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A low-cost, broadband, astigmatism-corrected Czerny–Turner arrangement with a fixed plane grating is
proposed. A wedge cylindrical lens is used to correct astigmatism over a broadband spectral range. The
principle and method of astigmatism correction are described in detail. We compare the performance of
this modified Czerny–Turner arrangement with that of the traditional Czerny–Turner arrangement by
using a practical Czerny–Turner imaging spectrometer example. © 2011 Optical Society of America
OCIS codes: 300.0300, 300.6190, 120.4570, 120.0120, 120.0280.

1. Introduction

The Czerny–Turner spectrometer with a rotary grat-
ing and a one-dimensional detector is a commonly
used instrument for resolving the spectral intensity
of radiation. Several applications in frequency-
domain optical coherence tomography [1,2],
atmospheric sounding [3], and spatially resolved ul-
trashort pulse measurement [4] require high-quality
imaging over a broadband spectral simultaneity.
However, the traditional Czerny–Turner design,
using two spherical mirrors and a plane grating, suf-
fers from astigmatism due to the different focal
lengths in the tangential and sagittal planes result-
ing from the off-axis incidence to spherical mirrors.
The astigmatism can be ignored in one-dimensional
spectroscopy by locating an exit slit at the tangential
focal plane. However, the uncorrected astigmatism
does result in degraded performance in some appli-
cations using a fixed grating and a two-dimensional
detector. Some methods to reduce or remove the lim-
iting astigmatism have been investigated, such as
using an additional convex mirror [5], using a cylind-
rical grating [6], compensating optics before the
entrance slit [7], using toroidal mirrors [8], or using
free-form mirrors [9]. Indeed, there have been
several recent developments featuring broadband

astigmatism correction without using nonspherical
mirrors or nonplanar gratings. These recent designs
include placing a glass plate before the entrance slit
[10], using divergent illumination [11], and tilting a
cylindrical lens [12]. However, the method of placing
a glass plate before the entrance slit required the
length of the glass piece to be fairly precise, and
the light intensity lost with this method was very ser-
ious, approximately 12%. When using divergent
illumination, the grating that was under divergent
illumination not only induced astigmatism, but also
induced coma, and the induced coma also influenced
the imaging quality. When using the tilting cylindri-
cal lens, astigmatism cannot be corrected sufficiently
when the slit height is larger than 5mm, which
is necessary in some applications (for example,
spaceborne limb atmospherical sounding). Here we
propose a low-cost method that uses a wedge cylind-
rical lens to correct the astigmatism over broadband
spectral simultaneity. By using this method, astig-
matism can be corrected sufficiently when the slit
height is larger than 5mm. The wedge cylindrical
lens positioned between the spherical focusing mir-
ror and the detector is a low-cost optical component.
In Section 2, we present how a wedge cylindrical lens
can correct the astigmatism over broadband spectral
simultaneity. In Section 3, we program a design pro-
cedure, calculating the initial structural parameters.
In Section 4, we present a ray-tracing analysis of
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such a design and compare the novel method of using
the wedge cylindrical lens with previous work, speci-
fically with a divergent illumination method and a
tilting cylindrical lens method. A summary is given
in Section 5.

2. Broadband Astigmatism Correction

For a mirror of radius r that images an object lying at
a distance l from the mirror vertex, there are two im-
age distances: the sagittal astigmatic image distance
(l0s) and the tangential astigmatic image distance (l0t).
If the chief ray makes an angle α=2 with the mirror
radius, the imaging relations can be written as

1
l0s
−

1
l
¼ 2 cosðα=2Þ

r
; ð1Þ

1
l0t
−

1
l
¼ 2

r cosðα=2Þ : ð2Þ

l0s and l0t are measured along the chief ray. In the col-
limating light, l ¼ ∞. Therefore, the sagittal focal
length (f 0s) and tangential focal length (f 0t) become

f 0s ¼ r=2 cosðα=2Þ; ð3Þ

f 0t ¼ ðr=2Þ cosðα=2Þ: ð4Þ
The difference in astigmatic foci yielded by the two

off-axis spherical mirrors of Czerny–Turner can be
derived as [13]

δf 0 ¼ ðr1=2Þ½sinðα1=2Þ tanðα1=2Þ�
þ ðr2=2Þ½sinðα2=2Þ tanðα2=2Þ�; ð5Þ

where r1 is the radius of the first spherical mirror
(collimating mirror), r2 is the radius of the second
spherical mirror (focusingmirror), α1=2 is the off-axis
incident angle on the first mirror, and α2=2 is the off-
axis incident angle on the second mirror. When the
off-axis incident angle α1=2 and α2=2 are not large,
Eq. (5) is valid. In our modified design, a wedge cy-
lindrical lens is located between the second spherical
mirror and detector, as shown in Fig. 1, which dis-
plays in (a) the tangential view and in (b) the sagittal
view. As illustrated in Fig. 1(a), the change of tangen-
tial focus introduced by the wedge cylindrical lens
(i.e., optical wedge in the tangential view) is given by

l0wt − lwt ¼ ½ðn − 1Þ=n� · t; ð6Þ

where the subscript w stands for wedge, lwt is the
tangential object distance, l0wt is the tangential imag-
ing distance, n is the refractive index, and t is the
central thickness of the wedge cylindrical lens. In
the sagittal view, the imaging formula of the wedge
cylindrical lens is

1=l0ws − 1=l0wt ¼ 1=f 0ws; ð7Þ

where lws is the sagittal objective distance, l0ws is the
sagittal image distance, and f 0ws is the focal length of
wedge cylindrical lens.

As illustrated in Fig. 1, when

δf 0 ¼ l0wt − lwt þ lws − l0ws; ð8Þ

the astigmatism is corrected. Substituting Eqs. (6)
and (7) into Eq. (8) yields

δf 0 ¼ ½ðn − 1Þ=n�tþ l2ws=ðf 0ws þ lwsÞ: ð9Þ
The incident angles to the second spherical mirror

are different for different wavelengths because of dif-
ferent diffractive directions at the grating, as shown
in Fig. 2. The variation in α2=2 across the second mir-
ror results in a variation in astigmatism δf 0 across
the detector. H is the distance between the chief ray
of the central wavelength with the chief ray of other
wavelengths in the tangential view. The varying

Fig. 1. Astigmatism correction by a wedge cylindrical lens in
(a) tangential view and (b) sagittal view before the detector. The
solid rays denote the rays not using a wedge cylindrical lens,
and the dashed rays denote the rays using a wedge cylindrical lens.

Fig. 2. Astigmatism correction by a wedge cylindrical lens for
broadband spectral simultaneity in the tangential view of the chief
ray tracing for the different wavelengths; i is the angle incident to
the grating and H is the distance between the chief ray of the cen-
tral wavelength with the chief ray of other wavelengths in the tan-
gential view.
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astigmatism can be simultaneously corrected by a
wedge cylindrical lens with an optimized wedge
angle.

By differentiating Eq. (9) with respect to λ, we
obtain

dðδf 0Þ
dðα2=2Þ

·
dðα2=2Þ

dθ ·
dθ
dλ ¼ t

n2 ·
dn
dλ þ

n − 1
n

·
dt
dλ

−

2f 0wslws þ l2ws

ðf 0ws þ lwsÞ2
·
dlws

dH
·
dH
dλ :

ð10Þ

The differentiation dt=dλ is calculated as

dt
dλ ¼

dt
dH

·
dH
dλ : ð11Þ

The differentiation dt=dH is derived from geometry
as

dt
dH

����
H¼0

¼ tan γ; ð12Þ

where γ is the wedge angle of the wedge cylindrical
lens, as shown in Fig. 2. The differentiation dH=dλ is
the linear dispersion of the grating with the focusing
mirror r2 at the central wavelength, which is given as

dH
dλ

����
λ¼λc

¼ r2
2d cos θ ; ð13Þ

where λc is the central wavelength and d is the
groove spacing of the grating. The differentiation
dlws=dH is derived from geometry as

dlws

dH

����
H¼0

¼ tanðβ − γÞ; ð14Þ

where β is the tilt angle of the focal plane with re-
spect to the chief ray, as shown in Fig. 2. We have
found that, when

Lgf ¼ r2 cosðα2=2Þ; ð15Þ

the incident angles to the second spherical mirror
(focusing mirror) for different wavelengths are
approximately identical [14], i.e.,

dðα2=2Þ
dθ ¼ 0; ð16Þ

where Lgf is the distance between the grating and
the focusing mirror. Substituting Eqs. (11)–(14)
and (16) into Eq. (10) gives

t

n2

�
dn
dλ

�
λ¼λc

þ
�
n − 1
n

�
tan γ − 2f 0wslws þ l2ws

ðf 0ws þ lwsÞ2
tanðβ − γÞ

¼ 0; ð17Þ

and the wedge angle γ can be solved from Eq. (17).

3. Design Procedure

The results of Section 2 lead to the following design
procedure. We first choose the mirror anglea α1 and
α2 and the mirror radii r1 and r2 based on the
coma-corrected condition that is known as the Shafer
equation [15]:

sinðα1=2Þ
sinðα2=2Þ

¼
�
r1
r2

�
2
�
cos θ
cos i

�
3
: ð18Þ

We then choose the central thickness t, the refrac-
tive index n, and the sagittal objective distance lws,
and derive the sagittal focal length of the wedge cy-
lindrical lens f 0ws from Eq. (9). We derive the distance
Lgf from Eq. (15). Finally, we choose the tilt angle of
detector β and derive the wedge angle γ from Eq. (17).
Thus, all the structural parameters can be obtained.
We programmed the procedure calculating the initial
parameters, written in MATLAB. The program block
diagram is shown in Fig. 3.

Fig. 3. Program block diagram for calculating the initial structur-
al parameters.

Table 1. Imaging Spectrometer Basic Parameters

Parameter Value

Central wavelength (nm) 500
r1 (mm) 402.5
r2 (mm) 427.06
α1=2 (°) 8
α2=2 (°) 9.133
d (μm) 3.33
i (°) 5
θ (°) 13.719
n 1.462
t 5

β (°) 7.86
lws (mm) 26.54

Table 2. Imaging Spectrometer Designed Parameters

Parameter Calculated Ray-Tracing Optimized

Lgf (mm) 421.65 307.64
f 0ws (mm) 25.5 24.14

γ (°) 4.5 5.089
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4. Ray-Tracing Analysis

In this section, we present a design example to illus-
trate the application of the modified arrangement.
We calculate initial structural parameters using the
program presented above, and then model and ana-
lyze this system using the optical system design pro-
gram ZEMAX [16].

The imaging spectrometer is designed to sounding
atmosphere composition in limb view geometry with
a fixed plane grating (300 grooves=mm). The spectro-
meter is a UV-to-visible system with a broadband
spectral range from 0.3 to 0:7 μm. The object numer-
ical aperture is 0.05 and the slit size is 5:2mm×
50 μm. A CCD with a size of 25:65mm × 25:65mm
(pixel size is 25 μm × 25 μm, and pixel number is

1024 × 1024) is used. We select an off-the-shelf grat-
ing. The groove spacing d is 3:33 μm, which corre-
sponds to 300 grooves=mm. Fused silica is chosen
as the material of the wedge cylindrical lens, and
the refractive index n is 1.62 at central wavelength
500nm. The basic parameters of the spectrometer
are shown in Table 1. From these, we calculated Lgf ,
f 0ws, and wedge angle γ using the procedure in Sec-
tions 3, to give the values in Table 2. These are used
as the initial parameters for an optimization using
the ZEMAX program. The optimized parameters
are shown in Table 2.

The focal of the wedge cylindrical lens was
calculated to be 25:5mmusing Eqs. (5) and (9), which
is in close agreement with the optimized value of
24:14mm. The wedge angle γ of the wedge cylindrical

Fig. 4. (Color online) Layout of the modified Czerny–Turner imaging spectrometer.

Fig. 5. (Color online) Spot diagrams of different fields of view for (a) a traditional Czerny–Turner spectrometer and (b) the modified
Czerny–Turner imaging spectrometer.
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lens was calculated to be 4:5° using Eq. (17), which is
close to the optimized vale 5:089°. To diminish the
geometrical scale of the spectrometer, we place a
plane mirror between the grating and the spherical
focusing mirror. The optimized layout is shown
in Fig. 4.

With the help of ZEMAX, optical performances the
system can be predicted and plotted. Spot diagrams
at the detector surface are calculated for differ-
ent fields of view at the entrance slit with our
modified configuration and the traditional Czerny–
Turner configuration. We shall first demonstrate

Fig. 6. (Color online) RMS spot radius versus wavelength for (a) the modified Czerny–Turner imaging spectrometer and (b) a traditional
Czerny–Turner spectrometer.

Fig. 7. (Color online) MTF of the modified Czerny–Turner imaging spectrometer at the central and marginal wavelengths.
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the expanded image that is due to the astigmatism in
the traditional Czerny–Turner spectrometer when
not using a wedge cylindrical lens. In fact, the
expand image of approximately 20 μm ðtangentialÞ ×
1mm ðsagittalÞ is obtained as shown in Fig. 5(a). We
then show the result of astigmatism correction in
our modified Czerny–Turner imaging spectrometer
using a wedge cylindrical lens. We obtain substan-
tially improved images with a spot size of approxi-
mately 20 μm, which is less than 1=50 in the
sagittal direction when compared with those ob-
tained without using a wedge cylindrical lens, as
shown in Fig. 5(b).

To show the result of astigmatism correction for
broadband spectral simultaneity, the RMS spot ra-
dius is given as a function of wavelength for the
modified Czerny–Turner imaging spectrometer
(using the wedge cylindrical lens) and the traditional
Czerny–Turner spectrometer (not using wedge cy-
lindrical lens). Obviously, when the wedge cylindrical
lens is used, the RMS spot radius is less than 10 μm
over the broad working wavelength band from 300 to
700nm, as shown in Fig. 6(a). The results demon-
strate that astigmatism is simultaneously corrected
over a broad spectral range. However, when the cy-
lindrical lens is not used, the RMS spot radius is
larger than 200 μm, resulting from the devastating
astigmatism, as shown in Fig. 6(b). The modulation
transfer function (MTF) curves are given as a func-
tion of spatial frequency in Figs. 7(a)–7(c). It is clear
that the MTF of each field is larger than 0.64 at the
CCD’s Nyquist frequency (20 line pairs=mm) for the
central and marginal wavelengths. The results de-
monstrate that good imaging quality is simulta-
neously obtained over the broad wavelength region
and satisfies the application requirement.

To see how much the performance is improved, we
compared the new design with recent astigmatism-
correction methods, specifically with the divergent il-
lumination method and a tilting cylindrical lens

method, respectively, in the same field of view
(FOV) and numerical aperture condition and using
the same detector size (i.e., FOV x ¼ 2:6mm, y ¼
0:025mm, NA ¼ 0:05, pixel size 25 μm, pixel number
1024 × 1024) and grating dispersion. The RMS spot
radius versus wavelength is shown in Fig. 8. As seen
in Fig. 8, the RMS spot radius is approximately less
than 10 μm using our novel method than that using
the divergent illumination method, and approxi-
mately less than 6 μm using our novel method than
that using a tilting cylindrical lens method. The re-
sults demonstrate that the new method reported
here is more valid than the recently published
methods.

5. Summary

We have designed a Czerny–Turner imaging spectro-
meter using a wedge cylindrical lens to correct astig-
matism for broadband spectral simultaneity. The
traditional Czerny–Turner spectrometer, while con-
figured to correct coma, suffers from astigmatism
due to the tilt of the spherical mirrors. There have
been a number of attempts to overcome this limita-
tion, including the use of free-form mirrors and cy-
lindrical gratings. Our design supports the use of a
wedge cylindrical lens, which is less expensive than
free-form mirrors or cylindrical gratings. This design
will be useful for atmospheric sounding, as well as
having broad application in astronomical imaging
and studying the structure of ultrashort pulses.

The work described in this paper is supported by
the National Natural Science Foundation of China
(NSFC) under grant 40675083.
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