Testing of a transmission-filter coronagraph for ground-based imaging
of exoplanets
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ABSTRACT

We present the latest laboratory test of a new coronagraph using one step-transmission filter at the visible wavelength.
The primary goal of this work is to test the feasibility and stability of the coronagraph, which is designed for the
ground-based telescope especially with a central obstruction and spider structures. The transmission filter is circular
symmetrically coated with inconel film on one surface and manufactured with a precisely position-controlled physical
mask during the coating procedure. At first, the transmission tolerance of the filter is controlled within 5% for each
circular step. The target contrast of the coronagraph is set to be 10-5~10-7 at an inner working angle around 5λ/D. Based
on the high-contrast imaging test-bed in the laboratory, the point spread function image of the coronagraph is obtained
and it has delivered a contrast better than 10-6 at 5λ/D. As a follow-up effort, the transmission error should be controlled
in 2% and the transmission for such filter will be optimized in the near infrared wavelength, which should deliver better
performances. Finally, it is shown that the transmission-filter coronagraph is a promising technique to be used for the
direct imaging of exoplanets from the ground.
Keywords: extra-solar planets, hot Jupiters, high-contrast imaging, coronagraphy, step-transmission filter, ground-based
telescopes

1.

INTRODUCTION

There has been over 450 exoplanets discovered up to date, mostly through the indirect detection method that measures
the radial velocity of the planet/star system. The majority of exoplanets discovered so far have minimum masses that are
typical of giant planets, or orbit radii of at most a few astronomical units. Apart from some orbital and mass parameters,
little is known about exoplanets’ physical characteristics, such as the atmosphere conditions and chemical compositions.
The direct imaging of the exoplanet will allow us to characterize an exoplanet’s atmosphere and may also enable new
discoveries of exoplanets that are not easy to be found with the indirect method, such as for exoplanets with small mass
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and a wide range of orbital distances.
The direct imaging of an Earth-like exoplanet from the ground will be extremely challenging due to the large flux ratio
contrast and its location very close to the primary star. As a result of the diffraction, on the image plane of a telescope,
the diffraction light from the star is much brighter than the nearby planet at the same location, making the direct
detection of the exoplanet become impossible. For NASA’s Terrestrial Planet Finder Coronagraph (TPF-C), a contrast of
10-10 at an angular distance better than 0.1 arcsec is required in the visible wavelength [1]. A large telescope (for example,
an 8-meter telescope) will be able to resolve this angular detail, provided that the diffraction of the starlight is suppressed
and the exoplanet can be imaged with a reasonable signal to noise ratio. A high-contrast imaging provided by a
coronagraph that is designed to remove or suppress the diffraction of the starlight is critical for such direct detection.
Recently, a series of high-contrast coronagraphs have been proposed for the direct imaging of an Earth-like exoplanet,
which can theoretically provide a contrast of 10-10 at an inner working angular (IWA) distance of few λ/D (where λ and D
are the working wavelength and telescope aperture diameter)

[2-4]

. Because of the manufacture error of the coronagraph

critical components and the wave-front error induced speckle noise that originates from imperfections of the optics, none
coronagraph has reached such a contrast in 10-10, even in the lab. However, recent theoretical simulations
observations

[6, 7]

[5]

and

(Christian Marois C. et al. 2008, Lagrange 2009) have proved that for a young giant exoplanet a

contrast only in the order around 10-5 can be used for the direct detections in the near infrared wavelength. So the direct
imaging of a hot Jupiter from the ground may become possible.
However, most of previous coronagraphs were optimized for a dedicated off-axis telescope that has no central
obstructions or spider support structures. The existence of the central obstruction and spider structures will induce further
diffraction, thus making the design of a coronagraph difficult to achieve a high-contrast at a small angular distance.
Recently, Soummer et al. have discussed a coronagraph that uses a transmission apodized pupil and is dedicated for
ground based telescopes, in which they use an analytic function, the generalized prolate spheroidal function, to design
the apodized pupil
apodized pupil

[9]

[8]

. A technique called microdot was proposed latterly to be applied for the manufacture of such an

. But the microdot technique is very complex in design and manufacturing, with a high cost.

In this paper, we propose a coronagraph that is based on one step-transmission filter. The transmission filter is composed
of a finite number of transmission steps along the radial distance with the same transmission in each step. The
transmission variation is realized by coating with a metal layer of variable thickness along radial directions. The target
contrast of the coronagraph is set to be 10-5~10-7 at an IWA around 5λ/D. To demonstrate its feasibility and stability, we
have manufactured one 50-step transmission filter and the transmission error for each step is controlled within 5% at the
first step. Based on the high-contrast imaging test-bed in the laboratory, we have performed series of test of the
coronagraph that is optimized for the pupil with central obstruction and spider structures. Finally, it delivered a contrast
better than 10-6 at 5λ/D, which is consistent with our theoretical design. The test result indicates that our
transmission-filter coronagraph is a promising technique to be used for the direct imaging of the hot Jupiter-like
exoplanet from the ground.

2.

CORONAGRAPH DEVELOPMENT IN THE LABORATORY

2.1 Transmission-apodized pupil design for ground-based telescopes
For the existing large ground-based telescope, the existence of the central obstruction and spider structure will induce
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further diffractions. Most of current coronagraphs are not optimized for such telescope pupil, therefore are not suitable to
be used for the high-contrast imaging of exoplanets from the ground.
To achieve a high contrast at a small IWA distance, here in this paper, the design is based on the general idea of using the
transmission filter with a finite number of transmission steps, which was discussed by Ren & Zhu in 2007
design, we employ a discrete optimization algorithm

[10]

[4]

. In the

, which is to minimize the contrast on a focal plane discovery

area that is defined by the IWA and outer working angle (OWA) (see recent paper by Ren et al.).
Based on the discrete optimization algorithm

[10]

, a numerical simulation was performed to demonstrate the theoretical

performance of the transmission-filter coronagraph. Here we briefly present the theoretical design of the coronagraph
and its associated result. Assuming the central obstruction of a telescope is corresponding to the secondary mirror with
diameter γ*D, here we discuss two large secondary mirrors with different diameters: γ1=12.5% and γ2=25%, respectively.
And the width of the spider arms is τ*D, and set τ1=1.5%, τ2=2.5%, which are 12 and 20 cm for a telescope with an 8-m
primary mirror. Larger γ and τ will increase the difficulty to find an optimized pupil function to reach a high contrast at a
small IWA distance.
For this coronagraph, the target contrast is set to be 10-5~10-7. And the solution is obtained for IWA= 5λ/D and
OWA >50λ/D with a high throughput over 30%. The transmission amplitude pattern of the designed filter, the associated
coronagraphic image and the theoretical contrast profile are shown in Figure 1, respectively (from left to right). The
upper figure is corresponding to the case with γ1=12.5% and τ1=1.5%; the lower figure is the simulation result with
γ2=25% and τ2=2.5%.Table 1 summarizes the theoretical design of the two different step transmission filters.
Table 1. Theoretical design of the step-transmission filter.
Step transmission filter
Total step number

50

100

Central obstruction

γ1=12.5%

γ2=25%

Dimension of spider arm

τ1=1.5%

τ2=2.5%

IWA(λ/D)

5

5

OWA(λ/D)

>50

>50

Contrast

10-6~10-7

10-5~10-6

Throughput

35.84 %

35.6 %
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Figure 1. Left: Transmission amplitude pattern of the transmission filter that is designed to provide a high-contrast of 10-5~10-7,
with IWA=5λ/D and OWA>50λ/D; Middle: Associated theoretical PSF images; Right: Coronagraphic PSF contrast profiles along the
diagonal directions.

2.2 Manufacture of the 50-step transmission filter
To demonstrate the feasibility of the coronagraph, we manufactured one 50-step transmission filter, which was optimized
at λ=0.6328μm, by Reynard Corporation (USA). Our step-transmission filter was based on the metallic coating technique
and should deliver a good performance by careful selection of the coating material [10]. For this filter, a metallic film of
Inconel was deposited on one surface of a BK7 substrate with a diameter of 40mm and thickness of 5mm. The surface
quality of the substrate was controlled within a P-V value of λ/4. The filter has a clear aperture in diameter of 30mm and
the 50-step Inconel film with different thickness was coated in such clear aperture. The position for each step’s coating
was realized by moving a precisely computer-controlled physical mask during the whole coating procedure.
The diameter of the central obstruction on this filter is 3.75mm, which is 12.5% of the clear aperture diameter. The
region out of the clear aperture (30~40mm) on the substrate is coated with a “none-transmission” metallic film to block
unnecessary diffraction lights induced to the system. The transmission of the so called “none-transmission” area is lower
than 0.03%, which can be done by current techniques. On the opposite surface of the substrate, a single-layer
anti-reflection coating is applied to reduce possible reflections.
The spider structure was manufactured individually by a wire cut machine. The width of the spider arm is 0.45mm,
which takes 1.5% of the diameter of the clear aperture. The edge thickness of this spider structure is 0.4mm. A black
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coating was applied to both sides of the aperture. Figure 2 shows the actual filter in a holder and the associated spider
structure, respectively.

Figure 2. The photograph showing the actual 50-step transmission filter and the spider structure, respectively.

For this filter, the transmission error of each step is required to be controlled within 5% and the measurement data of the
transmission was provided by the manufacturer when it was arrived in our institute. Figure 3 shows the tested
transmission profile that is provided by Reynard Corp. From this figure, we can see that the transmission tolerance for
most of the 50 steps is lower than 5%, which meets our requirements.

Figure 3. The tested transmission profile by the manufacturer.
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2.3 Configuration of the experimental optics
The configuration of the step-transmission filter based coronagraph is similar as that of the conventional apodized-pupil
coronagraph. The step-transmission filter that serves as the pupil apodization mask is located in the collimated beam of
the optics system. The star and planet light is modulated by the pupil mask, and the associated image can be formed on
the coronagraph focal plane by a camera lens. Figure 4 shows the configuration of the experimental optics.

Figure 4. The configuration of the experimental optics.

All the coronagraph components (shown in Figure 4) were installed on a high-contrast imaging test-bed in a totally dark
room. A 0.6328μm He-Ne laser was used as the light source and focused on a 10um pinhole by a 60x microscope
objective lens. The pinhole was served as a spatial filter to achieve a point light source that can be used as the simulated
starlight. Between the laser light source and the microscope objective lens, a combination of neutral density filters was
inserted to adjust the peak intensity of the first PSF image that is taken under a proper exposure time (peak intensity
around 45,000 is preferred).
The optics configuration is similar to that described in the previous paper [11], except in a few points; a light baffle is used
to block unnecessary lights entering the optical path; in order to increase the flatness of light source, the collimated lens
were replaced by two combined lens with a longer focal length. The effective focal length of the two-lens collimator is
1826.00mm. And the camera lens group was replaced by a single lens with an effective focal length of 3547.18mm. The
PSF image can be enlarged to a proper size and the optical aberration should also be reduced by this optics. All the three
lenses are of spherical surfaces, with a surface quality better than λ/4 (P-V value). A single-layer anti-reflection coating
optimized at 0.6328um was applied on each surface of the lenses to reduce possible reflections. The clear aperture of the
lens is over 90% on both surfaces. A circular aperture stop with an edge thickness of 0.4 mm was made using a wire cut
machine to produce a 30 mm diameter collimated beam. The spider and 50-step transmission filter were inserted just
after the aperture in the collimated bean and with centering alignment to the optical axis. After modulation by the filter,
the starlight was imaged by the camera lens and the associated diffraction-suppressed light will be recorded on a CCD
camera that was located on the coronagraph focal plane.
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3.

RESULTS AND DISCUSSIONS

To test the PSF contrast profile of the coronagraph that uses the 50-step transmission filter, a commercial CCD camera
was put on the focal plane of the optics system. The camera has 1530 x 1020 pixels at 9 x 9μm pixel size. Since the 16
bit CCD camera is not sufficient enough to achieve a high dynamic range measurement in one single exposure, such as a
contrast in the order of 10-6, we employed a combination of several exposure times of 0.09, 8.0 and 450.0 s, respectively.
After taking each PSF image, we used a blocking mask to block the laser light to enter the system to get a reference
image. The reference image has the same exposure time with each PSF image and will be subtracted from the PSF image
to eliminate the influence of both effect of the dark current of the CCD and the background light. The processed PSF
image after the subtraction of the reference image is shown in Figure 5.

Figure 5. PSF images under different exposure times of 0.09, 8.0 and 450.0 s, respectively. The strong bright vertical pattern in the
PSF image (middle and right panel) is due to CCD image bloom.

Figure 6. The test contrast profile of the coronagraphic image along four diagonal directions. Relative intensity along these directions
can reach a high contrast better than 10-6, and the averaged contrast along diagonal directions is 3.16x10-7 at 5λ/D.
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Figure 6 shows the associated contrast profile of the associated coronagraphic image. The coronagraph has delivered a
contrast better than 10-6 at an IWA of 5λ/D, along all diagonal directions. The contrast along right-up, right-bottom,
left-up and left-bottom diagonal directions are 2.51x 10-7, 6.31x 10-7, 3.98 x 10-7 and 1.99x 10-7, respectively, with an
averaged value of 3.16 x 10-7.
Compared with the theoretical profile (shown in Figure 1, the up right contrast profile), the tested PSF has a slight
deviation at an acceptable level. Such a deviation is caused by the filter transmission error as well as possible residual
wave-front error from the coronagraph optics, which can be improved by using higher-quality filter and inducing
wave-front correction techniques.

4.

CONCLUSIONS

In this paper, we propose a transmission-filter coronagraph that is optimized for the telescope with central obstruction
and spider structures. The transmission-filter is composed of a finite number of transmission steps along the radial
distance with the same transmission in each step, making the manufacture become possible. Using this filter, the
coronagraph should theoretically reach a contrast of 10-5~10-7 at an IWA around 5λ/D. To demonstrate the feasibility and
stability of the coronagraph, we have manufactured one 50-step transmission filter and the transmission error of each
step is controlled within 5% at the first step. Based on the high-contrast imaging test-bed in the laboratory, we have
performed series of test for the coronagraph that uses the 50-step transmission filter. Finally, it has delivered a contrast of
(1.99~6.31) x10-7at 5λ/D, without any wave-front correction by using a deformable mirror. Numerical simulation and test
results indicate that our transmission-filter coronagraph is a promising technique to be used for the direct imaging of the
hot Jupiter-like exoplanet from the ground.
As a follow-up effort, the transmission error of this filter should be controlled in 2% and its transmission will be
optimized in the near infrared wavelength, which should deliver better performances. The coronagraph that employs the
new transmission filter should be used for the direct imaging of young giant exoplanets from the ground in the near
infrared wavelength. Later results will be discussed in our future publications.
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