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Abstract

The research of contemporary hyperspectral system based on the Offner scheme usage of space-based objects
for remote sensing of the Earth with the advantages of compact size and high spatial and spectral resolution.
An algorithm that assists to choose the most effective constructive parameters; a schematic design and com-

putation model of multichannel hyperspectrometer.
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Introduction

There is currently a growing demand on the part of
various authorities for space-based observations, first
of all, for images of objects of interest and areas of the
earth’s surface. A rapid sales growth may be observed
in the international market of remote sensing of the
Earth from space, and the leading space nations conduct
remote sensing of different areas of the earth’s surface for
commercial purposes [1].

It is obvious that when developing high-information
space-borne systems, it is necessary to focus on the most
advanced optical technologies and new methods thus
to solve recognition problems. The fact of proceeding
to hyperspectral images of investigated scenes in space-
borne electrooptical systems and to spectral-topological
image recognition enables to solve, using small
spacecrafts (SC), many of those problems which were
previously solved by heavy spacecrafts equipped with
large-sized panchromatic optical systems [2].

The main idea for hyperspectral systems is a spectral
signature concept, i.e. for any proper material, based
on an appropriate physical structure and chemistry,
the electromagnetic radiation (EMR) quantity to be
reflected, radiated, transferred or absorbed thereby, shall
be changed in accordance with a radiation wavelength.
Based on gathered data, a ‘data cube’ (or an ‘image
cubic model’) which reflects objects and information
inaccessible for conventional multispectral scanners shall
be created. To complete a hypercube, the investigated
scene is usually scanned along the direction of a moving
platform, and the second dimension of the detector shall
simultaneously collect all spectral information [3]. The
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main advantage of this mode is synchronism in a linearly
dispersed spectrum with no post-processing required,
except for correction of atmospheric distortions.

Among all feasible architectures of hyperspectrometers,
the Offner scheme is the most advanced due to its
simplicity, small dimensions and high optical indices. This
paper describes the evolution of the development of this
scheme and considers in detail, due to what modifications
itis possible to achieve a good image quality within rather
a wide spectral range, thus maintaining compact sizes of
the hyperspectrometer [4].

1. The Offner’s mirror anastigmat
The Offner mirror system is a completely reflecting
telecentric system required for obtaining off-axis ob-
jects. It was developed by Abe Offner as a mask plane
relay with respect to the target alignment for optical
printing of integrated circuits.

RCC
Fig. 1. The Offner mirror system
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The mirrors are placed with a center of curvature in
the point P, and they contain off-axis codomains with
their centers in the points O and I (Fig.1). The points
O and I are located on opposing sides of the optical
axis SA at the distance H. A concave mirror forms the
image I of the object O. A convex mirror forms a false
image I in the point O which is reflected by the con-
cave mirror. If the radius of curvature of the concave
mirror is twice as large as the radius of curvature of the
convex mirror, the algebraic sum of optical powers of
reflecting surfaces become zero, because the concave
mirror may produce two reflections.

After that, the system corrects all Seidel aberrations; only
the fifth-order field curvature stays essential, which may
be corrected by increasing the radius of the convex mir-
ror in accordance with the Petzval condition. The system
given in Fig.1 becomes afocal at the height of h, whereby
the focusing or longitudinal interface position errors do
not affect the system power [5, 6].

This combination is free from spherical aberration, coma
and distortion, and when the algebraic sum of degrees
of mirror reflection surfaces becomes zero, the resul-
tant image will be free from the third-order astigmatism
and field curvature. This system is independent from the
spectral region which is used in the imagery, and the con-
trast range therein is uniformly high and substantially
constant within the whole field region.

To perform as a dispersion spectrometer, the second
convex mirror in the Offner projection system was re-
placed by a convex diffraction grating, the grooves of
which were parallel to an entrance slit. Usually, in sim-
ilar schemes, the increase of spectrometer dimensions
for a proper size of the slit can reduce a field slope an-
gle, so it may result in the reduction of field aberra-
tions, such as astigmatism. M.P.Chrisp [7] proposed
to replace the first concave mirror by two individual
ones Miand M2, thus having arranged all spherical
elements on certain Rowland circles, which intersect in
a single center of curvature and in the field of the false
image of the diffraction grating. Centers of curvature
of the mirrors and the grating, as well as a focal plane
and a slit center are to be placed in the same plane. Ra-
dii of curvature for the mirrors M1 and M2 have been
selected independently of one another and are equal to
Ri=2Rgrcos(a/2)and R2 = 2Rgrcos(B/2) , respective-
ly, where Rgris the radius of the diffraction grating,
and o and B are the angles between the incidence and
reflected beams at the poles of the convex mirrors.
Taking into account these modifications, the aberra-
tions of defocusing, astigmatism and coma are to be
corrected with no increase of the spectrometer size re-
quired for the given slit size. Thus, the spectrometer
compact size is maintained, that was hardly achieved
in standard spectrometers providing herewith a good
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quality of spatial and spectral images on the detector’s
focal plane.

2. The multichannel hyperspectrometer
It is a good practice to use a blazed grating (with a
small blazing angle) in contemporary spectrometer
systems, since it possesses the property of high energy
concentration in a certain spectral order (up to 90%).
This grating can’t be obtained by threading with a rul-
ing machine, because a tool angle can’t be continuous-
ly changed within each groove [8]. The electron-beam
lithography approach offers comparatively a new
method to fabricate gratings on convex planes, which
make it possible to control a groove form in order to
provide the given curve of diffraction efficiency and to
develop multi-panel gratings of arbitrary shapes, in-
tervals and number of grooves. Several blaze regions,
being completely flexible in their shaping, can easily
be used in designing [9-11].
Manufacturing of these gratings makes it possible to
create the multichannel hyperspectrometer based on
the above scheme. It includes one or more entrance
slits one per each input channel. The light transmit-
ted through the slits is reflected by the first concave
mirror to the convex grating which dissipates the light
into two respective spectra. Being reflected from the
second concave mirror, the spectra shall come on an
image sensor. The entrance slits are displaced on Y-ax-
is with respect to each other. Resulting from this dis-
placement, the obtained spectra are separately reflect-
ed on the image sensor, so that at least the respective
parts of two spectra do not overlap and may be sepa-
rately imaged by means of the image sensor.
The entrance slits are also displaced horizontally on
X-axis with respect to each other. As a result of this dis-
placement, the light falls from two input channels on
the convex diffraction grating at the respective different
incidence angles o, and o, (Fig.2). The contrasting in-
cidence angles o, and o, result to the fact that various
light wavelengths will be diffracted at various diffraction
angles o’ from the diffraction grating in accordance with
the following diffraction grating formula [12]:
sino+sino’ =kim, @)
where o is the incidence angle, o' is the diffraction an-
gle of the maximum order k, 2 is the wavelength of a
diffracted beam and m is the number of grooves per
unit length (m =1/b, where b is the distance between
neighboring grooves). It follows from this formula
that the light with a larger wavelength is diffracted at
relatively small angles such as a, , whereas the short-
wave light is diffracted at relatively large angles, such
asa, . The light reflection from each grating groove
shall produce an individual light beam. Occurrence of
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the constructive interference shall increase the given
wavelength intensity if the distance between two
parallel beams differs in length by a wavelength
integer multiple, whereas the destructive interfer-
ence shall usually cancel other light wavelengths.
Thus, the beams reflected at other angles shall ba-
sically contain the light of other respective wave-
lengths, and rays of the parallel light beams shall
mainly contain the same light wavelength. The
light obtained from the first slit, which was diffract-
ed at each angle o', has a larger wavelength compared
with the light transmitted into the second slit and dif-
fracted at the same angle o',

Concave mirror 1

Entrance

Entrance
shit 1

Convex grating

Image plane

Concave mirror 2
Fig.2. Spectra imaging. Cross-sectional view of a hyperspec-
trometer’s part.

As is shown in Fig. 2, each dispersive spectrum shall
account for an infinite number of diffraction angles
of two different wavelengths of the diffracted light
(as example of o[, o}, a} and o} ). Resulted from the
light diffracted from the first slit, the first spectrum is
formed in the plane of the image sensor, and the sec-
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ond spectrum is formed from diffraction of the light
transferred from the second slit.

3. Calculation theory
The geometric calculation of the system may be per-
formed by means of the wave front decomposition in me-
ridian and sagittal sections with a coordinates system in
the center of curvature of the mirrors.
The meridian image of a point object obtained by a re-
flection grating shall satisfy the following equation [13]:
2 2

CoOS” @ COoS o coso+cosa’
t——= 2
r I, R
and the sagittal image shall satisfy the following equation:
1 coso +cosa
= 3)
r r R

S

Fig.3. Positioning meridian and sagittal images through
the grating for an imaginary object point
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In these equations R is the radius of curvature of the
diffraction grating;r; and r; are the distances from
the main beam incidence point to the grating prior to
the object, both in the meridian (r,, ), and sagittal (r,)
image points (see Fig. 3). This particular configuration
shall meet the Rowland condition [14]:

r=Rcosa=r1, =Rcosa’ “
In this case the object and its meridian image lie in the
circle of R/2 radius, which contain the center of curva-
ture of the grating and the entrance slit (the Rowland cir-
cle), as is shown in Fig. 3.

However, as can be seen from the equation (3), the sag-
ittal image does not lie in this circle, that makes astigma-
tism the most important aberration. From ACB and ACD
triangles, using the sine theorem, we obtain the following:

1 cos(p—a)

r Rcoso
1 cos((p; —oc’) (5)
" Recosg!
|
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Replacement of the formulas (5) in the equation (3) re-
sults in the following invariant (K) for the sagittal image:

(6)

A sufficient criterion for the Rowland condition
proposing the image without coma is the fact that
the object point and, at the same time, final and
intermediate images were in the Rowland circle of
each element, subject to the condition that the ob-
ject point is arranged in the first Rowland circle. Let
us consider this condition in a geometric shape. Fig.
4 shows the Rowland circle consisting of three el-
ements, the center of total curvature (C), and the
object point (O) and both (IM) meridian images
(intermediate and final) are situated in these circles.
The object is placed in the first Rowland circle, if
the angle between CO and the main beam is equal to
n/2. This follows from the trigonometric property
which reads that the triangle is right if its hypote-
nuse is the diameter for its escribed circle.

. o, ,
K =sinotan ¢ = —sin o’ tan @,

Fig.4. The Rowland circles indicating the location of the meridian image
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Having taken the AOCG tetragon, we obtain the fol-
lowing:

g—Zocl +(n—a2)+g+q):2n:>(p:0c2+2ocl'

@)

Note that o, < 0. Besides, the CO distance can be writ-
ten as follows:
CO=R;sina, =-R,sina,, (8
where the last equation holds true, since the first and
the second Rowland circles intersect in the meridian
image of the main mirror. In the same way we obtain
the following mathematical conditions for the final lo-
cation of the meridian image:

Y ’ T ’ ’ ’
5—2(13 +(n—oc2 )+E—(pm =2n= ¢, =a) —2da; (9)

CI,, =R, sina) =R5sinoy (10)

We can correlate amplitudes of both object points and
the final sagittal image with the angles of incidence
and refraction on the grating using the following
equation (6):

sina, tan @ = —sin ) tan @ (11)

On the other hand, radial locations of the sagittal im-
age may be correlated with meridian points as follows:

c=—Cm (12)
o5 (91, —0!)
Having tracked location of final meridian and sagittal
images, it would not be difficult to identify astigma-
tism as the distance therebetween:
A = CIsin(¢p, —¢{) (13)
Therefore, the condition for achieving zero astigma-
tism for the given wavelength (which may be taken as
a mean from the spectral range of the spectrometer) is
as follows:
0'=0; =9y, =y —20; (14)
If that is so, then it is clear from the above equation
(12) that:
Cl=Clp = CI; (15)
Due to dispersion of the diffraction grating, the
meridian and sagittal images are considered, in
actual truth, to be the curves in place of the points.
The above equation (14) ensures only zero astig-
matism along the wavelength A , where the curves
intersect. Having made the meridian and sagittal
curves tangential to each other on the wavelength
L, we can eliminate astigmatism for other wave-
lengths. Mathematically, the tangency condition
means that astigmatism (the distance between the
curves along the main beams) gives at least the
second wavelength order. Thus, we can assume

the followir(li%: )

dA P — P

- =0=>—-F— =0 (16)
il doy |

where we use the equati%zns (13) and (14). A derivative
of the meridian angle is determined by the equations

(9) and (10):
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do,

e (17)
daty tan o)
whereas the equation (11) enables to obtain the fol-
lowing: ,
d(pf __sing cos ?os (o} . (18)
do) tan o,

Connecting the last two equations and using
the above formula (14), thus to exclude o)
, let’s write the above equation (16) as fol-
lows: o
an(@ +20,) ~ 2 tan, + 2029 _g

(19)

The first and the second members may be written as
the functions of tan@'. After some algebraic trans-
formations to be made, the cubic equation through
tan @’ will be as follows:

L 3= L2 =
sin” a _, I+2sin"oy 5,

: +tang - tan, 005(253)'[an2 ¢ +—tan ¢ =0
2

€OS 0l
This (20) equation has only one real solution
for tang’ .The n-order solution is as follows
(21):

n’a, 1+2sin’ @,

+ tan oty cos(20t;) tan’ [N tan’ [

_, si
tan g, = ———
COS Ol
at ¢y =0. For typical values a5 (o3 <30°), @'is
less than 0.1 rad; hence, it may be quickly solved
using the iteration method [15].
To accomplish theoretical calculations for the
hyperspectrometer Offner the final ratio is to be
derived connecting the spectrometer size with the
period of diffraction grating. We can find a max-
imum permissible grating width using the follow-
ing formula:

Lmax = 2R2 ‘\‘/

The grating radius R, shall be selected in accor-
dance with its dimensions and a minimum half width
of the hardware function to be achieved.

A spectral instrument is characterized with a value
called the ‘linear dispersion’:

(dl/d)\‘)mm = kagr (23)
where d2 is the length of the selected spectral range
and dl is the width of a radiation receiver.

The dispersion shall reach its minimum value near-
by a normal to the grating; in this region it depends
almost not at all on the light wavelength; this spec-
trum is called normal. If we know the linear disper-
sion, we may calculate the period m required for dif-

fraction grating as follows:
m=_dn (24)
di-R,

2AM

r-sin“ o, +1;, -sin

22
2 a’z ( )
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4. Mathematical simulation
of the hyperspectrometer

We have chosen a focal number f/4 because this is
a standard value for this type of imaging spectrom-
eters [16]. In the case of our hyperspectrometer, it
was accepted that the diffraction grating was man-
ufactured based on the e-beam lithography tech-
nology, and it has a triangle profile with a small
blazing angle [17-19]. In designing a grating pro-
file we used PCGrate-S(X) software, the algorithm
of which was developed using the electromagnetic
theory [20]. A relief depth is determined based on
optimization of diffraction grating efficiency for the
specified spectral range.

Some combinations of sensors manufactured by var-
ious technologies, each for its own spectral range,
may be used as radiation receivers. The radiation
receiver may be also of a monolithic-type and would
consist of several parts, where every part is manu-
factured by different technologies, for example, one
part of the receiver may be made of silicon-based
elements, and the other part is made of InGaAs/
InP elements. Physical parameters of the selected
radiation receivers are 6.6*8.8 mm. The slit length
of each channel corresponds to the detector spatial

Surface type Radius R, mm
Object plane o0

1. Standard -147,21
Coordinate brake -

STO Diffraction grating -75,43

3. Standard -141,18
Image plane o0

The calculation results are given in Table 1; here,
the distance CO for the first slit is equal to 43.61
mm, for the second slit — to 49.27 mm. The sim-
ulation results are given in Fig. 5-6. Fig. 5 allows
us to evaluate point aberration images in the image
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size.

A general calculation procedure for calculating
design data shall be conducted as follows. First,
we shall establish the angle @, sufficient to avoid
vignetting and maintaining a safety allowance; it
was selected as being equal to 15°. Then, using the
above formulas to be applied in the following order:
(21), (14), (24), (1), (22), (11), (10), (15), (7). (8),
the system was calculated for the first slit with the
range of 400-1100 nm having assumed the central
wavelength being equal to 750 nm. After that, hav-
ing calculated parameters for the center wavelength
from the second range of 1000-1700 nm, and hav-
ing resolved an inverse problem for the mirror radii
calculated for the first slit, we shall obtain values for
the location and the slope of the object plane of the
second slit. As demonstrated below, this slope angle
will be common for both slits. The calculations were
made using MS Excel software (it was selected due
to its calculating simplicity using the iteration meth-
od), and then we used the obtained design values
for simulation in the software package to analyze
and design optical systems — ZEMAX [21].

Table 1. Basic design data

Thickness d, mm Glass
140,6 -
-71,78 Mirror

- - /1,67°
65,75 Mirror
-146,27 Mirror

plane for the wavelength of 1 um in field points for
the first slit: -8.8 mm; -4.4 mm; 0 mm; and for the
second slit: 1 mm; 5.4 mm; 9.8 mm, with regard to
two-dimensionality of the slits (the slit width was
selected as being equal to 12 um).
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0 1004927 0 3540;49.27 0 980;4927
1 -1,00; -35,708 1-5402; 35,70 1-9,80; -35,689
RMS-rad: 5,707 RMS-rad: 6,622 RMS-rad: 8,858

0 1,00; 4928 0 340,498 0 90,4928
I -1,00;-3572 1-5,402;-35,715 1 -9.80;-35,701
RMS-rad: 5,729 RMS-rad: 6,644 RMS-rad: 8,884

Fig.5. Point aberration images in the image plane for the
wavelength of 1 um. O is the object (slit), M is the image (on a
matrix), the coordinates are given in mm. RMS-rad is the root
mean square radius spot, in ym

Fig. 6 shows the obtained spectra of two channels in
the image plane (detector).

1,0
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Fig.6. The spectra obtained in the image plane. The wave-
lengths are given in um (on the right)
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As can be seen, both spectra, the 1%t and the 2"
ones, being obtained with two entrance slits,
shall have various ranges of wavelengths, re-
spectively, notwithstanding the fact that both
spectra shall disperse from the diffraction grat-
ing at similar angles. The general wavelength
range for the spectra of these two channels is
more than the wavelength range in the spec-
trum of any, no matter which, channel. If a
light source comes on both entrance channels,
the light may be analyzed within a wider spec-
tral range than when using a conventional, i.e.
one-channel, dispersion spectrometer.

Based on the simulation modeling results, it was
shown that this scheme may be applied when de-
signing the most advanced multichannel heper-
spectriometers. Its advantages, i.e. compact sizes
and small weight, high light-gathering power and
considerable correction of aberrations, as well
as work with comparatively wide spectral range
and high spatial resolution, enable to obtain
high-quality hyperspectral images to solve a wide
range of problems.
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