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Overview

Intensity interferometry can be used to determine the angular sizes of stars.
It is an alternative to the conventional amplitude interferometry. Amplitude
interferometers measure the interference pattern of starlight at different positions.
Hence extreme high accuracy of measuring the electromagnetic waves is required.
In contrast, intensity interferometers make use of a property of chaotic light
sources called "photon bunching". Intensity fluctuations of such light sources
are correlated at different positions in the observation plane. This effect can
be analyzed by detecting the arriving photons at two detector-telescopes. The
advantage is that this method is insensitive to the phases of electromagnetic
waves. Hence increasing telescope baselines are possible without restrictions due to
atmospheric turbulences. This allows for measuring smaller and smaller angular
diameters.

The first stellar intensity interferometer was successfully developed by Hanbury
Brown and Twiss already in the late 1950s [1][2]. Due to these two pioneers such
an intensity interferometry experiment is also called "Hanbury Brown-Twiss
experiment'.

However, there are difficulties in detecting bunching signals of light sources with a
broad wavelength spectrum. The height of these signals in the so-called second-
order correlation function is indirect proportional to the optical bandwidth of
the detected light and the time resolution of the detection system. Electronics
providing a high time resolution are needed to measure a significant signal. These
challenging requirements are the reasons why the concept of stellar intensity inter-
ferometry was not pursued forceful since Hanbury Brown and Twiss until nowadays.

In this thesis a setup for intensity interferometry is tested. By time tagging
the arrival times of photons in two detectors their correlations can be analyzed.
The correlations are calculated by a software that is written. Time differences of
the photons are computed, in this way the bunching signal can be evaluated out of
the raw time tags. The (temporal) correlation signals of three different light sources
are measured for this thesis. At first, a laser illuminating a rotating ground
glass disc is taken. This artificial chaotic light source generates a big correlation
signal and is a convenient source for first tests. Afterwards a mercury lamp with
a shorter coherence time and finally a light-emitting diode are used. The
LED is the most challenging one, its light has to be optical bandwidth-filtered to
see a bunching signal. The LED is a suitable light source to simulate measuring a
star in the lab.
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1.Introduction to intensity
interferometry

To understand the benefits of intensity interferometry it is useful to recall conven-
tional methods of star observations. Michelson interferometers replaced traditional
telescopes as standard instrument for optical investigation of stars. However,
Michelson interferometry has already been improved to observation limits restricted
by atmospheric turbulences. For measuring even smaller objects in angular size
intensity interferometers which have not been established yet seem to overcome
these challenges and may be predestined to be used when reaching increasing
angular resolution.

Since intensity interferometers rely on optical coherence effects the term coherence
is introduced in this section as well as quantification of it in terms of the first- and
second-order correlation functions. Some theorems and relations that are given
allow the calculations of the correlation functions for known source parameters.
Reversely the source geometry can be deduced up to some limits from measurement
of the correlation functions.

Possible realizations of intensity interferometers are discussed as well to demonstrate
the - in principle - manageable way of setting up intensity interferometers by i.e.
implementing intensity interferometry electronics in large telescope arrays.
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2 1. Introduction to intensity interferometry

1.1. Observations of stars

1.1.1. Image-resolving of stars

Looking at the sun (of course using special sunlight filters or glasses) immediately
reveals that the sun is extent even if no telescope is used. One can see a disc with
a similar angular diameter as the moon, therefore it is no problem to image the
disc of the sun. The angular diameter is ag,, =~ 30 arcmin |3]. However, all other
stars cannot be resolved by the naked eye, when looking into the sky at night one
actually does not see stars but starlight extended by atmospheric fluctuations.
Even telescopes are struggling to resolve stars other than the sun. The resolution
of an ideal telescope is diffraction-limited. A telescope with a circular aperture D
produces an interference pattern in the observation plane with the first minimum
at sina = 1.22%, where X is the wavelength of the observed light [4]. Such an
interference pattern is produced by plane waves. Another point of the star with a
different incident angle produces a pattern shifted in the observation plane. When
the two interference maxima are close together which holds for light beams with
a small mutual angle the two points cannot be resolved any more. One usually
sets the first minimum of one diffraction pattern as minimum distance criterion for
resolving the other point (Rayleigh Criterion)|5]. Therefore the angular resolution
min Of a traditional telescope can be determined from its aperture D.

A
Oppin = SIN iy = 1.22— (1.1)

D
The bigger the aperture the better the optical resolution. However, large lens or
mirror telescopes are rare, expensive and challenging. The biggest optical telescopes
nowadays have mirror diameters of about 10m [6]. Observing in the optical range

at i.e. A = 550 nm the resolution is restricted to 1.22 - 5‘;’8—1;11 = 13 mas.
S The Atacama Large Millimeter /sub-

“ millimeter Array (ALMA) in Chile
resolved the red supergiant Betel-

E : 30% geuse using different wavelengths in
S . : the range of 275 to 373GHz (=
20 . 0.8 — 1mm) corresponding to in-
0 , frared /radio part of the electromag-
o et netic spectrum [§][7]. In figure 1.1 it
snames) can be seen that the angular diameter

Figure 1.1.: Image of Betelgeuse taken in both dimensions is aBetelgeuse ~

with the ALMA telescope array. 50 mas.
Taken from |7|
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While there are still some star properties visible like the non-circular shape of
Betelgeuse, it gets even more difficult at smaller angular diameters. It should be
mentioned that even the ALMA telescope is an array of telescopes not acting like
a conventional telescope but as an interferometer [§].

1.1.2. Michelson interferometry

Michelson interferometry has established as stand-
ard method of measuring the angular diameters of
stars to date. A Michelson stellar interferometer
actually acts as a double slit interferometer with
variable distance D between the slits. Observed
is the interference pattern produced by the slits
coherently illuminated by the star. Figure 1.2
visualizes the parameters used below. The angle
of the first minimum of the pattern is

-

P
=

a)

-

RN

sinam am T =5 (1.2)
where s is the difference in distance of the
scattered beams from the slit to the detector Di-.‘
plane and s = 4 for a minimum as the two light Py L
waves from the slits cancel out then. Therefore -

it holds |

_ AL (1.3) d1

-

41-
Ji-

g1

~ 2D
The interference pattern shows clear maxima and
minima when the source is point-like. However, Figure 1.2.: Michelson stellar
when the source is extent each point of the interferometer principle

surface produces its own interference pattern
with shifted positions.

When the main maximum of the "left" margin of the star matches with the position

of the first minimum of the "right" margin the interference pattern vanishes. This
happens when

g1 A A A

A = = 14

L E 20 B “ (1.4)
By increasing the baseline distance D the visibility of the interference pattern

decreases until the pattern vanishes at o = %.
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The advantage of stellar interferometers compared to traditional "normal" telescopes
is the long baseline. An optical telescope needs large aperture diameters to resolve
small objects. Interferometers do not, important is the distance between two or
more telescopes.

Measurements with the Mark III optical interferometer between 1988 and 1990
revealed angular diameters of 85 stars down to 2 mas with uncertainties of tens of
a microarcsecond using a maximum baseline of 31.5m [9]. The CHARA Array on
Mount Wilson provides baselines up to 330 m allowing measurements of angular
diameters of 0.2mas with uncertainties of only 7 microarcseconds [10].

Amplitude interferometers have to deal with major challenges, since amplitude inter-
ferometry requests coherence of the light detected at the different telescopes. Electro-
magnetic waves must be detected with a precision smaller than a wavelength
of the observed light at the two detection points to still recognize the inter-
ference. For optical telescopes sub-micrometer precision is demanded. However,
atmospheric turbulences and the fact that the light from the different telescopes
has to be brought together with the same precision make Michelson interferometry
practical impossible for kilometer baselines or more.

1.1.3. The Hanbury Brown-Twiss (HBT) interferometer

A way out of this dilemma is intensity interferometry not measuring light amplitudes
at different positions but intensities, collecting photons in other words. To be more
precise, intensity interferometers measure correlated intensity fluctuations being
insensitive to the phases of the electromagnetic waves.

Already in 1956 Hanbury Brown and Twiss made use of the correlations of intensities
of starlight to determine the diameter of Sirius using a primitive equipment with two
mirrors focusing starlight on photo-multipliers, whose signals were multiplied [1].
Between 1964 and 1972 they continued intensity interferometry measurements with
the Narrabri Stellar Intensity Interferometer seen in figure 1.3. The circular railway
has a diameter of 188 m which is the longest possible baseline. Angular sizes down
to (0.41 £ 0.03) mas were measured with this interferometer [2].

The advantage of an intensity interferometer lies in the fact that it is not measuring
amplitudes but numbers of photons. Hence, atmospheric turbulences which change
the phase of an electromagnetic wave on nanometer scale do not disturb the
measurement totally. Rather it is important that the time difference of two
originally correlated photons arriving in the two detectors does not become too
large due to atmosphere. However, since the time difference will be convoluted with
the time resolution of the system which is in the range of nanoseconds, the spatial
sensitivity needed for a successful measurement is not in the range of nanometers
any more but in the range of ¢-1ns ~ 30 cm. Furthermore the photons are detected
at the distant photodetectors, the signals then can be carried electronically to the
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Figure 1.3.: The intensity interferometer near Narrabri (Australia). The two telescopes
could be moved on the circular tracks to vary the baseline and to change the angle of
sight. Taken from [11]

correlator without optical challenges. This allows in principle kilometer-baselines
or even more.

Since electronics in the 1970s have not been as good as today intensity interferometry
faced immense technical challenges in that time, the requirements for electronics will
be discussed later in this thesis. For that reason the approach of Hanbury Brown
and Twiss was not pursued, however, nowadays stellar intensity interferometry has
a huge potential. Especially since there are built and planned big telescope arrays
which can be used for intensity interferometry as well with a very small effort.

1.2. Physics of intensity interferometry

1.2.1. Coherence

Coherence is one of the most important terms when talking about optical systems.
Interference patterns are only visible if the light has a sufficient degree of coherence
and since intensity interferometry is strongly related to interference patterns as it
will be shown in section 1.2.3 it plays a key role in the whole topic of interferometry.
Coherence describes the "stability of light" [12] when propagating in space or
time. Attitudes (amplitude, phase) of light that has a high degree of coherence
are correlated at different positions (spatial coherence) or time points (temporal
coherence). To quantify coherence one defines the coherence time 7. and the
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coherence length [.. Within a coherence time or length light is said to be coherent,
meaning that the light’s attitudes at a certain position or time can be deduced
with a high certainty from a known position or time. [12]

In ideal interference experiments the used light is monochromatic. Interference
patterns are built of summing up amplitudes of light. Only if one observes light of
the same wavelength or at least of a very narrow interval the phases and therefore
summarized amplitudes show clear relations at different points. With increasing
optical bandwidth interference effects become less visible. Coherence is therefore
indirect proportional to the optical bandwidth. One may therefore define the
coherence time as

1
L= — 1.5
=5 (1.5)
where Av is the frequency bandwidth of the light. Via ¢ = A\v with the speed of light
¢ the coherence time is supposed to be expressed by the wavelength bandwidth A\.

There is no precise relation between
A)X and Av that holds for every
center wavelength )y, however, for
small bandwidths where the hyper-
bolic curve can be assumed to be lin-
ear one can approximate

dv c
Av="—| -Ax=(=)=AM\ (1.6
v d)\ )\O ( ))\(2) ( )

where )¢ is the central wavelength
and the minus sign can be omit-
ted since Av or A\ have no direc-
tion. This leads to an expression of
the coherence time in dependence of

wavelength bandwidth Figure 1.4.: Relation between A\ and
, Av
Ao
e = —— 1.7
T AN (1.7)

The broader the optical bandwidth the shorter the coherence time and the weaker
coherence effects. There is the need of optical filtering when observing signals
coming from coherence.

The terms "coherence" and "correlation" are strongly related to each other, thus
the coherence time can also be called correlation time.
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1.2.2. The ¢Y and ¢® correlation functions

The normalized n-th order correlation functions ¢(™ quantify correlations at any
positions and times (better: time differences) and are a tool to describe coherence
effects. The first and second order correlation functions g™ and ¢(® are of special
interest, latter one will be the observed quantity in intensity interferometry. The
general form of the first-order correlation function is |13]

E*(Py,t)E(P,t+ 1))
(Ex(Pr, 1) E(P, 1))
where P, and P are two positions in space and 7 is a time difference. The brackets

() denote averaging over time, (F(t)) = %IOT E(t)dt for large T compared to 7.
The first order correlation function compares the electromagnetic field amplitude at
a point P; with the amplitude at point P, at a time difference 7. Time-averaging is
the reason why the time ¢ is not a parameter of the ¢V function. The denominator
is a normalization term’, in equation 1.8 position P; is used for normalization,
however, since the parameter do not require a preferred position also P, could be
used. Since E* - E = [ the normalization is a time-averaging over the intensity
at P, or P, in general one can assume that the average intensities hardly differ,
imagine a star observed at different positions on earth, therefore the choice of P;
or P, does not matter.

As already discussed intensity interferometers do not measure amplitudes at all

but only intensities, for that purpose the second-order correlation function can be
considered: [13]

(P Pyr) = | (1.8)

E*(Py,t)E*(Pay,t +7) - E(P1,t)E(Po,t + 7))
(E*(P, ) E(P ) - (B (P, ) E (P, 1))

This equation can be simplified in terms of intensities again by using I = E*FE

9(2)(P17P277') = <

(1.9)

(I(Py,t) - I[(Po,t+ 7))
(I(P1,1)) - (I(P,t 4 7))
This quantity can be measured with photo-detectors at positions P; and P, simply
by measuring the intensities at these positions. The correlation (multiplication of
the intensities) can be done either electronically (a time delay corresponding to
7 in one channel can be used for 7 # 0) or digitally when the intensities of both
channels are recorded over time. A more detailed look at the measuring possibilities
of the ¢® function is given in section 1.3.1.

Correlations can be observed separately in space and time. Choosing 7 = 0 the
spatial correlation can be considered, if the two detection points are the same

9(2)(P17P277—) =

(1.10)

n literature there is also the unnormalized G(!) function, where the denominator is omitted
[14], same holds for higher-order correlations
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P, = P, an observation of the temporal ¢® function is possible. Both cases will be
further discussed in the theory section since each of them has certain consequences
on measurement and concept.

The ¢® function can be interpreted as quantification of the intensity fluctuations.
In the following I; will be used for I(P;,t + 7) where 7 is not further specified.
Using I(t) = (I(t)) + AI(t) to observe fluctuations around the average intensity
the numerator of equation 1.10 can be written as

(1) + AL] - (L) + AL]) = ((I) (I) + (1) AL + AL (I) + ALAL) (1.11)

Since (a +b) = (a) + (b) and (const - a) = const - (a) four terms appear. Two of
them vanish since fluctuations over time become zero:

(1) () +(N) - (Aly) + (L) - (AL + (ALAL) = (1) (1) + (AL AL) (1.12)
(I1)(I2) T T/

The ¢ function from equation 1.10 can therefore be written as

L) (1) + (ALIAL) (ALIAL)
(2)p7p77—:<1 2 ! =14+ —2 1.13
o ) (1) (5 o
The ¢ function is different from 1 if the time-averaged product of intensity
fluctuations at P; and P, is different from zero. Three cases can be discussed.

o (AI;Al) = 0: the intensity fluctuations are totally random, the product
averages out, no correlation signal is measured, ¢® = 1, which holds for
coherent light |15].

o (AI1Aly) > 0: the intensity fluctuations do not average out, if one of the
detectors measures a fluctuation in many cases the other detector measures
a fluctuation of the same sign. In other words, if a photon increase is
measured at one detector, there often is also a photon increase measured at
the other detector. For 7 ~ 0 it means photons appear (nearly) at the same
time, they are bunched, g > 1. This is the case for chaotic light [15] and is
subject of investigation in intensity interferometers.

e (A1 Al) < 0: intensity fluctuations do not average out in a way, that there is
a drop of intensity in one detector when the other one measures an excess (or
on single-photon level: one detector does not detect a photon when the other
one does). For 7 = 0 it means photons appear not at the same time, they
are anti-bunched, ¢® < 1. This can e.g. be modeled by considering a single
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light emitter like one atom. When it emits a photon it needs time to reexcite
to emit another photon. Anti-bunching is a signature only explainable by
quantum effects [15].

Siegert relation

The Siegert relation links the first and second-order correlation functions in the case
of thermal light. Assuming the thermal light source to consist of a huge number of
equivalent atoms emitting electromagnetic waves that interfere at the observer the
g function can be expressed by g [13]:

9(2)<P1,P2,7'):1+|g(1)(P1,P2,7')|2 (]_]_4)

This resembles the insensitivity of intensity interferometers to phases as |e™!| = 1.
Since the first-order correlation function can be deduced easily from the shape of
the source as it will be shown in section 1.2.3 the second-order correlation can be
as well for thermal light which allows the determination of the shape of the light
source by measuring the ¢ function.

A simple approach for spatial correlations: Two-emitter model

To get an impression of the general principle of the (spatial) variation of the g(?)
function assume the following model. Two points a and b emit electromagnetic
waves propagating towards an observation plane in a distance L. In the observation
plane two photo-detectors 0 and 1 measure intensities at their positions. The
detectors are separated by the distance d which can be varied by moving one of the
detectors. In the following, the spatial ¢'® function is calculated. The following
calculations are strongly oriented to a published document by Gordon Baym [16]
which is already an extension of a calculation in his book [17].

a and b emit spherical electromagnetic waves of the form E,(r) = 2e*7+® and
Ey(r) = geik””q’b with amplitudes a and 8 and same wave number k£ = 27” reflecting
a monochromatic emission. The amplitude at detector j € 1,2 due to superposition
of the waves is

1

Ej:Z(

aeik‘?"aj-f—iq)a + /Beik"l‘b]‘-f—iq)b) (1.15)
when L > R, d representing a system where the distance of observer and source is
large, like for a star observed on earth. The intensity /; at position j turns out
to be
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Figure 1.5.: A simple model with two emitters a and b and two detectors 0 and 1 to see
the principle of varying intensity correlations

1 . . . .
[j _ E;EJ — ﬁ ‘&‘2 + |ﬁ|2 +a*ﬁezk(rbjfraj)Jrz(CDbf@a) _|_B*aelk(raj*Tbj)Jﬂ(‘I’a*q’b)
~—~ =~ O - N -~ <
(1.16)
When the formula for the intensities is known ¢(? = AD)_ can be computed. The

({o){I1)
denominator is easy to calculate since the C; and D; terms average to zero as one

averages the intensities over time and thus over the phases ®,.

(Io) = (1) = 75 [laf? + 1/ (1.17)

For the numerator one has to multiply Iy with I; before time-averaging. Multiplic-
ation according to equation 1.16 gives 16 terms (all combinations of the A;, Bj,
C; and D;), however, many of them vanish when averaging over time:

e Terms with exactly one C' or D (and therefore exactly one A or B) vanish
due to phase-averaging over time.

e Even terms with only C or D, namely (CyC}) and (DyD;) vanish for the
same reason: The phase remains in the terms:

0001 _ (O‘*B)Q i eik(rbg—rao+rb1—ra1)+2i(<1>b—<1>a) (]_].8)

Other terms remain:

e Terms with only A and B survive averaging as they contain no phase.
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e Terms with one C' and one D, namely (CoD;) and (C)Dy) survive as the
phases cancel out

=0

CoD; = |oz|2|5|2 . k(b0 —=ra0+ra1=rp1)+i (Pp—Pa+Pa—Pp) (1_19)

Introducing [ := ryg — 140 + rq1 — 751 the total expression for the numerator of the
¢ function is

(IpI) = % (|a|4 +18*+ 2 a8 - [1 + cos(kl)]) (1.20)

With

1
(o) (1) = 77 (le* + 81" + 2/al*|8°) (1.21)
the entire ¢(® function becomes

I 2|af?(B)?
2 — Aohh) -1+ ) cos(kl) (1.22)

(o) {11) (Jal? +18[2)*

Hence there is an oscillating part of the ¢(® function depending on . In the sketch
of figure 1.5, where r,y = 1o the simple expression for [ is

[ = a1l — Tb1 (123)

The oscillation of the ¢(® function is therefore a function of the difference between
the distances from the emission points a and b to detector 1. When varying the
distance d by moving detectorl in the observation plane the value of the measured
¢ function changes.

Furthermore also the separation of a and b and thus the size of the source 2R
affects [. If the two points were put together [ = r,; — 1 = 0 and no oscillation of
the ¢® function could be measured but ¢® = const > 1 for all possible distances.
Intensities of a point source are correlated everywhere in the observation plane.
However, the larger the two points are separated the more significant the distance
differences get and the shorter the oscillation of the ¢® function becomes. The
spatial ¢(® pattern in the observation plane is therefore a tool to draw conclusions
on the source geometry. A general mathematical formulation of this issue not
using single emission points but an arbitrary emission area is described in the van
Cittert-Zernike theorem.
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1.2.3. Temporal and spatial correlations
Spatial correlations: the van Cittert-Zernike theorem

Imagine a planar emission source of incoherent monochromatic light?. The van
Cittert-Zernike theorem describes a relation between the source geometry and the
spatial first-order correlation function. In the far field of the source the theorem is
the following [18]:

ik(ro—r1) fa I(F)e_ik(gb_gl)ﬂd%j

gV (7, 7) = ¢ IRIGIIE (1.24)

The geometry of this equation is seen in figure 1.6. () is the intensity of the
source described by o at position 77, the two detectors P, and P, are located at
Fl = 7”1§1 and Fg = 7”252.

Pl(r]}

P 2(|‘2)

Primary planar
incoherent source o

Figure 1.6.: Geometry for the van Cittert-Zernike theorem in the far field. Sketch is
taken from [18]

Especially when the distances of the detectors to the origin O is the same (r; = 3)
the front exponential function vanishes and - except for the normalization in the
denominator - the first-order correlation function is exactly the Fourier transform
of the intensity distribution of the light source.

However, as it is well known, there is an other goal of calculating the Fourier
transformation of an intensity distribution: calculation of the (Fraunhofer) diffrac-
tion pattern of an aperture [19]. One can conclude that the first-order correlation
function generated by an incoherent light source has the same shape as the diffrac-
tion pattern of a coherently illuminated aperture, including the positions of zeros,
maxima and minima.

2Stars are actually not planar, light from the margin of the disc is emitted further away from
the detector on earth than light from the center, however, important is the bending radius of
the electromagnetic waves. Then the difference is negligible here
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This has a convenient consequence: It allows the calculation of the ¢* function in
the observation plane without using complex mathematical formulations but only
simple considerations. Imagine a one-dimensional incoherent light source of the size
D. In the observation plane the size of the coherence cell shall be calculated. The
borders of the coherence cell are defined as the first minima of the ¢(¥ function.
For that one can use the same maths as for calculation of interference minima of a
coherently illuminated slit. The geometry is shown in figure 1.7.

DI%// L P4

Figure 1.7.: The geometry of calculating diffraction extrema of a (1D)-slit

While the diffraction pattern has its maximum at Pj, the minimum should be at P,
in a distance g from P;. The path difference s of the light beams from the borders
of the slit s can be calculated via

. g S
sinp == = — 1.25
»=7=7p (1.25)
The criterion for a minimum at P is that s = n - A where n € N, and for the
first minimum n = 1, since here every part of the slit that is producing a positive
amplitude at P, has its counterpart. The total size G = 2¢ from minimum to
minimum turns out to be

A
=29=2L = 1.2
G=29=2L-7 (1.26)

According to the van Cittert-Zernike theorem this is equal to the size of the
coherence cell (minima of the gt function). Taking the Siegert relation into
account, the ¢ function can be easily calculated and has actually the same
properties.

Equation 1.26 reveals some important attitudes of coherence:

e The larger the wavelength A\ that is observed the larger the coherence cell is
at a certain distance L. When considering the stellar HBT experiment this
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parameter is the only one that can be chosen by using a special wavelength
filter® since L and D are star-specific on earth.

e The smaller the light source, the bigger the coherence cell. This inverse
relation is the most important one for the measurement of (angular) sizes
using intensity interferometry. It is the reason for a broad range of coherence
cell sizes of different stars starting with a few meters up to kilometers. A
multi-usable intensity interferometer should therefore cover possible baselines
of different orders of magnitude. On the other hand in the lab where especially
L is restricted to be small (a few meters) the source size D has to be kept tiny
to create a macroscopic size of the coherence cell. Therefore pinholes with
apertures of < 1 mm are placed after the source to restrict the transmission
size to a small area.

e The larger the distance L of the source from the detection plane the bigger
the coherence cell. That means incoherently emitted light becomes more and
more spatially coherent when propagating.

Latter connection might seem a bit counter-intuitive. However, there are some
suitable point of views on this issue that are helpful for understanding.

Imagine a bridge over a pond and ducks jumping into the water |20|. Their
impacts on the water surface creating spherical water waves are totally uncorrelated
("incoherent wave source") analog to the uncorrelated emissions of photons in
chaotic light sources. The resulting wave pattern can be seen in figure 1.8.
Consider two detectors measuring the amplitude® at any two points 1 and 2 near
the ducks. It is very difficult to find wave correlations as the interference pattern is
quite chaotic close to the emission points since the different spherical waves have
small radii of curvature. However, moving further away to 3 und 4 the pattern
becomes less and less chaotic, the spatial coherence increases.

Another perspective is looking at a source in different distances. The further away
the source is, the smaller and therefore more point-like it looks. A point source
cannot produce a (spatially) chaotic interference pattern since every spherical wave
is emitted at the same position. |20]

In one dimension the Fourier transform of a slit happens to be a sinc function®.
According to the Siegert relation the second-order correlation function of chaotic
light can be computed.

3Tt has to be ensured that the photodetectors have a sufficient good quantum efficiency at the
selected wavelength

4Since still the g™ function is observed, amplitudes are considered and not intensities

5Although this fact is well known it will be shown below when calculating the temporal ¢(?)
function out of a frequency spectrum
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Figure 1.8.: Water waves created by ducks become spatially coherent at large distances.
Image is a screenshot from

g?P(d) =1+ |gM(d)|* = 1 + sinc?(d) (1.27)

When the detectors are close together the correlation is maximal. The ¢(® function
has a value of 2 meaning that correlated intensity fluctuations are of the same
strength as the intensities theirselves (see equation 1.13). When the detectors are
separated the correlation decreases until one enters the border at the coherence
cell where no correlation is measured at all. Going even further away one could in
principle find other correlation maxima, however, these are already that small that
they effectively cannot be measured any more.

Since the theoretical formula is completely known there is no need to fully reach
the size of a coherence cell with telescopes, instead a few distances can be adjusted
and a fit into the results yield the ¢® function.

Note that these mathematical considerations have dealt with one-dimensional
sources. For a two-dimensional rectangular aperture the same condition for minima
and maxima holds, however, considering a circular aperture with diameter D the
¢'? function can be described by the two-dimensional Bessel function of the first

kind .

2J1(7TDVd) 2

1.28
7TDI/d ( )

0@ (d) =1+ \

where v; = %. There is an additional factor 1.22 when calculating the first zero of

the ¢™ function or the first minimum of ¢ respectively.
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Figure 1.9.: Spatial g(") an ¢(®) functions produced by a slit-like source.

2L\
Gepe = 1.22 - —— 1.29
= (1.29)

Temporal correlations: the Wiener-Khinchin theorem

The Wiener-Khinchin theorem relates the temporal first-order correlation function
g (1) with the normalized power spectrum F(w) of the light source, namely [13]

Flw) = — / W (e dr (1.30)

27 oo

Again, Fourier transforms come into play. The back transformation can be used as
well to calculate the temporal ¢! function out of the power spectrum.

gV (1) = /OO F(w)e ™ dw (1.31)

[e.9]

As an example imagine an optical filter only passing frequencies in a range [wy— % :

wo + %] around the central frequency wy with a bandwidth Aw. The filter is
assumed to be rectangular in the frequency regime with normalized amplitude ﬁ

so that [ F(w)dw = 1. Let’s denote w, = wy — % and wy, = wo+ %. The temporal

¢ function can be calculated according to equation 1.31

%0 | 1 [
g(l)(T) :/ F(w)e"wdw: E » e "“Tdw (132)

o0



1.2. Physics of intensity interferometry 17

Integration gives

—1

_ Ao [e—irwb _ e—iﬂua} _ —1

- —iTwo [ ,—i7T(wp—wo) __ ,—iT(w1—wo) 1.33
sz'Te [e ‘ ] ( )

g(7)

Since wy is the mean between w, and w, one can introduce © = wy, — wy so that
wWe — wo = —w. Equation 1.33 becomes

—Qe~fwo 1 - _9e—iTwo
g(l)(T) _ AewT 5 [ez(—rw) _ 6—1(—‘rw)] = —AecuT sin(—71w) (1.34)
Since the sinus is point-symmetrical and w = %Aw one gets
—iTWo A ) A
gV(r) = :Aw/Q sin (T QW) = e "“%sinc (T 2w> (1.35)
Using the Siegert relation the ¢® function is
A
g?(1) = 1 + sinc? (%) (1.36)

So for a rectangular frequency spectrum one obtains the same behavior of the g(?)
function in the temporal than in the spatial regime. For small 7 the ¢(® function
is > 1, bunched photons can be measured, for large 7 the ¢ function becomes 1.
To get an impression of the falling time of the ¢®® function one can calculate the
first zero of the sinc function which refers to

1AW 21
2 TN AL ( )
In the wavelength regime one can say AX = A\, — A\y. Using A = % it can be

written as

2rc 2mc 2mc(wy —w,)  2mcAw

AN = — 1.38
We Wy WaWh wi ( )
for small Aw compared to the center frequency wg. Solved for Aw
Adw?  AN2
Aw = =220 — 2257C (1.39)
2mc Y
Applied to equation 1.37 the first zero is
>\2
T 0 (1.40)

~ Ahe
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An important relation is 71 o ﬁ, meaning the smaller the optical bandwidth
the stronger is the correlation signal. This matches with the consideration of a
decreasing coherence for a broader wavelength spectrum. The formula in equation
1.40!/is coincides with the definition of the coherence time in section 1.2.1. This
shows that the concept of the coherence time is a useful tool of quantifying a system
by its optical wavelength center and bandwidth.

Let’s assume having a A\ = 1 nm optical filter at Ay = 532nm (a similar composi-
tion will be used in the lab), the first zero is at

2
o B32mT (1.41)
Inm - ¢
That means that the bunching signal drops within a picosecond even for a quite
narrow optical bandwidth filtering. This is a time range impossible to resolve
with man-made photo-detectors and electronics respectively. Using a 1 nm optical
filter will therefore not resolve the shape of the correlation function but only
lead to an enhancement of the ¢ function at 7 ~ 0. Furthermore the value of
g (7 = 0) drops from 2 to a number only slightly differing from 1. This is the
greatest challenge of doing intensity interferometry. While being quite insensitive
to atmospheric fluctuations one has to ensure a pretty good time resolution to
measure a reasonable signal in a reasonable time. A quantitative view on this issue
is taken in section 2.3.
For impact-broadened light sources with a Lorentzian shape of the power spectrum

centered around wy the corresponding first-order correlation function turns out to
be [12]

g(l)(T) = e_ion_% (1.42)

1

where 7. = <-

and hence according to the Siegert relation

2|7

9(2)(7—) — 1 + 6_ Te (1.43)

Another important case is Doppler-broadened light with a Gaussian power spectrum
profile or light that passes a Gaussian-shaped optical filter. Since such a Gaussian
optical filter will be used in section 4.3, it is worth it to take a special look at the
quantitative behavior. Imagine a Power spectrum of the form

Aw Aw?

with an angular frequency width Aw. The Wiener-Khintchine theorem reveals the
first-order correlation function

Flw) = —— exp {—WM] (1.44)

g(l) (7_> — e*W(AVT)inon (1.45)
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and therefore the second-order correlation function

gO(r) = 14 ¢~2n(@w? (1.46)

where Av = %—;’. Yet no statement about the exact definition of Aw was done,
however, it can be related to the sigma-width and the FWHM considering equa-

tion 1.44:

™ 1
=—=>Aw=V2r1- 1.4
At~ 202 = Aw = V271 -0, (1.47)

and using Apwam = 2v21In2 - o the relation is

1 /=

——
~1.06

which holds for w, v and A.

1.3. Realizations of intensity interferometry

1.3.1. Correlation methods

Doing intensity interferometry is all about evaluating the ¢(® function.

<I(P1,t)](P2,t+T)>
(I(Py, ) (I (P2 1))

This requires measuring the intensities at the positions P; and P, and correlating
the channels either for the same time (7 = 0) or with a relative delay between
the channels. The correlation can be done "live" during the measurement using
electronic correlators, if a time delay is required one signal has to be shifted i.e. by a
cable delay to produce the requested 7. Another option is to save the measurement
data, that is the photo-current or the arrival times of photons, respectively and
doing digital correlations afterwards. This may need some computation time but it
enables investigating the system in more detail. Since the data are stored, various
computations can be done to analyze results. As this may be indispensable when
the results do not match to expectations this is the method that will be used for
experiments described in this thesis. Furthermore in this way measurements at two
(or more) points can be taken without any optical or electronic connection between
the detectors. The only condition is that the two measurements are synchronized
in time, but each channel can be measured separately.

9(2)(P1,P277') =

(1.49)
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The way how intensities are recorded is another issue. There are actually two
possibilities to do it, either measuring the photo-current produced by photo-
detectors or detecting arrival times of photons.

Photo current measuring

Photo-detectors like PMTs produce a photo current. Each detected photon leads
to a signal pulse.

02
=5 0
=T
~ 0.2
g 04
S 06
08
15 20 25 30 35 40

Time [ns]

Figure 1.10.: Signal pulse produced by a PMT detecting a photon.

Photon pulses are in general negative here, the baseline is at 0. Another photon
will produce the same signal with maybe slightly different amplitude. If multiple
photons appear in a close time the signal pulses add up, the current intensity is
then proportional to the signal height and intensity multiplication can be done.
This method is quite simple and allows for measuring photon rates in the GHz
regime without problems. Hanbury Brown and Twiss already used photo current
correlations at the Narrabri Stellar Interferometer [2][24].

However, continuously sampling the photo current over a long time is difficult and
typical electronics fail to sample on a sub-nanosecond scale. In contrast, as already
seen, a good time resolution is essential for gaining a high correlation signal.

Photon time stamping

Photon time stamping is the method used for lab experiments in this thesis. Trigger
thresholds are used to determine the arrival time of a photon instead of sampling
the signal.

A threshold for the leading edge can be set to any level. When the signal from a
photo-detector reaches the threshold an event is recorded, the corresponding time is
the specific time tag of a photon. Correlating the signals does not mean multiplying
intensities any more but comparing photon arrival time differences. Since the ¢(®
function is enhanced at 7 = 0 photons tend to arrive simultaneously at the two
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Figure 1.11.: When the signal exceeds a voltage threshold an event at time ¢ is recorded.

detectors and photon combinations with 7 ~ 0 should exist more often than those
with |7| > 0. By "only" recording time stamps of photons a more frequent time
sampling /binning is possible than by sampling the PMT signal, electronics provide
digitization cards time binning of Aty;, = 250 ps, of course time resolution of PMTs
and electronics influence the total time resolution.

However, there are some disadvantages as well. When a second photon arrives
shortly after a first when the PMT signal has not recovered to the baseline yet the
second photon cannot be detected. Hence, for each channel there is a certain dead
time after each detected photon. It lasts about 2ns (in this case) until the signal
intersected the threshold again. Photon bunching effects on picosecond scales are
impossible to detect with only one detector in photon counting mode.

The photon rate cannot be increased over some MHz which makes time stamping
mode useless in systems where very high rates are necessary to detect a signal.

The method that suites better to the specific situation depends therefore on many
factors and should be considered well.

1.3.2. Stellar intensity interferometry

When doing intensity interferometry with stars one faces the problems of getting a
high photon rate to keep the measurement time reasonable short (in more detail
this can be seen in section 2.3). Therefore one uses telescopes with a collection
area that is orders of magnitude above the size of the photo-cathode of common
PMTs. The light has to be focused into a small area where the PMT can be put.
Depending on the telescope and system suitable optics for filtering a narrow optical
bandwidth is necessary to implement.
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Movable telescopes

The ¢ function has to be evaluated at different telescope distances. When taking
two telescopes and measuring, it is necessary to move at least one of the telescopes
to increase or decrease the distance between them. That is no problem concerning
small mobile telescopes like simple Fresnel lens barrels. However, larger telescopes
are in general installed to the ground making shifts impossible. The Narrabri
Stellar Intensity Interferometer where telescopes were movable on a circular track
with a maximum distance of d = 188 m |2| is a rare construction of such a telescope
system.

Implementation in large telescope arrays

A way out of this dilemma are large telescope arrays consisting of many telescopes
with different baselines. Such arrays are recently built and planned for different
purposes. One of the mightiest ones may be the Cherenkov Telescope Array (CTA)
which is currently built. Especially the CTA south array being built in the Atacama
desert in Chile will consist of many telescopes of different sizes.

Figure 1.12.: Tllustration of the CTA southern hemisphere array in the Atacama desert
in Chile. Picture taken from

CTA is actually constructed for investigating the gamma ray sky via detecting
Cherenkov light produced by secondary particles of a gammay ray impact in the
atmosphere [26]. That differs drastically from the idea of intensity interferometry,
however, the telescopes that are being built can be used for it. The only necessary
implementation is a detection unit in the telescope’s camera plane where i.e. optical
filters are installed before a photo detector. Stellar intensity interferometry could
then be done during times when CTA or other telescope arrays are not in service
i.e. in nights with a bright moon.
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The telescopes in these arrays cannot be moved for measuring at different baselines,
however, since it is an array of many telescopes there are many different baselines
as well. Figure 1.13 shows a possible realization of the CTA southern hemisphere
array, where 99 telescopes are spread over a 2km - 2km area.

Southern Hemlsphere . Type:
I - =, A - ] B-MLST @
- 2-MMST  ©
" " . " 4-M SST
(o]

’ = L] L] (@] 0.0.0 o L] [ ] ] 1A
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o o @ o o]
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L " o L
- . L] q 1000 m
(0]

4 LSTs, 25 MSTs, 70 55Ts

Figure 1.13.: A proposed arrangement of the CTA south array. Picture taken from

The possible angular resolution can be estimated. Imagine two telescopes at a
distance of d = 2km observing a star. The first zero in the correlation function is
at x1 = 1.22 - % with L the distance of the star from earth and D its diameter.
This enables resolving the ¢® function up to the first minimum of stars with an
angular diameter of

) D A 550 nm
gp~51ng0—f—1.22-3—1.22- 7T
observing at A = 550 nm. And - since there will be no need to measure the decrease
of the ¢ function up to the first minimum - even smaller stars will be observable.
Furthermore all baselines can be measured simultaneously, this reduces the total
measurement time drastically compared to measuring at a distance and moving
further afterwards.
All these factors make intensity interferometry to a very promising tool of measuring

stellar angular diameters with such arrays in the future.

=3.36-10'=0.069mas  (1.50)






2.Detection process and analysis

Detecting (single) photon signals is an indispensable tool for photon counting
intensity interferometry. Therefore PMTs with a quantum efficiency of up to 50%
are used, their operation principle as well as the processing of the output signal
until the photon time tag is saved on the computer will be explained in this section.
Furthermore the analysis of the time tags is described. It will be shown how to
calculate the ¢(® function from the single time stamps.

Finally it is also important to spend some thoughts on expectations from the
measurements. As the bunching signals of thermal light sources with a short
correlation time compared to the time resolution of the electronics are quite small,
long measurement times are needed. The expected measurement times for any
requested significance of the correlation signal can be calculated theoretically to
test the measurement for usefulness. Since the long-term goal is stellar intensity
interferometry it will be necessary to not measure for days or longer to see significant
signals, reflections on this problem will be considered in the last section of this
chapter.
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Figure 2.1: Symbol for PMTs

2.1. Electronic devices

On the way to quantitative bunching experiments with a mercury lamp and a LED
multiple setups were used differing slightly for test measurements, optimizing noise
suppression etc., however there are three standard components that are always
installed in the photo-detection chain of each channel. Photomultipliers detecting
the photons, amplifiers and the digitization card time tagging the signals.

2.1.1. Photomultiplier

Photomultipliers (PMTs) are used to detect photons. Impacting on the photo-
cathode photons get absorbed and accelerate electrons which leave the cathode.
The electrons are focused by an electrode onto the dynode chain where they are
multiplied when hitting a dynode. Finally, the electrons arrive at the collection
anode where the output signal is created.

These signal pulses look like in figure 1.11. Since the pulses vary in height and rise
time until the threshold is reached especially when multiple photons are detected
at once there is a time spread causing a decreasing time resolution of the system.

R5600U 31164110

Figure 2.2.: Different photomultipliers used during the measurements: R5600 (left),
H3164-10 (center) and H10770-40 (right)

A quality criterion for PMTs is the quantum efficiency depending on the photo-
cathode material. A high quantum efficiency is desired since high photon rates are
wanted for the measurement decreasing the measurement time. The PMT providing
a quite high quantum efficiency in the visible optical range is the H10770-40 from
Hamamatsu in figure 2.2 using a GaAsP photo-cathode, its radiant sensitivity is
shown in figure 2.3.

The quantum efficiency 7 can be deduced from the radiant sensitivity S(\) via [29)
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Typical Spectral Photocatode Radiant Sensitivity
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Figure 2.3.: Photo-cathode radiant sensitivity. The -40 is used in quantitative correlation
measurements in chapter 4. Taken from
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At A = 550nm the radiant sensitivity is 176mWA ending up in a quantum
efficiency of

S\ (2.1)

n(550nm) = 39,7 % (2.2)

Since the output current is restricted to 2 pA at a gain of 10° which is the order of
magnitude of the electron multiplication factor the maximum photon rate is
restricted to about Ny =~ 12.5 MHz.

2.1.2. Amplifier

The amplifier of the type PAM 102-P from PicoQuant is used to amplify the PMT
signals. It is providing a fast rise time of the amplified pulses with a gain of 25 dB
over a broad bandwidth of at least 1 GHz [30] which enables achieving a high time
resolution of the system.

The amplified signal is brought directly to the digitization card.
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Frequency Response

30

PAM 102-B/M
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Figure 2.4: Gain characteristics of the PAM

100_1 0.2 05 10 20 50 102. The used amplifier is the PAM 102-P.
Frequency [GHz] Taken from

Figure 2.5.: Amplifier PAM 102-P and its symbol used in sketches

2.1.3. Digitization card

The digitization card is the last element in the electronics chain with two input
channels. Actually it is developed for start-stop single photon counting measure-
ments where an external synchronization signal is thought to be adapted to the
"sync" channel , which will always be called channel 0 from now. The other
channel, channel 1, is expected to be connected to a photo-detector, however, as
the channels can be treated equally PMT electronics can be connected to channel
0 as well. In the corresponding software a voltage threshold can be set. When the
input signals exceed the threshold value an event in the corresponding channel is
detected. There are different measurement modes. While directly measuring time
differences between channel 1 and channel 0 events is possible absolute time tags
can be stored as well. Since also time differences of non-neighboring photons are of
interest latter mode is used during the experiments and correlation is done by a
software developed during this thesis.

The internal time measurement is done by a Time-to-digital-converter (TDC) with
a minimum time binwidth of 250 ps while providing a count rate of up to 40 MHz
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Figure 2.6.: TimeHarp 260N, already implemented in the computer and its illustration
symbol in this thesis

per channel which is far above the maximum PMT rate of about 12.5 MHz at
maximum gain. The digitization card can directly be installed into the computer
to store the time tags to disc.

2.2. Basic data analysis

2.2.1. Input data

When running a measurement with the TimeHarp hard- and software a binary
output file is created, a ".ptu"-file which contains the information about the arrival
times of the photons for each channel. A ptu file reader available from the PicoQuant
company can produce a human-readable output file including a photon list. The
list is not sorted by input channels but by the original arrival times, so each time
tag contains basically three information:

e The event number which is simply a counting index increasing by one for
each new event.
However, it must be mentioned that it periodically omits one number, namely
when the arrival time of the photon stored in the binary file exceeds its buffer
size. Then an "overload" event is recognized which is no photon but just tells
the computer to restart the time tag at zero. The ptu-reading program then
adds one extra buffer size time value to the stored arrival time in order to keep
the correct arrival times, as it is crucial to obtain genuine time differences
later in the analysis.

e The channel number which gives the information about the input channel
the photon was recognized. As only two input channels 0 and 1 exist, this
value is either 0 or 1.

e The arrival time of the photon which is given in picoseconds and is a
multiple of 250 ps, as this is the bin size of the TDC.
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These three information allow for a complete analysis of the correlation measurement.
A fictional example extract of such a list is shown in table 1 in section 2.2.2. Note
that all TimeTag values are dividable by 250.

2.2.2. Time difference spectra
Customization of ¢® parameters to measurement parameters

The goal is to run an analysis method which creates a graph that can be interpreted
as the ¢g® function. Therefore let us recall the definition of the temporal g(?
function:

oy AT T+ 7)
=T

For each time difference 7 one has to compare intensities at a time ¢ with intensities
at a time ¢ 4+ 7 for all £. While there is no natural quantization of ¢ in the g
function, it is in fact in the measurement due to the TDC binning. This yields the
first adaptation of "nature" to the experiment:

(2.3)

e The former continuous time t is quantized by the minimum bin width
Atpin = 250ps. This holds for the time difference 7 as well, since time
differences of multiples of 250 ps are again multiples of it.

The second problem is the interpretation of intensity. Again in an natural system
there is no limit and no quantization of intensity, it is a continuous curve evaluating
in time, however, the only thing one can obtain from the measurement is whether
there is a photon time stamp at a certain time ¢ or not. There is also no information
about the number of photons.

e The intensity I(¢) at a time ¢ consists of only two states: I(t) = 1 if there
is a photon, /(t) = 0 if there is none.

What do these perceptions mean to the numerator of equation 2.37 Averaging
over the product I(t) - I(t + 7) does not mean integrating over ¢ any more, but
summarizing this expression over all possible time stamps:

/I(t) I+ ryde— S I 1+ 7) (2.4)

The argument of the sum is the product of two intensities which can only be 0 or
1, hence this holds also for the product itself, it is comparable to an and gate. The
sum over all time bins ¢ at a given time difference 7 returns the absolute number
of coincidences corresponding to 7.



2.2. Basic data analysis 31

Creating the time difference spectra

A spectrum showing the number of coincidences for each time difference 7 is already
very close to the ¢®(7) function. It only has to be normalized which is done by
the denominator in equation 2.3. The normalization in the measurement analysis
is explained below, but first, it will be shown how to create the time difference
spectrum in an optimal way that requires the shortest possible computation time.
There are two different types of time difference spectra depending on the channels
that contribute to them.

e Auto-correlation spectra contain only photon time differences of the same
channel, so channel 0 events minus channel 0 events or channel 1 events minus
channel 1 events. As one will see in auto-correlation spectra certain electronic
effects like the dead time of the electronics or afterpulsing systematics can be
found.

e Cross-correlation spectra contain photon time differences of photons of
different channels, namely channel 1 events minus channel 0 events or channel
0 events minus channel 1 events. Cross-correlation spectra are the most
interesting ones since photon bunching is visible here.

These two kinds of histograms can again be split into two spectra of each kind.
Concerning the auto-correlation one can distinguish between the channel 0 auto-
correlation and the channel 1 auto-correlation which can systematically differ if e.g.
the PMTs have different behaviors. The cross-correlations can be divided into one
histogram where channel 1 events are subtracted from channel 0 events and one
where channel 0 events are subtracted from channel 1 events.

As seen above these time difference spectra can be generated by calculation of the
coincidence number for one time difference 7 and finally varying 7 in the desired
range. For one time difference this can work in the following way:

e Take the first entry of the measurement list e.g according to table 1 and look
at the arrival time tag ¢. This photon will be called basic photon.

e Check, if there is a coincidence photon at the time difference ¢ 4+ 7 by passing
through the list. The algorithm can stop when the time difference of a photon
to the basic one exceeds Ty, as successive photons can only have a larger
time difference.

e If a photon with matching time difference was found, the value of the bin
corresponding to 7 in the histogram is increased by one. Here it is important to
check if the compared photon belongs to the same channel as the basic one ore
not. Only if the channels are different, the histogram of the cross-correlation
can be filled.
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e Switch to the next (the second) entry of the list and repeat the procedure.

o After all entries, the value of the time difference 7 can be changed and the
same analysis can be done again until all desired values 7 are investigated.

By this analysis method, the time difference spectrum can be systematically gener-
ated. However, this computation takes a rather long time and is not very efficient,
since there are lots of compare operations which do not lead to a coincidence,
especially if the photon rate is low. This can be illustrated by the following
example:

Imagine a measurement with photon rates of Ny = N; = 10 MHz, which is quite
a lot. Setting a bin width of Aty;, = 250 ps and measuring 7' = 1s leads (also
for uncorrelated photons) to an expected event number of M = NONlAtme =
25000 per bin (see section 2.3.1). In contrast, the total size of the photon list is
(N0+N1) T = 20-10°. This means that the success fraction of finding a coincidence
e.g. for the cross-correlation spectrum is 22(‘;’.01%% =0,125%.

Luckily there is a more efficient method of creating the spectrum:

e Take the first entry and look at the arrival time of this basic photon.

e Go to the next photon, called investigation photon and calculate the time
difference. This value can directly be filled into the time difference spectrum
of the corresponding 7. The only thing one has to check is the relation
between the two channels. If the channels are the same, the time difference
event belongs to the auto-correlation of one PMT. If they differ, the event
belongs to the cross-correlation.

e Switch to the next investigation photon and calculate the time difference to the
basic photon again, the same procedure can be done until the time difference
between the basic and the investigation photon exceeds the maximum 7 one
is interested in.

e switch to the second photon as basic photon and repeat the method again.

By this procedure, the time difference spectra can be generated efficiently, as every
comparison leads to a coincidence now. However, there is still a difference between
coincidences of the same channel (auto-correlation) and coincidences of different
channels (cross-correlation) which have to be separated. Later in the experiments,
the cross-correlation between channels 0 and 1 is of higher interest, but having the
chance to analyze the auto-correlation has some benefits as well, since it contains
interesting information about systematics of the measurement.
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Examples and types of time difference histograms

When having a photon list the time difference spectra/histograms can be built.
There are four different histograms that are created: The two auto-correlation
histograms for channel 0 and 1, respectively, and two cross-correlation histograms
which compare events of channel 0 with events of channel 1 in the "0-1 histogram"
and vice versa in the "1-0 histogram". Let’s try this out with the example from
table 1.

Event number | Channel | TimeTag [ps]
1 1 750
2 0 2250
3 1 4000
4 1 4250

Table 1.: Example photon arrival list

The first basic photon has the time tag t = 750 ps and was detected in channel 1. The
comparison to the second photon gives a time difference of 7 = 2250 ps — 750 ps =
1500 ps. Therefore a time difference spectrum is filled by 1 at the value 1500 ps.
As the second photon was detected in channel 0, the coincidence event must be
filled into the 1-0-histogram. The nomenclature of the histogram works in the
following way: The channel ID of the basic photon is mentioned firstly, the ID of the
investigation photon secondly. The 1-0-histogram belongs to the cross-correlation
histograms, as different channel events are stored here.

Now the investigation photon is event number 3, which has a time tag of 4000 ps,
the time difference to the basic photon is 7 = 3250 ps, the corresponding bin value
in the histogram is increased by 1. The investigation channel is 1 as well as the
basic channel, therefore the value must be filled into the 1-1-histogram. This is
the auto-correlation histogram of channel 1.

Finally, the last photon in the list is event number 4 at time 4250 ps with 7 = 3500 ps,
which belongs to the 1-1-histogram as well. After reaching the last photon for
investigation or a photon’s time difference that exceeds the maximum evaluation
time difference, the basic photon ID is switched to the second one. This event
again can be compared to all other entries, even to entries that are earlier in time,
like event 1. The time difference of basic photon 2 to investigation photon 1 is
7 = 750ps — 2250 ps = —1500 ps, a negative time difference that can be filled
into the 0-1-histogram. One may recognize, that these two photons already have
been compared and filled with their positive time difference into the 1-0-histogram.
This is one of a few symmetry recognitions one can find about the time difference
histograms:
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e The 0-1 and 1-0 cross-correlation histograms are mirror-inverted against
each other around zero. This is due to the fact that a coincidence of a channel-
0-photon with a channel-1-photon appears in the 0-1-histogram as well as in
the 1-0-histogram, but with different sign.

e The 0-0 and 1-1 auto-correlation histograms are mathematically inde-
pendent from each other, but each auto-correlation histogram is mirror-
symmetrical to itself around zero, as a the time difference of photon ¢ with
photon j will appear again with different sign, when photon j will be the
basic photon.

Thus, all information could be stored by looking at only positive (or negative) time
differences in the four time difference spectra. For the cross-correlation it would be
sufficient to calculate either only one time direction (positive or negative) or one
cross-correlation histogram. However, as the final algorithm is built in a way that
it does not make more effort to fill all four histograms with all time differences, the
four time difference spectra will be created within the whole evaluation range.

It should be mentioned that there is no need to set the bin sizes of the time
difference histograms need to 250 ps, as the analysis software is written using the
ROOT-package for C++ developed by CERN [33], which provides an easy way of
creating histograms, any bin size can be set. Only bin sizes < 250 ps do not make
sense since all time differences are multiples of 250 ps, smaller bin sizes would lead
to strange binning effects.

2.2.3. Normalization - The ¢®-function

Now it is clear how to build the time difference spectrum. However, there is still a
difference between this spectrum and the ¢ function. Not even the numerator
of equation 2.3 is evaluated correctly yet: In case of discrete time points the
numerator becomes

N

() - I(t 4 7)) = % S It It + 1) (2.5)

=1

where N is the total number of datapoints. The denominator becomes

(1) = (% Zum) (26)

and the whole expression for the ¢(?(7)
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g (r) = LSV I() - It +7) N, SN I - It +7)

e (i 1(t)? (o 1(t:)?
This expression also holds for intensities I(¢;) > 1.
Let’s test if this equation is consistent with expectations by calculating an auto-
correlation function: Consider an uncorrelated light measurement, where one
expects g®(7) = 1V7. Imagine now a series of uncorrelated photons which arrive
at the times ¢;. The total measurement time is 7', the bin size is the minimum bin
size of the electronics Aty;, = 250 ps. The total number of time bins in the rough

T

measurement is therefore Ny, = 57— In the whole measurement time NN, photons

are detected. Figure 2.7 visualizes the time line with arriving photons.

(2.7)

CHECC - oo [1,;

Figure 2.7.: Idea of a measurement result: The squares are time bins, the blue dots
symbolize randomly distributed arriving photons. Note that in the arrival time list
the empty bins are not listed.

The ¢ (7) function according to equation 2.7 will be calculated, starting with the
denominator:

(D 1(t)) = N,? (2.8)

Since I(t) = 1 if there is a photon and I(t) = 0 if there is none. The N from
equation 2.7 is V},, the numerator can be calculated in two similar ways: The first
way is by summarizing over all bins:

Np Ny 2 2 2
N, N, N,
P(l):N—E P(l):N—i

as for randomly filled bins the probability for having a photon in the bin is
P(1) = x—z The second way is by starting only with photon-containing bins ¢;:

L1(t;) > 1 could occur if one summarizes certain time bins in the arrival time list, however this
method does not make sense concerning photon counting as one loses time resolution and had
to measure for a long time to see bunching effects.
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Np Np 2

N, N, N,
E[t--[t :§ L2 =N2L =2 2.10
— ( .7) ( J + T) — Nb pr Nb ( )
J= 1 P(I)ZJN\TE =

Both methods, of course, lead to the same result. The total expression of the ¢(?(7)
is then

@)\ _ S It I(ti+7) Ny
g (7’ ) = Nb : N = Nb . 3
(Qoizi 1(8:))? Np
which is in agreement with expectations. The described formula is therefore
the correct way to normalize the time difference spectrum, however, it is rather
complicated and there is a more convenient experimental way: As one expects
g (1) =1 for || > 0, it is also possible to normalize the time difference spectrum
by calculating the mean value of it in a range far beyond the correlation regime.
Since this is just one computation step from the time-difference histograms to the
¢® function, division by the mean value in the "tail" region of the histograms, this
is the way the correlation spectra shown in this thesis usually will be normalized.
A fictional example is given in figure 2.8. Here a time-difference histogram with
several bins is plotted. The average count number per bin of &~ 20 is extreme small
compared to measurements later. At 7 = 0 there is an excess in coincidence counts
which can origin in photon bunching, however, the supposed signal is not very
significant.

=1 (2.11)
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Figure 2.8.: Example time difference histogram. In the outer region the mean is
calculated for normalizing.

In the "outer" range defined as 7 > 3 ns the mean event value is calculated. The
normalization can now be done by just dividing every bin value by the mean, the
shape of the graph does not change but only the values of the vertical axis.
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Figure 2.9.: The normalized time difference histogram can be interpreted as ¢(2) function.

The clue of only taking the outer part of the histogram for normalization is that
possible signals have no influence on normalization. If one would take the whole
range the enhancement at 7 = 0 would decrease the overall ¢g® level to < 1.
Normally this effect is extreme small especially when only bunching signals increase
the histogram counts, however, as one will see there are certain disturbances around
zero beyond photon bunching that have an effect on the spectra which should be
excluded for normalization.

2.3. Expectations on statistics and measurement
times

This section deals with the question, how long is it necessary to measure until
one sees a signal with a certain significance? In other words, how trustworthy is a
measurement which shows a supposed signal in the ¢ function that is elevated
compared to the statistical fluctuations of the uncorrelated part in the ¢® function?
Therefore it is essential to calculate the expected number of counts in each time
difference bin, its uncertainty and the effect on the normalized ¢ function.

2.3.1. Statistics in an uncorrelated regime

To compute the expected event number depending on the binwidth Aty;, one can
imagine a measurement with total measurement time 7} and total numbers of
events Ny and N; in channel 0 or 1. The total number of possible coincidences in
the whole time regime is Ny - Ny, as every photon from channel 0 can be compared
to every photon in channel 1. Summing up all these coincidences one has to take
into account that the corresponding time differences 7 are also negative, e.g. the
last photon in channel 0 has a time difference to the first photon in channel 1 of
nearly 7 = —T;. Furthermore, consider that large time differences cannot occur as
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often as small ones, restricted by T;. While the maximum number of events per bin
should lie in the region around 7 = 0 it decreases linearly towards zero at 7 = T}
or 7 = —T;. Figure 2.10 shows the expected event numbers.

# of events
h

N,-N,

v
S

Ly g
2

Rins

Figure 2.10.: Number of coincident events depending on the time difference 7

The binning shown in figure 2.10 would correspond to an either extremely big
binwidth Aty;, or an extremely short measurement time 7;. The binwidths are
typically in the range of < 1ns (the smallest reasonable binwidth is the TDC-
binning of the TimeHarp hardware, which is Aty;, = 250 ps). Usually the evaluation
region is only a few hundred nanoseconds, whereas measurement times are in the
range of minutes or even hours. Therefore the effect of decreasing event numbers in
the time-difference spectrum with larger time differences is extremely small in the
evaluation regime, one expects a fluctuation of the event numbers per bin around
the value M drawn in the plot.

This value M can be derived by setting up equation 2.12, deduced geometrically
from figure 2.10:

11

NO'Nl :2'AOMTt :2 2 '§NBinS'M (2.12)

where Aoy, is a triangle with corners at the origin, M and 7;. Solved for M using
Npins = o

Atpin
Atpin T S
M:No'Nl' b '—t:No'Nl‘Atbin'ﬂ (213)
. Ti
Where Ny = %) and Ny = %1 are the (average) count rates. Assuming Poisson

statistics for the fluctuations in event numbers the uncertainty is

AM = VM = \/NO Ny - At - Ty (2.14)
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In the picture of the ¢® function one just has to normalize the time difference
spectrum via dividing each bin by the average number of coincidences, which is
almost exactly M in the evaluation region, the theoretically expected fluctuation
of the baseline is

AM 1 1

M VM /Ny Ny - Aty - T,
Comparing the experimental results with this theory value is a good criterion to
judge whether the baseline is stable or not for any measurement time.

Tg2) = (2.15)

2.3.2. Height of the correlation signal and significance

The effect of a correlation signal in the measured ¢(® (7) spectrum can be calculated
when knowing the correlation time of the light source and its line width, respectively.

The ¢® function in theory follows the equation ¢g® (1) =1 + e_%‘ for Lorentzian
light and ¢®(7) =1 + e~27(A1)* for Gaussian light. Even if one assumes a small
time resolution of the electronics which is then dominated by the TDC binning of
Aty = 250 ps the time steps are still orders of magnitude above typical correlation
times which lie in the range of picoseconds or below. It is therefore impossible
to sample the shape of the ¢(® function but the whole effect of a larger number
of counts will affect only one bin at 7 = 0. Broadening of the peak into several
bins of course can occur due to a time resolution in the range of a few hundred
picoseconds. The total effect can be calculated from the area under the curve of
the ¢g®(7) function relative to 1, as figure 2.11 shows.
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Figure 2.11.: ¢(? (1) for Lorentzian light on picosecond time-scale. The filled area is 7,

The signal strength turns out to be the correlation time:

s =/ ¢ (7) —1dr :/ e =1, (2.16)

o [ee)

When observing Gaussian light the same result can be found by defining the
correlation time appropriate. In section 1.2.3, equation 1.46 the shape of the ¢
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function of chaotic light with Gaussian-shaped profile was derived. The integrated
signal turns out to be

00 1 )\2
S = / e*Qﬂ(AV‘F)2 — = 0 = T¢, Gaussian 2.17
—o0 V2-Av V2 1.06ANpwim - ( )

when defining the correlation time as

o %
1.06 - v2 ¢ Adpwnm
—_———

=k

(2.18)

T¢, Gaussian -

where k ~ 0.667 describes the factor differing from the conventional definition of
the correlation time.

Ideal electronics: No timing jitter

Considering a perfect system with an electronic time resolution of 7, = 0, but with
a TDC binning of 250 ps. The whole correlation signal is now stored in the first
bin%. Choosing the smallest binwidth Aty = 250 ps the expected height of the
first bin relative to 1 can be calculated.

Te
At'bin

A quantitative statement of the measured signal is the significance n as the ratio
of the signal bin and the background

S=7o=h-Abpn = h= (2.19)

S
n= (2.20)

In theory one expects the background to be Poissonian according to equation 2.15.
The significance then is

(2.21)

h 7. A/ NoN{ T, Aty a
— — TC .
Aty

T4 Atpin

introducing the statistic factor a = NgNth.

Equation 2.21 has an important consequence: The count rates of the single
detectors as well as the measurement time enter the equation in the radicand. This
means that doubling the significance without changing other parameters requires

2The phrase 'first bin’ is used for the bin which corresponds to 7 = 0. As the evaluation range
can be chosen arbitrarily with also negative 7, this might and will not necessarily be the first
bin in the g(?-histograms.
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a four times bigger measurement time. Same holds for the counting rates, it is
therefore desirable to adjust the measurement set-up in a way that the rates become
maximal to minimize the measurement time.

Real electronics with timing jitter

The time resolution of the electronics, predominantly caused by the timing jitter
of the PMT pulses, spreads the correlation signal over several bins. The signal
strength S, which should again be the correlation time 7., if there are no losses, is
now the peak area.

The resulting peak can be assumed to be Gaussian, the signal strength S can now
be calculated by determining the area under the Gauss peak. Figure 2.12 shows
the correlation signal of the mercury lamp, as it will be discussed in section 4.2
and a fit of a Gaussian function of the form

_(r=w)?

f(r)=A-e * +B (2.22)

The offset B should be close to one, as the ¢ function is normalized. Therefore it
is also reasonable to set this parameter to 1 without fitting it.

it Measurement ——
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Figure 2.12.: Measured correlation signal of the mercury lamp

The integral of the entire Gauss-function (blue area in figure 2.12) is given by

S = Tc, measured =— @ ° 0¢ * V 2w (223)
S

The problem which needs to be solved for calculating the significance n = % is to
evaluate the background B of this peak. Therefore imagine to calculate the peak
area by summarizing the bin values s; of Ny, bins in the peak regime. The signal
would then be
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Nyins

S=Atyin- Y _ 5 (2.24)
=1

Hence, the uncertainty is

AS = Atbin ’ (2'25)

where As; is the uncertainty of one bin. It can be determined by filling the measured
g (1) in a time regime, where no correlations should exist and white noise is
expected, into a histogram and calculating the RMS. But it again can be computed
theoretically via equation 2.15. This follows the assumption that all signal bins
have the same uncertainty As; = AsVi. Then the background signal uncertainty
becomes

AS = Atbin\/ NbinsA 2 = AtbinAS\/ Nbins (226)

Of course equation 2.26 requires start- and end-bins for the calculation to gain the
parameter Ny, which are not given by the nature of the Gaussian function as its
values never decrease to zero. Hence, as a convention the range of two standard
deviations oy left and right from the medium of the Gaussian are set as limits. This
total evaluation length is called D.

D=4-0y (2.27)

Transferring this to the bin view

D
Atpin

the uncertainty on S, which is the background, can be derived.

/| D
B=AS= AtbinAS At = AS\/ 4Atbin0t (229)
bin

This gives an expression for the significance

D = NbinsAtbin = Nbins = (228)

S Te
B As\/4AAtyin0o4

Assuming no systematics the expected significance depending on the measurement
time can be derived using equation 2.15:

n (2.30)
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2 2Ny N, T 4n?
MYy Y R R LN S L (2.31)
40t 40t TCQN()Nl

This gives an expectation of the required measurement time 7" for any significance
n. Again it grows quadratically with the significance.

2
One also can express the correlation time by the optical bandwidth via 7. = k - CAA—O)\.

T 4n2oic(AN)?
k2 No Ny

where k£ = 1 for Lorentzian and k = 0.667 for Gaussian light.
Latter formula has interesting consequences: It is actually important to keep the
optical bandwidth as small as possible to maximize the ¢® signal. However, i.e.
doubling the optical bandwidth A\ should also double each photon rate Ny and Ny,
these two effects cancel out in equation 2.32. Therefore the optical bandwidth in
general does not affect the required measurement time for a given significance. The
reason is that a broader bandwidth reduces the absolute height of the bunching
signal, but in the same time higher statistics decrease the uncertainties on each
bin.
Nevertheless there are good reasons to keep AX small. High rates on a broader
bandwidth necessitate more disc storage since more photon time tags are recorded
and lead to longer evaluation times to create the ¢g(®) spectra out of the raw data.
Furthermore it might cause some problems to keep the baseline of the ¢ function
stable in terms of showing no systematics or unexpected fluctuations on even
smaller dimensions.
However, when intensity interferometry is done with huge telescopes like CTA or
HESS where light beams from different parts of the telescope mirrors arrive in
different angles making interference filtering difficult one might make use of the
general independence of the measurement time from the optical filtering.
Let’s look at three examples that can be executed in the lab or with small telescopes:
A gas discharge lamp with an optical linewidth of AX = 50 pm centered at \g =
546 nm which may correspond to a mercury lamp. If one achieves 10 MHz at each
PMT and requests a significance of n = 5 the required measurement time according
to equation 2.32|is

(2.32)

Tyg(n=5) =3.7s (2.33)

where o, = 650 ps which is a reasonable time resolution. LEDs have a broad
wavelength range so that they may be actively optically filtered. A LED that will
be used in this thesis can be brought to photon rates of 10 MHz per PMT using a
AX = 1 nm interference filter centered at A\g = 532nm. Then, in theory
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Finally, imagine observation of a star with same filter properties as the LED but
with lower rates. Even with telescopes with a diameter of 0.5m photon rates of
only 2 MHz per PMT are expected for bright stars. Thus one obtains

Tsear(n = 5) = 11hr (2.35)

which is already more than a whole night. Furthermore upper calculations still did
not take signal losses and systematics into account that further increase T'.



3. Temporal correlation
measurements

After putting together all devices for detecting and processing photon signals
correlation measurements can be done. Different light sources are used for different
purposes. At first a handable setup using a laser beam hitting a rotating ground
glass disc is arranged which creates gaussian-shaped correlation patterns with a
correlation time of a few microseconds. It can be used to check if electronics and
analysis work correctly. Incidentially effects like PMT afterpulsing and deadtime
of the electronics can be seen in the ¢® spectra.

On picosecond time scale the electronics, especially the digitization card, reveal
some periodic effects like nonlinearity of the time-to-digital converter and show
influences of mobile communication frequencies to the ¢® spectrum. These effects
have to be eliminated to see the small correlation signals of thermal light sources,
the calibration methods are shown in this chapter.
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3.1. Correlations on micro-second time scales

3.1.1. Setup with a laser and a rotating ground glass disk

The first correlation measurements were taken using the set-up shown below. Light
source is a laser with a wavelength of A = 532nm. As already described, a laser
does not create bunching effects but should lead to a perfect ¢®(7) = 1V7. But
the laser can be used to simulate a quasi-thermal light source with a correlation
time in the range of a few microseconds when putting a rotating ground glass disc

45
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into the beam. The disk acts as a scatterer, light beams that enter the disc at a
slightly different position travel another way through it with a different path length
resulting in a complex diffraction pattern (speckle). By rotating the disk a specific
speckle only exists as long as the disk area creating it is illuminated, only during
that time artificial photon bunching can be measured. By varying the rotation
speed the correlation time can be changed.

The beam can be guided to a beamsplitter to allow for measuring with two PMTs
and channels at the same optical position. Auto-correlation spectra as well as
cross-correlation histograms can be computed.

Photomultipliers
A o =

T ]

Beamsplitter

Figure 3.1.: Laboratory setup: A laser beam enters a rotating ground glass disc and
afterwards the beamsplitter, before hitting fibers that lead to the PMTs

As the experiment deals with large and adjustable correlation times it can be
used as a test measurement for the detection system. Furthermore it is a useful
experiment to get familiar with the concept of time difference histograms and the
effects that can be seen in this spectra.

3.1.2. Shape of the ¢® function
Theory

Laser light beams of the angular frequency wg that impact the disc in different angles
get shifted in frequency by different amounts Aw. Assuming a Gaussian incident
angle distribution the resulting Aw distribution is Gaussian as well which can be
directly transferred to a Gaussian Power spectrum of the system [34]. According to
the Wiener-Khinchine theorem the resulting ¢* function is again Gaussian-shaped,
same holds due to the Siegert relation for the ¢(® function.

A quantitative calculation yields the following expression for the ¢(® function [34]

7_2
1

where 7, = — with o, the width of the distribution of incident wave vectors.
The formula nicely shows the decreasing coherence time with increasing rotation
speed of the disk.
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Auto-correlation spectra

Figure 3.2 shows the auto correlation time difference spectrum of one measurement
with the former explained set-up at a rotation speed voltage of the ground glass
disk of U,,t = 1.3V, and hence a relative slow rotation. The number of events is
plotted against the time differences, this is not yet the normalized ¢ function.
The bin size of this histogram was chosen to be Aty;, = 2ns.
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Figure 3.2.: Total coincidence events of PMT 0 at Uyoy = 1.3V

The first thing that can be seen nicely is that the shape of the time difference
spectrum looks like a gaussian function, just as expected. At small time differences’
the number of events is much higher than at large ones, if one looks quantitatively
at the event numbers it is approximately a factor of two, which will be shown
below in detail when the normalized spectrum is given. This means that small
time differences appear more often than large ones, but there is an exception: At
very small time differences, there is a drastic drop of the event number, which can
be guessed from figure 3.2 as the blue data points image a narrow line at 7 = 0. A
more detailed look at this phenomenon is given in figure 3.3.

The bin size is now Aty;, = 250 ps to investigate the effect in more detail. One can
see that the event number is indeed 0 at small time differences and increases at
about |7| = 2ns. The reason of this event drop is the dead time of the electronics:
When a photon is detected, there is no other detection at the same channel until
about 2ns later, until a single photon pulse at the discriminator intersected the
trigger threshold again. As mentioned before, this is the reason why temporal
intensity interferometry with only one PMT with photon counting electronics does
not work at correlation times smaller than the dead time of the electronics.
Another visible effect in the auto correlation function, seen in figure 3.2 as well as in
figure 3.3 is the mirror symmetry around 0. This is not just a statistical effect, it is

I The expression "small time difference" refers to the absolute value of 7, which means |7| ~ 0.
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Figure 3.3.: Coincidence events vs. time difference: deadtime of the electronics causes
event drop at small time differences

an exact mathematical fact, since in the auto-correlation, positive time differences
appear in the negative spectrum as well when swapping basic and investigation
photon.

Upper measurement was taken using multi-mode fibers at count rates of 9.8 MHz.
When measuring with low rates of e.g. 0.4 MHz caused by using a single-mode fiber
another effect becomes visible: afterpulsing. In figure 3.4, in which again the effect
of less events at small 7 can be seen, an event excess summarized in two peaks
between 7 = 20 ns and 7 = 30 ns is measured. These peaks are PMT afterpulsing
peaks, caused by ions that travel back to the photo-cathode and knock out another
electron. As such afterpulsing events are strongly correlated in time with the
first electron leaving the cathode, they create a clear signal in the time-difference
spectrum.
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Figure 3.4.: Afterpulsing peaks in the range of 20 to 30ns in the auto-correlation
spectrum
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The plots show that a few effects can be seen in the time-difference spectrum beside
bunching peaks and could also be used as a tool to detect afterpulsing and to
measure the dead time of the electronics.

¢? patterns at different rotation speeds

The correlation time in this arrangement should be determined by the rotation
speed of the ground glass disk. Varying this rotation speed is another test of the
electronics and analysis. The faster the disk is rotating, the shorter the time a
speckle influences the entry area of the fibers and the shorter the correlation time.
These effects were measured as well as seen in figure 3.5. The value on the vertical
axis is now not the total event number any more, but normalized by the event
number at large time differences. Therefore now these data equal ¢(® values.
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Figure 3.5.: g (1) auto-correlation functions at different rotation speeds of the ground
glass disk

Three different rotation voltages of the ground glass disk U, € {1.3V,2.6V,3.9V}
are used, the angular velocity of the disk is directly related to the voltage, in the
leading order the relation can be approximated to be linear. Figure 3.5 coincides
qualitatively with expectations: The faster the disk is rotating, the shorter the
correlation time. For a quantitative analysis Gaussian functions were fitted into
the curves shown as yellow lines.

The correlation time 7. can now be defined by the standard deviation ¢ of the
Gauss fits. In figure 3.6 the resulting correlation times are plotted against the
rotation voltage, a hyperbolic function is fitted into the data, as the correlation
times are expected to be indirectly proportional to the angular velocity of the disk.
Although there are only three data points the figure indicates that the system
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behaves like expected, even if there are no further investigations on the concrete
relation between the rotation speed and the voltage.
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Figure 3.6.: Correlation time 7. as o of the Gauss fits of the auto-correlation functions
with different rotation velocities of the disk (dark blue) and a hyperbolic fit (light blue)

As the spectra in figure 3.5 are normalized, the maximum ¢® value can directly
be read from the curves at the maximum point near 7 = 0. It turns out to be
close to 2, which is the theory value at 7 = 0, but below. This may have several
effects. The normalization value may not be calculated perfectly, as it depends
on the exact range one uses for computation, however, also physical effects can
matter: Spatial coherence losses can decrease the signal as well.

Now it is time to look at the very first cross-correlation spectrum measured. As
the correlation time of the system is large compared to typical real thermal light
sources it is possible to measure the correlation signal using only one PMT and one
channel. However, the same results should occur when viewing the cross-correlation
between channel 0 and 1, at least if the fiber entries are placed at the same optical
position compared to the beamsplitter. The cross-correlation ¢ (7) functions of
the three measurements are given in figure 3.7.

Again the decrease of the correlation time with increasing rotation speed is visible, as
the Gauss functions become narrower, however, there is an obvious difference: The
curves are not centered around 7 = 0, but shifted towards bigger time differences.
Additionally they are shifted against each other, too. The smaller the rotation
speed the larger is the shift of the curves to bigger 7. A reason for this effect can
be found by looking at the set-up.

When the fibers are not located at the exact same optical position, which is quite
an effort, they "see" another part of the ground glass disk and may not be within
the same speckle. As the disk is moving, it can happen that the speckle then
moves from the field of view of channel-0-fiber into the one of channel 1 within a
certain time. This time duration causes the shift of the ¢® functions to exactly
the duration time. The faster the disk is moving, the shorter is the time the disk



3.1. Correlations on micro-second time scales 51

17
16 || 26V ——

15
14

12
11

09

-10 -5 0 5 10 15 20
1[ns]

Figure 3.7.: g(® (1) cross-correlation functions at different rotation speeds of the ground
glass disk

Figure 3.8: Exaggerated
illustration: If the fiber
entries are not placed

I \ at the same optical
‘ position, the cross-

correlation maximum
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£ y into the focus of the

other fiber.

needs to overcome this distance and therefore the shift in the ¢g(® histogram, which
is exactly what is observed.

All in all this experiment shows that electronics and analysis work correctly at
timescales of microseconds. To create the g®-functions shown in this section the
needed measurement time lies in the range of T' < 1, except for the afterpulsing
imaging, caused by the low counting rate the measurement time was 7' = 5s.
When moving to real thermal light sources with correlation times in the range
of picoseconds, the produced signals are much smaller and the measurement
times increase dramatically up to some hours. Apart from this, ¢(® histograms
which show signals on microsecond time scales do not need to have bin widths
of Aty = 250ps but can be computed with Aty;, > 2ns. This changes when
measuring on picosecond times, as bunching effects are small enough that they
are much less visible at bin sizes larger than a few hundred picoseconds. On this
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time scales new problems will arise that need to be solved to see significant photon
bunching peaks, as it will be shown hereafter.

3.2. Problems on pico-second time scales

Figure 3.9 shows a cross correlation measurement evaluated in the range of 25ns
around zero. One can see the absolute number of events as well as the normalized
spectrum which is the ¢® function. For this measurement the photo-multipliers
are separated to a distance of about 40 cm parallel to each other, illuminated by
a LED. The photon rates at the PMTs are Ny = 49MHz and N; = 4.4 MHz.
The measurement time is 7' = 30 min, so for the first time this is a high-statistics
measurement. As the PMTs are distant to each other no bunching signal is expected,
this is a conscious arrangement to test the system for systematics, with this set-up
one expects a perfect "1" everywhere in the ¢ spectrum, only influenced by
statistical fluctuations. Choosing the smallest binwidth of Aty;, = 250 ps for the
¢® spectrum, one can calculate the expected count numbers M for each bin and
the fluctuations according to section 2.3.1.

M = Ny - Ny - Aty - Ty = 4.9MHz - 4.4MHz - 250 ps - 30 min = 9.7 - 10%  (3.2)

Looking at the event axis in figure 3.9 this fits quite well with theory. The expected
fluctuations are

1 1

T M Vorie
That means the g values are expected to lie mainly (1o-uncertainty) within the
range of [0.9997 : 1.0003].
The figure displays that the ¢(® distribution does not match the expectations at all
but lie about an order of magnitude above. Furthermore the pattern shows distinct
systematics, there is a high-frequency oscillation dominating the entire spectrum,
however, there are other oscillations as well differing from statistics.
Apart from the fact that the spectrum does not look uniformly, is there a need of
getting rid of the systematics? Yes, it is, as the expected signal later will be on a
scale of 1073 (Hg lamp) to 10~* (LED) in the ¢® function. These signals would
get lost in the big oscillations.
To get an idea of the kinds of oscillations a Fourier transformation uncovers all
participating frequencies, as shown in figure 3.10.
There are two main peaks at 500 MHz and 1500 MHz, latter is a harmonic multiple
of the first one. In section 3.2.2/it is shown that these peaks origin in the nonlinearity
of the TDC inside of the digitization card.

107* (3.3)
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Figure 3.9.: The ¢(® function is dominated by periodic peaks. The spectrum contains
about 10 million counts per bin.

3.2.1. Mobile communication frequencies

However, there are two additional peaks at around 800 MHz and 950 MHz, note
that the Fourier transform in figure 3.10 is plotted logarithmically, so these peaks
are significantly smaller that the TDC peaks, but still influential enough to affect
the ¢® spectrum.

These frequencies turn out to be mobile communication frequencies: There are
various mobile telephone masts of Telekom, Telefonica and Vodafone near the
university, radiating, inter alia, LTE and GSMO09 [35]. While LTE has a frequency
band at about 800 MHz GSM provides frequencies of 935 — 960 MHz, among others
[36]. The frequencies match with the measured ones. They periodically raise the
baseline of the signal which lead to a periodical enhanced probability of "detecting"
an event. In this way the mobile communication frequencies can influence the ¢(®
spectrum.

To get rid of them two improvements to the set-up were performed: At first the
whole electronics, including the PMTs, were shielded by copper films and galvanized
copper which can be seen at the right PMT in figure 2.2. This is a very effective
way of suppressing the frequencies at 800 MHz, however, the higher ones still enter
the system. Therefore an other element is implemented into the electronics: A
low-pass filter (XLF-42M+) seen in figure 3.12. With its cut-off frequency at about
350 MHz [37| the high-frequency oscillations can be suppressed successfully while
the slow photon pulses can pass the filter.
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Figure 3.10.: The fourier transform (displayed logarithmically) reveals the TDC-
nonlinearity at 500 MHz and 1500 MHz dominating the spectrum, however, mobile

communication frequencies at about 800 MHz and 950 MHz influence the shape of the
¢®@ function as well.

3.2.2. TDC nonlinearity

The remaining frequencies in the Fourier spectrum are the two sharp peaks at
500 MHz and 1500 MHz which lead to the strong oscillation in the ¢® function.

The origin of this oscillation can be found when looking at an other observable:
the distribution of the TDC time tags. Here not the time differences of events
are of interest, but the absolute time tags observed in each channel. When
running a 30 min measurement with a rate of 5 MHz on one channel, there are

5MHz - 30 min = 9 - 10° time tags distributing on the eight different time bins of
the TDC.

fourier transform [AU]

M Figure 3.11: Detailed look into

' ' the Fourier transform (linear
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f[MHz]

communication frequencies
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Figure 3.12.: The low-pass filter, its illustration and its spectum. Latter is taken from
137
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Figure 3.13.: After shielding and installing low-pass filters mobile communication
influences could be eliminated. The TDC-nonlinearity effects remain.

Even if one expects correlation signals in the ¢ function, the distribution over the
eight TDC bins should be uniform as correlations average out on long measurements.
Imagine for example a photon correlation that leads to an accumulating occurrence
of signals in consecutive bins, then one of these couples may lie in bins 2 and 3,
the next one in 0 and 1 or in 7 and 0 and so on. On average, all TDC bins should
contain almost the same number of counts (differing only by statistics).

Figure 3.14 checks this by presenting the counts cumulated in the TDC time bins
both of channel 0 and 1 during the whole measurement.

It is obvious that the distribution is not uniform at all in both channels. While
there are significant less counts in bin 0, bin 4 contains an excess compared to the
average. Bins 0 and 4 actually differ by more than a factor of 2.
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Figure 3.14.: The time stamp histograms of channel 0 and channel 1 demonstrate the
TDC-nonlinearity

That means that the TDC bins do not have the same "sizes", but bin 4 has about
twice the size of bin 0, so that the probability of recognizing an event in bin 4 is
two times the one for bin 0. This asymmetry is called TDC-nonlinearity.

Is it possible to deduce the oscillations in the g(® spectrum from this nonlinearity?
For this purpose assume an uncorrelated light measurement where one expects
a 1 everywhere in the ideal ¢(® spectrum. Now think about the effect of TDC-
nonlinearity. As bin 4 appears above-average often, time differences from or to bin
4 appear more often in the time difference/g® histogram, whereas time differences
with bin 0 involved appear less often.

However, for each possible time difference all bins are involved. For instance, time
difference 3 (which refers to 7 = 750 ps+ N - 2ns, N € Z) is the difference between
bins 3 and 0, but also between 4 and 1, between 5 and 2 and so on. A comparable
number for each time difference j is C}, as introduced now:

7

Cj = Z TDCL channel 0 * TDC(H-j) mod 8, channel 1 (3'4>
1=0

This parameter goes over each TDC bin and multiplies the bin content with the one
that is the difference j away. Since the 0-1-cross correlation spectrum is observed
here, the bins of channel 0 must be compared to the ones of channel 1, but the
same procedure could be executed for any of the four correlation histograms. This
can be done for all 8 differences 0 — 7%, the resulting C; can be normalized to

2Difference 8 which is 7 = 2ns is the same as difference 0 or 16 or 24,..., as all 2 ns the probability
pattern shown in figure |3.14 repeats . This is the reason for the modulo operation.
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compare them with the measured ¢® function. The comparison is shown in figure
3.15. The computed normalized C; are plotted as bars, as visible on the "difference
index" axis this pattern repeats every eight bins.
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Figure 3.15.: Comparison of the computed ¢ pattern with the measurement in an
arbitrary time range. The computed bars are the normalized C; values, repeating
every eight bins.

The measured values are plotted in the range from 100 to 106 ns. This is an arbitrary
range, one could chose any range, just make sure to shift the time difference pattern
to the correct position (time difference 7 = 0 is also time difference index 0).
The reason why figure 3.15 does not show time differences around 7 = 0 is that
there are some additional disturbances around the zero-region, these will survive a
calibration as seen later.

The comparison shows that the TDC-nonlinearity explains the observed ¢® pattern
very well, this proves the remaining frequencies at 500 and 1500 MHz originate
from the TDC. Nevertheless this effect has to be calibrated out to see significant
correlation signals, the different methods used are described in the following section.

3.2.3. Calibrating the nonlinearity

Two different methods are used to calibrate the measurement for eliminating the
TDC-nonlinearity. One requires a reference measurement with a non-correlated
light, the other deals with the fact that even in a ¢® spectrum where bunching is
expected there are uncorrelated regimes in the outer regions of the spectrum where
|7] > 0.
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Calibration with non-correlated light

The method of using a reference measurement run works as follows: A ¢® meas-
urement with a conscious uncorrelated light source is executed to receive only the
systematics of the electronics. Total uncorrelated light should produce a perfect 1
everywhere in the ¢(® spectrum, the actual spectrum can be seen as a response
function of the system. Especially the nonlinearity of the TDC contributes to the
shape of the response function. After doing the measurement one can use this g(®
pattern as a calibration pattern, such a measurement will be called "calibration
measurement". The resulting ¢® function can be pinned to 1 by dividing each
bin by the reference bin in the calibration measurement (when calibrating the
calibration measurement itself this is trivial since each bin is divided by its own
value, this would lead to a mathematical perfect 1). When taking a measurement
with a correlated light source, a so called "correlated measurement", the same
procedure can be done again. Expectation is now, that the uncorrelated regime
will become 1 when dividing by the calibration bins, only in the correlation region
around 7 = 0 some divergence will remain, namely ¢® > 1, if a bunching signal
is expected (and e.g. ¢ < 1 for an anti-bunching measurement). This signal
remains as it differs from the calibration measurement and will not be calibrated
out. In other words, a bunching signal in a bin raises the bin in the correlation
measurement additional to some disturbances, in the reference measurement this
bin is only influenced by disturbance. Calibration only eliminates the disturbance,
the bunching signal survives.

Instead of dividing each measurement bin in the ¢® function by the corresponding
calibration bin value, one also could subtract it, this should eliminate the TDC-
nonlinearity as well.

What light sources can be used for such a calibration? Of course any that do
not produce a bunching signal. Avoiding correlations is actually quite easy. One
can take a light source that does not produce bunching at all, like a laser, for
the reference measurement. However, even thermal/chaotic light sources can be
used when not fulfilling coherence conditions. For this calibration, sunlight is used.
Even though the sun is a thermal light source, a possible correlation signal can be
avoided by not filtering a specific wavelength but detecting the whole sun spectrum.
Furthermore the sunlight is not lead through a small slit but enters the lab through
the door that is far too big to create a macroscopic coherence cell.

Using sunlight instead of laser light simplifies the measurement procedure as there
is no need to install a laser first for the calibration measurement and removing it
later for the correlation measurement again.

Figure 3.16 shows the result of two measurements: A 7hr measurement of unfiltered
sunlight with average rates of Ny = 2.6 MHz and N; = 3.8 MHz that will be used
for calibration, and a 7hr measurement of a LED filtered to 1 nm with rates of



3.2. Problems on pico-second time scales 59

unfiltered sunlight' —3
1nm-iltered LED ——
1.040 | .
< N A A
= 1.000 iy ” " ¥r—" Vi ey
0.960
1.002 . . .
A A \ ﬁ
< 1.000 XEH—‘
D oy
0.998 ! T ! !

100 101 102 103 104 105
T[ns]

Figure 3.16.: The calibration run (unfiltered sunlight) and the "correlation" measurement
(filtered LED) cannot be distinguished in the upper plot, as they look too similar. One
has to zoom in to see the differences (below).

4.8 MHz and 3.3 MHz. This measurement in fact could be used to see bunching
effects, however, the statistics is still too small to observe a significant signal that
stands out of the remaining disturbances at 7 = 0, but it can be used as a test
of the calibration method(s). Expectations from the calibration are to obtain a
¢? function that is 1 everywhere, and maybe some very small non-significant
correlation peak around zero.

When looking at the ¢ functions of the calibration /reference and the "correlation"
measurement in figure 3.17 there is no visible difference. Only after observing it in
detail deviations from one curve to the other become apparent. Of course they do
not look exactly the same even in a non-correlated regime as statistical fluctuations
come into play, nevertheless the calibration via dividing the LED measurement by
the sunlight measurement can be executed and is plotted in figure 3.17.

At first one can look at the scale on the vertical axis: The fluctuations of the
calibrated ¢ function is now on the order of o,z < 107*. A signal from a mercury
lamp line should already be observable, a 1 nm filtered thermal light source requires
even higher statistics. In the central region there is still a small signal increase due
to some oscillation visible. That means that there is some kind of crosstalk between
the channels when two signals arrive (almost) at the same time at the digitization
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Figure 3.17.: The "correlation" measurement calibrated via division by the calibration
run. While there are still some (small) disturbances remaining around zero, the outer
regions do not show obvious systematics.

card that is different from measurement to measurement so that it is not calibrated
out totally. However, in the outer regions almost only random fluctuations remain.
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Figure 3.18.: Fourier transform of the calibrated ¢(®) function. The TDC-nonlinearity
is still existent, but attenuated extremely due to calibration.

The Fourier transform in figure 3.18 reveals that the nonlinearity of the TDC is
measurable, although it is now reduced drastically by calibration. Since it is not
calibrated out fully, the digitization card may not work in the exact same way
when doing several measurements (at different times, different temperatures, ...).
Nevertheless, the effect is strongly suppressed, one can calculate the RMS from the
measurement now for checking consistency with theory.
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The RMS in a range from 7 = 150 ps to 7 = 250 ps for the calibrated ¢® function
turns out to be

Oy®), exp = 0.175- 1077 (3.5)

This interval is chosen to be far away from 7 = 0 to make sure to just look at the
random fluctuation region without any disturbances that are still existent in the
center region.

For comparison, the expected fluctuations considering the rates and measurement
time can be calculated. Note that there are two separate measurements contributing
to the final calibrated ¢ function, therefore uncertainties of both must be taken
into account. The uncertainties on the separate measurements are o..;, for the
calibration measurement and o, for the correlation measurement. They can be
computed according to section 2.3.1.

1
corr — = 1.00- ].0_4 3.6
Ocorr = /IS MMz - 3.3 MHz - 250 ps - 7hr (3.6)
! 1.27-107* (3.7)
Ocalib = = 1. : .
B /26 MMz - 3.8MHz - 250 ps - 7 hr
As the calibrated ¢® function is ¢ = % the uncertainty can be calculated via
9calib

error propagation:

ag(2) 2 ag(Q) ? Ucorr2 g((:c2)2“r20-calib2
O04(2), theo — Ocorr + Tacalib = 2) 2 + 2) 4 (38)

(2)
ag corr Yealib Yealib Yealib
In this equation one can set gé?,%r = gézfib ~ 1 as the functions are normalized and
fluctuating around 1. The expression simplifies to

09(2), theo — V Ucorr2 + Jcalib2 = 0.161 - 10_3 (39)

The experimental value from equation 3.5 is therefore only slightly higher than
expected from theory. This may originate in the lasting (weak) existence of the
nonlinearity.

The described calibration method works quite well, however, it causes some prob-
lems. As seen, the ¢g(® pattern is very sensitive for small differences in the set-up,
another temperature, other cables and so on. This requires a calibration run for
every new correlation measurement with at least equal measurement times. This
effectively causes a factor 2 in time, the fluctuations increase due to division by
about a factor v/2 (if correlation and calibration measurements have the same



02 3. Temporal correlation measurements

1.04 —
1.02
8 L
o

0.98
Figure 3.19: The 8-bin template

0.96
of the outermost part of the eval-

-250 -249 @)

uated ¢g'*) spectrum can be taken
T [ns] to calibrate the entire spectrum.

statistics), again requiring a longer measurement time to see significant signals.
These problems can be solved when using another calibration method.

Calibration using a non-correlated time region

Upper procedure deals with the fact that there is no correlation in the reference
spectrum, so that it can be used as a calibration. However, even if one takes a
correlation measurement there are regimes in the ¢ function, where no correlation
is expected, namely all parts where 7 2 0. The TDC-nonlinearity effect repeats
every 2ns, that is 8 bins in the standard spectrum with Aty;, = 250ns. This
repetition can be used wisely: Only one 8-bin part in a region where |7| > 0 has
to be taken to calibrate the whole ¢® function.

Usually the ¢® function is evaluated in the regime 7 € [—250ns : 250 ns], so to
be absolutely safe the first 8 bins from —250ns to —248ns far far away from the
center where correlations and disturbances appear are taken for the calibration
pattern. Thus this method is called "tail calibration". When having the template
every bin in the spectrum has to be divided by the corresponding calibration bin
of the template, that is, the ninth bin by the first template bin, the tenth bin by
the second template bin,... . Every eight bins the template repeats.

As a consequence there is no need to take an extra calibration measurement,
one saves a factor of 2 in measuring time. Furthermore it is ensured that the
measurement conditions of the correlation and the calibration are identical, even
the statistics are equal which simplifies uncertainty estimation.

However, this procedure can be optimized further. When dividing each bin by the
corresponding calibration bin there is still an increase of the statistical fluctuations
by a factor of v/2 compared to a system that has no need for calibration, since
both dividend and divisor contain uncertainties (which should be equal when the
statistics are the same).

0-9(2), theo — \/O-Corr2 + Ucalib2 = \/Ucoer + Ucorr2 = Ocorr * \/§ (310)
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Latter uncertainties (oca) can now be decreased by adding statistics, figure 3.20
explains how it works. Now not only one 8-bin pattern is used to create the
calibration template, but it is averaged over many in the tail of the ¢® spectrum.
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Figure 3.20.: Improved calibration method: 8-bin patterns in the non-correlation-region
are superimposed to create a high-statistics calibration template.

Usually 63 8-bin patterns are used, which refers to a range of 63 - 2ns = 126 ns
and therefore the region [—250ns : —124 ns] is used for creating the calibration
template. Here it is necessary to find a compromise between a calibration range as
big as possible to gather statistics and the danger of running into disturbances in
the central region of the ¢(® spectrum. Especially when changing the set-up e.g. by
adding other cables or extra elements it has to be ensured that the the calibration
range does not contain disturbances that influence the calibration pattern and
falsify the calibration.

When taking 63 patterns, the statistics increases by this factor, the uncertainties
of the template decrease by a factor of V63 = 7.93. Thus the calibration does not
increase the fluctuations by a factor of v/2 = 1.414 but only by

1 2
0y o Ve T oam? [ Teon’ + i e 1
— = = = \/1+ o5 = 1008

UCOI‘I‘ O—COI‘I‘ O-COI‘I‘

(3.11)
Using this method the increase of uncertainties due to the calibration procedure
is actually negligible. When trying to measure a correlation signal with a certain
significance this method again reduces the required measurement time by another
factor of 2.
Figure 3.21 shows the result of such a calibration on the LED measurement already
observed in the upper section.
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Figure 3.21.: The TDC nonlinearity could be eliminated by the new calibration method
as well, the fluctuations decrease in the outer regions. In contrast, disturbances in the
central region increase.

At first sight one recognizes that the disturbances in the center region increased
compared to the calibration with the reference measurement. Whereas the reference
calibration method includes these fluctuations around 7 = 0 the tail calibration
does not, hence this is not surprising. So there might be a disadvantage using the
new tail calibration method when looking for signals at 7 = 0.

However, let’s take a look at the outer regions. While the theoretical RMS (equation
3.6) is 0.10 - 1073 (-1.008), the actual RMS in the range [150 ns : 250 ns] turns out
to be

=0.11-107° (3.12)

which matches expectations excellently. That means there are no systematics left in
the tail region, recognizing a hypothetical signal in the outer parts with a requested
significance is now only influenced by statistics following section 2.3.
Additionally this method does not require normalization before calibration. The
8-bin template can also be made of absolute event numbers®. Thus calibration and
normalization is done in one step.

However, the disturbances in the center region still cause problems when trying to
see a signal. A solution may be to shift the signal region out of the center of the ¢(?
function. This is possible by adding a delay within the electronics of one channel.
It is done by replacing the cable running from the amplifier to the digitization card
in one of the channels. In this way a correlated signal at the PMT gets delayed
in one of the channels, by choosing a specific cable delay any point on the 7-axis

3When taking several 8-bin patterns for the calibration template one has to divide each bin in
the resulting pattern by the number of 8-bin patterns, so in general 63
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Figure 3.22.: Linear plot of the Fourier transform using the tail calibration method: in
the center region (here: [-60ns : 60 ns] ) there still exist frequencies matching to the
TDC-nonlinearity, in the outer regions ([100ns : 250 ns]) they do not.

can be selected for the signal region. This is also a possibility of analyzing the
disturbances. When they move with the delay, the emerge before the delay (near
or at the PMTs), when they remain at 7 = 0 they are cross talk effects in the
digitization card.

A test of the delay can be executed with a pulsed laser.

3.3. Setup characterization using a pulsed laser

A pulsed laser is a very useful tool to characterize the setup. A short laser pulse
(FWHM =~ 40ps [38]) enters the beamsplitter and the PMTs. It simulates a
coincidence signal, but with a way bigger signal rate. When adjusting the pulse
frequency to some MHz there are at least one million coincidence events and
basically no background. When implementing a delay the coincidence peak gets
shifted in the ¢(® spectrum and reveals the actual position where to look for the
later correlation signal of thermal light sources. In addition the electronic time
resolution of the whole system can be determined by measuring the width of the
coincidence peak.

The measured coincidence peak is shown in figure 3.23. The measurement is exactly
the same like measuring the ¢® functions, however, here it is not useful to speak
in terms of ¢(® but show absolute coincidence event numbers, since normalization
would fail as no tail events are expected except from background noise, however, it
can be seen in the figure that the background rate is quite low. When looking at
the resulting spectrum in a bigger range, other peaks of the same strength exist
beside the one shown here, since the laser pulse frequency is high enough to produce
coincidence peaks of photons of one laser pulse to photons of the next one (and
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Figure 3.23.: The coincidence peak of the pulsed laser reveals the cable delay and the
time resolution of the system.

even further ones, depending on the laser frequency). Hence it is important to
ensure that the observed peak is the real "zero"-peak.
A Gaussian fit is added to the spectrum that reveals the desired information.

_(e-p)?

glx)=A-e 27 (3.13)

The mean p refers to the cable delay, the standard deviation o can be interpreted
as time resolution. Actually the resulting broadening of the peak is a convolution
of the electronic time resolution and the pulse width of the laser which is negligible
here. Delay and time resolution turn out to be

= (—52.44 £ 0.01) ns (3.14)

o = (645 =+ 8) ps (3.15)

The fact that the mean is negative is an outcome of the arbitrary choice of the
channel the delay cable is implemented. Here it is built into channel 0, thus the
channel 0-signal gets delayed by about 52ns and arrives later, or from the other
perspective, the channel 1-signal arrives 52 ns earlier which causes a coincidence at
—52ns in the 0 — 1 histogram which is always observed.

The o is of special interest here as it should not be influenced by the cable delay but
resemble the time resolution of the whole system (PMTs + amplifiers + band-pass
filters + all cables + digitization card) that should not change (much) when the
setup is changed slightly. In section 2.1.1 the time resolution of the PMTs was
already discussed qualitatively, now there is an additional element impairing the
resolution, the digitization card.
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The measurement with the pulsed laser can be used to check the later bunching
measurements for consistency since the resulting correlation peaks should contain
the same time resolution.
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As the fluctuations of the ¢® function after calibration match the statistical
expectations at least at the level of 107, one can move on to measuring photon
bunching effects of real thermal/chaotic light sources. A mercury lamp with a line
width of only some picometers and therefore a rather big correlation time! will be
investigated. The signal is strong enough to perform some system tests with it,
measurement times of 7" < 1 hr are sufficient to see a significant signal.

Whereas the measurements with the mercury lamp make use of the natural linewidth
of the light source, a LED can be used to measure a broad-bandwidth source.
Here the light must be actively filtered to achieve a measurable signal using a
1 nm interference filter. This measurement is a practical test simulating intensity
interferometry with a stellar source in the laboratory.
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4.1. Setup for bunching measurements

In this section the setup used for temporal intensity interferometry of thermal light
sources is described. The general setup holds for both sources the mercury lamp
and the LED. Specific details are mentioned in the corresponding sections. Figure
4.1 shows a schematic of the setup, figure 4.2 two photos.

1Note that even the mercury lamp has a correlation time of only a few picoseconds

69
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Figure 4.1.: The setup for the bunching measurements

The light source will be either the mercury lamp or the LED, the emitted light
passes a circular pinhole with a diameter of D, = 300 pm. The pinhole is needed
to keep the effective light source small and thus the coherence cell macroscopic.
Between the light source and the first pinhole several optical lenses are installed
(not shown in the figure) in order to generate the maximal possible photon rate at
the PMTs.

Nevertheless the coherence cell is still quite small so that even PMTs placed right
next to each other exceed the size. Hence, a beamsplitter is added in the beam to
allow an arrangement of the PMTs at the same optical position and an effective
separation distance of 0. Finally, to ensure measuring within one coherence cell a
second pinhole is installed in front of the beamsplitter with a diameter of dp = 4 mm.
The distance between the pinholes are Ly, = 3.46 m and Ligp = 3.39m. Hence
the sizes Gj of the coherence cell (from minimum to minimum, see section 1.2.3)
are

Li 3.46m
Gue =2-122- =8 . \g, =2-1.22. - 546 =154 4.1
Hg D, Hg 300 m nm mm (4.1)
L 3.38
Grgp =2-1.22. LED AMEDp =2-1.22- . 532nm = 14.7 mm (4.2)
b 300 pm

The coherence cell is therefore bigger than the pinhole, however, there are always
spatial coherence losses when the transmission area of the pinhole is extent. Figure
4.3 shows the dimensions of the spatial coherence loss. Here the ¢® function for
the LED setup (and in a good approximation for the Hg lamp setup as well) is
drawn, also is the pinhole region from d = 0mm to d = 4mm?*. While one may

2Remember that the ¢(® function is not a static function in the observation plane like the
diffraction pattern but a function depending on the distance between two "detectors"
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Figure 4.2.: Photos of the setup. On the left: The LED "in action" is mounted in
the corner down on the left. The light is focused by some optical lenses onto the
300 pm-pinhole which is embedded in the polystyrene wall. Right: The detection setup:
The interference filter, the 4 mm-pinhole, the beamsplitter and the polarization filters
are completely covered in the black tube system.

assume the ¢® function to be 2 in the whole area there are possible distances
where ¢ (d) is significantly below 2.

2 9@ )
Pinhole region
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1 \
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Figure 4.3.: Spatial loss due to the extent of the pinhole

Using the parameters from the experiment the reduction factor can be computed
numerically using a Monte-Carlo simulation with equally distributed photon pairs
within the circular pinhole which is done by Peter Deiml and Adrian Zink.

The resulting loss factor turns out to be 77% which means the signal is expected
to be 23% weaker than in the ideal case which could only be achieved when the
entrance pinhole area converges towards zero. However, an infinitesimal small
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pinhole would lead to a vanishing photon counting rate, thus a compromise had to
be found.

To obtain a measurable signal an interference filter is placed within the tube before
the beamsplitter. For the LED this is indispensable as the broad spectrum of an
unfiltered LED would not allow to see a signal at all. For the Hg lamp the filter is
used to eliminate all emission lines which lower the contrast of the signal (since
each emission line creates bunching but acts as background for the other lines)
except one.

After the light is separated by the beamsplitter it enters a polarization filter on
each way to the PMTs. The reason for implementing the filters is to prove that a
measured signal is a bunching signal and not some systematic cross talk between
the channels. The filters can be oriented such that the transmitted polarization is
the same ("parallel orientation") or twisted by 90° against each other to obtain
orthogonal polarization ("perpendicular orientation"). Since the intensity of the
electromagnetic field in case of orthogonal polarization of two light beams is
independent of relative phases no diffraction patterns exist and hence no photon
correlations are expected. While in the first case the photon correlation signal
should be maximal, in the latter case no enhancement at g (7 = 0) should be
measured.

The signals from the PMTs pass low-pass filters to eliminate mobile communication
frequencies and get amplified before entering the digitization card. One of the
channels gets delayed by ~ 52ns for the Hg lamp and ~ 61ns for the LED to
shift the real zero out of the center region in the ¢® spectrum where crosstalk
disturbances occur.

4.2. A narrow-bandwidth source: The mercury
lamp

4.2.1. Physics of the mercury lamp

A mercury (Hg) lamp is a gas discharge lamp filled with mercury gas inside a
tube. When a voltage is applied between the ends of the tube electrons are passing
the gas colliding with the gas atoms and exciting them by raising electrons of the
atoms into high energy orbitals. When they deexcite they emit photons of the
deexcitation energy AFE. [39]

These photons have in principle very well defined wavelengths of A = % only
line broadened by the life time of the radiation state according to Heisenberg’s
uncertainty principle. However, when the atoms are in a gas they collide with other
atoms which can lead to an early deexcitation resulting in a broader line width
depending on the pressure. [40]



4.2. A narrow-bandwidth source: The mercury lamp 73

The spectrum of a collision /pressure broadened source is Lorentz-shaped of the
form [41]

Flw)=2. -

T (Ww—wy—pP)2+72 (4.3)

where v is a damping constant and [ the shift in angular frequency which may be
neglected. Defining 7. = % one can write the power spectrum as

1 1

T @t (/) 4

Applying the Wiener-Khinchine theorem the first-order correlation function has an
exponential decrease in |7| [13].

Since different excitation levels
are possible different lines can be
observed. A typical spectrum can be 100
seen in figure 4.4. Very dominant is
the 546 nm line which also is in the
range where the used PMTs have a

High Pressure Mercury (MB)

80

60

Relative Spectral Power

high quantum efficiency, hence this 40 .

line is chosen for measurement. To 2 l 1

avoid influences of other emission 5
lines an interference filter with a 07400 500 600 700 800
FWHM of about 10 nm is installed to i

filter out other lines, the actual line Figure 4.4.: Spectrum of a mercury
width of the 546 nm-line is orders of lamp. Taken from [42]

magnitude below.

The measure of A\ is not easy for the mercury lamp, since common spectrometers
fail to provide a wavelength resolution that makes such a measurement possible.
Therefore a special spectrometer from the Max-Planck institute in Erlangen was
taken. Figure 4.5 shows the results of this measurement: The mercury lamp curve
looks Gaussian, hence it can be fitted and its ¢ or FWHM could be assumed to
be the linewidth. However, the actual line width is folded with the wavelength
resolution of the system which has to be known first. Therefore a calibration has
to be done using a source with a very small width, namely a special low-pressure
mercury calibration source.

The broadening of the mercury lamp line compared to the calibration line yields
the actual line width of the Hg lamp ow,. Since

2 2 2
Ocalib- T OHg = Ototal (45>
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Figure 4.5.: The wavelength spectra of a calibration line and the mercury lamp line
with corresponding Gaussian fits. The difference of the lines reveal the actual line
width of the mercury lamp.

ong can be calculated from the fit parameters of calibration and total Hg line width
that are oca, = (24.5+0.7) pm and oyoa = (33.0 & 0.6) pm. One obtains

oHg = (221 + 1.1) pm = A\ ~ 2.3548 - oy, = (52.0 £ 2.6) pm (4.6)

when A\ is defined as FWHM. However, since the linewidth of the mercury
lamp seems to be very close to the spectrometer resolution or even smaller the
measurement may not be reliable, since furthermore the actual linewidth of the
calibration line is not known and the calibration of the spectrometer itself had to
make use of different calibration lines in different wavelength regimes. However,
it can act as an order-of-magnitude estimation to see that the linewidth is on
picometer scale.

4.2.2. Correlation signal

The measurement times of both the measurements with parallel and perpendicular
orientated polarization filters are T = 1", = 100 min with rates at N0|| = NM =
4.2 MHz and N1|| — Ny, = 3.6 MHz. The resulting ¢® functions in the expected
correlation region around the "real" zero at 7 &~ —52ns are given in figure 4.6.
The measurement with parallel polfilters shows the expected enhancement due to
photon bunching, for the first time a real bunching signal is observed with this
electronics. The perpendicular measurement demonstrates the physical nature of
the peak. Since it is not visible in this measurement it is guaranteed that the origin
of the parallel signal is a bunching correlation signal.
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Figure 4.6.: Two measurements with the mercury lamp, one with parallel and one with
perpendicular orientated polarization filters

The two measurements are plotted with error bars. These are the theoretical
expected uncertainties resulting from the statistics, namely

1
V4.2 MHz - 3.7 MHz - 250 ps - 100 min

=21-10"* (4.7)

Otheo =

Again the experimental RMS in the outer region can be checked, in the region
7 € [100ns : 250 ns] it iS Gexp, = 1.9 - 107* which is even slightly below the expected.
Beside the existence of the peak it can be seen that there still exist disturbances on
both sides of the peak for the parallel as well as for the perpendicular measurement.
These are moving with the cable delay and are therefore disturbances that arise
before the cable, thus maybe some crosstalks between the PMTs. The height of
these signals is not influencing the bunching signal strongly here, but it will when
measuring the LED.

Figure 4.7 shows two mercury lamp measurements with parallel polfilters differing
by the installed cable delay. Whereas the "short cable" refers to a real zero at
~ —52ns as used in most measurements, the "long cable" has a delay of ~ —72ns.
Such a measurement is another prove of consistency. The bunching signal moves
when the cable is replaced to the new "real" zero just as expected.

Additional information about disturbances can be drawn from this plot: While the
small oscillations again move with the peak, there is also some crosstalk remaining at
the center region for both measurements. Hence, this crosstalk arises after the cable
delay and therefore inside of the digitization card. However, these disturbances are



76 4. Intensity interferometry of thermal light sources

1.008

short cable
1008 L long cable

1.004 |

1.002 |

g

0998 |

0.996 - ' ' ' ' '
120 -100 80 -60 40 20 0 20

T[ns]

Figure 4.7.: The correlation peak moves when implementing a cable with another delay.
In the center region there are still disturbances left.

no problem at all since the signal can be shifted easily out of the central region by
installing a cable delay.

When performing quantitative analyses of the bunching signal it is desirable to
get rid of any disturbances. A possibility of approaching this goal is to subtract
the ¢® function of the perpendicular measurement from the parallel ¢(® function.
One can guess from figure 4.6 that the oscillations around the bunching peak may
vanish. The peak itself should not get affected much by subtraction since there
are hardly some deviations from 1 in the perpendicular measurement just in the
bunching peak region. The subtraction is done in figure 4.8.

The uncertainty on this plot increases by v/2 due to subtraction. There are now
visible disturbances left in the plot range, thus the signal can be analyzed well. A
Gaussian fit of the form

(G

g(t)=A-e 22 +B (4.8)

is applied to the data to reveal interesting information:

e The amplitude A as indicator for the visibility of the peak. If the quotient
of the amplitude and the RMS is high, the signal is well apparent.

A=(7.0£02)-107° (4.9)

e The medium p can be compared to the one from the pulsed laser measure-
ment. Since the used cable delay is the same the center of the peaks should
be equal as well.
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Figure 4.8.: Difference of the parallel and the perpendicular measurement. Systematics
vanish on this statistic level.

j = (—52.44 £ 0.04) ns (4.10)

Both measurements match.

e The width o as time resolution. Again the parameter should fit to the one
from the pulsed laser measurement.

o = (628 & 19) ps (4.11)

the time resolution of this measurement is a little bit smaller than from the
laser measurement, but still in good agreement considering the uncertainties.
Furthermore the time resolution may be influenced slightly by external
parameters like temperature or photon rate at the PMTs.

e Finally the offset B which is close to zero since both ¢® functions are
normalized before subtraction. It would also be defendable to fit without the
offset in this measurement.

B=(204+39)-107° (4.12)

The significance n of the signal can now be calculated as follows according to
section 2.3.2. Remember the equation for n
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S Te
n E a AS\/ 4Atbin0'

where 7. = [ g(7)dT = Aov/27 is the correlation time as area under the Gaussian

n (4.13)

fit curve and As is the uncertainty on each bin which should be v/2 times the un-
certainty of the single measurements (parallel or perpendicular) due to subtraction.
Inserting the Gaussian parameters for 7. the equation becomes

Ao/ 27 T 1
n—=-—7F— = _— .
AS\/4Atbin0' 2Atbm AS
—_——

=:Kpin

Ao (4.14)
—~—

error-prone

where Ky, is a universal constant for any measurement of a defined binwidth
Atpin®. The uncertainty on n can be computed taking the uncertainty on the fit
parameters into account.

on .\ (On, \' Kun \/ ,  A2(Ao)?
An—\/(a—AAA> +(%AU) = As o(AA) +T (4.15)

The experimental RMS in [100 ns : 250 ns] for the gP-difference is As = Oexp, diff =
2.6 - 107, furthermore Koasgps = 79267\/%, the significance turns out to be

n=535+17 (4.16)

The interpretation of the uncertainty on n is quite difficult since n gives already
a statement on the reliability of the measurement, so in general the value of n
is sufficient to interpret the measurement. It shows that 100 min parallel and
perpendicular are absolutely sufficient to measure an extreme significant bunching
signal of the mercury lamp.

4.2.3. Theoretical and experimental signal

The obtained signal is absolutely satisfying concerning significance. However, the
strength of the signal can be compared to theory to get an impression on the lab
conditions. As already discussed the correlation time of the light source can be
computed by integrating the signal area in the ¢(® histogram.

Te oxp = ATV2T = AT op = V21 - /(0 AA)? + (AA0)? (4.17)

From the Gaussian fit one gets

3The choice of the binwidth Aty;, should not affect the result of n very much, so one would
expect the factor to vanish in the equation for n, and in theory it does since ﬁ o v/ Atpin
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Te. exp = (11.02 £ 0.46) ps 4.18
, exp ( p

The theoretical value can be calculated from section 1.2.3 according to the following
formula
)\2

c, theo — k 4.19
Te, th cAN ( )

where AX denotes the linewidth of the source (FWHM) and k£ = 1 for Lorentz-
broadened light.

Hence the Signal as area under the ¢® curve including the spatial coherence loss
should be

S = 0.77 - Te, theo = (14.7 £ 0.7) ps (4.20)

The experimental signal is therefore slightly smaller than expected, however since
the measurement of the line width is not very reliable and there may be some losses
due to the adjustments of the polarization filters the two results match together
quite well.

4.3. A broad source: The light-emitting diode
(LED)

The LED is a more challenging light source due to its broad natural bandwidth.
This resembles the problems one has to deal with when moving on to stars, active
optical filtering is required for a visible bunching signal in a reasonable time at
reasonable rates, it is a perfect simulation of stellar intensity interferometry under
lab conditions.

4.3.1. Physics of the LED

LEDs are actually normal pn-diodes. p- and n-doped semiconductors are brought
together and a depletion region is created. When a voltage in forward direction
is applied which means connecting the p-type with the positive terminal and
the n-type with the negative terminal the weakly bound electrons in the n-type
semiconductor can overcome the small potential barrier formed by the depletion
zone charges and enter the p-type semiconductor where they can recombine with
holes. [43]

Referring to the band model electrons travel in the conduction band to the p-type
region. When recombining with holes they "fall down" by emitting photons which
make the LED shine. Since the recombination processes of different electron-hole
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pairs can assumed to be independent from each other the LED can be called
thermal and photon bunching should be observable.
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Figure 4.9.: Wavelength spectrum of the LED and the interference filter used for keeping
the optical bandwidth small.

In contrast to the mercury lamp the LED has a broad optical wavelength spectrum
shown in figure 4.9 on the left. Applying a Gaussian fit the width of the spectrum
turns out to be FWHM =~ 39 nm. Especially since the LED power can be increased
to measure even at A\ = 1nm photon count rates of about N = 10 MHz per
PMT optical filtering increases the significance at a given measurement time. Thus
an optical filter acting as a Fabry-Perot interferometer is used, its transmission
spectrum is shown in figure 4.9 on the right. Again a Gaussian fit is applied, the
filter width which directly determines A\ is

Not only the effective linewidth but also the shape of the spectrum of the detected
light is now predominantly defined by the filter transmission spectrum. Therefore
there is no need to know the exact light emission profile of the LED to determine the
¢® function but rather important is to know the filter function which is achieved
by the fit in figure 4.9 on the right. According to the Wiener-Khinchine theorem
the theoretical ¢(® function can be determined out of the filter function which is
proportional to F'(w).

4.3.2. Parallel and perpendicular polfilters

Since the optical bandwidth of the LED even after optical filtering to 1 nm is still
orders of magnitude above the line width of the mercury lamp, the measurement
times to see significant signals increase drastically. Furthermore the absolute
height of the signal decreases, a stable baseline on an even lower fluctuation level is
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necessary to obtain a reasonable signal analysis. This necessitates taking a reference
measurement with perpendicular oriented polarization filters to take systematics of
the system into account. This can also be seen in figure 4.10, where the results of
the LED measurement is shown. Here T' = 29 hr of data both for parallel and for
perpendicular measurements with varying photon rates between 7 and 11 MHz per
PMT * are shown.
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Figure 4.10.: LED measurement with parallel and perpendicular oriented polarization
filters

In comparison to the mercury lamp measurement a different cable delay is used,
the bunching peak is now expected to be at 7 =~ —61ns and - indeed - one can
see an enhancement of the parallel measurement compared to the perpendicular.
However, the peak is now in the same order of magnitude as the baseline oscillation
which is apparently not stable on the level of 10~%, but the oscillations appear in
both measurements so that they cancel out by subtraction as visible in figure 4.11.

When subtracting the RMS in the outer regions is extremely close to expectations®:
Since the rates are fluctuating one cannot just use the same formula like in equation
4.7 but has to divide the total 29 hours into smaller parts and evaluating the
cumulative statistical expectation. Doing this one obtains a theoretical RMS of
Otheo = 3.00 - 1077 the experimental RMS is 0ex, = 3.32 - 107°. This allows for
adding theoretical error bars to the non-subtracting ¢® functions of figure 4.10
since the oscillations are of systematical nature.

4Obviously the LED does not shine with a constant brightness during the entire measurement
time

5in contrast to the non-subtracting ¢(® functions where the oscillations raise the RMS
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Figure 4.11.: The difference of the ¢(® functions of measurements with the LED with
parallel and perpendicular oriented polfilters.

4.3.3. Signal analysis

In figure 4.11 a Gaussian fit was applied just like in section 4.2 with the following
parameters

e The amplitude A decreased compared to the mercury lamp measurement as
already mentioned.

A=(21402)-107* (4.22)

e The medium changed as well due to the longer cable

(1= (—61.05 % 0.08) ns (4.23)

e The width determined by the time resolution should not change and - con-
cerning the uncertainties - it does not

= (659 £+ 73) ps (4.24)
The significance of the signal according to formulas 4.14 and 4.15 turns out to be

n=131+14 (4.25)

which clearly shows that the LED is (at least partially) a thermal light source
producing photon bunching and can be used as a simulation of a star in the lab.
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Furthermore it can be checked if the signal is consistent with theory. The integrated
Gaussian signal originating from the fit parameters is

Sexp = AcV/2m = (0.35 % 0.05) ps (4.26)

In contrast the theoretical value from integrating the theoretical ¢ curve of a
Gaussian-shaped thermal source according to equations 2.17 and 2.18 in section
2.3l 1s

2

A
0.77 - 0667 —Y =045 4.27
ey R C- A)\FWHM b ( )

spatial losses Gaussian-shaped

for A\g = 531.6 nm and AXpwuam = 1.076 nm which come from the fit in figure 4.9.
The theoretical result is thus two standard deviations away from the measurement,
hence there are additional losses not mentioned yet. The most reasonable loss
originates in the imperfect arrangement of the polarization filters. If they are
not fully parallel oriented one loses signal. Same holds for the perpendicular
measurement. If they are not perfectly perpendicular oriented one measures signal
that will be subtracted afterwards. Both cases reduce the effective measured signal
which can explain the loss.

Stheo = T¢, Gaussian —

4.3.4. Significance at shorter measurement times

The correlation signal was clearly measured within a time range of 58 hr divided
in 29 hr parallel and 29 hr perpendicular. However, when moving on to stars it is
indispensable to shorten the measurement time. Assuming same conditions like in
the lab (optical filter width of AApwhy &~ 1nm and photon rates of N ~ 10 MHz
per PMT) one can test how significant the signal is when measuring shorter which
can be done using the same 58 hr-measurement since the evaluated measurement
time can be chosen arbitrarily from the total measurement.

In figure 4.12 two different combinations of one hour parallel minus one hour
perpendicular is evaluated. Especially on the left the signal can already be seen,
on the right it is hard to see it by eye, also since the error bars are still quite big.
Fitted into the function is again a Gaussian fit, however its width is not being
fitted but set to 659 ps which is the outcome of 29 hr and is reasonable to hold
for the shorter measurements because the time resolution should not change and
otherwise the fit would not work at all.

Same restriction also holds for 3 hr and 5hr combinations shown in figures 4.13
and 4.14. Again on the left side the signal peak is well visible, on the right even at
T = 5 hr combinations can be found where the bunching peak only can be surmised.
When 29 hr of data for each the parallel and the perpendicular measurement are
taken one can divide the measurement in 29 one-hour combinations, 9 three-hour
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combinations or 5 five-hour combinations to investigate the fluctuations of different
measurement results. From the figures 4.12, 4.13 and 4.14 the significance can be
calculated using equations 4.14 and 4.15. The results are shown in figures 4.15,
4.16 and 4.17. Here the significance of each combination is plotted on the right
vertical axis, on the left the reduced chi-squared of the fit determining n and An is
drawn as well which however should not be overemphasized: Since the error bars
are still quite large even at 7' = 5 hr a "good" chi-squared close to 1 represented by
the green dashed line is not surprising and does not necessarily connect to a good
fit.

The blue dashed line shows the mean significance. After one hour measurement of
parallel and perpendicular polfilters (which is in total 2 hours) the mean significance
of the bunching signal of the LED is ny pou = 2.6, after three hours it is ng pours = 4.4
and finally after five hours ns5 pows = 5.6. In general one can demand for n = 5
to state having a signal, in this case one needs about 10 hours to measure this
significance (5 hours with parallel and 5 hours with perpendicular polfilters). If
it can be ensured that the baseline is stable even on different days, in different
environments and under different other conditions like another temperature etc.
which has not been checked yet it is sufficient to take the reference measurement
with perpendicular oriented polarization filters only once with high statistics to
create a reference template. This would reduce the required measurement time by
the factor 2 for future measurements of the same set-up.
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4. Intensity interferometry of thermal light sources
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5.Conclusion and Outlook

When starting the intensity interferometry project first tests with the new digit-
ization card were performed using a laser and a rotating ground glass disc. The
convenient setup with a large adjustable coherence time could be used to check the
system and to build the software analyzing the time stamps and evaluating the ¢(®
function. It could be seen that the system works on that big timescales on small
statistics and a big binwidth Aty;, well showing the Gaussian-shaped correlation
spectra with decreasing coherence time when the rotation speed of the disc was
increased.

When moving on to picosecond timescale dominant systematics arised. An oscil-
lation pattern coming from the nonlinearity of the TDC in the digitization card
contributed to the signal as well as mobile communication frequencies. While latter
could be eliminated by shielding the whole setup and installing low pass filters the
TDC-nonlinearity had to be calibrated. Two calibration methods were introduced,
either using a non-correlated reference measurement or using information of the
same measurement where the signal is expected, but from regions far away from
7 = 0 where no correlation should appear. Latter method turned out to be more
suitable since noise is reduced here and the measurement time could be halved by
not having to take a reference measurement. A cable delay in one of the channels
could shift the expected signal into a region in the ¢ function away from zero,
since there, still crosstalk-disturbances between the channels remained.

After ensuring that the baseline RMS matched with expectations real thermal /chaotic
light sources were investigated. Therefore a mercury lamp with a small linewidth
and thus a big correlation signal in the order of S = 10 ps where a significant signal
can be measured within an hour was used to execute some successful tests like
the ability to shift the position of the signal in the ¢® spectrum to an arbitrary
position by installing a specific cable delay.

The more challenging light source was a LED having a broad optical spectrum that
had to be filtered actively to achieve a measurable signal. An interference filter
with a width of A\ ~ 1 nm yielded a measured signal of about S = 0.36 ps which
differed from theory by a factor of 20%. Measurements with that small correlation
signals need very high statistics accompanying with long measurement times even at
high photon rates. On that level of statistics again systematics appeared requiring
another reference measurement, this time by installing polarization filters that
can be oriented perpendicular to each other to eliminate the correlation. After
subtracting the perpendicular measurement again statistics was as expected and
the signal could be analyzed. Imperfect adjustments of the filters can explain the
loss factor of 20%.
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It could be seen that five hours of measuring with parallel polarization filters
and three hours with perpendicular polarization filters at photon rates of about
N = 10MHz and a time resolution of about o, = 660 ps are needed to detect a
signal with a significance of 50packgrouna. The next step is moving on to measuring
the bunching signal of stars which however cannot be tuned to high photon rates
like the LED can. Huge collection areas and therefore telescopes are needed. Two
IceAct telescopes will be used in Erlangen to perform such measurements. They
have a diameter of about half a meter using a Fresnel lens to focus the light (see
figure 5.1).

Figure 5.1.: An IceAct telescope in the lab

First tests in the lab are already running, since the light enters the focal plane on
different angles interference filtering needs additional parallelization optics that
have to be tested. Nevertheless even with this telescope photon rates of < 5MHz
are expected observing the brightest stars in the northern hemisphere. Similar
restriction also holds for the telescopes of the observatory in Bamberg where
measurements are in progress, too. Resuming the relation between the significance
of the signal and the required measurement time

T 4n2oic?(AN)?

k2XANg N,
one can see that T" increases by a factor of 4 when both rates will be reduced by a
factor of 2 which is the case compared to the LED. This gets even more critical

when measuring spatial correlations: The larger the distance between the telescopes
the smaller the enhancement of ¢ (7 = 0) becomes and the longer one has to

(5.1)
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measure for a signal with a certain significance. Equation 5.1 reveals parameters
that can be adjusted to decrease measuring time:

e Optimizing the time resolution o; of the system. However, while in the
lab better time resolutions may be achieved by better electronics etc. big
telescopes have a time-spread of a few nanoseconds since light that enters
the outer parts of the telescopes travels a longer way to the focal plane than
light entering near the center. Thus optimizing electronic time resolution has
no significant effect on the total time resolution of the advanced system.

e Decreasing the filter width AX. As already mentioned small optical filtering
gets more and more difficult the larger the telescope area and hence the
angles of incoming light become. Furthermore reducing the optical width
also reduce the rate which may cancel out in equation 5.1 when all photons
can be collected.

e Moving to longer wavelengths can be promising since Ay enters the equation
with the fourth power reducing 7. When photo-detectors have a high
quantum efficiency at larger wavelengths this can successfully reduce measure-
ment time. In contrast, stars with small angular diameters create a quite large
coherence cell on earth which increases linearly with the observed wavelength.
Therefore it might become more difficult to sample the ¢® function of such
stars on a sufficient large baseline.

e Increasing the rates seems to be the magic bullet in this issue. When telescope
diameters of < 1m are too small for measuring high rates one can move to
large telescopes with diameters in the order of 10 m. In theory the parameter
photon rate has no practical limit since bigger and bigger telescopes could be
built.

A telescope array already running is the High Energy Stereoscopic System (H.E.S.S)
shown in figure 5.2 which is a Cherenkov telescope built for gamma ray astronomy.
It consists of four telescopes with 12 m diameter and a big telescope in the center
of the array with a diameter of 28 m. [44]

Since it contains only five telescopes it is not optimal suitable for spatial intensity
interferometry only providing a small number of different baselines at once, however
it can be used for first tests on really big telescopes and different baselines appear
when the position of the star in the sky and thus the projected baseline onto the
telescopes changes.

The long-term goal is to implement intensity interferometry electronics in the
Cherenkov telescope array CTA, its benefits were already mentioned in section
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Figure 5.2.: The H.E.S.S telescope array in Namibia. Taken from

1.3.2. It could give high-significant correlation signals of innumerable different
baselines within seconds.

As already mentioned when measuring at really high photon rates in the order
of GHz the time-stamping method cannot be used any more but photo-current
correlation has to be done. This method requires new electronics and new lab tests
before moving to the big telescopes. Thus current correlation is a next big topic in
the intensity interferometry research group at ECAP.

All in all the concept of intensity interferometry can open up a new era of stellar
astronomy measuring the sizes of even the smallest stars, galaxies, exoplanets etc.
even at different wavelengths to see if objects have different sizes in different colors.
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