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Abstract. A modified spectrometer with tandem gratings that exhibits high spectral resolution and imaging qual-
ity for solar observation, monitoring, and understanding of coastal ocean processes is presented in this study.
Spectral broadband anastigmatic imaging condition, spectral resolution, and initial optical structure are obtained
based on geometric aberration theory. Compared with conventional tandem gratings spectrometers, this modi-
fied design permits flexibility in selecting gratings. A detailed discussion of the optical design and optical per-
formance of an ultraviolet spectrometer with tandem gratings is also included to explain the advantage of oblique
incidence for spectral broadband. © 2015 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.OE.54.9.095104]
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1 Introduction
Imaging spectrometers with reflection gratings are widely
used in ultraviolet (UV) scientific research and engineering
applications.1,2 These spectrometers are used in atmospheric
sounding and ocean optics, as well as studying the spatially
resolved ultrashort pulse characterization.3–5 At present, sev-
eral related fields are showing increasing attention to the
requirements of imaging spectrometers with high spectral
resolution. Astigmatism, which is the primary aberration of
some imaging spectrometers, such as Czerny–Turner and
Ebert–Fastie imaging spectrometers, has been investigated
in the past years.6,7 Spectrometers with one or more anastig-
matic wavelengths have been proposed for different applica-
tions. Czerny–Turner and Ebert–Fastie spectrometers with
1-wavelength anastigmatic, as well as Offner and Dyson
spectrometers with 2-wavelength anastigmatic have been
designed and extensively used in the field of solar observa-
tion.8,9 However, the disadvantage of these designs above
is that the stigmatic image can be obtained only for some
selected wavelengths.

To reduce astigmatism over a large wavelength region,
Bartoe and Brueckner provided a large-scale imaging spec-
trometer with tandem gratings and Wadsworth mounting for
coaxial telescope applications.10 In their design, 2 gratings
were located to be tangent to the circle of the radius of
the concave grating. The central light from the fore-optics
was the normal incident on this spectrometer. Yu and Lin
presented a small-scale imaging spectrometer with tandem
gratings for both off-axis and coaxial telescope applica-
tions.11 In their design, the former plane grating was located
on the Rowland circle of the latter curve grating, and the rul-
ing densities of the gratings were identical. In the present
work, a modified large-scale spectrometer with tandem
gratings and oblique incidence is developed. This design sat-
isfies astigmatism-corrected conditions in spectral

broadband. Compared with conventional tandem gratings
imaging spectrometers, the modified design is proposed to
determine anastigmatic condition and initial optical
structure.

The modified tandem gratings imaging spectrometer
has different ruling densities, and astigmatism removal is
analyzed based on the geometric aberration theory and
Wadsworth condition. The light from the fore-optics is
oblique incident on the former grating of tandem gratings
spectrometer in our design, which permits flexibility in
selecting the types of gratings. The proposed spectrometer
exhibits significant potential for a wide range of applications.
The grating of tandem gratings spectrometer is not sensitive
to polarization of the incoming light, as the angles of inci-
dence are quite small in our design.

2 Anastigmatic Condition and Spectral Resolution
Satisfying astigmatism-corrected conditions in spectral
broadband for conventional tandem gratings imaging spec-
trometers is difficult. The subsequent discussion focuses on
astigmatism, which is the primary aberration of imaging
spectrometers. The mounting of the tandem gratings is
shown in Fig. 1.

According to the theory of concave grating,12 the merid-
ian and sagittal focal distances can be expressed as

EQ-TARGET;temp:intralink-;e001;326;186

�
rm ¼ cos2 θ∕½R−1ðcos iþ cos θÞ − r−1 cos2 i�
rs ¼ 1∕½R−1ðcos iþ cos θÞ − r−1� : (1)

The incident light is parallel to the plane grating G1 and the
radius r of G1 is infinite; thus, rm and rs are also infinite, as
shown in Fig. 1. Therefore, the object distance of the concave
grating G2 is infinite according to Eq. (1). The difference
between the meridian and sagittal focal distances by mirror
can be expressed as
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EQ-TARGET;temp:intralink-;e002;63;524δ ¼ rs − rm ¼ R2 sin
2 θ 0ðcos i 0 þ cos θ 0Þ−1: (2)

The astigmatism will be corrected if θ 0 ¼ 0, which is the
optimal Wadsworth condition. The optimum focal distance
is:

EQ-TARGET;temp:intralink-;e003;63;468r ¼ R2ð1þ cos i 0Þ−1: (3)

The incident angle i 0 of G2 is modified because of the
diffraction of G1. Therefore, the proper positions of the gra-
tings should be considered to satisfy astigmatism correction
for the working waveband.

The geometric relationship of triangles AB1C1 and
AB2C2 is shown in Eq. (4):

EQ-TARGET;temp:intralink-;e004;63;370

�
0 ¼ d2G1G2

þ B1C2
1 − AC2

1 − 2dG1G2
B1C1 cos i 01

0 ¼ d 02
G1G2

þ B2C2
2 − AC2

2 − 2d 0
G1G2

B2C2 cos i 02
: (4)

Given that AB2I2 is similar to AB1I1 for λ 0, we will only
discuss AB1I1. In this case, AC1 can be expressed as
AC1 ¼ B1C1 sin

−1 θ1 sin i 01. In triangle AB1C1,

EQ-TARGET;temp:intralink-;e005;63;2920 ¼ d2G1G2
þ B1C2

1 − ðB1C1 sin
−1 θ1 sin i 01Þ2

− 2dG1G2
B1C1 cos i 01: (5)

The differential of Eq. (5) with respect to θ1 is then equal to
zero. It is differentiated with respect to θ1 and the resulting
evaluated expression is
EQ-TARGET;temp:intralink-;e006;63;212

0 ¼ B1C1

∂B1C1

∂θ1
þ dG1G2

∂dG1G2

∂θ1
− dG1G2

cos i 01
∂B1C1

∂θ1

− B1C1 cos i 01
∂dG1G2

∂θ1
þ dG1G2

B1C1 sin i 01
∂i 01
∂θ1

− sin−4 θ1½B1C2
1 sin

2 i 01 sin θ1 cos θ1

−
�
B1C1 sin

2 i 01
∂B1C1

∂θ1

þ B1C2
1 sin i 01 cos i 01

∂i 01
∂θ1

�
sin2 θ1�: (6)

To determine the distance betweenG1 andG2, Eq. (6) should
be simplified. Yu and Lin provided a solution when

∂i 01∕∂θ1 ¼ 0. In our design, we expect ∂B1C1∕∂θ1 ¼ 0,
that is, scalar B1C1 is independent of θ1. If ∂B1C1∕∂θ1 ¼
0, we obtain the anastigmatic condition for the spectral
broadband. As the light bundle of each wavelength will
be diffracted in the first order by G2 along the local normal
of its cross section, the extended diffracted light bundle will
be intersected atO. When C is located atO, ∂B1C1∕∂θ1 ¼ 0,
i.e., B1C1 ¼ R1 and O located at the local normal of the rel-
ative section of G1, i.e., AC1 ¼ l, as shown in Fig. 2. Then
the evaluated expression is
EQ-TARGET;temp:intralink-;e007;326;476

0 ¼ ðdG1G2
− R2 cos i 01Þ

∂dG1G2

∂θ1
þ dG1G2

R2 sin i 01
∂i 01
∂θ1

− sin−4 θ1

�
R2
2 sin

2 i 01 sin θ1 cos θ1

− R2
2 sin

2 θ1 sin i 01 cos i 01
∂i 01
∂θ1

�
; (7)

EQ-TARGET;temp:intralink-;e008;326;376l sin−1 i 01 ¼ R2 sin
−1 θ1: (8)

By differentiating Eq. (8) with respect to θ1 and the evaluated
expression is

EQ-TARGET;temp:intralink-;e009;326;327

∂i 01
∂θ1

¼ l cos θ1
R2 cos i 01

: (9)

Therefore, Eq. (7) can be expressed as follows:

EQ-TARGET;temp:intralink-;e010;326;271ðdG1G2
− R2 cos i 01Þ

∂dG1G2

∂θ1
þ dG1G2

l tan i 01 cos θ1 ¼ 0:

(10)

Meanwhile, Eq. (10) can be expressed as a form of the vector
triangle AB2C2. With OB2

��! −OB1

��! ¼ AB2

��! − AB1

��!
, as shown

in Fig. 3,

EQ-TARGET;temp:intralink-;e011;326;181

�
R2cosðθ2þi02Þ−R2cosðθ1þi01Þ¼d0G1G2

cosθ2−dG1G2
cosθ1

R2sinðθ2þi02Þ−R2sinðθ1þi01Þ¼d0G1G2
sinθ2−dG1G2

sinθ1
:

(11)

By differentiating Eq. (11) with respect to θ1, we obtain

EQ-TARGET;temp:intralink-;e012;326;112

∂dG1G2

∂θ1
¼ −dG1G2

tan i 01: (12)

Moreover, Eq. (10) defines the optimal value of dG1G2
for

astigmatism correction in the working waveband, which

Fig. 1 Mounting of tandem gratings.G1 is the plane grating. G2 is the
concave grating with radius R1. i1 and θ1 are the first incidence and
diffraction angles ofG1. i 01 and θ 0

1 are the corresponding angles forG2.
I1 and I2 denote the image positions at different wavelengths. The
ruling densities of G1 and G2 are different. θ2 is the diffraction
angle of G1, and i 02 is the corresponding incident angle of G2. dG1G2

and d 0
G1G2

are the distances between G1 and G2 at different
wavelengths.

Fig. 2 Modified spectrometer with tandem gratings.
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simultaneously determines the best focal distance suitable
for each wavelength. The result of Eq. (10) is

EQ-TARGET;temp:intralink-;e013;326;712dG1G2
¼ R2 cos i 01

�
tan i 01
tan θ1

þ 1

�
: (13)

As shown in Fig. 2, the spectral resolution is expressed as
follows:

EQ-TARGET;temp:intralink-;e014;326;646dλ ¼ dθ1
dw

·
dλ
dθ1

· dw; (14)

where, dλ∕dθ1 ¼ mg1∕ cos θ1 is the angular dispersion of
G1, m is the given diffraction order (m ¼ 1), and w is the
width of the imaging plane of 2 different wavelengths.
The corresponding minimal value of dw is written as

Fig. 3 Optical layout of the imaging plane. The width of the working
band ranges from λmin to λmax. i 0 is the inclined angle forG2 at different
wavelengths. w is the width of the imaging plane between 2 wave-
lengths. O is the center of the Rowland circle of G2.

Fig. 4 Optical layout of the modified tandem gratings spectrometer.

Table 1 Specifications, design parameters, and performances for the
modified tandem gratings spectrometer.

Specifications Spectral coverage 280–360 nm

Spatial pixel resolution <0.26 mrad

Spectral resolution <0.167 nm

F#/number 7

Parameters
of design

Front optical system Concentric off-axis Parabolic
mirrors with radius 200 mm

Field of view 1.6 deg×0.01 deg

Slit 3 mm × 0.02 mm

Plane grating Ruling density 700 line∕mm
incident angle 3.95 deg

Concave grating Ruling density 600 line∕mm
inclined angle 11.07 deg
with radius 300 mm

dG1G2
487.30 mm

dG1 I 151.41 mm

α 2.73 deg

Performances RMS spot radii 3.7 − 25.7 μm

MTF at 20 lp∕mm >0.5

Fig. 5 The root mean square (RMS) spot diagram at different
wavelengths.

Fig. 6 RMS spot radius versus wavelength of the modified tandem
gratings spectrometer.
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EQ-TARGET;temp:intralink-;e018;63;730dw ¼ s cos i1 cos i 01
f1 cos θ1 cos θ 0

1

·
f2

cos α
: (15)

According to the optimal Wadsworth condition, θ 0
1 ¼ 0. f1

and f2 are the focal lengths of front optical system and G2. s
is the width of slit and α is the inclined angle of the imaging
plane. It is also the minimal spectral bandwidth that the im-
aging spectrometer can distinguish on the imaging plane
(the width of slit imaging).

The imaging plane satisfies the parabola equation.
According to Wadsworth condition, the rays of diffraction
of G2 focus on the center of its Rowland circle. As shown
in Fig. 4, the inclined angle α is estimated as follows:

EQ-TARGET;temp:intralink-;e016;63;589α ≈ arcsin
OIcentral −OImin

w∕2
: (16)

From Eq. (3), Wadsworth condition and the basic grating
equation, we obtain

EQ-TARGET;temp:intralink-;e017;326;712

�
OI ¼ R2 cos i 0ð1þ cos i 0Þ−1
gλ ¼ sin i 0

: (17)

Then the inclined angle α can be expressed as follows:

EQ-TARGET;temp:intralink-;e018;326;657α ¼ arcsin

�
2R2

w

��
1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − ðgλcentralÞ2

q �
−1

−
�
1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − ðgλminÞ2

q �
−1
	�

: (18)

For vector triangles AB1M1, AB2M2 and AI1I2:

EQ-TARGET;temp:intralink-;e019;63;522

�
w sinðθ1 þ i 01Þ ¼ dG2I2 cosðθ2 þ i 02Þ − dG2I1 cosðθ1 þ i 01Þ þ d 0

G1G2
cos θ2 − dG1G2

cos θ1
w cosðθ1 þ i 01Þ ¼ dG2I2 sinðθ2 þ i 02Þ − dG2I1 sinðθ1 þ i 01Þ − d 0

G1G2
sin θ2 þ dG1G2

sin θ1
: (19)

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

EQ-TARGET;temp:intralink-;e020;326;465

dw
dθ1

¼ ðR2 cos i 01 þ l cos θ1Þ½1þ cos i 01 þ cos 2ði 01 þ θ1Þ�
cos i 01ð1þ cos i 01Þ

:

(20)

Fig. 7 Modulation transfer function (MTF) curve versus spatial frequency at different wavelengths of
modified tandem gratings spectrometer with oblique incidence: (a) 360, (b) 320, and (c) 280 nm
(color online).
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In vector triangle OI1I2:

EQ-TARGET;temp:intralink-;e021;63;722

(
w ¼ I1I2 ¼ ðOI21 þOI22 − ∠I1OI2Þ12
OI ¼ R2 − ðR2∕1þ cos i 0Þ
∠I1OI2 ¼ ðθ2 þ i2 0 Þ − ðθ1 þ i1 0 Þ

: (21)

Therefore, the spectral resolution can be expressed as
EQ-TARGET;temp:intralink-;e022;63;655

dλ¼ cos i1 cos i 01ð1þcos i 01Þ
R2ð1þ tan i 01∕ tan θ1Þ½1þcos i 01þcos 2ði 01þθ1Þ�cos α

·
sf2

mg1f1
: (22)

3 Design Procedure
A modified tandem gratings spectrometer with bandwidth
ranging from 280 to 360 nm is designed using the CODE
V software in this paper. The optical layout of this
spectrometer is shown in Fig. 4, while its specifications
and performances are listed in Table 1. A charge-coupled
device (CCD) with a size of 13.3 mm × 13.3 mm (pixel

size 26 μm × 26 μm, pixel number 512 × 512) is chosen
in this study. The optimized system has spot size less
than 26 μm, as shown in Fig. 5. To show the result of the
aberration correction for broadband spectral simultaneity,
the root mean square (RMS) spot radius is given as a function
of the wavelength for the modified tandem gratings spec-
trometer, as shown in Fig. 6. The RMS spot radius is less
than 25.7 μm in broadband spectral, and can be enclosed
in a square pixel of 26 μm. The modulation transfer function
(MTF) curves are given as a function of spatial frequency in
Fig. 7. It is clear that the MTF of each field is larger than 0.5
at the Nyquist frequency (20 line pairs∕mm) of the CCD for
central and marginal wavelengths.

Spatial and spectral uniformity are essential properties of
imaging spectrometers. Typical distortion requirements go
down to 20% or even 10% of a pixel for an accurate

Fig. 8 Total smile for different wavelengths.

Fig. 9 Keystone for different object heights.

Fig. 10 Maximum spectral response function (SRF) variation of tan-
dem gratings spectrometer. The 2 curves represent SRFs from 2 dif-
ferent field positions at a single wavelength. The wavelength and field
positions were chosen to represent the worst case (maximum differ-
ence) for all wavelengths and fields.

Fig. 11 Maximum spatial response function (SiRF) variation of tan-
dem gratings spectrometer. The 2 curves represent SiRFs for 2 differ-
ent wavelengths at a single field position. The wavelength and field
positions were chosen to represent the worst case (maximum differ-
ence) for all wavelengths and fields.
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acquisition of hyperspectral data. The total smile for different
wavelengths is shown in Fig. 8. The total smile is symmet-
rical around the center of slit, and increases with the wave-
lengths. However, the total smile is less than 4% of a pixel.
As shown in Fig. 9, the keystone is increased when the object
height is higher. For a single height, the keystone of the mar-
ginal wavelength is larger than central wavelength. The key-
stone is approximately �4% of a pixel. The result
demonstrates that good imaging quality is obtained over
the broad wavelength region by the modified spectrometer
with tandem gratings and oblique incidence, and the results
satisfy the application requirement of the design.

Besides, good spatial and spectral coregistration is also
important criteria for the image quality of imaging spectrom-
eter. Spatial misregistration, caused by keystone and
variations in the point spread function (PSF) across the spec-
tral channels, distorts the captured spectra.13 Meanwhile, a
similar error occurs in the spectral direction (spectral

misregistration, caused by smile and corresponding PSF var-
iations). In order to evaluate the variations in PSF, the maxi-
mum variation of spectral response function (SRF) and
spatial response function (SiRF) is considered in this paper,14

as shown in Figs. 10 and 11. It can be seen that there is a
small variation of SRF (∼4% in terms of half width), and
the SiRF half-width variation is ∼2% in our design. Then
the MTFs of different wavelengths are similar enough to
ensure good spatial coregistration.

A modified tandem gratings spectrometer with oblique
incidence is proposed and designed in this paper. Through
geometric analysis, the structure and spectral resolution of
the modified tandem gratings spectrometer are determined.
Under the same high spectral resolution, F-number and field
of view, the lowest MTF of Offner spectrometer is worse
than that of tandem gratings spectrometer at max, min, and
central wavelengths, as shown in Table 2. The MTF curve of
Offner spectrometer is shown in Fig. 12.

4 Conclusions
We present a modified tandem gratings spectrometer with
high spectral resolution, along with the different ruling den-
sities of the tandem gratings, and astigmatism correction in
spectral broadband. Besides, the central light from the fore-
optics is oblique incident on the spectrometer, which allows
flexibility in selecting the types of gratings, and the grating
of tandem gratings spectrometer is not going to be sensitive
to polarization of the incoming light. The designed method

Table 2 The lowest modulation transfer function (MTF) of tandem
gratings spectrometer and Offner spectrometer.

Wavelength (nm) 360 320 280

Tandem gratings spectrometer 0.655 0.517 0.944

Offner spectrometer 0.642 0.407 0.778

Fig. 12 MTF curve of Offner spectrometer versus spatial frequency with different wavelength: (a) 360,
(b) 320, and (c) 280 nm (color online).
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for correcting astigmatism is developed based on geometric
aberration theory and Wadsworth condition. The anastig-
matic imaging condition and the parameters of tandems gra-
tings spectrometer are also determined. Compared with the
concentric systems, such as the Offner and Dyson imaging
spectrometers, our design is suitable for UV and visible–
infrared remote sensing with high spectral resolution. An
example for the UV band (280–360 nm) is provided to verify
the optical performance of the design in this paper.
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