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Abstract

In this paper, after briefly reviewing the theory of vectorial vortices, we describe our
technological approach to generating the necessary phase helix, and report results obtained
with the first optical vectorial vortex coronagraph (OVVC) in the laboratory. To implement
the geometrical phase ramp, we make use of Liquid Crystal Polymers (LCP), which we
believe to be the most efficient technological path to quickly synthesize optical vectorial
vortices of virtually any topological charge. With the firstprototype device of topological
charge 2, a maximum peak-to-peak attenuation of 1.4×10−2 and a residual light level of 3×
10−5 at an angular separation of 3.5λ/d (at which point our current noise floor is reached)
have been obtained at a wavelength of 1.55µm. These results demonstrate the validity of
using space-variant birefringence distributions to generate a new family of coronagraphs
usable in natural unpolarized light, opening a path to high performance coronagraphs that
are achromatic and have low-sensitivity to low-order wavefront aberrations.

OCIS codes: (230.0230) Optical devices; (230.3720) Liquid-crystal devices
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1. Introduction

Coronagraphy, a means of suppressing bright starlight so asto search for faint companions
or circumstellar material, has garnered much interest in the past decade. A number of new
optimized coronagraph concepts has been considered for dedicated exoplanet-finding projects
at both ground- and space-based observatories (see the rather exhaustive survey of [1]). Four
groups of coronagraphs can be identified. In the pupil plane coronagraph family, there are: (a)
amplitude apodization (via either intensity modification,or pupil shaping), and the phase in-
duced amplitude apodization (PIAA) approach, in which the mirrors are warped to reshape the
distribution of light in the pupil to yield an apodized shape, (b) pupil plane phase apodization,
and in the focal plane coronagraph family, there are (c) amplitude masks (classical Lyot coro-
nagraphs and band-limited profiles), and (d) phase mask coronagraphs of various types. Un-
like “Lyot family” amplitude coronagraphs, focal-plane phase masks such as the four-quadrant
phase-mask (FQPM, see [2], and [3] for a recent review on the FQPM) and optical vortex coro-
nagraphs [4, 5, 6, 7] have the great advantage of providing a very small inner working angle
(IWA), which is one way of making use of smaller telescope apertures.

The optical vortex coronagraph family is a promising and nearly ideal phase mask solution,
proposed almost concurrently by [4] and [5], and confirmed later in [1]. An optical vortex is
a phase singularity in an optical field, a point of zero intensity, resulting from a phase screw
dislocation of the formeil θ , with l being the so-called topological charge1, andθ the azimuthal
coordinate. This anomaly forces the intensity to vanish by atotal destructive interference, cre-
ating a dark core. This dark core propagates and is conservedalong the optical axis [8, 9].
Whether a dark core is created in the pupil or focal plane of a telescope will determine the way
it further evolves. In [4], we demonstrated that the creation of a vortex of any even topological
chargel at the focal plane can lead to a perfect coronagraph in the ideal case (no further phase
aberrations in the system). This result has been confirmed later on by [5, 6]. Even if “optical
vortex” rigorously refers to a property of an optical beam, for the sake of simplicity we will use
this denomination in the following to refer either to the optical property or the optical element
that induces it. There are two kinds of optical vortices (andthus of elements that induce them):

- scalar optical vortex, based on the longitudinal phase delay (which applies to both polar-
izations identically), and implemented by a structural helical phase ramp [5, 7];

- vectorial optical vortex, based on the “geometrical” or Pancharatnam phase [10, see
Appendix], obtained by manipulating the transverse polarization state of the light with
space-variant birefringent elements.

Both approaches are still technically immature, but a scalar vortex optical element has already
seen use on a small telescope [7]. Here we report laboratory results with the first prototype
vectorial vortex coronagraph. After several years of effort toward annular groove vortex masks
[4], a new promising technique has been identified to manufacture the vortex phase profile.
This technology is based on birefringent liquid crystal polymers (LCP) which are oriented and
hardened in a circular pattern. We show in this paper that theliquid crystal polymer optical
vectorial vortex coronagraph (LCP OVVC) is a viable approach to generating the phase helix,
with a promising technological path to very high performance coronagraphic masks, both in
the near-infrared, where they could be used on current adaptive optics corrected ground-based

1The topological charge of a vortex is defined according to thenumber of 2π radians that the phase of the scalar
wave accumulates along a closed path surrounding the phase singularity

l =
1

2π

∮

∇φds (1)

where the integration path encircles the central singularity.



!

"
#

!

"
$ %

&'()*#(!+

Fig. 1. Space-variant birefringent medium vectorial analysis.X andY are the unit vectors
of the chosen cartesian basis.o ande, are the localordinary andextraordinaryoptical axis
unit vectors of the birefringent medium.

telescopes to augment high contrast imaging capabilities,and in the optical, where these de-
velopments can be applied to more ambitious space-based coronagraph missions. We note that
because of their small inner working angle, and lack of “features” anywhere on the mask (ex-
cept at the very central singularity), their discovery space is close to maximal in terms of search
area for faint companions (no dead zones).

The paper is organized as follows: the second section is devoted to a condensed theoretical
description of the optical vectorial vortex, as opposed to the optical “scalar” vortex. The third
section describes the technology chosen to synthesize themas well as the manufacturing pro-
cess of the first prototype. In the fourth section, the lab setup and measurement methodology
will be presented. In Section 5, we will present the coronagraphic measurements results, that
will subsequently be put in perspective in Section 6, beforeconcluding in Section 7.

2. Vectorial vortex as opposed to scalar vortex

Making the helical phase profileeil θ of optical vortices is difficult because of the accuracy
required in the phase profile control. To build a scalar vortex, i.e. by acting on the longitudinal
phase delay, one has to directly etch the helix in a piece of glass. The total etched thickness
t must be precise to a tiny fractionx of λ/n, λ being the wavelength of the impinging light
andn the refractive index of the glass, respectively. In the mostdemanding applications such
as Earth-like planet detection, one would have to structurally control the phase ramp profile
at the nanometer level, which is very challenging, even for state-of-the-art etching techniques
inherited from the micro-electronics industry (e-beam lithography and reactive ion etching).
Moreover, the induced phase profile using this approach,∆φ = 2π/λ × (n(λ )−1)× t, is very
chromatic, with a hyperbolic dependence to the wavelength of light and subject to the glass
refractive index dispersion.

A vectorial vortex optical element possesses no structuralphase ramp per se. It is simply
a halfwave plate (HWP) in which the optical axes rotate aboutthe center (see Fig. 2). In the
following we will show that the rotationally symmetric spatial variation of the optical axes ma-
nipulates the transverse polarization state in such a way that avirtual phase ramp is embedded
to the so- called “geometrical” phase [10, see Appendix].

2.1. Spatial variation of the optical axis orientation

When the local birefringence characteristics of an opticalcomponent vary from point to point,
it is said to be space variant. Space-variant birefringent optical elements (SVBOE) are exten-
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Fig. 2. Particular example of an OVVC of topological chargelp = 2, illustrating the con-
cepts needed to describe vectorial vortices. Left: the figure shows a HWP with an optical
axis orientationω that rotates about the center asω = θ , whereθ is the azimuthal coordi-
nate (dashed lines perpendicular to the circumference). The textbook net effect of a HWP
on a linear impinging polarization is to rotate it by−2×α whereα is the angle between
the incoming polarization direction and the extraordinary(e) optical axis . Applying this
property to the space-variant HWP, assuming an incoming horizontal linear polarization,
we see that the latter is transformed by the vectorial vortexso that it spins around its cen-
ter twice as fast as the azimuthal coordinateθ (arrows). In this case, the angle of local
rotation of the polarization vectorφp corresponds to the “geometrical” or Pancharatnam
phase: upon a complete rotation about the center,φp has undergone a total 2×2π virtual
phase ramp, which corresponds to the definition of an opticalvortex of topological charge
2. Right: computation of the periodic modulation of the intensity transmitted by an OVVC
between crossed polarizers.

sively used as polarization control devices [11, 12, 13]. The range of applications is manifold:
polarimetry, laser-beam shaping, laser machining, tight focusing, particle acceleration, atom
trapping, contrast enhancement microscopy, image encryption, etc.

SVBOE can be represented by a function describing the spatial variation of the optical axis
orientation (here extraodinary,e)

e(r,θ ) = [cos[ω(r,θ )]X+sin[ω(r,θ )]Y] (2)

wherer, θ are the polar coordinates, whileX andY are the cartesian unit vectors.ω is the local
direction of the optical axis frame with respect toX (Fig. 1). Let us now consider the case of
the helical geometrical phase SVBOE. For a helical phase, the optical axis frame orientation is
given byω(r,θ ) = (lp/2)θ , wherelp is the so-called “Pancharatnam topological charge” (see
Appendix). The optical axis frame function therefore becomes

e(r,θ ) = [cos[(lp/2)θ ]X+sin[(lp/2)θ ]Y] (3)

We will demonstrate below that this spatial variation of theoptical axis orientation is responsi-
ble for a helicalphase structureresulting from the geometrical phase, as opposed to the usual
scalar phase.

2.2. Optical vectorial vortex coronagraph

A vectorial vortexis a SVBOE with rotational symmetry properties. In other words, it is a
halfwave plate in which the optical axes rotate about the center. As such it can be represented



by a space-variant Jones matrix [14]. Let us assume thatJHWP is the Jones matrix for the
equivalent spatially uniform halfwave plate, i.e.

JHWP(r,θ ) =

[

ηoe−i∆φo−e/2 0
0 ηee+i∆φo−e/2

]

(4)

where∆φo−e (for the sake of simplicity,∆φ in the following) is theordinary−extraordinary
phase shift (also called the linear retardance), and whereηo andηe are the local SVBOE trans-
mittances along theordinaryandextraordinarydirections of polarization, respectively.2 For a
perfect HWP, we have∆φo−e = π , andηo = ηe = 1.

The resultant Jones matrix for a helical retarder is

Jv(r,θ ) = R[ω(r,θ )]JHWP(r,θ )R[ω(r,θ )]−1 (5)

whereR[ω(r,θ )] is the rotation matrix (which depends on(r,θ ))

R[ω(r,θ )] =

[

cosω(r,θ ) −sinω(r,θ )
sinω(r,θ ) cosω(r,θ )

]

(6)

For phase errors only (ηo = ηe = 1), the final Jones Matrix is then

Jv(r,θ ) = sin
∆φ
2

[

coslpθ sinlpθ
sinlpθ −coslpθ

]

− i cos
∆φ
2

[

1 0
0 1

]

(7)

or, assuming that∆φ = π + ε with ε ≪ 1,

Jv(r,θ ) =

[

coslpθ sinlpθ
sinlpθ −coslpθ

]

+ i
ε
2

[

1 0
0 1

]

(8)

The rotating output field is represented by the first term (seeFig. 2) while phase deviations
show up in the second matrix (and are polarized in parallel tothe input field).

Although the analysis has so far been presented in the linearbasis (see also [4]), the beauty
of the vectorial vortex theory reveals itself in the so-called helical basis, i.e. with right and
left-handed circular polarization unit vectors

RCin =

[

1
0

]

, LCin =

[

0
1

]

(9)

In the helical basis, the vortex Jones matrix must be transformed following

Jv(r,θ ) = UJv(r,θ )U−1 (10)

With the so-called helical-basis transformation matrix[15]

U =
1√
2

[

1 i
1 −i

]

(11)

Substituting Eqs. (4) and (6) into Eq. (5), and then Eq. (5) into Eq. (10) with Eq. (11), finally
yields the vectorial vortex Jones Matrix

Jv(r,θ ) = V

[

0 eil pθ

e−il pθ 0

]

+L

[

1 0
0 1

]

(12)

2Assuming no diattenuation, these transmittances can stillbe different because of the different Fresnel reflection
coefficients resulting from the existence of the two different refractive indices that give birth to the birefringence.



whereV = 1
2(ηoe−i2∆φ/2−ηee+i2∆φ/2) andL = 1

2(ηoe−i2∆φ/2+ηee+i2∆φ/2) are weighing coef-
ficients depending on the local imperfections of the HWP, i.e. the retardance, and polarization
component transmittances. In the perfect case where the transmittances are equal (and equal to
1, which means 100% throughput), i.e.ηs = ηp = 1, and the retardance equals toπ , ∆φ = π ,
we obtain as respective outputs to the input vectors of Eq. (9)

RCout =

[

0
ei(lpθ)

]

, LCout =

[

e−i(lpθ)

0

]

(13)

This result clearly demonstrates that the two output polarization beams bear the canonical vor-
tex phase structure, while being orthogonal and therefore decoupled. Note thatJv is composed
of two main terms. The first term is the pure vortex term of weight V, bearing the geometri-
cal phase ramp structureeil pθ . This phase modification is geometrical, i.e. induced only by the
space variation of the optical axis orientation across the component. Subsequently, it isachro-
maticby nature. The second term with a weighing coefficientL bears no phase modification and
is a leakage term. A very important property of vectorial vortices versus scalar vortices, is that
the polarization structure of the chromatic leakage due to the local imperfections of the HWP
is orthogonal to the pure achromatic vortex term: note the different directions of the two Jones
matrices ofJv for circular polarization. This important fundamental difference between the two
approaches suggests that one might be able to reduce the effect of the manufacturing defects
(retardance and transmittance mismatches) by appropriatepolarization filtering. An input left
(resp. right) circular polarizer yields a right (resp. left) - circularly polarized vortex and a left
(resp. right) - circularly polarized leakage. An output right (resp. left) - circular analyzer would
let the pure vortex out only, blocking the left (resp. right)- circularly polarized leakage.

We just rigorously showed that vectorial vortices, like scalar vortices, present the same screw
phase dislocationei(lpθ) that induces the central phase singularity. As natural unpolarized light
can always be decomposed into two orthogonal and mutually incoherent polarization states, the
vectorial vortex, using polarization manipulation, actually works in natural unpolarized light.

2.3. Sensitivity to aberrations

2.3.1. Low-order aberrations

The optical vortex coronagraph attenuation sensitivity tolow-order aberrations like tip-tiltt
(pointing error) has been shown, numerically by [4] and [1],and analytically by [6] to be
proportional tot l . Leakage due to the finite size of stars can then be very easilyestimated
using a model of a uniform stellar disk which is a superposition of incoherent point sources.
Assuming for instance an angular size of 0.01λ/d (λ is the observation central wavelength and
d, the telescope diameter), one get a total leakage (integrated over the star) of 8×10−5 for a
topological chargel = 2, 10−8 for l = 4, 10−12 for l = 6, respectively.

2.3.2. Chromaticity

As far as the sensitivity to the bandwidth (or chromaticity)is concerned, as every other phase
mask coronagraphs such as the FQPM, it is one of the most difficult property to tackle. It is
very dependent on the technological approach chosen to render the phase helix (see Sect. 3).
For the vectorial vortex, chromatic effects appear in the wavelength dependence of the local
polarization characteristics of the birefringent medium,i.e. the retardance and the ordinary and
extraordinary transmittances. The consequence is that theweighing coefficientV and L are
wavelength dependent:V(λ ) andL(λ ). To improve the achromaticity of the vectorial vortex,
the first obvious solution is to make the polarization characteristics immune to wavelength
changes. Multi-layer LCP designs, using dispersion compensation between layers, a technique
equivalent to the making of achromatic waveplates [16], arecurrently investigated as a potential



Fig. 3. Pictures of thelp = 2 LCP device. Left: global picture taken between crossed polar-
izers (size = 2 inch squares). Right: zoom under polarimetric microscope at 100x magnifi-
cation, showing a superimposed graduated scale (1 unit = 100microns).

solution. A one-layer design (our prototype) yields a∼0.1 radian rms retardance error over a
20% bandpass. A two-layer design yields a∼0.01 radian rms over the same bandpass. Three
layers would in theory allow us to reach the∼0.001 radian rms level, etc. Neglecting the ad-
ditional technical difficulties induced by the stacking, each additional layer therefore yields a
100-fold improvement in terms of performances (see Sect. 5.2 and Eq. (14)). Another solution
is to filter the leakage term, as already mentioned. This solution, which could potentially bring
∼1000-fold improvement with on-the-shelf polarization components, has already been investi-
gated theoretically elsewhere [17]. Experimental validation of this filtering method will be the
subject of future work.

In any case, phase control is always more difficult than amplitude control. Making achromatic
or pseudo-achromatic vortices is at the center of the current R&D efforts in the field, and will
be discussed further in the following (Sect. 6 and Sect. 7).

3. Manufacturing an OVVC2 prototype using Liquid Crystal Polymers

Several techniques exist to implement an OVVC. One can thinkof using natural birefringent
crystals, but this is obviously not convenient to generating the desired smooth birefringent
space-variant distributions3. The second possibility is to generate artificial birefringence us-
ing a subwavelength grating so-called form birefringence.This technique has extensively been
described elsewhere [4, 20]. It is to be noted that this technology is mostly adapted to longer
wavelengths where the fabrication constraints are relaxedsince the subwavelength grating fea-
ture line is proportional to the wavelength [21, 13]. Several prototyping operations are under-
way using this technique. But once again, at short wavelengths, this technique is very difficult,
because of the large aspect ratio of the grooves. Here we focus on a new approach involving a
very promising technology based on liquid crystal polymers[22, 23].

3.1. LCP technology and fabrication technique

Liquid crystal polymers are materials that combine the birefringent properties of liquid crystals
with the excellent mechanical properties of polymers. The orientation of a LCP is achieved
through photo-alignement. Once aligned and cured, the polymer reaches a very stable solid

3Let us mention the example of the four-quadrant phase-mask coronagraph made out of halfwave plates as a discrete
optical vectorial vortex of topological charge 2 [16]. Thistechnology has been chosen to make the FQPMs of SPHERE,
the extreme adaptive optics second-generation instrumentdedicated to exoplanet finding at ESO’s Very Large Telescope
[18, 19]



Fig. 4. Axoscan sample characterization atλ = 550 nm. Left: linear retardance in nm.
Right: fast axis orientation. Taking the LCP retardance dispersion behavior into account,
the measured retardance value of 962 nm atλ =550 nm is found to be equivalent to the
target retardance of 826.5 nm atλ =1650 nm (halfwave). The retardance map suggests a
small relative rise in retardance at the center region.

state. A description of the specific proprietary process used by JDSU Uniphase (formerly Op-
tical Coating Lab, Inc.) to make the LCP vortices follows. A photo-alignment layer (ROP108
from Rolic) is spin-coated onto the substrate, baked, and then the alignment is set through ex-
posure to linear polarized UV (LPUV) light. The alignment layer is exposed through a narrow
wedge shaped aperture located between the substrate and thepolarizer. Both the polarizer and
the substrate are continuously rotated during the exposureprocess in order to create a continu-
ous variation in photo-alignment orientation as a functionof azimuthal location on the substrate.
The variation in fast axis orientation with azimuthal angleis determined by the relative rotation
speeds. The LCP precursor (ROF5104 from Rolic) is then spin-coated and subsequently poly-
merized using a UV curing process. It naturally orients itself according to the photo-alignment
layer. A post-bake stabilizes the films into a solid SVBOE.

Using this approach, we fabricated a prototype LCP device on2 inch squares of fused silica
glass (Fig. 3). A broadband anti-reflective coating was applied on the back surface. The LCP
single-layer coating was then laminated with an optical adhesive and glued to a second fused
silica substrate having an anti-reflective coating on the opposite side. We targeted a half wave
retardance for wavelengths near 1650 nm, in the center of theastronomical H band. For the
sake of simplicity, our first sample was chosen to be a single-layer design. For this reason, it is
relatively chromatic by construction (see Sect. 5).

The prototype was produced with a topological charge 2. Thisparticular topological charge
was chosen for several reasons: first, it provides a very small inner working distance corona-
graph (useful to reduce aperture sizes), second, it is technologically easier to produce as a first
try. Other samples that meet more stringent specifications and higher topological charges are
under production. Fig. 3 shows our sample between crossed polarizers. The resultant transmis-
sion pattern conforms well to the theoretical analysis in linear polarization presented in Fig.
2.

3.2. Sample polarimetric characterization

The polarization properties of our first prototype were mapped on an Axoscan Mueller Matrix
Spectro-Polarimeter available from Axometrics. The sample was placed on an x-y stage and
mapped at a 0.5x0.5 mm xy-resolution over a 20x20 mm area. Thebeam size was about 2 mm,



so the measurement at each point represents an average over the beam area. For ourlp = 2
sample, summary maps of (a) linear retardance; (b) fast axisorientation are provided in Fig. 4.
The fast axis maps are given in degrees and with a range from -90 to 90 degrees. The orientation
in all cases varies continuously. Those results showed excellent match to the specifications.

The first prototype samples were then measured on a Mueller Matrix microscope to de-
termine the specific polarization properties of the sample close to the center of the vortex
phase mask at ultra high resolution. The system used to make these measurements consists
of a Mueller Matrix imaging polarimeter setup such that the microscope and camera field of
view was approximately 100 microns [24]. The instrument is located at the University of Ari-
zona College of Optical Sciences polarization laboratory.The CCD detector active area was
100x100 pixels so the instantaneous field of view of each pixel was 1 micron. The measure-
ment wavelength was 550 nm matching that of the Axoscan polarimeter.

The measurement of the retardance and retardance orientation is given in Fig. 5. The retar-
dance measurement at 550 nm indicates the retardance is uniform except at two points sym-
metrically spaced about the center at radii of∼ 34 µm, where the orientation spatial variation
is large. The value of the retardance is very close to that measured by the Axoscan at the center
of the vortex retarder. The retardance orientation measurement indicates that the orientation is
continuous at the 1µm resolution. The measurements also show that the orientation is discon-
tinuous at the same 2 points close to the center. The region between these two points defines a
central zone which deviates from the overall large scale pattern (the “region of disorientation”).
The distance between these points is approximately 68µm. These two points are believed to
originate from the manufacturing process. As described earlier, the process involves the rota-
tion of the substrate and a polarizer (Sect. 3.1). Both are rotating interlaced with the aperture
and the UV lamp. The two singularity points defining the central region of disorientation are
thought to be the footprints of a tiny misalignment of the rotation axes of those two moving
mechanical parts. Tackling this misalignment will be our number one priority in the future.

4. Coronagraphic Lab measurements

We next tested the use of this LCP OVVC2 device as a coronagraphic mask. After describing
the optical setup, acquisition and data processing, we discuss the measurement results in the
light of the previously characterized limitations of this first prototype.

Fig. 5. Magnified image of the linear retardance in nm (left) and retardance orientation
(right) for the first prototype measured using a Mueller Matrix microscope. The field of
view is 100 x 100 microns.
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Fig. 6. Coronagraphic transmission bench. Light from the fiber-coupled sources is injected
via the fiber launcher (FL), and is collimated by the lens L1. We define the pupil with a iris
diaphragm D, before focussing with L2 onto the coronagraphic mask (C). L3 reimages the
entrance pupil where diffraction from the coronagraphic mask is filtered out thanks to the
Lyot stop (LS). L4 makes the final image on our Merlin InSb camera.

4.1. Optical Setup

The optical setup (Fig. 6) is a near-infrared coronagraphictransmission bench already used at
JPL for previous tests of four-quadrant phase-mask coronagraphs [25]. To simulate starlight,
we used fiber-coupled sources: either a laser diode at 1550 nm, or a white light provided by
a halogen lamp at a temperature of 3400 K (10 Watts). We used standard telecom monomode
fibers to provide a clean spatially filtered wavefront as input. We used standard AR-coated
achromatic near-IR lenses with low frequency errors (< λ/10 PTV over 10mm in diameter).
The entrance pupil is defined by an iris diaphragm that allowsus to easily vary theF number
of the beam (F = f/d, with f the focal length of the imaging lens, andd the diameter of the
beam as defined by the entrance iris diaphragm). To filter the post coronagraphic mask pupil
(Lyot) plane, we use an iris diaphragm with a diameter set to be smaller than the entrance pupil
by about 20%.

4.2. Image acquisition and data processing

All images were recorded with a LN2 cooled 12-bit Merlin InSbcamera. The cold filter in the
camera is a Spectrogon shortwave pass filter (cut-off around2.6 microns). We also used a JDSU
H-band room temperature filter to define a 12% bandpass around1650 nm when using the white
light. We oversampled the images relative toFλ to allow a proper peak-to-peak attenuation
measurement. To assess the coronagraphic performance of the component, we first built up
a coronagraphic image by adding 100 individual exposure of 16 ms. The number of frames
and the individual exposure time are chosen to balance signal with background and read-out
noise. The next step was to record direct non-coronagraphicimages (the mask was translated
off the focal plane spot) in the same conditions. All images had a median dark frame subtracted
from them. The instantaneous single exposure dynamic rangeof this particular 12-bit camera
is typically limited to a few 10−4.

5. Results

5.1. Metrics

In practice, one can quantify a coronagraph’s ability to attenuate light with different figures of
merit, for example:

- the total rejectionR (or its inverse, the total attenuationN): ratio of total intensity of the
direct image to that of the coronagraphic image;



- the peak to peak (PTP) rejection (or its inverse, the PTP attenuation): ratio of the maxi-
mum intensity of the direct image to the maximum intensity ofthe coronagraphic image;

- or more generally, the contrast as a function of radial offset from the center (inλ/d units).

It is important to note that these metrics are not always related in the same way according
to the working conditions. The first one is representative ofthe averaged attenuation of all
the starlight impinging in the coronagraphic system. This value is often difficult to measure
with great accuracy, since noise interferes with its evaluation far from the central peak, where
the signal is feeble. For that reason, we also use here the PTPrejection which is easier to
measure with a high SNR. Peak-to-peak rejection results areoften better than the expected
total rejection because of the transformation of the PSF structure by the coronagraph. The PTP
rejection has its practical importance though, because in an actual observing instrument, it
dictates the maximum integration time allowed by the central peak saturation.

5.2. A priori known limitations of the first prototype

The sample was designed to provide aπ radian phase shift at the central wavelength of the
astronomical H band,∼ 1.65 µm. The natural retardance dispersion of our single layer LCP
sample over the 12% bandpass defined around the central 1.65µm wavelength isσ ≈ 0.115
radian rms, whereσ is the retardance standard deviation over the filter bandpass. According to
the phase mask nulling formula [16],

N = R−1 =
σ2

4
(14)

this value yields a nominal broadband rejection ratio ofR≈ 300. On the other hand, the laser
diode we used operates at 1550 nm, which induces for the same reason a retardance error
ε ≈ 0.21 radian, limiting the total rejection ratio to∼ 90. Indeed, the nulling formula is identical
in the polychromatic and monochromatic case, expect for thesubstitution of the rms errorσ
with the errorε.

Unfortunately, the microscope image (Fig. 3, right) shows acentral region of disorientation
of about 68µm in diameter, and the central region is the most important one in coronagraphic
applications since most of the stellar energy to be suppressed will fall on it. Despite the com-
plexity of the central region of disorientation (two vortexcenters are visible), we can consider

Table 1. Expected and measured total rejection factor (R) asa function of the defect diam-
eter size (relative toFλ ). The measured peak-to-peak rejection ratio (PTP) is also given.
The first set of measurements were made with the 1550 nm laser diode, and the last three
lines with broadband (BB) light, i.e. taken with the halogenwhite light source and a 12%-
bandwidth H-band filter.

Centr. def. diam./Fλ Exp. R Meas. R Meas. PTP
1.12 2 3.8 12.6
0.56 4 8 21

Laser 0.28 12 20 50
0.14 34 36 57
0.10 46 42 70
1.12 2 3.7 9

BB 0.56 4 7.5 16.2
0.28 13.5 NA 30



Fig. 7. Left: theoretical pupil image after the vortex showing the rejection of the input
on-axis light inside the geometric pupil area in a circularly symmetric shape. Right: exper-
imental image. The stretch is linear in both images.

it as a mere hole. This overly conservative hypothesis yields a very strong limitation on the
rejection as synthesized in Table 1, second column. Indeed,most of the stellar peak energy falls
within the beam FWHM,Fλ . The total rejection, R, should be approximately

R≈
[

e
( s

Fλ

)

+
σ2

4

]−1

(15)

wheree( s
Fλ ) is the encircled energy function at the angular separations

Fλ , sbeing the defect
size (central region of disorientation).σ (radian rms) is the standard deviation of the retardance
owing to the LCP dispersion over the working wavelength range. It can be substituted withε,
the retardance error (radian) at the single working wavelength.

5.3. Pupil imaging and vortex creation

Our coronagraphic bench is also equipped with a pupil imaging mode.This mode allows us to
reimage the Lyot pupil plane (entrance pupil seen through the coronagraph). Using this mode
reveals the vortex effect, predicted by the theory (Fig. 7, left) and providing the coronagraphic
property of the vortex (Fig. 7, right).

5.4. Coronagraphic profile measurements

Being aware of the potential harmful effect of the central region of disorientation, we measured
focal plane point-spread functions at differentF ’s. This allowed us to mitigate this first try
technological defect, by changing the defect size relativeto the beam FWHMFλ . Results are
summarized in Table 1. The first set of measurements was done with the 1550 nm diode laser.
The last three lines of the table show results obtained with the white light source and the 12%
H-band filter (centered at 1650 nm). In Fig. 8, we also show thecoronagraphic profile obtained
with the 1550 nm diode in the most favorable condition, showing a peak-to-peak rejection of
∼ 70. A contrast of 3×10−5 has been obtained at the camera noise floor in the corresponding
working conditions, which is attained at∼ 3.5 λ/d.

6. Discussion

The results from Table 1 are synthesized in Fig. 9, where the experimental data (filled dia-
monds) are plotted along with the analytical model of Eq. (15) (solid lines), and the chro-
maticity limit given by Eq. (14) according to the single-layer design (dashed line). The most



Fig. 8. Azimuthally averaged coronagraphic profile (CP) obtained with the OVVC2 using
LCP, measured at 1550 nm and with a virtual defect size 10% of the beam sizeFλ . The
PSF is also shown in dashed line. The camera noise floor (dotted straight line) of about
3×10−5 is quickly reached at 3.5λ/d.

important conclusion evident in Fig. 9 is that our simple analytical model results for the per-
formance of the coronagraph (Eq. (15)), based on the identified central defect of the prototype
and chromaticity, approximately matches the measurements(Table 1) to the first order.

The best results at 1550 nm (Fig. 8) are near the limit set by the residual chromatism dis-
cussed above. Results in white light are consistent with themodel of Eq. (15), even if limited by
photon noise because of the low power of a single mode white light source. The bench will soon
be upgraded with a supercontinuum white light source to enable higher contrast observations.

Next, we consider what happens if we cover the central regionof disorientation of our pro-
totype with an opaque mask. To precisely assess the diffraction effect that this would induce,
numerical simulations with PROPER were used. PROPER is an optical propagation library for
IDL developed by John Krist [26, available from www.openchannelsoftware.com]. It allows us
to model the propagation through a realistic model of the coronagraphic mask using Fourier
transforms, from the entrance pupil to the final image plane.It is to be noted that those nu-
merical simulations also confirm the Eq. (15) model, in the uncovered and chromaticity-limited
regimes.

One very interesting outcome of these simulations of the covering orhybridizationof the
phase mask with a very simple amplitude profile, is that it canhelp us to mitigate the chro-
maticity (see the dash-dotted curve linking hollow diamonds in Fig. 9). Covering the central
region of disorientation thus not only helps us to reach the chromatic limit, but also to beat it
significantly, as represented by the vertical arrows in Fig.9. Therefore, by covering the central
defect, this vortex mask could be made which meet the requirements of current ground-based
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Fig. 9. Log-log graph of the total attenuation versus relative central defect size diameter.
The dashed line gives the limit set by the chromaticity (or phase error at a single wave-
length), the solid one the expected total attenuation givenby the analytical model of Eq.
(15), the dash-dotted one is linking data points (hollow diamonds) resulting from the nu-
merical modeling of the effect of the defect coverage by an opaque mask whose size is
matched to the region of disorientation. Our uncertainty for the diameter of the central re-
gion of disorientation to use (owing to our simplistic hole model) is represented by the
horizontal error bars on the measurement points.

coronagraphy (total attenuation of a few hundreds), set by residual wavefront errors after adap-
tive optics correction of atmospheric turbulence.

7. Perspectives

Our simple model (Eq. (15)), which has been confirmed to first order by measurements (Fig.
9), can be used to predict future performance as a function oferror terms in Eq. (15), under
the assumption that potential second-order defects which are currently not identified can be
ignored. Note that for small defect, the rejection is

R≈
[

( s
Fλ

)2
+

σ2

4

]−1

(16)

If we set a rejection goal, we can conversely derive the following individual constraints, since
each term must be smaller than1

R, we have

s
Fλ

<
1√
R

(17)

σ <
2√
R

(18)
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Fig. 10. Performance prediction based on analytical and numerical modeling of the vortex,
extrapolated to very high contrast levels, ignoring unknown second-order effects. The ver-
tical arrows shows the expected gain obtained by masking thecentral defect region with an
opaque mask to reach the limit set by residual chromatism.

However, in general, these two terms must be combined as in Eq. (15), and as plotted in
the solid curves of Fig. 10. Once again, we next considered covering up the central region of
disorientation by an opaque mask. The main results of the optical propagation analysis with
PROPER is that by covering up the central zone, the device canonce again operate at the
chromatic limit for much larger central defects (Fig. 10, dash-dotted line). Thus, by covering
up the central defect, the constraint of Eq. (17) can be dramatically relaxed. Our numerical
simulations using PROPER also show that the size of the occulting zone ought to be within
∼ 1λ/d in diameter, beyond which too much of the vortex is covered.

8. Conclusions

We have demonstrated for the first time that a vortex synthesized out of a space-variant bire-
fringent element, i.e. a vectorial vortex acts as a viable coronagraph, as predicted. Thanks to
ground-breaking advances in LCP technology, a usable sample was produced in a very short
time. Even though the first prototype falls short of the specifications of next generation ground-
based instruments for exoplanet imaging and characterization, such as SPHERE [18], GPI [27],
Palm-3000 [28], and HiCIO [29], we have easily identified themajor Achille’s heel of the pro-
totype, the central region of disorientation. We have good reasons to believe that this purely
mechanical problem can be overcome (Sect. 3.2). It is currently being addressed, with the ob-
jective of reducing this region from 68 microns to a few microns. At such scales, as seen above,
a simple occulting mask should be sufficient to hide the remaining defects without affecting the
vortex effect down to the levels required by Earth-like planet detection.

The ability of LCP to synthesize optical vortices is excellent, with the potential of high-



level achromatization and the straightforward possibility of implementing very high topological
charges (samples of topological charge of 8 have already been produced, Scott McEldowney,
personal communication). Prototyping operations with thepurpose of assessing this potential
in detail are underway at JPL with our industrial partner JDSU, both in the visible wavelength
range on the High Contrast Imaging Testbed (HCIT), in the context of a small space-based
observatory dedicated to exoplanet imaging [30], and in theframe-work of extreme adaptive
optics preparatory experiments from the ground [31].
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Appendix: Pancharatnam or Geometrical Phase, topological charge

The Pancharatnam phase, or geometrical phase was discovered by Pancharatnam in 1955 [10].
Pancharatnam showed that a cyclic change in the state of polarization of light is accompanied
by a phase shift determined by the geometry of the cycle as represented on the Poincaré sphere
[14].

The Geometric phase can be defined [10] as the argument of the inner product of the two
Jones vectors describing the light beam whose state of polarization is made to change

φp = arg〈E(r,θ ),E(r,0)〉 (A1)

In scalar fields, topological charges are defined according to the number of 2π radians that
the phase of the scalar wave accumulates along a closed path surrounding a phase singularity.
The topological charge of the vectorial vortex is defined in the same manner, but uses the
Pancharatnam phase instead of the scalar phase

lp =
1

2π

∮

∇φpds (A2)

where the integration path encircles the phase singularity.
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