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Abstract

According to the characteristics of the spectrum distribution for atmospheric aerosol detection, a
multiband synthesis imaging spectrometer system based on Czerny—Turner configuration is
designed and proposed in this paper. Using a grating array instead of a traditional single grating,
and together with a filter array, the proposed configuration can achieve hyperspectral imaging
with the spectral resolution of 0.16 nm, 0.24 nm, 0.29 nm, and 2.05 nm respectively in the
spectral bands of 370 nm—430 nm, 640 nm-680 nm, 840 nm-880 nm, and 1560 nm-1660 nm.
Firstly, the system aberration caused by the spectral change was eliminated based on Rowland
circle theory, and then Zemax software was used to optimize and analyze the optical design. The
analysis results show that the root mean square (RMS) of the spot diagram is less than 9 um in
all the working spectral bands, which demonstrates that the aberration has been corrected and a
good imaging quality can be achieved. This design of multiband synthesis imaging spectrometer
configuration proves to be not only feasible, but also simple and compact, which lays a solid
foundation for the practical application in the field of atmospheric aerosol remote sensing
spectroscopy.
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Introduction

Atmospheric aerosol refers to the solid and liquid particles suspended in the atmosphere whose
diameters are in the range of 0.01 um~100 pum, which is one of the most active components Of
the atmosphere.! Atmospheric aerosol primarily affects the climate, environment, and the

accuracy of quantitative remote sensing, and has gradually become a serious problem which
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affects the survival of human beings and social development. Conducting the detection of the
global distribution of atmospheric aerosol is of great significance for studying aerosol retrieval
and prediction. However, due to the great changes of the types and quantities of atmospheric
aerosol in time and space, it is always difficult to achieve global atmospheric aerosol detection or
retrieval.?

Due to the complexity of the atmospheric composition, the working spectral bands of
atmospheric aerosol detectors need to cover several important spectral wavebands in the spectral
range of 360 nm-1700 nm.3* Now there mainly exist two kinds of aerosol detectors: the
multiband imager and the broadband imaging spectrometer. The multiband imager uses filters to
select the wavelengths of light. It has a low spectral resolution and less spectral channels,
resulting in low accuracy for aerosol retrieval. The imaging spectrometer has a wider working
spectral range, but requires the use of multichannel configuration, making its optical
configuration large and complex.®

In view of the disadvantages of the traditional aerosol detection instruments, a novel
multiband synthesis imaging spectrometer which adopts the grating tiling technology and can
achieve aerosol detection from ultraviolet (UV) to near infrared (NIR) with only one imaging
spectrometer is designed and proposed in this paper. The design proves to be feasible and

effective through analysis and evaluation described in the following sections.

Spectral Bands for Aerosol Detection
The aerosol retrieval process is shown in Fig. 1.
<Insert Fig. 1 here>
Assuming that the observation target is a Lambert body with a bidirectional reflectance of
R, considering the multiple reflections between the upper and the underlying surfaces of the

atmosphere, the apparent reflectance R observed by satellites can be expressed as:®

_ F(8,)T(B)R,(8,,8,¢)
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where 0o is the solar zenith angle; 0 is the viewing zenith angle of the mstrument; ¢ is the
relative azimuth angle of the sun and the instrument; Rais the atmospheric path radiance,
namely, the bidirectional reflectance of the atmosphere; F is the atmospheric downward
transmittance; T is the atmospheric upward transmittance in the viewing direction of the remote
sensing instrument; S is the atmospheric backscattering rate (in practical application, S= Ra).
The radiance of the atmosphere can be acquired with the atmospheric backscattering rate.
According to Eq. 1, there are three problems that need to be solved for aerosol retrieval based on
remote sensing data: first, the recognition and removal of the cloudy area; second, the removal of
the reflection signal from the earth surface; third, the effects of the atmospheric scattering and
absorption. In order to observe clouds, marine, terrestrial, and absorptive aerosols, and earth
surface reflectance, the working spectral bands of atmospheric aerosol detecting instruments
should cover five spectral ranges: 380 nm, 410 nm, 670 nm, 865 nm, and 1610 nm.” By
comparing and calculating the signals and the minimum reflectance of different spectral bands,

the extent of cloud cover and the aerosol optical thickness in the atmosphere can be retrieved.®

Aberration Analysis and Correction for Czemy-Turner Optical Configuration
In the history of spectroscopic instruments, the Czerny—-Turner system is the most widely used
optical configuration due to its simple and compact structure, which is as shown in Fig. 2. The
incident light from the entrance slit is first collimated by the collimating mirror, then dispersed
by the plane grating and finally imaged on the focal plane by the focus mirror. The image in the
direction parallel to the slit is corresponding to the images of the slit, which is the spatial
dimension; and the image in the direction perpendicular to the slit is corresponding to different
spectral images of the slit, which is the spectral dimension.®
<Insert Fig. 2>

As the C—T system is a reflective optical system, it suffers no axial chromatic aberration,
and lateral aberration is only due to the desired grating, only spherical aberration, coma, and

astigmatism need to be considered and optimized respectively.

Spherical Aberration
The spherical aberration affects not only the spatial resolution, but also the spectral resolution of

the imaging spectrometer, so it should be controlled within the tolerance of the aberration.
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According to the Rayleigh criterion,!! the wavefront aberration Ws generated by the spherical
aberration should be smaller than A/4, that is:

(ymax)4 A
Ws(max) = Tgr3 = n (2)

where ymax is the semi-aperture of the collimating mirror, A is the wavelength and r is the
curvature radius of the collimating mirror. It can be seen from Eq. 2 that limiting the numerical
aperture of the incident light beam can effectively reduce the spherical aberration.

Coma

For the C—T configuration, both the collimating mirrors and the focusing mirrors are placed off-
axis, which will introduce coma. As shown in Fig. 2, according to Beulter’s and Allemand’s
theories,12:13 the coma generated by the collimating mirror and the focusing mirror when the
incident light is off-axis can be calculated respectively. The total coma of C—T system is the sum

of the two, which can be expressed as:

3w? T, cos’0 cos(a, /2) . [sin(ocz/z) cos® 0 cos® (ay/2) _ sin(a,/2) cos i] (4)

8cos3(a,/2) 2 cos? i cos3(ay/2) rZ cos @

A=A, +A,=
where W is the diameter of the collimated beam, riand r2 are respectively the curvature radii of
the collimating mirror and the focusing mirror, a1 and a2 are respectively the off-axis angles of
the collimating mirrors and the focusing mirrors, iand 0 are respectively the incident angle and

the diffraction angle of the grating. If coma A =0, from Eq, 3 a new equation can be derived

sin(a,/2) _ r22 cos®i [cos(az/z) 3 - i(cosi)3 (4)
sin(a, /2) rf cos30 cos(a,/2) r12 cos0

According to Eg. 4, we can learn that coma can be corrected by choosing the focusing

mirror with an appropriate off-axis angle.

Astigmatism
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As shown in Fig. 3, astigmatism is mainly caused by the different focal lengths of the mirrors in
the meridian and sagittal directions.
<Insert Fig. 3 here>

When a spherical mirror is illuminated by parallel light with an incident angle of /2, the

focal lengths in the meridian direction and sagittal directions, respectively!415

fi = (r/2) cos(a/2) (5)
f. = (r/2) /cos(a/2) (6)

Therefore, in a C—T optical system the difference between the focal lengths respectively in the

meridian direction and sagittal directions can be expressed as:

Af'=(fa — fu) + (e — fi2) (7)

As seen in Eq. 7, eliminating the astigmatism means Af'=0. So toroidal focus can be used
to correct the astigmatism.

Broad Spectral Band Aberration
When the grating is illuminated by the collimated light, the incident angle iis a constant.

According to grating Eq. 8:

d(sini + sin 0) = m\ (8)

where m is the diffraction order of the grating. The incident light will be dispersed into
monochromatic light beams of different wavelengths with different reflection angles. As shown
in Fig.4, the light beams of different wavelengths are respectively incident on the points A, O,
and B of the focusing mirrors, whose incident angles are respectively o,/2, o, /2 and o, /2.
<Insert Fig. 4 here>

According to Egs. 5, 6, and 7, there exist differences among the off-axis angles of the
light of different wavelengths reflected by the focusing mirror, which is the key factor that

affects the correction of the broad spectral band aberrations. According to Roland's circular
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theory, if the grating is located on the Roland circle of the focusing mirrors, the incident angles
of the light beams emitted from point G to the focusing mirror are approximately equal. At this
time, according to the geometric relationship, line C2G is perpendicular to line GO, so the
distance between the center of the grating and the focusing mirror is: Lgr= racos(a2/2). Thus, by
adjusting the optical configuration parameters to the same, the broad spectral band aberration is

corrected, which means the effects of different wavelengths on the aberration are eliminated.t’

The principle of the Grating Array
According to the aberration analysis above, when the grating is illuminated by collimated light
and placed on the Roland circle of the focusing mirror, the effects of different wavelengths on
the imaging spectrometer aberration can be eliminated. Based on this, a grating array that
replaces the grating in traditional C—T configuration is designed to eliminate the aberration, as
shown in Fig. 5.
<Insert Fig. 5 here>

The grating array is a combination of several rectangular gratings with different groove
densities and blaze angles. According to the requirement of aerosol detection discussed in section
2, the working band of the imaging spectrometer needs to cover the spectral ranges of 380 nm,
410 nm, 670 nm, 865 nm, and 1610 nm. One grating is enough for 380 nm and 410 nm, due to
the relatively small difference between them, and another three gratings are needed respectively
for 670 nm, 865 nm and 1610 nm. The four gratings are combined to form a grating array.
According to Eq. 8, by controlling the groove densities of the gratings strictly, a small shift of the
diffraction angles of the gratings can be generated, thus the light beams reflected by different
gratings can be imaged by focusing mirror on different positions of the flat-panel detector. To
avoid the mutual interference among the different spectral signals of the light diffracted by
different gratings, several bandpass filters with different central wavelengths and bandwidths are
needed to cover the corresponding gratings respectively. According to the detecting spectral
bands and the grating distribution of the grating array, the parameters of the bandpass are

designed as shown in Table 1.

Designof the Multiband Synthesis Imaging Spectrometer
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According to the aberration correction method and the spectral band distribution characteristics
for aerosol detection, a new multiband synthesis imaging spectrometer was designed (see Table |
for the working spectral bands) with an entrance slit of 3.4 mmx12 pm and a numerical aperture
(NA) of 0.083 (f=6). As the working spectral range of the designed spectrometer covers from UV
to NIR, two kinds of detectors are needed.

Ray tracing and system optimization were implemented using Zemax; the optical path of
the designed imaging spectrometer is shown in Fig. 6. The multiband synthesis imaging
spectrometer consisted of an entrance slit, a spherical collimating mirror, a grating array, two
plane mirrors, a toroidal focusing mirror, and two detectors, where one of the plane mirrors was
used to change the direction of the NIR light. The boundary dimension of the designed imaging
spectrometer was calculated to be 185 mmx150 mmx35 mm through software analysis, which is
pretty compact.

<lInsert Fig. 6 here>

Figure 7 shows the spot diagram on the image plane of the imaging spectrometer system. As
seen in Fig. 7, the root mean square (RMS) of the dispersed spots for different wavelengths and
viewing angles are all less than 9 um, which demonstrates that the aberration of the system has
been well corrected; and as shown in Fig. 8, the modulation transfer function (MTF) of the
system for the central wavelengths of each sub-gratings all reach the diffraction limit. Therefore,
it can be concluded that the image quality is good.

<Insert Fig. 7 here>

<Insert Fig. 8 here>

Figure S1 (online Supplemental Material) shows the spectrum distribution on the surface of the
two detectors. There are three spectra on the surface of detectorl, which are generated
respectively from gratingl, grating2, and grating3 shown in Fig. 5, and the line resolution of the
spectrum is 12.5 nmymm, 18.2 nm/mm, and 22.1 nmymm respectively. The lateral magnification
of the imaging spectrometer system is 1.1, when the pixel size of the detector is 13 um, the
spectral resolutions of the three spectra imaged on detectorl are 0.16 nm, 0.24 nm, and 0.29 nm
respectively. Similarly, when the pixel size of detector2 is 50 um, the spectral resolution of the

spectrum imaged on detector2 is 2.05 nm.
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Conclusion

To meet the requirements of detecting several discrete spectral bands in a wide spectral range for
aerosol detection, a multiband synthesis imaging spectrometer based on the Czerny—Turner
configuration was designed. By using the filter array and the grating array, the designed imaging
spectrometer can achieve hyperspectral imaging detection in the spectral bands of 370 —430 nm,
640 —680 nm, 840-880 nm, and 1560-1660 nm. According to the aberration analysis of the
imaging spectrometer using C—T configuration, the Roland circle theory was used to eliminate
the aberration caused by the wide spectral range. Ray tracing and system optimization was
implemented using Zemax, and the optimization result was analyzed. The results show that in the
working spectral bands, the RMSs of the spot diagrams in the full field of view are all less than 9
um and the MTFs can all reach the diffraction limits, which demonstrates that the aberration of
the system has been well corrected.

In general, the proposed system has the following four characteristics: (i) By adjusting
the diffraction angles of the gratings and the transmittance of the filters, the radiation power of
each working spectral bands can be controlled effectively ensuring that the detectors can achieve
their best signal-to-noise ratio working intervals. (ii) Choosing the appropriate gratings can
improve the diffraction efficiency of each working spectral bands. (iii) The proposed optical
configuration is simple and compact, whose boundary dimensions can be 185 mmx150 mmx35
mm, meanwhile it can achieve the hyperspectral imaging detection from ultraviolet to NIR. (iv)
The proposed system has a high spectral resolution, which can achieve 0.16 nm, 0.24 nm, 0.29
nm and 2.05 nm respectively in the four working spectral bands.

The proposed design of the multiband synthesis imaging spectrometer was proven
feasible through the analysis above, and will provide a technical guidance for the next air-based

and space-based aerosol detection applications.
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Supplemental Material

All supplemental material mentioned in the text is available in the online version of the journal.
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Captions
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Fig. 2. The optical configuration of Czerny—Turner system. Reproduced with permission from

Xue.10
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Fig. 3. The astigmatism of spherical mirrors when illuminated by collimated beam.

Reproduced with permission from Xue.10
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Fig. 4. The schematic diagram of the light path of grating dispersion. Reproduced with

permission from Xue.16

Grating 2—

Fig. 5. The schematic diagram of the grating array.
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Grating
Grating 2§
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Grating 4 IITEOL

Detector 1

Detector 2

Fig. 6. The multiband synthesis imaging spectrometer (Fig. 5 shows the surface of the
grating array, and the grating array shown in Fig. 6 is placed vertically to the direction of

the grating array in Fig. 5).
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Fig. 7. Spot diagram analysis result of the system by Zemax. The black circles present the

diameter of a diffraction- limited image.
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Fig. 8. MTF of the system for the central wavelengths of each sub-gratings: (a) 400 nm, (b) 660

nm, (c) 860 nm, (d) 1610 nm.
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Fig. S1. The spectrum distribution on the two image planes.<Please see note above regarding
limits on figures. Please move to Supplemental Material and ensure the citation is correctly

noted in text.>

Table 1. The spectral ranges of the filters.
Grating index Spectral range (nm)

1 370-430
2 640-680
3 840-880
4 1560-1660




