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a b s t r a c t

The design of the high performance imaging spectrometer using low-cost plane grating is researched in
this paper. In order to correct the aberrations well, under the guidance of the vector aberration theory,
the modification of Czerny–Turner system with inserted tilt lenses is proposed. The novel design of a
short-wave infrared imaging spectrometer working at between wavelengths of 1–2.5 μm is shown as an
example, whose numerical aperture achieves 0.15 in image space. The aberrations are corrected well and
the Modulation Transfer Function (MTF) performance is the same as the convex gratings systems. The
smiles and keystones of the spectral image are acceptable. Advantages of the proposed design with a
plane grating are obviously that the diffraction efficiency is high while the cost is very low.

& 2014 Elsevier B.V. All rights reserved.
1. Introduction

Optical designers started researching optical systems with til-
ted elements from the 1960s [1,2]. Currently, research on the
aberration characters of tilted optical system using the vector
aberration theory is very popular [3–7]. Many novel optical de-
signs have been published. In order to utilize the low cost plane
grating to acquire high performance in the imaging spectrometer
system design, we attempted to correct the aberrations of tradi-
tional Czerny–Turner system by inserting tilted lenses and found it
very useful. A new optical design is given in this paper. It is quite
different from any other published designs in the field of imaging
spectrometer although it looks like an existent modified Offner
system with curved prisms. A high performance low-cost plane
grating is used as the dispersion element. And its Modulation
Transfer Function (MTF) performance is at the same level of con-
vex grating systems with the same numerical aperture, while the
distortion is acceptable.

Imaging spectrometer is a kind of optical sensing equipment
that provides a collection of spectral images of an inhomogeneous
scene. It is very useful in a wide variety of applications in as-
tronomy, atmospheric sciences, medicine, pollution detection,
spectroscopy, etc. A lot of current research on imaging spectro-
meter design is about compact concentric optical systems [8].
Among them, Offner systems are used the most [9,10]. The Offner
system with a convex grating is very exceptional on aberration
correction and distortion control. But there are many dis-
advantages brought by convex grating. For example, the low dif-
fraction efficiency, the high polarization sensitivity, and the high-
order diffraction stray light. Moreover, the convex grating is very
expensive, so it is hard to be popular in commercial products.

Another type of modified Offner systems adapts curved prisms
instead of convex grating for dispersion [11]. Except for dispersion,
the prisms can correct aberrations well and have high energy ef-
ficiency. Although this type of system solves the problems brought
by convex gratings, a big amount of keystone distortion is brought
in because of the nonlinear index change with wavelength. The slit
image of the short wavelength is much longer than the long wa-
velength, so the processing of the spectral image will be badly
influenced.

After reviewing the two types of optical systems above, an in-
teresting question is considerable. Is there any possibility to design
a system having the similar performance as convex grating sys-
tems but without convex grating?

The classical Czerny–Turner spectrometer system attracts us.
This simple system is composed of two spherical mirrors and a
plane grating located in the parallel beam. Its imaging quality is
badly influenced by a large amount of astigmatism. Many re-
searchers did works on the astigmatism correction of the Czerny–
Turner spectrometer. Some papers have shown that the wide
waveband astigmatism can be corrected well by locating the plane
grating in the divergent beam, but these system's numerical
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aperture are limited [12–14]. The collected energy of the spec-
trometer is determined by the system's numerical aperture, so the
performances of these kinds of modified Czerny–Turner spectro-
meter are very far from the Offner systems in the actual
applications.
Fig. 1. 2D layout of the Czerny–Turner system with two inserted tilt lenses.

Fig. 2. 3D layout of the optical system design.
2. Theory of the design

Bilateral symmetric optical systems with tilted elements have
many advantages in wide field reflective system design. Based on
analysis of the Czern–Turner spectrometer system, we think tilted
elements can be used to correct the main astigmatism. The aber-
rations character of the system with tilt elements can be described
by the vector aberration theory. The third-order wave aberration
of the jth surface of tilted system is given by [15]
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where
→
H is the normalized field vector, ρ→ is the normalized

aperture vector in the exit pupil plane, σ→ is the displacement
vector of the jth surface's aberration contribution center.

Eq. (1) reveals the basic principles of the tilted systems' design.
The characters of aberrations contribution can be deduced from
this important equation. The decenter and tilt of the surface has no
contribution to the system's spherical aberration. So the correction
of the spherical aberration is the same as the axial symmetric
systems. The decenter and tilt of the surface will introduce the
constant coma. Because the constant coma contributed by every
surface can be counteracted by adjusting the decenter and tilt, the
total coma can be corrected.

Another important character of a tilted system is that its as-
tigmatism has two nodal points:
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The condition
→

=b 0 is pursued by adjusting the astigmatism
contribution of tilted surfaces, and then the image quality in the
center of the image plane will be optimized well.

In our design, two tilted lenses are inserted respectively in the
object and image space. Their initial radii of curvature and thick-
nesses are mainly decided by magnification and spherical aber-
ration formulas. Their directions of tilt are opposite in pupil co-
ordinate for the correction of coma. The system's astigmatism is
corrected collaboratively by decenter and tilt of all the spherical
mirrors and lenses [16]. And for spectral imaging by an array de-
tector, the curve of the slit image caused by distortion is corrected
by the dissymmetrical change of the symmetrical elements ar-
rangement. Based on the initial configuration from the Czerny–
Turner system, the new kind of optical system presents a very
good performance after optimization.
3. A design example

Because the highly efficient convex grating used in short-wave
infrared waveband is much more expensive than that in the visible
waveband, the displacement of the plane grating can extremely
reduce the cost. Based on the reason above, in this paper, an
imaging spectrometer system working in a 1–2.5 μm short-wave
infrared waveband is taken for example. It proves tilted lenses in
the Czerny–Turner system correct the aberrations well. Moreover,
this waveband is very popular in airborne push-broom imaging
spectrometers. The 2D layout of the optical system is shown in
Fig. 1. The numerical aperture is 0.13 in object space and 0.15 in
image space. The entrance slit is 15 mm. It uses a plane grating
with 75 lines/mm and the dispersion width of the slit image is
7.2 mm. It can be easily deduced that, if using a 2D array detector
with 30 μm pixel size, then 240 spectral channels can be acquired
by this spectrometer and each channel's spectral resolution will be
6.25 nm.

The 3D layout of the final design is shown in Fig. 2. A circular
plane grating is set as the system's aperture stop. The grating lines
are parallel with the x direction. The panchromatic incident beam
is dispersed in different wavelengths by the grating. Mirror-1 and
Mirror-2 are all spherical. As in traditional Czerny–Turner systems,
Mirror-1 collimates the objective rays to the plane grating. Mirror-
2 focuses on the monochromatic rays to the focal plane as a linear
image, which is conjugated with the entrance slit. Lens-1 and
Lens-2 can be manufactured from two normal spherical lenses,
with the useless part cutting off. They are titled in the system,
according to the rotating axis of the aperture stop. In order to
avoid the energy loss caused by material absorption, these two



Fig. 4. Spectral smile.
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lenses are made of silica glass with excellent transmittance in the
short-wave infrared waveband. The spectral images of the slit are
distributed as parallel lines in the y direction. So, the y direction
movement of the slit images will realize the hyper-spectral 2D
images recording, with a 2D array detector assembled at the focal
plane. Usually, this movement can be realized by a platform or a
scanning mirror, under synchronized control relative to the de-
tector's exposure times.

For the imaging optical systems, the MTF is a very important
parameter for evaluating their qualities. The MTF is defined as the
modulus of the Optical Transfer Function (OTF) or fourier trans-
form of the point spread function. The calculated MTF curves of
our optical system at different wavelengths are shown in Fig. 3.
Because the typical short-wave infrared detector's pixel size is
a¼30 μm, according to the Nyquist–Shanon sampling theorem,
the Nyquist frequency is set at 1/2a¼16.7 lp/mm. It can be ob-
tained the average MTF at 16.7 lp/mm is more than 0.7 with dif-
ferent working wavelengths from 1 μm to 2.5 μm, which means,
this optical design can well guarantee to realize the designed re-
solution of the equipment after the detector's sampling, and the
imaging quality of this spectrometer will also be fine
experientially.

The system's distortion of the spectral image is evaluated by
spectral smile and keystone. The spectral smile describes the de-
parture of slit images in different wavelengths from a beeline, as
shown in Fig. 4.
Fig. 3. Modulate transfer function of the optical system (a) λ¼1 μm (the average MTF at
0.832) (c) λ¼2 μm (the average MTF at Nyquist frequency is 0.776) (d) λ¼2.5 μm (the a
The spectral keystone is caused by different magnifications of
the slit image in different wavelengths, which can be presented by
the difference between image heights, as shown in Fig. 5.
Nyquist frequency is 0.843) (b) λ¼1.5 μm (the average MTF at Nyquist frequency is
verage MTF at Nyquist frequency is 0.737).



Fig. 5. Spectral keystone.
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4. Summary

The existent systems of high resolution imaging spectrometer
are researched and compared in this paper. The classical Czerny–
Turner system is low-cost, but its imaging quality is not suitable
for highly accurate sensing. The Offner system has good imaging
quality, but the convex grating in it is badly influence its cost.
Although the modified Offner systems using curved prisms can
acquire acceptable image quality while its cost is low, its spectral
images' distortion is hardly to be corrected well. In order to solve
these problems which limit the imaging spectrometers′ wide ap-
plication, a novel solution for a low-cost high performance ima-
ging spectrometer is given in this paper. The modified Czerny–
Turner system utilizing a plane grating for working in a large
numerical aperture is designed, which is very compact. Its MTF
performance is similar to the convex grating systems while the
distortion is acceptable. Because all the optical elements in this
system are very ordinary, especially the plane grating, comparing
with the other systems which can achieve the similar perfor-
mance, the proposed system has evident advantages on cost. Be-
sides, it is proved that, tilted optical elements are very effective for
this kind of system's optimization, which are deserved to be
further researched. Although only one example in the short-wave
infrared band is given, the researchers in this field can easily de-
sign imaging spectrometer systems with different parameters in
the same way. The imaging spectrometer system proposed in this
paper is simple, compact and low-cost. It is very suitable to be
applied in many fields, and can easily be manufactured to satisfy
the commercial production.
References

[1] Paul L. Ruben, Aberrations arising from decentrations and tilts, J. Opt. Soc. Am.
54 (1964) 45–46.

[2] R.A. Buchroeder, A.S. Leonard, Wide-field tilted-component telescope: a Leo-
nard extended Yolo all-reflecting system, Appl. Opt. 11 (1972) 1649–1651.

[3] K.P. Thompson, Aberration fields in tilted and decentered optical systems,
University of Arizona, 1980 (Ph.D. dissertation).

[4] J.R. Rogers, Vector aberration theory and the design of off-axis systems, Proc.
SPIE 554 (1985) 76–81.

[5] J.M. Sasian, How to approach the design of a bilateral symmetric optical sys-
tem, Opt. Eng. 33 (6) (1994) 2045–2061.

[6] K.P. Thompson, Description of the third-order optical aberrations of near-cir-
cular pupil optical systems without symmetry, J. Opt. Soc. Am. A 22 (2005)
1389–1401.

[7] J.M. Sasian, Image plane tilt in optical systems, Opt. Eng. 31 (3) (1992)
527–532.

[8] D.R. Lobb, Theory of concentric designs for grating spectrometers, Appl. Opt.
33 (1994) 2648–2658.

[9] X. Prieto-Blanco, C. Montero-Orille, B. Couce, R. de la Fuente, Analytical design
of an Offner imaging spectrometer, Opt. Express 14 (2006) 9156–9168.

[10] Xesús Prieto-Blanco, Carlos Montero-Orille, H.éctor González-Nuñez,
María Dolores Mouriz, Elena López Lago, Raúl de la Fuente, The Offner imaging
spectrometer in quadrature, Opt. Express 18 (2010) 12756–12769.

[11] S. Kaiser, B. Sang, J. Schubert, S. Hofer, T. Stuffler, , Compact prism spectro-
meter of pushbroom type for hyperspectral imaging, Proc. SPIE 7100, Opt. Des.
Eng. III 710014 (2008) (September 27).

[12] B. Shafer, L.R. Megill, L. Droppleman, Optimization of the Czerny–Turner
Spectrometer, J. Opt. Soc. Am. 54 (1964) 879–886.

[13] Qingsheng Xue, Shurong Wang, Fengqin Lu, Aberration-corrected Czerny–
Turner imaging spectrometer with a wide spectral region, Appl. Opt. 48 (2009)
11–16.

[14] Qingsheng Xue, Astigmatism-corrected Czerny–Turner imaging spectrometer
for broadband spectral simultaneity, Appl. Opt. 50 (2011) 1338–1344.

[15] K.P. Thompson, T. Schmid, P. Kao, and J.P. Rolland, Recent Discoveries from
Nodal Aberration Theory, in: Proceedings of the International Optical Design
Conference and Optical Fabrication and Testing, OSA Technical Digest (CD)
(Optical Society of America, 2010), paper IThB2.

[16] Armando Gomez-Vieyra, Daniel Malacara-Hernández, , Methodology for third-
order astigmatism compensation in off-axis spherical reflective systems, Appl.
Opt. 50 (2011) 1057–1064.

http://refhub.elsevier.com/S0030-4018(14)00909-2/sbref1
http://refhub.elsevier.com/S0030-4018(14)00909-2/sbref1
http://refhub.elsevier.com/S0030-4018(14)00909-2/sbref1
http://refhub.elsevier.com/S0030-4018(14)00909-2/sbref2
http://refhub.elsevier.com/S0030-4018(14)00909-2/sbref2
http://refhub.elsevier.com/S0030-4018(14)00909-2/sbref2
http://refhub.elsevier.com/S0030-4018(14)00909-2/sbref3
http://refhub.elsevier.com/S0030-4018(14)00909-2/sbref3
http://refhub.elsevier.com/S0030-4018(14)00909-2/sbref4
http://refhub.elsevier.com/S0030-4018(14)00909-2/sbref4
http://refhub.elsevier.com/S0030-4018(14)00909-2/sbref4
http://refhub.elsevier.com/S0030-4018(14)00909-2/sbref5
http://refhub.elsevier.com/S0030-4018(14)00909-2/sbref5
http://refhub.elsevier.com/S0030-4018(14)00909-2/sbref5
http://refhub.elsevier.com/S0030-4018(14)00909-2/sbref6
http://refhub.elsevier.com/S0030-4018(14)00909-2/sbref6
http://refhub.elsevier.com/S0030-4018(14)00909-2/sbref6
http://refhub.elsevier.com/S0030-4018(14)00909-2/sbref6
http://refhub.elsevier.com/S0030-4018(14)00909-2/sbref7
http://refhub.elsevier.com/S0030-4018(14)00909-2/sbref7
http://refhub.elsevier.com/S0030-4018(14)00909-2/sbref7
http://refhub.elsevier.com/S0030-4018(14)00909-2/sbref8
http://refhub.elsevier.com/S0030-4018(14)00909-2/sbref8
http://refhub.elsevier.com/S0030-4018(14)00909-2/sbref8
http://refhub.elsevier.com/S0030-4018(14)00909-2/sbref9
http://refhub.elsevier.com/S0030-4018(14)00909-2/sbref9
http://refhub.elsevier.com/S0030-4018(14)00909-2/sbref9
http://refhub.elsevier.com/S0030-4018(14)00909-2/sbref10
http://refhub.elsevier.com/S0030-4018(14)00909-2/sbref10
http://refhub.elsevier.com/S0030-4018(14)00909-2/sbref10
http://refhub.elsevier.com/S0030-4018(14)00909-2/sbref10
http://refhub.elsevier.com/S0030-4018(14)00909-2/sbref11
http://refhub.elsevier.com/S0030-4018(14)00909-2/sbref11
http://refhub.elsevier.com/S0030-4018(14)00909-2/sbref11
http://refhub.elsevier.com/S0030-4018(14)00909-2/sbref12
http://refhub.elsevier.com/S0030-4018(14)00909-2/sbref12
http://refhub.elsevier.com/S0030-4018(14)00909-2/sbref12
http://refhub.elsevier.com/S0030-4018(14)00909-2/sbref13
http://refhub.elsevier.com/S0030-4018(14)00909-2/sbref13
http://refhub.elsevier.com/S0030-4018(14)00909-2/sbref13
http://refhub.elsevier.com/S0030-4018(14)00909-2/sbref13
http://refhub.elsevier.com/S0030-4018(14)00909-2/sbref14
http://refhub.elsevier.com/S0030-4018(14)00909-2/sbref14
http://refhub.elsevier.com/S0030-4018(14)00909-2/sbref14
http://refhub.elsevier.com/S0030-4018(14)00909-2/sbref15
http://refhub.elsevier.com/S0030-4018(14)00909-2/sbref15
http://refhub.elsevier.com/S0030-4018(14)00909-2/sbref15
http://refhub.elsevier.com/S0030-4018(14)00909-2/sbref15

	High performance Czerny–Turner imaging spectrometer with aberrations corrected by tilted lenses
	Introduction
	Theory of the design
	A design example
	Summary
	References




