count rate for the whole data set from November 2021 to
July 2022 is below 1.5 x 103 s7%, a threshold is set to be 2 x 10% s™. Then, candidates
with a maximum count rate larger than a threshold are selected. A total of 433 UV-con-
tamination events have been identified by the algorithm from the MINPA default mode
ion observations from 13 November 2021 to 31 July 2022. After a manual check, one event
is removed from the event set. Among the identified events, 60 long-interval events are
found in the Mars-oriented attitude phases, while the rest short-interval events are all
identified during rapid maneuver from the Sun-oriented to the Mars-oriented attitude.
UV contamination is also observed in the ionosphere mode but is absent in the magneto-
tail mode. For the ionosphere mode, however, sometimes measurements in the first four
energy steps of the heaviest mass channel are mixed with the internal scattering ions,
making the identification challenging. Thus, the contamination events in the ionosphere
mode are identified manually.

1”: where T, is the MINPA
operation time and Tyy is the UV-contaminated duration. The results are summarized in
Table 1. From 13 November 2021 to 31 July 2022, the UV-contaminated duration sums up
to only 0.9 days, corresponding to a total occurrence rate of 0.48%. This low occurrence
rate suggests that the high UV absorption coating [14] used by MINPA effectively sup-
presses UV contamination, and the majority of MINPA ion observations are free from UV
contaminations. In November and December 2021, MINPA most severely suffered from
UV contamination, which had occurrence rates of 0.97% and 2.01%, respectively, when
the orbit apoapsis was around the south pole. However, due to orbital precession, long-
interval events were no longer seen in the Mars-oriented phase after late January 2022,
accordingly the occurrence rate of UV contamination was reduced. In June and July 2022,
as the orbit apoapsis drifted toward the north pole, the long-interval UV contamination in
the default mode reappeared, but at a lower occurrence rate of 0.33%.

The UV contamination occurrence rate is defined as

Table 1. Occurrence rate of contaminations caused by the solar UV emission to MINPA.

Month Top Tyy Ratio
November 2021 12.63 0.12 0.97%
December 2021 22.24 0.45 2.01%

January 2022 23.86 0.05 0.21%
February 2022 21.12 0.04 0.21%
March 2022 21.81 0.04 0.20%
April 2022 22.16 0.03 0.12%
May 2022 22.61 0.03 0.14%
June 2022 20.92 0.07 0.33%
July 2022 20.81 0.07 0.33%
Total 188.17 0.90 0.48%

3.2. Statistical Analysis and UV Path in MINPA

We perform a statistical analysis on 60 long-interval UV-contamination events to ex-
amine the accessibility of the solar UV emission to MCPs of MINPA. Figure 5a illustrates
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an example of the correlation between the UV-contamination count rate and og,, ob-
served from 14:18:23 UT to 14:26:52 UT on 02 December 2021. The count rates represent
the data obtained from the first four energy channels of the heaviest mass channel, with
the average background noise subtracted. Limited by the time resolution (16 s) of MINPA,
the peak of the UV contamination may not be fully resolved. Therefore, the data were
fitted with a Gaussian distribution to determine the peak location. For the event shown in
Figure 5a, the strongest contamination is identified at ag,, = 85.2° with a full width at
half maximum (FWHM) of 1.4°. To define the extent of the contamination, we designate
the minimum and maximum values of ag,, as the lower and upper limits, respectively,
denoted as af,, and a¥,,. For example, in Figure 5a, the UV contamination commences
at oy, =83.8°and endsat af,, =86.3°. Itis worth noting that the observed profile closely
aligns with the fitted curve on the left side, but declines faster than the fitted curve on the
right side, suggesting an asymmetric of the UV effect along the polar direction of the in-
strument.

x10* 02/Dec./2021/14:18:23-14:26:52 x10* 13/Nov./2021- 31/Jul./2022

15 - 7 31/Jul./2022
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Figure 5. Dependence of UV contamination on agyy,. (a) The black dots show an example of UV
count rate versus g, observed on 02 December 2021. The lower and upper boundary angle (aly,
and ay,,) are 83.8° and 86.3°, respectively. The red dashed curve shows the Gaussian fit, with the
peak count rate at af,, =85.2° and the FWHM of 1.4°. (b) Statistics of the 60 long-interval UV con-
taminations from November 2021 to July 2022. Histograms of (c) agun, (d) FWHM, and (e) ok,, and
agyn- The median values and the standard deviations are given in each panel.

Figure 5b displays the count rate profiles of 60 long-interval contaminations, plotted
in different colors to distinguish long-interval events observed from November 2021 to
January 2022. The count-rate profiles generally exhibit a similar trend. However, it is evi-
dent that the magnitudes of UV count rates and the peak locations (ag,,,) vary over time,
implying different responses of the azimuth sectors to UV, which will be explored further
in the subsequent section. Figure 5c—e present the occurrence rate together with the me-
dian values and the standard deviations of «f, , FWHM, o, and of,,, respectively. In
Figure 5¢, agun is distributed within a range of 84.8° to 85.6°, with a median value of 85.2°
and a standard deviation of 0.2°. Figure 5d illustrates the distribution of FWHM, which
ranges between 0.16° and 1.8°. The median value and standard deviation of FWHM are
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1.3° and 0.3°, respectively. From Figure 5e, the median values of af,, and a,, are com-
puted as 83.9° and 86.3°, with the standard deviations of 0.5° and 0.6°, respectively.

Figure 6 presents a cross-sectional view of MINPA. The fact that the UV contamina-
tion primarily occurs within the range of 83.9° < ag,, < 86.3° indicates that the contami-
nations analyzed in this study originate from the UV emission passing through the ENA
entrance, as denoted by the red beam in Figure 6. The red arrow denotes the direction of
Qsyn = 85.2°, which corresponds to the angle where the maximum contamination is typi-
cally observed. The asymmetry in the UV-contamination profile (as shown in Figure 5a)
may be attributed to the asymmetric internal structure relative to ag,, = 85.2°. Also, it
should be noted that the UV emission can also bring high count-rate noise to ENA obser-
vations, which will be addressed in future investigations.
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Figure 6. Possible paths of the UV contaminations. The ion and ENA entrances and the outer surface
of the inner sphere of ESA are coated (green shaded) to suppress the UV effect. Our analysis reveals
that the UV emission can penetrate through the ENA entrances (red beam), leading to high count-
rate contamination when agy, isaround 85.2°. Additionally, the UV emission can also pass through
the ion entrance (blue beam), contaminating ion and ENA measurements.

3.3. Angular Dependence

MINPA underwent UV calibration using a UV lamp to simulate the Sun in the
MEFISTO (MEsskammer fiir FlugzeitInStrumente und Time-Of-flight) calibration cham-
ber at the University of Bern [14]. The UV source had a central wavelength of 126 + 5 nm
and an intensity of 3.84 x 10*3photons/cm?/s. To measure the UV responses in all 16 az-
imuth sectors, calibration was performed approximately every 22.5°. Figure 7a illustrates
the normalized UV responses in each azimuth sector, represented by filled circles, along
with the corresponding Gaussian profiles (colored curves) fitted to the data. The azimuth
sector whose central angle satisfies |¢@ — Bsuyy| < 11.25° is considered to be in the Sun di-
rection. As expected, the ground calibration shows the azimuth sector in the Sun direction
has the maximum response when the Sun light irradiates its center. Sectors (1, 8, and 16;
2,9, and 15 possibly) display lower responses and angular offsets due to partial obstruc-
tion caused by the fixture and circuit.
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Figure 7. Comparison of the UV responses between ground calibration and in-flight observations.
(a) UV responses of 16 azimuth sectors from the ground calibration (filled circles) and their Gaussian
fittings (curves). The colored crosses denote the normalized UV responses from the in-flight obser-
vations from November 2021 to July 2022. (b) Zoom-in plot with Bg,, from 330° to 360°.

Figure 5b illustrates how the count rates and locations of UV contamination peaks
vary with the MINPA operation time. The peak count rates gradually decreased from
~2.1x10*s™! to ~2.9 x 103 s™* between November 2021 and January 2022. However,
from June to July in 2022, the count rates jumped to a higher level, reaching a maximum
around ~6.2 x 10* s™1. These variations are probably attributed to changes in Bsy,. When
MINPA initiated regular observations in mid-November 2021, fs,, was around 334°,
thereafter gradually increased to 360°, then to 45° by January 2022. When the long-interval
events reappeared in June and July 2022, s,, was approximately 220°. To investigate
whether the UV count rates correlate with the response of the azimuth sectors, a direct
comparison is made between the ground calibration and in-flight observations. Specifi-
cally, 47 events within an ag,, coverage of 85.2° + 1.3°/2 are selected, ensuring that the
UV contamination peaks are fully captured by MINPA. The count-rate peaks of the 16
azimuth sectors are scaled to match the ground calibration results and plotted as ‘+ in
Figure 7a. Since the af,, (peak location) may slightly differ for different azimuth sectors
and the ground calibration is performed at a specific as,,, different scaling factors are
applied to the count-rate peaks measured around [g,,~220° and ~340° respectively.
When 5,,~220°, the in-flight UV contaminations in sectors 9-11 align reasonably well
with the ground calibration profiles. Figure 7b is a zoom-in plot from 330° to 360°. The in-
flight observations have the same trend as the fitted curves. To sum up, although more
observations are needed to show more details about the other sectors, it is reasonable to
assume the variations of the UV contamination result from different responses of the azi-
muth sectors.

The incident UV emission can propagate to the adjacent azimuth sectors due to re-
flection by the mechanical parts and the top-hat ESA. To identify the azimuth broadening
of UV contamination, a criterion is applied: azimuth sectors with count rates within two
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orders of magnitude below the maximum are considered to be influenced by the UV emis-
sion. Analysis of 47 long-interval events results in the histograms of the azimuth broad-
ening of UV contamination (Figure 8a), from which it is found that 87.6% of the data are
UV contaminated, spreading over 3—4 azimuth sectors. The broadening of the UV contam-
ination along the azimuthal direction is associated with the UV responses of the azimuth
sectors. Ground calibration forecasts that if the azimuth sectors adjacent to the Sun direc-
tion have a higher response, the contamination will be broader.
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Figure 8. (a) Histogram of the azimuthal broadening of UV contamination (¢ width). (b) Polar angle
response to UV contaminations. “i” denotes the azimuthal sector in the Sun direction, and the anti-
clockwise and clockwise adjacent azimuthal sectors are denoted by “i +j” and “i - j”, respectively.
(c) Normalized count-rate/ATOF spectrogram along the mass and energy dimensions and the tick
labels of x and y axes represent the number of energy and mass channels, respectively. The red and
green rectangles pinpoint the data utilized in (d,e) panels, respectively. Scatter diagrams of the nor-
malized count rate versus ATOF along (d) mass dimension, with colors representing the different
energy channels, and (e) energy dimension with colors representing the different mass channels.
The solid lines in (d,e) are the corresponding linear fittings with equations given in the right bottom
corner.
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MINPA’s polar measurements are achieved by the high voltage applied to the deflec-
tors at the front ion entrance, implying that UV contamination is polar-angle independent.
The distribution of UV contamination along the polar angles is shown in Figure 8b. The
count rates of the four polar sectors are normalized by the time-averaged maximum value
among all contaminated FOVs. The letters “i” and “i +j” label the azimuthal sector in the
Sun direction and the adjacent sectors, where “+” and “-” represent anti-clockwise and
clockwise directions, respectively. The data for the i + 3 azimuth sector is not displayed
due to lack of samples. As depicted in Figure 8b, the UV contamination is evenly distrib-
uted along the polar direction, as expected. Furthermore, it is evident that the azimuth
sector in the Sun direction exhibits the strongest contamination, while the contamination
in the adjacent sectors decreases significantly, by at least a factor of 2. Combining these
findings with the previous results, it can be concluded that approximately one quarter of
the 2t FOV is affected by UV contamination, centered at the angular sectors directly ex-
posed to the incident UV emission.

3.4. Mass and Energy Dependence

From Figure 3e/f, it seems that the high masses and energies have high UV-contami-
nation levels. The TOF mass analyzer determines the ion’s velocity based on the formula

V= TLOF, where TOF represents the time taken to travel the fixed distance d. Then, the ion

mass/q can be determined by combining the energy measured by the ESA. However, due
to the limitation of resolution, for the given energy, each mass channel corresponds to a
broadened TOF, denoted as TOF; and TOF, (so the TOF table is a matrix with dimension
M x E x 2). Given that UV emission cannot be modulated by an electric field, we speculate
that the contamination will be homogenous along the TOF. Therefore, it is reasonable to
hypothesize that with longer time-of-flight duration, ATOF (ATOF = TOF, - TOF;), more
UV counts are accumulated. To verify it, we collect the count rate of the long-interval
events from the contaminated angular sectors and present the normalized C;/ATOF spec-
trum along the mass and energy dimensions in Figure 8c. High values in the first two mass
and the 19t-33r energy channels come from ambient H* and He?* ions in the magne-
tosheath, ranging from 187 eV to 4.9 keV. Except those ambient signals, the C;/ATOF val-
ues largely remain constant. Further, we extract contaminated count rates and ATOF data
from each energy channel below 187 eV and above 4.9 keV and normalize them with the
maximum in each energy channel, respectively. So, we can focus on the TOF distribution
of UV contamination along the mass dimension in each energy channel. Figure 8d illus-
trates this correlation, with colors representing different energy channels. Linear fitting
gives y = 0.94x + 0.07 and a coefficient of determination R? = 0.995, indicating a strong
linear relationship between the contaminated count rate and ATOF in the mass dimension.
Similarly, we extract data from the 3rd-7% mass channel separately and the results are
shown in Figure 8e in the same format as Figure 8d, with colors representing the different
mass channels. Linear fitting gives y = 0.85x + 0.15 and R? =0.993, confirming a high cor-
relation. These analyses confirm that the UV-contaminated count rates vary linearly with
ATOF along both the mass and energy dimensions.

4. Preliminary Removal of the UV Contaminations

The incident UV emission can interrupt the matching of start and stop signals in the
TOF analyzer, leading to a loss of valid signals. Moreover, the incoming UV emission and
the ambient ion flux are often aligned, and ion signals can be masked by the noise. To
address this issue, we propose a removal algorithm based on the distribution characteris-
tics of UV contamination in phase space to minimize its impact on MINPA’s data. First,
we determine the noise level caused by UV contamination. We calculate the average count
rate of the first four energy sweeps of the heaviest mass channel across the energy and
deflection dimensions. This average count rate is then replicated to createa M x Ex P x T
matrix, which we denote as Cyy . Taking into account the correlation between
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contaminated count rate in mass-energy dimensions and ATOF (see Section 3.3), we de-
termine a mass-energy coefficient (R,) based on ATOF. Multiplying R; by Cyy, we obtain
a noise matrix that is dependent on mass, energy, and azimuth angle. Next, we determine
the optimal subtraction ratio based on 320 s normal observations (Cy,,), 80 s before and
after the UV-contamination event. Based on C,,., we calculate the UV noise (Cq},) that
will be subtracted from the observed data as follows:

C — {0 (RlcUV - chnor < 0) (1)
sub R1CUV - RZCnor (RlcUV - RZCnor > 0) ’

where R, is the amplification coefficient determined by the ratio of Cyy to the mean
value of Cp,, after excluding data with a count rate < 58.8 s™1. Bins that satisfy R;Cyy —
R,Chor < 0 are considered to be valid signals, and no further action is taken for these bins.
For the remaining bins, we subtract Cg,, from the contaminated azimuthal sectors.

Figure 9 is an example of removing the UV contamination by the algorithm. Figure
9a,b display the energy spectrogram of H* count rate before and after removal, respec-
tively. We compute the number density and bulk velocity of H* to quantitatively evaluate
the algorithm. The dashed lines in Figure 9¢,d represent the result before removal, which
exhibits an abnormal rise in number density and a decrease in bulk velocity in the UV-
contaminated interval. As a comparison, the solid lines demonstrate that the plasma mo-
ments of H* vary smoothly after removal. Figure 9e,g present the count-rate spectro-
grams of H* in the polar-azimuth dimensions observed before (T1), during (T2), and after
(T3) the UV contamination. From Figure 9e,g, it can be observed that the incoming ion
flows are mainly from 45°-90° of polar angle in the 1416t azimuth sectors at T1 and T3.
Figure 9f shows that the UV emission incident at 347°, severely affects the 16" azimuth
sector and propagates to the adjacent 15t azimuth sector. Apart from the affected 1516t
azimuth sectors, the count rates in other bins are lower than the observations taken before
and after the contamination interval due to the perturbation caused by the UV emission.
Figure 9h displays the polar-azimuth spectrogram after removal at T2. In comparison with
Figure 9f, a fraction of the count rate is subtracted from the bins outside the main ion
incident direction in the affected 15th—16th azimuth sectors. This algorithm performs well
in most cases, reducing the UV contamination while maintaining the validity and con-
sistency of the ion data. However, in the boundary layer or regions with sharp plasma
gradients, this algorithm may face some difficulties in determining the distribution of
valid signals. Nevertheless, it still effectively reduces a significant amount of noise.
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Figure 9. An example of UV-contamination removal. Count-rate spectrograms of (a) original H*
and (b) H* after removal. (c¢) Number densities of H* before (black dashed) and after removal (red
solid). (d) Bulk velocity of H* in the spacecraft coordinates before (dashed) and after removal
(solid). The solid vertical lines in (a,b) and the yellow shades in (c,d) denote the UV-contaminated
interval. (e-g) Polar and azimuth angle count rate spectrograms of H* viewed from +X, atT1, T2,
and T3 times labeled by the vertical dashed lines in (a,b). (h) Count rate spectrogram of H* after
removal at T2.

5. Discussion and Conclusions

UV contamination is a common issue for space plasma instruments. MINPA, as a
standard toroidal top-hat ESA, is susceptible to solar UV emission during in-flight opera-
tions. In this study, MINPA’s ion observations from November 2021 to July 2022 are fully
investigated to characterize the UV contamination. Approximately 0.48% of the ion obser-
vations are contaminated by UV emission. It is found that the UV emission primarily en-
ters MINPA through the ENA entrance at og,,~85.2°. The intensity of contamination and
its peak location in ag,, vary with Bgsy, due to variations in the response of different az-
imuth sectors. The UV contamination can spread to 3-4 azimuth sectors, with the noise
primarily centered at the sector in the Sun direction. Since the deflection of ions is deter-
mined by the voltage, the UV contamination has a nearly uniform effect on the count rate
along the polar dimension. The noise in mass and energy dimensions, on the other hand,
is proportional to ATOF. Based on these characteristics, we also present a preliminary al-
gorithm to remove the UV noise while preserving the ion signals.

The straight ENA entrance decreases the effectiveness of the coating in suppressing
UV contamination. The Neutral Particle Detector (NPD) of the ASPERA-3 instrument on
MEX was another victim of UV contamination due to its straight entrance [30]. In contrast,
the curved ion entrance achieves good UV suppression as the emission has to undergo
multiple reflections at the coated surface before reaching the detector. We observed UV
contamination from the ion entrance at a level comparable to the background noise, when
Qsyn 1S approximately 35°~50°, as represented by the blue beam in Figure 6. This suggests
the necessity for strengthened UV rejection designs at the ENA entrance.

A ground test of the top-hat ESA conducted by Carlson and McFadden [31] indicated
that photons predominate over secondary photoelectrons in contamination at energies ex-
ceeding 10 eV. As photons are unaffected by the electric field, UV contamination was con-
sidered to be energy-independent. In the post-acquisition UV suppression of IMA, a
spherical ESA equipped with a circular magnetic velocity analyzer onboard MEX, Frianz
et al. [23] treated UV contamination as a uniform background and subtracted a constant
count rate from all bins. On the other hand, the distribution of UV contamination was
related to the TOF spectrum in the ENA observations carried out by the NPD of ASPERA-
3, which utilized a TOF detector to measure the ENA velocity [6,32,33]. It coincides with
MINPA observations. The mass and energy dependencies are presumably resulted from
the application of the TOF analyzer. Although the energy is determined by the ESA, ions
of the same species but with varying energies take different time to traverse the TOF sec-
tion, leading to different integral times of UV contamination. So, it is necessary to take
into account the mass and energy dependencies when addressing noise, such as UV and
background noise. Furthermore, if the intensity of UV sources remains relatively constant,
the noise signal from UV photons can serve as an indicator of instrument efficiency.

The methods for identifying UV contamination, and the distribution characteristics
may give a reference to future missions under UV emission interference. The UV contam-
ination events studied in this paper are considered to be related to the intensity of UV
emission, the spacecraft ephemeris, and instrument working modes, which may vary over
time. The algorithm developed in this study is just a demonstration for removing UV con-
tamination. To accommodate more scenarios, machine learning may be a good choice in
our future studies.
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