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Abstract

This doctoral dissertation presents different approaches to exploit optical frequency
comb sources for high precision and broadband spectroscopy. In particular, a comb
assisted sub-Doppler spectroscopy of fluoroform, CHF3, is described, using a quan-
tum cascade laser at 8.6 pum phase-locked to a mid-infrared difference frequency
generation comb. Direct transmission measurement and wavelength modulation are
investigated to measure absorption profiles reaching its best relative precision at the
level of 107! in line centre determination, moreover pressure shift and broadening
coefficient could be determined. Additionally, frequency modulation and modula-
tion transfer techniques are exploited to frequency lock a QCL to CHF3 line centres.
In this way, a mid-infrared absolute reference is created reaching a stability at the
level of 107! for an integration time of 100 s. Direct-comb spectroscopy has been
also investigated. A new spectroscopy method called SMART is characterised in
terms of bandwidth and ultimate resolution. Spectroscopy of acetylene gas and
of a narrow Fabry-Pérot cavity have been performed at 1.5 pm demonstrating 50
kHz resolution over a span of 4 THz. Moreover, a new application for dual-comb
spectroscopy is demonstrated, with a proof of principle of dual-comb high-spectral
resolution hyperspectral imaging experiment of ammonia and acetylene around 1.5
pm. A resolution of 350 MHz over a 0.6 THz bandwidth has been demonstrated for
512 spatial elements parallelly acquired.
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Introduction

For more than half a century, laser spectroscopy has been the main tool to identify
and measure molecules and their dynamics. In the last twenty years, high-resolution
and broadband spectroscopy performances could accelerate due to the advent of the
optical frequency comb, an optical pulsed source that can be represented by thousand
narrow line continuous wave laser all equally spaced, which frequencies can be known
with a fractional accuracy of 10716 or better. Originally developed to provide a direct
link between the optical and radio-frequency domains (2005 Nobel prize for Physics
to T. W. Hansch and J. L. Hall “for their contributions to the development of
laser-based precision spectroscopy, including the optical frequency comb technique”
[1]]2]), optical frequency combs have spread in many other research areas, such
as attosecond science, optical waveform generation, remote sensing and distance
measurements, low-phase-noise microwave synthesis, optical communications and
astrophysics. In between all the possible application of these sources, precision and
broadband spectroscopy holds a central role since it allows a variety of applications
from fundamental physics testing to biology and medicine. The availability of a
frequency comb, hundreds of thousands of precise and accurate optical modes in a
single laser source, allows a unique combination of large bandwidth and high spectral
resolution [3]. Two main groups of techniques have emerged for frequency combs
application in spectroscopy. In the first group, the optical frequency comb assists
a continuous-wave (CW) as an absolute frequency reference. Once the CW laser is
locked to the n-th comb mode, it can be precisely scanned across a desired molecular
absorption by fine tuning of the comb mode spacing frequency (the so called comb
repetition frequency). These kind of techniques are preferable when a single or
few absorption lines have to be measured with the highest frequency precision and
sensitivity. The second groups of techniques employs the optical frequency comb
to directly probe atomic and molecular samples (from here the name direct-comb
spectroscopy). Its great advantage relies on the large number of comb components
which allows a massive parallel detection to acquire spectroscopic information with
fast acquisition times.

This PhD research was aimed to develop novel spectroscopic methods in the
near- and mid-infrared spectral regions based on optical frequency comb sources
that combine high frequency precision, high sensitivity, ultrabroad bandwidth and
high measurement speed in a single powerful analytical tool for high-fidelity mapping
of the internal atomic and molecular energy structure. These novel class of spec-
trometers could be used in future in different applications, including atmospheric

XV



trace gas measurements, astrochemistry, breath analysis, industrial process mon-
itoring and fundamental laboratory spectroscopy. Both direct and assisted comb
spectroscopy approaches have been investigated, using fiber frequency combs and
quantum cascade lasers (QCL).

QCL are, now, a key tool for mid-infrared and terahertz ranges. These are spec-
troscopic regions where many strong absorption lines are accessible, stronger than
the near-infrared counterparts, offering a high sensibility in detecting most of the
molecules [4]. QCL allowed to fill the gap that for long time characterised these
spectral regions, with an electrically pumped system that provides high power, high
efficiency and wide tunability in a compact device. In order to reach high resolution
and high accuracy spectroscopy with QCL, its frequency of emission needs to be
stabilised and controlled. In this sense, optical frequency combs result in an obvious
solution, especially, when the goal its towards metrology application. A part of this
PhD research has been devoted to find and test the best stabilisation strategies for
a QCL emitting at 8.6 um in order to investigate the fluoroform molecule with the
highest spectral resolution and accuracy. This molecule presents attractive proper-
ties to be later utilised as target for ultra-high resolution spectroscopy for physical
constant variance testing, in particular, the proton-electron mass ratio [5]. In this
work, line centre frequencies of 95 transitions have been measured, with a best ac-
curacy of 400 Hz, in relative terms 2 x 10~ [6]. Thanks to frequency modulation
and modulation transfer stabilisation methods, the same molecule has been used as
a frequency reference. The stability of the QCL locked to the sub-Doppler profile
reached a best of 4 x 10712 [7], measure limited by the Rb-clock used as a frequency
reference.

A second part of this research has been dedicated to direct-comb-spectroscopy
methods in the near-infrared spectral region. This choice offers the possibility to par-
allelise acquisition over a ultra-broad spectral span, thank to the use of the whole
frequency comb. However, efforts have to be paid and new strategies have to be
found, in order to be able to resolve the single mode of a comb. Ordinary spec-
trometers can rarely resolve this structure, only for very high repetition frequencies,
because of they low spectral resolution.

A novel direct comb technique based on a scanning micro-cavity resonator (SMART)
[8] has been characterised in terms of resolution and bandwidth. It has been experi-
mentally demonstrated a resolution limited only by the frequency comb linewidth (in
the specific experiment 50 kHz over a 4 THz bandwidth [9]). This simple, compact
and accurate method to resolve the mode structure of an optical frequency comb
allows a straightforward absolute calibration of the optical-frequency axis with a
negligible instrumental lineshape that can be used in any spectral region from UV
to THz.

Additionally, a new application for another existing technique, dual-comb spec-
troscopy, has been explored, bringing to the realisation of a high-spectral resolution
hyperspectral imaging system. Thanks to the multiple frequency component of
the frequency comb and, also, thanks to the acquisition performed on a camera, a
multi-parallel detection is possible, allowing to access a three dimensional space of
information. A proof of concept experiment has been realised. It demonstrates the
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possibility to acquire in parallel 512 spacial element at a resolution of 350 MHz over
a 0.6 THz bandwidth, with the possibility to coherently average in time at least up
to 1000 s. Both these direct-comb-spectroscopy methods can be applied to real-time
gas sensing for different kind of application like environmental monitoring, breath
analysis or combustion dynamics studies.

In conclusion, this PhD thesis deals with frequency comb spectroscopies describ-
ing and discussing results obtained for high-precision sub-Doppler spectroscopy of
fluoroform and QCL frequency stabilisation against the same sub-Doppler absorp-
tion line, for direct-comb SMART spectroscopy and for dual-comb hyperspectral
imaging.

This thesis is structured as indicated:

Chapter 1

In this chapter, the main focus is on molecular absorptions, their intensity
profile and their detection. In particular, it deals with the main causes of
line broadening and shift, in linear and non-linear absorption regimes. About
spectroscopic methods, a particular attention is given to frequency modulation
and wavelength modulation detection strategies.

Chapter 2

The second chapter presents optical frequency combs. In particular, it de-
scribes their principles and representation in time and frequency domain; it
reviews the state of art technologies to generate them in any spectral region;
it illustrates how to employ frequency combs in spectroscopy.

Chapter 3

This third chapter describes high-resolution frequency comb-assisted Doppler-
free spectroscopy of CHF3. Two different spectroscopic techniques are applied:
a direct measurement scheme and a wavelength modulation method.

Chapter 4

The fourth chapter presents a possible solution for the realization of a fre-
quency standard in mid-infrared spectral region based on frequency stabiliza-
tion of a QCL against a sub-Doppler absorption line of CHF3 at 8.6 ym. A
detailed analysis on the frequency stability and reproducibility is presented
for two different strategies: frequency modulation and modulation transfer
spectroscopy methods.

Chapter 5

The fifth chapter reports on a new direct-frequency-comb spectrometer based
on a scanning micro-cavity resonator (SMART). In particular, it analyses
frequency accuracy and broadband capabilities of this new tool for single
comb mode detection by performing spectroscopic investigation of acetylene
at around 1.5 pm.

Chapter 6
The last chapter illustrates a new application for dual-comb spectroscopy: the
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hyperspectral imaging. In this case, a particular attention has been addressed
to high-frequency resolution and high signal to noise ratio. In particular,
hyperspectral imaging of acetylene and ammonia molecules at 1.5 pym is per-
formed.
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Chapter 1

Laser absorption spectroscopy

Most of our knowledge about the atomic structure of atoms comes from spectro-
scopic investigations. This tool is based on registration and analysis of the absorbed
and emitted spectra after that an electromagnetic field has interacted with a spectro-
scopic target. Wavelength measurements of spectral lines allow to determine energy
level structures. Line intensities give information, for example, about transition
probability and, as a consequence, about the space charge distribution of electrons
in atoms. Linewidths offer the possibility to understand lifetime of the involved en-
ergy levels or how the atom interact with environment (other atoms, magnetic and
electric field). These are only few examples of information that one can extrapolate
from a spectroscopic investigation.

A correct model of absorption phenomena is mandatory in order to extract under-
standable data. This first chapter deals with absorption mechanisms seen through
different physical microscopic and macroscopic variables, describing broadening and
shifting mechanisms in order to understand line shapes of absorption spectra. Af-
ter that, detection strategies are presented with particular attention in modulation
spectroscopy techniques.

1.1 Linear absorption

Assuming a monochromatic electromagnetic (EM) wave with an amplitude E, at
angular frequency w (Fig. 1.1), in a classical representation, it can be written as

E(z,t) = Egcos(wt — kz). (1.1)

This radiation interacts with an atom represented by a two-level system, upper level
la) and lower level |b), which have eigenstates at energy E, and Ej with E, > Ej.
For wavelength A\ = 27¢/w > d, being d the dimension of the considered atom, the
phase of the EM wave does not change much within the volume of an atom because
kz = (2r/)\)z < 1 and so it is possible to neglect the spatial variation of the field
amplitude (dipole approximation). If the origin of the reference system is set in the
centre of the atom, we can set kz ~ 0 so that we can rewrite Eq. 1.1 as

E(z,t) = Eycos(wt) = Ag(e™" + e, with Ao = §Eo. (1.2)
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Figure 1.1: Two-level system interacting with an EM field.

The Hamiltonian operator of the atom interacting with the EM field
H=Hy+V (1.3)

can be express as a sum of an unperturbed Hamiltonian of the free atom without
EM field, Hy, and an operator V that takes into account the light-matter interaction.
In the dipole approximation, the operator V can be expressed as

V=p-E=p- Ejcos(wt), (1.4)

where = —er is the dipole operator.

If the interaction of the EM field is weak, in order to study dynamical behaviour
of the system, it is possible to approximate it by perturbation theory. In this way,
unperturbed atomic eigenfunctions can be employed to study rate of transitions
between states [10]. By means of Fermi’s Golden Rule, it is possible to express
transition rates W, between states a and b as follows

27 ’
Wap = =5 | Hap| "0 (wap — ), (1.5)

with

H, = /quVude = —E/uZTude = —Etap, (1.6)

where 6(w.p — w) Kronecker’s delta (different from zero when w,, = w) and wy, =
(E, — E)/h. The matrix element H, can be expressed as function of the dipole
element piap, as _—
“ 0 . (1.7)
We can describe this interaction also as a function of the density of energy per
unit volume p(w). In this way, it is possible to write transition rates of the induced
absorption using Einstein’s coefficient of stimulated absorption By, so that

’H;b|2 =

Wab = Bab,o(w), (18)
2
a = - a 5 1.9
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with a density of energy per unit volume p(w) = I/c and being I = 1eocE? the
energy flux of the EM wave [10].

If we take into account that levels @ and b can have a sub-level structure, with
gm |am) and g, |b,) sub-levels, it is possible to introduce the line strength Sy, as

am an
m=1 n=1
In this way, Einstein’s coefficient By, can be written in a more general formula as
T 1
b = —Sap- 1.11
" 3eohga ™ (L.11)

Assuming now an ensemble of atoms or molecules with a density per unit volume
equal to N, where the lower level |b) has a N, population density and the upper level
|a) has a NV, population density, with N,+ N, = N and N,— N, = AN, the absorbed
power per unit volume can be express through the transition rate as

P(w)aps = hwWapAN. (1.12)

The intensity decay of a plane EM wave propagating through a medium character-
ized by an absorption coefficient a(w) [m™!] is given by the Lambert—Beer law [10]
as follows

I(w) = Ipe @)=, (1.13)
Energy conservation requires that

dl
_d_ :[a:Pabs:hwWabAN, (114)

z

2hwW o, AN

= 1.15
aw eocE? ( )

The absorption coefficient can be also obtained from the atomic susceptibility, in
particular, it is related to its imaginary part, x”, [11] as:

a(w) = "X

=35 (1.16)

This is valid only in the linear absorption regime, where a(w) does not depend on
the incoming intensity. Non-linear absorption will be analysed in section 1.2.

Another way of describing the interaction of radiation with matter involves the
definition of the cross-section parameter o [m?].It is expressed in units of area and
represents the probability of a molecule, as a target, to be hit by the incoming
photon flux. The total power absorbed by the ensemble is given by

P = Py N = o(w)I(w), (1.17)
so that
o(w) = #. (1.18)
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Figure 1.2: Left: Damped oscillator as a function of time. Right: Fourier transform
of the damped oscillator.

Spectral absorption lines are never strictly monochromatic but they always present
a spectral distribution around the central frequency wq of transitions. This is called
line profile. Causes of broadening are several and they can mainly divided in two
classes: homogeneous broadening, where all atoms/molecules manifest the same
broadening, and inhomogeneous broadening, where different atoms/molecules expe-
rience different effects.

1.1.1 Natural linewidth

An atom/molecule can emit energy as spontaneous radiation. The probability of
these events is the cause of natural linewidths. In order to understand the spectral
distribution of this kind of decay, it can be useful to make a comparison with the
classical model of a damped oscillator to describe the atomic electron motion. An
oscillator, defined by its mass m, its force constant k and its damping factor -, is
described by its differential equation of motion, with z(¢) being the amplitude of
the oscillation,

i+t +wir =0, (1.19)

where wg = k/m. The solution of 1.19 with initial condition z(0) = z¢, 2 = 0 and
a small damping parameter v can be approximated as

z(t) = zoe” P! cos(wt). (1.20)

This dumped oscillation (Fig. 1.2a) can represent an atomic transition with wy
being the central frequency of transitions between states at energies F, and Ej, such
that wg = (F, — Ep)/h. Since oscillation x(t) is no longer constant but it decreases,
the frequency of the emitted radiation is no more monochromatic. Its spectral
distribution can be retrieved by a Fourier transformation of z(t). The amplitude

A(w) is given by ) N
Aw) = E/— o(t)e ™", (1.21)
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If x(t) = 0 for t < 0, the previous integral can be solved giving

VB \ilw —wo) +7/2 " i(w+wo) +7/2)

The intensity [(w) x A(w)A*(w) (Fig 1.2 b) and in the proximity of wy, where
(wo — w)? K w?, the terms with (w + wy) can be neglected, so that it is possible to
retrieve the intensity profile [10]

Alw) =

(1.22)

C
(w—wo)® + (v/2)*

being C' a normalization constant. Setting C' = Iyy/2m, the line profile becomes
Lorentzian

I(w—wp) = (1.23)

B v/2m
M) = o+ (7 20
so that
I(w — wp) = IpL(w — wp). (1.25)

This line broadening can be linked to the finite lifetime of energy levels. Multiplying
equation 1.19 by ma, we have

mid + mwird = —ymi?>. (1.26)

The left side is the time derivative of the total energy W, the sum of the kinetic and
the potential energies of an harmonic oscillator, and it can be written as follows

d /m., m aw .
pr <E$2 + Ew%?) == —ymi?. (1.27)

Inserting z(t) from equation 1.20, neglecting terms with 7?2 and time averaging, the
time-averaged radiant power P is given as

P(t) = —%mx%w%e’“/t. (1.28)

This radiant power must be compared with the radiant power emitted by sponta-
neous emission. In fact, an atom in the excited state F; can go through spontaneous
emission with a rate given by A; Einstein coefficient so that given a population N;
of atoms in the excited state, they decay as

AN, = —A; Nydt, (1.29)
and integrated with N;(0) = Ny, they become
Ni(t) = Noe it (1.30)
The radiant power P is proportional to N(t)
P(t) = Ni(t)hwapA; = ce . (1.31)

5



! \/AE} + AE} AE;

Ayy =
0 h

Y v < AE;4

Figure 1.3: Left: line with natural linewidth Awy. Right: two levels system with
uncertainties AF; and AFE,.

Comparing equation 1.28 and 1.31, we can state that the natural linewidth is
due to a finite lifetime of the excited state with v o< A;.

The same result can also be retrieved from the uncertainty principle (Fig. 1.3)[11].
An energy level uncertainty AF can be related to the mean lifetime 7; as AF; ~ h/7;.
The transition frequency w;, = (F; — Fy)/h has therefore an uncertainty expressed
as

dw=AE/h=1/T. (1.32)

If the lower level E} is not in the ground state, it has a finite lifetime 7 so that the
total frequency uncertainty can be written as

dwyp =/ (172 + 1/77). (1.33)

1.1.2 Collisional Broadening

When two atoms A and B approach each other, their energy levels shift because
of interaction [11]. In general, these shifts are different for each energy level and
they can be positive or negative depending on the kind of interaction (repulsive or
attractive).

Typical potential curves of interaction as a function of the distance R between
A and B are present in Fig. 1.4 [11]. This interaction at distances R < R, is called
collision and the R, radius is the collision radius. If no energy is transferred between
the pair, this collision is said elastic. Without any recombination mechanism, the
partner interacts for a typical collision time 7. ~ R./v, which depends on the relative
velocity v.

During the collision time, the atom A changes its frequency of resonance. In
particular, the energy difference between the energy levels k£ and ¢ becomes a function
of the interatomic distance R(t) at the time of the transition so that

ABy = (E(R) — Ex(R)) (1.34)

As a consequence, the intensity profile, I(w), due to collisions can by expressed
[11] by

I(w) x / A (R)Pa(R) [E(R) — Ey(R)] dR. (1.35)

6
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Figure 1.4: Potential curve as a function of atoms distance R.

Aix(R) is the spontaneous transition probability and it is function of R because of
the change of the electronic wave-function due to the presence of the second atom
B. P.,(R) is the probability that the distance between the atoms is in the range
between R and R + dR during the iteration time.

Besides elastic collisions, inelastic collisions may also take place. In this case,
a part or all the excitation energy is transferred from atom A to atom B. Such
collision results in a decrease number atoms in the excited states level F;, and from
this the name of quenching collisions.

Inelastic collision probability A is given by

A% = Npow, (1.36)

SET MM
v=4)—, p=-—=2"5 (1.37)
T My + Mp

The total probability A; that level E; is depopulated is due to spontaneous emission
and inelastic collision so that

with

Ay = AT 4 Aok, (1.38)

This probability of depopulation causes a corresponding line broadening, similar to
natural linewidth, keeping a Lorentzian profile, such that [11]

C
(w —wo)* + [(yn + Yea) /2>

I(w) = (1.39)

Summarizing with elastic and inelastic collision intensity profiles of absorption,

I(w) becomes
C*
(w —wo = 6w)? + [(Yn + Yeor) /2]*

I(w) = (1.40)
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Figure 1.5: Lorentzian line shape shift and broadening due to collisions. In blue an
unperturbed transition, in red after collision broadening and shift.

with C* = (Io/27)(y + Npvoy). The line shift dw
dw = Npvo, (1.41)

and line broadening
v = v, + Ngvoy (1.42)

can be calculated with the number density Np of collision parameters B and the
collision cross-section o, for line shift and the o, for broadening.

1.1.3 Transit time broadening

In transitions with a long spontaneous lifetime, e.g. rotational-vibrational transi-
tions, the transit time T' = d/|v| of a molecule through a laser beam of diameter d
must be taken in consideration in broadening mechanisms. The linewidth of molec-
ular transitions is no longer limited by the spontaneous transition probabilities, but
by the time of interaction with laser beam.
This can be seen as an harmonic oscillator that interacts with Gaussian distri-
bution of the EM field
E = Eye /" cos(wt), (1.43)

where 2w is the diameter of the beam. Coming back to the frequency spectrum
of a damped oscillator of equation 1.21 and substituting x(t) = aF, one obtain an

intensity profile [11]
w?
I(w) = [0 exXp (— ((,L) — w0)2 2—1)2> . (144)

This is a Gaussian profile with a FWHM equal to

2
Swi = /2102 =~ 2.40/w — Svy ~ 0.4v/w. (1.45)
w
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Figure 1.6: Intensity profile of an atom traversing a laser beam with a Gaussian
profile with linewidth 2w.

Until now, we have considered a plane wave front for the interacting radiation and
molecules moving parallel to these planes. However, the phase surfaces of a Gaussian
beam are curved. If this effect is included in the calculation as an additional phase
shift depending on the location of different molecules respect to the wavefront, we
obtain the transit time broadened halfwidth, including the wavefront curvature effect

2\ 2 9\ 2
14+ (2 1+ (S
R R

1.1.4 Doppler linewidth

In general jnatural linewidth can not be observed because its Lorentzian profile is
concealed by other broadening effects. One of these major contribution come from
Doppler width, which is due to the thermal motion of molecules.

Considering a molecule with a velocity v relative to the frame of reference of the
observer, the central frequency of molecular emission wy in the molecular coordinate
system shifts due to Doppler effect to

1/2
= 0wy

1/2

dw = 2—Uv2ln2 (1.46)
w

we=wo+ k- v, (1.47)

where k = 27“&;6 is the wave vector of the emitted radiation.

An observer sees an increasing w, if molecules move towards him /her (k-v > 0)
and decreasing if molecules move in opposite direction (k- v < 0). Similarly, the
frequency of a plane EM wave E = Egexp(i(wt + k - r)) is shifted and in moving

molecule frame of reference becomes
Ww=w—k-v. (1.48)

Molecules can absorb only frequencies w’ equal to wy so that the absorbed frequency
w = w, is given by (Fig. 1.7)
Wq :W0+k'v. (149)
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Figure 1.7: Shifted frequency due to Doppler effect, where w’ is the frequency in
molecules frame of reference and wy, is the absorbed frequency.

Absorption happens at higher frequency if molecules move parallel to the wave
propagation. If z-direction is chosen coincident with light direction so that k =
{0,0,k.} (and k = 27/X) equation 1.49 becomes

we = wo(l +v,/c). (1.50)

At thermal equilibrium, the number of molecules per unit volume n;(v,)dv, in
level E; with a velocity between v, and v, + dv, is given by

N; 2
i\Uz d z — : —(vs/vp) d 2 1.51
oo, = e, (151)

where N; is the density of the molecules in E; level, v, = (2kT/m)"/? is the most
probable velocity, m is the mass of the molecule, T" is the absolute temperature and
k is Boltzmann’s constant. Using equation 1.50 for velocity v, and frequency w,

then
ni(@)dew = —C exp [— (M)Ql do. (1.52)

WoUpy/T WoUyp

Since absorbed power P(w)dw is proportional to the density n(w)dw of molecules,
the intensity profile of a Doppler-broadened spectral line becomes [11]

I(w) = Iyexp [— (M)Zl . (1.53)

WoUp
This is a Gaussian profile with a FWHM dwp equal to
Swp = 2vIn 2wov, /e = “2\/SkT Tn 2/m. (1.54)
c

This linewidth can be also expressed in frequency units using the mass of a mole,M =
Nam, and gas constant, R = Nak (N4 Avogadro’s constant) , as follows

Svp = 7.16 x 10~ vy /T /M. (1.55)
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1.1.5 Voigt profile

When different broadening contributions are present, a spectral line can not be
strictly represented by a Gaussian or by a Lorentzian profile.

For example, let’s include the finite lifetime of molecules (Lorentzian broadening)
in the case of a Doppler effect (Gaussian broadening). From equation 1.50, not all
molecules absorb at the same frequency but instead they absorb at w' = wy(1 +
v,/c). Because each molecules has energy levels with finite lifetimes, the frequency
response of these molecules is represented by a Lorentzian profile 1.25 with central
frequency w’. Let n(w')dw’ = n(v,)dv, be the number of molecules per unit volume
with velocity between v, e v, + dv,, the spectral intensity distribution I(w) of total
absorption is then expressed by

I(w) = I / n(w

Thanks to equations 1.51 and 1.24 the above equation can be written as

’ ’

)L(w — w')dw' . (1.56)

Iw)=C /0°° exp{= [(e/u) (o =) ]}

dw, 1.57
=WVt ()2 (157)
with N
Y1iViC
- 1.
C 20,7, (1.58)

This expression can be also re-written using the complex error function w

2 S
w=e"*|(1+—7 [ € ds) (1.59
(=) )
as
27/ 1n 2 -
I(w) = % Re [w(z + iy)], (1.60)
with \/_
In2(w — r
x = VIn2(w — wo) y=+vIn2-=t. (1.61)
' I'q

This intensity profile, convolution of Lorentzian and Gaussian profiles, is called
Voigt profile (Fig. 1.8).

1.2 Non-linear absorption

At sufficiently large laser intensities, the pumping rate becomes higher than the
relaxation rate resulting in a decrease of the population in absorbing levels. This
results in a nonlinear dependence, a saturation of the absorbed radiation power on
the incident power. In the following section the basic physics of nonlinear absorption
ae discussed. The spectral profile of such partially saturated transitions are differ-
ent for homogeneous and inhomogeneous broadened lines so they will be treated
separately.
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Figure 1.8: Voigt profile as result of the convolution between a Lorentzian transition
L(w) of molecules with different velocity components v,;.

1.2.1 Saturation of level population

Considering a two level system with population densities N; and Ny of respective
levels, these two levels are coupled each other by absorption and emission processes
as shown in fig.1.9.

With probability P = Bjsp(w) for transition [1) — |2) from absorption of a
photon fw and relaxation probability ~; for level |}, the rate equation for population
densities is

dN- dN:
d—tlz—d—tQ:—PNl—’le1+PNg+’YgNg. (162)
At the stationary regime (dN;/dt = 0) and with N = N; + N,, we obtain
P+
Poy)Ny =P +7)N—-N)=N =N—— 12 1.63
( )N = ( 72)( 1) 1 2P + 71 + 7 (1.63a)
P+
(P+7)Ny = (P+7)(N = Ny) = Ny = N n (1.63b)

2P+ v+ 72

For high pumping rate (P — o0), the population density approaches to N/2 so that
absorption coefficient a = o(N; — N2) approaches zero.
Without any pumping mechanism (P = 0), the population densities are

2 M
Nip = N, Ny = N. 1.64
v 71+ Y2 2 71t Y2 ( )
With AN = N; — Ny and ANy = Ny — Nyy we could write
Y2— N

AN=N—=—"—"—, 1.65a
2P+7m+ 7 ( )

Yo— N
ANy = N——, (1.65b)

Y1+ Y2

12
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Figure 1.9: Two level system with pumping and relaxing processes.

which gives

AN, AN,
AN = 0 = —2 (1.66)
L+2P/(yi+7) 1+
The saturation parameter
2P P I
§=—= - _ 20 (1.67)
(’Yl + 72) 8 ]sat

represents the ratio between the pumping rate P and the average relaxation rate

¥ = (71 + 72)/2 or the ratio between the incoming intensity and the saturation

intensity, defined as:

I 3C€Uh2 Y172

sat — .
s M+

We can also calculate the saturated absorption coeflicient a(w) = 012AN as

(1.68)

(&%)

being ap the unsaturated absorption coefficient without pumping.

1.2.2 Saturation of homogeneous line profiles

According to eq.1.12, the power absorbed per unit volume on transition |1) — |2)
by atoms with population densities N; and N; in a radiation field with a spectral
energy density p(w) is

AN, _ AN

P = hwBi2p(w)AN = hwBizp(w) 125 MVW, (1.70)

with S = Biap(w)/7.
We can also introduce a frequency dependent saturation parameter S,, in order
to take into account the Lorentzian profile of absorption probabilities, so that

Bunw),, (/2
B A ore R oy (1)
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Figure 1.10: Homogeneous line profile before (black) and after saturation effects
(blue).

with Sy = S(wp). Substituting in eq.1.70 we obtain

C AANSI( 2 C
P = o T 205 %)~ w7

This is again a Lorentzian profile but with an increased FWHM: ~, = v4/1 + .5p.
From eq.1.72 is possible to retrieve the absorption coefficient o as follows

(v/2)? _ W)

as(w) = ap(wo) CE NI (1.73)
where
__ww)(/2? ) 2mwBiAN
ap(w) = @ — w02 + (/22 o(wo) R (1.74)

This shows that the saturation decreases the absorption coefficient by (1+5,,) factor.
At the line centre, this factor has its maximum value so that saturation is stronger;
at the line wing saturation is weaker. This effect brings to a line broadening.

1.2.3 Saturation of inhomogeneous line profiles

The absorption cross-section for a molecule with a Maxwell-Boltzmann distribution
of velocity around v,, through a monochromatic light wave E = Ej cos(wt + kz) and
without saturation can be written as

(v/2)
(w—wo — kz)* + (v/2)*

(1.75)

012 = 09

where 0g = o(w = wp + kz) is the maximum cross-section at the line centre of the
Doppler-shifted molecular transition and -y is the natural linewidth of the transition.

Due to saturation, the density of population of energy levels changes: while the
lower level [1) with density N;(v,)dv, decreases in velocity interval dv, = /K, the
upper level |2) with density Ns(v,)dv, increases correspondingly.

14
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Figure 1.11: Velocity-selective Bennet hole formation. a) Holes in upper and lower
population states NV;(v,) due to saturation. b) Resulting saturation profile (blue
curve).

With eq.1.66 and eq.1.71, it is possible to write the new population densities of
levels |1) and |2) as

_arl AN® 50(’7/2)2

M) =N = 0 | o 07
_AT2 AN? 50(7/2)2

Noy(w,v,) = Ny (v,) + o [(w B S R (%/2)2} , (1.76b)

where v = v + 72 denotes the homogeneous width of the transition and ~, =
V145 (Fig.1.11(a)). The quantity
1 1 0%

T=—+4+—=— (1.76¢)
Y2 N2
is called the longitudinal relaxation time and
1 1
= =— (1.76d)
Mt

is the transverse relaxation time.
Subtracting (1.76b) from (1.76a) yields for the saturated population difference

So(v/2)
(@ —wo— k22 + (/27
This distribution presents a minimum at v, = (w — wy)/k which is called Bennet

hole (Fig 1.11 a). This hole has an homogeneous width v, = yv/1 + Sy and a depth
at the center ANySy/(1+ Sp).

AN (ws,v.) = AN°(v,) |1 — (1.77)
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The total absorption coefficient can be calculated as follows

alw) = /AN(UZ)O'lg(W,UZ)dUZ. (1.78)

Using the mathematical expression given for ANw, from eq.1.77, 015 from eq.1.75
and AN(v,) from eq.1.51), yields

_ ANoy e~ (=/ve)* oy
oo/ ) (w—wo — k2)? + (7/2)?

which is again a Voigt profile but with a different amplitude and linewidth (from =
to v,s) (Fig. 1.11 b).

The integral eq.1.79 can be approximated taking into account that the Doppler
profile is much larger than the homogeneous width ~,, so that the numerator does
not vary much within the interval Av, = 74/k[11]. Therefore, we can take out the
exponential from the integral and solve it using v, = (w — wy)/k as follows

as(w) = jf(—%os)oexp {— [8}6;55;]2} , (1.80)

where the unsaturated absorption coefficient is given by

a(w) (1.79)

aown) = AN, TNV
VpWo
and the Doppler width is equal to
wWo kT In 2
owp = —4/ —.
c m

Bennet holes can not be directly detected; however it is possible to observe them
if two laser beams are used. The first beam, the pump laser, burns a hole into the
population density; whereas the second beam one, a weak probe laser, scans the
created hole. It is possible to use the same laser for pump and probe if the incident
beam is reflected back into the sample (Fig. 1.12).

If the intensity of the retro-reflected beam is weak with respect to the incoming
beam, the absorption coefficient can be expressed as [11]

o) = o) [1 = (1= St Nav(o - w0) )| (181)

1
VvV1i+S

where gy (w — wp) is normalised Voigt lineshape profile and N a normalisation
factor for the saturation profile called Lamb dip. Lamb dip profile has a Gaussian
contribution coming from a transit time, 'y, and a Lorentzian contribution due to
pressure broadening and saturation I';, = v[1 + (1 + P/P;)].
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Figure 1.12: Top: Bennet holes in case of two counter-propagating waves for w # wy

and w = wy (blue curve). Bottom: Resulting absorption profile with the character-
istic Lamb’s dip.
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1.3 Laser absorption methods

Different strategies and techniques can be used to record absorption profiles. The
simplest solution relies on the measurement of the intensity of light as a function of
frequency before,ly(w), and after, I(w), an interaction with a sample. According to
Lambert-Beer’s law in eq.1.13, the absorption can be expressed as

I(w)
alw)z =1In . 1.82
(@)=t 5 (152)
In case of weak absorption this equation can also be written as
lo(w) — I(w)
olw)z = ———= 1.83
(w) 1) (1.83)

Intensity detection is usually done by a photodetector onto which a laser power P
generates a current equal to

ldet = ncP - nc/IdAa (184)

being 1.[A/W] the photodiode’s responsivity. Of course, current measurement is
affected by noise coming from different sources, but its fundamental limit is coming
from shot-noise. This noise can be explained by considering the quantum nature of
light and the statistics of its arrival on the detector. In this way [12], the shot noise

can be written as:
ishot =V 26Afidet> (185)

where e is the electron charge and A f the detector’s electronic bandwidth. However,
shot noise limit is never reached by direct absorption spectrometry due to techni-
cal noise, also called Flicker noise, which has a 1/f frequency dependence and it
dominates low frequencies where direct absorption spectrometry is performed.

1.3.1 Modulation techniques

Direct absorption spectroscopy is detecting signals at very low frequencies, precisely
between 1/Ty and fyet, with T the measurement time and fzet the maximum de-
tection frequency. Since technical noises have a roughly 1/f frequency dependence,
the detection sensibility is limited at low frequencies. This limitation can be eas-
ily overcome by shifting the detection to higher frequencies, something that can be
achieve by modulation techniques.

When a probing light is frequency modulated, the sample response is encrypted
at the same frequency (and its overtones) and, by applying demodulation techniques,
this information can be reconstructed without any lost of details and gaining signal-
to-noise ratio.

A frequency modulated light is generated by applying a time-dependent phase
shift. The electric field of an electromagnetic wave, E(t), at optical carrier frequency

18
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Figure 1.13: Modulated frequency. a) Unmodulated frequency at wq/2m = 2Hz in
blue and modulated frequency with frequency modulation w,, /27 = 0.4Hz with a
modulation index of 1, in blue, as a function of time. b) Frequency spectrum of blue
signal. ¢) Frequency spectrum of red signal.
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wp in presence of a sinusoidal modulation at frequency w,, and with modulation index
M is given by

E(t) = Eyexp(iwot + M sin(wy,t))

—+00

= Eyexp(iwgt) Y Ju(M)exp(inwnt), (1.86)

n=—0oo

where J,, is the nth-order Bessel function [13]. Thus, the field consists of a carrier
at frequency wy and a series of sidebands of amplitude given by J, separated from
the carrier by an amount nw,, (fig. 1.13).

The transmitted optical field through a sample can be expressed as [13]

Er(t) = Eyexp(iwgt) i T(wy)Jn (M) exp(inwmt), (1.87)

n=—oo

where T'(w,,) = exp(—0d,, — i, ) is the effect of the sample at frequency w,, being d,
the amplitude attenuation and ¢, the phase shift.

As long as there is no absorption or phase shift between laser carrier and modu-
lation sidebands, the detector will not have a signal at the modulation frequency. If
that is not the case, for example close to resonances of absorption or cavities, radio
frequency power will appear in the detector’s signal at the modulation frequency.
By using an appropriate phase-sensitive detector, such as a lock-in amplifier of a
frequency mixer, a signal at w,, can be detected [13]

n=-—1

| B |* = Eg (JS exp(—200) + Y J2(exp(—26,) + exp(—26_,))

+ 2 cos(wmt) Z Indni1 [€xp(—20-p)(0_p—1 — 0_p)

n=0

+exp(—20,) (05 — Opy1) + exp(—26,) — exp(—20_,)]

+ 2 sin(wy,t) Z Tndni1 [€xp(—20_p)(P—pn—1 — &—_p)

n=0

+ exp(—25n) (¢n+1 - ¢n)] ) :
(1.88)

Assuming that the absorption and dispersion associated with the spectral transi-
tion of linewidth I' are weak, so that |dy — d,, < 1 and |¢pg — ¢,,| < 1 eq.1.88 reduces
to:
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Figure 1.14: Frequency modulation. Carrier wy, modulation index M = 0.4, modu-
lation frequency w,, = 0.4wy.

|Ewm(t)|2 = B2 exp(—24) [1 + 2 cos(wpt) Z Jndns1(0_p_1— Opy1 +0_p —0_p)

n=0

+ 2 Sin<wmt) Z JanJrl (Qbfnfl - (bfn =+ ¢n+1 - ¢n) . (189>

n=0

This expression consists in a constant part and two time-varying contributions
at w,,. One component is sensitive to the absorption defined as out-phase term
(coswy,t) and the other component is sensitive to the dispersion, which is defined as
in-phase term (sinwy,t ).

Modulation techniques can be divided in two groups depending on the modula-
tion index M. In the case of frequency modulation, the modulation index is small,
M < 1, while for wavelength modulation the modulation index is large, M >> 1.

1.3.2 Frequency modulation

For frequency modulation [14], the modulation index is small and thus the light
spectrum consists of a strong carrier and one set of sidebands wy; = wy £ wyp.
One of these sidebands occurs at higher frequency, in phase with the modulation,
and the other at lower frequency with an opposite phase. Because M is small, the
terms J,(M) are negligible for n > 1 [13] and the other terms can be expressed as
Jn (M) = M"/2"n, so equation 1.89 becomes

|E2 (t)| = E2 exp(—200)[1 + M(6_1 — &) cos(wpmt + )
+M((b,1 — (bl — 2¢0) Sin(wmt + w)]

By choosing the right phase, v, it is possible to select absorption signal, or the
dispersion signal relative to the absorption line.

(1.90)
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Figure 1.15: FM absorption signal for different combinations of modulation indices,
M, and modulation frequencies w,,. The signal is generated from an absorption
with linewidth I' =1 [13].

The choice of modulation frequency, w,,, and modulation index has to be chosen
carefully depending on the laser noise and, more important, the resonance linewidth,
Ir.

Keeping w,, constant, the increase of M, shifts more power to the sidebands but
for M > 1 it starts to create additional sidebands at 2w,,, 3w,, and so on. Fig.1.15
shows how FM absorption signal changes in the case of a Lorentzian absorption of
width I' = 1.

Frequency discriminators are necessary in a feedback system controller, allowing
to convert fluctuations in frequency to voltage signals that can be processed by
electronics making use, for instance, of a Proportional Integrative Derivative (PID)
controller.

It is also possible to use the carrier signal. In this case, the absorption signal is
measured and a side of this feature can be used as a frequency discriminator. This
choice presents different problems. First the error signal is recorded at DC, where
amplitude noise is significant; then,amplitude noise of the laser directly couples
into the error signal and the feedback loop can not distinguish from amplitude and
frequency noise. Moreover, the narrow locking range presents another limitation.

Frequency modulation allows to overtake these problems. It enables to detect
signals at high frequency were technical noise is lower and amplitude modulation
can be neglected in first order. Also, signals have a high signal-to-noise ratio and a
large acquisition range. All these characteristics allow a robust lock.
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1.3.3 Wavelength modulation

Wavelength modulation is defined by a large modulation index M >> 1 and Mw,, <
I'. In this case, side-band formalism used for frequency modulation is not convenient.
Instead, it is better to describe wavelength modulation as a monochromatic wave
whose frequency is modulated in time [13]. It is useful to define the instantaneous
frequency as:

d
= E(wot + M sin(wt)) = wo + AF cos(wpt), (1.91)

where AF = Mw,, is the maximum frequency deviation. In this model, wavelength
modulation is not carrying phase information about the analyte. This can be seen
from eq.1.89 by assuming that adjacent sidebands experience the same difference
in absorption and dispersion. In this way: d,+1 — 6, = Ad(wp) and the absorption
term in eq.1.89 becomes:

O—n-1—O0py1 +0_p — 8, = —2(2n + 1) A0, (1.92)
and the dispersion term, assuming ¢, 1 — ¢, = A¢ is

(,bfnfl - Qbfn + ¢n+1 - ¢n = 07 (193>
providing that AF < v. Thus, eq.1.89 can be rewritten as:

| B = —EG4A8 Y (20 + 1)J, (M) Jy i1 (M) = —2A6(wo) M. (1.94)

n=0

The linearisation of the absorption profile §(w) around wy implies that Aj =
wndd /dw and so:

dd

E,.o°=—Ej2—

| B t)] 02

Also the intensity of higher harmonic frequencies can by express as a function

of absorption frequency derivatives. In this case, the n-th harmonic can be approx-

imated by the n-th derivative (from here the name “derivative spectroscopy”). In

Mw,y,. (1.95)

wo
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addition, since the instantaneous frequency varies sinusoidally, the Taylor series is
more or less automatically the Fourier series [13]. As a consequence, the detected
signal of wavelength modulation spectroscopy can be expressed by the n-th Fourier
coefficient of the absorption lineshape function.

If the assumption of AF < I' is no longer valid, high order terms of absorp-
tion must be taken into consideration [13], but also dispersion signal starts to be
measurable.
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Chapter 2

Optical frequency comb

Almost all of the most precise and accurate measurements in physics are based on
frequency due to the development of very precise frequency counters referenced to
atomic clocks. In the past, in order to extend the range of applications of frequency
counters from the radio-frequency domain to the optical domain, harmonic frequency
chains were employed. At each step, a given frequency was multiplied by harmonic
generation inside non-linear element, and phase-locked to the reference oscillator.

By repeating multiplication and phase-locking many times, it was possible to
covert an atomic clock reference to higher frequencies [15]. Because of the difficulties
related to keep the phase-locking along all the chain, it was not before 1995 when
a visible laser light was first coherently referenced to a caesium atomic clock using
this method [16]. In addition, these complex chains, which required a lot of space
and instruments, were designed for a single particular frequency.

The advent of the optical frequency comb synthesizer [2][19] changed completely
this pictures. The precise control of a mode-locked laser allows to relate its optical
frequency to two radio frequencies, creating a direct bridge between optical domain
to radio frequency domain.

Frequency combs revolutionised the field of metrology and spectroscopy, mak-
ing possible, or easier, to transfer optical references from optical domain to radio-
frequency domain and vice-versa, allowing precise and absolute measurements in
any part of the electromagnetic spectrum.

2.1 Optical frequency comb synthesizer

The name optical frequency comb refers to a spectral structure of equidistant peaks
all sharing the same phase dynamics (Fig. 2.1). Such a structure is represented in
time by the Fourier components of a periodic waveform, a train of pulses. Its first
and most common generation method relies on a mode-locked laser, a laser process
that ensures a fix phase relation between different frequencies (or modes).

A mode-locking laser creates optical pulse trains with an electric field described
by the convolution of an envelope function Ag(t) with a series of periodic delta
function, all oscillating around the carrier frequency vq [20]:
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Figure 2.1: Frequency comb spectrum centred at vy and with a repetition rate frep.

gi?mvot (2.1)

Ao(t) Y 6(t —mT))

m=—0oQ

E(t) =

Its periodicity, T, is related to the cavity length L, through the effective refractive

index n and speed of light, ¢, as

onL
7= (2.2)
C

Fig. 2.2.(a) shows the electric field of the generated pulse train as a function of
time. In the spectral domain (Fig. 2.1) the same periodic structure appears as:

E(v) = |Ao(v— o) frep ¥ 6(v—10—k frep)] : (2.3)

k=—o00

with a tooth separation of f., called repetition rate, which is precisely the free
spectral range of the laser cavity

1
frep - T (24)

The centre of the spectrum is v and it can be defined as vy = ng frep + fecro With
the constrain that 0 < fecpo < frep- Thanks to this definition, the frequency comb
spectrum can be written as:

+oo
E(v) = | Ao(v = 1) frep Z 6(v — nfrep — fewo) | = Ao(vn — 1), (2.5)

n=—oo

where v,, = nfrep + foro. In this way, it possible to see a frequency comb as a precise
series of mode all equidistant of f.e, and with an offset from 0 given by fcro. Also,
fcro has a physical origin. It derives from the pulse to pulse phase slippage A¢cro.

26



Amplitude

Time

Figure 2.2: Time domain frequency comb with period 7" and pulse to pulse phase
change ¢cpo.-

Going back to the time comb equation, by taking two time instants separated by a

pulse period T, t,, and t,,_1, their phase difference is

21 (ng frep + fowo) _ 27 fero
f rep f rep

Summarizing, the n-th order frequency comb mode is defined by two quantities
frep and fCEO like:

Adcpo = ¢m — ¢m — 1 = 21T = (2.6)

Vp = nfrep + fCEO' (27)

The repetition rate, fiep, can be easily measured and controlled. It can be detected
by a fast photodiode and phase-locked to a radio frequency reference. In alternative,
it is possible to generate a beatnote signal between one comb mode, N, and a narrow
linewidth CW laser at vcoy,. This beatnote can be stabilised via active feedback and,
as consequence, the repetition frequency results stabilized at frep = (Vow+vego)/N.

Tuning the fcgo parameter is not trivial and it requires a precise mismatching
between group velocity and phase velocity. A common solution is to measure it and
closing a control loop over the intracavity laser power.

In most of the cases fopo is measured by self-referencing [21][22]. This method
(Fig. 2.3) is based on the generation of an octave spanning frequency comb spectrum
by non-linear broadening. Then, by frequency doubling the comb modes at lower
frequency and combining them with the higher part of the spectrum, it is possible
to obtain:

21/71 — Vop = [2(nfrep + fCEO)] - [anrep + fCEO] = fCEO- (28)

The resulted beatote correspond exactly to the carrier-envelop offset frequency. It
is possible to measure fogo without ocatve spanning frequency comb but it requires
higher-order non-linearities [23].
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Figure 2.3: CEO frequency detection principle. Red side (low frequency) of the
spectrum is frequency doubled and compared with blue part (high frequency). The
beatnote between the two is equal to fcgo.

2.2 Frequency comb sources

The growing number of applications with optical frequency combs resulted in a
growing interest in developing new laser sources or revisiting existing ones with
focus on creating a fully stabilised frequency comb.

Frequency comb technology started and founded a full development in the near-
infrared spectral region (800nm - 2um) with mode-locking laser. Ti:Sapphire lasers
have been the first ones demonstrating a spectral broadening larger than the octave
necessary to achieve self-referencing [24]. After this first demonstration, the full
maturity in this spectral region has been possible due to the rapid development
of fiber laser technology, especially in the telecommunication region at 1.5 pm.
Mode-locked fiber lasers doped with ytterbium, erbium, thulium or holmium are
now commercially available with a wide range of performance, in terms of power,
repetition rate, compactness, price.

In the near-infrared spectral region, different technologies are being tested at
a research level. Soliton Kerr combs in high quality microresonators have demon-
strated the octave covering [25]. The microresonator is constituted by a ring or disk
of sub-millimeter diameter which balances loss and gain in an active media, along
with nonlinearity and dispersion. In these systems, which are pumped by a strong
electromagnetic field, the third-order nonlinearity generates optical sidebands by
four-wave mixing processes, that can again generate other sidebands by four-wave
mixing. This cascade and coherent process brings to the generation of a train of
pulses. Thanks to the high finesse of the resonators, the threshold power can be
particularly low if all fields involved are resonant with the cavity mode. This so-
lution allows to generate repetition rates from 10 GHz to 1 THz, being difficult or
even impossible to achieve by mode-locked lasers. Moreover, they demonstrated the
possibility of integrating an optical frequency comb on a chip [26].
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Figure 2.4: State of the art of optical frequency comb. Graphical representation of
available technology for each spectral window.

Other solutions demonstrated a potential for integration, such as III-V-on-Si
mode-locked lasers [27]. An alternative generation process relies on generating
a train of pulses thanks to fast electro-optic modulators (frequency-agile combs
[28][29]). They exhibit flat-top spectra with a small bandwidth but a freely se-
lectable line spacing and a central frequency that can be rapidly tuned.

Mid-infrared frequency combs (2-20 um) are not technologically mature [30].
Direct generation from fiber or bulk laser sources is recent and limited. They are
based on chromium doped chalcogenide crystals like ZnSe [31] or ZnS [32]. Other
femtosecond lasers have been demonstrated but a full stabilisation was not achieved.
Interesting performance has been obtained from Er®* and Ho®*" doped fluoride fibers.
Femtosecond laser operation was successfully demonstrated [33][34] but not self-
referencing.

One of the most common approaches is, instead, frequency downconversion by
non-linear processes from visible and near infrared frequency combs. Difference
frequency generation has been explored with different configurations. It is possible
to mix a frequency comb with a continuous wave laser inside a nonlinear crystal
[35][36]. Alternatively, difference frequency generation can be obtained by combining
two parts of the same frequency comb using periodically poled lithium niobate as a
nonlinear medium [37][38], up to 5 um, or gallium selenide for longer wavelengths(up
to 17 pm) [39][40]. Novel materials are also emerging [41]. Difference frequency
generation solutions inherit the repetition frequency from the starting frequency
comb and they offer an inefficient power conversion and a bandwidth limited by
phase matching conditions. A way to boost efficiency is to use optical parametric
oscillators pumped by a femtosecond laser [42] [43]. In this way, it is possible to
obtain higher power per mode by adding an optical resonator and controlling round-
trip dispersion.

A more integrated option is provided by quantum cascade [44] and interband [45]
cascade laser frequency combs, that can produce 100-200 comb lines with gigahertz
line spacing. However, they can be designed to work with a central frequency any-

29



where between 3 and 9 pm. Microresonators and waveguides generate or broaden
mid-infrared spectra, with on-chip silicon or silicon nitride platforms [26].

Far-infrared and terahertz regions (20 pm - 1 mm) have been, for a long time, gen-
erated only by non-linear frequency conversion starting from near-infrared frequency
combs. The two main generation processes involve photomixing in photoconductive
antennas [46] or optical rectification in crystals [47]. Both of these processes produce
frequency combs with the same line spacing of the near-infrared used to generate
them and their power is usually limited to few microwatts. In the recent years, an
improvement in performance has been possible due to the design of photoconductive
emitters with plasmonic enhancement [48]. An alternative solution to access this
spectral region is the use of terahertz quantum-cascade frequency comb lasers [49].
High power, electrically pumped, and versatile wavelength are the key advantages
of this kind of source. The generation by four-wave mixing is usually limited at
few hundreds of phase-coherent lines, but it has been demonstrated the possibil-
ity to reach a bandwidth closer to the octave by a careful design of the dispersion
compensation.

Visible and near-ultraviolet frequency combs are usually generated starting from
near-infrared frequency combs. The process involves harmonic- or sum- frequency
generation in non-linear crystals or spectral broadening in non linear waveguides
or fibers. In this way, it is possible to generate frequency combs down to 200
nm. Reaching shorter wavelengths requires high-harmonic-generation in rare gas, a
process with a very low efficiency. Due to the low efficiency and the high intensity
required for this process, an enhancement cavity is needed for applications with
high repetition rate. This approach increases system complexity and requires a
phase-matching optimisation, in order to build up harmonic generation along all
the interaction length [50][51].

2.3 Frequency comb spectroscopy

The advent of frequency combs revolutionised the measurement of frequency and
time by providing a direct link between optical and radio-frequency domains. Start-
ing from precision spectroscopy of atoms like hydrogen, frequency comb spectroscopy
started to become a very important tool, allowing not only high precision mea-
surements. It is a broadband source easy to calibrate. It can ensure negligible
instrumental line shape contribution to the recorded spectra. It can be generated
by ultra-short pulses, essential non-linear processes or to record very fast dynam-
ics. Because of the high coherence of this source, it generates spectra with a better
signal-to-noise ratio and it can reduce measurement time.

Many different techniques have been developed to exploit at the best a frequency
comb source. All of them can be grouped in two main category. “Comb assisted
spectroscopy”, where the frequency comb is used as a supporting absolute frequency
reference, and “direct comb spectroscopy”, in which the comb is used as probing
beam.
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2.3.1 Comb assisted spectroscopy: absolute frequency de-
termination

Optical frequency combs provide an accurate and precise link between optical and
microwave frequencies [24]|[52]. Thanks to this, a simple way to perform high pre-
cision spectroscopy is to use the optical frequency comb as a frequency ruler to
measure an unknown frequency referencing it to a frequency standard [53]. An un-
known frequency of a continuous wave laser 14y can be measured by detecting the
beatnote with a frequency comb [54] as:

V1 = Veomb + fbeat = nfrep + fCEO + fbeat- (29)

Once the frequency comb is stabilized, fiop and fcgo are known. The beatnote can
be measured by a photodetector and the sign can be identified by applying a small
change in one of the known frequencies and identifying if the beatnote increases or
decreases. The order n of the comb line can be determined by a coarse measurement
of vy, for example with a wavemeter. It is enough that the precision of this coarse
measurement is better than half of the repetition frequency of the optical frequency
comb. Alternatively, it is possible to measure the variation of the beatnote frequency
after a small variation of the repetition frequency, according to: A fyeqr = 10 frep and
as a consequence 1 = A fieqt/0 frep-

Absolute frequency scanning are possible after referencing the CW laser to a
frequency comb. If the CW laser frequency is controlled by feedback or feed-forward
loop, it is possible to tune it in an absolute way by changing one of the parameter
of the frequency comb. According to Eq. 2.9, the CW laser frequency variation can
be expressed as

Ay = nAfrep + AfCEO + Afbeat- (210)

It is possible to modify fecgo or firee: and, in this way, having a one-to-one tuning.
Alternatively, it is possible to change f.., and exploit the lever mechanism related
to n, obtaining a 1:n tuning. If necessary, another possibility given by this approach
is to phase-lock the continuous wave laser to the optical frequency comb. In this
way, it is possible to transfer the frequency stability from the latter to the former.
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Figure 2.6: Comb assisted spectroscopy in mid-infrared. a) SFG mediated by CW
laser; b) DFG mediated by CW laser;c) direct link with SFG comb; d) direct link
with DFG comb.

This is very useful, especially when the CW laser is a semiconductor device, and it
presents a free running linewidth of some megahertz.

Frequency combs were initially conceived for precision spectroscopy of the hydro-
gen atom in which it reached its best accuracy at the level of 1071 [55]. However,
they are now commonly used for precise frequency measurements of atomic reso-
nances and molecular ro-vibronic transitions throughout all the spectral regions. It
is in the mid-infrared where frequency comb spectroscopy offers the major number
of opportunities thanks to the presence of strong ro-vibrational transitions for a
large number of molecules. Moreover, because of the precise measurement of energy
levels, precision spectroscopy in mid-infrared allows to test fundamental physical
laws and to improve precision in the determination of fundamental constants, as
well as to test their possible low variations.

Direct mid-infrared generation of frequency combs does not reach the accuracy
level of the visible and near-infrared ones. To overtake this limitation, the easiest
way consists of using non-linear optics to link a mid-infrared laser beam, v,,q, to
a visible/near-infrared frequency comb. Fig. 2.6 summarises the possibilities for
this non-linear link. A first approach makes use of two addition CW lasers in the
infrared, vy and 15, whose frequency difference coincides with the mid-infrared laser,
Umid = V1 — o. Both these lasers can be referenced to a frequency comb in order that
V12 = fceo + 112 frep + A f12. At this point, the non-linear link can be performed by
sum frequency generation [56], SFG, or difference frequency generation [37], DFG.
In the first case, vgpg = Vpmiq + 1 and it is possible to detect a beatnote with
vy according to fireat = |2 — Vsra| = |Vmia — (2 — n1) frep|- In the second case,
vprG = |va — 11| and the beatnote i fieat = |[Vimia — Vpra| = |Vimia — (N2 — 1) frepl-
Both approaches lead to the absolute determination of mid-infrared laser frequency
given by

Vmid = |<n2 - nl)frep + fbeat|' (2-11)

It is also possible to avoid the use of two additional single frequency lasers.
In this case, the SFG or DFG can be directly done with a portion of the near-
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Figure 2.7: Direct comb spectroscopy scheme. A frequency comb is interacting with
a sample.The spectrum can be retrieved by the power change of each mode.

infrared frequency comb. The two non-linear processes generate a shifted version
of the starting frequency comb, however the beatnote detection leads to the same
result as for the previous cases fireat = |Vmia — (N2 — n1) frep|- Both of these second
configurations need an additional delay line in order to synchronise the arrival of the
pulses at the photodetector, in the SFG case, or at the non-linear crystal for DFG.

DFG and SFG approaches lead to similar performances in terms of optical power
and beatnote signal. SFG has advantages in detection, since the beatnote record-
ing is performed in the near-infrared where detectors present better performance
in terms of noise and bandwidth. Instead, DFG has the advantage of removing,
virtually, any noise contributions from the frequency comb. Using intermediate CW
lasers increases system complexity, costs and the need of additional servo controls.
However, the possibility of having high power lasers helps to get high signal to noise
ratio beatnote.

2.3.2 Direct comb spectroscopy

Direct comb spectroscopy [17] is characterised by the use of the frequency comb as
a probing beam (Fig. 2.7). Starting from this concept, many different techniques
can be implemented. The easier configuration is a linear spectroscopy with a single
comb line resonant with a transition [57] and all the other frequency comb modes
detuned from this resonance. The absolute frequency can be determined by mea-
suring the repetition frequency, the carrier envelop offset frequency and a coarse
frequency estimation of the comb line in resonance with the transitions (with a pre-
cision better than half repetition frequency). The response of the sample can be
measured with a single detector, and a scan of the spectrum can be obtained by
changing one of the two parameters of the frequency comb, for example, the carrier
envelop offset frequency. The same experiment can be executed in a Doppler-free
configuration by using two counter-propagating beams for the excitation. Two pho-
ton excitation experiments [17] can be done with the same single detector approach.
In this case, there are many pairs of comb lines with the same sum frequency which
are contributing to the excitation. Since only one frequency can be resonant with
the sample, this first group of techniques can be used for sparse spectra with very
narrow lines, like gas-phase atomic systems. However, in comparison with a CW
laser, direct comb spectroscopy brings some advantages like an intrinsic reference
to a frequency standard or related to the use of ultrashort pulses, especially for
non-linear processes.
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Figure 2.8: Direct comb spectroscopy by dispersion. In this case, the dispersion
element is a grating. Since its resolving power does not allow to resolve single comb
modes, a Fabry-Perot cavity is used as a tunable filter to artificially increase the
comb line spacing. The detection is performed by an array of detectors.

From this first example, it is clear that direct comb spectroscopy can offer much
more than a single frequency detection. Indeed, it is possible to combine spec-
trometers to direct frequency comb. In this way, parallel detection over the entire
bandwidth of a frequency comb is achievable. However, in order to obtain the abso-
lute calibration of the spectrum, single comb line detection must be achieved. This
requires a spectrometer resolution better than the repetition rate.

Dispersion spectrometers are simple and robust tools for multichannel parallel
acquisition for broadband direct frequency comb spectroscopy. Gratings and crossed
dispersers, like virtual imaging phase array étalons, have been successfully imple-
mented but resolutions as high as 600 MHz have been reported [58]. This allows
to resolve single comb lines only for chip based devices with high repetition rates.
Alternatively, a Fabry—Pérot cavity can be used to increase artificially comb line
spacing by filtering only some of them. This allows to relax the resolution require-
ments for the spectrometer (Fig. 2.8). Vernier techniques [59] match cavity free
spectral range with frequency comb line spacing with a ratio m/(m — 1) being m an
integer. An alternative method, which does not require a relative match between
free spectral range and comb repetition rate, is characterised by the use of a scan-
ning high finesse micro-cavity [8]. However, it must be designed with a free spectral
range much larger but with a resonance smaller than the comb repetition rate. Due
to this, only few comb lines are resonant with the cavity and a low dispersion spec-
trometer is sufficient for the detection. Moreover, the same cavities can be used for
the enhancing interaction length in order to increase the response of weak absorbing
samples.

An alternative type of spectrometer is based on interference and Fourier trans-
form (Fig. 2.9). Michelson interferometers [60] have been one of the most profitable
spectroscopic instruments over the last 50 years, in any spectral region and for any
spectral data. The performance of this instrument is related only to the moving arm.
In particular, the resolution, dv, is limited by the maximum excursion of the moving
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Figure 2.9: Direct comb spectroscopy by Fourier transform. Frequency comb is sent
to a Michelson interferometer with a moving mirror. Time trace is recorded by a
photodetector, PD, and after Fourier transform, the comb spectrum is retrieved.

arm, d, such that Jv = d/c, and the frequency bandwidth is down-converted from
optical domain to radio-frequency domain with a factor v/c, where v is the mirror
speed and c the speed of light. This means that, in order to achieve high resolution
and high bandwidth, the instrument is usually bulky and slow. The use of frequency
comb as a source of Michelson interferometers has been demonstrated to bring sig-
nificant improvements [61]. A coherent source has higher brightness compared to
incoherent lamps, leading to increased signal-to-noise ratio or decreased measure-
ment times. If the single comb mode is resolved, the instrumental line-shapes can be
neglected. Frequency scale calibration can be done due to the measurement of the
repetition frequency and offset frequency. The absolute frequency assignment can
be done using a reference, like a known CW laser or a known absorption profile. As
a final consideration, both absorption an dispersion spectra can be measured [61].

With frequency combs, a new kind of interference spectrometer has been realised,
the dual-comb interferometer [62]. Two mutually coherent frequency combs with a
slightly different repetition rate, a sampling comb and a local oscillator, are combined
on a photodetector to create an interference signal (Fig. 2.10). This approach is
logically similar to a Michelson interferometer but it does not require any moving
part.

In the time domain, due to the different repetition rate, a pair of pulses from the
two frequency combs arrive on the detector with automatically increasing delay, a
delay 0 frep/ ffep from one pulse pair to the other pulse pair. The result is an interfer-
ogram stretched in time by a factor fiep/d frep- In this way, optical delays between 0
and1/ frep are periodically scanned. In the frequency domain, the difference in repe-
tition rate results in two frequency combs with a different line spacing. When these
two are combined at the photodetector, the result are beatnotes between different
pairs of comb lines. This series of beatnotes represents the down-converted version
of the sampling comb, with a new line spacing given by the difference in repetition
frequency.
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Figure 2.10: Direct comb spectroscopy by dual-comb. COMBI at f,., interacts
with the sample and it beats with COMB2 at f,.,2. The beating is recorded by a
photodetector, PD, and by Fourier transform the comb spectrum is retrieved.

A fundamental difference with Michelson interferometer is that the resolution is
not limited by the geometry but only by time. This makes dual-comb spectroscopy
the only technique able to resolve single comb lines for any kind of bandwidth and
repetition frequency. The challenge to apply this technique is the temporal coherence
between two frequency combs. The widely adopted technique in frequency metrology
to reference the comb to a radio-frequency clock does not provide the required
short-term relative stability. Different techniques have been designed to overtake
this problem. Feed-back control to narrow-line-width CW lasers [63], feed-forward
control of the relative carrier—envelope offset frequency [64], fluctuation tracking and
analog [65] or digital [66] processing are solutions to control the relative fluctuations
of two independent sources. Alternatively, it is possible to design dual-comb systems
with built-in passive mutual coherence (dual-wavelength unidirectional mode-locked
lasers [67], bidirectional mode-locked lasers [68], micro-resonators [69], electro optic
modulators [70]).
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Chapter 3

Comb-assisted Doppler-free
spectroscopy of CHF;

Comb assisted spectroscopy allows to perform high-resolution spectroscopy always
referenced to a frequency standard. In this experiment, a quantum cascade laser
(QCL) emitting around 8.6 um is used to probe a gas molecule, the fluoroform
(CHF3), in order to measure with high precision and accuracy its absorption spec-
trum. In this chapter, after a brief introduction to this molecule, experimental re-
sults about direct and wavelength modulated Doppler-free absorption spectroscopy
are going to be presented. High resolution spectroscopy of fluoroform represents the
first step towards a new test of constancy of a physical quantity, the proton-electron
mass ratio [5].

3.1 Fluoroform CHF;

Fluoroform is a molecule belonging to the class of “holoforms ”, chemical compounds
with a general formula of CHX3 being X an halogen atom. In particular, fluoroform
is the lightest of these compounds, using a fluorine (F') as a halogen atom.

This molecule has been identified as a candidate target to investigate the proton-
electron mass ratio, 5 = m,/m., [5] a constant that links the strength of the strong

Figure 3.1: Structure of a fluoroform molecule.
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interaction with the electro-weak one. A possible method to measure 3 is by measur-
ing the line centre frequency of a roto-vibrational transition in comparison with the
time standard (the hyperfine transition in the Cs electronic ground state at rest at 0
K). The proposed experiment uses a Ramsey-fringes technique on a slow molecular
beam at a low rotational temperature for a sub-Doppler spectroscopy experiment,
a two-photon spectroscopy. This molecular beam can be obtained by combining
buffer-gas cooling and Stark manipulation. While buffer cooling can work with any
kind of molecule, Stark manipulation requires a high electric dipole moment. Taking
all this in consideration, CHF3 results in a suitable candidate for this experiment,
since it presents a high electric dipole moment, ;1 =1,67 Debye, and it shows a fun-
damental and strong ro-vibrational band (CF3) degenerate stretch, (v5 ) at 8.6 ym
(1158.75 cm ™).

Fluoroform spectroscopic parameters, such as line position or line strength, were
known in literature with a poor resolution [71]. It was only in 2018 that the first
high resolution Fourier transform spectroscopy experiment was performed, with the
best resolution of 0.001 em™" (30 MHz) [72].

With the idea of improving the state of the art of line centre frequencies in the
spectral region around 8.6 pm, it is performed a saturated absorption spectroscopy
experiment, by using a QCL assisted by an optical frequency comb.

3.2 Doppler-free comb assisted spectroscopy of
CHF;

Saturation spectroscopy can be a powerful tool for precise measurements of line
centre frequencies. As it is presented in section 1.2, there is a possibility to burn a
hole in to the Doppler-broadened absorption. This narrow dip allows to determine
the line centre frequency of the transition with more precision. Moreover, it allows
to distinguish the different transition that can be present inside the same Doppler
broadened profile.

3.2.1 Experimental setup

The experimental setup for Doppler-free comb assisted spectroscopy of CHF3 [73] is
presented in Fig. 3.2.

The probing beam for the experiment is a Quantum Cascade Laser (QCL) emit-
ting from 1155 cm™! to 1160 cm™! (34.68 - 34.80 THz), with 50 mW of maximum
optical power and 2 MHz linewidth.

After passing through a 30 dB optical isolator, the QCL output power split by
a 50/50 beam splitter. The transmission, pump beam , is coupled to a a 25 cm
long cell filled with CHF3 gas (98% purity) at few Pascals of pressure. The beam
waist diameter at the middle of the cell has been measured within 2.1 mm by a
CCD infrared camera. A second 50/50 beam splitter (BS,) reflects a part of the cell
transmission to a liquid-nitrogen-cooled HgCdTe (MCT) detector (1-MHz electrical
bandwidth), PDy;,, to record the single-pass absorption. The transmission from BS,
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Figure 3.2: Experimental setup for Doppler-free spectroscopy of CHFj3 at 8.6
pm. DFB QCL:distributed feedback quantum cascade laser; DFG OFC: difference-
frequency-generation optical frequency comb; M: mirror; BS: beam splitter; L: lens;
OI: optical isolator; PD: photodetectors; PID: proportional-integrative-derivative
servo; PLL phase locked loop.
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is reflected back to the cell and, by superimposing it to the pump, it generates
the saturation profile. The phase fronts have been matched by using a 50 mm
lens before the mirror, its measured probe beam waist diameter is 1.8 mm. After
interacting with the sample, the probe beam is reflected by BS; onto a four-stage
thermo-electrically cooled MCT detector (50 MHz bandwidth), PDg,, in order to
detect the saturated absorption signal.

To precisely measure and control the QCL emission frequency, the first reflection
of BS; is combined to a Difference Frequency Generation Optical Frequency Comb
(DFG-OFC) at 8.6 um with a radio-frequency stabilized repetition frequency. The
radio frequency reference is a GPS-disciplined Rb clock with a fractional stability
(1-s Allan deviation) and accuracy of 8 x 10712 and 1073, respectively.

After filtering by means of a 0.01 gym monochromator, the combined beams are
focused in a 200 MHz bandwidth MCT detector, PDpeat, (5.7-10* V/W responsivity
and 50 nV/pHz noise floor at a temperature of 77 K). This beatnote is stabilized
at 70 MHz against a frequency synthesizer through a phase-detector. The signal is
then fed to a proportional-integrative-derivative (PID) servo controller which acts
on the QCL driving current.

3.2.2 Quantum cascade laser

The development of QCLs allowed a new and easier access to mid-infrared (3-15
pum) spectral region. They provide a tunable single frequency laser source with a
modest/high power and narrow linewidth [74][75].

A commercial single spatial mode and single longitudinal mode Distributed Feed-
back Quantum Cascade Laser (DFB-QCL or QCL) emitting at 8.6 pm is used in this
experiment. The DFB-QCL operates at room temperature (thermally controlled at
mK level stability) with a maximum output power of 50 mW. This source is tunable
in power and wavelength by changing injected current and working temperature. A
commercial current driver has been employed. It provides a low-noise current (3
nA/vHz) and 2 MHz modulation bandwidth.

The laser linewidth can be retrieved from the frequency noise power spectral
density [76]. By defining the -line as 81n(2) f /7%, the laser linewidth at full width
at half maximum, FWHM, can be calculated as the integral from 1/Tj, with T}
the measurement time, to the S-line of the frequency noise power spectral density

Ssu(f), so that
FWHM = /8In(2)A, (3.1)

with -
A= | | (5) = 8@ /) S ) (3.2)
1/Ty
and H(z) the Heaviside unit step function (H(z) =1 for z > 0 and H(z) = 0 for
xr < 0).

The frequency noise is obtained by converting an intensity noise measurement
with an amplitude to frequency discriminator. If Ss,(f) is the power spectral den-
sity of frequency noise [Hz?/Hz], it can be converted in power spectral density of
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Figure 3.3: Right axis: frequency noise PSD of the QCL laser in sloppy-lock (blue)
and in tight-locked (red line) conditions together with the RIN contribution (dark
grey), the noise floor (light grey), and the -line, 8 In 272 f (dashed black). Left axis:
calculated emission linewidth versus integration bandwidth.

amplitude S;(f) [V?/Hz| by a slope, D [V/Hz, as

(3.3)

Attention has to be paid to the detector noise floor and the relative intensity noise
(RIN) of the laser (power spectral density over average power). It is possible that
one of these two noise sources can overcome the converted frequency noise. In this
case, the measurement can only set an upper limit for the laser linewidth.

For this experiment, the used discriminator is the slope of an absorption line
of the CHF3. The laser is interacting with the gas sample and the transmission is
recorded with a photodetector. Then, the signal is analysed by an electric spectrum
analyser to retrieve the intensity noise.

Fig. 3.3 shows the measured power spectral densities of the QCL with relative
RIN and noise floor. From these measurements a linewidth of 1 MHz can be inferred.

3.2.3 Difference frequency generation optical frequency comb

The self-referenced optical frequency comb at around 8.6 pm is synthesized by a dif-
ference frequency generation process (DFG) [77]. This generation approach presents
different advantages in the mid-IR spectral region. First, it creates an harmonic
frequency comb due to the cancellation of the CEO frequency. Moreover, all the
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Figure 3.4: Difference frequency generation frequency comb setup: SFS self-
frequency shiftet soliton; HWP half-wave plate; DM: dichroic mirror; GaSe gallium
selenide crystal ; LWP: low wavelength pass filter; L: lens.

common noises between pump and signal arms are suppressed. In this way, a narrow
linewidth harmonic frequency comb is generated.

The laser source is a commercially available Erbium doped fiber mode-lock laser
emitting around 1.55 pm. The repetition rate, fiep, is around 250 MHz and it can be
locked to a radio frequency synthesizer referenced to a GPS-disciplined Rb frequency
clock.

This laser source is equipped with two independent amplification stages. The
main output provides 0.5 W average output power and 50 fs pulse train at 1.55
pm (pump). The second output is coupled to a non-linear Raman fiber and it pro-
duces 100 fs tunable self-frequency shifted (SFS) soliton covering between 1.76-1.93
pm with an optical power varying from 100 to 250 mW depending on wavelength
(signal). Fig. 3.4 illustrates the difference frequency generation setup.

In order to reach the mid-infrared region, the main 1.55 um output and the
Raman shifted soliton are combined in a non-linear crystal, GaSe, which combines
high non-linearity, good transparency at mid-infrared wavelengths and high damag-
ing threshold.

By adjusting Raman soliton wavelength and phase matching angle, it is possible
to tune the DFG central wavelength of emission. Fig. 3.5(b) shows the generated
mid-infrared frequency combs, with their average output power and their bandwidth,
for different Raman solition wavelengths. The output radiation can be centred
between 8 ym and 14 pm, with and increasing bandwidth from 0.8 to 3 pum. This
enlarged bandwidth towards longer wavelengths is the result of the improved group
velocity matching between pump and signal pulses in the crystal.

The maximum output power peaks at 7.8 ym with 4 mW remains over 1 mW
up to 10.2 pm and decreases down to 110 W at the maximum DFG wavelength of
13.6 pm. This output power drop is the result of different factors [77]. At first, the
SE'S soliton reduces its power at shorter wavelengths. Then, GaSe starts to absorb
at wavelengths longer than 12 ym. Finally, the diffraction length of the idler pulse
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Figure 3.5: Top: Pump (black curve) and signal (coloured curves) normalised spectra
recorded by a grating monochromator. Bottom: Generated mid-IR radiation. The
dots represent the average power of each spetrum (left axis).
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becomes comparable with the spot size dimension inside the crystal.
DFG comb modes are measured with a linewidth of 20 kHz by heterodyne de-
tection with a 4 kHz linewidth QCL [78].

3.2.4 Quantum cascade laser - optical frequency comb lock

Frequency comb modes present a higher stability compared to the QCL. For this
reason, they are used as a transfer oscillator to phase lock the QCL in order to
shrink its linewidth and, at the same time, to obtain an absolute reference for the
laser frequency.

Fig. 3.6 shows the building block of the implemented phase-locking-loop. A beat
note between QCL and OFC is created by superimposing them in a 200-MHz band-
width MCT detector, PDpeat, (5.7-104 V/W responsivity and 50 nV /pHz noise floor
at a temperature of 77 K). Before the detector, combined radiations pass through
a monochromator, in order to filter the frequency comb far from the QCL wave-
length. The measured signal is band-passed at 70 MHz (10 MHz bandwidth) and
amplified by 50 dB. In order to achieve a tight phase locking ,the beatnote is shifted
in frequency with a local oscillator set at 890 MHz, it is divided by 16 obtaining
a final beatnote centred at 60 MHz. Then, the divided beatnote is compared with
a local oscillator using a phase-detector. In this way, it has been possible to di-
vide the phase noise of the beatnote by 16 in order to fall in the 27 range of the
phase detector. The output signal from the phase detector is sent to a Proportional-
Integrative-Derivative(PID) digital controller whose output is closing a loop to the
QCL current driver. The comparison between unlocked beatnote and the phase
locked condition is shown in Fig. 3.7(a) with 1 kHz resolution bandwidth and in
Fig. 3.7(b) with 1Hz resolution.
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Figure 3.7: Beatnote signal between the QCL and the DFG-OFC, when the QCL is
is free running (green curve) and in phase-lock (blue curve) at 1kHz resolution. (b)
Phase-locked beatnote at 1 Hz resolution.

According to Eq. 3.3 and by using a Doppler broadened CHF3 line as frequency
discriminator, the QCL frequency noise has been measured [79]. In the case of tight
locking (Fig. 3.3), the retrieved frequency indicates a 160 kHz integrated linewidth.

After locking, the QCL frequency is tuned by acting on the frequency comb
repetition rate, so that a 6 fyep is transferred as 0 foor, = 16 frep Where n is the comb
mode order (in this case n ~ 140000).

3.2.5 Experimental results

By changing the QCL current it is possible to produce an un-calibrated frequency
scan. Fig. 3.8 shows the transmitted spectrum through the CHFj3 absorption cell
at 10 Pa. This scan is approximately 60 GHz wide, and it shows the very complex
and dense spectrum of the CHF3 around 8.6 um. The power level is not constant
across this frequency range. This will be taken in consideration during absorption
line fitting by adding a linear baseline, sufficient to correct this very slow variation
around the single line profile. Fig. 3.9 presents a shorter un-calibrated scan, around
1 GHz wide, performed thanks to a frequency ramp provided to QCL external
current input. Here, it is possible to appreciate the presence of Lamb-dips inside
Doppler broadened profiles, a much narrow feature that indicates the saturation of
these absorptions. Besides this, it is also clear a not constant baseline that creates
a distortion of all the profiles.

Thanks to a rough registration of the spectrum as a function of the current
provided to the QCL, it is possible to set the current value that prepares the system
close to an absorption line. From this starting point, and after locking the QCL to
the optical frequency comb, it is possible to perform a calibrated scan and register
in detail the CHF3 transmission, with Doppler broadened and Lamb-dip profiles.

Fig. 3.10 shows the transmission of the line "Ry0(64) , with a pressure of 4 Pa
(blue dots). This transmission profile, T', is fitted by a saturation profile model
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Figure 3.8: Transmission of QCL through CHFj3 absorption cell as a function of
time. The un-calibrated scan spans about 60 GHz.
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Figure 3.9: Transmission of QCL through CHFj3 absorption cell as a function of
time. The un-calibrated scan spans about 1 GHz.
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Figure 3.10: QCL transmission through CHF3 absorption cell as a function of abso-
lute frequency (blue dots) with its fit (red curve) and fitting residuals on the bottom.
Right: absorption line "Ryo(64). Left: absorption line "R36(38).

according to
T = (a+ bv)e W), (3.4)

The absorption profile, a(v) can be expressed as
a(v) = Niap(v)(1 — Naa(v)), (3.5)

being N; and N, normalisation factors, ag the Doppler broadened profile, ay the
saturation profile and a, b parameters to take into account a linear baseline. Both
Doppler broadened and saturation profiles, are modelled with a Voigt function, keep-
ing a constant Gaussian contribution. The linear profile is dominated by Doppler
broadening with a full width at half maximum I'¢ =50 MHz. The sub-Doppler
profile takes into account transit time broadening , I'r7 =210 kHz, and the QCL
linewidth, I'gcr, =80 kHz, with an overall contribution of I'¢ =225 kHz.

Fitting residuals show a modulation along all the line. This can be attributed
to an ethalon effect inside the system, due to a back propagating beam reaching the
QCL or the detector. In addition, the presence of this modulation affects the fitting
precision itself. Because convergence of fitting is related to the change of residuals in
successive steps, the presence of an uncompensated background reduces sensitivity
to fitting parameters related to absorption line.

An example of a different line, "R34(38), is plotted in Fig. 3.10(left). In this
case, it is evident a shift between Lamb’s dip and Doppler-broadened line centres.
Looking carefully at its residuals plot, it is possible to notice three different small
picks in the right side of the main Lamb’s dip (red box). These are additional but
weaker saturated absorption profiles, which contribute to the same linear absorption.

A more detailed analysis has been conduced on the saturation profile as a function
of gas pressure (Fig. 3.11) and power (Fig. 3.12) for the "Rs34(38) line. For this
narrow scan in the proximity of the Lamb’s dip, it is possible to notice how the
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fitting is in good agreement with the data, with residuals without any structure
limited by detection noise. In particular, a full width at half maximum (FWHM)
and Dip contrast characterisations have been done as a function of pressure Fig.
3.13, Fig. 3.15 and power Fig. 3.14, Fig. 3.16.

Lamb’s dip FWHM, Ty, varies with pressure, p, as

(e +pB,

P\ /2
1 1+ —
+(+PS)

being 7* the pressure independent linewidth, B, the pressure broadening coefficient,
wo the Rabi frequency, I'¢ the Gaussian broadening contribution, 7, the Lorentzian
linewidth and P, the saturation power.

Also,the linewidth contrast, I, can be expressed as a function of pressure and

power as
2 1-1/2
]S(p):N{l— |:1+(Q—0)2 } (3.8)

9 —-1/2
Is(p) = (v" +pBy) * {1 + [1 + L)Q} } , (3.6)

and with power, P,

Is(P) =0 : (3.7)

FG + po

and

I(P)=N [1 - (1 + 2)1/2_ . (3.9)

By fitting this equations into data points, it is possible to obtain the Rabi fre-
quency, the pressure broadening coefficient ,the Lorentzian linewidth and the satu-
ration power (Table 3.1) [73].

Parameter DS
Satuartion power,P; (mW) 0.3(1)
Lorentzian linewidth, v, (MHz) 0.29(1)
Rabi frequency, 2y (MHz) 0.7(2)

Pressure broadening, B, (MHz/Pa) 0.016(2)

Table 3.1: Spectroscopic parameter of line " R4y(64).
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Figure 3.11: CHF}j line "Ry4y(64) in the proximity of its saturated absorption profile
(blue dots) accompanied by its best fitting (red line). Bottom panels show the
residual of each fitting. Experimental data are reported for a pump power of 1.75
mW and for 4 different pressures 7.1 Pa, 5.1 Pa, 3.2 Pa and 1.3 Pa.
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Figure 3.12: CHF;3 line "Ry(64) in the proximity of its saturated absorption profile
(blue dots) accompanied by its best fitting (red line). Bottom panels show the
residual of each fitting. Experimental data are reported for a gas pressure of 1.4 Pa
and for 4 different powers 1.75 mW, 2.9 mW, 4.1 mW and 6 mW.
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of points has been fitted according to Eq. 3.7 (line).
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3.3 Wavelength modulation spectroscopy

Direct absorption sensitivity is ultimately limited by technical noise from the pho-
todetector and the laser intensity, which has 1/f dependence with the frequency
(flicker noise). In order to improve the sensibility to saturation absorption profiles,
a wavelength modulation scheme is implemented. According to section 1.3.3, for a
wavelength modulation scheme a modulation index, M, greater than 1 is required.
In order to achieve a good sensitivity, the quantity Mw,, needs to be comparable
with full width at half maximum of the saturated profile (being w,, the modulation
frequency). In this case, with a saturated absorption linewidth around 1-2 MHz, a
modulation frequency of 100 kHz and a modulation index of 2 are chosen. With
these parameters, the demodulated signal can be well approximated to the frequency
derivative of the profile. This ensures a much higher signal for saturated profile com-
pared to the Doppler broadened one and, in addition, it removes any slow varying
baseline.

3.3.1 Experimental setup

Fig. 3.17 shows the Doppler-free wavelength modulation (WM) spectroscopy setup
[6]. The scheme is very similar to the direct spectroscopy setup (section 3.2.1) but
with few and important modifications. These changes are implemented in order to
eliminate some problems related with the previous experiment. As discussed in the
previous chapter, the laser source is a continuous-wave tunable QCL emitting from
1156 to 1160 cm™! (34.68 - 34.80 THz). The QCL is now equipped with a new
current controller with a lower noise (2 nA/v/Hz). This allowed to decrease the free
running linewidth by a factor of 2, from 1 MHz to 500 kHz.

A more careful design of the optical setup is made in order to decrease parasitic
back-reflections. In particular, the QCL beam linearly polarised along the vertical
direction is focused inside a Faraday isolator. The power at the output, with a po-
larisation 45 degrees rotated, is then split by a ZnSe window placed at the Brewster
angle. The horizontally polarised reflected beam passes through a quarter wave-
plate and it is coupled to a 25-cm long gas cell. Instead, the transmitted beam,
after passing through a polariser, is combined with the optical frequency comb. Be-
fore entering into the cell, the pump beam is collimated to a diameter of 8 mm by
a curved mirror (1 m of radius of curvature).In this way, the corresponding tran-
sit time line broadening is 20 kHz (instead of 80 kHz of the previous experiment).
After the cell, a mirror reflects back the pump beam. This beam, once attenuated,
creates the probe beam with a power ratio 1:8. After probing the gas and passing
through the quarter wave-plate, the vertically polarised beam is passing again from
the Brewster ZnSe plate. The transmitted radiation is first scattered by a metallic
diffuser and, then, it is focused by a plano-convex lens in a 10 MHz bandwidth
thermo-electrically-cooled MCT detector.

The combination of Brewster angle power splitting, quarter wave-plate, polariser
and diffuser provides a robust rejection to any unwanted back-propagating beam to
the QCL and parasitic etalon effects to the detector.
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mirror; D: diffuse reflector; P: polariser; QWP: quarter waveplate; ; A: attenua-
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Figure 3.18: QCL- midIR OFC beatnote radio frequency spectrum (1 kHz resolution
bandwidth). Blue: free running QCL. Red: QCL phase-locked to the OFC

In addition,the adopted absorption cell is different from the one of section 3.2.1.
In particular, a reduced pressure leakage (at a level of 0.5 Pa/h) allows to work at
pressure lower than 1 Pa and for longer time. Also the capacitive pressure transducer
has been recalibrated.

As in the previous section, the beatnote between QCL and a filtered part of
the DFG-OFC is measured by a 200 MHz bandwidth MCT detector, PDyc.;. The
beatnote frequency is compared, via a fast and low-noise phase detector, to a ref-
erence signal at 70 MHz provided by a RF synthesizer synchronized with the Rb
standard. Thanks to the new current controller of the QCL, it is no more neces-
sary to up-shift and frequency divide the beatnote frequency before entering the
phase detector. The phase detector error signal is then feedback to the QCL current
driver through a 1-MHz-bandwidth proportional-derivative-integrative (PID) servo
controller. Fig. 3.18 shows the radio frequency spectrum comparison between slow
and tight phase-lock control.

In tight phase lock, with a control bandwidth of 500 kHz (inferred from the
bumps of the radio frequency spectrum), the beatnote narrows down to the instru-
ment resolution bandwidth (1 kHz) and its signal-to-noise ratio (SNR) increases to
42 dB. This indicates, again, a coherent phase-lock between the QCL and the MIR
OFCs, resulting in this case a QCL linewidth of 50 kHz.

To implement wavelength modulation (WM), the QCL current is sinusoidally
modulated at a frequency of f,, =100 kHz with a depth of f =200 kHz and the
measured WM signal is then demodulated in frequency and phase.

The same frequency-scanning approach of the previous experiment is used in
this one. First, the QCL is phase-locked to the closest mid-infrared OFC tooth and

then, by changing the frequency comb repetition frequency, it is possible to absolute
scan the QCL.
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3.3.2 Experimental results

As for section 3.2.5, a first un-calibrated scan is recorded. A comparison with direct
measurement (corresponding to Fig. 3.9) is presented in Fig. 3.19. It is possible to
notice the increased sensibility to saturated absorption profiles. These are visible as
steep dispersion profiles, elevating from a slowly varying dispersion profile given by
the Doppler broadened absorption. This is possible due to the selected frequency
modulation amplitude, which is of the same order of magnitude as the Lamb’s dip
full width at half maximum but much lower than the Doppler profile. In addition,
baseline modulation is suppressed.

Thanks to the higher sensibility to Lamb’s dip profile, it is interesting to mea-
sure again the line "R34(38), in comparison with Fig. 3.10. The direct absorption
measurement was showing an asymmetry of the line and some structures in the
residual, similar to small saturation dips, an indication of multiple absorptions in-
side the same Doppler broadened profile. With wavelength modulation, Fig. 3.20,
it is possible to distinguish easily the presence of five saturation profiles, one strong
and four much weaker.

Also, line "Ry0(64) can be compared between direct measurements and wave-
length modulations, Fig. 3.21. In this case, no additional Lamb’s dip profiles are
visible.

As in the previous section (3.2.5), absorption profiles are fitted as a function
of the linewidth, line-centre and contrast. Wavelength modulation signal, Py,
is modelled according to Pwym = (S1.p + S1.1), being S; p a function taking into
account the dispersion signal of the Doppler broadened line and S ;, for the Lamb’s
dip profile. Because line "R40(64) is a single isolated line and because the scan is
done in the close proximity to the Lamb’s dip, the term S; p is approximated as
linear, av + b. The term S; 1, instead is described by [80]

S =ArxiL + Br(3xoL + X2.L) + CLXs.L (3.10)
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where Ay, By, Cf, are free coeflicients. y,, 1, are even components of the n-th Fourier
coefficient of wavelength modulated peak-normalised absorption lineshape function

X1 (Wd, W, t):

2 — g
1/

1/Qm
X, (W, Wa) = / X1 (Wa, Wy, t) cos(2mnw,,t)dt, (3.11)
0
where 6, is the Kronecker delta, wy; = (w — wp)/Awy is the normalised detuning,
Wy = Gp/Awy is the normalised modulation amplitude and Aw, is the molecular
linewidth [81]. For this experiment, a Voigt function for the Lamb’s dip profile has
been chosen. This function is chosen to take into account high harmonic distortions
coming from the locking amplifier and from contributions of the residual amplitude
modulation, both giving rise to n = 0, 2, 3 Fourier coefficient contributions.

Fig. 3.22 and Fig. 3.23 show fittings for measurements carried out at different
pressures and powers. Residuals show, in some cases, a structure in correspondence
of the line centre, indicating a not perfect convergence of the fitting or the presence
of even higher order Fourier contributions. However, since these structures are very
close to the noise level, they do not contribute significantly to line-centre or linewidth
determination .

Lamb-dip FWHM as a function of pressure and power are shown in Fig. 3.24 and
Fig. 3.25. Also in this case, FWHM is fitted as a function of pressure and power,in
order to obtain the Rabi frequency 2y, the pressure broadening coefficient B, the
Lorentzian linewidth -y and the saturation power P; according to Eq. 3.6 and Eq.
3.7. Table 3.2 summarizes these coefficients in comparison with direct spectroscopy
[73].

Parameters DS WM
Saturation power,P; (mW) 0.3(1) 0.3(1)
Lorentzian linewidth, v, (MHz) 0.29(1)  0.20(1)
Rabi frequency, o, (MHz) 0.7(2) 0.8(2)

Pressure broadening, B,, (MHz/Pa) 0.016(2) 0.013(2)

Table 3.2: Spectroscopic parameters of line "Ry0(64).

Enhanced sensitivity and baseline fluctuations cancellation allowed also line cen-
tre determination for saturated absorption lines by wavelength modulation.

In this way, more than ninety absorption lines have been measured and, for
many of them, it was possible to perform an assignment. Comparing with the best
literature result about CHF3 [72], a factor of more than 1000 has been gained in
precision with a best fraction precision at the level of 3 x 107!, Table 3.3 [6] and
Table 3.4 [73] report the measured lines.
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Frequency ‘Wave number Assignment Obs. - Calc.
(MHz) (em™1) vs band v band (107* cm™1)
1 34742647.0(1) 1158.889961(3)  "Rao(64) 7.5
2 34742745(1) 1158.893 23(3) - -
3 34742786.4(5) 1158.89461(2) - -
4 34742833(1) 1158.896 17(3) " R39(66) 4.1
5  34742847(1) 1158.896 63(3) - -
6 34742926(1) 1158.899 27(3) "R41(61) 5.5
7 34742998(1) 1158.901 67(3) 9R36(79) 3.1
8  34743185.1(1) 1158.907910(3)  "Rs36(38) 0.3
" R37(77) 4.9
" R41(75) 5.5
9  34743208.8(5) 1158.908 70(2) - -
10 34743216.1(5) 1158.90894(2) - -
11 34743223.2(3) 1158.90918(1) - -
12 34743240.2(5) 1158.909 75(2) - -
13 34743311.3(1) 1158.912120(3) - -
14  34743331.6(3) 1158.91280(1) - -
15 34743366.0(5) 1158.91394(2) 9R36(80) 6.4
16 34743415.0(5) 1158.91558(2) - -
17 34743423(1) 1158.91585(3) - -
18  34743632.5(3) 1158.92283(1) "R39(73) 7.2
19 34743652(1) 1158.923 48(3) 9R36(81) 6.3
20 34743676(1) 1158.924 29(3) "R37(78) 1.3
21 34743690.2(5) 1158.92476(2) " Ryo(74) -2.0
22 34743771.4(5) 1158.92748(2) - -
23 34743795(1) 1158.928 25(3) - -
24 34743813(1) 1158.928 86(3) 9R36(87) 0.4
25  34743907(1) 1158.931 99(3) -
26 34743978.9(5) 1158.93439(2) " R43(78) 7.8
" R39(76) 4.0
9R36(86) 3.2
27 34743991.0(5) 1158.93479(2) 9R36(83) 0.7
28  34744023.8(5) 1158.93589(2) - -
29  34744067.9(5) 1158.93736(2) 9R36(84) 3.7
9R36(85) 5.7
30 34744107(1) 1158.938 66(3) "R37(79) 3.5
31 34744110(1) 1158.938 76(3) - -
32  34744130.6(1) 1158.939449(3) " R4(5) -1.4
33 34744148(1) 1158.94003(3) " R3g(77) -7.3
34 34744310(1) 1158.945 43(3) " R39(67) 7.1
" R40(46) 9.0
35 34744326.0(1) 1158.945967(3) - -
36  34744333(1) 1158.946 20(3) - -

Table 3.3: Measured line centre frequencies (and wave numbers) for sub-Doppler
Spectroscopy of CF3H at 6 Pa. The uncertainties, indicated in parenthesis, represent
the quadrature sum of type A and B errors (at one standard deviation). For some
of the transition it has been possible to perform a line assignment(4-th column) and
to calculate the difference between observed (OBs.) and calculated (Calc.) values
(5-th column).
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Line FTIR [72] (MHz) This work [6] (MHz) FTIR—This work (MHz)
1 TRi(1) 34708 835.2 34 708 837.829040.0017 -2.656
2 TRa(2) 34 712 895.6 34 712 899.861540.0013 -4.299
3 TRs(3) 34716 957.2 34 716 956.014940.0011 1.136
4 TRy4) 34721 013.9 34 721 012.437040.0007 1.505
5  TRs(5) 3472 5080.3 34 725 074.857440.0006 5.470
6  T"Re(6) 34729 147.3 34 729 149.944640.0005 -2.633
7 TRy(7) 34733 247.0 34 733 244.92994-0.0006 2.044
8  TRo(3)  34735062.8 34 735 060.043140.0026 2.773
9 PQs(4) 34736 831.9 34 736 828.99944-0.0017 2.892
34 736 830.765940.0017 1.126
34 736 832.535940.0029 -0.644
10 "Rs(8) 34 737 367.6 34 737 368.508340.0006 -0.887
11 7Qs(5) 34738 549.4 34 738 540.845940.0009 8.557
34 738 550.21624-0.0014 -0.813
34 738 559.583240.0008 -10.180
12 TRs(4) 34739 579.8 34 739 577.982740.0012 1.807
13 "Ro(9) 34741 532.6 34 741 530.767340.0008 1.870
—  TR40(64) not measured 34 742 646.8843+0.0020 -
14  9Rs6(38) 34 743 190.8 34 743 208.775540.0027 -17.986
34 743 215.981840.0030 -25.192
34 743 223.1982-40.0026 -32.409
34 743 185.047940.0011 5.742
15 "R4(5) 34744 1321 34 744 130.50994-0.0012 1.628
16 "Rio(10) 34 745 730.9 34 745 717.906740.0009 13.024
34 745 743.560540.0014 -12.629
17 PQs(8) 34 746 250.8 34 746 243.736840.0022 7.034
34 746 249.320740.0025 1.450
34 746 254.8809-+0.0014 -4.110
18  T"Rs(6) 34748 733.4 34 748 729.065740.0014 4.287
34 748 736.955940.0011 -3.603
19 TRy(11) 34 750 022.5 34 750 020.95300.0010 1.507
20 TRo(2) 34750 517.4 34 750 520.09224-0.0013 -2.675
21 TRy(3) 34 752 456.8 34 752 459.4223+0.0017 -2.648
22 TRe(7) 34 753 385.5 34 753 384.761340.0009 0.771
23 TRi2(12) 34 754 379.0 34 754 379.610840.0010 -0.567
24 TRy(4) 34 757 436.9 34 757 438.664740.0015 -1.738
25 TRy(8) 34 758 112.7 34 758 109.6132-40.0009 3.046
26 TRi3(13) 34 758 839.7 34 758 839.400840.0010 0.255
27 PQu(18) 34 761 251.2 34 761 250.648940.0021 0.538
28 TRs(5) 34 762 420.1 34 762 419.388340.0030 0.689
29 TRs(9) 34 762 918.0 34 762 917.128340.0016 0.904
30 TRi4(14) 34 763 425.6 34 763 424.313440.0010 1.268
31 PQs(12) 34 763 521.5 34 763 519.1044-40.008 2.410
34 763 520.319040.003 1.196
34 763 523.628840.007 -2.114
34 763 526.98314-0.0025 -5.468
32 PQu(9) 34 764 429.3 34 764 426.817340.0018 2.469
33 TR4(6) 34 767 444.6 34 767 424.022240.0014 20.577
34 767 455.570640.0013 -10.972
34 TRo(10) 34 767 824.7 34 767 822.495540.0018 2.240
35 TRi5(15) 34 768 164.7 34 768 162.9665-0.0017 1.734
36 PQs(13) 34 769 164.8 34 769 162.117940.0018 2.690
34 769 164.923440.007 0.115
34 769 167.726440.0019 -2.918
37 TRs(7) 34 772 579.7 34 772 567.456340.0006 12.288
34 772 590.338040.0010 -10.594
38 TRig(11) 34 772 843.9 34 772 843.04844-0.0005 0.813
39  TRi(16) 34 773 090.9 34 773 089.861140.0004 1.029
Table 3.4: Measured line centre frequencies for sub-Doppler spectroscopy of CF3H at

1 Pa (4-th column) in comparison with 30 MHz resolution FTIR measurement from
ref. [72] at 5 Pa (3-rd column). The uncertainties of this work represent the type A
statistical contribution (at one standard deviation). The last column presents the

frequency difference between this work and ref. [72].
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Figure 3.22: CHF}; line "Ry4y(64) in the proximity of its saturated absorption profile
(blue dots) accompanied by its best fitting (red line). Bottom panels show the
residual of each fitting. Experimental data are reported for a pump power of 1.2
mW and for four different pressures 0.12 Pa, 0.54 Pa, 1,7 Pa, 8.3 Pa.
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Figure 3.23: CHF}; line "Ry4y(64) in the proximity of its saturated absorption profile
(blue dots) accompanied by its best fitting (red line). Bottom panels show the
residual of each fitting. Experimental data are reported for a gas pressure of 0.45
Pa and for four different powers 6.3 mW, 3.12 mW, 1.5 mW and 0.77 mW.
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Chapter 4

Absolute frequency stabilization of

a QCL to saturated absorption of
CHF;

Quantum cascade lasers (QCLs) are a new and mature technology to access mid-
infrared (MIR) spectral region and they offer a compact and reliable alternative to
difference frequency generation (DFG) system. They offer a continuous tuning over
several hundred gigahertz at 100 mW-level powers simply by adjusting temperature
or injection current and they can be design to emit anywhere between 3-25 pm
covering all MIR range.

Although intrinsic emission linewidth of QCLs can be expected to be very narrow
[82], excess technical noise, such as the pump current noise and internally induced
QCL structure noise, broadens the QCL emission linewidth by several orders of
magnitude up to few megahertz for 1 ms observation times.

Several methods have demonstrated a significant reduction of the QCL linewidth:
all-electronic locking [83][84], phase-locking to a narrow linewidth laser [85][86] or to
optical frequency comb based sources [87][88], frequency locking to a sub-Doppler
molecular transition [89][90]or locking to a Fabry—Perot cavity [91][92].

After narrowing the emission linewidth, QCL sources have been demonstrated
to be extremely suitable for high-sensitivity and high-resolution spectroscopy, or for
frequency metrology, due to their good stability and high emission power.

In this chapter, an approach to narrow (QCL emission linewidth and to absolutely
referenced it to a strong molecular absorption line of CHF'3 is presented, whose centre
frequency can absolutely be measured with a sub-kilohertz precision.

4.1 Absolute frequency stabilisation by frequency
modulation

A frequency modulation is a modulation technique characterised by a modulation
index, M, lower than one [14]. In this case, the spectrum results in a carrier and a
single pair of sidebands. After interacting with an absorption feature and if the right
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Figure 4.1: Experimental setup for frequency stabilisation against sub-Doppler ro-
vibrational transition of CHF3 at 8.6 um by frequency modulation. QCL: quantum
cascade laser; DFG OFC: difference frequency generation optical frequency comb;
BS: beam splitter; L: spherical lens; M: gold mirror; OI: optical isolator; PD: pho-
todetectors; PID: proportional integrative derivative controller; DBM dual balanced
mixer; f,, modulation frequency synthesiser.

phase is chosen in the synchronous demodulation, the signal results proportional to
the dispersion of this absorption, a signal that can be used easily as a frequency
discriminator for servo control.

In this experiment, frequency modulation is applied to a QCL interacting with
sub-Doppler absorption of CHF3 around 8.6 ym [93]. The demodulated signal is
then used to frequency lock the QCL and shrink its emission linewidth.

4.1.1 Experimental setup

The experimental setup for frequency stabilisation is shown in Fig.4.1. Summarising,
a QCL emitting from 1155 cm™! to 1160 cm™* (34.68 - 34.80 THz) is coupled to
an absorption cell containing CHF3 in a double pass configuration. In this way, a
saturated absorption is generated and it can be used as frequency reference.

By applying a signal at f,, = 1.56 MHz with an amplitude of A = 0.006 V to
the QCL current input, thanks to the current to frequency conversion of this source,
a frequency modulation is created with an estimated amplitude depth of a,, = 1.5
MHz, corresponding to a modulation index close to 1. The detector output, PDg,t,
recording the double pass from the absorption cell, is demodulated in-phase and the
signal is sent to a digital PID controller. The feedback loop is closed on the QCL
current.

As for section 3.2, part of QCL radiation is combined with DFG frequency comb
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Figure 4.2: Radio frequency spectrum of the beat signal between the QCL and
the optical frequency comb: (a) QCL in free-running operation (190-kHz resolution
bandwidth); (b) QCL frequency stabilized against the FM saturated absorption of
the "R36(38) line (red) in comparison with a sloppy-lock (blue) (20 kHz resolution
bandwidth).

in order to generate a beatnote on a MCT detector. In this case, the frequency comb
is used to characterise the frequency stability of the QCL locked to the saturated
absorption profile, allowing a direct comparison with the GPS-disciplined Rb clock.

4.1.2 Experimental results

Fig. 4.2 shows the radio frequency spectrum of the photocurrent measured by the
detector when QCL is operating in free running. Three main peaks are visible: the
low frequency beatnote signal, fy.q:, at 53 MHz corresponds to the beating between
QCL and comb closest mode; a second beatnote at 197 MHz relative to the second
nearest comb mode; and the repetition frequency of the optical frequency comb at
250MHz.

The main beatnote presents a SNR of more than 40 dB, and it is characterised by
a 600 kHz 3 dB linewidth at 50 us of integration time (Fig. 4.2(b) blue curve). When
the QCL laser is tightly locked to the saturated absorption of the line "R33(36),
its linewidth of emission shrinks down to 100 kHz (Fig. 4.2(b) red curve). This
linewidth is mainly limited by a 350 kHz control-loop bandwidth which is strictly
limited by FM demodulation electronics finite bandwidth of 100 kHz.

Frequency stability of the QCL after locking to the sub-Doppler profile of CHF3
is characterised by measuring the main beatnote frequency (at 30.2 MHz) by a recip-
rocal electronic counter without any additional phase-locked-loop (transfer oscillator
method).

Fig. 4.3(a) shows the corresponding Allan deviation (open circles) versus the in-
tegration time, 7. Allan deviation represents an average variance between different
samples and, usually, it is employed to characterise the frequency stability of oscil-

67



105 T T T T T T T T T T T T
E\ ® RFlock |]
— — ULElock | |, -9
\ ¢ — — Rbclock §10
\ P ]
4| AN
10 F \'e® /
. 3 7
\
L PN / 11010 ¢
c \ / ] 2
i) \ 4 ] 8
s \ ®
£10°¢ . & 3
) ®
© }‘ o S
= I Pt 111 =
L] N\ i W T 100 <
< > /
N % N
2L \\ // \\
10 N — N
AN
N
SO _ 4107
1 Ll HEHE R S A TH H Ll . |
10
102 10° 102
Tau (s)

Figure 4.3: Allan deviation of the Lamb-dip-locked QCL frequency versus the inte-
gration time (blue dots); the best interpolation curve, o2 (7) = 10**772 4 0.6 - 10** 4

6 - 10*'72 (dashed red line); Rb clock stability (black curve).

lators. For M samples with a calculated frequency y;(7), Allan variance is defined
as o, (M,T,7) = 2(M—1_1) M y(7)isa — y(7)%. Allan deviation is the square root
of this value.

In this case, the QCL is locked against the "R36(38) line for a CHF3 pressure of 7
Pa (corresponding to the maximum SNR). In comparison, the Allan deviation of the
Rb clock measured against a hydrogen maser, used as a reference for the frequency
comb, is displayed in the same figure (black curve).

The maximum stability of the QCL is obtained at an integration time of 7 =
1 s corresponding to the minimum Allan deviation of 8.6 - 107!2. This value seems
limited by the employed Rb-clock reference oscillator, allowing the possibility for an
even better stability at this integration time.

For shorter integration times, Allan deviation presents a dependence of o(7) =
10'2 - 771, which can be described as white phase noise contribution. This is an
indication of a tight phase-locking between the QQCL and the Lamb-dip reference.
Instead, for integration time longer than 1 s, the QCL stability decreases exceeding
the Rb-clock limit. From beatnote frequency measurement, this result from a linear
drift of 4.5 kHz/min, attributed to the air-pressure-induced shift caused by the
relatively high leakage (0.14 Pa/min) from the gas cell.

By removing from the data the measured linear frequency drift, the Allan devi-
ation is limited at the level of 8 - 107!2 by a flicker frequency noise contribution.
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Parameter Coefficient ~ Type B uncertanty

CHF; preassure 22(1) kHz/Pa 0.75 kHz
gas cell leakege 38(2) kHz/Pa 1.5 kHz
laser power 45 kHz/mW 0.2 kHz
modulation frequency 100 Hz/kHz negligible
modulation depth 16 kHz/MHz negligible
electronic offset 0.3 kHz/mV 0.2 kHz
etalon/interference effects 0.5 kHz
Rb-GPS-clock 0.04 kHz
Total type B uncertainty 1.8 kHz (5-10'1)

Table 4.1: Measured and estimated uncertainty budget relative to frequency stabil-
isation of a QCL to CHF3 "R34(38) absorption line by frequency modulation [93].

4.1.3 Uncertainty budget

A study of the possible effect of systematic error is conducted. In particular, Lamb-
dip-locked beatnote frequency dependence as a function of gas pressure and QCL
power have been studied. Moreover, gas leakage, electronic offset, etalon effects and
reference signals stabilities have been also analysed.

Table 4.1 reports results of this study together with their influence on the sys-
tematic (type B) uncertainty of the absolute frequency measurement. From this
analysis, it results that the combined contribution of pressure shift coefficient, pres-
sure accuracy measurement and gas cell leakage during the measurement time are
the major source of type B uncertainties. The total type B uncertainty is calculated
as 1.8 kHz , corresponding to a fractional accuracy of 5-107,

Repeatability is also analysed by repeating several measurements with the same
nominal parameters over several days. Experimental operating parameters are pre-
cisely: peup,= 7.00 = 0.04 Pa, Tioom= 22.1 £ 0.5 °C, Ppump= 5 mW, Ppope= 1.3
mW, f,= 1.56 MHz, a,,= 1.5 MHz. Each measure reported in Fig. 4.4 correspond
to an integration time of 1 s averaged for 100 samples (total measurement time per
point 100 s). The average of these fifteen independent measurements is 34 743 125
035(2) kHz and they result in a rms deviation of 8.9 kHz (2.6-1071%). Taking into
account the pressure-shift coefficient, the line-centre frequency of the "R36(38) tran-
sition extrapolated at zero pressure is 34 743 124 881(2) kHz (1 158.905 901 53(8)
cm™ 1) [93].

4.2 Absolute frequency stabilisation by modula-
tion transfer

A similar strategy to remove technical noises and to detect absorption signals at
higher frequencies is based on modulation transfer [94].
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Figure 4.4: Repeatability in the CHF3 line-centre frequency determination for dif-
ferent measurements. Each point represents the average of 100 samples at 1 s of
integration time, with the errorbar corresponding to the standard deviation of this
measurements. The dashed red line is the uncertainty of the average value. All the
measurements were performed at the same nominal experimental parameters.

When an unmodulated probe beam interacts with a nonlinear medium exited by
a modulated pump beam, it acquires sidebands in a process called modulation trans-
fer. This transfer is due to a four-wave mixing process via medium’s susceptibility
between the probe and two frequency components of the modulated pump.

Differently from wavelength/frequency modulation that are sensible to all the
absorption profiles, modulation transfer completely suppresses the linear Doppler
broadened absorption and it provides a dispersion-like signal with a zero-crossing at
line centre. Due to this, modulation transfer becomes particularly attractive when
using non-linear molecular absorption to establish reference with long-term stability
and accuracy [95][96].

In this section, modulation transfer is applied to frequency stabilising a QCL to
a saturated absorption of CHF3 [7].

4.2.1 Experimental setup

Fig. 4.5 shows the experimental setup. The laser source is the same QCL of the
previous section 3.2.2.

After passing through a 30 dB optical isolator and a half-wave plate, the laser
beam is split by a Ge-window at the Brewster’s angle. This series of optical ele-
ments allow to control the splitting ratio of the Ge-window by changing the half-
wave plate. Moreover, it provides a robust rejection of any back-propagating beam.
Transmission and reflection of the Ge-window are the pump and the probe beams,
respectively, for saturation spectroscopy in a counter-propagating and crossed-linear-
polarization configuration.

Before interacting with the sample, the pump beam is focused into a 50 MHz
acousto-optic modulator (AOM). The fist order diffraction of the AOM is re-collimated
and sent to a 25-cm-long cell filled with few pascal of fluoroform gas, CHF3, at room
temperature. After interacting with the pump beam in the sample, the probe beam
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Figure 4.5: Absolute frequency QCL stabilisation by modulation transfer setup. The
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and arrows, while circular polarization is represented by a clockwise arrow. OI: opti-
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integrative derivative servo controller; AOM: acousto-optic modulator; VCO: voltage

controlled oscillator; PD photodetector.
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Figure 4.6: Modulation transfer signal of a saturated absorption transition of CHF3
obtained with the QCL phase locked to mid-infrared OFC. a) 140 MHz frequency
scan obtained with the frequency comb locked to the GPS disciplined Rb clock
(CHFj at 2.5 Pa). b) 2.5 MHz scan obtained with the frequency comb locked to the
ULE cavity for different CHF3 pressure (bottom panel: normalized fit residuals of
the modulation transfer signal).

is extracted by a second Ge-window at Brewster’s angle placed after the cell, and it
is focused on a liquid-nitrogen-cooled HgCdTe detector (1 MHz bandwidth, PDyr).

To implement modulation transfer, the pump beam needs to be modulated.
This is done by applying a frequency modulation at a rate of 260.42 kHz (800
kHz modulation depth) to the AOM over the 50 MHz control signal. Modulation
transfer signal is retrieved by synchronous detection at the fundamental modulation
frequency by a lock-in amplifier connected to PDyp. This signal is then used to
frequency lock the QCL to the saturated absorption of CHFj3 by a PID controller
closing the loop over the QCL current controller.

The absolute frequency measurement of the laser and its stability performance
are obtained by comparison with an optical frequency comb. In particular, the
zero-order transmission of the AOM is combined with a DFG mid-infrared optical
frequency comb centred at 8.6 um (section 3.2.2).

4.2.2 Experimental results

Fig. 4.6 shows the modulation transfer signal recorded at the output of a lock-in
amplifier acquired with a time constant of 100 ms. The recorded line is identified
as "Ry44(62), a ro-vibrational transition belonging to v5 band of CHF3 (line centre
frequency 34 751 860 MHz). In particular, Fig. 4.6(a) presents a 139 MHz span ob-
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tained with the QCL phase-locked to the optical frequency comb frequency (section
3.2.4) referenced to a Rb clock. The scan is performed by keeping the locking and
scanning the repetition rate of the frequency comb. It is worth noticing the flat base-
line outside the saturation profile. This is possible thanks to modulation transfer
technique, sensitive only to non-linear absorption feature which rejects contributions
from any liner absorption profile (at 8.6 um, the room temperature Doppler width
of CHF3 lines is 50 MHz). By comparing the peak to peak signal and the rms value
outside the peak, it is possible to determine a signal to noise as large as 500 (100
ms lock-in integration time and 2.5 Pa of gas pressure).

In the proximity of sub-Doppler line centre, it is recorded the modulation transfer
signal with a much higher frequency stability of the optical frequency comb, by
locking it to an ultra-low expansion (ULE) optical cavity. This optical reference
consists in an ultra-stable Fabry-Pérot cavity created inside a glass designed with
a ultra-low thermal expansion coefficient (107® K~!). In this case, to scan the
comb repetition rate, the frequency of the ULE-cavity-locked Er laser is tuned by
an additional AOM frequency shifter while keeping the carrier—envelope offset at a
fixed value of 10 MHz. Fig. 4.6(b) shows modulation transfer signals recorded for
different pressures of CHF3, from 0.5 Pa to 7.4 Pa. The frequency resolution is 10
times finer than Fig.4.6(a), passing from 137 kHz to 13 kHz. The model employed to
fit each profile is based on frequency modulation of a Lorentzian profile in presence
of residual amplitude noise. For a CHF3 pressure of 2.5 Pa, the modulation transfer
spectroscopy shows the highest slope at the line-centre frequency of -48.2 V/MHz,
a RAM of 0.1%, and a linewidth, full-width at half-maximum, of 1.07 MHz. The
retrieved pressure and pump power line broadening coefficients are 63 + 5 kHz/Pa
and 15 £ 5 kHz/mW, respectively.

By using a proportional-integrative-derivative (PID) servo controller acting on
the driving current, the modulation transfer signal is used to frequency lock the
QCL against the centre of the saturation profile.

Fig. 4.7 displays the RF spectrum (900 Hz resolution) of the beatnote signal
between the QCL and the frequency comb, before and after frequency locking to
modulation transfer signal. In free running, or better in a low gain locking, the
beatnote signal has a 3 dB linewidth of 200 kHz; by increasing the gain and control
loop bandwidth the beatnote shrinks down to 11 kHz (observation time 100 ms).
This value is limited by the 100 kHz bandwidth of the system, limit imposed by the
modulation frequency adopted in this experiment.

QCL frequency stability is characterized by measuring Allan deviation (non-
overlapping two-sample deviation) of the beatnote signal versus the integration time,
7, of the used reciprocal (II) frequency counter.

Fig. 4.8 illustrates the comparison between two different references used to sta-
bilise the optical frequency comb. In the first case, the frequency comb is stabilised
with the GPS disciplined Rb clock. Here, the beatnote stability follows the stability
of the adopted reference clock, demonstrating that the QCL stabilised against sat-
urated absorption transition is more stable than the frequency comb. In the second
case, the frequency comb is stabilised against a ULE cavity. Now, the beatnote
short term stability is more than one order of magnitude smaller, starting from a
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Figure 4.7: Radio frequency spectrum of the beatnote signal between the QCL
frequency locked to CHF3 sub-Doppler transition and the optical frequency comb
referenced to the ULE cavity (red curve), in comparison with the free running QCL
(blue curve).
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Figure 4.8: Allan deviation of the beatnote signal between the stabilised QCL and
the mid-infraed OFC versus the integration time (Yellow: mid-infrared OFC locked
to the Rb clock; Blue: mid-infrared OFC locked to the ULE cavity; Black: Rb clock
stability).

fractional level of 2 x 107! at 7 =1 ms and it follows a white frequency noise law
6 x 10~137-Y/2 yntil 100 ms. For longer integration times, up to 10 s, the Allan
deviation is still lower than the one measured in the RF referencing scheme. The
stability then worsens due to the linear drift of the ULE cavity, corresponding to a
fractional deviation of 5x 10737 (as measured with respect to the Rb-self-referenced
comb).

4.2.3 Uncertainty budget

In order to further investigate systematic effects that can affect frequency accuracy
of the QCL locked to the sub-Doppler profile, sensitivity coefficients of the line-centre
frequency with respect to gas pressure, pump and probe powers, and modulation
parameters are measured. Fig. 4.9 shows the beatnote frequency dependence as a
function of CHF3 pressures and pump power levels, respectively. The pressure shift
presents a linear trend with a slope of 7.7 kHz/Pa. The observed power shifts seems
better approximated by a quadratic function. Because of this, it have been chosen
to work ar around of 5.25 mW where the pressure shift can be approximated by
a linear slope of -6.0 kHz/mW. Also probe beam power have been tested but no
significant shift have been observed.
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Figure 4.9: QCL-OFC beatnote shift as a function of QCL power (a) and CHF}3
pressure (b). Red line indicates the best fit.

Dispersion profile fittings (Fig.4.6) allow to estimate the residual amplitude mod-
ulation (RAM) contribution due to the acousto-optic modulator. This effect modifies
the dispersion profile and, in particular, it changes the zero-crossing frequency of
the modulation transfer signal. The retrieved frequency offset is estimated in 20
kHz/%RAM [97][98], which, assuming RAM at a level of 0.1%, contributes to the
uncertainty of the frequency standard at a level of 5.8 x 10711,

Another uncertainty effect is related to the pump and probe beams overlap. The
estimated parallelism error is about 0.5 mrad, which leads to an absolute frequency
uncertainty of 1.6 kHz (4.6 x 10711) [99]. Other effects such as Zeeman shift, splitting
of photon recoil doublet, second-order Doppler shift, gas lens effect, and black-body
radiation shift give negligible contributions to the systematic uncertainty, with a
maximum fractional value of ~ 107!2 for the gas lens effect.

In order to verify for repeatability, several measurements are repeated at the
same nominal operating parameters ( p = 2.50 £ 0.03 Pa, Pyum, = 5.25 £ 0.05
mW, Ppobe = 0.25 £ 0.01 mW, T=297.5 £+ 0.5 K, f,, =260 kHz, and Af =800
kHz) over several days. For this test, all the parameters are reset and restored to the
nominal operation value. In all these measurements, for synthesizers and frequency
counters, as well as for the frequency comb, the employed frequency reference was
the GPS-disciplined Rb clock, which ensures the best performance in the long term
stability.

Fig. 4.10 reports the result of this test, with the result of 18 independent mea-
surements of the absolute frequency of the QCL. Each of them is the average of
10 consecutive data obtained with an integration time of 100 s. The overall un-
weighted average of the QCL stabilized frequency is 34 751 885 064.9 kHz. The
statistical uncertainties results in 11.9 kHz, corresponding to a fractional accuracy
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Figure 4.10: CHF3 line-centre frequency measurements repeated using the same
nominal experimental parameters.. Each point represents the average of 10 samples
at 100 s of integration time, with the errorbar corresponding to the standard devi-
ation of this measurements. The dashed red line is the uncertainty of the average
value.

of 3.4 x 10710,

Table 4.2 summarizes the uncertainty budget in the measurements of the absolute
frequency of the realized QCL standard, the result is an overall fractional uncertainty
of 34.8 x 107! or 12 kHz in absolute terms.

By considering a corrections of +25 MHz for the Doppler shift and a correction of
+19 kHz due to pressure shifts, the line centre frequency of the CHF3 ro-vibrational
transition is 34 751 860 046 + 12 kHz.
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Parameter Coefficient ~ Uncertanty (10711)

CHF'3 pressure 7.6 kHz/Pa 0.7
Power -6 kHz/mW 0.9
Electronic offset 21 kHz/V 1.2
RAM 20 kHz/1% 5.8

Rb clock(100s) 0.4
Pump/probe overlapping 4.6
Statistics(repeatability) 34
Combined uncertainty 34.8

Table 4.2: Measured and estimated uncertainty budget relative to frequency stabil-
isation of a QCL to CHF3 "Ry4(62) absorption line by modulation transfer[7].

78



Chapter 5

Scanning micro-cavity resonator
(SMART) direct-comb
spectroscopy

Direct comb spectroscopy allows to use all the frequency comb as a probing beam
in order to excite several transitions at the same time. Thanks to its broadband
nature and its absolute frequency accuracy, direct-frequency-comb spectroscopy is
nowadays considered a fundamental tool in many applications of science and tech-
nology for high-fidelity mapping of atomic and molecular transitions. However, in
order to acquire its broad spectrum and accessing its absolute precision, a spectrom-
eter is needed with a sufficient high-resolution to resolve the single comb mode. If
this is the case, direct comb spectroscopy resolution is set by the comb repetition
frequency, but the accuracy can be much better, down to the single comb mode
linewidth making negligible the instrumental line shape. Dispersive spectrographs
are a simple and robust tool for parallel acquisition of the broadband frequency comb
but, most of the time, they do not have a sufficient resolution to resolve single comb-
mode. In order to exceed the spectrograph resolution limitation, Fabry—Pérot filter
cavities can be used to increase the comb line spacing and relax the spectrograph
resolution requirements.

5.1 Principles of SMART direct-comb spectroscopy

One of the possible spectrometers that can resolve the single comb mode is based on
a scanning Fabry—Pérot micro-cavity resonator, SMART DFCS (Scanning Micro-
cAvity ResonaTor Direct Frequency Comb Spectroscopy) [8].This approach can be
seen as a simplified version of Vernier spectroscopy.

Vernier spectroscopy [59] is based on the matching between a frequency comb
repetition frequency, fiep, With a Fabry-Pérot cavity free spectral range, FSR. The
matching is usually kept with a scaling factor m such that f.,/FSR=m/(m—1), in
this way the cavity is resonant with only some of the modes of the frequency comb
making possible to resolve them with a dispersive spectrometer, like a grating. Then,
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by changing the cavity length, it is possible to change the resonant condition and
obtaining another group of comb mode at the output of the resonator. A tilting
mirror synchronous with the scanning of the Fabry—Pérot cavity and a CCD camera
are used for the detection. The two-dimensional map generated on the camera
will have one direction corresponding to the dispersion spectrometer and a second
dimension given by the cavity scanning.

SMART technique has a very similar approach but it relies on a micro-cavity
with a high FSR, so high that only few comb modes can be resonant at each time.

An optical frequency comb with frequency Veomp = fopo+n frep, Where fogo is the
comb offset frequency, fiep is the comb line spacing, and n is the order of the comb
line, is coupled to a Fabry-Pérot micro-resonator. This resonator is characterised
by a free-spectral-range FSR= ¢/(2d) > f.cp, where d is the mirrors separation and
c is the speed of light and a cavity Finesse, F' ~ 7R/(1 — R) being R the mirror
reflectivity. By designing a cavity with FSR>> fi., and FSR/F < fiep, it results that
only few comb modes can be resonant with the cavity at a given length d. Moreover,
given a frequency comb with a bandwidth Av,, if FSR> Av, only one comb mode is
resonant at a given time. In this way, it is possible to record all the frequency comb
spectrum by scanning the cavity length. Since fo many experimental application,
the optical bandwidth of the frequency comb is bigger then the cavity FSR, spectral
aliasing can occur. For this reason, a low dispersion grating is added after the cavity
in order to detect a single Fabry—Pérot resonance on the detector. In addition, it
is possible to detect the whole comb spectrum by replacing the single detector with
an array.

The SMART approach reduces the system complexity since it does not rely on a
precise matching of cavity length and repetition frequency. In addition, it allows a
direct implementation of this method to any spectral region from 20 pgm to 200 nm.
A further spectral extension down to THz region will be feasible in the next years
when high-finesse THz resonators will be available.

5.2 Experimental setup

Fig. 5.1 shows the implemented SMART setup based on a commercial Er-fiber op-
tical frequency comb, a narrow-linewidth distributed-feedback (DFB) Er-fiber laser,
a scanning microresonator and a reflective diffraction grating (600 grooves/mm) [9].

The optical frequency comb is the same of section 3.2.3 a dual-branch Er-fiber
femtosecond laser with repetition rate of 250 MHz (frequency stabilised against the
GPS disciplined Rb clock), an optical bandwidth from 1500 to 1600 nm and an
average output power of 500 mW. In this case, one the outputs is used to detect and
stabilise, by self referencing, the carrier envelop offset frequency. This is done by
coupling the output to a highly-nonlinear fiber for octave spanning supercontinuum
generation (from 1000 to 2100 nm). The part around 1000 nm is frequency doubled
and it is recombined with the supercontinuum in a photodetector. The generated
beatnote, corresponding to the CEO frequency is then stabilised to with respect to
the Rb clock.
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Figure 5.1: SMART spectroscopy experimental setup. OFCS: optical frequency
comb synthesiser; PZT: piezoelectric trasducer; BS: beam splitter; f,, frequency
synthesiser; M: plane mirror; PD: photodetector; G: diffraction grating; PBS: polar-
izing beam splitter;. AOM: acousto-optic modulator; DAQ: data acquisition system.

The second amplified output is used as probing beam for the SMART experiment.
An additional fiber-coupled CW single-frequency laser is used in the experiment.
This narrow linewidth (100 kHz at 1 ms integration time), tunable (from 1440
to 1650 nm) laser is providing a frequency reference for the absolute frequency
calibration of the smart technique. The two lasers, the frequency comb and the CW,
are combined in a fiber coupler and then sent through an aspherical fiber collimator
to the Fabry—Pérot scanning micro-resonator. This last element is constituted by
two spherical mirrors with a radius of curvature 1 meter, separated by 250 pum. The
cavity finesse is 50 000 (7" = 0.005% at 1540 nm), FSR is 600 GHz and transmission
modes linewidths are 12 MHz.

By applying a linear voltage ramp to the piezoelectric transducer (PZT) on one
of the two mirrors is then possible to frequency sweep the transmission mode of the
cavity.

Since optical frequency comb bandwidth is larger than the cavity FSR, different
comb modes can be resonant with different modes of the Fabry—Pérot . In order to
avoid spectral aliasing, the micro-cavity output is dispersed by a reflective diffraction
grating and then detected on two separate InGaAs photodetectors. A first detector,
PDy, is collecting a part of the comb spectrum containing also the CW-laser. This
corresponds to M-th order of the cavity. The second detector, PD;, mounted on a
translation stage, can be aligned to detect another Fabry—Pérot mode, M + K. The
two detectors are then sampled by a 12-bit digital oscilloscope with a sampling rate
of 25 MS/s and processed by a computer.
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Figure 5.2: Scanning-time to absolute-frequency calibration principle.

With this measuring setup, two different experiments are performed: a first one
focused on resolution and a second one on bandwidth.

In order to test the resolution, a second Fabry—Pérot cavity is aligned in the
setup. This test cavity is a plano-concave resonator with 1-GHz FSR and a nominal
cavity Finesse of 2500 corresponding to a 400 kHz linewidth. Resonator mirrors
have nominal reflectivities of 99.9 and 99.98% for the plane and concave (1 meter
radius of curvature) surfaces, respectively. The second surface of the curved mirror
is anti-reflection coated, whereas the input surface of the plane mirror is uncoated
with Fresnel reflection coefficient of 3.3%.

The spectroscopy of the test cavity is performed by interleaving several spectra
taken in successive measurements with a different detuning between the frequency
comb and the test cavity. To ensure no frequency drift and to remove any low noise
perturbation during the measurement time, a lock chain is set. One resonance of the
test cavity is frequency locked to the CW Er-fiber laser. The locking is performed by
applying to the laser a frequency dithering (100 kHz modulation frequency and 100
kHz modulation depth) to its PZT actuator and closing the feedback control loop on
the test cavity PZT. In addition, to finely tune the optical frequency comb around
the test cavity resonances, a frequency-shifted replica of this is also stabilized with
respect to the CW Er-fiber laser using the beatnote signal with one tooth of the
frequency comb. The frequency shift is provided by an acousto-optic modulator.
By closing the loop on the frequency comb repetition frequency, thanks to its intra-
cavity electro-optic modulator, it is possible to keep the relation (Vegmp + faonr) =
(M frep + foro + faom) = Vew + foeart = NFSR. In this way, by changing AOM
frequency by 1 MHz, it is possible to finely scan the frequency comb across the
calibration Fabry—Pérot resonance and, by successive measurements, to record the
cavity reflection by SMART technique.

The second experiment, testing the bandwidth capability of the system, is per-
formed by adding a 10-cm-long acetylene gas cell (filled at 50 mbar pressure) before
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the scanning microcavity (and by removing the test cavity of the previous experi-
ment). The vy + v3 ro-vibrational bands of acetylene (CoHs) are around 1.55 pm.
The scanning micro-cavity transmission, dispersed by a diffraction grating, is mea-
sured by two photodetectors PDy and PD;.

PDy is measuring the M-th mode of the cavity, which corresponds to the mode
that can be resonant also with the CW-laser. Starting from this known frequency,
the frequency axis can be reconstructed. The closest comb mode can be assigned
by knowing the beatnote frequency with the CW laser. And any other comb mode
can be assigned by adding multiple of the repetition rate. In this way, any non-
linearity of the scan can be corrected. This absolute assignment is straightforward
to do on PDyg, due to the presence of the calibration CW-laser. On PDy, instead,
it is possible to correct the scan non-linearity due to the equidistant mode of the
frequency comb but, in principle, it is not possible to assign an absolute frequency,
since there is not a frequency reference to disambiguate comb mode number. This
limitation can be overcome by taking in consideration that also the Fabry—Pérot
modes are periodic. Since the absolute frequency of the M-th order of the scanning
micro-cavity, thanks to PDy is known, it is possible to reconstruct also the frequency
of any other M + K order by simply adding a multiple of the FSR (Fig. 5.2). In
this way, all the spectra measured by different photodetectors can be calibrated
with absolute precision. Once absolute calibration is achieved, coherent averaging
is possible with the consequence of increasing SMART sensitivity.

5.3 Experimental results

The ultimate frequency resolution of the SMART technique is characterised by mea-
suring the period narrow-linewidth resonances of a test Fabry-Pérot cavity (1GHz
FSR).

Fig. 5.3 shows the photodetector voltage as a function of time. This represents
one transmission order of the micro-cavity resonator, with each line corresponding
to a frequency comb mode. The single mode are well resolved, each of them with
a linewidth of 12 MHz, corresponding to the instrumental line shape (micro-cavity
resonance linewidth).

From Fig. 5.3(b), it is possible to notice that not all the comb modes have
the same amplitude, precisely, one every four modes has a lower intensity. These
correspond to the test-cavity resonances, which “absorbs”, or better transmits some
comb modes. Since the repetition rate is 250 MHz and the test-cavity FSR is 1
GHz, this corresponds to the ratio 1 to 4.

By using each comb mode as a frequency marker, each of them corresponding
to a frequency distance equal to the frequency comb repetition rate, it is possible
to reconstruct the micro-cavity scanning during the measurement. Fig 5.4 shows
the mirror distance as a function of time with a linear fit. The residuals show an
overtone modulation present during the scanning.

Going back to the test cavity measurement, the amplitude of each comb modes
is used as a sampling point in order to reconstruct its reflection profile. 28 different
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Figure 5.3: Micro-resonator transmission versus scanning time. a) All the spectrum
detected by PDg. b) Detailed zoom at t=100 ms, where cavity resonance can be
distinguished as a decrease of the transmission.
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Figure 5.4: Micro-resonator mirror separation versus scanning time, d,,, as retrieved
by the absolute frequency calibration of the PDg spectrum (black data). The dashed
red-line represents the best fit with a 2-order polynomial function (fit residuals are
reported in the bottom panel).
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measurements are performed, and for each of them, the offset between the locked
test cavity and the frequency comb is changed. Fig. 5.5 shows the result of these
successive scans, each of them averaged 50 times. The reconstructed reflection profile
presents a periodic set of narrow features corresponding to the periodic resonance
of the test cavity. Each of these resonances is 1 GHz apart from each other, and
the whole structure presents a sinusoidal-like modulation of the minima in the range
between 40 and 60%.

This modulation is attributed to the 3.3% reflectivity of the first surface of input
mirror of the test-cavity, that with a refractive index of 1.44 and a thickness of 6.35
mm., matches the periodicity of the modulation (=16 GHz).

Each cavity mode is fitted using a complex Lorentzian profile, resulting from
possibility of phase mismatch between the beam reflected at the input mirror and
the beam reflected by the cavity [100]. Fig 5.6 shows an example of this fitting.
Residuals of the fitting are limited by noise, with a rms value around 1%. From
the analysis of multiple reflection profiles, a FWHM modulation is discovered (Fig.
5.7). This modulation matches with the amplitude modulation cited before. It turns
out that the residual reflectivity of input mirror transfers to a modulation of cavity
Finesse and, as a consequence, on the resonance linewidth. The averaged linewidth
is 420 kHz with a mean fit uncertainty of 33 kHz (1 o).

To better estimate the possibility of frequency distortion introduced by the
SMART technique, a fit with a complex Voigt profile, instead of a complex Loren-
zian, have been performed. The frequency comb tooth linewidth can play a role
by introducing a Gaussian instrumental lineshape. However, the retrieved Gaussian
(FWHM) linewidth contribution to the Voigt profile is 20 + 44 kHz, i.e., consis-
tent with a zero result. In the worst case, assuming the deviation of the Gaussian
linewidth as the instrumental contribution, the ultimate resolution of the imple-
mented SMART method would be at the 44-kHz level. This result is perfectly
compatible with comb tooth linewidth, measured in previous works in the range
between 20 kHz and 50 kHzf or observation times from 1 to 10 ms [101].

The second part of the experiment aims to test the broad-bandwidth capability
of the SMART technique. In this case, the target is a 10 cm-long acetylene gas cell at
50 mbar. Two detectors are placed after the SMART cavity, one in correspondence
of the CW reference laser, PDg, and a second one in correspondence of a different
cavity order PDq,.

Fig. 5.8 shows the two photodetector signals measured as a function of time,
while scanning the microcavity length with a maximum span Ad ~0.5 pym in 40
ms. Again, the comb modes, as well as the CW laser, are well resolved and they
present an instrumental linewidth of 12 MHz. Absorption features of the CyH, gas
are clearly visible as a modulation of the comb spectrum detected by, PD;.

The calibration algorithm is applied to reconstruct the frequency axis. The
CW laser, with a frequency stability better than the comb repetition rate, fixes
the order of the closest comb mode, now, as new = (%) Starting from
this mode every other comb mode of PDy can be uniquely determined as v,y =
(new +q) frep + foro , with g integer number. Each of these frequencies correspond
also to a time instant of the scanning as veemy = (M)FSR(t). Starting from this
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Figure 5.5: Test-cavity reflection measured by SMART spectroscopy.
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Figure 5.6: SMART measured reflection profile (blue dots) fitted by a complex
Lorentzian function (red line). Residuals are plotted in the bottom figure, grey

dashed lines indicate the rms residuals ~1%.
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Figure 5.9: Recorded transmission spectrum from 10-cm long gas cell of CoHy at 50
mbar (blue curve), together with the HITRAN simulation (red curve).

first detector calibration, every other micro-cavity mode scanning can be defined
as v = (M + K)FSR(t), being K an integer. Since there is not any particular
matching between frequency comb and scanning micro-cavity, two different detectors
do not detect a comb mode at the same time. Time instants between two comb
modes are linearised and successive frequency assignment can be adjusted rounding
the frequency to the closed integer order ¢ that matches the condition vy, =
(new + q) frep + fcko-

Fig. 5.9 shows the calibrated transmission feature of the acetylene in compar-
ison with HITRAN simulation, demonstrating a good matching of the absorption
features. By moving the second detector PD; to different positions, it is possible to
record different micro-cavity transmission orders. After recalibration, the result is
presented in Fig. 5.10(a), for M = 317 and K = 2, 3, 4, 5, 6. Each of the main lines
from these four bands is fitted by using absorption parameters (like line-strength,
line centre, pressure broadening coefficient).

Fig. 5.10(b) reports the line centre frequencies of the main absorption line of
CsH; recorded in the four spectral bands measured for this experiment. The stan-
dard deviation of the error compared to HITRAN database is 2.2 MHz. A limited
signal to noise ratio and a residual baseline modulation are the main causes for this
uncertainty.
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Figure 5.10: a) Transmission spectrum of 10-cm long gas cell of CoHy at 50 mbar.
Blue: Spectra measured by SMART spectroscopy, corresponding to micro-resonator
transmission orders M + K with M = 317 and K = 2, 3, 4, 5, 6. Red: HITRAN
database simulation. b) Frequency deviation between retrieved acetylene line centre
frequencies and HITRAN database (yellow dots). The errorbar corresponds to the
fitting error (10).
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Chapter 6

Dual-comb hyperspectral imaging

Dual-comb spectroscopy combines advantages of broadband spectroscopy and tun-
able laser spectroscopy into a single platform. It allows to interrogate and measure
broad spectra by using a single detector, like in conventional Fourier transform
spectroscopy, but it provides frequency resolution and accuracy of single frequency
laser with a resolution set by the source rather than the instrument. Additionally,
it presents some unique advantages, like the possibility of having a system free of
moving parts and a resolution free from any geometrical constrains. Since its first
demonstration, dual-comb spectroscopy has explored many different applications in
many different spectral regions. It has been applied to precision metrology of molec-
ular line centres [102][103], in microscopy even at sub-wavelength spatial resolution
[104], to a spectral lidar [105][106], it has been expended in non-linear spectroscopy
like stimulated Raman scattering [107], comb-based coherent anti-Stokes Raman
spectroscopy [108], and two-photon spectroscopy [109].

Regarding hyperspectral imaging, dual-comb application has been limited, and
its implementation has been restricted to mechanical sample scanning approach
[107][110]. More recently, two experiments demonstrated the possibility to obtain a
hyperspectral image by dual-comb spectroscopy without any moving part. The first
one, exploited Hadamard structured illumination and single-pixel detection [111];
a second one demonstrated the first direct hyperspectral dual-comb imaging archi-
tecture in which interferograms were directly acquired by a camera [112][113]. In
this experiment, the goal was to further increase spectral bandwidth and resolution,
while keeping a parallel acquisition using a camera.

6.1 Principles of dual-comb spectroscopy

Dual-comb spectroscopy is an interferometric direct-comb technique that allows sin-
gle comb-line detection over its whole bandwidth by using a single detector and
without the needs of any moving parts. This technique requires two mutually co-
herent frequency combs with a slightly difference repetition rate which interferes on a
photodiode. The interference generates a radio-frequency version of the starting op-
tical frequency comb, creating a map one-to-one between optical and radio-frequency
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domains. Because of this remapping, if one of the two optical combs interacts with
a sample, recording spectral features, it is possible to recover the same information
from the radio frequency comb.

Frequency remapping can be easily understood by looking at the two frequency
combs into the frequency domain. A difference in repetition rate means a different
mode spacing between the two combs. When they are combined on a photodetector,
heterodyne beatnotes between pairs of comb modes are generated, each of these them
at a different frequency. With two frequency combs, each of them represented by
V1,2 = N12 frepi, + Jeeor ., the beatnotes between pairs of comb modes result

~ ~fre
fbeat - |V1_V2| - |n1f7"ep1 _n2frep2+fceol_fceag| = |nAfrep+AfCEO+An7p|a (6]-)

with frepz = f?‘epl - Afrep = frep - Afrep; AfCEO = |fce01 - fce()2| ) n= 07 17 27 ... and
An = 0,1,2,... This equation describes the generated radio frequency comb. The
first term represents the down-converted version of the comb, with a new line spacing
equal to the difference in repetition rate, A fip, and with a centre equal to A fcgo,
second term. The third term indicates that multiple copies of the starting frequency
comb can be detected, each of them separated by half a repetition frequency. Because
of this periodicity, if the difference in repetition rate is not chosen carefully, spectra
aliasing can occur, meaning that multiple comb lines are remapped to the same
radio frequency. If the frequency comb spans a spectral width Av, the condition
that needs to be satisfied is that all the comb modes N = Av/f,, are fitting in
between 0 and half of the repetition rate,

frep
9 )

NAfrep < (6.2)
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so that
2

A frep < 22‘;. (6.3)

Additionally, detector and sampling rate have to be chosen in order to be able
to acquire the complete signal. If the detector bandwidth or its sampling rate can
not reach frep/2, the right term of equation 6.2 should be replaced by the maximum
frequency span, f,,.:, that the system is capable of.

NAfrep S fmaz- (64)

Because of the interferometric nature of dual-comb spectroscopy, in order to reach
single comb mode detection, a minimum detection time is required so 7' > 1/A fyep.
Because of Eq. 6.3, this means that there is direct trade-off between the optical
bandwidth, the acquisition speed and the repetition rate.

Another aspect to be taken in consideration is the signal to noise ratio. As known
from FTIR, signal to noise ratio scales as the square root of the acquisition time,
SNRo T2 [60], resulting in an additional factor to add in the trade-off balance for
dual-comb spectroscopy.

In addition, in order to measure for a time T and averaging constructively, the
two frequency combs should keep their mutual coherence for this time. Different
strategies are possible. It is possible to generate a frequency comb starting from the
same seed laser in order to keep common most of the noise sources. Alternatively,
coherence time can be further extended by data post-processing.

In the case of spectrally resolved comb lines, each comb tooth provides a single
independent spectral sample, with its amplitude and its frequency. In this way, the
resolution is set by the repetition rate of the frequency comb. However, because each
comb mode is much narrower than the repetition rate, there is minimal cross talk
between adjacent spectral elements, i.e., no instrument line shape. This means that
the fundamental resolution is set by the comb tooth linewidth a resolution that can
be accessed by successive measurements obtained by scanning the frequency comb
(for example by changing its offset frequency).

All these concepts can be easily extended from a single detector to an array of
detectors (camera). In this case, every array element is recoding an interferogram,
which can be Fourier transformed to obtain the spectrum. At this point, it is possible
to create a hyperspectral map, a hypercube of information with the light intensity
recorded at each point in space and at each frequency.

6.2 Experimental setup

The experimental setup is sketched in Fig. 6.2. The two comb lasers are generated
with an all-fiber electro-optic set-up followed by non-linear spectral broadening. A
continuously tunable laser, emitting from 1530 nm to 1620 nm, with 50 mW of
output power, is split in two arms, each of them generating one of the two frequency
combs. The first stage consists in an electro-optic intensity modulator (EOM). The
EOM is controlled by a electrical pulse train generator, creating pulses of 50 ps with
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Figure 6.2: Dual-comb hyperspectral imaging setup. AOM: acousto-optic modula-
tor; ATT: attenuator; C circulator; CTL: continuously tunable laser; EDFA: erbium-
doped fiber amplifier; EOM: electro-optic modulator; HNLF: highly non-linear fiber;
M: double balanced mixer; P: polariser; PD: photodetector; PG: pulse generator;
PID: proportional integrativederivative servo controller; SG: signal generator.

an externally controllable repetition rate (maximum frequency 20 GHz). At the
output of the EOM a train of pulses is generated, corresponding to a bandwidth
of 0.1 nm. The output is sent to a L-band erbium-doped fiber amplifier in order
to reach an output power of 100 mW. At this point, the two beams are sent in
a counter-propagating manner inside a 2 km-long highly-nonlinear fiber, HNLF,
(with a non-linear coefficient of 11.5 W~km™1), in order to further increase the
bandwidth, reaching 6 nm. Counter-propagation is needed in order to keep common
the noises generated inside the fiber. After extracting the broadened light using a
circulator, each frequency comb is sent to a 25 MHz acousto-optic modulator acting
as a frequency shifter. After preliminary tests, it becomes clear that the major
source of noise for this interferometric spectrometer was intensity noise generated
in non-linear broadening. In order to reduce this contribution, the two AOM have
been also used as a feedback control to the frequency combs power. The output of
the AOM is split in two arms by a 10:90 coupler. The 10% of the radiation is sent
to a photodetector that measures the output power. The generated signal is sent to
a Proportional Integrative Derivative controller (PID) and the loop is closed to the
amplitude of the sinusoidal wave that controls the AOM. Due to this, the radiation
presents at least 25 dB decreased noise all over the acquisition band (0-10 kHz).
Fig. 6.3 reports relative intensity noise measurements before and after control.
After this noise control stage, the two frequency combs are recombined and
collimated within a 8 mm diameter, they interrogate two cells: one containing a gas
of acetylene at a pressure of 146 Torr; a second one with a gas of ammonia at 133
Torr (with a double pass). The absorption cells are constituted by input and output
angled windows, resulting in a trapezoidal lateral profile. In this way, the beams
travels a longer distance in a part of the cell compare to another, simulating a spacial
variation of the length of the absorption. The two cells are placed with different
orientations, approximately a relative rotation of 180 degrees between them.

94



107

107 ¢

10—10 L

10-12 L L i ! i
10° 10! 10? 108 10* 10°
Fequency [Hz]

Figure 6.3: Relative intensity noise at the output of HNLF. Comparing between
feedback control on (blue) and feedback control off (red).
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Figure 6.4: Dual-comb hyper-spectral imaging setup. The two frequency comb,
combl and comb2 are combined are sent through two absorption cells containing
ammonia, NHjs, and acetylene, CoHy;. The transmission is recorded on a CCD
camera. M: mirror, BS: beam splitter, PC: computer for acquisition.
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The transmitted radiation is then focused onto a fast 14 bits infrared InGaAs
CCD camera. The camera has a 60 MHz internal clock that synchronises the start
of each frame integration. This model is equipped also with an external control
clock signal input. It has been tested but it has resulted in a very high noise in the
pixel readout. For this reason, it has been chosen its internal clock and to employ
data-processing tools to correct for asynchronous detection. The camera can be
set to acquire a different number of pixels. This number imposes an upper limit
to the frame per second (FPS) that the camera is able to acquire. For example,
at the maximum dimension 320x256, it is possible to acquire 330 FPS, at 32x32
12000 FPS or at 8x4 20000 FPS. For a first demonstration, targeted to achieve high
spectral resolution, a 32x16 configuration has been chosen in order to allow acqui-
sition at 10300 FPS. This parameter sets the limit for the ratio between frequency
comb repetition rate and difference in repetition rate, according to Eq. 6.4, where
fmae =FPS/2. For this experiment, it is chosen a repetition rate of 350 MHz. As a
consequence, the difference in repetition frequency is 2 Hz and the relative offset is
2.5 kHz (=FPS/4).

The total power reaching the camera is 1 4W and the camera integration time
is set to 80 us.

6.3 Experimental results

Each pixel of the camera is recording a time trace similar to the one of Fig.6.5,
this represents a series of interferograms. In particular, a series of seven burst
(corresponding to 3.5 s) is used to compute a Fast Fourier Transform (FFT). This
time window is chosen by taking in consideration the maximum coherence time of
the system. Coherence time is experimentally determined by looking at the comb
mode shape after Fourier transform. Fig. 6.6 shows the results for FFT time
windows of 10.5 s and 21 s, respectively. In the second case, the FFT window is too
long compared to the coherence time between the two frequency combs, resulting
in a beatnote with a multiple peaks. For 10.5 s, instead, the beatnote can be
still considered a single pick. The time window of 3.5 s has been chosen for the
experiment to be well inside the coherence time.

In order to increase the SNR, it is possible to average several spectra. Before
averaging, for each spectrum, the magnitude is calculated and the frequency axis is
adjusted, in order to correct any possible shifts due to the asynchronous sampling.
The result of 998.5 s of averaging is reported in Fig. 6.7.

Each comb mode is clearly resolved, and it is represented by a sinc-function
with a width given by the inverse of a FFT window. It is possible to obtain the
transmission spectrum by taking the peak value of each comb mode. After baseline
removing, Fig. 6.8(b) is obtained. The result is then compared with a simulation
of acetylene and ammonia transmittance (Fig. 6.8(a)). A very good agreement is
found for acetylene while a poorer result is obtained from ammonia, due to low
precision of parameter reported in HITRAN database. A closer look to a couple of
ammonia and acetylene lines (Fig. 6.9) makes more clear the previous statement.
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Figure 6.6: Frequency comb amplitude spectra with two different Fourier transform
windows. Left: 10.5 seconds. Right: 21 seconds.
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Figure 6.7: Left: averaged dual-comb spectrum (1000s). Right: spectrum detail
around 1550 Hz (green highlighted rectangle); the envelope of an absorption feature
of acetylene is indicated by the dash black curve.
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Figure 6.8: a) HITRAN simulation for acetylene at p = 146 Torr and L = 3.5 cm
and ammonia at p =133 Torr and L = 9 cm. b) Dual-comb transmittance spectrum.
¢) Residuals plot.
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Figure 6.9: Transmittance spectrum recorded with dual-comb spectroscopy in com-
parison best fit obtained with HITRAN parameter. Blue curve: experimental data.
Yellow: best fit of acetylene. Red: best fit for ammonia. Purple: transmittance
product of ammonia and acetylene.

99



10*
L}
(]
s °

- o - 10°

Z 102} o 1z

(7] ° (7]
o ® ® 102

[ Yl
[) 101 L
101 L L J 100 L L L N
10° 10' 102 10° 107 10710 10°° 108 107
Time [s] Power [W]

Figure 6.10: a) Dual-comb spectroscopy signal to noise ratio as a function of the
averaging time. b) Signal to noise ratio estimated [114] with an averaging time
of 100 s by several contributions as a function of the power. RIN: laser relative
intensity noise; SHOT: shot noise; NEP: detector noise equivalent power; RANGE:
quantisation noise; TOT: total contribution.

As a final result, signal to noise ratio, SNR, is evaluated as a function of the
measurement time (Fig. 6.10). SNR is calculated starting from a fitting of acetylene
line at 195.41 THz. This line is isolated and far from ammonia strong absorptions.
The fitting model is a Voigt profile plus a 5-th degree polynomial baseline. The
residual of this fit should approximate well the signal to noise ratio of the system.

A square root dependence of SNR with respect to averaging time can be retrieved
up to 100 s, and up to 1000 s the deviation is less than a factor of 2. In addition,
different contributions to the signal to noise ratio have been analysed. Fig. 6.10(b)
reports effects of noise equivalent power (NEP), shot noise (SHOT), laser intensity
noise (RIN) and quantisation noise (RANGE) for different single pixel power level
at 100s of averaging time. In this experiment, the power is between 1 and 10 nW
per pixel. The measurements are shot-noise limited.

Until now, only single pixel results have been presented. Of course, each pixel is
recording an interferogram and, in consequence, a spectrum. The only difference is
the power of light impinging on each pixel, according to the map of Fig. 6.11.

Once the spectrum is obtained for each pixel, it is possible to perform a fit as
a function of the gas path length. The result is plotted in Fig. 6.12 and Fig. 6.13.
Each map is then fitted with a plane in order to retrieve the angle of each cell.

As expected, the precision obtained for acetylene is higher compared to ammo-
nia. This can be explained by taking in consideration the presence of different strong
absorptions of acetylene within the frequency range of the experiment, and by con-
sidering the poor quality of parameters for ammonia, especially regarding pressure
broadening and pressure shifts. However for both absorption cells, their angle have
been retrieved, respectively 190 degrees for the acetylene cell and 8 degrees for the
ammonia cell (in the y-x plane). The cell length average precision is 0.02 cm for
the acetylene and 0.2 cm for the ammonia. This value are calculated as the average
standard deviation of the length calculated at each pixel.
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Figure 6.12: a)Acetylene cell length map retrieved by fitting the absorption profile
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bar. b) Points and errorrbars represent the reconstructed lengths with their fitting
uncertainties. The plane is the best fit of these experimental points.
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Figure 6.13: a)Ammonia cell length map retrieved by fitting the absorption profile
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bar. b) Points and errorrbars represent the reconstructed lengths with their fitting
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Conclusions and perspectives

The work in this doctoral thesis has focused in high-precision and broadband frequency-
comb-spectroscopy in near- and mid-infrared spectral regions. Both comb-assisted
and direct-comb approaches have been analysed.

A high-resolution comb-assisted QCL spectrometer has been developed to inves-
tigate the crowded absorption spectrum of CHF3 molecule at around its fundamental
vy and vs vibrational band at 8.6 um. Sub-Doppler line absorption profiles and line
centre frequencies have been recorded with high fidelity and high precision as a
function of gas pressure and QCL power. Combining phase-locking methods of the
QCL to the optical frequency comb and high sensitivity modulation spectroscopy
techniques, CHF3 spectroscopic parameters have been recorded with high signal to
noise ratio. Thanks to this, line centre frequencies of 95 transitions have been mea-
sured with fractional precision of 2-107!! (corresponding to an absolute frequency
accuracy of 400 Hz). In addition, exploiting the narrow features of the sub-Doppler
absorption lines of CHF3 as absolute frequency references, a molecular frequency
standard at 8.6 um has been realised. This mid-infrared reference has been fully
characterised in terms of stability and accuracy using two different locking strate-
gies, the frequency modulation and the modulation transfer methods. The former
demonstrated fractional precision of 8 -107!? and an accuracy of 3-107!°. The lat-
ter showed a long-term stability and accuracy of 4 -107'% and 3-107!°, respectively.
Results are very similar for long term stability (longer than 1 s), but modulation
transfer showed almost 2 orders of magnitude better stability at short times. Smaller
pressure, narrower transit time broadening and lower temperatures can all lead to
a further decrease of the molecular linewidth and, as a consequence, to a better
mid-infrared frequency standard. For this purpose, high-resolution spectroscopy of
cold CHF3 molecules (at a temperature around 4 K by buffer cooling method) is
the natural evolution of this methodology having as a final aim the determination
of the proton-electron mass ratio.

Two different direct-comb spectroscopy methods able to resolve the single comb
mode have been investigated in the near-infrared spectral region at around 1.5 pm.
The novel SMART (Scanning Micro-cAvity ResonaTor) spectroscopy method has
demonstrated a high spectral resolution with negligible instrumental line shape con-
tribution, which is ultimately limited by the linewidth of the frequency comb adopted
for the experiment. A narrow linewidth Fabry-Pérot cavity (400 kHz) has been used
for this demonstration, obtaining an uncertainty of 20-40 kHz in the reconstructed
profile. In addition, broadband absolute frequency calibration has been also demon-
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strated by measuring the v; + v3 ro-vibrational spectrum of the acetylene molecule
at around 1.55 pym. An absolute calibration has been obtained over 4 THz opti-
cal bandwidth. This direct-comb method allows performances equivalent to other
direct-comb techniques but it is based on a simpler and more flexible architecture,
able to be easily extended to the mid-IR spectral region.

Finally, a dual-comb spectroscopy approach has been applied to high-spectral
resolution imaging of gas samples. Spectroscopy of gases of ammonia and acety-
lene around 1530 nm have been recorded with 350 MHz resolution over a 0.6 THz.
An hyperspectral cube as large as 877710 (32x16x1714) allowed to reconstruct the
spatial distribution of CoHy and NH3 absorptions in a proof-of-concept experiment.
High speed camera’s technology is still a limiting factor for dual-comb hypespectral
imaging. With the development of faster cameras, it is possible to increase spectral
bandwidth, spectral resolution, number of pixels and spatial resolution in shorter
acquisition times,obtaining a hypespectral analysis tool with unprecedented perfor-
mances that finds interesting applications in real time environmental and combustion
process gas sensing.
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