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A tandem gratings spectrometer with high imaging quality is designed. By applying the geometric analysis, the
spectral broadband anastigmatic imaging conditions have been obtained. It offers an advanced design with low
aberrations for the whole spectral range of the small-scale spectrometer both in the off-axis and coaxial telescope
applications. A UV design exhibiting excellent optical performance is presented. The specifications of design have
also been investigated. © 2014 Optical Society of America
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The imaging spectrometer with reflection gratings sup-
plies multispectral images in one spectral dimension
and two spatial dimensions simultaneously, which pro-
vides important actions for scientific research and engi-
neering applications. The primary aberration in the
imaging spectrometer is the astigmatism. According to
the past study, anastigmatic imaging spectrometers
can be sorted into several kinds: (1) one-wavelength anas-
tigmatic spectrometers [1,2], as the Czerny–Turner,
Ebert–Fastie, and most concave grating spectrometers;
(2) two-wavelength anastigmatic spectrometers [3,4], like
Offner and Dyson spectrometers; (3) spectrometers of
three or more anastigmatic wavelengths [5]. In these de-
signs, special gratings, such as toroidal varied line-space
grating and type III holographic concave grating, are used.
Whichever imaging spectrometer is adopted, the purpose
of the design is to reduce the astigmatism of other wave-
lengths in the working band to approach the situation of
stigmatic wavelength as much as possible.
Conventional tandem gratings imaging spectrometers

are generally difficult to satisfy astigmatism-corrected
conditions in the spectral broadband. Bartoe and co-
workers [6,7] have provided large-scale advanced forms
of tandem gratings spectrometers in coaxial telescope
applications with excellent performances over a wide
spectral range. The two gratings are located to be tangent
to a circle of radius of the concave grating. The central
light from foreoptics is normally incident on the spec-
trometer. However, these mountings bring interferences
among the optical elements and the detector in the appli-
cation of small-scale and close spectrometers requesting
short focal length. Moreover, the optical imaging quality
of these mountings will decrease rapidly in the applica-
tion of off-axis incidence, such as an off-axis parabolic
telescope.
Our research will give a new tandem gratings imaging

spectrometer to improve the above inadequacies. In this
investigation, the basic tandem mounting is shown in
Fig. 1. The off-axis parabolic collimator will adapt to
the off-axis and coaxial telescope. The spherical collima-
tor can also be used to save the cost with lower imaging
requests. As the incident light onto G1 is parallel, the
following discussion focuses on the tandem gratings.

According to the grating theory given by Beutler [8],
the meridian and the sagittal focal distances from G1 are
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The radius R of G1 → ∞. As the existence of collimat-
ing mirror, the source distance r of G1 → ∞. So rm �
rs � ∞ for G1. It decides that the object distance of
G2 → ∞. Therefore, the final meridian and the sagittal
focal distances at the imaging plane are

�
r0m � R2 cos2 θ0�cos i0 � cos θ0�−1
r0s � R2�cos i0 � cos θ0�−1 : �2�

The distance δ is

jδj � jr0m − r0sj � jR2 sin2 θ0�cos i0 � cos θ0�−1j: (3)

When θ0 � 0, the astigmatism will be corrected. And
the optimum focal distance will be expressed as

r0 � r0m � r0s � R2�cos i0 � 1�−1: (4)

The condition is the optimal Wadsworth condition. In
the conventional Wadsworth mounting, it can only be sat-
isfied at one wavelength. But if two tandem gratings are
put at the proper positions, the light bundle of each wave-
length dispersed in the first order by G1 which illumi-
nates the relative portion of G2, will be diffracted in
the first order by G2 along the local normal of the relative
section of G2. At the moment, the condition (4) will be
excellently satisfied for all the working wave bands.
The tandem mounting presenting spectral broadband
anastigmatic images will be investigated.

As shown in Fig. 2, O is the center of curvature and R2
is the radius of curvature of G2. dG1G2

is the distance be-
tween the vertex A of G1 and the local vertex B1 of G2.
d0G1G2

is the distance between the vertex A and the local
vertex B2. dG2I�B1I1� is the focal distance from the local
vertex B1 of G2 to the focal plane I1I2. d0G2I

�B2I2� is the
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focal distance from the local vertex B2 to the focal plane
I1I2. B1C1 and B2C2 parallel to the normal of G1 (SA).
AB1I1, which is the light path for any wavelength λ,
means that λ is dispersed by G1 in the first order along
AB1 and then is double-dispersed by G2 in the first order
along B1I1. AB2I2 is similar as AB1I1 for λ0. According to
the cosine law, the expression will be obtained in the vec-
tor triangles AB1O and AB2O:

d2G1G2
� R2

2 − 2dG1G2
R2 cos i01

� d02G1G2
� R2 − 2d0G1G2

R2 cos i02: (5)

It is differentiated with respect to θ1 and evaluated the
resulting expression:

�dG1G2
− R2 cos i01�
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R2 sin i01
di01
dθ1

� 0: (6)

When the optimum Wadsworth focal distance

dG2I � R2�cos i01 � 1�−1 (7)

is satisfied for each wavelength simultaneously, the first-
order diffraction angles of all wavelengths from G2 is
equal to zero. Namely, B1I1 and B2I2 are the local normal
lines of G2. The basic grating equation of G2 in the first

order becomes gλ � sin i01 (g is the groove density). Then
the incidence angle i01 of G2 is fixed, which has no rela-
tionship with the first-order diffraction angle θ1 of G1.
Therefore, di01∕dθ1 is equal to zero and Eq. (6) becomes
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− R2 cos i01�

ddG1G2

dθ1
� 0: (8)
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By differentiating Eq. (9) with respect to θ1, we have

ddG1G2

dθ1
� dG1G2

tan i01: (10)

Because i01 ≠ 0, Eq. (10) is not equal to zero. So the
solution of Eq. (8) is

dG1G2
� R2 cos i01: (11)

The expression (11) defines the optimal value of dG1G2

for the working wave band, which also admits the best
focal distance dG2I is suitable for each wavelength at
the same time. These two best distances determine the
arrangements of G1 and G2. For the sake of convenience
for the design, these two distances will be calculated
under the first-order dispersed central wavelength.

It should be noticed that the ideal imaging plane is a
curved surface for the expression (7) (very close to a
plane surface). Hence, the surface of the detector, which
is flat, does not strictly accord with the ideal imaging
plane. The little marginal defocusing amount will restrict
the width of the working wave band within not too broad
limits.

As shown in Fig. 3, a proper inclined angle α will make
the ideal curved imaging plane S1S2 coincide with the ac-
tual flat surface I1I2 as possible. OI1 is the half-width of
the imaging plane. According to the expression (7) and
the basic grating equation gλ � sin i0, we have

r0 � R2
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And the inclined angle α is estimated as
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The calculation of the optimal angle under the central
wavelength makes the estimates much easier but has a
little deviation from the ideal value for the curved imag-
ing surface. If the best imaging quality cannot be obtained

Fig. 1. Tandem gratings mounting. G1 is the plane grating. G2
is the concave grating with radius R2. i and θ are the first in-
cidence and diffraction angles for G1. i0 and θ0 are for G2. Im
and Is stand for the meridian and sagittal image positions. δ
is the distance between them and defines the astigmatic differ-
ence. The ruling densities of G1 and G2 are identical. r0m and r0s
are the meridian and sagittal focal distances from G2.

Fig. 2. New advanced tandem gratings spectrometer
mounting.
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in the actual design, we can adjust the calculated angle a
little larger.
Usually, the radius of the concave grating will be fixed

according to the focal length of design requests.
According to Fig. 2, the spectral resolution is

dλ � dθ1
dw

·
dλ
dθ1

· dw (14)

dθ1∕dλ � mg∕ cos θ1 is the angular dispersion, where m
is the given diffraction order (m � 1) and w is the width
of imaging plane between two wavelengths. The corre-
sponding minimal dw is

dw � sf 2 cos i1 cos i01
f 1 cos θ1 cos θ01

1
cos α

; (15)

which is also the minimal spectral bandwidth that the im-
aging spectrometer can distinguish on the imaging plane
(the width of slit imaging). f 1 and f 2 are the focal lengths
of the collimating mirror and G2. s is the width of the slit.
α is the inclined angle of the imaging plane.
The following relationships are obtained in the vector

triangles AB1C1, AB2C2, and AI1I2:
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It is differentiated with respect to θ1 and we obtain

dw
dθ1

� R2�1� cos i01 � cos2 i01�
�1� cos i01�

: (17)

Therefore, with expressions (14), (15), and (17), the
spectral resolution of new design is

dλ � �1� cos i01� cos i1 cos i01
�1� cos i01 � cos2 i01� cos θ01 cos α

·
f 2

mgR2f 1
s:

(18)

According to the expression (18) and the spectral res-
olution request, the groove density will distribute in a def-
inite range. The relatively suitable one will be chosen to
save the cost.

Optimal parameters of the tandem gratings imaging
spectrometer design have been confirmed under the cen-
tral wavelength as
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An example in 260–380 nm for the ultraviolet atmos-
phere observation in the off-axis telescope application
is simulated by ZEMAX in the previous strategy investi-
gated. The central wavelength is chosen as 320 nm. Spec-
ifications and performances are shown in Table 1. As

Fig. 3. Sketch of imaging plane. The width of working wave
band is λmax − λmin · r0 with different subscript stands for differ-
ent focal distance. The direction of the distance r0central is also
the X direction. The line I1I2 stands for the detector plane and
the dashed curve S1S2 stands for the ideal imaging plane. w is
the width of I1I2 (usually the width of the detector).

Table 1. Specifications and Performances for the Advanced Tandem Imaging Spectrometer

Specifications

Spectral range 260–380 nm over 17 mm
Spatial pixel resolution <0.25 mrad
Spectral resolution <0.25 nm
F/# number 6.95

Parameters of Design

Telescope (off-axis parabolic) Radius 200 mm Off-axis amount 15 mm
Field of view 4° × 0.029°
Collimating mirror (off-axis parabolic) Same as telescope
Slit 7 mm × 0.05 mm
Plane grating Ruling density 700 line∕mm Incident angle 13°
Concave grating Ruling density 700 line∕mm Incident angle 12.95° Radius 200 mm
dG1G2

194.87 mm
dG2I 101.25 mm
α 3.3°

Performances

RMS spot radii <11.39 μm
80% encircled energy 10.66 μm
MTF (Nyquist frequency 20 lp∕mm) >0.65
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shown in Fig. 4(b), RMS spots are completely enclosed in
a square pixel of side 25 μm and approach the diffraction
limit in the working wave band.
In comparison with the other major forms of imaging

spectrometers, the new tandem mounting has the follow-
ing advantageous features for the application:

(1) The new design presents excellent optical perfor-
mances among similar symmetric systems (the noncon-
centric optical system), such as the Czerny–Turner and
single-grating (Rowland circle) imaging spectrometer
[5,9]. Our design provides the same high spatial resolu-
tion but higher spectral resolution under the same param-
eters as F/# number, field of view, focal length, and ruling
density of grating. The mounting is also provided with the
best ability of avoiding the stray light.
(2) The concentric system, such as the Offner and

Dyson imaging spectrometer, presents better imaging
quality under lower F/# number than our design. But
there are many restrictions of the configuration [10].
(a) Spectrometers are limited to low dispersion. They
are more suitable for the visible-infrared remote sensing
with low spectral resolution, such as ocean observation.
(b) Transmitting material is required. The existing optical
material does not easily satisfy the request of transmis-
sion efficiency for the ultraviolet (especially the far
and extreme ultraviolet) observation. (c) Gratings are re-
stricted. Gratings in concentric systems are often holo-
graphically formed. Its diffracted efficiency is very low
for the ultraviolet band. Therefore, the characteristics
decide that our designed imaging spectrometer is more
suitable for the high precise UV-FUV-EUV spectral obser-
vation than the concentric optical system.

To summarize, we present a simple analysis that al-
lows a new tandem gratings imaging spectrometer with
broadband high performance in the small-scale and off-
axis application. The optimal imaging conditions have
been calculated by the geometric method, which deter-
mines all the parameters (the arrangement, grating ra-
dius, and groove density) of the mounting. It will
obtain outstanding stigmatic spectral images in the whole
working spectral range. An example for the UV band in
260–380 nm confirms the optical performances of the de-
sign. Thus, the new design provides excellent optical
quality in a spectral broadband, with a simple and com-
pact device.
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Fig. 4. (a) Sketch of the design. (b) RMS spots radii versus
wavelengths in the central and marginal fields of view.
(c) RMS spots radii versus fields of view (+X, along the length
of slit) in the central and marginal wavelengths.
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