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A modified asymmetrical Czerny-Turner arrangement with a fixed plane grating is proposed to correct
aberrations over a broadband spectral range by analyzing the dependence of aberrations for different
wavelengths. The principle of design is deduced in detail. We compare the performance of this modified
Czerny-Turner imaging spectrometer with that of the existing Czerny-Turner arrangement by using a
practical Czerny-Turner imaging spectrometer example. The excellent performance of the modified imaging
spectrometer is confirmed by simulation with ZEMAX software.
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Czerny-Turner spectrograph has been studied and ap-
plied by some authors'=5 both in its classical form
(spherical mirrors and symmetrical design) and different
modifications. Several Czerny-Turner spectrographs us-
ing focal plane array detectors have flown in space, e.g.,
the Middle Atmosphere High Resolution Spectrograph
Investigation (MAHRST)[® and the Shuttle Ozone Limb
Sounding Experiment (SOLSE)I"l. MAHRSI utilized a
scanned grating with the wavelength ranging from 0.19 to
0.32 pm, for which the grating must be scanned to cover
the whole spectral region of the instrument. SOLSE
demonstrated the feasibility of using charge-coupled de-
vice (CCD) technology to eliminate moving parts in sim-
pler, cheaper, ozone-mapping instruments. SOLSE per-
mitted simultaneous acquisition of a multi-wavelength
image from 0.275 to 0.36 pm. It is remarkable that in
all existing Czerny-Turner arrangements the grating is
placed in the vicinity of the focal plane of the mirrors.
For these positions of grating, the aberrations depend on
the wavelength and therefore the useful spectral range
decreases considerably. However, some optical spec-
troscopic measurement and remote-sensing applications
(e.g., thermospheric/ionospheric studies!®! and limb scat-
tering measurement!®)) require simultaneously obtaining
broadband spectral image (0.35 — 0.75 pm) with a fixed
dispersive element. Thus the existing Czerny-Turner
spectrograph cannot fulfill the requirements. There-
fore, we study the optical design of the Czerny-Turner
spectrometer to correct aberrations substantially over a
broadband spectral range with a fixed grating (not a
scanning grating). In this letter, a novel arrangement
is given by analyzing the dependence of aberrations for
different wavelengths. It is confirmed that the modified
arrangement found here is better than the existing ar-
rangements.

The spectrometer discussed in this letter is shown in
Fig. 1. It consists of two concave mirrors and one plane
grating. The object is a slit. The slit is imaged by the
system into several images with each one corresponding
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to a different wavelength. The grating is an aperture
stop without aberration correction. That is, the groove
size is constant and no cylindrical power is added to the
grating. The directions of diffracted light of the grating
satisfy the Bragg relation:

sin ¢ + sin 0 = mAp, (1)

where ¢ is the incident angle, 6 is the diffraction angle
for the diffraction order m, A is the wavelength, and p is
the number of grooves in a unit length.

To study the imaging properties of this system, we will
derive the aberration expressions of the full system. The
coordinate system for calculation of aberrations is shown
in Fig. 2. A, is an object point in the object plane, A
is an ideal image point, and A’ is a real image point in
Gaussian image plane. Aberrations can be expressed by
geometrical aberrations or wavefront aberrations. The
primary geometrical aberrations can be expressed by!!?]

2nuT A, = Sry(y* + 2°) + Sun(3y* + 2?)
+(3Su1 + Stv)n*y + Svn?), (2)

2nuT A, = Srz(y? + 22) + Sun(2yz)
+(Sur + Swv)n’a. 3)

where n is the refractive index; u is the semi-aperture
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Fig. 1. Two-dimensional schematic of Czerny-Turner imaging
spectrometer.
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angle of ray; S1, Stu, Smr, Stv, Sv are the Seidel
coefficients of spherical aberration, coma, astigmatism,
field curvature, and distortion, respectively. The other
parameters are defined in Fig. 2. For a Czerny-Turner
spectrometer, the object is a slit parallel to y-axis. The
grating grooves are also parallel to y-axis. Primary aber-
rations are the main aberrations. The geometrical aber-
rations of collimating mirror or focusing mirror in parallel
beam can be expressed by

z? 22 4+ y? 22 + 3y%) L + 2zyl
27TAy_y( xzy)ShL( yx)l vl
12+ 3L%) + 2zlL 1?2+ L2
+y( 2) ’ St + 7y( ) v
l 2
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s, @)
x2 2 4 92 3z2 4+ 2 + 2xyl
27TAI = ( o L )SI + ( yx; L St
z(31%2 + L?) + 2ylL x(I1? + L?)
B St + —p S
2+ L2
G0 p 5)

13

where f is the focal length of the collimating or con-
densing mirror, L and [ are the horizontal and vertical
coordinates of image in the image plane, respectively (see
Fig. 2).

For concave spherical mirror, the Seidel aberration
coefficients can be easily derived:

1kt

5= ©)
Jh?

St ﬁ(l %)a (7)

2 z
St = —JT(l - ﬁ)Q, (8)

2
51v=J77 9)
sy= P 22 10
v——?z( —g)( _H)v (10)

where h is the ray height at the surface of the collimat-
ing mirror or the condensing mirror, J is the Lagrange
invariant, and z is the distance between a concave spher-
ical mirror and a grating.

The geometrical aberrations of Czerny-Turner system
are determined by the aberrations of collimating mirror
and focusing mirror. So the aberrations of Czerny-Turner
system can be expressed by

TA, =TA, (2 1 74,, (11)
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Fig. 2. Coordinate system for calculation of aberrations.

TA, = TAz;y(é)Q +TA,,, (12)

fi
where f; and fy are respectively the focal lengths of the
collimating and condensing mirrors, T'A,, and T'A,, are
the geometrical aberrations of collimating mirror, T'A,,
and T'A,, are the geometrical aberrations of focusing
mirror, and vy is the angle magnification.

In Czerny-Turner configuration, the centers of grating,
image surface, collimating mirror, and focusing mirror
are not on the same straight line. So the total geomet-
rical aberrations consist of concentric system aberration
TA and nonconcentric system aberration TA4. Thus the
total aberrations are

> TA,=TA,+TAg, (13)

> TA, =TA, +T A, (14)

where YT A, and Y T A, are the total geometrical aber-
rations.

Any normal of spherical surface can be considered as
the optical axis of spherical mirror. So the aberrations
in the same focal plane are independent of the choice of
optical axis. In Czerny-Turner system, we choose the
normals which intersect with the chief rays at mirrors as
the optical axes of collimating mirror and focusing mir-
ror. T, Ty, and [ are the coordinates independent of
the choice of optical axis. Coordinates Z; and Ty are
positioned in incident beam plane and diffracted beam
plane perpendicular to grating plane, respectively. The
value of coordinate | determines the position of spectral
line in the image plane, and only depends on the wave-
length. When «; and ag are not too big, we can get the
approximate relations:

xr1 =1+ %al, (15)
B z

To = T2 + 592 (16)

ll = —gal, (17)

ZQ = l_—|— 5042, (18)
_ Z1

Ty = —, 19

S (19)

Y1 = Y2, (20)

Ly =L, (21)

where subscripts 1 and 2 denote collimating mirror and
focusing mirror, respectively.
Based on Eqs. (4)—(21) we can derive the expressions
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for calculating aberrations in the optimum focal plane as
follows:

—92 =24 1 2(2 1
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2
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In Egs. (24) and (25), the first terms represent the non-
concentric second-order coma, the second terms repre-
sent the nonconcentric second-order astigmatism. In Eq.
(25), the third term represents the nonconcentric first-
order astigmatism. The height of entrance slit is less
than the size of grating and image plane, so we can re-
place L3 with 0. Moreover, In Egs. (7) and (8), if z=2f,
Sir= Sir=0. So we can obtain the approximate aberra-
tion expressions:

i3 B+ 1) +y3(y +1
N P ¢ )7292(7 Jo. (26
f T3
-2 7202 1 ) 2
2214, = 2 0 — e,

1
2fTAgy = —1[353(73041 —ag) + Y3 (yor — a2)], (28)

1
2fT Aqy = —5532?/2(’7041 —ag) +y2f(VPaf +a3). (29)

As we can see in Eqgs. (26)—(29) the aberrations are in-
dependent of [, namely independent of wavelength. Thus,
using the geometrical aberration theory we find that the
grating should be coplanar with the centers of curva-
ture of both mirrors. The condition guarantees that the
aberrations are independent of wavelength. Moreover,

collimating mirror
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Fig. 3. Layout of the Czerny-Turner imaging spectrometer
system.
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Fig. 4. RMS spot radius versus wavelength for (a) the modi-
fied and (b) the existing Czerny-Turner configurations. Differ-
ent curves stand for the results obtained with different fields
of view.

the condition does not depend on image surface size,
groove density of the grating, and focal length of the
mirrors. Therefore, the aberrations are constant over a
broad spectral range.

In the following, we give an example to illustrate the
application of the modified arrangement. It is a Czerny-
Turner imaging spectrometer with a fixed plane grating
(300 1/mm) and the following specifications: effective
focal length 69 mm, F'/8, and slit size 50 pm x5 mm.
The spectrometer is an ultraviolet (UV) to visible system
with a broadband spectral range from 0.35 to 0.75 pm.
A CCD with a size of 25 x 25 (mm) is employed. The
design wavelength is the center wavelength (0.55 pm).
To diminish the geometrical scale of the spectrometer, we
place a plane mirror between the grating and a focusing
mirror. The optical structure of the system is shown in
Fig. 3. The optical system design program ZEMAX is
used to model and analyze the system.

With the help of the program ZEMAX, the optical
performance of the system can be predicted and plotted.
Spot diagrams at the detector surface are calculated
for different fields of view at the entrance slit with our
modified and the existing Czerny-Turner configurations.
To show that the best position of the grating is criti-
cally important for obtaining excellent aberration prop-
erties over a broadband spectral range, we compare the
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Fig. 5. Simulation results of imaging spectra. (a) Imaging
surface’s full field spot diagram; (b) irradiance map for all
the sample wavelengths on CCD’s light sensor surface.

Table 1. Optical Parameters of the Imaging

Spectrometer
Specification Optimized by Ray Tracing
(at 0.55 pm)

r1 (mm) 240

rg (mm) 360
a1/2 (deg.) 5
az/2 (deg.) 10

i (deg.) -1

0 (deg.) 10.513
Les—c1 (mm) 119.543
La—g (mm) 239.087
Ly (mm) 354.531
Ltc—im (mm) 177.8

r1 and ry are the radii of curvature of the collimating and
condensing mirrors. Les—c1, Lel—g; Lg—te, and Lgc_im are
the distances between the entrance slit and the collimat-
ing mirror, the collimating mirror and the grating, the
grating and the focusing mirror, and the focusing mirror
and the image plane, respectively.

aberration properties in our modified arrangement with
that in the existing arrangement. The root-mean-square
(RMS) spot radius is given as a function of wavelength.
Obviously, when the grating is coplanar with the centers
of curvature of collimating mirror and focusing mirror
(namQIY7 Lcl—g:2fT17 Lg—fc:2fT2u Lcl—g and Lg—fc are
the distances from the collimating mirror to the grating
and from the grating to the focusing mirror, fr1 and fro
are the tangential focal lengths of the collimating and
condensing mirrors, respectively), good imaging quality

is obtained over the entire spectral range, as shown in Fig.
4(a). However, in existing arrangement (Lc—g ~ fr1,
Lg_sc = fr2), good imaging quality is obtained only in
the vicinity of the center wavelength, as shown in Fig.
4(b).

The optical parameters of the imaging spectrometer
is shown in Table 1. Setting the sample wavelengths
between 0.35 and 0.75 pm with an interval of 40 nm, the
simulation results of imaging spectra are shown in Figs.
5(a) and (b). Figure 5(a) is the imaging surface’s full
field spot diagram, Fig. 5(b) is the irradiance map for all
the sample wavelengths on CCD’s light sensor surface.
Figure 5(a) shows that this design’s imaging spots are
of good quality; the imaging spectrum also has good lin-
earity which demonstrates that the system’s coma and
astigmatism are well eliminated. Figure 5(b) shows that
imaging spots’ power of each wavelength are nearly the
same throughout the working wavelength range when
neglecting CCD’s efficiency. This means that the sys-
tem’s optical structure has remarkable imaging quality,
thereby ensures a high spectral resolution.

In conclusion, a novel variety of Czerny-Turner spec-
trometer is proposed to obtain broadband spectral simul-
taneity by analyzing the dependence of aberrations for
different wavelengths. A practical example is given, and
the excellent performance of the imaging spectrometer
is confirmed by simulation in ZEMAX software. The ar-
rangement is larger than the existing configuration, but
it is recommended for imaging spectrometer with a short
focal length and a broadband spectral region.
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