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Abstract: The spectroscopic detection of SO, and unknown UV absorber substance in the HSO4
cloud layer of Venus’ atmosphere is currently a focal point in the study of the habitability of Venusian
atmospheric clouds. This paper addresses the simultaneous detection requirements of multiple
substances in the ultraviolet range of Venus” atmosphere and proposes a multi-channel hyperspectral
imaging system design using pupil separation prisms and grating multilevel spectra. The system
achieves a multi-channel design by splitting the entrance pupil of the telescope using prisms. Spectra
from different channels are diffracted to the same detector through different orders of the grating. The
system features a single spectrometer and detector, enabling simultaneous detection of spectra from
different channels. It also boasts advantages such as compact size, ultra-high spectral resolution, and
simultaneous multi-channel detection. The system design results indicate that within the working
spectral range of three channels, the spectral resolution is better than 0.15 nm, surpassing previous
in-orbit or current in-orbit planetary atmospheric detection spectrometers. With a Nyquist frequency
of 56 Ip/mm, the full-field MTF exceeds 0.7. The system’s smile is less than 0.05 um, and the keystone
is less than 0.04 pm, meeting the requirements for imaging quality.

Keywords: Venus’s atmosphere; pupil separation prisms; grating multilevel spectra; hyperspectral

imaging spectrometer

1. Introduction

Venus closely resembles Earth in appearance, mass, and size, and has long been re-
garded as Earth’s twin [1,2]. As illustrated in Figure 1, the atmosphere of Venus primarily
comprises the troposphere, sulfuric acid (HSOy) cloud layer, mesosphere, and thermo-
sphere. Among these, the H,SO4 cloud layer plays a predominant role in influencing the
Venusian atmosphere. Its atmospheric pressure and temperature are nearly identical to
Earth’s and remain in a relatively stable state [3,4]. Therefore, researchers believe that the
H;,S04 cloud layer in the atmosphere of Venus could serve as a habitable cloud layer. This
renewed interest has sparked further research into the atmospheric cloud layers of Venus.
In the field of Venus’s atmospheric exploration, 46 missions have been conducted since
the successful launch of “Sputnik 7” in 1961, with typical exploration tasks depicted in
Figure 2. In 1962, the Mariner 2 spacecraft became the first successful space probe to fly
by another planet, collecting atmospheric temperature and weather data of Venus, and
confirming the high surface temperature characteristics of the planet [5,6]. Venera 4 entered
orbit around Venus in 1967, becoming the first spacecraft to retrieve atmospheric data from
a planet beyond Earth [7]. The data from Venera 4 confirmed that the primary components
of Venus’s atmosphere are CO, and Nj, with CO; constituting a staggering 96.5% and N,
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making up 2.5% [8]. Additionally, it revealed the absence of a magnetic field on the surface
of Venus. Venera 9 landed on the surface of Venus in 1975 and returned the first image
of the rocky landscape on the surface of Venus, giving the first visual understanding of
Venus’s world [9]. In 1984, the Soviet Union launched the Venera Gallei 1 probe [10]. The
trajectory of the mission involved visiting Venus and then entering a comet exploration
orbit. During the descent, the probe utilized a UV spectrometer to measure the ultraviolet
absorption features in the Venusian atmosphere, with a working wavelength range of
120~290 nm. This revealed the presence of SO, and potentially sulfur atomic vapor in the
atmosphere of Venus, providing an explanation for the observed Venusian cloud layer cir-
culation phenomenon in the ultraviolet spectrum [11]. In 2005, the ESA launched the Venus
Express probe, aiming to gain in-depth insights into the atmosphere and environment of
Venus [12]. By measuring parameters such as temperature, pressure, and composition of
the atmosphere, as well as observing phenomena like cloud layers and winds, the probe
aimed to understand the climate and atmospheric structure of Venus [13]. In 2010, the
Japanese Akatsuki probe successfully entered orbit around Venus, contributing to the study
of the planet’s atmosphere and weather patterns and achieving significant milestones [14].
It provided valuable data on Venusian cloud layers and atmospheric circulation, enhancing
our understanding of Venus and its unique atmospheric characteristics [15].
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Figure 1. Distribution of Venus” atmosphere.
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Figure 2. Typical missions for remote sensing detection of the atmosphere of Venus.

SO; is the third most abundant gas in the atmosphere of Venus [16,17]. As shown
in Figure 3, the composition of Venus’ atmosphere indicates that SO, ranks just below
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the dominant gases CO, and Nj [18]. Volcanic eruptions on the surface of Venus release
a significant amount of SO, into the atmosphere, leading to the formation of the H,SO,
cloud layer [19,20]. As illustrated in Figure 4, the HySO4 cloud layer undergoes a series of
reactions, resulting in the decomposition of SO, back to the surface [21]. The interaction
between SO, and the H,SO4 cloud layer plays a crucial role in determining the chemical
composition, formation mechanisms, and evolution of the atmospheric cloud layers on
Venus. At the same time, research shows the presence of an unknown UV absorber
substance in the atmospheric cloud layers of Venus, and its absorption energy accounts for
about half of the total energy absorbed by Venus in solar radiation. As shown in Figure 5,
the chemical composition of this substance remains a mystery [22,23]. Some scientists even
speculate that this material could be evidence of life on Venus. Therefore, the study of
50, and the unknown UV absorber substance in the atmosphere of Venus contributes to a
better understanding of the nature and evolution of Venusian atmospheric cloud layers. It
unravels the mysteries surrounding the formation mechanisms of the HSOy cloud layer
and provides evidence for the habitability of Venusian cloud layers. Simultaneously, the
detailed analysis of the ultra-fine spectral features of the unknown UV absorber substance
aids in identifying its chemical composition and elucidating its origin mechanisms.
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Figure 3. Composition of Venus’ atmosphere.
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Figure 4. Schematic diagram of the formation principle of HySO4 cloud layer.



Remote Sens. 2024, 16, 1099

4 0f 22

‘ Sulfur or Sulfur oxides?

H,SO, FeCly

it B

Sulfur allotropes Sgor Sy

cis- 0SSO trans- 0SSO S0
®
o—d d o
0SSO S,0
’ Microorganism? . Other §ubstances
(Contain N or Cl)?

SCl, Cl, C50,, CH,0,
NOHSO,, NO,, N0y,
NH;NO,, (NH,),SO,, NH,CI,
Cl, SCl,, HCIO,

Figure 5. The possible composition of the unknown UV absorber substance.

Atmospheric remote sensing detection technology utilizes remote sensing instruments
to collect the spectral information of target objects. After data processing, this enables the
identification and monitoring of the target objects. Atmospheric remote sensing platforms
include ground-based, space-based, and airborne platforms. Among these, space-based
remote sensing platforms utilize satellites as carriers to remotely detect the atmospheres of
target celestial bodies. Imaging spectrometers are currently one of the primary instruments
for remote sensing detection [24,25]. According to the research [26], the absorption peaks
in the ultraviolet range for SO, and the unknown UV absorber substance are depicted in
Figure 6. The determined operational spectral range for the designed ultraviolet imaging
spectrometer is within the 180~400 nm wavelength range. This range encompasses the
ultraviolet strong absorption peaks of SO, at 215 nm and 283 nm, as well as the unknown
UV absorber substance’s strong absorption peak at 365 nm. By detecting the spectral
characteristics of SO; and the unknown UV absorber substance and employing spectral
data inversion processing, the concentrations and distribution characteristics of these
substances, as well as the identification of the components of the unknown UV absorber
substance, can be obtained. This facilitates research on the habitability of the Venusian
atmosphere and atmospheric radiative balance [27-29].
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Figure 6. Transmittance curve diagram of SO, and unknown UV absorber substance in the HySO4
cloud layer of Venus’s atmosphere.
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In order to simultaneously acquire ultra-fine spectral data for both SO, and the
unknown UV absorber substance, the ultraviolet imaging spectrometer should possess
characteristics such as ultra-high spectral resolution, simultaneous detection of multiple
substances, and system miniaturization. However, the current research on UV imaging
spectrometers for planetary atmospheric detection, both domestically and internationally,
has not yet met these requirements. The SPICAV imaging spectrometer carried on Venus
Express, developed by ESA, operates in the spectral range of 0.118~0.32 um [30]. The
system is designed with a single-channel structure, and the spectral resolution is only
1.5 nm. Similarly, ESA-developed Sentinel-5 carries two imaging spectrometers, namely
UV1 and UV2-VIS [31,32]. Both have a single-channel design, corresponding to spectral
ranges of 0.27~0.31 um and 0.3~0.5 pm, with spectral resolutions of 1 nm and 0.5 nm, re-
spectively. The IUVS imaging spectrometer, developed by NASA and mounted on MAVEN,
utilizes a beam splitter to divide the spectral imaging system into two channels [33,34].
These two channels image onto the surfaces of two detectors. The operational spectral
ranges are 0.11~0.19 um and 0.18~0.34 um, with spectral resolutions of 0.6 nm and 1.2 nm,
respectively. While IUVS achieves multi-channel detection, it employs multiple detectors
for spectral reception, making the system relatively complex with lower spectral resolution.
The Hope probe, developed by the United Arab Emirates Mars Mission (EMM)), carries a
Mars ultraviolet and far ultraviolet spectrometer (EMU) [35]. The instrument operates in
the spectral range of 0.1~0.170 um and is primarily designed for studying the composition
and evolution of the upper atmospheric cloud layers on Mars. The system is designed with
a single-channel structure and has a spectral resolution of 1.3 nm [36]. The EMI (UV-Visible
Imaging Spectrometer) carried on China’s GF-5 satellite is composed of a telescope system
and a relay optical path [37]. The relay optical path divides the incident light into four
channels and transmits it to different spectral imaging systems. The operational spectral
ranges are 0.24~0.5 um, 0.306~0.34 um, 0.401~0.55 pm, and 0.545~0.710 pm, with spectral
resolutions ranging from 0.3 to 0.5 nm [38]. Although this system meets the requirements
for multi-channel detection, it necessitates the use of multiple spectral imaging systems,
leading to issues such as excessive volume. Tianwen-1 is China’s second Mars explo-
ration mission, and it carries a high-resolution camera with a working spectral range of
0.45~0.9 um [39]. The system is designed with a long focal length and three-mirror optical
structure, consisting of three reflective mirrors with focal power and one flat mirror without
focal power. The camera will only be able to image Mars and will not be able to detect its
spectrum [40].

In response to the issues of low spectral resolution and the inability to simultaneously
detect multiple channels in the aforementioned planetary atmospheric detection imaging
spectrometer, this paper proposes a novel imaging spectrometer system. The highlights of
this study include:

e A multi-channel hyperspectral imaging spectrometer for ultraviolet detection of
Venus’s atmosphere is proposed.

e  Emphasis is placed on the introduction of the design principles of the pupil separation
prism and the grating multilevel spectra. Simultaneously, the selection of the spectral
imaging system structure is conducted, and its design principles are introduced.

e  Through the initial structure calculation and optical design software optimization sim-
ulation, a UV multi-channel hyperspectral imaging spectrometer system is obtained.
This system achieves simultaneous three-channel spectral detection using only a single
spectrometer system and detector, with a high spectral resolution of up to 0.15 nm.

2. Multi-Channel Hyperspectral Imaging Spectrometer System Design Principles

The multi-channel hyperspectral imaging spectrometer system employs a single spec-
trometer system and detector to achieve hyperspectral detection of SO, and unknown
UV absorber substances in the H,SO4 cloud layer of Venus at the same position. The
multi-channel hyperspectral imaging spectrometer system layout is depicted in Figure 7,
utilizing prisms to split the entrance pupil of the telescope system into multiple sub-pupils.
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Different sub-pupils correspond to different channels, and different channels can be used
to detect different objects through different working bands. The incident light is imaged
onto a slit, and due to the presence of prisms, the slit is spatially separated. The separated
slit enters the spectral imaging system used for multi-channel coupling. The design of
this spectral imaging system is a self-collimating structure where the collimating system
and imaging system share the same set. This design significantly reduces the size and
weight of the system. Different channel spectral ranges undergo diffraction at different
orders of gratings and converge onto the same detector surface. This design achieves
ultra-high-resolution detection of different target spectra in different channels under a
single spectrometer system and detector.

Telescope
Pupil separation system

prism Splitting slit

Spatial Channel1 —>

dimension Flat
Channel 2 E

X [
Channel 3 5
V4

Spectral

Telephoto imaging system

Spectral system

. . Splitting
dimension i

slit
Refracting mirror @@ - = = Grating

Imaging spectrum after channel 1 spectroscopy
Imaging spectrum after channel 2 spectroscopy

Imaging spectrum after channel 3 spectroscopy

Figure 7. Multi-channel hyperspectral imaging spectrometer system layout diagram. Note: the
blue light represents Channel 1: the distribution schematic of the imaging spectrum on the image
plane after spectral dispersion in the 180~220 nm range; the green light represents Channel 2: the
distribution schematic of the imaging spectrum on the image plane after spectral dispersion in the
275~305 nm range; and the red light represents Channel 3: the distribution schematic of the imaging
spectrum on the image plane after spectral dispersion in the 360~400 nm range.

2.1. Pupil Separation Prism Design

The imaging spectrometer system designed in this paper uses only a single detector
to receive the imaging spectra of SO, and unknown UV absorber substances. Therefore,
it is necessary to spatially separate different spectra to avoid overlap. This is achieved
by separating slits on the focal plane of the telescope, where different slits correspond to
different channel spectral ranges. The separated slits are obtained through the segmentation
of the entrance pupil of the telescope system using a prism array. This prism is referred to
as a pupil-separation prism.

The structure of a traditional telescope system without a pupil-separation prism is
illustrated in Figure 8, where the slit continuously contains only one channel [41]. If one
aims to achieve ultra-high spectral resolution detection in the 180~400 nm range with
0.15 nm resolution, there is an issue where the imaged spectrum exceeds the effective
working area of the detector after dispersion through the spectral imaging system. There-
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fore, a traditional single spectrometer system cannot achieve multi-channel, hyperspectral
resolution detection.

Entrance

Telescope
system

The imaging
spectrum exceeds
the effective area
of the detector

Imaging
spectrum

Spectral imaging
system

Detector

L

Figure 8. Imaging principle of telescope system without pupil separation prisms and detector spectral
distribution diagram.

The working principle of the pupil separation prism is illustrated in Figure 9. Two
prisms and one flat plate are placed at the entrance pupil of the front telescope system.
A flat plate is positioned in the central channel to ensure the straight-line nature of the
central channel system, facilitating later adjustments. They divide the incident light pupil
of the telescope system into three sub-pupils. These three sub-pupils correspond to the
same field of view. The incident light, passing through these three sub-pupils, forms
separate slits at the location of the slit. The separated slits ensure that the imaging spectra
of different channel spectral ranges, after dispersion through the spectral imaging system,
do not overlap in the spatial dimension. Different prisms and flat plates are coated with
corresponding working channel spectral bandpass filters to prevent crosstalk between
different wavelength bands. Mechanically, a light shield is designed on each prism’s
entrance structure to prevent interference from other fields of view. The design of the
spacing “L” between split slits and the total slit length needs to consider the effective
working size of the detector. The spacing between split slits should not be too short to
avoid the occurrence of overlapping dispersion spectra of different channels.
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Pupil separation pupil
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telephoto system prism
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Figure 9. Imaging principle of telescope system with pupil separation prisms and detector spectral
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Imaging spectrum exceeds the
effective area of the detector.

Imaging
spectrum

2.2. Grating Multilevel Spectra Design

To ensure that the imaging spectra of different channels, after dispersion through the
spectral imaging system, reach the same detector surface without exceeding the effective
photosensitive area of the detector in the spectral dimension, a grating multilevel spectra
approach is employed. Different channels use different diffraction orders of the same
grating. If the diffraction angles are not significantly different, imaging on the same
detector can be achieved. According to Equation (1) of the grating equation, if the same
diffraction order is used, the imaging spectra of different channels will exhibit a step-like
distribution, as shown in Figure 10a, surpassing the effective working area of the detector.
Therefore, employing different diffraction orders for different spectral channels results
in diffraction patterns, as shown in Figure 10b. This method ensures that the diffraction
angles for each spectral channel are not significantly different, allowing the dispersed
spectra of different channels to image within the effective working area of the detector in
the spectral dimension.

Grating equation:

d(sinf +sinc) = mA (1)

“d” represents the grating constant, “o” is the incident angle, “6” is the diffraction
angle, “m” is the diffraction order, and “A” is the working wavelength.

Imaging
spectrum

Detector

Detector

(a) (b)

Figure 10. Diffraction results of gratings with the same and different order in different channel
spectral segments. Note: (a) The spectral distribution of the effective photosensitive area of the
detector after different channel spectral segments are diffracted by the same order of grating. The
imaging spectrum exceeds the effective area of the detector. (b) The spectral distribution of the
effective photosensitive area of the detector after different channel spectral segments are diffracted
at different orders by the grating. The imaging spectrum does not exceed the effective area of
the detector.

2.3. Spectral Imaging System Structure Selection and Design

The proposed multi-channel hyperspectral imaging spectrometer system in this article
not only needs to meet the requirements of hyperspectral resolution and simultaneous
multi-channel detection but also requires a compact design. Therefore, the selection of
the spectral imaging system structure is influenced by various factors, such as system
size, optical lens surface type, system spectral smile, and keystone. This article conducts
research and simulation on various spectral imaging system structures. The simulated
optical path diagrams of each system are shown in Figure 11, including the Offner struc-
ture, Wynne-Offner structure, Czerny-Turner structure, Dyson structure, and off-axis
three-mirror self-collimating structure. The design results of the aforementioned spectral
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imaging system structures are presented in Table 1 below. All structures are designed
for simultaneous detection in three channels, with the same operating wavelength bands
(T1 =180~220 nm, T, = 275~305 nm, T3 = 360~400 nm). A spectral resolution of 0.15 nm is
required for all structures, and the field of view is consistent at 1°.

Offner Wynne-Offner Czerny-Turner

/
- Spherical

mirror

\Aspherical
mirror

\ Aspherical
mirror

Spheric:
mirror

Spherical
lens

Off-axis three-mirror
Dyson self-collimating

=/~ 7
Aspherical
mirror

Spherical
Spherical mirror

/
’Aspherical
lens

mirror

Figure 11. Optical path diagrams of spectral imaging systems with different structures.

Table 1. Design results of spectral imaging systems with different structures.

Spectral Imaging System Size Smile Keystone
System Types (XYZ)/mm (Maximum)/um (Maximum)/pum
Offner 105 x 180 x 320 0.04 0.06
Wynne-Offner 115 x 280 x 350 0.05 0.04
Czerny-Turner 108 x 175 x 765 0.12 0.14
Dyson 150 x 320 x 400 0.07 0.05

Off-axis three-mirror

self-collimating 270 x 516 x 500 1.5 1.2

Based on the comprehensive simulation and analysis results, it is evident that the
abovementioned spectral imaging systems all exhibit excellent spectral imaging perfor-
mance. However, not all structures meet the design requirements for compactness, minia-
turization, and the use of spherical optical lens surfaces. After comparing the design results
of various types of spectral imaging systems, this article selects the Wynne-Offner spectral
imaging system structure. The Wynne-Offner spectral imaging system structure is shown
in Figure 12, where all optical lens surfaces in this structure are spherical [42]. Additionally,
this structure incorporates a correcting lens with negative dispersion and a curvature
towards the flat surface [43]. The convex reflective grating coincides with the lens’s rear
surface. The incident light passes through the correcting lens twice, correcting aberrations
caused by the off-axis slit, effectively reducing dispersion in the system. Additionally,
the angle of incidence for light rays from the edge of the slit’s field of view reaching the
correcting lens is significantly greater than the angle for rays from the central field of
view. As the angle of incidence increases, the deviation angle also increases. The larger
deviation towards the short-wave direction compensates for the system smile, effectively
counteracting each other. Therefore, the Wynne-Offner spectral imaging structure not only
eliminates third-order Seidel aberrations in the system but also minimizes the smile in
the system.
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M1(M3)

Image

Figure 12. Wynne-Offner spectral imaging system structure diagram.

The optical path of the Wynne-Offner spectral imaging system is illustrated in
Figure 13. The system comprises a concave mirror M, a convex diffractive grating G,
and a correcting lens L. The grating G is located at the center of the rear surface of the
correcting lens L, with the aperture stop coinciding with the grating G. The front and rear
surfaces of M, G, and L share a common center of curvature, denoted as C. R; is the radius
of curvature of the front surface, R, is the radius of curvature of the rear surfaces of G and
L, and Rj is the radius of curvature of M. For an arbitrary point O on the slit, the incident
angle on the front surface of L is denoted as 61, the refracted angle as 6/, the incident angle
on the rear surface of L as 6, and the refracted angle as 6. The main ray incident on M has
an angle of incidence denoted as 63, and on G as 64. The radius of curvature of the concave
mirror M is R3 = 2R;, and the refractive index of the correcting lens L is denoted as n. The
off-axis distance of the slit point O is represented as .

n

Figure 13. Wynne-Offner spectral imaging system optical path diagram.

From the geometric relationship within ACOD, it can be inferred that:

sinf; = 1% 2)
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From the sine formula in ACDE, the following can be obtained:
Ry Ry
- = 3
sinf,  sin(mw —6/) ®)
Ry _ Rs3 )
sin 63 sin(rc — 9&)
According to Snell’s law, the following is obtained:
sinf; = nsin 6] 5)

nsinf, = sin )

The spectral surface height after dispersion in the Wynne—Offner spectral system is
denoted as H. RoAL
miso

2 ©)

Here, m represents the diffraction order of the grating, d is the grating constant, and
AA is the width of the working spectral range.

Considering the above, Ry, Ry, and Rj are represented as:

H =

h

R1 - sin 91 (7)
Hd
Ry= ——
2= (8)
R3 =2R, 9)

3. Multi-Channel Hyperspectral Imaging Spectrometer System Optical Design

In the design process of the multi-channel hyperspectral imaging spectrometer, the
inclusion of a pupil separation prism in the telescope system can lead to a non-image side
telecentric problem where the central light is not perpendicular to the image plane. This is-
sue can directly result in a failure in the dock between the telescope system and the spectral
imaging system. Therefore, besides ensuring the imaging quality of the telescope system,
it is necessary to ensure that the slit-emitted lights are image-side telecentric, making it
conducive to alignment and integration with the spectral imaging system. Another chal-
lenge lies in the selection of the diffraction orders for the grating. As three channels share
the same plane grating for dispersion, the design of different channel grating diffraction
orders needs to consider two aspects. Firstly, the dispersion spectrum should not exceed
the effective working area of the detector. Secondly, the dispersion length should not be too
short to avoid wasting the detection area of the detector. This section provides the design
results and performance of the multi-channel hyperspectral imaging spectrometer.

3.1. Multi-Channel Hyperspectral Imaging Spectrometer System Design Example

Based on the above design principles, this paper addresses the ultraviolet spectroscopic
detection of SO, and the unknown UV absorber substance in Venus’s atmosphere. To
achieve this, a multi-channel hyperspectral imaging spectrometer has been designed. The
operational spectral range of the system is selected in the ultraviolet band, which covers
the absorption peak of the substance to be measured. At the entrance of the telescope
system, two pupil separation prism assemblies (P1, P;) and a flat mirror (F;) are placed,
dividing the entrance pupil into three channels. The deviation angle of the pupil separation
prism assemblies is designed to be 4° based on the slit size and physical separation. The
three channels correspond to the following operational spectral ranges: T; = 180~220 nm,
T, = 275~305 nm, T3 = 360~400 nm. The telescope system has an F-number of 5 and a focal
length of 150 mm. The system adopts a transmissive structure, and all optical elements are
spherical mirrors. The lens materials consist of a combination of silica and CaF,.
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The spectral imaging system adopts the Wynne—Offner structure. In the spectral imag-
ing system, both the reflective mirrors and the corrective lens are spherical. The dispersive
element is a convex spherical reflective grating with a groove density of 238 gr/mm. By
calculating the diffraction angles for the center wavelengths of different channels according
to the grating equation, three diffraction orders with similar diffraction angles are selected
for the center wavelengths of the three channels. This ensures that the spectrum after
three-channel dispersion can be imaged on the same detector surface. The diffraction
orders for the three channels are chosen as +5, +4, and +3, corresponding to channels 1, 2,
and 3, respectively.

Utilizing optical design software, both the telescope system and the Wynne-Offner
spectral imaging system have been optimized to enhance the imaging quality of the overall
optical system. After optimization, the two systems are integrated, and the complete optical
system structure is illustrated in Figures 14 and 15. The key performance parameters of the
multi-channel hyperspectral imaging spectrometer system are presented in Table 2. The
overall system magnification ratio is 1, and the spectral resolution of all three channels is
better than 0.15 nm. The Nyquist frequency is at 56 lp/mm, and the modulation transfer
function (MTF) across the full field of view exceeds 0.7. The overall system has an F-number
of 5, with dimensions of 105 x 325 x 600 (mm) in the XYZ directions.

Entrance pupil

Pupil separation prism

Spectral imaging Flat

Telescope

Primary system

mirror \ F

Mirror

> X

Figure 14. Two-dimensional diagram of the multi-channel hyperspectral imaging spectrometer system.

Pupil separation prism

Figure 15. Three-dimensional diagram of the multi-channel hyperspectral imaging spectrometer system.

The multi-channel hyperspectral imaging spectrometer system, designed based on
the proposed method in this paper, not only meets the requirements for simultaneously
detecting Venusian atmospheric ultraviolet SO, and unknown UV absorber substance but
also possesses advantages such as ultra-high spectral resolution and compact size. The
design of the pupil separation prism and the grating multilevel spectra enables simultane-
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ous multi-channel detection in a single system, significantly improving spectral resolution
compared to previous imaging spectrometers used for planetary atmospheric exploration.

Table 2. Multi-channel hyperspectral imaging spectrometer system index parameters.

Parameter Value
T; =180~220
Spectral range/nm T, =275~305
T3 = 360~400
Spectral resolution/nm 0.15
F# 5
Field of view/® 1 x 0.0034
Focal length/mm 150
MTF >0.7@56 Ip/mm
Detector pixel size/pum 9x9
System length/mm 105 x 325 x 600

3.2. Detector Parameters

This paper utilizes the Dhyana 4040BSI large-area sCMOS cooled detector. The detector
is produced by Gpixel in Changchun, Jilin Province, China. The detector has a pixel count
of 4096 (H) x 4096 (V), with individual pixel dimensions of 9 um x 9 pum, covering a
photosensitive area of 36.9 x 36.9 mm. The quantum efficiency reaches up to 60% in
the ultraviolet wavelength range. The key performance parameters of the detector are
summarized in Table 3. Figure 16 illustrates the 4040BSI detector, while Figure 17 displays
the quantum efficiency curve for this array detector. The quantum efficiency of this detector
remains above 35% in the 180~400 nm spectral range, meeting the requirements for the
system’s use in this study.

Table 3. Key performance parameters of the 4040BSI detector.

Parameter Value
Number of pixels 4096 (H) x 4096 (V)
Detector pixel size/pum 9x9
Full factor/% 100
Effective photosensitive dimensions/mm 36.9 x 36.9
Spectral range in use/nm 180~400

3.3. Evaluation Indicators

This article used various evaluation indicators to comprehensively assess the per-
formance of the multi-channel hyperspectral imaging spectrometer system, including
modulation transfer function (MTF), spectral smile, and keystone. MTF is defined as the
ratio of image modulation to object modulation [44]. It is a function of spatial frequency
represented in Ip/mm. The larger the area enclosed by the MTF curve and the coordinate
axes, the more information the optical system transmits, indicating better imaging quality.
A straighter MTF curve suggests better consistency between edge and center imaging in
the optical system. A spectral smile is an aberration acting on the direction of spectral
dimension, which will cause the center wavelength of each spectral channel to shift, result-
ing in the output signal of the corresponding pixel of each spectral channel changing [45].
Keystone is an aberration acting in the spatial direction that can cause spectral crosstalk
between two adjacent spatial channels [46]. Therefore, the spectral smile and keystone of
the imaging spectrometer system should be minimized. Tolerance analysis was conducted
for the multi-channel hyperspectral imaging spectrometer system designed in this article.
The errors in the process of component processing and assembly and adjustment were
introduced into the imaging spectrometer system, the influence of each error on the imag-
ing performance of the optical system of the imaging spectrometer was analyzed, and the
tolerances were reasonably allocated [47]. This was performed so that it can not only meet
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the requirements of imaging quality but also will not lead to the increase of manufacturing
cost and the difficulty of assembly and adjustment.

I

Figure 16. 4040BSI Detector.
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Figure 17. Quantum efficiency curve of the 4040BSI detector.

3.3.1. Modulation Transfer Function

MTF can comprehensively reflect the imaging quality of an optical system [48].
Figures 18-20 provide the modulation transfer function at the Nyquist frequency of
56 lp/mm for the longwave and shortwave in channels Ty, T, and Ts. The results in-
dicate that the MTF values for each channel’s wavelength at the Nyquist frequency of
56 Ip/mm are all above 0.7, indicating good image quality and meeting the requirements

for imaging quality.
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Figure 18. MTF curves for longwave and shortwave in T; channel. Note: (a) MTF curve for longwave
at 220 nm in T; channel, Nyquist frequency 56 lp/mm; (b) MTF curve for shortwave at 180 nm in T,
channel, Nyquist frequency 56 lp/mm.
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Figure 19. MTF curves for longwave and shortwave in T, channel. Note: (a) MTF curve for longwave
at 305 nm in T, channel, Nyquist frequency 56 Ip/mm; (b) MTF curve for shortwave at 275 nm in T,
channel, Nyquist frequency 56 lp/mm.
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Figure 20. MTF curves for longwave and shortwave in T3 channel. Note: (a) MTF curve for longwave
at 400 nm in T3 channel, Nyquist frequency 56 lp/mm; (b) MTF curve for shortwave at 360 nm in T3
channel, Nyquist frequency 56 lIp/mm.
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3.3.2. Spectral Smile and Keystone

The spectral smile and keystone are also crucial evaluation metrics for spectral imaging
systems. Smile is caused by the inconsistency of the dispersion rate of the spectral device
to the different positions of the imaging target [49]. Keystone is caused by inconsistencies
in the magnification of different wavelengths of the imaging target [50]. Figures 21 and 22
depict the smile and keystone curves for the multi-channel hyperspectral imaging spec-
trometer system. As shown in Figure 21, the smile of the system is less than 0.05 um.
Figure 22 indicates that the keystone of the system is less than 0.04 um. Both metrics meet
the usage requirements.
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Figure 21. Smile curve for the multi-channel hyperspectral imaging spectrometer system.
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Figure 22. Keystone curve for the multi-channel hyperspectral imaging spectrometer system.

3.3.3. Tolerance Analysis

Tolerance analysis was conducted on the ultraviolet multi-channel hyperspectral imag-
ing spectrometer system designed in this article. The results of tolerance allocation are



Remote Sens. 2024, 16, 1099

17 of 22

shown in Table 4. MTF is utilized as the evaluation criterion for the optical system’s per-
formance throughout the tolerance analysis process, and sensitivity analysis is conducted
for all tolerance allocations [51]. Figures 23-25 illustrate the tolerance analysis results for
longwave and shortwave in different channels. The horizontal axis represents the MTF
values, while the vertical axis represents the probability of achieving optical performance
corresponding to the indicated MTF values.

Table 4. Tolerance allocation results.

Tolerance Type Value
Curvature radius 0.03 mm
Element thickness 0.06 mm

Air thickness 0.06 mm
Element eccentricity 0.02 mm
Element tilt 8’

Prism wedge angle 2
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Figure 23. Tolerance-MTF curves for longwave and shortwave in T; channel. Note: (a) Tolerance—
MTF curve for longwave at 220 nm in Ty channel, Nyquist frequency 56 Ip/mm; (b) Tolerance-MTF
curve for shortwave at 180 nm in Ty channel, Nyquist frequency 56 lp/mm.
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Figure 24. Tolerance-MTF curves for longwave and shortwave in T, channel. Note: (a) Tolerance—
MTF curve for longwave at 305 nm in T, channel, Nyquist frequency 56 lp/mm; (b) Tolerance-MTF
curve for shortwave at 275 nm in T, channel, Nyquist frequency 56 lp/mm.
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Figure 25. Tolerance-MTF curves for longwave and shortwave in T3 channel. Note: (a) Tolerance—
MTF curve for longwave at 400 nm in T3 channel, Nyquist frequency 56 lIp/mm; (b) Tolerance-MTF
curve for shortwave at 360 nm in T3 channel, Nyquist frequency 56 lp/mm.

The tolerance analysis results indicate that, assuming all errors in the optical system
are within the allowed tolerance ranges, the MTF of the optical system has an 80% prob-
ability of reaching 0.7 or higher at various wavelengths and fields of view, meeting the
design requirements.

4. Mechanical Structure Design

The overall enveloping design of the ultraviolet multi-channel hyperspectral imaging
spectrometer is illustrated in Figure 26. It primarily includes the telescope system, slit,
Wynne-Offner spectral imaging system, and focal plane. Through optimized optical and
structural layouts, the system is folded into a compact volume. Following a comprehensive
optomechanical analysis, an integral framework structure is proposed. The substrate
of the mirror should comprise glass—ceramics with good technology and a very small
thermal expansion coefficient. Optical components are grouped and mounted on an optical
substrate, with the selected substrate material being an aluminum alloy. The main structure
of the frame employs aluminum alloy material, and the entire instrument is horizontally
installed, with the gravity direction in the X-axis. After multiple rounds of structural
optimization and iterative design, the total weight of the instrument is approximately
30 kg.
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Figure 26. Enveloping diagram of the overall structure of the ultraviolet multi-channel hyperspectral
imaging spectrometer.
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5. Discussion

This article proposes a design for a multi-channel hyperspectral imaging spectrometer
system based on pupil separation prisms and grating multilevel spectra. The imaging
spectrometer system uses pupil separation prisms to divide the entrance pupil of the front
telescope system, obtaining multiple sub-pupils. Different sub-pupils can be used for
detecting different objects. The pupil separation prisms are coated with bandpass filters
that only allow the corresponding spectral bands to pass through, preventing spectral
crosstalk between different channels. Light from different channels with the same field
of view is imaged to the slit. The presence of the pupil separation prisms ensures that
the slit is spatially separated, avoiding spectral overlap. The separated slits correspond to
different channels and then enter a multi-channel-coupled spectral imaging system. The
working spectral bands of different channels undergo spectral dispersion through different
diffraction orders of the same grating, ultimately imaging onto the same detector surface.
The overall mechanical structure of the multi-channel hyperspectral imaging spectrometer
system was designed to be lightweight. The total weight of the instrument was about
30 kg. The advantages and disadvantages of the multi-channel hyperspectral imaging
spectrometer system simulated by using the design method proposed in this article and the
existing imaging spectrometer system for atmospheric detection of inner planets are shown
in Table 5 below. Through analysis, it is evident that although the designed multi-channel
hyperspectral imaging spectrometer system in this article is relatively complex, it possesses
significant advantages, such as an ultra-high spectral resolution of 0.15 nm, simultaneous
multi-channel detection, and miniaturization. In the future, it can be applied not only to
Venus’s atmospheric remote sensing but also to play a role in atmospheric remote sensing
on Earth, the sun, and other celestial bodies. Therefore, it holds great importance for
further research.

Table 5. Comparison of advantages and disadvantages of different atmospheric remote sensing instruments.

Instrument Name

Instrument Advantages Instrument Disadvantages

SPICAV-UV

Sentinel-5
UV1, UV2-VIS

MAVEN-IUVS

Multi-channel hyperspectral imaging

spectrometer system

Single-channel design cannot achieve
simultaneous multi-channel detection. The
spectral resolution is only 0.15 nm.
Single-channel design cannot achieve
simultaneous multi-channel detection.
Low spectral resolution.

Using multiple detectors to receive imaging
spectra results in low detection efficiency. Low
spectral resolution.

Small size,
simple system structure.

Small size,
simple system structure.

Large field of view,
wide observable range.

Ultra-high spectral resolution of
0.15 nm, simultaneous multi-channel The system structure is relatively complex.
detection.

6. Conclusions

Venus, bearing a striking resemblance to Earth in appearance, mass, and size, has
long been considered Earth’s twin. Therefore, the study of the substances within Venus'’s
atmospheric cloud layers has become a primary objective of Venus exploration. In response
to the simultaneous detection requirements of multiple substances in Venus’s atmosphere
in the ultraviolet range, this paper presents a multi-channel hyperspectral imaging spec-
trometer system based on a pupil separation prism and grating multilevel spectra design.
While achieving high spectral resolution, the system can simultaneously meet the needs of
multiple channels for common detection, providing a tool for the subsequent study of the
habitability and development processes of the HySO4 cloud layer in Venus’s atmosphere.
The entire system consists of a telescope system and a spectral imaging system. The colli-
mation system and the imaging system share the same structure, facilitating processing
and adjustment, further achieving a compact structure. Through autonomous design and
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integrated optimization, the results indicate that within the ultraviolet range, the three
channels (T = 180~220 nm, T, = 275~305 nm, T3 = 360~400 nm) have a spectral resolution
better than 0.15 nm. The system has an F-number of 5, and when the Nyquist frequency
is 56 Ip/mm, the MTF of all three channels exceeds 0.7, and the RMS radius for all three
channels is less than 9 um. The smile is less than 0.05 um, and the keystone is less than
0.04 pm, meeting the requirements for imaging quality.
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