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Zusammenfassung

Die Kernfusion stellt eine der besten Chancen fiir die Menschheit dar, sich von
fossilen Brennstoffen zur Energieerzeugung zu 16sen, um die Probleme im Zusam-
menhang mit der globalen Erwdrmung anzugehen. Das empfindliche Plasmagle-
ichgewicht, das fiir einen stabilen Betrieb erforderlich ist, erfordert ein breites
Spektrum verschiedener Diagnose-Methoden, die die verschiedenen Plasmapa-
rameter laufend iiberwachen und dem Aufkommen von Instabilitdten entgegen-
wirken, die natiirlich innerhalb eines Tokamaks auftreten. Polarimetrie gehort zu
diesen Techniken, die sich in jahrzehntelangen Anwendungen in der Kernfusions-
forschung als zuverldssiges Instrument erwiesen haben. Durch Messung der in die
Polarisationsebene induzierten Rotation einer durch das Plasma wandernden elek-
tromagnetischen Welle konnen wichtige Parameter wie die Stromdichte und das
poloidale Magnetfeld rekonstruiert werden. Diese Arbeit untersucht die Anwen-
dung von Kinetischen-Konduktivitit-Detektoren (KIDs) auf Basis von Saphir- und
Diamantsubstraten. Diese Art von Sensoren zeichnen sich durch einen sehr ein-
fachen Aufbau aus, der aus einer einzelnen supraleitenden Diinnschicht besteht,
und so einen LC-Schwingkreis bildet. Eintreffende Photonen mit ausreichen-
der Energie brechen Cooper-paare innerhalb des Supraleiters auf und veridndern
dessen Oberflichenimpedanz. Dies fiihrt zu einer Anderung der Resonanzfre-
quenz und Phase der Resonatoren, die mit Standard-Hochfrequenztechniken
erfasst werden konnen. Das angenommene Design umfasst eine Multi-Pixel-
Konfiguration mit Polarisationsempfindlichkeit fiir den Einzeldetektorbetrieb.
Der Entwurfs- und Produktionsphase der Prototypen ging eine umfangreiche
Simulations- und Modellierungsstudie voraus, die durchgefiihrt wurde, um den
Bereich der Betriebsfrequenzen der Resonatoren zu bewerten, das Auftreten von
Ubersprechen zwischen den auf dem Detektor vorhandenen Pixeln zu unter-
suchen und die Kopplungsstirke zu bewerten zwischen den Resonatoren und

il



Zusammenfassung

der Zuleitung, mit dem Ziel, die Detektoren fiir die jeweilige Anwendung zu
optimieren. Die hergestellten Prototypen wurden dann durch Messungen charak-
terisiert, die die kritische Temperatur und den kritische Strom der abgeschiedenen
Filme, die Reaktion der Resonatoren auf einen Anregungsfrequenz und auf eintr-
effende THz-Strahlung einschlieen. Die Verwendung von Diamant als Substrat
fiir derartige Gerite wird hier nach bestem Wissen erstmals vorgeschlagen. Die
erhaltenen Ergebnisse zeigen, dass dieses Material, das sich durch auergewohn-
liche mechanische, thermische und Strahlungshirteeigenschaften auszeichnet, ein
vielversprechender Kandidat fiir einen vollstindig optimierten Detektor fiir den
Einsatz in zukiinftigen Kernfusionskraftwerken ist.

iv



Abstract

Nuclear fusion represents one of the best chances humanity has to detach itself
from fossil fuels for energy production, in an effort to tackle the issues related
with global warming. The delicate plasma equilibrium necessary to reach stable
operation requires a wide array of different diagnostics capable of continuously
monitoring the various plasma parameters and to counteract the insurgence of
instabilities that naturally arise inside a tokamak. Polarimetry is among these
techniques, having being proven as a reliable instrument in decades of nuclear
fusion research applications. By measuring the rotation induced into the polar-
ization plane of an electromagnetic wave traveling through the plasma, important
parameters like the current density and the poloidal magnetic field can be re-
constructed. This thesis studies the application of Kinetic Inductance Detectors
(KID) based on sapphire and diamond substrates as the sensitive component of
an innovative polarimetric diagnostic system. These kind of devices are char-
acterized by a very simple construction, consisting in a single superconducting
thin layer patterned to form an LC resonating circuit. Incoming photons with
sufficient energy break down Cooper pairs within the superconductor, changing
its surface impedance. This leads to a change of the resonance frequency and
phase of the resonators that can be detected with standard radio frequency tech-
niques. The adopted design includes a multi-pixel configuration with polarization
sensitiveness for single detector operation. The design and production phase of
the prototypes was preceded by an extensive simulation and modelization study
performed to evaluate the range of operating frequencies of the resonators, to
investigate the occurrence of cross-talk between the pixels present on the detector
and to assess the coupling strength between the resonators and the feedline, with
the aim of optimizing the detectors for the application at hand. The produced



Abstract

prototypes where then characterized with measurements that include the criti-
cal temperature and current of the deposited films, the resonators response to
an excitation tone and to incoming THz radiation. The usage of diamond as a
substrate for these kind of devices is proposed here for the first time to the best
of our knowledge. The results obtained show how this material, characterized
by exceptional mechanical, thermal and radiation hardness properties, represents
a promising candidate for a fully optimized detector to be employed in future
nuclear fusion power plants.
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Introduction

The global warming issues that characterize this era of ever growing energy needs
represent one of the major challenges that scientists and engineers have to face
nowadays. The need to increase the global energy output without relying on fossil
fuels, especially in those countries which feature a rapid ongoing development
as well as a demographic growth, requires a transition toward "greener" energy
sources [1]. Magnetically-confined nuclear fusion power can, in principle, repre-
sent a solution to these problems, with its capability to produce vast amounts of
energy with a very limited environmental impact.

In a D-T nuclear fusion reactor a 50/50 mixture of deuterium and tritium gases is
heated to temperatures of the order of 10* keV (equivalent to hundreds of millions
degrees) to enable the reaction

2D + 3T — 4He (3.5MeV) + n (14.1 MeV) (0.1)

The plasma, consisting of a mixture of free electrons and positively charged
ions, is confined with the use of powerful magnetic fields to avoid contact with
the reactor walls. The charged particles are driven into spiral trajectories along
magnetic field lines generated by coils around the reactor chamber to ensure the
plasma stability. The magnetic fields lines are generated by either planar coils
in the toroidal and poloidal planes (tokamak concept), or specially twisted ones
able to recreate the required field shape (stellarator concept). Currently there are
numerous machines dedicated to the experimental study of plasma physics and
to the development of materials capable of withstanding the extreme operational
conditions imposed by fusion plasmas.

The most advanced of them all is the International Thermonuclear Experimental
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Reactor (ITER), a tokamak machine under construction in the town of Cadarache,
France. ITER is designed to be the first machine of this kind to have sufficient
energy for a Q factor up to 10, leading to an output thermal power 10 times the
required heating input. The goal is set to 500 MW of fusion power generated in
front of S0OMW spent to heat up the D-T plasma to the required temperatures of
around 10 keV in pulses of at least 1000 s [2]. The operational plan of ITER
will start with a basic performance phase of 10 years to study the physics of the
plasma ignition and the capabilities of plasma control. Its plasma will represent
the first occasion for scientists to study ignition and long pulse operation and will
therefore be endowed with a full range of diagnostics able to measure the various
parameters in the range of reference.

In this context, polarimetry is a well-established technique to measure fundamen-
tal plasma parameters, such as the electronic density and the poloidal field [3].
The rotation induced by the Faraday effect directly relates to the path integral of
the two aforementioned quantities and, when coupled to the line integrated values
of the electron density obtained by an interferometric system, the plasma current
density can also be evaluated [4—7]. Additionally, safety factor profiles [8, 9] and
electronic temperatures [10] inside the fusion plasma can be studied with this kind
of devices. The majority of the polarimetric systems used and proposed so far all
rely on high power gas lasers as source [11-18]. Such devices have several issues
caused by their thermal stability, health hazards related to poisonous active media
and high voltages, cost and demanding requirements for maintenance and space.
To solve these issues, a novel polarimetric system based on Quantum Cascade
Lasers (QCL) has been proposed by the High Frequency research group [19] at
the KIT Institute for Applied Materials - Applied Materials Physics IAM-AWP).
QCLs are low cost, extremely compact and require a very limited amount of
maintenance, solving most of the problems afflicting the previous systems. One
drawback is that, especially at the frequencies selected and addressed in this work
(1 - 1.5 THz), they lack the power of their gas counterparts, being limited to emis-
sion in the order of 0.1 - 0.25 mW [20]. Therefore, an appropriate high sensitivity
detector must be used in conjunction with the QCLs. Polarization sensitivity
is also a desired requirement since it allows for the simplification of the optical
system of the final device. Kinetic Inductance Detectors (KID) [21] represent a
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Introduction

good candidate for this application, having all the required characteristics, and
they are the subject of this thesis.

KIDs have been developed in the context of astrophysical observation of radiation
captured by radio-telescopes at very low power conditions [22]. The working prin-
ciple of these devices is based upon the change in quasi-particle density induced
in a superconducting thin film, typically composed of pure aluminum operating
at 250-300 mK, by the radiation impinging on it. In a superconductor, the charge
carriers are pairs of electrons coupled through the exchange of a virtual lattice
phonon. The photons that get absorbed break down the Cooper pairs back to
normal conduction electrons, on the condition that their energy is higher than the
superconductor energy gap (hv > 2A = 3.5 kgl as per BCS theory [23]).
This results in a change of the value of the kinetic inductance Lj, that derives
from the inertia of the charge carriers and represents the inductive component of
the reactance of a superconductor. If the thin film is structured as an LC micro-
resonator circuit, the increase of surface impedance related to the absorption of
radiation will then result in a shift of the resonance frequency and of the phase
of the signal, both measurable with common radio-frequency (RF) techniques.
The most prominent advantage of the KID devices is the possibility to excite
and read these multi-pixel detectors with frequency dividing multiplexing (FDM)
techniques. In this case, a comb of frequencies is injected inside the device. By
carefully tuning each pixel to its own resonance frequency, absorption dips will
appear in the output signal (measured as the scattering parameter S3 ), making it
possible to use a single feed line to excite and read multiple pixels at once. This
greatly simplifies both the design and production of the detectors. Additionally,
when a Lumped Element (LEKID) configuration is adopted [24], there is no need
for antenna structures to couple the radiation to the absorber, which presents a
purely planar geometry.

This work revolves around the study and development of custom KIDs as detec-
tors to be used in a polarimetric diagnostic in the field of nuclear fusion. The
customization is particularly necessary since this is the first attempt to apply
this technology to the aforementioned context. In particular, it was decided to
investigate different substrates and superconducting thin films thicknesses. The
first depositions were performed on a silicon substrate to establish a baseline for
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Introduction

the deposition parameters that would result in good quality niobium nitride thin
films, refining them later on for the depositions on sapphire and diamond sub-
strates. Both sapphire and diamond show, compared to silicon, superior optical,
mechanical and thermal properties and represent the bulk of the work carried
on for this thesis. Of particular interest in the context of fusion as well as high
energy colliders is the use of radiation-hard materials (such as diamond) that
are capable of operating in environments flooded with highly energetic ionizing
radiation. The resilience of the device deriving from these choices allows it to be
installed in close proximity to the reactor, limiting the use of extensive waveguides
infrastructures, necessary to carry the signal from and to the polarimeter. Addi-
tionally, the optical transparency and very low loss tangent of both sapphire and
diamond [25] limit the detector internal losses, resulting in higher responsivity
and signal-to-noise ratios. For the first time diamond has been considered and
studied for use as substrate for superconducting thin films detectors, to the best of
our knowledge.

The detector development was preceded by a numerical investigation of the Fara-
day effect induced by a fusion plasma, necessary to better define the range of
the operational parameters involved in this application. This phase was followed
by extensive simulations performed with the Sonnet Software EM simulation
suite [26]. The calculations were carried on to tune the resonance frequencies of
the resonators composing the detector, to estimate the coupling strength between
the microstrip transmission line and the detector pixels, as well as to study the
occurrence of cross talking. The measurements of superconducting thin film char-
acterization provided the values of the critical temperature and thin film surface
impedance of the samples necessary to define their kinetic inductance. Ly, is
a fundamental parameter in our simulations since it defines, together with the
substrate electrical permittivity, the range of frequencies the patterned structures
oscillate at. Frequency response measurements were performed with the use of
a vector network analyzer (VNA) connected to a dipstick submerged in liquid
helium. The higher critical temperature of niobium nitride [27] compared to
aluminum [28] allows measurements to be performed at 4.2 K in common bath
cryostats or directly in the LHe dewar, greatly simplifying both the character-
ization process and the operation of these devices. The optical response was
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obtained with the use of one of these cryostats, equipped with attenuators (-10
and -20 dB) to decrease the input noise level and a combination of cryogenic and
room temperature amplifiers at the output. The radiation source consisted in a
tunable backward wave oscillator (BWO) with maximum base frequency of 350
GHz, tripled with a high frequency broadband multiplier from Virginia Diodes
based on planar GaAs Schottky diodes [29]. The source was actually operated
at 900 GHz, given the higher power output at that frequency compared to the
maximum frequency 1.15 THz emission. The signal was chopped at 23 Hz and
recorded with the same VNA used for the previous measurements.
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1 Motivation and Problem
Definition

1.1 Magnetically confined nuclear fusion

The ability to extract energy from the nuclei of atoms represents one of the
biggest achievement of science during the 20" century, comparable to the Homo
Erectus taming the fire-molecular energy. The basic concept behind this capability
relies on nuclear reactions, in which the end-products are more stable atomic-
nuclei systems (larger binding energy per nucleon, lower mass). The excess mass
(energy) is released in a wide variety of ways, mainly through «, 3, v and neutron
emission. Historically, this has been mostly performed through the process of
fission of heavy nuclei, starting with the Chicago Pile 1 in 1942, the world’s first
artificial nuclear reactor, in an experiment led by Enrico Fermi. Referring to Fig.
1.1, it is immediately clear how fission represents an exothermic process for heavy
nuclei. This leads, in the case of 225U, to a total excess energy of 214 MeV, which
can take the form of, for example, neutrons or - emission, but mainly results
in kinetic energy of the fragment nuclei, as they are driven apart by Coulomb
repulsion. In a nuclear reactor, the fission reaction is initiated via neutrons that,
impinging on a nucleus, induce the splitting [30]. From Fig. 1.1 it is also apparent
that an alternative process to fission by "climbing" the binding energy curve from
the other side of it can be found, starting with very light nuclei instead of heavy
ones. If the product nucleus atomic weight stays below a mass of 56, then a net
gain of energy will be obtained. This process is named nuclear fusion, and occurs
naturally in very hot and dense environments, such as inside the core of a star.

Nuclear fusion presents several advantages over fission: as previously mentioned,
the required fuel is composed of light atoms that are very abundant in nature, and
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Figure 1.1: Binding energy per nucleon.

the products of the reactions are also light, stable nuclei, rather than heavy and
radioactive ones. Unfortunately, fusion presents a big disadvantage, compared to
fission: in order for the nuclear forces to start interacting, the Coulomb repulsion
force between the nuclei must be overcome, whereas the neutrons inducing fission
reactions bypass it, since they have no electrical charge. The general tendency
is for the cross section of reactions induced by charged particles to decrease for
decreasing energy [30]. One possible solution is to heat a container with the fuel in
gaseous form until its thermal energy is high enough to increase substantially the
probability of tunneling through the Coulomb barrier and allow the sustainment
of the reactions. Thermonuclear fusion research main targets are improvements
to the techniques that allow us to heat fusible nuclei and increase their density so
that the number of reactions becomes large enough to self sustain, while giving
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power outputs comparable with those of nuclear fission reactors (10° W). The
most elementary of these reactions is

'H+'H - 2D +et v Q =1.44 MeV (1.1)

where D represents a deuterium nucleus, e is a positron and v an electronic
neutrino. This is also the first step in the proton-proton cycle powering the Sun.
The presence of a neutrino indicates a weak interaction process, responsible for
turning a proton into a neutron. Weak interactions are characterized by extremely
small cross sections (in the order of 1073 barns at keV energies) and therefore
by extremely low reaction rates, making this reaction unpractical outside a star’s
core. Another reaction, characterized by the lowest activation energy, is:

ID+3T — He (3.5 MeV) 4+ n (14.1 MeV) (1.2)

or deuterium - tritium reaction. The high energy output and increased probability
makes it the reaction of choice for Earth applications, given also the low activation
energy.

In a thermonuclear reactor fuel temperatures and densities reach mean values
around 10 keV and 10'920 particles/m3. Under these conditions, the fuel is
ionized and forms a plasma that, being a mixture of positively charged ions and
electrons, reacts to electromagnetic fields. Confining the plasma is the major
issue present in thermonuclear fusion, since the energy exchange between the
fuel and the reactor walls would decrease the temperature of the first and destroy
the seconds. Given the nature of a long-pulse plasma, using magnetic fields to
control its shape and dimensions (to confine it) is the most natural step to take
in order to avoid damage to the reactor structures, while keeping the operational
parameters within the range necessary to enable fusion reactions. The devices de-
scribed in this thesis are designed to be employed in diagnostics dedicated to these
techniques. Magnetic confinement fusion (MCF) is not the only configuration
envisioned to confine the plasma, inertial confinement (ICF) being the other. In
this case, the confinement comes from compression shock waves induced by laser
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beams strucking simultaneously a small sphere of D-T mixture from multiple
directions. The confinement of plasma is either way not total, since the particles
lose energy via several mechanisms, the primary of which is bremsstrahlung:
charged particles undergoing acceleration due to Coulomb scattering will radiate
energy. An electron subject to acceleration a will radiate an amount of power

equal to
e?a?
= 1.3
6mepcd’ 1.3
that translates to a power emitted per unit of volume equal to
Py = 0.5 x 1073 22nn (kgT)Y? W/m?, (1.4)

with Z = 1 in case of hydrogen plasma, n and n. being respectively ions and
electrons densities and kpT expressed in keV. The reactor must be therefore
operated at a temperature high enough to have a power gain able to counterbalance
the various radiative losses plus the power needed to heat up the plasma. For a
D-T plasma the balance starts to tilt in favor of energy production above 4 keV.
Typical temperatures for the plasma reach 10 keV [31], and if equal densities for
D and T (= 1/2 n) are assumed, the energy released per unit of volume is
L o

E; = 1" (ov)QT. (1.5)
Here Q is the energy release at each fusion reaction (17.6 MeV for D-T), o is the
reaction cross section, v is the particle velocity and 7 is the confinement time,
that gives a measure of the time scale within which the plasma can be considered
confined. The quantity (ov) is also referred to as reaction rate per particle pair.
The total thermal energy (ions and electrons, assumed to have equal density n) is

Eth = 3nkBT, (16)
therefore, to have a net energy gain from the reactor,

Ef > Eup, (L7
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which translates to the Lawson criterion [32]

12kpT
(oY@

The Lawson formula for the self sustainability of the reactions has historically

nt >

(1.8)

been a staple criterion in fusion reactors design. Eq 1.8 presents a minimum at T
=30 keV, at which point the criterion becomes

nr > 1.5 x 1020 m~3s. (1.9

The Lawson formula can be extended into a more useful figure of merit, called
triple product (Fig. 1.2), by noting that 7 is itself a function of T and its minimum
shouldn’t be taken as the optimum condition. As it turns out, a temperature of 10
keV is sufficient, thanks to quantum tunneling effects, to overcome the Coulomb
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Figure 1.2: Fusion triple product criterion for D-T, D-D and D-He reactions.
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barrier [33]. In this temperature range, the reaction rate can be estimated with a
10% precision as:
(ov) = 1.1 x 1072 72 m? 571, (1.10)

which substituted in equation 1.8 together with Q = 3.5 MeV, yields the triple
product condition for the D-T mixture:

nTT =3 x 10*! m™3 keVs. (1.11)

This condition is for example reachable for n = 10?0 m=3, T' = 10 keV, and
T=2385.

1.1.1 Reactor design: tokamaks and stellarators

As mentioned above, several design concepts have spurred from research since the
late fifties. The two most promising ones are the tokamak [34] and the stellarator
[35]. They both are toroidal machines, but differ in the way they generate the
magnetic fields responsible for the plasma confinement. In the former type of
machine, the main (toroidal) field lines are generated by planar coils and lie parallel
to the horizontal plane of the machine, in a continuous loop. The charged particles
composing the plasma form spiral trajectories around the magnetic field lines as
they move around the loop. If only the toroidal field was present, these trajectories
would increase in size as the particles travel, since the field at the inner side of the
loop is more intense than it is in the outer regions. This would result in impact
against the wall of the reactor, and impossibility to obtain a proper stable plasma.
To counteract this magnetic field gradient, an additional poloidal component
generated by the plasma current and lying parallel to the cross section of the torus
(fig. 1.3), is necessary. In the case of stellarators, the magnetic coils are carefully
shaped in order to natively generate both magnetic field components. Following
the development of the above theory, several machines have been built [36-43] all
around the world. Tokamaks and stellarators, while both very promising, are still
in an experimental phase and are equipped with a very wide range of diagnostic
equipment, with the double task of monitoring the plasma operational parameters
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Figure 1.3: Toroidal (red) and poloidal (black) directions of the magnetic field lines in a closed loop
fusion machine.

and study the complex physics behind ignition, plasma heating, instability control
and many more topics. The large range of charged particles masses and velocities
requires experiments, as numerical methods cannot yet suffice.

1.2 Polarimetry

Polarimetry is the measure of the Faraday rotation angle of a light beam when it
propagates through a magnetized media (Fig.1.4). The most general expression
for small angles of rotation is given by (in radians):

0r = vBd, (1.12)

where B is the magnetic flux density along the propagation direction, d is the light
path length and v is the Verdet constant, function of temperature and wavelength,
and expresses the proportionality between applied magnetic field, rotation and
distance in a given material. In the case of a plasma, the effect is purely caused
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Figure 1.4: Representation of the Faraday effect.

by the free electrons, and the rotation depends only on the squared wavelength of
the probing light [44]:

e? 1

Op = ———
2egm?2c w?

/ne (2) B)dz, (1.13)
where B) (z) is the longitudinal magnetic field along the line of sight and n. is
the electron density. This formula is valid for non relativistic electron motion.
The phenomenon arises from the presence of a magnetic field in the medium.
The symmetry between the plasma dielectric constant for right and left handed
circular polarization components of the electromagnetic (EM) wave is disrupted,
given the different response electrons have to them. The result of such asymmetry
is the rotation of the polarization vector, which is a function of the square of the
wavelength, of the electron density and parallel component of the magnetic field.
Once coupled with the additional information about the electron density given
by an interferometric system, the estimation of both magnetic field and current
density can be obtained, given that
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/ne (2) Bjdz = j. (1.14)

Since the beginning of nuclear fusion machine research, polarimetry has been an
essential instrument to estimate fundamental plasma parameters, such as elec-
tronic density and poloidal field, from the measure of the Faraday rotation angle
[3]. Combined (and integrated) together these quantities give a value of the plasma
current [4-7, 9]. It is therefore mandatory to have the most precise instrument
with the widest dynamic range as possible, in order to be able to precisely measure
such quantities. Current and past polarimetric systems employ gas lasers, typi-
cally HCN @337pum [11-13], HCOOH @ 433 pum [14-16] and DCN @195 pm
[17, 18]. In other application fields, polarimetry has been extensively used as a
way to characterize materials at multiple wavelengths. Materials that have been in-
vestigated through this technique include optical materials [45-48], bio-molecules
[49] and bio-compatible materials [50], superconductors [51] and semiconductors
[52, 53]. The Faraday effect can also be used in magnetic field and current sensors
[54-57]. Faraday rotators employ this effect to rotate the polarization plane of a
laser beam in order to avoid dangerous back reflections into the main oscillation
cavity [58-60]. In analogy with interferometric systems, polarimeters can adopt
various working schemes [61]. Our iteration of the polarimeter foresees the use
of single, polarization sensitive multi-pixel detector. The laser beam enters the
plasma, is reflected by retro-reflectors placed on the first wall at the high field
side and returns back into the device, where it is detected by a single polarization
sensitive detector. By using QCLs in place of gas lasers, costs and space footprint
can be greatly reduced while power stability and reliability increase. QCLs have
a wide frequency range (0.85 — 5 THz, roughly 350 < 60 pm) with the most
common being 2.8 THz (107 pum), capable of ambient temperature operations
(Fig. 1.5 and 1.6). Such a laser would give us rotations in the range of O -
5 degrees with typical conditions that can be found in middle-sized tokamaks
(ne =3 —9-10" m™?, By =~ 0.2 — 0.4 T, plasma radius ~ 1 m) [62],
therefore a laser with a lower frequency would be better suited. Prototypes of
1.2 THz (250 pum) are being tested and applying a strong magnetic field would
decrease the frequency to 0.85 THz (350 pm) [63]. The problem in this case
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Figure 1.5: Peak optical power as a function of lasing frequency for different kinds of QCL, based on
active region design (CSL = Chirped SuperLattice, BTC = Bound - To - Continuum, RP
= Resonant Photon).
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Figure 1.6: Peak operating temperature as a function of lasing frequency for different kinds of QCL,
based on active region design (CSL = Chirped SuperLattice, BTC = Bound - To - Contin-
uum, RP = Resonant Photon).
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resides in the fact that, at these frequencies, the laser transitions are in the energy
range of few meV. At ambient temperature or during continuous wave operation,
the rise in thermal activity of the device can lead to longitudinal optical phonons
scattering between lasing levels, resulting in a degradation of the population in-
version. These devices therefore require cooling at liquid helium temperature
levels in order to work properly [20, 64]. The inherent advantages of QCLs are
their extremely compact size, ruggedness, and low price. They require minimal
maintenance and the sources can be easily swapped in case of need. Their low
price allows also to design multiple-sources machines for multiple lines-of-sight
at a fraction of the cost of a single gas laser operating at THz frequencies.

1.3 Kinetic inductance detectors

Given the lack of source power compared to current gas laser based systems, a
very high signal-to-noise (S/N) ratio detector is required. Under this point of
view, KIDs [28] represent an attractive candidate. Based upon superconducting
micro-resonators, their main advantages over other kind of detectors include a
very simple, single layer structure that can be realized with conventional photo-
lithographic techniques, fast action and frequency division multiplexing (FDM)
readout, where a single transmission line is able to read-out a large number of
pixels simultaneously. KIDs can also be designed to be polarization sensitive, in
which case the pixels composing the detector are capable of selectively respond
to light polarized along the direction of choice. The aluminum KID can reach a
noise-equivalent power (NEP) of around 10~ !? W+VHz, [65] but requires tem-
peratures in the order of 250-300 mK [28, 66], increasing both the assembly and
operating costs. The usage of high 7, materials in the construction of these de-
vices can, nevertheless, solve this problem. Developed for the use in astrophysics
and astronomy ([67-70]) where power available is in the order of the nano and
picowatt, KIDs can in principle be adapted to applications in plasma diagnostics.
Photons with energy higher than the gap of an absorbing superconductor break
Cooper pairs and change the absorber macroscopic electrical properties. The
increased density of quasi-particles (conducting electrons) changes the surface

11
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reactance of the superconductor (kinetic inductance effect). This effect can be
measured efficiently when the absorber is implemented into a resonator circuit
coupled to a transmission line (fig. 1.7), via the complex transmission scattering
parameter So1. The kinetic inductance of such devices can be calculated with the

following formula [71]
g2

Liin = w757
M T 4 (02 F o) w

(1.15)

where o is the real part of the general circuit conductivity and o9 the imaginary
one, d is the thickness of the absorber thin film and w the angular frequency.
The material of choice for the superconducting film is niobium nitride (NbN).
With a critical temperature comprised in the 10 - 16 K range [27, 72], these thin
films transit to the superconducting state at a temperature higher than liquid He

e
1 C DG' L R' 2
(o, * O

Figure 1.7: Schematics of a RLC resonating circuit coupled to a transmission line via mutual induc-
tance M.
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(4.2 K), simplifying the characterization of the final product and its operation.
The design dimensions of the absorber strongly depend on the wavelength of the
radiation to be measured. The single elements of the schematic resonator shown
in Fig. 1.7 take the form of an interdigital capacitor and of a meandered line,
the inductive section, and a microstrip transmission line (Fig. 1.8). Our iteration
will need to detect a single frequency at much higher power than what they
were originally designed for, therefore particular care was taken into the design
phase to limit the occurrence of saturation. At the same time, the arrays used
in astronomic measurements have a pixel count that often reaches the thousands,
while for the current applications smaller amounts of pixels are sufficient. This
characteristic allows us to introduce a greater separation between the frequencies
of the single resonator units. The increased power impinging on the detector will
result in a higher photon generated noise, with expected values in the order of

10~ W/VHz.

Figure 1.8: CAD 2D model of one of the pixels used in the KIDs. The microstrip feed line is not
shown.

13
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1.4 Scientific and technological motivation:
problem assighment

Achieving fusion power in a reliable and safe way is one of the biggest challenges
that scientists and engineers have in front of them, considering issues like global
warming and the increasing energy demands of a world population that gets larger
and larger. Reaching targets such as ignition, plasma stability and large Q values is
highly dependent on the methods employed to study and monitor the operational
plasma parameters in fusion machines. In the perspective of a transition from
experimental to commercial reactors, the need for cheap and flexible diagnostics
is also of primary importance, since whereas the first experimental machines are
designed in the optic of physics investigation and plasma optimization, future
power reactors like DEMO [73] will need to make commercial fusion a viable op-
tion under the practical and economical aspect. More compact, safe, inexpensive
and reliable diagnostics are therefore needed. The Kinetic Inductance Detectors
at the core of this thesis represent a promising new application for this kind of
technology. The planar, mono-layer geometry translates to low-cost and simple
production. These devices require no Josephson junctions or tuned bi-layers,
so fabricating uniform arrays should present no problems [74]. The materials
that will be studied as possible substrates are silicon, sapphire and CVD grown
policrystalline diamond. They are very resistant to shock, thermal cycling and
radiation, so the devices are rugged and are ideal for an environment potentially
flooded with different kinds of radiation [74]. The superconducting thin films are
realized with the deposition of niobium nitride (NbN). This material is relatively
innovative in this application field and, with its higher critical temperature of
roughly 14 K for good quality films, allows operation with simple liquid helium
cryostats instead of mK level refrigerators. The chosen multi-pixel polarization
sensitive configuration simplifies the final system, foregoing calibration issues that
could arise by using two different detectors. Operating at THz frequencies should
allow us to obtain appreciable Faraday rotation angles improving the response of
the final instrument, with negligible absorption and refraction effects and larger
optical tolerances allowed [75]. Typical polarimetric and interferometric systems
currently operated as plasma diagnostics operate at millimeter to sub-millimeter

14



1.4 Scientific and technological motivation: problem assignment

ranges (A~ 100-2000 pm) to limit refraction, a strong effect for long wavelengths,
while avoiding problems related to mechanical vibration and optical path stability
that plague optical and NIR frequencies.

This work is organized as follows: in chapter 2 the theoretical basics of res-
onators, superconductivity and polarimetry are presented. Chapter 3 deals with
the simulation and design phase, walking the reader through the process that lead
to the choice of operational parameters and how the possibility of occurrence
of various phenomena was studied via numerical calculations. Chapter 4 will
illustrate the production process of the chips, while results of the characterization
measurements are dealt with in the chapter 5. Chapter 6 presents the general
design of a polarimeter based on the KIDs, while chapter 7 will summarize the
presented work.
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2 Physics Background

The following chapter presents the theoretical basis behind the physical principles
of polarimetry and Kinetic Inductance Detectors (KID). Section 2.1 deals with
how electromagnetic waves propagate through a magnetized plasma and how the
electrical characteristic of this peculiar medium influences the polarization state
of light. The second part of the chapter presents a general overview of the physical
laws that govern the phenomenon of superconductivity, and their consequences
on the electrodynamics of superconducting devices (section 2.2). The third part
delves on how aresonant circuit behaves and how all the aforementioned properties
can be exploited to build a radiation detector of very high sensitivities (section 2.3).
The chapter is concluded by a description of the model that has been used to
estimate the noise levels of the KIDs (2.4).

2.1 Faraday effect

Magnetized plasma, such as the one contained in a fusion reactor, is a birefringent
and active medium. Propagation of EM waves inside a magnetized plasma is rather
complex, since the presence of magnetic fields translates to highly anisotropic
electrical properties [76]. In this scenario, large differences arise between the
dynamics of electrons moving parallel to the field with respect to those moving
perpendicular to it. Depending on the angle between the direction of propaga-
tion of an electromagnetic wave and the magnetic field lines, several effects can
therefore manifest. Perpendicular propagation gives raise to the Cotton - Mouton
effect, responsible for changing the ellipticity of the polarization, while parallel
propagation results in the Faraday effect, a rotation of the polarization plane. In
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the following section, the plasma will be treated like a conductive continuous
medium governed, however, by the vacuum form of Maxwell equations.

2.1.1 Appleton - Hartree formula

The optical dispersion relation for a magnetized plasma is determined on the basis
of the Maxwell field-equations [76]:

0B
E=— 2.1
V x B 2.1
and
. OE
V x B = poj+ 6OIJOE (2.2)

where B and E are the magnetic and electric fields, respectively. Substituting to
eliminate B yields the differential equation

Vx(VXE)+ % (Moj + ewf??) =0. 2.3)
A solution for E can be obtained assuming a linear relationship between the
current j and the electrical field E. This means that if a variation of the electrical
fields E; and E5 results in a variation of currents j; and jo, respectively, then
for the aforementioned linearity Eq + Eo o« j; + j2. Moreover, the plasma is
considered to be homogeneous in time and space. By taking these two premises
into account, it is possible to make a Fourier analysis of both fields and currents,
treating each component separately:

, d*k d
E(x,t) = / E(k,w)e!(x—wt) = (2.4)
(2m)? 27
and to relate j and E by means of the Ohm’s Law:
j (k,W) =0 (ka OJ) -E (k,CU) ) (2.5)
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where o is the plasma conductivity, k is the wave vector and w is the wave
angular frequency. Eq. 2.3 can be written for a particular Fourier mode taking

€opto = 1/c?, giving:

k x (k x E) +iw (o0 - E — egpupiw - E) = 0, (2.6)
which becomes )
<kk e “26) E=0, 2.7
c
where e = (i+ #;OO' is the dielectric tensor, with i representing the unit vector.

Expression 2.7 represents a system of homogeneous equations for the components
of E whose non-zero solutions (the plasma dispersion relation) are given by the
eigenvalues of the 3x3 matrix

w2
(kk — K+ 26) : (2.8)
c
In the simplest case of an isotropic medium,

o=0i €=c¢i (2.9)

Taking k along the z axis and equating the determinant of equation 2.8 to zero

leads to
w2
—k* 4+ =e=0 (2.10)
c
and
w2
—e=0, 2.11)
c

which represent waves with transverse (k - E = 0) and longitudinal (k x E = 0)
polarizations, respectively.

An explicit expression of the plasma conductivity (and, consequently, of its permit-
tivity) can be now introduced, since these quantities are responsible for governing
the propagation of electromagnetic waves inside a plasma. In the frame of the cold
plasma approximation, the dielectric tensor in the presence of a static magnetic
field By can be rewritten as:
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wi iwgﬂ
1- w22—Q2 w(w2_922) 0
iw Q
€= _w(oﬂpr?) 1- w27pg2 0 , s (2.12)
0 0 1- 2%
where ) = eBy/m, is the electron cyclotron frequency , and
wp = (nee? /egme)'/? 2.13)

denotes the plasma frequency. The following dimensionless quantities can be
introduced to simplify the notation:

X =wl/w?, Y =Q/w, N =kc/w. (2.14)

By substituting equations 2.12 and 2.14 into equation 2.8, and by choosing the
axis so that k, = 0 and By || z, the Appleton-Hartree formula for the refractive
index is obtained:

X(1-X
N2:1_ ( )

1/2°
1-X - 1y?sin20 + [(%Yz sin? 0)” + (1 — X)* Y2 cos? 9}

(2.15)
where 6 is the angle formed by k and Byg. In the case of parallel propagation, eq.

2.15 simply becomes
X

1+Y

and the waves have two circularly polarized contra-rotating components with k

N%2=1 (2.16)

along the z direction, namely

[
I
H:
o
I
o

(2.17)

Sl
<
n
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2.1.2 Faraday rotation

An electromagnetic wave in the form given in equation 2.17 presents different
refractive indices N, and N_ for the two characteristics components, the su-
perposition of which determines the amplitude of the original wave [76]. Since
the difference in refractive indices will determine a phase delay between the two
components, the polarization of the wave will vary in space. Let’s suppose that at
z = 0 the wave is linearly polarized along the x direction (£, = F and E,, = 0),

therefore: >
which at z # 0 will become
E . W . A W
E(z)=— [(1, —1i) exp <1N+—z) + (1, +4) exp (ZN_—zﬂ
2 ¢ ¢ 2.19)
B [ (NN €] (o B0 A6 =
= Fexp |1 5 7| | cos = ,sin—= ],
where
Ap= (N, —N_) %z (2.20)

is the phase difference induced by the different refractive indices. The polarization
of the wave is still linear, but rotated by % after a distance z.

In the case of a magnetized plasma propagation, equation 2.7 needs to be solved
for E. In the current coordinate system (k along the z axis, x axis perpendicular
to B), the transverse components of the electric field are related by:

E, iY sin? 0 Y2sin* 0 12

L A A

P Ea— 2.21)
E, 2(1—X)cost 4(1—X)200529 (

which for propagation quasi parallel to the magnetic field (Y sinf < 1) yields in
its lowest order of approximation equation 2.17. The Faraday rotation angle 6
can then be expressed as:
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Agp 1 w 1| XYcos | w
0p =— ==(Ny —N_)—z~ = —z. 222
F 2 2( + )Cz 9 (l—X)l/Q] CZ ( )
If X < 1, the latter expression can be approximated as:
w%Q cosf
Op ~ —— (2.23)
2w?c

The Faraday rotation is therefore dependent on the electron density (through
wp), on the parallel component of the magnetic field (€2 cos ) and on the square
of the probing wavelength. It is important to know that the latter formula is
valid only for a uniform plasma, whereas fusion machines present non-uniform
electron-density profiles. In such cases, the electron density n.(z) and the parallel
magnetic field B| must be integrated along the line of observation of the probing
beam, obtaining:

e’ 1

Op = ———
2egm?2c w?

/ne (2) B) (2) dz. (2.24)
Given the strong dependence of the rotation on the frequency of the probing beam,
it is mandatory to perform a preliminary evaluation of the expected values for 6
choosing different sources and density profiles, see chapter 3.

2.2 Superconductivity

Superconductivity is defined as a sharp decrease to zero of the DC resistance
of certain materials when their temperature drops below a certain value T,
called critical temperature [23]. It is a quantum mechanical phenomenon and was
first observed by dutch physicist Heike Kamerlingh Onnes in 1911 in mercury,
following his successful attempt to liquefy helium [77]. The next big step in this
field would come in 1933, when Meissner and Ochsenfeld discovered the effect
that carries their name, which is the expulsion of any internal magnetic field from
the superconductor [78]. This effect was phenomenologically explained by Fritz
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and Heinz London in 1935 [79], establishing the relationship between the super-
carriers current densities and the electromagnetic field, while the microscopic
explanation was the focus of the theory proposed in 1957 by Bardeen, Cooper
and Schrieffer (BCS theory) [80].

2.2.1 London’s Theory

The main concept behind London’s theory of superconductivity is that electrons
in a superconductor are considered as being part of two distinct charge carriers:
superconducting and normal electrons. It is therefore convenient to introduce
what is known as two-fluid model to fully explain the zero resistivity and perfect
diamagnetism [81]. This model was first proposed by Gorter and Casimir in 1934,
anticipating the formal description of Cooper pairs by more than two decades [82].
Within these premises, in the context of the two fluid model [71], at any given
temperature the charge carrier density n is given by:

with n,, representing the normal electron density and n, the one related to the
superconducting charge carriers (figure 2.1). The latter is given by [83]:

ns =no {1 — (T/Tc)*}, (2.26)

with n¢ being the superconducting charge carriers density at 7' = 0. In absence of
resistance, electrons in an electric field £ will continue to accelerate indefinitely,

since: p 5
Ve
— = 2.27
a - my (2.27)

where e, v, m. are electron charge, velocity and mass. As stated in ref. [83], the
following equivalence holds:

4
dt

s€” d, .
(neeo) = |22 B = S0, @28)
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Electron (nn) and supercarrier (ns) densities vs normalized temperature

n, T )"
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c

Figure 2.1: Super and Normal Electrons densities as function of temperature.

with j5 being the super-carriers current density.
If an external magnetic field B is present, the electromagnetic flux can be ex-
pressed in terms of a vector potential A:

B=VxA (2.29)
and oA
E=—|—|. 2.30
B -
From the combination of equations 2.28 and 2.30 the first London equation is
obtained: 2 [oA
d nse
—(js) = — 1, 2.31
7 Us) -~ [ ot } (2.31)
which integrated gives an expression for the current density jg:
2
jo=— <nse ) A. (2.32)
Me
By combining the Ampere law
V X B = pjs, (2.33)
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with expression 2.29 and 2.32, the second London’s equation is obtained:

nge?

e

Vx(VxB)=-— [ } 110 B. (2.34)

Assuming the external field to be oriented along the z direction, the field inside
the superconductor perpendicular to the external one can be expressed as:

?B(x)  ponge?

= B 2.35
dx? Me (33), ( )
which presents solutions in the form
B(x) = By exp(—x/AL). (2.36)

The magnetic flux is maximum at the surface of the superconductor, with a value of
By, and drops exponentially to 1/e of its initial value once it penetrated a distance
Az (London’s penetration depth) inside the superconductor. The quantity Az, can
be expressed in terms of n., m. and e:

1 e
AL = [mz]. (2.37)
Lo [ nse

Taking into consideration equation 2.26, the dependence of the penetration depth
from the temperature can be explicitly obtained by substituting n, into eq. 2.37:

1 s
A= \/Mo {no {1—(T/Tc)%} 62} (2.38)

From equation 2.38 it is apparent how as the temperature increases, the density

of supercarriers decreases, allowing a deeper penetration of the field.
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2.2.2 BCS Theory

The dynamics of superconductivity implies that the phenomena generating it are
cooperative in nature, involving a large number of charge carriers. This postulate
opens two additional problems that need to be dealt with. First of all, electrons
are fermions, meaning that two of these particles can’t share the same quantum
energy state at the same time. Coherence between pure electrons is therefore to be
excluded. Additionally, the Coulomb repulsion will forbid their relative approach.
The first to suggest a solution to this problem was Froelich in 1950 [84] and in
the same year Bardeen developed independently a theory about electron-electron
interaction through virtual phonon exchange [85]. The basic principle of his
theory is that electrons can interact via lattice distortions (phonons) overcoming
both the Coulomb repulsion and the limitations of the Fermi - Dirac statistics,
since the newly-formed bound quasi-particle is a boson, and therefore capable
of forming Bose - Einstein condensates. Since Bose - Einstein statistics is not
limited by the Pauli exclusion principle, the particles are allowed to occupy the
same quantum state and interact coherently.

2.2.2.1 Cooper pairs

An electron that passes through a lattice induces distortions by attracting the
positive ions via Coulomb interaction. Since ions present a much larger inertia
than electrons, this distortion will follow the electron at a distance d equal to [83]

d~ vFQ—W ~ 100 — 1000 nm, (2.39)
WD

where vp is the Fermi velocity and wp is the Debye frequency. This traveling
deformation will attract additional electrons, since it represents a local positive
polarization, boosting the electrical current and binding the charge carriers. In this
way a "weak" distortion is able to overcome a much stronger Coulomb repulsion
(see fig. 2.2). Electron couples bind together exchanging lattice phonons, forming
the so called Cooper pairs [82]. Their binding energy 2A is very low, of the
order of 1073 — 10~* eV, and at ambient temperature the thermal agitation
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2.2 Superconductivity

4—d—|-

Figure 2.2: Representation of lattice deformation induced by a passing electron.

would immediately destroy them. The energy gap is a function of temperature,
decreasing to zero for T' = T. An explicit expression for T can be found by
taking into consideration a quantum mechanical approach based on the density of
electronic states Ny [23]:

1 kBOp tanh —ng;:A;(T)
— = —E— ¢, (2.40)
NoV 0 &2+ A(T)
where V is the electron - phonon interaction potential, © p is the Debye temper-
ature and ¢ is the single particle energy. For A = 0, the integration of equation
2.40 results in:

Te = 1.140 pe” ™oV . (2.41)
In most standard superconductors NoV ~ 0.3 and T < O p, hence equation
2.40 simplifies to
T 2
A(T) ~ 1.74 A(0) [1 — —} , (2.42)
Tc
leading to
A(0) =1.76 kpTc. (2.43)
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The radius r of a Cooper pair can be estimated from [83]:

- hUF

= SA- (2.44)

Assigning typical values of A = 1072 — 107% eV and vp = 10° m/s to the
quantities inside the equation 2.44 leads to r ~ 100 — 1000 nm, comparable to
the values for d and much larger than the typical inter-distance between electrons
(~ 0.01 nm). This means that in the space occupied by a single Cooper pair
hundreds of thousands of quasi-particles find place and their tendency is to align
and be in phase with each other. In this way the energy of the system is minimized
and at a given 7' < T there will be a mixture of ground state pairs below the
Fermi level and electrons occupying the levels above the energy gap.

2.2.3 Type Il superconductors

The material of choice for the production of this iteration of the KIDs is a type
II superconductor. Whereas purely metallic superconductors (type I) present a
perfect diamagnetism, type II superconductors exhibit a more complex behavior.
The distinction can be formalized under the Ginzburg-Landau theory [86] by
defining a dimensionless parameter « as the ratio between the penetration depth
A and the coherence length {5, that reflects the characteristic distance over
which &, the macroscopic wave function of the superconducting state, presents
changes. In a type I superconductor (x < 0.7) the electric field penetrates to a
depth {1, > A, since the magnetic field B is destroyed almost immediately by
the diamagnetism. To each value of B a certain energy level can be associated.
This, when higher than 2A(T'), determines the transition of the superconductor
back to normal state. Given that the energy gap is temperature dependent, the
critical (thermodynamic) magnetic field Bo will also present a similar behavior,
namely [87]

(2.45)

S =
S~
-
/N
—

+
I/
Sk
S~

(o]
(o2
~_—
|

o=

Be(T) = Be(0) (1 - (
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2.2 Superconductivity

with
Bc(0) = \/joNo - A(0). (2.46)

For type II superconductors the magnetic penetration depth becomes larger than
the coherence length and the B field can fully enter the material in the form of
quantized vortices embedded in the superconductor. To each vortex a magnetic
flux quantum &y = 2—'16 generated by a normally conducting core surrounded by
Meissner currents can be associated. Radius of the core and of the flux quantum
are about equal to A and &g, respectively. The vortices start to arise when
B reaches a critical value Bcy up to the second critical magnetic field Boa,
above which the distance between vortices becomes equal to their diameter and
the material transits back to normal state (cfr. Fig. 2.3). The critical fields of
type II superconductors are put into relation with the thermodynamic critical field
through the Ginzburg - Landau parameter, by means of the expressions:

BC Ink
Bey = ————, (2.47)
V2
Bes = kV2Bey. (2.48)
Type | SC phase diagram Type Il SC phase diagram
1
Normal state
0.8
s
m> 0.6
£
o
B 04
0.2
Meissner state
0
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

TITc TITC
Figure 2.3: State diagrams for Type I and Type II superconductors. Meissner states refers to type I

superconductors perfect diamagnetism, while mixed state involves the presence of mag-
netic vortices inside the film.
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2 Physics Background

Increasing temperature of the type II superconductor determines an increase of
the vortices’ size while stronger magnetic fields determine a higher spatial density.
In case of application of the superconductor in the presence of strong magnetic
fields it is therefore necessary to shield the device to avoid unwanted transitions
to the normal state.

2.2.4 Complex conductivity and surface resistance

Dealing with alternate currents requires taking into consideration the non-zero
surface impedance rising at high frequencies. This impedance depends on the
number of quasi particles (normal conducting electrons) in the superconductor.
The ratio of quasi-particles n,, vs Cooper pairs n, therefore depends on the
temperature and on the frequency of the incoming radiation. Higher temperatures
and higher frequencies lead to changes in the surface conductivity. Using the two
fluid model the complex conductivity o can be defined as [71]:

o =o01(n,) —i(oa(ng) + o2 (ny)) (2.49)

where the real and imaginary part of the complex conductivity can be expressed,
respectively, as

npe3r

= — 2.50
g1 me (1 +w27_2)7 ( )

npe? (wr)? nse?

= 2.51
72 me (1 + w?72) - mew’ @30

with w representing the frequency, 7 the electron phonon relaxation time, e and
m, charge and mass of the electron. For superconducting carriers 7 — oo (no

scattering effects with the lattice), and taking into consideration the definition of

__m__
ponse?’

London penetration depth A\, = the total conductivity is obtained:

N . 1
o= —

n—t——s—, 2.52
n’ Zu},uo)\QL(T) 252)

30



2.2 Superconductivity

where n = ng + n,, is the total charge carrier density and o,, is the conductivity
of the normal state.
At this point, the complex surface impedance for harmonic plane waves with the

Zy = 4 Jiwt? (2.53)
ag

can be re-written in the frame of the two-fluid model by inserting equation 2.52

general expression

into 2.53, obtaining:

Zy= |0~ R, tiX,, (2.54)
To-n - Z(/.J,u,o/\L(Tj)2

which can be approximated to

1
Zs = §w2u3Ai(T)al + dwpo A (T). (2.55)
Taking the case of very thin superconducting films, where the thickness d < Az,
the current density can be considered homogeneous along the film cross section
and the only significant contribution to the losses come from surface scattering,
reducing Z, to [88]

Zo=m (2.56)

2.2.5 Kinetic inductance

Kinetic inductance is the manifestation of the inertial mass of mobile charge
carriers in alternating electric fields as an equivalent series inductance. Kinetic
inductance is observed in high carrier mobility conductors and at very high fre-
quencies. When an electrical field in the form E = Eye™! is applied to a
superconductor, energy is stored in two different ways. The first one is the classi-
cal magnetic energy 4,44 dependent on the geometry of the conductor line, while
the second one is the kinetic energy of the charge carriers. Charge carriers, like all
objects with mass, tend to manifest inertia undergoing acceleration, leading to a
90 deg lag between the current and the electrical field. In a superconductor, charge
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2 Physics Background

carriers are composed by Cooper pairs and a temperature-dependent amount of
excited quasi particles. In such cases, the kinetic inductance L, can be calculated
by equating the total kinetic energy of Cooper pairs with an equivalent inductive
energy. For a wire of width w, thickness d and length [, we have [89]:

1
nemev? (lwd) = 51%12, (2.57)

where v is the average Cooper pair velocity, ns is the density of Cooper pairs and
I the current. Since the current can be expressed as I = 2evn,(wd), the kinetic
inductance can be generally calculated as

ome
© 2nge2 wd’

k (2.58)
It is apparent then that the kinetic inductance increases as the carrier density
decreases, since a smaller number of carriers must have a greater velocity than a
large one to achieve the same super-current density. As the temperature increases
to T, the Cooper pairs are progressively destroyed until no pairs are left at
T = T¢, and losses are dominated by electron-phonon scattering. The detectors
working principle is based on the change in kinetic inductance induced by an
absorbed photon and the kinetic inductance fraction can be defined as o =
Liin/(Lgin + Ly,). Tt follows that the detector response is directly related to
with higher values of the factor leading to larger response. The kinetic energy
of Cooper pairs varies in conjunction with the reactance of Z, given that their
inertia is exactly what gives rise to the kinetic inductance. Therefore

Zs = Ry + iwLyin (2.59)

and the kinetic inductance can be re-defined through equation 2.56 as

02

Ly=—35—"%5—.
F d(c? + 03)w

(2.60)
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2.2 Superconductivity

2.2.6 Pippard’s non-locality equations

Although Londons’ treatment qualitatively accounts for the infinite conductivity,
successive experimental activities, carried on mainly by Pippard [90], outlined the
incapability of this theory to take into account non-local electrodynamics within
the superconductor. While experimenting with indium impurities in supercon-
ducting tin, Pippard noticed how increasing the concentration of the impurities
lead to larger penetration depths, while leaving the critical temperature unaltered.
Basing his treatment on the non-local generalization of Ohm’s law present in
Chambers’ paper about the anomalous skin effect [91], Pippard assumed that the
current density distribution in superconductors is not determined by the local
magnetic field but rather by an average value of it [92]:

) = -2

€%
Ag(r) = (r), (2.61)

m - 1o )\% o
with A, representing the vector potential averaged over a volume of radius &,
which is the coherence length associated with the average value of the distance
between two electrons forming a Cooper pair at T = 0. In first approximation,
equation 2.61 can be re-localized by introducing an effective penetration length

A, leading to:

nge 1
A = —
o (r) o

jr) = — A(r). (2.62)

At this point, depending on the relative magnitude of the &y and Ay, we can
identify two limits:

1. London or local limit: valid for A > &,, where we can ignore electron
scattering and non-locality and the penetration depth is the one defined by
London equations;

2. Pippard or non-local limit: valid for A < &, leading to a larger penetration
depth given by A ~ (A2 &) 13,

The difference between the effective penetration depth and the London’s value is
an intrinsic effect of the nature of the Cooper pairs, but it is not the only one, with
an important contribution coming from an extrinsic factor like the presence of
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impurities in the sample. Such an increased disorder reduces the electron free path
¢ and is therefore opportune to define a new coherence length (Pippard length) £ p

as:
1 1 1

— = 4 .
Ep & L
The presence of impurities limits the spatial extent to which the Cooper pairs can

(2.63)

form, reducing the value of j(r) and leading to a larger A needed to screen the
magnetic field, the so called "dirty limit". Therefore, for / < &y,¢ < Ap we

obtain [86]
A=A \/%. (2.64)

Our superconductor of interest, niobium nitride, falls within this limit, since it is
characterized by an electron free path in the order of angstroms [93] [94], magnetic
penetration depth of hundreds of nanometers [94][95] and short coherence length
of few nanometers [95][96]. This leads to a local response with a contribution of
A reduced by a factor £/&, [92]. This aspect of the nature of NbN has an impact
on the values of the kinetic inductance of a thin film made with this material,
given that Ly, can also be expressed as [97]:

l
Ly = po\>—. (2.65)
wd
The increased penetration depth influences the device also when used in bolo-
metric detection mode, given that the quantum efficiency and the time response
in this operation regime are heavily influenced by the value of Lj, [98].

2.3 Resonator theory

A resonant circuit (also known as RLC circuit or tuned circuit) is an electrical
circuit that, in virtue of the presence of an inductor (L) and a capacitor (C),
oscillates at its natural resonance frequency. The resistive part (R) of the circuit
results in losses and dampening over time of the oscillations. They are extensively
used as tunable radio frequency receivers, as band-pass filters and as components
inside frequency mixers. Assuming the presence of a voltage across the plates
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2.3 Resonator theory

of a capacitor and connecting it to an inductor, a current will flow to the latter,
reducing the potential difference of the former, until no charge is present on the
plates. This current flow will induce the build up of a magnetic field around the
inductor. At this point, all the energy that was stored in the capacitor electric
field has been transferred to the inductor magnetic one, as per Faraday’s law of

induction [99]:
b = // B(r,t) - dA, (2.66)
b))

where X is the surface bound by the inductor solenoid and d A its surface element.
The current flow will not stop once the charge on the capacitor plates is completely
depleted, but according to the Lenz law,

0P

E=——, 2.67

N (2.67)
an electromotive force (and therefore, a current) opposite to the one that charged
the inductor will rise, once the magnetic field starts to decrease in intensity. This
opposite current will charge the capacitor with polarity opposite to the original
one, and the cycle will repeat again. The oscillation will last indefinitely in the
absence of resistive effects or will be damped to zero in the real case of non ideal
conductors, at angular frequency

! (2.68)

Wy = —. .
VILC

If the circuit is supplied with an AC current of angular frequency equal to that of
its natural oscillation, a resonance condition is reached. The energy stored in the
resonator can be express by [71]:

1 1
Eres = §01/2 = 5Lﬂ, (2.69)

while the dissipated power is defined as

1v2 1
P.. = -— = -RI* 2.
res = 5 2R (2.70)
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The resonant circuit can either be in a parallel or series configuration (cfr. fig
2.4). From the Kirchoff law we obtain the impedance for both parallel and series
configuration circuits when they are supplied an AC current at angular frequency

w
7, = l+i+i071 2.71)
P~ \R i T :
Z. = Rtiwl+ (2.72)
w

The resonance frequency is defined as that frequency at which the inductive and
the capacitive reactance have the same value, i.e. the resonance condition imposes
that Im{Z,,,} = 0. Apart from their natural resonance frequency, resonators are
characterized also by the quality factor Q, describing how many ohmic losses
dampen the oscillations, and is defined as:

E’!'GS
Q = wo P (2.73)
which in the parallel resonant circuit becomes
Q RC 1t (2.74)
= W, = —_— .
P 0 CL)OL ’

OR[| L3CTF ® G

Figure 2.4: Parallel (left) and series (right) resonant circuits.
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while in the case of series resonator,

UJOL o 1

Q=5 = woRC"

(2.75)

As already stated, KIDs are coupled to an external single feedline that adds an
external impedance Z.,. The KID in development for this work is of the Lumped
Element type and it can be modeled, in first approximation, as a series resonator
(see fig. 2.5). The presence of the external impedance (coupling impedance)
leads to the definition of a loaded quality factor @)1, as

11
QL Qo Qc’

with Q¢ and Q¢ quality factors associated with, respectively, the resonator and the

(2.76)

coupled external feedline. The quality factors can be derived from the measured
scattering parameter Sz; and, given that v = 52, they can be redefined as

Vres
_ Ures 2
QL AvL 2.77)

_.||_.||_fY'YYL

Figure 2.5: Schematic representation of the equivalent circuit for a KID coupled to an external
feedline.
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Vres
= —-—— 2.7
Q 0 A v ) ( 8)

where Avy, and Ay are the half power bandwidths for, respectively, the coupled
and uncoupled resonators. Inside these frequency ranges, the energy of the
resonators is at least half of the peak energy. According to [100] and [101], the
correct values of the parameter S2; where the bandwidths present in equations
2.77 and 2.78 have to be taken can be calculated as

1+ [Sa1 minl?
oz, = 1) L Szminl® 2L nin| 2.79)

2
14 |521,min|2

and

S21.0 = 521, min| (2.80)

with |S21,min| taken at the resonant frequency (see fig. 2.6). The coupling factor
~ between the transmission line and the resonator can be defined as:

o |Sll,maw‘ o 1-—- |521,min‘

K 7 2.81)

© Sotminl 1521, minl

Calculated 821 (QL =1000000) for various coupling factors

Coupling factor K
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Figure 2.6: Calculated transmission scattering parameter for a fixed quality factor. Higher coupling
factor results in deeper and wider dips.
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where |S11 maz| 18 the reflection scattering parameter at the resonance frequency.
The quality factors can be re-expressed in terms of x as:

Qo=Qr(l+k)= QL , (2.82)
|S21,7nin‘
Qo Qr
L e — 2.83
Qe K 1 — [S21 minl (2-83)

A complete set of relations between Q¢ , Qo, @ and the scattering parameter
S21.min has been obtained. For high coupling factor (|S21 min| < 1), Qo
becomes very large and Q¢ ~ Q. In the opposite case, when |S21 min| ~ 1,
Qc — oo and Qf, ~ @, resulting in a very sharp resonance curve. The whole
detector performances can be therefore tuned by acting on k, optimizing the
overlapping of adjacent resonance frequencies with the saturation threshold.

2.4 Noise figures of KIDs

Two main noise mechanisms in KIDs can be identified: one arises from the
statistical fluctuations in the charge carrier densities for temperatures above the
absolute zero (generation-recombination noise, or GR) and the other one is related
to the photon power impinging on it (shot noise). In order to estimate these two
figures, a few other quantities need to be defined.

2.4.1 Quasi-particles excitations

The number density of thermally excited quasi particles n., (T) is defined as [74]

—A

)
nn(T) = 2No/27kpTA(0)e F57 (2.84)

Eq. 2.84 doesn’t account for the absorption of photons with £ > 2A and the
related excited quasi-particles, that result from the breaking down of Cooper pairs.
In the latter case, the number of quasi-particles increases until a new dynamic
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equilibrium between number of Cooper pairs generated and destroyed is attained.
The quantity associated with this phenomenon is the quasi-particle lifetime 7,
an estimation of the temporal scale of the aforementioned process. From Kaplan
et al. [102] a theoretical value for 7, can be calculated as:

5 1
10 (kTc\? (Tc\? 2
Tap = N ( A ) (T) ers’, (2.85)

with 79 dependent on the material, and of the order of 10 ps for niobium nitride

[103]. The quasi-particles life time can be expressed in terms of quasi particles
density n,, by combining equation 2.85 and 2.84, leading to

0 No(kpTc)?
Ny 2A2

Tap = (2.86)
Quite intuitively, 74, is inversely proportional to the quasi particle density. Given
that the detector will be under constant illumination from photons with £ > 2A,
there will be an excess of quasi-particles present in the super conductor. The
number of quasi particles generated by Cooper pair breaking photons can be
estimated as

P
Nopi) = 32, (2.87)

with P, and 7 representing, respectively, the optical power impinging on the
detector and the photon absorption efficiency factor.

2.4.2 Generation-recombination noise

The GR noise represents the fundamental lower noise limit for KIDs and is
determined by statistical fluctuations in the number of quasi-particles and Cooper
pairs densities that occur at T > 0. From [101]

N, —A(0)
NEP,, = 20|~ « ¢ Fpr | (2.88)

Tqp
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which is proportional to the square root of the number of quasi particles. Given
the dependencies expressed by the equations 2.84, 2.86 and 2.87, the GR noise
can be reduced either by lowering the temperature at which the detectors are
operated or decreasing the volume of the superconductor. From equation 2.58 it
is also apparent that the reduction in volume will inevitably lead to an increase
of the kinetic inductance and, therefore, to a higher responsivity of the detector.
Typical GR noise values for KIDs operated in the astrophysical fields can be as
low as 10~ '8W/+/Hz, with the record being, to date, 3 - 10~ W /v/Hz for a
50nm thick aluminum film [65].

2.4.3 Shot noise

The GR noise doesn’t take into consideration the noise generated by the incoming
photons that generally represents the dominating noise mechanism. The photons
that impinge on the detector come from both the source and the background and
given the extremely noisy background represented by a nuclear fusion plasma,
an appropriate band pass filter will be employed to cut the radiation down to a
narrow bandwidth centered on the probing frequency. A rough estimation of the
shot noise can be calculated with the expression [71]

NEP, ~ \/1hvP,. (2.89)

If v = 1.3 THz and a total power of 0.01 mW are chosen, a NEP of roughly
1.8 - 10713 W/ Hz is obtained, which is much larger than the GR noise and
represent the physical limit for the noise of the KIDs.
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3 KID Design and Optimization

In the following chapter the design criteria, the simulations and the numerical
studies of the detectors are presented. These studies were performed in order
to tailor the devices to the foreseen application and to establish a baseline of
parameters to be later employed during the production and test of the devices. The
investigations carried on include an evaluation of the expected Faraday rotation for
plasma scenarios directly extracted from data collected in the ASDEX Upgrade
machine [39] and an estimation of the plasma absorbance of the probe beam.
Simulations by means of the Sonnet EM simulation suite [26] were performed
for impedance matching and detector frequency tuning purposes, for investigating
the occurrence of cross-talk between pixels and for studying the coupling of the
pixels to the transmission line.

3.1 Plasma density profiles analysis

KIDs must be tuned to the appropriate detection band in order to insure optimal
performances. An analysis of plasma-density profiles, which were provided by
the team at ASDEX Upgrade (AUG) [17, 39], was performed to determine the
optimal probing frequency. The amount of rotation induced on radiation of
various wavelengths under different conditions was estimated: given the strong
dependency of the Faraday effect on w (eq. 2.24), it is important to strike a
good balance between a wide angular dynamic range and avoidance of rotation
angles exceeding 7 /2, which would require the usage of phase analysis techniques
to discern partial rotations from complete ones [19]. Additionally, one has to
consider the competing Cotton - Mouton effect, which arises from the magnetic
field components perpendicular to the beam (toroidal field), which scales with

43



3 KID Design and Optimization

A% and modifies the ellipticity of the beam [3]. Therefore, angles not too large
are desirable, otherwise the measured changes in polarization are difficult to
interpret, due to the simultaneous influence of the two effects. Two different
densities profiles were provided, a "low’ density one, with a maximum value for
n. equal to 3-10'” m =3 (Fig. 3.1) and high’ density one, with a maximum value
of 9- 10 m=3 (Fig. 3.2), while a third 'mid’ one was calculated by averaging

AUG shot #28151 (2s, ohmic, low ne)
3 : T T T T

I
N o

Electron density (1E19 m‘3)
o0

0.5 I I L I I I I L
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Flux coordinate

Figure 3.1: "Low’ density profile in an ASDEX UPGRADE (shot nr 28151, 2s, ohmic).

AUG shot #22863 (2s, ohmic, high ne)
10 T T T T T

Electronic density (1E19 m™)

I I I I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Flux coordinate

1 I L L I

Figure 3.2: "High’ density profile in an ASDEX UPGRADE (shot nr 22863, 2s, ohmic).
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the first two. The radial profile of the parallel component of the magnetic field
completed the datasets required to run the calculations of the Faraday rotation
(Fig. 3.3). It can be seen that the magnetic field is anti-symmetric with respect
to the midplane (Z=0), therefore equal but opposite Faraday rotations above and
below the central line-of-sight are expected. The Faraday angles were calculated
at probing frequencies of 1.3, 1.6 and 1.8 THz, corresponding to 230.6, 187.3 and
166.5 um wavelengths, respectively (Fig. 3.4). These frequencies were chosen
since they lie close to what is used in current polarimetric systems. Additionally,
as a cross reference value of the rotation, the AUG DCN polarimeter operating
at 195 pum was taken, with roughly a 10 degrees angle expected for a beam
passing through the plasma just above the mid-plane [17]. Results of the analysis
are summarized in Table 3.1. The low densities regime leads to small angles

Figure 3.3: Radial profile of the parallel component of the magnetic field in ASDEX Upgrade.

45



3 KID Design and Optimization
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Figure 3.4: Faraday rotation angle along the whole plasma cross-section for three different probing
wavelengths for the high density plasma profile.

for the 1.6 and 1.8 THz beams, with values of rotations in the order of 3-5
degrees. At average- and high-density profiles, rotations are still well inside the
90 degrees limit, with a maximum value of about 22 for 1.3 THz. Additionally,
the polarimeter is expected to operate at first on small- to medium-size machines,
with plasma densities closer to the low- and mid-profile values. Taking into
account the necessity to maximize the dynamic range, the KIDs were optimized
for the 1.3 THz bandwidth, expecting maximum rotation values in the order of
10-15 degrees once implemented in the machine.
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3.1 Plasma density profiles analysis

Table 3.1: Faraday rotation angles for low- (LD), mid- (MD) and high-density (HD) profiles.
Frequency LD MD HD
1.3THz 6.5/-7.3 degs 13/-14 degs  19.6/-22 degs
1.6 THz 4.3/-4.8 degs 8.6/-9.7 degs 12.9/-14.6degs
1.8 THz 3.4/-3.8 degs 6.8/-7.7 degs 10.2/-11.5 degs

3.1.1 Plasma absorption

As a general rule, electromagnetic waves can propagate through an ionized gas
given that their frequency is higher than the plasma frequency w, (Eq. 2.13),
which is a function of the electron density n. [76]. Pulses with frequencies in the
range from 0.1-10 THz can propagate through densities between 10'° and 102+
m~3, arange that fully covers what can be found in typical fusion applications. In
order to estimate the power impinging on the detectors, it is important to evaluate
how much radiation is absorbed by the plasma at different values of n.. Yuan et
al. [104] introduced a detailed model for propagation of THz waves in magnetized
plasma that was taken as basis for the following analysis. The adopted plasma
physical model is composed by a plasma slab of thickness d bound at z = 0
by a perfectly transparent lossless plate and at z = d by a perfectly conducting
wall. The plasma is immersed in an external magnetic field B, parallel to the
z direction, which is also the propagation direction. The radiation is circularly
polarized, the dielectric constant expression for a warm magneto plasma will be
adopted, namely

2

|:1 B w(wfizeiﬂ):|
{1 _ (wi%%m} ’

w—ive£Q)3 mc?

3.1

€ =
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eB 5 the electron cyclotron angular

where w), is the plasma frequency, ) = ==
frequency, v, the electron collisional frequeﬁcy and = identifies right- and left-
handed waves. Within these premises, the absorption A is derived by the power
balance relation

A=1-R, (3.2)

where

R— tanh(i2mvd\/e/c) — /€| (33)
tanh(i2nvdy/e/c) + /€ '

is the reflection coefficient and v represents the temporal frequency of the probing
beam. Since a linearly polarized wave can be thought as the sum of two contra-
rotating circularly polarized waves, the total absorption was calculated as an
average between its left- and right-handed components. The calculation was
performed taking as reference ASDEX - Upgrade typical operational parameters
for the cyclotron frequency €2 (140 GHz), collisionality v, (10 GHz), electron
temperature T, (10 keV), and a plasma length [ of 1 m. The absorption for the 1.3
THz probe beam is plotted in fig. 3.5 against the electron density together with
the analogous parameter for the deuterium cyanide (DCN) laser installed at AUG
and operating at 1.53 THz. It can be seen from fig. 3.5 that A varies between 0.14
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Figure 3.5: Calculated absorption factor as a function of electron density n. for a QCL (1.3 THz)
and DCN laser (1.53 THz) passing through a magnetized ASDEX-like plasma, assuming
Te =10keV, ve =10 GHz, v, = 140 GHz,1=1 m.
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3.2 KIDs design

for a density of 10! m—2 and 0.4 for 10~2° m~3. Supposing the initial power of
the probing beam to be of the order of 0.1 mW [20], it can be expected around
10~° W impinging on the detector, once other losses given by the transmission of
the beam through waveguides and its divergence are taken into account.

3.2 KIDs design

A single detector is composed of four LEKID sub-units arranged in a cross-
configuration, patterned at 90 degree rotations from each other (Fig. 3.6). The
whole detector measures roughly 5x5 mm?, including the contact pads. Each
polarization direction is detected by a pair of diagonally opposed sub-units, re-
sulting in dual polarization sensitiveness and compact dimensions. Each sub-unit
is itself a detector, composed by an inductive part (the meandering lines in fig.
3.6) shared among all the pixels and a tunable inter-digital capacitor. Several
samples were prepared with a metallization also on the rear side of the substrate
in the form of a 400 nm thick layer of Nb or Au, that functioned as both ground
plane for the microstrip feedline above and as backshort. This 2x2 configuration

Figure 3.6: CAD rendering of the KID unit. The four LEKID sub-units arranged in cross configuration
are visible in the center of the image, and they are surrounded by the feedline.

49



3 KID Design and Optimization

serves two main purposes, namely to simplify beam alignment and obtain polar-
ization sensitiveness. As it will be shown later in section 3.3.3, the detectors are
sensitive mainly in their inductive part, with the capacitors giving much lower
contributions. Such configuration makes it possible to obtain uniform illumina-
tion of the resonators by simply centering a Gaussian probing beam on the central
point of the "cross" formed by the various sub-units adjacent sides. Polarization
sensitiveness is obtained in virtue of the orientation of the inductive meandering
line. As described later in section 5, such simple solution is effective in avoiding
cross polarization detection, since the short segments of NbN film connecting the
long ones are small enough that the contribution deriving from the perpendicular
polarization is not significant.

3.2.1 Optical impedance matching

The first step to optimize the devices to our application was the study of the
coupling between radiation and the detector itself. In particular, two kinds of
configurations were investigated, with and without backshort. For this purpose,
two simplified models taken from Shu et al. [24] and from Driessen et al. [105]
were employed. These models made it possible to study and optimize the matching
of the detector impedance to that of free space radiation (Zy = 377 2) through
the choice of proper geometrical parameters of the device and also to estimate the
absorption factor.

3.2.1.1 With backshort

The backshort’s function is to reflect back through the substrate waves that are not
absorbed by the superconductor at the first passage in the detector, improving the
detection efficiency and additionally narrowing down the detection bandwidth.
One fundamental parameter when studying such problem is the impedance Z g p
of the device, which is defined as

ZKID= 171 (3.4)

Zsc Zsub
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with
-8
Zso = C’;NL (3.5)
NbN - W

representing the impedance of the structures forming the detector and
ZSub = iZEff tan(ﬂl) (36)

as the substrate impedance. The parameter w is the width of the NbN tracks,
dnpn is the thin film thickness while s indicates the separation between two
adjacent lines in the inductive section (Fig. 3.7), while the NbN film properties
are represented by the resistivity. The adopted values for these quantities are 120
p2-cm for pnpn, 10 and 40 pm for w and s respectively, and 15 nm for dnn -
On the substrate side, Zgss = Zo/\/€, is the substrate effective impedance,
B = 2m/Agyy is the effective wavenumber of the probe radiation, and [ is the
thickness of the substrate. Given the presence of the backshort, the latter quantity

Tvn

Figure 3.7: CAD rendering of a KID single pixel resonator unit. A and B indicate the capacitor and
the inductor, respectively, s represents the separation between two adjacent meandering
lines and w is their width.
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is chosen to be equal to an odd number of quarters of the effective wavelength to
maximize the absorption of radiation:

l = %)\Efﬁ )\Eff = )\/\/ET. (3-7)

The detector absorption A is then calculated by means of the following expression

[24]
Zo— Zxip |

A=1—|——-—""
Zo+ Zkip

(3.8)

The backshort distance can be effectively used to select the detection central
wavelength, together with the choice of substrate. The values of A for each of the
materials studied are plotted vs the thickness of the substrate. Ascan be seen in the
figures 3.8, 3.9 and 3.10, the absorption plotted against the backshort distance is
periodic, with several values of the substrate thickness maximizing it. The actual
value needs to be chosen by taking into consideration both the mechanical stability
of the device and the occurrence of so called substrate events [106]. Since silicon
is non transparent, a fraction of the incoming photons that passes through the
superconducting thin film can be absorbed by the substrate, generating phonons.
Scattering back toward the superconductor, they can break additional Cooper
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Figure 3.8: Detector absorbance factor A versus the substrate thickness for silicon.
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4 Sapphire
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Figure 3.9: Detector absorbance factor A versus the substrate thickness for monocrystalline sapphire.
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Figure 3.10: Detector absorbance factor A versus the substrate thickness for policrystalline diamond.

pairs, creating false signals. The use of transparent materials like sapphire and
diamond can limit this issue. These materials present a much lower loss tangent
compared to silicon, with values around 10~7 for monocrystalline sapphire and
10~ for policrystalline diamond [107], versus a value around 4 - 10~ for silicon.
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Diamond is also of particular interest for our application, given its radiation
hardness.

3.2.1.2 Without backshort

The starting point of the model we used for the chips that lacked backshort is
the absorption of a film with thickness d and complex dielectric constant e,
sandwiched between two dielectric layers with refractive indices [Ny and N3,
respectively, with the illumination on the thin film coming from the /Ny side. In
general, the optical impedance of a medium can be defined as:

Zy

Z; = YR
N;

(3.9)

which is equivalent to the equation for Z; given in the previous section. The
reflection R and transmission T coefficients can be defined as

2

Lot — 41
R=|——— 3.10
‘ Ziot + 21 ( )
and 5
21| 224
T ZL| 2t 3.11
Zs | Zon + 21 GAD

with Z;,; combining the impedance of the film and of the substrate. The absorp-
tion is simply given by the formula

A=1-R-T. (3.12)

Assume that the film is thin enough to neglect interference effects (namely, kod <
1), the total impedance can be written as:

Lot R S, (3.13)
O
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3.2 KIDs design

with R &~ Zy/kod Im[es] the sheet resistance for a highly absorbing (Im[es] >>
Re[ez]) medium, while kg is the vacuum wave vector of the probing light. Table
3.2 summarizes the transmission, reflection and absorption factors calculated from
the values of R recorded in the measurements described in section 5.1. Table
3.2 includes also samples with depositions of NbN thin films of 5 and 30 nm
performed on sapphire substrates. The additional thicknesses were deposited to
investigate the change in behavior of the detectors for different kinetic inductance
values.

Table 3.2: Absorption, transmission and reflection coefficients of backshort-less detectors. The values
of the sheet resistance R and refractive index N are also given. Sa-NbN, Si-NbN and
Di-NbN refer to sapphire, silicon and diamond substrates respectively, with NbN films
deposited at the specified thickness.

Sample Ro (©/0) N A T R
Sa - NbN 15 nm 70.6 1.78 [105] 0.3240 0.1080 0.5681
Sa-NbNS5Snm  273.51 1.78 [105] 0.3188 0.4117 0.2694
Sa - NbN 30 nm 33.5 1.78 [105] 0.2286 0.0362 0.7353
Si - NbN 15 nm 220.6 3.41[108] 0.1824 0.3637 0.454
Di - NbN 15 nm 118.3 2.378 [109] 0.2958 0.2207 0.4835

3.2.2 Electrical impedance matching

Read-out electronics have a standard impedance of 50 €2 that has to be matched
by the detector to avoid signal reflections at the bonding locations. The microstrip
feedline responsible for exciting and extracting the signal from the devices must
be properly sized. For this purpose, a method based on the Wheeler’s formula
[110] modified by Hammerstad [111] was employed for the initial estimation of
the impedance of the microstrip:
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Zo l Wins Wins
, 27T\/ﬁln (8wms + =5 >7 when me <1
ms —
Zg when *ms >1

VT | e +1.393+0.667 In( s 41.444)] l
(3.14)

with [ the substrate thickness and w,, s representing the width of the microstrip
line. The silicon detectors were initially designed for a substrate thickness of
250 pm in order to maximize the optical absorption. This lead to a 200 um
wide microstrip, corresponding to an input impedance of 49.83 2. At the time
of production of the samples the only available substrates were 330 pm thick,
resulting in a larger input impedance of 56.11 2. On the other hand, sapphire and
diamond substrates were available in 330 and 700 pm thicknesses respectively,
leading to microstrip widths of 320 and 850 m and corresponding to impedance
values of 49.33 () for the sapphire and 53.3 2 for diamond.

3.3 Electro-magnetic simulations

In the following section, the simulations performed to estimate the response
of the detectors to a broadband excitation signal are presented. The tool used
is the Sonnet EM software suite [26], and the calculations performed include
the broadband analysis of the impedance matching of the feedline, investigating
the tuning of the resonance frequency, studying of cross-talk, estimation of the
coupling factor between resonators and feedline and, last but not least, simulations
of the complete detectors. The results relative the the broadband impedance refer
to both 250 pm and 330 pum silicon substrates in addition to the sapphire and
diamond ones, while for the rest of the broadband analysis only the results relative
to the prototypes later produced (silicon and sapphire both 330 pum thick and
diamond 700 pm) are presented.
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3.3 Electro-magnetic simulations

3.3.1 Transmission line broadband impedance

An analysis of the impedance of the transmission line was performed via Sonnet
to study its broadband behavior. Both the 250 and 330 pm silicon substrates were
simulated, beside the sapphire (Sa330) and diamond (Di700) ones. The results are
reported in fig. 3.11, from which it can be seen that the impedance mismatch of
the incorrectly-sized microstrip on the 330 pm silicon substrate increases rapidly
with the frequency. The input impedance at 0.8 GHz is 55 () and it increases
to around 60 €2 at 1.1 GHz, which is the upper frequency limit for pixels on the
330 pm silicon substrate. The increase in impedance with respect to the case
of a microstrip with the same width on the 250 pm thick Si substrate is roughly
between 10 and 25%, and it will lead to the formation of standing waves trapped
inside the microstrip. On the other hand, sapphire and diamond are well matched
up along the whole frequencies spectrum.
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Figure 3.11: Impedance of the microstrip feed-lines for silicon (blue and green lines for 330 and 250
pm, respectively), sapphire (red) and diamond (black) substrates, simulated with Sonnet.
Red and black lines overlap.
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3.3.2 Resonance frequency

One of the big advantages of KIDs when compared to other technologies, is the
possibility to excite the resonators and read their output with a single feedline
using frequency division multiplexing (FDM) [21]. In such techniques, the total
bandwidth available is divided into non overlapping frequency bands, each one
corresponding to a separate signal. In this way multiple signals can share a single
conductor and still be read independently. In the case of KIDs, the signals source
is the oscillation of the single pixels, and it is therefore necessary to tune each
one of them to its own bandwidth. The resonance tuning is performed through
modifications of the capacitive section (labeled as A in fig. 3.7), leaving the
inductive part (B in fig. 3.7) unaltered. The interdigital capacitors in the single
pixels are composed by a number of fingers comprised between 10 and 12, with
lengths between 700 and 900 pm that vary in 50 pm steps. The results are
visible in figures 3.12, 3.13 and 3.14 for 15nm thick NbN films on the three
substrates considered. With the geometrical parameters of the resonators fixed,
the resonance frequencies are determined by the permittivity of the substrate
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Figure 3.12: Single pixels resonance frequencies, as simulated with Sonnet Software - silicon sub-
strate, 15 nm NDbN layer.
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Figure 3.13: Single pixels resonance frequencies, as simulated with Sonnet Software - sapphire sub-
strate, 15 nm NDbN layer.

1.8 Diamond 700 um - NbN 15 nm
[ ]
rs d = 10 Fingers
N ® 11 Fingers
% n A 12 Fingers
~ 1,6
> ]
qc, [ ]
8 1.5+
o ° -
&
1,4
. °
g [ ]
A
o 1,3 ®
A
1,2 T T T T T
700 750 800 850 900

Finger Length (um)

Figure 3.14: Single pixels resonance frequencies, as simulated with Sonnet Software - diamond
substrate, 15 nm NbN layer.

59



3 KID Design and Optimization

materials for the capacitive part of the detector, and by the kinetic inductance
associated to the film for the inductive part. Values of the permittivity equal to
11.9 and 5.67 were assumed in the simulations for silicon [108] and diamond
[109], respectively. Sapphire is naturally birefringent, with values of ¢, equal to
9.3 in the x and y directions and 11.5 along the z direction. The sapphire substrates
employed in this work where cut along the r-plane, resulting in an angle of 57.6
degrees between the z direction and the axis perpendicular to the cutting plane.
It is therefore possible to define an "isotropized" effective permittivity, relative to
an equivalent isotropic substrate that provides the same electrical characteristic as
the original anisotropic one, as described by Vendik et al. [112]. The resulting
value of the permittivity is then taken as 10.06. The kinetic inductance of the thin
films was estimated from the first characterization measurements (see section 5)
using the model found in reference [113]. From the simulations it can be seen
that the silicon substrate detectors present the lowest resonance frequencies, in
virtue of the highest ¢, and an L, value around 26 pH /. Oscillations occur
roughly between 0.8 and 1.1 GHz, with an average separation between adjacent
peaks of 20 MHz. Sapphire and diamond show similar resonance frequencies,
despite the significant difference in the €, values, which is compensated by the
much higher value of kinetic inductance of the thin film on diamond (22.7 pH /O
vs 7.3 pH /O for sapphire). The frequency values are in any case higher than what
was calculated for silicon, with sapphire showing values comprised between 1.9
and 1.4 GHz, while diamond is slightly lower at 1.8 to 1.3 GHz. For the latter
two transparent substrates, the average separation between two adjacent peaks is
around 33.3 MHz. Figures 3.15 and 3.16 report the results of simulations of the
30 and 5 nm thick films on sapphire substrates, in which case the effect of the thin
film thickness on the superconducting characteristics is immediately apparent.
The 30 nm thick film presented the lowest value of kinetic inductance of all the
samples at 3 pH /0. Such a detector would have higher dynamic range, compared
to the previous ones, but lower responsivity. The 5 nm films show a calculated
value of Ly at 30 pH /O, resulting in resonance frequencies comparable with
those found for Silicon. The simulations described so far allowed to obtain a
consistent set of frequencies across all substrates, allowing to select combinations
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Figure 3.15: Single pixels resonance frequencies, as simulated with Sonnet Software - sapphire sub-
strate, 30 nm NbN layer.
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Figure 3.16: Single pixels resonance frequencies, as simulated with Sonnet Software - sapphire sub-
strate, 5 nm NbN layer.
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of well separated resonators to compose our detectors and avoid the overlap of
adjacent resonances (see table 3.3).

Table 3.3: Summary of the different prototypes/pixels combinations considered for further investi-
gation as obtained from the simulations described above. In the pixels columns, the first
number indicates the length of the interdigital capacitor fingers in microns while the second
one their amount.

Prot. conf. Pixel 1 Pixel 2 Pixel 3 Pixel 4
Si330 Protol 700-10 750-11 800-12 900-12
Si330 Proto2 700-10 850-10 900-11 900-12
Si330 Proto3 750-10 800-11 800-12 900-12
Sa330 Protol 700-10 750-11 850-11 850-12
Sa330 Proto2 700-11 800-10 800-12 900-11
Sa330 Proto3 700-12 750-12 850-11 900-12
Di700 Protol 700-10 750-11 850-11 850-12
Di700 Proto2 700-11 800-10 800-12 900-11
Di700 Proto3 700-12 750-12 850-11 900-12

3.3.3 Resonance current analysis

The Sonnet software suite doesn’t simulate any kind of optical load on the detector,
since it takes into consideration only the frequency response of the resonators
excited by a comb of frequencies sent into the transmission line. Nevertheless,
some considerations about detector-radiation interactions can be made by looking
at the current density flowing inside the pixels when they get excited. As can
be seen from fig. 3.17 the value of j is constant on the whole inductive area.
When a resonator displays a uniform current distribution, the shift in resonant
frequency due to a Cooper pair breaking will be the same independently from
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the point on the surface where the event took place. This is different from
what happens with distributed resonators like, for example, the quarter-wave
resonator, historically the most investigated resonator configuration for this kind of
applications before the advent of LEKIDs. With these premises, it is not necessary
to direct photons toward a particular zone of the detector to maximize responsivity,
but they can be let naturally fall on it [114]. There’s no need, therefore, to design
antenna structures, since the detector works analogously to acommon CCD sensor.
The lack of current in the capacitor, on the other hand, means that this portion
of the detector is not expected to give a significant contribution to the signal,
with previous works [115] showing the cross-polarization signal absorbed by the
capacitor to be less than 10%, lowering the risk of cross polarization detection. We
also expect the cross detection contribution of the short segments of the inductive
part to be negligible, given the 25:1 ratio in length between them and the long
sides of the meandering line.
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Figure 3.17: Sonnet simulation of the current density flowing inside one of the pixels at the resonance.
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3.3.4 Cross-talk

The read-out principle of KIDs allows for a very large number of pixels to
be excited and read with a single (or a very small number of) transmission
line. While this is a big advantage during both the design and manufacturing
phases, it also demands particular attention to avoid pixel cross talk. This effect
acts on the resonances by introducing parasitic coupling between pixels that
modify the shape, number and position of the resonances. A typical sign of
cross-talk is given by the presence of additional resonance peaks in the signal
waveform [71, 116, 117], as can be seen in the example shown in Figure 3.18.
The bigger the separation between the double resonance peaks, the stronger the
effect. To study the occurrence of this phenomenon, identical-pixels systems
were simulated: in the absence of cross talk, the simulation would deliver a
single resonance peak. The calculations were performed at different inter-pixels
distances (10-100 pzm in 10 pzm steps), and with different shielding configurations:
bare, open-box and box. In the latter two, a 10 um wide NbN strip surrounds
either three or four sides of a single resonating unit, as shown in fig. 3.19. In

S, (dB)
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Figure 3.18: Example of cross-talk resonances.
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Figure 3.19: Example of Sonnet 2D model of a two pixel boxed system for the study of cross-talk. In
red, the transmission line, in blue the shielding, and in green the resonators

the case of the open-box configuration, the open boundary is on the capacitor
side, directly facing the microstrip. This was done to investigate the possibility
of implementing shielding while keeping a good coupling between pixels and
transmission lines. The simulated systems are all based on the 12 fingers, 900 ym
long pixel. The results of the simulations can be seen in the figures 3.20, 3.21,
3.22. The performances of the substrates are consistent and it is immediately
apparent that the shielding actually increases the effect of cross-talk on the pixels,
with the resonances further separated in the presence of the additional structures.
The results are in direct contrast with what can be found in literature [24, 71, 117],
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Figure 3.20: Peaks frequency difference as a function of pixel distance from each other - Silicon
substrate 330 pm thick.
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Figure 3.21: Peaks frequency difference as a function of pixel distance from each other - Sapphire
substrate 330 pm thick.
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Figure 3.22: Peaks frequency difference as a function of pixel distance from each other - Diamond
substrate 700 pom thick.

where such structures are successfully used to limit this effect. This difference
can be attributed to the geometrical configuration of the LEKIDs polarimetric
arrays: in the iteration of this technology discussed in this work, the pixels are
tilted by 90 degs with respect to each other. Since the capacitors are far away from
each other and facing different directions, the cross coupling interests mainly
the inductive portion of the resonators. The long, uninterrupted, side of the
pixel inductor couples with the much shorter segments at the bottom side of its
neighbors, whereas in the previous works the pixels where placed side by side in a
parallel configuration. Adding the shielding results in long continuous structures
facing each other, improving the coupling and inducing stronger currents in the
boxes. The shieldings extend in both the box and open box configuration to cover
the long side of the inductor, and effectively act as coupling boosters. Increasing
the pixel separation, on the other hand, helps with mitigating the effect, especially
in the case of sapphire and silicon, where a higher optical density dampens the
penetration of electrical fields into the substrate material but doesn’t completely
solve the problem.
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3.3.5 Coupling factor

In the fourth batch of simulations, the coupling between the KIDs and the feedline
was investigated. Results for ()¢ are reported in the figures 3.23, 3.24 and 3.25.
The coupling is mainly inductive through a mutual inductance M between feedline
and the meandering part of the resonator. The energy exchange between the
resonator and the feedline depends on the magnetic field flux from the microstrip
threading the loops formed by the meandering section of the resonators [114]. As
mentioned in section 2.3, a good balance between depth and width of the dips
is desirable, since saturation of the detector and the overlap between adjacent
resonances curves are both to be avoided. The devices are also foreseen to operate
with a high probing power and with a low number of pixels per detectors, hence a
strong coupling is preferable. A high s (Eq. 2.81) corresponds to a low resonator
quality factor, allowing the energy deposited in the detector to be extracted out
of it quickly. Single pixels systems with and without the shielding structures, in
a range of feedline - pixel distances from 10 to 100 pm, in 10 pm steps were
simulated. The quality factors values were calculated through equations 2.77 and
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Figure 3.23: Coupling quality factor as a function of the distance between resonator and microstrip -
silicon substrate 330 pm thick.
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Figure 3.24: Coupling quality factor as a function of the distance between resonator and microstrip -
sapphire substrate 330 pm thick.
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Figure 3.25: Coupling quality factor as a function of the distance between resonator and microstrip -
diamond substrate 700 pm thick.
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2.83, with the -3dB method [114] used to estimate the loaded fractional bandwidth
Avp,. The internal factors Qg of the detectors, originally in the 10° — 106 range,
are expected to drop to around 10% — 10* once illuminated [118]. The detector
response is maximized for Q)7 = Q¢ [119] and it is therefore important to design
the structures of the resonators so that the coupling and loaded Q lie within
similar value ranges. As can be seen from the figures 3.23, 3.24 and 3.25, the box
configuration limits the coupling even for very short separation distances, pushing
the values of Q¢ outside the desired range of around 10*. The numbers for Q.
closely mimic those of Q)¢, as can be seen from the plots in figures 3.26, 3.27
and 3.28. The condition for the maximization of the responsivity of the detector
is therefore satisfied. The open-box design has a limited effect on the coupling as
expected, with Q)¢ values lying in the same range as the bare model ones. The
simulations point to the fact that even with open-box and bare configurations,
placing pixels at more than 50-60 pm distance should be avoided to limit both
the Q values and the detector footprint. Being able to pack the resonators closely
together makes beam alignment over the detector easier and more resilient to
successive misalignments.
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Figure 3.26: Loaded quality factor as a function of the distance between resonator and microstrip -
silicon substrate 330 pm thick.
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Figure 3.27: Loaded quality factor as a function of the distance between resonator and microstrip -
sapphire substrate 330 pm thick.
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Figure 3.28: Loaded quality factor as a function of the distance between resonator and microstrip -
diamond substrate 700 pm thick.
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3.3.6 Prototype simulations

The last batch of simulations was dedicated to the study of complete detectors.
The input for the Sonnet Suite were the pixels combinations reported in table 3.3.
In this section the simulations relative to only one combination per substrate and
film thickness are shown. The complete set of simulations can be found in the
appendix A. Simulations for the 15nm thick NbN films over silicon, sapphire and
diamond substrates are shown in figures 3.29, 3.30 and 3.31 respectively. Figures
3.32 and 3.33 show the simulations for the 5 and 30 nm thin films over sapphire.
The absence of multiple resonance peaks denotes a general lack of cross-talk.
The separation in frequencies between the KIDs composing the prototypes is
sufficiently wide to avoid this effect. Therefore, additional shielding structures
are deemed not necessary, simplifying the design and production phases and
ensuring a strong coupling. The pixel-to-pixel and pixel-to-feedline distance was
chosen to be 10 pm, taking into account the considerations exposed in section
3.35.

Silicon 330 um - NbN 15 nm

—— Si_15_Proto1

S, (dB)

08 OjQ 1:0 1,1
Frequency (GHz)

Figure 3.29: Sonnet simulation of the Protol configuration on 330 pm thick silicon substrate (15 nm
NbN), showing the resonances of the single pixels composing the complete detector.
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Figure 3.30: Sonnet simulation of the Protol configuration on 330 pm thick sapphire substrate (15
nm NbN), showing the resonances of the single pixels composing the complete detector.
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Figure 3.31: Sonnet simulation of the Protol configuration on 700 pm thick diamond substrate (15
nm NbN), showing the resonances of the single pixels composing the complete detector.
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Figure 3.32: Sonnet simulation of the Proto1 configuration on 330 pm thick sapphire substrate (5 nm
NbN), showing the resonances of the single pixels composing the complete detector.
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Figure 3.33: Sonnet simulation of the Protol configuration on 330 pm thick sapphire substrate (30
nm NbN), showing the resonances of the single pixels composing the complete detector.
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It can also be noticed how there is a general shift of the four resonances of the
detector lower values when compared to results by simulating the single resonators.
This effect can be explained by taking into consideration the modified geometry
of the feedline and the capacitive effects deriving from it. In light of the results
presented so far, all the prototypes described above and shown in the appendix
were manufactured, in an effort to validate the simulations and to measure a wide
range of different combinations of substrates, geometries and configurations and
to optimize the obtained devices for the application at hand.
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4 Sample Preparation

The performance of a KID depends not only on its geometrical characteristics, but
also on the properties of the deposited superconductor. The kinetic inductance
depends on the film volume, with smaller volumes leading to larger values of L,
but also to increased surface losses. While a larger kinetic inductance increases
the responsivity of the detector, at the same time the losses lower the resonators
internal quality factors and reduce the sensitivity. The quality and uniformity of
the deposited film has also a big impact on its superconducting characteristics,
with highly disordered films showing lower critical temperatures and wide, often
multi-step transitions. Additionally, the film should be thinner than the London
penetration depth for a given superconductor (100-200 nm for NbN [94][95]) and
narrower than the Pearl length A [23][97], the effective magnetic field penetration
depth defined as

2X2
e
where d < A is the film thickness. With these conditions satisfied, the current
density across the superconductor is homogeneous, resulting in detectors with

A= (4.1)

uniform sensitivity across their surface. It is therefore mandatory to operate
with a very well controlled and repeatable deposition process. All the thin
films presented in this work have been deposited via DC reactive magnetron
sputtering, patterned with UV-photolithography and finally etched with Reactive
Ion Etching (RIE). In this chapter all three processes will be described and the
adopted parameters given.
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4.1 DC reactive magnetron sputtering

DC magnetron sputtering is a very well established physical vapor deposition
technique for high quality superconducting film. The main actors involved in
the process are electrons, positively charged "working gas" ions and the target
atoms. Electrons are generated at the cathode (the magnetron itself) normally
through a thermal process and accelerated by the DC bias in the order of kilovolts.
They subsequently impact working gas atoms, ionizing them (fig. 4.1). Typical
working atmospheres for this techniques are composed by noble gases like argon.
The plasma so formed is accelerated by the DC static electrical field toward the
target where the highly energetic gas atoms knock target material atoms away,
which deposit on the substrate as thin film. In case of superconducting nitrides as
is the case with NbN, the necessary nitrogen is added to the working atmosphere,
and reacts with the surface of the target to form the desired compound. At that
point, the sputtered molecules are free to fall onto the substrate. Given that the
whole process is performed at very low pressures (usually, 10™% — 10~2 mbar),
the electron mean free path can be larger than the distance between target and
the substrate. Under these conditions, the electron-working gas scattering cross

sputtering target

| e——
= |dc - voltage o ® '
—— e ® Ar+
e ® o9
+ ° e o :
; \ ® sputtering
gas outlet | | 57 inlct
=1 I~

deposition substrate

Figure 4.1: Schematic representation of DC magnetron sputtering process.
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4.1 DC reactive magnetron sputtering

section is very small and would result in non-sufficient interaction between the
two species. Therefore a magnetic field, perpendicular to the static DC potential,
is introduced. Such magnetic field causes the electrons to undergo spiraling orbits,
increasing the probability of interaction with the working gas and improving the
sputtering speed. Increasing the intensity of the magnetic field leads to tighter
electron gyration radii and has also an influence on the ionization volume. The
substrate is often placed on a heater that can reach several hundreds of degrees.
This is helpful to reduce the crystalline structural defects in the deposited films,
improving the uniformity and the adhesion of material onto the substrate.

4.1.1 Deposition procedure

Different temperatures were chosen for the silicon, sapphire and diamond sub-
strates, given their different properties. Sapphire substrates were heated at the
highest temperature, 850°C, with silicon following at 800°C and diamond, at
750°C. Whereas the processes on silicon and sapphire are well established and
repeatable, the same can’t be said for the deposition on diamond, given the lack
of literature on superconducting films deposited on this material. On the other
hand, graphitization of diamond has been observed in vacuum environments at
temperatures as low as 900°C [120], with some reporting the occurrence of this
effect at an even lower temperature of around 600°C for non-inert environments
[121]. This process is often preceded by thermal decomposition of various chem-
ical groups (mainly oxygen) that can be trapped on the substrate surface [122].
Since we had at our disposal only one 10x10 mm? diamond substrate, equivalent
to three detectors plus a test strip for the thin film characterization measurements,
the deposition temperature was lowered out of caution to avoid the aforementioned
phenomena. For all the deposition processes, a 40 minutes long warm up to the
desired temperature at a starting total pressure around 1.8 - 10~7 mbar was per-
formed, followed by a target cleaning phase in a pure Ar atmosphere at a pressure
of 1.8 - 10~% mbar. The magnetron voltage and current were set to 300 V and 100
mA, respectively. At this point the nitrogen was let into the deposition chamber,
increasing the total pressure to 2.16 - 10~3 mbar. The whole system was given
enough time in between the various phases to stabilize under the thermal and
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barometric point of view. With these parameters, a deposition rate of 0.065 nm/s
was estimated.

4.2 Photolithography and reactive ion etching

Photolithography is the process used to pattern structures on a thin film deposited
onto a substrate by using light to impress the geometry of the required circuit
on it. There are several substances (so-called photo-resist) that, following the
absorption of light, are induced into undergoing chemical reactions and molecular
modification. The end result can be either the destruction of chemical bonds and
the creation of new, smaller molecules or the other way around. The first case
correspond to positive resist lithography, while the second is called negative. Once
the photo-resist has been impressed with an image of the patterned structures
(or its negative, depending on the type of resist), it is developed with the use
of a liquid chemical solution, that reacts with the short, less stable molecules,
eliminating them from the surface of the sample. The light source used to expose
the resist is generally a collimated UV beam coming from a lamp coupled to a
photomask containing the geometry to be impressed (fig. 4.2). In case of positive
photolithography, the photomask contains the exact image of what is going to
be the end product, so that the underlying resist layer is impressed only in the
zones that will need to be removed afterward. The use of short wavelength light
is necessary to stimulate the chemical reaction and has the added advantage of
lowering the diffraction limit of the system, improving resolution. This technique
is capable of resolutions in the order of 0.5 pum and is therefore perfectly suited
for applications that require structures with dimensions in the order of tens of
micrometers, like is the case for the polarimetric KIDs. In Fig. 4.3 a magnified
portion of the mask is shown. Since the substrates at disposal for this work

all consisted in 10x10 mm?

wafers, the available space on the mask was split
accordingly. Each subdivision contains the three prototypes and a test strip that
was used for the thin film characterization measurements (see section 5.1). The
test strips are 2.5 mm long and 20 ym wide, with 1 mm square contact pads.

There are several methods employed to remove the material of a film using the
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Figure 4.2: Design of the two inches-diameter photomask used for the production of the prototypes
on sapphire (thin transmission line) and diamond (thick transmission line).

patterned resist as a mask. For the production of all the prototypes Reactive lon
Etching (RIE) was employed. It consists in a plasma assisted dry-etching technique
that allows the removal of material without the use of chemical solutions ("wet"
etching), which leaves residuals on the surface of the sample, and water, which
can degrade the quality of the superconducting thin film. In such technique, the
sample is placed inside a vacuum chamber equipped with a controllable gas inlet
valve and a high power RF-emitter. The starting base pressure is around 10~°
mbar and, as the name suggests, a gas containing a reactive element (fluorine
for Nb based thin films) is let in. The RF power ionizes the gas molecules,
creating an extremely reactive plasma of F radicals that end up interacting with
the metallization left exposed after the development phase. The volatile metal-
fluorine compounds are then pumped away from the chamber. The gas used in
the process was SFg with a flow of 30 sccm together with 6 sccm of pure oxygen
added to increase the anisotropy of the process, for a total operating pressure of
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roughly 0.35 mbar. The chamber was preconditioned for a few minutes before the
actual etching process, using the same parameters.

Figure 4.3: Zoomed-in section of the photomask used in the lithography of sapphire (left) and diamond
(right) prototypes. Each wafer subdivision is 10x10 mm and encases the three prototypes
and an additional test strip used for the thin film characterization measurements
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5 Results and Discussion

In the following sections, the results of the tests performed on the deposited
thin films and the prototype KIDs are presented and discussed. The experimen-
tal activity consisted in three different kinds of measurement, with the purpose
of characterizing multiple aspects of the manufactured samples. The first step
involved the measurement of resistance-temperature (R/T) and current-voltage
(I/V) characteristics of the thin films. The recorded curves allow to evaluate the
quality of the deposited superconductors and to extrapolate considerations about
the performances of the detectors in the successive measurements. Additionally,
the values of kinetic inductance extracted from the R/T curves were used as cross
reference and refinement tool for the simulations shown in chapter 3. The sec-
ond step of the experimental activity consisted in measuring the response of the
resonators to a comb of frequencies injected in and extracted from the microstrip
transmission line by a Vector Network Analyzer (VNA). The resonance curves
were compared with those that were simulated and provided a methodology to
estimate, among others, the effective loss tangent of the substrates that were em-
ployed [123]. The last round of measurements consisted in the optical response of
the detectors to THz radiation. With these last tests it was possible to estimate the
detector responsivity, noise level, response time and cross polarization rejection
capabilities.

83



5 Results and Discussion

5.1 Superconducting thin film characterization

5.1.1 Equipment and procedure

The R/T and I/V profiles were recorded with a LabView-based automated control
system, connected to a Keithley Nanovoltmeter Model 2182A, a Keithley 6220
Low Noise Precision DC Current Source and a LakeShore PID 335 Cryogenic
Temperature Controller. The samples were bonded with 25 pm thick aluminum
wires to a chip carrier (Fig. 5.1). Once bonded, the chip carrier is inserted in a multi
channel socket (Fig. 5.2b) at the end of a dipstick connected to the acquisition
system (Fig. 5.2a). The top of the dipstick is equipped with a filter box to block all
the external signals that the dipstick connection cable, acting as an antenna, could

Figure 5.1: One of the samples test strip being bonded to the chip carrier. The bonding wires are 25
pm thick and made of aluminum. The chip was uncut, and the three detector prototypes
are also visible.
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Figure 5.2: a) Thin film characterization dipstick ready to be inserted into the LHe dewar for measure-
ments. In the background the temperature controller, the current source and nanovoltmeter
can be seen. b) One of the sapphire samples already bonded to the chip carrier, mounted
on the dipstick socket. During the bonding procedure, a small quantity of vacuum grease
(visible as a darker area) was used as sticking agent between the carrier surface and the
bottom of the substrate to increase adhesion and improve stability during the bonding
process.

pick up. The R/T measurement is performed by manually inserting the dipstick
deeper and deeper in the dewar, until a temperature of 4.2 K is reached. Particular
attention was given to insert the dipstick not too fast, to avoid sudden evaporation
of the liquid helium and also obtain good number of temperature points recorded.
The adopted speed of insertion figure of merit is around 0.2 K/s of temperature
drop. Once the 4.2 K point is reached, the system can be switched to I/V mode
and the critical current can be measured. The estimate of the Residual Resistance
Ratio (RRR) was performed taking onto consideration values of R at 300 K and
at 20 K, while the width of the superconducting transition A7 and the value of
Tc were estimated between 10 and 90 % of R(300K).
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5.1.2 Measurements

Figure 5.3 shows the R/T curves of the two silicon wafers employed for the first
depositions of NbN. These samples are all equipped with a backshort, as described
in section 3.2.1, in the form of a 400 nm thick NbN layer on the backside. This
additional deposition procedure was performed at room temperature to avoid
damages and degradation of the already patterned thin film on the top. As it can
be seen, the two curves overlap almost perfectly, indicating a good repeatability
of the deposition process. A critical temperature around 11 K and a transition
width AT of roughly 0.5 K were measured. The values are in line with what
can be found in literature for DC sputtered films of the same thickness [116].
Critical current densities of 3.25 and 3.31 - 105 A/cm? were measured at 4.2 K.
The values of the RRR were determined to be 0.88 and they indicate a disordered
and granular film, with a semiconductor-like behavior above the transition. The
non optimal quality of these thin films can be explained as due to a mismatch
in the lattice constants of the two materials. As a matter of fact, silicon has a
diamond FCC lattice structure, with a constant equal to 5.431 A [124], while NbN
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Figure 5.3: R/T curves for the 15nm NbN thick films deposited on silicon wafers at 800°C.
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has a rock-salt (halite) cubic structure and a smaller unit cell at 4.446 A [72]. This
difference induces mechanical stresses in the thin film, worsening its uniformity
and leading to lower critical temperatures and wider transitions. Sapphire has a
rhombohedral trigonal structure and, with a lattice parameter a equal to 4.785 A
[125], represents a much better match for the NbN unit cell, leading to improved
superconducting transition characteristics. This can be observed in figure 5.4, that
shows the R/T curves for the 5, 15 and 30 nm thick films deposited onto a sapphire
substrate at 850°C. The recorded values of the critical temperatures are 12.5, 13.5
and 13.9 K, with transition widths in the order of 0.27 K, 0.18 K and 0.09 K for the
5, 15 and 30 nm films, respectively. The critical temperature is lower for thinner
films, because of the proximity effect [126, 127]. This phenomenon consists in
the mutual influence between two different materials and it is particularly strong
in the case of a superconductor deposited over a normal metal. It occurs at the
interface between the two materials, where gradients of the electrons and Cooper
pairs induce diffusion: of the former in the superconductor, and of the latter in the
normal metal. In our case, the process is intrinsic in nature and occurs between the
superconducting core of the film and its outer, non superconducting layers (Fig.
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Figure 5.4: R/T curves for the thin films with thicknesses of 5, 15 and 30 nm deposited on sapphire
substrates at 850°C.
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Normal State

Superconductor

Normal State

Figure 5.5: Schematic representation of intrinsic proximity effect in a superconductor. d represent
the thin film total thickness, while d indicates the thickness of the outer layers, where
superconductivity is suppressed as a consequence of lower film quality.

5.5). These layers revert to normal state as a consequence of degraded film quality
mainly caused by the lattice mismatch with the substrate and oxidization of the
surface exposed to air. The end result is a decrease of the average superconducting
strength and a delay of the onset of the transition to lower temperatures. This effect
is proportionally stronger for smaller volume films. Additionally, the thinnest film
shows a two step transition at around 14.3 K, sign of a highly disordered film. The
values of critical current density are 2.28 - 106 and 9.3 - 10¢ A/cm? for the 5 and
15 nm thick films, respectively. It was not possible to measure the critical current
density of the 30 nm thick sample, since it was above the maximum current value
of the available source. The computed RRR values are consistent with the critical
temperature measurements, with the 5 nm film showing a sub-unit residual ratio
equal to 0.96. The two other film thicknesses show a metallic behavior with
RRR values equal to 1.07 and 1.09 for 15 and 30 nm thick films, respectively.
Figure 5.6 shows the R/T curves recorded for the sapphire samples that have been
endowed with a backshort. The deposition of the NbN layer on these samples
resulted in slightly thinner films, 25.5 and 13.3 nm, respectively. This is due to
the fact that the process was carried out just after maintenance of the deposition
chamber and the subsequent reconditioning, which led to lower deposition rates
with the parameters previously employed. Additionally, deposition conditions
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Figure 5.6: R/T curves for the thin films with thicknesses of 13.3 and 25.5 nm deposited on sapphire
substrates at 850°C. The substrates underwent an additional room temperature deposition
process on their backside for the creation of a backshort. The backshort materials were
pure niobium and gold.

for thin films (under 30 nm) differ substantially from those for thick (> 100 nm)
ones, the re-optimization of which would have required several weeks. This fact
led to the choice of alternative backshort materials for which these conditions
were readily available. We therefore decided to employ gold and pure niobium
(max To ~ 9.2 K [128]) backshorts. A large room-temperature conductivity
ground-plane also helps to limit the losses at the higher operating frequencies
that characterize the sapphire samples. The sputtering of the backshorts was
performed in different deposition chambers than the one used for the NbN. These
chambers lacked a heater for the substrate, but the deposition would have been
in any case performed at ambient temperature, given the arguments about film
quality degradation expressed for the silicon samples. Taking into consideration
the smaller thickness of these films, the performances of these samples are in
line with the backshort-less samples. T is around 13 K for the thinner film
with a width of 0.27 K and 0.3 K for Nb and Au backshorts respectively. The
thicker films have a slightly higher 7> at 13.3 and 13.5 K for Au and Nb, with
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widths of 0.18 K and 0.2 K respectively. The RRR is in all the cases above unity,
comprised between 1.08 and 1.12. Critical current densities are also very similar
for the thinner films, at 6.65 and 6.78 - 10 A/cm? for Au and Nb backshorts,
respectively. The critical currents of the thicker films exceeded the capabilities
of the employed source, analogously to what happened with the backshort-less
samples.

For the diamond substrates the considerations done on lattice compatibility for
the silicon samples led to the investigation of an alternative superconductor in
addition to NbN that would better match the crystalline structure of diamond.
The crystal structure of the carbon allotrope is cubic hexoctahedral with a unit
cell that measures 3.567 A [129] and therefore induces compressive stress in the
larger crystal structure of NbN. On the other hand pure Nb, characterized by a
body-centered cubic structure, has a lattice constant of 3.3 A [130], making it a
good match for diamond. Fig. 5.7 shows the R/T curves for Nb and NbN films
deposited on diamond. The Nb film was sputtered at ambient temperature, while
the NbN 15 nm thin film was deposited at 750°C. Pure niobium is a transition
metal with good conductive properties (pnp = 15.2 pf2-cm at 0°C for bulk
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Figure 5.7: R/T curves for the thin films of pure Nb (15 and 30 nm) and of NbN (15 nm).
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material) and behaves as such, as can be seen from the R/T curves for 15 and 30
nm thick films. The RRR are 1.79 and 2.04, respectively, while the value for the
15 nm thick NbN film on the same substrate is sub-unitary at 0.91. As previously
mentioned, the maximum critical temperature of Nb (9.2 K) is lower than that of
NbN (16 K), an aspect reflected in the measured curves that put the transitions
at 7.27 K for the 30 nm thick film and at 6.85 K for the 15 nm one. The main
factor lowering the film quality is in this case the deposition performed at ambient
temperature. The transitions are nevertheless very sharp with widths of 0.08 and
0.1 K, respectively, sign of a good film uniformity. In contrast, the NbN film
transits to the superconducting state at 9.05 K, almost 4.5 K less than the 15 nm
film on sapphire, with a multi step and very wide (AT = 1.24 K) transition,
all signs of an disordered film. The difference in quality of the NbN film on
different substrates is immediate under a simple visual inspection with an optical
microscope. The film deposited on diamond captured in Fig. 5.8(a) shows spots
and irregularities, while the film on sapphire (Fig. 5.8(b)) shows a much cleaner
image. The use of a dielectric buffer layer with intermediate lattice constant (i.e.
MgO, halite structure and lattice parameter a = 4.21 A) could represent a viable
solution to relieve stress and obtain a better quality film. The measurements of the
critical current density for the NbN film support these considerations, with a value
of 5.67 - 10° A/cm?, more than one order of magnitude lower than measured for
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Figure 5.8: Optical microscope image of the 15 nm NbN film on diamond (a) and on sapphire (b).
The irregularities of the NbN film deposited over the carbon allotrope are immediately
evident.
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both silicon and sapphire substrates. Once the critical temperatures of the various
films were determined, it was possible to estimate the value of the corresponding
kinetic inductance. The expression used for the calculation was taken from the
works of Annunziata et al. [89] and Mauskopf et al. [113] and is equal to:

R,

L, = .
FTTA

6D

In table 5.1 the values of the various measured and calculated parameters are
summarized. The data extracted from the R/T and I/V characterization was
then used to refine the simulations of section 3.3, which up to that point were
based on values obtained by literature and therefore not always consistent with
the deposition procedures and parameters employed in this work.

Table 5.1: Calculated and measured thin film parameters.

Sub-Film. T¢ (K) ATe (K) jo (MA/em?) RRR A L, (pH/D)

Si-NbN15-1 11.2 0.5 3.25 0.88 1.71 28.5
Si-NbN15-2 11 0.47 3.21 0.88 1.67 27.4
Sa-NbN15 13.4 0.18 9.3 1.07 2.03 7.28
Sa-NbN30 13.9 0.09 n.a. 1.09 2.11 3.33
Sa-NbNS5 12.48 0.27 2.28 096 1.89 30.33
SaAu-NbN13.3 13.04 0.3 6.65 1.11 1.98 7.57
SaNb-NbN13.3 13.05 0.27 6.78 1.08 1.98 8.34
SaAu-NbN25.5 13.53 0.18 n.a. 1.12 2.05 3.76
SaNb-NbN25.5 13.295 0.2 n.a. 1.1 2.02 3.96
Di-NbN15 9.05 1.24 0.567 091 144 2277
Di-Nb15 6.85 0.1 n.a. 1.79 1.04 3.25
Di-Nb30 7.27 0.08 n.a. 204 1.1 1.57
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5.2 Resonators high frequency response

The measurements performed to check the presence of the pixels resonances are
conceptually similar to what was done for the DC tests, with a dipstick equipped,
this time around, with semi-rigid SMA cables and connectors. A custom detector
box was machined out of a block of electrolytic copper while the impedance-
matched microstrip visible in fig 5.9(a) was realized out of a double-sided PCB
through photolithographic techniques. Depending on the presence or not of a
backshort on the backside of the sample, either electrically conductive silver-based
grease or vacuum grease was employed to improve the adherence of the detector to
the ground plane of the detector box and facilitate the bonding process, similarly
to what has been done for the chip carriers employed in the R/T measurements.
A pair of SMA connectors feed-through soldered to the microstrip and a cover,
also made out of copper and with a look-through window, complete the box (Fig.

Figure 5.9: a) Detector box with a bonded detector installed (diamond substrate). The SMA connector
feed-troughs and the PCB microstrip are also visible. b) the assembled detector box
connected to the end of the dipstick.
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5.9b). The VNA used to excite the detectors and read the output was set to -20
dB power in all the measurements, in order to avoid potential saturation of the
resonators. Additionally, a -20 dB attenuator was attached to port 1 to limit the
input noise. The dipstick was, at that point, slowly inserted inside the dewar,
letting it regularly thermalize, once again to avoid excessive helium evaporation
and pressure buildup. The transition to superconductivity was marked by a jump
in the signal baseline from roughly -60dB to roughly -40 dB. At that point the
resonances start to appear, shifting toward higher frequencies and growing in depth
as the temperature of the sample decreases. Once stable, they were recorded in
the VNA internal memory. The IF bandwidth of the analyzer was set to 1 kHz to
limit the noise of the acquirement and each wide-band measurement of the whole
resonance spectrum was followed by high-resolution single peaks measurements
that would later be used to estimate the quality factors relative to the resonators.

5.2.1 Silicon substrate

Figure 5.10 shows the measured and simulated values of the scattering parameter
So;1 for the Prototypel configuration for the silicon substrates. The first resonance
peak is shallower than the corresponding simulated one, an additional indication
of a less than optimal film quality and uniformity. Nevertheless, the frequencies
simulated taking the calculated L values as reference are in accordance with
the measurements. The baseline signal shows a ripple-like structure, indicating
the presence of stationary waves along the transmission line due to impedance
mismatch. As mentioned in section 3.2.2, whereas the detectors were designed
around a 250 pim substrate for optimal coupling with incoming radiation, the NbN
thin films were deposited on a 330 um thick substrate. The baseline presents
also a monotonically decreasing behavior, explainable with the strong frequency
dependence of the input impedance of the mismatched transmission line shown
in fig. 3.11. As the frequency of the excitation tone increases, a bigger portion
of the signal is reflected at the input location instead of being transmitted to the
feedline. In fig. 5.11 the third peak from the left from the very same measurement
is shown together with the Lorentzian fit used to extract the values of the quality
factors. This peak corresponds to the pixel adopted in the simulations performed
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Figure 5.10: Measured (red) and simulated (black dashed) resonances of the Prototype 1 configuration
deposited on the 330 pm silicon substrate - 15 nm NbN thick film.
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Figure 5.11: Silicon Prototype 1 peak nr. 3 as measured and corresponding Lorentzian fit used to
extract the Q values associated with the resonator.
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to estimate the quality factors. The slight asymmetry is due to the standing wave
regime. The value for Q¢ is approximately 1.1 - 10*, quite close to the calculated
one equal to 9.1 - 103 (Fig. 3.23). This difference in values can be explained
by taking into consideration that the simulations for the estimate of the coupling
presented in section 3.3.5 involved single pixels systems, in which the resonance
characteristics are not influenced by additional capacitive effects induced by the
modified feedline geometry of the complete detectors. The general shallowness
of the resonances can be explained as due to losses in the substrate and in the
resonators, given the non optimal film quality. Additionally, the silver based
conductive paste used to have a good thermal and electrical contact between the
backshort and the copper ground plate on which the detector rests also influences
the outcome of the measurements, as it will be shown in section 5.2.2.1. As a
last note, the measurements were performed at relatively high temperature. KIDs
are typically operated at T¢/4 to reduce the presence of quasi-particles in the
superconductor [24]. The higher the temperature, the higher the contribution
to the resonator losses given by the superconductor electron population. An
improvement of the KID performance can therefore be achieved by moving to
a transparent, low losses substrate, with a better mechanical match between the
different crystal lattices.

5.2.2 Sapphire substrate

Figures 5.12 and 5.13 confirm the considerations exposed at the end of the previous
section by showing much deeper resonance dips. The NbN thin film on sapphire
has also a higher transition temperature, hence lowering the quasi-particle pop-
ulation present in the superconductor at the measurement temperature. Both the
ripple-like structures and the monotonic decreasing baseline are present, albeit to
asmaller extent. The transmission line is better matched to the readout electronics
and its impedance shows a weaker dependence on frequency. A value for Q¢ of
3730 has been extracted from the measured data, while the simulated one is equal
to 5532, a factor of about 1.5 difference. Figure 5.14 presents the measurements
performed on the 5 nm thick films sapphire prototypes. The effect of the higher
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Figure 5.12: Measured (green) and simulated (black dashed) resonances of the Prototype 1 configu-
ration deposited on the 330 pum sapphire substrate - 15 nm NbN thick film.
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Figure 5.13: Sapphire Prototype 1 Peak nr. 3 as measured and corresponding Lorentzian fit used to
extract the Q values associated with the resonator.
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Figure 5.14: Measured (green) and simulated (black dashed) resonances for the Prototype 3 configu-
ration deposited on the 330 pm sapphire substrate - 5 nm NbN thick film.
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Figure 5.15: Measured (green) and simulated (black dashed) resonances for the Prototype 3 configu-
ration deposited on the 330 pum sapphire substrate - 30 nm NbN thick film.
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kinetic inductance value and the general lower quality of the thin film is imme-
diately apparent, with much shallower resonances occurring at lower frequency
when compared to the thicker deposition samples. The 5 nm films present the
highest value of L, among all the produced detectors at 30.33 pH /TJ, analogous to
28.5 pH /O associated to the thicker films deposited on silicon. Their resonance
frequencies are within comparable ranges as are their depths. Figure 5.15 shows
the measurements performed on the 30 nm thick film sample. In this case, the
resonances are deeper and the frequencies are shifted toward higher values. The
calculated Ly is 3.33 pH /O and represents the lowest value associated to the
deposited NbN films. The baseline signal structure is nevertheless rougher than
what can be observed in fig. 5.12, indication of a stronger impedance mismatch at
the input of the feedline. In any case, the simulations were able to correctly predict
the resonance frequencies of the resonators within a good margin of precision.

5.2.2.1 Backshort detectors

As previously mentioned, four different batches of backshort detectors were pro-
duced, each with different thickness of the NbN film and the composition of the
underlying ground plane. The deposition was performed at room temperature,
at a thickness of 400 nm. The preparation of the samples for the measurements
include a cleaning phase into ultrasonic baths of hexane first and then acetone,
followed by rinsing with 2-propanol to remove any residue of the solvent. During
this phase, the Nb layer started to flake away, leaving large portions of the backside
of the detectors uncovered. The room temperature deposition in addition to the
lattice mismatch between Nb and sapphire resulted in the backshort starting to
peel off under the vibrations induced by the ultrasonic bath. The Au backshorts,
on the contrary, displayed a good adherence to the substrates with no flaking.
Even though the deposition of gold was also performed at room temperature, this
material has a lattice constant equal to 4.065 A, which represents a closer match
to that of sapphire when compared to niobium. The measurements were therefore
performed only on the gold sputtered samples. Figure 5.16 shows the resonances
of one of the 13.3 NbN nm thick film sapphire prototypes endowed with a gold
backshort. When compared to the measurements performed on the backshort-less
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Figure 5.16: Measured (green) and simulated (black dashed) resonances of the Prototype 1 configura-
tion deposited on the 330 psm sapphire substrate - 13.3 nm NbN thick film, Au backshort.
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Figure 5.17: Measured (green) and simulated (black dashed) resonances for the Prototype 2 con-
figuration deposited on the 330 pm sapphire substrate - 25.5 nm NbN thick film, Au
backshort.
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5.2 Resonators high frequency response

prototype (Fig. 5.12), a larger difference between the simulated and measured
values can be observed. Additionally, the resonances have a reduced depth and
the baseline signal shows a stronger presence of the periodic structures associated
with the impedance mismatch. These aspects can be partially explained by tak-
ing into consideration the increased kinetic inductance of the thinner film, 7.57
pH/O for 13.3 nm vs. 7.28 pH/OJ for 15 nm, leading to increased impedance
mismatch. An additional factor to take into consideration is the presence of a con-
ductive sticking agent in the form of electrically conductive silver-based grease
in-between the backshort and the copper ground base of the detector box. Anal-
ogous measurements on the rest of 13.3 nm samples and on the 25.5 nm ones
(Fig. 5.17) confirm this general degradation of the performances. To verify this
hypothesis the measurements of the backshort-less prototypes, previously carried
on with non-electrically conductive vacuum grease, were repeated, this time with
the silver paste as contact medium. Results for the 15 nm and 30 nm films can
be observed in figs. 5.18 and 5.19. The difference in performances between
the measurements with the two different thermal interface media is immediately
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Figure 5.18: Measured resonance response for sapphire prototype 1 - 15 nm thick film interfaced
with the detector box through dielectric vacuum grease (VG, blue line) and silver-based
thermo-electro conductive paste (SG, green line).
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Figure 5.19: Measured resonance response for sapphire prototype 1 - 30 nm thick film interfaced
with the detector box through dielectric vacuum grease (VG, blue line) and silver based
thermo-electro conductive paste (SG, green line).

apparent, especially in the case of the thinner films. Silver based thermal com-
pounds have high thermal transmission properties, and consist of micronized
silver, boron nitride, zinc oxide and aluminum oxide particles suspended in ester
oil blends [131]. The presence of metals in the contact medium, while boosting
the thermal properties, also allows for the conduction of electrical currents. On
the other hand, by their own nature, they introduce large capacitances between the
backshort and the grounded base of the detector box, decreasing the resonators
frequency and altering the dynamics of the equivalent circuit. A possible solution
to be employed in the future is represented by highly ductile indium foils [132].
While the latter technique foregoes the problems related to parasitic capacitances,
it requires a substantial clamping force (in the order of 450 N) to insure a good me-
chanical contact between the surfaces to be interfaced and the indium, requiring
a re-design of the the detector box.
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5.2 Resonators high frequency response

5.2.3 Diamond substrate

Figure 5.20 shows the results of the resonance measurements performed on the
diamond substrate prototype (configuration 3) with the NbN thin film, together
with the predicted dips obtained from the simulations in Sonnet. It can be imme-
diately seen how in the measurements the first order resonances that characterize
the simulations are completely missing. While the bandwidth of the VNA was
initially limited to a range that was meant to encompass the predicted resonance
values (roughly between 1.2 and 1.65 GHz), the frequency scanning range was ex-
tended for these measurements, finding the peaks between 3.6 and 4 GHz. These
higher order modes present very shallow and wide resonances, with very low Q
values in the order of the hundreds (table 5.2), well below those predicted by the
simulations shown in chapter 3 (fig. 3.25 and 3.28). A Sonnet analysis extended
toward 6 GHz (fig. 5.21) shows the presence of high order modes roughly between
5.1 ad and 5.35 GHz, well above the measured ones. Fig. 5.22 shows the current
density distribution obtained from the Sonnet analysis relative to the four higher
mode resonances. It is evident that these resonances are collective, involving all
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Figure 5.20: Measured (blue) and simulated (black dashed) resonances for the Prototype 3 configu-
ration deposited on the 700 m diamond substrate - 15 nm NbN thick film.
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Table 5.2: Measured quality factors of the four resonance peaks of the Prototype 3 configuration
deposited on the 700 pm thick diamond - 15 nm NbN film.

Peak Q1 Qc Qo
1 106 192 238
2 117 117 315
3 147 371 245
4 478 1295 757

the detectors at the same time. It can also be seen how the resonators are excited
by a standing wave regime within their inductive structures, analogously to what
happens, for example, with quarter-wavelength resonator. In these conditions, the
detectors lose their lumped elements qualities and behave like distributed detec-
tors, with a position-dependent response [133]. In order to explain the differences
between the measured and simulated resonances, the validity range of equation
5.1 needs to be taken into account: the equation represents an approximation for
T < T¢. While with the sapphire and silicon samples this condition is satisfied,
resulting in a 10-15 % difference between the values calculated and those used
in the final simulations, the same cannot be said for the films on diamond, given
their much lower transition temperature. Therefore, eq. 5.1 underestimates the
kinetic inductance. A new set of parametric simulations revealed higher order
resonances in the same position of the measured ones for Ly, equal to 40.5 pH/LJ,
almost double of what was previously computed. With this new value, the simu-
lated first order resonances end up shifting to a range between 0.9 and 1.2 GHz.
Measurements applied to this new frequency interval did not return any visible
dip. Their disappearance can be attributed to high resonator internal losses due
to the increased population of quasi-particles, resulting in dips so shallow to end
up embedded within the base signal and, therefore, undetectable.

The diamond prototypes with the 15 and 30 nm pure niobium thin films were
also measured, but didn’t show any detectable resonance, given the even lower
transition temperatures measured during the characterization measurements (Fig.
5.7) and the associated higher internal losses.
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Figure 5.21: Extended-band simulation of the prototype 3 configuration over diamond substrate - 15
nm thick NbN film. The upper panel shows the entire frequency range of the simulation,
while the lower panel shows a zoom of the higher order mode resonances. The two
central resonances partially overlap.

Figure 5.22: Qualitative representation of the current density distribution of the four higher order
modes shown in fig. 5.21. Dark blue elements present no current, with increasing values
of j associated to yellow and red zones.
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5.3 Detectors optical response

The last batch of measurements performed on the KIDs consisted in recording
the response of the detectors to incoming radiation in the THz range. The mea-
surements aimed at estimating the responsivity of the detectors, checking the
cross-polarization rejection factor and evaluating the noise level of the detectors.
In the following sections, the employed setup is first described in detail, and the
results of the measurements are then shown.

5.3.1 Setup

The source employed consisted in a backward wave oscillator (BWO) coupled to
a Schottky diode frequency tripler, capable of fully tunable emission from 650
GHz up to 1.16 THz. The source was operated at 900 GHz, since it corresponds
to the maximum emitted power with the tripler installed (Fig. 5.23). A maximum
emitted power of around 47 uW was measured, significantly lower than the 61
expected from the data sheet provided by the source manufacturer but deemed
sufficient to induce a response from the prototypes. The quasi-optical system
consisted of 5 main elements: the source, two elliptical focusing mirrors, a
chopper operated at 23 Hz and the cryostat (Fig. 5.24). The cryostat itself was
placed on a manual XYZ linear translation stage for fine position tuning. A room
temperature signal amplifier was interposed between the output of the cryostat
and the VNA. The cryostat is a two-stage, single chamber model with a reservoir
of approximately 2 liters capacity. The radiation input window had an effective
aperture of approx 2.54 cm and was equipped with a teflon IR low-pass filter
with a cut-off frequency of 10 THz. For the cross-polarization measurements, a
wire grid polarizer was employed. After being pumped down to a base pressure
of around 10~ mbar, a pre-cooling phase with liquid nitrogen was performed,
letting the whole system thermalize for a night. Once an internal temperature of
77 K was reached, the reservoir was emptied of the liquid nitrogen and refilled
with liquid helium. Particular care was taken to completely dry out the reservoir in
between the two cooling phases to avoid the formation of nitrogen ice that would
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Figure 5.23: Emission power spectrum of the employed BWO source.

have greatly degraded the thermal properties of the device. The copper cold
plate of the cryostat consisted in a 10x10 mm? M4 grid onto which the various
components were secured with screws. The detector box was mounted in a vertical
position, with the box cover in direct contact with an adapter plate, necessary to
raise the center of the box window on the same level as the center of the cryostat
window (Fig. 5.25). A heater and a thin film RTD ceramic temperature sensor
were placed on opposite sides of the detector box. Thermally conductive vacuum
grease on the various contact surfaces existing between the various components
of the system was employed to obtain good thermal interfaces. Two cryogenic
attenuators (-10 and -20 dB) were attached to the input SMA plug to limit thermal
noise from the 300 K stage. A cold 27 dB amplifier, with a 1 - 6 GHz operational
bandwidth was then inserted at the output port of the detector box through a
semi-rigid SMA cable.
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Figure 5.24: Quasi-optical setup employed in the measurements. Visible in the photo, the BWO
source, the chopper (CHPPR) and the two mirrors (M1 and M2) used to steer the beam
toward the cryostat (Cryo).

BN ¥ )7 yamie

Figure 5.25: Photo of the inside of the cryostat used for the quasi-optical characterization of the KIDs.
Visible are the attenuators (upper right), the detector box equipped with temperature
sensor and heater (bottom center) and the cold amplifier (top center).
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5.3.2 Measurements and discussion

The optical measurements were performed on two samples, one with the sapphire
substrate and one with a diamond one. Taking into consideration the previous
resonance measurements, the backshort-less sapphire prototype 1 and the dia-
mond prototype 3, both with 15 nm thick NbN films, were chosen. With the
setup described in section 5.3.1 and after assessing the losses due to filtering
and alignment, a total power of 20 W at 900 GHz falling on the detector was
estimated. Figures 5.26 and 5.27 show the resonances measured before the actual
optical response characterization of the samples. The detectors were also under
illumination from the background shining through the cryostat window. While the
sapphire prototype shows very sharp and well defined resonances, the same cannot
be said for the diamond detector, with a very shallow and extremely wide single
resonance peak. The measurement on the diamond prototype was performed at a
temperature of 5.5 K, the minimum temperature that was possible to reach during
the test. This additionally increased the losses of the resonators and made it so that
all the resonances except one disappear into the baseline of the signal, similarly to
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Figure 5.26: Resonance measurements of the sapphire prototype 1 - 15 nm thick NbN film under
optical background load.
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Figure 5.27: Resonance measurements of the diamond prototype 3 peak 1 - 15 nm thick NbN film
under optical background load.

what happened to the first order peaks during the measurements shown in section
5.2.3.

Fig. 5.28 shows the response obtained by one of the pixels of the sapphire pro-
totype, while in fig. 5.29 the analogous measurement performed on the diamond
sample is reported. The measurement on the sapphire sample was performed at
the temperature of 4.5 K. The responsivity is in the order of 0.1 degs/ W, while
the response time scale is in the order of 6 ms, as determined by an exponential
decay fit over the recorded trace. The dynamics of generation and recombination
of Cooper pairs is generally much faster, with time constant as low as a few
nanoseconds [23]. For superconducting micro-resonators, an indication of the
detector response time is given by the ring down time 7, itself a function of the
resonance frequency v and loaded quality factor Q. :

Qr

™1

(5.2)

The pixel to which fig. 5.28 refers to has a resonance frequency equal to 1.4
GHz and a measured (1, in the order of 2000. Substituting this into eq. 5.3.2
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Figure 5.28: Phase response of one of the pixels of the Prototype 1 realized on a sapphire substrate -
15 nm thick NbN film. The red dashed line indicates the exponential decay fit performed
on one of the peaks to determine the ring-down time of the resonator.
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Figure 5.29: Phase response of one of the pixels of the Prototype 3 realized on the diamond substrate -
15 nm thick NbN film. The red dashed line indicates the exponential decay fit performed
on one of the peaks to determine the ring-down time of the resonator.
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leads to a response time around 440 ns. The time scales measured are more in
line with a bolometric effect than a kinetic inductance one [134]. The change
in quasi particle density is due to the heat up - cool down cycle induced by the
radiation impinging onto the detector rather than to the direct breakage of the
Cooper pairs. This hypothesis is confirmed by the measurements performed on
the diamond sample, showing a time scale in the order of 1 ms. These results
demonstrate the compliance of the produced detectors with the ITER requirement
of having a measurement of the plasma-current profile with a time resolution
better than 10 ms [61]. The responsivity shown by the diamond sample is lower
than what we recorded with the sapphire sample, with a value of roughly 0.03
degs/ 1W, due to the additional losses related to the lower quality NbN film and
higher measurement temperature. Noise measurements can be seen in figures
5.30 and 5.31. The noise level is higher than expected and mainly due to a higher
generation-recombination events frequency in the superconductor, result of the
measurements being performed, in both cases, at relatively high temperatures.
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Figure 5.30: Noise power spectrum for the sapphire prototype 1 - 15 nm NbN film sample. In black,
the measured values and in red the corresponding Savitzky-Golay smoothing.
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Figure 5.31: Noise power spectrum for the diamond prototype 3 - 15 nm NbN film sample. In black,
the measured values and in red the corresponding Savitzky-Golay smoothing.

Noise levels are in any case low enough to allow the detection of power levels
much lower than what is expected to be implemented in the final instrument (see
section 2.4). Figure 5.32 shows the response of a single pixel of the sapphire
prototype 1 to two perpendicular polarization directions of the incoming light.
The polarization selector was composed by the wire grid polarizer, preceded by
a wave-plate, since the BWO is a coherent light source. As can be seen from
fig. 1.8, to every 'long’ element of the inductive part, a short connecting segment
is associated. The ratio between the lengths of these two elements is 25:1,
therefore the contribution to the absorption of the small transverse elements is
negligible. The design of the detectors is effective in rejecting cross-polarizations
and therefore the concept of a polarimeter based on this technology is valid.
This also serves as proof that the bolometric response is taking place in the thin
film and not in the substrate. If the substrate was the main radiation absorber,
radiation would be detected independently from the presence of a polarizer, since
the substrate itself is not polarization selective.

113



5 Results and Discussion

—— Proto1Pk4 Pol ON

Proto1Pk4 Pol OFF
—— Proto1Pk4 Pol On (FFT smooth)
Proto1Pk4 Pol OFF (FFT smooth)

-104,5 -

-106,5 - T ‘

1
T 1

T T T
0,00 0,05 0,10 0,15 0,20 0,25 0,30 0,35
Time (s)

Figure 5.32: Phase response of the sapphire prototype 1 - 15 nm NbN film to two different polarization
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states. In black, the response for polarization with direction parallel to the inductance
main lines, in blue the one for perpendicular polarization. Both tracks were smoothed

out with a FFT algorithm for clarity purposes.



6 Polarimeter Configuration
Outlook

In this chapter, the general configuration of the polarimeter is presented. Po-
larimetric systems may, analogously to interferometric systems, come in a wide
variety of configurations. A few examples include the dual photo-elastic modu-
lator system installed at the JT-60 machine [135], the Dudel-Kunz method of
contra-rotating circularly-polarized beams found in the Large Helical Device
(LHD) [136] and a hybrid interferometric-polarimetric system installed at the
Joint European Torus (JET) [137]. Recently, a much simpler scheme based on a
rotating waveplate method was proposed by Imazawa et al. [61] for installation at
the upcoming ITER machine. In general, the chosen design should maximize reli-
ability and stability, while minimizing the down-time required for inspection and
maintenance. The main issues for current polarimetric systems are the reliability
of the laser employed as source and of its mechanical components. Additionally,
hybrid interfero-polarimetric systems, like those installed on JET and LHD, suffer
from the presence of vibrations and need to be placed on active vibration damping
platforms.

Given these premises, a pure polarimetric system with few moving parts and
inexpensive, easily replaceable components was selected. One of the main re-
quirements for such an instrument is its capability to cover multiple lines of
sight in order to characterize the plasma current profile along the whole cross
section of the torus. For multiple devices to be installed without an excessive
footprint, a compact design is necessary. The QCL is an inexpensive and virtually
maintenance-free source operating in the THz region, with dimensions in the or-
der of the square millimeter. The KIDs themselves are extremely simple devices,
requiring only a single deposition process on the substrate and hundreds of such
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6 Polarimeter Configuration Outlook

pixels can be produced in a single photolithographic process. Their polarization
sensitiveness also means that a polarization selection stage is not necessary, fur-
ther simplifying the hardware requirements. Fig. 6.1 shows a schematic view
of the envisioned device. Its basic components are the source (QCL), a detector
(KID), a chopper and a retro-reflector installed on the inner wall of the tokamak
chamber. The only mechanical component present is the chopper electric motor.
The 10 ms maximum time resolution specified by the ITER requirements [61]
translates to rather low chopping frequencies. Low-RPM motors, less subject
to mechanical stress, can therefore be used. The laser itself can be operated in
either continuous wave (CW) or pulsed regime, giving an additional degree of
freedom when it comes to modulating the intensity of the probe beam. As can
be seen in fig. 6.1, the beam performs a complete round trip inside the plasma,
bouncing from the retro-reflector back to the detector. A back-and-forth passage
through a circularly birefringent medium would only in appearance result in a net
rotation equal to zero, but this is not the case, since the Faraday effect is a rare
case of non-reciprocal optical propagation [138]. In an optically-active medium,
like a linearly birefringent crystal, the rotation is only dependent on the direction
of propagation. Therefore after reflection a counter clock-wise motion becomes
clock-wise and vice versa, returning the polarization to its original state. The
Faraday effect, on the other hand, is dependent on the presence of a magnetic field
and its orientation relative to the propagation vector. Upon plane reflection, the
wave experiences opposite rotation sense relative to the direction of propagation,
that is also reversed. The end result is that after a round trip inside the plasma, a
double rotation is obtained.

QCLU -

Le{D

Chopper

Figure 6.1: Simplified schematic representation of the single detector polarimeter.
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6 Polarimeter Configuration Outlook

Given the placement and orientation of the KIDs resonators (section 3.2), it is
of the maximum importance to have a uniform beam profile density precisely
centered at the center of the pixels. The beam emitted by QCLs is normally
characterized by large divergences at the output and highly non-Gaussian spatial
modes, given that the lasing structures inside the laser and the generated wave-
lengths are of comparable dimensions. In these conditions, diffraction effects
are dominating, resulting in divergence angles as large as 120° [139] and very
disordered far-field modes. A way to improve the beam pattern of the QCL is to
use collimating silicon lenses [139-141] coupled to the output side of the laser
chip (fig. 6.2 [139]). The beam quality must be preserved as the radiation travels
first toward the plasma and then toward the KID.

Transmission and beam delivery of THz signals was first performed through free-
space quasi-optical systems. This has two notable drawbacks in the bulk of the
required optical elements and in the absorption of THz radiation from the water
vapor present in the air [142]. Since the THz radiation is placed in-between the
microwaves and IR-optical ranges, both very well understood and characterized by
the presence of established technological tools, the first attempts to manufacture
dedicated THz transmission lines drew inspiration from these technologies, scal-
ing up or down devices dedicated to the mm-wave or optical regimes. Hollow-core
metallic waveguides are plagued by heavy ohmic losses due to the high frequency

3

chip HRSi Iens|’ |

Figure 6.2: Double metal waveguide QCL THz quantum cascade laser coupled to a collimating silicon
lens.
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of the radiation being transmitted. While increasing the dimensions of the metal
structures composing the transmission line can mitigate the problem, it opens the
door to the presence of parasitic higher order modes that end up lowering the beam
profile quality. On the other end, fiber optics suffer from losses in the dielectric
composing their core. In an effort to find a balanced trade-off between flexibility,
single-mode operation and attenuation of the signal, a wide variety of metallic
and dielectric waveguides were designed and studied [143], showing promising
features. Nazarov et al. [144] have recently demonstrated the improvements in
beam quality of QCL radiation when injected into a specially designed micro-
structured hollow-core polymer waveguide (tube lattice fiber, TLF). The TLF is
shown to have a very good transparency (7 dB/m), low dispersion and high rejec-
tion of side-bands and parasitic modes. These fibers are capable of transmitting
narrow-band frequency signals with a Gaussian like profile and represent an ideal
solution to be implemented in the system.
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7 Summary and Conclusions

This work was aimed at designing, studying and producing the first prototypes of
kinetic inductance detectors specially tailored for polarimetric applications in the
terahertz range. The final application of these proof-of-concept devices is to be
the detecting component of a polarimeter to be employed as plasma diagnostic
for a nuclear fusion reactor. Two well established substrate materials (silicon
and sapphire) and additionally diamond were looked into in this study. Diamond
was considered and investigated in this innovative role for the first time, poten-
tially widening the detectors properties range. Superconducting thin films were
obtained with depositions of NbN and Nb. The first step that was undertaken
consisted in a numerical modelization of the plasma and its interaction with elec-
tromagnetic waves. This led to an estimate of both the optical density of the
medium under investigation and the magnitude of the Faraday rotation induced in
a probe beam at different wavelengths. The plasma parameters adopted in the first
calculations were based on data-sets extracted from ohmic shots performed at the
ASDEX Upgrade tokamak in Garching. It was shown that the optimal frequency
of a probe beam traveling through a medium with these characteristics was in the
low-THz range (sec. 3.1), and the plasma itself maintains a good degree of trans-
parency leading to low absorption factors (sec. 3.1.1). The KIDs were designed
as polarization sensitive, four-pixel arrays, with each detecting element tuned to
a unique resonance frequency, in order to extract the signal through frequency
division multiplexing techniques (sec. 3.2). Detectors with and without back-
shorts were modeled in order to correctly match them to the incoming radiation
and to estimate the required substrate thicknesses (sec. 3.2.1). A wide range of
electromagnetic simulations was performed to guide the design of the detectors.
The simulations included a study of the tunability of the resonators, an investiga-
tion into the potential occurrence of the cross-talk effect and possible employable
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methods to limit it and an estimate of the coupling strength between the resonators
and the read-out microstrip. A wide range of resonance frequencies was obtained
by modifying the interdigital capacitors present in the KIDs, enabling the design
of several configurations with good spacing between the various resonance peaks
(sec. 3.3.2). This aspect is confirmed in the simulations used to investigate the
cross talk effect, with the aforementioned resonance peak spacing limiting the
influence of one oscillating resonator onto its neighbors (sec. 3.3.4). This made
the use of shielding structures superfluous, also considering the heavy impact
that these solutions would have had on the feedline-pixel coupling strengths, as
outlined in sec. 3.3.5.

Prototypes of the detectors were produced for proof-of-concept experimental
studies. The experimental activity included the characterization of deposited su-
perconducting thin films, an investigation of the response of the detectors to the
read out tones and, as last step, a measurement of the response of the detectors to
radiation. The characterization of the deposited superconductors shown in sec.
5.1 evidences a large dependence of the thin film characteristics on parameters
like the deposition temperature and the lattice mismatch between the deposited
NbN layers and the underlying substrate materials. As a consequence, silicon
and diamond substrates have shown lower film quality when compared to the
sapphire sample. The extracted values of L; were then used to improve the initial
simulations, that were then able to predict the resonance frequencies at the correct
position, as is evidenced in sec. 5.2. The resonance measurements served as
a confirmation of the data shown in section 3.3.6, with strong influences in the
resonances depth and with the quality factors of the resonators being influenced by
both the values of the kinetic inductance and the losses occurring in the substrate.
The takeaways of the measurements of detector responsivity shown in section 5.3
are the general validity of the polarimetric KID concept as a polarization-sensitive
device with sufficient sensitivity for the application it was conceptualized for, even
if here it was possible to induce only a bolometric response rather than a process
involving direct break-down of Cooper pairs. Sapphire samples displayed the best
performances, which is partially due to the vast knowledge about the deposition of
thin films on this substrate and the easily replicable, well understood process. The
diamond samples showed reduced responsivity performances and suffered mainly
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from the low grade of the deposited films. Diamond is nevertheless a promising
candidate as substrate for a superconducting detector, given also the superior ra-
diation hardness, thermal, mechanical and optical qualities of this material. This
makes it an especially ideal choice in those working environments saturated with
radiation that require the detection of low power signals, such as polarimetry as
diagnostic for fusion plasmas. Additionally, both sapphire and diamond detectors
comply with the requirement for ITER to have a maximum response time of 10
ms.

A future comprehensive additional investigation leading to improved perfor-
mances of diamond based detectors cannot refrain from, first of all, finding more
fitting superconducting materials for the deposition or a dielectric interface layer
between the NbN thin film and the substrate to reduce the mechanical strains that
result from lattice mismatches. A study of the deposition parameters will have
to be performed to identify the range necessary to ensure good film quality and
avoid problems like low adhesion and flaking. This work represents, nevertheless,
a first investigation of diamond as a substrate for superconducting detectors, and
is a first step toward the optimization and final application of this technology.
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A Prototypes Simulations

In this section the simulations performed on the pixel combinations not reported
in chapter 3 are shown. Table A.1 summarizes the numerical values of the
parameters of the substrates and of the thin films that have been employed in the
simulations. For the film deposited on diamond, both the parameter extracted
from the R/T measurement and the one corrected to take into consideration the
lack of validity of Eq. 5.1 are given. Shown in the graphs are the resonances
of the complete detectors prototypes together with the resonance peaks relative
to the stand-alone pixel. The frequency mismatch is due to additional capacitive
effects associated to the surrounding feed-line.

Table A.1: Parameters used to define the substrates and the thin films in the simulations performed
within this work. Tand indicates the loss tangent, ¢, is the dielectric relative permittivity
of the substrates and L, is the value of the kinetic inductance of the film.

Substrate/Film  tand €. Ly (pH/O)
Si330-NbN15 10=% 11.9 26
Sa330-NbN15 5-10-% 10.06 7.3
Sa330-NbN5 5-1075 10.06 30
Sa330-NbN30 5-10~% 10.06 3
Di700-NbN15 10=° 5.67 22.7/40.5
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Figure A.1: Sonnet simulation of the Proto2 configuration (purple) on 330 psm thick silicon substrate
(15 nm NbN) and of the single pixels composing the complete detector (colored dips).
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Figure A.2: Sonnet simulation of the Proto2 configuration (purple) on 330 pum thick sapphire substrate
(15 nm NbN) and of the single pixels composing the complete detector (colored dips).
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Figure A.3: Sonnet simulation of the Proto2 configuration (purple) on 330 pum thick sapphire substrate
(30 nm NbN) and of the single pixels composing the complete detector (colored dips).
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Figure A.4: Sonnet simulation of the Proto2 configuration (purple) on 330 p«m thick sapphire substrate
(5 nm NbN) and of the single pixels composing the complete detector (colored dips).
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Figure A.5: Sonnet simulation of the Proto2 configuration (purple) on 700 pem thick diamond substrate
(15 nm NbN) and of the single pixels composing the complete detector (colored dips).
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Figure A.6: Sonnet simulation of the Proto3 configuration (purple) on 330 pm thick silicon substrate
(15 nm NbN) and of the single pixels composing the complete detector (colored dips).
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Figure A.7: Sonnet simulation of the Proto3 configuration (purple) on 330 pum thick sapphire substrate
(15 nm NbN) and of the single pixels composing the complete detector (colored dips).
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Figure A.8: Sonnet simulation of the Proto3 configuration (purple) on 330 p«m thick sapphire substrate
(30 nm NbN) and of the single pixels composing the complete detector (colored dips).
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Figure A.9: Sonnet simulation of the Proto3 configuration (purple) on 330 pum thick sapphire substrate
(5 nm NbN) and of the single pixels composing the complete detector (colored dips).
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Figure A.10: Sonnet simulation of the Proto3 configuration (purple) on 700 pm thick diamond
substrate (15 nm NbN) and of the single pixels composing the complete detector (colored
dips).
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B Resonance Measurements

In this section the performed resonance measurements that weren’t reported in
section 5.2 are shown. AuBS refers to the gold backshort of certain prototypes,
while SG indicates backshort-less prototypes measured with silver-based vacuum
grease as contact agent between the detector and the detector box copper base.

—Si15_NbNBS_P2
— —Si15_P2 (SIM)

O = — —m — — — — === = =

S, (dB)

T T
0,8 0,9 1,0 1.1

Frequency (GHz)

Figure B.1: Measured (red) and simulated (black dashed) resonances of the Prototype 2 configuration
deposited on the 330 zm silicon substrate - 15 nm NbN thick film, 400 nm NbN backshort.
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Figure B.2: Measured (red) and simulated (black dashed) resonances of the Prototype 3 configuration
deposited on the 330 m silicon substrate - 15 nm NbN thick film, 400 nm NbN backshort.
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Figure B.3: Measured (green) and simulated (black dashed) resonances of the Prototype 2 configura-

tion deposited on the 330 pm sapphire substrate - 13.3 nm NbN thick film, 400 nm Au
backshort.
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Figure B.4: Measured (green) and simulated (black dashed) resonances of the Prototype 3 configura-
tion deposited on the 330 pm sapphire substrate - 13.3 nm NbN thick film, 400 nm Au
backshort.
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Figure B.5: Measured (green) and simulated (black dashed) resonances of the Prototype 2 configura-
tion deposited on the 330 pm sapphire substrate - 15 nm NbN thick film.
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Figure B.6: Measured (green) and simulated (black dashed) resonances of the Prototype 3 configura-
tion deposited on the 330 pm sapphire substrate - 15 nm NbN thick film.
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Figure B.7: Measured (green) and simulated (black dashed) resonances of the Prototype 3 configu-
ration deposited on the 330 pm sapphire substrate - 15 nm NbN thick film, silver-based

grease contact agent.
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Figure B.8: Measured (green) and simulated (black dashed) resonances of the Prototype 1 configura-
tion deposited on the 330 pum sapphire substrate - 25.5 nm NbN thick film, 400 nm Au
backshort.
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Figure B.9: Measured (green) and simulated (black dashed) resonances of the Prototype 3 configura-
tion deposited on the 330 pm sapphire substrate - 25.5 nm NbN thick film, 400 nm Au
backshort.
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Figure B.10: Measured (green) and simulated (black dashed) resonances of the Prototype 1 configu-
ration deposited on the 330 pm sapphire substrate - 30 nm NbN thick film.
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Figure B.11: Measured (green) and simulated (black dashed) resonances of the Prototype 2 configu-
ration deposited on the 330 pm sapphire substrate - 30 nm NbN thick film.
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Figure B.12: Measured (green) and simulated (black dashed) resonances of the Prototype 1 configu-
ration deposited on the 330 pum sapphire substrate - 30 nm NbN thick film, silver-based
grease contact agent.
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Figure B.13: Measured (green) and simulated (black dashed) resonances of the Prototype 3 configu-
ration deposited on the 330 pum sapphire substrate - 30 nm NbN thick film, silver-based
grease contact agent.
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