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Tandem gratings of double-dispersion mount make it possible to design an imaging spectrometer for the
weak light observation with high spatial resolution, high spectral resolution, and high optical transmis-
sion efficiency. The traditional tandem Wadsworth mounting is originally designed to match the coaxial
telescope and large-scale imaging spectrometer. When it is used to connect the off-axis telescope such as
off-axis parabolic mirror, it presents lower imaging quality than to connect the coaxial telescope. It may
also introduce interference among the detector and the optical elements as it is applied to the short focal
length and small-scale spectrometer in a close volume by satellite. An advanced tandem Wadsworth
mounting has been investigated to deal with the situation. The Wadsworth astigmatism-corrected
mounting condition for which is expressed as the distance between the second concave grating and
the imaging plane is calculated. Then the optimum arrangement for the first plane grating and the
second concave grating, which make the anterior Wadsworth condition fulfilling each wavelength, is
analyzed by the geometric and first order differential calculation. These two arrangements comprise
the advanced Wadsworth mounting condition. The spectral resolution has also been calculated by these
conditions. An example designed by the optimum theory proves that the advanced tandem Wadsworth

mounting performs excellently in spectral broadband. © 2012 Optical Society of America

OCIS codes:  120.4570, 120.6200, 300.6190.

1. Introduction

The important merits of the concave grating spectro-
meter range from simplicity of the mounting to high
efficiency. Scientists in many fields of physics such as
astrophysics, planetary atmospheres, plasma phe-
nomena, aeronomy, and Raman and laser-induced
spectroscopy, take a particular interest in the devel-
opment of imaging spectrometers with concave
grating [1,2].

The ideal imaging spectrometer possesses the
following characteristics: high spatial resolution for
excellent imaging quality in all observing waveband,
and high spectral resolution for distinguishing spec-
tral lines with extraordinary narrow intervals [3].
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A primary problem for the concave grating mounting
used for imaging spectrometer is to reduce the astig-
matism for all wavelengths [4,5]. The classic toroidal
uniform linespace grating and spherical varied line-
space grating Rowland spectrometer can make stig-
matic imaging at a single wavelength. The modified
Rowland mount with toroidal varied linespace grat-
ing and type III holographic concave grating, respec-
tively, allows two and three stigmatic points within
the observed spectral region [6—8]. Another stigmatic
concave-grating spectrometer is the Wadsworth
mounting. The anastigmatism and freedom of coma
of the arrangement are valid for one special wave-
length [9], which is usually the central wavelength.

The common shortcoming of the above designs is
that stigmatic images can only be obtained in some
individual wavelengths. When these designs are
used in spectral broadband, the astigmatism will



increase rapidly for other wavelengths and it will
reduce the imaging ability of the spectrometer. Some
special surface diffraction gratings such as parabolic
grating are introduced to solute the problem [10].
Another problem is that when these designs are
requested for high spectral resolution, the grating
ruling density must be manufactured very high. It
will also decrease the broadband imaging ability of
the spectrometer and improve the difficulty of the
grating manufacture, especially for special surface
grating.

When the imaging spectrometer is carried by
satellite for upper atmosphere observation, it must
provide stigmatic imaging over the spectral broad-
band with a small-scale structure. It should have
high spatial resolution to study observation target
features with minute spatial extents, and high spec-
tral resolution to distinguish a large variety of close
spectral lines simultaneously. The volume and
weight of the spectrometer are developing toward
close and light.

In Brueckner and Nakada’s study [11,12], double-
dispersion tandem Wadsworth mounting spectro-
meter has been studied to provide stigmatism image
in spectral broadband with two merits. First, the dis-
persing properties of the first grating permit the light
bundle ofeach wavelength to enter the feasible portion
where it can be diffracted along the local normal of
the second grating. The characteristic makes the
mountingsuitable forbroadband stigmatismimaging.
Second, two tandem gratings will supply large disper-
sive power and avoid the stray light.

Brueckner has given one group of appropriate gen-
eral solutions to the tandem Wadsworth mounting.
In his study, the two tandem gratings are symmetric
and tangent the same circle with radius R. R is also
the radius of curvature of the concave grating. The
two principal mountings in the discussion are indi-
cated in Fig. 1.

Figure 1(a) shows a specialized symmetric tandem
Wadsworth mounting. O is the vertex of the two
concave gratings. The center of the slit and the center
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of the first grating O are located at the same line. In
this situation, the mounting is arranged at normal
incidence or as near normal incidence to satisfy the
Wadsworth condition as possible. The residual astig-
matism difference is very small.

Figure 1(b) shows another tandem Wadsworth
mounting. In the mounting, the first plane grating
is placed in the collimating light. The plane grating
plays the collimator and the concave grating is the
camera. The plane grating is also tangent the circle.
O is the center of curvature and is located at the
central light of the plane grating. The astigmatic dif-
ference of this mounting is zero for all wavelengths in
the arrangement. The bundle of entrance light may
not be strictly collimating. It will introduce aberra-
tions and decrease the imaging quality. The design
can be used as a slitless spectrometer. When it is
used for a slit imaging spectrometer, a collimating
mirror such as an off-axis parabolic mirror is in-
serted. It wasn’t discussed further in Brueckner’s
study.

The demerits of these designs happen in two as-
pects for the close, small-scale, and short focal length
spectrometer in the application of upper atmosphere
observation. First, when the spectrometer is applied
to faint light detection such as extreme or far-
ultraviolet ionosphere observation by satellite, it
usually adopts the off-axis parabolic mirror as the
telescope [13]. The form of the telescope guarantees
the required optical energy transmission efficiency. It
makes the incidence light on the spectral imaging
system off axis, and brings larger off-axis aberrations
than normal incidence. In this situation, the symme-
trical tandem mounting is no longer suitable for
eliminating the astigmatism difference. The imaging
quality will decrease as the observation waveband
gets wider and the off-axis amount gets larger.
Second, in practical engineering applications, these
tandem designs are more suitable for long focal
length and large-scale spectrometers in general.
When these sort of tandem designs are used for
the close size spectrometer, the distance between
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Fig. 1. Two principal tandem Wadsworth mountings. (a) Mounting is composed of two concave gratings of which curvature of radii and
the ruling density are equal. (b) Mounting is composed of a plane grating and a concave grating of which the ruling density are equal.
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the first grating and the second grating is too long to
fulfill the requirement of the volume and the weight,
and it will bring interferences among the optical ele-
ments, the entrance pupil, and the detector.

To solve the above problems, an advanced tandem
Wadsworth mounting is designed in the article. In
our design, the two tandem gratings don’t tangent
the same circle. They locate in a much shorter dis-
tance than the traditional tandem mounting. It
can save much volume and weight in the spectro-
meter and eliminate astigmatism in any broadband.
In Section 2, we analyze the astigmatism difference
in the tandem Wadsworth mounting and obtain
the optimum Wadsworth condition. In Section 3, the
optimum arrangement of the advanced Wadsworth
mounting is calculated by analysis of geometric light
path and first order differential calculus to satisfy
the spectral broadband imaging conditions. An ex-
ample for 120-180 nm based on the optimum theory
is presented in Section 4. The analysis of the spectral
resolution of the design is shown in Section 5. The
summary is given in Section 6.

2. Analysis of Broadband Astigmatism-corrected
Tandem Wadsworth Mounting Condition

According to Brueckner’s study, the ruling density
and radii of curvature of G; and Gy are assumed
to be the same in order to simplify the discussion.
The meridian focal distance and the sagittal focal
distance of the grating in Wadsworth mounting are
given by Beutler [14]:

I = [(cos i + cos 0) /R - cos?i/r|Lcos® 0 1)
r, = [(cos i + cos 6)/R - 1/r]! '

where r is the source distance, i and 6 satisfy the
grating equation d(sin I + sin §) = m4i, and R is
the radius of curvature of the grating. For the first
grating, we have r = r{, and R = R;. In our design,
the advanced tandem Wadsworth mounting is com-
posed of a plane grating and a concave grating. So
R{ = o and r = «. Ry is the radius of curvature of
the second grating. Taking into account the distances
between the two gratings from Fig. 1, and using the
corresponding parameters to substitute for the origi-
nal parameters in Eq. (1), the meridian and sagittal
distances at the final image plane can be indicated
from Fig. 2.

d et = dpc — 1, = Ry cos? 61(cos iy + cos 0;)7
dgc1 = dpc — 1}, = Ro(cos iy + cos 0;)7! '

)

The parameters r},, and r}, are the meridian and
the sagittal focal distances of the first grating,
respectively. The relative astigmatic difference can
be extinguished by the following formula:

|d,c1 — dscr| = Ra(cos? 61 — 1)(cos iy + cos 07)"L = 0.
3)
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Fig. 2. Tandem Wadsworth mounting. G is the first concave grat-
ing with the radius R;. G4 is the second concave grating with the
radius Ry centered at N. O is the normal of G¢, and N is the local
normal of Go. The wavelength A and the wavelength A’ are pre-
sented in different lines. i and @ are the incident angle and the
diffraction angle of G, respectively, which satisfy the grating equa-
tion for the wavelength 1. i; is the incident angle of G, for the same
wavelength 1. dpc is the distance between the local vertex A and C.
m and s stand for the meridian and sagittal focal planes, respec-
tively. d,,,c1 and dycp are the meridian and sagittal focal distances
from the local vertex of G5 to the imaging plane, respectively.

When 6; =0, the astigmatic difference for all
wavelengths of our mount is zero. It also means that
the images of all wavelengths from the first plane
grating fall on the local normal of the second grating.
We have the optimum Wadsworth condition:

dpc1 = dgcr = Ry(cos iy + 1)L 4)

To ensure the light bundle of each wavelength dis-
persed by the first plane grating to incident on the
relative portion of the concave grating to satisfy the
condition, the two gratings must be put at the proper
position. In the following section, we will discuss the
advanced Wadsworth arrangement conditions.

3. Analysis of Advanced Tandem Wadsworth Gratings
Arrangement

It should be known that the off-axis aberrations
brought out by the telescope and the collimating mir-
ror have been included in the collimating light which
was incident onto the plane grating A. These off-axis
aberrations increase with the increasing of the off-
axis amount. The amounts are reflected by the off-axis
angle of the telescope and the collimating mirror. And
the influence of these amounts is introduced in our
following analysis by the incident angle ¢.

As in Fig. 3, O is the center of curvature and R, is
the radius of curvature of the second concave grating.
I; and 6; satisfy the grating equation. AB,C; is the
light path from the first plane grating to the imaging
plane for the central wavelength A, which is indicated
as Lgige + Lgor- ABoCy is the light path for different
wavelength 1" as Li;, ;o + L. 7 is the angle between
the light diffracted from the second concave grating



Fig. 3. Diagram of the output of the advanced tandem
Wadsworth spectrometer, showing the central ray 1 and a ray with
slightly different wavelength 1, of which displacement on the
imaging plane is s.

and the normal of the imaging plane. The geometric
method and the first-order differential calculation
will be introduced to obtain the optimum gratings
arrangement to satisfy the astigmatism-corrected
tandem Wadsworth conditions in Section 2.

The relationships of each vector in two vector
triangles AB;0 and AB,O are obtained in Fig. 3:

D T e
OA = OB, -AB; = OBy —AB,, (5)
where
H .
ABl = [-Lg,q, cos 61,-Lg, g, sin 64] ©)
A32 = [-Ly G,G, €08 O2. -Ly 616y sin 52]
and
OBl = [—Rg COS((sl - ll) —Rz Sln(51 - l’l)] (7)

OBQ = [—Rg COS((SQ - l2) —Rz Sln(52 - lg)]

dLGle
dé;
The next step is to find dLgo;/dS; by using rela-

tionships of the vector triangles AB;C;, AByC,,
and AC,C,. We have

= LG1G2 tan il‘ (10)

— — ——>
C1B1) - (ABy - C2By).
(11)

—_—> _—> —> —>
CQCI == ACI —ACQ == (ABI -

The coordinate values of vectors are indicated
as

>
C2C1 = [—S . sin(y + 52 - i2 - 92),8
- cos(y + 8 — iy — 69)], (12)

—
AC; = [-Lg,q, cos 6,

+ Lg,1 cos(iy + 61 - 61),—Lg,q, sin 6;
- L, sin(iy + 01 - 61)], (13)

—
AC, = [_Lbla2 oS &y
+ L,y cos(iz + 03 = 82),-Lg g, sindy

- Lg,; sin(ig + 03 = 55)]. (14)

Then Eq. (15) is obtained:

Then we have

Lg,q, cos 61 — Ry cos(61 —i1) = L’GIG2 cos 69 — Ry cos(69 — i9)
LGIGZ sin 51 —R2 sin(51 - ll) = L,Gng sin 52 —Rz Sin(52 - l2) :

®

We differentiate Eq. (8) with respect to §; and

evaluate resulting expression at the central
wavelength,
di L
a4 GG 9)
dél R2 COS 17
and

—s-sin(y + 61 —iy —01) = Lg,7 cos(iy + 601 —51)
—L,GzI cos(ig + 09 — 89) — L, g, cOs 63 +L,G1G2 €OS Og

S COS(}/ + 51 - il - 61) - _LG2] Sin(il =+ 01 - 61)
+L,(1‘21 sin(iy + 6 — 82) — Lg, ¢, sin 6 + L,G1Gz sin &y
(15)

We differentiate Eq. (15) with respect to §; and eval-
uate the resulting expression,

dLg,; [sin(6; — 1) — cos(61 — i1)]Lg, 6, — La,1 [LGzler (cos I-cos 01) _ cos L] [sin(i; + 07 — 81) + cos(iy + 61 — 61)]

cos 64 cos 0

. (16)

dé; [cos(i; + 01 — 1) — sin(i; + 67 — 61)] cos iy
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In the previous discussion, when the astigmatism-
corrected tandem Wadsworth conditions are satis-
fied, Lg,; = Ro/(1 + cos i;)! and the angle 6 is zero.
It can be differentiated with respect to 6;:

dLGzI _ 8LG21% _ R2 sin il %
d51 - 811 d51 o (1 + cos i1)2 d(Sl

_ _Besingy . ( __Lae, ) an
(1 + cos iy) Ry cos iy

By combining Egs. (16) and (17), we obtained the
following equation:

tan y - cos i1(1 + cos iy) + sin i;
2 tan y(1 + cos i1) + tan iy

Lo, = Ry. (18)

The optimal grating arrangement in our advanced
design to obtain excellent imaging quality in broad-
band can be expressed as two distances:

L __ tan y-cos iy (1+cos i;)+sin iy
{ G1Gs — " 2tan y(14cos i;)+tan i; 2 . (19)
LGZI = Rz/(l + cos il)_l
In general, the angle y is always very close to 0, so
tan y = 0. The optimal conditions can be simplified as
LGng = COS ilRQ
{LGZI = Ry/(1+ cos i)™ 20

The first formula in Eq. (20) implies di;/dé; = 0
[in Eq. (9)]. It means that the incidence angle i;
of the first grating is independent of the diffraction
angle §; of the second grating, when y = 0.

4. Example

An example to verify the above design theory is given
as follows. The imaging spectrometer is used for iono-
sphere observation in 120-180 nm. By the require-
ments of the scientific ionosphere application in an
orbit of 830 km, the main parameters of the spectro-
meter are in Table 1.

The general layout of the imaging spectrometer is
shown in Fig. 4.

The main parameters of the design are listed in
Table 2. The optical system design program
ZEMAX is used to simulate and analyze the optical
system [15].

To show the importance of the best distance be-
tween the plane grating and the concave grating

Table 1. Parameters of the FUV Imaging Spectrometer

Parameters Value
Spectral range 120-180 nm
Spatial resolution/mrad 0.4
IFOV/° 4x0.12
Pixel/pm 25 x 25
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Fig. 4. Layout of advanced tandem Wadsworth mounting FUV
imaging spectrometer.

Table 2. General Characteristics of the FUV Imaging

Spectrometer

Parameters Values
Telescope

Radius of curvature 200 mm
Entrance diameter 16 mm
Off-axis amount 20 mm
Collimating mirror

Radius of curvature 200 mm
Off-axis amount 20 mm

First grating

Ruling density 1200 line/mm
Incidence angle 15°
Lig2 236 mm
Second grating

Ruling density 1200 line/mm

Radius of curvature 250 mm
Incidence angle 10.8°
LG21 126 mm

for obtaining excellent manifestation over the spec-
tral broadband, we compare the variation of RMS
spot radii with changes of the wavelengths in differ-
ent arrangement. According to the comparison in
Fig. 5, it is obviously that when Lgige is adjacent
to cos iyR, outstanding imaging quality will be ob-
tained over the whole wavelength region. However,
if Lgige > cos ioR or Lgige < cos ioR, excellent ima-
ging quality will only be achieved in the vicinity of
the central wavelength, and the best imaging quality
of different fields happens in different position of
each wavelength.

In Fig. 6, the modulation transfer function (MTF)
of the margin and central wavelengths in each field is
larger than 0.65 at Nyquist frequency (20 lp/mm). It
indicates that our optimization will obtain excellent
imaging quality at the imaging plane.

5. Analysis of Spectral Resolution

According to Eq. (15), by differentiating with respect
to 51, another expression can be obtained:
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Fig. 5. RMS spot radius versus wavelength in different values of Lgigo.

ds cosy sin y sin i;
—=|1+ - - - — |La,6,
dsy cosi;(1+cosiy) cosiy(l+cosiy)
_R2 sin i s-inZy. @1)
(1+cosiq)

Equation (21) can be simplified with the optimal
condition Lgiqe when y = 0:

ds _ R(1+ cos iy + cos?iy)

ds, (1 + cos i7) ' (22)
Here we have
dé; di dé,
ds ds di’ 23)

In Eq. (23), dé,/d4 is the angular dispersion which
is decided by the first order differential grating
equation:
d(Sl m
di ~ dcos sy’ @4
where d is the ruling density of the grating. With
Eqgs. (22), (23), and (24), we have

dl_@.ﬂ_ (1 4 cos 1) .dcosél

ds  ds dé; R(1+cosiy+cos?iy) m

(25)

In Eq. (25), d1 is the minimal spectral interval which
the spectrometer can recognize. It can be considered
as the spectral resolution of the spectrometer. ds is
the width of the slit imaging on the imaging plane
corresponding to dA. It is represented as Eq. (26)
by the analysis of the optical system in Fig. 3:

ds — fa cos {

f1cosdy (26)

In Eq. (26), f1 and f; are the focal lengths of the col-
limating mirror and the focusing mirror. b is the
width of the slit. £ and 6; satisfy the grating equation.
The spectral resolution of the advanced imaging
spectrometer is

(14 cos iy) d cos 5;
di= . -d
Ry(1 + cos iy + cos?iy) m s
(1 +cosiq)cos( dfs b @7

- (1 + cos i1 + cos?iq) "mRof1
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Fig. 6. MTTF of the advanced tandem Wadsworth imaging spectrometer under central and marginal wavelengths in each field of view.

According to the given values of each parameter of
the design, the spectral resolution of the advanced
tandem Wadsworth mounting is 0.53 nm.

6. Summary

An astigmatism-corrected imaging spectrometer
with advanced tandem Wadsworth mounting has
been designed. The design is suitable for small-scale
and off-axis incidence imaging spectrometer, espe-
cially for weak light observation by satellite. The
optimum geometric locations of two tandem gratings
and the imaging plane have been obtained by astig-
matism analysis, the geometric and first order differ-
ential calculation, for excellent broadband imaging.
The analysis indicates that the imaging quality in
broadband is mainly related to the two optimal dis-
tances between the first plane grating and the second
concave grating, and the second concave grating and
the imaging plane, when the ruling density and radii
of curvature of gratings are decided. An example for a
120-180 nm imaging spectrometer is designed based
on the optimum theory. We also analyze the spectral
resolution of the sort of the advanced tandem
Wadsworth mounting imaging spectrometer. The
design results present that the advanced tandem
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Wadsworth mounting has high spatial resolution
and spectral resolution in broadband. The design
concept and theory can be adapted to a wide
range of relative applications in many other
wavebands.
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