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Abstract

With its outstanding ability at probing a frequency range larger than 10 GHz in one
acquisition, the chirped-pulse Fourier transform spectrometer has revolutionized the
field of gas phase microwave spectroscopy. The pure rotational spectra collected by
this instrument display a high-resolution and reach high-sensitivity levels by virtue
of the phase-reproducible chirped-pulse measurements. With the ever-growing
advances in digital electronics, it is now manageable to perform the chirp generation
with a direct digital synthesizer and the detection of the molecular emission with a
digitizer card or a USB oscilloscope. In this work, a spectrometer that includes
both of those features is presented. The instrument aims to explore the Ku-band
of the microwave range, where the molecular sample is investigated either in a
waveguide static cell or in a supersonic jet expansion. To this end, the instrument
is characterized and optimized with the development of a fast averaging scheme
and a post-processing pipeline. For the supersonic jet expansion experiment, we
present a novel approach to optimize the sensitivity of the instrument by polarizing
the molecular beam through a slotted waveguide.
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Chapter 1

Introduction

Invented in the mid-2000s, the first chirped-pulse Fourier transform microwave (CP-
FTMW) spectrometer allows for the detection of broadband molecular rotational
spectra over a 10 GHz bandwidth in one shot, where previous microwave spectrome-
ter designs were limited to ~ 1 MHz bandwidth per acquisition. [1, 2] Furthermore,
the spectra collected by the CP-FMTW instrument display a high-resolution and
reach decent sensitivity levels over short measurement times compared to the pre-
vious designs. This spectrometer is therefore an ideal tool to quickly determine the
chemical composition of molecular sample based on the acquired survey spectrum.
In these experiments, the spectrometer produces a broadband microwave (MW)
pulse which excites the molecular gas over a large frequency range. In reaction to
this excitation, the molecules emit an electromagnetic response, referred to as the
free induction decay (FID), which is detected by a high-speed oscilloscope. The
molecular spectrum is finally obtained upon the Fourier transformation (FT) of
the detected time-domain FID.

With the ever-growing advances in digital electronics and monolithic microwave
integrated circuits (MMIC), it was first demonstrated by Finneran et al. [3] that the
bulky and expensive arbitrary waveform generator (AWG), employed in the original
CP-FTMW design to generate the microwave pulse, can be replaced by a compact
and affordable direct digital synthesizer (DDS). Moreover, other CP-FTMW designs
have substituted the high-end oscilloscope either by a portable USB oscilloscope
[4] or a digitizer card. [5] Combining these technological improvements allows for a
drastic reduction in cost and footprint of the instrument, while offering a versatile
CP-FTMW spectrometer design which does not compromise on its performance.

The focus of the current work is the development, characterization and validation
of a low-cost, small-footprint CP-FTMW spectrometer, which operates in the
Ku-band (i.e. 10-18 GHz frequency range) of the microwave spectrum. Over the
course of this thesis, the following achievements have been accomplished:

1. Characterization of the spectrometer and subsequent determination of the
figures of merit, namely the peak excitation power delivered by the excitation
module of the instrument, the maximum electric field achievable in the
waveguide static cell and the noise figure of the detection module.

2. Development of a fast averaging scheme, which improves by a factor of 35 the



data acquisition rate. Consequently, the spectrometer is capable of acquiring
10 FID averages in less than 9 minutes compared to the 5h25 required from
the original design of this instrument.

3. Development of a custom post-processing pipeline, which removes most
artefacts present in the spectra.

4. Design of a slotted waveguide with a low insertion loss over the 14-18 GHz

bandwidth.

The present work is structured as follows:

In chapter 2, the state-of-the-art of the CP-FTMW technique is presented. First, the
theory needed to describe the interaction between a coherent microwave radiation
and a gas of two-level molecules is established. Based on this formalism, the
emergence of the macroscopic polarization that occurs within the molecular gas,
induced either by a constant frequency pulse or a chirped-pulse. Second, the
historical development of the CP-FTMW technique is presented along with the
well established cavity-FTMW technique. Finally, the main contributions of the
CP-FTMW instrument to the field of microwave spectroscopy are stated.

In chapter 3, the design and the characterization of the first UCLouvain CP-FTMW
spectrometer is described. To this end, the spectrometer is separated in three
modules which are studied individually, with the excitation module which produces
the excitation chirped-pulse, the waveguide static cell inside which the microwave-
molecule interaction occurs and the detection module which detects and digitizes
the subsequent molecular signal. A description of the timing sequence required to
perform CP-FTMW experiments is also provided, along with the RF chain analysis
of the overall instrument.

In chapter 4, a review of all the various improvements that we have gathered
throughout the semester are presented in a chronological order to portray the
iterative nature of the spectrometer development. We focus to a great extent on
the data acquisition and the data post-processing since a large part of our progress
were achieved in these areas.

In chapter 5, the instrument is moved from the waveguide static cell to the
FANTASIO supersonic jet expansion setup. Then, a novel approach to polarize the
molecular sample in supersonic jet conditions by the means of a slotted waveguide is
developed, based on the cartography of the supersonic jet and the electromagnetic
simulations conducted with the CST software. [6] Finally, the performances of the
slotted waveguide are assessed with first, the S-parameters VNA measurements
and second, the actual spectra collected during jet-pulsed CP-FTMW experiments.



Chapter 2

State of the art

In this chapter, we present the state of the art of the chirped-pulse Fourier transform
microwave (CP-FTMW) technique, which has been proven to be a transformative
tool in the realm of molecular rotational spectroscopy. To better understand the
needs for such instruments and their design, we first identify the main physical
concepts involved in the light-matter interactions, which not only provide insights
about the underlying mechanisms of microwave spectroscopy but will also serve as
useful figures of merit required to benchmark the spectrometer presented in the
coming chapters. The second part of this chapter is dedicated to development of
the CP-FTMW technique.

2.1 Theory

Molecular rotational spectrometers operate in the microwave region of the elec-
tromagnetic spectrum from 0.3 GHz to 3000 GHz, as shown in Table 2.1. Those
instruments emit a coherent microwave light through the molecular gas such that
the incident electromagnetic (EM) radiation interacts with the gas and induces
transitions between rotational states of the molecules. Then, the molecular radia-
tive transitions of the molecular system are detected by the spectrometer over a
given frequency range, the result of such measurement is called a spectrum. Large
molecules and molecular complexes tend to experience rotational transitions at
the centimeter scale of the microwave wavelengths while rotational transitions of
lighter molecules lie in the (sub-)mm wavelength range [7].

Table 2.1: Microwave and adjacent regions of the electromagnetic spectrum [7, 8].

A [cm] 7 [em™!] v [GHz| Type of transitions
Radio 100.0 - 0.01 - 0.3 - Nuclear spins
cm MW 1.0 - 100.0 1.0 - 0.01 30.0-0.3 zagst;toi?;zlzes
(sub-)mm MW 0.01 - 1.0 100.0 - 1.0 3000.0 - 30.0 Rotational

light molecules
Infrared 7.8-1075-0.01 12800.0 - 100.0 4.9-10° - 3-103 Vibrational




For reference, the adjacent regions of the MW range are also indicated in Table 2.1.
In the radio wave region, the low photon energy (compared to MW) allows to flip
within the molecules the nuclear spins in the presence of a magnetic field, which has
crucial applications in the field of nuclear magnetic resonance (NMR). [8] At higher
frequency, the optical segment of the electromagnetic spectrum begins with the
infrared (IR) light, where the high photon energy permits to excite vibrational states
of the molecules. MW photons have an insufficient energy to excite vibrational
transitions and thus can only induce pure rotational transitions. For this reason,
rotational spectroscopy is often equivalently referred to as microwave spectroscopy.

2.1.1 Formulation of light-matter interactions

For the sake of this theoretical formulation, the gas sample is assumed to be a
collection of N two-level molecules [8, 9] where each one of them exhibits only two
energy levels (as illustrated in Fig. 2.1). In this picture, N, molecules are in the
ground state |a) and have an energy E, while the Nj, other molecules are in the
excited state |b) with an energy Ej, where E, < Fj. The total number of molecules
is thus N = N, + N,.

E

Eb_ |b>7Nb
Eb - Ea = hwab

Ea_ |a>>Na

Fig. 2.1. Energy diagram of a two-level molecular system.

Then, a semi-classical treatment [10] is used to formulate the interaction between
this collection of two-level quantum systems and a classical oscillating excitation
electric field E(©), which propagates along the z-axis and is linearly-polarized along
the y-axis:

E€(r,t) = B (r,t) cos (wt — k2) &, (2.1)

Since any molecule of the collection described above can be modelled as a unique
two-level quantum system, its general wavefunction is written as:

|U(r, 1)) = cq |a) e TEt/h 4 ¢y |b) eI E2H/M (2.2)

where j is the imaginary number, while ¢, and ¢, are complex coefficients which
describe the probability |a|* (|b|?) of finding the system in the state |a) (|b)) and



ensure the normalization of |U(r,t)) with |c,|? + ||> = 1. If the unperturbed
Hamiltonian H, is written such that:

Hyla) = E, |a

Hy [b) = Ey |b)
Then, the perturbation induced by the oscillating electric field is taken into account
by adding an interaction term H(t) in the total Hamiltonian H of the system [11]:

H = Hy+ H;(t) = Hy + er - E© cos (wt) (2.4)

where the dipole approximation is used, namely it is assumed that kz ~ 0 as
the spatial extension ag of one molecule centered on z is much smaller than the
wavelength A\ = 27w /k. The interaction between the EM field and the two-level
quantum system is thus fully encapsulated in the additional term H;(t) of the total
Hamiltonian and the time evolution of the molecular wavefunction |¥(r,t)) is given
by the Schrodinger equation:

U(r,t))

jha| = (Ho + er - B cos (wt) ) [¥(r, 1)) (2.5)

By applying either (a| or (b on both sides of the equation above, the following
system of two coupled differential equations is obtained:

de, :
j(TCt = Qg cos(wt)e 7t ¢,

dey o (2.6)
g = Qg cos(wt)e " ¢,

where wy, = (B — E,)/h and Qp is the Rabi frequency, defined as:

<CL| er - E(e) |b> o E(e) <CI,| €Y |b> _ _E(e),uab (2 7)
h B h B h .

Qp =

with the transition dipole moment p,, defined as the matrix element -(a| ey |b)
= (a| p|b). As seen in the equations 2.6, the temporal evolution of the two-level
molecule is proportional to Qz and thus also proportional to E© and . It is
already an important result as it shows that the system dynamics are not only
driven by the strength of the E-field excitation, but also by the transition dipole
moment fi,,. In the case of pure rotational transitions, p,, is proportional to the
permanent dipole moment iy of the molecule [8]. Consequently, the rotational
transitions of nonpolar molecules (i.e., molecules for which py = 0) cannot interact
with the radiation, as 2 = 0. This is an intuitive result since classically, the
net torque 7 applied on a remote object by the means of an electric field is given
by 7 = d X E. Therefore, the rotational kinetic energy of the object cannot be
changed by the E-field interaction if the dipole moment d is equal to 0.

The difference between the frequency of the incident E-field and the frequency wq
of the molecular transition |a) — |b) is defined as the detuning frequency and is
thus § = w — wg,. When § is equal to zero, the molecular system is said to be
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resonant. In this condition, the coupled equations 2.6 admit closed-form solutions.
For instance, |cy(t)|?, the probability of finding the molecular system the upper
state |b), is expressed as:

02 915
2 R : 2
ley(8)]° = 5 Sin < 5 > (2.8)

where Q% = Q% + §2. The response of the molecular system to an incident EM field
is depicted in Fig. 2.2, where the detuning frequency is set to 0 (on-resonance),
Qr/2 (near-resonance) and 10002 (off-resonance). While on-resonance, the EM

1.0
0.8

% 0.6 0=0

= — §=Qg/2

0.4 1 — 5 = 10009
0.2 1 ><
0.0

0 K3 o 37 A
Qg Qg QOr Qr
Time 3]

Fig. 2.2. Rabi oscillations of the two-level molecular system, with 6 = 0,z /2,1000Q 5.

field drives the molecular system back and forth between the ground state (|cy|? = 0)
and the excited state (|cp|?> = 1) at the Rabi frequency g, where this regime is
known as Rabi oscillations (or Rabi cycling). In this regime, the molecular system
starts from its ground state |a) at ¢ = 0 and undergoes a full state swap |a) — |b)
after a time ¢t = 7/€2g. In near-resonance (§ = §2g/2), the system won’t be able
to reach |cp|* = 1 and oscillates slightly faster than the Rabi frequency due to
the contribution of ¢ in the driving frequency 2. Finally, in off-resonance, the
molecular system is no longer driven efficiently by the microwave light, as € > Qg.

2.1.2 Macroscopic polarization

In the context of the collection of N two-level molecules defined above, |cy(t)]? is
equal to N,/N and thus describes the normalized population of molecules in the
excited state |b). While the evolution of the populations as illustrated in Fig. 2.2
is convenient to define the quantities of interest such as 2z and ¢ involved in
the light-matter interactions, the populations |c,(#)|* and |c,(t)[*are not directly
measured in emission spectroscopy. Indeed, the detectable signal emitted by the
molecules is induced by a macroscopic dipole or polarization P, which depends of
the quantities c,c; and cyc}, referred to as the coherences.

Without entering into the details of the density matrix formalism required to derive
P (a detailed description is given in Ref. [10]), its expression is directly given as



9, 7, 12]:

P = N,uab (Cacz ej(wabt_kz) + Cbcz 6_j(wabt_kz)) (2 9)

= Npgp (ucos(wt — kz) — vsin(wt — kz))

where N is the molecular density while u and v are the in-phase and quadrature
normalized components of the polarization P in a frame rotating at the frequency
w of the incident radiation E(®). In general, for emission microwave spectroscopy
techniques, the spectrometer detects the transient EM response E broadcast by
the molecular system and governed by the following wave equation [7]:

1 02 1 02
2 Y )E=—"FP 2.1
(V c? 8t2> c2ey Ot? (2.10)

where the source term on the right-hand-side of this equation is given by the
oscillating macroscopic dipole moment P, which may be a vector quantity. In our
particular example, since E© is y-planed-polarized, then P and thus E are also
plane-polarized along the y-axis [7].

To describe the evolution of the components v and v of the polarization P, one
must solve the optical Bloch equations, expressed as:

du 1

dv 1

T :_(M—I—QRW_EU (2.11b)
dw 1

where w is the normalized population difference and is written as w = |c,|? — |cp|?
and wy is the population difference at thermal equilibrium. With this new set of
coupled equations, it is not only possible to follow the evolution of the populations
through the variable w, but also to appreciate the evolution of the transient
molecular response with the components v and v of the polarization dipole P. As
suggested earlier, the key quantities g and ¢ play an important role in those rate
equations. In addition to those terms, the optical Bloch equations also include
phenomenological decay terms in 1/T; for the polarization components, and in
1/T; for the populations.

The phenomenological relaxation constants T} and 75 were first introduced in the
field of nuclear magnetic resonance (NMR) which uses similar Bloch equations to
describe the magnetization of spin-1/2 particles [9]. In that context, T} is known
as the spin-lattice or longitudinal relaxation time which characterizes the time
required for the spins to return to their equilibrium state by releasing energy to
their environment (i.e., the lattice). T5 is the spin-spin or transverse relaxation
time and provides the characteristic time over which the ensemble of spins loses its
phase coherence [13].

In MW spectroscopy, very similar relaxation processes are encountered (hence the
same notations), where T} is the characteristic time over which the population
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difference w returns to its thermal equilibrium wy [9], and 75 is the time constant
that characterizes how the individual rotating electric dipoles go out of phase and
therefore reduce the coherent macroscopic dipole P. The physical mechanisms
behind 75 can be homogeneous such as molecule-molecule interactions (e.g., pressure
broadening) but also inhomogeneous due to the velocity distribution of the molecules
(e.g., Doppler broadening) [8].

2.1.3 Constant frequency pulses

At this stage, all the quantities that play an important role in the optical Bloch
equations have now been introduced and allows to model the transient response of
an ensemble of two-level molecules interacting with a microwave light. Based on the
work of [14], the equations 2.11 have been numerically solved with a Runge-Kutta
numerical method of order 4 (RK4) to illustrate and discuss this molecular response.

1.0 1
g
= g
0.5 = =
N o,
— ~ [
N S S
00
=
>
U
—0.5 1
v
w
—1.0 1
0 m o 3T 2 om 3T 3m A
20R Qr 205 Qg 205 205 205 Qn

Time 3]

Fig. 2.3. Rabi cycling simulation with no relaxation processes (i.e. Tfl = T{l =
0)andé = 0.

In Fig. 2.3, the same simulation performed previously in Fig. 2.2 is illustrated
with u, v, w quantities. Just as before,the molecular system is illuminated at
t = 0 with a resonant light (i.e., 6 = 0) and a given Rabi frequency Qg. Also, no
relaxation processes are considered in this simulation. Just as before, we observe
that the system undergoes a complete population swap after a time t = 7/Qp
(since w = —1), a pulse of this duration is referred to as w-pulse. More interestingly,
we also see that the component v of the induced dipole moment is maximised after
a pulse of duration t = 7/(2Q2g), which is therefore called a 7/2-pulse.

Those denominations are once again borrowed from the NMR field which makes
an extensive use of such pulse sequences (e.g. Hahn spin echo [15]). In MW
spectroscopy, m/2-pulses are also very important as it guarantees to obtain the max-
imum macroscopic polarization and thus the maximum detectable signal emitted
by the molecules.

The evolution of the normalized polarization P is displayed in Fig. 2.4 during a
7 /2-pulse sequence, where P is simply written as:

P = ucos(wt) — vsin(wt) (2.12)



For this simulation to be more realistic, a T3 relaxation process is introduced with
T, = 10/Qg (while keeping 7;! = 0) and a detuning frequency § = Qz/2. We
arbitrarily choose a Rabi frequency Qp = 27 - 10° [rad-s™!] to approach a 7 /2-pulse
of duration 7, = 0.25 [us]. For the purpose of this example, the transition frequency
is also arbitrarily set to w,, = 10Qg. At first, for ¢ < 0, the molecular system rests

1.0 1 : —— T relaxation
Ry
< 05
=
g 0.0 A
N
5 —05
Z,
—1.0 1 7 '
0 2 4 6 8 10
Time [us]

Fig. 2.4. Simulation of the normalized dipole driven by a 7 /2-pulse with a pure dephasing
term Ty = 10/Q g and a detuning frequency § = Q,./2.

in its equilibrium initial conditions, that is u = 0, v = 0 and w = wg = 1. Then,
for 0 <t < 7,, the molecules are illuminated with the near-resonant microwave
radiation which drives the system into transient absorption, that is a displacement
of the population w towards the higher energy state |b) and the emergence of a
macroscopic polarization P, which can indeed be observed ramping up on the
interval [0, 7, of Fig. 2.4. Finally, for ¢ > 7, the light is switched off (i.e., Qg = 0)
and the molecular system enters in a transient emission regime where the dynamics
of the system are now solely steered by T, and d. As seen in Fig. 2.4, the T)
terms in the equations 2.11(a-b) induce an exponential decay of the envelope of
the polarization P.

In NMR, the transient emission is also referred to as the free induction decay (FID).
For both NMR or MW emission spectroscopy, the free induction decay is crucial
as it actually s the signal that is detected. For the former method, the rotating
macroscopic magnetization can be detected with the currents induced in a coil
placed nearby the ensemble of spins (thanks to Faraday’s law), while the latter
method directly detects the EM wave radiated by the rotating macroscopic electric
dipole of the molecular gas.

It is worth noting that the example described above justifies the two-fold require-
ments for any MW emission spectrometer. One is to bring the molecular system
out of equilibrium through transient absorption, and the second is to detect the
subsequent molecular free induction decay.

Even though representing the molecular system evolution through the polarization
P of Fig. 2.4 is convenient to understand the signals that one should expect to
detect in practice (e.g., on the oscilloscope), it does not allow to grasp the full
picture of its dynamics, especially if the EM pulse excitation sequence becomes
more complex. In the following, the Bloch sphere representation [16] is implemented
as it tracks the evolution of (u,v,w) in R3. To this end, we define the Bloch vector

9



O, the driving vector € and the relaxation matrix I', written as [17]:

u QR 1/T2 0 0
©e=|v| Q@=|0o| T=| 0 1/T» 0 (2.13)
w b 0 0 1/Ty

which allows to rewrite the optical Bloch equations 2.11 as [7]:
©=0x0Q-T(0 -0, (2.14)

with @9 = (0,0, wp). In Fig. 2.5, the same 7/2-pulse simulation as in Fig. 2.4 is
displayed, but this time in the Bloch sphere representation. In this picture, the
Bloch vector © follows the blue dots trajectory over time (three blue ® vectors
are added to emphasize particular states of the Bloch vector at given times) while
the two red vectors represent the two states of the driving vector Q2 for ¢t < 7, and
t > 7,. Starting at ¢ = 0, the Bloch vector is given by ©(0) = ©¢ = (0,0, 1). Then,

Fig. 2.5. Bloch sphere representation of m/2-pulse with a pure dephasing term T =
10/Qg and a detuning frequency 6 = Q,./2.

under the action of the driving vector Q(t < 7,) = (Qg,0,9), the Bloch vector
begins to precess around €2 and falls towards the equatorial plane at a rate || for
t <1, Att=T,, the projection of ® onto the uv-plane has a maximum magnitude

\/ u(7,)? + v(7,)2, hence the maximum polarization P(7,), meanwhile, the radiation
is switched off instantaneously such that €2(¢t > 7,) = (0,0, ). The Bloch vector
now evolves freely in the uv-plane (i.e., w = 0) and rotates clock-wise around w at
a rate 0, while the magnitude of the uv-projection of © decays towards the origin,
driven by the relaxation rate 1/75.
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If one was not convinced that the dipole P of Eq. 2.12 oscillates at the transition
resonant frequency wg,, we must remember that the uv-plane is defined as the
frame rotating in the trigonometric direction with the velocity of the excitation
radiation w. Since the Bloch vector rotates in the anti-trigonometric direction at a
rate 0 around the w-axis, then, by the addition law of velocities, the dipole must
oscillates at a frequency w — d which by definition is equal to we,.

2.1.4 Chirped-pulses and linear fast passage

So far, only pulses whose frequency is kept constant throughout the light-molecules
interaction duration have been considered, i.e., 6 = 0. As one shall see in the
next section, searching for molecular transitions with such narrowband pulses can
become time consuming. The MW spectroscopy technique presented in this thesis
allows to circumvent the constant frequency pulses limitation and is based on the
theoretical grounds established by McGurk et al. [18].

In their work, they demonstrate the possibility of polarizing a molecular transition
with an excitation pulse where the detuning frequency §(t) is linearly swept, starting
from 0(0) = ¢; < 0 at the beginning of the pulse, to §(7,) = df > 0 at the end
of the pulse. In practice, sweeping ¢ across the molecular transition is achieved
either by sweeping the rotational transition frequency via Stark effect while keeping
the microwave radiation frequency constant (as originally performed in [18]) or by
keeping the transition frequency w,, constant and linearly sweeping the microwave
radiation. The microwave excitation pulses employed in the latter technique are
known as chirped-pulses or simply chirps; the remaining of this section is dedicated
to their study.

To produce a chirped-pulse, the instantaneous frequency of the MW pulse w(t)
must be swept at a constant sweep rate denoted « such that w(t) = «, with the
initial condition w(0) = w;. The instantaneous frequency of the pulse thus reads as:

w=w;+at for 0<t<T, (2.15)

If the microwave chirped-pulse is written as:

E)(t) = EC(t) cos (4(t)) &, (2.16)

Then, the instantaneous phase ¢(t) of the oscillating E-field is defined as:

2

t at
o(t) = / w; + at'dt’ = w;t + > (2.17)
0

It follows from the equations above that the final frequency of the chirp is given by
wy = w(7y) = w; +at,. To gain some intuition about the chirped-pulse excitation of
a molecular transition, a conceptual representation (not a simulation) of a typical
chirped-pulsed excitation and detection experiment is illustrated in Fig. 2.6. As
considered earlier, the rotational transition located at the frequency wy; is polarized
as the MW chirped-pulse passes through the two-level molecular gas. We must set
the chirp such that w; < we, < wy. The experiment begins when the chirped-pulse

11
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Fig. 2.6. Conceptual representation of the transient emission induced by a chirped-pulse.

is initiated at t = 0. In the top panel of fig. 2.6, the instantaneous frequency ramp
of Eq. 2.15 is shown while the corresponding chirp signal of Eq. 2.16 is depicted in
the middle panel of the same figure. When the chirp frequency w approaches wyy,
the molecular system is brought into resonance and transient absorption begins to
occur which leads to the emergence of macroscopic polarization of the molecular
sample, as developed earlier for constant frequency pulses. Right after the transient
absorption, the molecular system is taken out of resonance as the frequency of the
chirp w continues its ascent towards wy. The molecular sample is thus left in a
transient emission regime and emits its free induction decay signal, as shown in
the bottom panel of Fig. 2.6.

Once the chirp has been switched off, for ¢ > 7,, the FID signal can finally be
measured and recorded by a detection instrument, where the strength of the
measured FID signal is proportional to Sg,. It is important to notice that the FID
signal cannot be measured before 7, as the very powerful excitation chirped-pulse
would simply corrupt any measurements before that time and even possibly damage
the sensitive detection instrument. This last observation is emphasized in the
bottom panel of Fig. 2.6 where the allowed detection temporal window is overlaid in
light blue. Finally, the detection window is digitally Fourier transformed with the
FFT algorithm and gives the molecular spectrum where the rotational transition
line is precisely centered on wg, in the frequency domain. In order to match the
transition frequency with the oscilloscope bandwidth, down-conversion with a mixer
and local oscillator can sometimes be implemented. This is the case in this work.

It is worth noting that Fig. 2.6 encapsulates all the core characteristics of the
chirped-pulse Fourier transform microwave (CP-FTMW) spectroscopy technique:
a molecular sample is excited by a microwave chirped-pulse and detected with
a time-domain measurement which is subsequently Fourier transformed into a
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molecular spectrum.

Before moving on to the development of the CP-FTMW instruments, we must dive
deeper into how a chirped-pulse induces transient emission in the molecular sample
and identify the two polarization regimes that can occur. To do this end, the
Bloch sphere representation is used once again in Fig. 2.7 to present two identical
chirped-pulse simulations, which only differ by their Rabi frequency (Qg is 20
times larger in Fig. 2.7a than in Fig. 2.7b). In both cases, the chirped-pulse has a
sweep rate o and a duration 7, which is small compared to the relaxation times
(i.e., 7, < T1,T3) such that the relaxation processes can be neglected. Also, the
molecular transition is assumed to lie at the center of the chirp (that is 7, = 7,/2)
which means that the initial and final detuning frequency are linked by the relation
dy = —6;. The initial conditions are set by ©(0) = ©¢ = (0,0,0.8).

w

\Q(TP)

A

©(0)

Q(0) U

Y
)

(a) Rapid Adiabatic Passage (b) Linear Fast Passage

Fig. 2.7. Two identical simulations of a chirped-pulse in the Bloch sphere representation,
where no relaxation processes are considered. The Rabi frequency is 20 times larger in
panel (a) than in panel (b).

In both figures Fig. 2.7a and Fig. 2.7b, the driving vector is indicated in red €2(t)
for ¢ equal to 0, 7,/2 and 7, while the Bloch vector is given in blue at ¢ = 0 and
for 0.997, < t < 7, with the precession orbit of the Bloch vector (¢t ~ 7,). In
Fig. 2.7a, we observe that the Bloch vector has undergone an almost complete
population inversion, that is w(7,) ~ —w(0) while the Bloch vector of Fig. 2.7b
has not significantly evolved in terms of population where w(7,) ~ w(0). The
large discrepancy between those two outcomes is related to the speed at which the
driving vector is toggled between ¢ = 0 to ¢ = 7, and is given by the time derivative
of the elevation angle 6 formed between the driving vector €2 and the u-axis:

Qr

do d ( o ) 1 dd a (2.18)

= t — =
ar oar o Or +02/Qrdt  Qr+02/Qx

At resonance, the angular speed of the driving vector simplifies into 0= a /Qg and
two cases can arise from there. If § < Qp, then Q% /a > 1 which means that the
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Bloch vector precesses around the axis of € much faster than 6 and thus manages
to keep precessing tightly around €2 as it passes through resonance to finally reach
population inversion at the final detuning. Indeed, the final population difference
in this simulation is w(7,) = —0.98w(0). This case is known as the rapid adiabatic
passage (RAP) and is depicted in Fig. 2.7a where Q%/a = 8.4.

On the other hand, if § > Qp at resonance, then Q% /a < 1 and the Bloch vector
precesses around 2 much slower than the rate at which €2 passes through resonance.
Therefore, © fails to follow €2 and rapidly stalls near its initial population difference,
which is given in this simulation by w(7,) = 0.97w(0). This case is referred to as
the linear fast passage (LFP) and is illustrated in Fig. 2.7b where the condition
0% /a < 1 is known in this case as the weak field limit, and is satisfied with
02 /o = 0.02.

2.2 Development of the CP-FTMW technique

2.2.1 Background

The spectrometers that perform time-domain measurements of molecular transient
emission (as described in the previous section) are known as Fourier transform
microwave spectrometers (FTMW), and the first occurrence of such an instrument
was reporter in 1955 by Romer and Dicke. [19] Since then, FTMW techniques have
gained a lot of interest among the microwave spectroscopy community thanks to
the inherent high sensitivity of the background-free detection and high resolution
of the Fourier transformed FIDs.

In 1981, Balle and Flygare invent the first cavity-FTMW design where a molecular
beam is introduced via supersonic expansion (described in chapter 5) into a Fabry-
Perot microwave cavity, coupled to a pulsed microwave source. [20, 21] The
Fabry-Perot cavity allows for the passive amplification of the excitation microwave
pulse and the molecular transient emission, which therefore provides an outstanding
sensitivity. The cavity however reduces the bandwidth of the overall instrument
down to ~ 1 MHz which is impractical and time consuming if one wants to search
for unknown transitions or perform a broadband survey of a molecular spectrum.
Indeed, a scan of few hundreds MHz typically take up to one hour to complete,
due to the mechanical adjustment of the Fabry-Perot cavity required to tune the
central resonant frequency. [22]

2.2.2 First design of the CP-FTMW spectrometer

Invented in 2006 by the Pate lab at the University of Virginia, the chirped-pulse
Fourier transform microwave (CP-FTMW) is the second FTMW instrument to
provide another major leap forward in the field of microwave spectroscopy, after
the invention of the cavity-FMTW. [1, 2]. Its first design is shown in Fig. 2.8
as reproduced from reference [23]. The spectrometer is divided in three modules
with the chirped-pulse generation and amplification module, the interaction region
where the molecules interact with the microwave radiation and the FID detection

14



module where the FID is amplified and digitized by a fast oscilloscope.

To survey the 8-18 GHz region of the molecular spectra, a 1 us phase-reproducible
chirped-pulse of 10 GHz bandwidth is generated by a 20 GSa/s arbitrary wave-
form generator (AWG) and up-converted by mixing with a phase-locked oscillator
(PLDRO). The up-converted chirp is then amplified by a traveling wave tube

AWG 20 GSa/s

Chirp-pulsed generation

TWTA

Interaction region

10 MHz /\/ 18.99 GHz ) H

Rb Standard . :
— L]
PLDRO 3dB Splitter . ol —
L]

Oscilloscope

- (. ....... Q .......... oo 3 e

Mixer LNA Switch PIN Diode
Limiter

FID detection

Fig. 2.8. Original CP-FTMW spectrometer design, reproduced from [23]. The three main
modules of this instrument are the 10 GHz chirped-pulse generation and amplification
(in red), the interaction region between the microwave chirp and the molecules (in gray)
and finally the amplification along with the detection of the subsequent free induction
decay (in blue). The signals are: chirped-pulse (solid black lines), FID signal (dotted
black lines) LO signal, (red lines) and 10 MHz phase-lock signals (dashed lines.)

amplifier (TWTA) capable of delivering up to several kilowatts of peak power.
The chirped-pulse then enters via standard gain horn antenna in the microwave-
molecule interaction region and induces the polarization of the molecular sample.
At the detection side, the sensitive low noise amplifier (LNA) is protected from
the powerful chirped-pulse with a PIN diode limiter and a single pole single throw
(SPST) switch. During transient emission (i.e. when the excitation pulse is over),
the switch is closed and the FID signal collected by the other horn antenna is able
to be amplified by the LNA, down-converted back into the 10 GHz baseband and
digitized by the oscilloscope. The last crucial aspect of this design is the use of a
low phase noise 10 MHz rubidium reference clock to phase lock the clocks of the
AWG, the oscilloscope and the PLDRO. This allows to perform multiple consecutive
excitation/detection experiments and collect multiple FID acquisitions which are
coherent in phase. Those FID acquisitions can then be co-added and averaged
before the Fourier transform which results in the lowering of the spectrum noise
floor and thus improves the overall sensitivity of the spectrometer. [24] Typically
10° FIDs are averaged for the obtention of one spectrum.
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It is clear that such a design would not have been possible without the technical
advances that led to the commercialization of the high-end AWG, the TWTA or
the fast oscilloscope, but by essence, this technique is mostly relying on the chirped-
pulse theory, derived by McGurk et al. long before the invention of CP-FTMW
instrument. Indeed, Pate et al. used the fast passage theory [18] to determine the
signal strength S, obtained with the CP-FTMW spectrometer in the weak field
limit, which follows the relation:

1
Sap X wWappt2y B ANy (Z) i (2.19)
where ANj is the total population difference, that is ANy = N, — N, = Nwy. It is
worth noting that the weak field limit Q% /a < 1 is a reasonable assumption with
a chirp that spans 10 GHz over 1 us, and thus it can be assumed that AN ~ ANy,
even though it has been reported that powerful TWTA in some cases may not
respect this condition [25]. The main consequence of Eq. 2.19 is that for chirped-
pulse with a fixed duration 7, and broadcast with a magnitude E () fixed by the
peak power of the last amplifying stage of the chirped-pulse generation module, the
strength of the signal falls as the inverse square root of the chirped-pulse bandwidth.
If one wanted to use instead a Fourier-transform-limited (FTL) pulse (e.g., a sinus
cardinal pulse) with the same broadcast peak power, then the signal strength would
fall linearly with the bandwidth.

20 50 ..
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%\ 151e% %20 .::.°
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40
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(a) Bandwidth (MHz)

Fig. 2.9. This figure is taken from [23]. Molecular signal intensities obtained with a
chirped-pulse (black dots) and with a FTL pulse, respectively. The inset is the signal
ratio of the chirped-pulse with respect to the FTL pulse.

In Fig. 2.9, Shipman et al. [23] show the molecular signal strengths obtained upon
excitation with a chirped-pulse (black dots) and with a FTL pulse (white dots) as
a function of the excitation bandwidth. The peak power is fixed for both pulses
and the duration of the chirped-pulse is held constant. As the bandwidth of both
pulses is increased, the molecular signal obtained with the chirped-pulse falls as
1/v/B, where the B is the bandwidth while the FTL pulse falls as 1/B. Therefore,
the advantage of using the chirped-pulse over the FTL pulse scales as v/ B, which
is indeed the trend that is observed in the inset of Fig. 2.9.
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2.2.3 Evolution of the CP-FTMW spectrometer

In 2013, Finneran et al. demonstrate the possibility of replacing the expensive
and bulky arbitrary AWG by a direct digital synthesizer. [3] Previously used in
radar applications, [26] the DDS are digital integrated circuits capable of producing
digital linear frequency ramps which are converted into an analog chirped-pulse
via a to digital-to-analog converter (DAC). A detailed description of the operation
principles of the DDS is given in the following chapter.

In Table 2.2, it is shown that the AWG used in the original CP-FTMW design
display comparable performances in terms of sample rate and resolution. Moreover,
Finneran et al. showed the that spectral purity of the DDS output was similar
to the one of the AWG. They also demonstrated that DDS does not introduced
additional phase noise by showing that the v/N scaling of the SNR with respect to
the number averages N was achieved in both configurations.

Table 2.2: Comparison between the arbitrary waveform generator (AWG) Tektronix
AWGT10B used in Ref. [2] and the direct digital synthesizer (DDS) Analog Devices
AD9914 implemented in Ref. [3].

Sample rate  Resolution  Price = Weight Size Power consumption
[GSa/s] [bit] €] [ke] (m?] (W]
AWG 4.2 8 >10k > 14 0.04 >100
DDS 3.5 12 ~1k <1 15-107* <3

However, the DDS is far more advantageous if one wants to optimize the cost, the
weight, the footprint and the power consumption of the instrument. The DDS-
based CP-FTMW is thus a design of choice for in situ applications. [3] To reduce
even further the overall footprint of the spectrometer, it is possible to replace the
fast oscilloscope by an analog-to-digital (ADC) card (also referred to as digitizer)
[3, 5] or by a USB portable oscilloscope [4]. The down side of such upgrades is
the reduction of the detection bandwidth compared to high-end large-bandwidth
oscilloscopes.

Bandwidth-limited digitizers can nonetheless acquire large broadband molecu-
lar spectra by segmenting the total desired bandwidth B and tuning the down-
conversion LO to bring each segment within the baseband of the digitizer. In
theory, based on equation 2.19, the acquisition time required to collect a molecular
spectrum over a given bandwidth B and a fixed sensitivity is independent of the
number of segments considered to cover the bandwidth B. Indeed, if B is divided
into N segments, then according to Eq. 2.19, the molecular sensitivity in each
segment scales by /N, requiring N fewer acquisitions per segment to achieve the
same sensitivity set in the unsegmented case (since the sensitivity also scales with
the square root of the number of averaged acquisitions). But since N segments
need to be collected in total to recover the full bandwidth B, then the benefit of
segmenting the bandwidth breaks even; no difference in measurement time occurs.

If performed the right way, segmenting the bandwidth can reduce the cost of
the instrument by half without sacrificing on the acquisition time. [27] The most
optimal scheme to acquire a segmented broadband spectrum with bandwidth-limited
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digitizers have been derived by Neill et al. and is referred to as the “segmented
chirped-pule Fourier transform” technique. [28] In Fig. 2.10, an illustration of the
spectrogram depicts the instantaneous frequency of the chirp and the LO used for
down-conversion, over the course of one acquisition. The segmented CP-FT exploits
a fast-switching LO frequency to record the N segments of the full bandwidth
in one time-domain acquisition of duration ¢, which is thus N times larger than
its unsegmented counterpart. As seen in Fig. 2.10, the LO frequency is stepped
between each segment to down-convert the segment currently excited by the chirp
to the baseband of the digitizer. Thanks to sensitivity gain per segment described in
the previous paragraph, the segmented CP-FT requires N fewer acquisitions. While
it does not change the measurement time (as stated in the previous paragraph)
it does reduce however the overhead time in data processing inherent to each
acquisition by a factor of N, which in turn increase the data acquisition rate of
the instrument. The optimum number of segments is given by the highest number
possible that still satisfy the weak field limit.

N

e
o

— Chirp

Frequency

[ P -
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Time

Fig. 2.10. Spectrogram illustration of the chirp and the LO signal over one segmented
CP-FT acquisition of duration ¢. Reproduced from [28].
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Chapter 3

Design and characterization of the
CP-FTMW spectrometer

The design of the CP-FTMW spectrometer developed during this project is displayed
in Fig. 3.1. Following the signal path, the instrument can be broken down in three
main modules with first the excitation arm which produces the excitation pulse,
followed by the waveguide cell where the molecules are confined to interact with the
incident electric field and finally the detection arm which captures the subsequent
time domain molecular emission with a fast digitizer. The timing sequence required
to perform an excitation-detection experiment with the spectrometer is controlled
by the digital delay generator (DDG). Moreover, the excitation and detection
modules are clocked by a low phase noise 10 MHz frequency reference provided by
the GPS disciplined oscillator (GPSDO) to generate phase-reproducible chirp-pulses
and molecular FID acquisitions.

In the following, the main modules of the instrument are reviewed and characterized
as a mean to extract the figures of merit and the expected performances of this
CP-FTMW spectrometer design. We also provide the detailed timing scheme of
the spectrometer which has a crucial impact on the instrument sensitivity.

3.1 Excitation module

The excitation module is composed of three stages: the excitation pulse generation,
the upconversion and the amplification stages. The combination of those three
stages allows to produce a 1 us chirped pulse which spans a 200 MHz bandwidth,
tunable between 10 and 18 GHz (i.e., over the Ku-band).

3.1.1 Direct Digital Synthesis

As discussed earlier, one of the key improvement on the original CP-FTMW design
of Pate et. al in 2008, is the replacement of the bulky and expensive arbitrary
waveform generator (AWG) by a direct digital synthesizer (DDS), as it was first
demonstrated by Finneran et. al in 2013. The DDS implemented in this setup
(AD9915 evaluation board) is similar to the DDS used in Ref. [3] (ADD9914
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Fig. 3.1. The excitation arm is presented in the red area while the detection arm is

presented in the blue area. The molecular sample is place in the waveguide (WG).

The signals are: excitation signal path (solid black lines), molecular signal path
(dotted black lines), TTL signals (blue lines), 10 MHz external clock signal (dashed
lines), local oscillator signal (red lines), DDS clock (green line). The components
are: AD9915/PCBZ (DDS), wideband frequency mixer ZX05-24MH-S+ (M1, M2),
wideband microwave amplifier ZX60-183A-S+ (A1, A3, A4), BW-S10W2+ (-10 dB) and
BW-S8W2+ (-8 dB) (Attl) , power amplifier ZVE-3W-183+ (A2), SPDT non-reflective
switch HMC347 (S1, S2), rectangular waveguide WR62/WG18/R140 (WG), PIN diode
limiter ACLM-4537 (D1), low pass filter SLP-550+ (LPF1) , ZX60-14012L-S+ (A5)
, TiePie Handyscope HS5-540XM (Digitizer), 10 MHz reference clock Fury Jackson
Labs Technologies (GPSDO) , 2.5 GHz clock Valon 5008 (G1), local oscillator Valon
5015 (G2), 3dB power splitter ZX10-2-183-S+ (Spl), digital delay generator BNC 745
(DDG).

evaluation board). Most of the informations presented below are based on the

AD9915 datasheet. [29]

Commercialized by the Analog Device company, the AD9915 chip embeds a 2.5
GSPS DDS along with a 12 bit D/A converter (DAC). To operate at its nominal
system frequency fopx of 2.5 GHz, an external clock is provided to the DDS by
the Valon 5008 synthesizer, as shown in Fig. 3.1. The key feature of the AD9915
for our application is its digital ramp generator (DRG) module which allows the
DDS to produce a chirp signal whose frequency is linearly swept over any frequency
interval [finin, fmaz), between DC and 0.4 forx = 1 [GHz] (that is, an upper bound

slightly below the Nyquist frequency

ferk/2).
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Digital Ramp Generator & Direct Digital Synthesis

Since the DRG is a digital module, all its parameters are defined by integers stored
in registers and gain physical units by means of the system frequency forx. For
instance, f;, and f,q. are defined by 32-bit unsigned integer “frequency tuning
words” (FTW) such that:

fmin = <232> fCLK

where F'TW,,;, and FTW,,,... are the digital frequency ramp lower and upper limits,
respectively. Also, the frequency ramp has discrete time steps At and frequency
steps A f given by the following equations:

a= 20 ap = (25) foux (3.2)

 ferx

fmae = (FTQZmM) ferk (3.1)

where P is the 16-bit unsigned integer “digital ramp rate” and M is the 32-
bit unsigned integer “rising ramp step size”. As shown in Fig. 3.2, the four
aforementioned integer parameters allows to fully characterize the digital frequency
ramp f.[n] produced by the DRG and sent to the DDS as a frequency command.
The DDS then converts this frequency command f.[n] into a discrete-time chirp
signal s[n|, which is finally transformed into the desired continuous linear chirp s(¢)
by the DAC. It is worth noting that while the DDS is strictly speaking a module
in the larger circuit of Fig. 3.2, we often refer to the full circuit as the “DDS".

DROVER D" OSK
32

FTWmin ﬁ_-»
32

FTWmaz ~+—___ | 32 12 12
16 DRG 7 > DDS —> DAC —>
P +—T 7 feln] s[n] s(t)
32
v T
I/O UPDATE

Fig. 3.2. Digital block representation of the internal modules and signals involved in the
chirp generation of the DDS AD9915.

Following the equations above, the digital frequency ramp signal f.[n] drives a
linear chirp of duration t., which reads as follows:

(fma:v - fmm) FTWmax - FTszn) 24P

At:(

te = 3.3
Y} I forx 33)
The slope of this linear chirp is defined as the sweep rate o and is expressed as:
Af M 5
©=A¢ " 3ogwp o (34)

Which in turn allows us to define the instantaneous frequency f.(t) of the chirp
signal s(t), given by:

fe(t) = at + foim with 0 <t <t, (3.5)
where we assumed Af < (fiaze — fmin) and At < t..
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Timing of the chirp generation

In Fig. 3.3, we illustrate the timing diagram of a chirp generation in normal
operation. The output signal f.[n] of the DRG and s(t) of the DAC are depicted
along with the DDS logic signals of Fig. 3.2 which have not been covered yet. As
suggested in Fig. 3.1, the DDS is triggered by the DDG when the latter issues a
pulse via its T1 output to the I/O UPDATE input of the DDS. Then, the DRG
immediately initiates a digital frequency ramp of duration . and sends while the
actual analog chirp s(t) produced by the DAC.

1/0 UPDATE [ B
DROVER |
OSK
fmax
RN
DRG output f.[n] _l_l_l_li
Nt e

DAC output s(t) —%%WM%WW \N‘U%WMM

o

Fig. 3.3. Timing diagram of the digital ramp generator in normal operation. The blue
traces are 1/O signals of the DDS, the orange OSK signal is used internally in the DDS
to modulate the amplitude of the DAC output. The last two traces represent the ouputs
of the DRG and the DAC, respectively.

The DRG also provides a status signal named “digital ramp over” (DROVER)
which is set to a logic 0 if a ramp is currently active and is set to a logic 1 otherwise.
As depicted in Fig. 3.2, this status signal is used to modulate the amplitude of
the digital chirp signal s[n] via the “output shift keying” (OSK) pin. When set
to a logic 1, OSK enables the full amplitude of the chirp signal and if OSK is
set to a logic 0, then the chirp signal is suppressed. In practice, the DROVER
signal is inverted by a custom logical inverter circuit and fed to the OSK pin
such that OSK = DROVER. This system allows to suppress the CW signal of
frequency f.q that would otherwise remain at the end of every chirp and prevent
the background-free detection of the FID signal. It is also worth noting that the
DROVER signal is a reliable trigger for the digitizer (as shown in Fig. 3.1), as it
guarantees that the digital frequency ramp is always in phase between multiple
digitizer acquisitions.
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Analog chirp analysis

To illustrate the full capabilities of the DDS, we display in the top panel of Fig. 3.4
a full 50 MHz to 1 GHz chirp over ~ 12 us. This time domain acquisition has been
performed with a high-end 40 GSa/s Agilent DSO7104A oscilloscope, which offers
a Nyquist frequency of 20 GHz and an analog bandwidth of 8 GHz.
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Fig. 3.4. Time domain

In the bottom panel of Fig. 3.4 we show the spectrogram of the 1 GHz chirp,
where we took advantage of the large bandwidth of the oscilloscope to explore the
super-Nyquist content (i.e., any spectral content above forx/2 = 1.250 [GHz|). As
one could expect, below forx /2, the power spectral density (PSD) is focused on
a sharp line which closely follows the instantaneous frequency f.(t) of the chirp
and evolves with the same slope a &~ 5.2 - 10'3 [Hz - s71] as the frequency ramp
generated by the DRG.

Above fork /2, in the super-Nyquist region, we find the images of the chirp which
extend over the full 8 GHz bandwidth of the oscilloscope. Those images are created
by the sample-and-hold behavior of the DAC. In Fig. 3.5, we show that this D/A
conversion technique can be modelled in the time domain as the convolution of the
discrete-time chirp s[n] and a gate function g(¢) which spans a width equal to the
sampling period Ts = 1/ fcrk. In the Fourier domain, this convolution becomes:

Flsln] xg(t)} = S(w) - G(w) (3.6)

where the FT of s[n] gives the periodic spectrum S(w) (since s[n| is discrete) and
G(w) is the FT of the gate function, written as:

G(w) = Ty sinc (w?) (3.7)
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Fig. 3.5. Nlustration of the sample-and-hold digital to analog conversion.

Therefore, what we observe in the spectrogram of Fig. 3.4 is the periodic spectrum
of the discrete-time chirp s[n], modulated by the envelope of the sinus cardinal of
Eq. 3.7 which attenuates the PSD of the image lines as the frequency increases.

The same observations are made in the actual power spectrum of the full chirp,
shown in Fig. 3.6. We find the baseband signal of interest between 0 and forx /2
and its mirror image between forx/2 and fopk. This spectrum is then repeated
infinitely and modulated in magnitude by a sinc(zx) profile whose roots are multiple

of fork.
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Fig. 3.6. Power spectral density of the chirp displayed in the top panel of Fig. 3.4.
While less intense than the baseband chirp, we must keep in mind that the chirp
images may polarize unwanted transitions and should be filtered out with a low

pass filter to ensure accurate measurements. The super-Nyquist may also be used
to extend the bandwidth of the polarizing chirped-pulse. [30]

3.1.2 Upconversion

As stated previously, the maximum output frequency of the 2.5 GSPS DDS is
limited by the near Nyquist frequency of 1GHz, that is well below the 10 GHz
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cutoff frequency of the first propagating mode allowed in the waveguide static
cell (i.e., the TE;g mode). To move past this limitation, the excitation chirp is
up-converted with a mixer from the intermediate frequency (IF) band, where the
chirp typically spans a bandwidth f. of 50-250 MHz, to the “radio frequency” (RF)
band by mixing the chirp signal with the local oscillator (LO) signal of frequency
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Fig. 3.7. Frequency domain illustration of the up-converted chirped-signal produced by
the DDS with a swept bandwidth of f. (typically 200 MHz)

As illustrated in Fig. 3.7, the up-conversion of the chirp, initially swept over a
bandwidth f. in the IF band, gives rise to a lower side band (LSB) located at
fro — f. and an upper side band (USB) at fro + f. in the RF range. [31] We
observe that both side bands can be used equivalently to probe a given molecular
transition located in the RF frequencies. In this work, we mostly use the USB to
probe the transitions, unless stated otherwise. Therefore, by an appropriate choice
of fro in the 10-18 GHz frequency region, one can explore the full Ku-band with
the USB of the up-converted chirp.

The up-conversion mixer (M1) used in the excitation module of Fig. 3.1 is a double
balanced wideband frequency mixer, which requires to be driven by a 13 dBm
signal at its LO port. This signal is provided by the Valon 5015 synthesizer (G2),
which outputs a 16 dBm continuous wave (CW) signal of frequency fro (10-18
GHz). The signal is then split by the 3 dB power splitter (Spl) to drive both M1
and M2 mixers with the same 13 dBm LO signal. In those conditions, the mixer
M1 up-converts the 50-250 MHz chirp in the Ku-band with a 7 dB conversion loss,
which is a typical value for a passive diode mixer. [32]

3.1.3 Amplification

Once the chirped pulse is up-converted, it must be amplified before entering the
waveguide cell. Indeed, according to Eq. 2.19, the amplitude of the molecular
emission signal scales linearly with the electric field amplitude E(e) of the incident
excitation chirped pulse. A maximum E-field is thus desired to improve the
sensitivity of the instrument. In our setup, the maximum FEe) achievable in the
waveguide static cell is set by the peak output power of the power amplifier (A2).

With a gain of 35 dB, the power amplifier must receive a 0 dBm signal at its input
port to reach the slightly saturated output power, below the 3 dB compression
point at 35 dBm (~ 3 W). To match this power requirement, we inserted an
attenuator (Attl) after the preamplifier (A2), as illustrated in Fig. 3.1. Indeed, by
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adjusting the power level (with A2 and Attl) of the excitation chirp at the input
port of the power amplifier, we take advantage of the full peak power of the PA,
without generating too much intermodulation distortion (assuming that the 3 dB
compression point is acceptable for our application).

3.2 Waveguide static cell

To vacuum pump from CH30H tank

To detection From excitation ‘l'

VP2 ﬂ module module H VP1

~ 1

I I
I i
!

— ]

P2 P1

Fig. 3.8. Schematic of the U-shaped waveguide static cell.

The waveguide static cell is a standard WR62 rectangular waveguide, operating at
room temperature and placed under vacuum. The waveguide is equipped with two
vacuum ports VP1 and VP2, as shown in Fig. 3.8. VP2 connects the WG static
cell to a vacuum turbomolecular pump, which is able to establish vacuum levels as
low as 7 - 10~* mbar inside the waveguide cell. Once this vacuum level is reached,
the molecular sample (e.g. methanol) is gradually introduced into the static cell by
opening the valve of the molecular sample tank, connected to VP2. This process is
stopped once the desired pressure is achieved (typically ~ 1072 mbar) and remains
stable. At this stage, the waveguide static cell is ready for the experiment.

The two electromagnetic ports P1 and P2 of the waveguide are connected to
the excitation and detection modules via WG-SMA adapters (depicted in gray in
Fig. 3.8). The excitation chirp enters the waveguide in P1 and induces a macroscopic
polarization of the molecular sample as soon as the instantaneous frequency of
the chirp reaches the resonant frequency of the transition we are aiming to probe.
After excitation, the FID signal emitted by the rotating molecules is transmitted
through the P2 port, into the detection module.

The WR64 rectangular waveguide has dimensions a = 15.7988 [mm]| and b = 7.8994
[mm] and therefore propagates the TE;q mode in a frequency band ranging from
its cutoff frequency f.10 = ¢/2a = 9.488 [GHz] to the cutoff frequency of the next
allowed mode TEyy with f.00 = ¢/a = 18.976 [GHz|. In this configuration, the
electric field is polarized along the y-component of the waveguide, as shown in
Fig. 3.9. If we assume perfect vacuum, no losses inside the waveguide and no
reflected power at the input port, the electric field produced by the excitation
module, inside the waveguide, is set by the following equation:

. C|wpPe rmaN o g
E )(:v,z) = —2j sin () e Iz g, (3.8)
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Fig. 3.9. Electric field representation for the TE;g mode inside the waveguide.

where 1y is the propagation coefficient for the TE;y; mode and is defined as
Bio = \/(cu/c)2 — (m/a)?. The strength of the electric field is proportional to the
square root of the excitation power P(®) delivered by the power amplifier at the input

port P1 of the waveguide, emphasizing further the critical role of the amplifying
stage.

In Fig. 3.10, we computed the theoretical magnitude of the E-field inside the
waveguide at x = a/2 and z = 0, for various frequencies and input powers, based
on Eq. 3.8. In Fig. 3.10a, we present on the red trace the E-field that is achieved
with the current power amplifier, capable of delivering an excitation power of 35
dBm. The maximum E-field is obtained at 10 GHz with 11 - 10® V/m. Also, on
the blue trace of the same figure, we computed the E-field that would be obtained
if the amplifier A2 was upgraded with a 40 dBm (10 W) power amplifier. With a
value of 19.6-10% V/m, the maximum E-field at 10 GHz would then be enhanced by
a factor of 1.78 compared to current setup. In Fig. 3.10b, we plotted for reference
the square root scaling of the electric field extrema (i.e., at 10 and 18 GHz) with
respect to the excitation power.
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Z15.0- Z.
o =
& 125 2 10° 4
° 2
iz £
£ 10,0 =
2 10* 5
7.5
0 12 14 16 18 100 100 102 10° 100 10° 10°

Frequency [GHz] Excitation power [W]

(a) (b)

Fig. 3.10. In panel (a), the electric field of the TE1g mode inside the waveguide is plotted
for and excitation power P(© of 35 and 40 dBm. In panel (b), we show the square root
scaling of the electric field at 10 and 18 GHz with respect to the excitation power.
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3.3 Detection module

Before diving into the details of the molecular signals detection, we must first
analyse the two protective elements located at the front end of the detection module,
namely the single pole double throw (SPDT) switch S2 and the PIN diode limiter
D1. Those two devices play an important role during the excitation sequence,
where the S2 switch is open (i.e., in its off state) to prevent the 3 W (35 dBm)
excitation pulse to damage the following components of the detection chain. In this
configuration, the S2 switch has to redirect and absorb the 3 W excitation pulse
into a 50 €2 load. The heat created in this process could potentially damage the
switch, which is why the PIN diode limiter is placed at the switch input. Indeed,
this component limits the peak power of the signal entering the detection module
to 0.1 W (20 dBm), which thus reduces the dissipated power within the switch
by a factor of 30. It is worth noting that the PIN diode limiter is linear when
the signal power is far below 20 [dBm], a condition that definitely holds for the
weak molecular FID signal we are aiming to measure. No distortions are therefore
expected to be introduced by this component during the detection sequence.

At the start of that sequence, the S2 switch is closed and the FID signal goes
through the first two protective elements, before being amplified by the amplifiers
A3 and A4, with a combined gain of 56 dB. The FID signal is then downconverted
back to the intermediate frequencies (i.e., between 50 and 250 MHz) through the
mixer M2. The down-converted FID signal is then low pass filtered by LPF1, with
a cutoff frequency of 250 MHz, discarding any spectral content that would not be
related to molecular signal (or at least, not the ones we are interested in). Also,
the 250 MHz upper bound for the intermediate frequencies has not been chosen
by chance, as it corresponds to half the sampling frequency of the digitizer we
are using to digitize the FID signal, namely the Nyquist frequency. Therefore,
LPF1 is not only removing the spectral features above this upper bound, but more
importantly, it removes the alias of those features that would potentially appear
on the digitized spectrum. Before that last step, the FID signal is amplified one
last time by the amplifier A5.

In the excitation module, the purpose of the amplifier stages was justified as a
mean to obtain the strongest polarization of the molecular sample and thus the
strongest electromagnetic molecular response, but what are the motivations for A3,
A4, A5 in the detection chain? The goal here, is to maximize the dynamic range of
the digitized signal. The dynamic range is defined as the ratio of the maximum
value of the signal with the minimum possible value of the digitized signal. Since
the minimum possible value is fixed by the digitizer (i.e., by the bit resolution and
the vertical range), the dynamic range is then maximised when the maximum value
of the signal is equal to the maximum value of the digitizer vertical range. This
equality can be achieved with a specific total gain sets by the amplifier stages of
the detection module. In practice, the FID signal is so small that we are not able
to cover the full vertical range of the digitizer.
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3.4 Timing & synchronisation

In order to increase the signal to noise ratio (SNR) of the measured FID, this signal
is usually averaged over a large number of shots (~ 10°). This is only possible if
all the presented components are well synchronized and in phase. All the time
sequences are defined by the digital delay generator (DDG) and its three outputs
T1, T2 and T3. Those outputs generate TTL signals' that are represented in
Fig. 3.11. This timing diagram describes one excitation-detection or chirp-FID
cycle of duration T.f, which is defined by the time that separates two consecutive
T1 pulses. The repetition rate of this chirp-FID cycle is thus given by f,. = 1/T;.

T
T1 —) [
| 0
T2 —1
-
> 1

to le lg ta

Fig. 3.11. Timing diagram for one chirp-FID cycle of duration 7,.;. The blue traces are
TTL signals where T'1 triggers the DDS, T2 controls the excitation switch S1 and 7'3
controls the detection switch S2. The black traces are time-domain signals where s(t) is
the chirped-pulse at the output of the DDS and y(t) is the molecular FID signal at the
input of digitizer.

The cycle starts at ty on the rising edge of T'1 and T2. T1 triggers the DDS
that outputs the excitation chirp s(t), after a propagation delay t,4. During this
excitation sequence of duration t., T2 sends a logic 1 to the excitation switch S1
(as previously shown in Fig. 3.1), allowing the chirp to enter the waveguide static
cell and to polarize the molecular sample. After this sequence, T2 sends a logic 0 to
the excitation switch S1 which subsequently opens. The excitation and detection
sequences are separated by a time gap ¢, (i.e., between the opening of S1 and the
closing of S2). This is a safety measure to ensure that no high RF power remaining
from the excitation chirp will enter the detection module and damage its sensitive
components.

After t,4, the detection sequence begins when T3 sends a logic high signal to the S2
switch, which then closes for a duration ;4. It thus allows the FID signal y(t) to
enter the detection module and to eventually be measured by the digitizer. The
remaining time 7.y — t. — t, — ¢4 of the cycle is unused and serves only as padding

ITransistor-transistor logic signals set to either 0 or 5 [V] DC voltage to represent a logic 0 or
logic 1, respectively
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between successive chirp-FID cycles. A typical timing sequence used throughout
this project is displayed in Table. 3.1

Table 3.1: Typical chirp-FID timing sequence.

Top (] te (st (s ta [us] tpa [
20 1.5 0.15 5 < 0.1

If one wants to perform a large number of those chirp-FID cycles where y(¢) is
digitized on each cycle with the same phase (with respect to the sample points),
then the DDG alone is not sufficient to synchronise the experiment. Indeed, if the
DDG controls the precise time at which it triggers the DDS, it has no control over
the time at which it is registered by the DDS, which should happen on the rising
edge of its clock.

Over multiple chirp-FID cycles, the DDS
receives a trigger t, defined on the rising
edge of the DDG internal clock CLKppg,
taken as the time reference for this ex-
ample, illustrated in Fig. 3.12. The trig- CLKppe |
ger is registered on the rising edge of the l
DDS clock CLKppg, indicated by the
red dots on the illustration. If the phase ~ CLKpps / / | |
of CLKppgs fluctuates randomly with re-

spect to CLKppg, then the red dots will
be distributed randomly between t;, and
to + T, pps, over the course of multiple Fig. 3.12. Jitter illustration.
chirp-FID cycles (with T¢ pps, the clock

cycle duration of the DDS). This phe-

nomenon is known as jitter.

lo

This means that the propagation delay t,q will also vary randomly such that the
phase of the chirp and thus the phase of the FID, will not be reproducible between
successive acquisitions. Here we took an example for the DDS, but jitter will also
occur for any component that runs with its own clock such as the digitizer and the
local oscillator G2.

To circumvent this problem, the clocks of the DDG, DDS, G1, G2 and the digitizer
need to be in phase. The synchronization is achieved by the GPS disciplined
oscillator (GPSDO), that generates a 10 MHz reference signal, which is then
distributed to those 5 components. The 10 MHz signal is then multiplied according
to the clock specification of each component.

3.5 RF chains analysis

The detailed analysis of both RF chains is provided in the section. The figures of
merit of the excitation chain are displayed in Table 3.2. For each component, the
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bandwidth BW | the insertion I L and the gain G are provided. The last column
of this table gives the power available at the output of each component, using
the DDS output as a starting point. The DDS output is approximatively 0 dBm
(measured value) but a 3dB splitter was used in practice to monitor the pulse
during the experiments, which is not represented in Fig. 3.1. The power output of
the DDS is adapted accordingly in Table. 3.2. Based on these figures, the power
available at the input port of the waveguide static cell is estimated to be 33.4 dBm.

Table 3.2: Excitation chain.

Component BW [GHz] [L [dB] G [dB] P, [dBm]

DDS DC -1 - - -3
M1 7.5 —20 7 - -10
Al 6 — 18 0 28 18
Attl DC — 18 18 - 0
A2 5.9 —18 0 35 35
S1 DC — 20 1.6 - 33.4

The same analysis is performed for the detection chain in Table. 3.3, but the last
column is now dedicated to the noise figure N F' of each component. The cumulated
gain of the detection RF chain is 55.9 dB. This large cumulated gain is required to
observe the very weak FID signal emitted by the molecules.

Table 3.3: Detection chain.

Component BW [GHz] [L [dB] G [dB] NF dB]

D1 2—-18 1.8 - 1.8
52 DC — 20 1.6 - 1.6
A3 6 — 18 0 28 2.5
A4 6 — 18 0 28 2.5
M2 7.5 —20 7 - 7
LPF1 DC —0.25 1.7 0 1.7
A5 0.3—-14 0 12 2.5

The total noise figure of the detection chain is computed with the Friis formula for
noise: [31]
-1 F-1 F,—1 F,—1
- - bt
G G1Gy  G1GaGs G1Gan—1

(3.9)

where F; is the noise factor of the i-th component of the detection chain, following
the direction of the signal path. The noise factor is simply the linear form of the
noise figure and is therefore given by:

F = 10NF/10 (3.10)

The gain G; of the i-th component is also expressed in linear scale. The total noise
factor is thus evaluated as:

Fiot =1.5140.644+5648-107° 4 --- =7.76 (3.11)
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which therefore gives a total noise figure of NF,; = 8.9 [dB]. The equation 3.11
is expanded to show the major contribution of the third term to the total noise
factor, due to both attenuation gains in the denominator GG;G». Having the PIN
diode limiter D1 followed by the detection switch S2 at the input of the detection
chain increases considerably the noise figure. Furthermore, the noise figure of the
first amplifying stage (i.e. A3) has no impact at all on the NF,,. The fact that
the amplifier A3 is not a low noise amplifier (LNA) has thus little consequences.
Ideally, the PIN diode limiter would have to be removed to take advantage of an
LNA.
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Chapter 4

First results and improvements of
the CP-FTMW spectrometer

Now that the working principle and general design of the CP-FTMW spectrometer
are introduced, this chapter is dedicated to the results that contributed to validate
and improve the instrument. The collection of those results has been an iterative
process. First, we established the experimental setup capable to detect a first
molecular signal. Then, we used that molecular signal as a benchmark to assess
the improvements resulting from some key modifications. Those results and key
modifications are presented in that order.

4.1 First spectra

Once the spectrometer is operational, a molecular species must be introduced
into the waveguide static cell and probed by the instrument. The considered
molecules have to meet certain criteria. First, as stated in the previous chapter, it
is mandatory that the molecule of interest displays known transitions within the
TE; frequency bandwidth of the waveguide, as the excitation and molecular signals
would simply not propagate otherwise. Moreover, since the spectrometer is yet to
be optimized, the aimed transition must have a large transition dipole moment
which radiates a molecular signal sufficiently strong, and therefore reduces the
sensitivity requirement of the non-optimized instrument. In the Cologne Database
for Molecular Spectroscopy (CDMS), it is shown that methanol (CH3OH), possesses
one of its strongest transitions located at 12178.6 MHz, which makes it a molecule
of choice to test the instrument. The methanol line list of the CDMS catalogue
is accessible in Ref. [33] and the calculation of the quantum numbers is given in
Ref. [34].

As developed in the previous chapter, the DDS produces excitation signals in the
50-250 MHz frequency range and thus needs to be up-converted. To this end, the
LO signal produced by the synthesizer G2 is set to 12100 MHz to excite and detect
the methanol transition at 78.6 MHz, in the intermediate frequencies. Then, the
DDS is programmed to send a chirp whose frequency is linearly swept from 50
MHz to 80 MHz, in 1 us which is assumed to be a pulse time short compared to
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the T5 relaxation time. The transition is polarized at the end of the chirp to detect
the transient emission rapidly after it was excited.

v CH30H target

I >
1 1

Amplitude [a.u.]

[}

20 40 60 80 100 120 140
Intermediate frequency [MHz]

Fig. 4.1. First spectrum performed with CH3OH, p = 20 [mbar]

In those conditions, 8192 phase-stable FIDs are acquired on the digitizer and
co-added to reduce the background noise. After taking the Fourier transform of
the averaged FID signal, the molecular spectrum in Fig. 4.1 is finally obtained,
where a spectral line is observed at the intermediate frequency of 78.6 MHz. The
line peak is 6 times larger than the noise floor of the spectrum. The intensity of
the transition line with respect to the noise floor of the spectrum is defined as
the amplitude-signal-to-noise ratio (aSNR). The aSNR for this instance is thus
6. Minor peaks are also observed around the transition and are not associated
with any molecular transitions. These peaks are the result of internal signals of
the spectrometer electronics (e.g., clock signals) which are leaked in the detection
signal path. In the remaining of this thesis, those signals are referred to as spurs
and are differentiated from molecular signal by labelling the transition with a blue
inverted triangle, as illustrated in the figure above.

This first signal was acquired with a less (@)
optimized spectrometer setup than the NN —>>—>
one presented in the previous chapter.

At the time of this first acquisition, the Sl prem:

. . . (b)
excitation switch S1 was placed before < )
. . . . from DDS — o to WG cell
the preamplifier of the excitation chain,

as illustrated in case (b) Of Flg 4.2. The Switch Preamp. Power amp.
impact of the excitation switch place- (©
ment in the excitation chain on the sen- - e .

sitivity of the instrument has been evalu-
ated by testing the three configurations
displayed in Fig. 4.2.

Preamp. Power amp. Switch

Fig. 4.2. Blanking switch

For the configuration (a), the power amplifier is removed from the excitation chain
to compare the resulting noise level with the configuration (b). The resulting
spectra are shown in the left panel of Fig. 4.2. The aSNR is similar for both
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exp. decay, Tp = 0.28 [us]
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Fig. 4.3. The left panel displays the spectra acquired with the three configurations (a),
(b) and (c) presented in Fig. 4.2. The right panel shows the time domain molecular FID
signal acquired with the configuration (c) of the excitation module. The bold part of
the trace highlights the set of data points that were used to fit the exponential decay of
the FID, depicted on the red trace, with an estimated relaxation time 7o = 0.28 [us].

configurations, but the noise level obtained in case (b) is about 8 times larger
than the one of case (a). This means that during the detection sequence, when
no chirped pulse is broadcast in the waveguide static cell, the noise emitted by
the power amplifier dominates any noise produced in the detection module. It is
stated in the literature that the power amplifier used in a CP-FTMW spectrometer
must include a blanking noise control if one wants to detect the molecular emission
without the background noise of the amplifier. [23] However, this type of amplifiers
are expensive and difficult to find. It is possible to circumvent this technological
challenge by outsourcing the blanking noise control to a switch placed at the output
of the power amplifier. [35] This second alternative justified the implementation of
the configuration (c), where the excitation switch S1 is placed at the output of the
power amplifier.

The spectrum obtained in this last case is overlaid to the spectra obtained with
the two first configurations in the left panel of Fig. 4.2. The spectrum (c) displays
a similar line intensity as the one obtained in the configuration (b) and has a
noise floor comparable to the one observed in the (a). Therefore, it is concluded
that placing a blanking switch at the output of the power amplifier improves the
sensitivity of the spectrometer by a factor of 8, which gives in this case an aSNR
~ 50. This significant gain in sensitivity gives the opportunity to observe the
decaying molecular FID in the time domain, shown in the right panel of Fig. 4.2.
The black section of the signal represents the part of the FID that is used to
evaluate the relaxation time constant 75. Only the local maxima of this time
interval are kept. The resulting set of points is then fitted with an exponential of
the form:

y(t) = ae”®™9 4 d (4.1)

The fitting curve y(t) is traced in red on the FID signal of Fig. 4.3 and the relaxation
time constant is estimated by Th = —1/b = 0.28 [us].
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4.2 Digitizer & Data acquisition

Another key aspect of the instrument is the speed at which its digitizer is able
to acquire the successive molecular emission signals. Since the sensitivity of the
instrument improves with the square root of the number of co-added FIDs, doubling
the number of molecular acquisitions in a given time frame improves the aSNR by
a factor of v/2. The spectra presented so far were all recorded using an oscilloscope
Agilent Technologies DSO7104A (DSO). For instance, the spectra on the left panel
of Fig. 4.2 were computed based on 32k molecular FID signals, averaged together to
give the resulting FID signal on the right panel of the same figure. Each of those 3
experiments took approximatively 10 minutes to complete, with a data acquisition
(DAQ) rate of ~ 53 Hz. This DAQ rate is far inferior to the ones reported in
the literature, where DAQ rates obtained with similar DDS-based CP-FTMW
instruments are on the magnitude of several kilohertz. [3, 5]

The bottleneck induced by the averaging speed led to the replacement of the
DSO oscilloscope by an USB oscilloscope TiePie HS5-540XM (HS5), whose key
characteristics are compared with the former digitizer in Table 4.1. The strength
of the HS5 digitizer lies in its very large memory (i.e., 8 times bigger than the
DSO oscilloscope). When one FID signal per shot is acquired (as done previously),
the oscilloscope has to re-arm and trigger between each cycle, which implies an
overhead time at the beginning of each acquisition. [5] But if multiple FIDs are
acquired in one single shot (i.e., the digitizer is triggered once and samples multiple
FID signals without interruption), then the overhead duration becomes negligible
compared to the acquisition and transfer times. Therefore, a digitizer capable
of acquiring a large number of FIDs in its memory minimizes the impact of the
overhead time prior to each acquisition.

Table 4.1: Digitizers comparison.

Digitizer Sampling frequency Memory Resolution Price

[GHZ] [MSa] [bit] [€]
Agilent 4 8 8 > 10k
HS5 0.5 64 12 ~ 1k

The new averaging scheme to increase the DAQ rate of the spectrometer is illustrated
in Fig. 4.4 and is developed in this paragraph. The HS5 digitizer runs in a “block
mode” where a block B; is a single large acquisition which contains n chirp-FID
cycles denoted C; ;. Once the block measurement is collected in the memory of
the digitizer, the block is immediately transferred to the computer via USB which
stores this block in a 32-bit C buffer. During this experiment, m blocks are collected
in total by the digitizer and accumulated in the C buffer of the computer. At the
end of the experiment, the C buffer contains the accumulated blocks 27 | B;. This
C buffer is finally split in n segments where the j-th segment is >7;" C; ;, co-added
and divided by (m x n) to give the final result:

5 1 m n

where C' is the chirp-FID cycle resulting from the averaging of (m x n) chirp-FID
cycles.
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Fig. 4.4. Tllustration of the averaging scheme performed by the DAQ C program. The
red vertical lines indicate the cuts performed in the sequences.

A practical example of this averaging scheme is developed in this paragraph where
a 10° averages experiment is performed. First, the size of each measurement block
is set to 50 MSa and are populated at a sampling frequency of 500 MSa/s. A single
block is thus acquired in 100 ms. To fix the number of chirp-FID cycles per block,
the repetition rate is set to f. = 50 [kHz| on the DDG. Each block thus contains
5000 chirp-FID cycles of 20 us. Finally, the digitizer is programmed to acquire
200 measurements blocks, which makes in total 10° acquired FIDs. After the
experiment, the C buffer of the computer which now contains the 200 accumulated
blocks is processed following Eq. 4.2 and the C program returns the resulting
chirp-FID signal displayed in Fig. 4.5, averaged 10° times, after a total elapsed time

4001 chirp-FID cycle
—— FID signal

2001
>E 1 200 5000 C
o 200 - 5000 2 ; "
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2 f
2

—200 1

—400 A tf'.stu,rf, tf.(:n(]
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Fig. 4.5. Time domain signal of the chirp-FID cycle of duration T.; = 20 [us] and
averaged 10° times, with m = 200 and n = 5000. The bold black segment corresponds
to the detection interval t4, where the molecular signal is captured. The green and red
vertical lines enclose the analysis window [t fostarts t f’stop] where the molecular FID is
studied, the signal outside of this interval is discarded.

of 9 minutes. With a data acquisition rate of ~ 1.9 kHz, this technique is thus 35

times faster than the previous method. This gain in data acquisition speed allows
to acquire 1 million molecular FID signals in less time than what was previously
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required to reach 32k averages.

It is worth noting that since the digitizer acquires multiple chirp-FID cycles per
acquisition, the averaging is performed on the full 20 ps chirp-FID signal. It
is by no means a limitation since it provides the freedom to define afterwards
the precise time frame [tfare, tfstop) required for analysis and post-processing.
Another legitimate concern that one may have is the presence of the chirp in the
signal depicted in Fig. 4.5. Indeed, according to the timing diagram of Fig. 3.11,
the detection switch S2 is open during the excitation interval ¢, and the chirp is
thus blocked by the switch at the input of the detection module. In practice, the
chirp is so intense that a fraction of its power is transmitted through the switch
and is therefore visible on the averaged chirp-FID signal.

In Fig. 4.6, the elapsed time as a function of the number of averages is displayed.
The red trace indicates the theoretical elapsed time with no overhead time t,,
and is thus only limited by the transfer time of the USB2.0 and the measurement
time set by the repetition rate of the experiment. As announced previously, the
acquisition time ?,., approaches this theoretical limit as the number of FIDs per
acquisition increases. Once the number of averages exceeds 10* (i.e. the maximum
number of FIDs per block), then multiple blocks are necessary to complete the
experiment and the difference between the acquisition time ?,., and the theoretical
limit remains constant.

The blue trace corresponds the 100% duty cycle limit, that is an acquisition time of
tacqg — ton — tyr only limited by the duration of the measurements. The gap between
the 100% duty cycle limit and the red limit is set by the transfer rate of the USB2.0
transfer protocol of the digitizer. This result shows that the large memory of the
HS5 digitizer only converges towards the red limit imposed by the USB2.0 transfer
rate and that a digitizer with a better transfer protocol is thus required to improve
further the duty cycle of the experiment.
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Fig. 4.6. DAQ time as a function of the number of averages. The red trace the theoretical
limit with no overhead time and the blue trace is theoretical limit with no overhead
and transfer times.
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Fig. 4.7. The aSNR (left panel), the noise floor (middle panel) and the line intensity
(right panel) are plotted with respect to number of averages N.

With the ability to perform a large number of averages, it is now possible to evaluate
the square root scaling of the aSNR with respect to the number of averages, as
shown in the left panel of Fig. 4.7. The aSNR deviates from the square root scaling
due to the deterioration of the noise. As presented in the next section, parasitic
peaks in the noise floor of the spectra increase with the number of averages. The
line intensity of the methanol is mostly stable with the increase of averages, showing
that the spectrometer is phase-stable during the experiments.

4.3 Post-processing

The treatment of the acquired molecular signals is the last stage required to obtain
the actual spectra. During the characterization stage of this work, the benchmark
methanol transition is rather easy to locate in the 50-250 MHz intermediate
frequency band. In future applications, the instrument will have to perform
broadband (several gigahertz) detection of unknown molecules. In these conditions,
labelling the transitions happens to be very challenging if the spectra are corrupted
by spurious features. To remove those spurs, it is therefore important to implement
efficient filtering and background subtraction techniques.

4.3.1 Infinite impulse response filtering

The 20 ps chirp-FID signal presented in Fig. 4.5 is the result of an experiment
performed with a 50 kHz repetition rate and 10 averages. Directly after the chirp,
the black outlined part of the trace corresponds to the detection sequence which
contains the molecular FID signal. At the start of the detection sequence, the
detection switch S2 is closed and generates an intense low frequency transient
response, superimposed to the FID signal, as shown in Fig. 4.8.

To study the molecular FID signal, the chirp-FID signal is cropped slightly after
(before) the switching edges at tf art (tf.st0p), Which define the analysis window
shown in Fig. 4.8. Then, to retrieve the centered FID signal, the intense low
frequency (LF) component is extracted with a low pass infinite impulse response
(ITR) filter, depicted on the red trace of Fig. 4.8, and subtracted from the raw FID
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Fig. 4.8. Analysis window of the chirp-FID cycle defined by ¢f sare = 1.5 and t siop =
6.5 ps, centered on the raw FID signal (black trace). The intense low frequency
component of the FID signal is isolated on the red trace.

signal, depicted on the black trace of the same figure. The IIR filter chosen for this
task is the Butterworth filter of order 1, with a cutoff frequency of 5 MHz.

The Fourier transform of both raw and LF subtracted FID signals is displayed
in Fig. 4.9. One can observe that all the spectral elements of the LF subtracted
spectrum are dominated by the raw spectrum, which therefore hides the true noise
floor of the FID spectrum. Also, the methanol transition line shape is not only
scaled down but is also distorted by the LF component. The subtraction of the LF
component is thus mandatory to reveal the transition lines of the spectrum.
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Fig. 4.9. The Fourier transform of both the raw FID signal that includes a large low
frequency component (red trace) and the raw FID signal subtracted by the low frequency
component (black trace). The traces are plotted on a log y-scale.
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4.3.2 Pattern filtering

In Fig. 4.10, one can observe the time domain FID signal resulting from the IIR
filtering of the original signal, previously shown in Fig. 4.8. With its characteristic
exponentially decaying envelope, the molecular FID signal falls very rapidly into
the noise, around 2.5 ps in this case. Furthermore, the noise that remains in the
signal is mostly periodic, as hinted by the many sharp spurious features of the
corresponding spectrum in Fig. 4.9.

T
—— FID signal s

Amplitude [mV]

—2 1 t[)“sfm't t]u:n,d
T T T

2 3 4 6
Time [ps]

(G2

Fig. 4.10. Molecular FID signal s after IIR filtering. The interval [t, start, tp,end) captures
the periodic noise superimposed to the signal.

After investigation, it has been found that most of the spurs are actually introduced
by the HS5 digitizer, which is not only leaking the 10 MHz external clock signal,
but also the trigger signal coming from the DDS. The periodic noise produced by
those leaked signals is not stricto sensu periodic, but rather is the sum of a few
periodic patterns P(t) that can expanded as Fourier series and are expressed as:

“+00 “+o00
Pi(t) = apr + Z Qi COS (2T fo it) — Z by i sin (27 fo it) (4.3)
n=1 n=1

where each pattern Py (t) has a fundamental frequency of fjx. [36] In the case of
the FID signal from Fig. 4.10, it is expected to find two patterns in the periodic
noise, associated to both leaked signals described earlier. To remove those patterns,
the pattern filter proposed by Brian Hays in Ref. [37] is implemented. For this
instance, the pattern filter algorithm reads as follows:

1. First, an interval [t, start, tp.ena) is chosen in the FID signal where the actual
FID has vanished and is mostly periodic noise, as shown in Fig. 4.10. this
interval is denoted by n,, namely the time series of size M = 1300 samples,
which holds the periodic noise information.

2. The fundamental frequency of the first dominant pattern (which is a priori
unknown) is retrieved with the correlation between n, and a truncated version
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of itself denoted 7, with a size L = 200 (i.e., the first 200 samples of n,).
The correlation is expressed as:

L—1
k] = 3 nylm -+ K] 7yl (4.4
m=0
where the integer k is the sample lag. To ensure the overlap between the two
sequences, the correlation c[k] is evaluated on k = 1,2,....M — L 4+ 1, as
shown in Fig. 4.11.
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Fig. 4.11. Correlation function of n, with 72,. The maxima (red circles) are
periodic with a period of 80 samples.

The correlation shown in that figure displays periodic maxima (red circles)
with an amplitude similar to ¢[0] and are repeated every 80 samples. Since the
sampling frequency of the HS5 digitizer is set to 500 MHz, it gives a repetition
frequency of 6.25 MHz. We thus resolved the fundamental frequency of the
first dominant pattern P (¢) present in the FID signal, with fo; = 6.25 [MHz],
Toa = 1/fo1 = 0.16 [us] and a pattern length of L, ; = 80 samples.

. Once the fundamental frequency of the pattern is recovered, a one period
estimation P [n] of length L, ; = 80 is constructed by slicing the n, sequence
into |M/L,1] = |1300/80] = [16.25] = 16 sub-sequences and discard the
remaining samples. Those sub-sequences are then averaged together to finally
give the one period pattern estimation Pl [n], written as:

R |M/Lp1]—1
Pinl= > nyn+mL,] (4.5)
m=0

. Then, as shown in Fig. 4.12a, the one period pattern estimation is propagated
to cover the full molecular FID sequence. The inset of the same figure allows
to visually check the fit quality between the periodic noise and the pattern
estimation P;. It can also be verified in Fig. 4.12b that the harmonics of
Py in the frequency domain are actually matching the spurs of the FID
spectrum. In this case, the harmonics of Py cover all the major spurs in the
spectrum confirming that P; is indeed the major pattern that contributes to
the periodic noise.
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Fig. 4.12. In the left panel (a), the estimated pattern Py is superimposed to
the FID signal. The inset magnifies a section of the periodic noise that is
fitted by Py. The right panel (b) shows the FID spectrum (black trace) and
the Fourier transform of Py (red trace).

5. Finally, the estimated pattern P is simply subtracted from the FID signal in
the time domain to remove the harmonic spurs associated to the fundamental
frequency fo.1, in the frequency domain. The result of this operation yields the
filtered FID signal. The algorithm is then repeated and applied on its output
until it is no longer possible to observe periodic maxima in the correlation
sequence computed in step 2.

As expected, for this particular FID signal, only 2 passes with the pattern filter
are required to remove a first pattern P, with f,; = 6.25 MHz, as thoroughly
demonstrated in the algorithm above, and a second pattern P, with f;o = 10 MHz.
Since the 10 MHz external clock signal is trivially identified to P, it is concluded
that P originates from the DDS trigger. Furthermore, it is specified in the DDS
datasheet that the AD9915 chip is internally clocked by a 156.25 MHz signal, which
happens to be the strongest spur in the FID spectrum, as shown in Fig. 4.12b. The
FID signals and spectra that result from the pattern filter iterative algorithm are
displayed in Fig. 4.13.

In Fig. 4.13a, a large reduction in periodic noise is observed for both filtered signals
compared to the unfiltered FID signal. Most of this noise reduction occurs in the
first pass of the pattern filter demonstrating that P; is indeed larger than P,. The
same observation is made in the frequency domain (Fig. 4.13b) where most of the
dominant spurs are removed with the filtering of P;, leaving only a few small spurs
(on the blue trace) to be removed with the filtering of P.

Even tough most of the spurious features have been removed, some broad spectral
lines still remain in the final filtered spectrum. This observation highlights the
main weakness of the pattern filter, namely the inability to detect and remove
transient noise that are localized in the time domain and thus broadened in the
frequency domain. Upon verification, it happens that high frequencies transient
signals (around 100 MHz and 200 MHz) are buried below the FID, at the beginning
of the time domain sequence. This transient signal may be introduced by the RF
components when the detection switch S2 closes. As the transient noises cannot
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be treated by the pattern filter, a third and last stage is required in the signal
processing pipeline, presented in the next section.

FID signal FID spectrum
—— P filtered FID signal —— P, filtered FID spectrum
_ 14 —— Py, P, filtered FID signal . 081 — P, P, filtered FID spectrum
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= 0.6 1
g 3
ER E
= 2. 0.4 1
g g
< ] 5
0.2 1
-2 0.0
2 3 4 5 6 0 50 100 150 200 250
Time [ps] Intermediate frequency [MHz]
(a) Time domain (b) Frequency domain

Fig. 4.13. The left panel (a) displays the filtered FID signals obtained after one and two
stages of pattern filtering (on the blue and red traces, respectively) compared to the
base FID signal (gray trace). The right panel (b) displays the respective FID spectra.

4.3.3 Background subtraction

Background subtraction allows to remove broad spurs that are caused by non-
periodic (i.e., transient) noise in the time domain. In addition to the FID spectrum
acquisition which have been acquired, this technique requires a second experiment
performed with the exact same experimental settings, except for the absence of
molecular sample in the waveguide static cell. With no molecular transitions to
detect, the spectrum that results from this experiment is called the background
spectrum. As shown in Fig. 4.14, the background spectrum (black trace) and the
FID spectrum (red trace) ideally contains the same spurious content. Note that
both spectra have gone through the exact same IIR and PF stages.

One could naively think that the subtraction between both spectra would suffice
to get rid of the parasitic spectral lines. Unfortunately, both FID and background
discrete spectra, that are respectively denoted F[n] and B|n], potentially take
complex values for which magnitude alone does not allow for such subtraction,
i.e., both magnitude and phase should be equated between the spectra. It has
been found that a phase shift A¢(w) exists between both spectra which is neither
constant, nor linear with respect to the frequency, the latter being the expected
result in case of a phase shift resulting from a delay in the time domain. As it is
not possible to globally compensate the phase shift, a local background subtraction
algorithm has been implemented and is described as follows:

1. First, all the peaks in F[n] and B[n] are identified with a built-in peak finder
function. This function returns two index sets {py;}i=1...m and {py;}j=1,..n
that contain the indices of the peaks in the FID and background sequences,
respectively.
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Fig. 4.14. FID (red trace) and background (black trace) spectra, after pattern filtering.
Detected peaks that match within 3 spectral samples (~ 430 kHz) between the FID
(blue cross) and the background (blue circle) spectra

2. Then, the spurious content are discriminated from the random peaks using
the following algorithm:

Algorithm 1 Spur detection in index sets {ps.;}iz1,...a and {pp;}j=1...N
S« {0}

141
71
for : < M do
for j < N do
if |pri — poj| < 3 then
S« SU{pya}
end if
end for
end for
return S

This algorithm returns a new index set S that contains the indices of the
spurs detected in both F[n] and B[n]. We allowed for a 2 samples mismatch
(~ 650 kHz) in the spur detection algorithm. Those detected spurs are
marked in Fig. 4.14 on the FID (blue cross) and the background (blue circle)
spectrum. With those blue markers, one can verify that the spurs have the
same magnitude between both spectra (far from the molecular transitions,
since the transition magnitude adds up to the spur).

3. For every spurs indexed by s € S, two intervals Fi[n| and B[n] of length
L =9 are extracted and are centered on s from F'[n] and B[n], respectively. A
constant phase shift ¢, = £F[n| — ZBg[n] is assumed and must be corrected
to subtract the corresponding spur. To do so, the estimated phase shifts és
are evaluated using the least square minimization method:
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L-1 3

¢, = arg min > (FS [n] — Bs o, [n])2 (4.6)

s n=0

Where BS@S [n] are the rotated spectral coefficients from the background
spectrum, obtained upon the rotation:

(Refs,%[n]i) _[cos(@) sin(o)) (Re(Bilnl} .

B, ,[n] —sin(¢s) cos(¢s)) \Im{B[n]}

Im

At this stage, the sequences Fy[n] and B& 4.In] should have the same magnitude
and the same phase.

4. Finally, the collection of phase-corrected background spurs {B& s.Inl}ses from
the FID spectrum F[n], which gives the new background subtracted FID
spectrum Fgg[n|, defined as:

Fysln] = F[n]—BS@S[n—s—l—@]:s—%§n§s+%,VSES
BT Finl : otherwise

In Fig. 4.15, |Fpg[n]| is superimposed to the spectrum that was obtained after the
pattern filter. It is observed that the broad spectral lines induced by the transient
noise have disappeared as the result of the background subtraction. Around 129
MHz, one can observe a small peak which has not been removed. this result has been
reproduced multiple times and this peak does not occur in any of the background
spectra. Upon verification in the Cologne Database for Molecular spectroscopy, it
happens that the second most intense methanol transition at room temperature is
located at 12229.348 MHz, and thus at 129.348 MHz in the intermediate frequencies
(since fro = 12100 MHz). It is concluded that this methanol transition is actually
the tiny spectral line that is observed in the spectrum.
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Fig. 4.15. FID spectra obtained after the pattern filter stage (gray trace) and after
background subtraction (black trace). A new transition is marked at 129.4 MHz.
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One must not forget however that our up-converted excitation chirp for this
experiment only spans a bandwidth from 12150 to 12180 MHz, and is thus far from
the frequency required to probe this new transition. A plausible cause could be
the intermodulation distortion (IMD) introduced by the power amplifier.

Indeed, the power amplifier works slightly below its P3dB output power and thus
generates harmonics in the output signal. If LO leakage are assumed at a frequency
fro = 12100 [MHz] and a chirp whose instantaneous IF frequency f.(¢) is ranging
from 50 to 80 MHz. Then, at a given time ¢ in the excitation sequence, the
power amplifier outputs three frequencies: fro, fro + f.(t) (upper side band) and
fro— fe(t) (lower side band). In the possible intermodulation products (IMPs) that
cross the new transition resonant frequency fy = 12229.348 [MHz], this third-order
IMP is found:

2(fro + fe(t)) = fro = fo (4.8)

where the solution f.(t) = 64.674 [MHz| lies in the middle of the chirp IF bandwidth.
Under this hypothesis, the instrument would thus be able to probe the methanol
transition located at fy, via the third-order IMP of Eq. 4.8.
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Chapter 5

Slotted waveguide in supersonic
jet expansion

All the molecular experiments presented in the previous chapters have been per-
formed in the waveguide static cell, described in Section 3.2. While this simple
configuration is convenient to test and characterize the CP-FTMW spectrometer in
the early stages of its development, it restricts our microwave study to molecular
species that only exist at thermodynamic equilibrium and at room temperature.
To extend the scientific reach of our instrument to its full potential, the CP-FTMW
spectrometer is moved from the waveguide static cell to the supersonic expansion
chamber of the FANTASIO experiment. [38]

In this new experimental setup, the molecular gas sample is taken from a high
pressure reservoir and is introduced in the vacuum chamber, through an aperture
between these two containers, referred to as the nozzle. As they enter the vacuum
chamber, the molecules are cooled during the adiabatic expansion and also evolve
in a collision-free molecular beam due to the sudden drop in molecular density. [39]

These characteristics of the molecular beam offer crucial features such as the
simplification of the spectrum for large molecules and the possibility to form
molecular clusters that play an important role in the atmospheres and interstellar
media. [40, 41] Moreover, the Cavity Ringdown Spectroscopy (CRDS) experiment
already implemented on the FANTASIO setup could be used along with the CP-
FTMW spectrometer to perform IR-microwave double resonance experiments, [42]
enlarging further the number of future potential studies.

To this date, all the CP-FTMW spectrometers in supersonic jets that have been
reported in the literature employ microwave antennas to broadcast the chirped-pulse
in the vacuum chamber and to collect the FID signal emitted by the molecular
beam. While microwave antennas are a straightforward approach to polarize and
detect molecular species in supersonic jets, the magnitude of the broadcasted
electric field seen by the molecules is significantly lower than the ones that can be
reached in a waveguide static cell, with the same amplifying stage.

Consequently, a power amplifier upgrade is required for antenna-based excitation if
one wants to achieve the same molecular polarization that arises in waveguide cells.
For cost-optimized setups such as the DDS chip-based CP-FTMW spectrometer, a
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power amplifier upgrade can increase the overall cost by orders of magnitude (e.g.,
replacing a solid state amplifier by a traveling wave tube amplifier).

In this chapter, we present a novel approach for polarizing molecules in supersonic
jets, based on a slotted waveguide directly fixed onto the nozzle and that excites
the molecular beam as it passes through the waveguide, via an intake and exhaust
aperture.

To this end, we first establish a theoretical reference for the performances of the
horn antennas to put in perspective with the results of the slotted waveguide design.
Then, the electromagnetic simulations of the slotted waveguide used to validate
the optimal design are presented. Finally, the experimental setup is displayed,
along with the experimental results to compare the performances of our slotted
waveguides.

5.1 Theoretical considerations

The CP-FTMW spectrometers reported in the literature broadcast and detect
electromagnetic radiation inside the vacuum chamber of the supersonic jet by
using horn antennas. In the following, the development of the slotted waveguide is

motivated by computing the on-axis mutual coupling S5; of the antennas shown in
Fig. 5.1.

Fig. 5.1. Picture of the supersonic jet setup where the standard gain pyramidal horn
antennas are mounted on lateral flanges of the vacuum chamber. The distance between
the two antennas is equal to R = 14.6 [cm]

This configuration includes two on-axis pyramidal horn antennas with a standard
gain G = 20 [dBi], an aperture diagonal of D = 9.4 [cm] and are separated by a
distance R = 14.6 [cm]. This distance does not satisfy the far field condition for
the maximum wavelength at 10 GHz, written as: [43]

2D?

Consequently, the mutual coupling must be evaluated in the Fresnel region. A
Friis formula in the Fresnel region is derived in Ref. [44]. Assuming no impedance
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mismatches and no polarization mismatch, the mutual coupling is expressed as: [44]

/\2

Sy = ————~2
21 167r2RQfy

G? = —4.6 [dB] (5.2)

where 7 is correction term introduced to account for the Fresnel region. This
mutual coupling value is used as a reference to compare with the Sy; parameters of
the slotted waveguide simulations, presented in the following section.

5.2 Electromagnetic simulations of the slotted
waveguide

To outperform the horn antennas, the slotted waveguide must have a stronger po-
larizing electric field without compromising the gas expansion. The electromagnetic
simulations presented here aim to optimize the TEj, electric field within the slotted
waveguide. They have been conducted on the electromagnetic field simulation soft-
ware CST Studio Suite and are based on the same WR62 rectangular waveguide
which operates in the Ku-band, just as the waveguide static cell of the previous
setup. This standard waveguide have fixed parameters and are shown in Table 5.1.

Table 5.1: Fixed parameters of the simulated slotted waveguide designs.

Parameter Units Value

length [mm] 104.75
internal ¢ [mm| 15.7988
external ¢ [mm] 17.8308
internal b [mm] 7.8994
external b [mm| 9.9314
material -] Copper (annealed)
electric conductivity [S/m] 5.8-1077

5.2.1 Design parameters and constraints

In the center of the structure, two slots are carved into the waveguide walls and are
directly placed beneath the nozzle, as illustrated in Fig. 5.2. The slot located on
the upper wall is the intake slot and has a width w,;. The slot placed on the lower
wall is the exhaust slot and has a width w; .. Both slots have the same length [;.
Also, the upper wall is at a distance D from the nozzle. This distance is fixed by
the mounting mechanism that fixes the waveguide to the nozzle and is assumed to
be D = 2 [mm] in the remaining of this chapter. While the structure depicted in
Fig. 5.2 have longitudinal slots placed on the broad walls of the waveguide, it is
worth noting that other slot placements are possible, as we shall investigate later
on.

In this configuration, the molecular gas is introduced into the vacuum chamber
by a slit nozzle, indicated by N in Fig. 5.2. It then enters the waveguide through
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Fig. 5.2. Panel (a) shows the transverse cross section of the slotted waveguide at z = 0.
Panel (b) shows the longitudinal cross section of the slotted waveguide at = 0. The
cartography of the slit nozzle expansion is reproduced from Ref. [40], where the shades
of blue indicate the normalized molecular density with respect to the molecular density
at # = 0. The slit nozzle plane is denoted by N.

the intake slot, interacts with the EM field and finally exits through the exhaust
slot. Obviously, the dimensions of the slots are constrained by the molecular beam
that must cross the slotted waveguide unimpeded. We evaluate those constraints
by projecting the cartography of the slit nozzle expansion established in Ref. [40]
onto the slotted waveguide. We observe that the molecular beam pulsed by the slit
nozzle expands mostly along the z-direction (Fig. 5.2a) and remains contained in
the z-direction (Fig. 5.2b).

To preserve the free expansion along the z-axis, the width w,. of the exhaust
slot must be larger than the width w,; of the intake slot. Along the z-axis, the
length [ of both slots can remain the same (as the expansion is restrained in the
z-direction of Fig. 5.2). Unfortunately, the cartography also suggests that while
the molecular beam can enter the waveguide by an appropriate choice of wj;, it
will collide onto the inner narrow walls of the waveguide, regardless of the exhaust
slot width w; .. Interaction between the molecular beam and the waveguide is thus
unavoidable and can at least be mitigated by choosing w;s. as large as possible.
Since the gas dynamics inside the waveguide are not simulated in this work, the
expansion cartography provides a first approximation of the constraints imposed
by the adiabatic expansion on the design parameters. Typical values of the design
parameters displayed in Fig. 5.2 are given in Table 5.2. The length of the slot [ is
set to 35 [mm)] since the current nozzle installed is longer than the one in Fig. 5.2
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Table 5.2: Design parameters of the simulated slotted waveguide designs.

Parameter value [mm] Description

L 35 Length of the slots
We i 5 Intake slot width
Wg e 10 Exhaust slot width

5.2.2 Design specifications

To optimize the TE;y mode that propagates inside the waveguide, the slots must
radiate as little microwave energy as possible. Also, the impedance mismatch at
the input port of the waveguide must be low, as the reflected power diminishes the
excitation electric field and could also damage the exposed power amplifier. Both
of these considerations are monitored in our simulations with the S-parameters.

The most important figure of merit of the simulations is the S;; parameter that
should be as close to 0 dB as possible. For reference, if Sy; < —3 [dB] (i.e., > 3
dB insertion loss), then more than 50% of the available power delivered by the
power amplifier is lost through reflection, metallic or radiation losses and therefore
is not used within the waveguide to polarize the molecules. The —3 dB threshold
is indicated on all the S5; plots presented below. Moreover, S;; should be as low
as possible to limit the return loss but also to protect the power amplifier from the
reflected power, a requirement - 10 dB is thus fixed for the Si;.

Finally, it is desirable to preserve the Ku-band (i.e., 10-18 GHz) of the standard
WR62 waveguide. To assess this criterion, the bandwidth of the simulated structures
is considered as acceptable frequency range over which the Sy; parameter is flat,
within a 3 dB interval. The design specifications are gathered in Table 5.3.

Table 5.3: Design specifications of the simulated slotted waveguide designs.

Parameter value Description

So1 [dB] — 0 Power transmitted through the slotted waveguide
S11 [dB] < —10 Power reflected at the waveguide input port
BW [GHz] 10-18 Covers the Ku-band, flat Sy; within a 3 dB interval

5.2.3 Design motivations

Slotted waveguides have been extensively studied since the end of the second
world war as a mean to launch microwave radiation for communication and radar
applications. [45] In 1947, the theory of slots in rectangular waveguides is derived
by Stevenson. [46] In his work, it is shown that radiating slots of length \;/2 placed
in the walls of the waveguide (whose thickness is considered negligible) may be
represented as series or shunt lumped elements in the equivalent transmission line
circuit of the waveguide. Many configurations for the slots exist, [47] but only the
ones that are compatible with the supersonic jet are reported in Fig. 5.3, namely
longitudinal slots in the broad wall (case A) or in the narrow wall (case B) of the
waveguide.
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Fig. 5.3. Illustration of radiating slots, reproduced from Ref. [47].

While this formalism was primarily intended for optimizing the slotted waveguides
as antennas, it is possible to exploit the same theory to achieve the exact opposite
goal, that is to cancel radiation through the slots. For instance, the longitudinal slot
A is modelled by a shunt element in the equivalent transmission line representation
and its real part R follows: [46]

}%S o cos’ %:Cs (5.3)
If z3 = a/2 (i.e., the slot is placed at the center of the broad wall), then 1/Rs =0
and no power is drawn by this element, or equivalently, the slot does not radiate any
power. The configuration A therefore provides a solid candidate for our simulations.
On the other hand, the longitudinal slot B located on the narrow wall is also
modelled as a shunt element, but its real part does not depend of the distance that
separates the slot from the edge of the waveguide. Indeed, it rather depends on
the angle that the slot forms with resect to the z-axis, and is given by: [46]

1
i o cos? O, (5.4)

The radiation is minimized for 6, = 7/2, which is unpractical for our application
where the slots must be aligned with the waveguide, i.e., ; = 0. For the sake of
completeness, we performed the simulations of both configurations.
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5.2.4 Simulation results

We present here the simulation results of the three main slotted waveguide proto-
types that have been considered, from the poorest to the best performing structure.
For each design, the effects of the design parameters are reviewed on the figures of
merit stated earlier.

Narrow wall slots

CST Studio Suite
: Learning Edition

x

o

Fig. 5.4. y-plane cross section of the first version of the slotted waveguide, with the
intake and exhaust slots located on the narrow wall of the waveguide.

The first simulated slotted waveguide prototype is shown in Fig. 5.4, where both
slots are placed on the narrow walls of the waveguide and have a length [, = 35
[mm|. The width of the exhaust slot is fixed to ws, = 6 [mm] while the width
of the intake slot wj; is swept from 2 to 6 mm. The simulated S-parameters are
displayed in Fig. 5.5.
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Fig. 5.5. S-parameters simulations of the narrow wall slots with [s = 35 [mm], w . =6
[mm] and ws ; is swept from 2 to 6 mm.
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Interestingly, the S1; parameter depicted in Fig. 5.5a improves as W, increases
which is rather counter-intuitive, as one could imagine that the S-parameters
degradation increases as the size of the discontinuities become larger. On the other
hand, the S5; parameter performs very poorly on the full TE;y bandwidth and for
all w,;. At best, the Sy parameters reach —6 dB at 10 GHz (that is only 25% of
the transmitted power kept within the waveguide) and vary downwards on the rest
of the frequency range.

This result confirms that longitudinal slots on the narrow walls of the waveguide
radiate the electromagnetic power contained inside the waveguide when 6, = 0.
Therefore, this design will thus weakly and unevenly polarize the molecules, and
cannot be considered as a viable option.

Broad wall slots

E: CST Studio Suite

Learning Edition

y

L.

Fig. 5.6. x-plane cross section of the second version of the slotted waveguide, with the
intake and exhaust slots located on the broad wall of the waveguide.

For this second prototype, both longitudinal slots are placed at the center of the
broad walls of the waveguide, as shown in Fig. 5.6. The width of the exhaust slot
is set to ws,. = 10 [mm)] which is the largest aperture possible to accommodate for
the exiting molecular beam, without leaking too much radiation.

The S-parameter simulations are displayed in fig. 5.7, where both slots have a
length of 35 [mm] and with a parametric sweep on w;; that ranges from 2 to 10 mm.
The Si; curves are acceptable for all ws; where three troughs are observed and
correspond to resonances occurring when the radiation happens to be maximized.
Indeed, the slots can be seen as shunt elements that load the waveguide, and since
a good impedance matching at the input port ensures that Zy ~ Z; (provided that
the characteristic impedance Zj is real), the power transfer towards the load Z,
is maximized. For the Sy, curves, a net improvement compared to results of the
previous simulation are observed. The structures with ws; = 2,4, 6,8 [mm] display
a 3 dB insertion loss on the 12-18 GHz frequency range. Finally, a degradation
of the performances for both S-parameters are observed with the increase of ws;.
Indeed, equation 5.3 is only valid for narrow slots and becomes irrelevant as the
width of the slot approaches the width of the waveguide. [46]
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Fig. 5.7. S-parameters simulations of the broad wall slots with /5 = 35 [mm], w, . = 10
[mm] and w ; is swept from 2 to 6 mm.

To determine the impact of the slot length [, on the S-parameters, another para-
metric sweep is performed where [, ranges from 30 to 50 mm, with wy,; = 6 [mm)]

and

S-parameters [dB]

wse = 10 [mm).
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Fig. 5.8. S-parameters simulations of the broad wall slots with w, ; = 6 [mm], ws . = 10
[mm] and I, is swept from 30 to 50 mm.

As shown in Fig. 5.8, varying [, does not change the magnitude of Si; or Si5 but
rather displaces the positions of the resonant frequencies, that is the positions of
the troughs in S7;. For Sy, a shorter slot length seem to ease the roll-off factor
below 12 GHz but the traces remain comparable in the 12-18 GHz frequency range,
as they oscillate around —3 dB. Therefore, it is assumed that 5 is not a critical
parameter for the EM performances of our design and should be solely chosen to
accommodate for the molecular beam, as illustrated with the expansion cartography

96



of Fig. 5.2b. In the remaining of the simulations, we keep I, = 35 [mm] to tolerate
larger slit expansion along the z-direction.

Broad wall slots with tapers

CST Studio Suite
j Learning Edition

y

Py

Fig. 5.9. z-plane cross section of the third version of the slotted waveguide. The intake
and exhaust slots are located on the a-wall of the waveguide, with tapers.

The last prototype displayed in Fig. 5.9 aims to enhance the previous design by
adding \,/4 tapers on both ends of each slot. We choose the central frequency of the
target bandwidth at 14 GHz to fix the length [, ; of the tapers with [5; = A\, /4 = 7.29
[mm]. Both intake and exhaust slots have now a total length of [ + 21, ; = 49.58
[mm)]. Once again, w, . = 10 is kept constant and a parametric sweep is conducted
on w,, that ranges from 2 to 10 mm, as displayed in Fig. 5.10.
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Fig. 5.10. S-parameters simulations of the broad wall slots with [s = 35 [mm], ws . = 10
[mm] and wy ; is swept from 2 to 10 mm. The tapers have a length \,/4 = 7.29 [mm]

The tapers seem to have a significant effect on the S-parameters where the Si;
curves are shifted downwards compared to the previous structure. For the So;
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traces, the figures are greatly improved where the structures with w; = 2,4, 6 [mm]|
are located around —1.5 dB on the 12-18 GHz bandwidth, that is 70% of microwave
power kept within the waveguide. Furthermore, flat S curves are observed which
is ideal to polarize evenly the molecules and thus to provide accurate relative
intensities. Finally, The larger intake widths display above —3 dB performances
above 13 GHz for w,; = 8 [mm] and above 14 GHz for w,; = 10 [mm].

This last slotted waveguide is chosen as the optimal design and its parameters are
displayed in Table. 5.4.

Table 5.4: Selected design parameters for the slotted waveguide structure.

Parameter value [mm] Description

W i 2(10) Intake slot width

Wg.e 10 Exhaust slot width
ls 35 Length of the slots
lss 7.29 Length the tapers

This design is expected to have an insertion loss below 3 dB over the 12-18 GHz
frequency range and a return loss above 10 dB (i.e, less than 10% of reflected
power towards the power amplifier). It is worth noting that the fabricated slotted
waveguide has been modified during this master thesis, where the intake slot has
been widen to w; = 10 [mm)] for reasons which are stated at the end of this chapter.
The width of the intake slot waveguide is thus explicitly given in each result below
to discern the two variations.

5.3 Results

The results are divided in two parts with first the S-parameters measurements
required to validate the simulations and the spectra obtained in the supersonic jet
for both the horn-antenna and the slotted waveguide configurations.

5.3.1 S-parameters measurements

To validate the simulation results of the selected design of table. 5.4, with w;,; = 10
[mm)], we measured the S-parameters of this slotted waveguide prototype with a
Vector Network Analyzer (VNA) at the Wallonia Electronics & Communications
Measurements (WELCOME) facilities. The VNA measurements are compared
with the simulation results in Fig. 5.11.

Overall, a good fit between the experimental VNA measurements and the results
of the CST simulations are observed. In Fig. 5.11a, the same three troughs are
recognized in both the simulation and in the experimental measurement. In
Fig. 5.11b, the measured S,; parameter is slightly lower than the simulated S5;.
This slight decrease can be attributed to the additional insertion losses caused by
the two SMA /WG adaptor flanges that were used during the VNA measurements
but not taken into account in the simulations. Those flanges are also used in the
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Fig. 5.11. S-parameters comparison between the VNA measurements (black traces) and
the CST simulations (red traces) with the S;; comparison on panel (a) and the So;
comparison on panel (b). The —3 dB level is indicated on the latter panel for reference.

supersonic jet experiment and seem to have negligible insertion losses. Based on
those results, it is concluded that the CST simulations are a reliable technique to
evaluate the RF performance of our slotted waveguide designs. However, beyond the
quality of the fit, the experimental results also confirm the very poor performances
of the slotted waveguide in the 10-14 GHz frequency range and the nearly —3 dB
plateau on the second half of TE;; mode bandwidth, as shown in Fig. 5.11. At
best, we can claim for 50% of the available power delivered by the power amplifier
in the 14-18 GHz frequency range.

Finally, the Sy parameter obtained with this prototype is higher by 1.6 [dB| than
the mutual coupling computed for the horn antennas. While it thus at least shows
the superiority of the waveguide in terms of transmitted power, it is by not means
a sufficient condition to claim a sensitivity gain for the molecular spectra.

In an attempt to replicate the presence of the metallic body of the nozzle which is
normally in close contact with the waveguide during operation in the supersonic
expansion chamber, the intake slot of the waveguide has been covered with a
metallic plate. In Fig. 5.12, the S-parameters measurements are compared between
the unimpeded slotted waveguide (2 slots) and the case where the upper slot is
covered (1 slot).

The presence of the metallic plate significantly improves both the S;; and the So;
parameters. For the latter parameter, the 3 dB cutoff frequency is lowered to 12
GHz and a plateau of —2 dB is reached in the 13-18 GHz frequency range, where
68 % of the power delivered by the power amplifier is transmitted through the
slotted waveguide. This result suggests that the metallic body of the nozzle could
reduce the insertion loss of the slotted waveguide. For a future work, one could
also imagine to integrate the metallic body of the nozzle into the slotted waveguide
to minimize the radiation emitted by the upper slot, and thus the insertion loss.
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Fig. 5.12. S-parameters comparison of the unimpeded slotted waveguide (black trace)
and the slotted waveguide where the upper slot is covered (red trace), with the Sy
parameter in panel (a) and the Sz; parameter in panel (b). The —3 dB level is indicated
on the latter panel for reference.

5.3.2 Spectra

The newly fabricated slotted waveguide prototype (with w,; = 2 [mm]) is now fully
characterized and can be installed in the supersonic jet setup. The prototype is
fixed onto the nozzle using the mounting mechanism designed and fabricated at
the mechanical workshop of the NAPS department, as illustrated in Fig.5.13.

To finalize the experimental setup of our CP-FTMW spectrometer in a supersonic
jet, the nozzle apparatus displayed on the picture above is sealed into the vacuum
chamber of the FANTASIO experiment. The semi-rigid SMA cables dangling from
the SMA /WG adaptors are connected to the excitation and the detection modules
of the spectrometer via vacuum-tight SMA feedthroughs placed in two flanges of
the vacuum chamber.

During the design stage of the slotted waveguide, one of our main concern was the
perturbation of the expansion due to collisions of the molecular beam with the
waveguide. Indeed, according to the cartography of the slit expansion, [40] the
molecular beam is expected to collide with the inner walls and could result as a
dramatic reduction in rotational cooling.

To confirm or infirm this hypothesis, one should probe a molecular transition that
is only detectable at high temperature, such a transition is therefore called a hot
transition. Consequently, if this hot transition appears on our spectrum, we would
know for certain that the expansion has been corrupted to an extent where the
cooling property of the expansion is severely mitigated. Conversely, a molecular
transition that is enhanced at low temperature is referred to as a cold transition.
If this cold transition displays a weak SNR in the spectrum, then it would also
suggest that a perturbation of the adiabatic expansion occurred.

It happens that the two methanol transitions that were identified at 12178.584
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Fig. 5.13. Picture of the supersonic jet setup while the nozzle system is outside of
the vacuum chamber. The slotted waveguide is directly fixed onto the nozzle using a
mounting mechanism.

MHz and 12229.348 MHz in Fig. 4.15 are a cold and a hot transition, respectively.
Those transitions can therefore be used to perform the experiment announced in
the previous paragraph. To probe those two transitions, the methanol sample and
an argon carrier gas are mixed together and then introduced continuously (i.e.,
in a CW regime) by the slit nozzle through the waveguide. Two experiments are
conducted to probe the cold and the hot transition and one other is performed
without any molecular gas to collect the background spectrum. The corresponding
spectrometer settings are given in table. 5.5.

Table 5.5: Spectrometer settings for the three CW methanol expansion experiments.

transition fo [MHz]  fro [MHz|  fepirp [MHz] N,
cold transition 12178.584 12300 113 — 123 10
hot transition 12229.348 12300 62 — 72 106
background - 12300 62 — 72 108

It is worth noting that in those experiments, the transitions are probed with the
LSB of the up-converted chirp. For instance, the cold transition is polarized when
fro — fenirp = fo and gives the resonant intermediate frequency fepirp = fro — fo =
121.416 [MHz| (for the hot transition, the resonant intermediate frequency is
fenirp = 70.652 [MHz]).

In Fig. 5.14, the resulting spectra of the three experiments of table. 5.5 are displayed.
All spectra contain 10° averages and have been processed with the pattern filter.
In the red trace, which is associated to the hot transition experiment, a spectral
line is marked by the red triangle at the exact hot transition resonant intermediate
frequency of 70.652 MHz. Since it does not appear in the two other spectra, this
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Fig. 5.14. Spectra resulting from the three CW methanol expansion experiments detailed
in table. 5.5

line is assigned to the hot transition and therefore confirms that the rotational
cooling resulting from the adiabatic expansion did not occur. Similarly, the cold
transition assigned in the blue trace displays a signal strength comparable to the
hot transition which does match the expected results.

5.3.3 Discussion

The results presented in Fig. 5.14 suggest that the expansion is perturbed by the
slotted waveguide, where the prototype used for this experiment has an intake slot
of width ws,; = 2 [mm]. Consequently, it has been decided to modify the slotted
waveguide by increasing the width of the intake slot to 10 mm, and to perform
the same experiment in order to evaluate a potential improvement. Unfortunately,
this experiment has not been reproduced due to technical difficulties and time

constraints.

However, the cartography of the supersonic jet displayed in Fig. 5.2 suggests that
the molecular beam may collide with the interior walls of the waveguide while the
molecular beam should have sufficient clearance to enter the intake slot unperturbed.
Based on those observations, it is concluded that better gas dynamics may occur
if a skimmer is placed on the nozzle of the supersonic jet to select the innermost
region of the molecular beam. Furthermore, it is possible that the S5; parameter
of the slotted waveguide improves if the metallic skimmer is placed in close contact
with the intake slot of the waveguide, as suggested by the VNA measurements
performed with metallic plate covering the intake slot, shown in Fig. 5.12.
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Chapter 6

Conclusion and perspectives

The focus of this master thesis was the design, characterization and the validation
of the first chirped-pulse Fourier transform spectrometer of the UCLouvain.

To begin with, the non-working CP-FTMW spectrometer which was previously
built based on the design of Finneran et al. [3] has been troubleshooted. To this
end, all the elements of the spectrometer have been characterized and the timing
of the instrument was carefully reviewed. To obtain the first molecular signal, the
instrument was installed on a waveguide static cell, inside which a methanol sample
gas was introduced. The first molecular spectrum produced with the instrument
has been obtained with the strongest methanol rotational transition present in the
10-18 GHz frequency range.

Then, major improvements have been obtained in terms of sensitivity, evaluated
with the benchmark methanol transition. A reduction of the noise emitted during
the detection sequence was achieved thanks to the presence of the blanking switch.
It allowed to observe the FID in the time domain, after 32-10 averages and with
an acquisition rate of ~50 Hz. To further increase the sensitivity of the instrument,
the DAQ rate has been increased by leveraging the large memory of the HS5 USB
digitizer with a fast averaging scheme program, developed during this work. It is
now possible to acquire 10° FIDs in less than 9 minutes, which would have taken
more than 5 hours with the previous oscilloscope.

This increase in sensitivity also revealed a large spurious content which has been
addressed with a custom post-processing pipeline. Periodic features introduced
by the various clocks of the instrument have been removed with the iterative
pattern filter (PF) while the remaining high frequency transients have been treated
with an in-phase local background subtraction (BS). Most of the spurs have been
successfully removed which allows for an accurate assignment of the rotational
transitions present in the spectrum.

Finally, a new slotted waveguide design has been proposed to polarize the molecular
beam and detect the transient emission in supersonic jet conditions. The slotted
waveguide has been developed with the aim of maximizing the electric field contained
inside the structure while ensuring that the expansion of the molecular beam is
not perturbed by the presence of the waveguide. The selected optimum design was
fabricated and tested with a VNA to confirm the quality of the simulations. Both
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the simulations and the VNA measurements display a 3 dB insertion loss over the
14-18 GHz frequency range. Despite its good electromagnetic performances, poor
sensitivity have been reported in the resulting spectra. Based on the cartography
of the supersonic jet, it has been shown that the molecular beam may collide with
the inside walls and induce a significant collision frequency.

Perspectives for experimental improvements: For the CP-FTMW instru-
ment to reach its full potential, many directions may be considered to improve the
current design:

 In this work, the bandwidth of the current digitizer is limited to 250 MHz and
the LO frequency has to be adjusted manually to reach a specific segment
of the Ku-band. To scan the full 10-18 GHz frequency in a continuous
fashion, a segmented CP-FTMW must be implemented. During this thesis,
a rudimentary version of a segmented CP-FTMW LabView controller has
been developed. The completion of this software would allow to perform
broadband spectra acquisitions.

o The current limitation to the fast averaging scheme developed for the USB
oscilloscope is the slow transfer time due to the USB2.0 protocol. However,
the fast averaging software developed for the USB oscilloscope can be used
with any digitizer which provides a large acquisition memory. Therefore, this
limitation may be mitigated by replacing the USB oscilloscope with an ADC
card which is directly coupled to a Field Programmable Gate Array (FPGA),
onto which the data acquisitions are directly collected in an accumulator
buffer [28].

o While the DDS of the spectrometer have been thoroughly investigated, some
small discrepancies occur between the chirp parameters and the actual dura-
tion of the chirp observed on the oscilloscope. Currently, the DDS is operated
with the evaluation software provided by Analog Devices which obscures the
low-level functioning of the DDS. A low-level control of the DDS with an
Arduino or any integrated RTOS (real time operating system) would help to
investigate the exact behavior of the chirp generation. Moreover, the better
control of the DDS would also allow to create more complex pulse sequences
(e.g. nutation experiments [35]). Finally, the control of the DDS with an
integrated computer would constitute a step further towards the integration
of the instrument.

o The sensitivity of the instrument may also be enhanced with RF components
upgrades. The first one is the replacement of the current power amplifier for
at least a 40 dBm amplifier. The other RF upgrade would be to consider
the removal of the PIN diode limiter at the input of the detection module.
Indeed, the consecutive insertion losses of the PIN diode limiter and the
detection switch contribute largely to the noise figure of detection chain.

o While no positive spectra have been obtained with the slotted waveguide in
the supersonic jet so far, there is still a lot of room for improvement to better
accommodate the molecular beam inside the waveguide. A promising strategy
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would be to better integrate the slit nozzle into the waveguide and to control
the expansion of the beam with a skimmer. Such a solution would allow to
improve both the electromagnetic performance of the slotted waveguide and
the gas dynamics inside the structure.

It is one hope that in the near future, this CP-FTMW spectrometer will be involved
in other experiments in UCLouvain as:

o The FANTASIO experiment, to perform the structure determination of large
molecules or weakly bound clusters formed in the supersonic jet, e.g., water
complexes. [48, 49]

e The buffer gas cooling, where chemical and mechanistic studies could take
place. [50, 51]

Another perspective is to decrease further the footprint and power consumption of
the spectrometer to study in situ the atmosphere.
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