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Abstract: A spaceborne limb hyperspectral imager for ozone detection is designed and de-
veloped. The hyperspectral imager can provide the limb hyperspectral radiances images with
wide-band and large dynamic range. It is composed of an off-axis parabolic telescope and prism
dispersive off-axis aspheric spectrometer, and large dynamic range detection can be realized by
using a band-attenuation filter. The spectral range is from 280nm to 1000nm, the field of view
is 2.4° (limb vertical direction) x 0.02° (horizontal direction), and the focal length is 69mm.
The design results meet the requirements of image quality and have the characteristics of small
volume and light weight, thereby making it especially suitable for the application of space remote
sensing unlike existing methods that utilize complicated scanning mirror and multiple color
separators. The limb hyperspectral imager is measured and calibrated on ground. It detected
limb hyperspectral radiances on Tiangong-2 spacecraft of China.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The atmosphere is an important part of the earth’s climate and environment and directly affects
the weather and the environment. Apart from the oceans and the biosphere, the atmosphere is
also considerably influenced by solar activities. Earth and space scientists have focused mainly
on detecting and understand the overall behavior and interaction of the atmosphere. Through
atmospheric detection, the density of the entire atmosphere, the vertical distribution of ozone and
aerosols, and the changes and disturbance in the state of the middle atmosphere can be understood.
Earth sciences, space physics, and environmental studies on global change should determine the
scientific significance and understand the process of atmospheric and low-level interactions. A
dynamic atmosphere model should also be established and verified to understand the relationship
among solar activity, space weather, and earth weather [1-2]. Ozone is a trace gas that plays an
important role in the atmospheric climate and environment. Ozone is a key factor of climate
change and an important oxidizer in atmospheric photochemistry. Ozone in the stratosphere
blocks ultraviolet (UV) rays from the sun, thereby protecting life on earth. In the troposphere,
ozone is one of the main pollutant gases. The distribution and change of ozone must be observed
continuously to understand the emission and distribution characteristics of air pollution sources
and predict the components of air [3—4]. Limb ozone profile detection based on limb scattering
measurement technology is an important method of spaceborne ozone detection. Its principle
involves ultraviolet(UV), visible (VIS), and near infrared (NIR) spectral range in measuring solar
limb scattering radiation, which is then retrieved to obtain the distribution of the ozone profile
with a height of 10-60km. The absorption bands of ozone in the UV band are mainly Hartley
and Huggins bands with a peak absorption wavelength of nearly 300 nm. The absorption band of
ozone in the VIS band is mainly Chappuis band with a peak absorption wavelength of around
602 nm. The NIR band is mainly used to remove the influence of aerosol [5-6].
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Hyperspectral imaging technology is a new space optical remote sensing technology based
on multispectral imaging. With hyperspectral imaging technology, the image and spectral
information of the target can be obtained simultaneously. Such technology plays an increasingly
important role in land, sea, and atmosphere remote sensing [7-8]. The limb hyperspectral imager
for ozone detection is a new space optical remote sensing instrument with important research and
application value for the use of imaging spectrometry to explore the atmosphere. The Shuttle
Ozone Limb Sounding Experiment (SOLSE) uses a filter wheel to rotate the ultraviolet and
visible filters to achieve time-sharing detection in the ultraviolet and visible bands [9—-11]. The
disadvantage is that the detection of the ultraviolet and visible bands is not synchronized, and
the retrieval accuracy is low. The brightness signal in the ultraviolet band is 2 to 3 orders of
magnitude weaker than the brightness signal in the visible band. In the range of ultraviolet to
visible to near infrared, the dynamic range of the brightness signal reaches the range of 10°,
while the dynamic range of the CCD itself is only 5 X 10*, so how to achieve wide-band, large
dynamic range limb imaging spectroscopy simultaneous detection is one of the keys to the
design and development of wide-band limb ozone profile instrument. The Scanning Imaging
Atmospheric Absorption Mapping Instrument (SCIAMACHY) developed by ESA uses multiple
color separation films to divide into multiple channels to achieve simultaneous detection of
wide-band, large dynamic range limb imaging spectral detection [12], but its disadvantage is that
there are many channels. It is bulky and heavy and cannot be miniaturized.

In this paper, a new method for adjusting the intensity of incident signals with band attenuation
filter to achieve simultaneous detection of wide-band, large dynamic range limb imaging spectrum
is proposed. The optical system design of the prism dispersion type wide-band limb hyperspectral
imager was completed, and the design and measurement results were analyzed and evaluated.

2. Application requirements and specifications

The spectrometer requires the spectral resolution of the instrument to correspond to the absorption
properties of ozone. As the wavelength increases, the absorption band of ozone should be
widened. The working band of the instrument is 280—1000 nm, the detection range of limb
height is 10-60 km, and the field of view coverage is 10-90 km. In the limb height direction, the
spatial resolution (GSD) is 3 km. The signal-to-noise is large than 20 over the full spectral range.
The pixel size of the selected detector is 13 um X 13 pm, the pixel number is 1024 (spectral
dimension) x 1024 (spatial dimension), the four pixels are combined in spatial dimension, and
four pixels are combined in spectral dimension.

Table 1. Specifications of spectrometer

Parameters Values

Spectral range /nm 280-1000nm

Field of view /(°) 2.4°%0.02°

Focal length of telescope f”¢ /mm 69

Focal length of system f’s /mm 69

Diameter of entrance pupil /mm 10

Detector array size /pixel 1024 x1024

Detector pixel size /um 13x13 (44 binning)

Spectral resolution /nm 1 nm@280 nm
25nm@ 1000 nm

Modulation transfer function >0.5@9.6 Ip/mm

Volume <350mmx230mmx90mm

Weight <10.5kg
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The orbital height H is calculated at 400 km. The center of the instrument is located at the
edge of 50 km. The distance L between the limb hyperspectral imager and the limb observation
point is 2149.9km. The main technical specificaitons of the optical system are shown in Table 1.

3. Optical design

The limb hyperspectral imager detects a wide band and a large dynamic range of signals. Figure
1 shows the relationship between the spectral radiance of the Earth’s limb and the limb height
obtained by the MORTRAN software. It can be seen that the signal in the ultraviolet band is
weak, the signal in the visible and near-infrared bands is large. In the working band, the limb
spectral radiance changes to 10°. In order to ensure that the weak UV signal can be detected, the
large signals in the visible and near-infrared bands are not saturated on the CCD detector, and a
band-attenuation filter is placed in front of the telescope. The intensity of the incident signal is
adjusted such that the adjusted signal is within the dynamic range of the CCD detector. Figure 2
is a transmission curve of a band-attenuating filter that can be implemented using existing coating
techniques. The optical system of limb hyperspectral imager consists of a telescope system and a
spectral imaging system, which are connected together by an entrance slit. Atmospheric radiation
from the Earth’s limb is imaged on the entrance slit by the telescope system. The entrance slit
can be regarded as the object of the spectral imaging system. The incident slit is imaged by
the spectral imaging system on the CCD detector. The length of the slit image is the spatial
dimension, and the dispersion direction is the spectral dimension. The limb hyperspectral imger
detects a wide band, and the spectral resolution needs to match the absorption characteristics
of ozone, the spectral resolution of the ultraviolet band is high, and the spectral resolution of
the visible and near-infrared bands is low. Therefore, the prismatic dispersive spectral imaging
system is selected. and the dispersion nonlinearity of the prism coincides with the characteristics
required by the spectral resolution specifications.
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Fig. 1. Curve of limb spectral radiance

Figure 3 shows the spectral efficiency or transmission of the instrument including transmission
and reflective efficiency of optical elements, quantum efficiency of CCD, the total throughput
of optical system, and the total throughput of the instrument. Figure 4 shows the number of
signal electrons on one pixel of the CCD over the full spectral range for different limb height.
The CCD47-20 of E2V company is used, and the peak charge storage is 100000 e-/ pixel.
The maximum number of signal electrons on one pixel. is 86300 e-/ pixel, which is less than
the peak charge storage the CCD, so the CCD is not saturated for the maximum signal. The
minimum signal is large than 100 e-/ pixel. The 6x4 pixels are binning. Figure 5 shows the
signal-to-noise of the instrument over the full spectral range for different limb height, and the
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Fig. 2. The designed transmitted efficiency curve of the filter

minimum signal-to-noise is large than 20. Thereby the special filter enables to capture the full
dynamic range without saturation and sufficient signal-to-noise.
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Fig. 3. Spectral efficiency or transmission of the instrument
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Fig. 4. Number of signal electrons on one pixel on the CCD
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Fig. 5. Signal-to-noise of the over the full spectral range

3.1.  Design of the telescope system

The role of the telescope system is to image the Earth’s limb atmospheric radiation on the
entrance slit. The working wavelength range is 280nm~1000 nm. The working waveband is
wide, covering the ultraviolet, visible and near-infrared bands. The field of view is 2.4°x0.02°,
and the focal length f”; is 69 mm and the relative aperture is 1/6.9. In principle, the telescopic
system can adopt a transmissive structure and a reflective structure [13—16]. However, due to the
wide working band and the small number of materials that can be selected in the ultraviolet band,
it is difficult to correct the chromatic aberration of the transmissive structure. The reflective
structure can work in a wide band while avoiding the influence of chromatic aberration. In order
to maximize energy efficiency, the telescope system adopts a single off-axis parabolic mirror
structure. Figure 6 is the spot diagram on the image plane of the telescope system. The Root
Mean Square (RMS) radius is less than 1/2 equivalent pixel, which satisfies the imaging quality
requirements.
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Fig. 6. Spot diagram on the image plane of telescope

3.2. Design of the spectral imaging system

The function of the spectral imaging system is to image the image formed by the telescope
system on the entrance slit through the dispersion on the image surface of the CCD detector.
[17-19]. The spectral resolution of the limb hyperspectral imager is determined by the spectral
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imaging system, and the spatial resolution is also closely related to the imaging quality of the
spectral imaging system. The spectral imaging system uses a dispersive prism as a dispersive
element. The refractive index of the prism changes with wavelength, so under the same incident
angle, the exit angle varies with wavelength. Because the covered band is wide and contains
the ultraviolet band, the dispersive prism is made of fused silica. The entrance slit has a size
of 2.9 mmx 0.045 mm, a numerical aperture of 0.07, and a zoom ratio of 1/1. The typical
optical structure of the prismatic dispersive spectral imaging system is the Off-Axis Spherical
surface Spectral Imaging System (OASIS) [20]. A large-aperture correction lens is required to
be interspersed in the collimated and dispersive optical paths. The large-aperture correction lens
is heavy and has some difficulties to make. According to the requirements of miniaturization
and light weight, we improve the Off-axis Spherical surface Spectral Imaging System. On the
one hand, the collimating mirror and the imaging mirror are replaced by aspheric surfaces, and
the large-aperture correction lens is eliminated. On the other hand, the second working surface
of the dispersive prism is directly plated with an internal reflection film, and the Litrow mirror
is eliminated. The optical structure of the improved off-axis aspheric surface spectral imaging
system is as shown in Fig. 10, and the light emitted from the entrance slit is folded through
the plane mirror. After being folded, the light is incident on the aspheric collimating mirror,
collimated by the aspheric collimating mirror, and then incident on the first working surface of
the dispersing prism, then being reflected by the second working surface, and exit from the first
working surface. The dispersive beam is focused by an aspherical focusing mirror onto the CCD
detector.

Figure 7 shows the positional distribution of image points for different wavelengths on the
image plane. Figure 8 shows the RMS spot radius VS wavelength. In the whole working band,
the maximum value of RMS spot radius is 6.5um, which is less than half the size of the detector.
Therefore, the imaging quality is high in the entire working band.

280nm <— '

320nm <—1
|

400nm <—’
500nme—]

600nm /
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1000nm

Fig. 7. The positional distribution of image points for different wavelengths on the image
plane.

When the entrance slit width W; is 0.052 mm, the magnification of the spectral imaging system
is 1/1. The ideal width of the slit image W] is 0.052 mm. However, considering the influence of
aberration, the actual width of the slit image W, is

we = /w2 + D? = 0.054mm. (1)

In the formula above, the RMS value for the diameter of the dispersion direction D = 13um.
Spectral resolution of the spectral imaging system AA is

da
Al = (E) X W. )
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Fig. 8. The RMS spot radius VS wavelength

In the formula above, d1/dl is the reciprocal of the line dispersion rate. The refractive index of
fused quartz meets the Sellmeier formula with the change in the wavelength.

K42 K»A2 K342
n=qll+ — +— + 3)
2-L, 2-1, 2-1I

In the formula above, K1=6.96166300E-001, L;=4.67914800E-003, K, =4.07942600E-001,
L,=1.35120630E-002, K3=8.97479400E-001, L3=9.79340025E + 001. The top angle of the
fused quartz dispersion prism a is 15.3°. The deviation angle of the dispersion prism ¢ is

6 = i1 + arcsin [n sin (Za/ — arcsin smh )] - 2a. 4)
n

We consider i; as the incident angle of light across the dispersion prism. Given the differential of
the wavelength from formula (4), we can ascertain that

ds sin [2(1 — arcsin (%)] dn sini; - cos [2(1 — arcsin (%)] dn
—_ = —  —_
da 1 dA 1 da
\/1 — nsin? [2(1/ — arcsin (%)] n? —sin%i; - \/1 — n2sin? [2& — arcsin (S"’T")]
®)

Thus, the line dispersion rate of the spectral imaging system is

d f do
dl ~ coso dA’

(6)

We integrate 0-=1.464° into the formula above for the tilt angle of the detector. f is the focal
length of the focusing mirror. From formulas (1)-(6), we can determine the relation curve of
spectral resolution with wavelength. Figure 9 shows the required and designed spectral resolution.
It is clearly that the designed spectral resolution is better than the required index.

3.3. Complete system design of hyperspectral imager

The optical structure of the whole system of the limb hyperspectral imager is connected by the
optimized telescope system and the spectral imaging system as shown in Fig. 10. In the spatial
direction, four pixels are combined, the equivalent pixel size is 52um, and the corresponding
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Fig. 9. The required and designed spectral resolution

characteristic frequency is 9.61p/mm. The optical transfer function curve of different wavelengths
of the hyperspectral imager is shown in Fig. 11. It can be seen that at the characteristic frequency,
the optical transfer function is greater than 0.68, which is superior to the optical design index
requirement. The volume of the entire optical system is 310mmx220mmx70mm, and the quality
of the whole instrument can be controlled within 10kg.
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Fig. 10. Optical path of limb hyperspectral imager
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4. System integration and testing

According to the optical design results, the mechanical structure design was completed. The
mechanical structure model is shown in Fig. 12. Figure 13 shows the spectral efficiency curve of
the special filter and optical system, including the designed and the measured value. It can be
seen from Fig. 13 that the measured throughput of the optical system is very close to the design
value, which meets the application requirements.

Fig. 12. The mechanical structure model
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Fig. 13. The comparison of the measured and designed efficiency

The designed spot size of the telescope is 9.03 um. After adjustment of the telescope system,
the measured spot size is 12 um, which meets the imaging quality requirements. Figure 14 shows
the process of high-precision adjustment of the spectral imaging system. Both the collimating
mirror and the imaging mirror are off-axis aspherical mirrors, however they have a common main
optical axis, so they can be adjusted by a common reference, namely the standard plane lens of
Zygo interferometer. The high-precision adjustment of the spectral imaging system is completed
by the common reference adjustment method.

Fig. 14. The integration of spectral imaging system

Figure 15 shows the designed wavefront aberration of the spectral imaging system, which is
0.234 A, Fig. 16 shows the actual measured wavefront aberration, which is 0.2527. It is close to
the designed wavefront aberration shown in Fig. 15, thereby indicating that the spectral imaging
system achieves good imaging quality.

Figure 17 shows the designed and measured spectral resolution. It is clearly that the measured
spectral resolution is closed to the designed resolution, and meets the design requirements. The
photo of the limb hyperspectral imager is shown in Fig. 18. Figure 19 shows the spectral image
of the mercury lamp measured in the laboratory, The central wavelengths in the order from left to
right is 296.7nm, 365nm, 404.7nm, 435.8nm, 546.1nm, 578nm and 690.7 nm. On September
15th, 2016, the limb hyperspectral imager on China’s Tiangong-2 spacecraft was launched, and
the atmospheric limb spectral image data was obtained on the orbit.

Figure 20 is a plot of the limb spectral radiance obtained in the orbit with the limb height and
wavelength. As shown in Fig. 20, the abscissa is the wavelength and the ordinate is the limb
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Fig. 16. The actual measured wavefront aberration

250 - : T
—— Measured spectral resolution

225 |- |— Designed spectral resolution
—— Required spectral resolution

Spectral resolution(nm)

! I I |
300 400 500 600 700 800 900 1000

0.0

Wavelength(nm)

Fig. 17. The required and measured spectral resolution



Research Article Vol. 27, No. 22/28 October 2019/ Optics Express 31359 |

Optics EXPRESS i N

Fig. 18. The photo of the limb hyperspectral imager
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Fig. 19. Mercury lamp spectrum image in laboratory

height and limb spectral radiance. It can be seen that the spectral radiance of different limb height
is different, and the profile distribution of ozone can be retrieved according to the difference of
spectral radiance. As shown in Fig. 21, we compare the ozone profile retrieved based on in-orbit
data measured by the limb sensor developed by us and the Ozone Mapping and Profiler Suite
(OMPS) developed by Ball Aerospace & Technologies Corp. The relative deviation of the ozone
retrieval based on the in-orbit data is less than 3%, within the relative deviation range between
international same kind of instruments, therefore the in-orbit performance of the instrument is
excellent apparently.
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5. Conclusion

According to the requirements of wide band, large dynamic range and miniaturization, a new
method is proposed by using of band-attenuation filter to realize simultaneous detection of
wide-band large dynamic range limb spectral imaging. A prismatic dispersion spaceborne
limb hyperspectral imager for ozone detection is designed and developed. The hyperspectral
imager can provide the limb hyperspectral radiances images with wide-band and large dynamic
range. It is composed of off-axis parabolic telescope and prism dispersive off-axis aspheric
spectrometer. The spectral range is from 280nm to 1000nm, the field of view is 2.4° (limb
vertical direction) x 0.02° (horizontal direction), and the focal length is 69mm. The design
results meet the requirements of image quality with the characteristics of small volume and light
weight, thereby making it especially suitable for the application of space remote sensing unlike
existing methods that utilize complicated scanning mirror and multiple color separators. The
limb hyperspectral imager is measured and calibrated on ground. It detected limb hyperspectral
radiances on Tiangong-2 spacecraft of China. This wide-band hyperspectral imager design can
also be applied to terrestrial and marine hyperspectral remote sensing observations.
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