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Abstract—In order to observe exoplanets we propose a space-based achromatic stellar coronagraph com-
bined with a 0.8—1.5 m telescope. We develop an achromatic common path interferometer for observing an
exoplanet (a faint off-axis source) on the background of a hoste star (bright axial source). An image of the star
and its copy acquire an achromatic phase shift by 180° and interfere in antiphase. The achromatic phase shift
is caused by geometric phase in the scheme of a three-dimensional interferometer. The interference process
divides spatially the dark and light fields of the star image redirecting them to the opposite sides of a beam
splitter. The interference process does not weaken the image of a planet, with equal intensities it is redirected
to both sides of a beam splitter. The suggested scheme of common path interferometer ensures mechanical
stability. The background signal is experimentally demonstrated to be reduced by six orders of magnitude.
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1. INTRODUCTION

In the nearest future leading world space agencies
plan space missions for observation of exoplanets or
extra-solar-system planets. For example, American
space agency NASA plans two nearest space missions as
a part of TPF (Terrestrial Planet Finder) project: multi-
arm interferometer TPF-I (http://planetquaest.jpl.nasa.
gov/TPF-1/TPFIwhitepaper.pdf and http://planetquaest.
jpl.nasa.gov/TPF-I/tpf-1_index.cfm) with tentative
date of launch in 2015—2020, and coronagraph TPF-C
(http://planetquest.jpl.nasangov/TPF-C/tpf-C_index.
cfm) in 2016. European space agency ESA actively
promotes the project Darwin (http://www.esa.int/esaSC/
120382 _index 0 m.html) with a launch scheduled on
2018—2020. In Japan NASDA and JAXA agencies
develop a program J-TPF (Japanese TPF) aimed at
observations of exoplanets using the space telescope
SPICA (http://www.ir.isas.jaxa.jp/SPICA) supplied
with a coronagraph and scheduled to be launched in
2010. Powerful ground-based telescopes Keck
(NASA) and Subaru (Japan) are supplied with coron-
agraphhic modules (for example, HICIAO [1]) with
the aim of observing exoplanets. Operation of the
ground-based coronagraph, such as CIAO corona-
graph, remained limited in principle by imperfect sys-
tems of adaptive optics, especially for the mode of
exoplanet observation, where there is a lack of quality
of active dynamic correction of the wave front, dis-
torted by turbulence of the atmosphere, in order to
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reach diffraction resolution of the telescope. The wave
front quality for reaching a coronagraphic contrast of
10° is required A,/600 at the wavelength A, = 1 pm.

Star coronagraphy makes actual the problem of
creating an achromatic astronomical instrument for
visual optical and infra-red ranges [2, 3, 4]. Integral
brightness of exoplanets in astronomical observations
is less than the star brightness by 6—10 orders of mag-
nitude, depending on wavelengths, from infra-red
(IR) to visual range, respectively. In the Bracewell
method [5] a long-base interferometer uses two tele-
scopes in order to improve resolution; light from a
background axial source (star) has a phase shift by ©
radians and destructively interferes. Simultaneously,
light from an off-axis source (planet) interferes with
another phase difference so that the off-axis source is
attenuated insignificantly and has a signal level suffi-
cient for photo recording. In recent time various opti-
cal devices are suggested for attenuation of the back-
ground star signal. Among them there are phase [6—7]
and focal [8] masks, also used are appodization of the
entrance pupil [9], delay lines [10], achromatic phase-
shifting devices [11], and their combinations [12].

Null-interferometer removes background illumina-
tion by way of achromatic phase delay by 7 radians star
coronagraphy [11].

Achromatic interference coronagraph [13] uses a
scheme of Michelson interferometer with zero optical
path difference (OPD). One arm of the interferometer
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Fig. 1. Principle of attenuation of background axial signal.

includes spherical and parabolic mirrors for focusing
and collimation, while another arm of the interferom-
eter contains only plane mirrortrain. It is necessary to
stabilize the interferometer OPD at approximately
zero level with an accuracy of a few thousandth frac-
tions of the wavelength (A/1000), which is a techni-
cally difficult problem to be obtained in an interferom-
eter with physically separated arms. Therefore, it is
critically sensitive to small mechanical instabilities.

In recent publications [14—15] a new interferome-
ter scheme was suggested that simultaneously intro-
duces the achromatic phase shift by w radians (in order
to reach dark field interferometer) and automatically
eliminates undue sensitivity to mechanical instabili-
ties owing to the common path scheme. Taking apart
optical losses on the mirrors in the mode of linearly
polarized light, the suggested interferometer divides
the star light in the ratio 100%—0% and the planet light
in the ratio 50%—50%, by redirecting corresponding
energies to the different sides of a beam splitter, to
bright and dark ports of the interferometer. The bright
port of the interferometer receives 100% of starlight
and 50% of planet light. The dark port of the interfer-
ometer receives only 50% of emission of the planet
which is observable in the dark field of the star attenu-
ated by a factor of 6—10 orders of magnitude.

In order to attenuate natural nonpolarized light,
the starlight is divided in two orthogonal linear polar-
izations, and they are analyzed separately.

2. PRINCIPLE AND OPTICAL SCHEME
OF THE RING ROTATIONAL SHEAR
NULL-INTERFEROMETER

The optical path difference (OPD) between two
arms of the interferometer, as applied to long-base
interferometry and coronagraphy problems, and
shown in Fig. 1, is equal to zero in the case of a star
(axial source) marked by asterisk. The null-interfer-
ometer produces a phase difference equal to « radian,
caused by the geometrical phase effect. The dark inter-
ference field is redirected to the dark output of the
null-interferometer. The null-interferometer is real-
ized according to the scheme of a rotational shearing
interferometer (RSI) [16, 17]. RSI is differential inter-
ferometer with geometrical turn of reference wave
front.

The planet represented by point in Fig. 1 attains
non-zero OPD, and in the pupil plane it demonstrates
an interference picture with localization of a dark
interference fringe centered on the optical axis of the
rotational shear interferometer. If the full light of the
planet (off-axis source) is collected by integration of
the periodic interference picture over the entire pupil
of the optical system, then the interferometer does not
attenuate substantially the signal of the off-axis source
which can have a signal level sufficient for photo-
recording.

The Sagnac interferometer [18] provides for a sta-
ble zero OPD due to the fact that two arms of this
interferometer are geometrically superposed, and two
waves propagate along one and the same path in oppo-
site directions.
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Fig. 2. Optical scheme of nonplanar null-interferometer.

In order to attenuate the background signal due to
shifting geometrical phase, a three-dimensional (non-
planar) scheme of the Sagnac interferometer is real-
ized, radiation inside it propagating in three spatial
coordinates (Fig. 2).

Non-planar scheme of the interferometer rotates
polarization by azimuth angles of +90° and —90°, when
waves propagate in the forward (clockwise) and back-
ward (anti-clockwise) directions, respectively. The
optical scheme of the interferometer includes six
sequential flat mirrors designated as M;,—Mg and two
beam splitters BS,; and BS,. The principal rays shown
in Fig. 2 are directed along the interferometer arms.
For example, the first arm of the interferometer is
composed of the optical elements BS,—BS,—M ,—
M,—M;—M,—M;—M—BS,—BS,. Another arm of the
interferometer consists of the same optical elements
installed in the opposite order: BS,—BS,—M¢—M;—
M,—~M;—M,—M,—BS,—BS,.

Mirrors M;—Mg re-direct the principal ray along
unit vectors of the three-dimensional space along
three faces of the cube. Parallel (p) and normal (s)

planes of reflection of the mirrors M;,—M; and beam
splitter BS, cause rotations of polarization and image
by £90° when a light wave passes along the first and two
interference arms [19].

Two waves having passed through the interferome-
ter in the opposite directions attain a mutual geomet-
rical turn of their images by 180°. The direction of
oscillations of the light wave electric vector repeats the
turn of an image, for example, in the case of dielectric
mirrors with equal reflection coefficients p and s. The
geometrical turn by 180° of the oscillation plane of the
electric vector causes a phase shift of ® radians as
required for dark field interference. Destructive inter-
ference containing the dark field is localized from the
side beam splitter BS, faced in the lateral direction to
the entrance ray (Fig. 3).

Another output of the interferometer, light port, is
located on the other side of beam splitter BS, faced
oppositely to the course of incident ray. Beam splitter
BS, separates the light and dark fields of interference,
which is consistent with the energy conservation law:
localization of the dark fringe on one side of the beam
splitter corresponds to localization of the light fringe
on another side of the beam splitter.

For an asymmetric beam splitter (for example,
semitransparent plate) the electric vector turn forms a
light field at reflection from the inner face of the beam
splitter, and this takes place on the boundary faced
from a material with larger optical density to a material
with smaller optical density.

The electric field turn forms a dark field at reflec-
tion from the outer face of the beam splitter, on the
material boundary from the smaller to larger densities.
It is this fact that explains different orientations of the
vector of electric field propagating over a common
path along the interferometer arms [20].

For a completely symmetric beam splitter, for
example, an ideal semitransparent cube, the phase
shift by 1/2 radians occurs upon reflection, and the

Fig. 3. Localizations of dark and bright fields on different sides of a beam splitter in two input polarizations: vertical (a) and hor-

izontal (b).
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fields at the interferometer output turn out to be
shifted in phase by 2 - ©/2 =« radians.

The optical scheme of null-interferometer (Fig. 2)
automatically compensates chromaticity of the beam
splitters and mirrors due to propagation of two inter-
fering waves along a single path in different directions.
Two interfering waves have identical spectral intensi-
ties, which is a necessary and nontrivial condition for
the dark field of destructive interference to make signal
completely vanishing.

The beam splitter BS, serves for observing the dark
output. BS, is designed as a broadband polarizing
beam splitting cube for the visual range of wavelengths.
The input radiation with vertical linear polarization
passes through beam splitter BS, without substantial
losses, and the interferometer analyzes the total energy
of linearly polarized input radiation. The interferome-
ter arms turn the azimuth of polarization of the input
radiation by +90°, so that the output light attains
polarization coinciding with the reflection mode of
beam splitter BS;. The result of interference is again
redirected without substantial losses to the dark output
of the interferometer.

The image of a planet, directed to the interferome-
ter and observed at the same dark output of the inter-
ferometer, shows another result: the plane wave prop-
agates initially with a tilt relative to the interferometer
axis on a beam splitter and is transformed by the inter-
ferometer in two waves also having a mutual tilt of their
wave fronts. A focal of longitude interference fringes in
the plane of the pupil of the optical system corre-
sponds in the focal plane to two sources separated in
space (Fig. 1). Thus, pair images of the planet (point-
like off-axis sources) are geometrically separated in
the image plane and, therefore, they do not interfere
with each other.

Real diffraction images of the planet correspond to
point spread function (PSF) of the optical system of
telescope and interferometer that have a finite aper-
ture. An off-axis source sufficiently close to the optical
axis forms a small tilt of the wave vector to the interfer-
ometer axis, and two PSFs have a small lateral shift
inside the main maximum (lobe) of PCE A weakly
resolvable source and its achromatic copy interfere in
anti-phase, extinguishing each other only partially
because of a lateral shift of PSE For a scheme of gen-
eralized interferometric coronagraph this mode of null
interferometer is considered in detail in [3], where a
unique possibility of super resolution was demon-
strated. The planet, inclined to the optical axis (pivot-
ing axis of rotational shear interferometer) by an angle
approximately twice lesser than the telescope angular
resolution, has the maximum difference signal.

The null-interferometer of common path sug-
gested in this paper is efficient for attenuation of radi-
ation with linear polarization whose azimuth is ori-
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ented at an angle of 45° to the interferometer branch.
Limitations of the spectral range width for zeroed
radiation are determined only by the transmission
band of a material of the beam splitters. Chromatic
characteristics of metal mirrors and coating of beam
splitters are fully compensated. This compensation of
chromatism is a unique characteristic of the suggested
method. It allows one to perform measurements of
off-axis source in the widest range of wavelengths
technically possible at the present time.

Null-contrast depends on source size and takes on
the following values for several practical sizes of a
source: NC{0.006(A/D)} = 10->, NC{0.002(/D)} = 10~°.

These expressions correspond to theoretical limits
of signal attenuation for stars with angular dimensions
1.2- 103 and 0.4 - 103 arcsec, observed by a telescope
with aperture of 1 m diameter at the wavelength 1 pm.

Optical measurements under realistic conditions
(extended source, finite precision of polarization
installation, real mirror surfaces with residual micro-
roughness and finite adjustment accuracy, etc.) are
made with actual null-contrast lower than the theoret-
ical value.

3. LABORATORY PROTOTYPE
AND LABORATORY EXPERIMENTS

In order to demonstrate the effect of achromatic
nulling of broadband emission of an axis source with
the help of suggested null-interferometer and to mea-
sure its characteristics, we have designed a prototype
of'the interferometer. The optical block diagram of the
experiment is presented in Fig. 4.

Two independent light sources were used: a halogen
lamp of white light and a super-luminescent light
diode (SLD). They were installed coaxially with inter-
ferometer axis and at a small inclination to it. Colli-
mated beams of two light sources were combined by
way of beam splitter BS,,.

Measured spectral distributions of emissions of the
halogen lamp and super-luminescent diode are pre-
sented in Fig. 5.

The halogen lamp emission (having passed through
the glass bulb) has effective width of the Gaussian
spectrum approximately 300 nm with a central maxi-
mum at about 570 nm. The band of emission of the
super-luminescent diode is much narrower: effective
width of the Gaussian spectrum is approximately
20 nm at a spectral maximum of 672 nm.

In order to improve spatial coherence the light of
the above sources was transmitted through spatial fil-
ters. The narrowband emission of the super-lumines-
cent diode was transmitted through a single-mode
optical fiber after which almost completely spatially
coherent light was obtained. The broadband emission
of the halogen lamp by means of a condenser lens was

COSMIC RESEARCH
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Fig. 4. Block diagram of the experiment.

collected on a stop that was placed at the focus of a
collimator (achromatic lens).

For purposes of the experiment the axial sources of
different angular sizes were needed, and they were cre-
ated by changing parameters of collimation. For
example, for visualization of the coherence region, in
which interference fringes are observed with nonzero
interference contrast, the effective angular size of the
axial source was equal approximately to 12 minutes of
arc. It was achieved by setting a stop diameter 20 pm
and the focal length of the collimator 6 mm.

In order to reach then null-contrast of the axial
source NC ~ 1073 in white light, the source’s angular
size equal to 10 arcsec was provided with a stop of 5 pum
diameter and a collimator with focal length equal to
100 mm. The angular size of such a source expressed
in Airy units of radius [~A/D] was equal to O=
0.02(A/D) when observing in central wavelength A =~
0.6 um through a limiting stop D = 0.2 mm.

Apparatus limitations for signal attenuation were
studied with the spatially coherent light of a single-
mode He—Ne laser.

The bounding aperture shown in Fig. 4 is optically
conjugated with a pupil plane. By moving it in the lat-
eral direction the optical axis of the interferometer was

COSMIC RESEARCH
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preliminary centered with respect to the axis of a col-
limated source. For high-precision control of the
interferometer axis inclination the beam splitter BS,
was mounted on piezoengines providing for desired
mechanical angles of tilt along axes ©, and ©O,. Later
on, the tilt was set by an external mirror installed in a
holder with angular adjustment made by piezoceramic
engines.

In the experiment a signal (attenuated due to
destructive interference) from the dark output of the
interferometer was compared to the reference signal
received from the bright output of the interferometer.
This bright output included the attenuator, a cali-
brated neutral filter. Two optical signals received from
the dark and light ports for their simultaneous detec-
tion were overlapped (with a small lateral mismatch)
in the field of a photo receiving device (CCD camera)
with the help of a mirror and beam splitter BS; shown
in Fig. 4. Before the CCD camera an objective was
installed or an optical system for imaging the pupil. In
the latter case the field Lyot stop installed in the plane
optically conjugate to the pupil plane obscures
approximately 10%—20% of the outer diameter in
order to reduce diffraction edge effects. At the same
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Fig. 5. Experimental spectral characteristics: of halogen white-light lamp (a) and super-luminescence diode (b).

time, the Lyot stop compensated lateral errors in
alignment of the axes of the source and interferometer.

In more detail the functions of separate elements of
the optical system are described when specifying par-
ticular experiments. The optical elements installed on
movable holders for input into the optical scheme and
output out of it are designed in Fig. 4 by symbol <.
Photos of the experimental setup in simplified and
multifunctional modifications are shown in Fig. 6.

3. 1. Visualization of the Coherence Area

The achromatic null-interferometer is installed in
the pupil space of the optical system (Fig. 4). Origi-
nally, the CCD camera without objective was installed
immediately at the dark output of the null-interferom-
eterin order to observe a diffraction image of the pupil.
The bright output of the null-interferometer was
blocked, and the mirror shown in Fig. 4 was deflected.
The axial (halogen lamp) and off-axis (super-lumines-
cence diode) light sources were combined in the pupil
plane by means of the beam splitter BS,. Figure 7
shows corresponding interference images which are
easily identifiable immediately with each source. A
ring-like central fringe of interference in Fig. 7a is pro-
duced by on-axis extended source. This is confirmed
by the fact that only the halogen lamp was switched on
electrically.

In Fig. 7b the rectilinear interference fringes with
high frequency correspond to the off-axis light source
having an inclination to the optical axis equal to

~12 minutes of arc. Identification of the fringes is also
easily checked by electrically switching on only the
super-luminescence diode.

Figure 7c presents the interference pattern when
both on-axis and off-axis sources are switched on
simultaneously. Both the images show localization of
dark interference fringes at the center corresponding
to geometrical position of the null-interferometer axis.
Figure 7c illustrates the principle of operation of an
achromatic interference coronagraph that attenuates
light of the axial source in order to detect on its weak-
ened background the off-axis source light. Indeed,
localizations of interference fringes are essentially dif-
ferent for the axial and off-axis sources. The emission
of an off-axis source inherent in alternating interfer-
ence fringes is detected on the background of a virtu-
ally dark field obtained as a result of destructive interfer-
ence of the axial source emission. The residual (not com-
pletely attenuated) light of the axial source in Fig. 8c is
caused by insufficient, small spatial coherence of the
on-axis source (weak collimation). In the practical
case of astronomical observation of a star, as an on-
axis source, the radius of the central circular dark
fringe of interference will be substantially increased
due to increased spatial coherence of star light, and the
background will become practically black because of
destructive interference. In planned astronomy obser-
vations a solar-like star should have an angular dimen-
sion of a few milliseconds of arc, while the effective
source dimension for a collimated halogen lamp in the
prototypical experiment was equal to ~12 minutes of arc.

COSMIC RESEARCH
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Fig. 7. Interference patterns observed in the pupil plane.

The behavior of interference contrast C (function
of visibility of interference fringes) coincides with
classical description [21] using first order Bessel func-
tions of the first kind J;:

C= (Imax - Imin)/(lmax + Imin) = 2.]1(7")/7", (D

where ¥ = 2mtr0/)\ is the optical coordinate, and 0 is
the angular size of a source.

The lateral dimension of the coherence region, its
diameter D,,ence COrresponds to difractometry theory
[21] with a correction for diffraction propagation of an
optical wave:

Dcoherencez 3.83 7\‘0 F/(d TC) +2L 7\'O/D: (2)

where Fis the focal length of a collimator, d is the stop
diameter determining the linear size of a source, A, is
the central wavelength, L is the distance from the col-
limator plane to the detector plane, and D is the colli-
mator diameter.

The first term in formula (2) describes a lateral
dimension of the coherence area in the collimator
plane, while the second term corresponds to diffrac-
tion divergence of a beam in the space between the
collimator and detector (CCD camera).

COSMIC RESEARCH
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3.2. Achromatic Nulling in the Imaging Plane

In order to increase spatial coherence the effective
size of the source was diminished down to angular size
of approximately 10 arcsec, which corresponded to
about 0.02 A/D.

Then, the observed diameter of coherence area
reached approximately 16 mm and exceeded the linear
dimension of a CCD camera chip equal to one third of
an inch ~ 8.47 mm. The boundary of the coherence
area was not observed in the field of view of a lensless
CCD camera in the pupil plane. For conversion into
the imaging plane a standard objective was used to
focus the pupil plane onto the CCD camera.

In order to demonstrate the effect of achromatic
nulling in the interferometer the dark and light signals
were divided on the beam splitter BS, (Fig. 4) and re-
directed with the help of an additional beam splitter
BS; into the field of view of the CCD camera for their
simultaneous detection. When overlapping the dark
and light signals in the field of view, a certain angular
mismatch was set between the signals so that the light
interference field was observed shifted upward from
the dark field shifted downward. The elements mirror
and objective of the optical scheme shown in Fig. 4
were included in the experiment scheme.
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Fig. 8. Achromatic nulling.

According to energy conservation law, signals of the
dark and bright output s of the interferometer were
observed to be complementary to each other: at
destructive interference at the dark output the con-
structive interference was observed at the bright out-
put. At alternating interference fringes corresponding
to the off-axis source or at decreased coherence the
signals become equal at two outputs of the interferom-
eter. Therefore, the bright output intensity was used as
a reference signal with which the attenuated signal was
compared.

When observing the image of Fig. 8a only off-axis
source was switched on electrically, and a pair of its
images was observed at two outputs of the interferom-
eter: bright output image is upper and dark is lower.
Each element of the pair has intensity approximately
equal to a quarter of the total power of the off-axis
source and is located symmetrically about the optical
axis of the interferometer. For visualization of null-
contrast the off-axis source intensity was set three
orders of magnitude lower than the intensity of the on-
axis source.

In Fig. 8b only on-axis source of white light (colli-
mated halogen lamp) was switched on electrically. The
intensity of the on-axis source and the exposure time
of the CCD camera were coordinated in order not to
exceed the dynamical range of the CCD camera above
its saturation. In the upper part of the field of view the
on-axis source emission is observed in the bright out-
put region. In the lower part a weak level of residual
signal of non-zeroed axial source is detected.

For experimental measurement of nulling contrast
NC in Fig. 8c the images of bright and dark fields, dif-
ferent in size, are compared. The digitized signal of
photo counts at every point was summarized to calcu-
late the integral intensity of fields. Their ratio amounts
to a value of about three orders of magnitude, which is
in agreement with estimation of a limiting theoretical
nulling constrained by effective angular size ~0.02 A/D
of an extended source.

In Fig. 8d the on-axis and off-axis sources of light
are switched on simultaneously. In the upper region
the bright field of the on-axis source completely sur-
passes in intensity the emission of a weak off-axis
source. At the same time, in the lower region of the
field of view the dark field of the axial source is suffi-
ciently attenuated and adds only an insignificant back-
ground to the off-axis source. Light of the halogen
lamp forming an off-axis source in this experiment
had continuous spectrum with a width of about
300 nm, which indicates to full achromatism of null-
ing. The exposure time of the CCD camera was about
4 s, which testifies mechanical stability of the null-
interferometer.

3.3. Nulling of Spatially Coherent Light
of He— Ne Laser

The purpose of experiments on nulling the laser
light source was to study limiting attenuation of light.
Since the factor of insufficient spatial coherence was
eliminated by way of using laser emission, other
instrumental factors limiting the contrast of axial sig-
nal attenuation were studied.

3.3.1. Nulling in the Space of Pupil. As in the previ-
ous case, in order to compare intensities of the bright
and dark outputs of the interferometer their signals
were combined in the CCD camera plane with a small
vertical shift. For simultaneous comparison of the
intensities with a difference originally exceeding the
dynamical range of the CCD camera (*10%) the emis-
sion of the bright output of the interferometer was
attenuated by a calibrated neutral filter. For high-pre-
cision adjustment of the null-interferometer coaxially
with the source axis piezoceramic engines were used to
incline the beam splitter BS, (or, later, the external
mirror not shown in Fig. 4).

Figure 9 shows the images on the pupil plane where
the dark and bright output s of the null-interferometer
are presented in the lower and upper halves of the

COSMIC RESEARCH
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CCD camera, respectively. The dark output of the
interferometer include a contrast speckle-field, while
the bright output demonstrates a more homogeneous
distribution of intensity.

Emission from the bright output was attenuated by
a neutral filter approximately by a factor of 2 - 10~

The achromatic interference coronagraph (AIC)
has the following property of image symmetry: if the
incident ray at the input of the null-interferometer
contains amplitude or phase image, then the ideal AIC
summates two identical images rotated by 180° with
respect to each other. At the output of the ideal AIC
perfectly symmetrical images about the null-interfer-
ometer axis (symmetry axis) are observed. The real
AIC consists of a system of sequential mirrors that
provide for geometrical rotation of the image and elec-
tric vector. Local areas of an image are reflected actu-
ally from different parts of mirrors. If one takes into
account residual micro-roughness of the mirrors, the
ideal plane wave, due to reflection from a micro-relief
(or scattering by it), produces an asymmetric image at
the output, because of the fact that two waves propa-
gating in opposite directions have no strictly common
path. Micro-roughness creates a certain phase differ-
ence with spatial distribution (aberration). As a result,
interfering wave packets will be summated with
unequal aberrations due to their mutual rotations.

The asymmetric speckle-field is caused by residual
micro-relief (micro-roughness) of mirrors. In order to
reach a null-contrast of 10~°, the micro-roughness
should not exceed the maximum value A/3000 PV
(peak-to-value). In practice it is difficult to meet this
requirement, taking into account that a wave front
entering the interferometer is reflected from more
than 16 optical surfaces, the number of planes being
doubled at propagation of a ray in two opposite direc-
tions.

The maximum value of interference contrast
obtained in experiment of Fig. 9 is about 2 - 10~*.
Then, the root-mean-square null-contrast averaged
over the pupil plane has the value NC,,~ 5 - 107,
which corresponds to root-mean-square value of the
wave front surface 9J,,,,~A/400 at A = 630 nm. The esti-
mate A/400 is equal to approximately a half of all aber-
rations of the wave front existing in the AIC system
because of the fact that symmetrical components of
aberrations are effectively eliminated by AIC, and they
constitute approximately a half of all aberrations.

In Fig. 9 practically asymmetric speckle-field is
observed, a more rigorous analysis of symmetric and
asymmetric components of the speckle-field is pre-
sented in paper [22]. The observed speckle-field is
caused by residual modulations of the wave front
inside the null-interferometer.

The wave front distribution in the pupil plane is of
fundamental importance for long-base interferome-
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Fig. 9. Dark (top) and bright (bottom) field of interference.

ters. For the coronagraph, which records photoelec-
tric signal in the image plane and is aimed at detection
of an off-axis source in the local area of its image, the
spatial distribution of the speckle-field as a function of
distance from the axial source becomes essentially
important. For investigation of the speckle-field distri-
bution in the image plane over the pupil field, one
needs to know not only intensity distribution, but
phase distribution as well. In order to simplify the
problem and to exclude high-precision measurement
of the wave front in the pupil plane, direct measure-
ment of the speckle-field intensity in the image plane
is performed in the experiment, installing a focusing
lens and relocating the CCD camera into the image
plane.

3.3.2. Nulling in the Image Plane. At the wave-
length A = 632.8 nm the null-interferometer reached
signal attenuation in the image plane down to peak
value of 6.5 - 1079, as is shown in Fig. 10. To carry out
these measurements, as in previous experiments, two
outputs of the interferometer were simultaneously
connected to the CCD camera with a certain linear
shift: the bright output of the interferometer is shown
up at bottom left, while the dark output is shown top
right. The bright output signal was attenuated with a
neutral filter by a factor of 10°.

During exposure in Fig. 10b the bright output of
the interferometer was closed by a shutter so that the
image fully repeated the dark output signal in Fig. 10b,
represented by the residual speckle-field caused by
instrumental errors of the null-interferometer.

Figure 11 presents linear cross-sections of intensity
patterns for the dark output of the interferometer. The
solid line corresponds to the cross-section in horizon-
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Fig. 10. Nulling in the image plane: (a) light and dark signals; and (b) only dark signal.

tal direction passed from the geometrical center —
null-interferometer axis position — maximum signal of
the dark output. The asterix line corresponds to the
cross-section obtained by averaging over all radial sec-
tions with origin at the center coinciding with the null-
interferometer axis position. The averaged cross-sec-
tion demonstrates attenuation of coherent signal
below the level of 10~° with angular position of a source
1'A/D, which is at the moment a record results
obtained without correction of the wave front.

For these measurements the pupil of the optical
system was conjuagated with the plane where the Lyot
stop was installed, next focusing to the image plane

C —+— Averaged plot
L ——— Non-averaged plot

Fig. 11. Intensity profiles of the dark output of the interfer-
ometer.

was performed, where photorecording of the signal
was made.

CONCLUSIONS

A new three-dimensional common path interfer-
ometer is suggested for an achromatic stellar coron-
agraphy: a high contrast suppressing an on-axis bright
source (star) to observe an off-axis source (planet).

A laboratory experiment was carried out and dem-
onstrated achromatic attenuation of axial signal with
coronagraphic-contrast 10~ over the visual spectral
band 300 nm wide. By illumination with coherent
laser light coronagraphic-contrast 10-¢ has been dem-
onstrated in the experiment for angular separation
between the star and the planet 1-A/D. Other technical
limitations were discussed, as well as practical feasibil-
ity how to improve the coronagraphic-contrast.

Presented null-interferometer in its implementa-
tion can be directly applied in the IR range, where the
required coronagraphic-contrast is 107°.
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