Common-path achromatic interferometer-coronagraph:
images from a breadboard demonstrator
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A three-dimensional common-path interferometer is proposed, which can achromatically null out an
on-axis source while maintaining the detectability of an off-axis source. A geometric phase in the
three-dimensional interferometer introduces an achromatic m-phase shift to the light from the on-axis
source, such that destructive interference nulls out the axial light at one of the ports of the interferometer.
Light from the off-axis source, which is exempt from destructive interference, comes out from both ports with
equal intensity. The common-path scheme makes the system highly immune to environmental distur-
bances. In the described experiment, a 6 X 107° peak-to-peak nulling contrast was obtained. © 2007

Optical Society of America
OCIS codes: 260.3160, 260.5430, 050.5080.

1. Introduction

Achromatic photonic devices are in demand in a va-
riety of optical metrology applications from ultra-
short pulse laser beams to radar techniques and
astronomical instrumentations [1,2,3]. Planets re-
flect starlight with apparent brightness of 10~ "—10*°
of the star emitting light, depending on the wave-
length band that extends from infrared to visible.
Referring to the Bracewell concept [4], long baseline
interferometry enables a high angular resolution
technique in which the light from an on-axis bright
source interferes destructively, whereas the light
from an off-axis low-intensity target interferes con-
structively such that the off-axis target remains de-
tectable. Many devices for on-axis nulling have
recently been proposed, among which are phase [5,6]
and pupil masks, delay lines arrays [7], achromatic
phase shifters [8], and sophisticated combinations
thereof [9]. Among others, a fully achromatic =
shifter is a key device that is indispensable for the
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instrumentation of nulling interferometry and coro-
nagraphy [8].

In an achromatic interferometer-coronagraph (AIC)
[10], i.e., a Michelson interferometer with a focusing
mirror train in one arm and a plane mirror train in
the other arm, both arms have to be adjusted accu-
rately at the zero optical path difference (OPD),
which is hard to achieve with a mechanically unsta-
ble non-common-path interferometer. In our recent
publications [11,12] we proposed a new common-path
interferometer scheme that effectively maintains the
OPD between the interferometer arms and simulta-
neously adds an achromatic w-phase shift for destruc-
tive interference.

For linearly polarized light, aside from the re-
flection losses on the mirrors, the interferometer
throughput for an on-axis source can attain nearly a
100%—0% power split ratio at the two exit ports of the
interferometer, which are referred to as bright and
nulled ports. For an off-axis source, equal power
comes out from the two ports with a nearly 50%—-50%
split ratio.

The proposed nulling interferometer requires an
arbitrary polarized light to be split in two orthogonal
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linear polarizations, and they can be analyzed by two
independent devices. This paper introduces several
quantitative experiments that support and complete
the previous qualitative studies [11,12].

The paper is organized as follows: after a brief
introduction in Section 1, we review the scheme of the
proposed three-dimensional nulling interferometer
and show its advanced features in Section 2. In Sec-
tion 3 we describe several nulling experiments with a
white light source and an He—Ne laser light. Section
4 contains several notes to achieving a high corona-
graphic contrast by the proposed nulling technique.
In Section 5 we describe the technical realization of
the demonstrator. Prospective developments for the
common-path AIC are listed in Section 6.

2. Common-Path Achromatic
Interferometer-Coronagraph by Means of Rotational
Shearing Interferometer

As shown in Fig. 1, the OPD between two interferom-
eter arms is equal to zero for an on-axis source, denoted
by the star mark. Its destructive interference occurs
after passing through the achromatic w-phase shifter
realized by a rotational shearing interferometer (RSI)
[1,13]. An RSI is a differential interferometer with
some rotation of the copied wavefront. A similar wave-
front folding system with a small amount of rotational
shear was extensively studied [14].

An off-axis source, indicated by dots in Fig. 1, in-
troduces a nonzero OPD and produces interference
fringes in the pupil plane. In the close vicinity to the
axis, the interference remains destructive and has
dark fringe localization. Interference becomes no
longer destructive, collecting whole light over the pu-
pil plane. A light from such an off-axis source can be
detected.

A conventional Sagnac interferometer [15] main-
tains the OPD because the two interferometer arms
are designed to have a common path. For the purpose
of nulling, the Sagnac interferometer is extended to
three dimensions, as shown schematically in Fig. 2.
This interferometer introduces +90° polarization ro-
tations along the forward and the backward light
paths. The three-dimensional mirror train consists of
six plane mirrors M;—M; and two beam splitters,
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Fig. 2. Common-path interferometer. (a) Schematics, (b), (c) p
and s polarization vector tracing along the interferometer arms.

BS; and BS,. The principal rays are shown along
the optical axis in the first interferometer arm,
BS;-BS,-M;-M,-M;-M,-M;-M;-BS,-BS;. The backward
path BS;-BS,-M¢-M;-M,-M;-M,-M;-BS,-BS; intro-
duces the second interferometer arm. The local p-
and s-planes of the mirrors M;; and the beam
splitter BS, are oriented out of plane [16] and cause
+90° polarization rotations in the first and the sec-
ond interferometer arms, respectively. With respect
to each other, the images in the arms become geo-
metrically rotated by 180°.

Electric vectors follow the image rotation and it
introduces an achromatic m-phase shift for destruc-
tive interference in the BS, port, which faced to the
incident beam direction, as shown schematically in
Figs. 2(b) and 2(c). The rule of p- and s-reflections is
different, tracing two beams directed from two differ-
ent output ports of BS,. The output beam denoted as
the Bright output experienced the reflection inside
the plate BS, on the optical boundary faced to a lower
refraction index medium [17]. The beam redirected
back to an incident beam experienced the reflection
outside the plate BS, on the boundary faced to a
higher refraction index. For a fully symmetrical beam
splitter as an ideal cube beam splitter, a w/2-phase
shift occurs at a reflection and two output ports then
become w-phase conjugated. Because of the forward
and the backward propagations through the same
optical path, the proposed design automatically com-
pensates for the chromaticities of the beam splitter
and the mirrors, and guarantees the power balance
between the two counterpropagating beams, which
has been a challenging requirement for the realiza-
tion of a perfect nulling.

Interference process satisfies the energy conserva-
tion law; therefore, in our scheme, one BS, port re-
flects the light that results from the constructive
interference and is called as the “bright output” port.
The other BS, port transmits the rest of the light



energy to the “nulled output” port as the result of
destructive interference. The nulled output is re-
flected to the direction of incident light, and the
nulled result is observed via port BS;. The BS; is
designed as a broadband polarization beam splitter
(PBS). Its transmitting mode is set to match the in-
cident linear polarization state of the input; there-
fore, almost all energy flux can enter into the
interferometer. The interferometer arms rotate the
input polarization by +90° so that the polarization of
light returning to the BS; now matches the reflection
mode of the PBS, and again nearly all energy flux can
be directed to the nulled port.

The off-axis light component has another interfer-
ence result: each tilted wave results in two images,
and they do not interfere because they are geometri-
cally separated. If the off-axis distance is smaller
than the Airy diameter (close-sensing) [2], some frac-
tions of the two images still interfere destructively by
overlapping, but the rest of the nonoverlapping im-
ages are not nulled out and can be detected.

The present common-path AIC can effectively null
the linear polarization with 45° azimuth, because the
chromatic properties of the beam splitter BS, and the
chromatic phase from metal mirrors become all bal-
anced.

The RSI introduces 180°-wavefront rotation, which
results in the dependence of nulling performance on
the coherence function of the starlight on the pupil
plane. For an off-axis component, at each port, the
AIC produces two laterally shifted images (symmet-
ric images relative to the optical axis). At their in-
terference, the two point-spread functions (PSFs)
superposed with w-phase difference have an imbal-
ance with regard to their amplitudes. The linear
phase factor introduced by the wavefront tilt causes
the two PSFs to have a lateral shift in an image
plane. Therefore the interference contrast at each
point is reduced.

In experiment the nulling contrast can be mea-
sured directly by the common-path AIC (CPAIC) in-
terferometer. According to the energy conservation
law, one beam splitter port emits the bright energy
and the other beam splitter nulled port emits the
residual energy. A CPAIC directs light from the
nulled port and from the bright port to different
paths. The corresponding light intensities of the
nulled signal Iy,q and the bright signal Ip can
therefore be detected independently, and the nulling
contrast is obtained from their ratio,
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If the star is an incoherent circular symmetric disc of
radius k&, in terms of angular spectrum, and the tele-
scope has a uniform clear aperture, then the nulling
contrast is given by

NC(0) = 0.5(1 — (1 — Jy(2keR))/(kR)?),  (2)
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(Color online) AIC nulling contrast versus the effective
source size.

Fig. 3.

where 2k,R = 2(2m/N\)(0/2)(D/2) = wOD/\, O is the
angle diameter of the star, D is the aperture diameter
of the telescope, and \ is the wavelength correspond-
ing to the convention of the paper [2].

From its principle, an AIC technique cannot null
an extended source, because the extended source is
composed of many mutually incoherent off-axis point
sources that do not null out. Depending on the effec-
tive source size, which is conventionally measured
in /D units, the nulling contrast (NC) becomes re-
duced.

The dependence of NC on the source size in unit of
(\/D) calculated from Eq. (2) is graphically shown in
Fig. 3. This graph indicates the following nulling con-
trast for practical source sizes:

NC{0.006(\/D)} =~ 107?,
NC{0.002(\/D)} ~10°°.

(3a)
(3b)

Equations (3a) and (3b) estimate the practical lim-
itations of the general AIC instrument. Equations
(3a) and (3b) correspond to the star with the angular
diameters of 1.2 and 0.4 mas, being observed by a 1 m
telescope at A = 1 pm.

Sophisticated combinations of the AIC technique
with other nulling techniques, such as mentioned in
[9], can improve these theoretical values. Several fac-
tors, such as an extended light source, a polarization
mismatch in interference, scattering from optical sur-
faces, etc., result in a reduced NC. These factors
cause the coherence between two interfering beams
to degrade, which can be expressed in terms of the
complex degree of coherence [18] w(u). The real part
of w, denoted by Re{u}, is a directly measurable quan-
tity, and it is equal to the normalized interference
fringe variation in the pupil plane. The vector joining
two points brought to the interference in the pupil
plane, which are perfectly central symmetrical for
an AIC, stands as an argument of w: w(x, y; —x, —y).
Then the complex degree of coherence . averaged
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over the pupil is defined as

<
I

A, y)[m(x, y; —x, —y)]dxdy /

Pupil

J J A(x, y)dxdy, (4)

Pupil

where A(x,y) is the intensity transmittance of the
aperture so that [[p,,n1 A(x, y)dxdy is proportional to
the optical power when nulling does not apply. For
the proposed CPAIC operating at a single linear po-
larization, the denominator of Eq. (4) is the power of
light collected at this polarization. For unpolarized
light it is a nearly half of the total power collected by
a telescope. Then the NC averaged over the image
plane can be found as

NC = (1 - Re{})/(1 + Re{i}). (5)

Here we have introduced a new parameter of the
averaged complex degree of coherence . defined by
Eq. (4), because it has the advantages that one can
obtain both the residual intensity and the nulling
contrast solely from the directly measurable quan-
tity, i.e., the coherence function of the light after pass-
ing through the imperfect instrumentation of a
telescope and a nuller, and also that one need not
assume any previous knowledge about the coherence
and the irradiance of the light source, which are gen-
erally unknown a priori. A code for polarization ray
tracing was implemented to estimate the tolerances

On-axis source,

of alignment, polarization settings, ray aberrations,
etc., required for the desired NC, and also to predict
the reduction of the averaged complex degree of co-
herence j. taking both source and apparatus into con-
sideration.

To avoid confusion with other papers’ terminology
for coronagraphy, the term NC will always be used
when referring to the coronagraphic performance,
while the term “extinction ratio” used later in this
paper always refers to beam splitter characteristics.

3. Laboratory Experiments

To confirm the achromatic nulling property by simple
experiments with the proposed three-dimensional
common-path interferometer and to measure its
nulling characteristics, we constructed a breadboard
demonstrator, whose optical setup is shown in Fig. 4.
Basically, we made use of two separate light sources,
which were a halogen lamp and a superluminescent
diode (SLD) aligned on-axis and off-axis, respectively.
These light sources were combined by the beam split-
ter BS,. An SLD emitting the light over a 20 nm
spectral width was used to construct the off-axis
source. The halogen lamp emitted light with a spec-
tral width over a 300 nm that was used to construct
the extended on-axis source, and its measured spec-
trum is inset in Fig. 4.

To obtain spatially coherent illumination we con-
structed spatial filters. The SLD light was coupled
into a single-mode fiber and emitted by a commercial
fiber collimator, and therefore the SLD light can be
considered as the spatially coherent point-like source.
Light from the halogen lamp was transferred through
a pinhole, which was placed in the focus of an achro-
matic lens. Optionally, for experimental examina-
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Fig. 4. (Color online) Experimental schematic.
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tions, we set various collimation conditions to operate
with several effective source angular sizes. To visu-
alize a coherence area with a lensless CCD without a
camera lens, the effective source size was set to about
12 arc min (20 pm pinhole in 6 mm focus).

To enable the observation of a reasonable null-
ing contrast by our breadboard experiment with
incoherent white light, we have realized an exper-
imental condition for the theoretical value of NC
{0.02(\/D)} = 10 with the following collimation set-
up: a source of the angular size 10 arc sec, constructed
by a 5 pm diameter pinhole and a 100 mm achro-
matic collimation lens, was observed at A = 0.6 um
with an aperture of diameter D = 0.2 mm.

We used an He—Ne laser for the alignment pur-
pose and to study the extreme of the deepest nulling
by a spatially coherent source. In the optical sys-
tem shown in Fig. 4, a bounding aperture was used
to center the beam to the interferometer axis and
to set the beam diameter in the nuller. To pre-
cisely control the tilt of an interferometer axis we
mounted the beam splitter BS, on a piezo tilt stage.
We used a calibrated neutral density filter (NDF) to
attenuate the light intensity in a bright port. With
the beam splitter BS; and the mirror (denoted as
Mirror) we can combine two ports, namely, the bright
port and the nulled port. The detection part has two
options, either to observe an image by a CCD camera,
or to measure an integrated light intensity by a pho-
tomultiplier (PM). A spatial filter was optionally in-
serted in front of the photomultiplier. In front of the
CCD we had a standard TV lens, or we can switch it
to an optics composed of a Lyot stop and a focusing
lens for pupil reimaging. Their specifications are
given in Subsections 3.A and 3.B and in Section 5,
where we describe the experiment configuration in
more detail. To switch among several experimental
configurations, we mounted several optical elements
on slide holders, which can be optionally inserted in
or removed from the optical path. These elements are
shown with - marks.

A. Coherence Area Visualization

The AIC was inserted in the pupil space, and we
started to observe it with the lensless CCD camera, so
that the beam was directed at the CCD without the
use of camera lens. For this experiment the Mirror in
Fig. 4 was removed from the optical path, and the TV
lens was not used.

The halogen lamp and the SLD light sources were
aligned on and off-axis, respectively, and were com-
bined by use of beam splitter BS,. The interference
patterns of each light source are clearly identified in
the pupil space, as shown in Fig. 5. In Fig. 5(a), the
central dark ring-shaped fringe was caused by the
on-axis (extended) source. In Fig. 5(b), the fringes
with denser spacing were originated from an off-axis
source tilted =12 arc min. In Fig. 5(c), both the on-
axis and the off-axis sources were superimposed, and
their fringes localizations showed destructive inter-
ference on-axis. The latter picture illustrates the

(b) ()

Fig. 5. Pupil plane interference patterns: (a) extended on-axis
source, (b) off-axis source, (¢) superposition of the on-axis source
and the off-axis sources.

principle by which the AIC reduces the on-axis light
to detect the off-axis companion light. The fringe lo-
calizations are different. The denser fringes are
caused by an off-axis source, and we can detect its
light on the background of a strong on-axis source,
most of which is suppressed by destructive interfer-
ence. Some residual energy remains not nulled be-
cause of the finite size of the on-axis source. In a
practical case, the central dark fringe from the on-
axis starlight would have a much larger radius, be-
cause an observed star size would only be a few
milliarcseconds, so the spatial coherence would be
greatly increased.

In the experiments shown in Fig. 5, the coherence
area was observed with the Airy diameter of
600 pm by the CCD mounted in the plane, which
was located at the distance L =~ 1.5 m from the
collimator lens of diameter D = 3 mm and focal
length F' = 6 mm, being focused on the pinhole of
diameter d = 20 um; the central wavelength was
measured to be \; = 0.55 um. The coherence area
diameter denoted by D, perence, agrees with the classi-
cal diffractometer theory in [19]:

Dccherence = 383)\0F/(d’1T) + 2IJ)\O/D9 (6)

where the first term corresponds to the coherence
area size in the collimator lens plane, and the second
term accounts for the A,/D diffraction divergence
from the finite aperture of the collimator lens. This
coherence area corresponds to the giant observed
source size of 12 arc min.

B. Achromatic Nulling in Image Plane

To increase the spatial coherence, an effective source
size was reduced to nearly 10 arc sec (0.02\/D). Under
these conditions, the effective diameter of the coher-
ence area of nearly 16 mm was attained and it was
larger than the CCD chip size by 1/3 in.; therefore, it
cannot be observed with a lensless CCD camera.

To allow the CCD to detect the image plane, we
converted the interference patterns from pupil space
to image space by attaching a TV lens which focused
the light onto a CCD. For demonstration purposes,
we used the beam splitter BS; to combine two inter-
ferometer ports: the nulled and the bright ports
within the same CCD frame (Fig. 4). All the optional
optical elements mounted on slides, namely the TV
lens and the beam splitter Mirror, were now inserted
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Fig. 6. Achromatic nulling of the on-axis source, the bright output is above the nulled output. (a) Off-axis source switched on; normal
display (left) and contrast-enhanced display. (b) On-axis source switched on. (¢) Unsaturated intensity values are summed up inside the
zoomed areas. The nulling contrast is about 10°%. (d) Both the on-axis and the off-axis sources switched on; normal display (left) and

contrast-enhanced display.

in the optical path. We aligned the nulled and bright
images one above the other: The upper image area
corresponds to the bright output, and the bottom area
to the nulled output.

Two interference signals being detected from two
sides of the beam combiner satisfy the energy conser-
vation law, so they qualitatively looked complemen-
tary: the destructive interference in one signal results
in the constructive interference in the other signal.

In Fig. 6(a) the only off-axis source was switched
on, and we can observe its image both in the nulled
output and in the bright output. The off-axis source
is presented as a pair at each output ports, each
fraction has the 0.25 of collected energy, and is
located symmetrically about an optical axis. We set
a low intensity for the off-axis light; shown on the
right is a contrast-enhanced image on the CCD
thermal noise background. In Fig. 6(b), only the
on-axis source is switched on, emitting a relatively
strong light intensity. This intensity and the CCD
exposure time were optimized to avoid CCD satu-
ration. We can see the strong signal in the upper
bright area (shown saturated in the top). In the
bottom nulled area, we can still detect some amount
of residual energy. To estimate the NC, in Fig. 6(c)
we compare the nulled and the bright areas. Their
pixel intensities summed up and their ratio showed
an NC of =10°®, which makes the NC reasonable for
a source size of 10 arc sec (0.02\/D). In Fig. 6(d), the
on-axis and off-axis sources are shown superimposed.
Here, in the upper (bright) area, the intensive on-axis
component saturates the CCD, and in the nulled area
the weak off-axis source can be visually separated.
The CCD exposure times for Figs. 6(a)-6(c) were set
at 2 min and that for Fig. 6(d) was set at 4 min to
demonstrate the mechanical stability of the system.

C. Nulling of He-Ne Laser Light

Experiments aimed to null out a laser source dem-
onstrated a higher contrast because the pupil was
illuminated by laser light with sufficiently high spa-
tial coherence. Therefore the interference fringe
contrast was not degraded as in the case of white-
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light source, and the destructive interference can be
observed over the whole field of view. Laser radia-
tion has a high degree of spatial coherence, and the
laser light emitted from a single spatial mode can be
nulled out perfectly, being limited only by the in-
strument error, which we aim to demonstrate and
study.

1. Pupil Plane Image

To compare the light intensities from the nulled out-
put and the bright output we detected them simulta-
neously in the same CCD frame. Mirror and TV lens
were inserted in the optical path. The TV lens was
focused on the pupil plane, rather than on the light
source, to form two laterally separated images of the
pupil on the CCD image sensor, one from the nulled
output and the other from the bright output (Fig. 4).
A calibrated NDF was inserted in the bright channel
to attenuate the bright energy to the level within the
CCD dynamical range. Angular alignment of beam
splitter BS; was performed by two piezo actuators,
which aimed to align the interferometer coaxially to
the laser. Later on, for the same reason, we used an
external piezo-actuated tilt mirror. Then, a partially
developed speckle pattern was observed by CCD in
the nulled output area (shown in the bottom of Fig. 7),
while a more regular pattern was seen in the bright
output area, as shown in the top in Fig. 7. Here, the
upper spot from the bright port was attenuated by a
factor of 2 X 10~ * by use of NDF.

The AIC has the following important property. If a
beam incident in the AIC contains some amplitude
and wavefront pattern, an ideal AIC would superpose
two replicas of this pattern, of which one is rotated
180° around the optical axis, and thereby creates an
exit beam that has perfect symmetry with respect to
the optical axis of the AIC. These replicas are re-
flected from the different mirror areas. Considering
the local surface figure of the mirror, the optical paths
formed by two spatially separated surfaces are not
exactly common paths, and they have a small optical
path difference introduced by the difference of the
local mirror figure. Local vertices of interfering
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Fig. 7. Partially developed speckles pattern (below). The refer-
ence bright image is attenuated in 2 X 10~ times (above).

beams introduce unequal aberrations caused by dif-
ferent surface figures for counterpropagating wave-
fronts. Axial-symmetric aberrations are canceled out
by an AIC principle.

Following [19], the interference contrast integrated
over the pupil will be degraded due to the rms surface
roughness of the mirror denoted by d,:

V= exp{—(2md,/\)2}. (7

If the mirror train consists of statistically indepen-
dent N mirrors, then the wavefront accumulates
the rms error 8 = §,/N. Assuming the catalogue
peak-to-valley (PV) surface quality, given in fractions
of A (\/m units), 3, for the first surface mirror coated
by Al and aligned at 45° beam incidence is well ap-
proximated as

8) =~ 2\/(mb5.5 cos 45°). (8)

Just to mention several practical examples, the
wavefront quality of \/1000 PV is required to ob-
tain the nulling contrast of 10™°: m ~ 4mw/(5.5 cos 45°

y—In(1-107°)) = 10°. Stricter requirement for the
wavefront at \/3000 PV is necessary to attain the
nulling of 107

Practically, these are extremely severe require-
ments, considering that the wavefront is modulated
by more than 16 optical surfaces. Forward and back-
ward ray paths result in the doubled number of op-
tical surfaces.

Assuming the peak value of fringe contrast V = 2
X 107* which was attained experimentally in Fig. 7,
we found the mean value of NC = 5 X 10~° averaged

over the pupil plane. It corresponds to the wavefront
rms error of & = A/400 at A = 630 nm. Roughly
considering that the contribution from the axially
symmetric aberrations is nearly a half of the overall
aberrations, a larger wavefront error of 8 = A /300 can
be estimated under the assumption that symmetric
aberrations do not influence AIC performance.

As we can see in Fig. 7, the speckle image has many
asymmetrical speckle components [20]. Therefore we
consider that the observed intensity modulation by
speckles does originate from the wavefront modula-
tions inside the AIC. Unwanted modulation is caused
by reflections and scattering on M;—Mg mirrors, beam
splitters (Fig. 2) whose actual surface figures depart
from an ideal perfect plane.

Analysis of wavefront accuracy is important to es-
timate the NC averaged over the pupil. However, it is
more suitable for predicting the performance of a
CPAIC for a long baseline interferometry (LBLI),
rather than for the coronagraph. Coronagraphic im-
age aims to resolve spatial information and to detect
a companion at a certain angular position. To under-
stand a speckle pattern in the image plane, and to
predict coronagraphic contrast distribution at a cer-
tain angular distance in units of A\/D, we need to
know the complex amplitude distribution over the
pupil with phase information rather than the inten-
sity distribution being detected in the pupil (Fig. 7).
It requires accurate wavefront sensing in the pupil
plane or, alternatively, just to observe the intensity at
the point of interest in the image plane. Therefore in
the following experiment we focused on the image
plane.

2. Image Plane Pattern

In the image plane we obtained the coronagraphic
image at A = 630 nm, with the peak-to-peak nulling
contrast attained nearly 6.5 X 10~% as shown in Fig.
8. Again, two images from the bright port and from
the nulled port were aligned with a lateral shift
inside the same field of view captured within a sin-
gle CCD frame. The bright port image was attenu-
ated in 107° times by the NDF to serve as a
reference signal. Bright signal is shown at bottom
left in Fiig. 8(a). The intensity peak emitted from the
nulled port is shown at top right in Fig. 8(a). Figure
8(b) contains only nulled light because the bright
port was blocked, and the nulled field of view in-
cludes residual speckle noise arising from the im-
perfection of the nulling apparatus.

Two cross-sectional intensity profiles are shown
in Fig. 8(c). The solid curve shows the horizontal
intensity profile across the peak of nulled signal.
The dashed curve corresponds to the intensity pro-
file evaluated by taking an average in the azimuth
direction along the Airy ring, the center of which
corresponds to the on-axis position. Figure 8(c)
demonstrates the stable nulling contrast of 10 ° at
1 \/D distance.

For these measurements we implemented the pu-
pil reimaging technique with a Lyot filter to reduce a
diffractional leakage from the edges of bounding ap-
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erture. The bounding aperture plane was reimaged
by several lenses to the optically conjugated plane to
place the Lyot stop in it.
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3. Measurement of Nulling Contrast by the Tilt of
Source Axis

This experiment aimed to measure the angle depen-
dence of nulling capabilities by tracing the null chan-
nel signal from the large off-axis un-nulling position
to the on-axis nulling position over a true 10° dynam-
ical range without taking any reference to the bright
channel. It was done by introducing a tilt to the op-
tical axis of the source optics with a pair of precisely
controlled piezo actuators. With a (PM) having a suf-
ficiently large dynamic range, we detected NC aver-
aged over the pupil. To improve a wavefront quality,
the high spatial frequency components were filtered.
The light from the bright port was blocked by keeping
Mirror off from the optical path (see Fig. 4). The light
emitted from the nulled port was spatially filtered;
the beam of D = 2 mm diameter was focused by an
achromatized doublet lens of focal length F =
80 mm onto a pinhole of 20 pm diameter. In the
pinhole plane, the Airy disk diffraction pattern has
the effective diameter of D,,, =~ 30 um at N\ =
0.6 pm:

DAiry = 122)\F/D (9)

The pinhole of 20 pm diameter transmitted main op-
tical power and cut off high spatial frequency noise
components.

The PM detected the intensity integrated over an
image plane. The image shown in the top in Fig. 9 is
created from the intensities measured with the PM
by means of the synchronized two-dimensional scan
of angular position of the source, which was done by
introducing tilts (denoted by 6,, 6, in Fig. 4) to beam
splitter BS,. BS, functions as a device for the angular
scan of an interferometer axis by which a fixed source
continuously changes in its position from on-axis to
off-axis. The angular position of BS, was precisely
controlled by two piezo actuators and the scan was
synchronized with the PM measurements. We also
programmed a personal computer (PC) to control two
PM amplification parameters, namely, the negative
high voltages applied to the PM dynodes and the PM
amplifier gain. The necessary calibration of these pa-
rameters was stored in a memory to resolve unsat-
urated light intensities within a 10° dynamical range.
A lock-in amplifier was used to reduce the influence of
an unwanted sidelight.

The image obtained from the scan-synchronized
intensity measurement with PM is shown in the top
in Fig. 9. Shown in the bottom of Fig. 9 are the cross-
sectional intensity profiles of the image along 6, scan
obtained with better resolution. It detects an optical
noise from partially developed speckles on the floor of
the graph. The cross section shows the minimal in-
tensity values of 9 X 107%, which demonstrated the
nulling contrast almost down to 107°.

When the spatial filter was removed from the op-
tical path, we obtained nearly the same nulling con-
trast with PM as that obtained with the CCD in Fig.
7. We conclude that the best available surface quality
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mirrors need to be used for the better performance of
this common-path AIC, because up to now the mirror
roughness is considered as the main limiting factor of
the present instrument demonstrator.

4. Several Requirements to Obtain the Peak-to-Peak
Nulling Below 10~°

To obtain a peak-to-peak nulling contrast below 10~°
experimentally with the described demonstrator, we
experienced several technical requirements, which
have to be considered for further demonstrator devel-
opment toward the practical instrument.

A. Mirror Alignment

An actual optical system cannot be aligned perfectly.
We computer-modeled (copkv, MATLAB) the degrada-
tion of the nulling contrast, which is caused by the
14 tilts of the misalignment of mirrors M, ; and
the beam splitter BS,. We assumed here the nulling
error, which is caused only by improper geometric
co-rotations of electrical vectors in a misaligned
three-dimensional interferometer, which effects dif-
ferent (nonsymmetric) amounts of polarization rota-
tions by tracing two interferometer arms. We

Table 1. Nulling Contrast Versus the Maximal Tilt Misalignment

Maximum misalignment 360 108 36 11 36 11
(arc sec)

Nulling contrast (NC) 107* 107°% 107°¢ 1077 1078 10°°

guessed, however, that the beams overlap each other
with a perfect coaxial alignment and there is no
beam-tilt error and the optics has a perfect quality.
We evaluated the nulling contrast versus the maxi-
mal angular misalignm error (Table 1), considering
first surface Al mirrors at A = 500 nm. An accuracy of
conventional piezo actuators are enough to obtain the
nulling contrast down to 10 °, assuming a coherent
point source.

B. Polarization Alignment: Polarization Characteristics of
Beam Splitters

Polarization characteristics of the beam splitters
BS, and BS, become important to achieve the desired
NC via the destructive interference process. In the
CPAIC, the same optical element, BS,, serves as the
beam splitter and the beam combiner. The beam
splitter BS, splits and combines R.T, and TR, prod-
ucts, which have to be balanced:

RT,=TR,, (10)
where R and T denote the reflection and transmission
coefficients, respectively, and the subscripts stand for
P- and s-polarization components. This condition in
Eq. (10) can be realized by setting the incident linear
polarization to have the vibration angle at 45° with
respect to the M;—M, rib. Beam splitter BS, is chosen
to be of dielectric type to prevent an unwanted
polarization-dependent phase shift introduced by a
metal type beamsplitter.

In the CPAIC demonstrator, the mirrors M;—
M; have metal first surfaces, and their p- and
s-reflection coefficients are different and have wave-
length dispersion. Therefore in CPAIC, the polariza-
tion azimuth rotation mismatches by certain amount
of angle 3 after +90° image rotations. Polarization
azimuth mismatch can be 8 =~ 15° for a metal mirror
train and an actual BS,. However, these d deviations
have a perfectly symmetrical structure; when one
arm causes the azimuth rotation equal to +90° — 3§,
the other arm gives rise to —90° + &. Therefore po-
larization azimuths do mismatch by an angle 23. The
interference contrast can be high enough after two
beams pass through the polarizer or the polarizing
beam splitter, whose transmission axis is set at bi-
sector, which is 90° to the polarization azimuth on
input. The beam splitter BS; is a polarizing beam
splitter in the CPAIC. A PBS extinction ratio is im-
portant to obtain a higher interference contrast and
therefore a deeper NC.

It was shown that the peak-to-peak nulling con-
trast below 10 ° can be attained by assuming a 10°
PBS extinction ratio. The tolerance of the linear po-
larization azimuth is 45 *= 0.1° on input. The NC
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rapidly degrades down to 10 * when the extinction
ratio of PBS is lowered to 10°. Both requirements
need be fulfilled that polarization azimuth alignment
should be within the tolerance of +0.1° and that the
extinction ratio should be higher than 10°.

5. Technical Realization

A photograph of the breadboard demonstrator is
shown in Fig. 10. Six plane-mirrors were fixed in
adjustable holders and were mounted in a solid base
to construct three-dimensional mirror train. The mir-
rors used are first surface mirrors coated by alumi-
num. We used the plate dielectric beam splitter
denoted as BS and the conventional cube polarization
beam splitter denoted as PBS in Fig. 10. Ghost light
from the plate BS was spatially separated from the
principal beam. Ghost light from the rear surface of
the cube PBS had the same polarization state as the
incident light and it was matched with the PBS
transmission mode; therefore, it was mainly trans-
mitted back to the source. A fraction of this ghost
light was reflected by PBS to the detector side. We
estimate it to be less than 10° of the light intensity
normalized to the incident intensity, assuming the
ghost intensity of 1% and the PBS extinction ratio of
10°. A conventional plate PBS does not have an ex-
tinction ratio as high as 10°. To improve an extinction
ratio we set additional polarizer after the PBS.

A Glan—-Taylor PBS offers an excellent extinction
ratio of 10° for broadband light, but the specified
wavefront figure is usually not better than \/8. A
Glan-Taylor prism with a good quality could be an-
other candidate to be used as cube PBS.

If we use a plate BS for broadband light we have to
consider the lateral pupil shift because of the mate-
rial dispersion in the plate. This problem becomes
critical if we stretch an observation to the smaller
beam diameter in a nuller. To maintain the lateral
shift caused by a material dispersion, we can use a
compensator plate oriented normally to the plate BS.
Such a compensator plate has to be manufactured

<

',:\

Fig. 10. (Color online) Photo and principal rays in experimental
setup.
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Fig. 11. (Color online) Photo and schematics of prismatic design.

from the same material as the plate BS and has to
have the same thickness. In our future work we plan
to insert such a compensator plate in the common-
path interferometer.

We used pupil reimaging lenses with focal lengths
F = 1000 mm and F' = 600 mm (not shown in Fig.
10), a 1 mm diameter Lyot stop, and a focusing CCD
lens (TV lens) with F' = 400 mm. We used commer-
cially available Al-coated first surface mirrors with
the nominal peak-to-valley flatness of \/20 certified
over 30 mm diameter. We reduced the beam size to a
3 mm diameter to operate with better surface figures.
It reduced diffractional leakages from optical planes
of mirrors and beam splitters, which were not reim-
aged and not filtered by a single Lyot stop.

We also constructed and examined a prism version
of the common-path AIC, which implements the total
internal reflections instead of mirror reflections; it
was assembled from a custom made glass prism, for
which the photograph and the schematic are shown
in Fig. 11. The prism version of the common-path AIC
is more robust in time, and is more compact and
easier in alignment. In the prism version we included
a compensator to reduce the chromatic dispersion
from plate beam splitter.

6. Perspectives

There are several possible future developments for
the described common-path AIC. A future develop-
ment is to extend the common-path AIC to an infra-
red (IR) band with the center wavelength of 3-5 pm.
With the same optical surface quality of mirrors as
we used experimentally in the visible range, we can
obtain the nulling contrast at the level 10, which is
almost the value required for practical implementa-
tion by an IR coronagraph. However, a mid-IR wave-
length range might require using new materials for
transmission optics, and several background issues
have to be studied.

Another future challenge is to make use of the
extremely wide achromatic properties of the common-
path AIC. On-axis source within the wavelength
range of 350-2500 nm can be achromatically nulled.
Commonly used are advanced differential techniques
[21] by spectral differential imaging (SDI) or by im-
age rotation to cancel out the residual light caused by
partially developed speckle. To obtain a deep nulling
with the CPAIC, a technique can be applied that is



similar to differential imaging to get rid of not-
common-path aberration [22].

7. Conclusions

We described the three-dimensional common-path
nulling interferometer and tested its characteristics
to obtain the deep achromatic nulling contrast aimed
for a star coronagraphy. The theoretical and technical
predictions showed a reasonable agreement with the
computer simulations and the laboratory experi-
ments that demonstrated the achromatic nulling of
an on-axis light and the detection of an off-axis light.

A breadboard demonstrator was constructed and
we obtained the nulled images from the white-light
source of the spectral width over 300 nm in the visi-
ble range. We demonstrated experimentally the ach-
romatic nulling depth of approximately 10 2. Taking
into consideration extended source properties, the
nulling contrast can be improved if we construct a
white-light source with smaller effective size, which
is technically possible by use of longer collimation
length. With laser light we demonstrated the better
coronagraphic nulling contrast below 5 X 1075 To
obtain better nulling contrast at the current stage, we
clarified that the main limiting factor is a wavefront
quality, because after the reflection and transmission
by the optical elements, an entire wavefront became
modulated by the surface figures of optics. At the
He-Ne laser wavelength we observed partially de-
veloped speckles with the interference contrast of
2 X 10~*, which agreed approximately with the wave-
front quality being accumulated by propagation via
nuller optics. A perspective on future developments
of the common-path AIC technique was presented.
The authors hope that the proposed technique, even
though presently on the breadboard stage, can be-
come acceptable for practical applications in future.
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group by Y. Rabbia from the Observatoire de la Cote
d’Azur and the authors are grateful to him for help-
ful suggestions and discussions. We also thank Y.
Otani, Y. Takaki, T. Tanaka, and T. Shioda of the
Tokyo University of Agriculture and Technology,
and M. Pawlowski of the University of Electro-
Communications for their technical assistance and
helpful suggestions. Part of this work was finan-
cially supported by a grant-in-aid (18656018) from
the Japan Society for the Promotion of Science, and
by the 21st Century Center of Excellence program
on “Future Nano-Materials” granted to the Tokyo
University of Agriculture and Technology.
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