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CHAPTER 1. DIFFRACTION-LIMITED IMAGING

Chapter 1
Di Lralction-Limited Imaging

1.1 Attempts to resolve beyond the diLraction limit

In optical imaging, the diffraction limit of an optical system is commonly known
as the Rayleigh criterion [1]. For an optical system with a circular aperture, the

Rayleigh criterion is defined as follows

in =122 1.1
sin 5 (1.1)

where is the minimum angular separation between two points, is the wave-
length of light, and D is the diameter of the circular aperture.

When the angular separation between two points of an object being imaged is
smaller than the Rayleigh criterion, the two points are said to be diffraction-limited
and thus indistinguishable in the image.

One could reduce the diffraction limit by reducing the wavelength used to
image the objects. For example, in microscopy, using X-rays [2| or electrons [3].
Alternatively, one could increase the diameter of the aperture. For example, in
astronomy, the construction of telescopes with large diameters [4].

Over the decade, there have been advances in techniques that could resolve
beyond the diffraction limit. One such example is the use of fluorescence microscopy
[5, 6]. However, these techniques require access or modification to the object under
investigation, such as dyeing with a photosensitive protein. However, these techniques

may not be feasible for objects such as stars or sensitive biological samples.
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Around 2016 Mankei T. et al. showed that two point sources could be separated
beyond the diraction limit based on information from the image plane of an
optical system and proposed Super Localization by Image inVERSsion interferometry
(SLIVER) [7, 8]. SLIVER is also referred to as image inversion interferometry. Using
image inversion interferometry, the separation between two point sources within the
di raction limit can be determined and has been demonstrated experimentally [9].

Assuming the constraint that the object plane cannot be accessed, we propose
using image inversion interferometry at the image plane to extract spatial information
from a di raction-limited point light source.

1.2 Detecting Radial Asymmetric Point Light Sources

In this thesis, we focus our investigation on radial asymmetric spatial information
of a diraction-limited point light source. Using image inversion interferometry,
we present a laboratory-based proof-of-concept to demonstrate the extraction of
radial asymmetric spatial information from a point light source. We then compare
image inversion interferometry against a direct measurement method and present
our ndings.

1.3 Structure of thesis

The thesis is structured in the following:

~

Chapter 2 An attempt to access information beyond di raction-limit using
image inversion interferometry.

Chapter 3 An analysis of light sources for interference

Chapter 4 An analysis of the generation of radial asymmetric light sources
Chapter 5 Investigation of radial asymmetries at pupil plane.

Chapter 6 Investigation of radial asymmetries at object plane.

Chapter 7 Investigation into direct measurement of radial asymmetries.
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Chapter 2

Image Inversion Interferometry

Interferometry is a technique used to extract information from the interference
of waves such as electromagnetic waves. Examples of such information are the phase
di erences between the two interfering waves. Using interferometry, interferometers
are devices that provide a way to measure the phase di erences between two
interference waves. Examples of such interferometers for electromagnetic waves are
the Michelson interferometer [10] and the Mach-Zehnder interferometer [11].

2.1 Mach-Zehnder Interferometer

Figure 2.1: Schematic of a Mach-Zehnder interferometer

A Mach-Zehnder interferometer is a type of amplitude-splitting interferometer.
A collimated light beam is split into two beams of equal intensity at a 50:50 non-
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polarising beamsplitter (top left). The two beams then meet at another 50:50
non-polarising beamsplitter (bottom right) where the two beams interfere. Due to
a phase dierence between the two beams at the dark output, the two beams
destructively interfere. At the bright output, the two beams constructively interfere.
The symmetric design of a Mach-Zehnder interferometer reduces the path di erence
between the two beams, allowing broadband light sources with shorter coherence
lengths to interfere. In practice, a thin piece of glass (cover slip) is placed in one of
the beams to increase the path length to reduce the path di erence between the two
beams. As the cover slip is rotated, the increase in path length can be computed
using % where is the beam's angle of incidence on the glass. Compared to the
Michelson interferometer, the two outputs of the Mach-Zehnder interferometer give
additional information that would otherwise not be accessible.

By measuring the intensity of the dark and bright outputs simultaneously, the
interferometric visibility can be computed in real time. Interferometric visibility
gives a metric on the degree of contrast between two outputs due to interference
[12].

V = Imax Imin (2-1)

|max+ Imin

where,V is the interferometric visibility, 1 nax intensity of the bright output, and
I min IS the intensity of the dark output. The interferometric visibility V ranges from
0 where there is no interference between the two beams Tavhere there is perfect
interference.

To maximise the interferometric visibility of a Mach-Zehnder interferometer, the
phase di erence between the two beams at the two outputs needs to be close to
for dark and O for bright. For interference to occur, the path di erence between the
two beams needs to be less than the temporal coherence length of the light source.
The two beams must also be spatially coherent.

2.2 Image Inversion

A Mach-Zehnder interferometer allows us to compare the phase di erence between
the two beams. This allows one beam to act as a phase reference for the other beam,
which can be modi ed for investigation.

4
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In image inversion interferometry, an image inverter is added in one of the beams
[8]. The image inverter inverts a property of an image along an axis. In our interest
in radial asymmetries, our image inverter needs to perform a radial inversion. This
can be performed using a pair of lenses positioned in a telescope con gured as
proposed in [13] and demonstrated in [9]. We will refer to this pair of lenses as

image inversion lenses.

Figure 2.2: A pair lens positioned into a telescope con guration inverting the input
beam along its optical axis.

If f (r) describes a property of the input beam at positiom from the optical axis,

image inversion would result in

f(r)! f( r) (2.2)

where the propertyf (r) will be shifted to the r position.

Figure 2.3: Experimental setup of image inversion interferometry which utilises a
Mach-Zehnder interferometer. A pair of lenses which perform an image inversion is
shown in a dotted box. This setup is similar to the experiment setup in [9]
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Collimated light containing radial symmetric and asymmetric regions enters the
Mach-Zehnder interferometer at the rst non-polarising 50:50 beamsplitter (top
left), separating the light into two beams. The transmitted beam passes through a
pair of plano-convex achromatic lenses positioned in a telescope con guration with
unity magni cation where the beam is radially inverted. Any region with radial
asymmetric properties would be radially inverted (Equation 2.2). In the re ected
beam, in addition to the cover slip, light passes through another piece of glass to
compensate for the increase in path di erence due to the addition of the image
inversion lens. The re ected and the transmitted beam then interfere at another
non-polarising 50:50 beamsplitter (bottom right). The dark and bright outputs
denote the two outputs of the interferometer.

Any regions containing radial asymmetric properties would not overlap and
interfere at the second non-polarising beamsplitter (bottom right). Hence, these
radial asymmetric regions would be separated equally at the second beamsplitter
into the two outputs of the interferometer.

2.3 Radial Asymmetry

We rst consider a blob with a well-de ned shape to de ne radial symmetric and

asymmetric regions.

Figure 2.4: A blob with a well-de ned shape is enclosed by solid black lines. If we
de ne a point as the origin, radially symmetric regions are enclosed by dotted lines.

For any given point as the origin and a functiorf (r) that describes a property
at position vector r from the origin, radially symmetric points can be de ned as

6
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follows.

f(ry="f( r) (2.3)

Conversely, asymmetrical points can be de ned as

f(r)6f( r) (2.4)

Therefore, when an input beam is radially inverted, radial symmetrical regions

F(ryt f( r)y=f(r) (2.5)

whereas when radial asymmetrical regions are inverted,

f(r)y! f( r)6f(r) (2.6)

These radial asymmetric regions thus do not overlap and interfere.

2.4 Noise Separation

A Mach-Zehnder interferometer could separate the majority of the noise into the
bright output. By maximising the interferometric visibility of the interferometer,
noise could be separated into the bright and dark outputs of the interferometer
asymmetrically due to the signi cantly lower intensity of the dark output compared
to the bright output. Thus, the dark output has a lower noise compared to the
noise of the input beam into the interferometer, which is denoted by total. In our
measurement, the total is the contribution from both the dark and bright outputs.
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Figure 2.5: The intensity measurement denoted by total has a=111 2 counts
per 100ms. The dark output of the interferometer has a = 14:6 0:3 counts per
100 ms

The standard deviations, were used to quantify the amount of noise present in
both the dark output and total. The amount of noise can a ect the signal-to-noise

ratio of our measurements, which will be discussed in Chapter 5.
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Chapter 3

Light Sources

In this chapter, we discussed the various properties of light sources for image
inversion interferometry. Three light sources, a HeNe 543.5 nm laser, a Hg vapour
discharge lamp, and a diode-pumped solid-state 532 nm laser, were investigated.

3.1 Properties

3.1.1 Centre Wavelength of Light Source

We chose to focus on light sources in the optical wavelengths centred around
550 nm as it is near the peak spectral e ciency of the Si detectors such as single-
photon detectors and cameras. It is also in the optical region, which makes it ideal

for visual alignment of the Mach-Zehnder interferometer.

3.1.2 Spectral Linewidth

For interference to occur, the optical path di erence between two beams in the
Mach-Zehnder interferometer x needs to be less than the temporal coherence length
L . of the light source [14]. The temporal coherence length, can be computed using

Le=Co (3.1)

wherec is the speed of light and . is the temporal coherence time. The temporal
coherence time can be approximated for a light source with Gassuain lineshape using

¢ (3.2)
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where f is the frequency linewidth of a spectral line. Thus, the temporal

coherence length can be approximated as

L — (3.3)

If we are able to measure the wavelength linewidth of a light source, and
usingc = f and the mean wavelength ., the frequency linewidth f can be

determined from

f = f2 fl (34)
Cc
f,= 3.5
= (35)
fo= —C (3.6)
c 2

This will allow us to determine if the light source's temporal coherence length is
longer than the interferometer's optical path di erence allowing for interference to

occur.

3.1.3 Power and Noise Output

A light source's power outputP would determine the smallest percentage change
in power resolvable. If we assume that the noise contribution of the light source is
modelled using a Poissonian distribution [14] wherd is the mean photodetection

events, the amount of noise is de ned as

Noise= N (3.7)

Each photon carries a quantum of energy and can be measured in the number of
photodetection events per unit of time. Thus, it can be used as a representation of
power with a scaling factor.

In image inversion interferometry, we are interested in the changes in poweP
that occur when radial asymmetric regions do not overlap and interfere. Thus, to

resolve the changes in power,

> 1 .
Noise (3.8)

10
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If we assume that the noise is modelled after a Poissonian distribution, the
percentage of noise decreases as the number of photodetection events increases.
Thus allowing smaller percentages of changes in power to be resolved.

Figure 3.1: Assuming the change in power P is equal to noise contribution such
that the change in power is just resolved..-—— = 1 and noise contributions are
modelled using Poissonian distribution.

However, light sources in the lab may not be modelled after a Poissonian dis-
tribution and may have other contributions of noise. Thus, to determine a light
source's noise, the output power could be tted to a Gaussian function.

(P_Pg)?

. A
GaussiarfP) = —p?e A (3.9)

where, A is Amplitude, is the standard deviation, andP, is the mean power.
Using the tted standard deviation values, we will then be able to compute the

percentage noise,

%Noise= - 100 (3.10)
0

11
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3.2 Light Sources

3.2.1 543.5nm HeNe Laser

A HeNe laser with a centre wavelength of 543.5 nm indicated in the speci cations
[15] was used as a light source. A spectrum of the HeNe laser was measured using a
spectrometer to verify the laser's centre wavelength and whether it is single-emission.

Figure 3.2: The HeNe laser has a dominant peak at around 540 nm suggesting that
the laser has a single-emission line in the optical wavelengths. The spectral range of
the spectrometer is399 731nm as indicated in the wavelength calibration data

sheet [16]

The dominant peak was tted to a Gaussian function (Equation 3.9).

12
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Figure 3.3: The spectrum was tted to a Gaussian Function. Mean542993
0:002nm, Standard Deviation : 0:206 0:002nm, Full-Width Half Maximum
(FWHM): 0:485 0:005nm, and reduced Chi-Square: 49988

The wavelength full width at half maximum is around0:485nm. This suggests
that the resolution of the spectrometer may have limited the measurement as the
HeNe laser should have a frequency linewidth on the order of GHz.

The resolution of a grating spectrometer [12] is de ned as

whereR is the resolvance, is the center wavelength, is the smallest resolvable
wavelength bandwidth di erence,m is the order of di raction, and N is the number
of slits illuminated by the light source.

Thus, assumingl mm of the di raction grating ( 1200lines/mm [16], N = 1200)
in the spectrometer is illuminated and taking the rst order diraction (m = 1),
the smallest wavelength resolvable 0:5nm which further suggests that the
spectrum measurement is spectrometer limited.

Next, we investigated the laser's noise. The photodetection events of the HeNe
laser were measured using single-photon detectors. The results were then binned
into bins with a width of 169counts/s.

13
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Figure 3.4: A 5minutes measurement of HeNe laser output using single-photon
detectors.

Figure 3.5: I\fl)ein: 1302000 2000counts/s, Standard Deviation : 17000
2000counts/s, N: 1141counts/s, Gaussian Fit Reduce Chi-Squarel:00124

Based on the tted values, the HeNe laser has a percentage noise of abbi306
and about 1§) N. Additionally, using a power meter, the power output of the laser

was measured to be aroun8milliWw.

14
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3.2.2 546.1nm Hg Vapour Lamp

We investigated a Hg vapour discharge lamp as it has an atomic emission
line at around 5461nm, which is close to the5435nm of the HeNe laser. The
small di erence between the wavelengths reduces the amount of realignment of the
interferometer needed when changing between wavelengths.

To determine the emissions lines of the Hg vapour lamp, using a spectrometer, a

spectrum of the Hg vapour lamp was measured.

Figure 3.6: Spectrum of Hg vapour lamp measured using a spectrometer. There
are multiple peaks which correspond to the various emissions lines of Hg between
399 731nm.

In our interest at 5461 nm, a bandpass Iter with a centre wavelength o646nm
and full-width half maximum of 3nm [17] is used to Iter the other emission lines.

15
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Figure 3.7: The other emission lines are suppressed after Itering with 6nm
bandpass lIter. The dominant peak is now arouncb50nm

Figure 3.8: The peak dominate emission line after Itering with a bandpass lter is
around 546nm. However, the measurement linewidth is most likely limited by the
resolution of the spectrometer.

The spectrum was not tted to a Gaussian function, unlike the case for HeNe
laser, as the measurement is most likely limited by the spectrometer. To approximate
the linewidth of the Hg vapour lamp at5461nm, we can approximate using the

Doppler broadening of atomic spectral lines [18]

16
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r

KT
= o2 2In2 3.12
0 e (3.12)
where, is the atomic spectral linewidth, ¢ is the wavelength when the atoms

are at rest, k is the Boltzmann constant, T is the temperature of the atomsmy is
the atomic mass, andc is the speed of light.

For Mercury vapour atoms with atomic mass o8:33 10 ?°kg and estimated
temperature 0f10273K, and a rest wavelength o461 nm, the wavelength linewidth
corresponds ta2:79 10 3nm. The wavelength linewidth is about 2 orders smaller
than the estimated resolution of the spectrometer.

Next, we investigate a Mercury vapour lamp's noise and power output. After
coupling the output of a Hg vapour discharge lamp into a single-mode ber and
measured using a single photon detector, the power output is on the order of
1P counts/s which corresponds to around.0 *?W.

Figure 3.9: A 1minute measurement of a Hg vapour lamp was measured using a
single-photon detector to determine the power output of a single-mode ber and the
amount of noise.

17
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Figure 3.10: ,Mean: 4511700 400counts/s, Standard Deviation : 2600
500counts/s, N: 2124 counts/s Gaussian Fit Reduce Chi-Square: 1.00701931

The photodetection events from dl minute measurement are binned into bins
with width of 196counts/s and tted using a Gaussian equation. Using the tted
values, the percentage noise was abo0t% and was about_'L:ZIO N.

3.2.3 532nm DPSS Laser

The 532nm diode-pumped solid-state (DPSS) laser was investigated as a light
source as it has a centre wavelength similar to the other two light sources, reducing
the amount of interferometer's realignment when switching between wavelengths. It
also has a power output on the order of milliwatts, which is about 9 orders brighter
than the Hg vapour lamp.

As the HeNe laser has a noise of aboUJSp N, we are interested in nding
another light source with a smaller noise while having the same order of power
output. Hence, we investigated the noise output of the DPSS laser.

18
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Figure 3.11: For the rst 20s, the maximum power was abouflG:1 milliw while
the minimum power was about8:96milliW, and the average power was about
9:47milliw.

Taking the di erences between the maximum and minimum power and dividing by
two for the rst 20s, we get a di erence of abouD:56milliw. By approximating the
number of photodetection events fo®:47milliw, the = N is about 1:6 10® counts/s
which responds to about 10 8 milliw. Therefore, the DPSS laser is abou® 106IO N
which is signi cantly larger than that of HeNe laser. Thus, the DPSS laser was not

considered as a replacement for the HeNe laser.

19
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3.3 Conclusion

D
Light Source Wavelength (nm) | Power (W) | Noise ( N))
HeNe Laser 543.5 3 10° 15
Mercury Vapour Lamp 546.1 1.6 10 *? 1.2
DPSS 532 95 10 ° 9 10°

Table 3.1: Table comparing the various light sources. Mercury vapour lamp o er
the lowest percentage noise of 0.06%. Power for Mercury vapour lamp are calculated
from mean photodetection events 0451165&/s

In conclusion, for image inversion interferometry, a light source needs to have
a linewidth that gives a temporal coherence length that is longer than the path
di erence between two beams. A light source also needs to have a small amount of
noise, limiting the smallest change in power measurable. It must also have su cient

power to account for coupling loss through the setup.

Figure 3.12: When using a HeNe laser, the outputs of a Mach-Zehnder interferometer
(Figure 2.1) as the cover slip was rotated. This suggests that interference occurs
and the maximum visibility was around 96%.

While the spectrum measurements for the HeNe laser and Hg vapour lamp were
potentially spectrometer-limited and require further measurements to determine the
linewidths, this may not be a showstopper for now. This is because when using the

20
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HeNe laser as the light source for the Mach-Zehnder interferometer, the outputs of
the interferometer suggest that interference occurs in Figure 3.12. Whereas, for the
Hg vapour lamp, the temporal coherence length was abo@®cm, which allows for

a signi cant path di erence considering the symmetric nature of a Mach-Zehnder
interferometer.

While the Hg vapour lamp has the lowest noise compared to the other light
sources, its low power output reduces the amount of coupling losses allowed, which
is signi cant in Chapter 6. As such, the HeNe laser was mostly used as the light
source for alignment and measurement.

21
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Chapter 4

Generating Radially Asymmetric Light
Sources Using Single-Mode Fiber

In this chapter, we investigated various methods to generate radial asymmetric
light sources for detection using image inversion interferometry.

To generate radially asymmetric light sources, we begin by considering light
sources with radially symmetric intensity distribution functions, such as a Gaussian
output from a single-mode bre. By making use of an opaque obstruction on a

radially symmetric light source,

I (rObstruction ) 6 | ( I Obstruction ) (4-1)

wherel (ropstruction ) refers to the intensity of a point at position vectorr from
the optical axis. When an opague obstruction partially obstructs a symmetric light
source,l (r opstruction ) Would be O while I ( ropstruction ) Would remain unchanged from

a non-zero value.

22
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4.1 Knife Blade

Figure 4.1. LEFT: A knife denoted by a grey rectangle and a radially symmetrical
light source denoted by a black circular outline. MIDDLE: A knife partially ob-

structing a light source. RIGHT: Shape of light source immediately downstream
after knife obstruction. Radially symmetrical regions are enclosed by dotted lines.

A knife blade was used as an opaque obstruction to a radially symmetrical light
source. As the knife blade translates into the beam, the positiomsn which intensity
goes to0 increases, increasing regions of asymmetr)ﬁ(regions where the condition
Equation 4.1 are satis ed). By measuring powe(P = | (r)dr) downstream from
a light source and determining the percentage decrease of in power, we have one
method of determining the degree of asymmetry.

4.1.1 Obstruction Percentage

We de ne obstruction percentage by the percentage decrease in power measured
downstream.

Obstruction % = PNo obstruction Pobstruction 100% (4-2)

I:)No obstruction
where Pyo obstruction 1S the power of a light source without a knife obstruction,

Pobstruction 1S the power after a knife is translated.

As such, to control the degree of asymmetry, we attempt to characterise the
percentage obstruction for a given knife position. This can be done using a method
for knife-edge scanning for beam pro ling [19].

23
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A knife is mounted on a linear translation stage such that the knife translates
perpendicular to the beam's direction of travel. By measuring the power downstream

and tting it to

!
(X Xo)p 2
w

P
P(x) = %erfc + Po et (4.3)

where P (x) is the power measuredPn,.x is the maximum power without knife
obstruction, erfc(:::) is the error function, x is the knife position on the linear
translation stage,Xq is the mean knife positionw is the beam radius, andP, ¢t IS
the power o set when tting. The tted parameters give us a means to determine

P (x) for each knife position.

4.1.2 Characterising a collimated beam

We rst performed a knife-edge measurement on a collimated beam to familiarise

with the knife-edge beam pro ling method.

Figure 4.2: Experimental setup for a knife edge measurement on a collimated beam.

Light from a HeNe laser was coupled into a single-mode bre before being
collimated using an aspheric lens. A knife was mounted on a linear translation with
a stepper motor and was placed downstream from the lens. The power was measured

with a Si-based power meter.

24
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Figure 4.3: Knife Edge measurement on a collimated beam. The tted parameters are
reduced chi-square1:7 10 2, Pyger: (1:6 0:8) 10 "W, Ppax: (6:50 0:01) 10 °W,
Xo: (5:883 0:.003) 10 *m, andw: (1:108 0:009) 10 3m

The aspheric lens used was for a ThorLabs F220FC-A, which claims to collimate
a beam waist to2mm [20]. The beam waist di ers from the beam waist calculated
from knife edge measurement2{ = 2:2mm). This could be due to the di erence
in ber type used to project the light on the lens.

4.1.3 Bare Single-Mode Fiber

In our subsequent experiment setups in Chapter 6 and Chapter 7, we made use
of a bare single-mode ber to generate a point light source. With the above insights,
we characterised the obstruction percentage of a knife obstructing the output of a

bare single-mode ber.

Figure 4.4: Experimental setup of a knife-edge measurement on a diverging beam
from a bare single-mode ber. The knife was mounted as close to the bare bre tip
as possible to reduce the beam diameter at the plane where the knife obstructs.

25
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Figure 4.5: Knife Edge measurement of a diverging beam after SMF. Reduced
chi-square:1:7307 10 1 Pygser: (1:3  0:5) 10 "W, Phax: (4:302 0:008) 10 >W,
Xo: (1:599 0:001) 10 *m, andw: (3:05 0:03) 10 *m

The beam waist @w) at which the knife obstructs the beam is therefor€6:10
0:07) 10 “m. This method gives a way to quantify the diameter of the source in
Chapter 6.

In image inversion interferometry, with only access to the image plane, we attempt

to characterise the percentage obstruction against knife position.

Figure 4.6: Schematic showing experiment setup characterising knife position by
measuring the intensity after an aperture. For simplicity, a lens focusing light into
a multi-mode ber (MMF) that is connected to an avalanche photodiode (APD)

is shown after the aperture. However, in the actual setup, light passes through
a Mach-Zehnder interferometer with image inversion lenses in Figure 6.3. The
photodetection events from the two outputs are added together to represent the
output after the aperture.
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Figure 4.7: Intensity measured downstream from a knife and through an aperture
diameter of 1:6 mm positioned aboutlm away.

The intensity against the knife position is presented. Using the rsD:05mm, we
can estimate the minimum percentage obstruction resolvable from half the di erence
of the maximum value 68458counts/s) and minimum value 6214%ounts/s). This
gives 3155counts/s which is about5:6%. Since the di erence is aboutlg3 N, it
suggests that the oscillations are contributed by the HeNe laser used.

4.2 Thin Strips

A knife blade increases in obstruction percentage as the knife is translated into
the beam until the entire beam is fully obstructed. However, this may not apply in
physical situations where the maximum percentage obstruction is less than 50%

Using thin strips of objects with smaller diameters than the incoming beams
would ensure that the maximum percentage obstruction would always be less than
100%.
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Figure 4.8: LEFT: A piece of wire denoted by a grey rectangle and a radially
symmetrical light source denoted by a black circular outline. MIDDLE: A piece of
wire partially obstructing a light source. RIGHT: Shape of light source immediately
downstream after knife obstruction. Radially symmetrical regions are enclosed by
dotted lines, while asymmetrical regions are denoted by grey.

4.3 Conclusion

In conclusion, to generate radially asymmetric light sources, we choose to generate
radial asymmetries through the use of an opaque obstruction. In an attempt to
quantify the degree of asymmetry, we measure the change in power received after
the obstruction.

As such, the smallest measurable obstruction percentage would be limited by the
power and noise of the light source and, in this case of Figure 4.7, the HeNe laser.
While using the Hg vapour lamp would be a better option considering th1=;2p N,
it was not viable due to coupling losses through the distance @&in and aperture
diameter of 1:6 mm

However, using a change in power to quantify the degree of asymmetry assumes
that the power distribution across the beam is uniform, which may not be the case
for the output of a single-mode ber. Moreover, it may only work for obstructions
that increase in obstruction area from the edge of the beam. This may not work for
certain obstructions, such as thin strips. When the percentage obstruction of thin
strips is at the maximum, the degree of asymmetry also depends on the position of
the thin trip across the beam. Further analysis will be required to properly de ne
the degree of asymmetry.
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Chapter 5

Radial Asymmetries At The Pupil Plane

In this chapter, we attempted to detect radial asymmetric light sources at the
pupil plane using image inversion interferometry. The pupil plane of an imaging
system refers to the aperture of an optical system. This was an attempt to replicate
and build upon what was previously done in the research group [21, 22].

5.1 Experimental Setup

Using methods discussed in Chapter 4 to generate radial asymmetric light
sources at the pupil plane, we present a method as a proof-of-concept to detect
radial asymmetric light sources using image inversion interferometry.

Figure 5.1: Experimental setup for the detection of radial asymmetric light sources at
the pupil plane. The radially asymmetric light source refers to the portion enclosed
in the dotted box. The pupil plane refers to the entrance of the rst beamsplitter.

29



CHAPTER 5. RADIAL ASYMMETRIES AT THE PUPIL PLANE

The experimental setup for image inversion interferometry is a Mach-Zehnder
interferometer with a pair of lenses inserted into one of the beams [9, 13, 21, 22].

For the generation of a radial asymmetric light source, light from a HeNe laser
( =543:5nm) is coupled into a single-mode bre such that it is projected into
TEM oo fundamental mode for spatial coherence and radial symmetry. The light
is then collimated into a beam with a waist diameter of aroun® 10 *m. An
obstruction mounted on a linear translation stage is then allowed to translate at
normal incident into the direction of the beam.

For image inversion interferometry, the light from an asymmetric light source is
separated using a 50:50 non-polarising beamsplitter (BS). The transmitted beam
passed through a pair of achromatic plano-convex doublet lensds £ 19 mm,
thickness,d = 6 mm) that are positioned in a telescope con guration with unity
magni cation. This pair of lenses are referred to as image inversion lenses. The
re ected beam passed through a glass blockl € 12.7 mm) and a thin piece of glass
(d = 170microns) mounted on a rotation stage. The transmitted and re ected beams
meet and interfere at another 50:50 non-polarising beamsplitter. The two outputs,
dark and bright, of the interferometer are then each coupled into a multi-mode
bre connected to an avalanche photodiode (APD). The photodetection events were
timestamped at2ns resolution.

To maximise interferometric visibility, a linear polariser was added upstream
from the obstruction to lter vertically polarised light as orthogonal polarised light
does not interfere with each other. Moreover, a glass block in the re ected beams
compensates for the increase in path length due to the image inversion lens such
that the path di erences are within the light source temporal coherence length.

5.2 Gain in Signal-to-Noise Ratio

We attempt to quantify whether image inversion interferometry has any bene ts
over direct measurement methods. One way to do this is to compare the signal-to-
noise ratio of both methods.

To de ne the signal-to-noise ratio, consider the interferometric visibility of an
interferometer and the input intensity on the interferometer. The intensity for the
dark output can be calculated.
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| 0
| = — A
Dark 1 i+ ¥ (5 )

wherel pa IS the intensity of the dark output, |4 is the input intensity, and V is
the interferometric visibility. If we generate a radial asymmetric light source using
an obstruction of a light source, we can quantify the degree of asymmetry using
obstruction percentage x%.

1 x
| bark nversion = lpark + E W)IO (5-2)

The signal-to-noise ratio of radial asymmetry in the dark fringe can be de ned

as follows

I i I
SNRdark — Daﬁ( Inversion Dark (53)

I Dark Inversion
The signal-to-noise ratio of radial asymmetry for direct measurement is

SNRyow = p& (5.4)
lo  1oslo
However, for this model to be valid, it assumes that the intensity across the
beam of a light source is uniform. Moreover, only a single point on the beam is
obstructed. As such, the maximum percentage obstruction is 50%, beyond which
the model fails. Moreover, it also assumes that the contribution of noise is modelled

after Poissonian distribution.
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Figure 5.2: Plot of a calculated signal-to-noise ratio of asymmetries using image
inversion (dark) and direct measurement (total) for various interferometric visibility.

Figure 5.3: There is region of percentage obstruction where SNR of direct measure-
ment (total) is less than one but SNR of dark output is more than 1.

This shows that the largest percentage obstruction such that image inversion
has a higher SNR compared to direct imaging is limited by the visibility of the

interferometer.
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5.3 Measuring Radial Asymmetries

In this section, we translated various obstructions across the beam to generate
radial asymmetric light sources and compared the signal-to-noise ratio of asymmetry.
Direct measurement refers to the sum of the interferometer's dark and bright outputs
denoted by total.

To compute the signal-to-noise ratio from a measurement,

| Total | Total Reference
SNRrota = P (5.5)
I Total
I Dark I Dark Reference
SNRpark = P (5.6)
I Dark

5.3.1 Thin Strips

A wire with a diameter of 0:7 mm was used as an obstruction and was translated

into a radially symmetrical beam to generate radial asymmetry.

Figure 5.4. A wire with a diameter of0:7mm was translated into the beam to
generate a radial asymmetry light source. At the Oth second, the interferometric
visibility was 94%.

As a wire was translated into the laser beam, the reduction in photodetection
events of total suggests that the wire has started obstructing a light source. For
total, the minimum photodetection events occurred at the 62 second with a
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photodetection events 0©7018counts/s. By comparing the photodetection event at
0" second, the maximum percentage obstruction is about 60%.

Figure 5.5: Computed SNR of asymmetry for both dark and total. The photode-
tection events at the ¢" second for used as reference. For total, the reference was
24009 ounts/s, while the reference for dark fringe7481counts/s.

As the wire was translated into the beam, the percentage obstruction increased
to a maximum of 60%. From Figure 5.5, there the regions which have SNR of
dark greater than total are around 3® second to around 58 second. While for
regions around 78 seconds and above, the SNR for dark fringe is greater than total,
the higher photodetection events for regions above %Geconds than those before
30" seconds in Figure 5.4 suggests that other factors may have contributed to the
increase in SNR. A higher photodetection event above reference for regions above
70" contributed to the negative SNR values.

Using the photodetection event from the last bin in the measurement, the
visibility was 86%. This suggests that visibility has changed from the initial value
of 94%.

5.3.2 Knife

A knife that was mounted on a linear translation was used as an obstruction.
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Figure 5.6: A knife was translated into the beam to generate a radial asymmetric
light source and measured using image inversion interferometry. The interferometric
visibility at the 0™ second was 86%

As the knife is translated into the beam, the percentage obstruction increases.
The 50% percentage obstruction occurs around #Isecond. Above a percentage
obstruction above 50%, the two paths of the Mach-Zehdner interferometer do not
overlap and thus split equally in the bright and the dark output. This could explain
why the bright and dark outputs have similar photodetection events above #0
second.
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Figure 5.7: Computed SNR of asymmetry for dark and total. Reference for total
was 27771counts/100ms and reference for dark wak939counts/100ms

At around 25" second, there is a small region in which the SNR of dark is higher
than the SNR of total. The percentage obstruction ranged fror:3% to 1:3%, which
suggests that they are within the percentage noise of the laser. This is because
approximating a noise otp N = 167 counts/100ms for HeNe laser, the percentage
noise is about0:6%, suggesting that percentage obstruction was not due to the
obstruction but laser noise.

5.4 Conclusion

In conclusion, we used percentage obstruction as one metric to quantify the
degree of asymmetry. Hence, to show a regime in which image inversion's SNR is
better than direct measurement, we will need to control a few parameters.

Since the smallest percentage obstruction depends on the noise of the light source,
these measurements should have been taken with a Hg vapour lamp instead of the
HeNe laser. The Hg vapour lamp has a lower amount of noise compared to the
HeNe laser.

A stepper motor should have been used to translate the obstruction into the
beam to better control the obstruction percentage. The step sizes @D003123step
allow for ner resolution than a standard micrometre screwgauge
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Measurements should also be taken against the obstruction position instead of
in time to know the percentage obstruction at each position for repeatability.

Lastly, visibility stability should have been quanti ed so that we can determine
the drift of visibility, which a ects the measurements' SNR.
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Chapter 6

Radial Asymmetry at Object Plane

In Chapter 5, radial asymmetry was generated at the pupil plane instead of the
object plane of an imaging system. This could be similar to imaging a dust particle
between an optical lens and the CMOS sensor of a camera instead of imaging a dust
particle at a distance from the lens. Hence, we present a proof-of-concept experiment
to investigate radial asymmetry at the object plane.

6.1 Experimental Setup

6.1.1 Radial Asymmetric Light Source

Figure 6.1: Schematic showing the generation of a radially asymmetric light source
before an aperture. Light from a single-mode ber (SMF) is partially obstructed
by using an obstruction to generate radial asymmetries. An iris with a variable
diameter is used as an aperture of the imaging system.

As we assume that the radial asymmetries we are investigating have small angular
diameters with respect to the aperture, the diameter of a radial asymmetric light
source could be approximated using the equation for the arc length of a circle,
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s=R (6.1)

wheres is the diameter of a radial asymmetric light sourceR is the distance
between the radial asymmetric light source and the aperture, andis the minimum
resolvable angular separation at the obstruction's plane given by Rayleigh's criterion.
By substituting the Rayleigh criterion for circular aperture [1],

s= Rsin l1:225 (6.2)

a relationship between the diameter of a radial asymmetric light sourcg the
distance between a radial asymmetric light source and apertufe and the diameter
of the apertureD is formed for a xed wavelength of a light source.

To minimise the beam diameter of a radial asymmetric light source, the obstruc-
tion will be mounted as close to the ber tip as possible. As such, based on knife
edge measurements in Chapter 4, we approximate the beam diameters to be on the
order of 10 *m. Thus, xing the beam diameter of a radial asymmetric light source.

Figure 6.2: For wavelength () of light is 5435nm and the diameter of a radial
asymmetric light source §) is 6:2 10 “m.
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6.1.2 Coupling Loss

The consideration for the choice of distancB and aperture diameterD could
a ect the losses in power received after the aperture. Loses could result from the
aperture having a smaller area than the beam diameter of a radially asymmetric
light source at the aperture.

To give an approximation for the amount of power loss, we rst consider an
approximation of beam divergence from a ber using

DFiber =2NA R (63)

where Dginer is the diameter of a radially asymmetric light source at a distance
R from the tip of a single-mode ber. NA is the numerical aperture of the ber,

To approximate the amount of power loss, we compare the area of the aperture
and the beam diameter of a radially asymmetric light source at the aperture's plane.

D=2)?
Phafter aperture = Pat ber ﬁ (6.4)
iber =

where, Pager aperure 1S the power measured after the aperture anBa; per IS the
power measured at aperture. Thus, coupling losses can be approximated using,

2

Coupling (6.5)

D Fiber

For a distanceR of 1m and iris diameterD of 1mm, the coupling losses is about
10 orders.

6.1.3 Image Inversion Interferometry

The experimental setup for image inversion interferometry was similar to Chap-
ter 5 with the addition of an iris as an aperture that could vary the beam diameter
before the rst beamsplitter.
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Figure 6.3: Schematic of experiment setup to investigate radial asymmetry at the
object plane. The generation of a radially asymmetric light source (in a dotted box)
is before the aperture. The aperture acts as the pupil plane for the image inversion
interferometry.

For the light source, light from a HeNe laser is projected into a single-mode ber
for spatial coherence and symmetry before being allowed to diverge at the end of the
ber. An obstruction mounted on a linear translation stage allows an obstruction to
be translated into the beam. To minimise the beam diameter at the obstruction
plane, the obstruction is mounted as close to the ber tip as possible (1mm
between ber tip and obstruction). There is a distance of aboul m between the
obstruction plane and the iris.

For image inversion interferometry, diverging light passes through an iris, acting
as an aperture. The iris diameter could be varied fromdmm to 12mm. The
iris diameter is determined by the distance between the obstruction plane and
the iris using the relationship in Figure 6.2. The output after an iris is sent into
a Mach-Zehnder interferometer that has a similar con guration to the setup in
Chapter 5.

6.2 Experimental Results

6.2.1 Measuring Iris Diameter

To determine the iris diameter, we attempted to take an image of the iris.
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Figure 6.4: A camera was placed at the opening of the iris such that ambient light
passing through the iris could be imaged. This allows us to quantify the iris diameter.

Figure 6.5: Pixel intensities for row 1100. There are 454 pixels above the pixel
intensity of 60.

There are 454 pixels above the arbitrarily determined threshold value o80.
Using pixel size of3:45 10 ®m [23], the iris diameter is aboutl:6 mm.

Using Figure 6.2, the iris diameter forlm distance between ber and iris is
about 1mm. As such, the radial asymmetric light source may not have been
di raction-limited with respect to the iris and could not be considered a point
source.

However, this isn't a showstopper, as the original intention for di raction-limited
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was for a spatially coherent beam after the iris. However, since a single-mode ber
is used, the beam is already spatially coherent.

6.2.2 Measuring asymmetries

Similar to the situation in the near- eld, we investigated using percentage
obstruction as a metric for the degree of asymmetries.
A knife mounted on a linear translation stage with a steppermotor was used as

an obstruction to generate a radial asymmetric light source.

Figure 6.6: The knife was translated aD:0003125nm/step. The interferometric
visibility at the Omm position is 88%.
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Figure 6.7: The SNR for total and dark was computed using Equation 5.5 and
Equation 5.6 respectively. The reference for total was4425counts/s, while the
reference for dark wag8202counts/s

As the knife is translated into the beam, there seem to be increasing oscillation
patterns. As this is the same data as Figure 4.7, we estimated that the minimum
percentage obstruction resolvable is aboli:6%. Since the di erence was about
15ID N, it suggests that the oscillations are contributed by the HeNe laser used.

6.3 Conclusion

In conclusion, there doesn't seem to be an increase in SNR for the direct
measurement (total) case compared to the SNR (dark). This could be due to the
stability of the HeNe laser.

Switching the HeNe laser to Hg was not possible due to tH&P coupling losses
between the single-mode ber and after the iris.

The increasing oscillations may be the result of knife-edge di raction. How-
ever, more investigation will be needed to quantify whether it is indeed knife-edge
di raction.

As a mistake was made in determining the iris diameter, the light source may
not be di raction-limited. As such, a follow-up measurement would be required to
investigate the radial asymmetries of a point light source.
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Chapter 7

Direct Measurement of Radial Asym-
metric Point Light Sources

In this chapter, we investigate various methods of direct measurement. The
common method used in the previous section to quantify direct measurement
considers the total intensity received after the iris. However, the two-dimensional
spatial information is then lost.

7.1 Fraunhofer Di raction

Consider light at wavelength emitted in all directions from a point source
(Point P). The emitted wavefront encompasses a spherical shape. When the spherical
wavefront produced by the point source reaches a slit, it undergoes di raction. The
di raction pattern can be approximated using either Fresnel Di raction or Fraunhofer
Di raction. Fresnel Diraction considers the near- eld regime where spherical waves
undergo di raction, while Fraunhofer di raction considers the far- eld regime where
incoming waves on the slit are planar. [12]

45



CHAPTER 7. DIRECT MEASUREMENT OF RADIAL ASYMMETRIC POINT
LIGHT SOURCES

R+

Figure 7.1: Schematic of an emitted wavefront from a point source P. A slit with an
opening of2a was placed in the wavefront.

To determine if a wavefront is su ciently planar, we can derive an approximation
[12]. Thus, considering the distance between the point source and the slit is R

(R+1)?=R%*+ & (7.1)
R?+ 2RI+ 12= R?+ a2 (7.2)
2Rl = a®> |2 (7.3)
a’ |12
R=— (7.4)

Assuming that the waves at the slit are planar, >>1| , thus R;a>>1,
a2
R >> > (7.5)

The above relationship between the distance between the point source and the slit
R, the opening of the slit2a, and the wavelength of light is satis ed when the
incident wavefront is approximately planar.

46



CHAPTER 7. DIRECT MEASUREMENT OF RADIAL ASYMMETRIC POINT
LIGHT SOURCES

Figure 7.2: Schematic of a slit and observation plane for Fraunhofer Di raction.

Thus, considering Fraunhofer Di raction [12], the intensity distribution function
through a slit is as follows,

1 |2a 2 sin 2
()= 5 (7.6)
2a sin (7.7)

where, | () is the intensity at the observation point, | is the source strength
per unit length, 2a is the opening of the slit,L is the distance between the slit and
the observation point, and is the angular separation between the centre axis
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Figure 7.3: Numerically simulated the intensity distribution function after a slit.
Distance between slit and observation poinL: 2:2 10 'm, Wavelength : 5:435
10 “m, Opening of the slit2a: 1 10 *m

According to Fraunhofer di raction (Equation 7.6), the only information about
the point source P is captured in the | . By increasing the source strength, the total
intensity after the slit increased. But the overall shape remains the same.

Figure 7.4: Numerically simulated intensity distribution function after a slit with
various openings. Distance between slit and observation poiht 2:2 10 'm,
Wavelength : 5:435 10 “m, Opening of the slit2a: 1 10 3m
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