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relatively small volume.

A cooled long-wave infrared push-broom imaging spectrometer with an F-number of 2 was designed
based on the Dyson configuration. A three-mirror off-axis aspherical optical system that provided ex-
cellent slit-shaped images was selected as the fore telescope objective. The re-imaging method was
applied to obtain a cold stop efficiency of 100%, and the corrector lens in traditional Dyson imaging
spectrometers was replaced with re-imaging lenses to correct spherical aberrations. The designed
imaging spectrometer provided a spectral resolution of 25 nm at a range of 8-12 pm and possessed a

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Long-wave infrared (LWIR) imaging spectrometers have ad-
vantages in remote sensing and are useful in many fields, such as
global sciences and homeland security [1]. Because remote sensing
signals are weak at a range of 8 to 12 pm, the high luminous flux of
a LWIR imaging spectrometer was required. The Dyson config-
uration, as described in 1959 by Dyson [2], shows exceptionally
high luminous flux, simple construction and small volume [3].
Imaging spectrometers based on the Dyson configuration can
provide high quality images with high spectral and spatial
resolution.

Over the last 15 years, imaging spectrometers based on the
Dyson configuration have been developed and have shown ex-
cellent detection performance in remote sensing applications.
Medium resolution imaging spectrometers (MERIS) have been
developed by the European Space Agency (ESA) and have been
employed for over 10 years to observe ocean characteristics (since
2002). MERIS possesses a spectral range of 0.39 to 1.04 pm, a
spectral sampling interval of 1.25 nm and a spatial resolution of
300 m [4,5]. Portable remote imaging spectrometers (PRISM) with
fast optics (f/1.8) are also used to monitor the ocean, and can op-
erate at a spectral range of 0.35 to 1.05 pm [6]. Mako imaging
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spectrometers with F-numbers of 1.25 are used in the thermal
infrared range, from 7.8 to 13.4 pm, and possess a spatial resolu-
tion of 0.55 mrad and a spectral resolution of 44 nm [7].

The difference between VNIR (visible and near infrared) ima-
ging spectrometers and LWIR imaging spectrometers is that the
latter operates at low temperatures with 100% cold stop efficiency.
In a Mako imaging spectrometer, the Dyson spectrometer and
focal plane array are placed within a cryostat [7,8]. As a result,
although low noise levels are achieved, the cryostat requires ex-
tensive power supplies. Thus, we designed a new Dyson LWIR
imaging spectrometer using the re-imaging method and achieved
a cold stop efficiency of 100%. Cooling was only applied to the
detector, and the corrector lens in traditional Dyson spectrometers
was replaced with re-imaging lenses.

2. Design of the cooled Dyson imaging spectrometer

The optical system of the Dyson push-broom imaging spec-
trometer could be divided into two main subsystems, including
the fore telescope objective and the Dyson spectrometer, which
were connected through a slit. The telescope objective received
radiation from the target and formed an image of the target onto
the slit, while the Dyson spectrometer split the wavelength com-
ponents and formed multiple images of the slit in separate wa-
velengths onto a detector. The remote sensing signal was weak in
the LWIR band, and significant stray radiation energy was emitted
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Fig. 1. The three-mirror, off-axis, aspherical telescope objective.

from the background, which deteriorated the sensitivity of the
detector. To obtain high sensitivity, the detector must be cooled to
temperatures less than or equal to 77 K using liquid nitrogen.
Typically, the detector is contained in an adiabatic bottle called a
Dewar. A cold stop is placed in the Dewar to suppress radiation
energy beyond the field and is situated in front of the detector at a
distance of 20 mm [9,10]. We used a cooled HgCdTe detector with
a pixel array of 256 x 256 (M x N), a pixel size of 40 pm and an
F-number of 2.

2.1. The fore telescope objective

As shown in Fig. 1, the three-mirror off-axis telescope objective
consisted of a primary mirror, M1, a secondary mirror, M2, and a
tertiary mirror, M3. Due to its simple structure, the telescope ob-
jective showed wide spectral range and high energy efficiency and
would be a good choice for a LWIR optical system. To increase the
luminous flux, we set the F-number to 2, the aperture to 100 mm
and the focal length to 200 mm. The instantaneous field of view
(IFOV) was obtained using the following equation:

2 T F )
where a is the size of the pixel and fis the focal length. Thus, IFOV

was equal to 0.2 mrad. The field of view (FOV) of the entire system
was obtained using Eq. (2).

FOV = IFOV x N. @

For the proposed system, FOV was equal to 2.93°. When the slit
width was equal to a, the system showed the most reasonable SNR
(signal to noise ratio) and spectral resolution. Thus, the optimal slit
size was 40 pm x 10.24 mm. The system parameters are shown in
Table 1.

To align the exit pupil position of the telescope objective to the
entrance pupil position of the Dyson spectrometer, we set M2 as
the final resting point of the telescope objective and positioned the
objective around the focal plane of the tertiary mirror. We

Table 1
Parameters for the fore telescope
objective.

Performance parameters Values

Spectral range 8-12 ym
F-number 2

f 200 mm
IFOV 0.2 mrad
Fov 2.93¢°

designed a three-mirror, on-axis, aspherical optical system and
devised a reasonable decenter and tilt to obtain an off-axis as-
pherical system providing the highest quality image without ob-
scuration. Subsequently, the exit pupil position of the structure
was set to —404 mm, as shown in Fig. 1. Fig. 2 shows the geo-
metric spots at a wavelength of 10 pm, where the circles represent
Airy disks. The telescope objective provided an excellent slit-
shaped image for the spectrometer.

2.2. The Dyson spectrometer

As shown in Fig. 3, the Dyson configuration consisted of a
plano-convex lens and a concave mirror. Sharing a common center
of C, the lens and mirror possessed a radius of r and R, respectively.
The concave mirror was used as the system stop and was located
around the focal plane of the plano-convex lens [2].

By replacing the concave mirror in the Dyson configuration
with a concave reflective grating, the proposed Dyson spectro-
meter was formed [11]. The grating obeyed the following diffrac-
tion equation:

sin 6 = mg), 3)

where m is the diffraction order, @ is the diffraction angle at an
arbitrary wavelength, and g is the grating density.

ZnSe was selected as the plano-convex lens material due
to its high transmission at 8-12 pm. The drawbacks of ZnSe in-
clude its high cost (~$18/cm®) and weight (p=5.27 g/cm>).
Furthermore, a high-quality, prism grade bulk material with a
thickness greater than 60 mm was not available [12]. Therefore, a
Dyson spectrometer with a thinner plano-convex lens was de-
signed herein.

In practical applications, three gaps should be present in a
Dyson spectrometer, including the gap between the slit and the
rear face of the plano-convex lens, the gap between the detector
and the rear face of the plano-convex lens, and the gap between
the slit and the detector. Designers have explored several methods
to achieve these gaps without deteriorating image quality [11-13].
We placed an aspheric corrector lens close to the grating to reduce
the thickness of the plano-convex lens.

The spectral resolution (AA) of a spectrometer is an important
parameter. Thus, the number of spectral channels (c) was set as
follows:

C_il—is
oM @)

where A; and A are the extreme wavelengths between 8 and
12 pm. When the spectral resolution of the optical system matches
the resolution of the detector, the distance between images at
extreme wavelengths of h can be written as:

h=cxa. (5)

According to the literature [14], h can also be expressed as:
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Fig. 2. Spot diagrams for the telescope objective at a wavelength of 10 pm.
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Fig. 3. Schematic depiction of the Dyson configuration.
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where n; and n; are the refractive indexes of the lens at a wave-
length of A; and A, respectively. According to Egs. (4)-(6), large
values of Rg were required because of the high spectral resolution.
However, the value of r must be low due to the limitations of ZnSe,
while R and r should be proportional for an anastigmatic image
[14]. The proportion, p, was be expressed as:

_R n
P r

J1-2ncoso+n? @)

For ZnSe, n was equal to 2.4 at a wavelength of 10 pm. We set
AA=25nm and R=150 mm; thus, h=6.4 mm, r=87.5 mm and
g=25.6 mm. To align the fore telescope objective, the F-number of
the Dyson spectrometer was also set to 2. All of the necessary
parameters are provided in Table 2.

We designed our Dyson spectrometer to meet the require-
ments shown in Table 2. Next, we shortened the thickness of the
plano-convex to obtain the gaps and inserted the corrector lens
into the system. As a result, the use of the corrector lens reduced
the thickness. The designed Dyson spectrometer is shown in Fig. 4.

Table 2
Parameters of the Dyson spectrometer.

Performance parameters Values

Spectral range 8-12 pm
F-number 2

Field of height +5.12 mm
Diffraction order +1

h 6.4 mm

g 25.6 mm

R 150 mm

r 87.5 mm
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Fig. 4. The designed Dyson spectrometer.

2.3. Integrative design of the imaging spectrometer

2.3.1. Design of the re-imaging lenses

When two subsystems are placed in an integrative system, the
exit pupil of the former subsystem and the entrance pupil of the
latter subsystem should be located at the same position to avoid
vignetting and to prevent aberrations. The proposed Dyson spec-
trometer was catadioptric, and the position of the entrance pupil
position was dependent on the wavelength. Therefore, the pupils
could not be perfectly aligned. Fortunately, the locations of the
entrance pupils of the Dyson spectrometer were distant from each
other. In our design, the entrance pupil position was set to
—3993 mm, —2635mm and —1849 mm for a wavelength of
8 pm, 10 pm and 12 pm, respectively. The exit pupil position of the
fore telescope objective was set to —404 mm. These distances
were regarded as infinite. As a result, the routes of primary rays
varied slightly, and vignetting and aberration introduced by the
stop shift were negligible.

Next, we integrated the two subsystems using the grating as
the stop. In the new system, the exit pupil position of l.,; was set
to 234 mm, 152 mm and 101 mm for a wavelength of 8 pm, 10 pm
and 12 pm, respectively. The exit pupils were not located in the
same position. To obtain a cold stop efficiency of 100%, we adopted
the re-imaging method to align the grating to the cold stop. We
choose a wavelength of 10 pm as the primary wavelength to cal-
culate the focal length of the re-imaging system, f*. A schematic
depiction of the re-imaging system is shown in Fig. 5, where I, is
the image of the front system, I is the image of at a magnification
of —1, EXP; is the exit pupil of the front system and EXP, is the
image of EXP;. As shown in Fig. 5, the cold stop was placed 20 mm
(Lstop) in front of the image plane.

According to Fig. 5, Egs. (8) and (9) were obtained:

1 _ 1 _ l
S - lstop lexp] +S f*' 8)
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Fig. 5. Schematic depiction of the re-imaging process.
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Fig. 7. The cooled Dyson imaging spectrometer.

1_1
S [ 9

As a result, f*=17.67 mm, and S= —S'= —35.34 mm. The re-
imaging system was designed based on these data, as shown in
Fig. 6. Germanium was selected as the lens material due to its high
Abbe number and high refractive index, which are advantageous
for the prevention of aberrations.

1
S/

2.3.2. Integrative optimization of the imaging spectrometer

After connecting the re-imaging system to the system de-
scribed in Section 2.3.1, we obtained a Dyson imaging spectro-
meter with a cold stop efficiency of 100%. To reduce the number of
lenses, we removed the corrector lens in the Dyson spectrometer
and corrected the spherical aberration by optimizing the system.
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Fig. 8. MTF of the system at a wavelength of 12 pm.
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Fig. 9. Spot diagrams of the system at a wavelength of 9.975 um, 10 pm and
10.025 pm.

To obtain an excellent slit-shaped image, all of the variables in the
telescope objective were not fixed, from the beginning to the end.
In addition, we inserted a fold mirror between the slit and the
spectrometer to avoid obscuring the image and to achieve min-
iaturization. As shown in Fig. 7, the cooled Dyson long-wave in-
frared imaging spectrometer possessed dimensions of 300 x
250 x 116 mm>. The main parameters are provided in Fig. 7, and all
of the parameters of the design are listed in Appendix A. The
thickness of the plano-convex lens was set to 56 mm, which was
within the limits of ZnSe. The lowest MTF value was greater than
0.55 at a Nyquist frequency of 12.5 cycles/mm, as shown in Fig. 8.
The spectral resolution was 25 nm, as shown in Fig. 9, and the
smile and keystone was 27 pm and was18 pm, respectively. Al-
though these geometric distortions were large, they could be ea-
sily corrected in the subsequent data processing step.

3. Conclusions

We designed a cooled Dyson long-wave infrared push-broom
imaging spectrometer. Using a three-mirror, off-axis, aspherical
fore telescope objective, we obtained ideal slit-shaped images
from the spectrometer. Moreover, using the re-imaging method,
we achieved a cold stop efficiency of 100%. We removed the cor-
rector lens in the traditional Dyson imaging spectrometer, and the
spherical aberration was corrected by the re-imaging lenses. The
proposed imaging spectrometer possessed a compact structure,
small volume, high luminous flux, high MTF, high spectral re-
solution and relatively low geometric distortions, and cooling was
only applied to the detector. In conclusion, our long-wave infrared
imaging spectrometer can achieve high-quality images with
smaller power supply demands and fewer lenses.
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Appendix A. Parameters of the Dyson imaging spectrometer

Surface Radius (mm) Thickness (mm) Decentre (mm) Tilt (deg) conic 4th Order term  6th Order term
Even sphere! — 544,64 —120.98 —36.01 —15.47 —3.02 —226x10712  _—547x10" 1
Even sphere? —186.13 119.98 —54.52 —20.12 -0372 -117x1078 492x10"1
Even sphere® —227.86 —160 —33.92 —15.96 0.129 —733x10°1 —359x10"
Slit* Infinity -5 —131.56 —5.348 - - -

Fold® Infinity 10 - 32 - - -

Plane® Infinity 56 - - - - -

Sphere” —80.79 63.13 - - - - -

Concave grating®  —143.92 —63.13 - - - - -

Sphere® 80.79 —-56 - - - - -

Plane!® Infinity —11.44 —-15 2.29 - - -

Even sphere ! 28.67 -5 - - 0.736 477 x107° —1.79x 1077
Sphere!? 60.87 -5 - - - - -

Sphere!® 29.12 —45 - - - - -

Sphere!# 2113 —37.56 - - - - -

Sphere!® —82.86 -5 - - - - -

Even sphere'® 251.01 —4.558 - - —495 —524x10"6 1.94 x 10~8
Cold stop!” Infinity -20 - - - - -

Image'® Infinity - - - - - -

Appendix B. Supplementary material

Supplementary data associated with this article can be found in the online version at http://dx.doi.org/10.1016/j.optcom.2016.01.067.
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