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“The lights begin to twinkle from the rocks:

The long day wanes: the slow moon climbs: the deep
Moans round with many voices. Come, my friends,
T is not too late to seek a newer world.

Push off, and sitting well in order smite

The sounding furrows; for my purpose holds

To sail beyond the sunset, and the baths

Of all the western stars, until I die.

It may be that the gqulfs will wash us down:

It may be we shall touch the Happy Isles,

And see the great Achilles, whom we knew.

Tho’ much is taken, much abides; and tho’

We are not now that strength which in old days
Moved earth and heaven, that which we are, we are;
One equal temper of heroic hearts,

Made weak by time and fate, but strong in will

To strive, to seek, to find, and not to yield.”

Ulysses, Alfred Tennyson
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The LUX Dark Matter Experiment:
Detector Performance and Energy

Calibration

Abstract

by

PATRICK PHELPS

Dark matter, the mysterious substance that seems to make up most of the mass
of the universe has never been detected in the laboratory. In this document I
outline the current world’s leading experiment, LUX, to look for a class of dark
matter, the Weakly Interacting Massive Particle. I outline the general principles of
searching for dark matter through low background detectors and event rejection,
I move on to a description of the LUX experiment and its performance, reviewing
its internal structure and subsystems including a novel heat exchange system that
expedited system readiness and resulted in a stable platform for WIMP searching.
The LUX energy reconstruction is then examined, followed by a breakdown of
signal fluctuations as a function of energy as part of our understanding of back-
ground discrimination in this class of detectors. Finally, I review the first LUX
WIMP search result, culminating in the world’s most sensitive limit on the spin-
independent WIMP-nucleon cross section, before moving to a discussion of next

steps in the search for dark matter for LUX and next generational experiments.



Chapter 1

Evidence for Dark Matter

The last 100 years have been an incredibly productive time for the field of physics.
Since the founding of general relativity in 1916 and modern quantum theory in the
1920’s-1930’s we have witnessed the birth of the Standard Model, which accurately
describes the interactions of all matter we have observed, as well as the emergence
in the 1990’s of the concordance cosmological model, ACDM, which successfully
describes the structure of our universe on the largest scales. Yet, the two models
are disparate, with ACDM requiring the existence of new kinds of matter and
energy which are little understood within or beyond the structure of the Standard
Model. Indeed, since the 1930’s, evidence has been slowly accruing that most
of the universe is made of substances unlike anything described in the Standard
Model, referred to as dark matter and dark energy, substances which we have

never observed in the laboratory.

The study of dark matter has a long history with evidence coming from a wide
variety of astrophysical studies on many different scales. From the early observa-
tions of Oort [1] and Zwicky [2], studying star dynamics in galaxies and clusters,
from our understanding of big bang nucleosynthesis (BBN) [3], to modern studies
of the cosmic microwave background radiation (CMB) [4], [5], [6] and large-scale
structure surveys [7], [8], on cosmological distance scales, dark matter appears to
be an integral part of the picture of how the universe works. These studies tell us
this dark matter is unlike any form of matter we know, being neither baryonic nor

relativistic neutrinos [9].
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We conclude that no particle in the Standard Model can account for the dark
matter component required in ACDM. Stepping beyond the Standard Model, a
range of possibilities have been considered as constituents of the dark matter, the
most generally favored being some form of Weakly Interacting Massive Particle
(WIMP) though other candidates, such as the axion, or modifications to our laws

of gravity are also being considered.

In this chapter we review the cosmological evidence for dark matter, as well as
provide a brief overview of the currently preferred candidates. This is followed
in chapter 2 by an examination of detector technologies aimed at finding direct
evidence of this elusive substance. Chapter 3 details the LUX detector, a currently
ongoing effort to directly detect WIMPs in a laboratory on Earth. Chapter 4
continues the detailing of the LUX detector, focusing on detector stability as
provided by a novel heat exchange system designed to provide a stable platform
on which to conduct this search. In chapter 5, we take up the treatment of
the LUX energy reconstruction, finding an energy scale independent of event-site
microphysics. Chapter 6 then builds on the results of chapter 5, examining the
microphysics which underlie the dark matter search power of the LUX detector.
Finally, in chapter 7, we conclude with the first LUX WIMP search result and
comment on next steps both for the LUX experiment and further generations of

dark matter searches.

1.1 Modified Gravity

Though a large component of the universe appears to be missing based on our
knowledge of general relativity (GR), we could equivalently argue that the laws
of gravitation need updating, removing the need for new exotic forms of matter.
Modified gravity theories are a rich topic with many different proposed possible
modifications, with classes of theories such as Einstein-Aether, TeVeS, Galileons,
Ghost Condensates, and models of extra dimensions. In general, these types of
theories modify either the gravitational couplings, the number of dimensions, the
mass of the gravitational force carrier, or the distance dependence of the gravita-

tional force at some scale [10]. The main appeal of such classes of theories is the
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potential to no longer require a ~ 95% dark universe, and certain classes of mod-
ified gravity theories are more accurate in the reconstruction of galactic rotation

curves than ACDM with fewer free parameters [11], [12].

Modified gravity provides an interesting alternative to the ACDM picture, which
we discuss further in section (1.2.1); however, tests of general relativity such as
measurements of solar gravitational deflection of radio waves from distant sources
agree very well with predictions from GR [13]. This leads to the difficulty of
creating a theory that is simultaneously theoretically consistent, meets all stringent
constraints from the tests of GR, and diverges from GR at a significant enough

level that it can explain much of the dark sector.

While modified gravity is an interesting topic, with many ongoing theoretical
efforts, it is outside the scope of this work and for the rest of this document
we will work in the standard ACDM framework described below, referring the

reader to one of the comprehensive reviews of the modified gravity field, such as
[10] or [12].

1.2 Historical Evidence for Dark Matter

Since the early 1930’s, evidence has gradually accumulated for what is interpreted
as a large dark component to the universe. While modifications to general rela-
tivity have been attempted to explain possible measured discrepancies, the vast
majority of results are consistent with a new form of matter, referred to as cold
dark matter. Evidence has been observed across a wide range of scales, from the
“small” scale of galactic rotation curves to the largest scales observable, set by the
cosmic microwave background. Evidence also arises through the observation of
gravitational lensing in clusters of galaxies, including the well-known bullet clus-
ter [14]. These measurements in the last 20 years have largely converged into the

current picture of concordance cosmology, ACDM.



Chapter 1. Euvidence for Dark Matter 4

1.2.1 ACDM

The current model of cosmology, ACDM, is a six-parameter model with the param-
eters of most interest here being the density of baryons and dark matter with re-
spect to the critical density. The critical density is defined as the energy-density re-
quired for a spatially flat universe. Studies of the CMB, such as the new PLANCK
satellite results, demonstrate that the universe is spatially flat and find dark matter
composes 26.8% of the energy-density with respect to the critical density [15]. At
the same time, these measurements tell us 4.9% of the energy-density is ordinary
baryonic matter, and the remaining 68.3% is composed of dark energy, a substance
that seems to underlie the accelerating expansion of the universe observed today
[15]. The finding of consistency with the six-parameter ACDM model by modern
experiments such as PLANCK and WMAP, [4], adds a large amount of weight to
the idea of particle dark matter with supporting evidence accumulated in other

ways as well.

1.2.2 Galaxy and Cluster Dynamics

The first observations of the need for a dark matter component in cosmology were
done by Oort and Zwicky in 1932 and 1937, respectively. Both Oort and Zwicky
were interested in the dynamics of galaxies and clusters of galaxies. While Oort
observed anomalous mass-to-light ratios in N.G.C 4594, the Sombrero Galaxy,
measured to be ~ 10 times larger than in the area near the Sun, Oort did not
postulate the existence of extensive dark matter components but instead possible
light absorption in the central region of the galaxy [1]. Zwicky’s studies of the
Coma cluster were the initial basis of the for the large part dark matter must play
in maintaining galactic dynamics. Calling this dark matter “dunkle materie,”
Zwicky observed mass-to-light ratios of 500, well above what could be explained
away by absorption [2]. Modern surveys of galaxy rotation curves, done with the
21 ¢m hydrogen (H1) line, continue to support that galaxies are found in the center
of large dark matter halos, extending significantly past the radii typical for their
stellar components, where this dark matter dominates the amount of luminous
mass and thus dominates dynamics of the galaxies as a function of radii outside

the central most regions [16].
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1.2.3 Cosmology

Galaxies and clusters of galaxies provide evidence for clumping of dark matter over
a range of length scales from several hundred thousand light years to one hundred

million light years, larger scales can be probed with baryon acoustic oscillations
(BAO) and the Cosmic Microwave Background (CMB).

BAO are the periodic oscillations in the clustering of baryonic matter at the largest
scales, the result of oscillations in the primordial plasma, the initial mixture of
protons, electrons, and photons, that also gives rise to the CMB. In the early
universe, temperatures were high enough that the formation of neutral hydrogen
was largely suppressed by high energy photons. However, as the universe expanded
and cooled, the photons eventually lost enough energy that neutral hydrogen could
form in a process called recombination. The formation of neutral hydrogen then
made the universe optically transparent to the photons, resulting in a phase-change
from a coupled plasma of baryons and photons, to a decoupled universe where the
photons could free stream. After the plasma cools, and the photons decouple from
the protons and electrons, sound waves in the initial plasma leave shells of baryons
at characteristic horizon sizes, providing observable standard rulers that are used

to measure ACDM parameters [17], [7].

The CMB also arises from the primordial plasma, namely at the time of recom-
bination and resulting photon decoupling. Since that time, these CMB photons
have traveled through the universe largely without interacting, red-shifting until
they are at the current observed temperature of 2.72548 +0.00057 K [18]. Though
incredibly uniform in temperature, correlations in the tiny fluctuations around this
mean temperature allow us to extract a large amount of information, providing
strong constraints on many of the ACDM parameters including the overall dark

matter density from which we derive the numbers quoted in 1.2.1 [15], [5].

1.2.4 Gravitational Lensing

Another form of evidence for dark matter is gravitational lensing, the bending of

light due to the gravitational potentials between the observer and source. Lensing
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provides a direct spatial map of the mass density of clusters of galaxies. While
strong-lensing, in which multiple images or even Einstein arcs are observed, is
of use in mapping dark matter distributions internal to clusters, [19], it is weak-
lensing, in which lensing can only be reconstructed statistically, that is often used

in these examinations [20)].

In addition to normal lensing measurements to map dark matter distributions
about galaxies and clusters of galaxies, lensing, when combined with X-ray gas
measurements and optical imagery has proven especially interesting in the case
of 1E 0657 - 56, commonly referred to as the “bullet-cluster.” Here, two clusters
have recently collided, passing through each other, with the gas from each galaxy
being observed to have interacted and lag behind the stellar component as seen
through the combination of X-ray (gas) and optical (stellar) observations [14].
Corresponding measurements of weak-lensing for the two clusters show that the
majority of the mass is observed to follow the stellar component of the clusters,
indicating that the majority of the mass passed through without interacting. From
this we infer that the majority of the mass in the clusters is non-interacting as
would be expected for dark matter, with a measured 8¢ separation between the

center of mass from lensing and the observed mass peaks in baryonic gas [21].

Having now identified the large amount of evidence for some dark matter compo-
nent of the universe, we turn to the obvious question, what is the identity of the

dark matter?

1.3 Dark Matter Candidates

As a large amount of evidence points to 26.8% of the energy-density of the universe
to be dark matter, an obvious question is then what makes up this dark component.
While originally postulated to possibly be the result of small planets or dead stars,
knowledge of big-bang nucleosynthesis has forced us to confront the paradigm that
the dark matter is non-baryonic in nature. From structure formation, we derive
that the dark matter must be non-relativistic in the early universe, ruling out
obvious candidates such as neutrinos. We conclude this chapter by examining

the two currently favored candidate particles, the axion and the WIMP, both of
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which arise out of other areas of physics than our desire to identify a dark matter
candidate. Searches for both axions and WIMPs are ongoing, with no confirmed

observation of either at the present time.

1.3.1 Standard Model Dark Matter

When it first became apparent that a large amount of mass was in the form of dark
matter, the first natural candidate was to assume that this dark matter was simply
regular baryonic matter, planets or dead stars collectively referred to as Massive
Compact Halo Objects (MACHOs). While this assumption seemed natural at the
time, big-bang nucelosynthesis (BBN) results confirmed that dark matter can not
be baryonic in nature due to constraints on the baryon to photon ratio, 1y, arising
from the upper limits on primordial deuterium, with increasing baryonic concen-
tration resulting in a longer period for BBN to proceed resulting in a reduction
in the deuterium fraction with respect to the relic *He abundance [9]. Recent
results from BBN constrain ,h? = 0.02202 £ 0.00046, largely from measurement
of deuterium abundance through deuterium absorption lines [3]. Here €, is the
ratio of the energy-density of baryons to the critical density, so that we write the

energy-density of the i component as:

pi_ 81Gp (1.3.1)

Qi )
pe  3H?

where H is the Hubble parameter, the value of which today we refer to as the
Hubble Constant, Hy, related to h above by Hy = 100 hkms™' Mpc™!, and found
to have a value of 67.3 + 1.2 km s™! Mpc™! [15].

Independent of BBN measurements of baryonic concentrations, modern CMB sur-
veys such as WMAP and PLANCK can verify the baryon-to-photon ratio at
the time of the CMB formation, leading to recent more precise constraints of
Qph? = 0.02207 4 0.00033 [15], in good agreement with BBN measurements, while
also directly measuring the overall matter energy-density, €2, = 0.3175 [15].

From these measurements it is clear dark matter cannot be baryonic in nature,

but the standard model also contains non-baryonic candidates for dark matter, the
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neutrinos, which must have small masses to explain the observed flavor-oscillation
[22]. However, structure formation models require that dark matter be “cold,”
non-relativisitc at the time galaxy structure formation begins, as otherwise smaller
scale density fluctuations are smoothed out by the free-streaming neutrinos. In-
deed, models of early universes in which neutrinos are the dominant form of dark
matter fail to produce structures that collapse gravitationally below the superclus-

ter scale, ~ 10" solar masses, in direct contrast to what we observe [23].

Thus we conclude the standard model contains no particles that naturally fill the
roll of dark matter and instead turn to hypothesized particles that could be dark
matter candidates, such as the axion and the WIMP. Other possible dark matter
candidates do exist, the sterile neutrino and primordial black holes for example,
but the axion and the WIMP have emerged as overall favored candidates which

are the focus of current experimental searches.

1.3.2 Axions

The axion was a particle proposed as a way to solve the strong CP problem, the
observation that although strong interactions in the standard model can theoret-
ically violate CP (charge-parity) symmetry no observation of this effect has been
documented, but in time have also emerged as a DM candidate. The main test of
strong interaction CP violation is an observable neutron electric-dipole moment
(nEDM) [24]. As currently no detection of the nEDM has been observed, with
current best limits constraining its value to < 2.9 x 1072% e-cm [25], the lack of
CP violation in strong interactions is viewed as a fine-tuning problem within the

standard model.

Axions, if they exist, would solve this problem, and could, for a certain range
of couplings and masses, produce possible dark matter candidates that could be
observed in the laboratory [26]. As the original predicted axion, with a mass ~ 100
keV, has already been ruled out, searches instead focus on “invisible” axion models,
in which the axion decouples at very high temperature (early time), Thecoupling >

TElectroweak, With the result being axions of extremely low mass [24].
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Despite their predicted light masses, axions are candidates for dark matter as they
can be produced non-relativistically through various mechanisms such as the decay
of topological defects [27], [28], [29], [30] or from vacuum state transitions [26], [31].
As these axions are non-thermal and produced non-relativistically they meet the
cold requirement for dark matter. Axions also have no long-range interactions

other than gravity, making them attractive candidate particles.

Searches for axionic dark matter have been either in the form of resonating cavity
experiments, such as the ADMX experiment [32], or via examination for axion
couplings in the sun, the CAST experiment [33]. CAST is oriented around detect-
ing axions of energy ~ a few keV produced in the interior of the sun when photons
transform into axions due to electric fields in the solar plasma, with the experi-
ment using a large dipole magnet detector on Earth which could reconvert these
axions into detectable X-rays, a method first proposed by Silkivie [26]. Most recent
findings from CAST have limited the axion to photon coupling, g,, < 8.8 - 107"
GeV~! for axion masses m, < 0.02 eV [34]. ADMX, which makes use of the
possible resonant transition of axions into microwave photons in the presence of a
static magnetic field and tunable electric field, has recently published results ruling
out some of the phase space of one of two fundamental invisible axion paradigms
between axion masses of 3.3 peV and 3.53 peV. ADMX plans upgrades that will
enhance its sensitivity to be sensitive to the other invisible-axion paradigm within

two years of running [32].

1.3.3 WIMPs

The other favored candidate particle for dark matter is the Weakly Interacting
Massive Particles (WIMP), relic particles theorized to have been produced in ther-
mal equilibrium early in the universe. The most compelling arguments for dark
matter with a weak-scale cross section, the source of the “Weakly Interacting”
in WIMP, is known as the “freeze out” argument, a thermodynamic argument
that relates the abundance of particles today to their annihilation cross sections.
Following [35], here we only construct the single-parameter freeze out argument,

which assumes the WIMP annihilation cross section is not energy dependent, but
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refer readers to the review by Jungman [35], for the energy dependent annihilation

cross-section corrections.

We begin by asking what we would expect if in addition to the standard model
particles there could have been produced in the early universe a long-lived, or
stable, additional particle, they. For such a particle, the equilibrium number

density will be:

nil = (2i)3/f(p)d3p, (1.3.2)

where f(p) is either a Fermi-Dirac or Bose-Einstein distribution and g is the
X particle’s number of internal degrees of freedom. Noting immediately that if

T < m,, as should be expected as the universe expands and cools,

3
TN\ 2
n ~ g (mx ) celmmdT), (1.3.3)

X 2

and normal Boltzmann suppression is observed. If the y particle stayed in equi-
librium they would be exponentially suppressed today and of no interest, with

thermodynamic equilibrium being maintained by the reactions of the form:

X = U, (1.3.4)

where the II could be quark-antiquark or lepton-antilepton pairs. As the universe
cools, the rate of production of x pairs is suppressed, but it is the annihilation
reaction which sets the scale for freeze out. If the x particles become rare enough
such that, n, (o4v) = H, where n, is the number density of the x’s, 04 is the anni-
hilation cross section, and v is the relative velocity, the annihilation process turns

off and the y fall out of equilibrium, freezing out and forming a relic population.

Quantitatively, we use the fact that barring entropy-producing phenomena, the

entropy per comoving volume is constant [35]:
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(2),- (), a9

where s is the comoving entropy density, with subscripts f and 0 representing at
the time of freeze out and today, respectively. Solving under the assumption of
radiation domination H(7) = 1.66 g}/ 27 /mp, with g, the number of relativistic
degrees of freedom and mp the Planck mass and using the comoving entropy

density, s ~ 0.4¢,T% [35] with our freeze out condition n,(cav) = H:

Ny H 4 1
(%) - = ~ (1.3.6)
s/f  mp(0.4g:°T3) (o av)  mpg“(oqv) T

Converting from 1/T" to the mass of the x, m, using 7' ~ m, /20 [35], and com-

bining with equation 1.3.5 we arrive at:

1
(%) ~ SN (1.3.7)
570 mpmygr' “(o4v)

Using the current entropy density and rewriting in terms of the critical density we
find:

mynh?  3-1072 cm?s™!

O K% =
X Pe <O-Av>

(1.3.8)

From equation (1.3.8) if we take a weak-scale cross section, (7 4v) ~ 3-1072¢ cm3s™,
a particle such as the x will have a relic density today of Q,h* & 0.1, very close to
the measured dark matter concentration in the universe, with Qpah? = 0.12029
[15], we find natural dark matter candidates using just thermodynamical argu-

ments.

None of this line of reasoning tells us the identity of the y, with candidates being
model dependent. Currently favored candidates are the lightest super-symmetric

partners arising in super-symmetry extensions to the standard model [35].

Though a large body of evidence has accumulated that the majority of the matter

in our universe is dark, and several candidates have been proposed, no direct



Chapter 1. Euvidence for Dark Matter 12

laboratory detection of dark matter has been made. It is this laboratory search for
signals from dark matter that we turn to in the next chapter, examining various
ways that experimenters search for the faint traces resulting from WIMP dark
matter, either astrophysical, in colliders, or through direct detection of extremely

rare interactions between WIMPs and standard model particles.



Chapter 2

WIMP Dark Matter Searches

The search for WIMP dark matter is divided into three types of experimental
approaches: looking for dark matter through observation of its annihilation rem-
nants, in astrophysical objects; the generation of WIMP /anti-WIMP pairs inside a
collider such as the Large Hadron Collider, detected through missing energy; and

the observation of interactions between WIMPs and Standard Model particles.

Searches for remnants of dark matter annihilations, either in the form of excess
positron or gamma-ray flux show excess positron flux above 10 GeV [36], [37], but
no observed line-features or significant diffuse flux seen in the gamma-ray results
of Fermi-LAT are seen [38]. Observations of this type are limited by difficulties
in modeling astrophysical backgrounds, so without a “smoking gun,” such as ob-
serving a mono-energetic line through multiple sources, these searches are seen as
complementary evidence to other methods of WIMP detection such as collider or

the “rare-event” interaction with Standard Model searches [39].

The search for WIMP production in colliders is the search for possible pair-
production of WIMP /anti-WIMP pairs. As the WIMPs will leave the detector
without interaction, these searches are performed through examination of well re-
constructed events with missing-transverse momentum. Observation of a class of
events of this type would allow for a direct determination of the WIMP mass, as
the missing energy would be greater than twice this mass, and would constrain

the WIMP cross-section, assuming the production and interaction cross-sections

13
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for the WIMP are the same. Searches of this kind have been performed at the
Large Hadron Collider at CERN, through examination of events with hadroni-
cally decaying W and Z bosons, with no WIMP production observed [40]. While
these results are not competitive when compared to the rare-event searches in the
spin-independent model of WIMP interaction, they set leading results on spin-
dependent WIMP couplings and will continue to gain sensitivity with increased

integrated luminosity.

For the rest of this chapter we focus on the third type of WIMP search, direct
laboratory observation of WIMP interactions with a target medium. We begin by
reviewing the expected WIMP signal given our knowledge of the local dark matter
halo before examining the major hurdle to the observation of this signal, radioac-
tive background events. We review techniques of background rejection including
detectors with the ability to discriminate between nuclear and electron recoils, the
leading class of detectors in use today. As a conclusion to this chapter we examine
the dual-phase liquid-gas noble-element time-projection chamber (TPC), a class
of technology leading the laboratory search for WIMPs today. In the next chap-
ter we examine a specific dark matter detector, the Large Underground Xenon

experiment, a dual-phase TPC and the basis of this dissertation.

2.1 The WIMP signal

Of obvious importance in the search for a WIMP is a model for what the signal
looks like, the WIMP recoil spectrum. Following the seminal treatment by Lewin
and Smith [41], we derive the expected differential recoil spectrum as a function
of the mass of the target, My, the mass of the WIMP, M, , the local distribution
of WIMP velocities, and a nuclear form factor, F', for which we will take the Helm

form factor [42].

We begin by writing the differential distribution of WIMP densities about the
target,

dn = %f (v,vg) d®v, (2.1.1)
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where ng is the mean WIMP number density, k is a normalization factor, v is the
velocity of the WIMP relative to the target, vg the velocity of the Earth with
respect to the dark matter halo, and we interpret dn to then be the density of
WIMP particles around our target with relative velocities within d3v of v. For
our WIMP velocity distribution, f (v,vg), we take

f (v, vg) = eotve)/u, (2.1.2)

a Maxwellian distribution selected as we treat the dark matter halo as an ideal,
non-interacting, gas. Here vy is the modal velocity of the WIMP distribution.
As there is a finite escape velocity for the galaxy, we must truncate our velocity

distribution at |v + Vg| = Ves., thus forcing the normalization factor,

esc 2 esc g2 2
k= (708)3/2 {erf (U ) — Uese g=vkee/vf | | (2.1.3)
m

Vo

For the event rate on our target, per unit mass, we take

N
dR = ZOUTvdn, (2.1.4)
where Ny = 6.02 - 10%%, Avagadro’s number, A is the atomic mass of the nucleus,
or is the cross section per nucleus as a function of momentum transfer, and dn

comes from equation (2.1.1).

To translate this to an event rate with respect to energy we take the simple model

of isotropic scattering in the center-of-mass frame,

2M,, M-
Ep=-Muw?* ——XT __ (1 —cosf), (2.1.5)
2 (Mx + MT)
with Eg being the recoil energy in the lab frame and 0 being the scattering angle
measured in the center-of-mass frame. As we are assuming the scattering to be
isotropic, corresponding to a distribution that is uniform in cosf, we expect our

recoil energy to be uniformly distributed over the range 0 < Er < ER a0, With:
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1 4AM, M
Enmar = = My? - —X"T (2.1.6)
2 (Mx + MT)
This in turn leads to the formulation of the event rate per unit energy:
el R0 217
— — . v .
dER v2 ’

Umin

which we combine with our previously defined quantities to get the numerically

useful form:

dEp ~ 2MZM2? M, k

dR  (My+ M,)* po @/d%@(vesc— [0+ v5]) © (Brmar — Er) 525
[v] '

(2.1.8)

Here we have made use of the relation between the number density of the WIMPs
and their mass density, and the theta functions constrain us to velocities of WIMPs

found within the halo that are capable of producing a recoil of energy Fg.

Finally, we express orp, conventionally, as a product of or at zero momentum
transfer (¢ = 0), the coherent scattering limit in which the WIMP interacts with
the entire nucleus, and a nuclear form factor F', which accounts for loss of coherence

with increasing momentum transfer:

or(q) = opF*(q) = A4% on - F*(q), (2.1.9)

where o, is the WIMP-nucleon cross-section [41], A the atomic number, and M,
the mass of a nucleon and for which we use the Helm form factor [42] for F(q).
Combining this all, and taking the standard estimates for ves., vg, and pg from
[41], one can numerically compute the expected recoil spectra for various targets
assuming spin-independent interactions, figure (2.1), finding exponentially falling

spectra as a function of recoil energy.
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FIGURE 2.1: Expected WIMP differential [solid] and integrated above-threshold
[dashed] interaction rates as a function of WIMP recoil energy in xenon [green],
germanium [black], and argon [red] for a 100 GeV/c? WIMP with a WIMP-
nucleon spin-independent cross section of 107#4 ¢m?. Xenon has the greatest
integrated rate, and thus highest sensitivity, for 16.5 keV or lower detection
thresholds. The xenon differential rate falls faster than germanium or argon as
at higher WIMP recoil energies the interaction loses coherence over the large
nucleus. Here no annual modulation of the modal WIMP velocity is used.

2.2 Background Mitigation

The main challenge to detecting any possible signal due to WIMP events is the
mitigation of background events. Mitigation of cosmic ray induced backgrounds is
accomplished by choice of experiment location, with several underground laborato-
ries around the world in use: Gran Sasso in Italy, SNOLAB in Canada, and SURF
in the United States. Other radioactive backgrounds can be suppressed through
material selection in detector construction but some backgrounds are can’t be fully

eliminated, requiring background discrimination based on differential response in
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the detector measurements. The most successful direct dark matter searches use
a combination of all three approaches to background rejection to limit the often
many orders of magnitude greater rate of interactions due to background com-
pared to rates expected from WIMP interactions. In this section we briefly review
background sources before moving on to currently-used background-mitigation

techniques for dark matter searches.

2.2.1 Background Sources

Sources of backgrounds for a WIMP search can originate both from outside and
inside the detector. Backgrounds from outside the detector result from particles
penetrating into the target, while backgrounds from the detector, can arise from
the surfaces and materials used in construction, or even from sources intrinsic to
the detector media itself, such as long-lived radio-isotopes. While external back-
grounds, such as high energy gammas and neutrons are mitigated with shielding
and choice of materials, background internal to the detector and the target media

are harder to mitigate.

Backgrounds from the detector or its media can be both high energy or low energy,
short-range, radiation. In a detector with calorimetry, high energy backgrounds
are not a problem due to the difference in energy as compared to expected WIMP
signals, but care must be taken where events from these backgrounds can “leak” to
lower energy due to misconstruction or physical effects. Lower energy backgrounds
arise from electron capture decays and resulting x-rays, internal conversion elec-
trons, alphas and associated («,n) reactions, and beta decays. Decays in which
a beta is produced with no associated gamma ray, which would otherwise allow
for relatively easy tagging as either a multiple scatter or outside the WIMP en-
ergy range, known as “naked” betas, can create significant backgrounds to WIMP
signal. These naked decays generally result from decays to the ground state of
stable nuclei, hence the absence of an associated gamma, but can also be imitated
by events near the edges of the detector where an associated gamma ray from the

decay can escape the actively monitored volume.
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After all methods of background reduction have been exhausted, through material
selection and screening, detector media purification, and detector shielding and
location choice, remaining backgrounds must be rejected from being WIMP can-
didate events. The most successful techniques are the use of self-shielding, use of
expected annual-modulation of the WIMP signal, and identification of recoil type.
Recoil discrimination is useful because differences between nuclear recoils, such
as those expected from a WIMP, and electron recoils resulting from backgrounds,

allow for another handle in background identification.

2.2.2 Self-Shielding

Some classes of detectors possess what is termed “self-shielding,” the ability to
use the outer part of the active detector as an additional layer of shielding and
thus cut to some radioactively quieter inner volume of the detector through the
use of reconstructed event position. This effect can lead to powerful reductions in
background event rate even after material selection. Figure (2.2) shows the level
of additional shielding achieved in the fiducial volume of the LUX detector due to

the use of the outer layers of xenon acting as shielding for the inner layers.

Self-shielding is particularly effective in WIMP searches due to the extremely low
cross-section for WIMP interactions. WIMPs will not scatter multiple times inside
the detector, while backgrounds such as y-rays or neutrons have an extremely low

probability of passing through the center of the detector with only a single scatter.

This can be approximated analytically, under the assumption that an incident
particle continues traveling in the same direction and with the same energy after
a scatter. We justify this approximation as we will only be interested in scatters
in energy ranges likely for WIMP scatters, £ < 10 keV for electron recoils, orders

of magnitude below the average energy, (E), of a penetrating gamma or neutron.

Under this approximation, the single scatter rate, R, at any point in the detector

18:

1
R = / do df sin@ — - e~ 10w py_p / drA(r,0, ), (2.2.1)
Zo
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FIGURE 2.2: ~v-ray recoil background density in LUX as a function of posi-
tion. Displayed is the density in DRU,, (cnts/kg/day/keVee) for extrapolated
electron recoil events with energies reconstructed between 0.9 — 5.3 keV energy.
Extrapolation is from Monte Carlo fitting to high-energy background events (E
> 500 keV electron equivalent). The fiducial volume of the LUX detector taken
for the first WIMP result is shown as a black-dashed line. Figure reproduced
from [43].
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d0.9)/z0 characterizes the probability of a single scatter along path

where 1/xq - e”
d(0,¢) for a particle of interaction length zy, Pgp<pg, represents the probability
for a scatter to be in the energy region of interest, and A(r, 6, ¢) is the expected

activity along each path.

The total rate at each point is proportional to the exponential of the ratio of
—d(0, ¢)/xy, which can be large only when d(0, ¢) is small compared to the pene-
tration depth characteristic of the background. This can occur in two limits, near
the edges of the detector, where d(0,¢) is small, or for high energy events, for
which z( is large. While high energy events might seem worrying, they are sup-
pressed by the probability of the single internal scatter being low energy, Pr<g,.
Thus, the observed event rate in the energy region of interest falls off rapidly from

the edges of the detector to its center.

In practice, self-shielding is extremely important for achieving the low background
rates required for a WIMP search, offering several orders of magnitude reduction in
event rate in a detector the size of the LUX detector. However, self-shielding only
lowers the event rate for penetrating backgrounds such as from detector compo-
nents, but does not assist in the reduction of backgrounds uniform in the detector
volume, such as beta emissions from 3°Ar in argon based dark matter detectors,

222 Rn from air contamination, or ®° Kr present residually in xenon.

2.2.3 Annual Modulation

One possible difference between a WIMP signal and more common backgrounds is
the time structure expected for each signal. If an experiment runs for a long enough
period, annual modulation in the WIMP signal is expected due to directional
effects between the rotation of the earth about the sun and the sun about the
galactic center. Simple halo models, such as the Standard Isothermal Halo Model,
predict a O(1-10)% variation in the observed WIMP flux due to this effect [44].
The seminal measurement of possible annual modulation is the DAMA/LIBRE
experiment, with a ~ 90 observation of annual modulation [45]; however these
results are in tension with non-detection from more sensitive experiments [46],[47].

A significant difficulty of this method is showing that backgrounds do not show
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annual modulation due to the large number of systematics related to seasonal

phenomena.

2.2.4 Nuclear Recoil Discrimination

The third major method used for background rejection is nuclear recoil discrimi-
nation. Here methods are employed by various classes of detectors to distinguish
between interactions in the target resulting from interactions with the electrons
of the target atoms (electron recoils) and interactions with the target atom nuclei
(nuclear recoils). While this technique does not reduce nuclear recoil backgrounds,
such as those resulting from elastic scattering of neutrons produced in either cosmic
ray muon interactions or alpha-n reactions, it does allow for background rejection
against naked betas and gamma rays. As nuclear recoil backgrounds resulting
from U/Th activity are several orders of magnitude lower than associated Comp-
ton scatter backgrounds, these methods can provide a powerful additional level
of background discrimination and are used by many of the leading dark matter
searches. We refer to the ability to distinguish nuclear recoils from electron recoils
as discrimination, and inversely refer to leakage fraction as the fraction of elec-
tron recoil events that are mis-reconstructed as nuclear recoils, and thus WIMP

candidates.

2.2.4.1 Cryogenic detectors

A series of experiments based around cryogenic detectors, with T < 100 mK,
use signal read out in two channels: phonons/thermal and either charge from
ionization, such as used by CDMS [48], or scintillation such as used by CRESST-
IT [49]. Discrimination power in this class of detectors arises from nuclear recoils
producing only one fourth the electronic excitation of electron recoils, with the
majority of the energy loss being to elastic collisions with other nuclei [50]. (A
similar effect occurs in liquid xenon, the Lindhard factor of chapter 5, but is not

the source of discrimination in that class of detectors, as discussed in chapter 6).

Several detectors of this type have recently reported possible dark matter detec-

tions at low masses, in conflict with results from liquid-noble detectors discussed
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below. While these results are interesting they unfortunately favor different re-
gions of spin-independent WIMP nucleon cross section [51], [49], [52]. Whether
these results are due to detector systematics or more complicated dark matter
interaction types, such as those proposed by Haxton [53], has yet to be seen. Cur-
rently no single underlying theory for dark matter interactions that explains all

known potential signals and exclusion limits has been published.

While scaling to larger mass is often more difficult with this class of detectors, ex-
tremely low energy sensitivity may be possible, with demonstrated 170 eV (electron
recoil) sensitivity using the method of voltage-assisted Luke-Neganov amplification
[54]. This low energy threshold could allow for a search for extremely low-mass
WIMPs, well below the possible current thresholds for liquid noble or bubble

chamber detectors.

2.2.4.2 Bubble Chambers

Bubble chambers using superheated liquids have shown recent promise as a new
technology for WIMP searches. Discrimination power here comes by tuning the
pressure and temperature so that electron recoils do not deposit enough energy in a
localized track to nucleate a bubble, while maintaining the ability of nuclear recoils
to nucleate a bubble that grows until it is observable and the chamber is reset.
Examples of detectors of this type are COUPP and PICASSO, and their planned
merger, PICO. Detectors of this type demonstrate extremely high discrimination
fractions, 1 in 10! from COUPP at a threshold of a 10 keV nuclear recoil [55].
However, a limit of this technology is that no energy calorimetry is possible, outside
choosing the set point for bubble nucleation. While historically alpha backgrounds
present problems for this technology, recent results from COUPP indicate > 99.3%
a event rejection using a frequency-weighted acoustic-power density calculated
through measurement of the sound the bubble formation creates [56]. However,
contamination of the first WIMP search result of the 4-kg chamber of COUPP was
observed due to additional bubble formation that correlated in time with previous
events, limiting WIMP sensitivity. Preliminarily, it is thought these events may be
due to particulate contamination inside the chamber, but more work is required

to understand and reduce this background [56].
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2.2.4.3 Liquid Noble Detectors

This class of detector uses a liquid noble element as the main target, with both
single-phase and dual-phase (liquid-gas) detectors currently in use or development.
Single-phase detectors, such as DEAP/CLEAN, make use of pulse-shape discrim-
ination in liquid argon and neon to gain discrimination power. As noble liquids
produce excimers, excited molecules, in either a single or triplet state, with a
shorter and longer life, respectively, discrimination is found due to nuclear recoils
relatively higher rate of exciting singlet states. With the different production of
excimer states detected through the significant difference in lifetime between the
two states in argon and neon [57]. It is the production of these excimers that
also results in liquid nobles being transparent to their own scintillation light, an
extremely useful property for scintillation-based detectors. With good timing res-
olution, the pulse shape of the prompt scintillation can then be studied, with
nuclear recoils showing a greater fraction of light in the initial samples. Here, a
leakage fraction of < 6-107® has been demonstrated in liquid argon between 43
and 86 keV as measured for electron recoils [58]. High discrimination rates are
required in liquid argon due to the long-lived radioactive isotope 3°Ar, a naked
beta emitter, that requires extremely good event rejection, expensive isotopic sep-
aration removal, or the mining of underground Ar naturally depleted in 3?Ar, to

eliminate.

Two-phase liquid-gas noble-element detectors, use the principles of a time-projection
chamber. Here a prompt scintillation light and a secondary charge (or scintilla-
tion light) signal are observed. This approach allows three dimensional position
reconstruction and associated self-shielding, with discrimination coming from the
relative rate of producing atomic excitation or ionization [59] at the event site.
For this class of detector, xenon is the most commonly used noble [60],[46],[47],
due to its lack of long-lived radio-isotopes and high atomic number, useful for en-
hancement of the expected WIMP signal, though work towards dual-phase argon

is also ongoing, [61].
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2.3 Dual-Phase Xenon TPCs

A subclass of liquid noble detectors, dual-phase liquid noble time-projection cham-
bers (TPCs) are currently the technology showing the greatest sensitivity and
scalability for WIMP searches [62]. Here we focus on liquid xenon, but point to
the obvious parallels with other liquid nobles such as argon or neon, beginning
with a discussion of the basic interaction physics followed by a summary of event

reconstruction and finally a brief discussion of event discrimination.

2.3.1 Interaction Physics

Interactions in liquid xenon can distribute energy down three possible channels:
prompt scintillation, ionization at the event site, and heat production, resulting
from soft elastic scatters with the xenon nucleus. We expect that this splitting
could be both a function of interaction type, be it a nuclear interaction, an electron
interaction, an alpha interaction or something more exotic, as well as the amount
of energy deposited in the xenon during the interaction itself. In this section we
briefly introduce xenon interaction physics, covered in greater detail in chapters 5
and 6.

Figure 2.3 gives a basic schematic representation of the interaction chain in xenon.
Incident ionizing radiation gives rise to the production of both ionization and ex-
citation of xenon atoms. While some of the ionization produced electrons escape
the event site, the remainder recombine with ionized xenon atoms at the event
site, through a process called recombination. Recombining electrons result in a
contribution to the production of excited xenon excimers, Xey*, and scintillation
light produced as these excimers return to ground-state neutral pairs of xenon
atoms. Light at the event site, whether from initial excitation of xenon atoms, or
resulting from recombination, produces prompt scintillation. Electrons from the
event site are drifted under an applied electric field to the liquid surface where
they are either detected via charge readout or extracted into the gas phase and
accelerated under a stronger electric field, producing a secondary pulse of electro-

luminescence [63]. We refer to all prompt scintillation light as S1 signal and all
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FIGURE 2.3: After a recoil with a xenon atom, deposited energy from the in-
teraction is split along several different paths. Initially the interaction produces
a mixture of ionization, excitation, and heat. The ionization branch yields
electrons which can either be drifted away from the event site via an applied
electric field, or recombined with ionized xenon atoms resulting in a return to
the excitation branch, the source of the 178 nm Vacuum Ultraviolet light.

secondary scintillation light, or charge readout, as S2 signal. Figure 2.4 shows a

schematic representation of an event in a TPC with secondary light readout.

2.3.2 Interaction Reconstruction

To reconstruct energy, the area in photoelectrons (phe) or charge observed for
both the S1 and S2 signals are used, as we describe in chapter 5. Here we obtain
two estimates of energy, one for if it was an electronic recoil and one for if it was

a nuclear recoil. This dual-energy scale accounts for the much greater fraction
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FIGURE 2.4: Event topology in a Xenon TPC. Particle interaction gives rise to
prompt scintillation signal (S1) and secondary scintillation signal (S2). S1 light
is the result of both nuclear excitation and recombination of initial electrons
and ions, while S2 light is the result of those electrons from event site that are
drifted to a top extraction region under an applied electric field and undergo
scintillation in the gaseous xenon extraction region [63].

of energy lost to heat in nuclear recoils as compared to electron recoils, section
(5.1.3).

In LUX, both the S1 and S2 signals are detected by two arrays of photomultiplier
tubes (PMTSs), one situated at the bottom of the active liquid target region and
one at the top above the gaseous S2 generation region. From the time separation
between the S1 and the S2, the drift time, we reconstruct the depth of the given
interaction. To do this we make use of historical measurements of electron drift
velocities as a function of applied field [64] or by observing the drift time associated
with a detector feature at known depth, such as the bottom of the active region. It

is this use of electron drift time to construct the depth of the interaction from which
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time-projection chambers derive their name. To reconstruct the two-dimensional
lateral position, the localization of the S2 light in the upper PMT array is used,
resulting from the localization of the electron cloud from the event site and the
geometry of the top PMT array, positioned within a few centimeters of the liquid
surface. As all three dimensions can be reconstructed, TPCs give accurate position
reconstruction in 3D on an event-by-event level, allowing for the creation of a

fiducial volume at the center of the detector.

As the observation of S1 and S2 sets our ability to reconstruct position, energy, and
interaction type, the collection and reconstruction of both the S1 and S2 signals
for any event is critical in the use of a TPC. For this reason, and reasons discussed
further in chapter 6, the selection of materials must be optimized to ensure that
reflectivity to 178 nm xenon scintillation light is as high as possible in the active
region while maintaining strict limits on both radioactive contaminants and the
presence of any chemical contaminants that could affect the S2 size. Reflectivity
is achieved through the use of Teflon reflector panels, historically observed to be
highly reflective to Vacuum Ultraviolet (VUV) light in liquid xenon, section (3.1).
One major hurdle to the development of large-scale detectors (>100 kg) has been
the effort required to remove electro-negative impurities, which affect the S2 size
as a function of event depth, the removal of which LUX tackled via its use of a

xenon circulation system with multiple heat-exchangers, chapter 4.

2.3.3 Nuclear and electron recoil discrimination

To reject background events in a xenon TPC, the logarithm of the ratio of S2 to S1
signal is used, which historically has shown discrimination power between nuclear
and electron recoils over the energy range of interest for WIMP interactions [60].
In chapter 6 we will examine what sets this discrimination power as a function of
energy, relating it to fluctuations in the signal measurement process and fluctua-
tions at the event site. Making use of the non-linear response of the xenon media
with respect to nuclear and electron recoils of different energies, TPCs obtain re-
jection power of electron recoils at the > 99% level while maintaining at least 50%

nuclear recoil acceptance, figure (2.5).
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FIGURE 2.5: Leakage fraction (right axis) and discrimination (left axis) mea-
sured between electron and nuclear recoil populations as a function of S1 area.
All data is at 50% nuclear recoil acceptance as calculated from simulations.
Data are from both direct measurement using tritium [black] as well as from
Gaussian fits to the electron recoil population [red] and bins with no events show
upper limits. Mean discrimination (99.6%) across 2-30 photoelectrons (phe) is
shown in dashed-blue. Data was taken at 181 V/cm. Figure reproduced from
[47].

It is the combination of 3D position reconstruction;,strong self-shielding, nuclear
and electron recoil discrimination, the ability to look for annual modulation, and
the ability to select targets with low or no radioactive backgrounds that make
xenon TPCs the world’s leading dark matter searches. As scaling of this class
of detector involves building larger containers to hold larger target masses, and
self-shielding means the fiducial volume grows faster than simply scaling with
volume, TPCs are expected to remain the most sensitive detectors for the next
generation of experiments. The future of the TPC may well depend on whether
high discrimination fractions can be obtained, with the general consensus from
experimental data being the need for better light collection and higher applied

electric fields in the xenon target region [65].

In the next chapter we move to an examination of the design of the Large Under-
ground Xenon (LUX) experiment, a dual-phase liquid xenon TPC of the class just

described. We focus on the physical design before moving to detector performance
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in chapter 4. We then discuss the energy reconstruction used, chapter 5, and go
on to examine fundamental event level variations, chapter 6, which allow us to
understand the discrimination power described above in greater detail. Having
completed these studies, outlining methods for use in future runs of LUX and
other experiments, we finish with an examination of the first WIMP search results

from the LUX experiment.



Chapter 3

The LUX Detector

The LUX 1.0 detector currently holds the “world-leading” dark matter limit, the
result of careful design work to create a detector finely tuned for looking for rare
low-energy interactions while maintaining stable operational conditions on the
timescales of years. This chapter introduces the LUX detector, also referred to

historically as LUX 1.0, providing a picture of its internal structure.

As the successor to the LUXO0.1 prototype [66], the LUX detector is a ~350 kg
(~250 kg active) dual-phase xenon time-projection-chamber (TPC) of the class
described in Chapter 2. After depicting the design of the LUX detector here, we
move to an examination of the LUX detector performance as related to observed
detector stability and the use of a heat exchange system to achieve multi-meter

electron drift-lengths essential to a dark matter searches using liquid-noble TPCs.

3.1 The LUX Detector: Physical Structure

Figure (3.1), shows a schematic representation of the LUX detector. the LUX inner
cryostat and outer vacuum vessel are made of titanium, screened and selected for
its low intrinsic radioactivity [67]. To provide thermal insulation for the cryogenic
inner vessel, operating at 173 K during running, an outer vacuum vessel is used.

3

The outer vessel has a volume of ~ 0.87 m? and is maintained at pressure <

31
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70 x 107% Torr during running to limit convective heat transfer via a Varian TV-
301 navigator turbo-pump backed by a Bluffton Scroll pump. Further thermal
insulation is provided by interleaved sheets of super-insulation surrounding the
inner cryostat. To ensure thermal uniformity across the space, the outer vacuum

vessel is monitored by 23 platinum resistance temperature detectors (RTDs).

The inner cryostat has a volume of ~ 0.36 m?3, excluding the breakout cart and
conduits, and houses the internal components and xenon target itself. Surrounding
the inner cryostat is a copper shell, to help maintain a uniform thermal profile
around the detector, nested inside a plastic shell for further thermal insulation
and to slow the boil-off rate in catastrophic failure modes involving water from the
water tank entering the outer vacuum jacket. Inside the inner cryostat, suspended
via 6 titanium straps from the inner cryostat top flange, are a series of large copper
pieces which make up the bulk of the detector structure. From the top down they
are the top gamma shield, the top PMT holder, the bottom PMT holder, and the
filler-chiller-shield (FCS). These copper pieces form the remaining structure from

which the rest of the detector hangs and is supported, as show in figure (3.2).

The active region itself is surrounded by an inner layer of Polytetrafluoroethylene
(PTFE) panels used due to its high reflectivity, > 95% to xenon scintillation
light when immersed in liquid xenon [68]. Forming the inner upright-dodecagonal
prism of the active region, these PTFE panels are supported by a larger set of
outer panels constructed of ultra-high-molecular-weight polyethylene (UHMWPE)
which mount directly to the top PMT holder, with a slotted mount to the bottom
PMT holder to allow for thermal contraction. Between the two panels, a series of
47 field-shaping copper dodecagon rings are used to ensure electric field uniformity
as a function of depth, with the rings being connected through a parallel pair of
1 GS) resistors and biased through voltage division from the biases applied to the

grids which set the main electric fields inside the detector.

As the application of electric fields while maintaining transparency for scintillation
light is essential in the operation of a low-energy threshold dual-phase xenon TPC
(2.3), LUX uses a series of wire grids (cathode and gate) and a wire mesh (anode)
to apply electric-fields over the drift and extraction regions while blocking the least
amount of light. Of these grids, the cathode grid, made of 0.0206 cm ultra-finish
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FIGURE 3.2: [Left]: A 3D model of the LUX detector showing the dual-phase
heat exchanger discussed in chapter 4, the weir, and the large copper pieces
described in the text. [Right]: A photo showing the LUX detector as assembled
prior to installation in the inner cryostat vessel. Photograph was taken prior to
the beginning of the second run of the LUX experiment.

302 SS wire with a pitch of 0.5 cm, is designed for the greatest applied bias, -100
kV (2.06 kV/cm), but, due to light production observed in situ (4.1), is biased to
-10 kV (181 kV/cm) during the first science run. The gate grid is constructed of
0.01016 c¢cm 304 SS wire with a pitch of 0.500 cm and situated 48.32 4+ 0.34 cm
above the cathode and 1 £ 0.1 cm below the anode while cold. The gate grid is
biased at -1.5 kV throughout the WIMP search, and the volume between the gate
and cathode grids define the active or drift region of the detector, as compared
to the extraction region defined by the volume between the gate and anode. The
anode, a 316 SS wire mesh with 0.025 cm between wires and wire diameter of
0.003048 cm, is biased to 4+3.5 kV during running.

In addition to the grids for the application of fields, LUX uses two additional grids,
referred to simply as the top grid and bottom grid that shield the respective PMT

arrays from encroaching fields in the drift and extraction regions that might affect
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the PMT response. During operations, such as during the first WIMP search,
discussed in chapter 7, the top and bottom grids are biased to -1 kV and -2 kV
respectively. With these two grids the full ordering of the grids from the top of

the detector to its bottom is: top, anode, gate, cathode, bottom.

The active region of LUX, while cold, is measured as an upright-regular-dodecagon
measuring 48.32+0.34 cm vertically between its gate and cathode grids and 47.3+
0.1 cm face-to-face between opposite PTFE panels. The liquid xenon level is
maintained between the gate and anode by the presence of a liquid spill-over set
44+ 1 mm above the gate wire plain. The liquid level between the gate and anode
is monitored with a set of four capacitive level-sensors, discussed in more detail
in section (3.5). To avoid modulation of signal due to thermal fluctuations and to
monitor thermal gradients, which could result in structural warping, during the
cool down from room temperature to 170 K, the interior of the LUX experiment is

also monitored internally by an array of 40 thermometers and 7 pressure sensors.

The complications arising from cabling this instrumentation as well as the the
signal readout for the PMTs, and the cables for the grids within the required
geometry of the LUX detector, which dictated the detector to be placed in a
large water tank for shielding, required a novel system for the “break out” of
these cables from the detector volume, the breakout cart. All cables from the
inside of the detector emerge via a set of three flexible, 16 foot conduits, which
permanently connect the LUX detector to the breakout cart, which couples to
the LUX detector during all phases of transport and deployment, providing a
mobile platform for all system read-out into the laboratory. A design goal is to
minimize inaccessible connectors, a classic failure point, all cables are contiguous
from their respective instrument up the sixteen feet and through the breakout cart
to the readout location. This design provides several key advantages, including the
ability to do the wiring once despite the three runs and subsequent repairs of the
LUX detector, but necessitates that the breakout cart be linked to the xenon space
of the inner vessel. While the detector volume is cooled to allow condensation of
the xenon target, the breakout cart remains at room temperature. To mitigate
possible contamination arising from outgassing of the room temperature plastics
internal to the breakout cart, a system of four purge flows are used, with flow-rates

between 0.25 and 1 standard liter per minute.
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3.2 Signal Readout

Event signal readout in LUX is done via one-hundred and twenty-two 5.6 cm
diameter Hammamatsu R8778 PMTs. The PMTs have an as measured average
quantum efficiency of 33% and collection efficiency of 90% at the 178 nm peak
(VUV light) in the xenon scintillation spectrum [69]. The PMTs were arranged
into two arrays, with 61 PMTs in an upper array, above the S2 scintillation region,
and 61 PMTs below the cathode grid at the bottom of the liquid target. PMTs
are read out using Gore coaxial cables which directly connect from the PMT base

to the breakout cart readouts.

Once read out, signals are sent through a preamplifier mounted directly on the
breakout cart feedthrough before being transmitted to a post-amplifier in the
data-acquisition (DAQ) and trigger systems. The DAQ and trigger systems are
designed to handle a dynamic range large enough that the limiting factor in LUX
is an expected 2% nonlinearity in the PMTs at an instantaneous current draw of 13
mA, ~ 120 keV ., while still maintaining greater than 95% of single photo-electrons

(phe) pulses being distinguishablable, at 50, from baseline noise fluctuations [70].

The trigger and DAQ system are also designed to perform baseline data suppres-
sion, operating in a pulse-only-digitization (POD) mode over the course of the
science run discussed in chapter 7. POD mode was designed as a data compres-
sion step in which, due to the relative quiet of the LUX detector, only pulses above
baseline are saved, while comparatively long periods of recording empty baseline
are not. Trigger channels are paired such that either channel going above a valid
pulse detect threshold results in both channels being saved, independent of what

is recorded by the second channel [70].

3.3 Xenon target

LUX is designed to be filled with ~ 350 kg of xenon, accounting for the total
xenon volume in gas and liquid. Actual fill masses, as estimated via the use of
the gross weight of the xenon storage bottles and the final internal pressure of
the bottles once filling was complete, were 365 &+ 3 kg in Run 3 and 368 + 2 kg
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in Run 2. Of this ~ 350 kg, ~ 250 kg of xenon were active target, between the
cathode and gate grids, where the exact mass in the active region depends on the
run temperature and pressure. This ~ 250 kg was estimated based on the known
internal volume of the active region while cold and the xenon density as given by

the xenon liquid-gas equilibrium curve.

The LUX xenon came from a variety of sources before undergoing an extensive
program at Case Western Reserve University (CWRU) to lower its *Kr concen-
tration. 85Kr is a long-lived radioactive isotope (half-life 10.756 years) present
primarily from nuclear fission contamination of the atmosphere and thus present
in xenon when it is refined [71]. As % Kr is a noble dissolved in the xenon, it is not
removed by the regular purification system on the LUX detector and, if untreated,
would present an intrinsic background, uniform through the active volume. Natu-
ral xenon contains 130 ppb gram-per-gram krypton from its production, with the
program at CWRU reducing this to a level of 4 ppt gram-per-gram using chromato-
graphic separation [47]. Of this natural krypton we infer a relative concentration
of ~ 2-107!! is 8 Kr from atmospheric measurements of the relative concentration
of ®Kr. Reduction of the overall concentration was largely successful, leading to
an expected background rate of 0.17£0.10,,, counts/keVee/kg/day (DRU) within
the LUX fiducial volume over the energy range of interest, 0.9 to 5.3 keV,,. (energy

scale as discussed in chapter 5) [43].

3.4 Cryogenics

LUX operates cryogenically through the use of a remote dewar containing liquid
nitrogen (LN) with cooling power directed to five separate points within the outer
vacuum jacket via thermosyphon technology. Though in use extensively in other
fields, from engine to computer cooling, [72],[73], LUX is the first to use this
technology as a way to deliver stable cryogenic cooling power to a shielded TPC
at a distance of several meters [74]. The LUX experiment thermosyphons operate
using a passive closed loop system. Once filled beyond atmospheric pressure with
dry nitrogen gas, condensation occurs in the upper region, which is in thermal

contact with the LN bath. Gravity then forces the condensed nitrogen droplets
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downwards where, assuming good insulation over the length of transport tube,
they come in thermal contact with a copper cooling head coupled to the object to
be cooled. Once in contact with the thermal head, the liquid droplets evaporate
due to the thermal load of whatever the thermosyphon is attached to, cooling the
cold head. This process continues in a cyclic way until either the cooling head
and the LN dewar reach thermal equilibrium or nitrogen gas is added or removed

to/from the thermosyphon line, adjusting its cooling power.

LUX contains five thermosyphons, two high-power thermosyphons, for maintaining
cryogenic stability and cooling the detector from room temperature, are mounted
to the top copper gamma shield and bottom FCS, with designation T'S1 and TS2,
respectively. Both TS1 and TS2 are double-tube thermosyphons, having separate
lines line for liquid and gas fluid flows. In addition to T'S1 and T'S2, LUX has a pair
of single-tube thermsyphons, T'S3 and TS4, mounted to the copper shield external
to the LUX inner cryostat. These two thermosyphons are designed to combat
temperature gradients that might develop during operation [75]. Finally, LUX
employs a final thermosyphon as a prototype cryogenic pump, installed remotely
in the outer vacuum space as a backup in case of turbo or roughing pump failure.
Though a thermosyphon at its core, as described above, the cryogenic pump was
surrounded by zeolite with an attached heater. Operation consists of a bake-out
period at 290 K and then a running period where the head is cooled to 80 K. Once
baked-out and cooled the zeolite provides a trapping surface for gas in the vacuum
insulation jacket, acting as a pump, with the ability to maintain the cryostat
vacuum for ~4 hours during pump failure such as occurred on 11-01-2013, and up

to ~4 days during normal operations, figure (3.3).

One discovery with the LUX thermosyphons, made during the LUXO0.1 program,
is the existence of two operational modes. In the first mode, called the low-power
mode, the thermosyphon’s response is directly related to the nitrogen mass internal
to the thermosyphon. The second mode, called high-power mode, is distinctive as
it provides both much larger cooling power than the tunable low-power mode but
also losses the tunablilty discussed previously. LUX is primarily operated with the
thermosyphons in the low-power mode, with high-power mode being reserved for

the condensation of the xenon target. In low-power mode cooling power supplied
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FIGURE 3.3: Outer vessel pressure as a function of time comparing the use of
the normal pumping configuration (turbo pump + roughing pump) to the use of
the prototype cryopump. The sharp spike on Jan. 4 is the transition from the
normal pumping configuration to the cryopump configuration. The cryopump
is able to maintain vacuum pressures < 250 pTorr over a period of four days
with slowly increasing pressure for the duration of its use. The cryopump is
also sensitive to the times of the thermosyphon LN dewar being filled, such as
just before Jan. 7. For these reasons the system is used primarily as a backup

to the normal pumping configuration, acting as a buffer during power-outages
or other failure modes.

via TS1 and TS2 is temperature controlled with a pair of proportional-integral-
derivative (PID) heaters coupled to the cold heads. Temperatures of the cold

head are monitored by a pair of four-wire thermometers used to regulate any

temperature fluctuations.

Figure (3.4) shows the condensation of the xenon target for the LUX experiment
prior to run 3 as measured by three parallel-wire level sensors, LS01, LS02, and
LS04, described in more detail in the next section. Condensation is completed in

~3 days with previous cool down from room temperature taking a period of nine
days, figure (4.3).
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FIGURE 3.4: Normalized liquid xenon level as measured by LS01 [black], LS02
[blue], and LS04 [red], the main active region parallel-wire, the bottom region
parallel-wire, and the weir parallel-wire level sensor respectively. Data is pre-
sented in a normalized form with 0 corresponding to 1 bar xenon gas, no liquid,
and 1 corresponding to full target condensation with liquid at the weir spill-over
in the S2 extraction region. Filling is stopped when the weir was observed to
respond. The entire xenon payload is estimated to be 365+ 3 kg. As filling was
done at a constant rate, as set by a mass-flow-controller, he changes in slope
observed in LS01 correspond to changes in the physical structures surrounding
the active region as a function of height.

3.5 LUX instrumentation

As mentioned previously, LUX is instrumented with an array of 63 thermometers
(40 internal to the cryostat and 23 external in the vacuum space) as well as 10 pres-
sure sensors (7 internal, 3 vacuum space) and 9 capacitive-liquid-level sensors, all
internal to the xenon volume. Thermometers were Omega 100 Ohm platinum
resistance-temperature-detectors (RTDs) read-out with three or four phosphor
bronze wire leads twisted as either triplets or twisted-pairs, for three and four-

wire readout, respectively. Thermometers were readout using ADAM 6015 units.
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All wire leads for thermometers were protected along the length of the flexible con-
duits to the breakout cart by being sheaved with protective virgin-polyethylene
tubing. Calibration of thermometers was done prior to installation via emersion
in a bath of dry-ice and alcohol and in situ via comparison of all thermometer
read-outs at room-temperature during stable conditions prior to the beginning of
the WIMP search, the later accounting for offsets resulting from the three-wire

measurement system of the ADAM 6015 units.

Pressure read-out of the inner cryostat consists of three Ashcroft AST4900 sen-
sors used by the automated recovery system, described in section (3.6), an In-
struTech Hornet ion and convection gauge pair for vacuum readout, a Swagelok
PGU-50-PC100-L4FSF manual pressure gauge, and a Setra model 759 capacitance

manometer customized with range 0-5000 Torr rated at +0.15% of readout.

Detection of the xenon liquid level in various locations is important both to main-
tain a stable S2 signal size, section (4.5) and for the monitoring of the long term
stability of the xenon-circulation system, section (3.7). Measurement is achieved
using two technologies. The first, described previously, are the parallel-plate style
capacitors that provide sensitive read-out of any fluctuations in liquid level at the
liquid xenon surface. While more sensitive then the parallel-wire design described
below, these three sensors experience non-linear effects at their boundaries due to
their geometry. The second style of level sensor are in-house-designed parallel-wire
capacitive level sensors shielded with metal tubing, figure (3.5). These level sensors
were developed as part of the LUXO0.1 program, and have linear response over their
sensing range. Parallel-wire level sensors are used in six locations in LUX, figure
(3.1), to monitor the bath liquid level (LS01, LS02, LS09) and specific components
of the xenon circulation system (LS03, LS04, LS05).

All sensors are read out into a unified slow control system. Slow control readout
is accomplished using off-the-shelf hardware to convert various signal readouts to
ethernet, which are then read into a MySQL database using custom built deemon
code written in C. All deemons run on a single computer, called the master, located
in the underground laboratory which also ran a master deemon process called the
Watchdog. This Watchdog program has sole direct control of which other deemons

are running or terminated based on inputs from users via a front-end system but
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FIGURE 3.5: Design of LS09, a sample parallel wire level sensor, used in the
LUX detector to monitor the liquid level in a region around the S2 extraction
region (between the gate and anode grids). All labeled dimensions are in inches.
Calibration of level sensors is done in situ by using known physical heights such
as the reading when empty of liquid xenon as compared to the reading when the
detector was filled with liquid xenon to the weir spill-over height. Parallel wire
level sensors were found to be extremely convenient for their linear capacitance
and compact geometry and easily deployed using custom PEEK plugs (shaded
gray) designed to fit into Swagelok or VCR fittings.
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also responds to required actions from the automated recovery system, discussed
below. The slow control is designed to host numerous users at any time, allowing
each to examine different sets of instruments over different time periods. The
back-end is designed so users could program and use any graphical-user-interface
(GUI) in any programming language desired, with the limitation of being able to
talk to MySQL via php or other APIs. During the course of the first WIMP search
the primary interface is via an html based web-page which allowed direct control
of various physical sensor readouts, instruments, and individual sensors attached
to each instrument, eg., an Advantech ADAM I/O module and its associated
eight thermometers. In addition to physical instruments the slow control system
also runs a series of alarm dasemons controling a siren and alarm in the laboratory
itself, as well as a text-message based user alert system, and a module for constant
communication to a backup watchdog. The second watchdog is located off-site and

is in constant contact with the primary watchdog to monitor for network failure.

By design, the slow control framework is written to be extensible and during the
course of the first LUX WIMP search showed great flexibility in being adapted to

various systems including the sampling system and the krypton removal system.

3.6 The Automated Controlled Recovery Sys-

tem

Early in design it was recognized that prolonged power loss and access loss could
result in eventual failure of the LN system and detector warming. In this sce-
nario all safety risk is mitigated by completely passive systems: burst-disks, rated
to 45 psig that vent to a Seaman 8130 XR-5 polyester geomembrane inflatable
vessel with volume sufficient to store all xenon inventory at room temperature.
In addition to this safety system, a secondary system, the automated-controlled-
recovery system (ACRS), is the used for both xenon recovery and experimental

risk management.

The primary goal of the ACRS is to initiate a controlled recovery of xenon to

the storage-and-recovery vessel (SRV), a cryogenic, pressure-rated vessel for long
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term xenon storage, prior to reaching the burst disk pressure of the safety system
described in the previous paragraph. It contains several separate logic loops to
handle normal controlled xenon recovery, detector overpressure conditions, power
outages, and prolonged network loss. Each loop’s basic goal is to push the detector
into the situation with the minimal risk, given likely possibilities that could cause
one of the previously listed conditions. The ACRS consists of a series of software
programs run continuously on a MOXA UC71124 low-power computer. These
modules communicate with the LN system, the detector instrumentation, the cir-
culation mass flow controllers and valves, the thermosyphons, the slow control,

and an automated-transfer switch to monitor for laboratory power loss.

The most commonly used mode of the ACRS is normal recovery, often referred to
as forced recovery. In this operation an expert user requests, via the slow control
front end, that the ACRS recover some of the xenon mass from the LUX detector
to the SRV. In this mode the ACRS closes all paths leading into the detector
before opening a single, pre-determined, path from the bottom of the detector
to the SRV. As the SRV is maintained well below the freezing point of xenon,
its pressure, checked before the ACRS triggered, will be significantly lower than
the operational range of the LUX detector, resulting in liquid from the detector
bottom being extracted into the SRV. This path is chosen to include one of the
primary flow mass-flow controllers so flow rate is monitored and controlled. Heat
load associated with moving ~ 173 K liquid xenon to room temperature plumbing
is mitigated through the use of a heat exchanger to ensure no ice build up on
valves. This forced-recovery mode is also triggered if the ACRS detects that the
LN stock underground has gone below 30% capacity, the ACRS has detected a
laboratory power-outage for a prolonged time period, or if the ACRS is unable to
communicate with the slow control database for a continuous period greater than
72 hours.

The second mode of the ACRS is a pressure reduction loop, triggered whenever
the ACRS detects a pressure in the detector higher than 30 psig, including dur-
ing use of the forced-recovery mode. To insulate against sensor failure the ACRS
monitors three independent pressure transducers which vote on the detector pres-
sure, protecting against single-point failures. As in the previous mode, the ACRS

monitors the SRV pressure to ensure recovery is possible prior to triggering this
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mode. While the maximum detector pressure to trigger recovery is tunable, 30
psig is a hard-coded upper limit, and the limit used through the duration of the
first WIMP search. Pressure reduction is dynamic, triggering to vent excess gas
pressure until the pressure is at least 10% below the set trigger pressure prior to

returning to the quiescent monitoring mode.

In addition to the primary two modes discussed above, the ACRS features an
automated thermosyphon venting logic tree in the case of power loss. This prevents
problems that would arise following power-outage and the loss of heater power
because the thermosyphons could freeze the xenon target, possibly resulting in
damage to delicate internal structures such as the grid wires. This mode is set to
trigger after 50 minutes of power-outage to ensure remaining UPS power necessary

for all valve triggers.

As one of the primary purposes of the ACRS and its associated hardware is to
mitigate risk in the case of a power loss the entire system is insulated via a backup
battery drive UPS and fuel-cell combination, specified for a duration of 7-10 days
of full ACRS operation after laboratory power loss.

3.7 Xenon circulation and purification

Section (2.3) mentioned the importance of controlling the concentration of electro-
negative impurities within the liquid xenon volume. To manage this process LUX
makes use of a SAES PS4-MT15-R-1 MonoTorr getter to remove non-noble impu-
rities from the xenon. As the getter is a heated zirconium alloy, it requires that
the xenon fluid stream be both in the gas phase and, for maximal effectiveness,

room temperature.

To handle these constraints LUX continuously circulates the active xenon volume,
evaporating outgoing liquid using a circulation pump to push through the get-
ter before condensing it back into the active liquid volume. Liquid was pulled
from the top of the active region and returned at the bottom to ensure effective
turnover of the xenon. One problem with this system of purification is that in

order to purify quickly, and achieve electron drift-lengths greater than 1 meter,
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continuous xenon turnover is necessary with maximal flow desired. The original
design goal was to circulate at greater than 50 standard-liters-per-minute (slpm)
gas. However, during system diagnostics it was discovered that the maximal sus-
tainable circulation flow rate is 27 slpm resulting from constraints on the output
pressure of the circulation pumps. This 27 slpm flow is further divided between
two sources, 25 slpm gas flow from the detector active region via the main circu-
lation path, and the four purge flows described previously. Three of these purges
are connected to the long-flexible conduits that connect the breakout cart with
the main volume, and the fourth is directly coupled to the tubing used for the
plastic thermometry shielding, described in section (3.5). During the run, each of
these mass-flow controllers (MFCs) is set between 0.2-0.7 slpm gas flow, pulling

gas from the detector.

To manage the heat load resulting from circulation through gas and liquid phases,
the LUX detector makes use of a series of heat exchangers, schematically shown
in figure (3.6), placing the outgoing liquid/gas stream in thermal contact with the
incoming gas/liquid stream. This contact is done to allow heat transfer between
the two streams, resulting in efficient heat-exchange and an overall reduction in
heat load of 90% as compared to the equivalent heat load at 27 slpm with no heat
exchange, section (4.3). Two heat exchangers are used in LUX in succession to

ensure maximal heat transfer, as was done in LUXO0.1 [66].

The first heat exchanger is made of two concentric tubes spiraled into a coil. This
heat exchanger, HX1, is installed in the vacuum jacket, external to the detector,
and provides heat exchange between the outgoing cold gas stream and incoming
warm gas stream. Internal to the xenon volume, a second heat exchanger, HX2, is
used for heat transfer during the phase change of the outgoing liquid and incoming
gas. The heat exchangers used in LUX were originally prototyped in the LUXO0.1
detector [66], where tests demonstrated efficient heat exchange using a series of
parallel condenser tubes, figure (3.7), resulting in a similar design for use in LUX,
figure (4.4).

After the two heat exchangers the incoming liquid is routed through a channel
in the FCS, providing a location where it can come into full thermal equilibrium

before being introduced to the active region. As the FCS is directly coupled to T'S2
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FIGURE 3.6: Diagram of the LUX circulation system. Liquid xenon (green
shaded regions) is drawn from the active region via a spillover in the weir.
From the weir, the xenon is drawn into the liquid column of the evaporator due
to the pressure difference produced by the pump. Evaporating in a dual-phase
heat exchanger, HX2, the xenon gas flows through the plumbing, leaving the
inner xenon volume (blue) and entering the vacuum insulated space (red). Here
it passes through a gas phase heat exchanger, HX1, before being routed through
an MFC into the pump and then the getter for purification. The purified gas is
returned to HX1 where it condenses in the condenser side of HX2 before being
routed through the FCS at the bottom of the active region and returning to
the active region. In addition to this main circulation loop, the LUX detector
uses four low-flow purges to mitigate plastic outgassing in the breakout area,
illustrated exiting the top of the xenon volume. These purges are controlled
with four independent MFCs before mixing with the main fluid stream. Arrows
show direction of fluid flow internal to system piping.
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FI1GURE 3.7: Design of the LUX 0.1 dual-phase heat exchanger. The core design
consists of multiple tubes for condensation placed inside an evaporator chamber.
The evaporator chamber is physically insulated via plastic sheathing from the
surrounding bath to encourage heat transfer only between the incoming and
outgoing fluid streams. Compare to figure (4.4) to see the evolution of the
design for LUX. Reproduced from [66].

this also allows the use of TS2 to mitigate any residual heat load. The circulation
system also contains a weir, which directly couples to the top of the active region,
setting the active region liquid height via a spill-over. This ensures slow variation
of the dynamical system pressure and temperature woll not affect the liquid level
seen in the S2 signal generation region. Once liquid spills over the weir lip it enters

a separate reservoir space which then feeds directly into the evaporator of HX2.

In addition to measuring electron lifetime directly from data as an indirect measure

of impurity concentration, figure (4.9), the LUX experiment also makes use of
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an online gas sampling system, section 3.8, capable of independently measuring
concentrations of nitrogen, hydrogen, argon, oxygen, and krypton, to measure in

situ impurity concentrations in four locations in the circulation system.

3.8 Online Sampling System

The online sampling system provides a real-time measurement of impurity concen-
trations in the gas stream at various points in the circulation system through the
use of a residual gas analyzer, a SRS-RGA200. Four locations are chosen based
on strategic importance: the detector gas stream from HX2 to the main MFC, the
conduit purge from the conduit that housed the PMT cables to the gas system, the
gas stream output from the circulation pump prior to input to the getter, and the
gas stream output from the getter back to the detector. At each point, sampling
is done throughout the run period to examine for air-leaks, pump failure, getter

weakening, and both outgoing gas streams from the detector.

In order to separate extremely low concentrations of impurities from the xenon,
the sampling system makes use of a cryogenic cold trap to perform distillation.
During use, a xenon sample enters the system, is frozen through contact with an
LN bath, and then pumped on by an external pump. The frozen xenon at 77 K
sets the vapor pressure in the system, 1.8 mbar, while the pumping then draws
more volatile impurities from the cold trap to the RGA. This freezing process
thus reduces the bulk xenon presence in the sample as compared to the impurity

concentration, allowing for greater sensitivity measurements.

While analog scans over all atomic masses between 0.1 and 200 amu are taken, the
system is designed to examine the concentrations of nitrogen, oxygen, methane,
krypton, hydrogen, helium, and argon in real-time. Calibration is done by rou-
tinely sampling off a prepared gas cylinder with a known concentration of the
various impurities, except methane. Added after the first WIMP search, methane
concentration monitoring is used to monitor residual tritiated methane levels after
calibration injections [47]. Like all other instrumentation, sampling data is out-
put to the LUX slow control MySQL database for correlation studies with other

effects, such as detector temperature, pressure, and electron-lifetime.
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3.9 Liquid nitrogen system

The LN system used in LUX is automated for full underground operation and
designed to account for possible loss of underground access or loss of power. It pri-
marily consists of a liquid nitrogen reserve, four 450 liter dewars, and an automated
logic system which dispenses LN to various subsystems, such as the thermosyphon
LN dewar, the SRV and the sampling system. LN fills for both the thermosyphon
LN dewar and the SRV are fully automated based on capacitive level sensor read-
out, an AMI model 286 liquid level controller for the thermosyphon and a GLK
300 system for the SRV. In addition to automated filling the system maintains
the option of a manual interface to initiate or stop a fill from one of three under-
ground control panels. The sampling system is maintained using only the manual
fill system at the present time as a safety protocol, requiring underground access

to use.

3.10 Water Tank Shield/Veto/Source Deployment
System

Surrounding the vacuum insulation vessel, the LUX detector is deployed in an 8
ton cylindrical water tank, with a diameter of 7.6 meters and a height of 6.1 meters.
During the initial WIMP search, described here, the water tank was operated only
in a passive mode, acting as a large water shield, creating an expected reduction
in v-ray rate from the surrounding cavern rock by a factor of 8107, Water from
the tank is circulated and purified to reduce backgrounds from impurities in the
water with a maximum acceptable level of U/Th/K impurities in the water being
set at 2 ppt/3 ppt/4 ppb, which is about 6 orders of magnitude lower than their
concentration in the surrounding rock [75]. Though only used passively in the first
WIMP search, the water tank is instrumented with 20 Hammamatsu R7081 PMTs
to act as an active veto for muons and other particles during the 300 day-blind

WIMP search which will enhance background rejection capabilities.

Suspended in the water, next to the detector are a set of six radioactive-source

deployment tubes made of acrylic. Leaks in these source tubes resulted in them
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being filled with water during the course of the first WIMP search but they are
still used for the deployment of external sources for calibration, most importantly
137Cs which we will use for a high energy spectrum of Compton scatters in our

examination of fundamental event level fluctuations in chapter 6.

3.11 Conclusion

Having now reviewed the physical structure and design of the LUX detector, we
turn in the next chapter to examining aspects of its performance to provide a stable
and successful operational platform on which to perform a dark matter search, such
as is discussed in chapter 7. Before returning to the WIMP search in chapter 7
however, we will digress to examine energy reconstruction and fundamental event

level fluctuations as measured in situ in LUX in chapters 5 and 6.



Chapter 4

LUX Heat Exchanger
Performance and Detector
Stability

This chapter focuses on the performance of the LUX detector platform described
in chapter 3 in each of its three completed runs, introducing the heat exchange
system which is responsible for continuous cryogenic stability for the DM search
discussed in chapters (5), (6), and (7). We begin with an overview of the timeline
of the LUX program as divided into the three runs before moving on to details on
detector stability, heat exchanger performance, and detector quality control over
the course of the WIMP search.

A large part of a prolonged WIMP search, such as the first 118 day WIMP search
with the LUX detector, or the planned 300 day search period, is the maintenance of
extremely stable detector conditions, resulting in strict performance criteria for the
experiment. The LUX experiment met its performance goals in several ways. At
the most basic level these consisted of having long-term reliable subsystems with
available backups as well as pre-emptive plans for problems that arose, as described
in 3. In addition, detailed online measurements are performed for a large number
of sensors internal and external to the xenon volume, section (3.5), to facilitate
proactive responses to developing problems via the slow-control system. The final

stage in this process is post-search corrections and cutting based on examination of
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all relevant slow-control parameters combined with in situ real-time measurement

of detector response and event reconstruction over the course of the WIMP search.

4.1 LUX Timeline

As of the time of this writing, LUX has performed three major “runs”, a loose
term, describing physically distinct periods of detector activity, often following a
return to room temperature and/or in situ upgrades. LUX plans a fourth run,
a 300 day WIMP search set to complete in 2014/2015, after a planned series of
calibrations and high-voltage tests. This section identifies the timeline of each run

along with major milestones achieved and problems discovered and resolved.

4.1.1 Run 1 - Initial cryogenic test

The first run of LUX lasted between May 12" and June 27¢, 2011. The run
was performed on the surface, with the primary goal of a cryogenic test. Only one
sextant of PMTs were used to test PMT response to thermal stress. No Xenon was
used due to a leak identified between the inner cryostat and its vacuum jacket at
the bottom thermosyphon cold head identified late in construction. The cryostat
was filled instead with 653.2 Torr (stp) of argon/nitrogen mixture, 10% N2/Ar,
chosen both for scintillation purposes and limited to less than 1 bar absolute as full
pressure testing of the assembled system had yet to commence. No gas circulation

was used.

Run 1 identified several early stage problems in LUX, related to the assembly
process and provided early input on subsystem improvements needed. Run 1 also
allowed for the first in situ examination of the Radon-222 levels within the internal

structure.
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4.1.2 Run 2 - Surface running and system checkout

The second run, a full cryogenic run with all components installed and a full xenon
payload of 370 kg, was carried out on the surface between September 15¢, 2011 and
February 14", 2012. Run goals included full checkout of all subsystems prior to
transport to the underground laboratory. Xenon circulation was tested in this run
through a variety of modes, leading to the identification and diagnosis of a break
in the xenon plumbing, internal to the detector volume, figure (4.1). This break
was discovered during condensation when the condenser side of the dual-phase
heat exchanger did not empty despite significant flow-rates. Combined with a
flow impedance from the gas-phase heat exchanger, this break resulted in much

slower purification of the xenon target then desired.

To achieve desired electron mean-free paths in the active region, a special form
of circulation was used in which xenon was pulled directly from the bottom of
the detector instead of via the normal circulation loop described in section (3.7).
This allowed for faster purification by bypassing the gas-phase heat exchanger, but
displayed interesting behavior such as the development of discontinuous electron

lifetime as a function of depth, figure (4.2).

Run 2 measured the excellent light collection of the LUX detector, finding 8.4
photoelectrons per keV for 662 keV electron recoils from 37Cs at zero applied
electric field, as measured in the center of the active region. Run 2 was also the
first observation of the electroluminescent phenomena emanating from the cathode
grid when biased past -10 kV, resulting in running at a much lower field 62 V/cm
during this run [76]. This problem was improved in the first WIMP search by

replacing the cathode grid after Run 2 as described in the next section.

4.1.3 Run 3 - Underground preliminary WIMP search

Run 3 consists of the first unblinded WIMP search period, which includes ~85
live days of data taken between April and August, 2013, as well as cooldown,
condensation, calibrations, and xenon purification prior to the start of the WIMP
search. This run sets the worlds-leading spin-independent limit on the WIMP-

nucleon cross section, chapter 7. All systems performed well with the exception of
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FIGURE 4.1: Picture of broken circulation connection due to failed PEEK ther-
mometry mount. Found at the completion of run 2, this broken connection
resulted in an inability to test the HX system during the surface campaign.
The break was originally noticed during condensation when the condenser vol-
ume of HX2 did not empty as the break was directly prior to this volume.
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FIGURE 4.2: Log(52/S1) versus event depth from '37Cs. The x-axis is event
drift-time, the time between the S1 and S2 signals, in samples with 1 sample
being 10 ns. Two populations can be observed, the upper population is from
~-rays from the cesium source while the lower population is due to alpha events
inside the detector. The “kink” in the measured electron lifetime at 1.5 - 10*
samples (150 ps) is a result of the unusual flow mode used in Run 2, in which
xenon was both removed and returned from near the bottom of the detector,
resulting in poor mixing of the active region, as compared to figure (4.8) taken
during run 3. The kink was observed to slowly evolve to deeper depths (longer
drift times) as purification was continued until establishment of a single electron
lifetime across the active region.

the grid high-voltage, with “glow” being observed from both the cathode and gate
grids prior to the run and continuing over the course of the run when biased above
certain voltages, limiting the possible high voltage, section (3.1). This limited
voltage limited the electron extraction efficiency obtainable for events, with the
glow being theorized to be due to debris on the grid wires likely produced during
construction. Despite these limitation, LUX is able to demonstrate greater than
95% discrimination between electron recoil backgrounds and nuclear recoil events,

as discussed in chapter (7).
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4.2 LUX Detector Performance and Stability

4.2.1 Cryogenics

As discussed in chapter 3, to support the goal of stable WIMP search running, long
term stability in cryogenic performance is required. To reach a state of readiness
to begin detector operations the inner cryostat is first cooled to a temperature
< 180 K then filled with liquid xenon, pumped in as gas and condensed internally.
Cooling of the detector is accomplished using the two high-power thermosyphons
at top and bottom of the internals with careful monitoring and adjustment of the
thermosyphon power via the addition and removal of dry N2 gas as described in

section 3.4.

The cooling rate is set to be slow enough, ~ 0.8 K/hr, to ensure control of thermal
gradients is maintained within the specifications given for the plastics to remain
free of warping due to differential contraction. This requires control of the vertical
temperature profile along the length of the panel to ensure gradients no larger
than 10K developed during cool down, condensation, or detector operations. Ra-
dial gradients, or gradients between the panel’s outer surface and inner surface,
with respect to the active region, are also controlled and kept below 5 K. Ther-
mometry is instrumented on three panels, two adjacent to each other, labeled
A and B, and one radially opposite across the detector active region, labeled C.
Panels A and C are instrumented with three surface thermometers, one near the
top, one at the middle and one near the bottom. Panel B is instrumented with
five thermometers, three mirroring the positions as described for panels A and C,
and two additional thermometers spaced equidistantly between the middle and
top/bottom thermometer placements of panels A and C. In addition, two embed-
ded thermometers, mounted via custom UHMWPE mounting screws, penetrate
the panels outer surface to a depth of 1.9 ¢cm (0.75 inches), and are placed in the
middle of panels A and B for measurement of any developing radial gradients.
All temperature sensors were of the type describe in section 3.5. As the internal
components of LUX all hang from the top cryostat dome via titanium straps, in-
strumented panels were selected to ensure both panels with titanium straps (A)

and without titanium straps (B and C) are monitored.
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FIGURE 4.3: Measured temperatures of thermometry in the UHMWPE panels
surrounding the active region during cool down prior to run 3. Vertical gradients
are well controlled below the desired 5 K vertical spread and radial gradients
are well controlled below the 2.5 K upper limit. Cooldown is completed over a
period of nine days.

Construction and subsequent running prior to the first underground WIMP search
resulted in the loss of the middle thermometer from panel C and the bottom ther-
mometer from panel A, both during movement of the inner cryostat. Figure (4.3)
shows data from the panel thermometry during the cool down of the LUX detector
prior to Run 3. More conservative bounds of 5K vertically and 2.5K radially were
imposed to compensate for lost thermometers vertically and to compensate for
the embedded thermometers being at half the radial thickness of the panels, but

resulted in no significant reduction in cooling rate.

Following cool down of the internal components condensation of the xenon target
is accomplished through the use of the gas system and thermosyphons, TS1 and
TS2, in high power mode, over a period of three days. Monitoring of thermal
gradients is done at this stage as well, in addition to monitoring of capacitively

measured liquid level across the nine level sensors. Figure (3.4) shows the liquid



Chapter 4. LUX Heat FExchanger Performance and Detector Stability 59

level as monitored during the condensation process, with normalization done be-
tween completely empty of liquid xenon and liquid xenon at the level of the weir
spillover (full). During the main condensation period a constant mass flow rate
is set using the mass-flow controllers, observed changes in slope of the change of
the liquid level with respect to time resulting from changes in the detector’s inner
structure. Further condensation is done past the weir spill over point to partially
fill the weir reservoir prior to beginning circulation to avoid emptying the weir

reservoir during circulation startup, section 4.3.

4.3 Heat Exchanger System Performance

After condensation, circulation for purification is begun with the detector being
monitored for continued thermal stability. As discussed in section (3.7), the large
expected heat load from circulation is mitigated via a series of heat exchangers to

ensure stability of the internal xenon target.

Figure 4.4 shows the design of the dual-phase heat exchanger used in LUX, based
on work from the LUX prototype, [66]. As described in chapter 3, the two-phase
heat exchanger, HX2, is designed in a rectangular configuration to match detector
space constraints, and constructed from stainless steel to minimize heat transfer
from the outer evaporator container to the surrounding liquid xenon bath. Further
insulation is done by surrounding HX2 in UHMWPE sheeting prior to installation
in the detector. The second heat exchanger, HX1, used for single-phase gas-gas
heat exchange, consisting of a pair of concentric tubes, with an inner tube diameter
of 3/8” and an outer tube diameter of 5/8”, is coiled into a spiral with a total

overlap length of 20.3 feet.

Both heat exchangers are instrumented with a set of thermometers, two for in-
coming fluid streams and two for outgoing fluid streams. Additional thermometry
is instrumented on the FCS and the returning liquid stream prior to injection
into the active region. Surrounding the active region at various locations, a set of
twenty thermometers are used to monitor temperatures of various components and

to provide a thermal picture during the heat exchanger characterization process.
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FIGURE 4.4: Dual-phase heat exchanger, HX2. Five parallel tubes for con-
densation are routed through an external rectangular shell where the outgoing
evaporating fluid stream is located. A total of eight thermometers, equally
spaced along the vertical dimension of the heat exchanger, are shown as small
orange rectangles on the left-hand side. The five condenser tubes are shown to
the right of the thermometers. A capacitance level sensor of the parallel wire
type is installed, and is shown on the right-hand side of the heat exchanger, but
failed during detector cool down, and is un-used in this measurement. Repro-
duced from [75]
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The main goal of characterizing the HX system is to demonstrate efficient heat
exchange, creating run conditions with simplified logistics, manageable supply
costs, and detector active region stability, limiting bubbling. In this section we
describe the calculation of HX system efficiency, which is based on comparing the
calculated theoretical heat load, assuming no heat exchange at a given circulation
gas flow-rate, to the observed heat load applied to the detector at that flow-rate.
Determination of applied heat load is done using a differential method to account
for uncertainties in the applied parasitic and thermosyphon cooling power loads

on the system.

4.3.1 Applied load estimation

To determine the applied heat load as a function of circulation rate, we note that
if the sum of powers on the system is non-zero we expect the temperature of the

various components to warm or cool until a steady state is reached,

Y Po=) G (4.3.1)

Where k runs over all sources of power into or out of the system, and 7 runs over all
thermal masses of the system, with C; being the heat capacity of the i component.
In the LUX detector sources and sinks of power are the power load applied via
circulation, the parasitic load, the cooling power applied by the thermosyphons,
and the heating power provided by the PID controlled 50-W heaters. As equation
(4.3.1) requires knowledge of T} for all components, all major thermal masses in

LUX are instrumented as summarized in table 4.1.

To compute the specific heats, C;(T') we use the data available from NIST [77]

over the temperature range of interest, figure 4.5.

The parasitic load consists of a term from physical linkages between the detec-
tor and room temperature surfaces, the black body radiative power from the
surrounding environment, and the power transferred by any residual gas in the

outer vacuum insulating jacket. The cooling power is controlled by the amount
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Component Material type | Mass [kg] | Thermometers Used
FCS OFHC 293.6 TX36,TX33
Top gamma shield OFHC 121.21 TX01,TX03,TX02
Xenon Can Flange Titanium 35.30 TV17
Xenon Can Titanium 88.11 TV19,TV17
Lower PMT Holder OFHC 169.16 TX34
Upper PMT Holder OFHC 169.16 TX07,TX08
Field Shapping Rings OFHC 28.15 TX12,TX18
Structural Panels UHMWPE 15.5 TX12,/TX14,TX10,
TX20,TX17,TX19
Teflon Reflector Panels HDPE 18 TX12,TX14
Liquid Xenon Xenon 370 TX06
Copper Radiation Shield OFHC 59.68 TV14,TV15

TABLE 4.1: Table of detector components, materials, masses, and thermometers
used for readout treated in calculation of applied heat-load to determine heat
exchanger system efficiency.

of nitrogen gas inside the thermosyphon lines, held constant throughout the mea-
surement period. Heating power is provided by the PID temperature controllers
and is directly read out during measurements. Finally, the applied heat load from
the circulation of the xenon, which will vary with flow rate, is the parameter of

interest.

Taking equation 4.3.1 we obtain the applied power as a function of flow rate:

Pcirculation(f) = Z Cl<T)E - Pcooling - Pparasitic - Pheaters- (432>

As equation 4.3.1 contains the difficult-to-determine parasitic heat load and ap-
plied cooling from the thermosyphons, we employ a differential technique to obtain
the applied heat load. Comparing measured heat load at a flow rate to a long du-
ration stability point, taken at zero flow-rate, directly prior to the measurement
and assume AP,,oing = APparasitic = 0. This second constraint is much easier
to enforce then our absolute calibration as variation in parasitic power is only
expected from the term related to vacuum jacket pressure, and thermosyphon
cooling power variation is only expected with variation in thermosyphon line pres-

sure, both directly monitored and controlled over the full duration of this test.
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FIGURE 4.5: Specific heat curves used in the calculation of measured heat
load versus circulation rate. Data are from NIST [77]. Materials are: OFHC
(Red), PTFE (black), Titanium (blue), Liquid Xenon (green), HDPE (ma-
genta). Gaseous xenon is not included as the effect is expected to be negligible
based on relative mass compared to liquid xenon.

Using our differential method with these assumptions we simplify equation 4.3.2

to:

Pcirculation(f) - A Z Cz(T)T’z(f) - APheate’rsa (433)

where all differentials are taken with respect to the previously stated zero-flow sta-
bility point. The uncertainty in the thermal profile at zero-flow directly translates
into uncertainty in the applied circulation power. This uncertainty is mitigated
by allowing for a 3.5 day period of equilibration prior to the start of the measure-
ment, taken between 12:00, Feb-14-2013 and 21:23, Feb-15-2013. For this zero-flow
point, and all data taken afterwards, no adjustments are made to the underlying

thermosyphon line N2 mass to ensure a system with constant cooling power.
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4.3.2 Estimation of expected thermal load

To compute the efficiency of the heat exchange system from the measurements, we
examine the expected power load for circulating xenon gas at a flow-rate, f. We
start by decomposing the expected load into two terms, the first from the required
enthalpy change for the xenon condensation/evaporation process, and the second
from the required cooling from room temperature to the measured gas temperature
at the inlet of HX2, as monitored by a calibrated RTD directly prior in the flow
path to HX2. We state both terms as powers, by factoring in the flow rate:

Pe:cpected - Pcondensation + Pcooling- (434)

To determine the power load for cooling the gas, we directly apply the molar heat
capacity of xenon given the flow rate and change in temperature, AT, between
room temperature and the temperature as measured prior to condensation. To
extract the expected condensation head load, we translate the enthalpy change
required for evaporation from the xenon standard-temperature and pressure boil-
ing point to our actual incoming gas stream temperature at the inlet to HX2’s

condenser, using:

Tmeasured
AHvap(T) == AHO + / (Cp,vapor - Cp,liquid)dT7 (435)

vap
To

where AHSap is the enthalpy change of the phase-change at STP (at temperature
T = Tb), Tmeasurea s the measured condensation temperatures at the inlet of
HX2, and C,; is the specific heat as a function of temperature for the j™ phase.
Combining equations 4.3.4 and 4.3.5 with our knowledge of P sing Wwe compute
the efficiency of the HX system as a function of flow by comparing the expected
power load, equation 4.3.4 and the measured thermal power load, determined in

section 4.3.1, for each tested flow rate:

Pmeasured(f)

e=1-— .
Pexpected(f)

(4.3.6)
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4.4 Heat Exchanger System Performance

Figure 4.6 shows the derived heat exchange system efficiency versus flow (top) and
applied heater power (bottom). Overall the design performs within operational
specifications for the duration of the testing, with efficiency greater than 90%
at the sustainable long-term circulation rate of 27 slpm. To test for consistency
the result at 10 slpm is taken twice, separated by a three-day period to ensure
hysteresis effects are mitigated by the above method. The cyan point at 27 slpm
comes form a second test at this flow-rate, in which we did not allow enough time
for the heater system to settle to stable output power, as is done in all other points
below 30 slpm. Due to circulation pump output pressure limitations the point at
38 slpm is also taken without allowing full equilibration to a steady-state. The
lower measured efficiency during the test without waiting for stability indicates the
estimates are conservative despite not waiting for full thermodynamic equilibrium
in which all component temperatures are constant, a process that would have

taken an unfeasible amount of time given the size and scale of the LUX detector.

Error bars in figure 4.6 are dominated by uncertainty in the MFC calibration, here
assumed to be a flat 5% after calibration, not shown on the x-axis for clarity. Error
bars also account for statistical uncertainties from fitting of temperature curves of
all components, the PID heater powers step size of 2.5W, and uncertainties from

the initial stable zero-flow state used in differential comparison.

Examining figure 4.6 we observe that at 5 slpm the HX system fails to provide
efficient heat exchange before becoming efficient at higher flows. This is presum-
ably caused by some condensation happening prior to HX2, likely in a long run
of UHMWPE tubing that coils around the top copper gamma shield. This coil of
tubing is present to allow the system flexibility during movements of the conduits,
such as during detector installation. This idea is supported by the fact that the
majority of the heat load from 5 slpm circulation appears on the top heater, result-
ing in the PID loop outputting lower power. At higher flowrates residual heat load
appears on the bottom heater, as designed. As previously described, the output
fluid from HX2 is routed through a channel in the FCS prior to entering the active
region. With the FCS being directly coupled to the bottom thermosyphon. We
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FIGURE 4.6: [Top]: Calculated HX system efficiency versus flow rate (black
points). Error bars include statistical error from fitting to component tempera-
ture slopes, PID heater step size, and mass-flow-controller flow-rate uncertainty,
not shown on the x-axis for clarity. Applying the outlined method without wait-
ing for stabilization of the heater powers resulted in an estimated lower efficiency
at a given flow rate (cyan) and is used only for comparison to the datum at 38
slpm, where full stabilization is not possible, due to pump output pressure lim-
itations. Hysteresis tests were performed at 10 slpm [red diamond] and found
to be of minimal effect. Purge flow effects were also tested at 22.75 slpm [red
dot] with 1.75 slpm flow via the purges to duplicate normal running conditions.
Purge flows do not use the HX system for evaporation and so result in a loss
of thermodynamic efficiency. [Bottom]|: Top and bottom PID output powers
versus flow rate. At 5 slpm the top heater power observes more thermal load,
postulated to be the result of some condensation happening prior to HX2 due
to the low flow rate, explaining the lack of efficient heat-exchange at this flow.
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thus expect variation output power of the bottom heater, which is directly cou-
pled to the residual heat load from the fluid stream when the system is operating

normally.

As described previously, the detector makes use of a set of four low-flow purges
to mitigate outgassing contamination. We observe the effects of these purges in
the red data point at 22.75 slpm, as compared to the black data point at 21
slpm. Purges were set to 1.75 slpm (total), duplicating settings used for full
system running. Purge flows do not use HX1/HX2 for evaporation or outgoing
heat exchange, but do enter the main gas stream in the external piping before
returning through HX1 and the condenser side of HX2. A loss of efficiency is
expected as this configuration creates unbalanced flow between the sides of the

two heat-exchangers.

In addition to efficiency measurements, differential pressure measurements between
the HX2 evaporator/condenser and active region pressure are measured and are
shown in figure 4.7. Measurements have been converted to a liquid column height
in centimeters using AP = pgh. All height measurements are displayed relative to
the liquid surface of the active region. For reference purposes the figure also labels
the length of the condenser below the active region liquid level and the length of
evaporator above the active region liquid level. As observed in [66] the inferred
condenser liquid level hovers around the output level of the condenser chamber,
presumably because the differential pressure measurement is sensitive to where
an effective liquid column surface would be, with condensation happening on the

condenser tube walls and dripping down before forming a surface.

Error bars account for uncertainties in the liquid xenon density, noise variance
in the differential pressure sensor, and any drift observed in sensor calibration
using in situ calibration. For the evaporator, uncertainty in calibration of the
weir level sensor, used to cross calibrate from the weir liquid surface to the active
region liquid surface, is also included. Above 20 slpm we observe the evaporator
column height approaching the top of HX2, but this offers an incomplete picture
as these measurements fail to describe the non-uniform evaporation region. It is
well known that evaporation processes in vertical tube heat exchangers do not

produce well constrained transition points but instead turbulently transition over
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FIGURE 4.7: Calculated effective column offsets (in cm) as measured from
the active region xenon liquid level for HX2 condenser (red) and evaporator
(black) versus flow rate in slpm. Also shown are effective physical size limits of
HX2 regions for condenser (dashed-red) and evaporator (dashed-black) relative
to the active region liquid level. Error bars account for uncertainties on liquid
density, noise in the differential pressure sensor, and any drift observed in sensor
calibration using in situ calibration. Evaporator liquid column uncertainties also
account for uncertainty on the calibration of the weir level sensor, used to cross
calibrate from the weir liquid surface height to active region liquid level. No
treatment of the evaporation liquid level to account for the expected turbulent
phase change region is done, possibly contributing an increased systematic error
to the evaporator differential height with increased flow.

some extended region from pure liquid to gas through a variety of possible flow
configurations observed experimentally: bubbly, slug, churn, annular, and mist-
flow [78]. As no treatment of the turbulent nature of the height measurement is
done, we defer to the measured HX efficiency, which effectively integrates over

these effects through the process of measurement.
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4.4.1 Purification of the Xenon Target

Purification of the LUX detector active region is monitored by measuring the
electron-lifetime during #3™ K7 injections as well as directly during WIMP search
data taking using high energy background gammas and alphas. Electron lifetime,
7, is defined by:

S2(dT) = S2(T = 0) - e7Y/7, (4.4.1)

where dT" is the drift time of an observed event and S2(T=0) is the size of 52
events observed at the liquid surface, and 7 is the electron lifetime. Measurement
is done using the relative fall off in the observed S2 size versus depth, figure 4.8, by
linear fitting to expectation values in binned regions of data, where the expectation

values come from gaussian fits within each bin.

The measured electron lifetime is used to re-normalize events below the liquid

surface as a multiplicative constant to increase the event area, adjusting for this
effect in the WIMP search data.

By measuring the field dependent electron drift velocity, found to be 1.51 £ 0.01
mm /ps, using measurements of the location of the cathode grid in drift-time space,
conversion to electron drift length is also possible, figure 4.9. WIMP search data
is corrected for electron lifetime calibration during the science run. Blue dashed
lines in figure 4.9 represent the start and end times of the first 85.3 live-day science
run of LUX.

LUX was purified from initial xenon condensation to an, as measured, electron
lifetime of 7 = 575us, suitable for the beginning of dark matter search data ac-
quisition, in a period of ~2 months, as compared to Xenonl100 achieving 154 us
drift length after ~ 4 months purification prior to their initial science run. We
also note the xenon mass used in Xenonl00 of 161 kg, as compared to the 370 kg
used in LUX [46][79].
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FIGURE 4.8: [Top|: Example fit to determine electron lifetime in log(S2/S1) vs
drift-time (blue). Data (black) are background events, with the main population
being from high-energy gammas. A second population of alphas appears below
with smaller population density, and as a population between 0 and 40 us, from
the walls and gate/grid, respectively. Alphas are determined to be from 2?2Rn
and its progeny. Linear fit (green line) is done to expectation value in each
bin (green points) from underlying an gaussian fit to data in each bin of drift-
time; errors are the size of the points. Fitting is only done between 20 and 290
samples to avoid effects from the grids. The cathode grid is between 318-320
ps in this figure. Here we find 7 = 464.741} us. [Bottom]: Binned histograms
of log(S2/S1) (black) cut in time bins of 30 samples (300 ns), as used in the fit
above. Also shown are the gaussian fits in each time bin (red), which determine
the mean and error on the mean for the above green points.
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FIGURE 4.9: Measured electron lifetime, and drift-length versus date (black
points). Purification, and corresponding increase in measured electron lifetime,
is accomplished via circulation through a heated getter at 26.75 slpm, of which
25 slpm is active region turnover and 1.75 slpm is purge flows. Vertical blue
dashed lines represent the boundaries of the WIMP search data-taking, while
vertical red dashed lines represent circulation loss due to power outages in the
laboratory. Purity loss after circulation loss is expected as impurity concentra-
tions will rise during such times, under the assumption of a diffusive source such
as the plastics in the LUX detector, which contribute a continuous outgassing
profile. The drift-length calculation is based on measured mean electron drift
velocity of 1.51 +0.01 mm/us. The LUX detector internal active region height
is 48 cm (cathode-to-gate).

4.4.2 LUX Run Stability and Performance

Success of the LUX heat exchanger system is also judged by its ability to maintain
cryogenic stability over time periods at the level of hundreds of days. To determine
the overall system stability we examine the detector pressure using a Setra 759
capacitance manometer, range 0-5000 Torr, with an accuracy of 0.1 Torr. Figure
4.10 shows the overall calibrated capacitance manometer measurement of detector
pressure for the duration of the first WIMP search, down-sampled to one minute

readout. Red lines depict 1% pressure variation outside which data is not used.
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FIGURE 4.10: Detector pressure versus time over the duration of the WIMP
. Readout is done using a calibrated capacitance manometer.
Horizontal lines [red] are 1% variation on the mean pressure as measured over
the course of the run. Sharp spikes observed in the data correspond to power
outages in the laboratory and resulting loss of circulation. The first LUX result
discarded periods of data with deviation in pressure > 1%.

search [black]

Sharp spike features are circulation loss periods resulting from power outages,

during which the system is observed to leave its equilibrium state and data is

discarded.

Conversion from pressure to inferred temperature variation is done using the xenon
liquid-vapor equilibrium curve [77], figure 4.11. The HX system provided platform
stability of AT < 0.2 K throughout the WIMP search. Measurements of active
region liquid-level change were also performed, with variation on the mean S2 ex-
traction region liquid level maintained below 0.2 mm over the course of the WIMP
search, section (4.5). Lifetime lost to various detector related effects, including all
periods due to change in active region liquid level, detector pressure, or grid volt-
age account for 0.8% dead-time during the first WIMP search [47] as discussed in

section (4.6).
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FIGURE 4.11: Conversion from detector pressure to temperature using xenon
equilibrium curve [black]. Corollary to figure 4.10. Horizontal lines denote 1%
variation in detector pressure converted into Kelvin. Variation over the entire
run is < 0.2 K barring power outage spikes during which loss of circulation
cause the system to leave thermal equilibrium.

4.5 LUX Liquid Xenon Level from Single Elec-

tron Size and Residual Variations

We examine observed fluctuations in the mean single electron size (152) in photo-
electrons over the course of the WIMP search to estimate the underlying variation

in the S2 region liquid level.

Figure (4.12) shows the as measured full-array mean single electron size over the
course of the WIMP search as used in the first WIMP limit. Systematic jumps
in the data were found to correlate with DAQ event rate, caused by a bias in
how events were selected. Here, all single electron pulses were used, resulting in
a bias towards larger single electron sizes, events of which display greater trigger
efficiency. This bias is more pronounced during WIMP search data taking as the
lack of frequent additional triggers lead to a skewed sampling of the underlying

population. This bias is mitigated during high event rate datasets, such as 3™ Kr
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FIGURE 4.12: Mean single electron size in photoelectrons,(1eS2), across both
arrays as determined in situ by gaussian fitting population in every recorded
dataset over the 85.3 live-day WIMP search. Variation observed is found to
correlate with DAQ event rate, due to a bias introduced through the use of all
single electrons, biasing towards large single electrons that were more likely to
trigger the DAQ during sparse data such as AmBe [green] and WIMP search
[black] data as compared to high event rate data such as 33™Kr [red].

injection datasets, as the additional triggers due to the source event-rate result in

a better sampling of the true underlying single electron distribution.

Computing the Pearson product-moment correlation coefficient shows clear corre-
lation between the DAQ rate and DAQ temperature, as higher event rates directly
raised the temperature as measured in the DAQ rack,as well as correlation with

physical liquid levels and temperatures, figure (4.13).

To correct for this bias, a reanalysis in which only single electrons that were

between already triggering S1 and S2 pulses is done, figure (4.14).
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photoelectrons,(1eS2), and detector parameters. Plot is read by comparing
fractional arc-length on the left arc labeled (1eS2_size) to the various connected
right-side arcs, which are grouped by subsystem type. L liquid levels [L-], detec-
tor pressures [P-], detector temperatures [X- for xenon volume, V- for vacuum
jacket.], and DAQ event rate and temperature. Correlation found between DAQ
rate and temperatures are due to the described bias in event selection criteria.
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FIGURE 4.14: Mean single electron size as a function of time estimated from
data taken during the WIMP search. Data presented here were processed using
only single electron pulses occurring between a valid S1 and S2 pulse, elimi-
nating trigger bias. Selection criteria require at least 100 electron pulses to be
calculated.

Taking the the observed variation in the mean single electron S2 size as a function
of time during the run, figure (4.14), we conservatively attribute all observed
variation to potential changes in the liquid level, setting a maximum size of 24.5
phe and minimum size of 21.5 phe. We compute the resulting variation in the S2

region liquid level, following the empirical formula [80]:

Nv,scintillatian = aNe(E/p - ]-)pd (451)

Equation (4.5.1) gives the expected the number of scintillation photons produced,
N

y
traction field in the gas [in kV em™!], d, the distance traveled by the extracted

scintillations 1 an S2 event relative to p, the gas pressure [in bar|, E, the ex-

electrons [in cm], a ~ 70 the amplification factor, and N, the number of electrons
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extracted from liquid to gas phase, here taken to be one. From equation (4.5.1),
and taking £ = 6.6 kV/cm [81] and pressure of P = 1.58 bar, from figure (4.10)

we compute our sample as having Ad < 0.01 mm liquid level variation.

4.6 Detector stability Cuts for the first WIMP

search

Despite achieving broad level system stability using the heat exchanger system
discussed above, some quality cutting of data is necessary during the first WIMP
search. Quality cuts are required due to laboratory wide power outages and re-
sulting system restart. This section details the algorithm for these quality cuts, a

subsection of which are used for the first WIMP search result.

To flag periods of detector instability, variation from mean run values are mea-
sured for the liquid level in the S2 extraction region, monitored grid bias voltages
and currents, outer vacuum vessel pressure, purge and circulation flow rates, and
detector pressure. We apply a rolling box filter algorithm to each sensor to identify
periods where the sensor is out-of-bounds with respect to pre-selected allowable
ranges of variation, chosen so variation for the sensor is contained at the less than
2% level or so the bounds contained two step sizes of the read-out unit. The
rolling-box filter merges all out-of-bounds periods that occur in a 5 minute sliding
window that resets upon each out-of-bound entry. This algorithm merges periods
of frequent sensor fluctuations into unified time windows where data could contain
anomalous detector-related effects. For example, if sensor 1 went out of bounds
four times in a fifteen minute window, at times 0, 2, 7 and 15 mins the algorithm
would find two outages, the first from 0-7 minutes, and another at 15 minutes.
Once all outage periods have been identified, the algorithm then re-orders outages

based on outage type as described in table 4.2.

Outages are then checked to determine if an outage is characterized as a “zero-
length” event. Zero-length outages are defined as a sensor going out of bounds
for a single read-out period. As these outages have effective length of zero, we

assign to them length based on the sensor’s average update period in a 10 minute
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Outage type Related Sensors
S2 level LS06, LS07, LS08
Grids Top Voltage, Anode Voltage, Gate Voltage, Cath-
ode Voltage, Cathode Current, Bottom Voltage
Outer Vacuum (OV) | PT-D6

Purge MFC3, MFC4, MFC5, MFC6
Circulation MFC1, MFC2
Pressure PT-D3

TABLE 4.2: Table of Sensors by Subsystem as Used for the Data-Quality Cuts

window surrounding the zero-length outage, extending the zero-length outage by
one update period before and after the read-out point. This approach ensures
that any periods of possible instability are flagged, and is especially important
for slowly updating sensors, which may only refresh ever