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Summary

High resolution molecular spectroscopy is a powerful tool to test fundamen-
tal physics, to measure fundamental constants or even to look for physics beyond
QED. An essential ingredient for such experiments is a narrow-linewidth, frequency-
stabilized light source, tunable and powerful enough to implement a Doppler-free
technique and detect the molecular transition with a good signal-to-noise ratio.
Moreover, dealing with molecular transitions, a key spectral region is the Mid-IR,
where the strongest vibrational bands of simple molecules can be found. Indeed,
the lack of suitable sources and key optical components has represented until now
a severe limit for this kind of experiments in the 1-10 pm spectral region. Common
spectroscopic methods working above 5 micron wavelength suffer from at least one
of these problems: they are feasible only in a narrow spectral range; the laser power
available for spectroscopy is limited; the frequency accuracy is poor. To overcome
these limitations, we implemented a setup for high-resolution spectroscopy that
can be applied in the whole 1-10 pm range. The setup combines the accuracy of a
metrological Mid-IR source and the spectral resolution achievable with molecular
beams. Our source is based on a quantum cascade laser (QCL), which provides tens
of mW optical power, and on a coherent source relying on difference-frequency (DF)
generation in a nonlinear crystal. As I will discuss, the latter is linked to the Cs
frequency standard and provides high accuracy, which is transferred to the QCL
by a phase-lock loop. We measured a vibrational transition in a highly-excited
metastable state of CO around 6 pm with 11 digits of precision [35]. The main
contribution to the molecular linewidth (900 kHz) was given by residual Doppler
breadening.

The core of this thesis is dedicated to the spectral characterization of this source
and to the improvement of the resolution of the spectrometer down to the limit
given by transit time broadening. These two goals are strictly connected, as we
will see. In order to overcome the limit to spectral resolution given by residual
Doppler broadening, I modified the experimental setup to reduce the molecules
velocity spread. Along z, the molecular beam propagation axis, it depends upon
the dimensions and relative distance of the two pulsed UV lasers used to prepare
the molecules in the excited metastable state (excitation laser) and to ionize them
for detection after interaction with the QCL (ionization laser). I focused as much
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as possible these two lasers and made the molecules and the QCL almost collinear,
with a small angle of 3.1 degrees, so that the relevant velocity component for the
Doppler broadening was the one along the molecular beam axis. This allowed a
better selection of the velocity of the molecules and allowed to reduce the Doppler
broadening by one order of magnitude, down to 80 kHz.

At the same time, I worked on the improvement of QCL stability. Working on
the reduction of the molecular linewidth, I realized that the loop used to phase-lock
the QCL to the DF radiation wasn’t working at its best, leading to a not optimal
laser spectral profile. Substantial improvements in the QCL phase-lock effectiveness
led to an enhancement of the QCL power channelled into the DF mode from about
40% up to 70%, a value in line with the best results in literature. Under these new
conditions, we expect that the QCL laser replicates the narrow-linewidth feature
of its reference DF radiation.

As a final result, we were able to measure molecular transitions with a full width
at half maximum of 177 £+ 10 kHz, thus improving the spectral resolution of our
spectroscopic apparatus by almost one order of magnitude. We are now almost
limited by transit-time bradening.

The high spectral resolution of these measurements allowed also to provide a
good estimation of the laser spectral linewidth. Indeed, considering the expected
contributions to the line broadening coming from residual Doppler broadening,
transit time and inhomogeneity of the magnetic field, an upper limit to the QCL
linewidth in optimal locking conditions of few tens of kHz can be set. This esti-
mation is much more precise than that achievable with more standard methods for
lasers in our spectral region. As I will discuss in the text, alternative methods can
be used to measure the laser linewidth or, better, the laser frequency noise spectral
density. Unfortunately, these methods are often not easily implementable in the
Mid-IR due to technical or physical limitations, making measurement of frequency
noise spectrum of stable lasers a big challenge.

As an example, I measured the source frequency noise power spectral density
using the mode of a calcium fluoride whispering gallery mode microresonator which
acts as an optical frequency discriminator to convert frequency fluctuations into
measurable amplitude fluctuations. Laser spectral linewidth has been calculated
via numerical integration. This method proved to be effective in recording the
frequency noise spectral density of our source in free-running conditions, but it
demonstrated to be unsuited to properly measure the noise of the source in phase-
locking conditions because of high dark noise contributions, as I will discuss in the
text. Therefore, using this method, I could only measure an upper limit of 700 kHz
for the laser linewidth.
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Chapter 1

Introduction

I would like to remark that part of the work described in this chapter has also
been published in [35].

The field of ultracold molecules is quickly growing. Biatomic molecules like SrF
[5] and CaF [1, 70], dimers formed by pre-cooled atoms [48, 57] and a polyatomic
molecule, STOH [38], have been already cooled to sub-mK temperatures. Despite
the encouraging progress in this field, however, molecule cooling is still a challenging
task. Because of several differences, including a higher temperature, the precision
of molecular spectroscopy experiments is lower than for their atomic counterpart
by more than three orders of magnitude. The main obstacles for molecular cooling
arise from the complex internal structure of molecules that makes a closed, two-level
system, virtually impossible.

However, the complex internal structure can be exploited for various interesting
experiments. For example, molecules can have enantiomers. An enantiomer pair is
formed by two molecules being one the mirror image of the other, not superposable
by a simple reorientation. The Earth biochemistry is based on L-amino acids and
D-sugars. A possible explanation for this asymmetry relies on the weak nuclear
interaction: it is a non-conserving P interaction [40, 72], and in chiral molecules it
is predicted to induce shifts in the energy levels having a different sign for the two
enantiomers [33, 59, 41] which, however, have not yet been detected experimentally.

High resolution spectroscopy on cold molecules can shed light on several other
aspects of fundamental physics, like the electron dipole moment (EDM) of funda-
mental particles [19]. According to the Standard Model, the electron charge distri-
bution should not be perfectly spherical. This implies an electron EDM different
from zero, although it is predicted to be smaller than 1073%¢ - em [13]. Exten-
sions of the SM, however, predict a higher value [55], near to the actual tabletop-
experiments detection limits.

The most stringent limit on EDM has been set with an experiment performed
on a molecular ThO beam [19]: the internal effective electric field inside a polar
molecule like ThO can be as high as tens of GV /cm, orders of magnitude higher
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1 — Introduction

than any controlled field created in a laboratory, and one of the highest known
among molecules and atoms. The energy associated with a dipole in an electric
field is proportional to the field strength, so that an internal electron of a polar
molecule is predicted to induce a significant energy shift, if compared with the
EDM-induced shift of an electron in an “external” electric field. To date, the
upper limit for the EDM is 1.1 x 10*¢ - c¢m [19]. This implies the existence of
new supersymmetric particles with a mass of more than TeV/c™2 [55, 10]. High
resolution spectroscopy experiments on cold molecules, in this case, compete with
particle accelerator facilities.

Another interesting application of precision molecular spectroscopy is the de-
termination of the Boltzmann constant. Fundamental units tend to be defined
avoiding reliance on manufactured objects. On the 20th May 2019, the Kelvin will
be redefined: the former definition of 1/273.16 of the thermodynamic temperature
of the triple point of water will be replaced by taking a fixed numerical value for
the Boltzmann constant kg: 1.380 649 x1072* when expressed in the unit kg m?
s2 KL

Although the most precise measurement of kg comes from an accurate mea-
surement of the speed of sound in Argon [54], having a relative uncertainty of 0.71
x107%, an independent measurement can be performed with a spectroscopic tech-
nique, the Doppler Broadening Thermometry (DBT). The first measurement was
performed by Chardonnet and co-workers [22] on a vibrational transition of “NH;
kept in a water-ice bath at 273.15 K. From the determination of the Doppler width
of the absorption line, a value as accurate as 2 x 10™* has been calculated. Simi-
lar experiments have been performed on Hy'®O [47], on a vibrational transition at
about 1.39 pm, with a precision of 2.4 x1075.

Given the renewed interest in their precise determination, the search for varia-
tions of fundamental constants becomes a fundamental issue and represents another
question that can be addressed with high resolution molecular spectroscopy. The
first to care about possible variation of fundamental phyisical constants was prob-
ably Dirac in the 30s [25]. Although the SM does not predict their dependence
upon time, space, or matter density, it does not strictly predict their constancy,
either. This issue is of fundamental importance. First of all the scientific method is
based on the idea that measurements are reproducible in different times and spaces.
Moreover, there are many evidences [51, 64, 61] that the universe is expanding at an
accelerating rate. From this observation a new form of energy, the dark energy, has
been postulated. One of the hypotesis formulated for dark energy is the dynamical
action of a scalar field [58]. It has been shown that this field must interact with
matter, implying a variation of the fundamental constants [16, 9].

To date, the strictest constrain on the variation of a fundamental constant, the
proton-to-electron mass ratio, u, has been obtained in a molecular spectroscopy
experiment: the current higher limit on the fractional temporal variation 1 /pu = (-
3.845.6) x10~'*yr~! has been measured comparing a vibrational transition in SFg
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with the fundamental hyperfine transition in Cs [65]. Astrophysical observations
provide another independent instrument: from the comparison of Hy Lyman and
Werner bands measured in a laboratory and in systems from 12.4 billion years ago,
a variation of Ap/p = (—9.5%5.4g0 £ 5.35yst) X 1079 has been observed [4]. Radio-
telescope-based observations on a methanol line yielded, with a similar approach,
Ap/p = (—0.0£1.0) x 1077 [3]. Matter density dependence has been tested with
astrophysical measurements within our galaxy again using methanol lines, yielding
Apfp = (2.2 £ 0.4gat £ 0.35ys) x 1078 [43]. Comparing microwave transitions of
the methylidyne radical (CH) measured in a lab and in astronomical sources from
our galaxy, a variation of the fine structure constant, Aa/a = (0.3 +1.1) x 1077,
has been found [69].

A classical technique to produce cold molecular samples are molecular beams.
They were first reported in 1911 by Dunoyer [27]. In 1922 with the Stern and Ger-
lach’s experiment [31] they became a consolidated starting point for many scientific
experiments. To produce a molecular beam, it is sufficient to let a gas mixture ex-
pand from an high-pressure to a low-pressure region through a nozzle. The initial
enthalpy of the gas is converted into forward velocity. This process lowers the tem-
perature of the molecules. The mean velocity of the molecular beam depends on
the composition of the gas mixture, in particular on the average molecular weight.
Typically, molecular beams can have average velocities ranging from 300 to 1000
m/s.

Typical densities in a molecular beam close to the nozzle are in the range of
10" /em3, decaying with the second power of the distance from the source. The low
internal temperature of a few K [50] and the low number of collisions in the sample
make molecular beams particularly well suited for spectroscopic experiments.

The speed of a molecular beam mainly depends upon the molar mass of the
species in the beam. It is very hard to reduce the beam speed below 300 m/s
even by seeding the species of interest in a heavy carrier gas, like xenon. Recently,
helium-buffer-gas sources have achieved an initial speed of the order of 150 m/s.
With such speeds, the interaction time with the light when doing spectroscopy is
accordingly limited, leading to an uncertainty in the measurement known as transit
time broadening. Moreover, although Doppler broadening is strongly reduced in a
beam, it is still a consistent source of uncertainty for high resolution experiments.

In the Mid-IR, molecular spectra exhibit a complex structure made of a sig-
nificant number of absorption lines, that correspond to molecular vibrations. This
structure is almost unique for every molecule. For this reason, the Mid-IR portion
of a molecular spectrum is known as the molecular fingerprint region. These lines
often correspond to fundamental modes, which means that their linestrenghts are
orders of magnitude higher than those we can find in the visible/near IR.

Quantum cascade lasers (QCLs) are available in the range from 4 to 20 pm [46].
In certain spectral ranges W-level output powers have been recorded [45]. These
devices generally show MHz-wide free-running linewidth, but a thorough analysis

3



1 — Introduction

of their noise properties demonstrated that the intrinsic linewidth of a QCL can
be much narrower [11, 7, 6]. Further improvements on the stabilization of chip
temperature and current made possible phase locking of a quantum cascade laser
at 10pm to a CO, laser stabilized onto a frequency standard: a linewidth of 10
Hz with a reported stability of 107! at 1s and accuracy of 3 x 10712 was achieved
[66]. To date, the best result in terms of linewidth was achieved by Amy-Klein and
co-authors, with a linewidth as stable as 2 x 107'® and an accuracy of 1074, They
obtained this result transferring the stability and accuracy of the primary frequency
standard, coming from a metrological institute, to a QCL through an OFC [2].

A fundamental ingredient that made this result possible is the development of
hundreds of km-long fiber links from the national metrological institutes (NMI)
like LNE-SYRTE in France, NPL in the UK, AGH in Poland, PTB in Germany
and INRIM in Italy, to several laboratories. When referencing local oscillators to
quartz-oscillators disciplined by Rb-GPS clocks, the stability is limited to parts in
10713 and the absolute accuracy to 10712 [49]. Fiber link technology allowed for an
improvement of several orders of magnitude both in the stability and accuracy of
referenced lasers [8].

Ultra-stable optical radiation referenced to the national primary frequency stan-
dard is provided to the European Laboratory for Non-linear Spectroscopy (LENS)
in Florence by the italian Metrological Institute (INRIM), via a 642 km-long opti-
cal fiber link. The optical link actually connects, along its path, several research
centers, whose different research fields reflect the wide application range of this
facility: from the Institute for Radioastronomy in Medicina (514 km from Turin)
to the Space Geodesy Center in Matera (1684 km), passing from the financial dis-
trict in Milan, the National Institute of Optics in Sesto Fiorentino and Arcetri
(around 682 km) and in Pozzuoli (1306 km). The final part of the connection to
the Space Geodesy Center in Matera (1684 km) is already in operation and under
characterization. At present, the italian fiber link is the longest National link in
Europe. Generally, the frequency transfer is obtained with a frequency instability
of 3 x 107! and an accuracy of 5 x 107 over 1000 s [14].

At the beginning of my PhD, I worked at a high-resolution measurement of
a vibrational transition on metastable carbon monoxide in the Mid-IR [35]. My
contribution to that work is related to the production of Mid-IR radiation by dif-
ference frequency generation in an orientation patterned (OP) GaP crystal, to the
implementation of the virtual beatnote scheme for the phase lock of the two near-IR
lasers, and to the final measurements of the vibrational transition frequency. To
introduce the framework in which my work is set and to show how it can bring to
important improvements of the precision, I will briefly show here the main results
of that measurement.

For this experiment, we produced a molecular beam by expanding a mixture
of 20 % CO in Kr at a backing pressure of 2 bar through the nozzle of a pulsed
solenoid valve (Parker Hannifin Corp., modified General Valve series 99), which is
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kept at 140 K and operates at 10 Hz. After a 1-mm skimmer, the collimated beam
has a velocity of 318 m/s. A pulsed UV laser at 206 nm excited CO molecules
from the ground state to the a®II;, v = 0, J = 1 metastable state. A Mid-IR laser
propagating perpendicular to the molecular beam drove the vibrational transition
to the v = 1,J = 1 state and finally, the molecules were detected by resonance
enhanced multi photon ionization (REMPI). We locked our optical frequency comb
to the signal provided by the NMI to refer Mid-IR radiation to the frequency
standard.

The stability and robustness of this setup allowed for rapid scans yielding high
signal-to-noise ratios. A 25-minutes long scan yielded a Doppler-broadened absorp-
tion profile with a FWHM of 900 kHz, as the one shown in 1.1, which is already
about two orders of magnitude narrower than the best value reported in the litera-
ture [23]. We acquired 22 scans over a few days for a total measurement time of 9
hours. This set of data allows to determine the line center of the chosen vibrational
transition on the metastable excited state, 51399115447 4+ 3 kHz, with an improve-
ment of the total uncertainty of more than 4 orders of magnitude on ref. [23], the
only previous determination. The relative uncertainty of 6 x 107! is mainly due
to systematic effects that will be discussed more in detail later on.

REMPI signal (arb.u.)

—————— T T T T T T T T T T T T
-2 -1 0 1 2
Frequency (MHz) - 51399115.447 MHz

Figure 1.1: Transition a®Il; :v =0,j = 1,+ >— v = 1,5 = 1,— >. The blue solid
line is a Voigt profile fit of the experimental data (red dots).

While the accuracy is currently limited by fluctuations of the excitation UV
laser, as it will be shown in a while, the precision of this absolute measurement
is limited by the Doppler broadened line profile. It would be natural to go for an
intrinsic Doppler-free spectroscopic measurement but, unfortunately, the spectral
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region around 6 pm suffers from a severe lack of optical devices. In particular, the
poor quality of optical isolators and the low sensitivity of photodiodes, above all,
prevented us from implementing a two photons or a saturated absorption experi-
ment.

To avoid any undesired Doppler shift that would introduce an undesired system-
atic error in the line center measurement, we retro-reflected the Mid-IR radiation
with a a corner cube so that the molecules interacted twice with the QCL radiation
that drives the vibrational transition to the v = 1, J = 1, - state.
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REMPI Signal (Arb.u.)

-2 -1 0 1 2
Frequency Detuning (MHz)

Figure 1.2: Recordings of the vibrational transition measured using both antipar-
allel beams. The frequency of the Mid-IR laser is scanned while the REMPI signal
is recorded. Each point represents an average over multiple acquisition cycles. All
fitting curves are double Voigt profiles. The different graphs represent different
values of the angle a: from the first to the last graph, the angle was moved from
positive to negative sign.

The two anti-parallel laser beams induced Doppler shifts equal in magnitude but
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opposite in sign (Figure 1.2). Thus, when the molecular beam and the Mid-IR laser
beam were not perpendicular, we observed a symmetric splitting of the absorption
line. We recorded the magnitude of the splitting vs. the angle between the laser
and the molecular beam, and, finally, we settled at the position corresponding to
the minimal splitting. The remaining systematic uncertainty is due to imperfect
parallelism of the counter-propagating Mid-IR beams. This has been independently
measured by means of a HeNe laser over a distance of 10 m, and it resulted to be
better than 10~* rad, which corresponds to a final uncertainty on the transition
frequency of 2.6 kHz.

In addition to Doppler shift, Zeeman and Stark effect could induce a frequency
shift of the absorption line. While stray electric fields are shielded by the vac-
uum chamber, the magnetic field was compensated by 3 pairs of coils in a quasi-
Helmholtz configuration. Selection rules for the @Il : v = 0,5 = 1,4+ >— v =
1,7 =1,— > CO vibrational transition only allow AM = 0, +1. The Zeeman shift
of the AM = +1 components is of the order of 500 kHz/Gauss, whereas the AM =
0 lines are shifted by about 12 kHz/Gauss. By cancelling the Zeeman shift on the
AM = +1 transitions, we estimate that the residual Zeeman shift on the AM = 0
transition is smaller than 1 kHz. We repeated the zeroing procedure several times
between the scans and we found no variation of the compensating magnetic field.
This contributes to the statistical uncertainty, together with the uncertainty in the
alignment of the beams, for which the procedure is described above, and with the
fluctuations in the population of metastable CO molecules.

We estimate the Stark and second-order Zeeman shifts due to stray fields to
be lower than 10 Hz. Since we prepare and detect the molecules with focused
ns-pulse long lasers at precisely-known times and positions, we know the speed of
the molecules, 318.5 + 2 m/s. Thus, we calculate the second-order Doppler shift,
+29.4 £ 0.4 Hz, and we subtract it from the measured frequency. The remaining
systematic uncertainty is due to the Cs fountain standard accuracy [42] and to fibre
link phase slips [17], both smaller than 100 mHz. Therefore, the total systematic
uncertainty is estimated as 2.6 kHz.

The distribution of the experimental measurements (Figure 1.3) has a Gaussian
shape with a standard deviation of 7.9 kHz. The set of 22 scans yields a total
statistical uncertainty of 1.7 kHz. Repeated measurements are not consistent with
each other: the main reason for the spread of the experimental data, I believe, is
the instability of the excitation UV laser. Energy fluctuations or drifts can affect
the number of molecules in the a®Il; state during each scan. Furthermore, the UV
source has 30 MHz residual frequency fluctuations, even if it is long-term stabilized
on an iodine cell. This effects can actually induce the fitting routine to erroneously
interpret them as a shift of the absorption line center.
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Figure 1.3: Repeated measurements of the transition line center. These indepen-
dent measurements were taken over a period of a month. The error bar of each
point is given by the standard deviation on the line center, coming from each line
profile fit. The solid line is the average value, 51399115447 kHz: the standard devi-
ation of this measurement set is 7.9 kHz, while the standard deviation of the mean
is 1.7 kHz.

Although we expect the contribution to the line broadening coming from the
QCL finite linewidth to be negligible, a direct measurement of the Mid-IR source
linewidth is helpful. We will show in the following that in the Mid-IR spectral re-
gion, in particular above 5.5 nm, traditional spectral analysis methods are very hard
to be implemented. Indeed, each of them presents different problems related to the
relative underdevelopment of optical components, e.g. optical isolators. Nonethe-
less, for all the reasons outlined in the first part of this chapter, the Mid-IR is
still a fascinating spectral region for molecular high resolution spectroscopy exper-
iments, and it is worth to make efforts to find some unconventional solution to the
source spectral characterization challenge. With this thesis work I have improved
the measurement of the transition linewidth by almost one order of magnitude.
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Chapter 2

Experimental setup

I would like to remark that part of the work described in this chapter has also
been published in [34].

We implemented a setup for high resolution spectroscopy in the Mid-IR on
a molecular beam of metastable carbon monoxide. The fundamental of the vi-
brational transition in the a®II state of the CO molecule is around 6 pm. The
absorption profile is very narrow, having a natural lifetime of 2.63 ms [32].

The optical setup consists, first, of a pulsed UV source that prepares the sample
in the metastable state. Then an IR laser drives the vibrational transition, and
finally a second UV laser is used for detection via resonance enhanced multi photon
ionization (REMPI), that is a state selective measurement. This laser, resonant
with an intermediate state, ionizes molecules by a two photon absorption process.

I will give here a detailed description of the molecular beam and the laser setup,
paying particular attention to the Mid-IR light source.

2.1 Molecular beam

We produce a molecular beam by pulsing a mixture of 20% CO in Ne into
vacuum through a supersonic valve PSV C-211 from R. M. Jordan Co., Inc., with a
nozzle diameter of 0.5 mm and a repetition rate of 10 Hz (Figure 2.1). Working at
room temperature, this valve is able to provide gas pulses with a nominal duration
(FWHM) of tens of microseconds. The gas expands into a vacuum chamber that
is kept at a pressure of about 10 mbar by means of a 520 1/s turbomolecular
pump backed by a membrane pump. The molecular beam enters a second chamber
through a skimmer with a diameter of 1 mm. Pressure in the second chamber
is further lowered to 10~7 mbar by means of two 260 1/s turbomolecular pumps
backed by the same membrane pump. After the supersonic expansion and the
passage through the skimmer, the CO molecules are distributed over the lowest
rotational levels of v = 0 in the ground electronic state and the beam divergence
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Figure 2.1: C-211 PSV Pulsed Supersonic Valve, from R. M. Jordan Co., Inc. A
current pulse of up to 5000 A and 20 ps duration passes in opposite directions in
two adjacent conductors, generating a magnetic force that compresses a spring,
allowing the gas to pass through the nozzle and expand into the vacuum chamber.

is drastically reduced. The rotational temperature is of a few K. CO molecules are
excited from their electronic ground state to the @I}, v = 0,.J = 1 metastable
state by about 1 mJ of light at 206 nm, produced by a pulsed OPO (~ 10-ns pulses).
The vibrational transition is excited by a QCL emitting at ~ 6 pm interacting with
molecules in two different configurations: it can either be perpendicular, or quasi-
parallel to the molecular beam. In the latter case, the interaction region is ~ 80
mm long, about the center of the second chamber. The Mid-IR laser transfers the
molecular population from the @®Il;, v = 0,J = 1 to the a®Il;, v=1, J=1 states.
Excited molecules are selectively detected with a second ns laser, which ionizes them
via the b>L* electronic state in a two-photon process. Ions are generated between
two electrodes that accelerate them into a microchannel plate (MCP) detector. The
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Figure 2.2: Energy level diagram of the involved states of CO. The excitation laser
at 206 nm excites molecules from the electronic ground state to the metastable
a®Ily: |v=0,J =1,+) state. Then, a Mid-IR laser at 5.9 pm drives a vibrational
transition, bringing molecules to the a®II;: |[v = 1, J = 1, —) state. Detection occurs
via REMPI, thanks to a two photon process induced by a 283 nm pulsed laser that
ionizes molecules via the intermediate state b*37 : v =1, N = 2, +).

time of flight detector is oriented along the molecular beam direction (z axis, see
Figure 2.3) with a 0.5 mm diameter aperture on the first electrode. The aperture
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collimates the molecular beam, selecting only molecules with a narrow velocity
spread in the x-y plane.

y 283 nm
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206 nm N z laser
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b) \Iy/
283 nm
. 2z  detection
206 nm 5.85um faser
excitation radiation

TOF-MCP

Pulsed Supersonic
Valve

Figure 2.3: A schematic rapresentation of the experiment: a supersonic beam of
ground-state CO is produced by pulsing a mixture of CO in neon into vacuum
with a Jordan valve operated at 10 Hz repetition rate. The source chamber is
separated from the main vacuum chamber by a skimmer with an opening of 1 mm
in diameter. After the skimmer, CO molecules are excited to the a®Il;, v =0,J =1
metastable state by about 1 mJ of light at 206 nm. In the middle of the main
vacuum chamber, the molecules interact with the Mid-IR light. The Mid-IR beam
and the molecular beam can be a) overlapped under an angle of 0.054 rad (~ 3
degrees) or b) perpendicular each other. Finally, the molecules are detected with
a second ns laser, which ionizes them selectively in a two-photon process. Ions
are generated between two electrodes that accelerate them on a microchannel plate
detector. Both pulsed lasers intersect the molecular beam perpendicularly.
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2.2 — Excitation laser

2.2 Excitation laser

To transfer the population from the electronic ground state to the metastable
a’ll;, v = 0,J = 1 state, we excite molecules with a 206 nm, 10 ns duration,
laser pulse. We use the green light of a frequency doubled 5 ns pulsed Nd:YAG
laser at 532 nm (Spectra Physics, Quanta Ray Pro-230) with 10 Hz repetition
rate. A beam splitter sends 20% of this light to a BBO crystal that doubles the
frequency generating pulses at 266 nm. The remaining part pumps an OPO: in a
4-mirror cavity two KTP crystals produce signal radiation at 917 nm and at 1267
nm. Only the shorter wavelength is resonant with the cavity. The OPO cavity
is seeded by a 917 nm cw diode laser (Toptica Photonics AG, DL 100 PRO) to
control the generated radiation frequency and to stabilize the cavity length. A
small periodic modulation is applied to the piezo on which one of the four mirrors
is mounted, providing an error signal for a lock-in amplifier. The lock-in determines
the deviation from the resonance and a feedback signal is sent to the piezo to tune
the cavity length on a multiple of the seeding wavelength. 917 nm and 266 nm
wavelength pulses are then overlapped onto a second BBO crystal to generate sum
frequency radiation. The whole system produces up to 2 mJ, 10 ns UV pulses, with
206 nm wavelength and 150 MHz bandwidth.

While 917 nm radiation is frequency stabilized thanks to the seeded OPO cavity,
266 nm radiation is directly affected by frequency fluctuations from the Nd:YAG
pump. Therefore, part of the 532-nm radiation is sent to a temperature controlled
iodine cell. Absorption is measured with a differential photodiodes scheme and the
laser is locked to the side of the I, transition centered at 18789.289 cm™!

2.3 Detection laser

Excited molecules are detected via Resonance-Enhanced Multiphoton Ioniza-
tion (REMPI). This technique consists in ionizing molecules with a multi photon
process, in which at least one step is resonant with an intermediate state. We use a
tunable pulsed dye laser (NarrowScan, Radiant Dyes Laser & Accessories GmbH).
Two cuvettes with a solution of Fluorescine 27 in methanol are pumped by a fre-
quency doubled Nd:YAG 10 Hz pump laser (InnoLas Photonics GmbH, SpitLight
1200) at 532 nm. A grating allows to finely tune the emission frequency, which has
a linewidth of the order of 0.03 cm~!. The emission spectrum of Fluorescine 27
ranges from 541 to 571 nm; this radiation is then frequency doubled with a BBO
crystal. In our detection scheme we ionize molecules via a two-photon process,
enhanced by the transition ¢*Il; : [v=1,J =1,— > St : jv=1,N =2+ >
(Figure 2.2). The laser wavelength, after frequency doubling in BBO, is 278.9 nm.
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Figure 2.4: Experimental setup for the production of 206 nm radiation. Our source
is a frequency doubled Nd:YAG pulsed source. Frequency is stabilized onto an
iodine absorption line, and the output power is split in two arms. A BBO crystal
doubles the frequency to produce up to ~ 5 mJ of 266 nm wavelength radiation,
while in the other arm an OPO produces tens of mJ of radiation at 917 nm. In a
second BBO crystal sum frequency generation from radiation at 266 nm and 917
nm produces up to 2 mJ UV pulses at 206 nm.
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2.4 Mid-IR frequency generation in OP-GaP

2.4.1 Quasi-Phase-Matching and Orientation-Patterned crys-
tals

Continuous-wave (cw) optical parametric oscillators (OPOs) combine single-
frequency and powerful emission [60]. However, cw OPOs have only been demon-
strated at wavelengths below 5pum, where oxide birefringent materials (LiNbO3,
KTiOPOy...) are transparent. Non-oxide materials, such as AgGaSe,, LilnSes,
and CdSiP, [53], show a larger residual absorption loss compared to oxide materi-
als and, therefore, only with silver gallium sulfide (AgGaS,) genuine cw emission
could be demonstrated at 2.5 pum [26].

An alternative method to produce narrow-linewidth, widely tunable, uW to
mW level Mid-IR coherent radiation, is difference frequency generation (DFG). Yet
again, commercial birefringent crystals such as LiNbOj3 and LiTaOg3 are transparent
only below 5 pm. For longer wavelengths, phased-matched DFG suffer from spatial
walk-off, which dramatically reduces the nonlinear interaction length. Nonetheless,
usual DFG-based phase matching techniques can only be used in anisotropic crys-
tals. Moreover, several isotropic materials exhibit large values of the d-coefficient,
little absorption in the Mid-IR and other desirable properties, if compared to the
anisotropic ones.

ITI-V compound semiconductors such as GaAs and GaP belong to the cubic
crystal system. They do not exibit birefringence so that, to satisfy the total mo-
mentum conservation quasi-phase-matching is necessary. A periodic structure in
the nonlinear medium gives an additional momentum contribution, so that total
momentum is conserved and there is a positive net flow from the pump to the
signal and idler. We will address here the three waves involved in the nonlinear
process as pump, signal and idler beam for the shorter, middle and longer wave-
length, respectively. As long as the phase between the pump and the signal is less
than 7, energy flows from the first to the second beam. When the phase difference
exceeds 7, energy starts to flow back from the signal to the pump. The length over
which this happens is said coherence length. In a quasi-phase-matched structure
the crystal axes are flipped at any coherence length, so that energy continues to
flow from the pump to the signal beam, in principle, along the entire crystal length.
Note that the involved beams can in principle have the same polarization and can
travel through the crystal in arbitrary directions, including collinear propagation:
this makes DFG in quasi-phase-matched crystals free from spatial walk-off, a severe
limit for DF'G over birefringence phased-matched crystals.

Hydride vapor phase epitaxy (HVPE) is the most reliable technique to grow a
GaP crystal with orientation-patterned layers: starting from a GaP substrate of
100 nm, a silicon layer of 5 nm is grown. Then, after a smoothing layer of AlGaP,
a layer of inverted GaP is grown. This layer is patterned with photolithography,
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and then all the grown layers are etched away until the first GaP layer is exposed.
The crystal is then first grown in a molecular beam epitaxy chamber (MBE) for
200 nm, then grown until a thickness of few hundred of microns is achieved with
HVPE. Crystals with a grating period of few tens of microns can be grown with
such a method.

2.5 6num DF generated radiation in OP-GaP

We used a single-frequency Nd:YAG laser (Ap = 1064.5 nm, Mephisto MOPA,
Coherent Inc, Av ~10 kHz, hereafter called “pump”) and an extended-cavity tun-
able diode laser (As = 1301.1 nm, DL 100, Toptica Photonics AG, Av ~ 100 kHz,
hereafter called “signal”). Up to 65 pW of single-frequency idler at A\i = 5.85um
were generated from ~10 W of pump and ~40 mW of signal in a QPM OP-GaP
crystal. An OP-GaP crystal with length [, = 24.6 mm and antireflection coated
at the three wavelengths on both facets (reflections at the three wavelengths is be-
low 1%) was characterized. We received this custom crystal from a collaboration
with BAE Systems, Inc. The crystal carries a 400 pm thick melt-grown substrate,
over which the OP layer extends for an additional 400 pm thickness. The overall
thickness of the chip is ~ 1.5 mm, with a ~ 6 mm wide OP layer carrying a 50%
duty cycle periodic domain reversal (grating period A = 24um). The sample is
housed in a massive copper block oven whose temperature is regulated by a P-I
servo-controller, and the oven is mounted on a XY Z — ©® positioner for DFG
efficiency optimization. The phase-matching temperature was found to be around
T= 43°C.

An effective first-order QPM nonlinear coefficient d = (2/7)d;4 = 17(3) pm/V
has been evaluated from the absolute measurement of DFG conversion efficiency
versus focusing, and these results are in agreement with the cw Gaussian beam DFG
theory (DFG setup is shown in Figure 2.5). The pump and signal laser beams are
nearly TEMgyg. They are coaxially focused in the OP-GaP crystal using a lens,
L1, with a focal length of 50 mm. A variable telescope on the pump path allows
to match the beam waist of the pump to that of the signal and to superimpose
the two waists inside the crystal longitudinally during idler power optimization.
After the crystal, the idler beam is separated from the near-IR pump and signal
beams, using a coated Ge window, and refocused onto a thermo-electrically cooled
HgCdTe photodetector (VIGO system, PVI-4TE-5/ MIP-DC-10M) using a couple
of lenses, L2 and L3, with 50 mm focal length. The detector absolute responsivity
was calibrated by simultaneously measuring the power of a QCL at 5.85um in a
range ~ 2 - 70pW with a calibrated radiometer. Figure 2.6 displays the absolute
Mid-IR power generated just after the crystal as a function of the pump power,
for a fixed signal wave power P; ~ 40 mW. Each curve corresponds to a focusing
condition, i.e., to a value of the focusing lens L1. The maximum idler power P; ~
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Figure 2.5: Experimental DFG laser setup. After the Ge window, L2 (fo 50 mm)
collects the idler, and L3 focuses it on the 200 pm active area of the HgCdTe
detector. L2 and L3 are made of CakFs.

65 pW is generated at P, ~ 10 W at the strongest focusing (f = 50 mm), although
the curve for f = 75 mm almost overlaps the f = 50 mm curve, meaning that
these focal lengths must be around the optimum to saturate the DFG efficiency.
The limited transparency of GaP at 1064 nm results in the heating of the crystal,
the thermo-optic effect consequently changes the refractive index, affecting the
QPM conditions. This is then responsible for two observed effects. First, at the
largest powers, the pump beam heats the crystal by several degrees above the oven
temperature, shifting the crystal temperature out of the QPM condition. In our
measurements, we took into account this process by adjusting the oven temperature,
so that each data point in Figure 2.6 corresponds to the optimal QPM condition,
once thermal equilibrium is reached. Second, the finite thermal conductivity of
GaP yields a transverse temperature gradient. This affects the QPM condition in a
spatial-dependent fashion. While the QPM condition is well satisfied for weak pump
powers, for substantial thermal load it cannot be satisfied throughout the whole
beam volume. This accounts for the observed idler power saturation at larger pump
powers, whereas a linear behavior would be expected from the Gaussian beam DFG
theory, with slope AP;/(P,P;), known as the conversion efficiency [73]. The linear
efficiency saturation observed for the two strong focusing data can be related to the
limited thickness (400 um) of the patterned layer. Indeed, the far-field divergence
angle of each wave is § = \/mnwy. For the pump and signal, one finds that in all
four focusing configurations, the beams are well inside the patterned layer over the
whole length of the crystal. However, due to its longer wavelength, this is not the
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Figure 2.6: Mid-IR radiation generated as a function of the pump power, for dif-
ferent values of the focusing lens L1.

case for the idler wave, having a mean diameter at the output facet evaluated to be
980 and 686 pm with f = 50 and 75 mm, respectively. For the two looser focusing
cases, instead, the idler mode diameter remains within the 400 pm thickness of the
patterned layer. Thus, for strong focusing, part of the generated idler expands
outside the OP layer into the bulk region where the absorption is larger and QPM
is no longer satisfied. Consequently the difference between the idler’s phase and the
sum phase of the pump and signal is not strictly identical within and outside the
QPM layer, thus affecting the overall phase coherence of the DFG process along
the crystal at strong focusing compared to the looser focusing cases where all three
waves remain quasi-phase-matched over the whole crystal length. The way strong
focusing affects saturation of the generated DFG power could be checked by using
a sample with identical length, but with a thicker OP layer (e.g., 1000 pm).

In order to boost the Mid-IR power, a temperature stabilized quantum cascade
laser (Alpes Lasers SA) is phase-locked to the DFG light and used for the spec-
troscopic measurement. The laser output is split in two beams: more than 90% of
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the total power is collimated by means of a pair of positive lenses and sent towards
the molecular beam. The remaining power, few tenths of mW, is combined in a
non polarizing beam splitter with the radiation coming from the OP-GaP crystal:
the resulting beat note is detected by a thermo-electric cooled HgCdTe photodi-
ode. Such a signal is used to feed a PLL that stabilizes the QCL by modulating its
current with a bandwidth of 300 kHz.

2.6 Locking chain

In this section we describe the locking chain that links the Mid-IR radiation,
generated in the OP-GaP crystal, to the primary frequency standard provided from
the Italian National Metrological Institute (INRIM) over a 642-km-long optical fibre
link. We obtain Mid-IR radiation with an estimated linewidth of few kHz over 1
ms timescale, a long term stability (1x107!* at 1 s) and accuracy (2x107'% over
the same timescale) that reflects reliably the performance of the Cs fountain at the
basis of the frequency chain.

2.6.1 Optical frequency standard

Our optical reference at 1542 nm is a fibre laser in Torino whose frequency
is kept at 194.399996 THz by a dual lock scheme: a fast Pound-Drever-Hall lock
(bandwidth > 60 kHz) to a high-finesse Fabry—Perot cavity [18] and a slow phase—
lock (25 mHz bandwidth) to a hydrogen maser using an optical frequency comb, to
correct for the cavity long-term instability. The stability of this laser is 3x1071° at 1
s. Periodic comparisons of the hydrogen maser with a cryogenic Cs fountain primary
frequency standard ensures that the frequency of the 1542-nm laser is known with an
accuracy of 2x1071¢ [42]. This optical signal is sent to the laboratory at LENS via
a 642-km-long fiber link, where 9 bidirectional erbium-doped fibre amplifiers have
been installed to partly compensate for the 190-dB optical losses [14]. The optical
phase is stabilized using the Doppler noise cancellation scheme (see Ref. [71]).
At LENS, a diode laser is phase-locked to the incoming radiation on a bandwidth
of 100 kHz, boosting the optical power at a suitable level for referencing a local
frequency comb. A complete metrological characterization of the fiber-delivered
frequency signal can be found in Ref. [17]. While GPS dissemination limits the
typical fractional frequency uncertainty to 107'% on a day average [44], frequency
dissemination by fiber link allows to achieve a short-term Allan deviation of 1
x107™ at 1 s and an ultimate accuracy on the frequency transfer of 5 x1071? at
1000 s integration time [17].
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2.6.2 Optical frequency Comb

We transfer the stability and accuracy of the frequency standard to the Mid-IR
using a commercial optical frequency comb (OFC) working between 1 and 2 pm. It
can either be stabilized against the ultrastable optical reference at 1542 nm coming
from INRIM, in Turin, or against a RF reference at 10 MHz. This reference is
provided by a Rb/GPS-disciplined quartz clock as stable as 6 x 107'% and having
an accuracy of 2 x 10712 at 1 s.

When the the optical signal is used as reference (Figure 2.7), the repetition
rate frequency fre, of the OFC is phase-locked to the 1542-nm light using an intra-
cavity electro-optic modulator. The achieved locking bandwidth is approximately
300 kHz, and the lock frequency is properly chosen so that the repetition rate is 100
MHz when the incoming radiation is at the nominal frequency value. The carrier-
envelope offset frequency fy is stabilized at a value of 20 MHz to a RF frequency
standard. The phase noise of the optical comb is limited by the optical reference
that is delivered over the fiber link. In particular, in the acoustic region the fiber-
induced phase noise is not completely suppressed due to the limited bandwidth of
the Doppler noise cancellation loop. In fact, this is inversely proportional to the
round-trip time of the light in the fiber [71] and it amounts to about 40 Hz in our
link [14].

2.6.3 Near IR lasers phase lock

The power for each comb tooth is of the order of 100 nW, on average. We split
the comb output into two arms to measure the beatnotes with the pump and the
signal lasers. For this, we use a dichroic mirror that separates the two spectral
regions with over 95% efficiency. For a good SNR on the detector, collimation of
the laser beam is important. To minimize power losses, we use a telescope on the
comb beam before the dichroic mirror, although the refraction index difference at
the two frequencies yields an imperfect collimation. We isolate the teeth needed
for each beatnote using two gratings mounted in Littrow configuration, followed by
apertures to further improve selectivity.

The PLL electronics we developed requires the SNR of the input RF to be better
than 30 dB in 100 kHz bandwidth. Tweeking of the OFC amplifier yields SNR of
the order of 25-30 dB. By measuring each beatnote with two InGaAs photodiodes
used in differential configuration, we improve the SNR by about 10 dB, reaching a
best-case condition of 40 dB SNR in 100 kHz bandwidth.

The diode laser is phase-locked to the pump to stabilize the difference frequency
UDF = Vpump — Vsignal, Where Vpump and vggnal are the absolute frequencies of the
two lasers. Here and in the following we use v for optical frequencies and f for
radiofrequencies. The frequency difference between the two lasers is bridged using
the OFC as transfer oscillator, with the so-called virtual beatnote scheme [68, 30].
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Figure 2.7: Metrological grade 6 pm radiation: a reference laser at 1542 nm is sent
from the National Institute for Metrological Research in Torino to our laboratory
at LENS, via a 642-km-long fiber link. Optical losses are compensated and the
fiber-induced phase noise is suppressed with a Doppler noise cancellation scheme.
At LENS this signal is used to reference an optical frequency comb, that is used to
reference the pump and the signal diode lasers. An OP-GaP crystal produces up
to 70 pW of Mid-IR radiation at 6 pW. This tiny amount of radiation is enough to
phase-lock a quantum cascade laser emitting in the same spectral region, so that
the linewidth is strongly narrowed and the frequency results directly referred to a
primary frequency standard.

An overview of the experimental setup is shown in Figure 2.8.

In figure 2.9 some typical recordings of the beat notes between different lasers
are shown. The plot (a) shows the beat note between the comb and the regenerated
reference light at 1542 nm. A PLL stabilizes the beat note frequency at 64 MHz
to maintain the repetition rate of our comb at 100 MHz. Panel (b) shows the beat
note between a comb tooth and the 1064 nm laser. In this case, the beat note
is stabilized at 130 MHz and it is broad because of the low locking bandwidth of
about 500 Hz. On graphs (c¢) and (d) the virtual beat note between the 1064 nm
and the 1300 nm laser and the beat note between the QCL and the DFG radiation
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are shown. The smoothed sidebands around the carrier correspond to the servo
bumps. From these we infer a locking bandwidth of 300 kHz in (a) and (d) and 200
kHz in (c). In (b) the servo bumps are not visible because of the limited resolution
bandwidth and the loose locking of the pump laser to the comb.

2.6.4 The virtual beatnote method

This procedure is thoroughly described in Ref. [68] and is a well-established
method in many laboratories. For a more intuitive understanding, we can first
think of a simplified case in which the DF of two lasers is locked using a comb
whose frp is perfectly fixed. The free parameters in this case are the frequencies of
the two lasers, Vpump and Vggnat, and the comb’s offset fy. Since the DF is assumed
to be too large to be counted directly, each laser is beaten against the closest
tooth of the OFC, npump and ngignal, yielding fo.pump = Mpump frep + fo — Vpump and
Jo:signal = Msignal frep T fo — Vsignal, and a PLL keeps the difference

b:pump — Jb:signal = Jrep\Mpump — Msignal) — \Ppump — Vsignal .
f f Jren( ) — ) (2.1)

constant by acting on the frequency of either laser, say the signal. In our setup we
beat the pump and the signal laser respectively with the teeth nyymp, = 2816363
and ngigna1 = 2302371. We note that the value fu.pump — fo:signal iS all the PLL needs,
whereas knowledge of which of the free parameters is drifting is irrelevant. Thus, the
pump could in principle run unlock but this is unpractical, since the photodiodes
and the filters have a limited bandwidth. Further, to avoid unnecessary action on
the pump’s driver to follow instabilities in fj, the frequency is usually locked using
fb:pump, defined as fb:pump = fopump + fo. Once fb:pump has been generated with
an analog mixer, the same can be done for the signal and the DF for the PLL is
thus generated as fi,,ump — fisigna, Which is identical to equation (2.1).

If areal OFC is used instead, where the stability of f., is finite, one immediately
sees from equation (2.1) that the difference of the beat-notes is not a good signal
for the PLL because the term fiep(Rpump — Msignal) 1S DOt constant anymore. A
conceptual difficulty arises by the fact that a variation of 7b:pump — szsignal could
either be due to a drift in the pump’s or signal’s frequency, or to a drift of fep.
The appropriate correction to apply to the signal’s frequency to keep DF constant
would be a shift of equal size in the first case, but a shift scaled by nignai/Mpump i
the latter case, because of the stretchable-ribbon-like behavior of OFCs. A simple
solution is available if the pump has a good short-term stability and can thus be
loosely locked to a comb’s tooth. Then, the PLL for the signal can be closed on

rd Nsignal &
fb:signal - fb:pump (22)
Tpump

with a much tighter lock, i.e with a wider bandwidth. In our setup this signal
is generated with a 32-bit Direct Digital Synthesizer (DDS) and a mixer, and is
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used as the error signal for the phase—lock loop (PLL) of the diode laser with a
bandwidth exceeding 200 kHz. An overview of the electronics used for the virtual
beatnote scheme is shown in Figure 2.10.

Once all the lasers are properly locked, the stability of the DF radiation depends
on that of the pump laser. Indeed, according to the DDS technique, the difference
frequency is given by

Nsignal
VDF = Vpump — Vsignal = (1 — e ) Vpump (23)

Tpump
The phase noise power spectral density (PNPSD) of the DF, PNPSDpg, is expected
to reproduce that of the pump rescaled by the factor (1 — =2&221)2 wwhich in our case

is ~ 0.033, according to
PNPSDpg = (1 — —220)2 pNPSD_ o (2.4)

Tpump
For further details regarding PNPSD and laser linewidth, please refer to the Section
3.

2.6.5 DF linewidth estimation

According to equation (2.4), the DF phase noise can be estimated from the
PNPSD of the pump. Figure 2.11 shows the pump PNPSD (green trace) and the
expected phase noise of the DF radiation (red trace). For frequencies above 15
kHz the DF noise is dominated by the background due to electronic noise (thinner
red trace). In the inset, the DF radiation frequency noise PSD is also shown.
Laser phase and frequency noise will be described more in details in the following
(section 3). From a numerical integration of the frequency noise PSD according
to [28], we calculate a linewidth of 2.3 kHz (FWHM over 1 second timescale) for
the DF radiation. This is expected to match the linewidth of the QCL when
locked to the DF' light. In the figure, the phase noise of the free-running QCL is
also shown for comparison (black trace). In the former analysis we have assumed
that the phaselock loops are driven by a zero-noise frequency reference. In reality,
all the PLL and local oscillators used in the locking chain are referenced to a
local GPS-disciplined rubidium-based reference that has a relative instability of
dviomaz ~ 1 x 10712, Taking into account all the different elements referred to this
local oscillator, we can calculate a contribution to the final instability of the Mid-IR
radiation of few parts in 10718, which is negligible with respect to the instability of
the optical link.

2.6.6 QCL-DFG phase lock effectiveness

To evaluate the effectiveness of a phase lock, a commonly measured quantity is
the parameter 1. Given a beatnote with a power spectrum P(v) centered around
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the carrier frequency vy, n is defined as the fraction

_ P(w)
N [P Py — ) dv’

Ul (2.5)

n is commonly used as a figure of merit for the for the phase lock [56]. If A¢ is the

loop phase error, we denote the ensemble or time average as () and the root mean
square as (A¢?). If (A¢?) < 1, then

n= e~ (89%), (2.6)

From a numerical integration of the different portions of the spectrum of the
beatnote between QCL and DF radiation shown in Figure 2.12, we obtain n = 0.7,
so we can assess that about 70% of the QCL power is channelled into the DF mode.
This value is in line with those we achieved with locked QCLs in previous works
with different electronic locking schemes [15, 29]. In this condition, we expect
that the QCL absolute frequency is determined with the same accuracy as the DF
radiation, and that its linewidth does not deviate significantly from that of the DF
light.
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Figure 2.8: An overview of the experimental setup. The difference of the frequencies
of two lasers, one at 1064 nm (pump) and the other at 1301 nm (signal), is kept fixed
by locking both lasers to the OFC, and radiation at the difference frequency (DF),
i.e. around 5.8 um, is generated in a 24.6-mm long OP-GaP crystal. This radiation
is used to lock the frequency of a room-temperature DFB-QCL that delivers up
to 35 mW of Mid-IR light. The beat-note is produced on a thermo-electric cooled
HgCdTe photodiode with a bandwidth of tens of MHz. Such a signal is used to
feed a PLL that stabilizes the QCL by modulating its current with a bandwidth of
300 kHz.
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Figure 2.9: Beat notes of the different phase-lock loops acquired by means of a
spectrum analyzer. (a): beat note between the comb and the reference laser at
1542 nm. Beat note between comb and pump (b) and between virtual beat note
and signal (c). (d): beat note between the generated DFG and the QCL. All spectra,
are acquired with 10 Hz resolution bandwidth, except the data shown in (b) for
which the resolution bandwidth is 300 Hz.
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in various positions are indicated in red.
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Figure 2.12: Beatnote between the generated DFG and the QCL. These data have
also been reported in Figure 2.9 (d). In the inset a zoom of the central portion of
the beatnote spectrum is shown. To calculate the effectiveness of the phase lock
we integrated the area under the carrier P(0) (in blue) and the total area (shaded
red) under the beatnote power spectrum. The ratio between these two quantities,
n = 0.7, gives a quantitative measurement of the effectiveness of the phase lock.
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Chapter 3

Laser Spectral Characterization

The spectrum of a laser source, even when it emits only on a single mode, is never
perfectly monochromatic. Fluctuations of the optical phase cause rapid variations
of the instantaneous frequency, and are thus responsible for the spectral broaden-
ing of the emitted radiation. The laser intensity profile /() has a certain spectral
distribution, and its full width at half maximum (FWHM) is usually referred to as
laser linewidth. Phase vatiations fundamentally depend on spontaneously emitted
photons, and the effect of this process on the laser linewidth can be quantified
in terms of frequency noise power spectral density (FNPSD). Technological limits,
such as mirrors instability in gas or dye lasers, or current and temperature fluctu-
ations in semiconductor lasers, commonly provide the major contribution to laser
line broadening.

In this chapter, we will first introduce the relationship between phase fluctua-
tions and laser linewidth, then we will give a brief review of consolidated spectral
characterization techniques. For all of them, critical points will be remarked: the
technological limits of optical devices in the 5.5-9 pm frequency range, such as the
very poor quality of optical isolators or the low sensitivity of photodiodes, does not
allow us to perform sub-Doppler measurements and allows only “rough” FNPSD
direct measurement. In the final section of this chapter we will introduce and dis-
cuss the basic idea beyond the method we used to overcome the limits of traditional
approaches.

3.1 General Noise Theory

3.1.1 General properties of noisy signals

A noisy signal, such as the laser power or frequency, can be expressed as

P(t) = (P) + §P(t), (3.1)
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with a constant and a time-dependent part (with zero mean value). If we consider
noise-generating processes to be stationary and ergodic, the mean value, indicated
here with (), can either denote the ensemble average or the average with respect to
time

Py 1im = [ peyar 3.2

(P) = Jim o [ P(1)dr (3:2)
According to equation (3.2), the average is indipendent of . Noise fluctuations in
the time domain can be described in terms of the autocorrelation function

pp(T) = (OP(T)0P(t — 7)), (3.3)

while in the frequency domain they can be evaluated in terms of the noise power
spectral density (NPSD), according to the Wiener-Khinchin theorem:

+o0 . 1 2
NPSDp(v) = / pp(T)e™™ dr = lim -

—c0 t'—o0

t )
/ SP(t)e 2™t dt (3.4)

0

The ergodicity hypothesis (equation (3.2)) has been exploited in the last passage.
The Wiener-Khinchin theorem states that the autocorrelation function and the
NPSDp(v) form a Fourier pair. Therefore, the inverse Fourier transform gives back
pp(7) as a function of the NPSDp(v).

3.1.2 Laser linewidth and FNPSD

The electrical field emitted by a single-mode laser can be expressed as Re[E(t)e®?™0!],
where 1 is the carrier frequency and

B(t) = \/S(t)e?m® (3.5)

is a slowly-varying field amplitude. In the present discussion we ignore the fluc-
tuations in S, so that S(t) = (5). It is now worth considering the instantancous
frequency ¢ = d¢/dt, that represents the deviation from the carrier 1. Following
this notation, the frequency of the laser radiation is expressed, at the time ¢, as
v(t) = vy + ¢(t). We define the differences

66(t) = 6 — (4)1 (3.6)
06(t) = 6 — () (3.7)

so that the latter has zero mean value. In analogy with equation (3.1), ¢ is written
as a mean value plus a time varying part. Its noise fluctuations can be described,
in time and frequency domain, by the autocorrelation function

po(7) = (58(r)d0(t — 7)), (3.8)
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and by the frequency noise power spectral density
NPSD,(v) = FNPSD(v), (3.9)

respectively. The Wiener-Khinchin theorem relates these two quantities so that, in
analogy with equation (3.4), FNPSD can be written as:

+oo .
FNPSD(v) = / pd)(r)e_l%w dr =
17°° . 2 (3.10)
/ Sop(t)e ™" dt
0

According to this definition, FNPSD includes contributions from both positive and
negative frequencies. It is usually referred to as a 2-sided frequency noise power
spectral density and is measured in Hz?/Hz. However, by definition, the FNPSD
of a real signal is an even function. Therefore, it is also common to restrict the
analysis to positive frequencies only, defining the I-sided frequency noise power
spectral density as

FNPSD;, = 2-FNPSD  for v > 0, (3.11)

which is still measured in Hz?/Hz. From now on, we will refer to the 2-sided power
spectral density when we write FNPSD.

We consider now the phase difference for a certain delay 7, A¢ = do(t) — 0o (t —
7). This quantity can be easily observed in an interferometric set up and its mean
square can be written in terms of FNPSD as [21]

sin?(27 f7/2)

(86) = (168(1) — 00(t ~ D)y =7 | +: FNPSD(f) " R . (312)
Recalling equation (3.6), the slowly varying field amplitude can be written as
E(t) = \/(S)e?ml<oxtroo] (3.13)
The field autocorrelation function is then
(E()E"(t — 1)) = (S) 27(9)7 (2789 (3.14)

We express the term <ei2“A¢> as a function of its probability density distribution
p(Ag): N
() = / P(AG)™9 d(Ag). (3.15)
—00
The main contribution to phase variations comes from the spontanous emission of

photons, a large number of indipendent events. Therefore, according to the central

limit theorem, A¢ follows a Gaussian probability density distribution:
1 1
P(A¢) = ——=c *&), (3.16)

2 (A?)
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so that the mean value of the exponential term in equation (3.14) can be written

as )
<6i27rA¢> — o 3{4n’as?) (3.17)
The field autocorrelation function becomes then
(E()E*(t — 7)) = (S) e27(9)7 =2 <A0?> (3.18)

Once the field autocorrelation function is known, the Wiener-Khinchin theorem
relates it to the power spectrum Wg(v)

Feo * —i2nTY
Wa(v) = / (E()E*(t — 7)) e™2™™ dr =
e A (3.19)
_ <S> / ei27r<¢>Te—27r2<Aq$2>e—i27rTu dr.

If we now define Av = <¢> — v and recall the equation (3.12), the power spectrum
becomes

Wa(an) = (s) | ™ dr cos (2mrAv)e 20 (3.20)
with ,
2(7) :4/+°° FNPSDy,(f) [Smﬂ df (3.21)
1T s f ’ .

where 7" is the timescale on which the FNPSD is acquired. In fact, we should inte-
grate the quantity in equation (3.21) from v = 0 to infinity, obtaining a divergent
integral. However, if we assume that the FNPSD measurement cannot be done for
an infinite time, we note that frequencies below the 1/T" limit are not affecting the
measured FNPSD and, hence, the power spectrum.

This result is completely general: equations (3.20) and (3.21) are valid indepen-
dently of the method used for measuring the FNPSD.

In real life experiments it is not rare to measure phase noise PSD instead of
frequency noise. According to equation (3.4), PNPSD is defined as the Fourier
transform of the phase autocorrelation function py(7):

1] .
PNPSD(v) = lim - / Sp(t)e= 2 dt| . (3.22)
t'—oo t! | Jo
We demonstrated earlier that the FNPSD can be written as
/ 2
1]t . .
FNPSD(v) = lim — / Sh(t)e 2t dt| . (3.23)
t'—oo t! 0

That, given the well known properties of the Fourier transform, is equal to
2

1
FNPSD(v) = lim —
t/

t'—o00

(—i27v) /Ot/ So(t)e ™ dt
= (27v)?PNPSD(v).

(3.24)

PNPSD is measured in rad®/Hz.
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3.1.3 Spectral lineshape

The direct measurement of the frequency noise power spectral density is the
most complete way to characterize a laser spectrum: it gives a complete knowl-
edge of the noise contributions for different Fourier frequencies and can be used
to identify the different noise processes affecting the overall line profile. More-
over, by means of an integration [28], it can be used to retrieve the shape of the
laser frequency spectrum and the value of its linewidth over the desired timescale.
FNPSD(f) can be expanded in a power series [67], where the main contributions
come from the constant and the 1/f term

1
FNPSDy, = ho + -1 (3.25)

with coefficients hg and h_q, respectively. As a matter of fact, many diode and
quantum cascade lasers exhibit this behaviour, with white and flicker noise being
the two main causes of spectral line broadening. As an example, in Figure 3.1
is reported the FNPSD;, of a quantum cascade laser emitting in the Mid-IR: at
low frequencies it is clearly visible a 1/f trend, while for higher frequencies the
FNPSD tends towards a constant value, independent from frequency (white noise).
Therefore, it is worth to discuss the contributions to the spectral line shape of white
and 1/f frequency noise.

White frequency noise

If only a white frequency noise contribution is considered, the NPSD; = FNPSD
is indipendent of frequency. Recalling equation (3.12)

o\ o [t sin?(27v7/2)
(Ag) =7 /_Oo ENPSD= 5 T
400
=72 .FNPSD - 1/ sinc?(27v7/2) d(27vT)2) = (3.26)

T J—o0

=7 -FNPSD

According to eqgs. (3.14) and (3.26), the autocorrelation function of the field
amplitude can be written as

(E()E*(t — 7)) = (S) 27(9)7¢=2n"T-FNPSD (3.27)

The Fourier transform of the the field amplitude autocorrelation function gives the
power spectrum:

= @ L c.c
Welv) =3 i(v—(¢)) + 7FNPSD e (3.28)
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Figure 3.1: 1-sided FNPSD of a quantum cascade laser emitting at 4.3 pm. FNPSD
has been measured using a molecular absorption line in strong absorbance regime
as a frequency-to-amplitude noise converter. 1/f and white frequency noise are the
main contribution respectively below and above 1 MHz.

This spectrum has a Lorentzian profile, centered around <gz5> with a full width half
maximum

Av = 27FNPSD = 7#FNPSD;, = mhy. (3.29)

Note that the actual laser spectrum is the spectrum of the complex amplitude,
whereas we deal here only with the slowly-varying amplitude E(t) (see equation

(3.5)).
1/f frequency noise

As many other devices, at low frequencies QCL’s and diode’s frequency noise
exhibits a 1/f behaviour. To investigate the contribution of this kind of noise to
the spectrum line shape, we neglect the Lorentzian broadening contribution due to
white frequency noise and suppose:

1
FNPSD = h1 (3.30)
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Since the FNPSD(f) is an even function, equation (3.12) can be written as

9 2h_y [+oo sin?(wfT)
(86" = = /0 Al (3.31)
At f = 0 this integral would yield an infinite variance of the phase change. But
since the measurement time ¢* cannot be infinite, this problem is avoided: the lower
frequency can be exactly zero only for an infinite (A¢?) measurement time, whereas
for a finite t* the lower integration limit is a frequency f;, proportional to the inverse
of t*. With this expedient one can integrate [67] the quantity in equation (3.31),
calculate the field autocorrelation function and from its Fourier transform, finally,
obtain the power spectrum

W(v) = <25> ﬁlaV e~ (D)=, (3.32)

The variance o2 is given by [67]

o @h,l. (3.33)

v 2

The 1/f frequency noise contribution broadens the emission spectrum, having a
Gaussian shape with a FWHM

Av =2vVIn20, ~ 1.25\/h_4 (3.34)

Most of the commercial IR laser sources exhibit a spectral profile affected both
by 1/f and “white” frequency noise, that can be well described by a Voigt pro-
file being the convolution between the Gaussian and the Lorentzian contributions
calculated above.

3.2 Interferometric techniques

One of the most intuitive way to convert phase or frequency fluctuations of a
laser source into some measurable quantity is to observe the interference fringe pat-
tern at the output of an interferometer. The beatnote of a laser with itself can give
enough information to calculate the laser linewidth: this technique is known as self
heterodyne. Consider a Mach Zehnder interferometer (Figure 3.2), where a modu-
lator has been introduced in one of the two arms, shifting the angular frequency w
by a quantity w, . The transmitted field at the output of the interferometer will be

ET(t) = A(eiwstEL(t) + EL(t — T)) (335)
Therefore, the transmitted intensity will be
Pr(t) = [A{|EL(t)* + |EL(t — 7)* + 2Re[e™"EL () EL(t — 7)]}. (3.36)
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Long fiber

EOM

Figure 3.2: In a Mach Zehnder interferometer, the laser beam is split in two arms.
A long fiber induces a certain delay 7 while in the other arm a modulator shifts
the laser frequency by ws. From the analysis of the interferometer output with an
RF-spectrum analyzer it is possible to measure the laser linewidth. This technique
is known as self-heterodyne.

If we neglect the intensity noise and note that the frequency shift can be interpreted
as a phase difference ¢y = w,t between the two arms, we can write the power as

Pr(t) = Pp[1 + cos (wst + A¢(t, 7))] (3.37)
where Pr, is a constant reference power and

Ap(t, 7) = o(t) — ot — 7) (3.38)

is the phase change. Fluctuations on the phase change are transferred to the output
power of the interferometer. The autocorrelation function and the spectrum of the
interferometer output power can be determined for any delay [52], but it is worth
showing what happens in the situation of short or long induced delays. For this
purpose we introduce a parameter that quantifies the maximum possible delay
between two components of the emitted optical field that can still interfere. If
we suppose only white frequency noise affecting the laser source, the FNPSD is
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independent of frequency and we can define a coherence time ¢, as:
FNPSD = 2/t.. (3.39)

This definition is not unique and many other can be found in literature. For 7 < ¢,
A¢(t,7) < 1 and thus cos Ag(t,7) ~ 1, sin A¢(t, 7) ~ Ag(t, 7). Equation (3.37)
becomes

Pr(t) = Ppr[1 + coswst + Ap(t, 7) sin wst]. (3.40)

Power is distributed in a central frequency w, and sidebands due to the phase change
A¢(t, 7). From a simple measurement on an RF-spectrum analyzer of the output
power of an interferometer, it is thus possible to calculate the spectral density of
the phase change, and thus the FNPSD [36]. This method can be used to calculate
linewidths in the sub-kHz range.

For 7 > t., let’s consider again equation (3.37). If we neglect the dc-component
of the output power of the interferometer, we have

Pr(t) ~ Pr, cos (wst + A¢(t, T)). (3.41)

We now compare the spectrum of the interferometer output with the spectrum of
the laser emitted field, the real part of E(t) (equation (3.13))

Re[E(t)] ~ cos 2(m () + Ag)] (3.42)

The frequency fluctuations of the interferometer output are described by the spec-
tral noise density of the phase change, NPSDx, while the FNPSD gives informa-
tions about the frequency noise of the laser electrical field. Comparing these two
quantities, it can be demonstrated that [37]

NPSDay = 2FNPSD  for 7> .. (3.43)

If a laser is mainly affected by white frequency noise, therefore, the spectral linewidth
is proportional to the FNPSD (see equation (3.29)), and then is just twice the spec-
tral width of the interferometer output. This method only requires a long enough
fiber to induce a sufficient delay between the two arms, and an RF-spectrum ana-
lyzer.

This measurement method is widely used for sources ranging from the visible
to the IR, but again, the effectiveness of the measurement depends on the rise-time
and sensitivity of the detectors used: measuring the radio frequency beat note of
two laser beams superimposed on a fast photo diode is hindered by the relatively
large background noise of electrooptical devices in the Mid-IR. Moreover, for a
laser in the Mid-IR it could be tricky to introduce a delay 7 > t.. As an example,
let us consider a diode laser mostly affected by white frequency noise and whose
narrow linewidth is expected to be 100 kHz or less. From equation (3.29), we
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can deduce that a delay of the order of microseconds must be induced into one of
the inteferometer arms. Optical fibers usually introduce 5 ps/km delay, so that
a km-long fiber is needed to obtain the required delay. In the near-IR this does
not represent a limitation, whereas in the Mid-IR commercial fibers or even specific
Zirconium Fluoride (ZrF,) or Indium Fluoride (InF3) fibers show, above 5.5 micron
wavelength, losses of 3 dB/m or more.

3.3 Frequency-Amplitude noise conversion

In addition to interferometric techniques, another direct measurement of a laser
frequency noise power spectral density can be obtained converting frequency fluc-
tuations into detectable intensity variations. To do so, it is possible to use the slope
of a molecular absorption line or the mode of an optical resonator. An experimen-
tal setup like the one in Figure 3.3 (a) is required: the laser frequency is finely
tuned on the slope of the molecular absorption line (or cavity mode), the yellow
area in Figure 3.3 (b). The slope here is almost linear, therefore any frequency
fluctuation is almost linearly converted into an amplitude fluctuation, measured by
a photodiode. Sending the photocurrent to an RF-spectrum analyzer it is possible
to measure the laser FNPSD.

For a precise measurement, the converter must introduce a negligible noise,
while providing a gain factor suitable for a good detection. In addition, the detec-
tor must feature low-noise and high speed to allow the signal to emerge above the
background given by the electronic or the laser amplitude noise. Unfortunately,
Mid-IR detectors have typically worse performances in terms of noise level and re-
sponsivity than near-IR detectors. This is particularly true for the region between
5.5 and 9pum: below 5.5 pm high sensitive InSb photovoltaic detectors can be found,
with very low noise levels and good noise equivalent power (NEP). In the 9-10 um
range, due to the presence of COq lasers, good components and instrumentation
have been developed. But in the 5.5-91m range, the choice of the optical dis-
criminator is crucial: the narrower the laser, the steeper the slope required (Figure
3.3). For this reason, the best candidates for frequency-to-amplitude noise conver-
sion are, in principle, sub-Doppler molecular absorption lines or high finesse optical
cavity modes.

3.3.1 Cavities

In a classical Fabry-Perot (F-P) configuration, the width of a cavity mode can
be expressed as the ratio between the free spectral range and the finesse. To have
a high frequency-to-amplitude noise conversion factor, the cavity should have very
narrow modes, a condition that requires either high Finesse or a small free spectral
range. High finesse means high mirror reflectivity, that is usually poorer in the
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Mid-IR than in the visible and near-IR regions. Optical cavities with a small
free spectral range, on the other hand, have the major drawback of mechanical
instability because of their considerable lenght: this would introduce an external
noise at low frequencies in the output signal that depends on the cavity length
variations. Furthermore, when dealing with quantum cascade lasers, the optical
feedback coming from a F-P resonator can be a serious limit.

Among the newest tools for Mid-IR optics, an important role is played by crys-
talline whispering gallery mode resonators (WGMRs). These devices do not present
some of the typical drawbacks of F-P resonators. They exploit total reflection in-
side the material, which makes them independent of optical coatings, and have
the advantage of being made of materials, like fluoride crystals, that are highly
transparent over an extremely broad spectral range. CaFs resonators, for example,
are transparent from the UV to the Mid-IR, and Q-factors as high as 10'° in the
near-IR and 10® in the Mid-IR have been measured [63, 39]. Thermal stabilization
is not an issue, thanks to their typical small dimensions (toroidal resonators have,
typically, diameters of millimiters).

These devices have found application in nonlinear frequency generation and
sensing, among other applications, and can be a valid alternative to high-finesse
Fabry-Perot resonators for Mid-IR laser frequency stabilization, or linewidth nar-
rowing [20, 12].

3.3.2 Molecules

An optical cavity is not the only option for an efficient frequency-to-amplitude
noise conversion. If a strong molecular absorption line falls into the laser frequency
tuning range, it can be used, in analogy with cavity modes (Figure 3.3), to measure
the laser FNPSD. Many ideal candidates can be found in the so-called “fingerprint
region”. Absorption lines in this region of the molecular spectrum often exhibit
noticeable linestrenghts, and this is a great advantage for sensing and also for
noise measurements: when working in high absorbance regime, the slope angular
coefficient (i.e.,the conversion efficiency) is maximized. It is therefore mandatory
to use a strong transition for this kind of measurements.

In addition to the high number of available absorption lines, using molecules
as frequency-to-amplitude noise converter has an even more appealing trait: rovi-
brational transitions in the Mid-IR have typical natural linewidths of the order of
tens-hundreds of Hz. It is thus tempting to exploit such sharp spectral features
to characterize very narrow laser sources. This requires to significantly reduce the
additional contributions causing linewidth broadening, as discussed below.
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3.3.3 Line broadening of molecular transitions

Consider an absorption line of a certain molecular spectrum: if the molecule
is excited from a state with energy FEj to an upper state having energy E;, the
absorbed intensity I(v) will be distributed around a central frequency vy = (E; —
E))/h. The function I(r) around vy, in analogy with a monochromatic laser emis-
sion spectrum, is usually referred to as line profile. If v; and v, are the frequencies
for which I(vy) = I(ve) = I(1g)/2, then dv = vy — vy is the FWHM, or linewidth.
The region between 14y and v5 is usually named Kernel of the line, while the re-
maining part outside this interval are named line wings. To avoid 27 factors in the
equations, the FWHM is often written in terms of angular frequency w = 27v, so
that the linewidth becomes dw = 2wdv. The relative width, however, is the same

ov

14

dw
— 44
- (341

_ |2
A

also in terms of wavelength A\ = ¢/v.
In the following, a brief overview will be given of the effects that contribute to
the broadening of the line profile.

Natural linewidth

Heisenberg’s uncertainty principle, more precisely the time-energy inequality,
sets the lower limit for any transition linewidth: if an excited state has a lifetime
T¢, its energy can be determined only with an uncertainty AE; ~ h/7;. The
same argument holds for the lowest energy state of the transition, so that AE =
VAE? + AE? and the frequency of the transition wy; = (Ef — E;)/h has a total

uncertainty given by

dwpi = \/(1/72) + (1/73), (3.45)
or, in terms of frequency v,
1 2 2
i = 5/ (U72) + (1/7)). (3.46)

The same result can be obtained if we use for the excited molecule a damped
harmonic oscillator model. In addition it can be shown, following this argument,
that the line profile follows a Lorentzian distribution with FWHM still given by
equations (3.45) and (3.46).

Doppler broadening

Consider a molecule with a velocity v = {v,, vy, v, } relative to the laboratory
frame. Let’s suppose that wy is the central frequency of an absorption line, in the
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3.3 — Frequency-Amplitude noise conversion

molecule coordinate system. For an observer in the laboratory frame, this line is
Doppler shifted:
w=uwy+k-wv. (3.47)

For the observer, the absorption frequency is increased if the molecule moves along
the laser propagation direction(k - v > 0), while is decreased if they have oppo-
site directions (k- v < 0). If we define the positive z- direction to be the light
propagation direction, and k = {0,0, k. }, we have

w=wo(1+v,/c). (3.48)

At a temperature T', the number of molecules in an energy level E; with a velocity
component between v, and v, +dwv, is given by the Maxwell-Boltzmann distribution

N;
e
/T

where N; = [ n;(v,)dv, is the molecule density in the level E;, v, = (2kpT/m)'/?
is the most probable velocity, m is the mass of a single molecule and kg is the
Boltzmann constant. Considering the equation (3.48), and the relationship dv, =
(¢/wp)dw, the previous equation can be written as

n;(v,)dv, = _(”Z/”P)dez, (3.49)

(@)dw = N— e G5y (3.50)
n; = [V,—/—=e¢ “ovp s .
w)aw WoUpy/T “

and gives the number of molecules with absorption frequencies between w and
w—+dw. The absorbed radiant power is proportional to n;(w)dw, so that the intensity
profile of a Doppler broadened line is

_(C(W*WO) )2

ni(w)dw = Ipe " “ov» (3.51)

The full width half maximum of this Gaussian profile is

wo

Swp = 2V 2wy, /e = (C> V(8kpT In2) /m. (3.52)

In terms of frequency v, having in mind equation (3.44), the linewidth can be
written as

Svp = 2VIn 2uv,/c = <VCO) \/(8kBTln 2)/m. (3.53)

Transit time broadening

Spectroscopy experiments in the mid infrared quite often are performed ana-
lyzing rovibrational transitions involving metastable states. Such transitions can
have spontaneous lifetimes several orders of magnitude longer than the interaction
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3 — Laser Spectral Characterization

time among molecules and IR radiation. Supposing a monochromatic electrical
field £ = Eycos(wot + ¢) interacting for a time T with constant amplitude, the
associated frequency spectrum can be obtained by its Fourier transform

1

T Vor

In the limit of T" — +o00 the result would be a delta function centered in wy, but
for finite interaction times the spectral line intensity profile /(w) = A*A must be
broader, in particular, for (w —wp) < wy, it becomes [24]

T )
Aw) / T cos wote “HdL. (3.54)
0

sin?[(w — wo)T/2]

I =C 3.55
® iy (355)
with a full width at half maximum:
5.6
5wtt = ?, (356)
so that 1
5Vtt ~ T (357)

In a molecular beam experiment, it is quite common to have molecules interact-
ing with lasers perpendicularly. In this experimental condition, the interaction
still stands for a finite time 7", but the amplitude of the electric field cannot be
considered constant. Suppose the field to be

E = Ege """ cos(wt). (3.58)

w is the radius of the beam where the amplitude drops of a factor 1/e, so that
T = 2w/v where v is the molecules mean velocity. The Fourier transform of the
field gives back, instead of equation (3.55),

I(w) = Ipexp (—(w — w0)2;;> : (3.59)
with a FWHM of v
dwpy = 24 —, (3.60)
" v, = 0.4 2, (3.61)
w
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3.4 — Molecular beams

3.3.4 Sub-Doppler techniques

The Doppler broadening of a transition around 50 THz for a molecule with a
mass of, say, 50 amu at room temperature is just below 100 MHz FWHM (see
equation (3.52)). To narrow down the transition linewidth, it is necessary to im-
plement some Doppler-free technique. Sub-Doppler spectroscopy schemes such as
saturation or two-photon spectroscopy allow to overcome this limit. In the satura-
tion spectroscopy scheme a strong pump and a weak probe propagate in opposite
directions: if the two lasers are red (blue) detuned with respect to the molecular
transition, the pump beam will interact with molecules moving towards (away) the
laser, while the probe will interact with those moving away (towards). If, and only
if, both lasers are resonant, they will interact with molecules having the same veloc-
ity class, those having velocity component equal to zero in the laser’s propagation
direction. The pump beam will populate the excited level, while scanning the probe
laser frequency will produce a narrow dip in the absorption line: when a resonant
photon from the probe beam interacts with an excited molecule, stimulated emis-
sion occurs, creating a dip in the absorption profile. The spectral width of this dip
is not affected by Doppler broadening, since this signal comes from molecules with
the same velocity.

Other techniques, such as the previously mentioned two-photon absorption, are
based on different processes, but share with the saturation absorption a crucial
aspect of the experimental scheme: they require overlapped, counter-propagating
laser beams. For the Mid-IR source under analysis, this represents a serious lim-
itation. QCLs are particularly sensitive to back-reflections and optical isolators,
in the 6 um spectral region, feature either very poor transmission or very poor
isolation. Nontrivial schemes would be necessary, making use of polarizing optics
and/or Brewster angle windows which, when possible, could however significantly
reduce the available optical power.

3.4 Molecular beams

A possible solution to strongly reduce the Doppler line broadening, that cir-
cumvents optical feedback and other issues, is provided by molecular beams. In
a setup like the one described in section 2.1 molecules are forced to travel along
one definite direction and do not interact each other. Typical translational veloc-
ity distributions correspond to temperatures of a few K: this dense phase space
distribution allows for a strong signal even when we select a subset of molecules
with a very narrow velocity distribution. As an example, consider a molecular
beam travelling in the z direction. The beam can be collimated by two narrow
(tens of microns) slits, spaced by several tens of centimeters. The velocity spread
in transversal directions can be drastically reduced, down to few m/s, according
to our trajectory simulations. For a vibrational transition in the Mid-IR (wg ~ 50

47



3 — Laser Spectral Characterization

THz), such a velocity spread (v, ~ 1 m/s) would induce a Doppler broadening,
according to equation (3.52), of hundreds of kHz.

Although in a molecular beam experiment the Doppler contribution to line
broadening can be drastically reduced, there is a major drawback: unlike what
happens in a traditional cell spectroscopy experiment, detection cannot be done via
direct measurement of the optical power absorbed by the molecular sample, because
of the extremely low number of molecules. Our molecular beam, for example, is
obtained by pulsing a mixture of CO in Ne into a vacuum chamber through a
supersonic valve at a repetition rate of 10 Hz. Each small cloud has a density of
10! molecules per cm?®, meaning that the involved number of molecules is orders of
magnitude less than those contained in a cell for a typical spectroscopic experiment.
Therefore, there is no room for direct absorption measurements.

For instance, in our setup we implemented a state selective technique that ionizes
vibrationally excited molecules and detects ions on a micro channel plate. Such a
technique introduces an additional noise source in the output signal, i.e. amplitude
and frequency fluctuations of the ionizing laser. As already pointed out in section
3.3, when using a molecular absorption line (or a high-Q cavity mode) stability
of the FN-to-AN converter is required, so to avoid further noise contribution and
effectively measure the FNPSD of the laser under analysis. Actually, it is not
possible to rule out the noise contribution coming from this additional laser source.
A different approach is required.

A possible way to measure laser linewidth is to record the population of the
excited state while scanning the laser frequency through the resonance. The output
signal will be the convolution between the finite laser linewidth and the molecular
absorption profile: the most important required feature for this analysis is the
sharpness of the spectral line, so that the spectral finite width of the output signal
can be attributed mainly to the laser linewidth.

As we will show in the following chapters, under actual experimental conditions,
it is possible to reduce the width of the absorption line down to 100-200 kHz, with
the Doppler broadening being the main broadening contribution.
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Figure 3.3: (a) FNPSD measurement with a frequency-to-amplitude converter: the
laser frequency is tuned to half the slope of a molecular absorption line (or a cav-
ity mode). The transmitted light is then collected and detected by a photodiode.
Thanks to an RF-spectrum analyzer it is possible to measure the spectrum of the
amplitude variations of the transmitted light. (b) At half the slope of the optical
discriminator (yellow area), the conversion between frequency and amplitude fluc-
tuations is almost linear. The higher the slope, the higher the conversion factor,
the higher the resolution.
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Chapter 4

Characterization of the Mid-IR
radiation

As already mentioned in Section 3, there are several consolidated methods for
the direct measurement of a laser linewidth, like self heterodyne or FNPSD mea-
surements via conversion of frequency-to-amplitude fluctuations using the mode
of a high-finesse cavity or a strong molecular absorption. Unfortunately, these
techniques, when applied to a laser emitting above 5.5 pm, often present major
drawbacks that prevent high resolution measurements. In a self-heterodyne setup,
for example, a sufficient delay must be introduced between the two arms, but
commercially-available optical fibers experience high losses in this spectral range.
Or, when using a cavity mode as noise converter, one needs very steep flanks at
the resonances to boost the conversion factor. This can be achieved either with a
high finesse or with a small free spectral range. High finesse requires high mirror
reflectivity, that can be hardly achievable in the infrared range. On the other hand,
a cavity with a small free spectral range must be long, thus suffering from severe
mechanical instabilities that would introduce noise at low frequencies. A com-
mon feature to Doppler-free spectroscopic techniques is that they require counter-
propagating beams: the lack of efficient optical isolators in this spectral region
makes this approach very hard, too.

The absorption from a molecular transition can be used instead of a resonator
mode. In this case, strong absorption or sub-Doppler regimes are required to max-
imize the slope and thus the conversion factor. When dealing with lasers with
limited tunability like distributed feedback QCLs it can happen (and this is our
case) that strong absorptions from easily available gases cannot be found, thus
making an efficient exploitation of this method impossible. Moreover, we address
these issues with two different methods. The first one is a FNPSD direct mea-
surement using a CaFy whispering gallery mode resonator that, thanks to its wide
transparency range and its compact dimensions, does not suffer from drawbacks
of classical Fabry-Perot cavities. The second linewidth measurement, following the
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4 — Characterization of the Mid-IR radiation

technique scketched in Section 3.4, exploits the molecular beam setup developed
for high resolution spectroscopy, taking advantage of the narrow vibrational transi-
tion of carbon monoxide at 6 pm. This method yielded an upper limit of the laser
linewidth almost an order of magnitude better than our previous result.

4.1 FNPSD measurement with a WGMR

To characterize the frequency noise of our Mid-IR source, we used a CaF,
toroidal WGMR by OFwaves, Inc. It has a diameter of 3.6 mm (Figure 4.1)
and two sapphire prisms allow evanescent wave coupling for both input and output
beams.

Figure 4.1: An upper view of the toroidal CaF, WGMR. It has 3.6 mm diameter,
a FSR of about 19 GHz at 5.8 pm and both input and output beams are coupled
via evanescent wave through two Al,O3 (sapphire) prisms.
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4.1 — FNPSD measurement with a WGMR
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Figure 4.2: A sketch of the experimental setup. For the source spectral characteriza-
tion, the optical frequency comb has been locked to a quartz oscillator disciplinated
by a GPS as stable as 6 x 1071? and with an accuracy of 2 x 107!? at 1 s. Two near-
IR lasers are locked to the closest comb’s tooth, so that the frequency difference is
stable and referenced. The 6 pm radiation is generated by difference frequency from
this two near-IR lasers in an OP-GaP crystal. A quantum cascade laser is phase
locked to this tiny amount of generated radiation (tens of pWW). Light from the
quantum cascade laser is then coupled into the WGMR. To tune and stabilize the
selected resonator mode it is necessary to finely control the WGMR temperature.
The output beam is then detected by a liquid-Ns-cooled HgCdTe photodiode, and
the photocurrent is sent to a RF-spectrum analyzer.

This resonator has a free-spectral range of 19 GHz at 5.8 pm. The cavity mode
can be tuned in frequency by several GHz by acting on the resonator temperature.
In this way, a cavity mode that suits the frequency of the laser under investigation
can be selected. The measured mode width at 5.8 pm is about 20 MHz FWHM,
corresponding to a Q-factor of 3x10°% and a finesse of about 1000. These values,
although significantly worse than those recorded at 4.5pum [20], due to the higher
absorption of the material, are still noticeably high for this spectral region.

53



4 — Characterization of the Mid-IR radiation

1013 ;
1012 \cp;
o

100 -50 0 50 100

FNPSD (Hz*/Hz)

10° | r Frequency (MHz)
107 '\ | 'l[ n

10° ‘ l ’ M“m

105 #lrum%

10* free-running QCL
100 locked QCL
dark noise

| UL UL UL UL UL vt
10° 10' 10° 10° 10° 10°
Frequency (Hz)

Figure 4.3: FNPSD of the 5.8 um QCL in free-running (black trace) and locked (red
trace) conditions. The green trace is the dark noise due to the detection electronics.
Inset: transmission mode of the WGMR at 5.8 pm. A Lorentzian fit (red curve) is
superimposed to the experimental trace, and the yellow bar shows the linear part
of the slope used for noise measurements.

Figure 4.3 shows the FNPSD of the QCL both free running and phase-locked to
the DF radiation, measured by using a WGMR as a frequency-to-amplitude con-
verter. The inset shows the resonator mode, with a Lorentzian fit superimposed
to the experimental trace, and the yellow area shows the linear part of the mode
slope used as frequency-to-amplitude converter. The black trace in the figure is
the FNPSD of the free-running QCL. The trace shows the dominating contribution
due to flicker noise, in agreement with previous measurements. A numerical inte-
gration following ref. [28] gives a free-running linewidth of 2.1 MHz FWHM over
1 s timescale. The FNPSD of the locked QCL (red trace) cannot be significantly
distinguished from the dark noise (green trace). Under these conditions, thus, our
measurement can only set a rough upper limit for the linewidth of the locked QCL.
After integration of the FNPSD signal for the locked QCL, we obtain a line width
of about 700 kHz (FWHM over 1 s timescale). According to the calculations shown
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4.2 — Laser linewidth measurement on a CO molecular beam

in section 2.6.5, we expect a QCL linewidth about 2 orders of magnitude lower in
locking conditions. At present, the limiting factor for this measurement is the de-
tector noise. For the measurements shown in Figure 4.3, we used a liquid-Ny-cooled
HgCdTe detector from Kolmar (KV104 series), with noise equivalent power NEP
= 2x10~"2 W/+/Hz and a bandwidth of about 100 MHz. We also have a Peltier-
cooled detector from Vigo (PVI-4TE-6) with 10 MHz bandwidth and a similar NEP,
but the noise measurements performed with the two detectors show no noticeable
difference. The measurement could be possibly improved by increasing the power
coupled to the micro-resonator, thus moving away from the background noise of
the detector. In our present setup, the prisms used for evanescent-wave coupling
(and extraction) of the light with the whispering-gallery modes of the resonator are
made of sapphire, which has a very low transparency at 5.8 pm. BaFy prisms could
be used instead of the sapphire ones. However, coupling large amount of optical
power into the tiny volume of the modes, leads to large frequency instabilities and
drifts of the modes, due to thermal effects and nonlinear processes, which should
be avoided when a high stability is requested, as in frequency noise measurements.
Therefore, it is not clear how much room for improvement there is in this direction.

4.2 Laser linewidth measurement on a CO molec-
ular beam

Being unable to measure the linewidth of our source via conventional spectral
analysis, we estimated the laser linewidth from the analysis of a molecular ab-
sorption line. This method is not a FNPSD measurement and the narrower the
absorption line, the more precise the line width determination is. A careful evalu-
ation of the molecular line broadening contribution is required, as well.

We measured the spectral linewidth of the Mid-IR radiation exploiting the sharp
vibrational transition of metastable CO in a molecular supersonic beam. Carbon
monoxide in the a®II state has a strong vibrational transition at 5.85 pm. Following
the method sketched in section 3.4, we scanned the laser frequency through the
resonance, while recording the population of the excited state.

The experimental setup is sketched in Figure 2.3 (a), with the QCL propagation
direction almost parallel to the molecular beam direction. While configuration (b) is
suitable for Doppler shift compensation, I will show in the following that the quasi-
parallel configuration allows us to minimize Doppler broadening of the absorption
line.

The measured signal is the convolution between the laser linewidth and the
molecular absorption profile: the most important required feature for this technique
is the sharpness of the spectral line, so that the finite spectral width of the output
signal can be attributed mainly to the laser linewidth.
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4.2.1 Vibrational transition absorption linewidth

From our calculations (section 2.6.5), we expect the Mid-IR laser to be as narrow
as a few kHz. We will now evaluate all the broadening contributions, summarized
in section 3.3.3, that affect the molecular line absorption profile, and finally, the
achievable spectral resolution.

Natural linewidth

The CO vibrational transition taken into account,

Al i jv=0,j=1+>=>|v=1,j=1,— >, (4.1)

involves two metastable states having 2.6 ms lifetime [32]. From equation (3.45)
follows a natural linewidth of 66 Hz.

Doppler broadening

In this experimental configuration both excitation and ionization UV pulsed
lasers intersect the molecular beam perpendicularly, while the Mid-IR laser and
the molecular beam are overlapped under an angle of 0.054 rad (~ 3 degrees). We
call z the direction of the molecular beam, x the vertical direction and y is given
by the choice of a right-handed system of coordinates (Figure 4.4).

Excitation

laser TOF electrodes MCP

Skimmer

Mid-IR

K

Molecular \ /\ )
beam XT—: 6=0.054rad lonization
y

laser

Figure 4.4: A schematic view of the quasi-collinear configuration. The molecular
beam travels along the z axis and, with respect to the QCL propagation direction,
makes an angle of 0.054 rad (~ 3 degrees). The relevant component of molecule
velocity for Doppler effect is the one along the laser’s propagation direction, so a
5% contribution coming from sin(¢) must be added to the Av, simulated (Figure
4.7) and evaluated with the formula (4.2).
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4.2 — Laser linewidth measurement on a CO molecular beam

The v, velocity interval selected by the two UV lasers depends on the shape of
their beam profiles and on the time delay between them, according to the simple
formula

2 (Texcitation rionization)
Av, = 4.2
v ; ( )

where r are the radii of the two lasers in the region where they interact with
the molecular beam. The characterization of the transverse spatial profile (Figure
4.5) of both excitation and ionization lasers has been performed with the knife-edge
method (for details see Appendix A), while the time delay between the two is a
parameter known within tens of ns.

3.5 6
w=285+0.1um (@) (b) w=35+0.1um
3.0 - I 51 I
25+
4+
3 € ¥
£ 20 I £
g I 5o
N s
€ €2}
3 1.0 3
=3} o
1k
0.5+
0.0 - or
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
50 100 150 200 250 300 350 400 450 50 100 150 200 250 300 350 400
Position (mm) Position (mm)

Figure 4.5: Excitation (a) and ionization (b) UV lasers waist measurement per-
formed with the knife-edge method. Far from the waist position, the model (red
curve) does not suitably reproduce the data. This is probably due to the spatial
mode of the beams, that are far from being TEMgy. Anyway, it is still possible to
give an upper limit to the beam waist of few microns and to give a first estimation
of the waist position, while the fine alignment with the molecular beam has been
done minimizing the spectral width of the output signal.

Figure 4.6 shows how the excitation laser selects a subset of molecules in the
2-v, phase-space plane among those present in the beam (a). The molecular cloud
propagates toward larger z, with the rotation characteristic of free motion (b). By
the time the molecules reach the ionization laser, their distribution is such that
only a very narrow velocity interval is addressed by the laser and thus detected.
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Figure 4.6: Molecular distribution in the z-v, plane of the phase space in the
experiment. (a) The excitation laser selects a set of molecules out of the initial dis-
tribution. (b) Time evolution of the molecular cloud until it reaches the ionization
laser. Only molecules in a very narrow velocity range are detected.
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Figure 4.7: Molecular distribution in the v,-v, plane of the phase space in the
experiment. The distribution shows that the v, distribution is much narrower than
Vy.

Figure 4.7 compares the v, and v, velocity components of the molecules that
contribute to the signal under actual experimental conditions. This molecular dis-
tribution is due to the apertures that collimate the beam (in the x and y directions)
and to the focused pulsed lasers (in the z direction). We see that the v, compo-
nent is four times narrower than the v, component. In the previous configuration,
(Figure 2.3 a), we were able to minimize any induced Doppler shift thanks to the
retro-reflecting corner mirrors, while the quasi-collinear configuration allows us to
exploit the potentially lower Doppler broadening. The relevant velocity component
that contributes to Doppler broadening is the one along the molecular beam (plus
a ~5% contribution of the velocity in the plane of the laser and the molecular beam
due to the 0 angle, Figure 4.4). This yields a fourfold improvement in the resolution
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for the quasi-collinear configuration, compared to 900 kHz Doppler broadening we
measured [35]. For the actual setup, a Doppler broadening contribution of about
85 kHz has been estimated.

Transit time broadening

The Mid-IR beam and the molecular beam are overlapped under an angle of
0.054 rad(~ 3 degrees), therefrom the interaction region is ~ 80 mm long. Nonethe-
less, we limited the interaction time to 20 ps, corresponding to 16.7 mm interaction
region for a molecular beam with ~800 m/s velocity. We do this to reduce the
magnetic field inhomogeneity, as it will be shown in the following. We achieve this
with two equivalent methods: either we Stark-shift the transition out of resonance
by applying a strong electric field, or we rapidly modulate the laser frequency; in
the first case we apply 500 V voltage to two electrodes previously mounted in the
middle of the second vacuum chamber, in the Mid-IR /molecules interaction region.
Voltage rise and fall times are lower than 60 ns, thanks to two fast high voltage
switches (Behlke hts 31-03-gsm), so that we can finely control the interaction time
bringing the transition out of resonance. In the second case, the resonance condi-
tion is suppressed by working on the QCL, specifically acting on the local oscillator
of the phase lock loop (see section 2.6). The frequency change of the generator can
be considered to be instantaneous, for our characteristic timescale, and the phase
lock loop is fast enough to “switch” on and off the transition, changing the laser
frequency within tens of ns. The low pass filter of the phase lock loop between
the referenced DF radiation generated in the OP-GaP crystal and the quantum
cascade laser limits the loop bandwidth to 300 kHz, as it can be seen from the
servo bumps in Figure 2.9 d). In both cases, the resonance condition is suppressed
before and after the desired interaction time interval. We observe no difference in
the measured signal between these two methods and, according to equation (3.56),
the transit time broadening is thus limited to 45 kHz.

Magnetic field inhomogeneity

In principle, the higher the interaction time the lower the transit time broad-
ening (and the higher the signal to noise ratio), but there is a major drawback. A
long interaction time implies an extended interaction region, even though inhomo-
geneities of electrical or magnetic field have to be taken into account and considered
as an additional source of line broadening: whereas the electric field is naturally
shielded by the vacuum chamber, the magnetic field plays an important role be-
cause of the Zeeman shift of the involved states. On the aII; electronic state of
CO, we excite the vibrational transition from the upper component of the lambda
doubling of v = 0, J = 1, positive parity, to the lower component of v =1, J = 1,
negative parity. Selection rules only allow AM = 0,+1. Transitions with AM =0

60



4.2 — Laser linewidth measurement on a CO molecular beam

are less sensitive to the magnetic field, about 12 kHz/G, but are close together
at low-to-moderate fields (Figure 4.8), whereas the Zeeman shift of the transitions
with AM = £1 is about 500 kHz/G.

In this section, we report simulated and measured magnetic flux density using
the G, a CGS unit. The proper SI unit is the Tesla (T),

1G =1x107'T (4.3)

but, for an easier comparison with Zeeman splittings values reported in literature,
we make this exception.

a’ll: [v=0, j=1, +M>— al: [v=1, =1, - M">
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Figure 4.8: Simulated Zeeman splitting of the transition a®IT; : [v = 0,5 = 1, + >—
lv = 1,7 = 1,— >. Transitions with AM # 0,41 are forbidden by selection
rules. The Zeeman shift of the AM = 0 is about 12 kHz/G , whereas AM = +1
transitions experience a shift of about 500 kHz/G. Simulations from [62].

As suggested by simulations, our first idea was to apply a magnetic field strong
enough to observe a signal coming from a single AM = 0 transition. To have at
least 1 MHz splitting between each line, we should generate more than 100 G in
the interaction region, so the choice fell on two strong permanent magnets, two
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parallelepipeds of 60x7x100 mm and a magnetization of 1.04 x 10° A/m, placed
inside the vacuum chamber thanks to specifically designed holders. We measured
the field in the interaction region by looking at the splitting between the three
AM = 0 transitions for a distance of 27, 40 and 66 mm between the two magnets
(Figure 4.10). In good agreement with the simulations (Figure 4.8), the transitions
+1 — 41 and -1 — -1 experience a shift of about 12 kHz/G, while the central one

is nearly insensitive to magnetic field.
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Figure 4.9: A detail of the simulated Zeeman splitting of the AM = 0 transitions.
Ay : v =0,5=1,+,0 > |v = 1,57 = 1,—,0 > is nearly insensitive to the

magnetic field while @I, : v = 0,5 = 1,+,+£1 >—= |[v = 1,5 =

experience both a shift of 12 kHz/G. Simulations from [62].
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4.2 — Laser linewidth measurement on a CO molecular beam
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Figure 4.10: We measured the splitting between the AM = 0 transitions for three
different values of the magnets distance. According to our simulations, we measured
a shift of 12 kHz/G for the two AM = +1 while the central peak experiences no
shift.

The central peak corresponds to 0 — 0, a transition that should be forbidden
by selection rules. We were not able to explain why we can actually measure this
transition, and why, in the presence of an intense magnetic field (the trace acquired
with 1500 G in Figure 4.10), it gives rise to the strongest signal.

We simulated the magnetic field with the finite element software COMSOL
Multiphysics in the three different experimental configurations, 27, 40 and 66 mm
distance. We were looking for the best compromise between field strenght, to have
a sufficient spacing between transitions, and field regularity, to avoid broadening
the absorption line profile by the Zeeman effect. It appears that the trade-off is
obtained for 39 mm distance between the magnets, where we have a field as regular
as 60 G (Figure 4.11) on 20 mm, a typical value for the interaction region lenght.
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Figure 4.11: Finite element simulation of the magnetic field of two permanent
magnets placed at 39 mm distance in the vacuum chamber.

The strong variation of the magnetic field in the interaction region induces in
the two lateral peaks a significant broadening, because of their Zeeman shift. Our
simulations assess that the central peak should not be broadened, but we measured
(Figure 4.12) a signal having more than 800 kHz FWHM.
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Figure 4.12: Transition ¢®Il; : v = 0,7 = 1,+,0 >— [v = 1,7 = 1,—,0 >, with
a magnetic field of 875 G in the interaction region. Despite the low SNR of this
measurement, we measured a broadened peak with a FWHM of more than 800
kHz.

This broadened profile, together with the presence itself of this peak, that should
correspond to a forbidden transition, convinced us to move towards more regular
although less intense magnetic fields. We simulated the field of three pairs of coils,
in a quasi-Helmholtz configuration. Each coil is made up of 20 windings of isolated
copper wire and the pairs are placed right outside of the vacuum chamber along
the x, y, and z axis. Our simulations indicate that for small magnetic fields we can
control its strength within 50 mG (Figure 4.14) along the interaction region.

We measured the splitting of the AM = 0, +1 transitions for several values of
the coils current and, in good agreement with the simulations, we can assess that,
in a moderate magnetic field regime of 4.5 G, the AM = +1 transitions are split
from AM = 0 of about 2.5 MHz each (Figure 4.13).
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Figure 4.13: |v = 1,j = 1, — > state population as a function of the Mid-IR laser
frequency, in a moderate 4.5 G magnetic field regime. The field is generated by three
couples of coils in quasi-Helmholtz configuration. The central peak corresponds
to the three collapsed AM = 0 transitions, while the others to the AM + 1.
The distance between the peaks is in good agreement with the Zeeman splitting

predicted by our simulations.

The contribution of the 50-mG inhomogeneity in the magnetic field is well below
the contribution from the Doppler effect, for all kinds of transitions. We chose to
use a AM = +1 transition because, at the moderate field strength of 4.5 G, it is
well separated from all other transitions, whereas the AM = 0 transitions are close
to each other, making data interpretation more complex.
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Figure 4.14: The interaction time is set precisely at 20 ps, during which molecules
at an average speed of 835 m/s cover 16.7 mm. Our simulation indicates that a
moderate magnetic field of about 4.5 G can be, within 20 mm, as regular as 50 mG.

4.2.2 Line width determination

In Figure 4.15 a high resolution scan of the Mid-IR laser frequency is reported
over the a®Il; : [v=0,j =1,+ >— [v =1,j = 1, — > CO rovibrational transition.
The waist positions of the excitation and the ionization lasers have been finely
aligned on the molecular beam by minimizing the width of the output signal. The
signal is best fitted by a triple Lorentzian function, where the FWHM of the central
peak is 177 4+ 10 kHz. Overimposed to the experimental data and the fit, in
Figure 4.15, is reported also the beat-note between the QCL and the DF radiation:
we attribute the three peaks structure of the output signal to the ~ 30 % optical
power that is not channelled into the DF mode (Section 2.6.6). This hypothesis
is sustained by the correspondence between the measured peaks distances and the
distance between the beatnote and the servo bumps of the QCL-DF radiation phase
lock.
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Figure 4.15: Frequency scan of the QCL over the rovibrational molecular transition.
Solid black line: ion counts generated by resonant ionization from the vibrationally
excited state. Dashed line: fit of a triple Lorentzian function. The best fit is
obtained for a Lorentzian width of the central peak of 177 kHz. Solid red line: beat-
note power spectrum between the QCL and the DF radiation, in locking conditions

A brief summary of all the main contributions to the line broadening is reported
in table 4.1, together with an estimation of the laser linewidth. From a FNPSD
measurement and from a numerical integration, the linewidth of the DF radiation
results to be 2.3 kHz. We evaluated the effectiveness of the phase-lock of the
QCL to this reference to be as high as 70%, thus we expect a QCL as narrow as
few kHz. Although we are clearly still limited by the Doppler broadening of the
CO vibrational transition, this measurement brings to an improvement of almost
an order of magnitude in the laser linewidth determination with respect to our
previous measurement [35].
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4.2 — Laser linewidth measurement on a CO molecular beam

Natural Linewidth 66 Hz
Doppler Broadening 85 kHz
Transit Time Broadening 45 kHz
Magnetic Field Inhomogeneity | 25 kHz
Estimated laser linewidth 2.3 kHz

Table 4.1: A summary of the main broadening contributions to the absorption line
corresponding to the CO vibrational transition ¢®II; : |[v = 0,5 = 1,+ >— |v =
1,7 = 1,— >, when a magnetic field of 4.5 G as regular as 50 mG is applied.
The final linewidth estimation is based on the noise analysis of the reference DF
radiation, to which our QCL laser is phase-locked.
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Chapter 5

Conclusions and Future
Perspectives

My PhD research activity is mainly focused on high resolution spectroscopy in
molecular beams. The preliminary step, to which I contributed at the beginning
of my PhD, is the measurement of a vibrational transition of metastable CO with
11 digits of precision [35]. That result, improving the precision of previous mea-
surements by 4 orders of magnitude [23], was possible thanks to a narrow linewidth
frequency stabilized Mid-IR QCL linked to the Cs frequency standard.

Thanks to my work, the resolution of the spectroscopic measurements was im-
proved by almost one order of magnitude. This was possible by working on the
reduction of the residual Doppler broadening and by improving the frequency sta-
bilization of the QCL. Thanks to the higher resolution, the spectral characterization
of the Mid-IR source was possible.

As the main final result, recording of the molecular transition with a linewidth
of 177 4+ 10 kHz was possible, almost limited by the transit-time broadening. An
upper limit to the stabilized QCL linewidth of few tens of kHz could be set, about
one order of magnitude better than that achievable with more standard methods.

To reduce Doppler broadening, I made the molecules direction and the QCL
laser propagation vector almost collinear, to exploit the limited velocity spread
along the molecular beam propagation axis. In this quasi-collinear configuration,
the timing of the pulsed lasers is well known while their precise positions is not.
Therefore, the velocity component of the molecular beam that is parallel to the Mid-
IR radiation direction is only roughly known and so is the Doppler shift. Thus, the
precision of this measurement comes at the cost of its accuracy.

The resolution limit in this setup configuration is given by the Doppler broaden-
ing of the absorption line, that is ~ 85 kHz. Resolution can be improved by reducing
the UV lasers beam sizes and/or increasing the time delay between the two pulses.
The latter action can be performed either by slowing down the molecules or by
increasing the distance between the two lasers. Either way, however, the number
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of detected molecules decreases, thus reducing the signal-to-noise ratio.

One of the interesting possibilities offered by the quasi-parallel configuration
of the molecular and laser beams in our apparatus is the characterization of the
QCL spatial profile: if we add a set of electrostatic lenses and a phosphore screen
on the back of the MCP, we obtain an image of the distribution of the excited
molecules, from which we can extract information on the laser beam profile and on
the molecular beam. A good laser beam spatial profile is crucial, for example, in
experiments where efficient coupling with an optical resonator is required, or for the
study of coherent effects, where high regularity of the phase fronts is mandatory.
From early calculations, we predict that such a system could have 100 pm resolution,
in line with commercially available, though expensive, IR cameras.

A natural future development would be implementation of an intrinsic Doppler-
free experiment, such as two photon spectroscopy. This was not possible till now
because of the poor quality of optical isolators, which also introduce significant
losses in the available optical power for spectroscopy. Quantum cascade lasers with
an optical power up to the Watt level have already been demonstrated around 4 pm
[45], and devices emitting hundreds of mW are now commercially available also for
some wavelengths above 5 microns. Also technological research on materials is
running fast, and we believe that better optical components for the Mid-IR will
be soon available. Moreover, on the basis of our experience, smart solutions for
optical isolation can be adopted with a high-power QCL, providing at the same
time protection of the laser from optical feedback and sufficient power levels for
two-photon spectroscopy.

If some improvements are expected from better spectroscopic techniques, a dra-
matic enhancement both for precision and accuracy of molecular absorption lines
measurements would be ensured by a colder and slower molecular sample. To date,
only few molecules have been cooled down to sub-mK temperatures but the field of
ultracold molecules is rapidly growing as biatomic molecules like SrF [5] and CaF
[1, 70], polyatomic molecules like STOH [38] and dimers formed by pre-cooled atoms
[48, 57], have been successfully cooled to the ultracold regime. Moreover, the pos-
sibility of laser cooling of simple molecules is the main research field of well-known
groups worldwide, and the general feeling in the cold-molecule community is that
the goal will be reached in just a few years. We strongly believe that this is the
road which will allow to open new fascinating and still unexplored horizons.
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Appendix A

Knife-edge method

A laser beam propagating in the z direction and characterized by a TEMg,
mode has a transversal intensity distribution that can be described by a Gaussian
function

2 2r2
I(r,2) = Iy (J(E)) L (A1)
where [ is the intensity on the optical axis, wy is the minimum beam radius also
known as waist, r is the radial coordinate and w(z) is the beam radius, defined
as the distance from the optical axis where the intensity drops to 1/e? of its axial
value. The beam diameter 2w(z), according to this definition, is 1.7 times larger
than the FWHM.

At a certain position along the propagation axis z the beam radius is given by

w(2) :wo\/l—i— (Z_Z“)2 (A.2)

ZR

where zg is generally known as Rayleigh distance and it is the distance where the
area of the spot is twice the area of the spot at the beam waist position, zy. It is
given by
Tws
Y
If we assume our definition of beam radius, far from the waist position it linearly
increases with z (Figure A.1). The beam divergence 0, is strictly related to the beam

waist through the relation

ZR =

(A.3)

Ao

TNWq

By =

(A.4)

where ) is the wavelength in vacuum and n is the refractive index of the medium
where the beam propagates.

The basic principle of the knife edge method is quite simple: with a sharp razor
blade mounted on a translational stage the beam is progressively covered, while
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Figure A.1: A Gaussian beam propagating along the direction z, with a divergence
0y a beam waist wg and Rayleigh distance zg.

the transmitted power is measured with a photodiode. A typical measurement of
a laser intensity profile is showed in Figure A.3. To calculate the beam radius w at
this particular zx position, data are fitted with the function

P(z%) = Pog + Pn;ax (1 — erf(vV2(z — x0) /w(z%))] (A.5)

where the fit parameters are P,z and Py, that are respectively an offset and the
maximum power, xo that is the shift along the x axis where the measured power
drops to half the maximum value, and w(z#) that is the beam radius. Repeating
this measurement for several positions of the blade along the z axis one obtains
w(z), that can be fitted by the A.2 to calculate the beam waist wy.
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Y

Figure A.2: A razor blade on a micrometric translational stage cuts the laser beam
along the x direction, and a photodiode registers the intensity profile. This data,
acquired for several positions along the z axis, can be fitted by the equation (A.2)
to give an estimation of the beam waist and its position.
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Position (mm)

Figure A.3: A typical recording of the measured power as a function of the blade
position along the x axis. This measurement is part of the characterization of the
ionization UV pulsed laser (283 nm wavelenght), taken at a distance of 387 mm
from the focusing lens (f = 300 mm). From the fit (red curve) of this experimental
data (dots) we calculated a beam radius of 3.8 £ 0.5 mm.
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