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Abstract The Visible and Near-Infrared Imaging Spectrometer (VNI&ing two
acousto-optic tunable filters as dispersive componentsists of a VIS/NIR imag-
ing spectrometer (0.45-0.96n), a shortwave IR spectrometer (0.9-2m) and a
calibration unit with dust-proofing functionality. The V8Iwas utilized to detect the
spectrum of the lunar surface and achieve in-orbit calibnatvhich satisfied the re-
quirements for scientific detection. Mounted at the fronthaf Yutu rover, lunar ob-
jects that are detected with the VNIS with a®4Bsual angle to obtain spectra and ge-
ometrical data in order to analyze the mineral compositicth® lunar surface. After
landing successfully on the Moon, the VNIS performed sdwetgplorations and cal-
ibrations, and obtained several spectral images and speetiectance curves of the
lunar soil in the region of Mare Imbrium. This paper descsibiee working principle
and detection characteristics of the VNIS and providesereeice for data processing
and scientific applications.
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1 INTRODUCTION

The Visual and Near-infrared Imaging Spectrometer (VN&Jne of the main scientific payloads
on the Yutu lunar rover that is part of the Chang’e-3 projitatses two acousto-optic tunable filters
(AOTFs) as dispersive components and consists of a VIS/NEJing spectrometer (0.45-0.98),
a shortwave infrared (SWIR) spectrometer (0.9+2%) and a calibration module that is protected
from dust. The VNIS is mounted at the front of the Yutu roveohtain spectra and geometric data
about objects on the lunar surface. The rover and VNIS aneslioFigure 1.

The Chang’e-3 spacecraft consists of the lander and the IMaar rover, each of which car-
ries appropriate scientific payloads. After soft landingtlo@ Moon, Chang’e-3 completed a lunar
scientific exploration mission. The scientific exploratimission of Chang’e-3 (Ye & Peng 2006;
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Fig. 1 Rover (upper) and VNIS (ower).

Dai et al. 2014; Ouyang 2004) has several objectives: (1y\zegof the lunar surface topography
and geological structure (Ip et al. 2014), (2) exploratibmineral compositions on the lunar sur-
face and available resources, (3) detection of the plasyea &ssociated with Earth and conducting
Moon-based ultraviolet astronomical observations. ThéS/iNas mostly involved with the second
objective. This paper describes the working principle aetkction characteristics of the VNIS and
provides a reference for data processing and applications.

In this article, Section 2 gives scientific objectives of \BNThen from Section 3 to 4, the major
functional, performance, composition and operation ppiecare provided. After that, Section 5
mainly presents characteristics such as geometric, sppactd radiance of VNIS. Section 6 shows
the primary detection results of VNIS on 2013 Dec. 23, wherMNIS was booted for the first time.
Section 7 gives conclusions.

2 SCIENTIFIC OBJECTIVES

Morphological measurement and spectral measurement arwvth major methods of analyzing
rock structures and compositions. Imaging spectrometarobtain both spectra and images at the
same time and are widely used in remote sensing of Earth aagksMinerals such as pyroxene,
plagioclase, olivine and ilmenite, in different sizes ahdfges, constitute most rocks on the lunar
surface (Liu et al. 2013). They have distinctive spectrarabteristics in the VIS/NIR and SWIR
wavebands that can be used for identification. The specignsfic objectives and mission of the
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Fig.2 Spectral reflectance curve of the Chang’e-3 landing regiodegected by Nl (Courtesy of
Brown University and NASA).

Fig.3 Schematic of detection by VNIS.

VNIS are to obtain the spectra and geometric data for obfatthe lunar surface, which are used
for: (1) determining the mineral composition and analyzimgdistribution of materials on the lunar
surface over the roving area and (2) a comprehensive stuelyasfjy and mineral resources over the
roving area. The spectral reflectance curve for the ChaBdpeding region, as detected by the U.S.
hyperspectral camera Moon Mineralogy Mappef]Married on India’s Chandrayaan-1, is shown
in Figure 2.

Changes in the solar elevation angle and spectral reflestainthe object strongly affect the
properties of spectral data detected by the VNIS. As oneeétlientific payload on the Yutu rover,
the VNIS detected the material composition using the shhligflectance spectrum taken at & 45
visual angle, as shown in Figure 3. The range of spectradnaeifor the detected objects determines
the dynamic range of the instruments used for detection,tla@d/NIS was expected to explore
objects at solar elevation angles of"385° and reflectances of objects on the lunar surface of 5%—
98% (objects on the lunar surface and the diffusion pandie@talibration unit).

3 FUNCTIONALITY AND PERFORMANCE

The VNIS has the following functions: (1) obtain spectrabige data on specified objects in the
visible and NIR (0.45—-0.95m) and spectral data on specified objects in the SWIR (0.%+2\)}
(2) obtain reflectance spectral images in the visible andatireflectance spectra in the SWIR, (3)
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Table 1 Major Technical Specification

Description Specification

Spectral range (nm) 450-950 (VIS/NIR), 900-2400 (SWIR)
Spectral resolution (nm) 2-7 (VIS/NIR), 3-12 (SWIR)

FOV (°) 8.5 x 8.5 (VIS/NIR), 3.6 (SWIR)

Effective pixel count 256¢< 256 (VIS/NIR), 1 (SWIR)
Quantized values (bit) 10 (VIS/NIR), 16 (SWIR)

SNR (dB) > 31 (VISINIR), > 32 (SWIR)

Power consumption (W) 19.8

Weight (kg) 4.7 (probe) and 0.7 (electrical component in BEC

perform on-orbit calibration and (4) provide dust-proofargl insulation. After the rover separated
from the lander, the VNIS began operation within an appaiprtime after reaching a designated
location. Table 1 shows the main performance indicatore®MNIS. The VNIS has two operating
modes: detection mode and calibration mode (He et al. 20114 &,b).

Detection mode:The VNIS obtains scientific data about object on the lundiaser The default
spectral sampling interval is 5 nm, and the total number otlisahat are sampled is 400. In addition,
the VIS/NIR and SWIR channels both need to collect 20 extrk ffames for data processing.

Calibration mode: Using solar spectral irradiation (Gueymard 2004) as thidialon source,
the diffusion panel that is part of the calibration unit i$ ®ea horizontal position to calibrate the
device. The workflow of the calibration mode is exactly thmeas that of the detection mode.

4 OPERATING PRINCIPLES AND COMPOSITION OF VNIS

During operation of VNIS, single-band spectral or imaginfprmation about objects on the lunar
surface passes through the AOTF (a set of narrow-band filkatsare rapidly switched by alter-
ing the input radio frequency (RF) that can be controlled byekectrical signal), forming quasi-
monochromatic light of a certain wavelength and converginghe detector. The VNIS can realize
flexible and rapid wavelength selection by altering theidgvrequency exerted on the AOTF, so
we can acquire spectral or imaging data in all the availalalealvands. Furthermore, the VNIS uses
a lightweight ultrasonic motor to adjust the calibratioritun

The VNIS consists of the probe and one electronic sectioneRemote Electrical Control Box
(RECB). The electronic section forms the scientific payloatthe RECB containing the RF module
of VNIS, ground penetrating radar, and an alpha particle)Xapectrometer (Dai et al. 2014). The
probe consists of pre-optical components (including tHiedion and dust-proofing components
and image-forming and collimating lenses for the VIS/NIRI&GWIR channels), the AOTFs, the
convergent lenses, the detector components, the ult@aswitor and its drive, and the main control
circuit. Figure 4 shows a schematic diagram of the VNIS syste

The VNIS probe is installed outside the vehicle, wherea&RiBEB is installed in the cabin. The
probe and RECB are connected by cables for power supply andhcoication. The probe and a
schematic illustration of its installation are shown in Urig 5.

The VNIS detects objects on the lunar surface from a height@d m above the lunar surface
at a 45 visual angle, as shown in Figure 6. The AOTF is a light-gpliftcomponent based on
an acousto-optic effect and made by a solid crystalline n@t€®n the basis of the acoustic-optic
effect, when an acoustic wave propagates in an anisotropdium, the AOTF will cause Bragg
diffraction of the light, which enables it to select the wigrgyth. The light-splitting principle and
actual equipment are shown in Figure 7. Single-band spectdaimaging information about objects
on the lunar surface pass through the AOTF and are photdetdht transformed by the detector,
forming quasi-monochromatic light of a certain wavelendgthe VNIS can select the wavelength
of monochromatic light by altering the driving frequencyeered on the AOTF, so we can acquire
spectral and imaging data at different wavelengths andcttigtell the available wavebands.
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Fig.5 VNIS probe and schematic illustration of its installatidte(et al. 2011, 2014a,b).

The VNIS uses a lightweight ultrasonic motor to drive thelraltion panel to achieve on-orbit
calibration, dust-proofing and detection and to switch leefwthe three modes (Fig. 8). The inner
surface of the calibration unit is the diffusion panel, whis located near the light entrance. When
the spectrometer is operated in detection mode, the ctibranit can be completely open at a
55° angle with respect to the mounting plane, which does nottéetrance of the light. When the
spectrometer is operated in calibration mode, the solastisgiérradiance is used as a calibration
source, and the diffusion panel of the calibration unit isifponed parallel to the mounting plane to
obtain calibration data (He et al. 2014b; Xu et al. 2014b)eWh is not working, the calibration unit
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A Holder

@
. . . . -
Mounting plane of  Not in operation ~ Ay4 o

__the Yutu rover ( Closed )
Sunlight
Imaging lens
\ £ Gatboation
mode

55° ( Parallel to the

mounting plane )

Diffi |
Detection mode iffuser pane

Ultrasonic motor

Fig.8 Detection, calibration and dust-proofing scheme of VNIS.

can be closed up within the framework to prevent damage teketrometer from dust and other
pollution and also to provide good thermal insulation.

The diffusion panel (Xu et al. 2014b) that is part of VNIS useflon material, whose
directional-hemispherical reflectance (DHR), uniformeefhnce and bidirectional reflectance fac-
tor (BRF) were accurately measured, as shown in Figure 9DH® measurement can be traced to
the National Institute of Metrology (NIM), China. It is baken a standard diffusion screen that was
tested by the NIM and uses an integral sphere system with bleltight path to set the standard;



Operating Principles and Detection Characteristics of ¥ il CE-3 1573

1 1.4
0.95] N~ 135}
0.9r 1.3f
0.85f 1.25}
0.81 1.2}
o W
I 0.75f @ 1.15f
a o
0.7f 1.1f
0.65 1.05¢
0.6 1t
0.55} 0.95F
05 . . . . 0.9 R R . . .
400 800 1200 1600 2000 2400 0 15 30 45 60 75 90
wavelength (nm) altitude angle (degree)

Fig.9 DHR of the calibration unitlgft) and BRF of calibration unit in different azimuth condi-
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Fig. 10 Geometrical relationship in VNIS detection.

the measurement error is 1.3%. The BRF was measured by cmlhe radiance between the
diffusion panel of the calibration unit and the standaréudié reflection plate. The reference board
is provided by the Key Laboratory of Optical Calibration ohHKui Institute of Optics and Fine
Mechanics and can be traced to the hemispherical standédtamce of the NIM. The uncertainty
in the final measurementis less than 2.5%.

5 MAIN DETECTION AND CALIBRATION CHARACTERISTICS

The VNIS can obtain an image and a spectrum. It can obtainargpanage in the VIS/NIR band
and spectral data in the SWIR band simultaneously. The nieirecteristics of the VNIS are its ge-
ometrical detection characteristics, spectral chareties and radiometric response characteristics.

5.1 Geometric Detection Characteristics

The VNIS is used to detect objects on the lunar surface gtalthe optical axis at a distance of 18
mm. The fields of view (FOVS) in the VIS/NIR and SWIR are 83.5° and®3.6°, respectively.
The geometrical characteristics of imaging in the VIS/NEO and spectral detection in the SWIR,
obtained by testing and calibration on the ground, are showigure 10 (He et al. 2014a,b).
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Fig.12 Lunar surface condition equivalent SNR of VNIBe(t: VIS/NIR channel;Right:
SWIR channel).

5.2 Spectral Characteristics

The spectral range and resolution of the VNIS are key perdoea indicators for achieving the
scientific objectives and are directly related to the insiat’s ability to identify the spectrum. After

calibration on the ground and confirmation of the calibmatithe spectral ranges of the VNIS are
449-950nm in the VIS/NIR band and 899—-2402 nm in the SWIR ba@hd spectral resolutions are
2—7nm in the VIS/NIR band and 3—-12 nm in the SWIR band, as shoWwigure 11.

5.3 Radiometric Response Characteristics

The signal-to-noise ratio (SNR) changes with the inputaigmd is an important indicator of the
radiometric response characteristics of the VNIS. Whennibise is fixed, the SNR is obviously
higher if the amplitude of the input signal is higher. The SidRreater than 30dB in the VIS/NIR
band when the albedo is 0.09 and the solar elevation angk® jsvhen the albedo is 0.09 and the
solar elevation angle is 25the SNR is greater than 30 dB in the SWIR band. The SNR of theiSVN
was tested and analyzed by ground radiometric calibrainst, by calculating the proportionality
relationship between the lunar surface reflection radiamzkthe energy level of the integrating
sphere at different solar elevation angles, we ensuredhtb&nergy level is sufficient for calibration
at different wavelengths in the spectral response rangdaptdao changes in radiance on the lunar



Operating Principles and Detection Characteristics of ¥ il CE-3 1575

surface during orbital detection. Then, we measured thetigatve relationship between the VNIS’s
input signal radiance and the spectral image cube’s regdongach element, which was based on
a laboratory radiometric standard source. At the same tiveegstablished an information delivery
model for spectral data and an inversion model of the raéiamhich created the radiation correction
parameters, and obtained the SNR by calculation, as shofrigume 12.

6 CHARACTERISTICS OF DATA AND PRIMARY DETECTION RESULTS
6.1 Characteristics of the Scientific Data

With a spectral sampling interval of 5 nm, the VNIS was progmaed to automatically scan detected
the lunar surface, and it sequentially sampled 100 framapeftral images in the VIS/NIR band
and 300 frames of spectral data in the SWIR band. In addiéiorextra 20 dark current frames were
obtained for subsequent data processing of each band. Tweh#iot is shown in Figure 13.

The images and spectral data obtained in detection andatidib modes were the original light
response signals, which should be used in subsequent égt@pessing and scientific analysis. The
data preprocessing (Tan et al. 2014; Liu et al. 2014) thatapatied to the raw data included dark
current reduction and temperature, radiometric, and geawrrections. To eliminate the effects
of data preprocessing on the original detection data andecbfrom dimensionless raw data to the
spectral radiance values of actual objects on the lunaaseyive used not only a processing algo-
rithm and the real-time detection of the dark current datedetection and calibration modes, but
also a temperature correction algorithm (Xu et al. 2014&rdgned by ground calibration exper-
iments and radiometric calibration data. The scientifiagabcessing mainly included operations
for reflectivity inversion and luminosity correction; thea was to obtain real scientific data for the
lunar surface that had physical meaning. The data in eantefregere recorded by the VNIS in orbit,
which contained scientific data and the corresponding emging parameters, which were obtained
through the data transmission channel; this included datieiection and calibration modes. The
sizes of images in the VIS/NIR band and spectral data in théRSake 256x 256 x 16 bits and 3
x 16 bits, respectively.

Sampling 10 frames of dark current images in
VIS/NIR band (CMOS array detector)

v

Sampling 10 frames of dark current data in SWIR
band (InGaAs single-element detector)

v

Sampling 300 frames of scientific detection data in
SWIR band (InGaAs single-element detector)

v

Sampling 10 frames of dark current data in SWIR
band (InGaAs single-element detector)

v

Sampling 100 frames of scientific detection data in
VIS/NIR band (CMOS array detector)

v

Sampling 10 frames of dark current images in
VIS/NIR band (CMOS array detector)

Fig. 13 Flowchart of the detection process.
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Fig. 14 Primary results of VNIS (1): monochrome picture (630 rieft) and false color picture
(500, 550 and 645 nrmjght).
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Fig. 15 Primary results of VNIS (2): spectral radiance curupeper) and spectral reflectance
curve (ower).

6.2 Primary Detection Results

The VNIS acquired several spectral images and data frorerdift regions of the lunar soil and
detected objects since it began operation on 2013 Dec. §3rés 14 and 15 show the primary results
from the VNIS. Figure 14 shows spectral images of lunar swit] Figure 15 shows the spectral
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radiance curve (upper) and spectral reflectance curve (Jogreliminary analysis revealed that
the spectrum exhibits typical characteristic absorptieals of pyroxene and olivine.

7 CONCLUSIONS

As the main scientific payload of the Chang’e-3 rover, the $Mlas developed to obtain spectra
and geometric data to meet the scientific goals for obtaidatg on the composition of lunar surface
material and for resource exploration. The VNIS completgdcaund test, calibration and environ-
mental simulation test before it was booted up. The VNISqrentd several lunar detections and
calibrations after it booted successfully on 2013 Dec. 2®btained certain spectral images and
data, and provided a reference for scientific applications.
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