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RESUME

Le fond diffus cosmologique (ou CMB, Cosmic Microwave Background) est le témoin électro-
magnétique des prémices de I’Univers présent aujourd’hui. Grace a celui-ci les astrophysiciens
observent, interprétent et collectent des informations afin de comprendre 1'un des plus grands
mystére de notre époque: comment est né notre Univers?

A bien des égards ce derniers nous as déja livré nombres d’informations a son sujet de sa "sim-
ple" existence jusqu’a ces anistropies de températures nous permettant de sonder encore plus
les débuts de notre Univers. Le nouveau défi de la cosmologie aujourd’hui est de caractériser
finement la polarisation du CMB. Bien que l'on ai déja detecté les modes E, issu des fluctua-
tions de densité, les modes B provenant des ondes gravitationnelles primordiales sont toujours
une source de questionnement de par leur faible niveau attendu.

C’est dans ce contexte que la collaboration QUBIC (Q & U Bolometric Interferometer for Cos-
mology) vit le jour. Ce télescope dedié a I’étude de la polarisation du fond diffus cosmologique,
fait office de nouveauté dans le domaine car il allie la maitrise de I'interférométrie a la sensibilité
des bolométres refroidis aux trés basses températures. Le Démonstrateur technique (TD) de
QUBIC vise a démontrer la faisabilité de la combinaison de I'interférométrie et de la détection
bolométrique. Le systéme de lecture électronique est basé sur une matrice de 128 bolomeétres
supraconducteurs (ou TES, Transition Edge Sensor) en NbSi refroidis a 350 mK et lus par 128
SQUIDs a 1 K controlés et amplifiés par un ASIC a 40 K. Cette conception de lecture permet
de créer un multiplexage temporel de 128:1 dans le domaine temporel. Le démonstrateur tech-
nique a subi plusieurs campagnes de tests en laboratoire a ’APC puis a été envoyé a Salta en
Argentine afin d’y subir une campagne de tests avant d’étre déployé sur son site d’observation.
L’évaluation des bolomeétres de QUBIC et de I’électronique de lecture comprend la mesure des
courbes I-V, de la constante de temps et de la puissance équivalente de bruit. Aujourd’hui cette
puissance vaut environ 2.10716 W/ \/H_z

Cette thése rend compte des travaux que j’ai effectué lors de I'intégration et de I'optimisation
de la chaine de lecture ainsi que de I’envoie du télescope en Argentine et de son intégration sur
place.

Mots clefs: cosmologie, bolomeétre, CMB, TES SQUID, ASIC, TDM.



ABSTRACT

The cosmic microwave background (CMB) is the only electromagnetic witness of the begin-
nings of the Universe present today. Thanks to this one, astrophysicists observe, interpret and
collect information in order to understand one of the biggest mystery of our time: how was
born our Universe?

In many respects, the latter has already given us a lot of information about its "simple" exis-
tence up to its temperature anisotropies allowing us to probe even more the beginnings of our
Universe. The new challenge of cosmology today is to precisely characterize the polarization of
the CMB. Although we have already detected the E-modes coming form density fluctuations,
the B-modes created by primordial gravitational waves are still a source of questioning by their
expected weak signals.

It is in this context that the QUBIC (Q & U Bolometric Interferometer for Cosmology) collab-
oration was born. This telescope dedicated to the study of the CMB polarization, is a novelty
in the field because it combines low systematic effects of interferometry with the sensitivity
of bolometers cooled to very low temperatures. The Technological Demonstrator (TD) aims
to show the feasibility of combining interferometry and bolometric detection. The electronic
readout system is based on an array of 128 NbSi transition edge detectors (TES) cooled to
350 mK and readout by 128 SQUIDs at 1 K controlled and amplified by an ASIC at 40 K. This
readout design creates 128:1 time-domain multiplexing. The technical demonstrator underwent
a laboratory test campaign at APC and then was sent to Salta, Argentina for a second test
campaign before being deployed at its observation site. Evaluation of the QUBIC bolometers
and readout electronics includes measurement of the I-V curves, time constant and noise equiv-
alent power. Today this sensitivity is about 2.107'¢ W/v/Hz.

This thesis reports on the work I did during the integration and optimization of the readout
chain as well as the shipping of the telescope to Argentina and its integration on site.

Mots clefs: cosmology, bolometer, CMB, TES, SQUID, ASIC, TDM.
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Introduction

History has always allowed Man to know their place in this world. With the development of
advanced technology, man’s gaze then turned to the stars. Having managed to understand most
of the mysteries of his native planet, new questions arose. How did I get to this planet? Why
does our star shine? And then finally all this swarming of questions lead to deeper questions,
Where do we come from? If everything has a beginning, what is the beginning of our universe?
In this objective, Man looked for answers going always further in his observations as measures
that the technologies they developed to side allowed it. Many theories were born, but the main
one that was retained was the Big Bang (developed in the first chapter). However, in spite of
a number of observations correlating exactly with this model, there are still some parts that
remain mysterious.

One of these parts in particular will interest us, it is the inflationary period. Indeed if this
one did take place, it was of a cataclysmic scale. We are talking here about a cataclysm on a
cosmic scale! The inflation which would have taken place a few fraction of seconds after the
Big bang, would be a very short period, between 1072% and 10733 seconds, during which the
universe would have undergone a drastic expansion by a factor 10%.

Obviously this kind of event leaves after-effects, marks that can be found, in the same way that
an error in a strand of DNA will be found later in the reading of this one and will propagate,
later in the carriers of information. It is only 380 000 years later, during the recombination
of the nuclei, that the light, carrier of information of the primordial universe, will be able to
escape from this straitjacket, forming what is commonly called today the cosmic microwave
background (CMB). It will be further diluted and cooled with the expansion of the universe
until reaching today a temperature of about 2.7 K and a maximum emission wavelength of
about 2 millimeters.

What a chance for humanity to have this messenger to study. After having analyzed the tem-
perature anisotropy and the polarization in E-mode, today we are more interested in weaker
fragments of information, the B-modes. These B-modes would be the observable witnesses of
the inflationary period, and it is thus with the aim of studying in a precise way this polarization
that QUBIC was developed.

QUBIC stand for Q & U Bolometric Interferometry for Cosmology, it is a project created in
June 2008 during the meeting "Bolometric interferometry for B mode search" and lead to a
the writing of its first paper Sensitivity of a bolometric interferometer to the cosmic microwave

backgroud power spectrum [41]. The main advantage of QUBIC over other experiments is the
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combination of interferometry and bolometric detection. The first experiment to implement
this technology was the MBI instrument, that will be later merged with the BRAIN collabora-
tion to create the QUBIC project [97].

Generally a project is presented in several phases as shown in annex [7.1 QUBIC was mainly
in phase D throughout this thesis: qualification and verification.

QUBIC is an international collaboration (figure (1) with various countries, each one bringing
its stone to the building and development of the instrument in connection with their field of
expertise. Thus, the refrigerators and filters come from the UK, the cryostat and the rotating
mechanism for the half-wave plate come from Italy, the detection chain is manufactured in
France as the 1 K box and the deployment site is in Argentina for the use of the instrument.
All the subsystems have been sent to the APC in Paris in order to proceed with the integration
of the whole Technological Demonstrator (TD) which contains less detectors than the Final
Instrument (FI).

This thesis concentrates mainly on the bolometric aspect of the instrument. The interferomet-
ric aspect of QUBIC will slightly be emphasized. The interest and the novelty of QUBIC is the
combination of interferometry and bolometry. Also to have a more focused point of view on in-
terferometry, I advise the excellent thesis of Louise Mousset entitled "FExploring the primordial
Universe, inflation and primordial Gravitational Waves with QUBIC, the @) & U Bolometric
Interferometer for Cosmology”.

Throughout this thesis, I followed the evolution of the QUBIC integration which began with the
arrival of the instrument on May 31, 2018 (at this time I was in final year internship) and ended
on May 19, 2021 when the instrument was sent to Argentina. I therefore had the opportunity
to participate to the whole integration of the QUBIC subsystems. From the reception of the
parts, to the characterization and the integration, all these different aspects will be reviewed
during this thesis.

This thesis is structured around 6 different chapters. The first two chapters deal with the sci-
ence case and a description of the QUBIC instrument. Then we focus on the core of the QUBIC
instrument in the third chapter, namely the theory of bolometers, SQUIDs and the design of
the readout electronics. The integration and validation of the QUBIC subsystems that have
been done during my PhD are described in chapter 4. Different calibration campaigns have
been done at APC to test and optimize the QUBIC detection chain. The main results are
described in chapter 5. Finally chapter 6 describes the work done to send the instrument to

Argentina in the best possible condition.
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Chapter 1
A journey through the Universe

It is finally very difficult to find books relating the historical facts of cosmological research
throughout the ages of humanity. In this introduction to the thesis we will only skim over the
relevant information here and there as well as the significant events in the history of cosmology.
We will note some works that can be studied in order to deepen the subjects treated in this
first chapter. Some relevants books [50], [30] and [54] (later cited in this thesis) give a very
good historical overview but also a very good physical description of the phenomenology related
to the universe and cosmology in general. In addition to these books, I was surprised by the
presentation made in the book "L’univers a portée de main" [33] although it is above all a
book of scientific vulgarization, it is interesting to represent oneself as a fundamental element
of the universe and to see this one developing around us. Also it is a reading that I wished to
share although this one is not quoted in the work that follows by its simplicity and but also

the exhaustiveness that the author shows.

1.1 From nothing to the Universe: a cosmological intro-

duction

The space, frontier of infinity and possibilities. The eyes riveted on the sky, the dreaming
Man wonders if one can travel through this sphere which seems to surround the Earth. The
philosopher seeks his place in this vast Universe. The religious man looks for answers in his
faith. The scientist observes and looks for a way to push the limits. As far as testimonies allow
it, Man has always tried to understand what was above his head. Passing from religions and
beliefs to deified explanations to skepticism and observations. In many ways, the universe has
always fascinated human beings. Wondering sometimes where it comes from and sometimes
where it is going, it still remains today a subject of mystery. Although many people agree on
the official birth of cosmology with the discovery of general relativity by Einstein in 1915 and
later with the discovery of the spectral shift of galaxies by Hubble in 1929, we find traces in

most civilizations of attempts to represent the Universe.

22



1.1. FROM NOTHING TO THE UNIVERSE: A COSMOLOGICAL INTRODUCTION

1.1.1 From cosmogonies to cosmology

Each civilization having reached an evolution important enough to send us writings, has pre-
sented at one time or another traces of interest for the study of the history of the Universe.
A mixture of observation and religious beliefs will then try to elucidate the mysteries of the
universe by providing more or less rational answers. These theories were very popular at the
time and there were as many as there were beliefs. Called cosmogony from the Greek cosmo-
"world" and gon- "to generate", they will then try to give explanations borrowed from an ob-
servational mixture and deifying phantom representation, on the origin of the universe. The
scientific-religious divergence in these models is well beyond this short thesis introduction. Also

we will put forward these two terms:

e Cosmogony, representation of the Universe often based on a deification of phenomena
misunderstood at the time. Also called religious cosmology, this doctrine does not lend

itself to the possibility of an experimental refutation

e Cosmology, representation of the Universe based on hypotheses and deductions, made in

an empirical or rationalist way.

There are as many cosmogonies as there are civilizations, but it is interesting to note a cer-
tain constancy among the representations, concepts or paradoxes that they are provided with
despite the centuries that separate them. Indeed, although they are based on different deities
and different mythological stories, they have in common a chronology which lets us suppose

that this universe is not immutable.

We find then among these cosmogonies the following stages:

e Appearance of the universe

Birth of the primordial concepts such as time and space, light and matter

Birth of the basic elements water, fire, earth and air.
e Appearance of life

e Appearance of Man

Destruction of the universe with a possible renewal behind

We can see the limits of this kind of models when they are confronted with observations
that will be more and more advanced and will challenge the beliefs and concepts pre-established
and taken for granted. The dogmatism established by these cosmogonies will eventually lead
to the loss of most of these myths. They will be replaced by a new current of philosophical and
scientific thought.
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Between 600 BC and 450 BC, takes place the first scientific revolution dated by historians,
called "Ionian natural phylosophy", this period will see the advent of many scientists adopting
the thought of natural philosophy based on the observation of nature and the deduction of the
laws that govern it rather than on a dogmatic approach deified.

The first of them was Anaximander. He postulated that our universe was born from an infinite
and eternal space, an infinity called "apeiron" from which our world emerged through a process
of separation. Although today this visoon is accepted and taught very young, for the time we
witness a real revolution. Anaximander is the first who in his vision of the universe does not

mix mythology and cosmology, he is finally the starting point of a new era for cosmology.

Most historians have admitted that the first written and documented trace of scientific cos-
mology, based on observations and rationalism rather than on beliefs, is attributed to Plato’s
Timaeus. In his work Plato reviews the entirety of the sciences and techniques of the time.
However he will remain anchored in his convictions by using several times the myth as a heuris-
tic explanation of some phenomena. However the interest of this work does not lie so much in
its contents as in its presentation. Plato presents a new approach to the philosophy of science,
he describes precisely what will later be called the experimental approach. The latter consists
in setting up a list of postulates called axioms, then checking with the help of rules of inference
based on logic if there is a concordance between the propositions and the observations.
During this period many Greek thinkers will focus on this new philosophy based on the obser-

vations of nature. They try to build models in agreement with their observations.

Eudoxus, one of Plato’s students, was the first to develop a representation of the Universe
as a concentric circle with the Earth at its center. Although few personal writings remain,
other philosophers will later evoke his work as a premise for their reflections. It seemed natural
to mention Eudoxus as a premise for Aristotle’s work.

Later, Aristotle, the rebellious empirical student, improved the representation by giving a
physical meaning to this model in accordance with the observations of the time. His model
is divided into two distinct parts, the sublunar world, comprising the Earth and the air, and
the superlunar world, comprising all the celestial bodies. It is interesting to note that in his
representation, Aristotle leaves no room for the void, bathing the celestial bodies in an infinite
ether. At the height of the Greek philosophers’ era, the representation that will be widely used
later is the one given by Ptolemy in the 2nd century. He kept Aristotle’s geocentric aspect
and his representation in a circle, but improved the latter in order to better reproduce the
observations made, always in the vein of the natural philosophy current. Thus he gave a mobile

sphere for each star observed from the Earth and a fixed sphere on which the stars are immobile
and eternal (figure
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Figure 1.1: Ptolemaic representation of the Universe.

1.1.2 Cosmology during the Middle Ages

The early Middle Ages (between 400 and 800) witnessed the inexorable decline of all sciences
including astronomy and cosmology. The influence of the Church imposing Christian dogmatism
and not tolerating any deviation from the Bible.

Due to the expansion of the Holy Roman Empire and the difference in language, the Hellenistic
advance came to a halt for a very long period. These discoveries remained unknown to the
scholars of the Middle Ages until the works written in Greek were translated into Arabic and
then retranslated into Latin. The translation of the writings of natural philosophy in 1150
revived the interest in cosmology. Although it was still divided by the church, it nevertheless
managed to find a place among the scholars of the time. Moreover, the stable representation of
the world by Aristotle and Ptolemy corresponded to a stable world and was reinforced by the

view given by Christianity.

Guillaume Stankowiak PhD thesis 25/



1.1. FROM NOTHING TO THE UNIVERSE: A COSMOLOGICAL INTRODUCTION

The most notable fact of this era is that the notion of time was brought back to the forefront,
as it was largely absent during the Greek period. However, it will still be challenged with the
rise of creationism. Numerous controversies will then arise up to the highest decision-making
sphere, and it is in 1270 that radical actions will be taken against cosmology. Etienne Tempier,
then Bishop of Paris issued a list of 13 propositions (mainly cosmological) considered false and

heresy.

1.1.3 The Copernician revolution

Nicaulos Copernicus known for his famous representation in the 16th century placing the sun at
the center of the universe called heliocentrism. The main controversy of his representation lies
in the fact of removing the Earth from its central position. The Catholic Church still having a
strong influence in what is today Poland, his work De revolutionibus was not published until
the year of his death in 1543. He even addressed his preface to the pope Paul III in order to
argue on the agreement that he could find between religion and his discoveries: "by shamelessly
distorting the meaning of some passage in Holy Writ to suit their purpose" considering then
that only the ignorant of mathematics would find that heretical. I think it is quite remarkable
to insist on the fact that he managed to distort the ecclesiastical hegemony of the time while
respecting their dogmas. He played with words enough to leave his mark on history, bringing
to light for the first time a universe that was no longer geocentric but heliocentric (figure .
He arrived at this system based on Ptolemy’s models but failed to repeat the observations.
Indeed, in the center of the epicycles, the motion of the stars was not uniform. He developed
a system allowing, based on simple retrograde motion of the stars, to make it "pleasing to the

mind".

Following Copernicus’ statements, another philosopher, in the 17th century, put forward the
infinite and ever-changing nature of the universe. Although there is less observational evidence,
the Italian Giordano Bruno argued that the Sun was a star among many others, that the planet
did not have a uniform circular motion around it and that the stars were bathed in a fluid that
did not resist them and was called "ether". It is interesting to note that well ahead of his time,
Bruno made here the first description of the Cosmological Principle. Unfortunately, and still
in a climate of religious domination, Bruno was judged and burned at the stake for his heresy.
In spite of the indoctrination of religion and the laws forbidding thoughts that do not go in the
direction of the latter, it became more and more difficult to refute the observational evidence

of cosmology that eventually accumulated:

e Gallileus observed the moons of Jupiter with a telescope of his own making, which sup-
ported the heliocentric theory of the moon’s orbit around the earth, which was the only
observed satellite orbiting the Earth.

e Galileo observed variations in the size of Mercury and Venus, a phenomenon predicted

by Copernicus.
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Figure 1.2: Copernician representation of the Universe, taken from [50].

e Kepler’s laws of motion, stated in 1609 and 1616, made it possible to accurately describe
the motion of the stars. The laws of Kepler, stated in 1609 and 1616, made it possible to
describe precisely the motion of the stars. Naturally flowing from the Newtonian theory,
they provided mathematical and scientific proof that the sun was at the center of the

universe because of its mass, which was much greater than that of the other stars.

e Finally, James Bradley demonstrated the phenomenon of aberration of the stars in 1727,

explained simply by the speed of rotation of the Earth

The observational evidence multiplying and the scientists observing them with, it becomes
more and more difficult to remain stoic in front of such discoveries, religion will then lose more

and more influence and a new era of cosmology will then start.

1.1.4 The Newtonian era

Step by step and with the evolution of philosophies, technologies and mentalities, Copernicism
was transformed into Cartesianism. It is in the 17th century that the latter will manage to
supplant it completely thanks to the work of a French philosopher and mathematician, René
Descartes. He developed an ambitious theory for the time based on matter and movement in
order to explain the entirety of natural phenomena including those of paradise. It is through
this work that the mantra of the Cartesians was born: " Donnez-moi I’étendue et le mouvement,

je construirai le monde" that can be translated into : Give me matter and motion, and I will
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construct the universe.

A few decades later Sir Isaac Newton stepped into the world of physics and turned the entirety
of established beliefs upside down with an apple. He published in 1787 his masterpiece which
still today finds an echo in our physics: Philosophiae naturalis principia mathematica.

From a cosmologist point of view, the interest of this work lies mainly in the mathematical
formulation of the totality of the celestial phenomena. One finds there especially the law of
gravitation indicating that two masses m and M separated by a distance r attract each other
such that :

mM

F=ac"" (1.1)

r

with G a natural constant .

Newton began corresponding with a young theologian named Richard Bentley between 1692
and 1693. From their discussion came the idea of an infinite and homogeneous universe, we can
see it as a cloud filling the space that is the universe. He ended up lacking physical evidence
and was unable to give a convincing explanation so much so that he ended up saying that God
had placed the stars at sufficiently distant distances so that they would not collapse under the
effect of gravitation.

Of course, in a predominantly Cartesian philosophy, it did not take long for controversies to
arise. The first person to question Newton’s theory was Edmund Halley in 1720 who stated

what is known as Olbers’ paradox.

It 1s interesting here to make a small aside in order to understand the interest that para-

n

dozes represent in the world of science. From the Greek paradozos, mapdooéos: " contrary to

n "

the common opinion ", from para : " against ", and doxa : " opinion " the paradoxr comes
directly against saying a theory applied. In history there are many paradozes that were even-
tually solved and thus advanced the understanding of the underlying problem. In many ways
paradoxes are seen as unsolvable problems that seek the slightest flaw in a theory in order to
exploit its weakness. However it seems to me to be honest to put forward the progress that these

paradoxes have allowed through time.

Let’s go back to our Olbers paradox, it is stated in this paradox that if the whole space is
filled with stars in a homogeneous and infinite way then the night should be white because each
star would bring its brightness to the sky and the sum of the intensity would arrive directly to
us. This very interesting paradox will be refuted later in history. It will be especially retained
that the model of the universe presented by Isaac Newton was "unsatisfactory" (so it was
described by Einstein)
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1.1.5 Nebulae, gateway to heaven

The technological improvements allowing to push the limits of the observations always a little
further, these last ones are going to slide slowly beyond our solar system. History then enters
a new cosmological revolution. Indeed, for the first time in history, mankind observed celestial
objects outside of its solar system.

However, the representation of the system at that time suggested that beyond our solar system
lay paradise. The first person to mention these celestial objects was the British mathematician
and astronomer Thomas Wright. He published in 1750 his work entitled "An original theory"
in which he presents these objects as island universes similar to our Milky Way. Let us add
to this the work of a German philosopher: Emmanuel Kant. In his presentation of Critique of
Pure Reason, for him the Milky Way does not occupy a central place in this universe and that

it is only a system among many others.

It was also at this time that William Herschel, a famous astronomer who had never re-
ceived any training in astronomy or in any other science, undertook to make a catalog of all
the nebulae that he managed to scan by building ever larger telescopes. In accordance with
Kant’s ideas, he tried to solve all the nebulae one by one and finally discovered a new planet:
Uranus. He faced the impossibility of solving some of them, which allowed opponents to assert
that nebulae were not extra-galactic objects but simple gas clouds. However, he made a first

representation of the Milky Way as he saw it, represented on figure [1.3

This is where the story of pre-relativistic cosmology ends. I find it remarkable that some
theories that emerged centuries before the use of large instruments, even if they were absurd,
had the seeds of a true observational cosmology. And although the Church tried in vain to make
room for these heretical sciences in society, it could not curb the thirst of Man to discover how
the latter and his environment have evolved over time. Still today some of these philosophical
texts are studied and remain known as precursors of their respective times. It can also be noted
that in an era where few means of communication existed, the cosmogonies also had a common
skeleton and were therefore probably based on observational deductions made in different parts
of the world at the time.

1.2 The relativistic cosmology

Let’s go back to the XXth century, more exactly to 1915, when the first world war broke out
one year before, presenting to the world the horrors of human confrontations on a large scale, a
physicist published a work that sounded like a cosmic storm. Albert Einstein published in 1915,
his treatise on general relativity and thus opened a new era for cosmology: the era of modern
cosmology. Two years later, in 1917, he applied his equations to the universe by postulating
the Cosmological Principle while nothing presented it as realistic (no observation confirmed it).

He applied it mainly for reasons of simplicity. From then on we saw a real acceleration in the
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Figure 1.3: Representation of the Milky Way from William Herschel, taken from [50]

cosmological discoveries and the development of theories and models of our universe.

1.2.1 A closed static Universe

Albert Einstein: Father of cosmology

In 1905 in his theory, Albert Einstein, shared a particular view of our Universe. While the
world was convinced of the differentiation between space and time, still considering time as an

absolute constant, Einstein demonstrated that space and time were connected in a flat space-
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time continuum. He also gave the metric of this space-time as a four-dimensional generalization

of Fuclid’s formula
ds® = Fdt* — (da? + dy* + dz?) (1.2)

This well-known relation create a link between both of the space and time notion. And it
is here that take roots, the beginnings of modern cosmology, this innovative link between space

and time will reverse the beliefs established for centuries.

In 1917, Einstein published his article "Koslmologiche Betrachtunger zur allgeen Relativ-
itdstheorie” in which he announced his model of the universe. He presents a static universe
in which the relative distance between two points does not vary over time. This belief seems
natural for the father of cosmology, for him the universe is filled with matter without pressure
and constant density in space and time. In his model the distribution of matter is uniform,
this implies a positive radius of curvature of space. This positive radius of curvature imposes a
spherical universe, for this represented it is enough to imagine floating in space and pointing a
laser in front of us. If the universe is spherical, then we just have to wait long enough for the
laser to appear in our back.

Einstein’s cosmological model has two advantages:
1. It demonstrates the efficiency of the general relativity techniques applied to our Universe

2. It breaks the beliefs of an infinite universe by proposing a finite universe but without

limits

However, it also has a major drawback, it does not touch the notion of time. The universe as
described by Einstein is a universe composed of matter without movement.

However, this Universe is going to pose problems because according to the deductions of the fa-
ther of cosmology: general relativity is incompatible with a static universe. He will not remain
there for all that because he will introduce a cosmological constant A in the not dissimulated

goal to make his model compatible with his theory.

Willem De Sitter, another static solution

Following the example of Einstein, another scientist developed his own model of the universe
in the same year. The Dutch astronomer Willem De Sitter discovered a second solution to
Einstein’s equations.

For him, there is a system of coordinates in which all the coefficients of the metric are indepen-
dent of time with a cosmological constant (note that once again this theory is free of the notion
of time). Contrary to Einstein’s Universe, this one does not contain any matter as such. It

seems however difficult to imagine a universe without matter, but for De Siiter matter such as
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stars are considered as "proof particles" not generating gravitation. They are thus in movement

in a background metric fixed in advance

1.2.2 A dynamical model

Alexander Friedmann, the man who expand the Universe

Alexander Friedmann, a young Russian meteorological engineer, published an article in 1922
in which he presented for the first time in history a non-static model of the universe. Based on
Einstein’s equations and removing the famous A constant introduced to fit the static model, he
managed to represent the universe in expansion. Moreover he succeeds in giving an estimate of
the mass (5.10%! M, ) of the universe and its age (10° years)] Einstein did not immediately
accept Friedmann’s model, it took him several month to accept and acknowledge his mistake,
which he formulated in a letter to Georges Lemaitre as the biggest mistake of his life (reported
by George Gamow in his autobiography [35] ) . he nevertheless confessed on May 21, 1923 in
a note that he submitted to the Zeitschrift fiir Phisik saying:

"In an earlier note I criticized the above work. But as I was convinced at the instigation of Mr.
Krutkoff and thanks to a letter from Mr. Friedmann my objection was based on an error of
calculation. I consider the results of Mr. Friedmann to be correct and enlightening. They show
that the field equations for the structure of the centrally symmetric space admit, in addition to

the static solutions, dynamic solutions (i.e. varying with the time coordinate)" [54].

Georges Lemaitre: the Big Bang Man !

In 1927, the Belgian canon Georges Lemaitre published an article in which he too found a
non-static solution to Einstein’s equations. He published his article under a rather clear name
"Un univers homogéne de masse constante et de rayon croissant, rendant compte de la vitesse
radiale des nébuleuses extragalactique" [52] which can be translated as a homogeneous uni-
verse of constant mass and increasing radius, accounting for the radial velocity of extra galactic
nebulae. He was able to predict Hubble’s law before Hubble’s observations while making a
relatively good estimate of the Hubble constant 625 km.s~'. Mpc~! E]

Despite a functional dynamic model as well as realistic predictions, the work of Georges
Lemaitrre was not a great success, even today it remains in the background for the scien-
tific community so much so that the model of universe imagined by the latter is called the
Friedmann-Lemaitre Universe, often abbreviated as Friedmann Universe. It is somewhat dis-

tressing to see how history can forget certain names in favor of others with the same implication.

Let’s remember that today we define the mass of the universe equal to 6.3 x 10?2 M, and its age equal
to 13.8 x 10° years. Is it not remarkable that a young Russian engineer, in a country in civil war (October
revolution) preceded by the first world war which stopped all scientific activities, succeeded in predicting with
so much accuracy for the first time these values.

2We recall here the current value of the Hubble constant 100H km.s~'.Mpc~'. With H the expansion rate
equal to (75 km.s~1.Mpc~1). Let us also recall that although called "constant", this cosmological parameter
varies with time. It describes the expansion rate of the universe at a given time.
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In 1931 Lemaitre published his theory of the primitive atom introducing for the first time his
notion of instant zero. The same year Einstein gave up his own cosmological constant

Now that the scientific community agrees with this model it is necessary to be able to charac-
terize it. However and like most theories in science it will be subject to certain paradoxes. The
most famous is probably the paradox of the age of the Universe, which according to the theory
gave the universe an age far too low compared to the age of the Earth. Indeed according to the
theory the universe would be younger by about 1.5 billion years compared to the Earth. We
understand very quickly then that such a value is aberrant. However, in order to answer this
paradox, Lemaitre proposed in 1934 a model of "hesitating universe" [53] in which he ques-
tioned the cosmological constant, modifying it by putting forward a possible link between the
energy density of life and the cosmological constant. Finally it will be by new measurements
of the cosmological constant in 1954 and 1958 that the paradox will be resolved.

Thanks to all this work on the universe, the idea of an expanding universe in which the space-
time curvature and the density of matter are linked by the equations of general relativity was
born. However, this model has no name at that time, by an irony of fate, the term Big Bang
will be introduced by one of its greatest detractor, Fred Hoyle who presented one day of 1950

Lemaitre to his colleagues using the following words: "This is the Big Bang man !" .

1.3 The Big Bang model

The improvement of technologies and the acquisition of a multitude of data allowed the rise of
a standard model of cosmology. Moreover, many independent observations converge towards
this model, which tends to reinforce it. The XXth century is a turning point for cosmology,
from the formulation of general relativity to the satellites sent to study the beginnings of the
Universe, this century is undoubtedly the peak of this field.

Our cosmological model is based on two fundamental pillars, the first is the cosmological prin-
ciple as stated by Milne in 1933 :"the universe is spatially homogeneous and isotropic on a large
scale". The second one can leave us a bit confused, it states that the Universe as we know it has
not always existed in this way. Let’s do the following thought experiment: let’s imagine that
the evolution of the Universe has been done along an axis going from zero (beginning of the
universe) to today. We place ourselves in the universe as we know it today. Let us admit that
we go back along this axis towards zero. As we get closer to the origin, the Universe shrinks
and condenses and with this condensation takes place a rise in temperature until becoming a
tiny point extremely dense and extremely hot. This last point, although widely accepted today,
was not unanimously accepted at the time, only thanks to cosmological observations, it soon
became evident that this axiom was true.

Let’s go back to the time when this axiom was questioned and very confusing for the scientific

community and let us be convinced by the observations that validated it.
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1.3.1 An expanding Universe

In a community where even the father of relativity is himself convinced of a static Universe,
the idea that the latter could be in motion and even in expansion was widely criticized and had

difficulty finding its way into scientific minds.

The first observations of an expanding universe were made by Vesto Slipher who, in 1912,
observed spiral nebulae [94]) . During his observations he tried to record the radial velocity of
nebulae in the line of sight of the telescope. He will thus decompose the different spectra coming
from celestial objects which present characteristic emission lines in the electron transition of the
atoms which compose them. Then by comparing these spectra with those obtained on Earth
for the same elements Slipher will notice a slight shift in the red of the spectra. According to
the Doppler effect, if the lines present a blue shift then the object in question is approaching
the observer, while if they present a red shift then they tend to move away from the observer.
By reproducing his observations, he noted that out of 41 nebulae observed, 36 had a redshift
and a speed of escape of 600 km/s. Obviously in the context of the time these conclusions will
not be taken seriously.

Once again in history, works transcribing the truth will be forgotten for many years, too far
ahead of their time and the mentality of scientists.

We will have to wait for the interpretations of Friedmann and Lemaitre proposing dynamic
solutions to Einstein’s equations to hear again about a probable expanding universe. It was not
until 1929 that a scientist named Edwin Hubble proposed a linear relationship between distance
and redshift of the distant galaxies using the 2.54 m diameter telescope on Mount Wilson [43].
By combining Slipher’s work with his work on Cepheids shown on figure [I.4] which are stars
whose brightness varies periodically and thus makes it possible to know their distance from the
Earth as well as that of the objects in which they are contained, he highlights the fact that the
further away a galaxy is from ours, the greater its apparent escape velocity is. This relationship

is now known as Hubble’s law and is expressed :

v = Hyr (1.3)

with v the radial velocity of the galaxies, Hy the Hubble constant and r the position of the
object relative to the observer.

Thus Edwin Hubble was the first to demonstrate that the Universe is expanding and that the
galaxies have their own motion. In other words, the Universe is evolving and non-static.
These observations will lead to a modification of the equations of general relativity, we add to
these equations a scale factor a acting on the dimensions and consequently on the associated
volumes. The scale factor is used as a witness to the expansion of the Universe in order to
compare the physical separations between two objects, thinking back to the thought experi-

ment previously performed we can assimilate the scale factor to the axis on which our universe
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Figure 1.4: "Velocity-Distance Relation among Extra-Galactic Nebulae. Radial velocities, cor-
rected for solar motion, are plotted against distances estimated from involved stars and mean
luminosities of nebulae in a cluster. The black discs and full line represent the solution for
solar motion using the nebulae individually; the circles and broken line represent the solution
combining the nebulae into groups; the cross represents the mean velocity corresponding to the
mean distance of 22 nebulae whose distances could not be estimated individually". Taken from
[43].

evolves.
Moreover, taking into account the cosmological principle, we can deduce that the observations
of galaxies escape observed by terrestrial observers apply to any observer whatever his place in

space. Thus the scale factor is the same in all space and depends only on time.

These observations were immediately supported by the scientific community which rediscov-
ered Lemaitre’s work and completed it, in particular thanks to the involvement of Howard Percy
Robertson and Arthur Geoffrey Walker in 1935 [1011, 84]. By applying these changes to the gen-
eral relativity equation [I.2] one comes to create the Friedmann-Lemaintre-Robertson-Walker

metric:

dr?

1 — kr?

ds* = 2dt? — a®(t) ( +72(d6* + sm29d¢2) (1.4)

In this space, the notion of event gathers the position of the object in a spherical space of
coordinates r 6 ¢ by adding the time t. the factor x takes into account the curvature of the
universe, a summarize of the different curvature possible is hown on figure (Even if the
figure is in french I found it very interesting in his way of presentation of the curvature). This
figure show that the solution for a positive curvature is a spherical space, for a null curvature

it’s an euclidian space and for negative curvature it’s a hyperbolic space.
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Figure 1.5: Different solution for the curvature of the Friedmann-Lemaitre Universe. Taken
from the master course of introduction to cosmology of V.Cayatte (Paris Observatory).
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1.3.2 Primordial nucleosynthesis

We have just seen that the Universe is expanding, which suggests that in the past, celestial
objects were closer together. However, this hypothesis is only valid if the universe has not
known any other phase than expansion. We can imagine a universe which first followed a phase
of contraction and then a phase of expansion and in which the objects would be a priori immo-
bile, or at least and always were distant from each other. If this assumption turned out to be
true, we could not explain the abundance of light elements that surrounds us. In the Big Bang
theory, the primordial nucleosynthesis takes place in the hot and dense early universe. In the
thirties; it is by relying on special relativity as well as the recent discovery in mechanics that
Hans Bethe brought to light the phenomenon of nuclear fusion within the stars [I7]. However
it will be in 1942 that the expression primordial nucleosynthesis will be used by Gamow. Who
will publish with Alpher in 1948 an article with the evocative name "The Origin of Chemical
Elements" [7].

The primordial nucleosynthesis allows to determine the abundance of the primordial light ele-
ments (D,3He,4He and 7Li). The predicted values for these atoms, are in agreement with the
various observations made at the time. The model of nucleosynthesis as presented is therefore
a validation of the Big Bang theory.

A subtlety in the estimation of the density of baryons will highlight a lack in the density of mat-
ter, so two experiments ([66],[5]) have obtained similar results for the abundance of Deuterium
(=~ 0.02205 + /- 00028). This value is significantly lower than the estimates of the total density
of matter 2, (that came from the firsy equation of Friedmann), this implies the existence of

an unknown non-baryonic matter.

This concept of extremely dense and hot space accounts for the abundance of light elements
without contradicting the possibility of synthesis of heavier elements via the stars. This theory
combined with the expansion of the Universe gives more and more credit to the Big Bang

theory.

1.3.3 The fossil radiation

The team of Alpher, Herman and Gamow continued their work and predicted that such a state
of the universe would produce an opaque plasma behaving like a black body [8, 34]. Because of
the expansion of the Universe this plasma would have cooled until the electrons could assemble
to the nuclei to form atoms and thus let pass the photons. This period is called recombination
of the nuclei and is explained in the figure [1.6

The team will eventually determine that the radiation from a black body whose emission
would correspond to this fossil radiation should reach a temperature of 5 K today due to
expansion. Because of the finite value of the universe, a well known adage "to see far is to see
in the past", in other words this radiation being the oldest of the Universe, it must bathe all

the Universe and be found behind each celestial body present in the night sky.
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Figure 1.6: The recombination era is a period where electron, proton and neutron start to
form atom. With this formation and the cooling down of the Universe, photons are able to go
through the plasma and can still be observed today. Taken from [4].

The first direct detection of this fossil radiation was made in 1965 by the two radio astronomers
Arno Penzias and Robert Wilson. They first reported a noise excess of 3.5 K +/- 1 K when
calibrating their instrument at 7.5 cm. This noise will then be very quickly interpreted as
the first direct detection of fossil radiation by the team composed of Dicke, Peebles, Roll and
Wilkinson.

We will not go further on this point as the next section is entirely dedicated to the fossil

radiation.

1.4 The Cosmic Microwave Background (CMB), witness
of the beginning

The cosmic microwave background is a primordial element of cosmology. As the only witness of
the primordial Universe, the angular power spectra of temperature and polarization anisotropies
obtained from the cosmic microwave background radiation maps allow us to understand the
physics of the photons on the last scattering surface and the physics of the primordial universe.
Another major asset is the confirmation of the Big Bang model (in addition to the expansion
and the abundance of light elements) and allows to contribute to the elaboration of the standard

model of cosmology ACDM.
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In this section we will see in more detail the central object of the study of this thesis: the

cosmic microwave background

1.4.1 A short story of the Universe

Many areas remain unclear when it comes to the creation and evolution of the Universe, which
does not fail to interest many theorists. However we can still write a brief history tracing the
evolution of the Universe. Let’s go back to our thought experiment and go back in time to

the moment when everything started and in order to have a visual support we can refer to the

figure [I.16]

Imagine, you are floating in the void, in total darkness, a luminous point attracts your at-
tention, this point is the "instant" zero, the one that cosmologists can only imagine. From this
instant zero, begins what is called the Planck era. In this era, the four fundamental interac-
tions (electromagnetism, weak interaction, strong interaction and gravitation) are speculatively
unified and the laws of physics as you know them do not exist. The conditions of density and
temperature are extreme and to apprehend the various interactions that could occur in this
primordial object, it would be necessary to have a theory linking gravitation and quantum
physics (this subject always divides the scientific community since none can validate a theory).
The privileged theory considers that as the Universe expanded, the various forces decoupled.
First the gravitation then the strong and weak interaction and it is at this moment when the
strong interaction decoupled from the weak interaction that the inflationary period would have
started.

Let’s go back to floating in the void this little point of light, in the blink of an eye, this point
that you see in the distance is now all around you without you having the possibility to see the
end. It is the inflationary period, this (theoretical) period is often modeled by a scalar field
of quantum origin and named "inflaton". This field would have evolved in two phases, the
first extremely violent and short in which the dimensions of the Universe would have stretched
in a disproportionately exponential way. And the second in which its expansion would have
continued but in a much slower way. According to this theory, the inflation would have ended
when the inflaton would have disintegrated thus releasing energy allowing to create the first
relativistic particles

Now you are bathed in this dense and hot universe, as time passes, and therefore as the uni-
verse grows, you feel the pressure and temperature of the environment decreasing. And as the
Universe expands, you witness the appearance of the first particles of the Universe. After in-
flation, the Universe continues to expand, thus ending the decoupling of the strong and weak
interactions. At the end of this inflationary period, matter appears and with it anti-matter
(protons, neutron electron, photons, neutrinos, positron and dark matter). We can ask our-
selves the question of the existence of anti-matter since this one was discovered only in very
rare cases in the large colliders. This domination of matter over antimatter would be due to a

slight asymmetry in the creation of matter/anti-matter pairs. A matter particle would be in
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excess for the creation of 10° pairs. Thus these particles having no partners of disintegration
it would be thus what composes the Universe today. After that the Universe continues to cool
down, the density decreases again to the point of making possible what is called primordial
nucleosynthesis. As we have just seen, this period creates the first elements (light atoms) of
the universe.

The universe in which you are now resembles a haze in which light comes diffusely from all
directions at once. At the end of nucleosynthesis, the universe is still very dense and hot, ex-
isting as a plasma of light element nuclei. The photons of this plasma have a very weak free
path, in fact they interact by Thompson scattering with all the free electrons on their way, so
the photons constantly change direction. This mixture of constant information carried by the
photons has made this period qualified as opaque.

Still in your mist of nuclei, you continue to feel the temperature and the pressure decrease, you
begin to see through this mist, you see then the first elements of the Universe, hydrogen and
Helium, then the luminosity decreases until you plunged completely in the black of an infinitely
large universe and which seems to you quite empty compared to its beginnings. The period of
recombination sees the temperature decreasing until 10 000 K or an energy of 13.6 €V, it is
the value of ionization of the fundamental state of the hydrogen atom. From this moment, the
electrons will come to fix themselves to the free protons creating by the same way the first hy-
drogen atoms.The photons will start to propagate freely without encountering any obstacle on
their way (we speak then of decoupling radiation/matter) and will carry essential information
on the beginnings of the Universe

It is these photons that we detect today under the name of cosmic microwave background, ap-
pearing at a temperature of 3 K, indeed the more the epoch of observation of the CMB moves
away from the origin the more it would appear cooled to observers. Of course the history of the
Universe does not stop there, it continues to cool down and gravitation becomes the dominant
force. It accentuates the potential wells in which matter accumulates and collapses, making the

regions more and more dense. These are the beginnings of the great structures of the universe.

1.4.2 A cosmic breakthrough

As we have seen previously, following the observations of Hubble and the analyses of Alpher,
Herman and Gamow the prediction is made of an expanding Universe from a hot and dense pri-
mordial plasma. This plasma composed of photons of protons and neutrons must be in thermal
equilibrium, moreover they are in perpetual collisions what generates nuclear reactions creating
also increasingly heavy nuclei. This phenomenon is described by the primordial nucleosynthe-
sis. It is in 1948 that Gamow and Alpher write a paper to describe the nuclear reactions within
this primordial plama. For the annecdote proposed to the astronomer Hans Bethe to co-sign
this article has purely ironic ends because thus the signatories were Alpher Bethe and Gamow
and gave the afvy paper [7] in connection with the type of radiation emitted. According to their
model they predict that this plasma emits a ray similar to that of a black body and which, as a

result of the expansion phase of the universe, would be emitted today at a temperature of 5K.
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Moreover the universe has a finite density p which can be defined as the sum of the density of
matter p,, and the density of radiation p,. We can thus emit two relations linking the density

to the scale factor:

e In the case where the universe is dominated by matter

pma® o< constant (1.5)

e In the case where the universe is dominated by radiation
pra* o< constant (1.6)

Of the two previous equations we obtain the following relation:

3/4

Pmp. " o< constant (1.7)

In 1964 Arno Penzias and Robert Wilson, are entrusted with a radio antenna to highlight
the existence of a gas halo in the Milky Way. This antenna, particularly sensitive to radio
waves, is initially used to measure the noise levels which could contaminate the communication
with the ECHO satellite and to collect the signals from this satellite. It is a receiver calibrated
at the wavelength of 7.35 cm. They will use a cold source to calibrate the antenna, during this
calibration, they make the astonishing discovery of a background noise present independently
of the direction of the antenna. This noise in which the antenna seems to be embedded has a
frequency of 4080 MHz and is at a temperature of 3.5 K + /- 1 K. Moreover this signal is per-
fectly isotropic, which excludes most of the known external noise (emission from the sky, from
the atmosphere or from any astrophysical object). They then show their result to a Bernard
Burke, a fellow astronomer, who submits the idea that a "noise" of this nature can come from
a major cosmological event. He put them in touch with the astrophysicists Robert Dicke and
James Peebles.

Together they did not take long to confirm Burke’s idea and ended up highlighting that this
noise is none other than the raynonment of the cosmic microwave background through two
articles [28], [69]. This was worth the Nobel Prize in 1978 to the two radio astronomers Penzias
and Wilson.

It is quite remarkable that for the first time in history, a detected noise comes neither from the

instrument, nor from any external source other than the oldest free photons.

Subsequently, several experiments on the ground or in balloons will be developed and will
confirm and refine the results of Penzias and Wilson. They confirmed that the radiation was
close to that of a black body at 2.7 K. However, in order to confirm the prediction of the black
body of this spectrum, it is necessary to have the ability to measure the complete spectrum
and thus its maximum emission at the wavelength of 1.7 mm. At this level of detection of the
spectrum it is a technological challenge because the instruments used are coherent detectors

whose noise increases with the frequency and at this wavelength the atmospheric contamination
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Figure 1.7: CMB intensity spectrum, measured by the FIRAS instrument of the COBE satellite.
The spectrum shows a peak of intensity around 150 GHz or 2 mm.

is non-negligible.The standard model predicts that for a black body at a temperature of 3 K,
should present an intensity maximum in the Rayleigh Jeans part of the Planck spectrum. In
1979 the experiment conducted by Woody and Richards that the cosmic microwave background
presents a maximum at the frequency 3.10'! Hz, which follows well the prediction of the stan-
dard model .

It will be necessary to wait until 1994 and the FIRAS instrument integrated in the COBE
satellite to obtain the spectrum of this radiation show on figure [59].

What is remarkable is that the CMB spectrum does not only follow the black body law,
in fact it is the most perfect representation of a black body at 2.725 K with its maximum at
150 GHz. The model predicts an emission temperature of 3000 K in the visible. Knowing its
emission temperature and its temperature today we can deduce that it was emitted about 380
000 after the Big Bang.

On May 14, 2009, the Planck satellite was launched, with the HFI instrument on board. It
observes two types of radiation that constitute the main sources of information on the struc-
ture of the Universe at its beginnings: the cosmological background in the microwave spectral
range, which reflects the structure of the primordial Universe, and the infrared background,
which provides information on the formation of the oldest large-scale structures of the Universe
(galaxies and clusters of galaxies) The HFI instrument is specialized for the observation of the

Cosmic Microwave Background (CMB). The complete details of this instrument are given in
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Figure 1.8: Last map from the 2018 data results of the Planck satellite, the color difference on
the map represents the temperature anisotropies (cold region in blue and warm region in red).
We will later discuss about the anisotropie of temperature [75].

[74] . Planck still gives today the most complete map of the CMB shown in figure

1.4.3 Anisotropy of temperature

Another prediction of the Big-Bang model and of the structure formation models are the tem-
perature anisotropy of the cosmic background radiation, interpreted as the traces of density
fluctuations on the surface of the last emission. These anisotropies are the validation of the
structure formation models by gravitational instability, i.e. there must exist seeds of the first
structures before the matter-radiation decoupling, in order to obtain the large structures of the
present Universe.

These anisotropies can be used in two different ways. First and most obviously, we can recreate
the map of this distribution as shown in the figure [1.8 We can also represent them in the form
of a power spectrum (ﬁgure, in fact if this phenomenon results as we think from a random
process then the received signal is Gaussian which means that it is completely described by
its power spectrum without loss of information. The adjustment of the curve obtained by the
measurements is done using models including 6 parameters for the simplest. These cosmological
parameters allow us, once constrained by the data, to deduce all the properties of the Universe

today and in the past, such as its geometry or its composition.

primary anisotropies

The shape of the angular power spectrum shown in the figure is mainly due to the interaction

present in the primordial plasma, to the geometry of our universe and to the nature of the
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primordial density fluctuations. We propose here a qualitative approach by listing the phe-
nomenology of the various participants and a brief description and some observations that have

been done on it.

>> Baryon acoustic oscillations (BAO)

These BAO represent the fluctuations in the density of the visible baryonic matter, created
by acoustic density waves in the primordial plasma of the early universe. If we place
ourselves in the Fourrier space we can notice that the spatial modes of the same size
start to oscillate simultaneously. Thus, during the recombination of the nuclei, the phase
of oscillation reached is proportional to its wavelength. We therefore expect to observe
oscillations in the power spectra of the anisortropies.

In 2005, the SDSS collaboration [32] discovered the footprint of BAOs in the primordial
plasma shown on figure [1.9| . Indeed, these can be found in the surveys of large-scale

structures (we are talking about distances of about 100 to 150 Mpc/h).
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Figure 1.9: The peak observed in the correlation function represents the first observationnal
detection of the BAO footprint. Taken from [32].

>> Sachs-Wolfe effect
The Sachs-Wolfe effect was formulated in 1967 by Rainer K. Sachs and Arthur M. Wolfe
[86] describes how the CMB temperatures are affected by the baryon density flucutations,

we can then express this relation by :

AT B Ap

T ; (1.8)
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Figure 1.10: Contributions to the power spectrum of the Sachs-Wolfe effect (purple curve) and
the Doppler effect (light blue curve). The sum of the two contributions is represented before
(red curve) and after (dark blue curve) taking into account the Silk damping is taken into
account. Taken from [103].

In other words, the temperature variations of the CMB are relative to an average with
hotter or cooler areas compared to this average. Physically, at the level of the CMB, the

cold zones correspond to an over-density of matter in the primordial plasma.

> Doppler effect
In the same way as for celestial objects, the speed of the elements induces a Doppler

effect. The scattering electrons each have their own speed. We have two possible cases:

1. if the density of the plasma is minimal, then the induced Doppler effect is maximal

2. if the density of the plasma is maximal then the induced Doppler effect is minimal

> Silk’s damping
Named after Joseph silk who predicted this damping [93], it represents the deletion of the
scales lower than the mean free path of photons during the recombination of the power

spectrum

All of this effect are summarized on the figure [[.10] These primary anisotropies represent
the interactions that photons had in the primordial plasma up to the surface of the last pho-
ton scattering. In addition, some photons interact downstream of this surface, which creates

secondary variations.
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Secondary anisotropies

These interactions taking place after the last scattering surface, the resulting effects are lighter
and are called secondary anisotropy. In the same way as before we will present a list of the
different effects.

>> Integrated Sachs-Wolfe effect
A photon coming from the CMB and submitted to an extremely strong gravity of a

structure in accelerated expansion will see its energy dissipated. This slight variation is
called Integrated Sachs-Wolfe effect (ISW) and is represented on the figure m
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Figure 1.11: Statistical detection of the integrated Stachs-Wolfe effect (40). On the left: stack-
ing of 50 CMB super-vacuum regions, on the center: stacking of 50 CMB super-cluster regions,
on the right: the combination of both. Taken from [37].

>> Gravitational lensing
Gravitational lensing is an effect that bends the trajectory of photons. This effect is in-
duced by gravitational potential wells created by heavy structures of the universe (galax-
ies, clusters ...). Of course this change of trajectory affects all photons including those not
coming from the CMB. So we can find examples in the visible spectrum of gravitational
lensing (figure (photons coming from objects behind the well changing trajectory
t00)

>> The Sunyaev-Zel’dovich effect
This effect is due to the interaction by reverse Compton effect of some CMB photons with
the free electrons present in the hot gases of the galaxy clusters. This creates a spectral
distortion very characteristic of the CMB which has notably allowed the Planck satellite
to detect the clusters of distant galaxies [6].

1.4.4 Polarisation of the CMB

For the moment, we have concentrated on the intensity fluctuations of the radiation, the tem-

perature anisotropies without taking into account any possible polarization. 380 000 years after
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Figure 1.12: This is an example of the gravitational lensing effect in the visible spectrum.
The arc of circle that we see in the center is in fact a celestial object whose emitted light was
deviated from its trajectory by the gravitational potential well of the object in the foreground.
Here it is GAL-CLUS-022058s, located in the southern hemisphere constellation of Fornax (The
Furnace). Credit to NASA/ESA - Hubble Space Telescope
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Figure 1.13: Angular power spectrum of the anisotropie of temperature of the CMB.Credit to
ESA and the Planck Collaboration [1J.
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the Big Bang, during its emission the CMB was partially polarized leading to the creation of
two modes: the E-modes and the B-mode{’] The technological challenge is so great that it
is difficult to detect this signal. The polarization B-modes are =~ 500 times weaker than the
temperature anisotropies. To succeed in measuring the polarization B-modes would allow us
to have access to the database of the inflationary period thanks to the ratio of the amplitude
r of the two spectra which would characterize the shape of the potential at the time of the

generation of the primordial perturbations [40].

Stokes parameters

In general, a polarized radiation field can be described by the set of Stokes parameters. The

latter are defined as follows:

I =FE%+E} (1.9)
Q=FE% - E; (1.10)
U=E?-FE} (1.11)

There are three possible cases

e [f the radiation is non-polarized, then only the parameter I is non-null. It can be measured

experimentally directly with a bolometer or indirectly with a radiometer.

e In the case of linear polarization, the parameters Q and U define it. Q is easily measured
by differentiating two polarized detectors and the U parameter is measured in the same
way but by changing the polarizer angle by 45°. As the equations show, the parameters

Q and U depend on the observer’s reference frame.

e There is a fourth Stokes parameter V related to the circular polarization. However, it is
not taken into account in the case of the CMB since it is not expected to be circularly

polarized.

Now that we have seen the parameters governing the polarization of the CMB, we will see

in a qualitative way the creation of the polarization

Generation of polarization by perturbations

In the case of the CMB it is the phenomenon of Thomson scattering taking place on the photons
of the last scattering surface that will generate a polarization. Let’s see the different cases that

are shown on figure in more detail.

1. In this first case, the photon (O,z) arrives on the electron located at the origin. The

projection of the electromagnetic field of the photon on the axes x and y (orthogonal

3It is important to note that these names have been given in reference to the electric and magnetic fields (E
and B), but they do not correspond to either of these two fields nor to their components.
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to the axis of propagation) are equal: £, = E,. When the photon meets the electron,
the latter has statistically as much chance to be transmitted along x or y however the
projection of the components of the electromagnetic field of the reflected photon are

different on the axes (x,y): £}, # E;. There is thus a linear polarization after scattering .

2. As we have seen previously, the reality is that we are swimming in the middle of a flow
of photons. In this second case we take into account two non-polarized photons carrying
the same information on an electron. By using the reasoning in an analogous way, the
scattered photon 1 does not carry its component along (O,x) and the photon 2 along
(0,z). The observer, placed along (O,y) sees a radiation whose field projections are the

same in the two perpendicular directions. There is therefore no polarization.

3. In the last case the photons carry different information, and thus their perpendicular field
projections will be different for an observer placed along the axis (0,y) and there is thus

a linear polarization.

The conditions necessary for the creation of Thomson scattering and therefore of linear
polarization are only met at the end of the recombination period, so it is necessary that the
temperature fluctuations exist and that the oscillations have begun. For this reason, only 10%
of the CMB radiation is polarized.

E-mode and B-mode

in 1997, two researchers M.Zaldarriaga and U.Seljak developed a decompositions of the CMB
polarization field [104]. The E-modes arise naturally from Thomson scattering in a heteroge-
neous plasma and has a vanishing curl and the B-modes are not produced by standard scalar
type perturbations. Instead they can be created by from gravitational waves arising from cos-
mic inflation.

Consider the temperature anisotropy map (figure , an overdensity corresponds to a cold
point on this map. In the reference frame of an electron falling in the gravitational potential
well, it will undergo a quadrupole anisotropy coming from the axes (O,x) and (O,z) creating
a linear polarization with a more important radial component. Conversely, the generation of
a polarization in the vicinity of a subdensity (a hot spot) by a principle analogous to this
one will create a polarization resulting from the quadrupole anisotropy with a more important
component in tangential direction.

these cases represents the two shape of an E mode of polarization and are summarized in figure
[I.15] For B-modes, a tensor perturbation is required. The gravitational waves generated during
the inflationary period perturb the space-time metric perpendicular to the propagation. These
waves have the effect of propagating a shear effect which distorts the isocontours in the vicinity
of the overdensity and underdensity. Analogously to the scalar perturbation, the tensor per-
turbations produce quadrupoles which also allow the emission of polarized radiation through
Thomson scattering. These tensorial perturbations break the imposed central symmetry and

can produce as much polarization in B-mode as in E-mode.
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Figure 1.14: Results of Thomson scattering on the radiation polarization. Top: linear polar-
ization of a photon after Thomson scattering on an electron. Middle: No polarization after
Thomson scattering of two identical photons. Bottom: Linear polarization after Thomson scat-
tering of two photons carrying different information. Taken from [72].

Constraint on cosmological parameters r

Today the upper limit of the value is r < 0.07 with a confidence index of 0.95% notably thanks
to the Planck data. Simple inflation models also predict r > 0.01. In case of lower r, the value
would correspond to polarization fluctuations whose intensity would be a few nanokelvins while
in comparison, the temperature anisotropies are of the order of 100 pK. Moreover, if r is high,
the so-called lensed B-modes (having undergone a gravitational lensing phenomenon) will not
affect the detectability of the primordial B-modes. This would be problematic if r < 0.01

The study of the B-mode polarization requires a very sensitive instrument with a very well
control of systematic effects in order to avoid taking a parasitic signal to be of cosmological

origin.
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Figure 1.15: The left of this diagram shows the representation of the E-mode creation by scalar
perturbations. The right shows the shear of the isocontour created by tensor perturbations,
this effect lead to the creation of B-mode polarization.
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Figure 1.16: This is a representation od the Universe history made by ESA with the Planck

data.
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Chapter 2

QUBIC : a new way to explore our

Universe

The study of CMB polarization B-modes requires instruments with extreme sensitivity in ad-
dition to excellent control and characterization of systematic effects. Nowadays most of the
instruments in observations or being developed are imagers. Indeed, because of their simplicity
of implementation and operation associated with the sensitivity of bolometers and the possi-
bility of designing complete arrays of several thousand detectors, they tend to dominate this
field of research.

Conversely, interferometry detection technique, although it was the first to detect E-modes, is
not very present. It has nevertheless the advantage of an excellent control of systematic effects,
but suffers from a degradation related to the heterodyne nature of their detectors which require

an integration with a complex architecture and a readout chain with an incompressible noise.

We can see on the table a non-comprehensive list of experiments linked for CMB obser-
vations. A large number of frequencies have been scanned by these instruments, with different
types of detectors. They gave us many information about the CMB such as temperature and
polarization anisotropies.

It is in this context that in 2001, the idea of bolometric interferometry emerged. It was
proposed by Peter Timbie (University of Wisconsin) and Lucio Piccirillo (University of Manch-
ester). This idea allows to combine the high sensitivity of bolometers with the control of
systematics effects linked to interferometry. This gave birth to the BRAIN [76] and MBI [44]
experiments which in 2008 joined their efforts to create the QUBIC project (and collaboration)

gathering several countries such as France, Italy, Argentina, USA, UK and Ireland.

2.1 Novelty of experiment

QUBIC combines the advantages of bolometry and those from interferometry. In this section
we will develop in more detail these two techniques and see which are the benefits of a such

combination.
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2.1. NOVELTY OF EXPERIMENT

’ Experiment ‘ Type/Site ‘ Date ‘ Detector type ‘ Detection type ‘ Frequency (GHz) ‘

ACMEJgg] Ground - | 1988-1996 | HEMT imaging 26-35 33-45
South Pole

ACT[92] Ground - 2008- Bolometer imaging 148, 218, 277
Chile

BICEP 2[18] Ground - | 2009-1012 | Bolometer imaging 150
South Pole

CBI|31] Ground - | 2000-2008 | HEMT imaging 26-36
Chile

COBE[102] Space - | 1989-1990 | Bolometer imaging 63-3000 200
Earth or-
bit

DASI[39] Ground - | 1999-2003 | HEMT interferometry 26-36
South Pole

Keck Array[82] Ground - 2010- Bolometer imaging 95, 150, 220
South Pole

PLANCK|5]1] Space - La- | 2009-2013 | HEMT Bolome- imaging 30-857
grange 2 ter

POLARBEARJ68| | Ground - 2012- Antenna- imaging 150
Chile coupled TES

WMAP|I5] Space - La- | 2001-2010 | HEMT imaging 23-94
grange 2

Table 2.1: State-of-the-art of CMB experiment.

2.1.1 Interferometry

It was in 1801 that the Englishman Thomas Young brought to light for the first time interference
fringes, and this by means of an observation of a light source through a screen pierced with
2 holes. He then highlighted the wave nature of light for the first time in history. In this
experiment, two secondary point sources of light from a single source emit two cones of light.
There is an interference between these two cones that we observe on a screen (figure [2.1]).

A little over a century later, in 1936, Hippolyte Fizeau was the first to use the concept of
interferometry applied to astronomy, thanks to the effect of contrast improvement. Then in
the 1950s, there was a boom in interferometry in the radio field, notably through military
research on radars. Since then, interferometers have constituted a major asset in astronomy to
improve angular resolution. Interferometers were also used in the study of the cosmic microwave
background. In 2002, the DASI heterodyne interferometer detected for the first time the E
modes polarization of the CMB [49].

The complexity of heterodyne interferometry make it very difficult to increase the sensitivity.
Additive interferometry uses a beam combiner which allow a large bandwidth and a large

number of receivers in addition to being able to use bolometric type detectors. Each bolometer
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Figure 2.1: Young’s double slit experiment.

then measures the following power:
C ={(|Ei + B*) = (|E\[*) + {|E2|*) + 2Re (ELE3) (2.1)

Where E; and FE, are the electric fields from two positions in the entrance pupil of the in-
strument [T19]. The first two terms represent the powers of the two paths and the third is the

interference term of the system.

A very important aspect of interferometry is the controls of instrumental systematic effects
since the optical architecture is quite simple. The characterization of systematic effects could
be done by blocking or letting the signal pass between different apertures. The instrument will

then have access to a classical technique in interferometry called self-calibration [19].

2.1.2 Bolometry

In the ever more precise comprehension of our universe, it is necessary to have more and
more sensitive devices. In this perspective, bolometers cooled to very low temperatures (T <
300 mK) are detectors allowing to obtain an unprecedented sensitivity. Bolometers are devices
that transform a particle flux into heat and then into an electrical signal through at thermometer
that can be readout with a suitable electronic chain.

On board of the Planck satellite, HFI bolometers cooled to 100 mK were limited by the photon
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flux of the CMB incoming photons in the 100 GHz channel. For sensitivity reasons, these
detectors must be cooled to cryogenic temperatures but room temperature bolometers are being
used for infrared imaging in night vision cameras. Cryogenic temperatures are also needed for
superconducting bolometers (called Transition Edge Sensors, TESs) that needs to be cooled
below the critical temperatures of the material used as a thermometer. This notion will be

developed later in the second part of this manuscript.

2.1.3 An interesting combination

Combining interferometry and bolometry shoudl therefore allow us to obtain the following

advantages:

e High sensitivity of bolometers.

e Instrumental systematics control of interferometer with self-calibration.

In addition of these two points, QUBIC is able to do spectro-imaging from interference pat-
tern dependence with frequency and add a spectral information [64]. By this QUBIC is an
innovative experiment in the field of CMB polarization observation and will lead to constrain
the cosmological parameter r and to look for the existence of the B modes of the CMB. This
is indeed the first experiment combining bolometry and interferometry and great hopes are

founded on the success of this experience.

2.2 Principle of operation of QUBIC

The principle of detection is shown in the figure 2.2] The light emitted by the CMB arrives
on a polyethylene window which is transparent for the millimeter wavelength. It contains a
combination of the two polarization modes as we can see in the figure by the Stokes param-
eters. The signal go through a rotating Half-Wave-Plate which is a specific device that allows
us to modulate the polarization angle on the sky. It is followed by a polarizing grid which will
only transmit one polarization. This part of the instrument will ensure the polarization purity
before passing to the interferometry section. As B-modes and E-modes are mixed together, it
represents a very important step but nevertheless very delicate given the weak signals.
Then the additive interferometry technique is used in order to focus on a detector all beams
coming from different apertures. In QUBIC, these apertures are made with a 400 back-to-back
horns array that define, from the top side, the field of view of the instrument. On the the
bottom side of this system, it emits the received signal toward the detector array through a
beam combiner made of two mirrors. This combiner is a classical telescope, the horn array
being placed at the entrance pupil. From here the optical image that we obtain will present
interference fringes as shown in figure and will be formed on two distinct focal planes, one
at 150G Hz and the other at 220 GHz. These focal planes are formed by 1024 bolometers each.
The detected signal is then a linear combination of the power received by all horns and

interference terms proportional to the Fourier modes selected by the horn arrays. We can ap-
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Figure 2.2: Schematic view of the QUBIC instrument, drawing by Mikhail Stolpovskiy.

proximate QUBIC as an imager with a pupil sampled by N=400 gaussian apertures instead of
being fully illuminated. Every pair of apertures creates a baseline for the interferometer. We
have a total of N(N — 1)/2 baselines included in the final synthetic image on the bolometer
array.

Because of the sampled pupil, the PSF (which is the Fourier transform of the entrance pupil)
is made of a primary gaussian lobe as an envelop for oscillations that correspond to the Fourier

modes selected by the horn array (one baseline is one spatial oscillation).

This complex architecture is completed with a RF switch system in between the back-to-
back horns that allows to block or not the signal from each aperture independently of each
other. This allow to use a specific interferometry technique that is called self-calibration. By
observing the signal of one single baseline from an artificial source, we are able to compare it

to other couples of apertures that correspond to the same baseline (figure [2.3). In an ideal
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Figure 2.3: REpresentation of baselines. Left: two equivalent baselines. Right: two non
equivalent baselines. Credit to [20].

Figure 2.4: Simulated beams for an additive interferometer (from left to right : 1 hole, 2 holes
and 4 holes open) [19].

case, we should have the same image on the focal plane. As we are not in an ideal instrument,
it generates systematic effects. The differences between images from identical baselines but
different couple of horns allow a characterization of the systematic effects of the instrument.
It will take into account effects such as cross-polarization, fabrication defaults, polarization
angle, shifts in horns position [19]. This technique is very crucial because a knowledge of the
instruments and its systematic effects can make a difference between a true signal and a false
positive one. But it will not increase the sensitivity level of the instrument. For this we need

to work on the read out detection chain.

2.3 QUBIC overall design

In this section we will present the design of QUBIC. We previously saw the QUBIC principle
of operation, now we will how it has been realized.

First of all, for ultimate sensitivity, the focal plane based on supeconducting bolometers needs
to be at cryogenic temperature, below 350 mK (in the next section there is a short description
of the cryogenic system). We want to cool down at a temperature below the TES critical
temperature of about 400 mK. It is impossible to reach this temperature with air at atmospheric

pressure. All atoms and molecules will indeed be stuck on solid surface due to cyocooling and
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will create ice block[] We therefore need a dedicated environment, called a cryostat, where we
can reduce the temperature more efficiently. It is made of different shields like a russian doll
and is able to support vacuum environment. For QUBIC, the cryostat was developed by the
italian team in Roma Sapienza university. It presents 2 shields (40 K and 4 K) to reduce the

power from radiation and a high-vacuum chamber at 300 K.
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FeeT] S| 40 K — Cryogenic link
j j = Optical link
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TES Mirrors ) .
R Box schematic
of QUBIC
instrument
LsouID
192]
=
[Cioterco ] o |
[s] =y
ol
| FPGA |
DAQ

Figure 2.5: QUBIC simplified block diagram.

On a second point, all materials will undergo deformations at cryogenic temperature follow-

ing the law:

er = i—f = aAT (2.2)
where e the thermal contraction, Ly the initial length of the material, AL its length variation,
«a is the coefficient of thermal expansion [K '] and AT the thermal variation [K]. This will give
us the material deformation induced by a temperature variation. If it’s negative (respectively
positive), it will be a contraction (respectively expansion). Most of the material used in QUBIC
will contract due to the cryogenic temperature.

For QUBIC, the thermal emission of horns required to put them at low temperature. So
the telescope and the optic components which follow the horn array are also cooled to low

temperatures. In this objective, filters are placed at 40 K and 4 K, the polarizer, the half wave

LCryocooling is an effect reach at very low temperature where all the gazeous form of molecules and atom are
subject to the phenomenon of condensation and transform into ice, thus reducing the pressure. This phenomenon
will be better detailed later.
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plate and the horn array are placed at 4 K. The 2 mirrors are further cooled to 1 K.
Now we can follow a photon coming from the sky creating interference by passing through the

horn array and being detected by bolometre array. Currently the instrument is in the form of a
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Figure 2.6: Ray tracing of the FI design of the instrument. The TD will follow the same ray
tracing with the following exception : no dichroic blade due to only one focal plane, and smaller
mirrors, filters and horn array. See also table [2.2]

technological demonstrator and will be update as the final instrument in the next years (figure

2.6 and table 2.2

2.4 QUBIC power background estimation

It is important to take into account that each part of the instrument will radiate at its own
temperature. This is especially the case for all optical elements in front of the detectors. This
power background could first saturate TESs: it is therefore important to estimate it to design
the detectors. But this power background also induces a photon noise. The goal of any CMB
experiment is therefore to have a sensitivity only limited by this photon noise. It is important to
estimate this power background in order to deduce the ultimate sensitivity of the experiment.
This is done by summing the power contribution from each part, assuming it emits like a
grey body, and that this power is further transmitted to detectors trough the following optical
components. Table gives the different sources of power background with their temperature,

transmission, emissivity and induced power on the detector, for the TD on site.
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Devices ‘ Technological Demonstrator ‘ Final Instrument ‘
Detection chain 400 mm diameter mirrors M1=600 mm and M2=500 mm (diameters)
Quarter of focal plane at 150GHz | 2 focal planes (150-220GHz) with a dichroic
64 back-to-back horn array 400 back-to-back horn array
Cryogenic system 2 pulse tubes cryocoolers 2 pulse tubes cryocooler
1K fridge 1K fridge
300mK fridge 300mK fridge
Electronic chain 256 TES 1024 TES for each focal plane
256 SQUID 2x1024 SQUIDs
2 ASIC 2x8 ASIC
2 FPGA 2x8 FPGA

Table 2.2: Comparison between instrument designs (TD vs FI)

| Component | Temperature [K] | Transmission | Emissivity | Power on detectors [fW] |
CMB 2.75 1 13
Atmosphere 300 1 0.047 330
Window 300 0.98 0.01 72
Filter 1 300 0.98 0.01 73
12 em - 1 edge 100 0.95 0.02 50
Filter 2 100 0.98 0.02 51
10 ¢cm - 1 edge 10 0.95 0.02 4
HWP 10 0.95 0.025 5
Polarizer 10 0.95 0.025 )
Horns 10 0.99 0.05 11
4K box 6 0.1 1100
Combiner 1.2 0.99 0.01 « 1
NDF 1.2 1 0 «1
1 K box 1.2 233
6 cm - 1 edge 0.4 0.98 0.02 « 1
Band filter 0.4 0.95 0.02 «1
Total 1930

Table 2.3: Summary of the contribution to the power background of each component of the
instrument.

A total power background of about 2 pW is obtained for each detector at the center of the
focal plane at 150 GHz. This background produces a photon NEP of 2.4 x 10~"W.Hz %5 which
is therefore the ultimate sensitivity of QUBIC. We will see later that the detectors and readout
electronics degrade a bit this sensitivity, especially for the TD.
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We can summarize the complete description of QUBIC by the following schematic, which

represents a sectional view of the instrument:

Window
Cryostat
Polarizer
Half Wave Plate
Horn Array 40K Shield
Pulse Tube Secondary mirror

4K Shield
Primary mirror

1K Box
Fridges

300mK
Detectors

Figure 2.7: Cross section of the QUBIC instrument.

Now we know better the instrument and also the scientific context of it, we will go deeper
on its own functioning by focusing on the main subject of this thesis : the detection chain and
the electronic readout system. We will see specifically two devices : transition edge sensors and
superconducting quantum interference devices.

This thesis is presented in a different way than a classical thesis. Due to the complexity of the
QUBIC instrument, it is obvious that a single person, especially a student, cannot do this work
alone. Moreover, the beginning of this thesis coincides with the arrival of QUBIC at APC. In
terms of progress, at the beginning of the thesis we can identify the project in phase D at the
end of it the project will have entered phase E Most of the work presented is the result of a

team effort. Each person bringing his knowledge during the integration phase.
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Chapter 3

The QUBIC detection chain

As we have just seen, QUBIC is dedicated to the study of CMB polarization. The signals we are
trying to detect are therefore by default extremely weak. To ensure a reliability to its results,
an instrument needs a detection and acquisition chain adapted to its target.
The detection chain of QUBIC is composed of 4 stages. Each stage is placed at a certain
temperature depending on the component that is used. The first stage is composed of bolome-
ters and is the direct interface between the signal from the sky and the data acquisition. The
second stage is the pre-amplifier stage followed by the amplifier and the multiplexing system.
Finally, the last stage is the connection between hardware and software parts of the instru-
ment. The detection chain architecture is shown in Figure [3.1] Each focal plane is composed
of four 256-pixel Transition Edge Sensor (TES) arrays assembled together to obtain 1024-pixel
detector cooled at about 320 mK by a 3He fridge. For each quarter focal plane, two blocks
of 128 SQUIDs (Superconducting Quantum Interference Devices) are used at 1 K in a 128:1
Time Domain Multiplexing (TDM) scheme [79, [73]. Each block is controlled and amplified
by an ASIC (Application Specific Integrated Circuit) cooled to 40 K while a warm FPGA
(Field Programmable Gate Array) board ensure the control and acquisition of the signal to the
acquisition computer.

In this part we will first present the chain itself and especially each component will be
reviewed in detail, then in a second time we will see the tests and optimizations made to the

reading chain during the thesis.

3.1 Transition Edge Sensor (TES)

Nowadays, bolometers are widely used in CMB experiments for their high sensitivity when
cooled to low temperatures. They are also used in night vision system and thermal imaging.
This device is first made of an absorber that converts the energy of an incident electromagnetic
radiation into internal energy (heat). A thermal link connects the absorber to a cold source
bath to dissipate the absorbed energy and cool the detector. Finally, a thermometer whose
electrical properties depend on the temperature is used to measure the energy variation. A

Transition Edege Sensor (TES) is a bolometer that uses a superconducting material at its tran-
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Figure 3.1: Left: QUBIC cryo-mechanical structure which supports one TES focal plane at
350 mK on top and the SQUID boxes at 1 K below. Right: Architecture of the QUBIC
detection chain for one focal plane of 1024 channels, highlighted on one quarter of it.

sition temperature as a thermometer.

3.1.1 History of the bolometer

In 1800, in the United Kingdom, an astronomer and composer named William Herschel dis-
covers the existence of invisible radiation [42]. While he was trying to observe sunspots with
different filters, he found out that the red filter temperature was highest. This involved a heat
dissipation from an energy source. He decided to create an experiment to find this energy source.
(Fig: . Those "radiant ray comming from the invisible thermometrical spectrum” are now
known as InfraRed radiation from the near InfraRed spectrum and was the first detection of a
non visible radiation with an archaic bolometer made of an absorber and a thermometer.
However, the first apparition of the term "bolometer" was made by a physicist named Samuel
Pierpont Langley in 1881 [95] who developed the first bolometers as a device.

Based on the postulate of Clausius saying "/...] that the electrical resistance of metal is directly
proportional to its absolute temperature” and on the work of Siemens in 1872 [91], the bolome-
ter from Langley is made of a Wheatstone bridgeﬂ. This device consists in a measurement of
the resistivity of thin platinum in opposite branches with only one of its branch exposed to
the radiation. The device is linked to an external battery (Fig: [3.3). The electromagnetic
radiation heats the branch that is exposed and changes the value of its resistance. The current
is measured by a galvanometer. This instrument made it possible to measure differences in
temperature variation of the order of 10~° °C in only one second of exposure.

After this, the bolometer made it possible for many astronomers to study more precisely the

!The Wheatstone bridge is an electrical circuit invented by Samuel Hunter Christie in 1833 and improved by
Charles Wheatstone in 1843. It is used to measure an unknown electrical resistance by balancing two branches
of a bridge circuit, with one branch containing the unknown component.
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Figure 3.2: The experiment of W.Herschel. By using a prism and thermometers, he successfully
showed that invisible ray beyond red visible light were dissipating heat [42].

Sun’s infrared spectrum, thus increasing the knowledge of this radiation.

A few decades after, in 1911, a scientist named Heike Kamerlingh Onnes (1853-1926) made an
important discovery. He cooled down a piece of mercury in helium and found that its electrical
resistance drops to zero as it is cooled to its superconducting critical temperature of To = 4.2 K.
He didn’t know it yet, but this discovery opened new opportunities in the detector field. Since
his discovery, a large number of metals have been tested and found to have a transition into a

zero resistance at a specific temperature.
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Figure 3.3: Electrical representation of a Wheatstone’s bridge.

Then many scientists started to work on this subject, using the discovery of Heike Kamer-
lingh Onnes. In 1941, after decades of study of superconductivity, Donald Hatch Andrews
(1898-1973) used a thin tantalum wire and applied a current while it was in its superconduct-
ing transition phase Tx=3.2 K. He measured a variation in resistance caused by an infrared

signal. This experiment was the first demonstration of what we will call later the Transition
Edge Sensor bolometer (Fig: [3.4)).

Figure 3.4: First picture of a bolometer from D.H. Andrews work [10].

The following years were a huge step in the understanding and design of TESs and allowed
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in 1949, still by D.H. Andrews, to reach the first demonstration of a TES calorimeter.

Despite all the improvements done in this field, TESs were abandoned by many applications in
science. Indeed, the main issue for the use of those detectors was the difficulty to match their
noise with the Field-Effect Transistor (FET) amplifier available by that time. Many solutions
were proposed to try to reduce noise.

The appearance of a new superconducting component in the 1960s has completely changed
the game, with the development of Superconducting QUantum Interference Device (SQUID)
[section which has the particularity to be easily impedance-matched to low-resistance
detectors. This fits perfectly with the TES’s design.

3.1.2 Principle of operation of the bolometer

A superconducting bolometer or Transition Edge Sensor is simply described to first order by
the schematic in figure [3.5] We can indeed describe the TES with some general parts of a 1

node model such as :

e The absorber : this part captures and dissipates the radiation. Usually a metallic grid

which can be characterized by the amount of energy needed to increase its temperature

by 1 K, called the heat capacity C [J/K].

e The thermometer : this device measures the absorber temperature variation. This is
possible by a high thermal coupling between both of them. The thermometer sensitivity

is given by the following parameters:

o dlog R
~ JlogT

(3.1)

This equation then reveals two main categories of bolometers: (i) semiconductors with «
< 0 (their resistance decreases with temperature) and (ii) superconductors with o > 0

(their resistance increases with temperature)P|

e The themal link : this part is a link from the absorber and the thermometer to the
cold thermal load. It is characterized by its thermal conductivity G [W/K]. Also this link

ensures an isothermal reference to the whole system.

Electrothermal feedback

This is the main advantage of the superconducting bolometers. The electrothermal feedback
(ETF) works in the same way as the electrical feedback from the operational amplifiers. In this
case, the very high gain and low bandwidth of the amplifier is not useful without any feedback

loop. It is therefore used with the output being re-injected at the input, in phase opposition to

2However, there are materials with an oo = 0. This means that there are almost no change in resistance with
temperature. This is the case of constantan and manganin alloys.
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Figure 3.5: Principle of operation of a bolometer.

stabilize the system. If the amplifier gain is very high, the overall gain is then only dependent
on the feedback loop.

With this, the TES transfer function is only dependent on how the feedback is realised. There-
fore it does not depend on the internal parameters of the device.

To create the electrothermal feedback in a TES, two factors are needed :

e The « coefficient from the equation [3.I must be large.
e The detector need to be biased with a constant voltage V.

The constant bias voltage (see figure [3.6)) is an essential point of the ETF. The direct
effect of the constant bias voltage is the dependence of the power inversely proportional to the
resistance. Indeed, the architecture of this circuit allows to fix the dissipation by Joule effect

(Py). The resulting power is then given by :

Py(T) = (3.2)

Let’s look into more detail at the way the ETF works: once photons arrive on the TES, there
will be an increase of the temperature due to the a coefficient. The resistance R will increase
and following the equation the power will decrease and so the bolometer temperature. The
temperature of the bolometer is therefore constant.

Taking into account the principle of conservation of energy, the power flowing on the thermal

link is the sum of the radiative power and the electrical power. Since the temperature is
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Figure 3.6: Voltage biais schematic

constant, this power through the thermal link is constant:
Pj+ Pr = G(T — Tj) = constant (3.3)

If one of the two powers varies (radiative or electrical power) then this fluctuation will be
compensated by the other and vice versa. This is where the term electrothermal feedback

comes from. .
feedback loop gain :

oT OP; P;
Pi P T L= - (3.4)
Thermal > oP oT GTyolo
Pj ° g—ITD bolometer thermal transfer func-
Electrical < .
tion
OP; .
o i bolometer electrical transfer
function

Figure 3.7: Schematic and operation of the ETF.

The result of a temperature rise is a decrease in electrical power before the stored surplus
is evacuated through the thermal link.
This stabilization of the bolometer temperature leads to an acceleration of the return to equilib-

rium with a new time constant for the detector compared to its natural thermal time constant

(Tth = g )I

C 1

TG L+

(3.5)

This effect can be explained very simply by the fact that the thermal power is not evacu-
ated in the thermal bath because the bolometer thermalizes faster. Moreover, we measure the

electrical power necessary to cancel this effect and not the thermal power that results from it.
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Characterization of a bolometer

If we look at the R(T) characterization of a superconducting material (figure [3.8k), we observe
two distinct behaviors depending on the temperature of the device. First if the bolometer is
in a normal state (T" > T¢) the resistance of the TES is in the range between 1.0 and 1.2
2. At this point, the bolometer behaves like a normal metal. Then approaching the critical
temperature of the material (T ), the resistance drops drastically to reach a value of 0 Q. On
figure [3.8b we see that on the QUBIC TES the fall is less steep than on the one predicted by
theory (fig[3.8a). This is explained by the thermal kinetics of the system which is similar to

the behavior of a capacitor in the circuit.

To obtain the best sensitivity of the TES, it is necessary to bias the device at the point
where the slope is the steepest. Indeed, the more the slope is steep, the more a slight variation
of temperature will lead to a strong variation of resistance.

An important point, regarding a large array of TES is that each one has its own T¢. In an
experiment such as QUBIC we will have 2048 TESs working at 2048 different 7, which is not so
easy to control all the temperature with high precision. To avoid controlling these temperatures

at the same time, we use the electrothermal feedback effect (figure [3.4). With this effect all the

TESs are set on their nominal operating point in the transition.
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Figure 3.8: R(T) curves for (a) on the left, a normal metal and a superconductor, and (b) on
the right an example of one of the QUBIC TES [I1].

On the other hand, the other key point for the TES characterization is the I-V curve. It con-
sists in varying the polarization voltage across the bolometer and measuring the corresponding
output current. The main interest of this curve is to go through all the operating points of the
bolometer by going through the superconducting transition curve of it. The most important

point to understand the I(V) measurements is to consider as the only power brought to the
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system, the power dissipated by Joule effect P; = V%. We can rewrite the power dissipated
by Joule effect depending only on the current as P; = I?R. We know that the bolometer is
based on the ETF, when the detector, under the conditions of use, looking outward, receives a
continuous radiation power Pr its temperature increases by an amount: AT, = %. The Joule
power dissipated in the detector of resistance R, due to the polarization current I which is then
applied to it, increases its temperature even more. Thus it is easy to understand that if the
temperature increases, for a bolometer with R and G fixed, then the current will increase as

the square of that due to the ETF.
A =TI’R/G

Fundamental of superconductivity, the BCS theory

The BCS theory is the basis for the operation of superconducting bolometers. The main ele-
ment of this theory is the Cooper pair. In 1956, Leon Cooper [23] shows that if two electrons of
opposite spins and wave vectors located at the Fermi level| are in attractive interaction, then
they form a bound pair. The energy of this pair is then lower than the sum of the energies of

individual particles. Such a pair is called "Cooper pair".

Based on this work, John Bardeeb, Leon Cooper and Robert Schrieffer showed that electrons
are not the charge carriers for superconductivity as predicted before but it is the Cooper pairs
[14]. They also showed that it is mandatory to add a small amount of energy to the system,
to create the first excited state for single electron. This energy is named superconducting gap

(A). This has an important role in superconductivity.

& @
— @ —>
e ]

+
LCooper Pair

Higher positive charge between both electrons

Figure 3.9: Cooper pair as charge carriers of superconductivity.

We can easily understand the origin of the attraction between two electrons as shown in
fig by a simple qualitative argument. In a metal, negatively charged electrons exert an

attraction on the positive ions in their close environment. These ions are much heavier than

3The Fermi level is the highest energy level where are placed the electrons at a temperature of 0 K.
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the electrons, consequently they have a greater inertia. For this reason, when an electron passes
near a cluster of positive ions, they do not return to their original equilibrium position because
of this inertia. The result of this effect is an excess of positive charge at the place where the
electron passed. A second electron will therefore feel an attractive force resulting from this

excess of positive charge.

From the following postulate was developed the BCS theory of superconductivity in 1957:
there is no reason to stop at two electrons, the energy of the system also decreases if we take
two other electrons at Fermi level to form a new Cooper pair and so on..

From this departure point, they assumed some conclusions :

e Fach Cooper pair that is created will decrease the global energy of the system, until a

saturation state is reached.
e Each Cooper pair thus created will decrease the energy of the system.

e All levels that are below the Fermi level will be emptied each time a pair is created.

3.1.3 A theoretical view of a TES
Electrothermal system

For all the detailed calculations of this section, you may refer to [57, [72).

The TES behaviour is classically decomposed in two models: an electronic circuit and a
thermal circuit, each being dependent on the other. We can therefore deduce two coupled
differential equations, one depending on the state variable I (the current through the detector)
for the electrical part and another depending on the state variable T (the temperature of the
bolometer) for the thermal part. The heat equation with a single node model is the following:

dT

OE = —FPyun+ P;+ Pmy (36)

With Py, the thermal leakage power from the absorber to the cold source, P; the electrical
power resulting from the polarization of the detector and P,,, the power given by photons

(optical). The electrical differential equation is obtained by solving the electrical circuit in
figure 3.10]

dI
Lo = V= IR, —IR(T) (3.7)

With L the input inductance of readout circuit (the SQUID), Ry, the resistance of the induc-
tance represented by the sum of the shunt and parasitic resistances ie: R, = Rspunt + Rpara, V

is the Thevenin’s voltage as V = Ipjus X Rspunt, I the current through the bolometer and R the
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(a) é loiac (b)
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Figure 3.10: Electrical circuit used to readout a TES- figure (b) is the Thévenin equivalent of
figure (a): V = Rsy X Ipras and Ry = Rsy + Rpar. Rpar is the parasitic resistance related
to the cables and connectors located in the loop including the bolometer, the shunt resistor and
the input inductance of the SQUID. Taken from [57]

resistance of the TES Depending on the state variable T and I.

Let’s take a closer look at some of the factors in these equations around an operating point
(Ro, Ty, In). As QUBIC is a ground experiment, the sky signal will include a major part
from the atmospheric emission. This detected power will have a small variation at very low
frequency coming from the CMB. The small signal approximation makes sense in this case.
We can therefore linearize bolometer equations with an approximation to first order. For each
parameters: I, V, T, R and P we can rewrite the expression as X = X, + 6X, assuming
0X << X,. In Fourier space, we can then extract from the two coupled differential equations
(equations and two linear equations, one for the thermal part and one for the electrical

part, after removing the steady state:

wCoT = _5Pbath -+ 5P] —+ (SPray (38)
WLl = —(R,+ Rp)0I — IL,OR + 6V (3.9)

Resistance R of the TES

As we have seen in figure [3.8] the resistance depends on the temperature and the current and

1s written as:

R(T,I) = Ry+0R(T,I) (3.10)
SR(T,I) = a%5T+ﬁ%51 (3.11)
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« and [ represent the resistance variation of a material with the temperature and the cur-
rent. Both of them are unitless. The behavior of @ will change as we move on the R(T) curve

(figure [3.8). Indeed as we get closer from bottom of the transition « will increase.

Electrical power P; from the Joule effect

If we focus on the Joule effect, regardless of the polarizaton of the TES, P; can be expressed
2

in two forms: P; = % = RI?. Knowing that the TES are voltage biased and that all the

information is in the variation of the current, we use the seconf form. The Joule power is

therefore expressed as follow:

Py = Pj,+0Py (3.12)
PJO PJo
0Py = U2+ )51 +a=226T (3.13)

Thermal leak power Py,
The leak power can be written as follow:

death
dT

Proatn(T) = Pyatno + (Ty)oT (3.14)

This equation defines the dynamic thermal conductance G:

_ dBpan
G = dT

(3.15)

To

Assuming that the thermal conductivity x(7") of the thermal link is in the form of a power law
with temperature and that the thermal link has a section A and a length [, the power flowing
through the thermal leak is given by:

A [To

Pusn =" | MTT = Go(Tg = Ti) (3.16)

Thatn

Gop and n are experimentally determined and are strongly dependent on the thermal link,
especially if the main source of thermal diffusion is related to phononﬁ transport and the
resulting heat flux flows uniformly from the TES to the cold source.

For Gy, the dependence is only related to factors like geometry of the thermal link as well as
its composition, in our case silicon nitride (SiN).

With T' = Ty + 0T, we can express the behavior of the thermal link power subjected to small

4In condensed matter physics, a phonon (from the ancient Greek ¢wrn / phoné, voice) refers to a quantum
of vibrational energy in a crystalline solid: when a vibrational mode of the crystal with a defined frequency v
gives up or gains energy, it can only do so in packets of energy hr, h being Planck’s constant.
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variations:

Poarn = ko(T§ — Thuy) + nioTy 6T
= Pbatho + 5Pbath (317)

So the dynamic thermal conductance is expressed as G(Tp) = nkTy .

3.1.4 Response of the system

For a superconducting bolometer the response of the system is measured by the amount of

current generated by a given incident power. We can express the equation of the response in

the form :
ol 01 0T
_ 4 _ Y 3.18
""opP  aroP (3.18)
In this equation we can recognize the electric response % and the thermal one g—JTD.

We can develop the system response to the first order taking into account the thermal and
electronic poles, and the dependence of the resistance on the temperature and bias voltage.

After calculation, the response is given by the following expression [45]:

_ 1 1 L . 1\(. 1-£\]"
=R h | T TR A L (“” E) (“” T)] (3.19)

From this equation we can apply some simplifications :
e R is independent of the urrent, meaning 5 = 0 (this is an ideal case)

e The electrical response is much faster than the thermal one, meaning we can assume

L=0
e The TES is voltage biased, meaning R; << R,

Under these assumptions, the simplified response of the detector is given by:

-1 ¢ 1
LR, L4111+ 7y

St (3.20)
Tt is the direct effect of the electrothermal feedback. This time constant is faster than the

thermal one 7:
-

L+1

So as we said earlier (equation , the electrothermal feedback accelerates the bolometer
response by a factor £ + 1.

In our case the ETF is a strong electrothermal feedback with £ >> 1. And with this the

Tetf =
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system response at low frequency is given by:

S1(0) = — (3.21)

The system response is only bias dependent, with no internal parameters: bath thermal fluc-
tuation nor the optical power involved yet.

This will limit impact of electronic noise over the yield of the detectors.

3.1.5 Noise of the bolometer

In order to compare noise contributions coming from different sources, we use a metric which
allows to put them on the same plane (from an analytical point of view). The noise equivalent
power is a metric that allows to compare the different contributions of all noises of a photon
detector. For this we consider a noise x(t). It is possible to characterize the spectrum of this
noise with its power spectral density (PSD). The PSD is related to the Fourier transform of

the noise signal for the positive frequency :

2

PSD,(w) = 2

= (3.22)

T .
/ x(t)e 2™t dt
0

If x(t) is expressed in power of the incoming photon flux, the NEP [W/v/ Hz| is expressed as :
NEP =+/PSD, (3.23)

It can be interpreted as the power that an optical signal should have at the input of a detector
to equal the power of the noise on a bandwidth of 1 Hz (or 0.5 s integration time). In other
words, the higher the NEP is, the more powerful the input signal of the detector will have to

be in order not to be drowned in the noise of the detector.

Phonon noise

The thermal fluctuations of a bolometer result from a randomly exchange of energy between a
thermal mass (thermometer, absorber) and its close environment (thermal bath). This energy
exchange is quantified and is called a phonon. At this state, this random exchange will create

thermal fluctuations and so noise on the bolometer, which is the phonon noise.
We refer to the study conducted by P.L. Richards on the phonon noise for a bolometer for

infrared and millimeter waves [83]. Moreover, using the basis of statistical physics, we deduce

that for a given system, at a temperature T the energy fluctuations follows the relation :

(AE?) = AKpT*C (3.24)
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with kg the Boltzman constant, C the heat capacity from the absorber and the thermometer.
What interests us in the use of a TES is the variation of its temperature when the incident

photon heats the absorber. This variation is given by the relation [45]:

_AE

AT
C

(3.25)

We can then rewrite the variation of thermal fluctuations using the equations|3.25| and
0,22

kpT?
C

= / PSDp(w)dw
0

(AT?) =

PSDr is the thermal fluctuations power spectral density. It is related to the PSD of power
through the thermal model of the detector (equation [3.8). These fluctuations will create noise
across the thermal link which can be represented as input power noise to the detector. In
addition the fluctuation of energies associated with the photons are random phenomena. It is
then a white noise and is therefore independent of the frequency. The final expression of the

phonon noise expressed as input power is given by:
NEP = \/kgT?*G (3.26)

We can find a problem in the above equation. It is only applicable when the TES is in
thermal equilibrium, i.e. when the temperature of the TES T} is equal to the temperature of
the bath Ty, We remind here that the main interest of the TES lies in the possibility to
maintain it in its normal to superconducting transition by means of electrothermal feedback.
In 1982, Mather introduces in an article [60] a v correction factor, taking into account the
temperature gradient present in the thermal link. This dimensionless factor can be integrated
directly into the NEP. Indeed, in the case where the mean free path of phonons is less than
the length of the link, the link can be represented as an assembly of small quasi-isothermal
elements and the heat flux of each element can be summed. Mather finally gives the following

expression:

To [ Tr(T) j|2dT

Tyath LTorx(To)

Tt k(T
Jre @) g1

ath H(TO)

(3.27)

where x is the thermal conductivity of the material. We can integrate this factor to the
equation [3.20] as:
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NEP = \/74k5T?G (3.28)

This factor cannot be neglected and is always less than 1. It allows to take into account the
thermal diffusion and to have a mathematical model closer to reality .

In the case of QUBIC with the following parameters, n=>5, Tc = 420mK and G = 300 pW,
we obtain v = 0.47 and for NEP :

NEP ~ 510" W/VHz (3.29)

Johnson noise

Johnson noise exists as soon as the component we are interested in is resistive. Historically, it
was in 1827 that this random movement was observed for the first time by the botanist Robert
Brown [I00]. He observed pollen dispersed in water under a microscope and noticed that the
microscopic grains were subject to a continuous and irregular movement.

Later it will be shown that it is the agitation of charge carriers in an element conducting the
current, which generates this noise. This has the effect of creating a random fluctuation at the
terminals of the TES (independently of any voltage applied to the device). We can therefore

model this noise by an additional voltage source in series (in a Thevenin model).

oI Iy ,
=20 .
S = 71+ Jwm)Si(w) (3.30)

At the origin of this noise comes the voltage fluctuation of the thermometer, e%,TE =

4kpToRo [72] from which we can deduce the current noise generated and then the NEP :

I 2
e = <£—2) (1 + w??)4kpTyRy (3.31)
I
NEPrpg = \/1+w272£—0\/4kBT0R0 (3.32)
0

The previous equation can be simplified at low frequency as:

I
NEPrgg = £—0\/4kBTOR0 (3.33)

0

With the same parameters as for the phonon noise calculation, and knowing that the resis-

tance of NbSi detectors is =~ 100 mf) we obtain :
0l =~ 1.7pA/VHz (3.34)

We can then find the NEP by dividing the current obtained by the response of the detector
(eq ), thus multiplying by the voltage across the TES Vigg =2 V:
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NEPrgs ~3.5.1078W/VHz (3.35)

Note that this noise is smaller than the phonon noise, meaning that because of our archi-

tecture, we are dominated by the it.

Johnson noise of the load resistance

The load resistance (Rp) is represented on figure . In Thevenin’s equivalent diagram, it
consists of the shunt resistance and the parasitic resistance of the circuit.

The shunt resistance is integrated on the cold plate, for the parasitic resistance, when we
measure the resistance of the bolometer (measurements in 4 points) in its superconducting
state, it tells us that the parasitic resistance does not come from the wafer on which the
bolometer is located.

We can therefore apply the same reasoning as in the previous section, placing ourselves in the

case of a voltage polarization with a strong electro-thermal feedback:

VAahpTyaun R

5[load = R

(3.36)

We measure a resistance of about 30 mf) and the shunt resistance is Rg,un: = 10 m£2. Still
considering a bath temperature of 200 mK and a resistance of the bolometer NbSi ~ 100 mf?,

we obtain the following value:
5-[load ~ 6.5 pA/V Hz (337)

which divided by the response give:

NEPyq ~ 14107 W/VHz (3.38)

Again this noise is lower than the phonon noise and the Johnson noise of the bolometer.

Photon Noise

The photon noise, is a noise inherent to the nature of light. The light is composed of elementary
grains called photons, these photons arrive on the detectors at irregular intervals of time.
Visually, because of retinal persistence, we never realize the irregularity of the time intervals
between two successive photons.

It is possible to describe the photon detection as a quantum circuit where incident pho-
tons (input) are created by the self-adjoint linear operator a! () and the photon connected to

bolometers (output) created by b}(u) :
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Q> «

Figure 3.11: Schematic of the quantum circuit, representing the photon creation operator (a)
and the photon connected to bolometer creation operator(b) [105].

bi(v) = Syal(v) + cl(v) (3.39)

c}(u) creates noise photons at the bolometer j and \S;; is the scattering matrix of the circuit|3.11}

Regarding the equation , we notice the presence of a noise represented by the part c;(y)
of the equation. Called shot noise or photon noise, it cannot be reduced due to its nature. It
can however be represented as a Poisson distribution.

In probability theory and statistics, the Poisson distribution is a discrete probability distribution
that describes the behavior of the number of events occurring in a fixed time interval, if these
events occur with a known average frequency or expectation, and independently of the time

elapsed since the previous event. We can simplify the photon noise with the following expresion:

Nphoton = \/]Vumber of detected photons (3.40)

The photons being bosons, they obey the Bose Einstein statistic and we can therefore express

their average number per spatial mode and per second at a given frequency

hv

(n) = (ems™7)~! (3.41)

with kb the Boltzmann constant, nu the frequency of the magnetic wave and T the temperature
of the source in thermal equilibrium. multiplying this number by the energy of a photon we

obtain the energy emitted by spatial mode of the source

P, = /hun(u)(e’“lgl)_ldy (3.42)

v

where 7(v) is the frequency response of the whole detection chain we can determine the variance
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of the average number of photons such that :

(An%) = (n) + (n)*

1/2
(An?) = / Sp, dv
0

1/2
[ snar = [ a0

v

with Sp is the power spectral density. Recall that the NEP has been defined as the square root

of the power spectral density and that the associated photon noise is white noise.

P2
NEP m\[2hwP, + 270 (3.43)

The noise of the electronics, represents the noise composed by the amplification stage composed

Electronic noise

of the input coil and the SQUID. This noise is given by the manufacturer, in our case the
SQUIDs come from Starcryo and it is the model SQ600S. On the data sheet the manufacturer

gives us a noise current value of :
0lec = 0.6 pA/VHZ (3.44)

In the same way as before we use the response of the system such as S = 1/V with a bias

voltage of 2 uV', which gives :

NEP,,.=12.10*W/VHz (3.45)

The system is still dominated by phonon noise. It is important to note that this noise is
that of a non-multiplexed system, but in our case, we use a time multiplexing (see section
B3.3.1). Briefly, the time domain multiplexing will allow to read consecutively several pixels
using only one reading channel. So each pixel will be read during a given time corresponding
to a sampling frequency f . This one depends on the multiplexing rate N, thus on the number
of pixels amplified with the same output line, and on the multiplexer frequency. This sampling
frequency creates a cutoff frequency in the Fourier domain a f/2. Beyond this frequency all

noise present will be folded at low frequencies. This folding noise is inevitable and evolves in

VN

3.2 Superconducting QUantum Interference Device (SQUID)

The Transistion Edge Sensor is voltage biased, meaning the output signal is current. The value

of this current is a few pA, knowing that the CMB signal is very low from this value with an
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inherent noise of a few pA/vHz, we need a device that will not decrease the SNR ratio.
Moreover, the device need to be installed as close as possible to the TES, at cryogenic temper-
atures. A very important specification to reduce unwanted noise and for the cryogenic system
is to reduce the number of cable at the minimum. We also need a device which is able to create
a multiplexing system.

In view of all these requirements, the DC SQUID is the best candidate and will constitute the
first amplification stage of the QUBIC readout chain.

3.2.1 History of the device

By seeking to be always more precise, scientists have created a need. This need for precision
technology has led to discoveries and the creation of more and more precise and sensitive com-
ponents. Superconducting QUantum Interference Device (SQUID), was born from an idea of
Brian David Josephson. In 1962, he postulated the Josephson effect [48]|: When two supercon-
ducting regions are separated by a thin normal region, effects similar to those considered here
[creation of supercurrent| should occur and may be relevant to the theory of the intermediate
state. A year after, in 1963, John Rowell and Philip Anderson two physicists created the first
Josephson junction [9] based on the Josephson effect.

The Josephson effect is the phenomenon of supercurrent, a current that flows continuously
without any voltage applied between two superconductors separated by an insulating layer (see
figure [3.15]). We can observe the Josephson effect on figure [3.13] We can distinguish two types

of Josephson effect:

e The DC Josephson effect: it is a direct current crossing the insulator in the absence of

external magnetic field by tunneling effect.

e The AC Josephson effect: it is a voltage-to-frequency converter. With a fixed voltage,

the phase will vary linearly with time.

In our case we will focus on the DC Josephson effect and the component associated to this

effect: the DC-SQUID. It is composed of a superconducting loop broken by two Josephson junc-
tions made by a superconductor-insulator-superconducator (SIS) structure. The DC SQUID is
represented on figure where the white parts are superconducting and the black ones are
the two Josephson junctions. The DC-SQUID is a very senstitive magnetometer, able to detect
magnetic flux as low as the flux quantum.
A few decades after, the microfabrication of SQUIDs is well known and SQUIDs are becoming
more and more used in many instruments (BICEP/KECK [87|, Athena |77, [16], ALPS II [89],
...). On figure left, we see a DC-SQUID picture with the two thin Josephson junctions in
the middle of the picture.

We have introduced the Dc-SQUID, its discovery and its geometry. We will now focus on
the DC-SQUID principle in detail to understand how it works.

Guillaume Stankowiak PhD thesis 82/



3.2. SUPERCONDUCTING QUANTUM INTERFERENCE DEVICE (SQUID)

| — | ALE

Figure 3.12: Left: Picture of a DC-SQUID under binocular taken from [3]|. Right: Picture of
an integrated QUBIC SQUID, credit : Damien Préle

3.2.2 Principle of operation of the DC-SQUID

The DC-SQUID (further called SQUID) is a very sensitive magnetometer that can be used
as a transimpedance amplifier, meaning its principal function is a transductor from current to

voltage.

The operating principle of the SQUID is based on a combination of two properties specific
to superconductors: the quantization of flux through a superconducting loop present within the

SQUID itself, and the tunneling effect undergone by the cooper pairs at the Josephson junction.

Quantization of flux through a superconducting loop

The idea of quantifying the flux through a superconducting ring is central to the operation
of the SQUID. To understand how this works, let’s consider a superconducting ring with a

magnetic field perpendicular to this ring.

In classical physics, a wave is associated with something that oscillates; to know the phase,
we must look at a given point of oscillation at a given time: the value of the phase allows us to
know if we are at the beginning, the middle or the end of this oscillation. For a quantum wave,
the meaning of the phase is more complicated, since there is no object that oscillates. When
the superconducting object has a hole, like a ring in our case, the phase variation of the wave
function must follow certain rules. Indeed, when the ring has been completely rotated, the value
of the phase must return to the same value modulo 27 (figure , because the phase is not
allowed to be discontinuous. Some variations will therefore be forbidden. Due to the Meissner
effect, which is the expulsion of a magnetic field from a superconductor during its transition to
the superconducting state when it is cooled below the critical temperature, the magnetic flux

B inside the superconductor is zero. To be more precise the magnetic field will penetrate along
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Figure 3.13: First resuslts of a Josephson Junction obtained by Rowell and Anderson in 1963 [9]
Current-voltage characteristic of a tin-tin oxyde-lead tunnel at 1.5K, (a) for a field of 621073
gauss and (b) for a field of 0.4 gauss

the superconductor through a very define distance named London’s magnetic field penetration
depth and which is typically equal to a hundred nanometers. The screening current (J in figure
3.14)) will also flow in this layer and this will lead to the creation of a magnetization M inside
the superconductor, which perfectly compensates the external applied field, thus resulting in

B = 0 inside the superconductor.

We can define the wave function of a Cooper pair inside the superconducting ring as :
U =npl/2eif (3.46)

where n is the pair density ant 6 the phase. Since the condensate is very coherent the phase fac-
tor can be taken to be constant over the material. From the quantum mechanics consideration

we can determine the following expression of the flux:

O =n— (3.47)

2e

where n is any integer (including zero), h the Planck constant and e the charge of the electron.
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Figure 3.14: Principle of operation of a DC-SQUID. The current I going through the supercon-
ducting ring created the supercurrent J which is in phase opposition depending on the JJ.

The magnetic flux frozen in a superconducting loop will therefore always be quantified, being a
multiple of the flux quantum &, = % We can notice that the factor 2 came from the fact that
it’s based on Cooper pair which means each time you have a tunnel effect on junction creating

a supercurrent, 2 electrons will be involved.

Tunneling effect in Josephson junction

A Josephson junction consists of a very thin insulating material between two superconducting
ones (see figure [3.15). The insulating layer must be smaller than the coherence length of the
Cooper pair, so they are weakly coupled. The transport of the Cooper pairs occurs by tunneling

across the insulator.

Due to the weak coupling system, the supercurrent I, is function of the phase difference
named &, which is necessary 27 periodic to exist’|, and they are linked by the following equation,

known as the first Josephson equation:
Ig = Iy sind (3.48)

where I is the critical current. This equation is for a static case. Now if § changes with time,

it will develop a voltage V through the junction given by the second Josephson equation:

b=—="U=>U (3.49)

Sindeed a system that have non continuous phase with a 27 periodic § cannot exist.
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Cooper pair

Superconductor Superconductor

Figure 3.15: Schematic view of a Josephson Junction.

Figure 3.16: Schematic representation of the phase continuity of the wave function describing
the completeness of the possible Cooper pairs in a superconducting ring.

The case of the ring on the left (red) is not allowed because of the inconsistency of phase it
presents, it must be the same to within 27. On the other hand on the right figure (green), if we
apply a magnetic field to this ring, the resulting phase variation will necessarily be a multiple
of 2 and therefore will be quantized. This phenomenon of quantization also applies to the
magnetic flux that the ring allows to pass if we make it normal momentarily. Taken from [3]

A simple way to understand the SQUID

he DC SQUID is represented on figure [3.14] In our case, both of the Josephson junction will
act as one, by using a current bias, slightly higher than the critical current. At the same time
the SQUID stay in a superconducting state. Then we apply an external magnetic field to the
SQUID which will have the following consequences:
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1. It will create a variation in the internal flux of the SQUID.
2. A screening current J is then created in order to cancel the external magnetic field effect.

3. A phase shift is created between d; and 5, because of the screening current which will

oppose or not the SQUID current depending on the branch.

4. As soon as the phase shift leads the current to go higher than the critical current of the

junction, a voltage is created across the SQUID.

Keeping in mind that the phase needs to stay constant inside a superconducting loop, the
only way to change this variable is from a 27 factor. The direct effect is to change the state of
the loop from superconducting to normal and come back. We can then apply the same reason-
ing to the internal magnetic flux of the SQUID which can only take discrete values, multiple of
the flux quantum @.

The physical description of this effect is the created supercurrent will go through the ring and
shield the applied magnetic flux and block the passage of any flow. But at some point if we
change the state to normal, it will allow the passage of some magnetic flux. For this it needs
to reach a certain value (®/2), at this point the current will change the sign to let the flow in
the loop.

Everything is due to the critical current of the Josephson Junction that goes back-and-forth
regarding the screening current sign. The magnetic flux is limited to integer values of ®y. In
general, SQUIDs are subject to hysteretic behavior, which is equivalent to the property of a
system whose evolution does not follow the same path when an external cause increases or

decreases. To avoid this problem, a shunt resistor is added in parallel to each junction.

To summarize, the SQUID is a superconducting loop broken by two insulating barriers
that render it partially normal when a certain value of magnetic field is reached. We can thus
measure the voltage V of the SQUID subjected to an external magnetic flux inferior to the flux
quantum. This makes this component the most sensitive gradiometer that can be found today,
but there is also a downside to this sensitivity. Indeed it is of utmost importance to isolate
the SQUID from any external magnetic field which would then interfere with the field at the
entrance of the SQUID.

A theoretical view of a SQUID

In this section we will show the SQUID equations, focusing on the important results of this
component. All the calculation details can be found in [21I] To simplify the model of the SQUID

we use as an approximation the Resistively Capacitance Shunted Junction (RCSJ) model.

Regarding the Josephson junctions, we can write the current that goes through one junction

by half of the bias current (/) plus the circulating current inside the loop J and its comple-
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mentary one :

I1:§+J
I
]2:§—J

From this two equations and adding the terms related to the properties of superconductors
namely, the supercurrent, quasiparticule current and displacement current that occurs through

each Josephson junction, we obtain the following equation :

P
27TRk

I R
—FJ= Io,ksin O + O + Q—OCkk + [N,k (350)
m

2
with Iy the critical current, § the phase of the junction, R the resistance, C the capacitance, ®,
the quantum of flux of the SQUID and Iy the current noise. As the SQUID current depends

mainly on the phase difference of the two junctions. The two phases §; and &y are related by :
51 - 52 - —(I)T (351)

The flux ® is the total magnetic flux that goes through the SQUID taking into account the
applied magnetic field and the circulating current.

Equations and are the bases of the dynamic description for a DC SQUID. From [3.49]
we can define the voltage through each Josephson junctions as (k=1,2) V}, = %&g These equa-
tions can be solved numerically: the SQUID voltage oscillates at high frequency with a low
frequency contribution that depends periodically on ®;, with a period of ®; and an amplitude
function of the SQUID current if it is higher than its critical current. The high frequency part
is usually not visible, filtered by the stray capacitance and the readout system. The voltage
response of the SQUID is then close to a sinusoidal (figure [3.17]).

It can be shown that the SQUID critical current represents the interference that the Joseph-
son junctions undergo on both sides in a periodic manner. It is also from this property that
the name SQUID was given. The influence of an external magnetic field on the SQUID is

represented by the equation below:

Io(®4,) = 1c(0) {cos (M)m)} (3.52)
o)

Note that [(0) is the critical current to which the SQUID is subject in the absence of an

external magnetic field. Once again this demonstrates the importance of magnetic isolation

around the SQUID environmentﬂ

In our case, the TES is connected to an inductance L. magnetically coupled to the SQUID to

produce the input flux (figure . As the bolometer is voltage biased, the coil will then

6We will see later how we have shielded the SQUID turrets in QUBIC.

Guillaume Stankowiak PhD thesis 88/



3.2. SUPERCONDUCTING QUANTUM INTERFERENCE DEVICE (SQUID)

convert the current variations I, produced by the TES signal into a magnetic flux ®;,. This
flux will then be the input to the SQUID in the form :

with M, the SQUID input mutual inductance. The voltage response of the SQUID is then
sinusoidal with the TES current. It allows a small dynamic but is extremely sensitive. The
SQUID still has a major drawback, the response of the latter is sinusoidal. But we need to
linearize its response around an operating point in order to increase the dynamuc range. For
this we must find a method that seeks to cancel the variation of flux created by an external
magnetic field. We will therefore look for a way to reinject a magnetic flux in opposition to
Dy

(A complete description of the SQUID dynamics: [22])

i

Vso

dv/dg

P = Pin + P

Figure 3.17: Typical non-linear response of a SQUID subjected to an external magnetic field.
Taken from [57]

3.2.3 Noise of a SQUID

There are several sources of noise in a dc SQUID, including shot noise in the junctions, Johnson-

Nyquist noise produced by the shunt resistors and low frequency critical current fluctuations.

Shot noise in the junctions

The passage of a Cooper pair in a supracondutor-insulator-supraconductor (SIS) section, creates

a noise of quantum nature. This noise is called shot noise. It is the inherent electronic noise
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arising in an electric current because of the discontinuous nature of conduction by electrons or

here by the Cooper pair [99].

Johnson-Nyquist noise

As we will see later, the good thermalization of the SQUID plays an indispensable role in the
good functioning of this one. Since the one used in QUBIC ar based on Niobium, It is necessary
to impose a SQUID temperature of 4K or below (1K in the case of QUBIC) and to maintain it
stable. At such temperature, the Johnson-Nyquist noise of the shunt resistors is not negligible

and leads to the following noise, in the same way as for the TES:

_ 4kgT

N
R

(3.54)

Critical current fluctuation noise

Another troublesome noise for SQUID is the Flicker noise, often referred as 1/f noise or pink
noise. This noise occurs in all electronic devices through the detection chain and will therefore
be found in the SQUID. It is created by different phenomenons such as impurities in a channel
leading to randomly release charge carriers, from recombination noise and so on.
This noise is characterized by a corner frequency fo that separate the region dominated by
low-frequency and the one lead by high-frequency "flat-band" noise (figure [3.18)). At high
frequency, the Johnson-Nyquist noise of the shunt resistor usually dominates.

In our case, the flicker noise will dominate the electronic noise spectrum of QUBIC at low

frequency.

3.2.4 Flux Locked Loop (FLL)

In order to counterbalance the negative aspect of the SQUID, we use a Flux Locked Loop
system shown figure [3.19] allowing to reinject in the superconducting loop of the SQUID a
magnetic field which will come to oppose the external field at the entrance of the SQUID ®;,.
The objective is to have a constant total flux (®y,) into the SQUID.

In practice, the flux that we reinject ®, will then be put in phase opposition with ®;,. An
additional coil is added as a feedback with a mutual inductance Mgy,
In the same way as the equation we obtain @, = My ly,. This relation highlights the
current dependence. I, is the current that passes through the feedback coil after amplification
of the Vsgurp signal and application of the gain of the read chain G. We add to this a feedback
resistance Ryy,.
This method is finally very similar to the reading of the TES, since once again it is an indirect
reading method. Indeed, the ®;, flow is measured via the Iy, current necessary to create @y,
in feedback of the SQUID response to linearize it.
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Figure 3.18: Top: Ilustration of the combination of flicker noise and thermal noise in an
electronic device. Taken from [46]. Bottom: Representation of a SQ600S SQUID noise.

We can, from the transfer function of the SQUID, find the compensation in FLL applied to
the SQUID:

Vour = G % VSQUID(CDtot)

(3.55)
®,,; represent the total flux as :
(I)tot = (I)[n - q)fb
= ®p, — Mpplpy
M
= Oy — L XV (3.56)

The above equation describes the flux induced by the FLL opposing the incoming flux
in an equivalent way in order to keep the total flux of the SQUID constant. It is a kind of
a load line for ®;, = 0. The transfer function of the SQUID is sinusoidal which gives rise to

several solutions at the intersection between the load line and the transfer function B.19]
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Figure 3.19: Top: Representation of the complete FLL chain. Bottom: Shape of the FLUX

Locked Loop, the strait line represent the gain of the read out chain. Credit :

- [78].

To study the transfer function of the system, we will look at the gain of the FLL. The open

loop gain is given by:

Gor = GsquinGasicGrpaa (3.57)
We cab define a rate of feedback:
M fb
S 3.58
T R (3.58)
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The closed-loop gain is therefore given by:

GsquipGasicGrraa
Ger =

My,
1+ GSQUIDGASICGFPGA_R;b

We seek to satisfy the condition on the gain such that GsquipGasicG FPGA%—JZ’ >> 1, which
give us for the closed-loop gain :
be
GCL ~ — 3.59
o (50

To get the gain of the FLL system in current, it is necessary to take into account the whole
readout chain of the instrument. For that, one has to multiply equation by the input
mutual inductance of the system M;,:
Min
M fb

GFLL = be (360)
In our case we can see that the FLL gain of the system depends only on components external
to the amplification chain. We can thus free ourselves from the constraints of these different

components.

3.3 Warm temperature readout: ASIC and FPGA

3.3.1 Multiplexing, a necessity at very low temperatures

Nowadays, the development of arrays composed of thousands of detectors in order to obtain
very high sensitivities, requires structural improvements in order to limit the number of cables
present in the instruments.

The technique known as multiplexing, allows using a single reading chain to readout N pixels.
We will call N the multiplexing factor of the system. This improvement allows among other
things to limit the impact of the thermal conduction along the wires on the thermodynamics
of the instrument by limiting the number of cables to the cold stage.

There are mainly 2 different types of multiplexing that can be associated with SQUIDs:

e Time Domain Multiplexing (TDM) : In this case, the signal of a single pixel will be am-
plified and then sent to a reading line which is common to all pixels. In order to change
from one pixel to the other, several switches are used which can be of different types. One
obtains a single output line in which the information of each TES will be contained in a

sequential manner.

e Frequency Domain Multiplexing (FDM) : In this case, the signal of each pixel is modu-

lated by a carrier at a given frequency, which will necessarily be higher than the cut-off
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frequency of the bolometers (typically a few hundred kHz). We then sum all the mod-
ulated signals which are readout by a single SQUID and the demodulation of the signal

occurs at warm temperature.

The main advantage of TDM is its simplicity: we just observe the detectors, one after the other.
However, to use this multiplexing scheme we need to respect a criteria. Indeed, the scanning
frequency must be sufficiently high to be adequately sampled, with regard to its bandwidth.
For this we must respect the Nyquist criterion, that is to say that the sampling frequency must
be at least 2 times higher than the maximum frequency of the signal: f; > 2f,,4.-

Beyond the Nyquist frequency f;/2, any noise or signal will be aliased in the bandwidth of
interest. This is especially the case of TES Johnson noise that will therefore increase with the
number of detectors as v/Ny.;. Other advantages of this technique are that it is well known and
mastered, it presents the best multiplexing factor to avoid degrading the signal to noise ratio
[27].

Mechanism of action

In this section we will briefly explain with schematic the principle of functioning of the multi-
plexing system. A schematic representation of the operating principle is shown in figure [3.21]
The 128 TES signals are time-division multiplexed. We use a two dimensional configuration
as shown in the figure SQUIDs are distributed in 32 rows of 4 columns and are biased
through capacitors to reduce readout noise. In practice, 1 column is composed of 32 SQUIDs
in series and physically corresponds to 1 PCB. Physically a SQUID turret is equivalent to 4
stacked PCBs.

To read the SQUIDs, we alternate the current bias ([j;,s) of the SQUIDs. When the first
SQUID is biased, the rest of the SQUIDs are maintained in their superconducting states. They
thus behave like a short circuit and only one SQUID is read at a time. Once the voltage (Vo)
is read, we reverse the polarization current of the line in order to select the second SQUID.
This is necessary to discharge bias capacitors. The inversion of the current poses a problem of
sign in the acquisition of data. To counterbalance this effect we use an amplifier with negative
gain that allows to maintain a positive voltage reading despite the inversion.

This structure explains the fact of having as many SQUIDs as TESs because they behave both
as pre-amplifiers and as switches. Thus the voltage V,,; that we read corresponds to the signal
of one and only one SQUID. To read all the SQUIDs, we successively shift the voltage reading
to the next column. Once the 4 columns have been read, the bias current is passed to the next
line and so on, the operation is repeated and the columns are read sequentially. Thanks to this
system, at any moment of the reading only four SQUIDs are biased and only one is read.

This multiplexing system is controlled by an ASIC (that will be see in more detail in the
following section), which controls the sequential polarization of the SQUID lines by switching

from one line to another, as well as the ultra low noise amplification of the read voltage.
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The aliasing noise

Aliasing of the TES Johnson noise is a limitation to Time Domain Multiplexing performance.
Any source of noise before the SQUIDs with a bandwidth higher than the sampling frequency
will be aliased. In Time Domain Multiplexing, the signal of each detector is averaged during
the duration of measurement 7},.,s which is smaller than the sampling period T, = 1/fs by

a factor Ny;pyx which is the total number of pixels readout in the multiplexing scheme. The

noise bandwidth of this averaging is therefore given by Af = 2le =1 SX]\;M UX  The aliasing

leads to an increase of noise given by the square root of the ratio between the noise bandwidth
and the Nyquist frequency f,/2, that is v/ Nyux.

In QUBIC, the ADC frequency fapc = 2 M Hz drives the multiplexing. The main parame-
ters are therefore: (i) The number of samples Ny to be read out for each TES, and (ii) the total
number of pixels to be read out. The maximum number of pixels is equal to Ny;yx which is
128. By reducing the number of pixels sampled, the sampling frequency per pixel is increased.

The sampling frequency per TES is

f. fapc

- Ny x Nyox

. Typical parameters are Ny = 100 and Nypyx = 128 leading to fs = 156.25 Hz and Af =
10 kH z.

The SQUID input inductance value is L;, = 651 nH which leads to a bandwidth higher
than 24 kHz for TES resistance above 100 mf2. For such resistance values, Johnson noise is
increased by a factor /Nypx = 11.3.

To overcome this limitation, a Nyquist inductor can be added in series with the TES. A
value of Ly, = 15 pH will reduce the noise bandwidth of Johnson noise to 1 kHz for a 100 m(2
resistance giving an increase of noise of 3.6 for the typical parameters. The number of samples
N can also be reduced in order to increase the sampling frequency and further reduce the
aliasing. This limitation in aliasing was expected for the TD and will be improved for the Full
Instrument by both adding a Nyquist inductor and increasing the sample rate. The result for
the TD is a constraint on NEP of about 1076 W/v/Hz, which is a factor 2 higher than the FI
requirement, but this sensitivity is acceptable for the QUBIC-TD.

The crosstalk

The crosstalk is due to the sequencing of the multiplexing. As the pixels are readout in a
sequenced way, the reading of a pixel will be affected by the reading of the previous ones. The
change of pixel will be carried out with a bandwidth f,penioop given by the open loop system

since the FLL is a digital one with a constant feedback during the reading of one pixel.

To that we add the frequency at which the multiplexer is clocked fyue = £ 2P< corresponding

to the time spent to read a pixel. So the closer these frequencies are, the greater the impact of

the reading of a pixel will be on the next. In other words, the risk of having a signal that is

fopenloop

interfered increases as the ratio p
mux

approaches 1. To limit the crosstlaks we want to make
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sure that this ratio is close to zero. For QUBIC with the typical parameters quoted in the
previous section, we have fy,, = 100kHz and fopenioop =~ 1M Hz leading to a frequency ratio

of 0.1 and a maximum crostalk of 10%.

3.3.2 ASIC

In addition to the SQUIDs, a 4 to 1 multiplexed low noise amplifier (LNA) reads out sequentially
4 columns of 32 SQUID each. The resulting multiplexing factor is 128. The LNA, together
with sequential biasing of the SQUID and the overall clocking of this 128:1 multiplexer, is all
done in a cryogenic ASIC operating at about 40 K [80]. The TDM readout is based on the
association of 4 columns of 32 SQUIDs in series with the dedicated cryogenic ASIC.

The ASIC is fully custom designed CADENCE CAD tools. The technology is a stan-
dard 0.35 pum BiCMOS SiGe from Austria MicroSystem (AMS). This technology consists of
p-substrate, 4-metal and 3.3 V process. It includes standard complementary MOS transistors
and high speed vertical SiGe NPN Hetero-junction Bipolar Transistors (HBT). Bipolar tran-
sistors are preferentially used for the design of analog parts because of their good performance
at cryogenic temperature [79]. The design of the ASIC is based on pre-experimental character-
izations results, and its performance at cryogenic temperature is extrapolated from simulation

results obtained at room temperature, using CAD tools.

B[ =75

Figure 3.20: Left: Microphotography of the cryogenic ASIC designed to read out 4x32
TES/SQUID pixels. Right: ASIC module assembly used for QUBIC.

Each ASIC board for QUBIC (shown in Figure has a power dissipation of typically
16 mW (whatever the number of columns to readout) and is placed on the 40-K stage. The ASIC
integrates all parts needed to achieve the readout, the multiplexing and the control of an array of
up to 128 TESs/SQUIDs. It can be operated from room temperature down to 4.2K. It includes
a differential switching current source to address sequentially 32 lines of SQUIDs, achieving a
first level of multiplexing of 32:1. In this configuration, the SQUIDs are AC biased through
capacitors which allows good isolation (low cross-talk between SQUID columns) and no power
dissipation. A cryogenic SiGe low-noise amplifier (e, = 0.3 nV/yv/Hz, gain = 70, bandwidth
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of about 6 MHz in simulations) with 4 multiplexed inputs, performs a second multiplexing
stage between each column. The low frequency noise of the LNA increases with decreasing
temperature. An operation at about 40 K appears to be a good trade-off between this corner
frequency and the white noise level.

This cryogenic ASIC includes also the digital synchronization circuit of the overall multi-
plexing switching (AC current sources and multiplexed low-noise amplifier). A serial protocol
allows focusing on sub-array as well as adjusting the amplifiers and current sources with a
reduced number of control wires. As the digital side takes a large part, a full-custom CMOS
digital library has been developped, dedicated to cryogenic applications and ionizing environ-

ments (rad-hard full custom digital library) [79].

3.3.3 Warm electronics and acquisition software

The final stage of the readout electronics operates at room temperature on a board called
NetQuiC. It is connected to the acquisition computer via a network switch. Each NetQuiC
board is based on a differential amplifier (gain = 100, bandwidth limited to 1 MHz with a
second-order anti aliasing low-pass filter), a 2 MHz 16-bit ADC, seven 16-bit DACs and a Xilinx
Spartan 6 FPGA (XEM6010 board from Opal Kelly). It also contains 2 feedback resistors Ry,
of 10 k2 and 100 k€2 that could be individually connected for large dynamic range or sensitive
measurements respectively. This system is designed to adjust the operating biasing of the TESs
and to control the feedback of the SQUIDs. Moreover, it takes the signal from the cryogenic
multiplexing ASIC, computes the scientific signal and sends it to the data acquisition system.
For this detection chain each FPGA manages 128 detectors, with a total of 16 FPGAs for
the full 2048 pixel focal planes. A dedicated software named QUBIC Studio was developed
at the Institute for Research in Astrophysics and Planetology (IRAP) for the data acquisition
[12, [73]. QUBIC Studio interfaces with the generic Electrical Ground Support Equipment
(EGSE) tool, called “Dispatcher”, which was also developed at IRAP. QUBIC Studio has a
user-friendly interface to manage the connection with the readout electronics. This tool gives
a global visualization of the complete detection chain.

Through this chapter we described the principle of operation and the characterizations
of the heart of the instrument, the detection chain. We have checked its functional behaviour
and have deduced its main parameters. We also realize that the extreme sensitivity of the
detectors has a cost. It requires a very specific know-how and operating conditions. Now that
we know what such a sensitivity requires, we will see how the architecture of QUBIC is set up,

in order to meet its specifications, whether thermal or architectural
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Figure 3.21: Principle of function for the TDM multiplexing. Credit figures: Fabrice Voisin
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Chapter 4

QUBIC subsystems integration and

validation

In order to be able to detect the signal coming from the B modes polarization of the CMB, I have
described the QUBIC detection chain made of TESs and their associated readout electronics.
In this chapter I will focus on the integration of the sub-systems necessary to obtain these
prerequisites.

First I will describe the QUBIC integration in chronological order. I will then describe the
cryogenic chain and the impact of the vibration on the temperature of the system. The hardware
integration description for the detection chain and for some optical part is presented in the last
part.

In this chapter, I will present the works in which I was involved or I was in charge during
my thesis. However, the integration and validation of an instrument as complex as QUBIC
is not the responsibility of a single person, no matter how competent. All the results and
improvements presented in this chapter are the result of a huge team work including many
people from the whole collaboration. My personal contribution will be put forward at the end

of this part after the conclusion.

4.1 QUBIC phase D: an integration history

In this section I will make a short summary of QUBIC’s integration at APC in chronological
order, including some key dates and points, as well as developing different problems that the
team has encountered during these three years. In engineering, the phase D is defined in the

V cycle of a project as the phase of realization and testing of the project.

2018

> The QUBIC project enters phase D on May 31, 2018, when the cryostat sent by Rome
is received at APC. The 1 K stage was not fully assembled at that time, so the cryostat
contained only the 40 K and 4 K shields and also the PT. Then the integration phase of
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QUBIC started. In the first months, we had to integrate the cryostat and the calibration
mount, and also connect the PTs to the APC environment. Once this was done, we were
able to carry out the first cooling of the cryostat in June. This was a reception test, with
the objective to compare the temperatures with those obtained in Rome to verify the
integrity of the system after transport. Figure shows the comparison of the 2 cool

down measured on the 4 K shield with a diode thermometer installed in Roma.
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Figure 4.1: Comparison between the last cool down in Rome and the first one in Paris (Only
the cryostat without the 1 box.

>

In July, the team integrated the 1 K box into the cryostat. We had to tilt the cryostat

because the overhead crane was too low to enter it vertically.

Between September and October, we set up the additional thermometry in QUBIC. Sev-
eral Cernox thermometers and a germanium thermometer were added, as well as heaters
to increase the temperature rise of the instrument during warm-up. A listing of the

thermometers can be found in the appendix of this thesis, section [7.4]

Between November and December we installed the IR filters and then we do the first
cool down in blind configuration (meaning no radiation came from the window which was

closed by a metallic plate).

On the 21st December 2018, first (internal calibration) Photons were detected by QUBIC
shown on figure [4.2]
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Figure 4.2: These are the historical images of the first photons detected by QUBIC. 2 optical
fibers are represented on the above plots. On each plot are represented various TES as well
as their detected signal that we compare to the expected phase in red dashed line. Credit:
Jean-Christophe Hamilton

During this first year of integration, the team also learned to dismount and reassemble
QUBIC several times, a complex operation since it is necessary to dismantle the 3 screens, the
300 K weighting a 100 kg and requiring the overhead crane to be moved, the 40 K weighting
about 10 kg and requiring at least 4 people to be moved and the 4 K weighting only a few kg.
On the top part of the cryostat careful manipulation has to be made since the installed filters
are very fragile. Some of them had to be replaced after being damaged during the operation.
On the bottom, there are the same number of screens with the same constraints minus the

filters.

2019

>> In January, for the first time we installed the calibration source, which simulate a far
field star on the window. The first photons were detected by QUBIC from the calibration

source adnd it’s shown on figure [4.3
>> In February, first test on TES linearity has been done.

>> In March, we performed the first full scanning campaign of the calibration source with
QUBIC.

>> During the summer, we improved the magnetic shielding of the SQUID with a magnetic

shield surrounding the turret. We received and installed the HWP rotation mechanism.

>> The end of the year was dedicated to upgrade the thermal architecture of QUBIC. We
indeed encountered difficulties to reach the 1 K temperature. Many factors were involved.
(i) The 1 K fridge itself which leaked *He is send back to Manchester for further analysis

and fixing. (ii) The condensation point was not cold enough for the 1 K fridge to operate
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Figure 4.3: We have used the calibration source tuned at 220 GHz (modulated at 0.5 Hz, located
at about 10 m from the cryostat) and a flat mirror in front of the window (in order to put the
calibration source in the far field). The detector stage was at about 377 mK, unfortunately
a bit too high for all detectors to be superconducting but sufficient to see the first photons
comming from the source.
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correctly in the initial design of QUBIC. (iii) A thermal contact created by the deformation
of the 4 K bottom cover due to high-vacuum was discovered.

It later appears that it was a combination of those 3 factors. Then a new cryogenic
architecture for the fridge support structure has been installed. It is now supported with
carbon fibers tubes and the 2 pulse tubes cold heads are disconnected: one pulse tube
cools the 4 K shield and the other cools the fridge plate and the 1 K stage through one of
the mechanical heat switch. The two pulse tubes can be connected in parallel thanks to
the second mechanical heat switch, in order to speed up the cool down. In addition, we
added a hardware stop to avoid the thermal contact between the 4 K bottom cover and
the 1 K fridge.

During this year, QUBIC was able to undergo several test campaigns, whether from an
optical, electronic or thermal point of view. This year has particularly allowed the team to
become familiar with the QUBIC Studio tool which is the dedicated acquisition system of
QUBIC.

2020

On January 28, 2020, QUBIC succeeded in demonstrating that bolometric interferometry was
feasible, validated by a IN2P3 review composed by experts of the field.

Despite this success, this year was complicated. Initially announced in Argentina for the end of
2020, the project accumulated delays because of the COVID-19 crisis. Just like the rest of the
world, the COVID-19 appears and with it its lot of confinements and restrictions. In addition
to the few months of stoppage, the HWP broke down several times in January, February, July
and November. Each failure is different, from the belt coming out of its slot to breaking the
fiberglass shaft. When I sent it to Argentina, this component was functional after a year of
breaking and being repaired over and over again. Another important point with the emergence
of the pandemic, the team started to work more and more remotely. We made almost all parts
of QUBIC remotely accessible. This was a huge task which, as we will see later, also allowed
us to simplify the task of integrating QUBIC in Argentina.

From a more personal point of view, this year is also the one where I had the responsibility to
prepare, with the help of several people, the sending of the instrument. This task was complex
because it was necessary to take into account the uncertainties of travel between France and
Argentina and the possible resurgence of the virus. We then prepared a plan to send and receive

QUBIC in the worst possible scenario, i.e. no French people will be able to travel.

2021

Most of this year will be spent preparing the instrument for shipment and following up on its

arrival in Argentina, all of which will be discussed in more detail in the next chapter.
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4.2 Cryogenic chain

The use of superconducting components requires working at cryogenic temperatures. Indeed,
we are talking about 300 milikelvins for TESs and about 1 kelvin for SQUIDs. This demand
in temperature will bring many mechanisms in order to reach these temperatures. Firstly, as
explained in the it is necessary to provide a system capable of withstanding the conditions
imposed by such a constraint on the temperature. We will therefore use a cryosat which is
a hermetic system allowing to make the vacuum inside and to cool devices inside. The first
cyostat was invented by the physicist James Deward in 1893, first called Dewar vase or more
simply dewar [65]. It allows to study gases at very low temperature in a perfectly hermetic
environment to its external environment.

From the technical specifications, we need the following requirements on the cryogenic system

’ System ‘ Requirement ‘
4K cooling Pulse Tube Cooler
Pulse Tube Cooler 4K cooling power | > 1W
1K stage refrigerator “He sorption fridge
1K cooling power 2mW
Detector stage refrigerator 3He/“He sorption cooler
Detector stage cooling power 20pW

Table 4.1: Technical specifications on cryogenics

4.2.1 The cryostat

A schematic view of the QUBIC cryostat is represented on the figure 2.5 The outer shell of
the cryostat is designed to ensure the sealing between the external and internal environment
while allowing the extraction of the internal volume. This envelope is designed to support the
buckling at atmospheric pressure. In addition to that the cryostat will be subjected to a strong
mechanical stress during the transport but also because of the orientation of QUBIC when it
will scan the sky. It is made of aluminum (AL5083)[58]. Vacuum sealing between the 25-mm
thick HDPE [31]] optical window and the top flange is guaranteed by a O-ring seals, with 5 mm
diameter. In addition to these systems, the 300K shield has 5 flanges but only 2 of them are
used: one for the housekeeping data (thermometers, heaters, heat switches, RF-switches and
rotating half-wave plate), the second for the detector readout. These flanges are hermetic, the
connectors being filled with epoxy resin to avoid any leakage.

Two outlets are provided to connect pumps to extract the internal air volume of the cryostat.
The primary pump is connected to the top of the cryostat by means of an adapter to reach the
first stage of the vacuum process. When a pressure of 107! mbar is reached, the primary pump
reaches its operating limit. It will not be able to extract more molecules because the compres-
sion rate needed for this extraction exceeds its capacity. Then we connect the turbomolecular

pump in series with the primary pump. The system then allows to reach lower pressures in the
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’ Molecule ‘ Condensation temperature for a pressure of 1 atm ‘

H,0 273 K
Ny 63 K
O, 54 K
CH, 90.6 K
H, 14K

Table 4.2: Table of the condensation temperatures for major molecule in the air. These values
can be found in the phase diagram [7.1] in annex.

range of 1072 mbar. After that, another phenomenon will take over to decrease the pressure

during cool down: cryopumping.

Cryopumping can only take place when the temperature has dropped below a certain value
as a function of the gas. This value depends on each molecule. The principle of cryopumping
is that each molecule can be bound to a surface by sorption [I3]. After reaching cryogenic
temperature, the gaseous molecules present in the cryostat will start to pile up on the cold

surfaces. There are three regimes of cryopumping that follow each other as shown in figure [4.4}

e Physisorption: it is the regime set up only when we are in the case of a molecular mono-
layer. In this case only the Van der Waals forces will intervene between the molecule and
the surface [I3]. The binding energy between these two entities will depend on the more

or less porous aspect of the surface and the molecule in question.

e Condensation: when the layers of molecules pile up on each other, the Van der Waals
forces will act between these molecules and thus maintain them on the first layer itself
bound to the surface. The increase of this layer reaches a limit when the equilibrium

between adsorption and desorption of the gas is reached.

e Cryotrapping: during the cryopumping process it is possible to trap non-condensable
molecules with a high vapour pressure thanks to the condensable molecules. The molecules

are then incorporated into the created crystal.

Thanks to cryopumping, the cryostat pressure will decrease in the range of 10~7 mbar.

Leak testing

When pumping on a cryostat, it is necessary to check each time whether there is a leak or not
and if so, to fix it. In this optics we carry out at the time of each setting under vacuum a test
of leak using a helium detector. For this we connect the leak detector (which has a primary
pump and a turbomolecular pump) instead of the primary pump of QUBIC.

To detect a small leak, we must use something more volatile than air, which would not be
stopped by the latter. Among most gases, helium seems to be the best candidate because

it is very volatile due to its low density, at normal conditions of pressure and temperature
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Figure 4.4: Schematic of the 3 regimes of cryopumping

(1013.25 HPa and 293.15 K), its density is 0.178 kg/m3 against 1.204 kg/m3 for air. Helium
will therefore have a tendency to travel through air without resistance. Thanks to this property
we can use helium as a tracer, an atom whose behavior can be followed in a given environment.
Now that we know the gas which will be used as tracer, it is necessary to define the way
to detect this gas. We use a process discovered in 1912 by Joseph John Thomson when he
measured the deflection of a beam of ionized neon (Ne+) passing through a magnetic field as
well as an electric field, then developed by his own student Francis William Aston [38]. This
process, called mass spectrometry, allows the detection of an atom by passing it through a
magnetic field. This ionized atom then has its own radius of curvature. By placing a detector
at the exact location of the radius of curvature, only the tracer atom is detected [62].

If we look at the figure [4.5] keeping in mind that it is possible to select the detector so that
it is calibrated to the radius of curvature of the Helium atom, heavier or lighter elements will
be deflected differently by the magnet. As a result, only helium atoms will be detected. So we

have our tracer gas and the way to detect it. Now let’s look at the method of leak detection.

There are two different ways to operate the leak detector. The first is called the sniffer.
With this method, the cryostat is filled with helium at atmospheric pressure. Helium being
lighter than air, it will be ejected if the cryostat is not tight. To detect the leak we pass the
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Figure 4.5: Schematic of mass spectrometer.

sniffer around the cryostat. We will take care during this process to start from the bottom of
the instrument, the helium will tend to rise. The problem of this method in the case of QUBIC
is the consequent volume of the instrument. This method is specially used to detect the large
leaks.

The second method is based on the opposite effect, we pump the vessel to reach a high vacuum
pressure (in the range 10~ mbar). We then replace the pump with the mass spectrometer. If
there is a leak then the air will rush through the hole. With the help of a high pressure helium
bottle connected to a gas gun, we will spread helium around the instrument and let it seep into
the leaks. It will then be detected by the mass spectrometer connected to the vessel. When
spreading the helium, it is important to do it from the top to the bottom to avoid detecting
leaks at the wrong place. This method has the advantage of being more sensitive. However, it
has one disadvantage. If a helium-containing component leaks inside the instrument then this

creates a background noise that limits the leak detection threshold.

In spite of all these tests and the various means put in place to fix the leaks (replacement
of o-ring, vacuum paste around the connectors,...) there may be micro-leaks. We will therefore
determine an acceptable leak rate. For this, we base the analysis on three years of observations,
i.e. three years of continuous cooling. This empirical choice is a deliberately high in order to
leave a safety margin during the QUBIC operations. The main danger of a leak lies in the

cryopumping. Indeed when this one is in operation, the air entering by leaks will then stick on
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the walls the integrality of the components of the air solidifies below 4 K. It will create ice
and notably water ice, strongly absorbing for the submillimetre photons. During the heating of
QUBIC, all this ice will then outgas, increasing the pressure inside the instrument. The pressure
can then exceed the atmospheric pressure and damage the filters or the entrance window. It
is therefore accepted that after 3 years the molecules trapped on the cold surface, during the
warm up must not reached a pressure of 1013 mbar in order to preserves all the components. It
is therefore imposed that the leakage during the selected period must not exceed this pressure.
The leak rate g, usually expressed in mbar.l/s is given by:
AP

=V X A (4.1)

where V/ 1000 1 is the volume of the cryostat and % the pressure slope due to leaks. Assuming

the cryostat reach atmospheric pressure in 3 years leads to the following leak rate:
q, = 10"*mbar.l/s

This is the maximum acceptable leak rate in order not to damage the different parts of
QUBIC. However, it is necessary to have the lowest possible leak rate while keeping this limit

in mind.

4.2.2 40K - 4K and PT cooler

The two shields cooled at 40 K and 4 K are mainly used to reduce the energy expenditure nec-
essary to reach the expected temperatures. Since the cryostat is under vacuum, only radiation
remains present for heat exchange in the system (and conduction in the mechanical structure).
Convection does not take place in the residual gas since the pressure is too low. Conduction is
negligible because it is realized through fiber glass tubes that support the screens. To represent
the interest of the shields, we can estimate the power needed to go from 300 K to 4 K and the
one from the 40 K shield to the 4 K.

The radiative heat exchange [W] is calculate with the following equation:
® = Fyp.F..0.8.(T) — T}) (4.2)

with Fis the form factor which is equal to 1 for two interlocking shields, F, the emissivity factor,
o the Stefan—Boltzmann constant, S; the surface of the cold part and T; (respecively T5) the
temperature of cold part (respectively warm part).

We can see that the temperature is to the power of 4, which means that it is highly non linear.
It is therefore easier to go from 300 K to 4 K by adding a shield in between (at 40 K) than
from 300 K to 4 K directly. A more detailed calculation of the radiative exchange of QUBIC
can be found in the appendix of this manuscript.

For the cooling of the shields, we use a Pulse Tube (PT) which is a cryogenerator based on
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pressure waves in Helium. It has 2 stages and allows to develop an important cooling power
down to 40 K (respectively 4 K) for stage 1 (respectively stage 2). The QUBIC instrument is
cooled by two PTs, each with a cooling power of 1 W at 4 K on stage 2 and 30 W at 40 K on
stage 1. The two-stages PTs cool the shields of the instrument. At the end of the PTs there is
a thermal link system flexible enough to allow the movement of the PT due to pressure waves.
This link is made of a sandwich of several thin copper plates. Finally to thermalize the whole

shield and to homogenize the diffusion, copper belts have been used around the shields.

Figure 4.6: Left: flexible thermal interfaces between PTs cold stages and shields. Right:system
of copper belts used to thermalize the shield.

4.2.3 Sorption fridges for 1 K box and 300 mK plate

The cryogenic chain requires to cool down the 1 K box containing several optical components
(mirrors, filters, detectors). This box weights a little more than 150 kg, which represents a
heavy thermal load, over 60 J of heat need to be removed form the 1 K box [58] starting
at 4 K. To meet this need, Manchester has developed a cryogenic system based on Helium 4
evaporation refrigerator (EVR). The 1 K EVR is designed to meet this huge demand in cooling
power. For this, the *He gas is stored under a high pressure of 75 bars at 300 K. The EVR is
attached on the 4 K stage on the condensation point. The design of of the 1 K EVR (Figure
@ is made with active charcoal for the cryopump. A controlled heat switch (not shown in
figure is attached between this cryopump and the 4K stage.

The operation of the EVR can be described in a simple way. To start, we open the heat switch
and heat the cryopump to about 40 K, which causes the gas to be strongly desorbed, condensed
in the condenser at 4 K, and collected in liquid form in the evaporator by gravity. To run the
cooler once the liquid is condensed, the heat switch is closed to cool the cryopump back to 4 K

which causes it to pump on the liquid, reducing the vapour pressure and cooling the evaporator
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to about 1 K under typical loading. The cooler will continue to operates until the liquid has
completely evaporated and is adsorbed into the cryopump, at which point the cycle may be
repeated.

The thermal conduction is ensured from the evaporator to the 1K box by a copper thermal link
on blue on the figure [4.8]linked by the heat switch.

Cryopump —

Switch mount
\ .:. -

Condensationpoint— s

Film breaker —_—

Evaporator pot——

Figure 4.7: *He 1 K cooler, credit: Andrew May [61]

The 300 mK fridge, designed to cool down the TES stage, has a heat load smaller than
the 1 K box. It is more complicated to decrease the temperature to sub-K range. We use
a double-stage 3He/*He sorption cooler as hown in figure to cool the TES stage. It is
operating in a similar manner than the 1 K EVR, except that in this case the *He stage is
used only to condense the 3He of the second stage (at T<2.1 K). These two stages share the
same cold head as can be seen on the figure The two cycles, similar to the one for the
1 K EVR, are started together but cooling of the ®*He cryopump is done only when there is no
more liquid *He in the evaporator. The copper thermal link between the refrigerator and the
TES stage is maintained by wheels suspended with thin stainless tubes in order to reduce as
much as possible the heat load from conduction. This link is also wrapped with Multi Layer
Insulation (MLI, see next section) to limit the impact of radiation. It is shown in blue in figure
4. 10

Figure shows a simplified schematic of the QUBIC cryogenic system with the 2 PTs
and the 2 refrigerators. At this point of the explanation it is necessary to understand how a
gas heat switch operates (Figure . It is made of 2 parallel tubes connected together with
a small cryopump filled with about 15 bars of *He at room temperature. The tubes are made

with thin stainless steel. Like any switch it has two modes of operation, open and close:

e When the cryopump is cold, it adsorbs all the gas and the switch is in the off state. Only
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Figure 4.8: Copper plate use as thermal link going thought the heat switch to the 1 K evaporator

the conduction in the tubes remains between the 2 ends.

e When the cryopump is heated up above aout 25 K, the gas is desorbed. Convection
can therefore operate and the switch is in the on state, with a high thermal conduction

between the 2 ends.

The heat switch between the 1K fridge and the 1K stage (also called isolation heat switch)

has no cryopump. It is just filled with *He and operates passively:

e When the fridge is at a higher temperature than the 1 K stage, there is no convection
effect because the warm temperature stage is above the cold one. So the switch is in the
off state.

e When the fridge is at a lower temperature than the 1 K stage, the convection can operate

and the switch is in the on state.

This passive heat switch allow to keep the 1 K stage cold when cycling the 1 K EVR.

4.2.4 MultiLayer Insulation (MLI)

There is different level of vacuum, represented by the number of molecules that are present in
a given volume. For QUBIC, we generally operates at high vacuum which is reached when the

pressure is between 1072 and 10~7 mbar.
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Figure 4.9: "He 300 mK cooler, credit: Andrew May [61].

At atmospheric pressure there is 3 way to transfer heat:

e Conduction is the transfer of energy between two connected systems (gaseous or solid).
This one is reduced by using an adequate material with a very low thermal conductivity

or by working under vacuum.

e Convection is the transfer of energy between an object and its environment due to fluid
motion. As we remove the molecules inside the cryostat, there is no longer a continuous

physical environment where a fluid could be.

e Radiation is the transfer of energy by the emission of electromagnetic radiation. In
order to reduce the contribution of radiation, we put Multi-Layer-Insulation between two
shields. This MLI will reduce the thermal flux by a factor (N + 1) with N the number of

layers.

QUBIC operate under vacuum condition to left the radiation transfer as the main heat
transfer mechanism. It is nevertheless necessary to limit the thermal load on the coldest stages
of the instrument. We want to reduce the impact of the radiation of the hotter screens to the
colder screens, and thus limit the demand for cooling power. For this purpose, the collabo-
ration has opted for several MLI layers. The MLI consists of N alternating layers of polymer
mesh and reflective mylar film (metalized nylon). When placed between 2 shields, MLI allows
to reduce the radiation heat load on the cold shield by a factor NLH It acts like floating shields.

This factor imposes to find a compromise between the efficiency of a large number of layers
and the cost that this MLI will have both in terms of places and in terms of thermal load. In

cryogenics, it is admitted that 30 layers of MLI are sufficient for a thermal screen from 300 K
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Figure 4.10: In blue the 300 mK link wrapped in a few layers of MLI.

to a colder stage and 10 layers are sufficient in the lower stages. This material is very efficient,
it is used in many occasions to avoid a thermal leakage from a hot to a cold point. In QUBIC,

several strategic places have been added with MLI:

e Between 300 K and 40 K shields, there is 30 layers of MLI that surround the 40 K shield
as shown in figure

e On the 4 K top and bottom cover, there is 10 layers of MLI that surround the covers.

e 300 mK and 1 K fridges are also surrounded by a few layers of MLI to be isolated from
the radiation of the 1 K box and the 4 K shield.

e At some point, we saw that the fridge plate had a direct sight on the PT heads, so we
close these holes with a few layers of MLI.

e On the 1 K stage, the access door is closed by screws. Despite the use of vacuum grease,
there are however still some spaces where radiation can pass. A good way to see this is
to leave a light inside the 1 K box and close it in the dark to see where the light pass.
We then add aluminized mylar to surround the access door and again limit the radiative

exchange.

All this MLI layers will improve the performance of QUBIC’s cryogenic chain and thus allow

us to obtain the required temperatures with reduced heat loads.

Guillaume Stankowiak PhD thesis 113/



4.3. VIBRATIONS : A KILLER TO SUPERCONDUCTIVITY

B e

Figure 4.11: Photograph and schematic of convective switch. The direction of gas flowis shown
by the dashed lines. The dark grey region denotes hot gas and the lighter grey region denotes
cold gas. Taken from [61]

4.2.5 Results on cryogenic system

During the characterization campaign at APC, the refrigerators were tested several times. A
plot of the obtained results is shown in figure [£.14 The 300 mK stage can hold the temperature
of about 310 mK for more than 42 hours. The fluctuations observed on the green curve are
mainly due to the operations of QUBIC during the measurement.

One of the outstanding results of this campaign is also the efficiency in cooling the 1 K box.
We can see on the figure that we succeeded in cooling the whole 1 K can (= 110 Kg of
aluminum) in 6,5 days. It is very important to reach this temperature and to keep it, because
the critical temperature of the SQUIDs (directly linked to this box) is 1.5 K above this value

they will not become superconductors.

4.3 Vibrations : a killer to superconductivity

The use of advanced cryogenic technology combined with very high sensitivity detection chain
allows to go further and further in the detection of very weak signals. However, there is a down-
side to this sensitivity. In cryogenic temperature experiments, everything is taken into account
to maintain the cryogenic elements at their nominal operating temperature. An example of
such a consideration is the multiplexing of QUBIC: it avoids the multiplicity of cables in the
instrument. This is obviously a space saving in the first order but it is also to decrease the
thermal conduction of the cables. The vibrations created by any external source, if they are

transmitted to the cryogenic level, will put in movement (even if this one is tiny) the various
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Figure 4.12: QUBIC cryogenic architecture schematic.

components. This could dissipate heat and so creates parasitic signal and heat up the detectors.
It could be more difficult to maintain them stable or even to make them work if the temperature

is varying too much.

While at low temperatures (350 mK), it appears that the QUBIC detector stage temperature
stability was perturbed by vibrations created by the pollution around the cryostat (cars, pe-

olple who walk). We decided to characterize this effect in order to reduce it as much as possible.

If we refer to the second principle of thermodynamics, any real transformation of a system
must be carried out in the sense of a positive global entropic balance on the system and its
external environment. The entropy only grows. From this point of view, each work that we

will bring to a system via its external environment and the entropy can be written as :

@

d env —
S T

with S, the environnement entropy, Q the heat and T the temperature. In the case of an

irreversible transformation and according to the Clausius inequality the entropy balance of the
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Figure 4.13: MLI layers on the 40 K top cover. There is 30 layers on the flange and 30 layers
on the cover in order not to break the cryogenic continuity of the layers.
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Figure 4.14: Temperature of the * He Cold Head (green trace) and the upper part of the fridge
(blue trace).

system is

00
dSsyst > T (43)

In other words, any work applied to a system will tend to increase the entropy of the system and
this will translate in a phenomenological way on the system. In our case the work is brought
via the vibrations created by the immediate environment of the cryostat. These vibrations have
a tendency to increase the entropy of the system which, will seek to dissipate this excess energy
in order to return to equilibrium. This energy can be transferred or dissipate. The easiest way
for an object to dissipate energy is to increase its own heat (Q). And this rise off temperature
could explain the difficulty of stabilizing the coldest part. To measure vibrations we use an
accelerometer associated to its readout system and a FFT spectrum analyzer (figure |4.16|) to

see the signal in the Fourier space.

As the cryostat optical axis is tilted with a 50° angle in its nominal position, we choose a
reference frame related to the instrument. From the point of view of QUBIC, we draw an X,Y,Z
reference frame with Z following the optical axis, X and Y being located at the basis of the
cylinder as show in figure We also add the ground reference frame, X ground, Y ground
and Z ground.

We first manage to understand, how the vibrations from the direct environment of QUBIC, in
the integration hall at APC, are transmitted to it. So while it running (PT on), we’ve done
some external tests. The most likely candidates are the noises related to the pulses tubes (com-

pressor and pulsed head).

Guillaume Stankowiak PhD thesis 117/



4.3. VIBRATIONS : A KILLER TO SUPERCONDUCTIVITY

Mise en froid janvier 2019

350.00
300.00

250.00

g
8

——] |

150.00

Temperature {K)

= 4K shield down

100.00

50.00

0.00
0.00 1.00 2,00 3.00 4.00 5.00 6.00 7.00 8.00 9.00

Time (days)

Figure 4.15: Cooling down curves of the 1K box and the 4K shield

Figure 4.16: left: the ENDEVCO accelerometer and its readout system used for the test; right:
the FFT spectrum analyzer.

We took data form the ground, the red mount under the cryostat , the motor from the red
mount and also from the Pulse Tube. This four plot are shown on figure (4.18). Under a few
decades, it’s looks like the ground does not affect the signal on the cryostat. If we look more
precisely, it starts to have some impact after 45 Hz, where there is a pic on all the curves. From
there we can see some pics on the ground are correlated to pics on the mount and the cryostat.
We can therefore deduce that these are the peaks that are transmitted and that we should be
concerned about

Another point of interest is the main direction of the vibrations and the impact on the cryostat.
Regarding the axis on the schematic (figure , we show on the figure all the vibration
from the different axis of the cryostat (taken on the top cover). It seems like, regardless of the
axis, the vibrations propagate in all the cryostat quit similarly in each direction. However we
could see 2 points where it seems to be different but we assume that it’s a kind of experimental
artefacts. The most plausible assumption is that APC is in front of a very busy street and at

some point it could create some noise depending on the number of car. A long measure have
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Z_ground

QUBIC is not fully vertical: the optical
axis has an angle of 50° with respect to
the the ground in its nominal configura-
tion. We choose a Cartesian approach by
looking at the same face of the cryostat
(Pulse Tube ahead) as a simplification to
understand the movement of the different
pieces that we tests.

In the futur graph, if a reference is made
to the axis z ,y or x it’s in the cryostat ref-
erential (picture on the left), either it will
X_ground be precise that it’s from the ground.

This choice is made to avoid any mistake
during the data acquisition.

Y_ground

Figure 4.17: Schematic of the axis regarding
the direction of QUBIC

been done during 12 hours using the calibration fiber to show the environmental noise, as we
see on figure [£.20] there is a quiet period in the middle of the night corresponding to the time
were all the subway stop working at Paris.

By working on the thermal architecture on the back of the 1 K box . Following the axis on
figure [4.3| we install the accelerometer on the 300 mk thermal link for different axis (x,y,z). This
allow us to understand how the vibrations are transmitted through the thermal link. On the
figure [4.21], we can see all the axis direction for the 300 mK thermal link. Regarding the ground
, the 1 K box and the thermal link (blue curve, green curve and orange curve respectively).
We see no important change from one to one. We assume that the baseline level is different
due to traffic in front of the building which had be probably more important during the data
acquisition for the 1 K and the thermal link. As a quick conclusion, on the Y and Z axis the
vibration are not strongly propagated. On the bottom plot we see the propagation of vibration
along the x axis. On this axis we can see a difference between the 1K and the thermal link.
It is important to notice the 3 pics at 50 Hz, 100 Hz and 150 Hz. These are the electronic
noises and its harmonics and are not to be taken into account in the study of the mechanical
vibrations. indeed these frequencies are related to the use of the electricity of the city via the
sector 220 V.

The transmission of mechanical vibrations along the X axis is more important than along the
other two axes. We can therefore conclude that the vibration noise propagated by this axis is
dominant during the cool down of QUBIC.
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Figure 4.18: QUBIC’s vibrations from the ground references (Xgrounds Ygrounds Zground). Lhis
measuremnt have been done while QUBIC running with PTs ON
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Figure 4.19: QUBIC’s vibrations regarding the QUBIC axis X,Y and Z, refer to the figure
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Figure 4.20: 12 hours measurement of the environmental noise at APC. We clearly see a calm
period during the night and this period is corresponding with the stop of all the subway traffic
in Paris

Regarding all the data that we took, the 300 mK thermal link seems to be a very sensitive
piece for vibrations noise. It vibrates enough to create joules dissipation and add heat during
the cooling down and also during the active phase of QUBIC.

In a second time we could see that a part of the ground vibrations are transmitted to the
structure passing throught the red mounts. But this effect is non negilgeable only below 10Hz.
As improvements we decide to change the kevlar string wheels by stainless wire wheel, we al-
ready do some tests to see if this improvements is effective or not. On the figures [4.21] we see
on red the results for 2 wheels (figure . After seeing this result we change the last wheel

by stainless steel too.

We also isolate the red mount from the ground with airpad put below the 8 feets of the red
mounts. Those airpads act as filters for the low frequencies we want to attenuate. It provides
significant reduction of vibration amplitudes occurring at frequencies above 5 Hz, having a
natural frequency as low as 3 Hz. On figure taken from the Fabreeka datasheet, the shape
of the attenuation on the PLM isolators, with a pic close to 10 Hz and harmonics close to 80 Hz.
This show us the efficiency at low frequency of this device.

Another improvements we’ve done was to isolate the compressor from the pulse tube too, with

attenuation carpets.
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[T

Figure 4.21: Top: vibrations of the 300 mK link on X, Y and Z axis from top to bottom.
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Figure 4.22: On the right the first design of the 300mK link wheels with kevlar wire. Vibrations
created by pulse tube and external environment create heat dissipation with this wire. Then,
on the left, we change it with stainless tubes which gave us a good thermal properties with an
improved rigidity.
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Figure 4.23: Left: Transmissibility curve showing isolator translational and rotational frequen-
cies. Taken from Fabreeka Datasheet for PLM isolators. Right: PLM airpad isolator

4.4 Detection chain AIT/AIV

Before the integration, each component of the detection chain undergo validation tests. These
tests are described in this section, in particular for the most sensitive devices of the detection
chain: TES arrays and SQUIDs.

4.4.1 TES

The confidence that one can give to an experiment lies in particular (although not exclusively)
in the quality of its detectors. The manufacture, integration and handling of the latter can
damage them and thus degrade the performance of the instrument. We are thus interested here

in the tests carried out for the validation before the integration and selection tests undergone
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Figure 4.24: Pictures of the probe station with which we performed all the warm tests of the
TES and SQUIDs.

by TES arrays.

From manufacture to integration and testing

TES arrays are manufactured in the clean room of C2N (formerly IEF) after the supercon-
ducting materials (NbSi and Aluminum) has been deposited by IJCLab (formerly CSNSM)
[71]. They are produced with different lithographic processes and then sent to APC to undergo
validation tests at room temperature before being integrated on their support and then tested

in the dilution cryostat.

Once received, an array is put under microscopes in a clean room in order to carry out
tests with a probe station (see figure to check the resistance through each TES at room
temperature. On a wafer, TESs are connected to aluminum pads on 2 edges of the array. We
use 2 probes under the microscope to measure the resistance value of each TES at the level

of the aluminum pads. We can then carry out a mapping of the whole array. Since done at
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room temperature, this measurement includes the resistance of the TES itself but also of the
aluminum wiring from the pads to the pixel. It does not guarantee that the TES array is

functional, but allows to check for defects in the routing.
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Figure 4.25: Mapping of different TES arrays at room temperature. Each map represents the
distribution of the resistance of each TES which depends on the production process. At room
temperature we expect a few k(2. Black squares represent either damaged pads, broken tracks
or missing TESs that may have come loose during production, transport or testing.

All this process is done at room temperature. At the end of these validation tests, the
selected array is sent back to IJClab or C2N to be wirebonded. The wirebonding consists in
soldering aluminium wires from the pads on the edge of the wafer to a PCB. This PCB is doing
the inter-connection between the TES array and NbTi wires that are connected to the SQUID
boards at 1K. The large number of detectors requires a very specific geometry in cascade in
order to be able to plug all the TES. In order to prepare the support to test a new array, we
need to remove the previous one (if there is one, figure . For this, we first remove all the
wire bonding from the PCB to the array using a pressel and avoiding structural damage to
the welding pads. We then place the new array and send it to IJClab or C2N to do the new
wirebonding. Once the wirebonding is done, the support is send back to APC for integration
in the dilution fridge in order to test the array at cryogenic temperatures.

The first cryogenic test is to check if TESs have their normal-superconducting transition in
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Figure 4.26: Wirebonding of the TES array. Left: The thin wire on the center of the pictures
are the wirebonding we need to remove to change the array. Right: Zoom on the thin wires.
Credit : Damien Préle

the expected temperature range (between 400 mK and 600 mK). After that, the array is cooled
to a temperature lower than the critical temperature, leaving a high bias voltage in order to

keep TESs in normal state and start measuring I-V curves.

Figure 4.27: Pictures of the P87 integrated in QUBIC

Main problems encountered on TES arrays

During the different test campaigns that were carried out during this thesis, 2 main problems

emerged on TES arrays.

Guillaume Stankowiak PhD thesis 126/



4.4. DETECTION CHAIN AIT/AIV

e The first problem of all arrays is their fragility. In fact, during the production, each
machine accentuates the pressure more or less differently depending on external elements
(wear of the machine, previously produced dies or first die...). I realized when I carried
out the tests with the probe station that some TESs broke and detached from the array.
In this case the array is too fragile to be used and is not integrated in QUBIC.

e The second major issue we encountered was the thermal decoupling that was not correct.
In other words, when we cooled the array, it was impossible to keep TESs in normal state
with the high bias voltage. This has been attributed to under-etching, leaving too much
Silicon on the support structure of each absorber and so the thermal conductance was too
high. The presence of SOI in the SiN grid has also been detected on these arrays [5.21]

The production of TES arrays has been stopped at the beginning of my thesis because of the
relocation of C2N. All the 8 arrays tested during my thesis, which were produced just before
this relocation, presented a major defect, namely too much TESs missing or a bad thermal
decoupling. The production of new arrays has been started recently at C2N in order to fill in
the QUBIC focal plane. Today the array inside QUBIC is still the first one we integrated, with
the reference P87.

4.4.2 SQUID

SQUIDs are very delicate devices, very sensitive to Electro Static Discharges. The handling

and integration of SQUIDs must therefore be done with great care.

reception and preparation of the SQUIDs

SQUIDs we use have reference SQ600 and are manufactured by StarCryo Electronics E] In their
initial state, they are delivered in the form of a wafer with thousands of components. In order
to preserve them during transport, they are covered by a thin layer of paraffin. This layer, very
useful to avoid the degradation from the external environments is however a brake when we
want to test SQUIDs.

The first step is to prepare SQUIDs by removing them from their wafer and removing the
paraffin (figure [£.30f SQUIDs are then delicately removed one by one and soaked in an acetone
bath and rinsed with ethanol. They are dried with a nitrogen flow under atmospheric pressure.
Finally, once dried, they are placed in numbered boxes on 16x16 grids before carrying out the

tests presented in the following section.

Selection at warm temperature

After preparation of each SQUID, we need to test them to check if they don’t have any defaults.

So before installation in QUBIC, SQUIDs underwent a visual inspection in a clean room in order

thttps:/ /starcryo.com/
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Figure 4.28: Pictures of the P101 array during the clean room test. Left: The array in its
holder before it was removed to put it under the microscope. Right: Once removed, we can see
that some TEsS are still in the support (yellow square), proof of the fragility of this array.

to detect and remove the ones exhibiting evidence of defects during fabrication or storage.
We further proceed in the measurement of 4 resistance values at room temperature: heater,
SQUID washer, feedback inductance and input inductance. This measurement is done under
microscope with a probe station similar to the one used for the resistance measurement of
TESs. The measurements were carried out with an Amprobe multimeter and were done at the
highest resistance range in order to limit the current going through the SQUID.

The distribution of these values is found to be close to a Gaussian with a standard deviation
of about 5% the mean value, as shown in figure

SQUIDs with all parameters within 20 of the mean values are selected for installation in
QUBIC. SQUIDs that are between 20 and 3¢ for one or more measurements are held aside as
a possible option in case there are not enough SQUIDs passing the first criteria. All SQUIDs
with any parameter larger than 30 from the mean are rejected. While these room temperature
measurements do not guarantee that a SQUID is functional, the 2 and 3 ¢ selection process
has been chosen as a trade-off between the number of available chips and the expected homo-
geneity in the SQUID behaviour. A further selection process is performed based on the leakage
resistance between SQUID washer and the input inductance. Leakage measured at cryogenic

temperature is typically a few M2 between a full stack 32 SQUID and the 32 input induc-
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Figure 4.29: Pictures of the P102 TES array under microscope which shows the difference
between TESs on the left which have a thermal decoupling defect and TESs on the right which
does not. We see on the left picture that the TESs support legs are blackened. This tint is given
by the presence of SOI and Silicon which touch the SiN grid and then increase the detector
thermal conductivity. Credit : Davide Camilleri

-

Figure 4.30: Left: A full wafer sent by StarCryo, all the SQUID are lightly stick together.
Right: Cleaning set at the APC cleaning room. Credit : Damien Préle

tances. This level of leakage does not significantly degrades operation of the SQUIDs. The
pass/fail level for leakage to the input inductance was therefore set at 2 MS), with the majority
of leakage values measured closer to 20 M(2. SQUIDs with leakage to the input inductance less
than 2 M(2 were rejected in order to avoid any risk of electrostatic discharge damage. For the
same reason, the leakage between the SQUID washer and the feedback must be that of an open
circuit (resistance > 40 M), otherwise the SQUID is rejected. We typically obtained a yield
of about 80% for a package of 16 x 16 SQUIDs.
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Figure 4.31: Plot of the value of the SQUIDs (Ohms). From the left to the right : (a) feedback
value, (b) heater value, (¢) SQUID value, (d) inductance value

4.4.3 Development of a diagnostic tool for the detection chain

When I performed the sorting of SQUIDs, I noticed that there was no component tracking.
Even after their integration we were not able to trace which SQUID is on which board. If
one channel is not working because of a malfunctioning SQUID, the only possibility is to trace
which board has the problem. We can then remove the whole board, that is to say 32 SQUIDs
and replace it by a new one, instead of fixing the malfunctioning SQUID. The problem is that
on the card that is removed there are perfectly functional SQUIDs. Obviously the new card has
been tested before to make sure that it is globally better than the previous one, nevertheless it
does not prevent from possibly adding other malfunctioning SQUIDs. I therefore proposed 2
improvements to the process: sorting the SQUIDs and a Python tool to find the position of a
possible malfunctioning SQUID in order to replace it.

Sorting

As explained in the section during the SQUID testing process, we record each measured
values and we classify the SQUIDs in 3 categories: pass, fail, reserve. Once this test is finished,
we put the SQUIDs in 3 boxes and then during the integration we install them by taking them
randomly in the pass box.

In order to trace which SQUID is connected on which channel and to know its measured
resistances, I proposed to put the SQUIDs in the storage boxes (figure and to add their
row number, column number and box name to the file with the measurements. When soldering
the SQUIDs on the board, the additional information is noted for each position of the SQUIDs.
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Figure 4.32: Pictures of the SQUID after being tested and sorted in different boxes regarding
their characteristics

Now that we can trace the position of each SQUID in the reading chain very precisely, we
need a program that can identify which SQUIDs have an anomaly and that can also locate the
SQUIDs on the boards

Python tool to locate SQUIDs

We need a program that can identify which SQUIDs have an anomaly and that can also locate
the SQUIDs on the boards. In the case of QUBIC, it is necessary to differentiate the pixels,
which are the entities used in the data analysis software, from the real TES numbers on the
focal plane. For this we refer to the figure [4.33|that gives the correspondence between the pixels
and the TES.

One third of the work is done, since now we have the correspondence between pixel and
TES number. We must now find the next correspondence in the readout chain, that is the link
between TESs and SQUIDs. For this we will focus on the connection between the focal plane
and the turrets of SQUIDs. A quarter focal plane corresponds to two turrets, each turret is
connected to an ASIC. We know that each turret includes 128 SQUIDs or one eighth of a focal
plane. Taking into account that a SQUID turret is made of 4 cards of 32 SQUIDs each, we are
interested in the plugs between the TES and the SQUIDs. The figure [4.34] summarizes the links
for a SQUID card connected to its respective TES. This scheme is simplified and represents the
hardware link between a TES and a SQUID.

With this correspondence we develop a visualization tool to locate dysfunctional SQUIDs.
Using the PyGame module, we can have a graphical feedback with the help of python. The
user will impose a limit on the output value of the SQUID which will be used as a minimum
value. In the case of QUBIC, if the output value is less than 10 pV, it will be considered as

bad. By assigning coordinates in space to each SQUID, we allow the software to locate the bad

Guillaume Stankowiak PhD thesis 131/



4.4. DETECTION CHAIN AIT/AIV

P e oos
PR PX0%0
BEEEE OO nnn ASICE
EENENEEEEEEEEEEEE TES111
EAABHEHBEEHEAEHEEEHBAEBEA

Figure 4.33: Correspondence TES number to pixels. Left: Quarter of focal plan, in each square
are stored all the data to locate a TES. Right: Zoom on one pixel.

SQUIDs and frame them to make their location easier. The representation of the capacities
on the software schematic is used as a vsual reference that we can found on the actual SQUID
PCB. In addition of the display you can see in figure [£.35] the software will return a file for
each turret (Left and Right) with all the error shown as :

Error TES #2 is Left SQUID #17 on the Left Card #1

Error TES #79 is Right SQUID #7 on the Right Card #1

This keeps the information in text format in addition of the pictures.

With this first tool, we are able to replace the defective SQUIDs instead of replacing a
complete card, which induces a saving of money but also a saving of time and sensitivity since
only the best SQUIDs will remain on the cards, the bad ones will not interfere any more with

the others during the reading.

Unity improvement

With a first test of the python software, it quickly became obvious that the software could be
further improved. Having only a representation of SQUIDs would limit the importance of the
impact of the TES, meaning that a SQUID could be perfectly operational but appear with bad
data due to a dysfunction of the link TES. In many arrays, TESs are missing or broken and will
appear as bad in the software. For the improvement we want to represent the focal plane in
addition to the SQUID maps. We will also leave python to opt for a 3D representation. Unity is
a software initially used to develop video games. It has been developed by Unity Technologies,
with the advantage of rapid prototyping and visualization in real time. The graphical interface

is easy to use and allows to obtain better results than python.
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Figure 4.34: Hardware link between TESs and SQUIDs. From this drawing we can figure out
the physical location of the SQUID and the reversed position depending on left or right turret.
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Figure 4.35: Display of the visualization tool. On this picture the two turrets (left and right)
are shown. The blue rectangle represents the capacitors that can be seen on the PCB on the
figure [5.7] they are represented to be used as identifiers during the replacement operation. The
SQUIDs with a defect are surrounded by red squares as can be seen

The first step is to design the components for the TES and SQUID readout chain (figure .
Then I create more complex structures (focal plane, SQUID boards and SQUID turrets).

The purpose of this software tool is to be able to travel through TESs and SQUIDs with a
3D representation of the detection chain. We will also integrate more information to locate each
defective component. During the development of this tool, I searched to implement a function
to view the noise level of a TES, of a SQUID or the output signal of a SQUID. I expect from
the software to create a text file which will contain a table with all previous data. In addition
of that, the software should be able to extract all the V-¢ curves of SQUIDs and I-V curves of
TESs.

When a device has a problem, it is important to know if it’s due to a too low signal or a too

high noise level. On this purpose, a color code will be integrated with the following meaning :
e Red: device presents a too low signal to be considered as functional.
e Blue: device presents a too high noise level to be considered as functional.
e Black: Device is missing or highly damaged (value = 0 for each previous data)

The last step is to code the interfacing of the software. Unity uses a mixed language between
C and C++. We want to include the possibility of going from any device to another one. This
means create a link between each TESs and their linked SQUID, then create a link between

one eighth of focal plane and its linked turret.

The project is still in progress. Today there is still a part of the interfacing to develop, the
inter-component links are already effective and the conditions allowing to define the signal or

noise level are also ready.
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Figure 4.36: Top: a representation of the focal plane of QUBIC implemented in Unity with a
zoom on the right. Bottom: a SQUID tower with the 4 PCBs and the SQUIDs on it, and a
zoom on one board on the right.

4.5 Optical components AIT / AIV

Although the optical chain is not the focus of my thesis, the integration of the instrument
also concerns optical parts. I was involved in two of them: absorbing material on the 1K box
and HWP rotation mechanism improvement. Here I will adopt a more systemic view of the
instrument. I will therefore take the systems in question, introduce the problem encountered
and the solution. I will take each system as a black box, knowing the input and output of this

box.

4.5.1 Absorbing material

Many optical instruments are in the 1K box including mirrors, filters and detectors. The
rays coming from the horns are reflected by the mirrors towards the detectors. The mirrors are
made of aluminum (alloy 6082-T6, selected for its thermal and mechanical performance) having
undergone a special heat treatment [67]. However, as shonw in figure , a fraction of the

radiation reaches the walls of the 1K box, which are themselves made of aluminum. Although
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the latter has not undergone the same treatment as the mirror, this does not prevent part of
the radiation to be reflected, with the risk of creating ghosts in the final image on the focal

plane.

{ 200 mm

Figure 4.37: Zemax simulation of the radiation reflected by the mirrors [11].

To avoid the reflection of the radiation, an additional layer is added inside the 1K box to
absorb the incoming radiation. We use Eccosorb harsh environment millimeter wave absorber
with reference HR-10. This absorber is a black foam sheet that is applied to the walls and fixed
with two-phase epoxy resin (Stycast) as shown in figure m The advantage of the biphase
epoxy resin is that it resists to cryogenic temperature and is also absorbent to millimeter waves.
The reflective coefficient of such material has been measured between -20 dB and -30 dB in the
150 GHz band of QUBIC.

By covering the inside of the 1K box, we minimize the risk of parasitic optical signal of the

focal plane.

4.5.2 The HWP rotation mechanism

The second part of the optical chain that presented a problem during integration is the Half-
Wave-Plate (HWP) rotation mechanism. The HWP is an optical device used to modulate the

polarization of the input radiation. QUBIC is a Stokes polarimeter using on the one hand the
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LR

Figure 4.38: Installation of the Eccosorb HR-10 on the inside of the 1 K box.

HWP to introduce a phase shift between the two orthogonal polarizations and on the other
hand a linear polarizer which selects one polarization. Rotating the HWP produces a modu-
lation of the stokes vector’s component, whih is then possible to recover from the continuous

power background.

The HWP rotation mechanism has been designed and realized by the group of P. de
Bernardis from Sapienza University in Roma (Italy) [25]. I will now detail the different parts of
the HWP rotation mechanism looking at figure The HWP is mounted on a round struc-
ture which rotates thanks to ball bearings. This structure is surrounded by a belt that allows
its rotation. This belt surrounds a pulley which is used to transfer the movement of the motor
to the HWP. The motor is not placed at cryogenic temperature but outside of the cryostat. A

magnetic joint is used to drive a fiberglass shaft linked to the pulley. To summarize:
1. The motor is connected to a magnetic seal.
2. The magnetic seal applies a field to one end of the fiberglass rod and also drives it.
3. The fiberglass rod is linked to the pulley and drives it in rotation.
4. The pulley transfers the movement via the belt to the Half-Wave-Plate structure.

5. We can follow the movement of the HWP by an encoder made with LEDs located on the
side of the HWP structure. This encoder is coded on 3 bits.

Before each closing of QUBIC, we check the positions of the HWP, in a first time by hand
by turning the fiberglass axis. Then we check that we pass through all the positions listed on
the figure [4.40 Then we close QUBIC and we install the motor allowing the rotation of the
fiberglass axis (managed by a magnet outside the cryostat). Before the cooling down, a new
test is performed with the motor to check that the HWP reaches all the positions. Finally once
in cold, we redo the verification of the positions to check that the variation of the lengths of
the materials following the descent in cold has no impact on the positions of the HWP.
Various problems have arisen as we use this component. The belt came out of its trench several
times, so we installed a different pulley to tighten the belt with screws. In addition, we added
a blocker on the furthest point of the pulley on the trench of the HWP to lock the belt with
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Figure 4.39: Left: schematic of the half-wave-plate rotator [25]. Right: picture of the HWP
rotation mechanism.

screws and if necessary to tighten it.

Another more serious problem is the breakage of the fiberglass shaft due to human inattention
while mounting and dismounting the shaft. After several repairs the shaft is operational again
Other problems more negligible were added to all that, broken fiber optics, misalignment of po-
sitions, slight problems on the electronics. All this was repaired more or less quickly depending
on the impacted material.

However the accumulation of these problems led to change many parts of the HWP from the

original design.

{ Bit2
-
Q| |© . | ea
Bit0
1 2 3 4 5 6 7
AN
I -

Intermediate position t _- 2 . L

Figure 4.40: HWP rotation mechanism electronics and principle of the 3 bits encoder.

In this chapter we have reviewed the state of the art of the various instruments (external
to the detection chain itself) allowing to maintain all the conditions necessary for the proper
functioning of the superconducting components. It is quite remarkable to see that we can hold
42 h at the temperature of 350 mK before having to cycle the fridge in order to regenerate the

fridge and have another 42 h of uninterrupted observation.

Guillaume Stankowiak PhD thesis 138/



Chapter 5

Tests and optimization of the QUBIC

detection chain

If we take the previous information we now know the technical specifications in order to have
the adequate sensitivity to detect the B modes of polarization of the CMB. We also know
how we can reach and maintain them thanks to the mechanical and cryogenic architecture of
QUBIC. Now we will focus on optimizing this chain in order to improve the SNR as much as
possible and thus minimize the noise contribution in the data.

The QUBIC detection chain has been tested and validated during the calibration campaign
at APC in 2019 and 2020. Before that, the system has been tested and tuned in a dedicated
dilution fridge, also used to select the best TES array. This section describes the main char-
acterizations done on the QUBIC detection chain, from the ASIC to the SQUIDs and the
TESs.

5.1 ASIC tests and characterizations

The core of the readout system is made of an ASIC cooled to 40 K that controls the multiplexing
and amplifies the voltage from the SQUIDs. This device has been first tested and validated
since it has been used to further characterize the SQUIDs and the TESs.

5.1.1 Implemented functions

The ASIC SQMUX128evo has been designed to control the time-domain multiplexing and to
amplify the signals from 4 columns of 32 SQUIDs in series (see Figure i.e. 128 channels.
Its block diagram is outlined on Figure The following functions have been integrated:

e An ultra low noise voltage amplifier with 4 multiplexed inputs for reading 4 columns of

SQUIDs,

e a current source for the polarization of the multiplexed amplifier,
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e an AC bias current source associated with a 1:32 multiplexer for addressing the 32 SQUIDs

lines through addressing capacitors,

e two voltage references for adjusting the common mode at the input of the multiplexed
amplifier and at the output of the AC bias source of the SQUID,

e a digital circuit which controls the row / column addressing of the multiplexer from an

external clock signal CK,

e a serial link for addressing configurable blocks such as voltage references, bias current

sources or the multiplexer’s row/column addressing circuit.

This ASIC has been integrated on a specific PCB in order to be fully characterized at room
and cryogenic temperatures. It has been tested and proven functional down to 4.2 K thanks to
a low power dissipation of about 16 mW per ASIC whatever the number of columns to read out

is. In QUBIC, the ASIC operates at approximately 40 K due to the available cryogenic power.

Diff. MUX 32 Diff. Current
Outputs X Biasing Outputs
l f N
2 2 ees // 2
V

P [ Digital MUX DEMUX
N | Addressing Circuit 1:32

A
MUX A
LNA € A2
Ac/DC
Diff. Biasing
2 see 2 Circuit
\ J
Y
4 Diff. MUX VICM 1A Vinit Isq
Inputs
1\ 1\ T ’l\ Serial

link

Figure 5.1: Block diagram of the ASIC SQMUX128evo (see text for a detailed description).

5.1.2 Current sources and voltage references

The ASIC called SQMUX128evo integrates digitally adjustable current sources and voltage
references for the biasing of the multiplexed input amplifier and for the SQUID AC bias circuit.
The current sources are based on a fixed current reference (Igpr ~ 100 pA typically) followed
by current DACs whose values are encoded on 3 and 4 bits for the amplifier bias and the
SQUID AC bias circuit respectively. The reference current Irpp is obtained by taking the
current flowing through an external resistor Rrpr under a fixed voltage (forward-biased diode
voltage, about 0.7 V at room temperature). This allows to precisely adjust the reference current

value according to the operating temperature. For a nominal current Igpr = 100 pA:
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e The output of the 3-bit current DAC allows to adjust the bias of the amplifier with
multiplexed inputs (IA in Figure from 1.65 mA to 2.85 mA in steps of 200 pA;

e The output of the 4-bit DAC in current adjusts the AC bias of the SQUIDs (ISQ in
Figure from 5 pA to 40 pA in steps of 2.5 pA.

The ASIC SQMUX128evo also incorporates two 3-bits voltage references for common mode
adjustment at the input of the multiplexed amplifier (VICM) and at the output of the SQUID
AC bias source (Vinit). This voltage ranges from 1.453 V to 1.895 V.

For the voltage references and current sources, the values measured at room temperature
are fully compliant to those simulated. At low temperatures, an adjustment of the reference
resistance and of the threshold voltage of a forward-biased diode from 0.7 V to about 1 V
needs to be done to reproduce the results in simulation for the current sources. The agreement
between measurement and simulation can be explained by the fact that the technology used is

a proven standard technology with a reliable design kit.

5.1.3 Amplifier with 4 multiplexed inputs

The amplifier is made of 4 differential pairs of SiGe bipolar transistors (each with a trans-
conductance g,,,) whose collectors are connected to a common resistor (R;, = 560  at room
temperature and 500 €2 at 40 K). The multiplexing is achieved by means of a set of CMOS
switches that sequentially bias each differential pair that has to be activated (Ipjas = 2 mA
typically). The multiplexing of the inputs is done by switching on or off the bias current source
(Ipras = 2mA typically) at the bottom of each differential pairs by means of a set of CMOS
switches. A common mode (VICM) is applied at the input of each differential pair through 2
series resistors of 50 Q each (differential input impedance of 100 €2) connected to a 3-bit voltage
reference. Each output of the differential stage is followed by a common collector amplifier
in order to reduce the output impedance to about 50 €2 at low temperature. The expected
maximum gain is about 20 and 70 at room and cryogenic temperature respectively.

The contribution of the first two terms is minimized by using a large number of transistors in
parallel to reduce the value of the intrinsic base resistance Rbi. Noise performance optimization
is then reached by determining IC and RL to minimize the predominant contribution of the
last two terms. The expression of the differential voltage gain is Ayp ~ —g,, X R,

Gain and noise measurements were performed using an Agilemﬂ HP89410 vector analyser.
For the gain measurement, as the vector analyser does not have differential sources and inputs,
the setup uses a "single to differential" circuit, made from an AD8132, to differentiate the
signal coming from the analyser source and drive the input of the amplifier under test. The
output common mode of the AD8132 is adjusted to match the VICM of the amplifier under
test. A Stanford Research SR560 amplifier is used to differentiate between the outputs of
the amplifier under test before feedback to the input of the analyser. This external amplifier

limits the bandwidth to about 1 MHz. For noise measurement, this amplifier is also used to

Thttp://www.agilent.com

Guillaume Stankowiak PhD thesis 141/



5.1. ASIC TESTS AND CHARACTERIZATIONS

provide the extra gain needed to overcome the noise floor of the analyser. In addition, the
noise measurement is performed by shunting the differential inputs of the amplifier under test
with a short circuit in the lab or with zero bias of the SQUIDs in QUBIC. The amplifier with
multiplexed inputs is biased at maximum current (1.80 mA at 300 K and 2.85 mA at 77 K) so
that the voltage gain is as high as possible.

——MUX LNA (short) i 77K & max. bias (AV=70)
——MUX LNA (short) @300K & max. bias (AV=20)

0,95 nV/vHz

1E-9 -

Input referred noise [V/VHz]

0,25 nV/vHz
slope = -1/3

1E-10
1E+0 1E+1 1E+2 1E+3 1E+4 1E+5 1E+6
Frequency [Hz]

ALl

Noise [V/VHz]

—IN ASIC2

1E-10 f
1E+0 1E+1 1E+2 1E+3 1E+4 1E+5 1E+6
Frequency [Hz]

Figure 5.2: Multiplexed LNA (low noise amplification) equivalent input noise voltage measure-
ment at 300 K and 77 K (top) and at 77 K for the two ASICs in QUBIC (bottom).

From 300 K to 77 K, the voltage gain increases from 20 to 70 as expected and the white
noise level decreases from 0.95 nV/v/Hz to 0.25 nV/v/Hz as shown in Figure The corner
frequency also increases from about 100 Hz at room temperature to about 6 kHz at 77 K.
The presence of an excess noise below 10 Hz at low temperature is not understood. The 3 dB
bandwidth of the LNA is estimated at about 6 MHz by simulation, not measured precisely

because of the limitation from the measurement setup.
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5.1.4 AC bias current source

The AC bias current source allows to alternately bias two consecutive SQUIDs of the same row
at +I,, and -I, through addressing capacitors (no power dissipation on the cryogenic stages
as compared to the addressing with resistors). It consists of two differential branches, each
of them having an inverter degenerated by current mirrors referenced to the biasing current
source described above. These inverters are controlled in phase opposition to the rate imposed
by the column changes. Alternately, the outputs of these inverters simultaneously push and
pull the same [, biasing current through each SQUID of the same row through the addressing
capacitors. A 1:32 multiplexer located at the output of the inverters of the AC source allows
the selection of the row to be biased. In order to avoid a drift of the operating point at the
output of the inverters of the AC biasing circuit and a risk of saturation of the current sources,

these outputs are connected to the voltage reference V;,;; through 2 external resistors of 10 k2.

5.1.5 Multiplexer addressing circuit

The sequencing of the multiplexing is carried out internally in the ASIC by an integrated digital
circuit referenced to an external clock signal CK of 100 kHz nominal frequency. In addition to
the control of the LNA and the SQUID biasing circuit, it generates two signals active on falling
edge, SYNCCb and SYNCLDb, that indicate the end of row and complete cycle respectively. This
addressing circuit consists of synchronous counters / down-counters on "CKb" with parallel
loading and asynchronous SET / RAZ: it implements a 2-bit counter for the addressing of the
columns (multiplexed amplifier inputs selection) followed by a 5-bit counter for the one of the
rows (SQUIDs biasing current sources selection): - at the end of each 2-bit counter cycle, it
generates a "SYNCCDb" signal, active on a falling edge, which increments the 5-bit counter
(jump to the next row); - at the end of each 5-bit counter cycle, it delivers a synchronization
signal "SYNCLDb" (end of complete cycle) active on falling edge. To be consistent with the AC
biasing principle of SQUIDs, the addressing mode requires a systematic change of column at
the end of each change of row (reading path in "Z" pattern). The digital input "COUNTD" is
used to define the addressing excursion ("COUNTb" = "0" (default), the array is read from
column 1, line 1 to column 4, line 32; "COUNTbH" = "1"  the array is read from column 4,
line 32 to column 1, line 1). Addressing is fully reconfigurable and can be adapted to any size
included into an array of 4 columns of 32 SQUIDs in series. To do this, each counter has 2
registers: one for the parallel loading of the counting start value (prepositioning), the other
for the parallel loading of the counting end value (reset to the value of prepositioning). The
addressing circuit clocked at a multiplexing frequency of 100 kHz was functionally tested down
to a temperature of 4.2 K as shown in Figure [5.3] [81].

5.1.6 Functional tests of the ASIC with SQUIDs

Functional tests of the ASIC have been performed down to 4.2K in a dedicated cryostat on

a small array of 2 columns of 2 SQUIDs in series as shown in Figure [5.3. which consists in
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Figure 5.3: Functional clocking validation at 4.2 K of the multiplexer: Clk: clock; Line: syn-
chronize the SQUID switching current source to the multiplexed LNA; Cycle: give the start
- pixel 1 - of the full multiplexing cycle; Vout is the multiplexed signal of 128 pixels with
the SQUID stage replaced by 128 resistors biased through capacitors. 4 different offsets are
noticeable).

4 “StarCryo” SQUIDs chips bonded on a Printed Circuit Board (PCB) with Surface Mount
Device (SMD) addressing capacitors associated to our cryogenic ASIC for the readout and the
multiplexing. The settle time of the system after switching from one channel to the other is of
the order of 5 us. These tests have validated the AC SQUID biasing operation and the overall
multiplexing topology (switching AC current sources, multiplexed LNA and digital clocking).

5.2 Optimisation for SQUIDs

The detection chain second stage is made of the Superconducting QUantum Interference Devices
(SQUIDs) maintained at a temperature of about 1 K by a “He fridge. Each TES is in series
with the input inductance L;, of the SQUID and is voltage biased with a 10 m{2 resistor in
parallel as shown in Figure [5.5] The input inductance of the SQUID converts the TES current
into a magnetic flux ®;, that is converted in an output voltage by the SQUID. The latter is
therefore a transimpedance amplifier with a gain of the order of 100 V/A.

To compensate the flux variation, a current from a feedback loop is injected to create a
feedback flux ®g,. The voltage sent by the DAC to create this feedback current through the
feedback resistor Ry, is the QUBIC signal (Figure . This process, allowing to lock the flux
operating point in the SQUID is known as a Flux Locked Loop.

In addition to being cryogenic amplifiers, SQUIDs also enable the multiplexing because
of their large bandwidth. As shown in Figure [5.6, the SQUID multiplexer is composed of
4 columns of 32 SQUIDs AC-biased with capacitors in order to reduce power dissipation and
noise.

The SQUIDs used in QUBIC shown in Figure [5.7 have a dual-washer gradiometric layout.
They are based on a SQ600S commercial design provided by StarCryoelectronicsﬂ slightly
modified in order to reduce the area of each die.

However, this design has been modified to remove an input transformer (for “current-lock”
CL operation) not used in the QUBIC readout chain (based on flux feedback). In addition, the
size of the pads have been reduced to 200um and all the design has finally be compacted to

2staurcryo.com
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Figure 5.4: Validation at 4.2 K of the ASIC and SQUIDs AC biasing operation through ad-
dressing capacitors (100 nF). The tests are performed on an array of 2 columns of 2 SQUIDs
in series associated to the cryogenic ASIC. The clock frequency is external and set to 2 kHz.
Signals in yellow and red are synchronization signals of the SQUID switching current source
and the multiplexed LNA respectively. Signals in blue are the measured multiplexed output

signal, with and without offset compensation, corresponding to voltage-flux characteristics of
each SQUID obtained by applying a large ramp signal into their feedback coil.

reduce the area for each SQUID and put about 4000 SQUIDs on 2 custom wafers. A square of
the grid is 100 p m. The SQUID chip has thus a size slightly smaller than 2mm. Wafer: about
54 SQUIDs on the diameter and 2000 SQUIDs (about 4.3 inch) on the wafer, a wafer is shown
on the figure [£.30] Visual inspections and room temperature tests with a probe-station are
used to select the SQUIDs before integration on a specific PCB (a more detail look is given on
section . One SQUID PCB is composed of 32 SQUIDs and is integrated in an aluminium
box. The architecture therefore uses 4 of these PCB boxes to read out 128 pixels. As shown in
Figure 4 stack of 8 SQUID boxes is installed at 1 K below the TESs in the cryo-mechanical
structure, surrounded with a Cryophyﬂ magnetic shield.

5.2.1 SQUID current

The SQUID is use as a transimpedance amplifier in the read out detection chain. The multi-

plexing system has the inconvenient that we must impose one current value for 128 SQUIDs as

3www.aperam.com
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Figure 5.5: Layout of the TES, SQUID and ASIC operating in flux-locked loop.
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Figure 5.6: Left: Topology of the 128 to 1 multiplexer sub-system (4x32 SQUIDs + 1 ASIC).
Right: Integration of 32 SQUIDs (1 column) with bias capacitors and filter devices.
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Figure 5.7: On the left, layout of a gradiometric SQUID (100 um grid), on the right, picture
of one SQUID bare die (about 1.7 mm side).

they are split in half of quarter of focal plane.
To do that, the SQUID current source I, in the ASIC is coded on 4 bits allowing 16 discrete
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values. The response of a SQUID depends on this current Is,. In order to optimize the 128

| bit value | index value | I, (pA) |

0000 0 0
0001 1 5.10
0010 2 7.65
0011 3 10.20
0100 4 12.75
0101 5 15.30
0110 6 17.85
0111 7 20.41
1000 8 22.96
1001 9 25.51
1010 10 28.06
1011 11 30.61
1100 12 33.16
1101 13 35.71
1110 14 38.26
1111 15 40.81

Table 5.1: Index values for different index with regard of the binary DAC code

SQUIDs of the readout system for 1 ASIC, we need to select 1 current value for all of SQUIDs.
However, the characterization of such a system is not an easy task. Indeed, as the signal is
multiplexed we only have one channel to select the current to send to 128 SQUIDs. So we
need to make a choice between all the possible values. For this optimization, we test all the
SQUIDs putting a known signal as input and by looking at their response, we select the highest
peak-to-peak value for the voltage swing. The principle of the procedure is the following: a
slow sinusoidal signal of 12 seconds period and 1 V peak-to-peak amplitude is injected into
the feedback inductance through the feedback resistor Rg,=10 k€2 and the bias current of the
SQUIDs is increased step by step. For each value of the input current Iy, the response of the
SQUID is therefore measured .

To define the best index, we look at the variation of SQUID voltage with regard of the quantum
of flux ®y. A typical response for a SQUID is shown in figure 5.8 only the interesting current
are shown, the other shows no signal. As we can see, the response alternate between small and
high peak-to-peak values, an optimum is found for a given SQUID current. Obviously as we
use hundreds of them, they are not all as good as this one. SQUIDs are very fragile, a slight

electro static discharge is enough to destroy them.

We extend this analysis to all SQUIDs and we obtain the histograms shown in figure for
both of the ASICs. We can see a dominant index for both of the ASIC. It is interesting to note
that they are not the same for ASIC 1 and 2. Indeed this value differs from one SQUID to an-
other depending on various variables, notably during manufacture, preparation or integration.
This show us again that it is very important to check the best value for one ASIC. The second

step consist of studying in more details the dominant index and comparing it to the N+1 and
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Figure 5.8: Typical response of integrated SQUIDs

the N-1 (with N the number of the best index).

Looking at these three histograms (figure [5.10)) instead of staying with the first one makes it

possible to confirm by a second more thorough analysis that the right index is selected. We

define empirically that 10 uV is the minimal voltage swing value for a suitable SQUID which

means we want to take the index where the pic for the number of SQUID is the highest adding

the condition that it must be over 10 uV. For example in our case for ASIC 2, the blue pic

is the highest one with a value of approximately 20.5 uV. For ASIC 1, however, the red pic

is the highest one but if we look in more detail we see that the voltage value is inferior to

the blue highest pic. In this specific case we will prefer to take the blue curve to optimize the

functionality of SQUIDs for this ASIC.

Histogram of the optimum current for the SQUID response for ASIC 1

Histogram of the optimum current for the SQUID response for ASIC 2
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Figure 5.9: SQUIDs distribution of the peak-to-peak maximum value

With all the analysis, we have created an automated procedure to select the best index :

e Put a sinusoidal signal to the feedback SQUID coil
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Figure 5.10: SQUIDs distribution of the 3 best index

e Sweep all the index values
e Select the highest number of working SQUID (peak-to-peak value higher than 10 pV')

All of this have been automated through a python code that just need the data to give the best
index. It is applicable regardless of the number of ASIC.

5.2.2 SQUID noise

As QUBIC is an instrument seeking to observe the B-modes polarization of the cosmic mi-
crowave background, it must have a very high sensitivity. For that we must have a very good
control on the noise contribution from each component in the instrument detection chain. We
have seen in a first step that the use of a superconducting bolometers allow very high sensitivity.
We will now focus on the next element of the readout chain, the Superconducting QUantum
Interference Device (SQUID).

As we have already seen earlier, the SQUID is used as a transimpedance amplifier at cryogenic
temperatures. In the case of QUBIC the SQUIDs are placed at 1 K.

After having undergone the first test to characterize the set of SQUIDs and to define their
current [y, that we will impose in order to improve their response in peak-to-peak amplitude,
we are now going to be interested in the noise of these components.

For that, we start again from the data analyzed previously and we look into more details to
the functional SQUIDs (figure |5.11]).

We start from the best value of the SQUID current determined from the response analysis
done previously. Then, we have to look at the noise associated to this current. Indeed we
prefer an index with a lower noise so that it does not increase the overall NEP of the readout
chain of the instrument. We are then looking at the previous index and the following one in

comparison with the best one to compare their respective noise contribution. We deduced from
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Figure 5.11: Distribution of working SQUID. Left: ASIC 1, Right: ASIC2

these data the current noise by dividing the voltage noise (averaged between 40 Hz and 50 Hz)
by the slope in the middle of the flux-to-voltage transfer function and by the input coil mutual
inductance.

From histograms figure [5.12] we can see the average current noise of the focal plane for a
given current. We notice that the minimum noise corresponds to the current with the max-
imum amplitude. The median value is around 70 pA/ V/Hz, higher than the expected value
of 0.6 pA/ V' Hz provided by the manufacturer. This is due to the TES aliased current noise
explained in section |3.3.1|
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Figure 5.12: Distribution of the SQUID noise. Top: ASIC 1, bottom: ASIC2

A 3D representation of the SQUID current noise is shown in figure [5.13] This plot shows
the current noise distribution within the two SQUID turrets. It is interesting to show that
below a certain current index (understand here the current sent to the SQUID by the ASIC),
the noise is largely dominant because the SQUID response is lower. This current corresponds
to the higher value of the critical current given by the manufacturer. If we take into account
the operation of the Josephson junction, it is necessary to pass this value of current to allow

the tunneling effect of Cooper pairs and this is clearly visible here.
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Figure 5.13: 3D noise distribution of the SQUID integrated in the TD at APC. On this graph
it is easy to see that it is necessary to impose a certain current value to the SQUID below

which it is difficult to discern the signal from the noise and for which the SQUID will not be

functional
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5.2.3 Magnetic environment of a SQUID

SQUIDs are by definition magnetic field detectors. We recall that the operation of a SQUID is
related to the variation of its internal magnetic flux with respect to @y = h/2e = 2.07.10~5Wb.
This magnetic flux is subjected to the entirety of the ambient magnetic fields. It is therefore
important to isolate the SQUID cards from their environment. We also recall that QUBIC is a
ground based instrument, i.e. the Earth’s magnetic field is a constant that must be overcome.
Currently the Earth magnetic field has a value of B=47 pT" (or H=37.4 A/m), which varies
periodically according to the magnetic cycles of the Earth. Several options exist to get rid of

this one:

e Counterbalancing the magnetic field by creating a magnetic field of equal strength and

opposite direction,
e isolate the SQUIDs from the external environment,

e isolate QUBIC from magnetic parasite noise.

The solution chosen in QUBIC is to isolate the SQUIDs from the external environment. For
this, we have chosen an external company to produce a Cryophy coffins that can operate at low
temperatures, shown on figure Cryophy is a Nickel-Iron soft magnetic alloy suitable for
magnetic shieldings at cryogenic temperature (typically 4K). This material has the particularity
to redirect the magnetic field lines according to its geometry. This however imposes certain
conditions: it is necessary that the geometry of the coffin is perfect and does not present any
defect, the least defect involves a variation in the modulation of the lines of fields. Secondly,
the casket must be as continuous as possible and if possible in one piece. All this work has
been subcontracted to the company Meca Magnetic and are shown on the figure [5.16]

The attenuation factor of the magnetic field is defined by the following relation :

Hout

S:Hi

(5.1)

where H,,; and H;, are the magnetic fields respectively outside and inside the magnetic shield-
ing. In theory, for a cylinder of diameter D and thickness d made with a material having a

magnetic permeability u, the attenuation factor is given by:

d
g Hd

= (5.2)

With Meca Magnetic, we have chosen Cryophy to realise the magnetic shielding. This
material has a hig magnetic permeability even at low temperature as seen in figure [5.14 With
a typical size of D=100 mm, a thickness d = 1 mm and a magnetic permeability p = 20000
under Earth magnetic field, a theoretical attenuation factor of about 200 could be achieved.
A low frequency magnetic simulation has been used to estimate the real attenuation factor of
the designed shield. It has been performed under CST, a software dedicated to the study of
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Figure 5.14: Permeability measured at liquid Helium temperature. Solid circles, open cir-
cles, solid squares, open squares and crosses indicate “Tokin R”, “Tokin R new”, Cryoperm 10,
Cryophy and A4K; respectively. Taken from [63]

electro-magnetic fields. As shown in figure , for a outside magnetic field of 31.4 A/m, we
obtain a typical value of 0.5 A/m inside the shield. The attenuation factor is therefore about
S = 62, lower than the expected value probably due to the presence of small holes to pass the
wiring and the screws.

To sum up, the characterization of the SQUIDs allowed to optimize their responses and
to reduce the output noise. These components are complex to manufacture but also to use.
Because of their extremely high sensitivity, they are subject to many external element such as
vibrations and external magnetic field, a full study of the cryophy material show the efficiency

of this material at very low temperature [63].

5.3 Modeling of a SQUID

Always looking for the improvement of the signal to noise ratio, we started an activity of
modeling SQUIDs in order to be able to test other readout configurations in a non destructive
way.

The particularity of SQUIDs is their extreme sensitivity, but this sensitivity has a price.
Indeed, the SQUID is also extremely sensitive to electrostatic discharge (ESD). A human body
can produce ESD over a wide range of current, frequency and voltage. It has been identified
that the area of greatest ESD is in the lower arms at the hands. The average human body
produces an ESD current ranging from a few amperes to a few tens of amperes, in a frequency
range of less than 40 MHz and a voltage of about 25 kV (results are taken from [26]). Joseph-

son junctions have a risk of blowing out due to ESD. A hundred nano amperes are enough to
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Figure 5.15: Photo of SQUIDs turrets before (left) and after (right) shielding

cause irreversible damage to the junctions because of the small thickness of the insulation layer
in SIS junction. Although many precautions are used to avoid ESD when handling SQUIDs
both before, during and after integration, some ESDs end up being the cause of SQUID de-
struction. The simulations have several advantages, firstly in terms of flexibility and speed of

data analysis, but also on an economic level saving a large number of prematurely dead devices.

We have chosen to use LTSpice to model SQUIDs. LTSpice is an electronic simulation soft-
ware allowing to represent very complex electronic circuits through a simple graphic interface.
Moreover, the software allows to analyze data and to program the commands of a circuit in
a language specific to LTSpice. The main problem is that the SQUID component does not
exist as a prefabricated component in the LTSpice catalog. So we are looking for the best
way to simulate the SQUID. For that we want to find a way to create an electrical model for
a Josephson junction. Let’s keep in mind that we want to model a superconducting element

whose main effect is a tunneling effect of a Cooper pair.

5.3.1 Model of a Josephson Junction

First of all, it is necessary to understand the mechanism of the Josephson junction. As we have
seen before in section [3.1.2] we can summarize it by the necessity to reach a certain current
(the critical current Iy) in order to trigger the passage of the Cooper pairs via the insulating

breaks of the superconducting loop.
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A high-quality tunnel junction has a hysteretic current—voltage (I-V) characteristic. For a

SQUID we can define a hysteretic behavior as :

1. Bias current is increased from zero.
2. Voltage switches abruptly to a non-zero value when I exceeds I;.

3. Voltage returns to zero only when I is reduced to a value much less than I.

In general, when we make the SQUID functional, we try to suppress these hysteresis. In our
case, tunnel junctions made from low temperature superconductors, this is done by shunting
the junction with an external shunt resistor. A such complex design can be represent with the
Resistively and Capacitively Shunted Junction (RCSJ). The Josephson junction is represented,
in this model, by a critical current Iy which is placed in parallel to 3 elements, a resistance R,
a capacitance C and a current noise source Iy(t), a diagram is given on figure . Applying

Kirchoft’s law to the circuit we get the following current:

- U

H-Fiedd

Field at

Ll CAZME A'm

M, 0AX mm
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Figure 5.16: Top: Design of the magnetic shield made by Meca Magnetic. Bottom:

simulation of the Meca Magnetic shield.
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il

Figure 5.17: Representation of the RCJS model for a single Josephson Junction.

the first term is the displacement current with the effective capacitance, the second one is the
dissipative current with the effective resistance, the third one is the Josephson current and the
last one is the current noise.

We recall that the Josephson junction works with a phase difference. This phase difference
will create an imbalance in the current flowing in the superconducting ring and thus modify the
internal magnetic field of the SQUID. It is therefore preferable to have a relationship directly
linking the current to the phase. For this, we use the second Josephson relation that we

can then substitue in the previous equation to get:

By . Dyl .
With this equation, we now have a direct link between the current passing through a Joseph-

son junction and the phase. The phase is obtained by integrating the Jospehson juction voltage
U as given by equation [3.49}

_27T t

5=
Do Jo

U(t)dt (5.5)

On figure [5.18, we show the modelisation of the Josephson junction with LTSpice.

5.3.2 Model of a dc-SQUID

As we defined earlier, a SQUID is a superconducting ring broken by two Josephson junctions in
parallel. We can thus assimilate a SQUID, according to the RCJS model, as two codependent
Josephson junctions, traversed by a bias current Ip;,s (current imposed by the ASIC in the case
of QUBIC). Moreover, in order to obtain a dynamic model and to study the behavior of the
SQUID, we want to immerse the SQUID in an external magnetic field. For this, we model
the input coil of the SQUID with two mutual coils placed upstream of the Josephson junctions
(figure [5.19).

The two Josephson junctions will influence each other as seen in the section [3.2.2] To represent
this influence, we create a junction whose dynamics is directly linked to the latter. By applying
the relations seen during the theoretical study of the SQUID and by integrating them to the
RCSJ model, we define the current of the Josephson junctions as equations and which
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Figure 5.18: LTSpice representation of Josephson Junction
give:

L = Iy sin [% ( /Ot U(t)dt + By + Lip * j)] (5.6)
with ®, the magnetic field created by the input coils, L;, the inductance of the SQUID and
j the screening current. The voltage accross the SQUID is oscillating at high frequency. We
use a low pass filter to remove these high frequency components and get the low frequency
contribution. We then vary the external magnetic field and the bias current to obtain the
characteristic V(®) of the SQUID that we can find on the figure [5.20]

Our model exhibits nonlinear behavior as well as periodic variation typically representative
of the behavior of a SQUID. Our simulated SQUID can therefore reproduce the qualitative
behavior of QUBIC’s SQUIDs. This simulation allows to play on the parameters of the SQUID
in a non-invasive way and thus to limit the losses of the SQUIDs related to their brittleness

and their sensitivity to the electrostatic discharges.

5.4 TES characterization

In QUBIC, the first stage of detection is made of TESs. QUBIC TESs need to be known as deep
as possible, regarding the technical specification presented in table that we want to reach.
TESs are far from a simple device, they are however currently in use in many experiments
and therefore already been deeply studied. In this section we will briefly describe how they
are manufactured for the QUBIC experiment. After this we will explain in more details, tests
that they underwent during the characterization campaign. Finally we will discuss the results

in order to have a better understanding of this complex device and to be able to see if the
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parmétre du Squid
param h=6.62606957e-34 e=1.60217657e-19 phio=h/(2*e) Ic=16e-6 kin=0.9356 kfb=0.2647 Lmea=325.5n Lfb=1.3n Lj=94p resb=3 resa=3 capja=0.36f capjb=0.36f

.param Ibias=30.6p

fonction définissant le courant de josephson
func Tjsh{u,Io) {Io*sin{2*pi/ phio*idt{u))} courant de josephson de la lere jonction
func Ijshcomp{u.lo.phia.j) {Io*sin{2*pi/ phio* (idt{u)+{{phia +2*{Lj} *j)-phi_ext)}))}
func M{Lm,Lsq.k} = {k*sgqri{Lm*Lsq}}
Sfunc Isup{uw.Io.R.C) {Io*sin{4*pi*e/h* le-6* le-6+0.5)+ 1/ R *u+C*idt{u)}
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Figure 5.19: LTSpice representation of a de-SQUID. Based on the RCSJ model, we recognize
the Josephson Junction in parallel with the input coil which is linked by the Spice commands
to the two circuits on the left imposing a field value to the coils (thus allowing to play on the
shielding value of the assembly). A current source running through the SQUID represents the
action of the ASIC on it, imposing a bias current.

V-@ response for SQUID number 94 on ASIC 1

Isq = 40.8 pA
Isq = 38.3 pA
= |sq = 35.7 A
— |Sq = 33.2 A
= |sq = 30.6 A
— IS = 28.1 BA
Isq =25.5 pA
Isq =22.9 pA
= Isq = 20.4 pA

Flux (in quantum of flux)

Figure 5.20: Comparison between the simulated V(&) curves on the left and the curves obtained
in QUBIC on the right. These two curves present an identical behavior in sinusoidal variation
as well as the particularity of the nonlinear behavior.

Technical Demonstrator reaches the technical specification and if it is able to see the sky in
Argentina.
The TES array installed in QUBIC has the reference P87. All the results indicated in this
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section will be referred to this array unless specified otherwise.

’ Specification \ Value
TES size 2.6 mm
Power loss on TES <10%
Power integrated on focal plane =>80%
Number of TES for a focale plane 1024
Number of TES for a wafer 256
Fraction of operationnal TES for a wafer 80%
Detector stage temperature spec. / goal 350 mK / 320 mK
TES NEP 5107 Wv/Hz
TES time constant spec. / goal < beam duration /- 90 mg
Number of TES for a full focal plane 1024
Number of TES wafers 4
Scientific data sampling rate 100 Hz

Table 5.2: Technical specification for the TES design and characterization

5.4.1 Design of TES

For a better understanding of TES, we will be interested in the manufacturing process of the
detectors |72} [85]. Figure show an exploded view of a QUBIC TES. The main process used
to manufactured the TES is lithography and it’s made at C2N while the deposition of NbSi
and Al is done at I[JCLAB (ex-CSNSM). We can summarize this process by the following steps

10.

. Commercially supply SOI wafers with a ultra thin layer of SiN (500 nm).

Electron-beam deposition of a bilayer composed of 30nm Nb,Si;_, followed by 200 nm of
aluminum without breaking vacuum. The Nb,S7;_, is the TES itself and the aluminum

layer represents different parts like the TES electrodes, the bonding pads and the routing.
Wet etching of the Aluminum and reactive ion etching of the NbSi.

Realization of the light absorption metallic grid by lift-off of a 10 nm thick Palladium

layer.

Then to realize the micro-meshed membrane, deep-etching of Si substrate from the back.
Removal of the SiN back layer.

Front reactive ion etching of the SiN. After this step we have the micro-meshed pattern.
Dry etching of the Si layer.

Removal of the Si to obtain only the SiN meshed membranes.

Oxygen plasma treatment to remove residual materials. Using solvent is prohibited at

this step in order to not degrade membranes.
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Figure 5.22: Picture of a single TES

These processes are very delicate, at many steps there is a risk to damage TESs and not
reaching the minimum fraction of functional detectors. To check if the array is useless or not,
there is a test at warm temperature that is developed in the next part of this thesis (QUBIC
AIT/AIV). We need to keep in mind that each time we touch the array or we transport it, it is
possible to seriously damage a TES, as the lithography process let only 4 pads of about 30 um
width and 500 nm thick to maintain the structure.

A hardware verification of the etching is shown on section 4.4.1

Guillaume Stankowiak PhD thesis 160/



5.4. TES CHARACTERIZATION

5.4.2 R(T) measurement

First we need to characterize the variation of the TES resistivity when the temperature decrease.
This will give us many information on the TES array in particular the critical temperature of
the superconducting sensors. As TESs are superconductive devices, the closer we get from the
critical temperature the lower is the resistance of the device. An example is already given in
figure [3.8) for the P87 array. Same measurements have been done for the P105 matrix in the
dilution fridge which is a smaller cryostat used at APC in order to reduce the cool down time.
It is a 3He - *He dilution fridge able to reach 30 mK. This installation is very efficient since
it allows to test all the cryogenic material with only about one day of cooling down. The TES
arrays and SQUIDs are first studied in the dilution before being integrated in QUBIC.

The R(T) measurement is shown in figure m From those plots, we can estimate a critical
temperature To ~ 630 mK and a behavior corresponding to a superconductive bolometer.
Such a representation of R(T) has to confirm that the etching by lithography has been well

done and that the superconducting sensors are not damaged.
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Figure 5.23: R(T) diagram for P105. On the left, we see two transitions the green one is the
aluminum one with a T = 1.2K and the red one is the TES (NbSi) one with a T¢ ~= 630mK.
On the right, a zoom on the NbSi transition.

5.4.3 I(V) measurement

We remind the reader that TESs are subject to a feedback effect called ETF. When a TES is
voltage biased and subject to a strong ETF effect, then its operating temperature is constant
on the normal-superconducting transition R(T). If it works in an optimal way one does not
measure any more a direct variation of temperature but more a variation of the dissipated
power (by Joule effect) which maintain the bolometer temperature constant.

The objective of the voltage-current characterization is to scan the whole transition. For this,

we must start from the normal state so that Joule power can be dissipated on the TES. It can
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Figure 5.24: I-V curves for one TES. At the lower point of each curves, called the turnaround
point, this is specifically where the TES goes on the its transition curve.

be achieved either by having a bath temperature T}, > T or by over biasing TESs above
their critical current. To stay in the normal state, a high enough bias voltage is kept when we
let the bath cooling to another temperature Ty, < T which is then regulated. After thermal
stabilization, we decrease the bias voltage value applied to the terminals of the TES by small
steps and we measure the effect on the output current of the detector (figure . At each
point of the scan, we will therefore obtain the parameters of the TES (Vrgs,irgs).

At large bias voltage, the TES is in normal state so with a (almost) constant resistance.
Reducing the bias voltage therefore reduces the TES current proportionally.

Going further to lower bias voltage, we notice that there is a minimal value on the I-V curve:
this is called the turnaround point. It’s at this point that the TES enters the transition and
that the ETF start to be efficient. Knowing that the TES is at equilibrium at each point of
the I-V curve, and assuming the power background is negligible (blind configuration), we write

the equation:
Poatn = k(T" = Tp) = Py (5.7)

with x the geometrical parameter wich is a constant mainly depending on the shape of the
TES. In strong ETF, the TES temperature is constant 7" = T so that P; = Virgs X irgg is
constant. Below the turnaround point, we therefore have irpg o< 1/Vrps and so the current
increases when we reduce the bias voltage.

This mesurement is done for the entire focal plane in parallel thanks to the multiplexing
scheme of the readout. An example of I-V curves are given in figure [5.25 Bad pixels can be

due to several factors linked to the manufacture. With an overall yield of 70.7% we are a bit
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lower than what was expected by [5.2] but close.

QUBIC Focal Plane I-V curves: 2020-01-06_15.04.08__ V-l 360mK
2020-01-06 15:04:08 Array P87 ASIC#1 Tpath=359.4mK
38 flagged as bad pixels : yield = 70.3%
2020-01-06 15:04:08 Array P87 ASIC#2 Tpath=359.4mK
37 flagged as bad pixels : yield = 71.1%
overall yield 181/256 = 70.7%
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Figure 5.25: I-V curves for the quarter of focal plane of QUBIC. Matrix P87. Black pixels
represent dead pixels.

5.4.4 TES normal and parasitic resistances

With the bath temperature below the TES critical one, the detectors need to be over-biased
(above about 7 V) in order to be in the normal state. A slow and small sine wave voltage
oscillation was added in order to deduce the resistance value. Figure left shows the distri-
bution of the normal resistance values for the array P87. It is highly peaked around 1.2 €2 as

expected from the transition measurement.
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The same procedure is used to determine the resistance in superconducting state, but with-
out any DC bias on the detectors. The residual resistance obtained from these measurements,
assuming the TES resistance is 0 €, is given by the sum of the shunt resistance (10 m(2) and
the parasitic resistance which is in series with the TES. The parasitic resistance is assumed
to come from the connectors used. Figure [5.26| right shows the distribution of these residual
resistance values for the array P87. The median is 28 mf) which leads to a parasitic resistance

of about 18 m$) compatible with previous measurements [57].

I Median=1.19 Q 30 i
40 Median=2.77e-02 Q
| 2
30 20 Jh
10
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Figure 5.26: Histogram of normal resistance (left) and of residual resistance in the supercon-
ducting state (right, 167 total number of TES for both graphs). This residual resistance is the
sum of a parasitic resistance and the bias resistor of 10 mf).

5.4.5 TES parameters

As each TES is unique, with its own flaws, each one has its own critical temperature, a slightly
different thermal decoupling and R(T) curve. With the I-V measurement, we can deduce
different parameters from the TES. A curve fitting algorithm based on Eq. is used to derive
the values of k, n and T, from measured temperatures and powers for each TES.

We can see on figures [5.27] and the histogram and the distribution in the focal
plane of three free parameters Tx, n and k. No significant geometric effect is seen on the
focal plane distributions of these parameters. The dispersion in critical temperatures shows the
obligation to work with the electro-thermal feedback effect in order to have a full focal plane
working with different critical temperature. With the ETF we manage to make all the TES
work together independently of their T¢.

The dynamic thermal conductance G [W/K] is related to the thermal decoupling. It is
responsible of the sensitivity and the dynamic range of a pixel. We remind that the dynamic

thermal conductance is expressed as a power law :
G=(n+1)rT" (5.8)

Figure [5.30] shows the histogram and the distribution of the dynamic thermal conductance.

Again, no specific geometric effect is seen on the focal plane.
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Figure 5.27: Distribution of the critical temperature (black pixel are dead pixels). Top, histogram
of the distribution. Bottom, Map of the distribution
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Figure 5.28: Distribution of the power law index (black pixel are dead pixels).Top, histogram
of the distribution. Bottom, Map of the distribution
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Figure 5.29: Distribution of the constant K (depending on the design i.e the manufacturation)
(black pixel are dead pixels). Top, histogram of the distribution. Bottom, Map of the distribution
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Figure 5.30: Distribution of the thermal conductivity (black pixel are dead pixels). Top, his-
togram of the distribution. Bottom, Map of the distribution

We finally can deduce a median value for this quarter of focal (P87) plane for the different

parameters:

Tc = 411 mK £5 mK

n = 48=£0.2

k= 1.9nW/K"+0.2nW/K"
G = 290 pW/K £70 pW/K

5.4.6 Detector biasing

A common bias voltage is used for all 128 TESs readout by one ASIC. As seen in Figure [5.25]
there are some inhomogeneity in the pixel behavior, especially below the turnover, which could
leads to over or under biasing some pixels. Going deeper in the transition should wipe out this
effect since the responsivity depends only on the bias voltage in strong ETF. We nevertheless
experienced some instability at low bias due to the fact that the FLL is no more fast enough
with respect to TES time constant. The yield therefore decreases when going deeper in the
transition. As a consequence, an optimum has to be found between stability and responsivity,

which is usually between 2 and 3 pV.

5.4.7 Power background

The P-V curves measured during blind characterizations and with the QUBIC optical window
open are compared in Figure[5.31] The comparison leads to an estimate of the power background
of the order of a 5 pW which is higher than the expected 1-2 pW from the photometric model
of the instrument. This could be due to a difference in temperature sensor calibration between
the cryostat used for blind characterizations and QUBIC.
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Figure 5.31: Examples of electrical power versus bias voltage measured in the dilution and in
QUBC for two detectors. Comparing the electrical power at the same bath temperature in the
Electro-Thermal Feedback mode (at low bias voltage) gives an estimation of the background
power.

5.4.8 Phonon Noise Equivalent Power (NEP)

The expected Phonon Noise Equivalent Power (NEP onon) Was derived from the fitted param-
eters with the relation [3.28

By looking at the figure [5.32] which gives the distribution of the phonon NEP, we get an aver-
age value of (4.3+0.4).10~"" W/v/Hz. The technical demonstrator should therefore be able to

reach an NEP close to this value, which is below the specifications.
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Figure 5.32: Distribution of the phonon NEP (black pixel are dead pixels).Left, histogram of
the distribution. Right, Map of the distribution

5.4.9 Time constant

The time constant represents the time for a TES to switch from one input signal to another.
This parameter has an important effect on the observation strategy. The lower time constant
is, the more it is possible to get rid of the thermal drift due to the noise in 1/f of the atmosphere

linked to the long exposure times.
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The performances of QUBIC have been tested using a monochromatic calibration source [9§]
To estimate the time constants, the calibration source is modulated in power with a square
wave signal with a frequency of 0.6 Hz and a duty cycle of 33%. The amplitude is chosen to
avoid saturation of the detectors while having sufficient signal-to-noise ratio (SNR). The power
amplitude on the focal plane is however not constant but corresponds to the synthetic beam.
By using a detector located on the calibration source, we checked that the intrinsic rise and fall
time is much faster than the expected time constant of the detectors (which is of the order of
a few tens of ms).

To process the data, we did a very mild low-pass and high-pass filtering as we do not want
the filtering to alter the time constants. We then fold the data for each TES into one period of
the calibration source. The filtering and the resulting folded signal is shown in Figure for

one TES. The signal peaks on the spectrum can be easily seen.

TES 94
16
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g —— Noise level between peaks |
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Figure 5.33: Folded signal for TES 94. upper: The power spectrum in ADU. lower: Normalized
folded data for some TESs in black, the median of all detectors is shown in red and its derivative
in blue.

Figure lower shows the normalized (removed average and divided by RMS) folded data
for each TES in black, the median is shown in red. The derivative is shown in blue and helps
finding the first guess for the start-time of the calibration source. Note that no selection has
been made at this stage to remove TESs with low SNR.

We then fit each TES folded signal (not normalized - meaning with its proper amplitude)
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Figure 5.34: Time constant of four TESs on P87 array in QUBIC.

with a model for the calibration source signal including a rise time and a fall time:
(t—tg) _(=t1)
i(t) = do + A X (1—57 )—Ai X (1 —e ) (5.9)

where j is the initial signal level, Ai the amplitude of the response, ¢y and ¢; the starting time
of the rise and fall respectively, and 7, and 7; the rise and fall time constants respectively. For
each TES, we plot the rise and fall time constant as a function of the bias voltage Vrgg.

An important effect is the diminution of the time constant at lower bias voltage. As Vygg
decreases, we have an improvement of the time constant on the detector from about 100 ms to
40 ms which is expected from the Electro-Thermal Feedback (ETF) behavior.

Figure [5.35 shows the average time constants of all TESs as a function of Vygg. The rise
time constant appears lower than the fall time indicating again the effect of ETF, but also the
fact that we are probably reaching a non-linear regime for most TESs. For small signals, we
expect to have a single time constant reaching at most the value of the rise time measured
during this sequence, so about 40 ms.

The observation strategy of QUBIC consists in scanning the sky at a fixed elevation with
an azimuth amplitude of about thirty degrees with a speed of one degree per second. After one
hour of observation, the sky has moved, we refocus the telescope on the target area, then we
change the elevation and we start again to scan. With this considered scanning speed, the beam
width of about 30 arcmin has a duration of 500 ms. A 40 ms time constant for the QUBIC

detectors is therefore acceptable since it is less than 1/10 of the beam width.
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Figure 5.35: Average value of time constants for rise and fall time as a function of Vpgg.

5.4.10 Noise characterizations

After having undergone a battery of tests in order to characterize as well as possible the
detectors and to verify if they respect the expected requirements, it turns out that the detector
parameters are compliant with the specifications. The detection chain noise level has to be
characterized into more details since this fixes the experiment sensitivity.

To measure the noise, the TES stage is regulated at a given temperature and the detectors are
polarized at a given bias voltage. After turning on the FLL operation of the readout electronics,
a data acquisition is performed. The amplitude spectral density is afterwards determined in

post-processing under Python.

Noise in normal and superconducting states

Figure [5.36| shows the histogram of the measured current noise between 1 Hz and 2 Hz in
normal (bias voltage at 8 V) and superconducting state of the TES. In the normal state, a
typical value of 110 pA/ V/Hz is obtained, compatible with the expectation within a factor of 2
taking into account the aliasing effect. In the superconducting state, the median current noise
is 470 pA/ V'Hz, compatible with the expectation taking into account the aliasing effect and
the fact that the shunt resistor and probably part of the parasitic resistance are located on the

1 K stage, which was cooled to only about 2.6 K during this measurement.

Noise in the transition

The detector current noise can be converted into NEP assuming the TES are in strong Electro-
Thermal Feedback mode. In this case, the TES responsivity R [A/W] is given by the inverse
of the TES voltage, R = ﬁ The TES voltage is obtained from the bias voltage assuming
the TES resistance is higher than the shunt resistance: Vygg = Viias x 107°.

Figure [5.37 shows some typical NEP spectra at different bias voltages. There is clear
evidence of a noise increase at low frequency when decreasing the bias voltage, which is usually
produced by the phonon noise in the TES. The noise level is however much higher than expected

and it varies between the TES, as seen in Figure [5.37] This elevated level has further been
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attributed to a high sensitivity to microphonics from the pulse tubes (PT) as demonstrated in
the following.

A test of sensitivity to pulse tube microphonics was carried out by stopping the two units
for a few minutes. An example timeline and associated time-frequency analysis is shown in
Figure [5.38 The noise level below few Hz is reduced when both PTs are off while it remains
the same at higher frequency. This frequency range where a noise improvement is measured
corresponds to the detector bandwidth. The induced parasitic signal is therefore thermal on
the detector. The remaining excess of low frequency noise when both PTs are off is attributed
to temperature drift. Figure shows a histogram of the measured current noise between
1 Hz and 2 Hz with PTs on and off. The distribution appears more spread-out when PTs are
on. The median value is close to the noise level measured in the normal state.

Figure [5.40] (left) shows the distribution in NEP for two cases: PTs on or off. It appears
that the median NEP when the PT are on is about 3 times higher than when they are off. 2
cases are off from specification by a factor 7 and 2.5 respectively. Some optimizations could
be further done in terms of biasing the detectors but we are clearly dominated by the PT
microphonics. The distribution of the NEP ratio between PTs on and off is presented in Figure
right and Figure [5.42| shows the degradation of noise because of the PTs on the TES array.
If there are mechanical resonances on the wafer, we expect to measure an increase of excess
noise in specific locations and most probably in the middle of the array. It is not clear at this
stage if we see here some mechanical specific location on the wafer.

The origin of these perturbations was investigated. We checked from temperature stability
measurements that it is not due to thermal fluctuations of the TES or of the 1 K stage. The
interpretation is the following: The pulse tube vibrations are exciting mechanical resonance on
the TES support structure but also on the TES themselves. This mechanical resonance further

dissipates heat on different parts of the system. This assumption is supported by 3 arguments:

1. In the timelines of Figure [5.38| after the PTs are switched off, we see a small increase in

the TES power which is due to a small cooling of the detector, before heating up due to
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Figure 5.36: Histogram of current noise measured between 1 Hz and 2 Hz in the normal state
(left, 153 total number of TES) and in the superconducting state (right, 192 total number of
TES).
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Figure 5.37: Spectra of NEP on some channels at different bias voltages, from 3 V to 1 V. This
corresponds to the ratio of TES and normal resistance ranging from about 60% to about 10%.

Note that these measurements were taken at higher frequency sampling by choosing only rows
1 to 8, so Nypyx = 32 which leads to fy = 625 Hz.
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Figure 5.38: Examples of timeline in power and corresponding time-frequency analysis (in log
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Figure 5.39: Histogram of current noise measured between 1 Hz and 2 Hz in the transition
(Vihias = 1.5V) with PTs ON and OFF.
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Figure 5.40: Left: Histogram of NEP measured between 1 Hz and 2 Hz in the transition
(Viias = 1.5V) with PTs ON and OFF. The response is assumed to be given by 1/Vrgs. The
total number of TES are 130 and 120 respectively. Right: Histogram of the ratio of NEP with
PTs ON and NEP with PT OFF. The total number of TES is 143.

background increase.

2. We excited mechanically the cryostat with a speaker connected to an audio amplifier and
a sine wave generator sweeping from 100 Hz to 1300 Hz in one hour. Figure shows
signals of TES and of the TES stage thermometer as a function of the excited frequency.
Resonances are clearly seen, especially around 700 Hz, probably due to a mechanical

resonance.

3. With the same setup, we excited the cryostat at a resonance (251 Hz) but the sine wave is
modulated in amplitude at 1.5 Hz with 50% depth. Figure [5.43|shows that this 1.5 Hz is
seen directly by the TES. When changing the frequency of resonance (238 Hz for instance),
the 1.5 Hz line disappeared from the TES spectra.

We are therefore seeing some heat dissipation produced mainly by the PT vibrations. The

environment could also contribute to a lesser extent, for example the traffic on the road nearby.
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Figure 5.41: Histogram of the ratio of NEP with PTs ON and NEP with PT OFF. The NEP
were measured between 1Hz and 2Hz in the transition (Vs = 1.5V). The response is assumed
to be given by 1/Vrgs. The total number of TESs is 143.

A better mechanical decoupling of the two PTs is needed to overcome this problem. The
current thermal straps on the 40 K cold heads are made of thin copper plates which are soft in
only one direction, the differences are shown on figure [5.45] Very soft copper braids will replace
these thermal strap to the 40 K shield. The 4 K cold head is already thermally connected
to the 4 K shield with very soft copper braids. On the cryostat itself, a soft bellows between
the PT and the structure can be added but this needs a detailed study. It should be noted
that microphonics is a common problem for PT systems but the effect depends on the detailed

mechanical configuration of the setup. This explains why such a strong effect was not seen at
the sub-system level. This effect is described by [29, 00, 55], and [36].
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Figure 5.42: Map of the NEP ratio between PTs on and off. No clear pattern is visible, as one
would expect from wafer mechanical resonances.
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Figure 5.43: Spectra of TES 96 showing the 1.5 Hz signal from the Amplitude Modulation of
the mechanical excitation at 251 Hz. This modulation frequency is not seen off resonance.
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Figure 5.44: Top : Time ordered signals in ADU of some TES with the time axis converted in
frequency of the mechanical excitation. Bottom: Temperature of the TES stage as a function
of the frequency of excitation. The graphs have been adjusted to share the same x-axis. At
mechanical frequencies between about 600 Hz and 800 Hz, resonances are clearly seen on the
TES signals and in the TES stage temperature.
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Figure 5.45: Differences between the first design of the thermal link comming from the PT cold
head to the 4 K shield. On the left: the first design mad with different stacked copper plate,
this have been modified with 10 copper braids for an optimized thermal link (right)
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This chapter reports on the optimization of the detection chain. The results obtained on
the implementation and functioning of TES and SQUIDs have been shown. We have also seen
that in both a compromise between the amount of signal received and the acceptable new noise

is necessary in order to obtain the cleanest possible signal.
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Chapter 6
Shipping to Argentina

The deployment of the instrument on the Argentinian site requires to implement a logistic al-
lowing to preserve the completeness of the components by taking into account the fragility, the
risk of oxidation... In a world operating normally it is already a complicated task, in addition
to that we had to deal with the pandemic of COVID-19. Faced with the deterioration of the
world health situation, I will then create a team to coordinate the sending and receiving of the
instrument as well as its commissioning. During one year, we worked to develop several tests
validating the functionality of the instrument and being able to estimate the damage related to
the transport. The interest of doing these tests is first to anticipate the risk of not being able
to send a French team composed of people used to work on QUBIC. And unfortunately this

team has not been able to go on site at the moment of the integration in Salta.

6.1 Preparing the QUBIC journey to Argentina

The first thing to define when we talk about sending equipment is to select the shipment to
make the journey in the best conditions. Argentina has only two possibilities of transport, we
opted for the sea route which has the advantage of presenting less violent impact than the plane
(especially during air hole or landing). We can however say that a swell in the open sea also
creates a force but this one is not made in the form of shock but of constant force applied to
the instrument, which is less risky for the fragile material.

Once the shipment is defined, a logistic is foreseen with the help of a subcontractor who will take
care of the instrument at the exit of the laboratory until it reaches its objective in Argentina.
The subcontractor used is Ulysse. The operators of Ulysse create custom-made boxes (figure

6.1)) so that they correspond to the requirements that are imposed.

Because of the maritime transport and the important number of electronic components, we
impose a vacuum packing of the whole equipment to avoid any risk of corrosion or oxidation
as well as the presence of humidity.

On the figure we see the main boxes made to measure, namely the box containing the cryostat
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Figure 6.1: Picture of the custom-made box for the refrigirators of QUBIC
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Figure 6.2: Pictures of the different parts of the tooling for the shipment reinforcement.

(in this respect Ulysses also imposed a limit of shock absorption up to a value of 3G), as well
as the box containing the refrigerators which had to be absolutely avoid any shock at the level
of the tubes of the evaporator (we remind that the pressure inside the refrigerators is 75 bars)
To avoid too much stress on the tie rods of the 1 K box, we add a tooling composed of stainless
steel rod linking the 1 K box and the 4 K screen (figure .

An important question was whether we could left the TES array inside QUBIC or not regarding
during shipment? Indeed, due to their manufacture, the TES are extremely fragile to long term
stress. The chosen means of transport being maritime, the swell in high sea could represent a
potential danger. The shock absorbers used in the boxes for transport transmit a maximum of
3G to the instrument (as imposed by Ulysse).I therefore made a simple calculation to estimate

the force that could support a TES. I started from the assumptions given in table We can
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TES parameters [70] Value

NbSi surface 240 pm x 280 pum
Thickness 30 nm

Vries 3.36 1072 em?
Nbx 15 % Niobium
Sii_x 85 % Silicon
Niobium density 8.57 g/cm?
Silicon density 2.33 g/cm?

Table 6.1: TES parameters for the stress calculation

then estimate the mass suspended on the membrane of one TES:

My, =V X pypy X Xap =4.321077 ¢
Mg =V x pgi x Xg; =6.58107° ¢
Myysi = Myy + Mg; =107% g

(6.1)

And so the applied force on the membrane when a TES is subjected to 3g acceleration:
F=3xmg=3x10%%x98=310"N (6.2)

The force experienced by the TES depends on the angle of inclination related to the buckling

of the support. Let’s make the approximation that this angle alpha is 1°, the resulting force is:

F

Fres =
Sin «

We place ourselves in the small angle approximation, in other words in this case sin a = «

F_E (6.3)

s « a

Looking at equation we obtain a value of Fl., =5,7.107% N. From [56] we can know that
the surface of a SiN pad is 5 um x 30 pum. With can then deduce the pressure on the SiN pad

with the following relation :

Fres

S
= 40 kPa (6.4)

During the manufacturing process of the TES matrices, they are subjected to pressures up
to 100 MPa [56]. We deduce from this that the matrices will not suffer from the maritime

transport to Argentina
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6.2 Process to pack and unpack QUBIC

An instrument as complex as QUBIC requires appropriate logistics for shipping and receiving
the instrument. For this reason, we have created a French-Argentinean team in order to high-

light the key points that we need to prepare before sending the instrument.

6.2.1 Locate key points

Almost a year before the shipment of QUBIC, we started to identify all the problems that
could occur in Argentina and the crucial information that the teams need to perform for the

integration in Salta and the first comparison tests. We have identified ten crucial points as
shown in table [6.2] described in dedicated documents called Acceptance Tests (AT).

] Name \ System \ Type \ Short description ‘
AT-1 | Network and electrical Hardware Descritpion of all the wire connection
connection and labelling of them
AT-2 | Housekeeping readout Sofware Starting the software and launch the
thermal housekeeping
AT-3 | Acquisition chain | Hardware/Software | Voltage and biais current test at warm
warm test temperature (to ensure there is no dam-
age from shipping
AT-4 | Platform/mount Software Test of the red mount movement (ele-
vation and azimuth
AT-5 | HWP Hardware/Software | installation of the motor and test of the
redout chain
AT-6 | RF switches Software Software test to open and close the
switches
AT-7 | Cool down Hardware process to start and follow the cooling
down
AT-9 | Acquisition chain Software software process to start the data ac-
setup quisition of QUBIC
AT-10 | Warming up Software Start and follow of the QUBIC warm-
ing up befor opening it

Table 6.2: QUBIC acceptance tests, this table summarize the crucial points for the commis-
sioning of QUBIC.

6.2.2 Procedures

In this section, we will discuss the acceptance test analysis method. Obviously we will not
review all the documents. Instead, we will focus on two of them: AT-1 and the AT-7 (table
52).

To write these procedures, we need to analyze the needs of the Argentinean integration teams.
The document must be clear, precise and concise.

We decided to use a checklist. A sequence of tests that can be followed in a simple way with
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a pass or fail validation. In addition to that, we will study all the QUBIC subsystems and op-
erations in order to establish the simplest process requiring the least amount of human action,

in order to minimize the risks of human error.

AT-1:
In this case, we try to establish a way to disconnect all the instruments, to pack them avoiding
to mix up the different cables, and to optmize the reconnection in Salta. In the figure you
can see all the connections of QUBIC. For this we create a classification regarding the type of
cable (RJ45, power, data, ...) as shown in figure [6.4]

The AT-1 will serve as a reference for the packaging of QUBIC. In order to avoid mixing the
cables with their respective instruments, we decide to send each cable with the corresponding

device.

AT-T7.

AT-7 is intended to explain how to cool down QUBIC and perform leak tests. This acceptance
test is sequential and presents several steps with pressure and temperature values to reach
(figure . This test is used in parallel with the cooldown procedure which has been written
to detail each step for the integration teams.

In addition to the AT and always with the objective of making the integration by the
Argentine teams easier for them, I proposed to shot 4 videos to have a visual support. These
videos, listed in the table [6.3] show the main operations to be carried out, while highlighting
the crucial points that can be followed with the help of the AT

6.2.3 Reviews of the AT

To validate the acceptance tests, reviewers are used. Several people from the collaboration
had access to the documents in order to get feedback and improve the understanding of the
documents. The Argentinian teams had a particular weight in the feedback as they receive it
and need to be able to follow it with the highest level of understanding.

We also tested some procedures with interns, who had no experience with QUBIC. We experi-
mented some acceptance tests with them as they were able to open, close and move the frame

just by following the procedures and tests.

After many reviews and tests, we reach a final version that seems clear enough to the

collaboration to be sent with the instrument.

6.3 Integration in Salta hall

The Argentinians team received QUBIC on July 15, 2021 sent by the company Ulysse, after a
journey not without difficulty. Then began one of the critical parts of the project, to integrate

an instrument with the help of people who had never worked on the instrument. Although
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Figure 6.3: AT-1 Diagramm of the QUBIC connection. This diagramm was made in collabo-
ration with Steve Torchinsky, Clara Duca and Emiliano Rasztocky (designer)
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CABLE CONNECTION CHECK LIST
Cabde label Cable ID Connected? [v ) Qbservalions Calble Label Cable ID Conneted? (¥ ) Dhservations
1 POW-LIPE &) PA-LSEHUE2
2 RCPZ HWF i1 O0C- USEHUE1
3 RCP2-HOSE 02 ADE-USBHURL
4 RCP2-POA [FiE] PICAM-CAM
5 PELVSEL 604 MH5E-UISEHUE3S
3 PRLVSZ &5 QCC-RCPE
7 PR1-VE3 606 PSRi-CALSRCL2
2 PB1-V54 &7 AVEL-LSBHUES
9 RCP2-UPSL 608 ANS2-USBHUBE
10 RCP2-PB2 ) REP-LISEHLE
11 PELAWSL 10 WTE USBHUBL
12 PR2-AVSE] 611 W5 1-USEHUEL
13 PEZPIL 612 V52 LISBHUB1
14 PE2-PIZ 613 V53 LISEHUB1
15 PEZ-WTC 614 V54 LUSEHUEL
16 PB2-PLPoE 615 15- LIS BHLUEY
17 YPS1-0CC-1 515 PLA-USEHUEA
18 UP51-OCC-2 617 PLA-LSEHLEA
19 PSRoE-Pok 618 Pi1-TOM
F LP51-PE3 519 PIZ-TCHM
M PRL-PR 620 PTCH-USEHUED
23 PE3-PICAM 621 PTC2-USEHUED
F<] PEI-ADS -1 ] PIGPS-ROPL
4 [ 623 UPS1-0CC
[ PE3.USEHUB] 624 SIGMED- PIGES
[ [ 700 MMRL-MMR
7 PE3-USBEHUBE 701 MGLE-MGE
= [
=] PE3: LSBHUBS £ HUWP- HWEM
) PRI-PSTOM s01 HWP-CCFL
n PSTOM-TOM B2 MGE-CCF1
Figure 6.4: AT-1 checklist of QUBIC cable
e Cool down : Vacuum
1D Description Target | Pass | Fail Observations
Start the primary pump to reach the target
2 primary pump g 10" mb +0.5 x10"'mb
Pressure
Start the turbomolecular pump to reach the
3 pump 10 mb +0.5x10”mb
target pressure
4 | Do the leakage test to confirm if the Mo
cryostat is well closed Leakage
_ | As the PT compressors are already runnin - -
5 presss y & | 10°mb +0.5x10°mb
reach the cryopumping target pressure
¢ Cool down : Temperatures
ID Description Target | Pass | Fail Observations
6 | Reach the temp. of the 1K box 1.2"K +0.2 K
7 | Reach the temp. of the detectors plate 345" mK +0.2 m"K

Figure 6.5: AT-7 pressure and temperature checklists
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Name Short description
AT 1-10 checklist for successful integration
O/C procedure Procedure to open and close QUBIC
CD procedure Procedure to cool own and perform a leakage test
Fridges procedure | Procedure to mount and unmount fridges
OovV1 Tutorial open QUBIC
OV 2 Tutorial close QUBIC
(OAVAS] Tutorial use of the red mount
OV 14 Tutorial Fridges assembling
Q&A Frequently encounters issues at APC
QUBIC user manual | A document to link all other and the main one to follow

Table 6.3: List of all the documents created in order to anticipate the integrations issues in
Argentina

complex, this task was prepared in advance as we have seen in the previous section. The use of
the documents provided allowed to assemble and restart QUBIC in record time of three weeks
(to compare, it took two months to to disassemble it at APC)

This section will be presented in the form of a state of the art of the use of the various
documents. We will also highlight some time markers in order to have an overview of the op-
timization brought. We will also see the problems that remain and the feedback as well as the
improvements that are necessary for the next transport of QUBIC from Salta to the deployment

site.

All the videos were used in order to get to know the instrument before touching it. In this

optic, the Argentinean team analyzed each video and were able to appropriate an instrument of
which they had then only a theoretical knowledge. The videos were finally the first documents
used. Once opened, they were able to remove the reinforcement tool in less than an hour.
Then by following the AT point by point and referring to the procedures for the more delicate
operations, QUBIC was quickly ready for its first cold start. Thanks to a French availability
in remote control (especially from Steve Torchinsky) and to the documentation made the year
before, the Argentine teams were able to reassemble and put QUBIC into service in 3 weeks.
In comparison, the disassembly before shipping took us a little over two months. Today the
documents are still alive and continue to be updated by the Argentinian team.
In addition, during the few weeks when QUBIC was not available, many exchanges took place
with Emiliano Ratsocky, who was then officially named in charge of the integration of the
program in Salta. Twice a week we met to discuss videos and documents and to answer
questions that we could ask ourselves or to anticipate the questions of the people on site. This
allowed us to clarify certain points that remained unresolved.

In spite of this, some errors still caused delays. For the transport we made the vacuum
inside the cryostat in order to protect the TES, but the mechanical valve was too high to fit
in the transport box. The problem is that the only remaining air inlet is the electronic valve

which we can’t adjust (open or close). The damage to the filters and electronics if this valve
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Figure 6.6: schematic of the solution to solve the vacuum issue after the transport of QUBCIC.
The idea is to take the manual valve send with QUBIC and to put it directly on the EV. With
this setup we are able to control the input air flux inside the cryostat in order to avoid any
damages from a to high pressure.

were to be opened would be considerable. We have found a simple and effective way to solve
this problem (figure , by putting the manual valve at the outlet of the other one.

It was also noted that some information was missing or not sufficient, especially when a
problem occurred. For example, the sixth AT, the one presenting the tests for the switches,
lacked information about the use of QUBIC Studio software, and in the same vein, AT 7 lacked
a diagram on the installation of the turbomolecular pump.

With the idea of improving the documents for future transport, we prefer to take advantage of
the fact that the team could learn more and faster about the instrument since some of their
actions were not guided by the documents. Today the documents have been improved in order
to avoid any eventuality on the site, taking into account that at 5000m the oxygen is scarce
and that it is harder to work at high altitude. We report very few damages due to shippement.
During the first cooldown, 3 thermometers did not respond anymore (figure . On this
picture we can see that both of the cool down took approximately 8 days . This means that the

cryogenic chain has not been damaged during the transport but especially that its performance
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Figure 6.7: Comparison between one cool down at Salta (dashed lines) and one cool down done
at Paris(solid line). It take 10 days both case and the same colors line are matching each other.

has remained the same.

Speaking only of integration, the objective that we set at the beginning of the implemen-
tation of the documentation is largely fulfilled since the instrument was integrated in 3 weeks,
however some problems already present in Paris must be repaired as soon as possible in order
to deploy the instrument as soon as possible, during 2022 (the HWP but also the refrigerators
are the major points).

To conclude this section, I will add a very personal point of view to this experience. Indeed, the
setting up of the AT team as well as the work within the collaboration allowed me to take into
account certain points on which we probably did not insist enough. First of all, I would like to
emphasize the importance of the work done and the trust that the people showed, leaving me
in charge of this part. Secondly, and despite a good team dynamic, the communication with
the rest of the collaboration was lacking. Indeed, not insisting enough on the risks incurred
during the implementation of QUBIC by the people in charge on site and having never seen
the instrument (both material and temporal), it appeared that some documents were not clear
enough and should probably have been reviewed by the people concerned. Finally I think it is

important to determine as early as possible the roles of each person so that they can see the
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extent of their task and be involved in the most precise way possible.
I was surprised to see how complex the communication within a collaboration can be.

In this chapter we recall the preparation and the transport of the instrument from Paris to
Salta Following also the key points of integration we see that making systems from different
laboratories work requires adaptation and optimization of some components. We note that
despite the delay caused by the pandemic, today, QUBIC is in Argentina and functional, so it

is ready to move on to the next step, on-site observation.
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Conclusion

During these three years of thesis, I had the chance to participate in the integration phase of a
very promising instrument to study the beginning of our universe. Focused on the bolometric
detection chain, I was able to both understand and optimize the interactions between each
components.

The quest for B-modes is one of the next big steps in cosmology as I have demonstrated in the
first part of this manuscript. It is in this context that the QUBIC instrument fits perfectly,
while denoting from its predecessors by the implementation of bolometric interferometry com-
bining bolometer sensitivity with control of systematics of interferometry.

As we have seen in this thesis, the integration of QUBIC and its commissioning in Argentina has
not been without problems. However, the instrument is now in Salta and has been integrated
in a fast and efficient way. Moreover, the improvements made to the different components of
the detection chain and to the instrument itself, during these three years, have improved the

performance of the instrument.

In the first chapter we set the scientific context in which QUBIC was born, with the aim
of detecting the polarization B-modes of the cosmic microwave background, witnesses of the
inflationary period of our universe. However the signal of these polarization B-modes is ex-
tremely weak and require technical and technological specifications adapted to this demand.
QUBIC appears as an innovative instrument in its quality of bolometric interferometer, which
allows a control of systematic effects allied to a great sensitivity. The design of the instrument
described in chapter 2 allows to have a general point of view of QUBIC. By focusing on the
bolometre theory, we have seen that reaching such sensitivity requires superconducting com-
ponents like SQUIDs which also allow multiplexing and a detection chain entirely adapted to
this specific device. We have seen in chapter three the completeness of the components of the
readout chain and the expectations that we have but also the prerequisites for the use of these
components, including a thermal point of view where the need to remain close to the critical
temperature and for a long time for observation is essential. In chapter 4, a review of the
whole QUBIC subsystems integration is presented. Once the whole system set up, we could
then characterize and improve the performance of the readout chain by taking into account
the environmental aspects such as vibrations or magnetic field which proved to be important
problems in particular when we talk about signal to noise ratio, as shown in chapter 5. Fi-

nally, the sending of an instrument such as QUBIC requires a preparation and a consequent
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logistics. It took a year of preparation between the French and Argentinean teams in order to
send the instrument in the best conditions. Chapter 6 reveals the entire work done during this

period and the final success, since the instrument is now integrated and operating in Argentina.

As for the future work, it appears necessary to make some components more reliable. I think

in particular of the HWP rotation mechanism which had still some issues in Argentina in spite
of several repairs. This is already taken care of by the QUBIC team in Argentina and in Italy.
For the final instrument, an improvement of this component could be considered by modifying
the belt by a notched belt and adapt the design of the device accordingly. Finally the destiny
of QUBIC is already set. It is now in Argentina undergoing several test campaigns to check its
performance but also to allow the Argentinian teams to get their hands on it. The next step is
the deployment on the operation site in San Antonios de los Cobres in the mountains of north-
ern Argentina. It is absolutely necessary to validate the operation of bolometric interferometry
on the sky. Although validated by the in2p3 review, QUBIC still has to prove itself on the sky.
On this subject, the first light of QUBIC-TD on the sky is expected for mid-2022 and thus the
demonstration of bolometric interferometry will be completed in the same time.
In 2023, the technical demonstrator of QUBIC will be replaced by the final instrument (FI),
allowing the use of the full focal plane of 1024 bolometers and the full horn array. It will
be necessary to anticipate the thermal load brought by the additional elements as well as the
wiring of the reading electronics necessary for the functioning of the whole focal plane and thus
of the instrument. It will also be the opportunity to improve the readout noise from aliasing,
as well as reducing the noise related to vibrations. Indeed the deployment site has a lower en-
vironmental noise than in the city. By installing bellows at the PT level and copper braids on
the 40K stage, we will limit the main source of mechanical noise and improve the performance
of the instrument. The improvement of the SQUIDs tracking during their integration will allow
to avoid changing a complete PCB during their charaterization. For this, the improvement of
the system proposed in the section will allow to gather all the information and to be able
to identify them independently.

I will end this conclusion with a more personal point of view. The thesis I have done is
mainly focused on the two subjects that are characterization and commissioning. Each of these
subjects has brought me a lot. As a neophyte in these two fields, the characterization of the
detection chain allowed me to learn the functioning of superconducting components and super-
conductivity in general. I realized how these sensitive detectors have high thermal demands and
very precise stability criteria. In addition, the integration of sub-systems coming from different
teams of the collaboration to build a complex instrument was rich in learning and adaptation.
During the commissioning, I had the opportunity to work with Argentinean colleagues in a very
regular way. It allowed me to see the logistic complexity linked to the fragility of some parts
of the instrument. I could also see the interest to have a complete and precise documentation

in order to ensure the transmission of knowledge and experience between two teams.
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In these two cases I had the opportunity to become aware of the importance of a good com-
munication within the teams and the collaboration itself in order to facilitate the integration

steps of the various parts and to minimize the risks during the commissioning.

Personal contribution:

As I said earlier, it is difficult to grant such a work to only one person, it is mainly a team
work bringing about twenty people coming from different laboratories to work together to work
on the success of this project. I can nevertheless take out some more personal aspect of this
part, indeed during these years, I took part in each opening, closing and cold setting of the
wstrument. I also participated in a more important way to the integration and the tests of
the cryogenic chain of QUBIC. For the reading chain I tested a total of 9 TES arrays, two of
which we were able to test further and put in cold. I was responsible for the characterization of
the SQUIDs that can be found in the calibration report by preparing and testing 2000 SQUIDs
for QUBIC. I also released an integration procedure on these components. I was responsible
for the preparation of the shipment of QUBIC to Argentina by preparing the various follow-up
documents and by dismantling the different parts of the instrument. Having participated in all
these operations and preparing the shipment of the instrument with the Argentinians, I gained
experience on the entire instrument. Finally, the development of a tool for the identification of
SQUIDs on their boards was a completely personal work, although the Unity upgrade version is
not yet finished, the Python version has already been used.

During my thesis, I have created and developed another tool to analyze and optimize SQUIDs
in order to determine the best bias current for each ASIC taking into account the peak-to-peak
amplitude and the noise of each SQUID. Moreover starting from an existing model I improved
the theoretical model of the SQUID which is now functional and can be used to anticipate the
hardware modifications on the readout chain.

I also defined the TES parameters from the data we took and worked on the global noise analysis

of the detection chain.

At the time of the commissioning I took in charge, together with my Argentine counterpart,
the creation of the AT team. I was the link between the French teams and Argentina regarding
the needs of the sending. I also wrote several documents and edited several videos in order to
make the integration in Argentina as easy as possible. I also had the opportunity to take care
of the dismantling of QUBIC' (instrument and measuring equipment). I also worked with the

subcontractor to define the specifications of the shipment.
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PROJECT PHASES

Phase A: Mission Feasibility
MDR : Mission Definition Review

PRR : Preliminary Requirement Review

Phase B: Preliminary Definition
SRR : System Requirement Review
PDR : Preliminary Design Review

Phase C: Detailed Definition
CDR : Critical Design Review

Phase D: Qualification, verification and production
QR : Qualification Review

AR : Acceptance Review

ORR : Operational Readiness Review

TSR : Test Specification Review

TRR : Test Readiness Review

PTR : Post Test review

DRB : Delivery Review Board

Phase E: Operations and utilisation
CRR : Commissioning Result Review
ELR : End of Life review

Phase F: Disposal
MCR : Mission Close-out Review
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7.2 TES electrical calculation

Introduction

This document will show how to calculate the different theroritical value for a TES.

To do this we will take a simple elctrical circuit based on 1 generator, two resistance and one
inductor. Then by playing with te different equation, we will show the comportement of a TES
in QUBIC.

Rres

Lpol A :? ITES
[0 @ Rshunt % MIn

Calcul of Irgg

This is the Schematic of the cricuit we use for calculate irgg.
As we can see it is composed of one current source (Ip), that give a constant current i, to
the circuit. After that we two branches, the first one with the equivalent resistance Z; and the

second one in parrallel(Zs).

Now we try to find i7gg in the circuit.
By using a current divider bridge in addition of Kirchoff’s law we could extract this two equa-

tions:

V= Zyih =231y (7.1)
i = it is (7.2)
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With the combination of those two equations, we could deduce a relation for i :

) Lo+ 4
+ 19 —>Z:ZQ(—+1>_>Z:Z2( 2;— !
1

+1)

(7.3)

We could replace the equivalent resistance by their own value so Z; = Rrgs and Zy =
Rrps + jwL. Then we insert this value inside ([7.3)):

. Rshunt .
1 - X Tpo 7.4
res Rshum‘, + RTES + ij ! ( )
s = Rshunt < i N o Rshunt > 1 N
T - . bol ES — . . 01
Rt + Rrs + jol "5 Rt + Rrps + jwl " 1 j ol "

Now let’s focus on the second member : T 1
J Rshunt+RTES

We know that : w = 27 f and in the previous equation we have :

L 1
Rshunt + RTES 27ch

Rshunt 1

- X X po 75
shunt + RrES +]WL 1 _{_j% bol ( )

ITES = 7

We could have a better idea of the comportement of i7gg assuming the following different

parameters:
o Ropunt = 10 puf2
e Rrps=0.5¢
e L, =650 uHz
o fc=480 Hz

o << [

. Rshunt .
ITES = X Tpol 7.6
Rshunt + RrEs (7.6)
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Calcul VTES

\ A

By using a divider tension bridge we already have the final equation for Vygg :

Rrps
Vigs = X Vishunt

RTES + Rshunt

Now we gonna find out Vip,,: easily by using the Ohm law :

‘/shunt = ipol X Zeq

Zy Zy
Zy + Zy

Zeq=Z1[]Zy =

Rshunt (RTES + jlw) RTES

V;un:iox - :ioRsunX .
frunt po! Rshunt+RTES+]lw P! nt Rshunt+RTES +]lw

Assuming the following parameters :
o f<<[e
1 RTES >> Rshunt

we obtain the following equation for Vrgg:

Rshunt RTES
Rshunt + RTES

VTES - ipol X

Calcul Rrgg

For the calcul of Rygs we use ([7.6) regarding the fact that the SQUID give us the value of irpg

Rshunt (ipol - iTES)

Rrps = X :
ITES

(7.9)
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Calcul 7y,
From the following schematic we have :

Rres
Rpol

Upol V, ;" ITES
%ias C) Rshunt % Mln

i1

Vbias

Rshunt RrES
RpOl + Rshunt+RTES

Z-pol =

For the QUBIC detection chain, R, is an internal resistance that is present due to different
factor intrinsic to elecrectonic readout system.

We put a Rgpune = 10082, so regardless of the Rpgg value the term (M)is equal to 0

Rshunt+RTES
and then :

Vbias

7 A
po R
pol

(7.10)
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7.3 Phase diagram for common molecules in air
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Figure 7.1: Phase diagram of water
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7.4 QUBIC thermometry
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QUBIC Thermometry
26th May 2020

AVS47-1
Channel |Name Type |Location
chO Touch -- R measured between 1K and 4K
ch 1 X30850 -- 1K stage
ch 2 RIRT-0035 -- TES stage
ch3 X27852 -- M1
ch 4 JB0O3 AA 1K fridge cold head
ch 5 RU22_dil -- Film Breaker
ch 6 JB02 -- 0.3K fridge cold head
ch7 X32510 -- M2
AVSA47-2
SP = Shield Plate
FP = Fridge PLate
Channel Name Type | Location
ch 0 X32509 Cu PT 2 stage 2 cold head
ch 1 X30845 Cu PT 1 stage 2 cold head
ch 2 X32511 AA FP Mechanical Switch
ch 3 X47719 AA 1K heat switch
ch 4 X30846 AA Shield 4K close to copper braids




JPT port: 1K heater

Channel | Name Type |Location

chO Th 3 -- 4K horns

ch 1 Th5 -- TES stage

ch 2 Th7 -- 300 mK link

MGC3

Channel |Name Type |Location

ch O -- -- 300 mK

ch 1 -- -- Horns

ch 2 -- -- 1K fridge cold head
Other




7.5. RADIATIVE HEAT EXCHANGE

7.5 Radiative heat exchange

In this appendix, we developp the equation [4.2] So for a standard radiative exchange is lead
by the following relation :

® = Fp.F..0.5.(T) - T})

with F5 the form factor which is equal to 1 for two interlocking shields, F, the emissivity factor,
o the Stefan—Boltzmann constant, S; the surface of the cold part and T} (respecively T5) the
temperature of cold part (respectively warm part).

The emissivity factor is calulated from :

1 1 Sy 1
S N |
Fo a " (52) (62 )

with €; = 0.25 the emissivity factor for the 300K shield made in commercial aluminum and
€3 = 0.25 the emissivity factor for the 4K shield made in the same material.

We also can deduce the surface by using the datas from [12] :

S, = 2nrh =~ 12m?
Sy = 27rh =~ 12m?

We assume that S; and S, have the same surface due to their architecture (concentric cylinder)

Which lead to an emissivity factor F, = 0.14, then we inject this factor into the equation:

@ = F12.Fe.O'.S1.(T24 _T14)
¢ = T0W

When we see this extremely high value it is difficult to imagine a system that can provide
the necessary power to cool the system. This is why it is necessary to add a screen in most

cryogenic experiments and this is the case of QUBIC with the addition of a screen at 40K.
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Résumé en francais

R.Introduction

Ce résumé de mon travail de thése presente le contexte scientifique ainsi que les points clefs du
travail effectué.

QUBIC est un interfromeétre bolométrique dédié¢ a 1’étude de la polarisation du rayonnement
fossile autrement appelé fond diffus cosmologique. Ce fond diffus cosmologique correspond au
premiére lumiére émise par ’Univers. Dans 1’Univers primordial des phénomeénes ont eut lieu
permettant ainsi de polariser la lumiére. QUBIC se concentre sur la détection des modes B de
polarisation.

Mon travail de thése se concentre sur l'intégration et la validation des systémes de QUBIC ainsi

que son envoi en Argentine.

R1. Contexte scientifique

Le fond diffus cosmologique (CMB) est découvert, de maniére fortuite, par deux chercheurs :
Penzias et Wilson en 1965. Initialement ce dernier est emis 380 000 ans apres le Big Bang lors
de la période de recombinaison des atomes, permettant ainsi aux photons d’augmenter leurs

libre parcours moyens et de se propager.

Le CMB présente des inhomogénéités dans son spectre de température. Ces derniéres sont
appelés anisotropies et font états des perturbations auxquelles étaient soumis I'Univers dans
son état primordiale. Présentent sous différentes formes, elles ont d’abord étaient découverte

sous forme de variations de température, puis plus récément un variation dans la polarisation
de la lumiére du CMB.

R2. L’instrument QUBIC

The Q and U bolometric interferometer (QUBIC) est le premier instrument permettant de
combiner les avantages de l'interférométrie et de la bolométrie. Cet instrument est le fruit
d’une collaboration intenational comprenant 1'Italie, I’Angleterre, L’interférométrie permet de

le controle des systematics lié a l'instrument. La bolométrie permet d’obtenir une grande
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7.5. RADIATIVE HEAT EXCHANGE

précision a l'aide de bolométres supraconducteurs. Ces bolométres nécessistent cependant une
cryogénie importante, en effet ces détecteur ne fonctionnent qu’a une température inférieure
au Kelvin. Pour cela, QUBIC est doté de 2 cryoréfrigérateur a téte pulsé afin d’attteindre un
premier palier de température (4 K) puis pour les étages plus froids, 2 frigos a helium sont
utilisés pour atteindre les température de 1 K et de 350 mK.

Etant un nouveau type d’instrument, QUBIC est sous forme de démonstrateur technique (TD)
il représente un test de faisabilité du concept de I'instrument qui fut passé en revue et validé
en 2020.

R3. La chaine de detection de QUBIC

Ma thése étant principalement concentré sur la bolométrie de I'instrument, nous verrons brieve-
ment dans cette partie comment QUBIC parvient a detecter la polarisation du signal provenant
du CMB.

La chaine de detection de QUBIC est composé de détecteur bolométrique appelé Transition
Edge Sensors (TES) a 350 mK, d’un étage d’amplification cryogénique a base de SQUID a 1 K,
d’un étage de multiplexage a base d’ASIC 4 40 K et d’un étage de lecture a 300 K appelé FPGA.

TES :

Les détecteurs bolométrique, permmettent d’obtenir une grande sensibilité de mesures. Appelé
Transition Edge Sensors (TES), ces derniers ont une propriété physique trés interesssante, en
effet si 'on se penche sur leur caractéristique de fonctionnement on voit que si 'on se place
dans la transition de phase du composant, alors un léger échauffement du TES va entrainer une
grande variation dans la resistance du composant. Ce principe permet en pratique de detecter
de variation de quelques milikielvins mais nécessite que ce dernier soit maintenues a 350 K a
savoir la température dans laquelle il reste dans sa transition. Cette température est appelé
température critique (Tc). Il est nécessaire d’atteindre cette température et d’étre le plus stable
possible afin de permettre une acquisition longue de données.

La limitation majeure de ce genre de de composant est notament lié aux composantes de bruits.
Ces derniéres doivent étre minimiser. Dans le cas des TES on retiendra principalement un bruit
qui limitera la sensibilité du detecteur : le bruit Johnson. ce bruit rend compte des défauts
des cristaux qui composent le materiau et de par son aspect quantique ne peut étre supprimé.
Une fois le bruit optimisé on utilise la contre réaction electrothermique des SQUID. Cet effet,
intrinséque au SQUID permet de maintenir un grand nombre de SQUID dans leur transition
de phase et ainsi faire fonctionner plusieurs SQUID possédant des Tc différentes en appliquant

une température commune a l’ensemble de la matrice.
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SQUID :

En lien direct avec les TES, les SQUID sont des amplificateur ultra bas bruit transimpédance
composé d'un anneau supraconducteur cassé en deux endroits par des isolants et appelé jonction
de Josephson. Autrement dit ils permettent d’obtenir un signal par variation de flux, de
I’amplifier toute en limitant le bruit ajouter a la chaine de lecture. Dans le cas de QUBIC,
chaque TES est lié¢ a un SQUID et chaque SQUID est refroidit a une températre de 1 K. De la
méme maniére que pour le TES, cette température représente la température critique au dela
de laquelle le composant ne fonctionne plus.

Une fois le signal recu par le TES celui ci est transmis a une inductance qui va perturber le
champ interne du SQUID et donc faire varier la tension aux bornes de celui-ci. C’est cette
tension qui sera envoyer a 1’étage d’amplification suivant.

Durant ma theése j’ai eut 'occasion de tester de d’intégrer 2000 SQUIDs selon différents critere.
De plus j’ai également crée un code permettant de définir si le SQUID est fonctionnel ou non ce
qui permet de localiser et remplacer le SQUID défaillant. Avant cela on determiner de maniére
empirique si la plaque de 32 SQUIDs possédait les caractéristique suffisante ou non. Dans le
cas ou cela ne I’était pas on changeait la plaque compléte. L'implémentation de ce programme

est un gain de temps et d’argent pour la collaboration.

Electronique a chaud :

L’électronique a chaud de QUBIC comprenant un ASIC et un FPGA permet 'amplification du
signal en provenance du SQUID ainsi que l'acquisition des données via un logiciel développé
par 'IRAP et utilisé par la collaboration QUBIC (QUBICStudio).

En plus de cela la combinaison de SQUID et de d’ASIC permet 'utilisation d’un multiplexage
temporel. Une fois mis en place ce multiplexage permet d elire un par un, un ensemble de
SQUID. Cela permet de limieter le nobre de cable, de gagner en espace, de limiter les échauf-
fements par effet Joule et de limiter le bruit de lecture.

Cependant il crée un autre bruit, le bruit d’alliasing, qui encore a ce jour limite les performance
de I'instrument.

Pendant mathése j’ai eut de nombreuse fois 'occasion de travail sur 'optimisation des bruits
et de l’electronique de lecture. Il reste cependant encore des amelioration possible de ce coté

afin de coller d’avantage au specifications technique et au cahier des charges.

R4. Envoie de l'instrument en Argentine

Une autre partie de mon travail a été de preparer et de m’assurer de la bonne reception de ce
dernier par la partie Argentine. Cependant les conditions sanitaire ont imposé une adaptation
forcé des protocoles d’envoi de 'instrument. Les équipes frangaises ne pouvant pas se rendre
sur place pour veiller au bon déroulements des opérations. Dans cette partie je résume les

différents travaux mis en place pour cet envoi.
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Préparation :

Lors de 'annonce de la pandémie, il est devenu évident que nous devrions nous adapter afin
d’assurer I’envoi dans de bonnes conditions de I'instrument. Pendant j’ai travaillé et supervisé
(et ce avec les argentins) la mise en oeuvres d’une documentation claire et concise comprenant
une dizaine de documents, des protocoles mais également des vidéos afin d’assurer la meilleur
transmission possible et d’éviter autant que possible les erreurs humaine.

Pendant ma theése, j’ai passé de nombreuses heures a monter, démonter, comprendre et réparer
QUBIC. Fort de cet expérience j’ai ainsi pu gérer la préparation et '’envoi, mais également la

liaison entre les équipes franco-argentines.

Reception :

En définitive, lors de la réception les argentins ont réussi a intégrer et refroidir QUBIC en 2
semaines. A titre de comparaison il nous aura fallut 1 mois pour le demonter et I’envoyer.

On a donc ici une preuve de I'importance d’une bonne communication au sein d’une collabora-
tion.

Cet partie du travail de thése m’a également permit de participer a un aspect plus systéme
du projet permettant d’avoir une main sur une grande partie des sous-systéme de QUBIC et

devant également comprendre I'intégralité du fonctionnement de chaque sous-systéme.

R. Conclusion

En conclusion, j’ai eut 'occasion de participer a un projet international sur un nouveau type
de télescope trés prometteur pour la suite des études du CMB.

J’ai intégré et validé tous les sous-systémes de QUBIC et prit également une responsabilité
importante dans la transmission de ce dernier. J’ai charactérisé et optimisé l'intégration des
éléments supraconducteur de la chaine de detection.

Tous ces travaux m’on permis de trouver une suite sur un nouvel instrument avec une chaine

de detection a base de SQUID.

L’instrument est aujourd’hui a Salta en, intégrer et subis une nouvelle campagne de test. Il
sera rapidement mis en place pour observer le ciel et démontrer 'efficacité de I'interférométrie

bolométrique sur le ciel .
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ABSTRACT

The Q & U Bolometric Interferometer for Cosmology (QUBIC) Technical Demonstrator (TD) aiming to shows
the feasibility of the combination of interferometry and bolometric detection. The electronic readout system
is based on an array of 128 NbSi Transition Edge Sensors cooled at 350mK readout with 128 SQUIDs at 1K
controlled and amplified by an Application Specific Integrated Circuit at 40K. This readout design allows a 128:1
Time Domain Multiplexing. We report the design and the performance of the detection chain in this paper.
The technological demonstrator unwent a campain of test in the lab. Evaluation of the QUBIC bolometers
and readout electronics includes the measurement of I-V curves, time constant and the Noise Equivalent Power.
Currently the mean Noise Equivalent Power is ~ 2 x 107'W /\/Hz

Keywords: TES, SQUID, CMB, TDM

1. INTRODUCTION

QUBIC is a dedicated ground-based experiment, aiming to observe the Cosmic Microwave Background (CMB).
It is an international collaboration including Argentina, Italy, France, Ireland, the USA, and the UK. It will
focus on the polarisation of the CMB and more specifically on the B-modes. Those B-modes are the witnesses
of the inflationary period of the Universe’s history.

QUBIC will be deployed in Argentina, at the Alto Chorillo mountain site (height: 4869m). The Technical
Demonstrator (TD) is the first configuration of QUBIC. It is composed of a quarter of the focal plane (256 TES)
on the 150Ghz band, an array of 64 horns and switches, and a smaller optical combiner. The other configuration
is the Final Instrument (FI), it is composed of the same cryostat as the TD, and will be upgraded directly on
the site in a near future. The TD is used to demonstrate the feasibility of the bolometric interferometry. It has
been tested at APC laboratory since 2018 and still under a test campaign. (more information on the QUBIC
experiment!

This paper describes the overall design of the detection chain and the results of the characterization phase.
This paper is organized as follows; an overview of the QUBIC readout system to explain its design. Then the
characterization of the different parts of the Detection Chain. To conclude, the presentation of the milestones
that QUBIC reached during the underwent test campaign.

Further author information: (Send correspondence to Guillaume Stankowiak)
Guillaume Stankowiak: E-mail: guillaume.stankowiak@apc.in2p3.fr



2. QUBIC READOUT SYSTEM

QUBIC readout system is described in Figure 1 . It is made of 4 different parts: Transition Edge Sensor (TES),
Superconducting QUantum Interferences Devices (SQUID), Application Specific Integrated Circuit (ASIC), and
Field Programmable Gate Array (FPGA) which are described in the following section. Each part is working at
a different temperature, with a quarter of the focal plane composed of 256 pixels TES working at 320mK and
cooled down with a 3He fridge.

For each quarter of the focal plane, two blocks composed of 128 SQUID operating at 1K and cooled down by a
4He fridge, are used in a 128:1 Time Domain Multiplexing (TDM) system.

For each block of 128 SQUIDs, there is an ASIC used as controller and amplifier, cooled down at 40K by two
Pulse Tubes.

For each ASIC, a warm readout device: FPGA is used to ensure the control and acquisition by the DAQ
computer.

Figure 1. Left, Pictures of the TESs (top) and SQUIDs (boxes under the copper plate) in the laboratory. Right, schematic
of the detection chain (colorful figure available online

2.1 Transition Edge Sensor (TES)

The detectors are Transition Edge Sensors (TES) made with a NbySij.x amorphous thin film (x~0.15 in our
case). Its transition temperature T. (Fig. 2) can be adapted by changing the composition z of the compound.
The array currently used (reference P87) has a critical temperature of about 410 mK. The normal state resistance
R, is adjusted to about 192 with interleaved electrods for optimum performances. To adapt to the optics, the
pixels have 3 mm spacing while the membranes structure is 2.7 mm wide without any sensitivity to polarization.
The low thermal coupling between the TES and the cryostat is obtained using 500 nm thin SiN suspended
membranes, which exhibit thermal conductivities in the range 50-500 pW /K depending on the precise pixel
geometry and temperature. The Noise Equivalent Power (NEP) is of the order of 5.10717W/ VHz at 150GHz
with a natural time constant of about 100ms [?]. Light absorption is achieved using a Palladium metallic grid
placed in a quarter wave cavity in order to optimize the absorption efficiency. The backshort distance of 400 pm
has been chosen after electro-magnetic simulations in order to have absorption higher than 94% at both 150 and
220GHz.

2.2 SQUIDs

The QUBIC detection chain second stage is composed of the Superconducting QUantum Interference Devices
(SQUIDs) maintained at a temperature of about 1 K by an “He fridge. Each TES is in series with the input
inductance L;, of the SQUID and is voltage biased with a 10m£2 resistor in parallel as shown in Figure 3. The
input inductance of the SQUID converts the TES current into a magnetic flux ®;,, that is converted in an output
voltage by the SQUID. The later is therefore a trans-impedance amplifier with a gain of the order of 100 V/A. In
addition of being a cryogenic amplifier, SQUIDs also enable the multiplexing because of their large bandwidth.
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Figure 2. Left, Distribution of the Tc on the focale plane. Right, histogram of the Tc

As shown in Figure 3, the SQUID multiplexer is composed of 4 columns of 32 SQUIDs AC-biased with capacitors
in order to reduce power dissipation and noise.

The SQUIDs used in QUBIC shown in Figure 3 Right have a dual-washer gradiometric layouts. They are
based on a slightly modified SQ600S commercial design provided by StarCryoelectronics® in order to reduce
the area of each dies. Visual inspections and room temperature tests with a probe-station are used to select
the SQUIDs before integration on a specific Printed Circuit Board (PCB). One SQUID PCB is composed of
32 SQUIDs and is integrated in an aluminium box. The architecture therefore uses 4 of this PCB boxes to
readout 128 pixels. As shown in Fig. 3 Left, a stack of 8 SQUID boxes is installed at 1K below the TESs in the
cryo-mechanical structure, surrounded with a Cryophy! magnetic shield.
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Figure 3. Left: Topology of the 128 to 1 multiplexer sub-system (4x32 SQUIDs + 1 ASIC). Right: Integration of 32
SQUIDs (1 column) with bias capacitors and filter devices. (Color figure online.)

2.3 ASIC

The ASIC is designed in full-custom using CADENCE CAD tools. The used technology is a standard 0.35u
BiCMOS SiGe from Austria MicroSystem (AMS). This technology consists of p-substrate, 4-metal and 3.3 V
process. It includes standards complementary MOS transistors and high speed vertical SiGe NPN Heterojunction
Bipolar Transistors (HBT). Bipolar transistors are preferentially used for the design of analog parts because of
their good performances at cryogenic temperature [*]. The design of the ASIC is based on pre-experimental
characterizations results, and its performance at cryogenic temperature is extrapolated from simulation results
obtained at room temperature, using CAD tools. Each ASIC board for QUBIC (shown on Fig. 4) has a power
dissipation of typically 16 mW and is placed on the 40K stage. The ASIC integrates all parts needed to achieve
the readout, the multiplexing and the control of an array of up to 128 TESs/SQUIDs. It includes a differential

*starcryo.com
fwww.aperam.com



Figure 4. Left: Microphotography of cryogenic ASIC designed to readout 4x32 TES/SQUID pixels. Right: ASIC module
assembly used for QUBIC experiment. (Color figure online.)

switching current source to address sequentially 32 lines of SQUIDs, achieving a first level of multiplexing of 32:1.
In this configuration, the SQUID are AC biased through capacitors which allows a good isolation (low crosstalk
between SQUID columns) and no power dissipation. A cryogenic SiGe low noise amplifier (e, =0.3 nV/vHz,
gain=70, bandwidth of about 6MHz in simuations) with 4 multiplexed inputs, performs a second multiplexing
stage between each column.

This cryogenic ASIC includes also the digital synchronization circuit of the overall multiplexing switching
(AC current sources and multiplexed low noise amplifier). A serial protocol allows to focus on sub-array as well
as to adjust the amplifiers and current sources with a reduced number of control wires. As the digital side takes a
large part, we have developed a full custom CMOS digital library dedicated to cryogenic application and ionizing
environments (rad-hard full custom digital library) [3].

2.4 Warm electronics and acquisition software

The warm electronics is based on FPGA boards called NetQuiC, one for each ASIC. These boards are connected
to the acquisition computer via a network switch. Each NetQuiC board is based on a differential amplifier
(gain=100, bandwidth limited to 1IMHz with a second order low-pass filter), a 2MHz 16 bits ADC, 7 16 bits
DACs and a Xilinx Spartan 6 FPGA (XEMG6010 board from Opal Kelly). The FPGA firmware programmed
in VHDL takes in charge the following tasks: ASICs control, management of the TCP/IP connection with the
acquisition computer, acquisition of scientific signal with the ADC, bias generation and digital Flux Locked Loop
(FLL) control. The acquisition software called QUBIC Studio is the single interface to deal with the readout,
the control command software and the data storage. Its core is the generic tool called “dispatcher” developed at
IRAP that is a real-time-oriented acquisition system widely used on various experiments such as Solar Orbiter,
SVOM/ECLAIRS and PILOT.

3. CHARACTERIZATION OF THE DETECTION CHAIN

The QUBIC TD test campaign has been done first in blind configuration (the 40K filters being closed) in
December 2018 and afterward with all filters open from mid-January to end of October 2020. The TESs were
responsive enough to allow us to make a first complete optical characterization of the instrument (see [*] for
further details). We report here the characterizations made on the detection chain.

3.1 ASICs

Both ASICs 1 and 2 have been functionally tested and characterized at low temperature during the TD test
campaigns. Low noise multiplexed amplifier characterizations have been investigated using a spectrum analyzer.



Figure 5). A white noise level of 0.3 nV/v Hz and a knee frequency of about 400Hz were measured at 70K with
a differential voltage gain of 70 (measured in a specific cryogenic test bench).
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Figure 5. Multiplexed LNA (low noise amplification) equivalent input noise voltage measurement at 77K

3.2 SQUIDs
3.2.1 Selection at warm temperature

Before installation in QUBIC, the manufactured SQUIDs underwent a visual inspection in a clean room in order
to detect and remove the ones exhibiting evidence of defects during fabrication or storage. We further proceed
in the measurement of 4 resistance values at room temperature: heater, SQUID washer, feedback inductance
and input inductance. An histogram of the measured values is plotted in Figure 6. SQUIDs with all parameters
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Figure 6. Plot of the value of the SQUIDs (Ohms). From the left to the right : (a) feedback value, (b) heater value,
(c) SQUID value, (d) inductance value



within 20 of the mean values are selected for installation in QUBIC. SQUIDs that are between 20 and 3o for
one or more measurements are held aside as a possible option in case there are not enough SQUIDs passing the
first criteria. All SQUIDs with any parameter larger than 3o from the mean are rejected. A further selection
process is performed based on the leakage resistance between SQUID washer and the input inductance. Leakage
measured at cryogenic temperature is typically a few M€ between a full stack 32 SQUID and the 32 input
inductances. This level of leakage does not significantly degrades operation of the SQUIDs. The pass/fail level
for leakage to the input inductance was therefore set at 2 M, with the majority of leakage values measured
closer to 20 M. SQUIDs with leakage to the input inductance less than 2 M) were rejected. For the leakage
between the SQUID washer and the feedback, it must be an open circuit (resistance > 40MS), otherwise the
SQUID is rejected. We typically obtained a yield of about 80% for a package of 16 x 16 SQUIDs.

3.2.2 Tests at Cryogenic Temperature

The characterization of the SQUIDs is performed at the beginng of the calibration phase. Its mains goal is to
define the optimal SQUID bias current to be used during observations.

The principle of the procedure is the following: an input sinusoidal signal of 1 V peak-to-peak amplitude is
injected on the feedback inductance through the feedback resistor Ryg, and the bias current of the SQUIDs is
increased step by step. For each value of the input current Iy, the response of the SQUID is therefore measured
as shown in Figure 7.
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Figure 7. Flux to voltage SQUID transfer function for current biasing on ASIC 1 (Left) and on ASIC 2 (Right). The
plots show the response signal (Viy) as a function of the quantum flux going through the SQUID. There are 9 curves
corresponding to increasing bias current (Isq)(colorfull graph available online).

As the SQUID current Iy increases, the amplitude of the response of the SQUID also increases until it reach
a maximum and then it decreases. The optimum Iy, corresponds to the maximum amplitude of the SQUID
response. Since the same Iy, must be supplied to all SQUID per ASIC, it is necessary to select a single bias
index for all the SQUIDs for each ASIC. While it seems natural to choose the SQUID current bias corresponding
to the majority of the SQUIDs,in reality it does not maximize the number of operational SQUIDs. A SQUID is
considered operational if its response is greater than 10 V. The SQUID current is therefore chosen to maximize
the number of operational SQUIDs. Figure 8 shows the histograms of the SQUID response for three Iy, bias
current for both of the ASICs.

The histograms of Figure 8 show that index 10 is the best bias index for ASIC 1 for which 93% of the SQUIDs
are operational. For ASIC 2, the histograms give index 11 as the best bias index with 91% operational SQUIDs.

The yield of SQUIDs for the QUBIC Technological Demonstrator is 93% for the 128 SQUIDs connected to
ASIC 1, and 89% for the 128 SQUIDs connected to ASIC 2. This corresponds to 119 operational SQUIDs for
ASIC 1 and 114 operational SQUIDs for ASIC 2. The total yield is therefore 91%. The optimum bias current is
28.06 pA for ASIC 1 (bias index 10) and 30.61 pA for ASIC 2 (bias index 11).

3.3 TESs
3.3.1 TES parameters

The TESs have been characterized both in the blind and open configuration. In the closed configuration, it
demonstrate the operation of the TES in ETF mode in the lowest bias voltage as expected. The matrix show a
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high homogeneity (Fig 9) of the TES parameter which are empiricaly find with the following equations :

Pyigs = K(Tcn - Tl:zlzth)7 (1)

where Tpqsn is the bath temperature, K a constant, and n the index of the power law. The n value is strictly
related to the signal carriers and generally has a value around 3.3. The TES thermal conductance is estimated
from eq. (1) as:

o dP, bias

¢ dT,

= KnT" L. (2)

The dynamic thermal conductance 10 is measured at about 250 pW /K leading to a NEP of 5—6.10~" "W /v Hz
at 350mK. Moreover, an overall yield of about 79% is obtained on this array (including SQUIDs yield and bad
pixels). In the open configuration, the fact that the R(T) curve still has a slope in the higher part as seen in
Fig. 2 allow us to get a high response to do a full optical characterization with a calibration source [*] without
the nominal sensitivity.

3.3.2 TES Time Constante
Data were taken on 2020 October 16 with the following configuration:

e Source modulation 0.6 Hz, square signal, amplitude 0.5 V, offset 1V, Duty Cycle 33%

e no eccosorb neither on the window nor on the CalSrc horn

e For each of the bias voltages in [1,2,3,4,5] Volts we have taken around 10 minutes data

We do a very mild filtering on the data as the signal is bright and we do not want the filtering to alter the
time constants. We then fold the data for each TES into one period of the calibration source. The filtering and
the resulting folded signal is shown in Figure 11 for a TES picked randomly. The signal peaks can be easily seen.
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Figure 9. Left: I-V curves of the QUBIC P87 TES array measured in the blind configuration at 348mK down to about
60% of the normal resistance. The color code indicate the turn-over bias voltage. Right: same array measured in open

configuration at 382mK. (Color figure available online)
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Figure 11. Folded signal for TES#91. upper: The power spectrum. lower: The folded signal for whole time.(Color figure
available online) series.

Figure 12 shows the normalized (removed average and divided by RMS) folded data for each TES in black,
the median is shown in red. The derivative is shown in blue and helps finding the first guess for the start-time
of the calibration source shown as a red dot. Note that no attempt is made at this stage to remove bad TES,
this is why there are obvious bad signals in the plot below.
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Figure 12. Normalized folded data for each TES in black, the median is shown in blue. No filtering was done to remove
curves for bad TES.

We fit each TES folded signal (not normalized - meaning with its proper amplitude) with a model for the
calibration source signal including time constants.

For each TES, we plot the time constant as a function of the bias voltage Vrgs (Fig 13). On thoses plots



we saw an acceleration of the time response atlower bias voltage which is expected from the Electro-Thermal
Feedback behavior.

Time Constant TES=23 Time Constant TES=74
0.09
0.10 + 0.08 + +
} + 0.07 +

— 008 -
C = 006
g g '
5 £ 005
' 0.06 * =
& K] 4
& ' % 004 ) +

0.04 + * + + 003

+ & 0.02 + + 4 *
002 L— ' ‘ ‘ ‘ ' ! ' ‘ | | ‘ ! ! ! ! | ‘
200 225 250 275 300 325 350 375 400 200 225 250 275 300 325 350 375 400
VTES(V) VTES(v)
Time Constant TES=75 Time Constant TES=94
012 + 018 4
016

010 * +
5 + 5 014
v 008 p
£ ko .
v * + @ 0.10
& o6 ' + & . *

4 0.08 .
0.04 006 .
" LN | .
o0zl ® 004] &
200 225 250 275 300 325 350 375 400 200 225 250 275 300 325 350 375 400
VTES(V) VTES(pV)

Figure 13. Time constant of TES on P87 matrix in QUBIC

An important effect shows on plots 14 is the diminution of the time constant. As Vrgg decrease, we have an
improvement of the time constant on the focal plane, from about 100ms to 20ms regarding the higher number
of the TES on the time constant value. This means an improvement of the signal detection and so on the SNR

4. TES NOISE PERFORMANCE

As a very precise instrument, QUBIC is very sensitive to noise. A test of sensitivity to pulse tube (PT) mi-
crophonics was carried out by stopping the two units for a few minutes. An example timeline and associated
time-frequency analysis is shown in Figure 15. The low frequency part of the noise level is reduced when both
PTs are off, corresponding to the detector bandwidth. The induced parasitic signal is therefore thermal on the
detector.

By the study of the current noise level, which can be converted in NEP assuming the TES are in strong Electro-
Thermal Feedback mode. In this case, the TES responsivity R[A/W] is given by the inverse of the TES voltage,
R = -L—. The TES voltage is obtained from the bias voltage assuming the TES resistance is higher than the

Vres"®
shunt resistance: Vrgg = Viigs X 1076.

Figure 16 shows the distribution in NEP for each cases: PTs on or off. It appears that the median NEP for
the 2 cases are off from specification by a factor 7 and 2.5 respectively. Some optimizations could be further
done in terms of biasing the detectors but we are clearly dominated by the PT microphonics.

As we are dominated by PT microphonics, we investigate the origin of these perturbations. We assume that
the pulse tube vibrations are exciting mechanical resonance on the TES support structure but also on the TES
themselves. This mechanical resonance further dissipates heats on different parts of the system.

This assumption is based on the following hints :

e In Figure 15 after the PTs are switched off, we see a small increase in the TES current which is due to a
small cooling of the detector, before heating up due to background increase.
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Figure 14. Distribution of the number of TES regarding the time constant and the TES voltage
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Figure 15. Examples of timeline and corresponding time-frequency analysis. The two pulse tubes are OFF for ~ 240 s
and ~ 420 s.(colorfull graph available online)

e We excited mechanically the cryostat with a speaker connected to an audio amplifier and a sine wave
generator sweeping from 100 Hz to 1300 Hz in one hour. Figure 17 show timelines of TES and of the TES

stage thermometer as a function of the excited frequency. Resonances are clearly seen, especially around
700 Hz.

To limit the impact of PT noise, we have coated the tubes connecting the compressors to the pulsing head
with a neoprene coating. We have also isolated QUBIC from the ground to reduce the impact of low-frequency
noise.
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5. CONCLUSION

The current underwent campain of QUBIC, shows very good results for the QUBIC detection chain. With a
79% yield of working TESs on the P87 matrix at 410mK and 90% of working SQUIDs. This is the first experi-
ment with a such amount of working TESs and SQUIDs together with a Time Constante between 100ms to 20ms.
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Abstract

The Q & U Bolometric Interferometer for Cosmology (QUBIC) Technical Demonstrator (TD) aiming to shows
the feasibility of the combination of interferometry and bolometric detection. The electronic readout system
is based on an array of 128 NbSi Transition Edge Sensors cooled at 350mK readout with 128 SQUIDs at 1K
controlled and amplified by an Application Specific Integrated Circuit at 40K. This readout design allows a 128:1
Time Domain Multiplexing. We report the design and the performance of the detection chain in this paper.
The technological demonstrator unwent a campain of test in the lab. Evaluation of the QUBIC bolometers
and readout electronics includes the measurement of I-V curves, time constant and the Noise Equivalent Power.
Currently the mean Noise Equivalent Power is ~ 2 x 10~'W /v/Hz

1. INTRODUCTION

QUBIC is a dedicated ground-based experiment, aiming to observe the Cosmic Microwave Background (CMB).
It is an international collaboration including Argentina, Italy, France, Ireland, the USA, and the UK. It will
focus on the polarisation of the CMB and more specifically on the B-modes. Those B-modes are the witnesses
of the inflationary period of the Universe’s history.

QUBIC will be deployed in Argentina, at the Alto Chorillo mountain site (height: 4869m). The Technical
Demonstrator (TD) is the first configuration of QUBIC . It is composed of a quarter of the focal plane (256 TES)
on the 150 Ghz band, an array of 64 horns and switches, and a smaller optical combiner. The other configuration
is the Final Instrument (FI), it is composed of the same cryostat as the TD, and will be upgraded directly on
the site in a near future. The TD is used to demonstrate the feasibility of the bolometric interferometry. It
has been tested at APC laboratory since 2018 and is now deployed at Salta. (more information on the QUBIC
experiment!

This paper describes the overall design of the detection chain and the results of the characterization phase that
took place at APC.

This paper is organized as follows; an overview of the QUBIC readout system to explain its design. Then the
characterization of the different parts of the Detection Chain. To conclude, the presentation of the milestones
that QUBIC reached.

2. QUBIC READOUT DETECTION CHAIN

QUBIC readout system is described in Figure 1 . It is made of 4 different parts: Transition Edge Sensor (TES),
Superconducting QUantum Interferences Devices (SQUID), Application Specific Integrated Circuit (ASIC), and
Field Programmable Gate Array (FPGA) which are described in the following section. Each part is working at
a different temperature, with a quarter of the focal plane composed of 256 pixels TES working at 320mK and
cooled down with a 3He fridge.

For each quarter of the focal plane, two blocks composed of 128 SQUID operating at 1K and cooled down by a
4He fridge, are used in a 128:1 Time Domain Multiplexing (TDM) system.

For each block of 128 SQUIDs, there is an ASIC used as controller and amplifier, cooled down at 40K by two
Pulse Tubes.

For each ASIC, a warm readout device: FPGA is used to ensure the control and acquisition by the DAQ
computer.

2.1 Transition Edge Sensor (TES)

The detectors are Transition Edge Sensors (TES) made with a NbySi;_x amorphous thin film (x~0.15 in our
case). Its transition temperature T. (Fig. 2) can be adapted by changing the composition z of the compound.
The array currently used (reference P87) has a critical temperature of about 410 mK. The normal state resistance
R, is adjusted to about 12 with interleaved electrods for optimum performances. To adapt to the optics, the
pixels have 3 mm spacing while the membranes structure is 2.7 mm wide without any sensitivity to polarization.
The low thermal coupling between the TES and the cryostat is obtained using 500 nm thin SiN suspended
membranes, which exhibit thermal conductivities in the range 50-500 pW /K depending on the precise pixel
geometry and temperature. The Noise Equivalent Power (NEP) is of the order of 5.10_17W/\/m at 150GHz
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Figure 1. Left, Pictures of the TESs (top) and SQUIDs (boxes under the copper plate) in the laboratory. Right, schematic of the
detection chain (colorful figure available online

with a natural time constant of about 100ms [?]. Light absorption is achieved using a Palladium metallic grid
placed in a quarter wave cavity in order to optimize the absorption efficiency. The backshort distance of 400 pm
has been chosen after electro-magnetic simulations in order to have absorption higher than 94% at both 150 and
220GHz.
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Figure 2. Left, Distribution of the Tc on the focale plane.Right, histogram of the Tc

2.2 SQUIDs

The QUBIC detection chain second stage is composed of the Superconducting QUantum Interference Devices
(SQUIDs) maintained at a temperature of about 1 K by an “He fridge. Each TES is in series with the input
inductance Lj, of the SQUID and is voltage biased with a 10mf2 resistor in parallel as shown in Figure 3. The
input inductance of the SQUID converts the TES current into a magnetic flux ®;,, that is converted in an output
voltage by the SQUID. The later is therefore a trans-impedance amplifier with a gain of the order of 100 V/A. In
addition of being a cryogenic amplifier, SQUIDs also enable the multiplexing because of their large bandwidth.
As shown in Figure 3, the SQUID multiplexer is composed of 4 columns of 32 SQUIDs AC-biased with capacitors
in order to reduce power dissipation and noise.

The SQUIDs used in QUBIC shown in Figure 3 Right have a dual-washer gradiometric layouts. They are
based on a slightly modified SQ600S commercial design provided by StarCryoelectronics® in order to reduce
the area of each dies. Visual inspections and room temperature tests with a probe-station are used to select
the SQUIDs before integration on a specific Printed Circuit Board (PCB). One SQUID PCB is composed of
32 SQUIDs and is integrated in an aluminium box. The architecture therefore uses 4 of this PCB boxes to

1 starcryo.com



readout 128 pixels. As shown in Fig. 3 Left, a stack of 8 SQUID boxes is installed at 1K below the TESs in the
cryo-mechanical structure, surrounded with a Cryophy? magnetic shield.
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Figure 3. Left: Topology of the 128 to 1 multiplexer sub-system (4x32 SQUIDs + 1 ASIC). Right: Integration of 32 SQUIDs (1
column) with bias capacitors and filter devices. (Color figure online.)
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2.3 ASIC

The ASIC is designed in full-custom using CADENCE CAD tools. The used technology is a standard 0.35u
BiCMOS SiGe from Austria MicroSystem (AMS). This technology consists of p-substrate, 4-metal and 3.3 V
process. It includes standards complementary MOS transistors and high speed vertical SiGe NPN Heterojunction
Bipolar Transistors (HBT). Bipolar transistors are preferentially used for the design of analog parts because of
their good performances at cryogenic temperature [*]. The design of the ASIC is based on pre-experimental
characterizations results, and its performance at cryogenic temperature is extrapolated from simulation results
obtained at room temperature, using CAD tools. Each ASIC board for QUBIC (shown on Fig. 4) has a power

(a)

Figure 4. Left: Microphotography of cryogenic ASIC designed to readout 4x32 TES/SQUID pixels. Right: ASIC module assembly
used for QUBIC experiment. (Color figure online.)

dissipation of typically 16 mW and is placed on the 40K stage. The ASIC integrates all parts needed to achieve
the readout, the multiplexing and the control of an array of up to 128 TESs/SQUIDs. It includes a differential
switching current source to address sequentially 32 lines of SQUIDs, achieving a first level of multiplexing of 32:1.
In this configuration, the SQUID are AC biased through capacitors which allows a good isolation (low crosstalk
between SQUID columns) and no power dissipation. A cryogenic SiGe low noise amplifier (e, =0.3 nV/v/Hz,

waw.aperam.com



gain=70, bandwidth of about 6MHz in simuations) with 4 multiplexed inputs, performs a second multiplexing
stage between each column.

This cryogenic ASIC includes also the digital synchronization circuit of the overall multiplexing switching
(AC current sources and multiplexed low noise amplifier). A serial protocol allows to focus on sub-array as well
as to adjust the amplifiers and current sources with a reduced number of control wires. As the digital side takes a
large part, we have developed a full custom CMOS digital library dedicated to cryogenic application and ionizing
environments (rad-hard full custom digital library) [3].

2.4 Warm electronics and acquisition software

The warm electronics is based on FPGA boards called NetQuiC, one for each ASIC. These boards are connected
to the acquisition computer via a network switch. Each NetQuiC board is based on a differential amplifier
(gain=100, bandwidth limited to 1IMHz with a second order low-pass filter), a 2MHz 16 bits ADC, 7 16 bits
DACs and a Xilinx Spartan 6 FPGA (XEM6010 board from Opal Kelly). The FPGA firmware programmed
in VHDL takes in charge the following tasks: ASICs control, management of the TCP/IP connection with the
acquisition computer, acquisition of scientific signal with the ADC, bias generation and digital Flux Locked Loop
(FLL) control. The acquisition software called QUBIC Studio is the single interface to deal with the readout,
the control command software and the data storage. Its core is the generic tool called “dispatcher” developed at
TIRAP that is a real-time-oriented acquisition system widely used on various experiments such as Solar Orbiter,
SVOM/ECLAIRS and PILOT.

3. RESULTS OF THE CHARACTERIZATION CAMPAIGN

QUBIC underwent numbers of tests in order to characterize all the sub-systems, in the following section we will
discuss the main results obtained during this study.

3.1 TESs
3.1.1 TES parameters

The TESs have been characterized both in the blind and open configuration. In the closed configuration, it
demonstrate the operation of the TES in ETF mode in the lowest bias voltage as expected. The matrix show a
high homogeneity (Fig 5) of the TES parameter which are empiricaly find with the following equations :

Pbias = K(Tcn - Tl;rtlzth)’ (1)

where Tpqsn is the bath temperature, K a constant, and n the index of the power law. The TES thermal
conductance is estimated from eq. (1) as:

_ deias

¢ dT,

= KnT" 1. (2)

The dynamic thermal conductanceis measured at about 250 pW /K leading to a NEP of 5 — 6.10_17W/\/E
at 350mK. Moreover, an overall yield of about 79% is obtained on this array (including SQUIDs yield and bad
pixels). In the open configuration, the fact that the R(T) curve still has a slope in the higher part as seen in
Fig. 2 allow us to get a high response to do a full optical characterization with a calibration source [*] without
the nominal sensitivity.
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Figure 5. Left: I-V curves of the QUBIC P87 TES array measured in the blind configuration at 348mK down to about 60% of the
normal resistance. The color code indicate the turn-over bias voltage. Right: same array measured in open configuration at 382mK.
(Color figure available online)
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Figure 6. Flux to voltage SQUID transfer function for current biasing on ASIC 1. The plots show the response signal (Vsq) as a
function of the quantum flux going through the SQUID. There are 9 curves corresponding to increasing bias current (Isq)(colorfull
graph available online).

3.1.2 SQUIDs

The characterization of the SQUIDs is performed at the beginng of the calibration phase. Its mains goal is to
define the optimal SQUID bias current to be used during observations.

The principle of the procedure is the following: an input sinusoidal signal of 1 V peak-to-peak amplitude is
injected on the feedback inductance through the feedback resistor Rg, and the bias current of the SQUIDs is
increased step by step. For each value of the input current /g4, the response of the SQUID is therefore measured
as shown in Figure 6.

As the SQUID current Iy increases, the amplitude of the response of the SQUID also increases until it reach



a maximum and then it decreases. The optimum I corresponds to the maximum amplitude of the SQUID
response. Since the same Iy, must be supplied to all SQUID per ASIC, it is necessary to select a single bias
index for all the SQUIDs for each ASIC. While it seems natural to choose the SQUID current bias corresponding
to the majority of the SQUIDs,in reality it does not maximize the number of operational SQUIDs. A SQUID is
considered operational if its response is greater than 10 V. The SQUID current is therefore chosen to maximize
the number of operational SQUIDs. Figure 7 shows the histograms of the SQUID response for three Iy, bias
current for both of the ASICs.

ASIC 1

i Isq = 25.5 YA
B Isq = 28 pA

= 30.6 A

15

10

Number of SQUID

10 15
Voltage (uV)

Figure 7. Histograms of the number of operational SQUIDs for each Isq index for both ASICs.(colorfull histogram available online)

20 25

The histograms of Figure 7 show that index 10 is the best bias index for ASIC 1 for which 93% of the SQUIDs
are operational. For ASIC 2, the histograms give index 11 as the best bias index with 91% operational SQUIDs.

The yield of SQUIDs for the QUBIC Technological Demonstrator is 93% for the 128 SQUIDs connected to
ASIC 1, and 89% for the 128 SQUIDs connected to ASIC 2. This corresponds to 119 operational SQUIDs for
ASIC 1 and 114 operational SQUIDs for ASIC 2. The total yield is therefore 91%. The optimum bias current is
28.06 pA for ASIC 1 (bias index 10) and 30.61 pA for ASIC 2 (bias index 11).

3.2 ASICs

Both ASICs 1 and 2 have been functionally tested and characterized at low temperature during the TD test
campaigns. Low noise multiplexed amplifier characterizations have been investigated using a spectrum analyzer.
Figure 8). A white noise level of 0.3 nV/vHz and a knee frequency of about 400Hz were measured at 70K with
a differential voltage gain of 70 (measured in a specific cryogenic test bench).

4. CONCLUSION

The characterization campaign, lead at APC, shows very good results for the QUBIC detection chain of th TD.
With a 79% yield of working TESs on the P87 matrix with a critcal temperature of 410mK and 90% of working
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Figure 8. Multiplexed LNA (low noise amplification) equivalent input noise voltage measurement at 77K

SQUIDs. The time constants are below the specification at low bias voltage. The measured NEP is a factor 2
higher than the specification, mainly because of microphonics from the pulse tubes. Today, QUBIC reached the
argantinain site of integration at Salta and it is fully operationnal and ready to be sent on the mountain (Plato
de la Puna). The detection chain still need a slight improvement to reach the overall specifications (for a more
detail description of the QUBIC readout system refer to°).
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Abstract. A prototype version of the Q & U bolometric interferometer for cosmology (QUBIC)
underwent a campaign of testing in the laboratory at Astroparticle Physics and Cosmology
laboratory in Paris (APC). The detection chain is currently made of 256 NbSi transition edge
sensors (TES) cooled to 320 mK. The readout system is a 128:1 time domain multiplexing
scheme based on 128 SQUIDs cooled at 1K that are controlled and amplified by an SiGe
application specific integrated circuit at 40 K. We report the performance of this readout
chain and the characterization of the TES. The readout system has been functionally
tested and characterized in the lab and in QUBIC. The low noise amplifier demonstrated
a white noise level of 0.3nV/ V/Hz. Characterizations of the QUBIC detectors and readout
electronics includes the measurement of I-V curves, time constant and the noise equivalent
power. The QUBIC TES bolometer array has approximately 80% detectors within operational
parameters. It demonstrated a thermal decoupling compatible with a phonon noise of about
5x 1071w/ VHz at 410 mK critical temperature. While still limited by microphonics from
the pulse tubes and noise aliasing from readout system, the instrument noise equivalent power
is about 2 x 10716 W/ vHz, enough for the demonstration of bolometric interferometry.

Keywords: CMBR detectors, CMBR experiments, CMBR, polarisation, cosmological param-
eters from CMBR
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1 Introduction

QUBIC is an international ground based experiment dedicated to the observation of cosmic
microwave background (CMB) polarisation. It will be deployed in Argentina, at the Alto
Chorrillos mountain site (altitude of 4869 m a.s.l.) near San Antonio de los Cobres, in the
Salta province. QUBIC has two configurations: the “technological demonstrator” (TD) and
the “full instrument” (FI). The TD and FI share the same cryostat and cryogenics but the TD
has only one-quarter of the 150 GHz TES focal plane (256 TESs), an array of 64 horns and
switches and a smaller optical combiner. The QUBIC TD has demonstrated the feasibility



of the bolometric interferometry after extensive tests at APC laboratory since 2018. In this
paper, we present the main results of this characterization phase on the detection chain.
This paper is organized as follows. An overview of the QUBIC detection chain is given
in section 2. The tests of the readout system is described in section 3. Section 4 describes the
TES characterizations in terms of critical temperature, TES parameters, power background,
time constants and noise performance. Finally, some concluding remarks are given in section 5.

2 QUBIC detection chain

The QUBIC detection chain architecture is shown on figure 1. Each focal plane is composed
of four 256-pixel TES arrays assembled together to obtain 1024-pixel detector cooled at
about 320mK by a 3He fridge. For each quarter focal plane, two blocks of 128 SQUIDs
(superconducting quantum interference devices) are used at 1K in a 128:1 time domain
multiplexing (TDM) scheme [1, 2]. Each block is controlled and amplified by an ASIC
(application specific integrated circuit) cooled to 40 K while a warm FPGA (field programmable
gate array) board ensure the control and acquisition of the signal to the acquisition computer.

2.1 TES

The detectors are TESs made with a NbySij x amorphous thin film (x~0.15 in our case).
Their transition temperature T, (figure 2) can be adapted by changing the composition x of
the compound. The array currently used (reference P87) has a critical temperature of about
410 mK. The normal state resistance Ry is adjusted to about 12 with interleaved electrodes
for optimum performance. To adapt to the optics, the pixels have 3 mm spacing while the
grid absorber structure is 2.7 mm wide without sensitivity to polarization. The low thermal
coupling between the TES and the thermal bath is obtained using 500 nm thin SiN suspended
and patterned membranes, which exhibit thermal conductance in the range 50-500 pW /K
depending on the precise pixel geometry and temperature. The noise equivalent power (NEP)
is expected to be of the order of 5 x 10717 W/y/Hz at 150 GHz with a natural time constant
of about 100 ms [3]. Light absorption is achieved using a Palladium metallic grid placed in a
quarter-wave cavity optimizing the absorption efficiency. The back-short distance of 400 um
has been chosen after electromagnetic simulations in order to have absorption higher than 94%
at both 150 and 220 GHz. The routing of the signal between the TES and the bonding pads at
the edge of the array is realised by superconducting aluminium lines patterned on the silicon
frame supporting the membranes. The detailed fabrication process of the QUBIC detectors is
given in [4]. The latest upgrade of the production process allows excellent fabrication quality
with a dead-pixel yield as low as 5% at room temperature.

The 256-pixel array is finally integrated within the focal plane holder and electrically
connected to an aluminium printed circuit board (PCB, provided by Omni Circuit Boards')
using ultrasonic bonding of aluminium wires (figure 3).

2.2 SQUIDs

The second stage of the detection chain is composed of the SQUIDs maintained at a tem-
perature of about 1K by a “He fridge. Each TES is in series with the input inductance Lj,
of the SQUID and is voltage biased with a 10 m£2 resistor in parallel as shown in figure 4.
The input inductance of the SQUID converts the TES current into a magnetic flux ®;, that

L www.omnicircuitboards.com.
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Figure 1. Top: QUBIC cryo-mechanical structure which supports one TES focal plane at 350 mK on
top and the SQUID boxes at 1K below. The focal plane diameter is 110 mm. Bottom: architecture of
the QUBIC detection chain for one focal plane of 1024 channels, highlighted on one quarter of it.

is converted in an output voltage by the SQUID. The latter is therefore a trans-impedance
amplifier with a gain of the order of 100 V/A. To compensate the flux variation, a current
from a feedback loop is injected to create a feedback flux ®g,. The voltage sent by the digital
to analog converter (DAC) to create this feedback current through the feedback resistor R,
is the QUBIC signal (figure 4). This process, allowing to lock the flux operating point in the
SQUID is known as a flux locked loop (FLL) [5].

In addition to being cryogenic amplifiers, SQUIDs also enable the multiplexing because of
their large bandwidth. As shown in figure 5, the SQUID multiplexer is composed of 4 columns
of 32 SQUIDs AC-biased with capacitors in order to reduce power dissipation and noise. The
SQUIDs used in QUBIC shown in figure 6 have a dual-washer gradiometric layout. They are
based on a SQ600S commercial design provided by StarCryoelectronics,? slightly modified in
order to reduce the area of each die.

Visual inspections and room temperature tests with a probe-station are used to select the

2 starcryo.com.
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Figure 2. Superconducting transition characteristics (resistance R versus temperature T) of four
Nbg.155ip.85 TESs distributed far away from each other on the 256 pixel array reference P41.
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SiN

SOl

Figure 3. Left: layout of the 3-mm pitch pixel structure. Pd grid for light absorption, NbSi for
temperature sensing, SiN structure for decoupling the sensor from the cold bath and Al for routing
the signal to the SQUID amplifiers Right: a 256 TES array being integrated.

SQUIDs before integration on a specific PCB. One SQUID PCB is composed of 32 SQUIDs
and is integrated in an aluminium box. The architecture therefore uses 4 of these PCB boxes
to read out 128 pixels. As shown in figure 1, 4 stack of 8 SQUID boxes is installed at 1 K below
the TESs in the cryo-mechanical structure, surrounded with a Cryophy® magnetic shield.

2.3 ASIC

In addition to the SQUIDs, a 4 to 1 multiplexed low noise amplifier (LNA) reads out
sequentially 4 columns of 32 SQUID each. The resulting multiplexing factor is 128. The LNA,
together with sequential biasing of the SQUID and the overall clocking of this 128:1 multiplexer,

3www.aperam.com.
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Figure 6. On the left, layout of a gradiometric SQUID (100 um grid), on the right, picture of one
SQUID bare die (about 1.7 mm side).
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Figure 7. Left: microphotography of the cryogenic ASIC designed to read out 4 x 32 TES/SQUID
pixels. Right: ASIC module assembly used for QUBIC.

is all done in a cryogenic ASIC operating at about 40 K [6]. The TDM readout is based on
the association of 4 columns of 32 SQUIDs in series with the dedicated cryogenic ASIC.

The ASIC is designed in full-custom using CADENCE CAD tools. The technology
is a standard 0.35 pm BiCMOS SiGe from Austria MicroSystem (AMS). This technology
consists of p-substrate, 4-metal and 3.3V process. It includes standard complementary MOS
transistors and high speed vertical SiGe NPN hetero-junction bipolar transistors (HBT).
Bipolar transistors are preferentially used for the design of analog parts because of their good
performance at cryogenic temperature [1]. The design of the ASIC is based on pre-experimental
characterizations results, and its performance at cryogenic temperature is extrapolated from
simulation results obtained at room temperature, using CAD tools.

Each ASIC board (shown in figure 7) has a power dissipation of typically 16 mW and
is placed on the 40-K stage. The ASIC integrates all parts needed to achieve the readout,
the multiplexing and the control of an array of up to 128 TESs/SQUIDs. It includes a
differential switching current source to address sequentially 32 lines of SQUIDs, achieving a
first level of multiplexing of 32:1. In this configuration, the SQUIDs are AC biased through
capacitors which allows good isolation (low cross-talk between SQUID columns) and no power
dissipation. A cryogenic SiGe low-noise amplifier (e, = 0.3nV/v/Hz, gain = 70, bandwidth
of about 6 MHz in simulations) with 4 multiplexed inputs, performs a second multiplexing
stage between each of the 4 columns. The low frequency noise of the LNA increases with
decreasing temperature. An operation at about 40 K appears to be a good trade-off between
this corner frequency and the white noise level.

This cryogenic ASIC includes also the digital synchronization circuit of the overall
multiplexing switching (AC current sources and multiplexed low-noise amplifier). A serial
protocol allows focusing on sub-array as well as adjusting the amplifiers and current sources
with a reduced number of control wires. We have developed a full-custom CMOS digital
library dedicated to cryogenic applications and ionizing environments (rad-hard full custom
digital library) [1].

2.4 'Warm electronics and acquisition software

The final stage of the readout electronics operates at room temperature on a board called
NetQuiC. It is connected to the acquisition computer via a network switch. Each NetQuiC
board is based on a differential amplifier (gain = 100, bandwidth limited to 1 MHz with a



second-order anti aliasing low-pass filter), a 2 MHz 16-bit analog to digital converter (ADC),
seven 16-bit DACs and a Xilinx Spartan 6 FPGA (XEM6010 board from Opal Kelly). It also
contains 2 feedback resistors Ry, of 10k and 100 k2 that could be individually connected for
large dynamic range or sensitive measurements respectively. This system is designed to adjust
the operating biasing of the TESs and to control the feedback of the SQUIDs. Moreover, it
takes the signal from the cryogenic multiplexing ASIC, computes the scientific signal and sends
it to the data acquisition system. For this detection chain each FPGA manages 128 detectors,
with a total of 16 FPGAs for the full 2048 pixel focal planes. A dedicated software named
QUBIC Studio was developed at the Institute for Research in Astrophysics and Planetology
(IRAP) for the data acquisition [2, 7]. QUBIC Studio interfaces with the generic electrical
ground support equipment (EGSE) tool, called “dispatcher”, which was also developed at
IRAP. QUBIC Studio has a user-friendly interface to manage the connection with the readout
electronics. This tool gives a global visualization of the complete detection chain.

3 Readout tests and characterization

The core of the readout is made of an ASIC cooled to 40 K that controls the multiplexing and
amplifies the voltage from the SQUIDs. This device has been first tested and validated since
it has been used to further characterize the SQUIDs.

3.1 ASIC tests and characterizations
3.1.1 Implemented functions

The ASIC called SQMUX128evo has been designed to control the time-domain multiplexing
and to amplify the signals from 4 columns of 32 SQUIDs in series (see figure 5) i.e. 128 channels.
Its block diagram is outlined on figure 8. The following functions have been integrated:

e An ultra low noise voltage amplifier with 4 multiplexed inputs for reading 4 columns of
SQUIDs,

e a current source for the polarization of the multiplexed amplifier,

e« an AC bias current source associated with a 1:32 multiplexer for addressing the
32 SQUIDs lines through addressing capacitors,

e two voltage references for adjusting the common mode at the input of the multiplexed
amplifier and at the output of the AC bias source of the SQUID,

o a digital circuit which controls the row / column addressing of the multiplexer from an
external clock signal CK,

 a serial link for addressing configurable blocks such as voltage references, bias current
sources or the multiplexer’s row/column addressing circuit.

This ASIC has been integrated on a specific PCB in order to be fully characterized
at room and cryogenic temperatures. It has been tested and proven functional down to
4.2 K thanks to a low power dissipation of about 16 mW per ASIC whatever the number
of columns to read out. In QUBIC, the ASIC operates at approximately 40 K due to the
available cryogenic power.
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Figure 8. Block diagram of the ASIC SQMUX128evo (see text for a detailed description).

3.1.2 Current sources and voltage references

The ASIC SQMUX128evo integrates digitally adjustable current sources and voltage references
for the biasing of the multiplexed input amplifier and for the SQUID AC bias circuit. The
current sources are based on a fixed current reference (Irpr ~ 100 pA typically) followed by
current DACs whose values are encoded on 3 and 4 bits for the amplifier bias and the SQUID
AC bias circuit respectively. The reference current Irgr is obtained by taking the current
flowing through an external resistor Rgppr under a fixed voltage (forward-biased diode voltage,
about 0.7V at room temperature). This allows to precisely adjust the reference current value
according to the operating temperature. For a nominal current Irppr = 100 pA:

e The output of the 3-bit current DAC allows to adjust the bias of the amplifier with
multiplexed inputs (TA in figure 8) from 1.65mA to 2.85 mA in steps of 200 HA;

o The output of the 4-bit DAC in current adjusts the AC bias of the SQUIDs (ISQ in
figure 8) from 5 pA to 40 pA in steps of 2.5 pA.

The ASIC SQMUX128evo also incorporates two 3-bits voltage references for common mode
adjustment at the input of the multiplexed amplifier (VICM) and at the output of the SQUID
AC bias source (Vinit). This voltage ranges from 1.453V to 1.895 V.

For the voltage references and current sources, the values measured at room temperature
are fully compliant to those simulated. At low temperatures, an adjustment of the reference
resistance and of the threshold voltage of a forward-biased diode from 0.7V to about 1V
needs to be done to reproduce the results in simulation for the current sources. The agreement
between measurement and simulation has been achieved thanks to the use of a proven standard
technology with a reliable design kit.



3.1.3 Amplifier with 4 multiplexed inputs

The amplifier is made of 4 differential pairs of SiGe bipolar transistors (each with a trans-
conductance g,,) whose collectors are connected to a common resistor (R, = 560 Q at room
temperature and 500 €2 at 40 K). The multiplexing is achieved by means of a set of CMOS
switches that sequentially bias each differential pair that has to be activated (Igjas = 2mA
typically). A common mode (VICM) is applied at the input of each differential pair through
2 series resistors of 50 2 each (differential input impedance of 100 €2) connected to a 3-bit
voltage reference. Each output of the differential stage is followed by a common collector
amplifier in order to reduce the output impedance to about 50 €2 at low temperature. The
expected maximum gain is about 20 and 70 at room and cryogenic temperature respectively.

Gain and noise measurements were performed using an Agilent* HP89410 vector analyser.
For the gain measurement, as the vector analyser does not have differential sources and inputs,
the setup uses a “single to differential” circuit, made from an AD8132, to differentiate the
signal coming from the analyser source and drive the input of the amplifier under test. The
output common mode of the AD8132 is adjusted to match the VICM of the amplifier under
test. A Stanford Research SR560 amplifier is used to differentiate between the outputs of
the amplifier under test before feedback to the input of the analyser. This external amplifier
limits the bandwidth to about 1 MHz. For noise measurement, this amplifier is also used to
provide the extra gain needed to overcome the noise floor of the analyser. In addition, the
noise measurement is performed by shunting the differential inputs of the amplifier under test
with a short circuit in the lab or with zero bias of the SQUIDs in QUBIC. The amplifier with
multiplexed inputs is biased at maximum current (1.80 mA at 300 K and 2.85mA at 77K) so
that the voltage gain is as high as possible.

From 300 K to 77 K, the voltage gain increases from 20 to 70 as expected and the white
noise level decreases from 0.95nV/vHz to 0.25n1V/v/Hz as shown in figure 9. The corner
frequency also increases from about 100 Hz at room temperature to about 6 kHz at 77 K. The
presence of an excess noise below 100 Hz at low temperature is not understood. The 3dB
bandwidth of the LNA is estimated at about 6 MHz by simulation, not measured precisely
because of the limitation from the measurement setup.

3.1.4 AC bias current source

The AC bias current source allows to alternately bias two consecutive SQUIDs of the same
row at +Iy, and -1y, through addressing capacitors (no power dissipation on the cryogenic
stages as compared to the addressing with resistors). It consists of two differential branches,
each of them having an inverter degenerated by current mirrors referenced to the biasing
current source described above. These inverters are controlled in phase opposition to the rate
imposed by the column changes. Alternately, the outputs of these inverters simultaneously
push and pull the same I, biasing current through each SQUID of the same row through the
addressing capacitors. A 1:32 multiplexer located at the output of the inverters of the AC
source allows the selection of the row to be biased. In order to avoid a drift of the operating
point at the output of the inverters of the AC biasing circuit and a risk of saturation of the
current sources, these outputs are connected to the voltage reference Vj,;+ through 2 external
resistors of 10 k(2.

“http://www.agilent.com.
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Figure 9. Multiplexed LNA (low noise amplification) equivalent input noise voltage measurement at
300K and 77K (top) and at about 72K for the two ASICs in QUBIC (bottom).

3.1.5 Multiplexer addressing circuit

The sequencing of the multiplexing is carried out internally in the ASIC by an integrated
digital circuit referenced to an external clock signal CK of 100 kHz nominal frequency. In
addition to the control of the LNA and the SQUID biasing circuit, it generates two signals
active on falling edge, SYNCCb and SYNCLDb, that indicate the end of row and complete
cycle respectively. The addressing circuit clocked at a multiplexing frequency of 100 kHz was
functionally tested down to a temperature of 4.2K as shown in figure 10 [8].

3.1.6 Functional tests of the ASIC with SQUIDs

Functional tests of the ASIC have been performed down to 4.2 K in a dedicated cryostat on a
small array of 2 columns of 2 SQUIDs in series as shown in figure 10. The settle time of the
system after switching from one channel to the other is of the order of 5 us. These tests have
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Figure 10. Functional clocking validation at 4.2 K of the multiplexer: Line: synchronize the SQUID
switching current source to the multiplexed LNA; Cycle: give the start — pixel 1 — of the full
multiplexing cycle; Vout is the multiplexed signal of 128 pixels with the SQUID stage replaced by 128
resistors biased through capacitors (4 different offsets are noticeable). The different data have been
scaled and shifted for clarity. The numbers in red give the channel ordering.

validated the AC SQUID biasing operation and the overall multiplexing topology (switching
AC current sources, multiplexed LNA and digital clocking).

3.2 SQUIDs tests and characterizations

The SQUIDs are first selected with room temperature measurements and furthermore charac-
terized at two temperatures in the QUBIC readout system.

3.2.1 Selection and sorting of SQUIDs at 300 K

Before installation in QUBIC, the manufactured SQUIDs undergo a visual inspection in a
clean room in order to detect and remove the ones exhibiting evidence of defects during
fabrication or storage. We further proceed in the measurement of 4 resistance values at
room temperature: heater, SQUID washer, feedback inductance and input inductance. The
distribution of these values is found to be close to a Gaussian with a standard deviation of
about 5% the mean value. SQUIDs with all parameters within 20 of the mean values are
selected for installation in QUBIC. SQUIDs that are between 20 and 3o for one or more
measurements are held aside as a possible option in case there are not enough SQUIDs passing
the first criteria. All SQUIDs with any parameter larger than 3o from the mean are rejected.
While these room temperature measurements do not guarantee that a SQUID is functional,
the 2 and 3 o selection process has been chosen as a trade-off between the number of available
chips and the expected homogeneity in the SQUID behaviour. A further selection process is
performed based on the leakage resistance between SQUID washer and the input inductance.
Leakage measured at cryogenic temperature is typically a few MQ between a full stack of
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Figure 11. Validation at 4.2 K of the ASIC and SQUIDs AC biasing operation through addressing
capacitors (100 nF). The tests are performed on an array of 2 columns of 2 SQUIDs in series associated
to the cryogenic ASIC. The measured data have been scaled and shifted for clarity. Signals in blue
and orange are synchronization signals of the SQUID switching current source and the multiplexed
LNA respectively. Signals in green and red are the measured multiplexed output signal, with and
without offset compensation respectively, corresponding to voltage-flux characteristics of each SQUID
obtained by applying a large ramp signal into their feedback coil.

32 SQUIDs and the 32 input inductances. This level of leakage does not significantly degrade
the operation of the SQUIDs. The pass/fail level for leakage to the input inductance was
therefore set at 2 M), with the majority of leakage values measured closer to 20 M2. SQUIDs
with leakage to the input inductance less than 2 M() were rejected in order to avoid any risk
of electrostatic discharge damage. For the same reason, the leakage between the SQUID
washer and the feedback must be that of an open circuit (resistance > 40 M), otherwise the
SQUID is rejected. We typically obtained a yield of about 82% for tested SQUIDs.

3.2.2 Tests at cryogenic temperature

The characterization of the SQUIDs is performed at the begining of the calibration phase,
with the focal plane temperature kept just above the TES critical temperature in order to be
in normal state and to reduce the detector current noise contribution. The main goal is to
define the optimal SQUID bias current to be used during observations.

The principle of the procedure is the following: a slow sinusoidal signal of 12 seconds
period and 1V peak-to-peak amplitude is injected into the feedback inductance through the
feedback resistor Rg,=10k(2 and the bias current of the SQUIDs is increased step by step.
For each value of the input current Iy, the response of the SQUID is therefore measured as
shown in figure 12.
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Figure 12. Flux-to-voltage SQUID transfer function for current biasing on ASIC 1. The plots show
the response signal (Viq) as a function of the quantum flux going through the SQUID. There are
9 curves corresponding to increasing bias current (Isq) from bottom to top.

As the SQUID current Iyq increases, the amplitude of the response of the SQUID also
increases until it reaches a maximum and then it decreases. The optimum Iy, corresponds
to the maximum amplitude of the SQUID response. Since the same Iy, must be supplied to
all the SQUIDs per ASIC, it is necessary to select a single bias index for all the SQUIDs for
each ASIC. While it seems natural to choose the SQUID current bias corresponding to the
majority of the SQUIDs, in reality it does not maximize the number of operational SQUIDs.
A SQUID is considered operational if its response is greater than 10 uV. The SQUID current
is therefore chosen to maximize the number of operational SQUIDs. We also deduced from
these data the current noise by dividing the voltage noise (averaged between 40 Hz and 50 Hz)
by the slope in the middle of the flux-to-voltage transfer function and by the input coil mutual
inductance. Figure 13 shows the histograms of the SQUID response and the deduced current
noise for three Iy bias current for the two ASICs.

The SQUID voltage swing histograms of figure 13 show that 28 pA is the optimal bias
current for ASIC 1 for which 93% of the SQUIDs are operational. For ASIC 2, the histograms
give 30.6 LA as the best bias current with 91.1% operational SQUIDs. In terms of current
noise, the distribution is slightly more peaked for these optimal bias current as shown in the
bottom histograms of figure 13, with a median value around 70 pA/v/Hz dominated by the
TES aliased current noise (see section 4.9).

The yield of SQUIDs for the QUBIC TD is 93% for the 128 SQUIDs connected to ASIC 1,
and 89% for the 128 SQUIDs connected to ASIC 2. This corresponds to 119 operational
SQUIDs for ASIC 1 and 114 operational SQUIDs for ASIC 2. The total yield is therefore
91%. The optimum bias current is 28.1 pA for ASIC 1 and 30.6 pA for ASIC 2.

4 TES characterization

The TES array currently used in QUBIC has the reference P87 of the production series. It
has been selected after characterizations both at room and cryogenic temperatures. This
array has been also fully characterized during the QUBIC calibration phase.
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Figure 13. Histograms of SQUID voltage swing (top) and current noise (bottom) for SQUIDs
connected to ASIC 1 (left) and 2 (right), for three bias currents around the optimal one.

4.1 Selection process and integration

The TES arrays that have been successfully produced undergo visual inspections and resistance
measurements at room temperature on a probe station. These measurements are done before
integration and wire bonding to detect possible defects or issues with the routing. If successful,
the array is integrated in the QUBIC holder and Al wire bonded (figure 3).

The next steps consist in characterizations at cryogenic temperature. They are done in
an Oxford Instrument dilution fridge before integration in the QUBIC cryostat.

4.2 Critical temperature

The QUBIC detector wafer includes 8 dark pixels, 4 for each ASIC besides the 124 active
ones. These channels consist in NbSi thermal sensors of the same geometry as the ones used
on TESs, without thermal decoupling from the silicon wafer. They are located outside the
focal plane and are therefore shielded from radiation. Figure 14 shows measurements of the
transition from normal to superconducting state for 2 of these dark pixels, measured in a
dilution fridge cryostat (which is a dedicated test bed for selection of detectors) by increasing
slowly the temperature and with a QUBIC readout chain. The critical temperature is about
412mK and some temperature dependence is still present above the transition, which allows
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Figure 14. Resistance as a function of temperature for array P87 dark pixels on channels 68 and 100

(red) and derived o = %g—? parameter (blue).

T OR

to still have some sensitivity in case of saturation. The unit-less parameter a = % x 57
has been evaluated from these transition curves and is higher than 100 for the lowest part
in the transition. A small transition is visible at about 520 mK in this P87 array which is
not understood.

4.3 TES normal and parasitic resistances

With the bath temperature below the TES critical one, the detectors need to be over-biased
(above about 7uV) in order to be in the normal state. A slow and small sine wave voltage
oscillation was added in order to deduce the resistance value. Figure 15 top shows the
distribution of the normal resistance values for the array P87. It is highly peaked around
1.2 as expected from the transition measurement.

The same procedure is used to determine the resistance in superconducting state,
but without any DC bias on the detectors. The residual resistance obtained from these
measurements, assuming the TES resistance is 02, is given by the sum of the shunt resistance
(10m®) and the parasitic resistance which is in series with the TES. The parasitic resistance
is assumed to come from the connectors used. Figure 15 bottom shows the distribution of
these residual resistance values for the array P87. The median is 28 m{2 which leads to a
parasitic resistance of about 18 m{2 compatible with previous measurements on a dedicated
test bench.

4.4 TES parameters

The I-V characteristics at different temperatures have been acquired both in a dilution fridge
cryostat and in the QUBIC cryostat with optical window open and closed. The measurement
follows the procedure outlined in [9]. Figure 16 shows the I-V curves for the P87 array
measured at 360 mK in blind configuration and figure 17 is an example of the I-V curves for
one TES on ASIC2 at different temperatures. The strong Electro-Thermal Feedback (ETF)
regime is clearly seen with the increase of the TES current at low bias voltages. An overall
yield of about 84% is furthermore obtained in this I-V characterization.
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Figure 15. Histogram of normal resistance (left) and of residual resistance in the superconducting
state (right, 167 total number of TES for both graphs). This residual resistance is the sum of a
parasitic resistance and the bias resistor of 10 m{2.

The physical parameters of each TES can be deduced from these measurements. Assuming
the TES is in the strong ETF regime and that it is blind, the Power-Temperature relation is
classically given by:

Prias = R(Tl?ath - Tcn) (41)

where P, is the bias power dissipated in the TES, Ty,tn is the bath temperature, T, the
TES critical temperature, k and n are constants that depend on the thermal link between
the absorber and the bath. In the ETF regime, the bias power is therefore constant for
a given bath temperature. The dynamic thermal conductance G is further given by the
following equation:

G =nkT" ! (4.2)

Figure 18 shows an example of the Power-Temperature relation for the same TES as in
figure 17. A curve fitting algorithm based on eq. (4.1) is used to derive the values of k, n and
T. from measured temperatures and powers.

While degenerate with x as shown in [3], the index n of the power law is around 4 as
expected for 500 nm thickness SigNy legs. Figure 19 shows the distribution of the critical
temperature and dynamic thermal conductance obtained with the fit. The critical temperature
is around 410 mK as measured on the dark pixels and the median dynamic thermal conductance
is about 300 pW /K. The spread in these parameters is probably inherent to the previously
quoted degeneracy between parameters in the fit.

4.5 Detector biasing

A common bias voltage is used for all 128 TESs readout by one ASIC. As seen in figure 16,
there are some inhomogeneity in the pixel behavior, especially below the turnover, which
could leads to over or under biasing some pixels. Going deeper in the transition should wipe
out this effect since the responsivity depends only on the bias voltage in strong ETF. We
nevertheless experienced some instability at low bias due to the fact that the FLL is no more
fast enough with respect to TES time constant. The yield therefore decreases when going
deeper in the transition. As a consequence, an optimum has to be found between stability
and responsivity, which is usually between 2 and 3 uV.
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Figure 16. I-V curves for the array of detectors at 360 mK. Each box in the plot shows the measured
I-V curve for the detector in that position in the focal plane. Detailed I-V curves are shown in figure 17.
This is array P87 measured in the APC dilution cryostat. The vertical axis for each plot is in arbitrary
current units, scaled for the minimum and maximum of each plot. There are 244 TES bolometers in
the focal plane of the QUBIC Technical Demonstrator. Eight TES are outside the focal plane (not
shown) and are used as dark detectors for comparison. The background colour indicates the bias
voltage turnover point. We see homogeneous characteristics of the TES array and a yield of 84%
(proportion of TES showing an Electro-Thermal Feedback effect in the I-V curve). The black, filled-in
“pixels” in the bottom-left are empty positions. The QUBIC-FI will have four arrays equivalent to this
one in order to make a roughly circular focal plane for each frequency channel.

4.6 Power background

The P-V curves measured during blind characterizations and with the QUBIC optical window
open are compared in figure 20. The comparison leads to an estimate of the power background
of the order of a 5 pW which is higher than the expected 1-2 pW from the photometric model
of the instrument. This could be due to a difference in temperature sensor calibration between
the cryostat used for blind characterizations and QUBIC.
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Figure 18. An example of the fit to the power-temperature measurements. This is for TES#63 on
ASIC2. The best fit parameters from equation (4.1) are also given, with deduced dynamic thermal
conductance and phonon NEP.

4.7 Phonon noise equivalent power

The expected Phonon Noise Equivalent Power (NEPhonon) was derived from the fitted
parameters with the relation [10]:

NEPyponon = \/74kpT?G (4.3)

where kp is the Boltzmann constant, 1" is the bolometer temperature and ~ is a correction
coefficient given by:

n 1— (Tb;ch )2n+1

7= on+1 1— (Tb;th)n

(4.4)
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Feedback mode (at low bias voltage) gives an estimation of the background power.
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Figure 21. Histogram of the phonon noise equivalent power of the full array derived from the fitted
parameters. The average phonon NEP is 4.8 x 10717 W/v/Hz.

Figure 21 shows histograms of the distribution of the phonon NEP values for the full
array derived from the fitted parameters. There is a strong clustering of NEP values around
4.8 x 10717 W/ v/Hz. The dominance of this value in the histogram is an indication of the
homogeneity in the fabrication process of the TES array ([11]).

4.8 Time constants

The performances of QUBIC have been tested using a monochromatic calibration source [12]
To estimate the time constants, the calibration source is modulated in power with a square
wave signal with a frequency of 0.6 Hz and a duty cycle of 33%. The amplitude is chosen
to avoid saturation of the detectors while having sufficient signal-to-noise ratio (SNR). The
power amplitude on the focal plane is however not constant but corresponds to the synthetic
beam. By using a detector located on the calibration source, we checked that the intrinsic
rise and fall time is much faster than the expected time constant of the detectors (which is of
the order of a few tens of ms).

To process the data, we did a very mild low-pass and high-pass filtering as we do not
want the filtering to alter the time constants. We then fold the data for each TES into one
period of the calibration source. The filtering and the resulting folded signal is shown in
figure 22 for one TES. The signal peaks on the spectrum can be easily seen.

Figure 22 lower shows the normalized (removed average and divided by RMS) folded
data for each TES in black, the median is shown in red. The derivative is shown in blue and
helps finding the first guess for the start-time of the calibration source shown as a red dot.
Note that no selection has been made at this stage to remove TESs with low SNR.

We then fit each TES folded signal (not normalized — meaning with its proper amplitude)
with a model for the calibration source signal including a rise time and a fall time.

Figure 23 shows the average time constants of all TESs as a function of Vpgg. The
rise time constant appears lower than the fall time indicating again the effect of ETF, but
also the fact that we are probably reaching a non-linear regime for most TESs. For small
signals, we expect to have a single time constant reaching at most the value of the rise time
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measured during this sequence, so about 40 ms. This value is enough for QUBIC since the
considered scanning speed is about 1 deg/s which leads to a duration of 500 ms for a 30 arcmin

beam width.

4.9 Noise characterizations

Aliasing of the TES Johnson noise is a limitation to Time Domain Multiplexing performance.
Any source of noise before the SQUIDs with a bandwidth higher than the sampling frequency
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Figure 24. Histogram of current noise measured between 1 Hz and 2 Hz in the normal state (left, 153
total number of TES) and in the superconducting state (right, 192 total number of TES).

will be aliased. In Time Domain Multiplexing, the signal of each detector is averaged during
the duration of measurement Tyneas Which is smaller than the sampling period Ts = 1/ f;
by a factor Nyux which is the total number of pixels readout in the multiplexing scheme.
The noise bandwidth of this averaging is therefore given by Af = 2xT1mcas =1 SXAZ[MUX. The
aliasing leads to an increase of noise given by the square root of the ratio between the noise
bandwidth and the Nyquist frequency fs/2, that is v/ Nyux.

In QUBIC, the ADC frequency fapc = 2MHz drives the multiplexing. The main
parameters are therefore: (i) The number of samples Ny to be read out for each TES, and
(ii) the total number of pixels to be read out. The maximum number of pixels is equal to
Nyux which is 128. By reducing the number of pixels sampled, the sampling frequency per
pixel is increased. The sampling frequency per TES is f; = NsiAij\?ﬁw' Typical parameters
are Ny = 100 and Nyyx = 128 leading to fs = 156.25 Hz and Af = 10 kHz.

The SQUID input inductance value is Lij, = 651 nH which leads to a bandwidth higher
than 24 kHz for TES resistance above 100 m{2. For such resistance values, Johnson noise is
increased by a factor v/ Nyux = 11.3. To overcome this limitation, a Nyquist inductor can
be added in series with the TES. A value of Ly,, = 15 uH will reduce the noise bandwidth
of Johnson noise to 1kHz for a 100 mS2 resistance giving an increase of noise of 3.6 for the
typical parameters. The number of samples Ny can also be reduced in order to increase the
sampling frequency and further reduce the aliasing. This limitation in aliasing was expected
for the TD and will be improved for the Full Instrument by both adding a Nyquist inductor
and increasing the sample rate. The result for the TD is a constraint on NEP of about
1016w/ VvHz, which is a factor 2 higher than the FI requirement, but this sensitivity is
acceptable for the QUBIC-TD.

4.9.1 Noise in normal and superconducting states

Figure 24 shows the histogram of the measured current noise between 1 Hz and 2 Hz in normal
(bias voltage at 8 uV) and superconducting state of the TES. In the normal state, a typical
value of 110pA/ VHz is obtained, compatible with the expectation within a factor of 2 taking
into account the aliasing effect. In the superconducting state, the median current noise is
470 pA/ v/Hz, compatible with the expectation taking into account the aliasing effect and the
fact that the shunt resistor and probably part of the parasitic resistance are located on the
1K stage, which was cooled to only about 2.6 K during this measurement.
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Figure 25. NEP spectra on some channels at different bias voltages, from 3V to 1 V. This corresponds
to the ratio of TES and normal resistance ranging from about 60% to about 10%. Note that these
measurements were taken at higher frequency sampling by choosing only rows 1 to 8, so Nyjux = 32
which leads to fs; = 625 Hz.

4.9.2 Noise in the transition

The detector current noise can be converted into NEP assuming the TES are in strong
Electro-Thermal Feedback mode. In this case, the TES responsivity R [A/W] is given by the
inverse of the TES voltage, R = #ES The TES voltage is obtained from the bias voltage
assuming the TES resistance is higher than the shunt resistance: Vrgg = Viigs x 1076,

Figure 25 shows some typical NEP spectra at different bias voltages. There is clear
evidence of a noise increase at low frequency when decreasing the bias voltage, which is
usually produced by the phonon noise in the TES. The noise level is however much higher
than expected and it varies between the TES, as seen in figure 25. This elevated level has
further been attributed to a high sensitivity to microphonics from the pulse tubes (PT) as
demonstrated in the following.

A test of sensitivity to pulse tube microphonics was carried out by stopping the two
units for a few minutes. An example timeline and associated time-frequency analysis is shown
in figure 26. The noise level below few Hz is reduced when both PTs are off while it remains
the same at higher frequency. This frequency range where a noise improvement is measured
corresponds to the detector bandwidth. The induced parasitic signal is therefore thermal on
the detector. The remaining excess of low frequency noise when both PTs are off is attributed
to temperature drift.

Figure 27 (left) shows the distribution in NEP for two cases: PTs on or off. It appears
that the median NEP when the PT are on is about 3 times higher than when they are off. We
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Figure 26. Examples of timeline in power and corresponding time-frequency analysis (in log of NEP)
for two TESs (left: TES 25 and right: TES 57). The two pulse tubes are OFF between ~ 240s and
~ 420s.
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Figure 27. Left: Histogram of NEP measured between 1Hz and 2Hz in the transition (Vhiqs = 1.5V)
with PTs ON and OFF. The response is assumed to be given by 1/Vrgs. The total number of TES
are 130 and 120 respectively. Right: Histogram of the ratio of NEP with PTs ON and NEP with PT
OFF. The total number of TES is 143.

are clearly dominated by the PT microphonics. The distribution of the NEP ratio between
PTs on and off is presented in figure 27 right and figure 28 shows the degradation of noise
because of the PTs on the TES array. If there are mechanical resonances on the wafer, we
expect to measure an increase of excess noise in specific locations and most probably in the
middle of the array. It is not clear at this stage if we see here some mechanical specific location
on the wafer.

The origin of these perturbations was investigated. We checked from temperature stability
measurements that it is not due to thermal fluctuations of the TES or of the 1 K stage. The
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Figure 28. Map of the NEP ratio between PTs on and off. No clear pattern is visible, as one would
expect from wafer mechanical resonances.

interpretation is the following: The pulse tube vibrations are exciting mechanical resonance
on the TES support structure but also on the TES themselves. This mechanical resonance
further dissipates heat on different parts of the system. This assumption is supported by
3 arguments:

1. In the timelines of figure 26 after the PTs are switched off, we see a small increase in
the TES power which is due to a small cooling of the detector, before heating up due to
background increase.

2. We excited mechanically the cryostat with a speaker connected to an audio amplifier
and a sine wave generator sweeping from 100 Hz to 1300 Hz in one hour. Figure 29
shows signals of TES and of the TES stage thermometer as a function of the excited
frequency. Resonances are clearly seen, especially around 700 Hz, probably due to a
mechanical resonance.

3. With the same setup, we excited the cryostat at a resonance (251 Hz) but the sine wave
is modulated in amplitude at 1.5 Hz with 50% depth. Figure 30 shows that this 1.5 Hz
is seen directly by the TES. When changing the frequency of resonance (238 Hz for
instance), the 1.5 Hz line disappeared from the TES spectra.

We are therefore seeing some heat dissipation produced mainly by the PT vibrations.
The environment could also contribute to a lesser extent, for example the traffic on the
road nearby.

A Dbetter mechanical decoupling of the two PTs is needed to overcome this problem. The
current thermal straps on the 40 K cold heads are made of thin copper plates which are soft
in only one direction. Very soft copper braids will replace these thermal strap to the 40 K
shield. The 4K cold head is already thermally connected to the 4 K shield with very soft
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Figure 29. Top: Time ordered signals in ADU of some TES with the time axis converted in frequency
of the mechanical excitation. Bottom: Temperature of the TES stage as a function of the frequency
of excitation. The graphs have been adjusted to share the same x-axis. At mechanical excitation

frequencies between about 600 Hz and 800 Hz, resonances are clearly seen on the TES signals and in
the TE

copper braids. On the cryostat itself, a soft bellows between the PT and the structure can be
added but this needs a detailed study. It should be noted that microphonics is a common
problem for PT systems but the effect depends on the detailed mechanical configuration of
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Figure 30. Spectra of TES 96 showing the 1.5 Hz signal from the Amplitude Modulation of the
mechanical excitation at 251 Hz. This modulation frequency is not seen off resonance.

the setup. This explains why such a strong effect was not seen at the sub-system level. This
effect is described by [13-15], and [16].

5 Conclusion

The QUBIC detection chain based on TES and SQUID, has reached an important milestone.
We demonstrated an overall yield of approximately 80% of working detectors (TESs and
SQUIDs included), a thermal decoupling compatible with a phonon noise of about 5 x
10717 W/ VHz at 410 mK critical temperature, and a time constant of about 40 ms which
is enough for the instrument. The QUBIC sensitivity is however currently limited to 2 x
10716 W/ vHz by microphonic noise and aliasing in the readout electronics. The former
will be soon improved by mechanically decoupling the first stages of the pulse tubes. The
aliasing of the detector noise will be further improved by increasing the sampling frequency
and adding Nyquist inductors to reduce the noise bandwidth of the detectors.
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