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Abstract

In quantum mechanics, a measurement influences the quantum state you are observing.
While this complicates the investigation of raw quantum states, it might also be used to
create interesting new quantum states.

In this work, photon subtraction implemented with a single-photon measurement (a
particle- like phenomenon) is combined with the interference of two quantum states
(a wave-like phenomenon). Resulting complex photon-number correlations of a two-
mode output state are investigated theoretically and experimentally using coherent states
from a pulsed laser and single photons from a spontaneous parametric down-conversion
source as the inputs. Furthermore, developments in technology and devices enabling these
experiments on an integrated platform, namely titanium in-diffused lithium niobate, are
explored. This includes the work on integrating superconducting single-photon detectors
on waveguides, the realization of passive integrated optical routing structures, and multi-
channel interfacing.
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Zusammenfassung

In der Quantenmechanik wird der beobachtete Quantenzustand immer von einer Messung
beeinflusst. Dies erschwert die Erforschung reiner Quantenzustiande, kann jedoch auch
zur Erzeugung neuer Quantenzustinde genutzt werden.

In dieser Arbeit wird die Photonensubtraktion, umgesetzt durch eine Einzelphotonen-
messung (ein teilchenartiges Phanomen), mit der Interferenz zweier Quantenzustande
(ein wellenartiges Phdnomen) kombiniert. Die daraus hervorgehenden komplexen Pho-
tonenzahlkorrelationen des Zwei-Moden-Ausgangszustands werden theoretisch und ex-
perimentell erforscht. Hierbei werden ein kohérenter Zustand eines gepulsten Lasers und
einzelne Photonen einer Parametrischen Fluoreszenz-Quelle als Eingangszustdnde verwen-
det. Auflerdem wird die Entwicklung im Bereich der Technologie und Bauelemente zur Er-
moglichung dieser Experimente auf einer Integrationsplattform, hier Titan-eindiffundierte
Wellenleiter in Lithiumniobat, untersucht. Dies beinhaltet die Integration supraleiten-
der Einzelphotonendetektoren auf Wellenleitern, die Realisierung passiver, integrierter
optischer Schaltkreise und Mehrkanal-Schnittstellen.
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Introduction

The measurement of light is part of our everyday life. We measure light when taking
photos using digital cameras, when using brightness sensors, and motion detectors in
our front yard. We use interference phenomena or the speed of light for precise distance
measurements, even in space-applications [[1]] and LIDAR (Light detection and ranging) [2].
Essential for our everyday life, we send and detect light for communication via optical
fibers and satellites [3]. Especially, optical communication can be taken as an archetypal
example of how scientific progress directly relates into immense improvement. By making
light measurement more efficient, more information can be transferred in less time . In
this context, “more efficient” means lower loss, lower noise, faster detection, and the ability
to package more information into less information carriers. In the extreme, this directly
points towards quantum optics, where single photons (the smallest units of light) are
investigated. The wish for high-efficient single-photon detectors to readout information
becomes obvious. In addition, the quantum nature of photons is particularly important for
example in quantum key distribution (QKD) [5]], boson sampling [6]], and investigating
local realism in nature in loophole-free Bell tests [7]].

While, intuitively, a measurement does nothing more than assigning numbers to a cer-
tain physical state you want to observe, it is well known in quantum mechanics that a
measurement also effects the quantum state you are measuring [8] (pp. 304-307). This is a
hard problem if you want to investigate raw quantum states and is tackled, for example,
by quantum detector tomography [9,[10], but it can also be used to manipulate quantum
states. Consequently, a measurement provides exciting possibilities for the creation of new
quantum states [[11]].

a)
Manipulation
Generation and Detec
routing

b)
tion
Typical experimental procedure >

Manipulation

Generation ‘ and
routing

TN

Detection

Figure 1.1: [llustration of an experimental procedure, separated in different building blocks. In
a), the building blocks are aligned in a clear order from left to right, corresponding
to most optics experiments. In b), this order is broken up and the boundaries of the
building blocks overlap.
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Figure[l.1]a) illustrates a typical optical experimental procedure. The experiment starts with
the generation of a photonic state created by some source, for example photon emission
from a quantum dot. It is followed by the manipulation of the state, such as a polarization
rotation and routing in fiber. In the end, the output state is analyzed using detectors. A
consequence of measurement operations in quantum physics is that a measurement can
also contribute to the generation and manipulation of a quantum state, as illustrated in
Figure [1.1| b). In addition, the boundary between generation and manipulation is also
overlapping. This results in more flexibility and more complex setup architectures.

The work in this thesis can be placed in the overlap of the generation and detection
building blocks in Figure[1.1]b), explicitly looking at nonlinear changes in the quantum
state caused by a measurement operation. As the differentiation between measurement
and detection can be inconsistent, this thesis defines a measurement as the operation itself
while detection corresponds to the process in a device.

The most prominent example for the intersection of photon generation and measurement
(see Figure[1.1]b)) is heralding of a spontaneous parametric down-conversion (SPDC) source
which is the “most studied photon-pair production process and the most used for single-photon
generation in quantum information applications” [[12] (p. 16). The outcome of a heralded
SPDC source can be seen as an approximation to a pure single-photon state in the photon-
number (Fock) basis [13]]. SPDC is a nonlinear process where (in a nonlinear medium) a
higher-energy photon of a pump beam decays into two lower-energy photons [12]] (p. 352).
The pairwise created lower-energy photons can be separated using a polarizing beam split-
ter (PBS) for type-II SPDC and form a two-mode squeezed vacuum (TMSV) state [38] (p. 187).
Type-II SPDC corresponds to perpendicular polarization direction of the output photons,
fulfilling momentum conservation in the nonlinear medium. Ignoring one arm of the beam
splitter results into a thermal photon-number distribution in each arm. If loss is neglected,
the photon-number measurement in one arm guarantees the presence of the same photon
number in the other arm. Due to the intrinsically low and purely probabilistic nonlinear
effect, even the usage of non-photon-number-resolving detectors (click-detectors) results
in a good approximation of a single-photon Fock state at low pump powers [[13]]. For the
example of SPDC, the measurement changes the photon-number statistics in one arm of
the PBS from a thermal distribution to a single-photon Fock state [[12] (p. 389).

There are also more examples for measurement-induced states, explicitly photon sub-
traction to create number-correlated pairs of coherent states [[14] and Schrodinger cat
states [[15]]. Photon subtraction is not per se a measurement but can be experimentally
realized with specific measurement schemes [[16]]. In a lossless scenario, the photon-number
measurement in one arm of a beam splitter provides the information of how many photons
are subtracted from an input state. Post-selecting on the events of measuring exactly n
photons equals to a photon subtraction of n photons. Therefore, the measurement oper-
ation is a critical part of the experimental realization of photon subtraction. The beam
splitter’s splitting ratio can be used to adapt the occurrence of these events, given a certain
input state. Several groups have shown applications of this scheme to create interesting
quantum states from various input states, such as thermal light [[17]], squeezed vacuum [15|
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18H20[], and TMSV [14]. All of them follow the motivation of creating new and exotic
photonic quantum states which are classically not available and which serve as resources
for applications in quantum information and quantum metrology.

The nonlinear influence of photon subtraction or, generally, any measurement in general
becomes more prominent when exploring the combination of photon addition and photon
subtraction. While the simultaneous addition and subtraction of one photon should classi-
cally not affect the output state, Reference [21] and [22] investigate the effect of a quantum
catalysis scheme. Bartley et al. have shown the creation of squeezing using one-photon
addition and one-photon subtraction. This mechanism can also be adapted to create dis-
correlated states, as shown in Reference [23]]. As stated before, using a measurement in
combination with different input states results in an interesting class of quantum states
and induced nonlinearities.

A final example builds on the aforementioned findings of Reference [21]. While they
investigated single-mode squeezing using a single photon and coherent state as their input
states for their photon subtraction as the partial measurement, the scheme can be extended
to investigate two-mode squeezing as presented by Riabinin et al. [[24]. As mentioned
earlier, a TMSV state can also be created in a parametric down-conversion pulse, where
the squeezing depends on the pump power. The authors have shown theoretically that it is
possible to create measurement-induced two-mode squeezing which is less dependent on
pump power and therefore attractive for quantum experiments in the low photon-number
regime [24].

All mentioned examples point at the versatile optical toolbox for quantum-physical experi-
ments and applications. While the need of high-efficient single-photon detectors is obvious,
and superconducting detectors are currently the most promising candidates [[12]] (p. 13),
the development and exploration of a platform for working with these fragile but powerful
optical quantum states is a task of great interest. Integrated optics is a promising tech-
nique to enable complex, scalable, phase-sensitive, and low-loss experiments [25]], all of
which can have a great impact on our fundamental understanding of quantum physics and
quantum-technological applications. Therefore, this work covers quantum optics experi-
ments on measurement-induced nonlinearity as well as developments in technology and
devices enabling these experiments on an integrated platform (titanium in-diffused lithium
niobate). The latter includes the work on integrating superconducting single-photon de-
tectors on waveguides, the realization of passive integrated optical routing structures,
and multi-channel interfacing. The former comprises of exploring created quantum states
using single-photon detection as well as interference between different optical input states.
With this, widely applicable technologies as well as exotic two-mode quantum states with
complex correlations are investigated.

The thesis is structured as follows. In Chapter [2] the theoretical background based on
photon statistics is given. In Chapter [3] the optical setup for generating the input states,
used to investigate measurement-induced nonlinearities, is introduced and characterized.
Chapter [4| continues with the individual building blocks for the integrated circuit. In Chap-
ter |5} measurement-induced nonlinearities are investigated using an integrated circuit but
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external superconducting detectors. In Chapter|6] the work on integrating superconducting
single-photon detectors on titanium in-diffused lithium niobate waveguides is presented,
followed by a conclusion and an outlook in Chapter



Theoretical background

As introduced in Chapter|[T} a measurement can be used to induce nonlinearity. To this end,
the framework for the later experimentally investigated quantum states is elaborated in this
chapter underpinned with computer simulations. Firstly, different flavors of quantum states
are introduced and investigated using photon-number probability distributions. Secondly,
the concept of spontaneous parametric down-conversion for creating single photons is
explained. Then, Section [2.3| covers theoretical work on interference of two quantum
states, while Section closes with the theoretical investigation of measurement-induced
nonlinearities neglecting loss effects.

2.1 Introduction to quantum states

The introduction to quantum states goes back to the quantization of the electromagnetic
field. Following the formalism in Reference [[8] (pp. 10-15), given Maxwell’s equations with
suitable boundary conditions, one can find an analogy between the resulting field energy
of a single-mode electromagnetic field and a harmonic oscillator, with the Hamiltonian H
given as

L1 X
H= E(p2 +wg?). (2.1)

Here, p and § are the operator equivalents to the generalized position and its conjugate
momentum variables g and p in a classical system, and w is the angular frequency.The
representation of these variables as the real and imaginary part of an electromagnet field’s
amplitude can be found in Appendix[A.1] Conventionally, it is possible to introduce the
non-Hermitian annihilation @ and creation d' operators in the form

a = (2hw) (0§ + ip), (2.2)
a" = (2hw) V2 (wg - ip). (2.3)

It holds that '
[4,a"] =1 (2.4)

With Equation (2.2) and (2.3) one can write the Hamilton operator as

N 1
H=ho (a*a+5). (2.5)
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The energy eigenstates n of this Hamiltonian are described by
H|n) = Ey |n) (2.6)
From the harmonic oscillator it is known that the discrete energy levels E,, are given as
1 :
E, =how (n + 5) withn =10,1,2,3... (2.7)
The name creation operator for @' comes from
S IR st ant | ot 1 _ At _ ot
Ha' |n) =ho |a'aa' +a > |n) = a'(E, + hw) |n) = (E, + hw)(a' |n)). (2.8)
This can be seen as an addition of one photon with energy #iw. The opposite holds for the
annihilation operator a but is lower bounded by
aloy =o. (2.9)

The operator # = d'd gives
iiln) =nin), (2.10)

and is therefore called the number operator. With these basics, every photon-number state
can be formed from the vacuum, using

(&%)n
V!

A graphical representation of photon-number probability distributions for the vacuum
state and the one-photon or two-photon Fock state are shown in Figure

In) = 0) . (2.11)

a)>1.0 n20 b)>10 o C)>10 )
®05 205 ?05
o) o) o)
o o o
— 0.0 T — T 0.0 — ———
012 3 456 012 3 456 012 3 456
Photon number Photon number Photon number

Figure 2.1: Photon-number probability distribution for a) the vacuum state, b) a one-photon Fock
state, and c) a two-photon Fock state. The unity probability show the purity of the
photon-number states.

Even though this model does not yet take different modes and phase into account, it can
also represent different photon-number distributions such as coherent states (the physical
output of a laser). The amplitude of a coherent state « is related to the mean photon number
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fias ii = |a|*. In the number basis, one can represent the coherent state as
o0 n
11,12 (04
o) = ezl Z— In) . (2.12)
n=0 \/’?

Figure [2.2| shows the photon-number probability distribution for coherent states with
mean photon numbers of 0.1, 1.0, and 2.0, following a Poisson distribution (p. 46).
In Figure |2.2[a), photon numbers higher than one only occur at a very low probability.
In contrast, at a mean photon number of 7 = 1 the probability of zero photons, exactly
one photon, or the sum of all higher photon numbers are equal to each other, shown in
Figure[2.2]b). When measuring a coherent state with a mean photon number of 71 = 2, it is
equally likely to measure exactly one photon or two photons, as shown in Figure 2.2|c).

a)>1o b)>1o = C)>1.o =
g 05 05 ?05
o) o) o)
o o o
0.0 0.0
0123 456 0123 456 0123 456
Photon number Photon number Photon number

Figure 2.2: Photon-number probability distributions of coherent states with a mean photon number
of a) i=0.1, b) 7=1.0, and c) A=2.0.

In contrast, Figure2.3|shows the photon number probability distributions for thermal states
(as black-body radiation) with the same mean photon numbers as used for the coherent
states in Figure [2.2]following a Bose-Einstein distribution. When comparing the shown
photon-number probability distributions, the distributions of a coherent state and a thermal
state look very similar at low mean photon numbers. At higher photon numbers, they
deviate significantly, especially from the single-photon Fock states. Therefore, coherent
states and thermal states are generally not good approximations of pure single-photon
Fock states. In addition, the probability of measuring zero photons for a thermal state is
always the highest at any mean photon number.

a b C
)310 A=0.1 )310 A=1 )310 =2
805 05 R 05
o) o) o)
o o o
0.0 0.0
012 3 456 012 3 456 012 3 456
Photon number Photon number Photon number

Figure 2.3: Photon-number probability distributions of thermal states with a mean photon number
of a) 1=0.1, b) 71=1.0, and ¢) 7=2.0.
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2.2 Spontaneous parametric down-conversion

As shown in the previous section, single-photon states can be intuitively represented in
the photon-number basis. However, the physical creation of single-photon Fock states
is rather challenging as coherent or thermal states are non-ideal candidates. Therefore,
spontaneous parametric down-conversion as a source for single-photon states is discussed
further.

The underlying physics rely on the polarization response P; of a dielectric medium with
its electric susceptibility tensor elements X to an electro-magnetic field E as (Refer-
ence [[12] (p. 354))

Pl' = Xl(’lj)ﬁ‘] + ng'?kﬁjﬁk + Xﬁ,i?k,lﬁjékﬁl +... (213)

Using a suitable nonlinear crystal for SPDC, one can focus on the X ?-interaction, while
the X -interaction is important for 4-wave mixing. SPDC creates two output fields with
one input field and can therefore be seen as the counterpart of sum-frequency generation.
Based on Reference [8] (p. 214), for the nondegenerate case, it holds the relation that

A~ x%ayalal + He. (2.14)

Here, dj, is the annihilation operator for the pump-photon and 4! and d;r are the creation
operators for the signal and idler photons. With initially no photons in the signal and idler
states,

Gpa}al 11),10)510); = 10}y [1), ;. (2.15)

It has to be noted that this process happens spontaneously and simultaneously. Therefore,
the process has to fulfill energy and momentum conservation which can be transferred to
conservation of frequency w and wavevector k as

Wy = W + Wi, 2.16
P

ky = ks + ki. (2.17)

The latter is tackled either by finding a suitable spatial configuration for the nonlinear
crystal, addressing the specific output angles of signal and idler photons, or by using a
periodic inversion of the crystal orientation (periodic poling). This adds an additional term
to Equation for so-called quasi-phase-matching.

ky = ko + ki + ke, (2.18)

where k. = 27r/A is an additional term from the crystal’s (first order) poling period A. With
this, it is possible to achieve copropagation of signal and idler photons, which allows these
processes also to work in waveguides [26] .

Further elaborating Equation (2.16) and (2.17) as the pump-distribution function a(ws + w;)
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and the material-dependent phase-matching function ®(ws, w;), it is possible to calculate
the full joint spectral intensity (JSI) F as

F = (a(ws + 0;)@(ws, @i))z (2.19)

Figure [2.4] shows the resulting JSIs for the same pump-distribution function but two
dlﬁerent phase-matching functions based on the nonlinear crystals lithium niobate and
potassium titanyl phosphate (KTP). It can be seen, that the combination of pulse bandwidth
and phase-matching function which includes the crystal dispersion, poling period, and
crystal length, determines whether there exist spectral correlations between signal and
idler photons. Depending on the application, some experiments require these correlations
while others require non-correlated signal and idler pairs [27].

Reference shows that these correlations can be elaborated from orthogonal Hermite-
Gauss modes (also called Schmidt modes) and that these modes can further be used for
information encoding. However, as indistinguishable photons are needed for the later
experiments, the reduction to one mode (Schmidt number = 1) is necessary.

a . . . . . .
) Pump function Phase-matching function Joint spectral intesity
= 1570 = 1570 = 1570 1.00 >
£ £ £ a
< 1560 < 1560 < 1560 075 &
= = = £
b 5 5} -
2 1550 2 1550 2 1550 050 g
> > > =
© © © ©
2 1540 2 1540 2 1540 0.25 €
< k3 R S
< 1530 < 1530 < 1530 0.00
1530 1540 1550 1560 1570 1530 1540 1550 1560 1570 1530 1540 1550 1560 1570
Signal wavelength [nm] Signal wavelength [nm] Signal wavelength [nm]
b . . . . N
) Pump function Phase-matching function Joint spectral |nte5|ty
= 1570 = 1570 = 1570 ?
£ £ £ a
< 1560 < 1560 < 1560 075 &
= = = £
5 5 S 1550 0.50
2 1550 2 1550 2 e
3 3 z S
2 1540 2 1540 2 1540 0.25 £
< k3 ko) §
< 1530 < 1530 < 1530
1530 1540 1550 1560 1570 1530 1540 1550 1560 1570 1530 1540 1550 1560 1570
Signal wavelength [nm] Signal wavelength [nm] Signal wavelength [nm]

Figure 2.4: Pump function, phase-matching function, and resulting JSI from left to right for a)
lithium niobate and b) KTP.

While signal and idler photons are always created pairwise and entangled, the individ-
ual photon-number probability distributions look like thermal distributions due to the
spontaneous character of the process (p. 186). Together, they can be described as a
two-mode squeezed vacuum sate (in one Schmidt mode), where signal and idler form one
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state with their strong correlations in photon number [29]. Their joint, highly correlated
photon-number probability distribution is shown in Figure

When deterministically separating signal and idler photons and measuring the photon
number of the idler, one can directly infer the photon number in the signal arm, which is
called heralding. Therefore, the idler photon is sometimes called herald photon. While the
occurrence of signal and idler creation in SPDC is still probabilistic, one can postselect on
these occasions. At low generation rates, it is sufficient to approximate the signal arm to a
pure single photon postselected on the measurement of any photon number in the idler

arm [[13]].

Other single-photon sources such as quantum dots or color centers in crystals don’t rely on
a probabilistic process which can be advantageous. However, the single-photon source of
choice strongly depends on the application. In the following section, advantages of SPDC

sources which are important for this work are discussed that have not been considered,
yet.

a) b)
100
c06-
o ~ 5
= [] 10—2
g0 24 2
t:3——". 83— 10—4§
Z 521 M ;
o
51- . 10—6
0

T
012 3 456
Photon number A

Figure 2.5: Joint photon-number probability distributions for signal and idler photons (A and B)
of a two-mode squeezed vacuum state (SPDC state) in a) a logarithmic 3D bar chart
and b) colormap representation.

2.3 Single-photon interference

Single photons are powerful information carriers due to the many bases in which informa-
tion can be encoded [4]. These bases are directly related to the different ways two photons
can be distinguished as for example spatial, temporal, and frequency modes [30]. Here,
SPDC has proven to be well suited for reliable preparation of single photons [31]. While
distinguishability between photons is at first sight advantageous for information encoding,
it hinders the interaction of two photons [30]].

Many interference phenomena from classical optics can be directly translated to quantum
optics. As an example in Figure four different outcomes can occur when two distin-
guishable photons A and B (red and orange) interfere at a 50:50 beam splitter, for example

10
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in the form of an integrated directional coupler. In Figure[2.6]a), both photons chose the left
arm after the integrated coupler. In Figure[2.6]b), both photons cross at the beam splitter
and therefore arrive at different outputs. In Figure [2.6|c), both photons stay at their initial
waveguide side, such that photon A stays in the left waveguide and photon B stays in the
right waveguide. In Figure[2.6]d), photon A and B bunch together and leave at the right
output.

The outcome after the beam splitter (BS) with the operator U = el (@'6=ab") cap be written
as (Reference [8] (pp. 139-141))

A BS 1 N N ap A
UlL1) — 5(zaw +a'b"—bTat —ib'b") 0, 0). (2.20)

a) b) ¢) d)

Figure 2.6: Two-photon interference at a 50:50 beam splitter in form of an integrated directional
coupler. In this waveguide circuit (represented by gray lines on the rectangular sample),
two input photons can enter at the two bottom left inputs and meet in the narrowed
region in the middle, before leaving at the two outputs. The four figures show the four

different outcomes as described in the main text. The red and orange lines illustrate
the pathways, the two photons take.

For two indistinguishable photons, the two middle terms in Equation (2.20) cancel out,
resulting in the output state

¥y = \/gi(lz, 0) — 10,2)). (2.21)

Therefore, when two indistinguishable photons interfere at a 50:50 beam splitter, the two
photons bunch together, called the Hong-Ou-Mandel (HOM) effect [32]]. This means that no
simultaneous detection of one photon at each output is possible. The joint photon-number
statistics are depicted in Figure[2.8]a). For distinguishable photons, the maximum probability
of a simultaneous detection of one photon at each output according to Equation is
0.5. If one can change the distinguishability of the photons, the ratio of the coincidental
measurement of (at least) one photon in both output arms for maximal distinguishable
photons p,, and maximal indistinguishable photons p,,, gives the HOM visibility V, with

v = Pab = Paa (2.22)

PDab
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2 Theoretical background

The distinguishability of two photons is not discrete but continuous and can be observed
in all previously mentioned bases.

The spectral mode of a photon can be introduced according to Reference [30] as
16 = [ dog)d’ (@) [0), (229)

where ¢() is the spectral amplitude function and d'(w) the creation operator for the
spectral mode w. In addition, a temporal delay 7 on one of the input modes can be introduced
as

i’ (w) = a'(w)e'". (2.24)

When choosing a Gaussian spectral distribution for both input photons with equal spectral
width o, unequal central frequencies ©, and @, and a relative temporal delay 7 between
the modes, the visibility transforms to (Reference [30])

0'41'2+(wa7wb)2

e 202

D=
D =
D =

o'4rz+(wa7wb)2

V= e w2 . (2.25)

o=

It can be seen that the HOM visibility decreases for temporal or spectral mismatches of
the two photons. This is illustrated in Figure [2.7|for three different spectral mismatches.

1.0 1
> 0.8
2 06 A
2
' 04+
— — Wp=Wg,

02 - Wp=Ws+0

— (Wp=Wa+20
0.0 T T T
-100 -50 0 50 100

Temporal delay T [a.u.]

Figure 2.7: HOM visibility of two photons dependent on the temporal mismatch for three spectral
mismatches based on Equation (2.25)

When interfering two single photons, the HOM visibility is often used as a measure for their
distinguishability. This phenomenon can be expanded to higher photon orders as depicted
in Figure |2.8|c)-d). The depicted as well as subsequent theoretical results in the form of
colormap plots are based on Python QuTiP simulations [33]]. The QuTiP package for Python
is an open-source library and simulation tool based on commonly used numerical packages
(Numpy, Scipy, and Cython) [34]]. It directly provides the numerical implementation of
Hamiltonians, as well as operators as the annihilation and creation operators, and density
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2 Theoretical background

matrices to represent quantum states as Fock states, thermal states, and coherent states.
This way, we can directly implement optical circuits.

a) b) ©) d)

o In: 111D o In:12) 11> o In:12)12) o In:I3)11)

84 0.5 > 84 0.5 > Sy 0.5 > 4] 0.5 >
E 3 = E3 = E£3 = E 3- =
22 ® 22 ® 22 ® 224 3
g e 5 e 5 ° 5/ 2
ke 00% © 00% B 00% &'L—r—rr" 00
a 01234 a 01234 o 01234 o 01234

Photon number A Photon number A Photon number A Photon number A

Figure 2.8: Photon-number statistics (probability distribution) in the two output arms of a 50:50
beam splitter after interference of: a) two indistinguishable single photons, b) a one-
photon and a two-photon state, ¢) two two-photon states, and d) a one-photon and a
three-photon state in the two input arms.

For comparison, Figure[2.9|shows the interference of vacuum with different photon-number
states. Figure|2.9|a) shows the 50:50 chance for a one-photon state, measured either in port
A or B. One can compare the photon-number statistics in Figure[2.9]b)-d) and Figure[2.8]a)-d)
with the same total number of photons. As no multi-photon interference effects are involved
in Figure 2.9)b) and c), the results differ drastically from the findings in Figure [2.8|a)-d).
Most important, the interference effects in Figure [2.8| cannot be treated as a combination
of other photon-number statistics, as also shown analytically in Appendix[A.2].

a) b) c) d)

o In: 110> o In:12) 10> a In:13)10) o In:14) 10>
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c?2 © c 2 © 21 W © c?2 . ©
51 s 51 M s 511 M 5 5 s
50 0% 0L+ 0% 80—t 005 0L 00
a 01234 a 01234 o 01234 a 01234

Photon number A Photon number A Photon number A Photon number A

Figure 2.9: Photon-number statistics (probability distribution) in the two output arms of a 50:50
beam splitter after interference of a) a single photons, b) a two-photon state, c) a
three-photon state, and d) a four-photon state and vacuum in the two input arms.

The Hong-Ou-Mandel effect can also be studied for other types of input states. For coherent
states, the HOM visibility depends on the relative phase of the two input states in analogy
to the classical case and is lower bounded by 50 % (p. 505). In contrast, the interference
of a single-photon Fock state and a coherent state is independent of a relative phase of
the coherent input state. Since the mean photon number of a coherent state determines
the multi-photon probability, the HOM visibility is lower bounded by the coherent-state
amplitude [35]]. This is true, even for otherwise perfectly indistinguishable photons. An
analytical expression of the HOM visibility V for the interference of a coherent state and a
single photon is given by (Reference [35]])
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2 Theoretical background

(2.26)

and is visualized in Figure [2.10]
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Figure 2.10: HOM visibility for the interference of a coherent state and single photon dependent
on the coherent-state amplitude.

In addition, Figure[2.11)shows the photon-number statistics following interference between
a single photon and a coherent state with amplitude (and mean photon number) of one,
illustrating a discorrelated photon-number distributions [23]]. Here, the creation of exotic
two-mode quantum states with complex correlations in the joint photon-number statistics
becomes visible. The measurement outcome for the photon number in both outputs cannot
be predicted with 100 % certainty while measuring the same photon number in both outputs
is prohibited.
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Photon number A

Figure 2.11: Photon-number statistics (probability distribution) in the two output arms of a 50:50
beam splitter after interference of a single photon and a coherent state with amplitude
a=1 (a=1).

Photon loss can be simulated by mixing the initial state with vacuum at a beam split-

ter [36]] (pp. 79-83). As shown in Appendix[A.3] including loss at the coherent-state input
reduces the coherent-state amplitude which on the contrary increases the HOM visibility,
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2 Theoretical background

as shown in Figure Using QuTiP simulations, we investigate the influence of loss
on the single-photon state. As shown in Figure a), the HOM visibility decreases with
increasing loss. In Figure b), one can see that this decreasing HOM visibility is not
just caused by a decreasing probability for a coincidental measurement of at least one
photon in both output arms for maximal distinguishable photons p,p, but also an increasing
probability for maximal indistinguishable photons p,,. Therefore, when investigating the
HOM visibility for different quantum states as the interference of coherent states and single
photons experimentally (see Chapter[5), the visibility cannot be interpreted as a measure of
the indistinguishability in the earlier introduces basis. Furthermore, an individual blocking
of the individual inputs cannot be used for a background subtraction.

a) b)
1.0 > 044
= — Paa
a
0.8 7 3 Pab
> o 034
£ 0.6 o
o) 9]
—_ Q
S 041 g 021
02 . —
(o] 0.1 4
00 T T T T v T T T T
0 20 40 60 80 100 0 20 40 60 80 100
Loss [%] Loss [%]

Figure 2.12: a) HOM visibility for the interference of a coherent state with amplitude a=1 (i=1) and
single photon dependent on loss at the single-photon input state, and b) corresponding
probabilities for the coincidental measurement of at least one photon in both output
arms (see Equation .

2.4 Measurement-induced nonlinearity

As photons lose all their energy when being detected, only a partial detection of a photonic
state can be useful for quantum-state preparation. Partial detection of a photonic state can
be realized for spatially separated states, where SPDC was introduced as an example in
Chapter (1] In addition, a partial detection can be realized using the already introduced
beam splitter [[16]], as illustrated in Figure In this section, we investigate nonlinearities
in the photon-number statistics based on this measurement scheme theoretically.

When sending only a coherent state into the beam splitter (vacuum in the other arm), the
output statistics of the arm with no detector are independent of any detection event in
the other arm. Therefore, postselecting on for example a detection of one photon in the
detection arm and (according to Chapter [1) subtracting one photon does not change the
photon-number statistics. This is shown analytically in Appendix[A.3] The outcome photon-
number probability distribution is independent of any photon-number measurement at
the detector which is unique for these states.
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2 Theoretical background

Figure 2.13: Illustration of a partial detection of a photonic state using a detector (represented
by the orange hemisphere) in one arm of an integrated beam splitter introduced in

Figure

When we use a thermal state with the same mean photon number at the input (7 = 1)
and postselecting on different photon-number measurements, the output statistics change

from a Bose-Einstein distribution or super-Poissonian light to a Poisson distribution [[17],
as shown in Figure

) ) b) ] 9) ] d) .
Out:10), W) Out:11), ¥ Out:12), ¥ Out:14), @)

21 21 21 21

3 3 3 3

© © © ©

Q QO Q Q

€0 €o €0 €0

&Y 0123456 &Y 0123456 &Y 0123456 &7 0123456
Photon number Photon number Photon number Photon number

Figure 2.14: Photon-number probability distributions of one output of a 50:50 beam splitter (¥)
with a thermal state with mean photon number of 7 = 1 at one input, postselected on
a detection of a) no photon, b) one photon, c) two photons, and d) four photons at

the detector output, illustrated by the photon number in the first part of the labeled
output state.

Changes in the photon statistics can also be investigated for the interference of a single
photon and a coherent state. These results were already shown in Figure However,
when only looking at the joint statistics of this example, the unintuitive and interesting
features of quantum mechanics are easily overseen. A measurement of a single photon
in one arm corresponds to a one-photon subtraction. When considering a coherent state
as the input, interfering it with a single photon, and executing a one-photon subtraction,
the output state must include the same overall photon number as the input coherent
state (quantum catalysis). Bartley et al. showed that this process induces nonlinearity
(especially quadrature squeezing up to 1.25 dB below the shot-noise limit).

In summary, with the simple scheme from Figure [2.13] it is possible to create strong
nonlinearities, when using a coherent state and a single photon at the inputs and measuring
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2 Theoretical background

a single photon at the other output. This leads to the question, whether it is possible to
create advanced two-mode output states as for example two-mode squeezed vacuum by
extending the scheme.

2.4.1 Phase-independent optical circuit

We realize the extension of the previously discussed scheme by adding two more 50:50
beam splitters (BS 2 and BS 3 in Figure [2.15) to extend the number of spatial modes. As
single-photon Fock states are phase insensitive and the states do not recombine after
interference, the optical circuit is phase-independent. Here this means that all results are
independent of the path lengths of the individual waveguide sections. As this circuit design
is later compared to a second circuit, we call it optical circuit A in the following.

out?
ot

Figure 2.15: Optical circuit to create two-mode quantum states with three beam splitters. With
respect to the measurement scheme in Figure this circuit adds one beam splitter
in each arm of the first beam splitter and a second detector. The two inputs are labeled
with In A and In B, while the two modes of the output state are labeled Out A and
Out B.

We use the two inputs to investigate the interference of a coherent state and a single
photon. For first investigations the mean photon number and with it the amplitude of the
coherent state is set to one photon. With no measurement at the two detectors, each arm
of the first beam splitter undergoes 50 % loss, as seen in Figure [2.16]a). This loss cannot be
eliminated by postselecting on a measurement of zero photons in both measurement output
ports. Therefore, the corresponding results, shown in Figure[2.16]b), differ from the earlier
findings in Figure[2.11)in terms of the absolute values but not the created discorrelation. In
addition, the photon-number statistics are equal for an equal photon subtraction in both
measurement output ports independent of the actual photon subtraction. For the cases of
a subtraction of zero, one, or two photons, the results are shown in Figure b) -¢).

Instead, when only subtracting one photon in one of the arms, the photon-number statistics
change drastically, as can be seen in Figure e) - h). Here, the symmetry is broken. The
probability of measuring a photon at the output of which another photon was subtracted
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is higher than the probability of measuring a photon at the other output. In addition, the
probability of measuring one photon in this arm is increased, compared to the cases a) - d).
Therefore, the influence of the measurement operation is highly nonlinear.

In Figure e) and f), the second measurement output is not observed, while in g) and
h) a measurement on zero photons is executed. The difference of these cases becomes
less prominent for lower mean photon numbers of the input coherent state, therefore
the simulation results for higher mean photon numbers (7i=2 and 1=4) are shown in

Appendix

While these examples are all using photon-number resolving detectors, non-photon-
number resolving detectors (click detectors) are often more accessible in the laboratory.
Therefore, we also investigate the photon-number statistics of the two-mode output state
for the interference of a single photon and a coherent state with a mean photon number of
one for click detectors. The results are presented in Figure [2.17]

When comparing the results for photon-number resolving detectors in Figure and
click detectors in Figure the influence of a measurement is very similar. With the
exception for the results of a symmetric photon subtraction at both measurement arms, as
a click-detection event can be caused by unequal numbers of photons. In addition to the
shown nonlinearities in the photon-number statistics and interesting correlations, further
investigations by Riabinin et al. in connection with this work have shown that it is possible
to induce two-mode squeezing with this design [24]]. Usually, the amount of squeezing
(using PDC) scales with the number of involved photons and is therefore limited by laser
power or source brightness. This method provides a more effective way for generating
squeezing per involved photons as the interacting states are all at the single-photon level.
This is critical for future work where the detectors in the form of superconducting devices
are integrated in an optical circuit and pump suppression and a minimized heat load are
crucial. While the demonstration of induced squeezing can be seen as a key element for
future concepts of measurement induced nonlinearity, this work focuses more on the
general concepts and related technologies.
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Figure 2.16: Photon-number statistics for a single photon and coherent state of mean photon

a)

number 7=1 interfering in optical circuit A; a) no measurement at both detectors, b)
subtraction of zero photons at both detectors, c) subtraction of one photon at both
detectors, d) subtraction of two photons at both detectors, €) and f) subtraction of
one photon at one detector and no measurement at the other detector, and g) and h)
subtraction of one photon at one detector and zero photons at the other detector.
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Figure 2.17: Photon-number statistics for a single photon and coherent state of mean photon

number 7i=1 interfering in optical circuit A; a) subtraction of at least one photon at
both detectors, b) and c) subtraction of at least one photon at one detectors and no
measurement at the other detector, and d) and e) subtraction of at least one photon at
one detector and zero photons at the other detector.
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2.4.2 Phase-dependent optical circuit

In the last part of this chapter, the previous optical circuit is further expanded. Adding an-
other (fourth) beam splitter before coupling out the two-mode state, as shown in Figure|2.18|
results in a Mach-Zehnder geometry.

out?
ot <

Figure 2.18: Phase-dependent optical circuit to create exotic two-mode quantum states with four
beam splitters in a Mach-Zehnder geometry. The two inputs are labeled with In A
and In B, while the two modes of the output state are labeled Out A and Out B.

In this optical circuit (in the following called optical circuit B), the difference in path length
(relative phase shift) within the interferometer design influences the interference outcome
when recombining the states. Riabinin et al. investigated theoretically the influence of
different beam-splitting ratios as well as phaseshifts inside the Mach-Zehnder structures
and theoretically verified the generation of two-mode squeezing [24]. The maximum
possible two-mode squeezing equals the value for the earlier discussed single-mode case
24]]. Nevertheless, the theoretical investigations here in this work are restricted to photon-
number statistics. Also, the presented simulations do not include a difference in path length
of the two paths inside the Mach-Zehnder structure. Therefore, a fixed phase relation
which influences the photon-number correlations of the two-mode state is experimentally
realized with the passive and phase-stable integrated circuit. However, active control over
the phase inside the interferometer enables continuous tuning between the maximum
squeezed and non-squeezed state.

When we compare the photon-number statistics of the two circuits for no measurement
in both detectors (accepting all measurement outcomes), as shown in Figure2.16|a) and
Figure a), the influence of the different interferometer structures become visible. For
both circuits, the subtraction of either zero, one, or two photons in both arms shows the
same results. However, as already shown for the case with no measurement in Figurea),
the photon-number statistics of the two outputs is not symmetric for optical circuit B. In
addition, with no loss taken into account, the photon subtraction of the same photon
number in both arms guarantees the existence of exactly one photon at one output port,
independent of the statistics in the other port, as shown in Figure 2.19b) - d).
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Figure 2.19: Photon-number statistics for a single photon and coherent state of mean photon
number 71=1 interfering in optical circuit B with no phase difference between the two
paths in the interferometer; a) no measurement at both detectors, b) subtraction of
zero photons at both detectors, c) subtraction of one photon at both detectors, d)
subtraction of two photons at both detectors, e) and f) subtraction of one photon at
one detector and no measurement at the other detector, and g) and h) subtraction of
one photon at one detector and zero photons at the other detector.

For a photon subtraction in only one arm, it makes no difference at which detector the pho-
ton is subtracted, as the fourth beam splitter has a 50:50 beam-splitting ratio. Furthermore,
for the interference of a coherent state with mean photon number one and a single photon,
the resulting photon-number statistics are similar for the subtraction of one photon at one
detector and either no measurement at the other detector, or a zero-photon measurement
at the other detector, as shown in Figure[2.19e) - h).

Following the investigations in the previous section, the subtraction of at least one photon
using click detectors is investigated. Here, the measurement in both arms or one arm
and no measurement, or a zero-photon measurement at the other detector are shown in
Figure Again the findings in Figure e)-h) for photon-number resolving detectors
are very similar compared to the findings in Figure b)-e).

It can be seen that it is possible to create complex correlations in the photon numbers of the
two output states with both circuits. Based on a parameter optimization by Matvei Riabinin,
the maximum two-mode squeezing, based on a measurement in the outer detectors can be
achieved for a beam-splitting ratio of 1:0 for the fourth beam splitter in optical circuit B,
which directly corresponds to optical circuit A. While the main focus therefore lies on the
latter, both optical circuits are experimentally investigated to also explore the critical phase
stability for the interferometric design. In Chapter[dwe discuss the experimental realization
of these circuits, followed by first experiments using these components in Chapter
All in all, the combination of coherent states, single-photon states and measurement
operations are a promising tool to create interesting multi-mode quantum states with
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complex correlations in the joint photon-number basis.
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Figure 2.20: Photon-number statistics for a single photon and coherent state of mean photon
number 7i=1 interfering in optical circuit B with no phase difference between the two
paths in the interferometer; a) subtraction of at least one photon at both detectors, b)
and c) subtraction of at least one photon at one detectors and no measurement at the
other detector, and d) and e) subtraction of at least one photon at one detector and
zero photons at the other detector.
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Source characterization

When observing quantum-interference phenomena, whether or not measurement-induced
effects are investigated, indistinguishability between photons is crucial. In this chapter,
the optical setup for experimentally creating the different input states for interference
experiments, namely coherent light and single photons, is introduced. Furthermore, the
created output states of this source are characterized.

3.1 Input state setup

In this section, we introduce the setup for creating single photons based on SPDC as
well as coherent states. As discussed previously, these states can be differentiated in the
photon-number basis. However, if one wants to use multiple states at once and investigate
interference phenomena between the different states, maximum mode overlap must be
ensured, which is not included in the photon-number basis. Especially for the spectral mode,
the single-photon purity and therefore an uncorrelated JSI of an SPDC single photon source
is important. In addition, the usage of only one input laser avoids a difficult synchronization
between two systems. The setup to create coherent states and single photon Fock states is
shown in a simplified schematic in Figure 3.1|and in a full overview in Figure[3.2}

SHG 5PDC pump SPDC Herald
shaping
Output 1

Coherent state shaping
+ variable delay

Laser

Output 2

Figure 3.1: Simplified schematic of the experimental setup for creating various input states as
described in the main text with colored boxes based on the illustration in Figure[1.1] The
connecting lines represent a laser beam with red corresponding to 1550 nm wavelength
and yellow corresponding to 775 nm wavelength. The wavelength conversion is caused
by second harmonic generation (SHG) and spontaneous parametric down-conversion
(SPDC). The orange boxes represent the two output states, which can then be used as
the actual input states for later experiments.

In the simplified schematic in Figure[3.1] the optical path starts with a pulsed 1550 nm laser.
The laser is partially used as a pump for a second harmonic generation (SHG) process in a
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3 Source characterization

nonlinear crystal, resulting in a laser beam at half the wavelength. We shape this beam
in the frequency domain and pump a second nonlinear crystal for SPDC. Using a type-II
SPDC process, where signal and idler photons are in orthogonal polarization modes, they
can be separated deterministically. Without heralding, the photon statistics in Output 1
ideally follow a thermal distribution. With heralding exactly one photon, Output 1 equals
a one-photon Fock state. In the low pump-power regime, heralding with a click detector
also approximates a one-photon Fock state in the signal arm, as discussed Section The
non-converted part of the input laser is also shaped in frequency to match the frequency
properties of Output 1. Assuming bandwidth-limited (Fourier-transform limited) pulses,
the spectral shaping also causes temporal shaping. A variable delay line (VDL) enables
control of the arrival time of Output 2 in comparison to Output 1.

M Beam block
SHG crystal SPDC crystal . D-shape mirror
‘% & N  Dichroic mirror
N WO Fiber coupling
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Figure 3.2: Experimental setup for creating various input states as described in the main text.
The wavelength conversion is caused by second harmonic generation (SHG) and
spontaneous parametric down-conversion (SPDC). The arrival time of photons at
Output 2 is controlled by a variable delay line (VDL). Component drawings are partially
taken from Reference [37]).

Output 1

The more complex illustration of the experimental setup for creating the input states for
the later experiments is shown in Figure [3.2|and is explained in analogy to the simplified
schematic in Figure

Laser: The optical path starts with a pulsed 1550 nm lasers of which we control the laser
power using a half wave plate (HWP) followed by a polarizing beam splitter (PBS) with a
beam block in one output.

SHG: We create 775 nm light in a nonlinear bulk periodically poled Mg:LiNbO; crystal
in which the beam is focused. With a surrounding oven, the phase-matching can be
temperature controlled. A half wave plate in front of the crystal is used to optimize the
input polarization of the 1550 nm light for maximum frequency conversion.

Coherent state shaping + variable delay: After the SHG process, remaining 1550 nm
light is separated using a dichroic mirror, attenuated using a second set of HWP, PBS,
and beam block, a neutral density (ND) filter, and send to a 4f-line for spectral shaping.
In theory, a 4f-line consists of two gratings and a slit standing in the focal plane of two
lenses. Practically, we simplified this construction using a mirror after the slit, reducing
the resources to one grating and one lens. After a D-shape mirror, the polarization of the
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resulting light beam is adjusted using one more half wave plate.

Output 2: We couple the light to optical fiber, and send it through a fiber-connected
polarization-maintaining variable delay line. Its fiber-output corresponds to Output 2 in
Figure

SPDC pump shaping: For the transmitted 775 nm path of the dichroic mirror, the beam
is further filtered using a short pass (SP) filter and also undergoes the spectral filtering in
a 4f-line optimized for 775 nm wavelength.

SPDC: The resulting beam acts as a pump beam for an SPDC process in a periodically poled
KTP crystal which is again surrounded by lenses and a HWP for brightness optimization
and a long pass (LP) filter to remove the pump beam after the crystal. The resulting 1550 nm
photon pairs with orthogonal polarization are split on a PBS and fiber-coupled.

Herald and Output 1: We send one fiber to a superconducting nanowire single-photon
detector (SNSPD) for herald detection, while the other path corresponds to the other output
for new created input states for later experiments. This port it labeled Output 1.

The device names for the main components are highlighted in Appendix Table The
usage of a “common master laser” provides a stable phase relation between the output
ports [36] (p. 86). Similar schemes are used for (weak-field) homodyne detection [38] or for
“measuring the joint spectral mode of photon pairs using intensity interferometry” [39].

Ideally, the phase-matching function (see Section[2.2) directly matches the second harmonic
pump light, such that the created SPDC signal photons have the same spectral and temporal
profile as the initial pump laser. This can only be achieved for a pure, degenerate SPDC
source. At 1550 nm wavelength, such a source can be realized with a KTP crystal [40].
Deviations from a degenerate source, mainly resulting from fabrication imperfections of
the periodically poled source crystal, can partially be compensated using the 4f-lines. With
these, it is possible to fine-tune the central wavelength as well as the bandwidth. For more
flexibility, a wavelength-tunable laser system is preferable. Additional filtering of signal
and idler photons can improve the purity [40]] but either induces loss when filtering the
signal output or induces noise when filtering the idler output.

For an ideal system, the laser pulse repetition rate must match the recovery time of the
utilized detectors (the recovery time is explained in Section [6.1). If this is not the case,
not every new laser pulse can be interpreted as an equal repetition of the experiment as
fully recovered detectors are one element of the initial conditions. In a first approximation,
a mismatch between the recovery time and laser repetition rate can be interpreted as a
reduced detection efficiency and therefore an additional loss source.

For the presented work in this thesis, two laser systems were available. For a first compari-
son, the datasheets for the laser systems are shown side-to-side in Appendix Table
Both lasers do not provide a tunable central wavelength. Therefore the poling period of
the nonlinear crystals must directly fit to this wavelength. The NKT Photonics Origami
laser’s repetition rate is two orders of magnitude higher than the Calmar Cazadero FLCPA
laser’s repetition rate and therefore does not fit the detector’s recovery time. Unfortunately,
due to a broken dispersion control-knob of the Cazadero laser, this laser does not provide
bandwidth-limited pulses, a disturbed wavelength spectrum, and clipped spatial profile.
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While it is still possible to use the system to pump an SPDC source, it cannot be used
as a reliable source for single-photon interference. Therefore, we use the Origami laser
for further experiments, while the characterization of a single-photon source using the
Cazadero laser can be found in Appendix

3.2 Coherent state characterization

After introducing the experimental setup for creating different input states, the optical prop-
erties of the two output-arms of this part of the experiment must be characterized to ensure
maximum indistinguishability. At first, the created coherent states are investigated.

Figure|3.3|shows the optical spectra of the pump laser, measured with a commercial optical
spectrum analyzer. It can be seen that the laser provides a clean spectrum. The spectral
bandwidth of 13.8 nm also agrees with the temporal pulse length from the datasheet,
suggesting a bandwidth-limited laser. Therefore, the pump laser is expected to be well
suited for interference experiments based on the optical spectrum.
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Figure 3.3: Optical spectrum of the Origami laser measured with an optical spectrum analyzer.

Due to their slow recovery time, the later used superconducting detectors cannot detect
more than 2 - 10° occupied pulses per second when using laser repetition rates faster than
the detector recovery time. As mentioned in Section this mismatch induces loss. In
addition, the combination of a too high repetition rate and high mean photon number
(more than 2 - 10® occupied pulses per second) causes the superconducting detector to stay
in a fully resistive, non-functional state after photon absorption (latching).

Therefore, it is not possible to measure a mean photon number of one with the combination
of the Origami laser and utilized superconducting detectors. This would correspond to
on average 50.6 - 10° pulses per second occupied by at least one photon, based on Poisson
statistics. For the experimentally identified limit of 2 - 10° occupied pulses per second,
a pulsed laser with 79.9 MHz repetition rate has to be attenuated down to a mean pho-
ton number of 0.025 photons per pulse. As we saw at the end of the previous chapter,
measurement-induced nonlinearities are especially interesting at high photon numbers.
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Therefore, the required attenuation is disadvantageous. However, the discussed mismatch
between the laser repetition rate and detector recovery time affects the detected photons
at the outputs not the interacting photons itself. This means that imperfections and photon
loss after interference makes it possible to use higher mean photon numbers. On the other
hand, additional loss lowers the interference visibility.

Furthermore, we must investigate, whether the laser system follows the photon-number
statistics for a coherent state, introduced in Chapter [2| As measuring the full photon-
number distribution of the output is demanding due to the lack of suitable photon-number
resolving detectors, the second-order autocorrelation function, sometimes called second-
order Glauber function g® (At), is introduced [[41]. For classical fields, the second-order
autocorrelation function describes the relation of a lightfield with intensity I at a certain
time ¢ and a different point in time t + At as (Reference [8]] (p. 128))

I()I(t+ At)).
(I(1))?

Here, g® (At = 0) is lower bounded by one. This limitation does not hold for quantum light.
Therefore, g (At = 0) < 1can be seen as an indication for non-classical light. For coherent
light, a /¥ (0)-value of one is expected. Deviations upwards from this number point
towards a mixed and therefore non-pure state. While a coherent state provides a g (0)-
value of one, the latter does not automatically imply a coherent state. Nevertheless, the
second-order autocorrelation function is an important indicator for state classification.

9 (At) = (3.1)

For pulsed lasers, the second-order autocorrelation function with the same pulse (not its
nearest subsequent neighbors) g [0] can be written as (Reference [[12] (p. 34))

@11 2 A -D) 39
This equation can be rewritten in terms of the mean photon number 7 and the variance

(AR)? = (A%) — (A)? as (Reference [12]] (p. 43))

— 2__
LS

9?10l = ; (33)
fi
For Poissonain light and therefore coherent states, it holds that (A7i)? = 7 and with it

g0l =1

When investigating the second-order autocorrelation function in the low photon-number
regime, at least two click detectors are needed. When splitting the optical signal at a 50:50
beam splitter, the probability of measuring a signal (measuring at least one photon) on both
detectors at the same time p(Det;, Det;) can be compared to the probability of measuring
a signal at each detector individually p(Det;). For pulsed lasers, each probability equals to
the number of detection events (counts) in an acquisition time C;, divided by the number of
laser pulses in that time R. Therefore, the second-order autocorrelation function transforms
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to

9(2) [0] _ p(Detl’ DetZ) _ CDetl,DetzR

= = . 34
p(Dety)p(Dety)  Cpet,Cpet, 34

The number of pulses R is measured using a photodiode installed in transmission of
the dichroic mirror in Figure We measure the different countrates of the two click
detectors using a fiber-coupled 50:50 beam splitter, followed by two commercial high-
efficient superconducting nanowire single-photon detectors. Both detectors and a laser-
synchronized time reference are electrically connected to a streaming time-to-digital
converter (time tagger). The results for the second-order autocorrelation measurement are
shown in Table It can be seen that the laser provides a g‘® [0]-value of almost one for
a coherent state.

Table 3.1: Measurement results for the second-order autocorrelation function g‘® [0] and contained
laser and detection rates for the Origami laser.

R [1/s] 79895302 + 2
Cpet1 [1/5] 410700 + 700
Cpetz [1/5] 423500 + 700

CDetl,DetZ [1/3] 2210 = 50

g@[o] 1.015 + 0.023

To summarize, with no spectral filtering, Output 2 in Figure 3.1 and 3.2 has a bandwidth-
limited spectrum centered at 1557.4 nm with a spectral bandwidth of 13.8 nm. Based on a
second-order autocorrelation measurement, we infer that the output is a coherent state.
The linear polarization of the output is given by the PBS that is also used to control the
mean photon number and the HWP in front of the fiber coupling. We adjust the HWP such
that the light polarization direction matches the slow axis of the polarization-maintaining
fiber for incoupling with which also the spatial mode is set.

3.3 Single-photon state characterization

To interfere a single photon with the characterized coherent state on a beam splitter,
they must overlap in all degrees of freedom. In addition, for repeatable measurements, all
created single photons should have the same properties. Those properties can be tackled
by quantum source engineering. For SPDC sources, one has access to several techniques to
tailor the single-photon source, such as the pump spectrum, crystal material, crystal length,
temperature, and poling period as discussed in Section In the following subsections,
the different components for single-photon source engineering are introduced and the
setup source is further characterized.
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3.3.1 Pump spectrum

With an oven around the periodically poled Mg:LiNbOj5 crystal, it is possible to optimize the
brightness of the second harmonic generation. The corresponding spectrum of the second
harmonic signal is shown in Figure With this spectrum, we pump the spontaneous
parametric down-conversion process.
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Figure 3.4: Optical spectrum of the SHG signals using the Origami laser, measured with an optical
spectrum analyzer.

3.3.2 Joint spectral intensity

SPDC processes always cause some frequency conversion. This is contrary to second-
harmonic generation, where frequency conversion due to energy and momentum conser-
vation only occurs for certain wavelength combinations and no frequency conversion is
observed for other wavelength combinations. However, as shown with the photon-number
statistics of two-mode squeezed vacuum in Section 2.2} most of the light is not converted.
Vacuum fluctuations in the non-classical process mean that one can always find a pair
of photons fulfilling energy and momentum conservation. Nevertheless, for interference
experiments, the created photons must have specific properties like the desired central
wavelength and spectral bandwidth.

To investigate the joint spectral intensity (see Section 2.2) experimentally, the SPDC crystal
(bulk periodically poled KTP) is pumped with the frequency-converted Origami laser. The
created signal and idler photons are both coupled to fibers. Instead of the Herald SNSPD
in Figure the herald output and Output 1 are sent to two identical scanning-grating
single-photon spectrometers, as shown in Reference [42]. By varying the angle between
the incoming light and a blaze grating, a wide wavelength range can be scanned. As investi-
gated by Nina Lange, influences of unwanted wavelength-dependent coupling efficiencies
of reflective collimators and wavelength-dependent misalignment of the motorized mov-
able grating can be neglected. The spectrometer resolution is given by the collimator’s
numerical aperture and distance between the blaze grating and output collimator, while a

29



3 Source characterization

resolution limit based on the motor resolution can be neglected. We execute a wavelength-
characterization scan of both identically set-up spectrometers using a wavelength-tunable
narrowband continuous-wave laser (Yenista Tunics T100S-HP/SCL with + 20 pm wave-
length accuracy). The results are shown in Figure From the measurement data, we
calculate a full-width-at-half-maximum (FWHM) of 1.1 nm for one and 1.4 nm for the other
spectrometer.
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Figure 3.5: Normalized measured intensity over the wavelength of a wavelength-tunable narrow-
band continuous-wave laser for both identically set-up spectrometers at a wavelength
of 1563.2 nm.

By investigating the simultaneous (coincidence) detection events of signal and idler photons
over different wavelength combinations, set with the motorized movable gratings, we
measure the full JSI. The measurement results are found in Figure[3.6] The marginal spectra
on the right are based on a horizontal or vertical integration of the measured data.
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Figure 3.6: a) Joint spectral intensity measurement pumping the KTP crystal with the frequency-
converted Origami laser and b) marginal spectra based on the horizontal or vertical
integration of the JSI. The orange line corresponds to the narrowband filter later applied
to the signal spectrum.
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Due to the fixed poling period and fixed central wavelength of the laser, it is not possible
to create spectrally degenerate photon pairs. These photons would not just have an equal
spectrum for signal and idler wavelength, but would also match the initial spectrum of
the coherent state. With the measured signal spectra, the photons of the different input
states would barely interfere. While this can be solved with a new nonlinear crystal with
a different poling period or a tunable laser system, it can also be solved with additional
spectral filters. This solution provides the possibility to carefully match the spectra of the
different states but also induces loss.

As the JSI shows no spectral correlations between signal and idler photons, filtering the
idler photons and therefore only heralding on a specific wavelength range does not change
the signal spectrum. When filtering the coherent state with the 4f-line, induced loss can be
compensated with higher laser power. Here, the filtering has no negative effect on the state’s
purity. Due to the large mismatch between the signal spectrum and coherent state spectrum,
wideband filtering the coherent state to match the signal spectrum would drastically reduce
the interference visibility between the two outputs. Therefore, we use narrowband filtering
of both outputs to match the spectral profiles of both states. This filtering can be realized
by repurposing the scanning-grating single-photon spectrometers as fiber-coupled filters
at the outputs. When adjusting both scanning-grating single-photon spectrometers to the
same wavelength, as already shown in Figure[3.5| they can be used as two almost identical
bandpass filters with 92 % overlap. Therefore, for the later interference of a coherent state
and a single photon, both filters are set to match the SPDC signal wavelength (where the
JSI has its maximum), as seen in Figure Unfortunately, this option induces loss at the
single-photon output which is further investigated in Section 3.3.3]

Another option is the usage of a spectrally correlated SPDC source. With a spectrally
correlated source, the spectra of the coherent state and signal output can be matched
without an additional filter in the signal arm. Instead, a filter is placed in the idler arm.
Post-selecting on a detection of a filtered idler photon, the central wavelength of the
signal photons is constrained. Using a narrowband filter (the scanning-grating single-
photon spectrometer), further spectral correlations between the filtered idler photons and
signal photons can be minimized. This option does not induce loss in the single-photon
output and is therefore generally advantageous. However, as the signal photons are only
filtered in post-processing (restricting the measurement results to a coincidence detection
with herald photons), the single-photon detectors predominantly detect later discarded
detection events. Due to the earlier mentioned mismatch between the laser repetition rate
and detector recovery time, this effect drastically lowers the detection efficiency. Therefore,
the results presented in this work are restricted to the first option (narrowband filtering)
for matching the single-photon output and coherent state output.

3.3.3 Heralding efficiency

Up to now, we did not include the influence of loss. Because of that, it was assumed
that the detection of an idler photon heralds and therefore guarantees having a signal
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photon at the output port of the source setup. However, due to imperfections of optical
components, misalignment, and filtering, the detection of an idler photon only heralds a
signal photon with a certain probability, called the heralding or Klyshko efficiency 7s. In
the low pump-power regime, the probability of detecting a photon in each arm is given

by

PSPDCsNDet s (35)
PSPDCHiNDet i- (3.6)

Ps
pi

Here, psppc is the probability of creating a photon pair in one laser pulse and fpet s OF Ipet i
accounts for the non-unity detection efficiency, when investigating the single photons. In
addition, the probability of the simultaneous detection of a photon in each arm p,. is given
by

Pec = PSPDCTsDet sMiMDet i- (3.7)
From this together with Equation (3.6), the heralding efficiency can be calculated as

pCC
s =

- p.r]T. (3.8)
1 ets

We execute the corresponding measurement with and without the scanning-grating single-
photon spectrometer used as a bandpass filter. The results are shown in Table As
mentioned in Section 2.2} heralding on at least one photon (instead of exactly one photon)
is only an estimation of a single-photon source. Therefore, the creation probability and
(in the following section) the second-order autocorrelation function are investigated.
Commonly, the generation probability is set (by adjusting the pump power for the SPDC
process) to be upper limited by 0.1. The generation probability can be calculated from the
measured data in Table [3.2] using

Ps

psppc = <0.1 (3.9)
NsMDet s

As can be seen from the data in Table the calculated generation probability is low,
while the laser power was already maximized (7.15 mW pump power at 775 nm wavelength
for the SPDC process). With no filtering, we achieve a heralding efficiency of 33.9% + 1.7 %.
The deviation from 100 % is mainly caused by loss at the KTP crystal endface (conchoidal
fractures) in combination with imperfections in the setup alignment (fiber-coupling align-
ment and non-Gaussian spatial mode after 4f-line). Furthermore, imperfections in the
optical elements, such as photon loss at fiber-connections are included. Assuming 3 %
loss per fiber connector (two connectors were used) and 8 % loss due to reflection at the
(uncoated) crystal endface, the maximum achievable Klyshko efficiency reduces to 87 %. A
resulting coupling efficiency of 39 % is considered realistic.

When we use the scanning-grating single-photon spectrometer as a bandpass filter, 50 %
loss is induced due to loss at the blaze grating in addition to the intrinsic spectral selectivity.
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With an ideal poling period and therefore matching wavelengths of signal and coherent
state photons, no additional filtering is needed as explained in Section For the
later experiments however, the additional filtering improves the interference visibility as
no interference effects were visible without additional filtering, whereas we reached an
interference visibility of 36 % with filtering (see Chapter [5).

Table 3.2: Measurement results for the heralding efficiency for the Origami laser with and without
the bandpass filter in the signal arm. The count and repetition rate are shown in 1/s,
while the actual measurement was executed for 30 s. The shown detection efficiencies
are based on an independent detection-efficiency characterization.

No filter Signal filter
R [1/5] 79895302 + 1 79895302 + 1
NDet s 0.80 + 0.04 0.80 + 0.04
MDet h 0.83 + 0.04 0.83 + 0.04
Cs[1/s] 92360 + 60 5852 + 14
Cn[1/s] 85350 + 60 85430 + 60
Csn [1/5] 18606 + 25 1194 + 7
Ps 1.156 - 1073 + (0.07 %) | 7.325-107° + (0.24 %)
Ph 1.068 - 1072 + (0.07 %) | 1.069 - 1073 + (0.07 %)
Pec 2.329-107* £ (0.14%) | 1.494-107° + (0.6 %)
NsMDet s [%) 21.80 + 0.04 1.398 + 0.008
ns [%] 272+ 1.4 1.75 + 0.08
Psppe 0.00530 + 0.00001 0.00524 + 0.00003

3.3.4 Single-photon second-order autocorrelation measurements

Similar to the characterization of the coherent state, we investigate the second-order
autocorrelation function. For this, the signal arm is split using a 50:50 beam splitter, and
both ports together with the herald arm are connected to three superconducting nanowire
single-photon detectors. For an ideal spontaneous parametric down-conversion source,
the gl(lz) [0]-value of the signal photons with no heralding should equal two, as this would
correspond to a perfectly mixed (thermal) state. In contrast, for a perfect single-photon
source, the g}(lz) [0]-value should be zero, implying that only one and never two photons are
found in one pulse. As mentioned in Section g?[0] < 1 corresponds to nonclassical

light. For the experimental setup, an unheralded gf,z) [0]-value of two and a heralded
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g}(IZ) [0]-value close to zero are desirable. In addition, the number of spectral (Schmidt)

modes K, mentioned in Section can be calculated from the unheralded gl(,z) [0]-value
as (Reference [43]))
1
K=——. (3.10)
Yu [0] -1

For the unheralded second-order autocorrelation function, we use Equation (3.4). For the
heralded second-order autocorrelation function, one must postselect only on events when
there was a herald photon. Therefore, Equation (3.4) transforms to (Reference [44])

C C
9(2) [0] _ Ls1,52,h“Deth

= (3.11)
h Csl, hCSZ, h

The results for this measurement are presented in Table Both ¢‘? -values are inde-
pendent of the individual detection efficiencies. It can be seen that we almost reached
the targeted values for the second-order autocorrelation function at zero time delay. The
nonclassical character of both sources, indicated by a heralded g}(f) [0]-value far beyond
one, is verified. Furthermore, it can be seen that filtering of signal photons improves the
spectral purity and number of Schmidt modes, as the unheralded gl(f) [0]-value approaches
two [|29].

For following interference experiments in Chapter [5| the low Schmidt number points
towards a pure, single-mode single-photon source. The interference visibility should not
be limited by hidden spectral correlations. When we interfere this single-photon source
with a coherent state, multi-photon events only caused by the single-photon source can be
neglected due to the low heralded second-order autocorrelation function.
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Table 3.3: Measurement results for the heralded and unheralded second-order autocorrelation
function for 100 s for the Origami laser.

Ca1 367500 + 600
Cs2 257300 + 500
Ch 19100000 + 5000
Cs1, 52 22+5
Csi,h 38000 + 200
Cs2,h 24570 + 160
Cs1,s2,h 20+14
92 (At = 0) 1.9+ 0.4

K 1.1£0.5
9 (At=0) | 0.041 £ 0.029

3.4 Source characterization summary

In this chapter, the setup to create coherent states and single photons for interference
experiments was introduced and characterized. Based on second-order autocorrelation
measurements, the typical characteristics for the two targeted states were fulfilled. As the
single-photon source is used for interference experiments in Chapter |5, we also inves-
tigated similarities with the characterized coherent state. Due to the nontunable poling
period and pump wavelength, the single-photon spectra do not agree with the spectra of
the coherent states. Therefore, filtering the single-photon spectrum and coherent-state
spectrum becomes essential. The central wavelength of the single photons is still in the
range of the coherent-state spectrum. However, in order to match the spectral shapes,
additional narrowband filtering is necessary. This additional filtering drastically lowers
the heralding efficiency. In future experiments however, a new nonlinear crystal for SPDC
or a different laser system, or pulse-picking can compensate the drawbacks.
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Passive integrated circuits

In this chapter, we introduce the integrated circuits for the experiments to investigate
measurement-induced nonlinearities. Two waveguide samples, one for each optical circuit
(see Section and were fabricated with the help of Maximilian Protte and the
Paderborn University IQO technology team led by Christof Eigner.

For the demonstrated proof-of-principle experiment, integration may not be the preferred
option based on the number of required integrated components. Interface loss when
coupling light into and out of the integrated circuit predominates the advantages of
integrated optics (see Section [4.1). However, considering a further expansion and extended
complexity of the schemes for measurement-induced nonlinearities, it is important to show
the usage of integrated optics in this context. In addition, Chapter [6| shows a simplification
of the optical circuit when integrating more devices, namely the single-photon detectors.

This chapter focuses on the characterization of integrated routing structures and multi-
channel interfacing. In the first section, the waveguiding platform and its characterization
methods are introduced. The second section continues with more complex integrated rout-
ing structures. Section [4.3] explains the technology for efficient packaging and interfacing
of multi-channel fibers and waveguides. Section [4.4| summarizes the characterization of
the two devices which we use for the quantum optics experiments in the next chapter.

4.1 Titanium in-diffused waveguides in lithium niobate

Integrated optics has proven to be a great solution for complex, compact and low-loss
circuits [25]). The complexity is enabled by exploiting different material properties, starting
from basic features as temperature stability, up to electrooptic effects, and optical nonlin-
earities, where a strong spatial mode confinement usually achieved in integrated circuits
results in high-efficient components [[26]. On a lot of different integration platforms, optical
toolboxes have been developed with which complete optical tables can be replaced [25].
The already mentioned strong spatial mode confinement in optical waveguides together
with the progress in fabrication technologies enables incomparable scalability. In only a
few fabrication steps, several components can be fabricated at once on a small footprint.
With this, the complexity of the circuits can be enhanced and the requirements on the
surrounding environment are far less restricted, such that optical circuits can be installed
in a cryogenic environment. Last but not least, huge effort is put into improvement of
fabrication technologies and optimization of circuit designs to minimize loss. Compared
to freespace optics, loss at interfaces between different components in the circuit and
misalignment or instabilities are diminished.
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In this work, we use titanium in-diffused waveguides in lithium niobate as a basis for
integrated circuits. When classifying integration platforms, they can be divided into the
groups of nanophotonics and microphotonics, or platforms for passive and active com-
ponents. In the former classification, silicon-on-insulator and silicon nitride waveguides
are common examples for nanophotonic materials [25]]. They provide high component
densities and rely on highly sophisticated fabrication processes. Nevertheless, due to the
structure sizes (typically in the wavelength range), coupling light into or out of a circuit
requires the usage of additional wavelength selective grating couplers, mode converters,
or alignment-sensitive lenses. On the other hand, microphotonics (for example UV-written
waveguides in silica and titanium in-diffused waveguides in lithium niobate) provide lower
component densities but easier coupling methods, as shown in Section While the
optical circuits from Section[2.4do not contain active components which can manipulate
the light depending on an electric signal, a future integration of an active phase-shifter
and variable beam splitter can provide further possibilities.

To summarize, a microphotonics platform can provide easier outcoupling of quantum states
which is important when using the created two-mode quantum states from the optical
circuits in further off-chip experiments. In addition, an active material gives the possibility
to enhance the complexity of the circuits. Therefore, titanium in-diffused lithium niobate
was chosen as it is an active, microphotonic integration platform.

In addition, titanium in-diffused lithium niobate waveguides are cryo-compatible [45-
48]. Therefore, all passive and active integrated devices can be operated at cryogenic
temperatures suited for superconducting detectors. The integration of these detectors is
discussed in Chapter[6] The cryo-compatibility of a 50:50 beam splitter, one of the essential
components for the demonstrated scheme for measurement-induced nonlinearity is shown
in Figure Here, we investigated the beam-splitting ratio of an integrated directional
coupler (see Section during a cooldown to 0.8 K. It can be seen that the beam-splitting
ratio is independent of the surrounding temperature since relative changes between the
two waveguides forming the coupler are negligible. Fluctuations in the beam-splitting
ratio can be fully attributed to changes in the outcoupling efficiency to fiber-coupled
powermeters independent of the integrated directional coupler.
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Figure 4.1: Beam-splitting ratio of an integrated large-gap directional coupler on a fiber-coupled
lithium niobate sample during a cooldown from room temperature to 0.8 K in a helium
sorption cryostat. The blue error bands show temporal fluctuations for the two power-
meters at the two outputs. The dotted line illustrate the targeted 50:50 beam-splitting
ratio.

4.1.1 Waveguide fabrication

For a better overview over the material platform, this section describes the fabrication
process of the utilized waveguides. It starts with a 0.5 mm thick, diced sample of congruently
grown z-cut lithium niobate, as shown in Figure [4.2| (Step 1), on which an 80 nm high
titanium layer is deposited (Step 2). Next an optical photoresist is deposited via spin
coating (Step 3). Using a direct laser-lithography system, the photoresist is structured
(Step 4). After a post-exposure bake, the photoresist is developed (Step 5). The design is
imprinted onto the titanium layer in a wet-etching process (Step 6). After etching, the
residual photoresist is removed (Step 7). The structured titanium layer is then in-diffused
into the lithium niobate by placing the sample in an oven at 1060 °C for 9 h, resulting in
optical waveguide structures (Step 8). Afterwards the endfaces of the sample are polished
to optimize coupling.

As lithium niobate is an electrooptic and nonlinear material, the refractive index of the
material can be changed with an applied electric field [49]]. In addition, nonlinear changes of
the optical fields, as for example sum-frequency generation, can be achieved under fulfilled
phase-matching conditions. In z-cut lithium niobate, quasi-phase-matching using periodic
poling can be realized by periodic inversion of the crystal domains. For active electrooptic
devices, additional conductive structures, usually made of chrome or gold, are deposited by
sputtering and subsequent structuring in further lithography steps. With these fabrication
techniques, a whole optical toolbox, comprising of straight or curved waveguides, beam
splitters, phaseshifters, polarization modulators, active switches, and frequency converters
has been developed for titanium in-diffused lithium niobate waveguides [[49]. While active
components can be included in future extensions of the presented scheme, the two 8 cm
long waveguide samples for the passive optical circuits, depicted in Figure and[2.18]
were fabricated following the steps above.
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Figure 4.2: Fabrication of Ti:LiNbO3; waveguides. The individual steps are explained in the main
text.
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The waveguiding itself is caused by a positive refractive index change due to the titanium
in-diffusion. Despite lithium niobate’s birefringence, the relative change is almost similar
for both refractive indices n, and n,. For the fabricated waveguides for the later interference
experiments a titanium stripe width of 7 pm and height of 80 nm is used. Here, single-mode
waveguiding is achieved at 1550 nm wavelength for both crystal orientations. With the
sketched waveguide structures in x-propagation on z-cut lithium niobate, two orthogonal
polarization modes (transverse-electric (TE) polarization and transverse-magnetic (TM)
polarization) are guided and experience two different effective refractive indices due to
birefringence. The refractive index distributions and resulting polarization modes for
1550 nm light are shown in Figure For the latter, we execute Finite Element Method
simulations, using a commercially available mode-solving tool (Synopsis RSoft). The origin
of the modeled refractive index distributions as well as more details on the mode simulations
are found in Section [6.2.11
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Figure 4.3: Refractive index distribution for titanium in-diffused lithium niobate waveguides using
a) the ordinary refractive index of lithium niobate and b) the extraordinary refractive
index. Corresponding simulated modes are shown underneath in c) and d). The figure
is adapted from Reference [50].

As can be seen in the spatial mode profiles in Figure [4.3]c) and d), the mode size is similar
to the initial titanium stripe width in the few micron-range due to the weak confinement
resulting from the small refractive index changes. This limits the number of components per
integrated circuit. It therefore reduces the complexity and causes restrictions on minimum
bending radii with reasonable loss. On the other hand, it lowers the fabrication requirements

41



4 Passive integrated circuits

for low-loss waveguiding. Due to the small and slow refractive index transition, roughness
caused by the optical fabrication can be tolerated. This results in a high fabrication yield for
integrated circuits as well as mode-size-matching with standardized single-mode optical
fiber (SMF-28) at 1550 nm wavelength.

4.1.2 Waveguide loss characterization

As shown in Section [2.3] photon loss must be minimized for maximal interference visibility.
This does not just include loss in the source setup but also the waveguide circuit. To
ensure low-loss guiding for the fabricated samples, we deposit straight waveguides for test
measurements next to all more complex integrated structures. Even for straight waveguides,
a precise and non-destructive loss characterization is generally challenging and often
depends on the coupling efficiency to the waveguide. Due to the internal reflections at
the two ends of the waveguide after endface polishing, a waveguide loss characterization
method from Regener and Sohler based on the measurement of Fabry-Perot resonances is
executed [51] . The setup for this non-destructive, polarization-sensitive characterization
method is shown in Figure

Half wave plate
Dichroic mirror
Polarization filter
C-coated lens
Waveguide sample
(on sample mount)
Photodiode

Red laser

ol ==¢o=

1550 nm cw laser

Figure 4.4: Optical setup for waveguide loss characterization based on a scheme by Regener and
Sohler [51]]. Component drawings are partially taken from Reference [37].

Waveguide coupling is executed with a red alignment laser. For the loss characterization, the
red alignment laser is replaced with a narrowband continuous wave (cw) linearly polarized
laser at 1550 nm wavelength. Using a half wave plate and a subsequent polarization filter,
only horizontally polarized light (corresponding to TE polarization inside the waveguide),
or vertically polarized light (corresponding to TM polarization inside the waveguide) is
let through. The two polished endfaces of the sample create a low-finesse Fabry-Perot
interferometer. Therefore, the waveguide-outcoupled measured laser power I,,; depends
on the initial laser power Iy, effective coupling ncoupling, €ndface transmissivity T and
reflectivity R, crystal length L, propagation constant 5, and waveguide loss &, as shown in
Equation based on Reference [51]].

_ TZIOUcouplinge_aL
(1 — ReL)2 + 4sin?(BL)Re~ L

(4.1)

I out
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By changing the sample temperature with the Peltier element, the effective sample length is
changed due to thermal contraction and the temperature-dependent refractive index. This
results in an interference pattern, when evaluating the output power I,y over the sample
temperature. For the executed loss measurements, we changed the sample temperature
over time with a Peltier-element included in the sample holder. An example is shown in
Figure|4.5| Antireflective coatings (c-coatings) on both lenses in Figure [4.4/avoid additional
interference patterns between each endface and adjacent lens. The irregularity in the
position of the optical-power maxima and minima in the depicted measurement result
(increasing period) can be explained by a nonuniform temperature increase over time.
The contrast between interference maxima and minima is however independent of this
irregularity.

Optical power [UW]

O T T T T
0 10 20 30 40

Time [s]

Figure 4.5: Measured photocurrent at the photodiode over the ramped up sample temperature in
arbitrary units, resulting in an interference pattern.

The concrete value of the output power depends on the effective coupling efficiency.
Nevertheless, the contrast K between interference maxima and minima can be written as
(Reference [51]])

_ Imax — Imin 2Re™ L
* Ipax +Imin 1+ R2e20L’

(4.2)

Approximating Re~*L ~ K/2 for small K (K? ~ 0), and doing a logarithm basis change to
rewrite the waveguide loss « in dB/cm, it follows that

4.34

= 0800 11 R — (Rt < — (In(®) +In(2) - In(K)). (43

L
The endface reflectivity R for the two crystal orientations can be determined from Fresnel

equations [52]] (p. 238) and the refractive index obtained by mode-solver simulations.
Together with the sample length L and the contrast K, we can calculate the waveguide
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loss with great precision independent of the coupling efficiency. This non-destructive loss
characterization can be executed for both polarization orientations, but is limited to single
waveguides.

A similar characterization method can also be executed using a tunable narrowband cw
laser eliminating the need of a Peltier-element and therefore moving parts, due to the
temperature shifts in the setup. This method is advantageous for short samples which are
generally harder to align. For long samples however, the requirements on the laser’s tuning
resolution increases as interference maxima move closer together. Therefore, we execute
temperature scans for the two investigated samples used for the later quantum optics
experiments. We characterize the loss for all straight waveguides which we deposited next
to the more complex integrated circuits on each sample for both polarization orientations.
The results are shown in Figure Both samples show an average loss of 0.03 dB/cm
+ 0.02 dB/cm for TM polarized light and 0.01 dB/cm + 0.01 dB/cm for TE polarized light. The
measurement uncertainties are calculated from statistical variations (standard deviation)
between the waveguides, showing the good homogeneity along each sample (see Figure[4.6).
The measurement uncertainty for the individual values are dominated by the precision of
the value for the endface reflectivity for the two crystal orientations, as they are based on
simulations and deviations of the individual maxima and minima in each scan as shown
in Figure Due to the lower waveguide loss for TE polarized light, this polarization is
chosen for further experiments. In addition, as the waveguide loss for 8 cm long samples is
below 2 %, it is neglected in further investigations.
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Figure 4.6: Loss measurement results for neighboring waveguides on the fabricated waveguide
samples for a) optical circuit A and b) optical circuit B.

4.2 Integrated directional coupler

For waveguide routing and interference experiments, integrated beam splitters are of
great importance. While an integrated beam splitter can be designed in several ways, the
so-called zero-gap coupler and large-gap directional coupler are the two most common
design approaches for titanium in-diffused lithium niobate waveguides [49]. While the
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former offers smaller coupler designs with usually a wide spectral bandwidth [49], we
choose large-gap directional couplers with a desired beam-splitting ratio of 50:50 for TE
polarization for this work due to a better fabrication predictability.

Table 4.1: Typical values for integrated 50:50 large-gap directional couplers on lithium niobate
waveguides, optimized for TE polarization and 1557.4 nm wavelength.

Waveguide width 7 pm

Waveguide distance | 127 um

Coupling length 5450 pm

Waveguide distance

(coupling region) 13 pm

The large-gap directional coupler is based on two separate waveguides and a branching
region, followed by a straight waveguide section in which optical coupling between the
two waveguides occurs due to the evanescent field between the guided modes. This coupled
waveguide section is then followed by a second branching region. While the waveguide
width stays constant, the beam-splitting ratio depends on the wavelength, length of the
coupling region and waveguide distance inside the coupling region.

Typical parameters for achieving a 50:50 beam-splitting ratio for TE polarization at
1557.4 nm wavelength (central wavelength of the Origami laser) are shown in Table[4.1] As
the beam-splitting ratio oscillates with the coupling length (dependent on the refractive
index), it is possible to also achieve 50:50 beam splitting for both guided polarization
orientations. However, for this even longer coupling regions are necessary due to the
birefringence. For the two investigated samples, we deposit directional couplers with
varying length in addition to straight waveguides for loss characterization to compensate
for varying waveguide widths or other imperfections. Figure shows the averaged
beam-splitting ratio per coupling length for one of the two fabricated samples.
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Figure 4.7: Camera picture of the two output modes of an integrated directional coupler.
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To characterize the beam-splitting ratio, we use the same setup as for the loss characteriza-
tion (depicted in Figure[4.4). While the sample temperature is left constant, the photodiode
is replaced by an IR-camera. With this camera, the two outcoupled waveguide modes are
recorded simultaneously. An example camera picture is shown in Figure The two
modes are located, pixelwise integrated, and compared.

From the measurement data in Figure [4.8it can be seen that we reach the targeted 50:50
beam-splitting ratio within the measurement accuracy for light at 1557.4 nm wavelength.
Furthermore, using a Sine fit no maximum nor minimum beam-splitting ratio of 100:0
or 0:100 is reached. While this can be caused by an insufficient background filtering
or non-optimal camera settings, the investigation of the ideal coupling length for 50:50
splitting is not influenced. Therefore, as already shown in Table the optimal coupling
length for TE polarization and 1557.4 nm wavelength is determined to be 5450 um for a
large-gap directional coupler. Using the same beam splitter for TM polarized light, we
determine a beam-splitting ratio of 78:22. While these structures are characterized and
initially optimized for 1557.4 nm light, we also execute a wavelength scan up to 1570 nm in
1 nm steps. The measurement results are shown in Figure We determine the standard
deviation of the calculated beam-splitting ratio to be 4 %. This result shows a sufficient
spectral bandwidth, even compared to commercially available fiber beam splitters [53]].
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Figure 4.8: Beam-splitting ratio over coupling length in TE polarization for one fabricated lithium
niobate waveguide sample (optical circuit B) and corresponding Sine fit. The dotted
line shows the targeted 50:50 beam-splitting ratio.
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Figure 4.9: Beam-splitting ratio over wavelength in TE polarization for one fabricated lithium
niobate waveguide sample (optical circuit B). The dotted line shows the targeted 50:50
beam-splitting ratio.

4.3 Multi-channel fiber interfacing

For modular integrated circuits, where an integrated circuit is combined with freespace
optical components, efficient and stable coupling in and out of the integrated circuit is
important. For multi-channel circuits such as the integrated beam splitter, coupling with
optical lenses is difficult, especially when different optical quantum states are coupled. As
mentioned in Section [4.1.1] the single-mode waveguides in lithium niobate are optimized to
match the modesize of a standard single-mode fiber at 1550 nm photons. Therefore, optical
coupling can be achieved by moving an optical fiber close to the sample endface. Additional
antireflective coatings on the sample endface as well as the fiber endface can improve the
coupling. However, for a robust and more compact solution, the fiber is glued to the sample
endface with an index-matching glue. Endface coupling is sometimes called buttcoupling
and gluing a fiber to the endface is called pigtailing. Even polarization-maintaining fibers
can be used for efficient coupling. The highest experimental pigtailing efficiency is 92 % for
TE polarized light and 85 % for TM polarized light including anti-reflective coatings [54]. For
the fabricated samples presented in this work, we achieve a maximum coupling efficiency
of 78 % per (four-channel) interface for both polarization orientations (see Table[4.2). One
endface (input side) is connected to a four-channel polarization-maintaining fiber, while the
other endface (output side) is connected to a four-channel single-mode fiber. As deviations
of the waveguide distance or distance between two fiber cores (127 pm) in the v-groove
ferrule can prohibit efficient multi-channel coupling, a coupling efficiency of 70 % per
interface is a reasonable expectation value for multi-channel coupling with no additional
coatings.

As a single fiber ferrule consists of one fiber with core and cladding encased in a polished,
solid glass housing with an endface in the square-millimeter range, the connection of
several single-fiber ferrules per waveguide endface is not feasible. Nevertheless, multi-
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channel fiber interfacing is possible using v-groove ferrules, consisting of multiple fibers
per ferrule with a fixed distance of 127 um, as depicted in Figure[4.10|b). This multi-channel
fiber design is commercially available for single-mode and polarization-maintaining fibers
with up to six channels. The fabrication steps for multi-channel fiber pigtailing a beam
splitter structure are shown in Appendix

a) b)
€/]
N — ¢
— L

Figure 4.10: Illustration of a) a multi-channel pigtailed integrated optical circuit and b) v-groove
fiber ferrule. The inset shows the orientation of the fiber’s slow axis parallel to the
waveguide surface

Figure shows the curing process, when pigtailing the second endface. While the
fabrication steps shown in Appendix[A.7]describe two-channel fiber pigtailing, this process
can directly be adapted for four-channel interfaces.

Figure 4.11: Photograph of a sample while executing Step 10 (Appendix of the pigtailing
process for the second endface.
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4.4 Integrated optical circuits

After discussing the fabrication and characterization of integrated low-loss fiber-coupled
routing structures, this section summarizes the results of the two optical circuits, introduced
in Section[2.4.1]and Section|[2.4.2] For both circuits, the fabrication scheme from Section[4.1.1]
is used and we verify low-loss waveguiding as described in Section Using varying
coupling lengths for the integrated beam splitters, we determine the optimal coupling
length for 50:50 coupling, as described in Section [4.2] and fiber-couple both samples, as
explained in Section [4.3] Figure shows photographs of the two fabricated samples.
Table [4.2| summarizes the characterization results. With these fiber-coupled integrated
circuits, it is possible to feed in the two quantum states, explained in Chapter [3] The two
outer fibers on the output side can be connected to fiber-coupled superconducting nanowire
single-photon detectors, for single-photon measurements and photon subtraction. The two
inner ports form the resulting two-mode quantum state, which is further investigated.

Table 4.2: Comparison of the characterization results for the two fabricated waveguide samples.

Sample Optical circuit A | Optical circuit B
Waveguide loss (TE polarization) [dB/cm] 0.01 + 0.01 0.01 + 0.01
Splitting ratio (TE polarization) [%] 52:48 (+ 4 %) 51:49 (+ 4 %)
Pigtailing efficiency (input) [%] 72 +2 77 £ 2
Pigtailing efficiency (output) [%] 78 £2 77 £2

Figure 4.12: Photographs of the fabricated samples: a) optical circuit A and b) optical circuit B.

When sending a coherent state through one of the inputs of optical circuit A, it causes
an equal distribution of along the four different outputs due to the cascaded 50:50 beam
splitters. For optical circuit B, as discussed in Section [2.4.2] the light distribution over the
four output channels depends on the phase difference within the interferometer structure.
Therefore, when we investigate the coupling ratio of the four outputs prior to or after
pigtailing (as shown in Figure we measure no equal distribution as expected. This
measurement shows the stable phase relation of the two paths of the interferometer which
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cannot be modulated in this passive circuit. The clearly visible minimized light intensity
in the second output is the result of a 2n/7 phase relation of the two paths. While also a
damaged output port can cause this outcome, this is excluded when using a different input
port of the symmetric design and measuring a reduced intensity in Output 3.

In summary, titanium in-diffused lithium niobate waveguides, fabricated using the pre-

sented technologies, are a promising tool for creating complex integrated routing structures
for low-loss quantum optics experiments.
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Figure 4.13: Measurement results for the coupling ratio based on the scheme presented in Sec-
tion [4.2)for the fabricated sample optical circuit B.
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Measurement-induced
nonlinearity with integrated

circuits

In this chapter, we explore the experimental realization of measurement-induced nonlin-
earity. For this, we combine the setup to create the various input states from Chapter 3|
with the fabricated integrated circuits from Chapter [4 For both circuit designs (optical
circuit A and optical circuit B), we investigate interference effects and the influence of a
measurement operation, similar to the theoretical findings in Chapter 2] For a complete
overview of the experimental setup, Figure [5.1]shows a simplified schematic.

Herald Detector
| | SPDC pump | | SPDC L/

shaping \ Signal
Detector 2
)/

shapin
Laser P9 \ Integrated
- circuit A\
Coherent state shaping Detector 3

+ variable delay

SHG Detector 1

Detector 4

Figure 5.1: Simplified schematic of the experimental setup for investigating measurement-induced
nonlinearity as an extension of the schematic for the input-state creation in Figure
with colored boxes based on the illustration in Figure[1.1] The connecting lines represent
a laser beam with red corresponding to 1550 nm wavelength and yellow corresponding
to 775 nm wavelength. The wavelength conversion is caused by second harmonic
generation (SHG) and spontaneous parametric down-conversion (SPDC).

The more complex illustration in Figure[5.2]combines the elements from Figure[3.2] the fiber-
coupled integrated circuits, and single-photon detectors. With this setup, the created single
photons from a heralded SPDC process and coherent state are spectrally and temporally
shaped for maximum interference visibility, and then routed in one of the passive integrated
circuits. The four outputs of the optical circuit are sent to superconducting nanowire single-
photon detectors, housed in a helium sorption cryostat. The specifications of the five single-
photon detectors are shown in Appendix Table[A.3] Additional fiber-polarization controllers
are used to optimize the polarization-dependent detection efficiency. The detector responses
of the individual detectors are read out with a time-to-digital converter (time tagger).
As discussed in Section the indistinguishability between photons determines the
interference effects between them. Therefore, it is critical that both narrowband filters
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in the form of the grating-scanning single-photon spectrometers, are set up identically.
In addition, the polarization is set identically in both arms to match the TE polarization
direction in the samples. To compensate dispersion effects, great care is taken that all fiber
lengths are equal for both states before the interference. Furthermore, by scanning the
variable optical delay line, the temporal overlap of the states is optimized. This setup is built
up for both integrated circuits and the results are presented in the following sections.

SHG crystal SPDC crystal

Helium-sorption
cryostat at 0.8 K

-

Time tagger

Integrated optical circuit

Narrowband filters

Figure 5.2: Detailed experimental setup for investigating measurement-induced nonlinearity as
an extension of the input-state creation in Figure [3.2] Wavelength conversion is caused
by second harmonic generation (SHG) and spontaneous parametric down-conversion
(SPDC). The arrival time of photons at one input of the integrated optical circuit is
controlled by a variable delay line (VDL). Component drawings are partially taken
from Reference [37].
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Figure 5.3: [llustrations of the two investigated designs: a) optical circuit A and b) optical circuit B.
Input ports are labeled with Input 1 and Input 2, integrated beam splitters are labeled
with BS 1 to BS 4, and output ports are labeled with Output 1 to 4.

5.1 Optical circuit A

In this section, we investigate interference effects and measurement-induced changes in
the photon-number statistics for optical circuit A which is shown with labeled ports in
Figure [5.3|a), while a picture of the sample is shown in Figure a). Using the two input
ports, consisting of polarization-maintaining fibers, the two input states interfere at the
first beam splitter (BS 1). After that, each individual output of the beam splitter is again
split into two outputs with no recombination.

5.1.1 Single-photon interference

Due to the single interference beam splitter in optical circuit A, a photon-bunching effect
is expected, when both input states arrive simultaneously, according to the findings in
Section [2.3] Using the setup in Figure we can change the arrival time of the coherent
state using the variable optical delay line. Postselecting on the detection of a herald photon,
the individual countrates in the four output arms are not influenced by the delay setting
(and therefore the coherent state arrival time), as can be seen in Figure

When looking at the coincidence detection of a herald photon and combinations of two
outputs of the integrated circuit, an influence of the coherent state arrival time becomes
visible, as shown in Figure It can be seen, that the probability for a coincidence
detection of a herald photon together with a photon from Output 1 and Output 2 (HO102)
increases when overlapping the two input states in time. The same holds for a coincidence
detection of a herald photon together with a photon from Output 3 and Output 4. On the
contrary, all other threefold combinations become less likely. As discussed in Section 2.3}
the interference of a weak coherent state and single photon on a 50:50 beam splitter causes
a bunching effect, similar to the Hong-Ou-Mandel effect for two indistinguishable single
photons. The two bunched photons are as likely to be detected at each individual output of
the circuit. However, as the utilized detectors are all click detectors, a pure single-photon

53



5 Measurement-induced nonlinearity with integrated circuits

40 - § HoO1 § Ho3

§ HO2 § HO4
20

Change in countrate [%)]
o
1

-5 0 5
Time delay [ps]

Figure 5.4: Percentage change in countrate for the four outputs postselected on a herald detection

over the set time delay for optical circuit A, normalized to the constant countrate outside
the shown measurement window. For a better comparison, the range of the vertical
axis is chosen to match the vertical axis in Figure
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Figure 5.5: Percentage change in countrate for the simultaneous detection in two outputs post-
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selected on a herald detection over the set time delay, normalized to the constant
countrate outside the shown measurement window, and corresponding Gaussian fit-
ting for optical circuit A.
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detection cannot be differentiated from a two-photon detection in contrast to pure photon-
number resolving detectors [55]]. Nevertheless, the additional beam splitters in optical circuit
A provide the possibility of distributing the bunched photons onto two detectors which
share the same output port of the first beam splitter. With this, the bunching effect leads to
an increased probability of measuring a photon pair in these outputs. Detection events for
combinations of other outputs, as for example Output 1 and Output 3, are reduced for the
same reason. The summation of these four output combinations for a coincidence detection
is shown in Figure From this, the interference visibility is calculated to be 35 %. As
discussed in Section the interference visibility depends on the indistinguishability
of the inputs and coherent-state amplitude. While loss in the input arm of the coherent
state only influences the coherent-state amplitude, photon loss in the single-photon state
also drastically reduces the interference visibility, as shown in Figure different from
the interference of two single photons. Here, a background subtraction, based on the
individual blocking of the two input states is not valid. The blocking of the single-photon
input can be interpreted as 100 % loss at this input which was investigated in Section[2.3]
Due to the positive slope of p,, in Figure[2.12]b), this background subtraction can result in
negative probabilities and the HOM visibility is no longer upper bounded by one, leading
to a visibility of 105 % in this case. When we include loss and an individually measured
coherent state mean photon number of 7 = 0.04 in QuTiP simulations, a maximum visibility
of 39 % is calculated. The included loss is based on the Klyshko efficiency (Section[3.3.3),
pigtailing efficiency (Section [4.3), and detection efficiencies (Table[A.3). It can be seen that
the experimental results almost reach the theoretical limit which includes loss effects but
no mode mismatch between the input states.
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Figure 5.6: Interference visibility based on Equation (2.22) for the coincidence detection in the
output combinations 0103, 0104, 0203, and 0204 postselected on a herald detection
over the set time delay and corresponding Gaussian fitting for optical circuit A in
orange. The green line marks the maximum visibility based on QuTiP simulations.
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5.1.2 Measurement-induced changes in the photon-number statistics

In the previous section, changes in the arrival time of one input state were investigated
for threefold detection events, including pairs of outputs of optical circuit A and the
herald detector. In this section, we also investigate fourfold and fivefold detection events
while keeping the variable delay line at the point of maximum interference visibility.
The unprocessed recorded detection events for the five click detectors (including the
herald detector) are shown in the second column of Appendix Table[A.7} For comparison,
Appendix Table [A.8|shows the data when blocking the single photon state and just using
the coherent state input. Postselecting and therefore dividing by the number of clicks from
the herald detector, the individual probabilities of the different click events are shown in
the third column.

As each output arm of the first beam splitter in optical circuit A is split and sent to two
detectors, a quasi-photon-number resolution can be determined. Here, the click events on
one individual detector necessarily contribute to coincidence counts with other detectors.
Therefore, subtraction of higher orders allows for a gradual convolution of single click
events, as shown in Reference [56]). Nevertheless, a single click event (at one detector) can
still be caused by multiple photons. The resulting click statistics for the two arms of the
first beam splitter for optical circuit A are shown in Figure
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Figure 5.7: Measurement results for the photon count statistics based on coincidence click detection
events of the output combinations Output 1, Output 2 and Output 3, Output 4, all
postselected on a herald detection for optical circuit A.

Up to now, all four detectors after the integrated circuit were treated in the same way.
As discussed in Section[2.4] the combination of one beam splitter with the vacuum state
in one input port and a detector in one output port, can be seen as a photon-subtraction
scheme. Furthermore, the nonlinear influence of a measurement can be investigated in
that way. Therefore, Output 1 and Output 4 are now treated as the measurement detectors,
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which should induce nonlinearities, while the two-mode state in Output 2 and Output 3 is
treated as a newly created quantum state. This scheme matches the theoretical scheme in

Section [2.4.1]

Using the same dataset as presented in Figure we investigate the photon statistics
of the two-mode output state, characterized with the detectors connected to Output 2
and Output 3, and postselected on different measurement combinations of Output 1 and
Output 4. The results are presented in Figure
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Figure 5.8: Photon count statistics of Output 2 and Output 3, postselected on different detection
events in Output 1 and Output 4 and postselected on a herald detection for optical
circuit A. The state |c) represent a click detection and therefore a state with at least
one photon at this output. The blue bars correspond to the measured data, the orange
bars correspond to simulation results.

Despite the experimental results not showing effects of measurement-induced nonlinearity
like the shifted discorrelation as clearly as in the simulation in Figure features of the
induced nonlinearity are visible. This can be seen in the [0,1] or [1,0] output combinations
when we compare the results in Figure[5.8|a) to the results in Figure[5.8|b), and Figure[5.§|c).
Here, the probability of single elements are increased, despite the intuition that a photon
detection and therefore annihilation should not increase the probability of finding a photon
somewhere else but linearly reduce the state by one photon. Precisely, the probability of
measuring a photon in Output 2 increases by 27 % when subtracting at least one photon
in the adjacent output, and it decreases by 40 % when subtracting at least one photon
in the other output. For Output 3, the probabilities increase by 35 % and decrease by
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36 %, respectively. QuTiP simulations (orange bars in Figure including loss predict an
increase of 31 % for the adjacent and decrease of 44 % for the nonadjacent output. It must
be pointed out that this increase only occurs when postselecting on the measurement
subset with successful photon subtraction.

Unfortunately, with the presented measurement scheme and evaluation it is not possible to
investigate the creation of two-mode squeezing in the output state in phase-space (in terms
of the real and imaginary components of the electric field, see Appendix[A.T). However,
Riabinin et al. showed in their theoretical simulations that two-mode squeezing is induced,
also discussed in Section [2.4] Simulation results in Figure[5.8|are based on the ideal model,
presented in Section [2.4.1] With the included loss for a nonperfect single-photon source
(based on the Klyshko efficiency, pigtailing efficiency, and detection efficiencies), the model
fits the experimental findings.

To summarize, measurement-induced nonlinearity can be created with the experimental
setup including optical circuit A. Theoretical calculations including imperfections match
the experimental findings. By optimizing the experimental setup with focus on interface
loss including misalignment and optimizing the heralding efficiency of the single-photon
source, the visibility of the measurement-induced nonlinearity can be increased further.
As the experimental results agree well with the theoretical model, the not yet validated
expectation for the creation of two-mode squeezing seems promising.

5.2 Optical circuit B

For the integrated optical circuit B, depicted in Figure [5.3| b), we execute the same ex-
periments as for the previous circuit in Section 5.1} Due to the additional beam splitter
in the integrated circuit, we expect that different correlations between the photons in
the four outputs are visible. While it can be expected that these photon statistics depend
on the phase relation within the on-chip Mach-Zehnder interferometer structure, it is
not possible to actively manipulate the phase on this passive device. The integration of
an active phaseshifter is in principle possible on integrated lithium niobate waveguides.
However, this would add more complexity to the circuitry and can be investigated in future
experiments.

5.2.1 Single-photon interference

Following on the results presented in Section the photon-bunching effect for the
simultaneously arriving input states should have a different effect on the four output states,
due to the additional beam splitter. However, the photons guided to the two outer ports
(Output 1 and Output 4) should still follow the photon-bunching effect caused by the first
beam splitter. Similar to optical circuit A, the individual countrates in the four output arms,
postselected on a herald detection, are not influenced by the delay setting, as shown in

Figure
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Figure 5.9: Percentage change in countrate for the four outputs postselected on a herald detection
over the set time delay for optical circuit B, normalized to the constant countrate outside
the shown measurement window. For a better comparison, the range of the vertical
axis is chosen to match the vertical axis in Figure[5.10]
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Figure 5.10: Percentage change in countrate for the simultaneous detection in two outputs post-
selected on a herald detection over the set time delay, normalized to the constant
countrate outside the shown measurement window, and corresponding Gaussian
fitting fo optical circuit B.
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As expected, the simultaneous detection of at least one photon in Output 1, Output 4, and
the herald detector is suppressed at zero time difference due to the photon bunching, as
shown in Figure The other combinations of outputs show different curve progressions
when varying the time delay of the two input states, compared to the findings for optical
circuit A in Figure Especially the positive change for the combination of Output 2 and
Output 4 at zero time delay and the negative change for the combination of Output 1 and
Output 2 can be noted. These trends are caused by the fixed-phase Mach-Zehnder structure
and can be reproduced using QuTiP simulations as shown for the photon count statistics
at maximum interference in Figure The break of symmetry, when comparing the
different output combinations are partially caused by imperfections of the integrated beam
splitters, but primarily by the phase relation of the two paths, together with the initial
asymmetry, as the two different input states enter the sample from two distinct inputs.

To compare the interference visibility of the two fabricated samples, we determine the
HOM visibility, based on the dip for coincidence detections in Output 1 and Output 4. The
results are shown in Figure For this structure, an experimental visibility of 36 % and
simulated maximum visibility of 40 % is calculated based on Equation (2.22), similar to the
values for the previous structure (see Section [5.1.1). Therefore, we can assume that the
setup settings as well as the fabrication quality of the integrated circuits are comparable.
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Figure 5.11: Interference visibility based on Equation (2.22) for the coincidence detection in the
output combination Output 1 and Output 4 postselected on a herald detection over
the set time delay and corresponding Gaussian fitting for optical circuit B in orange.
The green line marks the maximum visibility based on QuTiP simulations.

5.2.2 Measurement-induced changes in the photon-number statistics
Based on Figure and Figure[5.11] the time delay for maximum interference is clearly
visible. With this setting, we investigate all different combinations of outputs. The mea-

surement data is shown in Appendix Table and Table Compared to optical circuit
A, it is not feasible to divide the circuit into two independent parts. Nevertheless, when
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considering Output 2 and Output 3 as a newly created two-mode quantum state, the influ-
ence of a measurement operation in Output 1 and, or Output 4 on this state is investigated.

The corresponding results are shown in Figure Here, the nonlinear influence of the
measurement is less visible.
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Figure 5.12: Photon count statistic of Output 2 and Output 3, postselected on different detection
events in Output 1 and Output 4 and postselected on a herald detection for optical
circuit B. The state |c) represent a click detection and therefore a state with at least

one photon at this output. The blue bars correspond to the measured data, the orange
bars correspond to simulation results.

The simulation results shown along with the experimental results in Figure agree
with each other although the phase difference in the Mach-Zehnder structure must be
considered. While optimizations of the optical setup can drastically improve the visibility
of the measurement-induced nonlinearity, Riabinin et al. showed that even with an opti-
mized phase setting, the maximum two-mode squeezing which can be created with this
circuit equals the maximum squeezing which can be created with optical circuit A [24].
Nevertheless, the realization of optical circuit B and the good long-time phase stability
within the integrated circuit gives a promising outlook for future complex experiments.

All in all, the combination of the single-photon and coherent state source with the optical
circuits reveals interesting features in the photon count statistics. Especially, an increased
probability of finding a photon at a specific output despite photon subtraction is a clear in-
dicator for measurement-induced nonlinearity. Furthermore, the great agreement between
theoretical simulations and experimental findings indicates an extensive understanding of
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the elaborated scheme.
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Integrated Detectors

In Chapter 5] only commercial fiber-coupled superconducting detectors were used, as they
are optimized for high detection efficiency and low noise. The integration of single-photon
detectors onto waveguides working with evanescent coupling enables a simplification of
the already discussed circuit designs and therefore also the expansion to more complex
circuits and better scalability, as illustrated in Figure

a) b)

Figure 6.1: Illustration of the transition from optical circuit B using endface-coupled detectors
in a) to the same circuit design using integrated detectors in b). Each integrated
detector replaces one beam splitter and one endface-coupled detector due to evanescent
coupling.

In this chapter, the work on two types of integrated superconducting single-photon detec-
tors on lithium niobate waveguides is presented, namely the superconducting nanowire
single-photon detector (SNSPD) and transition edge sensor (TES). This work was done in
collaboration with the National Institute of Standards and Technology (NIST) in Boulder,
Colorado. Waveguide samples were fabricated by the Paderborn University IQO Technol-
ogy team led by Christof Eigner. TESs were fabricated by Adriana E. Lita and SNSPDs
were fabricated by Varun B. Verma at NIST.

The important figures of merit for these detectors are introduced in Section [6.1} Subse-
quently, the individual working principles and an overview of existing work on integrated
detectors on other material platforms are described. After that, we show the character-
ization results for integrated SNSPDs in Section[6.2} followed by the integrated TESs in
Section[6.3]
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6.1 Basics

The fundamental principle of single-photon detection is the creation of an electrical, or
more generally computer-storable signal given the presence of a photon. When the photon
is absorbed by the detector, it must transfer all its energy and, as it has no rest energy,
therefore annihilate itself. For a successful photon detection, three criteria have to be
fulfilled, similar to Reference [57]] (p. 4):

1. The photon must reach the detector (collection efficiency)
2. The photon must be absorbed by the detector (absorption efficiency)

3. The absorbed photon must lead to a signal (internal efficiency)

Altogether, this gives the detection efficiency which is defined as the ratio between de-
tected and impinging photons. While point one and two are usually tackled by optimizing
the detector geometry or by using optical cavities, point three depends mostly on the intrin-
sic detection mechanism. As most detection mechanisms rely on the photo-electric effect
of the absorbed photons in a metal or the electron-hole-pair creation in semiconductors, it
is intuitive that this photon-to-current transformation strongly depends on the quantized
photon energy, proportional to its frequency. For example, the detection efficiency of
a silicon SPAD detector can reach 74 % for photons at 600 nm wavelength [58], but it
goes to zero at telecommunication wavelengths around 1550 nm. The latter wavelength
is very interesting for quantum optics, as optical fibers, one of the key components for
light routing, have low transmission loss in this wavelength range and therefore many
devices taken over from classical optics are optimized for this as well. Some detectors for
this wavelength therefore consist of a frequency converter followed by a semiconductor
detector optimized for lower wavelengths. Other semiconductor detectors, for example
based on indium gallium arsenide, work at the desired wavelength. However, both tech-
niques still have problems reaching more than 60 % detection efficiency and keeping a small
noise floor at 1550 nm wavelength [59,|60]. Over the last two decades, a new detection
mechanism for light detection at telecommunication wavelength became prominent in
quantum optics [61H66[]. This mechanism relies on the (partial) breakdown of supercon-
ductivity in a metal compound due to single-photon absorption. In recent years, these
detectors have taken the lead in terms of detection efficiency (above 90 %) [67,|68]], but also
dark counts [[69], timing jitter [70] and photon-number resolution [71]. Together with the
recovery time and the already discussed detection efficiency, these form the important
figures of merit for single-photon detectors and are now introduced in more detail.

Dark counts can be defined as false detector signals without an impinging photon and are
normally stated as number of signals per second. These signals can come for example from
fluctuations in the electrical current or other imperfections. For most experiments, dark
counts are set equal to false counts, which also include unwanted counts from photons that
should not be included in the experiment like room-light photons, high-energy photons
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from space or black-body radiation. These error sources can often be reduced by additional
shielding of the experiment or time-gating.

Timing jitter can be seen as the temporal uncertainty of a photon-detection event. As-
suming a perfectly known arrival time of a photon, the arrival time of the created electrical
signal will have some uncertainty, caused by the detection mechanism, detector design, and
further electrical components including oscilloscopes or time taggers, but also electrical
cables. The arrival time of a photon can be an important information in an experiment, for
example when using the arrival time as an encoding basis or when applying a temporal
acceptance window to minimize dark counts. Hence, a small timing jitter is desirable.

The recovery time can be defined as the period of time for the detector to reach its initial
state after a detection event. Therefore, the maximum speed at which a detector can reliably
operate equals the multiplicative inverse of the recovery time. It is related to the dead
time which is the timing window in which the detector is not able to process a second
photon after it detected one photon. In most cases, the dead time is slightly shorter than
its recovery time.

Photon-number resolution is an additional feature of some single-photon detectors. Here,
the output-signal shape or height is different for different impinging photon numbers.
Therefore, it is possible to measure the number of photons for example of one laser
pulse. For monochromatic light, some energy-resolving detectors can be transformed into
photon-number-resolving detectors. A lack of photon-number resolution can partially be
compensated by spatial or temporal detector multiplexing. However, multiplexing can be
highly resource intensive and, as it is based on beam splitting, the possibility that more
than one photon is detected by a non-photon-number resolving detector at once remains.
This reduces multiplexing to a quasi-photon-number resolution which is sufficient for a
lot of experiments [[12]] (pp. 217-241).

6.1.1 Superconducting nanowire single-photon detectors

One type of the already mentioned superconducting detectors is the superconducting
nanowire single-photon detector (SNSPD). This detector type, which is used in the mea-
surements in the previous chapters, first introduced by Gol’tsman et al. in 2001 [[66] was
optimized over the last decades to match current quantum optics applications [6} |72} |73]].
Remarkable milestones were a reported detection efficiency of 93 % by Marsili et al. in
2013 [67] and 98 % by Reddy et al. in 2021 [[68] at 1550 nm wavelength, dark counts of
below one count per day, demonstrated by Hochberg et al. [[69]], timing jitter of 2.7ps at
400 nm and 4.6 ps at 1550 nm wavelength by Korzh et al. [70]], and recovery times of 480ps
by Miinzberg et al. [74]]. It must be noted that all these figures of merit cannot be reached
within one state-of-the-art detector, as timing- and efficiency properties are often contrary.
Therefore, commercially available detectors often have trade-offs in one or two figures of
merit, depending on the application as shown in Table
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Table 6.1: Comparison of a commercially available SNSPD and the highest reported figures of

merit for SNSPDs and TES
Commercial SNSPD Best values Transition edge
Detector type
detector (Photonspot) | reported (SNSPD) sensor [|71]]

Detection efficiency | 85 % 98 % [|68]] 95 %

Dark counts 100 cps < 10™* cps [69] “negligible”
Timing jitter 70 ps 4.6 ps [70] 4ns

Recovery time 50 ns 480 ps [74] 1ps

In nearly all SNSPD designs, the detector outcomes look the same for all input photon
numbers, depicted in Figure[6.2] The detectors act as click detectors and have no photon-
number resolution. However, this property is more related to the detector-readout scheme
as groups have shown that a photon-number resolution is per se not impossible for
SNSPDs [75,|76]]. Nevertheless, it is more convenient for most experiments to multiplex
SNSPDs to gain information about photon numbers.
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Figure 6.2: Amplified electrical detector response of a commercial superconducting nanowire
single-photon detector after photon absorption.

The working principle of SNSPDs is an ongoing research topic, as new detector geometries
give further insight in the microscopic processes in the detector [[77]. A simplified model
based on Reference [5,78] and [57] (pp. 8-9) is depicted in Figure To reach the super-
conductive state of the detector, the device (including a fiber-channel) has to be cooled
down in a cryostat below its critical temperature. With a stable current source, the detector
is biased just below its critical current. At this point, it is sensitive to the energy of a single
photon even at infrared wavelengths. The energy absorption of one photon is sufficient
to break down the superconductivity locally, called hotspot. To do so, the detector has to
have a height in the nanometer range. Within this thin, biased wire, a magnetic vortex
(topological defect in a thin, superconducting film [79]) is formed, crossing through the
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wire, perpendicular to the charge flow, and resulting in an increase of the superconductive
breakdown (resistive slab (p. 8)). With this, a measurable voltage peak at the read-
out line is created. Next, the wire can return to its initial state, as the current dissipates
through a parallel resistor. It has to be noted that the operating temperature and necessary
bias current depend on the device material and geometry, and are often in the range of
1-4K and 5-20 pA. Common materials for SNSPDs are NbN, NbTiN, MoSi, and WSi which
differ in their temperature-, timing-, and fabrication yield-properties (pp- 191-192).
For optimized material-, temperature-, and bias current-parameters, saturated internal
efficiency can be reached. Furthermore, optical cavities and a meandered shape, matching
the mode size of an optical fiber, helped to outperform other detectors in terms of total
detection efficiency [68].

Figure 6.3: Schematic of the detection mechanism of an superconducting nanowire single-photon
detector based on Reference [J5]] and (pp- 8-9). The superconducting stripe is biased
below its superconducting transition in (i). A photon absorption locally breaks the
superconductivity in (ii). This forms a vortex crossing the wire in (iii), causing a wider
collapse of the superconductive state in (iv). Due to a parallel resistor, the current flow
through the detector is reduced and the normal resistive region decreases slowly in (v)
and (vi).

6.1.2 Transition edge sensors

The transition edge sensor (TES) is a different type of superconducting detector. While
the SNSPD relies on a local breakdown of superconductivity due to its geometry and
current biasing, the TES uses the temperature dependent resistance curve between the
fully superconductive and fully normal temperature state and acts as a microcalorime-
ter (p- 33). To do so, the heat dissipation of the chosen materials and a sensitive voltage
biasing are crucial. In Figure[6.4a), the device resistance is shown for different temperatures
which has a steep, but almost linear transition region. With the weak electron-phonon
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interaction in tungsten, it is possible to overcome this transition with energy pulses in
the higher electron-volt range which equal several absorbed 1550 nm-photons. Therefore,
transition edge sensors have in contrast to SNSPDs an intrinsic energy resolution [80]]. As
the heat dissipation of transition edge sensors is slow, the energy-resolution of TESs can
be used as a photon-number resolution [71]] or spectral resolution. The latter is discussed

in Appendix

To have precise control over the transition edge between the superconductive and resis-
tive state, these detectors are operated at temperatures around 0.1 K or lower. Because
every absorbed photon changes the temperature of the detector, the internal efficiency
is 100 % [57]] (p. 54). In addition to the required low temperatures, the small resistance
changes have to be read out using an array of superconducting quantum interference
device (SQUID) amplifiers. These amplifiers are also located in the cryostat and require a
precise biasing. Due to their low noise and additional shielding from black body radiation
at low temperatures, false counts are reduced. Furthermore, as measured TES traces are
comparably slow, the detectors are often read out by recording not just a time stamp but
the whole trace (see Figure [6.4|b), which enables additional filtering methods for false
events based on signal shape, as described in Section[6.3.2]
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Figure 6.4: a) Resistance transition between the fully superconductive and normal resistive state
based on Reference [|57]] (p. 34), and b) measured TES responses for different photon
numbers for a fiber-coupled detector.

6.1.3 Integrated detectors

Compared to fiber-coupled detectors, integrated detectors come with new possibilities
but also new challenges. While integration often enables better scalability and more
flexibility, the material properties and fabrication steps can become more challenging.
Especially surface roughnesses and lattice matching of the integration platforms and
detector materials are important. In this thesis, only integrated detectors that are based
on evanescent coupling from the integration platform to the integrated detectors are
considered. This method is based on the fact that a guided waveguide mode partially lives
in the surrounding of the waveguide due to a finite refractive index contrast between the
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waveguide and its surrounding. Therefore, the mode confinement can lead to a spatial
mode overlap between the waveguide mode and detection area, which corresponds to the
collection efficiency, as explained in Section[6.1.1} Neglecting scattering at the waveguide-
detector interfaces, an undetected photon remains inside the waveguide and can be detected
by a second detector, or (in relation to this work) be interpreted and investigated as a
manipulated quantum state after partial measurement. Therefore, an evanescently coupled
detector can be described as a beam splitter with a detector in one output and the beam-
splitting ratio given by the collection and absorption efficiency.

Over the last years, many groups have used evanescent coupling to integrate supercon-
ducting detectors on their waveguide platform. An overview is given in Table While
for example silicon and silicon nitride waveguides have the advantage of CMOS fabrication
and provide an excellent mode overlap, their disadvantages lie in the integration of active
optical components such as light modulators or switches due to a low X?-nonlinearity and
their fiber-coupling efficiency for interfacing. The latter is also true for gallium arsenide,
aluminum nitride, diamond, and lithium niobate on insulator. In general, it can be said that
a higher mode confinement, which is beneficial for evanescent detection, is detrimental for
fiber coupling. This can partially be compensated by tapers or tailored grating couplers. The
earlier discussed titanium in-diffused lithium niobate waveguides, which are used in this
work, have a weaker mode confinement, allowing for better fiber-coupling, as discussed in
Section[4.3] but lower overlap between the evanescent field and the detector.

Table 6.2: Overview of different integration platforms and detector materials

Integration platform | SNSPD material TES material
Silicon NbN [81]], NbTiN [|82], WSi [83], MoSi [84]
Silicon nitride NDbN [85]], NbTiN [86]], WSi [87]]

Tantalum pentoxide | NbTiN (Martin)

Silica WSi [88] W [89]

Gallium arsenide NbN [[90]

Alumininum nitride | NbN [91]

Diamond NbN [92]], NbTiN [93]]
LNOI NDN [94]
Ti:LN NDbN [95]], WSi [96] W [97]
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6.2 Integrated SNSPDs

The work on integrated superconducting nanowire single-photon detectors on titanium
in-diffused lithium niobate waveguides can partially be found in Reference and [50]].
The fabrication process starts with the deposition of a 5nm thin, amorphous tungsten
silicide layer atop the waveguide sample using magnetron sputtering. Next, gold alignment
markers are deposited using photolithographic structuring, aligned to the titanium in-
diffused waveguides, and a subsequent lift-off process. With these gold markers, the spacing
between four connected SNSPD-stripes with 400 pm length, 160 nm width and 160 nm
spacing in a “w”-shape is written using e-beam lithography. After etching and removing
the residual e-beam resist, the outer detector structure is formed using photolithography
and subsequent etching. This process gives the final on-chip detector which is later bonded
and connected to an electrical readout. While the individual detector length is limited to
400 pm due to the e-beam window, multiple detectors can be placed freely on the chip
surface which directly points towards the scalability of integrated detectors. In addition,
multiple in-line detectors can be used to increase the system detection efficiency. The
design for on-chip SNSPDs is shown in Figure On the fabricated samples, multiple of
these waveguides per sample are investigated.

a) b) L

Figure 6.5: a) Superconducting nanowire single-photon detector design for integrated devices with
five in-line detectors on a fiber-coupled sample, and b) inset on one of the detectors.
The large gold areas represent bondpads usually in the range of 800 pm x 600 pmm
enabling electrical contact of both sides of the integrated detector. The shown detector
consists of four meandered, 400 pm long, and 160 nm wide tungsten stripes.

6.2.1 SNSPD simulations

As indicated in Section we model the spatial waveguide modes in a titanium in-
diffused lithium niobate waveguides using a commercially available mode-solving tool
(Synopsis RSoft). With this, it is possible to investigate detector absorption using two-
and three-dimensional mode simulations adding different structures and materials to the
simulations. The ordinary refractive index of lithium niobate at different temperatures
and wavelengths is based on a model from Edwards and Lawrence [98]]. The extraordinary
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refractive index is based on a model from Jundt [99]. For the refractive index distribution
due to titanium in-diffusion a modified script provided by Synopsis Inc. is used which
itself is based on equations by Strake et al. and Korotky et al. [[101]]. We modified
the the script based on empirical data to also take the surface profile of the waveguide
samples into account, as well as the refractive index shifts at cryogenic temperatures. The
resulting refractive index profiles for the two polarization modes are depicted in Figure
The refractive indices of additional dielectric layers and the different detector materials
are provided by Varun Verma using ellipsometry measurements.

ly,

Figure 6.6: Three-dimensional illustration of the power decrease for a spatial mode traveling
underneath an absorbing detector structure simulated in BeamPROP. The silver surface
corresponds to the sample. The gold stripe illustrates the detector.

With the given geometries and refractive indices, we execute two-dimensional Finite
Element Method (FEM) simulations, called FemSIM, or three-dimensional Beam Propa-
gation (BeamPROP) simulations with the software. The latter is a Finite Difference Beam
Propagation Method (FD-BPM) program, neglecting backwards-propagation and using
only a semi-vectorial approach (treating the electric field as a vector not a scalar but with
decoupled transverse field components). The detector segment cannot only be added and
removed from the 3D simulation, but also its imaginary part of the refractive index and
with it its absorption can be turned on and off. Therefore, also scatter can be investigated.
An example of a 3D simulation using BeamPROP with an integrated detector is shown
in Figure Detector absorption can be calculated by comparing the mode intensity in
front of and behind the detector.

FemSIM simulations provide a calculated spatial mode profile. Here, we directly calculate
the expected detector absorption from the simulation results for the imaginary part of the
effective refractive index (p. 6). However, as these simulations can only be executed
at a fixed position on the waveguide, it is not possible to include changes along the
propagation direction using this method. Because of that, this method uses the assumption
that changes to the spatial mode along the propagation direction are negligible. Here, only
the BeamPROP simulations can include modal changes along the propagation direction
excluding reflections. Therefore, we use them to directly investigate the propagation of
light in a certain structure. BeamPROP simulations require higher computational power,
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are more sensitive to numerical artifacts and are limited in the choice of measurement grids.
On the other hand, they enable three-dimensional simulations. With these, modal changes
along the waveguides can be investigated for the non-circular mode profiles shown in
Figure Because of that, both simulation types are used collectively to investigate the
detector absorption of integrated superconducting detectors.

While for waveguides with smaller mode confinement (for example in silicon [[81]) a 400 pm
long detector would guarantee near unity collection- and absorption-efficiency, the weak
mode confinement in titanium in-diffused waveguides drastically decreases the collection
efficiency. For FemSIM simulations, we calculate an on-chip detection efficiency of 1 % for
TE polarized light and 0.4 % for TM polarized light at 1550 nm wavelength for one 400 pm
long detector based on the imaginary part of the simulated effective refractive indices.

While it is often sufficient to use a simulation grid of one tenth of the wavelength to
overcome simulation artifacts, the maximum simulation grid is here upper bounded by the
detector dimensions. FemSIM simulations can be executed on a non-uniform simulation
grid using a higher precision in the detector area and a coarse grid at the area in the sample
with a small titanium concentration. Due to simulation errors at the boundaries of the
simulation window, the whole waveguide mode must be depicted. With the non-uniform
grid, it is possible to overcome the discrepancy between the large micron-range mode
size and nanometer high detector structures. In BeamPROP, due to limitations on the
grid and the additional simulation extension into the traveling direction (3D simulation),
it is not possible to execute these simulations on a fine enough grid with more than
two datapoints per height element inside the detector. This decreases the credibility of
BeamPROP simulations of the exact detector structure for integrated SNSPDs on titanium
in-diffused waveguides, resulting in a relative error greater than 100 % when executing
convergence tests on different simulation grids. Nevertheless, we exploit BeamPROP
simulations when investigating integrated TESs in Section

6.2.2 SNSPD flood illumination

After detector fabrication on a lithium niobate waveguide, the devices are investigated
without light coupling through the waveguide. This includes resistance measurements at
room temperature and cryogenic temperatures, and flood-illumination tests, measuring
detector responses from a distant light source as depicted in Figure For this, a pulsed
1550nm light-source is attenuated such that an average mean photon number in the
single-photon regime (mean photon number between 0.1 and 2) is detected by the device
under test inside a cryostat. If the mean photon number is set too low, the signal-to-
noise ratio decreases. If the mean photon number is set too high, the high occurrence
of multi-photon events and low occurrence of pulses of zero photons also reduces the
measurement accuracy. Then, we record the detector outcomes in synchronization with a
timestamp of the pulsed laser. In the exemplary measurement results in Figure [6.8b), we
detect a maximum count rate of 100000 counts per second while using a laser repetition
rate of 500 kHz. This experiment is executed for different detector bias conditions and
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can give insight into detector parameters such as the shape of a detector response, the
internal efficiency, timing jitter, and recovery time, which are all independent of coupling
direction.

Figure 6.7: Schematic of a flood illumination experiment using a fiber pointing towards the inte-
grated detectors. The red cone represents the laser spot, illuminating the sample.

A low collection efficiency can be compensated by elongating the detector, a stronger
mode confinement, or in-line detector-multiplexing. On the contrary, a low internal effi-
ciency directly corresponds to photon loss, as the photon is annihilated but not measured.
Therefore, a high and stable internal efficiency is of great importance for quantum optics
experiments. Due to the detection mechanism of SNSPDs, the probability of a photon with
a certain energy causing a breakdown of the superconductivity and with it a detection
event depends on the bias current. With too low bias current, the energy of a 1550 nm
photon is not sufficient to cause a detection event. If the bias current is too high, small
fluctuations in the current can increase the dark count probability up to the point where the
bias current exceeds the critical current and the detector stays in the normal resistive state.
In between, the probability of creating a detection event from a photon increases with bias
current (probabilistic regime). At a fixed wavelength of 1550 nm, it is possible to saturate
this probability (depending on the detector fabrication) and to reach a plateau where the
internal efficiency is independent of the explicit value of the bias current. This directly
corresponds to a saturation of the internal efficiency and is a sign for low constrictions in
the detector fabrication (p- 9). A high surface roughness or material inhomogeneities
can hinder such a plateau.

To execute a flood illumination measurement, we bond and electrically connect an in-
tegrated SNSPDs in a helium sorption cryostat, reaching a base temperature of 0.77 K.
Additional shielding inside the cryostat is not just beneficial for reaching this temperature
in a closed-cycle system but also to minimize unwanted counts from black-body photons.
The lithium niobate sample is glued to the sample holder using vacuum grease which gives
a good temperature connection without causing strain from the temperature changes. For
the e-beam written tungsten silicide SNSPD, we measure detector responses as shown in
Figure [6.8a), showing that the device responds to 1550 nm photons. When counting these
photons by counting how often the electrical signal crosses a threshold in a time tagger, we
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investigate the internal efficiency. The threshold level is set to 50 % of the maximum peak
height of the detector response on the rising edge to minimize timing jitter. The results
for the number of counts per second with the pulsed laser on and off (for dark-count
measurements) are plotted in Figure [6.8|b). It can be seen that photon detection is very
unlikely below a bias current of 1.5 pA and that there is a long plateau between 2.5 pA and
6.5 pA before latching (remaining in a fully resistive, non-functional state after photon
absorption). This shows that it is possible to saturate the internal efficiency of integrated
SNSPDs on lithium niobate waveguides.

While only a full quantum detector tomography [9] or the usage of a single-photon
source can verify pure single-photon sensitivity, we assume based on the comparison with
other single-photon sensitive SNSPDs that also the integrated SNSPDs are single-photon
sensitive as we only use an attenuated pulsed laser that intrinsically contains multi-photon
contributions.
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Figure 6.8: a) Detector response after photon absorption for an integrated superconducting
nanowire single-photon detector, and b) measured number of counts per second over
the bias current with a 1550 nm pulsed laser in orange as well as dark count measure-
ments in blue.

6.2.3 SNSPD loss characterization

Using light propagation through a waveguide, we use a loss characterization as described
in Section 4.1.2to characterize detector absorption but also loss increase due to fabrication
steps when depositing integrated detectors. As the waveguide endfaces are not influ-
enced by additional detectors on the waveguide, the endface reflectivity and waveguide
dimensions stay the same before and after detector fabrication. A general loss increase
for example due to etching steps in the detector fabrication would also have an effect
on adjacent waveguides with no detectors. Therefore, an overall loss increase on those
waveguides gives insight on the influence of detector fabrication, while loss increase
on waveguides with detectors gives insight on the effect of light hitting the integrated
detectors. It has to be pointed out that this method can only measure the loss increase
due to an on-chip detector, but not differentiate between detector absorption and scatter.
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Only the former would lead to a successful detection event. Therefore, the latter has to be
minimized which we investigate with the earlier introduced simulations and following
detection-efficiency characterization.

For the investigated samples with integrated SNSPDs, the overall waveguide loss for
waveguides without detectors increased from 0.03 dB/cm + 0.01 dB/cm to 0.20 dB/cm
+ 0.08 dB/cm for both polarization modes on the investigated sample. We calculate the
uncertainty from the standard deviation of 14 characterized waveguides without detectors.
It is expected that especially small damage at the endfaces of the sample causes the loss
to increase. This can be investigated by additional polishing steps and subsequent loss
characterization. However, as polishing the chip carries the risk of damaging the detectors,
it is deliberately avoided on the investigated sample. Therefore, we cannot exclude a loss
increase of 0.17 dB/cm =+ 0.08 dB/cm caused by the detector fabrication steps at this stage.

For waveguides with five in-line SNSPDs we measure an additional transmission-loss
increase. Here, the measurement with TE polarized light shows additional loss 0of 0.07 dB/cm
+ 0.03 dB/cm and the measurement with TM polarized light shows a loss increase of
0.02 dB/cm + 0.01 dB/cm for 18 investigated waveguides. Distributing this additional loss
increase over the five detectors per waveguide leads to an expected detection efficiency
of 0.6 % = 0.3 % in TE polarization and 0.2 % + 0.1 % in TM polarization. Comparing these
results to the simulation results from Section (a detection efficiency of 1% in TE
polarization and 0.4 % in TM polarization) suggests an overestimation of the simulated
detection efficiency. However, the expected low detection efficiency is confirmed in both
cases.

6.2.4 SNSPD efficiency characterization

When characterizing the detection efficiency, one usually carries out a measurement of
the system detection efficiency (SDE) which is normally defined as the ratio between an
input mean photon number at a certain interface (for example a fiber connection) and the
detected mean photon number. For integrated detectors the interface corresponds to a
fiber connection before the fiber-to-chip interface. With this, in contrast to the on-chip
detection efficiency, fiber-to-chip coupling loss is included which is closer to general
applications including off-chip sources. There are many ways to estimate the on-chip
detection efficiency from the system detection efficiency. One example is the usage of
an additional chip-to-fiber control port to differentiate coupling loss, or using multiple
input ports. In close relation to the circuit design in this work, we can estimate the on-
chip detection efficiency from a known fiber-to-chip coupling. Using both endfaces as
an input port and multiple detectors on a waveguide, the different detector responses
can be used to differentiate between the number of evanescently coupled photons and
detected scattered photons. Therefore, also the total throughput through the sample and
both fiber-chip-interfaces must be investigated. Besides measuring the total throughput
through the sample and the individual detector responses, a precise measurement of the
input mean photon number is a critical part.
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Input state calibration

For this work, we use two different methods for calibrating the input mean photon number.
The attenuator method requires one calibrated reference detector and is based on the
assumption of a linear behavior of a variable optical attenuator (VOA) also at the single-
photon level [67]). The setup is shown in Figure[6.9] Using a reference detector and different
attenuator settings, a linear correlation between the attenuation setting and the mean
photon number is used to infer the impinging mean photon number on the device under test
(DUT). For this method, it is advantageous but not necessary to utilize a reference detector
which is calibrated at the same range of photon numbers to minimize the uncertainty
based on the assumption of the linear attenuation behavior.

Calibrated detector
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Figure 6.9: Optical setup for the attenuator method to calibrate the impinging mean photon
number at a device under test (DUT) using one variable optical attenuator (VOA) and
one calibrated detector. Component drawings are partially taken from Reference [37].

The splitting-ratio method requires (in contrast to the attenuator method) two calibrated
reference detectors with a wide dynamic range [97,/103]]. However, both calibrated reference
detectors do not have to work at the single-photon level. The setup is shown in Figure[6.10]
Here, first, the ratio between the two detectors is precisely set and measured using a low
attenuation on VOAT1 and a high attenuation on VOAZ2. Then, the attenuation on VOA1
is increased to reach the single-photon level at the second detector or device under test,
respectively. This method does not require any assumptions on the attenuators (including a
linear attenuation behavior) besides temporal stability. In addition, it is possible to include
fluctuations in the laser power as this can be monitored by detector 1 during the whole
data acquisition.

VOA 1 VOA 2 Calibrated detector 1
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Calibrated detector 2

Figure 6.10: Optical setup for the splitting-ratio method to calibrate the impinging mean photon
number at a device under test (DUT) using two variable optical attenuators (VOA) and
two calibrated detectors. Component drawings are partially taken from Reference [37].

With both methods, it is possible to calculate the impinging mean photon number for a

system detection efficiency measurement. The method of choice depends on the avail-
ability of calibrated single-photon detectors or wide dynamic range attenuators. For the
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characterization of integrated SNSPDs, we chose the attenuator method while we apply
the splitting ratio method in Section for integrated TESs.

Using a calibrated click detector as the reference, we assume Poisson statistics from a
coherent laser source to transform click probabilities to photons per pulse and mean
photon numbers. As an example, the probability of detecting exactly one photon at a mean
photon number of i = 1.5 is p; = 1.5e™"> = 33.47 % and detecting not zero photons is
Przo = 1= po = 1— e = 77.69 %. These values can then be compared to the obtained
measurement results from the device under test. Using multiple, overlapping coherent
states, one can even execute a full quantum detector tomography which gives insight into
nonlinear responses of a detector [9,|10]]. For calculating the on-chip detection efficiency,
interface loss and photon absorption from other inline detectors must be considered.

System detection efficiency measurement

With the results from SNSPD simulations in Section [6.2.1]and loss characterization in[6.2.3]
we expect the detection efficiency to be small even though the internal efficiency is
saturated. As additional imperfections can lead to deviations of the actual system detection
efficiency from these estimations, we execute a full characterization of the SDE. For this,
we pigtail both sides of the straight waveguides, as sketched in Figure [6.5|a), using the
technique described in Section[4.3] At room temperature we measure a coupling efficiency
of 48 % + 1% per interface. This relatively low pigtailing efficiency can either come from
a misalignment during the curing process of the UV-glue or also by a nonideal sample
endface as already suggested in the previous section. We monitor the optical throughput
through the sample during a cooldown after pigtailing where the power dropped linearly.
At cryogenic temperatures, it is not possible to measure the individual coupling efficiencies
for each endface but just the total throughput. Assuming no additional loss-increase besides
a misalignment of the fibers, a minimum throughput per interface can be calculated to be
26 % + 3 %. At this cooldown, only two wired-up detectors responded to single photons,
due to pyroelectric damage, explained in Section|[6.2.5]

We investigate the detection efficiency for the two detectors with photons coming from
each fiber connection and in both polarization modes. A crucial factor when investigating
the system detection efficiency is the differentiation between a scattered photon (for
example coming from the fiber connection) and a photon that is traveling through the
waveguide and is evanescently coupled. Both cases contribute to the system detection
efficiency. In fact, it is possible to achieve a relatively high system detection efficiency with
no photons traveling through the waveguide as long as the scattering center is close to
the detector. Therefore, only the investigation of multiple in-line detectors, polarization
dependence and bi-directional waveguide coupling can verify evanescent coupling. This is
further elaborated in Table[6.3|and can be expressed with the equation

NSDE,i = ’7fc1,2(1 - awg,i)(l - Udet)N_iUdet + (1 - ’7fc1,2)’75cat,ia (6-1>
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where nspg,; is the system detection efficiency for detector i, ns 2 is the fiber-to-chip
coupling efficiency of the utilized input side, and @y, is the waveguide loss depending
on the distance between the endface and the detector. As all detectors on one waveguide
have the same design, we assume the on-chip detection efficiency 74e; to be the same for
all N detectors. ngc,t; includes the probability of detecting a photon which was initially
scattered at the fiber-to-chip interface. Therefore, 7scar; decreases drastically with the
distance between this interface and detector i.

For the investigated on-chip SNSPDs, the detection efficiency is polarization sensitive while
the total throughput through the sample and with it the fiber coupling is not. In addition,
the expected behavior for the dependence on the input direction as well as the position
in the in-line design suggests evanescent coupling from the waveguide to the on-chip
detectors. We calculate the on-chip detection efficiency per detector to be 0.7 % + 0.2 % and
0.10 % =+ 0.03 % for two different polarization orientations. For this, all waveguide losses
are neglected. Using an input mean photon number of 7 = 1.50 + 0.08 and a repetition
rate of 500 kHz, the highest observed detector countrates (measured over one minute)
are (1320 + 5) counts per second for the second and (1280 + 5) counts per second for
the second last in-line detector. Minimizing the countrate using a polarization controller,
both detectors show (200 + 1) counts per second. Based on the description in Table
Nscat in Equation is set to zero. The influence of dark counts can be neglected as all
measurements are executed in synchronization with a laser-synchronized trigger and 8 ns
wide coincidence window.

As no polarization-maintaining fibers are used, it is not possible to directly assign these
detection efficiencies to the TE and TM polarization modes. However, comparisons to
the loss characterization and simulation results suggest that the higher on-chip efficiency
corresponds to TE polarized light.

The independent investigations of the detection efficiency (using simulations, loss charac-
terization, and a direct measurement efficiency characterization) show detection efficiencies
per device of 1%, 0.6 % + 0.3 %, and 0.7 % + 0.2 %, respectively. While the agreement of
these measurement results is satisfying, the efficiency itself is low compared to nanopho-
tonic integration platforms. All in all, we can proof that integrated SNSPDs on titanium
in-diffused lithium niobate waveguides were successfully realized.
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Table 6.3: Comparison of the dependence on different parameters for scattered photons and evanes-
cently coupled photons, detected by an on-chip detector.

Dependence Scattered photon Evanescently coupled photon
Fiber coupling Antlproportlc?nal, when '
. fiber connection equals Proportional
efficiency

scattering center

Decreases with distance | Independent, when excluding

Input direction . o
to scattering center other in-line detectors

Independent, when fiber Depends on individual

Polarization coupling is polarization .
waveguide modes

independent

6.2.5 Pyroelectric damage

Due to the great scalability of integrated optics, low on-chip detection efficiencies can be
compensated by in-line detector multiplexing as long as the low efficiency is attributed
to a small collection efficiency and therefore an undetected photon still remains inside
the waveguide. For the calculated detection efficiency of 0.7 %, one would need at least 99
detectors to reach a combined on-chip detection efficiency of 50 % as

1-(1-0.7%)” =50%. (6.2)

This is problematic, as these detectors would need a 40 mm long sample just for detection
and high requirements on the cryostat due to the heat dissipation when wiring-up all
detectors individually. Therefore, additional design changes to the detector are required to
increase the detection efficiency.

In addition, another challenge emerged when investigating on-chip detectors on lithium
niobate. While the fabrication yield of the on-chip devices is very good and could potentially
enable the deposition of hundreds of detectors, a lot of them are damaged during the
cooldown process. Covering the work on multiple detector designs and multiple lithium
niobate samples that where partially used to explore this damage, only 18 out of 62 detectors
survived at least one cooldown. This was monitored by measuring the resistance of the
devices.

As lithium niobate is pyroelectric, electrical charges build up during the cooldown [[104-
106]]. While these charges can dissipate and annihilate under atmosphere conditions, this
is less possible under vacuum [105]]. Micrographs of a WSi structure on lithium niobate, as
shown in Figure taken after one temperature cycle down to 0.1 K and back, suggest
an electric discharge through the on-chip device causing the nanowires to explode.

This effect which we also observe using molybdenum silicide detectors reduces the yield
of functional on-chip detectors on lithium niobate at cryogenic temperatures. While it
might be possible to overcome this problem by investigating different detector geometries
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or the usage of additional conductive layers in future work, one has to pay attention to
not lose the saturated internal efficiency and induce loss.

() pm

Figure 6.11: Micrograph of a WSi contact pad on lithium niobate after one cooldown showing
pyroelectric damage.

6.3 Integrated TESs

The work on integrated transition edge sensors on titanium in-diffused lithium niobate
waveguides can partially be found in Reference and [97]]. As already visualized in
Table integrated transition edge sensors are less investigated on integrated devices,
mainly due to the higher system requirements in the form of lower temperatures and
SQUID-readout. For this detector type, the same characterization methods are executed as
for the integrated SNSPDs.

Transition edge sensors can be deposited on lithium niobate using magnetron sputter-
ing and subsequent photolithographic structuring. With this, we place a homogeneous
amorphous tungsten layer directly on top of the waveguide 97]]. As the dimensions
for TESs are normally in the two-digit micrometer size for width and length, and 20 nm
to 40 nm for the height, the waveguide surface roughness is less critical compared to the
earlier discussed integrated SNSPDs. In addition, this leads to lower room temperature
resistances, making them more robust against pyroelectric damage. For this work, different
TESs geometries, inspired by Reference [[107] and Reference [108], are investigated as
depicted in Figure [6.12] all with a height of 20 nm.
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Figure 6.12: Transition edge sensor (TES) dimensions of tested integrated devices: a) 10 pm x
10 pm x 20 nm TES, b) 25 pm x 25 pm x 20 nm TES, and ¢) 10 pm x 10 pm x 20 nm TES
core with two 150 pm x 4 pm x 20 nm TES fins

6.3.1 TES simulations

As described in Section we first investigate the different structures in computer
simulations. The simulated absorption results are shown in Table From the results,
we see that the overall absorption efficiency of the different on-chip TESs is again small
for both polarization orientations. This can be explained by the small mode overlap as
discussed earlier. Furthermore, the different outcomes for TE and TM polarization can
be explained by the small difference in mode confinement and mode height compared
to the sample surface due to differences in titanium in-diffusion for the different crystal
orientations as well as differences in the interaction of the two polarization directions
with the material. As the two independent simulation methods (FemSIM and BeamPROP)
agree very well, we assume interface reflections and mode changes during the propagation
to be negligible. In addition, assuming perfect waveguiding, all loss can be attributed
to detector absorption. Comparing the different detector geometries, the core-with-fins
structure leads to the highest absorption due to the biggest longitudinal overlap. Analog
to SNSPDs, multiplexing or elongating the detection area can already be considered as one
possibility to increase the absorption efficiency as also shown in Reference [[107]].
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Table 6.4: Simulation results using FemSIM and BeamPROP. Based on convergence tests and
variations in the input simulation parameters, the uncertainties are expected to be in
the 0.1 % range.

TES TE FemSIM TE BeamPROP | TM FemSIM | TM BeamPROP
geometry | absorption [%] | absorption [%] | absorption [%] | absorption [%]
opm gy 0.1 0.6 0.5
square
2
SHM g 0.2 15 14
square
Core with
1.1 1.0 10.3 9.9
fins

6.3.2 TES flood illumination

To test the photon response, the on-chip detectors are wire-bonded, connected to super-
conducting quantum interference devices (SQUIDs) and cooled down below 0.1 K. At this
temperature the detectors are superconductive. Then, flood illumination tests are executed
as described in section For this, the individual detector outcomes are recorded. This
measurement was executed by Thomas Gerrits at NIST. When overlaying the laser times-
tamps, each detector shows multiple outcomes which differ in their shape and height,
similar to Figure[6.4]b). We sort all collected detector responses (traces) of a single detector
in a histogram. While the maximum peak height is an obvious parameter for this sorting,
we implement an improved method using the information of the whole trace based on a
Wiener filter [[109]. Here, an average trace is calculated and convoluted with each trace.
This way, the whole trace-shape and not just the maximum peak height is used to sort the
detector outcomes. It enables a higher resolution and an additional post-process temporal
filter of detection events resulting from black body radiation which are uncorrelated to the
laser timestamp. As we use a single-wavelength laser at 1550 nm (corresponding to 800 eV),
the different detector outcomes must come from different photon numbers per pulse. The
individual detectors are placed at different positions on the chip and therefore see different
portions of the distant light source (see Figure[6.7), hence a calculated mean photon number
from the histograms is no meaningful figure of merit under flood illumination. We calculate
the energy resolution and uncertainty on the measured photon numbers per pulse from
the full-width-half-maximum (FWHM) of the histograms. In Figure it can be seen
that this FWHM is smaller for the smallest 10 pum-square detector and broadens for the
detectors with additional fins. One explanation is the different heat conductivity between
the detector and lithium niobate sample which is geometry-dependent. In addition, a small
shoulder can be seen on the 10 pm-square device. This shoulder is a known phenomenon
for small TESs and can be caused by photons that “interact with the voltage bias rails
rather than the central part of the sensor” [80]. This phenomenon becomes more prominent
for smaller detectors. The bigger 25 pm x 25 pm detector shows a poorer photon-number
resolution (energy resolution) as the individual peaks overlap more. For the detector with
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additional fins, it can be seen that less photons were detected by the device, as no detector
traces corresponding to higher energies or photon numbers are visible. While we can fully
attribute this to the detector geometry and placement of the flood-illumination fiber, it can
also be seen that the energy resolution is further reduced.

The measurement results prove that all detector geometries can be used as on-chip single-
photon detectors. However, combining these results with the earlier shown simulation
results, there is a trade-off between detector absorption (detection efficiency) and energy
resolution (photon-number resolution). During several temperature cycles down to cryo-
genic temperatures for flood illumination, no sign of detector damage due to pyroelectricity
was recognized.
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Figure 6.13: Flood illumination histogram plots showing the energy resolution for different transi-
tion edge sensor (TES) geometries: a) 10 pm x 10 pm x 20 nm TES, b) 25 pm x 25 pm x
20nm TES, and ¢) 10 pm x 10 pm x 20 nm TES core with two 150 pm x 4 pm x 20 nm
TES fins.

6.3.3 TES loss characterization

We execute a loss characterization to investigate and compare loss increase due to detector
fabrication and loss increase due to the on-chip detectors, as described in Section For
detectors without fins, the detection absorption is too small to make a significant statement.
On the contrary, waveguides with multiple deposited TESs with fins show a significant
loss increase. The results for a lithium niobate waveguide sample with integrated TESs,
shown in Table were presented in my MSc. thesis [[110] and Reference [96]]. Calculating
the loss increase per detector and attributing all loss increase to detector absorption, this
gives an estimated detection efficiency of (0.9 + 0.7) % in TE polarization and (13 + 2) % in
TM polarization for TESs with fins, matching the simulation results in Section As
detectors without fins perform better under flood illumination but show no measurable
loss increase, we execute a full proof-of-principle detection efficiency characterization, as
described in Section[6.2.4] to estimate the detection efficiency.
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Table 6.5: Loss characterization results for integrated TESs with fins based on Reference [|110] and

[96].
Wavesuide tvoe Lossin TE Loss in TM
& YP polarization [dB] | polarization [dB]
Waveguides with
0.24 + 0.04 0.3+0.1
no detectors
Waveguides with 0.29 + 0.03 0.96 + 0.05
three detectors
Waveguides with
0.34 + 0.03 1.70 = 0.05
five detectors

6.3.4 TES efficiency characterization

To investigate the detection efficiency and how the TES responds to evanescently cou-
pled photons in general, we fiber-couple both endfaces of the lithium niobate sample
with multiple TESs integrated on a straight waveguide to provide optical access to the
waveguide at cryogenic temperatures. This work was done in collaboration with Thomas
Gerrits at NIST. As the detectors are very sensitive to black body radiation and stray light,
additional shielding and even colder temperatures of 0.01K in a dilution refrigerator are
used for the efficiency characterization. The same fiber-coupling technique as used in
Section is used again. We achieve a total transmission of 43 % through the whole
sample. This transmission value contains fiber and waveguide loss (which are further
neglected), two FC/FC fiber couplers, loss due to endface reflections, loss due to imperfect
mode-matching, and alignment loss at both endfaces. The waveguide, chosen for detec-
tor efficiency characterization, has three 25 pm x 25 pm x 20nm TESs deposited onto it.
Although these detectors show no significant loss increase caused by the missing fins as
described in Section they are chosen because of their distinct energy resolution as
shown in Section[6.3.2] One of the detectors is depicted in Figure a).

Two of the three detectors with equal dimensions are electrically connected to SQUID
amplifiers. Due to the surface guiding waveguides, the glue connection between the fiber
and waveguide endfaces are not symmetric, as shown in Figure[6.14]b). Therefore, glue
contraction due to temperature changes misaligns the system and reduce the transmission.
This effect can be overcome by a more complex gluing technique based on the same
principle but using additional counter pieces on the sample surface [110]. As the sample
surface is a critical part for integrated detector, the simpler and less temperature-stable
connection is chosen here. After fiber splicing both pigtail fibers to fiber feedthroughs in
the cryostat, the sample is cooled to a stable base temperature of 0.01 K. Here, we measure a
polarization-insensitive transmission trough the waveguide chip of (8 + 2) %. We attribute
the drop in transmission to the glue contraction. Assuming both endfaces to have nearly
equal coupling efficiencies, the fiber-coupling efficiency for each side is calculated to be

28 % at 0.01 K. Despite the transmission drop, this value is still comparable to other work
shown in Table[6.2]
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Figure 6.14: a) Microscope image of an integrated 25 pm x 25 pm x 20 nm tungsten transition edge
sensor on a 6 pm wide lithium niobate waveguide, and b) focus stacked image of the
fiber-to-chip connection. Here, one can see the asymmetric glue joint which can cause
misalignment during temperature changes.

We investigate the detection efficiency for both incoupling directions as well as both electri-
cally connected detectors, and both optical polarizations that are guided by the waveguides.
We record the individual detector responses after adjusting and measuring the input mean
photon number. As two calibrated detectors were available for this measurement, we use
the splitting-ratio method as described in Section [6.2.4] Figure shows the different

traces corresponding to different photon numbers from one integrated TES.
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Figure 6.15: Heatmap plot of measured detector responses with different peak heights corre-
sponding to different photon numbers per pulse for an integrated transition edge
Sensor.

For each setting, we record and evaluate 819200 traces, as discussed in Section We sort
the results in histograms and compare them to a Poisson distribution, resulting in a derived
mean photon number for each incoupling direction, detector, and polarization, as shown in
Figure While the influence of the incoupling direction is negligible and the influence
of the individual detector on the waveguide lies within the measurement accuracy of
the calculated mean photon number, the influence of the polarization setting is critical.
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Together with the impinging mean photon number, the system detection efficiency is
calculated to be (0.23 + 0.04) % and (0.19 + 0.04) % for the two detectors for one polarization
orientation, and (0.06 + 0.01) % and (0.07 + 0.01) % for the other polarization orientation.
Similar to Section[6.2.4] we can assign the efficiency values for the two polarization settings
to the polarization modes TM and TE, based on loss characterization and simulation
results. As the total transmission is polarization insensitive, the measurement results must
be attributed to evanescent coupling which agrees well with our simulations and loss
characterization following the relations in Table If the detection events would come
from scattered photons, the incoupling direction and position of the individual detectors
would have a bigger influence and can therefore be neglected. The results can be seen as
a proof-of-principle for integrated TESs on lithium niobate waveguides and evanescent
coupling verification.
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Figure 6.16: Histograms of the evaluated detector responses of an integrated transition edge sensor
converted to the underlying photon energies for one detector in black and Gaussian
fitting for the individual peaks in a) TE polarization and b) TM polarization.
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Conclusion and Outlook

In this work, we explored the different elements for creating measurement-induced non-
linearities. We showed that interesting quantum states can be created by combining the
interference of a single photon and coherent state with a subsequent measurement opera-
tion in the form of a photon subtraction. By using state-of-the-art technologies such as
SPDC single-photon sources, integrated optical circuits, and superconducting detectors,
the findings of this work can be understood as proof-of-principle experiments for creating
complex photon-number correlations between two modes. Furthermore, we investigated
the integration of superconducting detectors on titanium in-diffused lithium niobate wave-
guides as integrated detectors provide the potential for a more compact and more efficient
realization of the presented schemes.

The theoretical simulations point out the great potential for creating complex multi-
photon states as two-mode squeezed vacuum and exotic two-mode states with complex
correlations. Especially, as other methods require high pump powers or multiplexing of
different sources, the shown circuit designs can be very effective in that sense. The good
agreement of simulations with included photon loss and experimental results suggests an
extensive understanding of the developed scheme.

Nevertheless, the experimental realization can still be optimized. With the available laser
systems and nonlinear crystal, strong filtering was necessary to match the optical spectra
of the input states, inducing high loss. In addition, the combination of the utilized photon
source and detectors hindered the exploration of higher photon numbers. Here, the switch
to a more suitable laser system can drastically improve the visibility of interference and
measurement-induced effects. In addition, it enables us to use time-multiplexed (quasi-
)photon-number resolving detectors with a longer recovery time.

The fabricated integrated circuits have proven to be well suited for these complex experi-
ments. Multi-channel beam splitter structures can be fabricated with optical lithography.
This technique provides great flexibility and long term stability for different integrated
circuit designs. We showed that waveguiding loss is almost negligible, and different beam-
splitting ratios can be realized. In addition, the measured multi-channel fiber-coupling
efficiency of 77 % provides an efficient solution for easy to use transitions from freespace
optics to fiber-coupled and on-chip setups.

Regarding the investigations of integrated superconducting detectors, it was possible to
measure detector responses to single photons for both detector types, superconducting
nanowire single-photon detectors and transition edge sensors. In addition, evanescent
coupling was confirmed. Despite a high fabrication yield, SNSPDs were often damaged
during the cooldown process due to pyroelectric discharge in lithium niobate. Furthermore,
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7 Conclusion and Outlook

the on-chip detection efficiency for the investigated detector designs for both detector
types was low. While it was possible to attribute this to a low collection efficiency, the
detector design must be further optimized before combining detectors with more complex
integrated circuits.

The usage of state-of-the-art technologies comes with the advantage that an ongoing opti-
mization of the individual technologies simultaneously improves the presented experiments
and vice versa. As an example, the recent demonstrations of photolithographically written
micron-wide SNSPDs [111} |112] are a promising solution for high-efficient integrated
detectors in microphotonics due to stronger evanescent coupling. Therefore, the further
developments of the presented work will drastically benefit from these improvements.

Besides experimental improvements, a quantitative measure for measurement-induced
nonlinearity must be found. As the discorrelation parameter introduced in Reference [23]]
is not applicable and the measurement of the maximum induced two-mode squeezing
suggested in Reference [24] is challenging, finding a comprehensive quantifier is a question
for further research.

Looking forward, the combination of an active integration platform and superconducting
detectors provides the opportunity for a further extension of the scheme, following the
increasing demand for multi-photon quantum states in various quantum optics applica-
tions.
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Appendix

A.1 Wave equation and the harmonic oscillator

In Section[2.1] the analogy between the electromagnetic field and harmonic oscillator is
introduced. In this section, this analogy is elaborated further. Starting with Maxwell’s

equations in vacuum and setting c= \/ﬁ where p is the vacuum permeability, & the

vacuum permittivity, E the electric field, B the magnetic field, and % the partial time
derivation, the equations can be written as (Reference [52]] (pp. 140-195))

V-E = o0, (A1)

V-B = o0, (A.2)
10B

VXE = —--Z=, (A.3)
c ot
10E

VxB = -—. (A.4)
c ot

In the Coloumb gauge V - A = 0 for B = V X A, it follows that (Reference [8] (p. 18))

1 %A
0=V?A- -2, A5
c2 ot? (A.5)

which is the wave equation for the vector potential A with speed c.

A solution to this wave equation is the plane wave (Reference [8]] (p. 20))
A = e A e’ KR, (A.6)

where € ; represents the real polarization vector and Ay s is the complex wave amplitude
for the two polarizations s. k is the wavenumber, wy the angular frequency, and r the
spatial variable. In addition, it holds that wy = cl|k|.

For an unconfined system (infinite space), k is unrestricted, but for a confined system with
volume V = L? which can be expanded to L — oo (with periodic boundary conditions), it
holds that

2
k = Tﬂm withm = 0,1,2,3, .. (A7)

Therefore, the solution with these boundary conditions can be written as

A(F, t) = Z €k,s (Ak,sei(kr_wkt) +Az’se_i(kr_wkt)) . (A8)
k,s
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Combining this with E = —%‘, it follows that

E(r,t) = Z €k 510K (Ak’sei(kr_“”‘t) +Az,se_i(k’_”kt)) . (A9)
k,s

The total energy of this radiation field is given by (Reference [8] (p. 21))

1 1
H = —/dV (50E2+—B2) (A.10)
2 Jv Ho
= D eVl Ay, + A7 Acs) (A.11)
k,s

This equation has the same form as the harmonic oscillator
L (ast L At
H= Eha)(aa +a'a). (A.12)

Therefore, restricting Equation li to only one mode, Ax s and A, _ can be written (in
analogy to Equation (2.2) and (2.3)) as

_r

Ags = %(ww ip), (A.13)
A =L (wg-ip). (A.14)

b \2he

Here, y is a constant prefactor. Rearranging these equations, shows the analogy between
the form of the generalized position and its conjugate momentum variables g and p for the
harmonic oscillator and the real and imaginary part of the amplitude of an electromagnetic

field, as
Voho Aks t AL, 2R
g= =2 ks L P Re(Ary) (A.15)
Yo 2 Yo
V2ho Aks — A*k V2hw
p= ’ ¥ 2 = , Im(Ags) (A.16)
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A.2 Analytical investigation of single-photon interference

In Section [2.3] it is shown graphically that the photon-number statistics resulting from
the interference of different Fock states cannot be treated as a combination of a partial
interference with a subsequent photon addition. In this section, this statement is inves-
tigated analytically. As explained in Reference [8]] (p. 139), the output modes of a 50:50

beam splitter are related to the input modes as

o>
I

1 R
—(a+ib),
V2
1 R
d = —(ia+b).
NG
Therefore, the creation operators can be rewritten as
. 1 (6+i Cz)
a = —(¢+id),
V2

1 N
b = —(ic+d).
\/E( )

(A.17)

(A.18)

(A.19)

(A.20)

Next, the output states for different inputs (|1, 0), |2, 0), |3, 0), |1,1), and |2,1)) are calcu-

lated.
¢t +idf
V2

= %(H, 0) +i]0,1))

R BS
[1,0) =a|0,0) =>

10, 0)

V2

N 2
1 BS 1 [éF+idf
|2,0) = —(a")? |0, 0) —> — |0, 0)
V2

N 3
1 BS 1 (et +idf
3,0y = —(a")%10,0) — — 0,0
3, 0) \/g( )”10,0) \/g( N )I )

1

V8

(A.21)

(A.22)

(A.23)

(A.24)

(A.25)

= (13,0 + V3i2,1) — V3|1,2) —i]0,3)) (A.26)
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¢t +idt it + 4t

_ AP BS,
1L1) =a'b |0,0) v 10,0) (A.27)
- éuz, 0) +10,2)) (A.28)
A .A 2 - A =
12,1) = %(a*)%uo, 0y 2, %("Tj&”ﬁ) ("’TJ;T) 10, 0) (A.29)

1

V8

(V3i3,0) — [2,1) +i[1,2) — V3]0,3)) (A.30)

When comparing the results for |3, 0) and |2,1), it can be seen that they are not identical
even though they contain the same total photon number. While all output states are
symmetrical due to the 50:50 beam splitter, any photon addition in one of the outputs
breaks this symmetry. Therefore, a subsequent photon addition in combination with the
interference of fewer photons cannot be used to replicate multi-photon interference.

Assuming that two states are send through the beam splitter with a small time difference
(therefore two separate temporal modes) that cannot be resolved with otherwise perfect
photon-number resolving detectors, the probabilities for different measurement outcomes
can be compared.

Starting with the input |1, 0) |1, 0) which corresponds to two single photons entering the
beam splitter one after another, it transforms as

1
11,0) 1,00 = 2 (1L.0)]1,0) +1]1,0)]0,1) +1]0.1) |1,0) — |0, 1) |0, 1)). (A.31)

Therefore, the probabilities of the different outcomes are

p(1,0,1,0) = i, (A32)
p(1,0,0,1) = i (A.33)
p(0,1,1,0) = i, (A.34)
p(0,1,0,1) = i. (A.35)
Adding the probabilities due to the non-temporal detector resolution gives
p20) = p(LOLO) =1, (A36)
p(L1) = p(1,0,0,1)+p(0,1,1,0):%, (A.37)
p02) = p(0.101 =1, (A38)
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which matches the result for the |2, 0) (|2, 0) |0, 0)) input state. This method can be repeated
for the input states |2, 0) |1, 0) and |2, 0) |0,1) as

12,0) |10y 25 %(«/E|z, 0) [10)+2i [L1) |LOY — VZ[0.2) |LOY  (A.39)
+V2i]2,0)[0,1) — 2]1,1) [0,1) — V2i|0,2) |0,1), (A.40)
12,0 10,1) 2 %(\/Ei 12,0 ]1,0) — 2[1,1) [1,0) — V2i|0,2) [L,0)  (A.41)

+V22,0)]0,1) + 2i|1,1) [0,1) — V20,2) 0, 1) . (A.42)

For both inputs, the added probabilities are

P(.0) = p(2010)=, (A43)
p(21) = p(2,0,0,1)+p(1,1,1,0):§, (A.44)
p(12) = p(1,1,0,1)+p(0,2,1,0):§, (A.45)
p03) = p(0.2010) = (A46)

These probabilities match the results for the |3, 0) (|3, 0) |0, 0)) input state.

When investigating the input |1, 1) |1, 0) with the same total photon number, it transforms
to

11,1y 1,0y 22 %(i 12,0) |1,0) +]0,2) [1,0) —[2,0)0,1) — [0,2) [0,1)).  (A.47)

Here the probabilities

PB.0) = p(2010)=1, (A48)
pEY = p2001) =1, (A.49)
p12) = p0210) = (A.50)
p(03) = p0.2.01) =1 (A51)

do not match the |3, 0) |0, 0) input but also not the |2,1) |0, 0) input. Therefore, even when
including a second set of modes, multi-photon interference cannot simply be treated as a
combination of subsets of interfering and non-interfering states.
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A.3 Analytical investigation of a photon-subtracted
coherent state

While photon subtraction acts linearly on Fock states and nonlinear on thermal states, also
coherent states have a special role in this scenario. As shown in Section a coherent
state can be written as

o0 n (e8] n AT n
) = e-dlal N 2L mdal S @A) o (A.52)
\Vn! n
n=0 n: n=0

Including the power series for the exponential function leads to

el
2

o) = e~ 2t |gy | (A.53)
Using Equation (2.9), it holds that
e™4)0) = |0). (A.54)

Form expanding Equation (A.53), it follows that

la| i

la) = e_Tl‘L“&"_“*le) (A.55)
= e*'4 |0y = P(a)|0). (A.56)

In analogy to Section[A.2] the outcome of a beam splitter can be investigated as

a (ot gty ot (st gt 1
10,y 25, e i) -5 (e *”’)|o,o>:7|ia,a>:|a'> By, (as)
2

It can be seen that both output modes of the beam splitter are again coherent states with a

reduces amplitude. When executing a measurement I1 on the second output put |4’), the
first output |’) is not influenced as

Trp(ia @ Iz |a’) (@[ @ 15') (B']) = la’) (&’| ® Trp(TIs |5') (B'). (A.58)
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A.4 QuTiP simulations with coherent-state amplitudes
higher than one

While the QuTiP simulations presented in Section 2.4 contain a coherent-state amplitude
of one for clarity, features like discorrelation , become more visible at higher coherent-
state amplitudes. Unfortunately, it was not possible to investigate bigger coherent states
experimentally, due to the discrepancy between the laser repetition rate and detector dead
time as well as latching. When investigating these states in computer simulations, care
must be taken when setting the maximum levels in the limited Hilbert space. Too small
values lead to inaccurate simulation results, while too large values require high computing
power. Figure shows the simulation results for the interference of a single photon
and coherent state of mean photon number =2 in optical circuit A. Figure[A.2|shows the
simulation results using a mean photon number of 71=4, respectively.

ARV D oywawyn O mwawyny D e yw)
w4 0.23‘ o 4 0'25‘ o 4 0.23\ w4 0'23*
53 5 53 5 53 5 53 3
8?2 = 8?2 = 82 = a2 s
=2 o) =3 6] 351 6] =2 )
O o0& 20 o0& °0 o0& 20 00 %
01234 01234 01234 01234
Output A Output A Output A Output A
)y, Dy D w0y wwy
w4 0.3 > w4 0.3 > wé 0.3 > wé 0.3 >
53 = g3 5 53 3 53 5
82 s g2 s g2 5 g2 I
= | o) S 1 © S 1 6) 31 )
O 00 % ©o 00% S 00 % O 00 %
01234 01234 01234 01234
Output A Output A Output A Output A

Figure A.1: Photon-number statistics for a single photon and coherent state of mean photon
number =2 interfering in optical circuit A; a) no measurement at both detectors, b)
subtraction of zero photons at both detectors, c) subtraction of one photon at both
detectors, d) subtraction of two photons at both detectors, e) and f) subtraction of
one photon at one detector and no measurement at the other detector, and g) and h)
subtraction of one photon at one detector and zero photons at the other detector.
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Figure A.2: Photon-number statistics for a single photon and coherent state of mean photon
number 7i=4 interfering in optical circuit A; a) no measurement at both detectors, b)
subtraction of zero photons at both detectors, c) subtraction of one photon at both
detectors, d) subtraction of two photons at both detectors, €) and f) subtraction of
one photon at one detector and no measurement at the other detector, and g) and h)
subtraction of one photon at one detector and zero photons at the other detector.
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A.5 Specifications of utilized devices

In this section, tabular specifications for the utilized devices and measurement results are
provided. Table shows the device names of the components. Table gives a direct
comparison of the two utilized laser systems. Table shows the settings and resulting
efficiencies of the fiber-coupled single-photon detectors.

Table A.1: Overview of the devices used in the setup shown in Figure

Component Device name
Laser 1 NKT Photonics Origami 15 LP
Laser 2 Calmar Cazadero FLCPA-02C

SHG crystal Covesion MgO:ppLiNbO3 MSGH1550

SPDC crystal | Bulk ppKTP, Paderborn University (IQO-Group)

VDL OZ Optics Optical Delay Line ODL-650 (650 ps maximum delay)

Herald SNSPD | Photonspot SNSPD 1225 (83 % detection efficiency at 1550 nm)

Table A.2: Datasheet comparison of the two used laser systems. “The repetition rate of Laser 2
can be varied in 16 steps, but is kept at a fixed repetition rate for this work.

Label Laser 1 Laser 2

Device name Origami laser | Cazadero laser
Central wavelength 1557.4nm 1545.1 nm
Spectral bandwidth 13.8 nm 5.9 nm

Pulse length 191fs 445fs
Repetition rate 79.9 MHz 625.3kHz *
Maximum pulse energy | 1.98n]J 3.23p)
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Table A.3: Specifications of the utilized fiber-coupled superconducting nanowire single-photon
detectors including the internal laboratory name, the set bias current on the detector’s
current source, the threshold voltage on the rising edge for the readout using a time
tagger after signal amplification, and measured detection efficiency.

Category Herald Detector | Detector 1 | Detector 2 | Detector 3 | Detector 4
Identifier L225 S302 S303 L254 L285
Bias current 9.2 5.4 5.8 11 17
ThEHAh]old
volta; (V] 50 50 50 20 20
Efficiency [%] 83 +4 % 81 +4 % 80 £4 % 75 £4 % 69 +4 %
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A.6 Single-photon source characterization using the
Cazadero laser

As the utilized Cazadero laser (see Table[A.1) was malfunctioning as explained in Section[3.1}
this laser system could not be used for successful single-photon interference. However,
the usage of the developed single-photon source setup can be interesting for future single-
photon experiments where no interference effects are included. This section provides a
characterization of this setup in analogy to Section 3.3}

Figure shows the wavelength spectrum of the Cazadero laser and the converted SHG

spectrum. Both spectra are highly distorted. Despite this distortion, the g‘? [0]-value is
close to one (see Table[A.4).

a) b)

3 1.00 A 3 1.00

i S,

2 2

5 0.75 + ‘% 0.75

c c

2 3

£ 050 £ 050

i) ©

(] [J]

N N

© 0.25 < 0.25 A

E E

o [

Z 0.00 T T T Z 0.00 T T T T T T T

1530 1540 1550 1560 1570 768 770 772 774 776 778 780 782 784
Wavelength [nm] Wavelength [nm]

Figure A.3: Optical spectrum of a) the Cazadero laser and b) the spectrum of the SHG signal
measured with an optical spectrum analyzer.

Table A.4: Measurement results for the second-order autocorrelation function g(z) [0] and con-
tained laser and detection rates measured for 300 s and normalized to one second for
the Cazadero laser.

R [1/5] 625307 + 1
Cpet1 [1/5] 4212 + 4
Cpet2 [1/5] 3572 + 4

Cpet1pet2 [1/s] | 25 + 1

g?P(At=0) | 1.04 +0.04

The resulting JSI measurement when pumping the periodically poled KTP crystal with the
Cazazadero laser is shown in Figure

As the Cazadero pump spectrum is highly distorted, it creates correlations between signal
and idler photons. Heralding on an idler photon, the signal photons are in multiple modes.
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Figure A.4: a) Joint spectral intensity measurement pumping the KTP crystal with the frequency-
converted Cazadero laser, and b) marginal spectra based on the horizontal or vertical
integration of the JSL

Using the 4f-line for the SHG signal in the setup (Figure [3.2), we can clean the pump
spectrum. Closing the slit, narrows down the SHG spectrum as shown in Figure

— 1.00 1

0.75 A

0.50

0.25 -

Normalized intensity [a.u

0.00 T T
773 774 775 776

Wavelength [nm]

Figure A.5: Optical spectrum of the SHG signals using the Cazadero laser, measured with an
optical spectrum analyzer.

Using the filtered SHG Cazadero pump results in an undistorted but correlated JSI, as
shown in Figure As both arms (signal and idler photons) are strongly filtered, the
individual countrates (number of clicks per second) are reduced. This results in only (71
+ 2) counts per second for the simultaneous detection of signal and herald photons for
this configuration, as seen in Table

Furthermore, as can be seen when comparing the last two columns in Table[3.2] adding one
filter in the herald arm can improve the heralding efficiency. All in all, the double-filtered
source provides the highest heralding efficiency at the targeted wavelength.

When investigating the second-order autocorrelation function for this source as shown in
Section [3.3.4] the creation of nonclassical states is verified while the additional filtering
results in a Schmidt number close to one as shown in Table[A.d
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Figure A.6: a) Joint spectral intensity measurement pumping the KTP crystal with the filtered

SHG signal of the Cazadero laser, and b) marginal spectra based on the horizontal or
vertical integration of the JSIL

Table A.5: Measurement results for the heralding efficiency for the Cazadero laser system with
and without the bandpass filter in the signal arm, and one bandpass filter in the signal
and herald arm in the last column. The count and repetition rate are shown in 1/s, while
the actual measurement was executed for 30 s. The shown detection efficiencies are
based on an independent detection-efficiency characterization.

No filter Signal filter Signal and idler filter
R [1/s] 625307 + 1 625307 + 1 625307 + 1
NDet s 0.80 + 0.04 0.80 + 0.04 0.80 + 0.04
MDet h 0.83 + 0.04 0.83 + 0.04 0.83 + 0.04
Cs[1/s] 18117 + 25 406 + 4 934 + 6
Cnl[1/s] 13754 + 21 15169 + 22 1248 + 7
Csp [1/5] 3728 +11 114 1.9 71 +1.5
Ps 2.897-107%2 + (0.14%) | 6.49-107* + (1.0 %) 1.49 - 1073 + (0.7 %)
Ph 2.199-1072 + (0.15%) | 2.426-1072 £ (0.15%) | 1.97-1073 + (0.6 %)
Pec 5.96 - 1073 £ (0.3 %) 1.82-107* + (1.8 %) 114 -107* £+ (2.8 %)
NsMDet s [%] 27.10 + 0.09 0.752 + 0.013 5.69 + 0.16
ns [%] 33.9 + 1.7 0.94 + 0.05 7.1+0.4
PsppC 0.1069 + 0.0004 0.0864 + 0.0017 0.0263 + 0.0006
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Table A.6: Measurement results for the heralded and unheralded second-order autocorrelation

function for 100 s for the two laser systems.

116

Ca 37100 + 190
Cs2 26490 + 160
Ch 104000 + 400
Cs1, 52 30+ 6
Cs1,h 2970 + 60
Cs2,h 2100 + 50
Cs1,s2,h 4+2
gP(At=0)| 1.9+04
K 1.1+05
g (At=0) | 007003
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A.7 Multi-channel fiber-pigtailing setup

In this section, the different steps for multi-channel fiber-pigtailing are shown.

Step 1: The fiber ferrule is attached to a six-axis motorized stage, held in place with a

vacuum pump (Figure [A.7] a)).

Step 2: The backreflection of the fiber ferrule is aligned with the angular adjustment of the
six-axis motorized stage to be perpendicular to the incident beam and then moved aside

(Figure a)).

Step 3: The waveguide sample is installed and its endface backreflection is aligned with a
green alignment laser from the other side (Figure b)).

Step 4: The lenses and photodiode are placed in the setup with the subsequent alignment
of the input lens focus, the horizontal and vertical position of the sample and output lens

position (Figure[A.7|c)).

Step 5: Waveguide coupling for one input of the multi-channel structure is optimized by
maximizing the photocurrent of the photodiode for one of the outputs of the multi-channel

structure (Figure [A.7] c)).

Step 6: The output lens and photodiode are again exchanged with the already angular-
aligned multi-channel fiber (Figure[A.7]d)).

Step 7: Waveguide-to-chip coupling is optimized using two photodiodes connected to two
neighboring fibers. For this, the six-axis motorized stage is optimized. As the coupling
depends on the distance between the two endfaces, the fiber ferrule almost touches the

waveguide endface in this step (Figure[A.7]d)).

Step 8: The ferrule is moved backwards along the waveguide direction and a small drop of
UV-glue (Norland 81) is placed at the ferrule endface (Figure[A.7]e)).

Step 9: The ferrule is moved back to the previous position, where the liquid glue is connect-
ing both endfaces and optical coupling is optimized with small adjustments. To improve
temperature stability, the ferrule is pushed closer to the sample endface (Figure [A.7]f)).

Step 10: Using first a ring of UV-LEDs mounted around the sample for 1 min and then a
high-power UV-gun at different positions for 60 s, the UV-glue is cured (Figure 2)

Step 11: After the UV-glue is fully cured, the vacuum pump is turned off and the six-axis
motorized stage is moved backwards, leaving the fiber connected to the sample.

Step 12: To protect the fragile connection, a sideblock is mounted to the sample holder and
the fiber is glued to this sideblock, again using the UV-glue and UV-gun (Figure[A.7 h)).

Step 13: For pigtailing the second sample endface, the sample is turned around. At this
stage the fiber-coupling efficiency for the first side can be measured with a powermeter.
Next, all steps are redone with a reduced alignment procedure in Step 4 and Step 5, as the
1550 nm laser is now directly connected to the input fiber of the sample.
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a)
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Red laser 6-axis fiber mount

with UV-LEDs
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E | 2
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1550 nm cw laser
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Figure A.7: Experimental setup for multi-channel fiber coupling divided in eight sub-figures,
referenced in the text. The legend for unlabeled components is shown in Figure [4.4]
Component drawings are partially taken from Reference .
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A.8 Tabular measurement results for Chapter 5

In this section, tabular measurement results (Table -|A.10) for the measured photon
counts for the experiments in Chapter [5|are provided.
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Table A.7: Measurement results for the different coincidental detection events, when interfering a
coherent state and single photon from a PDC source for optical circuit A. A detection
event of a herald photon is abbreviated with H. A detection event in Output 1 is
abbreviated with O1, accordingly for the other outputs.

Detector combination | Total counts Probability p ostsele.cted
on a herald detection
H 6.53 - 107 1
01 7.813 - 10’ -
02 1.013 - 108 -
03 6.818 - 107 -
04 7.004 - 107 -
HO1 2.39 -10° 3.663 - 1073
HO2 3.025 - 10° 4.671-1073
HO3 1.782 - 10° 2.2729 1073
HO4 2.097 - 10° 3.21-1073
HO102 1422 2.167 -107°
HO103 420 6.368 - 107°
HO104 454 7.007 -107°
HO203 522 7.956 - 107°
HO204 597 9.116 - 107°
HO304 776 1184 -107°
HO10203 1 1.419 1078
HO10204 3 4.416 - 1078
HO10304 1 2.366 - 1078
HO020304 2 3.785-1078
HO01020304 0 0
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Table A.8: Measurement results for the different coincidental detection events, when blocking
the single photon state and just measuring the coherent state for optical circuit A. A
detection event of a herald photon is abbreviated with H. A detection event in Output 1
is abbreviated with O1, accordingly for the other outputs.

Detector combination | Total counts Pf)cr)lb:l;ilirtzlgzsetts:i;ztreld
H 1.152 - 108 1

01 1.373 - 108 -

02 1.785 - 10% -

03 1.196 - 108 -

04 1.236 - 108 -
HO1 3.22 -10° 2.794-1073
HO2 4.147 - 10° 3.599 - 1073
HO3 2.503 - 10° 2.172 - 1073
HO4 2.9-10° 2.516 - 1072
HO102 1118 9.702 -107°
HO103 682 5.918 -107°
HO104 905 7.854-107°
HO203 900 7.81-107°
HO204 1068 9.268 -107°
HO304 637 5.528-107°
HO10203 1 8.678 - 1077
HO10204 3 2.603 -1078
HO10304 1 8.678 - 1077
HO020304 2 1.736 - 1078
HO01020304 0 0
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Table A.9: Measurement results for the different coincidental detection events, when interfering
a coherent state and single photon from a PDC source for optical circuit B. A detec-
tion event of a herald photon is abreviated with H. A detection event in Output 1 is
abbreviated with O1, accordingly for the other outputs.

Detector combination | Total counts Probability p ostsele.cted
on a herald detection

H 2.228 - 10% 1

01 5.947 - 108 -

02 7.467 - 107 -

03 8.23 - 10% -

04 6.025 - 108 -

HO1 1.698 - 10° 7.623-107°
HO2 6.467 - 10° 2.902-1073
HO3 1.63 - 10° 7.315-1073
HO4 1.688 - 10° 7.577 - 1073
HO102 2644 1.187 - 107
HO103 13166 5.909 - 107°
HO104 8332 3.739 -107°
HO203 4259 1.911-107°
HO204 5534 2.484-107°
HO304 11730 5.265-107°
HO10203 16 7.181-107%
HO10204 27 1.212-1077
HO10304 65 2.917-1077
HO20304 27 1.212-1077
HO1020304 1 4.488 -107°
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Table A.10:

Measurement results for the different coincidental detection events, when blocking
the single photon state and just measuring the coherent state for optical circuit B. A
detection event of a herald photon is abbreviated with H. A detection event in Output
1 is abbreviated with O1, accordingly for the other outputs.

Detector combination | Total counts Probability postsele'cted
on a herald detection

H 1.134 - 108 1

01 2.78 - 108 -

02 3.511 - 107 -

03 3.864 - 10% -

04 2.819 - 108 -
HO1 6.435 - 10° 5.673-1073
HO2 7.877 - 10* 6.945-107*
HO3 7.818 - 10° 6.892 -1073
HO4 6.538 - 10° 5.764 - 1073
HO102 438 3.865-107°
HO103 4463 3.935-107°
HO104 3750 3.306-107°
HO203 538 4.747-107°
HO204 451 3.976 - 107
HO304 4509 3.975-107°
HO10203 3 2.471-1078
HO10204 2 1.812-107%
HO10304 25 2.241-1077
HO20304 3 2.471-1078
HO01020304 0 0
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A.9 Transition edge sensors as a single-photon spectrometer

In this section, the usage of a transition edge sensor as single-photon spectrometer is
discussed. Usually, the energy resolution of a transition edge sensor is used as a photon-
number resolution for monochromatic light. Otherwise, the detection of one photon with
a certain energy, results in the same detector response as the detection of two photons,
each containing half the energy (twice the wavelength) of the first photon. As shown in
Section [3.3.2] the spectrum of a single photon can be a crucial information.

For TESs, the energy resolution is defined as the FWHM of the one-photon peak divided
by the photon energy (1550 nm wavelength correspond to 0.8 eV). The theoretical minimal
energy resolution AE;, can be written as (Reference [|80])

AEmin ~ 2.3554 f4\/ngTcEmax. (A.59)

Here, n is the power law dependence of the thermal conductance, kg is the Boltzmann
constant, T is the critical temperature of the superconductor and Ey,.x is the maximal

accepted energy as
CT,

a .

(A.60)

Emax =

C is the heat capacity of the electron system and & = (dInR(T)/dInT)y=const for the sensors
temperature dependent resistivity R(T).

However, further noise terms from SQUID amplifiers as well as a non-unity coupling
efficiency from the initial photon energy to the sensor (escape of phonons from the
film before interacting with the electron system) must be included [80]. Using material
parameters supplied by Brice Calkins for the tungsten TESs, we can investigate the energy
resolution dependent on the detector volume. For this, a typical TES height of 20 nm
is used. The resulting energy resolution over the square detector width is shown in
Figure a). It can be seen that the energy resolution scales linearly with the detector
width. Converting the energy resolution to a spectral resolution in Figure b) at a
detector width of 10 um, this corresponds to a FWHM of approximately 250 nm for the one-
photon peak at 1550 nm wavelength. At 620 nm wavelength, it corresponds to a FWHM of
40 nm assuming a wavelength-independent energy resolution [[113]]. While this resolution is
sufficient for photon counting (Rayleigh criterion [52]] (p. 376)), it depends on the individual
application and wavelength range of interest, if this resolution is practical [[114]. As an
example, Reference [[115]] shows the usage of TESs for RGB imaging. For a spectrally
broadband use however, further system requirements (suitable SQUID amplifier settings
and lower base temperature) must be fulfilled [116]. Especially for small detector widths,
the detection efficiency strongly depends on the detector size and the detector is more
sensitive to artifacts [80]]. Here, integrated detectors can overcome this challenge as shown

in Section [6.1.3]
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Figure A.8: a) TES energy resolution over the detector width at a fixed photon energy of 0.8 eV,
and b) converted spectral resolution over wavelength for a fixed detector width of
10 pm.
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