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Kurzfassung

In einer Vielzahl wissenschaftlicher Experimente werden bereits gequetschte Lichtzustinde
eingesetzt, um das Signal-Rausch-Verhéltnis zu erh6hen — von Spektroskopie tiber biologische
Messungen bis zur flachendeckenden Anwendung in Gravitationswellendetektoren. Aufgrund
ihrer quantenkorrelierten Natur sind gequetschte Lichtzustéinde aulerdem ein wertvolles Kon-
zept fiir Quanteninformationsprotokolle und ein vielversprechender Kandidat fiir optische
Quantencomputer. In diesem Zusammenhang ist die Wechselwirkung zwischen gequetschten
Lichtzustdnden und Atomen von besonderem Interesse.

In dieser Arbeit wird eine Quetschlichtquelle fiir 800 nm — also in der Nédhe der Rb Ds-
Linie (795 nm) — vorgestellt und charakterisiert. Der Aufbau besteht aus zwei monolithischen
optischen Resonatoren, deren Endspiegel direkt auf periodisch gepolte KTiOPO4-Kristalle
(PPKTP) gedampft wurden. Im ersten Resonator wird die Frequenz verdoppelt (SHG nach
400 nm), wiahrend im zweiten die gequetschten Lichtzustédnde mittels parametrischer Abkon-
version (PDC) erzeugt werden. Die SHG erreichte eine Konversionseffizienz von bis zu 58.6 %
bei einer Eingangsleistung von 120 mW. Mit dem Quetschlichtresonator wurde ein maxima-
ler Quetschwert von 4.02 dB unterhalb des Vakuumrauschens bei einem Antiquetschpegel von
etwa 23 dB erreicht. Die optischen Verluste von insgesamt etwa 35 % waren vor allem durch
die Absorption des 800 nm-Lichts im Resonator selbst bedingt, welche durch die Bestrahlung
mit dem 400 nm-Pumplicht signifikant zunahm.

Der monolithische Aufbau ist hochstabil und robust gegen mechanische Schwingungen; er
bringt jedoch in diesem Experiment zwei Herausforderungen mit sich. Erstens werden sowohl
die Resonanzfrequenz des Resonators als auch die Phasenanpassung fiir den parametrischen
Prozess iiber die Kristalltemperatur eingestellt und kénnen daher nicht unabhéngig vonein-
ander geregelt werden. Zweitens wird das erzeugte 400 nm-Licht am Rand des Transparenz-
bereichs von PPKTP teilweise absorbiert, was den Kristall erwarmt. Bei Eingangsleistungen
iiber 10 mW fithren diese gekoppelten Freiheitsgrade zu einem nichtlinearem Antwortverhal-
ten des Systems, welches umfassend charakterisiert wurde. Mit einer neu entwickelten Metho-
de konnten das SHG-Verstirkungsprofil und seine Verschiebung im Frequenzraum vermessen
werden, obwohl diese Informationen im monolithischen Design nicht direkt zugénglich sind.

Durch eine Langzeitmessung an der SHG {iber 67 h mit einer Eingangsleistung von 170 mW
nahm ihre Konversionseffizienz von 32 % auf 13 % ab. Nach dieser Exposition war im Kris-
tall eine Triibung entlang des Strahlwegs deutlich sichtbar. Durch Ausheizen des Kristalls
auf 135°C fir 97h ging die Beschiddigung des Kristalls zwar zuriick; dies reichte jedoch
nicht fiir eine vollsténdige Heilung. Zusammenfassend scheint das monolithische Design nicht
fiir Anwendungen in Quantenoptik-Experimenten geeignet, sofern diese einen stabilen Lang-
zeitbetrieb und eine durch das Experiment definierte Laserfrequenz erfordern. Alternative
Ansétze werden diskutiert.






Abstract

To date, squeezed states of light are already applied in a broad range of scientific experiments
to increase the signal-to-noise ratio — from spectroscopy, magnetometry and biological mea-
surements to large-scale gravitational-wave detection. Due to the quantum-correlated nature
of squeezed states of light, they are also a powerful resource in quantum information and a
promising candidate for optical quantum computing. In view of this, the interaction between
squeezed states of light and atoms has become of particular interest.

This thesis presents and characterizes a squeezed light source operating at 800 nm, in proxim-
ity to the Rb D; line (795nm). The setup consists of two monolithic optical cavities, whose
end mirrors are directly coated onto a periodically-poled KTiOPO, (PPKTP) crystal: one
acting as second harmonic generation (SHG) for frequency doubling to 400 nm and the other
for parametric down-conversion (PDC), generating the squeezed states of light. The SHG
yielded a conversion efficiency of up to 58.6 % at 120 mW input power. With the squeezing
cavity, a maximum squeezing level of 4.02 dB below the vacuum level was achieved at an an-
tisqueezing level of around 23 dB. The overall optical losses of around 35 % were dominated
by the intracavity losses inside the squeezing cavity at 800 nm, which increased significantly
due to illumination with the 400 nm pump light.

While bringing the advantage of being highly stable and robust against mechanical oscil-
lations, the monolithic design imposes two main challenges in this experiment: First, the
cavity’s resonance frequency and the phase matching for the parametric gain are both tuned
via the crystal temperature and therefore cannot be accessed independently. Second, the gen-
erated 400 nm light is on the edge of the transparency window of PPKTP and is thus subject
to absorption that heats the crystal. At input powers above 10 mW, the coupled degrees of
freedom lead to nonlinear responses of the system, which were thoroughly characterized. A
method was developed to probe the SHG gain profile and its shift in frequency space, even
though this information cannot be accessed directly in the monolithic design.

To quantify the longterm performance of the system, a high-power measurement with 170 mW
input power was performed on the SHG over 67h, which decreased the conversion efficiency
from 32% to 13%. Gray tracking of the beam path was clearly visible after this prolonged
exposure. Heating the crystal to 135°C for 97h reduced the crystal’s damage; however, it
did not heal the crystal sufficiently for reuse. In conclusion, the monolithic design does not
seem suitable for application in quantum optics experiments that require stable, longterm
operation at a laser frequency that is defined by the experiment. Alternative approaches are
discussed.
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1. Introduction

For centuries, scientists have been fascinated by the nature of light, and with each step towards
a better understanding of its properties, new tools and techniques have been developed —
tools that, in turn, have opened up completely new ways to explore, understand, and control
the universe. While in early years only broadband thermal light sources were available, the
invention of spectral lamps with narrow linewidths of a few MHz to GHz allowed a completely
new class of experiments using the coherence properties of light. Spectroscopic measurements
allowed to determine the composition of materials and the spectra of atomic gases, laying
the foundation for Bohr’s atomic model and paving the way for the age of quantum physics.
The profound understanding of quantum mechanical processes led to Einstein’s theoretical
prediction of light amplification by stimulated emission of radiation (laser) [Einl17], which was
first realized experimentally by Maiman in 1960 [Mai60]. In the following years, this novel
light source found application in a variety of different settings, ranging from LIDAR and novel
manufacturing methods to optical communication and biomedical applications — techniques
that were completely unimaginable before the advent of the laser. But also for scientific
purposes, the laser turned out to be perhaps the most valuable tool of the 20th century:
with its narrow bandwidth on the order of atomic linewidths and kilometer-scale coherence
lengths, it enabled the enhancement of spectroscopic and interferometric measurements, as
well as the selective addressing of specific atomic transitions, and thereby the manipulation of
the interaction between light field and matter in a previously unprecedented way. The field
of quantum optics emerged, studying the quantum properties of light and the interaction
between light and matter at the single photon and single atom level.

Soon after the first experimental realization of the laser, Glauber found a fully quantum
mechanical description of the light field that described the then-available laser light as co-
herent states [Gla63], characterized by a symmetric uncertainty of the electric field in both
quadratures of the field. This concept was generalized to minimum uncertainty states with
unequal uncertainty in both quadratures by Stoler [Sto70; Sto71] and Lu [Lu71; Lu72], who
suggested that these two-photon states could be generated by parametric amplification. Fur-
ther important properties of these two-photon coherent states were derived in a systematic
study by Yuen in 1976 [Yue76]. Only five years later, Caves found that the reduced quantum
noise of these “squeezed states” of light could be used to enhance the sensitivity of interfero-
metric gravitational wave detectors beyond the quantum noise limit of the light field [Cav81].
From then, it took only another five years until the first squeezed states of light were realized
experimentally. In 1985, Slusher et al. measured the first squeezing generated via four-wave
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mixing in sodium atoms [Slu+85]. One year later, Wu et al. inferred a 50 % reduction of the
noise level relative to the vacuum noise through parametric down-conversion in an optical
parametric oscillator (OPO) operated below threshold [Wu+86]. Up until today, the highest
squeezing levels of up to 15dB at 1064 nm have been realized and detected with similar, yet
improved techniques [Vah+16]. Currently, the Advanced LIGO detectors [Aas+13; Tse+19]
and GEO 600 [The+11; Gro+13| benefit from a sensitivity-enhancement through the injec-
tion of squeezed states of light during their observation runs; for Advanced LIGO, a squeezing
level of 2.7dB increases the event detection rate by around 50 % [Tse+19]. But also other
shot noise limited measurements have been improved through by the use of squeezed light —
from squeezing-enhanced spectroscopy [PCK92b; PCK92¢; And+20; Li+22; Xu+22a)], mag-
netometry [Wol+10; Li+18], or rotational sensing [Liu+18] to different squeezing-enhanced
microscopy techniques, where nonclassical light allows to optimize the signal-to-noise ratio
for a given threshold laser power to avoid damaging of biological samples [Tay+13; Tri+20;
Cas+21; Xu+22b].

As for the laser, apart from the improvement of existing measurement techniques, even more
interesting questions arise: Are there fundamental differences in the interaction between
squeezed states of light and matter (compared to the interaction with laser light)? What
fundamentally new techniques and methods can arise from the availability of squeezed states
of light that explicitly require nonclassical states of light? One promising answer to these
questions is continuous-variable optical quantum computing, where modified squeezed states
of light (so-called GKP states [GKPO01]) may be used as flying qubits, and their interaction
and entanglement can be realized by overlapping two qubits on different ports of a beam
splitter. To ensure that the involved qubits arrive at the beam splitter at well-defined times,
some form of quantum storage is required. For squeezed states of light, a promising scheme
has been proposed by Fleischhauer and Lukin [FL02; LYF00; FL0O] and Dantan and Pinard
[DP04], in which the quantum state of the light field can be stored by imprinting it onto
an atomic ensemble using electromagnetically induced transparency (EIT): When the EIT
is switched off while the qubit propagates through the ensemble and this light is resonant
with the atomic transition, its quantum state can be transferred to the atomic ensemble
(and retrieved from there once the EIT is established again). To realize protocols that use
this technique, squeezed light sources operating at the resonance frequency of broad atomic
transitions that can be switched by EIT are required.

An inviting wavelength for this purpose is the rubidium D; line at 795 nm, since Rb, as
an alkaline metal, has a relatively simple level structure for which the required EIT can be
realized. Rb is used in many quantum gas experiments across the globe, including at the
Institute for Quantum Physics in Hamburg. Here, the interaction of squeezed light with
atoms could perspectively be studied in a cavity QED experiment, where an atomic ensemble
is placed inside a high-finesse optical resonator [Kli+16]. Most interestingly, this experiment
uses a far-detuned pump beam at 803 nm resonant to a high-finesse cavity, such that photons
can be scattered off the Rb atoms into the cavity mode. It seems worth studying how

10
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the injection of squeezed states of light along different axes of the experiment modifies the
interaction between light and atoms. To realize this experimentally, a squeezed light source
would be desirable, with a frequency that can be easily tuned in the wavelength range around
795 - 803 nm.

1.1. Squeezed light experiments around 800 nm

Quite a number of squeezing experiments have already been performed in this wavelength
range, most of them focusing on the resonance with the Rb D; line and operating at 795 nm.
It was first shown by Akamatsu et al. that resonant squeezing is maintained when traversing
a Rb vapor cell in which absorption is avoided due to EIT — here, 0.9dB of continuous-wave
(cw) squeezing was generated in a MgO:LiNbO3 waveguide, which reduced to 0.18 dB after
passage through the EIT medium [AAKO4]. Squeezing at 795nm has also been reported
by the groups of Furusawa (yielding 2.75dB of squeezing) [Tan+06a], Lvovsky (up to 3dB)
[App+07], and Bachor and Lam, where up to 5.2dB of squeezing was produced [Hét+07].
All three groups used similar approaches with bow-tie cavity designs and periodically poled
KTiPO, (PPKTP) as a nonlinear medium, although with different cavity parameters. In
subsequent studies, these squeezed light sources were used to successfully demonstrate the
proposal by Fleischhauer and Lukin, that squeezed states can be slowed down in a laser-
cooled 8"Rb gas by decreasing the intensity of the EIT control beam [Aka+07], or stored
and retrieved completely for up to 3pus [Hon+08]. Similar results were reported by Appel et
al. in a Rb vapor cell [App+08]. Hétet et al. demonstrated a delay of 2.2 ps and a maintained
correlation between two beams of squeezed vacuum, one of which passed through an EIT Rb
vapor cell with a buffer gas [Het+08]. In all of these experiments, the delay comes at the
cost of significantly reduced squeezing levels after being delayed in the Rb gas.

More recently, active research on the generation and application of squeezed states of light
at the Rb D; line has been conducted in the group of Wang. In 2016, Han et al. reported a
squeezing level of 5.6 dB below the vacuum noise at 795 nm [Han+16|, which was produced by
a PPKTP crystal in a single-resonant bow-tie cavity. Intracavity losses at 795 nm were identi-
fied as the limiting factor for the performance. In the same experiment, subsequently, 2.8 dB
of polarization squeezing was generated from an initial 5.6 dB vacuum squeezing [Wen+17].
After optimization of the sensitivity for audio-band frequencies [Bai+20], the setup was used
to demonstrate squeezing-enhanced magnetometry [Bai+21] and squeezing-enhanced spin
noise spectroscopy with 5.8 dB of squeezing at 7.3dB of antisqueezing [Bai+22]. These are,
to date, the highest squeezing levels reported at 795 nm.

To overcome the limitations caused by UV-induced optical losses at the squeezing wavelength,
alternative approaches have been studied: In Rb vapor cells, polarization self-rotation was
used — an effect that rotates the polarization if elliptically polarized light propagates through
an optical medium. Although this is a particularly simple way of squeezing, squeezing levels

11
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of at most 1.1dB were obtained [MNO08; AMG10; Mik+09]. Kim and Marino returned to
four-wave mixing to generate squeezing without the need for an absorptive nonlinear optical
crystal [KM19]. In their experiment, two-mode squeezing was generated between entangled
twin beams that were generated in the nonlinear process. The correlation in the quantum
fluctuations in both beams could then be used to measure the amplitude fluctuations in one
of them and, subsequently, apply a feed-forward on the other beam with an electro-optic
modulator (EOM); in this way, a single-mode squeezed state is generated from the two-mode
squeezed state. In their experiment, 2.9dB of amplitude squeezing of a bright state was
achieved when the beam was 1.9 GHz detuned from the Rb D; line; on resonance, this value
decreased to 2.0dB.

With possible scalable and potentially commercial applications in sight, interest also turns
toward a small footprint and high stability of the system. For example, Torii et al. used
PPLN waveguides to produce 1.5dB of pulsed squeezing at 795 nm [Tor+22|. Zielifiska and
Mitchell used a design similar to that presented in this thesis, where the mirror surfaces for
the second-harmonic generation (SHG) cavity [Zie+17; ZM17] and the optical parametric
oscillator (OPO) [ZM18] are coated directly onto the end facets of two periodically poled
Rb:KTiPOy4 crystals to increase mechanical stability and minimize intracavity losses. In this
configuration, a maximum squeezing of 1.6 dB below vacuum noise was measured [ZM18].
Since the author became aware of this work only after completion of the experiments presented
in this thesis, it was not possible to perform direct comparative measurements on the SHG
or elaborate on the “very strong, previously unreported optical nonlinearity” that they claim
to observe in their system [ZM17].

1.2. Aim and structure of this thesis

In this thesis, squeezed states of light in the wavelength region around 800 nm were real-
ized and studied with respect to operability and achievable squeezing level. Two monolithic
frequency-converting cavities were used: one for SHG to produce the 400 nm pump light, and
an OPO in which the squeezed states of light were generated.

The thesis is structured in four parts. Chapter 2 gives an introduction to the theoretical
description of squeezed states of light and the theoretical background for their detection.
Chapter 3 presents the pump-light-generating monolithic SHG cavity in detail, characterizes
its performance, and discusses thermal feedback effects that arise in a monolithic design. It
also discusses degradation effects in the SHG crystal. Chapter 4 presents the monolithic
OPO and the squeezing measurements in a setup with two monolithic cavities. Additionally,
a thorough loss analysis is performed to identify the current experimental limitations in the
achievable squeezing performance. Finally, Chapter 5 provides an outlook and suggests ways
in which limitations of the current design could be overcome.

12



2. Theoretical background

This chapter introduces the theoretical concepts of squeezed states of light and their proper-
ties, mainly following the review by Loudon and Knight [LK87] and the textbook by Gerry
and Knight [GKO05]. Following the textbook by Boyd [Boy08], it further provides the the-
oretical background to understand optical processes and frequency conversion in nonlinear
optical crystals, from which squeezed states can be generated. Finally, homodyne detection,
the most common detection technique for squeezed states of light, is presented.

2.1. Hamiltonian of the quantized electromagnetic field

The quantization of the electromagnetic field is derived and discussed in every standard
quantum optics textbook (e.g., [GK05], [WMO08], [Lou00]) and shall therefore only be sketched
here: Assuming a one-dimensional cavity oriented along the z-axis with perfectly conducting
walls at z = 0 and z = L, Maxwell’s equations are solved by standing waves, yielding the
electric and magnetic field strengths

2?2
Ey(z,t) =4/ Zq(t) sin(kz) (2.1)
By(z,t) = “‘;:“,/Q:‘fq(t) cos(kz), (2.2)

where ¢y and po are the electric and magnetic constants, w = ¢(mm/L) are the “allowed”

angular frequencies for m € N that satisfy the boundary condition of a vanishing electric field
at z =0and z = L, and k = w/c are the corresponding wave numbers. c is the speed of light.
q(t) is a time-dependent quantity having units of length, which will be considered as the
canonical position, while p(t) = ¢(¢) is the canonical momentum in this system. Integrating
the squared electric and magnetic field strengths over the mode volume yields a Hamiltonian
in the form of a harmonic oscillator, which can be quantized by replacing ¢(t) and p(t) with
the operators ¢(t) and p(t) and requiring the commutation relation [, p] = ihl, where I is the
identity operator and A is the reduced Planck constant. The Hamiltonian of the quantized

electromagnetic field then reads

H=—(p* + ). (2.3)

13



2. Theoretical background

One can define the annihilation and creation operators as

1) = <o (wi + i) (2.4)
0t (t) = —— (w — ip) (2.5)

a(t) = ae ™t (2.6)
at(t) = afe™, (2.7)

with time-independent & = a(0) and a' = a7(0). Using the fact that [a(¢),a'(¢)] = 1, eq. (2.3)
can be written as

H = hw <dT& + %) . (2.8)

Let |n) denote an eigenstate of eq. (2.8) with energy E,,. Then applying af on both sides of
the equation and using again [&, &T] = 1 yields the new eigenvalue equation

Fi(al [n)) = (Bn + hw)(a' n)) (2.9)
and similarly for a
H(aln)) = (Bn — hw)(@]n)). (2.10)

Thus, the operators @' and @ can be understood to create or annihilate electromagnetic field
quanta, the well-known photons, each carrying the energy Aw. Since the harmonic oscillator
requires a lowest energy Ey > 0, there must be a state |0) of this lowest energy without any
additional excitations, for which a|0) = 0; this state is commonly referred to as the vacuum
state. Its energy can be calculated from eq. (2.8) to be

1
Ey = (0hw (a*a + 5)|o> = %‘" (2.11)

According to eq. (2.9), the n-th state |n) then has the energy
a1 1
E, = (nlhw | a a+§ |n) = hw n+§ , (2.12)

which allows to identify 7 = afa as the number operator, yielding the number of excitations

in the state |n):
i |n)y =n|n) (2.13)

With this, the Hamiltonian from eq. (2.8) can be written as

H = hw(h + ). (2.14)

14



2.1. Hamiltonian of the quantized electromagnetic field

Fock states The states |n) are eigenvalues of the number operator with a well-defined
number of excitations and are hence called number states or Fock states. The explicit action
of & and &' on the number states |n) is given by

aln) =y/nin —1) (2.15)
alln) =v/n+1|n+1). (2.16)

Consequently, the number states can be generated from the vacuum state |0) by n-fold ap-
plication of a':

A\
m=""L ), .17

where the prefactor 1/v/n! was chosen such that the family of all number states {|n)} forms

an orthonormal set.

Vacuum fluctuations From eq. (2.11), it becomes apparent that some energy must be
present in the system even in the absence of any excitation of the electromagnetic field.
As will be shown in the following, the reason for this are so-called vacuum fluctuations of the

electromagnetic field.

Similarly to the Hamiltonian, the electric field operator can be written in terms of @ and a':

Bo(a,1) = ,/jf/(a(t) 4+ at()) sin(k=), (2.18)

where V' is the mode volume. While its expectation value vanishes for the state |n):

(Ba(z,t) = | /j; sin(k=) (n|(a' (£) + a(t))|n) = 0, (2.19)

its variance does not vanish:

(DB (2,0)) = (B2(2,1)) — (Bulz,1))”
0

—= Z;‘;’/ sin?(kz) (n|(at2(¢) + a2(t) + 2a (1)a(t) + 1)|n) (2.20)

1
= 2% sin?(kz) <n + 2> .

€0

Hence, even in the absence of any excitations, the state |0) is subject to vacuum fluctuations
of the electric field.

15



2. Theoretical background

Quadrature operators The operators @ and af are not Hermitian, and therefore, do not

correspond to observable quantities. However, one can define the Hermitian quadrature

operators
A 1. !
X = §(a+ a") (2.21)
N 1
Y = —al 2.22
S(a—a) (2:22)

that can be understood as the field amplitudes that oscillate with a phase delay of 7/2 towards
each other. With their definition, the electric can be written in the form

E,(t) = 2&ysin(kz) (X sin(wt) + ?cos(wt)) (2.23)
where & = 4/ eoﬂv is the electric field per excitation.
In terms of the quadrature operators, the Hamiltonian from eq. (2.8) reads
H = hw(X?+72). (2.24)

From the commutator of & and a' follows that X and Y are also conjugate variables with

[X' , f/} = %, whose uncertainties are consequently subject to the Heisenberg relation

(A%)?) - (AT)2) > % (2.25)

2.2. Minimum uncertainty states

There are several states of the light field that satisfy the equality in eq. (2.25); these are
called minimum uncertainty states. One well-known example is the vacuum state |0). Here,

the uncertainties

2
OIAXYI0) = (01X20) ~ (01%10) = (0]( (@ +a")) o) = (2.26)

1
4
1
4

2
OIAY)?10) = {0182(0) — (01710 = (0] ;@ —a)) J0) = (2.27)

are equally split in both quadratures. Another important class of minimum uncertainty
states are coherent states [Gla63], also named Glauber states. They are eigenstates of the
annihilation operator, satisfying

ila) = ala), (2.28)

which can be written in the Fock basis as

s Z f In) . (2.29)
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2.3. Quadrature-squeezed states of light

Alternatively, by defining the unitary displacement operator
D(a) = o' —o"a, (2.30)
coherent states can be generated by displacing the vacuum state:

ja) = D(a) [0) = ' =" |0) (2.31)

The displacement leads to a non-zero amplitude and average photon number (a|i|a) = |/
while leaving the uncertainties (o|(AX)2|e) = (a|(AY)?|a) = 1 unchanged.

The left side of figure 2.1 shows a phase-space representation of a vacuum state and a coherent
state. The displacement and angle in phase-space are given by the displacement parameter
a = |ale’®. The circles mark the region of uncertainty for both cases. Mathematically,
this quasi-probability distribution can be calculated by the Wigner function; for a more
quantitative treatment, see, for example, [GKO05]. In this phase-space picture, time evolution
can be understood as a rotation of the phase-space axes (and the state therein). The electric
field and its uncertainty are then given by the projection of the state onto a non-rotating

axis. In both cases, the uncertainty in the electric field stays constant over time.

2.3. Quadrature-squeezed states of light

In general, the uncertainties in the quadrature operators X and Y do not have to be split
equally as is the case for coherent states; the equality in eq. (2.25) can also be satisfied by an
asymmetric splitting of the quadrature variances; the uncertainty circle is then squeezed into
an ellipse. This class of minimum uncertainty states is therefore called (quadrature) squeezed
states of light.

The quadrature operators X and Y introduced in eq. (2.21) and eq. (2.22) are special cases
of a general quadrature operator Xy with arbitrary quadrature angle . It can be written as

the linear combination

Xy = X cos? + Y sin, (2.32)
such that X = Xy_p and ¥ = Xﬁzﬂ-/2. From the commutator, it follows that eq. (2.25) holds
for any two quadrature operators with orthogonal quadratures, that is

(AXy)?) - ((AXyiz)?) > — (2.33)
for arbitrary quadrature angle 9.

This thesis aims at producing squeezed states of light, whose fluctuations are for some quadra-
ture angle 9 smaller than the fluctuations of the vacuum state, i.e.,

1

((AXy)?) < 7 (2.34)
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2. Theoretical background

Figure 2.1.: Phase-space representation of coherent and squeezed states of light. Left: The
coherent state ) is generated from the vacuum state |0) by applying D(«) (in this case with
lo| = 3v2 and ¢ = 7). Right: Squeezed vacuum state |rei‘9,0> with » = 0.693 and 6 = 0,
corresponding to 6dB squeezing; in this case AX = % and AY = 2. The depicted general

displaced squeezed state |a, &) has the parameters |a| =4, ¢ = %, r = 0.693 and 6 = T.

This can be achieved in agreement with eq. (2.33) if the fluctuations in the orthogonal quadra-
ture increase accordingly. In theory, this is performed by applying the squeeze operator
5'(5) = exp (% (5*&2 — §€L72)) to the vacuum state:

€) = §(€) |0) = e2(¢70*=€") ) (2.35)

Here, ¢ = re?, with the squeeze parameter 0 < r < oo and the phase 0 < § < 27, which
defines the angle /2 in phase-space along which the uncertainty is reduced with respect
to the X quadrature [GKO05]. Successive application of S (&) and the displacement operator
D(a) from eq. (2.30) allows to create more general (bright) squeezed states [Cav81]

., €) = D()5(€) 10) . (2.36)

from which the special cases of squeezed vacuum and non-squeezed coherent state can be
obtained by setting a = 0 or £ = 0, respectively. The right side of figure 2.1 shows a squeezed
vacuum state with § = 0, and a general displaced squeezed state.

Using the fact that for the general squeezed state |£, o) [LK87]

2.37
2.38
2.39
2.40

~—~~ ~~
~—  ~— ~— ~~—

<€1T&> = |a|* 4 sinh?r,
(

aa) = a® — e sinh r coshr,
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2.3. Quadrature-squeezed states of light

one finds that the expectation values
5 5 1
(X) = (€ X |0, 6) = 5(a+a’) =Re(a) (2.41)

<)7> = (0, €|V |, &) = %(a — o) =Im(a) (2.42)

of a general squeezed state do not depend on the squeezing parameter r or its phase 6.
Similarly, it can be found that the variances in both quadratures [LK87]

<(AX)2> = % <62’" cos? g + €% sin? g) (2.43)
<(A17)2> = % <e_27" sin? g + €2 cos? g) (2.44)

are independent of « and, thus, are the same for squeezed coherent and squeezed vacuum
states. & = 0 minimizes the fluctuation in one quadrature and maximizes the fluctuation in

the corresponding orthogonal fluctuation:
. 1
((AX)?) = Ze—% (2.45)
N 1
((AY)?) = 1627“ (2.46)

More generally, for 6/2 # 0, the extremal variances occur in the quadratures X _e and
2

Xy_o
79=§+7r
2.10 and 4.4). It can either be set to one specific value (e.g., to measure the fluctuations only

. The quadrature angle ¥ is a well-controllable experimental parameter (see sections

in the squeezed / antisqueezed quadrature) or a smooth sweep can be applied to measure the
variance <(AX§)2> for varying quadrature angle 9; this is plotted in figure 2.2. Where the
variance dips below the blue line, the variance is squeezed, since, in these regions, eq. (2.34) is
satisfied. It must be noted that the plot just shows sinusoidal functions plotted in logarithmic
scale.

The fluctuations of the electric field can be expressed in terms of the field phase angle x as
[LK87]

A 1 0 6
(AE(X))?) =5 {e% cos? (X - ) + % sin? (X - )} : (2.47)
4 2 2
Each period of the electric field corresponds to an increase of the field phase angle by 2,
during which the noise level envelope from eq. (2.47) reaches two maxima and two minima.
With x = wt, eq. (2.47) can be expressed in time domain as

1

(AE()?) = 1 [e7%" cos? (wt) + *" sin? (wt)] (2.48)

where, without loss of generality, the squeezing angle 6 was set to be zero and w is the angular
frequency of the light mode for which the quadrature operators X and Y were defined. From
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2. Theoretical background

10': r—= A
] r=0.35
10dB r=1.15
~ 24
%; 1 i?)dB
= ] i?)dB
~ 0.5'_
10dB
0.1~
0 x T 3 o

Figure 2.2.: 4 <(AX'19)2> for two squeezed states with r = 0.35 (orange) and r = 1.15 (green) and
a non-squeezed coherent state with » = 0 (blue) versus the quadrature angle ©. The additional
prefactor 4 was chosen for the plot such that the variance of the vacuum state is normalized to 1.
Squeezed and antisqueezed quadratures are separated by Ad = 7 and amplified/attenuated by
the same factor. The displayed values belong to squeezed states whose fluctuations are squeezed
3dB and 10dB below the vacuum fluctuations in the squeezed quadrature (and antisqueezed
in the orthogonal quadrature respectively).

this representation, it becomes apparent that, in time domain, squeezing can be understood
as a periodically increasing and decreasing noise level, oscillating at twice the frequency of
the corresponding mode of the light field, as depicted in figure 2.3.

For a displaced squeezed state as in eq. (2.36), the squeezing angle 6 allows to continuously
adjust the phase shift between the time-dependent field fluctuations and the sinusoidal electric
field: For € = 0, the noise is minimal in the amplitude quadrature, i.e., when the electric
field reaches its extreme points. In contrast to that, § = 7 shifts the phase of minimal field
fluctuations to the zero-crossings of the electric field, yielding a phase-squeezed state.

2.4. Nonlinear optics for generation of squeezed states of light

The fact that S (&) always contains two successive applications of a and al suggest that
quadrature squeezing can be generated in processes that create or annihilate two photons at
a time. The squeezing operator from eq. (2.35) can be experimentally realized in nonlinear

optical systems described by the Hamiltonian

H = hwa'a + hw,bTb + in? (%" — af?b). (2.49)
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2.4. Nonlinear optics for generation of squeezed states of light

1.5 A vac
3dB
1.0 A 10dB
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£ 0.0
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0 5 T 3m 27 sm 37
2 2
X = wt

Figure 2.3.: Envelope of the uncertainty of the electric field E(t). In time domain, squeezed
vacuum can be understood as periodically increasing and decreasing envelope to the fluctuations
of the electric field. While (E(t)) = 0 throughout, its standard deviation is depicted by the
shaded regions for the three squeezing levels from figure 2.2.

This Hamiltonian describes two light fields: one with frequency w whose mode is generated
by af, and a pump mode with wp = 2w whose excitations are generated by bf. Aside from
the energy stored in the fundamental and harmonic mode, it contains an interaction term
where two quanta of frequency w are generated from one annihilated quantum of frequency
wp or vice versa. Assuming a strong coherent pump field, the parametric approximation holds
and the creation and annihilation operators can be replaced by the C-numbers f*e™»! and
e~ ™»t. The interaction part of the Hamiltonian then reads

iy =ik (n"a® —nal?) (2.50)

with 7 = (8. After time ¢, an initial vacuum state becomes a squeezed state through the
time evolution

iHpt

U;(t,0)[0) = =7 |0) = e7ta*=mta™) ) (2.51)

which clearly corresponds to eq. (2.35) when 2nt = £. Therefore, the following sections will
discuss how the interaction between two harmonic modes can be realized experimentally,
briefly sketching the in-detail treatment from the book by Boyd [Boy08].
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2. Theoretical background

2.5. Frequency conversion in non-centrosymmetric materials

The experimental generation of squeezing requires a material with a nonlinear response of
the polarizability P(t) to an incident electric field E(t):

P(t) =g X\VE®) + xPE (1) + ..., (2.52)

where x(™) is the n-th order nonlinear susceptibility. While x(*) describes the linear response
to an incident light field, the higher order terms allow an interaction of electromagnetic
waves of different frequencies inside the medium. Typically, the lowest orders (2 or x®)
are used for this purpose. Y3 # 0 arises only in non-centrosymmetric media, that is a
limited class of crystals that are not symmetric under spatial inversion. In centrosymmetric
crystals or unordered materials such as gases and liquids, x(® is the lowest order nonlinear
polarizability that allows frequency conversion. Typically, the magnitude of the nonlinear

susceptibility decreases with increasing order.

It needs to be noted that, in general, the x(*) are tensors, linking incident electric field
components to the resulting components of the polarization; for the general case, this relation
reads [Boy08§]

j:)i(wn + wm) = €0 Z Z Xg’])c(wn + Wi, Wn, wm)Ej(wn)Ek(wm)a (253)
jk (nm)

where the indices ¢, j and k are the different Cartesian components of the electric fields,
and the summation over (nm) indicates the summation over all combinations of w,, and w,

for which energy is conserved. However, the tensors Xg?,l(wn + Wi, Wn, wiy) are subject to
different kinds of symmetries because the boundary conditions of the physical model require
invariance under the permutation and interchange of certain indices. This reduces the number
of independent tensor elements. Especially for frequencies far below the resonance frequency
of the optical material, the nonlinear susceptibility is in good approximation independent of
the frequency, and thus all frequency indices can be interchanged. In this so-called Kleinman

symmetry, the number of independent tensor elements reduces to 10.

The tensor element XS}Z allows to calculate the contribution to the i-th component of the

polarization by two fields polarized along the directions j and k. Thus, there are only six
possible combinations of incoming directions, which can be mapped to another index [ for

shorthand notation:

(jk) | (11) (22) (33) (23)/(32) (13)/(31) (12)/(21)
o] 2 3 4 5 6
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2.5. Frequency conversion in non-centrosymmetric materials

With this, the nonlinear susceptibility can be written in the commonly used form

1 @ 1 ¢
iy = §X§l> - §x§j;)€' (2.54)

Consequently, ds3 corresponds to %x%)?) and describes the interaction between three field

components, all aligned with the same crystal axis. For a given experimental geometry (e.g.,
a fixed polarization of the input beam(s) and a fixed interaction length in the nonlinear optical
medium) the magnitude of the polarization P(w) = ‘ﬁ(w)’ generated from the incident field
can be calculated from the magnitude of the entering light fields E(w) = ‘E(w)‘ via a scalar

relation, using an effective nonlinearity deg:

P(w3) = 4depdeg E(w1) E(w2) (2.55)

For simplicity, the processes described in the following sections will be discussed in this for-
malism with a scalar x(?), bearing in mind that a corresponding equations can be formulated

for each combination of field components.

2.5.1. Second-harmonic generation

In the presence of a xy@-nonlinearity, an incoming plane electromagnetic wave of the form

E(t) = Be ™ 4 c.c. (2.56)
leads to the appearance of an additional wave of frequency 2w, since the second term in the

polarizability in eq. (2.59) becomes [Boy08|
PA(t) = egx P E2(t) = 2¢ox P EE* + ¢gx®? (B?e™ ™' +c.c.). (2.57)

Here, the first term yields a constant offset of the electric field, while the second term is a
field oscillating at frequency 2w. This process is called second-harmonic generation (SHG);
it can be understood as combining two field quanta hw at the fundamental frequency w to

one quantum at frequency 2w, as depicted in figure 2.4.

2.5.2. Optical parametric amplification

More complex frequency conversion can occur when the incident light field consists of two
(or even more) different frequencies: An electric field described by

E(t) = Eye” ™t 4 Eye™™2t 4 ¢ (2.58)
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2. Theoretical background
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Figure 2.4.: Level schemes for SHG and OPA. In SHG, two photons of energy fiw are combined
to one photon with energy 2hw. For OPA, one photon of energy Aw, is split into two photons
with frequencies ws and w;, such that energy is conserved: Aw, = hw, + hw;.

leads to a polarization that contains contributions from several different frequencies:

P (t) ZGOX(2) (E%e_%““t + E%e_%w?t + 2E) Eyetwitw2)t 4 2E1E§e_i("“_“2)t + c.c.)

+ 2e0x? (EB\EF + B2 E3)
(2.59)

Here, the first two terms in the first line are second harmonics of the incident frequencies wy
and wo, the third term oscillates with the sum of both frequencies wy 4+ wo, and the fourth
term oscillates with the difference frequency wi; — wo. The latter two effects are therefore
called sum frequency generation (SFG) and difference frequency generation (DFG). Given
a pump beam with frequency w, and a signal beam with frequency w, < wp, in DFG, one
quantum of the pump light with energy fw, can be split into two photons: one of energy
hws via stimulated emission into the signal beam, and an idler photon with fw; = hw, — hws,

satisfying energy conservation.

The signal field ws does not have to be a classical field, but can also arise from vacuum
fluctuations; this process is called spontaneous parametric down-conversion (SPDC). For
long interaction lengths (e.g., in an optical parametric oscillator (OPO), where the nonlinear
medium is placed inside a high finesse cavity), this is a self-amplifying effect, since DFG of this
newly generated photon may trigger the stimulated emission of other photons at frequency
ws into the same mode. Similar to a laser, an OPO has a lasing threshold above which the
stimulated emission becomes the dominating effect and the photons are amplified to coherent
output beams at frequencies ws and w;. Constructive interference between the generated
photons occurs only when the phases of all involved frequencies match; this is discussed
in detail in sections 2.7 and 2.8. The phase-matching condition can be modified by external
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2.6. Squeezing in OPO below threshold

parameters such as crystal angle or crystal temperature. It determines which of the processes
in eq. (2.59) are allowed and which are suppressed, and for which specific frequencies w, and

w; a DFG process will be favored.

2.6. Squeezing in OPO below threshold

If operated below threshold, no bright output beams are produced in the OPO; nevertheless,
the SPDC creates pairwise virtual photons in corresponding signal and idler modes. Due to
their entanglement, the quantum fluctuations of these modes are correlated and can interfere
(constructively and destructively) with each other. In this way, there are times where the total
fluctuations reduce below the vacuum fluctuations of a single mode; a squeezed vacuum state
is created! Close to the threshold of the OPO, almost all virtual photons are correlated to
each other due to the stimulated emission, such that constructive and destructive interference
is reached for them at the same time. For this reason, strongest squeezing and anti-squeezing

are realized for input powers just below the OPO threshold.

In the sideband picture, squeezing can be understood as two-mode squeezed states of the
modes with frequency ws = % + Q and w; = W—QP — Q, that together satisfy energy conser-
vation from one pump photon with w,. Figure 2.5 illustrates the idea of noise cancellation
in two-photon-correlated states: In a rotating frame with %, the signal and idler sidebands
rotate both at the angular frequency €2, but in opposite directions. Due to the correlation be-
tween signal and idler modes, the electric fields (and their fluctuations) periodically interfere
constructively and destructively — twice per rotation. This leads to a periodic modulation of

the vacuum noise with frequency 2(2.

In the experiment, the low noise signals can be measured via balanced homodyne detection
(see section 2.10) and subsequently electronically filtered to yield the noise in one specific
quadrature Xy in a narrow frequency band Q £+ AQ of interest. Here, ) is the sideband

frequency for which the squeezing is measured, and A2 is the resolution bandwidth.

Below threshold, SPDC can, in principle, entangle any virtual photon pair for which energy
conservation holds, and thus there is no fundamental limitation for which sideband frequencies
() the noise can be squeezed. However, there are some practical limitations that suppress
squeezing in certain frequency ranges. As already discussed, the conversion via SPDC requires
an appropriate phase matching, and efficient generation of squeezing is only possible within
the bandwidth of the parametric gain (which was in this experiment on the order of several
GHz). When the squeezing is generated inside an optical cavity, the cavity imposes the
additional constraint that the frequencies of both generated photons needs to be resonant
to the cavity, that is that the sideband frequency (2 is smaller than the cavity linewidth ~,
which typically reduces the bandwidth of squeezing to some tens of MHz. If squeezing at
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2. Theoretical background

Figure 2.5.: Squeezed states of light in the sideband picture. One photon of frequency w, is
down-converted to a photon pair at “2 + Q and “2 — Q. In the rotating frame of %2, the
phasors rotate in opposite directions with frequency €2, periodically yielding constructive and
destructive interference of the correlated field fluctuations. The stars show constructive inter-
ference, while an instant later, the fluctuations would point towards the triangles in different
directions, yielding destructive interference and reducing the combined fluctuations below the
vacuum fluctuations of each individual mode. Figure inspired by [Sch17].

higher sideband frequencies is required, it is worth noting that if  is an integer multiple
of the cavity’s free spectral range, signal and idler photons can both be resonant with the
cavity, albeit in different longitudinal modes.

2.7. Phase matching

As stated in the previous section, appropriate phase matching is important for efficient non-
linear interactions, as required for SHG or the generation of squeezed states of light in an
OPO. This section briefly sketches the origin of the phase mismatch term and discusses tech-
niques how to experimentally tune it. For a detailed derivation and solution of the coupled
equations for SFG, SHG and DFG, see chapter 2 of [Boy08].

All three nonlinear optical processes sketched so far follow the same fundamental principle:
One or more waves of the form of eq. (2.56) are sent through a nonlinear medium, which
leads to the creation of an additional output wave at a new frequency. From eq. (2.59), it
can be seen that the magnitude of the polarizability at the new frequency (which drives the
new output field) depends on the amplitude of the incident wave(s).
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2.7. Phase matching

Inside the medium, all waves have to obey Maxwell’s equations. In the presence of a nonlinear
polarization, this gives rise to a set of coupled differential equations, which link the amplitudes
of all participating waves to one another. In the slowly varying amplitude approximation,
for an SHG process driven by an incident field E; (t) = Ajetwit=F2) the equation for the
amplitude Ay of the newly generated wave Ey is given by [Boy0§]

dA2 ZW%deff 2 iAk
- = Afe'=r 2.60
dZ kQCQ 16 ’ ( )

where deg is the effective nonlinearity from eq. (2.55), and Ak = 2k; — kg is the phase mis-
match. In the photon picture, it can be understood as summing the k-vectors of all incoming
photons and subtracting those of all outgoing photons that participate in the nonlinear in-
teraction. Since the SHG process converts two photons of wy to one of wy = 2wy, in this case
Ak = 2k1 — ko. For SFG and DFG, similar differential equations can be formulated, in which
the phase mismatch Ak can be interpreted in exactly the same way.

In the undepleted pump approximation, where the amplitude A; of the incoming beam does
not change with z, eq. (2.60) can straightforwardly be integrated along the propagation
direction z over the crystal length L. In this way, the amplitude As(L) at the end of the
crystal can be calculated. With the boundary condition A3(0) = 0, this yields

iw3deg L. iwadeg T |
Ap(L) = 253 [ eidke o - RIS (£ ) 2.61
o) =T Ay = e A Ak (2.61)
; 2
With |€ AiZLk_l‘ = L’%sinc? ( %), absolute-squaring eq. (2.61) yields the output intensity
472 iAKL 2
wod e -1 . AkL
Iyt = |Ao(L)|* = 152;&14‘11 Ak = Iax - sinc? (T) , (2.62)
2

where, in the last step, all experimental parameters were summarized into the maximal output

intensity I,.x for the given parameters.

While the value of I ,,x and the contributions to Ak depend on the specific process, the phase
mismatch factor sinc? (%) is universal for all above named nonlinear interaction processes,
including the generation of squeezing in an OPO below threshold. It is depicted in figure 2.6
against %. From this representation, it can be seen that significant nonlinear interaction
between waves of different frequencies can occur only in a narrow band for which ‘%‘ L 7.
Optimal conversion is achieved for Ak = 0. It must be noted that this result was derived
using the approximation of plane waves; for focused Gaussian laser beams, optimal conversion
requires a phase mismatch Ak # 0 to additionally account for the differences in Gouy phase
between the fundamental and harmonic beam; for a more detailed treatment, see section 2.10
of [Boy08]. However, for clarity, the following sections will continue to assume plane waves.
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Figure 2.6.: Phase mismatch factor. Only when ‘%’ < 7, the phases overlap coherently. For
bigger phase mismatches, the frequency conversion is suppressed.

For the SHG process with wy = 2wy, the phase-matching condition Ak = 0 can be written as

2
Uy =y o 2”“’;“’1 = ”2“’16 el (2.63)

which requires for optimal conversion that the refractive indices are the same for fundamental
and second harmonic: n,, = na,,. This is typically not satisfied, since in normally dispersed
materials, n(w) increases monotonically with frequency. One solution is to use nonlinear
media that show birefringence, such that the refractive indices are different along different
polarization axes. In this way, equation eq. (2.63) can be satisfied when fundamental and
harmonic wave have mutually orthogonal polarizations. To satisfy eq. (2.63) for specific given
frequencies and adjust the refractive indices accordingly, typically, the crystal angle or the
temperature of the crystal are tuned. For critical phase matching, the effective refractive
index can be composed from the refractive indices n, and n. along the ordinary and extraor-
dinary crystal axes, respectively, by adjusting the relative angle between the incident beam
and the crystal ¢:

Neff = Mo SIN @ + N COS . (2.64)

Critical phase matching is very sensitive to beam and angle misalignment, and the birefrin-
gence under an angle introduces a beam displacement between ordinary and extraordinary
beams. This is avoided in non-critical phase matching, where all waves travel along the same
crystal axis, and the different temperature dependencies of n, and n. are used to satisfy
eq. (2.63) for the desired combination of frequencies.
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Figure 2.7.: Quasi-phasematching in periodically poled materials. Without phase matching,
after each coherence length L., the newly generated light would start to interfere destructively
with the previously generated light (orange). A periodic inversion of the crystal every Leon adds
an additional phase shift 7 and allows to constructively interfere light generated in successive
coherence lengths; this process is linear in amplitude and quadratic in the generated intensity
(green). For comparison, the blue curve shows a (hypothetical) material with the same optical
nonlinearity that is perfectly phasematched, such that coherent amplification is satisfied over
the whole crystal. Figure modified from [Sch19].

2.8. Quasi-phasematching

The aforementioned phase-matching techniques only allow frequency conversion involving
light of different polarizations. However, for some materials, like e.g., KTiPQy, significantly
higher nonlinear coupling arises between waves of the same polarization, that is di1, dos
or dss. As discussed above, in this case, Ak cannot vanish. When evaluating the output
intensity (e.g., of the SHG process) for different crystal lengths, the phase mismatch would
lead to a periodic exchange of energy between the involved waves (see the orange line in figure
2.7), yielding only very low or no conversion at all. When the traveling distance inside the
crystal exceeds the coherence length L., the light generated beyond that point interferes
destructively with the light generated up to this point.

This effect can be avoided by quasi-phasematching, where the crystal material is periodically
poled [Fej+92]; in this case, the crystal structure is inverted after every coherence length
Leon, which inverts the sign of the y(?) nonlinearity, and corresponds to an additional phase
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shift of m per coherence length. In this way, the light generated in the next coherence length
interferes constructively with the light already created; this is shown by the green trace in
figure 2.7. Using this periodic nonlinearity, the coupled set of differential equations for the
amplitude of the generated light has a similar form like eq. (2.60), but with a reduced effective
nonlinearity [Boy08]

2
deg = — - d33 (2.65)
T
and a modified phase-matching condition
2
Ak = ky + ko — ks + KW (2.66)

where A = 2L, is the poling period, consisting of two crystal domains of opposite sign.
Thus, the set of wave vectors between which nonlinear interaction can occur is determined by
the poling period A chosen in the manufacturing process and can be fine-tuned by adjusting
the temperature of the crystal, which changes the domain lengths by thermal expansion. For
frequency conversion in the visible range in PPLN or PPKTP, A is typically on the order
of a few micrometers. Experimentally, the periodic poling can be realized, e.g., by stacking
crystal slices onto each other; however, the common method to date is flux-growing a crystal
in the presence of a strong electric field and reversing the direction of the electric field after
each domain of thickness A/2 is grown.

As can be seen from eq. (2.65), quasi-phasematching comes at the cost of reduced effective
nonlinearity deg due to the phase walk-off within each domain. The upper blue line in figure
2.7 shows the hypothetical output power if it were possible to achieve a perfect phase matching
with the nonlinearity dss everywhere in the crystal. Quasi-phasematching is commonly used
when the coupling coefficient between the same polarizations (d11, da2, d33) is much stronger
than the off-diagonal tensor elements in eq. (2.54). In this case, even the reduced deg exceeds
the nonlinearity gained from perfectly (critical or non-critical) phase-matched orthogonal

polarizations.

2.9. Squeezing susceptibility to optical losses

Since squeezing originates from the generation of correlated photon pairs, it becomes apparent
that absorption of one photon breaks the entanglement, and consequently the destructive
interference between upper and lower sideband is no longer possible: The noise level rises
for quadratures in which it was reduced due to destructive interference, and it decreases for
quadratures where beforehand constructive interference of fluctuations led to increased noise
levels (antisqueezing). Therefore, squeezed states are very susceptible to optical losses.

Optical losses can be modeled like a beam splitter, where a quantum state of light is over-
lapped with a vacuum mode that is incident on the “empty” port of the beam splitter [LK87].
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Figure 2.8.: Detectable squeezing and antisqueezing levels versus detection losses. Already losses
of 10% significantly reduce the achievable squeezing level while the losses have only limited
effect on the antisqueezing level.

The splitting ratio can be interchangeably formulated in terms of the power losses L or the
detection efficiency n? = 1 — L. The variance of the resulting state is calculated from (AX9)2
and (AX'V@C)Q as [Schl17]

(AXG,IOSS)2 = (1 - L) : (AXH)z +L- (AXvac)z- (267)

Figure 2.8 plots eq. (2.67) for several initial squeezing levels and varying overall losses in
logarithmic scale. For moderate losses of 10-20%, the squeezing decreases significantly,
while the antisqueezing stays approximately at the same level. This happens because, on a
linear scale, the vacuum noise would have the same effect on squeezing and antisqueezing,
but the relative change in noise is much bigger when the initial noise level is much lower. It
is as well for this reason, that the susceptibility to losses increases with increasing squeezing
value.

If the losses L of the system are not known, they can be calculated from the measured
and dark noise corrected squeezing and antisqueezing levels, here denoted as (AXSqZ)Z and
(AXusqn)?. Plugging (AXyac)? = 1 from eq. (2.26) into eq. (2.67) and replacing (AXy)?
with the lossless optimal squeezing and antisqueezing levels from eq. (2.45) and eq. (2.46),
respectively, the set of equations can straightforwardly be solved for L, yielding

1 — (AXsqs)*(AXasqn)?

= = = . 2.68
2 — (AXsqr)? = (AXasqr)? (2039
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2. Theoretical background

2.10. Balanced homodyne detection

5 -
50
¢
L(t) = Lo cos(wpt)

Figure 2.9.: Balanced homodyne detection. A small signal S(t) is overlapped with a strong
coherent local oscillator L(t) on a 50:50 beam splitter. Both output beams are recorded and
the photo currents are subtracted from each other. The resulting signal is a phase sensitive
amplification of the weak signal. The phase shift ¢ allows to select the readout quadrature.
Component icons by [Fra].

The variances (AXgq,)? and (AXusqz)? can (as well as any quadrature in between) be mea-
sured via balanced homodyne detection (BHD) [CLG87]. In BHD, a weak signal S(t) is
overlapped on a 50:50 beam splitter with a strong coherent local oscillator with amplitude
Lgy. The resulting output beams are detected and their photo currents are subtracted from
each other as shown in figure 2.9.

As derived explicitly in appendix A, BHD has two key properties that make it suitable for the
detection of very weak signals: First, the subtraction of photocurrents cancels all classical and
quantum noises of the local oscillator beam, such that they do not disturb the measurement of
S(t). Secondly, the weak signal S(t) is amplified by the amplitude Lg of the local oscillator —
in this way, also very small signals, such as (squeezed) vacuum fluctuations, can be measured.
It is also shown in appendix A that BHD is robust against unequal detection efficiencies in
both arms.

In the case of squeezing, no classical signal is present in the signal path, but the signal consists
only of noise terms. The total noise in the signal path can be written in term of the noises
s¢(t) and s°(t) in mutually perpendicular quadratures as [Kor20)]

S(t) = s°(t) cos(wot) + s°(t) sin(wpt). (2.69)

Sending this signal onto a lossless BHD yields (see eq. (A.15) in appendix A)

i1 — i o Ly (SC(t) cos ¢ + 5°(t) sin ¢), (2.70)
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2.10. Balanced homodyne detection

where ¢ is the homodyne readout angle, i.e., the relative phase between the local oscillator and
the signal beam. In the experiment, ¢ can easily be adjusted by increasing the optical path
length in either the signal or the local oscillator path; e.g., by shifting one mirror in the beam
path with a piezoelectric actuator. For ¢ = 0, the BHD signal consists of the fluctuations
s¢(t) amplified by the local oscillator amplitude Ly. Similarly, by setting ¢ = 7/2, the noise
in the other quadrature can be extracted.

BHD can be thought of as a demodulation between the signal and the local oscillator, and
therefore, the resulting signal no longer oscillates at wy. Since s¢(t) and s°(t) are by design
random fluctuations, for chosen quadrature readout angle ¢, the BHD signal shows random
fluctuations, from which physical meaning can only be extracted by filtering its frequency.
This is performed by a spectrum analyzer, which can either record the noise spectrum over a
broad frequency band or determine the noise level at a specific sideband frequency 2 in a zero-
span measurement (see also section 2.6). In this way, the squeezed and antisqueezed noise
levels can be obtained for each specific sideband frequency and compared to the fluctuations
of a vacuum state at these frequencies.
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3. Efficient frequency conversion in a
monolithic SHG cavity

The first stage of the experiment is the generation of the pump light for the squeezing cavity.
Laser light with a wavelength of 800 nm is frequency-doubled in a monolithic SHG cavity
to 400nm. Periodically poled potassium titanyl phosphate (PPKTP) is used due to its
high nonlinear susceptibility and the fact that its transparency window reaches down to
approximately 380 nm. However, at the harmonic wavelength, substantial optical losses of
around 20% /cm lead to a power dissipation and heating of the crystal when conversion occurs.
This leads to a number of considerable effects in this experiment that will be presented and

discussed in this chapter.

3.1. Properties of PPKTP

For both nonlinear cavities in this experiment, periodically poled KTiPO4 (PPKTP) was
chosen as the nonlinear crystal material because it offers many advantages compared to other
commonly used nonlinear crystal materials. First of all, KTP has an extremely high optical
nonlinearity (ds3 = (16.6 £0.8) pm/V for 852 nm [Nik05]) compared to other nonlinear crys-
tal materials. The nonlinearity increases slightly with decreasing wavelength in the visible
and infrared region. Since d33 couples beams of the same polarization, the crystal must be
periodically poled to quasi-phasematch both beams (see section 2.8). The effective nonlin-
earity reduces then to deg = 10.5pm/V, which is still one order of magnitude higher than
the coefficient of most ordinarily phase-matched materials like 8-BaB2O4 (BBO) and LiB3Os5
(LBO). The non-critical quasi-phasematching furthermore facilitates the experimental align-
ment, since beam walk-off is omitted. Only in this way, it is convenient to consider the

monolithic cavity design presented in the following section 3.2.

Like most nonlinear crystals, PPKTP suffers from absorption in the UV-range. While BBO
and LBO are transparent down to 200 nm and 155 nm respectively, PPKTP becomes opaque
below 380 nm and already exhibits significant absorption losses around 400 nm. In previous
measurements, the absorption in PPKTP has been measured to be o = 18.9 % /cm at 397.5
nm [Yan+15] and a = 15.1%/cm at 423nm [TR03]. At 800nm, PPKTP is transparent
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Figure 3.1.: Refractive indices of KTP as determined by Fradkin et al. [Fra+99], Vanherzeele
et al. [VBZ88] and Kato et al. [KT02].

with measured absorption levels ranging between (127 £ 24) ppm/cm [Ste+13] and 0.1 %/cm
[Yan+15]. Given this, PPKTP seems to be a reasonable tradeoff between absorption of the
generated light and high optical nonlinearity.

PPKTP is a positive biaxial crystal [Nik05], and thus, the refractive indices depend on the
polarization of the incident light. Since ds3 couples light waves polarized along z, only
this polarization is considered in the following. Several groups have determined Sellmeier
equations for the refractive index with respect to the wavelength [KT02; VBZS88; Fra+99] (see
figure 3.1). Although not specified for the near-UV wavelength range, all of them yield very
good agreement for n, around 400 nm: 1.9674 [Fra+99], 1.9650 [VBZ88] and 1.9640 [KT02].
While a deviation of 3%o may be crucial for the manufacturing of periodically poled crystals
according to given specifications, this uncertainty is well acceptable for the evaluations in
this thesis. For 800 nm, the values for n, yield 1.8452 [Fra+99], 1.8440 [VBZ88] and 1.8447
[KT02).

Due to the anisotropy of the crystal, also the thermal expansion coefficient « is different
for each crystal axis. In the experiment, especially the thermal expansion along the beam
propagation axis is of interest. At room temperature, o = (6.7 40.7) - 1075 /K [EA03], which
results in ordinary thermal expansion when the crystal is heated. However, this is not the

dominating effect: Also the refractive index changes with temperature, with a wavelength-

dn,

77 In [KT02], an equation of the form

specific

A B
dn f +D (3.1)

TN ety
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Figure 3.2.: 3—52 versus wavelength. The solid lines are the wavelength regions from which the

parameters in [KT02] were fitted. The dashed lines show extrapolations.

was fitted that allows to predict 3—55 for all three polarization axes over the wavelength range
0.43—1.57nm. Figure 3.2 shows the wavelength range that was used to fit the curve as solid
lines, together with an extrapolation to shorter wavelengths (dashed lines). It needs to be
emphasized that the extrapolated numbers need to be handled with care and constitute only

a rough estimate, especially for the relevant fﬁf. Comparison with the z- and y-components

suggests that qualitatively, a further increase of ‘1{55 is expected for shorter wavelengths;

however, significant deviations from the fitted curve must be expected, and the calculated

‘énTZ =5.125- 10_5% at 400 nm may over- or underestimate the actual value. Albeit not giving

a reliable quantitative result, this result allows the conclusion that for 400 nm, the effect of
the temperature-dependent refractive index outnumbers the thermal expansion coefficient «

by a factor of 7-8. In contrast to that, for 800 nm, the value for ‘fﬁf = 1.630- 10_5% is reliably

known, which exceeds « by a factor of 2.43. When comparing (fﬁ,f for 400 nm and 800 nm, the

refractive index changes with temperature more than three times as much for the harmonic

wavelength as for the fundamental wavelength. Thus, a change in crystal temperature will
first of all lead to an increment of the optical path length due to a change in refractive index
and only later to thermal expansion of the bulk material, whose effect on the optical path
length in the crystal will be small compared to the changes in the refractive indices.

3.2. Monolithic 3-temperature cavity design

The SHG cavity used in the experiment follows a monolithic cavity design by Prof. Dr.
Roman Schnabel, Dr. Axel Schonbeck and Prof. Dr. Sebastian Steinlechner [SSS19], which
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3. Efficient frequency conversion in a monolithic SHG cavity

was initially used as a squeezing cavity. It aimed at building the enhancement cavity around
the nonlinear crystal as robust as possible and reduce the optical losses inside the cavity to
a minimum by avoiding any anti-reflex-coating inside the cavity. Hence, the cavity’s end
mirrors are directly coated onto the nonlinear crystal.

3.2.1. SHG cavity parameters

Rgoonm = 89.5% Rgoonm = 99.5%
Rioonm < 0.5% Rioonm < 0.5%
Teenter Tedge ?
(a) Schematic of the SHG cavity (b) CAD model

Figure 3.3.: The SHG crystal is placed on three metal plates, of which the center and one of
the edge elements are temperature-controlled by Peltier elements. Mirrors with a radius of
curvature of 10 mm are directly coated onto the crystal’s end facets. The crystal is 11.56 mm
long, 2mm wide and 1 mm high.

The core element of the SHG is a 11.56 mm long PPKTP crystal, which is coated with
reflectivities Rj, = 89.0% and Roy, = 99.5 % at the fundamental wavelength of 800 nm (see
figure 3.3). Together with the refractive index of n, = 1.8447, this cavity has a free spectral
range (FSR) of 7.034 GHz. For a fresh crystal, the absorption at 800 nm can be neglected (see
section 3.1), and the chosen reflectivities yield a cavity with a finesse of 51.7 and a linewidth
of 136.0 MHz.

To reduce optical absorption of the converted 400 nm light (and the thereby induced crystal
damages and thermal expansion effects), the SHG cavity is only resonant for 800 nm. Both
end mirrors are anti-reflex coated for 400nm, such that the generated light can leave the
cavity immediately. This comes at the cost of a reduced conversion efficiency in transmission,
since the converted light power is split almost equally between both cavity output ports.
Furthermore, there is no cavity that could define a TEMgy mode for the converted light;
however, since it is generated from the intensity distribution of the well defined TEMgg mode
of the pump beam, the beam shape and divergence of the converted light are sufficiently
well-shaped to pump the squeezing cavity without using an additional mode cleaner.

The crystal’s end facets have a radius of curvature of 10 mm, yielding a cavity mode with
waist radius wg = 28 pm at the fundamental wavelength. This configuration has a Rayleigh
length of zp = ngn /A =5.75mm. Consequently, the cavity mode diverges to a beam radius
of approximately /2 -28 pm ~ 40 pm at the mirror surfaces. Here, the on-axis peak intensity
Io(z) = =22 drops to 50% of the intensity in the focus.

Tw?(z)
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3.2. Monolithic 3-temperature cavity design

Figure 3.4.: Left: The nonlinear crystal is fixated on the circuit board with a yoke. The wires
are connected to the Peltier elements below the board. Right: A housing reduces the airflow
around the cavity.

For a confocal cavity, where the mirrors are placed at z = zg from the focal plane, the Gouy
phases for different TEMy;, modes ¢nm(z) = —(1 +n + m) arctan(i) are multiples of ,
which leads to simultaneous resonance of different modes. To avoid this degeneracy, the
cavity length L = 11.56 mm was carefully chosen, such that L/2 is close to, but not equal zg.

3.2.2. Housing

To place the crystal at the correct beam height, apply the temperatures, and shield the
crystal from surrounding airflow, it is placed in a housing that was designed by Dr. Axel
Schénbeck and Dr. Jan Siidbeck. Mechanically, four screws with springs gently clamp the
crystal to a circuit board, which can be heated by two Peltier elements from below. The
heat is transferred via metallic connections through the circuit board to the crystal. To avoid
disturbances by air flow, the cavity is shielded by a cover surrounding the crystal. Two photos
of the SHG cavity (with and without cover) are shown in figure 3.4. The temperature can be
adjusted by a manual temperature controller designed by Dr. Jan Siidbeck, which allows to
set the temperature in three crystal regions separately as well as to apply temperature ramps

to the different crystal regions.

3.2.3. Phase-matching temperature and temperature gradient

The PPKTP crystal is quasi-phasematched to operate as type-0 SHG. For given fundamental
and harmonic wavelengths, the phase matching is realized by adjusting the domain length
A, such that it satisfies the phase-matching condition (see section 2.8). For the crystals
used in the experiment, the domain length is 3.25 pm. This domain length originates from
the demand to obtain quasi-phasematching for conversion from 799 nm to 399.5 nm slightly
above room temperature at 23 °C.
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Figure 3.5.: Phase-matching temperature versus laser wavelength.

The wavelength of optimal conversion efficiency can be modified by choosing an appropriate
crystal temperature. To calculate this, both the thermal expansion and the thermo-induced
change in the refractive index need to be taken into account. A Python package by Maik
Schréder allowed to calculate the dependence between crystal temperature and wavelength of
optimal phase matching. The results show a gradient of around 17 K/nm. This value could,
in good approximation, be verified in the experiment, as shown in figure 3.5: Four different
wavelengths (ranging between 799—-801.5nm) were set for the laser. The wavelength was
measured by a Bruker Equinox 55 spectrometer. Around this center wavelength, the laser
frequency was ramped such that three to four resonance peaks could be detected on the
oscilloscope. Only the center Peltier element was powered; its temperature was adjusted to
find optimal conversion for the resonance peak in the center of the frequency ramp. The
crystal temperature was calculated from the NTC voltage of the Peltier element. Fitting the
measurements yields a gradient of (15.55 & 0.44) K/nm, which is in reasonable agreement
with 17 K/nm from the simulation by Maik Schroder. At 800 nm, this gradient corresponds
to 30.0 GHz/K.

At operation below room temperature, water vapor may condense on the crystal’s surfaces,
which will lead to substantial absorption and beam distortion. Therefore, operation below 799
nm should be avoided. The Peltier elements allow to heat the crystal to about 65 °C, which
means approximately 45°C above design temperature. With 15.55 K/nm, this corresponds
to a shift of 2.9 nm, yielding a maximal wavelength of operation of around 801.9 nm.

For most time of the experiment, the laser wavelength was set to 800.43 nm. For this wave-
length, the optimal temperatures for phase matching range between 35-39°C (see section
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3.2. Monolithic 3-temperature cavity design

3.8.2). In this temperature range, the crystal can both be heated and cooled reasonably
fast. In the initial measurements on the SHG cavity, the system was operated closer to the
design temperature at 799.35 nm. Here, the optimal phase-matching temperature was in the
range between 23.5°C and 25°C. These parameters are in good agreement with other SHG
experiments in the same wavelength range (see, for example, [Wan+17]).

3.2.4. Crystal sections and degrees of freedom

The monolithic design as depicted in figure 3.3a comes at the cost of limited degrees of
freedom; in fact, only the crystal temperature can conveniently be adjusted. However, due to
the divergence of the cavity mode, one can distinguish three regions in the crystal, which will
react in different ways to a change in temperature and can therefore be adjusted independently
from each other. Due to the focusing of the beam, the intensity in the center of the crystal
is approximately twice the intensity at the crystal’s end facets. Since the conversion scales
with the intensity squared (see eq. (2.62)), the proper phase matching is more important in
the center of the crystal than on its edges. Consequently, the end regions can be used to
tune the overall cavity length while keeping the phase-matching temperature in the center
constant. Since the SHG cavity is only resonant for the pump wavelength, it suffices to power
one of the edge temperatures for cavity length adjustment while the other edge section is not
powered but thermalizes to the center temperature of optimal phase matching. In principle,
heating the center temperature while reducing the edge temperature (and vice versa) allows
to adjust the phase-matching temperature while keeping the cavity’s resonance frequency
constant; however, best frequency conversion efficiencies have only been obtained when all
temperature sections were set to the same value. The following sections will discuss in which
ways these temperatures are coupled and how the experimentally relevant quantities are
affected by them.

3.2.5. Temperature distribution inside the crystal

To quantify the heat distribution inside the crystal, the system was simulated using the finite-
element-modeling software COMSOL Multiphysics. The software allows to model complex
physical systems and solve the corresponding set of coupled differential equations numerically.
For the analysis in this thesis, the heat transfer module was used. The PPKTP crystal was
modeled with its original dimensions and material properties. The following set of boundary
conditions were defined for the simulation: Center temperature and edge temperature can be
set to well defined values (since they are placed on heat conducting metal surfaces that are
powered by Peltier elements). The non-powered edge element is modeled as an open bound-
ary, since it is connected to a well-conducting but non-powered element that will thermalize
with the crystal temperature. The ambient temperature is room temperature (20°C). An
outward heat flux is modeled by heat convexion on all sides and on top of the crystal. The
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Figure 3.6.: Temperature distribution in °C in the crystal (COMSOL simulation). The center
temperature is powered to 38 °C while the right edge temperature is held at 37°C. The
simulation shows that the edge temperature is homogeneous within one millimeter from the
edge of the crystal. Then, at the beam height, there is a transition zone of approximately
another millimeter before the temperature stays homogeneous over the center temperature

region.

CAD model does not contain the plastic yoke, that would in the experiment be placed on
top of the crystal. However, it is assumed that the yoke does not significantly impact heat
flux and temperature distribution within the crystal. In a preliminary study, heat transfer
due to radiation was found to be negligible at temperatures close to room temperature and

was therefore not modeled in the presented simulation.

Figure 3.6 shows the simulated temperature distribution inside the crystal. From the sim-
ulation, it can be verified that center and edge temperatures act on well separated sections
of the crystal: while the major part of the crystal is heated in good approximation homoge-
neously to the center temperature, the edge region of the crystal (approx. 1 mm) maintains
the edge’s set temperature. Along the beam path in the center of the crystal, there is about
1mm of temperature gradient, continuously matching center and edge temperature to each
other. This simulation shows that both temperatures can be actuated well separated from
each other. However, highest conversion efficiency is reached when the quasi-phasematching
condition is satisfied over the whole crystal, which requires that edge and center temperatures

are equal.

In a second step, the thermalization when a laser is locked to the cavity was studied. From
a steady state solution with both center and edge temperature set to the same value, a line
of heat deposition was modeled in the center of the crystal, just where the laser beam would
be situated. The line heat deposition aims to model the losses of blue light, that is produced
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Figure 3.7.: COMSOL simulation of the heat transfer inside the crystal when a laser is switched
on. The heat deposition is modeled with 18 mW /cm. The center and one edge temperature
are powered with 38 °C while the surrounding is at room temperature. The laser is switched
on at ¢t = 0s. The new equilibrium temperature is reached after few seconds of thermalization.

inside the cavity. With typical losses of 21 mW over the crystal length of L. = 11.56 mm,
the heat deposition is modeled with 1.8 W/m. A time-dependent solver models the heat
distribution in the crystal over time after the heat source is switched on at t = 0s. From
figures 3.7, one can see that the crystal thermalizes on timescales of 2—4s, which is in
agreement with the thermalization time scales observed in the experiment (see figure 3.17 in
section 3.7.4 for the corresponding experimental data).

3.2.6. Feedback effects due to absorption inside the crystal

In the absence of optical losses, there are no back-action effects in the monolithic design.
However, for conversion from 800nm to 400nm, the absorption coefficient of PPKTP at
400 nm leads to significant thermal feedback effects once converted light is present inside the
crystal. Light that is absorbed inside the crystal leads to a temperature rise along the beam
path as discussed in section 3.2.5. This gives rise to two effects that mutually influence each
other and thereby add complexity to the system.

First of all, a rise in temperature increases the optical path length in the cavity due to the
temperature-dependence of the refractive index and the thermal expansion of the crystal —
this reduces the cavity’s resonance frequency. This effect occurs whenever 400 nm light is
present in the cavity, which means that, for example, when the cavity is resonant with the
input laser beam and the phase-matching condition is satisfied, the heating due to the newly
generated 400 nm light may push the cavity off resonance.
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Secondly, the refractive index and the domain length impact directly on the phase-matching
condition. With rising temperatures, the phase-matching condition is satisfied at longer
wavelengths (or lower frequencies, respectively), as shown in section 3.2.3; this also holds for
small temperature drifts. Consequently, the heating due to the generated light can shift the
gain profile, such that the phase-matching condition is no longer satisfied and the output
power is significantly reduced — even if the cavity remains resonant with the input beam
throughout.

Additional complexity is added in the monolithic design, since, here, the two processes are
inevitably coupled to each other: The converted output power depends on the gain profile,
evaluated at the cavity’s resonance frequency at a certain moment of time. Since both the
resonance frequency and the gain profile move with increasing temperature, and the amount
that they move is determined by their previous positions, a non-trivial set of differential
equations would be required to describe the dynamics of the system; however, this approach
was not further pursued within this thesis. Nevertheless, the qualitative argument is very
useful to interpret the measurement data and make qualitative predictions on how the system
will behave in specific scenarios (see section 3.7). These coupled back-action effects are a key

signature of a monolithic cavity design operating close to the end of the opacity range.

3.3. Pump laser

The light source in the experiment is a Toptica TA pro laser head, whose wavelength can
be tuned in a range between 795nm and 803nm. The tapered amplifier allows for output
powers up to 1.0 W. However, the mode shape after the TA chip is by far not Gaussian, and
a polarization maintaining fiber is used to clean the optical mode. After the fiber, the light
is split for different parts of the experiment. Up to 200mW can be used to pump the SHG
cavity, while additional 500 mW serve as control beam and local oscillator.

The TA pro laser is an external cavity diode laser (ECDL), in which a cavity is formed
between the laser diode and a Bragg grating, that is placed on a piezoelectric actuator.
The laser frequency can be coarse-tuned by adjusting the angle of the grating. A change
in grating angle also slightly changes the output mode, which requires a re-adjustment of
the beam position and angle for the TA chip. For smaller and faster frequency changes, the
grating position can be adjusted by the piezo actuator. In this way, a frequency offset of up
to 25 GHz can be applied to fine-tune the laser frequency, which covers up to four resonances
(and three free spectral ranges (FSRs)) of the SHG cavity. The laser frequency can be
ramped in this frequency range at a ramping frequency of up to 500 Hz; usually ramping
frequencies of 25 Hz were used for the measurements. A fast frequency ramp allows to probe
the spectroscopic response of the cavity over a broad frequency range and monitor changes
in the cavity resonance instantaneously. Furthermore, the limited thermalization time on
resonance allows to study the system outside thermal equilibrium.
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Even faster adjustments of the laser frequency (although at lower amplitude) are possible by
modulating the current of the master laser diode. To maintain mode-hop free operation over
the whole traveling range of the piezoelectric actuator of more than 30 GHz, a feed-forward
is applied, that adjusts the master current proportional to the applied piezo voltage. The
master current can also be modulated to produce the error signal for the laser’s built-in
locking feature: for the SHG cavity, the reflected power is monitored on a self-built monitor
photodiode and demodulated with the laser’s modulation frequency. The resulting error
signal allows the laser’s piezo actuator to follow the cavity’s resonance frequency up to the
end of its traveling range. The piezo voltage can be read out and (after calibration with
e.g., two cavity resonances with known free spectral range between them) translated into an
offset of the laser frequency.

The master laser supplies a power of some tens of milliwatts, that are amplified by a tapered
amplifier (TA) chip. The amplification depends on the amplifier current, which does not im-
pact on the laser frequency. The output beam from the TA is neither Gaussian nor elliptical,
but heavily distorted. Therefore, it is mode-cleaned by a polarization maintaining optical
fiber. Due to the distorted mode, the optimal coupling efficiency to the fiber was around
70 %. The amplifier current can be used to compensate for power fluctuations by monitoring
the output power on a photo diode and sending a feedback signal to the amplifier.

3.4. Impact of center and edge temperature on gain curves and
resonance shift

In section 3.2.5, it was shown theoretically that center and edge temperatures act on different
parts of the crystal; they therefore impact on the cavity’s resonance frequency in different
ways. Figure 3.8 illustrates this with experimental data: the laser frequency was ramped at
10 mW input power and the transmitted output light from the SHG cavity at 800 nm was
monitored by a photodiode. Higher ramp voltage applied to the piezo actuator corresponds
to higher laser frequency offset, i.e., figure 3.8 shows a rising laser frequency ramp. The traces
show equally spaced cavity resonances, which indicates that close to 100 % of the pump light
are coupled into the TEMgyg mode of the SHG cavity. An initial trace was recorded with both
crystal sections set to the same temperature Teenter = Tedge = 36.24°C (blue). From this,
the temperatures were lowered by 1.83°C in both crystal sections separately (red for Ttenter
and green for Tyqge), and for each case, a trace of the shifted mode spectrum was recorded
after reaching thermal equilibrium. Since the center temperature acts on a bigger part of
the crystal, the same temperature reduction in the center temperature leads to a further
shift of the resonance frequency (exceeding one FSR) than the same reduction in the edge
temperature. For comparison, the yellow trace was recorded, where the center temperature
was lowered by only 0.46 °C; this led approximately to the same shift as reducing the edge
temperature by 1.83°C.
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Figure 3.8.: Resonance frequency drift due to a change in center temperature and edge tem-
perature. Reducing the temperature of the crystal shifts the cavity’s resonances to higher
frequencies (to the right). Reduction of the center temperature by 0.46 °C (green) has a sim-
ilar effect like reducing the edge temperature by 1.83°C (orange). A reduction of the center
temperature by 1.83 K (red) shifts the resonance by more than one FSR.

To quantify the drift of the resonance frequencies due to changes of the crystal temperatures
with a second method, the crystal temperature was tuned and the shift of the resonances
was observed. One specific frequency is chosen, and as the crystal is heated, it is observed
at which temperatures other cavity resonances pass the chosen frequency. While tuning the
center temperature from 25.0°C to 31.65°C, the mode spectrum is shifted by 6 FSRs of
7.034 GHz each, thus 42.2 GHz in total. This corresponds to a gradient of 6.35 GHz/K, or, in
other words, a shift of 1 FSR per 1.11 K increment in phase-matching temperature. For this

measurement, only the center temperature was powered.

In a similar way, the drift was quantified when both center temperature and edge temperature
were powered. With the edge temperature at a constant 36.2°C, close to the optimal phase-
matching temperature, a temperature increase from 31.9°C to 41.5°C led to a shift of six
FSRs. This results in an averaged frequency shift of 4.4 GHz/K, corresponding to 1.6 K per
FSR, in reasonable agreement with the measurement presented in figure 3.8. For comparison,
when the center temperature is kept at a constant 35.8 °C, a temperature increment of Teqge
from 32.6 °C to 38.1°C shifts the resonance frequencies by one FSR, thus 1.28 GHz/K. This
means that the center temperature shifts the cavity’s resonance frequency almost 3.5 times
as much as the edge temperature. Both gradients are smaller than for the case when only the
center temperature was powered, since center and edge temperature act against each other
when they are simultaneously heated and set to different temperatures.
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=l

Figure 3.9.: Experimental setup for the conversion efficiency measurement of SHG. A
polarization-maintaining fiber is used to clean the mode of the Toptica TApro laser head.
A \/2-waveplate and a polarizing beam splitter cube allow to adjust the input power. With
a Faraday rotator, the incoming and reflected beams at 800nm can be separated. Dichroic
beam splitters separate the outgoing 400 nm and 800 nm powers in both output ports, which
are monitored by separate photodiodes. Component icons by [Fra].

The SHG output is intended to be used as the pump for the nonlinear squeezing process; this
requires sufficient and stable output power. Up to the OPO threshold, an increase in pump
power leads to increased squeezing. Therefore, the achievable output power from the SHG
process is a relevant characteristic quantity. Apart from the output power in transmission
Piyans (which can directly be used to pump the OPO), also the total output power Py =
Pians + Pret (i.e. the sum of output power in both ports) can be a quantity of interest,
for example, to determine the total conversion efficiency that can be obtained in the SHG
process. The corresponding conversion efficiencies are obtained by dividing the output powers
by the input power P,,. The external conversion efficiency in transmission is defined by
Ntrans = %, while the total conversion efficiency is denoted by 7ot = %.

Figure 3.9 shows the schematic setup for the characterization and conversion efficiency mea-
surement of the SHG. The laser mode is cleaned in an optical fiber. Power can be adjusted
via a combination of \/2-waveplate and a polarizing beam splitter (PBS). Dichroic mirrors
prior and after the SHG cavity allow to monitor all light exiting the SHG cavity, both in
transmission and reflection separately. To separate the input and reflected 800 nm beam
paths, a Faraday rotator adds on each of the two passes an additional 45° rotation to the
polarization, such that after reflection from the SHG cavity, the light is reflected off the PBS
onto a photodiode. Its signal can then be used both for locking the laser to the SHG cavity
and to monitor the reflected 800 nm-power.

For stable operation at optimized output powers, the laser is locked to the SHG cavity. In
this case, both crystal temperature sections can be used to adjust the temperature gradient
inside the cavity to yield highest output power, and the thermally induced changes in the
cavity’s resonance frequency are automatically followed by the laser. In general, highest
conversion efficiency was reached when Tcenter = Tedge, and therefore, for this measurement,

only the center temperature was powered. When the laser is locked, the cavity heats up

47



3. Efficient frequency conversion in a monolithic SHG cavity

100

—+— Crystal 1 LP 2 - 60
80 - Crystal 2 LP I e
= —+— Crystal 2 HP 50 g
g &
£ 601 r40 8
: 7 &
E -+ 30 &
& 40 A ,,4” / +—"+_—+—‘+-_+ E
= ¥ &
pe -20 ¢
= / ,r"" =
20 # ,/’ 8

/ + - 10

V. .
e
0 i T T T T T T 0
0 50 100 150 0 50 100 150 200
P, in mW P, in mW

Figure 3.10.: SHG output power (left) and conversion efficiency (right) versus pump power for
two fresh SHG crystals (LP = low power, HP = high power). Solid lines: Total output from
both output ports. Dashed lines: Output in transmission port only.

and both laser frequency and gain profile drift (see sections 3.7.4 and 3.8.3); for this reason,
several neighboring resonances need to be checked to find the best combination of resonance
frequency and gain after thermalization. Due to the limited traveling range of the piezo
actuator, for input powers > 100 mW, a two-step locking procedure turned out to be useful:
the laser was then locked to some cavity resonance for about 5 seconds, during which the
crystal heats up and the resonance frequencies shift to lower frequencies. The laser was then
unlocked and directly locked again to another mode of higher frequency, that had in the
meantime been shifted into the frequency window covered by the laser’s piezo. In this way,
new combinations of crystal temperature and frequency could be reached. This procedure
turned out crucial to obtain high output powers from the SHG cavity.

The generated 400 nm output powers and corresponding conversion efficiencies are shown in
figure 3.10 for two different SHG crystals from the same lot. The conversion efficiencies below
100 mW were measured on both crystals and are in excellent agreement. The optimal total
conversion efficiency peaked at around 58.6 % for 120 mW input power. The output power
is evenly split between both output ports of the cavity; the dashed line shows the output
power and conversion efficiency in transmission. The total conversion is in good agreement
with the optimal SHG conversion efficiencies from 795 nm to 397.5nm in PPKTP reported
in [Han+16] .
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3.6. Intracavity losses at 400 nm

The setup from figure 3.9 allows to monitor all output powers, and the initial light power can
be determined with a power meter. Thus, a loss analysis can be performed for varying input
power by subtracting all output powers from the input power; the missing energy must have
been absorbed inside the crystal or on the optical elements along the beam path. This was

one of the first measurements performed on the SHG cavity.

Top left of figure 3.11 plots the total losses against the input power at 800 nm. It can be seen
that, especially at low input powers, the losses increase disproportionally high with input
power. If the losses would arise from absorption of 800 nm light, one would expect a linear
increment with increasing pump power. This means that other absorption mechanisms are

responsible for most of the observed losses.

Due to the high absorption coefficient of 18.9 %/cm at 400 nm [Yan+15], it is expected that
in the presence of converted light, this will be the main loss channel; this can be observed
in top right of figure 3.11, where the same losses as before are plotted versus the total blue
light power that exits the system through either the transmission or reflection port. In this
representation, the data can well be fitted by a linear function through the origin, which

suggests that the losses mainly originate from the absorption of the 400 nm light.

The bottom right of figure 3.11 divides the losses by the blue output power. For blue output
powers above 10 mW, almost independent of the input power, an additional portion of 50%
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Figure 3.11.: Loss analysis on a fresh crystal. Top: Losses versus 800 nm input power (left)
and losses versus total 400 nm output power (right). Bottom: Relative Losses per input power
(left) and per total 400 nm output power (right).
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of the output 400 nm light is absorbed inside the crystal before it can escape; it is therefore
not detected by any photodiode. The increased losses at output powers below 10 mW can be
attributed to residual absorption at 800 nm, which makes a significant (but not dominant)
contribution when barely any light is converted and thus mainly the pump light is present in
the system. For higher output power, this loss channel becomes negligible. This observation
seems plausible when comparing the absorption coefficient o = 18.9%/cm at 400 nm with
a =0.015%/cm at 800 nm [Ste+13].

With this assumption, one can estimate an upper limit to the internal conversion efficiency

Ptot + Ploss

o (3.2)

Tlint =

taking also the converted light into account that gets absorbed before it can exit the cavity.
This is shown in figure 3.12: for 60 mW input power, in addition to the 53% external con-
version efficiency, 26.5% of the input light are converted to 400 nm but are absorbed before
leaving the crystal. Accounting for this absorption leads to an internal conversion efficiency
of Mint = 79.5 % inside the crystal, which shows that the system is operated not too far from
the optimally achievable conversion efficiency. In other words, even an internal conversion
efficiency of 100% would lead at maximum to 66% of external conversion efficiency. Compar-
ing this with the measurement in figure 3.10, one can see that the SHG was operated not far

from optimal conversion efficiency.

Another consistency check for this hypothesis can be performed by recording the red and
blue output powers in both directions and subtracting them from the input power. If the
resulting losses are completely attributed to absorption of blue light, one gets an upper limit
of the internal conversion efficiency. The result is shown as the orange curve in figure 3.12.

It needs to be noted at this point that the measurements presented in this section were
performed on a fresh crystal. When the measurement from figure 3.11 was performed again a
few days later, the losses were no longer proportional to total blue power, but the losses of the
800 nm pump light seem to have increased significantly, opening a second loss channel. This
was a first experimental sign of photochromic damage of the crystal, so-called gray tracking,
which occurs when near-UV light is absorbed and damages the crystal, thereby increasing
the absorption over the whole visible range [Bou+99]. Already small additional absorption
at the fundamental wavelength can have significant effects, since it significantly reduces the
finesse of the cavity and consequently also the intracavity power. The degradation and its
effect on the output power will be investigated further in section 3.9.
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Figure 3.12.: Conversion efficiency versus input power. For this measurement, the crystal tem-
peratures were optimized for highest total output power. Plotted are the conversion efficiency in
transmission 7pans (red), the summed conversion efficiency from both output ports 7.t (green)
and two estimations for the internal conversion efficiency 7,: The blue curve corrects for the
33% of the generated 400 nm-light that get absorbed inside the crystal by multiplying the green
curve 1ot with 1.5. The orange curve estimates the total conversion efficiency from the energy
budget by attributing all losses to absorbed 400 nm light. It is calculated by subtracting the
residual 800 nm output powers from the input power.

3.7. Thermal effects

A characteristic property of the monolithic cavity design, operated at wavelengths with sub-
stantial absorption in the cavity, are thermal feedback effects. This section studies asymme-
tries in temperature and laser frequency ramps as well as the drift of the resonance frequency
when the laser is locked to the cavity. It furthermore demonstrates why it is not trivial to
find the combination of laser frequency and gain temperature that yields the highest output

power after thermalization.

3.7.1. Temperature ramp with free floating laser

The laser can be operated free-running without active adjustments or modulations of the
laser frequency, and the cavity’s resonance frequency can be ramped over the laser frequency
by rising and lowering the crystal temperature. The crystal temperature is controlled by a
negative temperature coefficient thermistor (NTC), whose set voltages were entered into a
LabVIEWview script and transmitted to the temperature controller via a Keysight 33511B
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3. Efficient frequency conversion in a monolithic SHG cavity

waveform generator. The photodiode voltages for the transmitted 800 nm light were acquired
with a Keysight FS-3004 oscilloscope and saved on the computer.

Figure 3.13 shows the transmitted 800 nm light for input powers between 1—-30mW for rising
(solid) and falling temperature ramp (dashed). The measurement was performed on a fresh
crystal at temperatures far from the phase-matching condition, such that no 400 nm light
was produced. Data points were recorded in steps of 618 ms, which is the fastest acquisition
speed that the data readout allowed; during this time, the temperature changed by 0.0046 K
(corresponding to an increment of 0.1 mV in set voltage). Due to the heat propagation in
the crystal, the resonances on rising and falling ramp did not appear for the same NTC set
temperature; this effect was corrected by a applying an offset to all decreasing temperature
traces. Additional offsets were added to the individual traces to account for small laser
frequency drifts between the measurements.

The measurement shows a strong asymmetry depending on the ramp direction, that is already
visible for input powers as low as 2mW and becomes more and more severe with increasing
input power. When the temperature increases, the optical path length of the cavity expands
and the cavity’s resonance frequency decreases. When the cavity approaches the laser fre-
quency, the light can enter the cavity. Consequently, the intracavity losses accelerate the
heating and pull the cavity’s resonance frequency towards the laser frequency; for higher
input powers, this shift may be so strong that the cavity gets pulled over the laser frequency,
as can be seen by the spikes in the traces for 20 mW and 30 mW. It must be noted that this
effect originates only from the 0.012—0.1%/cm absorption of a fresh crystal at 800 nm; at
the phase-matching temperature, already fractions of milliwatts of the generated 400 nm light
suffice to pull the cavity through resonance due to the higher absorption at this wavelength.

On the contrary, when the temperature is lowered, the cavity length reduces and the res-
onance frequency increases towards the laser frequency. When approaching resonance, the
absorption starts to heat the crystal, which counteracts the external temperature reduction.
In this way, the external temperature can be lowered without changing the cavity’s resonance
frequency proportionally. Closer to resonance, the intracavity power and consequently also
the absorption losses increase and contribute more to the heat budget. The temperature can
be lowered until the reduction in temperature is smaller than the increase in temperature due
to absorption of the increased intracavity power (or harmonic output power, if the system
is operated at the phase-matching temperature). Beyond this temperature, the conversion
breaks down immediately and the cavity’s resonance frequency jumps instantly to the fre-
quency given by the external set temperature (see left side of figure 3.13). Up until this
point, stable operation at high output powers is possible, however always under the risk of
accidentally losing resonance.

The described thermal effects do not only arise in the SHG cavity, but also in the OPO,
where 400 nm light is used as the pump light to generate squeezing. Since the frequency of
the pump light is defined by the SHG cavity, that scenario can be considered as a fixed laser
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Figure 3.13.: Temperature ramps for free floating laser frequency at various input powers.
Solid (dashed) lines correspond to increasing (decreasing) temperatures. Offsets were added to
the NTC temperature to account for drifts of the laser frequency between measurements and

hysteresis effects between rising and falling ramp (see text).

frequency, to which the OPO needs to be brought to resonance by tuning the temperature.
When optimizing the system, it was a challenge to improve performance without crossing
the points at which the conversion breaks down and resonance is lost. Once this happens,
the point of stable operation can only be reached again by crossing the resonance and then
decreasing the temperature towards the point of optimal operation again. For more details,

see section 4.5.

Temperature locking To ensure resonance of the laser with a given laser frequency, tem-
perature locking schemes were considered. However, figure 3.13 illustrates the difficulties
that would arise when the cavity’s resonance frequency is locked via the crystal temperature.
First of all, the point of highest output power is not stable and consequently a top of fringe
temperature lock to the optimum output power is not possible. Locking to the side of the
fringe (i.e., to a fixed output power) seems in principle possible for a fixed laser frequency
when the operational point is approached by lowering the temperature; the output power
or intracavity power could then be compared to some set point, and the difference can be
fed back to the Peltier driver. This could then cool or heat the cavity to push the cavity
resonance towards or away from the laser frequency. Since the thermalization happens on
time scales of 0.5—1s, the bandwidth of such a lock would be of the order of 1 Hz. It seems
that operation at a constant laser frequency would, in principle, be possible as long as the

pump powers and ambient temperatures do not change over time.
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3. Efficient frequency conversion in a monolithic SHG cavity

Nevertheless, the above reasoning also shows the limitations when the laser frequency is given
by an external frequency reference (e.g., some external optical cavity with time-dependent
resonance frequency). In this case, fluctuations and drifts of the laser frequency have to
be negligible compared to the cavity linewidth (136 MHz) to avoid that the cavity becomes
resonant with a random fluctuation of the laser frequency and is then pushed out of its
metastable state. Drifts, on the other hand, need to be sufficiently slow, such that they
can be followed by a temperature side of fringe lock, i.e., slower than the timescales of
thermalization of the crystal.

3.7.2. Laser frequency ramp

Instead of ramping the crystal temperature, also the laser frequency can be ramped over a
cavity resonance for a given crystal set temperature; this can be performed much faster than
the temperature ramp of the preceding section. As long as the phase-matching is detuned and
no significant conversion occurs in the crystal, the line shape of the resonance is symmetric
and independent of the ramp direction. However, as soon as the phase-matching condition
is satisfied, one can observe that the resonance line becomes distorted, depending on the
ramp direction and input power, as shown in figure 3.14: for rising laser frequency, the
linewidths seems to become narrower, while the line broadens when the resonance is crossed
by a decreasing laser frequency. The distortion and asymmetry increase with input power
and duration of the ramp cycle and are clearly visible already for input powers as low as

20mW and ramp frequencies as fast as 25 Hz.

The described effect originates from thermal expansion and the temperature-dependent re-
fractive index of the crystal: When reaching resonance, significant amounts of light are
converted from 800 nm to 400 nm. The latter is partially absorbed in the crystal, which leads
to heating and consequently thermal expansion and increasing refractive index. The increase
of optical path length inside the cavity shifts the resonance frequency to lower values. Conse-
quently, on the falling ramp, the thermal expansion moves the cavity’s resonance frequency in
the same direction as the laser frequency, and resonance is maintained for a longer time. On
the contrary, on the rising ramp, the laser frequency increases while the cavity’s resonance
frequency decreases once the laser becomes resonant with the cavity. The thermal expansion
therefore pushes the cavity off resonance, in this case, and the resonance line seems narrowed.

In figure 3.14, this effect was systematically studied for varying ramping speed and input
power. The traces are plotted versus laser frequency offset, which was obtained from the piezo
voltage by calibration with several neighboring resonances, for which the FSR of 7.034 GHz is
known. Since the transfer function of the piezo actuator is not perfectly linear, this introduces
a systematic error of 5—8% to the value of the laser frequency offset. The raw data was
furthermore subject to a hysteresis of the piezo actuator, since, even for small powers of
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Figure 3.14.: SHG cavity resonance line distortion due to thermal expansion. For different
ramping frequencies and input powers, the output power at 400 nm in transmission is moni-
tored versus the laser frequency offset. Solid lines depict the spectroscopic response on falling
frequency ramp (recorded from right to left) while dashed lines show the response on the rising
ramp. The frequency offset is normed to the resonance frequency at 10 mW for each ramping

speed. The plot for 0.5Hz ramp frequency was extended to show the 2.6 GHz drift of the
resonance frequency on falling ramp.

10 mW (where no significant thermal effects are expected or observed), the resonance lines on

rising and falling ramp did not appear at the same piezo voltage. This offset was subtracted
for all traces of the same ramping speed and input power.

The measurement presented in figure 3.14 was taken in 4 blocks (one for each ramping speed).
Between the blocks, the resonance frequency at 10 mW input power varied by up to 330 MHz
(corresponding to approximately 2.4 linewidths of the SHG cavity). This can be explained
well by slight temperature drifts in the laboratory, which cause the resonance frequency to
change over time. For better comparison between different ramping speeds, the traces of each
block were normed to the resonance frequency at 10 mW.

Figure 3.14 shows the transmitted 400 nm output power when the laser frequency is ramped,
after the before-mentioned corrections. The solid line shows the cavity resonance on falling
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ramp (laser frequency decreasing, recorded from right to left) while the dashed lines show the
corresponding signal half a ramping cycle later on rising ramp (recorded from left to right).
From the top left graph in figure 3.14, it can be seen that the resonance frequencies drift to
lower frequencies with increasing input power, both on rising and falling ramp. This can be
explained by the heat deposition inside the crystal. Although the ramp covers more than one
FSR and, therefore, the cavity is only resonant for a small fraction of the time, the generation
and absorption of blue light on resonance suffices to increase the average temperature of the

crystal. The peak output power appears to be independent of the ramp direction.

With 25 Hz ramp frequency, the systems seems to be too fast to cool down before the next
resonance is probed and heats the crystal again. This is in contrast to the measurements at
10Hz (top right of fig. 3.14): while the resonances on falling ramps have similar shapes and
frequency displacements as for 25 Hz, the rising ramp resonance lines appear less shifted. An
explanation is that there is more time between the resonance on falling ramp (where most of
the heat is applied to the crystal) and the rising ramp’s resonance. The additional fraction
of a second between two heatings allows the heat to dissipate away from the optical axis into
the crystal. This explains why, for example, for 100 mW input power, the frequency on rising
ramp gets shifted by 0.4 GHz rather than 0.6 GHz when the ramping frequency is reduced
from 25 Hz to 10 Hz.

At lower ramping speeds of 2 Hz (see bottom left of figure 3.14), the cavity gets a lot of time
to heat up and follow the resonance frequency. For 100 mW, the resonance frequency shifts
by 1.5 GHz before the conversion breaks down. Since the laser frequency goes linear with
time, the deposited energy can be understood as proportional to the integral over the blue
output power traces. When the laser stays resonant with the cavity for such a long time,
the whole crystal is heated, which moves all resonances to lower frequencies. On the rising
ramp, the resonances appear narrower than for 25 Hz, since the cavity has more time to push
its resonance frequency towards the laser. The relative shift between rising and falling ramp
and the shape of the resonance lines depends mainly on the ramping speed, while the input
power only adjusts the peak value.

With the low ramp frequency of 0.5 Hz in the bottom right plot in figure 3.14, there is enough
time to heat not only the laser beam axis, but also some of the surrounding bulk material.
For 100 mW input power, the cavity stays on resonance for 0.2s on the falling ramp; this
is almost on the order of reaching thermal equilibrium inside the crystal (see section 3.2.5).
During this time, the resonance frequency drifts by 2.6 GHz, which is one third of the FSR,
before the conversion breaks down. It must be noted that the frequency axis scaling in this
plot differs from the other three plots in 3.14 to show the whole drift.

The distortion of resonance lines with respect to the direction of the frequency ramp can
be used to perform very precise absorption measurements of the material, as for example
reported in [Las+10; Ste+12]. These works focused on the detection of small absorption
coefficients @ < 107*/cm. Similar evaluation should, in principle, also be possible from
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the measurement data presented in this section (although more complicated, as the light is
generated inside the crystal and the absorption can, therefore, not be considered constant
along the beam path). However, since the high absorption of PPKTP at 400nm can be

determined more directly with high precision, this approach was not pursued further.

3.7.3. End of ramp
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Figure 3.15.: SHG cavity’s resonance frequency reaching end of laser frequency ramp. The
plotted lines originate from one single time trace of duration 20s, stacked into traces of 1s
from front to back. The input power was 95 mW and the laser frequency was ramped over
4.9 GHz with a ramping frequency of 1 Hz. The orange trace in the back plane shows the laser’s
frequency offset in arbitrary units. The laser was unblocked around 0.5s. The heat deposition
inside the crystal shifts its resonance frequency to lower frequencies (center of the plot) and leads
to the asymmetric line shapes discussed in section 3.7.2. After 11s, the resonance frequency
has shifted so much that resonance does not break down until the end of the ramp is reached.

When the laser is switched on in ramp mode, it takes several ramp cycles to heat the crystal
to its equilibrium temperature. During this process, the resonance frequencies both on rising
and falling ramp reduce. If the resonance is too close to the end of the ramp in the beginning,
the cavity may still be on resonance when the laser frequency reaches the end of the ramp.

This is shown in figure 3.15.
For an input power of 95mW and a ramp frequency of 1Hz, the laser was unblocked at

around ¢t = 0.5s and the time trace was recorded. Each ramp cycle is plotted in a single
trace from front to back, which means the trace in the back shows the time trace for t = 19s
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Figure 3.16.: Last slice of figure 3.15 before resonances fall together. Conversion breaks down
at a laser frequency offset of 2.651 GHz while only milliseconds later, the cavity is no longer
resonant at the same frequency. Resonance on rising ramp is only established at an offset
frequency of 4.542 GHz 0.2s later.

to t = 20s. Apart from the discussed ramp asymmetries, it can be seen that, over time, the
resonance frequencies move to lower resonance frequencies. The output power reduces during
this frequency shift. After around 11s, the resonance frequency is shifted so much that the
cavity is still resonant when the end of the ramp is reached.

The ramp cycle before the end of the ramp is actually reached is of interest, since it is possible
to infer a lower bound for the change in resonance frequency once no 400 nm-light is present in
the cavity any more; it is therefore depicted separately in figure 3.16. The conversion breaks
down at the end of the frequency ramp at an offset frequency of 2.651 GHz. Only milliseconds
after, the laser reaches the same frequency again on rising ramp. One could expect that, on
these timescales, temperatures change sufficiently slowly such that the laser becomes resonant
again with the cavity at approximately the frequency where the resonance was lost. However,
it can be seen in the experimental data that the cavity drifts away rapidly, and resonance is
only reached again at a laser offset of 4.542 GHz. Thus, the resonance frequency of the cavity
shifts by more than 1.891 GHz within the 0.2 s between losing resonance and gaining it again.
The line shape on rising ramp does not significantly differ from a resonance in the center of
the ramp; from this, it must be concluded that the resonance frequency moved much faster
than the laser frequency and was already settled when the laser reached resonance on the
rising ramp. Thus, the resonance frequency drift must by far exceed the ramping speed of
9.47 GHz/s. This observation is another indicator that, for fast changes on the system, the
temperature-dependent refractive index has the biggest impact on the resonance condition of
the cavity. Thermal expansion is too slow to explain these rapid frequency changes.
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3.7.4. Resonance frequency upon locking
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Figure 3.17.: Cavity’s resonance frequency drift upon locking for varied input power. The cavity
is locked at ¢t = 0s. Within few seconds, the system thermalizes to a new resonance frequency.
For input powers up to 80 mW, the resonance frequency shifts by approx 0.125 GHz/mW.

As stated before, for stable output power, it turned out useful to lock the laser to the SHG
cavity. Figure 3.17 shows for various input powers how the resonance frequency drifts over
time towards the new equilibrium resonance frequency once the laser is locked to the SHG
cavity and the generated 400 nm light heats the crystal. The system thermalizes on the order
of few seconds, where the equilibrium is reached in good approximation after 6 —8s. The most
significant change in resonance frequency happens within the first two seconds after locking,
which is in good agreement with the COMSOL simulation presented in section 3.2.5. Even
for small input powers of 20 mW, the applied heat of approx. 1.5mW leads to a decrease in
resonance frequency by 2.4 GHz. For input powers up to 80 mW, the resonance frequency
shifts by approx. 0.12 GHz/mW before reaching the new equilibrium. For 60 mW, a frequency
drift of 7.24 GHz was measured, which corresponds to a shift of more than one FSR of the
cavity with respect to the resonance frequency prior to locking, and for an input power of
160 mW, the frequency drift of 15.14 GHz even exceeds two FSRs.

Figure 3.18 shows the corresponding total blue output power over time after locking. For
low input powers of 20 mW, the output power of the 400 nm light stays constant on the level
to which it was locked. For higher input powers, the initial output power decreases slightly

after the lock is closed; at 80 mW, this reduction becomes so pronounce that the output power
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Figure 3.18.: Output powers at 400 nm upon locking. While for input powers below 40 mW the
output power stays constant, it decreases over time for higher input powers. For input powers
above 100 mW, the output power reaches a minimum before rising again to a constant output
power.

decreases toward the same level reached with an input power of 60 mW. For even higher input
powers, the initially high output powers break down within fractions of seconds. For input
powers above 100 mW, the output power increases again after passing a minimum and tends
to a constant output power. The figure shows that the minimum is crossed faster the higher
the input power is. The traces recorded for 140 mW and 160 mW are not shown in figure 3.18
for clarity; however, they follow the same trend as the other curves: starting at higher output
levels, decreasing faster and reaching higher equilibrium output power with increasing input

power.

Since the laser is locked to the cavity, the reduced output power cannot be attributed to
a dissonance between laser and cavity frequency, but must be due to a reduced conversion
efficiency. By monitoring all output ports, it was verified that, with decreasing output power
at 400 nm, the intracavity power at the fundamental 800 nm increases. The change in crystal
temperature shifts both the gain profile (i.e., the wavelength at which optimal conversion
occurs, see section 3.2.3) and the laser frequency itself. Up to this point, there would be two
possible explanations for the decrease in power: If the speed of the resonance frequency drift
exceeds the shifting speed of the gain profile, the resonance frequency could drift off the gain
profile to frequencies where sufficiently less input power is converted. On the contrary, if the
gain profile moves faster than the resonance frequency, it may drift away such that efficient
conversion is no longer possible at the resonance frequency of the cavity.
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Figure 3.19.: 400 nm output power versus cavity resonance frequency at start of locking. Input
power was 120 mW. Each line belongs to one cavity resonance to which the laser was locked.
Traces of same color were neighboring resonances on the same ramp. Due to the limited
frequency range of the laser, the crystal temperature was tuned and — with the results from
section 3.8.3 — converted to an effective frequency shift. The data can be interpreted by a gain
profile moving from right to left upon locking and the output power “surfing” on it, eventually

reaching an equilibrium state.

Since output powers and laser frequency offset were recorded simultaneously in this measure-
ment, it is possible to plot them against each other. In this way, the frequency drift can be
visualized together with its source: the absorbed 400 nm power that heats the crystal. This
is shown in figure 3.19. All data points are equally spaced in time. At an input power of
120 mW, the laser was locked to different resonances. Due to the limited traveling range of
the laser’s piezo actuator, the laser can only be locked to two or three neighboring resonances
for a given crystal temperature. The graphic is therefore stacked from measurements at dif-
ferent crystal temperatures. With the evaluation following in section 3.8.3, the increase in
temperature could be converted to an effective laser frequency shift, such that the system’s
behavior can be displayed over a broader frequency range. The measurement was repeated
at different input powers and for each input power, a similar stacking of the measurement of

single traces to a coherent picture was possible.

The frequency offset was calibrated with the frequency of optimal conversion efficiency in
ramp mode at low input powers. This means that in the absence of thermal effects, the peak
of the gain profile was situated around 0Hz. For 120mW, the initial position of the gain
profile is already shifted slightly to lower frequencies.
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3. Efficient frequency conversion in a monolithic SHG cavity

When the laser is locked, the laser frequency offset drifts to lower frequencies as expected.
While on the left side of figure 3.19 the output power increases continuously, on the right
side, the output power drops to almost zero before increasing again. This behavior can be
explained by a shift of the gain profile to lower frequencies, which travels faster than the laser
frequency. The output power is proportional to the gain profile, evaluated at the specific laser
frequency; it can therefore be thought of as “surfing” on the shifting gain profile. The rise
on the left side originates therefore mainly from the gain profile shifting “under” the laser
frequency and lifting the output power. Similarly, the drop in output power on the right
side can be understood as the falling flank of the gain profile moving away from the laser
frequency. From the re-rise of the output power, it can be concluded that the experimental
gain curve has a minimum and increases again at higher frequencies. The actual form of the
gain profile can be estimated from the data point right after the laser is locked, when there
is no time for thermalization and shift of frequency or gain profile.

From figure 3.19, it can be seen that the right of the green traces yields the highest equilib-
rium output power. This point is only reached by the highly nonlinear and coupled interplay
between the drifts of the gain profile and the laser frequency, which challenges the repro-
ducibility of the optimal output power, especially at input powers above 100 mW.

3.8. Probing the SHG parametric gain profile

To characterize the SHG cavity, both the width of the parametric gain profile in frequency
space and the phase-matching temperature range in which reasonable conversion occurs are
quantities of interest. In a system where the cavity’s resonance frequency and the phase-
matching temperature can be tuned independently, these are straightforward measurements.
However, this is not possible in the monolithic design, where these quantities are directly
coupled to each other. Therefore, a more sophisticated approach is necessary to characterize
the gain profile.

For the measurements presented in this section, the crystal’s center and edge temperatures
were set via a LabVIEW script and the measurement data from the oscilloscope was saved on
a computer (in the same configuration as described in section 3.7.1). In this way, automatized
parameter sweeps could be performed on the crystal temperatures.

3.8.1. Temperature ramp with locked laser

In a first measurement, the output power was recorded versus the crystal’s center tempera-
ture for several input powers. To ensure resonance throughout the measurement, the laser
frequency was locked to the SHG cavity. Together with the output powers, the laser’s piezo
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3.8. Probing the SHG parametric gain profile

voltage was recorded. The traveling range of the piezo actuator allowed the laser frequency
to follow the cavity’s resonance for more than two FSRs; in this way, mode-hops could be
avoided and the traces shown in this section belong to the same longitudinal cavity mode.

For the data shown in figures 3.20 and 3.21, the NTC set voltage was increased/decreased in
steps of 0.001V, corresponding to 0.045°C. The data points were acquired with a thermal-
ization time of 0.61s per data point, which was the fastest that the communication for the
data readout allowed. With this, a typical trace of 6.4 °C takes around 90s to acquire.

In figure 3.20, the Pyoonm output powers from both output ports are plotted separately versus
the increasing and decreasing crystal temperature for various input powers between 20 mW
and 140 mW. The left plots show the transmission port, while the right graphs show the
power exiting in reflection. In the bottom plots, the temperatures are increased; thus, the
displayed lines must be read from left to right. Similarly, the upper graphs, with decreasing
temperature, were recorded from right to left. The graphs within each of the plots seem to
evolve quite continuously from each other when the input power is changed. When comparing
both ramp directions for the same output port, it seems that, in general, the same gain profile
is shown, but stretched or compressed along the temperature axis. The two output ports show
quite different responses to the temperature sweeps; both seem to have their individual gain
profile, and where the output power peaks in one direction, the gain profile has a dip for this
frequency in the other port. The different gains for both output ports make sense, since the
generated light passes through the crystal only once before leaving the cavity; due to slight
imperfections in the manufacturing process and the asymmetric temperature distribution, it
is therefore no surprise that the phase matching is not exactly the same in both directions.
Since the power that exits the SHG cavity in one port can no longer be converted in the other
direction, it follows that the total output power must be split between both output powers,
and higher gain in one port leads to a reduced output power in the other.

As expected from the discussion in section 3.7, higher input powers require a lower set tem-
perature to reach optimal conversion; this is well displayed in the data by a shift to the left
for increasing input power. It must be additionally noted that the set temperature on the
bottom of the crystal does, in general, not agree with the actual temperature in the crystal;
the crystal temperature will reach the set temperature only some instance after the corre-
sponding current is applied to the Peltier element. One would for that reason expect that
the gain profile probed on rising ramp is shifted to higher temperatures while the ramp down
is shifted to lower set temperatures, which is in agreement with figure 3.20. This effect can
be observed already at low input powers, where effects due to heating are negligible.

At higher input powers, the heating of the crystal on resonance becomes the dominating
effect: When significant second harmonic light is generated in the cavity, the cavity heats up
and the crystal temperature exceeds the set values (which are still the horizontal axis of the
plot). This introduces a skewness into the shape of the gain profile: As the temperature is
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Figure 3.20.: Output powers in transmission port (left) and reflection port (right) versus the
crystal’s set temperature. The temperature is continuously decreased in the upper plots and
increased in the lower plots.

increased towards the temperature of optimal conversion (see bottom plots in figure 3.20), a
symmetric gain profile would continuously shift to higher temperatures, leading to a reduced
slope compared to the (hypothetical) non-shifted gain profile. After the temperature of
optimal conversion is surpassed, the heating of the crystal reduces and the gain profile starts
to shift back to the left. This, in turn, reduces the output power and cools the crystal even
further. The shifted gain profile now moves back to its initial position — without a change in
set temperature. For this reason, once a critical set temperature is crossed, the conversion
breaks down almost immediately, which is marked by the sharp edges on the right.

A similar edge arises on the falling temperature ramp (see top plots in figure 3.20, read from
right to left), but at lower temperatures. Here, the gain profile remains unshifted until the set
temperature approaches the phase-matching temperature. When a critical temperature and
the beginning of the gain profile is reached, a self-amplifying process starts that increases the
output power, further heats the crystal, and pushes the gain profile to higher temperatures
such that the gain increases even more. All this happens at the same NTC set temperature,
which leads to the immediate increase in output power in the top graphs of figure 3.20.

As the hysteresis arises from the fact that the set temperature and actual temperature along
the beam axis do not agree, it makes sense to plot the gain profile against the laser frequency,
which changes immediately with a temperature change along the beam axis. In figure 3.21,
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Figure 3.21.: Output powers in transmission port (left) and reflection port (right) versus the
laser frequency offset. In the upper (lower) plots, the set temperature is continuously decreased
(increased), which leads to an increase (decrease) in laser frequency. For legend see fig. 3.21.

the traces from figure 3.20 are plotted against the laser frequency offset. In this represen-
tation, the gain profiles look much more symmetric and the differences between rising and
falling ramp reduce significantly. Since a decreasing temperature corresponds to an increasing
frequency, the lines must be read in the opposite directions compared to the lines in figure
3.20. At the critical temperatures, both the output power and the laser frequency change
very fast, which results, in moderate slopes for the left flank of the gain profile. Since this
region is passed very fast, the density of data points is lower in this region than elsewhere in
the graph; the spikes in the top right plot therefore originate from undersampling. In this
representation, the gain profile seems to be almost independent from the ramp direction, but
it becomes apparent that both output ports have their individual gain profile.

The nonlinear relation between the crystal’s set temperature and cavity’s resonance frequency
at high input powers is displayed in figure 3.22. For low powers, the relation is rather linear.
The hysteresis effects at low input powers can clearly be attributed to the start and end of
the temperature ramp, where the set-temperature still needs to propagate to the optical axis;
this effect could be reduced by using longer thermalization times for each data point. As
before, the solid lines belong to the decreasing temperature ramp (read from right to left),
while the dashed line of increasing temperature is read from left to right.

For high input powers, the critical temperatures, at which the system behaves nonlinearly to

a change in temperature, can be read off as the temperatures at which the frequency changes

65



3. Efficient frequency conversion in a monolithic SHG cavity

20
N
)
O
g
-g 10 A
3
>
=
g 07
o
(]
=)
g
& —10

30 32 34 36 38
Center temperature in °C

Figure 3.22.: Hysteresis of the cavity’s resonance frequency for linear temperature ramp. Solid
lines show decreasing temperature (and are to be read from right to left) while dashed lines
correspond to increasing temperature. The response becomes significantly nonlinear for input
powers above 60 mW due to heating of the cavity on resonance.

immediately. In comparison with figure 3.20, it can be seen that these critical temperatures
are indeed the temperatures at which the output power suddenly increases/decreases. This
nonlinear response to the only experimentally accessible parameter makes it hard to operate
the monolithic SHG cavity close to resonance at high input powers.

3.8.2. 2D Temperature scan

The measurement from section 3.8.1 was extended to a 2D scan, where the crystal’s center
and edge temperature could be set separately. The center temperature was increased in steps
of 0.0025V in the NTC-voltage, corresponding to 0.115°C. For each center temperature set
point, the edge temperature was tuned between 33.48 °C and 41.74°C in steps of 0.23°C.
The 2D-parameter space was scanned in a snake-like pattern: While the center temperature
was continuously increased, the edge temperature was alternating between rising and falling
temperature to avoid temperature jumps between adjacent data points. The thermalization
time was 8.6's for each data point at an input power of 20 mW. The scanned parameter space
was limited by the traveling range of the piezo actuator; in this range, the laser stayed locked
to the same longitudinal mode throughout the measurement, following all thermal drifts.

On left side of figure 3.23, the total output power is shown. One can see that high conversion

efficiencies are only reached in a narrow temperature range for the center temperature of
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Figure 3.23.: Total output power (left) and forward lasing fraction (right) versus crystal’s center
and edge temperatures. The data was recorded at an input power of 20 mW and a thermaliza-
tion time of 8s for each data point.

35—37°C, while a much broader edge temperature range 34—40°C is compatible with high
conversion efficiencies. This in good agreement with the design considerations that the edge
temperature has only limited influence on the total output power and can be used to tune
the cavity’s resonance frequency without significantly reducing the conversion efficiency.

The optimal output power is reached at a center temperature of 36.0°C and an edge tem-
perature of slightly higher 37.0°C. This makes sense, since these temperature are the set
temperatures at the bottom of the crystal, and the center of the crystal is shielded better than
the end facets, which directly allow heat dissipation into the surrounding air. The diagonal
orientation of the area with high conversion efficiency indicates that the set temperatures in

the center and edge region of the crystal can, at least partially, compensate each other.

The right side of figure 3.23 shows the forward lasing fraction. Where high conversion occurs,
the light seems to have a weak preference to exit through the reflection port. Neither center
nor edge temperature can tune this ratio without significantly reducing the total output

power.

In initial measurements with a ramped laser, it could be observed that the parametric gain
vanishes for temperatures below the design phase-matching temperature, but that above this
temperature, conversion periodically reoccurs (albeit at much lower conversion efficiency).
This feature is not expected from the theoretical considerations in section 2.7. To study this
feature, a 2D temperature scan similar to the one in figure 3.23 was performed for a broader
temperature range; the results are shown in figure 3.24. Teepter was ramped from 33.5°C to
46.3°C in steps of 0.459 K, while Tqge oscillated between 32.6 °C and 43.9 °C, also in steps
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Figure 3.24.: Total output power versus the crystal’s center and edge temperatures. Above the
phase-matching temperature, a reduced conversion reoccurs approximately every 2 K.

of 0.459 K. The thermalization time in this measurement was 2s per data point. Due to the
broader temperature range, the laser could not remain locked to the same longitudinal mode.
Instead, the piezo’s traveling range was limited to 15.5V, which corresponds to one FSR. If
the resonance frequency drifed out of this frequency range, a relocking scheme found the next
cavity resonance within the region of interest and locked to this. It is due to this feature that
figure 3.24 contains discontinuities: the conversion efficiency on two neighboring resonances
can be quite different. Single dark spots correspond to points where the resonance was lost
due to the relocking procedure at the moment of data acquisition. The measurement was

performed at an input power of 10 mW.

As expected from the previous observations, figure 3.24 shows moderate revivals of the output
power when Teenter increases. For a fixed edge temperature (e.g., Teqge = 36.0°C), some
output power is also generated for Teepter = 39°C, 41°C, 43°C and 44.5°C. As before,
the edge temperature may compensate for the center temperature, such that higher edge

temperatures shift the revivals to lower center temperatures.

3.8.3. Linewidth and temperature drift of the gain profile

For a single pass SHG, the gain profile versus laser frequency can be recorded directly by
applying a laser frequency ramp. If the nonlinear crystal is placed inside a cavity, the cavity
needs to be resonant with the laser throughout the measurement to obtain this information.
In the monolithic design, this cannot be realized due to the coupled degrees of freedom.
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3.8. Probing the SHG parametric gain profile

For fixed crystal temperature, the laser is resonant only at the cavity resonances, which
are, in this case, spaced by 7.034 GHz. With a maximal laser frequency range of up to
25 GHz, at maximum four resonances appear on the laser frequency ramp; the SHG gain
profile can therefore only be probed at these specific frequencies. Consequently, a fit with
three free parameters (width, height and centroid position of the gain profile) cannot return
any scientifically meaningful results. However, with the procedure described below, it was
possible to infer a linewidth of the gain profile in frequency space and to quantify the gain
profile drift due to changes in the crystal temperature.

A 2D-Scan of the crystal temperatures similar to the one in section 3.8.2 was performed with
an input power of 20mW and a thermalization time of 10s. The center temperature was
increased in steps of 0.229 °C, while the edge temperature was ramped up and down in steps
of 2.29°C. In contrast to the measurement from section 3.8.2, the laser was not locked, but
its frequency was ramped. For each combination of temperatures, the ramp and the resulting
mode spectrum of the 400 nm-light were recorded. This data set provides several traces that
are all subject to the same gain profile, but shifted with temperature and probed at different
laser frequency offsets. Consequently, it makes sense to fit the properties of the gain profile
with a joint fit of the form

1 (Af — (fo+ x1 - Tcenter))2) (3.3)

P400nm =A- €xp <_

2 o
to the magnitude of the resonance peaks of the traces recorded at different center temperatures
Teenter- In this fit, A is the amplitude and o is the standard deviation of a Gaussian gain
profile (from which the FWHM-linewidth ~ can be obtained by v = 2v/2In20), Af is the
laser frequency offset, and fo — X7 - Teenter 1S the temperature-dependent center frequency
of the gain profile; the model assumes a linear drift y7 of the gain profile with the crystal’s
center temperature Teepter- Lhe parameter fy would be the (hypothetical) center of the gain
profile for T'=0°C.

The Gaussian fit is a simplification to obtain a measure for the width of the gain profile and
its drift. In the experiment, it can be observed that basically no conversion occurs below the
optimal phase-matching temperature, while many local conversion maxima and minima can
be observed when increasing the phase-matching temperature beyond this point (see figure
3.24). To avoid the fitting of data points that cannot be well approximated by a Gaussian, the
fitted data was restricted to data points from the central peak and of sufficient prominence.

Only the traces with an edge temperature of 36.0 °C were used for the fit. Hysteresis effects
could be observed depending on the ramp direction of the laser frequency and whether the
data point had been recorded on increasing of decreasing edge temperature. To allow for
different frequency offsets that absorb this effect, the parameters were fitted for all four cases
individually and the fitted linewidths and temperature shifts were averaged afterwards.
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Figure 3.25.: SHG gain profile fit versus laser frequency for various crystal center temperatures.
Solid lines show the measured spectra. All marked peaks were included in a joint fit to yield
the FWHM of the gain profile ((38.95 £ 2.62) GHz) and its shift with temperature ((—20.04 £
1.02) GHz/K). The dashed lines show the fit result for given Teenter- Input power was 10 mW.

Figure 3.25 shows the data for increasing edge temperature and rising frequency ramp. Each
color belongs to one specific Teenter between 33.94 °C (blue) and 36.7 °C (rose) in steps of 0.46
°C, for which the spectrum was recorded (solid lines). The dots indicate the peak positions
that were included in the fit. The fitted width o and shift with respect to temperature xr
of the gain profile can be found in the first line of table 3.1. The other lines are similar
evaluations, performed on the data sets with different ramp directions for frequency and
edge temperature. Averaging all four evaluations and performing Gaussian error propagation
yields o = (16.28 £ 0.48) GHz, corresponding to a FWHM linewidth v = (38.34 £ 1.13) GHz,
and a drift of the gain profile of (—20.01 £+ 0.55) GHz/K. With 33 %, this is significantly
smaller than the 30 GHz/K from section 3.2.3; however, this deviation originates from the
fact that in section 3.2.3, the edge temperature was not powered (and the whole crystal could
follow the set temperature) while for this section’s measurement, the edge temperature was

Temperature ramp Laser ramp o [GHz] Ao [GHz] xr [%] Axr [%]

up up 16.28 +0.90 -20.04 +1.02
up down 16.08 +0.92 -20.11 +1.06
down up 16.22 +0.90 -19.94 +1.03
down down 16.54 +1.11 -19.95 +1.24
averaged  16.28 +0.48 -20.01 +0.54

Table 3.1.: Fitted SHG gain profile parameters
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kept at 36.0°C; consequently, the center temperature acts only on part of the crystal and
is always counteracted by the edge temperature. The impact of the center temperature on
the system is therefore reduced, and the gain profile shifts less with the same change in the

center set temperature.

The joint fit leads to a remarkable agreement with the experimental data: While fitting each
trace separately does not lead to scientifically meaningful results, the joint model reasonably
describes the heights of different peaks depending on the center temperature. All peak
positions lie very close to the fitted gain profiles. It must be emphasized once more that
all dashed lines belong to the same fit, but differ in shape, since they belong to different
parameters Tienter- In this way, information about the gain profile could be obtained that is
not directly accessible in the monolithic design.

3.9. Degradation of monolithic SHG cavity

3.9.1. Conversion efficiency over time

In the long run of the experiment, a substantial decrease in output power was observed.
Figure 3.26 shows four conversion efficiency curves: The blue curve was recorded directly
after crystal 1 was integrated into the setup. Since the initial measurements on crystal 1 were
limited to input powers of 80 mW, the high power values displayed in the orange curve were
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Figure 3.26.: Degradation of the SHG cavity’s output power (left) and conversion efficiency
(right) in crystal 1. Conversion efficiencies were measured on fresh crystals (blue and orange),
after all measurements on crystal 1 were performed (green) and after the longterm measurement
(LTM) at Py, = 170 mW over 96 h (red).
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3. Efficient frequency conversion in a monolithic SHG cavity

measured on crystal 2; however, since both crystals were manufactured in the same process
and figure 3.10 shows perfectly similar behavior of crystal 1 and crystal 2 at low powers,
it can be assumed that the initial output powers of crystal 1 most likely were on the same
level. This performance level stayed constant over several months, during which occasionally
characteristic measurements were performed on the SHG cavity at low input powers of usually
20mW or below. The green curve was recorded after the majority of the measurements
presented in this thesis have been performed, including the squeezing measurements described
in the next chapter, which required a continuous 400 nm output power at around 15—20 mW
in transmission. At that time, this output was generated from 100—150mW input power
over several hours of continuous operation. During the measurements, the total conversion
efficiency dropped from more than 58 % to at maximum 30 %, which could only be reached
for input powers above 160 mW. To study the degradation further, a longterm measurement
with an input power of 170 mW was performed over 97 h, which further reduced the maximal
conversion efficiency to around 13 %, as can be seen from the red trace in figure 3.26. The
longterm measurement will be described in detail in section 3.9.3. The reduction in conversion
efficiency can be explained by gray tracking of the crystal due to photochromic damage.

3.9.2. Gray tracking in KTP

Degradation effects as presented in figure 3.26 have been observed and studied since the first
experiments with KTP for frequency conversion [Dri+86]. After illumination with visible light
from the blue-green spectrum, KTP shows photochromic damage, increasing the absorption
in this crystal regions over the whole visible and into the infrared spectrum [Bou+99]. Due
to the visible gray tracks along the laser axes, this phenomenon is also referred to a gray
tracking. Already early studies found that gray tracking in KTP is correlated with Ti*+
color centers [Roe89; And+92] that can be activated by 532nm [Loi+92] and 355 nm-light
[Bou+94]. It was also reported in these early works that most of these gray tracks vanish at

room temperature on different timescales, ranging from minutes to months [Loi+92].

Around the same time, Polzik et al. observed increased absorption losses in KNbOj for
854 nm, which occurred only in the presence of a 427 nm blue pump beam [PCK92b; PCK92a;
MPK94]. Phenomenologically, this blue-light induced infrared absorption (BLIIRA) was
defined as “the difference between the passive infrared absorption of a crystal and the infrared
absorption that it exhibits when it is simultaneously illuminated by blue light” [MPK94]. For
KNbOg3, Mabuchi et al. found that the infrared absorption level increases within milliseconds
after the start of illumination and relaxes within fractions of a second after illumination
[MPK94|. Measurements by Hirohashi et al. show that other ferroelectrics like (MgO-doped)
LiNbO3 [Fur+01] or (MgO-doped) LiTaO3 [Nak+02] experience a similar time dependence
in increased absorption after illumination with blue or green light. In this view, also the
temporal dynamics of increasing and decreasing absorption in KTP after illumination has
been studied, showing a similar behavior like the aforementioned ferroelectrics, but on much
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3.9. Degradation of monolithic SHG cavity

Figure 3.27.: After the longterm high-power measurement, gray tracks in the SHG crystal

are clearly visible along the laser beam path. The colors at the crystal edges originate from
diffraction on the coating material. The dot on the left is a marker on the surface for the
orientation of the crystal. The picture is a composite of 16 microscope images.

slower timescales [Hir+07]; hence, the gray tracking of KTP has in some cases also been
termed BLITRA [WPL04; Hir4+07; Tj6+15], although, in this case, the absorption persist
clearly beyond the illumination.

Although the microscopic mechanisms may be specific to the material, the fundamental
concepts for BLITRA in KNbOj3 and gray tracking in KTP are the same: both processes
are associated with color centers, that can be activated by illumination with blue light and
that decay on specific, temperature-dependent time scales. In this way, BLIIRA can be
understood as gray tracking of the crystal that decays on very short timescales after and
during illumination. Gray tracking and BLIIRA can be saturated [Hir+07]; in KTP, the
saturation absorption depends on the density of Ti color centers [WPL04], which depends
on the manufacturing process and stress within the crystal. For this reason, periodically
poled crystals in general face higher absorption after illumination with blue light than bulk
crystals (despite having the same absorption coefficients in the infrared spectrum prior to the
illumination) [WPL04; Hir+07]. Since most early experiments used pulsed lasers to reach
high peak intensities, Feve et al. studied the gray-tracking threshold dependence on the Q-
switch frequency and concluded that the relevant quantity for the gray-tracking saturation
level is the average applied power [Fév+97]. The details of the gray-tracking mechanism are
still not fully understood and subject of ongoing research [Boc+20; BGS25].

Gray tracking effect could directly be observed in the experiment: After the longterm mea-
surement presented in section 3.9.3, the crystal was removed from the experiment and ob-
served under a ZEISS Imager.D2m microscope. The crystal was illuminated with white light
from the back. Figure 3.27 is a composite from 16 high-resolution images; a gray track of
increased absorption is clearly visible along the beam propagation axis in the center of the
crystal. In the measurements by Boulanger et al., the gray tracking increased the losses
over the whole visible spectrum, reducing the transmission through a KTP sample of 8 mm
length by 1-2% for wavelengths around 800 nm and by 3-8 % for 400 nm [Bou+99]. Due
to the high finesse of the cavity at 800 nm, already small absorption at 800 nm can become

the dominating limitation, since it significantly reduces the intracavity power and, thus, the

73



3. Efficient frequency conversion in a monolithic SHG cavity

effective pump power for the SHG process. The reduction in conversion efficiency shown in
figure 3.26 can therefore well be explained by gray tracking of the PPKTP crystal.

3.9.3. High-power longterm measurement on degraded crystal

Two longterm measurements were conducted to survey stability and conversion efficiency
of the SHG cavity over several hours of operation. In a first measurement, the degraded
crystal from figure 3.26 was pumped with 170 mW input power over 67 h; all output powers
(400nm and 800nm in both transmission and reflection) and losses are plotted against the
time in figure 3.28. The powers were acquired in time steps of 5s for 46 h, after which the
data acquisition accidentally stopped; the operation continued for another 21 h. Due to the
high finesse of the cavity at 800 nm, the transmitted pump power is in good approximation
proportional to the intracavity power. The total optical losses were calculated by subtracting
all output powers from the input power. Temperatures were adjusted after 18 h, 41 h and

63.5h to optimize total output power.

Figure 3.28 shows different phases, in which different processes lead to the reduction of the
total output power. At the beginning of the measurement, the laser was locked and the
crystal temperatures were tuned to achieve the highest total output power of 51.2 mW; this
was the case for Teepter = 33.72°C and Teqge = 30.78 °C. Within the first four hours of
operation, the output power reduced to below 20 mW; after this time, the output powers
show only slight fluctuation and decreasing output power. This reduction comes together
with an increase in the intracavity power and increased reflection of the input light. The
increased intracavity power indicates that the reduction in output power does not originate
directly from increased absorption in the crystal, but that the gain is reduced, supposedly
due to a rise in temperature along the beam axis, which shifts the gain profile away from
the laser frequency, thereby reducing the conversion efficiency. As shown in the top plot of
figure 3.28, the overall optical losses increase once less power is converted to 400 nm; this
means that the losses are dominated by absorption at the fundamental wavelength when the
intracavity power increases. On the contrary, if the losses were primarily due to absorption of
the 400 nm light, one would expect a reduction of the overall losses with decreasing harmonic

output power.

After 18.5 h of operation, the temperatures were adjusted to yield highest output power again;
this was the case for Ttenter = 33.26 °C and Tegee = 31.10°C, which yielded a total output
power of 37.2mW. The reduced center set temperature compensates for increased absorption
along the beam path, that had heated the crystal to temperatures above optimal conversion.
With the new crystal temperatures, the output powers in transmission and reflection behave
similarly to the start of the longterm measurement, although on slower timescales: First,
the power in the reflection port decreases continuously, while the transmission port remains
relatively constant. After a certain time, the power in the transmission port breaks down and
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Figure 3.28.: Longterm measurement on a degraded crystal. For clarity, the reflected 800 nm
light is scaled down by a factor of 3 (with the actual powers ranging between 47124 mW). The
total optical losses are given in fractions of the input power P, = 170mW. The transmitted
800 nm trace is proportional to the intracavity power.

decreases much faster than the power in the reflection, yielding a steady state in which the
output power in transmission is lower than the power in the reflection port. This behavior
makes sense, since both processes are subject to the same parametric gain profile, that gets
shifted with increasing crystal temperature. In section 3.8.1, it was shown that transmis-
sion and reflection ports have different gain profiles, which explains why, in both descends,
the reflection port decreases first and the transmission stays approximately constant before

decreasing rapidly below the output power in the reflection port.

For the second descend, it must be noted that, in contrast to the first descend, the intracavity
power decreases this time (although the laser was locked to the cavity and resonance is
maintained throughout the measurement). The reflected power doubles, which indicates that
the 800 nm light is back-reflected and can no longer enter the cavity as easily as before. Both
effects can be explained by increased intracavity losses for the 800nm pump wavelength.
Since only the light entering the cavity is subject to absorption, the overall losses reduce

during the second descend.

41h after start of the measurement, the temperatures were adjusted again to yield highest
conversion on the mode that the laser was locked to. This time, a slight decrease in set
temperature of Tienter = 33.07°C at a stable Teqee = 31.06 °C was necessary to optimize

output power. This optimization was a lot less responsive than the previous ones: it was not
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3. Efficient frequency conversion in a monolithic SHG cavity

Figure 3.29.: Beam profile of the transmitted 400 nm light after high power longterm measure-

ment for different Tienter- The laser stayed locked to the same longitudinal mode throughout

the measurement.

possible to operate stably on the temperatures that yielded highest overall output power. A
point of stable operation was found at Tienter = 34.13°C and Teqge = 32.34°C, which were
the parameters that were kept until the end of the measurement. In contrast to the first
temperature adjustment, the intracavity power increased this time, which also lead to an

increase in output power.

The data acquisition stopped after 46h due to a technical error, and the laser stayed in
lock for another 17.5h. The output power after this time was not recorded. Adjustments of
Teenter = 34.08°C and Teqge = 32.58 °C optimized the output power to 15.77mW (8.51 mW
in transmission and 7.20mW in reflection). With a decrease of the center temperature to
Teenter = 33.85°C and an almost constant Teqee = 32.43 °C, a strong asymmetry in the output
ports could be reached, with 9.54 mW in transmission and 5.33 mW in reflection.

The laser remained locked to the same mode for another 3.5h. During this time, the beam
profile was recorded with a Thorlabs BC106-VIS CCD camera beam profiler for small ad-
justments of the center temperature Teepter. For a fresh crystal, a symmetric Gaussian beam
profile would be expected, and an adjustment of the phase-matching temperature should not
change the spacial beam profile. However, the beam profiles shown in 3.29 were all recorded

while the laser stayed locked to the same cavity resonance.

The displayed beam shapes are far from the expected TEMgy mode. Most of the shapes
are elliptical, while for some temperatures, there are even two separated regions with high

intensities with a low-intensity region in between. To explain this, it must be noted that the
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3.9. Degradation of monolithic SHG cavity

shape of TEM modes is derived from the assumption of a homogeneous medium between
two conductors and constructive interference of all round trips. In the degraded crystal, the
gray tracking leads to spatially inhomogeneous absorption coefficients. When the cavity mode
changes due to a change in crystal temperatures, this may lead to a changing spatial intensity
distribution with new mode shapes. Once absorption increases along the center of the beam
axis, it may be that the fundamental intracavity power gets optimized by a spatial intensity
distribution that avoids high intensities in the high absorptive crystal regions. The laser is
locked to the condition that most light enters the cavity; therefore it seems plausible that the
coupling efficiency can be optimized for deviations from the TEMgq that are subject to fewer
losses. Also, if the temperature is not tuned, slow changes in the absorption distribution may
lead to changes in the spatial mode shape.

The described mechanism would, on one hand, explain why such different output beam
shapes can be generated from the same symmetric input beam. On the other hand, it is
one plausible explanation for the interesting feature that arose 36 h after the start of the
longterm measurement, when suddenly the output power increased again for 45 minutes
to around 16 mW before continuing the descend in output power to the previously stable
8 mW of total output power. The output power increased mainly in the transmission port.
It seems plausible that, at this point, the initial mode was degraded with ever increasing
absorption and another spatial intensity distribution yielded higher intracavity power. Once
the light travels in regions it did not before, it passes regions where absorption is low and
higher intracavity power is possible (as recorded in the experiment). A heating of the crystal
may then even push the gain profile in a beneficial direction, such that the total output
power significantly increases. Once the absorption increases in this region, too, the beam
shape may return to the initial configuration. There is no evidence for external factors that
could have triggered or would explain the rise in output power after 36 h of measurement: the
feature appeared around 7:30 am in the morning, when nobody was present in the laboratory.
There were no irregularities in the air conditioning system. Temperature fluctuations may
have triggered the transition; however, the ambient temperature was not changed during
the measurement and can therefore not be the single reason for a change of the crystal
temperature and shift of beam profile. Also a shift of the gain profile alone cannot explain
the rise in intracavity power after 36 h, since this would lead to a decrease of the intracavity
pump power, which was not observed.

Immediately after the laser was unlocked after the longterm measurement, the oscilloscope
traces from figure 3.30 were recorded at an input power of 170 mW. The laser ramp covers
three FSRs, and prior to locking for the longterm measurement, exactly three cavity reso-
nances indicated the excellent mode matching of the laser to the TEMg of the SHG cavity.
However, after the longterm measurement, these modes have disappeared completely; the
left plot of figure 3.30 was recorded at Teenter = 26.0°C and is exemplary for most crystal
temperatures: the increased optical losses in the center of the crystal omit an increased in-
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Figure 3.30.: Mode spectrum after the longterm measurement below (left) and at the phase-
matching temperature (right) at 170 mW input power. Although there should be three TEMgg
resonances on the ramp, they are no longer visible. At the phase-matching temperature, there
is exactly one mode for which the light can still enter the cavity and conversion occurs.

tracavity power on resonance. The periodicity in the intracavity power indicates different
FSRs of the cavity, but the TEMgg resonances are no longer visible. As expected, far from

the phase-matching condition, no output power is generated.

Close to the optimal phase-matching temperature (where the SHG cavity was operated during
the longterm measurement), even the periodicity for successive FSRs vanishes, as can be seen
in the right plot of figure 3.30. The resonance peak in the center is the only TEMgy mode at
which some light can still enter the cavity and significant harmonic output power is produced.
The output power is on the level recorded at the end of the high power longterm measurement.
It seems plausible that this mode has formed over time such that intensity distributions and
loss distributions match to each other, and that the other longitudinal modes are no longer

compatible with the spatial distributions of the absorption centers.

3.9.4. Longterm measurement on fresh crystal

To yield more quantitative results, a similar measurement as presented in the preceding
section was performed on a fresh crystal, that had, with few exceptions, only been operated
at input powers below 20 mW to avoid degradation effects as much as possible; the conversion
efficiency measurement presented in figure 3.31 and the measurements described in section
3.8.1 were the only measurements, which required input powers of more than 20mW, and
the grid measurement from figure 3.23 was acquired during 20min at a moderate input
power of 20mW. The green curve in figure 3.31 shows a drop in conversion efficiency due
to the absorption induced by these measurements. Subsequently, a longterm measurement
was performed for 17h, during which the laser was illuminated with 100 mW input power.
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Figure 3.31.: Degradation of the SHG cavity’s output power (left) and conversion efficiency
(right) in crystal 2. The performance was measured on a fresh crystal (blue and orange),
after few hours of operation at input powers below 20mW (green) and after the longterm
measurement (LTM) of 17h at an input power of 100 mW (red).

The red trace in figure 3.31 shows the direct effect of the 17h longterm measurement, which
significantly reduced the output power that could be obtained from the SHG cavity.

The longterm measurement data is shown in figure 3.32. For P, = 100 mW, the system
initially yields a total 31 mW output power. While the transmitted power decreased from
17mW to 10mW, the power in transmission decreased from 14 mW to 12.5mW. During
this time, the intracavity power remained relatively approximately constant. From the low
conversion efficiency, it must be concluded that the measurement was not performed at the
optimal phase-matching temperature, but that substantial pump light was not converted but
absorbed inside the crystal.

The beam profile in transmission was measured at the beginning and at the end of the
longterm measurement — the exact moments can be seen in figure 3.32, when the blue trace
drops to zero. The recorded beam profiles are shown in figure 3.33. The initial similarity of the
spatial intensity distribution with a TEMyg mode indicates that, up to this point, there was
no significant impact of absorption on the mode shape. However, during the measurement,
the total losses increased, which deforms the mode: After 17h, the beam profile has become
significantly more vertically stretched out — not elliptical, but with a dip in the center. It
must be pointed out that the laser was locked to the same spatial mode the whole time, and
figure 3.33 really shows the evolution of the fundamental cavity mode as the absorption along

the beam axis gradually increases.
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Figure 3.32.: Longterm measurement on a fresh crystal. During 17h of measurement with
100 mW input power, the intracavity power (red) stays constant. While the transmitted 400 nm
output power reduces only slightly from 15mW to 13mW (blue), the power in the reflection
port decreases from 17mW to 10.5 mW (orange).

Figure 3.33.: Mode shapes of the transmitted 400 nm light before (left) and after the longterm
measurement (right) for 17h at 100mW with a fresh crystal.
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3.9.5. Crystal recovery
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Figure 3.34.: Mode spectrum after 97 h of recovery at 135°C at an input power of 80 mW. The
temperatures are the same as in figure 3.30, allowing direct comparison. The TEMy, modes
are partially restored and weak conversion occurs for both temperatures.

Previous experiments suggest that residual gray tracks in KTP can be substantially reduced
or removed completely by heating the crystal; it can, however, not prevent the forming of
increased absorption in the first place [Tjo+15]. The characteristic relaxation time constant
strongly depends on the crystal temperature, ranging from 31 min at 85 °C to 17 min at 95°C
down to 9min at 115°C [WPL04]. Complete recovery of the gray tracks was reported by
annealing a KTP crystal at 200 °C for 30 min [Zha+11]) or 100 °C for two days [Bou+99].

To reduce the absorption, the gray-tracked crystal from the high-power longterm measure-
ment in section 3.9.3 was heated to 135°C for 97h. It was subsequently integrated into the
experiment again, and the mode matching was optimized. The monolithic design ensures
that the relative position between induced absorption regions in the crystal and the cavity
mode cannot change during this process; thus after mode matching, the laser travels exactly
along the same cavity mode as before, and any change in the transmitted output power must
be attributed to a change of absorption along the beam axis due to the annealing process.
Figure 3.34 shows the oscilloscope traces at the crystal temperatures from figure 3.30, al-
though recorded at 80 mW input power. The TEMyg modes are visible again and dominate
the spectrum; this indicates that the optical losses have significantly been reduced.

Apparently, also the parametric gain profile was affected by the baking of the crystal: While
before the longterm measurement, frequency conversion occurred only in a narrow tempera-
ture region about 1K around the optimal phase-matching temperature, the recorded traces
show that after the recovery, frequency conversion occurs both at a crystal temperature of
26 °C and 35°C, with even a higher conversion efficiency at 26 °C. With this, up to 5 % total
conversion are reached when the laser frequency is ramped, while only 3% is converted at
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35°C. It seems plausible that the periodic poling of the crystal was damaged during the
annealing, such that the domains are no longer as precisely separated as before. It seems
worthwhile to study whether the absorption can also be removed at lower temperatures that
do not harm the quasi-phase-matching poling period, so that the high effective nonlinear-
ity of PPKTP is preserved while the intracavity losses are eliminated. This would enable
the refurbishment degraded crystals and prolong the operational lifetime of monolithic SHG

cavities.

3.10. Conclusion

The PPKTP-based monolithic SHG setup allows efficient generation of 400 nm-light. Internal
conversion efficiencies of up to 80 % were inferred, and the SHG gain profile was characterized.
Thermal feedback effects and cavity resonance drifts due to absorption of the generated
harmonic 400nm light were studied. The coupled degrees of freedom and the very low
bandwidth of thermal feedback loops in the monolithic design limit the operability when a
tunable laser frequency is required (i.e., to keep the input laser light resonant to some external
cavity).

When converting 800 nm to 400 nm, grey tracking of the PPKTP crystal is a limiting factor
for the applicability of monolithic SHG cavities as a tool in scientific experiments: the fast
degradation does not allow longterm operation over many hours, days or even months on
a constant performance level. Since the monolithic design allows exactly one TEMgyg mode
per crystal, a degraded cavity mode requires to change the entire crystal, although the gray
tracking is localized to less than 100 pm from the optical axis; it remains to show whether
the crystal can be refurbished using lower temperatures, to avoid a damaging of the periodic
poling. To study this, the monolithic design brings the advantage that the well-defined cavity
mode is not lost during the annealing process, but direct comparative measurements on the
same mode are possible.

However, in the present setup, the monolithic SHG cavity allowed to supply sufficient amounts
of 400 nm pump light for the generation of squeezed light in a monolithic optical parametric
oscillator (OPO); this will be the subject of the next chapter.
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4. Squeezing in an absorptive nonlinear
medium

The main aim of the experiment is the generation and detection of squeezed states of light at
800 nm. This chapter will explain the experimental setup, present measurement results and

discuss current experimental limitations.

4.1. Squeezing cavity parameters

Rsoonm = 95.0% Rgo()nm > 99.95%
Rioonm = 56.0% R4000m = 96.0%

Tedge ,1 Tcenter Ted ge,2

Figure 4.1.: OPO cavity design. The end mirrors are directly coated onto the end facets of a
monolithic PPKTP crystal. The 400 nm pump light enters through the coupling mirror from
the left and the squeezed vacuum leaves the cavity through the same mirror. The control beam
at 800 nm is sent into the cavity from the right through the highly reflective mirror. The crystal
is separated into three temperature regions, each powered by a separate Peltier element. Cavity
dimensions and mode properties are identical to the SHG cavity from section 3.2.

The heart of the squeezing part of the experiment is an optical parametric oscillator (OPO), in
which the squeezed light is generated via spontaneous parametric down-conversion (SPDC).
The cavity design follows the same monolithic 3-temperature cavity design as the SHG cavity
(see section 3.2). Crystal dimensions, material, poling period, radii of curvature, and conse-
quently also beam waist radii are identical; only the reflectivities of input and output mirrors
differ from the SHG cavity. The mirror reflectivities are 95% / HR for 800 nm and 56 % /
96 % for 400 nm, yielding a simulated linewidth of 58.0 MHz and a finesse of 121.6 at 800 nm.
For 400 nm, the low reflectivity of the coupling mirror leads to a calculated finesse of 10.0 in
the absence of losses; however, the significant losses of around 18.6 %/cm at 400 nm [Wan+17]
reduce the simulated finesse to 5.7 and lead to a broad linewidth of around 1.15 GHz for the
400 nm light.
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4.2. Experimental setup
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Figure 4.2.: Full experimental setup for the squeezing measurement. The laser is mode-cleaned
in a polarization-maintaining optical fiber and split by a partially reflective mirror. Up to
200 mW of pump light are sent to the SHG section and converted to 400 nm pump light for the
squeezing process in the OPO. Up to 350 mW can be sent as control beam through the HR side
of the OPO. A local oscillator (LO) is picked off from the control beam, that can be overlapped
with the light from the squeezing cavity on the 50:50 beam splitter of the balanced homodyne
detector (BHD). The squeezing path is indicated with dashed lines. Both LO and squeezing
path can separately be monitored on a photodiode and mode-matched to a diagnostic mode
cleaner in the diagnostics section. Component icons by [Fra].

The full experimental setup for the squeezing measurement is displayed in figure 4.2. It
consists of seven main parts: laser preparation, SHG, OPO, control beam, local oscillator
(LO), balanced homodyne detector (BHD) and a diagnostics section.

As described in section 3.3, the output of the Toptica TA pro laser head is mode-cleaned
by an optical fiber. The output beam is separated on a 70:30 beam splitter. While most
of the light power is reflected off into the control beam, up to 200 mW of the 800 nm light
can be sent into the SHG cavity, where it is converted to 400nm. The transmitted 400 nm
light passes a Faraday isolator and is mode-matched via lenses and mirrors to the OPO.
The last reflective mirror in front of the OPO is a phase shifter, which allows to adjust the
relative phase between the second-harmonic pump light and the local oscillator. To separate
the 400nm pump light from the 800 nm squeezing path, a dichroic beam splitter is placed
immediately in front of the OPO.
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For the control beam, powers of more than 300 mW are required to send it through the
highly reflective mirror surface at the back of the OPO. To avoid back reflections into the
laser, another Faraday isolator is placed in the control beam path. The little power that is
transmitted through the OPO suffices to monitor the mode matching between control beam
and OPO on a photodiode in the diagnostics section. In this way, the laser can also be locked
to the OPO’s resonance frequency. Due to the high finesse at 800 nm, the transmitted light
from the control beam exits the OPO in a well defined mode. The light is reflected off the
dichroic beam splitter towards the homodyne detector and the diagnostics section.

Around 20 mW of the control beam are picked off as a local oscillator (LO) for homodyne
detection, and its power is stabilized by a feedback loop to the tapered amplifier current. To
ensure a high interference contrast between local oscillator and the squeezing path, both are
separately mode-matched to the same diagnostic mode cleaner (DMC). Here, the beam from
the OPO is taken as a reference, since, in case of an angular adjustment of the homodyne
beam splitter, no pointing is introduced into the beam path to the DMC. Once the mode
matching between squeezing path and LO is established, the flip mirror to the diagnostics
section can be removed. Now, due to the 50:50 splitting ratio of the homodyne detector, the
same power is sent to each of both homodyne photodiodes. The AC difference signal between
both photodiodes is displayed on a Rohde & Schwarz FSV3004 spectrum analyzer.

In a setup with two monolithic cavities, the laser can only be locked to one of them. Therefore,
the laser was locked to the SHG cavity to obtain a stable pump for the OPO. As argued
in section 3.7.1, locking the OPO via a temperature controller is not possible due to the
thermal hysteresis effects. Resonance was therefore always achieved by manually reducing
temperature in the OPO (see sections 4.5 and 3.7.1). Simultaneous resonance of the 400 nm
pump light and the 800 nm control beam in the OPO can be reached by tuning of the SHG
temperature, i.e., adjusting the laser frequency. The temperature controller also allows to
ramp the OPO temperatures, which is required to match the modes of the fundamental and
the harmonic beam in the OPO.

4.3. Mode matching SHG cavity to OPO

To obtain reasonable levels of squeezing, a good mode overlap between the 400 nm pump
beam and the 800nm OPO mode is required. The lens positions were calculated using
the mode-matching software JamMt [TL]. For a coarse adjustment of beam position and
angle, the intensity distribution leaving the OPO is observed on a screen: Due to the low
reflectivity at 400nm, a separate spot appears for each round trip. By overlapping these
spots, the incoming beam is aligned to the optical axis of the cavity; in this case, circular
interference pattern appear.

85



4. Squeezing in an absorptive nonlinear medium

edge temperature

[\
t
1

center temperature

[\)
[N
1

ramp signal (a.u.)

Crystal temperatures in °C
[\ [\ [\
— [\ w
1 1 1

—_
NeJ
1

—_
0¢)
1

0 2 4 6 8 10 12 14 16 18 20
Time in s

Figure 4.3.: Temperature ramp by heating/cooling the edge region of the OPO. The green signal
is the modulating offset signal for the Peltier element, generated by the temperature controller.
The actual NTC-temperature approximately follows the ramp signal. Rising ramp is steeper,
since the heating power of the Peltier is higher than cooling power. The mean of the center
temperature drifts by only 0.3 K due to the modulated edge temperature. The light colors show
the fluctuation of the measurement data; the solid line is a rolling mean from 50 data points.

Once this level of adjustment is reached, a temperature ramp is applied to the edge temper-
ature of the OPO to shift its resonance frequency with respect to the pump laser. Figure 4.3
shows the signal applied to the edge temperature and the corresponding measured tempera-
tures by the NTC elements for the edge and center region. The crystal temperature follows
the ramp signal with a delay of around 2s. At the center, the ramp is approximately linear,
with a higher gradient for increasing than for decreasing temperatures. From the orange
trace, it can be inferred that a temperature ramp on the edge temperature imposes a tiny

drift of 0.3 K on the center temperature.

Figure 4.4 shows that a variation of the edge temperature in the range of 40.3-43.7°C covers
three resonances and consequently more than two full FSRs of the cavity within one ramp of
2s duration. The low repetition rate of 0.25Hz and the asymmetry depending on the ramp
direction impede a good mode matching between the pump beam and the TEMyg mode of
the OPO. Furthermore, the low reflectivity of the coupling mirror of 56 % and the intracavity
losses at 400 nm lead to very broad linewidths, that cannot be well separated from each other
and lead to a significant residual transmission through the OPO, even when the cavity is not
resonant. Figure 4.4 shows a lag of approximately 1.3 s between the crystal’s set-temperature
and the actual temperature at the bottom of the crystal, as well as an estimated lag of around
0.4s from the temperature at the bottom of the crystal to the beam axis (since the resonances
appear at different NTC temperatures on rising and falling ramp).
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Figure 4.4.: Mode matching the SHG output beam to the OPO using a temperature ramp. The
transmitted Pyoonm behind the OPO (blue) is shown together with the ramp signal (green) and
the temperature measured by the NTC at the bottom of the crystal (orange). The ramp covers
three TEM resonances that appear strongly distorted depending on the ramp direction. The
opaque orange line is a rolling mean of 50 data points.

Due to the low repetition rate, the effect from adjusting beam position and/or beam angle
can only be seen seconds later — this limits the ability to fine-tune the mode matching using a
temperature ramp. To overcome this, an alternative approach was used to optimize the mode
overlap: The cavity was ramped, and the shape and interference fringes of the transmitted
light were observed on a screen. From the symmetry of the interference fringes and the
subjective relative brightness of the TEMgy mode, the mode matching could be optimized,
which was then also verified via the oscilloscope trace. However, with the data presented in
figure 4.4, it is not possible to reliably quantify the mode matching between pump beam and
the squeezing mode.

4.4. Homodyne detection

As described in section 2.10, squeezed states of light can be conveniently measured with a
balanced homodyne detector (BHD). It consists of a 50:50 beam splitter, where the squeezed
light from one port and a local oscillator the other port are overlapped. Both output ports
are detected by photodiodes and the photocurrents are subtracted from each other. In the
resulting signal, the noise from the squeezed light field is amplified by the light power in
the local oscillator path. The measurement is phase-sensitive, that means the quadrature, in
which the noise is read out, can be chosen by adjusting the relative phases between the local
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4. Squeezing in an absorptive nonlinear medium

oscillator and the light from the squeezing path. In the experiment, the phase can be shifted
by a mirror placed on a piezo actuator that adjusts the optical path between SHG cavity and
OPO by a few wavelengths.

4.4.1. Quantum efficiency of the photodiodes

Since squeezed states of light are very susceptible to optical losses, the losses must be min-
imized wherever possible. For the BHD, a high quantum efficiency of the photodiodes is
required. For the desired wavelength around 800 nm, three silicon photodiodes from Hama-
matsu were considered: S3883, S5971 and S5972. All of them have a reasonable value-for-
money ratio and can be delivered with AR-coated windows or as a windowless model. The
quantum efficiencies as specified by the manufacturer are listed in table 4.1. To avoid high
expenses and long lead times, the standard S5971 photodiode was bought and the window
cap was removed, since the windowless model was not on stock. The quantum efficiency was
determined afterwards by measuring the photocurrent generated from a defined incident light

power.

In the tested reverse voltage range between 0—20V, the quantum efficiency was constant.
The incident light power was measured with a Thorlabs S130C power meter and the resulting
quantum efficiency meets the manufacturer’s specification almost exactly. The specified error
of the power meter of 3% limits the accuracy of the quantum efficiency measurement.

In addition to the quantum efficiency under perpendicular incidence, the quantum efficiency
was determined for light hitting the photodiode under angles between 0—30°. It was hy-
pothesized that around Brewster’s angle the quantum efficiency could be increased even
further. However, increasing the angle of incidence in horizontal and vertical orientation did
not increase the quantum efficiency. The photodiodes were therefore used with illumination
perpendicular to their surface.

Model QE (with windows) QE (w/o windows) measured
S3883 95.5%

S5971 88.0% 97.7% 97.5% (w/o windows)
S5972 94.3% 87.2% (with windows)

Table 4.1.: Specified and measured quantum efficiencies (QE) of different Hamamatsu silicon
photodiode models.
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4.4. Homodyne detection

4.4.2. Linearity of the homodyne detector

To obtain reliable squeezing measurements, the homodyne detector must be shot noise lim-
ited. In this case, a doubling of the local oscillator power increases the noise level by +3 dB
(whilst classical noises increase the noise level by +6 dB upon doubling of the LO power).
From figure 4.5, it can be seen that the homodyne detector is shot noise limited up to
2mW for frequencies up to 500 kHz, while the it saturates for higher frequencies. In the
frequency region between 0.05—-5 MHz, the detector responds linear to input powers between
0.03125—-0.5mW. For the linearity measurement, the dark noise was subtracted from each

trace and the noise was normalized to the noise at 0.125 mW LO power.
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Figure 4.5.: Linearity of the homodyne detector (dark noise corrected). Doubling the LO
power increases the noise level by +3 dB for powers up to 0.5 mW over a frequency range from
0.05—5MHz. For frequencies from 50—500 kHz, the detector behaves linear for local oscillator
powers up to 2mW.

4.4.3. Mode matching squeezing and local oscillator path

The homodyne detection requires a good mode overlap between the local oscillator beam
(LO) and the mode carrying the squeezed light on the 50:50 beam splitter. To achieve this,
both modes are matched onto the same mode of a triangular diagnostic mode cleaner (DMC),

which ensures the mutual overlap of both modes also at the homodyne beam splitter.

First, the OPO mode is matched to the DMC. To do so, the laser is locked to the OPO.
The 800 nm light that enters the cavity is now in the cavity’s TEMgyg mode and leaves the
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Figure 4.6.: Mode matchings from OPO (left) and local oscillator (right) to the DMC. The plots
show the residual modes within one FSR that have been used to calculate the mode matching.
The magnitude is given in % of the TEM, peak (which is cut off on both sides of the plots).

cavity in the same mode as the squeezed light. By adjusting the mirrors and lenses in front
of the DMC, it can be brought to spatial overlap with the fundamental mode of the DMC.
This is monitored by ramping the length of the DMC via a piezo actuator and detecting
the transmitted light on a photodiode. The DMC separates different TEM-modes from one
another, since the Gouy-phase enforces resonance at different frequencies for fundamental
and higher order modes. When the mode matching is optimized, close to 100 % of the power
is transmitted when the cavity becomes resonant for the TEMgy mode and all other modes
carry negligible power. The mode-matching efficiency is defined by

Pmax,OO

— - max00 4.1
Eif)max,i ( )

MM

where the summation in the denominator runs over the peak powers Ppax; of all cavity
resonances above the noise threshold and Ppax,00 denotes the peak power in the TEMgp mode.
To reduce the noise offset, the acquisition mode of the oscilloscope was set to 4x averaging;
this allowed to detect higher order modes that would otherwise be hidden in the noise floor.
The left part of figure 4.6 shows a full FSR between two TEMy resonances, recorded in
transmission of the DMC. For the measurement presented in the following sections, the mode
matching between the squeezed mode from the OPO and DMC was nJyO-PMC = 99.0 %.

Next, the mode matching from the local oscillator (LO) to the DMC was optimized using
only the lenses and mirrors in the LO path (without moving any optical elements after the
homodyne’s beam splitter). The mode matching in the LO path was brought to a moderate
overlap of nh%;[DMC =97.9%. The corresponding residual modes are shown on the right side

of figure 4.6.

From these two values, a lower bound can be estimated for the mode matching: While in

the best case, the deviation from the DMC mode goes in the same direction and the mode-

matching efficiency 771(\)41;40'140 may be better than each mode matching to the DMC separately,
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4.5. Classical parametric gain and obtaining double resonance

in the worst case, the deviations from the DMC mode are in different directions. In this case,
both single mode-matching efficiencies are multiplied to yield a lower bound for the mode-

matching efficiency between squeezing beam path and LO:

it = 1000 = niROPME L pERIPME = 0.99 - 0.979 = 96.85 % (4.2)

The mode-matching efficiency quantifies the overlap of the spatial amplitudes; however, to
estimate the visibility on the homodyne detector, the amplitude overlap must be squared to
obtain powers (and determine losses in the further evaluation). Thus, up to 1 —n3;; = 6.2%
of optical losses must be expected from the imperfect mode overlap between the squeezing
mode and the local oscillator.

4.5. Classical parametric gain and obtaining double resonance

The squeezing measurement requires simultaneous resonance both for the fundamental and
the pump wavelength. Additionally, the phase-matching condition must be satisfied (i.e., the
crystal temperature must be within a narrow temperature region). Once these three condi-
tions are met, the vacuum field at 800 nm is squeezed. However, realizing these conditions
simultaneously is not straight forward in a design with monolithic SHG and monolithic OPO.

The resonance for the 400 nm pump light can be easily monitored by a photodiode in trans-
mission to the OPO. To ensure resonance of the OPO for 800 nm, a control beam at 800 nm
is sent through its highly reflective backside and monitored by the photodiode in the diag-
nostic section. With both beams present in the cavity, the control beam also allows to verify
the correct phase-matching temperature: If the phase-matching condition is satisfied, the
classical control beam is periodically (de)amplified inside the OPO when the relative phase
between pump and control beam is ramped; this is shown in figure 4.7 and will be discussed
further below.

To obtain double resonance, the laser is locked to the SHG cavity, whose crystal temperatures
are set to optimize output power in transmission. The OPQ’s crystal temperatures are set
to the optimal phase-matching temperature, which is, in this case, approximately equal to
the SHG temperatures. By tuning either of the OPO crystal temperatures, the OPO can
be brought to resonance with the incident laser beams; however, in general, 400nm and
800nm do not become resonant at the same temperature, and not even a combination of
three different OPO temperatures can enforce simultaneous resonance of these wavelengths.

Since the harmonic pump and the fundamental wavelength have different dn/dT, their reso-
nance frequencies undergo different shifts when the laser frequency is changed. As the laser
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4. Squeezing in an absorptive nonlinear medium

is locked to the SHG cavity, this is achieved by small adjustments of the SHG crystal’s edge
temperature, such that the fundamental and harmonic frequencies can be shifted towards
each other without severely impacting on the conversion efficiency. In this way, 400 nm and

800 nm can be brought to mutual resonance for arbitrary OPO temperatures.

When the SHG temperature for double resonance is found, for stable operation of the OPO
the resonance must be approached by reducing the crystal temperature (as discussed in
section 3.7.1). Since the linewidth of the 400 nm light is much broader than the 800 nm light,
the blue light becomes resonant first and the narrow linewidth at 800 nm becomes resonant
only at slightly lower temperatures. Since part of the 400 nm pump light is absorbed in
the cavity and contributes to the temperature budget, it is important that the resonance is
not lost, since otherwise, the resonance and heating breaks down. Usually, several attempts
were required to find a stable point of operation where the cavity was resonant for both
wavelengths, while also being sufficiently far away from the point where the resonance of the
pump beam collapses.

Once a double resonance is realized, it must be tested that the phase-matching condition is
satisfied in the OPO for the given combination of wavelengths and temperatures. Figure 4.7
shows the power of the control beam in transmission of the OPO when the phase-matching
condition is satisfied and the phase of the pump beam is ramped by the piezo actuator in front
of the cavity. The parametric process leads to a phase-dependent exchange of energy between
both beams and, consequently, a periodic amplification/deamplification of the photodiode
signal when the phase is ramped. For high parametric gain, the deamplification reduces
the transmitted 800 nm power to almost zero, even though the cavity is resonant with both
wavelengths all the time. In figure 4.7, the phase was increased from 5.1 -5.6s and decreased
from 5.6 -6.1s. The asymmetry with respect to the ramp direction originates from the fact
that, when more 400 nm light is present in the OPO and gets absorbed, the heating induces an
additional phase shift due to the temperature-dependent refractive index dn/dT". This phase
shift is independent of the ramp direction and accelerates the rising ramp while counteracting
the effect of the falling ramp.

The transmitted power at zero gain can be calculated from Py, = Pye?" and Py = Poe 2"

as Py = V/Prmax - Pmin. Figure 4.7 was normalized to this value. It was not possible to
determine Py experimentally, since a blocking of the pump beam would also change the
resonance condition of the cavity for the 800 nm control beam. A gain parameter of r = 0.66
can be deduced from the measurement, corresponding to a logarithmic (de)amplification by
5.7dB. This parameter is directly linked to the levels of squeezing and anti-squeezing that can
be achieved under the given conditions, since they are generated from the same parametric
process: when the control beam is blocked, the parametric process (de)amplifies the vacuum
noises at 800 nm by the same factor.
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Figure 4.7.: Classical parametric gain as found when reaching double resonance. The trans-
mitted 800nm control beam gets periodically (de)amplified when the phase between pump
and control beam is ramped. The relative phase increases from 5.1—-5.6s and decreases from
5.6—6.1s. The varying 400 nm intracavity power leads to an additional contribution dn/T to
the phase shift, that causes the asymmetry between rising and falling ramp. The power is
normalized to the theoretically expected transmitted power in the absence of conversion. The

maxima and minima correspond to r &~ 0.66.

From the procedure described above, it becomes apparent that finding the correct operating
conditions in this system is also a matter of luck: If double resonance was established on a
resonance for which the crystal temperature is too far off the phase-matching condition, this
resonance will only allow to achieve very moderate levels of parametric gain. Unfortunately, a
systematic approach to achieve double resonance with the correct combination of resonances,
while also satisfying the phase-matching condition, could not be found. However, once a
double-resonant configuration with high classical parametric gain is realized, the control
beam can be blocked and the flip mirror in the diagnostics section can be removed. Since
classical amplitudes at 800 nm are now no longer incident on the OPO, the vacuum state at
800 nm is modulated to a squeezed state, that can be monitored by the homodyne detector.

4.6. Squeezing measurement

Figure 4.8 shows the highest squeezing level obtained in the experiment. It was recorded at
a pump power of 16 mW at a sideband frequency of 500 kHz with a local oscillator power of
2mW; for this frequency and power, a linear response of the homodyne detector had been
verified in section 4.4.2. Dark noise corrected, 4.03dB of squeezing were achieved at an
antisqueezing level of 7.98 dB. The phase ramp increases in the first second and decreases in
the second half of the plot. One can see that, at the upper end of the ramp, both squeezing
and antisqueezing values yield higher absolute values than at the lower end of the ramp.
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Figure 4.8.: Zero-span squeezing measurement at a sideband frequency of 500 kHz. For the red
line, the homodyne readout phase ¥ was ramped (rising ramp from 0.14—-1.03s, falling ramp
from 1.03—1.92s. The displayed squeezed and antisqueezed noise levels belong to successive
extrema, that is A9 = w. The measurement was recorded at a LO power of 2mW with a
resolution bandwidth of 100 kHz and a video bandwidth of 100 Hz.

This effect can be explained by a pointing introduced by the phase shifter, which reduces the
spatial overlap between the pump light and the squeezing cavity mode at the lower end of
the ramp. However, the results remain consistent in that the combination of squeezing and
antisqueezing values can be well described by an OPO with reduced pump power.

The traces for squeezing and antisqueezing show the phase stability of the system, since
they were not locked. The phase was adjusted by hand and stayed there for more than the
displayed measurement time. To reach this phase stability, the laser table is covered with
a housing that prevents phase noise due to air fluctuations. The traces for squeezing and
antisqueezing belong to two neighboring minima/maxima, which suggests that they do not
belong to the center of the plot, but rather to the parametric gain that is realized between
1.25s and 1.35s.

In the lossless case and in the absence of phase noise, one would expect to have the same
amount of squeezing and antisqueezing. It can be seen from figure 4.8 that this is clearly not
the case in the studied setup. From the squeezing and antisqueezing levels, the losses can be
estimated by eq. (2.68). For the average values from figure 4.8, the calculated losses are 31.8
%. Other squeezing measurements with lower or higher parametric gain (and consequently
varying squeezing and antisqueezing levels) all yielded loss estimations in the range 3240 %.
Even for infinite initial squeezing, these losses would limit the detectable squeezing to no
more than 4.04—-4.97 dB.
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Figure 4.9.: Zero-span squeezing measurement at a sideband frequency of 500 kHz similar to
figure 4.8 with more than 23dB of antisqueezing (dark-noise corrected). Rising phase from
0.08—-0.94 s and falling phase from 0.94—1.8s. The measurement was recorded at a LO power
of 2mW with a resolution bandwidth of 100 kHz and a video bandwidth of 100 Hz.
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Figure 4.10.: Squeezing spectrum for sideband frequencies from 50 kHz to 5 MHz, normalized
to the vacuum noise level (not dark-noise corrected). For the red trace, the homodyne readout
phase ¥ was ramped simultaneously to the sideband frequency sweep. The measurement was
recorded at a LO power of 171 pW with a resolution bandwidth of 100 kHz and a video band-
width of 100 Hz.
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Figure 4.9 demonstrates that closer to the OPO threshold, the antisqueezing ranges between
15-23dB (again due to a pointing of the pump beam and consequently varying effective
pump power), while the squeezing level remains constant around 4 dB; this is due to the fact
that, in a loss-limited OPO, the antisqueezing level increases strongly when the pump power
approaches the OPO threshold, while the squeezing level does not. From the measured
squeezing and antisqueezing levels, 39.5% losses can be inferred from eq. (2.68). These
increased losses may originate from increased intracavity losses (since the measurement from
figure 4.9 was performed after the measurement in figure 4.8) or from minimal amounts of
phase noise, that also gains impact at higher squeezing levels. The magnitude of phase noise
could not be quantified, since this is usually obtained from a fit versus different pump powers;
however, an independent tuning of this variable is not possible in an absorptive monolithic
OPO without changing also the resonance condition of the cavity.

In figure 4.10, the noise spectrum was recorded at sideband frequencies ranging from 50 kHz
to 5 MHz at a local oscillator power of 171 pW. For the red trace, the phase ramp was applied
during the sideband frequency sweep; the pointing effect due to the phase ramp leads to a
decreased parametric gain around 2 MHz and 4.2 MHz. Since the acquired sideband frequency
range lies well within the linewidth of the OPO, the constant squeezing/antisqueezing levels
are in agreement with the theoretical expectations.

4.7. Loss analysis

4.7.1. Detection (in)efficiencies

To understand the origin of the optical losses, each possible loss source was studied separately.
The total detection efficiency is the product

n= 771%/11\/[ *TIQE " "ltrans * Tlesc) (4.3)

where mv = 0.97 is the mode-matching efficiency from eq. (4.2), nqr = 0.97 is the quantum
efficiency of the photodiodes used in the homodyne detector from section 4.4.1, ntrans is the
transport efficiency between the OPO and the homodyne detector, and 7nes is the escape
efficiency of the OPO. The path between squeezer and photodiodes leads over four mirrors
(highly reflective for 800 nm), through two lenses (anti-reflex coated for 800 nm) and through
the coating of the 50:50 beam splitter. Due to the high quality of the coatings and super-
polished mirror surfaces, the transport efficiency is assumed to be around 7;ans > 0.98. The
escape efficiency 7ese = TLJFL depends on the power transmissivity of the coupling mirror
T = 0.05 and all other intracavity losses per round trip L (i.e., transmission through the
highly reflective mirror end mirror of the OPO and absorption inside the crystal). The

transmission through the end mirror is specified to be < 0.05%. For the absorption losses in
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Component efficiency 7
mode matching OPO-LO 97 %
Quantum efficiency of PDs 97 %

Transport efficiency 98 %
Escape efficiency (non-degraded) > 98.4%
Total (non-degraded) > 88.0%

Table 4.2.: Estimation of overall detection efficiency for a non-degraded crystal

PPKTP, different values have been reported for 795 nm (see section 3.1) — among them an
absorption coefficient as low as 0.013 % /cm [Ste+13], corresponding to intracavity absorption
of 0.03 % and consequently total intracavity losses L = 0.0008. This should allow for an escape
efficiency nesc > 98.4%. All together, this yields a product of n > 88.0 %, which means that
at most 12.0% of losses can be explained by these detection inefficiencies. This yields a
significant discrepancy from the 30—40 % losses inferred from the squeezing measurements.

Most of the loss sources are not expected to change significantly over time. The quantum effi-
ciency may decrease slightly over time due to oxidation after the windows have been removed;
however, with previous photodiodes, a degradation of 1—2 % was observed after several weeks
of experiments. The PDs were changed few days before the squeezing measurements, and
thus a possible degeneration cannot account for the additional losses. Lenses and mirrors
were checked for dust particles, but no loss sources could be identified; in fact, greasy films
or dust particles would also distort the beam shape and would not allow a mode matching
of 97%. This leaves two possible explanations: The mode-matching efficiency my may de-
crease in the presence of the 400 nm pump light and an accompanying thermal lens inside the
cavity. Alternatively, increased intracavity losses at the squeezing wavelength 800 nm could
reduce the escape efficiency 7esc below the assumed value.

4.7.2. Thermal lensing hypothesis

Due to the relatively strong absorption of 400 nm light, it is a reasonable hypothesis that
thermal lensing effects decrease the mode matching between the OPO and the local oscillator.
Since myiv enters squared in the detection efficiency, already moderate thermal lensing effects
could lead to a significant increase of the losses. A thermal lens would change the focal
position of the squeezed light and thereby decrease the mode overlap between OPO and local
oscillator, since this was optimized with only the 800 nm light in the cavity. To account for
the losses, the mode matching efficiency would have to reduce to the order of

n
o —83%, 4.4
M \/nQE * Ntrans * Tesc ’ ( )
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Figure 4.11.: Mode matching from OPO to the diagnostic mode cleaner (DMC) in the absence
of pump light and with 16 mW pump power incident on the OPO. The data shows one FSR
excluding both TEMj resonances on the edges. The intensity is normed to the peak intensity
of TEMgg. The mode matching changes from 98.6 % without pump light (blue) to 98.7% in
the presence of 400 nm pump light in the cavity.

with n =~ 0.65 (according to 35 % overall losses) and the other efficiencies according to table
4.2. Due to the significance of the predicted deviation of the mode matching in the presence
of the pump light, this hypothesis can conveniently be tested in the experiment.

The mode matching from the OPO to the DMC was measured with and without the 400 nm
pump light present in the cavity; the measurement was performed at an input power of
16 mW, as used in the squeezing measurement. The OPO temperature was detuned from the
phase-matching temperature to avoid parametric amplification and phase-dependent output
powers. The DMC cavity was ramped. As for the squeezing measurements, the laser was
locked to the SHG cavity and double resonance of the OPO was achieved according to the
procedure described in section 4.5. Since in this configuration, power fluctuations of the
transmitted 800 nm light are possible due to slight drifts of the OPO’s resonance frequency,
the signal behind the DMC was normalized to the power that is transmitted through the
OPO and recorded on the photodiode in the diagnostic section. Due to the broad linewidth
at 400 nm, the pump light intensity was not susceptible to drifts of the OPO’s resonance
frequency. After a double resonance was found, the 400 nm light was blocked and the mode
matching was recorded with the control beam at 800 nm alone. After this, the pump light
was unblocked, the cavity was brought to double-resonance, and the spectrum on the ramped

DMC was recorded again.

The results are shown in figure 4.11. The plotted signals are corrected for some DMC-phase
dependent offset voltage that supposedly originates from electronic influence of the small
photodiode signal by the high voltage driving the DMC’s piezo actuator right next to it;
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to normalize this offset to zero, a rolling median of the neighboring 100 data points was
subtracted from the data. It must be noted that the same qualitative information can be
read off without the correction; however, for a reliable calculation of the mode matching and
a direct comparison of both traces, it turns out handy when the baseline does not deviate

too much from 0.

The intensity of the resonance peaks in figure 4.11 are normalized to the peak intensity
of the TEMgy mode. The mode-matching efficiencies are calculated according to eq. (4.1).
This procedure yields a mode-matching efficiency of 98.6 % without pump light and 98.7 %
in the presence of pump light; consequently no significant change in mode matching could
be detected. The biggest higher order mode (with 0.43 % of the TEMyy mode) remains
unchanged and only some of the even smaller higher order modes modes change in magnitude.
This effect is orders of magnitude too small to explain the reduced squeezing levels and rules
out the thermal lensing hypothesis.

4.7.3. Increased intracavity losses

Hence, only the escape efficiency 7esc = TLJFL remains as a candidate to explain the squeezing
losses. The mirror transmissivity 7" = 0.05 is fixed, but from the gray tracking observed in the
SHG crystal (see section 3.9.2), it seems reasonable that the 400 nm pump light may introduce
additional optical losses also at 800nm. Due to the high reflectivity of the coupling mirror,
already a small absorption coefficient « suffices to significantly decrease the escape efficiency,
as shown in table 4.3. The table neglects the transmission through the highly reflective mirror
and calculates the round trip losses from the absorption coefficient o as L = 1 — e~ with
the round trip length [ = 2 - 1.156 cm. Furthermore, the corresponding cavity linewidths
were fitted in the interferometer simulation software FINESSE [BF14]. Table 4.3 also lists
the corresponding escape efficiencies 7esc, the overall losses 1 — 7o (calculated according
to eq. (4.3) with all other efficiencies according to table 4.2), and in the last column the
theoretically maximal achievable squeezing level in a system subject to the calculated overall
losses. From the squeezing measurement in figure 4.8, overall losses of 1 — nyot ~ 32%
were inferred (see section 4.6); according to table 4.3, these overall losses correspond to
a =~ 0.7%/cm. The increased intracavity losses should then lead to a linewidth broadening
to 74.8 MHz. This is again a prediction that can well be tested experimentally.

4.7.4. Linewidth measurements

For the evaluations in section 3.7 and 3.8, a linear relationship between the voltage of the
piezo actuator and resulting laser frequency was assumed; the calibration factor was obtained
from averaging the piezo voltage differences between neighboring TEM(y resonances on the
ramp and relating this to the known FSR of 7.034 MHz. The actual nonlinear response of
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O800nm i1 C% Lin% ~in MHz 7ec = TLJFL 1 — 1ot in % Max. Sqz. in dB
0.05 0.12 57.9 0.977 12.6 8.71
0.10 0.23 59.2 0.956 14.5 8.14
0.15 0.35 60.5 0.935 16.4 7.65
0.20 0.46 61.8 0.916 18.1 7.23
0.25 0.58 63.1 0.897 19.8 6.86
0.30 0.69 64.4 0.879 21.4 6.54
0.35 0.81 65.7 0.861 23.0 6.24
0.40 0.92 67.0 0.845 24.5 5.98
0.45 1.04 68.3 0.829 25.9 5.74
0.50 1.15 69.6 0.813 27.3 5.93
0.55 1.26 70.9 0.798 28.6 5.33
0.60 1.38 72.2 0.784 29.9 5.15
0.65 1.49 73.5 0.770 31.1 4.98
0.70 1.61 74.8 0.757 32.3 4.82
0.75 1.72 76.1 0.744 33.4 4.67
0.80 1.83 77.3 0.732 34.5 4.53
0.85 1.95 78.6 0.720 35.6 4.41
0.90 2.06 79.9 0.708 36.6 4.28
0.95 2.17 81.2 0.697 37.6 4.17
1.00 2.29 82.5 0.686 38.6 4.06

Table 4.3.: Simulated intracavity losses L, cavity linewidth -y, escape efficiency 7es., overall
losses 1 — 10t and achievable squeezing level versus absorption coefficient agggnm. The coupling
mirror transmissivity is 7' = 5%. The total losses 1 —nyt are calculated from equation eq. (4.3)
with mvim = nqe = 0.97 and Ngrans = 0.98. The round trip losses L are calculated by L =
1 — e~ with the round trip length I = 2.3cm. The theoretically achievable squeezing levels
are calculated from the overall losses 1 — nior and eq. (2.67).

the piezo actuator yielded a systematic error of 5—8 % that was acceptable to qualitatively
describe the behavior of the system. However, for a quantitative linewidth measurement,
these errors are no longer acceptable and impede reliable results.

Figure 4.12 shows a ramp of the piezo actuator covering more than three FSRs and, thus,
four cavity resonances. The repetition rate was 25 Hz. Hysteresis effects are clearly visible:
independent of rising or falling ramp, the frequency offset per applied voltage is higher at the
beginning of the ramp and decreases towards the end of the ramp, as can be seen from the
unequal spacing of the cavity resonances. This effect also leads to the observation that the
same cavity resonance does not appear at the same piezo voltage on rising and falling ramp.
The magnitude of the hysteresis effect depends on the frequency range that is covered by the
ramp. Therefore, for a more precise evaluation of the linewidth, it was necessary to assign
individual calibration factors between piezo voltage and laser frequency to each resonance.
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Figure 4.12.: Exemplary trace for the OPO linewidth measurement. The measurement clearly
shows the nonlinearity between piezo voltage (orange) and laser frequency: at the beginning of
the ramp, the cavity resonances are separated further than at the end of the ramp. To account
for this nonlinearity, the two resonances in the center of the ramp were fitted against time and
converted to frequency by applying individual calibration factors for each resonance that were
obtained from the average of both adjacent FSRs.

To obtain the linewidth of the OPO from figure 4.12, each of the resonances was fitted
with a Lorentzian versus the acquisition time. For each two successive TEMgg resonances,
the distance in time domain was evaluated, and with the known FSR of 7.034 MHz, a local
calibration factor was assigned for each FSR. For the resonances in the center of the ramp,
an average calibration factor was calculated from both neighboring FSRs. Calibrating the
results from the fits in time domain with the individual calibration factors yielded very
good agreement between the linewidths on different positions on the ramp and between the
linewidths on rising and falling ramp. Four ramp cycles like the one presented in figure 4.12
were recorded, such that in total 16 resonances in the center of the ramp could be evaluated,
yielding an average linewidth v = (74.24 £0.59) MHz. The given error is the statistical error,
which outnumbers the errors of the fits, ranging on the order of few kHz. According to table
4.3, these linewidths correspond to agponm = 0.7 %/cm and (together with all other quantified
loss sources) to overall optical losses of &~ 32.3 %. This is in excellent agreement with the loss

estimation from the squeezing measurement in figure 4.8.

The measurement presented above was performed four weeks after the squeezing measurement
and one day after the thermal lensing test presented in section 4.7.2. To quantify the recovery
of the intracavity losses, the crystal was not illuminated after the linewidth measurement for
12.5 months; afterwards (and still in the absence of pump light), a similar measurement and
evaluation was performed on eight resonances of one ramp cycle, of which the four linewidths
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4. Squeezing in an absorptive nonlinear medium

in the center of the ramps were fitted and averaged to (68.77+0.37) MHz. According to table
4.3, this corresponds to a reduction of aggonm by 34 % to ~ 0.46 %/cm and consequently
a reduction of the overall losses down to 26.2 % within one year without illumination and

storage at room temperature.

4.7.5. Comparison with other experiments

The estimated intracavity losses from the squeezing measurements seem plausible when com-
paring with other gray-tracking studies: Boulanger et al. saturated the absorption losses in a
KTP crystal with 532 nm light of different polarization and recorded the reduced transmissiv-
ity over the whole visible spectrum. Their measurement shows that a saturation of the color
centers reduces the transmissivity of the 8 mm long crystal at 800 nm by 1-2 % compared to
the non-irradiated transmissivity [Bou+99]. These losses are on the order of the absorption
losses inferred from the limited squeezing levels in the measurement from figure 4.8 and the

corresponding linewidth measurements.

The loss levels are also in a plausible range when comparing with Han et al., who measured
the absorption for a single trip through a 15 mm long PPKTP crystal to increase from 0.4 %
to 1.0 % after illumination with 8 mW of 397.5nm cw-light for only 60 seconds [Han+16].
Supposedly, after this short time, the saturation was not yet reached. Due to a broader waist
size and no external cavity for the 400 nm pump light, the intensity in their experiment was
approximately equal to the pump light intensity in the squeezing measurement.

All in all, it can be concluded that the squeezing and linewidth measurements yield a coherent
picture: the detectable squeezing level is limited by increased intracavity losses at 800 nm
due to gray tracking by the 400nm pump beam. This limitation has also been reported by
other squeezing experiments operating at 795 nm [Hon+08; Han+16].
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5. Outlook

As discussed in the preceding chapter, the intracavity losses in the OPO could be identified as
the main limiting factor for the achievable squeezing level. This chapter discusses adjustments
in the experimental parameters and improvements in the squeezer design that could allow to
overcome the current limitations and increase overall operability.

5.1. Optimized cavity parameters

In the current design, only a small increase of the intracavity round trip losses L directly
leads to a significantly reduced escape efficiency 1esc = TLJFL (see table 4.3 and section 4.7.3).
With PPKTP as nonlinear crystal material, an increase of the intracavity losses due the
pump light is inevitable when the OPO is pumped with 400 nm light. In this case, 7esc can
be increased by increasing the transmissivity 1" of the coupling mirror. Figure 5.1 shows the
escape efficiency nesc and the corresponding reachable squeezing level for varying intracavity
losses. For the squeezing level estimations, the detection efficiencies from table 4.2 were
considered, except from the mode-matching efficiency 7y, which was increased to 99 %,
since it faces no technical limitations and, with some effort, can realistically be brought to
this level.

The results from figure 5.1 suggest that, in the presence of UV induced intracavity losses of
L ~ 1.5% (as determined by the squeezing measurement in figure 4.8), an increased coupling
mirror transmissivity of T = 20 % would increase the escape efficiency, such that 7.75dB of
squeezing could be detected after considering all other loss channels; more than 11.5dB of
squeezing would leave the OPO in this case. Even for higher intracavity losses of 3%, it
should be possible to measure up to 6.5dB of squeezing, compared to at maximum 3.5dB
for T = 5%, as in the current design. Other experiments aiming at squeezing around 795 nm
typically use coupling mirror reflectivities of 7—11.5 % [App+07; Hét+07; Tan+06a; Zuo+22;
Han+16], with the tendency that a higher transmissivity leads to a higher realized squeezing
level.

Although higher transmissivities of the coupling mirror would improve the achievable exter-
nal squeezing, even for T' = 20% and L = 1.5%, the escape efficiency would still be the
dominant loss source with 7esc = 93 %. It must be taken into account that a reduction of the
reflectivity also decreases the effective interaction length of the vacuum field with the pump
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Figure 5.1.: Escape efficiency 7es. (left) and estimated maximal squeezing level (right) versus the
intracavity losses L for varying coupling mirror transmissivity 7. The blue line with T'= 5%
corresponds to the current experimental design.

light, which means that higher pump powers would be required to operate the OPO at its
threshold. However, the squeezing measurements in figures 4.8 and 4.9 illustrate that at the
current loss levels of the system, an increase of the pump power toward the OPO thresh-
old mainly increases the antisqueezing level and does not significantly increase the squeezing
level; therefore, it is perhaps not even necessary to operate at the OPO threshold to measure
improved squeezing levels.

If one wants to operate at the OPO threshold anyway, increasing T' from 5 % to 10 % requires
to double the pump power (from 16 mW to 32mW). These powers are still within reach for
a fresh SHG crystal, as can be seen from figure 3.10. A further reduction to 7" = 20 % would
require to increase the input power to more than 64 mW, which exceeds the maximum power
that was measured in the transmission port of the SHG cavity in this setup. To yield higher
pump power in one beam, it would in principle be possible to overlap the 400 nm light from
both output ports with the help of a polarizing beam splitter and a \/2-waveplate; however,
having only one output port of the SHG cavity and coating the other end mirror highly
reflective for 400 nm seems more practically from an experimental point of view, at the cost
that the counter-propagating 400 nm beams have to be properly matched to each other and
that the light travels on average longer distances inside the absorptive nonlinear medium.
Such a device was studied by Yang et al. and compared to a bow-tie ring cavity design with
only one propagation direction, where all generated second harmonic light exits the cavity
through the same port [Yan+15]. In the direct comparison, the bow-tie design allowed for
higher output powers and conversion efficiencies compared to a linear cavity. In a similar
bow-tie design, Wang et al. generated up to 140 mW of 400 nm light from 250 mW of 800 nm
pump light [Wan+17]; the required pump powers can be easily supplied by the Toptica TA
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pro laser used in the current experiment. Thus, with the appropriate SHG cavity design, it
should, in principle, be possible to operate the OPO close to its threshold to achieve maximal
possible squeezing also at significantly reduced coupling mirror reflectivity.

5.2. Alternative crystal materials

The other factor impacting on the escape efficiency are the intracavity losses. Since gray
tracking recovers significantly faster when the crystal is heated above 80 °C, where thermal
phonons are able to break the activated color centers [WPL04], it seems worth considering
whether an operation of the OPO above this temperature would prevent an increase in
absorption in the first place. However, measurements by Tjérnhammar et al. on PPKTP
and some of its isomorphs (Rb:KTiOPO4, RbTiOPO4, KTiOAsO4 and RbTiOAsO4) show
that, while the crystal temperature significantly accelerates the recovery after illumination,
it does not reduce the absorption during illumination [Tj6+15]. Furthermore, while the
other isomorphs may recover much faster than KTP and have lower residual absorption, the
absorption coefficients during illumination with 398 nm seem to range on a similar level for all
tested samples. However, the study shows that, under repeated exposure, KTP accumulates
absorption much more than the other studied materials [Tj6+415]. It therefore seems worth
considering whether one of these isomorphs can prevent the forming of accumulated, long-
lasting grey tracking, while at the same time maintaining the high optical nonlinearity of

KTP.

Hirohashi et al. measured BLIIRA in various ferroelectrics designed for improved photore-
fractive resistance, especially in the blue-green wavelength region, including MgO-doped con-
gruent and stoichiometric LiNbO3 (MgO:CLN and MgO:SLN) [Hir+07]. According to their
results, MgO:SLN has lower initial absorption in the infrared wavelength region compared to
PPKTP and is less susceptible to BLIIRA compared to the other tested samples. Further-
more, at least for picosecond pulses with peak intensities of 28 GW /cm?, the BLIIRA losses
seem to saturate at around 0.04 %/cm, which is much lower than in KTP. MgO:SLN can be
quasi-phasematched and exhibits a very strong nonlinearity of |d33(852nm)| = 28.4pm/V
[Nik05], which would reduce the OPO threshold and consequently also the required pump
power compared to KTP. A transparency window down to 300 nm [Nik05] makes MgO:SLN
an interesting candidate to reduce the pump light induced losses at 800 nm. In contrast to
KTP, LiNbOg is susceptible to photorefractive damage already at low input powers. With
the MgO-doping, the damage threshold has been increased by four orders of magnitude com-
pared to the undoped material [Nik05]; for cw illumination at 532nm, it is on the order
of 2MW /cm? [Nik05]. Although this exceeds the estimated intensity in the OPO by three
orders of magnitude, the damage threshold strongly depends on the wavelength, and fur-
ther quantitative research would be necessary to verify the applicability of MgO:SLN as a
nonlinear crystal material for the OPO.
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5.3. Decoupling degrees of freedom

As discussed in section 3.2.6, the monolithic design is a system with highly coupled degrees of
freedom (e.g., cavity resonance frequency and phase-matching temperature), which can only
be actuated on slow, thermal timescales. Furthermore, unavoidable feedback effects, such as
the heating and thermal expansion of the cavity when it becomes resonant with the 400 nm
light, make it impossible to operate the experiment under well-defined conditions, and top of
fringe locking is not possible. This prevents a stable and reproducible operation of the SHG
cavity and the OPO.

For stable operation, a decoupling of these degrees of freedom and the ability to adjust the
cavity length instantaneously would be beneficial. This can be realized by two means: First,
by avoiding double resonance of the OPO and making it single pass for the 400 nm pump light,
its resonance condition for 800 nm can be tuned without changing the pump power of the
OPO; subsequently, uncontrolled feedback effects are avoided. Second, semi-monolithic, bow-
tie or any other non-monolithic cavity design with at least one piezo-actuated mirror allow
fast adjustments of the cavity length and resonance frequency; this decouples the resonance
frequency from the phase-matching temperature. The ability to lock the squeezed light source
to a specific external frequency (e.g., an atomic resonance or the resonance frequencies of other
optical cavities) would, furthermore, greatly enhance its applicability in other experiments.

Most other experiments aiming at squeezed states of light around 800nm do already use
single resonant bow-tie cavities [Tan406b; Hét+07; App+07; Han+16] both for SHG and
OPO; these consist of four mirrors and an anti-reflex coated nonlinear crystal in the focus of
the cavity mode. In this setup, a good mode overlap between pump and OPO is achieved
by first operating the cavity as a double-resonant cavity to match all incoming beams to the
fundamental and harmonic cavity modes separately. Afterwards, the coupling mirrors are re-
placed with mirrors that are anti-reflex coated for the harmonic 400 nm light. This alignment
procedure allows to overlap the pump beam with the OPO mode, while maintaining the full
flexibility to tune phase-matching temperature and cavity resonance frequency independently
and reducing thermal feedback effects. Since there are two propagation directions in a bow-
tie ring cavity, a counter-propagating coherent control beam at the squeezing wavelength can
be used to lock the OPO without interfering with the generated squeezed vacuum states.

Lastly, a cavity design where the mirror surfaces are not coated directly onto the crystal
allows significantly longer operation times for each nonlinear crystal: while in the monolithic
design, the geometry of the crystal and its radii of curvature define exactly one cavity mode
on which the crystal can be operated, non-monolithic designs allow to change to a different
crystal region once the initial beam path starts to degrade. With the correct alignment and
plane anti-reflex coated end facets, such a shift could even be performed without changing
the cavity mode; this would allow extended continuous operation compared to any monolithic

design.
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5.4. Conclusion

All in all, in this thesis, a squeezed light source in the configuration with both a monolithic
SHG cavity and a monolithic OPO has been thoroughly characterized. On a fresh crystal,
conversion efficiencies of up to 58 % were reached in the SHG process. It was found that,
in the presence of significant absorption and heating of the crystal, the monolithic design
faces unavoidable feedback effects on the resonance frequency, that challenge the operabil-
ity. Nevertheless, for the SHG cavity, methods could be developed that allowed to probe
quantities that can be straightforwardly measured in a non-monolithic system but require
more sophisticated approaches for monolithic cavities. In this way, the gain profile and its
shift with temperature in frequency space was characterized. The monolithic design defines
exactly one well-defined cavity mode along which degradation of the crystal and recovery
through annealing could be studied.

With over 16 mW in transmission of the SHG cavity, sufficient 400 nm light could be generated
to reach the threshold of the monolithic OPO. Up to 4dB of squeezing could be detected in
this setup, which is, to date, the highest reported squeezing value from a monolithic OPO at
800 nm. With use of PPKTP as nonlinear medium, unavoidable gray-tracking losses reduced
the escape efficiency of the OPO and set a fundamental limit to the achievable squeezing level.
The suggestions proposed earlier in this chapter provide ideas of different scope for improving
the performance and operability of the system — from a change of the single limiting parameter
in the monolithic cavity, to using alternative crystal materials that may be less susceptible
to grey tracking, to adopting alternative designs. Especially the decoupling between crystal
temperature and resonance frequency makes the bow-tie design a promising candidate for
a squeezed light source around 800 nm, that aims at increasing the measurement sensitivity
in quantum optics experiments and to study the fundamental interactions between squeezed
states of light and matter.
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A. Homodyne detection

In balanced homodyne detection, weak signals are amplified with the help of a local oscillator,
whose classical and quantum noises cancel in the detection process. The first part of this
appendix will derive this property for arbitrary splitting ratio at the beam splitter. The sec-
ond part discusses the handling of unequal detection efficiencies in both arms of the detector.
This study was performed to ensure that counteracting detection inefficiencies by adjustment
of the beam splitter’s splitting ratio maintains the signal of interest in the detector’s output
signal.

Lossless balanced homodyne detection

A homodyne detector has two input ports, one for the signal S(¢) and one for the local oscilla-
tor L(t). Both quantities are subject to noises in the amplitude and phase quadratures, which
are denoted by the small letters. The capital letters denote classical light fields. Without loss
of generality, the signal field can be taken as reference to have only a classical contribution
S in the amplitude quadrature. The classical quadratures of the local oscillator then depend
on the relative phase ¢ between local oscillator and signal path. With this convention, the
amplitudes (including their noises) in the signal and local oscillator path read [Kor20]

S(t) = (S + s°(t)) cos(wot) + s°(t) sin(wot) (A.1)
L(t) = (Lo cos ¢ + 1°(t)) cos(wot) + (Lo sin ¢ + 1°(t)) sin(wot) (A.2)

These signals are overlapped on a beam splitter. Assuming a lossless beam splitter with
power transmissivity 7', the output amplitudes are calculated from the beam splitter matrix

outy\ [t 7\ [L(t)
()= (D) (50) =

with ¢ = v/T and r = v/1 —T. The power in both output ports is obtained by absolute
squaring and time-averaging the beam splitter’s output amplitudes out; 2. Assuming 100 %
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detection efficiency, both photo currents are proportional to the incident power with the same
responsivity ¢g (in A/W). The resulting photo currents read

i1 =g [rS(t) + LL{1)]2 (A.4)
and iy =g [£S() — rL{)]%. (A.5)

The responsivity g would appear in every line of the calculation to match the units, but
without adding additional physical insight. For clarity and without loss of generality, the
following calculation will therefore set g = 1. Since r, ¢, S(t) and L(t) are real quantities, the
absolute square can be replaced by an ordinary square and the time average can be taken
separately from each of the summands:

i1 = |rS(t) + tL(t)|2 = r2S2(t) + t*L2(t) + 2rtS(t)L(t) (A.6)
and iy = [tS(t) — rL(t)|2 = t2S52(t) + r2L2(t) — 2rtS(t)L(t). (A7)

For further evaluation, it turns out handy to calculate |S?(¢)|?, |L2(t)|? and S(¢)L(t) sepa-
rately from eq. (A.1) and eq. (A.2). Thus,

S2(t) = ((S + s2(t)) cos(wot) + () sin(wot))
= (S + s¢(t))2 cos?(wot) + s52(t) sin?(wot) + (S + s¢(¢))s*(t) cos(wot) sin(wot)
2

= (S + 5°(t))% cos?(wot) +5°2(t) sin2(wot) +(S + 5°(t))s* (t) cos(wot) sin(wpt)
— ~— 5 (AS)

)
)

[N

[N

= (5 + 50 +520)

1
§§+S§@,

%

where it was assumed that the noise terms s¢(t), (°(t), s°(t) and [°(t) change slowly with re-

spect to the laser frequency wy and the time average was taken only over the terms containing

(,U()t:
1/27r cos?(wot)dwot = 1/27T sin?(wot)dwot = 1 (A.9)
27 Jo OV o Jo OVEE T g '
1/%003( 1) sin(wot ) duwot — 1/%15'11(2 Bdesot = 0 (A.10)
5/ wot) sin(wp w0—27r021w0 wot = .

Additionally, in the last step of eq. (A.8), the terms containing the product of two noise terms
were neglected, since they are small compared to any classically amplified noise term.
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A. Homodyne detection

Similarly,

IL(t)[2 = ((Locos ¢ + 1°(t)) cos(wot) + (Lo sin ¢ + 15(t)) sin(wot))
= (Lo cos ¢ + 1¢(t))2 cos?(wot) + (Lo sin ¢ + 15(t))? sin?(wot)
+2(Lo cos ¢ + 1¢(t)) (Lo sin ¢ + 15(t)) cos(wot) sin(wot)
= (Lo cos ¢ + 1°())*cos®(wot) + (Lo sin ¢ + 1°(1))*sin? (wot )
+2(Locos g+ 1°(t)) (Lo sin ¢ + 1°(t))cos(wpt) sin(wot) (A.11)

= %((Lo cos ¢ + 1°(t))? + (Lo sin ¢ + ls(t))2>

= %((LO +2Lo(I°(t) cos ¢ + 1°(t) sin ¢) + 162(15)2 n lsz(t))

~ %L% + Lo(I°(f) cos & + 1°(t) sin )

and the cross term
S(t)L(t) = (S + s¢(t)) cos(wot) + s°(t) sin(wot) ((Lo cos ¢ + 1¢(t)) cos(wot )+
(Losin ¢ + 15(t)) sin(wot)
= (S + s°(t)) (Lo cos ¢ + 1°(t))cos2 (wot) + s°(t) (Lo sin ¢ + 1°(t))sin2 (wot)
+ (S + 5°(0) (Lo sin &+ 1°(8)) + 5°(£) (Lo c0s ¢ + I°(¢))cos(wof) sin (o)

= %(SLO COS (b + Slc(t) + Sc(t)L(] COS¢ + Sc<t)lc(t) + Ss(t)LO Singb + Ss(t)ls(t))

~
~

(S(Lo cos ¢+ 1°(t)) + Lo(s°(t) cos ¢ + s°(¢) sin d)))

N | =

(A.12)

can be calculated.

The actual output signal of the homodyne detector is the difference between both photo
currents ¢; and i2 from eq. (A.6) and eq. (A.7). With eq. (A.8), eq. (A.11) and eq. (A.12),

the homodyne signal becomes

it — in = r2S5%(0) + 2T2(0) + 2rtS (O L) — (tQSQ(t) +r2L2(1) — 2rtS(t)L(t)>

— (2 — 2) (LT(t) - ST(t)) + 4rtSOL()

— (2 —r?) (%Lg + Lo(I(t) cos ¢ + 1(t) sin ¢) — (%52 + ssC(t)))

(A.13)
+ 47«% (S(Locosd +1°(1)) + Lo(s"(1) cos & + °(1) sin )
)

= (t2 —r? (Ié% - _252 + Lo (I°(t) cos ¢ + I°(t) sin ¢p) — Ssc(t)>

+ 2rt (Lo (s°(t) cos ¢ + s°(t) sin @) + SLocos ¢ + Slc(t))

112



In the absence of a classical signal (i.e., S = 0), this term reduces to

i1 — iy = (t2 - 7“2) ( Ié% +Lo (1°(t) cos ¢ + 1°(t) sin @) ) + 2rtLg (s°(t) cos ¢ 4 s°(t) sin ¢)
<~

amplified laser noise amplified signal noises

(A.14)

offset

For t = r = 4/1/2, the first term vanishes, and one ends up with the well known formula for
balanced homodyne detection:

i1 — 12 = Lo (sc(t) cos ¢ + s°(t) sin <Z>> (A.15)

In this case, both noise terms of the signal s¢(¢) and s°(¢) can be amplified by the amplitude of
the local oscillator Ly by choosing the appropriate phase ¢ between signal and local oscillator.
Classical and quantum noises from the local oscillator port are canceled and do not disturb
the signal.

If t # r, the first term of eq. (A.14) introduces a phase-independent offset to the homodyne
signal. Furthermore, in this case, also the classical laser noise [°(¢) is amplified by the local
oscillator amplitude and added to the homodyne signal, which would disturb the measurement
of s*(t) and s(t). However, by adjustment of the beam splitter’s splitting ratio (usually by
fine-tuning the angle of incidence), the DC-offset can be reduced to zero; it is then assured
that the resulting signal is free of any classical laser noise.

Homodyne detection at non-equal detection efficiency

When one assumes that the used photo diodes have different detection efficiencies n; and 7
(for example, through different quantum efficiencies, absorption losses, ...), a 50:50 splitting
would lead to an offset of the signal (since equal powers in both beams would be converted
to different currents). If the splitting ratio is adjusted to t # r to make the DC offset
vanish, then the signal will also be unevenly split, sending more power of the signal beam
to the photodiode with the higher detection efficiency. It seems worth studying whether the
detector’s output signal is, in this case, still proportional to the quadratures of the signal path
or whether such an asymmetry in the detection inefficiency would prevent the experimenter

from measuring the desired quantity.

The detection efficiencies 112 act as a proportionality factor between the currents 7; o that
would be detected at 100% quantum efficiency and the current i] o that is actually detected
in the presence of detection inefficiencies. In this case, the homodyne signal is given by

i1 — iy = mi1 — n2ia. (A.16)
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So, analogue to eq. (A.13), one can calculate

i1 — 3 = i1 — n2ia
= (r2S2(t) + t*L2(t) + 2rtS(OL(1) ) — o (2S2(1) + r*L2(t) — 2rtS(HL(1))
= (mr® — mt?)S2(t) + (mt* — nar®)L2(t) + (1 + n2)2rtS(t)L(t)

= (mr? — mat?) (;S2 + Ssc(t)> + (mt* — naor?) (;Lg + Lo(I°(t) cos ¢ + 1°(t) sin qb))

+ (1 +m2)2rt (S(Lo cos ¢ + 1°(t)) + Lo(s°(t) cos ¢ + s°(t) sin (;5))
EWmﬁ—mﬁK;ﬁ+%0ﬁkw¢+ﬂﬂmm0
+ (1 -+ m)2rt (Lo(s°(t) cos ¢ + s°(t) sin ) )
(A.17)

where in the last line the fact was used that only noise terms enter the homodyne in the
signal port, and S = 0. The last line in eq. (A.17) looks similar to eq. (A.14): there is a term
that amplifies the signal noises s¢(¢) and s*(t) with the classical local oscillator amplitude Ly,
depending on the relative phase ¢ between signal and local oscillator beam; this is the quantity
of interest. The other bracket contains both an offset term and the amplified noises [¢(¢) and
I5(t) of the local oscillator. However, the whole bracket vanishes when n;t? — 9272 = 0; this
condition can be verified in the experiment by making the offset vanish. Thus, it is possible to
compensate detection inefficiencies by adjustments of the splitting ratio without introducing
classical laser noise from the local oscillator or inadvertently measuring a different quantity
than s¢(t) or s°(t).
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