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An optical vortex coronagraph that makes efficient use of a larger fraction of the clear aperture of a
Cassegrain-type telescope is described. This design incorporates an elliptical subaperture rather than
the conventional circular subaperture. We derive a new vortex phase mask that maintains the same
theoretical contrast of a circularly symmetric vortex coronagraph. © 2013 Optical Society of America
OCIS codes: 110.6770, 350.1260, 050.4865, 070.6110.

1. Introduction

The quest for spectroscopic signs of life on exoplanets
requires an optical system that can extinguish light
from the parent star without sacrificing the precious
few planetary photons. The optical requirements
favor a large-aperture telescope with an unobscured
pupil [1]. As adaptive-optics (AO) techniques im-
prove, terrestrial telescopes may provide a viable
platform to observe exoplanets. A proven means of
achieving high-contrast astronomical imaging makes
use of an optical vortex coronagraph (OVC) [2–7].
However, large ground telescopes typically have a
Cassegrain design characterized by a central ob-
scuration, whereas the OVC requires an unobscured
pupil for ideal contrast. A circular subaperture may
be introduced, but light-gathering power is reduced
[8,9]. By use of Fourier optics principles we find
that a larger-area elliptical subaperture may provide
the same theoretical contrast as a circular aperture,
but with enhanced optical throughput. As much as
50% of the full telescope aperture can be captured
by use of two such ellipses on a telescope, such as
the Telescopio Nazionale Galileo (TNG) in La Palma,
Canary Islands—a 90% improvement over dual
circular subapertures [10].

2. Optical Vortex Coronagraph

The layout of an OVC, illustrated in Fig. 1, is similar
to that of a conventional Lyot coronagraph [11,12],
whereby a vortex lens (VL) replaces the conventional
occulting disk in the x0y0 plane [2,3]. The VL trans-
mission is given by tm � exp�imθ0�, where m is an
even nonzero integer known as a topological charge
and θ0 is the azimuth in the x0y0 plane. This transmis-
sion function may be achieved with high fidelity by
use of a spiral phase plate [13–15], a subwavelength
diffraction grating [2], a polymeric liquid crystal
[16–18], or a photonic crystal [19]. In fact, the trans-
mission may be the arbitrary sum of functions tm
having even nonzero topological charges [6]. In all
cases, the core of the vortex diffracts light of on-axis
sources whose focal spot is centered on the phase
singularity of the VL. This results in a sharp halo
pattern at the x00y00 plane known as a ring of fire
[see Fig. 1(c)]. The diffracted field is then truncated
by a Lyot stop (LS) before reaching the detector.
Irradiance originating from off-axis sources passes
through the system nearly intact [see Fig. 1(b)], while
irradiance from an on-axis source is extinguished
[2–6]. This effect allows for high-contrast observa-
tions of objects very close to a bright point source,
even in the presence of aberrations [20]. A large-
diameter telescopemay allow aweak secondary source
such as an exoplanet to be recorded on a detector.

Modern ground-based telescopes achieve a large
aperture by use of a Cassegrain design. The primary
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mirror pupil function is an annulus divided into sec-
tions by support arms, or spiders. These spiders sup-
port the secondary mirror, which is concentric with
the primary mirror. Examples of Cassegrain pupil
functions and corresponding ideal rings of fire for
an on-axis light source are shown in Fig. 2. The inner
ring of fire (and diffraction from spiders) in the x00y00
plane may severely limit contrast performance be-
cause the Lyot stop transmits this undesirable light
to the detector [6]. The fraction of “leaked” power
from the primary source due to the central obscura-
tion, �Rin∕Rout�2, indicates the best contrast level
that may be achieved. For example, Rin∕Rout � 1∕3
for the TNG. Multistage OVCs have been proposed
as a means of partially attenuating this leakage from

a central obscuration [21]; however, additional leak-
age from aberrations and spiders may pose practical
problems.

With current AO technology, the contrast is often
limited by partially corrected or uncorrected atmo-
spheric turbulence. The OVC acts to remove the
diffraction-limited core of the partially corrected
point-spread function. Thus, the fraction of power
leaked through the Lyot stop is approximately 1 − S,
where S is the Strehl ratio [22,23]. A Strehl ratio
S > 0.9 is preferred when using the OVC. The leaked
power due to the central obscuration on the TNG
would be significant at this level of correction.

A circular subaperture [see Fig. 3(a)] that avoids
obstructions may be used to improve high-contrast
performance, though the light-gathering power and
angular resolution of the instrument will suffer.
These setbacks may be partially avoided by use of
an elliptical subaperture—particularly on telescopes
having widely spaced spiders such as the TNG as
depicted in Fig. 3(b). The subaperture areal fraction
(compared to the full pupil area), γ, plotted in
Fig. 3(c), shows that γellipse � ab∕�R2

out −R2
in�>γcircle �

R2
0∕�R2

out −R2
in�, and that the enhancement factor

is β� γellipse∕γcircle � Aellipse∕Acircle � ab∕R2
0 ∼ 1.9 for

the TNG. The TNG parameters are Rout � 3.58�m�,
Rin � 1.165�m�, a� 2.52�m�, b� 1.12�m�, and c �
2.28�m�. The 90% improvement in light-gathering
power with the elliptical subaperture is accompanied
by significantly improved resolution along the major
axis �R0∕a � 0.48� and a negligible decrease in
resolution along the minor axis �R0∕b � 1.08�.

Fig. 1. (a) Schematic of an OVC with entrance pupil lens (L1),
vortex lens (VL), collimating lens (L2), Lyot stop (LS), and imaging
lens (L3). (b) Off-axis light is transmitted to the detector, whereas
(c) on-axis coherent light is diffracted outside the LS. The field at
the x00y00 plane for each case is shown.

Fig. 2. Pupil functions of a centrally obscured telescope without
spiders (a) and with spiders (c). The resultant irradiance distribu-
tion at the x00y00 plane for each case is shown in (b) and (d), respec-
tively. The secondary mirror produces a second ring-of-fire pattern
within the image of the outer telescope radius. When spiders are
included, they appear illuminated at the x00y00 plane.

Fig. 3. (a) Circular and (b) elliptical subapertures (white) for a
Cassegrain telescope having widely spaced spiders. (c) Areal
fraction, γ, and enhancement β � γellipse∕γcircle. For the TNG,
Rin∕Rout � 0.33.
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3. Elliptical Aperture Vortex Coronagraph

For a circular aperture, a VL having tm � exp�imθ0�
produces a perfect ring of fire in the reimaged pupil
plane when m is a nonzero even integer, as depicted
in Figs. 4(a)–4(d). An elliptical aperture cannot be ex-
pected to produce a similar pattern without changing
the VL function. The similarity theorem of Fourier
transforms provides a mathematical means of deter-
mining the elliptical VL function, exp�iΦ�x0; y0��. Con-
sider an evenly illuminated entrance pupil bounded
by an ellipse: �x∕a�2 � �y∕b�2 � 1 as illustrated in
Fig. 4(e). Assuming paraxial rays, the field at the
focal plane is given by the Fourier transform of the
entrance pupil. From the similarity theorem [24],
we write

FTff �x∕a; y∕b�g � jabjF�ax0; by0�: (1)

The field at the focal plane is an asymmetrically
scaled Airy disk function [compare Figs. 4(b) and 4(f)].
The transmitted field behind an elliptical vortex
phase mask may be written

U�x0; y0� � 2πab
iλf

exp
�
ik
2f

��ax0�2 � �by0�2�
�

×
J1

�
k

��������������������������������
�ax0�2 � �by0�2

p
∕f
�

k
��������������������������������
�ax0�2 � �by0�2

p
∕f

exp�iΦ�; (2)

where λ is the wavelength, k � 2π∕λ. Thus we find an
elliptical ring of fire when

Φ � m arctan�by0∕ax0�; (3)

where m is an even nonzero topological charge. As
expected, Eqs. (2) and (3) are circularly symmetric
functions when a � b. Elliptical rings of fire are
shown in Figs. 4(g) and 4(h) for m � 2 and 4.

The phase profile of VL functions is depicted in
Fig. 5 for circular and elliptical examples. The field
of the elliptical ring of fire is found by taking the
Fourier transform of Eq. (2):

U�x00; y00� �
8<
:
��

x00
a

�
2 �

�
y00
b

�
2
	
−1

exp�iΦ0�;
�
x00
a

�
2 �

�
y00
b

�
2
> 1

0; otherwise
; (4)

whereΦ0 � m arctan�ay00∕bx00� and use is made of the
similarity theorem of Hankel transforms [24]. It can
be shown that the interior of the ring of fire is zero-
valued for any even nonzero value of topological
charge, and for any such superposition of elliptical
VL functions having the same values of a and b.
In this sense, the circular and elliptical cases are
homologous. An elliptical Lyot stop may be used to
prevent light from an on-axis point source from
reaching the detector camera (see Fig. 1), but allow
light from off-axis sources to be imaged.

A. Inner Working Angle and Alignment Sensitivity

In addition to improving the light-gathering power
and resolution, the elliptical aperture also decreases
the inner working angle (IWA) of the coronagraph
along the major axis compared to a circular subaper-
ture. The IWAs along the major and minor axes are

Fig. 4. Pupil functions and corresponding field distributions for
(a)–(d) circular and (e)–(h) elliptical pupils. Rings of fire for m � 2
and m � 4 are shown.

Fig. 5. (Color online) VL phase profiles Φ�x0; y0� for (a) m � 2,
circular aperture; (b) m � 2, elliptical aperture; a∕b � 2.3; and
(c) same as (b) with m � 4.
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approximately θa � λ∕2a and θb � λ∕2b, respectively.
An elliptical subaperture on the TNGwould decrease
the major axis IWA by R0∕a � 0.48 and marginally
increase the minor axis IWA by R0∕b � 1.08. In
the circularly symmetric case, the transmitted power
due to a nearly on-axis point source increases as
�δθ∕θd�jmj for δθ∕θd ≪ 1, where δθ is the angular
separation, θd � λ∕2R0, and m is nonzero and even
[23]. Likewise, the leaked power for an elliptical
OVC increases as ��δθx∕θa�2 � �δθy∕θb�2�jmj∕2, where
δθx and δθy are the angular separation along the
major and minor axes, respectively. Figure 6 shows
the fraction of the power transmitted from an off-axis
source as a function of angular separation for an
m � 2 elliptical vortex phase mask. The improved
IWA comes at the expense of greater sensitivity to
misalignment of the object along the direction of
the major axis.

B. Off-Axis Point-Spread Function

The image of a point source near the IWA can be
characterized as a central peak surrounded by asym-
metrically distorted diffraction rings. In the case of
an elliptical OVC, this distortion depends on the
source position with respect to the major and minor
axes of the system. Figure 7 shows a simulated image
of a star and four planet positions, two of which are
placed at 2θa, and two at 4θa, where θa � λ∕2a. The
planets aligned with the major axis of the elliptical
aperture are clearly distinguished from the star,
whereas equivalent planets along the minor axis are
marginally detectable. Moreover, the improved reso-
lution and IWA along the major axis renders planet
2 more identifiable than planet 3 despite having half
the angular separation.

C. Multiple Subapertures

An inspection of Fig. 3 suggests that multiple sub-
apertures may be used to increase the light-collecting

area of the telescope. However, using two subaper-
tures in an OVC inherently causes leakage from
one ring of fire into the adjacent ring of fire. Figure 8
shows the ideal irradiance pattern at the x00y00 plane
for dual elliptical subapertures on the TNG, result-
ing in ∼6% power leakage. On the other hand, dual
channels may be established whereby light through
each aperture is directed to a separate OVC by use
of diverting mirrors. Alternatively, bandpass filters
or orthogonal polarizing filters may be placed across
each aperture to create two channels of information.
In these latter cases, the high contrast of the OVC is
preserved.

D. Alternative Aperture Shapes

To explore whether other subaperture shapes,
together with modified vortex phase masks, afford
high-contrast imaging schemes, we considered hyper-
elliptical apertures bounded by �x∕a�q � �y∕b�q � 1
for q ≠ 2. However, we could find no modified phase
mask that completely nulls an on-axis source for
q ≠ 2. Increasing the value above q � 2 increases the
area of the entrance pupil, but causes extra power
leak in the Lyot stop from an on-axis source. There is
a tradeoff between on-axis source attenuation and

Fig. 6. Fraction of power transmitted from a point source trans-
lated along the major and minor axes (a∕b � 2.3, m � 2). The
angular separation for an elliptical OVC on the TNG at
λ � 2 μm is indicated by the upper scale (milliarcseconds).

Fig. 7. Ideal OVC image of a star and planet at four locations.
Positions 1 and 2 are at an angular separation of 2θa, and positions
3 and 4 are at an angular separation of 4θa. The elliptical subaper-
ture aspect ratio is a∕b � 2.3. Unwanted stellar radiation forms
large Airy rings. The stellar irradiance is comparable to that of
the planet at position 1. On the TNG, θa � 82 milliarcseconds
at λ � 2 μm.

Fig. 8. Rings of fire for dual elliptical subapertures though a sin-
gle OVC (linear grayscale) and log-irradiance profile along x00 axis.
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overall light-gathering power that may be useful in
some cases. A phase mask with transmission exp�iΦ�
[see Eq. (3)] is not necessarily the optimum choice. For
instance, we have found that a four-quadrant phase
mask (4QPM) paired with a hyper-elliptical aperture
with a � b yields better attenuation than a circularly
symmetric vortex lens (CVL) with topological charge
m � 2 [25]. The fraction of the total power leaked
through a hyper-elliptical Lyot stop, Pleak∕Pq, is
plotted in Fig. 9 along with the light-gathering power
enhancement β � Aq∕A2, where Aq is the area of the
hyper-elliptical aperture as a function of q. The degra-
dation of contrast at higher values of q is less severe
with a 4QPM.

4. Conclusions

An unobscured entrance pupil is necessary to maxi-
mize the high-contrast performance of an OVC. We
find that an elliptical subaperture and Lyot stop,
combined with a modified optical vortex phase mask,
provides the same theoretical high-contrast perfor-
mance as a circular subaperture, with the advantage
of higher throughput power and improved resolution.
This approach is especially useful for Cassegrain
telescopes having few or widely separated spiders,
such as the TNG or the Large Binocular Telescope
on Mt. Graham, Arizona. A 90% increase in light-
collecting area has been calculated for the TNG com-
pared to a circular subaperture, and dual elliptical
subapertures cover roughly 50% of the full pupil.
Existing vortex phase-mask manufacturing techni-
ques may be repurposed to produce an elliptical
vortex phase mask. Explorations of other pupil func-
tions, namely hyper-elliptical shapes, suggest to us
that simple phase-only masks cannot be used to
achieve similar high-contrast imaging.
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Farnsworth and Joshua Fitzhugh from RIT for dis-
cussions regarding hyper-elliptical transformations.
This work was supported by the U.S. Army Research
Office.
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