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Abstract

This thesis presents research into the development of a two phase xenon detec-
tor for direct dark matter searches. The research was undertaken at Imperial
College London, as part of the United Kingdom Dark Matter Collaboration
during the years 1997 to 2003. Dark matter particles should interact with ordi-
nary matter, depositing energy in a detector resulting in scintillation photons
and ionisation. Xenon is a favourable target as it has a high light yield (78600
photons/MeV), has naturally occuring isotopes sensitive to spin dependent
interactions, is dense when liquefied and can be obtained with low levels of
intrinsic radioactivity. In this study, experiments with a scintillation test cell
indicated the possibility for discrimination between nuclear recoil and electron
recoil events using the pulse shape of the scintillation light. Measurements gave
a decay time constant of 23+3ns for a-particle recoils and 43+8ns for electron
recoils. Neutron recoil measurements at the Neutron Beam Facility at Sheffield
University measured the quenching factor of liquid xenon to be 0.17+0.01. To
reduce light losses the possibility of operating photomultipliers at liquid xenon
temperatures was investigated. Results from these experiments indicated that
photomultipliers remain linear at temperatures of -104.5°C, however, there is
a decrease in response to pulsed light at frequencies of 2kHz. A two phase pro-
totype detector was used to measure the scintillation photons and ionisation
from interactions of a-particles and gamma-rays with xenon. These tests gave
a discrimination factor of 90% between the two distributions of secondary to
primary signal ratios. Monte Carlo analysis of the performance of ZEPLIN III
addressed the light collection, charge drift and extraction, electroluminescence
output and position sensitivity of the detector. A gamma-ray transportation
code was also used to assess the background radioactivity due to the immersion
of photomultipliers in the liquid xenon volume. Results from these programs
indicate that ZEPLIN III will have a discrimination factor of 99.81% and be
sensitive to spin independent cross sections of 7 x 10~**cm?.
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CHAPTER]1

The Dark Matter Scenario

The dark matter problem has now become one of the most important scientific
quandaries of our time. It has profound influence in cosmology, astrophysics,
high energy physics and theoretical physics. Each of these disciplines, in one
way or another, predicts the existence of dark matter. It is no surprise then
that there is a huge global effort to uncover definite signatures from the dark
matter. The discovery of dark matter by direct terrestrial searches would
be an experimental scientific breakthrough, which, it could be argued, would
have no parallel. The arguments for the existence of a non-luminous massive
component to the Universe, that dominates ordinary visible matter on all
scales, are overwhelming. However the dark matters form is still controversial.
SuperSymmetric (SuSy) particles, massive neutrinos, MAssive Compact Halo
Objects (MACHOS), axions and other forms of exotic matter are all potential

candidates for dark matter.

This chapter examines the motivation behind the frenzy of scientific experi-
mentation into the search for dark matter. In particular both the theoretical
predictions and current experimental evidence are scrutinised. An overview of
popular cosmological models, particle physics scenarios and theoretical physics
motivations is given. Finally astrophysical evidence for the existence of dark

matter is considered.
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1.1 A Dark History

20

1.1 A Dark History

Previously described as the “astronomy of the invisible”, the history of dark
matter began with the detection of small fluctuations in the positions of Uranus
and Sirius A. In 1844 F.W.Bessel deduced that the cause of the deviations
in the position of Sirius A could be the presence of an as yet undetected
gravitating companion. The French mathematician U. J. J. Le Verrier came
to the same conclusion about the movements of Uranus. These predictions
inspired astronomers to search for these dark massive objects and in 1846 J.
G. Galle first observed the planet Neptune. In 1862 after significant advances in
astronomical devices Sirius B was discovered and the binary system of Sirius A
and Sirius B was recognised. These two seperate instances enabled astronomers
with a new diagnostic tool, gravity. The astronomical community was now
aware of the possibility that luminosity might not be the sole tracer of mass,
gravitation it seemed had become an indispensable tool for the search for

matter.

The first hint of a possible Galactic presence of dark matter seems to have
been in 1922, when J. C. Kapteyn used the observed motions of nearby stars
to calculate the total density of matter near the Sun. Kapteyn wrote in his
abstract “it may be possible to determine the amount of dark matter from its
gravitational effect” [1]. However, he remarks, “As matters stand at present
it appears at once that this mass cannot be excessive” [1] in reference to the
possible contribution of dark matter to the total mass density of the Universe.
Utilising a similar method ten years later, J. Oort was led to conclude that
as much as two thirds of the local mass density could be in the form of some
unknown mass. Oort used a calculation based on the spatial density and
perpendicular velocities of nearby stars, as a function of their height from the
Galactic plane (Fig 1.1). By relating these observational quantities to the

gravitational force acting on the stars, and using the formula in Equ 1.1, it is
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Fig. 1.1: A small section of the Galaxy near the Sun which is near the Galactic
plane. w, z and space density are related to give total density of gravitating
matter.

possible to measure p the total density of gravitating matter,

Jo
= 1.1
p 4rGz, (1.1)

where G is Newton’s Gravitational Constant, g, and z, are constants of accel-
eration and height. Equ 1.1 is often referred to as Oort’s Limit. Oort himself
measured the local mass density to be 0.092Mgpc~3t | where the known mass
in the form of visible stars at that time was only 0.038Mgpc~3[2]. However,
more recent calculations and observations of the solar neighbourhood, do not
require a dark matter disk-like distribution to account for these vertical proper

motions of stars[3].

Since Oort’s suggestion of the presence of a dark matter component to the
Galactic mass in 1932, the explanation of its form, of its origin and its role as
a fundamental constituent of the Universe, have all become intense areas of

research. The seed of the dark matter problem had been sown.

1.2 Cosmology and Dark Matter

In this section we will explore the current cosmological motivations for the ex-

istence of dark matter. In particular we examine the densities of types of dark

t1 Mp= 1 solar mass ~ 2 x 103%g
1 pc = 3.10 x 10'%m

The Dark Matter Scenario



1.2 Cosmology and Dark Matter

22

matter which one expects from current cosmological models. The problem of
structure formation is also mentioned with reference to the Cosmic Microwave
Background Radiation (CMBR) isotropy and Large Scale Structure (LSS) in
the Universe. Lambda Cold Dark Matter (ACDM) and Cold Hot Dark Matter

(CHDM) scenarios are introduced as modern popular cosmological models.

1.2.1 Modern Cosmology

The Cosmological Principle, on which modern cosmology takes as its starting
hypothesis, states that the Universe is homogenous and isotropic. In 1989, the
COsmic Background Explorer (COBE) satellite was launched, with a mission
to measure the CMBR. This radiation is believed to be the primaeval remnants
of Hot Big Bang (HBB) photons which decoupled from matter after atoms
formed in the early Universe. The photons were then free to stream through
the Universe and cool. The expected signature of the photons would be a pure
blackbody relationship at a temperature of around 3K. COBE was tuned to
search for these photons in the wavelength range between 1um to 1cm utilising

three detectors [4].

Detector Wavelength | Accuracy

Far Infrared Absolute Spectrophotometer | 100um=>1 cm | 7 degrees
Diffuse InfraRed Background Experiment 1=300um | 0.7 degrees
Differential Microwave Radiometer 3mm=>9.5mm | 7 degrees

Table 1.1: Table of the three detectors aboard the COBE satellite, their wave-
length ranges and accuracies.

Fig 1.2 is the background spectrum measured by the FIRAS instrument on
board the COBE satellite. The accuracy to which the results fit the expected
blackbody curve is one of the most striking features of the experiment, and, in

fact, one of the most important triumphs in modern experimental cosmology.

The absolute temperature measured was 2.728 £0.004 K (95% CL) [5], which
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agreed with the first measurement of this phenomenon by Penzias and Wilson

in 1965 [6]. One expects this blackbody form of the energy spectrum as a
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Fig. 1.2: The FIRAS measurement of the energy spectrum of the CMBR.
Errors are at a level that they are indistinguishable from the theoretically

fitted curve, the rms deviations are less than 50 parts per million of the peak
of the CMBR [5].

result of the scattering of the photons before decoupling. The temperature
can be derived from the expected ‘cooling’ rate of the photons as a function of

the age of the Universe, or, more specifically, the scale factor of the Universe.

As well as producing the form of the spectrum of the CMBR, COBE was also
able to construct full sky maps of the temperature distribution of the CMBR.
Fig 1.3 is one such map constructed from data taken with the DMR instrument
at 31, 53, and 90 GHz[7]. Whilst the data is consistent with isotropy in the
background to 1 part in 10°, maps of this type indicate anisotropies at the level
of AT/T = 6 x 107%. The fluctuations in the spectrum cannot be explained
away by systematic errors, Galactic emission or the dipole anisotropy, and
hence are determined to be a primordial fingerprint of the energy density of

the early Universe. Accurate measurements of the CMBR anisotropies can
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Fig. 1.3: A full sky differential map of the CMBR. This plot is from data
taken by the Differential Microwave Radiometer (DMR) instrument. Galactic
emission and dipole anisotropies have been subtracted. The data is taken from
2 years running of the instrument.[5]

therefore be used as a stringent constraint on cosmological models, as they

must be capable of reproducing this distribution.
The COBE measurements of the CMBR, in conclusion, give the following
insights:

e the CMBR has a blackbody form and is isotropic to 1 part in 10°

e anisotropies exist on large scales which indicate energy fluctuations in

the early Universe.

These conclusions fortified the HBB Universe scenario, but simultaneously

encouraged the formulation of new, more complex, theories that would predict

the fundamental anisotropies.

The Mathematical Formulation of Modern Cosmology

As mentioned previously, modern cosmology is based upon the Cosmological
Principle. When combined with Einstein’s General Relativity one can derive
the Robertson-Walker metric:

2

dr

2 _; 2 9
ds® = dt* — a*(t) =7z

+ r2(d6? + sin*0de?) (1.2)
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The metric defines an expanding, homogeneous and isotropic spacetime, where
a(t) is the scale factor, k represents the curvature, and r,8, ¢ are spherical
coordinates on the surface of a world sphere. The curvature term k can take
values +1, 0, or -1 for a closed, flat or open universe. In more detail, a(t)

follows the Friedmann Equations:

d*a 4T
W = —?G(p+3p)a (13)
k(91 & 8r ., A
2, ¥ = |4 - = -
H+a2_[a] +a2 3Gp+3 (1.4)

Here p is the energy density of matter in the universe, H is Hubble’s constant,
more often written as 100h~! where 0.5 < h < 1, p is pressure density, and A

is the Cosmological Constant.

If we consider a flat universe, k=0, with no Cosmological Constant, then Equ
1.4 relates H and p uniquely. In this case p is known as the critical density,

pe, and is given by:

_ 3H? (1.5)
Pe= &G '
The critical density gives us our definition for €2:
P
Qo = — 1.6
°T b (1.6)

Yy is then our measure of the total mass density of the Universe.

The cosmology presented so far is very basic, and is only applicable to a uni-
verse that satisfies the conditions inferred by the Cosmological Principle. There
is no physics used to set up these initial conditions in HBB theory; for this we
need to invoke early universe physics where theories endeavour to provide phys-
ical bases on which experimental evidence, such as the CMB anisotropies, can
be understood. That said, HBB Nucleosynthesis (HBBN) theory has yielded

understanding of the early Universe, in particular the calculations of present
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day light element abundances. HBB theory suggests that at epochs when
ky T~10MeV conditions were such that synthesis of light elements could oc-
cur. Predictions of the elemental ratios for species such as D,*He,*He and "Li
to hydrogen, at early times, can be related to pre-galactic abundances of ele-

ments which can be inferred from observational data. Figure 1.4 shows a recent

2
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Fig. 1.4: Plot of the 95% confidence intervals for HBBN predictions for D,

“He,*He and “Li. Solid boxes indicate 95% confidence level abundances from
observation.[8]

plot of the 95% confidence intervals for HBBN predictions of D, *He, *He and
"Li relic abundances, taken from [8]. These bands are predicted from Monte
Carlo simulations of nuclear interactions in the early Universe. Abundances
for D, *He and "Li have all been measured in gas where there has been little
or no stellar processing (this can alter the true ratios of the relic abundances).

For the three elements, the values are near to those predicted by HBBN theory.
There are problems with the formulation of standard cosmology which require
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e The Horizon Problem: from the earlier discussion of the CMBR we noted
the isotropy of the radiation, with little further comment. The logical
conclusion of this observation is that microwave photons across the full
angular scale of the sky are in thermal equilibrium at the same temper-
ature. This implies that at some epoch the photons were interacting in
such a way as to produce the characteristic CMBR. Now photons travel
with speed c. Therefore, given a time interval At, their maximum possi-
ble interaction distance is cAt. This distance is known as a horizon and,

if we apply this principle to the Universe, we have:

du(t) = a(t) [ % (1.7)

t. a(t)’
For the CMBR to have been created from photon interactions in the
standard HBB model, the photon horizon at the time of matter-radiation
decoupling would have to be equal to, or larger than, the current horizon
distance. In fact:

/t % < /t ;‘f—i)- (1.8)

dec

It is true to say that any two areas of the night sky separated by at least
2 degrees would be causally separated in HBB theory. The homogeneity
of the Universe cannot therefore be explained by standard cosmology.
Indeed this argument can be explored further, as it also disallows intrinsic
irregularities in the last scattering surface to be larger than the horizon.
However, these perturbations are seen by COBE on scales of a few degrees
or so. If these large angle perturbations are indeed intrinsic to the last
scattering surface, and these perturbations are the seeds of la.rgé scale
structure formation, then it follows that the simple standard HBB theory
does not provide an adequate explanation for either as it is constrained

by this Horizon Problem.
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e The Flatness Problem: using Equ 1.5 and Equ 1.4 we can write;

k|
a?H?

Q-1]= (1.9)

Equ 1.9 suggests that as the Universe evolves, {2 is a rapidly varying
function of time constantly being driven away from unity. Today we are
sure that (2 is at least within an order of magnitude of unity, which means
that in the past it must have been even closer. It can be shown that if
) varied from unity by one part in 10%° when the age of the Universe
was 10735sec, then the Universe would either have already collapsed or
the current measured density would be an order of magnitude less [12].
This is known as the flatness problem. Why is the Universe so close to

the critical density, Q=17

o Other Problems With Standard Cosmology: particle physics theories such
as Grand Unified Theories (GUTs) which go beyond the Standard Model
to unite the strong, weak and electromagnetic forces, predict the creation
of magnetic monopoles as topological defects in the Higgs field after spon-
taneous symmetry breaking [13]. These monopoles are created in cosmo-
logically significant quantities in the early Universe, but experimentally

have never been observed.

1.2.2 Inflation and

In the previous subsection we introduced simple modern cosmology and some
examples of its success and failure. Here we look at an extension to that
scenario - inflationary theory. First developed by Alan Guth in the early
eighties [14] inflation was conceived to solve the problems associated with sim-
ple standard cosmology. The idea, with hindsight, is disarmingly obvious but
extremely powerful. The classic example of inflation, which we will use to

demonstrate the principle, is observed when we take the equation of state
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(relating the pressure and density of the early Universe):

p=-p (1.10)

where p is the pressure and p is the energy density. In this case the solution

of Equ 1.3 for a(t), the scale factor, is given by Equ 1.11.
a(t) o exp(Ht) (1.11)

This implies an exponential growth in the scale factor of the Universe. Another
consequence of inflation is that the Hubble length decreases during inflation.
Coupling these two factors and applying them to Equ 1.9 demonstrates that
inflation literally drives Q to unity. Furthermore, realising that the Hubble
length can be regarded as the inverse of the causality boundary, we can see
that, in the inflation model, this boundary is increased. Hence regions of space
that appear out of causal contact now, were in fact, during inflation, ‘squeezed’
together and hence able to interact, and, the choice of the right parameters in

the model can reproduce the characteristic COBE power spectra.

Inflation has given us a model in which we can solve the problems associated
with the simple Robertson-Walker universe. We have yet to come across the
theoretical motivations for dark matter. To address this we must examine 2

and its constituents more closely. 2 is the total energy density, and can be

written as a sum of the following:

Q=CQ+ Qx4+ Qcpm + Qupm (1.12)

{2: the baryonic matter energy density

(25: the Cosmological Constant energy density

Qcpum: the cold dark matter energy density

Qupm: the hot dark matter energy density.
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Let us examine these individually, and mention some current estimates on
the values of each. € is baryonic matter energy density. HBBN theory and
experimental measurements of the abundances of D,*He,*He and "Li can yield
values for €. Studies of distant Quasar Absorption line Systems (QAS) are
thought to be a reliable way to estimate the primordial deuterium abundance.
Data from these studies can be used in Monte Carlo simulations of HBBN
theory to predict the baryon to photon ratio, 7, and the effective number of
neutrinos, N,, the only two free parameters in the models. From these, the
baryonic contribution to the average energy density of the Universe can be

estimated. Below are results taken from recent work [8, 16]:

D-abundance Yp = (3.440.3)107°
Q,h% = 0.019 + 0.0024
1.7<N, <3.3, 4.0<n0<5.7, 0.015<0Q,h2<0.021

where 0.5<h<1 represents the uncertainty in the Hubble constant, H. CMBR
constraints on €, have been fortified by the most recent measurements of
the MAXIMA and BOOMERANG balloon borne experiments [9, 10]. Best
fit models to the angular power spectrum of the CMBR incorporating these

results suggest Q,h2=0.02270003 [11].

The second term in Equ 1.12 is the contribution of the vacuum energy, or Cos-
mological Constant, to the total energy density. This has become of increasing
interest as astronomical observations have indicated that {2, may be non-zero,
and perhaps even dominate Equ 1.12. Results from two groups studying high
redshift Type Ia supernovae suggest that the Hubble diagram for these objects
is best fitted by models where Q,=0.7, Q,,=0.3 (Qn = QU + Qcpm + QapM)
see Fig 1.5 [18] [19]. However, at the time of writing, it would be incorrect to
insist that the value 0< Q4 <0.7. Other work on determining the velocity of
recession of high redshift objects, in particular gravitational lensing systems

[20], are more consistent with Q,,=1, Q,=0.

Before commenting on the final two contributions to 2 let us first consider some

astronomical observations which are used to estimate the value of 2. We have
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Fig. 1.5: Hubble diagram for Type Ia supernovae. Results from High-Z SN
Search Team and Supernova Cosmology Project. [19]

so far theoretically argued that € should be close to unity. From Equ 1.12 and
previous discussions, we conclude that non-baryonic matter must constitute
a significant fraction of the Universe. Even taking the worst case scenario
Qum >0.27. Observational efforts to measure €2 include the measurement of
the mass to luminosity (M/L) ratios of galaxies, the use of a cosmic virial
theorem and large scale flows. In Table 1.2 some current results are given.

The values tabulated in Table 1.2 are taken from selected references, and are

Method Value Refs

M/L 020h T<Q < 030h 1| [21

Cosmic Virial Theorem | 0.27h~' < Q < 0.72h71 | [22
Large Scale Flow 0.6h~' <Q <1.0h7" | [23

Table 1.2: Observational values for 2 for M/L ratio, cosmic virial theorem and
large scale flow techniques.
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not conclusive. There are problems associated with each of these methods,
for example, the assumption in the M/L measurements - that the galaxies
and X-ray gas emissions trace in totality the mass of the cluster - is unlikely.
This does not allow for possibly extended dark haloes which would lead to an
underestimation of the cluster mass and hence reduce the observed value for
Q. It is difficult to find consistency in the values for Q) given by these differing
observational techniques. However they all indicate that €2 is certainly of order

unity.

Finally in this brief analysis, we come to the contributions of Q2cpas and Qppum
to Equ 1.12. These two forms of dark matter are inferred from the shortfall
of baryonic mass in the Universe. They provide invaluable channels for struc-
ture formation in the early Universe. CDM refers to dark matter made up
of particles that were travelling at non-relativistic velocities at the time of
matter-radiation decoupling. Conversely, dark matter particle candidates that
were travelling relativistically at t=tq.., are referred to as HDM. In structure
formation they play contrasting roles. CDM particles, due to their higher
mass, freeze out of the primordial fields at earlier epochs than their HDM
counterparts. They then begin to self- gravitate, become Jeans unstable and
form areas of over-densities in the early Universe. These are thought to be
the seeds for galaxy formation, such that when the Universe has cooled suf-
ficiently, and normal baryonic matter is formed, it falls into the gravitational
template constructed by the earlier evolution of the CDM. If this were the only
mechanism for structure formation then it has been shown that, whilst galac-
tic formation would take place, pure CDM models would produce too much
fine structure. This can be avoided by introducing a relativistic component
to the dark matter energy density, HDM. Due to the free streaming of HDM
particles, small density perturbations are ‘washed out’, and the onset of initial
gravitational collapse can be delayed, resulting in a reduction in the amount of
small scale structure created by CDM. A powerful method for the determina-

tion of the mixing ratio of CDM to HDM is the analysis of galaxy clustering on
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large scales. In this analysis a Fourier transform of the two point correlation
function of galaxy distributions gives a power spectrum. The obtained spec-
trum can then be fitted by cosmological models and, by varying the mixing
ratio (and a host of other parameters), the best fit models can be found. One
such analysis, reported in [15], uses the PSCz galaxy survey and the CMB as
data for cosmological model fits. Selected results from this analysis are shown

in Fig 1.6.
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Fig. 1.6: LSS power spectra derived from the PSCz galaxy survey and selected
fits from the 11 dimensional ‘concordance’ model of Tegmark et al [15]. The
progression is clockwise from top left with the only varying parameter being f,
the fraction of dark matter that is HDM : f,=0.0000, 0.0770, 0.3100, 0.9000.

The ‘washing out’ of small scale perturbations, by the addition of HDM to the
overall cosmic energy density, can be clearly observed in these four diagrams.
The feature to recognise is the steady decline of the tail at k values > 0.03
hMpc™!, where k is the wavenumber, for increasing fractions of the HDM

contribution. The important point to take from these plots is that the HDM
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fraction is constrained well below f, = 0.077.

In conclusion, inflation provides a mechanism to drive §2 to 1 and solves the
flatness and horizon problems. The contributions to 2 from a baryonic energy
density, €2, and a Cosmological Constant energy density, {15, are too low to
close the Universe. This implies another form of energy density in the Universe.
Large Scale Structure observations suggest the HDM component of this other
form of matter to be low. Therefore, theoretically, we must insist that there

exists a nonbaryonic massive component to the energy density of the Universe.

1.3 Astrophysical Observations of Dark Mat-

ter

In this section the direct astrophysical evidence for dark matter is presented.
Astronomical observations can be used to probe the form of gravitational po-
tentials in astrophysical systems. The total mass of the system can be calcu-
lated and compared to the mass of visible matter. In many examples, these
two masses are not equal and it is from this that we infer a dark matter com-
ponent. Observations of this kind do not give information on the form of the
dark matter. In the introduction to this chapter the local dark matter density
was discussed in the context of the Oort limit. In what follows, extragalactic

observations are focused upon.

1.3.1 Spiral Galaxy Rotation Curves

High resolution spectrometry allows the measurement of velocities of objects
in spiral galaxies. Assuming Newtonian mechanics applies on galactic scales,
and that the mass of the galaxy is concentrated at the centre, the velocity
of objects as a function of radius r would be expected to fall as 1/4/7. In
fact when measured, the velocity curves of spiral galaxies remain constant for

r >10kpc. High resolution observations of the 21cm HI line indicate that flat
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rotation curves continue outside the luminous boundary of the galaxy. UGC
2885 has the largest known HI disk of radius 120kpc for H,=50kms™!. The
rotation curve out to this radius is flat [24]. Given that the measured rotation
curves are flat, and the expected fall is 1/4/7, this implies a mass component to
the galaxy that increases linearly with r. The evidence from galactic rotation
curves suggest that galaxies reside within a halo of dark matter. The mor-
phology of this halo is currently unknown. Typically when referring to direct
searches for dark matter it is assumed that the halo is spherically symmetric

and isothermal. The density profile is then:

a2

pa(r) =P 503 (1.13)

where py(r) is the density of dark matter at radius , pp and a are the halo

core density and radius respectively.

Galactic rotation curves give M/L of ~ 10 - 20 [25]. If galaxies were comprised

mainly of stars one would expect M/L ~ 2.

1.3.2 Galaxy Cluster Dynamics

The earliest evidence for the existence of extragalactic dark matter comes from
the measurements of galactic velocity dispersions in the Coma cluster {26]. The
observed dispersion velocity of galaxies exceeds the cluster escape velocity if the
only contribution to the gravitational field comes from the luminous matter.

Recent measurements from [27] estimate the M/L value for the Coma cluster

to be ~ 160.

Applying similar virial techniques to larger systems, for example the Virgo

supercluster, M/L values tend to increase. For the Virgo cluster M/L ~ 450
[28].
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1.3.3 Gravitational Lensing

Einstein’s General Theory of Relativity states that spacetime is curved by
massive objects. Light rays passing a massive body are therefore bent accord-
ingly as they follow the geometry of spacetime. The angular deflection &, of a

photon passing a body of mass M, is given by:

4GM
c*€

&= (1.14)
where ¢ is the impact parameter. Equ 1.14 was derived by Einstein in 1915.
That light is bent by objects suggests that a massive object can act as a lens
for light from a distant object. Fig 1.7 shows the lensing system to consider.

Following the discussion in [29] it can be shown that in the case of a point
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Fig. 1.7: Schematic of the geometry for gravitational lensing. The source
object S is lensed by the massive object at O. The deflection angle is & and
the image is rendered at I. £ is the impact parameter. The optical normal is
the line that passes through the positions O and L

source and lens, the lensing equation is:

4GMD
02 — B — s 88
b 203, ¥ o)
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where 8 is the angle subtended to the optical normal by the image I, 3 is the
angle subtended by the point source to the optical normal in the case of no
lensing, Dy, is the distance between the point source and the lens, Dy is the
distance between the lens to the observer and D; = Dy, + Dy. The solution
to the quadratic in Equ 1.15, setting 6% = 4GM Dy,/c?DyD; is:

2
0=ﬂi"ﬁ2+4e”". (1.16)

2

where 0z is known as the Einstein angle. The angular separation of images
therefore is dependent on the mass of the lensing object. Where the separate
images are unresolvable, the effect of lensing can be seen in the light amplifi-
cation of an image. Recent results from weak lensing surveys give M/L values
of between 160+60 (cluster MS0419.0-3848) and 420+110 (cluster MS2307.9-
4328) [30]. Again the suggestion of a large dark matter component to the mass

distribution is inferred by these observations.

1.4 Dark Matter in the Milky Way; The Can-
didates

The implication so far from the astrophysical observations, cosmological argu-
ments and HBBN simulations/observations, is that a large proportion of the
matter in galaxies, clusters, superclusters and the Universe, is dark and non-
baryonic. In this section the dark matter candidates for the Milky Way are
considered. The evidence so far presented indicates that galactic dark matter
is present in galaxies similar to our own. In fact there is direct evidence for
the existence of dark matter in the Milky Way. Consider the rotation curve
for the Milky Way in Fig 1.8, taken from [31]. As expected from the earlier
discussion, the curve flattens, indicating the presence of a dark matter compo-
nent in the mass distribution of our Galaxy. However, the possibility of dark
baryonic matter comprising the entire missing mass of galaxies has not been

ruled out. In the next section this possible baryonic contribution is discussed.
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Fig. 1.8: Rotation curve for the Milky Way derived from the 21cm HI line
measurements.

1.4.1 Dark Baryonic Matter in the Milky Way

In the previous section on gravitational lensing it was mentioned that object
images can be amplified due to lensing by a massive object. Dark baryonic
objects such as brown dwarfs - the relics of stars too small to initiate hydrogen
burning - in the halo of our galaxy can be detected using this phenomenon.
By constantly monitoring the brightness of distant stars this effect can be
detected. Should a dark massive object pass between the earth and the star, a
time symmetric brightening of the luminosity of that star occurs. This lensing
effect is decribed by Equ 1.17,
Alt) = u(t)? +2
u(t)y/u(t)2 + 4

971/2
u?m'n + [2(t ; tO)] }

where A(t) is the amplitude of light at time ¢, u = 8/rg, 1% = ‘—@‘f,%fgﬁ is the

(1.17)

u(t) =

Einstein radius, ¢, is the time of peak amplification, { = 2rg/v, is the duration
of the microlensing event, v, is the transverse speed of the dark object and

Umin 1S the value of u when A = A,,,,.
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Stars have been monitored in the Large Magellenic Cloud(LMC) by the MA-
CHO and EROS groups, in the Small Magellenic Cloud by MACHO, PLANET
and OGLE and in Andromeda M31 by AGAPE. Events are identified by the
time symmetric brightening of the monitored star. The light is monitored in
the blue and red ends of the spectrum since microlensing amplification oc-
curs equally over all of the spectrum, unlike other intrinsic variations in the

starlight.

The most reliable and extensive data to date comes from the MACHO and
EROS groups. A candidate event from the MACHO group data is shown
in Fig 1.9. This plot shows the characteristics of a microlensing event, the

symmetric time brightening and achromaticity of the lightcurves.

bl o al o,

-
-
o

. . .
days from 2 Jen 1982

Fig. 1.9: Microlensing candidate data (LMC-1b) from an event towards the
LMC, taken from [32].

In all, the MACHO project has detected over 20 microlensing events towards

the LMC and SMC. The EROS group detected no events. However, no events
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were detected by either group with a duration of between a few hours to 20
days. Analysis of this null data (see [33]) shows that dark compact objects
with masses in the range 107" Mg — 2 x 1072M¢, do not contribute more than

10% of the Milky Way mass.

Analysis of the data containing actual event detections indicates that baryonic
dark objects could be a substantial constituent of the halo. Fig 1.10 shows the
likelihood contour plot for dark objects of mass, m, and halo fraction, f, taken

from [34]. The favoured model of the object is seen to be a dark object with
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Fig. 1.10: Likelihood contours enclosing regions of 68%, 90%, 95%, 99% prob-
ability for dark objects having mass, m and constituting mass fraction, f of the
Milky Way halo.

mass ~ 0.5Mg contributing f~0.2 of the halo.

Whilst these events have been detected, the properties of the lensing objects,

other than limits on their masses, are still unknown. Several hypotheses have
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been put forward: cool (low luminosity) white dwarfs; brown dwarfs; primor-
dial black holes; neutron stars and neutralino stars. Indeed there is still debate
over whether these events actually occur due to dark objects in the Milky Way
halo. The possibility exists that these events occur due to lenses in the host
LMC or SMC [35]. Positional information is needed on the events, which

requires further observation.

In summary, baryonic dark matter could contribute as much as 20% of the dark
matter halo of the Milky Way. The form of these dark objects is unknown,
their masses are predicted to be ~ 0.5Mg. Null data for events with short
duration indicates that lower mass objects cannot contribute more than 10%

of the halo.

1.4.2 Non-Baryonic Dark Matter Candidates

As discussed previously, there are two types of non-baryonic dark matter, CDM

and HDM. First the candidates for CDM are explored.

Particle physics provides some strong candidates for the non-baryonic dark
matter of the Universe. The ‘Standard Model’ has been the basis of particle
physics for the last 33 years, and has been successful in describing the interac-
tions between fundamental particles. However the Standard Model is unable
to explain the origin of the Higgs field. The Higgs field, Hy, was introduced to
give mass to the weak gauge bosons after the breaking of electroweak symme-
try. To unify the electroweak fields with the fields associated with the strong
force, a further symmetry is proposed at higher energies, ~ 1014GeV - the GUT
scale. This higher energy symmetry has associated with it another Higgs field,
®. It is possible for the two Higgs fields to couple/mix via exchange of gauge
bosons. The effect of this mixing is to increase the expected mass of the Hy,
field towards that of the higher @ field. This is known in high energy physics
as the hierarchy problem. To solve this problem it is necessary td extend the
Standard Model. Supersymmetric (SUSY) theory when applied to the Stan-
dard Model avoids this hierarchy problem. SUSY, as a consequence of the
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symmetry it invokes between fermions and bosons, requires that each fermion
should have a partner bosonic sparticlef, and conversely each Standard Model
boson should have an associated fermionic sparticle. With this extension to
the Standard Model, the mixing terms between the Hy, and ® Higgs fields
through boson exchange are now cancelled by the same mixing term but with

fermionic sparticle exchange.

One of the features of supersymmetry is the concept of R-parity conservation.
As the angular momentum of a particle and its superpartner differ by £1/2 it is
not possible to replace a sparticle by its Standard Model partner. Therefore,
on the assumption that complete annihilation of sparticles is suppressed in
the early Universe by the Hubble expansion, it follows that there could be a
massive supersymmetric stable relic particle. This supersymmetric relic will
be the Lightest Supersymmetric Particle (LSP), as high mass sparticles will
have decay channels to this final state. The favoured candidate for the LSP is

the neutralino, the composition of which is discussed further in Chapter 2.

The axion and its fermionic sparticle, the axino, are two other candidates for
non-baryonic cold dark matter. The axion is a hypothetical low mass boson
whose existence is invoked to solve the strong CP violation problem. The
axino, its superpartner, is born from the combination of the Peccei-Quinn
mechanism and SUSY. Like the axion, the axino has a low mass and hence
a neutralino could decay to this final state. For further discussions on these

candidates the reader is referred to [36).

The prime candidate for the HDM is a massive neutrino. Results from the
Super-Kamiokande experiment suggest that the neutrino has non-zero mass

due to observed neutrino oscillations [37].

tNomenclature, sparticle: a superpartner particle arising from supersymmetry theory
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1.5 Summary

This chapter has presented the current cosmological, astrophysical and parti-
cle physics motivations for the existence of dark matter. Modern cosmology
favours a flat Universe, with Q ~ 1. HBBN predictions limit the contribution
of baryonic matter to about 2% of the critical density. A non-zero Cosmo-
logical Constant suggested by results on observations of high redshift Type Ia
supernovae, could account for 70% of the critical density. Coupling these phe-
nomenon indicates a non-baryonic contribution to the Universal energy density.
Further astrophysical observations indicate that our own galaxy resides within
a dark matter halo, which cannot be wholly comprised of dark baryonic objects
due to the recent microlensing results. Non-baryonic dark matter is therefore
a constituent of the Universe and of the Milky Way. Supersymmetric exten-
sions to the Standard Model of particle physics yield a possible candidate for
non-baryonic dark matter, the neutralino. In the next chapter the detection

of the neutralino is examined.
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Neutralino Dark Matter

Detection

2.1 Introduction

In Chapter 1 the lightest supersymmetric particle, the neutralino, was sug-
gested as a candidate for the missing matter in the Universe. In what follows,
we restrict the main thread of the discussion to the detection of this parti-
cle. There are many terrestrial searches underway to detect neutralino dark
matter. This chapter aims to explain the fundamentals of the direct searches
techniques, contextualise the searches in the supersymmetric model and com-

pare current experiments.
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2.2 Fundamentals of Detection

The detection of the neutralino is based on its interaction with ordinary matter.
The rate of interaction and expected energy depositions in target materials
are examined here. The Galactic dark matter distribution is assumed to be

spherical and virialised in the following analysis.

2.2.1 Elastic Scattering

Neutralino elastic scattering from a target nucleus releases energy in the form
of scintillation, ionisation and heat (phonons). The number of interactions of

this kind for a kilogram of target material per second, Ny, is

1000.L
A

No = Nygposv (2.1)

where ny,, is the number density (m™2) of incident neutralino particles, o, (m?)
is the total scattering cross section of a single nucleus, v is the dark matter
particle velocity (ms™!), L is Avagadro’s number and A is the atomic number
of the target atom. The energy imparted to the target atom of the detector
material can be calculated from kinematic arguments [38]. Fig 2.1 shows the
kinematic system in the laboratory frame. The figure shows a particle (1 in
the figure) incident on a target (2 in the figure). This particle collides with the
target and is deflected at an angle 6 from the straight ahead direction. The

target is scattered at an angle ¢. In Fig 2.1 py and ¢, are the initial and final

q;

le Py )6

2 ¢
%

Fig. 2.1: Nuclear recoil scattering in the lab frame.
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momenta of the incident particle, p, and g, are the initial and final momenta
of the target nucleus. To relate the initial energy, E;, and the recoil energy of
the target nucleus, E,, the centre of mass frame (COM) is used. Fig 2.2 shows

the elastic scattering process in the COM frame. By definition, in the centre

Fig. 2.2: Nuclear recoil scattering in the centre of mass frame.

of mass frame, the target nucleus and incident particle approach each other
with equal but opposite momenta. Due to conservation of momentum, they
depart after the collision with equal and opposite momenta. These quantities
are represented by p*, —p* and ¢*, —g* for the initial and final momenta for
the incident particle and target nucleus respectively. Following the kinematic

argument it is possible to find the following relations:

dm «

P = —M7P +p
g2 = 2p* sin 0.56* (2.2)

where My, and My are the incident particle mass and target nucleus mass
respectively. It follows from Equ 2.2 the target nucleus recoil energy is given
by:

AMr My 1 —cos@*
E, =F;

(2.3)

where 6 is the scattering angle in the centre of mass frame and E;, the initial

incident particle energy, is E; = 0.5My,v?, where v is the incident particle
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velocity. For a target atom mass of My and a dark matter particle of mass

M., the maximum value for the recoil energy of the target atom, Ep.,, is

given by:
Ema,z = Ei’f' (24)
r= (“Tj‘;%. Ideally, to maximise energy transfer in the collision, the mass

of the target should be equal to that of the dark matter particle. Recent SUSY
theories favour an LSP mass of between 20 - 200 GeV/c?. From LEP a lower
limit is quoted as 46 GeV/c? [39]. Therefore, for detection, a target should be

chosen which is suitable for this range.

The equations presented so far are valid for any nuclear elastic recoil inter-
action. The dark matter specifics are introduced by considering the variables
more closely. The number density and velocity of the incident dark matter
particle need to be considered in the context of galactic and solar motions.

Cross sections must be derived from the SUSY theories.

2.2.2 Neutralino Number Density and Scattering Cross

Section

In the simplest model, the dark matter halo is assumed to be at rest with re-
spect to the Galaxy. As our solar system orbits the galactic centre (220 kms™1!),
this induces a particle flux in the direction opposite to this motion. Assuming
that the Galactic system is virialised, then the velocity of the neutralino par-
ticles can be described by the Maxwell-Boltzmann distribution. Ignoring the

velocity of the Earth about the sun, we have for the velocity distribution

dn _ 4ngv® —%}
dv vgﬁe ° (2.5)

where vg is the halo velocity dispersion (213kmsec™!) [40]. Equation 2.1 now

becomes:

dn _ 1000L
dNo = B—EUSV—A"—dv. (2.6)
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It can be shown that the scattering is isotropic in the centre of mass frame
[38]. This enables definition of the differential number of recoil scatters per

unit recoil energy, % as:

dN N

2.7
dE, E;r (27)
substituting 2.6 into 2.7 and integrating gives:
dN Ny - Er
= r 2.
dE,  Er. (28)

E, is the characteristic energy for a virialised WIMP population, Ey=1/2M,v2.

The expression in Equ 2.1 also requires the inclusion of the local number
density of neutralino particles, n;;,. Whereas the simple Newtonian analysis of
galactic rotation curves suggest a density profile pg, ~ R~2, where R is radial
distance from the galactic centre, this must be modified at low R to account for
the significant contribution of ordinary matter to the galactic orbital velocities.
The dark matter profile is usually modified to:

Pdm = PO#QR2 (2.9)
po and a are the halo core density and radius. Calculations using this isother-
mal spherical model give a dark matter volume density of between 0.2 - 0.4
GeVc2cm™3, a value of 0.3GeVc~2cm™3 is often taken [41]. The number den-
sity is then pgm/Mam, which for a neutralino mass of 100GeVc~2 gives 0.003

cm™3,

The final unknown in Equ 2.1 is now the cross section for the dark mat-
ter particle with the target nucleus, o,. Behind this term lies the physics
of supersymmetry. Supersymmetry (SUSY) is a particle physics theory, as
yet undetected in nature. SUSY provides a mathematical framework in which
fermionic and bosonic eigenstates can be related through a set of commutating
and anti-commutating relations. This relation of the different fields results in

a deluge of fundamental particles. These are the ‘carriers’ in the SUSY theory,
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in the same way that photons are the carriers of the electromagnetic force.
The cross sections for neutralino scattering are usually taken from the Mini-
mal Supersymmetric Standard Model (MSSM). MSSM is the supersymmetric
extension to the Standard Model that requires the smallest increase in par-
ticle content. The favoured dark matter candidate is the lightest neutralino,
which is a superposition of the SUSY partners of the electroweak gauge bosons
and Higgs particles, the gauginos and higgsinos. The neutralino states can be

written as:
XO = NnB + Ni1W3 + Nwﬁ? + Ni4ﬁ3 (210)

where the N’s are the mixing coefficients set such that the neutralino mass is
non-zero. B, Wj, ﬁ?, I;VS are the superpartners bino, wino, and the two neu-
tral higgsinos [42]. The neutralino, because of this mixing, can have different
interactions with matter, dependent upon the relative values of the mixing co-
efficients. The three processes that can lead to neutralino-nucleon scattering
are Higgs exchange (spin-independent), Z boson exchange (spin dependent)
and squark exchange (spin-independent and spin-dependent). The coupling
between a neutralino and ordinary matter is complex. In dark matter research
it is usual to refer to two types of cross section, the spin dependent and spin
independent. The former is the case where the neutralino couples to the nu-
clear spin of the target nucleus. Net nuclear spin only arises for nuclei that
contain an unpaired nucleon, i.e. for atoms with odd atomic number (A). For
the spin independent case, the neutralino scatters off the nucleus in a coherent
manner. The cross section for this process is then dependent on the size of the
nucleus and it can be shown that the cross section ocA2. The duality in the
neutralino-nucleon coupling, between x° coupling with nuclei with spin (axial
coupling) or all nucleons (scalar coupling), leads to a similar duality in the
cross sections. Theoretical predictions of the spin-independent cross section of
neutralino-nucleon scattering can be seen in Fig 2.3. This plot was produced
using the software freely available at [43]. In the given figure, we see the extent

of the cross section parameter space.
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Fig. 2.3: Total spin-independent and spin dependent cross section plots for
neutralino-nucleon scattering for WIMP masses between 10 - 1000 GeVc 2.
The upper pink curve is the upper bound on the spin dependent cross section.
The lower blue curve is the upper limit on the spin independent cross section.

For a more comprehensive coverage of the calculations and theory the reader

is directed to the works, [42, 44, 45] (and references therein).

2.2.3 Expected Event Rates and Energy Spectra

From the previous section, values were obtained for n;,, ~ 0.003cm ™~ and the
SUSY cross sections, Fig 2.3. To calculate an expected event rate let us take
a SUSY WIMP mass of 100GeVc~2, particle velocity of 220kms™!, a cross
section of interaction of 10~*2cm? per nucleon, and use xenon as an example

target, A=131. To calculate the total cross section we use Eqn 2.11 taken

from [38],

osr = OAIdm]WTA2 (211)
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where og; is the total spin independent cross section and o =10"*2c¢m? is the
cross section per nucleon (taken from Fig 2.3). Now we use this cross section
in Eqn 2.1. The resultant expected rate is calculated to be 0.5 counts kg™!

-1

day

In this calculation we have ignored the form factor effects on the neutralino-
nucleon cross section. This form factor, F(E,), is due to the structure of the
nucleus. The nucleus in this scattering process acts as a matrix of scattering
centres, analogous to the scattering centres in classic X-ray diffraction. The
form factor therefore represents the wavelike nature of the scattering process
and accounts for the loss in coherence in the scattering. The event rate is
reduced by the addition of the form factor term. This event rate dictates the
fundamental characteristics of a dark matter detector, as we shall explore in

the next section.

The expected observational recoil spectrum from neutralino interactions is a
modification of Equ 2.8, that accounts for the relative efficiency of detection of
nuclear recoil energy relative to that of a gamma ray with equal energy. The
term introduced is the quenching factor, g,. The spectrum is predicted to have
the form given in Equ 2.12, taken from [41].

[gg;] = qrjzf; - e F2(E,) (2.12)

From the form of Equ 2.12 we can see that the predicted spectrum will be
a falling exponential. Theoretical predictions suggest the recoil energy to lie

predominantly in the 0 - 10 keV region.

2.2.4 Dark Matter Detecting Philosophies

The theoretical predictions mentioned so far highlight the difficulty in detecting
neutralino dark matter. The signal event rate (possibly less than 1 event per
year) means a detector must be optimised to detect low levels of interaction.
The general approach of worldwide experiments (independent of the detector

physics) is to adopt the following strategies:
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e to reduce the background event rate in the detector:

— place the experiment deep underground

— use radio-pure materials for construction
e actively discriminate between elastic recoil scattering and other events

e search for seasonal variations in the event rate due to the rotation of the

Earth about the Sun

e deploy the largest possible mass of detecting material.

Let us examine each of the first three points in more detail.

Underground Operation and Material Purity

The need to reduce the flux of photons, neutrons and electrons incident on a
dark matter detector, results in experiments being operated at sites with sub-
stantial terrestrial shielding. At first it was thought that sufficient shielding
could enable experiments to be run at, or near, the Earth’s surface. However
cosmic ray muons interacting in a typical shielding material produce gamma
rays and neutrons. The resulting neutron interaction rate in the detector at the
surface has been shown to be ~ 10? collisions per day [38]. This background
would swamp any dark matter signal. As neutrons scatter from the nucleus
of atoms, signals arising from neutron interactions in a dark matter detector
are virtually indistinguishable from those of a dark matter particle. The only
possibility for discrimination in this case would be to observe multiple scatter-
ing events of the neutron in the detector. The muon induced background rate
can be suppressed by placing the experiment underground, where rock acts as
a passive shield. Significant reductions in the muon flux, of orders 10° - 107
lower than the surface flux, can be obtained by operating at depths around
1200m. A quantative representation of this can be seen in Fig 2.4, from [46].
This plot levels at ~ 20km water equivalent, due to the muon flux becoming
dominated by the component due to charged current interactions (virtual W-

boson exchange with nucleon) of the muon neutrino, v,. This reduction leads
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Fig. 2.4: Vertical muon intensity as a function of depth (1km water equivalent
= 10°gem™? of standard rock). The shaded area at large depths represents
neutrino induced muons of energy 2 GeV. Experimental data are from [47, 48,
49, 50, 51].

to a muon related event rate of less than 0.1 day~'kg™' [38]. The remaining
sources of background are then within the site of the experiment, e.g the walls
of the experimental hall. The experimental apparatus itself is the final source
of unwanted radiation. To remove the latent environmental contribution to the
background, experiments are encased in high purity shielding materials. High
purity copper and aged lead are two commonly used materials. The 2'°Pbh nat-
ural isotope of lead decays over a lifetime of 21 years, releasing an a-particle
(3.72MeV) and S-particle (61keV). To avoid these contaminants, sources of
old lead (40 years or more) are used to produce a more radio-pure background
shield. The United Kingdom Dark Matter Collaboration (UKDMC) has also
incorporated the use of a large purified water tank as a system for background

reduction. The thickness of absorber required is much greater in the case of
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ultra pure water, due to its low density in comparison to copper. However wa-
ter’s neutron thermalisation efficiency makes it a favourable choice as a shield
(neutrons are thermalised within ~ 1 metre). Materials that comprise the de-
tector itself must adhere to similar, if not more stringent, conditions than the
passive shield. Let us concentrate, momentarily, on the structural components
rather than the active detecting material. Copper’s high thermal conductivity
and mechanical properties make it a perfect choice for detector construction.
Electroformation of copper reduces the ®°Co contamination, which is usually
present in cast copper (from cosmogenic activation), and so is the preferred
material option. Stainless steel is also an often used construction material.
Precaution should be taken in the selection of stainless steel. It is apparent
that American manufacturers used %°Co behind the lining in the furnace. This
is used to indicate when the lining is worn through (by a rise in activity of
the steel). Such a scheme introduces high levels of ®°Co to the steel produced.
There is also concern over the recycling of steel from radioactive environments.
These factors can lead to different steels having significantly diverse radioac-
tive contamination. The final elements of concern for the background are the
electronics and, for the case of scintillation detection, the photo-detecting de-
vices. In these cases, the ceramics in electronic insulation and the glass of the
photodetector (specifically photomultiplier bodies) are the sources of contam-
ination. The UKDMC uses a combination of mass spectrometry and counting
rates from a Ge detector, located underground, to assess the radioactive purity
of many materials used in dark matter experiments. Principally the abundance
of uranium, thorium and potassium are a specific measure of a sample’s ra-
diopurity as they constitute the main ‘natural’ sources of radioactivity in a
material. Assuming the U and Th decay chains are in equilibrium, the ex-
pected count rates per kg of naturally occuring material are: U ~ 1.7 x 108
Bq, Th ~ 4.0 x 107 Bq, K ~ 2.8 x 10 Bq, [38]. Therefore, bearing in mind the

neutralino interaction rate, to reduce the background count rate to acceptable

Neutralino Dark Matter Detection



2.2 Fundamentals of Detection

55

levels would require materials with purities of U, Th < 0.1ppb * and K < 1
ppm . In reality the achievement of such low levels of contamination for all
detector components is very difficult. The limits of a dark matter detector are
in essence dictated by the background levels of radiation. The GENIUS col-
laboration uses this principle as its driving philosophy, proposing to immerse
a highly radio-pure detector setup into a large volume of highly pure cryogenic
liquid (argon, xenon or nitrogen). However other collaborations place equal
emphasis on the ability to identify and discriminate electron recoil and nuclear

recoil events. We shall now turn our attention to this philosophy of detection.
Electron Recoil and Nuclear Recoil Discrimination

Discrimination between events in a dark matter detector is possible in several
ways, dependent upon the target material. The ability to discriminate is de-
rived from the alternate channels of interaction of the incident particle with
the target. Several techniques have been researched in separate dark matter

detectors, as shown in Table 2.1. A summary of the techniques follows:

Experimental Group | Target Material Dicrimination Technique
UKDMC Sodium Iodide Pulse Shape Analysis
UKDMC Xenon Drift Length

UKDMC/UCLA Xenon Ionisation/Scintillation Yield
CDMS Ge/Si Phonon/Ionisation Yield

Table 2.1: Table showing the discrimination techniques used in dark matter
detectors.

¢ Electron recoils and nuclear recoils in sodium iodide result in scintillation
with differing time profiles. This effect was used widely for several years
for discrimination between neutrons and electrons at high energies. The
scintillation mechanism is such that nuclear recoils give a shorter decay
time constant than electron recoils. At lower energies the difference

in time constant is reduced and the variation in the time constant for

*ppb = 1 part per billion by weight, ie a conc. of 1 x 10~?
*ppm = 1 part per million by weight, ie a conc. of 1 x 10~8
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a similar interaction is increased due to poorer statistics. However it
has been shown by the UKDMC that if large data sets are collected
then statistical analysis of the pulse shapes can be used to discriminate
between nuclear recoil and electron recoil events [52]. In the analysis,
pulse shapes are fitted using a single exponential with characteristic time
constant, 7. Table 2.2 shows the average difference in time constant
between gamma-ray and neutron events, Ar.,,, from calibration runs.

Using this knowledge of the characteristics of pulse shapes it is possible

Energy/keV | A7,

4-5 13

5-7 18
7-10 25
10-13 33
13-16 38
16-19 42
19-22 47
22-25 51

Table 2.2: Mean time constant differences between gamma-rays and neu-
trons for thallium doped sodium iodide (Nal(Tl)) crystal, as measured by
the UKDMC [52].

to reduce the background contamination in the data set. This technique

has also been applied to liquid xenon scintillation, see Chapter 3.

e Negative ion drift time projection chambers (NITPC) have been pro-
posed as potential dark matter detectors [55, 56]. These detectors use the
drift of negative ion carriers in a host target gas to discriminate between
nuclear recoil ionisation and electron recoil ionisation. The ionisation
tracks for 40keV recoils, 5keV alpha particles and 13keV electrons have
been modelled in argon gas (as an illustration of the technique) to be
2.7mm, 17mm and 85mm respectively by [55]. Discrimination between
particles for a given interaction is therefore achieved by the measure-
ment of the track length and charge deposition. Work is underway by
the DRIFT collaboration to adapt this technique to the constraints of a
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dark matter detector. Argon has a naturally occuring radioactive isotope
(“2Ar), has a low atomic mass number, and the main isotopes have zero
spin making Argon an unsuitable dark matter target. DRIFT therefore
is examining the use of carbon sulphide (CS,) doped xenon. CS; is used
for its electronegative properties. It acts as the electron carrier from the
ionistation site to the avalanche grid and reduces (because of its large
molecular mass) diffusion of the track, enhancing the spatial resolution
of the detector. As well as discrimination by track length and charge,
the DRIFT collaboration also suggest that it might be possible to iden-
tify the direction of the track. As we alluded to earlier, the Earth’s
motion through a virialised WIMP distribution would result in seasonal
and daily variations in the count rate in detectors. In a functioning
NITPC detector, variations in the direction of tracks would be expected
due to these motions. It is the variation in the direction of these tracks
that gives the DRIFT experiment a unique channel of data in terms of

measuring a dark matter flux.

The third discrimination technique is to measure the relative scintillation
to ionisation yield from an event. Let us restrict our discussion to xenon
detectors. The ionisation from a recoiling nucleus after a WIMP /neutron
scatter is expected to be lower than that of an electron recoil. Therefore
simultaneous measurement of light and charge from an event will give
an extremely powerful tool for event discrimination. A two phase xenon
system can be designed to collect both primary scintillation from an
event in the liquid, then, after charge from the event is drifted from the
liquid to the gas, electroluminescence (light originating from electron
induced excitation in the gas). The amount of the electroluminescence
in the gas is dependent upon the charge produced by the event, and
hence discrimination between progenitor particles is possible. An in-

depth discussion of xenon as a two phase detector can be seen in Chapter

4.
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e Interactions in semiconductor devices also show a variation in ionisation
vield per unit energy deposited for nuclear recoils and electron recoils. A
semiconducting crystal coupled to a thermistor capable of ;K accuracy to
detect phonons, and surface mounted electrodes to detect drifted charge,
enables measurement of the thermal energy/ionisation ratio. Results
from small scale detectors of this type have been reported by several

groups supporting this technique, [57, 58].

Annual Modulation

From Equ 2.12 we note that the differential event rate recoil spectrum is pro-
portional to the expected WIMP velocity in the lab frame. However the ve-
locity distribution in Equ 2.5 should be modified to account for the Earth’s
velocity about the sun (~ 30 km sec™!), see Fig 2.5. The modified velocity
distribution, where v, is the Earth’s velocity about the sun in the galactic

frame, is given by Equ 2.13.

3olcm1s/'

Earth

230 km/s

Fig. 2.5: A depiction of the Earth’s motion about the sun, relative to the
galactic plane.
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The expression for the expected observational recoil spectrum is now:

], = ki o) s alE) 3

where z = (E,/Eor)%%, y=v¢/vo and er f(s) is the error function:

2 8 _p
erf(s) = ﬁ/o e " dt. (2.15)

The rate dependence on v,, characterised by the ratio between the expected
rate inclusive of the Earth’s velocity to the expected rate for a stationary Earth
(with respect to the sun) has been predicted to vary by 6 % from minimum to
maximum [52]. The form of the modulation, as expected due to the Earth’s
elliptical orbit, is a cosine fluctuation with maxima occuring on the 152.5-
th day of the year (equating to June 1lst/2nd). This modulation should be
detectable at low energies, and would provide a positive identification of dark
matter. However this modulation is not incontrovertible. Sources of variable
background would have to be ruled out before the detected signal could be

claimed as arising from dark matter interactions.

2.3 Summary of Terrestrial Dark Matter Searches

In this section we examine the worldwide effort to detect dark matter. Table 2.3

is a compilation of detectors that are currently under development or running.

The plethora and diversity of detectors is evident in this table. The use of so
many detectors is due to the importance of reproducability of results. Ideally
one would like to see similar, if not identical, experiments running in several
different underground laboratories to reduce unknown systematics due to the
environment. This is somewhat true of the sodium iodide detectors, though
different groups employ different strategies for data collection and detector
construction. The variability of detectors makes direct comparison between
them a difficult problem in itself. The most commonly used mechanism for

comparisons is the exclusion plot.
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Experiment Site Target Material
USC-PNL-Zaragoza Homestake Ge
Neuchatel-Caltech-PSI St.Gotthard Ge
UCSB-UCB-LBL - Si,Ge
HDMS (Heidelberg-Moscow) Gran Sasso Ge
GENIUS (Heidelberg) x Ge
TANDAR-USC-PNL-Zaragoza Sierre Grande Ge
GEDEON (MOZA collabortation) Canfranc Ge
UKDMC(IC-Sheffield-RAL) Boulby Na, I
NAIAD (UKDMC) Boulby Na, I
DAMA (Rome) Gran Sasso Na, I
ELEGANTS Kamioka Na, I
SACLAY Frejus Na, |
USC-PNL-Zaragoza - Canfranc Na, |
ANAIS (Zaragoza) Canfranc Na, 1
DAMA (Rome) Gran Sasso Ca, F
ELEGANTS VI (Osaka, Otho) Oto-Cosmo Ca, F
CASPAR (Sheffield) Boulby Ca, F (C,H)
DAMA (Rome) Gran Sasso Xe
ZEPLIN I (UKDMC) Boulby Xe
ZEPLIN II (UK-UCLA-ITEP-Torino-Padova) Boulby Xe
ZEPLIN III (UK-ITEP-Columbia-UCLA-Torino-Padova) Boulby Xe
DRIFT (UK-UCSD-Oxy-Temple) Boulby Xe, Ar
SIMPLE (Paris VII -Lisbon) Paris freon
PICASSO (Montreal) Montreal freon
CRESST-I{(MPI-TUM-Oxford) Gran Sasso sapphire
CUORCINO (Italy-US collab) Gran Sasso TeOg
CUORE (Italy- US collab) Gran Sasso TeO,
ROSEBUD (IAS-IAP-Zaragoza) Canfranc sapphire
PASS (UBC-Bayreuth) UBC In/Sn
ORPHEUS (Bern) Bern Sn
SALOPARD (Lisbon-Paris-Zaragoza) Canfranc Sn
CDMS-I (US colaboration) Stanford Ge, Si
CDMS-II(US collaboration) Soudan Ge, Si
EDELWIESS-I (French collab) Frejus Ge
EDELWEISS-II (French collab) Frejus Ge
CRESST-II (MPI-TUM-Oxford) Gran Sasso CaWO,

Table 2.3: Table of current dark matter detectors proposed or currently taking
data.

2.3.1 Exclusion Plots

Previously we have shown the extended SUSY cross section parameter space in
Fig 2.3. To measure the efficacy of a detector, or indeed the results, it is usual
to plot contours of sensitivity in the (o,,Myy,) plane. Following the discussion
in [38], if we define the limit of observability E,, = FEg4: where Eg is the

detector energy threshold, then we can rewrite Equ 2.12:

r

N [dN

E.
— T Bor -2 .
dEr],,,,sq’Eoe" o FH(Ey). (2.16)

Equ 2.16 allows one to compare the predicted event rates (kg~! day~!) with

experimentally determined background limits (events kg~! day~! keV~!). The
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rate exclusion plot can be converted to a cross section exclusion plot by mul-
tiplying No/r by A/[no(2/70.5)ve(L.1000)]. To allow comparison of differing
target nuclei, Ny/r can be scaled by the inverse of the square of the target
atomic mass 1/A%(for the spin independent case). For the spin dependent
case, the rate scales as the inverse of A\2J(J + 1), where ) is a constant to be

determined and J is the magnitude of the nuclear spin.

Fig 2.6 shows spin independent limits for the DAMA and CDMS experiments.

-39|

)

Cross—section [cmz] (normalised to nucleon)

10 10° 10°

WIMP Mass [GeV]

Fig. 2.6: Spin independent cross section limits from the DAMA (Red Area) and
CDMS (Black Line) groups. Plot created using software from [43]. References
for groups: CDMS [65] and DAMA [66].

The most striking feature in this plot is the red area that corresponds to the
result from the DAMA collaboration. The DAMA collaboration has claimed
an annual modulation in the signal from a ~ 100kg Nal(Tl) detector array
(exposure=~ 58000 kg days) situated in the Gran Sasso Laboratory, (see
Fig 2.7) [60] (and references therein). A x? test of its data disfavours the
hypothesis of unmodulated behaviour with a probability of 4 x 107%. The
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Fig. 2.7: The residual rate in the 2-6keV cumulative energy interval as a
function of time (t=0 = 1°* January 1998).

phase and time period of the oscillation are reported to be consistent with
those expected due to the Earth’s rotation about the Sun. The modulation
signal is a strong signature for dark matter, therefore the results produce a
bound region within the (Mym, o,) space. Results from the the CDMS Ge de-
tector set exclusion limits that intercept part of the DAMA region. The CDMS
collaboration claims that its results exclude the entire 3o allowed region from

the DAMA experiment with > 75% confidence [57].

On the Comparison of Dark Matter Detectors

There are intrinsic difficulties in comparing different experimental results from
dark matter experiments. As an illustration, let us take the DAMA vs CDMS
results. DAMA has seen a variation in the residual rate in the 2-6 keV region,
see Fig 2.7 taken from [60]. The CDMS collaboration uses results of actual
count rate seen in the Ge and Si detectors. Besides the argument of annual
modulation vs count rate as techniques for WIMP detection, one also has
to consider the validity of comparing different targets. First of all on the
technique, it is clear that the annual modulation is more powerful, but seasonal
variations in other systematics must be ruled out for full confidence. Also the
CDMS analysis relies on the accuracy of Monte Carlo simulations used to

predict the expected neutron background signals in the detectors. Comparing
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different targets is a more general issue. In the equations presented so far,
we note that there are several target dependent quantities. For example, the
form factor and quenching factor are dependent on the target nucleus therefore

differing nuclei couple to the WIMP with variable strength.

2.4 Summary

The lightest supersymmetric particle, the neutralino, is detectable by its in-
teraction with ordinary matter. For the best targets the neutralino interaction
rate is low < 1 counts kg™! day~!, and the energy deposition is also low ~ a
few keV. Therefore all materials used in a dark matter experiment should be
chosen with low radioactive contamination. All materials should be sampled
and their radiative background measured. Experiments should be conducted
in low radioactive backgrounds. Subterranean experimental halls provide low
muon flux conditions to prevent neutron/gamma-ray production by muon in-
teractions with matter. A dark matter signal is recognisable by its annual
modulation (6 % amplitude fluctuation) due to the Earth’s rotation about the
Sun. Discrimination between electron recoil and nuclear recoil interactions can
be used to lower the background rate in a detector, and increase confidence
on any unidentified nuclear recoil signals. There are currently thirty six or
more dark matter detectors planned/taking data. The acceptance of a dark
matter signal will rely on the systematics and nuclear physics being fully un-
derstood for an experiment. Duplication is also a favourable strategy for dark
matter detection. Reproduction of similar targets allows more powerful cor-
relation of results, and an exciting prospect is the correlation of the UKDMC
NAIAD array that, from Fig 2.6, should register the same annual modulation
as the DAMA collaboration report if it is a real dark matter signal. Finally
it should be noted that a large proportion of the supersymmetric parameter
space remains untouched by current experimental limits. More sensitive de-

tectors are required to explore this parameter space. Chapters 3 and 4 of
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this thesis investigate the prospects of dark matter detectors employing liquid
xenon technology which are expected to probe more of the unexplored SUSY

parameter space.
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CHAPTERS3

Liquid Xenon Detectors

3.1 Introduction

This chapter will focus on the application of xenon to direct dark matter
searches. The suitability of xenon is examined with reference to the physi-
cal properties of the element, scintillation/ionisation yields and radioactivity
characteristics. The concept of discrimination using a two phase operation
technique will be discussed. Photomultipliers are introduced as light detecting
devices and they are discussed with reference to their application to xenon

dark matter detectors.

3.2 Xenon as a Target

3.2.1 Physical Properties

In Chapter 2 it was briefly mentioned that mass matching of the target nucleus
to expected neutralino mass increased the energy deposition for nuclear recoils,
therefore increasing detector sensitivity. To illustrate this, Fig 3.1 shows the
variation of the maximum recoil nucleus recoil energy as a function of the target

mass, for several WIMP masses (WIMP velocity was taken as 300kms™?).

Xenon Mass

Xenon has a nuclear mass of ~ 130GeV/c?. Kinematically it is suited to
more massive WIMPs. However, as we have seen in Chapter 2, the coherent

cross section scales as A2, Therefore xenon with its high atomic mass has
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Fig. 3.1: Plot of target nuclear mass vs maximum recoil energy for differing
WIMP masses.

an increased cross section compared to lower mass targets. Thus, whilst in-
teractions with low mass WIMPS are not kinematically favoured, the rate of

interaction is increased due to the higher target mass.

Xenon obtained from fractional distillation of air is naturally composed of
several isotopes. Table 3.1 shows the isotopic abundances of xenon and some

other selected physical properties.

From the table we note that xenon occurs naturally with 47.6% odd A isotope.
Xenon is therefore sensitive to spin dependent WIMP interactions. Enrichment
of the target (by centrifugation) with this odd A isotope would be ideal, but

this is expensive.

Liquid xenon targets are also favourable because of the high liquid density.

Large mass targets can be achieved within a small volume. For example 1 litre
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Physical Properties of Xenon

Atomic Number

54

Atomic Mass

131.29

Isotopes (% Abundance)

129X e(26.44);%1Xe(21.18);132Xe(26.89)

134X e(10.44);'3%Xe(8.87)

Density of liquid 3.052 gcm >
Colour of Liquid clear
Boiling Point (at 1bar) 165.7K
Refractive Index (at 170K) 1.55

Peak Scintillation Line

175 % 5nm [70]

W-value (eV/ion pair)

15.6+0.3, 14.7 [71, 72

Attenuation Length 30cm (73]
Fano Factor 0.033+0.045 [70]
Volume Ratio pgas/piiq 518.9 [70]

Table 3.1: Selected physical properties of xenon, references in square brackets.

of liquid has a mass of 3kg.

Liquid Xenon Purity and Handling

An important consideration for the use of xenon as a target is its purity and
handling. Xenon obtained by air distillation is usually free from contaminants
at the 5ppm level. Below this, the main contaminants are oxygen, nitrogen,
carbon dioxide, water and hydrogen. For a pure scintillation detector, impurity
considerations are not as vital as those of the scintillation and charge detec-
tor, in which long free electron lifetimes are required. Highly electronegative
impurities such as oxygen and water can remove electrons by the following

processes:

O: (aq) * 2%(aq) %0(aq)

2H20(aq) + 2e(aq) ——)2OH(_aq)+H2 (aq)

where X(4g) indicates species X as an aqueous solution in xenon. To pre-
serve electrons during drift in a two phase chamber, electronegative impurities
should be removed below ppb levels. Xenon detectors therefore require purifi-

cation systems capable of reaching these levels of purity. The detector and gas
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handling system should also be free of impurities at these levels. In Chapter
4 we discuss the xenon purification scheme employed at Imperial College and
measurements of xenon purity made by the group. Table 3.1 also indicates an-
other practical implication of handling xenon. The high volume ratio implies
caution should be taken whilst handling liquid xenon. Large volumes of liquid
raised above boiling point represent a serious safety hazard as large pressures
can develop in the gas handling system. Therefore it is recommended that, to
ensure safety, a dark matter detector should have a clean gas-dump volume
in case of uncontrollable temperature fluctuations in the apparatus. Further
discussion on gas handling and purification is covered in Chapter 4. Liquid
xenon is a cryogenic liquid. Therefore it is necessary to supply sufficient cool-
ing to the detector whilst under operation. Thermal stability is a prerequisite
for a two phase experiment. Variation in light output with change in liquid
temperature has been seen by this group. We suggest temperature stability to

within £0.1K.

Xenon and krypton are removed from liquefied air in the same fraction. Further
purification of this mixture yields the two pure elements. However there is
slight contamination of the xenon by krypton at the 1ppm level. Krypton has
a radioactive isotope 8Kr that is a beta-emitter with a half-life of 10.76 years.
This isotope is released into the environment by nuclear power stations, and

typically has a concentration of 1 x 10~7 8Kr atoms per Kr atom [74].

3.2.2 Scintillation and Ionisation in Liquid Xenon

The scintillation process in liquid xenon has been widely researched and the
reader is directed to [75, 76]. Here we will discuss the main characteristics of

scintillation light and the process of electron extraction from xenon.

Fig 3.2 shows a schematic of the scintillation and ionisation mechanism in
xenon. Energy imparted to a xenon nucleus can result in ionisation of the

atom, leaving a xenon cation and electron, or excitation of the xenon atom.
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Fig. 3.2: Schematic of xenon scintillation and ionisation mechanism, based on
work in [76].

Let us consider these two channels separately. In the ionisation channel, the
xenon cations are localised almost immediately - within a picosecond - to
form a dimer cation with another xenon atom(77, 78, 79]. A free electron
recombines non-radiatively with the dimer cation, forming an excited atom
(exciton) Xe* and releasing a neutral ground state atom. This exciton then
interacts with a nearby atom to produce the excited molecular state Xej. The
excited dimer (excimer) then dissociates, releasing the characteristic 175nm
photons. The second path to scintillation indicated in Fig 3.2 is the direct
excitation of xenon atoms to the exciton state. This may occur due to atomic
collisions where the energy in the process is too small to effect ionisation.
The scintillation light emitted from the excimer originates from the relaxation

of the two lowest excited bonding molecular states (*3; (triplet) and 'S}
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(singlet))to the ground state. These two states have associated lifetimes of 27

+ 1ns, and 2.2 £+ 0.3ns respectively [76].

The ratio of light produced by direct excitation to ionisation recombination
has been shown to depend upon the linear energy transfer (LET), dE/dz, of
an interaction. Also the population of the triplet and singlet states has been
identified as depending on the LET. Table 3.2 shows experimental figures on
the ratio I;/I;, the intensity of singlet to triplet states, and the recombination

time 7 for IMeV electrons and a-particles [102]. High energy electrons have

Measurement | 1MeV electron | a-particle
L/ 0.451+0.07 0.05
TR 45ns 1.5ns

Table 3.2: The ratio of singlet to triplet intensities and recombination times
for 1IMeV electrons and a-particles

a much lower LET in comparison to a-particles. Therefore the recombina-
tion time for electrons is much higher than for the densely ionising a-particle.
The implication of this early work was that electron recoil and nuclear re-
coil scintillation light would have different time profiles. The electron recoil
decay time is extended due to the finite time of the recombination process,
whereas high density ionising events, such as those reported for the a-particle
excitation have a negligible recombination time and therefore the time profile
is dictated by the lifetime of the '} and 3} states. This relation between
LET and scintillation lifetime can be used to discriminate between incident
particles. Such discrimination, similar to that in the UKDMC Nal project,
is an effective tool for removal of background gamma radiation and therefore
reduces detector threshold. In Chapter 4 time constant analysis of gamma-ray

(60keV) and a-particle (5.64MeV) scintillation pulses is presented.

Other Properties of Scintillation from Liquid Xenon

The scintillation yield for liquid xenon has been measured by this group and

others. Typically the light yield is dependent on the purity of the xenon there-
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fore absolute values are somewhat misleading. We present our measurements
in Chapter 4. The light yield has previously been measured as 78600 pho-
tons/MeV [70]. This value indicates that xenon has a high light output in
comparison to other scintillators, such as sodium iodide, where the figure is
closer to 40000 photons/MeV. The final intrinsic property of the scintillation
light in xenon is the attenuation length. Measurements indicate this is 30 -
100cm, though the values on the upper limit are suspect as it was found that
dark surfaces coated with Al,O3 in the experiments actually reflected 175nm
light to some extent {73, 106]. Throughout the rest of this thesis Lq;=30cm is

assumed.

3.2.3 Two Phase Discrimination Technique

In the previous section we discussed the scintillation mechanisms in liquid
xenon. We saw how the nature of the scintillation can be dictated by the
linear energy transfer of the interacting particle. The relative density of ioni-
sation from electron recoils and nuclear recoils can be used as a more powerful
discrimination technique. By the application of an electric field to the liquid
xenon, recombination can be suppressed and electrons drifted freely through
the liquid. Ionisation from electron recoil events is more easily removed from an
interaction site due to the lower space charge density, which reduces Coulom-
bic interactions between electrons and ions. All electrons drifted and extracted
into the gas phase will produce ‘electroluminescence’, because as soon as the
field is high enough for extraction it is automatically high enough for elec-
troluminescence. The relative sizes of the scintillation to electroluminescence
signals can be used as a discriminant between background electron recoil events
and nuclear recoil (WIMP-like) events. In Chaper 4 we present measurements
of the primary scintillation and electroluminescence for a-particles and gamma

rays.

The ionisation that is expected to be extracted from a nuclear recoil event is

small. For a WIMP event we expect the neutralino to scatter and produce a
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recoiling nucleus with an energy of a few - 50keV. Ionisation from xenon atom-
atom collisions has not been observed before. However ionisation has been
observed in the collisions between other inert gas atoms at energies between
2 - 30 keV [83]. The findings of this work can be summarised as follows.
Ionisation of inert gases has been observed between ‘like’ atoms, e. g. neon-
neon (°Ne-°Ne where the superscript indicates the ionisation state) and ‘like’
atoms and ions (e.g ! Ne- Ne). Measurements were also obtained for collisions
between different atomic species, including krypton with xenon. The total
cross section for the ionisation of xenon gas atoms by neutral krypton, °Kr,
was measured to be ~ 2 x 107!¢ cm? (°Kr kinetic energy 2keV). The cross
sections between ‘like’ species was found to be larger than those for differing
species. The findings from the published data also show the total cross section
for ionisation is larger for °Kr-°Kr (~3 x 107! ¢m?) collisions, compared to
the °Ne-"Ne (~2 x 107!6 cm?) interaction. Therefore, based on this data, we
can conclude that for the collision °Xe-°Xe, where the incident energy of the
xenon atom is 2 - 30 keV, we would expect a total cross section of ionisation to
be ~3 x 107!® cm?. This data is for atomic collisions in inert gases. No data
exists for liquid noble gases. The effect of the change of state on this atomic

collision ionisation is unknown.

3.2.4 Quenching Factor, q,

The energy threshold and discrimination factor (for a two phase system) both
depend on the efficiency of conversion of the deposited energy from a nuclear
recoil into visible energy. The quenching factor, q,, is defined as the visible
deposited energy divided by the true recoil energy. This ratio can be measured
by comparing the scintillation yield for known energy depositions by neutrons
and gamma-rays. The quenching factor for xenon has been measured to be
0.2<q(,)<0.6 [103, 84, 128]. In Chapter 4 the measurements made by the
UKDMC are reported. It is worth noting that these measurements will depend

on xenon purity which may explain the different results from each group.
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3.3 Detecting Scintillation from Xenon

Photons emitted from the relaxation of xenon excited states have a wavelength
of 175nm. A photodetector must be used that is suitably optimised for the
detection of photons of this wavelength. The device itself must be low in ra-
dioactive background and have sufficient sensitive area to ensure good light
collection. To enable time constant analysis of pulses, the speed of response of
the photodetector must be a few nanoseconds at most. The UKDMC liquid
xenon group has decided for the first phase of experiments that the photomul-
tiplier is the best device currently available for this application. At Imperial
College, we studied the effects of low temperature operation of photomultipli-
ers with a view to increasing light collection efficiency by immersing the devices
in the liquid xenon. In this section we discuss the fundamentals of photomul-

tiplier operation and present the results of the low temperature tests.

3.3.1 Fundamentals of Photomultipliers

The basic structure of a photomultiplier is shown in Fig 3.3 [85]. A photon
incident on the photomultiplier window will pass through and hit the photoe-
missive material deposited on the backside of the quartz. The photoemissive
material then releases electrons via photoelectric emission. The emitted elec-
trons are accelerated towards the first dynode, which releases more electrons
and so and so forth until the electrons are collected at the anode. The am-
plification or ‘gain’ of a photomultiplier is dictated by the potentials placed
across the dynodes. This sets the interdynode field strength and hence the
electron’s kinetic energy. The higher the kinetic energy of an electron inci-
dent on a dynode surface, the more secondary electrons are produced. The
potential applied across the dynodes is controlled by a network of resistors
called a ‘dynode chain’. The design of the dynode chain is critical in achieving

maximum performance from the photomultiplier.
In general the dynode chain is a set of resistors connected in series, with each
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Fig. 3.3: The basic design of a photomultiplier [85].

dynode connected to the nodes between each resistor. High gain tubes utilise
12 dynodes. The resistance placed between the first and second dynodes is
approximately double that between the other dynodes. This increases the
speed of response of the tube which is paramount if photon timing is going to

be used on the scintillation pulses from liquid xenon.

Quantum Efficiency

When discussing photomultipliers one refers to their quantum efficiency, Q(A).
Q(N) is defined as the average photoelectric yield per incident photon, and is
expressed as a percentage. The quantum efficiency of a photomultiplier tube
is one of its fundamental properties and is a direct measure of its efficacy of
detection. The quantum efficiency of a photocathode varies as a function of
the wavelength of light incident upon it. For xenon scintillation photons of
wavelength 175nm, a quartz variant of the bialkali is the best performing pho-
tocathode. Photomultipliers for the ZEPLIN III project are being chosen with
Q(A=175nm) ~ 20%. The photoelectric yield, therefore the Q(\), is dependent
on wavelength due to two main factors. The first is the transmission of the
window of the photomultiplier. To limit the effect of this factor it is necessary
to choose a material with high transmission. In general, the transmission of a

material is dependent on the wavelength of the travelling light. The highest
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transmitting photomultiplier tube windows at 175nm are the spectrosil quartz
and magnesium fluoride [85]. These windows have transmissions of ~ 80% at

175nm.

3.3.2 The 9829QA ETL Photomultiplier

The photomultiplier chosen for the ZEPLIN III dark matter experiment is the
9829QA supplied by Electron Tubes Ltd (ETL). This tube was chosen for its
fast response, single photon counting, Q(A) in the VUV, and high gain. Table

3.3 shows some characteristics of this tube.

9829QA Characteristics
Photocathode Material Bialkali
Effective Photocathode dia. 46mm
Body Length 1264+3mm
Window Radius of Curvature 52mm
Window Material Quartz
No. of Dynodes 12
Rise Time 2ns
Pulse Width (fwhm) 3ns
Q(N) 20 + 2%
Typical Gain ~ 10°

Table 3.3: Characteristics of 9829QA photomultiplier.

3.3.3 Low Temperature Photomultiplier Operation

The collection and detection of photons limits the energy threshold of detec-
tors. The coupling between the light source and the photodetector in any
system is never 100% efficient. For example, it has been usual in the past
to have a window as an interface between the photodetector and the liquid
xenon. This leads to losses due to absorption in the window material and
reflection/refraction at the interfaces between the liquid xenon land window
material. By removing the window and immersing the photomultiplier directly

into liquid xenon we would:
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e remove unwanted light losses due to absorption in the window material
e increase the solid angle onto the face of the photomultiplier

e reduce thermal noise from the photomultiplier.

The thermal noise of the photomultiplier will be reduced because of the low
temperature operation of the tube. Thermal noise is created by the unstim-
ulated thermionic emission of electrons from the photocathode or dynodes.
Lowering the temperature of the photocathode and other photoemissive sur-
faces within the tube, lowers the thermal distribution of electrons. Therefore

the probability of emission is reduced.

Initially we tested the temperature response of a 9829QA tube in a vacuum
cryostat. The photomultiplier was arranged as in Fig 3.4. A copper sheath
provided cooling along the length of the photomultiplier whilst the dynode
chain remained at ~ 0°C throughout. A yellow pulsed Light Emitting Diode
(LED) was included to illuminate the front face of the tube. Several positions
were used across the face of the tube with no discernible difference in the results
seen. Two thermocouples gave readings of the temperature at the centre (T,)
of the photocathode and at the edge (T2). Throughout T;~T, assuring us that
the photocathode was evenly cooled. The entire ensemble was evacuated to a
pressure of 3 x 107% Torr to avoid condensation on the apparatus and coronal
discharge. We performed two measures of the photomultiplier’s performance
at low temperatures. The first was to check the linearity of response. The
light levels emitted by the LED were controlled by applying a pulse from a
Hewlett-Packard 8200A Pulse Generator. Assuming a gaussian distribution to
the pulse height spectrum recorded for a set voltage on the pulse generator,

we calculate the number of photons detected using Equ 3.1.

2.35 x pulse height centroid 2

ber of photons =
number of photons FWHM pulse height spectrum

(3.1)

By plotting the number of photons detected versus the centroid of the gaus-

sian distribution, we can therefore measure the linearity of response for the
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Fig. 3.4: Schematic of experimental set-up used to measure the effects of low
temperatures on the performance of the 9829QA photomultiplier.

phototube. Figures 3.5 and 3.6 show the response of the phototube at room
temperature (21°C) and -104.5°C. The two plots indicate that the photomulti-
plier operates linearly at both room temperature and at -104.5°C. The second
investigation was into the stability of the photomultiplier response with vari-
able pulse frequency. The voltage applied across the LED remained constant
whilst the pulse frequency was increased. Figures 3.7 and 3.8 show the rate
dependence of the measured number of photons (again given by Equ 3.1) at
room temperature and pressure, and at -104.5°C. Fig 3.8 shows that at low
temperatures the response of the tube is very different to that at room tem-
perature. There is a fall in the number of photons detected by the phototube
with increasing rate. The a priori explanation for this is that the photocath-
ode is becoming positively charged. This would explain the behaviour since
positive charging of the photocathode would result in fewer electrons being
released per light pulse due to Coulombic attraction. This charging would
also alter the electric field distribution between the photocathode and the first
dynode which could, in turn, reduce the efficiency of collection of electrons

emitted from the photocathode onto the first dynode. The photocathode is
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Fig. 3.5: Plot of number of photons detected versus Gaussian distribution
centroid for the 9829QA photomultiplier at room temperature and presure.

a semiconductive layer. Therefore with decreasing temperature the resistivity
of the photocathode will increase. If the resistivity is such that the number of
electrons delivered to the photocathode is less than those emitted due to pho-
toelectric emission then it follows that the photocathode will become charged.
Further investigations showed that the fall in response was only significant at
pulse frequencies > 2kHz. It is worth noting that this pulse frequency is much
greater than that expected in any real dark matter detector. However this mea-
surement has shown that the resistivity of the photocathode is higher at low
temperatures. Whilst the rate of a dark matter detector might be sufficiently
low to allow safe operation of the photomultiplier at these temperatures, there
is a possibility the phototube may become charged due to high light levels.
To counter this effect, the photomultiplier tubes for ZEPLIN III are being
modified to include aluminium ‘fingers’ which will aid the removal of charge
from the photocathode. Electron Tubes Ltd (ETL) estimate that the addition
of the fingers will effectively reduce the Q()) of the tube by 5% [86]. This
estimate was included in the previous figure for the expected Q(A=175nm) of

the photomultipliers in ZEPLIN III.

Liquid Xenon Detectors



3.3 Detecting Scintillation from Xenon

79

Linearity Test at -104.5 Deg. C.

[
wm
=

| ——y=12.887 + 0.15028%
' R20.97681 |

200 —

Number of Photons

100

50

i 1 i TR P
0 200 400 600 800 1000 1200 1400
Normalised ADC Channel

Fig. 3.6: Plot of number of photons detected versus Gaussian distribution
centroid for the 9829QA photomultiplier at -104.5°C

Conclusions of Low Temperature Tests

These low temperature tests indicated to us that the operation of the 9829QA
ETL photomultiplier device at liquid xenon temperatures (~ 170K) was fea-
sible. The linearity of the tube was shown to be unaffected at temperatures
as low as -104.5°C. A deterioration in the response to high frequency pulsed
light was observed. We concluded that the resistivity of the photocathode was
increasing. The rate of interaction in an underground experiment will be much
lower than the frequencies of pulsed light used in these experiments. However
to preserve the response characteristics of the tube, and avoid photocathode
saturation, conducting aluminium fingers between the quartz window and pho-
tocathode have been implemented, as suggested by ETL [86]. The Q(\) of the
tubes is affected by the addition of aluminium fingers, but we expect to achieve

Q(A=175nm) = 20 £ 2% for all the photomultipliers in ZEPLIN III.
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Fig. 3.7: Plot of number of photons detected versus LED pulsing frequency at
room temperature and pressure.

3.3.4 Photomultiplier Radioactivity

In the past, dark matter experiments have been wary of the radioactive back-
ground produced by photomultiplier tubes. The main contamination arises
from “°K, U and 32Th in the glass body and from the graded seals used
to attach the quartz window to the tube. In the UKDMC-Nal program the
photomultipliers were placed apart from the Nal crystal to reduce the incident
gamma-ray flux. Light collection was enhanced by the use of light guides. For
detectors purely based on the detection of scintillation, this method of back-
ground shielding is important. However for two phase systems the philosophy
can be altered. It is proposed that in the ZEPLIN III detector the gamma-
ray background from the photomultiplier tubes is reduced by: discrimination
based on scintillation/ionisation yield, the utilisation of a dead region directly
above the phototubes (where ionisation is trapped due to the application of a

reverse drift field) and anti-coincidence vetoing. Chapter 6 includes detailed
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Fig. 3.8: Plot of number of photons detected versus LED pulsing frequency at
-104.5°C.

discussion of the gamma-ray background and Monte Carlo results. Chapter 4

discusses the ZEPLIN III detector philosophy in more detail.

3.4 Summary

In this Chapter the main motivations of using xenon as a target were intro-
duced. The two phase discrimination technique and the quenching factor were
discussed. Finally results from low temperature photomultiplier tests were pre-
sented. These experiments showed that the 9829QQA photomultiplier remained
linear at low temperatures. Experiments with a pulsed light source indicated

that the resistivity of the photocathode was increased at low light levels.
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CHAPTERA4

Single Phase Liquid Xenon

Detectors

4.1 Introduction

In Chapter 3 two xenon detector philosophies were introduced, the single phase
(scintillation) detector and the two phase (scintillation and ionisation) detec-
tor. In this chapter we concentrate on the single phase technique. Results from
a test chamber operated at Imperial College are reported. We have made mea-
surements of the quenching factor and compared reflectivities of Aluminium
(Mylar) and PTFE. The quenching factor was measured at the Neutron Beam
Test Facility at Sheffield University. Preliminary results are presented from
the ZEPLIN I chamber, constructed at the Rutherford Appleton Laboratory

and implemented at the Boulby mine.

4.2 Purification of Xenon

In the operation of the test chamber we devised methods for the purification of
xenon that are used later in the operation of our two phase prototype device.
The process can be broken into two parts, chemical adsorption of impurities

and distillation. To handle the xenon, an ultra high vacuum system was con-

structed. Let us start by examining this apparatus.

4.2.1 Purification Apparatus

A schematic of the xenon handling system is shown in Fig 4.1.
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Fig. 4.1: Schematic of the xenon purification scheme [87].
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Construction

We refer to the green pipework in the diagram as the gas system (GS) and
the light blue pipework as the vacuum system (VS). Before any xenon gas
can be admitted from its source bottle into the GS we must first assure the
cleanliness of the GS and VS. Each part was cleaned ultrasonically for 15 mins
in distilled water, acetone, propan-2-ol and hexane. This series of solvents
removes polar and non-polar impurities. Hexane is used as the final stage as it
has a low boiling point and therefore evaporates quickly from the surface of the
material. The clean parts were then wrapped in aluminium foil in preparation

for attachment to the system.

The majority of connections were made utilising Conflat”™ stainless steel
flanges. These flanges are rated to operate down to pressures of 10~!'mb
and temperatures of -190°C to +450°C. We used copper annealed gaskets to
provide the leak tight connection between flanges. In the instance where Na-
tional Pipe Thread (NPT) fittings were required we sealed these by coating
the thread with pure indium and tightening. The main purification system
was mounted on a wheeled aluminium frame. A photograph of the final con-

struction can be seen in Fig 4.2.

Component Description

Let us examine the main components and their uses.

Oxisorb

The Oxisorb cartridge contains a metallic getter, and is used in the
purification of the xenon. This cartridge comes filled with argon and
before use should be pumped continuously for 3-4 days. Argon remaining
after this time can be flushed out using xenon itself, which can then be

distilled to remove the argon.

Liquid nitrogen trap
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Fig. 4.2: Photograph of the xenon purification system.

The liquid nitrogen trap provides the interface between the GS and the
VS. This is a large surface area container that is filled with liquid nitro-
gen when the system has reached low pressures. The wall between the
volume filled with liquid nitrogen and the VS is thin (a few mm). As
the internal surface is very cool compared to other surfaces in the sys-
tem, contaminants are attracted to this surface and condensed/solidified

depending upon their boiling/melting points.

Distillation tube
This is a 1m length, 16mm diameter high pressure (100 bar max) tube.
During operation with the test chamber, where small volumes of xenon

are used, this tube was large enough to be utilised as a volume for dis-
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tillation.

Turbomolecular pump
This is an Edwards EXT70 turbomolecular pump capable of pumping
down to pressures of < 1 x 1078mb. The exhaust of this pump is fed into

an Edwards rotary pump that expels pumped gas to the atmosphere.

Mass spectrometer
The mass spectrometer can be used to identify atomic and molecular
species present in the VS at pressures < 1 x 10~mb. Partial pressures

of atomic species can be measured accurately to levels of ~10~*2Torr.

Detector cryostat

The test chamber and photomultiplier assembly are housed in the detec-
tor cryostat. Cooling to the test chamber is supplied via thermal coupling
to a liquid nitrogen heat sink. The cryostat is pumped by a cryogenic
molecular sieve to reduce both thermal losses from the test chamber, due
to convection, and scintillation light attenuation between the window and
photomultiplier tube. Several layers of aluminium foil are wrapped Be-
tween the outer and inner walls of the cryostat. These insulating layers
provide reflective surfaces that reduce the radiation heating from the

outer wall.

Valves

The majority of the valves used in the GS are Nupro (product code),
with welded Conflat™ flanges. The larger valves used on the VS are
Vacuum Generator right angled valves (part no. ZVR4OR), rated to
operate at pressures < 1 X 10~°mb. One of these connects the VS to

the GS directly. Finally there is a pneumatic gate valve connecting the
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VS to the turbomolecular pump. This valve is automatically closed in
the event of a power failure to maintain system vacuum integrity. The

valves provide gateways for the transfer of xenon gas in the GS.

Pressure gauges

The system comprises two forms of gauges. For volumes where high
pressure gas is expected, Bourdon gauges with pressure ranges 0-7 bar
are used. For low pressure measurements ion gauges are used which are

sensitive to pressures from 1 x 10~2mb down to 1 x 10~%mb.

4.2.2 Purification Strategy

The purification scheme that will be described here has been used at Imperial
College to obtain xenon of sufficient purity to use in both scintillation and
scintillation/ionisation detectors. Xenon is supplied with the impurities H;0,
Oq, CO,, Ng, Kr, Hy, at the ppm level. The physical properties of these con-
taminants dictate the purification procedure. We employ two main concepts
of purification - chemical adsorption and distillation. It should be noted that
we have purified our xenon supply > 25 times in the past four years. Therefore
we suggest that the following strategy should be followed at least 10-15 times

before high purity levels are reached.

System Preparation

The GS and VS should be baked for several days (3-4) at temperatures of
> 100°C. During this time the liquid nitrogen trap should be filled. The
liquid nitrogen trap provides a surface onto which outgassed molecules can
preferentially attach. After the bakeout our system pressure reads < 1 x
10~°mb. The remaining contaminants measured by the mass spectrometer are
then H, and N, whose partial pressures are Hy ~ 1 x 10~®mb and N, ~ 1 x
10~%mb. As all other contaminants H,0, Oy, CO,, and Kr are not measurable

by our mass spectrometer, upper limits can be placed on their partial pressures
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of < 1 x 107*2mb. Once the system has reached this state, pumping on the

GS can be removed and immediately replaced by xenon gas at a pressure of

~ 2 bar*. Filling to this pressure surpresses outgassing of impurities from the

walls.

Chemical Adsorption by Oxisorb

The first stage in xenon purification is to utilise the Oxisorb cartridge. The
Oxisorb contains chromium embedded on an SiO, lattice. The chemical reac-
tion that takes place between the chromium and another species is referred to
as a redox reaction. That is to say that reduction and oxidation (hence redox)
of differing species is taking place. In general the reduction and oxidation

equations are:

Cr «— Cr®* + 6e

X +ne” +— X" (4.1)

where X is an oxidising species and n is the preferred oxidation state of X. If

we take oxygen as an example Equ 4.1 becomes:
2Cr + 30, +— 201‘203 (42)

where the charges have been balanced by suitable multiplication. The Oxisorb
is therefore capable of removing oxidants from gas passed through it. Strong
oxidants, by which we mean species for which the second reaction in Equ 4.1
is thermodynamically favourable, will be removed more efficiently than weak
oxidising agents. From our initial list of impurities the most affected by the

Oxisorb will be Hz0, Oz, CO, (in no particular order).

We have used the Oxisorb cartridge in two ways. The first method is to fill the
cartridge with the entire xenon supply, and allow the gas to permeate through
the SiO, lattice. The second method is to create a circulation of the xenon

from its initial containment bottle, through the Oxisorb and then finally into

*All figures given in bar are absolute pressures.
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a clean receptacle volume. This second approach can be used in conjunction
with the distillation process. We have no data to suggest that either of these
methods is superior. For the scenario where xenon is retained in the Oxisorb
cartridge it was noted that the gas was more difficult to recover. Increased
ingression of xenon atoms into the SiO; lattice is the most likely explanation

for this.

After the Oxisorb has been exposed to impurities, it should be recycled. For
the first 30 - 40 uses this can be achieved by simple pumping. After this we
suggest baking of the cartridge to drive off impurties. Essentially by baking,
the equilibrium of Equ 4.2 is shifted to the left as the reverse reaction is
endothermic and, as an equilibrium, LeChatelier’s principle ‘that a system in

equilibrium will react so as to counter any change in its environment’ is obeyed.
Distillation

After xenon has been exposed to the Oxisorb it should be collected in a clean
vessel that has been baked and pumped. The xenon is removed from the
Oxisorb by placing the receptacle vessel in liquid nitrogen. This vessel now
acts as a cryogenic pump, and xenon is solidified in the vessel. We have
used two different types of distillation. The first case is not distillation in the
conventional sense, i.e. the controlled boiling of a mixture to produce pure
distillate. In this first instance we transfer small portions of the xenon to the
distillation tube. The distillation tube is immersed in liquid nitrogen, the level
of which is slowly increased during the addition of the xenon. This process
creates a layer of solid xenon on the walls of the tube, see Fig 4.3. Whilst
maintaining the solid xenon at the temperature of liquid nitrogen, the two
inlet valves at the top of the distillation tube are opened. This volume is then
pumped by the turbomolecular pump. At this temperature, contaminants with
boiling points < 77 K can be removed. Fig 4.4 shows a mass spectrum time
sequence taken whilst the solid xenon was being pumped. This time profile is
quite short as exposure of the mass spectrometer to high pressures increases

degradation of the instrument. From this short sequence one can identify the
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Fig. 4.3: Sketch showing the distillation tube set up. The two inlet valves are
opened alternately to balance the build up of solid xenon on either side.

main species being actively removed. They are argon and nitrogen. The argon
remains as contamination from the Oxisorb. The nitrogen is present due to
system contamination. When examining these spectra it should be noted that
the pumping rate of species is convolved into these measurements, therefore
relative species pressures are not the true concentration ratios. Note the low

levels of carbon dioxide, water and oxygen.

Coincident with the physical removal of contaminants by pumping, there is a
more subtle purification taking place. The metal surface itself acts as a trap
for atoms and molecules. Fig 4.5 shows a sketch of the process. Two types of
molecular/atomic adsorption can occur. They are chemical and physical. The
latter of these ‘physisorption’ is a Van der Waal’s interaction between the metal
surface and a polarisable atom or molecule, and subsequent accomodation in
the metal surface. This type of bond is weak in comparison to ‘chemisorp-
tion” where chemical bonds are formed between the metal and interacting
species (usually covalent). By reducing the temperature of the metal surface
we encourage adsorption onto the metal. The rates of these processes vary for
different species. In the case of physisorption, rates of accomodation will be

higher for more polarisable species where Van der Waal attraction is stronger.
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Fig. 4.4: Time profile of mass spectrum of purification system whilst solid
xenon is being pumped.

For chemisorption, the higher the bond enthalpy between the metal and the
chemiadsorped species, the more readily this process will proceed. Whilst we
expect xenon to become physisorped due to its polarisability, chemisorption
of xenon should be low. Conversely impurities such as Hy0, O,, CO,, N, and
H, are readily chemisorped onto the surface of the metal. Therefore, as the
overall adsorption rate of xenon is lower compared to the impurities, purifica-
tion takes place. Evidence for this occurring is shown in the mass spectrum
time sequence in Fig 4.6. This chart shows the chemical composition of the
system before and during heating of the distillation tube after the solid xenon

has been pumped.

This rather extended time sequence shows the effect of heating the distillation
tube after solid xenon has been in contact with the walls. The sudden increase
in partial pressures of many species indicates the time at which heat was
applied to the distillation tube. Comparing the concentrations to those taken
whilst pumping on the xenon (Fig 4.4), the increase in oxygen, water, hydrogen

and carbon dioxide can clearly be seen. These are all species that we would
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Fig. 4.5: Sketch showing the process of adsorption onto a metal surface. 1)
The metal surface at room temperature with adsorption sites filled. 2) Heat
releases adsorbed atoms and molecules which can be pumped (this occurs
during baking). 3) A gas mixture surrounds the metal surface and adsorption
sites become filled. 4) Cooling reduces atomic and molecular kinetic energies
increasing adsorption.

expect to be chemisorped onto the surface of the metal. The mass spectra

support this.

To achieve further purification of xenon, we use a conventional method of
distillation. For this process we require two thermally controlled vessels. The
source vessel contains the xenon to be distilled. The destination vessel we
choose to be the detector volume itself. A schematic of the process can be
seen in Fig 4.7. As can be seen from this representation, we immerse the
source cylinder in cool ethanol. With sufficient care the ethanol bath can be
maintained at a temperature of 178 + 5 K by a combination of cooling with
liquid nitrogen and manual stirring. The bath usually takes the form of a

mixture of both solid and liquid ethanolf. At this temperature the pressure

tSome ethanol solidifies when contacted by the liquid nitrogen (Tpmp = 155.8K for ethanol).
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Fig. 4.6: Time profile of mass spectrum for system open to distillation tube at
room temperature and high temperature (~ 473K after time=01:30:00).

on gauge 1 (see Fig 4.7) reads ~ 1.7 bar. We maintain the temperature of
the detector volume at approximately 173K, where the pressure reading from
gauge 2 is ~ 1.2 bar. With this pressure differential, gas can flow from the
source cylinder to the receptacle detector volume. This process is lengthy. To

attain ~ 15cm?® of distillate requires ~ 2 hours.

4.3 Test Chamber Measurements

At Imperial College we developed a liquid xenon test chamber capable of mea-
suring scintillation. The system comprised a 70cm® maximum volume capacity
cell, viewed through a quartz window by a 9829QA ETL photomultiplier. With
this system we measured scintillation from liquid xenon excited by an inter-
nal americium-241 (***Am) source which was mounted on an aluminium float.
Comparitive reflectivity measurements of Aluminium(Mylar) and PTFE were
made. These suggested PTFE was a more efficient reflector of xenon scintilla-
tion light. A measurement of the xenon quenching factor was also made at the

Neutron Test Facility at Sheffield University. We measured q, to be 0.17+0.03
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Fig. 4.7: Schematic of the distillation process.

in the recoil range 40 - 70 keV. Measurements of the time constants for a-
particle and gamma-ray scintillation signals events were made with 7,=23ns

and 7,=43ns.

4.3.1 Test Chamber Desciption

A diagram of the test chamber is shown in Fig 4.8. The system comprises of
three main stages, the temperature control system, the test cell and the photo-
multiplier. Cooling is supplied by a liquid nitrogen heat sink that is thermally
connected to the test chamber via a copper plate. This copper plate is at-
tached to the test chamber and a vacuum seal is formed by the compression
of indium wire between the two parts. The copper plate also houses a single
heater cartridge rated to operate at 120V with a power dissipation of 220W.
A Pt100 thermocouple is thermally linked to the copper plate and wired into
a temperature control unit (TCU). The TCU controls the state of the heater
circuit. A variable resistor is placed in series within this circuit which enables
the experimenter to control the power dissipated in the heater cartridge. With
this system, temperatures in the test cell could be maintained at a predeter-

mined level with fluctuations of only +£0.1K. The test cell is cylindrical with
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Fig. 4.8: Schematic of test chamber and outer vacuum jacket.

a radius of 15mm and height 100mm. Xenon gas is fed into the cell through
a pipe at the top. The cell is viewed by a photomultiplier through a Spec-
trosil quartz window. Signals from the photomultiplier are read out into a
pulse height analyser (PHA) or fast digital oscilloscope (LeCroy 7200) sam-
pling with 1GHz frequency. The temperature of the test cell is monitored by

three Pt100 (platinum) thermocouples placed at intervals along its length.

To measure scintillation light from xenon, due to the excitation of a-particles
and gamma-rays, we arranged the test cell as in Fig 4.9. An ?*'Am source
is mounted at the centre of a cylindrical block of aluminium (radius 14mm

height 15mm). This block is then placed in the test cell with the source facing
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Fig. 4.9: Schematic of the test chamber arrangement.

the photomultiplier. Aluminium has a lower density than that of the liquid
xenon?. Therefore as liquid is condensed, the aluminium block floats, and the
radiation source is displaced. By comparing the variation of light output as a
function of depth, relative measurements of reflective materials can be made

(these line the inner surface of the test cylinder).

4.3.2 Reflectivity Measurements

By the addition of known quantities of xenon into the test cell, plots can be
made of the photopeak position of the a-particle spectrum versus liquid depth.
This response curve can be compared for different materials. An example
of the a-particle spectrum is shown in Fig 4.10. The photopeak position is
reduced with increasing depth due to the decrease in solid angle of direct light
and increased losses to reflections. Therefore comparing these curves yields a
qualitative measure of the efficiency of reflection for different materials. From
the curves in Fig 4.11 we deduce that PTFE of 4.5mm is the superior reflector
of scintillation of xenon light. These results had an impact on the design of the
UKDMC ZEPLIN I zero field xenon dark matter detector - a PTFE reflector

within the target was incorporated.

tpA1=2.70gem ™3
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Fig. 4.10: Energy spectrum for 5.49MeV a-particles from internal ?*! Am source
in liquid xenon test chamber.
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Fig. 4.11: a-particle photopeak position vs depth of liquid xenon. Curves
are for: PTFE 4.5mm thick (green - A), PTFE 4.5mm thick (khaki - o),
Aluminium/Mylar (red - o), stainless steel (blue - o), black wall simulation
(black - o), stainless steel wall (grey - 7), PTFE 0.1mm PTFE (green - o).
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4.3.3 Scintillation Measurements

The spectrum of the low energy gamma-rays from the 21 Am was also mea-
sured. This is shown in Fig 4.12. The 60 keV gamma-ray photopeak can
clearly be resolved as can the single photoelectron peak from the photomul-
tiplier. The feature at around channel 125 is attributed to the Neptunium
complex of lines. Pulse shapes were measured for a-particles (5.49MeV) and
60Co gamma-rays (1.17MeV & 1.33MeV). Fig 4.13 shows the average pulse

shapes for a thousand events. Events were selected based on the integrated

area of the pulses.
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Fig. 4.12: Energy spectrum for low energy gamma-rays from internal ?*'Am
source in liquid xenon test chamber.

Fig 4.13 indicates the difference in time constants between nuclear and elec-
tron recoil events. The decay of the scintillation can be well fitted by a single
exponential profile. A histogram of the fitted time constants for a-particles
and gamma-rays is shown in Fig 4.14. The left (red) distribution is the time

constant distribution of the a-particles and has a mean value of 23ns and an
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Fig. 4.13: Average pulse shapes of gamma-rays and a-particles in liquid xenon
test chamber.

associated width of 3ns. The right (blue) distribution for the gamma-rays
shows a mean value of 43ns and an associated width of 8ns. These measure-
ments were taken with high energy particles. At lower energies the gamma-ray
distribution is expected to shift to lower time constants. This effect was mea-
sured in a seperate detector where, at 13.5keV, the gamma-ray time constant
was found to be 29.1 +0.6ns (the error is the error on the mean value and not

the associated width of the distribution) [128].

4.3.4 Measurement of Xenon Quenching Factor

The quenching factor of xenon was measured by irradiation of the test cell with
a monoenergetic neutron beam of energy 2.85 MeV. The beam was produced
by a 2D - 2D device at the University of Sheffield, producing ~ 10° neutrons/s

isotropically. The isotropic source is collimated by specific shielding of the
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Fig. 4.14: Histogram of the single exponential time constant fits to scintillation
pulses from a-particle and gamma-ray excitation in liquid xenon.

source with lead and boron loaded wax. For this test the xenon test chamber
was placed 0.2m from the collimator orifice. A pulse shape discriminating
Nuclear Enterprises NE213 counter was placed at angles of 120°, 105°, and
907, see Fig 4.15 for angle definition. The NE213 was placed 1m from the
liquid xenon detector. Signals from the xenon target were used to trigger
a time-to-amplitude converter (TAC) module. A LINK Systems 5020 pulse-
shape discrimination unit identified nuclear recoil events in the NE213 counter.
Outputs from this module stopped the TAC module. Signals corresponding
to a time of flight of less than 500ns then triggered a fast LeCroy digital
oscilloscope. The oscilloscope digitised the signals. The pulse data with the
TAC amplitude was then passed to a PC running LabView’™ and data was
stored for off-line analysis. This technique has been used before to measure

relative scintillation efficiencies and pulse shapes in Nal(Tl) and CaF(Eu),

89, 90, 91].
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For a neutron recoil at angle 0* (in the center of mass frame) the energy of the

recoiling nucleus can be shown to be:

2m,m .

Where E; is the energy of the incident neutron, m,, is the mass of the neutron
and m, is the mass of the target nucleus. In the case of neutron scattering
from a xenon nucleus m; >> m,, therefore we can assume 0*=60, where 6 is
the angle measured in the lab frame. Figure 4.15 shows a schematic of the
arrangement of the neutron beam test facility, in which the angle 0 is shown.

From Equ 4.3 the recoil energies expected from the three angles 1207, 1057,

Neutron Source

Collimator

P Target

Fig. 4.15: Schematic of the neutron beam apparatus at Sheffield University,
indicating the lab frame angle of scatter 6.

and 90° are 64, 54 and 44keV respectively.

The quenching factor is found by measuring the visible energy recorded from

the neutron scatter and dividing this by the recoil energies expected i.e. Egys/ E-.
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The test cell is first calibrated with gamma-ray sources of known energy. Fig
4.16 shows the energy spectrum arising from the test cell when irradiated with
gamma-rays from a 10uCi 57Co source. Pulse Height (PH) spectra were also
obtained in situ during experimentation, utilising PC-based software. Table

4.1 details the calibration results.

Calibration Source | Line Energy/keV | PH Centroid
LED - 3
*"Co 122 254
BCs 662 1311

Table 4.1: Results from test cell calibration in situ at Sheffield University
Neutron Test Facility.
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Fig. 4.16: Energy spectrum for liquid xenon test cell irradiated with external
57Co gamma-ray source.

The PH results compute to give a light yield of 1.5keV /photoelectron. Cal-
ibration was performed before and after operation of the neutron beam and

indicated no deterioration in light yield.

Results from Neutron Beam Scattering

Data analysis was performed by D. R. Tovey of Sheffield University [128].
The mean nuclear recoil energy was determined by fitting a gaussian to the
curve of the observed energy spectrum. Events were selected based on two

criteria. Firstly the energy deposition was restricted to < 30keV to reduce
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contamination of the data with high energy events. Secondly, the pulses were
fitted with a single exponential and only events for which the decay time was
within the range 12-30ns were considered. This reduces contamination of the
data from coincidence gamma-ray electron recoil events. The neutron recoil

spectrum with the angle of scatter set at 120° is shown in Fig 4.17. The

Counts
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Fig. 4.17: Neutron recoil energy spectrum with gaussian fit.

energy was calibrated according to the results in Table 4.1. This procedure
was performed for the two other angles. A plot of the quenching factor as
a function of the nuclear recoil energy is shown in Fig 4.18. The results are
consistent with a quenching factor for xenon of 0.17+0.03. The errors in the

points include both the statistical errors from the fits and systematic effects due
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Fig. 4.18: Quenching factor for xenon as a function of nuclear recoil energy.

to the finite solid angle acceptance of the NE213 counters, possible fluctuations
in the neutron beam energy and variation in the fitted means. The values for
the scattering angles 90° and 105° are less certain than the 120°. At these

angles the scintillation distribution of the neutrons is more difficult to identify.

4.3.5 Conclusions from Test Chamber Experiments

A liquid xenon scintillation test chamber has been operated at Imperial Col-
lege. Light output for the setup shown in Fig 4.9 with an internal PTFE
4.5mm reflector was 1.4 keV/photoelectron. This output was achieved and
maintained for a period of 6 weeks without re-purification of the xenon. Com-
parative reflectivity measurements indicated that a 4.5mm thick PTFE insert
produced the highest reflectivity for xenon scintillation light. The pulse shapes
of high energy a-particles (5.49MeV) and gamma-rays(1.3MeV) were analysed.
The decay times from a single exponential fit indicated 75, ,,,,.,, =23+3ns and
Tyamey =4318ns. Further experiments with other gamma-ray sources showed
a dependence of 7., on deposited energy. Neutron tests at the University of
Sheffield confirmed the prospect of pulse shape discrimination between nuclear

recoil events and electron recoils. The quenching factor for xenon was also mea-
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sured in our detector to be q,=0.17£0.01. This value is in agreement with that
measured by the ICARUS collaboration [84], but well outside the range mea-
sured by DAMA [92]. This discrepancy could be caused by differences in the
purity of xenon used in each experiment. Electronegative contaminants, such
as oxygen, remove electrons from electron recoil events with greater efficiency
than from nuclear recoil events, which produce less intrinsic ionisation. There-
fore a sample of xenon which contains more electronegative contaminants will
be expected to have a measured quenching factor which is larger than for pure

xXenorn.

The purification technique and results achieved influenced the design of the

ZEPLIN I single phase dark matter detector.

4.4 ZEPLIN I - Single Phase Xenon Detector

The UKDMC has developed and built a single phase xenon system for dark
matter detection. ZEPLIN I is a 4kg fiducial mass liquid xenon target viewed
by three 9265QA ETL photomultipliers. To date, the detector has collected 6
weeks of data corresponding to 168 kg days.

Fig 4.19 shows a photograph of the ZEPLIN I inner target vessel. This vessel,
when completely constructed, is placed inside a vacuum sealed outer container.
In the photograph the main observables are: the target volume, gas inlet
pipe, cooling tube and turrets. The target volume takes on a parabolic shape
to enhance light collection. Internally, this volume is lined with a custom
moulded PFTE shell of thickness 5mm (following the test chamber results).
Gas is fed into the volume at the top through a stainless steel flexible pipe. The
stainless steel reduces thermal losses from the target. Cooling is accomplished
through the conduction of heat through the copper into pipes that carry a
constant flow of refrigerant to a Polycold ‘PFC Water Cryo Pump’ unit that
maintains the refrigerant temperature at ~ 156K. The turrets (pictured) act

as a passive shield to low energy gamma-rays from the photomultiplier tubes.
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Fig. 4.19: Photograph of the ZEPLIN I inner target vessel.

Higher energy gamma-rays events (Compton scatters) in the target volume

are vetoed by means of an external Compton veto system that surrounds the

target assembly, shown in Fig 4.20.

As the target volume is viewed by three photomultipliers, rejection cuts are
possible based on the relative responses of the tubes. Events that occur pref-
erentially close to an individual tube, due to more efficient light collection,
will produce a larger signal in that tube. Therefore cutting events, for which
the signal contribution from a single tube is significantly greater than that
of the others, removes unwanted background events that are deemed to have

occurred from gamma-rays due to radioactivity in that tube.

ZEPLIN I was installed in the Boulby mine towards the end of the year 2000.
Six weeks of useful data has been collected so far. This has yet to be fully
analysed. Initial analysis suggests that the background rate for energies 1-
50keV is about 20 dru*. A complete analysis will include rejection of turret

events and time constant analysis. It is projected that this detector will require

*1 dru = 1 count kg~! day~! keV~!
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Compton
Veto

Fig. 4.20: Schematic of the Veto/Target arrangement for ZEPLIN L.

1 year of running (~1500 kg days) to acquire sufficient data to explore the

DAMA region of interest in the SUSY parameter space.

4.5 Summary

This chapter has covered the operation of a liquid xenon scintillation cham-
ber. The purification apparatus and strategy used to purify liquid xenon were
discussed. Mass spectra of the residual gases in the system indicate that con-
tamination of the electronegative impurities is reduced to below ppb levels.
Measurements were presented of the comparative reflectivities of variable thick-
nesses of PTFE and Aluminium (Mylar). Results suggested that 4.5mm thick
PTFE had the highest reflectivity. Time constants of the scintillation light
from liquid xenon were reported. The decay time constant for gamma-rays of
energy ~1 MeV was measured to be 43 & 8ns. For a-particles of 5.49MeV the
decay time constant was measured to be 23 £ 3ns. The quenching factor for
liquid xenon was investigated using the neutron beam at Sheffield University.

The data suggest that the quenching factor is 0.17 £ 0.03 in the recoil energy
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range 40-65keV. Finally, the ZEPLIN I liquid xenon dark matter detector was
discussed. The first data from this detector suggests a background rate of 20
dru in the 1-50keV energy range.
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CHAPTERD

Two Phase Liquid Xenon

Detectors

In this chapter we focus on the theoretical and experimental motivations be-
hind the two phase xenon detector method. In this configuration both scintil-
lation and ionisation are detected by drifting electrons into the gas phase and
producing secondary scintillation via electroluminescence. First the physics of
electron drift in liquid xenon under the influence of an applied electric field is

considered.
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5.1 Electron Drift in Liquid Xenon

This section considers the physics behind the drift of electrons in liquid xenon.
We treat electrons in a classical manner to interpret the form of drift velocity
versus applied electric field curves [93]. In doing so, the physics involved will be
highlighted and will give an insight into the expected signals from a two phase
detector. The development of this discussion is influenced by the measurement
of electron drift velocities in the liquid rare gases. Therefore a few comments
on a typical drift velocity versus applied electric field curve are appropriate.
In Fig 5.1 a typical drift velocity curve is sketched. The three characteristics
that shall be discussed are: the low field linear dependence, the power law
dependence between E* and E; and the saturation of the drift velocity at high
fields.

A
> -
g | Va
" o
E E, Log E

Fig. 5.1: A typical drift velocity curve for electrons in a noble gas. E* is the
field strength after which the drift velocity is no longer linearly dependent on
the field strength and E; is the field strength after which the drift velocity is
saturated to its limiting value of VJ.
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5.1.1 Low Field Electron Drift, V; < E

A condensed rare gas such as liquid xenon provides the simplest case for the
understanding of the liquid state, due to the inert nature of the rare gas atom.
The large mass, M, of the atom means that electrons colliding elastically with
the atom will undergo large deflections but with small energy losses. Therefore
at low fields a gas approximation to the motion of the electrons is applicable.
In this case we have random motion of electrons driven by the force due to the
electric field. The distance over which the electron is drifted is proportional
to the acceleration on the electron due to the field. The drift velocity itself is
proportional to the drift distance and, as the acceleration is proportional to
the electric field strength, we can express the dependence of the drift velocity

at low field strengths as in Equ 5.1.
Va=pE (5.1)

Where p is the electron mobility and F is the field strength. For xenon the

electron mobility is 0.22 m?V~1s71,

5.1.2 High Field Electron Drift

As the applied field is increased, small energy losses of the electron due to
elastic collisions become compensated by the energy imparted to the electron
by the field. The energy lost by an electron in an elastic collision is given by:

Ney = —M—e (5.2)

where m is the mass of an electron and e is the initial energy of the electron,
due to displacement in the field, before collision. In the case of xenon for an
electron energy of 5eV Aey=3 x 10~%eV. The characteristic distance between
collisions in a medium of number density N, is 1/(No.) where the cross section

for an interaction is given by o,.. Therefore the energy imparted to an electron
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between collisions is E/(No,). The field strength E* at which elastic collision
losses are balanced by the energy gained by the field is therefore given by Equ
5.3.

E* = 2ﬁmaeNe (5.3)

For E>FE* the field now acts to increase the kinetic energy of the electron
entirely. As a result ¢ < E and therefore the drift velocity dependence on field

strength is dependent on E by the relationship shown in Equ 5.4.

Vy o< E®® (5.4)

5.1.3 Saturation Velocity

At sufficiently high fields E > E* (E; in Fig 5.1) the drift velocity of electrons
saturates. To explain this phenomenon let us consider the case where the elec-
tron kinetic energy approaches €;, the potential of the xenon atom excitation
energy. It can be shown that the energy imparted to an electron between
collisions that result in excitation of the xenon atom, is too small to result
in processes other than the excitation of the lowest lying excitation level. In
these collisions all of the kinetic energy of the electron is lost. Therefore at
high fields the drift velocity will saturate since the electron can gain no further
energy. The value of the saturated drift velocity can be calculated as in Equ

5.5.
o € 0.5
Va© = (2M) (5:5)

Where ¢, is the energy of the lowest lying excitation level in xenon. Using

€;=8.34eV for xenon we calculate V° to be 1.8mmpysec™! [93].
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5.1.4 Summary of Electron Drift in Xenon

Electrons have a high mobility in liquid xenon and can be drifted under the
application of an electric field. Here, the drift velocity varies depending on the
magnitude of the field, being linear at low fields and proportional to E®® at
higher fields. The drift velocity saturates due to the electrons exciting atoms
whereupon they lose all their kinetic energy. The time between exciting colli-
sions is too short (for fields where E < few x 10°Vem™!) to enable the onset
of excitation to higher levels than the lowest lying level. Whilst this theory is
not completely rigorous it does explain the features in a typical drift velocity
curve. However, from real data, we see that the saturation velocity predicted
by this simple model can be quite different from the actual observed value. Ex-
perimental measurements of this quantity give a value of 2.8mmusec™ [112].
This could be due to the invalidity of the proposed theory from [93], or possibly
due to impurities in the xenon. Nevertheless charge conduction through xenon
is measured. The most recent data on drift velocities is shown in Fig 6.16 in
Chapter 6. We use this data in the Monte Carlo simulations, as opposed to
the theoretical predictions of this model due to the uncertainties involved in
the modelling. In Chapter 6 the method used in the Monte Carlo model to

track electrons is discussed in more detail.

5.2 Recombination Scintillation and Charge Drift

On production of charge by an ionising event in liquid xenon, electrons can
recombine, giving scintillation, or alternatively be free to drift if an external
field is applied. In the Monte Carlo simulations presented in Chapter 7 the
proportion of electrons free to drift and those that recombine to produce pri-

mary scintillation is needed. The theory used in that calculation is discussed

here.

The W-value for xenon was given in Chapter 3 as 15.6 eV/ion pair. There-

fore the number of electrons produced by a gamma-ray is E,/W where E, is
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the energy of the gamma-ray. In the simulations it is assumed that a single
electron recombining produces a single photon. The proportion of electrons
recombining is determined by the formalism in Equ 6.5. Photons are also
produced from the excitation process in liquid xenon. The number of photons
produced at zero field can be written as E., /W, where W; is the average energy
required to produce a photon in liquid xenon. In what follows 7 is the frac-
tion of scintillation produced by electron recombination and v is the electron
yield i.e. the probability of electron recombination suppression. Defining W,
as the energy required to produce an excitation photon, Npn(E), the number

of primary scintillation photons produced, can be written as,

N(B) = 2+ P00 (5.6)

where E is the local field strength. Assuming W and W, are equal, W, is

found to be
w
Wl — 1_—7'7'. (5-7)
Therefore Equ 5.6 becomes
E,(1-n
Nou(E) = Zll=m) (5.8)

w

In the simulation 7 is taken to be 0.67 as suggested in the data from [94]. The
formalism of v is discussed in detail in Chapter 6, where experimental data is

parameterised for coding purposes.

5.3 Charge Extraction and Electroluminescence

in Xenon Gas

5.3.1 Charge Extraction

To detect optically the electrons created in liquid xenon from an interaction,

they must first be extracted into the gas where electroluminescence can take
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place. A detailed theoretical model of the extraction of charge from a lig-
uid/vapour interface under the influence of an electric field does not exist in
the literature. A simple model would be to consider the interface as a poten-
tial barrier to the electron. In this case the electron should be extracted if it
has enough energy to overcome this potential. This is analagous to photoe-
mission from a metallic surface. Experimental observations suggest that there
is an extraction probability that increases with increasing field strength [115].
For, with an increased field, the potential barrier across the interface will be
reduced and therefore more electrons should be extracted. We can postulate
that electrons could become trapped at the surface as they are unable to gain
sufficient energy from the field to pass through the interface potential as de-
picted in Fig 5.2. This could occur as random motions of the electron, due to
thermal motion, are too small to provide sufficient acceleration of the electron
in the direction of the field. If the field is perfectly uniform the electron is
therefore permanently trapped. However in a more typical situation the liquid

level is unlikely to be perfectly aligned (see Fig 5.2 for schematic). In such a

Level
Top Electrode
\ Suer:e Uneven
.......... Gas Surface
Liquid

E R T E-field

Random thermal motion of electron leads to penetratioxi
of electron to a depth of D . Kinetic energy aquired by
electron through drift over this depth can be too low to
result in extraction.

Fig. 5.2: Schematic of the liquid/gas interface with relation to electrode.
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case it is possible that the electron migrates to the edge of the electrode, as
the field gradient will be in the direction of the point at which the gas gap is
minimised. Alternatively electrons could become trapped by electronegative
impurities. It is clear that many possible mechanisms are involved in even
this simple analysis. Experimental work is planned to investigate these phe-
nomena. Certainly the theoretical scope of the proposed trapping of electrons
needs further detailed consideration. The conclusion to this section, is that
charge extraction is possible from liquid/gas interfaces in xenon. This has
been observed in experiment. Indeed, it has been shown that at sufficiently
high fields, of around 6kVem™ in the liquid, the probability of extraction of
an electron reaches 1. Therefore by application of a field of this strength even

single electron ionisation should become extractable from the liquid.

5.3.2 Electroluminescence

The second process on which the two phase detectors rely is electrolumines-
cence in xenon gas. In the gas, the path length between collisions of the
electron is much longer due to the reduced density of the medium. If the ap-
plied electric field is above a certain threshold then the electron is accelerated
to energies sufficient to cause excitation of atoms to a state where lumines-
cence can occur. This results in a continuous production of photons along an

electron’s path.

The yield of photons from this electroluminescence process is proportional
to the number of electrons passing through the gas - provided the electric
field is lower than 20kVem™! (with gas pressure 1.5 bar) -, i.e. Npp & Ny,
where Ny, is the number of photons produced for N, electrons. In the case
of a dark matter detector, where we are intent on detecting very low levels
of ionisation, this process can be exploited to give a detectable light signal.

Experimental investigations into the light output by [96, 97, 98] indicate that
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the electroluminescence yield per electron is well approximated by Equ 5.9,
Ny = 70(F — 1.3p)z (5.9)

where F is the field strength, p is the pressure of the gas and z is the drift dis-
tance. For ZEPLIN III we expect p = 1.5bar, x = 5mm and E = 8.34kVem™!.
Therefore a single electron would yield 224 photons during drift over the gas
gap. Coupled with the statement in the previous section, that single electrons
should be extractable from the liquid, this figure indicates that single electrons

should be visible with appropriate instrumentation.

5.4 Two Phase Prototype Detector

A detector based on the concept of detecting the primary scintillation of light
followed by electroluminescence in xenon gas after charge extraction has been
constructed and operated at Imperial College. In this section a brief outline of
the detector is given and some results are presented that confirm the two phase
detection technique. In particular the ratio between primary and secondary

electroluminescence for a-particles and gamma-rays is presented.

5.4.1 Prototype Design

A design drawing of the two phase prototype is presented in Fig 5.3. The
xenon volume is cooled by a liquid nitrogen heat sink located above the top
flange indicated in the diagram. This is thermally linked by a copper sleeve
that runs down the outside of the detector and connects to the second large
flange (level with the photomultiplier). The photomultiplier itself is positioned
below the active volume of the detector, inside the liquid xenon. The active
volume is defined as the cylindrical volume bordered by the field shaping rings,
the aluminium mirror and the height at which the photomultiplier rests. A

schematic of this volume is shown in Fig 5.4. An ?*!Am source is mounted
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Fig. 5.3: Design drawing of the prototype chamber constructed and operated
at Imperial College.

inside the detector on the high voltage grid. This source enables calibration of
the system. Also ionisation produced by the emitted particles can be measured
by drift and electroluminescence. The lower grid indicated in the schematic
is set to the potential of the photocathode. This ensures that the field inside
the photomultiplier is not affected by the drift field. A disturbance in the
photocathode field would effect the quantum efficiency of the photomultiplier.
The total liquid volume between the high voltage grid and liquid surface is ~
45cm?®. The dynode resistor chain for the photomultiplier is also within the

xenon positioned below the base of the photomultiplier tube.
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Fig. 5.4: Sketch of the internal structure of the electrode system.

5.4.2 Prototype Operation

Xenon gas, that has been purified using the method previously described, is
passed into the cooled prototype chamber. During filling the gas can be passed
through a filter which has a pore size of ~ 1pm. This removes particulate impu-
rities from the xenon that would otherwise compromise the electrical properties
of the active volume (by causing breakdown). Once the chamber is filled the
temperature is controlled by an EROELECTRIC temperature control device.
This regulates the on/off state of electric heaters that are positioned on the
lower copper flange, see Fig 5.3. With this set up during stable running, the
temperature is controlled to 0.1K stability. In this outline of the experiment,
results from two modes of operation will be reported. The first mode is when
the detector is run as a two phase detector. The second is when the detector
is filled with liquid to the point when there is no gas gap between the liquid
surface and the mirror. In this second mode, the detector operates as a drift
chamber. By taking measurements of the charge arriving at the mirror from
electrons created by the **!Am source, it is possible to determine a limit on

the lifetime of electrons in the liquid xenon.
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5.4.3 Results from Two Phase Prototype

The main result achieved from the two phase prototype is the measurement of
the ratio of the primary to secondary signals for a-particle recoils and gamma-
ray scattering/photoabsorbtion events. To demonstrate the two phase princi-

ple consider Fig 5.5. The plot is of a event from the 2 Am source taken with
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Fig. 5.5: Signal recorded by LeCroy digital oscilloscope. Digitisation is in 5ns

bins. The primary (S1) and secondary (S2) pulses can clearly be identified.
[99]

the potential between the field rings set at 13kV. The primary and secondary
signals arising from recombination scintillation in the liquid and electrolumi-
nescence in the gas can be seen. The generic properties of this pulse are as
follows. The primary pulse is much shorter and smaller than the secondary.
The two signals are separated by a time 7,=4usec which is the drift time of the

electrons from the event position to the surface. The width of the secondary is
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the drift time of the electron in the gas, 740=2psec. In this sample event, the
depth of liquid above the source position was in fact 11mm (contrary to the
schematic in Fig 5.4), and the gas gap was 10mm. The pulse is also identified
as an a-particle recoil due to its low S2/S1 ratio. The 5.49MeV a-particle has
a very short range in liquid xenon. Therefore we can assume that the event
originates from the source position. Assuming linear motion of the electrons
between the source and the surface, we can approximate the drift velocities
in the liquid and the gas at, V4=2.75mmusec™! and Vy,=5.00mmpsec™. The
value for the liquid drift velocity complements the earlier theoretical discussion
that suggested saturation of electron drift velocity at high fields to a value of
2.8mmyusec™!. The final observation to take from this data is the large size of
the secondary signal. An a-particle interaction in xenon is expected to have
a high dE/dx. That we observe a large electroluminescence pulse from the
densely ionising a-particle, suggests that the observation of ionisation from

nuclear recoils is possible with this detector.

Data has also been acquired to compare the ratio of primary to secondary
signals arising from gamma-rays and a-particles. During experimentation it
has become apparent that the gamma-ray secondary pulse is very large in
comparison to that of the a-particle, as would be expected. This means that
sampling of both sets of pulses simultaneously is difficult due to the limitations
of the dynamic range of the 8-bit LeCroy scope. To avoid saturation due to
the secondary pulse, the potential across the field rings was set to 7kV. In Fig
5.6 the ratio S2/S1 is histogrammed for a set of events where the trigger is
set on the amplitude of the secondary pulse. In this data, a %°Co gamma-ray
source (1.17MeV and 1.33MeV gamma-ray energies) was placed close to the
detector wall, level with the active volume. This provides a gamma-ray flux
incident over the entire liquid xenon active volume. It is worth noting that the
gamma-rays are likely to interact before reaching the active volume, as there
is significant material between the source and the active volume. However

the energy of the interaction is not crucial in this measurement, as, by taking
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the ratio of S2/S1, we essentially remove the energy dependence. Gamma-ray
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Fig. 5.6: Histogram of the S2/S1 ratio for events in the two phase prototype de-
tector. The low ratio distribution (red) is attributed to a-particles (5.49MeV),
the blue distribution to gamma rays (external %°Co source) [99].

and a-particle signals are identified by 74. As the a-particles interact within
<1lmm distance from the source, the drift time of these events is constant.
By cutting on the 74 times of signals it is therefore possible to discriminate
with ~ 100% efficiency between a-particles and gamma-ray events. Fig 5.6
shows the distribution of S2/S1 for this experimental configuration. The two
interaction types are indicated by the colouring in the histogram. The a-
particle distribution is well defined at S2/S1 ~ 5. The gamma-ray distribution
has a much broader signature with a mean value of ~ 50. Based on this data
alone we can observe that, if we set a discrimination level at S2/S1=16 (well

removed from the a-particle distribution), the discrimination factor is ~90%.

There are subtleties involved in this measurement, which we shall not address
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here (see next section). However, this data does prove the discrimination

expected from a two phase system.

Charge Measurements and Electron Lifetime

The prototype can be run as a drift chamber. In this case the active volume
is filled completely with liquid and a charge signal is read from the mirror.
The signal from the mirror is passed into an Amptek A250 charge sensitive
amplifier. The data aquisition was triggered by the primary scintillation pulse.
The charge resulting from both 2! Am a-particles and cosmic rays was mea-
sured. The trigger level was increased in the latter case to avoid source events
contamination. Longer drift times were measured by triggering on cosmic ray
events in the detector with a reduced field applied across the electrodes. This
could not be done with a-particles as at low fields insufficient ionisation is
removed from the interaction due to recombination. High noise levels in the
system meant readings had to be averaged. Typical plots from the charge mea-
surements can be seen in Fig 5.7. The drift time measurements indicate that
the electron lifetime in liquid xenon is > 20usec. Indeed further measurements

increased this estimate to > 60usec.

5.4.4 Conclusions from Prototype Experiments

From the experimentation conducted so far, both the discrimination technique
and the electron lifetime have been measured. The two phase experimentation
demonstrates the power of discrimination between o-particles and gamma-
rays. The calculated value of the discrimination factor earlier was based purely
on the observed distributions. Difficulties from the fact that the 2! Am source
is placed in a lead boat of diameter 1.2mm (see Fig 5.8), and that the gamma-
ray interactions will preferably occur at the edge of the detector, were ignored.
The lead boat essentially shadows the primary scintillation light produced by
the a-particle interactions. Comparison of the a-particle primary scintillation

energy spectrum with that of the 60keV gamma-ray distribution indicates that
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Fig. 5.7: Averaged charge output from a-particles with a 2kV applied field
(top) and cosmic rays with a 200V applied field (bottom)[99].

this shadowing reduces the primary scintillation output by about a factor of 10.
The preference of gamma-rays to interact at the edge of the detector reduces
the S2/S1 ratio to that which would have been measured should the event have
occured at the centre of the detector geometry. This is due to the reduction
in the field strength in the gas phase at the periphery of the active volume,
which decreases the electroluminescent signal from the gas in accordance with
Equ 5.9. Both of these considerations will improve the previously calculated
discrimination level. To fully understand the results of the prototype detector
a Monte Carlo simulation is being undertaken by members of the Imperial

College Dark Matter Group.

The fact that the electroluminescence signal, for a known energy deposition

from a known particle, is dependent on the radial position of that event in the
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Lead Boat

Grid Wire

Am241 Source

Fig. 5.8: Sketch of Am-241 source and lead boat in the two phase prototype
detector.

active volume, is problematic in the prototype chamber. In the next section we
address the design of the ZEPLIN III detector and a solution to this problem
is suggested. Monte Carlo modelling in Chapters 6 & 7 examine this solution

more closely.

5.5 The ZEPLIN III Dark Matter Detector

The design of ZEPLIN III is based upon the same physics principles that have
been proven by the prototype detector. The main considerations during the

design process were:

a) maximisation of light collection

b) maximisation of active target mass

¢) maximisation of charge extraction

d) minimisation of radioactive contamination

e) minimisation of electronegative contamination
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f) minimisation of cost.

The finalised design drawing is shown in Fig 5.9.
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Fig. 5.9: Design drawing of ZEPLIN III detector.

5.5.1 Target Maximisation and Contamination Minimi-

sation
The target volume - indicated as ‘Liquid Xenon’ in Fig 5.9 - has a ‘slab’

geometry viewed by 19 photomultipliers. The mirror surface at the top of the

detector will be a thin film (~ a few pm) deposit of aluminium on a copper
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substrate. The slab approach ensures a high light collection and that the
charge drift distance is minimised. In total the detector will contain 30kg of
liquid xenon, of which 15.2kg resides within the electrode structure. This is
therefore the maximum target mass. Whilst we only have 50% useful xenon
target the other half is used passively to provide insulation for the high voltage
feedthroughs, shield the active volume from background radiation and provide
conductive heating between the active xenon and the cool copper walls. The
high voltage feedthroughs are rated to 40kV. ZEPLIN III is intended to run
with 35 kV across the field rings - this corresponds to about 8kVem™! and

16kVem™! in the liquid and gas active regions respectively.

All large metal parts surrounding the active volume are high purity oxygen
free copper. Radioactive impurities in the copper are at levels of < 1ppb
238U & #2Th and < 1ppm “°K. The photomultiplier radioactivity is discussed
further in Chapter 6. The purification procedure used for ZEPLIN III will be
based upon our experience of the prototype detector. The new system will be
designed to enable manipulation of larger gas volumes. The detector will be
assembled in a clean area held at positive pressure with inflowing air passed

through Class 100 filtration units.

5.5.2 Brief Overview of ZEPLIN III Design

ZEPLIN III is currently under construction at Imperial College. In this overview

the main design concepts of the detector will be discussed.

The cooling system in ZEPLIN III is complex. Liquid nitrogen will be held in
the vessel indicated in the sketch Fig 5.10. The mass of material to be cooled is
large. Therefore the cooling power delivered to this mass must be maximised.
To accomplish this a procedure based on flowing liquid nitrogen through the
flange supporting the photomultipliers (F1 from hereon) has been proposed and
the system designed accordingly. Within the circumference of F1 a burrow will

be bored. This burrow will be connected to the liquid nitrogen vessel via two
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Fig. 5.10: Sketch of Zeplin IIT Design

pipes, one of which will connect beneath the liquid level of the nitrogen (P1
from hereon), the other will connect above into the gaseous nitrogen (P2 from
hereon). Within P1 there will be a copper finger that extends from F1 down
the length of P1. With the setup as described, cooling can be controlled in the
following fashions. First, the level of the liquid nitrogen in the containment
vessel dictates the extent of submersion of the finger in P1 and hence the
cooling reaching the target vessel. Second, for rapid cooling, a positive pressure
can be applied within the containment vessel which will subsequently force a
rivulet of nitrogen through the burrow in F1. The latter of these two methods
is vital to ensure cooling of the detector from room temperatures is achieved
within the shortest possible time. The former method will be employed during
stable operation of the detector. This technique will require experiment to

clarify the procedures and parameterisation.

The other novel detail in the design of ZEPLIN III is the dynode resistor chain.

With 19 photomultipliers immersed within the xenon the problem arises as
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to how to connect them. Each tube requires 14 connections, 12 to define the
potential of the dynodes the anode and the cathode. Therefore to connect each
through F1 would require 266 feedthroughs. This was deemed unacceptable,
due to cost and the machining that would be necessary to accomplish the
connections. To remove this problem 12 discs were designed that would provide
the dynode potentials to each photomultiplier. The interconnectivity of these

plates is better understood by the example sketch in Fig 5.11. The use of 12

PMT1 PMT2 PMT3

S

Pl w - L

Fig. 5.11: Sketch of the disc arrangement for 3 example photomultipliers. Five
connections are shown to five discs at potentials Py,P;,P3,P4,Ps

discs in this arrangement reduces the number of connections through F1 from
266 to 50 (38 connections are still required for the cathode and anode of each

tube).

When constructed ZEPLIN III will be transported to the Boulby Mine, where
it will be integrated with a Compton veto device. The veto device is similar to
that depicted in Fig 4.20, only placed above the detector rather than below it,
since the photomultiplier tubes in ZEPLIN III are below the sensitive volume.
The veto is used to give anti-coincidence signals which arise from gamma-rays
scattering through small angles in the active detector volume, and then being
detected in the veto scintillator. In Chapter 6 the efficiency of the veto in re-
ducing the background count is investigated. There are sevéral technical areas

which are still under investigation. The first is the ability to level the detector
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so that the liquid level is parallel to the mirror to within < lmm accuracy.
The second is the form which the data acquisition system will take. With 19
photomultiplier tube signals digitising at 1ns intervals for a pulse length of

30usec the total size of a single event is going to be about 0.5 megabytes.

5.6 Summary

In this chapter the two phase liquid xenon technology has been introduced and
discussed. Results from a two phase prototype system have been presented,
and discrimination between a-particles and gamma-rays has been measured.
The results are consistent with 90% discrimination with the prototype cell de-
sign. Light collection effects in this test cell reduce the discrimination abilities
of the test cell. The expected correction of a factor of 10 to the primary scin-
tillation output from a-particles would increase the discrimination to ~ 100%.

Finally the design of the ZEPLIN III detector was introduced and examined.

The next chapter of this thesis reports Monte Carlo simulations of the ZEPLIN
IIT detector.
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Monte Carlo Simulations of

ZEPLIN 111

6.1 Introduction

In this chapter we will focus on work into the evaluation of the performance
of the ZEPLIN III detector. The general approach has been the compilation
of a suite of computer codes, written in Fortran-77, to simulate the response
of the detector and verify the two phase approach to dark matter detection.
The work can be summarised under the following headings, each of which we

will address in detail presenting results from the simulations:

e Light Collection
e Electron Drift

e Electroluminescence and Event Reconstruction

The motivations for these simulations are threefold: energy threshold, back-
ground and discrimination. These three concerns are ultimately the main
measures of the efficacy of a dark matter detector. The aim is to reduce en-
ergy threshold to increase resolution of low energy events which, as mentioned

previously, are expected from nuclear recoils (hence WIMPs).
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6.2 Light Collection in ZEPLIN III

In the light collection modules of the simulations, we consider only parts of
the detector geometry which are associated with the direct reflection of light.
The following light collection simulations use GUIDEIT-V2.0 [100]. This is
a widely used Monte Carlo package designed for modelling scintillator and

lightguide systems. The code is used primarily as an engine over which the

specifics of the ZEPLIN III problem are built.

6.2.1 Geometry and Materials Definition

In the light tracing simulations, we specifically targeted the ZEPLIN III in-
ternal structure which has a significant effect on the reflection of photons pro-
duced by interactions in the sensitive volume of the xenon mass. This gives
an advantage of simplicity in the coding. After adopting this approach the

geometry in Fig 6.1 was utilised.

388
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Fig. 6.1: Schematic of the light system in the ZEPLIN III internal geome-
try. Included are the electrodes, mirror and PMT housing. All numbers are
measurements in millimetres.

The shapes are modelled in three dimensions. Thus the electrodes are mod-
elled as cylindrical surfaces, the mirror as a circular surface and the LXe/GXe
interface as a circular surface. The PMT housing is actually a circular surface
within which are embedded black circular surfaces that represent the position-

ing of the photomultipliers. For a description of how to create geometries in
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GUIDEIT the reader is referred to [100] on the understanding that GUIDEIT
has evolved since 1993. Finally it should be noted that for all the simulation
work the centre of the detector (defined as the centre of the central tube, see
Fig 6.2) is placed at (10,10,10) in the (x,y,z) Cartesian coordinate system of the
Monte Carlo. This is merely a facet of the programming and has no physical

significance. We now look at the specifics of each component.

The Electrodes

In the actual detector the electrodes will be made of copper upon which will be
deposited a thin layer ~1pm of an aluminium reflective coating. This coating
is reputed to have a reflectivity at 175nm of between 80-90%. The lower
electrode ring is centred on the same point as the centre of our coordinate
system. The upper electrode is a combination of two connected cylindrical

surfaces as indicated in the table below.

Component Centre (x,y,2)/m | Radius/m | Height/m | Surface Finish | Reflectivity
Lower Electrode (10,10,10) 0.194 0.025 Specular 0.9
Upper Electrode(Part I) (10,10,10.029) 0.194 0.013 Specular 0.9
Upper Electrode(Part II) (10,10,10.042) 0.194 0.005 Specular 0.9

Table 6.1: Table detailing the positions of the electrodes in the light simulation.

The definitions of the surface finish and reflectivity coefficients which are
quoted in the table are the ones used throughout the main parts of the simula-
tion work. The effects of altering these parameters on the detector performance

were investigated and will be reported later.

The Mirror and PMT Housing

Essential in the light collection of both the expected primary and secondary
signals is the presence of the polished mirror and PMT housing. These are
both constructed in a similar way to the electrodes in that they are made of
copper with a thin reflective aluminium coating. Their geometric positioning

is given in Table 6.2.

The Photomultiplier Array
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Component Centre (x,y,z)/m | Radius/m | Surface Finish | Reflectivity
Mirror (10,10,10.047) 0.194 Specular 0.9
PMT Housing (10,10,9.996) 0.184 Specular 0.9

Table 6.2: Table detailing the positions of the mirror and PMT housing in the
light simulation.

The tubes are arranged in a hexagonal close-packed pattern, as indicated in
Figure 6.2, to give the maximum active area to dead space ratio. In the code
these circular surfaces are referred to as ‘gates’. When a photon hits a gate
it is booked. In the following analysis of the GUIDEIT output the photon
counts are adjusted to account for the quantum efficiency of the tube which is
assumed to be 20% - the expected value for the EMI 9829QA tubes at 175nm.
The quartz face of the tube is also taken into account. In the simulations
we place a 2mm quartz sheet above the plane of the PMT’s, to reproduce the
Fresnel refraction and reflection expected from the PMT tube faces. The PMTs
are also numbered for identification purposes. The geometric information of

the photomultiplier ensemble is given in Table 6.3.

Component Centre (x,y,z)/m Radius/m

PMT 1 (10,10,10) 0.0235
PMT 2 {10.053,10,10) 0.0235
PMT 3 (10.0265,9.9541,10) | 0.0235
PMT 4 (9.9735,9.9541,10) 0.0235
PMT 5 {9.947,10,10) 0.0235

PMT 6 | (9.9735,10,0459,10) | 0.0235
PMT 7| (10.0265,10.0549,10) | 0.0235
PMT 8 (10.106,10,10) 0.0235
PMT 9 | (10.0795,9.0541,10) | 0.0235
PMT 10 | (10.053,9.9082,10) 0.0235

PMT 11 (10,9.9082,10) 0.0235
PMT 12 (9.947,9.9082,10) 0.0235
PMT 13 (9.9205,9.9541,10) 0.0235
PMT 14 (9.894,10,10) 0.0235

PMT 15 (9.9205,10.0459,10) 0.0235
PMT 16 (9.947,10.0918,10) 0.0235
PMT 17 (10,10.0918,10) 0.0235
PMT 18 (10.053,10.0918,10) 0.0235
PMT 19 (10.0795,10.0459,10) 0.0235

Table 6.3: Table detailing the positions of the PMT’s in the light simulation.

Xenon and Quartz Optical Properties

The optical properties of the electrodes and mirror have been defined. For
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Fig. 6.2: The PMT array in ZEPLIN III. Each tube has an active photocathode
diameter of 47mm.

xenon and quartz the important optical properties for the simulations are
the refractive indices of each and the attenuation length for 175nm in each
material. For quartz we took the usual value of 1.49 for the refractive index

[124]. For liquid xenon we used nj.=1.59 [101]. The refractive index depends
on the density of the liquid and therefore the temperature. The value we use
is consistent with a liquid temperature of 170K. For the gaseous xenon we

assume a refractive index of 1.

6.2.2 Physics Processes In Light Collection Simulation

The GUIDEIT Monte Carlo code includes the following physics processes:

e Fresnel reflection and refraction at refractive index boundaries

e specular and diffuse reflection at defined reflective surfaces

e light attenuation over a given path length.
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Fresnel Reflection and Refraction

Light incident on a boundary defined by a change in refractive index will be
refracted and reflected according to probabilities derived from the Fresnel equa-
tions. The computation of these probabilities is carried out in the GUIDEIT
code. The processes of relection and refraction are most important at the
interface between the liquid and gaseous xenon. Here we have a significant
difference in the refractive indices between two nonconducting media. The
effect, as we shall see later, is for light sourced from the gas to be lensed onto
the PMT array. Conversely, light from the liquid incident on this interface is

refracted towards the edges of the detector, or internally reflected.

Specular and Diffuse Reflection

In our code all metallic surfaces are defined as specular surfaces i.e. they reflect
light according to Snell’s Law where the angle of incidence and the angle
of reflection, are equal. Diffuse reflection is not expected from surfaces in
the defined ZEPLIN III geometry, assuming all metallic surfaces are prepared
such that variations in the surface are restricted to scale lengths less than the
wavelength of the incident light. However, simulations were run to see the
effect of diffuse reflections. In this case incident light is reflected according
to Lambert’s cosine law of reflection, that is to say that the probability of an

incident photon being reflected into an angle 8 varies as cos 6.

Light Attenuation

The code also accounts for attenuation of photons over a given path length.
We define the liquid xenon volume as the main source of light attenuation.
The attenuation length of 175nm light in xenon has been measured by several
groups, results indicate 0.3m< L,y <lm, Refs [102, 103, 104, 105, 106]. In
our simulations we assumed a worse case scenario of L,;=30cm. Photon at-
tenuation is then characterised by an exponential probability density function

given by:

P(attenuation) = e Tai (6.1)
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where X is the path length of the photon. This distribution is then integrated

and sampled.

6.2.3 Procedure for Light Collection Simulation

To assess the light collection efficiency of the geometry two types of simulation
were run. The first was a program that produced events in the liquid xenon
volume at random positions (x,y,z), within the boundaries dictated by the ge-
ometry. The aim here was to understand the efficiency with which the detector
would detect the primary scintillation from an event in the liquid volume. A
similar simulation was conducted in the gas to assess the effciency of collection
for electroluminescent light. Secondly a scan of the (x,y) plane was performed
at various heights in the detector, which enabled qualitative analysis of the
dependence in the collection effciency on height and (x,y) positions, enabling
us to characterise the uniformity of response. Simulations were performed in

both the liquid xenon volume and the gaseous xenon gap.

In these simulations the number of initial photons emitted from each pseudo-
interaction site was chosen to be suitably large - 10000 photons from each
position - such that statistical fluctuations in the resulting efficiency calcula-
tions would be negligible. The photons were emitted isotropically from the

source position over 4.

6.2.4 Results of Light Collection Simulations

Results from simulations of random event positions throughout the liquid
xenon volume indicate an overall light collection efficiency of 33% + 5%. Fig
6.3 shows the positions of events for which light tracing was performed. The
histogram in Fig 6.4 shows the distribution of light collection as a percentage.
Notice the double peaked profile of this distribution. This is an effect induced
by the geometry of the system. There are two distinct classes of events. Firstly

the events for which direct light is the large proportion of the detected light
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Fig. 6.3: Plots showing a sample of 10000 events created in the liquid xenon
volume of the ZEPLIN III geometry, in the three planes YZ,XY ,XZ.

and secondly events for which there is little or no direct light detected from the
source to the photomultipliers. The blue curve in this distribution shows the
percentage light collection for events within a defined radius of the detector,

in this case 115mm from the central axis of the detector.

In Fig 6.5 the positions of the sources for events with a light collection effi-
ciency greater than 35% in the first instance and less than 35% in the second
are plotted. Our point here is exemplified by these plots. Events with collection
efficiency less than 35% fall outside the radius at which the photomultipliers
are positioned. Conversely for events for which the efficiency of collection is
greater than 35%, they fall entirely within this radius. One can also see in
these plots the actual shape of the PMT array being outlined by these events,
and notice low efficiency areas in the dead areas between the tubes. A simple

conclusion can be drawn from these simulations. If in some way we can gain
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Fig. 6.4: Histogram of light collection efficiency for events in positions as in
Fig 6.3. The blue curve only includes events from within a radius of 115mm
from the central axis of the detector.

positional information, then active selection of events from high light collec-
tion efficiency areas will decrease the energy threshold of the detector. Pulse

height correction could also be used to improve resolution.

In addition the uniformity of response in the z-direction was assessed. This
was achieved by setting up scans at a variety of heights in the detector. Here
we present results from scans at five levels in the detector. The results are

shown in Fig 6.6.

Each bar in each plot represents the percentage of photons arriving on the
defined photomultiplier gates from an event started from that XY position.
The number of initial photons used was 10000, so statistical errors are negligi-
ble. Table 6.4 below gives the average light collection efficiency for each level

and a width on the distribution over that plane. We note that for successive
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Fig. 6.5: Source positions in the XY plane for which the light collection is
greater than 35% (upper plot), and less than 35% (lower plot). It is possible
in these plots to note the PMT array distribution itself, and in particular areas
of low efficiency between the tubes.
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Light Collection Efficiency

Position In X/m

Fig. 6.6: Results from light collection efficiency scans. The levels are at 8.4
(A), 16.8 (B), 25.2 (C), 33.6 (D) and 41.9 (E) mm.
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Level Identifier | Height Above PMT Array/mm | Average Collection Efficiency | Width
A 8.4 33% 7%
B 16.8 33% 6% |
C 25.2 33% 6% |
D 33.6 34% 5%
E 41.9 34% 5%

Table 6.4: Table of average light collection efficiencies for 5 levels in the liquid
volume

planes the light collection efficiency distributions are consistent with uniform
response. The scan results agree well (as one might expect) with the previous
randomly distributed events. In plot A, the modulation in the efficiency is
seen. This is due to the events occurring directly over a photomultiplier. This
‘image’ of the PMT array is washed out with successive steps in z. This effect
is due to detected light from the sources becoming increasingly dominated by
reflected light, and direct photons spreading more evenly over the photomul-
tiplier array. Although there is concordance in the light collection between
successive levels in the liquid volume, for each individual level, evidence for
variation in the light collection is clearly apparent. The fall-off at the edges of
the geometry is more pronounced than that for the central part of the detector

volume.

6.2.5 Results of Light Collection Simulations in the Xenon

Gas Gap

In the gas phase a similar five level scan was performed to assess the light
collection efficiency in this region of the detector. In the proposed detector,
signal triggers will be taken from the secondary pulse, which originates from the
gas phase. Thus the efficiency to detect light here is of paramount importance
to the threshold of ZEPLIN III. The signals from the gas phase are expected to
be large, compared to those from the liquid, due to the high voltages applied
across this gap and the photon multiplication that takes place after an electron

extraction from the liquid phase. Previously we mentioned the importance of
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Fig. 6.7: Light collection distribution for sources started 1mm above the liquid
level in ZEPLIN III.

the liquid/gas interface in the light collection efficiency of our detector. Before
expanding on this we present a similar plot to those shown in Fig 6.6 for a

scan in the gas phase.

This scan was performed 1mm above the liquid level of ZEPLIN III. The
reflectivities of the surfaces were 90% as in the previous simulations of the
liquid phase. We find both a similarity and a difference between the light
collection in the gas and in the liquid. Firstly we note that the peak light
collection in the gas is similar to that in the liquid. The striking difference
however is the rapid fall off of collection as we move farther to the edges of
the detector. The histogram of the percentage light collection for all events
simulated in the gas shows this effect more powerfully. In Fig 6.8 we have
again combined a histogram of events occuring at different radii within the
detector. The red histogram indicates the inner events (0mm < r < 60mm),
the blue edge events(132mm < r < 194mm) while the black indicates the
others, where r is the radial position of the event in the (x,y) plane. The inner
events (red histogram) are again the better detected as they were in the liquid
volume. On close inspection we see that the distribution of these events has

tightened at the higher end of sensitivity and also that the centroid of the peak
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Fig. 6.8: Histogram of light collection percentage for events set off Imm above
the liquid level in the gas.

has moved noticeably to higher light collection efficiencies. Overall, however,
the total distribution shows a much greater dispersion of collection efficiencies
and in particular we note the increase of low efficiency events between 0 - 10%
(blue histogram). To explain the characteristics of the gas phase curves we
must return to the importance of the liquid/gas interface. We noted before
the lensing effect that this interface will have on incident photons. In the
central regions of the detector this effect increases the amount of light onto the
PMT array in comparison to an event in the liquid volume. However, at this
interface, we also expect partial reflection of incident photons so that whilst
some of the most central events have an increased light collection compared to
that expected in the liquid, this effect is dominated at larger radii by reflection

from the surface.
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6.2.6 Black Surfaces and Lambertian Reflection

Simulations were performed to investigate the worst case scenario, where all
the surfaces are non reflective. In this instance the average light collection
from events in the liquid was 12.4 + 10.5%, and for events in the gas the figure
was 9.3 + 8.2%. Fig 6.9 shows a plot of the average light collection efficiency

for events in the gas as a function of radius.
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Fig. 6.9: Light collection efficiency in the gas region as a function of radius in
the detector; all surfaces non reflective.

A further set of simulations were performed to measure the effect of replacing
the specular reflective surfaces with Lambertian reflectors. For this scenario
the light collection efficiency was 33 4+ 6% (1) in the liquid. Therefore spec-
ular and diffuse reflectors of equal reflectivity give close to equal average light

collections.
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6.2.7 Summary of Light Collection Simulations

In conclusion, the geometry of ZEPLIN III and its light properties have been
thoroughly investigated in the configuration and with the characteristics ex-
pected of the light system. The liquid volume has been shown to have an
average efficiency of collection of 33 & 5 % with spatial variations accounted
for by the geometric properties of the detector. Light emitted from the gas
gap has also been simulated and shown to have a decreased average efficiency
of collection of 22 + 16% with a differing spatial dependence to that in the
liquid. This is due to the effects of the liquid/gas interface that acts both as a
lens to enhance collection at the inner regions of the detector volume, and as
a reflective surface to decrease the efficiency of collection towards the edges of
the detector. The simulations demonstrate that with sufficient position recon-
struction and the ability to define a fiducial volume based on this information,
light collection can be maximised if events are solely taken from the centre of

the detector volume.

6.3 Electron Drift in ZEPLIN III

We are now aware of the light system characteristics of ZEPLIN III. The next
important feature of our detection mechanism in this two phase method is the
detection of electrons. When a particle interaction occurs in xenon there are
two channels for detection. The primary scintillation light from excited xenon
atoms or dimers, and ionisation. The power of this technique as we have seen
is derived from our ability to ‘see’ small amounts, down to single electrons,
of ionisation. To do this a large potential is applied across the electrodes
(Fig 6.1) to force electron drift towards the mirror and out into the gas phase
where electroluminescence occurs which can be detectgd by the phototubes.
The morphology of the field is extremely important, so it should be ensured
that the field uniformity is maximised and electron drift paths are well defined

and understood. The purity and cleanliness of the xenon is also paramount.
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Electronegative impurities and ‘dust’ in the liquid xenon will capture drifting
electrons and reduce the electroluminescence output. The simulations that
follow examine the electric field distribution using a finite element analysis tool.
Electron paths are constructed according to the calculated field distribution.
Characteristics of electron drift and extraction from the liquid/gas interface

are also addressed.

6.3.1 Electric Field Simulation

Electric field simulations of ZEPLIN III exploit the cylindrical symmetry of
the electrode structure. With such symmetry a model in two dimensions is
adequate to describe the field distribution, and in later use this can be ex-
tended to three dimensions by simple rotation. The model was created using
Quickfield”™, an interactive environment for electromagnetic, thermal and
stress analysis. The software allows one to define a geometry with certain
electrical properties: €, the relative electrical permittivity and U the poten-
tial to which a part is raised. A mesh of points is constructed (maximum of
~200,000 nodes), the problem analysed, and an output file containing the field
strengths at these nodes is produced. In this simulation a mesh with 45263
nodes was sufficient to give a density rendering ~1mm resolution within the
drift region of the ZEPLIN III geometry. The mesh was concentrated in prox-
imity to the electrodes to increase resolution as this part of the geometry is
of paramount interest electrostatically. Electrons created in this region will
follow curved tracks, resulting in different drift times to those expected in the
uniform field region of the detector. Electrons created very close to the elec-
trodes will drift to the surface of the electrode before reaching the gas phase

and electroluminescence is suppressed.

Fig 6.10 shows the mesh used in the electrostatic calculations.

Results from Electric Field Simulation

The results from the software can be given in two ways. For inclusion in the
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Fig. 6.10: The mesh used in the electrostatic calculations. Resolution limits
the detail at the centre where the mesh densities are maximised.

main body of our simulations, we take a raw text file that describes the field
completely in two dimensions. There are also features that enable graphical
representation of the field, and for completeness one of these is shown in Fig
6.11. The distribution of the field strength throughout the ZEPLIN III geom-
etry is shown. The potential difference between the two electrodes in this case
is 15kV, the lower electrode (A) at -15kV and the mirror (B) held at ground.
There are two grids (modelled as circular planes) at C and D. The grid at C
is at the same potential as the lower electrode (A). The grid at D is held at
-1500V the expected photocathode potential of the photomultiplier tube. The
presence of the grids C and D results in the ‘reverse field region’ (RFR), by
which we mean that the direction of the field is reversed relative to that in the
uniform field region of the target volume. One of the actions of this RFR is to
prevent ionisation from energy depositions in the liquid volume directly above
the PMTs being drifted to the gas region. Therefore effectively we have a 7mm
dead space above the tubes which acts as a shield to radioactive background

from the tubes. In the gamma background simulations in Chapter 7 the effect
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of this shield is investigated.

Fig. 6.11: Field strength plot for ZEPLIN III geometry. The four labelled
parts are: A - the lower electrode at -15kV, B - the mirror/upper electrode at
0V, C - the position of the lower electrode grid at -15kV and D - the position of

the PMT shield grid at -1500V. The orange region is the reverse field between
the two grids C and D.

From Fig 6.11 the impression is that the field is extremely uniform within the
detector volume up to the areas near the electrodes. To aid visualisation of
this Fig 6.12 is a plot of the equipotentials of the field. In this figure it is
clear to see that the equipotentials are near flat for most of the region within

the electrode structure.

Fig 6.13 is a blow up of the region one centimetre near to the electrode.

Clearly visible in this magnified image is the curve of the field lines along

which electrons will drift if produced in this region.

Quantitatively it will be useful to pick some average values of the field in
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Fig. 6.12: Equipotential plot for ZEPLIN III geometry. The inner blue struc-
tures are the electrodes, mirror and grids. The outer blue boxes are the bound-
aries set on the problem.

certain regions.

Region Average E-Field Strength/kVem™!
Uniform Field Region In Liquid 4.17
Uniform Field Region In Gas 8.34
Reverse Field Region (RFR) 33.36

The electric field simulation provides a fine resolution map of the electrostatic
properties of the ZEPLIN III geometry. In the full Monte Carlo simulation,
the field map is used to calculate the trajectories of electrons and the field

dependence of the light output of events in the gas and liquid phases.
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Fig. 6.13: Magnified graphical representation of electric field strength near the
electrodes. The colours follow the weighting as defined in Fig 6.11.

6.3.2 Electron Drift Simulation

One of the underlying principles of ZEPLIN III is the drift of electrons through
liquid xenon. In the Monte Carlo simulations we make some assumptions about
the physics: we assume that any electrons produced in an ionisation event are
stopped within a distance which is negligible compared to that required by
the accuracy of the modelling. Ultimately we aspire to millimetre level posi-
tioning of events in the detector. Therefore any physics processes which affect
the detector’s ability to do this at an insignificant level can be ignored. Let
us take an example to highlight the assumption. A Compton scatter in the
liquid xenon deposits an energy of the order of 100keV. The Compton electron
released can undergo three important interactions: ionisation and excitation
of nearby atoms through collisions with orbital electrons, and bremsstrahlung
(radiative losses through Coulombic interactions with the nucleus). Our as-
sumption will only hold if the combined effect of these three mechanisms is
sufficient to stop an electron within 1mm. The stopping power of the first two
processes is calculated from the theory by Hans Bethe [107]. Additionally
the bremsstrahlung contribution is found from a combination of theoretical
calculations and accurate numerical results, taken from [109]. The National

Institute of Standards and Technology (NIST) provides a facility that performs
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these calculations online and the reader is referred to [110]. Presented here is

a graph produced by the NIST software, Fig 6.14.
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Fig. 6.14: Graph of the projected stopping power of xenon for electrons of
energy, E.

We can see for our example electrons of energy 100keV that the range is of

the order 10~2gem™2.

By taking a value of 3.05 gcm™3 for the density of
liquid xenon and evaluating (range/p) we infer the expected distance travelled
by an electron of this energy to be ~30um. This is negligible compared to
the constraints we defined earlier. This thermalisation path that the electron
follows will of course increase at higher energies. However interactions at
these energies are of little interest to a dark matter detector and will be easily

recognised from the large signal.

Secondly we assume that the dispersion of the electron cloud produced from
ionisation at the event site as it travels through the liquid xenon is also neg-
ligible. Dispersion of thermalised electrons as they are drifted through liquid

xenon can be approximated by combination of the two equations:

p= (6.2)

SIS

T
D= ukbz (6.3)
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where 4 is electron mobility (m?/V.s), vy is drift velocity (m/s), E is field
strength (V/m), D is the dispersion coefficient, k7" the thermal energy of the
liquid xenon and e the electronic charge [111]. Taking the following values:
i ~0.22 m?/V.s (at T=164K) and tg, . ~ 20 ps, the dispersion coefficient
is D~3000mm?/sec [111]. Therefore, the associated amount of dispersion
expected for a maximum drift length in ZEPLIN III is 0.06cm?. Assuming
that this dispersion is circular over a plane the radius of dispersion is 0.1cm.

Again our initial assumption is vindicated.

The problem of electron drift in the liquid xenon is now reduced to following
a ‘test charge’ from an event site to the liquid/gas interface. The velocity of
the electron is modelled using the equations given in Eqn 6.4. Using these
equations allows the Monte Carlo code to model the position, speed and drift

time of the electrons.

To complete this section we look at some modelled electron trajectories. The

plots in Fig 6.15 show electron paths through the modelled potential. In these
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Fig. 6.15: A plot of Monte Carlo results for electrons produced in the modelled
electric field for ZEPLIN III (See Fig 6.11). On the left trajectories for the
entire xenon volume and on the right a zoom plot of trajectories close to the
detector edges.

plots electrons are ‘born’ just above the lower electrode grid at rest. The paths

are then followed according to the electrostatic motion equation, Equ 6.4. The
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paths follow the field precisely as expected. The right hand plot shows a zoom
of the region close to the electrodes. Following the tracks it is clear to see that
at a radius of 0.182m the tracks are no longer reaching the defined gas/liquid
level which resides at a height of 10.042m. Therefore, electrons produced from
an interaction outside this radius will not produce electroluminescence. This
will be referred to as the Electrode Dead Area (EDA). As mentioned, tracks
are curved near the EDA. Therefore an event here will produce a longer drift
time compared to a similar event in the uniform field region. The only way to
address the problems associated with the EDA is to distinguish events in this
region from events in the uniform region of the detector. This is the driving
force behind the position reconstruction work. If it is possible to resolve the
(x,y) coordinates for any event, then this process can be used to discard non-

linear effects in the EDA.

6.3.3 Drift Velocity Simulation

To model the time separation of primary and secondary light detection and the
duration of the secondary pulse, we include data on the electron drift velocities
in liquid xenon. This has been measured separately by other groups [112].

The plot in Fig 6.16 is approximated in the code by the following formulae:

0.0274E : 0< E <30
v(E) = [ 3081 } +16393 : 30<E<170 (6.4)
+ 4.630

1+e

0.008FE +1.4862 : 170 < E < 600

where v(E) is the electron velocity (mmusec™!) at field strength E (Vem™?).
These data are for fields of low strength (max. 0.6 kVem™!). Both linear
regions fit the data with R? values of 0.9757 (low field range) and 0.9906 (high
field range). At higher fields the modelling assumes a linear extrapolation with

saturation at 3mmysec™! as indicated from the measurements in [112].
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Fig. 6.16: Electron drift velocities in liquid xenon as a function of applied
electric field. Calculated curves from fitting equations Equ 6.4 are shown in
blue, red and yellow.

6.3.4 Electron Yields for Gamma Rays in Liquid Xenon

When a gamma ray deposits energy and creates electrons in liquid xenon the
percentage of electrons that can be removed from that interaction and drifted
is dependent on the initial energy deposition. Electrons imparted with more
energy from the inital interaction will be able to overcome potentials that may
have otherwise trapped slower moving electrons. Therefore, to model gamma
rays interacting in our detector we must account for this effect. Again we turn
to previously published information and perform some simple fits to allow
integration into the code. In simulation, we reproduce these distributions with
Equ 6.5.

1 _30.07 040

N-EEtE T ‘ (6.5)

where N, is the fraction of electrons free to drift for a field strength E, after

a gamma interaction of deposition E,. This simple formulation comes from

Monte Carlo Simulations of ZEPLIN I1I



6.3 Electron Drift in ZEPLIN III

156

06~ ¥

Ne

04 -

02 - ]

0 ¥ S (e SN W S ST GO, (N (S| A NS SO S A RN N S TR (R |
5 10 15 20

Electric Field in Liquid Xenon kV/cm

Fig. 6.17: Electron yield for gamma rays of different energies. Blue curves
represent data for incident gamma energies at 15.3, 17.3, 21.4 662 keV [113]
(600keV data) [114] (15.3,17.3,21.4keV data). Black curves represent model
parameterisation for 10keV< E, < 200keV with AE,=10keV between curves.

plotting the available data [113, 114] as 1/N, vs 1/E and realising the straight
line dependence in Fig 6.18. Further comparison when plotting the gradient
of these lines versus 1/E, renders another straight line dependence which in

turn gives us the relationship in Equ 6.5.

6.3.5 Electron Extraction from Liquid Xenon

When electrons have been drifted from their production site to the surface of
the liquid xenon, the simulation incorporates the probability of extraction of
an electron from the liquid xenon. Here we again use experimental determina-
tion of the dependence of electron extraction with field strength at the liquid

surface. We use the data shown in Fig 6.19, taken from [115].

The method of fitting is similar to the equations in Equ 6.4. Again we use
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Fig. 6.18: Straight line fits for data presented in Fig 6.17.

three approximations to the form of Fig 6.19 shown in Equ 6.6.

0.3941E — 0.6935:1.75 < E < 3.9
P(E) =1{ 0.0117E® — 0.2127E? + 1.3021E — 1.696:39 < E < 6.5 (6.6)
1:65< FE

Where P(FE) is the probability of extraction of a single electron from the liquid
xenon at a field strength E (in kVem™!).

Electrons are extracted if a randomly chosen number produced in the code is

less than, or equal, to the probability of extraction.

6.4 Electroluminesence and Event Reconstruc-
tion

In this section we will not consider in detail the physics involved in the pro-

duction of photons from multiplication in the gas phase of ZEPLIN III. Rather
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Fig. 6.19: Extraction probability as a function of electric field strength in liquid
xenon. Data points fitted according to Equ 6.6 [115].

we will take empirical photo-yield values and look at the prospects for event
reconstruction in ZEPLIN III. In this chapter we have examined the capabil-
ities for light and charge collection in the proposed detector. The measure of
the efficiency of our detector to locate events is a reflection of a combination
of these detector functionalities. Event reconstruction will enable us to define
a fiducial volume. This section looks only at the theoretical response of our
detector, in that events for reconstruction are created not from a real input

energy spectrum, but from defined user inputs to aid systematic studies.

6.4.1 Electroluminescence Calculations

The process of drifting an electron in the gas is similar to that used in the
liquid. We use the same coding technique and the same equations of motion
for the electron in an electric field as in Equ 6.4. In the gas we need to

Monte Carlo the production of photons as the electron passes through the gas.
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The step size in the Monte Carlo is chosen such that the number of photons
produced by a single electron is statistically significant, of the order of ten.
The number of photons generated by a single electron is given by Equ 5.9,

which was given as:
Ny, =T0(E — 1.3p)z (6.7)

Ny, is the number of secondary photons, E is the electric field strength (kVem™?),
p is the gas pressure in atmospheres and z is the distance through which the
electron has travelled in the xenon gas. For a step size of 0.5mm, a field
strength of E=10kVem™! and gas pressure p=4 atm, Equ 6.7 yields Npn=21
per electron. This satisfies our constraint on single electron extraction into
the gas. It should be noted that Equ 6.7 is taken from an experiment where
electrons are being drifted through gaseous xenon at room temperature. The
correction for the effect of low temperatures is in the value of the pressure.
We should use the vapour pressure of xenon at 173K. Fig 6.20 shows three
points of data taken from [117, 118). A simple linear extrapolation between
the two low temperature points yields a xenon vapour pressure of ~4 bar and

we adopt this for the simulations.

In the Monte Carlo code the number of photons calculated from Equ 6.7 is
inputted to the light collection software and traced as before. We have already
investigated the performance of the light system for sources in the gas, which
coupled with the above formula, suggest for a single electron the total number
of photons detected should be ~13 (including a 20% quantum efficiency in
the photomultiplier tubes) in the more efficient light collection regions. This

calculation uses Equ 6.8 to evaluate the expected number of photons detected.
d
Naet = Npp, X =X Loy x Qa (6.8)

Where Ng is the total number of photons detected; Ny is the number of
photons produced over a distance z (with field and pressure values the same

as in the previous calculation using Equ 6.7), d is the total drift distance
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Fig. 6.20: Vapour pressure of gaseous xenon as a function of temperature.
Point 1 taken from [117] and the points 2 taken from [118].

(taken as 5Smm), L,y is the light collection efficiency (taken as 30%) and Q) is
the quantum efficiency of the tubes (taken as 20%). This number of detected

photons should be sufficient to enable event reconstruction in the (x,y) plane.

6.4.2 Event Reconstruction

The configuration of the ZEPLIN III dark matter detector is very close to that
of an Anger camera [119]. This method of employing an array of photomulti-
plier tubes as an imaging system has been utilised in medical imaging since the
early 1970’s, where sub-centimetre accuracy has been reported [120]. However

our system differs from the classic gamma camera set-up in that:

e there is no internal collimator usually utilised in'gamma camera imaging

to select the direction of the photons incident on the camera

e a liquid/gas interface is present in the optical system.
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For the two reasons above we cannot necessarily use previously reported algo-
rithms for spatial reconstruction. In our analysis of the spatial resolution of our
detector we will use a template matching technique [121]. In this technique a
Monte Carlo is performed to produce template photomultiplier distributions at
pre-defined heights in the gas. The template runs use large numbers of photons
to reduce the effects of statistical fluctuations. The output from these separate
template files is then compared to any test output file using y2-reduction. An

example of an output PMT template is shown in Fig 6.21. This figure shows

Normalised Response

Fig. 6.21: Simulated normalised photomultiplier response for an event along
the central axis of ZEPLIN IIL.

the response of the tubes in ZEPLIN III to an event situated on the central
axis of the geometry. The histogram bars represent the response of the tube
which is positioned at that point in the (x,y) plane. The response in each
tube is normalised to the total number of photons collected over all the tubes.
In comparison Fig 6.22 shows the response distribution of the tubes for an
off-centre event. Qualitatively one can clearly see the variation in the photon
distributions. In the analysis we set up the template files by simulating the

response of our geometry to events in the gas over a predefined (x,y) matrix
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Fig. 6.22: Simulated normalised photomultiplier response for an off-centre
event in ZEPLIN III.

of points. These files can be large and due to computational restrictions the
matrix is limited to a 4mm mesh. We would expect the position uncertainty of
the detector to increase with fewer photons detected. In order to test the worst
case scenario - which we would expect to be the extraction of a single electron
from the liquid - we run a simulation where this constraint is hardwired into

the code. Essentially this will give us the lower limit on our spatial precision.

The comparison between the template files and event photomultiplier distri-
butions is performed in the following way. Let us denote R, (x,y), the template
response in number of photons detected in tube, n, at a position (x,y) in the
gas. Also let us define r,,(xe,y.) the integrated number of electroluminescence
photons detected in tube, m, for an event that occurred at position (x.,y.) in

the liquid. For the counts in the tubes from the simulated event we set:

f = 17;7,(566, Ye)

net Tl Zes Ye) 8.9

where f; is the fractional response of tube, m. We now sum the total number

of counts in the template distribution and multiply this with the measured
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Mesh spacing in template 4mm
Number of photons per template node | 5000
Specular reflectivities 0.9
Number of events simulated 10000
Field applied over electrodes 35kV
Tube quantum efficiency 20%
Monte Carlo step size in gas 0.5mm

Table 6.5: Table of Monte Carlo inputs.

event fractional distribution, ie:
19
Srm = frm Z Rn(ma y) (610)
n=1

where S, is the measured distribution normalised to the template counts, over

tubes n. The x? between these two distributions is then:

= n=1? (S,, — Rn(z,y))?
— R.(z,y)

(6.11)

This calculation is performed for all the template nodes. The best fit distribu-
tion is then the distribution which has the lowest x? value. The position, (x,y),
of the template node with the lowest x? value is taken as the reconstructed

position.

Results from Single Electron Extraction

Here we present results from a simulation where a number of events are created
in the liquid. In each of these events a single electron is drifted and extracted
according to the previously described procedure and electroluminescence light
traced. After recording the photomultiplier response the x? fitting procedure is
performed. Table 6.5 lists some parameters of the simulation and the output.
From the total of 10000 events simulated in this example, the total number
of events giving rise to detected electroluminescence was 7577. Of the events
that gave no detectable signal 1644 of those were evehts created in the RFR
of the detector, resulting in no charge drift to the surface. A histogram of the

radial positions of the remaining events which created no electroluminescence
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Fig. 6.23: A histogram of the radial positions of simulated single electron
extraction from theliquid which gave no detectable electroluminescence. This
plot excludes events from the RFR.

is shown in Fig 6.23. In Fig 6.23 we see that the effect of poor light collection
at the edges of our detector is to suppress the ability to see single electron
extraction events at these radial positions in the geometry. Turning to the
reconstruction of events with these low extraction levels, Fig 6.24 shows the
results of the y2-reduction on all the 10000 events. In this plot we choose
to display the reconstructed x and y coordinates against the original event

positions. This plot shows that our reconstruction algorithm is working even

Reconstructed Y Position/m
Reconstructed X Position/m

PR - . PR WU WU W —r——\ . - NI W ——
o8 L1 "0 10 w2 L1 " 0 10 w2
Event Position In Y/m Event Position In X/m

Fig. 6.24: Plots showing the reconstructed positions of all events for the x and
y dimensions seperately.

at the single electron level. The correlation between the reconstructed and
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original event position is clearly visible. However the horizontal lines present
in the plots do suggest imperfect reconstruction. Many events originating
randomly throughout our detector are being reconstructed at the same x or
y value. This in itself suggests a lack of information, which we can associate
with a low light collection effect. This hypothesis can be tested by limiting the
reconstruction algorithm to events that result in a higher number of detected
photons. This is analogous to triggering on larger signals in the detector. For
comparison Fig 6.25 shows the same plots after we require the detection of at

least ten photons in the photomultiplier array.
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Fig. 6.25: Plots showing the reconstructed positions of events in x and y, with
a lower limit of 10 photons detected in the photomultiplier tubes.

This second set of scatter plots shows that by increasing our photon detection
threshold we have increased the accuracy of repositioning, for the case where
we limit the model to single electron extraction from the liquid. Note in
the simulation output that by increasing our threshold we have in essence
constrained the radius from which we detect events, an indication of the power
of selection we will have in the real detector. The residual distribution for
different regions of the detector is shown in Fig 6.26. This figure is a plot of the
accuracy of reconstruction for events within an annulus of width 20mm, that
give a secondary signal. The accuracy is defined as the distance between the
reconstructed position and the actual position of the event. Events are included

in the different histograms if the original event position was within the given
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annulus definition. The power of this projection is to enhance the argument for
increased position accuracy for events towards the central axis of the detector.
The width of the distribution falls as events are chosen closer to the central axis
where light collection is more efficient. For the larger radial annuli (bottom left
hand plots in the figure), we again notice the appearance of complications in the
low light level x? reduction technique that we have employed. Requiring high
light detection thresholds removes these disparities, for example see Fig 6.27
& 6.28. The trade-off is between visible energy threshold and reconstruction

efficiency.
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Fig. 6.26: Histograms of reconstructed position accuracy for different regions
of the detector. Plots run from bottom to top starting on the left. Each plot is
a selection of events from annuli of 20mm width of successively decreasing radii
(194mm to 14mm). Accuracy is the measure of the difference of the actual
event (x,y) position to the repositioned coordinates, in mm.
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Fig. 6.27: Accuracy histograms for four electrons traversing the gas gap.
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Fig. 6.28: Scatter plot of the means and standard deviations of the histograms
from Fig 6.27.
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6.4.3 Summary

In this chapter the main components of the Monte Carlo program have been
detailed. Results from light collection and charge drift studies have been re-
ported. The light collection efficiency of the ZEPLIN III geometry was found
to be 33 £ 5% for events in the liquid volume. In the gas gap between the
liquid surface and the mirror the average light collection was found to be 22 +
16%. The electric field morphology in the ZEPLIN III detector was modelled
using a finite element analysis program. The simulations gave a map of the
electric field in two dimensions. Numerical approximations for electron drift
velocities and electron yields for gamma-rays were introduced. The latter is
used in the modelling of gamma-rays in the next chapter. A numerical approx-
imation of the electron extraction probabililty was also given. The final part
of this chapter examined the position reconstruction ability of the ZEPLIN III
detector. To assess the worst case scenario, 10000 events were modelled for
which only single electron extraction into the gas phase was assumed. Posi-
tions were reconstructed using the x2 reduction technique detailed in Section
6.4.2. Accuracy distributions were constructed for successive annuli in the
detector. The distributions were found to be non-gaussian for events in the
annuli outside a radius of 154mm. Within 154mm radius, the annuli cuts gave
gaussian distributions. The widths of the gaussians decrease as events are se-
lected nearer to the centre axis of the detector. This effect is probably due to
the increased light collection efficiency. To investigate the effect of higher light
levels, simulations were run for which four electrons were extracted into the
gas phase. Results from these simulations indicated that the non-gaussianity
in the single electron accuracy histograms was due to low light collection at the
edge of the detector. The results from these simulations also suggested that
events could be repositioned with sub-centimetre accuracy if they occurred

within a radius of 144mm from the central axis of the detector.
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Background and Data Analysis

Simulations

7.1 Introduction

In this chapter we examine the background expected in the ZEPLIN III detec-
tor. Photomultipliers are directly inserted into the liquid xenon volume in the
detector. They have both 238U and %°K radioactive species and therefore gen-
erate the main background in the detector. Monte Carlo programs have been
written to trace gamma-rays from the tubes interacting with the detector and
Compton veto. Results from these have been input to the Light And Charge
(LAC) code, and data for 0.23 days equivalent running has been produced.
Data production uses code to produce expected photomultiplier responses to
the recorded photon numbers and arrival times. The photomultiplier responses
are then analysed to produce predicted electroluminescence/primary scintilla-

tion ratios. These plots demonstrate the discrimination of ZEPLIN III.
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7.2 Gamma Ray Transport

7.2.1 Interaction Cross Sections

Uranium and potassium decays result in gamma-ray emission from low keV
energies up to several MeV. Photons of this energy can interact with matter
via the photoelectric effect, coherent scattering, Compton scattering and pair
production. In our analysis we include all of these processes except the coherent
scattering. Coherent scattering will not deposit energy in the target, and will
therefore not lead to detectable signals and so, to simplify the coding, this can
be ignored. Interaction cross sections for the other processes were obtained
from the NIST photon cross sections database available at [122], an example of
which is shown in Fig 7.1. This shows the cross sections for gamma interactions
with a xenon atom. Additionally for our gamma-ray transport code we need to
incorporate the angular dependence of the Compton scattering process. This
is given by the differential form of the Klein-Nishina formula, based on the
original work [123]:

do r2 72 (1 - cos9)?

— = 2 1+ cos®8 +
A0 2(l+y(L+cos®)| T T~ —cosh)

(7.1)

where do/d(2 is the differential cross section for a scattering event into an angle
8, r, is the classical electron radius (2.817x10~1%m), y=hv/m.c?, h is Planck’s
constant, v the frequency of the gamma-ray, m, the mass of an electron and c

is the speed of light in a vacuum.

Look-up tables for all the elements present in our detector were created from
the NIST database. Without discussing the geometry too thoroughly here,
for this modelling it was deemed sufficient to include large mass parts of the
detector. To this end the elements for which we required data were: nitro-
gen, oxygen, xenon, copper, iron and hydrogen. These elements make up the

majority of the scattering material in the detector.
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Fig. 7.1: Cross sections for gamma-ray interactions with xenon (Z=>54) in-

cluded are: photoelectric absorption, incoherent (Compton) scattering and
pair production processes.

7.2.2 Gamma Simulation Code Structure

A box diagram of the complete gamma interaction code is shown in Fig 7.2.

This will aid our discussion of the code.

A
This box sets the initial properties of the gamma-ray to be transported.
There are three considerations here. Firstly line spectra of both the 28U
and ‘K are used to give probabilities of emission of gamma-rays of a
certain energy, see Fig 7.3. “°K has a single gamma decay of energy 1.46
MeV. Secondly we select the initial trajectory of the gamma in the frame

of the detector at random over the sphere of 47 radians. Its speed is c.
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Fig. 7.2: Box diagram for gamma-ray ipteractien code developed for investiga-
tion of gamma-ray background from photomultiplier tubes. Circled letters are
labels for each box, Y indicates true (1) logic and N indicates false (0) logic.
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Fig. 7.3: Line spectrum used as input to 2¥U background simulation. Data
from [117)].

Finally we randomly produce the gamma-ray’s position of emission. The
centre of the frame of reference for the system, for compatability with
the LAC code, is chosen to be (10,10,10). Emission from the photomulti-
pliers is localised to the position of the graded seal which constitutes the
highly radio-impure component of the photomultiplier. Aecording to the
manufacturers this seal is located approximately at the half point of the
tube length. Therefore, in the simulation, source positions are limited to

a ring around the tube at this position.

Geometric and material definitions are considered. The position of the
gamma-ray is compared to defined volumes. A volume is identified to-
gether with its material content. Material pafameters are then passed to

box C. For the elements they are atomic number Z, density p and atomic
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molar mass, M,. If the material is a mixture or a compound, either air or
the veto liquid scintillator (Phenoxyloethane (PXE)), then the elemental
weight fractions are passed in parallel with the elemental properties. If

the gamma-ray has exited from the geometry the code returns to box A.

This unit has two parts. For an elemental material, for example copper,
cross section data for all modelled processes are obtained from the NIST
look-up tables. The total cross section for any interaction to occur is the

sum of the individual components:
Otot = Op + OC + Opn + Ope (7.2)

where 0, is total cross section, o4 photoelectric absorption cross section,
oc Compton scattering cross section, g, pair production in nuclear field
cross section and oy, pair production in the orbital electron field cross
section. This box calculates all the probabilities associated with the four

interaction cross sections according to:

Po) = 1—e™®

PN,

n = o &)

where P(o) is the probability of interaction for a process with cross
section o, n is the atomic number density, dz is the path length through

the material and N4 is Avagadro’s constant.

This box decides which of these processes occurs, based on the proba-
bilites given by box C. Random numbers are compared with each prob-
ability and if this number is below the given probability then the in-

teraction is deemed to have occured. It is possible for more than one
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interaction to be chosen in this way. If this occurs we simply choose ran-
domly between each of the possible interactions. If Compton scattering

is chosen then the code goes to box H.

Here the code decides, given the information from box D, whether to
book an energy deposition or to continue the passage of the photon

through the geometry.

No interaction has taken place so the gamma-ray is transported to its
new position, simply by taking its initial direction vector and iterating

over one step length in the Monte Carlo.

One of the following processes has occurred: photoelectric absorption,
pair production in the nuclear field or pair production in the electric
field. The gamma-ray is killed and its position and energy deposition

registered. No secondary effects from these processes are considered.

A Compton scatter has occurred. This box calculates the angle of de-
flection relative to the normal of the incident gamma-ray. Sampling is
performed on the normalised probability density function for Compton
scatters, which is the step-wise integral of Equ 7.1 normalised to the to-
tal cross section for a Compton scatter. A random number is chosen and
an angle of scatter selected accordingly. The latitudal angle of scatter in

the frame of the scattered gamma-ray is chosen randomly over 2.

The new position of the gamma-ray is calculated either by using deflec-
tion angles set as a result of a Compton scatter, or else the gamma-ray

is simply iterated over the step, as in box F.
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7.2.3 Geometry and Material Parameters

In the code we set up a description of the ZEPLIN III geometry and materials.

Referring to the detailed geometry in Fig 5.9, the detail is deconstructed into

the dominant volumes of interest. These include:

the veto volume, modelled as a cylinder supporting a hemispherical dome.

3mm stainless steel walls and filled with PXE liquid scintillator.

the air gap. This is the volume between the outer surface of ZEPLIN III

and the inner surface of the veto.

the vacuum shell of ZEPLIN III modelled as 3mm thick cylindrical shell,

with supporting disc. Constructed from copper.

inner ZEPLIN III shell modelled as 3mm thick cylindrical shell, with

supporting disc. Constructed from copper.
dynode discs modelled as 20mm thick copper disc.
photomultiplier emf screen, modelled as two cylindrical copper parts.

electrodes and mirror: two cylinders and a disc both constructed of cop-

per.
gaseous xenon which fills all internal volume above defined liquid level.

liquid xenon which fills all internal volume below defined liquid level.

Table 7.1 gives the explicit placing and dimensions of each defined volume in

the simulation. Fig 7.4 is a sketch of the veto geometry.

It should be noted that the air gap, liquid xenon and gas xenon volumes are

not defined explicitly. Instead they are inferred from other volumes. In the

code logical operators are used to define these volumes.

The materials defined in the geometry definition are copper, air, PXE, iron,

vacuum, liquid xenon and gaseous xenon. The properties used for the elements
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Fig. 7.4: Sketch of the veto and ZEPLIN III detector arrangement.

in the Monte Carlo are given in Table 7.2. Note that stainless steel is assumed

to contain only iron atoms.

Air and the veto scintillator are also modelled. The veto scintillator is treated
as a homogenous mixture of carbon and hydrogen atoms. In general for a
material consisting of two atoms A and B we define their number density ratios
n, and ng. If we are considering an interaction for which each component atom
has a cross section o4 and op, then the total cross section of the mixture is
n4o4 + npog. A probability can then be assigned for an interaction over a
defined path lengh in that mixture. If a random number is produced that is
less than, or equal to, this probability then an interaction occurs. The atom
which is considered to have resulted in that interaction is chosen on the basis
of the relative number densities of each component. The physical properties of
that atom are used for the later calculations. Table 7.3 details the information

that is used in the Monte Carlo in this procedure.

With the definitions of the geometry, materials and the tracking code complete,
the simulation is now in a position to determine the background effects from
the tubes. In the next section we discuss some tests of the code and further

explore some of the mechanisms used.
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Volume Shape Centre Height | Inner Radius | Outer Radius Material
Veto Cylinder (10,10,9.374) 0.552 0.400 0.760 PXE and Steel
Veto Hemisphere Shell | (10,10,9.926) - 0.400 0.760 PXE and Steel

Vacuum Shell Disc (10,10,9,374) 0.030 - 0.380 Copper
Vacuum Shell Cylinder (10,10,9.404) 0.82 0.350 0.353 Copper
Vacuum Shell Disc (10,10,10.221) 0.003 - 0.353 Copper
Target Shell Disc (10,10,9.767) 0.06 - 0.319 Copper
Target Shell Cylinder (10,10,9.827) 0.360 0.239 0.242 Copper
Target Shell Disc (10,10,10.184) 0.003 - 0.242 Copper
Copper Dynode Disc (10,10,9.830) 0.02 - 0.185 Copper
PMT Screen Cylinder (10,10,9.827) 0.224 0.217 0.242 Copper
PMT Screen Cylinder (10,10,9.827) 0.174 0.130 0.217 Copper
PMT Vacuum Disc (10,10,9,874) 0.126 - 0.130 Vacuum
Electrode Cylinder (10,10,10) 0.025 0.194 0.209 Copper
Electrode Cylinder (10,10,10.029) 0.018 0.194 0.209 Copper
Mirror Disc (10,10,10.047) | 0.007 - 0.209 Copper
Active Volume Disc (10,10,10) 0.042 - 0.194 Liquid Xenon

Table 7.1: Table of the volumes and materials used in the ZEPLIN III gamma-
ray code.

Element Atomic Number | Molar Mass (kg mole~1) | Density (g cm™%)
Copper 29 0.0635 8.92
Xenon (Iq) 54 0.13102 3.0527
Xenon (g) 54 0.13102 5.8x10~°
Stainless Steel 26 0.0559 7.7

Table 7.2: Table of the elemental parameters used in the ZEPLIN III gamma-
ray code. Data taken from [124, ?].

7.2.4 Diagnostic Testing and Limitations

Each subroutine used in the program was developed and tested individually.
Confirmation of correct data input from the NIST database was achieved. To
test the calculations of interaction probabilities, gamma-rays of known energy
were created at known positions. The cross sections and probabilities were
output and checked against calculated predictions. In all materials, results
from this test verified that the subroutines used in these calculations were
operating correctly. The production of the integral probability distribution
function for the differential Compton cross section was also tested. The results
for five decades of energies between lkeV and 10MeV are displayed in Fig
7.5. Multiple points in these distributions were compared with calculations

prepared analytically. In all cases the subroutines produced correct results
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Mixture Atomic Number A | Atomic Number B | n4 (atoms m~°) | ng (atoms m—3)
PXE(Veto) 12 1 6.8 x 10°5 3.89 x 1078
Air 7 8 2.10 x 10% 5.91 x 10

Table 7.3: Table giving the physical preoperties of mixtures used in the
ZEPLIN III gama-ray code. Data for PXE from [125]. Calculations for
air assume ideal mixture of atomic oxygen and nitrogen at standard room
temperature and pressure.

with insignificant errors. To check the initial properties of the gamma-ray to
be simulated, a dummy input spectrum and source position model was run.
The aim was to reproduce the input 23U spectrum and record the position
of emission. Two plots are shown to verify the input production. Fig 7.6 is
the plot of the energy spectrum of initial gamma ray energies, and Fig 7.7 is
the spatial distribution of sources in the (x,y) plane. The results shown are
for a run comprising more than 270000 events. Fig 7.6 can be seen to reflect
the true 28U spectrum shown in Fig 7.3 to within much less than one per
cent. Additionally, Fig 7.7 indicates that gamma-rays are produced from the

correct positions.

A significant ingredient in the gamma-ray code is the registering of energy
deposition after a scattering event. In this scenario, if a scatter takes place

and the angle of deflection is #, then the energy deposited is calculated by:

th _ hv
~ 1+v(1—cosb)
D = hw—hv (7.4)

where hv' is the energy of the scattered photon, hv the energy of the incident
photon and « is as previously defined. D is the energy deposition in the
material. Fig 7.8 is a plot showing the variation of the ratio hv'/hv as a
function of scattering angle for an incident photon energy of 500keV. This

figure indicates the Compton energy deposition routine is functioning correctly.
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Fig. 7.5: The integrated probability distribution functions for 1keV, 10keV,
100keV, 1IMeV and 10MeV incident gamma-ray energies. The energies increase
from left to right on the plot. Theta is the angle of scatter for the scattered
gamma-ray, relative to the incident gamma-ray.

The problem of transporting the photons through the defined geometry was
solved by using three dimensional transformation matrices. For a particular
photon, it is necessary to record the history of interactions and their respective
0, ¢ deflection angles. This enables direction vectors and position coordinates
to be related between the photon and detector frames of reference. To illus-
trate this, assume that a photon undergoes a Compton scatter, resulting in
deflections 6;, ¢;. Denote the initial direction vector of the photon in the de-
tector frame (i,j,k). The direction vector of the photon after scattering is then

given by Equ 7.5.
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Fig. 7.6: Simulated input energy spectrum of > 273000 gamma events from
238U contamination.

1 0 0 costh O sinb, i iy
0 cos¢; sing, 0 1 0 il=1 i |(5)
0 —sing; cos¢, —sinf;, 0 cos#, k ks

Now the scattered photon undergoes a second Compton scatter with deflection
angles 6;, ¢,. The final direction vector of the photon in the detector frame is

now given by Equ 7.6.

1 0 0 cosf, O sinb, iy iss
0 cos¢g sings 0 1 0 ir =1 i 1(76)
0 —sing; cos¢s —sinf; 0 cosf, ks ks

Multiple scattering events are expected to be frequent (see later discussion), so
the abililty of the code to cope with these occurences was implicit in the prob-

lem. The matrix transformations were investigated thoroughly by hard-coding,
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Fig. 7.7: Simulated starting positions for gamma-rays in photomultiplier tubes.

in particular, angles of deflection and comparing these to pre-determined ex-
pected results. The code performed well and gave insignificant errors in these

cases.

After establishing that all components of the code were operating correctly
the suite was in a form suitable for some more integral tests. Figures 7.9 &
7.10 represent test gamma-rays produced with initial vertical velocities. The
four sets of plots (two in each figure) are for photon energies, 10keV, 100keV,
1MeV and 10MeV. These figures represent the passage of photons through
liquid xenon. From these plots it is deduced directly that the range of photons
through liquid xenon increases with increasing gamma energy, as expected. It
is also noted that as the initial energy of the photon increases above 10keV the
likelihood of Compton scattering increases. This can be observed by the traces
becoming more complex due to increased scatterings. Low energy photons only

travel a small distance before becoming photoelectrically absorbed. As hinted
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Fig. 7.8: Output plot showing the variation of the ratio of the Compton
gamma-ray energy to incident gamma-ray energy (500keV), as a function of
the deflection angle 6.

earlier, multiple scattering of photons becomes evident in the 1MeV simulated
data. At the highest energy, 10MeV, photons are seen to pass through a
significant thickness of liquid xenon without much interaction. To check more
quantitatively the ranges of the photons, which the simulations produced, the
plots are compared to the absorption lengths given by Table 7.4. Both sets
of information, the theoretically predicted absorbtion lengths and the Monte

Carlo traces, are in agreement.
Code Limitations

In the description of the code, the concept of secondary effects arising from
the primary process being simulated were mentioned. The code, for exam-
ple, simply registers an energy deposit (equal to that of the gamma-ray in-

volved) and the position when either a photoelectric absorption or one of the
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Initial Photon Energy/keV | Absorption Length
10 20pum
100 1.7mm
1000 5.8cm
10000 8.2cm

Table 7.4: Table of absorption lengths for gamma-rays of given energy in liquid
Xenorn.

pair-production processes occurs. Also the electron resulting from a Compton
scatter is not transported. The issue to tackle is whether these oversights lead
to gross errors in the simulation of positioning of events. The considerations
here are the same as those mentioned in Section 6.3. Is there a process which
will result in light emitted from a point far from the initial interaction point?
Again it can be asserted that any large deviation of the light source from the
initial interaction point must have resulted from a process involving a high
energy, which in the detector would be easily recognisable by the large signal.
Fig 6.14 shows that electrons even with energies of a few hundred keV have

expected path lengths of only a few hundred pm.

In the photoelectric effect a simple ionisation and recombination scenario has
been assumed. A more accurate investigation into this effect would have to
include K-shell effects. The increase in the photoelectric cross section used in
the code incorporates the effect of the K and L atomic electron - the cross
section is raised at the calculated energies for which the cross section for ab-
sorption by electrons in these shells increases. However, the code does not
follow the subsequently emitted x-ray after the filling of the K-shell vacancy
from an electron in a higher orbital shell. For this limitation, it is assumed
that the distance travelled before this x-ray is reabsorbed by the material is
negligible compared with the concerned scales of interaction. For the pair pro-
duction processes, the omitted physics from the code is concerned with high
energies. The complexities of high energy photons producing pair production

and bremsstrahlung emission by electrons, combining to form electron-photon
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showers, can also be ignored due to the high energies required, which would
make this phenomenon easily distinguishable, and of no concern for a dark

matter detector.

In practice the code is simple to use. A new user would require a few hours
of tutoring, and currently the code is maximised to perform the problem de-
scribed. Minor alterations, in the geometry and cross section reference data,
could increase the scope of the code’s application. There are more complete
software suites available, for example the GEANT series of codes, and these
were considered for this application. These codes are extremely complex and
opaque to the user. Therefore, whilst containing less physics, this handwritten
code has performed excellently for the understanding of this problem. The re-
sults will contain errors due to some broad assumptions made in the secondary
physics processses but, as examined, these should not contribute significantly

to the energy region of interest.

7.3 2¥U and “K Background

Results from the described code are presented. The predicted energy spectrum
arising from gamma interactions in the xenon target is reported. Effects of the

RFR and veto in reducing the event rate are examined.

The results presented are for a total of 4.85 x 10°decays. In the following the
running time of the detector to which this corresponds is calculated. Table
7.5 below gives the details of the radioactive contamination of the components
inside the 9829QA photomultiplier. Numbers within brackets are quoted er-

rors.

The intensity of the gamma-rays from 238U is calculated to be 3.13 x 10° kg~!
day~! ppb™! [126]. The %K rate is calculated to be 0.00331 Bq kg~! ppm™!
[127]. The estimate of the number of gammas expected from all 19 tubes in

one days running is 1.45 x 106 from 2**U and 0.72 x 10 due to K. This ratio
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Material Description Mass/gm | Potassium conc./ppm | Uranium conc./ppb
Glass Window 4 5(1) 8(1)
Glass Front Tubing 16 54(10) 77(4)
Glass Graded Seals 14 7200(100) 420(50)
Glass Rear Tubing 18 300(10) 100(40)
Glass Base 13 1400(20) 1100(30)
Ceramics Sideplates 20 200(70) 50(20)
Ceramics Rods 5 30(20) 20(10)
Internal Generators Potassium 0.1 25000(2800) 0(0)

Table 7.5: Table showing the contributions to the radioactivity levels in pho-
tomultipliers from constituent materials.

is preserved in the radioactive modelling. Hence, from the overall number of

generated events, this data-set represents a real time of 5.4 hours.

7.3.1 Deposited Energy Spectra

The gamma-ray code produces list output which details: energy depositions
in the liquid xenon target, the position of the deposition, the process that
leads to that deposition and, finally, whether the gamma-ray that produced
the deposition is ‘seen’ in the Compton veto. In Fig 7.11 the energy deposi-
tions in the fiducial volume are shown. Note that the plot at this time does
not integrate multiple events for a single gamma-ray. In considering multiple
events for a single photon, it must be realised that scintillation from these
events is emitted coincidentally, due to the lengths involved in our detector.
Therefore, multiple energy depositions for a single photon should be summed
as this represents more comprehensibly the deposited energy for that photon.
The energy spectrum after multiple events have been integrated is shown in
Fig 7.12. The effect of this summation on the spectrum is to reduce the num-
ber of low energy depositions and single line intensities are increased. This
indicates that within the liquid xenon a substantial number of the photons are

completely absorbed.

The spectra presented have several features worthy of comment. At low ener-
gies the spectrum is a featureless exponential. At higher energies near 300keV

there is a peak. At an energy near 1.2MeV a sharp edge in the spectrum is
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observed. The statistical fluctuations in the plots are magnified during pro-
gression to higher energies - this is a facet of the low number of high energy
events in the data-set and the 1keV binning being too fine for high energies.
The peak at 300 keV is attributed to backscattered photons which have Comp-
ton scattered off material before entering the liquid xenon volume. The final
feature observed is interpreted as the Compton edge to the 1.46 MeV potas-
sium background, which theoretically should occur at 1.24MeV. This concurrs
with the position indicated by the spectrum. Taking the spectrum in Fig 7.12
as the fundamental energy deposition spectrum, it is possible to place an upper
limit on the contribution to the count rate in our detector. Taking the volume
of target to be 4.97 x 107* m?® gives a target mass of 15.2 kg. Integrating the
counts between 0 - 10keV renders a total count of 727 from the simulated data.
Therefore the estimate of the background count rate without discrimination,
active vetoing and fiducial cuts is 21.3 dru between 0 - 10keV. Assuming a
VN error on each keV bin in the simulation renders an error estimate of +0.8

dru.

The effect of the veto can be observed in Fig 7.13, where events that have scat-
tered in the veto and deposited a detectable energy (assumed to be in excess of
30keV), have been removed from the spectrum. With the veto, the integrated
number of counts between 0 - 10keV is now 561. This reduces the background
count rate in this range to 16.4 dru. The final estimation on the background
rate must also account for the effect of the RVR. Performing a position cut on
the deposition data, such that events which result in deposits in this 7mm layer
of xenon are removed, renders a final estimate on the background rate of 9.2
dru. Errors in the given rate calculations are estimated to be negligible. The
figures apply for liquid xenon with a density p=3.052 gmcm™3, which applies
at T=170K. Fig 7.14 shows the low energy spectrum (between 0-50keV) after

all of the above factors are included.
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Fig. 7.9: Simulated gamma-ray paths for initial photon energies of 10keV (top
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Fig. 7.10: Simulated gamma-ray paths for initial photon energies of 1MeV (top
set of three plots) and 10MeV (bottom set of three plots).
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Fig. 7.11: Simulated energy depositons for events in the whole liquid xenon
volume arising from #*%U and *°K decays in the photomultiplier quartz. The
energy deposition is the real energy deposited, multiple depositions for a single
photon are treated as single events.
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Fig. 7.12: Simulated energy depositons for events in the whole liquid xenon
volume arising from U and °K decays in the photomultiplier quartz. The

energy deposition is the real energy deposited, multiple depositions for a single
photon are integrated.
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Fig. 7.13: Background energy spectrum with vetoed events removed.
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Fig. 7.14: Low energy depositions in xenon target volume due to radioactivity
in the glass of photomultiplier tubes. These simulated data represent 5.4 hours
real time running of ZEPLIN III detector. Vetoed and RFR events have been

subtracted.
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7.3.2 Light Code Application to ?¥U and “K Back-

ground

The energy depositions and event positions simulated by the transport code
were input into the light and charge collection code discussed in Chapter 6.
This will enable characterisation of the background traces expected from the

detector. Also the effects of the electric field distribution in the ZEPLIN III

configuration to the detector were investigated.

Energy depositions were converted to primary scintillation and electrons fol-
lowing the discussion in Chapter 5. These photons and electrons were then
transported. Output files containing the number of photons detected by each
photomultiplier for both the primary(S1) and secondary(S2) scintillation were
then input to a photomultiplier simulation code. Due to computational restric-
tions, only events that deposited energy < 20keV were investigated (1 event
renders a file of ~10Mbytes). This energy range is the region of interest for

discrimination studies.

Photomultiplier Simulation Code

The output from the LAC code is the number of photons detected by a certain
photomultiplier. The photomultiplier code functions in two parts. First it
models the arrival times of the photons. This is performed by assuming a
single exponential decay time constant to the emission probability of a photon
in xenon. The decay time constant is dependent on the energy of the gamma-
ray energy, as measured by us [128]. At the time of arrival of this photon, the
code constructs a single electron response. For the single photoelectron the

photomultiplier response can be modelled using:
V()= —(1—e)e /" 4+ noise (7.7)

where V (t) is the voltage at time t, 7, is the rise time of the photomultiplier,

T4 is the fall time of the photomultiplier response and noise is random noise
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generated on the pulse at the 0.5 photoelectron level. From [85] the values

for 7; and 79 are 2ns and 3ns respectively, and these are used in the code.

To simulate the S2 pulses a similar procedure is used but with the time constant
for the relaxation in the gas set to 28 £ 4ns. A single photon response is then
placed at times corresponding to the time of photon emission offset by the

drift time between steps in the gas.

Example Pulses from Photomultiplier Code

Fig 7.15 shows an example of signal traces from the 19 photomultiplier tubes

from a single event in the liquid.
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Fig. 7.15: Example of simulated pulses from a gamma-ray event in the ZEPLIN
IIT two phase xenon detector. Pulses are from the 19 photomultiplier tubes
running from top to bottom. S1 signal is in tube 19 (zoom bottom left).
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Data sets containing pulses such as these were analysed. In the next sec-
tion results from this analysis are presented and in particular measures of the

discrimination of ZEPLIN III are found.

7.3.3 Results from Background Analysis and the Dis-
crimination Power of ZEPLIN III

In this final section the results are given of the analysis of the dataset produced

by the photomultiplier simulation code.

Energy Spectra for Background Events with Egy.,,s < 20keV

The S1 scintillation signals from all the tubes for a single event are summed
to give an energy spectrum of events due to background in the energy range
0-20keV. Similarily a spectrum of the S2 pulse area can be produced. The

spectra are shown in Fig 7.16.
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Fig. 7.16: S1 scintillation area spectrum (left) and S2 area spectrum (right).

Calculation of Discrimination in ZEPLIN III

The discrimination factor for ZEPLIN III depends on the ratio of the S2 to S1

signals from gamma-rays and nuclear recoils. The simulated background data
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can be used to predict this for gamma-rays. For nuclear recoils an assumption
can be made based on the data aquired from a-particle excitation of the two

phase prototype, results from which were reported in Chapter 5.

Fig 7.17 shows the scatter plot of S1 versus S2 area for the background data.

From the diagram we note the reduction in the ratio S2/S1 outside the defined

:
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Fig. 7.17: Primary vs secondary signal scatter plot, triangles (blue) indicate
events from outside a reference volume with a radius of 130mm. This reference
volume is only used to demonstrate the effect of radial position on the signal
sizes.

fiducial volume. This is probably a combination of light collection and electric
field effects. To deduce a measure of the discrimination of the background
from this plot, the following procedure was followed. The ratio S2/S1 was his-
togrammed for all the data points. This is shown in Fig 7.18. These data are
clearly non-gaussian suggesting a source of systematic variability in the data.
Hypothesising that the source of this systematic was from geometric effects
i.e. that the non-gaussianity arose from the distribution of events throughout
the detector volume, a correction procedure was employed. From the light

collection and electric field simulations it is expected that the most uniform
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Fig. 7.18: Histogram of the ratio S2/S1 for gamma-ray background events.

response occurs at the centre of the detector. A volume containing events in
this region can be used as a reference, with subsequent annuli responses being
normalised to this region. An inner volume with radius 4cm was chosen as the
reference volume, and the mean, fi,orm, of the S2/S1 ratio was calculated for
those events within that volume. Similar distributions were created for succes-
sive annuli with radial limits of: 4cm-6¢cm, 6cm-8cm, 8cm-10cm, 10cm-12cm,
12cm-14cm, 14cm-16cm, 16cm-18cm, 18cm-20cm. The mean of the S2/S1
distributions for each annulus, y;, was compared to pn.rm and a correction
factor, k = pnorm/pi, was determined. The S2/S1 values for events were then
corrected by the multiplicative factor, k. The corrected S2/S1 distribution
is shown in Fig 7.19. This distribution still suffers a skew at high values of
S2/S1. In order to characterise this distribution a sixth order polynomial was
used. The equation of this polynomial is given in Equ 7.8. The polynomial
fits the data well with an R? value of 0.88.
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y = 3.5604 x 107182% 4 3.0127 x 107'*2® + 8.7976 x 107 ''z*
+ 8.9824 x 10782% + 1.4824 x 107%22 + 5.2877 x 1072z

+ 0.90457. (7.8)

Where y is the number of events and x is the S2/S1 value. Fig 7.19 can be
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Fig. 7.19: Plot of the ratio S2/S1 for gamma-ray background events in the
range 0-20keV after radial correction.

used to determine the background discrimination efficiency between 0-20keV.
The statistics in this data set are not sufficient to allow investigations into the

energy dependence of the discrimination.

To examine this question we must first assume a distribution for the expected
nuclear recoil S2/S1 distribution. Earlier it was shown (Section 5.4.3) in ex-
perimental results that a-particles in a two phase prototype detector gave an
S2/S1 ratio distribution of 5 £ 3, with a possible reduction of a factor of
~10 due to the experimental setup. It is suspected that the ionisation from
a neutron or WIMP nuclear recoil will be less than that of the a-particle. In
the following calculations it is assumed that the nuclear recoil distribution will

have a mean of pny.= 5 as this is the worst case value and will give an upper
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value of the discrimination factor. The neutron distribution is then a scaled
version of the gamma-ray distribution. The neutron distribution for a value

tnue="5 is shown in Fig 7.20. The discrimination factor can be found by inte-
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Fig. 7.20: Plot of Secondary/Primary ratio for simulated neutron distribution.

grating the area of the gamma-ray background distribution that passes below
a defined discrimination level, (S2/S1)4,. The discrimination level is set at
a position that is well removed from the neutron distribution. In this case a
value of 20 is chosen. Integrating the gamma-ray background distribution be-
low this level and comparing this with the total area of the distribution renders
a discrimination factor of 99.81%. The Monte Carlo programs indicate that
the ZEPLIN III experiment will have powerful background rejection of 99.81%
in the energy range 1-20keV. It must be noted that the discrimination factor
will most likely depend on energy decreasing at lower energies. Unfortunately
this investigation was unable to explore this dependency due to the constric-
tions of computing power and time. In the remaining parts of the thesis the

discrimination factor is assumed to be constant in the range 1-20keV.

Background and Data Analysis Simulations



7.4 Summary

204

7.4 Summary

In this chapter results have been presented from Monte Carlo programs of
the gamma-ray background from photomultipliers in ZEPLIN III. The code
employed simulated the main volumes of the ZEPLIN III geometry. Trans-
portation code for gamma-rays was developed and simulations were made of
the expected gamma-ray spectrum from the photomultipliers. The expected
background spectrum in the detector was found to be flat in the region 0-
50keV and correspond to an expected rate of 9.2 dru. This spectrum was then
linked into the light and charge code reported in Chapter 5. Photomultiplier
responses were then added to the output of the light and charge code and
the datastream was then analysed. Analysis of this data, assuming a possible
value for the nuclear recoil S2/S1 ratio, indicated that the expected discrim-
ination factor of ZEPLIN III is 99.81% in the range 1-20keV. The width of
the background S2/S1 distribution is larger than was expected. Future work
will be focussed in examining this distribution. By increasing the number of
simulated events the energy dependence of the discrimination factor could be

investigated.
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Sensitivity of ZEPLIN II1I

8.1 Introduction

In this short chapter results from the previous chapters are used to predict
the sensitivity of ZEPLIN III. Plots are presented showing the sensitivity of
ZEPLIN III to the spin independent interaction of the neutralino. The sen-
sitivity plots are calculated using the formulae presented in Chapter 2, and
in particular Eqn 2.16. The background estimates from the previous chapter
are required for the calculations as well as the value for the quenching factor

determined in Chapter 4, and also the discrimination factor from Chapter 7.
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8.2 Sensitivity Plot Formulas

In order to calculate a sensitivity we use the following equation Eqn 8.1 which
is a manipulation of Eqn 2.16.

No
T

[dN

Er
— qrEgr -2
dErLbsqrEOe o F2(E,). (8.1)

This equation allows one to calculate limits in terms of the actual count rate
in the detector in events kg™! day~!. Let us look at the terms in the equation
individually. [(‘f—E’Yr—]obs is the observed differential count rate in the detector at
a particular energy E,. The next term, g,, is the quenching factor. In this
analysis it is assumed that the quenching factor is independent of energy. Ej
is the incident kinetic energy of a dark matter particle and is equal to 0.5Myv2,
where , My, is the neutralino mass and v, is the characteristic WIMP velocity.
The exponential term has two additional parameters. The first is E, which
represents the recoil energy of the target nucleus. In the following calculations
E, is set to the expected energy threshold of the detector as the lowest energy
bins are most effective in setting the limits. The second parameter in the
exponential contains the kinematic factor which, as before, is r = ﬁ%.
Finally F(E,) is the form factor, and accounts for the shape of the nucleus. In

this analysis we assume F(E,)=1. This will be the case if the energy threshold

is low enough.

To convert the limit gained from Equ 8.1 into a limit of the detector - in terms
of the cross section of interaction of a neutralino with a single nucleon - it is
necessary to apply some conversion equations. First to obtain the total cross
section limit ﬂrﬁ is multiplied by the factor shown in Equ 8.2.

No A

r 1000Lngvy (8.2)

Ototal =

Finally to convert this total cross section to a cross section of a WIMP inter-

acting with a single nucleon g0, needs to be scaled as in Equ 8.3 [38].

_ Ototal
= MMr A% (8:3)
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Now let us look at the values of all the terms in these equations.

8.3 Values for Sensitivity Calculations

Table 8.1 gives the values of the terms used in the sensitivity calculations.

The first term diEN: is calculated by taking the background rate and multiplying

Term Value
<% | 0.0175dru
qr 0.17
U 220kmsec—!
E, 0.269 M,
E, variable
MT 123GeV
A 131
L 6.022x10%
F(E,) 1

Table 8.1: Values used in the sensitivity calculations.

it by the discrimination factor. The background rate and discrimination factor
are taken from Chapter 7 and are equal to 9.2 dru and 99.81% respectively
(note that the discrimination factor is assumed to be independent of energy as

discussed at the end of Chapter 7).

8.4 Results From Sensitivity Calculations

The results from the sensitivity calculations are presented here in the format
similar to the limit plots presented in Chapter 2. Fig 8.1 shows the limits
expected from the ZEPLIN III detector. In this figure three detector thresholds
of 1keV, 2keV, and 5 keV have been considered. The effect of the detector
threshold can be seen in the figure. The higher the detector energy threshold
the less sensitive the detector is to neutralino interactions. From Fig 8.1 we

can see that the disparity in the sensitivities, for differing energy thresholds,
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Fig. 8.1: Spin independent limit plot for ZEPLIN III detector for three detector
energy thresholds. The upper curve corresponds to a detector threshold of
5keV, the middle curve represents the limit for a detector threshold of 2keV,
and the lower curve is a limit for a detector threshold of 1keV.

is more apparent at lower masses. It is clear from Fig 8.1 that ZEPLIN III
will be a competitive dark matter detector. Comparing this figure with Fig
2.6 from Chapter 2 shows that ZEPLIN III should give a limit comparable to
the worlds leading dark matter detectors and will completely cover the DAMA

region of interest.

8.5 Summary

In this short chapter the sensitivity of ZEPLIN III to neutralino dark matter
has been presented. The calculation used numbers found through simulation
and experiment including: the quenching factor, background rate and dis-
crimination factor. Assuming a detector threshold of 1keV it was possible to
construct exclusion plots similar to those presented it Chapter 2 making a
direct comparison of the ZEPIN III detector sensitivity to other leading dark
matter detectors possible. The exclusion plots presented show that ZEPLIN
I1I will be sensitive to a spin independent cross section of 7 x 10~**cm?. Com-

paring this limit with Fig 2.6 from Chapter 2 we note that ZEPLIN III will

Sensitivity of ZEPLIN III
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cover the DAMA region of interest.
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Conclusion

The latest cosmological models supported by astrophysical observations indi-
cate that the Universe is flat and dominated by a Cosmological Constant energy
density. The results from the observations of high redshift Type Ia supernovae
suggest that the contribution of Cosmological Constant energy density to the
total energy density of the Universe is approximately 0.7 or 70%. Limits on the
baryonic energy density content of the Universe - from light element nucleosyn-
thesis observations and theory - of 0.022 or 2.2% leaves a mass energy density
deficit of nearly 28%. This deficit is evidence for a new type of undetected
nonbaryonic matter. Evidence for the existence of nonbaryonic matter also
exists when one considers the Large Scale Sturcture of the Universe. Measure-
ments of the galaxy clustering on large scales suggests that the energy density
deficit cannot be accounted for by a contribution from massive neutrinos as
this results in too little fine scale structure. More locally, measurements of the
rotation curve of the Milky Way and MACHO observations of the Large and
Small Magellenic Clouds confirm the presence of this new form of matter in our
Galaxy. The currently favoured candidate for the nonbaryonic dark matter is
the Lightest Supersymmetric Particle, the neutralino. The neutralino should
be detectable by its interaction with ordinary matter. Detectors currently
running around the world attempt to detect the neutralino’s interaction with
matter by sensing one or more of the three following signatures of a neutralino
event: scintillation, ionisation or heat. Neutralinos have a small cross section
of interaction with ordinary matter of approximately 107*2cm? per nucleon.
In a xenon detector, this cross section gives an event rate of 0.5 events day~*
kg~!. Theoretically the recoil spectrum of the neutralino lies in the 0-10keV
region. Due to the low rate and low energy deposition in the detector target,

dark matter experiments are conducted underground with radio-pure materials
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so that unwanted background events are minimised. Despite the best efforts
of experimenters, background events are still at high enough rates to swamp
a dark matter signal. To further combat background, rejection techniques are
employed in most experiments. These techniques in general rely on the fact
that neutralinos interact with matter differently to the background, behaving
akin to neutrons rather than gamma-rays. A neutralino signal should also be
modulated over time due to the motion of the Earth about the Sun. Such a
modulation has been reported by the DAMA experimental team in their Nal
crystal scintillating detectors. This result has yet to be confirmed by another
dark matter group. Indeed results from the CDMS team exclude some of the
projected neutralino mass to cross section region suggested by the DAMA

result.

Liquid xenon is a suitable dark matter detector target. The physical properties
of the element lend it to the detection of both spin dependent and spin inde-
pendent neutralino interactions. The liquid is dense, clear and scintillates with
a high light yield in comparison to other scintillators, such as Nal. The peak
scintillation line from the liquid is at 175nm and thus photodetecors sensitive
in this range must be used to detect the light from an event. The 9829QA pho-
tomultiplier has been chosen by this group as it is sensitive to this wavelength
of light and is also operable at liquid xenon temperatures as demonstrated by
the results presented in Chapter 3 and from the two phase prototype detector
in Chapter 5. Xenon detectors currently come in two guises. The simplest
is the single phase detector which detects scintillation from events in the lig-
uid. At Imperial College we have performed experiments using a single phase
test chamber, investigating: the reflective properties of selected materials, the
decay time constants of xenon scintillation and the quenching factor of liquid
xenon. The results from the reflectivity measurements were used to determine
the characteristics of the reflector used in the ZEPLIN I dark matter detector
which is currently running in the Boulby mine. The second detector method

is the two phase detector. In this techinique both the scintillation and ioni-
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sation from an event are detected, the scintillation from the liquid phase and
the ionisation in the gas phase after the charge is drifted from an event site in
the liquid. The ionisation from a nuclear recoil in the liquid is expected to be
much lower than that from an electron recoil. Hence a two phase detector is
expected to have powerful background rejection capabilities. Such capabilities
were indicated by the results from the two phase prototype detector presented
in Chapter 5. The ZEPLIN III dark matter instrument is designed to operate

as a two phase detector and is the focus of Chapters 6 & 7.

The ZEPLIN III detector is designed for high light collection efficiency and
electron drift and extraction efficiency. The slab geometry and photomultiplier
array give a light collection efficiency of 33% + 5% in the liquid and 22% + 16%
in the gas gap. The electric field configuration in ZEPLIN III is uniform up to
approximately lcm from the edge of the electrodes where the field lines become
curved. At a radius of 182mm in the detector, the field lines no longer reach
the liquid surface and therefore electron extraction from the liquid to the gas
is suppressed. The electron drift characteristics of ZEPLIN III are modelled
by fits to known curves. These include: a drift velocity curve, electron yield
for gamma-rays curve and an extraction probability curve. Using these curves
it was possible to create a Monte Carlo model of the electron drift, gamma-ray
light yield and electron extraction for gamma-ray events in the ZEPLIN III
detector. The photomultiplier array in ZEPLIN III acts as an imaging system
similar to that of an Anger camera. Using a template matching x? reduction
technique, and selecting events for which more than 10 photons were detected
in the array, it was possible to show that position reconstruction in ZEPLIN III
is possible. The accuracy of reconstruction varied from nearly 2mm accuracy,
for events at the centre of the detector, to 12mm for events at the very edge

of the detector.

The Monte Carlo modelling presented in Chapter 7 focuses on the expected
gamma-ray background in the ZEPLIN III detector. Specifically the radioac-

tive background from the photomultiplier tubes was considered as this is the
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main source of contamination. The gamma-ray spectrum from the source con-
taminants was inputted and the resulting gamma-rays were traced through the
detector geometry. The resulting output spectrum was obtained and after fur-
ther analysis was found to be flat in the 0-50keV energy range and have a rate
of 9.2dru. The background spectrum for events depositing 20 keV or less was
inputted to the light simulation code developed in Chapter 6 and then finally
into a photomultiplier simulation code. The resulting signals from the pho-
tomultiplier code were analysed and plots of the primary (S1) to secondary
signal (S2) size were presented. The resulting data of the S2/S1 ratios was
then corrected for radial position and used to find the discrimination factor
for ZEPLIN III, given an assumed nuclear recoil distribution. The discrimina-

tion factor was found to be 99.81%.

To conclude this thesis the sensitivity of the detector was examined. Using
values for: the quenching factor, background rate and discrimination factor
obtained from earlier parts of this thesis it was possible to derive expected
exclusion plots for ZEPLIN III. These exclusion plots indicated that ZEPLIN
ITI will be sensitive to a spin independent cross section of about 7 x 10~*cm?,
given a detector threshold of 1keV. This sensitivity is comparable to other dark

matter detectors and most importantly explores the DAMA region of interest.

In conclusion, two phase liquid xenon detectors such as ZEPLIN III are a bright
prospect for the future of dark matter experimentation. The expected excellent
discrimination powers of liquid xenon technology will be an invaluable addition
to the various detection strategies employed around the world. ZEPLIN III
is expected to be built and deployed underground by the end of 2003, and so
data and exclusion limits should be available by the end of 2004.

Conclusion
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