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Dark matter makes up approximately 22% of the universe. Somephysicists hypothesize
that dark matter is made of weakly interacting, massive particles (WIMPs). If WIMPs
exist they are expected to collide occasionally with atomicnuclei and produce low energy
(< 100 keV) nuclear recoils. To detect these recoils, it is nessary to develop a detector
that is able to distinguish nuclear recoils from radioactive background with a very high
discrimination. These detectors use liquid noble gases, sh as Argon, as scintillation ma-
terials. Such detectors employ di erent criteria to discriminate WIMPs from background,
such as pulse shape, ionization to scintillation ratio, andthe ratio of ionization charge to
phonons. However, Argon is taken from the atmosphere and cdains large amount of *°Ar,
an undesirable radioactive isotope that is produced by cosiu rays. The 3°Ar present in
atmospheric Argon produces unwanted background in detects. Large amounts of under-
ground Argon have recently been discovered, with les®Ar present. In this paper, we will
discuss the development of a small, low{background detectofor measurements of*°Ar in
underground Argon. After a brief survey of the current state of the dark matter problem,
we will discuss several nontrivial tests that have been maden the 3°Ar detector.
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1. Introduction

As more and more experimental data has been taken, it has beowe increasingly
obvious that the mass of the universe must be much larger tharits luminous mass in order
to explain all observed gravitational e ects [1]. This extra, non{luminous mass in the
universe is commonly referred to as \dark matter." Evidencefor dark matter has come in
a wide range of forms, including the rotational curves of gadxies, the gravitational lensing
e ect, and uctuations in measurements of background scintllation events [2,3,4].

While it is currently accepted as fact that dark matter does exist, discovering what
dark matter consists of is still a great open problem in physts. There have been a number
of proposals, ranging from particles that t into our standard model to supersymmetric
particles [1,2]. For a variety of reasons to be discussed inhis paper, weakly interacting
massive particles (WIMPs) seem to be the most attractive dak matter candidate. A
number of direct detection events are under way that attempt to nd evidence for the
existence of WIMPs using liquid noble gases as scintillata [1,4,5].

Many of these direct detection experiments use liquid Argoras a scintillation material.
One of the major obstacles that presents itself when using duid Argon as a scintillation
material is that atmospheric liquid Argon emits copious amaunts of -decays due to the
presence of°Ar. Primarily created by cosmic rays, 3°Ar is a radioactive isotope of Ar-
gon. However, Argon from underground sources with low level of *°Ar has recently been
discovered at the US National Helium Reserve and at the Kinde Morgan CO, eld in
Cortez, Colorado [6].

While the discovery of Argon with a lower amount of 3°Ar could be hugely bene cial
to dark matter searches via direct detection of WIMPs, it is ill necessary to determine
how much 39Ar exists in samples of underground Argon due to a variety of sbsurface
processes. In an attempt to determine this gure, we have begn the development of a
low background detector for measurements of°Ar in underground Argon. Although this
detector is still in the early stages of development, in thispaper we discuss various non{
trivial tests that have been made in order to determine how tominimize background and
maximize the e ciency of the detector.

The outline of this paper is as follows. In Section 2, we will ie y discuss the di erent
pieces of evidence for the existence of dark matter. These ¢iude rotation curves, results
from the gravitational lensing e ect, and hot gas in clusters. Section 3 contains a discussion
of some of the major dark matter candidates, both baryonic aml non-baryonic. We explain
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why weakly interacting massive particles (WIMPs) are the most compelling dark matter
candidate. In Section 4, we will discuss the experimental miods deployed in attempts to
directly detect WIMP dark matter. Section 5 examines liquid Argon detectors in speci c.
We explain why liquid Argon is an attractive scintillation m aterial. In Section 6, we discuss
the 3°Ar problem. We explain why 3°Ar has a negative e ect on dark matter searches, and
examine reasons for the presence &fAr in both atmospheric and subsurface Argon, and
ways to minimize its presence. Section 7 covers the develogmt of a counter to measure
39Ar in Argon from underground sources. We share our ndings fa a number of nontrivial
tests concerned with maximizing e ectiveness and reducingbackground. In Section 8, we
conclude.

2. Evidence For The Existence of Dark Matter

Discoveries in cosmology over the course of the past centurigave revealed that the
universe acts as if there is far more mass then can be observetdhe rst such observation
was made by Oort in 1932. By analyzing the motion of certain sars in the Milky Way
galaxy, Oort found that the stars behaved as though the total density of matter near the
sun is equal to 63 10 23 g/cm?3, or .092 solar masses per cubic parsec. The observed
density of matter near the sun is .038 solar masses per cubicapsec! nearly one-third of
the density that Oort's calculations suggest [7].

In 1933, while investigating the Coma cluster, Fritz Zwicky found further evidence
for the existence of dark matter. Employing the virial theorem? Zwicky found that the
density of the Coma cluster would have to be much larger than hat derived based on the
observations of luminous matter. This discovery implied that dark matter was present in
much greater amount than luminous matter in the Coma cluster, and in other places in
the universe [9].

There are numerous pieces of evidence that suggest the exasice of dark matter.
In the following, we will brie y discuss some of the more subgantial historical evidence,
mainly rotation curves, the gravitational lensing e ect, and hot gas in clusters. We will
then discuss more recent studies that support the existencef dark matter, including
WMAP, DAMA, PAMELA, and ATIC.

1 The parsec is a unit of of length equal to approximately 31 tri llion kilometers, or about 3.26
light years.

2 The viriﬁl theorem states that the average kinetic energy of a system of particles is equal to
its virial, sh  F r i [8].



2.1. Rotation Curves

One compelling piece of evidence for the existence of dark rttar is the rotation
curve. Evidence for dark matter taken from rotation curves depends on the assumption
that Newtonian mechanics is valid.

SupposeM (r) =4 R (r)r2dr is the mass of a galaxy enclosed in a sphere of radius
r. Note that this calculation assumes spherical symmetry forthe mass density of a galaxy.
By Newton's law of gravitation,

- GM()m

Fg - r2 (21)

for a massm located a distancer from the center of a galaxy. In order for massm to

be in equilibrium, this gravitational force must be equal to the centripetal force,

Fe= —: (2:2)

Setting these two equations equal to each otherFq = F¢, and solving for v(r), we
nd that

r

GM (r)
r

v(r) = : (2:3)

Observation has shown that the masses of galaxies are cluseésl in an area at the
center called the optical disc. IfR is the radius of the optical disc, M (r) is constant for
r > R, and the rotating velocity of the galaxy is proportional to pl—F [10,11]. Thus, using
Newtonian mechanics, one expects that(r) is increasing monotonically asr increases for
r < R, since M (r) increases monotonically in this region, and is decreasin@s pl—r_ for
r >R . However, experimental data shows that whenr > R , v(r) remains constant. This
implies the presence of a halo wher# (r) is proportional to r. It is believed that this halo
of unobservable matter is dark matter.

In Figure 1 is the rotation curve for the galaxy NGC 6503. The dotted, dashed, and
dash-dotted lines represent the contributions to the velodty from the halo, disk, and gas,

respectively.
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Figure 1. The rotation curve for NGC 6503. The image is taken from [10].

2.2. Gravitational Lensing

Einstein's theory of general relativity predicts that mass should cause light to bend.
Using this method, it is possible to determine how much mass»asts in a given region,
even if the mass does not emit light. It is possible to make olervations of distant objects
such as galaxies and quasars. The gravitational lensing e@ might cause multiple images
of these objects, or cause the images to be distorted or sheat. The gravitational lensing
e ect can also cause the background objects to shine more hyhtly [2,11].

The galaxy cluster 1E 0657-56, also known as the bullet clust, is an excellent example
of the gravitational lensing e ect. The bullet cluster was formed after the collision of two
large clusters of galaxies. Using the gravitational lensig e ect, researchers were able to
determine the bullet cluster's mass distribution. Most mass was found to be separate from
observable hot gas, providing further direct evidence for drk matter. The image below,
from the CHANDRA X-ray observatory, is a superposition of numerous di erent images.
The pink represents hot gas detected by CHANDRA in x-rays, anoptical image from
Magellan and Hubble Space Telescope shows the galaxies inamge and white, and the

blue represents a map of the mass in the galaxy using the grawgtional lensing e ect. [3].
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Figure 2. An X-ray of the Bullet Cluster taken from the CHANDRA X-Ray Ob  servatory.

The normal matter in the image is pink, while dark matter is bl ue?

2.3. Hot Gas in Clusters

Another strong piece of evidence for the existence of dark niter is the way that hot
gas behaves in clusters of galaxies, such as the Coma ClusteX-ray images of the Coma
Cluster indicate the presence of a large amount of hot gas Iated at the center of the
cluster. The gas would not distribute itself in this way if only the observable mass in
the Coma Cluster were present, as the observable mass doestrweate a potential well
adequate to hold the hot gas in the center of the cluster. Thes observations suggest that
there is a dark matter component to the mass the provides the ecessary potential well to

keep the hot gas in place [2,11].

3 http://chandra.harvard.edu/photo/2006/1e0657/; X-ray : NASA/CXC/CfA/M.MarkeVitch
et al.; Optical: NASA/STScl; Magellan/U.Arizona/D.Clowe et al.; Lensing Map: NASA/STScl,
ESO WFI; Magellan/U.Arizona/D.Clowe et al.
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Figure 3: An X-ray of the Coma Cluster taken from ROSAT satellite. *

2.4. WMAP

It is possible to obtain information about the nature of dark matter from studies of
the Cosmic Microwave Background (CMB). By studying anisotropies in the CMB, one can
determine cosmological parameters such as the density pamseter, the Hubble constant
and the baryon density parameter. Measurements of CMB aniswopies on the sky pro-
vide a power spectrum of temperature uctuations of C; [12]. If we expand temperature

uctuations in terms of multipole components as
T
— = am Y 2:4
T I'm TIm ( )

where Y, is the usual spherical harmonic8, then C; can be de ned as

4 http://heasarc.gsfc.nasa.gov/docs/rosat/gallery/clu  s.coma.html; Credit: S. L. Snowden
USRA, NASA/GSFC

Y )= pn EELLEEBE™ P (cos ), where Pi™ is the associated Legendre func-

tion [13].
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The rms temperature uctuation is then [12]:
T ? X 20+1
— = : 2:
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Assuming that all temperature uctuations are Gaussian, all of the information con-
tained in CMB maps can be compressed into this power spectrunof C,. Typically, C, is
plotted as a function of I (more speci cally, as a function of 1(1+1)C;(2 ) ! ). Starting
from a cosmological model with a xed number of parameters, t is possible to determine
a set of best-t parameters [10]. Data from the Wilkinson Microwave Anisotropy Probe
(WMAP) indicates that dark matter exists, and that the value for abundance of baryons

in the universe is
pb=0:024 0:001 (2:7)

while the value for abundance of matter in the universe is [1(11]

m =0:14 0:02 (2:8)

The disparity between these two gures suggests the presemcof non-baryonic matter. This
is likely dark matter.
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Figure 4: The observed power spectrum of CMB anisotropies. Taken from [14].
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2.5. DAMA

The DArk MAtter project (DAMA) is a series of experiments tak ing place at the
Laboratori Nazionali del Gran Sasso in Italy. The two experimental set-ups most relevant
to the study of dark matter are DAMA/Nal and DAMA/LIBRA [4]. D AMA/Nal and
DAMA/LIBRA attempt to perform a direct detection of dark mat ter particles in the
galactic halo through annual modulation in the amount of events induced by dark matter
particles in a su ciently low background set-up deep underground due to the Earth's
revolution about the Sun [4,15]. As a consequence of the Ednts revolution around the
sun, there should be a larger ux of dark matter particles around roughly June 2nd and
and a smaller one near December 2nd.

The signal that this annual modulation produces should be vey distinctive since the
seasonal e ect that is induced must satisfy a multitude of characteristics. To name a few,
the rate must contain a component that modulates according b a cosine function. The
period for this function must be one year, with the phase roudply around June 2nd. The
modulation must also be present only in the low-energy rangewvhere signals from dark
matter particles would appear [4]. For a full discussion of he conditions that the annual
modulation must satisfy, see [4].

DAMA uses low radioactivity scintillators, and is installe d deep underground. The
Nal(TI) scintillators o er many advantages, such as their i ntrinsic radiopurity, their sensi-
tivity to a large number of dark number candidates, their ability to take data up to the MeV
scale, etc. [4]. DAMA/Nal consisted of nine 9.70 kg highly radiopure Nal(Tl) scintillators
that are especially built for the DAMA experiment [1]. In ord er to reduce background in
the detectors, not only is the apparatus kept underground, lut the detectors are inside of
a low radioactivity sealed copper box that is installed in the center of a low radioactivity
Cu/Pb/Cd-foils/polethylene/para n shield. The detector is also surrounded by about 1m
of concrete. The copper box is also maintained in a high purig nitrogen atmosphere that
is at slight overpressure with respect to the atmosphere. Tl whole shield is also sealed
and maintained in this high purity nitrogen atmosphere. The entire installation is also
air-conditioned [1].

The DAMA/Nal experiment discovered evidence in the annual modulation for the
presence of dark matter particles in the galactic halo [4]. The DAMA/Nal apparatus
consists of about 100 kg of Nal(Tl). In 1996, DAMA proposed torealize an apparatus of
a ton. As an intermediate step, DAMA/LIBRA was developed. DA MA/LIBRA (Large
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sodium lodide Bulk for Rare processes) has an experimentalesup that is similar to
DAMA/Nal in most respects. The most signi cant di erence is that DAMA/LIBRA
uses 25 9.70 kg highly radiopure Nal(TI) scintillators, as @posed to DAMA/Nal, which
only used nine scintillators [16]. Results from DAMA/LIBRA also found that the annual
modulation in ux of dark matter particles matched that pred icted by the presence of dark
matter in the galactic halo, providing further evidence that dark matter does exist [4].

Although both DAMA/Nal and DAMA/LIBRA provide evidence for  the existence of
dark matter in the galactic halo, these results are controvesial. This is due to the fact
that data from other experiments, such as CDMS, CoGeNT, COURP, CRESST, KIMS,
TEXONO, Xenonl0, and Super-Kamiokande have been unable toaplicate the results of
DAMA [17]. In an attempt to reconcile the results of DAMA and o ther experiments,
Weiner and Smith have recently proposed \inelastic dark mater." Inelastic dark matter is
similar to typical WIMP dark matter, except that it cannot sc atter elastically o of nuclei.
If the inelastic dark matter model were to be correct, the resllts from DAMA and other
direct detection experiments would be in agreement with eale other, and provide evidence
for the existence of dark matter [18,19].

2.6. PAMELA

Payload for Antimatter Matter Exploration and Light-nucle i Astrophysics (PAMELA)
is a recent project that hopes to provide evidence for the extence of dark matter. The
PAMELA apparatus is \a system of electronic particle detectors optimized for the study
of antiparticles in the cosmic radiation” [20]. PAMELA was | aunched from the Bajkonur
Cosmodrome on June 15th, 2006 on-board a satellite. The sdtite orbits at an inclination
of 70. at an altitude that varies between 350 km and 610 km. Certain drk matter
candidates should annihilate each other, producing symmeic pairs of particles and an-
tiparticles. The antiparticles would produce an observabk signature. PAMELA looks for
annihilations that produce antiprotons and positrons [21] PAMELA distinguishes elec-
trons and positrons from other particles, such as protons, § combing information from its
di erent detector components.

Recent results from PAMELA indicate an excess of positrons fihigh ( 10 - 100 GeV)
energies. This signal might indicate dark matter annihilations [20,22]. However, details of
the positron spectrum and its high amplitude make it di cult to achieve in most conven-
tional WIMP dark matter models. PAMELA also nds no excess of anti-protons in this
energy range, which makes it even more di cult to nd a dark ma tter model that agrees
with the data from PAMELA [22].



2.7. ATIC

The Advanced Thin lonization Calorimeter (ATIC) is an exper iment that measures
cosmic rays over Antarctica using long duration balloon ights. Cosmic rays represent a
sample of matter from distant parts of the galaxy. Cosmic ray matter includes electrons,
natural elements such as Hydrogen, Helium, and Iron, and antmatter particles such
as positrons and antiprotons [23]. Most of the matter in cosnic rays is believed to be
accelerated to relativistic speeds in supernova remnants. Electrons in the cosmic ray
matter lose energy rapidly through a variety of processes. HBwever, data from ATIC
shows an excess of cosmic-ray electrons in the 300-800 GeVegyy range. This indicates
a nearby source of high-energy electrons. One possible egphtion is that the electrons
could come from the annihilation of heavy dark matter particles [24].

3. WIMP Dark Matter Discussion

Many theories have been proposed in e orts to explain the obsrved dark matter e ects
in the universe. These theories mainly attempt to further dene dark matter. What are
the qualities of dark matter? What type of particle is it comp rised of? Candidates for dark
matter can be classi ed into two broader categories: baryoic dark matter candidates, and
non-baryonic dark matter candidates. In the following secion, we will discuss some of the
dark matter candidates, both baryonic and non-baryonic. Wewill also explain why weakly
interacting massive particles (WIMPs) seem to be the best cadidate for dark matter.

3.1. Baryonic Dark Matter

One baryonic candidate for dark matter are MAssive Compact Halo Objects (MA-
CHOs). MACHOs are \stellar or planetary mass objects that are not burning nuclear
fuel” [25]. In other words, MACHOSs are chunks of baryonic mater that emit little or no
electromagnetic radiation. Some candidate MACHOs includebrown dwarfs, white dwarfs,
jupiters, and black holes. Proponents of MACHOs favor the theory because they consider
MACHOs less speculative than many dark matter theories thatdepend on hypothetical el-
ementary particles to explain dark matter. The MACHO project, based in Mount Stromlo
Observatory in Australia, attempts to detect dark matter by searching for ampli cation
of the light emitted from stars due to gravitational microle nsing [26]. In the point source
approximation, lensing produces ampli cation of the source by a factor of
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u?+2
A= p— (3:2)
u u?+4
whereu = % and bis the distance of the lens from the direct line of sight. The ermrg is
the radius of the Einstein ring that is produced in the case ofperfect alignment, and can

be calculated using the relation

r
4GMLx (1 x
fe = 02( ) (3:2)

whereM is the lens massG is the gravitational constant, L is the observer-source distance,
and x is the ratio of the observer-lens and the observer-source stiances [25].

3.2. Non-Baryonic Dark Matter

One popular non-baryonic dark matter candidate is the axion The axion is motivated
by the Strong CP problem, which is a puzzle that arises in the tandard model. The theory
of strong interactions requires the term

WG G ; (3:3)

which is CP violating, to appear in the QCD Lagrangian [2].° Naively, one might assume

1, however, current bounds from the electric dipole moment bthe neutron require
that < 10 9 The solution to this problem proposed by Peccei and Quinn in1977
makes a dynamic eld with a minimum potential that is CP conserving rather than a
constant coe cient [11,27]. The uctuations in this eld ar e called axions [2]. Evidence
from numerous sources, such as laboratory searches, stelleooling, and the dynamics of
supernova 1987A indicate that the mass of an axion should besks than or similar to 0.01
eV [10].

Another attractive non-baryonic dark matter candidate is t he weakly interacting, mas-
sive particle (WIMP). WIMPs are particles with mass near the weak scaleM,, 1 GeV -

6 A CP violation refers to a violation of postulated CP symmetr y. CP symmetry consists
of charge conjugation symmetry (C symmetry) and parity symm etry (P symmetry). Charge
conjugation symmetry requires that the laws of physics stay the same if a particle is replaced with
its antiparticle, and parity symmetry requires that the law s of physics stay the same if one spatial
coordinate ips signs.
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1 TeV. WIMPs are a popular candidate for dark matter since they exhibit all of the prop-
erties of dark matter and are produced by the big bang with comological densities of the
correct order of magnitude to be dark matter [2]. Most supergmmetric (SUSY) theories
provide a suitable WIMP candidate, their lightest supersymmetric particles, neutralinos.
Conservation of R-parity ensures that these particles havesurvived cosmological decay.
These models predict WIMPs with a wide range of potential mases and cross-sections.

These di erent WIMPs may be observable using direct detecton methods [5].

3.3. Discussions

The above is by no means an exhaustive review of dark matter calidates. Many
other candidates exist, including magnetic monopoles withmass 166 - 10!’ GeV, neutral
strongly interacting massive particles and neutral nucleaities, Q-balls, and Super WIMPS
[1,2]. Many experiments devoted to the investigation of bayonic dark matter, such as
EROS, MACHO and OGLE, have found that the amount of dark matter in baryonic
form is severely limited. Furthermore, it is extremely di ¢ ult to build a model of galaxy
formation that does not include non-baryonic matter. For these reasons, non-baryonic
dark matter candidates are more strongly favored [1,2].

Dark matter candidates are typically classi ed as hot dark matter or cold dark matter.
Hot dark matter consists of \particles relativistic at deco upling time with masses less than
or approximately equal to 30 eV." Cold dark matter consists d \particles non-relativistic
at temperatures greater than 1¢ K with masses from a few GeV to the TeV region or
axions generated by symmetry breaking during primordial uriverse" [1]. The presence of
the natural candidate for hot dark matter, the light neutrin o, is strongly constrained by
cosmology. Furthermore, measurements of the CMB radiationrule out the possibility of
a pure hot dark matter scenario, since the CMB radiation doesnot show su ciently large
inhomogeneity. Because of this, cold dark matter candidate should be dominant, although
a pure cold dark matter scenario is not viable as shown in expamental results [1].

The two primary cold dark matter candidates are axions and WIMPs. Attempts have
been made experimentally to observe axions by direct dete@in, but no positive results
have been obtained so far [1]. Because of this, WIMPs are ond, af not the, most appealing
dark matter candidate.
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4. Detection of WIMPs

Many experiments are presently underway to directly detectWIMPs. The idea mo-
tivating many of these experiments is to detect collisions etween WIMPs and nuclei. In
these experiments, WIMPs elastically scatter o of the nuclei, and deposit 10-100 keV
of energy. The energy deposited by WIMPs can then be detecteth three ways: ioniza-
tion along the path of the nuclear recoil, phonons that resut from the collisions between
WIMPs and nuclei in cryogenic detectors, and detection of Ight along the trajectory of
excited electrons [2]. In this section, we will brie y discuss the physics that are involved
in di erent steps of the process.

4.1. Event Rate Calculation

If WIMPs are to be detected directly via collisions, one of the rst steps necessary is
to determine the event rate for collisions between WIMPs andnuclei. A crude estimate of
this gure by Goodman and Witten nds that the event rate is

R = KF; (4:1)

where K is the number of target nuclei, F is the ux of WIMPs, and is the elastic
scattering cross section of the WIMP and the target nucleus 11,28]. The units ofR should
be number of scatters per unit time.

A detailed expansion of (4.1) that allows for a number of e eds is provided by Lewin
and Smith, who suggest that the event rate can be calculated vth

dR _ Ro
dE,  Egqr
In the above, E; is the recoil energy,E is the most probably incident kinetic energy of a

e ErRZEoTS(ER)F2(ER)I: (4:2)

WIMP with mass M,,, R is the event rate per unit mass,Ry is the total event rate, and r
is a kinematic factor

r= —(MA'VI:/ZVI:\AATT)Z (4:3)
where Mt is the mass of a target nucleus [11,29].

S(ERr) is a modi ed spectral function to account for motion of the E arth around the
Sun and through the galaxy, the di erence between detectione ciency for nuclear recoils

and background electron recoils, the possibility of the taget being comprised of numerous
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elements, and instrumental resolution and threshold e ecs that can arise due to the use
of equipment such as photomultiplier tubes. F (ER) is the form factor correction, which

arises due to the nite size of the nucleus. F(Er) is dependent on nuclear radius and
recoil energy, and is di erent for spin-dependent and spinindependent interactions. | is

an interaction function that takes into account di erent li mits set for spin-dependent and
spin-independent reactions [29].

4.2. Scintillation

In order to experimentally detect the elastic scattering of WIMPs and nuclei, it is
necessary to measure the scintillation light induced by thelow-energy nuclear recoils that
these scattering events cause. Scintillation from a liquied rare gas, such as Argon, Xenon,
or Neon’ is produced by two processes. The rst of these processes iseé exciton$
colliding with ground states in order to form excited molecues:

R +R+R! R,+R

(4:4)
R,! 2R+ hv:
The second of these two processes is produced due to ionizati
R*+R! R;
R;+e ! R +R
R ! R +heat (4:5)

R +R+R! R,+R
R,! 2R+ hv:

In the above, R indicates an atom of the liqui ed rare gas, R indicates an excited
atom (exciton), R* indicates an ion, R, denotes an excited dimer, andR is a highly
excited atom. hv denotes the light emitted by the process [11,30,31]. The dettor that
we discuss uses liquid Argon as a scintillation material, s&R = Ar. Dark matter detectors
seek to measure the signal produced by the photondyv using a photomultiplier tube. In
the case of Argon, the wavelength spectrum has a single peak &29 nm, with a width of
approximately 10 nm [31].

” In the experiments discussed in this paper, we will investig ate liquid Argon.
8 The exciton is simply an excited state of electron that is met astable. In other words, its

lifetime is long compared to the collision time.
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4.3. Wavelength Shifters & Photomultiplier Tubes

These emitted photons are all in the ultraviolet light range. Because all of the emitted
photons have wavelengths in a relatively small range, they nght have trouble propagating
through a given medium or matching the response peak of a phoimultiplier tube [32].
One way to avoid this problem is to use a wavelength shifter. Vevelength shifters are
organic additives whose function is to absorb primary scinillation light and to reradiate

the energy at a longer wavelength [32].

After being shifted in wavelength, light from the liquid scintillator travels to a photo-
multiplier tube. Photomultiplier tubes convert the relati vely weak light output of scintil-
lation materials into a corresponding electrical signal that is easy to measure. A simpli ed
model of the photomultiplier tube has two major components: a photocathode and an
electron multiplier structure. Energy is transferred from photons to electrons via the pho-
toelectric e ect in the photocathode. Following this step, the electrons that are generated
are accelerated and strike the surface of an electrode, call a dynode. Via a process
called secondary electron reemission, the energy depositdy the incident electron gener-
ates more electrons. For conventional dynode materials, sth as BeO, MgO, and CgSb,
one electron can produce ten via secondary electron reemies with an optimum incident
energy near 1 keV [32]. Photomultiplier tubes employ a serig of dynodes, with electro-
static elds in between them to accelerate electrons from oe dynode to another. Typical
dynode materials might produce ve electrons via secondaryelectron reemission, so that

a series of ten dynodes would result in an overall gain of abaul0’ electrons [32].

In our measurements, the electric pulse that is generated byhe photomultiplier tube
is then emitted across a resistor, producing a voltage. It isthis voltage signal that is

measured.
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Figure 5: An illustration of a photomultiplier tube (Taken from PHY 20 8 Lecture 1, Spring 2009).

5. Liquid Argon Detectors

In addition to WIMPs, scintillation signals of wavelength 129 nm can be caused by
numerous other sources. Generally, the causes of these sids can be classi ed as nuclear
recoil events and electron mediated events [11]. Nuclear ceil events have been associated
with four causes: background neutrons, background neutrins, surface recoils (atoms of the
scintillation material bumping into the detector walls), a nd WIMPs. A number of measures
can be taken to either eliminate or discriminate nuclear reoil events that are not caused
by WIMPs. One such measure is installing a detector undergrand, where background is
much lower. In addition, one can surround a detector with polethylene and radiopure
materials [11]. It is also possible to distinguish WIMP everts from neutron events. This is
done by submerging a detector in a large bath lled with scintillation material. Since any
neutron entering the detector must pass through a huge volura of scintillation material,
it is likely to cause a large number of events, while WIMP evets, which are rare, are
unlikely to cause more than one event. Thus, it is possible tadiscriminate events due to
neutron background from those due to WIMPs [11]. Although neutrinos cannot be shielded
against, their events occur in a region of the energy spectm that is not relevant to WIMP
searches. In addition, one can shield against surface ret¢®iby discounting signals from
peripheral regions of the detector [11]. By using these methds, it becomes possible to
almost de nitively isolate a nuclear recoil event caused bya WIMP.
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Electron mediated events are caused by background cosmicya and radioactive de-
cays. Although cosmic rays are less prevalent undergroundtheir rate is still too high
compared to the WIMP event rate. Electron mediated events ca also be caused by

-decays. In the case of Argon, many {decays occur due to the presence of°Ar, a ra-
dioactive isotope of Argon that appears in atmospheric*°Ar [11]. The appeal of using any
liqui ed rare gas in a dark matter detector is to discriminat e between the nuclear recoil
events that indicate a WIMP event and electron mediated evems. Many experiments use
dual-phase detectors, in which scintillation light and collected ionization charge are used
to discriminate between di erent types of events. The ratio between charge and scintilla-
tion light is di erent for nuclear recoils and electronic recoils, so comparison of this ratio
indicates whether events are WIMP nuclear recoils or not [38

The other viable method for discrimination of nuclear recol events and electron medi-
ated events is pulse shape discrimination (PSD) using a sirig-phase detector that collects
only scintillation light. 1t has been found experimentally that the time dependence of
scintillation light in liquid Xenon and liquid Argon varies signi cantly based on whether
the scintillation is produced by a heavy ionizer, such as an particle or a ssion fragment,
or a light ionizer, such as -decay or a Compton-scattered electron [33].

This time dependence occurs because scintillation in liqued rare gases occurs due to
the decay of excimers that can exist in either a singlet or trplet molecular states. These
states have signi cantly di erent lifetimes. The slow scintillation light emitted by triplet
molecules experiences suppressed intensity due to desttive triplet interactions. It is
believed that these reactions are stronger for events with igh excitation density, such as
nuclear recoils [33]. This causes the observed time depenu=e. Using this information, it
is possible to determine which type of excitation caused a gen event by comparing the
amplitude of the slow and fast components of scintillation ight [33].

Of the di erent liqui ed rare gases that can be used as scintilators in dark matter
detectors, Argon is one of the best candidates for a number afeasons. First, the triplet
lifetime is 1600 100 ns, which is signi cantly longer than that of Xenon (22 2.0 ns)
[33]. The longer lifetime of the triplet state should allow for much better PSD than one
can achieve with Xenon. Argon should, in principle, be able ¢ achieve part-per-billion
electronic recoil contamination. Electronic recoil contamination is the probability of an
electronic recoil event mistakenly being identi ed as a nudear recoil in PSD. Liquid Argon
is also an attractive alternative to liquid Xenon because naural Argon is less expensive
and has simpler puri cation requirements than Xenon. Both the WIMP Argon Programme
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(WARP) and the Argon Dark Matter (ArDM) experiments use dual -phase detectors with
liquid Argon as the target scintillation material [33]. In o rder to perform a competitive
WIMP search using liquid Argon, an electronic recoil contanination of 10 & or better is
necessary due to the presence 6PAr [33].

6. The 3°Ar Background Problem

As previously mentioned, a large amount of the background tlat exists in liquid Argon
detectors is due to the intrinsic  decays of*®Ar that exist in samples of atmospheric*°Ar
[6]. Cosmic ray interactions in the atmosphere produce®Ar, which has a speci ¢ activity
of approximately 1 Bg/kg, in atmospheric °Ar [34]. A recent paper by Galbiati et al.
reports on the discovery of underground Argon with low leves of 3°Ar and its possible
applications to WIMP detectors.

Despite the fact that Argon discriminates very well betweeen  decay and nuclear
recoils, it is still desirable to use Argon with much lower levels of 3°Ar. Although centrifu-
gation and di erential thermal di usion are established methods for isotopic separation
of 3°Ar and 4%Ar, these processes are extremely expensive and not time eient for the
amounts of Argon necessary for WIMP detectors [6].

Although underground Argon sources generally provide*OAr that is less radioactive,
39Ar can also be produced underground by a series of nuclear reions. One of these
sources is neutron reactions on potassium, for example®K(n; p)*°Ar. Enhanced 3°Ar
activity was also found in Argon samples collected in groungvater from rocks rich in
Uranium and Thorium [6]. The enhanced 3°Ar activity in these samples is likely due to
an \abundant neutron ux" which originates from ssion or (, n) reactions due to decays
in the U or Th chains [6]. As a result of this, the amount of 3°Ar in subsurface Argon
sources depends on the local concentration of U, Th, and K, ta perosity of surrounding
rocks and could vary signi cantly among di erent geological formations [6].

7. The Development of a Low Background Detector for Measurem ents of 3%Ar
in Underground Argon

Because of this inconsistency in the amount of°Ar in underground Argon sources,
it is necessary to count the amount of3°Ar in a given underground Argon sample and
determine whether or not a given sample of underground Argorwould be e ective in the
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direct detection of WIMP dark matter. In order to do this, we h ave begun to develop a
counter for 3 Ar in underground stores of “°Ar. The detector consists of a liquid scintillator
cell that is held in a te on cell retainer. The scintillator s ends light through a light pipe in a
te on re ecting sleeve, and into a photomultiplier tube. Th e photomultiplier tube ampli es
the rather weak signal produced by the scintillator. This ertire set-up is contained within
a thin conducting wall of copper that is placed inside of a crystat. For an illustration of
the detector, see Figure 7.

Before building the detector, we have performed several notrivial tests to measure
how e ective the detector will be at measuring 3°Ar in underground Argon and considered
di erent ways to potentially reduce background in the detector in order to get more precise
results. The rst test measures how much light is lost betwea a plastic scintillator and the
photomultiplier tube as the length of the light pipe in betwe en them increases. The second
test measures to what extent background in the detector is rduced by surrounding the
detector by lead blocks (while still using a plastic scintillator). The nal test compares the
background when using the liquid scintillator with the background when using the plastic
scintillator.

The following hardware was used over the course of these expments:

Photomultiplier Tube : Hamamatsu PMT R6233 100
Preampli er : CAEN Mod :N914 8ch PMT FE
Voltage Source : Ortec EGEG 556 High Voltage Power Supply (7:1)
Amplier: CANBERRA 2020 Spectroscopy Ampli er
Pulse Height Analyzer Princeton Gamma Tech System 8000

A block diagram of the electronics chain used to take our datas found below.

[ Scintlliator Photomultipiier Base [ preamp [ Amp Pulse
Tube E— 1 Heaight
| ) [ Analyzer |

L

High
Valtage

Figure 6: A block diagram of the electronics chain used to make measuraments.
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Unless otherwise noted, the high-voltage supply was set to.2 kV. The ampli er's settings

were the following:

Coarse Gain 10
Fine Gain 5
Multiplier 1
Shaping Time 15 s
Rate Hi (7:2)
Mode Sym
Threshold Auto
Pur @)
Pol

Teflon Retaining Collar Feedthroughs

- Spring PMT holder
13.22 '
| AN
2—00 — 7 PMT
| ——Thin wall section !
1
!
26.4200 I
1
| —Teflon Reflecting Sleeve . - i
.065 .
O-ring Groove |
55.92 O-ring Groove !
1
26.00 . |
— Scintillator Cell !
1
|
N
- A
% 8.50
DETAIL B
SCALE1:3
Teflon Cell Retainer
.I 35 UNLESS OTHERWISE SPECIFIED: NAME DATE Drawn By: Tristen Hohman
DIMENSIONS ARE IN INCHES DRAWN TH 10/21/08
10.135 FoACTOAL: creckeD TITLE:
4 NISUAE ks 5910 s pore. ,
T e PN e DESMAL Y Detector for Depleted Argon Counting
PROPRETARY AND CONFOENTIAL TOEANCHG PER. S
DRAWING S T SO PROPERTY OF HATERAL SIZE DWG. NO. REV
SECTION A-A L - B | cargoncounter 2
SCALE1: 6 b e
FRONETED. APPUCATON DO NOTSCALE DRAWIG SCALE: 1:12 WEIGHT: SHEET 1 OF 1
8 7 6 5 4 3 2 1

Figure 7: The Argon detector that is currently in development (drawn b y Tristen Hohman)
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A setting on the pulse height analyzer called the lower levetiscriminator was also ad-
justed as necessary in order to produce easy-to-read speatr The lower level discriminator
discounts a percentage of events in the very low energy rangeén order to reduce events
due to electronic noise in the detector or low-energy photos. Generally, this setting is
trivial to our results. Cases where it is not will be discussé.

We begin the development of a counter fo°Ar in underground stores of“°Ar by test-
ing how much light is lost in between the liquid Argon scintil lator and the photomultiplier
tube. We can obtain this information by observing the change in the energy spectrum
of a radioactive source as a photomultiplier tube gets progessively further away from a
plastic scintillator. A plastic light pipe is used as an intermediate medium in this mea-
surement. The light spectra that we measure display the numier of counts per channel in
the detector. In order to calculate the relationship between channel and energy, we take
advantage of the Compton edge.

Counts
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600 1000C
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100 300
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400 500 50
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Figure 8: The energy spectrum for a 3’ Cs taken with di erent light pipes. The top left is
the spectrum for no light pipe, the top right is a 2" light pipe , the bottom left is a 6" light pipe,
and the bottom right is 26.42" light pipe. All measurements w ere taken over an elapsed live time
of 600 seconds except for the measurement in the case where #re was no light pipe, which was

taken over an ELT of 45 seconds®

° A later measurement was taken over an ELT of 600 seconds and faind the Compton edge to
occur in the same location. However, this data le was inadve rtently lost.
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The Compton edge is a result of Compton scattering. Compton sattering is the scat-
tering of photons by free electrons at high energies. Compto scattering can be expressed
guantitatively as

1

1 1 E
EO E  mec?

(1 cos )E
1+ m e C2

(1 cos)! E°= (7:3)

where E is the energy of the incident photon, E' is the energy bthe outgoing photon, me
is the mass of an electronc is the speed of light, and is the angle of de ection of the
photon [35]. The amount of energy transferred is equal t&  E%and has a maximum at
= . At this maximum, we nd
E 2E?

Er=E E° Etf(maxyY= E ——— ! Ert(max)= ———:

mec2

(7:4)

It is at this value of Et where the Compton edge occurs in the energy spectrum
for Compton scattering. Assuming a linear relationship betveen channel number and
energy, we measured where the Compton edges occurred with nistermediate light pipe
for various di erent radioactive sources. We then comparedthis value to the known value
of the Compton edge location, in keV. A table of isotopes, {ray energies for di erent
branches, observed Compton edge locations, and known Comgn edge locations is found
below:

Source ray Energy (keV) Compton Edge (keV) Compton Edge (Channel)

5Co 122 394 10
137Cs 662 e 144 (7:5)
22Na 511 3407 95
22Na 1275 1062 333

Table 1: The -ray energy, calculated Compton Edge location, and the observed Compton edge

channel for various isotopes using a plastic scintillator.

We attempt to nd a model that gives the best linear relations hip between channel
and energy, based on the above data. We use the least squaretinod, which minimizes
the sum of the distances between the data points and the poirg on the x-axis to which
they correspond. We nd that the linear least squares model ér this data admits

Energy (keV) = 23:53 + 3:14 Channel #: (7:6)
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Figure 9 is a graph of channel versus energy, showing both themeasured data and the
linear least squares line.

EnergHKeVL
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Figure 9: The channel at which the Compton edge appeared for di erent s ources, plotted
versus the known value of the Compton edge, in keV. The red points represent data from (7.5).
The blue line represents the least squares model from (7.6).

The roughly linear shape of this data indicates that the detector is taking reasonable
energy spectra, and that there are no major problems with thetesting apparatus. In order
to now measure how much light will be lost with a long light pipe, we gradually increase
the length of the light pipe in between the plastic scintillator and the photomultiplier
tube, and measure the movement of the channel at which the Copton edge appears in
the spectrum for 3’Cs. Found below is a table of this data.

Light Pipe Length (Inches) Compton Edge Channel

0 144

2:69 96 (7:7)
6 75

26:42 55

Table 2: The channel at which the Compton edge appeared with various light pipe lengths

for ¥’ Cs

We can measure how much light is lost for the longest light pig (26.42 inches) by
taking the ratio of the channel at which the Compton edge appears with the longest light
pipe to the channel at which it appears with no light pipe. However, recall that when we
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calculated the linear best t model for energy as a function d channel in (7.6), there was
a positive o set of 23.53 in the value of energy for a given chanel. This o set may be

due to a hardware inconsistency, such an inability on the par of the detector to take data

for low energies as well as for high energies. In order to malks&ure that we are measuring
the ratio of the \true" channels, we set the energy equal to zeo and nd where the actual

zero channel is.

Energy (keV) = 23:53 + 3:14 Channel #
0=23:5+3:14 Channel# ! Channel#= 749

Based on this adjustment, a table of corrected channels at wich the Compton edge appears

(7:8)

can be found below.

Light Pipe Length (Inches) Compton Edge Channel

0 15149

2:69 10349 (7:9)
6 8249

26:42 6249

Table 3: The channel at which the Compton edge appeared with various light pipe lengths

for ¥’ Cs, adjusted to take into account the o set found with a least sq uares regression line.

Now we nd the ratio of the measurements at length = 26.42 and kength = 0 to be

62:49
151:49

pipe.

= 0.41. Thus, we nd that we lose about 59% of the light when using the long light

Compton Edge LocatioRChannel

: : : : Light Pipe Lengthihched
5 10 15 20 g P g

Figure 10: The channel at which the Compton edge for 13’ Cs appeared for di erent light pipe lengths.

Another relevant measurement that can be taken is the amountof background that
is eliminated from the detector by surrounding the detector with lead. In order to do this,
it is necessary to calculate the average counts per secondrfthe 26.42 inch light pipe,
both in the presence of lead and without lead. We rst take a spectrum for the detector
without the lead surrounding it. As we see in (7.9), the Compton edge for'3’Cs appeared
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at Channel 55 for the 26.42 inch light pipe. The Compton edge dr 3’Cs is known to
appear at 499 keV, which implies that each channel is equivaint to an energy of 9.07 keV.

Background radiation will have energy between 100 keV and 50 keV, which roughly
corresponds to channels 11 to 55. By summing the total count#n this energy range and
dividing by the elapsed live time of the Princeton Gamma Techanalyzer, it is possible to
nd the reduction in background in the detector by surroundi ng the detector with lead.

We rst investigate the energy spectrum for the detector with no lead surroundings.
Summing up the counts per channel for channels 11 to 55, we ndhat the total number
of counts in this energy range was 4,538 counts over the coweof 600 seconds. Thus, on
average, there were 7.56 counts per second due to background

Figure 11: The *°Ar detector, surrounded by 4 inches of lead on all sides.

Following this measurement, we surrounded the detector wih 4 inches of lead on
all sides, including the bottom, as seen above in Figure 9. Té lead surrounding covers
the bottom{most 14 inches of the detector. Following this adustment, we took another
spectrum of background for the 26.42 inch light pipe. Again,summing up the counts per
channel for channels 11 to 55, we nd that the total number of @wunts in this energy range
was 2,502 counts over the course of 600 seconds. Thus, on age, there were 4.17 counts
per second due to background.

Taking the ratio of these two average count rates, we see thaplacing four inches
of lead around the bottom most 14 inches of the detector and a@ng its base reduces the
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background inside of the detector to 55.15% of its original &lue. This is an extremely
e ective method to reduce background inside of the®°Ar detector. 1°

Finally, we wish to take measurements of background in the dector with the lead
shielding around the detector when we use the liquid scintiator rather than the plastic
scintillator that has been used in tests up to this point. In order to do so itis rst necessary
to take some energy spectra for radioactive sources, in ordéo recalibrate our energy scale.
In order to place the data in a more central location, we adjused the coarse gain on the
ampli er to a value of 30, as opposed to 10. After taking specta for 3'Cs and *’Na, we
found that the Compton edge appeared at the following locatons:

Source ray Energy (keV) Compton Edge (Channel) Compton Edge (keV)

87cs 662 74 ATTT _
22Na 511 45 3407 (7:10)
22Na 1275 175 1062

Table 4: The -ray energy, calculated Compton Edge location, and the observed Compton

edge channel for various isotopes using a liquid scintillator and lead shielding.

Again using the least squares method in order to nd a linear nodel for the relationship
between channel number and energy, we nd that

Energy (keV) = 76:92 + 5:61 Channel #: (7:11)

Using this least squares regression to determine the chanlsewhich correspond to
energies of 100 keV and 500 keV, we nd that 100 keV roughly caesponds to channel
4 while 500 keV roughly corresponds to channel 75. Althoughhe channel 4 may at rst
seem alarmingly low for an energy of 100 keV, this is due to th® set in the least squares
regression. Summing up the counts in this channel range for dackground measurement
using the liquid scintillator (where the detector is surrounded by the same 4 inches of lead
on all sides), we nd that the total number of counts was 4,359counts over the course of
600 seconds. On average, there were 7.26 counts per seconc da background.

An increase of background when switching from the plastic satillator to the liquid
scintillator was expected. This is because the liquid scintlator is more massive than the

10 The same lower level discriminator setting was used for all background measurements.
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plastic scintillator, and, as a result of this, records morebackground events!' However, an
increase of only about four counts per second is somewhat urgected given that the liquid
scintillator is much more massive than the plastic scintillator. One potential discrepancy
in the measured average background count for the liquid sciilator is the lower level
discriminator.

The lower level discriminator attempts to eliminate much of the electronic noise that
is created in the detector in the lowest channels. In almost kinstances, the elimination of
these events is insigni cant to data. Note, however, that the lower bound on the channel
range for the liquid scintillator was channel 4. If this channel is accurate, it is possible
that the lower level discriminator may have prevented the ddector from recording many
of the background events for the liquid scintillator.

The unexpectedly low background for the liquid scintillator may also be due to other
causes. One potential explanation is that most of this backgound is due to cosmic rays,
which mainly enter the detector from above. Since the crossextional areas of the two
scintillators are the same, the larger mass may not have as nah of an impact on the data
as rst expected. Another possible explanation is the potemial for impurities in the plastic
scintillator that do not exist in the puri ed liquid scintil lator.

8. Conclusion

In this paper, we have discussed several tests completed tadain the development of
a low background detector for measurements of°Ar in underground Argon. It was found
that approximately 41% of light was retained as light traveled between a scintillator and
the detector's photomultiplier tube. We also con rmed that lead was an e ective means
of shielding against outside background as it reduced backgund in the detector by a
factor of two, from 7.56 counts per second to 4.17 counts peresond. We also found that
more background was present when using a liquid scintillato than when using a plastic
scintillator, although the increase in background was smdker than expected. A summary
of experimental results can be found below.

1 The volume of the plastic scintillator was measured to be 27.05 cubic centimeters, while
the mass of the liquid scintillator is somewhere between 800 and 900 cubic centimeters. If the
density of the liquid scintillator is approximately .88 gra ms per cc, and the density of the plastic
scintillator is approximately 1 g per cc, the mass of the plastic scintillator should be about 27.05
grams, while that of the liquid scintillator should be betwe en 704 and 792 grams.
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Light Lost Due To Light Pipe : 59%
Background using Plastic Scintillator (Without Lead Shiel ding) : 7:56 counts=sec .
Background using Plastic Scintillator (With Lead Shielding) :  4:17 counts=sec (8:1)
Background using Liquid Scintillator (With Lead Shielding ) : 7:26 counts=sec

Table 5: A summary of the experimental results reported in this paper . All background

measurements were taken over the same energy window (100 - 50 keV).

These results could be strengthened by repeating the experents and con rming
these results. Possible sources of error could come from sthhght leaks, application of
optical grease, detector settings, and many other sourcesThis summer, we will continue
work on the development of the detector, soon performing tets in a vacuum in order to
further reduce background due to nuclear recoil events. Fuher reduction of electron me-
diated events could be achieved by placing the detector futter underground, as discussed
in Section 5. However, the achieved results show that many othe measures in place
are e ective in eliminating background in the detector and that the detector operates at
approximately the expected e ciency.
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