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ABSTRACT

Today’s universe is thought to be composed of about 25% of a new, non-baryonic and weakly interact-
ing type of matter, dark matter. Many theories predict the existence of dark matter, amongst them,
supersymmetry (SUSY). The preferred dark matter candidate from SUSY is the stable neutralino,
a weakly interacting massive particle (WIMP).

To this day, many experiments have set to try and detect dark matter, directly or indirectly.
Amongst these experiments, the XENON program has led the field for many years by looking for
interactions between a WIMP and a target nucleus in a dual phase liquid xenon time projection
chamber (TPC) as a detector. The current phase of the experiment, XENON100, which used 100
kg of target material, has now reached its sensitivity goal and the next phase, the much bigger
XENONIT experiment which will contain over 2 tons liquid xenon, is under construction at the
LNGS underground laboratory in Italy.

In this work, an essential part of the analysis done for the XENON100 results is presented. These
light yield studies led to a 3D correction map of the light yield in the XENON100 detector and to a
value for the light yield at 122 keV between 2.24 £ 0.009 and 2.31 4+ 0.062 pe/keV which was used as
a crucial cross check for the final value used in the XENON100 data analysis.

In addition, in order to do R&D for XENONIT, a Monte Carlo simulation of a small TPC built
in Muenster has been developed, and preliminary simulations on light yield and calibrations have
been performed. This simulation package can now be used by anyone who wishes to study in depth
detector response.

In a last part, measurements were done using a reflectivity setup to measure the reflectivity off of
teflon of VUV light and investigate the impact of the teflon thickness on the reflectivity. An average
reflectivity of 73 & 7% was found, while no major dependence was found between teflon thickness
and reflectivity for teflon thicknesses superior to 3 mm.

Finally, the previous setup was adapted to be usable in liquid xenon and measure the reflectivity
off of teflon in liquid xenon, which was found not to behave like the reflectivity in vacuum but to
follow a model much more dependent on incident angles giving reflectivities ranging from 20% to

100% for low and high incident angles respectively.
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Hypothesized by Fritz Zwicky over 70 years ago, dark matter is now thought to constitute up
to 26% of the total energy of the universe while the visible matter merely accounts for about 5%.
The remaining energy of the universe would be accounted for by the so called dark energy. While
numerous evidences that dark matter exists have been found, the dark matter particle itself still
remains to be discovered.

An ideal dark matter candidate should have several properties. It should be non-baryonic, mas-
sive, stable on cosmological time scale, charge neutral, non-relativistically moving, weakly interacting
and it should have the correct abundance.

Following this, theories predict the existence of various dark matter candidates, such as the WIMP
(Weakly Interacting Massive Particle), the axion, the gravitino or the sterile neutrino. Normal neu-
trinos however can not constitute the bulk of dark matter as not only are they moving relativistically
but their total mass would only account for a small fraction of the missing mass of the universe.

One of the favorite theory predicting dark matter is called supersymmetry (SUSY). Dark mat-
ter, as predicted by SUSY, is the object of numerous experiments all around the world which are
relentlessly trying to detect it, either directly using recoil experiments, indirectly using gamma-ray
or neutrino telescopes or using colliders. This task happens to be extremely daunting, principally
because dark matter is thought to interact only very weakly with ordinary matter. However, for the
first time in history, experiments, such as the ones using liquid noble detectors, are now capable of

probing the phase space predicted by SUSY.
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The XENON100 experiment is one of the world’s leading experiments on dark matter searches.
It has the potential to discover dark matter by directly looking for nuclear recoils in the detector
after the interactions between the target material and the dark matter particles. Like all other
experiments, XENON100 has to deal with different external backgrounds which could mimic a dark
matter signal in the detector. Therefore a very precise understanding of the detector and of the
underlying physics is necessary to develop a correct analysis capable of identifying the source of a
signal. This is achieved by precise data analysis, Monte-Carlo simulations and dedicated small scale
laboratory experiments. The XENON100 experiment has now reached its designed sensitivity and
has released its most recent results in 2012. However, the search goes on as a new, bigger and more

sensitive experiment has been designed and is now being built. This new experiment, in its working

principle identical to XENON100, is called XENONIT.

In this thesis, results will be presented on a small yet important part of the XENON100 analysis
program, on simulations from a smaller, almost identical detector and on a new experiment dedicated
to analyze the reflectivity of certain materials. The analysis studies have helped XENON100 achieve
the best limit in the world in its area of sensitivity as of the time of publication in 2012, while
the simulations and experimental work will help in the construction of the upcoming XENONI1T

experiment.

In the following chapter, an overview of dark matter theory and experiments will be given.
The convincing evidence for the existence of dark matter including the rotation curves of galaxies,
gravitational lensing, measurements of the cosmic microwave background and supernova studies will
be presented. Dark matter properties as well as a short explanation of the theory which fits it best,
supersymmetry, will be given. Falling from this theory (and others), the most likely dark matter
candidates, will be introduced. Finally an overview of some of the different experiments searching
for dark matter and their mode of operation will be discussed.

The third chapter will present the XENON100 experiment in detail. It will cover the detector’s
operational principles, the detector’s response to different signals, the analysis used to extract such
a signal and finally the detector’s sensitivity and its most recent results.

Chapter 4 is dedicated to the light yield analysis done on XENON100 data. A 3D light yield map
and correction function will be described, and its performance and impact on the XENON100 results
will be discussed. Additional light yield measurements used for the determination of the nuclear

recoil energy scale are also presented.

Chapter 5 introduces the first results from a Monte-Carlo simulation of a small version of the



XENONT100 detector built at the University of Muenster. This simulation package, done in GEANT4,
is heavily inspired from the XENON100 simulation package.

Chapter 6 presents important and necessary results from a vacuum experiment at Muenster
University designed to measure the reflectivity and transparency properties of teflon, a material used
in the building of the XENON100 and XENONI1T detectors.

Chapter 7 is a direct follow up of chapter 6 and introduces a new improved reflectivity setup,
based on the original one, but modified to measure the reflectivity in liquid xenon instead of vacuum.
The first results from this new setup are also presented, including a new model for reflectivity in
liquid xenon.

Finally the last chapter will conclude this thesis by summarizing and discussing its results and

suggesting improvements for the future of the experiment.
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2.1 First Indications for the Existence of Dark Matter

2.1.1 Galactic Scale: Rotation Curves

After the pioneering idea of Zwicky [33], it was Vera Rubin in the 1970s who presented the first
conclusive evidence for the existence of dark matter by analyzing the rotation curves of spiral galaxies
[34]. The rotation curve of a galaxy represents the dependence between the velocity of stars and
objects in a galaxy with respect to their distance from its center. By following classical Newtonian

dynamics, the gravitational force should compensate the centripetal force such that:

o =F.

GNM(<r)m _ muv (2.1)

circ

72 r
where Fg is the gravitational force and F, the centripetal force, m is the mass of the orbiting

object, veye is the orbital velocity, Gy the gravitational constant and M (< r) the mass within a
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distance r from the center, under the simplifying assumption of a radial symmetric mass distribution.
Solving equation 2.1 for v.. gives:
GNM(< 7’)

circ — - 2.2
: [ 22)

According to equation 2.2 the orbital velocity of stars drops at larger distances and because most
of the luminous mass is concentrated within the galactic bulge, it was thus expected that after a
short distance the rotation curve of spiral galaxies would drop.

However, Rubin’s results demonstrated that this was not the case. The orbital velocity of most
stars remained constant even at distances much greater than the galactic bulge, distances which
extended to the galactic halo as shown in figure 2.1. Since the bulk of the luminous mass is con-
centrated within the galactic center, this observation implied that there had to be extra, non visible
mass densities at large radii as described by equation 2.3, thus suggesting the presence of a new form

of massive matter: dark matter.

1
Veire ~ constant — M(<r)ar — pa— (2.3)
T
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Figure 2.1: Rotation curve of galaxy NGC 3198 from [1].

Figure 2.1 illustrates this last point by displaying the rotation curve of the galaxy NGC 3198,
determined by the galaxy’s velocity, as observed using the 21 cm line from the neutral hydrogen
spectrum beyond the visible disk |1]|. This 21 ¢m line occurs when the spins of the proton and the

electron of the lowest orbital energy state of atomic hydrogen change from aligned to anti-aligned
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thus emitting in the process a photon with a vacuum wavelength of 21 cm in free space. This is
a highly suppressed transition with a very low probability however due to the great abundance of
hydrogen in the universe, this 21 cm line constitutes a rather stable cosmological beacon. Because
this line is especially narrow due to its long lifetime, its width as observed from Earth can be directly
linked to the velocity of the emitting object as it is the result of the doppler shift from the motion of
said object. The rotation curve of a galaxy is then obtained by measuring this 21 cm line at different
points in the galaxy.

Figure 2.1 shows both the observational data points with error bars and the contributions from
the visible disk and a galactic halo including dark matter. At small distances the observed rotation
curve follows the rotation curve predicted from the disk containing most of the visible mass as
described previously by equation 2.2. However, at large distances, the observed rotation curve is
mostly dissociated from the disk’s and follows the rotation curve of a galactic halo which would
contain more mass than visible according to equation 2.3. It is then clear that the rotation curves of
spiral galaxies imply that most of the galactic halo is made of a non-luminous halo, a dark matter

halo about the central area.

2.1.2 Galaxy Cluster Scale: Gravitational Lensing

Further evidence for the existence of dark matter has been obtained using a phenomenon called
gravitational lensing |3|. This occurs when the light coming from a far away bright source is gravi-
tationally bent, before reaching the observer, by a massive object such as a cluster of galaxies which

behaves like a lens as shown on figure 2.2.

Gravitational lensing is generally described by the lens equation [35]:

y = gOSx ~ Drsa(x) (2.4)
OL

where y is the true position of the source in the source plane, Dpg is the distance from the
observer to the source, D¢y, is the distance from the observer to the lens, Dg;, = Dog — Doy is the
distance from the source to the lens, and «(z) is the deflection angle at a position x on the image
plane.

The use of gravitational lensing to calculate the mass of a foreground cluster of galaxies (lens)
was first introduced by Zwicky in 1937 |36 and is now one of the primary method used. Indeed, the

deflection angle a(x) varies depending on the mass within a given projected radius x on the image
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Figure 2.2: The principle of gravitational lensing.

plane according to equation 2.5 where G is the gravitational constant and ¢ the speed of light [35],

with the approximation of a point-like lens with mass M.

AGM,

o (2.5)

«

Because most of the mass of a galaxy or cluster of galaxies is contained within the hot gas and not
within the stars, and because the hot gas emits x-rays by combination of bremsstrahlung radiation,
caused by the acceleration of free electrons by protons and helium nuclei, and emission lines from
highly ionized heavy elements, calculating the mass of a cluster of galaxies requires x-ray images of

that cluster [37].

Strong Gravitational Lensing

Strong gravitational lensing occurs in clusters with high mass density and can indicate the presence
of more mass than can be accounted for from conventional matter. This effect, which gave the first
discovery of gravitational lensing, is easily identified in the sky by spectacular gravitational arcs,

rings or multiple images of lensed quasars. An example of strong gravitational lensing is shown



2.1. First Indications for the Existence of Dark Matter 9

on figure 2.3 which displays a system of two galaxies SDSS J1631-+1854, one in the foreground
and one in the background, taken by the BOSS survey. While the left panel shows the original
image, with the foreground galaxy in the center and the rings around it coming from the distant
background galaxy, the right panel shows the same image after subtraction of a model for the lens
surface brightness, thus clearly showing the residual light coming from the source, being bent around
the lens, which clearly extends well beyond the luminous mass of the foreground galaxy. Comparison
of the mass of the foreground galaxy as measured by gravitational lensing and luminosity yields an
excess of gravitational mass compared to luminous mass. This confirms that the mass of galaxies is

dominated by dark matter.

3”

L]

T T T W A

PRI AR BTSSRV S AU B ]
Rectified & Combined Image | Foreground Subtracted Image

Figure 2.3: Gravitational rings in galaxies from the BOSS survey [2].

Weak Gravitational Lensing

Weak gravitational lensing which is characterized by the distortion of an image whose light has
passed through a strong gravitational well, corresponds to much less powerful lenses and is thus
not as easily identified as strong gravitational lensing. The distortion is actually too small to be
detected when it comes from a single background source, consequently observing weak gravitational
lensing requires to use a wide ensemble of background sources aligned around the lens, making its
observation a statistical process [38]. A very good example of weak gravitational lensing comes from
the observation of the Abell NGC2218 cluster, shown here on figure 2.4. This cluster acts as a very
powerful lens, distorting and even multiply imaging background galaxies into long arcs stretched

around the cluster’s center.



10 Chapter 2. Dark Matter: Theory and Search

Figure 2.4: Weak gravitational lensing effect in the Abell2218 galaxy cluster. The images of the background
galaxies are distorted and stretched around the cluster’s center. Credit: NASA, ESA, Richard
Ellis (Caltech) and Jean-Paul Kneib (Observatoire Midi-Pyrenees, France)

The Bullet Cluster

Another very particular example of weak gravitational lensing is found in the Bullet cluster 1E0657-
558 presented in figure 2.5. The Bullet cluster consists of two clusters of galaxies which have collided
in the past and constitutes until now probably the most compelling evidence for the existence of dark

matter by using a system where visible matter and dark matter are spatially located at different points

13].

56

—55'58"
—55'58"

6M58™42° 36° 30° 247 18° 12% 6M58™42" 36° 30° 247 18° 12%

Figure 2.5: Map of the gravitational potential of the Bullet Cluster 1E0657-558 from [3].

On the left of figure 2.5 is a color image of the cluster taken by Magellan. On the right is an
x-ray image of the same cluster taken by the Chandra telescope with the hot red zones corresponding
to the hot plasmas and the blue zone corresponding to cold matter like stars. The green contours
are the reconstruction of the gravitational potentials from gravitational lensing measurements. In
a typical cluster, stars, plasma and dark matter are symmetrically distributed around the center.

However, in the collision of two clusters, the collisionless stars decouple from the two plasmas as the
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plasmas are slowed by ram pressure due to their collision with one another [3].

When producing a map of the gravitational potential if no dark matter is present, the maximum
mass density should correspond spatially to the dominant visible matter, the plasma, which in the
case of the Bullet cluster, is offset from the spatial position of the other galaxies. However, if dark
matter is present and dominant and assuming it is collisionless, the maximum mass density on the
map should correspond to the spatial position of the collisionless galaxies. This is indeed the case
for the Bullet cluster. In the Chandra image, the slowed down plasmas from the two galaxies do
not coincide with the green contours showing the two higher mass density points in that region of
the sky. These contours however, do coincide with the stars’ center of the Magellan image, thus

indicating the presence of dark matter.

2.2 Dark Matter Origins

At this point, the case for dark matter is rather strong. So before going further into more evidences
and start characterizing dark matter, it is useful to take a step back and wonder about the actual
origins of dark matter. Other than the empirical proof of the existence of dark matter, dark matter

is an inherent component to the standard cosmological model.

2.2.1 The Cosmological Standard Model: ACDM

The ACDM (Lambda Cold Dark Matter) model is the standard cosmology model which uses general
relativity as the appropriate gravitational theory on cosmological scales. The ACDM model describes
the universe as containing a dark energy component parametrized by the cosmological constant A
and cold (non-relativistic) dark matter. It is the simplest model known to match most cosmological
observations including the anisotropy of the cosmic microwave background (CMB), the large scale
structure in the distribution of galaxies, the measured abundance of hydrogen, helium and lithium,
and the expansion rate of the universe. These observations will be explained in more details in the
following sections.

The ACDM model, in its simplest form, contains six basic parameters, the dark energy density,
the dark matter density, the baryon density, the amplitude of primordial fluctuations of the space
curvature, the reionization optical depth and the slope of the scalar perturbation spectrum [6]. While
the meaning of the first three parameters is self explanatory, some precision needs to be added about

the last three.
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The reionization optical depth measures how far back in time the reionization process happened.
This process happened after stars form, when they are energetic enough to partially ionize the diffuse
neutral hydrogen remaining in the universe. Since the physics underlying this process is not fully
understood, the reionization depth is not known precisely and is thus left as a free parameter of the

ACDM model.

Primordial density fluctuations are necessary in the early universe to allow galaxy formation
around them. Without them, the universe would be completely homogeneous and no large scale
structure would have ever been formed. Once again, because the amplitude of these perturbations

is unknown, they are left as a free parameter.

Finally, the spectral index of the primordial density fluctuations is linked to the physical size
of the aforementioned density fluctuations. Indeed, their size could vary depending on the scale at

which they are looked at.

It is really remarkable that these six parameters are sufficient to describe the universe as we know
it, at least at first order. Indeed, the ACDM model contains many more parameters, like for example,

the neutrino density, however these describe only perturbations from the basic model.

According to the ACDM model, the universe is divided in three major components, 71.4% consists
of dark energy, 24% of dark matter and 4.6% of baryons as represented in the famous pie of the

universe on figure 2.6 [6].

Atoms
4.6%

Dark
Energy

71.49
Dark &

Matter
24%

TODAY

Figure 2.6: The famous pie of today’s universe. Credit: NASA / WMAP Science Team.
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2.2.2 Large Scale Structure Formation

The ACDM scenario, as its name indicates, requires dark matter to be cold so moving non-relativistically.
Such a requirement comes from the study of large scale structure formations in the universe such as
galaxies and clusters of galaxies. There are two possibilities to explain the structure of the universe as
we see it today from the photon decoupling epoch. In a first case, called the top down scenario, it is
assumed that in the early universe radiation smoothed out matter density fluctuations forming large
pancakes. At the time of recombination (photon decoupling) the pancakes accreted matter and grew
until their eventual collapse and fragmentation into smaller scale structures such as galaxies. This
scenario, which took billions of years, leads to a rather homogeneous universe which would look like
sheets of galaxies with voids between the sheets and clusters of galaxies at the sheets’ intersections.
A second case, called bottom up scenario, hypothesizes that small scale structures like galaxies
formed first to then clumped together due to gravitational forces into larger structures such as bigger
galaxies and eventually clusters of galaxies. An intuitive description of these two scenarios is shown

on figure 2.7.

!

Figure 2.7: Representation of the top down (left) and bottom up (right) scenarios for the formation of large
structure of the universe [4].

When observing the universe today, it is quite clear that galaxies are not evenly distributed like
the top down scenario would expect but rather have sharp features with weak connecting filaments.
In addition, clusters of galaxies are still forming today, while stars are known to be over 10 billion
years old. These two arguments make the bottom up scenario much more likely to be the accurate
one.

The more interesting features of these two scenarios is that they both require dark matter however
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with different properties. The top down scenario requires hot dark matter to provide large and smooth
features. Indeed relativistically moving weakly interacting particles would not clump together but
just smooth out the density distribution. On the other hand, the bottom up scenario requires dark
matter to be cold as slow moving matter would clump on small scales. The clumps would then grow

and clump together to form galaxies.

Figure 2.8 shows such a phenomenon where the non-linear dark matter power spectrum as a
function of the wavenumber k is shown for various amount of hot dark matter and superimposed
with actual data from the APM galaxy [39]. The power spectrum is the fourier transform of the
matter distribution and thus indicates the frequency with which matter clumps are found over a
certain length scale which is the inverse of the wavenumber. Depending on the amount of hot dark
matter included in the model, the matter fluctuations vary a lot on small scales. In the cold dark
matter model, matter fluctuations still persist on small scales (red curve of figure 2.8) which is
consistent with the bottom up scenario, while they disappear progressively as hot dark matter is
added (green, blue, cyan and magenta curves) until they are completely gone thus giving a smoothed

density distribution, consistent with the top down scenario [5].

Consequently because the bottom up scenario seems to match the observations the best and
because it is clear that hot dark matter couldn’t lead to the large scale structures we see today, it is
thought that dark matter is essentially cold. It is to be noted however that the cold dark matter only
model has still to answer some challenging problems. Indeed cold dark matter predicts the formation
of cusps in the halos’ density distribution which have not yet been observed [40]. Another problem
is the prediction of the number of satellites as well as the frequency of massive galaxies which is
much higher than observed. Because of these challenges, new hybrid theories of combinations of hot
and cold or warm dark matter have started to emerge. However, the cold dark matter scenario still
remains the dominant theory, especially because it gives excellent dark matter candidates. This will

be emphasized and explained in later sections.

2.3 Dark Matter Density

Now that both empirical evidences and the ACDM model have established that dark matter is an
intrinsic component to the universe, it becomes important to be able to tell in what quantity dark
matter is present and to put a number on its relic density. Measuring the actual value of the dark

matter relic density of the universe was done by studying the anisotropy of the Cosmic Microwave
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Power Spectrum for n=1 ACDM and ACHDM
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Figure 2.8: Dark matter power spectra for different amounts of hot dark matter |5].

Background (CMB) using the WMAP and Planck satellites |6] [41].

2.3.1 The Cosmic Microwave Background

The CMB is a common name for the thermal radiation left over from the early universe or free
relic photons. These photons are the oldest light in the universe as they come from the epoch of
recombination and photon decoupling some 380,000 years after the Big Bang. The CMB consists of
a nearly perfect isotropic black body radiation, the best ever measured in nature, with fluctuations

in the spectrum smaller than the 107 level and with an average temperature of 2.725 K |42] as first

measured by the COBE satellite [42].
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Origins of the CMB

In its very early, radiation dominated era, the universe was opaque. Indeed it was made of an
homogeneous, very energetic plasma containing mutually scattering photons, baryons and electrons.
At that stage, electrons and baryonic matter were coupled and in equilibrium with the photons and

interactions between them were governed by equation 2.6 [37].

p+e — H+~ (2.6)

Equation 2.6 is a reversible reaction where on one hand, protons and electrons undergo radiative
recombination to create an hydrogen atom in a ground or excited state and on the other hand,
hydrogen is photoionized into a proton electron plasma, thus making the ratio ionized hydrogen to

unionized hydrogen a temperature dependent value, at thermal equilibrium.

As the universe expanded, it cooled down until the point where it reached the ionization energy of
hydrogen Q=13.6 eV. At that point, the average CMB photon can no longer photoionize hydrogen and
the formation of stable hydrogen atom should be enabled, a moment in time known as recombination.
However, because there are so much more CMB photons than baryonic matter (about 5 - 10'° more)
the high energy photon content of the exponential tail of the black body spectrum of figure ?? cannot
be neglected and keeps the rate of photoionization very high. In addition, because baryonic matter
and photons are still coupled, the rate of photoionization is maintained in statistical equilibrium with
the rate of radiative recombination. Consequently recombination does not happen when the universe

reached the ionization energy of hydrogen.

Instead, the recombination temperature, the temperature at which recombination happens and
stable atomic hydrogen formation is enabled, depends not only on the ionization energy Q, but also
on the baryon to photon ratio n and on the degree to which the baryonic content of the universe is
ionized X, where X = 1 when the baryonic content is fully ionized and X = 0 when it consists entirely
of neutral atoms. Defining the moment of recombination such as the moment where the baryonic

content of universe is half ionized (X=1/2) leads to a recombination temperature of about 0.3 €V or
3740 K |37].

At this point however, photons and baryonic matter are still coupled. It’s only at the time of
photon decoupling that photons become truly free. In addition to reaction 2.6, when the universe was
fully ionized, photons mainly interacted with electrons via Thomson scattering, a reversible reaction

which consists in a transfer of momentum and energy between the photon and the electron and is
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shown in equation 2.7.

v+e S y+e (2.7)

At the epoch of recombination, the electron density suddenly decreased drastically as electrons
combined with protons to form stable hydrogen atoms. Because the mean free path of a photon
A, which is the average distance a photon travels before scattering off of an electron, depends on
the number of electrons n., as shown on equation 2.8 where o, = 6.65 - 1072*m? is the Thomson

scattering cross-section, the lower the electron density, the higher the mean free path.

1

NeOe

A:

(2.8)

As long as the photon mean free path is shorter than the Hubble distance ¢/H, which is the
spatial distance over which two points can be connected by a photon, the photons and electrons stay
coupled at the same temperature and the photons stay in thermal equilibrium with the electrons
as well as with the protons due to reaction 2.6. When that is no longer the case, and the photon
mean free path becomes larger than the Hubble distance, or equivalently the scattering rate between
photons and electrons becomes smaller than the rate of expansion of the universe, photons decouple
and can no longer interact with electrons. At this time of photon decoupling, which is found to
have happened at a redshift z ~ 1100 corresponding to temperatures 3000 K, the universe becomes
transparent and photons and baryons are no longer compelled to have the same temperature. These
now free photons have been roaming the universe since the time of last scattering, the time at which
a photon underwent its last scattering from an electron, and it is these photons which constitute the

CMB with a density of 4.11 - 103m =3,

In addition, it happens that these photons have a mean energy comparable to the vibration or
rotation energy of small molecules like H20. Consequently, these photons can very easily interact on

Earth after having roamed the universe for billions of years and be detected as the CMB.

Another happy consequence of photon decoupling is that it enabled large structure formation.
Indeed, because the universe is no longer made of an homogeneous plasma but rather of two decoupled
gases, one made of photons and the other of neutral hydrogen, baryons can collapse gravitationally

and form condensed objects such as planets, stars and galaxies [37].
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Anisotropies of the CMB

Since the epoch of photon decoupling and last scattering, the CMB photons have been propagating
through the universe. However, not all the CMB photons underwent their last scattering simultane-
ously, a phenomenon which gave rise to the temperature fluctuations that are observed today in the
CMB. Many experiments have been mapping these temperature fluctuations over a decade. After
the 4 years mission of the Cosmic Background Explorer (COBE) [43] and its subsequent results in
1999, a 45 times more sensitive satellite, the Wilkinson Microwave Anisotropy Probe (WMAP), was
launched in 2001 to map out the tiny temperature fluctuations of the CMB over the full sky. In
2012, WMAP released its results from 9 years of observation of the CMB [6]. The subsequent CMB
full sky map shown on figure 2.9, shows temperature fluctuations on a scale as small as 0.2° on the
sky. On this map, the different colors match the different temperatures and densities, the red regions
are warmer and denser by about 400u/K than the blue regions. Note that another new and more
sensitive satellite, the Planck satellite |41], was launched in 2009. While the Planck data and results
are already available, they have not yet been peered reviewed and consequently the results from the

9 years of observation by WMAP are presented in this work instead.

Figure 2.9: The temperature fluctuations of the Cosmic Microwave Background as observed by the WMAP
satellite |6]

The temperature fluctuations shown on figure 2.9, depending on their size, have two different
origins. Large scale fluctuations, at angular scales greater than 1°, come from the gravitational
effect from primordial density fluctuations in the distribution of non baryonic dark matter prior and
at the time of last scattering. Indeed, at that time, the universe is matter dominated and the density

of dark matter is much higher than the density of the photons which in turn is higher than the
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density of the baryons. Consequently, dark matter dominates the gravitational potential at the time
of last scattering, and the fluctuations in this gravitational potential gives rise to potential wells. A
photon, which at the time of last scattering is at a minimum potential in the well, will need more
energy to get out of the well. This photon will then be redshifted and consequently, colder. This
case corresponds to the blue (colder) regions in the CMB map of figure 2.9. Conversely, if a photon
at the time of last scattering is at a maximum in the well, it will need less energy to get out and
will thus appear blueshifted and gives rise to the red (warmer) regions in the CMB map. This is
known as the Sachs Wolfe effect. The temperature fluctuations of the CMB thus give a map of the

gravitational potential fluctuations at the time of last scattering.

Smaller scale fluctuations, of the order of less than 1°, are more complicated as the effect of
photons and baryons must be taken into account. As mentioned above, prior to photon decoupling,
the photon baryon fluid moves under the gravitational influence of the non baryonic dark matter. If
this photon baryon fluid is in a dark matter potential well, it falls to the center and under the action
of gravity, gets compressed. As it gets compressed, however, its pressure rises. This happens until
the pressure is high enough that it exceeds the effect of gravity and the photon baryon fluid starts
expanding outwards. While expanding the pressure starts decreasing again until it’s too small and
the fluid goes back to being compressed by the well gravity, and the process repeats itself. These
inward outward compression and expansion give rise to acoustic oscillations as this motion is that
of a simple harmonic oscillator. In addition, depending on whether the photon baryon fluid is at
maximum or minimum compression, its density is higher or lower than average and so, at the time
of photon decoupling and last scattering, the liberated photons are hotter or colder, thus blueshifted

or redshifted, and causing the small angular scale fluctuations in the map of the CMB (figure 2.9).

Now that the origins of the fluctuations are understood, they need to be characterized over the
entire visible sky. This is done using two dimensional spherical harmonics functions Y}, (6, ¢) defined
as equation 2.9 where P/ are Legendre polynomials, —/ < m <[ and [ is defined as [ = 0, ...00 and is
the multipole which represents a given angular scale in the sky o = 7w /l. Consequently, the larger the
angular scale the smaller the value of [. [ = 0 is thus an overall constant which represents the average
temperature over the whole sky, while [ = 1 has an angular scale @ = 180° and is the angular dipole
which is in fact a simple Doppler shift resulting from the motion of the satellite relative to the rest
frame of the CMB, in which the CMB is isotropic. This dipole can be corrected for by accounting
for the motion of the Earth relative to the Hydra-Centaurus supercluster, the closest supercluster to

the Earth. The CMB map of figure 2.9 is obtained after subtraction of this dipole anisotropy in the
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CMB.

204+ 1 (1 —m)! .
Y, = P™(cosf)e™? 2.9

The temperature fluctuations over the entire sky can then be represented in terms of Y}, as
equation 2.10 where a;,, are coefficients representing the amplitude of the fluctuations and 7'(6, ¢) is

the general function representing the fluctuations over the whole sky.

=00

T0,0) =Y > amYim(0.0) (2.10)

=0 m=—I
From equation 2.9 and 2.10, a multipole dependent power spectrum of these fluctuations, Cj, can

be defined as
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This angular power spectrum, plotted as a function of the multipole [ from WMAP in figure 2.10
[6], gives then invaluable information about the matter density of the early universe and allows to
calculate the values of the fundamental six parameters of the ACDM cosmological model as well as

the perturbative parameters such as the neutrino mass fraction.
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Figure 2.10: The angular power spectrum of the CMB |6]

While the whole angular power spectrum will not be explained here, its main features will be

introduced. First, each “bump” on the power spectrum corresponds to maximum compression and
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rarefaction (when a photon has undergone one full oscillation) alternatively. For example, the first
peak corresponds to regions that have undergone half an oscillation in the time between recombination
and last scattering, and are thus at maximum compression, while the second peak is due to regions
that have undergone one full oscillation and are thus at rarefaction, and so forth and so on. Note
also that large scale fluctuations with 6§ > 1°indeed appear for values of [ < 180, as should be the
case. Second, the main acoustic peak appears at value slightly less than 1° (I = 200). The angular
scale of the first peak, and so its position, is related to the physical distance of the source, called
the angular diameter distance, through the physical distance the photons travel. Since this distance
depends on the expansion rate of the universe, the location of the first peak is very sensitive to this
expansion rate and can be used to measure it. The location of the first peak at [ = 200 is consistent

with a flat universe where the total energy density of the universe is €;,; = 1.

In addition to the geometry of the universe, the baryon density is also given by the angular power
spectrum of the CMB. The maximum compression reached in the potential well depends also on the
baryon mass. If the baryon mass is bigger, there is more inertia and the baryon photon fluid is more
compressed. Rarefaction on the other hand does not depend on the baryon mass. Consequently, the
relative height of the compression peaks (first, third, fifth...) to rarefaction peaks (second, fourth,

sixth...) is dependent on the baryon density.

As for the third (and higher) peak of the power spectrum, it gives information on the total density
of non relativistic matter. Indeed, if the universe had only radiation, at maximum compression, the
photons would continue to redshift with the expanding universe and the gravitational potential would
decay away, thus making the temperature fluctuations much bigger than they would be. However,
non relativistic matter does not redshift so its gravitational potential does not decay, which thus
would lead to smaller fluctuations and smaller peaks. This thus allows the determination of the

density of non relativistic matter in the universe.

The actual values of the parameters calculated from the CMB angular power spectrum from the
WMAP results are shown on figure 2.11 [6]. From this, two very important conclusions can thus
be drawn. First the dark energy component of the universe €2, is much larger than the others,
confirming that dark energy is the main component of the universe. Second, Q.h? is much larger
than Q,h? confirming that dark matter does exist and that it must be non-baryonic. The WMAP
data is thus in complete agreement with the ACDM (Lambda Cold Dark Matter) model and requires

the existence of both dark matter and dark energy.
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Figure 2.11: Values for the ACDM parameters from WMAP [6]
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2.3.2 Big Bang Nucleosynthesis

It is noteworthy to mention that before COBE and its capacity to measure the precise density of
baryons in the universe, studies of the Big Bang Nucleosynthesis (BBN) had already determined the
baryon density in the universe and come to the conclusion that it was too low to make out the bulk
of the universe.

BBN refers to this period of time in the formation of the universe between 100 seconds and
15 min after the big bang, where atomic nucleus formation was enabled. To correctly understand
this process, it is necessary to go back when the universe was about 0.01 s old at a temperature
T = 10K or kT ~ 10MeV, where only a tiny portion of the initial protons and neutrons have
survived radiative annihilation and the universe is made only of bosons, leptons, anti-leptons and
the remaining neutrons and protons. At that stage, the relative number of neutrons and protons is

in equilibrium and governed by weak reactions |44|:

Ve+nre +p (2.12)
UVet+pret +n (2.13)
n—e +p+7u (2.14)

At such high temperature T, the nucleons move non relativistically and so the ratio between the
number of neutrons V,, and protons N, can be described by a Boltzmann distribution as shown on
equation 2.15 where Q is the mass difference between neutron and proton so 1.293 MeV and k is the

Boltzmann constant.

N =iy

(2.15)
At the universe expands, around t 0.1 s and kT ~ 3MeV, reactions 2.12, 2.13 and 2.14 start
coming out of equilibrium and neutrinos decouple, a process very similar to photon decoupling
explained in the previous paragraph.
From the moment of neutrino decoupling, protons and neutrons are no longer created by reactions

2.12 and 2.13, a freeze-out which happens at 0.8 MeV, the remaining neutrons decay via reaction

2.14 and nucleosynthesis can begin, producing deuterium via reaction 2.16 where @) = 2.22MeV is
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the binding energy of deuterium.

n4+pe? Hdv+Q (2.16)

However, at that point reaction 2.16 is reversible and due to the plethora of photons around,
deuterium (2H) is destroyed as soon as it is formed, thus not only preventing stable deuterium to
form and consequently permanent nucleosynthesis to happen, but also maintaining the ratio neutron
to proton in equilibrium due to a cross section much larger than for the one of reaction 2.14.

It’s only at t~100 s, when the universe has a temperature kT ~ 0.1MeV that equation 2.16
becomes irreversible, deuterium is no longer frozen out and permanent nucleosynthesis happens.
Once deuterium is formed, it can react and form light nuclei such as helium, > He or * He and tritium
3H, for example via reactions 2.17 [37].

H+n—3H+~y

H+p—® He+ v
H+?H —* He +~ (2.17)
H+>H —* He+n

H4+2H = H+p

However, 3He or 3H usually don’t stay as such but are converted to *He via reactions 2.18.
*H+*H =" He+n
H+p—*He+ny
(2.18)
SHe+n —* He + v

SHe+*H —* He+p

Once “He is formed, it can react with other light nuclei and create heavier nuclei such as ®Li or

"Li, the only stable isotopes of lithium, and beryllium “Be via reactions 2.19.
H4+*He =5 Li+~
SH4+* He =" Li+v
(2.19)
SHe +*He =" Be + 1~

"Be+n—"Li+p

It is very important to note that all of the reactions that can occur once deuterium has been
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formed have temperature dependent cross sections and calculating the precise yield of each isotope
is a very complex process which goes far beyond the scope of this work.

As there are no stable nuclei with an atomic number of 8, the chain stops here and nucleosynthesis
stops around t~1000 s where the temperature of the universe is about 0.03 MeV. Indeed at that point,
the temperature becomes too low and nuclei can’t overcome the Coulomb barrier that separates
them. Formation of heavier nuclei will have to wait for stellar fusion to happen. In addition, the
mean lifetime of a neutron in free space is 14.7 min, so any neutrons which have not been used to
form a nucleus decay via reaction 2.14. At the end of nucleosynthesis, nearly all baryons consist of
protons and *He nuclei and only small amount of 2H, 3H, 3He and even smaller amounts of ®Li,
"Li and " Be, which is in turn converted into “Li via electron capture.

The major result from this is that the relative abundance of light nuclei to hydrogen is frozen in
time and so by measuring their abundance now, their primordial abundance is effectively measured.
The primordial abundance of elements is obtained by observing metal-poor, extra-galactic, ionized
hydrogen regions of space for *He, remote cosmological clouds for 2H, metal-poor and halo stars for
"Li and giant molecular cloud regions for 3He |7].

This relative abundance is directly linked to the baryons to photons ratio . Indeed, from reaction
2.16, a higher 7 would mean that the temperature at which nucleosynthesis occurs, 7}, is also higher,
thus making nucleosynthesis start earlier and consequently last longer. Since nucleosynthesis is, in
any case, time limited due to the ever decreasing density and temperature of the universe, an earlier
start means a more efficient production of * He and so smaller amounts of deuterium and 3 He leftover.
By using a Monte-Carlo (MC) and varying 7 the relative abundance of *He, *He, 2H, and "Li as a
function of 7 can be produced. This is shown on figure 2.12 [7].

Note that for the case of *He, the mass fraction Y is used instead of the relative abundance. This
comes from the fact that Y is extremely easy to calculate from temperature dependent neutron to

proton ratio f = N,,/N, (see equation 2.15) according to equation 2.20 [37|.

2f
=137 (2.20)

In figure 2.12, the mass fraction of *He and the relative abundance of helium, deuterium and
lithium with respect to hydrogen, computed thanks to a complex MC on the basis of the cross-
sections involved, are plotted as a function of the baryon to photon ratio n and of the physical

baryon density €,h%. The green hatched areas represent the relative abundances as observed and

measured in different astrophysical sites like mentioned above (*He is omitted because the data was
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Figure 2.12: Mass fraction of *He and relative abundance of 3He, 2H, and "Li as a function of baryon
density, compared to the WMAP results |7].

found unreliable |7]). While not precise, these BBN measurement allowed to place limits on the
baryon density such as 0.005 < Q,h% < 0.025, thus implying that most matter in the universe had
to be non-baryonic. This is completely in agreement with the WMAP results (in yellow) which led
to h? = 0.02264 + 0.0005 [6].

2.3.3 Supernova Studies

A totally different approach to measure the cosmological parameters is to use type la supernovae
and their redshifts by means of a space telescope like the Hubble Space Telescope (HST) [8]. These
types of supernovae are preferred as they are the best high luminosity “standard candles”, which
simply means that their luminosity is known. Supernovae studies were thus used to demonstrate
the accelerating expansion rate of the universe. It was indeed expected that distant supernovae
should appear brighter than their redshifts would suggest. However, the opposite was observed, thus

implying an expanding universe. Because this expansion is driven by the cosmological parameter A
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or dark energy, supernovae studies allow to put limits on the density of matter €2, and energy 25

in the universe. The results shown in equation 2.21 [8] are consistent with WMAP [6].

Q,, = 0.257007 (statistical) + 0.04(identi fied systematic) (2.21)
2.21

Qp = 0.751085 (statistical) & 0.04(identi fied systematic)

2.4 Where to look for Dark Matter?

By combining all the limits from the rotation curves of clusters of galaxies, CMB measurements
and supernovae studies, figure 2.13 is obtained. There is remarkable agreement between these three
very different techniques. The three datasets intersect in one region which matches the ACDM
cosmological model and requires the existence of dark matter, thus making it the preferred region of

interest for dark matter searches.
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Figure 2.13: Combined results of clusters of galaxies, CMB and supernovae studies [8].
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2.5 Dark Matter Theory Beyond the Standard Model of Particle Physics

2.5.1 Properties of Dark Matter

From the observational evidence of dark matter described in the previous sections several properties

of dark matter can be implied:
e [t must be stable on cosmological time scales otherwise it would have decayed by now.
e Dark matter must have been created with the correct abundance.
e [t is non baryonic as shown by BBN and WMAP.

e Dark matter should be cold (CDM), or at least not hot, [45], meaning that it moves non

relativistically, to fit the current accepted models.

e Due to the previous argument and because it is observed through gravitational effects, dark

matter has to be massive.

e [t is most likely charge neutral or electro-magnetic interactions must be strongly suppressed as

otherwise, we would have already detected it.

e Finally, under the assumption that otherwise it would have been detected already, dark matter
is thought to interact very weakly with ordinary matter. However dark matter is assumed to
interact with standard model particles, otherwise it would have been difficult to create in the

early universe.

2.5.2 The WIMP Miracle

A very general candidate for non-baryonic and cold dark matter is called the Weakly Interacting
Massive Particle or WIMP. The WIMP is an ideal cold dark matter candidate because not only it
happens to have the proper abundance to be cold dark matter but also the interactions which give
the WIMP the correct density, also make it detectable. This happy coincidence is called the WIMP
miracle.

In the ACDM scenario, in the early times during the radiation dominated era, the universe was
constituted of a plasma in thermal equilibrium due to pair production and annihilation from particle-

anti-particle collisions. The same as any other particle anti-particle pairs, WIMPs were pair-produced
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and would annihilate at the same rate, thus preserving the equilibrium. This happened when the
plasma temperature was much higher than the WIMP mass.

As the universe expanded, the plasma temperature decreased with decreasing photon energy until
it finally was less than the WIMP mass, thus allowing WIMPs to be produced only from particle
anti-particle collision with enough energy. Indeed, since WIMP production follows a Boltzmann
distribution, the reduction in production was exponential by a factor e~ mx /KT Simultaneously,
with the expanding universe, the number density of particles decreased thus leading to decreasing
production and annihilation rates. When the WIMP annihilation rate became smaller than the
expansion rate of the Universe and at the same time when the mean free path of WIMP producing
collisions became smaller than the Hubble radius (distance beyond which an object recedes from an
observer at a speed higher than c¢), production and annihilation of WIMPs stopped and has stayed
constant since then. This is referred to as the freeze-out of the Universe. Consequently, the WIMP
density normalized to a comoving volume which is expected today is the same as the relic density

from the WIMP of the early universe. Figure 2.14 illustrates this process.
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Figure 2.14: Evolution of the WIMP number density Y in the early universe from ACDM model |9].

At high temperatures T, where the plasma is in thermal equilibrium, the WIMP number density
Y follows its equilibrium value Y,,. However, this becomes less and less the case with decreasing
temperatures where Y,, becomes exponentially suppressed, until finally, at the freeze out temperature,
the WIMP number density Y completely decouples from Y., and becomes stable. In addition, figure
2.14 links WIMP annihilation cross section ¢ with their relic density. Indeed, because WIMPs with
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stronger interactions will take longer to decouple, higher annihilation cross section will result in
smaller relic density. Consequently, relic density Qpy; and WIMP annihilation cross section are
linked according to equation 2.22 where h is the normalized Hubble expansion rate, and < 0,,,v >

the velocity averaged total annihilation cross section.

3x107%"em?3 /s

QDMh2 ~
< Ognn >

(2.22)

Coincidentally, from equation 2.22, a weak scale for the WIMP annihilation cross section results

in the observed dark matter relic density. This constitutes the WIMP miracle.

2.5.3 Supersymmetry

It has been known for a long time that the Standard Model (SM) of particle physics, the global
theory governing the world of sub-atomic physics is inexact or incomplete. Indeed, the SM has many
unexplained or unsatisfactory elements to it. For example, the SM does not explain gravity nor the
scale difference between gravity and the weak interaction (the so-called hierarchy problem, described
later in this work), nor does it explain the matter antimatter asymmetry of the universe. It also does
not incorporate dark matter but predicts way too much dark energy, and finally predicts massless
neutrinos which is now known to be false. Consequently, to solve or at least overcome some of these
problems, new theories, new models beyond the SM are being developed.

One of the best motivated extension to the SM is supersymmetry (SUSY). SUSY is a model
which relates exchange particles, bosons and the constituents of matter, fermions to one another. To
do so, it predicts the existence of supersymmetric partners called sparticles to all known fermions
and bosons that would only differ by a spin of a half. The superpartners of bosons are thus fermions
and vice versa.

The appeal of SUSY is that by linking matter particles and force carriers, it unifies the strong,
weak and electromagnetic forces at high energies, solves the hierarchy problem and provides a natural
mechanism for electroweak symmetry breaking, which will be discussed later. In addition, under
certain conditions, SUSY may also provide adequate dark matter candidates. Finally SUSY appears
to be at an energy level accessible by experiments, making it an ideal model to be tested.

It is noteworthy to mention that there are several levels within SUSY and it is possible to have
more than one kind of supersymmetry transformation leading to as many as 105 free parameters.

However, the first and simplest level of SUSY which requires only one transformation is called
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the Minimal Supersymmetric Standard Model (MSSM) and is today the favored and most probed
supersymmetric model as it has only 4.5 free parameters. However this is relatively fast changing
as the Large Hadron Collider (LHC) still has found no clue of supersymmetry thus making theorists
wonder if the MSSM is not a too simplified model |12].

Electroweak Symmetry Breaking Another key point worth mentioning is that, just like the Standard
Model, SUSY must be broken in order to conserve electroweak symmetry breaking (EWSB). The
need for an electroweak theory comes from the fact that if the Standard Model respected symmetry,
the uncharged gauge bosons, the photon and the Z° should have the same mass, which is clearly not
the case. Consequently, the gauges symmetry of the Standard Model is a broken symmetry. The
electroweak theory, developed in 1979 by Glashow, Salam and Weinberg postulates that the weak
and electromagnetic interactions are unified at high energies while at low energies, the weak and
the electromagnetic interactions are simply two different manifestations of this unified electroweak
interaction. It is this behavior in the transition from high to low energies that is called symmetry
breaking. This electroweak theory has proven to be right especially when it accurately predicted
the mass of the Z boson, which was subsequently found in 1983. However, while it is clear that
the symmetry is broken, the big question was how is it broken. This question was answered by the
theory of the Higgs mechanism, which postulates that mass is acquired by the interaction of particles
with a Higgs field through the exchange of a spin 0 particle, the Higgs boson. This theory has been
confirmed with the discovery of the Higgs boson in 2012.

However, when extending the SM to SUSY, the Higgs mechanism has to be modified slightly.
Indeed, SUSY does not work with the SM as it is now but instead requires the addition of 4 other
Higgs bosons to the SM, otherwise the theory would have gauge anomalies. In the current SM, there
is only one Higgs doublet with one neutral and one charged complex component, with a total of 4
degrees of freedom. The Z° and W+~ gauge bosons have absorbed three of them, acquiring mass
in the process. The remaining degree of freedom is the scalar Higgs boson H°. However, if that
were the case in SUSY, this would give only one Higgsino (the superpartner of the Higgs) and the
summed hypercharge of each generation of fermion would not be conserved anymore. Adding an
extra doublet allows to create a second Higgsino with opposite hypercharge, thus making SUSY an

anomaly free theory.

Hierarchy Problem One of the most prominent problems of the SM is the so called hierarchy prob-

lem. Simply put, the question which puzzles physicists is why is the weak force 1032 times larger
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than gravity. Or why is the Higgs boson so much lighter than the Planck mass?

Indeed, from perturbation theory, the Higgs mass mpy should be close to the Planck mass due
to large radiative corrections to its mass Amyg coming from its interaction with heavy particles,
especially the top quark. This is represented in equation 2.23 where mg is the bare mass which is at

the Planck scale.

In a bit more detail, any particle is thought to couple with the Higgs field. This is represented by
the Yukawa coupling As. Additionally, the coupling of fermions to the Higgs field gives an interaction
term and because the mass of a fermion is proportional to A¢, the Higgs boson will couple more to
heavy particles. Consequently, the largest corrections to the Higgs mass are given by the Higgs’

interactions with heavy particles. The corrections to the mass of the Higgs boson are given by:

| A P
872

Am?, = — [Afy + ...] (2.24)

where Ay is the ultraviolet cutoff beyond which the SM is not valid anymore.

From equation 2.24, it is then clear that if A\; is large, the radiative correction would also be
very large and so should the Higgs mass be. However, the Higgs mass was found to be very small in
comparison, at 125 GeV, which implies very fine tuning where the radiative corrections cancel the
bare mass almost perfectly.

Introducing SUSY however, allows to solve this problem. Indeed, if to each fermion, a bosonic
superpartner is introduced, and assuming that the coupling to the Higgs stays the same, for that

superpartner equation 2.24 would become

| A 12

o [Afy + -] (2.25)

2 _
Amy =

The change of sign between equation 2.24 and 2.25 is simply due to the spin statistics theorem
which describes bosons and fermions by their wavefunctions and spins.

Thus, in a model where each fermion has a boson superpartner and vice-versa, the total contri-
bution to the Higgs mass becomes zero, thus explaining its low mass. In addition, because SUSY is
broken, sparticles which should have identical masses, do not, thus implying that the cancellation is
not perfect and that the mass scale for these superpartners is at the mass scale of the new particles,

presumed to be at the TeV scale [46].
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R-Parity Another, motivation for SUSY, more relevant to this work, is the observation that the
lightest supersymmetric particle (LSP) derived from SUSY is heavy, neutral and stable and appears
to be an excellent dark matter candidate.

With the introduction of superpartners both lepton and baryon quantum numbers are not con-
served anymore. Without them being conserved, protons, being the lightest baryon, should be able
to decay but the observational data clearly indicates that protons are stable with a half-life of about
1033 years [47]. Consequently something had to be added to SUSY to keep the proton stable, this
something is a new quantum number called R-parity.

R-parity is a multiplicative quantum number which has a value of 1 for all the SM particles and
a value of -1 for all the superpartners since they must have the same value of B and L. as their SM

counterparts. Also, R-parity is of course conserved in interactions. It is represented as

R = (_1)3B+L+2s (2.26)

where B is the baryon number, L the lepton number and s the spin of the particle.

Conservation of R-parity has two very important consequences. Firstly collisions of SM particles
will always produce sparticles in pairs while sparticles will only decay into an odd number of sparticles.
Secondly, heavier sparticles can only decay into lighter sparticles. This second consequence has an
even more important corollary which predicts that the LSP cannot decay and hence has to be stable,
in the same way that baryon conservation predicts that protons must be stable in the SM.

The LSP, provided that it can match dark matter properties, is a naturally viable dark matter
candidate. Under the assumption that it had once been in thermal equilibrium in the early universe,
the LSP is thought to have a mass inferior to 1 TeV and should thus be reachable by collider

experiments.

Supersymmetric Dark Matter Candidates

What particles from the MSSM could qualify as a dark matter LSP? If the LSP was electrically
charged it would bind to conventional matter and would thus be readable detectable. The same
holds for a strongly interacting LSP. Because it has not been observed in any experiment, the LSP
is thus thought to be neutral and to interact very weakly with matter. However, even with these
conditions, several candidates still arise from the MSSM. Note that of course all these candidates

have the proper thermal relic abundance and relic density associated with dark matter.
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The Sneutrino The sneutrino as its name indicates is the supersymmetric partner of the neutrino.
As neutrinos have a spin 1/2, sneutrinos would have spin 0. Sneutrinos have however been proven
to be non viable dark matter candidates |48|. For the sneutrino to match the WIMP relic density,
it should have a mass between 550 GeV and 2.3 TeV. With such heavy masses, sneutrinos would be
expected to interact rather strongly with heavy nuclei and should thus have been already detected
in direct dark matter searches using such nuclei [48]. Consequently sneutrinos with such masses are
excluded. Note that the possibility of light sneutrinos was also discarded by results from the LEP
collaboration [49].

The Gravitino The gravitino, G, is yet another DM candidate although it is not a necessary in-
gredient for SUSY. Indeed, the gravitino is the hypothetical SUSY partner of another hypothetical
particle, the graviton, which would be the gauge boson mediating gravity. But because there is no
way to detect the graviton, its existence is purely speculative and so it is also for the gravitino.
That said, in the hypothesis that the graviton does exist, its superpartner, the gravitino, would be a
fermion with spin 3/2. Contrary to other LSPs, the gravitino is not expected to have been in thermal
equilibrium in the early universe because it interacts only via gravity. However, the gravitino could
have been produced in the early universe during collisions or decays from heavier sparticles. Because
gravitinos only have gravitational-strength interactions, gravitinos are expected to come mostly from
decays of the next to lightest supersymmetric particle (NLSP), thus making the nature of the NLSP
an important question to answer. As of now, some candidates for the NLSP in a gravitino LSP
scenario are the stau and the stop, both of which should have a distinctive signature in colliders.
However, since the gravitino interacts only gravitationally, it is not directly detectable in dark matter

searches.

The Neutralino The preferred LSP candidate is the lightest neutralino. In the MSSM there are
four neutralinos, each being a linear combination of the superpartners of the neutral gauge bosons
(WY and B, whose superposition give the photon and the Z) and Higgs bosons: the wino W3, the
bino B and two higgsinos H; and H,.

The composition of the neutralinos is, as stated before, a linear combination of these four fields:

X =aB+ W? + ~H, + dH, (2.27)

where «, 8,7~ and 0 are mixing coefficients.
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Depending on the region of the supersymmetric parameter space realized in nature, the neutralino
may be more bino-like, wino-like or higgsino-like.

It is to be noted that neutralinos are Majorana particles implying that they are their own anti-
particle. Additionally, the neutralinos are expected to interact (ever so slightly) with matter, making

them directly detectable.

2.5.4 Other Extensions to the Standard Model And Non-WIMP Dark Matter
Candidates

While for the past decade SUSY has been largely favored, the question of other extensions to the
SM is now resurfacing due to the unexpected lack of results on SUSY at the LHC. There are many
other theories which could explain the existence of dark matter and only a few are presented here.
In addition to those, other theories are Little Higgs Dark Matter, Technicolour, Mirror Dark Matter,
WIMPonium, SuperWIMPs etc...

Axions

Axions have initially been postulated by the Peccei-Quinn theory to solve the strong CP problem. CP
symmetry is the product of two symmetries, the charge conjugation C and the parity P. The charge
conjugation changes the charge of a particle thus transforming it into its anti particle while parity
is a mirror like transformation. CP symmetry was found not to be conserved for weak interactions
and CP violation has now been observed for different particles in different experiments [50], [51].
It is now thought that while CP symmetry is violated the underlying CPT symmetry is an exact
symmetry, where T is the time reversal symmetry stating that of a motion is allowed, so is the
inverse motion. With this in mind, there are no reasons why CP symmetry should be conserved in
the strong interaction, as there are some terms in the Lagrangian which could break the symmetry.
However, no trace of CP violation has been found in the strong interaction. This phenomenon is
what is referred to as the strong CP problem. To solve this, Peccei-Quinn introduced the idea that,
by adding an extra symmetry to the Standard Model (called Peccei-Quinn symmetry) which would
be spontaneously broken, the CP violating term in the strong interaction would be canceled. The
introduction of this new field gives a new particle, the axion.

Axions are predicted to be light (less than 1 eV), neutral and have low interaction cross sections
to the weak and strong interactions. Because axions could also be produced in the right amount to

match dark matter, they are a natural candidate for dark matter. Axions are in principle detectable
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as they can decay into photons in the presence of a strong magnetic field or couple to electrons by
the axio-electric effect. Currently, the experiment ADMX is trying to detect axion dark matter in
the local galactic halo. This experiment ran for 2 years and found no sign of axions in a 1.9 peV to

3.53 peV range. It is now being upgraded and will resume its search in the spring of 2014 |52|.

Extra Dimensions

Another proposed extension to the SM is to introduce extra dimensions to solve the hierarchy problem
rather than use SUSY. This is called the Kaluza-Klein theory and has the particularity that it also
includes the existence of DM under the form of KK particles. The KK theory was first proposed to
link gravity and electromagnetism by extending general relativity to 5 dimensions (one extra spatial
dimension). The basics of the theory describes the universe as having a fourth spatial dimension
curled up in a small circle, so that a particle moving around that circle will return to its original
position. The size of the dimension is given by the size of the circle, or how much distance does a
particle have to cover until it goes back to its original position [53]. This extra dimension is thus
a compact set, and the phenomenon of having a space-time with compact dimensions is referred to
as compactification. Due to this compactification, the momentum along the extra-dimension is a
discreet quantity which leads to Kaluza-Klein (KK) resonances in the particle spectrum. Therefore,
each Standard Model particle is accompanied by a so called KK tower, an ensemble of heavier partners
with the same quantum numbers and spin. Just as in SUSY, the lightest KK particle would be stable
and be a candidate for dark matter. At low energies, only massless particles could be produced but
after a certain threshold, extra dimensions would show up. These extra dimensions could then be
produced and observed in colliders [54], however no hints of extra dimensions have been found to

this day.

Sterile Neutrinos

Finally, dark matter could be made of hypothetical particles called sterile neutrinos, which have
been postulated as a new type of heavy neutrino. In the same way that neutrinos are now known
to have three oscillating flavors, it is suspected that a fourth flavor could explain small discrepancies
in neutrino counts at several reactors and be the answer to the dark matter question. These heavy
neutrinos would have a mass of a few keV and would constitute warm dark matter, that is, moving
semi-relativistically. Several experiments are now trying to detect them such as Minos |55| or the

upcoming KATRIN experiment |56].
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2.6 Experimental Detection

While there are many candidates for DM and many different experiments trying to detect DM in
one form or another, WIMPs and in particular the SUSY LSP neutralino, being in principle easier
to detect than other candidates, are still the preferred candidate and consequently the major part of
the DM experiments are tuned to look for this particular form of dark matter. In the next section,
the emphasis is put on such experiments.

WIMPs can interact in two different ways. They can either annihilate with another neutralino,
usually to fermion-antifermion pairs, gauge boson pairs or final states containing Higgs bosons, or
they can scatter off a nucleus. Assuming WIMPs annihilate in the early universe, the cross section of
WIMP interactions with ordinary matter can be calculated as shown by equation 2.22. Experiments
sensitive to these cross sections can be built to look either for annihilation products or evidence of
scattering by direct coupling to the spin of the particle (spin-dependent interaction) or by direct
coupling to the nucleus (spin-independent interaction). Therefore WIMPs should in principle be
detectable in experiments. Consequently there is a plethora of different experiments using different

detection techniques that are currently trying to detect WIMPs.

2.6.1 Indirect Searches

One way to detect dark matter is to search for its annihilation products which can be in the form of
neutrinos, gamma rays, electron-positron pairs, antiprotons or antinuclei. A WIMP passing through
the Sun, the Earth or any dense object has a higher probability to scatter elastically, lose energy
in the process and thus become gravitationally bound when its velocity drops below the relevant
escape velocity. Consequently, WIMPs are thought to accumulate at the center of such objects thus
increasing the probability of annihilation. Therefore, all indirect searches look in favorable locations,

usually at the center of a massive object, where the probability of annihilation is the greatest.

Gamma Ray Telescopes

Very good candidates as dark matter annihilation products are high energetic gamma rays. Indeed,
because photons are not bound, telescopes can be pointed at the source of such gamma rays in
order to detect them. These gamma rays would come from neutralinos annihilation according to the
Feynman diagrams shown in figure 2.15.

Also, because the typical velocity of WIMPs in the halo is a thousand times smaller than c, it
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Figure 2.15: Feynman Diagrams from WIMP annihilation into two photons. a) fermion sfermion loops, b)
charged Higgs chargino loops, ¢) chargino W-boson loops [10].

is expected that WIMP annihilation will produce monochromatic photons at an energy equal to the
WIMP mass (10 GeV - 1 TeV) [12]. Because there are no known sources of gamma rays of that
strength, the observation of such high energy monochromatic gamma rays would be a clear dark

matter signal.
To look at gamma ray sources, experiments use telescopes both space based and ground based.

Space based telescopes have the advantages of looking directly at the gamma rays without inter-
ference from the Earth’s atmosphere and of having a much wider field of view. The Fermi gamma
rays telescope (formerly GLAST) [57|, which was launched in 2008, is such a telescope. It tracks
gamma rays by looking at the characteristic positron-electron pairs emitted from the interaction of a
gamma ray with a dense layer of tungsten. Since its launch, Fermi has made many interesting discov-
eries, most notably the fact that background gamma ray sources are responsible for only 16% =+ 9%
of the gamma-ray background radiation indicating that something else, possibly dark matter, must
provide most of gamma ray background |58|. As of today, the Fermi collaboration has not found a
conclusive hint on dark matter, however their new results impact the range of particle masses over

which dark matter thermal production in the early universe would have been possible [59].

Unlike space based telescopes, ground based telescopes are subject to a lot of interference from
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the Earth’s atmosphere. Also because gamma-rays are not penetrative enough, ground based tele-
scopes cannot hope to detect them directly. However, detection becomes possible when looking at
the Cherenkov light and/or secondary particles coming from the passage of gamma rays in the at-
mosphere. That said, particles other than gamma rays, such as normal cosmic rays, can emit such a
signature. The success of a ground based gamma ray telescope thus lies in the ability to distinguish
the Cherenkov light produced by the gamma rays from those produced by cosmic rays. To make this
distinction, the observed Cherenkov light is compared to numerical simulations of atmospheric show-
ers. One such ground based experiment is the VERITAS telescope [60] which looks at the gamma
ray emission from objects which are expected to have a large dark matter abundance, such as dwarf
galaxies. Recently, VERITAS discovered a TeV gamma-ray emission from a supernova remnant |61],

however, no detected gamma ray emission has been related to dark matter |62].

Neutrino Telescopes

Neutrinos are an indirect product of WIMP annihilation. They come from the decays of the leptons,
quarks, gauge bosons and Higgs bosons, which make up most of the annihilation products of WIMPs.
Such neutrinos are for example produced in the Sun, where WIMPs became gravitationally bound
after scattering elastically off of the nuclei in the Sun. Because these neutrinos escape the Sun with
minimal absorption they could constitute a very distinct dark matter signal. Additionally, looking for
neutrinos to identify dark matter has the advantage of being independent from many astrophysical
constraints. Indeed, the present WIMP annihilation rate in the Sun is given by equation 2.28 |35]
and depends only on the WIMP capture rate in the Sun Cg, the age of the Solar System ¢, and
the annihilation cross section times the relative WIMP velocity per volume A, thus leaving out
any dependency on structure or variation in the local dark matter density. It is also completely
independent from the dark matter distribution or from any galactic properties such as radiation

fields.

[ = 0.5Cotanh?(y/CoAsts) (2.28)

In fact, equation 2.28 is maximized when /CyAots >> 1 which corresponds to an equilibrium
between annihilation and capture rates. Knowing that the age of the solar system is about 4.5 billion
years, this condition is fulfilled, thus meaning that today annihilation and capture rate are indeed

in equilibrium. This leads to the fact that the WIMP annihilation rate in the Sun I' today depends
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only on the WIMP capture rate in the Sun C;, and is independent of even the WIMP annihilation

cross section [35]:

I =0.5C, (2.29)

Consequently various DM candidates’ signals can be predicted reliably in a neutrino telescope,
allowing for a broad testing of different models.

Because of their weak interaction rate, neutrinos can be detected on Earth only in very quiet
(background free) environments. This is why most high energy neutrino telescopes are under ice
like IceCube [63|, or under the sea like ANTARES [64], which make use of a vast volume of water
as their detectors to increase the probability of observing rare interactions while shielding out most
cosmic rays. When neutrinos interact with water or ice, they emit secondary particles such as muons
through charged current interactions, which themselves create Cherenkov light. This light is detected
by very large arrays of photomultipliers.

As of now, neither the IceCube, nor the ANTARES collaboration have reported a dark matter
discovery. The latest results of IceCube however, especially in the spin-dependent regime, have put

stringent limits on the dark matter cross section [65].

Positron and anti-proton experiments

Like neutrinos, positrons and anti-protons are yet another potential secondary product of dark matter
particle annihilation. However, unlike neutrinos or gamma rays, these particles cannot be found by
directly pointing a telescope to their source. Indeed, positrons and anti-proton are charged particles
and consequently by the time they reach Earth, their path has been diverted by galactic magnetic
fields, making it impossible to track down their origin. To try and detect dark matter products in
the form of antimatter, satellite detectors like PAMELA [66] or AMS-02 |67] have been launched.
Assuming that most sources of antimatter are known, these experiments look for antimatter excess
in their spectra which would indicate a new unknown anti-matter source, like WIMP annihilation for
example. The PAMELA experiment saw signs consistent with dark matter in an excess of positrons

above 10 GeV and up to 100 GeV [68].

However, further analysis of the results has revealed that this excess of positron comes from a
previously unknown anti-proton radiation belt around the Earth [69]. The antiparticles forming

the belt are products of the interaction of cosmic rays with the Earth atmosphere which seem to
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accumulate at altitudes of several hundreds kilometers above the surface of the Earth, right in the
line of sight of PAMELA. This is as of now, the most abundant source of antiprotons near the Earth
|69].

The other experiment, AMS-02 has just released results in March 2013 [70]. Their data, with
unprecedented accuracy, closely follows the PAMELA data and also displays a striking unexplained
excess of high energy positrons which would be consistent with positrons coming from dark matter
annihilation. Figure 2.16 shows the data from AMS-02 superimposed with the data from PAMELA
and Fermi-LAT, another satellite, as well as the theoretical range for positron fraction (the grey region
on figure 2.16). This clearly shows an increase above what is expected from positrons produced in
cosmic-ray interactions. In addition, the positron fraction spectrum exhibits no fine structure while
showing a slope decrease of an order of magnitude between the range 10-250 GeV and 20-250 GeV.
Because no anisotropy in the positron to electron ratio are found either, all these features combined
really hint to a new phenomenon, such as dark matter annihilation. However, the signal is not

conclusive enough to discard other explanations [70].
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Figure 2.16: AMS-02 positron fraction compared with other satellite data and theoretical model [11].

2.6.2 Direct Searches

While indirect searches look for products of WIMP annihilation, many experiments are trying a
much more direct approach to tackle the dark matter problem. They hope to discover dark matter

particles by directly looking at their interactions, mostly through elastic scattering with the nuclei
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of an appropriate target material. This target material depends on the type of detector and also on
the type of interaction expected.

Because WIMPs interactions are expected to be extremely rare, to try to isolate WIMPs from
the sea of particles which hit the Earth every day and constitute a dominant source of background,
such as cosmic ray products or neutrinos and muons produced from air showers, most direct searches
experiments are located in mines deep underground or in tunnels under mountains. The crucial point
of all direct search experiment is to be able to remove or identify as much background as possible from
the detectors. Depending on the type of detector, this is achieved through various techniques. The
goal of direct search experiments is thus to have a completely quiet, background free environment
where only a handful of interactions per year will happen. Each of these interactions is expected
to have a specific signature which matches the ones of the particles of the SM, the hope being that
some of these interactions will not be identifiable because they are the signature of a new type of
previously undiscovered matter.

There are two types of possible elastic dark matter interaction with a target nucleus, either the
WIMP will couple to the spin of the nucleus which will be referred to as a spin-dependent interaction,
or the WIMP will couple coherently to all nucleons in the nucleus which is then referred to as a spin-
independent interaction. Spin dependency depends on the target nucleus. A target with an odd
number of nucleons like F or 13! Xe, having a non-zero spin, is sensitive to both spin-dependent
and spin-independent interactions while a target nucleus like ** Ar which has a spin zero, is sensitive
to only spin-independent interactions. Consequently some targets having both even and odd isotopes
like xenon are excellent as they are highly sensitive to both spin-dependent and spin-independent
interactions. In any case, the fundamental property to be determined is the elastic scattering cross
section ¢ which is a measure of the probability that a WIMP will scatter elastically from the target
nucleus. This cross section is what allows then to determine the detection rate in both direct and
indirect searches. It is noteworthy to emphasize that the derivation of this cross section is model-

dependent and that the following holds for specific theories only, such as SUSY.

Spin-Dependent Interaction Cross Section

As mentioned above, in a spin-dependent interaction, the spin of the WIMP couples directly with the
spin of the nucleus. Feynman diagrams describing spin-dependent interactions are shown on figure

2.17

For spin-dependent interactions, the differential cross section can be written as:
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q q

Figure 2.17: Feynmann diagram for spin-dependent interactions from [12].

do 5 C' 5
=G F 2.

where G is the fermi coupling constant which describes the strength of the fermi interaction,
C is a dimensionless number carrying all the particle physics model information, v is the velocity of
the WIMP relative to the target, q is the momentum transfer and F is the so called form factor.
The form factor is a key parameter as its form changes depending on the type of interaction. Simply
put, the form factor is a measure of the coherency of the interaction or how well, depending on its
energy and thus on its momentum transfer, an incoming WIMP will see the structure of the nucleus.
In the limit of the momentum transfer approaching zero, so when a WIMP has such a small energy
and a long de Broglie wavelength that it will only see the nucleus as a uniform ball, the WIMP
and the target nucleus form a macroscopic two body collisional system where the form factor has no
impact anymore and is thus set to one. In the case of a spin dependent interaction, the form factor
describes the coupling of the WIMP with the different spin parts of the nucleus (mainly the proton
and neutron, the electron contribution to the spin being much more spread out and thus negligible).

In equation 2.30, the dimensionless number C is given by the following equation:

C— §A2(J)(J +1) (2.31)

where J is the total angular momentum and A is described by

1
A= j[ap < Sp > +a, < S, >] (2.32)

where < S,, > and < S, > are the expectation values of the spin content of the neutron and
proton group respectively in the nucleus and a, and a,, are the coupling constants. These expectation
values and couplings are calculated using nuclear models and are the constituents of the form factor.

Note however, that there are many different models to calculate form factors and that some of them
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differ greatly [12].
As a consequence of the importance of the form factor in the cross section determination, exper-
iments looking for spin-dependent interactions will favor target nuclei such as fluorine, which have a

high C and a high form factor.

Spin-Independent Interaction Cross Section

Feynman diagrams describing a spin independent interaction are shown in figure 2.18. In this figure,
a neutralino interacts with a quark by exchanging a higgs boson H or by producing a virtual squark.

The only difference with a spin-dependent interacting is the exchange of a Higgs instead of a Z boson

12].

Figure 2.18: Feynmann diagram for spin-independent interactions from [12].

In the case of spin independent interactions, the form factor differs greatly from the spin-
dependent one. Indeed, because no spin structure needs to be resolved, the nucleon operators simply
count the number of nucleons making the form factor proportional to the number of the nucleons
and thus making heavy material ideal target for spin-independent interactions in the limit of ¢> = 0.

While the form factor is still equal to one at zero momentum transfer, at non zero momentum
transfer it is simply the Fourier transform of the nucleon density [12|. Typically, the most common

form factor used for heavy nuclei such as xenon is the Woods-Saxon form factor given by [71]:

F(q) = (%)26_@8)2 (2.33)

where j; is the first spherical bessel function, ¢ is the momentum transferred, R1 is an effective
nuclear radius and s is the nuclear skin thickness.

The differential cross section, while essentially in the same form as equation 2.30, needs to incor-

porate this new form factor. The C value of equation 2.30 thus becomes:
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C Zfy+ (A= 2)f,] (2.34)

1
— W—ch[
where G is the fermi constant, 7 is the number of protons, A is the number of nucleons and f,,
fn are the neutralino couplings to protons and neutrons respectively.

This leads to the differential cross section of:

do 1
AP~ ﬁ[zfpﬂL(A—Z)fnPF%Q) (2.35)

where v is the velocity of the WIMP with respect to the target and ¢ is the momentum transfered
from the WIMP to the nucleus [12].
For heavy nuclei with m, >> my, f, = f, so the cross section becomes proportional to the

square of the nucleus atomic number A, making once again heavy nuclei, such as xenon, favorable

targets for spin-independent interactions.

Event Rate

With the definition of the form factor for both spin dependent and spin independent interactions and
with the appropriate cross section, the differential event rate per nuclear recoil energy Er expected

in a detector can be calculated by:

dR 00 do

— MmNy ———d 2.36
dEg mme/ v/ @) TN G (2:36)

Umin

where pg is the local WIMP density, my the mass of the target nucleus, m, the mass of the
WIMP, do/d|q|? is the differential cross section and f(v) is the WIMP speed distribution in the
detector frame normalized to unity |72|, which contains all the astrophysical uncertainties. Note that

E'r is the nuclear recoil energy or energy transfer and is related to q via

q=v2myER (2.37)

Because of the heavy mass of the WIMP, any elastic scattering will happen in a non-relativistic
frame. Consequently the recoil energy Er can be expressed as a function of the scattering angle 6 in
the frame of the center of mass and as a function of the reduced mass p and the nucleus mass my

as laid out in equation 2.38.



46 Chapter 2. Dark Matter: Theory and Search

a3 (1 — cosh)

Er (2.38)

my
Finally, integrating equation 2.36 over all possible recoil energies gives the total event rate ex-

pected per kilogram per day in the detector.

Detection

As mentioned before, direct detection of dark matter requires WIMP-nuclei elastic scattering. The
recoiling nuclei can then usually be detected by the following processes: scintillation and /or ionization
and/or heat deposition. Many experiments combine two of these processes in order to optimize
background discrimination.

In these experiments, if a neutralino deposits enough energy when scattering elastically off of
the target nucleus, the latter can induce the emission of electrons (ionize), photons (scintillate) or
phonons (heat). The preferred materials are noble gases for scintillation experiments, high purity
semi-conducting crystals for ionization experiments and bolometers or superheated liquids for heat

deposition experiments.

Noble Gases Experiments The typical noble gases used in DM direct searches experiments are xenon
and argon. Experiments using liquid noble gases include XENON100 and XENON1T, ZEPLIN-III,
XMASS, LUX, DarkSide, ArDM and DEAP-3600.

These experiments can be categorized in single or double phase experiments. Single phase exper-
iments, such as DEAP-360 and XMASS, are essentially a big volume (usually spherical) filled with
noble liquid, surrounded by photosensors to detect a scintillation signal from an interaction.

Double phase experiments, like XENON100 or DarkSide, use their target material in both liquid
and gas state and observe both scintillation and ionization signals by again using photosensors.

Also xenon experiments have the advantage to be able to probe both spin-dependent and spin-
independent regime due to the presence of both odd and even isotopes in the xenon. Argon experi-
ments however, are limited to spin-independent searches.

In general, liquid noble detectors are very attractive as while performing extremely well, they
are also rather cheap and easily scalable to larger size. Note that as of now, the most sensitive
experiments looking for dark matter are the liquid noble experiments XENON100, to which the next
chapter will be dedicated, and LUX.
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Cryogenic Experiments Crystal targets like germanium or silicon are another material of choice
for DM experiments such as CDMS, EDELWEISS, CRESST and CoGeNT. Because of the material
choice, these experiments are mainly suited for spin-independent searches. The principle of opera-
tion of these detectors is to cool down these crystals to cryogenic temperatures so that a particle
interaction will heat them up by very small but detectable amounts that will give a first signal. A
second signal is given by the ionization or scintillation coming from the interaction.

To detect the heat, these experiments operate a target material at low temperature where the
heat capacity C follows from Debye’s law in equation 2.39 where T is the temperature in K and 6p

is the Debye temperature.

T

C(%

)3 (2.39)

By operating at low temperature, the heat capacity becomes very small, yielding large temper-
ature variations for small energy depositions. To detect the heat, transition edge sensors (TES)
are typically used. These are made of superconducting material and are operated at the transition
temperature between normal and superconducting regimes. The resistivity then varies drastically for
very small temperature changes. This technique allows single phonon detection with an incredibly
good energy resolution.

Cryogenic experiments are amongst the oldest dark matter experiments and were leading the
search for a while. However due to their expensive cost and the difficulty of scaling to large volume,

they are now letting the way to liquid noble experiments.

Superheated Liquid Experiments The last type of dark matter experiments, such as PICASSO or
COUPP, are best performing in the spin-dependent regime by using as target nuclei, superheated
liquids, which are materials which stay liquid at temperatures at which they should be gaseous, such
as a compound of fluorine. An interaction with such a droplet will provide enough energy to provoke
a phase transition from liquid to gas, drastically increasing the droplet volume. By suspending the
droplets in a gel, this transition gives rise to a pressure wave which is transmitted through the gel

and detected by piezoelectric sensors.

Summary and other experiments Finally, as a summary, table 2.1 lists many of the current experi-
ments in the field, both spin-dependent and spin-independent. Each of the experiments is categorized

according to the type of detection it uses and by its target nuclei.
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Experiment Type Target Nucleus
ArDM ionization + scintillation gas/liquid argon
CDMS ionization + heat deposition | germanium and silicon

crystals
CRESST heat deposition + scintillation | sapphire crystals and
calcium tungstate
CoGeNT ionization germanium crystals
COUPP heat deposition CFsl
DAMA /LIBRA scintillation sodium iodide crystals
DARKSIDE ionization + scintillation gas/liquid argon
DEAP/CLEAN scintillation liquid argon
EDELWEISS ionization + heat deposition germanium crystals
KIMS scintillation Csl crystals
LUX scintillation + ionization gas/liquid xenon
NATAD scintillation sodium iodide crystals
PANDAX ionization + scintillation gas/liquid xenon
PICASSO heat deposition CyFio
SIMPLE heat deposition CyClFy
XENON ionization + scintillation gas/liquid xenon
XMASS scintillation liquid xenon
ZEPLIN 111 scintillation -+ ionization gas/liquid xenon

Table 2.1: Summary of the current dark matter search experiments

Annual Modulation Another experiment, DAMA /LIBRA, uses a somewhat different technique than
all the other experiments. It looks at a modulation in the event rate as a function of time. This
modulation comes from the revolution of the Earth around the Sun and the motion of the latter in
the galaxy. Since dark matter has no net velocity in the galaxy, in summer when the Earth moves in
the same direction as the Sun and through the dark matter halo, an increase in the relative velocity
between dark matter and the target material should be observed. In the winter, it should be the
opposite. Since the rate is dependent on the relative velocity, there should be a higher rate in summer
than in winter. This is indeed what DAMA /LIBRA sees as shown in figure 2.19, where at low energy
an annual modulation is seen with the expected phase and period. However, it is worth noting that
while the fact that DAMA/LIBRA does see an annual modulation is undeniable, the cause of this

annual modulation has not been found nor conclusively proven to be dark matter.
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Figure 2.19: The DAMA /LIBRA modulation signal from [13].

2.6.3 The DAMA /LIBRA Controversy

Until now there has been only one claim for the discovery of dark matter via direct detection which
was made very early on by the DAMA /LIBRA collaboration. Other experiments, such as CoGeNT,
have seen an excess of events near threshold, that could be interpreted as a dark matter signal,
however the CoGeN'T' results have now been found to be due to an unexpected background rather
than dark matter |[73|. In addition, all other experiments, using various detection techniques, have
since then refuted these claims. Some like KIMS or CDMS looked at annual modulation signals and
found nothing conclusive placing a limit on the annual modulation rate of less than 0.06 event per
keV per kg per day in the 5-11.9 keV nuclear recoil energy range at the 99% confidence level [74],
limit inconsistent with the DAMA or CoGeNT findings. Others like XENON100, and more recently
LUX, which have a much higher sensitivity altogether also rejected this claim [23] [75] even in the
theoretical case of inelastic dark matter [76]. Still others like CRESST, did see something [77] but
after careful analysis have now declared that it was due to background. EDELWEISS also published
new results highly constraining the DAMA/CoGeNT claims [78] while collider experiments also
greatly constrained the possibility of low mass WIMPs. In the spin-dependent sector, the PICASSO
experiment recently also ruled out the DAMA claim [79].
All these divergent results from the so many completely different experiments make the DAMA /LIBRA

claim for dark matter less and less believable each passing year.

2.6.4 Dark Matter in Colliders

With the LHC being turned on in 2011, and the discovery of the Higgs boson in 2012, collider
experiments at the LHC like ATLAS and CMS are now naturally turned partly towards the search
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for dark matter. The working principle of the LHC is to create a plethora of particles by colliding
very high energy protons or heavy ions together, the goal being to detect all the SM particles as well
as new previously undiscovered particles. In the more relevant case of ATLAS and CMS detectors,
DM particles can be produced in two ways, in cascade decays from heavier unstable supersymmetric
particles and by pair-production [14]. The DM particles can then be detected in a calorimeter via
an analysis of the missing transverse momentum. Indeed, because of the tremendous energy release
in such processes, the energy between hadrons is constantly exchanged and the information on the
initial momentum of the colliding hadrons along the beam axis is lost. However, because particles
start in the beam axis, the initial momentum of the particles traveling perpendicular (transverse)
to the beam is known to be zero. Consequently, if a collision results in a net momentum in the
transverse direction, it means that something else, such as neutrinos or new undetectable particles,
has been created in the process. Since SM neutrino cross sections are well understood, an excess
relative to this expectation would be evidence for a new non-interacting particle. The big advantage
of such an approach is obviously that it is model independent, however it is also based on two major
assumptions, that WIMPs are pair-produced and that any new particles mediating the interaction
between WIMPs and SM are too heavy to be produced directly [14].

Until now, while the LHC experiments probed several interaction channels as shown on figure
2.20, they have seen no sign at all of any dark matter signal, thus raising the possibility that the
theoretical extensions to the SM are not adequate and that new, very different theories must be

devised.
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Figure 2.20: Results on the missing transverse energy from the ATLAS experiment. [14].
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2.7 Summary

As shown by CMB and SN studies, the universe is currently seen as made of about 5% visible matter,
26% of dark matter and 69% dark energy. For now, dark energy eludes scientists but dark matter may
be about to become a solved mystery. There is more and more convincing evidence that dark matter
exists, and many experiments are making great progress trying to detect it directly or indirectly. A
very nice feature of dark matter is that it fits into SUSY, the favorite extension to the SM. If dark
matter is a SUSY particle, then it is the LSP such as the neutralino. Experiments are always aiming
at better sensitivities and limits to try to detect the WIMP LSP which will lead to either a discovery
or to a revision of the current theory. In any case, experiments are now pushing forward to try and
solve the dark matter enigma in the next years. Leading amongst them are noble liquids detectors

such as the ones used in the LUX experiment and the XENON project.
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The XENON100 experiment is the second step in the phased project XENON. It has now reached
its scientific goal in the search for dark matter and is being used as testing device for the upcoming
experiment XENONIT. Located at a depth of 3600 mwe (meter water equivalent) at the Gran Sasso
National Laboratory (LNGS) in Italy below the Gran Sasso mountain peak, it benefits from a very
good shielding from cosmic ray muons with a muon flux reduced by six order of magnitudes [80]
compared to the surface. Those muons would otherwise be a non-negligible source of background.
Figure 3.1 shows the placement of the actual XENON100 experiment in the laboratory.
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Figure 3.1: Location of the XENON100 experiment at LNGS.

While LNGS is not the deepest underground laboratory in the world as seen on figure 3.2, the

53
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to reach a background level low enough to conduct a dark matter detection experiment at the frontier

of modern sensitivity.
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Figure 3.2: Various underground laboratories around the world

The experiment consists of one detector containing about 165 kg of xenon surrounded by a passive
shield, made of copper, polyethylene, lead and water. The shield ensures that most residual particles

which could contribute to an eventual background are stopped.

Detector operation consists of several runs, which are long periods of data taking. A new run is
started each time the detector is opened and changes are made to the hardware. During each run,
many datasets are taken, some in the presence of radioactive sources to calibrate the detector, and

others, just as is, to probe the background and try to detect a dark matter signal.
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3.1 The XENON Program

While many dark matter experiments using different technologies were already in the field, none
were using liquid scintillators. In 2001, the idea of a dual phase time projection chamber (TPC) as
a detector using xenon as an active target was proposed by Elena Aprile [81|. The first experiment
using this technology, XENONI10, used a detector containing around 10 kg of xenon. It was soon
followed by a 100 kg scale detector (XENON100). The next step, XENONIT, currently ongoing, is
to build a detector containing about 1 ton of xenon. The project has now been extended to include

a fourth phase, a multi-ton detector called XENONnT.

3.1.1 XENONI10

The XENON10 detector, shown on figure 3.3, developed extremely fast and in 2007, the first re-
sults from the XENONI10 experiment were published [82] while establishing a world leading limit
of 9-10~*¢em? on the WIMP-nucleon cross section, thus making it a viable new technology for the
search of dark matter and imposing the most competitive constraints on dark matter searches at the

time.

Figure 3.3: The XENON10 Detector

3.1.2 XENON100

The XENON100 detector, shown on figure 3.4 which has already reached its scientific goal was

built between 2007 and 2009 and started taking data in 2009, releasing in the process several world
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best sensitivities in 2010 [21], 2011 [19] and 2012 [23] but without a significant signal above the
expected background. These results have probed a non-negligible chunk of the predicted SUSY
parameter space, and have set limits on the WIMP-nucleon cross section with the current limit at

o < 2.0-107%em?2.

Figure 3.4: The XENON100 Detector [15]

3.1.3 XENONIT

Finally, the ongoing step in the XENON project is the XENONIT detector, as shown on figure 3.5
which is currently being built and should start taking science data in 2015. With its 1 ton fiducial
volume of liquid xenon and much lower background, this detector will increase the sensitivity to the

WIMP-nucleon cross section by two orders of magnitude, with a projected sensitivity of 2- 10~47em?.

3.1.4 XENONnT

While XENONIT is being designed and constructed, an even bigger version of XENONI1T, called
XENONnNT is now in development. This multi-ton detector would be an upgrade to XENON1T and

would use the same existing infrastructure as XENONI1T.

3.1.5 Dual Phase Xenon TPC

In all the phases of the experiment, the detector used is a special case of Time Projection Chamber
(TPC), a dual phase xenon TPC, whose working principle is schematized on figure 3.6. It consists
of a cylinder made of a highly reflective material, teflon in this case filled with liquid xenon with

a gaseous phase on top. Radiation induces electron or nuclear recoils in the xenon, which produce
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Figure 3.5: The XENONIT Detector

scintillation (light) and ionization (electrons) signals. The scintillation signal is promptly detected
by photomultiplier tubes (PMTs) at the top and bottom of the detector and is called the S1 signal.
The ionized electrons are drifted along the chamber by an externally applied electric field until they
reach the gas phase and are extracted into the gas phase by a much stronger electric field. They are
then accelerated by the same electric field and produce a second scintillation signal upon colliding
with xenon atoms. This second scintillation signal is then collected by the PMTs and called S2. This
S2 signal is often referred to as proportional scintillation as its size is directly proportional to the

number of extracted electrons.
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Figure 3.6: Principle of a dual phase xenon time projection chamber
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3D Position Reconstruction

Such a detector is a powerful tool as it allows 3D position reconstruction of the events. Because
electrons drift vertically, the x-y location of the S2 signal is the same as the S1 signal. In addition,
because the S2 light is generated just below the top PMT array, x and y coordinates of an event can
be determined from the top PMT hit pattern of the S2 signal which is then very localized as shown
on figure 3.7. The resolution for such a reconstruction is in the case of XENON100, less than 3 mm
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Figure 3.7: Example of a PMT hit pattern for an S2 signal.

As for the z-position of an event, it can simply be inferred from the S1-S2 time separation. Indeed,
the time difference between an S1 and its corresponding S2 signal is the time it took an electron to
drift upwards to the gas phase. Because the constant drift speed is measured to be 1.73 mm pus™*
[15] and because the light travel time is instantaneous on this scale, the distance undergone by the

electron can be easily and accurately calculated with a resolution of less than 0.3 mm [19]. This time

element is the reason why the XENON detector is referred to as a TPC.

3.1.6 Choice of Xenon as Liquid Scintillator

When the XENON program started, the majority of the dark matter detectors were semiconductors,
such as those used in the CDMS experiment. As seen in the previous chapter, this type of detectors
use heat and ionization and /or scintillation to try and detect a dark matter signal, however, they are
limited as cryogenic detectors are usually expensive and not easily scalable. Moreover, discovering
dark matter with only one type of detector would be suspicious and so there was a definite need to

find an alternative method of detection. The use of scintillators such as noble liquids, provided such
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an alternative by exploiting a unique feature of noble liquids which is to be both excellent scintillators

and ionizers.

Among noble liquids, three are today in use as dark matter detectors, liquid xenon (L.Xe), liquid
argon (LAr) and liquid neon (LNe), however because the latter is a much poorer ionizer, the emphasis
is usually put on using either LXe or LAr. The XENON program, as its name indicates, gave
preference to xenon (Z=>54) over argon (Z=18) for many different reasons. The high atomic number of
xenon gives it amazing self-shielding properties against external gamma radiation which is attenuated
at the edges of the detector, allowing the center of the detector to be background free. This very
powerful propriety of xenon allows then for a background reduction through fiducialization, i.e by

selecting only events from the quiet center of the detector.

In addition to a high atomic number, LXe also has a high density which makes it a much better
detector medium since a large target mass can be contained in a small detector, leading to an
increased sensitivity. Its high density also provides the non-negligible advantage to make LXe very
compact and thus easily scalable. Moreover, LXe gives scintillation light at 178 nm, which implies
that it can be directly detected by photomultiplier tubes (PMTs) as they can utilize a quartz window
that is transparent at this wavelength and a bialkali photocathode with a high quantum efficiency of
more than 30%. This is not the case for LAr which thus requires wavelength shifting in the detection
process. Additionally, unlike LAr or cryogenic crystals, LXe requires cryogenics temperatures only

around -100°C which make the handling of the detector much easier.

Many other qualities make LXe the target of choice. First the spin independent WIMP scattering
rate at low recoil energies, which is the range of interest to find dark matter in the XENON100
experiment, is much better for LXe than for other noble liquids. This is shown on figure 3.8, where

the differential scattering rate is calculated according to equation 3.1 |16] [83]:
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where Q is the recoil energy, po = 0.3GeV/em3 is the local dark matter density, A is the number
of nucleons, m, is the WIMP mass, m,, is the mass of the proton, v, = (Qmy/2m?)~Y? is the
minimum WIMP velocity that can produce a recoil of energy Q with my the mass of the nucleus
and m, the reduced mass, ve,. = 544km/s is the escape velocity of WIMPs in the Milky Way,

vo = 220km/s is the speed of the sun about the center of the galaxy, v, is the relative speed of the
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earth and sun through the galaxy, F/(Q) is the form factor as explained in the previous chapter and

ko and k; are constants linked through:
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The recoil rates shown in figure 3.8 show two features. At low recoil energy, the rate scales with
A?, as expected from equation 3.1. However, the form factor, which is the Fourier transform of the
mass distribution of the nucleus, depends on the type of target and describes the loss of coherence
for the scatter as a function of recoil energy. Consequently, the slope of the spectrum is different for
different targets. In particular, xenon has a zero in the form factor due to deconstructive interference
at a recoil energy around 100 keV because of the large size of the xenon nucleus, while for smaller
atoms like Ar and Ge the zero is at much higher energies (not shown on figure 3.8). Thus, at low
recoil energies, Xe is the target of choice, while at higher energies the rate falls below that of lighter
isotopes. In order to take advantage of the high rate for Xe, a low energy threshold is necessary.

Second, xenon consists of about half odd numbered isotopes thus allowing for both spin-dependent
and spin-independent interactions which of course gives it an advantage over LAr which can mostly
probe spin-independent scatters, as it contains only traces of odd isotopes. Another very interesting
propriety is that LXe has no long lived isotopes, except for 3% Xe which has a half life of 2.165 - 102!
years [84], thus making xenon a very radioactive free medium. A final advantage is that despite

being more expensive than LAr, LXe is still relatively cheap and can be found easily.

=107 ¢

2 E Ty,
S —Ge
[+] 40

E 1 0-4 —Ar
- —Zg;j
8

E s

2107 =

£ E

D I

-
o
&

107

10°®

10-9 L1 ‘ L1 ‘ L1 ‘ L1 ‘ L1 ‘ L1 ‘ L1 ‘ L1 ‘ IR ‘ L1
20 40 60 80 100 120 140 160 180 200
Recoil Energy [keV]

o

Figure 3.8: Differential WIMP spin independent scattering rate for several targets with m, = 100GeV and
op = 10~4em? [16]
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3.2 Principle of Ionization and Scintillation

To understand the signal generation of the XENON100 experiment, it is important to understand
the underlying basic physics principles pertaining to ionization and scintillation, and how they are
implemented in this detector.

When a particle passes through the detector, it can interact with the electron cloud or the nucleus
of an atom. In the case of gamma radiation, the interaction with the electron cloud dominates, and
the available interactions are the photoelectric effect, Compton scattering, and if the gamma energy
is greater than twice the electron mass, pair production. For neutrons and WIMPs, the dominant
interaction is a coherent scatter off of the nucleus. Gammas thus induce electron recoils (ER) while
neutrons and WIMPs produce nuclear recoils (NR). The recoiling electron or nucleus, as it travels,
excites and ionizes other xenon atoms due to collisions to ultimately give out scintillation light. The

non-trivial process leading up to this scintillation light is schematized on figure 3.9 and explained in
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details in the next section.
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Figure 3.9: Principle of Scintillation for LXe

3.2.1 The Scintillation Process

Scintillation is a luminous radiation of a material induced by exposure to radiation. In noble liquids,

it arises from the decay of excited atoms (Xe*) to the ground state (Xe). The excitation can happen
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either by directly exciting the atom, or by the recombination of ionized electrons. However, the
excited atoms do not decay directly to the ground state, but go through an intermediate step.

The intermediate state is created in two ways. In the first case, when an excited atom interacts
with another atom (Xe), they combine to create an excited dimer (Xe}), a bound state consisting
of one excited and one ground state xenon atom. This dimer is then de-excited and returns to a
dissociative ground state where the dimer is separated into two monomers (2Xe). This de-excitation
is accompanied with the emission of a single ultra-violet (UV) photon.

This intermediate step is extremely important because the reaction 3.3 is irreversible.

Xe; — 2Xe+ hv (3.3)

This means that xenon atoms in the ground state can’t be excited directly to this state, and
therefore xenon is transparent to its own scintillation light.

In the second case, the ionized atom (XeT) interacts with an atom creating an ionized dimer
(Xey). This dimer can then recombine with the free electron coming from the initial ionization. The
products of this recombination consist of an highly excited atom (Xe**) and a stable atom (Xe). The
highly excited atom decays to a lower excited state (Xe*) via heat dissipation. Finally, the latter
excited atom undergoes the process described above in the first case, creating a dimer (Xe}) and

then releasing a UV photon.

3.2.2 Ionization Yield

In the presence of an electric field, some of the ionized electrons can be drifted and collected separately,
giving a distinct ionization signal. These electrons then do not have the possibility of recombining,
and thus reduce the scintillation signal. There is therefore an anti-correlation between the scintillation
and ionization signals due to the fluctuations in the amount of electrons that recombine.

In addition, the electron ion recombination process does not have a 100% probability to happen
and sometimes, the ionizing electron does not recombine with an ion. Because of the denser tracks
of nuclear recoils, their probability of electron-ion recombination is higher than for electronic recoils,
making it harder to collect the ionizing electrons.

The ionization yield @), is simply defined as the number of observed electrons per unit recoil energy
(e~ /keVr) and thus depends on the strength of the applied electric field. It has been measured for

nuclear recoils by [17] for different electric fields as shown on figure 3.10. The increase at low energies
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can be explained by the drop in recombination rate due to the decrease of the electronic stopping

power at these energies [35].
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Figure 3.10: Ionization yield from nuclear recoils at different electric fields [17]

Because the S2 scintillation process is based on the ionization yield, the higher the ionization yield
of a material, the better. This ionization yield is given by the average energy needed to produce an
ion-electron pair, W. A smaller W will thus yield more ionization. This is yet another advantage of

using L.Xe over LAr, as LXe has a W of 15.6 eV versus 23.6 eV for LAr.

The ionization yield is an interesting feature as it can be measured with much better statistics
than the scintillation yield, especially at lower energies, because the S2 signal is an amplified and
much stronger signal than S1. This potentially allows detectors to be more sensitive to WIMP

detection at low energies.

3.2.3 Scintillation Yield

The scintillation yield for electron and nuclear recoils is the number of scintillation photons created
per energy deposited. This is closely related to the energy calibration, which includes both the
scintillation yield and the efficiency of collecting and detecting these photons. This will be described

in detail in section 3.4.3.
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3.3 Technical Description of the XENON100 Experiment

After having introduced the XENON program and the main characteristics common to all phases
of the experiment, it is important to focus on the current experiment, XENON100. A review of the

experiment will be given, containing details pertaining to both software and hardware.

3.3.1 The Detector

A technical drawing of the inside structure of the XENON100 detector is shown on figure 3.11 and

its various features are explained in this section.

PMT HV and /_\ /\ HV Feedthro
Signal Lines <[\ | e TEmaiiEA
3
Tube to Cooling I | Dowlewan
Tower | el A1 = Al Cryostat
- | 4 L7
( ) \ / Bell
L = Assembly
Upper Side
Top Vem___ Veto PMTs
PMTs
Anode
Top Array L~
PMTs | Field Shaping
|~ Rings
PTFE
Panelsx\
Lower Side | [ Cathode
Veto PMTs
~_ Bottom
Bottom Array Veto PMTs
PMTs

Figure 3.11: Technical drawing of the XENON100 TPC.

As previously mentioned, the XENON100 detector is made of a dual-phase time projection cham-
ber (TPC) contained in a low activity stainless steel double walled cryostat. In between this double
wall, a vacuum is applied which allows the system to be thermally isolated from the external world.

This vacuum is what allows the xenon to stay in a stable liquid state. The cryostat itself is linked to
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the outside by two lines on the side allowing for xenon liquefaction, while a third line at the top of
the cryostat brings in clean gas and a last line at the bottom takes out liquid xenon to circulate it
and clean it from impurities. The cryostat is thus mostly filled with liquid xenon, while the top-most
part is filled with gaseous xenon adding up to a total of 165 kg of xenon.

The TPC, which has a diameter and height of 30 cm, is totally submerged in liquid xenon,
however, while the region above the TPC is filled with liquid, a diving bell allows the top-most part
of the TPC to contain gaseous xenon by maintaining an overpressure. The liquid xenon surrounding
the TPC acts as an active veto and offers an additional background shield. The TPC itself is made
of a low radioactivity white teflon reflector especially sensitive to VUV light with low activity copper
holders visible on figure 3.4.

PMTs are located at the top and bottom of the TPC. At the bottom of the TPC is located an
array of 80 closely packed pmts whose function is to detect the light from scintillation in the liquid
(S1) while at the top a second array of 98 PMTs, arranged in circular pattern is there to detect the
proportional scintillation signal (S2). An extra 64 PMTs are located outside and around the TPC
at the bottom and top of the cryostat so as to detect the light in the veto.

The electric field (E1), which allows to drift the ionization electrons to the gaseous part of the
TPC, is achieved by applying a negative bias voltage to a stainless steel cathode located 17 mm
above the bottom PMT array. This cathode is made from a transparent mesh so as to not hinder
the detection of the light by the PMTs. Below the cathode, about 2 mm from the bottom PMTs, is
placed a screening mesh whose function is to screen any field at the PMTs. A series of low activity
copper rings are placed inside around the TPC. These are used as field shaping rings and allow a
uniform electric field of 530 V/cm to be maintained in the TPC. The electric field is stopped around
2.5 mm below the liquid level by another transparent mesh called gate mesh, while an anode, also
made of a transparent mesh and located 2.5 mm above the liquid level usually at a voltage of 4.4
kV, creates an accelerating electric field about 17 times stronger than E1. Another screening mesh,

located 2.5 cm from the top of the TPC, ensures again of no electric field at the PM'Ts.

3.3.2 Shielding

As mentioned above, the detector has to be protected from external radiation coming from the
environment. For that purpose, in addition to the 99.9998% muon and cosmic ray attenuation from
being located underground at LNGS [80], it is surrounded by a passive shield which is made of several

layers of different materials. An external 20 cm thick layer of water boxes is first implemented on the
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top and four sides to shield against muon induced neutrons as well as neutrons from decays of 23U,
B3, 22Th and their daughters in the rock and the concrete. An inner 20 cm thick lead layer is
then added to shield for the gammas from 28U, 22Th and “°K decays in the rock and the concrete,
with the innermost 5 cm being made of ancient lead with extremely low intrinsic radioactivity. This
is followed by a 20 cm thick inner polyethylene layer to shield against the neutrons from 29 Pp, 2380/
and 232Th decays in the lead layer. Finally an inner 5 cm thick layer of electrolythic copper is put
into place to shield for the gammas from the polyethylene layer. Figure 3.12 shows the actual shield

used in the experiment.

Water

Polyethylene

Lead

Copper

Figure 3.12: The shielding structure of the XENON100 experiment. The copper, polyethylene and two lead
layers are clearly visible while the water boxes are starting to show on top.

Radon Shielding

While the shielding structure reduces every source of external background, it is powerless against
radon inside the shield. Radon (**Rn) is a naturally occurring radioactive element, coming from the
decay chain of #%U, making it an inevitable background. While the laboratory itself attempts to
reduce the radon by constantly blowing up fresh air from outside the mountain into the underground
facility, it is by no means a radon-free environment and the radon levels are still too high for the

purpose of dark matter searches. To reduce the radon rate to an acceptable level of less than 1Bgq/m?,



3.3. Technical Description of the XENONI100 Experiment 67

nitrogen gas is continuously blown inside the shielding structure. The nitrogen takes the place of
the radon which is thus pushed outside the shield. To ensure that the radon level stays low, it is

constantly monitored and measured with an upper limit of 1Bq/m?3.

3.3.3 Cooling System

When the detector is enclosed in the shield, the main structure visible from the outside is the so
called cooling tower. Cooling is required in XENON100 to be able to maintain the xenon in a liquid
state which happens at -93°C'and 2.25 bar. The schematics of such a cooling system is shown on

figure 3.13.
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Figure 3.13: Drawing of the cooling system of the XENON100 experiment [15]

The main components of such a system are a pulse tube refrigerator (PTR), which consists in
a piston capable of increasing or decreasing gas pressure as it moves, a helium compressor which,
connected to a continuously running motor, can pressurize helium, a cold finger, which generates

a cold surface, a heater and an emergency cooler. The detector is connected to the cooling tower
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assembly through vacuum insulated pipes which come off right above the liquid level, allowing xenon

gas to fill up the cooling system.

During normal operation of the system, the helium compressor supplies power to the PTR by
pressurizing helium. Once a sufficient amount of helium gas has been introduced in the PTR, the
piston of the PTR. is moved up, expanding the helium gas in the process, thus decreasing the pressure
and cooling down the system. A cylindrical copper block is attached to the PTR cold head to seal
off the detector from the PTR. This block of copper is thus cooled down at the same temperature as
the cold head and can be used as cold finger to be in contact with the xenon gas. At this contact,
the xenon gas condensates and the now liquid xenon drops into a funnel linked to a small pipe inside
the bigger vacuum insulated pipe, thus filling the detector. To make sure that the cold finger doesn’t
get too cold and that a temperature of -100°C' is maintained, a heater is installed between the PTR
cold head and the cold finger.

In case of emergency where the primary cooling process would not work anymore, another system
takes over. This is done using liquid nitrogen (LN2). A stainless steel coil, placed around the cold
finger in order to be at all times in contact with LXe, is linked to an emergency dewar always
filled with LN2. When the pressure surpasses a certain set point, the dewar automatically releases

nitrogen, thus cooling down the coil which then takes on the role of cold finger.

3.3.4 Recirculation System

The performance of the detector depends on the purity of the system, consequently the xenon is
constantly purified using a recirculation system which is shown on figure 3.14. When the xenon
sits in the detector it cleans it by detaching impurities from its walls. These impurities are then
found in the xenon and they need to be disposed of. To do this, the recirculation system is linked
to the bottom of the detector where it takes the LXE out, which evaporates due to an increase of
temperature. The gas is then pushed through the system via a KNF membrane pump through a
heated zirconium getter which removes impurities by chemical bonding. After passing the getter, the
GXe is thus cleaned and sent back to the top of the cryostat where it can then undergo the process
of liquefaction as explained in subsection 3.3.3.

Another feature of the recirculation system is a pumping port to which a vacuum pump can be

attached. This is used before the first filling of the detector when the lines must be pumped down

and vacuum must be created before introducing any xenon in them.
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Figure 3.14: Drawing of the gas recirculation system of the XENON100 experiment |15]

Recuperation

The recirculation system is also used in case of recuperation. In case of problems, the detector might
need to be emptied and the xenon must be recuperated. For this, the recirculation system has to
be rerouted to go towards storage bottles instead of back into the detector. The bottles stand in
buckets which are filled with LN2, thus allowing the GXe to freeze in the bottles. Figure 3.15 show
the bottle rack while recuperation is going on. Rerouting is of course possible by simply closing the
last valve leading to the gas layer of the cryostat while opening the valve leading to the bottle rack

thus forcing the GXe to go that way.

3.3.5 Distillation System

As mentioned above in section 3.1.6 xenon has no long lived isotope and because it is a noble gas, it
is intrinsically very pure. This statement is true with the exception of % K7 which is one isotope of
natural krypton ("*Kr) with an abundance of ® Kr /" Kr of 107'! and is naturally present in the
atmosphere as a fission product and is present in trace amounts in commercial xenon. % Kr decays
into ® Rb with a half life of 10.756 years and a 99.57% branching ratio emitting beta rays with an
endpoint energy of 687 keV in the process. ®°Rb is stable and doesn’t constitute a danger for the

detector however the electrons from the decay become a non-negligible source of background which
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Figure 3.15: Picture of the bottle rack while recuperation is ongoing. The bottles are frozen with LN2.

can be calculated as 20 events/keV /kg/day or 20 differential rate unit (dru) in the region of interest
for dark matter searches for " Kr at the ppm level. Because such a background would be dominant
and would render the operation of the detector impossible, the xenon needs to be purified to lower
the " Kr level to 100ppt, which would then give a rate of 0.002 dru thus rendering the krypton
background sub-dominant [15]. To reach such a low level of contamination, a distillation column,
whose principle is shown on figure 3.16 was installed by the XENON100 detector. The GXe coming
from the detector is first passed through a cooler to be liquefied and then is sent to the middle of the
column. A condensor at the top and a heater at the bottom continuously liquefy and boil the xenon
in the column. Because of the much higher saturation pressure of krypton at these temperatures, the
krypton preferentially moves up the column allowing a separation of the two gases. In the meantime,
the LXe at the bottom of the column, which has now a reduced concentration in Kr, is ready for use

in the experiment.

The column is designed to have a multiple stage distillation, also called rectification, following
a McCabe Thiele diagram [85] to give a "™ Kr reduction factor of 1000. Depending on the start
and end concentration to be achieved by the distillation, the McCabe-Thiele is used to calculate the
length of the column by calculating how many theoretical stages are needed for the desired decrease

in concentration. In the case of XENON100, 6 theoretical cell stages were needed. The active part
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Figure 3.16: Schematical drawing of the krypton distillation column [15].

of the column is made of stainless steel packing material tightly breaded in 3 dimensions as shown

on figure 3.17, to increase the condensation surface.

Figure 3.17: Packing material of the inside of the distillation column.

After running all the xenon through the column, the concentration of " Kr in xenon was found

to be 19 4+ 4 ppt |23|, thus meeting the needs of a low background experiment.

While this column was sufficient for XENON100, it will no longer work for XENONIT as the
amount of xenon to be distilled will be a factor 10 higher and the purification speed of 0.6 kg/h will

not be fast enough anymore. A bigger column which will have a separation factor of 10° is thus being

tested to meet the needs of XENONIT.



72 Chapter 3. The XENON100 Experiment

3.3.6 PMTs

By being the light collection tools, the PMTs are extremely important in XENON100 and thus
deserve to have a bit more information stated about them.

A PMT is a device which detects, amplifies and converts incoming photons into an electrical
signal. Upon contact with a photon, a photocathode emits an electron via the photoelectric effect.
These electrons are accelerated by an electric field, multiplied thanks to a system of dynodes and

finally converted into a measurable signal. The drawing of the principle of a PMT is shown on figure

3.18.
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Figure 3.18: Schematics of the principle of a PMT

The PMTs used in XENON100 are the HAMAMATSU R8520-06-Al 1 inch square which were
selected for their low radioactivity and for their relatively small size, thus allowing better position
resolution [86]. To be able to operate at temperatures reaching -110°C', the PMTs have a special
bialkali photocathode and are optimized to be more sensitive to 178 nm scintillation light |18].

There is a total of 242 PMTs on XENON100, divided into a top array, a bottom array and a veto
array. The top array is located at the top of the TPC in the gaseous layer and is composed of 98
PMTs arranged in a circular pattern to improve the resolution of the radial position reconstruction
as shown on figure 3.19. The light collection efficiency is not deteriorated much by this pattern as
the holding structure is made of PTFE which acts as a reflector. The radius of this circular pattern
is bigger than the TPC’s to improve position reconstruction at the edges.

The bottom array, located at the very bottom in the liquid layer of the TPC, is made of 80 PMTs
arranged in square so as to maximize the light collection efficiency, as shown on figure 3.20.

The last 64 PMTs are located in the veto region of the detector equally separated between top
and bottom. The arrangement of these pmts is different than for the TPC PMTs and is made so

that the light from top, bottom and sides of the active veto can be simultaneously detected. This is
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Figure 3.20: The bottom PMT array of the XENON100 TPC.

done by alternatively pointing the PMTs inward and down for the top PMTs and inward and up for
the bottom PMTs.

Quantum Efficiency

A characteristic of PMTs which must be discussed is the so called quantum efficiency (QE) which is
a measure of how well electrons leave the photocathode after a photon has reached it. This number
is provided by the company who made the PMTs (in this case Hamamatsu). The results as presented
on figure 3.21 indicate that the top array has an average of 25% while the bottom array has a higher
QE of about 33% and the veto array about 23%.

The higher QE value for the bottom array is necessary as the S1 signal needs higher photostatistics
in order to be able to improve the energy threshold beyond which the knowledge of the detector is
good enough that events can be recorded and analyzed. Note that the QE measurements have

big uncertainties as it is a difficult measurement to carry out, consequently Hamamatsu does not



74 Chapter 3. The XENON100 Experiment

8 i _
'g 40 = —— Top Array
= 3% || exem Bottom Array
20E- — - Veto PMTs
252_ =y
20 i
s
10F- I
i | pmene— e :
e 1 i
= { - meamy  pueni P e
_L1J|_L _|_l|||=.L!"|"'_|:_|_i|||||||||||||11
qB 20 22 24 26 28 30 32 34 36

Quantum Efficiency [%]

Figure 3.21: Quantum efficiency of the top, bottom and veto PMTs used in XENON100 [15]

measure QE directly. Rather they measure the photocathode’s sensitivity to blue light (Skb) which
is correlated with QE as shown on figure 3.22. As can be seen, the error on the correlation is rather

big which is why QE is not known precisely.

3.3.7 Data Acquisition

The XENON100 data acquisition (DAQ) system, whose drawing can be seen in figure 3.23 governs
the trigger logic of the experiment. All the 242 PMTs give out a signal which is amplified 10 times
by Phillips PS776 amplifiers. The amplified signal is then digitized by 31 CAEN V1724 flash ADCs
with 100 MHz sampling rate, 14 bit resolution, and 40 MHz bandwidth.

The first step in recording an event is to recognize a signal as such. This is done using only
the 68 inner top array PMTs and the 16 inner bottom PMTs, whose individual signals are summed
up in Phillips 740 fan-ins and passed through a shaping amplifier (Spec Amp) to determine if the
summed signal is a multiple coincidence on PMTs, which would lead to an S1, or just noise on a
single channel. To do this, the shaping amplifier integrates the input signal to give out an output
signal with an integration time constant of 1 ps. At this point, a discriminator (Discr) is used to
check if this integral is above or below a software fixed threshold. If it is above, the signal is identified
as a trigger (Trig).

When a signal has been tagged as a trigger, another subsystem of the DAQ takes over, to make
sure and avoid pile up events. The ADCs will then trigger (ADCTrig) only if a signal was considered
an event by the trigger and if the ADC did not trigger in the last 0.5 ms. During the 0.5 ms holdoff,
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Figure 3.22: Sensitivity to blue light (SKb) versus quantum efficiency (QE) for the HAMAMATSU R8520
PMTs used in XENON100.

the ADCs send out a busy signal thus preventing ADC triggering.

Finally to keep track of time and count events, a timing subsystem is in place, which uses a clock
to record real time, livetime and deadtime. The livetime and deadtime are recorded if the ADCs

respectively are not sending or are sending out a busy signal.

Deadtime-Less Mode

The DAQ operation can be optimized as the ADCs allow deadtime-less mode. Deadtime is mostly
induced by the transfer time between the ADCs’ memory and the computer. If the ADCs did trigger
only when they are not transfering data, a lot of data would be lost. To avoid this, the ADCs must
record signals at all times. To do this without loss, the signals are continuously recorded on the
memory of the ADCs which is made of a circular buffer with 512 kB of available space for each PMT
channel. As the signals are being recorded, the previous signals are being transfered to the computer
so that when the buffer is full, it just loops back and new signals are being recorded on top of older,

already transfered ones.
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Figure 3.23: Schematics of the data acquisition system of XENON100 [15]. The black circles indicate a false
input.
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Zero Length Encoding

To ensure that no signal is missed, it is important to have a large enough acquisition window. The
drift time of the ionization electron being 175 us maximum, the window is set at 400 us, so more than
twice as much. Moreover the trigger is placed at the center of the window so that it records always
200 us before and after the event. This is necessary so that if the trigger occurs due to a S1, the
S2 signal which comes 175us later is also recorded and vice versa. Only this way, is it insured that
the full signal (S1 and S2) are always recorded. However, because the acquisition window is so wide,
most of the digitized waveform is just background noise, which is uninteresting for the purpose of
the experiment. Consequently this background increases considerably the data size and so, because
it isn’t of any particular interest, it is necessary to try to remove it in order to minimize data size as
much as possible. To do so, the zero length encoding algorithm (ZLEA) is used. Each waveform is
mostly composed of noise, and of at least one S1 and one S2 peak, which constitute almost entirely
the data of interest. The ZLEA gets rid of the sizable noise by recording only data that is above a

software set threshold, plus 50 samples (500 ns) before and after this above threshold region. To be
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able to reconstitute the entire waveform afterwards, the ZLEA records the time in between each peak
thus allowing to reproduce their relative position. The baseline is also reconstituted as one value, as
the information about the fluctuations have been lost. Figure 3.24 shows an example of waveform
encoded with zero length, where three PMTs triggered and only the region around the peaks was

recorded while the remainder of the waveform was in fact replaced by a single baseline.
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Figure 3.24: Waveform encoded with zero length [18].

3.4 Calibration of the Detector

To fully understand the experiment a series of calibrations are carried out frequently. These allow
to monitor the response of the detector to diverse particles such as gammas and neutrons, as well as

the behavior over time of certain sub-systems such as the PMTs.

3.4.1 PMT Calibration

As explained in section 3.3.6, PMTs are a vital part of the experiment as all the information about an
event comes directly from them. The PMTs have not been changed since 2008 so it is important to
understand their behavior over time, whether they simply break down or became noisy. In addition
to the simple monitoring of the condition of the PMTs, their individual performance are parametrized
through gain calibrations. The gain is a measure of how well a PM'T amplifies the signal from an
incoming photon and is taken as the ratio of the charge output from the PMT to the charge coming
off the photocathode. Knowing the gain is thus necessary to convert back from a signal in ADC

counts to a signal in photoelectrons, which is essential for data analysis.
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Gain calibrations are performed weekly for all 242 PMTs using a blue nanosecond pulse LED
located outside the detector and linked to the inside via optical fibers. The fibers are located
uniformally throughout the detector and the veto so as to ensure an homogeneous light distribution.
A trigger is set on each pulse, whether or not the PMT receives a photon. Additionally the intensity
of the light is set low enough that a PMT receives a photon only on less than 5% of the events, thus
avoiding contamination from coincident photoelectrons, which also means that the charge coming off
the photocathode is one single photoelectron. As for the charge output of the PMT, it is measured
by integrating the spectrum over the pulse duration. The gain spectrum is thus obtained by rescaling
the charge output by the charge of the electron. A typical gain calibration spectrum as shown on
figure 3.25, presents two contributions, a noise peak on the left, of no interest, corresponding to these
triggers where the PMT did not see a signal, and the single photoelectron peak on the right. It is by
fitting this latter peak and extracting the mean value from the fit that the gain is then determined.
Overall, the average gain is very stable within +1%, indicating that the PMTs are still performing
adequately. More details about the calibration procedure and results can be found in |16] and in

187].
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Figure 3.25: Typical gain calibration spectrum [15].

3.4.2 Electron Drift Lifetime

Another crucial parameter in the experiment is the electron drift lifetime 7., which corresponds to
the time after which 1 /e drifting electrons will have been captured by impurities. It can be calculated
for each impurity element according to equation 3.4 where my. is the mass of a xenon atom, C is the
concentration of the impurity, k is the electron attachment rate of the impurity, px. is the density

of xenon and so px./mxe is the number density of xenon atoms.



3.4. Calibration of the Detector 79

Mmxe

B C.pXel{Z

Te (3.4)

The electron lifetime is thus a direct measure of the purity of the LLXe and is directly linked to the
intensity of the S2 signal and the drift time. The more impurities, the lesser the electron lifetime and
the intensity of the S2. Typical values for oxygen in xenon are k = 10" mol=! L s7! and C' = 107°.

The electron lifetime is determined by exponentially fitting S2 signals as a function of the drift
time as shown on figure 3.26. To do this, a 37C's source emitting 662 keV gammas is used. Such a
source presents a spectrum with two contributions, a clear peak corresponding to a full energy peak
of the 662 keV gamma and a smaller peak due to Compton scattering. Details on this source and
its properties will be given in chapter 4. The S2s used for the calculation of the electron lifetime,
correspond to the Sl1s in the full absorption peak of the Cs spectrum. The drift time can then be

easily calculated by taking the difference in positions between the corresponding S1s and S2s.
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Figure 3.26: Calculation of the electron lifetime from the S2 signal of a 137C's source. [15].

In the example of figure 3.26, the electron lifetime is calculated to be 556 s, so almost three
times as much as the maximum drift time for the maximal drift length of 300 mm, thus ensuring
that charge signals from the bottom of the TPC reach the gas phase. Such a calibration is performed

weekly to ensure of the stability of the detector and of the capacity to drift charges.

3.4.3 Energy Calibration

The signals ST and S2 read by the PMTs are converted to units of photoelectrons (pe) i.e. the number
of electrons coming from one photon entering the PMT as described in section 3.4.1. However
to be able to analyze the data, knowing the number of photoelectrons from an interaction is not
sufficient and it is necessary to be able to determine the energy of the actual recoil. Because of the
different xenon response to nuclear and electronic recoils the same amount of energy deposited will

give a different number of pe whether the interactions was nuclear or electronic. Consequently two
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energy scales are defined, respectively in units of keVnr (keV nuclear recoil) and keVee (keV electron
equivalent). To complicate the matter, the conversion factor between pe and energy is not a constant
but a function dependent on that same deposited energy. Consequently dedicated measurements and

calibrations are performed to be able to determine these functions.

Electron Recoil Energy Scale keVee

The electron recoil energy scale, or electron equivalent energy is important because the dominant
background in the detector manifests itself as electronic recoils, while a potential dark matter signal
would manifest itself as nuclear recoil. This energy scale is determined by using several gamma
sources whose energy is well known, such as 37C's . By fitting the full absorption peak, one can
obtain the photoelectrons to energy conversion for this particular energy. Doing this for several
sources and then fitting a model to the points allows to determine the conversion over the entire
energy scale. When the unit keVee is used it means that this conversion has already been applied to
the data. Note that this energy scale depends also on the purity and the light yield of the detector,

and thus gamma calibrations have to be performed weekly.

Nuclear Recoil Energy Scale keVnr

The nuclear recoil energy scale is an S1 only energy scale and is of utmost importance as WIMPs
are expected to scatter coherently off of the nucleus. This energy scale is non-linear because it is
determined by nuclear quenching. Additionally neutron sources emit a spectrum of energies instead
of one specific energy, making it much harder to measure. The conversion between scintillation signal
S1 in pe and energy of nuclear recoil E,, as shown on equation 3.5 is thus not a simple factor but

several parameters which themselves must be well known.

s1.w s 1 S.
€ L}/i22keV Leff(Em“> SnT

B, = (3.5)

In this equation, € is the efficiency of collecting the scintillation photons, W is the average energy
to produce a scintillation photon, L.s; is the so called relative scintillation efficiency which will be
defined in the next subsection, LYjsokevee is in units of pe/keVee and is the light yield for electron
recoils at 122 keVee and S,. and S, are the field quenching factors for electron and nuclear recoils

whose values depend on the strength of the electric field applied.
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Relative Scintillation Efficiency Lesy  Lesy is thus a crucial parameter to determine the nuclear recoil
energy scale and needs to be defined as precisely as possible. It itself depends on the nuclear recoil
energy and is defined as in equation 3.6 where LY., is the light yield for electron recoils of energy
E,,. and LYi99revee 18 again the light yield for electron recoils at 122 keVee. This last point will be

explained furthermore in the next chapter.

_ LY (En)

Lepf(Eny) = (3.6)

L}/122ke\/ee

Legs has historically been related to the 122 keV v rays emitted by a >Co source at zero electric
field. Several dedicated experiments have been set up to try and measure L.f; but disagreement
arose especially at low energies where no data is available [88] [89] [90] [91] [92]. For LXe, L.ss has
been measured only up to 3 keVr [88|. Below this value, various extrapolations have been used. The

global fit to all data points from different experiments is shown on figure 3.27.
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Figure 3.27: Relative scintillation efficiency measured for different experiments |19|

However, the choice of extrapolation can and has been questioned [93]. Indeed, if the extrapolation
were not correct at low energy, then the nuclear recoil energy scale would be wrong at these energies
which would have a non negligible impact on the sensitivity of the experiment at low energies.
However, the impact of this has been minimized as the fit and the extrapolation are treated in a
profile likelihood (PL) analysis [22| which accounts for the systematics in the measurements and in

the extrapolation. More details on this PL analysis will be given in section 3.6.3.
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3.5 Detector Response to Backgrounds and Particle Identification

To be able to detect dark matter, the detector’s response to every signal must be very well known so
as to be able to discriminate the background events from a possible dark matter signal. As already
mentioned, the detector’s response differs greatly depending on the type of incident particle, due to
the relative size between scintillation signal S1 and proportional signal S2. In the following, this will

be explained in more details and all major sources of background will be considered.

3.5.1 Neutrons

Neutrons are by far, the most important background as their interaction gives rise to a nuclear
recoil and thus mimics a dark matter signal. Consequently they are shielded against by being
deep underground, by surrounding the detector with water and polyethylene and by choosing low
radioactivity materials. All these precautions lead to a background of less than 1 neutron per year
and so a few neutrons still manage to pass into the detector, mostly coming from muons and from
the surrounding materials, through («, n) reactions and spontaneous fission. All these neutrons have
very different energies and the detector’s response to them is thus different.

For energies higher than 1 MeV, neutrons mainly interact via elastic scattering with Xe nuclei
thus producing simple nuclear recoils. These neutrons constitute an irreducible background, however,
because of their high energy and a mean free path of about 10 cm, they are very likely to scatter
multiple times in the detector and thus be easily rejected as background.

However at neutron energies of about 1 MeV, inelastic scattering starts to occur mainly via
interactions of the type AXe(n, n/)AXe*. The product of this interaction is an excited Xe nucleus
which eventually decays by emitting gamma-rays. While most of the time, this decay happens
relatively fast (on the order of 0.1 ns), sometimes, as in the case of 12 Xe and ¥ Xe, it happens days
after the irradiation due to their long lifetime. Indeed, low order transitions to the ground state are
forbidden, thus resulting in long lifetimes.

For energies lower than 100 keV, elastic scattering remains the main process however the nuclear
recoils coming from these interactions are usually too small to be measured. In addition to elastic
scattering, radiative capture, AXe(n, 7)A+1Xe*, also occurs.

While neutron elastic scattering constitutes an irreducible background, neutron inelastic scatter-
ing do not as the emitted + rays have an energy far beyond the range of interest. In addition, because

the favored process for this interaction is excitation, interacting neutrons will give a much bigger S1



3.5. Detector Response to Backgrounds and Particle Identification 83

than S2 signal, making these interactions easily identifiable.

However, the gammas emitted from neutron inelastic scattering are used as a powerful calibration
tool for the detector as will be shown in the next chapter. Indeed by using a neutron source, these
gammas which otherwise would be too low energy to penetrate the detector, are emitted directly

into the detector and thus allow a uniform calibration.

3.5.2 Gammas

Depending on their energy, gamma rays interact with the electronic cloud surrounding a nucleus in
three different processes, the photoelectric effect, the Compton effect and the pair production effect,
which all produce electron recoils. All three processes are shown on figure 3.28 which presents the
attenuation coefficient in xenon as a function of the energy of the incident gamma.

It can be seen that in the region of interest from 600 keV to 1 MeV, Compton scattering is
the dominant effect. Additionally, while a gamma ray is completely absorbed in the case of the
photoelectric effect and pair production, it may continue its trajectory in the case of Compton
scattering and interact many more times thus producing new electrons. Consequently Compton
scattering is the main interaction process in the detector and electronic recoils from low energy

Compton scatters constitutes the biggest external electronic background. This will be extensively

explained in the next chapter.
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Figure 3.28: Attenuation coefficient in xenon for the photoelectric effect, Compton scattering and pair

production [20].
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3.5.3 Particle Identification

It is to be noted that XENON100 does not identify per say the type of interacting particles but
instead identifies the type of interaction so whether it gives nuclear or electronic recoils. In addition,
any identification is purely statistical, meaning that an event is identified as ER or NR based on the

probability that it is one or the other.

Nuclear and Electronic Recoils

When understanding interactions from nuclear or electronic recoils in the detector, obvious discrim-
ination means arise which are based on using the ratio between S1 and S2 signals. As mentioned
before, S1 signals come from the prompt scintillation in the liquid xenon and S2 signals come from
the extracted ionization signal that generates proportional scintillation in the gas phase. Also be-
cause of the amplification in the proportional scintillation, S2 signals are always much bigger than
S1 signals. In addition, the ionization yield is different for electron and nuclear recoils, an S2 signal
coming from an initial nuclear recoil is going to be smaller than an S2 signal coming from an initial
electronic recoil. Consequently, the ratio S2/S1 will always be much smaller for nuclear recoils than
for electronic recoils.

To clearly visualize this discrimination effect, the detector must be submitted to a high flux of
neutrons and gammas. For this purpose an ?*'! AmBe neutron source and a Co and ?32Th gamma
source are used. Figure 3.29 shows the S2/S1 ratio distribution as a function of energy for both
sources.

While it is clear that the median for NR (red in figure 3.29) is much lower than for ER (blue in
figure 3.29), there is no precise boundary for both bands. Consequently, the discrimination between
ER and NR is not completely straight forward. Indeed, the ER band leaks into the NR band making
particle identification more difficult and thus constituting an irreducible electron recoil background.
To solve that and remove this background, all the NR above the median line (red) are removed thus

giving a 50% NR acceptance and 99.75% of the ER are rejected [23].

WIMP

Because WIMPs are expected to interact via nuclear recoil, the region of interest for the search for
WIMPs, shown in figure 3.30 has to be in the nuclear recoil band (lower green dotted line) and well

below the electronic recoil band (upper green dotted line). Additionally it has to be between the
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Figure 3.29: Electronic (top) and nuclear (bottom) recoil bands from %°Co and 2*2Th (top) and
2 AmBe (bottom) calibration data, respectively, using the discrimination parameter
log10(52/S51) as a function of nuclear recoil equivalent energy (keVnr) according to equation
3.5. Colored lines correspond to the median of both bands, blue for electronic recoils and red
for nuclear recoils. The vertical lines correspond to the WIMP search window while the long
dashed line is a software threshold of 300 pe. |21].

range of recoil energies expected for WIMP interactions. It has been chosen between 6.6 and 30.5
keVnr (left dashed blue line + right green dotted line) as shown on figure 3.30.

In this figure, the bands are shown in a flattened space where the mean of the electron recoil
band (blue curve in figure 3.29) has been subtracted. This is done to flatten the background so that

a nuclear recoil signal is more obviously identifiable.

Alphas

Alpha particles come mostly from the decay of radioactive elements and have high typical energy
of about 5 MeV. There are two sources of alphas, decays from the xenon itself and decays which
occurred somewhere in the surrounding materials. As shown on figure 3.31, the stopping power for
alphas in xenon is very high of the order of 10 MeV ¢m?¢g~?, which means that if an alpha interaction
happens inside the detector, it is essentially pointlike. The energy released in such an interaction is so
large that any alpha interaction happening in these conditions is easily identifiable and discriminated

against.
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Figure 3.30: WIMP region of interest superimposed with nuclear recoil and electronic recoil calibration data.
The top dotted green line corresponds to 99.75% ER rejection, the bottom top dotted green
light corresponds to the 97% NR quantile. The left dashed blue line and the right green dotted
line correspond to the energy window for WIMP recoil energy. The small blue dashed line in
the bottom left corner shows the negligible impact of the S2>150 pe threshold cut.

Similarly, if the alpha comes from outside the detector, it will have already lost most of its energy
on the way and if it reaches the detector, it will surely interact on the edges of the detector and will
then be cut off during fiducialization. Because of this, alphas do not represent any background for

the XENON100 experiment which is thus alpha-free.

Betas

Only one natural existing isotope of xenon is radioactive and could be a source of beta emission.
136 X'e, indeed, undergoes a double 3~ decay with a half-life of 2.165- 10*'yrs [84|. However both * K7
and radon daughters are also beta emitters and will not be taken out of the xenon target by the
getter (see section 3.3.4). While XENON10 was not sensitive enough and had a too high background
to even care about betas, this is not the case for XENON100, and will be even worse for XENON1T
where betas will become the dominant background. Indeed because betas are charged particles they
have a very small interaction length in the xenon and cannot be avoided, especially in the fiducial

volume. However, they constitute an electronic recoil and can thus be discriminated against. In

XENON100, the background consists of about 50% betas.
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Figure 3.31: Stopping power for alpha particles in 13! Xe [20].

3.6 Data Analysis

Once the data has been acquired, it needs of course to be carefully analyzed. The details of this

lengthy procedure can be found in [94]. However, a few key features will be discussed here.

3.6.1 Position Correction

As explained in section 3.1.5, one of the priorities is to be able to determine where in the detector

did an interaction happened and so be able to reconstruct the position of an event.

However, the x-y-z position reconstruction is not as trivial as it seems. Indeed the two PMT

arrays light collection is non-uniform due to geometrical effects, dead PMTs and different PMT

behavior. Additionally depending on where the interaction took place the scintillation light and more

importantly the ionization signal must travel more or less distance and are more or less attenuated

by residual impurities. Because of this, the detector’s response to S1 and S2 signals is position

dependent. Consequently, before being able to reconstruct an event, the detector’s response to S1

and S2 and consequently the signals themselves must be corrected. This is done for S1 by mapping

the light yield throughout the detector, a procedure which will be the main focus of the next chapter.

For S2, this is done by correcting for the electron lifetime.
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3.6.2 Data Quality Cuts

Once the position of the data has been reconstructed, the first step of the analysis is to discard
those events who are obviously not coming from a WIMP-interaction and only select the most likely
candidates. For this purpose, many data quality cuts are applied to the data. As a rule, any event
which fails more than three cuts is immediately discarded.

For an S1 signal to be considered, it must be seen by at least two PMTs and be larger than 0.35
pe to be clearly visible above electronic noise [94].

Because WIMPs are expected to scatter only once in the detector, any multiple scatter event is
rejected by simply looking at its spatial reconstruction. Any scattering which happens with greater
than 3 mm separation in z can be easily identified and is systematically rejected, because two distinct
S2 peaks can be identified.

To make sure that no noise might be mistaken for a real interaction, each event must have a
signal to noise ratio above a certain threshold. Too noisy events are also removed.

Of course, for each S1 signal, there must at be at least one coincident S2 signal and no other
coincident S1 in either the TPC or the active veto.

For an event to be considered valid, the biggest S2 peak must be bigger than the trigger threshold,
cannot be too wide or too asymmetric.

Finally, to be considered, an event must of course be in the right calibration band and in the

pre-defined fiducial volume (the region of interest of figure 3.30).

3.6.3 Profile Likelihood Analysis

After the analysis and the event selection has been done, the remaining few events are all possible
dark matter candidates. To be able to tell if they are indeed a dark matter candidate, which would
lead to a discovery, or if they are simple background fluctuations (which then places a limit on the
WIMP-nucleon cross section), these events must be run through a statistical model. In XENON100,
the method used is the profile likelihood (PL) analysis [22].

The full likelihood function for a given WIMP mass m, and a given cross section o is the product
of the likelihoods of all the measurements done to constrain the nuisance parameters. It is given by
equation 3.7, where %] is the main measurement from the detector, .% is the nuclear recoil band
measurement, %5 is the electron recoil band measurement, .7 is the L.fy measurement and .Z;
is the measurement of the galactic escape velocity. The main advantage of using the PL analysis

over other statistical methods is that it takes into account both calibration and dark matter data
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as parameters as well as the systematic uncertainties due to L.ys and v.s, which are treated with
their own likelihood functions .Zy(Lesr) and Z5(vesc) and are multiplied to the normal likelihood
(0, Ny, €5, €4, Loff, Vesei Mey).

L = 9?1(0-7 Nb> €s, Ebacgeffavesc; mx) X c%(es) X 9%(65) X DZI(Leff) X 35(?-]680) (37)

To calculate this likelihood, the nuclear recoil calibration is divided into bands containing the
same amount of data. The electron recoil calibration data is then superimposed on these bands and
the amount of electronic recoils is calculated for each band, thus giving a background distribution

function. This is shown on figure 3.32.
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Figure 3.32: Profile likelihood analysis. The blue dots are the electronic recoils from a %°Co calibration
source. The red dots are the nuclear recoils from an 24 AmBe calibration source. The thin lines
represent the j bands of the analysis, while the two thick lines are the median of the nuclear
recoil and electronic recoil bands. The dashed vertical lines represent the relevant S1 parameter
range [22].

It is noteworthy to mention that the profile likelihood analysis is performed over all parameters,
including all calibration and WIMP search data, in order to define the maximum possible likelihood.
Moreover, it is always performed to check for two hypotheses, that is whether the residual events

after a dark matter search are consistent with background only or with background plus signal.
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3.7 Dark Matter Search Results

After 225 live days of data taking, the results of the dark matter search were disclosed. To ensure
that the data was not biased, a blind analysis was performed, using only calibration and side bands
data. Because the data from the WIMP ROI is never looked at, the analysis is referred to as a
blinded analysis. Once the analysis package was done and completed, the ROI was unblinded and
the analysis package run over it. There was no post-analysis of the data, except to identify the
remaining events.

Within the defined ROI, only two events remained as shown on figure 3.33 when only one was

expected from the background.
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Figure 3.33: The two events from the XENON100 225 live days results. Right: as seen in the WIMP ROI
with the calibration bands. Left: as seen on the physical detector

Running the PL analysis on these two events revealed that there was a 26.4% probability that
they were due to background fluctuation. Because the PL analysis could not reject entirely the fact
that these could only be background events, no claim of discovery was made and only a new limit in
sensitivity was obtained, albeit, the best in the world at the time, reaching to cross-sections up to
2.0 -107%cm? (figure 3.34).

Note that in late 2013, the LUX experiment, which operates a dual phase xenon TPC almost
identical in design to XENON100, released results on a dark matter search. With an increased mass
of 250 kg and a fiducial volume of 118 kg, combined with a low energy threshold of 3 keVnr due to
a high light yield and careful efficiency modeling, LUX placed a limit on the WIMP-nucleon cross
section at og; < 7.6 - 107%cm? for a 33 GeV/c* WIMP |[75]. This independent search and analysis

provides a powerful confirmation of the XENON100 results.
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Figure 3.34: Results on spin-independent scattering from 225 live days of data by XENON100 |23|

Since the release of the XENON100 spin independent results, other analyses have been performed
on the data such as a spin dependent search which also led to new improved sensitivities |95| and
an inelastic dark matter search |76|, which looks for interactions due to DM particles which can
upscatter to an excited state in the collision process. The main result from the inelastic DM search

was that it ruled out the claim that the DAMA /LIBRA data could be due to inelastic dark matter.
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4.1 Introduction to Light Yield

As explained in the previous chapter, the XENON100 experiment detects scintillation light from
interaction of particles with a liquid xenon target to look for dark matter interactions. The detection
of this light is thus one of the most important components of the experiment. In addition to the
amount of light liberated in the interaction, which is dependent on the recoil energy, the efficiency of
the light collection must be known. This is a dominantly geometrical effect and highly depends on
the interaction position in the detector. The two quantities of interest related to these effects are the
light yield (LY), which is the number of photoelectrons detected by the PMTs per keV recoil energy
(pe/keV), and the light collection efficiency (LCE), which is a dimensionless quantity defined as the
local light yield divided by the average light yield in the detector.

To be able to measure the energy spectra of the background and a possible dark matter signal
above this background, the energy resolution must be as small as possible. The dominant contribution
to the energy resolution is the variation in light collection efficiency as a function of the position in the
detector. The bigger the variations, the worse the energy resolution. Consequently, these variations

in the detector’s response to light must be corrected for. This means that for a given recoil energy,
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the S1 signal should be corrected to account for the position dependent light collection efficiency.
For example, this means that for the same energy recoil, the corrected S1 signal should be the same
whether the interaction happened at the top or at the bottom of the TPC. Consequently, the S1
light collection efficiency is mapped out throughout the detector and used to apply a correction to
the raw S1 signal.

In addition, because the detector is cylindrical, the LCE should be axially symmetric to lowest
order, which means that the correction maps need in principle only be done in r and z. Figure 4.1
shows the 2D corrrection map which was used up to the 100 live days dark matter search (run 8)
in 2011 [19]. The correction map shows the relative light collection efficiency, which is given by the
ratio of the local light yield to the average light yield in the detector.

relative LCE

Figure 4.1: The 2D light collection efficiency map for the XENON100 detector [15].

For run 10 of XENON100, which comprised 225 live days of data taken in 2011 and 2012 |23|,
the LCE maps had to be checked to ensure that the behavior of the detector had not changed.
Additionally, to facilitate analysis, there was a need to convert these 2D LCE(r,z) maps into 3D
LCE(x,y,z) maps. While no deviation from axial symmetry was expected, the first very coarse
LCE(x,y,z) map made revealed an axial asymmetry in the bottom part of the TPC as shown on
figure 4.2.

This finding was unexpected and gave rise to the concern that the assumption that the LCE
was axially symmetric was wrong, thus requiring a detailed study to be made on the matter. This

eventually led to the creation of 3D LCE(r,0,z) maps and a 3D correction function which was used
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Figure 4.2: Coarse LCE(x,y,z) map for the bottom part of the TPC. The black circle represents the edge of
TPC.

in the run 10 analysis and published results |23]|. This particular study is the object of this chapter.

4.2 Measuring the Light Collection Efficiency and Light Yield

To measure the LCE, the detector is exposed to a mono-energetic gamma source. Events where the
full gamma energy has been deposited in a single scattering site in the detector have a known recoil
energy which is equal to the incident gamma energy. By carefully selecting these events, the local
light yield can be obtained by measuring the S1 signal in number of photoelectrons detected by the
PMTs and normalizing this by the known incident gamma energy. By measuring the LY throughout
the detector, and normalizing by the average LY of the detector, the energy dependence cancels out

and the position dependent LCE is obtained.

4.2.1 Choosing a Calibration Source

In order to choose an adequate mono-energetic source, some considerations have to be taken into
account. Because of the high Z value of xenon, gamma radiation has generally a short attenuation
length. It is hence difficult to have sufficient statistics throughout the detector. In particular, at
lower gamma energies, the attenuation length is shorter than at higher energies. Because of this, a
source, such as ¥7C's , which emits high energy gammas should be chosen. Indeed, *"C's decays via
[~ into a metastable state of ¥ Ba which then in turn emits a 662 keV gamma when transitioning

to the ground state. This energy is high enough to penetrate to the center of the detector, and by
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positioning this source at three points about the axis of the detector one ensures that the sides of
the detector are illuminated more uniformly.

One shortcoming of using a high energy gamma source like 37C's is that XENON100 was designed
to detect low energy recoils. The S2 signals from such high energy recoils saturate the most brightly
illuminated PMTs, thus affecting the position reconstruction which would in turn affect the position
dependent LY and LCE. To avoid this problem, data was taken using a reduced voltage on the anode,
which in turn reduces the production of the proportional scintillation light of the S2 and prevents

PMT saturation.

4.2.2 Gamma Interactions

In general, gamma radiation can interact in the detector by three processes, photoelectric effect,
Compton scattering, and pair production. Since the 662 keV gamma from !37C's is less than twice
the electron mass, pair production is forbidden. Of the remaining two processes, the photoelectric
effect happens about 10% of the time and Compton scattering has the dominant cross section for

this energy as previously shown on figure 3.28.

Photoelectric Effect

The photoelectric effect is the absorption of a photon by an electron where the entire energy from
the photon goes into the ionization and recoil of the electron. The recoil energy F,.. is less than
the energy of the incident photon £, because of the binding energy of the atom Ep, and is related
by E,.c = E, — Ep. However, due to transitions of the ionized xenon atom such as x-ray emission
and Auger electrons, the binding energy of the ionized electron is released into the xenon medium
as well. Thus, the sum of the energy from the recoiling electron and the decay products from the
excited xenon atom gives the full incident photon energy. In the case of 1¥"C's this translates into a

full absorption peak at 662 keV on an S1 spectrum.

Compton Scattering

Compton scattering is the scattering of a photon off of an electron. The photon deposits some of its

energy to the electron which recoils while an outgoing photon of longer wavelength is emitted.
Because the local light yield calculation requires a full energy deposition in a single site, it is crucial

to understand how and where in the detector does Compton scattering happen. There are three

possibilities for the outgoing gamma. First, there are events where after the first Compton scatter,



4.2. Measuring the Light Collection Efficiency and Light Yield 97

the lower energy outgoing gamma can Compton scatter again, then the still lower energy outgoing
gamma of the second Compton scatter can also interact, ending in absorption by the photoelectric
effect, thereby depositing the full energy of the initial incident gamma in the detector. Due to the
spatial resolution of the detector mentioned in section 3.6.2, if these multiple scatters happen within
3 mm in 7, the detector cannot resolve them as separate scatters and they are interpreted as a single
interaction where the energy of the incident gamma has been fully absorbed by the electron, akin
to the photoelectric effect. These events are considered good calibration events and are the events
selected to calculate the light yield.

Second, some gammas undergo exactly the same process except for the fact that it happens on
distances higher than 3 mm. Again, as explained in section 3.6.2, these events are considered to be
multiple scatters, that is, separate events with two distinctly identifiable S2 signals. These events
are thus simply discarded.

Finally, some gammas after one or several scatters leave the detector. These events will thus not
contribute to the full absorption peak but will exhibit a separate feature in the spectrum.

That said, because the first category of events contributes to the full absorption peak and can
be used to determine the LY, it is important to be able to determine what percentage of the total
events will scatter within 3 mm. This is shown in equation 4.1 where the probability Pi.quer of a

second interaction happening within a distance d of the initial scatter is given by:

L
Pscatter = 7/ €le’, (41)
0

However, equation 4.1 depends on the mean free path [ of the outgoing gamma after the first
scatter. This mean free path can be calculated from the attenuation coefficient shown on figure 3.28
which itself depends on the energy of the outgoing photon EZ.

This outgoing photon energy is linked, via equation 4.2 to the wavelength of the outgoing photon
A, which itself depends on the initial wavelength of the photon A according to the Compton scattering
formula in equation 4.3 where h is the Planck constant, m, is the electron rest mass, ¢ is the speed

of light and @ is the scattering angle.

o (4.2)

(4.3)
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In addition, the fraction of incident gammas that undergo multiple scattering in the detector
can be understood by looking at the differential cross section for Compton scattering, given by the

Klein-Nishina formula :

d
é = a22P2(E,,0)[P(E,,0) + P™(E,,0) — 1 + cos>(0)]/2, (4.4)
where « is the fine structure constant, r. = h/mec is the reduced Compton wavelength of the
electron, m, is the electron mass, and P(E,,0) is the ratio of photon energy E. after and before
scattering, derived from equations 4.2 and 4.3 and given by:
E 1

P(E,.0) = F: 1+ (E,/mec?)(1 — cos(0)) (4:5)

Averaging equation 4.4 over all scattering angles allows to derive the average energy of a photon
that has undergone a single Compton scatter. This average energy of the outgoing photon is then
given by:

p(E,) = VM (4.6)

Applying equation 4.6 for a 662 keV gamma, the average energy of the outgoing photon after
one Compton scatter is 398 keV. Looking at figure 3.28, the mean free path at this energy is 3.3 cm.
Using this number in equation 4.1 and integrating from 0 to 3 mm, one can finally answer that the
probability Pis.uer 0f a second interaction happening within 3 mm in z of the initial scatter for a 662

keV photon is 9% which means that the remaining 91% of incident photons that undergo Compton

scattering either multiple scatter and are thus discarded or leave the detector.

4.2.3 S1 Spectrum

Now that the proportions of events which can be used in the calibration have been calculated, the
last point is to establish what the S1 spectrum should look like.

In gamma spectroscopy, there is typically a Compton edge with a gap between the maximum
energy deposition due to Compton scattering (see equation 4.3 for # = 180°) and the full absorption
peak. This is what should be expected in this case. However, some photons lose energy by scattering
in the cryostat and other materials before they enter the detector. These photons will then be more
easily fully absorbed. However this full absorption will happen at lower energy, thus smearing the full
absorption peak towards lower energies. Similarly, events who leave the detector may have scattered

multiple times before leaving the detector, losing energy in the process. By doing so the Compton
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edge is smeared into a peak (hereafter called the Compton peak). Finally, the combination of these
two effects bridges the gap between the Compton edge and the full absorption peak so there is no
visible Compton edge.

Additionally, since the energy of forward and backward scattered photons is different, as shown in
equation 4.3, the location of the Compton peak depends on the event position relative to the source.

This is represented on figure 4.3.
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Figure 4.3: Spectra of the S1 light (pe) in the detector from a 37C's calibration for initial scatters opposite
the source position (top left), in the center of the TPC (top right) and next to the source position
(bottom).

For events with an initial scatter near the source, forward scattering higher energy gammas
have a large volume of xenon to traverse before leaving the detector, and thus there are few forward
scattering gammas that leave the detector. However, for backward scattering photons, there is a high
probability to leave the detector, thus giving rise to a high energy Compton peak. This is shown on
figure 4.3 (bottom) where the Compton peak is clearly dominated by backscattered photons.

At the opposite side of the detector from the source, the converse is true. Forward scattering
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high energy gammas have a high probability to leave the detector as they have already traversed
most of the detector without interacting, thus giving rise to a lower Compton peak, while backward
scattering gammas have to traverse again the whole detector to leave and so have a low probability
to escape. This is shown on figure 4.3 (top left) where the dominant contribution of single scatter
events is due to photons that undergo a single Compton scatter in the forward direction and then
escape the detector.

For initial scatters in the center of the detector, there is a low probability for the gamma to leave
in any direction. This is shown on figure 4.3 (top right) where the Compton peak is negligible and
the only visible feature is the full absorption peak.

Note that to plot the S1 spectrum for '¥7C's calibration data, a minimal set of data quality cuts
is applied. The cuts used are a signal to noise cut that ensures the S1 signal is clearly visible above
any noise present on the waveform, a veto cut which ensures that events have not triggered in the
veto before triggering in the TPC, a single S1 selection cut that discards waveforms with multiple S1
signals, and a single scatter cut that removes events with multiple S2s coming from multiple scatters
farther apart than the 3 mm necessary to resolve these events in XENON100. The events that pass
these selection criteria should consist predominantly of single site events due to full absorption from
the photoelectric effect or Compton scattering. Note that while extensive data quality cuts were
defined for the dark matter search analysis, a minimum set were used here to minimize the bias on
the light yield measurement.

Finally, to fit the data, a two Gaussian fit function is used, which matches the full absorption peak
and Compton peak well. The light yield is calculated from the fit function according to equation 5.1
where LY is the light yield in pe/keV, and < S1y,, > the S1 signal associated to the mean of the full

absorption peak.

< Slygp >

Ly = 662keV (4.7)

4.3 3D rfz Maps of the Light Yield

Now that the procedure to calculate the local light yield has been laid out, 3D position dependent
maps of the light yield can be produced.
For these maps, 7C's data from both run 8 and run 10, which was taken at all three source

locations, were combined.



4.3. 3D rfz Maps of the Light Yield 101

The detector is divided in 1450 bins, 10 bins in z, making each slab 3 cm thick, 5 bins in r and
respectively 10, 15, 20, 40 or 60 bins in # for increasing r. The detector should indeed be divided in
as many bins as possible so as to be able to calculate the most precise ly maps later on. This number
was found as the maximum possible number of bins which would all have sufficient statistics.

Following the method described in the previous section, for each of these 1450 bins, the S1 spectra
have been plotted and fitted and the corresponding light yield calculated. Because of the big amount
of data required not all fits are presented here but only a small subset of them are shown on figure

4.4 as an example.
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Figure 4.4: Example of S1 spectra with associated fits used to calculate and make the light yield map.

The corresponding light yield maps are shown on figure 4.5. The asymmetry is once again
extremely clear in the lowest two slabs of the TPC, so within 6 cm of the bottom.

These maps give an average light yield on the whole TPC of 1.6 pe/keV with a minimum light
yield of 0.9 pe/keV at the top of the TPC and a maximum light yield of 3.3 pe/keV at the bottom
of the TPC.
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Figure 4.5: Light yield maps for the 9 z slabs of the TPC from top to bottom (z ranges from 0 to -303 mm)
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4.4 Evolution of the LY over Time

As mentioned in the previous section, data from run 8 and run 10 have been combined to give out
the most statistics especially at the center of the TPC. However these two runs happened 1.5 years
apart from one another and the light yield in the TPC could very well have changed in that amount
of time. It was thus necessary to check that the light yield was indeed the same for these two runs.
This was done by generating ly maps for both runs and dividing the maps from run 10 by the maps
from run 8. The results is shown on figure 4.6. There is effectively no difference between in light
yield between the two datasets, except for a few localized discrepancies due to differently functioning

PMTs, thus making the combined use of run 8 and run 10 appropriate.
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Figure 4.6: Ratio of the light yield maps of run 10 over those of run 8 from top to bottom of the TPC.

4.5 Quantifying the Asymmetry

To quantify the asymmetry, the light yield is plotted as a function of 8 and compared for all vertical

z slabs at different radial positions r. This is shown on figure 4.7.
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Figure 4.7: Light yield as a function of the azimuthal angle 6 for different vertical slabs z of the TPC and
radial rings r.

Once again, the same two obvious features are observed however perhaps even more evidently.
First the light yield increases from top to bottom of the TPC and second, the light yield axially
fluctuates much more at the bottom of the TPC especially for radii superior to 60 mm.

To quantify these azimuthal fluctuations, order 0 polynomial fits are done to each plot of figure

4.7 and the corresponding reduced x? is computed. In this case the reduced x? is a measure of how
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flat in light yield each ring is and gives thus an idea of how big an asymmetry there is. This is
shown on figure 4.8. For most of the detector, the reduced y? is around 2, which corresponds to
a rather flat distribution. The reason the reduced y? is greater than 1 is that there are additional
systematics that are difficult to quantify in the error treatment, such as the finite bin sizes for the
LY measurements. However, the reduced x? goes up to 14 in the outer rings of the bottom part of
the TPC which means that these azimuthal fluctuations are indeed a real asymmetry and not just

some random fluctuations.
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Figure 4.8: Reduced x? for each z,r ring of the TPC

4.6 Cause of the Asymmetry

Unfortunately the cause of the asymmetry is still as of today, unknown. Several hypotheses have
indeed been put forward however they are all extremely difficult or impossible to test until the
detector is emptied or that dedicated experiment be built to answer those questions. Amongst
these hypotheses, four are the most likely. First, some PMTs have different quantum efficiencies
and thus lead a different amount of lights than other. This however is difficult to test without a
dedicated experiment. Second, this could come from the meshes. Either there are some inequalities
in their transparencies, or they could also have distorted or eroded with time. This is unfortunately
impossible to check until the detector is emptied and the meshes checked. Third, the teflon holding

the PMTs could have shrunk or deformed and thus shifted the PMT arrays. However, once again,
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this is impossible to check without opening the detector. Finally, the obvious hypothesis was that
broken PMTs could produce this problem. However this was easily checked by superimposing the
light yield map to the PMT map as shown on figure 4.9. However because no broken PMTs were

nowhere near the asymmetry, this was discarded as the cause of it.
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Figure 4.9: Superposition of the light map with the PMT array. PMTs marked with a cross are broken.

4.7 3D Correction Function

Once the asymmetry has been confirmed, the raw S1 data needs to be corrected to account for the
light yield non-uniformity over the whole TPC. For this purpose, a correction function has to be
implemented. Such a correction is simply a number which varies depending on the position in the
TPC. This number has to be multiplied accordingly to each S1 signal in order to create a uniform
variable throughout the TPC and must be available for any possible point in the TPC, thus making
a 3D correction function. The process which allows to establish such a correction is the object of the

following sections.

4.7.1 Method

As a reminder, to map out the light yield, the TPC was divided in 1450 volumes, 10 vertically in

z, thus effectively cutting the TPC in 10 equal slabs, 5 radially in r, thus cutting each z slab into 5
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rings, and 10, 15, 20, 40 or 60 azimuthally in # depending on increasing r, thus cutting each r ring
of each z slab into 10, 15, 20, 40 or 60 # slices. The light yield was calculated and is thus known in
each of these 1450 volumes.

Using the light yield maps above (figure 4.5), the 1450 volumes are used to create 1450 lattice
points, which will serve as a basis for the correction function. These lattice points are located at the
center of each of the corresponding 1450 volumes and have a known light yield.

The light yield at any random position in the detector is calculated by performing a 3D linear
interpolation between the 8 closest lattice points, 2 in r, 2 in 6, 2 in z. The average light yield in
the detector is then divided by the local light yield to give out the correction factor, which is the
number that will be multiplied to the S1 signal. The process to find the local light yield is intuitively
described in 2D on figure 4.10.
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Figure 4.10: Intuitive description of the correction function for one z slab.

In more details, for each event, the correction function first finds between which z slices the event
lays and then projects the event onto these two z slices. Figure 4.10 shows this process in 2D for
one 7 slab but the process is the same for the other slab. For each z slab, the function then finds
the 4 nearest neighboring lattice points (L0,L1,L.2,1.3). It then draws a line between the two pairs

of same r and calculates the light yield at the position of the projection of the event onto these
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two lines (purple triangles). These two points are again interpolated between to find the light yield
at the positions of the projections of the event on each of the two z slabs (Lzp,,;). Finally a last
interpolation, not shown on figure 4.10, is done between the two z projections to find the proper light

yield for the event at its original position.

In only two special cases will this function be slightly modified. For the edges, top and bottom
of the detector, the event does not lay between two r rings. The 3D linear interpolation is still used
but the lattice points used are the ones of the 2 preceding r rings resulting in an extrapolation to

larger r rather than an interpolation.

For the center, something similar is done. The event is situated between the very center of the z
slabs and the first r rings. The 3D linear interpolation is thus calculated between the center of the
7z slab and all 10 surrounding lattice points corresponding to the first r ring . As for the light yield
at the very center of the z slab, it is simply calculated as the average of every lattice points on the

first r ring.

4.7.2 Quality Checks
Using a Random Function

The first check to prove that the correction is behaving properly is to make a small MC using a
random function for the light yield, generate lattice points and then apply the correction function
to random events. If the correction is working properly, the distribution should narrow considerably
and be made uniform. This is used to ensure that the algorithm functions correctly. Equation 4.8
represents the random function chosen for this MC where z, § and r are the vertical, azimuthal and
radial position of an event. This function was chosen because it is smooth in all three variables and

is periodic in 6.

ly = —2z + 15sin(0) + 5r (4.8)

Figure 4.11 shows the results on the distribution after applying the correction function. As
expected, the distribution has been drastically narrowed with a diminution factor of 22.5, found
by taking the ratio of the RMSs. This is the first proof that the correction function fulfills its

requirements.
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Figure 4.11: Check of the validity of the correction function for a random test function.

Comparison with the 2D Correction Function

To check the performance of the correction function, it has to be compared to the actual 2D correction
function which was used until run 10. This old correction function was done not using data from
137C's but using the 40 keV line from AmBe calibration data. The principle was the same, the
detector was separated in volumes and lattice points where found. However no interpolation was

done, instead a smoothing function was drawn over these lattice points.

Comparison of the Light Yield at the Lattice Points The first element to compare is the initial
behavior of the light yield at the lattice points used by both functions. To do this, the 3D light yield
was recalculated in 2D by adding up the histograms over the azimuthal angles # and redoing the
fitting. In addition, the light yield is normalized with z as the lattice points in the new and the old
corrections are not at exactly the same z positions, due to the detector being divided into 12 z slabs
in the case of the 2D correction but in only 10 z slabs for the 3D correction. The expectation from
this comparison is that if the 3D correction works, then it should, once brought back to 2D, give the

same results as the 2D correction.

An example of such a comparison is shown on figure 4.12 where the relative light yield is plotted
as a function of the radial distance r for both the new and the existing correction function. The
smoothing function for the old correction is also shown. It is very clear that the general trend is the

same and that these two corrections seem to agree with one another, as was expected.
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Figure 4.12: Comparison of the old (run 8) 2D correction function using AmBe (left) with the new 3D
correction function using '37Cs . The 3D function has been brought back to 2D (right). The
ordering of the curves from top to bottom corresponds to positions in the detector (z slabs)
from bottom (z=-303 mm) to top (z=0 mm).

Comparison of the Correction Factors As a second step the behavior of the correction function itself
must be checked at different z, r and 6 positions. For this the correction factor itself is plotted as
a function of r, 6 and z for respectively different # and 7, r and z, and 6 and r. Again, the new
3D correction, averaged over # should match the old 2D correction, while it should be very different
when looking at the correction factor as a function of §. Figures 4.13 show the correction factor as a
function of r (top) and z (bottom) at the top (top left) and bottom (top right) of the TPC and in the
center (bottom left) and on the edges (bottom right) of the TPC for all the different € slices. When
averaging over 6, the correction factors for both 2D and 3D correction agree with one another, thus
once again proving that the 3D correction works and when averaged over 6 gives the same results as

the 2D correction.

In addition figure 4.14 show the correction factor as a function of 0 for the bottom (right) and
top (left) of the TPC for all r rings. The 2D correction, which of course doesn’t change with 6, is
represented for each r ring by the dashed straight lines. Once again, it is very clear that while at the
top of the TPC, the 3D correction simply fluctuates around a median value corresponding to the 2D
correction, at the bottom of the TPC the 3D correction has a much bigger impact. The straight line
from the 2D correction does not match the median of the curves corresponding to the 3D correction
anymore, thus indicating a real correcting effect from the 3D correction, especially for the middle r
rings of the TPC. This is proof that the 3D correction really improves the existing correction over

the azimuthal angle, and that this correction is indeed needed.
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Figure 4.13: Behavior of the correction factor. Top Left: at the top of the TPC. Top Right: at the bottom
of the TPC. Bottom Left: in the center region of the TPC. Bottom Right: at the edges of the
TPC.

Conclusions

In conclusion, using the 37C's data to calculate the light yield leads to similar results to using AmBe
data. In addition, with the new 3D correction function and unlike the old correction, smoothing is
unnecessary. Because both corrections match sufficiently, a 2nd order correction to the 3D correction
function is also unnecessary. By the same argument, the current binning is sufficient and re-binning
is thus unnecessary. Finally, the two correction functions behave the same in 2D, thus validating the
3D correction, but they differ greatly in 3D, only due to the # component, which was indeed what
was desired and required as to be able to address the azimuthal asymmetry of the light yield in the

TPC.

4.8 Applying the Correction Function to the Data

Now that the 3D correction function seems to be working, it needs to be applied to different calibra-

tion data, not just ¥7C's data. If it successfully flatten the ly distribution through the detector, no
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Figure 4.14: Behavior of the 3D correction factor as a function of 6. Left: at the top of the TPC. Right: at
the bottom of the TPC.

matter the data it is used on, this will be the ultimate proof that it works as intended and can be
used as the standard correction for all data.

For completion, the correction function is applied first to '37C's data, where it should obviously
perform best. It will then be applied to the 40 keV AmBe data, and to the 164 keV xenon activated
lines. Moreover, the 2D correction is also applied to the same data with the calculation of the light
yield done using the same 3D binning as for the 3D correction. This will allow to see the variations
over theta from both the 3D and the 2D corrections.

For the following, in order to have ample statistics everywhere, the detector is divided into 240
volumes. The correction function, however, is still obviously using 1450 lattice points to calculate
the corrected light yield. The TPC is thus divided into 8 vertical z-slabs, 5 radial r-rings and 6

azimuthal 6-slices.

4.8.1 Y(Cs Data

A comparison of 2D and 3D corrected light yield maps applied to *"C's data are shown on figure
4.15 on a scale of 1.45 to 1.74 pe/keV.
As expected, it is very clear that the 3D correction performs much better especially at the

bottom of the detector where it smooths out the very obvious left-right asymmetry. To quantify the
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Figure 4.15: Corrected light yield maps from top (z=0 mm) to bottom (z=-303 mm) of the TPC. Left: 2D

correction. Right: 3D correction



114 Chapter 4. Light Yield Studies for the XENON100 Experiment

improvement a bit better, the angular dependence of the maps of figure 4.15 are shown on figure

4.16 for the bottom part of the detector.
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Figure 4.16: Corrected light yield as a function of 8 for the bottom of the TPC.

From figure 4.16, the new 3D correction gives maximum light yield fluctuations of the order of 1%
while the 2D correction gave maximum light yield fluctuations of the order of 4%. The 3D correction
thus gives a factor 4 improvement on the light yield uniformity of the detector. This is best seen
by looking at the RMS of the light yield distribution for the non corrected data, the 3D and the
2D correction as shown on figure 4.17 for the overall TPC and for the bottom part. The RMS of
the different distributions can thus be used as a quality factor for the correction, the smaller the
RMS, the better the correction. While overall the 3D correction is not a significant improvement
over the existing correction, on the bottom part of the TPC, the factor 4 improvement due to the
3D correction is very obvious.

Finally, the direct impact of the new 3D correction function is investigated on *7"Cs spectra
randomly selected amongst the many 37C's datasets taken over the course of the run and not used to
make the original 3D light yield maps. Once again, spectra for the overall TPC and for the bottom
part are compared. Results are shown on figure 4.18.

Once again as already confirmed by the other figures, there is no difference at all in the full spectra.
The energy resolution improvement is not visible on this scale. This is once again expected as the
difference between the 2D and 3D corrections is mostly localized at the bottom of the detector and
is only at the level of a few percents. And indeed, when looking at the bottom of the detector, there

is a slight difference between 2D and 3D corrections. The sigma of the gaussian fit corresponding
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Figure 4.17: Quality factor of the light yield for no correction, the 2D correction function and the 3D cor-
rection function. Left: Overall TPC. Right: Bottom of the TPC.
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Figure 4.18: Effect of the correction function on the 37C's spectra for random datasets, for the overall
detector (left) and the bottom part of the TPC (right)

to the 662 keV peak is better for the 3D correction by 3%, thus confirming the statements made in
previous sections. In addition, the 3D correction seems to have a slight impact on the spectrum at

the bottom of the TPC and shifts the light yield higher by 1.8%.

4.8.2 40 keV Lines from AmBe Data
Parameter Space and Line Selection

This whole process is repeated for the AmBe neutron calibration source. When a neutron hits a
129 Xe atom depositing more than 40 keV of energy, the nucleus can be excited. When this 2 Xex
goes back to its ground state with a half life of 0.97 ns, it emits a 40 keV gamma which is then used
for light yield calculations. This gamma emission is what is hereafter referred to as the 40 keV line
from AmBe. Because the half life of the 40 keV state is very short relative to the digitization rate,

the electron recoil from the 40 keV gamma cannot be resolved from the nuclear recoil of the inelastic
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scatter. Additionally, the 40 keV line is not spatially uniform because it follows the same spatial
distribution as the nuclear recoils, and is thus localized near the AmBe source position. This limits
the statistics available for light yield uniformity measurements with this line.

The only difference is in the way data is chosen. Indeed, it is not sufficient anymore to take all
data from the calibration but some cuts need to be applied to determine which of the AmBe data
corresponds to such a line. Thus, a new parameter space has to be chosen, which is based on the
3D correction, where the 40 keV line will be clearly separable from other events. In this case the
logarithm of the ratio of the total S2 signal on the bottom PMTs over the corrected total S1 signal
is plotted as a function of the 3D corrected total S1 signal. Because this parameter space is used to
distinguish electronic and nuclear recoils (see section 3.5.3), it gives a good way to separate the 40
keV recoils from the background of nuclear recoil events in the AmBe calibration. In this parameter
space, the AmBe calibration gives very obvious regions depending on energy. Figure 4.19 shows
the AmBe data in such a parameter space. A 2D gaussian fit is applied to the region of interest
corresponding to the 40 keV line and the 20 contour is extracted from this fit. This is represented

by the red ellipse on the plots, whose contour clearly maps well the region of interest.

AmBe - 40keV line selection - 2¢ contour | [ AmBe - 40keV line selection - 26 contour

10
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Figure 4.19: Spectra from AmBe. Left: the whole spectrum. Right: zoom on the region of interest corre-
sponding to the 40 keV line

The bulk of the events follows very nicely a 2D gaussian fit. The non gaussian visible tail in the
lower right of the zoomed figure 4.19-right, is due to events where more than 40 keV are deposited in
the neutron scattering process thus adding a small nuclear recoil component seen simultaneously with
the electronic recoil from the 40 keV gamma. This tail does not fall within the fit range contrarily
to selection methods previously used by the collaboration, where the line selection cut just drew a

rectangular box around the region of interest and did contain parts of this tail. Because of this more
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precise definition of the parameter space which does not include any part of the tail, the light yield is
expected to be a bit lower than what was found in the past, but with reduced systematic uncertainty.
Finally, as before, to calculate the light yield, the S1 distribution corresponding to the selected

data is plotted and the peak fit as shown on figure 4.20.

600

Constant 592.9+4.9
500

Mean 114.6 £0.1
400

Sigma  15.45 +0.08
300

200

100

0 1 1 I 1 1 1 I 1 - 1 1 1 1 I 1 1 1 I 1 1 1 I 1

) I R B
20 40 60 80 100 120 140 160 180 200 220
CcS1sTot[0] (pe)

Figure 4.20: S1 distribution and fit for the 40 keV line from AmBe data

Comparison between 2D and 3D Corrections

As for 37C's , the detector is divided in 240 volumes. The corrected light yield maps using both 2D
and 3D corrections are shown on figure 4.21 at the bottom and at the top of the detector.

Figure 4.22 shows the quality factor for both corrections at the top and bottom of the TPC. The
3D correction function performs once more much better than the 2D correction at the bottom of the
detector, as can be seen by the narrower width of the light yield distribution. The performance at
the top is similar between 2D and 3D correction, but for a slight lower shift in light yield for the 3D

correction, thus showing the impact of removing the non-gaussian tail in the line selection.
4.8.3 Xenon Activated Lines - 164 keV

Parameter Space and Line Selection

The same as for the 40 keV line, during a neutron calibration, the ! Xe isotope in the xenon gets
excited into a metastable state '™ Xe which has a half-life of 11.9 days and an energy of 164

keV above the ground state. When this metastable state decays, it thus emits a 164 keV gamma.
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Figure 4.21: Corrected light yield maps using the 2D (left) and 3D (right) correction function for top and
bottom of the detector for the 40 keV line from AmBe.
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Figure 4.22: Quality factor for the 2D and 3D correction applied to the same AmBe data at the top of the
detector (left) and the bottom of the detector (right)

Consequently, this 164 keV line requires a neutron calibration to exist and is available for data

acquisition for only about two weeks after this neutron AmBe calibration.

As for the 40 keV line, this decay is not visible on a simple S1 spectra but yet another parameter
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space has to be found to be able to make it out. This new parameter space consists of the ratio of
the total S2 signal on the bottom PMTs (cS2sTotBottom) over the corrected total S1 signal (CcS1).
Once again, note that to find the corrected S1 signal, the 3D correction is used.

The 164 keV line selection in this new parameter space is shown on figure 4.23. Again the 164
keV region is fitted with a 2D gaussian and the 20 contour of the fit is plotted as the red ellipse.

These contours seem to match the data very well as can be clearly seen on the zoomed figure.
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Figure 4.23: Parameter space and line selection for the 164 keV activated line from AmBe calibration

Note that on figure 4.23 there are two well defined distributions. The first one corresponds to the
164 keV activated xenon line as explained above. The second one however, corresponds to another
xenon activated line with an energy of 236 keV from 2" Xe. This line was not used in the study
as it is not a one step decay but rather a two steps decay (a 196 keV gamma followed by a 40 keV
gamma) so it does not correspond to a one gamma emission but to two gammas emitted in delayed
coincidence, thus making the light yield calculation more complicated due to the non-linearity of the
light yield as a function of energy which is known to be different for two gammas than for a known
single 236 keV gamma (Iy236kev 7 (Yaokev + [Y196kev)-

Once again, to calculate the light yield at 164 keV, the 3D corrected S1 distribution is plotted

and the corresponding peak fit as shown on figure 4.24.

Comparison between 2D and 3D Corrections

Once again, when comparing the corrected light yield maps for the 2D and 3D correction, the
asymmetry is well visible when the light yield is 2D corrected but disappears when it’s 3D corrected

as shown on figure 4.25.

As before, the improvement is once more focused at the bottom of the TPC. Using once again
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Figure 4.24: S1 distribution and fit for the 164 keV xenon activated line

the quality factor in figure 4.26, the improvement at the bottom of the TPC due to the use of the

3D correction is about 60%.

4.8.4 Comparison of the Effect of the Correction Function on All Three Types of
Data

As a final point, the impact of the correction function between the three types of datasets should
be quickly investigated. This is done in two ways, first by looking at the residuals between the two
corrected light yield, especially at the bottom of the TPC, and second by comparing the RMS of all
data over the whole TPC.

Figure 4.27 shows the residuals of the corrected light yield, by subtracting the 2D ly maps from
the 3D ly maps. This is shown only for the bottom 4 cm of the detector where the effect of the 3D
correction is most prominent.

What figure 4.27 clearly shows is that, as intended, the 3D correction function has a clear impact
on the left side of the detector where the asymmetry was first spotted in figure 4.2, while it has a very
minimum impact on the rest of the detector where the previous 2D correction was already adequate.

Moreover, looking now at figure 4.28, in all cases, the 3D correction has a much smaller RMS
especially at the bottom of the detector than the 2D correction, which confirms that the asymmetry
has indeed been corrected. In numbers, at the bottom of the detector, the 3D correction leads a
reduction in RMS of 66% for the 40 keV lines from AmBe, of 52% for ¥7C's data and of 32% for the
164 keV line from AmBe.
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Figure 4.25: Corrected light yield maps using the 2D (left) and 3D (right) correction function for top and
bottom of the detector for the 164 keV activated xenon data .
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Figure 4.26: Quality factor for the 2D and 3D correction applied to the same 164 keV line from AmBe data
at the top of the detector (left) and the bottom of the detector (right)
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Figure 4.27: Light yield residuals between 3D and 2D correction for 137C's data (left), 40 keV AmBe data
(middle) and 164 keV AmBe Data (right)
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Figure 4.28: Comparison between the RMS of the 2D and 3D corrections applied to all data types.

In conclusion, the 3D light yield correction function fixes the axial asymmetry found at the
bottom of the TPC. It allows for more precise light yield calculations everywhere in the detector and
works for any type of data. Consequently, this correction function was implemented in the raw data
processor and was used in the subsequent analysis which led to the published XENON100 run 10
results |23].
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4.9 Light Yield at 122keV

Now that the new 3D light yield correction is in place, it must be used to recalculate the light yield
at 122 keV.

As mentioned in chapter 3 section 3.4.3, the light yield at 122 keV is of utmost importance as
normalization scale, as it is a necessary parameter to calculate the relative scintillation efficiency

L.s¢ (equation 3.5) which in turn is crucial for the determination of the nuclear recoil energy scale.

This value of 122 keV was chosen years ago when the first need to calculate L.;; arose. At that

time detectors were small and a very easily recognizable decay was the 122 keV photon from *"Co .

However, the choice of this value is becoming more and more problematic as detectors are be-
coming bigger and bigger and the 122 keV gammas cannot penetrate them anymore as their mean
free path in liquid xenon is 1.6 mm (see figure 3.28), which is too short for meter scale detectors.
Consequently, for XENON100 and the next generation of detectors, the light yield at 122 keV has to

be found by other methods than using a °"Co calibration source.

As of today, the best way to do this, is to calculate the light yield at other energies and then fit
the data points with an appropriate model which will then allow to extract the value of the light
yield at 122 keV. The choice of the model is of course a source of disagreement in the field however

the most recent one, called the NEST model [24] seems the most appropriate, for now.

Consequently, using the new 3D correction, the light yield is calculated at 662 keV from ¥7C’s ,
164 keV from the xenon activated lines after the AmBe neutron calibration, and for 40 line from
the AmBe calibration. Note that the AmBe calibration gives another line at 80 keV, which comes
from the excitation of ¥ Xe and is also used in this study. However, for reasons explained before in

section 4.8.3, the 236 keV xenon activated line is not used.

4.9.1 Light Yield at 662, 40 and 164 keV

Because this was already extensively explained in the previous sections, the process to calculate the
light yield at 662, 40 and 164 keV will not be reexplained here. Only the final light yield values are
summarized on table 4.1. Note that the error is the sum of the small statistical error coming from
the x2 minimization of the fit function and the dominant systematic errors coming from the choice

of the fit range, the parameter space selection and the contour selection.
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Source | Energy Line (keV) | Average Light Yield (pe/keV)
B7Cs 662 1.597 + 0.0112
AmBe 164 2.057 £ 0.0022
AmBe 40 2.932£0.176

Table 4.1: Light yield values for the different energy lines

4.9.2 Light Yield at 80 keV

As explained in a previous section, when a neutron hits a ' Xe atom, the atom is excited. While
the second excited state is a metastable state with a half life of 11.84 days and gives the so called
164 keV xenon activated line, the first excited state will immediately decay in 0.5 ns by emitting a
80 keV gamma.

As done previously, the parameter space used to select the proper events is the S2 total signal on

the bottom PMTs as a function of the 3D corrected S1. This line selection is shown on figure 4.29.
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Figure 4.29: Parameter space and line selection for the 80 keV gamma emission from AmBe

The corresponding spectrum to this selection is shown on figure 4.30 which leads to a light yield

of 2.781 £ 0.115pe/keV .

4.9.3 Extracting the Light Yield at 122 keV

Now that the light yields have been calculated at four different energies, the NEST model [24] must
be fitted to this data points. However this is a generic model and thus cannot be taken as is but
must be adjusted to match XENON100 to account for differences in light collection, electric field or

any other parameter which varies from detector to detector.
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Figure 4.30: Spectrum corresponding to the 80 keV line from AmBe

Adjusting the NEST Model

The NEST model [24], which is a combination of the Doke/Birk model and of the Thomas Imel box
model and which accounts for fluctuations in recombination, is the most recent and realistic model
of scintillation yield in liquid xenon. Consequently, it is used for this analysis.

This model is presented in figure 4.31 and shows the expected behavior of the absolute yield of
scintillation light in liquid xenon at zero field. The absolute yield is the inverse of Wyiton, Which
is the average energy required to create one scintillation photon, in this case, in liquid xenon. The
absolute yield is distinct from the light yield in that it is the number of scintillation photons created
and not the number of photoelectrons detected. The two are related by the geometric light collection
efficiency and the photon detection efficiency which includes the quantum efficiency of the PMTs.

However, as mentioned before, this does not match the conditions of XENON100 which has a
different light collection efficiency and where an electric field of 530V /cm is applied. Consequently,
the model of figure 4.31 must be adjusted to match such a field. To do this, the dependence on
energy of the field quenching at 530V /cm must be found. Figure 4.32 (left) [25] represents the field
quenching at 662 keV, while figure 4.32 (right) |26] shows the same quenching at 9.4, 32 and 122 keV.

Combining the results from figures 4.32 (left and right) and assuming a linear trend of the
quenching versus Log;g of energy over the range of energies where measurements exist, the field
quenching at 530V /cm depending on the energy is shown on figure 4.33.

Using the fit from figure 4.33, the NEST model of figure 4.31 can be corrected for the electric
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Figure 4.31: NEST model for the scintillation yield in liquid xenon [24]
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Figure 4.32: Field quenching at 662 keV |25] (left), and at 9.4, 32 and 122 keV |26] (right)

field. The resulting model is shown on figure 4.34.

Fitting the Data

Finally, to obtain the light yield at 122 keV, the NEST model must be fitted to the light yields
found previously. To try and get more agreement, an extra light yield point, calculated using a
different method not explained here, from fluorine at 197 keV is added [96]. This particular light
yield measurement was taken from an independent study within the XENON100 collaboration and is

based on 197 keV gammas coming from neutron activation of fluorine in the PTFE during an AmBe
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Figure 4.33: Field quenching for a 530V /cm electric field
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Figure 4.34: The NEST model at 530V /cm in liquid xenon found by applying the correction of figure 4.33
to the NEST model of figure 4.31

neutron calibration. Since it is localized at the edge of the TPC, the analysis is very different from
that for the lines presented in this work, and is therefore not presented here. Instead, the light yield
from this measurement is used as an additional constraint while extracting the light yield at 122 keV.

To convert figure 4.34 from photons/keV to photoelectrons/keV, the measured data is fitted with
the NEST model times a constant which is then the only free parameter of the fit, which represents

the average light collection efficiency of the TPC. This constant allows thus to shift and match the
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NEST model accordingly with the measured data. The error analysis however is a bit tricky. On
one hand, the calculated errors of table 4.1 can be used. When using these errors, the reduced x? of
the fit is about 4, which is too high, while the light yield value obtained at 122 keV is 2.2440.009
pe/keV, and so has a very small error. However, even at that, this error analysis should not be
completely discarded as the error analysis for these light yield measurements is well understood. The
problem really comes from the treatment of the systematic errors for the 40 keV and 80 keV AmBe
lines which are likely underestimated in the error analysis. The NEST model fit to the data with
this error analysis is shown on figure 4.35. From this figure, it is indeed evident that the two AmBe

measurements are entirely responsible for the high x? value of the fit.
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Figure 4.35: Fit of the XENON100 data using the NEST model with an error analysis based on the actual
calculated errors

Nonetheless, to try and reduce the x2, a second error analysis is performed. This time the same
relative error is given to all data points and is varied until a reduced x? of 1 is obtained. This happens
with a relative error of 6%. The light yield calculation at 122 keV from this analysis leads to a value
of 2.31+0.062 pe/keV. This agrees within errors with the result from the first analysis, but also has

a much larger error due to the fact that all data points have a large error for this analysis.

In addition, other different analyses based on MC simulations, also using the NEST model, were
performed in parallel to this one by the collaboration and led to a light yield value at 122 keV of
2.26 +0.04 [97|. A combination of all of these results was used to obtain the published value [23] for
the light yield at 122 keV of 2.28 £+ 0.04 pe/keV.
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4.10 Conclusion

Studies of the light yield are extremely important and necessary for the proper analysis of the
XENON100 data. Improvements were made on the correction function which allows to calculate a
uniform light yield throughout the detector. Such a function used to be only in 2D, with only a
radial and a vertical component. It was improved to also have an azimuthal component, which lead
to significant improvement. Using this new correction, a new value of 2.28 &+ 0.04 pe/keV for the
light yield at 122 keV was calculated. The light yield studies presented in this chapter had a direct
impact on the energy resolution and the determination of the nuclear recoil energy scale necessary

to perform a successful dark matter experiment.
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In order to test different systems to be implemented on the XENONI1T experiment, the Muenster
XENON group has set up a small 3 kg two phase xenon TPC. To understand and characterize
this TPC and its properties, Monte-Carlo (MC) simulations are necessary. By comparing these
simulations to real data taken with the TPC, the physics behind the detector can be understood.

This chapter presents a MC package that models the geometry of the Muenster TPC and the

physical interactions in the xenon target and detector materials.

5.1 The Muenster TPC

The TPC was developed and designed at the University of Muenster in 2011 [27]. It is a much
smaller detector than XENON100 but with an equivalent operation principle. The TPC itself has
a 17 c¢m drift length, with a 4 cm radius and contains 2.56 kg of xenon in the active volume. It
uses 14 1”7 square PMTs (7 at the bottom in the liquid xenon and 7 at the top in the gas xenon)
that monitor the active volume. The TPC is made of a cathode at the bottom, a gate mesh 17 cm
above this cathode and an anode another 5 mm above the gate mesh, all of which are constructed of
transparent stainless steel meshes. The sides of the TPC consist of copper field shaping electrodes
housed in a teflon support structure. A technical drawing of the TPC can be seen in figure 5.1.
Two vessels are used to contain the TPC, an outer one with 133 mm radius and 1.5 m tall

for insulation purposes and an inner one with 74 mm radius and 334 mm tall, which will contain

131
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Figure 5.1: Sectional view of the technical drawing of the TPC encased in the inner cryostat.|[27]

the xenon and serves as a cryostat. The outer vacuum vessel was designed much taller than the
TPC to allow for a future longer TPC, however this does not enter in the scope of this work.
As in XENONT100, all materials were selected to have a very low radioactivity and all the cooling
equipment is located outside, at the top of the outer cryostat so as to avoid contamination from any
non-necessary material. A global view of the insulating vacuum chamber, cooling tower and TPC

inside the structure is shown on figure 5.2.

5.2 A GEANT4 Simulation of the Muenster TPC

Once the detector is physically built, it is important to be able to characterize it. While this can
in principle be exclusively done by taking appropriate data, the time and means to do this are not
always available and it is thus often necessary to resort to a MC simulation. A simulation is a more
or less precise reproduction on a computer of what has been built in reality, in this particular case a
xenon detector. The simulation is not only a virtual copy image of the detector geometry but it also
includes all the physical processes that may happen in reality in the detector. This has the obvious
advantage to allow any possible change made in the system to be studied and analyzed in a timely
manner.

In this case, the simulation is mainly used to study the S1 and S2 response of the detector as well
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Figure 5.2: Mechanical drawing of the outer vacuum vessel with the TPC encased inside and the cooling
tower located outside.[27]

as the detector’s response to changes in various parameters such as absorption length of scintillation
light in liquid xenon or teflon reflectivity. It is also used to compute virtual gamma and neutron
calibrations with different radioactive sources.

The software used to perform these simulation is the CERN-developed GEANT4 (GEometry
ANd Tracking) software, version 4.9.1, which is broadly used in today’s nuclear and particle physics
world. The power of GEANT4 is its ability to handle detector geometry as well as particle generation,
interactions and tracking using visualization tools and user interface.

Because of the similarities between the Muenster TPC and XENON100, the XENON100 simula-
tion package [18| was used as a starting point and has been adapted to fit the needs of the Muenster
TPC.

5.2.1 The Detector Geometry

The first step in building a successful simulation is to reproduce the physical layout of the experiment,
or detector geometry. This can be done at a more or less detailed level, depending on the need of
the user. Because the simulation package will be mostly used for light yield and calibration studies,
a high level of details is not immediately necessary. The simulation package thus includes the inner

and outer cryostat, the main flanges, the teflon panels, electrodes, field shaping rings and PMTs
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in the TPC, as well as the liquid and gaseous xenon. The insulating vacuum chamber and main
flanges were necessary elements as calibration sources will be placed outside in the lab and so they
constitute the first possible interaction material. The TPC and its housing cryostat is obviously the
most important part of the simulation as it is where the interactions of interest happen and where
all the studies have to be made. Consequently it was simulated using a high level of detail and is

pictured in figure 5.3.

Figure 5.3: The simulated TPC and its cryostat with the major components visible, the pmts, copper rings,
meshes and teflon holders.(left) Side view. (right) Perspective view.

It is to be noted that the entire cooling apparatus being located outside and far away from the
TPC, has been neglected. Because of their small size or location, the feedthroughs and the inside

cabling have also been neglected. The final simulated geometry can be seen in figure 5.4.

5.2.2 Particle Tracking and Basic Detector Response

Once the geometry is done, it is necessary to test that every component is placed properly by sending
non-interacting particles through the whole system. This is done to check that boundaries between
all detector components are properly located and was tested in many positions and directions to
ensure that the detector geometry was correctly simulated. An example of this is shown on figure 5.5
where a non-interacting particle is sent upwards from the outside laboratory. The particle crosses all
the different layers whose output can be seen in figure 5.5.

Particle interactions in GEANT4 can be divided into two categories. The first is the interaction

of radiation in the detector materials and target, and the second is the propagation of the xenon
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Figure 5.4: Visualization of the final simulated detector geometry

scintillation light.
In the first case, the two types of incident radiation relevant for this work are neutrons and gammas

from radioactive sources. For neutrons, elastic and inelastic cross sections are used to describe the
interactions of the incident particle. For gammas, different interactions are possible, but for the
energy range of interest, the interactions modeled are the photo-electric effect, Compton scattering,

and for gamma energies above 1.22 MeV, pair production. Again, GEANT4 uses tabulated cross

sections for each of these processes to model interactions.
For the scintillation light, GEANT4 uses particles that follow geometric optics, including reflection
and refraction. Additionally, these particles can scatter via Rayleigh scattering, or be absorbed in the
liquid xenon. The scattering and absorption are governed by scattering length and absorption length
which are user-defined parameters. For liquid xenon, the Rayleigh scattering length is measured to

be 30 to 50 cm, and the absorption length is typically varied to account for different electronegative

impurity levels in the xenon.



136 Chapter 5. Monte-Carlo Simulations of the Muenster TPC

Particle

Figure 5.5: Example of the propagation of a non-interacting particle through the whole detector.

5.3 Scintillation Light Propagation

Just like for the XENON100 detector, the Muenster TPC’s light response must be understood.
The scintillation light propagation is simulated by producing isotropic light at 178 nm uniformly
throughout the detector, by generating 7 eV photons. The geometric light collection efficiency (LCE)
can then be obtained by looking at the fraction of light that hits a PMT.

The first parameter to look at is thus the light yield overall and over different regions of the
detector, to ensure that it is behaving in an expected manner. This will also be used as another cross
check that the simulation package is working properly. In addition, by varying parameters such as
the absorption length in the xenon and the teflon reflectivity, their impact on the light yield can be
studied.

5.3.1 2D Light Yield Map

As already explained in section 4.1, the light yield is a measure of how much scintillation light (S1
signal) is seen by the PMTs per keV recoil energy. Closely related to this, is the light collection
efficiency (LCE), which is the fraction of light collected by the PMTs. Because the Muenster TPC

operates on the same principle as the XENON100 TPC and is also axially symmetric, it is expected
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to observe a similar behavior in the light yield. However, the Muenster TPC being an elongated
cylinder rather than a circular one, the light yield at the bottom of the TPC is expected to be much
higher than at the top while the light yield difference between low and high radii should not be as
pronounced as in XENON100. Figure 5.6 shows the LCE of the detector in arbitrary units as a
function of the vertical position z and the radius squared. As expected, the LCE is much higher at
the bottom of the TPC while it decreases as r increases. It is also again higher at the top of the
TPC due to the proximity of the PMTs. This expected behavior is yet another cross check that the

simulation package is working properly.
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Figure 5.6: Light collection efficiency in the Muenster TPC.

5.3.2 3D Maps of the Light Yield

Again, as presented in chapter 4, a 2D LCE map might not be sufficient to precisely describe the
TPC. A 3D light yield map of the detector is a more accurate way which could allow to identify
smaller scale variations. Because of the very symmetric design of the TPC and considering that the
TPC was not modeled in every detail, such variations should not be visible. However, some variation
might be visible in theta due to the fact that the PMTs are not assembled in a circular but in a
rectangular pattern.

To check this, the detector is divided into 1000 total volumes, 10 in vertical z, 10 in radial r and
10 in azimuthal theta. The light yield in each of these volumes, taking into account the detector
geometry, scintillation yield and PMT quantum efficiency, is calculated according to equation 5.1
where [y; is the light yield in volume i, N; is the number of PMT hits in each volume i, NSimu;

is the simulated number of photons in each volume i, NSimu,, is the total number of simulated
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photons, V; is the volume of each individual volume, V,,; the total volume of the detector, QE is
the average quantum efficiency of the PMTs, and W is the average energy required to produce one
scintillation photon in LXe.

= e 2 1
Y= W NS, (5.1)

with QF = 0.30, W = 20eV and N Simu; = NSimuVi/Viet

The resulting maps are shown on figure 5.7. Again, the light yield is much lower at the top than
at the bottom of the TPC as expected with values of 1.85+0.1 pe/keV in the 16 top mm of the TPC
and of 2.16 £ 0.1 pe/keV in the 16 bottom mm, thus accounting for an 8 % difference. Moreover and
also according to expectations, the light yield is also lower on the edges of each z slab. As can be
seen, there is no obvious asymmetry or variation in the detector’s behavior which thus implies that

the simulation is working properly.
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Figure 5.7: Light yield maps in the muenster TPC from top (z—0 mm) to bottom (z—-169 mm) of the TPC
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5.3.3 Influence of the Absorption Length in Xenon on the Light Yield

Next, the impact of xenon purity on the light yield can be investigated. The absorption length in
xenon is particularly interesting to look at, as it varies as a function of xenon purity, the purer the
detector the longer the photons can propagate without interaction and so the higher the absorption
length. Consequently the absorption length can give important information about how pure the
detector is and how pure it should be to reach a maximum light yield.

To test this, different simulations are run with different absorption lengths. The result is plotted

and fitted on figure 5.8.
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Figure 5.8: Absorption length influence on the average light yield in the detector

According to this simulation, it is very clear that up to 200 cm absorption length, the light yield
is strongly dependent on the absorption length. In the range 0 to 200 cm absorption length, the
variation are significant enough to be able to probe the purity of the system using the absorption
length as parameter. However, at higher absorption lengths, the finite size of the TPC makes it less

sensitive to the absorption length, as it is much larger than the detector.

5.3.4 Influence of the PTFE reflectivity on the Light Yield

Another crucial parameter which can be tested is the reflectivity of teflon.
As for XENON100, the reflection process is modeled in GEANT4 as follows. The only processes
allowed are absorption or reflection, but not refraction. What is called reflectivity in GEANT4 is the

probability of reflection and is input by the user. In addition the reflected light is split between a
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Lambertian component which follows a cosine distribution given by Lambert’s law of reflection and a
mirror-like specular component. The modeling of this reflected light is done by the generic reflectivity
model in GEANT4. However since details of the reflective properties of teflon are unknown at the
time of this work, the values for the diffuse and specular component are the same as those used in
XENON100, of 97% and 3% respectively.

The reflective properties of teflon will be extensively studied and discussed in the next two chapters
of this work, but for the purpose of this MC this simplified reflection model is adequate.

The study done here is akin to what is done in XENON100 and in all other LXe detectors.
Because, as mentioned, the reflectivity of teflon in liquid xenon is actually unknown, simulations
are carried out where only the reflectivity of the teflon is changed and its effect on the light yield is
plotted. Once the experiment itself works and the light yield can actually be physically measured,
the teflon reflectivity is deduced by matching it to the appropriate light yield. Figure 5.9 shows
such a plot for the Muenster TPC. Unfortunately, because physical data is not yet available, the

corresponding reflectivity cannot be determined yet.

Teflon Reflectivity Influence on the Light Yield

Light Yield (AU)

0.3 0.4 1.5 0.6 0.7 0.8 9 1
Teflen Reflectivity

Figure 5.9: Influence of the reflectivity on the light yield

5.4 Gamma Simulations

Finally for the scope of this work, gamma calibration sources are simulated. Again, as for XENON100,
the use of such sources will be necessary to determine the light yield and the light response of the

TPC. However, there are many gamma sources to choose from and simulations can help to select the
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appropriate one. In this case, three sources will be tested, *"C's , "Co and °Co and simulations
were carried out with the same number of events and with the sources placed on the center left of
the TPC only.

The first thing to check is if the peaks from the different decays are visible in the spectra. Because
this is a simulation, the energies are known and so these spectra are plotted as a function of recoil
energy Er without including detector resolution, making the peak identification much easier. This is
done for 137C's |, 57Co and ®°Co . The decay chains from these three sources can be seen in figures

5.10, 5.11 and 5.12.
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Figure 5.10: Decay scheme of 137C's [28].
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Figure 5.12: Decay scheme of °Co [28].
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The 662 keV peak from 37C's is clearly visible in figure 5.13. The broader part of the spectrum
below the full energy peak at 662 keV is due to single and multiple Compton scattering, as was
detailed in the previous chapter. This matches very well what is seen in XENON100 and so what is
expected. Note, in addition, the absence of a Compton edge and instead, the distribution extends
all the way to the full absorption peak. These are gammas which Compton scattered in the stainless
steel or the teflon before being fully absorbed in the xenon, and thus have lower energy when they

reach the xenon. This effect is visible for all three calibration sources as will be seen hereafter.

137Cs
Counts

10

10°

100 200 300 400 500 600 700
Er (keV)

COrTTTTTT

Figure 5.13: 37C's spectrum from simulation.

The 122 keV and 136.5 keV peaks for °"Co are also cleary visible, as well as a much smaller yet
still visible peak at 707 keV, which is as expected, as shown on figure 5.14.

Finally, the two high probability 1.17 and 1.33 MeV peaks from %°Co show particularly well.
There is also a small peak at 2.5 MeV, which is the sum line from the 1.17 and 1.33 MeV peak.

Note also that for both cobalt sources, there seems to be a lot of backscatters and Compton
scatters at lower energies. Despite this, the spectra are exactly what was expected and are yet again
a proof that the simulation package works properly.

Finally an interesting analysis to perform with these sources is to map out the positions of the
events in the detector. This is done for the three sources on figure 5.16 which were all placed outside
the isolating vacuum chamber at a position (x,y,z)—(-150,0,0) mm with the (0,0,0) position as the
center of the xenon cryostat. Figure 5.16 shows how deeply each source penetrates into the detector.

Ideally a perfect calibration source can pass through the entirety of the detector, and thus give signals
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Figure 5.14: >"Co spectrum from simulation.
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Figure 5.15: °Co spectrum from simulation.

everywhere. However this is usually not the case, which is why during a calibration the sources are

placed in different spots around the detector, to give out a uniform calibration.

That said, even if the sources can be placed around the detector, they need to be penetrative
enough to at least reach the center parts of the detector. From figure 5.16 this is clearly not the case
for 57C'o which barely makes it to the edges of the TPC. This was expected of course as the mean
free path of 122 keV gammas in liquid xenon is 0.07 cm compared to the 10 cm length scale of the
Muenster TPC, however this simulation is a nice confirmation of this effect and discards the use of

a %"Co source for calibration purposes for this TPC.

On the other hand, both ¥"Cs and %°Co sources, with a mean free path of 4 and 5 cm respec-
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Figure 5.16: Events (first scatter) position in the Muenster TPC for three different gamma sources. Top left:
137Cs . Top right: ®"Co . Bottom: °Co

tively, reach the center of the TPC and propagate well enough through it, with just a little better
performance from ®Co . However, neither can reach the full extent of the TPC and thus, as for
XENON100, need to be placed in separate positions in order to reach through the whole TPC. In
addition, while °Co seems to reach the whole TPC in z, this is not the case for 1*"C's which does not
reach the bottom part well. Consequently, while only moving the source around the TPC is enough

if using a %°Co source, it also needs to be moved up and down the TPC if using 37C's .

5.5 Conclusion

The GEANT4 software was used to create an extensive MC package to simulate the geometry and
the different physical processes in the Muenster TPC. This is a necessary and very useful tool to
be able to study many effects, phenomena and parameters of the TPC, some of which could not
possibly be done otherwise. The light yield of the detector behaves as expected, and gamma source
simulations have been used to determine one optimal calibration source and its positioning. While
much more work is necessary to fully take advantage of this software package, it has been tested
and proved to be in a working condition, allowing anyone who wishes it to use it and perform more

studies in order to fully understand the Muenster TPC.
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6.1 Introduction and Motivation

As presented in chapter 3, in order to maximize light collection in the detector, the XENON100

TPC is made of a highly reflective material, polytetrafluoroethylene (CoF})) . commonly known as

s
teflon. Teflon (PTFE) is a hydrophobic fluorocarbon (a material made only of carbon and fluorine)
thermoplastic polymer which, amongst many other interesting features, is known to be a good V-UV
reflector and is thus well suited for reflecting the 178 nm V-UV scintillation light of xenon. Because
teflon is made of a pressed powder, it is constituted of many uneven microsurfaces whose shape and
pattern may be altered depending on the shaping technique used on the powder. Indeed, to give the
final desired form to the powder, techniques such as pressing, molding or extruding can be applied to
the teflon. In addition, many different machining techniques can be used to cut the final material. All
of this may have a huge impact on the teflon surface properties, in particular its reflective properties.

Because teflon has proved to work rather well in liquid xenon detectors, it will certainly be used
to build the TPC of the upcoming XENONIT experiment. However, the specific teflon which will
be used in XENONIT is still unknown. To choose this material accurately, several potential teflon

samples have to be tested and their reflective properties investigated so that the optimal material

and machining technique can be selected. Consequently a setup dedicated to the measurements of

147
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the reflective properties of teflon was built at Muenster University. Based on a setup constructed by
Muenster University and Columbia University [98|, an apparatus was designed and built by Karen
Bokeloh [99] to measure V-UV reflectivity in vacuum and vacuum measurements were performed
in the context of this thesis to measure the reflectivity of a teflon sample, its transparency and the
impact of its thickness. These measurements and the subsequent analysis are the subject of this
chapter.

In a second step, the setup was upgraded to perform measurements in liquid xenon. This will be

thoroughly discussed in chapter 7.

6.2 Basic Theory of Reflectivity

The reflectivity of a material is the fraction of incident light that is reflected when interacting with
the material. For a homogeneous, flat surface, the expectation is that the reflectivity should have
an angular dependence which gives rise to two types of reflection, specular and diffuse reflection,
however the amount of specular and diffuse reflection is highly dependent on the material.
Specular reflection is a mirror like reflection where the incident and reflected light are coplanar
and make the same angle with respect to the surface normal n as shown on figure 6.1. The incident

angle 0y is thus related to the reflected angle 0z via

0 = O (6.1)

Consequently, in the case of pure specular reflection, reflectivity will be zero except at the reflected
angle.

In the case of diffuse reflection, the reflection process is governed by Lambert’s cosine law, which
states that the light intensity in a solid angle element df2 is directly proportional to the cosine of the
reflected angle 0r with respect to the surface normal, with the proportionality factor Iy being the

initial intensity.

dI(0r)
ds?

x Iocos(0g) (6.2)

Consequently, the light will be reflected at many angles rather than just one like for the specular
reflection as shown on figure 6.1.
Modeling the reflectivity process in reality is of course different than from the ideal case and,

mostly due to the uneven and amorphous teflon surface, is far from a trivial process. This will be
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Figure 6.1: Schematic of specular (blue) and diffuse (red) reflection processes.

extensively reviewed and explained in section 6.4.5. However, the main feature of the reflectivity
remains that there is typically both a specular and diffuse component. Moreover, the specular
component is smeared in two dimensions about the direction of perfect specular reflection, such as

with a 2D gaussian.

6.3 The Setup

The full description of the vacuum measurement system can be found in Karen Bokeloh’s thesis [99].
Only a summary of the most essential features will be given in this section.

The setup can be summarized as follows. A spectrum of UV light is generated in a deuterium
lamp and passed through a monochromator which consists of a series of mirrors and gratings used
to select a specific wavelength. The monochromator is set to transmit 178 nm light to match the
scintillation light of LXe. The light then passes through a converging lens and a collimator to finally
reach a sample of teflon, placed in a vacuum vessel, of which it reflects off. The light is then detected
at different angles by a PMT that can rotate about the reflection point. This is schematized on figure
6.2.

The setup can thus be separated in two main parts, the light assembly containing a monochro-
mator and a deuterium light and responsible for the light emission and the main vacuum chamber
which is the vessel containing the PMT and the teflon and isolates the system from the outside.

These two vacuum chambers are physically isolated from one another by a MgF, window, which is
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Figure 6.2: Schematic view of the reflectivity setup under vacuum.

transparent to UV light.

6.3.1 The Light Assembly

To generate the proper light, a McPherson deuterium lamp model 632 is attached to a McPherson
3m scanning monochromator model 218 set to select light at 178 nm. The monochromator itself
has to be under vacuum to transmit light efficiently, as vacuum ultraviolet (VUV) light of 178 nm
is attenuated when traveling through air. The proper vacuum of 2.5 x 107° mabr is achieved by a
Pfeiffer turbo molecular pump TMH 071. The light assembly with the different components is shown
on figure 6.3.

Figure 6.3: The light assembly of the reflectivity setup.

A deuterium lamp is a gas discharge lamp which behaves like an arc lamp. It is constituted of
two electrodes, a tungsten filament and an anode separated by a gas, in this case, deuterium. By

applying a high voltage (300-500 V) across the lamp, a current is generated between the electrodes,
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ionizing the gas in the process and thus creating an arc. Once the arc is created, lower voltages
around 100 or 200 V are needed to sustain it. Before an arc can be produced, the filament must
be very hot. It is thus heated for about 20 seconds before the lamp itself turns on. Once the arc
is stable it ionizes the deuterium which then emits light as it reverts to its ground state, leading to
continuous UV radiation. The lamp itself is encased in a magnesium fluoride shell, which can easily
sustain the high temperatures caused by the arc and has a high transmission of UV light down to

150 nm. The light produced covers a wide spectrum shown on figure 6.4.
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Figure 6.4: Spectrum emitted by the McPherson model 632 deuterium lamp. Courtesy of McPherson.

The monochromator uses a system of a diffraction grating and focusing mirrors to adjust the
wavelength. A grating is an optical component which has a periodic structure such as tiny slits.
When a beam of light hits a grating it is split in several beams which are diffracted and travel in

different directions depending on their wavelength according to equation 6.3.

dsin(0,,) = mA\ (6.3)

In equation 6.3, d is the spacing between two slits, 6, is the angle of maximum diffraction,
A is the wavelength and m is an integer representing the propagation mode corresponding to the
quantized directions of constructive interference, with m—0 corresponding to direct transmission.
The explanatory picture of the principle of diffraction through a slit is shown on figure 6.5.

The monochromator used for this setup is composed of two mirrors and one grating arranged as
shown on figure 6.6. The grating can be turned such that only the desired wavelength is focused to
the exit aperture. For the purpose of this experiment, they are set to select a wavelength of 178 nm.

Finally once the 178 nm light emerges from the monochromator it goes through a UV lens of 80

mm focal distance at 178 nm in order to focus the light beam. The lens is fixed in a CF-40 T-piece
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Figure 6.6: The inside of the McPherson model 218 monochromator with the main features and the light
path indicated by the dashed lines.

to make sure it doesn’t shift out of alignment [99]. The focused beam then passes through a long

collimator which has a 1 mm wide aperture before arriving in the main vacuum chamber.

6.3.2 The Main Vacuum Chamber

The main chamber is composed of a 65 cm diameter stainless steel cylinder and is connected to the
light assembly via the collimator and the T-piece containing the lens. For the light to be transmitted
without deflections, the main chamber is maintained under vacuum at about 1 x 107% mbar by
a Leybold turbo molecular pump TW 300, which is enough to prevent water condensation in the

chamber as the vapor pressure of water P at a temperature T of -100°C'is 1.2 - 10~* mbar as defined
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by the Clausius-Clapeyron equation 6.4 [100]. The vacuum is then always precisely monitored via
an ionivac pressure gauge, except during data acquisition as the gauge produces light when turned

on, which would skew the measurements.

5132[K]

P = 1.33¢*%% "1 mbar (6.4)

At the center of the chamber, an aluminum holder supports a PMT which can rotate in a plane
about the central axis of the chamber. The PMT is encased in a protective copper case and a cover
with a 2 mm diameter aperture is placed in front of its quartz window in order to have fine angular
resolution. Because PMTs are known to have more dark counts at ambient temperature [101], the
chamber and thus the PMT is maintained at low temperature of about —100°C'. This is done by
attaching a cold head at the side of the chamber thermally linked to the PMT by a flexible copper
thermal link. The cold head also acts as a cryopump where any residual water in the chamber can
condense without hindering data taking. In addition, to maintain the whole chamber cold, two cold
shields are installed inside the chamber. In order to avoid unwanted reflections from these cold

shields, the inner one is anodized with a black color. The inside of the vacuum chamber with the

cold shields, collimator, the aluminum holder and PMT is shown on figure 6.7.

Figure 6.7: The inside of the vacuum chamber. Left: once the top flange has been removed, the outer cold
shield is visible. Middle: When the lid of the outer cold shield is removed, the anodized inner
cold shield remains. Right: After removing the lid of the inner cold shield, the rotatable PMT
in its copper case and the collimator are clearly visible.

The aluminum rod supporting the PMT is attached to the bottom of the chamber via a rotational
and translational feedthrough. The translational feedthrough allows to adjust the x, y and z position
of the PMT and ensures that the center of rotation is in the middle of the chamber. The rotational
feedthrough is linked to a stepper motor which can be controlled remotely and allows for the rotational
movement of the PMT around the chamber. The feedthrough is shown on figure 6.8.

Finally, hanging from the top flange of the vacuum chamber, an anodized holder holds the teflon
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position

Figure 6.8: The central bottom feedthrough allowing rotational movement of the PMT around the chamber.

sample straight in the center of the chamber, between the PMT and the light path. The holder itself
is attached to a rotational and translational feedthrough on top of the main flange which allows the
teflon to be rotated 360° and translated in x, y or z, as shown on figure 6.9. While not used for the
measurements of this work, the teflon can also be attached to the holder so that it does not hang
straight in the chamber but rather at a tilt angle, although always at the center of the chamber. By
doing so, the PMT is no longer in the plane of reflection and can thus measure reflected light outside

that plane. This was done in [99].

Translational
feedthrough in z

Figure 6.9: The central top feedthrough allowing rotational and translational movement of the teflon in the
vacuum chamber.
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Figure 6.10 shows a schematic view of the inside of the vacuum chamber, illustrating the points

aforementioned.

Figure 6.10: Diagram showing the inside of the main vacuum chamber of the reflectivity setup at Muenster
university.

Finally, to help for future reference, figure 6.11 shows the setup with x, y and z positions labeled,

as they will be used throughout this chapter.

Light beam

Light Source
PMT —3

Figure 6.11: Orientation of the setup

6.4 XENONI100 Teflon Sample Cut in Steps

In order to decide what type of teflon is going to be used for XENONIT, it is important to first
investigate the reflectivity of the PTFE currently used in XENON100.
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6.4.1 The Sample

A teflon sample taken from the same block of teflon used in XENON100 was milled at Muenster, in
steps of different thickness. A photograph of this sample can be seen on figure 6.12. The sample is

cut in five different steps with thicknesses of 9.5, 5, 3, 2 and 1 mm.

Figure 6.12: Photo of the XENON100 teflon sample cut in steps which is used in the reflectivity setup

6.4.2 Calibration

As always when taking measurements with an experimental setup, precise calibration of the system

is necessary. In this section, the calibration of the geometric alignment of the setup is described.

Beam Spot

The first calibration, called beam spot, is carried out to determine at what PMT angle is the beam
intensity maximum, so in which position is the beam directly aligned with the PMT. For this purpose,
the teflon is put completely out of the way of the beam, as shown on figure 6.13 by moving it in
the z or x direction and only the PMT angle is varied. As can be seen on figure 6.14, the beam is
aligned with the PMT when the PMT is at an angle of 7° on the scale, value which was determined
by taking the center of the plateau. This angle thus corresponds to the reference alignment between

beam and PMT.

Teflon Angle Alignment

The teflon angle alignment (the angle at which the teflon is aligned with the beam) is known with

some accuracy, as it was measured when the teflon was inserted in the setup. In this case, it was
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Figure 6.13: Setup position to perform the beam spot measurement.
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Figure 6.14: Beam spot calibration

measured to be around 155° on the teflon scale but this needs to be determined more precisely. For
this, the teflon must be positioned in a manner that the beam grazes its surface and the PMT is fixed
at 7°in alignment with the beam. By then varying the angle of the teflon, the point of maximum

intensity can be inferred, which will then correspond to the alignment angle between beam and teflon.

However to do this angle alignment calibration, a rough x calibration must be done to know more
or less the x position at which the beam grazes the teflon. This is quickly done by aligning the PM'T
with the beam, varying the x position of the teflon and recording the measured counts on a scaler.

Figure 6.15 represents such a setup.
The x grazing distance was found to be around 13.5 mm as shown on figure 6.16.

Knowing this, the teflon is then placed accordingly and its angle varied. At that optimal teflon

angle, the teflon will block half of the beam, but it will block more of the beam as it is rotated away
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Figure 6.15: Setup for the rough x calibration.
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Figure 6.16: Rough X calibration

from this position. Thus, by locating the position of the maximum light, the proper alignment angle
can be found. Indeed, it was found, as shown on figure 6.17, that the optimum alignment angle
between beam and teflon happens at an angle of 156° on the scale since at this angle the minimum

amount, of light is blocked by the teflon.

Xe100 Step - Beam Grazing PTFE
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Figure 6.17: Angle Alignment
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Z Calibration

The next step is to figure out exactly where the teflon, and especially each step of different teflon
thickness (see figure 6.12), is located on the z axis. This is shown on figure 6.18. The PMT is aligned
with the beam and the teflon sample is put on the path of the beam so that it fully blocks the light.
It is then lifted up until finally it reaches the point where it is above the beam and where all light
shines directly into the PMT. The result is that at z—24 mm the teflon is completely out of the way
while at z=23 mm where half intensity is observed, the teflon blocks half of the beam. Consequently,
knowing the size of each step, the z positions corresponding to the different steps can be determined

and are summarized on table 6.1.

Xe100 Step Sample - Z Calibration
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Figure 6.18: Z Calibration

Precise X Calibration

Now that all the optimal PMT and teflon angles are known, the x axis can be recalibrated more
precisely. The teflon is placed with its surface parallel to the beam at a z position where the sample
is 3 mm thick. Varying the PMT angle for different x position leads to figure 6.19. It shows that
above x—13 mm, the intensity of the reflection is the highest and stays constant, thus indicating that
the teflon is out of the way for x higher than 13 mm. X=13 mm is thus the proper grazing distance
and will then be used for all following measurements.

Note also that this a confirmation of the Z calibration as it can be seen that the teflon at this z
position is in fact 3 mm thick. Indeed at x—11 mm the beam is completely blocked while at x—10
mm and 12 mm some light starts leaking on the side of the teflon with similar intensity. This places

x= 11 mm as the middle of the step where the beam is completely blocked by the teflon. Considering
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7 position Position on the Thickness
on scale (mm) | teflon sample | of the step (mm)

<2 holder

) center 9.5
7 step interface

9 center D
11 step interface

13 center 3
15 step interface

17 center 2
19 step interface

21 center 1
23 lower edge
>24 below sample

Counts (Hz)

10°

10*

10°

102

Table 6.1: 7 positions corresponding to the different sample steps
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Figure 6.19: X Calibration

that at x—12.5 mm, the intensity is half the maximum intensity and that the beam itself has a 1
mm diameter, it can be inferred that at x—12.5 mm the center of the beam is aligned with the edge
of the teflon, thus letting half the beam go through while the other half is blocked. Consequently,

knowing that the center of the step is at x=11 mm and the edge of the step is at x=12.5 mm, the
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half length of the step is 1.5 mm, making its full length 3 mm thick as expected. This is represented
schematically on figure 6.20.

Light

beam
o Max intensity
X=13.5mm ——__ | )

X=12.5mm ———__ )] - 1/2 intensity

X=11 mm Min intensity

1/2 intensity

Teflon step

Figure 6.20: Verification of the z calibration using the x calibration. Note that in reality the teflon moves,
not the beam. Due to the diameter of the beam, depending on where the beam shines on the
teflon, the intensity read by the PMT will differ.

Y Calibration

At this point it is needed to strictly define the incident angle and the angle of reflection which will
be used in the remaining of this chapter. The incident angle 6; is defined as in optics and refers to
the angle between the normal to the teflon n and the incident light, while the angle of reflection 6,
is the angle between the normal to the teflon surface and the reflected light. Both angles are defined
here in the scattering plane, as shown on figure 6.21. Scattering out of the plane is not considered
here yet.

The last necessary calibration is of course the y axis. Indeed if the center of the teflon is not
placed in the center of the chamber, the PMT and teflon have a different center of rotation thus
making the reflection angles inaccurate. To do this, the teflon is positioned at an incident angle 6; of
80°. If it is indeed in the middle of the chamber and if the y axis is calibrated properly, the maximum
reflection should be at a PMT angle 0pyrma. of 20° with respect to the beam direction according to

equation 6.5. This is represented on figure 6.22.
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Teflon
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Figure 6.21: Definition of the incident angle 6;

HPMTmax == 2(90 - 9@) (65)

Teflon

Light
T e

PMT

Figure 6.22: Setup position to perform the Y Calibration

Consequently, when varying the PMT angle for different values of y, the curve whose peak will
be at 20° will give the adequate y position. This is done in figure 6.23. From this same figure, it is
found that the proper y value to be used is 20.5 mm.

Now that the setup is calibrated, science measurements can be taken. Three types of information
need to be deduced from this analysis. First the influence of the teflon thickness on the reflectivity,

second the reflectivity of the sample for each thickness and third the full transparency of the sample.

6.4.3 Influence of the thickness on the reflectivity

As mentioned before, understanding the influence of the teflon thickness on the reflectivity is crucial
for the determination of the material thickness for the XENONIT TPC, as it has to be ensured

that the TPC will be as reflective as possible. To look for the influence of the teflon thickness on
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Figure 6.23: 'Y Calibration

the reflectivity, data with clear features are needed. Consequently, the specular component of the
reflected light is investigated. However this effect can only be studied where the specular component
is clearly visible, which is only the case at an incident angle of 80 or 70° which corresponds to a

teflon angle relative to the beam of 10 or 20°.

80° Incident Angle

Data are taken at 80 °incident angle for every millimeter over the height of the teflon. Raw data are
shown on figure 6.24 on a linear scale and figure 6.25 on a logarithmic scale.

Several features can be inferred from this plot. First, x and y calibrations were done properly as
the peaks are centered at a PMT angle 0pprmae 0f 20° with respect to the beam, which is exactly
where it should be for an incident angle 6; of 80 ° as calculated by equation 6.5.

Second, the z calibration is confirmed to be accurate. At z=2 mm, the reflectivity drops drastically
as the beam reached the black holder holding the teflon. At z- 23 mm, the reflectivity drops and the
onset of the unreflected light shining directly through the chamber unimpeded can be seen, especially
on figure 6.25, indicating that the bottom part of the teflon has been reached and some of the beam is
now passing under the teflon localized around a PMT angle of 0°. At z- 24 mm, no more reflection at
a PMT angle of 20° can be seen as the beam is now totally under the teflon and thus is not reflected.

The corresponding curve of figure 6.25 actually corresponds to the beam spot measurement of figure

6.14, as should be the case.
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Figure 6.24: Raw data from the teflon positioned at 80 ° incident angle over the entire height of the teflon.
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Figure 6.25: Raw data from the teflon positioned at 80 © incident angle over the entire height of the teflon.
Logarithmic scale.
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Finally, as scanning the whole sample is scanning over five different thicknesses, it can be inferred
that there is no clear pattern of a dependence of the specular reflectivity on the thickness, at least
not at such scales. Further analysis is thus required.

To do so, figure 6.24 is plotted again but in a different set of coordinates. Each one of the curves
in figure 6.24 is fitted by a gaussian and their maximum amplitude is plotted as a function of z. The

result is shown in figure 6.26.

< 10°
i — Step 1 Step 2 Step 3 Step 4 Step 5
© — Thickness 9mm Thickness 5mm Thickness 3mm Thickness 2mm Thickness 1mm
o - /
10* —
103 1 1 1 1 | 1 1 1 | 1 1 1 1 1 1 | 1 1 1 | 1
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Figure 6.26: Rate of the specular component as a function of the vertical position of the sample for an
80° incident angle.

At z=2 mm, the beam is starting to hit the black holder thus explaining the onset of a decrease
in rate. On the contrary, at z—23 mm half of the beam is now passing below the teflon and is
not blocked anymore leading to a drastic rate increase. Following this logically, at z—24 mm the full
beam is unblocked by the teflon leading to a maximum rate where the PMT is aligned with the beam,
which is completely compatible with the results found in section 6.4.2. Between z=2 and z=23 mm,
the rate distribution is essentially flat thus meaning that there is no drastic intensity change when
changing the teflon thickness. To try and quantize the amount of change, if any, a zoom between z—4
and z=22 mm is performed as shown on figure 6.27, which allows to note a few interesting features.

First there is a general trend where the intensity decreases as z increases, so with decreasing
teflon thicknesses. Second, the points lying on the vertical lines should not be considered as they lay
right at the intersection of two steps, thus making the reflection process unreliable. In addition, the

machining of the teflon steps occurred around these points which might have induced some stress on
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the teflon, thus further changing its reflectivity. Third, while the three central values of step 1, step 4
and step 5 are rather constant it is not the case for step 2 and 3. Step 2 especially is a puzzling case,
as there is a big intensity drop visible above 8.5 mm. This effect has no physical explanation and
so has to be due to an artifact of the teflon, either the sample is dirty in this place, or it is bumped
or damaged. Step 3 doesn’t show such a drastic drop but its behavior is also not as constant as the

others, however this could simply be due to rather large statistical fluctuations.

T
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rate (Hz)

5000

4500

4000

3500

3000

2500

Il 1 L | 1 1 | L 1 | 1 1 1 | 1 L | 1 1 | L 1 ‘ 1 1 1 | 1 1 | 1 L 1 | L
4 [i] 8 10 12 14 16 18 20 22
z (mm)

2000

NHTITITITTTTTT T[T T T T ITTT

Figure 6.27: Zoom of figure 6.26

Assuming that the teflon presents no defect, the three center values of each step would be expected
to yield equal intensity. As was shown, this is not the case so a more precise analysis of this has to
be conducted to come to a conclusion which would assign one rate value to one thickness.

For this purpose, the intersection points between two adjacent thicknesses are neglected for the
reasons mentioned above. Additionally, the average rate of all the points in a step is calculated, as
well as the uncertainty A, which is related to the standard deviation o by A = o/v/n — 1, with n the
number of points. The result can be seen in figure 6.28. Clearly, there is an increase of rate as the
thickness of the teflon increases. Between 1 mm and 9 mm thickness, the rate increases by roughly
26%. However, because of the big uncertainty for steps 2 and 3, precise modeling proves to be rather
difficult.

To try to now characterize a bit more the shape of the distribution, the data is fitted with a
saturation curve according to equation 6.6 where A is the saturated rate at largest thickness and [

is the thickness scale of the plateau.

f(z) = A(1 — e/ (6.6)
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Figure 6.28: Rate versus thickness of the sample for 80°incident angle.

The fit gave results of A = 3893 4+ 33 Hz and [ = 0.675 & 0.053 mm, with a reduced y? of 2.25.
While the fit is rather poor, it is possible to determine, at least roughly, the impact of the thickness
on the specular reflection at 80° incident angle. From figure 6.28 it is clear that for a thickness greater
than 3 mm, there is no visible change in the specular reflectivity. When using this value of 3 mm
in equation 6.6, a 1% rate loss is expected. As comparison, a thickness of 2 mm would mean a rate
loss of 5% from the rate saturation value. Because of the big uncertainties which are superior to 5%
and the lack of more data points, a 2 mm thickness could be considered having no impact on the

specular reflection at 80°incident angle, however, in order to be conservative, no thickness below 3

mm will be recommended for the thickness of the XENONI1T TPC.

70° incident angle

To try and confirm the conclusions of the above section, the same analysis is redone for an incident
angle of 70°as shown on figure 6.29.

This time, data is not taken at each z position but only once per step, at the centermost z position
of each step. This is the case except for step 2, where the center position would put us in the dip
where the teflon has a problem. So the data are taken at z—8.5 instead of z—9 mm. Following
the same argument, data are taken at z=14 mm instead of z=13 mm for step 3. As for the error,
the relative errors found in the above section which takes into account the spread of the points
distribution over the whole width of each step, are simply applied to each point.

The resulting plot and a fit using equation 6.6 can be seen on figure 6.30.
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Figure 6.29: Sample position and specular reflection for 70° incident angle.
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Figure 6.30: Rate versus thickness of the sample for a 70° incident angle

The fit gives values of A = 741 &6 Hz and [ = 0.582 £ 0.052 mm, with a reduced y? of 1.61.
While this is a better fit than for the 80°incident angle, it is still not an excellent description of the
data. However, once again, the figure shows an increase of about 20% in the rate between a thickness

of 1T and 9.5 mm, and the length scales from the two fits agree within the errors, thus confirming the

choice of 3 mm thickness for the XENONI1T TPC.

Conclusion

The large error on the specular reflection amplitude, and the limited amount of data do not allow for
a precise model of the influence of the teflon thickness on the reflectivity. However, there is a clear
indication that the teflon thickness has an influence on the specular component of the reflectivity.
This can be further seen by the 20% difference in rate between a thickness of 1 mm and a thickness of

9.5 mm of teflon for both 80°and 70° incident angles. However, based on the relatively flat behavior
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of the specular reflection for thicknesses above 3 mm, and the fit values for the length scale from
equation 6.6 of [ = 0.675 mm and [ = 0.582 mm, it is clear that a teflon thickness of at least 3 mm is
necessary to avoid losses of specular reflection. Consequently, it is advised to use a teflon thickness
certainly no less than 3 mm for the XENON1T TPC.

Another important piece of information which can be inferred from this study is that even small
deformities in the teflon can lead to big effects on the reflectivity, sometimes even bigger than the
ones due to a change of thickness in the teflon. Consequently, very special care and attention should

be given to the machining of the teflon rather than solely focusing on the teflon thickness.

6.4.4 Full Transparency of the teflon

While it has been shown that the thickness of the teflon impacts the specular reflectivity, whether
this is due to a full transparency of the teflon needs to be investigated. For this purpose, a very
simple test is performed. The teflon is positioned as shown on figure 6.31, perpendicular to the beam
and in a way that the beam is completely blocked in order to see if any light passes through the
teflon. Results are shown in figure 6.32. There are no visible features but only a flat background at a
level of 16 + 3 Hz. However to fully conclude on the transparency of the teflon, this number must be
compared to the background level taken when no teflon is present. Indeed, there still may be some
uniform isotropic transmission of light through the teflon which would lead to a still flat but higher
background level. The unbiased background level had already been measured during the beam spot
calibration where data was taken with the sample completely out of the way of the beam. Figure
6.14 indeed showed that the background level was around 17 Hz. This value is completely compatible
with the results from the transparency measurement, thus indicating that no sizable amount of light
was transmitted through the teflon even at a thickness of 1 mm. Thus, there is no clear indication
that there is a full transparency of the teflon, at least for light passing directly through the teflon
along the incoming beam direction. To fully investigate this, it would be necessary to look for light
coming out in a diffuse pattern in the full solid angle behind the teflon, but this would require a

much lower background to make a quantitative statement.

6.4.5 Reflectivity of the teflon

A full reflectivity model of teflon is now investigated. For this purpose, data is taken at each step
of different teflon thickness for different incident angles. Unfortunately, because the PMT does not

run all around the chamber and stops at an angle of 150° from its alignment position with the beam,
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Figure 6.31: Diagram of the setup for full transparency measurements
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Figure 6.32: Full transparency

only incident angles 6; higher than 20° can be probed, since the specular peak must lie within the

scanning range.

Analysis Method

Fitting the Data The first step to fully analyzing the data is to be able to fit it. For this purpose,
a model must be constructed which will describe the data appropriately. This model must have two
components, one for the specular reflection and one for the diffuse reflection. The goal is thus to find
a function of the type of equation 6.7 which will depend on four variables only, two incident angles
0; and ¢; and two reflection angles 6, and ¢,. Although, as already mentioned, the measurements

presented here do not utilize a tilt angle, thereby restricting measurements to the plane of reflection
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where ¢; = ¢, = 0, the model is developed to account for these angles should such measurements be
made. In this equation, F} and F, are two independent functions describing the specular and diffuse

components respectively.

F(eza ¢i> 97’) ¢r) - F1(9i> ¢ia 97“7 ¢T) + F2(9i7 ¢i> 97’) ¢r) (67)

A more intuitive description of these angles is shown on figure 6.33. Also note that the x, y and
z coordinate are not the same as in the previous section but are now the reference coordinates of the

teflon with the teflon normal on the z-axis as represented on figure 6.33.

Figure 6.33: Diagram showing the important scattering angles in the reflectivity process. rj represents the
incident beam, r the direction of the reflected beam, rg the direction of perfect specular reflection
and « the spread angle between rg and r.

With this in mind, the functions F} and F, must now be described, starting with the diffuse
function F.

According to Lambert’s cosine law, the diffuse component of a reflection is directly proportional
to the cosine of the angle between the observer’s line of sight and the surface normal, in this case
f,. Lambertian diffuse reflection is independent of both 0;, ¢; and ¢,, but since the data show a
dependence of the amplitude of the diffuse reflection on the incident angle, as will be shown later,

the model is modified to account for this and F, can thus be rewritten as:

F2(9ia ¢i> 97’7 ¢r) - R2(9i)cos(97’) (68)
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where Rs(0;) describes the intensity of the diffuse component as a function of incident angle.

The case of the specular component is a bit more complicated. The first step is to find out
the shape of the function Fj. A realistic specular reflection is usually described by a peak with a
finite width about the direction of perfect mirror—like specular reflection, such as a two dimensional
gaussian distribution. It becomes then logical that F; should also follow a gaussian distribution.

Indeed, because the beam is not point like [99] but is spread out, it gives a spread in specular
reflected angle distributed as a gaussian. Additionally, the microsurfaces mentioned in section 6.1
give rise to an additional smearing of the specularly reflected beam. These effects need to be taken
into account. Calling this new spread angle « (see figure 6.33), the function F; describing the specular

component of a reflection becomes:

F(0r, 60,6,, 6,) = Ra(6)e 57 (6.9)

where « is the angle with respect to the direction of perfect specular reflection and is function

of 0;, ¢;, 0, and ¢,. « should then follow a two dimensional gaussian with a mean of zero and a

width of o, where the assumption of symmetry in the two dimensions around the direction of perfect
specular reflection has been made.

The angle o now needs to be derived as a function of 0;, ¢;, 6, and ¢,. Figure 6.33 shows how
« is related to the incident beam described by the vector rj, the direction of reflection described by
the vector r, and the direction of perfect specular reflection described by the vector rg. Here « is the
angle between r and rg.

The parameterization of o can be done in the reference frame of the teflon, where the z axis is
on the normal of the teflon, but to analyze the data it must be parameterized in terms of the actual
measurable angles given in a laboratory coordinate system. These angles are 6,;;;, which is the angle
of the teflon relative to the plane of the incident beam and the PMT, 6py;r, which is the rotation
angle of the PMT around the vacuum chamber, and 6,,;, which represents the rotation of the teflon
so the angle of the teflon normal relative to the incident beam. An intuitive description of these
three angles can be seen on figure 6.34.

The conversion is handled by a rotation matrix, which is derived in the appendix. The result of

this is an expression for alpha in terms of 0,..;., 60;;;;, and Opyr.

a = arccos( sin(0s)cos(¢s)sin(Opur) (6.10)

+ cos(0ppr)[sin(Orir) sin(0s) sin(ps) + cos(Oie)cos(0s)] )
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Figure 6.34: Diagram showing the three observable angles in the laboratory coordinates

with 65 and ¢ given by,
0s = arccos|cos(0pt)cos(0ror)] (6.11)

s (Orire ) cos (Orot )

¢s = arctan( ) (6.12)

$in(0ror)

For the data presented here, another simplification can be made. Since no tilt angle was used,

etilt - O, 98 - erota ¢S = Oa and

a = arccos(sin(0o)sin(Opyrr) + c08(0ror)cos(Oppr)) (6.13)

Similarly, to be able to express F', | and F; as a function of these measurable angles, the incident
angle #; and the angle of observed reflection relative to the normal of the teflon sample 6, in equations

6.8 and 6.9 must be written in terms of laboratory variables.

According to the law of reflection from geometrical optics (mirror-like reflection), 6; — 65. In

addition, and as mentioned before, because 0;;;,—0, 0, = 0,.;. Consequently:

ei - 98 - erot (614)

As for 6,., its derivation follows from the same coordinate transformations used for « and is

described in the appendix. The result is

0, = arccos(cos(Oyy)cos(Opnrr)) (6.15)
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Again, since all measurements here have 0;;; = 0, this reduces to
Qr = ‘9PMT (616)

Going back to the primary goal of establishing a function F describing the reflectivity of the teflon
for the measurements presented here as a function of measurable angles, with 6;;; = 0 and a from

equation 6.13, it can now be written that:

F(rot, Opnir, Orire) = Rl(erot)e(_;fiz) + Ry(0r0)cos(0ppr) (6.17)

The model described by equation 6.17 is thus a 3D model of the reflection of light, and will be
shown to be well suited to match the data.

In this function, pyr is the only variable (as the PMT moves constantly around the chamber)
while R; and R,, which represent the intensity of the specular and diffuse component respectively,
as well as the incident angle 0,,; and of course the width of the specular distribution o, are left as

free parameters.

Calculating the Reflectivity The total reflectivity Ry, of the sample can be calculated according
to equation 6.18 where R,(#;) is the total intensity of the reflected light and Ry is the total intensity

of the incident light, which can be measured by moving the teflon sample out of the way.

RTot (‘9@) = R
0

(6.18)

Calculating R, requires to integrate the fit obtained from function 6.17 over a solid angle, while
Ry requires the integration of the incident beam over a solid angle. However the spherical coordinate
system needs to be taken into account. Following the notation of figure 6.33, the total light intensity

R, is thus

2 3 o2
R, = / / (RieT 52 4 Rycos(0,))sin(0,)d0,do, (6.19)
0 0

In the case of a well localized specular peak, the dominant contribution to the specular term
comes from a small solid angle about the peak. Thus, the contribution from the bottom hemisphere

is negligible, and one can perform the integral in a rotated coordinate system with rg, the direction
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of perfect specular reflection, on the z axis.

R, = 27TR1/ e_%sm(@”)d@" - 27rR2/2 cos(6,)sin(6,)do, (6.20)
0 0

where the double prime system is simply a change of coordinate where z' = F, on figure 6.33.

The solution to equation 6.19 is then

o2 24 _
R, = ——WﬁRlae_T[erfi(g i 7 7

/s 3 )—l—erfz'(a\/(z)) NG

where Ry, Ry and o are the parameters obtained from fitting F to the data and where for any

—2erfi—] + TRy (6.21)

complex number z, the complex error function erfi is defined as:

erfi(z) = —ierf(iz) (6.22)

Because the first two erfi terms of equation 6.21 are much smaller than the third one, they can
be neglected. Furthermore, to simplify equation 6.21, the Taylor series approximation to the error
function can be used:

2

erf(z) = ﬁz (6.23)

This leads to the final solution to equation 6.19 :

0,2
R, = 2nrRi0%¢™ 2 + Ry (6.24)

Now that the analysis method has been layed out, the fitting function 6.17 can be applied to the

data and the reflectivity can be calculated using equation 6.24.

Raw Data

Measurements were taken with the light incident on the five different teflon steps at incident angles
of 80, 70, 60, 50, 45, 40 and 30° from the normal of the teflon.

The raw data of the rate as a function of the PMT angle for the 5 mm thick step are shown on
figures 6.35. The raw data for the other thicknesses look about the same and are consequently not
shown here.

The peak due to the specular component seems to appear correctly at every angle, thus confirming

that the data was taken with no major problem. The main feature from these plots is that the specular
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Figure 6.35: Raw data - Beam incident on the second (5 mm) teflon step.

component decreases with decreasing incident angle. The diffuse component decreases at the largest
incident angles, as shown in the black and red curves. Note that it was not possible to take data
beyond certain reflection angles due to restrictions with the setup, which is why all curves are not

present near Opyr = 0.

Fit to the Data Each curve of figure 6.35 are fitted independently with the function described by
equation 6.17. In addition, the beam spot measurement with the teflon out of the beam (hence no
reflection) is also fitted as, being a measure of the incident light intensity, it is used as normalization.
The resulting fits can be seen on figure 6.36, with the fit parameters listed in table 6.2.

The errors on each data point of figure 6.36 come from the statistical uncertainty on the total
number of counts for each data point, given by An = /n.

The reduced x? values in table 6.2 show good agreement of the fits to the data for small incident
angles. At the largest incident angles, the reduced 2 is much higher, mostly due to a non-gaussian
tail in the specular peak. While this could be modeled by introducing an additional term in the fit
function, the fact that the function describes the data very well at other incident angles led to the
choice of keeping it as is.

For the normalization measurement, the reduced y? of 683 shows the poor fit to a gaussian. This
is due to the flattened top on the peak, more clearly visible on figure 6.14. This plateau is likely due
to a saturation effect coming from the trigger logic used for the data which was not optimized to

account for dead time. This issue will be addressed in the next chapter.
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Figure 6.36: Fits on the background subtracted data - Beam incident on the 5 mm thick teflon step. From
left to right, top to bottom: normalization, §;=80, 70, 60, 50, 45, 40, 30 °

0; (°) R1 R2 o Reduced y?

5.5 10* +1.428 —0.02804 £ 2.453 10~° 683

80 3365 +21.84 40 £ 0.07429 0.07599 + 0.0003343 38

70 750 £ 0.3828 | 57.54 4+ 1.538 0.1139 £ 0.0007701 5)

60 240 4 0.2845 66.51 4+ 3.84 0.1314 £+ 0.003067 1.7

50 96.55 4+ 3.431 59.39 4+ 2.05 —0.1508 + 0.006268 1.05

45 90 £ 0.3002 50.18 4= 1.483 —0.1469 £ 0.006123 0.85

40 53.34 £ 2.664 | 49.48 + 2.228 0.188 +£0.0136 0.74

30 40.59 +2.711 | 48.99 4+ 2.067 0.1768 £ 0.01768 1.05

Table 6.2: Parameters values of the fits corresponding to figure 6.36 (5 mm thick step). The top line is for

the normalization measurement of the incident light with the teflon sample out of the way.
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Again, while only shown for one thickness, this procedure is applied to all measurements for all

different teflon thicknesses.

Reflectivity ~According to [30], the predicted model for teflon reflectivity at 175 nm is as shown on
figure 6.37. While this particular model works at 175 nm, it should in principle be close enough to

allow for comparison with data at 178 nm.
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Figure 6.37: Reflectivity model on unpolished molded teflon at 175 nm [30].

Using the fit parameters corresponding to all the fits to the data from all teflon thicknesses,
amongst which figure 6.36 and table 6.2 are an example, and applying equation 6.24, the total, spec-
ular and diffuse reflectivities for each incident angles and for each teflon thickness can be computed.
The resulting total reflectivity as well as specular and diffuse components are shown on figures 6.38,

6.39, 6.40, 6.41 and 6.42.
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Figure 6.38: Total, specular and diffuse reflectivities of the 9.5 mm thick teflon.
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Figure 6.39: Total, specular and diffuse reflectivities of the 5 mm thick teflon.
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Figure 6.40: Total, specular and diffuse reflectivities of the 3 mm thick teflon.
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Figure 6.41: Total, specular and diffuse reflectivities of the 2 mm thick teflon.
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XE100 Step PTFE Sample - 1 mm thickness
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Figure 6.42: Total, specular and diffuse reflectivities of the 1 mm thick teflon.

In all figures 6.38, 6.39, 6.40, 6.41, 6.42 the specular component follows the predicted model
from figure 6.37. However, the diffuse component varies slightly as a function of incident angle.
Indeed there seems to be a peak in the reflectivity at a 60° angle. The reason for this behavior
is uncertain. The fact that it happens at the same point for all teflon thicknesses maybe points
to a teflon machining issue, however this is hard to ascertain considering that the exact machining

conditions of the sample are unknown.

Finally, integrating over the solid angle to find the average reflectivity for each thickness, figure

6.43 is obtained.
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Figure 6.43: Average reflectivity of the XelOO0 step sample as a function of the thickness of the sample.
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The red line is not a fit but a simple average of the data leading to a total average reflectivity of
73+7%. While there seem to be an increase as the thickness increases, the error bars are too large to
make such a statement and allow only to say that changing the thickness of the teflon does not affect
the reflectivity by more than 10%. Comparing figure 6.43 and figure 6.30, the same trend is observed
with the reflectivity dropping slightly below 3 mm thickness, making both analyses consistent with

one another.

Comparison with Monte-Carlo based Analysis Method In [99], a completely different analysis
method was used to obtain the reflectivity of teflon in vacuum. This analysis method, based on
MC and whose complete description can be found in [99], was applied to the data of this study in
order to compare the results and check that both analyses yield the same result, as should be the
case.

Both reflectivities are shown on figure 6.44. Note that this MC based analysis was not optimally

tuned to this data but to first order, it can be seen that both analyses are completely consistent with

one another, thus making the results of this study robust.
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Figure 6.44: Comparison of the output of both analysis methods to the data
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6.4.6 Conclusion

The reflective properties of VUV light off of a teflon sample taken directly from the batch used for
the XENON100 experiment have been investigated. The overall reflectivity of the teflon has been
estimated to be 73 + 7% and is completely compatible with the results found in [99]. This number
seems to depend only relatively weakly on the thickness of the sample with a maximum change of 26%
for an 8.5 mm difference in thickness. To come to a conclusion an analysis based on the amplitude
of the specular reflection at 80°and 70°incident angles was performed. It resulted in a reduction
of 20% for a 1 mm thickness compared to a 9.5 mm teflon thickness, however it did not take into
account the diffuse component of the reflectivity, which could have a impact on the result. Fits to
the amplitude as a function of thickness were used to determine that a teflon thickness of 3 mm is
necessary to avoid losses in specular reflection at high incident angles. This led to the conclusion
that for XENONIT, the teflon to be used in the TPC should have a thickness greater than 3 mm.

Additionally the transparency of the teflon was investigated, and no indication of transparency
was seen by looking for light that shines directly through the sample in the direction of the incident
beam. This conclusion holds even for a sample with thicknesses as low as 1 mm, but this measurement
was background limited. A full study that would account for the transmitted light following a diffuse
pattern would was not possible with this setup.

One last important feature to remember is that the reflectivity seems to vary substantially with
any type of impurities, damage or non-uniformity within the teflon and that very special care should
be taken when machining the teflon. This was shown by the reduction in reflectivity that was seen

at particular locations on the teflon sample.
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7.1 Introduction and Motivation

As already introduced in the previous chapter, it is necessary for the XENONIT experiment to
study the reflectivity of teflon. While in the previous chapter conclusions on the necessary thickness
and on the reflectivity of teflon in vacuum were obtained, this is not enough for the needs of the
experiment. Indeed, like for XENON100, in XENONTIT the whole reflection process will happen in
liquid xenon where it could be very different than in vacuum for several reasons. First, xenon is
known to be a good detergent, and the liquid xenon can fill the holes of the pourous structure of
the teflon surface and dissolve impurities from the surface. Second, liquid xenon has a high index of
refraction of n = 1.69, which closely matches the index of refraction of teflon. This should also have
an impact on the way light travels at the uneven surface of the teflon, and likely has an impact on
the reflectivity. Consequently, to investigate this, the vacuum reflectivity setup has been adapted to

perform the same reflectivity measurements but this time, in liquid xenon (LXe).

7.2 The Setup in Liquid Xenon

The setup principle remains almost entirely the same. A deuterium lamp attached to a monochroma-

tor is set to emit 178 nm UV light. The light then passes through a converging lens and a collimator

185
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to finally reach a sample of teflon and reflect off of it while a PMT turns around the teflon to detect
the reflected light at different angles. However, now the teflon is not held by an anodized holder (see

section 6.3) but is instead placed in a quartz tube filled with LXe. This is schematized in figure 7.1.

Collimator

- N
B \ Light beam

| Light source
" \ (Deuterium Lamp)

Teflon

/‘i‘“\
E 2
|

Quartz tube -<+—— Main Vacuum
filled with LXe I Chamber

Monochromator

Figure 7.1: Principle of the reflectivity setup

The quartz tube itself is positioned between the PMT and the collimator, just like the teflon was
for the setup under vacuum. And just like the teflon used to be, the quartz tube is movable in the
vertical direction z in order to be able to put the teflon in or out of the path of the light and measure
the incident beam intensity. The quartz tube is attached to a liquefaction assembly and gas system
which allow to fill it with gas xenon and then liquefy this gas into LLXe. The liquefaction assembly
itself is attached to the top flange and takes the place of the previous rotational and translational
feedthrough of the teflon. It is connected to the flange by a custom made rotational feedthrough
which allows the whole liquefaction assembly to be turned. By turning the liquefaction assembly,
the quartz tube and the teflon also turn, thus allowing to scan several incidence angles, just like
the setup in vacuum. However, it was not possible to maintain the x-y translational motion on this
feedthrough, thus making the tube and teflon alignment a fixed position by design.

Both the teflon and the liquefaction assemblies are far from trivial and required inventive designing
and extended testing, from choosing an optically flat and polished quartz tube, sealing it and filling
it with LXe to being able to rotate and lift it all. Each of these steps will be carefully and extensively
explained in the next sections.

However, before diving into more technical details, a few changes made to the vacuum chamber
must be described. While, the vacuum chamber stays mostly the same, due to space restrictions, only

one cold shield, the largest one which has now been blackened, is used instead of two. In addition,
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a hole is drilled in the cold shield to coincide with one of the side flanges of the vacuum chamber.
That side flange is blinded with a window which thus allows to see everything that happens inside
the chamber, especially the quartz tube and the liquefaction process. When data taking is ongoing,
to ensure that no external light is leaking to the setup, this window is capped with an opaque cover
and a black blanket. Another small feature is the addition of two stoppers at the bottom of the cold
shield. Their role is to prevent the PMT from ever hitting the collimator or the cold head when
turning, as could happen before. Although small, this is a rather important feature as in the vacuum
setup, the problem occurred that the PM'T was turned too far, hitting and displacing the collimator
in the process. With this small addition, this is no longer an issue. Finally, two temperature sensors
PT100 are attached inside the chamber, one to the black shield and one to the PMT in order to
constantly be able to monitor the internal temperatures of the setup.

The inside of the main chamber with these new features is shown on figure 7.2.

Black
Shield *
\

Figure 7.2: Inside the main chamber

As for the light assembly described in section 6.3.1, it stays exactly the same and thus will not

be redescribed here.

7.2.1 The Tube in Liquid Xenon

As mentioned before, to take measurements in liquid xenon, the teflon is placed into a quartz tube
which is sealed and filled with gas xenon which is then liquefied. To achieve this, a complex design was
necessary as the tube must be completely isolated from the main chamber which is under vacuum,
to be able to contain liquid xenon at pressures superior to 2 bar. In addition, the tube must be

linked to a gas system to be able to receive and recuperate xenon gas and must also have its own
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refrigeration system to cool down the xenon and liquefy it.

Choice of the Tube

The selection of the material for the tube is of great importance. Indeed, the tube needs to be
maximally transparent to UV light especially at 178 nm. It also needs to be thick enough and
capable of withstanding several bars overpressure. Additionally, it has to be of excellent optical
quality and polished. Consequently, to meet all these requirements, a synthetic quartz glass made of
UV-grade fused silica purchased from QGH (Aachener Quarz Glass Technologie Heinrich) has been

chosen. This special type of quartz is specified to have a very high transmission at 178 nm, of about

80% for 10 mm thickness as shown on figure 7.3.
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Figure 7.3: Light transmission for synthetic quartz glass made with UV-grade fused silica [31]

The quartz tube specification were tested by placing the quartz tube in the chamber, both chamber
and tube under vacuum, and taking data by turning the PMT around the chamber with the light
shining through the tube and below the tube. Note that this was done when the setup was not
optimized yet, however for the purpose of this quick test, high precision calibration was not needed

and this data will thus not be used anywhere else in this work. The result of such a test is shown on

figure 7.4.
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Figure 7.4: Effect of the quartz tube on the incident light

By integrating the gaussian fits of figure 7.4, it results that a 20% light loss occurs when shining
the light through the tube, which is indeed what was specified from the company.
In addition, from a physics point of view, this light loss mostly comes reflection in the quartz and

can be also calculated through Fresnel formula 7.1.

v (i) a

Applying equation 7.1 and knowing that quartz has an index of refraction at VUV wavelengths

of n = 1.6, the amount of light that reflects at one surface is R = 0.053, thus meaning that about
95% of the light is transmitted. Since the light crosses four surfaces, its intensity is decreased by a
factor of about 0.80 when passing through the tube. Again, this is in perfect agreement with both

the company specifications and the measurements.

Sealing of the Quartz Tube

To seal the tube properly, it is inserted between two stainless steel flanges which are held with three
rods evenly spaced by 120°. The leak tightness between the tube and the flanges is ensured by two
viton o-rings. Additionally, the use of spring washers on the bottom flange allows for the system to
remain leak tight even when the steel contracts from the cold during the xenon liquefaction process.
The bottom flange is always tightened using a torque wrench with a torque of 7N-m. This sealing

method was extensively tested and proven to be sufficiently leak tight by using a common glass tube
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submerged in liquid nitrogen.

As for the teflon in the tube, it is held from the bottom edge by a set screw to an anodized
black aluminum holder in order to avoid undesirable reflections. The holder is itself screwed at the
bottom flange of the sealing assembly and was designed to avoid air pockets that could contaminate
the xenon or serve as bubble nucleation sites.

The top and bottom flange as well as the final assembly are shown on figure 7.5.

Figure 7.5: The sealing of the quartz tube. Left: the top flange with the xenon supply and return lines
welded to it. Middle: the bottom flange, with the holes to screw the teflon holder in place.
Right: the final assembly with the tube sealed and the teflon and teflon holder inside

Xenon Filling and Liquefaction

As can be seen on figure 7.5, the top flange of the tube has two lines welded to it. These two lines
are used to fill or empty the tube with xenon gas. Attached to these lines, two 1/4 inch flexible lines
connect to a feedthrough in a CF100 flange. On the other side of this feedthrough, two 1/2 inch
flexible lines are linked to a gas system allowing the supply or recuperation of gas xenon. This gas
system is not described in this work but can be found in [102].

To liquefy xenon, the gas must be brought to a temperature around -100°C'. The exact lig-
uefaction point depends on the equilibrium xenon pressure but this is of no importance for these
measurements. This liquefaction is achieved by connecting the tube to a cold head. The cold head
used is a CRYOMINI Iwatani model PDCO08 which has a cooling power of approximately 20 W at
-100 °. The cold head is itself connected to a hollow copper tube which is in turn connected to
the top flange of the tube sealing assembly which has a large hole in the center to allow xenon to
pass between the quartz tube and the copper tube. Because of copper’s extremely good thermal

conduction, the liquefaction process happens when the xenon gas touches the walls of the now cold
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copper tube. The temperature of the copper tube is constantly monitored by a lakeshore DT-670
silicon diode and read out by a lakeshore 336 temperature controller.

In addition, great care must be taken in this process as the tube cannot get too cold otherwise
the xenon will solidify as shown on figure 7.6 which represents the phase diagram for xenon at the

pressures and temperatures of interest.

1.8f

—
2]

—
~
=

-y
%]

Pressure [bar]

o
oo

o
(=2
o e

<
~

3 # vapor pressure Xe
- #  liquid pressure Xe
0.2 e gazeous to liquid
H — liguid to solid
| I L L |1 |—— gazeous tosolid
E1120 -115 -110 -105 -100 -95

Temperature [C]

Figure 7.6: Xenon phase diagram [32]

Consequently the temperature of the xenon must be maintained stable. This is done by adding
a 25 W heater into the side of the copper tube. The heater is then remotely and automatically
controlled by the lakeshore 336 unit and is set to give more or less power depending on the temperature
fluctuations, to keep the overall temperature stable within 0.1°C'.

Figure 7.7 shows a photograph of the tube and liquid xenon assembly with all the relevant
aforementioned features.

The xenon assembly which consists of the xenon lines, the hollow copper cold finger and the
quartz tube, is filled by opening a valve to a xenon gas source at constant pressure. Once the xenon
assembly is full of xenon gas, it is cooled down to start the liquefaction process. As the gas cools down
and liquefies, the xenon density decreases and more gas enters the xenon assembly thus maintaining
a constant pressure. Once the whole xenon assembly is homogeneously cooled down to a temperature
around -100 °C', liquid xenon drops into the quartz tube where it accumulates until the tube is full

of liquid xenon. At that point, the xenon supply is closed and the system is held in equilibrium for



192 Chapter 7. Teflon Reflectivity Studies in Liquid Xenon
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Figure 7.7: The tube and xenon liquefaction assembly.

the measurements.

One last noteworthy point is the presence of a burst disc directly linked to the xenon lines. In case
the temperature of the xenon would start increasing drastically the disc would break thus releasing
the xenon into the air rather than have the quartz tube explode from the pressure. The disc is rated

to burst between 3.2 and 3.8 bar gauge.

7.2.2 Movement and Degrees of Freedom

The quartz tube containing the teflon must have two degrees of freedom. It must be rotatable in
order to be able to scan different incident angles and it also must be vertically movable so that the
beam can shine either below the whole assembly, through the tube and off the teflon, or through
the tube but above the teflon. This must be done inside the main chamber without breaking the
vacuum and of course with liquid xenon still in the quartz tube. This puts on serious constraints on
the design and it results that to obtain such degrees of freedom, not only the quartz tube but the
whole liquefaction assembly, shown on figure 7.7 must be rotatable and vertically movable. While
both motions will be described in details, for better comprehension it is necessary to start by giving
a quick idea of what the system looks like. A simplified picture of the system is shown on figure 7.8.

The liquefaction assembly is mounted on a hollow stainless steel tube and is attached to it via
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Figure 7.8: Simplified picture of the motion assembly.

CF100 flanges. The stainless steel tube (and so the attached liquefaction assembly) is itself mounted

at the center of the main chamber through a custom CF160 flange. The stainless steel tube is shown

on figure 7.9.

Figure 7.9: The stainless steel tube which allows the chamber to be maintained under vacuum while moving
the quartz tube assembly.

The stainless steel tube is sealed to the main chamber via a viton o-ring, which seals against the
outer surface of the tube and the inner surface of the custom CF160 flange, thus keeping the inside

of the chamber and everything under this viton ring, under vacuum. By covering the stainless steel
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tube in vacuum grease, it can slide up and down relative to the main chamber and still be vacuum
sealed via the viton ring. Because the stainless steel tube is connected to the liquefaction assembly,
it is therefore connected to the quartz tube and thus lifting the stainless steel tube up and down also
lifts the quartz tube up and down, thus achieving the desired vertical motion. Because of the weight
of the liquefaction assembly, the stainless steel tube is prone to fall down to the level of the main
flange so in order to leave it at whatever vertical position is desirable, spacers of various heights can
be put between the main flange (CF160) and the connecting flanges (CF100) between liquefaction
assembly and stainless steel tube, thus holding the system into place.

In addition a system of pulleys was set in place to help for the up and down motion for two
reasons. First, once the system is under vacuum the force required to lift the whole assembly is
increased by about 0.8 kN due to the vacuum pressure over the stainless steel tube hole and is such
that lifting is not possible manually. Second, the vertical motion must happen in a very controlled
way to avoid two problems, first that the assembly be pulled too far up and thus that the stainless
steel tube pop out of the viton ring and break the vacuum, and second so that when lowering the
assembly it doesn’t drop suddenly over several centimeters and break the quartz tube. A winch and
two pulleys have thus been attached to the cold head flange allowing to lift the tube up and down
in the most controlled way.

Just like for the quartz tube translation, the whole assembly must be manually rotated from
outside to be able to rotate the quartz tube and teflon inside. To achieve this the main flange had to
be redesigned with several particular features. The support of the flange is a typical CF160 flange
which is screwed to the main chamber, however, rotational bearings are added to it to allow for a
rotational motion as shown on figure 7.10. Additionally, a groove was cut at the inside of the opening

to house the viton o-ring to form the seal between the flange and the stainless steel tube.

Groove for
viton o-ring

CF-160 '
Support Flange

Figure 7.10: The flange allowing the rotational motion of the xenon assembly. Left: top part, outside the
main vacuum chamber. Right: bottom part, inside the main vacuum chamber.
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In reality two parts must be rotated separately but simultaneously, namely the stainless steel
tube and the part of the flange which supports the tube and where the spacers are placed. This
motion is achieved through the use of bearings, which in this case are made of two stainless steel
rings around a plastic guard ring. In figure 7.10, both bearings are visible. The outer one with
the blue guard ring, supports the spacers and the stainless steel tube and the inner one with the
black guard ring allows the stainless steel tube to rotate without breaking the vacuum. In addition,
screws are added to the outer bearing to serve as stoppers and maintain the assembly motionless
thus avoiding unwanted rotation. The groove where the viton ring which allows the sealing of the
setup is placed, is also visible. Additionally to be able to record the angle of rotation the flange is
marked with a 360°scale. An angle marker is also attached to the stainless steel tube flange for the
reading of the angle. Finally, the xenon lines are connected to the gas system with flexible lines to
allow the motion of the whole assembly.

Figure 7.11 shows a picture of the whole motion assembly.

Figure 7.11: A photo of the motion assembly with the bearings, spacers and angle marker clearly visible.
The motor valve is also visible in the back as well as the chains linked to the pulley for the
lifting movement and the xenon supply lines.
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While in principle the rotation motion can happen over 360°, in practice it can only be done by
100° or so. This is because of the flexible xenon lines which of course also move with the liquefaction
assembly, but have a limited range. In addition, the motor valve of the cold head also has to be
moved as it is attached to the cold head via a high pressure copper line. The motor valve cannot
be attached to the assembly however because its weight would tip the quartz tube. Consequently
it is just simply placed on a platform on top of the main chamber and must be turned or adjusted
manually when necessary as shown on figure 7.11.

A view of the whole setup from the outside recapitulating all the main features described in the

previous sections is shown on figure 7.12.

=

Motion
Assembly |

# o
Vi

Figure 7.12: The full reflectivity setup as viewed from the outside.
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7.2.3 Data Acquisition

The PMT is powered by +800 V using a CAEN N470 power supply. The PMT signal is amplified
by a factor 10 using a CAEN N979 fast amplifier. A CAEN N840 leading edge discriminator (LED)
is then used to create a digital pulse when the amplified PMT signal crosses a certain threshold.
This threshold was selected just above the electronic noise level to maximize signal to background
ratio, and set to 100 mV. This discriminator value as well as the optimal operating voltage have been
selected based on studies performed in |32]|. The LED signal is then sent to a NI USB6008 interface
which is configured to count these digital pulses in LABVIEW. Additionally, the LED signals can be
counted externally with a CAEN N145 counter timer for debugging purposes.

Figure 7.13 shows the power supply and trigger system. A typical PMT signal and the digital

pulse from the LED are shown on figure 7.14.

Figure 7.13: A photo of the trigger logic for data acquisition. From left to right, the high voltage supply,
the LED, the counter timer and the fast amplifier.

Figure 7.14: A typical PMT signal; in yellow, the signal once amplified; in blue, the yellow signal once
inverted and digitized. The amplitude scale is for yellow: 100 mV/div and for blue: 500
mV /div. The time scale is 100 ns/division.

With such a trigger logic, a signal to background ratio of over 1000 is reached with the dominant

background coming from dark counts from the PMT.
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7.3 Measurements and Analysis

Now that the setup has been thoroughly explained, measurements were made using the step teflon
sample shown on figure 6.12. While the same sample is used for comparison and consistency purposes,
the analysis on the impact of thickness which was carried out in the previous chapter will not be
repeated here. Instead the focus will be on the reflectivity of teflon in different media.

Three sets of measurements were carried out. The first one is made in vacuum to be compared
to the results of the previous chapter to serve as cross check and reference point. A second set of
measurements is made in GXe. Finally the most interesting set of measurements for the XENON

collaboration is made under LXe.

7.3.1 Calibration of the PMT

One big difference between this setup and its predecessor is that the collimator, quartz tube and
teflon are by definition aligned. The teflon, tube and collimator cannot be translated or moved and
are thus in a fixed position. Only the PMT can be moved in x, y and z until it is properly aligned
with the beam. Indeed if the PMT were to be misaligned in either x or y, its center of rotation would
be different from the center of rotation of the teflon, leading to incorrect angles. Here, the alignment
is much more important than in the vacuum setup, because once the quartz tube is filled with liquid
xenon, the tube and xenon will act as a lens as soon as the light is not pointed directly to and from
the center. In addition, because the PMT is never touched, it’s enough to calibrate its position once
and for all. Note that these calibrations were done with LLXe in the quartz tube.

To make the following sections more understandable, figure 7.15 shows the orientation of the

setup and PMT.

z(5—>

Figure 7.15: The orientation of the PMT. Top view.



7.3. Measurements and Analysis 199

7.3.2 X Calibration

The x position of the PMT is the first calibration to be done. Indeed a misalignment in x will have
the biggest impact on the data. Additionally both y and z calibration depend on the x calibration,
while the latter is independent of the rest.

To perform the x calibration, the light is shone above the teflon, directly into the PMT which
is then rotated around its central position. This is done for several x positions of the PMT and is

schematically drawn in figure 7.16.

light - = =

Side View Top View

Figure 7.16: Setup to perform the PMT calibration in the X direction.

Figure 7.17 shows the data for such a calibration.
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Figure 7.17: X calibration of the PMT

The correct x position for the PMT is found to be 20 mm, as it is the maximum intensity curve

but also corresponds to the average value between each pair of curves with the same intensity as
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one another. And indeed, the correct x alignment should yield the curve with maximum intensity,
because this is where the normal to the aperture in front of the PMT is aligned with the beam at
its center. When x is misaligned, the effective area of the aperture decreases, leading to a lower

maximum intensity.

7.3.3 Y Calibration

The second calibration has to be done in the y direction. Calibrating the y position is however
rather tricky because it needs to be done while shining the light off of the teflon and without any
assumptions about the absolute PTFE alignment or angle position. This is done using an artifact
of the setup, namely the rods. As mentioned in the setup description above, the tube is held into
place by three rods whose positions are fixed relative to the teflon. Out of the three rods only one
is in front of the teflon, thus blocking the light at a fixed angle. When the PMT passes behind this
rod, no light can get through thus creating a very recognizable dip in the data. This can be used as
a very powerful calibration tool.

The light is shone off of the teflon at two different angles spaced 10° apart by rotating the teflon
and the quartz tube by exactly 10°. Instead of looking at a reflection peak, the emphasis is put on
the position of the rod. There should then be exactly a 10° difference between the dips of each data

set. A schematic view of the setup to perform this measurement is shown on figure 7.18.

light

Figure 7.18: Setup for the y calibration

However, because the rods are not point like, and the dip in the data has a certain width, it’s
hard to assess precisely the angle difference. Consequently the data are superimposed to one another

with an offset of exactly 10° for one of them. This is done for several y positions of the PMT and is
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shown on figure 7.19. The rod position aligns best for the datasets taken at a position y—0.4 mm,

making this value the proper choice for the y calibration.
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Figure 7.19: Y calibration of the PMT using the rod as a point of reference

7.3.4 Z Calibration

The last necessary calibration is the PM'T position in z. This is rather straight forward. The tube is
lowered so that the teflon is out of the way of the light and the light is shone directly into the PMT
which is moved exactly as done before for the X calibration (figure 7.16). This time however, this is
done for different values of z. When z is aligned the maximum intensity is at its highest. The results

from this calibration are shown on figure 7.20. The maximum intensity occurs at z—=1.85 mm, which

is thus the value that is used hereafter.
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Figure 7.20: 7 calibration of the PMT

7.3.5 Vacuum Measurements

Now that the setup is properly calibrated, measurements can be taken. The first step is to repeat
the measurements of the previous chapter but this time with the quartz tube under vacuum at room
temperature. This should allow to identify any potential effect of the tube on the data, such as
reflective light loss or attenuation in the quartz.

Just like in the previous chapter, before getting to a reflectivity result, two final calibrations are
necessary. First, the point on the PMT scale where the PMT is aligned with the beam has to be
known. This will also give the normalization data used to calculate the reflectivity. Second, the
PTFE angle at which the teflon is aligned with the beam must be also known in order to be able to
define the angle of incidence. Unlike the calibrations of the PMT position, these calibrations must

be performed every time a new sample is installed.

Normalization

As mentioned above and done in the previous chapter, to have a reference measurement, a normal-
ization measurement must be taken where the light is shone directly onto the PMT with the teflon
out of the way. Such a measurement serves two purposes. First, it allows to calibrate the PMT
angle on the PMT scale to determine at what angle on that scale is the PMT aligned with the beam.

Second, it serves as a measure of the amount of incident light Ry, accounting for losses in the quartz,
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which will then be used to calculate the reflectivity Ry (6;) as explained in section 6.4.5.

To do this measurement, the PMT is thus moved around to find the maximum intensity point
where it will be aligned with the beam. This arrangement is the same as the one used for the x
calibration and shown on figure 7.16.

The actual data is shown on figure 7.21 with a gaussian fitted to it. The alignment angle where

the PMT is aligned with the beam is 0pyrgrer = 186 £0.3°.
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Figure 7.21: Normalization data through the quartz tube in vacuum

PTFE Alignment

The next step is to find the teflon alignment angle 0prpgre; which means the angle on the teflon
scale which corresponds to the position where the teflon is aligned with the beam.

This aligned position is known to be around 60° on the teflon scale, simply by looking at it when
the setup was assembled, however this should be known more precisely. While in the old setup this
alignment was rather easy to do because the teflon could be translated in and out of the beam, in
this setup it is a bit trickier to achieve as the teflon can only be rotated. To get the teflon alignment,
data is thus taken at several teflon angles around 60° on the scale which should mean that the teflon
is only slightly inclined. By localizing the position of the specular peak on the PMT scale 0., and
knowing that this peak must be at a position 180 — 2 x #; with respect to the beam direction and by
knowing the PMT reference angle 0pyrres on the PMT scale, the incident angle 6; can be calculated

by applying formula 7.2.
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180 — Opear, + 0 e
0, — P k2+ PMTRef (7.2)

These angles are shown schematically in figure 7.22.

ePMTref

light

Figure 7.22: Schematic view of the angles needed to calculate the incident angle

Additionally, because of the finite size of the sample, very big incident angles are not accessible
as a significant fraction of the light hits the side of the sample. Consequently to find out the biggest
incident angle at which data taking is possible, this data taking procedure is repeated for several
angles until it is evident that the full specular peak is visible and all the incident light hits the
reflecting surface. A schematized view of the setup to take these measurements is shown on figure
7.23.

The data on figure 7.24 shows that at a PTFE scale angle 0prpgscae 0f 55° not all the light passes
through. This means that at this PTFE scale angle, some light is blocked by the side of the teflon
and does not reach the PMT. However this doesn’t necessarily mean that the teflon is aligned with
the beam. While turning the PTFE scale angle to 48° in the direction of decreasing incident angle,
the data always increases in intensity. This is evidence of light blockage, as with decreasing incident
angle, the specular intensity should decrease. This is the case until the PTFE scale angle 0prrgscae
is 48° where no more light is being blocked and the full reflected beam is visible. This is deduced
from the fact that the specular peak at an angle of 47° has less intensity than at 48°, as expected.
Consequently, only data taken at a PTFE scale angle less than 48° is usable.

The reference alignment angle of the PTFE 0prrgrer, which corresponds to the angle on the scale

for the PTFE rotation where the sample is aligned with the beam and the incident angle is 90°, is
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Figure 7.23: Setup for the PTFE alignment data
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Figure 7.24: PTFE alignment data through the tube under vacuum. Note that a teflon scale angle of

47° corresponds to an incident angle of 76° .

then found by fitting gaussians to both the Oprrpscae = 48° and Oprrpscae = 47° data. From their

respective specular peak position and following equation 7.2, the angle of incidence 6; corresponding

to these scale angles are calculated to be 6; = 77° and 6; = 76° respectively. The reference alignment

angle of the PTFE 0prppgres is then found to be 61°on the scale by using these values for ¢; and

OpTFEscale IN equation 7.3.

OprrEres = OprFESscate +90 — 0;

(7.3)
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Data

The raw data of the reflectivity measurements is shown on figure 7.25 for different incident angles
spanning a range of 40°, starting at an incident angle of 77°. The general shape and trend of this

data is completely similar to those of the data of the previous chapter (figure 6.35).
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Figure 7.25: Raw Data of the reflection off of the teflon in vacuum. The dip around 10°is due to the rod
position around the quartz tube.

Additionally, the raw data can be used to check if the setup alignment is indeed correct or not,
by using the rods’ position. As mentioned before, out of the three rods, two are behind the teflon
and one is in front of it, so there will always be a point in the data where the PMT passes behind
the rod in front of the teflon and the rate will drop to zero. The average PM'T angle with respect to
the teflon normal where this happens 6,,4 can be easily calculated to be at 10° from the basic design
of the rod system which is shown on figure 7.26.

Looking at the raw data from figure 7.25, a dip is indeed observed at 10°, thus confirming that
the setup is properly aligned.

Reflectivity

The method used to calculate the reflectivity is exactly the same as the one outlined in the previous
chapter and will thus not be repeated here. Note that compared to the previous chapter, the rates

are expected to be smaller due to the losses through the quartz described by equation 7.1.
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Figure 7.26: Position of the rods around the quartz tube.

Fit function 6.17 is applied to the data resulting in the fits presented in figure 7.27. Note that

the error on each measurement is slightly higher in the new setup because the statistics are slightly

lower due to reflections at the tube and attenuation in the quartz.

The reduced y? resulting from the fits of figure 7.27 are shown on table 7.1. As in the previous

chapter, while they are good at low incident angles, they get worse at higher incident angles, however,

once again, the fits still are not bad and considering the simplicity of the model are still adequate.

Incident angle (°) | Reduced x?

7.65245
7 7.22956
75 5.83319
70 4.02296
60 1.68714
50 1.71855
45 1.86172
40 1.49996

Table 7.1: Reduced x? for the fits to the vacuum data through the quartz tube. The first reduced y? value

corresponds to the normalization data (no reflection off teflon)

Applying equation 6.24, the reflectivity at different angles for both specular and diffuse compo-

nents of the light is calculated and shown on figure 7.28. This results in an average reflectivity of

70% 4 10% which is in complete agreement with the results found in the previous chapters which

were of 73% + 7%.
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Figure 7.27: Fits to the raw data in vacuum

However, while the average number agrees, when comparing the specular and diffuse components
between the two setups, differences arise. As a reminder, the results found in the previous chapter

are shown here in figure 7.29.

Comparing figures 7.28 and 7.29, it seems that the effects of the specular and diffuse components
are inverted. In the old setup, most of the reflectivity came from diffuse reflection while in this
setup much more of the reflectivity seems to come from the specular reflection. While this was not

expected it could be explained by a simple fact, namely that for this new data, the teflon had been
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Figure 7.29: Total, specular and diffuse reflectivities of the 3 mm thick teflon in the original vacuum setup.

The data for the cold and warm measurements lie on top of one another.

submerged in liquid xenon for a month before the data was taken. This might have for all purposes

washed the teflon surface making it more mirror like. This effect, however interesting, will not be

investigated further in this work, as its main purpose was to show that the results obtained were

compatible with the results of the previous chapter, thus allowing to have a strong basis before going

into gas and liquid xenon measurements.
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7.3.6 Gas Xenon Measurements

The measurements made in vacuum are now repeated in gas xenon (GXe). The main dataset was
taken just after recuperating the liquid xenon and maintaining the cold head temperature at -90°C'.
This was done in the hope that, because the quartz tube was presumably still cold, the GXe and
teflon could also be maintained at a rather cold temperature. However, the lack of a temperature
sensor inside the quartz tube did not allow for precise monitoring of the temperature. To see any
effect due to temperature changes, and as a crosscheck, a second dataset was taken a day later, after

the cold head had been turned off and the GXe and teflon were presumably near room temperature.

Normalization

Just as for the vacuum data, the normalization data in GXe at both cold and warm temperatures
are shown on figure 7.30. The PMT alignment angle 0parrger is 186.5° 0.1 at warm temperatures
and 186.3°£0.1 at cold temperatures. In addition, the intensity at warm temperatures is a bit
lower than at colder temperatures. While this disagreement is larger than the statistical error, the
decrease could be due to other systematic effects such as the reproducibility of the intensity from

the deuterium lamp or changes in the reflective losses at the quartz tube due to thermal expansion.
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Figure 7.30: Normalization data through the quartz tube in gas xenon

PTFE Alignment

Again, as for the vacuum data, the PTFE alignment must be redone. While it shouldn’t change a lot,

it’s always a possibility that a change of state might induce some angle shifts due to lensing, other
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optical effects or thermal expansion of the tube or the teflon. Figure 7.31 shows the result of the
PTFE alignment in GXe. As before, gaussians are fitted to the 48°and 47° data which again are the
largest incident angles at which a full measurement is possible. They correspond again respectively

to a 77 and 76° incident angle yielding the same teflon reference angle of 61°.
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Figure 7.31: PTFE alignment data through the tube under gas xenon

Data

The data in GXe is shown on figure 7.32. As mentioned before, some measurements were made at
warm temperatures and are shown as triangles on the data. There is no major difference between
the cold and warm measurements except at high incident angles where the warm measurements have
a slightly higher rate. The general trend of the data is the same as in vacuum but with slightly lower

intensity.

Reflectivity

Once again the analysis used to calculate the reflectivity is the same as described in the previous
chapter. The fits corresponding to the data of figure 7.32 are shown in figure 7.33 with the reduced >
shown on table 7.2. When presenting the data in this manner an unexpected feature arises, namely a
small bump around 100° from the incident angle, which explains why the reduced x? are a bit worse

than for the vacuum data (but still acceptable). The reason for this small peak is unknown but may
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Figure 7.32: Raw Data of the reflection off of the teflon in both cold and warm gas xenon

simply be due to impurities in the gas or an extra reflection. However this effect being tiny will

simply be ignored.

Incident angle (°) | Reduced x?

31.7045
7 5.57227
72 3.07063
62 2.32266
52 2.12511
47 1.85764
42 1.73335
37 1.40652

Table 7.2: Reduced x? for the fits to the GXe data. The first reduced x? value corresponds to the normal-
ization data (no reflection off teflon)

The reflectivity in GXe for both warm (triangle) and cold (stars) data is shown on figure 7.34.
As can be seen, the aforementioned slight differences in intensity between warm and cold data have
a negligible impact on the reflectivity which has an average value of 56% =+ 7%. This value while

lower than the reflectivity in vacuum is not significant enough within the errors to be conclusive.
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Figure 7.33: Fits to the data in cold GXe

7.3.7 Liquid Xenon Measurements

The last and most important set of measurements is done with the quartz filled with liquid xenon
(LXe) and maintained at a pressure and temperature of 1.5 bars and -102°C'. Other than a visible
convective motion, the LXe is stable and homogeneous with no bubbles or obvious artifacts which

could prevent data taking.
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Figure 7.34: Total, specular and diffuse reflectivities of the 3 mm thick teflon under both cold and warm gas
Xenorn.

Normalization

As previously done in both vacuum and GXe, normalization data are necessary to identify the align-
ment angle of the PMT with the beam and measure the incident intensity. Here, the normalization
measurement also accounts for light loss in the liquid xenon, as well as in the tube as in the previous

measurements. The results are shown on figure 7.35.
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Figure 7.35: Normalization data through the quartz tube in liquid xenon
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The peak intensity has gone drastically up by almost a factor 3 compared to the measurements in
gaseous xenon and vacuum, shown on figures 7.30 and 7.21 respectively, but the width of the beam
is much smaller. The total intensity can be compared by the integral, which gives a factor 1.1 higher
for the liquid xenon measurement than the vacuum measurement. The increase in the integrated
intensity can be described by the fact that there are fewer reflective losses at the surfaces of the
quartz tube when it if filled with liquid xenon. Since the index of refraction of liquid xenon closely
matches that of quartz, the reflective losses at the inner surfaces are negligible, and there are only
two surfaces with large reflective losses compared to four when the tube was under vacuum. Using
equation 7.1 again, and applying it at two surfaces compared to four, the losses from reflections
should be only about 10% of the incident light as opposed to about 20% in the vacuum case, which
entirely explains the increased intensity.

The fact that the beam is higher and narrower in liquid xenon than in vacuum can be explained
by the fact that the xenon acts as a lens. It effectively focuses the beam to a smaller width at the
location of the PMT.

In addition the PMT alignment angle with the beam is found to be 189.2° +0.1 which is 3° off
compared to vacuum and GXe. This should not happen if the system were perfectly aligned. To
investigate this issue simulations of the light path were performed. Because the PMT has been
calibrated, and assuming that the design is correct and the quartz tube and teflon are centered in
the chamber, the only likely explanation is that the light beam itself is tilted. This is highly possible
as there is some slack in the viton rings which hold the light assembly to the main chamber and
getting the two aligned was non-trivial. Consequently, the simulations were carried out with a tilted
light source and resulted that a 0.3°tilt would cause the 3°difference seen between vacuum and
LXe. This is a negligible misalignment and much lower than the resolution with which the setup was
aligned. Moreover, because the normalization and alignment calibrations are redone in LXe and used
to calculate the reflectivity, this 3°difference is thus taken into account and will have a negligible

impact on the following results.

PTFE Alignment

Because of the change of state to liquid, this step is even more important than before as there is the
distinct possibility that the LXe acts as a lens due to its high index of refraction n—1.69, which would
have an effect on the angle. The data is shown on figure 7.36. Unlike before, only from a PTFE

scale angle of 46° on, can the full measurements be made. Again applying formula 7.2, a 45° angle on
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the PTFE scale corresponds in reality to a 77° incident angle, which gives a teflon reference angle of
58° on the scale which as expected from the previous section is 3° off compared to the data in vacuum
and GXe, thus also confirming that the xenon acts as lens. Because the sample was not changed and
nothing was touched on the system, the data was taken in exactly the same conditions which means

that this is definitely an artifact of light propagation through L.Xe and not due to any change on the

setup.
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Figure 7.36: PTFE alignment data through the tube under liquid xenon

Data

The reflectivity data taken in LXe is shown on figure 7.37. Again, the data intensity is about
three times bigger than the data under vacuum or GXe, however the main surprise comes from the
shape of the data. At large incident angles, the specular peak is observed as expected where 6, = 6.
However, as the incident angle decreases, the specular intensity is attenuated asymmetrically. Indeed,
the center of the peak is no longer where it is expected and the distribution is more asymmetric.

A comparison of this data with the same data in vacuum for selected angles is shown on figure
7.38. This shows very explicitly that the specular component in LXe is cut off asymmetrically for
incident angles around 70° until it is completely gone at low incident angles inferior to 40°.

This clearly was not what was expected. Indeed it was always assumed that reflections in LXe
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Figure 7.37: Raw Data of the reflection off of the teflon in liquid xenon

would behave exactly the same as in vacuum but with simply a different intensity, since xenon is
a known detergent and thus cleans surfaces. While figure 7.38 really hints that this effect is real,
it must be investigated to make sure that it cannot be an artifact of the setup. In addition, if this
trend is found to be a real effect, the analysis should be modified and a new fitting function should

be implemented. This will be answered in the following sections.

Explaining the Data

There are two possible explanations for the data. On one hand, there might be a systematic problem
with the setup which induces such a behavior. On the other hand, it might be that the assumption
that light behaves the same way in LXe as in vacuum is simply wrong and the observed behavior is
truly what is happening. The first step in clearing up this matter is to try to eliminate any possible

cause of systematic error from the setup.

The first reason that could come to mind as to why the data is so different is an alignment
problem from the setup. This hypothesis can however be easily discarded as precise calibrations in
all directions have been carried out to make sure the setup was properly aligned as explained earlier
on. In addition, again the fact that the rod always shows up at the same spot on figure 7.37 is

another argument that shows that the setup is properly aligned. On top of this, this hypothesis can
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Figure 7.38: Comparison between data in LLXe and in vacuum for selected angles

be fully discarded thanks to rather trivial geometrical arguments which show that misalignment in
x, y or z could not be the cause of such a trend in the data. The same holds for a misalignment of

the tube or the light beam.

However, there is the possibility that the light assembly itself is slightly tilted, thus tilting the
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quartz tube which could induce potentially big changes in the reflection process. While when filling
the tube with LXe, the LXe level rose steadily and equally on all sides, making this explanation
rather unlikely, this is still worth investigating. To do so, the tube is tilted artificially by attaching a
rope to the cold head and pulling on it. Due to the flexible nature of the viton o-ring on the stainless
steel tube, this created a very visible artificial tilt of the tube. Data was taken with the tube tilted
(from the rope in two orthogonal directions) and with the tube hanging naturally. The result can
be seen on figure 7.39 where it is clear that a tilt of the tube would not account for the effect in the

LXe data.
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Figure 7.39: Effect of an artificial tilt on the quartz tube

Another possibility would be simply that this is a problem with the teflon and that the data
happened to be taken at a bad spot on the teflon. To check that, the data is retaken at different
positions on the teflon as shown on figure 7.40. Again, there is no difference in shape between the
data at three different teflon spots each spaced 5 mm apart and it can then be concluded that the
trend in the data does not come from one particular spot on the teflon.

However, as a side note, because the teflon sample used is the step sample, changing the spot
where the light hits also changed the thickness of the teflon as it hits a different step. While this
effect was thoroughly studied in the previous chapter and will not be repeated here, it is interesting
to note that while the shape of the data remains the same, the intensity slightly decreases on the

dataset taken when the light shines off the slimmest step of 1 mm width, although not drastically.
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Figure 7.40: Raw data under LXe for three different teflon spots

This confirms the findings of the previous chapter where it had been established that while the other
thicknesses were about the same there was a drop of intensity at 1 mm and that this teflon thickness

was too thin to be used.

Going back to explaining the shape of the LXe data, the attention is now turned towards the
aforementioned small convective movements in the LXe. While they were never considered to be a
problem, one could postulate that they may have an impact on light propagation. There was no
obvious way to test this until an accidental power outage provided the opportunity. Because of the
power outage, the equilibrium in the tube was lost, some liquid bubbled, and the liquid xenon was
for all purposes mixed. Once the cooling was restored, a new equilibrium point was found, which
surprisingly was better than the one achieved before and no more convective or any other movements
were visible. Data was then retaken. As can be seen on figure 7.41, this had no impact whatsoever

on the data proving that these small motions had no impact on the shape of the data.

It has then been established that the data’s behavior does not come from obvious systematic
problem with the setup. Consequently, it has to be deduced that this is not a problem with the data
but a real effect and that the reflection process is different in LXe than in vacuum or GXe. This will

of course have an impact on the analysis which will have to be modified to match the data.
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Figure 7.41: Raw data comparison before and after an accidental power outage which changed the state of
the LXe

Analysis

Fitting the data With this new data, it is clear that the analysis used until now needs to be modified.
While the definition of the diffuse component seems to stay the same, the specular component seems
to be convoluted with some sort of a step function, making it indeed present at high reflected angles
and disappear at low reflected angles. Consequently the fit function 6.17 needs to be modified. In
this case, convoluting the specular component with an error function such that the specular reflection
is suppressed beyond the cutoff angle, seems to match the data rather well. The fit function thus
becomes equation 7.4 where 6,., Opyr, 011 are defined as on figure 6.34, Ry is the intensity of the
specular component, 6, is the reflected angle described by equation 6.16, « is described by equation
6.10, o is the width of the specular component, R, the intensity of the diffuse component, thetacyofy

is the cutoff angle and [ is related to the width of the error function.

1 97“ - ecu o —a—z
F(th, HPMT, etilt) = 5(1 + €Tf(thf))R1€( 2‘72) + RQCOS(QT) (74)

Again because there is no tilt angle (6y;; = 0) in the case of this setup and because the incident

beam is on the plane (¢; = 0 and ¢ = 0), equation 7.4 can be simplified into

1 0 — Ocuto _a?
F(Orot, Opur) = 5(1 +erf(— 3 ITN Ry 207) 4 Rocos(Oparr) (7.5)
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where av = arccos(sin(b,o1)sin(0parr) + co0s(Oror)cos(Opur))-

For the fit to make sense physically, the cutoff angle needs of course to be fixed. From the data
alone, it seems obvious that this cutoff angle is around 70°. Varying this value slightly on the fits to
minimize y2, 70° was found to be indeed the proper value to use for the cutoff angle. The other fixed
parameter is of course the incident angle 6,,,. 5 however is left as a free parameter that can vary for

different incident angles, which in addition to Ry, Ry and ¢ makes up a total of four fit parameters.

The fits associated to the data of figure 7.37 are shown on figure 7.42 with the associated reduced
x? on table 7.3. Once again, according to table 7.3, the fits seem to match the data at incident
angles smaller than 70° much better than at high incident angles. In addition, the reduced x? for the
normalization data is bad. However, there are several reasons to explain this. First, the peak due to
normalization and the specular peak at high incident angles are very narrow which tends to exaggerate
the beam asymmetry, and so the fits perform poorly especially around the now exaggerated non-
gaussian tail. In addition, for the normalization measurement, the peak is not only narrow but also
has only a handful of data points to it, thus completely throwing the reduced y? out of proportion.
In both cases, because no better beam profile description exists and because a more precise binning
is limited by the step motor itself, thus preventing to get more points in the normalization peak, this
data is still used in spite of those known systematics and also because, these fits visibly match the
data well. Additionally, the error function appears to properly model the attenuation of the specular

component at reflection angles below 70 °.

Incident angle (°) | Reduced x?

255.719
78 31.8732
75 12.2194
70 3.93645
65 4.03953
60 3.32497
29 2.33258
50 1.36003
45 1.43755
40 1.16907

Table 7.3: Reduced x? for the fits to the data in LXe. The first reduced y? value corresponds to the
normalization data (no reflection off teflon)
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Figure 7.42: Fits to the reflectivity data in LXe

Calculating the Reflectivity The reflectivity is once more calculated according to equation 7.6 where
Ry is the total intensity of the reflection of the teflon and Ry is the total intensity of the light without

reflection, corresponding to a position where the teflon sample is out of the way.

R=1= (7.6)

Again, to calculate both Ry and R, the fits must be integrated according to equation 7.7.
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2 % . W2
R, = / / (%(Herf(“Tmoff))e(—zw+R2cos(9T))s¢n(eT)derd¢T (7.7)
0 0

Unfortunately while this was previously doable analytically via a change of coordinates, the erf
distribution now makes this impossible. Consequently, the integrals are now calculated numerically
using the ROOT integral functions. But because of this, the errors on the reflectivity will be slightly

higher than for the other analysis.

Reflectivity

Applying this new analysis method, the obtained reflectivity is shown on figure 7.43.
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Figure 7.43: Reflectivity of 178 nm light in LXe

This is rather different than what was previously obtained. While it is obvious that the total
reflectivity is much higher at high incidence angles as expected, it is also now much lower at low
incident angles, where the specular component is so small that it cannot be resolved with this
setup resolution. The average reflectivity is found to be 70 4+ 9%, however, this single parameter
is insufficient to describe the reflectivity of the teflon because the reflection process has so much
angular dependence. Until now, as a model for reflectivity, the XENON100 and XENONI1T Monte-
Carlo (MC) simulation only used the diffuse component which was set very high until it matched
the data. This cannot be the case anymore and the MC will have to be modified to account for the

dependency on the incident and reflected angles of the reflectivity.
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7.4 Conclusion

The reflectivity setup in LXe has lead to unexpected and very interesting results. The setup was
tested and yielded the same results in vacuum as its predecessor (see previous chapter) with an
average reflectivity of 70 + 10%, confirming that it works as designed and can be used for further
measurements. New measurements in GXe and LXe were carried out. In GXe the data yielded about
the same results as in vacuum with an average reflectivity of 56 + 7% for both cold and warm gas.
The surprise came from the LXe measurements, which, while leading to the same average reflectivity
as in vacuum, showed the reflection process to be drastically different. In LXe the reflectivity cannot
be just taken as an average value but must be taken as a value highly dependent on the incident
and reflected angles, with a reflectivity close to 100% at high incident angles and around 20% at
low incident angles. Consequently, new simulations can be performed to match the light response of
XENON100, but more importantly simulations can now include the reflectivity model described in

this work to accurately model XENONTIT and other large scale liquid xenon detectors.

While the setup is ready to be used routinely to scan new samples and determine the optimum
teflon to use for the XENONIT TPC, a few shortcomings and consequent improvements to be made
should be noted. First of all, the origins of this difference between LXe and vacuum measurements
is unknown and has not been investigated. However, the underlying cause is thought to be the
microstructures of the teflon. Because xenon acts as a lens, it is conceivable that these effects could
still be there in vacuum, but non visible, while being very much exaggerated with liquid xenon. In
addition, while measurements in gas are not advised as the light is usually much too attenuated
to yield useful results, these measurements still made it clear that the trend is definitely due to the
liquid xenon, as it doesn’t appear in the gas measurements. In addition, because of the porous nature
of teflon due to its fabrication from pressing a powder, it is possible that light gets caught in the
pores which are filled with liquid xenon and somehow is reflected at a different angle. However, the
only way to address this point precisely is to look at the teflon microstructures with a microscope

and characterized them properly.

Second, a little bit more should be said about the biggest systematics of this study, namely the
assumption that the specular peak follows a 2D gaussian and that the reflectivity on a plane can
simply be integrated over solid angle to convert it to a sphere. Simply put, this assumption may
simply be wrong. The only way to verify the validity of this assumption is to take measurements

with the teflon at different tilt angles. These measurements are already being planned and will be
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done in the near future by another student. Note, however, that because the analysis presented in
this chapter was done accounting for a tilt angle which was simply set to zero to match the particular
data of this study, it can simply be used even in the presence of a tilt angle, an advantage which can
be used to obtain very fast answers on this point.

Finally, on a more technical point, the technique used to define the alignment of the teflon is
definitely non optimal as it is based on the assumption that the specular peak should show up at a
PMT angle with respect to the teflon normal equal to the incident angle, which may not be always
true. An improved way to take such a measurement would be to use, as a reference point and instead
of the specular peak position, the front rod position with respect to the teflon normal which is known
to always be the same by design. This technique has already been tried with the data presented here
but it turned out to be inconclusive as the rod is not point like and it is hard to determine its position
with a 1° precision. However, if the data had been taken with more statistics thus defining the rod
precisely, this technique would have worked and would have been actually better to determine the
alignment. It is highly advised to take data with more statistics in the future in order to use this

technique for a very precise teflon alignment.
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The quest for dark matter is one of today’s biggest challenges in physics. One of the favorite
dark matter candidate is a supersymmetric particle, the neutralino. Many experiments are thus in
competition to try and detect this new kind of particle, using many different technologies but until
now, without success. One of the leading experiment, the XENON project uses a dual phase xenon
TPC to try and discover this elusive particle. The first step of the project, XENON10, led the search
worldwide until 2007 when the XENON100 experiment, a bigger and thus more sensitive version of
XENON10, took over. XENON100 has now reached its designed sensitivity and is now used as a
diagnostic tool for the upcoming experiment, XENONI1T which is currently being built at LNGS.
But the project does not stop there. Indeed, a new step, XENONnT is now being planned.

The work presented in this thesis overlaps both the XENON100 and XENONIT experiments.

In a first part, analysis on XENON100 data was presented which ultimately was used to reach
the world’s best sensitivity for a dark matter experiment at the time [23|. This analysis of the light
yield of the detector, which is the number of photoelectrons detected by the PMTs per keV recoil
energy, was necessary in order to get the smallest possible energy resolution for the detector. To do
this 3D maps and associated correction function for the light yield of the entire detector were created
from calibration data with a ¥"Cs gamma source. This had a direct impact on the nuclear energy
scale used to determine the recoil energy of an event and necessary to calculate the sensitivity of the
detector at different WIMP masses. These 3D maps are still in use for the XENON100 experiment
and have been used in other parallel analyses [95] [103] |104] [105|. These maps have been checked

for the new run of XENON100 and found that they are still valid and so will be used in the upcoming
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analyses of the new data. The strategy of this light yield analysis will also be used for the upcoming
XENONIT experiment, however the maps will of course have to be updated.

In a second step, R&D studies were made for the upcoming XENONI1T experiment.
First, based on the XENON100 simulation package, a GEANT4 simulation of a small TPC which

was built at Muenster University was implemented, thus allowing this TPC to be characterized and
its response to light and other parameters predicted. This is indirectly linked to XENON1T as this
TPC is itself an R&D tool for XENONIT and has already, for example, been used to look for an
internal beta calibration which could be used on XENONI1T. Now that this MC simulation is in
place, this tool is available for anyone who wishes to study any parameters of the TPC, and should

prove a valuable help in the future.

Second, direct R&D for XENONIT was performed by upgrading a setup in Muenster which
now allows the reflectivity of xenon’s UV scintillation light off of teflon to be measured in liquid
xenon. This is a crucial parameter to investigate as the side walls of the XENONI1T TPC, just like
XENON100, is made of teflon which needs to be as highly reflective as possible in order to get the

highest possible amount of light in the detector. This study was done in two parts.

It started by using a setup built by Karen Bokeloh to measure the reflectivity of teflon in vac-
uum [99|. In this work, measurements were made with this setup and using a teflon sample from
XENON100 to verify the impact of the teflon thickness on the reflectivity, which appeared to be
negligible for thicknesses above 3 mm. These measurements were thus a major contributing factor
to the choice of teflon thickness for the XENONIT experiment. Finally, using these measurements,

the average teflon reflectivity in vacuum for this sample from XENON100 was found to be 73 + 7%.

In a second step, this setup was modified and adapted to work under liquid xenon as, ultimately,
the results from vacuum measurements are not directly applicable to the XENON project as the
reflection of light in these detectors happens in liquid xenon and not in vacuum. Indeed, teflon being
a porous material made by pressing teflon powder, LXe could fill in the spaces between the teflon
pores, depending on teflon’s wetting properties, thus possibly changing the surface properties like
UV light reflection. The same sample from XENON100 that was used in the vacuum chamber was
used in this new setup. In order to compare with the results from the vacuum setup and ensure that
the upgraded setup worked properly, measurements were first taken in vacuum. These measurements
yielded a teflon reflectivity in vacuum of 70 £ 10% which was in complete agreement with the results
from the original setup. Once that it had been confirmed that the upgraded setup worked as it should,

measurements were then taken in liquid xenon. While the expectation was that the reflectivity would
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simply be higher in liquid xenon than in vacuum, the results were in fact quite different. Indeed, it
was found that the reflectivity in liquid xenon off of teflon behaved very differently than in vacuum
and was in fact very dependent on the incident angle with a reflectivity ranging from around 25%
at low incident angles to 100% at high incident angles. Consequently a new reflectivity model in
liquid xenon was devised. This result had a direct impact on the MC simulation for XENONIT
and this new model is now being implemented in the XENONI1T simulation package. In addition,
this setup is already being used by the collaboration as a routine tool to test many different teflon
samples with different machining techniques, in order to select the best possible teflon to build the
XENONIT TPC with. A new PhD student, Basho Kaminsky, from Bern University has already
been trained by the author of this work to use the setup and has taken over and scanned several
different samples with this setup which are already leading to very different and interesting results,

which will ultimately allow the selection of an optimized reflector for the XENONI1T TPC.






APPENDIX

Derivation of o

This appendix covers the derivation of equation 6.10 to describe the angle a between the direction
of reflection as well as the derivation of equation 6.15 to describe the direction of perfect specular
reflection and the angle of observed reflection 6, in terms of measured coordinates in the laboratory
frame. Indeed, the problem with using equations 6.8 and 6.9 to compute F; and F5 is that they
depend on variables given in the reference frame of the teflon, while when doing measurements,
the measured angles are in the reference frame of the laboratory. Consequently, to be useful, these
equations need to be rotated in the reference frame of the laboratory and so the angles 6;, ¢;, 6, and
¢, must be related to the measured angles 0,., 0;;; and 0py;7, which are dependent on the rotation
and tilt angles of the teflon and the PMT angle respectively (see figure 6.34). These latter angles
and the two reference frames are represented on figure A.1 where (x,y,z) is the reference frame of the

teflon and (x’,y’,2’) is the reference frame of the laboratory.

The first step is thus to define a rotation matrix R which allows to transform between the two

reference frames such that:

x X
y | =Ry (A1)
z z/
with
_ 1 0 0 -
R=10 cos(Bun) —sin(Ouy) (4.2)
| 0 sin(Ou)  cos(Orrr)

and consequently the inverse matrix R~
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Light, i

X, X'

Figure A.1: The change in reference frame and the measured angles. The coordinate system is chosen such
that a the tilt angle is described by a rotation about the x axis.

1 0 0
R =10 cos(Opre)  sin(Opy) (A.3)
0 —sin(Ouy) cos(Op)
Note that from now on, prime letters correspond to the reference frame of the laboratory and

non prime letters to the teflon reference frame. Also, the coordinate system is chosen such that the

tilt angle is described by a rotation about the x axis.

Now that the rotation matrix between the two frames has been laid out, to find F}, the angle «
needs to be expressed as a function of the measured angles 60,..;, Opyr and 6. In a second step,

finding F3 will also require 6, to be expressed as a function of the measured angles.

The angle « is a scalar, and can be calculated in any reference frame. It is most easily calculated

in the reference frame of the laboratory:

(A.4)

with, following the notation of figure 6.33, :
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rs = sin(0s)cos(ps)X + sin(bs)sin(¢s)y + cos(0s)z (A.5)

I = sin(0,)cos(or)x + sin(0,)sin(¢p, )y + cos(0,)z (A.6)
So, using matrix R, r and rg can be described in the reference frame of the laboratory such as:
r;’ = R X ry
= sin(0y)cos(ps)x + (cos(Byi)sin(8s)sin(ps) — sin(By)cos(s))y’ (A.7)
+ (sin (B4 )5in(05) 511D ) + €05 (Byire)cos(05))z!

and, following the notation of figure A.1,

' = sin(Opyr)X + cos(Opyr)2! (A.8)

Now that the expressions for r’, ;. and a have been found as a function of §5 and ¢ these angles
need to be expressed in terms of 6,.;, 0;;; and 0py;r as shown on figure A.1.
For this purpose, the incident light unit vector rAi is expressed in terms of the measured angles.

Following the angles of figures A.1, in the laboratory coordinates, rAi can be expressed as:

~

I:i = $i1 (000 )X + C05(Oror )2/ (A.9)

which translates in the teflon coordinates system (where ¢; # 0) via the inverse rotational matrix

R~ by:

r; = Sin(0r01)X + sin(04i11)cos(0ror)y + c08(0rie ) cos (001 )z (A.10)

Remembering that the incident angle equals the reflected angle of the specular component, from

figure 6.33, which is in the teflon coordinate system, the following angle relations can be derived:

= arccos(z;/|%)| (A.11)

= arccos(z;)

= arccos(cos(01y)cos(Oror))
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0 = ¢ — 180°

= arctan(y;i/x;) (A.12)
sin (g )cos(0ror) )

= arctan( sin(Bruy)

where x;, y; and z; are the components of the incident light vector r; in the teflon frame as

described by equation A.10.

This leads to the final expression for a (presented as equation 6.10 in chapter 6) in terms of the

measured variables:

a = arccos( sin(0s)cos(ds)sin(Opnr) (A.13)

+ cos(Oppr)[sin(Orir) sin(0s) sin(ps) + cos(Oie)cos(0s)] )

with 0, and ¢, defined as in equations A.11 and A.12.

Now that a has been expressed as a function of the measured angles, I} can be easily computed
however F, still remains as a function of 6, and needs to be expressed as a function of the measured
angles Opyrr, O and 0,4

Looking back on figure 6.33:

cos(0,) =1 -1, (A.14)

where r, is the z component of the T vector in the teflon frame, which can be found from equation

A.8 and the inverse matrix R™! such as:
=R = sin(@pyr)X + sin(0u )cos(Oppr)§ + cos(Bpy)cos(Oparr)z (A.15)

Consequently

cos(0,) = cos(Oyu)cos(Op ) (A.16)

and

0, = arccos(cos(Oyy)cos(Opnrr)) (A.17)
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Equations A.11, A.13 and A.17 can then be used to parametrize the fit function F' in terms of

the measured variables as shown on equation 6.17.
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