Edge Asymmetry Detection by Image Inversion in Coherent Imaging
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Dark-field techniques are successfully used in microscopy for increasing the contrast of almost
transparent objects, and for edge detection by removing image components with low spatial fre-
quencies. A removal of image components with little interesting information but high intensity
yields a higher signal-to-noise ratio for the image components of interest. Here, we present a tech-
nique to enhance the signal-to-noise ratio of an image signature contained in a spatial asymmetry.
While being an interferometric technique based on image inversion, it will work with incoherent light
sources, and thus be applicable in many practical imaging scenarios. We experimentally demon-
strate an increase of the signal-to-noise ratio in edge asymmetry detection by an order of magnitude

in a proof-of-principle experiment.
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I. DARK-FIELD IMAGING

A century ago, dark-field imaging in microscopy en-
abled the convenient observation of objects that scat-
ter very little light by removing illumination components
from the observation path that are not scattered by a
specimen in a smart optical configuration [1]. As a result,
the image formed by the light scattered from an object
has a much higher contrast, or signal-to-noise ratio, than
the corresponding image in a bright-field illumination.

In a more modern description, one could view this as
a spatial filtering technique, that removes low frequency
components of an image that contain little image infor-
mation, but contribute to the background and thus noise
in an observation. Dedicated spatial optical high pass
filters can be used to enhance the edges of an object like
the border of an almost transparent cell. Especially for
objects with very little scattering, the removal of unscat-
tered light might be the only way to have the signal level
exceed the the noise level, ultimately given by the photon
shot noise, of an unscattered background [2-5].

In the same spirit, we present an image inversion tech-
nique to enhance the signal-to-noise ratio in images where
the information of interest is contained in a deviation
from a spatial symmetry. The technique relies on an in-
terferometric removal of symmetric image components by
splitting the image information into two paths, and in-
verting the image in one of the paths. The interferometer
can be arranged such that symmetric image components
leave the interferometer through one port, while asym-
metric image components are passed to the other port.

Similar techniques based on image inversion [6] have
been predicted to outperform direct imaging in resolving
sub-Rayleigh sources [7, 8], including for thermal light
with a faint secondary source [9, 10]. Implementations
have also been suggested in super-resolution microscopy
[11], and towards astronomical coronagraphs [12-15].
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II. IMAGE INVERSION SETUP

In our proof-of-principle demonstration illustrated in
Fig. 1, we show that this interferometric removal of
symmetric image content works for non-laser illumina-
tion sources, and thus might be of interest in applica-
tions seeking to identifiy an exoplanet passing by a much
brighter star in astronomy, or in precision manufacturing
process control.
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FIG. 1. Experimental setup for a Mach-Zehnder interferome-
ter with radial image inversion. SMF: single-mode fiber, Pol:
linear polariser, SPAD: single-photon avalanche detector. The
setup is aligned to an interferometric visibility of V = 96 %.

The non-laser incoherent illumination is provided by a
thermal light source generated from a low-pressure Mer-
cury vapor gas discharge lamp. The light is spectrally
filtered by a Fabry-Pérot etalon at the 546.1 nm emission
line to increase its temporal coherence to around 0.5ns
for a corresponding coherent length of about 15 cm. This
relaxes the requirement for zero optical path difference
in the interferometer.

The light beam is then transmitted through a single-
mode optical fiber to project into the fundamental Gaus-
sian mode for spatial coherence, which is then collimated
to a beam diameter around 2mm. The beam is passed
through a polariser to increase its interferometric visibil-
ity as orthogonal polarisation states do not interfere.



A non-polarising beamsplitter separates the incident
beam into two, with one half passing through a pair
of identical achromatic plano-convex lenses which per-
form the radial image inversion. The other half is passed
through a 6.35mm thick glass block to compensate for
the optical path increase due to the two lens substrates.

The two beams are recombined at a second beamsplit-
ter, with a 0.3mm glass cover slip rotated to optimise
for constructive and destructive interference fringes at
the bright-field and dark-field output ports respectively,
resulting in an interferometric visibility V = 96 %.

III. EDGE ASYMMETRY DETECTION

An edge asymmetry is introduced into the pupil plane
of the optical path by a knife edge obstruction. The knife
is linearly translated into the beam path in 10 pm steps
from Omm to 2mm, increasing the asymmetric image
components, or optical modes, by —N4 intensity. (Neg-
ative sign due to obstruction of light intensity)

The light intensities at the bright-field and dark-field
output ports are measured by a pair of Silicon actively
quenched single-photon avalanche detectors with a dark
count rate of 1000 photoevents per second, and recorded
by a field programmable gate array timestamp module.
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FIG. 2. Top: the output photoevents rate at the dark-field
port 0.5N4 (red), bright-field port Ng — 1.5N4 (blue), and
combined intensity of Ng — N4 (black). The combined inten-
sity begins with only symmetric Ns modes due to the Gaus-
sian beam from the single-mode optical fiber being radially
symmetric. Bottom: the corresponding signal-to-noise ratios
(SNR) for the edge asymmetry measurements with (red) ver-
sus without (black) image inversion.

When the obstruction position of the knife edge in-
creases as shown in Fig. 2, the asymmetric spatial opti-
cal modes increasingly populate the dark-field output as
the incident light decreases in radial symmetry about the
optical axis of the image inversion lens pair.

The dark-field output increases at a rate of 0.5 Ny due
to the beamsplitting ratio of 50 : 50, because asymmet-

ric spatial optical modes do not overlap after image in-
version. The bright-field output decreases at a rate of
1.5 N4 due to the other half of the beamsplitting ratio
presenting 0.5 N4 as before, in addition to the knife edge
obstruction itself contributing another 1.0 N4 factor.

At the half-way obstruction position around 1 mm, the
two output intensities balance and then start to decrease
at the same rate, as there is no longer any interferometric
overlap by image inversion, and the light is therefore just
transmitting through the second beamsplitter directly.

IV. GAIN IN SIGNAL-TO-NOISE RATIO

The expected gain G in the signal-to-noise ratio (SNR)
for measuring the asymmetric optical modes N4 contri-
bution may be described by the ratio between the signal-
to-noise ratio with against without image inversion, or
SNR 4 against SNRg 4 respectively, as described by:
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The asymmetric spatial optical modes do not overlap
with themselves upon image inversion, and so transmit
through the 50 : 50 beamsplitter without interference,
resulting in the factor 0.5. The sign of + depends on
whether the edge asymmetry in image components is due

to a light source (+), or an obstruction (-) as demon-
strated in our proof-of-principle experiment.
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FIG. 3. Gain G in the signal-to-noise ratio of edge asymmetry
detection in the image components (red points) in the experi-
ment, compared to the model described by Eqn. 1 (black line).

As shown in Eqn. 1, the gain G in SNR increases in-
versely with the population of asymmetric modes Ny,



and is thus more significant for small asymmetric con-
tributions N4 against a bright point source Ng. The
gain in signal-to-noise ratio reduces to unity when the
asymmetric-to-symmetric modes ratio is as follows:

1 1
N4 =—-Ng, =N, 2
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The measured gain in the signal-to-noise ratio for de-
tecting asymmetric optical modes is shown in Fig. 3. It
reduces to 1 as predicted by Eqn. 2 when the asymmetric
modes N4 by obstruction is about 1/3 of the source orig-
inal intensity Ng as a radially symmetric point of light
emitting from a single-mode optical fiber.

V. FAR-FIELD COHERENCE PROPAGATION

We consider an outlook scenario where this image in-
version technique might be potentially useful, such as the
astrophysical context of a faint exoplanet transit across a
bright star, and therefore introducing a small edge asym-
metry in the object plane which may be weakly propa-
gated in the far-field to the pupil plane of the observer.

The van Cittert—Zernike theorem states that the
Fourier transform of the intensity distribution function at
the source plane of a distant, spatially incoherent source
is equal to its mutual coherence function I':

Ty2(u,v,0) = / / I(l,m)e 2™ Hvm) gigm— (3)

where [ and m are the direction cosines of a point on a
distant source in the source plane, u and v are respec-
tively the x-distance and the y-distance between the two
observation points (1,2) on the observation plane in unit
of wavelength, and I is the intensity of the source.

The mutual coherence function I'15 between two points
1 and 2 can then be normalized by the product of the
square roots of the intensities I 2, and so yielding the
complex degree of coherence yis:

oy = ISP
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The interferometric visbility V is given by the modulus
of the complex degree of coherence ~, and so

|y12| =V (5)

Because the mutual coherence function I' is a Fourier
transform of the source intensity distribution, and
Fourier transformation is a linear operation, thus

Fspot (6)

The intensity distributions of a star and a planet are both
assumed to be discs, and so the Fourier transforms lead
to Bessel functions of the form where 6 is small, weighted
by the respective source (or obstructed) intensity I:
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where J7 is the Bessel function of the first kind of order
one, k = 2w/ is the wavenumber, a is the radius of the
telescope aperture, and 6 is the angular extent of the star
or spot. This leads to the combined mutual coherence:
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(8)
The exponential term on the right is a shift function re-
sulting from the Fourier transform of an intensity distri-
bution (obstruction) that is slightly off-axis by a small
angle §, given by the angular radius of the star, e.g.
0.0025 arcseconds for Sirius.

The measurable visibility Viiar—spot for an obstructed
star is the modulus of the coherence function normalised
by the incident intensity:

Fstar—spot = Istar *Ispot
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compared against that of the star itself:
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FIG. 4. Output power distribution into the asymmetric mode
(red) and symmetric mode (black) without obstruction. As-
suming the light source to be Sirius, and the obstruction to
be Jupiter, for scaling their angular sizes and obstructed in-
tensity. The symmetric and asymmetric output power both
approach 50%, or zero visibility, with increasing aperture size
as a 21 metre aperture would resolve Sirius in imaging. Mean
wavelength A assumed to be 500 nm for this toy model.

In our image inversion setup that separates into sym-
metric (Sym) and asymmetric (Asym) mode outputs, the
corresponding interferometric visibility is:

_ Sym — Asym

= 11
Sym + Asym (11)

where the total intensity as normalisation for simplicity

Sym + Asym =1 (12)
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FIG. 5. The power changes in the asymmetric (red) and sym-

metric (black) modes in the event of an obstruction.

and so leading to the fractional power splitting between
the symmetric and asymmetric outputs to be

Sym =V/2+0.5 (13)
and

Asym = 0.5 -V/2 (14)

The output power splitting plotted in Fig. 4 is thus de-
termined by the instrument interferometric visibility.

This suggests that that spatial asymmetry in the target
of interest do propagate in the far-field regime, and may
be detectable even when the optical aperture is diffrac-
tion limited to directly image the asymmetrical content.

However, decreasing aperture size would reduce both
the signal and the noise components in the asymmet-
ric mode detection. This constrains the regime whereby
there is a net gain in signal-to-noise, which agrees with
the trend observed in our results shown in Fig. 3, and
is dependent on the interferometric visibility of the in-
strument, and the spatial symmetry distribution of the
target of interest.
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