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Abstract- For hyperspectral imaging, diffraction gratings based spectrometers exhibit high spectral resolution and optical performance.
Among those spectrometers, the Offner type (which consists of an entrance dlit, two concave mirrors and convex grating) offers a lot of
advantages. I n this paper, we propose the design and modelization of a convex grating which covers a spectral band ranging from 0.7 um to
5 um with a minimum diffraction efficiency of 20% at 800 nm, 50% at 3000 nm and 25% at 5000 nm. For a so wide band, a grating with a
single blaze cannot satisfy these requirements. We will therefore propose an approach of multi-blaze grating which is subdivided into
different sections each with its own blaze angle. Meanwhile, we perform the diffraction efficiency prediction using the scalar and rigorous
theories to prove the compliance of this design with the technical specifications. The rigorous theory will also allow us to study the
polarization sensitivity of this grating and the calculation of the diffraction efficiency of a grating with a profile degraded by manufacturing
errorsto assess theimpact on the diffraction efficiency and the sensitivity to polarization.
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I. INTRODUCTION

Hyperspectral remote sensing has been definedhas “t
field of study associated with extracting informatiabout an
object without coming into physical contact with[1f. It
combines two sensing modalities: imaging and spewtry.
An imaging system captures a picture of a remoenec
related to the spatial distribution of the powerreflected NASA platform or HyspIR[5], but also for the imagin
and/or emitted electromagnetic radiation integratacer spectrometer for planetary mineralogy[6], EnMAP[7],
some spectral band. On the other hand, spectrometry CHRIS (on board proba-1)[8].

accept a long slit while maintaining a compact sael need
only three optical surfaces. The use of this debagresulted
in imaging spectrometers with extremely low valuek
spatial-spectral  distortion[4]. Most land obseroati
hyperspectral instruments are based on Offner gorstion.
This is the case of the Hyperion instrument on 8da®©-1

measures the variation in power with the wavelength
frequency of light, capturing information related the
chemical composition of the materials measuredRiir
study focuses on this second part proposindesign of a
convex grating for the hyperspectral imager specgter of
the Chandrayaan 2[3] instrument which covers a tsplec
range from 0.7um to 5 pum with diffraction efficiency
described in section IV.Eor spectrometry, an optical system
with convex grating in Offner configuration demaases a
high performance with a compact volume.

[I. CONVEX GRATING SPECTROMETER IN
OFFNER CONFIGURATION

An Offner grating spectrometer design requires uke
of convex blazed grating that can be produced tipnguwor
diamond turning. It consists of a slit, two concawérors
and a diffraction convex grating between them. Biseaof
the asymmetry introduced by grating diffraction,split-
Offner design is employed, where orientation of ta®
mirrors is slightly asymmetric. This configuratiaffers a
larger field of view and lower aberrations. These
spectrometers have a concentric structure andattwesnpact
design. They operate with a relatively low F-numgseff2),
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The present instrument (Chandrayaan 2) consfsésfour
optics telescope, slit, spectrometer, order sorfihgr and
detector. The instrument design is presented atdig.
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Figure 1 : Hyperspectral instrument design (AMOS
proprietary).
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Ill. GRATING DESCRIPTION
The grating description is summarized in the tdble

Table 1 grating specification related to Chandrayaa 2
mission[3]

Surface profile Convex spherical

Surface shape Circular

Clear aperture >37 mm

Radius curvature 88.4+0.05 mm
Material Optical grade aluminium
Coating Gold

Groove density
Incidence angle of
the central field
Optimization order +1

20 grooves/mm
27.12 degrees

IV. DESIGN AND MODELIZATION OF THE CONVEX
GRATING
IV.1.INTRODUCTION
The grating specifications require a period of 50 with
a spectral range of operation from 0.7 to 5 pm.eBasn a
preliminary study, we understand the challenge ttu¢he
wide spectral bandwidth. As a consequence, a rbladed
grating is predicted as the only viable solutidhe choice of
blaze angles and the configuration are dictated thy
required diffraction efficiency defined by figure 2
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Figure 2 : Diffraction efficiency requirement for the
convex grating.

As far as modelling of surface-relief metallic gngs is
concerned, an efficient tool is tRRCGrate software based on
a rigorous integral method of solving the electrgnetic
problem[9]. Blazed gratings with TE and TM polatira on
flat or non-flat substrate can be modeled and dpédh The
diffraction efficiency over the diffraction orders fully
characterized. Numerical instabilities can arissepeegially
with large period as we find in this case.

For that reason, a simpler more intuitive approactalso
possible since the grating period is large, congdoethe
wavelength: the “scalar theory” approach is anothseful
tool. Both tools will be used and compared to eckathe
trust level of simulations. However, only the rigas theory
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will give information about the polarization sensty of the
grating.

This paper will focus on the optimization of thea@krayaan
2 diffraction grating. The goal is to fulfill theequirements,
especially the spectral behavior of the diffractefficiency
and the polarization sensitivity. The proposed méth
consists in defining a “multi-blazed profile”and wall use
both scalar and rigorous theories.

IV.2. Scalar theory

The scalar theory is very convenient. It is a tleiat
ignores the vectorial aspect of light but providesults
comparable with those obtained with rigorous treortinder
specific conditions while being less time consumizgd
easier to implement. Moreover, the scalar theolgws for
an easier approach to optimise diffraction gratingkile
rigorous theories sound more like tools to checle th
diffraction characteristics for the gratings desidn The
scalar theory is a powerful tool to deal with higériod to
wavelength ratio grating. Scalar theory is known ke
accurate if[10], [11]

A\
—=210 1
I (1)

WhereA is the grating period aridis the wavelength.
For the Chandrayaan 2 hyperspectral imaging speetier,
the wavelength range extents from 0.7 to 5 um fgrading
period of 50 um. Even the worst case (50 um/5 (@spands
to the scalar theory criterion. This means thatrieouheory
can be used. However, this model does not takeaiotount
the polarization state. The scalar diffraction @éfincy for
reflective gratings assuming a perfect reflectiaatng is
given by[12]:

2h ]

rag = s (2

2)
Where k is the diffraction order amds the grating thickness
directly linked to the blazed wavelength:

2h
A =— 3
b~ (3)

Therefore, for one given thickness wher A, the grating
achieves 100% diffraction efficiency at the diffiaa order
k. The diffraction efficiency will be zero for ewerother
diffraction orders. Combining equations 2 and 3g th
diffraction efficiency for the first order (k = +Df diffraction
becomes:

o
Maif = Sine (T_IJ )

IV.3. Rigorous theory: “PCGrate software”

Our rigorous analysis tool allows calculating the
diffraction efficiency of gratings on plane, splaili
cylindrical and aspherical surfac&CGrate uses an accurate
boundary integral equation method, with some otétibdn
parameters, which is described with numerous ratee
directly on the website d®?CGrate[13].
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IV.4. Diffraction efficiency and polarization senstivity
IV.4.1. Profile construction

Using the rigorous theory, we simulated the grating

performance with respect to the grating profilepatéing
from ideal triangular blazed profile.
Also, we know that the tooling can produce a défanl the
edges of the profile: the top edge being randorditeined
over 5 um while the groove bottom being roundech veit
radius of curvature of 5(10) um over the last 3(fgrons for
the less (more) rounded profile. The goal is toly@®athe
impact it can have on the grating diffraction affitccy as
well as sensitivity to polarization. We constructea types
of realistic profiles (less and more rounded pesijl
according to each of the blazing angles that aeele in the
multi-blazed profile. The figure 3 shows an example
realistic profiles (less and more rounded) compamdhe
ideal blazed profile for a blaze wavelength of 300
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Figure 3: Ideal and realistic profiles used in $iraulations
for a blazing at 3000 nm (note that the ordinateoisat the
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Figure 5: Diffraction efficiency of the fdiffraction order
for a grating with a single blazing, at 3000 nmdzhen
scalar theory using ideal profile.

1 !

D s N

i o / \\\\‘\_
E 0.6 T N
£ 05 D
g 04 ‘

E 03 - == Non polarized efficiency with ideal profile

4]

0.2 ==Non polarized efficiency with less rounded profile
0.1 2 / """ == Non polarized efficiency with more rounded profile
I I I
1000 1500 2000 2500 3000 3500 4000 4500 5000
Wavelength, nm
Figure 6:Non polarized diffraction efficienciestof +Ft
diffraction order for a perfect reflective gratingth a single
blazing, at 3000 nm based on rigorous theory usieg|, less
and more rounded profiles (see figure 3).

same scale as the abscise).
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Figure4: Ideal and realistic profiles for a blazatg3000 nm:

at scale.

IV.4.2. Single blaze

As can be seen on both figures 5 and 6, resulteeotcalar
theory are similar to those of the rigorous thetoy ideal
profile. If we compare the ideal and realistic profiles (figs
6), the maximum diffraction efficiency decreased B4
from ideal to more rounded profile with a slightfsho the
lower wavelengths. This decrease is significant ead be
important if the profile rounding is important. Btite most
important conclusion is that one cannot cover tit&esband
requirement with a single blaze grating.

I\VV.4.3. Multi-blazed grating

The previousresults show that one cannot reach the
desired diffraction efficiency over the entire banith a
single profile gratingTo overcome this problem, a multilevel

The next figures compare the diffraction efficiency
spectral behavior computed with the scalar andritierous
theories at a blaze wavelength of 3000 nm. FigGrdepicts
performance with respect to an ideal profile faalac theory
while figure 6 represents non polarized diffraction
efficiencies given by rigorous theory for a perfeetlective
grating with ideal, less and more rounded profiles.
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diffraction grating (figure 7) can be used in order mix
diffraction efficiency spectra and reach an avenagdtilevel
diffraction efficiency with higher homogeneiiy accordance
with the technical specifications.

Figure 7: Multilevel diffractive grating
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The multilevel gratings can be defined over a pHit],
[14], [15], [16] but in our case, the hybrid gragimprofile 5, 06
might be built asn ensemble of sub-gratings (sections) each §o.5 /- — ___\‘
with its blaze anglat fix period and fix draft angle (often 9 // \\\\
assumed as zero). It means that the groove depib h § 04 v N
increasing when the blazing angleincreases as shown on §os3 7/ AN
ﬁgure 8. E 0_2,,/ === Computation based on theory
E == Minimum required
\ n 0.1
\ : 1000 1500 2000 2500 3000 3500 4000 4500 5000
" i Wavelength, nm
AN : Figure 10: Diffraction efficiency of multi-blazedaging with
. ho | \, ideal profiles given by scalar theory comparechto t
I

Figure 8: Influence of the blaze anglen the grooves depth
h with a draft angle:.

During the manufacture of the multi-blaze grating,is
obligatory to change the slope of the diamond igttool to
change the blaze angle and the depth passing froen o
section to the other. In this case, the rulingsvben different
blazes will tend to match at the peaks and theewiffce
between the average heights will be high. Theretfoeemean
phase difference is considerably large[17]. Thisldave a
detrimental effect on the point spread function KPSThe
ideal solution is to match the mean heights thadlifey to a
zero mean phase difference between the blazes.

We will first use the scalar theory to demonstrabe
feasibility of this technique and determine the zbla
geometries that can be implemented in the softwacd
PCGrate, better suited to apply all technical specificati@f
the grating.In figure 9, each curve corresponds to a single
blazing, centered at a specific blaze wavelengtie [Egend
specifies the selected blaze wavelengths. Once ,ntbee
desired diffraction efficiency cannot be reachederothe
entire band with a single blaze. The simulationvghthat a
nine blazing profiles grating has a smooth diffi@tt
efficiency curve with the desired diffraction eféacy (figure
10).
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Figure 9: Diffraction efficiency for nine ideal lliag
profiles, corresponding to nine blaze wavelengthsteown
on the legend, given by scalar theory.
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minimum required.

Using the rigorous theory, we built 9 blazing plesi (ideal
and realistic) as described in section IV.4.1 aedwodeled a
grating with 9 sections each with its own blaze &langth
Figures 11, 12 and 13 show the diffraction efficies of the
multi-level grating using respectively ideal, lessd more
rounded profileswith the grating parameters given in the
table 1,and the comparison with the required performarice o
the grating. We note that the diffraction efficignof the
multi-blazed grating, given by rigorous theory fateal
profile, is obviously similar to that given by saatheory.
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Figure 11: Diffraction efficiency for the multi-btad grating
given by rigorous theory using ideal profiles wiitle grating
parameters given in the table 1.
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Figure 12: Diffraction efficiency for the multi-btad grating
given by rigorous theory using less rounded raalmifiles
with the grating parameters given in the table 1.
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Figure 13: Diffraction efficiency for the multi-btad grating
given by rigorous theory using more rounded raalist
profiles with the grating parameters given in thiele 1.

The comparison between the realistic and ideal ilpsof
(figures 11, 12 and 13) shows that diffraction aéfncy
decreases with rounded profiles.loss of 5% is remarkable
through the ideal profile to more rounded profigpecially in
the middle infrared.

An important drawback when using grating as dispers
element is the relatively large polarization sewisyt i.e. the
diffraction efficiency is different for TM and TEoparization.
This difference depends on the incidence angle eleagth
and spatial frequency of the grating. The polaigrat
sensitivity of the grating can be studied with thgorous
theory. The equation 5 calculates that dependemscyhe
contrast or degree of polarization:

':TI'?E - TI'?I!-'[:]
(Mre + nra) )

Where 7z and #p, are respectively the diffraction

efficiencies for TE and TM polarized light.
The polarization dependency of this multi-blazedtigig can
be deduced from the curves of figures 11, 12 andifure
14 depicts that dependency as the contrast or elegfe
polarization for ideal and realistic profiles. Imetcase of the
Chandrayaan 2 hyperspectral imager,

requirement is met over almost the whole spectsaidbby
the realistic profiles and more than 80% of thedbay the
ideal profile.
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Figure 14: Polarization contrast of the®udiffraction order
for a multi-blazed grating based on rigorous theasjng
ideal and realistic rounded profiles.

ISSN:2278-5299

the polarizatio
contrast of the grating should remain below 5%. sThi

If the realistic profile decreases the diffractiefficiency, it
also reduces the polarization contrast. The paltdn
contrast decreased from 7.2% for the ideal praodileess than
2 % for the more rounded profile especially in theldle
infrared where the sensitivity is the highest. Thenputation
proves that a way to reduce the polarization cshizansists
in adapting a smoother grating profile. Within ttesired
diffraction efficiency, a shape flattened at thep tand a
rounded bottom of the grooves reduces the effect of
polarization sensitivity. Such a profile is alsoos#r to
manufacturing capability

IV.5. Diffraction efficiency as a function of incidence
angle

Since the multi-blaze grating is convex, the inoicke
angle of an almost collimated wavefront varies gldts
surface. For an incidence of 27.12 degrees at théng
center, the incidence angles at left and right eads
respectively 15.04 and 39.20 degrees.

Consequently, the diffraction efficiency of mullake
grating with ideal profile as a function of the ighence angle

is studied below. The simulation is performed at a
wavelength of 3000 nm. The diffraction efficienclpwsly
varies as a function of incidence angle under 4Qrets
(figure 15).
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Figurel5: Diffraction efficiency for the multi-bled grating,
as a function of incidence angle, given by rigortheory
using the ideal profile. The red line indicatesitheal
incidence angle (27.12 degrees).The black and direes
indicate respectively the incidence angles at(li5t04
degrees) and right (39.19 degrees) edges of thiegra

The polarization contrast as a function of thedeaice angle
is given by thefigure 16.
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Figure 16: Polarization contrast of the +1st diffran order
for a multi-blazed grating, as function of inciderangle,
based on rigorous theory using ideal profile. Téatlme

indicates the ideal incidence angle (27.12 degrddw black
and green lines indicate respectively the incideangges at
left (15.04 degrees) and right (39.19 degrees)®dfjthe
grating.

As can be seen, the polarization contrast of ninldtze
grating remains far below the required value of Bf%ide
working limits.

V. CONCLUSION

The results obtained with single blaze have showat t
such diffraction grating cannot cover a spectraigeafrom
0.7 microns to 5 microns with the required diffiant
efficiency. Consequently, we proposed a nine (tices
multi-blaze grating each with its own blaze wavelin 700,
1000, 1400, 1800, 2200, 2500, 3000, 3300 and 4400The
calculation of the diffraction efficiency using botigorous
and scalar theories has shown that such concepsion
covering the given spectral band with efficiencytching the
required specifications. Unfortunately the diffiaotgratings
exhibit a non-negligible sensitivity to polarizatiowe also
showed the impact of a rounded profile as encoedtevith
practical manufacturing techniques: the diffractédficiency
decreases with rounded profiles but the polarinatio
sensitivity is also reduced especially in the nmiftdred. We
also calculated the degree of polarization of rhikize
depending on the angle of incidence for a wavelenfj8000
nm. The results show that when the angle of inaden
remains inside the working limits, the polarizatioontrast
remains low.
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