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ABSTRACT. Almost all high-contrast imaging coronagraphs proposed until now are based on passive corona-
graph optical components. That is, the coronagraph cannot be actively controlled to be optimized for best perfor-
mance. Pupil apodizing, which modifies the light transmission on the pupil, is one of the promising techniques for
high-contrast imaging. Here, we propose, for the first time, a high-contrast imaging coronagraph that integrates a
liquid crystal array for active pupil apodizing and a deformable mirror for active phase correction. In such a way,
source errors such as the initial transmission error and wavefront error can be actively and efficiently compensated
based on an optimized algorithm, which is optimized for maximum contrast in the discovery area. In addition, the
use of a liquid crystal array makes this system more flexible and able to create any apodizing pupil, including square
or circle aperture with or without central obstruction. In this article, we discuss the working principle and estimated
performance of the coronagraph. We also demonstrate that the chromatic aberration induced by a liquid crystal array
is sufficiently small, which makes it suitable to be used for ground-based near-infrared coronagraphic Extreme-AO
systems.

Online material: color figures

1. INTRODUCTION

Since the discovery of a planet around 51Peg (Mayor &
Queloz 1995), the number of known exoplanets around solar type
stars has increased to more than 400 today. These exoplanets
have been discovered mostly using the indirect detection based
on the radial velocity measurement. Given the current methods,
the majority of exoplanets discovered so far have minimum
masses that are typical of giant gaseous planets and orbit radii
of, at most, a few astronomical units (Stam et al. 2004; Butter
et al. 2006). Apart from some orbital and mass parameters, little
is known about exoplanets’ physical characteristics, such as the
atmosphere conditions and chemical compositions. The charac-
terization of an exoplanet’s atmosphere requires the direct detec-
tion of photons from the exoplanet.

Direct detections of exoplanets remain challenging, since exo-
planets are very faint. A high-contrast coronagraph is needed to
suppress the star diffraction light, so that the local exoplanet can
be detected. For a direct detection of an Earth-like planet, a
contrast of 10�9–10�10 is required in the visible, and it is gen-
erally agreed that such detection can be done only with a space

telescope because of the unavoidable optical wavefront error in-
duced by the atmosphere. However, recent theoretical simula-
tions (Marley et al. 2007; Wuchterl 2000) and observations
(Marois et al. 2008; Serabyn et al. 2010) confirmed that for young
and Jupiter-like exoplanets, a contrast in the order of only 10�5 is
needed in the infrared around the 1.25–5.0 wavelength range.

Many high-contrast imaging coronagraphs have been pro-
posed recently (see the review by Guyon et al. 2006). Among
them is the transmission apodization coronagraph (Nisenson
and Papaliolios 2001; Aime et al. 2002; Gonsalves and Nisenson
2003). Traditional transmission apodization coronagraphs use a
fixed transmission function tomodulate the light transmission on
the pupil, and high-contrast imaging can be achieved in theory. A
problem for such an apodization coronagraph is the difficulty of
manufacturing the apodization pupil, since the transmission
needs to be controlled at every spatial position on the pupil with
a high degree of precision that cannot be changed after manufac-
turing. The binary apodization mask (Vanderbei et al. 2004)
mitigates some manufacturing issues, but is not able to ac-
tively control amplitude in an actual coronagraph operation.

The active correction of amplitude for high-contrast imaging
has been proved to be more challenging, and no simple solution
has been found until now. Two deformable mirrors (DMs) were
proposed for the correction of intensity variation induced by the
atmospheric turbulence (Roggemann and Lee 1998; Lee 2006),
but this approach can only provide a correction in a small mag-
nitude range, with the goal of providing a uniform intensity that
is induced by the atmospheric turbulence, and is not suitable for
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the coronagraph pupil apodizing, where large transmission dif-
ferences ranging from 0%–100% are involved. Furthermore, the
2-DM approach is more complex and no real operation has been
reported. In his early work, Angel (1994) pointed out that such
scintillation effect must be corrected adaptively if planets are to
be detected efficiently. The need for amplitude correction with
high-contrast imaging where a contrast of 10�7 or better is re-
quired was confirmed by the simulation (Stahl & Sandler 1995)
and further confirmed by recent laboratory testing (Biller et al.
2009) in which a DM is used to create a dark hole and it was
found that the high-contrast discovery area will be reduced sig-
nificantly by the amplitude error.

In this article, we propose, for the first time, a high-contrast
imaging coronagraph that integrates a liquid crystal array (LCA)
and a DM for active pupil apodizing and phase corrections, re-
spectively. The LCA will not only provide the required pupil
apodizing, it will also be able to perform active amplitude cor-
rection. In such an approach, source errors such as the initial
transmission error and wavefront error can be actively compen-
sated based on an optimized algorithm, which is optimized for
the maximum contrast in the discovery area. In addition, the use
of a LCA makes such a system more flexible and able to create
any apodizing pupil, including square or circle apertures with or
without central obstruction, which can make the coronagraph
work with any telescope. Since the coronagraph is based on lin-
ear polarized light, two identical coronagraphs can be deployed
to make 100% use of the incoming light. In § 2, we discuss the
general principle of the active coronagraph. In § 3, we simulate
the coronagraph performance for wideband imaging. We pre-
sent our conclusions in the last section.

2. THEORY OF THE LIQUID CRYSTAL
CORONAGRAPH

2.1 Liquid Crystal Coronagraph

Our coronagraph deploys a LCA and a DM. The LCA is used
to modulate the light transmission pattern, and the DM is used to
correct possible wavefront error. The SLM that we used is an
array of twisted nematic liquid crystals. The schematic diagram
of the active coronagraph is shown in Figure 1. Our coronagraph
consists of a collimator, a polarizer (polarizer 1), a LCA, an ana-
lyzer (polarizer 2), a DM, and a camera lens. The LCA is sand-
wiched between polarizers 1 and 2, so that the magnitude of the
incoming linear polarized light can be modulated by the LCA.
In this figure, for the convenience of description, the LCA is a
transmission component, whereas in an actual system we will
use a reflective LCA that has many advantages over a transmis-
sive one, such as high filling factor and high white-black con-
trast. In our coronagraph, the LCA is used to control the
transmission, and the DM is used for the phase correction. In
such a way, both the pupil transmission and the phase can
be controlled in a closed-loop system in an active way until
the performance is consistent with the design goal.

In Figure 1, the income beam is split as two parts by polar-
izer 1. On average, each part takes 50% of the incoming beam.
This figure only shows one coronagraph, which makes use of
50% of the telescope light. The other 50% linear polarized light
can be used by the second coronagraph. In the visible, an exo-
planet only reflects its starlight, and the exoplanet light and the
starlight have different polarizations, so the images from the two
active coronagraphs can be further used for polarization differ-
ential imaging, which has the potential to provide an extra con-
trast gain. In the infrared, the light from the exoplanet may not
be polarized, since thermal radiation is dominant. In this case,
images obtained from these two coronagraphs can be sim-
ply added.

The general theory of a twisted nematic liquid crystal used as
a spatial light modulator (SLM) was discussed by Lu and Saleh
(1990). The twisted nematic liquid crystal is an anisotropic med-
ium that can be treated locally as an uniaxial crystal whose op-
tical axis is parallel to the direction of the molecules. The long
axis of the molecules defines the direction of the extraordinary
index. Because of the twist, the molecules rotate gradually in a
helical fashion, which changes the polarization orientation. If
the LCA is sandwiched between two polarizers, the light trans-
mitted in each pixel of the array can be adjusted by setting the
voltage applied, and the twist angle is a function of the applied
voltage. The liquid crystal device used is sandwiched between a
polarizer and an analyzer, making angles ψ1 and ψ2 with the x
axis, which is vertical with the propagation direction of the in-
come wave. Assume that the ordinary and extraordinary indices
of the liquid crystal materiel are n0 and ne, respectively, and the
thickness of the liquid crystal device is d. When ψ1 ¼ 90° and
ψ2 ¼ 0°, the phase variation is small. In such a 90°–0° config-
uration (i.e., ψ1 ¼ 90° and ψ2 ¼ 0°), the transmission T and
phase δ for a liquid crystal are

T ¼ 1�
�
π
2γ

�
2

sin2ðγÞ; (1)
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FIG. 1.—Schematic diagram of the liquid crystal apodizing coronagraph. Both
the liquid crystal array and the DM can be controlled by a computer for active
correction according to an optimization algorithm until best performance is
achieved.
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δ ¼ β � tan�1
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β
γ
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�
; (2)

where

β ¼ πd
λ
½neðθÞ � no�; (3)

γ ¼
��

π
2

�
2

þ β2

�
1=2

: (4)

When an electric filed is applied on the liquid crystal, all mol-
ecules are assumed to tilt by an angle θ, tending to align with the
applied field. The angle θ increases with the applied field until
reaching a saturation value of π=2. As a result of the molecule
tilting, the extraordinary index of the refraction can be calcu-
lated as

1

n2
eðθÞ

¼ cos2ðθÞ
n2
e

þ sin2ðθÞ
n2
o

: (5)

The transmission T is a monotonic function of β in the interval
0 to 0.866π. Therefore, the value of β ¼ 0:866π represents the
limiting value for the operation of a liquid crystal device as an
intensity or transmission modulator. The refractive indices ne

and no are typically wavelength-dependent. From equation (3),
it is clear that β is also a function of wavelength. A coronagraph
using LCA may therefore suffer from the chromatic effect,
which will limit the bandwidth for high-contrast imaging.

Figure 2 shows the phase error as a function of β that is rel-
evant with the applied voltage. Although the phase error is small
in the 90°–0° configuration, it has a maximum value of 1.2 ra-
dians that is still too large for high-contrast imaging. However,
such a static wavefront error can be corrected by a DM. The
associated intensity/transmission as a function of β is shown
in Figure 3. The transmission is not linearly proportional to
β (also not linearly proportional to the applied voltage). There-
fore, careful calibration of the applied voltages as a function of
the transmission is needed.

One concern for the use of LCA is the chromatic aberration
for wideband imaging. The refractive indices of the LC material
are variable as a function of wavelength and can be calculated
by the dispersion formula

n ¼ C1 þ C2λ�2 þ C3λ�4; (6)

where C1, C2, and C3 are dispersion constants that character-
ized the chromatic property of the liquid crystal material.

2.2 Coronagraph Active Correction

The LCA and the DM serve as transmission and phase cor-
rectors, respectively. A scientific camera that is located on the
coronagraph focal plane is used for the point-spread function

(PSF) sensing. The active corrections are based on a numerical
optimization algorithm (such as eq. [9]) and is done iteratively
until the best performance is achieved.

The LCA and the DM are located on or near the pupil plane.
Assume that there are n pixels on the LCAwhose transmission
can be modulated independently by applied voltages, and there
arem actuators on the DMwhose strokes can be controlled. The
PSF on the focal plane (with rectangular coordinates x and y) is
related with the pupil function by a Fourier transfer as

Iðx; yÞ ¼ j~Ff½A0 ·Aðv1; v2;…; vnÞ�e�i½Φ0�Φðu1;u2;…;umÞ�gj2;
(7)

where ~F represents the operation of the two-dimensional Fou-
rier transform; A0 and Aðv1; v2;…; vnÞ are the original ampli-
tude and the corrected amplitude, respectively;A0 is determined
by the initial design transmission pattern, and Aðv1; v2;…; vnÞ
is associated with an extra compensation that is provided by
applying extra voltages ðv1; v2;…; vnÞ on the LCA; Φ0 is the
initial phase error of the coronagraph, including that induced
by the LCA, and Φðu1; u2;…; umÞ is associated with an extra
phase compensation by applied voltages ðu1; u2;…; umÞ on the
DM actuators. Both ðv1; v2;…; vnÞ and ðu1; u2;…; umÞ are free
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FIG. 2.—Relative phase error (in radians) as a function of β. See the electronic
edition of the PASP for a color version of this figure.
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FIG. 3.—Relative transmission/intensity as a function of β. See the electronic
edition of the PASP for a color version of this figure.
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variables that must be optimized via an active iteration until a
best performance is achieved.

The contrast is defined as the ratio of intensity on a specific
location (x, y coordinates) to the peak intensity on the PSF cen-
ter (0,0 coordinates) and is given as

CðrÞ≡ Iðx; yÞ=Ið0; 0Þ: (8)

The contrast is optimized in the discovery area that is defined by
the inner work angular (IWA) distance and the outer work an-
gular (OWA) distance. For such an active correction using both
a LCA and a DM, we use the scientific camera located on the
focal plane for PSF contrast sensing. Assuming that the target
contrast Ct is a constant (such as 10�5:5 for a ground-based ob-
servation), one algorithm that is based on the discrete optimiza-
tion is to minimize the sum of the intensity in the discovery area:

min

�XOWA

IWA

jCðrÞ � Ctj
�
: (9)

Since ðv1; v2;…; vnÞ and ðu1; u2;…; umÞ are free variables,
there are nþm variables that can be optimized. Please note
that this algorithm requires the use of a high-dynamic CCD
camera (at least 16 bits) to properly sample the PSF in the dis-
covery area.

3. SIMULATION AND DISCUSSIONS

The LCA can be used to create any transmission pattern for a
transmission apodization pupil that uses a finite number of
transmission elements and is based on a design of discrete op-
timization (Ren & Zhu 2007). To demonstrate the possible per-
formance of the LCA for high-contrast imaging, we use a LCA
to create a transmission pattern for an off-axis telescope without
central obstruction, although other transmission patterns that are
optimized for circular apertures with central obstruction can
also be created with the LCA. Apodization pupils with central
obstruction were discussed in our other article (Ren et al. 2010),
in which transmission pattern is realized by metallic coating.
For the coated filters, the coating of metallic material needs
to be controlled with high precision, which is a great challenge.
The transmission accuracy is not a problem for the LCA array,
however, since the transmission on each pixel can be measured
and calibrated in advance. Such an active adjustment guaranties
that high precision is achievable.

To demonstrate wideband high-contrast imaging with a finite
number of liquid crystals, we use 100 liquid crystal pixels to
sample the diameter of the pupil, which yields a moderate time
to optimize the design. The intensity of each pixel along the
radius can change independently. Because of the symmetry
of the transmission pattern, this gives 50 individual variables
for the numerical optimization (i.e., n ¼ 50). More sampling
pixels should generally provide a better result, since more vari-
ables are available for the numerical optimization. Figure 4

shows the transmission pattern (left ) optimized for an off-axis
telescope without central obstruction and the associated PSF
(right). The design is optimized for 10�5 high-contrast imaging
with a ground-based telescope at a discovery area corresponding
to an angular distance from 2–21 λ=D. For ground-based high-
contrast imaging, near-infrared observations are preferred, con-
sidering the radiation features of the star-planet system and the
performance of adaptive optics. The contrast at the 1.25 μm de-
sign wavelength is shown in Figure 5, where the dashed line is
the PSF without apodizing. In this example, the LCA corona-
graph is designed to deliver a contrast of 10�5 at an angular
distance ≥2 λ=D.

Since the liquid crystal material has strong chromatic fea-
tures in general and the transmission, as well as the phase, is
a function of wavelength, as we have discussed, the contrast
will be degraded if the observation wavelength is deviated from
the design wavelength. We assume that a DM can only correct
the static aberration at the design wavelength. The contrast deg-
radation may result from the deviation of wavefront aberration
and the transmission, because of the change of wavelength. The
refractive index at different wavelengths is calculated accord-
ing to equation (6). For this simulation, we choose the liquid
crystal material MLC-9200-000, which has an Abbe number
V e ¼ 42:87 with the dispersion constants C1 ¼ 1:4600,
C2 ¼ 0:0058, and C3 ¼ 3:95 × 10�17 for the ordinary ray
and C1 ¼ 1:5382, C2 ¼ 0:0073, and C3 ¼ 4:00 × 10�5 for
the extraordinary ray. The tilt angle θ is found from equation (5)
at the design wavelength and is then used to calculate the trans-
mission and phase at other wavelengths using equations (1) and
(2). Figure 6 shows the contrasts at different wavelengths in the
J band with the phase error only, and Figure 7 shows the con-
trasts at different wavelengths with the transmission errors only.
The shift of wavelengths from 1.25 μm to 1.15 and 1.35 μm
results in a slight contrast degradation at the small angular dis-
tance (around 2 λ=D). However, the coronagraph is still able to
deliver a contrast of 10�5 in the J band at an angular distance
larger than 2:5 λ=D. It is obvious that the LCA coronagraph is
more sensitive to the transmission error than that of the wave-
front. We also used other crystal materials for this simulation
and have found that differences for different materials are
too small to be noticeable. This is because the performance
of liquid crystal for wideband high-contrast imaging is domi-
nated by equation (3), which is a function of wavelength, not
by the dispersion formula of equation (6). This simulation dem-
onstrated that the chromatic aberration of LCAs is sufficiently
small to allow their use for the ground-based near-infrared
wideband imaging at a moderate contrast. Further increasing
the contrast will reduce the allowed bandwidth accordingly
and requires compensation between the contrast and bandwidth,
which should be determined in the design simulation process.

For an actual system of the liquid crystal coronagraph, the
PSF sensing for the DM and the transmission corrections can
be done in the whole J band. This may result in a performance
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that is optimized for the whole J band, instead of for the mono-
chromatic design wavelength as we did in our simulation.
Therefore, the overall performance for wideband imaging
may be slightly better than in the simulation. The simulation

covers almost the whole J band, indicating that the LCA is suit-
able for ground-based high-contrast imaging.

The LCA has the potential to be used for the transmission
apodization coronagraph (Ren & Zhu 2007), which is optimized

FIG. 4.—Transmission pattern (left) and the associated PSF (right) created with 100 × 100 discrete liquid crystal pixels.
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FIG. 5.—Contrast profile for the coronagraph: apodizing pupil (solid line) and pupil without apodizing (dashed line). The design wavelength is at the 1.25 μm near-
infrared. See the electronic edition of the PASP for a color version of this figure.
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for the 10�10 contrast with a space-based telescope in the visi-
ble. In this case, the LCA must be designed to be achromatic for
wideband imaging. For chromatic phase error that is induced by

the optical-path difference at different wavelengths, a possible
solution is the use of a chromatic correction plate that can be
located behind the LCA and will be used to induce an inverse
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FIG. 6.—Contrasts at different wavelengths when the phase errors are included for wavelengths at 1.25 μm (solid line), 1.35 μm (dotted line), and 1.15 μm (dashed
line). See the electronic edition of the PASP for a color version of this figure.
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FIG. 7.—Contrasts at different wavelengths when the intensity errors are included for wavelengths at 1.25 μm (solid line), 1.35 μm (dotted line), and 1.15 μm (dashed
line). See the electronic edition of the PASP for a color version of this figure.
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optical-path difference in the collimated rays. In order to induce
an inverse optical-path difference, the correction plate can
consist of one or more different transmission materials. The
general approach to correct the chromatic phase error using
different transmission materials was discussed in our previous
article (Ren and Allington-Smith 1999). A further fundamental
approach to correct the chromatic transmission error is the
achromatic correction of β in equation (3). If β is achromatic,
both the phase and transmission chromatic errors will be auto-
matically corrected. This can be done by carefully choosing liq-
uid crystal material or by the use of compensation film. At a
specific tilt angle θ, β decreases as the wavelength increases.
If a liquid crystal material exists for which the ne � n0 increases
properly as the wavelength increases, the chromatic errors will
be corrected. For the high-contrast imaging in the visible, the
correction of chromatic errors should be further explored.

In the visible, the light from a star is unpolarized, while the
starlight reflected by an exoplanet is usually polarized (Seager
et al. 2000; Saar and Seager 2003; Hough and Lucas 2003; Stam
et al.2004). Polarization measurement can be used to enhance
the contrast for the exoplanet imaging. Working in the visible,
our coronagraphs can integrate a polarimetry that consists of
two coronagraphs, each associated with one of perpendicular
linear polarizations that are created by polarizer 1 in figure 1.
The two images simultaneously created by the two corona-
graphs can be used for wideband differential imaging that
has the potential to remove the speckle noise and provide an
extra contrast gain on the order of up to 10�2 (Zubko et al.
2007) and can therefore further facilitate the high-contrast
imaging.

4. CONCLUSIONS

We have, for the first time, proposed a high-contrast imaging
coronagraph that integrates a LCA for active transmission cor-
rection and a DM for active phase correction. In such an ap-
proach, source errors such as the initial transmission and
wavefront errors can be actively compensated based on an opti-
mized algorithm. The theory and simulation indicated that a
LCA can be used with a DM for wideband imaging with a
ground-based telescope in the near-infrared, where a moderate
contrast on the order of 10�5 is acceptable, without the correc-
tion of the chromatic error. Further chromatic correction should
be explored if the LCA is used with a space-based telescope in
the visible, where a contrast in the order of 10�10 is required.

LCAs with pixel numbers over 1K × 1K are commercially
available at a low price. For example, the LCA Spatial Light
Modulator LC-R 1080 manufactured by HOLOEYE has 1920 ×
1200 pixels, with a frame rate of 60 Hz, an intensity ratio of
2000∶1, and a 90% fill factor. It works as a reflective component
that is based on reflective liquid crystal on silicon. These features
make the LCA ideal for the light modulation for the coronagraph
pupil apodizing. Laboratory results using LCAs will be dis-
cussed in our future articles.
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