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Abstract

Stellar intensity interferometry was developed byHanbury-Brown &
Twiss [1954 1956k 1957 1953 to bypass the di raction limit of tele-
scope apertures, with successful measurements including théedei-
nation of 32 stellar angular diameters using the Narrabri Stellar lien-
sity Interferometer [Hanbury-Brown et al.,, 1974. This was achieved
by measuring the intensity correlations between starlight receivday a
pair of telescopes separated by varying baseliniesvhich, by invoking
the van Cittert-Zernicke theorem {an Cittert, 1934 Zernicke 193§,
are related to the angular intensity distributions of the stellar light
sources through a Fourier transformation of the equal-time corgx
degree of coherence(b) between the two telescopes. This intensity
correlation, or the second order correlation functiorg® [Glauber,
1963, can be described in terms of two-photoevent coincidence mea-
surements Hanbury-Brown, 1974 for our use of photon-counting de-
tectors.

The application of intensity interferometry in astrophysics has bee
largely restricted to the spatial domain but not found widespread
adoption due to limitations by its signal-to-noise ratio Davis et al,
1999 Foellmi, 2009 Jensen et al. 201Q LeBohec et al, 2008 2014,
although there is a growing movement to revive its us8grbieri et al.,
2009 Capraro et al, 2009 Dravins & Lagade¢ 2014 Dravins et al.,
2015 Dravins & LeBoheg 2007.

In this thesis, stellar intensity interferometry in the temporal donain
is investigated instead. We present a narrowband spectral Iterm
scheme Tan et al., 2014 that allows direct measurements of the
Lorentzian temporal correlations, or photon bunching, from th&un,



with the preliminary Solar g@( = 0) = 1:3 0:1, limited mostly

by the photon detector responseGhioni et al., 20089, compared to
the theoretical value ofg® (0) = 2. The measured temporal pho-
ton bunching signature of the Sun exceeded the previous recorafs
g@(0) = 1:03 Karmakar et al., 2013 and g@(0) = 1:04 [Liu et al.,

2014 by an order of magnitude.

In order to study possible e ects of atmospheric turbulenceBJazej
et al., 2008 Cavazzani et al, 2012 Dravins et al., 1997 on temporal
intensity interferometry, the Itering scheme was improved so thathe
required integration time of measurement reduced from 45 minutes
previously to only 4 minutes, which allowed for timing correlation
measurements of Sunlight in lintervals of elevation angular posi-
tion to probe the atmospheric dependence. The instruments were
used to measure the temporal photon bunching signal of the Sun
from 11:36am to 5:36 pm, covering Solar elevation angles from ap-
proximately 70 just before noon to about 20 by the evening, corre-
sponding to di erent depths of atmospheric air columnBennett, 1982
Marini & Murray , 1973 the sunlight passed through. The thereby
obtained Solarg®( = 0) = 1:693 0:003 exceeded our previous
record, due to improved suppression of the blackbody spectrumte
side the target bandwidth. The Solar photon bunching signature vga
compatible with control measurements of an Argon arc lamp with
g®( =0)=1:687 0:004, which served as a blackbody light source
of temperature T = 6000 K. This suggests that the atmospheric and
weather conditions have no measurable e ects on temporal intetys
interferometry for a 2 GHz optical bandwidth after narrowband pec-
tral ltering.

The instruments were exposed to a light source simulating astropby
ical scenarios, created by mixing the blackbody radiation from the
Argon arc lamp with laser light at 513.8nm. The spectral ltering

scheme was able to isolate the laser light by Itering the blackbody
spectrumto only rwum 2 GHz and thus suppressing the black-



body contribution to the order of 1¢ photoevents/sec. The instru-
ments were thus able to identify coherent laser light contributionsfo
3 10 photoevents/sec within the blackbody spectrum, which is a
situation that Optical SETI [ Drake, 1961 Dyson, 196Q Forgan, 2014
Korpela et al, 2011 Merali, 2015 Sagan & Drake 1975 Townes
1983 may have to identify.

The nal scenario tested was to identify the laser light at 513.8 nm
that has been Doppler broadened by a suspension of mono-dispers
microspheres Dravins & Lagade¢ 2014 Dravins et al., 2015. We
found that g (0) = 1:227 0:005 and determined the coherence time
of the broadened laser signal to be. = 44  2ns, corresponding to
a linewidth of about 23 MHz which is comparable to the predicted
linewidth values for natural lasers Dravins & Germara, 2008 Griest
et al., 2010 Johansson & Letokhoy 2005 Roche et al, 2012 Strel-
nitski et al., 1995 Taylor, 1983 Tellis & Marcy, 2015.

These results suggest that the narrowband spectral Itering hnique
developed in this thesis may provide a useful tool for revisiting inten
sity correlation measurements in astronomy again.
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Chapter 1

Introduction

1.1 Stellar Intensity Interferometry

Stellar intensity interferometry was developed byHanbury-Brown & Twiss [1954
1957 1959 to circumvent the di raction limit of the conventional telescope, wth
an angular resolution s that is constrained by the aperture sizeb, as can be
described by Fox, 2004

s = 1:226: (1.1

With reference to Tab. 1.1, the Large Binocular Telescope (LBT) is one of the
largest single-aperture optical telescope structure on a single chanical mount
[Allen, 2004, with two 8.4 m main mirrors spanning 22.8 m edge-to-edge, and thus
a corresponding angular resolution of 6.1 mas (milli-arcseconds),igfhcan resolve
only a few stars such as Betelgeuse with an angular diameter in thenge of

45mas. In order to increase the e ective angular resolution, aiya of telescopes
with larger baselinesh separating the telescopes are used instedabpeyrie et al,
2004, such as the Sydney University Stellar Interferometer (SUSIPJavis et al.,
1999. SUSI follows the more conventional Michelson design unlike its pregssor,
the Narrabri Stellar Intensity Interferometer (NSII), with baselines up to 188 m
which successfully determined the angular diameters of 32 starahbury-Brown
et al., 1974.
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?Star / Observatory s [mas] b[m]
?Sun 1800000 0.00008
Hubble Space Telescope (HST) 60 2.4
?Betelgeuse 45 3

Large Binocular Telescope (LBT) 6.1 22.8
?Sirius 6 23
Sydney University Stellar Interferometer (SUSI) 0.2 640

Table 1.1: A list of angular resolution or angular size paired with the coespond-
ing baseline or aperture size given by Eqri.1, for some stars and telescopes
[Allen, 200Q. Note that = 550nm is used and that 1 = 60 arcminutes @ =
3600 arcseconds’§ = 3600000 milli-arcseconds (mas).

Spatial Intensity Interferometry

The Narrabri Stellar Intensity Interferometer (NSII) operated by the technique
of spatial intensity interferometry [Hanbury-Brown & Twiss, 1957 195§, which
allows spatial information of stars to be extracted from a set of ienhsity correla-
tion measurements fFox, 2006 Loudon, 200Q Mandel & Wolf, 1993 by following
the propagation of the stellar source coherence function to th@erture plane of
the ground-based observers performing the intensity correlationeasurements.

First consider the normalised rst order correlation functiong® between the
electric elds E(¥;t) at two points +;+, as described by

hE (‘F‘]_; t]_)E(‘F‘z; tz)l

D (e 4 - - N .
g (flitla‘FZ;tZ) - - 5 o ! (12)
" ThE (F4; 1) P E (723 )] 21]
whereh::i denotes a time-averaging over the statistical ensemble:
LW
hE ()E(t+ )i = T E (O)E(t+ )dt: (1.3)

T

Correspondingly, the auto-correlation function of the electric & at one partic-
ular position, or where+; = +, = *, describes the temporal cross-correlation of
the source signal with itself at varying points in time.

By setting the constraint t; = t, = t, we obtain the equal-time complex
degree of coherence(+; +»;t) which describes the normalised spatial rst order
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correlation function between two observer positions;; +, at the same timet:

(i) = pe (L DE(EID)

p— — — ! (1.4)
[NE (1, 1)j2IN E (2, 1)j2i]

For a pair of telescopes observing a distant star which is, througlné use of
bandpass lIters, e ectively a quasi-monochromatic incoherent lighsource in the
far- eld regime, the van Cittert-Zernicke theorem can be invokedvhich states
that the Fourier transform of the complex spatial (equal-time = jt; ty) =0)
coherence function (+; ¥»; = 0) is the angular intensity distribution I (¥) of the
light source Labeyrie et al, 2006 van Cittert, 1934 Zernicke 1938.

To extract spatial information from the equal-time complex degre®f co-
herence between the two telescopegfi; ¥2; 0), we measure the interferometric
fringe visibility V (+;+,) observed between the telescope pair, whefe; A, are
proportional to the intensities of starlight collected by each telespe at +;+»
respectively:

1A2

2A . .
V(‘F‘l; 1"2) = m ] (1‘-1; 1“2)] X (15)
1 2

such that if the two telescopes received equal contributions; = A, from the
stellar light source, then the spatial visibility V (+;;+,) between the telescopes
reduces to the modulus of the equal-time complex degree of colmere (+;; »; 0):

V(t1;%2) = ] (f1;12)): (1.6)

Under ideal circumstances, a conventional Michelson interferotee such as the
Sydney University Stellar Interferometer can directly retrieve tis spatial visibility

information by measuring the fringe contrast between the maximand minimal

interference fringe intensities, corresponding th,ax and I i, , respectively:

v = Jmac lmin . (1.7)
I max *+ l'min
It follows that the interferometric visibility V scales fromV = 0 where there are
no interference fringes fof max = Imin, to an upper bound ofV =1 for I, = 0.
In practical circumstances however, it is di cult to perform visibility measure-
ments by Michelson interferometry in astronomy, due to the phase dependence
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required for Michelson interference. Consider a quasi-monochratia electric eld
E (t) with a central frequency! o [Fox, 2004:

E(t)= Epe "°otd ®: (1.8)
with a corresponding complex degree of coherencg ):
()=¢e o pal (t+ ) (O] - (1.9

The real componente " © follows an oscillatory behaviour de ned by the central
frequency! o, which results in observable interference fringes for timing di ereres

shorter than the characteristic coherence time., such that when >
phases become completely uncorrelated. The oscillation amplitude roke the
fringe contrast and thus the visibility V.

The dependence on a phase in the time-averaged termhell (t** ) (Olj re-
quires that the opto-mechanical instrumentation must be maintaied within sub-
wavelength precision, i.e. tens of nanometres for optical light. Similg the
atmospheric turbulence can perturb the optical path-lengthsBlazej et al., 2008
Cavazzani et al, 2012 Labeyrie et al, 2009 by many orders of 2 between the
telescopes to the star, causing thegt (** ) Mj term to vanish and thus negli-
gible interferometric visibility.

However for the special case of thermal light sources, intensityt@nferometry
can conveniently extract the visibility information without the phase depen-
dence, through the relationship Glauber, 1963 Mandel & Wolf, 1995:

g(z) =1+ V2, (110)

such that g@® (0) = 1 for a random incoherent light source, upwards t@® (0) =
2 for an ideal thermal light source like blackbody radiation. The phasin-
dependence of intensity interferometry thus relaxes the requiments on opto-
mechanical stability of the instrumentation, as well as atmosphericonditions in
principle. This makes intensity interferometry a suitable techniqued develop for
astronomical observations.

To use spatial intensity interferometry to extract spatial information about a
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star, such as its stellar angular diameters, consider an ideal circular stellar pro le
with angular diameter ¢ and homogenous intensity distribution as observed by
two telescopes with a baseline separation bf= j¥; .

Invoking the van Cittert-Zernicke theorem, the Fourier transfom of such a
homogenous and circular stellar intensity pro le would result in the filowing
complex spatial coherence functiorLpbeyrie et al, 2009

(=20, (1.11)

where J; corresponds to the Bessel function of the rst kind, rst order and
de ned by the characteristic spatial frequency given by

= —b; (1.12)

where s is the angular diameter of the stellar source, is the mean wavelength
observed, and baseliné is the mutual spatial separation of the telescopes.

The Bessel function has its rst zero value atl;( = 3:83) = 0, with the
corresponding spatial frequency

—hy = 3:83; (1.13)
which can be re-expressed into

s = 1.22E ; (1.14)

This is the Rayleigh criterion Rayleigh, 1879 for the di raction limit seen earlier

in Eqn. 1.1, for a circular aperture of sizdy with the small-angle approximation
such that sin( ) s Which is valid for the far- eld regime of starlight.

Combining the expressions for Eqnl.6, Eqn. 1.10 and Egn. 1.11, in the

case of an ideal circular stellar pro le with homogenous intensity, webtain the

relationship between the spatial second order correlatiayl? (b) with the spatial
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intensity distribution of the stellar light source:

@@ =1+ 220)7

(1.15)
An example of the expected)® (b) behaviour for Sirius is illustrated in Fig. 1.1,
assuming an angular diameter of 5.9 milli-arcseconds (mas) obsenac mean
wavelength = 400nm. Sirius can be directly resolved by a baseline separa-
tion or aperture diameter of around 17 m, or extrapolated by ttig from a set
of g@ (b) correlation measurements using telescope baselifeshorter than the
stellar coherent lengthly, which is howHanbury-Brown [1974 determined the 32
stellar angular diameters using the Narrabri Stellar Intensity Inteferometer.

2.0

1.8

1.6

9¥(b)

1.4

1.2

e —— l

0 10 20 30 40
Baseline b [m]

1.0

Figure 1.1: Ideal spatialg® (b) behaviour for Sirius at wavelength = 400 nm,
assuming a circular stellar pro le with homogenous intensity distribubn.
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Two-Photon Coincidence Measurement

We translate the g (b) expression in Egn.1.15in terms of photoevent measure-
ments to match our experimental scheme of using avalanche photdetectors
(APDs) to measure and time-stamp photon timing arrivals at two degctors.

Consider a generalised second order correlatigf® between two physical
events denoted as 1 and 2, to be the joint probabiliti?;., of the coincidence event
N1, normalised by the probabilitiesP,; P, of their individual events N1; No:

I:)1;2 .

@ =
9 T pp,

(1.16)

The probability P of an event can be evaluated as the product of the event rate
r with the histogram bin width  t:

P=r t; (1.17)
where the rater is empirically measured by the total numbemMN of such events

observed, averaged over the total measurement durationT :

N
= —: 1.18
r . (1.18)

These probability terms combines to give

Pz ot
g : 1.19
P1P> N—% t N—% t ( )
which can be simpli ed to the practical expression
N T
(2) = _1’2 _ 120
g NN, ¢ (1.20)

Using photon-counting detectors, measurements for intensityterferometry are
thus two-photon coincidence histograms, normalised by the singteent signal
counts, scaling linearly proportional to the measurement duratioand inversely
to the histogram bin width. This expression suggests that in orderot obtain
higher statistical con dence in the measured®, we should try to maximise the
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measurement duration T.

We optimise the histogram bin width by setting t = j, where ; is the detec-
tor timing jitter, which is the timing uncertainty of the photoevent measurement
by the detector.

1.2 Limitations by the Signal-to-Noise Ratio

Despite the phase independence of stellar intensity interferomgtallowing for
large variable baselines and thus higher angular resolution, as wellrabustness
against the atmospheric and weather conditions, the technique $ianot found
widespread adoption fFoellmi, 2009.

This is due to the limitations set in principle by its signal-to-noise ratio (8IR),
which make further measurements impractical beyond the hottestars already
measured Hanbury-Brown, 1974, and is also dependent on whether the photon
detector timing resolution is able to resolve the characteristic cofence time .
of the stellar blackbody radiation source, where. = 1= for a well-de ned
spectral distribution with a full width at half maximum (FWHM) of

In the regime where the photon detector timing resolution is unableotre-
solve the coherent timescale of the stellar light source, which wasetlsituation
for Hanbury-Brown and Twiss (HBT), and when both telescopes arcollecting
similar intensities of starlight, the signal-to-noise ratio can be desbed in terms
of the source coherence time, the rater of photoevents received by each photon
detector (APD), the spatial visibility V (b) between the two telescopes separated
by baselineb, the measurement duration T and the histogram bin width t,
by the expression Hanbury-Brown, 1974:

r—
T .

_ I 2
SNR= V(D7 5

(1.21)
The signal-to-noise ratio (SNR) increases under good atmosphetiansparency
conditions, due to a higher rater of photoevents that can be collected by the
telescopes. The photoevent rate also implies that the SNR will increase by
observing hotter stars with correspondingly higher spectral dsity S( ), and by
using photon detectors with higher quantum e ciency.



1. Introduction

The use of larger telescope apertures would also increase the natef pho-
toevents received by the detectors, but only if the aperture diaeter remains
shorter than the coherent lengthly, otherwise the spatial visibility term will
reduce signi cantly once the telescope aperture exceeds the eddnt length.

Longer measurement durations T and lower photon detector timing jitters
; that allow for shorter histogram bin widths t will also raise the signal-to-noise
ratio of the intensity interferometry measurement.

Although the SNR expression in Eqnl.21contains a coherence time, contri-
bution, attempts to increase it by spectral Itering will result in a carresponding
reduction in the rater of photoevents received, such that the combined term
remains constant, and so make the signal-to-noise ratio indepentlef the optical
bandpass and thus una ected by spectral Itering in principle.

When the photon detector timing jitter ; is shorter than the coherence time
¢ of the stellar light source, the signal-to-noise expression is multiplidy 2 ; = ,
and becomes

SNR = %V(b)zp 2, T (1.22)

In this regime, the signal-to-noise ratio (SNR) is no longer indepenateof the
optical bandpass, and will instead decrease with spectral lteringlue to the rate

r of photoevents collected being reduced. Faster photon detetawith shorter
timing jitter ; are no longer an advantage, as they sample a smaller fraction of
the temporal photon bunching signal, and thus correspondingly aver signal-
to-noise ratio.

For these considerations, there has been a lack of development $pectral
Itering in the e orts to revive stellar intensity interferometry so far [Foellmi,
2009, for the purpose of developing higher angular resolution imaging dekar
blackbody radiation sources like the stardJravins et al., 2010.

1.3 Blackbody Radiation

A thermal blackbody is a physical object which completely absorbdlancident
radiation [Planck, 1900. It also emits blackbody radiation at thermal equilibrium
with its density of states ( ), or the number of modes per unit frequency per
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unit volume [Fox, 2006, being described by
()=35 % (1.23)

with each mode having an average energ¥i as de ned by the individual
photon energy multiplied with the probability of mode occupation desied by
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Figure 1.2: The ideal spectral density behaviour of some thermdklskbodies are
shown here. The brightest Wolf-Rayet star is 2 Vel, with a surface temperature
of 57000 K, and is a natural laser candidatdfavins & Germara, 200§. Sirius is
the brightest binary star system in the night sky, with its white dwaf component
having a surface temperature of 22000 K emitting signi cant ultramlet contri-

bution [Allen, 200Q. The Sun has a surface temperatur€ = 5800 K, peaking in
the green wavelengths which the human eyesight is most sensitive fungsten
laments have a melting point of 3700K, which is why lament bulbs appar

orange. Blackbodies at room temperature of 300K have negligible isgions in
the visible spectrum.

10



1. Introduction

the Bose-Einstein distribution

. 1 _
Thus the power distribution emitted by such a blackbody surface wht emissivity

, per unit frequency per unit volume, can be described by the speat density

8h 3 1

SGT)= —(— F=e7 1

(1.25)

which is also known as the Planck radiation formula, with some reprege-
tive temperatures and corresponding spectral density distribigns illustrated in
Fig. 1.2

The radiation that can be extracted from blackbody sources thugh linear
Itering process can be considered as thermal light, where linear dts include
spectral lters, polarisers, lenses, mirrors and gratingsvfandel & Wolf, 1995.

Although a smaller telescope aperture will reduce the signal-to-neisatio as
seen in Eqn.1.2], the aperture diameterb must rst be shorter than the coherent
length by of the stellar light source, in order to resolve and probe the spatial
correlation behaviour. Similarly, although having the histogram bin with t
(limited by the detector timing jitter) to be shorter than the coherence timescale

¢ of the stellar light source will reduce the signal-to-noise ratio as de#ed
by Eqgn. 1.22 this condition is required to resolve and thus probe the temporal
correlation behaviour of the stellar light source.

Therefore, in order to investigate the possibility of stellar light sowes ex-
hibiting temporal coherence properties beside blackbody behavipuhis thesis
proposes developing the instrumentation and experimental tedoue for nar-
rowband spectral Itering to increase the coherence time of stetldight sources
su ciently to match photon detectors with high timing resolution. Such that we
may be able to resolve and thus probe their timing correlation pro lesand apply
towards astrophysical scenarios which will be brie y discussed inehconcluding
outlook chapter.

11



Chapter 2

Probing Blackbody Radiation:
the Sun

The previous chapter highlighted the lack of spectral Itering in Habury-Brown
& Twiss interferometry [Davis et al, 1999 Foellmi, 2009 Hanbury-Brown, 1974
due to the signal-to-noise ratio being independent of the optical hdpass as
shown in Eqn. 1.21, for the regime where the detectors do not have su cient
timing resolution to probe the coherence timescale of blackbody raton and
thus unable to investigate its timing correlation behaviour.

Light from thermal blackbody radiators such as the stars exhibit lpoton
bunching behaviour at su ciently short time-scales. However, withavailable
detector bandwidths, it is dicult to directly resolve this bunching signal for
intensity interferometry with su cient statistics in astronomy, nor to probe for
stellar objects with temporal coherence properties other thamé blackbody char-
acteristic photon bunching behaviour fFox, 2008.

In this chapter, we present an experimental technique to increashe temporal
photon bunching signal in blackbody radiation via narrowband speil Itering
of the light source. Our measurements reveal strong temporahg@on bunching
in light from blackbody radiators, including the Sun.

Statistical intensity uctuations from stationary thermal light so urces formed
the basis of the landmark experiments biHanbury-Brown & Twiss [1956a 1957,
1958, where correlation measurements between a pair of photodeiect signals

12
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were used to assess both temporal and spatial coherence progee of light elds.
The explanation for these uctuations as a photon bunching phemeenon, as
compared to a Poissonian distribution which describes coherent lasight, was a
major contribution for the development of the eld of quantum opics [Glauber,
1963.

Hanbury-Brown & Twiss [1954 developed their observations into a spatial
intensity interferometer which allowed them to infer stellar angular adii from
the coherence properties of star light over relatively large basel;ef 188 m
[Hanbury-Brown, 1974. Since a key quality of any telescope system is its an-
gular resolution, given by its real or virtual aperture, they managd to carry out
these measurements with an unprecedented accuracy.

While stellar amplitude interferometry has evolved to become a staadl
technique to increase the e ective angular resolution of radio telespe arrays,
the angular resolution of the Hanbury-Brown{Twiss approach is gt unmatched
by conventional di raction-limited optical telescopes. It is also vey challenging
to reproduce with Michelson interferometry due to the required $swavelength
optical path length stability [Davis et al., 1999. Such setups involve remote loca-
tions for observatory sites to reduce atmospheric turbulencBfavins et al., 1997,
as well as expensive and complicated adaptive optics to augment tmeasurable
sensitivity by suppressing optical noiseMillour , 200§. This results in the limited
adoption of the comparatively simple optical intensity interferomaty technique
has not really found widespread adoption in the observation of cefieé objects
[Allen, 200Q.

2.1 Temporal Photon Bunching

Temporal photon bunching, or the tendency for photons to clust together on a
short time-scale, has been consistently observed from narroard quasi-thermal
light sources such as low pressure glow discharge lampkiftienssen & Spiller
1964 Morgan & Mandel, 1964, and laser beams which are passed through a
rotating ground glass to randomise the optical phase in timeAfecchi, 1965
Asakura, 197Q Estes et al, 1971 Gonsiorowski & Dainty, 1983 Harwalkar et al.,
1983. Using Doppler broadened laser light to simulate thermal light char&eristic

13
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correlations will be discussed in chapter 4.

Photon bunching in time for stationary elds is quanti ed by a secondor-
der correlation function g@( ), which is the probability of observing a second
photodetection event at a time after a rst one, normalised to the probabil-
ity of an uncorrelated detection Glauber, 1963 Mandel & Wolf, 1995 Saleh &
Teich, 2007. Optical modes in thermal states are the textbook example where
g (0) = 2, with the characteristic behaviour [Fox, 2009 of other states being:

Anti-bunching: g® (0) = 0, e.g. atoms and molecules, quantum dots
Random: g®@(0) = 1, e.g. coherent lasers, uncorrelated independent sources
Bunching: g@ (0) = 2, e.g. blackbody radiation

Special caseg® (0) > 2, e.g. correlated photon pairs

Blackbody radiation would therefore be the obvious choice for olygeng photon
bunching, if it were not for the short coherence time associated \iits spectral
properties.

In a scenario where spatial coherence e ects are neglected, gezond order
temporal correlation function for light elds can be written as

g@()=1+j ()i*; (2.1)

where ( ) is the complex degree of coherence, or the normalised self-cehee
of the stationary light eld with  (0) = 1, which is proportional to the Fourier
transform of the spectral densityS( ) of the light eld [ Mandel & Wolf, 1995
Planck, 1900. For well-de ned spectral densities and coherence functions, are
ingful coherence times. can be de ned, which are reciprocal to a characteristic
frequency width of the spectral distribution S( ):

c i: (2.2)

For blackbody light sources in the optical regime, the coherence t&m. given
by Planck's law is on the order of 10'*s, which is much shorter than the best
timing resolution ; of a few 10 ** s of existing photodetectors. As shown bgcarl

14
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[1968, the observable excess from uncorrelated pair detectiorg?( =0) 1,

scales as
g®( =0) 1/ =y (2.3)

and is thus only signi cant when the coherence time; of the source is of the order
of the detection timing response;. As an estimate, consider Sunlight which spans
the visible spectrum, with a spectral range  spanning from approximately
450 nm (blue) to roughly 650 nm (red), or about 200 THz wide which c@sponds
to a coherence time . of only 5fs.

Therefore, empirical observation of temporal photon bunchingdm blackbody
light sources has been extremely dicult, with only recent breakthoughs by
using two-photon absorption in semiconductor®oitier et al., 2009, and in ghost
imaging research using a narrowband Faraday anomalous dispersigatical Iter
[Karmakar et al., 2012 Liu et al., 2014.

In the following section, we present a narrowband spectral Iterig technique
that signi cantly increases the observed photon bunching signate from a black-
body light source, such that intensity interferometry techniquedor observing
astrophysical objects may become attractive again, with partidar attention to-
wards the previously neglected temporal component.

2.2 Narrowband Spectral Filtering

As with previous attempts to observe temporal photon bunchingdm blackbody
radiation [Karmakar et al., 2012 Liu et al., 2014 which exhibit an ideal bunching
signature ofg®?( =0) 1 =1, we employ narrowband optical ltering of the
light source to increase the coherence timg, and use single photon detectors
with low timing uncertainties. The experimental setup is illustrated in kg. 2.1
Firstly, light from di erent sources under investigation is coupled inb a single
mode optical bre to enforce spatial coherence, because thamgoral photon
bunching signatureg®( =0) 1 decreases from the ideal value of 1 by:

g?( =0) 1/ 1=M; (2.4)

where M is the number of transverse modes5Jauber, 1963. Spatial coherence
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2. Probing Blackbody Radiation: the Sun

is also required to optimise the Itering performance with both the diraction
grating and the Fabry-Rerot solid etalons.

The light is then collimated with an aspheric lens and sent through the
rst spectral lIter, which is either an interferometric bandpass Iter with a full
width at half maximum (FWHM) of 3nm centred at 546.1 nm to match the
6p7s3S; 6p6s3Py transition in a Mercury (Hg) discharge lamp, or a grating
monochromator to serve as a tuneable Iter for broadband contuous spectrum.
While the interference bandpass lIter is su cient to select the discete spectral
emission lines in the Hg lamp, the grating monochromator had to be wséor the
blackbody light sources.

The core of the monochromator is a re ective di raction grating blaed at
500 nm with 1200 lines/mm mounted on a motorised rotation stage. Ly from
the optical bre (NA = 0.13) is collimated with an achromatic doublet (f =
30 mm), illuminating about 10* lines of the grating. The rst di raction order is
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Figure 2.1: Setup to determine the temporal correlatiom® ( ) for wideband
thermal light. The initial spectrum gets ltered to a narrow optical bandwidth
such that the temporal decay of the second order correlationrfation can be
observed with conventional single photon detectors in a HanbuBrown{Twiss
experiment. We employ a combination of a grating and a temperatwteined
etalon as a spectral Iter, and ensure spatial coherence in thetgp by using
single mode optical bres (SMF).
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imaged with another achromat of { = 30 mm) into another single mode optical
bre. This arrangement acts as a tuneable narrowband lter in thevisible regime,
allowing to adjust for peak emissions of blackbody light sources. Asteof the
transmission of a narrowband laser source E 532 nm) is shown in Fig.2.2 (top

part). The tto a Gaussian transmission pro le leads to an optical @ndwidth

of 0.122 0.002 nm (FWHM), which approaches the di raction-limited resolution
of about @06 nm as given by Egn2.8, but still lower than the ideal bound by a
factor of 2. We typically observe an e ective transmission of narmband light

from single mode bre to single mode bre of 15%. The optical bres used
generally have Angled Physical Contact (APC) terminals, which is an &lant to

the connector surface. This is to reduce back re ections by tymdy 60 dB, thus
suppressing interference and noise.

In a second step, the light is passed through a solid etalon (thickrsed =
0:5mm) with at parallel surfaces. The etalon has a free spectral rgge ofF SR =
c<2nd) = 205 GHz, with a refractive indexn = 1:46 Heraeus 2013 for the fused
silica material (Suprasil311), and the speed of lightin vacuum. At =546 nm,
the free spectral range correspondsto = 2=c¢ FSR 0.2nm, so that only
one transmission order should fall within the transmission width of t grating
monochromator.

Both surfaces of the etalon have dielectric coatings with an ideal eetivity
of R 97% over a wavelength range from 390nm to 810nm, resulting in a
transmission bandwidth  of

1 R
FSR —pf 2 GHz: (2.5)

The central transmission frequency of the etalon is tuned by tenepature,
with a scaling rate of -4.1 GHz/K due to thermal expansion and tempature
dependence of the refractive indexghosh 1997 Schott, 2007 201J. A temper-
ature stability of 5mK over the measurement duration of several hours ensures
that the etalon stays on a speci ¢ wavelength. The etalons are tegerature sta-
bilised via a proportional-integral-derivative (PID) control loop feelback, using
a set of 4 high power resistors as the heating element and a 10 kOhmermistor
to provide the temperature feedback.
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Figure 2.2: (Top) Transmission pro le of grating monochromator. Te solid line
is a tto a Gaussian pro le to measurements for di erent grating argles (sym-
bols), resulting in a full width at half maximum (FWHM) of 0.122 0.002 nm.
(Bottom) Transmission of Hg light near 546 nm for the p7s3S;  6p6s 3P tran-
sition, which is the Fraunhofer \e" line, through the temperaturetuned etalon
with 2 GHz bandwidth. The hyper ne structure for di erent isotop es is partially
resolved, as identi ed in Bansonetti & Veza 201Q.
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Temperature tuning allows the etalon to be always used under norina-
cidence, which avoids both frequency walk-o Green 19870 as well as spatial
distortion [Park et al., 2003. To demonstrate the resolving power of this device,
we tuned the peak transmission across the various spectral linesmh a Hg gas
discharge lamp at 546.1 nm, revealing a partially resolved hyper nersicture for
di erent isotopes with non-zero nuclear spins (see Fi@.2, bottom part).

A Glan-Taylor polariser following the etalon then selects a well-de netinear
polarisation mode for the photons, with the same rationale of minimisgnthe
number of modes ending up in the temporal correlation setup. A halfave plate
(=2) transforms the polarisation emerging from the grating/ bre conbination
such that there is maximal transmission through the Glan-Taylor plariser and
nally the detectors.

The di raction grating introduces polarisation e ects to the input lig ht, which
transforms as it propagates through the optical bres due to th birefringence
induced largely by mechanical stress on the bres, thus necessitg the use of
the Glan-Taylor polariser and half-wave plate for mode selection andean-up.
The degree of polarisatiorP is given by Loudon, 200Q:

p= jne  nyj .

2.
N+ Ny (2.6)

where ny; ny, are the number of photons in any pair of orthogonal polarisation
planes, with P scaling from O for unpolarised light, to 1 for perfectly linearly
polarised light, thus a ecting the coherence of light according to:

P(0) = S+ P 27)

This corresponds to the ideal peak?(0) values ranging from 1.5 for unpolarised
light to 2 for perfectly linearly polarised light.

A second Glan-Taylor polariser, rotated by 45 with respect to the polar-
isation direction of the rst, works as a polarising beamsplitter in distibuting
the light onto two silicon avalanche photodetectors (APD) that preide detec-
tion timing signals to a correlator. The relative orientation of the twopolarisers
allows for the balancing of the photodetection rates to optimise thmtegration
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time, and also helps to suppress the optical crosstalk between ttveo APDs due
to hot carrier recombination in the devices upon detection which wddiotherwise
introduce false coincidence event&{rtsiefer et al., 2001.

Let the individual photoevent rates received by the two detect@erbe A and
B individually, so that A+ B = I, the original intensity, before the beamsplitter,
assuming no losses. Thus the coincidence rate observed will be prtipnal to
A(l  A), with a maximum rate when its di erential with respect to A is zero,
i.e., I  2A = 0. This implies that the maximum coincidence rate occurs when
A = |=2 = B, or a balanced single-photoevents rate between the two photon
detectors, for optimal e ciency in coincidence measurements.

Note that the choice of Calcite Glan-Taylor as polarisation elements due to
its broadband performance (350 nm to 2300 nm), and a high extineh ratio of
greater than 10:1 for the transmission beam, although its disadvantage is that
the re ected beam through the escape window is not purely polarde

The temporal correlation was carried out with a digital sampling oscilkcope
(4 GHz analog bandwidth, 40 Gsamples/sec, LeCroy) that can maas and his-
togram detection timing di erences between two photon detecto(APD) events
with a software-assisted interpolated timing uncertainty below 10@ [Lecroy,
2011.

To assess the overall timing uncertainty with the detector/corriator combi-
nation, we exposed two di erent avalanche photodetector (APDssets to photon
pairs generated by spontaneous parametric down conversion (8P) with a co-
herence time . below 100fsiong et al, 1987. The resulting temporal correla-
tions shown in Fig. 2.3 re ects the overall timing resolution of the system. For
APDs with a deep conversion zone (C30902S, Perkin-Elmer, passitenching),
the coincidence distribution appears roughly Gaussian, with 1.2 ns AWM. Since
the temporal photon bunching signatureg® ( ) of the light eld under investi-
gation needs to be convolved with this detector response, we wouwtlserve a
signi cant reduction of the photon bunching peak with these detdors. A second
set of APDs, based on thin conversion zones (type PDF, Micro Phart Devices,
active quenching), leads to a much better localised coincidence distrtion with
40 ps FWHM, although a signi cant fraction (roughly half) of the distribution
shows a tail with timing di erences up to 500 ps.
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Figure 2.3. Comparison of timing jitter between two actively quenclie thin
avalanche photodiodes (PDF), and two passively quenched deelanche photo-
diodes (C90302S) by photon pair detection from light generated lgpontaneous
parametric down conversion (SPDC) with a coherence timg below 10 ps.

We will revisit the temporal response of the actively quenched APDs the
next chapter, to better understand the di erence between theneasured and ideal
photon bunching peak values, paying particular attention to the log tail struc-
ture which upon tting suggests about 50 % proportion of the timingjitter dis-
tribution, nearly equal in statistical weight to the central peak stucture with
FWHM, which is the common understanding of detector timing uncedinty, of
approximately 40 ps.

2.2.1 Diraction Grating

Although in principle a prism could also be used to disperse optical lightts
resolution is determined by its Abbe numbenNy [Hecht & Zajac, 1997 which
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indicates the level of dispersion, and is thus limited by the refractivimdex of the
glass substrate, which is mostiyr < 2.

A re ective di raction grating is instead chosen, speci cally the ruled (blazed)
design so as to increase the coupling e ciency as more of the inputtagal light
would be in the rst diraction order, as opposed to holographic gréings with
reduced ghosting nor Echelle gratings with low periodicity.

Grating Monochromator

The di raction grating is con gured as a grating monochromator Fastie, 1953,
in order to serve as a narrowband spectral Iter (FWHM = 0.12 nm) hat is tune-
able over a broad spectrum. It is worth noting here for practicalansiderations,
that laser-line bandpass Iters with FWHM of around 2nm can easily ¢t a
few hundred dollars o -the-shelf upwards to over a thousand dolla for custom
speci cations, and are not as easily tuneable.

The resolvanceR, or chromatic resolving power, of the di raction grating can
be described by

R= —=mN; (2.8)

where m is the diraction order and N is the total number of slits illuminated

by the incident beam. The orderm = 1 is used due to the blazed design, with
N given by the grating slit separations;
of 1= width=2 NA EFL=7:8mm.

The optical dispersion by the grating can be characterised as

mm 833 nm, with a Gaussian beam

a(sinl +sinD) = m ; (2.9)

with the slit separation a, incident anglel and diracted angle D. However, a
more convenient form for the grating monochromator setup used this thesis is

m =2 a cos sin; (2.10)

where is half the included angle between the incident and di racted rays whic
de nes the relative positions of the input and collection optical bre/lenses, and
is the grating angle relative to the zeroth order position and so camtled, and
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tuned, by the motorised rotational stage.

Coupling E ciency

To optimise the transmission performance of the grating monochrator as a
spectral Iter, we must understand the dependence of the colipg e ciency be-
tween the input and collection optical bres on the empirical degreeof freedom,
and thus design the instruments and alignment protocol accordihgto compen-
sate.

The mode-matching conditions Horton & Bland-Hawthorn, 2007 Shaklan
& Roddier, 1989 and thus transmission performance between the input and
di racted modes of light can be ideally described as

R
T=R [ (ElEZ)Q dAJ? .
"(E1E,) dA  (E:E,) dA’

(2.11)

Translated to the experimental context, let us interpret the phgical degrees of
freedom in terms of axial (z-axis), lateral (x, y-axes), tilt ; ) and beam shape
of the incident and collection optics.

For the axial degree of freedom, z-translation stages with microetre preci-
sion and 1.5 mm travel are used to focus each lens with its corresdomy bre, to
rst collimate the resultant beams and then adjust to compensatéor the axial
o set. This is a reason why the input and collection optics are symmet, in
using the same speci cations of optical bres and lenses.

With regards to lateral o sets, x-y translation stages (ThorlabsST1XY-A)
are used to mount the optical bres, allowing for adjustments ofhe bre tip
positions with respect to the lens. The vertical adjustment (knopis particularly
susceptible to drifts, perhaps due to internal springs or threadinagainst the
weight of the lens, thus requiring minor realignment every few days.

Tilt mounts are used to hold the mirror and grating, to allow alignment &
the input and collection beams to be collinear and anti-parallel, insteadf just
spatial overlaps at a position. This degree of freedom is more senatthan the
axial and lateral, albeit stable. It is thus advisable to use pinholes teeduce the
beams to roughly 1 mm in diameter for easier alignment and overlaps multiple
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positions.

The most tricky condition to compensate for is the spatial mode misatch
due to the astigmatism caused by the diraction grating, which traisforms the
the incident Gaussian pro le into an elliptical structure when di racted. This is
partially corrected for by defocusing the collection lens to transfm the collection
beam shape. While worse performing than using toroidal mirrors, amorphic
prisms or cylindrical lenses, such a correction method is much simpker align
and compensate for, as well as cheaper and compact.

2.2.2 Etalon Tuning

Solid etalons are selected due to their compact form factor, the kof moving

parts and thus mechanical stability. The choice of the etalon substte to be
Suprasil311, a class of fused silica, is made similarly due to its thermaida
mechanical performance, along with the lack of uorescence whibhBK7 su ers

from in the blue wavelengths.

Temperature control is used to tune the transmission wavelengtiso as to
avoid frequency walk-o e ects [Green 198(, alignment complications and me-
chanical stress. For safety and practical considerations in avaid thermal con-
vection air currents, there are bounds on the temperature raegvhich should be
operated in, roughly from room temperature of around 2& to near 90C.

The transmission FWHM of the grating monochromator restricts tke mini-
mum free spectral range (FSR) of the etalon and correspondinglye maximum
substrate thickness. The etalon tuning rate, or wavelength chge per unit tem-
perature di erence, requires the temperature range to covet keast one full FSR
in order to matching the grating transmission with the etalon, and ths have
complete access to the e ective joint transmission spectrum.

The optical dispersionn( ) behaviour of Suprasil311, or the dependency of
its refractive index on wavelength, can be described by the empirlcgellmeier
Dispersion Equation Ghosh 1997%:

2 2 2
B, N B, N Bs :
2 ¢ 2 G, 2 C,

n?( )=1+ (2.12)
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2. Probing Blackbody Radiation: the Sun

which is used in conjunction with the empirically determined coe cientsfor the
speci ¢ glass material as shown in Tab2.1, where is considered in vacuum.

Sellmeier Coe cients Empirical Values

B 7:99316057 101!
B, 3:.04794111 101
Bs 8:85442870 101
C 5:34990808 10 3
C, 1:47511317 10 2
Cs 9:66383219 10

Table 2.1: Suprasil311 Sellmeier coe cients provided by Schott AG.

To better understand the performance of the substrate undelemperature
control, consider the derivativeﬂ—? of the Sellmeier equation with respect to tem-
perature, with simpli cation by dropping negligible contribution terms:

Eo+2E;, T
2 2 !
(2.13)
with a reference temperaturely = 20 C, a temperature dierence T=T T
and a vacuum wavelength in m, and the corresponding Sellmeier coe cients

in Tab. 2.2

dnabs( ;T ) n2( ;TO) 1 2
= Do+2D, T+3D, T2+
aT 2n(:T o) 0 ! 2

Sellmeier Coe cients Empirical Values

Do 218 10°
Di 245 108
Di 272 10 1
Eo 231 107
E; 221 1010
TK 0:235 m

Table 2.2: Suprasil311 derivative coe cients also provided for by Soft AG.

The mean thermal linear expansion of a substrate material is dersat by the
coe cient . Provided by Heraeus Gmbh, for temperature range of G to 100 C,
the Suprasil311 material =5:1 10 'K 1,
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2. Probing Blackbody Radiation: the Sun

The dependency, or tuning rate, was empirically determined to be4:1 GHz/K,
which is su cient to cover one full free spectral range, e.g. abow4 C increase in
the heating up of the etalons in order to contribute 0:1nm in the transmitted
wavelength. The periodicity of the etalon transmission behaviour alls us to
access increments in transmission wavelengths, conditional only ke ability to
scan across an entire free spectral range (FSR).
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2. Probing Blackbody Radiation: the Sun

2.2.3 Broadband Etalon Coating

The etalons are designed to operate across the visible spectrunonf 390 nm to
810 nm, as indicated in Fig2.4, to have the versatility to examine a variety of light
sources. This is compatible with the use of the di raction grating moochromator
as a rst-stage spectral Iter tuneable across the optical regim

100

90+
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60—
50|t e — R e - R

404F------ ey : ,,,,,,,, : ,,,,,,,

Reflection [%0]

304}

Wavelength [nm)]

B-08877: R97%390-810nm/0°

Figure 2.4: The re ectivity R = 97 % coating on the etalons, designedotperform
at normal incidence, for light from 390nm to 810 nm to cover the fulisible
spectrum. The plot is a technical document provided by Laseroptikembh, the
company that provided the etalon substrates and coatings.
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2. Probing Blackbody Radiation: the Sun

2.2.4 Photon Detector

Fast APDs have thin depletion zones to improve their timing jitter, bu thus
su er in quantum e ciency. To compensate, some designs incorpate an internal
cavity to enhance the optical eld [Ghioni et al., 200§ but results in a long “tail’
as seen in Fig2.5. We will revisit this APD performance in the next chapter.

1e+5
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time/ns
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Figure 2.5: This is the instrument response function (IRF) providethy the manu-
facturer Micro Photon Devices, that describes the timing respoa®f their actively
qguenched silicon avalanche photon detector module that is used inghhesis.

2.2.5 Digital Oscilloscope

While the input optical signals are measured by the photon detecter(APDS),
the electrical signals generated by the APDs are in turn time-stanggl by a digital
oscilloscope for further statistical analysis.
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Figure 2.6: This pulse signal is generated by the NIM output of the &eely
guenched APDs used, as measured by the oscilloscope to be ab@00mV in
depth and 20 ns wide, with each pulse corresponding to a photoeveetection.

The oscilloscope used is a Lecroy 640Zi Waverunner model with 4 Glbnd-
width and a sampling rate of 20 Gsamples/s. As a time-stamp, it doenh ag
and process all the APD events, but only consecutive events thatake up a
coincidence, with an undetermined dead-time for data processinghis means
a signi cant fraction of the events are not registered, a trade-dor the timing
resolution of a few ps. These are some of the parameter setting®d and their
considerations.

Photon detector output signal

We chose to use the NIM (Nuclear Instrumentation Module standd) output
signal, as shown in shown in Fig2.6, of the photon detector (APD) for time-
stamping the photoevents, rather than the TTL (Transistor-Transistor Logic)
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2. Probing Blackbody Radiation: the Sun

positive voltage signal output from the APD. This is because the NINignal has
better timing precision in the tens of ps, as opposed to the TTL sighaith about

250 ps timing resolution stated by the manufacturer. The timing urertainty

from a signal is de ned by its leading edge, i.e., the steeper the gradieof the

leading edge, such as the NIM pulse with roughly 1 ns only, the highdre timing

accuracy.

The signal is directed to a 50 terminal on the oscilloscope instead dfM ,
out of impedance matching considerations to minimise electrical siginma ection
and to optimise the signal strength transferred into the oscillospe. This can
be considered as the electronic analogue to the more familiar optisgtiuation of
light re ecting at the interface between mediums with di erent refractive index.

However, the straightforward LEMO connectors/cables, that @ common for
use with NIM signals, are actually fairly lossy and susceptible to eleatal noise,
and therefore advisable to use adaptors instead with the followingNEC cables.

Coaxial cable

The data signals were transferred from the detectors to the okascope using
RG-58/U coaxial cables, using BNC (Bayonet Neill-Concelman) conairs, with
a characteristic impedance of 50 . The coaxial design provides shdeng, sim-
ilar in principle to a Faraday cage, which suppresses electrical noisedasignal
degradation, and thus a common choice for data cables.

An electronic delay is introduced in the trigger arm during coincidencmea-
surements due to the oscilloscope dead-time, just as the use of ealmsplitter
is to compensate for the APD dead-time. This is achieved by connew ad-
ditional BNC cables, keeping in mind the translation scale of 1ns signdelay
for every 20 cm of cable length, similar to the e ective "speed’ of tHght signal
propagating in optical bres.

Coincidence measurements are performed between channels 2 atmldouble
the maximum sampling rate to 40 Gsamples. This is because these two channels
are paired, as are channels 1 with 4, with the particular con guratio di ering
between oscilloscope models.
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Oscilloscope settings

The trigger levels for both the trigger and quali er are set near thenid-point of

the leading edge, i.e. trigger level of 350 mV at the negative slope. The vertical
scale is adjusted such that the NIM signal maximises the use of thersen, and
therefore the ADC (analog-to-digital converter) range, at 10V per division

across 8 vertical divisions with a 350mV o set, so as to optimise theasple

points available for interpolation of gradient and thus the timing posibn. The

triggers are further constrained with a hysteresis of 0.5 verticalivision, so as
to reject minor noise contributions smaller than the hysteresis andvoid false
triggers on the noise.

To perform the two-photoevent coincidence measurement, thdime@level
operation” is chosen to identify pairs of trigger and quali er signalsgorresponding
to a photoevent signal each, and then to measure their mutual timg separation.
A horizontal depth of 6.3ns hold-o is chosen to reduce the waiting tarvals
without a temporal photon bunching signal, allowing for a faster reayuisition for
the next coincidence event, and thus optimising the overall integtian time.

The time@level measurements are grouped into a histogram of théming
separations, so as to extract the photoevent temporal corrélan. 500 bins is
chosen over a 20 ns width across 10 horizontal divisions, in orderr@atch the
40 ps timing jitter ; of the APDs. This is because if the time-bin is smaller than
the timing jitter, then the bunching signal is spread out over more ins which
is ine cient. But if the bin is wider, then it increases the timing uncertainty
instead.

The measurements are acquired in sequence mode instead of riaét so as to
avoid the processing time required to process and display the sigmakeal-time.
The maximum of 5000 acquisition segments per sequence is used tinape the
collection rate, with 6400 sample points in the coincidence window anda2tive
channels.

The processing required to display the input NIM pulses from both AP
signals will signi cantly slow down the overall e ective acquisition rateand thus
should be switched o .
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2. Probing Blackbody Radiation: the Sun

2.3 Results

Measurements of®@ ( ) were performed using three light sources: a low pressure
Mercury (Hg) discharge lamp as a quasi-thermal light source, a riadfrequency-
driven Argon (Ar) arc discharge lamp to produce a plasma with a blatody
temperature T 6000K as the thermal light source, and the Sun as a celestial
thermal light source. Their respective spectral distributions arehown in Fig.2.7.

Note that the red wavelengths in the Hg spectrum are due to the gon
bu er gas. Also, the Hg plasma/droplets have a tendency to drift eer time, and
thus require frequent repositioning of the discharge tube to corepsate. Zinc or
Sulphur powder may be used in the event of a minor accident to cleap the
Mercury spill for disposal, as occurred during this experiment, antius a supply
should be maintained for safety considerations.

The optical Iters were xed to maximise transmission for the speatl lines
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Figure 2.7: Spectrum of a Hg glow discharge lamp, an Ar arc lamp as a aiator
of a stellar light source, and the Sun.
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around 546.1 nm in the Hg spectrum. The resulting timing di erence hiesgrams
are shown in Fig.2.8

To ensure proper normalisation of the resultingg®( ), we independently
recorded pair events with a resolution of about 300 ps with a time stg unit
that, unlike the oscilloscope, does not exhibit a signi cant dead timeand found
that g@(j j & 2ns)! 1. To extract a meaningful set of model parameters,
we assumed a Lorentzian line shape for the spectral power distrilmun; this is
mostly to re ect the approximate transmission function of the etéon.

A corresponding model function for the obtained pair rates in theistograms
is described by

N()=a+b el 27¢d; (2.14)

wherea; b capture the absolute event number and the degree of bunchingpec-
tively such that g?( =0) = b=g while . represents a coherence time. Thg®
scale on the right side of diagrams in Fig2.8 refers to the absolute number of
coincidence events after division by the t parameteg.

For the Hg emission line at 546 nm from the low pressure glow dischatgep,
coincidence data was obtained over an integration time of 68 houmsith single
detector rates of 1150008. The relatively large discrepancy between expected
coincidences with the single rates and the observed coincidencesue tb a dead
time of the oscilloscope in this measurement. Photon detectors alstroduce a
dead time, during which no photoevent can be measured. The activeuenched
APDs used here have a dead time of 80 ns, and the passively quenched models
about 1.2 s.

From the numerical t, we nd that g@( =0)=1:79 0:01 and an ex-
ponential decay with a characteristic coherence time of = 0:436 0:006ns
at a reduced ? = 1:51. The photon bunching signature comes very close to
the expected value of 2 for a thermal state, with the di erence Esibly due to
the residual timing uncertainty of our photodetectors, particulaly the long-tail
structure noted earlier.

While the Doppler-broadened line width for individual transitions in Hg apour
at temperatures around 400K is on the order of 235 MHz, the caitiutions of
di erent hyper ne transitions from di erent isotopes result in a complex overall
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Figure 2.8: Intensity correlation functiong®( ) from the three thermal light
sources after spectral Itering. All light sources show a signi canbunching at
= 0, and a decay time that is well-resolved with the avalanche phototktors.
Error bars indicate uncertainties due to Poissonian counting statiss.
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2. Probing Blackbody Radiation: the Sun

line shape of several GHz width, out of which we select a reasonaltion with
the etalon. The Doppler broadening of a Gaussian pro le centred &t, wherem
is the atomic mass of Hg, which is:3 10 #kg, gives a broadened FWHM of

r.
8kBT|n2

o (2.15)

fewnm = fo
For the Argon arc discharge lamp, a wavelength of 540 nm was chose avoid
contributions of a prominent peak at 546 nm, possibly caused by nuery traces
in the plasma. We nd that g@(0) = 1:45 0:03 and a shorter coherence time
. =0:31 0:01ns with a reduced 2 =1:066. The wider spectrum of the cut-out
blackbody radiation makes the decay time shorter, so a peak redion due to the
detector response becomes more pronounced. Furthermoesidual transmission
of the grating monochromator or stray light into other transmissia peaks of
the etalon may contribute to light that is not coherent with the main peak on
observable time-scales, thus reducing the coherence time and humching signal.
We nally collected Sunlight into a single mode optical bre with a coelosit,
made up of a mirror mounted on a motorised rotational stage movingt sidereal
rate to track the Sun, and transferred it into the lab. As shown in &b. 1.1, the
coherent length of the Sun is about 80m, and thus a collection aperture diameter
of roughly 1 mm was su cient, without the use of large telescopes. tAhe same
working wavelength of 546.1 nm, we ndy®(0) =1:3 0:1 and a coherence time
¢ =0:26 0:05ns, with 2 =1:0244 over an integration time of 45 minutes. The
reduction in the visibility of the photon bunching is likely predominantly due to
the exponential long-tail component in the APD detector timing regonse, which
we shall attempt to verify in the next chapter.

2.4 Outlook

We have successfully developed and demonstrated an experimétgahnique to
resolve and explicitly measure the temporal photon bunching fronmérmal black-
body light sources, for both discrete spectrum and blackbody sgieum such as
the Sun. We observed a photon bunching signature, i.e., the excexsg? (0)
above 1, that exceeds the recently reported records g (0) = 1:03 [Karmakar
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et al., 2013 and g (0) = 1:04 [Liu et al., 2014 by about an order of magnitude.
These results have been published iifdn et al., 2014.

Compared to the photon bunching observations using two-photcabsorption
[Boitier et al., 2009, our method should work at astronomical intensity levels,
and not be constrained to cases with the simultaneous arrivals ofdvwphotons at
the same detector, thus allowing for measurements by detectaaiad telescopes
separated by large baselines.

Using a 14-inch aperture telescope to observe the 80 brightesarst in the
night sky, we would expect to collect in the range of ¥0to 10° photoevents/sec
within a 2 GHz spectral bandwidth, which translates to a peak § (0) signal-
to-noise ratio of approximately 10 after about an hour of measurent. The
integration time should also improve with the use of a time stamp unit witout
signi cant dead time as the correlator, rather than an oscilloscopthat measures
only consecutive two-photoevent coincidences.

Now that we have demonstrated the practical feasibility to resolvand di-
rectly observe the temporal correlation behaviour of blackbodyadiation, the
next chapter shall investigate possible e ects by the atmospheriarbulence on
timing correlation measurements of stellar light sources such as tBein. We will
also revisit and improve the spectral Itering scheme, so as to rede the discrep-
ancies observed in the blackbody photon bunching signatures betm the Sun
and the Argon arc lamp.
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Chapter 3
Atmospheric Turbulence

With the measurement scheme illustrated in Fig2.1 previously demonstrated
for blackbody radiation sources under lab conditions, we now addsethe atmo-
spheric and weather conditions to investigate possible e ects of @#erence on
temporal photon bunching measurements of stellar light sources.

Ground-based astronomical observations su er from atmosphe turbulence
[Blazej et al, 2008 Cavazzani et al, 2012 Dravins et al., 1997 that convention-
ally require adaptive optics and particular geographic conditions tootnpensate,
or orbital platforms to bypass. One of the promises of optical intesity inter-
ferometry is its independence from atmospherically induced phasectuations
[Foellmi, 2009 Hanbury-Brown, 1974. By performing narrowband spectral |-
tering on sunlight and conducting temporal intensity interferomety using actively
quenched avalanche photon detectors (APDs), the Solgt? ( ) signature can be
directly measured Tan et al., 2014.

We observe a record averaged photon bunching signab® ( ) = 1:693 0:003
from the Sun, limited by APD responseGhioni et al., 200§, consistently through-
out the day despite uctuating weather conditions, cloud cover a elevation an-
gle Bennett, 1982 Woolf, 1968. This demonstrates the robustness of the inten-
sity interferometry method against atmospheric turbulence andpio-mechanical
instabilities, and the feasibility to implement measurement schemes witboth
large baselines and long integration times.
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3. Atmospheric Turbulence

3.1 Optical Intensity Interferometry

Hanbury-Brown & Twiss [1954 19561 demonstrated that at su ciently short
baselines or timescales, both the spatial and temporal correlatiomeasurements
of thermal light sources such as the stars should exhibit a photomiching signal,
which was later generalised b@lauber[1963 as the second order correlatiorg®
that peaks at twice the value of the statistically random noise oor:

g?()=1+ e3¢ (3.1)

where . is the coherence time. This phase-independent characteristic laglour
is the basis for intensity interferometry, which has the benet of bing insensi-
tive to rst order noise contribution from urban light pollution and at mospheric
turbulence Davis et al., 1999.

The spatial g@ (b) imparts information about the shape and intensity distri-
bution of the light source, while the temporalg®( ) reveals the characteristic
emission mechanism of its source, such as whether its a coherenelddght or
an incoherent thermal sourceHox, 2006 Loudon, 200Q Mandel & Wolf, 1995
Morgan & Mandel, 1964.

Intensity interferometric measurements thus reveal informatio about the an-
gular size and path di erence of the light source as discussed earlieiSection1.1,
and are so in turn potentially a ected by decoherence in the spatiand temporal
domains, respectively.

3.1.1 Atmospheric Turbulence

Atmospheric turbulence introduces scintillation with a characterist timescale
on the order of microseconds, and a spatial inner-scale of apgroately 3 mm
for typical wind speeds of 10 ms' [Dravins et al., 1997, corresponding to delay
time variations on the order of tens of picoseconds due to uctuans in the
atmospheric path di erence Cavazzani et al, 2012 Dravins & LeBoheg 2007.
This sets the lower bound on e ective detector timing resolution to & in the

10 ps regime before it is constrained by the atmospheric scintillatiomgreeing
with the timing uncertainty due to the varying refractive index in the atmospheric
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layers Marini & Murray , 1973 as observed in laser ranging experimentBlazej
et al., 2008 Kral et al., 2004.

The Wiener-Khinchin theorem asserts that the auto-correlationunction of a
stationary random process is given by the Fourier transform of ifgower spectrum
[Khinchin, 1934 Wiener, 193Q, which may pick up this timing uncertainty in a
g® () photon bunching measurement.

The spatial analogue would be atmospheric seeing, which extend® tAiry
patterns of stellar light sources into seeing discs, with a typical diagter on the
order of arcseconds. The Sun with an angular extension of OBas a coher-
ent length of approximately 80 m at 569.6 nm McKechnig 20153, according to
the van Cittert-Zernike theorem jan Cittert, 1934 Zernicke 193§ which con-
nects the complex degree of coherence of light at two points witheémormalised
Fourier transform of the angular intensity distribution of the light source, or by
estimates using the Rayleigh CriterionHox, 20049. This spatial complication is
more prominent in observing stars other than the Sun, for when & coherent
length of the stars are longer than the telescope aperture sizéiig is further
reason why we choose to measure the Sun in this chapter, so asacouts on the
temporal characteristics. One way to avoid this problem would be tconvert the
instruments from bre-pigtailed into free-space modules.

The atmosphere also induces phase di erences of about 0.5 radiagtvieen
optical light waves with a frequency di erence of only a few Gigahext (GHz)
[Dravins et al., 2003, for a corresponding loss of correlation estimated to be less
than 1%. This suggests a practical spectral bandwidth to be in theinge of GHz
to suppress this chromatic dispersion.

In this chapter, we investigate the possible e ects of turbulence ian atmo-
spheric column varying over the time of the day on the temporal phon bunching
signature in an intensity correlation measurement of the Sun. Theptical band-
width in our experiment is narrow enough to resolve the emission natiof a
light source, with the goal of eventually detecting temporal dec@hnence e ects
of non-atmospheric origin.
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3.2 Experimental Setup

Similar to the prior chapter, Sunlight is collected by an aspheric lens witan
e ective focal length of 4.51 mm into a single mode optical bre for 45nm to
600 nm (numerical aperture NA = 0.13). The small diameter aspheritens is
su cient here because the Sun is an angularly extended thermal ligtsource.
Thus, the number of photons per spatial mode per unit frequendaistribution is
de ned only by the source surface temperature, and independesf the collection
aperture size Planck, 190Q Stokes 1994.

The projection into the fundamental TEMy, Gaussian mode of the single mode
bre leads to a light eld with perfect spatial coherence behind the ptical bre,
which is then directed through an arrangement of narrowband spieal Itering as
illustrated in Fig. 3.1, replacing the combination of a grating monochromator and
a single etalon that we used in our earlier workTan et al., 2014, so as to improve
the peak transmission and to make the instruments more sturdy roeanically for
eld transport and operations outside of the controlled laboratoy environment,
thus enabling this series of Solag® ( ) measurements to be repeated for 7 days:
27th, 28th Apr and 4th, 5th, 25th, 26th, 28th of May 2015.

Bandpass T
@% Etalons filters PBS APD M€
RN delay
e O g
Horizon SMF M
L1 GT

Temperature
cgntro| APD \é Correlator

Figure 3.1: Optical setup: Sunlight is coupled into a single mode opticdire
for spatial mode Itering, and exposed to a stack of spectral ltes, consisting of
two temperature-stabilised etalons E1, E2, and a bandpass lItetack (BPF) of
three interference lIters. One polarisation of the transmitted nearow spectrum
is selected by a Glan-Taylor polariser, and distributed with a polarisingpeam
splitter (PBS) to avalanche photodiodes (APD) for photo-detedbn time analysis.
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3.2.1 Narrowband Etalon Coating

In the ltering scheme employed here, the Sunlight leaving the opti¢abre is
collimated by an aspheric lens with an e ective focal length of 4.6 mm. he
light is then sent through two plane-parallel solid etalons of thicknes0.5mm
and 0.3mm made out of fused silica (Suprasil311). With a refractive ied of
n = 1:460 around 546..570 nm, this corresponds to free spectral ramge

C
FSR= 5o (3.2)

of approximately 205 GHz and 342 GHz, respectively. The etalonsveadesign
re ective coatings on both sides oR = 97 % at 546.1 nm as shown in Fig3.2
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Figure 3.2: The transmission spectrum of this second coating runnteed at
546.1 nm, dierent from the previous broadband coating of 390 nmot810 nm
shown in Fig.2.4, as measured by a grating monochromator of 0.12 nm resolution.
This is to have a variable nesse via choice of wavelength, and to avoahy
possible complications due to the previous etalon coating involving o0 layers.
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Neglecting losses in the re ective coatings, the nessé&dx, 2004

PR
Fr = TR =103 (3.3)
of the etalons leads to a transmission bandwidth of fpyuy = FSR=Fr =

3:32 GHz for the 0.3 mm etalon, and fryum = 1:99 GHz for the 0.5 mm etalon,
respectively, when centred at the design wavelength of 546.1 nmt the oper-

ating wavelength of 569.6 nm, the re ectivity nesse reduces to ggoximately

96, corresponding to transmission bandwidths of 3.56 GHz and 2.1&&for the

0.3mm and 0.5mm etalons respectively.

The spectral transmission pro les of the etalons are tuned via teperature,
with a tuning coe cient of 4.1 GHz /K. Temperature tuning was used in lieu of
physical rotation of the etalons to avoid "‘walk-0 ' e ects [Green 198(Q, and for
mechanical stability of the setup.

3.2.2 Filter Stack

A series of three interference bandpass lIters is used to rejecil ather wave-
lengths: two narrowband Iters with central wavelength (CWL) of 569.6 nm and
Full Width at Half Maximum (FWHM) of 2.2nm, and a broadband Iter with
CWL of 540 nm and FWHM of 80 nm. The transmission pro le of the bangass
Iters (BPF), and the transmission pro les of a combination of the BPF with
etalons is shown in Fig3.3

For a single etalon, several transmission peaks corresponding t® fitee spec-
tral range fall into the transmission window of the BPF. By combiningboth
etalons with their di erent free spectral ranges, we can achievengle transmis-
sion peak in the BPF window, and thus a single transmission window ovére
whole optical frequency range.

The transmission pro les in Fig. 3.3 for the etalons are wider than actual
due to the spectrometer resolution limited at 0.12 nm as observed ing-2.2 (top
part). This corresponds to a bandwidth of about 110 GHz, so we@aunable to re-
solve the 0.5 mm etalon's ideal transmission bandwidth of about 2 GHE\WHM).
Equally, the side lobes next to the transmission peak in Fi@.3are an artefact of
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Figure 3.3: Transmission pro le of the Iter stack. The black trace hows the
bandpass lIter stack (BPF) only, with a width of 2nm (FWHM). When adding
etalon E1 (thickness 0.5mm), several transmission peaks fall intbet window
selected by the BPF. Similarly, wider spaced transmission peaks arnsikile with
etalon E2 (thickness 0.3 mm). When combining both etalons and the BR only
one transmission peak is left, with small residual contributions abt®.6 nm due
to near-overlaps. The linewidth of the transmission peaks with thetaons is
dominated by the spectrometer response of 0.12 nm, the actualdiwidth should
be around 0.002 nm.

the spectrometer we used. We estimate the peak transmission bétetalon and
Iter stack to be around 84%, improving the transmission of the grang/etalon
stack in the previous chapter by about a factor of 4.

The strong emission line at 569.6 nm in Gamma Velorum £ Vel), which
is the brightest Wolf-Rayet star at visual apparent magnitude m = 1:7, is a
prime natural laser source candidatedravins & Germara, 200§, and would be
an interesting astrophysical light source to apply this photon coelation method
to. Therefore, this wavelength was chosen as an instrumentalqmf-of-concept.
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3. Atmospheric Turbulence

To centre the peak transmission of the etalon stack at 569.6 nm, wered
the blackbody spectrum of an Argon arc lamp with a grating monocbmator
to a bandwidth of about 0.12 nm. With this, we could align the bandpasster-
ference lters, and tune the etalon temperatures. The 0.5 mm dtan had to be
maintained at 59.2C, and the 0.3 mm etalon at 64.CC.

3.2.3 Detector Response

A Glan-Taylor (GT) polariser selects linearly polarised light to optimise gatial
mode correlations and in conjunction with a polarising beamsplitter (BS), al-
lows for the balancing of detector count rates, thus minimising the easurement
duration. This con guration also helps to suppress cross-talk caiidence events
arising from the APD breakdown ash Kurtsiefer et al., 2007.

Finally the light is detected by two actively quenched Silicon Avalanche Hb-
ton Detectors (APDs). An oscilloscope with a sampling rate of 40 GSAas used
to determine the temporal correlationg®( ). The combined e ective timing
jitter of photodetectors and oscilloscope was measured to be and ; = 40 ps
(FWHM) as shown in Fig. 2.3 but the joint timing response of the two pho-
todetectors has a peculiar structure as illustrated in Fig3.4 and agrees with the
instrument response function provided by manufacturer in Fig2.5. The coinci-
dence distribution of the detectors shows a narrow central ped&ading to the
small full width at half maximum, but a relatively large base that seem#o re ect
an exponential decay. The solid lines in the gure represents a héstic model:

G )= Ap%e 222, g2l it : (3.4)
e
with a time constant = 12:0 0:1ps for the Gaussian, and, = 225 1ps
for the exponential decay for a t over the time window = 1:::1ns. The
statistical weights A and B of the two distributions are about the same.

It is signi cant that the contribution from the central Gaussian peak struc-
ture with  =12:0 0:1ps, is similar in magnitude with the contribution by the
exponential tail structure with time constant =225 1ps. This suggests that
the conventional consideration, of the detector timing jitter ; to be the timing
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3. Atmospheric Turbulence
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Figure 3.4: Photodetection coincidence histogram from photon pairat =
810 nm generated by parametric down conversion with very shorttimsic timing
spread. This coincidence histogram reveals information about therting uncer-
tainty introduced by the detection mechanism only, dominated by AP timing
jitter. The dominant central structure can be tted to a Gaussian, with the long
tails following an exponential decay, as modelled in Eq8.4.

response FWHM, is not accurate because about half of the photeets are in
the exponential tail component.

We currently lack a precise model of the photodetector timing bekeour,
although Ghioni et al. [200§ suggests that some photon detectors have an internal
cavity to increase the quantum e ciency by enhancing the optical eld inside the
detector at resonant wavelengths, but would extend the timing sponse with a
longer di usion tail as a consequence. The peculiar detector resse is most
likely the dominant contribution that is limiting the maximally observed photon
bunching signature (of roughly 1.7) from the ideal blackbody chacteristic peak
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3. Atmospheric Turbulence

value of g@ (0) = 2, and might be improved by using photon detectors without
the internal cavity.

3.3 Results

These measurements were conducted in the National University 8ingapore
observatory site, with geographical coordinates of 174N and 10346%44°E,
on the 28th of May 2015, from 11:36 am to 5:36 pm (GMT +8:00), thrayh varying
cloud cover, weather conditions and elevation angular position oféhSun.

A single typical 4-minuteg® ( ) measurement of the Sun is shown in Fi@.5.
The two-photon coincidence events are tted to a Lorentzian du# the etalons
de ning the transmitted frequency distribution. The tted param eters give a
peakg® ( = 0)value of 1:69 0:05 corresponding to an interferometric visibility
V  83% and a coherence time of =370 35ps.

In Fig. 3.6, the Solarg®( = 0) is measured in 4-minute time intervals over
the afternoon of 28 May 2015. The corresponding elevation angleof the Sun
given by

sin( R) =sin sin +cos cos cos! (3.5)

as shown in the top part of the gure, with latitude , declination and hour
angle! [Woolf, 1969 and a small heuristic correctiorR of at most 34 arcminutes
due to the refraction in the atmosphereBennett, 1983.

Over that measurement time where weather and building geometryepmitted
to collect data, the elevation angle covers a range from about 70around noon
to 20 in the evening, making the length of the air column

S = hg=sin (3.6)

that the light has to pass through to range from 16hg to 2:92hy, wherehy is the
e ective height of the atmosphere. Within the statistical uncertanty, we do not
discern any distinct change of the peak correlatiog® ( = 0).

As reference, to investigate decoherence e ects contributey the atmospheric
turbulence, we compare the Solag® (= 0) measurements with that of an Argon
arc lamp having a blackbody temperature of 6000 K and thus a suitkbanalogue
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3. Atmospheric Turbulence

to the Sun. Both the Sun and the lamp deliver 10° photoevents per second to
the photon detectors after the Itering scheme, which lends fulter con dence to
the arc lamp as a fair analogue to the Sun.

The mean Solag® (0) = 1:693 0:003 is signi cantly higher than our previous
value of 137 0:03 as discussed in chapter 2, though still slightly lower than the
1.8 estimated from the convolutiong® ( ) of the etalon response of. = 370 ps:

Z
6?()=0d?() L()= g9 (9% (3.7)
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Figure 3.5: Raw coincidence histogram and normalised intensity cdagon func-
tion g@( ) for the Sun, measured in a 4-minute interval, starting at 11:36 am.

The characteristic photon bunching signature decays exponeritiawith a time
constant of ;=370 35ps from the maximumg® (0) =1:69 0:05.
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3. Atmospheric Turbulence
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Figure 3.6: Bottom trace: Normalised peak correlatiog® (0) of the Sun, taken
in 4-minute intervals over an extended duration from 11:36 am onwds, with
some gaps in the trace when it was too cloudy to collect su cient light whin 4
minutes to produce a signi cant measurement. The black dotted linehows the
averaged Solag® (0) = 1:693 0:003. Top trace: the corresponding elevation
of the Sun.
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3. Atmospheric Turbulence

with an APD timing jitter ; =40 ps (FWHM) following a Lorentz distribution
1 =2

This discrepancy may be attributed to minor temperature gradientiue to uneven
heating in the etalons leading to slightly di erent transmission spectrm across
the input beam pro le. There could also be a di erence in the etalon lingidth

due to it operating away from the etalon design wavelength of 546.tn or a
deviation of the photodetector response functioh( ) from a Lorentzian. We did
not use the broadband etalons here due to the lack of 0.3 mm sulag#s in that
batch, which we need in order for the Iter stacking to have a largee ective free
spectral rangeF SR, i.e. lowest common multiple of two etalor- SR values.

=0)

1.7

g2t

| | | | |
0 60 120 180 240 300 360
Time [Minutes]

Figure 3.7: Normalised peak correlatiog® (0) of an Argon arc lamp in intervals
of 4 minutes for testing the thermal/temporal stability of the optical setup and
as a control reference for the Solar measurements through thenosphere.
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3. Atmospheric Turbulence

However, if we perform a convolution between the heuristiG® ( ) model
(Egn. 3.9 for the detector response tted in Fig. 3.4, with an ideal etalon re-
sponse with . = 500 ps corresponding to frwhuw = 2 GHz, the resulting peak
g® =0)=1:63, which is slightly lower than the averaged measurement of So-
lar g® =0)=1:693 0:003 as indicated in Fig.3.5. This suggests that the
exponential component of the detector timing response is signiog and thus
insu cient to simply equate a detector timing jitter ; with the FWHM of the
timing response.

The Solarg®( = 0) = 1:693 0:003 is also compatible within statistical
uncertainty with the average Argon arc lampg®( = 0) = 1:687 0:004 as
shown in Fig. 3.7, which serves as a control source of blackbody radiation.

3.4 Outlook

The agreement within statistical uncertainty of the temporal phton bunching
measurements between the Sun and the control Argon arc lampggests that the
atmospheric turbulence and variable weather conditions do not degle the mea-
surable visibility of timing correlation measurements, under our instrmentation
scheme of 2 GHz optical bandwidth and 25 GHz electronic bandwidth.

Furthermore, the Solarg?( ) photon bunching measurements remain consis-
tent over half a day of measurements, during which the Solar eleia position
covered about 50 of angular travel across the sky. This demonstrates the robust
ness of temporal correlation measurements against di erent digys of air column
in which the measured light passes through, and thus suggests tkeghnique to
be applicable in observing other stellar light sources. These resultavie been
published in [Tan et al., 2016

The next chapter will subject the instrumentation to blackbody raliation
mixed with di erent laser light contributions, so as to test the capaltities of the
measurement scheme in identifying light sources that deviate frorhe character-
istic blackbody behaviour.
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Chapter 4

ldentifying Laser Light within
Blackbody Radiation

The previous chapters have shown that the temporal intensity ietrferometry
technique (Section2.1), when performed with narrowband spectral ltering and
fast avalanche photon detectors, allows for probing the tempdreorrelation be-
haviour of blackbody radiation sources, including observations di¢ Sun through
the atmosphere without degrading the measurable visibility. This cher will

evaluate the capabilities of the measurement scheme to identify lasght con-

tributions of various intensities from within a blackbody radiation spetrum.

4.1 Blackbody Sources with Laser Light

Stellar objects emitting both blackbody radiation and stimulated spetral line

emissions, or lasers, have been discovered in astronomy in the optical bands.
Natural optical lasers, however, have thus far remained unvegd, although they
have been suspected to be present in energetic stars lik€ar and Wolf-Rayet
stars including 2 Vel, but their predicted spectral linewidths are too narrow to
directly resolve for con rmation tests against predicted valuesOravins & Ger-

mara, 2008.
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4. ldentifying Laser Light within Blackbody Radiation

Astrophysical Non-Optical Lasers

Natural non-optical lasers from astrophysical sources wereexulated Menzel
197Q Varshni & Nasser 1984 soon after the detection of strong interstellar mi-
crowave emissions from molecular gas cloud&daver et al, 1965, following the
successful ampli cation of both microwave and optical wavelengshin labora-
tory experiments. Planetary infrared lasing emissions were also idieed in the
upper atmospheres of Venus and Mar§aylor, 1983. Water masers have been
subsequently detected from comet halos as waldfner & Churchwell, 1994.

Stellar infrared laser emissions were detected from MWC 349, a dteilstar
system in the constellation Cygnus by the NASA Kuiper Airborne Obgeatory
[Strelnitski et al., 1995. This natural infrared lasing line at 169 m is caused by
the intense stellar ultraviolet radiation pumping the circumstellar diskof high-
density hydrogen gas which serve as the gain medium, with an outpuntensity
over six times higher than the non-ampli ed spontaneous emissionsthis wave-
length [Thum et al., 1995.

Astrophysical Optical Lasers

Natural optical laser light from astrophysical sources remain peing con rma-
tion, with a prime candidate being the highly energetic Car stellar system that
was once the second brightest star in the night sky, 2300 parseegy from Earth,
where 1 parsec (pc) is the distance of an object such that one r@stomical unit
(roughly the orbital radius of the Earth) subtends one arcsecak which translate
to approximately 3.26 light-years, or 31 10 m.

It is also the only known stellar source of ultraviolet laser radiationQavid-
son et al, 1995 1997, and potentially producing optical laser light as well Jo-
hansson & Letokhoy 2005, pending observational con rmation. With predicted
linewidths between 30 MHz to 100 MHz, these optical spectral linesamot be
resolved by existing astronomical spectrographs as yé&Hest et al., 2010.
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4. ldentifying Laser Light within Blackbody Radiation

4.1.1 Coherent Laser Light

The theoretical framework for stimulated emissions was formuladeby Einstein
[1914, which was further elaborated bySchawlow & Towneg1958 who proposed
the practical ampli cation of electromagnetic radiation by stimulated emission,
creating the rst maser (Microwave Ampli cation by the Stimulated Emission of
Radiation). Later Maiman [196( developed the rst laser (Light Ampli cation
by Stimulated Emission of Radiation). For laser ampli cation to take plae, the
thermal non-equilibrium condition of population inversion is requirednormally
by energy being pumped from an external power source into theigamedium
[Fox, 2004.

Consider then an ideal laser, as a perfectly coherent light beam witton-
stant angular frequency! , phase and amplitude Eq, as described byE(x;t) =
Eosin(kx 't + ). Such a laser light source would appear quasi-monochromatic
with relatively high intensity, but is insu cient to be characterised by these de-
grees of freedom alone.

Instead, an additional constraint to characterise laser light wouldbe by its
temporal correlation properties. Coherent laser light obeys Pomsian statistics
which, being a random distribution, has a time-independent intensityy and thus
a constant second order correlatioy® [Foellmi, 2009 Hanbury-Brown, 1974
such that HOIE+ i 12

g(z)():W:izl: (4.1)

In contrast, the second order correlationHox, 2004 for blackbody radiation can
be described by

g@()=1+ e3¢ (4.2)

as seen earlier to exhibit a temporal photon bunching behaviour witiha charac-
teristic timescale . [Hanbury-Brown & Twiss, 1954 1956k Morgan & Mandel,
1964.
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4. ldentifying Laser Light within Blackbody Radiation

4.2 Experimental Setup

In order to test whether the temporal intensity interferometrytechnique devel-
oped in this thesis could help to identify blackbody objects with optidalaser
emissions, a test light source is simulated by taking joint contribution from a
laser light source with a blackbody radiation source, and then perfaing timing
correlation measurements.

We use a laser source (Osram PL520 50mW diode) that generateseamssion
line at 513.8 nm, under laboratory room temperature of 25.TC, at an operating
current of 66.4 mA. When the laser diode operates below the lasingrélshold
current measured to be about 59 mA, it becomes a light emitting diod@ED)
instead with broadband spectrum and a thermal photon bunchinggnature.

A blackbody radiation source via an Argon arc lamp functions as the dlab
analogue to a regular star, with an e ective blackbody temperatw of 6000 K,

(@) (b)

to to
— — filter — filter
* setup setup
Argon suspension
arc lamp of micro-
spheres

Laser j%’) j%’)
diode

Figure 4.1: (a) A test light source with the coherent 513.8 nm laser ligpartially
re ected from a microscope glass slide, mixed with the transmittedldckbody
radiation contribution from the Argon arc lamp. (b) A second test lignt source
where the 513.8 nm laser light is sent through a suspension of Or2 microspheres,
which serve as scattering centres, to induce Doppler broadeningtire laser light,
before mixing with the blackbody radiation contribution from the Argon arc
lamp.
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Figure 4.2: Spectrum of the test light source in Fig4.1, obtained by coupling a
combination of coherent green laser light at 513.8 nm with blackbodydiation
from Argon arc lamp of e ective temperatureT = 6000K into a single mode
optical bre.

which is comparable to the surface temperature of the Sun and aihdar spectrum
with the Sun as seen earlier in Fig2.7.

These two light contributions are combined using a piece of micros@plass
slide, without anti-re ective coatings, as a simple asymmetric nongarising
beamsplitter as shown in Fig4.1(a), coupling approximately 4 % of the incident
laser light with 92 % of the Argon arc lamp output. The resultant speecum is
shown in Fig.4.2, measured by the grating monochromator illustrated in Fig2.2
(top part) with approximately 0.12 nm resolution.

A second test light source is con gured with a Doppler broadened kslight
at 513.8 nm, as shown in Fig4.1(b), by sending the coherent laser light through
a cubic plastic cuvette at normal incidence, containing water with auspen-
sion of standard mono-disperse polystyrene microspheres whiake 8.1 % solids
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4. ldentifying Laser Light within Blackbody Radiation

[weight/volume] in water, of 0.2 m diameter Dravins et al., 2015. These micro-
spheres serve as scattering centres with Brownian motion due tieermalisation
from the room temperature, with the resultant speckling and phasrandomisa-
tion causing the laser light to exhibit photon bunching behaviourArecchi, 1965
Hard et al., 1977 Martienssen & Spiller 1964 Scarl 1966 1969, with a charac-
teristic linewidth that is the FWHM of the Fourier transform of the g ( ) second
order correlation measurement. The resultant intensity of the Dapler broadened
laser light is too low, relative to the blackbody radiation contribution,to feature
and be identi ed in a spectral measurement.

The coherence properties of the laser light caused by the suspensis de-
pendent on the temperature of the suspension, the viscosity (i@ of water to
microspheres), and beam focuBfavins & Lagade¢ 2014; these parameters were
not fully characterised, and we instead settled through a numbeff trials for this
particular setting as su cient for our test objective to have a Dopler broadened
laser light. In lieu of the expensive microspheres, other liquid susseon have
been tried during the course of the experiment, including milk, whichigld sur-
prisingly similar e ects for much lower costs. This is likely due to the faglobules
in the beverages serving as the scattering centres, from the irstitial process of
homogenisation of the milk.

To identify the laser light from the blackbody radiation in these two tst light
sources, the narrowband Itering scheme shown in Fid.3is centred at 513.8 nm.
The instruments have an e ective resolving power in the regime & =2 10,
which is comparable to current astronomical spectrograph&fiest et al., 201(.

In the Itering scheme, the light from the test sources is coupled it a sin-
gle mode bre in order to enforce spatial coherence for maximal gferometric
visibility and Iter performance. The light is then collimated through a grat-
ing monochromator, which has a re ective di raction grating blazedat 500 nm,
with 1200 lines/mm. The monochromator is calibrated at normal incidece to the
546.1nm line in a Hg discharge lamp, with a transmission FWHM of 0.12 nm.
With the grating at 1:175 orientation, the Itered light at this alignment is
centred at 513.8 nm to identify the laser light contribution.

The light is then sent through a pair of plane-parallel solid etalons madof
fused silica (Suprasil311), with re ectivity coatings of R = 97% and ths an
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Figure 4.3: Setup to Iter and identify the 513.8 laser light from the blakbody
radiation spectrum provided by the Argon arc lamp. The Itered mix d laser
light and blackbody radiation is received by a pair of photon detectsrto measure
their timing correlations.

ideal re ectivity nesse of Fg = 103. The etalons have thicknesses of 0.5 mm
and 0.3 mm, with their temperatures stabilised at 48C and 77 C, respectively.
This stacking of etalons, in conjunction with the di raction grating earlier in the
Itering sequence, suppresses the majority of the thermal blalbkdy background,
transmitting only a bandwidth of 2 GHz as seen in Fig3.3.

However, if this experimental scheme is to be deployed for measyristars,
the grating monochromator should be replaced with a high-transng®n (99 %)
bandpass Iter with FWHM 2 nm, similar to the ltering used earlier in Fig. 3.1
This is due to the poor transmission of the grating monochromatort 45 %. The
grating monochromator is used here, due to resource limitations #ie time to
obtain such a bandpass lIter centred at 513.8 nm.
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4. ldentifying Laser Light within Blackbody Radiation

The lItered light is sent through a beamsplitter, then into a pair of adively
guenched silicon avalanche photon detectors, where coincident®tpevents are
measured using a digital oscilloscope, with an e ective timing jitter; of 40 ps.
The photon detectors have a relatively low dark count rate of 50 @itoevents/sec,
predominantly from the detector thermal noise (dark counts) réner than ambient
light, and is e ectively negligible in the subsequent coincidence measunents.

Timing correlation measurements of the test light sources are measd for
four di erent mixing ratios of laser light with blackbody radiation. In all the
mixing ratios, the blackbody radiation contribution from the Argon ac lamp is on
the order of 1@ photoevents/sec, and between 310* to 6 10° photoevents/sec
from the laser light source.
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4. ldentifying Laser Light within Blackbody Radiation

4.3 Results

Coherent Laser Light within Blackbody Radiation

As demonstrated in the (laser:weak) plot in Fig4.4, when the coherent laser con-
tribution is comparable in intensity ( 10* photoevents/sec) with the blackbody
background contribution after narrowband 2 GHz spectral lteing, the presence
of a coherent laser source may be revealed by a reduction in the fgmmal photon
bunching signal, relative to the (laser.absent) measurement in Fig.4 with the
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Figure 4.4: Temporal photon bunching measurements for di erenhixing ratios:
consistent intensity of incoherent thermal light from the Argon ac lamp at ap-
proximately 3 10* photoevents/sec, but mixed with various contribution levels
of the coherent laser light. Where (laser:strong) has 6 10° photoevents/sec
of laser light, (laser:weak) has 3 10* photoevents/sec, and (laser:absent) has
none. The measurements all accumulated 4 @oincidence photoevents, to allow
for easier direct comparisons of the resulting histograms.
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A reproduction of Fig. 3.5 shown here for clarity.

detector-limited blackbody temporal bunching signature of appsomately 1.7 as
observed earlier in Fig.3.5as well.

When the intensity of the coherent laser emission is signi cantly highehan
the blackbody background, as in the (laser:strong) results showmFig. 4.4where
the laser light contribution is over 2 orders of magnitude in intensity Han the
ltered blackbody contribution, similar to the spectrum illustrated in Fig. 4.2
the timing correlation measurements appear constant and at witim statistical
uncertainty without an observable excess bunching signature frothe blackbody
contribution. This is due to the random correlations of the cohergraser light
statistically dominating the two-photoevent coincidence measuresnts.

60



4. ldentifying Laser Light within Blackbody Radiation

Doppler Broadened Laser Light within
Blackbody Radiation

Using the second test light source in Figl.1with the Doppler broadened 513.8 nm
laser light mixed with the blackbody radiation contribution from the Argon arc
lamp, we observe the timing correlation histogram illustrated in Fig4.5, which
shows a wider bunching signal due to the Doppler broadened laser tigiith
g@(0) = 1:227 0:005 and a coherence time, = 44  2ns, corresponding to a
linewidth of approximately 23 MHz, which is comparable to literature d@snates
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Figure 4.5: Measurements of two-photoevent coincidences froimet mixing of
Itered blackbody radiation from an Argon arc lamp (wideband respose) with
Doppler broadened laser light contribution at 513.8 nm (narrowbandesponse),
both at similar rates around 2 10* photoevents per second. The measurements
collected a total of 2 1P coincidence events, to accommodate reduced laser light
intensity after Doppler broadening.
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for natural laser linewidths Pravins & Germara, 2008.
The narrowband response with the broadeg® (0) peak of 1.227 suggests a
0:227 47:6% contribution by the Doppler broadened laser light. This implies
a (524%y 0:274 contribution by the blackbody radiation from the Argon arc
lamp which gives the narrow photon bunching signal in the wideband sponse.

4.4 Outlook

The narrowband spectral ltering instrumentation was able to idetify the pres-
ence of laser light that is mixed with blackbody radiation, by suppresy the
blackbody contribution and performing timing correlation measureents of the
laser light with the Itered blackbody radiation. The coherent laser lidgit con-
tributions could be identi ed by the reduction in the temporal photan bunching
signal, compared against a reference bunching signature from adilaody radi-
ation source without laser light contributions. This might be achievedy tuning
the etalon transmission, so as to perform®( ) measurements across a spectrum,
and identifying wavelengths with reduced bunching values as comgarwith their
spectral neighbourhood, similar to Fig4.4.

The measurement scheme was also able to determine the linewidth afdpler
broadened laser light within a blackbody spectrum, by measuring thaming cor-
relations of both the blackbody radiation and the laser light, beyondhe wave-
length resolution capabilities of astro-spectrograph&fiest et al., 2014.

These results suggest that the measurement technique preszhtmay be suit-
able to assess the temporal coherence properties of light sosrttet deviate from
blackbody behaviour due to an additional laser light contribution.
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Chapter 5

Summary and Outlook

Stellar intensity interferometry is a remarkable combination of quamm optics
and astronomy with some compelling advantages and resultddnbury-Brown,
1974, but did not receive widespread adoptiorQavis et al., 1999. This technique
has thus far been considered mainly for the evaluation of the spdtieoherence
properties of stars to infer their stellar angular diametersvan Cittert, 1934
Zernicke 1939, but seemed to have limited room for development due to the low
signal-to-noise ratio. After a brief review in Sectiorl.1 of the spatial coherence
interferometry in the early Hanbury-Brown and Twiss experimentswe considered
in Section 1.2 the limitations of the signal-to-noise and the assumption of stars
as approximations to ideal blackbody radiation sources.

In the main body of this work, we explored options to carry out temeral cor-
relation measurements, by probing the coherence timescales ofcklzody light
sources such as stars with their characteristic spectral distriban [Planck, 1900,
and thus circumvent the limitations by the signal-to-noise ratio in spi@al corre-
lations [Hanbury-Brown, 1974.

The Sun was probed as a near-ideal blackbody radiation source tengonstrate
the practicality of temporal correlation measurements of blackluly light sources
[Tan et al., 2014. This was done by using a Fabry-Rerot solid etalon as a main
Iter, with a blazed diraction grating as a pre- lter to perform nar rowband
spectral ltering to FWHM 2 GHz, and a pair of actively quenched avalanche
photon detectors having a combined timing jitter of ; = 40 ps to obtain the two-
photoevent coincidence histograms.

63



The instrumentation allowed us to observe the temporal photon mching
signatures for three di erent types of thermal light sources: a Frcury discharge
lamp with a discrete spectrum, an Argon arc lamp with a continuous ggtrum
at an e ective blackbody temperature ofT = 6000 K, and the Sun as a natural
blackbody approximation. Integrating over 45 minutes at = 546:1nm, the
preliminary measurements for the Sun resulted in a bunching signai g? (0) =
1:3 0:1 with a corresponding coherence time of = 0:26 0:05ns. The bunching
signal can be modelled as a Lorentzian as de ned by the etalon resge, with

2 = 1:0244. The Solar photon bunching signature, although resolved, sveower
than both the measured values for the Argon arc lamp witlg® (0) = 1:45 0:03
and a shorter coherence time, = 0:31 0:01ns with a reduced 2 = 1:066, as
well as for the Mercury discharge lamp withg®@( =0) =1:79 0:01 and an
exponential decay with a characteristic coherence time of = 0:436 0.006 ns.

Nevertheless, the measured temporal photon bunching signagyii.e., the ex-
cess ofg® (0) above 1, exceeds the recently reported records @f (0) = 1:03
[Karmakar et al., 2013 and g (0) = 1:04 [Liu et al., 2014 by about an order of
magnitude. This indicates that with narrowband spectral Itering, itis possible to
signi cantly increase the coherence timescale of blackbody radiaticu ciently
for modern actively quenched photon detectors to resolve thent@oral photon
bunching signal of blackbody radiators such as the Sun and othears.

We modi ed the spectral Itering scheme by removing the grating monochro-
mator as a rst-stage spectral Iter, and used a stacking of twcetalons with
slightly di erent thicknesses instead to increase the e ective frespectral range,
matched to a stack of three interference bandpass Iters. The pnoved Itering
scheme with its stronger suppression of the blackbody spectrunmcieased the
measured Solag®( = 0) = 1:693 0:003, which is signi cantly higher than
our previous record, and is compatible within statistical uncertairt with the Ar-
gon arc lampg®( =0)=1:687 0:004 used as a control source of blackbody
radiation.

The improved scheme also increased transmission e ciency, whichdreed
the integration time for Solar g® measurements from 45 minutes previously to
4 minutes, and thus allowed us to probe for possible temporal deevénce e ects
by the varying atmospheric air column depthsBennett, 1982 Marini & Murray ,
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1973 through measuring the Solar temporal correlations in angular gie of 1.

The instruments were then exposed to four di erent preparatios and mixing
ratios of blackbody radiation generated by the Argon arc lamp, cdomed with a
laser light source at 513.8 nm, corresponding to di erent astroplical scenarios.
We observe that when mixed with a blackbody background by the Aon arc
lamp, it is possible to nd a laser emission line from the continuous blackioly
spectrum and suppress the blackbody contribution su ciently, in eder to identify
the temporal correlation properties of the laser light.

Speci cally, by suppressing the blackbody spectral contributionrém a con-
tinuous spectrum down to only 2 GHz and a reduced intensity of about 3 10*
photoevents/sec, the instruments were able to identify a coherelaser signal
within the blackbody spectrum. The measurement scheme could digjuish be-
tween the absence of laser light which gave a photon bunching sigma similar
to Fig. 3.5 the presence of a relatively weak coherent laser signal of 310°
photoevents/sec which gave a reduced bunching signal, and a relaty stronger
coherent laser signal of 6 1P photoevents/sec with which the Poissonian statis-
tics dominated resulting in a at histogram.

The instruments were further tested with a laser light contributiorat 513.8 nm,
but that has been Doppler broadened by microspheres a0 m diameter which
serve as scattering centredDfavins et al., 2013, suspended in room tempera-
ture water undergoing Brownian motion. The instrumentation schme allowed
to determine the coherence time of the broadened laser signal te i = 22
1ns, corresponding to a linewidth of approximately 45 MHz and witly® (0) =
1:227 0:005, which is similar to the predicted linewidth values for natural laser
[Dravins & Germara, 2009.
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5. Summary and Outlook

Outlook

We propose some astrophysical scenarios in which the temporairetation mea-
surement scheme developed in this thesis may be useful, througle tise of nar-
rowband spectral ltering and fast photon detectors.

Natural Optical Laser

There are some energetic stellar systems such a€ar and Wolf-Rayet stars like

2 Vel that have been observed to emit not just blackbody radiationbut also
narrowband optical emission lines estimated to be on the order ofrie of MHz
[Dravins & Germara, 2008 Johansson & Letokhoy 2005 Roche et al, 2012
Strelnitski et al., 1993, which are beyond modern astronomical spectrographs to
resolve Griest et al., 201Q Tellis & Marcy, 2015. These emission lines could be
caused by natural optical lasing mechanisms, with the star providinthe pump
source of energy, and outer shell of stellar materials/clouds serg as the lasing
medium [Castor & Nussbaumey 1972 van der Hucht, 2007.

We propose using narrowband spectral Itering to isolate one of #se stellar
emission lines, and suppress the blackbody contribution, so as to rease the
signal-to-noise ratio of the discrete-line signal over the stellar bldwody contri-
bution, and to verify its timing correlation behaviour.

Optical SETI

Shortly after lasers were discovered, there began a concurranbvement by
Drake [196] to search the 21 cm band in the radio spectrum for potential exdr
terrestrial intelligence (SETI), with a call led by Dyson [196(Q to extend the
search into the infrared wavelength regimeSchwartz & Townes[1961], who had
just invented the masers and lasers in the laboratories, initiated @ipal SETI,
which was later picked up bySagan & Drake[1975 and recently in July 2015
by Stephen Hawking Merali, 2015. The Optical SETI programme scans for
optical laser signals Forgan, 2014 Korpela et al, 2011 Merali, 2015 Townes
1983. Such an optical laser signal will be spatially unresolved with its hostes,
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5. Summary and Outlook

and thus di cult to isolate from the stellar blackbody spectrum and identify the
coherent laser signature.

In the scenario when there is a coherent laser light signal, but with lointen-
sity, the laser signal may not be apparent nor distinct from the blddody contri-
bution of its host star. As demonstrated in the (laser:weak) plot dfig. 4.4, when
the coherent laser contribution is comparable in intensity ( 10* photoevents/sec)
with the blackbody background contribution after narrowband (2Z5Hz) spectral
Itering, the presence of a coherent laser source may be revealeg a reduc-
tion in the temporal photon bunching signal. Therefore, a timing coelations
measurement sweep across the spectrum may allow for the locatargd identi -
cation of such a low intensity but coherent laser signal from a stelldackbody
background.

"True' Randomness

A source of “true' randomness, or random number generator, wd have funda-
mental implications such as in Bell's Inequality testsGallicchio et al., 2014, as
well as technological relevance in quantum cryptography and quam key distri-
bution [Li et al., 2019 for security applications, or perhaps even generate game
outcomes for casinos.

Such a source might be derived by measuring the correlations betmetwo
causally disconnected stellar light source®imbblet & Bulmer, 2004, i.e. stars
beyond their mutual light cones, such that at the moment of corfation mea-
surement on Earth, the two stellar sources would not have had amgh time to
‘communicate’ with each other, barring the existence of a local hidd variable,
and thus produce “true' uncorrelated light.

Quantum Gravity

Some theories of quantum gravity suggest the possible discretisat of space-
time, but such a space-time foam structureHerlman et al, 2019 would be far
too small to detect directly, being on the order of Planckian scal®jlburn, 1991

2004. However, light that have propagated over cosmic distances anithiescales
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5. Summary and Outlook

might accumulate su cient temporal decoherence, to an extenthat may be
measurable L[ieu & Hillman, 2003 Maziashvili, 2009 Ng et al., 2003.

The instrumentation developed in this thesis is unlikely to have reactethe
necessary precision nor sensitivity to probe for such temporalaerence, where
any e ects should be just a modest deviation from the photon buihing signature
with g@( = 0) = 2 of an ideal blackbody radiation source, but is perhaps a
promising tool for further development towards this goal.

Beyond the traditional application of estimating the angular size of aelestial
object via its spatial coherence length, this technique may also bsad to measure
photon decoherence of starlight across extended time-scaled distances, which
are impossible to create in Earth-based laboratory conditions. Suexperiments
may provide complementary observational evidence that help totssonstraints in
theoretical models of quantum gravity Lieu & Hillman, 2003 Maziashvili, 2009
Ng et al,, 2003 Ragazzoni et al, 2003. These potential astrophysical applications
would be discussed in the concluding Chapter 5.

Optical Pulsar Clock

Radio pulsars have been used as a precise time standard, which igeisal to the
accurate determination of spatial positions and trajectories ondtth, a task which
can be accomplished by atomic clocks and the Global Positioning SystéGPS)
network of satellites Matsakis & Foster, 1995. Although an "unhackable' source
of timing reference has particular value for security applicationshe length scale
of radio wavelengths requires the instrumentation to be correspdingly bulky
and generally immobile.

Thus we propose the development in photon-timing correlation meagments
of millisecond optical pulsars, such as the Crab Pulsar with an appartemag-
nitude of 16.5 and approximately 30 Hz repetition, with the goal of niang the
telescope and electronics portable.
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5. Summary and Outlook

Multi-Spectral Bands

As we have seen earlier in Eqnl.2], the signal-to-noise ratio (SNR) of stellar
intensity interferometry is independent of the optical bandpassin the regime
where the detector are unable to resolve the coherent timescafdhe light source.

Therefore, the SNR of stellar intensity interferometry could be imeased by
introducing a pair of Echelle gratings to diract the input starlight int o a two-
dimensional projection of the spectrum. This spectrum could thdme imaged onto
an array of photon detectors, for simultaneous temporal coletgion measurements
[Dravins & Lagadeg 2014 O r & Ribak , 2006ab].
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Appendix

Journal Publications

The core results from Chapters 2 and 3 are respectively published in

Measuring Temporal Photon Bunching in Blackbody Radiation, P. K. @n, G.
H. Yeo, H. S. Poh, A. H. Chan and C. Kurtsiefer, The AstrophysidaJournal
Letters, Vol. 789, L10 (2014), and

Optical Intensity Interferometry through Atmospheric Turbulence, P. K. Tan,
A. H. Chan and C. Kurtsiefer, Monthly Notices of the Royal Astroromical Soci-

ety, Vol. 457, 4291-4295 (2016).

The manuscript for Chapter 4 is in the process of documentation rfarXiv
preprint and journal submission.
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Scienti ¢ Conferences

These are the posters, along with both the contributed and invitedalks, that
have been presented in scienti ¢ conferences regarding this tiseand research.

Event Location Date Contribution
JSPS " HOPE Meeting Tokyo, Japan Mar 2015 Talk+Poster
Graduate Symposium NUS, Singapore Aug 2014 Talk

HBT Workshop Nice Observatory, France May 2014 Talk
Institute of Physics Meeting NUS, Singapore Feb 2014 Invited Talk
HBT Winter School Asiago Observatory, Italy Feb 2013 Talk

IAU 28" General Assembly Beijing, China Aug 2012 Poster
NASA Exoplanet Workshop Caltech, USA Jul 2012  Poster
Public Talks

These are the invited talks given for general education and public weach.

Event Location Date

Science Bites Science Centre, Singapore Nov 2015
IPS Astronomy Retreat Port Dickson, Malaysia Jun 2015
Nurturing Leonardos ArtScience Museum, Singapore  May 2015
Problem Based Learning Symposium Republic Polytechnic, Singapore aM2015
Visualising the Universe ArtScience Museum, Singapore  Sep 2014
IPS Astronomy Retreat Bintan, Indonesia Jun 2013
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