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Optical vortex coronagraph
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We describe a method to observe dim exoplanets that eliminates light from the parent star across the entire
exit pupil without sacrificing light from the planet by use of a vortex mask of topological charge m=2.
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The search for extrasolar planets is hampered by in-
adequate means of removing glaring starlight while
leaving the planet light intact. This is a challenging
optical design problem because the starlight is typi-
cally more than 10 million times brighter than the
planet. Various coronagraph designs have been pro-
posed to preferentially obstruct starlight.! For ex-
ample, a nulling coronagraph™” uses a mask to shift
the phase over some region of the Airy disk of the
star in an intermediate focal plane. Another ap-
proach employs a four- quadrant phase mask.? The
proposed vortex coronagraph is a nulling corona-
graph using a helical phase mask. Ignoring scatter-
ing and aberrations, we prove that a vortex corona-
graph may extinguish any magnitude of starlight
without attenuating the signal from a resolvable
planet. This technique is useful for both nearly re-
solved and well-resolved systems, it requires neither
complex motion nor interferometric stability, and it is
suitable for space-based telescopes operating in any
region of the spectrum. Other uses of the scheme in-
clude searches for zodiacal dust and controlling glare
from a bright point source.

The design of a coronagraph is depicted in Fig. 1.
The entrance pupil (PP1) is established by the objec-
tive lens. To create an artificial solar eclipse in the
image plane (FP3), Lyot’s design® included an occult-
ing mask (OM) in the first focal plane (FP1) to block
the central image and an aperture (“Lyot stop”) in the
second pupil plane (PP2) to mask diffracted light
from the OM. We propose replacing the OM with a
vortex phase mask (VPM). Optical vortex spatial fil-
tering was predicted and experimentally observed in
1992.% Recent applications for astronomical® and
nonastronomical purposes have been reported.

An optical vortex is characterized by a helical
phase front in an electric field propagating along the
z axis. In cylindrical coordinates the instantaneous
field may be expressed as'®?

E(r',0',z2)

=g(r',z)exp(im ¢')exp(-ikz), (1)

where g(r’,z) is a circularly symmetric field ampli-
tude, £=27/\ is the wavenumber, \ is the wave-
length of light, and m is an integer called the topo-
logical charge. The intensity profile of a diffracted
vortex beam, depicted in Fig. 2(a), is characterized by
a dark central hole and annular rings. A VPM [see
Fig. 2(b)] may be used to transform a planar wave-
front into a helical one.! Elghty step VPMs have re-
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cently been made,'® and nearly continuous helical
surfaces are expected soon. 17

A coronagraph is composed of three Fourier trans-
forming lenses, L, Ly, and Ls, as shown in Fig. 1. To
analyze the system for use in extrasolar planet detec-
tion, the existence of two barely resolvable point
sources at infinity is assumed. The initial plane
waves at PP1 may be written: Uj(x,y)=A; exp(ik, jx),

where j=1,2, A 2 is the intensity, and (in the paraxial
approx1mat10nf the transverse wave vector has a
magnitude k,j~ka;. The angle at which the star (;

=1) subtends the optical axis is set to a;=0. We as-
sume that the light sources are quasi-monochromatic
and mutually incoherent and that the lenses are loss-
less, nonscattering, and aberration free. The radius
of the entrance pupil is Rzp and all lenses have iden-
tical focal lengths f. In the plane FP1, having trans-
verse coordinates (u,v), the transmitted fields may
be written as'®

Uj(u,v) =t(p, ) iNf)~ exp(zkpZ/Zf)ff

PP1

P(x,y)Uj(x,y)

Xexp[—i(xu + yv)k/fldxdy, (2)
where P(x,y) is the entrance pupil function, defined
as unity for r=x*+y <REP and zero otherwise. The
integration in Eq. (2) is performed over this pupil.
The OM for Lyot’s coronagraph has a transmission
function ¢(p, 6) = tOM(p) whose value is zero within a
radius p=\u?+v?<Rgy and unity otherwise. The
transmission of an VPM is given by #(p, 6)=tyc(6)
=exp(im ). We note that U,(u,v), whose centroid ap-
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Fig. 1. Schematic of a coronagraph composed of lenses L,
Ls, and Lg of focal lengths f. The pupil planes PP and focal
planes FP are shown with their respective coordinates.
Spatial filtering by the mask in FP1 extinguishes light
from the on-axis source (O;) but transmits light from the
off-axis source (Oj). Residual on-axis intensity appears
near the perimeter of PP2, where it is truncated with a
Lyot stop.
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Fig. 2. (a) Intensity profile, |[U(x',y')|? of a beam contain-
ing an optical vortex. (b) Surface profile of a VPM.

Fig. 3. Comparisons for as=agyy and A12/A22= 100. (a)
Lyot coronagraph where Roy=rgg- (b), (¢), (d) Vortex coro-
nagraphs where m=1, m=2, m=3, respectively. In (c) the
starlight is essentially eliminated, revealing a high-
contrast image of the planet when m=2.

pears at u=fas, is relatively unaffected by the vortex
mask when @y= ay;4=0.61N/Rgp. Lens L, performs
an inverse Fourier transform upon Uj(u,v), thereby
producing a filtered version of the initial planar fields
in plane FP2:

Uj(u’,v’)=(i?\f)'1ff Uj(u,v)
FP1

Xexpli(u'u +v'v)k/fldudv. (3)

The Lyot stop could be placed in plane FP2, but the
beam is collimated between Ly and Ls, and it is often
practical to place it in plane PP2. Lens Lj performs a
Fourier transform upon the fields in FP2, thereby
producing the imaged fields in plane FP3:

Uiu",v") = (i)\f)‘lf J Uju',v")Pryot(u’,v")
PP2
xexp[-i(u'u" +v'v")k/fldu'dv’.  (4)
The Lyot stop has a transmission function
Pryoi(w’,v")=1 for p'=\u'?+v'?<Ry, and zero oth-
erwise.

To demonstrate the superior performance of the
vortex coronagraph over the occulting Lot configura-
tion, we first examine two barely resolvable sources
where a;=0, and ag=ag=0.61N/Rzp. The field of the
two mutually incoherent sources was computed with
a fast Fourier transform algorithm on an N XN
=2048 X 2048 computational grid. Soft apertures
(e.g., hyper-Gaussian functions of order 10) were
used to obviate noise attributed to high spatial fre-
quencies. Further, the mask function in plane FP1
was multiplied by cos?(mx/N)cos?(my/N) to truncate
high spatial frequency noise. The optical design pa-
rameters were A\=0.5 um, f=50 mm, Rgp=12.5 mm,
R;,0=0.9 Rgp, Roy=rag=feqs and A;?/A,%=100.
The image in FP3 for the Lyot coronagraph is shown
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in Fig. 3(a). Images for vortex coronagraphs having
topological charges m= 0, 1, 2, and 3 are shown in
Figs. 3(b)-3(d), respectively. The m =2 case provides a
bright image of the weak off-axis source, while elimi-
nating light from the on-axis image.

The superior performance of the m=2 case is at-
tributed to zero intensity values for the starlight ex-
tending over the entire exit pupil of radius Rgp. This
remarkable result may be found analytically by com-
puting a second-order Hankel transform of the Airy

disk.'® Assuming paraxial rays, we find"®

AsRyp’lp'®, p' > Rpp
|Uy(u',0")| = , : (5)
0, p' <Rgp

Equation (5) implies that for Ry, <Rgp the starlight
is completely eliminated from the optical system.
When the planet and star are well resolved the Airy
disk of the planet in plane FP1 will simply experience
a negligible tilt owing to the VPM. Hence the planet
light is essentially unaffected by the VPM, and image
plane FP3 will contain most of the collected planet
light. The fraction of transmitted power of a single
point source was numerically found to be nearly
unity for a> agy and to vary as (a/ agyy)? for a< agygy.
We note that Eq. (5) may also be obtained by a con-
volution of the pupil function with the Fourier trans-
form of tyc(6): r~2 exp(i26).

To detect exoplanets, a coronagraph must be able
to extinguish starlight that is more than 10 million
times brighter than its daughter planet. These cases
are numerically challenging. If numerical noise from
the bright source has a nonneglible value compared
with the weak source signal, then the prediction of
Eq. (56) will be difficult to verify. For example, Figs.
4(a) and 4(b) show the cases when A,%/A,%=10° and
A12/A22: 108, respectively, and ay=2.2\/Rgp. Even in
the face of numerical noise both figures demonstrate
significant attenuation of starlight (1) and bright
high-contrast diffraction-limited images of the planet
(2).

One measure of the performance of the corona-
graph may be established by calculating the relative
power in the final image plane, FP3:

n=(S1+8y)/S,y, (6)

(Color online) Vortex coronagraph images for the
case m=2 and @=2.2\/Rgp. (a) A;*/A,*=10°% Ry,./Rgp
=0.8. (b) A7/A3=10%, Ry./Rgp=0.6. Field amplitude plots
are shown to aid the eye.

Fig. 4.
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