





ACHROMATIC OPTICAL VORTEX CORONAGRAPH WITH
EXOPLANET DETECTION WITH CORONAGRAPHS 2006 SUBWAVELENGTH GRATINGS

Figure 2: Left: grating geometry for different topological charges (1-6). Right: SEM picture of a realization by
Erez Hasman’s group (Israel Institute of Technology). This picture shows an m=4 optical vortex engraved in an
AsGa substrate for infrared applications (10.6 microns).

5. VISIBLE OPERATION

Making subwavelength gratings for the visible wavelength range is not trivial. Subwavelength means that the
period of the grating must be smaller than the wavelength of the incident light. In the visible, this means that the
period of the grating must absolutely be smaller than A/n, n being the index of refraction of the chosen substrate
material. We therefore have to deal with periods in the 300 to 400 nm range according to the material.
Controlling the micro-structure at such scales is challenging but feasible using for instance nano-imprint
lithography techniques. In this context, let us cite the work of Deng et al. (2005) for optical pickup units. They
indeed proposed, manufactured and tested (now commercialize) achromatic subwavelength grating waveplates
for the visible. Converting the performance of their manufactured components (Figure 3) in terms of nulling
efficiency would lead to a mere 1000 rejection ratio over a bandwidth of more than 20 %. There is still room for
improvement. An intensive research in the grating optimization for the visible is nevertheless needed.

Figure 3: Left: SEM picture of a subwavelength grating achromatic phase shifter for the visible. Right:
measured performance of the micro-structure in terms of phase and throughput over the visible (Deng et al.
2005)

6. CHROMATIC RESIDUALS FILTERING

Assuming a state-of-the-art nulling performance of 5x10° over a 100 nm bandwidth in the visible from the
subwavelength grating technology, i.e., a contrast of about 5x10™® at 4 /D in the unaberrated case, this imposes
us to gain an additional factor of 1000 to reach the required level of 10™"°. If we consider the vectorial nature of
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the vortex induced by the space-variant grating (see Niv et al. 2006, for instance), we can use the Jones
formalism that gives the following matrix for the transmission through the component, in the helical basis:
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This equation indicates that the field emerging from a space-variant subwavelength grating comprises three
components. The first (left term) maintains the original polarization state and phase of the incoming beam. The
second (right term, top right component) is right-handed circularly polarized and has a phase modification of
20(x,y), inducing a vortex of topological charge m according to the adopted geometry (8(x,y) defines the
orientation of the grating grooves, see Figure 2) . The third (right term, down left component) has an orthogonal
polarization direction and opposite phase modification with respect to the second component. Note that the
magnitude of the different components is determined by the local birefringent parameters of the subwavelength
gratings: the diffraction efficiencies in transmission for the polarization components TE (or s) and TM (or p) N,
Ntv and the phase shift between them A®. The transmission of subwavelength dielectric gratings is relatively
high and the retardation A® is primarily a function of the subwavelength groove geometry (filling factor) and
etching depth. The ideal situation is for nrg, nmm=1 and A®=n. Unfortunately, this idyllic behaviour cannot be
maintained over large bandwidths and lead in practice to the 5x10° over 20 % bandpass limitation mentioned
here above. However, any departure from the perfect conditions will result into a transfer of energy between the
circularly polarization states with the embedded optical vortex and the first term that conserves the original
polarization state (free of the optical singularity). This crucial property of vectorial vortices, and vectorial
vortices only, allows us to consider splitting and filtering the polarization. This splitter/filter should induce an
extinction ratio of 1000 or more, corresponding to the additional factor needed to reach the 10'° contrast at 4
A/D. A proper data post processing with both polarizations could also help increasing the contrast to reach 10™"°
at 4 A/D by calibrating the residual speckles. In practice, the polarization filter/splitter only consists in
quarterwave plates and linear polarizing filters/beamsplitters. Note that the subwavelength grating technology
could synthesize both components, and with the advantage that the whole optical function could be integrated on
top of a single substrate (Deguzman & Nordin 1999).

7. CONCLUSIONS

Optical vortices such as the AGPM are promising coronagraphs for ground-based applications of extrasolar
planet-finding instruments. In particular, we are currently manufacturing prototypes for the VLT-Planet Finder
second-generation XAO instrument for the VLT (SPHERE). Optical vortices of higher orders are well ranked for
TPF-C. However, manufacturing them at the required specification for Earth-like planet detection is extremely
challenging. In this paper, we have reviewed the current state of the art of the vectorial vortex technology.
Vectorial vortices are induced by space-variant subwavelength gratings. Pushing this technology to its limits, we
proposed some hints to reach the 10" over usable bandwidths. This however would require further studies to
definitely conclude on the feasibility of the proposed concept for TPF-C.
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