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We present an improved technique for imaging through turbulence at visible wavelengths using a rotation
shearing pupil-plane interferometer, intended for astronomical and terrestrial imaging applications. While
previous astronomical rotation shearing interferometers have made only visibility modulus measurements,
this interferometer makes four simultaneous measurements on each interferometric baseline, with phase
differences of ��2 between each measurement, allowing complex visibility measurements (modulus and
phase) across the entire input pupil in a single exposure. This technique offers excellent wavefront resolu-
tion, allowing operation at visible wavelengths on large apertures, is potentially immune to amplitude
fluctuations (scintillation), and may offer superior calibration capabilities to other imaging techniques. The
interferometer has been tested in the laboratory under weakly aberrating conditions and at Palomar
Observatory under ordinary astronomical observing conditions. This research is based partly on observa-
tions obtained at the Hale Telescope. © 2005 Optical Society of America
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1. Introduction

Propagation through turbulence degrades the angu-
lar resolution that can be obtained by direct imag-
ing.1 Under excellent astronomical conditions, the
angular resolution at visible wavelengths is limited
to the neighborhood of 0.5 arc sec, far worse than a
comparable diffraction limit, ��D � 0.010 arc sec (for
� � 0.5 �m, D � 10 m). Several techniques have been
developed to obtain visible and near-IR images
through turbulence, with resolution approaching the
diffraction limit. These techniques include adaptive
optics (AO), long-baseline interferometry, speckle im-
aging, nonredundant masking, blind deconvolution,
and pupil-plane shearing interferometry.

The past decade has seen extraordinary progress in
the field of visible and near-IR AO on large ground-
based telescopes.2 AO systems obtain a reference
wave-front phase map using a natural or artificial
guide star, and apply phase corrections to the incom-
ing light with deformable mirrors or other real-time
phase modulators. Deformable mirrors have a finite
number of actuators, N, which sets an upper limit to

the ratio of the telescope diameter, D, to the phase
coherence length,3 r0, of approximately D�r0 � N1�2.
Deformable mirrors with hundreds to approximately
a thousand actuators enable AO systems to operate
at good astronomical sites in near-IR wavelengths
with 10 m apertures,4 or visible wavelengths with
3.6 m apertures.5

A handful of long-baseline interferometers, which
combine light from separate apertures, are capable of
producing images with resolution ��B, where B is the
baseline (separation) between apertures.6 Individual
apertures must either have diameters comparable to
r0, or else have AO systems operating on each aperture
to produce flat wavefronts for interference. The ability
of an interferometer to form images of complicated
fields is determined by the number of baselines over
which interference is measured, and whether complex
visibilities or only visibility moduli are measured.
Long-baseline interferometers tend to be quite com-
plex (and expensive), with the complexity increasing
for systems capable of producing high-quality images.
Imaging long-baseline interferometers have only re-
cently begun to explore angular resolutions that are
unobservable using single (large) apertures. The sen-
sitivity of such systems depends primarily on the in-
dividual aperture sizes and the wavelength.

Alternative passive methods (methods with no ac-
tively moving components) for obtaining diffraction-
limited images from single apertures have been
developed over the past three decades. These meth-
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ods include speckle imaging,7 nonredundant mask-
ing,8 blind deconvolution,9 and pupil–plane shearing
interferometry.10–13 In their simplest forms, these
techniques use short exposures to freeze turbulent
aberrations, and obtain images by a variety of post-
processing techniques. In speckle imaging, short-
exposure focal-plane images retain some information
content (greatly attenuated) at high angular frequen-
cies, which can be restored by calibrating the Fourier
transforms of the images using concurrent observa-
tions of unresolved (pointlike) sources. In nonredun-
dant masking, the input pupil is masked so that only
a small number of subapertures transmit light; their
interference patterns are observed in the focal plane.
Light interfering from each pair of subapertures can
be separately identified in Fourier transforms, from
which closure phase relationships can be determined.
Closure phases are unaffected by turbulent aberra-
tions, and allow images to be reconstructed, subject to
some uncertainties regarding symmetries and
uniqueness. Blind deconvolution is similar to speckle
imaging but requires essentially no calibration. It is
subject to large systematic uncertainties and unique-
ness issues.

The most efficient form of pupil-plane shearing in-
terferometry, when attempting to reconstruct images
using a large number of baselines, is rotation shear-
ing interferometry. A rotation shearing interferome-
ter combines two identical copies of the input pupil,
rotated with respect to one another, and records the
resulting interferograms (in the pupil plane) on a
detector. The rotation shear results in a large number
of independent baselines being observed simulta-
neously. The first rotation shearing interferometer to
have been used for astronomy was designed10 and
operated14 in the early 1970’s. This visible-light in-
terferometer obtained visibility amplitude measure-
ments but no phase information. An interferometer of
the same design, with the addition of a phase plate to
compensate for polarization-dependent phase shifts
and improve visibility modulus measurements, was
used to obtain high-resolution images of Betel-
geuse.11,15 An infrared rotation shearing interferom-
eter was constructed that used fringe scanning to
attempt to measure the visibility phase from a time
series of exposures,12 but the magnitude limit was
quite bright and the atmosphere changed on time
scales faster than the fringe-scanning exposures. An
additional pupil-plane interferometer produced pre-
liminary fringes but does not appear to have been
pursued further.13 The design and construction of
other rotation shearing interferometers have been
discussed in the literature, but astronomical obser-
vations using these interferometers have not been
published. To date, the use of rotation shearing in-
terferometers in astronomy has been largely limited
to observations of Betelgeuse.

Rotation shearing interferometry is also used in a
Fizeau arrangement, where the detector lies in the
telescope focal plane rather than the pupil plane. This
arrangement may be used to provide nulling of on-axis
light, allowing searches for exozodiacal disks and plan-

ets around nearby stars, for example.16 This inter-
ferometer arrangement, while optically similar to
pupil-plane rotation shearing interferometry, operates
in a fundamentally different manner, and provides no
capability for improving image resolution beyond the
seeing limit. Focal plane rotation shearing interferom-
etry will not be discussed further in this paper.

We have developed a technique of rotation shear-
ing interferometry that obtains phase information
using an instantaneous phase-shifting interferome-
ter optical arrangement. This arrangement measures
phase in four separate interferograms, ideally with
instrumental phase shifts of ��2 rad �90°� between
each (i.e., phase shifts of 0, ��2, �, and 3��2 rad),
making this interferometer a quadrature-phase in-
terferometer (QPI). This technique allows instanta-
neous determination of the complex visibility (modulus
and phase) using only a single exposure that, after
removing turbulent phase aberrations, allows image
reconstruction at the diffraction limit of the system,
subject to signal-to-noise limitations.

Because this is a pupil-plane interferometry tech-
nique, the interferograms recorded on the detector are
superposed, rotated images of the input pupil. The
number of pixels on the detector then determines the
wave-front spatial resolution. We have developed a
high-speed charge-coupled device (CCD) camera to op-
erate with the QPI, which offers a relatively large
number of pixels (1024 � 1024) and short read times
�5–10 ms full-frame readout). The spatial resolution in
the input pupil is then approximately D�512, where D
is the input pupil diameter. Generally speaking, this
allows operation up to D�r0 � 100, i.e., finer than the
scales at which typical AO systems can make phase
corrections (as limited by number of actuators).

This paper describes the design, testing, and pre-
liminary operation of the QPI. We present data from
both laboratory and astronomical observations.

2. Design

A. Interferometric Imaging

The goal of any imaging technique, direct or interfero-
metric, is to estimate the two-dimensional object
brightness map, B��, ��, as a function of the angles �
and �. The fundamental connection between inter-
ferometry and imaging is the van Cittert–Zernike the
orem,17,18 which states that the Fourier transform of
the object brightness map, B��, ��, is the mutual co-
herence function, ��u, v�,

��B��, ��� � ��u, v�. (1)

The mutual coherence function is also known as the
complex visibility,

��u, v� � V�u, v� exp �i	�u, v��, (2)

where V�u, v� � �0, 1� is the visibility modulus, and
	�u, v� is the visibility phase (both V and � are real
valued). Visible-light interferometers measure inten-
sities modulated by the complex visibility,
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I�u, v��I0 � 1 
 � ��meas�u, v��,

�1 
 Vmeas�u, v� cos�	meas�u, v��. (3)

The measured visibility modulus, Vmeas, and visibility
phase, 	meas, contain contributions from various in-
strumental and aberrating conditions, as described
below. Forming an image with an interferometer can
then be described as obtaining �meas over a range of
�u, v� points, estimating � from �meas, and obtaining B
through Eq. (1). In all cases considered here, it is
assumed that the emission from the object is mutu-
ally incoherent at the emission location, which is a
necessary condition for use of the van Cittert–Zernike
theorem.

The coordinates u and v in the preceding equations
are angular frequencies, which arise in the Fourier
transform from angles � and � of the object bright-
ness map B��, ��. Denoting spatial coordinates of the
input pupil by � and �, the interference of light from
points ��A, �A� and ��B, �B� corresponds to an inter-
ference baseline ��B  �A, �B  �A), and an angular
frequency coordinate

�u, v� � ���B  �A���, ��B  �A����, (4)

for quasi-monochromatic light at a wavelength �. The
intensity observed for the interference of the two
points ��A, �A� and ��B, �B� from the input pupil is
given by Eq. (3), using Eqs. (1), (2), and (4). A sche-
matic representation of interference of two points in
the input pupil is shown in Fig. 1.

The object brightness map, B��, ��, is always real
valued, which makes the complex visibility, ��u, v�,
Hermitian, so that

��u, v� � �*�u,  v�,

V�u, v� � V�u,  v�,

	�u, v� � 	�u,  v�. (5)

One consequence of this is that ��u, v� is fully defined
if it is measured over only half of the (u, v) plane, e.g.,
for u � 0.

B. Rotation Shearing Interferometry

Rotation shearing interferometers interfere light by
making two copies of the input pupil, rotating the two
copies with respect to one another, and recombining
them to form an interferogram. The QPI is a 180 deg
rotation shearing interferometer, meaning that the
two copies of the input pupil are sent into two arms of
the interferometer that rotate the input pupil copies
by 180 deg with respect to one another before being
recombined. The interferometer can also introduce
an instrumental path-length difference (and there-
fore an instrumental phase) between the optical
paths of light through the two arms. A schematic
representation of this rotation shearing operation is
shown in Fig. 2, and the mirror configuration used to

accomplish the rotation shear is shown in Fig. 3. The
QPI is arranged in a Mach–Zehnder geometry, so
that two full-pupil interferograms are output, as op-
posed to a Michelson geometry, in which one inter-
ferogram is reflected back toward the input pupil.
Sample interferograms are shown in Fig. 4. The two
interferograms differ in the instrumental phase, as
described below.

By virtue of the rotation shear, each point in the
input pupil is combined with its diametrically op-
posed point. Locations in the interferograms define a
third coordinate system, designated by �x, y�, which
correspond to detector pixels and are distinct from
the input pupil coordinates, ��, ��, and the angular
frequencies �u, v�. Because each interferogram is
the superposition of two copies of the input pupil, the
interferogram �x, y� coordinate systems have the
same physical dimensions as the input pupil ��, ��
coordinate system, with two rotations applied. There
are two �x, y� coordinate systems, one for each inter-
ferogram, with origins at the center of each full-pupil
interferogram. A point �x, y� in an interferogram
records the interference between points ��A, �A�
� �y,  x� and ��B, �B� � �y, x�, corresponding to an
angular frequency of

�u, v� � �2y��, 2x���. (6)

A comparable �x, y� point exists in each of the two
full-pupil interferograms, each corresponding to in-
terference of the same two points in the input pupil,
and therefore to the same �u, v� location.

C. Measured Visibility Phase Components

The measured visibility phase contains contributions
from the object under study, the instrument, and the
turbulent aberrations, i.e.,

Fig. 1. Schematic description of interference between two points
in the input pupil. Light from two subapertures of the input pupil
is superposed (with the superposition shown as Q). The output
intensity is modulated by the complex visibility, evaluated at a
frequency defined by the separation between the two subapertures.
In the case of a rotation shearing interferometer, the subapertures
are defined by individual pixels on the detector, and all points in
the input pupil are simultaneously interfered pairwise to form a
two-dimensional interferogram.
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	meas � 	obj 
 	inst 
 	turb. (7)

Each of the terms in Eq. (7) can be expressed as a
function of either �x, y� interferogram coordinates or
�u, v� angular frequencies.

Some conventions are useful when describing the
coordinate systems associated with QPI. Any quan-
tity expressed in terms of interferogram coordinates,
�x, y�, is due to the interference of light from two
points in the input pupil. For example, the turbulent
phase term, 	turb�x, y�, is the contribution of turbulent
phase aberrations to the phase difference between
interfering points in the input pupil. This contrasts
with the typical definition of phase aberrations,
�turb��, ��, that are measured relative to a planar
reference (such as the input pupil plane). While every
interfering pair of ��, �� points in the input pupil
defines a pair of �x, y� points in each interferogram,
and the locations of ��, �� points and the resulting
�x, y� interference are related by simple rotations, the
individual contributions of the two ��, �� points to
any measured parameter cannot be disentangled by
measurements in the interferogram. As such, the
convention adopted here is that any parameter ex-

pressed in �x, y� coordinates represents a product of
interference, which is not uniquely defined in ��, ��
coordinates. There is no conceptual difference be-
tween expressions in �x, y� interferogram coordinates
and �u, v� angular frequencies (which are rotated and
scaled by �), but, by convention, (u, v) coordinates are
only used after removal of instrumental terms, as
when performing the Fourier transform to estimate
B��, �� from ��u, v�.

The instrumental phase term in Eq. (7), 	inst, is deter-
mined by the optical path-length differences between
the two arms of the interferometer and by the beam-
splitter reflections and transmissions in the two

Fig. 2. Schematic rotation shearing geometry and coordinate sys-
tems. Light is incident on the input pupil at the top of the figure.
Arms A and B each receive a copy of the input pupil, and rotate the
copies 90 deg in opposite directions. When the two copies of the
input pupil are recombined (through a beam splitter) they form two
interferograms. Instrumental path-length differences, �L, shown
here as a constant with respect to (�, �), effectively retard or
advance the wavefronts in one arm. Vertical displacements in the
figure represent path-length differences. The two output interfero-
grams differ by 	 rad (180°) in phase, by virtue of conservation of
energy, shown here as a ��2 path-length difference in Interfero-
gram 2. While two detectors are shown in this figure, the QPI is
currently configured so that the two interferograms land side by
side on the same detector.

Fig. 3. Mirror arrangement giving rotation shear. Each arm of the
interferometer contains three mirrors, arranged to fold the light
path by 90 deg, and rotate the field of view by 
90 deg about the
propagation direction. This figure depicts a fan of light rays, initially
oriented vertically as it exits the first beam splitter (propagating in
the z direction in the displayed coordinate frame), being folded to
propagate in the �x direction and rotated to a horizontal orientation
before entering the second beam splitter. The other arm of the in-
terferometer performs the same rotation, in the opposite sense (�90
deg instead of �90 deg). The angles of incidence of the chief ray on
each of the three mirrors are the same.

Fig. 4. Sample laboratory interferograms of a pinhole. Each
point in the interferogram shows the interference of two points
in the input pupil (see Fig. 1). The pinhole has a diameter
smaller than the diffraction limit of the interferometer, giving a
near-uniform visibility modulus. Corresponding points in the
two interferograms differ in interferometric phase by 	 rad.
The constant phase gradient (manifested as fringes) shows that
the object is off axis. No turbulent aberrations are present.
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arms. The optical path-length difference, �L�x, y�, is
a function of position in the interferogram (although
it is shown as a constant in Fig. 2). For a given �x, y�
point, the effect of �L�x, y� is the same in both inter-
ferograms.

In addition to �L, the instrumental phase contains
a term representing the sequence of reflections and
transmissions as light travels through the beam
splitters, which is shown schematically as a ��2 path-
length difference in Interferogram 2 in Fig. 2. This
difference in the instrumental phase provides the
only difference between the measured quantities in
Interferograms 1 and 2. The instrumental phase dif-
ference between corresponding locations in the two
full-pupil interferograms is exactly � rad �180°�. This
phase difference can be interpreted as a consequence
of conservation of energy (assuming no losses in the
beam splitter) in that the intensity sum of the two
full-pupil interferograms must represent all of the
light entering the interferometer. At an �x, y� point
where one interferogram is bright, the same �x, y�
point on the other interferogram must be dark. It is
misleading to represent this phase term as a ��2
path-length difference in Fig. 2, as this phase shift is
achromatic, unlike the instrumental path-length dif-
ference �L shown in Fig. 2. The 	 rad phase shift,
which is a consequence of the conservation of energy,
has no intrinsic relationship to the 180 deg rotation
shear, which is a geometric design parameter. The 	
rad phase shift is exact and would exist for any choice
of rotation shearing angle.

The instrumental phase terms, incorporating both
the path-length difference and the number of reflec-
tions, are

	inst,1(x, y) � 2��L(x, y)��,

	inst,2(x, y) � 2��L(x, y)�� 
 �, (8)

where �L is the instrumental path-length difference,
which is the same for both Interferograms 1 and 2,
and the 	 represents the phase shift due to an inequal
number of reflections and transmissions.

D. Quadrature Phase Interferometry

The instrumental phase, 	inst, has no intrinsic sym-
metry properties with respect to the �x, y� location.
This differs from the object visibility phase and the
turbulent phase (measured in the interferograms),

both of which are antisymmetric about the centers of
the interferograms. The antisymmetry of 	obj and
	turb arises because they are phase differences of
points in the input pupil, which appear with an op-
posite sign for diametrically opposed points in the
interferograms.

The simplest quadrature-phase arrangement uses
an instrumental path-length difference, �L�x, y�,
that is equal to ��8 everywhere. In this arrangement,
for each point �x, y� and its diametric opposite,
(x, y), we define

	0(x, y) 	 	obj(x, y) 
 	turb(x, y) 
 ��4. (9)

This implies,

	meas,1(x, y) � 	obj(x, y) 
 	turb(x, y) 
 ��4
� 	0(x, y),

	meas,1(x,  y) � 	obj(x, y)  	turb(x, y) 
 ��4
� �	0(x, y)  ��2�,

	meas,2(x, y) � 	obj(x, y) 
 	turb(x, y) 
 5��4
� 	0(x, y) 
 �,

	meas,2(x,  y) � 	obj(x, y)  	turb(x, y) 
 5��4
� �	0(x, y)  3��2�, (10)

where 	meas,1�x, y� is the measured phase at �x, y� in
Interferogram 1, and 	meas,2�x, y� is the measured
phase at the same �x, y� point in Interferogram 2. The
measured quantities in the interferograms are fluxes,
which are given by Eq. (3) expressed in �x, y� coordi-
nates,

I1(x, y) � I0(x, y)�1 
 Vmeas(x, y) cos�	0(x, y)��,

I1(x,  y) � I0(x, y)�1 
 Vmeas(x, y) sin�	0(x, y)��,

I2(x, y) � I0(x, y)�1  Vmeas(x, y) cos�	0(x, y)��,

I2�x,  y� � I0�x, y��1  Vmeas�x, y� sin�	0�x, y���,
(11)

where I1 is the measured in Interferogram 1 and I2 in
Interferogram 2. These measured quantities are used
to estimate I0, 	0, and Vmeas, using

I0�x, y� � �I1�x, y� 
 I2�x, y���2

� �I1�x,  y�
 I2�x,  y���2,

Vmeas(x, y) �
��I1�x, y�  I2�x, y��2 
 �I1�x,  y� 
 I2�x,  y��2�1�2

2I0�x, y�
,

	obj(x, y) 
 	turb(x, y) � tan1
I1�x,  y�  I2�x,  y�

I1�x, y�  I2�x, y�
 ��4. (12)
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By convention, Vmeas is nonnegative and the signs of
the numerator and denominator of tan 	0 unambig-
uously determine 	0 (modulo 2�). Equations (10)–
(12) describe the case when �L�x, y� � ��8 for all
�x, y�, which will not be generally true. In general, Eq.
(12) takes on a more complicated form to account for
the actual values of �L�x, y�.

The quadrature-phase measurement is enabled by
the point-antisymmetry of 	obj and 	turb, and by the
fact that the cosine function in Eq. (3), which deter-
mines the observed intensity, is even. For a given
�x, y� point, a quadrature-phase measurement uti-
lizes the corresponding �x, y� points from both inter-
ferograms, and the opposing �x, y� points from
both interferograms. Because 	obj and 	turb are anti-
symmetric, all of the available information is ob-
tained by evaluating Vmeas and 	obj 
 	turb over just
half of the �x, y� plane. It is then convenient to divide
artificially each full-pupil interferogram into two
halves at the y � 0 line. In this sense, it can be
considered that the interferometer produces four in-
terferograms, which provide four measurements to
estimate Vmeas and 	obj 
 	turb. A sample set of inter-
ferograms is shown in Fig. 5, artificially manipulated
(i.e., rotated by 180°) to align the �x, y� axes for
y � 0 to the �x, y� axes for y � 0. In �u, v� coordinates,
the visibility is estimated for all u � 0, which contains
all of the available imaging information.

E. Optical Design

Because the interferograms and the image are re-
lated by a Fourier transform, the image resolution is
determined by the overall size of the interferograms
(i.e., by the pupil diameter, D), and the image field of
view is determined by the interferogram resolution.
Implicit in this statement is the fact that the 180 deg
rotation shear creates baselines whose lengths are
related to interferogram location according to Eq. (6).
The resulting image resolution is ��D.

For objects far off center in the field of view, the
spacing of the resulting fringes becomes small
enough that the fringes are unresolved. To ensure
Nyquist sampling of the fringes, the field of view
must be limited to ���D��Npix�2�, where Npix is the
diameter of the interferogram measured in pixels (as-
suming the pixel size limits the interferogram reso-
lution). As described in Subsection 3.C, Npix is
typically either 512 or 256, so the ratio of field of view
to image resolution is either 256 or 128. As an exam-
ple, at 700 nm with a 5 m telescope, the diffraction
limit is 0.03 arc sec, and the field of view is typically
masked off at 3 arc sec—smaller than the more strin-
gent Nyquist limit of interferogram resolution. The
field of view is defined by a circular field stop so that
light from outside the usable field of view does not
appear in the interferograms and add noise. The lim-
itation on image resolution and field of view does not
depend on the turbulent conditions.

To facilitate object acquisition and tracking, a
beam splitter is placed in the optical path before light
enters the interferometer, to allow a direct image to
be acquired simultaneously with the interferograms.
This beam splitter reflects only 10% of the light to
form the direct image. The detector (one of the CCDs
described below) is square, and the two interfero-
grams (which are circular) land side by side on the
detector (see Fig. 4). This interferogram arrangement
leaves much of the detector area unused, and so the
direct image is also fed onto the same detector. This
ensures that the direct image and the interferograms
are synchronous, and that they are observed through
identical turbulent aberrations.

F. Imaging Extended Sources

Interferometric imaging is performed in a fundamen-
tally different manner from direct (focal-plane) imag-
ing. The visibility modulus, which is directly mea-
sured interferometrically, can be interpreted as the
deviation of the imaged scene from that of a point
source. A point source gives a visibility modulus of
unity everywhere, while a “flat field” (a uniformly
illuminated field of view) gives a delta-function visi-
bility modulus (unity at zero baseline, zero at all
other baselines). Because the quadrature-phase in-
terferometer is a homodyne interferometer operating
at visible electromagnetic frequencies, Poisson noise
from all light in the field of view is present in the
measurement of the visibility modulus. This means
that as the number of point sources in the field of view
increases, the visibility modulus decreases and the
measurement noise increases.

The signal to noise ratio for extended sources cal-
culated from measurements of the real part of the
complex visibility was analyzed by Ribak et al.19 That
analysis included consideration of aliasing problems
due to the incomplete visibility information, in that
the resulting image formed from only the real part of
the visibility is forced to be symmetric. The QPI mea-
sures the full complex visibility, and so is not subject
to this same difficulty. Apart from that difference, the
signal-to-noise analysis for the QPI follows that of

Fig. 5. Sample laboratory interferograms of a pinhole, divided
into four interferograms. The upper panels are identical to the
upper halves of the interferograms in Fig. 4, while the bottom
panels have been rotated 180 deg to emphasize the correlation
between diametrically opposed points (x, y) in the upper panels and
(�x, �y) in the lower panels. Four points that compose a
quadrature-phase measurement are identified by crosses. The in-
terferometric phases of the corresponding points in the left and
right panels differ by 	 rad, while those in the upper and lower
panels differ by 	�2 rad.
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Ribak et al. In practice, while extended images lead to
lower signal-to-noise ratios, a QPI laboratory demon-
stration yielded high-quality images of a complicated,
extended source (see Subsection 4.A).

G. CCD Cameras

This interferometer must capture short-exposure im-
ages ��1 s� to freeze the turbulent variations. In low-
light conditions, detector performance is determined
by the read noise and the pixel readout rate. These
two performance criteria are generally at odds with
one another, requiring a compromise to be struck for
a given observation. Two CCD cameras have been
used with the QPI: a low-speed, relatively low-noise
camera and a high-speed, relatively high-noise
camera.

The high-speed camera was custom designed with
multiple output amplifiers to minimize the per-
amplifier bandwidth and reduce the read noise as
much as possible. It is a front-illuminated design,
divided into 32 segments, each with its own output
amplifier, as shown in Fig. 6. This enables frame
rates up to 1000 frames per second, giving the high-
speed CCD the name KFS–CCD, short for kiloframe
per second CCD.

Each of the 32 segments consists of 512  64 opti-
cally active pixels, with each pixel measuring
12 �m � 12 �m, with a full well of 100 000 e. Each
segment contains an on-chip, three-stage, source-
follower amplifier capable of supporting 40 Mpixel�s
(1000 frames per second) data rates. The maximum
power dissipated by the 32 on-chip amplifiers is
10 W, which is typically cooled by LN2 to operate at
�0 °C.

The read noise of the KFS–CCD depends on the
readout rate, temperature, and pixel binning. The
shortest read time at which the performance has been
optimized is 5 ms �200 fps�, which gives 26 e rms
noise unbinned and 19 e rms when binned 2 � 2. At
10 ms read times �100 fps�, the noise performance is
20 e unbinned, 15.5 e binned 2 � 2. These numbers
are higher by 2–4 e when uncooled.

The low-noise CCD is an off-the-shelf SITe
SI502A back-illuminated, AR-coated 512 � 512
pixel CCD. The read noise is 5 e rms when cooled
(nearly independent of readout rate), with a read
time of 1.5 s, which will be reduced to 0.5 s with the
purchase of a new analog-to-digital converter (ADC)
board. While the low-noise CCD readout is 2 orders
of magnitude slower than the KFS–CCD and the
number of pixels smaller by a factor of 4, its quan-
tum efficiency is higher by a factor of 2 and read
noise lower by a factor of 3, making its per-frame
sensitivity significantly better. The KFS–CCD,
however, is the preferred camera in cases where the
addition of separate frames is efficient and the
number of frames the KFS–CCD can acquire is suf-
ficiently larger than the number the low-noise cam-
era can acquire.

3. Effects of Turbulence

A. Phase and Amplitude Variations

Index-of-refraction inhomogeneities due to turbu-
lence add phase variations to the incident wave front.
As the aberrated wave front propagates, the phase
variations give rise to amplitude variations (scintil-
lation). The turbulent phase variations are measured
along with the object visibility phase as described by
Eq. (12), while the amplitude fluctuations are mea-
sured as variations in I0�u, v�. As can be seen in
Eq. (12), the measured visibility modulus and phase
are not affected by amplitude fluctuations, to first
order.

B. Visibility Modulus

In the absence of noise, the measured visibility mod-
ulus is the product of several factors,

Vmeas � VbandVtempVspatVampVobj, (13)

where Vband is the visibility loss due to finite band-
width (coherence), Vtemp is temporal smearing (expo-
sure time), Vspat is spatial resolution (pixellation),
Vamp is the second-order visibility loss due to ampli-
tude fluctuations (scintillation), and Vobj is the object
visibility modulus. All of the terms in Eq. (13) are
potentially functions of �u, v�, and all are in the range
[0, 1], which means the cumulative effect is always to
reduce the measured visibility modulus (although
measurement noise will bias Vmeas to higher values).

Equation (13) establishes several order-of-magnitude
observing parameters. Vband limits ���� � 2��	rms,

Fig. 6. Architecture of the KFS–CCD. The device is divided into
32 equivalent segments, each with a high-bandwidth floating dif-
fusion amplifier.

7430 APPLIED OPTICS � Vol. 44, No. 34 � 1 December 2005



where �� is the spectral bandwidth and 	rms is the
rms phase difference between points being interfered.
In practice, for a typical D�r0 � 50 in Kolmogorov
turbulence, this limits the fractional bandwidth to
�1�10 at the longest baselines. Vtemp limits exposure
time to �x�U, where �x is the pixel spacing (or the
effective spatial resolution) and U is the bulk wind
speed. Vspat will be discussed in Section 5. Vamp is a
second-order effect due to the fact that when scintil-
lation is present, the wavefront amplitudes of a pair
of points in the input pupil being interfered are not
equal, while the visibility modulus calculation as-
sumes they are equal. In conditions of strong scintil-
lation, this limitation can be eliminated by separately
recording pupil images (without interference), which
can be done using a small fraction of the incident
light, as the Fresnel zone sizes are likely to be large,
allowing significant binning of the pupil image.

Under typical astronomical seeing conditions, the
amplitude variations should be small, even at wave-
lengths as short as 400 nm. However, in horizontal
path propagation, or if a high-accuracy determination
of V�u, v� is required, the QPI can record pupil images
using a parallel imaging channel (fed by a 90�10
beam splitter in front of the interferometer) that is
normally configured as a direct-imaging channel for
target acquisition and guiding. This mode of opera-
tion, recording noninterfered pupil images, allows di-
rect calibration of Vamp in each exposure.

C. Visibility Phase

To form an accurate image from the measured data,
the object visibility phase, 	obj, must be distinguished
from the turbulent-phase, 	turb. This problem is sim-
ilar to those encountered in speckle imaging, which is
normally solved using a Knox–Thompson algorithm20

or a phase-gradient algorithm.21 We use a phase-
gradient technique, which makes use of the correla-
tion of turbulent-phase variations across short
distances.

Turbulent-phase fluctuations are traditionally ex-
pressed as deviations from a planar wave front, mea-
sured in the input pupil. Phase fluctuations in the
input pupil are expressed as �turb��, ��, which deter-
mine 	turb�x, y� when the corresponding ��, �� points
are interfered. A Kolmogorov spectrum of phase vari-
ations yields a structure function of phase fluctua-
tions at the input pupil,3

D���� � 
��turb��, ��  �turb�� 
 ��, � 
 ����2�

� 6.88���r0�5�3 rad2, (14)

where D���� is the mean square of the phase differ-
ence between two points in the input pupil separated
by a distance � � ���2 
 ��2�1�2, averaged over all
��, �� and all ���, ���. The turbulent phase measured
for a given �x, y� point, 	turb�x, y�, is the difference
between the input phase fluctuations at the two
points in the input pupil being interfered, so that


	turb
2�x, y�� � D���x2 
 y2�1�2�, (15)

using Eqs. (4) and (14).
The phase sum estimated by Eq. (12) is only known

modulo 2�, making it a “circular” quantity. The sam-
ple mean of a circular quantity whose variance is
larger than approximately 1 rad2 has extremely poor
statistics, making it impractical to simply take the
mean of 	obj 
 	turb to eliminate 	turb (which has a
mean value of zero). Instead, we form gradients by
taking the difference in the phase in neighboring
�x, y� locations, so that 
��	turb�2� is small and can be
averaged out (here, �. . .� denotes a temporal average
over successive exposures).

Defining the x gradient as �x	�x, y� � �	�x

 �x, y�  	�x, y����x, the variance of the mean gra-
dient is approximately


��x	turb�x, y��2� � 2D���x���x2, (16)

with an equivalent relationship for 
��y	turb�x, y��2�.
Keeping �x2
��x	turb�2� below 1 rad2 sets a limit on the
�x, y� resolution,

�x � r0�5. (17)

Using Palomar as an example, if r0 � 10 cm, the
maximum interferogram pixel spacing is 2 cm, re-
quiring 250 pixels to span the 5 m diam mirror. This
allows both interferograms to be recorded, side by
side, in a 512 � 256 pixel region, which in turn allows
the KFS–CCD (with 1024 � 1024 pixels) to bin pixels
2 � 2 to reduce the total read noise and shorten
the read time, while retaining sufficient spatial
resolution.

As long as the condition on Eq. (17) is satisfied, the
turbulent phase terms can be eliminated by averag-
ing over a number of individual exposures, without
first unwrapping the phase. This leaves a map of
�x	obj and �y	obj, assuming that the object visibility
phase does not change with time. The visibility
phase, 	obj, can then be recovered from its gradients,
e.g., by constructing �2	obj and solving Poisson’s
equation. The phase gradient technique can recover a
phase map over contiguous regions of the �x, y� plane,
but cannot connect the disjoint regions. Depending on
the size of the gaps between contiguous regions, it
may be possible to relax the constraint set in Eq. (17)
to connect disjoint regions of the �x, y� plane. The
practical limits of Eq. (17) have not been explored.

D. Self-calibration

Optimal interferometer alignment, giving �L�x, y�
� ��8 as described in Eqs. (10)–(12), is not always
possible. The surfaces of the mirrors that make up
the interferometer, for instance, are not perfectly flat,
so that the interferometer may be properly aligned at
some �x, y� locations but not at others. In addition,
path-length differences can only equal ��8 for one
value of �, so if the interferometer is used at multiple
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wavelengths without realignment, it will only be
properly aligned for one of those wavelengths.

If the instrumental phase between the two halves
of each interferogram does not sum to ��2, i.e.,
�L�x, y� 
 �L�x, y� � ��4, the equations used to
estimate Vmeas and 	obj 
 	turb incorporate the instru-
mental phase offset, 	off �x, y� � �2������L�x, y�

 �L�x, y��, defined for y � 0. For a given level of
noise, the estimation of V and 	obj 
 	turb are most
accurate when 	off is near ���2, and least accurate
when 	off is near 0 or �. Separately from the deter-
mination of 	off, deviations of �L�x, y� from ��8 (for
y � 0) act as an additive term to the estimate of
	obj 
 	turb using Eq. (12). It is useful to separate
conceptually the determination of instrumental
phases into the determination of 	inst,1�x, y� for y
� 0, and the determination of 	off �x, y�.

Both of these terms can be determined using an
internal calibration lamp, that collimates light from
a pinhole and sends it through the instrument. Al-
ternately, if 	off �x, y� is known a priori, external cali-
bration using observations of a point source (or
any object with known structure) can determine
	inst,1�x, y�.

In the presence of turbulent-phase fluctuations
with amplitudes much larger than 2�, 	off �x, y� can
be determined, up to a 
 sign, from any data set.
This self-calibration makes use of the identity
1��2��0

2� cos � cos�� 
 ���d� � cos�����2 to say that

This equation, while seemingly complicated, involves
only the measured intensities of sets of corresponding
points in the four virtual interferograms, and can be
obtained from observations of any object. Moreover,
this calibration is independently determined for ev-
ery �x, y� point (for y � 0).

Using this self-calibration technique, the quadra-
ture-phase measurements can always be estimated
using instrumental phase terms determined from the
observational data itself. In other words, no separate
calibration data need to be taken to accurately deter-
mine 	off because it can be determined from any data
during analysis, provided that 	turb has sufficiently
large variance and that 	obj does not change on sim-
ilar timescales.

4. Performance

The interferometer has been tested in the laboratory
under controlled conditions, and at Palomar Obser-
vatory under ordinary nighttime observing condi-
tions. In the laboratory tests, a complicated object

was imaged under weakly aberrating conditions
�D�r0 � few�. In the astronomical tests, simple objects
were imaged under moderately aberrating conditions
�D�r0 � 40�. Observations of Vega (an unresolved
point source) and of Capella (a binary star) provided
useful data during the astronomical tests.

A. Laboratory Test

In the laboratory tests, a short-arc mercury lamp
illuminates the test object, the light from which is
collimated, passed through a pupil stop, and fed into
the interferometer, as shown in Fig. 7. A turbulent
He–air jet is then passed through the collimated
beam, introducing turbulent phase and amplitude
variations. A chopper wheel limits exposure times to
200 �s, short enough to freeze the turbulent aberra-
tions in each exposure. An optical filter limits the
spectral bandpass to a single Hg spectral line at
577 nm. Direct images and interferograms are re-
corded simultaneously to compare the imaging per-
formance of the interferometer to that of direct
imaging.

Without the turbulent He–air jet, the imaging per-
formance of the direct and interferometric images is
comparable, as seen in the top panels of Fig. 8. The
pixel scale in the direct image does not Nyquist-
sample the diffraction limit, resulting in some loss of
direct image resolution. When the turbulent He–air
jet is introduced, the interferometric image quality is

only slightly degraded, while the aberrations dramat-
ically blur the direct images.

In the configuration used, the diameter, D, of the
pupil stop where the He-air jet was Introduced is
8 mm. This small D yields D�r0 on the order of 5–10,
which does not constitute as demanding an aberrat-
ing environment as the interferometer is designed for
�D�r0 � 50–100�. Rather than using the full phase
gradient technique described in Subsection 3.C, the
interferometric phase correction employed to correct
these low-order aberrations is to subtract the spa-
tially averaged phase gradient from the measured
phases. This is equivalent to performing a tip-tilt
correction.

The quality of the laboratory interferometric im-
ages, given that only a first-order correction tech-
nique was employed, demonstrates an intrinsic
strength of the rotation shearing interferometer. The
180 deg rotation shear ensures that point-symmetric
aberrations are eliminated from the measurements.
This prevents defocus, spherical aberration, astigma-

cos 	off �x, y� � 4
��I1�x, y�  I2�x, y���I1�x,  y�  I2�x,  y��

�I1�x, y� 
 I2�x, y���I1�x,  y� 
 I2�x,  y���
��I1�x, y�  I2�x, y��2

�I1�x, y� 
 I2�x, y��2�
��I1�x,  y�  I2�x,  y��2

�I1�x,  y� 
 I2�x,  y��2� . (18)
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tism, etc. from affecting the interferometric images.
In an environment where D�r0 is large, this insensi-
tivity has relatively little effect, but when D�r0 is
small, this point-symmetric insensitivity, combined
with a tip-tilt correction, allows good imaging perfor-
mance. The aberrated image quality can be further
improved over that in Fig. 8 by making full use of the
phase gradient technique described in Subsection 3.C
rather than only the first-order correction shown.

The complexity of the reconstructed image shows
that while the signal-to-noise ratio of an extended
scene is reduced because of the low visibility modulus
and large amount of Poisson noise (see Subsection
2.F), complicated objects can still be imaged with this
technique. The equivalent number of diffraction-
limited point sources that combine to make the image
shown in Fig. 8 is approximately 1000. This experi-
ment is likely to be made more difficult when applied
to real imaging environments of interest, where D�r0
may be quite large, but the signal-to-noise reduction
due to the extended nature of the source does not
preclude the use of this technique on such objects.

B. Astronomical Observations

The quadrature-phase interferometer operated at the
coudé focus of the Palomar 5 m telescope in July 2002
under �1 arc sec R-band seeing conditions. Tele-
scope flexure was greater than anticipated, and the
large motions of the input pupil complicated the in-
terferometer alignment. Usable data were obtained
on Vega, a bright unresolved, pointlike source, and
Capella, a narrow-separation binary star system.
These observations were made at a center wave-
length of 700 nm with a 40 nm bandpass (this frac-
tional bandwidth of 0.06 is conservative relative to
the order-of-magnitude bandwidth limit of �1�10 as

described in Subsection 3.B), in 12.5 ms exposures
followed by 12.5 ms readouts.

In the process of realigning the interferometer, the
rotation shear deviated from 180 deg. As such, a
quadrature phase relationship did not exist in the
data taken on Capella. Without a quadrature phase
relationship, visibility modulus measurements were
made but no visibility phase measurements could be
made, and so true images could not be formed of
Capella. This misalignment was corrected for the ob-
servations of Vega.

At the time of the observations, the KFS–CCD data
acquisition system filled internal memory buffers,
then stopped acquisition and transferred the stored
data to disk. The buffers were capable of storing 400
exposures, which at a rate of 40 Hz �12.5 ms expo-
sures and 12.5 ms read times) gave 10 s contiguous
datasets (at a 50% duty cycle). In the time since these
observations were made, this limitation has been
lifted.

1. Vega Observations
A simple analysis has been performed on a single 10 s
data set of Vega interferograms. A sample interfero-
gram is shown in Fig. 9. Phase gradients are aver-
aged as described in Subsection 3.C and 	obj is
estimated from the mean gradients. The complex ob-

Fig. 7. Optical layout for the laboratory test. A Hg lamp illumi-
nates a mask, and the light is collimated and stopped down. Tur-
bulent aberrations are introduced into the collimated light by a
He–air jet. A beam splitter breaks off 10% of the light as a direct
image, shown here shaded as the DIRECT component, while the
rest of the light passes through the interferometer, shown here as
the PUPIL component. The CCD records the direct image and the
two interferograms simultaneously (near the CCD, the direct im-
age and one interferogram overlap as drawn, but are separated
vertically). The mirrors in the interferometer, shown in Fig. 3, are
not drawn here.

Fig. 8. Direct and interferometric laboratory images. The left
panels are direct images, and the right panels are interferometric
images. Corresponding direct and interferometric images are ac-
quired simultaneously through identical conditions. The top pan-
els include no turbulent aberrations, and the bottom panels are
imaged through a turbulent He–air jet that introduces phase and
amplitude aberrations. Each of the bottom panels is an average of
the same ten exposures. The interferometric image quality is only
slightly affected by the aberrations, while the aberrated direct
images are blurred beyond recognition. The diffraction limit of the
system is approximately half the width of the line segments mak-
ing up the letters.
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ject visibility is then Fourier transformed to give an
image. This raw image is shown in the middle panel
of Fig. 10. This image has a full width at half maxi-
mum (FWHM) of 0.5 arc sec, smaller than the direct
image FWHM of 1.0 arc sec (seeing limited), but far
larger than the diffraction-limited resolution of
0.029 arc sec. The instrumental phase offset, 	off, was
calculated from the data, ensuring proper quad-
rature-phase relationships, but no estimate was
made of 	inst,1 to remove instrumental phase terms
from the quadrature measurements.

Using the same 10 s dataset, a simple estimate can
be made of the image quality due to phase noise
alone, by subtracting the estimated object phase of
the second 5 s of the data set from the object phase of
the first 5 s, removing any instrumental phase con-
tributions. The image formed from this difference is
shown in the right-hand panel of Fig. 10, which dis-
plays a FWHM of 0.2 arc sec. This is analogous to
using 5 s of data as an external calibration, while
observing a point source, to correct the instrumental
phase terms in another 5 s data set. This is not a true
image of Vega, of course, because the object phase
should be constant over the entire 10 s, and there-
fore this represents the image of an object with
	obj�u, v� � 0. To the extent that Vega is unresolved,
this is a valid exercise.

An analysis of the temporal autocorrelation of the
phase gradients shows long-lived correlations in 	turb.
The temporal autocorrelation shows a roughly expo-
nential decay with time lag, showing a characteristic

�1�e� time scale of 0.65 s. This characteristic time
scale, when compared to a characteristic length
scale of r0 � 14 cm, implies a characteristic speed of
0.2 m/s. This low speed is indicative of dome seeing or
other turbulent motions not related to the bulk wind
velocity outside of the telescope dome (likely to be
larger by an order of magnitude).

The variance of the mean phase gradient depends
on the number of phase-gradient samples and the
correlation between those samples. With long-time-
scale correlations between phase-gradient samples,
the effective number of independent samples is quite
small, and the resulting mean phase gradient retains
a large variance, as seen by the FWHM of the recon-
structed images. As an order of magnitude approxi-
mation, 10 s of phase gradient data with a 0.65 s
correlation time scale yields �15 independent sam-
ples, reducing the rms phase noise by a factor of �4,
comparable to the decrease in FWHM from 1.0 to
0.2 arc sec.

The interpretation of these results is that the
turbulent-phase aberrations present were dominated
by dome-level atmospheric structures (i.e., slow-
moving structures), which necessitates a longer
observing time span to separate 	obj from 	turb. Ac-
cordingly, longer individual exposure times could
have been used, increasing the sensitivity with little
loss of visibility.

2. Capella Observations
Capella is a binary system, with a 100-day orbital
period and semimajor axis 0.05 arc sec. This separa-
tion is unresolved under ordinary 1 arc sec seeing
conditions, but well beyond the 0.03 arc sec diffrac-
tion limit of the 5 m telescope at � � 700 nm.

As previously mentioned, we did not obtain quad-
rature-phase measurements of Capella. The visibility
modulus is estimated from 10 s of data. The visibility
modulus of a binary star system is sinusoidal, and the
measured visibility modulus is fit to a sinusoid to
determine the vector separation of the binary pair.
Because only the visibility modulus was used, the
orientation is uncertain by 180 deg. The measured
separation is shown in Fig. 11, overlaid on the orbit as
measured by long-baseline interferometry.22 The dif-
ference between the measured separation and the

Fig. 9. Sample differenced interferogram of Vega. This figure is
the difference between Interferogram 1 and 2 for a single expo-
sure, removing scintillation effects. The visibility modulus is
essentially uniform across the exposure. The input pupil was not
correctly aligned with the interferometer center of rotation, lead-
ing to an oversized central obscuration and noncircular outer
boundary.

Fig. 10. Direct, raw interferometric, and differenced interfero-
metric images of Vega. The left panel is the average of 10 s (400
frames) of direct images of Vega. The middle panel is a raw inter-
ferometric image, from the same 10 s of data as the left panel,
formed without estimating the instrumental phase. The right
panel is formed by calibrating one half of the 10 s dataset using the
other half. The FWHM of these images is 1.0, 0.5, and 0.2 arc sec.
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expected separation at the time of the observation
was 0.0012 arc sec (excluding the possibility that the
measurements disagree by 180 deg). This disagree-
ment is considerably smaller than the semimajor axis
of the binary orbit, 0.05 arc sec, and than the diffrac-
tion limit of the telescope, 0.03 arc sec.

C. Expected Sensitivities

A simple estimate of the sensitivity of QPI can be made
by requiring an intensity signal-to-noise ratio of unity in
each pixel in each frame. For Palomar, assuming D
� 5 m, � � 700 nm, �� � 40 nm (this bandwidth is
more conservative than the estimate in Subsection
3.B), r0 � 15 cm, and v � 10 m�s, the interferogram
pixel scale could be �x � 3 cm, with an exposure time
texp � 15 ms. Using the KFS–CCD (the high-speed
camera), with a detection efficiency of 15% and a CCD
read noise of 15.5 e�pix, the point-source sensitivity
limit is R � 5.5. At Keck with D � 10 m and r0
� 30 cm, the sensitivity limit is R � 7.8. For terres-
trial (ground-to-ground) imaging with D � 0.4 m,
r0 � 8 mm, and v � 10 m�s, the point-source
sensitivity limit is �104 phot cm2 s1 Å1, which is
well below the flux of reflected sunlight ��106 phot
cm2 s1 Å1 from a source the size of the telescope
diffraction limit), but above the flux of scattered sun-
light ��102 phot cm2 s1 Å1 from a source the size
of the telescope diffraction limit).

Using the unity signal-to-noise ratio rule of thumb,
near the faint end of the sensitivity limits the low-

noise CCD provides superior performance to that of
the KFS–CCD, in the sense that individual exposures
retain adequate signal-to-noise ratios. With a detec-
tion efficiency of 30% and read noise of 5 e�pix, the
Palomar sensitivity limit is R � 7.8 (under the same
conditions described previously), and the Keck sensi-
tivity limit is R � 10. For terrestrial imaging, the
sensitivity limit is �103 phot cm2 s1 Å1, which
would be comparable to the limit for scattered sun-
light off an extended scene, whose illuminated area
covers �10 diffraction-limited resolution elements (a
much simpler scene than used in the demonstration
in Fig. 8, which imaged �1000 diffraction-limited
resolution elements).

The high measured visibility modulus of the Vega
observations implies that the exposure time, resolu-
tion, and bandwidth can be increased beyond their
rule-of-thumb limits to increase sensitivity at the ex-
pense of some additional calibration requirements.

The sensitivities quoted above are highly simpli-
fied. The ultimate sensitivity of an observation de-
pends on the ability to reduce the variance of the
mean phase gradient (and mean visibility modulus),
which may depend on the atmospheric conditions, as
structures causing phase aberrations may persist
over many exposures. Assuming that phase errors
dominate image resolution, image resolution in-
creases with observing time. For objects brighter
than the limits above, the KFS–CCD is often pre-
ferred because it allows many more exposures in a
given period of time, thereby reducing phase errors.

5. Discussion

Depending on the imaging application, the primary
strengths of quadrature-phase interferometry may
be its high wavefront resolution, passive operation,
insensitivity to amplitude fluctuations, operation at
short wavelengths, or ability to perform internal cal-
ibration. The interferometric �u, v� coverage obtained
by this technique is nearly complete, allowing for
reconstruction of highly detailed, near diffraction-
limited images.

The imaging performance of quadrature-phase in-
terferometry can be compared to AO and speckle in-
terferometry. Compared to AO, QPI is simple,
inexpensive, and capable of working at visible wave-
lengths (with D�r0 � 50), but is less sensitive and
generally observes a narrower field of view. Assum-
ing a similar wavelength of operation, AO is more
sensitive because the AO wavefront sensors are not
subject to the same resolution criterion as QPI for
phase-gradient recovery [Eq. (17)]. By using fewer
pixels to record the same wavefront area, they incur
less read noise per measurement. Once the AO con-
trol loop is closed, the corrected image is sent to a
science camera that can take long exposures where
read noise is not a limiting factor. When imaging in
the presence of strong scintillation, however, QPI
should be insensitive to the wavefront amplitude fluc-
tuations, while AO would suffer some image degra-

Fig. 11. Binary separation of Capella. The diamonds mark the
separation measured by the QPI, with two diamonds shown be-
cause the separation is uncertain by 180 deg. The crosses mark the
origin and the expected binary separation at the time of the ob-
servation, with the dotted curve tracing out an entire orbit. The
separation is measured by fitting the measured visibility modulus
from 10 s of data to a sinusoid, appropriate to a binary pair. The
disagreement between the measured and expected binary separa-
tions is 0.0012 arc sec.
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dation. This potential advantage of QPI has not yet
been verified.

Unlike AO, QPI does not make direct measure-
ments of the turbulent-phase fluctuations at the in-
put pupil, �turb��, ��. The turbulent-phase terms that
the QPI does measure, 	turb�x, y�, are differences of
phase fluctuations at two points in the input pupil,
�turb��, ��. It is not possible with the arrangement
described here to uniquely determine �turb��, �� using
QPI. While this precludes direct wavefront measure-
ments, the QPI does directly measure the turbulent-
phase structure function, D�, so while QPI can
directly determine the statistical properties of the
turbulent-phase fluctuations, it cannot determine
any individual realizations of ���, ��. The measure-
ment of D� using QPI does not require any assump-
tions about Kolmogorov turbulence or homogeneity
or isotropy, only of translational invariance in the
��, �� plane. It is interesting to note that rotation
shearing interferometry is inherently unaffected by
point-symmetric aberrations, such as spherical aber-
ration, defocus, astigmatism, etc.

Compared to speckle interferometry, QPI has com-
parable sensitivity and simpler calibration require-
ments, but is more expensive and optomechanically
more complex. The practical sensitivity of QPI is
likely to be lower than that of speckle, because the
QPI optical design involves more reflections, result-
ing in a lower instrumental throughput. The calibra-
tion requirements of speckle interferometry are
highly dependent on the turbulent conditions, as they
essentially involve measuring the modulation trans-
fer function (MTF) degradation due to the turbulent
aberrations, and statistically correcting the mea-
sured MTF to its unaberrated level. The MTF of
pupil-plane interferometry, on the other hand, is es-
sentially unity for all frequencies up to the
diffraction-limited frequency �D���.23 QPI suffers a
loss of visibility due to finite exposure times, wave-
front resolution, and spectral bandwidth, as de-
scribed in Eq. (13), but as seen from the observations
of Vega, the measured visibility modulus is still near
unity, requiring little calibration. The QPI instru-
mental phase calibration can be done internally and
though the self-calibration of imaging data, although
the observations of Vega did not demonstrate this
ability.

Previous rotation shearing interferometers were
inefficient primarily in three ways. First, the only
way to measure visibility phase instantaneously was
to add a large phase gradient (wavefront tilt) to the
interferograms and measure deviations from the gra-
dient, which limits the spectral bandwidth and gen-
erates systematic uncertainties. If an interferometer
does not measure phase instantaneously, the mea-
surement is confused by phase changes between ex-
posures.12 Second, all previous rotation shearing
interferometers used in astronomical observations
have used only half of the incident light, reflecting
one interferogram back toward the telescope. As a
third, minor point, some rotation shearing inter-
ferometers used internal reflections in roof prisms to

generate rotation shear, which introduced a polariza-
tion mismatch between the two arms, reducing the
measured visibility modulus unless a corrector plate
was introduced in the system. The QPI avoids these
limitations; the first two problems are avoided by
design, while the third (polarization mismatch giving
low-visibility moduli) is bounded by the raw mea-
sured visibility modulus in interferograms such as
those in Fig. 4, which have V � 0.97 in unpolarized
light.

Alternate modes of operation are possible with
QPI. As demonstrated with observations of Capella,
QPI can be operated in a modulus-only mode. While
the Capella observations did not make use of the
quadrature-phase relationships of QPI, a planned
modulus-only measurement would make quadrature-
phase measurements of modulus and phase, but
would relax the phase-gradient resolution limit in Eq.
(17) to �x � r0, which relaxes the magnitude limits
listed above by approximately 3.5 magnitudes, so
that the low-noise CCD could observe objects down to
approximately R � 11.3 at Palomar and R � 13.5 at
Keck. No attempt would be made to separate 	obj from
	turb, but the visibility modulus would be accurately
measured at all baselines in each exposure. These
expected sensitivities can be compared to the demon-
strated speckle interferometry magnitude limit of V
� 12.5 for binary star measurements at the U.S.
Naval Observatory 0.66 m refractor.24 While it may
seem inappropriate to compare a sensitivity limit on
a 0.66 m telescope to expected sensivities on 5 and
10 m telescopes, the expected sensivities have no de-
pendence on D, only on r0. Use of large telescopes,
such as those at Palomar and Keck, greatly improves
the diffraction limit for a given �, but does not change
the expected sensitivity limit for a given r0.

A potential upgrade to QPI would allow differential
phase measurements as a new mode of operation.
Differential phase measurements are enabled by
adding spectral dispersion and reducing the inter-
ferogram spatial resolution. The simplest way to
achieve this is to add a dispersive grating and a len-
slet array. The lenslets reduce the interferogram spa-
tial resolution, and the grating spectrally disperses
the light from each lenslet as it lands on the detector.
Quadrature-phase relationships are independently
measured for each wavelength, and phase differences
between wavelengths can be accurately measured.
When observing objects smaller than the diffraction
limit, the differential phase measurements deter-
mine the relative displacements of the photocenter at
different wavelengths. This could be used to measure
physical scales in broad-line regions of active galactic
nuclei or orbits of extrasolar planets with strong ab-
sorption lines.

6. Conclusions

The fundamental operation of a quadrature-phase
interferometer has been demonstrated, to varying de-
grees, in laboratory and astronomical tests. The
capabilities of this technique under the viewing con-
ditions of interest, observing complicated objects un-
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der astronomical viewing conditions or objects under
strongly aberrating conditions, have not yet been
demonstrated.
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Appendix A: QPI Optical Implementation

The optical design described here for creating
quadrature-phase interferograms is not unique. The
original implementation of the QPI had a more com-
plicated optical arrangement.

In the original implementation of the QPI, one mir-
ror in one arm of the interferometer was split into two
halves. The division between mirror halves was po-
sitioned so that the split between the mirrors ran
through the center of the interferograms. The instru-
mental phase terms were independently adjustable
for each of the two halves. In this configuration, the
division of the two full-pupil interferograms into four
interferograms, shown graphically in Fig. 5, was
straightforward, as the interferograms were already
split in half.

The advantage of the split arrangement is that it
allows any instrumental path-length difference �L,
to be used on each half of the interferograms. The
simplest choice for �L�x, y� is 0 on one half, i.e., for
y � 0, and ��4 on the other (for y � 0), enabling
quadrature-phase measurements. An additional ad-
vantage of having independent alignment of the two
halves is that the adjustment resolution of each mir-
ror half determines the adjustment resolution of
	inst�x, y� 
 	inst�x, y�, while in the current config-
uration, with just one set of adjustments, the resolu-
tion of 	inst�x, y� 
 	inst�x, y� is twice as coarse.

The primary disadvantage of the split arrange-
ment is that the split between the mirror halves re-
sults in some loss of interferogram coverage, at the
lowest angular frequencies. As a result, the recon-
structed images are high-pass filtered, and have a
different appearance from the direct images. A com-
parison of the imaging performance of the split ar-
rangement and the current arrangement is shown in
Fig. 12.

We determined that the improved resolution in in-

strumental phase adjustments from using a split mir-
ror did not justify its increased complexity and the
loss of (u, v) coverage. However, further improve-
ments in the optical design are certainly possible.
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