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Abstract The Extreme Ultraviolet Camera (EUVC) onboard the Chargy(€E-3)
lander is used to observe the structure and dynamics of Eaffsmasphere from the
Moon. By detecting the resonance line emission of heliurs ipte") at 30.4 nm, the
EUVC images the entire plasmasphere with a time resolutid®min and a spatial
resolution of about 0.1 Earth radiugg) in a single frame. We first present details
about the data processing from EUVC and the data acquisititire commissioning
phase, and then report some initial results, which reflecbtsic features of the plas-
masphere well. The photon count and emission intensity &fEldre consistent with
previous observations and models, which indicate that thé works normally and
can provide high quality data for future studies.

Key words. space vehicles: instruments: Extreme Ultraviolet Cameraarth: plas-
masphere — method: data processing

1 INTRODUCTION

The Earth’s plasmasphere is a torus of low energy, denseplésat forms a region in the Earth’s
inner magnetosphere, with its size being abotit 6 Earth radii Rg). The plasmasphere traps vari-
eties of ions and electrons, among whichHens resonantly scatter the extreme ultraviolet (EUV)
radiation of sunlight at 30.4nm and the intensity is projpoil to the column density (Meier &
Weller 1972; Meier 1991). The Heion is the second most abundant component of the plasmas-
phere (Craven et al. 1997). Since the most abundant ibrinés no optical emission, the 30.4nm
emission is usually chosen for imaging the global plasmasp(Carpenter 2004; Darrouzet & De
Keyser 2013). In addition, since the magnetosphere is alptithin with respect to this emission
(Brandt 1961) and the intensity of interplanetary backgubradiation is extremely low at 30.4 nm
(Gruntman 1992; Jelinsky et al. 1995), the remote sensirntadaising EUV emission has become
a powerful tool in the search for global perspectives on thecture and dynamics of the plasmas-
phere (Murakami et al. 2010).

In the past decades, researchers have been exploring megsphere in many ways (Darrouzet
& De Keyser 2013). The emergence of optical cameras with & \iegld of view that can detect
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the resonantly scattered sunlight at 30.4 nm has alloweckesplaysicists to make a great progress
in imaging the plasmasphere (Carpenter 2004). The firshsitie distribution of partial plasmas-
pheric He™ emission that was projected on the meridian plane was atdin the X-ray ultraviolet
(XUV) scanner aboard the Planet-B mission and it demorestridtat plasmaspheric EUV emission
at 30.4nm is bright enough to be taken in snapshots (Nakaetwak 1999, 2000). A sequence of
comprehensive EUV images of the plasmasphere was firsedantit by the EUV imager onboard
the IMAGE spacecraft (Burch 2000; Sandel et al. 2000) andyniraportant features of the plasma-
sphere were observed (Adrian et al. 2001; Sandel et al. 200B; Gallagher et al. 2005). Recently,
the Telescope of Extreme Ultraviolet (TEX) aboard KAGUYAnclicted overall imaging of the
plasmasphere from the perspective of the meridian in luakarprbit and observed a medium-scale
density structure in the dawnside plasmasphere during magoetic quiet period (2008 June 1-2)
(Yoshikawa et al. 2008; Murakami et al. 2010). However, bseaof the limited operation period
and Field of View (FoV) of the scanner, the XUV only imaged fregtial plasmasphere during its
near-Earth parking orbit from July 1998 to January 1999.IM&GE EUV, the plasmasphere could
only be projected into an equatorial plane and could not keged continuously, because IMAGE
operated in a polar orbit and could only look at the Earth faf bf its duty cycle. Also, because
the metal band-pass filter on TEX was mechanically damagexcircular ghosts appeared on all
images, and some pixels were contaminated by the artificiattsire. Therefore, the data obtained
by TEX were imperfect.

The Extreme Ultraviolet Camera (EUVC) onboard the Char®&){(€E-3) lander observes the
Earth’s plasmasphere from the perspective of the meridiante the spin period and the revolution
period of the Moon are equal, the nearside always faces tht Bad the FoV of EUVC always
points to Earth. Thus, EUVC can image the plasmasphererzanisly when the Moon circles
the Earth. In this paper, we introduce the data processirthadeused by the CE-3 EUVC and
report the initial results from the first four months. Thetiamentation and calibration of EUVC are
summarized in Section 2. The data acquisition is presentBddtion 3. Section 4 gives the steps and
algorithms implemented in data processing in detail. Inti&es 5, we present preliminary results
and compare them with previous studies. Finally, we drawmglesion in Section 6.

2 INSTRUMENTATION

EUVC is composed of a thin film absorption filter, an EUV maljier mirror, a photon-counting
imaging detector, a supporting mechanism, an electromtrabsystem and a thermal control unit.
In order to improve the energy transfer efficiency of the EUAG0.4 nm and to obtain high quality
plasmaspheric images, the EUVC adopted an optical steicamposed of a single spherical mirror
and a spherical microchannel plate (MCP) detector. Thenieahparameters of the EUVC are given
by Table 1.

Table1 Technical Parameters of the EUVC

Parameter Value
Center wavelength (nm) 30.2
Bandwidth (nm) 4.6

FoV (°) 14.7
Angular resolution {) 0.08
Exposure time (min) 2,10, 20
Detectable range (Rayleigh) 0110
Sensitivity (count 5! Rayleigh™!) >0.1

The thin film absorption filter is mounted in the front of thaefsor to filter out emissions that
can contaminate the image in ultraviolet, visible light amfdared. The 30.4 nm emissions from the
plasmasphere are focused on the MCP detector through tizaloptstem, and the incident photons
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Fig.1 Schematic diagram of the MCP detector.

that enter the MCP are transferred to photoelectrons, wanieramplified by the high voltage and
then ejected from the other end of the MCP. The ejected plemtivens diffuse to an electron cloud
with a certain dimension and are collected on the wedge aipdsstode, which encodes the location
of the centroid of the electron cloud and transfers the dattné electronics system to find the
location of incident photons. Figure 1 shows the schemaadigrdm of the MCP detector.

The ground calibration test was performed by the EUVC ims&nt team at Changchun Institute
of Optics, Fine Mechanics and Physics, Chinese Academy @nges (CIOMP, CAS) during
December 2011 and October 2012 (Chen et al. 2014). The tesfiwided into two parts. The first
part was geometric calibration which included geometratattion, measuring the focal length and
locating the image center. The second part was radiometiilaration, composed of relative radio-
metric calibration and absolute radiometric calibrati@rPhoto Response Non Uniformity matrix
was measured and the sensitivity was finally given.

An original image obtained by EUVC in observation mode ha@0t8.500 pixels, with each
pixel value quantized into 16-bit data. The size of each ieriagt.3 MB. All the pixels in the image
are arranged in the formx(, y1), («1, y2), - - -, (z1, y1500), (22, y1), (2, y2), - - -, (x2, y1500), - - -,
(21500, y1), (21500, y2), - - -, (1500, y1500). The value of each pixel in the image represents the
number of 30.4 nm photons captured by EUVC during the expgosme.

3 DATA ACQUISITION

After successfully landing on the lunar surface on 2013 Ddmer 14 (Ip et al. 2014), the instruments
onboard the CE-3 lander and Yutu rover started to work. Wainbtl about 642 EUVC images
during the first four months until the end of March 2014. Inaartb supply energy, the CE-3 lander
and its payload had to operate during the lunar day and hatethroughout the lunar night. Another
factor taken into consideration was contamination frorhtligunlight could come into the FoV of
EUVC directly at noon and reduce the quality of the imagesaAssult, EUVC often worked for
dozens of hours in the “morning” and the “dusk” of the lunay.déne times when data were acquired
during the first four months are given in Table 2.

By changing the pitch angle of the camera, EUVC alternatiimbged the “background” and
“plasmasphere” during its normal operation, which meaat thhe EUVC took an image of the space
background after taking several images of Earth’s plastmagp The “background” images can be
used to eliminate the light contamination in images of thHasmasphere.”
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Table2 Data Acquisition During the First Four Months

No Period Time (UTC) Number of Images  Exposure time (min)
1 First month 2013.12.16 2013.12.24 79 10
2 Second month  2014.01.222014.01.22 177 10
3 Third month 2014.02.18- 2014.02.21 240 10
4 Fourth month 2014.03.12 2014.03.23 146 10

4 DATA PROCESSING

The data recorded by CE-3 are received and processed by ifrec8&@nd Application Center for
Moon and Deep Space Exploration, affiliated with Nationatré&isomy Observatories, Chinese
Academy of Sciences (NAOC). After being extracted from theZexploration data, the EUVC
raw data need a series of processing steps to generateldevels of data production including
Level 1, Level 2A and Level 2B. The data from Levels 2A and 2B be released to researchers for
scientific study. The data processing flow is described infe@.

EUVC Raw data
1 v
‘ segmentation EUVC
evel 1 data

1.Single image extraction
2.Radiometric calibration

3.Distortion calibration

4.Image resample ——
5.Dark current correction
6.Image rotation evel 2A data

7.Image clipping
8. Background removing

A

‘ Geometric positioning EUVC
evel 2B data

Fig.2 EUVC data processing flow.

There is a sequence of images in EUVC raw data, so the firsissggmentation. In Level 1
data processing, the raw data are divided into several filesrding to the observation time, which
means the images obtained during the same Earth day willigitexd into one file.

Level 2A data processing contains the following steps:

(1) Single image extraction;

(2) Radiometric calibration: multiplying the single rawage by the calibration matrix in order to
eliminate the Photo Response Non-Uniformity;

(3) Distortion calibration: to eliminate the geometrictdigion of the image caused by the optical
system of the camera. The calibration coefficient was detenby a ground calibration test
before launching;

(4) Image resampling: every set ok7 pixels is merged into one single pixel, and by summing
their values, an image of size 22214 will be created;
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(5) Dark current correction: subtracting the dark curremge from the former image;

(6) Image rotation: as there was a°afeviation between the angle that the detector installed and
the angle observations were recorded, the image has todtedd0 counterclockwise, using
a bilinear interpolation algorithm;

(7) Image clipping: the margin of the 224 214 image and the irregular edge of the FoV will be
cut off, with 150x 150 pixels left.

(8) Background removal: this is the last step in level 2A gatecessing. We have to find the nearest
“background” image and then subtract the product of “backgd” and a factods from the
“plasmasphere” image to generate a “cleaner” image.

To determine the factak’, a formula is given as

An(z,y) = Ap(z,y) — Ap(z,y) x K (55 < \/(w —2¢)* + (y — ye)* < 66), 1)

where (, y) is the pixel location anda(, y.) is the center of the imagel,, and A, represent the
pixels in an annular region (55 and 66 pixels from center efithage) of the “plasmasphere” and
“background” image respectively, amtl, is the result. The factok varies from 0.05 to 5 with a
stepsize of 0.025. When the mean value or standard deviattidp is smallest, we can getid,, or
K. Their average value is a reasonable factor. The steps &fbmend removal are demonstrated
in Figure 3.

Geometric positioning with Level 2B data calculates theatmn and pointing direction of
EUVC in the solar magnetospheric system of coordinates.pdsitioning result is added to the
Planetary Data System (PDS) label of the 2B files.

The Level 2A and Level 2B data files are produced in the PDSdbrmith every file consisting
of a PDS label and an image. The PDS label contains essarftaiiation about the image: Image
Type (“plasmasphere” or “background”), frame count, image, working mode, beginning time,
ending time, exposure time, four temperature points of #reera, azimuth angle, pitch angle and
so on. Compared with 2A data, the 2B PDS label adds more irgtiom, like the positioning result.
The format of the Level 2 data files is given in Table 3.

Table 3 Format of Level 2 Data

Content Description
PDS label PDS label contains the image information, with its length
being 3600 bytes in 2A data and 4500 bytes in 2B data.
0,0) ©,1) e (0, 149) The image size is 150150x 2 = 45000 bytes
e e e ce with 2 bytes per pixel, little-endian.
(149,0) | (149,1) | --- | (149, 149)

5 INITIAL RESULTS

Figure 4 shows a raw EUVC image taken at the last moment of tstenfionth, without any data
processing. Some large-scale structures including idreépairglow, and the profile and shadow
of the Earth can be clearly seen. However, as a result of argsling, the photons in the image
have a uniform distribution and some plasmaspheric feattaanot be recognized. In addition, the
installation angle of the camera makes the Earth “rotatel’ @grtain angle in the image. Level 2A
data processing is needed to reveal more details and addeggsoblem mentioned above.

Figure 5 shows the result of processing Level 2A data fromrdve image in Figure 4.
Figure 5(a) and Figure 5(b) represent the results beforatiadbackground removal respectively.
As the irregular edge of the detector is cut off in the imalge Misible circular FoV is 13 Compared
with Figure 5(a), the light contamination in Figure 5(b) ishstantially reduced and the profile of
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Fig. 3 The steps used in background removal. Meby)(refers to the mean value df,, and STDEV
means the standard deviatidh is the image contained in Level 2A data.

Table4 Statistical Results of the Two Images in Figure 5

Data Minimum  Maximum  Mean  Standard deviation
Before background removal 15 831 52.77 72.25
After background removal 0 777.34 19.78 55.86

the plasmasphere is much clearer; the average count, thmuamncount and the standard devia-
tion are smaller (listed in Table 4). The signal-to-noigioraf the image is greatly enhanced after
background removal.

We process the data recorded from the 2nd to the 4th montteisaime way. Figure 6 gives

some examples of the processing results. The patterns imdsip and 6 show a clear plasmas-
pheric structure as we expect. Besides the Earth and airglmwe important features such as the
plasmaspheric density profile, plume, plasmapause andoewvemction tail can be distinguished.

In order to characterize the data in a more general manneraleelated the emission intensity

of the images by using the following formula

B Pixel value

txS )

where! is the emission intensity, is the exposure time anl is the sensitivity determined by the
ground calibration test. In this paper the valueSois 0.11 count s' Rayleigh™!. Figure 7 shows
the statistical results of EUVC images obtained during ttst four months.
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Fig.4 A raw image obtained by CE-3 EUVC during 17:8117:11 on 2013 December 24 (UTC
time). The size of the image is 15001500, with the color bar representing the photon count. The
visible pattern in the image is the FoV of the camera; thetttidgea in the center is the plasmasphere.
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Fig.5 Two images of Level 2A data after data processing has beeledppith image size of
150x 150. (a) is the image before background removal. (b) is tregerafter background removal.
The visible FoV in the image is 23nd the angular resolution is 6.1

According to Figure 7, the maximal photon count of imagesmfirst two months ranges be-
tween 500~ 900 and maximal intensity ranges between~.B83 Rayleigh. For the third and fourth
months, however, the counts become larger, varying bet®86n- 3000 with maximal intensity
between 8.~ 44 Rayleigh.

The intensity of Earth’s plasmasphere in the EUV band watsgiven by people using a sound-
ing rocket. Ogawa & Tohmatsu (1971) measured how EUV enmssid neutral helium (58.4 nm)
and singly ionized He (30.4 nm) change with altitude at night by utilizing an exospc sounding
rocket. They found that the intensity decreased from 12 taylégh when ascending from 420 to
1200 km. Kumar et al. (1973) firstly measured the 30.4 nm Bitgmadiation during the daytime,
and the intensity was 9.8 3.1 Rayleigh at the height of 186 km. The distribution of fzmplas-
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Fig.6 (a) is an image obtained at 19:23 on 2014 January 22 (UTC tifmels an image obtained at
22:30 on 2014 February 21. (c) is an image obtained at 23:52®d4 March 22.
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Fig. 7 The statistical results of the maximal photon count anchisitg for images (after background
removal) obtained in the first four months. The “backgroundages and severely contaminated
images are not included.
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maspheric Heé emission projected on the meridian plane was obtained byXth¢ scanner and
showed that the maximal intensity was 9 Rayleigh (Nakamuah 4999). The images acquired by
IMAGE-EUV gave the result that the intensity was 6:7.9 Rayleigh (Sandel et al. 2003), projected
on the equatorial plane. The images taken by TEX had a caurdite between 0.4 100 mirr!
(Murakami et al. 2010; Darrouzet & De Keyser 2013).

He et al. (2010) and He et al. (2013) simulated the emissimmgities and global structures of
the plasmasphere viewed from the Moon using a dynamic glaiyal plasma model embedded in a
TS07 magnetic field model and W05 electric field model. Inrtegnulation, the emission intensity
was 0.1~11.4 Rayleigh within the plasmapause and the maximal couB0@ nm photons was
1000 after 10 minutes of accumulation, which is similar t® t¢ibservation of CE-3 EUVC.

The photon count and emission intensity of EUVC images friogfirst two months are in good
agreement with previous observations and simulationbodigh some data from the third and fourth
months have higher values, the photon count and emissiensity of EUVC images fluctuate in a
normal range. This phenomenon is probably caused by thesat&8.4 nm radiation or the auroral
oval, which may come into the view of EUVC when the Moon mowvge high magnetic latitudes.

6 CONCLUSIONS

The EUVC operated in good condition and obtained a lot of alalle data during the first several
months. Through data processing which includes single émegraction, radiometric calibration,
distortion calibration, image resampling, dark currentrection, image rotation, image clipping,
background removal and geometric positioning, the EUVCadata are converted into images con-
tained in Level 2B data.

The initial results indicate that the plasmaspheric prafild other features can be clearly seen
in the images, and the distribution of photons and the iitiease of the same order of magnitude
as in previous studies. The data processing method is rebksoand the EUVC images can be used
in further analysis to give researchers a new understaraditige plasmasphere.
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