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Abstract

The teraherz (THz) window of the electromagnetic spectrum has been an
underexploited region for many years. Despite THz technologies did not expe-
rience the progress of the other spectral regions, THz is now emerging as a new
promising frontier for many interdisciplinary research fields.
In THz range many molecules have strong rotational and rovibrational transi-
tions with very large line-strengths with respect to infrared and microwave tran-
sitions. For this reason, THz main interest concerns molecular spectroscopy.
The work done during the three year PhD course addressed the development
and application of THz spectroscopic tools. The aim was to improve the per-
formance of the THz spectrometers developed in the past years by my advisor’s
group and based on THz Frequency Comb Synthesizer (FCS) in combination
with THz Quantum Cascade Lasers (QCL).
To this purpose, the development of high-resolution THz spectroscopic tech-
niques is a mandatory condition for further accuracy improvements.
In this thesis I describe my experimental activity and the studies performed
during almost three years of work in the Non-linear optics and precision spec-
troscopy group at LENS, the European Laboratory for Non-Linear Spectroscopy.
The research group is part of the Italian National Institute of Optics - CNR-
INO).
The first part of this work concerns the study and the experimental realization
of THz cavity resonators, that give access to longer interaction lengths between
light and absorbing gas. They could also provide a narrow reference for a QCL,
allowing a reduction of its free-running linewidth and the deployment of the most
advanced cavity-enhanced techniques, such as cavity-ring-down spectroscopy.
With achieved quality factors Q ≈ 106, these THz cavities represent significant
advance for the next generation of high-sensitivity and high-resolution THz
spectroscopic experiments based on QCLs.
In the second part of the thesis the improvement of the metrological-grade sys-
tem, based on a phase-locking of THz QCLs to a THz FCS is presented and
discussed. In the past, such a system achieved an accuracy of 10−9 in the de-
termination of the absolute frequency of a molecular transition.
Concerning the performance of the THz FCS, an upgrade of this system is pro-
posed by changing the pump source. Then, both the efficiency of THz generation
and the detection of beat-notes between the THz-comb and a THz-Quantum
Cascade Laser are improved. In fact, the detection of the beat-note is the first
step for the phase-locking of the QCL to the THz comb in order to stabilize and
control the QCL emission.
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With this improved metrological grade system, two different kinds of QCLs are
characterized.
The first kind of QCL is based on intracavity difference-frequency generation.
The work deals with the measurement of its free-running emission linewidth, its
tuning characteristics, and its absolute emission frequency with an uncertainty
of few parts in 4x10−10.
The second device is a broadband multimode QCL, specifically developed for
a coherent comb-like operation thanks to the four-wave mixing processes oc-
curring in its active region. At first, the absolute centre frequency of the QCL
modes and its tuning characteristics are measured. Then, the focus is on the
demonstration that the comb-like spectrum of the QCL can be, in principle,
completely controlled, once provided the proper actuators.
Finally, a preliminary evidence of the coherence between the phases of different
QCL modes is given by a direct simultaneous and real-time phase measurement,
thus confirming the true comb-like nature of such devices.

Annamaria Campa
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Introduction

The interest in terahertz spectroscopy raised during the mid 1970s. A decade
later, as a result of the works of many researchers and scientists, advanced
techniques in optical rectification and photoconduction were developed. In
fact, these techniques represented the first milestone to produce directly THz
radiation using broadband lasers.
Despite THz technologies did not experience the progress of the other spec-
tral regions, THz is now emerging as a new promising frontier for many in-
terdisciplinary research fields. In fact, the recent advances in generation and
detection, and the constantly evolving technology of new materials, have
stimulated an increasing number of applications, in fields as diverse as bio-
medical diagnostics, communication technology, security and defence. How-
ever, in the THz range many molecules have strong rotational and rovibra-
tional transitions with very large line-strengths with respect to infrared (IR)
and microwave (MW) transitions. For this reason, a key field for THz is
molecular spectroscopy.
In recent years, among the different sources of THz radiation, Quantum Cas-
cade Lasers (QCLs) are emerging as very promising sources not only for a
practical exploitation of THz technology, but also for fundamental research,
e.g. in the field of THz metrology. Indeed, the combination of inherently
high spectral purity (with intrinsic linewidths as low as 100 Hz) and mW
level output powers, makes QCLs the ideal candidates for high resolution
and high sensitivity spectroscopy as well as for local oscillators in astronom-
ical spectrometers.
Furthermore, another recent achievement has been reached by the exten-
sion to the THz region of Optical Frequency Comb Synthesizers (OFCSs),
enabling direct and broadband phase or frequency referencing for any THz
source and allowing to set up a new tool for high-precision measurements of
THz frequencies.
The combination of the absolute referencing provided by THz combs with
the mW level power of THz QCLs recently allowed to set up a metrological
grade QCL-based THz spectroscopy with an unprecedented level of accu-
racy.

Outline of the thesis The work done during the three years PhD course
addressed the development and application of THz spectroscopic tools. The
aim was to improve the performance of the THz spectrometers developed in
the past years by my advisor’s group and based on THz Frequency Comb
Synthesizer (FCS) in combination with THz QCL.
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To this purpose, the development of high-resolution THz spectroscopic tech-
niques is a mandatory condition for further accuracy improvements.
This thesis is structured as follows.
In Chapter 1 a wide introduction to THz radiation is given. The most impor-
tant THz sources (multiplied frequency chains, tunable far IR lasers, differ-
ence frequency generation processes) will be described, giving more details
about the THz QCL, which is one of the main sources used in this thesis. The
chapter ends with a description of the detection mechanisms used for THz
light.
Chapter 2 focuses on THz cavities injected by a continuous-wave QCL. In-
deed, the first important activity has been the study and experimental real-
ization of THz cavity resonators, that give access to much longer interaction
lengths between light and absorbing gas.
I will describe the three different cavity configurations: a V-shaped, a ring-
shaped and a bow-tie resonator. After a theoretical background, the exper-
imental implementation is shown. Each cavity is characterized, and its rel-
evant parameters (Q factor, enhancement factor, optical coupling) are com-
pared with the prediction of the theoretical model for the corresponding ge-
ometry.
In Chapter 3 the second part of the thesis is discussed. The improvement
of the metrological-grade system, based on phase-locking of THz QCLs to a
THz FCS is presented. Such a system had previously achieved an accuracy of
10−9 in the determination of the absolute frequency of a molecular transition.
The system consisted in a FCS generated by a non-linear crystal (LiNbO3) by
optical rectification of a Ti:Sapphire fs laser and the generation is based on
Cherenkov emission.
The theoretical aspects of the non-linear process, that is the optical rectifica-
tion, are explained in the first part of the chapter. Particular importance will
be given to the experimental realization of the THz comb, the description of
the non-linear crystal used and the characterization of the pump laser. Then,
the alignment step and the characterization of the THz comb are described
in details.
Furthermore, the metrological grade system has been employed for the char-
acterization and exploration of the properties of THz sources. Indeed, the
detection of a beat-note is the first step for the phase-locking of a QCL to the
THz comb in order to stabilize and control the QCL emission. With this im-
proved metrological grade system, two different kinds of QCLs have been
characterized. This topic is presented in Chapter 4.
First, a brief introduction to the experimental setup and to the method used
for the absolute measurement of the emission is given. Then, the characteri-
zation of the two different devices is presented in two separate sections.
The first device under analysis is a QCL based on intra-cavity difference-
frequency generation, made in the Department of Electrical and Computer
Engineering at the University of Texas in Austin. The results about the mea-
surement of its free-running emission linewidth, its tuning characteristics,
and its absolute emission frequency are described in detail.
The second device is a broadband multimode QCL, made in the Institute
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of Quantum Electronics (ETH) in Zurich. The QCL has been specially de-
veloped for a coherent comb-like operation thanks to the four-wave mixing
processes occurring in its active region. The absolute center frequency of the
QCL modes and its tuning characteristics are measured. Moreover, further
analyses demonstrate that the comb-like spectrum of the QCL can be, in prin-
ciple, completely controlled, once the proper actuators are provided. A wide
discussion on the achieved results is given.
Finally, a preliminary evidence of the coherence between the phases of the
QCL modes is presented by a direct simultaneous and real-time phase mea-
surement, thus confirming the true comb-like nature of such devices.
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Chapter 1

Terahertz radiation

The terahertz region of the electromagnetic spectrum has been traditionally
named as "far-infrared". In fact, THz radiation comprises electromagnetic
waves situated between infrared and microwave frequencies.
Nowadays, the THz region has become one of the most exciting areas for the
exploration of scientific phenomena. Nevertheless, terahertz remains one of
the least developed spectral regions, despite its proven potentiality for a va-
riety of applications.
In this chapter, I will provide an overview of the recent progress in the gen-
eration, detection and applications of the terahertz radiation. Then, I will
classify the main methods for THz generation into four groups: direct laser
action, frequency-down conversion of microwaves light, frequency-up con-
version of visible/infrared light and free electron sources.
A wide description will concern a particular type of source, i.e. Quantum
Cascade Laser (QCL). More details about its physical principles and its re-
cent advances will be given, since QCL is the most promising source in THz
range. For this reason, QCL is one of the main sources used in this thesis
as well as the THz comb, generated by frequency-down conversion in non-
linear crystals, that will be widely described in Chapter 3.

1.1 Characteristics and motivations for generation
of THz waves

Commonly, the THz window refers to the range 0.1-30 THz, even if waves
within the band of frequency from 10 THz to 30 THz can be considered a
portion of the mid-infrared band. For this reason, in this thesis, the THz
radiation refers to the frequency range of ν = (0.1÷ 10) THz, corresponding
to λ = (3000÷ 30) µm.

As previously said, the light at these frequencies lies between the mi-
crowave and infrared regions of the electromagnetic spectrum (Fig.1.1). As a
result, THz frequencies cannot be simply measured with conventional solid-
state optical and electronic technologies, leading to the THz range being
called the "THz gap". In the past this has involved difficulties in generation
and detection of THz radiation. As a consequence, THz range has been an
unexplored window for many years. On the other hand, despite the techno-
logical limitations, many research groups are working to improve THz tech-
nologies and to expand its potential role within many fields of research.
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FIGURE 1.1: Electromagnetic spectrum. THz window is the bridge between the
electronic approach and the photonic one.

In comparison with the microwave spectral region, THz waves have higher
frequency, meaning that they can be used in higher-speed communications
[1]. However, THz waves cannot propagate very far through atmosphere,
because water vapor has a very high absorption coefficient in the THz re-
gion. In fact, except for narrow windows, water absorbs efficiently most of
the THz region (Fig.1.2).

FIGURE 1.2: Relative transmission of the Earth atmosphere from UV to mi-
crowave frequency. Absorption losses prevail in the THz region.

Therefore, this feature involves a disadvantage from a technological point
of view: experimental setups for THz radiation have to be very compact,
avoiding long optical paths, to preserve most of the power. Alternatively,
THz experimental setups are generally closed in boxes purged with nitrogen
gas.
Although water absorption hinders the propagation of the THz waves, this
remains a fundamental feature for applications in many fields. Indeed, THz
waves are efficient to detect the presence of water, for example to discrimi-
nate hidden objects carried by a man since the water content of human body
is about 60%.
Moreover, despite water absorption hampers to go deep in human body tis-
sues (e.g. 4 mm is the maximum depth skin), imaging of these tissues at THz
frequencies [2] can be useful for the identification of cancer boundaries [3].
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The interest in medical field is enhanced by the fact that THz waves exhibit
low photon energies (i.e. 4meV at 1THz), thanks to the high value of the
associated wavelength. The result is that, unlike UV light or X-rays, THz is
a non-ionizing radiation ensuring safe operation without damage biological
tissues. This feature leads to the use of non-invasive imaging making THz
waves useful for security applications, such as for airport security [4].
Whilst water absorption hinders THz propagation in hydrated substances,
THz radiation can penetrate a wide variety of non-conducting materials,
such as polymers, papers, ceramics, chemical powders and plastics. In order
to exploit this feature, recent works have demonstrated the huge applications
of THz imaging for cultural heritage preservation [5].
The main interest concerns the fact that THz-waves can pass through opaque
dry media, i.e. that are opaque to visible and near-infrared waves. With this
feature THz can be used to characterize the quality of paper products or also
the defects of polymer and plastic materials with huge applications in food,
plastic and paper industry.
These peculiarities involve many imaging applications, e.g. for the identifi-
cation of substances such as drugs, explosives or weapons. Moreover, THz
imaging retrieves strong applications in pharmaceutical industry with qual-
ity control and optimization of industrial manufacturing processes [6].
Astronomical and space science is another area of interest where THz radi-
ation has an important role. Remote signals from astronomic systems [7] or
chemical/biochemical molecules are identified thanks to their spectroscopic
lines (fingerprint) in the THz region. Furthermore, terahertz thermal emis-
sion from gases in the stratosphere and upper troposphere, such as water,
oxygen, chlorine and nitrogen compounds, is useful for the study of chem-
ical processes related to ozone depletion, pollution monitoring and global
warming [8].
Nevertheless, the primary application involving terahertz radiation is spec-
troscopy. Atoms in a molecule can bend, stretch and rotate with respect
to one another, and these excitations are, to a large extent, optically active.
Many important molecular low-frequency vibrational modes can be mea-
sured in the terahertz region from rocking, torsional, and conformational
molecular changes. Linestrengths 1 of molecular transitions in THz are gen-
erally larger than in the microwave region and comparable with the strongest
fundamental ro-vibrational transitions in the mid-IR [9]. Hz-linewidth tran-
sitions represent key molecular signatures and the THz range can well rep-
resent a novel molecular fingerprint region.
In the past, the lack of investigation of materials with THz-rays was due
to the lack of convenient and high-power THz sources. To address the re-
quirements for THz spectroscopic applications, several technologies provid-
ing tunable THz emission have been developed in the last few decades.
The advent of novel THz emitting laser sources, such as Quantum Cascade
Lasers (QCLs), has assigned to the THz radiation a key role in high precision
molecular spectroscopy. This was gained thanks to the improvement of the

1The intensity of a spectrum line
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sensitivity and resolution of newly developed THz spectroscopic techniques
to the levels reached in other spectral regions.

1.2 Methods for THz generation

The first method to generate terahertz light was set up at the end of the 1960s
and in the early 1970s with the innovative works by Faries et al. [10], Morris
et al. [11] and Yang et al. [12]. They first reported on tunable far-infrared ra-
diation by optical difference-frequency-mixing in non-linear crystals. These
works reported the possibility to generate THz radiation using non-linear
crystals by difference-frequency process as well as parametric amplification
and optical rectification [13], [14].
The improvement of pulsed laser technology rushed the development of dif-
ferent THz sources satisfying the requirement of wideband and high-power
sources. As a result, the THz region became more attractive for the research
of new methods for generating THz-waves based on picosecond and fem-
tosecond laser pulses.
Since 2001, huge progress in THz field has been reported thanks to the de-
velopment of compact laser sources, i.e. QCL. Nowadays, many different
sources can generate THz-radiation either in short-pulse mode or Continu-
ous Wave (CW) mode with an output power ranging from the nano-Watt
level up to few Watts.
Nevertheless, the techniques to generate THz by multiplication of microwave
frequencies or visible/infrared light reach very low power (100 nW) with
very complex devices. For this reason, the generation of radiation at tera-
hertz frequencies (1-10 THz) through high-efficiency room-temperature sys-
tem allows to investigate and strengthen the role of terahertz in many applied
fields. The importance of this topic concerns the necessity to explore the THz
radiation in molecular spectroscopy, which is the THz key role. In this case,
sources with higher and higher accuracy are required. Indeed, the possibil-
ity to identify the molecular transitions with higher and higher accuracy is a
fundamental step to explore the energy level structure of molecules.
For the sake of clarity, examples of accuracy level for the most common THz
sources are reported in table 1.1 along with the typical power and operating
temperature.

TABLE 1.1: Examples of accuracy level, power level and operating temperature
for the most common THz sources.

Source Type Power Accuracy(ν > 1 THz) Operating Temperature (K)
TuFIR 100 nW 10−10 − 10−11 300
Chains (1÷ 10) µW 10−10 − 10−12 300
DFG (10÷ 15) µ W 10−8 − 10−10 300
QCL (1÷ 100) mW .. < 70

Albeit sources such as tunable-far infrared lasers (Tu-FIR), described in
the following section, provide the highest accuracy, their emitting power is
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very low. On the contrary, even if a QCL reaches high power, a metrologi-
cal reference is required to achieve a high level of accuracy in spectroscopic
measurements.
However, each source has advantages and disadvantages, therefore a com-
promise is reached for each kind of applications. For this reason, researchers
are working on the realization of a compact, high-power, room-temperature
and wideband source.
In the following sections, a description of these sources is presented. Accord-
ing to similarities in their physical mechanisms, the most common sources
can be classified in direct lasing action, frequency-up conversion, frequency-
down conversion and free electron laser sources.

Direct THz lasing action

Examples of coherent THz sources are optically pumped Far-InfraRed lasers
(FIR). This kind of source is based on the emission of a radiation from a finite
set of discrete molecular transitions.
The physical principle of a FIR source consists on the excitation of a molec-
ular gas from its ground vibrational state, to a higher vibrational state per-
formed by an external laser source. Population inversion is then obtained be-
tween two rotational levels within the excited vibrational state. More specif-
ically, the wavelength of the exciting laser is tuned in order to coincide with
an absorption line in the molecular gas that typically lies in the 10µm region.
In this way, all infrared emitting lasers are potential candidates for FIR laser
pumping.
Carbon dioxide (CO2) lasers are emitters of coherent radiation at a large num-
ber of discrete wavelengths around 10µm. Since typical molecular absorp-
tion bands lie within the CO2 laser spectrum, FIR laser pumps are usually
pumped by a CO2 laser.
Heavy molecules preferentially produce longer wavelengths and, despite the
abundance of observed FIR laser lines, only a limited number of them are in-
tense enough to be used in practical applications.
Even if a FIR source provides high enough power levels, the disadvantage
concerns the sophisticated operation and the intrinsically limitation due to
the active media transition frequencies.

QCLs are very compact devices which are special kinds of semiconduc-
tor laser. Their structure is composed of alternated slices of semiconductor
material, grown with epitaxial methods, that define quantum wells in which
electrons make intersubband transitions. A detailed description of its physi-
cal principles is reported in section 1.3 since the device is widely used in this
thesis.
This unipolar source emits a high power (100 mW), but operates at cryogenic
temperatures. However, new designs of QCL, e.g. based on Difference Fre-
quency Generation (DFG) [15], have just reached nitrogen temperature and
other ones are reaching room temperatures [16].
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Despite the cryogenic operation, THz QCLs have attracted considerable at-
tention thanks to the high output power ( ≈ 100 mW), spectral purity, sta-
bility, compactness and reliability. These features involve that QCLs have a
realistic chance to achieve a deep impact on technological applications.
Among the crucial features of a THz QCL, a repeatable and tunable single-
frequency emission has a fundamental role for several applications. To this
purpose, many quantum-design related approaches, technological solutions
and/or optical configurations have been recently tested to tune the emission
frequency of THz QCL sources over quite a large bandwidth.
Applications of QCLs, as frequency and amplitude stabilized local oscillators
(LO) in THz heterodyne spectrometers, have been only recently explored. In
fact, only in the last few years, THz QCLs have recently shown a quantum
limited linewidth of 100 Hz [17]. This means that, in principle, once properly
frequency stabilized, QCLs can be used for ultra-high resolution molecular
spectroscopy, paving the way to several key applications as well as to funda-
mental studies on molecules. Nevertheless, for many spectroscopic applica-
tions of practical interest, the crucial parameter is sensitivity, while resolution
requirements are often not so challenging.

Frequency-down conversion

Beyond the possibility to generate THz with a direct lasing system, another
approach concerns the conversion of higher or lower frequencies to THz fre-
quencies. Methods about conversion of high frequencies involve the optical
frequencies, e.g. visible or infrared light, converted in a non-linear media or
in a photo-conductive antenna.

FIGURE 1.3: Sketch of a typical Tu-FIR spectrometer. Figure is reprinted from
Ref. [18].

In the past, this approach was realized with the combination of two CO2

lasers (Fig.1.3) and a RF signal in a metal insulator metal diode (MIM), which
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generates a tunable frequency difference in the THz range [19].
Within this method, an alternative to the FIR lasers (Tu-FIR) is given by over-
coming the limitation in tunability. In fact, by proper choices of laser lines,
this approach demonstrated an overall tunability range from the microwave
region up to about 9 THz. In this case, for fixed laser lines the continuous tun-
ability was of 40 GHz and the emitted power was few hundred nanowatts.
The MIM diode was for many years a key device for frequency metrology,
and it is interesting to compare its properties with present-day methods that
consists on the frequency-down conversion of visible/infrared light in non-
linear media or in photo-conductive antennas (PCA).

Mourou et al. [20] reported the first works on PCA effect in the microwave
(gigahertz) range. Later this effect was further expanded into the THz region
by Auston’s research groups at Bell Labs and Grischkowsky’s group at IBM
Watson Research Center in 1984. It was demonstrated that THz radiation can
be generated from a biased PCA excited by laser beams.

FIGURE 1.4: Photoconductive antenna (PCA). After the interaction of a near-
infrared pulse on the PCA, a THz pulse is generated. Figure is reprinted from

Ref. [21].

A PCA (see Fig.1.4) is composed of two metal electrodes deposited on a
semiconductor substrate with a gap between the two electrodes. A voltage
is applied across the electrodes to generate THz pulses and electric energy is
stored in the gap area because the substrate is also semi-insulating.
When an optical beam illuminates the gap between the electrodes, photo-
carriers are generated and then a static bias field accelerates the free carriers.
This photocurrent varies in time corresponding to the incident laser beam in-
tensity [22].
The PCA is one of the most frequently used components for THz genera-
tion as well as detection. This device generates and detects THz pulses by
transient photo-carriers induced with ultrafast laser pulses. Moreover, its
peculiarity concerns the fact that PCA can be used as photomixer: two laser
beams with different frequencies are mixed and a CW THz radiation is gen-
erated at the beat frequency.
Furthermore, the tuning range can be exceptionally broad providing a high-
quality, tunable, dual-frequency laser system. Despite this, the primary dis-
advantage of this method is that the output power is relatively low compared
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with other techniques of CW THz generation. Indeed, its optical-to-THz con-
version efficiency is 10−6 − 10−5 and the typical output power is in the mi-
crowatt range.

Concerning the use of non-linear crystals, in 1983 D.H. Auston from Bell
Labs first reported the generation of sub-picosecond electro-optic shockwaves
in non-linear materials through the use of ultrafast laser pulse.
This technique generates THz radiation exploiting a non-linear medium in
which incident electromagnetic waves undergo non-linear frequency conver-
sion. More specifically, the interaction of two optical photons at two frequen-
cies (ω1, ω2) with a non-linear crystal generates THz photons at frequency
ωT = ω1 − ω2. Details about THz generation in non-linear crystals are de-
scribed in Chapter 3.
The main limitation of these sources relies on the low power achieved, due to
the low efficiency of the second order phenomenon implied in the generation.
In order to improve the overall generation efficiency, different experimental
setups have been tested. One favourable option is to enclose the generation
crystal into an optical cavity for the visible/near IR radiation. These setups
can achieve output powers of few mW at 1.9 THz with intra-cavity power
as high as 500 W. It is worth noting that the generated power scales with the
product of the intensities of the two pump beams. As a consequence, the
emitted THz power can be also enhanced by confining the THz radiation in
a small space. To this purpose, ridged and implanted waveguides have been
realized, achieving efficiencies of 10−9 in the THz generation.

Frequency-up conversion

The most common method useful to obtain low-frequency terahertz radi-
ation (0.5-2 THz) is the non-linear multiplication of a lower frequency os-
cillator (100-200 GHz) by chains of Schottky doublers and triplers. The key
element of the THz generation by frequency-up conversion of lower frequen-
cies, i.e. the electronic ones (microwave), is a solid-state diode. Indeed, this
method consists on the use of microwave synthesizer that can generate out-
put signals in the frequency range of 10-100 GHz. Then, the signal is multi-
plied by the solid-state THz sources using Schottky barrier diodes.
Conceptually, the frequency multiplication of microwaves is analogous to the
harmonic generation of optical waves in a non-linear crystal. In a frequency
multiplier, Schottky diodes behave as non-linear media, converting the in-
coming microwaves into their harmonic waves.
Such a device delivers continuous-wave narrowband power with limited
tunability (<< 10%) resulting suitable as a LO for mixing. However, the
output power falls off rapidly with increasing frequency due to reduced mul-
tiplication efficiency. The power reaches sub-milliwatt level for f > 1 THz
and microwatt level or below for f > 1.6 THz.
Despite these limitations, a relevant number of physical results on molecules
and atoms could be achieved. Moreover, these chains are intrinsically easy
to be referenced to primary frequency standards, in order to precisely know
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their emission frequency.

Free electron type source

In a Free Electron Laser (FEL), electron accelerator produces extremely bright
THz radiation using relativistic electrons. This method is based on a fem-
tosecond laser pulse that triggers an electron source to generate an ultrashort
pulse of electrons. After being accelerated to a relativistic speed, the electrons
are smashed into a metal target, or forced into circular motion by a magnetic
field. Coherent THz radiation is generated by this transient electron acceler-
ation.
The fundamental physical process of FELs is applicable to a wide spectral
range from microwaves to X-rays. The prime advantage deals with their
broad and continuous tunability. In addition, the radiation wavelength is de-
termined by a small number of parameters such as wiggler period, magnetic
field strength and electron beam energy. FELs can also produce high-power
radiation, because electrons are the only medium involved in lasing. This
is the reason why they are free of the conventional problems of high-power
laser systems, such as thermal lensing and material damaging.
THz generation mechanism of FEL is similar to THz system based on back-
ward wave oscillators (BWOs). Indeed, these two methods are based on the
modulation of an electron beam by a periodic structure. A BWO has a metal
grating, while a FEL consists of a magnetic array. On the other hand, in a
BWO THz radiation can be generated by relativistic electrons: an electron
beam interacts with a travelling electromagnetic wave in an electron vacuum
tube [23].

FIGURE 1.5: Schematic representation of the backward wave oscillator. Figure
is reprinted from Ref. [24].

More specifically, in a BWO a heated cathode emits electrons that are ac-
celerated by a DC electric field applied between the cathode and the anode.
In the tube a grating, with a periodic structure, modulates the energy of the
electron beam inducing a spatial modulation of the longitudinal electric field.
In this way, bunched perturbation of the electrons excites surface waves on
the periodic structure (Fig.1.5).
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When the electron beam velocity matches the phase velocity of the surface
wave, the kinetic energy of the electrons is transferred coherently to the elec-
tromagnetic wave. Consequently, the frequency of the electromagnetic wave
is determined by the electron velocity and can be tuned by adjusting the bias
voltage. Since the group velocity of the surface wave moves opposite to the
phase velocity, the energy transferred to the field is transported and ampli-
fied in the backward direction. A cavity coupled to the waveguide is used to
extract the radiation.
BWOs can operate in the THz region at moderate power levels (1 - 100 mW),
with an accelerating potential in the range 1 to 10 kV and axial magnetic field
of about 1 T. They can be tuned over tens of GHz by varying the accelerat-
ing potential. Several BWOs can be implemented in an integrated system to
cover a wide frequency range extending from 30 GHz to 1.2 THz and used in
spectroscopy [25].

1.3 THz Quantum Cascade Laser

Availability of a new generation of compact, reliable THz sources is the key
for the development of the underdeveloped THz range. In this context, THz
emitting Quantum Cascade Lasers are proving to be good candidates to fill
this gap.
As previously said, QCL emission is based on transitions inside its conduc-
tion band. The use of intersubband transitions for radiation amplification
was first proposed in 1971 by Kazarinov and Suris in a superlattice structure
[26]. First described by Esaki and Tsu in 1970, a superlattice is a periodic rep-
etition of two semiconductor material layers of different composition, i.e. a
sequence of quantum wells and barriers.
The first demonstration of a QCL technology at infrared light and cryogenic
temperatures was done in 1994 by Capasso’s group at Bell Laboratories [27].
The manufacture of superlattice and quantum well semiconductor structures
was made possible thanks to molecular beam epitaxy technology, allowing
to grow layers as thin as several monolayers with atomic precision.
Some years later, in 2001 Kohler et al., from Alessandro Tredicucci’s group in
Pisa [28], demonstrated the first terahertz quantum cascade laser operating
at 4.4 THz ( λ = 68µm). Lasing was observed up to 40 K, with a maximum
duty cycle of 10%, while a peak power of 2.5 mW was observed in pulsed
mode at 8 K. The structure was composed of a new chirped superlattice ac-
tive region placed in a new type of a low-loss waveguide.
Since their first demonstration, the performance of THz quantum cascade
lasers improved dramatically. Indeed, a huge progress concerns the output
power (>100 mW), operation temperature, spectral purity, frequency tunabil-
ity, stability, compactness and reliability, making QCL technology the more
attractive choice across the far infrared.
Whilst the band gap of many semiconductors is appropriate for mid and
long-wave emitters, solid-state physics does not allow these materials to be
very optically active as emitters. The reason is that, at longer wavelengths,
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this energy is often re-absorbed by another charge carrier and eventually
transferred to heat. Differently, for near-infrared lasers, when electrons from
the conduction band relax to the valence band (across the band gap) the en-
ergy is typically transferred to a photon. On the contrary, in QCLs, unlike
in a laser diode, an electron remains in the conduction band after emitting a
laser photon. The electron can therefore easily be recycled by being injected
into an adjacent identical active region, where it emits another photon, and
so forth. This quantum-based transport, combined with the cascaded emitter
design, is responsible for the name of this laser.
For this type of laser, the material composition mainly controls the emission
energy. In an intersubband emitter, a new "band gap" between quantum well
subbands defines the emission energy. Since the spacing between subbands
is controlled by the quantum well thickness, the emission energy or wave-
length can be tuned over a very wide range without changing the material
composition.
This technology can also access terahertz spectral regions (30 to 300 µm wave-
lengths) by making the subband spacing extremely small (< 40 meV); how-
ever, it requires cryogenic cooling to operate (T< 178 K).
The only exception, so far, is a device that uses non-linear conversion of two
mid-wave QCLs to achieve operation at room temperature, as will be de-
scribed with more details in Chapter 4. Unfortunately, the power output is
still many orders of magnitude lower than stand-alone midwave QCLs. Still,
as midwave QCL performance increases, this translates into an improvement
of this non-linear technique as well.

1.3.1 Active region design

In a QCL with a superlattice structure, a single period is composed of an in-
jector, an injection barrier, and an active region. The latter, comprising mul-
tiple QWs, is the fundamental part where intersubband transitions give rise
to radiative emission.

FIGURE 1.6: On the left: a three-level system is shown. On the right: schematic
representation of the QCL period made of an injector and an active region. The

cascade effect is highlighted. Figure is reprinted from Ref. [22].
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Laser action in typical QCLs is based on a three-level system (Fig.1.6)
where a population inversion is created between levels 3 and 2. The laser
photon is emitted in the transition between states 3 and 2, which is controlled
primarily by the two wider wells thickness.
Moreover, the lifetime of level 3 is designed to be much longer than that of
state 2, the reason is to achieve a large population inversion between states 3
and 2.
A static electric field biases the superlattice structure. The electric field is ad-
justed so that level 1 of an active region is aligned with level 3 of the next
period. Then, the electrons used in one active region are injected into and
recycled in the next period. This end state 1 is positioned approximately an
optical phonon energy (∼ 34 meV in InGaAs/AlInAs materials) below level
2. Consequently, electrons in this level resonantly scatter to energy level 1
by emitting an optical phonon, an extremely fast process characterized by a
relaxation time of the order of 0.1-0.2 ps.

FIGURE 1.7: Schematic representation of the superlattice potential and of mini-
band.

To ensure lasing however, electrons must not escape by tunneling from
the upper laser state (E3) to the quasi-continuum, which would reduce its
population. For this reason, the injector stage is designed as a superlattice
with an energy gap (minigap) in correspondence of the upper energy level
E3. The miniband, designed to face E2 and E1, instead facilitates electron es-
cape from the active region by preventing their accumulation in those states.
More specifically, the sequentially thin (∼ hundreds of Angstroms) semi-
conductor layers introduce discontinuities in the band edges, leading to the
quantum confinement of carriers in the growth direction. As a result, the
band breaks up into "subbands", where the energy is quantized in the growth
direction. In fact, in a superlattice the single well states couple together to
form "minibands" separated by a "minigap" (Fig.1.7). To first order, the mini-
gap is determined by the well width and the miniband width is determined
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by the barrier thickness.
Beyond this basic design principle, the full laser design must consider the ac-
tual emitting wavelength, operating conditions and operating temperature.
Like many devices, the QCL will experience some performance degradation
with temperature. In addition, QCL also requires detailed optimization for
high-temperature operation such as the introduction of strategic energy bar-
riers to minimize thermal leakage.
At this time, three main active region types have been successfully used
in terahertz QCLs: chirped superlattice, bound-to-continuum, and resonant
phonon.

Chirped superlattice

Historically, the first THz QCL was based on a chirped superlattice active re-
gion design, previously used for mid-infrared QCLs. This design consists of
quantum well states forming minibands separated by minigap. The minigap
is determined by the well width and the miniband by the barrier thickness.

FIGURE 1.8: Schematic diagram of a chirped superlattice active region design.
Figure is reprinted from Ref. [29].

With this design the radiation emitting transition takes place between the
bottom state of the upper miniband and the top state of the lower miniband
(Fig.1.8). THz photons are emitted because of the electron scattering from
the upper to the lower miniband. In fact, population inversion occurs for the
intraminiband scattering of electrons, which is a process much faster than
inter-miniband scattering.

Bound-to-continuum

After many advances in QCL design, the chirped superlattice has led to a
new design: the bound-to-continuum active region. In that case, the upper
radiative state is designed to be an isolated state differently from the previ-
ous case in which it was a miniband. In this way, a more diagonal radiative
transition and a reduced oscillator strength are achieved.

Moreover, the injection states couple more strongly with the upper state
with respect to the miniband configuration and the injection process results
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FIGURE 1.9: Schematic diagram of a bound to continuum active region design.
Figure is reprinted from Ref. [29].

more efficient (Fig.1.9). It follows that the temperature and power perfor-
mance are improved.

Resonant phonon

The resonant phonon design is based on a combination of resonant tunneling
and direct electron longitudinal optical phonon scattering. This structure
allows the depopulation of the lower radiative states rather than the upper
one, because of the close subband energy spacing.

FIGURE 1.10: Schematic diagram of a resonant phonon active region design.
Figure is reprinted from Ref. [29].

This design is characterized by a strong overlap between the lower ra-
diative states and the injector states differently from the upper states, which
have a little overlap with the injector states (Fig.1.10). Therefore, the lower
and injector states have a large energy separation, providing intrinsic protec-
tion against thermal backfilling of the lower radiative states. Moreover, the
design allows higher temperature operation of laser at longer wavelengths.
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1.3.2 Waveguide design and beam quality

One of the critical components (beside the gain medium) of a laser is the
waveguide used to confine the radiation and to provide optical feedback.
As such, the full structure often has a mean thickness in the range 4-10 µm,
depending on the emission wavelength. After standard photolithography,
etching and metallization to define the overall device dimensions and current
injection path, the full device is only about 100 µm thick (including substrate)
and takes up an area lower than 0.001 cm2.
Generally, for a waveguide the threshold condition is expressed as follows:

Γgth = αω + αm (1.1)

where Γ is the confinement factor of the mode in the active region, gth is
the threshold bulk gain of the active region αω is the waveguide absorption
loss and αm is the mirror loss. The latter is due to the reflectivities (R1, R2) of
the mirrors that define the waveguide cavity (with length L) and is expressed
as:

αm = − ln(R1R2)

2L
(1.2)

The most used designs are the metal-metal waveguide, the semi-insulating
surface plasmon and the distributed feedback (DFB) (see Fig.1.11).

FIGURE 1.11: Schematic diagram of the most used waveguide designs. Figure
is reprinted from Ref. [30].

The semi-insulating surface plasmon waveguide generates a far field beam
pattern with a more directional beam due to the large emitting area. Further-
more, the output power results high for the wide ridge, which minimum
dimensions must be carefully chosen to avoid the modes to be squeezed into
the substrate. This condition sets a limit in the device size and high temper-
ature performance.
The metal-metal waveguide is based on a couple of metal layers for mode
confinement commonly used at microwave frequencies. The structure causes
highly divergent far-field beam for the larger free space waveguide with re-
spect to the waveguide dimension. Because of the interference of the coher-
ent radiation emitted from the laser bar, the far-field beam shows ringlike
interference patterns. In this way, low power coupling efficiency is achieved
through guiding THz QCL radiation to a Gaussian beam and phase sensitive
detection, like a superconducting HEB mixer.
Finally, the DFB lasers provide a feedback mechanism based on backward
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Bragg scattering from periodic perturbations of the refractive index or the
laser gain medium. The main advantage is the strong spectral selection use-
ful for a single-mode operation.

1.3.3 New frontiers of THz QCLs

After two decades from their invention, quantum cascade lasers have reached
impressive performance levels in the terahertz (0.3-10 THz) spectral region.
Different works on the QCL design have reached high performance in each
one of their characteristics.

CW THz QCLs have established themselves as versatile narrow-linewidth
(LW) sources with applications in high-resolution spectroscopy, gas sensing,
and heterodyne detection.
To date, cryogenically-cooled THz QCLs have shown high spectral purity
with intrinsic LWs as low as 100 Hz.
The knowledge of the intrinsic linewidth, which is related to the uncertainty
principle of quantum mechanics, is the main aspect for the determination of
the maximum achievable spectral resolution and coherent length in a free-
running laser. Recently, an experimental evaluation of the intrinsic linewidth
has been performed with the measurement of its frequency-noise power spec-
tral density (FNPSD) exploring the spectral purity of a THz QCL. Details
in the frequency domain are retrieved by means of intensity measurements:
detectable variations are revealed, corresponding to the laser frequency fluc-
tuations. These measurements led to a full-width half-maximum (FWHM)
δν = 90± 30 Hz [31].
THz QCLs typical free-running LWs are dominated by excess frequency noise,
leading to broadening up to several hundred kHz. If frequency or phase are
stabilized, these sources have achieved fast LWs of 30-60 kHz, 20 kHz and
6.3 kHz, depending on the quality of the reference and of the locking setup.
Narrow LW THz QCL sources are highly desired for a number of applica-
tions, including heterodyne detection for far-infrared astronomy, molecular
frequency metrology, high-resolution coherent imaging and telecommunica-
tions, where they can provide the carrier wave for broadband wireless links.

Right from the beginning, experiments on frequency and phase stabiliza-
tion of THz QCLs have involved some secondary frequency standards.
In 2005, phase-lock of a 3 THz QCL to the 3.1059368 THz line of a methanol
gas laser was proven [32] and, in 2009, frequency stabilization of a single-
mode THz QCL against the 2.409293 THz line of a CH2DOH gas laser was
demonstrated [33]. In both cases, a narrowing of the beat signal was ob-
served (65 and 3 kHz, respectively).
The first THz QCLs locked to microwave-driven harmonically generated THz
sources were demonstrated at 1.5 [34], 2.7 (phase locks) [35] and 2.3 THz (fre-
quency lock) [36]. Despite the high complexity, the high electrical power
consumption and the very low efficiency with a few pW radiation power, the
advantage of using these kinds of sources concerns the fact that they provide
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very narrow and absolute-frequency reference. This peculiarity makes these
sources suitable for mixing with the THz QCL in a sensitive detector, such as
a hot-electron bolometer.
Frequency-locking of a THz QCL to a molecular reference was demonstrated
in a first-derivative, direct-absorption spectroscopy configuration, without
any significant narrowing of the QCL emission [37].
Recently, phase-locking to an OFCS was achieved by locking a 2.5 THz QCL
to the n-th harmonic of the repetition rate of a mode-locked erbium-doped
fiber laser (described with more details in Chapter 3).
By implementing a technique first reported by Loffler et al. [38], the comb
generated by the mode-locked laser was mixed in a non-linear crystal with
a CW THz QCL, thus generating THz sidebands around the near-IR carrier.
The beating between the original comb and its shifted replicas provides the
signal for closing the phase-lock loop, which is the one used in this thesis. A
similar method, but using a photoconductive antenna instead of electro-optic
detection, was presented one year later [39].

Despite the tremendous progress, THz QCLs operation is still limited to
temperatures of 200 K in pulsed mode and slightly below 130 K in CW op-
eration. Room-temperature (RT) operation is, however, highly desired for
applications and largely simplifies any experimental setup.
To address the need for RT-THz sources, an alternative approach has been
implemented based on intra-cavity difference-frequency generation (DFG)
in mid-IR QCLs. With the introduction of a Cherenkov-effect scheme for
THz extraction, THz DFG-QCLs have made dramatic progress in the last five
years. This foundational approach has several appealing aspects: since the
intersubband transitions within the QCL material itself provide the second-
order non-linearity (χ(2)), the sources can be operated at RT, similarly to other
mid-IR QCLs. Additionally, wide THz tunability can be obtained with only
modest tuning of the mid-IR modes. Depending on the mid-IR pump spac-
ing, THz emission can be varied in the entire 1.6 THz range and beyond,
with limitations set only by the material losses and reduction of THz DFG
efficiency.
Wide-range frequency tuning, spanning several THz at room temperature
based, on composite DFB QCL arrays, or external cavity technique, has been
demonstrated.
A careful characterization of these devices, regarding both their tunability
characteristics and their spectral purity, has been very recently performed
[40], showing that not only these devices are able to work at room tempera-
ture, but that they are also suitable for metrological grade applications. More
details about these measurements can be retrieved in Chapter 4.

Single mode THz QCLs have already shown their huge potential for metro-
logical grade THz spectroscopy. Furthermore, a new interesting and promis-
ing technology for THz high precision spectroscopy is the continuous-wave
multimode broadband QCL, the operation of which has only recently been
demonstrated.
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Particular design of THz QCLs can define gain spectrum to be broadband
over a range even larger than 1 THz or to be electrically tunable over a 240
GHz bandwidth.
A broadband gain medium is desirable for a wide range of applications. To
this purpose, recent kinds of QCL have a comb-like structure driven by ul-
trafast non-linearities (four-wave mixing) in the active region itself.
At terahertz frequencies, comb operation is also favoured by the longer life-
times of the upper state of the optical transition at those frequencies. The
ultrabroad gain bandwidth is achieved by fully exploiting the quantum en-
gineering of intersubband transitions, integrating in the same laser ridge (res-
onator) different designs of a quantum cascade structure, tailored for differ-
ent frequencies.
First demonstrated in mid-IR QCLs, this heterogeneous cascade concept has
also been successfully implemented in terahertz QCLs. These sources show a
comb emission regime with hundreds GHz spectral coverage and their comb-
like features and controllability have been characterized during the work of
this thesis and widely described in Chapter 4.

1.4 Detection of THz light

Historically, chemists and astronomers made greater use of the THz detectors
for the spectral characterization of the rotational and vibrational resonances
and thermal emission lines of simple molecules. In fact, THz receivers are
employed to study the trace gases in the upper atmosphere, as ozone and
many gases (chloride monoxide) involved in ozone depletion cycles. Up to
date terahertz receivers are used in many fields. In this section, a description
of the detectors used in this thesis is given.

In this work, pyroelectric detectors have been largely used to collect THz
light. These are thermal detectors, based on a temperature change due to
the incident optical power that leads to a variation of the detector properties.
More specifically, the variation concerns the polarization of the pyroelectric-
material and consequently a voltage is detected.
In other words, the pyroelectric detector can be described as a small capacitor
with two conducting electrodes mounted perpendicularly to the direction of
spontaneous polarization. When the radiation hits the detector, the change
in polarization appears as a charge on the capacitor and a current is gener-
ated. The magnitude of this effect depends on the temperature rise and on
the pyroelectric coefficient of the material.
Despite this detector operates at room temperature, its response time is slow
so light has to be modulated, and the detector sensitivity is limited by ampli-
fier noise. Response speed can be engineered making pyroelectric detectors
useful for fast laser pulse detection; however, this comes with a proportional
decrease in sensitivity.
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The second kinds of detectors used in this thesis are bolometers.
The sensible element of a bolometer is a resistive element manufactured from
a material with a very small thermal capacity and large temperature coef-
ficient, so that the absorbed radiation produces a substantial change in re-
sistance. In other words, radiant power produces heat within the material,
which in turn produces the resistance change and there is no direct photon
electron interaction. Most bolometers in use today are of the thermistor type,
made from oxides of manganese, cobalt, or nickel.
For istance, one type of bolometers used in the thesis is a THz-camera, com-
posed of uncooled microbolometer placed in a matrix array. This type of
detector has a sensitivity over a wide spectral range, providing live video
images.

FIGURE 1.12: Schematic representation of the hot electron beam bolometer sen-
sor.

However, special kinds of bolometers operate at cryogenic temperatures,
enabling significantly greater sensitivity.
In the case of super-conducting bolometers, the detector is cooled down in
order to reach the superconductive transition. Small temperature changes,
caused by the absorption of incident radiation, strongly influences the resis-
tance of the biased sensor near its superconducting transition.
In this type of device, hot electrons transfer their energy to the phonons.
More specifically, after photon absorption, a single electron initially receives
the photon energy hν. The latter is rapidly shared with other electron, pro-
ducing a slight increase in the electron temperature. Then, the electron tem-
perature subsequently relaxes to the bath temperature through emission of
phonons. The result is that the detector time constant is related to electron
relaxation time, resulting in a faster detector with respect to the ordinary
bolometers (Fig 1.12) but requiring cooling to liquid helium temperatures.
These kinds of bolometer, called Hot Electron Bolometers (HEB), belong to
the group of square-law mixers.
Typically, HEB sensor is much smaller than the received wavelength. There-
fore, an antenna and associated coupling circuit are needed to bring the radi-
ation to the detector, coupling power to a small thermally absorbing region.
Generally, the HEB is used for its smaller Noise Equivalent Power (NEP)
since for uncooled detectors is typically from 10−10 to 10−9W/Hz1/2.
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FIGURE 1.13: Heterodyne detector. The signal, with a frequency of νs, and the
local oscillator, with a frequency of νLO, are mixed on the detector. The latter
generates a displaced a signal with a frequency of νIF thanks to a beam splitter

or a diplexer. Figure is reprinted from Ref. [41].

HEBs can be used as heterodyne detector, as done in this work. The sig-
nals with THz frequencies are down converted to intermediate frequency
(IF), preserving the amplitude and phase information of the incoming radia-
tion.
The basic element of mm or sub-mm heterodyne detector is a mixer, on which
the signal, with a frequency νs, and the local oscillator, with a frequency νLO,
are sent for generating a signal at the intermediate frequency νIF = |νs−νLO|
(Fig.1.13). Its basic component is the non-linear mixing element (detector)
where the signal and LO radiant powers are coupled, using some kind of
diplexer or a beam splitter. The latter one is useful to spatially combine the
signal beam and LO beam.
The primary advantage of heterodyne detection systems is that the frequency
and phase information at the signal frequency νs is converted to the fre-
quency νIF . The latter is in much lower frequency band (νIF � νs), appro-
priate to the time response of the electronics. This transformation (νs → νIF )
is called heterodyne conversion. Differently, if the signal and LO frequencies
are identical, then νIF = 0 and the obtained signal degenerates to DC. This
type of detection process is called homodyne conversion.
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Chapter 2

Spectroscopic tools: cavities for
THz light

Since their invention, optical resonators have represented an important opti-
cal tool for their role as the basic element for laser action, for the investiga-
tion of coherent radiation properties and for all purposes that require control
and enhancement of laser beams. To this purpose, the requirement of high
performance resonator is mandatory and consequently optical cavities are
designed to have a large Q-factor and finesse. These are the two physical
quantities that better describe how a cavity works, i.e. the quality of a cavity.
In the actual state-of-the-art, the physics of resonators and their experimental
realization have been well investigated almost all the electromagnetic spec-
trum. Indeed, optical resonators are well established tools commonly used in
spectroscopy [42], [43]. They have widespread applications over the whole
electromagnetic spectrum, from MW [44] to UV [45], while record level opti-
cal finesses were achieved in the visible/near IR, especially thanks to the ad-
vent of whispering gallery mode resonators [46]. Despite their widespread
use, in the terahertz portion of the electromagnetic spectrum ranging from
0.1 to 10 THz there is still a lack of such tools. In fact, cavities for terahertz
light have been only developed in the last few years, with the achievement of
very low finesses. This has to be related to the fact that, for many years, the
THz range has been a largely unexploited spectral region: technological ad-
vances in the exploitation of this range are not comparable to those achieved
in other spectral regions.
In this chapter, the fabrication of wire grid polarizer based THz resonators
is reported. These cavities have been successfully coupled with the radia-
tion of a QCL working around 2.5 THz. Three different cavity configurations
are proposed and experimentally demonstrated: a V, a ring and a bow-tie
geometry. In the first section of this chapter, a theoretical dissertation about
Gaussian beams and optical cavities, and an analysis of the cavity losses and
parameters is presented. Each cavity has been characterized, and its relevant
parameters (Q factor, enhancement factor, optical coupling) have been com-
pared to the one obtained by simulations. Furthermore, by simultaneously
coupling the QCL to V and ring cavities, the effect of the optical feedback
from the V-shaped cavity to the laser is investigated. This gives a prelimi-
nary evidence of the possibility of optically locking the QCL to a cavity, with
considerable benefits in terms of frequency stability and emission narrowing.
In the second section, a new configuration is proposed, merging the best
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properties and overcoming the limitations of the previous geometries in the
perspective of obtaining a higher finesse. In this perspective, the use of a ring
geometry can minimize the effect of the optical feedback. Indeed, the use of
optical elements that work at very small angle, such as spherical mirrors,
reduces the dimension of the cavity. Immediately, the solution is a bow-tie
configuration which is the most common configuration in the other spectral
windows.

2.1 Theory of Gaussian beams

Laser beams are often described as Gaussian beams, a formalism that de-
scribes the intensity profile with a Gaussian function.
For the sake of clarity, in this thesis the z-axis is taken as the direction of the
optical axis, which is the propagation axis of the beam.
A detailed description of the Gaussian beam comes from the propagation
of its electric field. Analysing a monochromatic beam (with k = 2π/λ), the
complex amplitude of the electric field is given by:

E(r, z) = E0
w0

w(z)
exp

(
− r2

w(z)2

)
exp

(
−jkz − jarctan

(
z

zR

)
+

kr2

2R(z)

)
(2.1)

where E0 is the peak amplitude and w(z) is the beam radius. The latter
corresponds to the distance from the beam axis where the intensity drops to
1/e2 of the maximum value, defined as follows:

w(z) = w0

√
1 + (z/zR)2 (2.2)

where w0 is the minimum spot size, expressed as:

w2
0i =

λzRi
π

=

(
λ

πθi

)2

(i = x, y). (2.3)

In the previous equation, zR is the Rayleigh length that determines the
length over which the beam can propagate without diverging significantly.
Referring to eq.2.1, R(z) is the curvature radius of the wavefront that evolves
according to:

R(z) = z

(
1 +

(
z

zR

)2
)

(2.4)

while the term:

∆ψ(z) = arctan

(
z

zR

)
(2.5)

is also called Gouy phase shift. It describes the phase shift experienced by
the Gaussian beam with respect to that of a plane wave with the same optical
frequency.
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Another important parameter for a Gaussian beam is its divergence, defined
in the far field (i.e., for z values much larger than zR) by the relation:

θ =
λ

πw0

(2.6)

The smaller is the waist radius and the longer is the wavelength, the larger
will be the divergence of the beam far from the waist.
By considering the beam power P across an arbitary plane at z, the intensity
of the electric field, in spherical coordinates (r =

√
x2 + y2, z), is written as:

I(r, z) =
2P

πw2(z)
exp

(
−2

r2

w2(z)

)
(2.7)

However, in this experiment, the beam emitted by a QCL is approximated
an elliptical Gaussian beam with different propagation parameters in the
(x, z) plane. The latter is defined as the plane containing the growth axis
x of the laser gain medium, and in the (y, z) plane orthogonal to it. Conse-
quently, the focus positions for both directions are not equal and the beam is
called astigmatic. In this case, eq.2.7 is changed in:

I(x, y, z) =
2P

πwx(z)wy(z)
exp

(
−2

[
x2

wx(z)2
+

y2

wy(z)2

])
(2.8)

and equations similar to those above can be used for describing the evo-
lution of beam radius along both directions.
The Gaussian beam is an idealization that is quite difficult to achieve, even
in well-designed laser systems. Typically, the output beam from real lasers is
not truly Gaussian (although the output of a single mode fiber is a very close
approximation). To this purpose, the quantity M2-factor is useful to describe
the deviation of the laser beam from an ideal Gaussian beam.
The M2-factor is defined as the ratio between the product of beam waist and
divergence for the measured value (i = m) and the same expected for a Gaus-
sian beam (i = o):

M2 =
ωm ∗ θm
ωo ∗ θo

=
ωm ∗ θm
λ/π

(2.9)

For an ideal Gaussian beam, M2 = 1 while for a real laser beam, M2 > 1.
In this way, M2 is actually a measure of the quality of an optical beam given
as its deviation from the Gaussian profile.
Within this definition, the equations 2.2 and 2.4 for the Gaussian parameters
of a realistic beam are corrected with M2 in the following way:

w(z) = w0R

√
1 +

(
zλM2

πw0R

)2

(2.10)

R(z) = z

(
1 +

(
πw2

OR

zλM2

)2
)

(2.11)
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2.2 Theory of optical cavity modes

An optical cavity is composed of at least two mirrors placed to force an in-
jected radiation in a closed optical path. The length of the cavity determines
the allowed frequencies of the circulating wave, called resonant frequencies.
In addition, when a beam impinges on a cavity, a good coupling condition
has to be ensured by taking into account the matching of the curvature radius
of the wavefront (R) with the curvature radius of the cavity mirrors. This is
the so-called mode-matching condition: the beam waist impinging on the input
coupler must be equal to the calculated waist of the cavity mode.
In a spherical-mirror resonator a Gaussian beam is a solution of the Maxwell
equation. In this case, the wavefronts propagate along the optical axis and are
reflected by spherical-mirrors. In this way, in order to satisfy the resonance
condition, the beam has to retrace itself: as a consequence, the round-trip
phase change (∆ψtot) has to be zero or a multiple of ±2π. This implies that:

∆ψtot = 2kd− 2∆ψ(d) = 2πq where q = 0,±1,±2, ... (2.12)

where d is the cavity length. Assuming k = 2πν/c and νF = c/2d, the
frequencies (νq) that satisfy the previous condition are:

νq = qνF +
∆ψ(d)

π
νF (2.13)

Clearly this equation shown that the frequency spacing of adjacent modes
is νF = c/2d, as obtained for the planar-mirror resonator. The term ∆ψ(d)

π
νF

does not depend on the mirror curvatures and simply represents the dis-
placement of all the resonant frequencies.
The condition for resonant frequencies (eq. 2.13) needs to be changed if the
Gaussian beam has a transverse phase profile. This can be described by
means of a polynomial expression of at least second order and the transverse
profiles are called Transverse Electro-Magnetic Modes (TEMs). These modes
describe the energy distribution in the beam cross section. Each transverse
mode is marked as: TEMmn, where m and n are integer numbers. Assuming
a propagation of the along the z direction, m represents the number of points
of zero illumination (between illuminated regions) along the x axis, while
n the number of points of zero illumination (between illuminated regions)
along the y axis.
The lowest order (TEM00) is a Gaussian mode. This kind of mode, character-
ized by a high spatial coherence, can be focused to the smallest spot.
However, the Gaussian beam is not the only beam-like solution of the parax-
ial Helmholtz equation: other solutions are provided by the Hermite-Gaussian
beams. As a consequence, the design of a resonator that "matches" a given
beam (or the design of a beam that "fits" a given resonator) is the same as
for the Gaussian beam, whatever the values of (m,n). In this way, all the
members of the family of Hermite-Gaussian beams represent modes of the
spherical-mirror resonator.
Looking at the resonance frequencies of the (m,n) mode, these depend on
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the indexes (m,n) because of the dependence of the Gouy phase shift on the
same m and n. Also in this case, the phase shift has to retrieve the same
value after a round trip in a resonator of length d. As for the simple Gaussian
mode, the phase shift must be zero or an integer multiple of ±2π, yielding
the resonance frequencies:

νq = qνF + (m+ n+ 1)
∆ψ(d)

π
νF (2.14)

When modes with different q, but with the same (m,n), have the same in-
tensity distribution, the modes are called longitudinal or axial modes. Differ-
ently, the indexes (m,n) label different spatial dependences on the transverse
coordinates (x, y) and therefore represent different transverse modes.
For a given transverse mode, the resonance frequencies of longitudinal modes
are spaced by νF = c/2d since νm,n,q+1 − νm,n,q = νF .
In addition, all transverse modes for which the sum of the indexesm+n is the
same have the same resonance frequencies. If one consider two transverse
modes, (m,n) and (m′, n′), corresponding to the same longitudinal mode q,
the resonance frequencies are spaced by:

νm,n,q − νm′,n′,q = ((m+ n)− (m′ + n′))νF
∆ψ(d)

π
(2.15)

that determines the frequency shift between the sets of longitudinal modes
of indexes (m,n) and (m′, n′).
Nevertheless, the presence of losses in a resonator relax the strict resonance
condition on the frequencies of optical waves that are permitted to exist in-
side a resonator. Moreover, when a beam satisfies the mode-matching condi-
tion, the light is confined in the cavity and reflected multiple times producing
standing waves. It can be demonstrated [47] that the finesse (F) is the param-
eter that measures the capability of a cavity to enhance the radiation trapped
inside and is strictly connected to the losses. This quantity is defined as:

F =
FSR

δν
(2.16)

where FSR is the free spectral range (the spacing between two resonances)
and δν is the full width at half maximum (FWHM) of each resonance peak.
A second parameter related to the finesse F is the Q-factor, that describes the
cavity performance. This one represents the ratio of the energy stored in the
oscillating resonator to the energy dissipated per cycle. For an optical cavity,
the Q-factor is defined by the relation:

Q =
ν

δν
=

ν

FSR
F (2.17)

2.2.1 Design of THz cavities

Resonant cavities represent important spectroscopic tools for their capability
to confine and enhance light inside a cell. For example, if a molecular gas is
contained in a resonant cavity, spectroscopic phenomena are amplified. The
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enhancement capability depends on the finesse: a high finesse is the key as-
pect to develop the most advanced cavity enhanced techniques, such as the
cavity-ring-down spectroscopy [48], [49], [50], [51].
Moreover, the high finesse and the consequent narrow width of the resonant
peak is useful to provide a narrow reference for a laser, allowing a reduction
of its emission linewidth [31].
At THz frequencies, design and fabrication of cavities is challenging, due to
the technological gap of THz materials and optical components with respect
to other spectral regions. More specifically, highly reflective dielectric coat-
ings are scarcely developed at THz frequencies, and up to now only metallic
coatings can be used, with maximum reflectivity limited to 99.6% for gold.
In addition, metallic mirrors are not suitable as input/output couplers, and
the solutions commonly adopted at microwave frequencies (hole output cou-
pling) have proven to be quite unsuitable for THz [52].
An alternative approach consists in using a wire grid polarizer (WGP) as in-
put/output coupler: if the electric field component is parallel to the metal
wires, electrons are free to flow along them, and the incoming field experi-
ences an almost complete reflection. However, a small amount of radiation
leaks through the grid, allowing for the coupling of light in and out of the
cavity. This approach has been adopted in a few early experiments in FIR
spectroscopy, where finesses of about 14 and 3 [53], [54] were achieved at
690 GHz and 1.5 THz frequencies, respectively (corresponding to Q factors
of about 7000 and 1500, in the two cases).
More recently, Braakman et al. [55] demonstrated that, in the sub-THz range
(around 300 GHz), resonant cavities based on WGPs can achieve Q-factors as
large as 105, sufficient for a relevant enhancement.
In this work, the first two cavities (V and ring) for THz light and injected
with a QCL are proposed and experimentally demonstrated [56]. Despite the
low finesse, these results constitute a first step towards the realization of a
more efficient tool by planning a new geometrical configuration that mini-
mizes losses and overcome limitations. Indeed, taking into account the key
aspects of the two cavities, a new configuration is proposed and tested, and
a higher finesse is reached.

Cavity parameters

In this section, the main parameters describing an optical cavity are briefly
discussed.
For the sake of clarity, a linear optical cavity, composed of two mirrors, is
taken into account. Each optical element is characterized by its reflectance,
transmittance and absorption/scattering losses, indicated as R, T and A re-
spectively (with R + T + A = 1). Furthermore, the input and output mirrors
have losses (l) per round trip (due to absorption from air, additional mirrors,
etc.) that affects the coupling efficiency and the power enhancement factor.
When the light is injected inside the cavity, the circulating fraction power
after one round trip is written as:
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ρ = R1R2(1− l) (2.18)

where Ri (with i = 1, 2) is the reflectivity of the two mirrors that form the
cavity. Using eq.2.16, the finesse takes the form:

F =
π

2arcsin
(

1−√ρ
2 4
√
ρ

) ≈ 2π

1− ρ (2.19)

where the approximation only holds for 1−ρ� 1. Similarly, the Q-factor,
referring to eq. 2.17, can be expressed as:

Q =
L

λ
F (2.20)

where L is the round-trip length.
From the previous equations, it is clear that the finesse is strictly defined by
the reflectivity of the mirrors that form the cavity and by the losses for round
trip. Nevertheless, this description concerns a simple linear cavity composed
of two mirrors which are respectively the input and the output coupler. If the
cavity under analysis is composed of more than two elements, the previous
description becomes more elaborated. Indeed, the contribution to the losses
can be a complicated function.
To this purpose, it is worth to discuss about the possible loss mechanisms
that governs the reflection of beam from an off-axis metal mirror. It can be
demonstrated [57] that the reflected beam can lose power through resistive
absorption on the metal surface:

Lc =
4

cos θi

(
Rs

Z0

)
. (2.21)

but also, because off-axis reflection the reflected beam alters both the
shape:

Lbd =
w2
m tan θi
8f 2

mR

(2.22)

and the polarization of the beam:

Lcp =
w2
m tan θi
4f 2

mR

. (2.23)

Thus, the total mirror loss is expressed as the sum of these contributions:

AmR = Lc + Lbd + Lcp =
4

cos θi

(
Rs

Z0

)
+

λ

2πfmR

(
tan θi

2
+ tan2 θi

)
(2.24)

Taking into account the case under analysis in this thesis, the input/output
coupler is a wire grid polarizer. In this case, the absorption losses due to the
metal resistivity and the transmittance are expected to have the same value,
given by:
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Awg = Twg = 4

√
2ρg

πµ0cλd
(2.25)

where g, d, ρ are the wires spacing, diameter and resistivity, respectively.
For example, considering the values specified by the manufacturers of the
WGP used in this thesis (g = 20 µm, d = 10 µm, ρ = 52.8 nΩ, λ = 117.4 µm),
the absorption losses and trasmittance are Ap = Tp = 0.49%.
In conclusion, the theoretical finesse can be easily calculated according to the
elements that compose the cavity, as will be shown in the following para-
graphs.
However, in THz range an additional loss has to be taken into account. This is
the absorption coefficient from air, related to THz transitions in ambient wa-
ter vapour which have been experimentally measured to be at about 0.0038
cm−1 [58]. As will be described in the following, in order to reduce these ad-
ditional losses, the cavities are enclosed in boxes purged with nitrogen gas.

2.3 Experimental realization: V-shaped and ring-
shaped cavities

FIGURE 2.1: The two cavity configurations adopted in the present work. (a)
The V-shaped cavity consists of two Au-coated spherical mirrors (SM) and one
wire-grid polarizer (WGP) acting as planar input/output coupler. (b) The ring-
shaped cavity consists of two parabolic mirrors (PM), one plane mirror (M), and
one WPG, placed at the vertices of a square. The two-sided arrows indicate the
translating mirrors. The chosen lengths ensure, in both cases, an operation close
to the confocal condition, while avoiding the degeneracy of transverse modes

with longitudinal ones.

The sketch of the first two cavities, with V-shaped (on the left) and ring-
shaped (on the right) configurations, is shown in Fig.2.1.
The V-shaped cavity is composed of a WGP and two gold coated spherical
mirrors with the same effective focal length fmV = 200 mm, protected by a
150 nm thick SiO2 layer. Its round-trip length is lV = 480 mm.
The reflectance of these mirrors has been measured at λ = 117.4µm and the
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obtained value was RmV = (97.0 ± 0.3)%. Other measurements aimed at
estimating Rp, Tp and Ap for the WGP have been performed. The resulting
values are (Rp,Tp,Ap) ≈ (99.2%,0.4%,0.4%), which are very similar to the one
theoretically retrieved in the previous section.
Using these values and in absence of absorption from air, the finesse for this
cavity geometry can be estimated as:

FV ≈
π

1−RpRmV

≈ 83 (2.26)

However, due to its geometrical configuration, the V-shaped cavity (when
in resonance condition) will generate optical feedback on the source.
For this reason, the ring-shaped configuration, shown on the right of the
same figure, has been designed in order to obtain a cavity without optical
feedback (OF). Indeed, the beam travels on a square optical path, with round-
trip length lR = 480 mm defined by the polarizer, a plane mirror and two off-
axis parabolic mirrors with the same effective focal length fmR = 101.6 mm.
As required, the light travels only in one direction and no OF is expected on
the laser.
The mirrors used in the ring-cavity are the same as those used for the V-
shaped cavity. The mirrors are protected by a 150-nm-thick SiO2 layer, and
therefore their reflectance is RmR = (97.0 ± 0.3)%. In absence of absorption
from air, the finesse for this cavity geometry is expressed as:

FR ≈
π

1−
√
RpR3

mR

≈ 65 (2.27)

A summary of the main parameters of the two cavities is reported in the
following table (2.1).

TABLE 2.1: Main parameters calculated for V-shaped and ring cavities. All pa-
rameters are calculated in vacuum (without absorption from air). The column
Fair reports the finesse values calculated by taking into account a water vapour

absorption coefficient of 0.0038 cm−1.

Cavity l (mm) FSR (MHz) Fair F δν (MHz) Q Enhancement
V-shaped 480 625 24 83 7.5 3.4× 105 2.8

Ring 480 625 22 65 9.6 2.7× 105 1.7

However, these two cavity configurations represent a first step to open
the way to the improvement of cavities in THz range. Their experimental
realization is illustrated in the following sections.

2.3.1 Experimental test of the cavities

The experimental setup used to test both the cavities is shown in Fig. 2.2.
The QCL used in this work, fabricated in the CNR-NEST laboratories, is
based on a bound-to-continuum design. The emission frequency is close to
2.55 THz, and the QCL is mounted on the cold finger of a liquid helium cryo-
stat. It is driven in continuous-wave mode at a fixed heat sink temperature
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FIGURE 2.2: The experimental setup includes both the developed cavities. The
half-wave plate (HWP) and the polarizing beam-splitter (PBS) allow to choose
the fraction of the QCL light to be sent to each cavity. In this way it is possible
to use one cavity at time or both simultaneously. The mirrors placed after the

PBS allow for an independent alignment of each cavity.

T ≈ 20.0 K. Under these experimental conditions the QCL threshold current
is Ith =340 mA, and the operating current is around 380 mA, supplied by a
home-made low noise current driver (< 1 nA/Hz1/2).
The output window of the cryostat for the QCL radiation is tilted with re-
spect to the optical axis in order to avoid standing waves and to minimize
etalon effects in the measurement and back reflections into the laser.
The emitted beam is divergent and an off-axis parabolic gold coated mirror
(with an effective focal length of 25.4 mm) is used to collect and collimate the
beam. A couple of planar mirrors are used to guide the beam through a half
waveplate (HWP, realized at the CNR-INO optics workshop from a quartz
substrate) and a polarizing beamsplitter (PBS, QMC Instruments, mod. P10).
The latter is a photolithographic polarizer, placed at 45o angle of incidence
and its wires are vertically oriented according to the QCL polarization. In-
deed, it is considered that the native QCL polarization is linear and orthogo-
nal to the epitaxial growth axis. Therefore, the emitted polarization is in the
vertical plane with respect to the optical breadboard.
The HWP-PBS system is used to divide the beam power into two parts, for
the two cavities. In particular, the HWP allows to rotate the linear QCL po-
larization of the desired amount, while the PBS splits the beam in two parts,
with horizontal and vertical polarizations, and complementary powers.
The distance between the input couplers of both the cavities and the QCL is
about 500 mm. The orientation of the wires of the two WGPs are chosen par-
allel to the polarization of the incoming beams. More specifically, the wire
orientation is horizontal for the V-shaped cavity and vertical for the ring-
shaped cavity.
In both the cavities one of the mirrors is mounted on a motorized translation
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stage (ThorLabs, mod. MTS25) controlled by a LabVIEW program. The QCL
wavelength is fixed by keeping both the heat sink temperature and the driv-
ing current constant, while the resonance frequency of both cavities is tuned
by changing their lengths.
The LabVIEW program allows to select the scanning speed (typical value 1.5
µm/s), the total scan length (typically 200 µm), the total scan time and the
acquisition rate.
The detection is performed using an optical chopper on the beam and a lock-
in acquisition. The signal is acquired with a pyroelectric detector (Gentec
EO, mod.SPH 62 THZ) which is aligned on the beam reflected by the input
coupler. If the chopper is placed outside the cavity, the detected power Pr is
equal to the total incoming power P0 when off resonance, whereas a power
dip is expected in resonance condition, since a fraction of the incoming light
is coupled to the cavity.
In order to make a zero-offset acquisition, the beam chopper (driven at 172
Hz) is placed inside the cavities, and the lock-in detection is implemented. In
fact, by placing the chopper wheel inside the cavities it is possible to detect
the amount of coupled radiation as a peak occurring at resonance.

2.3.2 Coupling to cavities

A beam emitted by a continuum wave QCL is an elliptic mode, with very
large M2

x and M2
y values. For this reason, the first step for the correct charac-

terization of a cavity is the achievement of a mode-matching in both x and y
directions.
In order to satisfy this condition, the parabolic mirror, that collects the emit-
ted beam, is not placed at the perfect collimation distance but it is moved
slightly away. In this way, the beam is focused avoiding the use of lenses
that absorb high fractions of the beam power. To this purpose, an iterative
procedure is implemented in order to place the parabolic mirror in the best
position to obtain the required beam waist.
The procedure consists in the acquisition of the beam sections at different
propagating distances along the optical path. A LabVIEW program, con-
nected with a THz camera (INO IRXCAM), is used to acquire the image of
the beam section. A Matlab program is used to extract the beam waist value
in both x and y directions by fitting the profile in the two directions with
a Gaussian function (eq.2.8). In this way, for each position of the parabolic
mirror, the beam waist is measured. If it is far from the theoretical value,
the parabolic mirror is moved and the beam waist is measured again until it
reaches the required value.

The acquisition of the beam section and the measurement of the beam
waist are shown in Fig.2.3. These data are taken at the condition in which the
beam waist is quite similar to the theoretical value in both the two directions.
In the graph, the minimum value (zo) of the parabola corresponds to the po-
sition in which the beam waist is achieved. In this way, the input coupler can
be correctly located at a distance of zo from the source.
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FIGURE 2.3: On the left picture: The measurement of the beam waist dimen-
sions and position is carried out by taking several images of the beam section
(on the right picture, example) at different propagation distances, and by fit-
ting them with Eq.2.2. The laser collimation is adjusted in order to optimize the

mode matching with the cavities modes.

Furthermore, the fit gives the M2-factor in both the directions. However, the
values of M2

x = 13.2 and M2
y = 10.5 are far from unity, confirming that the

beam is not Gaussian. Therefore, in the cavity characterization, the high de-
viation from the Gaussian beam is expected to significantly affect the laser
coupling to the cavities.
After retrieving the fundamental condition (mode matching), the acquisi-
tions of the spectrum can be performed. The cavities can be singularly in-
jected, and their resonance signals can be maximized by fine adjustments in
the alignment. During the fine optimization, an oscilloscope allows to check
the spectrum obtained by scanning the cavity length.

2.3.3 V-cavity characterization

At first, the V-cavity is singularly injected, and its spectrum is analysed.
The optimized resonance spectrum is reported in Fig.2.4 where the scan

of the cavity length is set in order to acquire two or more resonance peaks.
In the first acquisition (black line) the cavity was in air. In this case, the mea-
sured finesse value of 16 is far away from the theoretical one. As already said,
this can be explained by the absorption from the water vapour contained in
the air filling the cavity. This is confirmed by the good agreement with the
cavity finesse value calculated in presence of absorption from air and pre-
sented in Table 2.1.
In order to overcome this limitation, the cavity has been placed in a close box,
purged with nitrogen gas.
As expected the nitrogen atmosphere strongly suppresses water vapour in-
side the cavity, reducing the absorption. The resulting cavity spectrum is
shown as a red plot in Fig. 2.4. Under N2 purging, the finesse raises by a
factor two, up to a value of 25, leading to an increase of the intensity of the
modes by a factor of three.
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FIGURE 2.4: Effect of the absorption from air on the V-shaped cavity spectrum,
as evidenced by comparing two spectra acquired with the cavity either in am-
bient air (black) or under N2 purging (red). In this latter case, the lower losses
determine narrower and higher resonance peaks, due to the expected increase

of the cavity finesse.

This value is far from the theoretical one. This apparent difference of the
finesse with respect to the expected value, is due to optical feedback as just
expected for the cavity geometry. According to the V-shaped geometrical
configuration, when this cavity is resonant a small fraction of the incoming
radiation leaks back towards the laser. The back radiation on QCL perturbs
the laser emission and, in particular, the laser frequency, that is expected to
follow the cavity resonance within a given range.
Clearly this phenomenon is shown in Fig.2.5, as it can be studied by varying
the amount of radiation feeding back to the laser. This is achieved by means
of the HWP-PBS system (see Fig.2.2) simply rotating the HWP, i.e. control-
ling the power of the beam injected in the V-shaped cavity. In Fig.2.5 (a) the
comparison among several acquisitions of the cavity resonance peak, taken
at different feedback levels, is reported. It is clear that the higher the beam
power is, the larger the peak resonance becomes, and the apparent cavity fi-
nesse will change accordingly, as shown in Fig.2.5 (b). Clearly the plot shows
that the presence of OF results in a lower measured finesse value, suggest-
ing that the QCL frequency is perturbed by OF and follows the cavity mode
frequency. Therefore, a realistic measurement of the V-shaped cavity finesse
can be performed only at very low beam intensity.

Finally, the typical spectrum obtained by the V-shaped cavity (at low laser
power) is reported in Fig.2.6. The presence of a transverse mode reveals that
the mode matching between the laser beam and the longitudinal cavity mode
is not perfect.
The achieved finesse is FV = 58 and corresponds to Q = 2.4x105. This value
is significantly lower than the expected one (83) as even a small amount of
OF to the laser will strongly affect the experimentally measured finesse (see
Fig. 2.5).
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FIGURE 2.5: The effect of OF from the V-shaped cavity to the QCL is quanti-
tatively studied by analysing the width of the cavity peak as a function of the
incoming power (a), and thus of the feedback level (normalized to its maxi-
mum value). From the peak width it is possible to retrieve the dependence of

the apparent cavity finesse on the feedback level (b).

FIGURE 2.6: Optimized spectrum of the V-shaped cavity in N2 purged atmo-
sphere. The suppression of OF is obtained by attenuating the incoming beam

and, consequently, the back-reflected beam.

2.3.4 Ring cavity characterization

As for the V-cavity, the first spectrum has been acquired in ambient air and
compared to the same in nitrogen purged air to confirm that the absorption
by water vapour degrades the finesse.

The typical ring cavity spectrum acquired in nitrogen purged atmosphere
is shown in Fig.2.7.
The ring configuration should ensure the absence of OF as verified with the
same analysis done for the V-cavity (Fig.2.5). In fact, no changes can be noted
while measuring the finesse at different laser powers, thus confirming that
the ring-shape configuration is free from OF. For this reason, the optimization
can be carried out at the maximum available power. This explains the high
signal-to-noise ratio of the acquired trace. The achieved finesse is FR = 63,
corresponding to Q = 2.6x105.
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FIGURE 2.7: Optimized spectrum of the ring cavity in N2 purged atmosphere.

For the ring cavity, the achieved finesse reaches the theoretical value calcu-
lated in the previous section and shown in table 2.1. The more complex cav-
ity geometry and mirror shape result in a larger number of transverse modes,
that are partially populated due to the non-perfect mode-matching between
the laser beam and the longitudinal cavity mode.

2.3.5 Optical feedback from V cavity

The characterization of the two cavities has led to the possibility to inject
them at the same time and to take advantage of their properties. The OF
that affects the V-cavity can be a disadvantage if one is interested in the per-
formance of the cavity, which results degraded. Otherwise, the OF can be
an advantage if one think to the possibility of optically locking the QCL fre-
quency to the V-shaped cavity resonance.
As demonstrated in Fig.2.5, the laser frequency follows the resonance as an
optical locking. The effect of V-shaped cavity OF on the QCL can be stud-
ied by using the ring cavity as a monitor of the laser frequency fluctuations.
The ring cavity is tuned at resonance half-height, so that the peak slope con-
verts any frequency drift in a detectable amplitude variation. The V-shaped
cavity is then scanned, and the signals from both cavities are simultaneously
acquired. At this regard, the spectrum of the ring cavity is expected to be a
flat signal if the laser power is not affected by perturbations: in this way, the
cavity is used to check changes in laser power. This effect is demonstrated
by injecting both resonators at the same time.

The V-shaped cavity is swept across its resonances, while the ring cavity
is kept fixed at a resonance half-height. In these conditions any shift on the
laser frequency will result in a variation of the signal retrieved from the ring
cavity.
Two V-shaped cavity scans (black lines), and the ring-cavity signals (red
lines), are shown in two opposite situations in Fig.2.8:

• with strong OF to the QCL laser (' 1% of the V-shaped cavity incoming
radiation) Fig.2.8 (a);
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FIGURE 2.8: The measurement is performed in presence (a) and in absence (b) of
OF to the QCL. Slow changes in the red signal are due to QCL laser temperature

drifts, amplified by the signal slope

• with almost no OF to the laser, i.e. obtained by strongly attenuating the
beam that feeds the V-shaped cavity (' 0.001% of the V-shaped cavity
incoming radiation) Fig.2.8 (b).

The signal of the ring cavity (red, a) explains the reason of the apparent
V-shaped cavity finesse degradation and peaks widening in presence of OF
(black, a). In OF condition, as the V-shaped cavity gets closer to the reso-
nance with the QCL, the QCL frequency is first pulled towards the cavity
resonance, and then sticks to it for a while, until it is released again and re-
stores to its original value.
On the contrary, when the OF from the V-shaped cavity is suppressed, no ef-
fect on the QCL frequency is detected by the ring cavity signal (red, b) and the
V-shaped cavity spectrum shows a higher finesse and sharper peaks (black,
b).
When present, the frequency pulling effect is still quite small, in the range of
1 MHz or less, and this is probably due to two different reasons. First, the OF
level to the QCL, in these experimental conditions, is estimated to be around
1%, and even less if a small misalignment of the optical paths is taken into
account; this feedback level may not be enough to ensure a large optical lock-
ing bandwidth. Second, no control of the phase of the OF is implemented at
present, and this can explain a non-optimized efficiency of the optical lock-
ing mechanism. Nevertheless, the presented results are a straightforward
evidence that an external high-Q THz cavity can have an influence on the
frequency of a QCL.

2.4 Bow tie cavity

An optical cavity with a ring path is a design that minimizes the OF avoid-
ing back reflection on the source. On the other hand, a ring-cavity requires
off-axis mirrors, that can introduce distortions in the beam shape and in the
polarization of the electric field involving additional losses. A compromise
between small incident angles and a ring path is given by a bow-tie configu-
ration.
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FIGURE 2.9: Configuration of the bow-tie cavity that consists in a planar and in
two gold spherical mirrors (SM), a wire grid polarizer (WGP) as input/output

coupler. The two-sided arrow indicates the translating mirror.

The bow-tie cavity (BTC), as its name suggests, is designed such as the
light performs a crossed circular path, as shown in Fig.2.9. The light is in-
jected by the wire grid polarizer, tilted at a small angle with respect to the
direction of the beam propagation. A planar mirror (PM) is placed to reflect
the beam, at an angle of θ, towards a couple of identical spherical mirrors
(SM), with the same effective focal length and placed to close the path of the
beam on the WGP.
The round-trip path-length is 493 mm, while the two concave golden spher-
ical mirrors have an effective focal length of fmV = 200 mm. The spherical
mirrors have a gold coating made by chemical deposition (electroplating),
with a thickness of about 500nm and without a protective dielectric layer.
The planar mirror has the same coating of the spherical ones. However, the
small incidence angle minimizes the effect of elliptical eigenmodes and pre-
serves the reflectivity of the mirrors, which were manufactured for normal
reflection.
The WGP (QMC-Instruments, mod. QWG/RT) is composed of tungsten
wires, with a diameter of 10 µm, separated by 20 µm.
This type of cavity requires a beam waist of 1.8mm in the middle of the path,
labelled with l1 (see Fig.2.9). However, its finesse is expressed as for the ring
cavity (eq. 2.27) since the two cavities are both composed of four optical
elements that force the light in a ring path. According to the theoretical di-
gression of the previous section, in absence of absorption from air, the finesse
is given by:

F ≈ 1

1−
√

(RpR3
mB)
≈ 110 (2.28)

where Rp is the reflectivity of the WGP and RmB is the reflectivity of the
mirrors.
This value has been compared to the one simulated by a software Finesse.
Finesse [59] is an interferometer simulation tool designed to model the types
of interferometers used in gravitational wave detectors. The scripting lan-
guage is quite simple: each line in the script describes either an optical com-
ponent, a detector to output some data, or a command.
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In order to simulate an optical cavity, its geometry is defined as well as the
physical properties of each component. Moreover, the input beam can be
simulated defining the beam waist in the two directions, of TEMm,n, of in-
put power and so on. Finesse generates a layout of the system and the sim-
ulated spectra with the relative parameters such as the finesse, the FRS and
the FWHM of the resonant peak.
Concerning the BTC, the QCL real beam shape has to be taken into account
in the simulations. To this purpose, the beam is described by a superposition
of an ideal Gaussian beam (TEM0,0) and transverse modes (TEMm,n). The
power of the transverse modes is a small fraction of the total one and con-
tributes to the non-symmetrical shape with resulting in a broadening of the
beam waist from 1.8mm (for TEM0,0) to 3.5mm.

FIGURE 2.10: Simulated spectrum of the BTC in the optimal condition (Rm =
RWGP =99.9%, TWGP=0.1%). The finesse value is 110.

In the simulations, the reflectivity of mirrors (Rm) is 99.9%, while the WGP
has a reflectivity of 99.9% and a transmission of 0.1%. With these hypotheses,
a finesse is 110 is confirmed and the simulated spectrum is shown in Fig.2.10.

TABLE 2.2: Main parameters calculated for the bow-tie cavity. All parameters
are calculated in vacuum (without absorption from air). The column Fair re-
ports the finesse calculated by taking into account the water vapour absorption

coefficient of 0.0038cm−1.

Cavity l (mm) FSR (MHz) Fair F δν (MHz) Q Enhancement
BTC 493 608 32 110 2.9 8.1× 106 16

The simulated output data, which are the main parameters of the cavity,
are reported in table 2.2. Looking at the finesse and the enhancement factor,
the performance of the BTC are evident. An enhancement factor of 16 means
that the light is amplified of an order of magnitude with respect to the input
value inside the cavity. In the actual-state-of-the-art, this result represents a
milestone, opening the way to possible spectroscopic and metrological appli-
cations.



Chapter 2. Spectroscopic tools: cavities for THz light 42

2.4.1 Experimental setup

In the experimental setup described in section 2.3.1, the V-cavity can be re-
placed by the BTC.

FIGURE 2.11: Experimental setup. WGP: wire grid-polarizer; HWP: half-wave
plate.

A sketch of the experimental setup is shown in Fig.2.11.
The laser source is the same quantum cascade laser used for the previous
cavities, emitting at 2.55 THz and mounted on the cold finger of a liquid he-
lium cryostat.
The QCL is driven in CW mode by a low-noise current source at 370 mA with
a fixed heat sink temperature T = 25 K at which the QCL threshold current
is Ith = 340 mA.
The optical setup is adjusted for the BTC by modifying the beam waist in
both parallel and orthogonal planes with respect to the propagation axis of
the QCL. The divergent QCL emission is collected by an off-axis parabolic
golden mirror, with an effective focal length of 25.4 mm, and guided with
two planar mirrors to inject the cavity. The parabolic mirror is moved slightly
away from the perfect collimation distance in order to focus the beam in the
cavity and to satisfy the mode-matching conditions.
Furthermore, the cavity is enclosed in nitrogen atmosphere to purge the wa-
ter vapor responsible for the absorption in air.
In order to tune the cavity length, the planar mirror of the cavity is mounted
on a motorized translation stage (ThorLabs, mod. MTS25) controlled by a
LabVIEW program. This program allows to select the scanning speed (typ-
ical value 1.5µ m/s), the total scan length (typically 200µm), the total scan
time and the acquisition rate.

2.4.2 Lock-in acquisition

A lock-in acquisition is performed and the transmitted spectrum from the
cavity is detected by a pyroelectric detector aligned on the beam reflected by
the wire grid-polarizer.
In order to perform a lock-in acquisition, the signal to be acquired is modu-
lated on its amplitude or on its frequency.
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In the first case, the modulation is performed with a mechanical chopper
placed inside the cavity. In this way, the signal is proportional to the light
coupled in cavity and the spectra will have a zero background and positive
peaks.
On the contrary, as for the V-shaped and ring-shaped cavity, by placing the
chopper wheels outside the cavities it is possible to detect the amount of
coupled radiation as a dip in the power of the beam reflected by the input
coupler, occurring at resonance.
Moreover, instead of an intensity modulation (chopper) a frequency modu-
lation can be performed directly acting on the driving current. The acqui-
sition is performed by modulating the QCL current with a sinusoidal wave
superimposed on the continuous wave. In this case, the spectrum will be the
derivative of the typical one obtained with a chopper modulation.
To retrieve the resonant condition of a cavity, it is mandatory to scan its length
or, with the same purpose, the laser wavelength, that is strictly connected to
the length of the cavity itself (which is a multiple of this length). For the sake
of completeness, the comparison between these two kinds of acquisitions is
performed.

FIGURE 2.12: Comparison between two acquisitions made scanning the length
of the cavity (black plot) and scanning the QCL driving current (red plot). In

the latter, the x-axis is reported in micrometer to compare the two results.

The laser wavelength can be scanned through the driving current, which
is strictly connected. In this condition, an acquisition of few volts covering
two free spectral range can be performed and a positive ramp turns out to be
equivalent to an increment of the cavity length.
The comparison, described above, is reported in Fig. 2.12. It is visible that,
when the length of the cavity is scanned, the peak amplitude is the same for
both the resonances and the peak width is narrower. On the contrary, for
the acquisition obtained by changing the current, the peaks have different
amplitudes and larger widths. The reason is that when the current is scanned
both the intensity and the temperature change. As a consequence, both the
laser power and the laser frequency change. In conclusion, the best spectra
are obtained by scanning the cavity length.
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2.4.3 Alignment, test and optimization

As done for the V-shaped and the ring cavity, the mode-matching condition
is satisfied by measuring the beam waist at different distances from the cryo-
stat. The procedure is the same explained in section 2.3.2.
Once provided the mode-matching condition, the alignment of the cavity is
carefully performed. The procedure consists on the correction of the main
contributors to the cavity losses and then with the elimination of each minor
perturbation.
Each optical component is supported by a mirror mount with pitch and yaw
adjusters, enabling very fine angular movements. In this way, a large num-
ber of possible adjustments can be performed and consequently this yields a
more difficult alignment. Therefore, a theoretical comparison becomes nec-
essary through the simulation of the experimental spectra by means of the
software Finesse.
The advantage is that the comparison with the expected spectra allows to
easily identify the degrading contribute to the finesse. Indeed, it is possible
to reconstruct the effects on the cavity spectrum induced by each type of mis-
match. The key aspect is that the simulated spectra can reproduce exactly the
experimental one by choosing the input parameters the most realistic possi-
ble way.
In order to better explain the alignment procedure, some examples are briefly
discussed.

FIGURE 2.13: Simulated spectra for a beam whose beam waist is the theoretical
one (ωo = 3mm). The beam is composed of TEM0,0 and TEM0,1, TEM1,0.

The first check concerns the beam waist as required by the mode-matching
condition. As an example, the beam can be simulated as composed of TEM0,0,
which is the main contribution, and of TEM0,1 and TEM1,0, which contribute
least to the spectrum. In addition, the beam waist is taken far from the theo-
retical one.
The simulated spectrum and the beam profiles of the transverse modes are
shown in Fig.2.13. This analysis is useful to recognize a spectrum obtained
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FIGURE 2.14: On the right: simulated spectra for a beam with a not-correct
beam waist (ωo = 3 mm). The transmission and reflectivity are the same as for

the previous simulation. On the left: experimental spectrum.

when the beam waist is far from the theoretical one looking at the transverse
modes.

The early experimental spectrum (on the left) and the corresponding sim-
ulated one (on the right), shown in figure 2.14, are compared. As it can be
easily seen, there is a great resemblance by the experimental spectrum and
the simulated one.
More specifically, in order to simulate the experimental spectrum, the trans-
mission and reflectivity of each optical component are respectively 1% and
98%. As already observed with the simulation shown in Fig.2.13, the pres-
ence of the transverse modes near the longitudinal modes indicates that the
experimental beam waist is different from the value required by the mode-
matching condition. In order to simulate this case, the beam waist has been
defined as ωo = 3 mm in the input parameters.
Being well known that for a QCL it is very difficult to obtain a pure TEM0,0

mode, because the transverse modes are always present at some extent, the
simulated beam has to be composed by TEM0,0 and TEM0,1 (this one, as a
small contribution) in order to reproduce correctly the spectral profile.

The information extracted from the previous analysis involves the adjust-
ment of the beam waist. The spectrum (grey plot), obtained after this op-
timization process, is reported in Fig. 2.15, perfectly superimposed to the
simulated spectrum (red plot). As shown, the transverse modes are reduced
with respect to the previous graphs. The output parameters from the simu-
lation give a free spectral range (FSR) of 624 MHz, a FWHM of 14 MHz and
a finesse of 44.
More specifically, in order to simulate this experimental spectrum, the laser
beam has been simulated considering almost all the total power in TEM0,0

and a tenth in TEM0,1. Moreover, the reflectivity of the mirrors has been re-
duced to 98%. However, this value is not realistic, thus suggests that other
effects are responsible for the worse performance of the cavity.
A first hypothesis concerns the degradation due to air absorption. However,
the cavity is free from water content because of it is enclosed in a box purged
with nitrogen. Another possibility concerns the presence of optical feedback
even if the cavity has been designed with a circular path to avoid OF.
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FIGURE 2.15: Comparison between an experimental spectrum (grey plot) and a
simulated one (red plot). In the latter, the beam waist has not been simulated as
the theoretical one (ωo = 3 mm) while the beam is composed of only TEM0,0.
The WGP transmission and reflectivity are 98% when the WGP acts as mirror,
while the reflectivity is 92% when acts as beam-splitter and the transmissivity

is 1%.

FIGURE 2.16: Transmitted spectrum obtained by scanning the cavity length and
modulating the QCL current. The spectra have been acquired at different focal

positions of the parabolic mirror.

To investigate about this hypothesis, it can be considered that a good eval-
uator of the absence of optical feedback is the symmetry of the peak shape.
To this purpose, a scan around a longitudinal peak is performed in order to
better observe its symmetry.
The idea is to slightly change the position of an optical element to induce a
perturbation in the beam phase. This effect is observed by finely tuning the
position of the focal plane of the parabolic mirror that collects the emitted
beam.

As shown in Fig.2.16, the signal profile changes for two different posi-
tions, leading to a clear indication that OF effect is present and has to be
investigated with major accuracy.

Therefore, the OF presence has been investigated as for the V-shaped and
ring-shaped cavities. The peak width and its profile have been examined
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FIGURE 2.17: Analysis of the peak width for different feedback level when the
wires of the WGP are horizontally oriented (on the left) or vertically oriented

(on the right).

at different levels of feedback. In addition, the wires of the input/output
coupler were oriented along the perpendicular direction, which is when the
wires are horizontally oriented.
This measurement can be done by means of the HWP-PBS system that allows
to change the polarization orientation of the injected field in the cavity. In this
way, a systematic measurement of the peak width for different orientations
of the beam polarization is a particularly challenging experimental task. The
aim is to check a potential configuration useful to improve the cavity quality.

More specifically, the idea is that if the feedback is present, the peak reso-
nance becomes larger, giving an apparently lower cavity finesse.
The results of this analysis are shown in Fig.2.17. The peak width taken at
different feedback level is reported when the wires of the WGP are horizon-
tally oriented (case A, on the left) or vertically oriented (case B, on the right).
In the latter case, the width of the peak changes at different feedback levels,
confirming that the OF is present clearly.
Differently, when the wires are horizontally oriented, the OF is absent. Nev-
ertheless, at zero feedback level, the width of the peak is larger with respect
to the case B. It seems that an additional effect is present, and its effect is
maximum when the wires are horizontally oriented (0o) and minimum in the
opposite case (90o).

For the sake of clarity, the two different orientations of the WGP are sketched
in Fig.2.18. When the system is arranged to have a beam with a horizontally
polarization (a), the wires and the polarization define an angle in the plane.
The WGP reflects only a fraction of the total field implicating an increase of
its losses. In this way, the peaks are slightly larger, as shown before.
If the wires of the WGP are vertically oriented (b), the previous effect is ab-
sent, but another effect arises: the diffraction. In order to better explain this
effect, a detailed description is given in the following.
Generally, the diffraction effect is absent when the incident wavelength (λin)
results smaller with respect to the wavelength linked to the distance (g) be-
tween the wires:
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FIGURE 2.18: Wire grid polarizer in two different orientations. a) wires hori-
zontally oriented. b) wires vertically oriented.

λin < λd = g(1 + sen(θ)) (2.29)

where the angle θ is taken with respect to the normal direction of the
polarizer. Differently, in this case, the wires of the WGP act as a N-slits system
that creates a diffraction pattern on the plane perpendicular.
The losses due to the OF-diffraction are expressed as the ratio between the
wavelength diffracted from the N-slits and the wavelength (λ, k) at normal
incident angle on the WGP, that is diffraction-free. These losses are defined
by the relation:

αOF =
λd
λin

=
Sin(kg/λsin(α))

(kg/λsin(α)
(2.30)

FIGURE 2.19: Systematic analysis of the peak width for different polarization
orientation. The feedback is evident around 90o with the increasing of the

width.

By using the HWP-BPS system on rotation of the input-coupler, a com-
plete systematic analysis has been performed in order to investigate the pre-
vious effects at the intermediate angles.
The results are shown in Fig.2.19. The effects due to the losses (case A) and
to the diffraction (case B) are clearly visible as described before. In the graph
the two effects are highlighted and it is clear that around 80o the trade-off of
the two effects is maximum.
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From these results the condition at which the cavity can work in a way to
enhance the finesse has been determined.

2.4.4 Best Results

The previous characterization has led to the exploration of the optimal work-
ing conditions, ensuring the best performance of the cavity. The best condi-
tions are achieved under nitrogen purging and the WGP wires are oriented
at 80o.

FIGURE 2.20: Comparison of the experimental (blue) and of the simulated spec-
trum (yellow) of the BTC in the experimental condition (Rm=99.9%, RWGP

=97.1%, TWGP=1%). The finesse is 105.

In fact, in these conditions, the experimental spectrum gives a record fi-
nesse of 105.
This experimental spectrum is compared to the simulated spectrum as shown
in Fig.2.20. The experimental spectrum has been acquired modulating the
QCL current and scanning the cavity length. Furthermore, in order to sim-
ulate the experimental spectrum, the input parameters are the experimental
ones (Rm = 99.9%, RWGP = 97.1%, TWGP = 1%) and the beam shape is a
Hermite-Gauss beam with TEM0,1, TEM1,0 and TEM1,1. The simulated spec-
trum exactly reproduces the experimental one. In this optimal condition,
further analyses have been performed.

Up to now, the transverse modes have been considered as the source of
degradation for the cavity performance. Unexpectedly, the transverse modes
are also optimal evaluator of the goodness of the finesse measured on lon-
gitudinal modes. The fundamental modes have more power so the more is
their intensity, the more will be the intensity of the radiation that will come
back on QLC and, as a consequence, the more will be the effect of the feed-
back on the real width of the peak.
The transverse modes are expected to be less affected by the feedback so
their finesse is more reliable. The more similar are the finesses of longitudi-
nal and transverse modes, the more the absence of feedback will be ensured,
as shown in Fig.2.20 where the finesse reaches the record value of 105.
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Chapter 3

Generation of terahertz comb by
optical rectification based on
Cherenkov effect

At the beginning of the long history of optics, all optical materials were con-
sidered linear. This assumption was a consequence of the observation that
optical properties such as refractive index and absorption coefficient were
independent from the light intensity. According to classical optics, the prin-
ciple of superposition was applicable, and the light frequency remained un-
altered after its passage in the medium. In addition, when two beams inter-
acted in the same region of the medium they did not affect each other.
With the advent of the first lasers, higher intensities interacted with optical
materials with the consequence that non-linear effects were observed. De-
tailed studies led researchers to observe that optical properties depended on
the light intensity and the frequency of a beam was modified after its passage
in a non-linear medium.
These fascinating phenomena led non-linear medium to many useful appli-
cations in the field of information technology, communications and sensors,
for high precision spectroscopy and for the development of coherent light at
different wavelengths.
In this thesis, non-linear optics is used to transfer the capabilities of Optical
Frequency Comb Synthesizer, (OFCSs) to the terahertz region. The motiva-
tion is that THz FCSs have pushed the progress in THz metrology for their
role as frequency rulers for any source in this spectral window. Thanks to
this metrological tool, it is possible to determine the characteristics and the
absolute frequency of a THz CW source (i.e. QCL) by detecting its beat-note
with a tooth of a THz FCS. Moreover, in order to fully exploit the narrow
intrinsic linewidth of QCL sources and to perform saturated absorption or
cavity-enhanced spectroscopy setups, referencing the laser emission to a fre-
quency standard such as THz FCS is required. In this way, in 2014, the line
centre of a molecular transition was determined with an accuracy of 4.9x10−9

at 2.5THz by using a QCL metrologically referenced to a FCS [60]. The sys-
tem consisted in a FCS generated by a non-linear crystal (LiNbO3) by optical
rectification of a Ti:Sapphire fs laser, emitting at 800 nm, and the generation
was based on Cherenkov emission [61].
In this chapter, the improvement of the above mentioned metrological system
is presented and discussed. Concerning the performance of the THz FCS, the
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pump source has been changed. The latter has been upgraded to an Erbium
fiber fs-laser, working at 1.5 µ wavelength, with 350 mW average power, 250
MHz of repetition rate and with ∼ 60fs time width pulses.
The first part of this chapter concerns the theoretical aspect of the comb gen-
eration in a non-linear crystal. I will define a OFCS giving more details about
the terahertz region. Then, I will discuss the relevant aspects of the theory of
non-linear interactions and the non-linear optical methods to generate THz
comb with an optical rectification process. The second part of this chapter
deals with the experimental realization of the THz comb, the description of
the non-linear crystal used for the generation of THz light, the characteri-
zation of the pump laser, the alignment step and the characterization of the
THz comb.

3.1 Theory of frequency comb synthesizer

An optical frequency comb can be simply described as a pulsed source with
specific properties that give it the fundamental metrological role [62]. Fre-
quency combs act as rulers in the frequency domain and are generally real-
ized starting from a short-pulse mode-locked laser [63]. Nevertheless, in this
thesis, a non-linear process is used to generate the THz FCS, as will be de-
scribed in the following section.
Before to describe a THz FCS, it is worth to discuss the mode-locking process
in order to easily understand the nature of comb.
A laser is called ”mode-locked” when produces pulses of light of extremely
short duration, e.g. on the order of picoseconds or femtoseconds, by induc-
ing a fixed-phase relationship between the longitudinal modes of the laser
cavity. Interference between these modes forces laser light to be composed of
a train of pulses.

FIGURE 3.1: On the left: temporal view of electric field (blue curve) and of the
intensity (red curve) of the frequency comb. The pulsed structure is equally
spaced by the period (T) with a phase factor of ∆Tceo. On the right: spectrum
of the electric field. Each frequency is equally separated from the near one by
frep and the spectrum is shifted of fceo from the origin. The dependence of the

phase from the frequency is shown in green.

In the temporal domain (Fig.3.1), the structure of the mode-locked laser
consists of pulses separated by the same period (T) and with a phase factor
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(∆Tceo). Considering these series of pulses, with an amplitude of P , a repeti-
tion rate of frep = 1/T and a temporal width of τ , the peak power is defined
as:

Ppeak =
Epeak
τ

(3.1)

where Epeak is the peak energy, and the average power is:

P̄ = Epeak ∗ frep. (3.2)

Differently, in the frequency domain, its spectrum is like a "comb", made
by a set of modes equally spaced by the repetition rate (frep), i.e. the inverse
of the period (T ). Furthermore, this comb structure is shifted from the zero
frequency by the so-called carrier-envelope offset frequency (fCEO) which is
the corresponding frequency of the temporal phase factor.
As a result, the ensemble of comb frequency lines at frequencies fn is de-
scribed by the following equation:

fn = foff + nfrep. (3.3)

In this way, the spectral coverage (S) consists of a series of N-delta with
amplitude A (∼ P̄ τfrep) and equally spaced by frep. In this description, the
average power P̄ can be expressed as:

P̄ = NA (3.4)

since N = S/frep and S = 1/τ ,

P̄ ∼ SA

frep
∼ A

τfrep
. (3.5)

If the spectral coverage (S) has an octave-spanning emission, the mode-
locked laser is called as frequency comb. The reason is that the octave-spanning
emission allows the stabilization of the comb spectrum. Indeed, looking at
eq.3.3, a comb line is identified by the comb parameters (foff , frep) and by the
order of the comb tooth (n). This implies that a comb line frequency can be
stabilized through its two parameters. In other words, simultaneous control
over the two degrees of freedom of such a comb (the repetition frequency, frep,
and the carrier-envelope offset frequency, foff ) is essential for a full knowl-
edge of the comb. For istance, a way to stabilize the repetition rate frequency
(frep) deals with methods acting on the stabilization of the laser cavity. In
this case, the metrological reference can be given, e.g., by a quartz rubidium
Global Positioning System (GPS) chain reference.
Instead, the most used and the most efficient way to stabilize the offset fre-
quency (foff ) consists on the self-referencing ”f-2f ” method [64]. This method
requires octave-spanning laser emission and allows also the determination
of the carrier-envelope offset frequency of the comb having a total control of
the comb. Achieving an octave-spanning spectrum is therefore a milestone
to use a broadband laser as a potential frequency comb.
Another important property of a comb is that, when its emission is stabilized
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by phase locking the repetition rate and the offset to highly stable reference
standard, the noise level is strongly reduced. For these properties and for its
high stability, the frequency comb can be effectively used in metrology and
high-precision spectroscopy as an absolute frequency reference.
In this way, frequency combs act as rulers in the frequency domain where
the accuracy of the frequency measurement is only limited by that of the
reference. This is the reason why femtosecond frequency combs have revo-
lutionized optical frequency metrology.

3.1.1 Frequency comb synthesizers for terahertz frequencies

Optical frequency combs have been demonstrated in the visible and mid-
infrared (mid-IR) region [65]. Recently, this technology has been transferred
to the THz spectral region thanks to non-linear optics [66]. The resulting THz
spectrum with comb-like structure can be used to calibrate THz radiation
sources. An accurate phase-lock of THz CW sources to THz combs, can open
the way to new possibilities for high-resolution THz spectroscopy.
In this thesis, the THz frequency comb has been generated in a MgO doped
lithium niobate waveguide by optical rectification, based on the Cherenkov
configuration. The pump is a femtosecond mode-locked fiber laser emitting
around 1.5 µm at a repetition rate (frep ) around 250 MHz.
The optical rectification process, described in the following section, produces
a zero-offset free-space THz comb with a spectral content from 0 THz to 6
THz. In this case, the frequency (fn) of each tooth of the THz FCS can be
parameterized as:

fn = n ∗ frep (3.6)

that it is precisely a free-standing THz comb with zero offset and same
repetition rate (frep) of the pump femtosecond pulse laser.
For the sake of completeness, it is worth to discuss the expression of the av-
erage power both in the temporal and the frequency domain for the free-
standing THz comb with zero offset.

The THz comb is generated for a second order non-linear process, there-
fore the expression for the peak power (Ppeak,THz) depends on the square of
the pump peak power (Ppeak,pump):

Ppeak,THz ≺ P 2
peak,pump (3.7)

and substituting the expression for the Ppeak (eq. 3.1) into the previous
equation, it follows that:

Epeak,THz
τ

≺
E2
peak,pump

τ 2
(3.8)

Then, considering that 1/τ = frep and using the expression for the P̄ (eq.
3.2), the relationship between the power of the THz comb and the pump laser
is:
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P̄THz ≺
P̄ 2
pump

frep ∗ τ
. (3.9)

On the other hand, in the frequency domain the amplitude of the k-th
tooth can be expressed as:

ATHzk ∼
i−j=k∑
i,j

AiAj ∼ A2(N − k)

and, for eq.3.5, it follows that:

P̄THz ∼
N∑
k

ATHzk ∼ A2

N∑
k

(N − k) ∼ A2N2 ∼ P̄ 2
pump

(τfrep)
(3.10)

that is exactly the result obtained in the temporal domain.

3.2 Theory of optical rectification

In the following section, optical rectification (OR) process is described. First,
I will report the non-linear process theory, and then I will describe the details
of the THz generation.

3.2.1 Non-linear optics

When an optical electromagnetic wave propagates in a non-linear medium,
the relationship between the polarization (P ) of the medium and the electric
field ( ~E) is expressed in the following way:

PNL = ε0(χ(1) : ~E + χ(2) : ~E ~E + χ(3) : ~E ~E ~E + ...) (3.11)

where εo is the permittivity of free space, χ(1) is the linear dielectric sus-
ceptibility of the medium, χ(i) (i = 2, ..) is the non-linear dielectric suscepti-
bility coefficient that describes the strength of each order.
The tensor notation should be interpreted as follows by taking as an example
the second-order term:

P
(2)
i = (χ(2) : ~E ~E)i =

3∑
j,k=1

χ
(2)
ijkEjEk (3.12)

More specifically, concerning the susceptibility, its first order, χ(1) describes
linear optics, e.g. as lenses work. Instead, χ(2) describes second-order effects
(e.g., second harmonic generation, optical rectification) that vanishes if the
material possesses an inversion symmetry (a centro-symmetric medium) and
so on for the following orders.
When a light beam propagates in a non-linear medium, its propagation is de-
scribed by the wave equation, derived from Maxwell’s equations for an ar-
bitrary homogeneous, isotropic dielectric medium. The wave equation that
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governs the generation of light at frequencies of the exciting fields or lower
is given by:

∇2 ~E − 1

c2
0

∂2 ~E

∂t2
− µo

∂2PNL
∂t2

= 0 (3.13)

where the non-linear polarization (PNL) contains frequency components
which are not present in the exciting beam(s) and light with such frequencies
can be generated in the medium. The electric field( ~E) in the previous equa-
tion concerns all the waves that can be a solution to the Maxwell equation.
For each interacting field, from eq.3.13, n-equations are obtained and form
a set of (n + 1) coupled equations. More specifically, the non-linear wave
equation can be solved using the theory of perturbations and applying some
approximations such as the slow varying envelope approximation1.
In order to better explain the non-linear process, it can be considered an in-
teracting electric field (a planar wave) composed of two frequencies:

~E(~r, t) = ~E01(~r, t) exp i(~k1 · ~r − ω1t) + ~E02(~r, t) exp i(~k2 · ~r − ω2t) (3.14)

Within the instantaneous response approximation, the polarization at the
first order induced by this incident field is:

~P (1)(~r, t) = ε0χ
(1)(ω1) ~E01(~r, t)ei(

~k1·~r−ω1t) + ε0χ
(1)(ω2) ~E02(~r, t)ei(

~k2·~r−ω2t) (3.15)

In order to simplify this expression, one can consider that ~k1, ~k2 ‖~i, ~E02 ‖
~k and that the medium is uniform and isotropic. By placing the obtained
expression in the wave equation and after decoupling the equations for i =
1, 2, at the first order, it can be demonstrated that the following system hold:

~∇∧ (~∇∧ ~E1) +
1

c2

(
1 + χ(1)(ω1)

) ∂2 ~E1

∂t2
= 0

~∇∧ (~∇∧ ~E2) +
1

c2

(
1 + χ(1)(ω2)

) ∂2 ~E2

∂t2
= 0

(3.16)

This means that, in the linear approximation, the medium emits waves
at the same frequency of the input beam, but the waves move with different
velocity with respect to the one of the incident wave.
However, in a more general case, the electric field can be expressed as a com-
bination of n-planar waves which are functions of ~kl and ωl:

~E(~r, t) =
n∑
l=0

~El(~kl, ωl) =
n∑
l=0

~E0l exp i(~kl · ~r − ωlt) (3.17)

1The slow varying envelope approximation is the assumption that the envelope of a
forward-travelling wave pulse varies slowly in time and space compared to a period or
wavelength.



Chapter 3. Generation of terahertz comb by optical rectification based on
Cherenkov effect 56

where the amplitude ~E0l is considered independent from time and stands
for the coefficient that describes the strength of each harmonic. In this case,
the total polarization for the medium can be written as:

~P (~r, t) = ~P (1)(~r, t) + ~P (NL)(~r, t) (3.18)

with

~P (1)(~r, t) =
∑
l

~P
(1)
l (~kl, ωl) =

∑
l

χ(1) ~E0l exp i(~kl · ~r − ωlt)

~P (NL)(~r, t) =
∑
n≥2

~P n(~r, t) =
∑
m

~PNL(~km, ωm) =
∑
m

~PNL
0m exp i(~km · ~r − ωmt)

(3.19)

Then, considering eq.3.13, the wave propagation and generation inside
the crystal is governed by the wave equation written in the following way:

(~∇∧ (~∇∧)− ω2

c2

(
1 + χ(1)(ωl))

)
~E(~k, ω) =

ω2

c2
~PNL(~km, ωm = ω) (3.20)

which is the equation that describes the propagation of n-fields (El(km, ω))
with a different frequency with respect to the incident waves. In other words,
the waves mutually interact through the non-linear polarization, and the fre-
quency and phase matching conditions have to be satisfied in order to ensure
the energy and momentum conservation laws. As a matter of fact, since h̄ω
and h̄k are the energy and momentum of a photon with a frequency ω and
wavevector ~k, the energy and momentum conservation law are:

h̄ωout =
∑
i

h̄ωi,in (3.21)

h̄~kout =
∑
i

h̄~ki,in (3.22)

As a consequence, the phase mismatch factor (∆~k = ~k(ωout) − ~k(ωin)) is
crucially important in determining the efficiency of non-linear optical inter-
actions. Indeed, the conversion efficiency is useful to quantify the quality of
the non-linear generation and is defined as the ratio between the generated
field I(ωout) and the input one I(ωin):

η =
I(ωout)

I(ωin)
(3.23)

3.2.2 Second-order non-linearity

In this section, the optical properties of a non-linear medium are discussed
when non-linear terms of higher order than the second are neglected.
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Two monochromatic waves with frequencies ω1 and ω2 are supposed to inter-
act with the non-linear medium. As said before, the latter emits light waves
with frequencies given by a combination of the incident ones, i.e. the three-
wave interaction.
The solution to the three waves interaction leads to a non-linear polarization
composed of the following terms:

P (2)(ω3 = 2ωi) = ε0χ
(2)E2

i i = 1, 2 SHG

P (2)(ω3 = ω1 + ω2) = 2ε0χ
(2)E1E2 SFG

P (2)(ω3 = ω1 − ω2) = 2ε0χ
(2)E1E ∗2 DFG

P (2)(ω3 = 0) = 2ε0χ
(2)(E1E ∗1 +E2E∗2) OR

(3.24)

All these terms have the same non-linear susceptibility and each expres-
sion is labelled with the acronym of its physical process.
More specifically, the combination of the incident frequencies gives rise to
new frequencies: ω3,4 = ω1 ± ω2 corresponding to the sum (SFG) and dif-
ference frequency (DFG). When ω1 = ω2, there are two special cases of con-
version, namely, second–harmonic generation (SHG) and optical rectification
(OR). The SHG (ω3 = 2ω1) is a special case of the sum frequency generation
(SFG), while the OR (ω4 = 0) is a special case of difference frequency genera-
tion (DFG).
Considering the Maxwell equation, e.g. for the SFG, the coupled waves ob-
tained from the eq.3.20 are:

(~∇∧ (~∇∧−ω1

c2

(
1 + χ(1)(ωl)

)
~E1(~k1, ω1) =

ω2
1

c2
P (2)(ω1) =

=
ω2

1

c2
χ(2)(ω1 = −ω2 + ω3) : ~E∗2(k2, ω2) ~E3(k3, ω3)

(~∇∧ (~∇∧−ω2

c2

(
1 + χ(1)(ω2)

)
~E2(~k2, ω2) =

ω2
2

c2
P (2)(ω2) =

=
ω2

2

c2
χ(2)(ω2 = ω3 − ω1) : ~E3(k3, ω3) ~E∗1(k1, ω1)

(~∇∧ (~∇∧−ω3

c2

(
1 + χ(1)(ω3)

)
~E3(~k3, ω3) =

ω2
3

c2
P (2)(ω3) =

=
ω2

3

c2
χ(2)(ω3 = ω2 + ω1) : ~E1(k1, ω1) ~E2(k2, ω2)

(3.25)

where the non-linear susceptibilities are coupled coefficients that deter-
mine the rate of the energy transfer between the waves. Furthermore, for a
non-dissipative medium holds the commutation law χ

(2)∗
ijk (ω3) = χ

(2)
jki(ω1) =

χ
(2)
kij(ω2) which is the condition according to the fact that the energy of the

three waves remains constant during the process.
In the state-of-art, SFG is frequently used for conversion of long-wave radi-
ation, for instance, infrared (IR) radiation, to short–wave radiation, UV or



Chapter 3. Generation of terahertz comb by optical rectification based on
Cherenkov effect 58

visible light. On the contrary, DFG is used for conversion of short–wave ra-
diation to long–wave radiation. The latter is the physical process involved in
the generation of the THz comb, for which particular attention will be given
in the following section.

Difference Frequency Generation

In a DFG process the medium acts as a light source for a wave with a fre-
quency given by the frequency difference of the input beams, i.e. ω3 = ω2−ω1

(frequency matching condition). The electric field of the output beam propa-
gates with a complex amplitude proportional to exp(−i ~∆k′ · ~r), where ∆~k′ =
~k3 − ~k2 − ~k1 according to the phase matching condition.
In order to retrieve the solution of the system (3.20) for the DFG, one can con-
sider the transverse properties of an electromagnetic wave (∇· ~E = i~k · ~E = 0)
and a field with linear polarization along z axis, propagating along x axis.
After many mathematical steps, the equation for the generated wave is:

∂E03

∂x
=

iω2
3

2k3c2
χ(2)E01E02e

i(k1+k2−k3)x (3.26)

and after some considerations about the DFG process, the expression for
E03 is obtained and the conversion efficiency results:

ηDFG =
8π2

ε0c

d2
1

λ2
1λ

2
2n1n2n3

L2

A
sinc2

(
∆k′L

2

)
(3.27)

where d1 is the non-linear constant, λi (with i = 1, 2) is the wavelength of
the incident beam, ni (with i = 1, 2, 3) is the refractive index of the medium
for each wave, L is the interaction length and A is the corresponding area.
In the previous equation, the term sinc(∆k′L/2) comes from the interference
between the waves. More specifically, when ∆k′ 6= 0, the power generated
at some plane (z1), after propagating to some other plane (z2), is not in phase
with the wave generated at z2.
In order to maximize the efficiency, the factor L2/A has to be improved. This
can be done by focusing the incident beam to the smallest possible areaA and
provide the longest possible interaction lengthL. However, if the dimensions
of the non-linear crystal are not limiting factors, the maximum value of L for
a given area A is limited by beam diffraction. In this case, the efficiency is
proportional to L. For a thin crystal, L is determined by the crystal and the
beam should be focused to the smallest spot area A. For a thick crystal, the
beam should be focused to the largest spot that fits within the cross-sectional
area of the crystal.
To this purpose, guided-wave structures offer the advantage of light confine-
ment in a small cross-sectional area over long distances. Since A is deter-
mined by the size of the guided mode, the efficiency is proportional to L2.
The advantages of using a waveguide concerns the possibility to confine the
light throughout a long optical path in a small section. In this way, the light is
confined near the surface of the crystal providing a smaller THz absorption
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with respect to the one obtained with a bulk crystal, providing an improve-
ment of the generation efficiency.

Optical rectification

As said before, the optical rectification is the degenerate case of difference
frequency generation for which ω2 = ω1, |~k1|2 = |~k2|2 and a wave with ω3 = 0
is generated.
The process can be explained in the following way. The OR corresponds to
a steady polarization density that creates a DC potential difference across
the plate of a capacitor within which the non-linear material is placed. The
generation of a DC voltage, because of an intense optical field, is the optical
rectification.

FIGURE 3.2: In the time domain, the THz pulse is the envelope of the optical
pulse that interacts with the non-linear material. In the frequency domain, the
THz spectrum is made of the difference frequency mixing of the frequencies

contained into the input beam.

In the same way, when an ultra-short laser excites a non-linear medium,
the latter performs, at any given time, a rectification of the input signal re-
sulting in a pulse which is the envelope of the pump pulse.
In the frequency domain, as described in section 3.1, the pump pulse is made
of a set of modes equally spaced by a quantity which is the repetition rate
and shifted of a quantity that is the offset. An alternative way to explain OR
is the frequency difference between each modes pair of the input beam. In
other words, this process concerns as the DFG associated with the beating of
the various Fourier components of the optical pulse (Fig.3.2).
As a consequence of the difference between each possible pair of frequen-
cies, a new comb is generated with teeth equally spaced by the repetition
rate and with zero offset. More specifically, by considering the frequencies of
two teeth: fn = foff + nfrep and fm = foff +mfrep, the resulting tooth is:

fl = fn − fm = (n−m)frep (3.28)

This means that, when the intense field of a visible/near infrared pulse
excites a non-centro symmetrical crystal, terahertz comb can be generated
according to this mechanism.
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In this process, the resulting second-order non-linear source polarization,
at a specific difference frequency (Ω) is expressed as:

~P (2)(Ω) =

∫ +∞

−∞
χ(2) : ~Eopt(ω + Ω) ~E∗opt(ω)dω (3.29)

where ~Ei(ω) with i = (opt, THz) are, respectively, the Fourier compo-
nents of the electric field of the optical and THz pulses, as defined by ~Ei(t) =∫ +∞
−∞

~Ei(ω)e−jωtdω. If the non-linear susceptibility is independent from the
frequency, in the time domain, the non-linear source polarization of eq.3.29
is reduced to:

~P (2)(t) = χ(2) : ~Eopt(t) ~E∗opt(t) (3.30)

Thus, for a non-linear medium with nearly instantaneous response, the
slowly-varying component of the non-linear source polarization follows the
intensity envelope of the optical excitation pulse. This is the reason why such
a DFG process is generally referred to optical rectification process.
In this process, the way to improve the efficiency is connected to the thickness
of the crystal and propagation effects has to be taken into account. Typically,
the most critical effect is the interaction of the relative propagation of the
optical and THz waves, which is the phase-matching condition, given by:

∆~k = ~k(ω + Ω)− ~k(ω)− ~k(Ω) = 0 (3.31)

In order to satisfy the phase-matching condition, different structures of
crystal can be setup, as will be shown in the following section.

3.2.3 Non-linear crystals for THz generation

The commonly investigated materials for THz emission via OR mechanism
include semiconductors [67] such as GaAs, ZnTe, InP, InAs, InSb, GaSe, CdTe,
CdZnTe, dielectric crystals such as LiNbO3, LiTaO3, organic materials such
as DAST [68], polymers, and thin layer of metals such as gold [69]. All these
materials have some advantages and disadvantages.
For example, ZnTe guarantees phase matching of Ti:sapphire laser pulses (∼
800 nm wavelength ) with a collinearly propagating wave. Nevertheless, the
non-linear coefficient of ZnTe [70] is lower than the one of other materials,
such as LiNbO3, LiTaO3, or DAST. In addition, ZnTe is affected by relatively
high terahertz absorption (∼ 10 cm−1 at room temperature) and strong two-
photon absorption of the Ti:sapphire laser radiation at high laser intensities.
These factors lead to saturation of terahertz field at high laser intensities and
therefore the optical to terahertz conversion efficiency in ZnTe is typically
around 10−6 - 10−5 [71], [72].
The most used crystal is the lithium niobate (LiNbO3) [73], [74] because of
its high non-linearity, high transparency in the near infrared frequencies and
large band gaps even if in THz band presents a high absorption. Indeed,
the LiNbO3 intensity absorption coefficient increases from about 16 cm−1 at
1 THz to more than 170 cm−1 at 2.5 THz at room temperature [68], [75].
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FIGURE 3.3: Cherenkov-type phase-matching condition in the temporal do-
main (on the left) and in the frequency domain (on the right). The THz wave
(~k(Ω)) is emitted at an angle of Θ coming from the difference of two wavefront
vectors of the pump at two different frequencies (~k(ω), (~k(ω + Ω))). Figure is

reprinted from Ref.[76].

Looking at the physical process, when the pump laser interacts with the
crystal, the excited non-linear polarization moves with the group velocity of
the pulse. According to the dispersion properties of the crystal, the terahertz
pulse can be faster or slower than the exciting polarization leading respec-
tively to a superluminal or a subluminal regime [77].
In the latter regime, also known as phase-matched, the group velocity of the
pump pulse is lower than the phase velocity of the THz wave that propa-
gates in the material. On the other hand, in the superluminal regime, also
known as Cherenkov or non-phase-matched, there is something like to what
happens to a supersonic jet. The pump pulse is similar to a relativistic parti-
cle that emits a Cherenkov radiation [78]: THz wave is emitted in the same
way as a Cherenkov radiation is emitted by a relativistic particle (Fig. 3.3).
Although the distinction of terahertz generation as subluminal and superlu-
minal regimes is useful for wide optical beams, there are no principal differ-
ences between the two regimes for focused beams.
In the superluminal regime, phase matching is achieved between a strongly
focused moving optical pulse and a plane terahertz wave propagating under
some angle with respect to the laser path. The focused pulse excites a con-
tinuum of plane waves with different frequencies and different propagating
angles because of the dispersion. Moreover, the area in which the optical
pulse is focused must be smaller or equal to the terahertz wavelength. In-
deed, recently, it has been demonstrated [79] that, when the size (ro) of the
optical beam is comparable to or smaller than the wavelength of the THz ra-
diation, the THz pulse power increases as the beam size increases.
Typically, for these phenomena the excitation beam is a pulsed laser, centred
at 800nm while, in this thesis the pump laser is centred at 1550nm. Up to
now, the extension to 1550nm is motivated by the fact that this wavelength is
typically used for telecommunications with the consequence that these lasers
are inexpensive and compact.
As said before, the Cherenkov phase-matching condition is satisfied when
the velocity of the polarization wave inside the nonlinear crystal is greater
than the velocity of the radiated wave outside. In this way, the radiation an-
gle is determined by the refractive index of the pumping wave in the crystal,
and that of THz-wave in the crystal. For example, considering the crystal
used in this thesis (LiNbO3), the Cherenkov angle is given by:
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θC = arccos

(
nNIR
nTHz

)
≈ 65o (3.32)

where the refraction index is nNIR = 2.2 at infrared light and nTHz = 5.2
at terahertz waves.
Unfortunately, with such a crystal, i.e. a superluminal material, the terahertz
wave undergoes to total internal reflection at the crystal boundary making
difficult the extraction of the terahertz wave.

FIGURE 3.4: Different poling structures of superluminal crystal. a)bulk, b)
Cherenkov cut, c) periodically poled, d) aperiodically poled, e) periodically

tilted (slant stripe), f) chessboard type. Figure is reprinted from Ref. [80].

To exceed this obstacle, crystals are tailored at defined angle or coupled
with extracting prism otherwise, superluminal crystals can be lithographed
with different poling structure, such as periodically, aperiodically, periodi-
cally tilted, and uniform, as shown in Fig.3.4.
The efficiency of the optical to THz conversion is essentially depended on the
structure and on the characteristic of the material such as its non-linear co-
efficient, velocity mismatch between the optical pulse and terahertz waves,
optical transparency, and absorption at terahertz light.
To achieve the quasi-phase-matching condition for large aperture laser beams,
it is more convenient the use of structures with periodically inverted sign of
second-order susceptibility such as periodically poled lithium niobate crys-
tal. Using this configuration, it is possible to extract a pulsed light with a
spectral coverage of some THz.
Various materials with low loss in the FIR and favourable non-linear charac-
teristics have been exploited to generate intense broadband THz radiation.
Ultra-broadband radiation extending up to several tens of THz has been pro-
duced in GaAs crystals via the second-order non-linearity, but at the expense
of efficiency, since only a thin layer of the sample (corresponding to the opti-
cal penetration depth) contributes to the signal.
In order to enhance the generation efficiency and the total power, longer in-
teraction lengths are desirable, but requiring consideration of relevant wave
propagation phenomena. These include linear propagation effects for both



Chapter 3. Generation of terahertz comb by optical rectification based on
Cherenkov effect 63

the visible and THz pulses, as well as phase matching for the non-linear pro-
cess. The latter turns out to be critical for efficient conversion of the broad
bandwidth of ultrafast optical pulses into the THz spectrum.
In the actual state-of-art, relatively high conversion efficiencies (10−5) have
been reached for femtosecond pulses at 800 nm used to generate THz wave
via optical rectification in a cryogenically cooled (18K) periodically poled
lithium niobate crystal (PPLN) [81].
Another way to achieve phase matching in a superluminal material is the use
pump pulses with tilted fronts.
The operation principle has been demonstrated by generating subpicosec-
ond pulses at approximately 2 THz in LiNbO3 crystal, cooled down to 77K,
achieving a record conversion efficiency of 4.3x10−5[82]. In this context, the
conversion efficiency reached in this work has achieved an important level.
As will be shown, an efficiency of 10−4 has been reached at room tempera-
ture, by using a fs-fiber laser in a Cherenkov-configuration with a LiNbO3

crystal.

3.3 Experiment

In this section, the experimental realization of the THz-FCS is described.
First, the characterization of the pump source is performed, and the tem-
poral width of its pulses is measured. Then, the pump is aligned into the
waveguide of the non-linear crystal where the THz generation takes place.
Finally, the detection of the generated THz light is optimized.

3.3.1 Pump characterization

The pump source is an erbium fiber fs-laser (MENLO), working at 1.5 µm
wavelength, with 350 mW average power. The pulse temporal width is less
than 50fs and the pulse repetition rate is 250 MHz.

FIGURE 3.5: Experimental setup for the THz generation. The erbium fiber fs-
laser (MENLO) is aligned into the crystal. The light emitted by the waveguide
of the crystal is revealed with a power meter. The generated THz is collected
with a cylindrical mirror and detected with a couple of a parabolic mirror and

a THz-camera.
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A sketch of the experimental setup, used to inject the pump laser in the
crystal and to extract the THz comb, is shown in Fig.3.5.
The pump laser is focused on the single-mode linear waveguide of the crys-
tal. In order to couple the light in the crystal waveguide, the beam section
is required to be comparable with the dimension of the waveguide facet. To
this purpose, the beam is pre-shaped with a lens (L), with a focal length of
500 mm, placed at 200 mm from the crystal. In this way, the beam section is
adjusted to illuminate a collimator, placed at its focal length from the crystal
and used to correct the beam waist.
A polarizer (P ) is used to adjust the polarization of the incoming beam ac-
cording to the one required by the crystal waveguide, i.e. polarization sensi-
tive. More specifically, the required polarization is parallel to the axis of the
crystal.
Once the infrared light has been coupled to the waveguide, the light is col-
lected by a removable collimator in order to check the coupled signal. In this
way, the alignment of the beam is optimized by improving the coupled light,
easily measured as the ratio between the power of the input beam and the
power of the output beam from the crystal. From the tabulated waveguide
specifications, the expected maximum coupling factor is 52% but the mea-
sured value is 41% because of the absorption of the two collimators used to
focus and to collect the beam.

Techniques for the measurement of the temporal width of a pulse

In many applications, the measurement of the laser pulse duration becomes
necessary. In this case, the pulse temporal width of a fiber laser is hundreds
of femtoseconds, and cannot be measured with detectors, that have a much
slower time response.
The solution comes from the intensity autocorrelator technique that gives a
direct measurement of the temporal width.
From a mathematical point of view, given a function f(t), the respective au-
tocorrelator function A(t) is defined as:

A(τ) =

∫ +∞

−∞
f(t)f ∗(t+ τ) (3.33)

where τ is a temporal delay.
The basic principle consists on the interference of the beam with its copy de-
layed in the time. These copies are superimposed in a nonlinear medium (a
crystal or the detector itself) where a two-photons process ensures the inter-
action of the two beams. The acquired signal is exactly the autocorrelation.
Therefore, the assessment of the coherence properties of a mode locked laser
is usually performed by an autocorrelation measurement on a non-linear
crystal to reveal the temporal width of the optical pulse. In other words,
optical autocorrelators result the best devices to measure the temporal width
of a pulse.
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This measurement can be done with a simple setup such as a Michelson-
interferometer configuration. The field autocorrelation is measured by plac-
ing a slow detector at the output of the Michelson interferometer. Indeed,
the beam is divided in two identical beams, one of which is directed on a
translational stage to provide a time delay with respect to the other fraction.
Then, the two beams are recombined and acquired by the slow detector.
In this case, the function f(t) of eq. 3.33 is the electrical field of the laser
source. More specifically, the output field (E(t, τ)) from the Michelson in-
terferometer, is given by the sum of two identical pulses delayed by τ with
respect to each other:

E(t, τ) = E(t+ τ) + E(t) = A(t+ τ)ejωc(t+τ)+jφce + A(t)ejωct+jφce (3.34)

where A(t) is the complex amplitude and ejωct describes the oscillation
term with the carrier frequency ωc and φce is the carrier-envelope phase. The
signal induces a non-linear polarization in the crystal or detector, expressed
as:

P (2)(t) ≺ (A(t+ τ)ejωc(t+τ)+jφce + A(t)ejωct+jφce)2 (3.35)

which is valid only for the ideal case in which the paths for both beams
are identical, on the contrary a phase-shift has to be taken into account. Then,
the electric field of the second harmonic radiation is directly proportional to
the polarization:

E(2)(t, τ) ≺ (A(t+ τ)ejωc(t+τ)+jφce + A(t)ejωct+jφce)2 (3.36)

Instead, the photo-detector usually has a response much slower than the
pulse width thus the integral of the signal over time is:

I(τ) ≺
∫ +∞

−∞
|(A(t+ τ)ejωc(t+τ) + A(t)ejωct)2|2dt (3.37)

By expanding the previous equation, the interferometric autocorrelation
function can be expressed by the following terms:

I(τ) = Iback + Iint(τ) + Iω(τ) + I2ω(τ) (3.38)

where Iback is the background signal, Iint(τ) the intensity autocorrelator,
Iω(τ) is the coherence term oscillating with ωc, and I2ω(τ) with 2ωc.
Nevertheless, the correct determination of the pulse width using the inten-
sity autocorrelation requires some previous knowledge of the pulse shape.
In fact, if the pulse shape is known, the pulse width can be extracted with the
deconvolution of the correlation function.
For example, for a Gaussian time profile, the autocorrelation width results

√
2

longer than the pulse while it is 1.54 times longer than the case of a hyperbolic
secant squared (sech2) pulse. This numerical factor, sometimes called "decon-
volution factor", depends on the shape of the pulse. If this factor is known,
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or assumed, the time duration (intensity width) of a pulse can be measured
using an intensity autocorrelation, even if the phase cannot be measured.

Looking at the profile of the interferometric autocorrelator, e.g. for a sech-
shaped pulse, the profile is symmetric (I(τ) = I(−τ)). Differently, when the
pulse propagates through a medium with a dispersion, it broadens. If the
dispersion is further increased, the broadening increases and the interfero-
metric autocorrelation signals show some characteristic nodes in the wings.
Moreover, it can be demonstrated [83] that, also for a chirped pulse, the en-
velope of the pulse profile is not any longer real and the chirp 2 in the pulse
results in characteristic nodes in the wings.

Non-linear autocorrelator

The non-linear autocorrelator system, used to measure the temporal width of
the laser, consists in a Michelson interferometer. The pulse is compared with
a displaced copy of itself and the output signal is the intensity autocorrelation
of the input signal.

FIGURE 3.6: Experimental setup for the autocorrelator acquisition. A mirror is
used to send the beam on the autocorrelator system in a Michelson configura-
tion. The beam splitter (BS) divides the beam into two equal fractions. One of
the two planar mirror is on a translational stage and the signal is detected by

photodiode(PD) and with a lock-in amplifier.

The experimental setup used to perform the measurement of the tempo-
ral width is shown in Fig.3.6.
A removable mirror, placed before the crystal, is used to send the laser in the
autocorrelator system. The beam is sent on a 50÷50 beam splitter (BS) that
divides the beam into two fractions. Each beam is reflected by a planar mir-
ror and sent to a BS where the two beams recombine. The resulting beam is
acquired with a two-photon silicon photodiode (PD). A mechanical chopper
modulates the beam intensity and a lock-in detection is performed.
In order to scan along the autocorrelator function, one of the planar mirrors

2The chirp of an optical pulse is defined as the time dependence of its instantaneous
frequency. Specifically, an up-chirp (down-chirp) means that the instantaneous frequency
rises (decreases) with time.



Chapter 3. Generation of terahertz comb by optical rectification based on
Cherenkov effect 67

is mounted on a motorized translation stage (ThorLabs, mod. MTS25) con-
trolled by a LabVIEW program. Moreover, the software allows to select the
scanning speed (typical value 1 mm/s), the total scan length (typically 300µ
m) and the acquisition rate (150 ms).

FIGURE 3.7: Autocorrelator function when the pump laser amplifier is switched
off. The contributions of the signal (see eq.3.38) are shown.

The first acquisition is performed with the pump source amplifier switched
off and the acquired signal is shown in Fig.3.7. Clearly the signal profile
shows that phenomena such as chirping are absent since the signal profile is
symmetric.

FIGURE 3.8: Sequence of autocorrelator function with the amplifier switched
on, taken at different THz-generation efficiencies.

Differently, when the amplifier is switched on, the autocorrelator profiles
show modulated structure due to the amplifier system. The reason is that
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chirp effects are generated in the laser cavity. This means that the signal pro-
file could change at different level of source power. For this reason, the auto-
correlator signals are acquired at different THz-generation efficiency levels,
as shown in Fig.3.8. More specifically, the efficiency of the process depends
on the pump source, in this way, by changing the fs-laser parameters, the
emitted THz power changes and the efficiency level is different.

FIGURE 3.9: Upper envelope of the autocorrelator function for the configura-
tion with the amplifier switched off and with the amplifier switched on at dif-

ferent THz generation efficiencies.

The profiles of the autocorrelator signals at different THz generation ef-
ficiencies are compared and reported in Fig.3.9. In order to easily compare
the profiles, the upper envelope of the signals is reported. As expected, the
narrower is the pulse, the more efficient results the generation process, ac-
cording to eq.3.7.
The further step is the determination of the pulse temporal width. The esti-
mation of the temporal width from the autocorrelator signal is not a trivial
task especially when chirped effect are considered.
To this purpose, the temporal width can be approximately estimated with the
following formula:

τ = n
λ

2c
√

2
(3.39)

where n is the number of fringes contained in the FWHM of the interfer-
ometric curve and λ is the wavelength of the laser.
In this way, the temporal width is measured and the results (τ ) are reported
in the table 3.1.

From this characterization, the fs-laser turns out to have a pulse with a
temporal width of about 29 fs. Nevertheless, it is worth noting that the es-
timation of the temporal width has been performed with an approximately
method as the chirp effect is present.

In order to complete the analysis, the previous data can be plotted in
terms of the product of the temporal pulse width and generation efficiency of
the non-linear process, that generates the THz-comb. The results are shown
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TABLE 3.1: Measured temporal width at different THz-generation efficiency
level.

Efficiency n τ (fs)
7.83 x 10−5 16 29.41
10.7 x 10−5 16 29.41
12.5 x 10−5 15 27.65
13.1 x 10−5 14 25.81

FIGURE 3.10: Product of the generation efficiency and temporal width of the
data shown in Fig.3.8.

in Fig.3.10 and a constant trend is visible and compliant with the eq.3.7. In-
deed, considering that:

η =
PTHz
P 2
pump

≺ 1

τfrep
(3.40)

the product of the generation efficiency and of the temporal pulse width
is:

ητ ≺ 1

frep
(3.41)

where the constant value is ensured by the fact that the repetition rate of
the comb has been kept fixed during the measurements.

3.3.2 THz-FCS characterization

Once the pump source has been characterized and well aligned in the waveg-
uide, the experiment concerns the extraction and optimization of the gener-
ated THz-comb. In the following, I will give details about the study and the
measurement about the generated THz light.

Generation of THz light from Cherenkov emission

The non-linear medium used in this thesis is a LiNbO3 crystal plate, fabri-
cated by HC-Photonics company, with dimensions of 8× 10× 0.5mm3.
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The surface of the crystal is equipped with a sequence of five linear MgO-
doped waveguides obtained by ion implantation. The waveguides are ori-
ented along the 10 mm-long side and their design has been optimized for
single-mode propagation of 800 nm radiation, with an effective mode size
of about 5µm diameter. The waveguides work also for the propagation of
1550nm radiation, as confirmed by the high fraction of light that can be cou-
pled and by the value (52%) taken from the tabulated waveguide specifica-
tions.
According to the Cherenkov configuration, the crystal optical axis has been
chosen parallel to the crystal surface and orthogonal to the waveguide in-
put surface. This choice allows the maximization of the terahertz emission
outgoing from the plate surfaces according to the relationship between the
non-linear coefficient and the polarization of the pump.
Moreover, in order to efficiently extract the THz pulses, the crystal is coupled
with a 45o high resistivity float zone silicon prism. The Cherenkov emission
is expected at an angle of 116o with respect to the direction of the incoming
field.

FIGURE 3.11: The fs laser is injected by an aspheric lens into the single-mode
waveguide of the lithium niobate (LiNb03) crystal. The extraction of THz pulse

is performed with a silicon prism.

The generated beam is composed of a series of pulse and each pulse con-
sists of a single electric field cycle carring a large spectral content.

A conservative estimation of the spectral content is given by the spec-
trum (Fig.3.12) of the THz-comb generated in the same crystal but with a
Ti:sapphire pump laser. This assumption can be assumed because the pump
laser has a pulse temporal width similar to the Ti:sapphire laser pump, in this
way their spectra can be supposed to be the same.
In addition, according to the theory of OR, the comb-like spectrum has a per-
fectly zero offset and a spacing corresponding to the 250MHz repetition rate
of the pump laser. In the best conditions, the average power of the generated
terahertz radiation is of the order of 14 µW, as measured with a calibrated
pyroelectric detector placed in front of the silicon prism.
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FIGURE 3.12: THz spectrum measured with the time-domain spectroscopy
technique, using a photoconductive antenna as detector. The generation has
been performed in a LiNbO3 by using a femtosecond mode-locked Ti:sapphire

laser at 800nm. Figure is reprinted from Ref. [66].

Improvement of the extraction of terahertz light

The THz light emitted by the crystal is divergent and very difficult to directly
observe on a THz-camera (INO IRXCAM). To this purpose, a collection sys-
tem has to be used to maximize as much as possible the detected light and a
detailed analysis of the collection system has to be performed.
A system to collect THz light is placed along the direction of the Cherenkov
emission and the beam shape is analysed with the THz-camera.
Initially, a parabolic off-axis mirror is used to collect the emitted beam and
placed at about its focal length (25 mm) from the crystal. Then, the beam is
focused on the THz-camera with another parabolic off-axis mirror.
Using this detection system, the beam section results stretched along the ver-
tical plane. As a matter of fact, THz is generated by a fraction of the waveg-
uide surface that is quite similar to a rectangular aperture, consequently the
diffraction effect makes the beam astigmatic.

FIGURE 3.13: Sequences of THz beam sections at different focal length of the
parabolic mirror. The signal is collected by a cylindrical mirror.

A more suitable way to collect the emitted light concerns the use of a
cylindrical mirror. In this way, the beam is focused only in one direction (the
direction in which the beam is stretched) and a higher power is measured
since the light is well collected. The beam shape is shown in Fig.3.13 in a
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sequence of images, taken at different focal distance from the crystal.
In this way, the collection of THz light has been optimized. The measured
power is 15.3µW, detected by a power meter (3A−P−THz, Ophir Photonics),
that is the highest value obtained.

FIGURE 3.14: Generated THz signal versus IR-comb power.

A further optimization of the THz light, emitted by the crystal, can be
done acting on the pump laser. The power of the pump pulse is slightly
changed until the highest value of the THz power is measured.
A characterization of the THz power is performed and the data are shown
in Fig.3.14. It is visible the quadratic dependence of the THz power on the
power of the pump source, as expected for a second order non-linear process.
In conclusion, the results shown in this chapter give a clear knowledge of the
THz and pump source, and about the physical process that governs the THz
generation. In the following chapter applications of the generated THz comb
are described.
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Chapter 4

Exploration of QCL properties
through beat-notes detection

This chapter focuses on the characterization and exploration of the proper-
ties of two different designs of QCL using the metrological grade system de-
scribed in the previous chapter.
The characterization is performed through the detection of the beat-notes be-
tween the THz-comb and the THz QCL under analysis. This technique al-
lows the measurement of the absolute frequency of the device emission with
an uncertainty of a few parts in 10−10. Furthermore, the detection of the beat-
note is the first step for the phase-locking of the QCL to the THz comb. This
allows to stabilize and control the QCL emission to perform high resolution
spectroscopy.
The chapter is structured as follows. At first, the metrological system is pre-
sented with the description of the optical setup. Then, the method used to
explore the QCLs characteristics and properties is presented.
The first characterized device has been set up by the group of M.Belkin at
the Department of Electrical and Computer Engineering at the University of
Texas in Austin. The device consists of a QCL based on intra-cavity difference-
frequency generation. Its peculiarity concerns the capability to operate at
nitrogen temperatures across the 1 − 6 THz range. A full characterization
of the device has been performed, including its emission frequency, tuning
characteristics and emission linewidth. Exploring its spectral properties, the
measured linewidth confirms its high potentiality as metrological tool for
high-resolution spectroscopy at THz frequencies and as local oscillator for
heterodyne detectors.
Afterwards, the chapter describes the second device, set up by the group
of G.Scalari at the Institute of Quantum Electronics (ETH) in Zurich. The
source is a broadband quantum cascade laser that can operate with a comb-
like structure thanks to the non-linear process of four-wave mixing that takes
place in its active region. As for the previous source, a complete characteri-
zation of the device emission has been performed. To confirm the true comb-
like nature of such devices, preliminary studies of the coherence between the
phases of different QCL modes have been performed.
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4.1 Heterodyne metrological system

In order to explore the characteristics of the device emission, the beat-note
signal arising from its beating with the THz-FCS is investigated.

FIGURE 4.1: Experimental setup for the detection of the beat-note arising from
the mixing between the QCL and the free standing THz FCS on a fast Hot Elec-

tron Bolometer (HEB) detector.

The experimental setup for the THz-FSC generation, described in Chap-
ter 3, is upgraded to detect the optical beat-notes with a THz QCL (Fig.4.1).
The fundamental element of the heterodyne system is a hot electron bolome-
ter (Scontel model RS 0.3-3T-1) used as mixer to detect the beat-note between
the QCL mode and a tooth of the THz comb (see 1.4).
Both the beams of the THz source and the THz comb are collected and colli-
mated by a couple of 90o off-axis parabolic mirrors with an equivalent focal
length of 25.4 mm. The two beams are then combined on a THz beam split-
ter, and are sent to the HEB. The beam splitter is a wire-grid polarizer and its
wires can be oriented in order to control the relative power of the two beams.
The electrical signal from the HEB is sent to a fast Fourier transform real-time
spectrum analyser (Tektronix RSA5106A) having a 40MHz real-time band-
width. Since the THz comb repetition rate(frep) is very close to 250 MHz, any
optical beat-note (OBN) signal can be analysed in a frequency window of 125
MHz band (frep/2), as described in the following section.

In other words, in order to detect the OBNs, a detector with a bandwidth
of at least 125 MHz is required, therefore the electrical bandwidth of the de-
tector is measured.
To this purpose, a strong signal of a beat-note is provided and observed on
the spectrum analyser with the "max hold trace detector". The latter is useful
to sweep frequency measurements and to acquire the history of peak values
across the frequency axis, recording the maximum level the signal reaches.
Indeed, the idea is to measure the signal to noise ratio (SNR) of the OBN at
different OBN frequencies.
In order to sweep the OBN, the comb repetition rate is changed and the OBN
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FIGURE 4.2: On the left: acquisition from the spectrum analyser (with the max
hold trace detector) of the beat-note signal. The repetition rate of the THz comb
is changed, and consequently the OBN slides towards right. On the right: mea-

surement of the HEB bandwidth obtained by the data shown on the left.

shifts up to 1.5GHz, as shown in Fig.4.2 (a). In the graph, the OBN is shown
for all the values of the repetition rate because of the max hold function.
Then, for each value of the repetition rate, the SNR of the OBN is measured
and the electrical bandwidth is retrieved as the value at which the SNR is
reduced of -3dBm (b). A bandwidth of 300 MHz is measured, ensuring the
detection of the OBN.

4.1.1 Measurement of the absolute frequencies of QCL emis-
sion

The metrological grade THz FCS is used to measure the absolute frequencies
of the QCL emission. The technique is described in the following.
When a CW, monochromatic source beats with a comb, several beat-notes are
generated as a consequence of the beating with all the comb teeth.
For the sake of clarity, the condition under analysis is the beating of the
source emission only with the two nearest teeth, one at lower frequencies
and one at higher frequencies. Therefore, two optical beat-notes are gener-
ated with frequencies: fb,1, smaller then frep/2 and fb,2, in the range from
frep/2 to frep (= 250MHz).
Considering the beating with all the other teeth of the OR-comb, the gen-
erated beanotes are a copy of the two previous ones. In other words, these
beat-notes will have a frequency of fb = fb + m1frep and fb = fb,2 + m2frep
where m1, m2 are integer numbers that counts how many repetition rate are
retrieved from the nearest tooth to the one that is actually beating with the
QCL. The following description concerns with the measurement of the ab-
solute frequencies of the source emission considering the beat-note in a fre-
quency window ranging from 0 MHz to 125 MHz, that is the one labelled
with fb,1.
As said before, the detection system, made of the HEB and the spectrum anal-
yser, ensures the detection of beat-notes in the frequency window until 300
MHz.
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In order to identify the source emission frequency, its position with respect to
the THz FCS tooth has to be determined. Indeed, the first step is to recognize
if the source is beating with a tooth at lower or higher frequency.
This can be done by analysing the beat-note frequency swept when the THz-
comb repetition rate is changed, as the only free parameter since the THz
comb has a zero-offset. During this measurement, the temperature and the
driving current of the source are stabilized to fix the spectral positions of the
emission.
More specifically, the comb teeth are shifted by changing the repetition rate
on a wide range. In fact, the accuracy on the absolute frequency of a mode is
proportional to the width of the analysed frequency range.
In this way, the beat-note frequency evolution is observed analysing the di-
rection of the shift (increasing or decreasing frequency) that is when the beat-
notes slide left or right on the spectrum analyser.

FIGURE 4.3: Schematic representation of the process used to retrieve the depen-
dence of fb on frep by measuring the beat-notes in the 0 to 125 MHz range.

A schematic representation, in the frequency domain, of the THz comb
and a source emission, labelled with Fqcl, is shown in Fig.4.3.
In Fig.4.3 a), Fqcl is closer to the tooth at lower frequency and consequently
its frequency is expressed as:

Fqcl = n ∗ frep + fb (4.1)

Following the previous equation, the beat-note movement is analysed by
keeping the laser modes fixed and by finely increasing the repetition rate.
In this case, the beat-note fb frequency decreases. If the repetition rate is
progressively increased, Fig.4.3 b), the OBN fb tends to zero. More specif-
ically, one expects that, in the spectrum analyser window, fb will slide to-
wards lower frequencies, until it disappears when the tooth is at the same
frequency of the mode. This happens when the mode frequency is exactly an
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integer multiple of frep (fb = 0 and Fqcl = n ∗ frep ).
By further increasing the repetition rate, Fqcl is always beating with the same
tooth but now it is on the other side (Fig.4.3 (c)):

Fqcl = n ∗ frep − fb (4.2)

Then, Fig.4.3 (d), the mode beats with the previous tooth (n− 1):

Fqcl = (n− 1) ∗ frep + fb (4.3)

These equations allow to determine the absolute frequency of the QCL
emission, following the procedure described below. It is worth noting that
the same procedure could be adopted in the case of a tooth at higher fre-
quency, by changing the sign of fb.
The procedure to measure the absolute frequency of the source emission re-
quires the identification of the THz-FCS tooth order (n) involved in the beat-
ing. In order to determine n, and therefore Fqcl, the experiment consists on
the measurement of the linear frequency shift of the beat-note fb while tuning
the repetition rate frep of the THz FCS pump laser. For example, the repeti-
tion rate can be tuned in a range of approximately ±0.4% around 250 MHz
(precisely, frep varies approximately from 249 to 251 MHz).
The spectral positions of the comb lines shift accordingly by as much as
±0.4%, and the beat-note of the nth comb mode with the laser line might
change by as much as 20 GHz, largely exceeding the 300 MHz HEB detector
electrical bandwidth.
Nevertheless, it is always possible to indirectly retrieve the frequency of this
beat-note by observing the transition from the beat-note of the laser line with
the nth comb mode to the beat-note involving the n−1, n−2,...or n+1, n+2,...
modes of the comb.
In this way, the variation of the beat-note frequency fb between the THz-QCL
line and the nth mode of the THz FCS is obtained as a function of frep. The
unknown index n was then determined by fitting the results with Eq.4.1 and
rounding to the nearest integer. It is worth to note that the uncertainties in
the fit parameters are reduced as the variation of frep increases; hence, the
value of frep over the entire range possible in the FCS system is changed.

4.2 THz QCL based on intra-cavity difference fre-
quency generation

The first characterized device is an intracavity difference-frequency genera-
tion quantum cascade lasers (THz DFG-QCLs). These kinds of sources, as
discussed in Chapter 1, are expected to revolutionize THz research field. In
fact, thanks to their properties such as the single-frequency operation with
wide continuous tunability, narrow emission bandwidth, room temperature
operation, this device is suitable for many applications. Among them it is
worth mentioning high-resolution spectroscopy, the use as local oscillators
for radio astronomy, THz sensing and imaging.
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THz DFG-QCLs have demonstrated an extremely broad tuning range of nearly
1− 6 THz, and have achieved a dramatic improvement in output power that
now exceeds 1 mW in pulsed mode and 10 µW in continuous-wave regime,
at room temperature.

4.2.1 Details about the device

The device under analysis [84] has been set up by Prof.Belkin’s group in
the Department of Electrical and Computer Engineering at the University
of Texas in Austin.
The QCL has been designed to select a high mid-IR pump frequency (ω1) and
a low pump frequency (ω2) that, for a DFG process in the active region, re-
sults into a THz emission (ωTHz = ω1 − ω2). In fact, the frequency separation
between ω1 and ω2 has been chosen to provide THz emission at a required
frequency.
The THz tuning can be achieved by changing mid-IR frequencies (ω1 or ω2): a
small shift in mid-IR pump frequency translates into a large fractional change
of THz emission frequency, leading to a wide tunability range.

FIGURE 4.4: Schematic of Cherenkov THz DFG in the devices under analysis.
Figure is reprinted from Ref. [84].

To indipendently control the two mid-IR frequencies, the device can be
designed with two indipendently biased grating. In this case, the front sec-
tion is designed with a grating to select high (ω1) mid-IR pump frequency
while the back section with a grating to select low (ω2) pump frequency
(Fig.4.4).
By applying an increase of DC bias current to the grating, only a red-shift of
mid-IR frequencies can be induced while THz emission can be both blue or
red shifted dependently on the choice of the mid-IR to tune.
The active region of the devices employed in this work is based on the bound-
to-continuum active region design, designed to provide peak gain at λ1 =
8.5µm and λ2 = 9.5µm.
The laser band structure has been designed to have giant second-order opti-
cal nonlinearity, associated with intersubband transitions. The front facet of
the laser bar substrate has been polished at 30o for out-coupling of the THz
Cherenkov DFG emission, while the back-device facet was covered with a
high reflective coating. The laser bars have been mounted on a copper block
and cooled in at liquid helium temperature in a cryostat.
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4.2.2 Experimental characterization

The preliminary characterization of the DFG-QCL has been performed in the
CNR-NANO in Pisa. After the characterization of the voltage-current and the
light-current characteristics of mid-IR and THz outputs, the emission spectra
have been acquired.
The measurement on the emissions of the two mid-IR pumps and the THz
DFG emission from the device, have been performed using low resolution
(3.75GHz) Fourier-transform infrared spectrometers (FTIRs).

FIGURE 4.5: On the left: measured emission data of the THz DFG-QCL oper-
ated in CW mode at T = 65K and T = 85K. On the right: voltage-current and

light-current characteristics of mid-IR and THz outputs.

The measured emission spectra of the THz DFG-QCLs operated in CW at
T = 85 K (a) and T = 65 K (b) are shown in Figure 4.5. The two values of
temperature are the ones selected for this study.
More specifically, at low pump currents, this device emits a single THz fre-
quency centred at approximately 2.58 THz. At pump currents above 450 mA,
a second THz DFG emission line at 2.49 THz appears in the spectra.
Moreover, when the bias current is increased, a red shift in the frequency of
the mid-IR pumps and for the THz difference-frequency is observed. This
dependence is attributed to an increase of the active region temperature as
the pump current increases. Finally, in Fig. 4.5 (c), the voltage-current and
light-current characteristics of mid-IR and THz outputs are shown.

Then, the characterization consists on the determination of the temper-
ature tuning. To this purpose, the emission spectra have been acquired at
heat-sink temperatures (TH) varied from 45 K to 200 K and the device is used
in pulsed mode (400 ns pulses at 25 kHz repetition frequency). The spectral



Chapter 4. Exploration of QCL properties through beat-notes detection 80

FIGURE 4.6: Dependence of mid-IR pump frequencies (A) and THz difference
frequency (B) of the THz DFG-QCL on the temperature (TH ). The device was
operated in pulsed mode, as described in the main text. The solid line in (B) rep-
resents the frequency difference of the two mid-IR peaks as extracted from (A),
and the round symbols with error bars indicate the experimentally measured

THz peak positions.

positions of the mid-IR pumps and the THz difference-frequency as a func-
tion of TH are given in Fig.4.6.

4.2.3 Measurement of the absolute frequency

The two beat-note signals, corresponding to the two modes of the DFG-QCL
are detected and their absolute frequencies are measured. The measurement
is performed, for both mode independently, while driving the QCL at a cur-
rent of 540 mA and a TH of 75 K.
The absolute frequency of each of the two THz emission peaks in the spectra,
shown in Fig.4.5, is determined and high-resolution studies of the depen-
dence of the emission frequency on the DFG-QCL operating conditions are
performed.

More specifically, the absolute frequency is determined with the method
described in section 4.1.1 and summarized in the following.
In this case, the mode is beating with the right (higher-frequency) comb
tooth, and the beat-note frequency (fb) is given by:

fb = nfrep − fqcl (4.4)

where fQCL is the THz DFG-QCL frequency, and n is the order of the
closest THz FCS tooth involved. As already said, the first step is the identi-
fication of the order of the OR-comb tooth involved in the beating with the
QCL mode. To this purpose, the repetition rate frep of the THz FCS pump
laser is tuned from 249 MHz to 251 MHz. By changing frep and by measur-
ing fb, at a fixed value of fQCL, the value of n can be retrieved by fitting of the
data with eq.4.4, as shown in Fig.4.7.
By fitting the two different data sets (in Fig.4.7), n1 and n2 are determined
rounding the value of the slope to the nearest integer. For the first mode, the
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FIGURE 4.7: Measurement of the absolute frequencies of the two QCL modes.

fit returns the parameter n1 = 10, 328.27(±0.47), allowing the determination
of the order of the comb tooth involved in the beating: n1 = 10, 328 (for the
second mode, n2 = 9974 is obtained).
Once n is determined, the same eq. 4.4 allows for the calculation of the abso-
lute frequency of the free-running QCL from the measurement of fb.
The value of nfrep is known with an accuracy of the order of 100 Hz, whereas
fb is given by the centre frequency of the Gaussian fit with a 1 kHz uncer-
tainty. The resulting relative accuracy on the QCL frequency is therefore on
the order of 4x10−10. As an example, the absolute centre frequency of the first
mode is ν1 = 2, 581, 470, 537(±1) kHz. It is worth noting that the obtained
uncertainties are much smaller than the spacing of the THz comb teeth. This
allows to univocally determine the orders n1 and n2 of the comb teeth that are
beating with the two modes, as confirmed by the errors on n that are smaller
than unity.

4.2.4 Measurement of the current and temperature frequency
tuning

The beat-note signal is given by the beating of the THz comb and the QCL
emission under analysis. In this way, the detection of the beat-note signal
allows to continuously follow the emission frequency of the THz QCL, while
varying the QCL operational parameters.
In order to explore the DFG-QCL spectral properties, its current and its tem-
perature are changed while fixing the THz FCS repetition rate. In fact, as the
THz comb teeth are kept fixed through the stabilization of the repetition rate,
all the variations in the beat-note frequency are related to variations of the
QCL frequency.
Through these trends, the temperature and current tuning coefficients of the
QCL are retrieved. The dependence of the frequency on the temperature de-
vice has been retrieved for the first THz mode by varying the temperature
TH in a range from 45K to 85K.
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FIGURE 4.8: QCL frequency tuning as a function of the QCL temperature. The
comb repetition rate and the QCL driving current have been kept fixed.

The emission frequency tunes with respect to temperature variations as
shown in Fig. 4.8. The dependence is not exactly linear, but an average tun-
ing coefficient of:

(+197.17± 0.47) MHz/K (4.5)

has been extrapolated by a linear fit.

FIGURE 4.9: QCL frequency tuning as a function of the QCL driving current at
different temperatures.

Then, the QCL current is changed while keeping constant its temperature
and the repetition rate of the comb. The QCL frequency dependence on the
driving current is shown in Figure 4.9.
When the device operates at a temperature TH = 45K and when the injec-
tion current is slightly above the laser threshold, the THz emission frequency
initially blue-shifts with a tuning rate of about:

(+3.3± 0.2) MHz/mA. (4.6)
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Then, a turning point is retrieved around 400 mA, and at higher cur-
rents the DFG-QCL frequency red-shifts with a tuning coefficient of approx-
imately:

(−2.16± 0.07) MHz/mA (4.7)

This parabolic trend progressively disappears at lower temperatures as
the "parabola" vertex shifts towards the laser threshold.
In fact, the inversion pointat 65 K is shifted towards lower currents. By fur-
ther increasing TH to 85 K, the data show a monotonic decrease in THz fre-
quency with pump current with a slope of approximately −6MHz/mA.

FIGURE 4.10: On the left: the "inversion points" of the parabolic current tuning
trend in fig.4.9 are reported with respect to the device temperature. On the right:
the red shift current tuning coefficients of fig.4.9 are reported with respect to the

device temperature.

From the plot reported in Fig.4.9 information about the parabolic trend
can be extracted (see Fig.4.10). The "inversion points" of the parabolic current
tuning trend (Fig.4.9) are reported with respect to the device temperature. A
linear dependence of the inversion point from the temperature emerges.
On the right of the Fig.4.10 the red shift current tuning coefficients are re-
ported with respect to the device temperature and a linear trend is retrieved.

4.2.5 Spectral purity and tunability

In the previous analysis, described in section 4.2.3, the best evaluation of
the line centre of the beat-note signal has been provided by fitting the signal
with a Gaussian function that better describes the OBN profiles as shown in
Fig.4.11.

At the same time, by the Gaussian fit other information on the QCL emis-
sion can be provided. For example, the FWHM of the Gaussian profiles rep-
resents an accurate estimation of emission linewidth of the device. To this
purpose, the beat-note linewidth is assumed to represent the one of the QCL
emission since the linewidth of the THz comb tooth involved in the beating
process is negligible with respect to the QCL one, as demonstrated in [32],
[66], [85], [86], [87].
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FIGURE 4.11: Typical beat-note signal (in black) and a fit with the Gaussian
function (in red).

A very interesting study is the analysis of the linewidth as function of the
observation time. Indeed, different time scales (ranging from 1ms to few sec-
onds) can be changed in the acquisition mode of the FFT spectrum analyser.
At first, the analysis has been performed at different QCL driving current
to retrieve possible dependence of the QCL spectral properties on its opera-
tional parameters.

FIGURE 4.12: Width of the beat-note at different time scales and for different
driving current/temperature values.

More specifically, the emission linewidth of the 2.58 THz emission line of
the device has been measured at 45K for three different values of the QCL
driving current.
The results are reported in Fig.4.12 where each experimental point is a result
of a statistic of about ten measurements. The emission linewidth in the three
experimental conditions does not show any significant difference.

To better explore the spectral properties, a comparison at different tem-
peratures (45K and the one at 78K) is reported in Fig.4.13 (A). From this com-
parison, many information can be retrieved, and the spectral noise has been
calculated, shown on the right of the same figure (B). The laser was operated
with a pump current of 450 mA for both measurements by using an ultra-
low noise current driver (ppqSensemodel QubeCL05). The range of analysis
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FIGURE 4.13: (A) Width of the beat-note at different time scales measured at
two different operating temperatures of the device. Solid lines are fits with a
logarithmic function. (B) Reconstruction of the FNPSD of the THz DFG-QCL
emission. The dashed red and green lines refer to the measurements performed
by Bartalini et al. [17] and Vitiello et al. [31] for the mid-IR and THz QCLs,
respectively, whereas the solid lines refer to the measurements presented in this

work.

is limited at short time scales at 20 ms, corresponding to the acquisition time
of the single FFT spectrum in which the beat-note width starts to be limited
by the resolution bandwidth of the instrument (in this case, 100 kHz). At this
time scale, an upper limit of the QCL LW of 125 kHz is measured.
First, the data show that the LW of THz emission from the device is reduced
as the operating temperature increases. This is consistent with the previously
observed narrowing of the emission LW of mid-IR QCLs at higher tempera-
tures [17] [88].
Moreover, the LW has a logarithmic dependence on the time. This indicates
the presence of a 1/f noise component in the frequency noise spectrum be-
tween 1 Hz and 1 kHz that likely comes from the typical "pink" frequency
noise of the mid-IR pumps of the DFG-QCLs. This is also confirmed by the
noise decrease at increasing temperatures, in agreement with previous ex-
periments on the 1/f noise of mid-IR QCLs that showed a similar trend [17],
[89], [90].
A quantitative comparison with previous LW measurement reports of mid-
IR QCLs can help in understanding the possible correlations between the
emission LW of the mid-IR pumps and the THz emission LW. To this pur-
pose, the inverse method proposed by Di Domenico et al. [91] has been ap-
plied to the data in Fig.4.13 (A) to retrieve the frequency noise power spectral
density (FNPSD) of the devices (B).
The method described by Di Domenico et al. is summarized in the following.
The LW of any laser source over a given observation time t0 from its FNPSD
(S(f)) is retrieved in a simplified method. In fact, assuming a monotonic
trend for the FNPSD, the laser LW dν(t0) (FWHM) is recovered by a simple
integration of S(f):
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δν(τo) =

√
8ln2

∫ f1

f0

S(f)df (4.8)

In this equation f0 = 1/t0, while fl is defined as the frequency at which
the FNPSD crosses the so-called β-separation line:

S(f1) =
8ln2

π2
f1 (4.9)

The procedure well approximates the true value only if the following con-
dition is fulfilled

S(f0) >
8ln2

π2
f0 (4.10)

Assuming that in the explored frequency range (10 Hz to 10 kHz), the
FNPSD of the laser has a flicker-type origin, that is S(f) = A/f . Eq.4.9 gives
a logarithmic-type function that can be used to fit the experimental values
dν(t0) of the laser LW at different time scales (Fig. 4.13), thus allow to deter-
mine the parameter A.
With this method, the graph on the right of figure 4.13 (B) can be checked.
The crossing point with the β-separation line falls above 10 kHz, which vali-
dates the model assumptions for the explored frequency range of 10 Hz to 10
kHz.
Figure 4.13 (B) shows the two flicker-type functions that reproduce, via Eq.
4.8, the experimental LWs of the device operated at 45 and 78 K, together
with the two flicker-type functions that directly fit the experimental FNPSDs
measured from a mid-IR QCL operating at 85 K [17] and a THz QCL operat-
ing at 47.5 K [31].
The plot shows that the FNPSD of the DFG-QCL, even in the upper edge
of the investigated temperature range (TH = 45 to 85 K), is almost one or-
der of magnitude lower than that of the mid-IR QCL. The reduction in the
emission LW of THz DFG can be explained by the correlation between the
phase/frequency noises of the two mid-IR pumps of our device that are, in
part, compensated by the DFG process.
On the other hand, the FNPSD of a single-mode bound-to-continuum THz
QCL exploiting a single plasmon waveguide shows a significantly narrower
LW (by approximately a factor of 7). Nevertheless, the reported measure-
ments indicate that the LW of THz DFG-QCLs is already suitable for hetero-
dyne THz detection, and it is expected that it can be further reduced with
frequency/phase stabilization. Note that no significant dependence of the
LW on the driving current is evident.
In conclusion, the THz emission of the THz DFG-QCLs has a linewidth of
few hundreds kHz over a 1ms observation timescale. Peculiar current and
temperature tuning characteristics have been characterized and an evidence
of frequency noise cancellation of the mid-IR pumps in the THz output has
been provided.
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4.3 Four-wave mixing THz QCLs

The second device characterized in this thesis is a four-wave mixing terahertz
quantum cascade laser (THz FWM-QCL) which is a continuous-wave multi-
mode broadband source. The device has been manufactured at the Institute
of Quantum Electronics (ETH) in Zurich by G.Scalari’s group.
This kind of QCL is very promising for metrological-grade applications, such
as high precision spectroscopy. The aim of the studies is to demonstrate that
these devices show a comb-like emission regime with up to 600 GHz spectral
coverage.
In the following sections, results about the spectral characterization of the
THz FWM-QCL are reported. I will describe the measurement of the abso-
lute frequencies of the QCL modes, performed with the heterodyne system
presented in section 4.1. Then, I will describe the acquisition and analysis of
the electrical intermodal beat-note (IBN) between the QCL-modes.
The following studies focus on the study of the QCL emission that has a true
comb-like feature. Indeed, in analogy with conventional OFCSs, parameter-
ized by the “offset” and “repetition rate”, the QCL can be parametrized in
the same way with the two parameters ”offset” and ”spacing”. More specifi-
cally, the ”spacing” is measured through the intermodal beat-note (IBN) and
the dependence of offset and IBN from operational parameters (such as driv-
ing current) has been characterized.
For this reason, it would be very important to completely control this kind
of device, through variation of the two typical comb quantities. To this pur-
pose, two independent actuators have to be found to lock both its IBN and
its offset. Detailed studies about two possible actuators are described here.
In the last part of the experiment, the frequency of an optical beat-note (OBN)
has been subtracted to the other OBNs in order to remove the offset contri-
bution. In this configuration, the phase coherence between the QCL modes
has been directly observed and characterized. The measurement has been
performed by stabilizing the QCL-IBN to a microwave local oscillator.

4.3.1 Details about the device

The QCL has been fabricated with a design based on a broadband active
region. In this case, the very short upper state lifetime is responsible for a
very broadband four-wave mixing process.
More specifically, the process of non-linear mixing is based on the resonant
excitation of the large χ(3) of the laser intersubband transition. This effect,
together with the rather broad gain curve of QCLs, leads to typical lasing
bandwidths of a few THz and of a few hundreds of GHz in the mid-IR and
THz ranges respectively.

The process can be explained in the following way, as described in [92]. In
the case of non-degenerate four-wave mixing the importance of a short τNR
can be seen from the scheme of Fig.4.14 where the process has been sketched
in two consecutive steps.
Initially, through laser induced saturation, the population inversion (hence
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FIGURE 4.14: The resonant non-degenerate four-wave mixing is sketched. (a)
Initial mode frequencies, ν1 and ν2, separated by δ. (b) Resonant non-linear
mixing of the two photons at ν1 and ν2 (wavy red and black lines). The elec-
tronic potential profile (in grey) confines the upper and lower laser levels, rep-
resented by the horizontal black lines. (c) Final frequencies resulting from four-
wave mixing, with the two sidebands at ν1 − δ and ν2 + δ (in green). Figure is

reprinted from Ref. [92].

the gain) is modulated at the different frequency between two neighboring
modes at ν1 and ν2. This modulation will subsequently produce two side-
bands around each original mode frequency at ν1 + δ = ν2, ν1 − δ = 2ν1 − ν2

and ν2 + δ = 2ν2 − ν1, ν2 − δ = ν1.

FIGURE 4.15: Schematic of the operation of the FWM-QCL. Figure is reprinted
from Ref. [93].

This mechanism is expected in broadband QCLs with low group velocity
dispersion (GVD) where the frequency comb operation is achieved by us-
ing four-wave-mixing as a phase-locking mechanism. In fact, the ability of
four-wave mixing to generate mode proliferation — and ultimately comb op-
eration — depends critically on the group velocity dispersion of the cavity,
as described in [93].
Degenerate and non-degenerate four-wave mixing processes lead a prolifer-
ation of modes over the entire laser spectrum. The dispersed Fabry-Pérot
modes – which are present in the case of a free-running multimode laser and
are not phase-locked – are then injection-locked by the modes generated by
the FWM process, thus creating a comb-like structure (Fig.4.15).
A device with a comb-like structure in its emission can be parameterized by
the two typical comb quantities: ”offset” and ”spacing”. More specifically,
the offset is defined as the frequency of the first mode while the ”spacing”
is the frequency separation between the modes, i.e. the intermodal beat-note
(IBN). In fact, in this case, the device has a comb-like regime and the modes
are equally separated.
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Additionally, these devices suffer from the general drawbacks of THz QCLs:
operation is limited to cryogenic temperatures. For this reason, the laser is
soldered to a copper bar, wire bonded and mounted on the cold finger of a
liquid helium cryostat.

4.3.2 Experimental characterization

The preliminary characterization of the device, concerning the electrical and
the optical spectrum, has been provided by the ETH group. These results are
shortly reported in the following since these are useful indication about the
laser operation.

FIGURE 4.16: Evolution of the electrical beat-note spectra as function of bias
current.

A complete colour scale intensity mapping of the IBN spectra as func-
tion of bias current is shown in Fig.4.16. In the spectra, the intermodal beat-
note power is displayed in dBm. The electrical intermode beat-note mapping
identifies the driving current at which a comb-like regime can be achieved.
As described before, this kind of QCL has a broadband emission. When the
device does not work in the comb-like regime, the modes are not equally sep-
arated and the electrical intermodal beat-note progressively broadens as the
emission bandwidth covers a wider spectral region. For istance, looking at
the previous graph, this condition is achieved around 320mA where several
peaks are visible.
Differently, when the injection-locking of the QCL modes is achieved, the
modes are equally spaced. In this case, the beat-note collapse is a clear indi-
cation that the laser is operating in a comb-like regime. Throughout this en-
tire region a very narrow beat-note is observed at a current of 310mA where
the IBN is 19.7 GHz. Moreover, the IBN value can be theoretically estimated
considering that the spacing is exactly the free spectral range (FSR = c/2nL)
of the laser cavity. In this case, the laser bar has a length of L = 2 mm and
the refraction index of the active region, which is a semiconductor, is n = 3.8.
Consequently, the IBN results 19.7 GHz according with the spectra.

The emission spectrum is the second set of measurements provided by
ETH. The comb-like regime is also revealed in the emission spectrum of the
QCL at the temperature of 20K and for a current of 310mA, shown in Fig.4.17
that clearly shows a broadband emission.
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FIGURE 4.17: Spectral performance at the temperature of 20K and current of
310 mA.

In order to proceed with the characterization of the QCL operation, the ex-
perimental setup has been arranged to simultaneously detect both the IBN
and the beatnote signals with the FCS.
The optical beat-notes, generated with the FCS, are useful to characterize the
THz emission. Indeed, these ones are detected with the heterodyne system
shown in Fig.4.1.
On the other hand, the IBN, which is an electrical RF-signal, is detected with
a bias-tee installed very close to the QCL device, ensuring a good SNR.

FIGURE 4.18: Electrical setup used for the detection of the IBN.

The IBN is down converted to MHz frequencies in order to be simulta-
neously observed with the optical beat-notes on the same spectrum analyser.
Moreover, the spectrum analyser used in this work, has a frequency band-
width of 6 GHz, smaller than the 19.7 GHz of the IBN, so the RF signal of the
IBN needs to be down-converted (Fig.4.18). Therefore, the signal at 19.7 GHz
has been mixed with a 14.6 GHz signal and then, the resulting signal has
been mixed with a 5 GHz signal obtaining a final signal at about 100 MHz.

4.3.3 Measurement of the absolute frequencies of QCL modes,
intermodal beat-note and offset

The first part of the experiment concerns the measurement of the absolute
frequencies of the QCL modes. Thereafter, this set of emitted frequencies is
parameterized using only the intermodal beat-note and the offset.
Looking at the absolute measurement of the QCL modes, a simple setup
(shown in Fig.4.1) and a commercial HEB detector are used to directly ob-
serve the beat-note between individual comb teeth and a small fraction of
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the terahertz QCL emission. The QCL is housed in a liquid helium cryostat,
and driven in continuous-wave mode at fixed heat sink temperature T0 = 20
K and at a current of I = 310 mA. These are the working conditions of the
comb-like regime, as indicated by ETH characterization (Fig. 4.17).
More specifically, the emission is analysed in a configuration in which the
strongest beat-note signals are observed in a span of 40 MHz.

FIGURE 4.19: Sketch of the beating (in green) between the OR-comb (in blue)
and the QCL modes (in red).

In fact, tuning the comb-OR repetition rate a condition in which the spac-
ing is an integer multiple of the THz-FCS repetition rate can be found. In this
condition the train of “optical” beatings collapse into one frequency. Starting
from this condition, by slightly determining the THz-FCS frep, it is possible
to remove the degeneracy of the OBNs and to resolve them one by one in a
small frequency span (40 MHz= real-time bandwidth of the spectrum anal-
yser). For the sake of clarity, the OBNs have been labelled with a numeric
progression considering that the OBN, indicated with the number "1", has
the highest frequency, as shown in Fig.4.19.

Absolute frequencies

In the comb-like regime, the seven strongest optical beat-note signals are de-
tected and used for the spectral characterization of the device.

The seven OBNs are shown in Fig.4.20. As said before, the acquisition has
been performed by changing the repetition rate of the comb OR to have the
OBNs in 40MHz of span.
It is worth noting that the configuration of the OBNs changes with the QCL
working condition and with its alignment. Indeed, during the daily align-
ment procedure, useful to optimize the signal/noise ratio, the OBNs change
in their relative amplitude. In addition, some OBNs can disappear and new
ones can appear because the different modes are not uniformly distributed
in the QCL spatial emission.
The operational parameters of the device are the same of Fig.4.17. By the
comparison with Fig. 4.20, the emission spectrum seems to be centred in a
range from 2.70THz to 2.90THz since the strongest OBNs are detected.
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FIGURE 4.20: Optical beat-notes between the QCL-modes and the OR-comb.
The acquisition has been performed by changing the repetition rate of the comb

OR to have the OBNs in 40MHz of span.

Thereafter, the absolute frequencies of the OBNs are measured with the method
described in section 4.1.1. To this purpose, the THz comb repetition rate is
finely tuned and the beat-note frequencies change. In this way, from the di-
rection of the movement (increasing or decreasing frequency) one can un-
derstand whether the QCL mode is beating with a tooth at higher or lower
frequency.

The evolution of the beat-notes is observed increasing the repetition rate,
as shown in Fig.4.21.
More specifically, referring to fig.4.21(a) seven QCL modes are observed. The
modes beat with seven different THz comb teeth all on their right since the
beat-notes move towards higher frequencies when increasing frep. Increasing
the repetition rate, the beat-notes tends to move close together until they
superimpose (b). In this case, the QCL modes are equally spaced from the
tooth of the comb OR. By further increasing the repetition rate, the beat-notes
spread out again inverting their order (c). The reason is that the modes beat
with a different side of different teeth.
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FIGURE 4.21: On the left: sketch of the beating (in green) between the OR-comb
(in blue) and the QCL modes (in red). On the right: evolution of the beat-note

frequency when the OR-comb repetition rate is increased.

FIGURE 4.22: Measurement of the emission frequency of the seven QCL-modes
at different OR-comb repetition rate.

TABLE 4.1: The absolute frequencies, and the respective uncertainty, of the QCL
modes are reported. The label identifies the modes shown in Fig.4.20.

Label f (THz) ∆f (MHz)
1 2.8636 6976
2 2.8485 6539
3 2.8294 5976
6 2.8101 5811
7 2.7481 5518
8 2.7248 5830
9 2.7094 6317
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Once the position of the THz emission with respect to the THz FCS tooth
has been determined, the order of the comb tooth involved in the beating has
to be retrieved.
To this purpose, the repetition rate of the THz FCS pump laser is tuned from
250.25 MHz to 250.60 MHz. By measuring fb for each mode, at a fixed value
of fQCL, the value of n can be retrieved by fitting the results in Fig.4.22 and
rounding to the nearest integer.
In this way, for each mode, n is determined from the measurement of the
beat-note frequency. Then, it is possible to retrieve back the instantaneous
absolute frequency of the free-running QCL with Eq.4.2. The absolute fre-
quencies at the emission modes are reported in table 4.1.
As a matter of fact, the errors that affect the beat-note signals can derive both
from QCL or comb frequency oscillations. Otherwise frep of the THz comb is
known at sub-Hz level, and it is phase-locked to the primary frequency stan-
dard. As a consequence, the instabilities of the QCL mode frequencies can
be observed and measured directly from the corresponding beat-note sig-
nals. One should be able to distinguish between QCL offset drift that rigidly
moves all the beat-note signals at the same time, and QCL spacing oscilla-
tions that makes the OBNs shifts proportional to their order.

Determination of the QCL comb parameter: the intermodal beat-note

As described before, the QCL has a broadband emission with optical modes
equally separated of about 19.7GHz. The measurement of the radio-frequency
spectrum of the laser emission, i.e. the intermodal beat-note (fIBN ), is funda-
mental to complete the spectral characterization of the device.
A very precise measurement can be performed directly through the spectrum
analyser. Nevertheless, the RF-signal has been down-converted with two
mixing steps, as shown in Fig.4.18. Therefore, the exact value is retrieved by
considering the frequencies of the two synthesizers:

f1 = 14.781236016 GHz f2 = 4.900467102 GHz (4.11)

Considering that the measured down-converted frequency is around 99.75
MHz, the intermodal beatnote is:

fIBN = 19.781453118 GHz (4.12)

which matches perfectly with the value indicated in Fig. 4.16.

Determination of the QCL comb parameter: the offset

To complete the spectral characterization of the device, information about the
offset can be retrieved by a simultaneous analysis of IBN and OBNs. In this
way, a complete knowledge of the device is obtained.
At first, each QCL mode can be identified with the parameter N which is the
order of the QCL modes, easily obtained by the ratio f/fIBN , where f is the
absolute emission frequency of the mode under analysis. Then, the ratio is
rounded up and its rest (fabs Mod [fIBN ]) gives the value of the QCL offset.
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This estimation can be made if the uncertainty on the absolute frequency is
less than the IBN, as already verified in the previous measurements.

TABLE 4.2: Overview of the absolute frequency of each mode. The error in the
determination of the frequency (∆f ), the number of the mode and the retrieved

offset value are reported.

f (THz) ∆f (MHz) N = f/fIBN foff = fabs Mod [fIBN ] (MHz)
2.8636 6976 145 -4630.70
2.8485 6539 144 -3776.24
2.8294 5976 143 -3067.79
2.8101 5811 141 -3646.34
2.7481 5518 139 -5301.98
2.7248 5830 138 -4960.53
2.7094 6317 137 -4379.07

In absence of errors, for each mode the same value of the offset has been
obtained. However, different values are retrieved due to the statistical error
in the determination of the absolute frequencies (∆f ).
The obtained values are shown in table 4.2 where the minus sign is according
to the choice of rounding up the ratio N = f/frep.
Finally, the offset results −4251.81MHz, obtained as the average of the re-
trieved values for each mode.

4.3.4 Actuators for controlling the QCL parameters: current,
visible light and temperature

It would be very important to completely control this kind of device, through
variation of its two parameters: spacing and offset. To this purpose, two in-
dependently actuators are required.
A first natural candidate is the QCL driving current, from which the fre-
quency emission depends. In the same way, also the temperature could be
used as actuator. Nevertheless, the latter is excluded because the stabiliza-
tion in temperature is very slow and could not ensure an efficient control
with kHz bandwidth (at least).
The second natural candidate is the visible light. In fact, during the align-
ment step, it has been observed that the optical beat-notes were shifted for
an external modulation at 100 Hz coming from the lab lights.
The idea is to use both the visible light and the QCL current as actuators to
lock both the spacing and offset. This task can be realized if the two actua-
tors act in different way on the two parameters. In other words, the complete
control could be obtained if one actuator acts on the spacing and the other
one on the offset.
Therefore, as a first step, the orthogonal condition between the two actuators
has to be verified and preliminary characterization is required.
To this purpose, it has been measured how the modulation by the visible
light and current acts on both the optical and intermodal beatnote. For this
preliminary characterization only one optical beat-note is analysed. The one
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selected is the OBN, previously labelled with the number "9".
Looking at the first actuator, which is the visible light, the measurements are
performed with a white LED, mounted in front of the cryostat window.
The LED intensity is modulated and the frequency shift amplitude of the
OBN and IBN is acquired at different LED modulating frequencies.

FIGURE 4.23: The LED modulation is applied. On the left: frequency shift of
the optical beat-note, labelled with n.9. On the right: frequency shift of the IBN.

The results are shown in figure 4.23 for both the optical (on the left) and
the intermodal (on the right) beat-note. In the two graphs the same trend is
observed and the frequency (called "cut-off") at which the signal is reduced
of 3 dB, is about 100 Hz.
To understand the origin of the cut-off frequency, the LED is independently
characterized at the same working condition of the previous measurement.

FIGURE 4.24: On the left: LED cut-off frequency measurement. On the right:
comparison of the LED cut-off frequency measurement with the frequency shift

of the electrical beat-note, shown in Fig.4.23.

The LED is biased by a power supply with an output signal as sinusoidal
wave with a peak to peak voltage of 1 V, and an offset of 8 V. At this working
condition, the LED transfer function is measured and compared with a differ-
ent working condition to observe possible differences. The results are shown
in Fig.4.24 together with the comparison with the graph shown in Fig.4.23.
From this characterization, it can be noted that the effect of the light modula-
tion of the QCL frequencies is quite slow. A first hypothesis, to be confirmed,
is the thermal effect of the light heating on the device.
Looking at the second actuator, the QCL driving current, the measurement
is performed by applying a sinusoidal wave to the QCL power supply. The
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IBN and the OBN are observed by acquiring their frequency shift amplitude,
caused by the current modulation, at different modulating frequencies.

FIGURE 4.25: Current modulation on. Measurement of the frequency shift am-
plitude of the optical beat-note at different frequencies modulation. The optical

beat-note is the one labelled with number 9.

The same trend for both the IBN and the OBN (shown in Fig.4.25) is ob-
tained. Differently from the LED actuator, the current has a wide bandwidth
enough to use it as actuator for the phase-locking of the OBNs.

FIGURE 4.26: IBN frequency at different QCL driving current. The tuning coef-
ficient is retrieved by a linear fit.

Finally, the IBN current tuning coefficient is measured. To this purpose,
the IBN centre frequency is acquired at different current modulating frequen-
cies, as shown in Fig.4.26. From a linear fit of these data, a tuning coefficient
of 2.2 MHz/mA is obtained.

Temperature tuning characterization

In order to have a more complete knowledge of the device, the QCL temper-
ature tuning coefficient is measured. Nevertheless, this measurement can be
a proof about the LED effect, supposed to be thermal.
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FIGURE 4.27: Electrical beat-note frequency (expressed in MHz) at different
bias temperature. The tuning coefficient is retrieved by a linear fit.

The intermodal beat-note frequency is measured at different temperature
values in a range of 18.5-22.5 K, as shown in Fig.4.27. As expected, a linear
trend is obtained and from a linear fit of the data, the temperature tuning
coefficient results −2.788 MHz/K.
As said before, it has been supposed that the LED light induces a heating on
the laser bar. Consequently, a demonstration of the hypothesis is performed
by observing if the LED modulation produces the same frequency shift ob-
tained with a temperature variation.
To this purpose, a summary of the signs of the IBN and OBN frequency shifts
due to the current, LED and temperature is reported in the following table.
The reported signs indicate the sign of the dependence on the corresponding
actuators. In other words, the signs concern the movement of the beat-notes,
towards higher frequencies (+) or lower frequencies (-), while the tempera-
ture, LED or current intensity are increased.

TABLE 4.3: Schematic of the IBN and OBN frequency shift caused by the modu-
lation of the actuator (current or LED) or temperature. The plus sign (+) denotes
shift towards higher frequencies. The minus sign (-) denotes for shift towards

lower frequencies.

Increase of IBN OBN
Current + -

LED - +
Temperature - -

As visible from the table, the temperature acts differently from the LED.
This result excludes the hypothesis that the LED actuator has a purely ther-
mal effect on the device. Indeed, this hypothesis could be confirmed only if
the LED and the temperature acting in the same way on both the OBN and
IBN. Differently, the effect observed is probably due to some phenomena in
the QCL active region.
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However, the current and the LED induce different frequency shift, meaning
that they act differently on the QCL parameters. Nevertheless, this condition
should be confirmed with further studies, described in the following section.

4.3.5 Current and LED modulation

After a preliminary characterization of the two actuators, their effects on the
offset and IBN are separately observed. More specifically, with this mea-
surement, the spacing and offset shift can be retrieved using the procedure
described in the following.
The goal of the measurement is the determination of the four "actuator coef-
ficients" which are the quantities that account how the modulation of LED or
current acts on the spacing or the offset.
For a more elaborated analysis the spectrogram of the intermodal and optical
beat-notes is acquired and the time evolution is analysed.
The following graphs have been obtained with a program, written in Wolfram
Mathematica [94], in order to extract the time evolution with an elaboration of
the real-time data (tiq file) taken by the spectrum analyser.
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FIGURE 4.28: LED modulation on. On the top: time evolution of the IBN and
OBNs. On the bottom: OBNs (on the left) and IBN (on the right) frequency

shifts.

TABLE 4.4: LED modulation on. The LED is biased with a voltage V = 1V . The
data extracted from the Fig.4.28 are reported in the table. For each QCL mode

the frequency shift of the respective optical beat-note and IBN is reported.
f (THz) ∆fOBN (MHz) N ∆fIBN (MHz) N*∆fIBN ∆foff (MHz)
2.8636 -0.46174 145 0.125 18.125 -18.58674
2.8485 -0.56065 144 0.125 18.000 -18.56065
2.8294 -0.66903 143 0.125 17.875 -18.54403
2.8101 -0.75563 141 0.125 17.625 -18.38063
2.7481 -1.07333 139 0.125 17.375 -18.44833
2.7094 -1.30221 137 0.125 17.125 -18.42721
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FIGURE 4.29: Current modulation on. On the top: time evolution of the IBN
and OBNs. On the bottom: OBNs (on the left) and IBN (on the right) frequency

shifts.

TABLE 4.5: Current modulation on. The driving current is biased with a voltage
V = 366mV . The data extracted from the Fig.4.29 are reported in the table. For
each QCL mode the frequency shift of the respective optical beat-note and IBN

is reported.
f (THz) ∆fOBN (MHz) N ∆fIBN (MHz) N*∆fIBN ∆foff (MHz)
2.8636 1.43621 145 -0.125 -18.125 19.56121
2.8485 1.53247 144 -0.125 -18.000 19.53247
2.8294 1.66092 143 -0.125 -17.875 19.53592
2.8101 1.72549 141 -0.125 -17.625 19.35049
2.7481 1.98937 139 -0.125 -17.375 19.36437
2.7094 2.1958 137 -0.125 -17.125 19.3208

The time evolutions and the measured frequency shift of OBNs and IBN
are shown in Fig.4.28 for the LED modulation and in Fig.4.29 for the current
modulation.
It is clear that, in both cases, the optical beat-notes do not have the same fre-
quency shift and this quantity is higher for lowest frequencies.
It is worth noting that the frequency shift is calculated as the half of the peak
to peak value. Moreover, it is worth mentioning that the modulation with
the QCL current requires an additional phase of 180o due to the electronic of
the driver circuit that includes an inverting operational amplifier.
The data, extracted by the time evolutions, are reported in the tables 4.4 (for
the LED), 4.5 (for the current) where the offset contribution for each mode
has been calculated with the following method.
First, one can simply verify that the OBN frequency shift is given by both
the contribution of offset and spacing. To this purpose, the OBN frequency
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shift can be theoretically calculated considering only the contribution of the
spacing (IBN). More specifically, considering the order of the QCL mode (N )
and the measured ∆fIBN , the frequency shift of its OBN can be estimated as
N*∆fIBN . This value results different from the measured one (∆fOBN ) as a
confirmation that the OBN frequency shift involves also the offset contribu-
tion (∆foff ).
As a result, the OBN frequency shift can be theoretically calculated by a
combination of the contribution ∆foff (to be retrieved) with the quantity
N*∆fIBN . In other words, I suppose a combination like the following:

∆fOBN = N∆fIBN ±∆foff (4.13)

In the previous equation the sign ± indicates that it cannot predict the
exact way in which the two contributions combine to match the measured
value. Nevertheless, the exact combination can be retrieved noting that the
offset contribution (∆foff ) has to have, by definition, a constant value for all
the OBNs. The idea is to use both the two combinations and select the one
that give a constant value. This can be done, if the linear contribution of
∆foff with N*∆fIBN matches ∆fOBN .
More specifically, using the inverse formula (∆foff = N∆fIBN ±∆fOBN ), the
terms N*∆fIBN and ∆fOBN are combined once with a sum combination and
then with a difference combination. The correct combination is the one for
which the ∆foff is more similar to a constant value for all the optical beat-
notes.
Following this method, the offset contribution has been calculated, a constant
value has been obtained and shown in the previous tables.
Thereafter, these data are analysed to calculate the tuning coefficient.

TABLE 4.6: The tuning coefficient of current and LED modulation are estimated
by the data shown in the previous tables 4.4, 4.5.

Mod. Vpp(V) ∆foff,pp (MHz)
foff
Vpp

(
MHz
V

)
∆fIBN,pp (MHz) fIBN

Vpp

(
MHz
V

) ∆foff
∆fIBN

LED 2 -36.98 +18.5 0.25 -0.125 -147.9
i 0.732 +38.88 -53.11 -0.25 +0.34 -155.5

A further elaboration of the previous results is summarized in table.4.6.
The voltage tuning coefficient for both the IBN and offset, and for both the
actuators is calculated.
In this way, an estimation about the possibility that the two actuators act dif-
ferently on offset and IBN is given by the ratio ∆foffset/∆fIBN .
The retrieved results show that, for both the cases in which the modulation
of the light and of the current is applied, the IBN results to be less perturbed
with respect to the offset. Moreover, the current modulation has a stronger
effect on the offset with respect to the LED.
Furthermore, the results reported in the table show that the offset contribu-
tion has a different sign for the two kinds of modulation. This suggests that
if the two modulations are applied and summed in phase, the total contri-
bution on the offset is zero. From an experimental point of view, this effect
can be easily verified observing the IBN frequency shift until it reaches a zero
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value.
The idea is to combine the two modulations in order to cancel the IBN mod-
ulation with a compensation between two opposite effects. In this way, their
relative phase is adjusted with an iterative procedure until the IBN seems to
be as stable as possible, like when a phase locked is applied.

FIGURE 4.30: LED and current modulation on. On the top: time evolution of
the IBN and OBNs. On the bottom: OBNs (on the left) and IBN (on the right)

frequency shifts.

TABLE 4.7: LED and current modulation on. The data extracted from the Fig.
4.30 are reported in the table. For each QCL mode the frequency shift of the

respective optical beat-note and IBN is reported.
f (THz) ∆fOBN (MHz) N ∆fIBN (MHz) N*∆fIBN ∆foff (MHz)
2.8636 1.00173 145 0 0 1.00173
2.8485 1.00395 144 0 0 1.00395
2.8294 1.00964 143 0 0 1.00964
2.8101 1.00103 141 0 0 1.00103
2.7481 1.00352 139 0 0 1.00352
2.7094 1.00901 137 0 0 1.00901

In this condition, the time evolution and the measured frequency shift of
OBNs and IBN are shown in Fig.4.30. The IBN appears very stable and its
frequency shift is negligible. As a consequence, the optical beat-notes have
the same frequency shift. The reason is that the contribution of the IBN has
been reduced and the OBNs frequency shifts are mainly due to the offset.
The elaboration of these data and the estimation of the offset contribution
are reported in table 4.7.



Chapter 4. Exploration of QCL properties through beat-notes detection 104

Derivation of the fixed-point

From the measurement just described, it can be determined the frequency
point that does not undergo a frequency shift when the LED or current mod-
ulation is applied. Generally, the response of a frequency comb’s modes to
a specific control can be intuitively described in terms of an elastic ribbon
model and a fixed-point of the comb. The latter is a single frequency which
remains stationary while the comb expands or contracts about it [95].
The expression for the point in the comb that remains fixed can be obtained
by requiring the differentiation of the comb equation (f = m ∗ fIBN + foff ):

∆ffix = mfix∆fIBN + ∆foffset = 0, (4.14)

where ∆ indicates a variation due to intensity modulation and mfix is, in
general, not an integer. Substituting mfix into f = mfixfIBN + foff yields the
fixed-point frequency:

ffix = foffset +

(
−∆foffset

∆fIBN

)
frep (4.15)

With this expression the frequency of the fixed-point can be calculated for
both the two actuators:

LED : N = (−∆foffset
∆fIBN

) = 148→ ffix = 2.9222 THz (4.16)

Current : N = (−∆foffset
∆fIBN

) = 155→ ffix = 3.060 THz (4.17)

where foff = −5301 MHz and fIBN = 19.781 GHz.

FIGURE 4.31: Measurement of the frequency of the fixed-point in the free-
running condition.

Moreover, the fixed-point is calculated in the free running operation. In
this condition, the frequency shifts of the optical beat-notes are measured and
reported in function of their absolute frequencies. The intercept of the linear
fit gives the frequency at zero width which is the fixed-point (Fig.4.31):
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Free− running : ffix = 2.421 THz. (4.18)

4.3.6 Phase Locking

Phase locking a laser to a reference involves to precisely control the phase of
the laser radiation field. In this way, the frequency is stabilized and the line
profile of the reference is transferred to the laser.
As said before, the idea is to use the driving device current and the white led
to lock both QCL-IBN and the offset, the latter by locking one OBN to the
FCS.
In order to perform a double phase lock, four possible combinations can be
performed, as sketched in the following table 4.8.

TABLE 4.8: Schematic of the four possible phase-lock combinations.

OBN IBN
LED ? ?

Current ? ?

The first step consists on the analysis of each single phase-lock.

FIGURE 4.32: Schematic of the electronic setup for the phase-lock of the OBN
with the driving current actuator.

Two examples of the electronic setup used for the phase lock are sketched.
The phase-lock of the OBN with the current is shown in Fig.4.32, while the
phase lock of the IBN with the LED is shown in Fig.4.33.
A typical phase-lock loop circuit consists of a phase detector, loop filter, volt-
age controlled oscillator (VCO) and a divider. The beat-note to be phase-
locked is processed by a home-made phase-detection electronic, which com-
pares it with a 40-MHz local oscillator (LO) and provides the error signal for
closing the phase-locked loop (PLL). The actuator (LED or current) compen-
sates the error signal.
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FIGURE 4.33: Schematic of the electronic setup for the phase-lock of the IBN
with the LED actuator.

Locking the intermodal beat-note

The phase-lock of the intermodal beat-note is discussed in this section.

FIGURE 4.34: Intermodal beat-note in the free running condition (a) and in the
phase-lock condition alternatively with the current (b) and with the LED (c).

The IBN is shown in Fig.4.34 in the free running (a), in the phase lock con-
dition with the QCL driving current (b) and with the LED light (c).
When the IBN is phase-locked, the servo bands in (b) and (c) have different
shapes. The reason is that the two phase-locks have different gain param-
eters, loop performance and bandwidth of lock. More specifically, for the
current, the servo bands are broader. Indeed, as analysed in section 4.3.4, the
LED actuator has a reduced bandwidth.

Locking the optical beat-note

Concerning the phase-lock of the optical beat-note, it is worth noting that the
OBN under analysis is the one labelled with the number "9".
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FIGURE 4.35: Optical beat-note in the free running condition (on the left) and
in the phase-lock condition with the current (on the right).

The OBN is shown in Fig.4.35 in the free running (on the left) and in the
phase lock condition with the QCL driving current (on the right).
The phase lock of the OBN with the LED actuator has not been performed
because some problems with the electronic setup have been encountered.
Indeed, as described before, the LED is a slow actuator that has a reduced
bandwidth. In this way, the phase-lock with the LED is not a trivial task.
This kind of phase lock works correctly on signal with a width of few kHz,
as done with the IBN. Indeed, the OBNs have a width of few MHz and the
phase-lock with the LED actuator does not work. Further improvements of
the electronic phase-lock loop will be considered.

Effect of the IBN locking an OBNs

During the phase-lock of the IBN some induced perturbation on the OBN
have been observed and analysed.

FIGURE 4.36: On the left: intermodal beat-note phase-locked. On the right:
optical beat-note when the intermodal beat-note is phase-locked.

The IBN and three OBNs are reported in Fig.4.36 when the IBN is phase-
locked with the current actuator.
As shown in figure 4.36, closing the loop on the electrical beat-note clearly
broadens the optical signals as clearly if one compares with the free running
condition shown in Fig.4.35. This is probably due to the fact that the current
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actuator acts not only on the IBN but also on the offset. In this way, an addi-
tional shift is observed.
Moreover, a small contribution is due to the ground loop in the lab, as the
laser current supply is battery driven.

FIGURE 4.37: Time evolution of the IBN (on the left) in the free-running condi-
tion and of the OBN (on the right) when the IBN is phase-locked.

In order to explain the effect, time evolution of the signals is shown in
Fig.4.37. On the left, the acquisition of the IBN in free running conditions
(like Fig.4.34) is reported. On the right, the acquisition of the OBN (n.9) with
the IBN phase locked (like Fig.4.35) is reported. It is clear that the phase lock
transfers the noise from one signal to the other.

Active compensation

To conclude, a detailed analysis of the contribution of the IBN on the OBNs is
described. The goal is to observe how the free-running or the phase-locking
condition of the IBN can produce a frequency shift on the OBNs. In this way,
the offset contribution can be calculated.

FIGURE 4.38: Normalized frequency shift of the optical beat-notes in the free
running condition and when the IBN is phase locked. On the left: current mod-

ulation on. On the right: LED modulation on.

The frequency shift amplitude of each OBN are measured when the IBN
is phase-locked with the LED, shown in Fig.4.38 (left) and when the IBN is
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phase-locked with the current, shown in Fig.4.38 (right). When the IBN is
phase-locked, the current or alternatively the LED are modulated to observe
their effects on the OBNs. The frequency shifts of the OBNs are measured at
two different working conditions of the two actuators.
As shown in the graphs, when the IBN is phase-locked, the OBNs have the
same frequency shift as clearly if one considers that ∆fIBN = 0. In other
words, their frequency shifts now depend only on the offset.
Differently, when the IBN is free-running, the OBNs frequency shifts include
also the IBN contribution and its effect is highest for highest frequencies.
Moreover, the OBNs at highest frequencies result narrowest. In order to un-
derstand these phenomena, a further analysis concerns how the contribution
of the offset and IBN acts to the total frequency shift of the OBNs, as de-
scribed in section 4.3.5.

TABLE 4.9: Current modulation on. The driving current is biased with a voltage
V = 2Vpp. The data extracted from the Fig. 4.38 are reported in the table. The

frequency shifts of the OBNs, IBN and offset contribution are reported.

f (THz) ∆fOBN (MHz) N ∆fIBN (MHz) N*∆fIBN ∆foff
2.8636 9.19599 145 0.48 69.6 78.79599
2.8485 9.67661 144 0.48 69.12 78.79661
2.8294 10.18413 143 0.48 68.64 78.82413
2.8101 10.65022 141 0.48 68.16 78.81022
2.7481 12.05877 139 0.48 66.71 78.77877
2.7249 12.5134 139 0.48 66.24 78.7534
2.7094 13.00046 137 0.48 65.76 78.76046

TABLE 4.10: LED modulation on. The LED is biased with a voltage V =
300mVpp. The data extracted from the Fig.4.38 are reported in the table. The

frequency shifts of the OBNs, IBN and offset contribution are reported.

f (THz) ∆fOBN (MHz) N ∆fIBN (MHz) N*∆fIBN ∆foff
2.8636 7.56059 145 0.54 69.6 77.16059
2.8485 8.06886 144 0.54 69.12 77.18886
2.8294 8.61523 143 0.54 68.64 77.25523
2.8101 9.05704 141 0.54 68.16 77.21704
2.7481 10.71791 139 0.54 66.72 77.43791
2.7249 11.23571 139 0.54 66.24 77.47571
2.7094 11.72015 137 0.54 65.76 77.48015

The tables 4.9 and 4.10 are equivalent to the tables 4.5, 4.4. As explained
before, the frequency shifts of the OBNs are given by the contribution of the
offset and IBN. Moreover, in the phase-lock condition, the offset has the same
contribution for all the modes.

Finally, it is shown how the two actuators act differently on offset and
IBN, as summarized in table.4.11. The retrieved values are similar to the one
shown in table 4.2.
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TABLE 4.11: Tuning coefficient of current and LED modulation estimated with
the data shown in the tables 4.10 and 4.9.

Mod. Vpp(V) ∆foff,pp (MHz)
foff
V

(
MHz
Vpp

)
∆fIBN,pp (MHz) fIBN

Vpp

(
MHz
V

) ∆foff
∆fr

LED 0.300 77.21 257 0.540 1.8 143
i 2 78.8 39.4 0.480 0.240 164

Locking both the QCL offset and the intermodal beat-note

The further step is the double phase-lock of both the offset (through the
OBNs) and the IBN. Nevertheless, some problems have been encountered.

FIGURE 4.39: Signals errors of the phase lock with LED and current, observed
on the oscilloscope.

In order to better explain the reason why the double phase-lock does not
work, the signal errors of the phase lock with LED and current, observed on
the oscilloscope are shown in the figure 4.39.
The two actuators are exclusive: when one actuator is locked (level +0V), the
other one is out of lock (level−2V or +2V). In other words, the two actuators
cannot work simultaneous to perform a double phase-lock of IBN and offset.

4.3.7 Frequency difference: an alternative way to phase lock

In order to overcome the problems in the double phase-lock, described be-
fore, a tempting idea is to simulate a phase-lock loop by subtracting the fre-
quency of one OBN to the other ones. The difference operation would sub-
tract the offset contribution. In this way, if the common oscillation to all the
OBNs is removed, the frequency difference will reduce the OBNs frequency
shifts.
More specifically, the frequency shift of the OBN n.9 is subtracted to the other
OBNs (8-1), that is mixing the whole train of beating notes with the ninth one.

The electronic setup, shown schematically in Fig.4.40, is almost equiva-
lent to a phase-lock of one beat-note. The signal from the HEB is sent to a
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FIGURE 4.40: Electronic set-up used for the frequency difference operation.

couple of filters in order to extract the band from 133MHz to 190MHz. A
splitter divides equally the signal in two parts. One fraction is amplified, fil-
tered and then mixed with the signal of the power generator, which provides
the shift of the signal. Differently, the other fraction is sent in a mixer where,
recombined with the shifted signal, and the subtraction is performed.

Free running operation

In the frequency difference configuration, the frequency noise of the first
OBN is subtracted (with an offset) to all the others.
This operation is the opposite to the one described in 4.3.5. In that case, the
LED and the current modulations are both applied to the device in order to
stabilize the IBN and the IBN contribution is suppressed. Differently, in this
case, the offset contribution is subtracted to all the OBNs.
Nevertheless, the noise compensation on the other OBNs (8-1) is not perfect,
indicating that not all the QCL frequency noise is a common-mode (offset)
noise. Despite this, a residual noise due to the fluctuations of the QCL teeth
spacing is still present.

FIGURE 4.41: Optical beat-notes after the subtraction of the frequency of the
first OBN, labelled with n.9.
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The frequency of the OBN, labelled with n.9, is subtracted to the others
that were just shifted in order to avoid a zero-resulting frequency of the 9-
OBN. The acquired spectrum is shown in Fig.4.41.

FIGURE 4.42: Standard deviation obtained by the linear fit of the OBN fre-
quency shift versus the frequency mode.

The frequency shift of the OBNs, when the frequency difference is ap-
plied, has been analysed and several measurements have been performed.
The results are reported in Fig.4.42. The data concern successive acquisitions
in time of the OBNs. During these acquisitions, fluctuations are still present.
For this reason, the average value of the standard deviation obtained by a
linear fit of each acquisition is reported.

Application of the LED modulation

After removing the offset contribution, the OBNs, in the frequency difference
operation, are observed when the LED intensity is modulated. In this way,
the perturbation could concern only the IBN and the frequency shift could
be the same for all the OBNs.

FIGURE 4.43: Screen-shot of the spectrum analyser (RBW=20kHz,
Span=40MHz). The optical beat-notes are shown when the frequency
difference is performed (on the left) and when the LED modulation is applied

(on the right). For clarity in comparison, their time evolutions are reported.

The time evolution of two different spectra in the difference frequency
operation are shown in Fig.4.43. The images are screen-shots directly taken
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from the spectrum analyser.
The time evolution of the OBNs when the frequency difference is applied,
shown in the spectrum on the left. It is visible that the OBN subtracted to the
others, is clearly very narrow because of the difference with itself. Instead,
the widths of the OBNs increase with the distance from the first one.
Differently, when the LED intensity is modulated, the frequency shift of the
OBNs seems to be the same as shown in the spectrum, reported on the right
of the figure.

Locking the electrical beat-note

In the frequency difference configuration, the phase-lock of the IBN can be a
way to simulate a double phase lock. In this way, the frequency shift of the
OBNs is measured as an estimation of the condition in which both the offset
and the IBN are locked.

FIGURE 4.44: Example of the multi-heterodyne signal spectrum showing the
optical beatings between QCL and the THz FCS (labelled from A to F), while
the QCL modes spacing is phase locked to a microwave local oscillator and the

QCL-comb offset frequency has been subtracted.

In this configuration, by stabilizing the QCL-comb spacing to a microwave
local oscillator, the phase coherence between the QCL modes has been di-
rectly observed and characterized (see fig. 4.44). Clearly this graph puts in
evidence that any single beat-note is narrowed down the instrumental limit
(see insets for beat-notes A and E) and confirms that modes are highly coher-
ent.
The locked tooth emission linewidth is therefore narrowed down to the level
of about 100 Hz. If a double phase-lock is performed, it will allow the nar-
rowing of all the comb teeth down to the above-mentioned level.

4.3.8 Measurement of the phases of the QCL-comb modes

The measurements described in the previous sections have shown that the
QCL emission has a true comb-like structure, which can be parameterized
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by the two typical comb quantities “offset” and “spacing”. A mandatory
step is the demonstration that the QCL emits as a coherent optical comb with
a phase relation between the QCL modes.
To this purpose, the measurement requires a QCL spectrum as stable as pos-
sible by reducing the frequency shifts. As already described, in the last part
of the experiment, the offset fluctuations are removed with a frequency dif-
ference operation and the IBN is phase locked. This configuration is a proven
way to simulate a double phase-lock of the device. Moreover, by locking the
comb-OR repetition rate, the phase coherence between the QCL modes can
be directly observed and characterized.
The measurement is performed as follows. The optical beat-notes are ob-
served with the spectrum analyser and data are acquired with a kind of
time-evolution acquisition (IQT) that gives the in-phase and in-quadrature
component of the signal.
The data stream has a total acquisition time of 440 ms, with a 37.5 Msample of
acquisition rate, and is divided, for istance, into 20 frames of 22.3 ms acquisi-
tion time. Afterwards, for each frame the Fast Fourier Transformation (FFT)
of the signal (amplitude and phase) has been computed with a data-analysis
program.

FIGURE 4.45: Phase (orange) and amplitude (blue) of the acquired spectra, ob-
tained with a Fast Fourier Tramsformation. The optical beat-notes are labelled.
On the left: amplitude expressed in dBm. On the right: amplitude expressed in

linear scale.

The obtained amplitude (in blue) and phase (in orange) of the acquired
spectra, obtained with the FFT are shown in Fig.4.45. From these data, the
spectrum of the OBNs is retrieved and the phase appears as an apparently
noise band.

In order to elaborate the data, the phase signal on the single peak, shown
in Fig.4.46 is analysed. Considering that the FFT is a discrete operation, the
mode phase is assumed to be the phase of the FFT point corresponding to
the peak in the amplitude spectrum. More specifically, the value of the phase
(tagged with a red point) is taken at the centre frequency of the peak. This
procedure is performed for each peak and then, for each frame, using a pro-
gram written in Mathematica.

After the elaboration of the data, the residuals are reported in function
of the QCL modes at different frames (Fig.4.47). Within each group, one can
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FIGURE 4.46: Amplitude (in blue) and phase (in orange) of the peak nr.4 of the
graph shown in Fig.4.45.

FIGURE 4.47: Phase analysis. Elaboration of the data extracted from the graph
4.45.

say that the phases of the modes are constant over a 440 ms timescale. Apart
from that the data are affected by errors in the measurement and systematic
residual effect, it is clear that the phase of each mode is well defined and con-
stant in the time as follows from the fact that the relative value of each mode
is quite the same for all the frames. In other words, the measurement pro-
vides that the phase is clearly stable over the whole acquisition. However,
these results are still preliminary, and a more detailed analysis is necessary.
Nevertheless, this measurement is an unequivocal proof of a phase-relation
between the QCL modes, demonstrating the comb-like nature.
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Conclusion

To conclude, I report here a summary of the main results obtained in this
work, along with some future perspectives.
The main theme of this work has been the development and application of
terahertz spectroscopy tools. The goal was to improve the performance of
the THz spectrometer developed in the past years by my advisor’s group
and based on THz frequency comb synthesizer in combination with THz
quantum cascade lasers. To this purpose, high-resolution THz spectroscopic
techniques have been developed. In order to increase the sensitivity of the
spectroscopic system, resonant THz cavities have been set up and character-
ized. Then, the metrological-grade system has been improved and employed
for the characterization and exploration of the properties of THz sources.

The first part of this work concerns the study and the experimental real-
ization of three different resonant cavities (V-shaped, ring-shaped and bow-
tie cavity), tested with a THz QCL. The cavities are based on Au-coated mir-
rors and free-standing wire-grid polarizers acting as input/output couplers.
A complete characterization is reported, and their parameters, experimen-
tally obtained, result to be in good agreement with the calculated ones.
The V-shaped and the ring-shaped cavities reach a finesses F ≈ 60 proving
to be the first resonators with Q > 105 at frequencies well above 1 THz (in
this case 2.55 THz).
The present work also shows the effect of the optical feedback from an ex-
ternal resonator (the V-shaped cavity) on the QCL frequency. The validation
of this effect has been made possible by using the second cavity (the ring-
shaped one) as transducer of the QCL frequency fluctuation under OF condi-
tion. This first evidence opens up interesting perspectives on the narrowing
and control of the emission frequency of a QCL by means of THz resonant
cavities.
Moreover, the third cavity, i.e. the bow-tie shaped, has been designed to
push the current finesse value towards higher level with respect to the previ-
ous geometries (V-shaped and ring-shaped). The bow-tie cavity represents a
way to keep the key aspects of the V-shaped and ring-cavity, improving the
Q-value to 8.1× 106.
Further improvements are expected by using metallic mirrors with larger re-
flectivity (e.g. unprotected gold coated mirrors), with respect to the ones
used in this work, thus leading to Q > 106.
THz cavities with this performance will be fundamental tools for the next
generation of high-sensitivity and high-resolution THz spectroscopic experi-
ments based on QCLs. In this way, not only an outstanding enhancement of
the available optical power will be provided, but also a narrow reference for
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the QCL frequency.
The second activity of this work deals with the improvement of the metro-
logical grade system developed in the past years. The system consisted in
a FCS generated by a non-linear crystal (LiNbO3) by optical rectification of
a Ti:Sapphire fs laser, emitting at 800 nm, and the generation was based on
Cherenkov emission.
Concerning the performance of the THz FCS, an upgrade of this system is
proposed by changing the pump source. The latter has been upgraded to an
Erbium fiber fs-laser, working at 1.5 µm wavelength, with 350 mW average
power and 250 MHz of repetition rate and with ∼ 60fs width pulses.
With this system, a generation efficiency of 10−4 at room temperature has
been reached. The light emitted is a THz comb, with the repetition rate of the
pump laser and a zero-offset.
Then, the work deals with the detection of beat-notes between the THz-comb
and a THz-QCL. The detection of these beat-notes is the first step for the
phase-locking of a QCL to the THz comb in order to stabilize and control the
QCL emission, performing high resolution spectroscopy.
Furthermore, the detection of the beat-notes is useful to measure the tuning
characteristics and the absolute emission frequency of terahertz sources. As
a matter of fact, this metrological grade system has been used to characterize
two different designs of QCLs.
The first characterized device is based on intracavity difference-frequency
generation in QCL. Recently, this kind of source has emerged as the first
monolithic electrically pumped semiconductor source capable of operating
at room temperature across the 1-6 THz range. In this thesis, for the first
time, the free-running emission linewidth, the tuning characteristics, and the
absolute emission frequencies of this source have been measured with an un-
certainty of 4x10−10.
The measured emission linewidth (400 kHz at 1-ms integration time) indi-
cates that DFG-QCLs are well suited to operate as local oscillators and so
they could be exploited in a variety of metrological, spectroscopic, communi-
cation, and imaging applications that require narrow-linewidth THz sources.
Furthermore, the accuracy of the techniques used in this work allows to un-
veil the current- and temperature-induced tuning, so providing relevant in-
formation for the building of low-chirp and low–frequency noise THz emit-
ters by a novel design of the gain media for these devices.
Finally, the second kind of QCL that has been characterized is a broadband
multimode QCL, specifically developed for a coherent comb-like operation
thanks to the four-wave mixing processes occurring in its active region. Its
tuning characteristics and the absolute centre frequencies of its modes are
measured as done for the previous device.
The characterization of this device demonstrates that the QCL emission has
a true comb-like structure, which can be parametrized by the two typical
comb quantities “offset” and “spacing”. Their dependence from the oper-
ational parameters (such as driving current) is characterized and explored.
Further analyses are motivated by the fact that it would be very important
to completely control this kind of device, through the two equivalent comb
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quantities: the offset and the intermodal beatnote. Indeed, these investiga-
tions have concerned a careful analysis on the possibility to use the driving
current and the light of a LED as two independent actuators to phase lock
both the QCL offset and IBN. Despite the two actuators have revealed to
be far from the orthogonal condition, the QCL parameters can be separately
controlled to explore their properties.
For this reason, a detailed analysis about the way in which the two actuators
act on the IBN and offset is reported. The two parameters are investigated
when the modulation of the LED intensity or the driving current is applied.
In both cases, the offset results to be more perturbed with respect to the IBN.
Furthermore, by properly combining the two actuators, it has been demon-
strated that the IBN fluctuation can be compensated.
In the final part of the experiment, a phase lock is separately performed on
both the IBN and on an optical beatnote. Despite problems have been en-
counted for the double phase-lock, the latter is simulated with an alterna-
tively method. The latter consists on the elimination of the offset fluctuations
by means of a frequency difference operation while the IBN is phase locked.
In this configuration, the phase coherence between the QCL modes has been
directly observed and characterized. Whilst these studies are preliminary,
the measurement is an unequivocal proof of the phase relation between the
QCL modes, confirming the comb-like nature.
Moreover, the possible availability of a second independent actuator for the
QCL parameters, that is presently under investigation, will likely enable a
full control of the whole emitted spectrum allowing the narrowing of all the
comb teeth down to the retrieved level (100 Hz). However these results rep-
resent the first milestone towards a full control of the device by means of the
double phase lock of the two QCL parameters.
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