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A modified asymmetrical Czerny—Turner arrangement with a fixed plane grating is proposed to correct
aberrations over a wide spectral region by analysis of the dependence of aberration correction for dif-
ferent wavelengths. The principle and method of aberration correction are described in detail. We com-
pare the performance of this modified Czerny—Turner arrangement with that of the existing Czerny—

Turner arrangement by using a practical Czerny—Turner imaging spectrometer example.
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1. Introduction

The Czerny—Turner spectrograph has been studied
and applied by some authors [1,2] both in its classical
form (spherical mirrors and symmetrical design) and
with different modifications. Several Czerny—Turner
spectrographs using multielement detectors have
flown in space, e.g., the Middle Atmosphere High Re-
solution Spectrograph Investigation (MAHRSI) [3]
and Shuttle Ozone Limb Sounding Experiment-2
(SOLSE-2) [4]. The MAHRSI utilized a scanned grat-
ing with the wavelength region from 190 to 320 nm.
The grating must be scanned to cover the entire spec-
tral range of the instrument. The SOLSE-2 demon-
strated the feasibility of wusing charge-coupled
device (CCD) technology to eliminate moving parts
in simpler, cheaper, ozone-mapping instruments.
The SOLSE-2 permitted simultaneous acquisition
of a multiwavelength image from 275 to 425nm. It
is remarkable that, in all the existing Czerny—Turner
arrangements, the grating is placed in the vicinity of
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300.0300, 300.6190, 120.4570, 120.0120, 120.0280.

the focal plane of the mirrors. For these positions of
the grating, the aberrations depend on the wave-
length substantially and, therefore, the useful spec-
tral range decreases considerably. However, some
optical spectroscopic measurement and remote-sen-
sing applications (e.g., thermospheric/ionospheric
studies [5] and limb scattering measurements [6]) re-
quire simultaneously obtaining a multiwavelength
image over a wider spectral region (e.g., 280 to
680 nm) with a fixed dispersive element. When the
aberrations are corrected for the central wavelength,
distorted or elongated slit images are formed for
marginal wavelengths with existing Czerny-Turner
arrangements. This possibly leads to misunder-
standing of the spectra and image. Thus, the existing
Czerny-Turner spectrograph cannot fulfill the re-
quirements. Therefore, we study the optical design
of the Czerny-Turner imaging spectrometer to cor-
rect the aberrations over a wide spectral region with
a fixed grating (not a scanned grating).

Here a Czerny-Turner arrangement is given by
taking into consideration the dependence of aberra-
tion correction for different wavelengths. It is con-
firmed that the aberration-corrected arrangement
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found here is better than the existing arrangement.
The principle and method of aberration correction
are described in Section 2. An illustrative example
is given in Section 3.

2. Principle and Method of Aberration Correction

A. Spherical Aberration

A concave spherical mirror has a spherical aberra-
tion when used on axis. If used off axis, in addition
to the spherical aberration, it has coma, astigma-
tism, field curvature, and distortion. In most cases,
only the first three aberrations are important. A con-
cave spherical mirror’s focal length and aperture are
dependent on the system’s relative aperture and the
system’s aberration allowance. A bigger relative
aperture enhances the system’s ability to collect
light, making the spectrometer more sensitive to
low-power light. But this will increase the system’s
spherical aberration and stray light and introduce
more coma and astigmatism, which lead to the de-
crease of imaging spectrum’s quality and the sys-
tem’s spectral resolution. On the other hand, if the
relative aperture is too small, the system cannot
get enough incident light power.

In the beginning of the design, a spherical mirror’s
aberration and Rayleigh criterion are introduced as
the design criteria of the relative aperture. The sys-
tem’s F-number is represented as F'# = f /D, where D
represents the diameter of the mirror. Wg is the
wavefront aberration due to spherical aberration,
as shown in Eq. (1):

w _ ( max)4 (1)
S(max) — 88

According to the Rayleigh criterion, we derive the fol-
lowing equation:

(Ymax)*
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In Eq. (2), r represents the radius of curvature of the
spherical mirror, which equals 2f, and y.., is the
half-aperture of the spherical mirror, D/2. Equa-
tion (2) can be rewritten in the form

f<256-4- (F#), (3a)

D <2561 (F#). (3b)

As has been discussed so far, the system’s aberration
allowance, incident light power, and detecting sys-
tem should be considered to determine the system’s
relative aperture.

B. Coma Aberration

A spectrometer based on the asymmetrical Czerny—
Turner configuration consists of a grating, a collimat-
ing mirror, and a focusing mirror. Coma aberration
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was corrected on the basis of the Shafer equation,
which can be expressed as follows [7]:

sina;  (r1\2[cosfcosa\? ()

sinag \ry/ \cosicosas/
Here, a7, ay are the off-axis incident angles for the
central ray on the collimating and condensing mir-
rors, i and @ are the incident and diffraction angles
on the grating, and r; and ry are the radii of curva-
ture of the collimating and focusing mirrors. By re-
placing the third-order terms in a; (typically,

5°-8°) and ay (approximately 10°) as cos®a; and
cosay = 1, one can obtain the approximate relation

sin oy (r1> 2 <cos 9) 3 5

sinay Ty cosi) (5)
Thus we can eliminate the coma aberration by ad-
justing the incident a; and ay and curvatures r; and
ro to fulfill Egs. (4) and (5). As is known, the spectral
profile is asymmetrically deformed by the coma aber-
ration, whereas the spherical aberration symmetri-
cally expands the width. For a Czerny-Turner
imaging spectrometer, s may not be considered
large enough to avoid obscuration. To make «a; as
small as possible, we set r, > r; based on Eq. (5).
So we decide to optimize the incident angle to the col-
limating mirror for a fixed focusing mirror, where i
and 0 are determined by the groove interval and

the geometric configuration of the grating based on
Eq. (6):

d(sini + sin 0) = mA. (6)

Here, d is the groove interval and m is an integer that
represents the spectral level.

C. Astigmatism

The next step is to correct an astigmatism that ex-
tends an image to several millimeters along the slit
height (sagittal direction) owing to the different focal
lengths of the mirrors for the tangential and the sa-
gittal directions. The astigmatism can be corrected
by use of a toroidal mirror that possesses a distinct
focal length along the tangential and the sagittal di-
rections. Moreover, a toroidal mirror is particularly
simple to make in comparison with other nonspheri-
cal surfaces. The focal distance to the tangential im-
age for a collimating beam reflected from a spherical
surface is [8]

ftn = (rn/z) cos a, +Aftn§ (7)
the focal distance to the sagittal image is
fon = (Pn/2) seca, + Af . (8)

Here, n = 1 and 2, denoting the collimating and fo-
cusing mirrors. In Eqgs. (7) and (8), f; ; is the distance
measured along a principal ray from the image plane



to the mirror surface, a is the off-axis angle of the ray,
the Af is the small distances added to the third-order
approximation (Af; = Af,), r is the radius of curva-
ture of the mirror in the tangential plane, and p is
the radius of curvature in the sagittal plane. If
r = p, the surface is a sphere. Rays in the sagittal
(vertical) plane focus at a longer distance than rays
in the tangential (horizontal) plane. The astigmatism
is accumulated in collimating and focusing mirrors.
For instance, the extended focal length along the sa-
gittal directions is given by

O = (fs1—Fn) + (Fs2—Fr2)- 9)

The extended image along the sagittal plane is cor-
rected by a shorter focal length compared with that
for the tangential plane for the focusing mirror.

D. Aberrations Over a Wide Spectral Region

The astigmatism does not depend on wavelength but,
rather, on the incident angles to the mirrors, as given
by Egs. (7) and (8). However, the optimum angle of
incidence to correct coma aberration is dependent
on the incident and the diffraction angles and, there-
fore, is substantially related to the wavelength. Note
that the coma and astigmatism are corrected by ad-
justment of the incident angle a; and focal length of
fs2, which are implicitly correlated. The incident an-
gles to the focusing mirror are different for different
wavelengths because of the different diffractive di-
rections at the grating. It seems that one cannot cor-
rect the aberrations for different wavelengths at the
same time because they have distinct optimum con-
ditions that are due to different incident angles to the
focusing mirror. However, the aberrations for differ-
ent wavelengths can be corrected by the same optical
parameters if the incident angles (ay) for different
wavelengths to the focusing mirror are adjusted to
be approximately identical by adoption of a particu-
lar arrangement. We find the arrangement by geo-
metric analysis as follows.

We find that only when the position of the grating
is coplanar with the center of curvature of the focus-
ing mirror (i.e., the distance L, ¢, between the grating
and the focusing mirror is equal to 2f,y = ry cos ay)
are the incident angles for different wavelengths ap-
proximately identical. Thus, the aberrations can
be simultaneously corrected by the same optical
parameters for different wavelengths. As shown in
Fig. 1(a), the center of curvature of the focusing mir-
ror is located at point C (x = 0, y = 0). The points O
(rg, 0) and G (rysinay, ry sin as, cos ay) are the centers
of the focusing mirror and of the grating, respectively,
with a distance of L, ¢, = 2f;9 = ry cos ay. The rays for
different wavelengths proceed along the different
light paths. The light paths G-O or G-A, and G-B
are for the central wavelength Ac, Ac-Al, and
lc + Ak, respectively, where A =A(x,y) and
B = B(x,—y). £Aw is the deviation angle owing to
a different wavelength from the central wavelength.
It must be proved that the incident angles for wave-

Focusing mirror surface

(a) Lg-fc=2 f{Z

Focusing mirror surface

b) Lewn<<2fo

Fig. 1. Geometric relation between the distance L, and the in-
cident angles to the focusing mirror for different wavelength.

lengths Ac-Al and ic + A1, ZGAC and £GBC are ap-
proximately in accordance with that for central
wavelength £GOC only for L = 2f,s = rycosay.
Based on sine theorem, we can derive the relations

|GC]| ICA| o 1y

sin ZGAC ~ sin£CGA ¢, (% N Aa)) " cosAw’

(10)

Gratin gc

3D _LAYOUT

WED OCT 29 2008

C-T IMAGING SPECTROMETER.ZMX
CONFIGURATION 1 OF 1

Fig. 2. (Color online) Layout of the Czerny—Turner imaging spec-
trometer system.
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Fig. 3. (Color online) Spot diagrams for different fields of view with (a) a spherical and (b) a toroidal focusing mirror.
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IGC| _ _ICO| _, (1)
sinZGOC ~ sin£CGO g, (i) .
Thus, sin ZGAC = sin £GOC cos(Aw). Because

Aw =0, so LGAC = ay = £GOC = ay. (We will not
repeat the derivation from B, as the same mathe-
matics can be used.) This relation does not depend
on ay, but is ensured by Aw = 0. Therefore, one can
anticipate the same situation for different wave-
lengths. If the distance L, deviates greatly from
the rocosay, as shown in Fig. 1(b), namely, for
Lg.g << (0r >>)ry cos ag, ay for the wavelength Ac-Al
becomes much smaller (or larger) than ay. Thus, in
such cases, the aberrations cannot be simultaneously
corrected by the same optical parameters over a wide
spectral region.

3. Example of the Design

The following example is intended to illustrate the
application of the modified arrangement. It is a
Czerny—Turner imaging spectrometer with a fixed
plane grating (3001lines/mm) and the following spe-
cifications: the effective focal length is 80 mm, /8,
and the slit size is 50 um x 5 mm. The spectrometer
is an UV to visible system with a wide spectral region
from 0.28 to 0.68 yum. A CCD with a size of 25 mm x
25mm (pixel size 24 ym x 24 ym) is employed. The
design wavelength is the central wavelength of
0.48 ym. The system layout is sketched in Fig. 2.
Here the optical system design program ZEMAX
[9] is used to model and analyze this system.

With the help of ZEMAX, optical performances
of the system can be predicted and plotted. Spot
diagrams at the detector surface are calculated for

Table 1. Optical Parameters of the Imaging Spectrometer

different fields of view at the entrance slit with
our modified and the existing Czerny—Turner config-
uration. At first, a spherical focusing mirror is used
to demonstrate the expanded image that is due to the
astigmatism and coma aberration is diminished on
the basis of Eq. (5). In fact, the expanded image of
approximately 20 um (tangential) x 1mm (sagittal)
is obtained, as shown in Fig. 3(a). Then the toroidal
focusing mirror with a radius of curvature of 368 mm
along the sagittal plane was used to correct astigma-
tism on the basis of Egs. (7) and (8). We obtain sub-
stantially improved images with a spot size of
approximately 20um, which is less than 1/50 in
the sagittal direction when compared with those ob-
tained by use of the spherical mirror, as shown in
Fig. 3(b). The optical parameters with respect to
the aberration correction are summarized in Table 1.

To show that the best position of the grating is im-
portant to obtain excellent aberration properties
over a wide spectral region, we compare the aberra-
tion properties in our modified arrangement with
those in the existing arrangement. RMS spot radius
is given as a function of wavelength. Obviously, when
L, is equal to 2f 9, good imaging quality is obtained
over the whole wavelength region, as shown in
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and the collimating mirror, between the collimating mirror and the CONFIGURATION I OF |
grating, between the grating and the focusing mirror, and between
the focusing mirror and the image plane. Fig. 4. (Color online) RMS spot radius versus wavelength.
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meter system under central and marginal wavelengths.
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Fig. 4(a). However, in the existing Czerny—Turner
arrangement (Lg.¢. = f12), good imaging quality is ob-
tained only in the vicinity of the design wavelength
(the central wavelength), as shown in Fig. 4(b).

By final optimization, we obtain excellent imaging
quality at the CCD’s light sensor surface. The mod-
ulation transfer function (MTF) curves are given as a
function of spatial frequency in Figs. 5(a)-5(c). It is
clear that the MTF of each field is larger than 0.6
at the CCD’s Nyquist frequency (20 line pairs/mm)
for central and marginal wavelength.

4. Summary

A variant of the Czerny—Turner arrangement that al-
lows high-quality images to be simultaneously ob-
tained over a wide spectral region is proposed by
analyzing the dependence of aberration correction
for different wavelengths. The performances of this
modified Czerny—Turner arrangement are confirmed
to be better than that of existing Czerny—Turner ar-
rangements by using a practical example modeled in
the optical system design program ZEMAX. The con-
figuration is larger than the existing Czerny—Turner
arrangements, but it is recommended for an imaging
spectrometer with a short focal length and a wide
spectral region.

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