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Abstract

In conventional balanced-detection measurements, sensitivity can generally be improved
by increasing the optical power. However, in many systems this approach reaches an
upper bound beyond which increasing the probe power can damage the sample or degrade
the measurement. In THz time-domain spectroscopy, this bound is set by nonlinear noise
and measurement back-action. When this ceiling is reached by classical techniques, a
potential avenue to improve the signal-to-noise ratio is by using quantum metrological
resources. This work reports the development of a bright, ultrafast twin-beam source,
exhibiting more than 6 dB of noise suppression up to microwatt optical power levels,
together with an ultra-low-noise balanced photoreceiver with sub-shot-noise
performance. Integrating these technologies into a THz-TDS system developed in
collaboration with colleagues we demonstrate, for the first time to our knowledge, a
measurable enhancement in sensitivity by harnessing quantum correlations when
compared with a classical source under identical conditions. Although the implemented
THz-TDS setup deviates from conventional polarimetric schemes, which typically
achieve higher sensitivity, these results show that quantum methods can provide a
sensitivity enhancement in field-resolved THz spectroscopy. Beyond this demonstration,
the developed twin-beam source has clear potential for wider use as its brightness,
stability and correlation strength make it an attractive candidate for ultrafast, differential

transient absorption measurements.
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Chapter 1. Introduction

1 Introduction

Optical spectroscopy serves as a robust analytical technique, crucial for fundamental
research and various applications. It allows the identification of chemical compounds [1],
the assessment of environmental quality [2], and the exploration of molecular interactions

within intricate biological systems [3].

To understand how this technique came to be, we must trace its origins back to the 17th
century, when Isaac Newton conducted his systematic study of light, producing his first
published paper [4]. Here, he demonstrated that white light is comprised of various
colours, challenging the common belief that prisms added colour to light rather than
separating it. This essential research established the basis for what would eventually be

recognised as spectroscopy.

A significant advancement followed in 1802, when William Hyde Wollaston noted several
dark lines in the solar spectrum [5], marking the first recorded spectral features. While
Wollaston incorrectly interpreted these as natural separations between colours, his
findings were the first signs of what we now recognise as absorption lines. In 1814, Joseph
von Fraunhofer expanded upon Wollaston’s observations by refining his interpretation
and employing better optics, notably his diffraction grating, to systematically map
hundreds of dark lines across the solar spectrum [6]. These lines, now known as

Fraunhofer lines, represent the first recorded absorption spectrum.

Decades later, Gustav Kirchhoff and Robert Bunsen made a crucial breakthrough by
demonstrating that specific chemical elements absorb light at characteristic wavelengths,
thus establishing a direct link between spectral patterns and atomic structure. This insight
marked the birth of spectrochemical analysis, transforming spectroscopy into a powerful

tool for chemical identification and astrophysical research.

Although William Herschel discovered infrared radiation in 1800, progress in the field
was initially slow due to the lack of suitable detection instruments. This began to change

by the mid-19th century with the development of tools like the Nobili-Melloni
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thermopile, which enabled more sensitive heat detection. In 1859, John Tyndall used the
thermopile to systematically explore the properties of infrared radiation and gas
absorption, laying important groundwork for infrared studies. The conventional extension
of spectroscopy into the infrared is generally marked by the work of Abney and Festing
in 1881, who built on Tyndall’s findings and recorded the first infrared absorption spectra
of organic liquids [7]. These steps established infrared spectroscopy as a distinct branch
of analytical science. In the coming years, researchers discovered that molecular
vibrations could be interrogated by infrared radiation. Therefore, chemical bonds and
structures could be identified directly across all states of matter, a transformative leap in

analytical science.

Around the same time, Heinrich Hertz’s discovery of radio waves [8], despite occurring
at much longer wavelengths, sparked a broader scientific interest in probing the
electromagnetic spectrum beyond the visible and near-infrared. This curiosity was taken
further by Heinrich Rubens, who, alongside E.F. Nichols, was among the first to recognise
the existence of a spectral region between optical and electronic sources, a region now
referred to as the terahertz (THz) gap [9].The THz region bridges the microwave and
infrared regions of the electromagnetic spectrum spanning roughly between 0.1 to 10
THz. Various complex biomolecules exhibit low-frequency vibrational and rotational
modes within this range, directly related to molecular function and dynamics. Combined
with the non-ionising nature of THz radiation, these properties make THz spectroscopy a
powerful non-destructive analytical tool with broad potential applications spanning
genetics, biomedical research, and drug discovery and development. Moreover, the strong
penetrative ability of this region makes it extremely useful for military and security
applications [10], [11]. Other potential applications include free-space communications

[12] and semiconductor research [13].

By 1921, Rubens had successfully extended classical infrared spectroscopy into the far
infrared, reaching wavelengths of up to 400 pm. Although the term “terahertz” had not
yet been coined, Rubens’ meticulous, point-by-point measurements represent the first
systematic spectroscopic exploration of this long-wavelength region, paving the way for

bridging the gap between optics and electronics [14].
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Despite advancements, progress was slow throughout much of the 20th century due to the
lack of suitable coherent sources and sensitive detectors. Consequently, THz optics has
emerged as a unique research area where scientists work to implement and modify
techniques to create innovative methods and materials that can harness the features and

applications of the THz spectrum.

The three most common optical methods of generating coherent, broadband THz radiation
are via optical rectification, photoconductive antennas, and two-colour air plasma
generation. All three rely on nonlinear optical processes that require a high-intensity,
coherent light source, typically delivered by pulsed lasers. Therefore, it is not surprising
that the emergence of femtosecond mode-locked lasers in the 1980s and 1990s facilitated
the advancement of terahertz time-domain spectroscopy (THz-TDS). Originally
demonstrated in 1988 by Smith ez al. [15] and later refined by Grischkowsky et al. [16],
this technique captures THz radiation in the time domain, distinguishing it from traditional
spectroscopy methods that operate in the frequency domain. This provides an additional
incentive to utilise THz-TDS as it provides both amplitude and phase information of the

probed sample.

Building upon the foundations set by THz-TDS and with the emergence of few-cycle laser
pulses and phase-stable detection schemes, the technique naturally evolved toward shorter
wavelengths. This gave rise to field-resolved spectroscopy (FRS), where the time-domain
principles of THz-TDS are applied to the infrared and visible ranges. As in THz-TDS,
FRS records the full electric field waveform, providing direct access to a material’s

complex optical response [17].

A key breakthrough was reported by Pupeza et al. [18], where broadband field-resolved
infrared spectroscopy was demonstrated, spanning three octaves. As highlighted by
Ferenc Krausz in his 2023 Nobel Lecture [19], field-resolved methods mark a major shift
in photonics, where the focus has been shifted from energy spectra measurements to the
direct observation of electromagnetic field evolution in time. In summary, field-resolved
spectroscopy stands as the most advanced approach for light-matter interaction studies,
laying the foundation for the future developments in quantum-enhanced and attosecond

spectroscopy.
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1.1 Aims & Objectives

Electro-optical sampling (EOS) is a method commonly employed in THz-TDS, which
involves spatiotemporally overlapping the THz field with a shorter optical pulse in a
second-order nonlinear (electro-optical) crystal. The probe undergoes a phase shift

induced by the unknown (THz) electric field, which is measured by polarimetry.

Although research is ongoing to define EOS's maximum sensitivity [20], the noise of the
probe pulse limits its sensitivity. Shot noise, originating from the quantisation of the
electromagnetic field, defines the fundamental noise limit of coherent pulses [21]. The
signal-to-noise ratio (SNR) in shot-noise-limited measurements scales with the square of
the photon number N, i.e., SNR o« v/N. Therefore, by increasing the energy (number of
photons per pulse) of the probe pulses, a higher SNR can be achieved. However, it has
recently been shown that an upper bound is set by nonlinear noise and back action [22].
Thus, a promising route to overcome the current constraints of EOS is by employing the

tools delivered by quantum metrology for sub-shot-noise measurements [23].

The main goal of my PhD work has been to generate ultrafast (sub-picosecond) quantum-
correlated fields, via parametric down-conversion in a second-order crystal and
experimentally demonstrate an advantage in sensitivity when employing the quantum

fields, compared to classical light.

Detecting and measuring such fields requires low-noise, high-quantum-efficiency
optoelectronics. As these are application-specific devices, they are difficult to source
commercially. Consequently, the design, development and characterisation of the
balanced detector used to measure sub-shot noise properties of quantum fields has been a

central deliverable of my research activity.
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1.2 Thesis Structure

The thesis is structured is as follows:

Chapter 2 outlines the fundamental principles of nonlinear optics, with particular focus

on second-order processes that underpin the generation of quantum-correlated light.

Chapter 3 discusses the merits of balanced detection, then establishes the theoretical
foundation for low-noise transimpedance amplification. Subsequently, it reports the
results on the design, development and characterisation of a custom ultra-low-noise
balanced detector is presented, necessary to detect and measure quantum correlations

leading to sub-shot noise sensitivities.

Chapter 4 begins by demonstrating shot-noise limited detection, using the developed
detector, at nanowatt optical power levels. The development of two, two-mode squeezed
light sources are described, aiming to demonstrate quantum-noise suppression below the

shot-noise limit.

Chapter 5 introduces the theoretical background of the techniques employed to generate
and detect THz pulses. It then describes the results of the initial THz-TDS system
development, outlining its limitations and the optimisation steps undertaken to improve
its performance. The integration of the twin-beams into the setup is described. Finally, the
chapter concludes by presenting the experimental results for the THz-TDS system that

employs a quantum source as the probe.

Chapter 6 concludes the findings of my PhD work, reflecting on the achievements and the
limitations of the experimental approach, and outlining potential avenues for overcoming

these limitations.
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2 Nonlinear Optics

The interaction of light and matter is at the core of various areas of optics and photonics,
including refraction, absorption, nonlinear and quantum effects. A key aspect of this
interaction is how the applied electric field induces electric dipole moments, causing the
positive and negative charges within atoms or molecules to shift slightly in opposite
directions. The polarisation density P is given by the vector sum of all these moments.
Traditionally, it was assumed that the polarisation density scales linearly with the applied

electric field E so that the relationship between them is given by [24]
P(t) = eoxE(D), 2.1

where €, represents the permittivity of free space, and y is the electric susceptibility of the
medium (we are here simplifying to homogeneous materials with an instantaneous
response). From a time-varying polarisation vector, a scattered field emerges because of
the light-matter interaction. Under the linearity assumption, optical properties such as the
refractive index and absorption coefficient, are not affected by the intensity of the field
that is propagating. Moreover, the principle of superposition applies, meaning that
overlapping light waves do not interact with one another directly; instead, their individual

electric fields combine linearly, producing interference effects.

The game changed in 1960 when Theodore Maiman demonstrated the first laser [25]. The
coherent properties of the laser enabled scientists to investigate light-matter interactions

at unprecedented intensities.

Experiments under these conditions swiftly discarded the assumption of linear optical
media. Nonlinear optics emerged in 1961, when Franken et al. [26] first demonstrated
second-harmonic generation, where it was proven experimentally that intense
electromagnetic fields can induce nonlinear polarisation in matter. Between 1962 and
1965 numerous nonlinear phenomena were observed such as sum and difference-
frequency generation [27], optical rectification [28], parametric amplification [29], [30],

stimulated Raman and Brillouin scattering [31], third-harmonic generation [32] and the
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P4 P4

(a) (b)

Figure 2.1 — Polarisation density P as a function of applied electric field E for (a) a linear
medium, where P = goy(VE, and (b) a nonlinear medium, where higher-order susceptibility
terms contribute at large field amplitudes. In (b), the dashed line shows the linear response
for comparison, highlighting the increasing deviation of the true response (solid curve)
from linearity. [19].

optical Kerr effect [33]. Driven by the advent of high-power laser sources, these
discoveries demonstrated that the optical properties of media can be altered by the very
light propagating through it, implying that light can interact with itself. Therefore, the

linear principle of superposition, a foundation of light-matter interaction in the linear

regime, was no longer valid.

It is essential to note that linearity or nonlinearity is a property of the medium, not of the
field. The presence of an optical field can alter the medium's properties, potentially
influencing another optical field or even the original field itself. Thus, it is the medium

that is the vehicle driving these light-light interactions.

In contrast to what is described by Eq. 2.1. In nonlinear media, the relationship between
P and E is nonlinear. Examples of the polarisation dependence to the applied electric field

for linear and nonlinear media are illustrated in Figure 2.1 [34].

Assuming that the electric field is weaker than the interatomic fields, the dipoles do not
break, tunnelling effects can be ignored, and the polarisation density of the system can be
modelled using a Taylor series expansion in powers of the electric field, beginning with

the linear susceptibility term (V)

P(t) = eo[xVE(®) + xPE2(t) + x®E3 () + - ]. 2.2
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Here, a lossless medium with isotropic permittivity has been assumed, the vector notation

has been omitted, and an instantaneous response to excitation has been considered.

In typical centrosymmetric materials, the second order term is non-existent because
symmetry requires that y® = 0. On the other hand, crystals with non-centrosymmetric
structures can exhibit second-order nonlinear effects, represented by the second term in
the perturbative series. To understand how various nonlinear effects arise, we will

examine the propagation of light in nonlinear media.

For simplicity, we will assume that all fields propagate along the same axis, omitting the
vector notation and using the scalar approximation. The wave equation, derived from

Maxwell’s equations, for an arbitrary homogeneous dielectric medium, is

. 0’E _ 0%P 23
cZotz Mgz '

where |, is the magnetic permeability and c, the light speed.

Since the polarisation density is comprised of linear and non-linear terms, it can be

expressed as

P = 60XE + PNL: 24
where

considering that n? = 1 + y,co = 1/./ 1€ and ¢ = ¢y /n, Eq. 2.3 can be expressed as

1 0%E
2 _
E T =S, 2.6
where
S = _‘UO atz . 2.7
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A nonlinear polarisation Pypis induced by an optical field E. Because of the nonlinear
dependency of both Py (and thus S) on E, Eq. 2.6 is, therefore, a nonlinear partial
differential equation in E. It is commonly referred to as the nonlinear wave equation,
which forms the basis of nonlinear optics theory. The source term S (Eq. 2.7) is a product
of the time-varying nonlinear polarisation and serves as the physical mechanism which

drives the nonlinear equation.

Engineering advanced optical technologies depends on solving the nonlinear wave
equation. Solving it analytically is not always feasible or effective, so two approximated
approaches are usually implemented. The first is the Born approximation, an iterative
approach, and the second is the coupled-wave theory. Here, we consider the Born

approximation as it allows for a more simplified introduction to nonlinear optics.

The source term S is a function of the optical field £ which generates it. This self-
reinforcing relationship can be appreciated by considering an initial optical field Eo
incident on a nonlinear medium. As aforementioned, this creates a source term S(Eo),
which radiates a resulting field £. In turn, this field creates another source term S(£1) that
will generate a field at £> and so forth. The nature of the process invites an iterative

solution, where the initial step is known as the first Born approximation.

The first Born approximation can be considered when the light intensity, and hence the
nonlinearity, is weak. Here, the light propagating through a nonlinear medium is modelled
as a scattering process. Firstly, the nonlinear polarisation density is determined by the
initial field Eo using Eq.2.5. Pny is then used to compute S(Eo), using Eq.2.7, which is
subsequently utilised to evaluate £1. Due to the nonlinear dependence of S(Eo) on the
input field, new frequency components are generated in the emitted field £ that did not
exist in the original field. In this case, light is modifying its own spectral content. This
effect, among other interesting phenomena, is routinely employed to engineer light for a
host of applications [24]. In the following sections of this chapter, we will cover second-

order nonlinear processes relevant to the experimental work undertaken for the project.



Chapter 2. Nonlinear Optics

2.1 Second-Harmonic Generation

Second-harmonic generation (SHG) was the first experimentally observed nonlinear
effect, just a year after the laser was invented. Given its historical importance and role, it

provides a natural entry point into second-order optical effects.

Since we are assuming that nonlinearities of higher than the second order are negligible

and d = eox®, Pxi becomes
PNL = 2dE2 2.8

Suppose a nonlinear medium is driven by a harmonic electric field with angular frequency

o and complex amplitude E(w)
E(t) = Re{E(w)e/t}. 2.9

To acquire the nonlinear polarisation density induced by this field, we substitute Eq. 2.9

into Eq. 2.8 so that

Py = PyL(0) + Re{Py.(2w)e/2@t}, 2.10
where
Py (0) = dE(w)E* (w), 2.11
and
Py (Rw) = dE (w)E (w). 2.12

This process is illustrated in Figure 2.2, highlighting both contributions to the nonlinear
polarisation density. The Pnr (0) component is a constant, time-invariant polarisation
density, which creates a potential difference across the material [35]. This nonlinear
effect, known as optical rectification, is crucial to the generation of THz radiation where

femtosecond pulses are transformed to broadband THz pulses. A detailed discussion will

10
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PNL)

dc second-harmonic

E(t)

A

aiviv

Figure 2.2 - Decomposition of Pn. generated when a harmonic electric field propagates
through a second-order nonlinear medium. The quadratic dependence of Pnr on the
electric field produces a DC component (optical rectification) and a field oscillating at
twice the frequency of the incident field, reconstructed from [24].

be presented in Chapter 5. For now, we will concentrate on the oscillating polarisation

density component.

By applying the Born approximation and considering Eq. 2.12 and Eq. 2.7 it can be
deduced that S(Eo) consists of frequencies at 2w. Therefore, the emitted field E; oscillates
at twice the input field frequency, a phenomenon known as second-harmonic generation
(SHG).The complex amplitude of the second-harmonic source term is proportional to
S(2w) = 4ugw?dE(w)E(w). The resulting second-harmonic intensity is given by
IS(2w)|? o< w*d?I?, where I is the intensity of the input field, defined as I = neycE?.

The conversion efficiency scales as I = P/A, where P is the optical power and 4 is the
beam cross-sectional area. Consequently, tight focusing and high optical power both
significantly enhance SHG efficiency. This makes pulsed laser sources particularly well-

suited to nonlinear interactions, owing to their high peak powers

2.2 Three-Wave Mixing

Although it may not be completely obvious at first, SHG is a specific case of a broader
category of classical second-order nonlinear phenomena known as three-wave mixing,

whereby an output field is generated by combining two input fields. In the case of SHG,
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it can be considered the sum of two degenerate input fields (w; = w>) oscillating at w,
generating an output field oscillating at 2w. This is known as Sum Frequency Generation

(SFG).

To better understand how three-wave mixing is realised, we examine the scenario in which
the input electric field is comprised of waves oscillating at two distinct frequencies, w1

and wa,

E(t) = Re{E(w)e/®1t + E(w,)e/ 2!}, 2.13

By inserting Eq. 2.13 into Eq. 2.8 it follows that Pni. mathematically consists of five terms

oscillating at 0, 2w1, 202, W+ = ®1+w2, ®- = w1-w2 with their amplitudes are expressed as

PyL(0) = d[|E(wp)|? + |E(w2)I?], 2.14
Py (2w,) = dE(w,)E (w,), 2.15

Py (2w,) = dE(w,)E (w,), 2.16
Py (04) = 2 dE(0,)E (w,), 2.17
Pa(02) = 2 dE(w1)E*(w,) . 2.18

These terms in Pni act as sources in the nonlinear wave equation (Egs. 2.6 - 2.7), driving

new electromagnetic waves at their oscillating frequency.

2.3 Phase Matching

In the previous section, it was shown that it is possible to induce a nonlinear polarisation
consisting of components at several frequencies by combining two optical fields in a

second-order nonlinear medium. These frequencies results from the processes of Sum-
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Frequency Generation (SFG), Difference-Frequency Generation (DFG), and SHG which
are denoted by Eqgs. 2.15-2.18. Although the Pni consists of these components,
electromagnetic waves oscillating at the respective frequencies are not necessarily
generated. For a propagating optical field to be generated, the electromagnetic wave
generated at a coordinate inside the nonlinear material needs to constructively interfere
with the one generated at a different component along the propagating direction.
Physically speaking this requires that they remain synchronised with the driving field

throughout the nonlinear material [36].

Let’s consider the case where we want to generate SFG between two plane waves of
wavevectors k1 and k» that are propagating in a nonlinear medium. Their associated
electric fields are expressed as E(w;) = A;e %17 and E(w,) = A,e %2". Then, as per

Eq. 2.17, Pyp.(w3) = dE(w,)E(w,) = 2dA; Aye IksT
where

W3 = Wq + wo 2.19

and

k3 = kl + kz. 2.20

From these equations (Eqgs. 2.19 - 2.20) which represent the energy (frequency) and
momentum (phase) matching conditions, we can picture the nonlinear medium acting as
source, which emits light at w5 with its spatial evolution described by e 7%3”. The emitted
field’s wavevector therefore must satisfy Eq. 2.20. Because the field’s spatiotemporal
behaviour is governed by wt — kr , spatial and temporal phase matching is guaranteed if
the two conditions are met. This is essential for maximising and sustaining the nonlinear
conversion from the input fields to the output scattered wave within the nonlinear

medium, increasing the efficiency of the process.

The full derivation of nonlinear processes using the coupled-wave formalism will not be

presented here as it is not in the scope of this work, however a detailed coupled-wave
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analysis of SFG is available in [36], providing an expression for the output intensity of

w3 given by

2 2
L = Zdeffa)31112 LZSinCZ (AkL) . 221

NnyNyN3EC3 2

Here, dqf is the nonlinear coefficient, I; and I, are the intensities of the input fields, n;
is the refractive index of the medium at frequency i, and L is the propagation length.
Additionally, Ak denotes the wavevector mismatch, which for perfect phase-matching

must satisfy

Ak=0=k1+k2_k3 2.22

As it can be deduced from Eq. 2.21, in this condition (Ak = 0) the intensity of the output
field is at maximised, as depicted in Figure 2.3. When L becomes larger than 1/Ak, the
generated wave can drift out of phase of the driving nonlinear polarisation. In turn, this

causes energy to flow from the generated field back to the input fields.

S
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Intensity
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~
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0'9371 —in - 0 T 2n 3n
AKL/2

Figure 2.3 - Effect of wavevector mismatch on SFG. The intensity of the generated field
follows a sinc® (AkL/2) dependence where L is the interaction length and Ak is the phase
mismatch.
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Thus, the coherence length is defined as [24]

/A

Leon = Tz7 2.23

specifying the effective length over which the generated field grows constructively.

If we assume the three waves propagating collinearly in a nondispersive medium, then the

phase-matching condition is simplified to

= + . 2.24

In this ideal scenario, frequency matching ensures phase matching, and it will
automatically be satisfied since energy must be conserved (Eq. 2.19). In practice, since
all materials are dispersive, the waves travel at different phase velocities due to the
refractive index dependence on wavelength. Consequently, the phase-matching condition
becomes decoupled from the frequency-matching condition and must be satisfied

separately.

2.3.1 Critical Phase Matching

Careful manipulation of the refractive indices at each of the three interacting optical
frequencies is therefore required. This can be achieved either through angle tuning or

temperature tuning, known as critical and non-critical phase matching, respectively.

A widely adopted technique to achieve phase matching is to exploit the birefringence
displayed by a host of crystals. Birefringence is when the refractive index depends on the
light’s direction of polarisation. Not all crystals exhibit this property, notably, those

belonging in the cubic crystal system are optically isotropic and therefore cannot be phase
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matched using this technique. To match the phase velocities of the interacting waves, the
highest frequency wave (w3) is typically polarised in the direction with the lowest

refractive index. This depends on the crystal.

Critical phase matching requires careful tuning of the angle between the crystal’s optical
axis and the direction of the incoming light. For simplicity, we will assume a uniaxial
crystal which has a single optic axis, at a specific direction within the crystal. The optic
axis defines the direction along which no birefringence occurs and thus light propagating
in the optic axis direction, irrespective of polarisation experiences the same refractive

index, which depends only on the wavelength.

For propagation at an angle to the optic axis, the electric field can be decomposed into
two orthogonal components. The ordinary ray, which is light polarised perpendicularly to
the principal plane, defined by the propagation vector k and the optical axis, experiences
a fixed refractive index n,. On the other hand, light polarised within the principal plane,
is called the extraordinary ray and experiences a refractive index n.(6) that can be

engineered by tuning the angle 6 between the propagation vector & and the optic axis as
described by
1 sin?0  cos?0

= — + :
ne(6)>  ni ng 2.25

where 71, is the principal value of the extraordinary wave such that n,(6) = i, when 6 =
90° and n.(0) = n, when & = 0°. By varying 8, phase matching can be achieved so
that the phase mismatch between the interacting waves is minimised, and the interaction
length is maximised. Figure 2.4 illustrates phase-matching conditions of type-I second

harmonic generation in a beta-barium borate (BBO) crystal.
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Figure 2.4 - Angle-tuned Type I phase matching for second-harmonic generation (BBO).

The optic axis of the crystal is denoted by €, K represents the propagation direction of the
light. By rotating the crystal around the y-axis, 0 is varied and therefore the refractive
index of the extraordinary wave can be tuned.

In positive uniaxial crystals the extraordinary ray is slower than the ordinary ray whereas
in negative uniaxial (such as BBO) crystals it is the opposite. For the two lower-frequency
waves (w1 + w,) there are two possible polarisation configurations, commonly referred
to as type I and type IL. In type I, both input fields have the same polarization and are
orthogonal to w3, whereas in type II they are orthogonally polarized with respect to each

other. The complete set of configurations are listed in Table 2.1 [36].

Table 2.1 Phase-matching configurations for uniaxial crystals

Positive Uniaxial (n, > n,) Negative Uniaxial (n, < n,)
Type I njws; = nfw, + njw, nfws = nfw; + nfw,
Type 11 njws; = njw; + njw, nfw; = nfw; + nfw,

A serious drawback of critical phase matching is spatial walk-off. For extraordinary rays,
when the angle 6 is neither 0°nor 90°, the direction of energy flow (the Poynting vector
S) differs from that of the wavevector k. In isotropic media, these two vectors are normally
collinear. However, in this case, spatial walk-off causes the interacting beams to separate
spatially. This separation reduces the efficiency of the nonlinear process and introduces

asymmetries that can, in some cases, compromise the expected behaviour.
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2.3.2 Non-Critical Phase Matching

In some crystals, such as in lithium niobate, the amount of birefringence depends
significantly on temperature, facilitating phase-matching with a fixed propagation angle
(6 = 90°). This is achieved by tuning the temperature of the crystal. Temperature tuning

is widely employed in integrated photonic circuits where angle-tuning is not possible [37].

Birefringent phase matching is not always feasible. In some materials like gallium
arsenide, birefringence is completely absent. Other materials cannot provide enough
birefringence to compensate for the dispersion of the linear refractive indices across the
desired spectral range. This is more prevalent for shorter wavelengths. Furthermore, some
applications require the use of more efficient nonlinear coefficients (e.g. d33) which need
co-polarized interacting waves and therefore birefringence phase matching cannot be
employed. Quasi-phase matching (QPM) serves as a viable alternative method to
constructive interference between the input fields. Instead of eliminating the phase
mismatch, QPM corrects for it by periodically reversing the sign of the nonlinear
susceptibility y® after each coherence length. Consequently, the phase relationship
between the interactive waves is reset, maintaining net growth of the output field [38], as

shown in Figure 2.5.

1.00
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0 ILc 2Lc 3Lc 4Lc SLc 6Lc0 ILc 2Lc 3Lc 4Lc SLc 6Lc

Figure 2.5 - Comparison between quasi-phase-matched and phase-mismatched
interactions. A: periodic inversion of y®compensates for the phase mismatch and
enables continuous field growth | B: generated field oscillates thus has negligible net
conversion efficiency. Here, L. denotes the coherence length.
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2.4 Spontaneous Parametric Down Conversion

Among the various second-order nonlinear processes, parametric down-conversion
(PDC) plays a particularly significant role in this work. PDC is a second-order nonlinear
process where a pump (p) photon of a higher frequency is converted into two lower-
frequency photons, typically known as signal (s) and idler (i). The process is called
parametric as there is no energy exchange between the photons and the medium, and
“down-conversion” indicates that the output photons are lower in frequency than the input
photon [39]. The frequencies, and wavevectors of the down-converted fields must satisfy
Egs. 2.19 and 2.20, so that both energy and momentum is conserved, as illustrated in

Figure 2.6.

In essence, PDC can be in a way regarded to as the reverse of SHG, where instead of two
lower energy photons are combined to output one of a higher frequency, a single higher-
frequency photon is split into a pair that share its energy. It can also be understood as a
quantum form of DFG where both output fields are generated simultaneously [40]. In
classical DFG, two classical electromagnetic waves combine, generating a field
oscillating at the difference of the input fields. Whereas in spontaneous parametric down-

conversion (SPDC) the inputs are the pump field and quantum vacuum fluctuations. Both

Spontaneous
Parametric Downconversion

s (signal) /’ \ I [}
W pymp

i (idler) . l Wi
PUMP

nonlinear ¥ crystal @pypp = Wy + W;

Momentum Conservation Energy Conservation

Figure 2.6 - A: In Spontaneous Parametric Down-Conversion (SPDC) a pump photon
is annihilated in a nonlinear crystal, generating two lower-energy photons termed signal
(s) and idler (i). | B: Momentum conservation requires kpump = ks + ki | C: Energy
conservation requires ®Wpump = ®s + ®;i. Diagram reconstructed from [24].
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cases are driven by the same nonlinear interaction but differ in the way in that they are

initiated and their output characteristics.

The efficiency of the process as well as the spectral characteristics are dictated by the
phase-matching conditions as well as other physical parameters, which will be covered in

more detail in the relevant sections.

2.4.1 Single-Mode Squeezing

Beyond the classical interpretation, SPDC serves as a pivotal tool for generating
nonclassical states of light. It is an inherent quantum process whereby vacuum
fluctuations of the electromagnetic field stimulate the conversion of a pump photon into
a signal-idler pair. The generated fields exhibit quantum correlations in their photon
number and anticorrelation in the phases, and the correlation properties require a quantum
optical framework to be properly described. A full quantum treatment is beyond the
present scope. Instead, we focus on a phenomenological description highlighting the key

observable features of the generated light.

To fully appreciate the nature of PDC and how it can lead to nonclassical states of light,
it is helpful to begin with the concept of a coherent state. Such states, are employed in

quantum optics to approximate the output of ideal laser sources, representing minimum

uncertainty states obeying the minimum uncertainty principle, oy? aq,z =7, where

on? and a(pzare the photon-number and phase variance respectively. In a coherent state

the uncertainty is symmetrically distributed between the two conjugate variables,
therefore exhibiting equal variance. These intrinsic quantum fluctuations define the shot-

noise level, which manifests as residual noise even in an ideal optical field.

Shot noise, sets a limit on classical measurement precision. While it imposes a practical
constraint on sensitivity, it is not a fundamental limit like the Heisenberg limit. Quantum
methods, such as squeezing allow us to engineer or redistribute the uncertainty between
the field quadratures, thereby supressing quantum fluctuations below the shot-noise limit

[41].
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Figure 2.7 - A: In degenerate collinear SPDC, the signal and idler share equal
wavevectors (ks = ki), both collinear with the pump wavevector ky| B: Spatial profile of
the degenerate parametric down-conversion output, measured by pumping a I mm BBO
crystal with 515 nm pulses under collinear phase-matching conditions. A 10 nm bandpass
filter centred at 1030 nm was placed in front of the camera.

Under type I (or type 0) phase-matching conditions, degenerate collinear SPDC can
produce down-converted photons with identical frequency, direction and polarisation
(Ak = 0), confining the quantum fluctuations to a single spatiotemporal mode. The
wavevectors of this configuration are depicted in Figure 2.7A where p, s and i denote the

pump, signal and idler respectively. The spatial profile of the output field is illustrated in
Figure 2.7B.

The quantum state of the optical mode in which the photons are emitted is called
“squeezed vacuum” (SV). To clarify, the vacuum state corresponds to the lowest-energy
state of the electromagnetic field, thus the average number of photons present is zero.
However, due to the uncertainty principle, quantum fluctuations of the electromagnetic
field persist. The vacuum state represented in phase space is shown in Figure 2.8 A, with
the field quadrature associated with momentum and position denoted by X, and ¥,
respectively. The state’s uncertainty is represented by the shaded blue region, illustrating

that quantum noise is spread evenly among all quadratures.

By rotating the state’s phase space with an optical frequency equal to w /21 , its temporal

evolution may be observed. Additionally, the electric field can be analysed by observing
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Figure 2.8 - A: Vacuum state shown in phase space | B: Corresponding electric field time
evolution where 6 = wt. Figure reconstructed from [42].
the projection of the phasor onto a fixed vertical axis. For a vacuum state, the field

fluctuations, or shot noise, remain constant, as shown in Figure 2.8B.

By employing degenerate SPDC, the quadrature uncertainties can be redistributed. Figure
2.9 illustrates this phenomenon where the momentum quadrature shows a reduction of
variance (squeezing), while enlarging the other (anti-squeezing). Correspondingly, in the
time-domain the electromagnetic field exhibits phase-dependent field fluctuations, with

the uncertainty minimised at phases of nm.

Therefore, by employing balanced homodyne detection, one can select and measure the
squeezed quadrature by tuning the phase of the local oscillator to surpass the shot-noise

limit [42].

Quadrature squeezed-states have proven to be useful in surpassing classical limits of
measurements with examples in spectroscopy [43] and laser-based particle tracking of
living cells [44]. Moreover, such states of light have also been employed to establish
secure quantum key distribution [45]. Most notably, they have been applied to
gravitational wave detectors, as originally proposed in [46] and successfully realised in

GEO0600 [47] and LIGO [48].

A Xok B \ &

Figure 2.9 - A: Squeezed vacuum state shown in phase space | B: Corresponding electric
field time evolution where 8 = wt. Figure reconstructed from [42].
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2.4.2 Twin-Beam Squeezing

A state that is closely related in both its theoretical description and generation methods to

quadrature squeezed states, is the two-mode squeezed state or otherwise, twin-beams [49].

For consistency type I phase-matching conditions are considered, as in Section 2.4.1. If
angle 6 between the pump field and the crystal’s optic axis is tuned so that Ak > 0 then
we enter the non-collinear regime of phase matching. The SPDC output is then emitted in
a cone around the pump beam, producing a dark central region in the far-field spatial

profile.

Radiation emitted via SPDC is fundamentally multimode, consisting of a wide
distribution of both spectral and spatial modes. This occurs because of the broadband
nature of vacuum fluctuations which seed the parametric process. Consequently, this leads
to photon pairs being emitted into a continuum of modes which satisfy the phase-matching
criteria. The continuum spans a wide angular spectrum relative to propagation axis of the
pump field. The radius of the SPDC field at the far-field is determined by the phase
mismatch Ak. As shown in Figure 2.10. Increasing Ak leads to a wider emission angle (at
degeneracy and for the typical interaction that generates squeezed vacuum states in the

near infrared).

Figure 2.10 - Far-field spatial profiles of SPDC emission from a 1 mm BBO crystal,
showing that increasing phase mismatch Ak broadens the emission cone. Measurements
performed by pumping with 515 nm pulses under different phase-matching conditions,
with a 10 nm bandpass filter centred at 1030 nm placed in front of the camera.
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A key phenomenon is that the down-converted photons appear as phase-conjugate pairs.
Hence, detecting photons that are at opposing points on the SPDC emission cone reveals
strong correlations stemming from the energy-time and space-momentum entanglement
of the down-converted pairs. Upon balanced photodetection, the statistics of the
photocurrent difference of the conjugate regions exhibit quantum-noise suppression due

to the photon-number correlations.

It is possible to achieve twin-beam squeezing via type-II phase matching. In this case,
the signal and idler photons are orthogonally polarized, experiencing different refractive
indices within the crystal. Consequently, the cone rings are centred on different
propagation directions and may not overlap. The geometry of type-II SPDC emission is

illustrated in Figure 2.11 [50].

In this work, we focus on employing squeezed light in the continuous-variable regime.
This is consequence of previous practical limitations encountered when trying to gain a

quantum advantage in THz-TDS with discrete-variable schemes [51].

pump (e)

optic axis signal ()

idler (o)

Figure 2.11 - Sketch of Type-II SPDC in a BBO crystal, where the pump (extraordinary,
e) generates signal (e) and idler (o) photons with orthogonal polarisations, emitted into
two distinct cones.

24



Chapter 2. Nonlinear Optics

A significant portion of the progress within quantum-enhanced sensing has been achieved
in the discrete-variable regime, where single-photon states are employed possessing well-

defined photon numbers. For instance, NOON states, represented by wavefunctions of the

form (|N, 0) +(0, N|)/v/2, have been employed to perform quantum-enhanced phase
estimation [52]. Although remarkably precise, these approaches depend on single-photon
or photon-counting detectors. Since they require to have small number of photons
(typically less than one) for each acquisition, the overall number of detected photons is
inherently limited. In turn, this limits the sensitivity of the measurement, which at best

scales with the inverse number of measured photons.

In contrast, continuous-variable schemes employ bright optical fields, comprising many
photons. Such approaches are better aligned for the objectives of this work, to improve
the sensitivity of time-resolved THz electric field sensing. Previous work by our group
has shown both the feasibility and limitations of performing THz sensing at the typical
fluxes associated with standard discrete-variable approaches [53], motivating the use of

bright-squeezed-light sources to overcome the limitations.

The first experimental realisation of squeezed light was reported in 1985 via four-wave
mixing in sodium atoms [54]. Shortly thereafter, squeezed states were produced via
optical parametric amplification (OPA) within an optical resonator [55]. This topology,
now a well-established approach for producing squeezed light, has enabled record-
breaking levels of noise suppression. Notably, Vahlbruch et al. [56] demonstrated 15 dB
of squeezing, with Eberle ef al. [57] also reporting an impressive 12.7 dB of squeezing.
This approach underpins the squeezed light sources employed in the gravitational wave

detectors.

To enhance second-order nonlinear effects, pulsed light is used to exploit its high peak
power. However, despite efforts [58],[59],[60], quadrature noise suppression with pulsed
systems is limited compared to that of CW systems, with the current record set at 5.88 dB
[61]. While the result is impressive, it required phase stabilisation, pulse shaping and
advanced mode-matching techniques aided by machine learning. This confirms that,

albeit ultrafast quadrature squeezing is possible, it is experimentally complex.
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Single-pass OPAs have served as a practical alternative for generating pulsed twin-beams
with strong intensity correlations. Following the first experimental observation of
squeezed light in 1985, Aytiir and Kumar [62] published the results of the first intensity
squeezing experiment employing nanosecond pulses, surpassing the quantum limit by

6 dB.

Various efforts generating pulsed twin-beams in the picosecond to nanosecond pulse
duration range are limited in their power of the output fields, posing a potential limitation
on the viability of such sources in differential absorption measurements, as listed in Table
2.2.In recent years, several studies have demonstrated that twin-beams can maintain
quantum correlations at sub-picosecond timescales, utilising both ¥ ? [63] and y® [64]

interactions.

Ultrafast twin-beam states in the near-infrared are particularly attractive, as they leverage
the capabilities of established femtosecond laser sources and mature detection
technologies, which offer high pulse energies, high repetition rates, and high quantum
efficiency. Generating femtosecond pulses that employ strong photon-number
correlations would open the way to sub-shot-noise measurements in sub-picosecond
timescales without needing to average extensively. Among the aims of this thesis is the
realisation and characterisation of ultrafast twin-beams tailored for quantum-enhanced

differential transient absorption measurements.
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Table 2.2 Pulsed twin-beam works

Paper Pulsed NRF | Average
Duration Power
[W]
Guo et al., Applied Physics Letters, 101, 261111 (2012) 4ps 3dB 2E-6
Smithey et al., Physical Review Letters, 69,2650 (1992) 300 ps 5dB 2E-11
Iskhakov et al., Physical Review Letters, 102, 183602 17 ps 3dB 1E-10
(2009)
Bondani et al., Physical Review A, 76, 013833 (2007) 4.5 ps 33dB | 2E-13
Brida et al., Physical Review Letters, 102, 213602 (2009) S ns 1.5dB 1E-10
Iskhakov et al., Physical Review A, 93, 043849 (2016) 18 ps 3dB | 7.5E-11
Brida et al., Nature Photonics, 4, 227 (2010) S ns 3.5dB | 5.6E-14
Jedrkiewicz et al., Physical Review Letters, 93, 243601 1ps 3dB 8.5E-18
(2004)
Agafonov et al., Physical Review A, 82, 011801(R) (2010) 17 ps 4 dB 3E-10
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3 Balanced Detector Development

Before starting to investigate quantum-correlated light sources and measuring their
statistical properties down to the shot-noise limit, it was imperative to ensure that the
underlying detection system itself would perform in a way so that it would not be

“blinded” by its noise when trying to resolve optical noise.

At high optical powers, this requirement is easily satisfied. However, as the optical power
incident on the photodetector decreases, it becomes increasingly challenging to keep the

electronics quiet relative to the optical noise.

Balanced detection is widely used to perform measurements at the shot-noise limit, by
supressing classical amplitude fluctuations originating from the laser source or the
environment. To meet the stringent requirements of this work, a custom balanced detector
was developed in-house, specifically tailored to our sensitivity and bandwidth
requirements. The detector was designed to maximise quantum efficiency and minimise

electronic noise, allowing reliable detection and analysis of optical noise statistics.

The chapter commences with a discussion on the rationale behind using balanced
detection to achieve shot-noise-limited performance. It proceeds to describe the design
and experimental characterisation of the developed low-noise detector, followed by the
evaluation of its figures of merit, confirming its suitability for high-precision optical

measurements.

3.1 The Role of Balanced Detection in Noise Suppression

Firstly, in direct photodetection, as shown in Figure 3.1 , assuming the amplifying
electronics (in this case a transimpedance amplifier) are low noise so that its noise
contribution is negligible, a DC voltage will be observed at the output that is superimposed

with some faster varying optical noise.
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TIA

Figure 3.1 - Schematic of a setup demonstrating direct photodetection: the beam passes
through an absorber (o) and is incident on a photodiode (PD1), the resulting signal is then
amplified by a transimpedance amplifier (TTA).

We can paint a more intuitive picture by creating a model where, for simplicity, we

consider only optical shot and flicker noise.

The voltage power spectral density due to flicker noise is described by
flicker _ Aleicker
Sy (f) = —F 3.1

where Agjcker 18 the amplitude of the flicker noise in V/vHz at 1 Hz and f'is frequency.

The total root mean square (RMS) noise from flicker can therefore be described by

- f.
Vélﬁ/%(er = Aﬂicker In (fméx> ) 3.2
min

where fi,.x and fin are the upper and lower limits of the detection bandwidth.

Shot-noise arises from the quantisation of the electromagnetic field. Even in the idealised
case where the average photon arrival rate is steady, the number of detected photons
fluctuates according to a Poisson distribution. In the context of photodetection, shot noise

can be expressed as a one-sided voltage noise power spectral density so that

29



Chapter 3. Balanced Detector Development

Sé ot = 2qIR?, 33

where ¢ is the elementary charge, / is the average (DC) photocurrent and R is the

resistance of the amplifying electronics which sets the current-to-voltage gain. Thus, the

RMS voltage noise is

VIhot = \/2qIR2Af, 3.4

where Af is the single sided detection bandwidth.

To compute the total time-domain noise, one can add the noise sources in quadrature

like so

total _ shot? flicker2 .
VRMS - \/VRMS + VRMS . 3.5
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Figure 3.2 - Simulated time-domain voltage output of a modelled detector, where optical
shot noise and flicker noise have been considered. A quantum efficiency of unity, a
transimpedance gain of 100 kV/A, a detection bandwidth of 1 MHz, and a laser emission

power of 10 mW were assumed.
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Assuming a photodiode with unity quantum efficiency, a laser emitting 10 mW of optical
power, and a transimpedance amplifier with gain and bandwidth of 100 V/A and 1 MHz,
respectively, the output from the detector will be influenced by both shot and flicker noise.
In this model, the flicker noise is arbitrarily set to 100 pV/ /v/Hz at 1 Hz. Under these

conditions, the resulting amplified photocurrent is shown in Figure 3.2.

Under the same conditions, if a broadband absorber of absorbance a = 0.001 is placed
in the beam path, as shown in Figure 3.1, att = 5 ms, the resultant trace would look like

Figure 3.3

The signal-to-noise ratio (SNR) of Figure 3.3, based on the parameters above, is ~5. By
splitting the beam with a beamsplitter and directing half of the optical field onto a second
photodiode, the two photocurrents can be subtracted to perform a differential absorption
measurement. This configuration, an evolution of the previous setup, is known as

balanced detection, as shown in Figure 3.4.

Provided that our idealised transimpedance amplifier (TTA) can suppress common-mode
signals, relative intensity noise (which includes flicker noise) and amplitude noise, are

cancelled through photocurrent subtraction. Assuming the same absorber (a = 0.001) is

0.832

0.831
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&) [
© >
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0.827

Time [ms]

Figure 3.3 - Modelled direct absorption response. The same conditions as Figure 3.2
apply, with a broadband absorber (o = 0.0001) is introduced in the beam path at exactly ¢
=5 ms.

31



Chapter 3. Balanced Detector Development

Laser

Ml PD2

Figure 3.4 - Balanced differential absorption setup. PBS: polarising beam splitter | M1:
mirror | a: absorber; PD1, PD2: photodiodes | TTIA: transimpedance amplifier. The input
beam is split equally by the PBS and directed onto two photodiodes. The resulting
photocurrents are subtracted, suppressing common-mode fluctuations and eliminating
technical noise.

introduced into one of the beam paths at t = 5 ms, a differential signal is induced. The

corresponding response is illustrated in Figure 3.5.

The associated SNR of the trace below is 58, representing a more than tenfold increase in
SNR when using balanced detection compared to direct absorption. Although this
example may be somewhat idealised and exaggerated, with the flicker noise level
arbitrarily selected, it highlights the motivation behind the widespread use of balanced

detection, especially in systems targeting shot-noise limited detection. In the ideal case,

0.0021

0.0014

0.000+

—0.0014

Voltage [V]

—0.002

—0.003 |

2 4 6 8 10

Time [ms]
Figure 3.5 - Modelled differential absorption results. The same amount of optical power
and absorbance used in Figure 3.3 are considered here, with the difference that balanced

detection is employed.
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balanced detection supresses all correlated noise common to both beams thereby

cancelling all common technical noise.

3.2 Design and Development of the Custom Detector

After brief survey of commercially available detectors, it became clear that a custom
solution would have to be realised, due to the stringent performance requirements of this
work. Detecting quantum correlations demands photodiodes with high quantum
efficiency, closely matched in their responsivity and tailored to the wavelengths of interest
[65]. Moreover, the detector needs to exhibit ultra-low electronic noise and offer
flexibility with regards to sensitivity and bandwidth, accommodating different

experimental regimes.

Transimpedance amplifiers are widely employed to convert photocurrents from
photodiodes to voltage signals. Such circuits typically consist of one or more operational
amplifiers (op-amps) and carefully chosen feedback components, depending on the
application. Custom-designed TIAs using discrete components are possible but not

considered in this work. Figure 3.6 illustrates the topology of a simple TIA circuit.

As the op-amp is operating in negative feedback, the voltage difference between the inputs
must be equal. Since the positive terminal is grounded, the inverting input becomes a
virtual ground, forcing the input current through the feedback resistor, resulting in an

output voltage

Vour = —IinRy . 3.6

33



Chapter 3. Balanced Detector Development

+ out

Lin

Figure 3.6 - Simplified transimpedance amplifier topology. Negative feedback forces
the negative terminal to virtual ground. Current flows through the feedback resistor and
is converted to a voltage.

Therefore, the transimpedance gain of the detector is set by the feedback resistor. Like all
electronic components, op-amps exhibit intrinsic noise. This is typically quantified in
datasheets as voltage (e,,) and current noise density (I,,), expressed in V/v/Hz and A/v/Hz
respectively. These values, represent the root-mean-square noise per square root of
bandwidth. In practical terms, it means that to compute the time-domain RMS voltage,

one must integrate the voltage noise spectral density over the measurement bandwidth.

Figure 3.7 illustrates the voltage noise density of an typical op-amp. Flicker noise, or 1/f
noise dominates at low frequencies and is a consequence of a mixture of microscopic
processes within electronic devices. At higher frequencies, thermal and shot noise
contribute to the white noise that usually dominates. It is imperative that we stress that the
electronic shot noise stems from the quantised nature of electron flow and is distinct from
optical shot noise. Similarly, the flicker noise described here should not be confused with
the laser flicker noise mentioned in Section 3.1. Thermal (or Johnson-Nyquist) noise,

however, is a consequence of the random thermal motion of carriers due to temperature.

It is also important to highlight the main goal; to amplify and measure optical shot noise
which is a current noise density (A/\/ Hz ) The transimpedance amplifier will amplify

this so that it appears as a voltage noise density at the output (V/ VHz )
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Figure 3.7 - Voltage noise spectral density of a typical operational amplifier, showing the
low-frequency 1/f region dominated by flicker noise and the high-frequency white-noise
floor where shot and thermal noise contribute. The two regions meet at the corner
frequency f. = 1000 Hz.

Additionally, electronically induced current noise density at the inverting input of the
amplifier will be amplified in the exact same manner. It is therefore obvious that, the

design goal is to maximise the optical-to-electronic noise clearance.

To achieve this, all noise contributions within the circuit must be understood, enabling the

design of a low-noise system with high SNR, tailored to our measurement goals.

3.2.1 Transimpedance Amplification Theory

The topology of the circuit significantly impacts how various noise sources are amplified.
Figure 3.8 depicts a representative model combining the photodiode (PD) and the
transimpedance amplifier, highlighting the components and device characteristics that

shape the output voltage noise.
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Figure 3.8 - Equivalent circuit model of a photodetector (PD) connected to a
transimpedance amplifier (TTA), showing key noise sources and parasitic elements. The
photodiode is modelled as a current source Ipp in parallel with a shunt resistance Rshunt
and junction capacitance Cpp. The TIA feedback network consists of a resistor Rr, which
sets the transimpedance gain, and a parallel capacitor Cr, which limits the bandwidth and
ensures stability. The voltage and current noise of the op-amp are represented by e, and
in respectively, and Cair is the inherent differential input capacitance of the amplifier.

We’ll start with Rp, a pivotal component. As it was aforementioned, Rp sets the
transimpedance gain of the circuit. In the context of noise, the feedback resistor generates

a thermal input current noise density of

en V4kT
iy = R_n =— A/VHz, 3.7
F F

where R is resistance, 7 is absolute temperature and k is the Boltzmann constant.
Therefore, to minimise the generated current noise, a large feedback resistance should be

chosen.

The total input capacitance (Cj,) appearing between the amplifiers input and ground,
consists of the op-amps inherent differential input capacitance (Cyifr) and the total
photodiodes’ junction capacitance(Cpp). The value of the total capacitance plays an

important role in the total output noise. The internal differential voltage noise(e,) of the
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op-amp can be modelled as a voltage source relative to the negative input terminal thereby

creating an input current,

. dey (¢)
in(t) = Cip #. 3.8
When expressed as a noise spectral density, this becomes
i, = 2me,Cinf. 3.9

A frequency-dependent current noise, whose magnitude is determined by the total input

capacitance, increasing with frequency, known as EnC noise [66].

The photodiodes’ junction capacitance can be reduced, by operating in photoconductive
mode, where both photodiodes are in reverse-biased conditions. Since this capacitance
comes from the depletion region acting as a parallel-plate capacitor, increasing the reverse
bias increases the separations of the “plates” and thus reducing capacitance. Additionally,
PIN photodiodes which have an intrinsic (undoped) layer sandwiched between the p-n
junction, have lower junction capacitance by design, and are ideal for low-noise

applications.

While reverse biasing effectively reduces junction capacitance, it introduces a drawback,
an increase in dark current. Dark current, which flows even in the absence of light,
originates from the thermal excitation of electrons across the semiconductor bandgap.
When reverse bias is applied, the depletion region is widened. Although this region is
depleted of free carriers, electron-hole pairs can still be thermally generated within it. So,
by increasing its volume, the number of thermally excited carriers increases. Additional
contributions may arise from surface leakage, edge leakage, and when large reverse bias
is applied, even tunnelling. The dark current’s temperature dependence is determined by
the underlying mechanism. In the most common case, where thermal generation within
the depletion region dominates, the dependence is strong, and cooling significantly

reduces the dark current [67].
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As already established, current noise sources are amplified by the transimpedance gain.
In contrast, the op-amp’s input voltage noise, which appears differentially between the
inputs, is amplified by the noise gain transfer function. Under the assumption of infinite

open-loop gain Ag,(Jw), the noise gain is described by [68]:

Noise Gain(jw) = 1 + — = — 3.10
G ZmGa) ~ BG@)
where
R
Zi= — 3.11
1 +](1)Rfo
Rpp
Ly = ————— 3.12
n 1 +ijPDCin

and £ is the feedback factor, which represents the portion of output signal that is fed back

into the op-amp’s input. Eq. 3.10 can be written as pole-zero form as follows:

14+ jwR¢(Ciy + Cp) .
] f( in f) 17111“: 3.13
1 +](1)Rfo

out _—
n =

where vt is the circuit output noise, and v is the inherent voltage noise of the op-amp.

From Eq. 3.13, the zero and pole frequencies can be extracted as f, = 1/(2nR¢(C;, + Cr)
and f, = 1/(2mR¢C¢) respectively. Figure 3.9 shows the noise gain of a typical

transimpedance amplifier circuit where the pole and zero frequencies are annotated.

Therefore, this gain profile determines how the input voltage noise density is amplified.
As expected, it is not amplified indefinitely beyond f, as the circuit’s bandwidth

eventually limits the response.
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Figure 3.9 - TIA Noise Gain (1/p) profile of an arbitrary TIA, showing the characteristic
zero and pole frequencies.
The noise gain does not only determine how the input referred noise is amplified, but it

also serves as a tool when investigating the circuit’s stability.

The feedback systems work based on the loop gain which is defined as

AorL(jw) - B(jw). 3.14

The open-loop gain A, (jw) refers to the gain of the op-amp when no feedback is applied,

and it 1s typically specified by the manufacturer.

The intersection points between the noise gain curve ( 1/f(jw)) and the open-loop gain
corresponds to the frequency when the loop-gain equals one. Also referred to as the gain
- crossover frequency, where the magnitude of the loop gain is 0 dB. This frequency plays
a critical role in the stability analysis of the circuit. Fundamentally, feedback serves as an
error correction mechanism where the output of the amplifier is compared to the input
(through feedback), and the output is then corrected, minimising the difference error.
However, the op-amp and the feedback signal introduce delays which correspond to a
phase shift between the input and the feedback signal. If the phase shift is small, the

correction signal arrives in time and helps reduce the error, this is stable feedback.
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Figure 3.10 - Open-loop gain and noise-gain profiles of a transimpedance amplifier. The
gain-crossover frequency is annotated, where the circuit is most susceptible to phase shifts
and consequently to instability.

At the gain-crossover frequency, the system is particularly sensitive to phase shifts. This
is because the feedback no longer has the gain to “overpower” the delays. So, if the signal
frequency is close to the gain-crossover frequency and the phase shift at this point is close
to 180°, the feedback becomes positive, causing oscillations and instability. This is why
it is important to evaluate the phase margin at the gain-crossover frequency, the circuit’s

most vulnerable region.

A large phase margin means the feedback is “on time” and of the correct polarity, ensuring
stability. This is illustrated in Figure 3.10 where the noise gain and the Aq;, is plotted for
an arbitrary TIA circuit using an arbitrary op-amp, the gain-crossover frequency is

annotated [69].

3.2.2 Ultra-low-noise TIA Design

Now that the TIA details have been introduced in Section 3.2.1, I will report on the design,
thought process, and the decision-making process I have employed to design the ultra-

low-noise TIA required for sub-shot-noise measurements. The first point that needed to
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be addressed is the transimpedance gain. The value of the feedback resistor plays a
significant role in the input-referred current noise. Therefore, the target is to design and
build a detector with the highest sensitivity and lowest noise possible. If required, the
feedback resistance can be later reduced. Flexibility is one of the advantages of opting for
a custom solution, as it allowed me to alter the detector, depending on the experimental

conditions. A feedback resistance of 1 GQ was chosen, which from Eq. 3.7 it can be

deduced that it generates a current noise of 4.07 fA/vHz.

The feedback capacitance is aimed to be kept at around 100 fF, which in combination

with the feedback resistance would limit the bandwidth of the detector to ~1.6 kHz, as

1

f3dB = 3.15

Since the objective is not to resolve events on a pulse-by-pulse basis, the bandwidth of
the amplifier is sufficient. What matters is to maximise the optical shot noise to electronic
noise clearance within this bandwidth, requiring high transimpedance amplification, and

low electronic noise.

Next, the op-amp had to be selected. Two candidates were considered, the LTC6268-10
by Analog Devices and the OPA827 by Texas Instruments. Both exhibit low current-noise
density. The LTC6268-10 is a much faster device, making it ideal for high-bandwidth
applications. It also exhibits very low differential-input capacitance, minimising the op-
amp’s contribution to input current noise, in accordance with Eq. 3.9. The figures of merit

are summarised in Table 3.1.

Table 3.1 Op-amp figures of merit

OPAS827 LTC6268-10
Input Current Noise 2.2 fA/VHz @ 1 kHz 7 fA/\/Hz @ 100 kHz
Density [V/vVHz]
Difterential Input 9 pF 0.1 pF
Capacitance
Gain Bandwidth Product 22 MHz 4 GHz
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Figure 3.11- Input voltage noise density of the two op-amp candidates. Values were
extracted from simulations using LTspice (LTC6268-10) and TINA-TI (OPA827).

The LTC6268-10 does have one parameter that, at first glance, may suggest it is
unsuitable, its relatively poor 1/f voltage noise. The input-referred voltage noise for both
devices is compared in Figure 3.11. To extract input noise, the circuits shown in Figure
3.12 were employed, where each device was simulated in a voltage-follower
configuration. The simulations of the LTC6268-10 and the OPA827 were carried out using
LTspice and TINA-TI, respectively, where manufacturer-supplied SPICE macromadels
were imported. These macromodels comprise of the device’s noise characteristics, as
specified in the datasheets. To perform a noise analysis in the small-signal domain, the
simulator accounts for all contributing noise sources and propagates them to the output.
In the voltage-follower configuration, there are no external components, and the closed-
loop gain is unity. Therefore, the input-referred voltage noise is directly represented by

the output-noise spectral density.

To understand the contribution voltage-noise has on the performance, the input-referred
voltage noise must be multiplied by the noise gain of the circuit. For this reason, arbitrary
photodiodes were assumed in the initial simulation, with junction capacitances of 10 pF
and shunt resistances of 500 MQ. These values are typical for PIN photodiodes with an

active area of approximately 500-1000 um in diameter.
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Figure 3.12 - Simulation circuits used to obtain the noise data shown in Figure 3.11.
A: LTspice simulation setup | B: TINA-TI simulation setup.

Although the specific photodiodes had not yet been identified at this stage of the design,
the expected size and type were known, allowing for reasonable estimations. The noise
gain was computed in accordance with Eq. 3.10 and plotted together with the voltage
noise of the associated op-amp. Figure 3.13 shows the data obtained from the LTC6268-
10 simulations, while Figure 3.14 shows the corresponding results for the OPA827.

Finally, to evaluate the contribution of the voltage noise and determine whether there is a

significant discrepancy in the output noise due to the inherent voltage noise, the input

50

0
10° 10" 10° 10° 0*

Frequency [Hz]

Figure 3.13 - Simulated input voltage noise and noise gain profiles for the LTC6268-
10 op-amp. The output noise contribution due to the op-amp's input voltage noise is
proportional to the product of these two quantities.
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Figure 3.15 - Simulated input voltage noise and noise gain profiles for the OPA827
op-amp. The output noise contribution due to the op-amp's input voltage noise is
proportional to the product of these two quantities.

voltage noise was multiplied by the associated noise gain. This was done for both devices,
and the results are compared in Figure 3.15. It is evident that the noise arising from the
product of the noise gain and voltage noise of the LTC6268-10 is significantly larger than
that of the OPAS827.
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Figure 3.14 - Simulated output voltage noise due to the product of noise gain and input
voltage noise for the OPA827 and LTC6268-10 operational amplifiers. Two
photodiodes per simulation were considered with junction capacitance of 10 pF and
shunt resistances of 500 MQ.
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Figure 3.16 - Total simulated output voltage noise density for the OPA827 and LTC6268-
10 transimpedance amplifiers, with all noise contributions considered. Two photodiodes
per simulation were considered with junction capacitance of 10 pF and shunt resistance of
500 MQ each.

For comprehensive analysis, full noise simulations were performed with the aid of
LTSpice and TINA-TI where all noise sources were considered. The results are presented

in Figure 3.16. Under the assumed photodiode conditions of Rgyne = 500 MQ and Cpp =

10 pF the noise performance is nearly identical.

To establish which of the two op-amps is the more robust, the capacitance of the
photodiodes was increased to 50 pF to ascertain which circuit is most sensitive to the (at
that point) unknown parameters of the photodiodes. Resulting comparison is shown in
Figure 3.17. Based on these findings, the OPA827 was selected for this application due to
its ability, based on simulations, to maintain performance despite the uncertainties in
photodiode parameters. This approach would result in a more future-proof design, as it
would be very cumbersome if the photodiodes were to change in the future (for example,
to operate at different wavelengths) and the noise performance were to deteriorate as a
result. The circuits used in 7/INA-TI and LT5spice for the full simulations are depicted in
Figure 3.18, were Rghunt and Cpp can be adjusted to evaluate the output voltage noise

depending on the photodiode parameters.
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Figure 3.17 - Full noise simulation results for the OPA827 and the LTC6268-10
transimpedance amplifier with all noise contributions considered. The photodiode
junction capacitance has now increased to 50 pF(each) to evaluate the robustness of the
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Figure 3.18 - Circuits used for the full simulations. A: TINA-TI simulation setup. | B:
LTspice simulation setup. Rgpyne and Cpp were adjusted according to the text.

While no stability issues were foreseen, due to the moderate speed of the OPA827, a

stability analysis was performed using Tina-TI simulation software and the circuit in

Figure 3.19, where the feedback loop has been broken, enabling the evaluation of the

open-loop transfer function and the noise gain.
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Figure 3.20 - Circuit used in TINA-TI to evaluate the stability of the transimpedance
amplifier with the OPA827. The feedback loop is broken via L1, allowing the evaluation
of the open-loop transfer function and noise-gain.

As shown in Figure 3.20, the loop-gain (Eq. 3.14) reaches 0 dB at 95.9 kHz. The
corresponding phase margin of the loop-gain is 89°, representing a strongly overdamped
response and thus ruling out any practical stability issues. On the photodiode front, it was
decided that a custom solution would also be implemented, to meet the demanding
performance requirements. Maximising the quantum efficiency was crucial so that

quantum correlations are preserved by minimising the detection losses.
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Figure 3.19 - Bode plot of the loop gain for phase margin evaluation. AOL: open-loop
gain | AOLB: loop gain | NG: noise gain. The loop gain reaches 0 dB at 95.9 kHz with a
phase margin of 89°, indicating a strongly overdamped and stable response.
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Figure 3.21 - 3D model the BayPhotonics photodiode assembly featuring three-stage
thermoelectric cooling.

Moreover, minimising the dark current was also a priority as it directly impacts the noise
floor. Consequently, active cooling of the photodiodes was essential. The photodiodes are
InGaAs-based detectors, selected for their high responsivity at the target wavelength of
1030 nm. The dies were supplied by Fraunhofer, with an active area diameter of 750 um
and a specified quantum efficiency exceeding 90 %. However, limited additional

information was provided such as capacitance and dark current.

The photodiodes were wire bonded and hermetically packaged in a TO-8 by
BayPhotonics, a specialist photonics packaging company, based in the UK. The TO-8
package also included three-stage thermoelectric cooling with maximum voltage and
current ratings set at 2.2 V and 2.4 A respectively. The package also includes a thermistor
(10 kQ at 25 C°), which allowed us to test the cooling capabilities. A model of the device

is shown in Figure 3.21, illustrating the three-stage thermoelectric cooling (TEC) system.

The device has six electrical connections: two for the photodiode (anode and cathode),
two for the TEC (+/—), and two for the thermistor. The top-view schematic of the device
(Figure 3.22) illustrates all the connections; pins marked with a red ‘X’ are NC (no

connection).
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Figure 3.22 - Top view schematic of the thermoelectrically cooled photodiode.

With the key parameters such as transimpedance gain, op-amp selection and photodiodes
determined, the detector schematic design could commence. Two key requirements were
set for the power distribution design: (a) stable, low-noise bias voltages for the

photodiodes (for reverse biasing), and (b) appropriate voltage supply for the op-amps.

Two op-amps were used in total. An additional buffer stage was implemented using the
OPA277, which isolates the TIA from the load and improves the circuit’s ability to drive
higher capacitive loads, such as longer BNC cables. The unity gain buffer presents a very
high impedance to the TIA output and a low impedance to the load, preventing capacitive

loading from influencing the TIA’s feedback network.

To power the op-amps, two low - dropout voltage regulators were chosen, the
XC6705B501MR-G by Torex Semiconductor and the ADP7182AUJZ-5.0 by Analog
Devices, providing stable +5 V and -5 V supply rails, compatible with both op-amps. The
required input and output capacitors, as specified in the respective datasheets, were added
to ensure low-noise and stable operation. The regulator circuitry is shown in Figure 3.23A

with the +Vin and —Vin inputs supplied via a benchtop power supply.

To reverse bias the photodiodes, LM4040 Precision Micropower Shunt Voltage Reference
by Texas Instruments were chosen. These simple devices provide stable, low-noise and
accurate bias voltages whilst needing little current. Another great advantage is that these
devices are available at multiple fixed-output voltages (e.g., 2.048 V,4.096 V, 5.0 V, etc.).

Thus, by replacing the device and the current-limiting resistors (6.04 kQ in the present
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Figure 3.23 - Power distribution integrated chips. A: Voltage rails supplying +-5V to the
circuit | B: Voltage references supplying bias voltage to the photodiodes.
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schematic) the photodiode biasing conditions can be changed without redesigning the
circuitry. The implementation of the voltage references is shown in Figure 3.23B. The
bias voltages are subsequently heavily filtered using three-pole low-pass filters (1.28 Hz
3 dB bandwidth), to prevent any noise coming from the LM4040 reaching the
photodiodes. Since the thermoelectric cooling requires a lot of current, it is powered
directly from a benchtop power supply (TEC+/- on the schematic). The filters and the

photodiode connections are depicted in Figure 3.24.
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Figure 3.24 - Three-pole low pass filters and corresponding photodiode connections.
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Figure 3.25 - TIA stage based on the OPA827 op-amp. R9 and R10 combine with C13
and C14 respectively to form a low-pass filters, attenuating any potential high-frequency
noise on the supply rails. The feedback network consists of CFB1 and RFB1, defining the
transimpedance gain and bandwidth.

The generated photocurrents are combined and subtracted (due to opposite polarity)
before being fed into the TIA stage, where the net differential photocurrent is converted
to a voltage and amplified. The TIA stage, illustrated in Figure 3.25, is built around the
OPAS827 op-amp, with the feedback network comprising CFB1 (0.1 pF) and RFBI (1
GQ), which define the transimpedance gain and bandwidth. The power supply pins are
low-pass filtered via R9/C13 and R10/C14 to prevent noise from the regulators coupling
into the OPA&27.

Finally, as noted earlier, a voltage buffer (Figure 3.26) isolates the TIA stage from the
load. A low-pass filter precedes this stage (R11 + C15), which has been inserted

provisionally in case further filtering is required.
ay
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Figure 3.26 - Unity-gain voltage buffer stage based on the OPA277U, isolating the TIA
from capacitive loads.
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Figure 3.27 - Complete schematic integrating all the functional blocks presented in

Figure 3.23 - Figure 3.26.
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A 9.5 cm x 6 cm printed-circuit-board (PCB) was designed incorporating a guard ring
around the high impedance node. This solution offers protection from potential leakage
currents. The guard ring’s potential is the same as the inverting input of the OPA827, due
to the virtual ground principle.

The ring is also routed underneath the feedback components, reducing the effects of stray
capacitance. Because the end conductors of the feedback components are at different
potentials, they form an electric field which can store energy. This manifests as extra,
unwanted capacitance that is minimised via the guard ring technique. Additionally, on the
bottom side of the PCB, the ground plane was cut underneath the op-amp locations, to

minimise input capacitance between the input pins and ground.

To aid visual clarity, photorealistic renders have been generated by exporting the KiCad
PCB model and importing it into Blender, where appropriate materials and lighting were
applied. This produced a clean and accurate visualisation of the placement, orientation
and interconnection of components. Figure 3.28 shows 3D renders of the final PCB

layout.

Figure 3.28 - 3D photorealistic renders of final PCB layout, showing both sides of the
TIA board.
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Figure 3.29 - 3D photorealistic render of heatsink copper block & photodiode assembly

When a DC current is applied to the TEC, heat is moved from one side of the module to
the other, making one plate hot and the other cold. Some energy, however, is lost as joule
heating (I?R) due to the resistance of the module and it ends up on the hot surface. To
efficiently maintain this temperature difference between these two surfaces and achieve
better cooling performance, heat must be dumped from the hot side. To this end, a custom
heat-removal solution was implemented. A copper block was machined to house the
photodiodes so that the bottom of the TO-8 package has maximum contact with the copper
block, a high-thermal-conductivity compound was used as a medium. The photodiode
leads were insulated from the copper block using sections of plastic insulation. A model
showing the photodiodes positioned within the recesses of the copper block is shown in
Figure 3.29.The photodiode and heatsink assembly integrated with the PCB is visualised
with the aid of a 3D render in Figure 3.30.

Figure 3.30 - 3D photorealistic render of heatsink and photodiode assembly integrated
with PCB.
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Figure 3.31- The completed ultra—low-noise balanced detector. A: Enclosed assembly
showing the top blue, black and red banana input providing power to the regulators. The
bottom banana inputs are dedicated for the TEC drive | B: Opened side view of the detector,
showing the internal assembly.

The assembly was packaged in an aluminium case, providing shielding from
environmental noise. Plastic standoffs were used to secure the PCB to the case, providing
mechanical support whilst electrically isolating the board from the aluminium case which
acts as a Faraday cage. Adapters were placed concentrically with the photodiodes,
allowing easy integration of SM1-threaded-mounted optics. The completed ultra—low-

noise balanced detector is presented in Figure 3.31.

3.2.3 Balanced Detector Characterisation

Following the completion of the balanced detector, the first parameter to be characterised
was its AC bandwidth. This is the frequency range in which AC signals are amplified,
without attenuation. In the context of pulsed sources, when the repetition rate is low the

detector electronics can follow and amplify the individual pulses. As the repetition rate
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Laser HWP PBS Custom
Balanced

detector

&>

Figure 3.32 - Detector AC bandwidth characterisation setup. A HWP and a PBS were
used to attenuate the optical power incident on one of the photodiodes. The laser
repetition rate was varied, and the corresponding AC output voltage was recorded.
increases, the pulses arrive too quickly for the detector to follow, so the output consists of
an AC signal superimposed on a growing DC offset. The —3 dB point denotes the
frequency where the AC transimpedance falls below 70.7 % of its low frequency value.
Beyond this point, the detector cannot resolve individual pulses, and the output becomes
dominated by DC. This is only a drawback if individual pulse statistics are relevant, in the
broader context of this work, pulse-to-pulse variations are not of interest, instead,

understanding the detector’s bandwidth is the central requirement.

To test this, the Light Conversion Carbide CB3-40W laser was used. This source emits
1030 nm, 245 fs pulses and the repetition rate can be varied up to 1 MHz. A simplified

schematic of the AC bandwidth characterisation setup is illustrated in Figure 3.32.

The source repetition rate was swept from 100 Hz to 10 kHz, and the voltage-time series
traces (100 ms window) were recorded with a Zurich MFLI instrument. The AC amplitude
of the detector output was extracted from the recorded time traces by correcting the
baseline and measuring the base-to-peak voltages of the acquired pulses. The resulting
values were averaged and plotted as the AC transimpedance response, normalised to the
low-frequency (100Hz) response in dB. The -3 dB point was found to be around 1.7 kHz

as illustrated in Figure 3.33, in agreement with the 7ina-TI simulation.

Building upon the AC bandwidth measurements, the next step was to establish the optimal
combination of the thermoelectric cooler (TEC) drive and photodiode reverse bias to

ensure low-noise operation.
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Figure 3.33 - Custom balanced detector AC bandwidth. The blue curve shows the
measured response, while the orange trace shows the TINA-TI simulation data. The time-
domain voltage was recorded using the MFLI instrument. Time-domain data were
processed and normalised to 0 dB so the -3dB bandwidth was identified. Error bars are
included but too small to be visible.

With 1 A TEC current, each photodiode can be cooled below —40 C°, substantially
reducing the dark noise contribution compared to room temperature conditions. To
systematically evaluate the effect of biasing, the reverse bias potential was varied between
2 Vand 5 Vin 1 V increments. For each bias setting, the total TEC current was swept

from 0 Ato 2 Ain 0.5 A steps.

The corresponding voltage-noise density spectra were recorded using a Zurich
Instruments MFLI lock-in amplifier. The time-domain signal was sampled at 7.32 kSa/s,

and the FFT was computed automatically by the device’s native software.

The intrinsic input voltage noise of the MFLI device was found to be negligible relative
to the measured spectra. Figure 3.34 presents the results of the measurement when the

reverse bias was set at 2'V.
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Figure 3.34 - Voltage noise density spectra of the packaged photodiodes at a reverse

bias of 2 V, for TEC drive currents swept from 0 A to 2 A in 0.5 A steps. Higher TEC
currents progressively reduce the low-frequency noise floor, indicating that cooling
suppresses thermal generation-recombination noise in the photodiodes.

The voltage-noise spectra were recorded for all reverse-bias settings, and the mean voltage
noise density was computed between 400 — 700 Hz, where the transimpedance gain is
approximately flat. The results are summarised in Figure 3.35.From this figure, it can be
deduced that in the absence of cooling (TEC current = 0 A), the noise level increases with
reverse bias. This is a consequence of the dark current being the dominant contributor in
noise. As the depletion region widens, thermal generation within it grows. Increasing the
TEC current cools the devices and thermal generation is substantially reduced and so is
the dark current. For currents above 1 A, the influence of reverse bias voltage on the total
noise contribution is very small, indicating that the “EnC noise” contribution is

insignificant.

Areverse bias of 5 V and a TEC drive current of 2 A were chosen. Although this bias level
does not reduce the “EnC noise”, a higher reverse bias also improves the linearity, speed

and the dynamic range of the device by increasing the carrier collection speed.

In this configuration, the resultant noise floor of the amplifier was about 7 uV/vHz. Thus,

the input referred current noise of the detector is at 7fA /v Hz which puts it in a very high-

performance bracket.

58



Chapter 3. Balanced Detector Development

x10
5 k
Reverse bias (V)
5 3 2V
§4 3V
= —— 4V
23 —— 5V
=
2
2 i
Sz
5

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
TEC current [A]

Figure 3.35 - Mean voltage-noise density in the 400—700 Hz band as a function of TEC
current. The measurement was repeated for four different reverse bias voltages.

For comparison, one of the market reference tools for low-light measurement, the Femto s
Femtowatt Photoreceiver FWPR, exhibits similar noise floor and has a useful bandwidth
restricted to 20 Hz. In contrast, the custom detector developed here sustains this low-noise

density up to 1.7 kHz.

Besides the noise-floor, the metric which is of equal importance is the quantum efficiency
of the photodiodes. To quantify this, a setup was constructed where the input power to the
photodiodes was varied, and the optical power prior to the neutral density (ND) filter was
measured with a power meter before each reading. A schematic of the setup employed to

measure the responsivity of the photodiodes is illustrated in Figure 3.36.

Carbide HWP PBS ND FILTER  LENS Custom Balanced

Figure 3.36 - Photodiode responsivity measurement setup. The half-wave plate (HWP)
and polarising beam splitter (PBS) provide precise energy control, while a neutral-density
(ND) filter enables further attenuation. A 100 mm AR-coated lens focuses the light onto
the photodiode while minimising optical losses.
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A half-wave plate (HWP) combined with a polarising beam splitter (PBS) enabled precise
control of the optical power. The ND filter (NE10) was individually characterised,
allowing the calculation of the incident optical power on the photodiodes. A 100 mm AR
coated (1000-1060 nm, R<0.1%) lens was used to minimise optical losses. This
measurement allowed the characterisation of each photodiode, where the detector output
voltage was plotted as a function of optical power, as shown in Figure 3.37. The
responsivity of the photodiodes can be extracted from the plots by dividing the gradient

by the transimpedance gain of the detector.

To determine the quantum efficiency, the 1 GQ feedback resistor was replaced with a
1 MQ one. This was implemented because using a very large resistor would require more
ND filters, necessary to achieve the required optical attenuation. Consequently,
measurement uncertainty would increase, as that the ND filters would have to be
individually characterised. In some cases, this characterisation pushed the power meter to
its detection limits, further adding to the overall uncertainty. By operating at a lower
transimpedance gain, with a resistor of a low, known tolerance, the characterisation can
be performed with more precision, before replacing the feedback resistor to the original

value.

21 4 pDI
PD2
I
=
gn 0
=
-1
)
0.0 0.5 10 15 20 25

Input Power after ND filters [uW]

Figure 3.37 - Responsivity of PD1 and PD2. The gradient of these curves provide the
product of the responsivity of the photodiode and the transimpedance gain. Dividing by
the transimpedance gain allows us to extract the individual photodiode responsivity.
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Consequently, this can be used to calculate the quantum efficiency of each photodiode by

using Eq. 3.16

hCO

) 3.16
qi

n=R

where 7 is the quantum efficiency, R is responsivity, h is Planck’s constant, c is the speed
of light, q is the elementary charge and A is the optical field wavelength. The quantum
efficiency of PD1 and PD2 was found to be 96.3 + 1.3 % and 94.1 + 1.3 % respectively

where the + values represent the combined propagated uncertainty at the 1o level.

The final parameter that will be reported here is the common-mode rejection ratio
(CMRR). A key metric in balanced detection as it quantifies how well the two

photocurrents are subtracted.

To evaluate it, the laser repetition rate was set to 1 kHz, and the same amount of optical
power was illuminated on both photodiodes. The output spectrum was then recorded.
Following this, one of the photodiodes was covered and a second spectrum was recorded.
The results, shown in Figure 3.38, allow the CMRR to be determined from the dB
difference between the two recorded peaks. A CMRR of 40 dB was established.

A higher CMRR could be achieved by choosing photodiodes with tightly matched
quantum efficiencies, junction capacitances and dark current. Introducing adjustable bias
networks as well as independent temperature control and stabilisation would allow these
parameters to be equalised in real time. These steps would further improve balancing and
mitigate the possibility of CMRR being a limiting factor in squeezing measurements.
Nonetheless, values around 40 dB are already considered competitive compared to

devices currently available.

Overall, the detector development and characterisation confirm that the detector is a high-
performance device that meets the requirements of quantum optical measurements. The
demonstrated sensitivity, low-noise performance and bandwidth provide confidence that
it 1s a suitable device for resolving quantum noise at nanowatt optical powers. In the
following chapter, the detector serves as a pivotal tool, integrated into quantum optical

experiments to perform ultrafast measurements beyond the shot-noise limit.
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Figure 3.38 - Common-mode-rejection-ratio measurement. The blue peak corresponds to
single photodiode illumination, while the orange trace represents the spectrum in the
balanced configuration. In the balanced regime, more than 40dB of suppression was
observed.

3.2.4 Commercial Balanced Detector

A direct outcome of this project was the expertise I gained in low-noise transimpedance
amplifier design and characterisation. Through a collaboration with Bay Photonics,
RedWave Labs and CPI, funded by Innovate UK, a high quantum efficiency detector was
developed, termed HiQuED, tailored for quantum and photonics research. In this
collaboration, 1 advised the partners on aspects of low-noise design and practical
laboratory usability. My role focused on providing technical input so the collaborating

teams can translate the performance of the research prototype into a commercial product.

The HiQuED device retained the core features of the laboratory detector, including high-
quantum-efficiency photodiodes with three-stage thermoelectric and passive cooling. Its
electronics were further developed, enabling software control of the TEC drive currents

and individual channel monitoring.
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Figure 3.39 - High-quality images of the finalised HiQuED commercial balanced
receiver.

HiQukEd serves as a clear example of knowledge transfer from academia to industry where
the design methodologies developed in this work contributed to the development of a
commercial detector with potential for broader development. Images of the final product

is shown in Figure 3.39.
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4 Ultrafast Twin-Beams

In shot noise limited detection, there is a square root relationship between the SNR, and

the number of photons detected N such that SNR « +/N. Consequently, increasing the
optical power enables an improvement of the SNR. In some cases, however, the optical
power cannot be increased indefinitely. For instance, in biological samples, higher
illumination levels can cause photobleaching, thermal damage or even cell death. In
microscopy, where the spatial resolution depends on the tightly focused light, this effect

is more prevalent.

In the context of THz-TDS applications, upper limits are dictated by nonlinear noise and
back-action. Guedes et al. [22] theoretically determined this threshold to be on the order
of tens of nJ per pulse, beyond which cascaded nonlinear contributions begin to dominate

and contaminate the measurement signal.

In such scenarios, when classical noise-reduction techniques are no longer effective,
further enhancement in sensitivity can be achieved using non-classical states of light, such
as twin-beams, which possess correlations in their photon-number. By harnessing these
photon-number correlations, balanced detection can be performed below the shot-noise
limit.

The following sections outline the developments undertaken toward achieving sub-shot-
noise measurements in the femtosecond regime. In Section 4.1 a reference is established
by achieving shot-noise limited balanced detection at low-light levels, thereby validating
the performance of the detector developed in Chapter 3. Section 4.2 focuses on the
development of a twin-beam source via spontaneous parametric down-conversion.
Finally, Section 4.3 builds on the findings of Section 4.2, where the parametric process is

seeded with a coherent field to enhance the intensity and performance.
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4.1 Shot-noise Limited Detection

To achieve shot-noise limited detection, the setup in Figure 4.1 was used. The light source
was the previously mentioned Carbide laser. The system provides four presets, offering
pulse energies of 400 wJ at 100 kHz, 200 uJ at 200 kHz, 80 pJ at 500 kHz, and 40 pJ at 1

MHz, respectively. In this experiment, the laser was operated at IMHz.

The green dashed boxes outline the energy control stages. They were implemented using
variable attenuators, designed for 1030 nm, femtosecond applications. The first stage
controls the energy sent to the detector, while the second stage balances the optical power

incident on the photodiodes.

This experiment employs the balanced detector described in Chapter 3. The total optical
power was varied, and the voltage noise density spectra were recorded at each optical
power level. Spectra were recorded using the Zurich MFLI frequency FFT function. The

sampling rate was set to 7.32 kS/s, and 4096 samples were recorded for each spectrum.

The mean and standard deviation were computed between 100-800Hz (where the
transimpedance gain is flat). Subtracting the electronic (dark) noise spectrum results in a

plot of input power versus amplified shot noise, as shown in Figure 4.2.

Laser HWP1 PBS1 HWP2 PBS2 L1 Custom Balanced
detector

o

BD L2
Figure 4.1 - Shot-noise limited detection setup. HWP1 and PBS1 are used to attenuate

the total optical power sent to the detector. HWP2 and PBS2 are used to balance the light
on both photodiodes.
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Figure 4.2 - Shot-noise limited detection: measured versus theoretical. The light blue
shaded area represents the propagated uncertainty in the theoretical calculation, attributed
to quantum efficiency and resistor tolerances. The orange error bars correspond to the
standard deviation of the measured amplified shot-noise within the measurement range.

Results from a theoretical model have been included for comparison. The model firstly
transforms optical input power into photocurrents. The photodiodes’ real quantum
efficiencies have been considered, as extracted in Section 3.2.3. As noted in Eq. 3.4, shot
noise scales with the square root of the current. In balanced detection, this is the total
photocurrent produced by the photodiodes. Thus, the difference signal carries shot noise

set by the total photocurrent. Subsequently, the circuit amplifies it to a voltage noise

density via the transimpedance gain.

For this comparison, the transimpedance gain has been assumed to be flat since we are
operating in the 100-800 Hz range. By sweeping the input power range, the theoretical

shot-noise curve was produced.

The light blue area in Figure 4.2, indicates the uncertainty of the prediction which has
been obtained by propagating the stated errors. (Photodiodes’ QE errors and Ry tolerance).
These results confirm that the detector can measure shot noise at sub-nanowatt optical

powers, validating its sensitivity and low-noise performance.

66



Chapter 4. Ultrafast Twin-Beams

4.2 Twin-beam Squeezing via Spontaneous Parametric
Down Conversion

Having confirmed shot-noise limited detection, the next aim is to surpass this limit by
exploiting quantum correlations in twin-beams. These were generated by spontaneous
parametric down conversion (SPDC) in a BBO crystal pumped at 515 nm. This type of
crystal offers high-damage threshold, strong nonlinear coefficient and broad phase-

matching bandwidth, making it well suited for femtosecond applications [70].

A type-I interaction was chosen because the nonlinear coefficient is higher for this type
of interaction compared to type-Il, resulting in a higher down-conversion efficiency.
Moreover, the down-converted photons have broader spectral bandwidth at the degenerate

wavelength of 1030 nm, which is advantageous under femtosecond pumping.

Generating quantum fields at the near infrared (NIR) is advantageous, as high quantum
efficiency detectors are readily available. In addition, a broad selection of optical
components with high-reflectivity and anti-reflection coatings are commercially available
for this spectral region, enabling cost-effective integration of optoelectronic components

that minimise photon losses.

Loss in either arm of a twin-beam measurement reduces the measurable photon-number
correlations. This is a consequence of the fact that fewer signal-idler pairs are detected.
As signal-idler pairs are broken, the contribution of uncorrelated shot-noise becomes more
dominant. This behaviour has been studied both theoretically and experimentally by
Allevi et al. [71] demonstrating that sufficiently high losses will eventually be driven

toward the shot-noise limit, thereby losing any quantum-noise suppression.

The main drawback of this configuration is that both down-converted photons share the
same polarisation, making spatially separating correlated photons more challenging. An

illustration of the simplified experimental setup is shown in Figure 4.3.
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Figure 4.3 - Optical layout of the experimental setup used to generate twin-beams via
SPDC. BBO SHG: AR/AR @ 515 & 1030 nm. L=1 mm | BBO SPDC: AR/AR @ 515 &
1030 nm. L=2 mm | L1: AR 75 mm @ 1030 nm plano-convex lens | P1: gold knife-edge
prism | M1-M6: HR @ 1030 nm mirrors | L2 & L3: AR 75 mm plano-convex lens [SHG
stage, where the 1030 nm fundamental is frequency doubled to 515 nm in a BBO crystal.

Twin-beam preparation: The 515nm pulses pump the SPDC crystal, with intensity-
correlated photons being split into two beams via P1 | Detection: differential measurement
of the intensity-correlated beams.

The Carbide laser output (1030 nm) is frequency-doubled, in a 1 mm BBO crystal via
SHG. To characterise and optimise the SHG efficiency, the input (1030 nm) and output
(515 nm) powers were measured for different beam sizes. Owing to the high laser
intensity and limited literature on damage thresholds in the femtosecond regime, tight
focusing caused gradual crystal heating, and eventually surface damage. The optimal
focusing condition was found by reducing the fundamental beam waist from 2mm to

1.3 mm (FWHM) using a Galilean telescope.

The 1 mm BBO crystal was then mounted on a translation stage and its position along the
fundamental beam propagation direction was adjusted, to maximise the 515 nm output.
Moreover, the crystal was mounted on a kinematic stage, allowing precise optimisation
of the phase-matching angle. The input and output optical powers were measured with a

Gentec-EO thermal power meter for increasing input powers. This process was performed
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Figure 4.4 - Second-harmonic generation characterisation. Conversion efficiency as a
function of input pump power for four different laser presets. | MHz: able to deliver up
to 40 pJ per pulse | 500MHz: able to deliver up to 80 pJ per pulse | 200kHz: able to deliver
up to 200 pJ per pulse | 100kHz: able to deliver up to 400 pJ per pulse.

for the four laser presets, offering different energies per-pulse and the results are shown
in Figure 4.4. As expected, higher conversion efficiencies are observed at lower repetition

rate presets, where the energy-per-pulse and thus intensity on the SHG crystal is higher.

To spectrally mode-clean the 515 nm output, the beam was routed via a combination of
45° and 0° separators, attenuating any residual fundamental signal by =~ —136 dB. Such
high attenuation is important, as any residual fundamental light present in the 515 nm path
could seed the succeeding PDC process in an unwanted manner. Determining the right
crystal length for SPDC generation first required understanding the duration of the 515nm
pump pulse. This was addressed by performing a single-pass OPA cross correlation

measurement.

To this end, the 1030 nm fundamental, was spatially overlapped with the 515 nm pump
on a BBO crystal, of 0.5 mm thickness. Subsequently, a retroflector was placed on a delay
stage and the 1030 nm beam was scanned through temporal overlap on the crystal. Since
the 515 nm pulse drives the OPA process, the 1030 nm experiences maximum optical

amplification at exact temporal overlap. Consequently, by scanning the delay, and
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Figure 4.5 - Gaussian cross-correlation obtained via optical parametric amplification
between the 1030 nm fundamental and the frequency-doubled 515nm. The Gaussian fit
yields a FWHM of =299 fs.

calibrating the axis for a retroreflector scan, a cross-correlation profile between the two

pulses, was produced.

From Figure 4.5, and by using the known 1030 nm duration of 245 fs, whilst also

assuming Gaussian intensity profiles, the 515 nm pulse duration can be inferred from

— 2 _ 42
Ts15nm — \/Txcorr T1030nm- 4.1

This yields a pulse duration of 171 + 1.1 fs, which closely agrees with the expected value

for the SHG of a 245 fs Gaussian pulse in a thin nonlinear crystal

_ Trundamental _ 24505 _ )0 4.2

T =
SHG \/E \/E
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Based on simulations with Software for Nonlinear Optics (SNLO) by Dr. Arlee V. Smith
[72] , assuming a type-I BBO crystal, the group-velocity mismatch (GVM) between
1030 nm and 515 nm was -95 fs/mm.

This quantifies the temporal walk-off between the interacting waves and corresponds to

the difference of their inverse group velocities

1 1
GVM = - , 4.3
Vg(515nm)  Vg(1030 nm)

where vg = ¢o/ng are the group velocities that are obtained via the SNLO software using

the Sellmeier dispersion relations of BBO.

From the GVM, the splitting length can be calculated, defined as the propagation distance
within the crystal that the interacting pulses separate by one pulse duration

Ts15nm

Loverlap ~ W

4.4

Using the obtained parameters for Tg;5 nm and |GVM|, a splitting length of 1.8 mm was
calculated. For this reason, both 1 mm and 2 mm crystals were investigated. When the
I mm crystal is employed, the pump and the down-converted fields remain overlapped,
increasing phase-matching bandwidth and thus generating temporally short down-
converted fields. An accumulation of slip that reduces temporal overlap is expected with
the 2 mm crystal, leading to narrower spectral bandwidth and therefore longer PDC
pulses. However, the longer interaction length enhances the overall nonlinear gain and

photon-pair generation.

The pump beam was directed to the PDC BBO crystal with the aid of a 45° dichroic
separator, further removing any residual fundamental light. Immediately after the exit of
the SPDC crystal, an antireflection coated lens (L1, =75 mm) was placed at a distance
equal to its focal length. Thus, a Fourier plane was formed at one focal length on the other
side of the lens, where the spatial distribution of the down-converted photons directly

corresponds to the angular spectrum of the SPDC emission.
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In practice, this means that each spatial position maps to a specific propagation direction
from the crystal, with diametrically opposite points representing momentum correlated
photon pairs, as mentioned in Section 2.4.2. Therefore, a knife-edge prism was placed in
the Fourier plane where the SPDC emission was split into two parts. By mounting the
prism on a Y-Z translation stage enabled precise control of the splitting ratio and the
splitting depth (alignment of the prism edge relative to the Fourier plane). It is important
to note that the effectiveness of spatial selection, or in this case spatial division, is directly

dependent on the spatial mode structure of the SPDC emission.

Correlations in the far field can be pictured as twin speckles on either side of the emission
cone. Bright spots, otherwise known as coherence areas, are caused by the finite pump
waist and crystal length. Since the crystal length has been determined, it is important to
engineer the pump so that the probability of correlations being efficiently split and

directed onto the photodiodes is enhanced.

A larger pump waist corresponds to a smaller coherence area in the far field, meaning that
the far-field correlation spots are small and thus many speckles (or spatial modes) are
present. In this regime, the chance of the prism dividing an individual mode is small and
thus the chance of correlations being preserved post-splitting is higher. Conversely, a
tighter pump focus increases the coherence area. Here, the number of spatial modes is
reduced with more photons occupying a single spatial mode. In this case, it is more likely
for the knife-edge prism to cut directly through a coherence area and thereby break

correlations [73].

At sufficiently high pump intensities (high gain) the spatial distribution of the SPDC
emission no longer reflects the entire pump spatial profile. Instead, the nonlinear
interaction is dominated by the central, high-intensity portion of the Gaussian beam, with
the side wings contributing marginally. Therefore, the effective pump waist is narrower
than the physical beam waist, affecting the spatial mode structure as noted in the previous

paragraph [74].

Accordingly, the pump beam was loosely focused with a 1m focal length plano convex
lens so that the beam diameter was = 650 um (1/e?) at the position of the crystal. This was

the largest practical value that ensured the focused twin-beams remained sufficiently
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smaller than the 750 um photodiode active areas. The phase matching of the BBO crystal
was tuned slightly away from collinearity so that the cone emission angle was
approximately 2°. Increasing the angular separation enabled easier 50:50 splitting of the
down-converted light. Figure 4.6 shows the SPDC emission at the far field recorded with
an Andor Zyla 5.5s CMOS camera. The cone emission angle was obtained by converting
the pixel displacement to angular coordinates using the imaging geometry of the setup (f

=75 mm, pixel size = 6.5 pm).

As shown in Figure 4.3 upon splitting, each arm was directed onto the focusing lens
(L2=L3, F=75 mm) via three high-reflectivity, broadband ultrafast mirrors. The focusing
lenses were also antireflection coated (R<0.3%) with a broadband coating, minimising

losses.

To ensure a direct comparison, the measurements were carried out under identical
conditions to those used for establishing shot-noise-limited detection, with the only
difference being the substitution of the coherent light source with the twin-beam SPDC
output. The first set of measurements was performed using an AR-coated 2 mm BBO

crystal.

The Carbide laser was operated at IMHz to minimise the energy of the 515 nm pulses

whilst keeping the average SPDC power high. This condition maximises the number of

600
500
E =
=
%)!;) 400 ﬁ
8 &
—_— 3 - -
e
5 2008
2
100
0

—4 -2 0 2 4
Horizontal angle [°]

Figure 4.6 - Transverse profile of spontaneous parametric down-conversion (SPDC)
cone, captured at the Fourier plane of L1.
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spatial modes, as lower pulse energy corresponds to a reduced peak intensity in the
nonlinear crystal and therefore smaller parametric gain. Consequently, gain narrowing of
the PDC near-field profile is mitigated whilst preserving the total PDC power, due to the
higher repetition rate. Under these conditions, we are placed in the best possible position

to perform measurements below the shot-noise-limit.

Twin-beam squeezing is quantified by the noise reduction factor (NRF) [75]

_ AZ(NS B Ni)

NRF = 4.5
N + N;

Where A%(Ng — N;) is the variance of the photon-number difference between the signal
and the idler pulses and N + N; is the shot-noise reference. A NRF below 0 dB indicates
that the photon-number difference variance falls below the shot-noise limit, which is the
signature of twin-beam squeezing. Consequently, a more negative NRF corresponds to
stronger squeezing. Experimentally, we do not evaluate the number of photons on each
individual beam. However, the NRF can be computed as the logarithmic power ratio of
the difference-photocurrent noise powers measured for the twin-beams and the coherent

benchmark.

Figure 4.7 presents the measured voltage noise powers for both the coherent and SPDC
data. The data points correspond the photocurrent noise powers at different optical power
levels, scaled by the transimpedance amplifier gain. The NRF at different power levels
was quantified by taking the logarithmic ratio of the coherent and SPDC noise powers,

the results are presented in Figure 4.8.

More than 5 dB of twin-beam squeezing has been observed up to optical levels of 6 nW.

A highly promising result.
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Figure 4.7 - Power spectral density (PSD) of the differential signal as a function of optical
power for coherent (blue) and twin-beams (orange). The mean PSD values are computed
over a 200 Hz analysis bandwidth, where the electronic noise has been subtracted. The

error bars represent one standard deviation. The SPDC noise is consistently lower than
the shot-noise limit, demonstrating sub-shot noise behaviour.

It can although be seen in Figure 4.8 that the NRF is slowly diminishing. This can be
attributed to the increase in pump power, and therefore intensity, which was required to

generate a higher flux of down-converted photons.

0.2 0.5 i 2 5
PDC Power [nW]
Figure 4.8 - Noise reduction factor (NRF) of twin-beams generated by pumping (515 nm)
a2 mm BBO crystal at a repetition rate of 1MHz. The solid line is drawn to guide the eye,
and the error bars represent the propagated 16 uncertainty.
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As described earlier, higher intensities are expected to reduce the number of spatial
modes, increase coherence areas and thus reduce the robustness of the correlations. To
further examine this effect, the laser’s tunability was exploited. By switching between the
1 MHz, 500 kHz, 200 kHz and 100 kHz presets, the pump-intensity and hence the number
of down-converted photons per pulse was varied while keeping the average photon flux
below the electronic saturation threshold. From these measurements, the NRF as a

function of down-converted photons per pulse was determined, Figure 4.9

The NRF worsens by more than 4 dB over the measurement range. This result confirms
the pump-dependent degradation already seen in Figure 4.8. More than 6 dB of squeezing

is observed at the lowest point, where a pump energy of 170 n] per pulse is required.

On the other hand, at the highest photon-flux point, 23 p] per pulse of pump power was
needed. This is more than two orders of magnitude increase in pump energy, and directly
explains the loss of squeezing, in line with earlier studies of bright squeezed vacuum,

where NRF increases with parametric gain [76].

Subsequently, the BBO crystal was replaced by the 1 mm crystal, and the full

experimental and analysis procedure was repeated. The results are presented in Figure

10 10* 10
PDC Photons Per Pulse

Figure 4.9 - NRF of twin-beams generated with a 2 mm BBO crystal at different

repetition rates. Here the NRF is plotted against the number of photons per pulse, showing
how the NRF degrades with pump intensity. The solid line serves as a visual guide
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Figure 4.10 — Comparison of the NRF of twin-beams as a function of the down-converted
photons per pulse for 1 mm (orange) and 2 mm (blue) BBO crystals. Solid and dotted
lines are guides to the eye

4.10, where the NRF values obtained for both crystals are shown. It is important to note

that the measurements were performed on different days, so alignment may differ.

The NRF, was observed to be higher when using the Imm crystal compared to the 2 mm
crystal (closer to the shot-noise limit), even at low down-converted photons numbers per
pulse. This arises from the trade-off between the interaction length and the pump intensity.
To generate the same down-converted photon number, the shorter crystal needs to be
pumped with considerably higher energy and therefore the crystal could be driven at

higher parametric gain.

The expected number of down-converted photons per pulse can be approximated using

[76]
Ngppc = M sinh? (k /Npump>, 4.6

where k is a constant encapsulating the crystal nonlinearity, pump focusing and the
interaction length. M is the number of spatiotemporal mode pairs, which is dependent on
the pump intensity and phase-matching conditions [77]. Determining this number requires

numerical integration of the analytic expressions which describe the PDC gain function
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Figure 4.11 - Down-converted photons per pulse as a function of pump photons per
pulse for 1 mm (orange) and 2 mm (blue) BBO crystals.

and is therefore, beyond the scope of this work. As illustrated in Figure 4.11, generating
the same number of down-converted photons with the 1mm crystal, requires significantly

more pump intensity possibly enlarging the coherence areas and losing correlations.

It is well established that the robustness of photon-number correlations, quantified by the
NRF depend on both the number of modes and the overall detection efficiency [71]. This
has also been observed in this work where the NRF approached or even surpassed the

shot-noise limit at higher parametric gains.

Precise determination of the overall detection efficiency is non-trivial due to its broad
spectral bandwidth which likely contributes to correlation loss. Figure 4.12 displays the

measured spectrum of the SPDC radiation generated in a 1 mm BBO.

The spectrum was acquired by re-imaging the near field of the SPDC emission onto the
entrance slit of a Czerny-Turner spectrograph with a spectral resolution of 0.13 nm. An
ATLAS SWIR camera, sensitive in the 900-1700 nm range, was mounted on a translation
stage scanned along the dispersion direction. This was implemented because the camera
sensor was not large enough to capture the entire dispersed medium in one shot.

Consequently, a total of five images had to be taken at different stage positions to
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Figure 4.12 - Measured SPDC spectrum from a I mm BBO crystal pumped with 515 nm,
171 fs pulses.

reconstruct the full spectrum. To calibrate these images narrowband spectral filters with

known central wavelengths were employed.

The observed asymmetry in Figure 4.12 arises because the spectrometer dispersion scale
is linear in wavelength (1) but not in energy (or frequency). This can be explained by
considering the energy per photon

_he
=—

where h is Planck’s constant, v is frequency and c; is the speed of light. Differentiating

E=hv 4.7

Eq. 4.7 with respect to A we obtain

dv = ——=d4j, 4.8

where it can be deduced that for shorter wavelengths, a given wavelength interval, dA,
corresponds to a greater frequency change, since it depends on the square of the

wavelength.

Hence, plotting SPDC intensity as a function of wavelength, results in an asymmetric
spectrum, even if physically the photons per unit frequency is symmetric and around the

degenerate frequency, satisfying the phase-matching condition.
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To correct this, the Jacobian factor [78] is applied

2mcy
|d2/dw] = —, 4.9

converting the spectrum from wavelength to frequency space and thereby restoring

symmetry and affirming energy conservation across the spectral range, as shown in Figure

4.13.

Despite the use of broadband antireflection and high-reflectivity coatings used in this
experiment, the entire spectrum of the SPDC radiation may not be covered, resulting in
spectral-dependent losses. Additionally, the photodetector performance is even a bigger
concern. InGaAs photodiodes can be expected to behave poorly in the 900-950 nm range.
Therefore, it is plausible that a high portion of photons in this spectral region are not

detected therefore leading to broken correlations and reduced NRFs.
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Figure 4.13 — Spectrum acquired Figure 4.12, now converted to frequency space after

applying Jacobian factor. The correction has restored the spectral symmetry about the

degenerate frequency.
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4.3 Twin-beam Squeezing via Stimulated Parametric Down
Conversion

Although spontaneous parametric down-conversion allowed us to develop a twin-beam
source and observe squeezing, the NRF was found to deteriorate with increasing pump
energy. In contrast, studies employing twin-beams seeded by faint coherent fields have
shown that the quantum-noise reduction improves with increasing OPA gain [62], where

the injected coherent field defines a single spatiotemporal mode.

The main objective of the work reported in this thesis was to integrate the twin-beam
source in a THz-TDS setup to exploit the NRF and perform quantum-enhanced THz-TDS.
The THZ-TDS setup requires the Carbide Laser to operate at 100 kHz to achieve adequate
THz radiation amplitudes, which constrained the SPDC pumping to high energies.
Therefore, utilising the strong correlations reported in the previous section in the context
of THz-TDS is not a viable option. Furthermore, the size (~5 mm) of the non-Gaussian
spatial mode of the SPDC radiation and the extremely low photon-flux posed additional
challenges for efficient integration into the THz-TDS setup. Furthermore, the low probe
power limits the impact of the study, since one of the key objectives is to enhance the

sensitivity of THz-TDS at probe-power levels comparable to standard approaches.

Collectively, these limitations motivated the investigation of an alternative approach to
assess whether improved NRF could be achieved under the operating constraints of THz-
TDS. Specifically, stimulated parametric down conversion. In this configuration, the

optical parametric amplifier is seeded with a weak coherent field.

The experimental geometry for seeded twin-beam generation is shown in Figure 4.14. A
2 mm [-Barium-borate crystal is orientated for type-1 phase matching. The green 515 nm
pump is directed onto the crystal with a waist diameter of ~1 mm at 1/e? intensity level.
Simultaneously, the 1030 nm fundamental coherent field is injected in the same region in

space, focused more tightly to a waist of ~250 um (1/e?).

81



Chapter 4. Ultrafast Twin-Beams

Figure 4.14 - Optical layout of the experimental setup used to generate twin-beams via
seeded parametric down-conversion. M1, M3-M7: HR @ 1030 nm mirrors | M2: HR @
515 nm mirror | BBO: AR/AR @ 515 & 1030 nm. L=2 mm | L1: AR 75 mm @ 1030 nm
plano-convex lens | P1: gold knife-edge prism | beam combiner: AR (p-pol) and HR (s-
pol) | HWP: AR halfwave plates | Wollaston: AR @ 1030 nm | L1 & L2: AR 75 mm plano-
convex lens. A horizontally polarised 1030 nm seed is injected at an angle 2° relative to

the vertically polarised 515nm pump. The signal and idler beams are amplified within the
nonlinear crystal and subsequently separated by P1. The first HWP rotates the polarisation
of one of the beams allowing the spatial combination of both beams via the beam
combiner. A second HWP rotates the orthogonal signal and idler, so they are not aligned
with the principal axes of the Wollaston, enabling mixing of the state. Finally, the twin-
beams are then separated by the Wollaston prism and directed to the balanced detector.

Temporal overlap between the pump and the seed fields was established by inserting a
retroreflective delay line into the 1030 nm path. The BBO crystal was then tuned to satisfy
the phase-matching condition for SFG between 1030 nm and 515 nm, producing 343 nm
light as shown in Figure 4.15.

Once spatiotemporal overlap was achieved, attention was directed back to the
experimental setup. The 515 nm pump polarisation was parallel with the crystal’s optical

axis, oriented normal to the optical table.
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Figure 4.15 - Sum frequency generation between 1030 nm and 515 nm, confirming
spatiotemporal overlap between the two pulse trains. A white card placed approximately
40 cm from the BBO crystal allowed the beams to diverge and was photographed with a
camera. Three spots are visible: the 515 nm pump (left), the 343 nm SFG output
confirming phase-matching (centre), and a residual 515 nm second harmonic of the 1030
nm seed (right).

With the seed beam injected cross-polarised to the pump, twin-beams were generated of
horizontal polarisation. One of the beams passes through a half-wave plate which rotates

its polarisation to vertical. This enables the spatial combination of the twin-beams into a

single spatial mode, while maintaining orthogonal polarisation states.

A second half-wave plate was positioned before the Wollaston prism at the detection stage.
By adjusting this, the alignment of the beams to the polarisation axes of the Wolllaston
can be maintained, so that they are separated, or their polarisations can be deliberately

rotated so that the NRF can be examined in the “separated” or “mixed” configuration.

The OPA was seeded by directing the fundamental field into the BBO crystal at an
incidence angle of ~2°, matching the emission cone of SPDC reported in Section 4.2 and
ensuring efficient amplification of the seed (signal) and generation of the idler. Figure
4.16A shows the seeded type-I OPA output at the far-field, where the SPDC ring is
observed with the twin beams appearing as two diametrically opposed bright spots. The
seed without the pump is shown on the right. It is important to note that the left image
was obtained under conditions of strong pumping and weak seeding, enabling the
observation of both the SPDC ring and the twin-beams without saturating the detector.
Under the actual measurement conditions (discussed later in this section), the twin beams

are significantly brighter relative to the SPDC ring. Like in the previous section, all
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Figure 4.16 - Observation of twin beams in a seeded type-I OPA at the far field. A:
Emission showing SPDC cone and diametrically opposed amplified signal and idler

beams | B: Faint coherent seed recorded without pumping. The green circle indicates the
position of where the pump would appear if it was not dumped (diameter not to scale).
transmissive and reflective optics were coated with appropriate high-reflectivity and anti-
reflection coatings, respectively, to preserve the integrity of the quantum correlations. The
measured spectra of the signal and idler beams are shown in Figure 4.17, overlaid with
their Gaussian fits. Their FWHM bandwidths were determined to be 12 nm for the signal
and 14 nm for the idler.
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Figure 4.17 - Signal and idler spectra captured with an OceanOptics NIRQUEST
spectrometer, with Gaussian fits overlaid.
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Two advantages arise from the reduced bandwidths. Firstly, the spectral coverage in which
the optics require specialised coatings is narrower, which reduces both the cost and the
complexity in sourcing the components. Secondly, the issue that was highlighted in
Section 4.2 where the broad SPDC spectra coupled with the limited spectral responsivity

range of InGaAs photodiodes led to loss of spectral correlations is avoided.

In coherently seeded OPA, the difference between the signal and idler at the output
depends on the parametric gain. For a phase-insensitive non-degenerate OPA, the mean

output intensities are governed by [79]

I;)iglal = Glseed + (G - 1)

Ii(zilllgr = (G - 1)(Iseed + 1):

4.10

where G > 1 is the intensity gain and Igeeq 1S the intensity of the seed field. The computed

difference between signal and idler therefore becomes

Isoitgl,;al - i?illlgr = Lseed; 4.11
and the sum
I;)iléglal + Ii(zilllgr =~ Z(G - 1)(Iseed + 1)- 4.12

Finally, the relative imbalance can be formed

Iout __yout I
signal idler ~ seed 4.13
Is(.)ilé;al + Ii%lllgr Z(G - 1)(Iseed + 1)
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Eqgs. 4.10-4.13 describe how the signal and idler field intensities depend on the amplifier
gain and the seed field intensity. When the initial seed intensity is large and the gain is
low, the signal beam is dominated by the initial seed intensity while the idler remains
weak. Therefore, there is a power mismatch between the two beams that limits the
effectiveness of balanced detection (poor CMRR). As the gain increases, the idler
contribution grows rapidly, and the signal-idler power difference is reduced. In the high-
gain regime, the relative difference approaches zero. Although, the theoretical model
predicts that the signal and idler power levels converge as the gain is increase, and noise
reduction increases, previous experiments have observed an increase in noise at high
amplification levels. This has been attributed to possible pump beam distortion when the

OPA is operated in the high-gain regime [80].

When the seeded PDC configuration was first tested, it was immediately understood that
the coherent seed field intensity would have to be weak and the OPA gain sufficiently high
to minimise the signal-idler intensity imbalance. To reach this regime required the OPA
to be pumped at intensities where spontaneous signal alone was already saturating

(electronically) the detector.
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Figure 4.18 - Custom balanced detector AC bandwidth for a TIA gain of 10 MQ. Peak-
to-peak time-domain responses were recorded for different repetition rates, processed,
and normalised to 0 dB so the -3 dB bandwidth was identified. Error bars are included but
too small to be visible.
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Consequently, the transimpedance gain of the custom balanced detector developed had to
be reduced. After iteratively tuning the seeding level and pump field intensity, the
feedback resistor was set to 10 MQ, yielding a gain of 10 MV/A. By appropriately
selecting R11 and C15, as described in Figure 3.26, the 3 dB bandwidth was set to

approximately 3 kHz, as confirmed in Figure 4.18.

The 2 mm BBO crystal was pumped at a repetition rate of 100 kHz with an average power
of 1.5 W. By sweeping the coherent seed power between 2 and 30 nW and following the
same methodology described in Section 4.2, where the noise statistics of the twin-beam
source were compared to those of a coherent source of the same average power, the NRF
was evaluated. The results are presented in Figure 4.19. Where the electronic noise is
subtracted, highlighting the intrinsic difference between the noise statistics of the quantum
and the classical case. However, inclusion of the electronic noise contribution yields a

more realistic interpretation of the quantum advantage, as presented in Figure 4.20.

It can be seen from Figure 4.20 that at low input powers, the NRF approaches 0 dB. This
is attributed to the electronic noise. As can be seen from the orange curve, at low powers
the ratio of the total noise (optical and electronic) and the electronic noise tend towards

one. Here, the electronic noise dominates, making it difficult to determine any quantum

NRF [dB])

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
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Figure 4.19 - Noise reduction factor (NRF) of twin-beams generated in by pumping
(515 nm) a 2 mm BBO crystal at 100 kHz and seeding (1030 nm) with a faint coherent
field. Electronic noise is subtracted. The solid line serves as a visual guide to the eye.
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Figure 4.20 - Noise reduction factor (NRF) of twin-beams generated in by pumping
(515 nm) a 2mm BBO crystal at 100kHz and seeding (1030 nm) with a faint coherent
field. Electronic noise is included. The second right-hand axis shows the ratio between
the total noise and the electronic noise, accounting for the NRF degradation, where the
electronic noise contribution is larger. Solid and dotted lines are guides to the eye.
advantage when twin-beams are employed. To verify the effect of twin-beam squeezing,

the cross-polarised twin-beams were rotated with a half-wave plate before the Wollaston

prism, and the corresponding differential noise level was measured.

With this approach, the total optical power on the balanced detector remains fixed, whilst
varying the splitting ratio of the twin-beams. At 0° the twin-beams are cross-polarised
before the polarising beam splitter, as shown in Figure 4.14, resulting in the signal and
idler being directed on separate photodiodes. In this configuration, the photon-number
correlations in their photocurrent difference are maintained. As their polarisations are
rotated by the HWP, the modes become increasingly mixed at the beam splitter,
distributing photons from both beams on each photodiode. Consequently, this mixing
progressively diminishes the correlations. The results are shown in Figure 4.21, where the
noise of the twin-beams with varying polarisation rotation angles is compared to that of a

shot-noise limited coherent source of identical optical power.
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Figure 4.21 - Measured differential-noise of the twin-beams as a function of polarisation
rotation angle, showing rise of noise to the shot-noise level (coherent reference) when the
twin-beams are cross-polarised, as expected. The measured shot-noise level (coherent) is
shown, obtained with classical balanced detection at identical optical powers. The shaded
coherent =+ error band illustrates the associated 16 measurement uncertainty. Solid orange
line indicates the trend.

In theory, the noise maxima should be at -45° and 45° polarisation rotation angles,
assuming that signal and idler are cross-polarised having pure vertical and horizontal
polarisations. In the above figure some asymmetry exists. This is because in practice the
measured quantum noise versus angle is not set by optical mixing alone, it is also shaped
by the effective balance of the two detector channels. Any DC power asymmetry (here the
signal is 8% stronger than idler) or photodiode-responsivity mismatch, alters the CMRR

of the balanced amplifier and thus affects the photocurrent difference channel.

In other words, it is not only the quantum-noise that is measured, but also a balance-
dependent contribution from residual classical intensity noise. Thus, it is normal for these

optoelectronic asymmetries to displace or reshape the extrema.

In this Section, twin-beams via coherently seeded SPDC have been developed and
characterised. A quantum metrological tool has been developed in which photon-number
correlations are confined to well-defined Gaussian spatial and temporal modes, enabling

simple integration into existing balanced detection schemes. The issues identified in
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Section 4.2, where the NRF degraded with optical power have been resolved, exceeding

-6dB of noise reduction at optical powers near microwatt levels.

The ultrafast nature of this source makes it ideal in pump-probe measurements enabling

the interrogation of fast phenomena, such as THz pulses, with sub-shot noise precision.
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S  Quantum Enhanced THz-TDS

5.1 Generation of THz Radiation

5.1.1 Theory of Optical Rectification

While several methods exist for generating pulsed THz radiation, optical rectification
(OR) remains one of the most effective. This is due to the capability to generate intense,
and spectrally broad THz fields when compared to those generated by photoconductive

antennas for example [81].

Optical rectification is a second-order nonlinear process which can be understood as a
specific case of DFG, where the difference between the interacting fields approaches zero
[82] (e.g. between the spectral components of a laser pulse). THz radiation is commonly
generated via optical rectification by pumping electro-optic crystals with femtosecond
pulses. The broad spectral bandwidth of a femtosecond pulse allows any pair of its
components to interact within the nonlinear medium, contributing to the DFG. The
combined result is the weighted sum of all contributions that satisfy the phase-matching
condition. Consequently, a single femtosecond laser pulse is sufficient to drive optical

rectification, simplifying the experimental implementation.

The total polarisation, as a power series in the electric field, has been introduced in Section

2 (Eq.2.2). Asin all second-order nonlinear effects, only the second-order term is relevant

P2(t) = e,y PE%(0). 5.1

Assuming that the incident light field is a plane-wave, its electric field can be expressed

as
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+ oo

E(t) = f E(w)e™*Ydw + c.c. 5.2
0

One can acquire the polarisation for optical rectification by substituting Eq. 5.2 into Eq.

5.1 so that

P3R(t) = 2)((2):f f E(w)E*(wy) e/ @1=92)tde, dw,
o Jo

(o] co . 5.3
= 2x®: f j E(w + 2) E*(w)e " dRdw,
o Jo

Where Q is the difference of the two contributing optical frequency components. The
radiated electric field, in the far field, is proportional to the second derivative of Eq. 5.3

with respect to time

62

By considering the contributing fields E(w;) = A;e /%17 and E(w,) = A;e /*2" then
as per Eq. 2.18 using the scalar approximation for simplicity
Pni(1hz) = dE(0)E(w,) = dA Aze /4T, 5.5

where

‘QTHZ =W — Wy 5.6

and
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k THz — kl - kz. 5.7

Here, 0y, and Ky, are the frequency and the wave vector of the generated THz field,
with w4, wy , k; and k, denoting the frequencies and wave vectors of the optical fields

contributing to the generated field.

By appropriately selecting the thickness of the nonlinear medium, so that it is shorter than
the coherence length as defined in Eq. 2.23, efficient THz generation can be achieved.
Since the interacting optical fields are of much higher frequency than 1y, they are

effectively degenerate (w; = w, = w,). By taking the ratios of Egs. 5.6 - 5.7,

w1 — Wy Ly

- ) 5.8
ki—ky  Kkrng
the left-hand side of Eq. 5.8 approximates to i—(: since (27h, K wg) and hence
o _ Ly 5.9
Ak kryg

The left-hand side of the resulting equation is the group velocity of the input optical pulse,
and the right-hand side is the phase velocity of the THz. Therefore, to achieve efficient
THz generation the group velocity of the optical pulse must match the phase velocity of
THz pulse throughout the interaction length. The geometry described by the above
equations (collinear phase matching), results in high THz efficiency but also good THz

beam quality, due to the long interaction length.
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5.1.2 Experimental THz Generation via Optical Rectification

When choosing the nonlinear material for THz generation, three main figures of merit
must be considered. Firstly, the material needs to possess a high nonlinear susceptibility
which enhances the conversion efficiency of the interaction. Secondly, the absorption
characteristics at the pump and THz wavelengths must be minimal so that both fields
propagate along the material efficiently. Lastly, a long coherence length is advantageous

as it maximises the interaction length of the fields within the material.

In the present work, Gallium Phosphide (GaP) was chosen as the nonlinear medium for
THz generation, offering a favourable combination of properties for this purpose. Its large
nonlinear coefficient (d;4 = 20 pm/V) and broad transparency range (0.55 — 1.6 pm)

provide the necessary conditions for efficient optical rectification.

As summarised in Table 5.1, GaP is the only crystal among common candidates that
supports collinear phase matching at 1030 nm while exhibiting no two-photon absorption
at this wavelength. This combination is particularly significant. Collinear phase matching
enables high-efficiency, broadband THz generation without resorting to more complicated
geometries or pulse front tilting. Furthermore, the absence of two-photon absorption
ensures that pump energy is not dissipated through competing nonlinear processes that
would otherwise degrade conversion efficiency. These properties make GaP directly
compatible with Ytterbium-doped Potassium Gadolinium Tungstate (Yb:KGW) laser
systems, such as the one employed here, establishing it as the natural choice for this setup.
[83][84].

Table 5.1 Properties of common nonlinear crystals for 1030 nm pumped THz
generation.

Crystal Collinear phase 2PA at 1030nm
matching at 1030nm
ZnTe No High
GaP Yes None
GaAs No High
ZnGeP, No Present
LiNbO, No None
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Here, we generate THz by placing a 1mm long n-type GaP crystal (cut in the 110 plane)
in a way so that the p-polarised pump beam is incident normal to the crystal surface and
thus satisfying the phase-matching condition. To maximise THz generation, the crystal
was positioned so that the [001] crystallographic axis is orientated at 8 ~ 55° with respect

to the horizontally polarised pump.
The THz field polarisation orientation can be computed using

@ = arctan(2cotf), 5.10

where @ is defined as the angle between the THz field and the [001] crystallographic axis
[85].

From Eq.5.10 it can be extracted that the polarisation of the THz field is roughly 54.5° to
the [001] axis, suggesting that the THz field is almost p-polarised.

The selected crystal in this instance was lightly doped, as a heavily doped crystal would
increase the likely hood of free-carrier absorption and thus reducing THz transmission.
Using a crystal cut in the 110 plane provides access to the highest nonlinear tensor element

of the Zincblende lattice, maximising the nonlinear interaction strength [86].

Although high pump intensities improve the conversion efficiency, they can also lead to
saturation of the nonlinear process within the crystal. To investigate this, the experimental
setup shown in Figure 5.1 was used to measure the optical rectification conversion
efficiency, defined as the ratio of THz output power to incident pump power, for three
different fixed beam diameters of 0.88 mm, 1.05 mm, and 3.50 mm. The THz output
power was obtained using the Gentec THZ5I-BL-BNC pyroelectric detector, while the
incident pump power was measured with the Gentec UP25N-100H-H9-DO thermal
detector. Increasing the pump beam size to 3.50 mm resulted in the highest conversion
efficiency and THz output power. Saturation was observed at a conversion efficiency of
~7 x 1077 when the OR crystal was pumped with 30 W of average power, as shown in

Figure 5.2.
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Figure 5.1 - Experimental setup for measuring THz conversion efficiency as a function
of pump beam size. The red beam denotes the pump beam, while the purple represents
the generated THz radiation. The pump waist was varied between 0.88 mm, 1.05 mm,
and 3.50 mm, with THz output detected by a bolometer and incident pump power
measured by a thermal power meter.
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Figure 5.2 - THz conversion efficiency as a function of pump power for three different
beam sizes. Optimal beam size was found to be 3.5 mm (1/e?), providing the highest
conversion efficiency before reaching saturation at 30 W.
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5.2 Detection of THz Pulses
5.2.1 Theory of Electro-Optic Sampling

Electro-optic sampling can exploit the electro-optic (EO) effect to analyse time-varying
electric fields. In this second-order nonlinear interaction, an applied electric field can
modify the refractive index of the medium. GaP is an isotropic, non-centrosymmetric
crystal and therefore exhibits no inherent birefringence. However, when an external
electric field is applied, the induced EO effect can make the refractive index polarisation-

dependent, introducing birefringence proportional to the field strength.

If we consider an electric field having an oscillating component at ®, and a steady

component (w = 0), then

E(t) = E(0) + Re{E(w)e/*t}. 5.11

By substituting this electric field expression into Eq. 2.8 where the material’s
nonlinearities that are above second order are assumed to be negligible, the induced

polarisation in the medium is given by

PnL(t) = Pyp(0) + Re{PyL(w)e/} + Re{Py.(2w)e/2¢t}, 5.12
where
Py (0) = d[2E?(0) + |E(w)|?] 5.13
PyL(w) = 4dE(0)E (w) 5.14
Py (2w) = dE(w)E (w). 5.15

Thus, the polarisation density consists of components at 0, w and 2.

97



Chapter 5. Quantum Enhanced THz-TDS

If we assume that the field oscillating at o is considerably smaller in magnitude than the
steady component (|E(w)|? < |E(0)|?), then the second-harmonic component (Eq.
5.15) can be ignored. Therefore, the linear relationship between the polarisation Py, (w)
and the optical field E(w) can be extracted from Eq. 5.14. This equation can also be

written in the form
Py (w) = €p4xE(w), 5.16

where
4d
Ay =—E(0) 5.17
€o

represents the susceptibility change proportional to the DC electric field. One can obtain
the equation giving the refractive index change by differentiating the relation n? = 1 + y

so that 2ndAn = Ay and substituting into Eq. 5.17 so that

2d
An = —E(0). 5.18
ne,

It is evident that the static field E'(0)is coupled with the oscillating field E (w) via the
nonlinear medium, corresponding to the Pockels effect. In the context of THz detection,

the static field is represented by the THz field so that Eq. 5.19 becomes

2d
An =—F 5.19
n ne, THz.
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The material is effectively linear with a refractive index that is controlled by the

instantaneous THz field.

To directly measure the temporal profile of a THz electric field, electro-optic sampling
(EOS) is employed. A linearly polarised probe beam co-propagates with the THz field and
is spatially overlapped inside an EO crystal. The slow-varying THz field alters the
refractive index ellipsoid of the EO crystal, via the Pockels effect, inducing a

birefringence proportional to the instantaneous THz field.

When the probe field temporally overlaps the THz field inside the crystal, it experiences
the altered refractive index and thus its polarisation is modified. A Wollaston prism is used
to analyse the polarisation change by separating the probe into two orthogonally polarised
beams. Balanced detection allows the measurement of the THz-induced polarisation

rotation as a differential photocurrent signal.

In the presence of an electric field, the ellipsoid of the refractive index of a zincblende
crystal is symmetric and can be expressed as
x4+ y?+ 22

2
Ng

+ 2y Exyz + 2y Eyxz + 2y E;xy =1, 5.20

where ng is the refractive index of the crystal in the absence of an external electric field,
Ex, Ey and E, are the components of the applied field, and y,, is the linear electro-optic

coefficient of the crystal.

Expanding Eq. 5.20 for small perturbations and considering an electric field polarised
along the z-axis of the crystal (E = E,), it can be observed that the field introduces a

differential change in refractive index along the affected axes.

1
Ny =MNg — EngyéllEz ) ny =mng+ _n8y4—1Ez- .21
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Thus, the birefringence is induced in the x-y plane is

An =ny, —n, = njysE,. 5.22

Therefore, each affected axis experiences a change in refractive index proportional to the
applied field

1
An = — Enng. 5.23

Light propagating through a medium of refractive index n over a distance d, accumulates

an optical phase

P =—— 5.24

where w is the angular frequency and ¢, the speed of light in a vacuum. Accordingly, the

phase change in the x-y plane is

wd wdn3yE, 5.5

A® =E(ny—nx) =

The basis of EOS is built on the induced phase retardation described by Eq. 5.25, where
the instantaneous THz field is encoded on the polarisation state of the spatiotemporally

overlapped probe.
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5.2.2 Experimental Electro-Optic Sampling

In this work, a 300 um-long (110) cut GaP crystal was used as the detection crystal. The
probe beam is first linearly polarised through a polariser, and its polarisation was set with

a half-wave plate (HWP) to the optimal orientation relative to the THz field.

In GaP, the probe and THz field should be oriented so that their polarisations are
orthogonal or parallel. In this setup, the probe was set to be polarised perpendicularly to
the THz field. The detection crystal was subsequently rotated until the THz signal was
maximised. This maximum corresponds to the configuration where the reference axis of

the crystal is perpendicular to the THz field [87].

After passing the EO crystal, the probe beam passes through a quarter-wave plate (QWP)
and a Wollaston prism, which separates its horizontal and vertical components, before
they are directed onto a balanced detector. The QWP is placed so that the polarisation of
the probe is biased so that the intensity of s and p components are equal in the absence of
THz. Consequently, the generated photocurrents on the balanced receiver subtract
perfectly, and we get a balanced output. In the presence of THz, a phase retardation is

introduced, and the polarisation becomes elliptical.

The implemented EOS scheme is illustrated in Figure 5.3, where the polarisation state of
the probe beam is annotated for both with and without THz. As it can be seen from the
figure, when THz is present it causes an imbalance of light on the photodiodes and
consequently a differential output voltage. By temporally scanning one pulse relative to
the other, the full THz waveform can be constructed. This was implemented by adding

retroreflective delay-line stage on the pump-beam path.

Typically, the phase retardation and hence imbalance caused by THz is very small and
buried in noise, therefore advanced detection techniques, like lock-in amplification, need

to be implemented to quantify them.
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Figure 5.3 -Implemented EOS scheme. The HWP allows tuning the orientation of the
linearly polarised probe to the optimal position. The probe polarisation is converted to
circular/elliptical by the QWP such that the scheme is perfectly balanced in the absence
of THz. When the THz field is applied, a differential imbalance is induced proportional
to the THz field. Examples of the probe polarisation evolution with and without THz are
shown.

5.2.3 Theory of Lock-in Amplification

In the case where two equal optical fields are incident on an ideal balanced detector, the
differential output is 0 V. For the custom detector developed in this work, operating at a
transimpedance gain of 10 MV/A and a 3 dB bandwidth of 2.9 kHz, the time-domain RMS
noise is determined by integrating the measured dark voltage noise spectrum over the

effective bandwidth following

2
Voms = || e2(Paf 5.26

1

The integration of Eq. 5.26 yields an RMS voltage noise of 65 pV.
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AOM 6_ )_[>
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Figure 5.4 - Conceptual illustration of the principle used of introducing a controlled
photocurrent imbalance via AOM modulation. This schematic represents the basis of the
following simulations, where a sinusoidal differential is photocurrent is generated.

To simulate the detector’s response under controlled imbalance, an acousto-optic
modulator (AOM) is conceptually introduced in one of the beam paths. The optical
intensity on the corresponding photodiode can be modulated sinusoidally (f= 500Hz), as
seen Figure 5.4 . Consequently, a controlled photocurrent imbalance, is introduced at the
input of the amplifier. This is subsequently amplified, appearing as a sinusoidal voltage at

the detector’s output.
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Figure 5.5 - Detectable output for a 150 pA modulation amplitude. Here, the differential
signal induced is high enough so that it is easily digitised without advanced techniques
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If the modulation amplitude is large enough, the differential output will be clearly
observed and easily digitised. An example of this can be seen in Figure 5.5 where a
modulation amplitude corresponding to a 150 pA differential photocurrent is introduced
at t = 5 s. In this configuration, the signal is amplified to 1.5 mV, much larger than the
RMS noise calculated using Eq. 5.26, therefore standard analogue-to-digital digitisation

is adequate efficiently analysing the signal statistics.

When the periodic differential signal becomes small enough so that it is comparable or
even smaller than the RMS noise, the situation becomes a lot more complex. To illustrate
this, the modulation magnitude is decreased by two orders of magnitude. Post

amplification the detector should output a sinusoidal signal of amplitude 15 pV.

As the broadband Vgys noise is more than four times (65 uV) more than the signal of
interest, it cannot be distinguished from the noise, as seen in Figure 5.6. Although the
periodic component seems lost in noise, it still possesses a well-defined frequency and
phase. By exploiting this property, lock-in amplification isolates and recovers the signal

through phase-sensitive detection.
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Figure 5.6 - Undetectable output for a 1.5 pA modulation amplitude. Here, even when the
modulation starts at t=5 s, no observable signal is visible, as it is drowned in noise.
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This is achieved by multiplying the noisy detector output (Figure 5.6) by a reference
waveform at the same modulation frequency (in this case 500 Hz). The detector output

signal may be written as

(Pl,?tl(t) = SlgSIH((‘)Slgt + HSIg) + VRMS 5.27

Where Vsig, wsig and g, represent the amplitude, frequency and the phase offset of the

wave, respectively and Vyyg represents broadband noise. The reference, often generated

from an externally provided signal is a pure sinusoid

Vref(t) = Sin(wreft + gref). 5.28

Multiplying both signals generates signal components at both the sum and difference

frequencies,

Vinix(t) = 1 Vsig [COS ((ws1g (l)ref)t + AH) — COS ((wsig + wref)t + 29)], 5.29

Where A8 = Ogig — Orer and 20 = O + Orer-

A low-pass filter rejects the high-frequency components, removing the sum term. In turn,

if wsjg = Wrer, the lock-in output becomes

5.30
g?l(t:k(t) = 51gCOS(951g Orer)-

The lock-in output signal is directly proportional to the amplitude of the original signal,
depending on its phase relative to the applied reference. In essence, a very narrowband
measurement is performed, where all the broadband noise and unrelated components are
rejected. A low-pass filter which succeeds the demodulation stage, defines the balance
between noise suppression and response time. Narrow filtering results in a cleaner signal

at the expense of a slower response.
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Figure 5.7 - Lock-in output for a 1.5 pA modulation amplitude. Example of how powerful

the lock-in technique can be in extracting a periodic signal previously buried in noise.

By using a simple numerical model, where a first-order low-pass filter has been assumed,

the lock-in output was simulated under the same conditions as in Figure 5.6, where the

signal was indistinguishable from noise. As illustrated in Figure 5.7 as soon as the signal

is introduced at £ = 5 s, the lock-in response rises and settles to a steady DC value equal
1 . . .. .
to EVsig = 7.5 uV , demonstrating the effectiveness of phase-sensitive detection. The

fluctuations superimposed on the steady DC voltage correspond to noise components

within the 0.16 Hz detection bandwidth.

5.3 Initial THz-TDS System

This part of the work was undertaken in close collaboration with another PhD student,
Lennart Hirsch, who focused on optimising Yb: KGW-based THz-TDS generation and
detection. The THz-TDS setup that was initially developed is illustrated in Figure 5.8.

The core of the system comprised the THz generation and detection components,
described in Sections 5.1 and 5.2 respectively. The THz beamline (yellow) guides the

radiation from the generation crystal, through the sample under test and subsequently on
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the detection crystal. The pump beam is rejected by passing through a hole in the first off-

axis parabolic mirror.

To generate the probe beam (blue), a small portion of the pump beam (red) is separated
using a beam splitter. Generally, not a lot of light is required for the probe, and it is
dependent on the sensitivity of the detector. Since the laser used in our setup can deliver
up to 400 pJ of energy per pulse, at a repetition rate of 100 kHz, only a small fraction is

required for electro-optic sampling.

To this end, a variable attenuator comprising of a thin film Brewster-type polariser and
quartz half-wave plate was placed so that energy can be routed between the pump and the
probe arms. To enable further control of the probe beam power, a half-wave plate followed
by a Glan Taylor prism are placed in the probe path. Following the prism, an additional
half-wave plate, allows optimisation of the EOS interaction, as mentioned in Section

5.2.1, by controlling the orientation of the probe polarisation.

Delay line stage
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Figure 5.8 - A schematic view of the initial THz TDS system [94]. BS: beam splitter |
HWP: Half-wave plate | QWP: quarter-wave plate | PBS: polarising beam splitter
(Wollaston Prism) | GaP: gallium phosphide crystal | EO: electro-optic crystal (also GaP)
| L3 focused the probe beam onto the EO detection crystal plane, L4 recollimated it after
detection. The wedge helps direct a fraction of the light transmitted from the 80/20 BS
onto the EO crystal.

107



Chapter 5. Quantum Enhanced THz-TDS

The probe beam is then focused onto the EO detection crystal (L1) and recollimated (L2)
before being directed onto the Wollaston prism. This is essential, as non-collimated light
inside birefringent elements, may introduce a phase retardation between different spatial

parts of the beams, lowering the extinction ratio and thus sensitivity.

For efficient THz detection, spatiotemporal overlap between the THz field and the probe
pulse must occur at the EO crystal detection plane. To achieve spatial overlap, the probe
beam is aligned onto the same focal spot as the THz beam. A small fraction of the pump-
beam, slightly clipped by the first off-axis parabolic mirror, was used to visualise the THz
beam. Because the residual light followed the same optical path, it was used as a reference

when spatially overlapping the THz with the probe.

To achieve temporal overlap, the residual pump and the probe pulses were referenced to
the TTL synchronisation signal, provided by the laser. By adjusting the pump
retroreflective delay line and comparing the relative arrival times of the pump and probe
pulses using a fast photodiode, placed at the EO detection plane, a coarse estimate of their

temporal alignment was obtained.

Subsequently, the fast photodiode was replaced with a BBO crystal, and sum-frequency
generation between the probe and the residual pump, as described in Section 4.3, was
achieved. Observation of the SFG signal, at 343 nm, confirmed spatiotemporal overlap

at the detection plane, and thus the BBO crystal was replaced by the GaP detection crystal.

Optimising key acquisition parameters is pivotal in improving the stability and noise
performance of THz-TDS. These include the lock-in amplifier settings, sampling

frequency, delay-line step size and settling time between measurements.

The lock-in amplifier’s time constant, determines the effective measurement bandwidth.
A shorter time constant (wider low-pass filter) enables faster settling times of the output
at the expense of more RMS noise. A third-order low-pass filter with a 100 ms time-
constant was selected, corresponding to 0.8 Hz 3 dB bandwidth, as it provided the best
balance between acquisition speed and signal-to-noise ratio. A 1.3 s waiting time was
introduced after each step, allowing both the mechanical motion and the low-pass filter to

settle before the next measurement point.
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A sampling rate of 6.7 kS/s was used, collecting data for 1 s at each delay position. As a
result, 6700 samples were acquired per point, from which the signal statistics were

computed.

The temporal resolution of the THz-TDS setup is governed by the step-size of the delay-
stage, which was set at 2 um. Hence, each increment corresponds to 13 fs of optical delay.
The total scan range was between 0.5 mm-3 mm, depending on if system optimisation

took place or a full-THz waveform was acquired.

Initial measurements were performed using the THz-TDS system described. These
provided an early indication of the system’s signal quality, highlighting several limitations
inherent to the initial setup. Notable oscillations following the main THz peak were
observed, indicating strong water absorption. Such effects deplete energy from the main

THz peak and thus reduce the overall signal-to-noise ratio.

Additionally, as mentioned in section 5.1.2, the large pump beam diameter, although
advantageous for efficient THz generation without saturation, introduced geometrical
challenges. Firstly, the 3 mm aperture of the first off-axis parabolic (OAP) mirror proved
to be too small, resulting in inefficient pump beam rejection. Furthermore, the produced
THz radiation propagated with a small divergence angle, such that the THz beam was a
lot smaller than the OAP mirror diameter. Therefore, the THz lost through the 3 mm

rejection aperture, was significant.

These results and observations motivated the optimisation of the system. To mitigate
water absorption losses, the THz beamline was purged with nitrogen reducing the
humidity from 45 % down to 5 %. A pivotal re-design of the THz beam path was

implemented, reducing overall clipping and enhancing THz collection efficiency.

The optimisation steps, along with several other system improvements beyond the scope
of this work, were carried out by Lennart Hirsch, as part of his doctoral research. These

developments are summarised in Hirsch ez al. [88] to which I contributed as a co-author.
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Figure 5.9 - Schematic of the optimised THz-TDS system showing the implementation
of the improved THz beamline and purge box. The optical layout is based on the initial
setup shown in Figure 5.8, with the updated mirror geometry within the THz beamline
designed to minimise losses. The sealed purge box provides a controlled, low-humidity
environment, thereby reducing atmospheric absorption.

The overall layout of the optimised system is summarised in Figure 5.9. The acquired

THz-TDS trace and the corresponding power spectrum, when pumped with 17 W is

shown in Figure 5.10, achieving an SNR of 71.8 dB.

This represents considerable improvement from the traces taken before the optimisations,
yielding an SNR of 46 dB, highlighting the effectiveness of the implemented
improvements to the system. The probe power used in these measurements was ~ 100 yW

in both cases whilst the custom detector was not deployed in either case.
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Figure 5.10 — A: Acquired THz-TDS trace when pumping the OR crystal with 17 W of
pump power (SNR = 71.8 dB) | B: Corresponding power spectrum, derived from the one-
sided FFT of the THz-TDS trace.

5.4 Integrating the Twin-Beams in the THz-TDS System

In this section, the integration of the twin-beams developed in Section 4.3 into the THz-
TDS setup is described in detail. The copropagating, orthogonally polarised signal and
idler are routed through the back of the final off-axis parabolic mirror and onto the EO
crystal. A half-wave plate (HWP2) was inserted before the EO crystal so that the
polarisation of the probes can be adjusted to the optimal orientation relative to the THz

field.

Subsequently, as in conventional THz-TDS the probe pulses are directed towards the
balanced detector. An important deviation here, is that the before the Wollaston prism, the
quarter-wave plate is replaced by a half-wave plate (HWP3) on the detection side. This
change is essential, as using a QWP would mix the signal and idler photons, and thereby

destroy the correlations and quantum advantage.

This configuration, a form of relative ellipsometry, is not as sensitive as the conventional

QWP-based schemes, but it allows a demonstration of the achievable enhancement
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through quantum metrological techniques, such as the developed twin-beam state. Figure

5.11 illustrates the overall configuration of the system.

Temporal overlap between the probe and the THz pulses was established as described in
the previous section. Here, the signal was the probe beam, interacting wave with the THz

so that its polarisation is altered. The idler co-propagated with the signal, sharing identical
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Figure 5.11 - Quantum-enhanced THz-TDS schematic, reconstructed from [94]. TWB:
twin-beams | DLS: delay-line stage. The generation of the twin beams is shown in the
upper-left section. PBS1 combines the twin beams into a single spatial mode, while DLS1
compensates for the relative path length difference between the signal and idler pulses.
DLS2 controls the temporal delay of the THz waveform relative to the probe. HWP1
adjusts the probe polarisation to maximise the THz lock-in signal and HWP2 rotates the
signal and idler beams, aligning them with the vertical and horizontal axes of PBS3
(Wollaston prism).

paths, and thus losses, but was temporally delayed via DLS2, so that it purely acted as a
reference. The signal polarisation was perpendicular to the generated THz so that the

polarisation rotation induced by the THz was maximised.
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To ensure phase sensitivity, a small polarisation bias was introduced using HWP3, before
the Wollaston prism, on the signal and idler path. This adjustment was required because
if the signal polarisation was perfectly aligned with the Wollaston polarisation axis, any
THz induced polarisation rotation, either right-handed or left-handed, would result in the
same outcome: photons from the signal arm would be redirected to the idler arm.
Consequently, the detection system would be insensitive to the sign of the electric field.
By ever so slightly rotating the orthogonal signal and idler polarisations the system
becomes sensitive to the polarity of the THz field, and thus to its phase, as opposite

rotations now produce opposing changes in signal and idler intensities.

An interesting phenomenon was observed when the signal and idler were perfectly
overlapped temporally: the differential noise increased significantly, representing
interference. This is attributed to the fact that the two fields are cross-polarised and
therefore are rotated in opposite directions by the THz-induced birefringence, as described
by Planken et al. [87]. At the detector, where we are trying to measure the THz-induced
imbalance, the opposite rotations are “fighting each other”, resulting in partial interference

and therefore increase in noise.

To minimise optical losses and preserve the quantum correlations, all surfaces and
windows, including those on the purge box which the probe beams are transmitted
through, were coated with high quality anti-reflection coatings. Balanced detection was
performed using the high quantum efficiency, ultra-low noise transimpedance amplifier
developed in Chapter 3. The Zurich MFLI 500MHz lock-in amplifier was used to acquire
the THz-TDS traces.

5.5 Quantum-Enhanced THz-TDS Results

In the absence of THz, the differential photocurrent is almost balanced. When the THz
interacts with the signal, its polarisation is altered, producing a photocurrent proportional
to the THz field amplitude. The pump-beam was modulated at 2.1 kHz and the THz

induced differential signal synchronously demodulated. One can either modulate the
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probe, the pump or even the THz radiation at the SUT location, however modulating the
pump also relaxes heating on the generation crystal as it is subjected to 50% less optical

power.

Full waveform scans were acquired with the twin-beams, as described in Figure 5.11. The
GaP generation crystal was pumped with pulses of 44.5 uJ energy and 245 fs duration.

The laser repetition rate was set to 100 kHz, and total twin-beam power of 0.6 pW.

To make a direct comparison with a classical source, the BBO crystal was removed so
that the 1030 nm seed line acted as the coherent probe with p-pol. By inserting a halfwave
plate to rotate the polarisation to 45° and subsequently placing a thin-film polariser the

twin-beam setup was geometrically simulated using coherent pulses with the same
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Figure 5.12 - Schematic of the coherent THz-TDS setup used to benchmark the quantum-
enhanced configuration. The difference between this setup and that shown in Figure 5.11
is that the BBO crystal is removed from its holder, the 515nm pump is blocked. The
1030nm seed thereby acts as the coherent probe. HWP1 rotates the linear polarisation to
45° so that p-pol and s-pol have the same optical power as the twin-beams. This coherent
configuration, in terms of EOS, is identical to the twin-beam setup minus the quantum
correlations and is used as the classical benchmark for evaluating the performance of the
quantum-enhanced THz-TDS scheme.
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amount of energy. A schematic of the coherent setup used to benchmark the performance

of the twin-beam configuration is shown in Figure 5.12.

Here, the probe behaves as a classical coherent field whose sensitivity is limited by the
shot-noise limit, as established in Section 4.1. When twin-beams are employed, the signal
and idler exhibit strong photon-number correlations, supressing the differential noise
below the shot-noise level. Henceforth, the two configurations are identical in every
optical aspect (geometry, alignment, energy). This comparison therefore isolates and
quantifies the influence of quantum correlations on the performance of the THz-TDS

system.

The corresponding THz-TDS traces are shown in Figure 5.13A where the THz waveform
acquired employing the twin-beams exhibits visibly lower noise. The orange waveform
can be seen to be slightly temporally compressed. This is a consequence of the shorter (=
171fs) duration of the squeezed pulses compared to the coherent probe (= 245 fs). This
arises from the temporal compression occurring in the SHG process that generates the

515 nm field employed as the pump in the twin-beam generation process.
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Figure 5.13 - Comparison of THz-TDS traces recorded with twin-beam (orange) and
coherent (blue) probes. The top panel (A) shows the full THz waveform, where the mean
signal amplitude has been plotted against temporal delay. Panel B presents the
corresponding standard deviation of the measured data versus temporal delay,
highlighting the independence of the standard deviation to delay position.
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A statistical ensemble of measurements was acquired at each delay-line point to determine

the standard deviation of the signal across the 5ps window.

The results, presented in Figure 5.13B confirm that the standard deviation remains
uniform and independent of the temporal delay. This indicates with confidence that the
probe is the dominant source of noise in these measurements. The standard deviation,
averaged over the entire trace was d. = 0.82 uV for the classical case and 64 = 0.43uV
for the twin-beam case, indicating a two-fold reduction in noise. This is consistent with

the measured NRF of the twin-beam source, as reported in Section 4.3.

To accurately assess the SNR of the detection, the THz peak data (at # = Os on Figure
5.13A) were sampled for 60 s and the standard deviation was computed, where the peak
signal was normalised for both probe configurations. The results, shown in Figure 5.14
indicate that the average normalised SD for the classical and the quantum case are 7, =~
0.050 and &, 4 = 0.025 respectively. This demonstrates that two-mode squeezing
improves the SNR of the time-resolved electric field by a factor of two, compared to what
is possible with classical probes. In THz-TDS, SNR is defined as the ratio between the

average value of the signal at the THz peak and its associated standard deviation [89].

: W\m /\M/\AAMMM n M
”W “’W\f L R W

Figure 5.14 - Normalized electric field value acquired over 60 s for the classical (blue)
and quantum (orange) measurements. Values within 1 SD are shown in both cases with a
shaded area.
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From the recorded THz traces, which contain the mean and standard deviation of the field
at different probe delays, the expected noise reduction in the THz field spectral properties
(amplitude and phase) can be inferred. To this end, a series of N = 1000 temporal traces
were generated numerically (for both quantum and classical configurations) with each
temporal trace being assigned amplitude values at all delay points. For each delay point,
the amplitude value assigned is randomly sampled from a normal distribution with a mean
and standard deviation corresponding to average THz signal and the average measured

standard deviation, respectively.

A Fourier-transform was then performed on each temporal trace so that the complex

spectral field was obtained

E(Q) = F{E(t)}. 5.31

Subsequently, the average and the standard deviation at each frequency point of the £ ()
trace ensemble was computed. The resultant average power spectral densities (PSD)
S(Q) = |E(Q)|? are shown in Figure 5.15 as shaded regions for both the quantum
(orange) and classical (blue) configurations. The slight discrepancy between the power
spectra comes from the differing pulse durations of the probe pulses used to sample the

THz fields. The error bars correspond to the uncertainty of the power spectra.

To establish and quantify the quantum enhancement in the spectral domain, a ratio
between the relative errors of the classical and quantum measurement was computed at

each frequency point.

_ O-S,C(Q)/'S_‘C(‘Q‘) 5.32
S N O]
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Figure 5.15 - Spectral Analysis. Normalised power spectral density (PSD, solid colours,
right axis) for the classical (blue) and quantum (orange) measurements, computed as
explained in the text. The green and purple crosses show the values of the sensitivity
improvement in the estimation of the spectral phase and power spectral density,
respectively (left axis, see the main text for details).

Where ag . and g 4 denote the standard deviations of the power spectral data at frequency
Q for the classical and quantum measurement, respectively, and S. and §q represent the
corresponding mean PSD values at the same frequency. This metric, illustrated by the
purple crosses (values on the left-hand axis) in Figure 5.15, quantifies the relative
enhancement in sensitivity of power spectral measurements. A value of ng > 1 is
observed, spanning across the entire spectrum, indicating an improvement in sensitivity
of the THz-TDS system when twin-beams are employed as a probe. Notably, ng > 2 for

a substantial portion of the spectrum indicating a substantial noise reduction.

A similar metric was defined for the spectral phase ®@(Q) = Arg[E(Q)], as

— O, (Q)/ac (Q)
0o,q(0)/Pg(Q)

Ne(Q) 5.33
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The same definitions used for Eq. 5.32 apply here, with 0¢  and gq, 4 representing the
standard deviations of the spectral phase at () for the classical and quantum probe

measurements. Additionally, . and 5q correspond to the mean values of the same dataset

at the same frequency. The values of 714 reflect the improvement in phase-retrieval

precision leveraged when employing two-mode squeezed light.

The results presented in this Section have been published in Science Advances [90]
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6 Conclusion and Outlook

In this work, the development of ultrafast quantum optical technologies has been
presented, aimed at improving the sensitivity of terahertz time-domain spectroscopy.
Multiple technologies have been bridged, spanning from low-noise optoelectronics to
nonlinear and quantum optics, culminating in the realisation of the first THz-TDS system

operating beyond the classical limit.

Based on the theoretical and experimental framework established for the generation and

detection of quantum-correlated light, a custom balanced detector was designed and

constructed optimised for electronic low-noise (< 7 fAvVHz) and high quantum efficiency
(95%). Assessment of its common-mode rejection ratio, bandwidth, and stability validated

its suitability for sub shot-noise measurements.

Building on this foundation, shot-noise limited performance was demonstrated using
balanced-detection. Subsequently, a twin-beam source was realised through spontaneous
parametric down-conversion in a barium-borate crystal, where the noise statistics of the
twin-beams was compared to the shot-noise limit at the corresponding optical power level.
The noise reduction factor for the spontaneous case was evaluated using crystals of 1 mm
and 2 mm length, but it was found that for increasing down-converted photons per pulse

the noise reduction degraded, limiting the PDC output power in the nanowatt range.

A key objective of this work is to enhance the sensitivity of THz-TDS using quantum
probes of optical power levels to standard approaches. The SPDC twin-beam source was
found to be too fragile for this purpose. Therefore, an alternative configuration was
investigated and subsequently realised. By coherently seeding the parametric down-
conversion process, a NRF exceeding 6 dB was achieved at optical powers close to 1 uW,
marking an important step toward quantum-enhanced ultrafast time-domain

measurements.
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Finally, a complete THz-TDS platform was developed, operating at 100 kHz with 245 fs
pulse duration. Terahertz pulses were generated and detected via optical-rectification and
electro-optic sampling, respectively, using GaP crystals. The twin-beams were integrated
into the system, and the noise performance was compared to that employing a classical
probe, under identical conditions. Analysis of the results in both time and frequency
domain concludes that the twin-beam THz-TDS system, showed enhanced sensitivity

compared to when the classical probe was used.

This work represents the first demonstration of employing quantum probes to enhance the
sensitivity of THz-TDS measurements, with the caveat that it does not represent a
standard THz-TDS implementation. Due to the nature of the source, the THz-TDS system
had to be slightly modified, effectively transforming the standard polarimetric
measurement to a differential transient absorption measurement. As a result, the modified
configuration inherently yields lower SNR than what is achievable with conventional

polarimetric techniques.

The sensitivity improvements demonstrated here open pathways to measurements that
remain inaccessible to classical THz-TDS systems. A particularly promising direction is
the integration of phase-squeezed states within SU (1,1) nonlinear interferometers [91].
In such a configuration, the first OPA generates quantum-correlated signal and idler
beams, which subsequently serve as the probe in electro-optic sampling. The THz-induced
phase modulation is then coherently amplified by the second OPA prior to detection. This
architecture would yield sub-shot-noise phase sensitivity within a standard polarimetric
geometry. It would potentially enable a more direct integration of quantum probes into
conventional THz-TDS systems, addressing the key limitation of the modified differential

absorption configuration employed in this work.

Another potential avenue is to experimentally build the scheme proposed by Virally et al.
[92], where one beam of a PDC twin-beam pair is used to condition the statistics of the
other, producing a nonclassical probe state tailored for electro-optic sampling. Unlike a
classical coherent probe, this conditioned state remains sensitive to higher-order statistical
moments of the THz field, resulting in a predicted sixfold improvement in signal-to-noise

ratio.
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Moreover, alternative sensing modalities such as phase interferometry [93] are under
investigation for THz applications and represent a natural candidate for integration with
phase-squeezed states, potentially extending quantum-enhanced sensitivity beyond the

intensity-correlation regime explored here.

Overall, the results achieved in this thesis outline the progress made from developing
optoelectronic hardware enabling quantum-noise reduction measurements to harnessing
the quantum advantage within a THz-TDS system. We have experimentally demonstrated
a quantum advantage, using quantum sources at probe power levels comparable to those
routinely used in field-resolved spectroscopy, thereby paving the way for further
developments toward quantum-enhanced field-resolved spectroscopy. The sensitivity
improvements demonstrated here open pathways toward measurements that remain
inaccessible to classical THz-TDS systems, with potential applications spanning
condensed matter physics, materials characterisation, and chemical sensing. A particularly
compelling frontier is the field spectroscopy of biological samples, where THz radiation
is uniquely sensitive to low-frequency collective vibrational modes, intermolecular
hydrogen-bond dynamics, and hydration-layer structure, all of which are intimately linked
to protein conformation and function. Early-stage disease processes, including
misfolding, aggregation, and changes in cellular hydration, produce subtle spectroscopic
signatures in the THz band that are obscured by noise in conventional systems. The
quantum-enhanced sensitivity demonstrated in this work, at probe powers compatible

with fragile biological specimens, represents a step toward resolving such signatures.
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