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Abstract

Stellar intensity interferometry bypasses diffraction-limited resolution in telescopes. This led
to the measurement of the angular diameters of 32 stars by Hanbury Brown and Twiss using
the Narrabri Stellar Intensity Interferometer. In this project, stellar intensity interferometry is
investigated in the temporal and spatial domains. Thermal light was recreated using a laser
diode operating below its lasing threshold, and laser light Doppler broadened by a microsphere
suspension undergoing Brownian motion. We then attempted to simulate starlight and investigate
its spatial intensity distribution. Additionally, we discuss the effect of obstructions in the light
source on the spatial second order correlation function, with possible applications to detecting
planetary transits. We �nally highlight the challenges encountered and potential future steps.
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1 | Introduction

1.1 Planet Detection Techniques

Beyond scienti�c pursuit, the search for exoplanets manifests in a universal desire for connection.
Across cultures, beliefs are shaped by our relationships with nature, and exoplanet discovery is
another way we express this shared appreciation and curiosity for the cosmos.

This drive has led to the development of various techniques for detecting these distant worlds.
Some methods include radial velocity measurements, which track the star's Doppler shifts
caused by an orbiting planet's gravity; transit photometry, which measures the periodic drop in
relative brightness as a planet passes in front of a star; and gravitational microlensing, which
measures the transient brightening of a star as a planet's gravity bends and focuses light on the
observer.

Direct imaging has also been successful in detecting exoplanets. Although one challenge is the
much brighter neighbouring stars washing out the exoplanets, instruments such as coronagraphs
or starshades are used to block starlight. However, another limitation of this method is that
apertures are diffraction-limited. When light passes through a circular aperture of diameterD,
diffraction occurs and a series of concentric circles of decreasing intensity form around a central
bright circle, also known as an Airy disk. This is the greatest extent to which the aperture can
focus the image. The angular resolution� is characterised by the Rayleigh criterion as

� = 1:22
�
D

(1.1.1)

where� is the wavelength of light.
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Figure 1.1: Ideal angular resolutions� of aperture diametersD for � = 550 nm

Figure 1.1 provides examples of ground-based telescopes and their respective ideal angular
resolutions for visible light. We note that practically, the actual angular resolution is reduced
due to atmospheric effects such as seeing [1]. For example, the Gran Telescopio Canarias has
an ideal angular resolution of 13 mas at550 nm, but research papers [2] discuss about typical
seeing conditions reducing its angular resolution to about 600 to 1000 mas.

Consider our nearest exoplanet, Proxima Centauri b, with an angular diameter of 0.07 mas.
To resolve this exoplanet, an aperture diameter of2 km is required—approximately 200 times
larger than the largest current ground-based telescope. Therefore, multiple apertures can be
used to increase the effective angular diameter and enhance the angular resolution.
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1.2 Michelson Stellar Interferometer

The �rst successful measurement of the angular diameter of a star was with a Michelson stellar
interferometer at the Mount Wilson Observatory. In 1920, Albert A. Michelson and Francis G.
Pease measured the diameter of Betelguese over a baseline of about6 m.

As illustrated in Figure 1.2 below, starlight is received at two separate mirrors M1 and M2 and
is re�ected by mirrors M3, M4, and M5 into the large mirror M6 where the light waves interfere
and form interference fringes.

Figure 1.2: Schematic of Michelson stellar interferometer

The fringe visibilityV , or the contrast in the interference fringes, is

V =
I max � I min

I max + I min
(1.2.1)

whereI max andI min are the maximum and minimum fringe intensities respectively. The fringe
visibility is maximum atV = 1 when I min = 0, and minimum atV = 0 when there are
no interference fringesI min = I max . However, since Michelson interferometry relies on
the interference of light �elds, the interference fringes and therefore the fringe visibility are
phase-dependent.
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Michelson interferometry measures the normalised �rst order correlation functiong(1) of the
electric �eld E in space and timeE(r 1; t) andE(r 2; t + � ) [3][4]

g(1) (r 1; r 2; t) =
hE � (r 1; t)E(r 2; t + � )i

p
hjE(r 1; t)j2ihjE(r 2; t + � )j2i

(1.2.2)

whereh:::i is the statistical average over time and� = t2 � t1 is the timing separation between
the detected light �elds.

If the two input intensities are equal, the fringe visibilityV is given by [5]

V = jg(1) (r 1; r 2; t)j (1.2.3)

A quasi-monochromatic electric �eldE(t) can be expressed as [6]

E(t) = E0e� i! 0 tei� (t ) (1.2.4)

whereE0 is the wave amplitude,! 0 is the central frequency, and� (t) is the wave phase.

From equations 1.2.2 and 1.2.4, the �rst order correlation function can be expressed as

g(1) (r 1; r 2; t) = e� i! 0 � hei [� (t+ � )� � (t )] i (1.2.5)

The termhei [� (t+ � )� � (t )] i is phase-dependent; if the timing separation� is larger than the coherence
time of the light source� c, � (t + � ) becomes increasingly uncorrelated to� (t), causing the
time-averaged term to decrease to 0. On the other hand, if� < � c, the term averages to 1. This
means that Michelson interferometry requires path length differences within the wavelength of
light, which is hindered by random phase �uctuations due to atmospheric turbulence.

Subsequent efforts to extend the baseline to15:24 mwere met with dif�culties such as alignment
and phase instabilities due to long optical paths. No progress was made on stellar interferometry
until the 1960s, with the construction of the Narrabi Stellar Intensity Interferometer (NSII). The
interferometer consisted of a large circular track that allowed the detectors to be separated from
10 to 188 m.
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1.3 Stellar Intensity Interferometer

Intensity interferometry was initially developed in the early 1950s for radio astronomy by R.
Hanbury Brown, before being extended to the optical domain in the 1960s. Hanbury Brown
and Twiss used the NSII to measure the angular diameters of 32 stars [7].

Figure 1.3: Setup for spatial second order correlationg(2) (b) measurements. Two detectors are
used to compensate for the dead times of each detector, while an electronic delay is introduced
to compensate for the dead time of the correlator, such as a timestamp unit.

The normalised second order correlation functiong(2) (� ) is

g(2) (b; � ) =
hI (t)I (b; t + � )i

hI (t)ihI (b; t + � )i
(1.3.1)

whereb is the baseline,t is the time at which a photoevent is detected, and� is the timing
separation between each photoevent.

For thermal light, such as starlight, the �rst order and second order correlation functions are
related via the Siegert relation [8]

g(2) (b; � ) = 1 + jg(1) (b; � )j2 (1.3.2)

The absolute square ofg(1) (b; � ) removes phase information, thus makingg(2) (b; � ) phase-independent.
The van Cittert-Zernike theorem [9, 10] states that the complex spatial degree of coherence
is the Fourier transform of the source intensity distribution. For a spatially incoherent light
source with a circular and uniform intensity, the Fourier transform results in a Bessel function,
resulting in

g(1) (b; � = 0) =
2J1(� )

�
(1.3.3)

5



whereJ1 is the Bessel function of the �rst kind and� is the spatial frequency of the light source,
expressed as

� =
�b�

�
(1.3.4)

where� is the angular diameter of the light source and� is the average observed wavelength.
Therefore, from the Siegert relation in equation 1.3.2 and the van Cittert–Zernike theorem in
equation 1.3.3, the spatial second order correlation function is expressed as

g(2) (b) = 1 +

�
�
�
�
2J1(� )

�

�
�
�
�

2

(1.3.5)

Figure 1.4: Theoretical spatial second order correlationg(2) (b) plot, assuming a circular and
uniform intensity distribution. First minima corresponds to� = 3:83.

The �rst minima of the spatial second order correlation functiong(2) (b) = 1 corresponds to
J1(� = 3:83) = 0. Therefore,

� =
�b�

�
= 3:83 (1.3.6)

which can be re-expressed to obtain the Rayleigh criterion

b= 1:22
�
�

(1.3.7)
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as in equation 1.1.1. Therefore, from the spatial distribution of the light source, we can
determine its angular diameter which corresponds to the �rst minima ofg(2) (b).

In this project, we aim to create a thermal light source to simulate starlight and investigate its
spatial intensity distribution. Achieving this serves to verify concepts related to stellar intensity
interferometry for visible light.
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2 | Thermal Light Source with Laser
Diode

Since intensity is proportional to the number of photoeventsn, the temporal second order
correlation functiong(2) (� ) can also be expressed as

g(2) (� ) =
hn1(t)n2(t + � )i

hn1(t)ihn2(t + � )i
(2.0.1)

wheren1 andn2 are the number of photoevents detected by detectors 1 and 2 respectively.

Thermal light, such as starlight, has photons that tend to travel in bunches corresponding to
its coherence time� c. Within � c, the probability of coincidence events is greater than that of
random photoevents;g(2) (� < � c) > 1. Therefore, thermal light exhibits photon bunching
within � c andg(2) (� = 0) = 2 .

For coherent light, such as laser light, the distribution of photons follows Poissonian statistics.
The probability of coincidence events is equal to the probability of random photoevents. Therefore,
coherent light does not exhibit photon bunching andg(2) (� = 0) = 1 .

Photon anti-bunching occurs when photons are more evenly spaced than coherent light leading
to g(2) (� = 0) = 0 . Some sources that exhibit anti-bunching include quantum dots or atoms.

For thermal light with a Lorentzian spectrum, the normalised temporal second order correlation
function is given by [6]

g(2) (� ) = 1 + e
� 2j � j

� c (2.0.2)

Possible sources of thermal light include mercury lamps, helium-neon lasers, blackbody sources
such as the Sun, light-emitting diodes (LED), and light Doppler broadened through dynamic
light scattering with microspheres or rotating ground glass. Due to the low spectral density
of mercury lamps and helium-neon lasers, we decided to use a laser diode operating below its
lasing threshold, which behaves similarly to an LED.
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2.1 Subthreshold laser

Laser diodes operate in two main regions: spontaneous emission and simulated emission.
Below its lasing thresholdI th , the laser undergoes spontaneous emission of photons where they
are released in random directions. The laser diode becomes a light-emitting diode (LED) with
a broadband spectrum and exhibits photon bunching. As the input current increases above the
lasing threshold, the additional energy is pumped into the gain medium, leading to simulated
emission that produces a coherent light beam.

Figure 2.1: P-I curve of ideal laser diode

Figure 2.2 below is a photo of the laser diode housing:
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Figure 2.2: The laser diode (Thorlabs L520P50) is connected via a 9-pin D-sub connector (1).
Temperature control is done using a Proportional-Integral-Derivative loop controller connected
to a Peltier element and a thermistor (2). The laser diode (3) is placed in a thermally conductive
housing, on top of another thermally conductive aluminium base. The aluminium base is on
top of a peltier element, with the other side being a heat sink (4).

To determine the lasing threshold of the laser diode, we use a photodiode (Hamamatsu S5107)
to measure the output powerP at different input currents.

P =
I
R

(2.1.1)

whereI is the photocurrent andR is the responsivity of the photodiode at a speci�c wavelength.

Figure 2.3: P-I curve of laser diode, measured at0:1 mA increments.

The P-I curve is �tted with a linear-quadratic piecewise function. From the �tted curve, we
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take the lasing threshold range to be the points where the linear �ts intersect with the quadratic
�t. Therefore, the lasing threshold range is about 37.0 to 38.1 mA.

The Full Width at Half Maximum (FWHM) of the spectrum also narrows as the laser diode
approaches the stimulated regime. Therefore, observing the sharp drop in FWHM can also
indicate the lasing threshold.

We used a Gaussian �t for the spectrum

f (x) = A + Be� ( x � � )
2� 2 (2.1.2)

whereA, B , � , and� are the amplitude, peak height, mean, and standard deviation of the
Gaussian curve respectively. For a Gaussian distribution, the FWHM is

FWHM = 2
p

2 ln 2 � � (2.1.3)

Figure 2.4: Gaussian �t for data collected with Ocean Optics grating spectrometer

From Figure 2.4, the sharpest decrease in FWHM occurs at around37 mA. Therefore, from
Figures 2.3 and 2.4, we conclude that the lasing threshold range is 37.0 to 38.1 mA.

2.1.1 Spectral �ltering

The coherence time� c of a light source can be determined by its spectral bandwidth. The
Wiener-Khinchin Theorem states that the autocorrelation function of a stationary random process
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is the Fourier transform of its power spectrumS(! ) [11, 12].

S(! ) =
1
�

� != 2
(! � ! 0)2 + (� != 2)2

(2.1.4)

Ff S(! )g = e� i 2�� ! 0 � � !� j� j = g(1) (� ) (2.1.5)

where � ! is the spectral linewidth,w0 is the central frequency, andg(1) (�; b = 0) is the
autocorrelation function of the electric �eld with zero baseline.

The coherence time� c for a Lorentzian spectral pro�le is

� c =
1

� � !
(2.1.6)

The coherence time� c for a Gaussian spectral pro�le is [6]

� c =

p
8� ln 2
� !

(2.1.7)

Since the coherence time is inversely proportional to the spectral linewidth of the light source,
we can increase the coherence time of the light source through spectral �ltering.

Figure 2.5: Spectrum of laser diode at input current38:5 mA, measured with grating
spectrometer of1:5 nm resolution
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A spectral FWHM of0:916 nm corresponds to a coherence time of4:11 ps, which is three
to four orders smaller than the timing resolution of avalanche photodiodes (APDs) of1:2 ns.
Therefore, a reduced linewidth is required for temporal second order correlationg(2) (� ) measurements.

Optical Bandpass Filter

Bandpass �lters reduce the linewidth of light by transmitting selected wavelengths and attenuating
other wavelengths. We use a bandpass �lter centered at532 nm, with a FWHM of0:15 nm.

Figure 2.6: Spectrum of laser diode after bandpass �lter at input current38:5 mA, Bandpass
�lter tilted 20� from the incident light. Measured with grating spectrometer of1:5 nm
resolution.

From Figures 2.5 and 2.6, the spectral bandwidth for laser light at input current38:5 mA
decreases from0:916 nmto 0:702 nmafter spectral �ltering with the bandpass �lter. A spectral
bandwidth of0:702 nmcorresponds to a coherence time of5:36 ps, which is still smaller than
temporal resolution of APDs.

Solid Etalon

A solid etalon consists of two parallel, highly re�ective surfaces that create interference patterns
by multiple beam interference. This results in the transmission of speci�c wavelengths. The
path difference� S between two outgoing light rays is [13]
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� S = m� = 2nd cos� (2.1.8)

wherem is the number of interference modes in the etalon,� is the wavelength of light,n is
the refractive index of the medium in between the parallel plates,d is the distance between the
two plates, and� is the horizontal angle of the light rays in the etalon. If we place a light source
parallel to the optical axis of an etalon in vacuum,� S simpli�es to

m� = 2d ) dm =
m�
2

(2.1.9)

The separation between two successive transmission peaks, or the free spectral range (FSR) of
an etalon in terms of frequency, is given by

FSR =
c

2nd
(2.1.10)

wherec is the speed of light in a vacuum.

Figure 2.7: Transmission of solid etalon

Light is transmitted through the solid etalon when the emission spectrum of the laser diode
coincides with the transmission peak of the etalon. The transmission peaks of the etalon
can be shifted by tilting the etalon or temperature tuning, as both the refractive index of the
etalon substrate and the distance between the plates are temperature-dependent. The Sellmeier
dispersion equation describes the empirical relationship between refractive index and wavelength
of a particular transparent medium [14]
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n2(� ) = 1 +
X

i

B i � 2

� 2 � Ci
(2.1.11)

whereB i and Ci are empirical coef�cients dependent on the etalon substrate. For glasses,
the equation can be expressed with three sets of coef�cients. The Sellmeier coef�cients for
Suprasil311, a fused silica glass, are indicated in Table 2.1.

Coef�cient Value
B1 6:72472034� 10� 1

B2 4:31646851� 10� 1

B3 8:85914296� 10� 1

C1 4:50684530� 10� 3

C2 1:33090179� 10� 2

C3 9:67375952� 101

Table 2.1: Sellmeier coef�cients for Suprasil311 (from Heraeus Covantics)

Using equation 2.1.11 and Table 2.1, the refractive index of Suprasil311 is approximately
1.46. In this project, we used Suprasill311 of substrate thicknesses d =0:3 mm and0:5 mm.
Therefore, the FSRs are342 GHzand205 GHzrespectively.

We can obtain the dependence ofn on both wavelength and temperature by differentiating the
Sellmeier dispersion equation in equation 2.1.11 with respect to temperatureT

dn(�; T )
dT

=
n2(�; T 0) � 1

2n(�; T 0)

�
D0 + 2D1� T + 3D2� T2 +

E0 + 2E1� T
� 2 � � 2

T K

�
(2.1.12)

whereT0 = 20� C is the reference temperature and� T = T � T0 is the temperature difference.
D0, D1, D2, E0, E1, and� T K are coef�cients experimentally determined.

Coef�cient Value
D0 2:18� 10� 5

D1 2:45� 10� 8

D2 � 2:72� 10� 11

E0 2:31� 10� 7

E1 2:21� 10� 10

� T K 0:235µm

Table 2.2: Temperature-dependent Sellmeier coef�cients for Suprasil311 (from Heraeus
Covantics)

We can also obtain the etalon tuning rate, or the change in frequency or wavelength per unit
temperature, by taking the derivative of the FSR with respect to temperature.
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dFSR
dT

= �
c

2n(�; T )d

�
1

n(�; T )
dn(�; T )

dT
+

1
d

dd
dT

�
(2.1.13)

From equation 2.1.13 and Table 2.2, the tuning rate is approximately4:1 GHzK� 1. A 50� C
change in temperature can resolve a full FSR for the0:5 mm etalon. Scanning across at least
one full FSR allows us to easily identify transmission peaks of the etalon.

Figure 2.8: Temperature tuning from 80 - 30� C with 0:5 mm etalon at input curent =37:5 mA.
Temperature control was done with a proportional-integral-derivative (PID) controller, which
adjusts the output voltage to the heating resistors based on the temperature detected at
the thermistor. Two transmisison peaks suggest that light source emits a wide spectrum,
transmitting multiple wavelengths.

Another quantity is the �nesseF of an etalon, which is the ratio of the FSR to the bandwidth
or the full width at half maximum (FWHM) of the transmission peaks. It is also related to the
re�ectivity R [6]. Assuming no losses from the re�ective coating,

F =
�

p
R

1 � R
(2.1.14)

The etalons have a re�ectivity of97 %, leading to a �nesse of 103. Therefore the transmission
bandwidths of the0:3 mm and0:5 mm etalons are3:32 GHzand1:99 GHzrespectively.
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2.1.2 Experimental setup

Figure 2.9: Setup for temporal second order correlationg(2) (� ) measurements with laser at
subthreshold current

The laser diode (LD) (Thorlabs L520P50) is connected to a current driver with operating current
at 37:3 mA and maintained at20� C. Light from the laser diode is collimated with an aspheric
lens and re�ected by two mirrors on tip-tilt mounts, providing four degrees of freedom in laser
alignment. The linear polariser (LP) maximises the light transmitted, while the neutral density
�lter (ND �lter) attenuates the light to below the saturation limit of the avalanche photodiodes
(APDs). A bandpass �lter (BPS) is placed on a rotation stage, tilted 20� from the incident light.
The 0:3 mm and0:5 mm etalons are heated to63:4 � C and49:6 � C respectively. The light is
then collimated with an aspheric lens (Thorlabs C230TM-A) before being transmitted through
the multi-mode �ber (MMF). The MMF is connected to a single-mode �bre (SMF) coupler
(Thorlabs TW560R5F2) with a mating sleeve (PC/PC). The single-mode �bre transmits one
spatial mode of light, leading to a spatial coherent light source. The temporal second order
correlation function can be expressed as [15]

g(2) (� ) = 1 + �
�
�g(1) (� )

�
�2

(2.1.15)

where� = 1
M accounts for the number of spatial and polarisation modesM . For a single-mode

laser, whereM = 1, the theoreticalg(2) (� = 0) at zero delay is 2. Therefore, the single-mode
�bre is used to transmit one spatial mode to maximise theg(2) (� = 0) value.

2.1.3 Results

The laser diode is operated below the lasing threshold to generate the thermal photon bunching
behaviour for temporal second order correlationg(2) (� ). measurements. Once an input current
is selected, both etalons are temperature tuned to a temperature corresponding to a transmission
peak. The unnormalised temporal second order correlationG(2) (� ) is �tted with
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G(2) (� ) = A + Be�
2j � � � delay j

� c (2.1.16)

whereA is the uncorrelated background coincidences,B is the degree of bunching, and� c is
the coherence time of the light source. The function can be normalised tog(2) (� ) = G(2) (� )

A .

We �rst temperature tune the0:5 mm etalon to determine the temperature corresponding to a
transmission peak and therefore the highestg(2) (� = � delay ) value, before repeating that for the
0:3 mm etalon.

Figure 2.10: g(2) (� = � delay ) for different temperatures of0:5 mm etalon, input current at
37:3 mA

At an input current of37:3 mA, theg(2) (� = � delay ) is the highest for the0:3 mm and0:5 mm
etalons set at63:4 � C and 49:6 � C respectively. The correspondingg(2) (� ) plot is shown in
Figure 2.11 below.
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Figure 2.11:g(2) (� ) for input current37:3 mA

From the �t, g(2) (� = � delay ) = 1 :93� 0:02and the coherence time� c = 8:9� 0:3 ns. The delay
is 18:3 ns, which is consistent with the expected electronic delay of17:5 nsusing a coaxial cable
3:5 m longer than the other, as the speed of light through the coaxial cable is two-thirds of the
speed of light in a vacuum.

2.1.4 Challenges

Thermal Crosstalk between Etalons

Thermal crosstalk arises when the heating of one etalon radiatively afffects the temperature
of an adjacent etalon. The temperature increase causes the PID controller of the etalon to
reduce the output voltage to the heating resistors in an attempt to stabilise the temperature.
This cooling, in turn, causes the PID controller of the �rst etalon to increase the output voltage
to the heating resistors. The temperature �uctuations lead to oscillations in the detected counts,
which may introduce arti�cial coincidences in second order correlation measurements. One
solution is insulating the etalons to reduce heat transfer between them.

Signal-to-noise Ratio

The output power at an input current of37:3 mA is 0:007 90 mW. However, power loss due
to the attenuation of light after each spectral �lter results in an output power on the order of
nanowatts at the detectors. This not ideal for spatial second order correlation measurements,
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as further power loss is incurred when selecting a spatial mode. Therefore, an alternative
thermal light source is laser light Doppler broadened by a microsphere suspension undergoing
Brownian motion.

20



2.2 Dynamic Light Scattering with Microspheres

Light scattered by microspheres undergoing Brownian motion leads to Doppler shifts in the
scattered light. The extent of spectral broadening and production of thermal light through
dynamic light scattering with microspheres is dependent on factors such as:

• Size of microspheres

Larger particles undergo slower Brownian motion, inducing less spectral broadening.

• Concentration of microspheres

Microsphere concentration affects the number of scattering events and light attenuation.
At lower microsphere concentrations, fewer scattering events occur, reducing the intensity
of scattered light transmitted to the detectors. On the other hand, higher microsphere
concentrations lead to higher attenuation of light.

• Single and multiple scattering events

Intensity interferometry relies on the Siegert relation which is valid for light sources
with a Gaussian electric �eld distribution. When the incident light undergoes multiple
scattering events, the Siegert relation may no longer hold due to induced currents in the
suspension or interactions between microspheres. Therefore, single-scattering events are
maximised by minimising the spot size of light on the cuvette surface.

• Scattering angle�

The temporal second order correlationg(2) (� ) for light undergoing dynamic light scattering
can be expressed as [16]

g(2) (� ) = 1 + �e � 2Dq2 � (2.2.1)

where � is the coherence factor dependent on detector area, optical alignment, and
scattering properties of macromolecules;D is the diffusion coef�cient, andq is the
Bragg wave vector. According to the Einstein relation, the diffusion coef�cientD can be
expressed as

D =
kB T
6��R

(2.2.2)

wherekB is the Boltzmann constant,T is the temperature,� is the viscosity of the solvent,
andR is the radius of the microspheres.

The Bragg wave vectorq is expressed as

q =
4��
�

sin
�

�
2

�
(2.2.3)

where� is the wavelength of incident light and� is the scattering angle.
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• Polarisation of incident light

Thermal light is produced by scattering laser light with polystyrene spheres of0:2µm diameter
(from Polysciences) suspended in room temperature tap water in a cm-sized rounded cuvette.

2.2.1 Experimental Setup

Figure 2.12: Setup for temporal second order correlationg(2) (� ) measurements with laser light
scattered with microsphere suspension. Input current =90 mA, scattering angle� = 0� . Refer
to Appendix for photo of setup.

The 0:5 mm etalon is maintained at54:4 � C, and the bandpass �lter (BPF) is tilted20� from
the incident light. The light is then focused on the surface of the cuvette with an achromatic
doublet (Thorlabs AC254-030-A). The scattered light is collected at a scattering angle� = 0�

and collimated by another achromatic doublet (Thorlabs ACAC254-030-A), before arriving at
the linear polariser (LP). Light is then collimated with an aspheric lens (Thorlabs C230TM-A)
before being transmitted to the single-mode �bre (SMF) coupler (Thorlabs TW560R5F2) connected
to avalanche photodiodes (APDs) (MPD, PDM series).

The setup is also adjusted to collect scattered light at a scattering angle of� = 90� to minimise
the transmission of unscattered, non-thermal light.
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Figure 2.13: Setup forg(2) (� ) measurements with laser light scattered with microsphere
suspension. Input current =90 mA, scattering angle� = 90� .

2.2.2 Results

We �rst checked thatg(2) (� = 0) > 1 was only due to laser light scattered with microspheres.

Figure 2.14:g(2) (� ) measurement without microspheres

The setup in Figure 2.12 was then used to investigate the effects of the position of the cuvette
with respect to the optical axis and polarisation of incident light on the temporal second order
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correlationg(2) (� ) and coherence time� c.

(a) Cuvette centred on optical axis (b) Cuvette not centred on optical axis

Figure 2.15:g(2) (� ) measurements for different positions of cuvette with respect to optical axis.
Polariser rotated to minimise counts.

From Figure 2.15, the cuvette centred on the optical axis had higher counts, lowerg(2) (� )
value, and longer coherence time� c. This could suggest that there was a larger proportion of
unscattered, non-thermal light being transmitted when the cuvette is centred on the optical axis.

(a) Cuvette centred on optical axis (b) Cuvette not centred on optical axis

Figure 2.16:g(2) (� ) measurements for different positions of cuvette with respect to optical axis.
Polariser rotated to maximise counts.

Both plots in Figure 2.16 have much higher coherence times suggesting a large proportion of
the transmitted light was not thermal. With this, we decided to takeg(2) (� ) measurements with
the setup in Figure 2.13.
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