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Abstract: We introduce a new optical vortex coronagraph(OVC) method
to determine the angular distance between two sources when the separation
is sub-Rayleigh. We have found a direct relationship between the position of
the minima and the source angular separation. A priori knowledge about the
location of the two sources is not required. The superresolution capabilities
of an OVC, equipped with an ¢ = 2 N-step spiral phase plate in its optical
path, were investigated numerically. The results of these investigations
show that a fraction of the light, increasing with N, from the secondary
source can be detected with a sub-Rayleigh resolution of at least 0.1 A /D.
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1. Introduction

The term coronagraph refers to an optical system that rejects the stellar light from a predefined
area of the focal plane of a telescope in order to reduce associated speckle and photon shot
noise [1]. In the search for extrasolar planets, the main problem is to suppress the diffracted
starlight so as to reveal the presence of fainter nearby objects. Recent years have seen the de-
velopment of several coronagraphic concepts characterized by different methods used to reject
light from a given star [2-4]. The optical vortex coronagraph (OVC) [5-7] discussed here ex-
ploits particular screw dislocations, called optical vortices (OVs) [8] that are phase singularities
embedded in helicoidal-wavefront light beams. Beams harbouring OVs carry an amount of
orbital angular momentum (OAM) of ¢h per photon [9], where ¢, called topological charge,
indicates the number of interlaced helixes of the wavefront in one wavelength and h is Plank’s
reduced constant. Recently, Tamburini et al. [10] demonstrated that by exploiting the topolog-
ical properties of OVs, the resolving power of any optical instrument can be improved by up
to an order of magnitude below the Rayleigh criterion limit with white, incoherent light, and
even up to fifty times when monochromatic and coherent sources are used. This is achieved by
taking advantage of the asymmetric intensity of the peaks of the OVs.

In this paper we introduce, based on numerical simulations, an OVC criterion that utilizes
the position of the minima of OVs with £ = 2, to determine the angular separation between two
sources even when they are unresolvable according to the Rayleigh criterion. We also provide
the explicit evaluation of the efficiency of the detection of a secondary source. In this paper we
do not approach the study of the use of higher topological charges that will be the subject of
forthcoming study.

2. Optical vortex coronagraph

The OVC exploits the topological properties of even OVs to suppress the light from an on-axis
source, thus making nearby fainter objects visible [5]. The choice of an even topological charge
was found very advantageous [11,12] because only in this case OV presents an extended central
zone of darkness instead of the point-like region of darkness as in the case for odd ¢ OV. This
setup has provided striking proofs of the validity of this technique by imaging planets around a
distant star with a vortex vectorial mask [7]. Figure 1 shows the optical scheme of an OVC.
There are different ways to impose optical vorticity on a light beam. In this paper we have
simulated the insertion into in the optical path of a particular vortex lens, the spiral phase plate
(SPP) [13]. The SPP is a transparent helicoidal plate whose thickness increases with the az-
imuthal angle ¢. When the spiral shape of the SPP has a smooth, continuous, helicoidal pattern
the phase of the light is modulated smoothly and continuously. This ideal continuous spiral
phase plate (CSPP) imposes a topological charge ¢ onto the beam according to the formula
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Fig. 1. Optical scheme of an OVC. T is the objective, L1 the collimating lens, and LS the
Lyot stop, placed at the same focal distance as that of L1. The light of the on-axis object,
04, crosses the central dislocation of the SPP and is transformed into a "ring of fire” in
the back focal plane of L1. The ring of light is blocked by a Lyot stop LS placed in the
back focal plane of L1. The light emitted by the off-axis source, O,, evades the central
dislocation of the SPP and the LS, so it is focused by L2 to be on the detector array CCD.

= (An-hs)/A where hg is the pitch of the CSPP, A the wavelength of the incident light and An
the difference between the refractive index of the SPP and that of the surrounding medium.

The stepped SPP is built like a spiral staircase with N discrete steps and is hereafter called
multi-level SPP, MLSPP. Each of the steps introduces a constant phase shift in the light, imprint-
ing an optical vorticity that is slightly different from that of a CSPP. So, the topological charge
depends on the number of steps used to build the whole phase gap ¢ = [(An-hs)/A][(N+1)/N],
where N is an even integer [14]. For any integer value of the topological charge ¢, the intensity
profile of these vortices presents a doughnut-like shape. When the focused beam crosses the
vortex lens far away from its optical singularity as an off-axis light source, it will behave as if
it were crossing a simple slab of glass with the result that the intensity distribution of the beam
would tend to preserve its original profile.

3. Sub-Rayleigh coronagraphy

The Rayleigh criterion describes the angular resolution of an optical system. It states that the
Airy disks, i.e. the diffraction images of two separated mutually incoherent point-like sources,
are resolved when the intensity maximum of one source overlaps the first intensity minimum
of the second equally bright source. For a telescope having diameter D at wavelength A, the
separation is achieved at 6 = 1.22A /D [15]. Techniques to overcome this limit have been de-
veloped in certain special cases [16], and the idea of using an optical vortex mask to detect faint
objects with sub-Rayleigh resolution has been suggested by Swartzlander [17] and Tamburini
et al. [10]. In [17] the dark core of an optical vortex is used as a window to examine a weak
background signal hidden in the glare of a bright source. In [10] the new sub-Rayleigh criterion
is based on the measurement of the asymmetric peaks of intensity distribution of the off-axis
source. We present a new criterion that exploits the position of a minima of the intensity profile
generated by the off-axis source. We modeled two mutually incoherent monochromatic point
sources, with the same wavelength, arranged at different angular separations. Observed by a
diffraction-limited telescope, they would form two ideal Airy patterns that intersect the vortex
lens at different transverse locations. Without vortex lens we should have the ¢ = 0 case that for
a single point source corresponds to the point spread function (PSF). When one of the source
is aligned with the axis of the SPP, it forms a ’ring of fire’ at the exit pupil plane (see Fig. 1),
that then is ideally blocked from reaching the detector by the Lyot stop. A fraction of the light
from the second off-axis source passes through the Lyot stop and is recorded on the detector.
The fraction depends on the angular separation of the sources, the diameter of the Lyot stop,
and the surface profile of the SPP. Here we assume the area of the Lyot stop to be one half the
area of the ring of fire [6]. This change the resolution criterion to 1.224 /D', where D' = D/v/2.

Figure 2 shows the combined intensity distributions in the image plane for both sources,
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and the corresponding horizontal profiles observed without and with the ¢ = 2 SPP with 512
steps. The unresolved peaks in Fig. 2(a) are separated by an angular distance of 0.14/D’. The
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Fig. 2. Numerically generated intensity distributions and profiles (a) Two unresolvable
point sources with the same intensity separated by 0.14/D (b) corresponding intensity
profiles (c) Intensity pattern of the off-axis source when crosses an £ = 2 SPP (see text) and
its intensity profile (d).

asymmetric doughnut pattern in Fig. 2(c) is attributed to the small separation of the image of
the second source on the SPP from the vortex axis. We have found that the minima of the
profiles of the asymmetric doughnut pattern occur exactly at the angular separation when the
separation is sub-Rayleigh. Figure 3 shows a plot of minima position versus angular separation
and an example of image profile for one beam when the other sources is completely nulled by
the OVC.
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Fig. 3. (a): Plot of minima position versus angular separation. points represent numerically
calculated examples. (b): Numerically generated intensity profile of one of two unresolv-
able point sources with the same intensity. Arrow indicate the minimum position 6, for
the angular separation 0.24 /D’. (c) Enlargement of the minimum zone of the profile (b).
The minimum occur exactly at the angular separation 0.24 /D’.

Therefore, a reliable measure of the sub-Rayleigh angular distance between two controlled
point sources can be determined by measuring the position of the minimum of the OV gen-
erated by the off-axis source with respect to the optical axis. The measured profiles are the
sum of the residual light of the primary plus that of the secondary source and the minima are
absolute minima. The average power within the dark vortex core (see for example Fig. 2(c))
is plotted in Fig. 4 for the case where the primary and secondary sources subtend a fixed an-
gle of A6’ =0.31/D’, and where the relative position of the axis of the SPP with respect to
the primary source, AB% is varied. This corresponds to scanning the telescope across the sky
and measuring the intensity within the vortex core on a CCD pixel. The plot demonstrates the
correspondence between the minimum measured value(within the vortex core region) and the
angle AG" when the primary is aligned with the SPP axis. The point A6, = 0 corresponds to
the alignment of the secondary source with the SPP axis. This plot shows that the position of
the minimum power indicates the angular distance of the secondary source from the primary. In
other words the absolute minimum is obtained when the primary is aligned with the SPP and,
as a consequence, when A6’ = AB%p.
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Fig. 4. Power measured in the dark vortex core region when the sources subtend a fixed
angle A’ = 0.31/D’ and when the telescope is swept through an angle, ABg, (along a
line defined by the two sources). The position A8, = A6’ corresponds to an alignment of
the SPP axis and the primary star.

3.1. Numerical evaluation of the efficiency of detection of a secondary source

We have calculated the percentage of power of the off-axis source transmitted through the
LS. From an experimental point of view it is important to consider the surface profile of the
SPP when it is multi-stepped. We numerically examined the deviation from ideal results when
N = 8,16,64 and 512. Note that the N = 8 MLSPP is the easiest to fabricate using lithographic
methods [18]. The Interactive Data Language (IDL) software routines encoded and manipu-
lated the images by using a set of 4096 x 4096 matrices, where the diameter of the Airy disks
were encoded in 20 pixels, and the exit pupil in 256 pixels. When the Airy diffraction pattern
intersects the SPPs, the IDL routine calculates the output image point by point using the Fourier
imaging technique [12,19]. The intensities of the stellar sources were normalized to unity. The
secondary source is displaced in order to avoid that the center of the Airy disk falls on the high-
est step, i.e. the phase pitch. When the off-axis source is at sub-Rayleigh distance the Airy disk
partially always cross the central singularity. Table 1 shows the numerical results obtained for
different angular separations of the two sources. From the calculated percentage of light, we

Table 1. The percentage of the light of the secondary source passing through the LS with a
diameter 0.7 times that of the exit pupil of the telescope. It depends on the number of the
steps N used to build the total phase gap and on the angular distance A6 in units of 1 /D.

N AY 0.1 0.2 0.5 1 1.22 15 2 3
oo 0.58 | 2.36 | 15.39 | 56.94 | 74.25 | 88.17 | 97.25 100
512 0.57 | 2.35 | 15.37 | 56.84 | 74.13 | 88.17 | 97.16 100
64 0.54 | 2.28 | 15.21 | 56.16 | 73.25 | 87.42 | 96.31 100
16 0.52 | 2.06 | 13.94 | 51.72 | 67.76 | 81.39 | 90.09 | 98.99
8 0.49 | 1.99 | 10.78 | 40.07 | 53.32 | 69.98 | 79.22 | 95.37

see that the OVC has a transmission of up to 100% at angular separations larger than 31 /D’. A
certain percentage of the light from the secondary source passes through the LS to be detected
even below the Rayleigh criterion [10, 17]. We find that the amount of light increases with the
number of steps of the SPPs.

3.2. Resultsin graphical form

In confirmation of the numerical results shown in the previous section, we present here, in
graphical form, some results (Fig. 5 ) obtained in the image plane with our numerical simula-
tions of Table 1, below and above the Rayleigh criterion limit. We have used different intensity
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Fig. 5. Simulated coronagraphic image in 2D and 3D for an ideal SPP (upper panels) and
a stepped SPP with 8 levels(lower panels), when the two sources have an intensity ratio of
10~ 8 and 102, respectively. Angular distances between two objects: 0.51 /D’ and 31 /D’.

ratios between two sources because each SPP has a different efficiency that depends on the
number of steps [20]. For a CSPP, when the secondary source is at angular distance 0.54 /D', a
percentage of 15.4% of its light is visible. For an SPP with N = 8, when A6 = 0.5 /D’, the per-
centage decreases to 10.78%. From these plots we see that at AG = 0.54 /D’ the coronagraphic
image loses its symmetry because of the presence of the secondary source. In fact, the OV pro-
duced by the on-axis source is partially filled by a portion of the light of the fainter companion,
revealing its presence. Our results suggest that the OVC could be applied to the detection of the
unresolved companions in double systems and to the study of planets that are approaching the
star before a transit, i.e. when the planet is at angular distance below the Rayleigh limit.

4, Conclusions

We have introduced a new criterion to determine the angular separation between two sources
above sub-Rayleigh condition. We exploit the asymmetric intensity distribution of the OVs pro-
duced by a double system that crosses an ¢ = 2 SPP, and we found that the distance from the
optical axis of the absolute minimum of the intensity of the OV is equal to the angular separa-
tion between the two sources. Hence, measuring the displacement of the absolute minimum of
the OV from the center, we can determine the sub-Rayleigh angular distance. This minimum is
obtained when the telescope is pointing exactly at one of the sources. So, the exact position of
the bright source does not need to be known a priori. This is a new criterion different from the
ones proposed in [10] and [17]. In fact, those schemes require the measurement of the maxima
of an intensity distribution, whereas we propose to exploit the positions of the absolute minima.
We have also made a numerical study of the efficiency of the OVC simulating the separation
of two sources at different angular distances with different ¢ = 2 SPP. In the simulations the
instrument was assumed to operate in the monochromatic regime. In all optical configurations
considered, there is always a fraction of light from the fainter companion that becomes visi-
ble even below the Rayleigh criterion limit. The percentage of light from the secondary star
passing through the LS increases with increasing angular separation. For this reason we sug-
gest that OVC could be used as a pratical method to detect faint unresolved companions with
ground-based and space-based telescopes, where the detrimental effects of the atmospheric tur-
bulence do not affect the profile of the OVs. The possibility of observing solar systems below
the Rayleigh criterion will open new frontiers in the study of planet transit.
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