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ABSTRACT

There is strong cosmological and astrophysical evidence for the existence of non-baryonic,
cold dark matter as a major constituent of the Universe. Its nature, so far elusive, consti-
tutes one of the most fundamental questions in science. The existence of weakly-interacting
massive particles (WIMPs) is a compelling explanation for dark matter, and a large experi-
mental effort is ongoing to detect the rare interactions of WIMPs with dedicated detectors
located underground to minimize backgrounds.

DAMIC (Dark Matter in CCDs) is a novel experiment with unique sensitivity to dark
matter particles of masses below 10 GeV/c?. It employs the bulk silicon of scientific-grade
charge-coupled devices (CCDs) as the target for coherent WIMP-nucleus elastic scattering;
the CCD is then used to detect the ionization produced by the recoiling nucleus. These
devices, which are widely used for light imaging in astronomical telescopes and for X-ray
detection in a variety of applications, are used in DAMIC for the first time as dark matter
detectors. DAMIC CCDs are fabricated from n-type, high-resistivity silicon wafers, and
are fully depleted (i.e. fully sensitive) over a record thickness of 675 pm. With 16 million
pixels per CCD arranged over an area of 6 cm x 6 cm, these detectors provide a uniquely
detailed spatial reconstruction of the energy deposited by a particle interaction. Also, the
extremely low noise of the CCD readout results in an unprecedentedly low energy threshold
to ionization of a few tens of eV. DAMIC was installed at SNOLAB - a laboratory located 2
km underground in a mine in Sudbury, Canada - at the end of 2012, and is now completing
the R&D phase required for the construction of a 100 g detector, DAMIC100.

The work presented in this thesis covers the progress of the DAMIC experiment during
its R&D phase. A significant contribution has been the development of data analysis and
simulations tools, and their use in the characterization of DAMIC CCDs, including the
measurement of charge diffusion and the response to electron-induced ionization.

A major contribution of this thesis is the measurement of radioactive contaminants po-
tentially present in the apparatus. Photons, a and g particles - e.g. from isotopes of the
uranium and thorium chains - can produce interactions in the CCD ultimately limiting the

sensitivity of the experiment to dark matter searches. In addition to a careful screening of



all materials located close to the CCDs, we have performed measurements of radioactive
contaminants in the CCD itself. For this purpose we have exploited the unique spatial reso-
lution of the detector, which allows for accurate identification of o and [ particles. Uranium
and thorium contamination in the CCD bulk was measured through « spectroscopy, with an
upper limit on the #%U (?*2Th ) decay rate of 5 (15) kg™' d™! at 95% CL. We also searched
for pairs of spatially correlated electron tracks separated in time by up to tens of days, as
expected from 32Si —32P or 21°Pb — 210Bj sequences of 3 decays. ®2Si is a cosmogenic iso-
tope which may be present in any silicon detector and constitute an irreducible background.
The decay rate of 32Si was found to be 8074? kg™ d=* (95% CI). An upper limit of ~ 35
kg™ d~! on the 21°Pb decay rate was obtained independently by « spectroscopy and the j3
decay sequence search. These levels of radioactive contamination are sufficiently low for the
successful operation of the forthcoming DAMIC100.

Another major result presented in this thesis is the measurement of the nuclear ionization
efficiency in silicon, namely the ratio of the energy released in ionization by a recoiling nucleus
to the nucleus kinetic energy. Since only a fraction of the kinetic energy is released in the form
of ionization, the experimental determination of the nuclear ionization efficiency is required
for any consistent interpretation of a search for dark matter particles. We have performed
a measurement of the nuclear ionization efficiency by detecting nuclear recoils induced in a
DAMIC CCD by a fairly monochromatic beam of neutrons from a '2*Sb-Be source. This
is the first measurement in the literature for kinetic energies of the recoiling silicon nucleus
below 3 keV. A notable result is that the measured nuclear ionization efficiency is consistently

lower than the prediction of the Lindhard theory in silicon, which is used as a reference in
the field.
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CHAPTER 1
INTRODUCTION

1.1 Dark Matter

Dark matter is a hypothetical kind of matter that cannot be seen with telescopes but accounts
for most of the matter in the universe. According to the Planck mission team and based
on the standard model of cosmology, the total mass and energy of the known universe
contains 4.9% ordinary matter, 26.8% dark matter and 68.3% dark energy [5]. However, dark
matter has not been detected directly, making it one of the greatest mysteries in modern
astrophysics.

The first robust indications that the mass to light ratio was anything other than unity
came from measurements of galaxy rotation curves which is a plot of the magnitude of
the orbital velocities of visible stars or gas in that galaxy versus their radial distance from
that galaxy’s centre, shown in Figure 1.1 [6]. The dashed line is the predicted line with
only visible stars or gas while the solid line is the observed line which could be explained
by dark matter. Clouds of neutral hydrogen extend far beyond the galactic disk and thus
allow the measurement of the orbital velocity much further out than the stars. From a
measurement of the rotational velocity of stars and gas as a function of radius r one can
compute the mass M(r) of the galaxy enclosed within that radius. In Newtonian mechanics,
since v(r) = pGM (r)/r, one would expect that at a radius beyond the extent of the stellar
disk the rotational velocity should go as v(r) oc r~/2. Instead, rotation curves exhibit a flat
behavior that extends far beyond the stellar disk. The expected contribution to the rotational
velocity from the luminous mass (disk) and the interstellar gas (gas) by themselves cannot
explain the observed rotation curve but the assumption of the presence of a dark halo with
M (r) o< r can account for the observed behavior.

The most precise measurements of the abundance of dark matter in our universe and
stringent constraints on its baryonic content come from measurements of the cosmic mi-
crowave background (CMB). Much has happened since the accidental discovery [7] of the

predicted left over radiation from the Big Bang. We now know that it follows with extreme



precision the black body spectrum at a temperature of 2.725 K, and that anisotropies are at
the level of 10 uK. The angular power spectrum of the CMB depends on parameters like the
physical baryon density, the physical cold dark matter density, and the dark energy density.
The measurement of the temperature anisotropies thus provides constraints on the three
cosmological parameters.

There are also other astronomical observations that show the existence of dark matter [8].

Determining the nature of the dark matter is one of the most important problems in modern

Observations
from 21 © hydrogen

B 2000 30"
- R (x 1000 ly)

Figure 1.1: Galaxy rotation curve. The dashed line is the predicted line with only visible
stars or gas while the solid line is the observed line which could be explained by dark matter.

cosmology and particle physics. From the astronomical observations, we know dark matter
cannot consist of baryons or of light particles unless they are created via a phase transition
in the early universe. Here are the most famous candidates:

Weakly-interacting massive particles (WIMPs):

WIMPs are among the leading hypothetical particle physics candidates for dark matter,
which could resolve a number of astrophysical and cosmological problems related to dark
matter. The WIMP fits the model of a relic dark matter particle from the early Universe,
when all particles were in a state of thermal equilibrium. For sufficiently high temperatures,
the dark matter particle and its antiparticle would have been both forming from and anni-

hilating into lighter particles. As the Universe expanded and cooled, the average thermal



energy of these lighter particles decreased and eventually became insufficient to form a dark
matter particle-antiparticle pair. The annihilation of the dark matter particle-antiparticle
pairs, however, would have continued, and the number density of dark matter particles would
have begun to decrease exponentially. Eventually, the number density would become so low
that the dark matter particle and antiparticle interaction would cease, and the number of
dark matter particles would reach a rough constant as the Universe continued to expand.
Particles with a larger interaction cross section would continue to annihilate for a longer
period of time, and thus would have a smaller number density when the annihilation inter-
action ceases. Based on the current estimated abundance of dark matter in the Universe, if
the dark matter particle is such a relic particle, the interaction cross section of the particle-
antiparticle annihilation can be no larger than the cross section for the weak interaction,
which is so called ”WIMP miracle”. [9]

Axions:

The axion is a hypothetical elementary particle postulated by the Peccei Quinn theory
in 1977 to resolve the strong CP problem in quantum chromodynamics (QCD). One theory
of axions relevant to cosmology has predicted that they would have no electric charge, a
very small mass in the range from 10° to 1 eV/c?, and very low interaction cross sections
for strong and weak forces. If axions have low mass, thus preventing other decay modes,
theories predict that the universe would be filled with a very cold Bose Einstein condensate
of primordial axions. Hence, axions could plausibly explain the dark matter problem of
physical cosmology. [9], [10]

There are also other popular candidates like gravitinos, sterile neutrinos and so on.

1.2 Detection of Dark Matter

There are numerous experiments aiming to verify the existence of dark matter, which could
be divided into three categories: A. direction detection; B. indirect detection; C.accelerator
search. Indirect detection experiments search the dark matter annihilation or decay products.

Now we only focus on the direct detection of dark matter.

1.2.1 WIMP-Nucleus Interactions

The dominant interaction mechanism between WIMPs and nuclei is the elastic scattering

due to the spin-independent interaction. The differential recoil energy spectrum between a



WIMP with mass myx and a target nucleus of mass my is given by :

dR T00
dEr — \/mugmxm?

F*(E)T(E) (1.1)

where pg is the WIMP density in the local neighborhood within the galactic halo, oy is
the elastic scattering cross-section between the WIMPs and nuclei, m, is the WIMP-nuclei
reduced mass: m, = mymr/(m, + mr), F(E) is the nuclear form factor, and T(E) is a

dimensionless integral over the local WIMP velocity distribution f(vp):
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Here, vp is the WIMP velocity, ves. is the escape velocity and vg is the Earth velocity.
Figure 1.2 shows the local WIMP velocity distribution when vy = 230 km/s, vg = 244 km/s,
and ves. = 600 km/s. For spin-independent scattering, oy is approximately proportional to

the WIMP-proton scattering cross-section o,_, which is g ~ A%0,_,. Figure 1.3 is the
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Figure 1.2: The local WIMP velocity distribution with vy = 230 km/s, vy = 244 km/s, and
Vese = 600 km/s.



differential recoil spectra with a WIMP mass of 100 GeV/c* and spin-independent cross-
section (0,_, = 107*c¢m?) with various target nuclei. Many experiments use a readout
channel into which only a fraction of the recoil energy is deposited. In such a scenario, the
measured energy has to be converted to the true recoil energy through an energy-dependent
factor called the quenching parameter (in DAMIC, it is called ionization efficiency which will
be discussed in Chapter 5.) The measured energy is often labeled in units of keVee (keV
electron equivalent) while the nuclear recoil energy is often labeled with units of keV, keVr,

or keV,,. [11]

1.2.2  Summary of direct dark matter detection experiments

From the properties of WIMPs and the expected interaction rates with the normal matter it is
possible to identify the characteristics required of an instrument aiming at the detection of the
scattering of WIMPs in its target volume. The detector should have a low threshold for the
detection of nuclear recoils, as the expected exponential spectrum of recoil energies translates
into a large sensitivity increase with reduced thresholds. Given the extremely low interaction
rates, the detector should have a very low radioactive background, especially at low energies.
If the detector is capable of discriminating between nuclear recoils and electronic recoils this
will constitute a clear advantage since the most predominant background, electronic recoils
from v rays and (8 decays, will be rejected. Fast neutrons, which can produce low energy
nuclear recoils, are then the ultimate background remaining. If the detector can measure an
expected feature of WIMP interactions with normal matter, such as the annual modulation
of the rate, the anisotropy of the nuclear recoil directions, or the rate dependence on the
target material, then this will also constitute a clearer signature.

Currently, the direct dark matter detection experiments could be divided into four cate-
gories based on the detection techniques.

A. Scintillation

These detection experiments use scintillators as target materials in a low radioactivity
enclosure and read out with photomultiplier tubes to detect particle interactions. The most
widely used scintillators are Nal (T1), Xe, Ar, Ne and CF,. DAMA/LIBRA [12], DEAP [13]
and CLEAN are experiments using scintillators.

B. Ionization Detectors

Those experiments use Ge or Si as target materials. When particles (WIMP) hit the
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Figure 1.3: The differential recoil spectra with WIMP mass of 100 GeV/c? and spin-
independent cross-section (o,_, = 107%¢m?) with various target nuclei.



target, it will scatter with the target nuclei. The deposited energy could ionize the electrons
(holes) with some efficiency that could be readout. CoGent, CDMS [14] and DAMIC belongs
to this category.

C. Time Projection Chambers (TPC)

Xenon and argon two-phase TPC have also be developed for dark matter detection. A
low radioactivity vessel is partially filled with liquid xenon (argon) while the rest is filled
with xenon (argon) gas. By applying a bias voltage across the liquid and gas volumes, an
electric field of ~1 keV/cm and ~10 keV/cm are created. Photomultiplier tube arrays are
installed on the top and bottom of the chamber to detect scintillation photons form the
interaction. Figure 1.4 shows the schematic of a TPC used in dark matter detection. An
initial signal (S1) is coming from the scintillation produced at the interaction time. Ionized
electrons created by the interaction drift in the electric field and accelerate in the gas,
producing a second scintillation signal (S2). LUX and Xenon are the leading experiments in
this category. [15], [16]

D. Superheated Liquids

COUPP experiment makes use of a bubble chamber detector containing superheated
liquid (CF3l) as the target material. An energy deposition in the liquid from a particle
interaction creates a local nucleation of a bubble. The pressure spike due to the bubble for-
mation triggers a video camera to record the event, which allows a 3D position reconstruction

of the interaction. [17]

1.2.3  Clurrent situation of direct dark matter detection

The current status of direct dark matter searches in the low mass region is summarized in
Figure 1.5. The figure shows that there is a set of experiments that have produced limits
that are probing into the high mass region preferred by supersymmetric models that quickly
lose sensitivity as the dark matter particle mass is reduced. At the same time there are
claims of experimental results consistent with the observation of a dark matter signal. There
is significant tension between these results, because the region of positive signals is rejected
to high confidence level by some experiments. In particular, the XENON-100 experiment
claims rejection to 90% C.L [2], of all the experimental hints for dark matter. There has been
extended discussion about these results in the literature, including speculation of possible

systematic effects that could influence the different experimental results [1],[2],[3],[4]. In
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Figure 1.4: Schematic of a xenon two-phase time-projection chamber, showing the recorded
signals for a gamma interaction and a WIMP. The ratio S2/S1 is used to discriminate between
electron and nuclear recoils.



summary, for more than 10 years the dark meter community has been puzzled by a possible
detection of a low mass dark matter particle by DAMA /Nal and DAMA /LIBRA that could
not be confirmed experimentally. Since the supposed signal was detected using lower energy
thresholds than was used in the the other experiments which excluded their results, their
signal has not been completely ruled out as Dark Matter. In the past two years there have

been three new experimental hints for the low mass dark matter signal as shown in Figure
1.5.
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CHAPTER 2
THE DAMIC EXPERIMENT

The DAMIC (Dark Matter in CCDs) experiment uses the bulk silicon of a scientific-grade
charge-coupled device (CCD) as the target for coherent WIMP-nucleus elastic scattering.
The relatively low mass of the silicon nucleus, as well as the low read-out noise of the
detector, make the CCD an ideal instrument for the identification of the nuclear recoils with
keV-scale energies from WIMPs with masses <10 GeV/c?. Historically, CCDs had not been
considered as a viable WIMP detector due to their relatively low mass (<1 g per detector).
Yet, recent advances in CCD technology, mostly due to the increase in the purity of the
silicon, allow for the fabrication of fully-depleted CCDs with exceptionally low levels of
radioactive contamination and several g of mass. These instruments have been successfully
characterized and deployed in astronomical telescopes, where their large area and thickness
allow for the efficient detection of near-infrared light. With DAMIC, they are used for the

first time to search for Dark Matter particles.

2.1 Charge Coupled Devices

The charge-coupled device was invented in 1969 at AT&T Bell Labs [18], initially motivated
by the development of memory storage. Very soon it was realized that CCDs could be used
for light imaging purposes, which has been indeed the largest application of these devices.
The cross section of a CCD pixel is shown in Figure 2.1. The bulk of the device is made
of doped silicon (n-type in this case), where an incoming photon of energy E, greater than
the band-gap energy of the semiconductor (1.1 eV) can produce electron-hole (e-h) pairs.
Photons of energies up to 3.1 eV can only generate a single (e-h) pair, with a probability
which increases with the photon energy. For E, > 10 eV, the number of (e-h) produced
is E,/E._p, where E,_,=3.65 eV is the average energy required to generate an (e-h) pair
in silicon[18]. Each CCD pixel is essentially a metal-oxide-semiconductor(MOS) capacitor,
where the charge produced by the incident photon is stored. A bias voltage is applied across
the device, which drifts the electrons towards the backplane of the CCD and the holes towards
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the gates (metal electrodes) of the CCD pixel. While drifting, the charge diffuses and may
extend over several pixels in the x-y plane. The holes are then kept in the potential well at
the "buried” p-channel - a p-doped silicon layer typically 1-2 um thick just below the oxide
layer; the potential well produced by this channel maintains the charges away from the oxide-
semiconductor interface where they can get trapped. Charge produced by incoming light
keeps accumulating at the pixels during the CCD exposure. By appropriate changes in the
gates potential, the charge can be moved from pixel to pixel up to a readout stage. Figure 2.3
schematically illustrates the readout process. In the three-phase CCD, each pixel (also called
register) is defined by three gates (Py, P2, P3) which are appropriately set to high and low
states to hold the charge in place. Vertical registers are separated by potential barriers called
channel stops (grey bands in Figure 2.3) which prevent the spread of the charge between
adjacent columns. The gate P; of every vertical register in a CCD column is connected to the
same clock driver, and an appropriate clock sequence of the gates results in the sequential
movement of the charge in the vertical direction. For each vertical clock sequence, a line of
vertical pixels is transferred into an horizontal register (serial register), where an horizontal
three-phase clocking moves the charge horizontally to an output charge-to-voltage amplifier
for readout. Thus, the CCD is serially readout. For scientific grade CCDs, the inefficiency
of charge transfer from pixel to pixel is as low as 10~7, which introduces a negligible loss of
charge since the number of transfers required for readout is at most 8,000 (for a large format
CCD of 4k x4k pixels).

The design of the amplifier is crucial for low-noise operation of the device. An example of
readout node is shown in Figure 2.2. This kind of design provides powerful noise reduction
through the Correlated Double Sampling (CDS) technique. A significant component of the
noise is introduced by the reset pulse required to eliminate the pixel charge after readout. In
the CDS, the pixel voltage is measured a first time just after the reset pulse, and a second
time after the charge has been moved into the pixel. When making the difference between
these two voltage levels, the reset noise is canceled. With appropriate optimization of the
integration time windows for the charge measurement, readout noise levels of a few electrons
can be achieved. Another potential source of noise comes from the dark current of the
device: charge from thermally generated electron-holes will be collected in the CCD during
an exposure even in the absence of light, and the statistical fluctuation of this charge will
result in noise. The dark current noise can be significantly reduced, usually to a negligible

level with respect to the readout noise, by operating the CCD at cryogenic temperatures
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(~ 100 K).

CCDs are also sensitive to ionizing radiation, and they have been used as X-ray detectors
in a variety of applications [19]. The energy lost by ionizing radiation in semiconductor
detectors ultimately results in the creation of electron-hole pairs, and the average energy
necessary to create an electron-hole pair in silicon (3.65 eV) is found to be independent of
the type and the energy of the ionizing radiation. The capability of the CCD to detect very
low-energy deposits (tens of eV) from ionizing particles is the main reason for its use in

DAMIC.

Metal-Oxide-Semiconductor
capacitor

-V

Metal gate

Si oxide (insulator)
p-type Si (buried channel)

3 ge\ n-type Si

electron-hole pairs
_|=_ generated

by a photon or ionizing

particle

Figure 2.1: Sketch of a CCD pixel.

2.2 CCDs as Dark Matter detectors

The DAMIC experiment employs a novel type of CCD, developed originally at Lawrence
Berkeley National Laboratory MicroSystems Lab [20] for detection of near-infrared light.

12
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Figure 2.2: Schematic of a CCD readout node, with a sketch of the sequence of voltage levels
used for the Correlated Double Sampling.
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Figure 2.3: Illustration of the CCD readout process. Explanation in the text.
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To achieve high quantum efficiency at these wavelengths, the detector must be significantly
thicker than usual CCDs (hundreds instead of tens of pm) which requires the use of high-
resistivity silicon (10~20 k2 /ecm). The high-resistivity of the silicon allows for a low donor
density in the substrate (~10'" ¢cm?), which leads to fully depleted operation at reasonably
low values of the applied bias voltage (up to 100 V). The possibility to fabricate large format
CCDs of hundreds of pm thickness (with few g of mass) encouraged a dedicated R&D effort to
explore their use for dark matter detection. The DAMIC R&D started with CCDs of 250 pum
thickness originally developed for the Dark Energy Survey (DES) camera (DECAM)[21].
The current thickness of DAMIC CCDs is 675 pm. These CCDs are fabricated in 2k x4k
and 4k x4k pixel format, with pixel size of 15 pm x 15 um. One of the larger format CCDs
(6 cmx6 cm) with an active mass of 5.9 g is shown in Figure 2.4. DAMIC CCDs are operated
at a temperature of 120-140 K, where the dark current is only ~ 0.1 e pix 'day~!. The
readout noise reaches a minimum value of ~ 2 e~ for a pixel readout time of ~ 40 us.

An image taken with a DAMIC CCD at ground level is shown in Figure 2.5, which
illustrates the power of CCDs as a detectors of ionizing radiation. Low energy electrons
(e.g. from X-rays) and nuclear recoils, whose physical track length in silicon is <15 pm,
produce diffusion limited” clusters, where the spatial extension of the cluster is dominated
by charge diffusion while drifting towards the gates. Higher energy electrons, from either
Compton scattering of high energy gammas or beta decay, lead to extended tracks. Often
clusters present a worm-like structure due to straggling of the electrons. Cosmic ray muons
or high-energy (MeV) electrons pierce through the CCD, leaving a straight track. Alpha
particles entering the CCD backside produce a dense column of electron-hole pairs which
results in highly-diffuse round clusters of 100s of ym in diameter (4.7(a), see Section 4.4.1).
These highly distinctive features allow for an accurate classification of the measured clusters,
resulting in powerful particle identification. The principle of WIMP detection with a CCD
is illustrated in Figure 2.6. A Si nucleus acquires keVnr of kinetic energy from the WIMP
elastic scattering. The ionization charge produced by the nuclear recoil is drifted towards
the pixels gates, where is held in place until the readout. Since the range of a Si ion is much
smaller than the pixel dimension (e.g. 20 nm for 10 keVnr recoil), the resulting CCD signal
is a diffusion-limited round cluster of pixels (Figure 2.5). The size of the cluster depends on
the depth where the interaction occurred, i.e. on the distance the charge has diffused while
drifting toward the pixel gate.

When compared to other WIMP detectors, DAMIC CCDs present some unique proper-
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ties:

e Very low energy threshold: in DAMIC CCDs the noise is dominated by the readout,

since at the operating temperature of 140 K the dark current contributes negligibly.
We achieve routinely a readout noise of ~ 2 e~ for the charge collected in a pixel.
Since on average 3.65 eV are required to produce an electron-hole pair in silicon, the
readout noise corresponds to an uncertainty of ~7 eV in deposited energy. This allows
for the positive identification (5 sigma) of as little as 35 eVee! of energy deposited
in a pixel. For comparison, energy thresholds achieved so far by CoGeNT PPC and
CDMSlite germanium detectors are 500 eVee [1] and 170 eVee [22], respectively. The
lower energy threshold of a CCD extends the range of low mass WIMPs to be probed.
Also, since the expected spectrum of WIMP-induced nuclear recoils is exponential, a
lower energy threshold results in a higher WIMP rate. Thus, a CCD may be comparable

in sensitivity to a larger mass detector of higher threshold.

Exquisite spatial resolution, which makes diffusion-limited clusters readily recognizable
as WIMP candidates (Figure 2.5). In addition, it enables surface backgrounds rejection
based on the size of the event: a low energy background particle entering the CCD
from the front surface close to the gates is detected as a one or two pixel cluster, while
it presents the largest possible size when entering from the back surface. The particle
identification capability of the CCD provides unique information to study and then
mitigate the radioactive contamination in the detector. Finally, background events
occurring in the CCD bulk - for example, from a 32Si sequence of beta decays - can be

rejected as spatially correlated events occurring at different times (Section 4.5).

2.3 The DAMIC setup at SNOLAB

The DAMIC experiment is installed at SNOLAB, an underground laboratory specialized in

neutrino and dark matter physics. The laboratory is located 2 km below the surface in the

Vale Creighton Mine - an active nickel mine - near Sudbury, Ontario, Canada. An overview

of the DAMIC components is given in Figure 2.7. A packaged CCD is shown in Figure 2.7(a).

The device is epoxied to a high-purity silicon support piece. The CCD clocks and readout

! The electron-equivalent unit eVee refers to energy deposited by an electron. In general, a recoiling nucleus
will loose its kinetic energy through different mechanisms, with only part of it resulting in ionization.
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Figure 2.4: A DAMIC 4k x4k CCD of 675 pm thickness.

node signal travel on a Kapton cable, appropriately shaped for wire bonding. The cable is
also glued to the silicon support. A copper bar facilitates the handling of the packaged CCD
and its insertion into a slot of an electropolished copper box (Figure 2.7(b)). The box is
located inside a copper vacuum vessel (~107% mbar) where is maintained at a temperature
of ~140K by a cryogenic cold head. An 18 cm thick lead block hanging from the vessel
flange shields the CCDs from radiation produced by the electronics card (Vacuum Interface
Board, VIB), also located inside the vessel (Figure 2.7(c)). The CCDs are connected to
the VIB through the Kapton flex cables, which run along the side of the lead block. The
processed signals then proceed to the data acquisition crate. The vacuum vessel is inserted
in a lead castle (Figure 2.7(d)) which shields the CCDs from ambient 7-rays through at
least 21 ¢cm of lead. The innermost inch of lead comes from an ancient Spanish galleon and
has negligible 21°Pb content, strongly suppressing the background from bremsstrahlung s
produced by 219Bi decays in the outer lead shield. A 42cm thick polyethylene shielding is
used to moderate and absorb environmental neutrons. A significant amount of radon gas
is present in the SNOLAB experimental halls (~100 Bq/m?), and photons from its decay

chain can also contribute to the background. To reduce the amount of radon in proximity
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level. Different kinds of particles are recognizable (see text). For better contrast, only pixels
with deposited energy >0.1keV are represented in color.
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a CCD pixel

15 um

Figure 2.6: A cross-section of CCD pixel, with an illustration of the WIMP detection prin-
ciple.

of the vessel, the entire shielding is enclosed in an aluminum box flushed continuously with
pure nitrogen gas.

For the readout electronics, we have adopted the MONSOON [23] architecture developed
for the DECam project. The MONSOON also provides the required voltage biases and
clocks for the operation of the CCDs. A slow control system ensures a safe operation of the
vacuum pump and cryogenic equipment. DAMIC operation and data taking is performed
remotely. In stable data taking mode, DAMIC CCDs are exposed for about 8 hours before
readout. The exposure time was chosen so that the dark current of the CCDs would still be
negligible, while minimizing the number of images taken in a science run. The number of
pixels with noise is also minimized, which reduces the chance of pixels with noise charge to

pass a selection threshold (Section 3.1).

2.4 DAMIC R&D achievements

To validate the use of thick CCDs as WIMP detectors, an intense R&D program has been
pursued by DAMIC. This program has focused on the improvement of the devices (thicker,
low noise CCDs) as well as on the reduction of radioactive backgrounds.

The first test of CCDs in the DAMIC setup at SNOLAB occurred in November 2012
with six detectors coming from a CCD production for the DECam. These detectors were

250 pm thick and featured a package which is standard for CCDs used in astronomy: the
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Figure 2.7: a) A packaged DAMIC CCD. b) The copper box housing the CCDs. ¢) Compo-
nents of the DAMIC setup, ready to be inserted in the vacuum vessel. d) The vessel inside
the lead castle, during installation of the polyethylene shield.

CCD is glued to an aluminum nitride (AIN) support as in Figure 2.8(a). The AIN is usually
chosen because its thermal expansion coefficient is similar to that of silicon, which prevents
damage of the CCD during the cooling process. This first installation demonstrated a stable
performance of the detectors with low noise for several months. At the same time, it was
evident that the standard packaging was producing a considerable background. The energy
spectrum collected with AIN packaged CCDs is shown in Figures 2.9 and 2.10 (blue line),
with prominent X-ray peaks around 10 keV. The background level at low energy was found
to be around 10* events/(keV..-kg-d) . The energies of the X-rays were compatible with
those from 238U chains, with the most probable origin of the background being radioactive
contamination of the AIN support. This hypothesis was verified by installing in June 2013
CCDs with a new AIN packaging where the central part of the AIN support was cut (Figure
2.8(b)), resulting in a smaller mass of AIN present close to the detector and also in a
smaller solid angle for X-rays, 8 and gamma rays from ?**U and 23?Th to reach the CCDs.

This upgrade successfully decreased the background to around 10® events/(keV,.-kg-d) (red
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d

Figure 2.8: CCD with AIN packaging: a) full AIN support; b) AIN frame support.

dashed line in Figure 2.9 and 2.10).

A further improvement was achieved in January 2014, when we installed three CCDs with
a new packaging where the detectors were glued on a silicon support (Figure 2.11(a)). The
support was cut from the same high-resistivity silicon wafer used for the CCD fabrication,
which guarantees an extremely low level of radioactive contamination. Also, these new
CCDs were thicker than the DECam CCDs, two of them with 500 pm thickness and one
of them with 675 pm thickness. The fabrication process for this last CCD was different
from the 250 and 500 pum CCDs, where a transparent layer of indium-tin-oxide (ITO) is
deposited after thinning the backside of the device to allow incoming light for applications
in astronomy. The 675 pm CCD is un-thinned and lacks the ITO layer, which containa the
slightly radioactive indium. Several months of operation at SNOLAB demonstrated stable
and low-noise operation of these thicker CCDs. In Figure 2.12, we show the typical noise of
2 e~ (7 eV) of an image (a), and its stability (b) over a month of continuous data taking.
A major achievement was the demonstration of full depletion of the 675 pm CCD, which
validated the final design of the DAMIC100 experiment (Section 2.5). The energy spectrum
measured with the silicon-package CCDs is shown in Figure 2.9 and 2.10 as a blue solid
line. The background level of 5x10? events/(keV..-kg-d) was higher than expected, and
stimulated further investigations on its origin. The bulk of this background was found to be
compatible with the presence of 21°Pb in the lead shielding. This radioactive isotope with 22

years half life is usually present in modern lead with activities ranging from thousands to tens
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Figure 2.9: Background reduction at SNOLAB: energy spectrum between 1 and 25 keV
measured by DAMIC after upgrades of the apparatus (see text for details).

of Bq/kg. High energy betas (~1 MeV) from the 2'°Pb decay chain produce bremsstrahlung
photons which may escape the lead and generate Compton scattered electrons in the CCDs.
The measured energy spectrum, which does not present X-ray peaks and is flat at low energy,
is compatible with this hypothesis.

To reduce this background, the inner layer of the lead shielding was replaced in July 2014
by 17 of ancient lead (Figure 2.13), recovered from a sunken Spanish galleon, having a 2'°Pb
contamination <0.02 Bq/kg (to be compared with 50 Bq/kg of the original lead bricks). The
upgrade of the lead shielding resulted in a tenfold reduction of the background to about 50
events/(keV,.-kg-d) (solid red line in Figure 2.9 and 2.10). This residual background was
compatible (black solid line in Figure 2.9 and 2.10) with the presence of radon in the air
pockets between the lead shielding and the vacuum vessel. High-energy photons from the
decay of ??2Rn can in fact produce Compton scattered electrons in the CCD.

Several other tests and upgrades have been performed during 2015. In particular, we
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measured by DAMIC after upgrades of the apparatus (see text for details).

Figure 2.11: The new packaging with a CCD glued on a full silicon support, together with
its kapton cable.
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Figure 2.14: The new copper box which will house the 18 CCDs of of the DAMIC100
experiment. Also, shown is a CCD with the new DAMIC100 packaging ready to be inserted.

have successfully tested a new packaging which utilizes a silicon frame as support, further
reducing the amount of material close to the CCDs. Several other 675 pm thick CCDs
have been packaged and installed. We also installed an aluminum box enclosing the entire
DAMIC shielding and flushed with nitrogen gas, which reduced the radon level from 130
Bq/kg to below 1 Bq/kg. Additional studies of the residual background are currently being
undertaken, focusing on the radioactive contamination of the Oxigen-free copper used for

the box and packaging of the CCD.

2.5 The DAMIC100 experiment

The DAMIC R&D program has successfully established the performance of large size, thick
CCDs with very low readout noise. The latest version of DAMIC CCDs features 4kx4k
pixels and 675 pm thickness, for a mass of ~5.9 g each, with a low background packaging
(Figure 2.4). The DAMIC100 experiment consists of 18 of these detectors, for a total mass of
100 g. It will be installed at SNOLAB, in the existing DAMIC infrastructure (Section 2.3).
Minimal modifications of the present setup are required, since the shielding, vacuum vessel,
electronics and data acquisition are adequate for DAMIC100. Only the copper box, CCD
supports and Kapton cable have been redesigned to accommodate the larger CCD size (Fig-

ure 2.14). The copper CCD support can hold one 4k x 4k device, as well as two 2k X
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4k devices. The CCDs for DAMIC-100 have been designed at LBNL and manufactured by
DALSA [24]. A total of 23 wafers have been produced, with one 4kx4k and two 2kx4k
devices in each wafer. Cold probing performed at LBNL indicates a high yield (> 90%) of
usable devices (since the risky process of thinning is not performed in these CCDs, and a
high yield is expected). Packaging of the CCDs is performed at the Fermilab SiDet facility,
where extensive expertise exists from the DECam CCDs packaging. The copper box, sup-
ports and Kapton cables are already produced (Figure 2.14). At the time of the completion
of this thesis, the new copper box has been installed in the vacuum vessel, and packaging of

the 4k x4k DAMIC100 detectors has started.
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CHAPTER 3
CCD DATA ANALYSIS AND CHARACTERIZATION

In the initial stage of the DAMIC experiment the analysis of the CCD images was performed
with tools developed by the astronomy community for the goal of finding astronomical ob-
jects. These tools were soon found to be insufficient for the specific requirements of DAMIC.
As part of this thesis work, we have developed a set of data analysis and simulation packages
that are now the standard tools for the treatment of DAMIC data. In the following, we
describe the main characteristics of the data analysis and simulation procedures, and their
application to characterize the properties of DAMIC CCD, as the charge diffusion and the

CCD response to electron-induced ionization.

3.1 CCD data reduction

The DAMIC CCD data are stored in a standard FITS format [25], including a header with
relevant data acquisition and slow control parameters. Raw data corresponding to a portion
of an image are shown in Figure 3.1, with pixels identified by their position on the x and
y axis, and color representing the pixel charge in ADC counts. Several clusters of charge
produced by ionizing particles (this image was taken at ground level where background is
significant) are clearly visible. Clusters are identified through a data reduction procedure
optimized to reduce the noise level in the image, involving several steps outlined in the
following.

A. Pedestal Subtraction

A 2kx4k DAMIC image contains the digitized charge of about eight million pixels arranged
in 2048 columns and 4196 rows. The charge of each pixel is given as a number between
0 and 65536 (16 bits) ADC counts. This value is proportional to the sum of the charge
associated to the pixel noise and that produced by a ionizing particle (if any). In Figure
3.2 we show the distribution of the pixel charge in ADC count for one image. In general,
the pixel charge has a gaussian distribution around an average value which depends on the

pixel’s column. Thus, the pixel charge distribution is fitted independently in each column 4,
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Figure 3.1: Raw data for a portion of a DAMIC CCD image, with with pixels identified by
their position on the x and y axis, and color representing the pixel charge in ADC counts.

and its average p; (the pedestal) and standard deviation o; are obtained. The pedestal p;
is then subtracted from the charge of every pixel of column 7. The fitted pu; as a function of
the column number is shown in Figure 3.3: the variation of p; across columns is larger than
the standard deviation o;, which makes the pedestal subtraction procedure effective.

B. Correlated Noise Subtraction

Part of the noise observed in the CCD is correlated which results in repetitive spatial patterns
in the image (Figure 3.4). In DAMIC, we mitigate this kind of noise by making use of the
redundancy built in the CCD readout. The charge in the serial register is readout through
an amplifier located on the right side of the CCD. There is another amplifier on the left side
which is also readout simultaneously. Thus, to each pixel charge R; at the right amplifier
corresponds a pixel charge L; at the left amplifier, the latter charge only containing noise.
Correlated noise produces a shift in the same direction of the pedestal value of R; and L;.
This is apparent in Figure 3.4, where the correlated noise appears spatially symmetric in the

two images corresponding to the right and left amplifier. The charge R; in a given pixel is
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Figure 3.2: The pixel charge distribution for a single CCD image with about 8 million pixels.
The red is a Gaussian fit of the pedestal. The standard variance of the fit is the RMS noise
of the image.
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Figure 3.3: Fitted pedestal y; as a function of the CCD column ¢ (only a portion of the CCD
is shown for the sake of clarity).
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related to the charge L; in the symmetrical pixel by a linear relationship:

and an efficient procedure can be devised to subtract the correlated noise, illustrated in
Figure 3.5. We take a row of pixels from the right amplifier image and the corresponding
row from the left amplifier image. Then, we plot the two-dimensional correlation between
the charge R; of any pixel in the right image row and the charge L; of the corresponding
pixel in the left image row. The best estimate for the charge of a pixel is then obtained by

subtracting from R; the correlated noise estimated from the (R;, L;) correlation (Figure 3.5).

Figure 3.4: CCD image with correlated noise. Symmetric patterns of correlated noise are
visible in the left and right side of the CCD, corresponding to the readout through the left
and right amplifier (see text).

C. Master Bias

The CCD may present some localized defects which result in "hot” pixels with an abnormal
value of the pedestal appearing in the same location over many images. An example is shown
in Figure 3.6. These pixels must be properly treated in the analysis since they may be falsely
reconstructed as energy clusters. Hot pixels are identified by calculating the mean pedestal
of each CCD pixel using several images, and searching for pixels with a mean pedestal much

larger than the majority of the pixels. A two-dimensional mask is then derived, and hot
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Figure 3.5: Illustration of the procedure for correlated noise subtraction. The vertical arrow
indicates the best estimate for the charge of a pixel obtained by subtracting from R; the
correlated noise estimated from the (R;, L;) correlation.
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pixels are excluded from further analysis.
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Figure 3.6: An example of a region with hot pixels, which can mimic a physical cluster.

D. Pattern Recognition

After steps A to C are completed, a pattern recognition algorithm is applied to the data to
identify clusters of charge in the image as candidates for particle interactions. The search
starts by selecting all pixels with charge greater than four times the standard deviation of
the pixel pedestal, 0,,,. Each of these pixels is then used as a seed for further clustering. If
any of the eight pixels surrounding the seed has a charge greater than 4 o, (this value may
be changed in the algorithm) it is marked as part of the cluster. This procedure is applied
recursively to any new pixel associated to the cluster, till no more pixels above threshold are
found. A more sophisticated clustering algorithm is described in Section 3.4.

E. Further Processing

Once a cluster is found by the pattern recognition algorithm, several quantities relevant for
offline analysis are calculated, including the cluster energy and specific variables related to
the its size and shape. An example of cluster is shown in Figure 3.7, with frequently used

variables given in Table 3.1.
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Figure 3.7: An example of selected cluster with its associated variables.

Variable Name Definition

ChargeTotal cluster energy in units of ADC counts
SizeNpixel number of pixels in the cluster
ClusterLength cluster length in units of pixels

ChargeSigmaX(Y) | standard deviation of pixel values along x(y) axis
ClusterStart(End) | start (end) point of the cluster

ChargeMaxX(Y) | X(Y) position of the pixel with maximum energy in the cluster
ChargeMeanX(Y) | X(Y) cluster position from a weighted mean of the pixels positions

Table 3.1: Definition of variables calculated for each cluster.
3.2 Simulation of particle interactions in CCDs

An important tool for the studies presented in this thesis has been the simulation of particle
interactions in a CCD. We have used MCNP, a general-purpose Monte Carlo N-Particle code
that is capable of neutron, photon, electron, or coupled neutron/photon/electron transport.
It is developed and maintained by Los Alamos National Laboratory[26]. The code treats an
arbitrary three-dimensional configuration of materials in geometric cells bounded by first-
and second-degree surfaces and fourth-degree elliptical tori. The enlarged version MCNPX
extends the capabilities of MCNP4C3 to nearly all particles, nearly all energies, and to nearly
all applications without an additional computational time penalty. Besides, there is a PoliMi
extension to MCNP and MCNPX which simulates fission events and subsequent interactions,
and will be mentioned in Chapter 5. The neutron energy regime is from 107! MeV to 20 MeV

for all isotopes and up to 150 MeV for some isotopes, the photon energy regime is from 1 keV
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to 100 GeV, and the electron energy regime is from 1 KeV to 1 GeV. MCNP uses continuous-
energy nuclear and atomic data libraries. The primary sources of nuclear data are evaluations
from the Evaluated Nuclear Data File (ENDF)1 system [27]. Nuclear data tables exist for
neutron interactions, neutron-induced photons, photon interactions, neutron dosimetry or
activation, and thermal particle scattering. Photo-nuclear data are also included. MCNP is
a well established Monte Carlo program unrivaled for low energy interactions, which makes
it very appropriate for DAMIC. Most of our simulations have been performed with MCNPX.
An typical input file for a simulation contains Cell Cards and Surface Cards which define
the geometry of DAMIC CCDs, and Data Cards which define the physical characteristics
of the simulation, including the type of source particles, the energy and spatial distribution
of source particles, physics mode, output format and so on. For the specific application in
DAMIC, we used customized TMesh tally which divides the CCD volume in 4196 x 2048
cells and records the depth where the energy deposit occurs. Then, a physically motivated
diffusion model (Section 3.3) is applied to distribute the energy deposited in a pixel over
surrounding pixels according to the depth of the interaction. Lastly, a gaussian noise of
standard deviation as measured in data is introduced in the simulated image. An example
of simulated CCD image with several electrons is given in Figure 3.8. We extensively used

MCNP simulations to understand CCD data and estimate backgrounds.

3.3 Charge diffusion: measurements and parameterization

An important aspect of the CCD operation is the charge diffusion while drifting towards the
pixel gates. Diffusion results in clusters whose spatial spread depends on the depth z of the
interaction - a property which is very useful for the application of CCDs to searches of dark
matter particles (Section 2.2). It can be shown [28] that the lateral charge spread of the
holes at the potential wells is expected to be gaussian with a standard deviation ¢ given by
V2Dt,, where D is the diffusion coefficient and t,, is the holes’ drift time. A physical model
of charge diffusion model in thick CCDs [28] predicts a functional form

o? = —Aln|1 — b(z — 2)|, (3.2)

where A = 2kgTes;/qpp , kp is the Boltzmann constant, T" is the temperature in kelvins, q

is the hole charge, €g; is the permittivity of silicon, and pp is the dopant density. The two
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Figure 3.8: A simulated CCD image with several electrons.

parameters b and 2z, depends on the thickness of the CCD and on the potential across the
depleted region.

We have developed a powerful method to characterize diffusion which makes use of CCD
clusters induced by muons. A muon is detected as a straight track, with endpoints corre-
sponding to the points of entrance and exit of the muon. The depth of any point along the
track can be univoquely determined from simple geometrical considerations since the CCD
thickness z4 is known. We expect the track to be "thin” for energy deposited by the muon
close to the gates and "thick” for energy deposited close to the backside of the CCD. This
effect is clearly visible in the example of muon track shown in Figure 3.9. To illustrate the
general trend of the diffusion, we calculate for this muon track the spatial spread of the
charge perpendicularly to the track as a function of depth, finding that a linear relation is
a good approximation in the range of depths measured (Figure 3.10). For a more accurate
determination of the diffusion model, we perform a maximum likelihood fit over a sample
of muon tracks collected during test of the CCDs at ground level. The spatial distribution
of the charge around the track is fitted assuming a charge diffusion given by Equation 3.2,
taking into account the presence of gaussian pixel noise as well as the threshold used for

pixel selection. Also, we assume a constant energy loss dE/dl along the path [ of the muon
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in the CCD, which is left as a free parameter in the fit. Fitted as well are the track endpoints
and the diffusion parameters zg, ;4. (corresponding to the maximum of the diffusion at the

CCD backside) and a, which are related to parameters A and b of Equation 3.2 through the

relations:
o 0—72naar
) .
b=——e "
2d

The fit was performed over muon tracks collected with CCDs of different thicknesses and
under different depletion bias voltages, providing a parameterization of the diffusion for
different operating conditions. The resulting diffusion model was then included in the MCNP
simulation (Section 3.2). To verify the correctness of the model for diffusion-limited clusters
(as the ones expected for nuclear recoils) we exposed both the front and the back of a 250 pum
thick CCD to X-rays from an *°Fe source (Figure 3.11). A comparison of the reconstructed
spatial spread of the clusters between data and simulation is shown in Figure 3.12, which

shows good agreement.

3.4 Improved clustering algorithm

The pattern recognition algorithm described in Section 3.1 is not optimized to treat diffusion,
which may spread the charge to a level where a pixel will not pass the 40 selection. This
results in lower efficiency and non-linearity in the energy determination due to the loss of
charge, particularly for low-energy events. To mitigate these problems, we have developed
an improved clustering algorithm which takes into account diffusion. The algorithm employs
a maximum likelihood method to fit the charge in a given pixel as the sum of gaussian noise

and signal from a 2-D Gaussian distribution (Figure 3.13):
Ne X Gaus(£:9§ﬂx>ﬂy7a<z))a (3.4)

where N, is total number of electrons produced by a point interaction, p, and p, corresponds
to the position of the point interaction, and o(z) is the depth-dependent standard deviation
of the charge diffusion model (Equation 3.2). Clusters are found by calculating the difference
ALL between the best fit log-likelihood function (LL) of the 2-D signal charge hypothesis
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Figure 3.9: A muon track in a 675 um thick CCD (top panel). On the bottom left (right)

panel, the spatial spread of the charge calculated in a slice perpendicular to the track close
to the front (back) of the CCD.
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Figure 3.10: Spatial spread of the charge perpendicular to the muon track as a function of
depth.
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Figure 3.11: X-rays from a °°Fe source illuminating the back (right panel) and front (left
panel) of a 675 pum thick CCD.
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Figure 3.12: Comparison between simulation (red histogram) and data (black histogram) of
X-rays from *°Fe illuminating the CCD from the front (top panel) and back (bottom panel).
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and the LL assuming only presence of noise. The difference ALL is calculated in a window
of 7 pixels x7 pixels (this is a typical size, the window is optimized depending on the
thickness of the CCD and the applied depletion voltage) slid over the CCD image. The ALL
distribution for a cluster search performed on data is shown in Figure 3.14 (black histogram).
A similar study performed on simulated events shows that real events are optimally selected
by requiring ALL < —22. The performance of the ”likelihood clustering” was evaluated by
applying the algorithm to simulated events, and compared to that of the seed algorithm of
Section 3.1. The selection efficiency obtained with the two methods is shown in Figure 3.15,
while the energy reconstruction is shown in Figure 3.16. We find that the likelihood clustering
provides a significant improvement in cluster finding and energy determination at the lowest

energy.

Figure 3.13: 2D Gaussian distribution of charge in 7 pixels x 7 pixels window used for the
likelihood clustering algorithm.
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Figure 3.14: Distribution of the difference ALL for a cluster search in data. The events with
ALL<-22 are considered candidates for physical events.
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Figure 3.15: Comparison of likelihood clustering and seed clustering: selection efficiency as
a function of cluster energy.
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Figure 3.16: Comparison of likelihood clustering and seed clustering: ratio of the measured
to simulated energy of the reconstructed cluster as a function of the cluster energy.

3.4.1 Calibration of CCD response to electron-induced tonization

We characterized the CCD energy response to electron-induced ionization by exposing the
CCD to X-rays. The energy spectrum measured by a DAMIC CCD from exposure to a *°Fe
source is shown in Figure 3.17. The two main peaks of the spectrum are due to the K, and
Kj lines from the daughter Mn nucleus. The source holder is made of aluminum, which is
the origin of the fluorescence Al Kaw X-ray also observed. The main Mn K, and Kz peaks
are produced by X-rays that deposit their full energy in the CCD, while the Mn escape lines
are due to partial energy deposits, where the subsequent Si fluorescence X-ray (1.7 keV)
escapes the CCD. The absorption length of this X-ray is 14 pum, that is close to the size of a
CCD pixel. Rarely, it occurs that the fluorescence X-ray travels far enough within the CCD
so that its energy deposit is several pixels away from the first X-ray interaction, leading to
two distinguishable clusters, as shown in Figure 3.18. Calibrations with fluorescence X-rays
from a Kapton target exposed to the 5°Fe source or as from ! Am were also performed.
Figure 3.19 demonstrates the linearity of the CCD in the measurement of ionization energy

produced in the active region. The labeled Kx markers are fluorescence lines from elements
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in the Kapton target and other materials in the CCD setup. The **Fe and ?*'Am markers
are X-rays emitted by the radioactive sources. Linearity in the measurement of ionization
energy is demonstrated from 0.3 keVee to 60 keV..[29]. For these calibrations the CCD was
illuminated from the back, which, due to charge diffusion (discussed in 3.3), leads to a larger
dynamic range and worse energy resolution than if the CCD had been illuminated from the
front. Figure 3.20 quantifies the energy resolution of the CCD. The measured effective Fano
factor, defined as 02/u (0 is the variance and u is mean energy), is 0.16, larger than the
accepted value of 0.1 in silicon, but typical for a CCD. Since the source illuminates the
backside of the CCD, the charge is spread over many pixels. Thus, the readout noise added
over many pixels leads to a limiting resolution of 30 eV.. This is shown in Figure 3.20,
where the variance obtained from a gaussian fit of the energy distribution (see red line in

Figure 3.17) is plotted as a function of the X-ray energy.
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Figure 3.17: Energy spectrum measured by a DAMIC CCD exposed to a 5°Fe source. The
two main X-rays from the source are the K, and Kpg lines from the daughter Mn nucleus.
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Figure 3.18: Example of a fluorescence X-ray traveling far enough in the CCD to produce a
separate cluster.
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Figure 3.19: Linearity of the energy response of the DAMIC CCD: measured energy as a
function of the energy of the X-ray.
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Figure 3.20: Energy resolution: variance of the energy as a function of the X-ray energy.
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CHAPTER 4
BACKGROUND

4.1 Radioactive Sources

Radioactive background in a direct dark matter experiment should be analyzed and con-
trolled. Radioactive isotopes in the detector are important potential sources of radioactive

background.

4.1.1  Primordial Radioactivity

Many heavy elements found on earth were produced in supernova remnants which include
radioactive isotopes with lifetimes that are sufficiently long for them to be present on earth
in significant quantities today, yet not long enough for their radioactivity to be immeasur-
able. Half-lives and natural activities of common isotopes of such primordial radionuclei
are presented in Table 4.1, among which 238U | 232Th and “°K are dominant isotopes. The
most common isotope of uranium found in nature is 2**U with a half-life of 4.5 billion years,
constituting 99.28% uranium found on earth. Figure 4.1 [30] shows the decay chain of **U
which decays by way of thorium-234 and protactinium-234 into uranium-234 with a half-life
of 245 thousand years, emitting a-particles in the process. 2**U then undergoes a series of
a decays into 2'*Pb which decays into 2*Bi and to ?'4Po with a half-life of 27 mins while
producing high energy electrons and . The decay chain eventually terminates at 2°Pb. An-
other dominant primordial radionucleus, 232Th produces a decay chain very similar to that
of 28U . The « particles, electrons and v rays from these decay chains can cause significant

backgrounds in DAMIC observations.

4.1.2  Man-made and Cosmogenic Radioactivity

Some radioactive sources are man-made isotopes. %°Co is produced artificially in nuclear
reactors with a half-life of 5.2 years and 3 decays to the stable isotope °°Ni while emitting
rays of 1.1 MeV and 1.3 MeV. High concentrations of %°Co could be reached in the copper
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Figure 4.1: Decay Chains of ?**U and ?**Th . « (8) emitters are colored yellow (teal).
For each isotope, a energies, 3, Q)-values, and half-lives are presented. Isotope sequences

expected to be in secular equilibrium are grouped by dashed lines.
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Nuclide Symbol | Half Life Natural Activity

Uranium 235 | 2°U 7.04 x10% yr | 0.72% of natural uranium

Uranium 238 | 28U 4.47x10° yr | 99.28% of natural uranium;0.5 to 4.7 ppm
total uranium in the common rock types
Thorium 232 | #Th | 1.41x10'° yr | 1.6 to 20 ppm in the common rock types
Radium 226 | *Ra 1.6x10% yr 16 Bq/kg in limestone and 48 Bq/kg

in igneous rock

Radon 222 22Rn | 3.82 days Noble Gas; average air concentrations range
from 0.6 Bq/m? to a few hundred Bq/m?
Potassium 40 | “°K 1.28 x10%r | soil - 0.037-1.1 Bq/g

Table 4.1: Primordial nuclides

used. And therefore the copper box and copper plates in the DAMIC detectors have been
electropolished to remove any surface contamination. Cosmogenic nuclei are rare isotopes
created when a high-energy cosmic ray interacts with the nucleus of an in situ Solar System
atom, causing cosmic ray spallation. These rare isotopes are produced within materials
found on earth, such as rocks and soil as well as the atmosphere. For example, *C (7, /2=5.7
ky, Q=0.16 MeV) is produced by cosmic rays interacting with nitrogen in the atmosphere,
and is absorbed into the Earth’s biosphere in the form of CO5. Another cosmogenic isotope
important for DAMIC is 32Si , produced when high-energy cosmic rays interact with Ar
nuclei in the atmosphere. 32Si 8 decays into 3?P which then 8 decays again into 32S with
a half-life of 14 days. The methods we use to estimate and reject the 32Si background are

discussed in detail in Section 4.5.

4.2 Screening

As discussed above, the background of DAMIC could come from 2*¥U | 232Th , 490K 32Sj |
as well as other isotopes. Thus in order to estimate the background of DAMIC, we need to
measure the radioactivity of every material in the detector. In general, we develop mainly
two ways to measure the radioactivity - A: Glow discharge mass spectrometry (GD-MS)[31],
and B: Germanium photon detectors. GD-MS is a mature, versatile technique for the direct
determination of trace elements in a variety of materials. Solid samples are analyzed by
exposing them to a gas discharge or plasma atomization/ionization source, sputtering the
sample atoms into the plasma. The sputtered atoms could be analyzed by mass spectrometry
which is an analytical chemistry technique. Thus GD-MS only requires a small amount of

materials to obtain measurements with relatively high resolutions, making it possible to
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measure the radioactivity of tiny and expensive parts in the DAMIC detectors.

4.2.1 High-purity Germanium (HPGe) Detectors

Germanium detectors are semiconductor diodes with a p-i-n structure within which the in-
trinsic region is sensitive to ionizing radiation, particularly x-rays and 7 rays[32]. Under
reverse bias, an electric field extends across the intrinsic or depleted region. When photons
interact with the material within the depleted volume of the detector, charge carriers (holes
and electrons) are produced and are swept by the electric field to the P and N electrodes.
This charge, which is proportional to the energy deposited in the detector by the incom-
ing photon, is converted into a voltage pulse by an integral charge sensitive preamplifier.
Because germanium has a relatively low band gap, these detectors must be cooled in order
to reduce the thermal generation of charge carriers (and therefore reverse leakage current)
to an acceptable level. Otherwise, leakage current induced noise would destroy the energy
resolution of the germanium detector. Liquid nitrogen, which has a temperature of 77 K,
is the common cooling medium. The germanium detector is mounted inside a lead castle
attached to an liquid Ny Dewar. Figure.4.2 shows the HPGe detector we use to measure the

radioactivity of materials.

Lead
sample shielding

Copper Holder

LN2

Figure 4.2: HPGe detector used.

4.2.2  Procedures

We develop the following procedure to measure the radioactivity with the HPGe detector:

1. measure the background radioactivity, mainly from the surrounding materials and 2?2Rn
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in the air, with the HPGe for 3 days.
2. put the material as close to the HPGe as possible, and record the mass and position of
the material.

3. measure the material for 3 days.

After step 1-3, we obtain a spectrum for the X-ray and + ray from the measurement.
The result from when we screened the silicon support is shown in Figure 4.3 as an example.
The red line shows the background and the blue line is with the silicon support. We could
clearly see the excess along v ray lines in the signal over background. The calibration from

channel to energy is

E(keV) = —0.771 4 0.806 x N. (4.1)

N is the channel number in x-axis, shown in Figure 4.3. The X-ray or v ray lines in Figure

4.3 are from 28U |, 22Th | and *°K decay chains. We use

S
T eIw

(4.2)

to get the radioactivity, a;, where S is the excess number of counts in the signal over back-
ground; € is the detection efficiency for a given X-ray or - ray line obtained from simulation
with MCNP; ¢ is the measuring time; W is the mass of the material; I is the decay branching
ratio of this X-ray or gamma ray line. The main uncertainty of the measurement comes from
the detection efficiency, €, and the excess number of counts, S. The uncertainty in the former
comes from the systematic uncertainty of simulations with MCNP, normally 10 -15%. The
uncertainty in S is statistical, as o5 = /Ny + Ny, where Ny (N;) is the number of counts in

a given X-ray or v ray line in the background (signal).

4.2.3 Result

Results from measurements of radioactivity of materials used in DAMIC with both GD-MS
and HPGe detectors are presented in Table 4.2.
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Figure 4.3: Spectrum of X-ray and v ray from Si Support
Part 2387y 2ZBRa 210py, Z3ZTh 10K other
mBq kg~ | mBq kg~ ! mBq kg T mBq kg~ T mBq kg~ T mBq kg—T
Kapton Cable <460 <16 — <14 118+/-88 -
EPOTEK <12 <6.8 <0.5 1.12+/-0.07 | 13.3+/-35 | *C:0.35
Si support <0.36 0.36 <1073 <0.36 <4x10~4 32Gi: 3.5
Copper slab <0.6 - 0.5 <0.2 <0.03 60Co: <0.6
DP110 — <174 <0.5 10.6+/-1.5 620+ /-60 -
VIB — 103 — 30 350 —
Cold head — 12 — 20 10 60Co : 25
Pb block(old) — <0.12 (58 +/-18)x 103 <0.04 <0.16 -
Cu vessel — <0.12 — <0.04 <0.16 60Co : <0.6
Pb shield - <0.12 (58 +/-18)x10° <0.04 <0.16 -

Table 4.2: Screening Results
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Part mass rate in CCD
g events/(keV.-kg-d)
Kapton Cable 0.75 <5
EPOTEK 0.35 <0.5
Si support 7.7 0.3
Copper slab 36.4 <0.7
DP110 0.06 <0.01
VIB 1000 <0.7
Cold head 4500 <0.2
Pb block(old) | 5.07x10% 12+/-4
Cu Vessel 2.95x10% <60
Pb shield 4.9%10° 75+/-23
Poly shield | 4.6x10° <0.5

Table 4.3: Radio active background in DAMIC.

4.3 External Background in DAMIC

We determine the radioactive background in the CCD caused by contamination in the CCD
package and surrounding materials through simulations. The geometry of the detector with
the CCD, its packaging materials, and mechanical structure are shown in Figure 4.4. The
whole detector is inside a polyethylene wall 40 c¢m thick. The copper vessel inside the
lead (gray) castle contains the cold head and the VIB board. The copper box inside the
castle includes three 675 ym CCDs each with 100 um thickness Epoxy, a Kapton Cable, a
650 pm silicon support, a 2mm copper frame, a copper cover, and screws. Using isotopes
with radioactivity represented by the screening measurements of materials discussed in the
previous chapter as source particles in the simulations, uniformly distributed in the cell,
MCNPX generates energy deposit within each pixel in the CCD. We present an example of
how we simulate background from the Si support. Figure 4.5 shows the energy spectrum of
238U decay chains. We simulate 60 images with 10000 decays of 2**U per image, corresponding
to 6x10° decays in total. The simulated deposit energy spectrum in the CCD is shown in
Figure 4.6. The background caused by #*3U in the Si support is about 3.5 events/(keV..-kg-d)
in the 1-10 keV range. Table 4.3 shows the background in DAMIC from simulations.
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Copper Box

Electronic Board

Cold head

Silicon Support

Figure 4.4: Geometry of the setup defined in the MCNPX simulation, including the polyethy-
lene wall, the lead castle, the copper vessel, the cold head, the VIB, and the CCD with its
packages contained in the copper box.
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Figure 4.6: Simulated spectrum of X-rays and gamma rays from the 23*U decay chain in the
silicon support with MCNPX.
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4.4 Limits on Uranium and Thorium contamination from «

spectroscopy

Uranium and thorium and their decay products (Figure 4.1) are ubiquitous in nature. They
may be found within the bulk silicon of the CCD or the electrical elements of the device. They
may also be present on the surface of the CCD, in particulates (e.g. dust) or as adsorbed
radon daughters (mainly via deposition of *®Po from ?*?Rn decays in the air surrounding
the device).

The CCD is >99.5% electronic-grade silicon [33] by mass. The remainder consists of
light elements used in the oxidation, metallization and doping of the silicon to fabricate the
semiconductor structures necessary for operation. Due to the extremely high chemical purity
of the silicon, the substrate (photosensitive volume in Figure 2.1) can be doped with a donor
density as low as 10! cm™ [34]. Thus, even an unexpectedly large contamination of 23¥U or
232Th with an atomic abundance ~10% of the donor density would only correspond to ppt
(10712) levels by mass.

The CCDs are consistently handled in ESD-safe clean rooms (class 1000 or better).
DAMIC CCDs are packaged at Fermilab, with facilities developed for DECam, an astronomy
camera whose requirements for the deposition of dust on the CCD surface are much more
stringent than that of DAMIC. However, the clean rooms are not radon-free, and deposition
of radon daughters, mostly on the front CCD surface, will occur during the packaging. In
particular, after being glued to their support, CCDs are left for two days under an air column
of a few centimeters in height to cure the epoxy. We estimate that this procedure may induce
a residual surface activity of 2!°Pb and its daughters of less than -3x 103 cm™2d ™!, assuming
a typical ?*2Rn activity for indoor air of 30 Bqm™3.

Many of the isotopes in the 23*U and 23?Th decay chains (Figure 4.1) are « emitters, and

can be efficiently identified by a spectroscopy.

4.4.1 Characteristics and selection of a-induced clusters

Radiogenic as lose most of their energy by ionization, creating a dense column of electron-
hole pairs that satisfy the plasma condition [35]. The local electric field within the plasma is
much greater than the electric field applied across the substrate. For interactions deep in the

substrate, where the electric field is only along z, the charge carriers diffuse laterally toward
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(a) Plasma « (b) Bloomed
o

Figure 4.7: a) A highly-diffuse, round cluster due to plasma effect from an « particle origi-
nating in the bulk or the back of the CCD. b) An example of blooming, where an « particle
originating in the front of the CCD produces a mostly vertical cluster.

regions of lower charge concentration until the substrate electric field becomes dominant.
Thus, as originating in the bulk or the back surface of the CCD lead to highly-diffuse, round
clusters of hundreds of micrometers in diameter. On the other hand, o particles that strike
the front of the CCD deposit their energy less than 20 pm below the gates. The high-density
charge cloud can easily overcome — and spillover — the barrier phases between vertical
pixels, while it is harder for it to overcome the potential barrier of the vertical channel
stops between columns. This phenomenon is known as blooming [18], and leads to mostly
vertical clusters. Examples of “plasma” and “bloomed” as detected in DAMIC are shown
in Figs. 4.7(a)- 4.7(b).

Due to their distinctive features, simple criteria are sufficient to efficiently select and
classify as. In the energy range of radiogenic as (>1MeV), electron tracks are long (~mm
or more) and deposit their energy in extended “worm”-like tracks over many CCD pixels. To
differentiate electrons from as, we determine the smallest rectangular box that can contain
a cluster, and compute the fraction of pixels, fpi, in this “bound box” which are part of the
cluster. For small, symmetric clusters (i.e. as) fuix is large (~m/4 for a round cluster). For
the long and irregularly shaped worms characteristic of electrons, fyix is small and decreases
with increasing electron energy. Figure 4.8 shows the successful separation between (s and
as in the low-gain data set according to this variable.

To further distinguish plasma from bloomed as, we calculate the spatial RMS o, of the
cluster as the signal-weighted RMS value of the pixels’ x,y coordinate. Plasma as present

a round-shaped cluster, with o,/0, ~ 1, while bloomed as are generally longer along the
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y axis, giving 0,/0,<1. In addition, the diffused clusters from plasma as have more pixels
(Npix) than bloomed as. We used the variable Ny 0, /0, to separate plasma from bloomed

as (Figure 4.9).

8 10 12 14 1
Energy / MeV

Figure 4.8: Selection of « particles. The fraction f,x as a function of the cluster energy.
Clusters in the region above the dashed line are selected as as.

4.4.2  Limits on radioactive contamination from o analysis

The measured rate of as in the three installed CCDs is reported in Table 4.4.

Most of the bloomed as are clustered around the characteristic energy of 2'°Po decay
(5.3 MeV, Figure 4.9), which may be present as residual surface contamination following
exposure to 222RnAlso, a significant number of as have energies <4 MeV, lower than any as
from the ?3¥U and ?*?Th chains (Figure 4.1). Most likely, these are a particles which lose
some energy before reaching the active region of the device, and originate from surface con-
tamination of the CCD or nearby materials. If we conservatively assume that all bloomed
as with energies <6 MeV are due to 2'°Po decays from 2!°Pb contamination on the front

surface of the CCD, we obtain an activity of 0.07840.010cm™2d~!. This is twenty times
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Figure 4.9: The variable N, 0,/0, as a function of the o energy. Plasma (bloomed) as
are indicated by red (black) dots above (below) the dashed line. Open (closed) dots refer
to clusters detected in the 675 um (500 pm) -thick CCD. Clusters are more diffuse in the
thicker CCD, resulting in larger Npi.
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Table 4.4: CCD physical properties and rate of observed as for the three CCDs installed at
SNOLAB.

CCD Mass / ¢ | Area / cm? | Bloomed rate / d~! | Plasma rate / d™!
500 pm top 2.2 19 0.87£0.17 0.21£0.09
500 pum bottom 2.2 19 0.87+0.17 0.14+0.07
675 pm 2.9 19 0.63£0.15 0.10£0.06
| Average | 24 | 19 | 0.79£0.10 | 015+ 0.04 |

larger than the upper limit of -3x103cm=2d ™! previously estimated from the exposure to
222Rn during packaging. However, a significant number of the observed as are likely to orig-
inate from the surfaces facing the CCD, i.e. the copper plates above the 675 um and the top
500 um CCD, and the silicon support piece above the bottom 500 um CCD. Unfortunately,
contributions from all these different surfaces cannot be disentangled with the available data.
Similar considerations can be applied to plasma as, which should release their full energy if
occurring in the bulk. Many of the plasma as have energies lower than those from 23¥U and
232Th chains, suggesting surface contamination. Taking again the conservative assumption
that all plasma as with energies <6 MeV originate from 2'°Po back-surface contamination,
we obtain an activity of 0.01140.004cm=2d~!.

Spectroscopy of plasma as can be used to establish limits on 21Pb | 238U and ?*?Th
contamination in the bulk of the CCD. Four plasma as whose energies are consistent with
210Po were observed (Figure 4.9). One of them cannot be 21°Po, as it coincides spatially
with two higher energy as recorded in different CCD exposures, and is therefore likely part
of a decay sequence (Section 4.4.3). When interpreting the other three as bulk contamina-
tion of #°Po (or 2!Pbh), an upper limit of <37kg™'d~" (95% CL) is derived. In the 23U
chain, the isotopes 234U, 23°Th and ?*Ra decay by emission of as with energies 4.7-4.8 MeV
(Figure 4.1). Since the isotopes’ lifetimes are much longer than the CCD exposure time,
their decays are expected to be uncorrelated. No plasma as are observed in the 4.5-5.0 MeV
energy range, and an upper limit on the ?**U contamination of <5kg=!'d~! or <4 ppt (95%
CL) is correspondingly derived (secular equilibrium of the isotopes with ?**U was assumed).
In the 232Th chain, the timescale of the short-lived decay sequence of ?**Ra~?*?"Ra -2'%Po is
~1min, which is much smaller than the CCD exposure time. Thus, such decay sequence
would result in a single cluster when occurring in the bulk, with a total of 18.8 MeV of energy
deposited by the pile-up of the three decays. No cluster with energy >16 MeV is observed,
which results in an upper limit of <15kg=td~! or <43 ppt (95% CL) on 232Th contamination
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(a) Triple a sequence (b) a—f coincidence

Figure 4.10: a) Three « particles detected in different CCD images at the same z-y position.
Their energies and the time separation between images are consistent with a sequence from
a 232Th decay chain. b) A peculiar cluster found in a single image, consistent with a plasma
a and a ( track originating from the same CCD position. This may happen for a radioactive
decay sequence occurring within the 8-hour exposure time of an image.

in the CCD bulk.

4.4.8 Observation of spatially correlated o decay sequences

We detected four plasma as with energies >5.5 MeV (Figure 4.9), which cannot be accounted
for by 2'°Po decay. They all occur in the top 500-um CCD. Two of them, along with an
« close in energy to the 2!°Po line, have their centroids within 1 pixel on the CCD z-y
plane (Figure 4.10(a)). Since the accidental probability of this occurence is negligible, these
three strongly spatially correlated events must have a common origin. A likely explanation
is that we have observed a decay sequence starting with a 2?Th nucleus located in the
thin (60nm) ITO layer covering the backside of the CCD. The energies of the as and the
time separation between decays are consistent with those from the decays of #2Th, 25Po
and ?'?Po (Figure 4.1). The two other as of the sequence, ***Ra and *?°Rn, must have
been emitted away from the CCD and thus gone undetected. Note that the recoiling nuclei
corresponding to the ?**Ra and ??°Rn decays may penetrate the device, but their deposited
energy would be too small to be observable on top of the 2'Po o once the detector resolution
is considered. Likewise, the s from 212Pb and 2'2Bi must have been emitted away from the
CCD or have deposited <100-200keV in the CCD. The observation of this single decay
sequence is compatible with ~100 ppb of ?3*Th contamination in the ITO [36].

The highest energy plasma « (15.3 MeV) must be due to pile-up, either of two as (e.g.
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216Po and #'?Po) or as and fBs with energies <100-200keV (so that the beta track is too
short to protrude outside of the « cluster). Likewise, the remaining 6.2 MeV « could be due
to either a single a (e.g. **°Ra) or a less energetic a piled-up with a <100-200keV 3. In
either case, these decays are unlikely to have occurred in the bulk of the CCD, as there are
no isolated decays or short sequences of decays (Shours) corresponding to these energies in
the 23U or ?*?Th decay chains (Figure 4.1).

A spatial coincidence search between as and fs is limited by the large number of acci-
dentals from background, as the 3 rate is ~100 times greater than the « rate in the low-gain
data set. In one of the latter data sets we have observed a coincidence between an o and
a [ within the same exposure, shown in Figure 4.10(b). As the energy of the o cannot be

measured due to digitizer saturation, this particular decay sequence cannot be identified.

4.5 Limits on *’Si and ?'°Pb contamination from /3 decay

sequences

We have performed a search for decay sequences of two [ tracks to identify radioactive
contamination from 32Si and 2!°Pb and their daughters, whose 3 spectra extend to the
lowest energies and could represent a significant background in the region of interest for the
WIMP search. These isotopes do not emit « or penetrating ~ radiation, and their decay
rates are significant for extremely low atomic abundances due to their 10-100y half-lives,
making conventional screening methods ineffective in determining their presence at the low
levels necessary for a WIMP search.

32Si is produced by cosmic ray spallation of argon in the atmosphere, and then transported
to the Earth’s surface, mainly by rain and snow. Detector-grade silicon is obtained through
a chemical process starting from natural silica. Therefore, the 32Si content of a silicon
detector should be close to its natural abundance in the raw silica. Spectral measurements
of background radiation in silicon detectors suggest a rate of 32Si at the level of 100s of

decays per kg day [37]. 32Si leads to the following decay sequence:

3281 — P + B with 71/ = 150y, Q — value = 227keV (4.3)
P — 325 + 87 with 72 = 14d, Q — value = 1.71 MeV (4.4)
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Table 4.5: Analyzed data sets. The background rate refers to electron-like tracks in the
675 pm-thick CCD.

Start date End date Live-time | Pixel integration time | Background rate
day LS g td!
2014/06/06 | 2014/07/07 28.7 0.6 45.940.7
2014/07/11 | 2014/08/21 36.1 40 5.1£0.2
2014/09/03 | 2014/09/29 20.7 40 4.840.3

210Ph is a member of the ?*®U decay chain (Figure 4.1) and is often found out of secular
equilibrium, as chemical processes in the manufacture of materials separate it from other
238U daughters. It may also remain as a long-term surface contaminant following exposure

to environmental 222Rn . 2!°Pb leads to the following decay sequence:

20pl, sy 210B) 4 B 4 L.C. (80%) / 7 (4%) with 1 = 22y, Q — value = 63.5keV (4.5
20Bi — 21%Po + 3~ with 712 = 5d, Q — value = 1.16 MeV (4.6)

The 21°Pb nucleus decays 84% of the time into an excited state of 2°Bi which promptly
releases its 46.5keV of energy by internal conversion of an atomic electron (I.C.) in 80%
of the decays or by emission of a y-ray in 4% of the decays. ?!°Po is itself radioactive and
decays by « emission. The possible contamination from 2'°Po in the CCD has been discussed
in Section 4.4.2.

The intermediate nuclei, *?P and 2'°Bi, are expected to remain in the same lattice site
as their parent nuclei and throughout their lifetimes. Therefore, the s produced by each
decay pair should originate from the same pixel (out of 6x10%) on the z-y plane of the CCD.
Through a search for electron-like tracks starting from the same spatial position, individual
32Gi -32P and 2'9Pb -2!1"Bi decay sequences can be selected with high efficiency. We performed
this search with the lowest background data set (Table 4.5) in the 675 um CCD. Given the
background level (~10electrons per day in a CCD), the number of accidental coincidences
among uncorrelated tracks are small for periods of time comparable to the half-lives of 3P
and ?1°Bi. A candidate decay sequence found in the data is shown in Figure 4.11 to illustrate

the search strategy.
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Figure 4.11: Candidate [ decay sequence found in data. The first cluster was detected in an
image taken on 2014/08/05 and deposited 114.5keV of energy. A second cluster, with energy
328.0keV, was observed in an image taken 35 days later. Both tracks appear to originate
from the same point (yellow star) in the CCD z-y plane.

A

max 0 20
Energy measured by pixel Distance from star / pix

Figure 4.12: Algorithm to find the end-points of a cluster. a) The pixel with maximum
signal is chosen as seed point. b) The distance of each pixel in the cluster to the seed point
(star) is computed. c) The pixel with the largest distance is chosen as the first end-point
(star). Distances to the first end-point are calculated, and the pixel with the largest distance
is taken as the second end-point (the reddest pixel).

4.5.1 Search procedures for spatially-correlated (5 decay sequences

The first step in the search for decay sequences is to find the end-points of the 3 tracks. The
procedure is illustrated in Figure 4.12. First, we find the pixel with the maximum signal in
the cluster, and we use it as a seed point. Then, for every pixel of the cluster we compute
the length of the shortest path to the seed point, where the path is taken only along pixels
that are included in the cluster. We refer to this as the “distance” from the seed point.
The pixel with the greatest distance is taken as the first end-point of the track. Finally, we
recompute the distance of every pixel from the first end-point, and take the pixel with the
largest distance as the second end-point of the cluster.

To find a (8 decay sequence, we calculate the distance from the end-points of every (8

cluster in an image to the end-points of every [ cluster in later images. Thus, for every
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pair of clusters we have four distances corresponding to each end-point combination. The
minimum of these distances is defined as the “cluster distance”. The pair is considered
a candidate for a decay sequence if the cluster distance is smaller than 20 pixels and the
clusters have at least one pixel in common. We refer to the cluster in the earlier (later)
image as the “first” (“second”) cluster.

To reduce the number of accidental pairs, we impose additional criteria on the energy
of the clusters and their time separation. For the 32Si-32P sequence search, we require
the energy of the first cluster to be <230keV and the energy of the second cluster to be
<1.8MeV. For the 219Pb-219Bi sequence search, we require the energy of the first cluster to
be in the range 30-65keV, which mostly includes the 80% of decays with an electron from
internal conversion (Eq. 4.5). Clusters from I.C. will be diffusion limited, as they will be
constituted by a cascade of 3, conversion and Auger electrons with energies <30keV. The
energy of the second cluster is restricted to be <1.2MeV.

Lastly, we require the time separation between the clusters of each pair, At,,i, to be less
than five half-lives of the daughter nuclei. This corresponds to 70 (25) days for the 32Si-—**P

(19Pb —219Bi) decay sequence search.

4.5.2  Pair selection efficiency

The efficiency of the pair selection described in Section 4.5.1 was estimated with Monte Carlo
simulations. We used the MCNPX5 [38] program with full electron tracking to simulate 3
particle interactions in a rectangular block of silicon with the same dimensions of a DAMIC
CCD. The energy deposited by a particle is recorded in a mesh with cells of the size of a
CCD pixel. The average z-coordinate of the simulated particle track within each cell is also
recorded. Then, a realistic resolution and diffusion model is applied to the number of ionized
charge carriers from the position at which they were produced along the electron’s path, and
a simulated pixel cluster on the z-y plane of the CCD is obtained. For the purpose of the
decay sequence search, the origin of the (3 particle was randomly generated in the silicon
volume of the CCD to simulate a decay occurring in the bulk.

To properly include the measured readout noise in the analysis, we used data “blanks”.
These are zero-length exposures read out immediately after every data exposure, which
feature true readout noise patterns but no physical tracks. There are 159 blanks taken during

the decay sequence search period. In each of them, we introduced the simulated clusters of
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five Bs from 32Si to approximately reproduce the rate of electron-like tracks measured in
data. For each simulated 32Si decay, a 3*P decay was generated from the same location in
a later image, distributed in time according to the half-life of 32P. With this method, 496
decay pairs were introduced in the sample of blank images. We used the standard CCD
image reduction (Section 3) to reconstruct clusters. To properly account for inefficiencies of
the CCD, bad pixels found in data were also masked in the blanks. Then, the pair selection
procedure was applied to this set of simulated images. We found 504 candidate pairs (Npairs)
with a cluster distance distribution shown in Figure 4.13. As most of the pairs have a cluster
distance <7 pixels, we adopt this additional criterion for the pair selection.

First, we estimated the efficiency €p,i, of requiring a cluster distance <7 pixels and cluster
energies consistent with a 32Si—32P decay sequence (Section 4.5.1). Of the 486 pairs with
cluster distance <7 pixels, 475 are true pairs. Thus, the pair selection procedure is highly
efficient in recovering decay sequences (€pair=475/496=95.8%), while keeping background at
a reasonable level. The inefficiency is mostly due to pairs for which one or both tracks were
not properly reconstructed due to masked pixels (16 out of 21 lost pairs).

Secondly, we determined the efficiency €me to select a 32Si—32P decay sequence with pairs
separated in time by less than 70 days (see Section 4.5.1) and occurring during the live-time
of our data set (a decay sequence will not be found if the CCD was not operational when
a decay occurred). In Figure 4.14, the probability for a 3*P decay to be selected within the
live-time of the data taking period is calculated as a function of the parent 32Si decay time.
Integrated over the live-time of the data set, this gives an average €ijme =51.3%.

An analogous simulation study was performed for the 21°Pb-219Bi decay sequence. In
this case, €pair is mainly determined by the requirement on the energy of the first cluster to
be in the range 30-65keV (see Section 4.5.1). To estimate this efficiency, we have considered
all possible processes following 21°Pb decay, including the cases where some of the energy is
radiated in ~-rays or X-rays that escape the decay site and will not form part of the cluster.
Only 82% of 21Pb decays fall in this energy range. Of those, about 7.4% are not selected
because their measured cluster energy is <30 keV due to pixel saturation. The corresponding
pair selection efficiency is found to be €p,: = 71.0%. Also, an average €ime =65.1% is
obtained for this decay sequence.

The overall efficiency for detection of 32Si—32P (*'0Pb-219Bi) decay sequences in our data

set, Ex=€pair€time, Where X = Si and Pb, is determined to be €5;=49.2% (ep,=46.2%).
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Figure 4.13: Cluster distance distribution (black histogram) for the 32Si—3?P candidate pairs
found in the simulated sample. Accidental pairs are represented by the red shaded histogram.
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Figure 4.14: Probability for the 3?P decay to be selected within the live-time of the data

taking period, as a function of the parent 32Si decay time. The probability is zero when data
was not acquired.
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Figure 4.15: Cluster distance distribution for the 16 32Si—3?P candidate pairs found in 56.8
days of data.
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Figure 4.16: Distribution of the time separation Atp,; of the 13 pairs with cluster distance
<7 pixels. The red dashed line is the expectation for accidental pairs.

4.5.8  Limits on 325i and >'°Pb contamination

The search procedure described in Section 4.5.1 was applied to the data. No candidate was
found in the 2!°Pb—21"Bi search. The #?Si—32P decay sequence criteria yielded 16 candidate
pairs, 13 of which have a cluster distance <7 pixels (Figure 4.15). The At distribution
of these 13 pairs is shown in Figure 4.16. Also shown are the corresponding distributions
expected for purely accidental pairs, which were estimated directly from the data. For this
purpose, we randomized the position of the clusters in all data images, effectively eliminating
any spatial correlation between (s from decay sequences potentially present in the data. In
the randomization process, the overall z-y distribution of the clusters was maintained to
avoid introducing a bias. Accidental pairs were then found in the set of randomized images
by applying the search criteria. The procedure was repeated one thousand times, obtaining
for each randomized search the accidental pairs distribution of cluster distance and Atp,;,.
The average of the one thousand distributions (red dashed line) is shown in Figs. 4.15-
4.16. Within the limited statistics, an excess of pairs is observed in data. Also, the Aty
distribution is compatible with the 14 days half-life of 32P.
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Figure 4.17: Distribution of the number of accidental pairs with cluster distance <7 pixels for
the 32Si—32P decay sequences. The distributions were obtained by performing 1000 searches
over spatially randomized data images. The blue-dashed line is the Poisson distribution
corresponding to the mean of the histogram. The red entry is the number of candidate pairs
found in data.
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Figure 4.18: Distribution of the number of accidental pairs with cluster distance <7 pixels
for the 2'°Pb-21"Bi decay sequences. The distributions were obtained by performing 1000
searches over spatially randomized data images. The blue-dashed line is the Poisson distribu-
tion corresponding to the mean of the histogram. The red entry is the number of candidate

pairs found in data.
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Table 4.6: Summary of results presented in this paper. All values are 95% C.L. upper limits
or intervals, except for the ?'°Po surface rate, where the uncertainties are 1-o. The two
measurements of the *°Po surface rate correspond to the two (back, front) CCD surfaces.
For 238U and 2*?Th we quote the corresponding ppt contamination in parenthesis.

Analysis Isotope(s) Tracer | Bulk rate Surface rate
method for kg=td-! em—2dt
a 210pg “0pp <37 0.01140.004, 0.078+0.010

spectroscopy | 24U + 230Th + 229Ra | 28U <5 (4ppt) —~
2UR, 20Ry 216P, | 22T | <15 (43 ppt) -

3 spatial 3281 -32p 325 807 52" -
coincidence 210py 210Bj 210py <33 —

To evaluate the significance of the excess in the 32Si—32P search and establish a limit
on 219Pb contamination, the probability distribution of the number of accidental pairs, P,
was determined with the same spatial randomization procedure described above. For each
randomized search, the number of accidental pairs with cluster distance <7 pixels, Nycc, was
obtained. A N, distribution was derived from one thousand randomized searches, and taken
as an estimate of P,... We verified with Monte Carlo simulations that the true P,.. is indeed
recovered by this procedure. Figure ?? shows the N, distributions obtained for the 32Si—
32P and 2'°Pb-219Bi decay sequence searches. These distributions are well represented by
Poisson distributions of mean 6.5 for the 32Si—32P search, and mean 0.8 for the ?°Pb-210Bj
search. With this assumption, the 13 observed candidate pairs correspond to 1.2</Ng;<15.3
(95% C.L.) [39], where Ng; is the number of estimated 32Si—3?P decay sequences in the data.
The null result for the 2'°Pb-21Bi search corresponds to Np,<2.5 (95% C.L.) [39], where
Npy, is the number of estimated decay sequences in the data.

The #2Si and ?!°Pb decay rates are then obtained from the ratio Nx/ex/T/Mccp, with
ex as given in Section 4.5.2, T=56.8 d is the data live-time and Mccp = 2.9 - 1073 kg. We
estimate a decay rate of 80751 kg=td~! (95% C.L.) for 32Si in the CCD bulk. This result
also establish the detection of 32Si—32P pairs in our data set at 98% C.L.. The derived upper
limit on the ?!°Pb decay rate in the CCD bulk is <33kg='d~! (95% C.L.).
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CHAPTER 5
NEUTRON CALIBRATION

5.1 Ionization Efficiency and the Lindhard Theory

As described previously, a WIMP can elastically scatter with a silicon nucleus in the CCD,
producing a nuclear recoil. However, not all of the nuclear recoil energy is spent on eject-
ing electrons from silicon atoms, i.e. ionization. The remaining energy is assumed to be
transferred to atomic motion. The fraction of nuclear recoil energy spent on ionizing silicon
atoms, defined as the ionization efficiency f, is described by the Lindhard theory [40]. Us-
ing first-order perturbation theory and random phase approximation, the Lindhard theory
calculates the effects of electrons screening the electric field in a solid. The recoiled atom
with energy F,, undergoes a cascade of collisions while slowing down, and the competition
between electronic and nuclear cross-sections determines the partitioning between the energy
used to ionize silicon atoms and that transferred to atomic motion. The average of the latter

is obtained by integrating over all possible partitioning,

2

< d
W2p) = [ S A= D - 1O + e+ D, 5.1)
where
e:E#’;ez (5.2)

is the dimensionless reduced energy, f(e) the ionization efficiency, k = 0.1332%3A7Y/2 and
t = €25in*(©/2) with © being the scattering angle in the center-of-mass frame [41]. Analyt-
ical solutions are only possible for unrealistic atomic potentials. Numerical solutions for the

Lindhard theory can be written as

__kg(e)
= 1+ kg(e) (5:3)
with
gle) = 3¢ +0.76"% + . (5.4)
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However, no measurement for silicon exists for electron recoil energy below a few keV, which is
the region of interest for DAMIC. We use a monochromatic neutron beam as source particles
to measure the ionization efficiency in the energy range of interest for DAMIC. With the
DAMIC type CCD facing the neutron source, neutrons elastically scatter with silicon nuclei
in a way similar to interactions with WIMPs. The electron recoil energy spectrum (Fe) is
measured by the CCD while the nuclear recoil spectrum (E,;) is obtained from simulations

using MCNP. Finally, the ionization efficiency is extracted by mapping Fe. to Fy;.

5.2 Neutron Calibration Setup

The setup of the neutron calibration is shown in Figure 5.1. The whole system contains the
CCD chamber, data acquisition system, cooling and vacuum system, and the lead castle with
the source inside. The chamber is 6-inch by 6-inch made of stainless steel with two nipples
on the left and right sides connecting the CCD to the cold head and the readout cables,
respectively. The vacuum in the chamber is maintained by a turbo pump. A temperature
sensor and a heater are mounted in the cold tip inside the chamber to keep the temperature at
128K while exposing and reading out the CCD. As discussed in Chapter 2, this temperature
lowers the dark current and reduces noise.

We use a CCD 500 pum thick with 2k x 4k pixels packaged in a silicon support and a
copper holder frame to measure the electron recoil spectrum, as shown in Figure 5.2.

The neutron source containing activated Sb and BeO is located about 30 cm away from
the CCD in the lead castle, shown in Figure 5.3. Natural Sb contains 57.36% *'Sb and
123Sh. The latter can be activated in a nuclear reactor to the unstable '?*Sb with a half-
life of 60 days, undergoing beta decays with Q-value = 2.9 MeV and emitting a few ~ lines.
Among them, the 1.69 MeV ~ ray interacts with Be through photonuclear reaction (y,n), and
produces 23.5 keV monochromatic neutron with a branching ratio of about 47.8%. The lead
castle stops most of the high energy ~ rays from 24Sh. We also build aluminum pieces with
dimensions the same as those of BeO pieces to measure background from environment and
~ rays from 124Sbh. The Sb source was activated on Jan 7th, 2015 with a measured intensity
of 5.32 mCi +/- 5% . We could replace any of the three parts with Al pieces with the same

dimensions for different configurations of data taking or for background measurement.
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Figure 5.1: The whole system containing the CCD chamber, the data acquisition system,
the cooling and vacuum system, and the lead castle with the source inside. The chamber is
6-inch by 6-inch made of stainless steel with two nipples on the left and right sides connecting
the CCD to the cold head and the readout cables, respectively.

Figure 5.2: We use a CCD 500 um thick with 2k x 4k pixels packaged in a silicon support
and a copper holder frame to measure the electron recoil spectrum.
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BeO

pBe Source
a) b)

Figure 5.3: a) The Sb cylinder, activated on Jan 7th, 2015 with a measured intensity of 5.32
mCi. b) Geometry of the source illustrating the Sb source located inside the BeO castle.

5.3 Simulation of the Calibration

We do Monte Carlo simulations to get the nuclear recoil spectrum in the CCD with MCNPX-
polimi. The definition of the geometry from the side is shown in Figure 5.4, where the green
part is the stainless steel chamber with two nipples on the sides. Details of the CCD package
and the source are also included in the simulations. We turn on photonuclear interactions in
the MCNPX-polimi in order to get the correct energy and directional distribution of neutrons
from BeO, shown in Figure 5.5 which clearly demonstrates monochromatic neutrons peaking
at 23.5 keV in the spectrum. The tail in the lower energy range in the spectrum is due to
neutron moderation by BeO. The cross-section of *Be(v, n) at 1.69 MeV is 1.64 mbar from
xxxxX measurement in Figure 5.6. It shows that the efficiency of neutron production with
135.8g of BeO is 1.47e-4 in the simulations.

The neutrons go through the stainless steel flange with a thinkness of 9/16” after prop-
agating in the lead. We use a 3He detector to measure the neutron fluxes around the lead
castle and around the CCD chamber to test the neutron propagation in the lead and the
9Be(y, n) photonuclear cross-section in the simulations, shown in Figure 5.7. 3He reacts
by absorbing thermal neutrons, producing a 'H and a 3H ion. Its sensitivity to v rays is

negligible, and therefore providing a very useful neutron detector. In order to moderate
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Figure 5.4: Setup geometry defined in the MCNP simulations viewed from the side.
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Figure 5.5: Neutron flux spectrum from BeO with a peak at 23.5 keV.
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Figure 5.6: Measurement of °Be photonuclear (v, n) cross-section. The most recent mea-
surement determines the cross-section to be 1.64 mbar at 1.69 MeV.

neutrons from BeSb to thermal neutrons, we put a polyethylene cylinder 1-inch thick around
the *He detector. Figure 5.8 shows the flux of neutrons before reaching polyethylene that
are actually captured by 3He which demonstrates that the detector with polyethylene is
sensitive to neutrons peaked at energy ~ 23 keV. We put a 6mm cadmium foil around the
3He detector to absorb thermal neutrons in order to decrease their influences. Natural cad-
mium contains 12.22 % 3Cd with a cross-section of 10* barn in the thermal energy range.

Historical measurements with the *He detector show a 10% uncertainty.
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Figure 5.7: Setup of the 3He detector. a) Viewed from above where circles show measurement
locations. b)*He detector with polyethylene wrapped around.
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Figure 5.8: Flux of neutrons before reaching polyethylene that are actually captured by 3He
which demonstrates that the detector with polyethylene is sensitive to neutrons peaked at
energy ~ 23 keV.
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Position | measurement(n/s) | simulation (n/s) | sim/mea
8 14.81 17.85 1.20
9 4.00 4.90 1.24
10 4.01 4.92 1.23
11 0.45 0.55 1.21
12 3.95 4.96 1.25
16 0.7 0.75 1.08
17 0.65 0.7 1.08

Table 5.1: Measurements and simulations of neutron flux with the *He detector around the
chamber.

Figure 5.7 shows 17 measurement positions with the *He detector. The spectrum from
3He is shown in Figure 5.9. Table 5.1 presents the result, where column 1 is the position num-
ber, column 2 the measurement with the *He detector in units of neutrons per second (n/s),
column 3 the neutron flux from simulations with MCNP in the same units, column 4 the ratio
between simulations and measurements, indicating an average simulation-over-measurement
ratio of 1.18+/- 0.07. This means that the cross-section we use in the simulation should be

scaled down to 1.64/1.18 = 1.39 mbar.
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Figure 5.9: Spectrum of neutrons detected by the *He detector.
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We scale the neutron flux going through the CCD as shown in Figure 5.10 according
to 3He measurements. The peaks and dips come from resonances in Cu(n, elastic), Fe(n,
elastic) cross-sections. X-axis is the energy and y-axis is the flux of neutrons in units of

neutrons per 10° decays of 24Sb.
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Figure 5.10: The neutron flux going through the CCD, where y-axis is the flux in units of
neutrons per 10° decays of ?4Sb and x-axis the energy in units of keV.

5.4 Nuclear Recoil Spectrum

In the previous section, we obtain the flux spectrum of neutrons that go through the CCD in
the simulations. A neutron with kinetic energy FE, interacts with a silicon nucleus elastically.

Conservation of energy and momentum dictates the nuclear recoil energy to be

4F;
E, = . — X cos?(h), 5.5
T o

where FE,, is the nuclear recoil energy of Si, E;, the incident neutron kinetic energy, and 6
the incident angle in the lab frame. The neutron elastic scattering cross-section in natural

silicon from Larson’s measurement is shown in Fig 5.11 [42]. For energy from 0 to 24 keV,

80



the cross-section is around 2 mbarn. By applying the nuclear recoil spectrum and neutron
elastic scattering cross-section to the flux spectrum of neutrons that go through the CCD,

we obtain the nuclear recoil spectrum in the CCD, shown in Figure 5.12.

Si Cross Section by Larson
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o
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Figure 5.11: The neutron elastic scattering cross-section in natural silicon from Larson’s
measurement.

5.5 Ionization Efficiency

5.5.1 Data

We took data from January 2015 to June 2015. We have five sets of data with five different
geometries of Sb and BeO, shown in Figure 5.13. Top left is Sb with all the BeO pieces
("Full BeO data set”); top center is Sb with an outer cylinder of BeO (”Outer BeO data
set”); top right is Sb with an inner cylinder of BeO wrapped in polyethylene(” Poly data
set”); bottom left is Sb with an inner cylinder and a cap of BeO(” Inner BeO data set”); and
the bottom center is Sb with an outer cylinder of BeO and an inner cylinder Al,O3 (”Outer
BeO Inner Al,O3 data set”). Noise and dark current of the setup during the period of data

taking are shown in Figures 5.15 and 5.16, indicating that noise is roughly stable at 2e~ and
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Figure 5.12: Nuclear recoil spectrum of silicon from simulations.

dark current is around 2e~. The vertical lines separate different source configurations. A
%TFe source was used to calibrate the CCD, and the spectrum is shown in Figure 5.14. 5°Fe
has a K-a X-ray line at 5.9 keV and a K-f line at 6.1 keV. Figure 5.17 shows the stability
of the gain. The calibration lasted for 27 days, exhibiting 0.1% fluctuations in energy scale
and 1% fluctuations in resolution.

We use the likelihood clustering method (discussed in Chapter 3 ) to search for low energy
events in the images. Figure 5.18 shows the comparison between data taken with the BeO
target and those with the Al target. The plot shows that there is no difference between the
two spectra when the energy is over 1 keV,, whereas some excess of events clearly exists in the
sub-keV energy range. Figure 5.19 zooms in on the sub-keV range, where the red line shows
data taken with a SbBe source while the black line shows data with SbAl (background).

The background data (taken with SbAl) are subtracted from SbBe data to obtain the
real electron recoil spectrum. Through Compton scattering v ray can generate a low energy
background in the CCD, shown in Figure 5.20. The recoil spectrum is given by the Klein-

Nishina formula when the target electron is free. However, for a bound electron in a silicon
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Figure 5.13: Different source geometries, including ”"Full BeO”, ”Outer BeO”, "Inner BeO”,
”Outer BeO Inner Al,O3”, and ”Poly”.
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Figure 5.14: Data spectrum with the *°Fe source. °*Fe has a K-aX-ray line at 5.9 keV and
a K-/ line at 6.1 keV.
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Figure 5.15: Readout noise of the setup during the period of data taking. Y-axis is the
readout noise in e~ and x-axis the runid number. Different lines show different configurations
of data taking. Readout noise was quite stable during the period of data taking.
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atom, the Klein-Nishina formula is modified as

d*c rémw’
_ _Tomw I(p,). 5.6
dw/dQIKN 2|k _ k’|w KN (p ) ( )
w oW 9
Xgn = AT sin®(6), (5.7)
ww' (1 — cos(0) — m(w — o'
|k — K|

where J(p.) for different electron shells can be obtained from tables in Bigg’s 1975 [43].
With this theory, the recoil spectrum in the low energy range from a 500 keV ~ ray is shown
in Figure 5.21. The steps in the spectrum are due to different binding energies of electrons
bound in different shells. Thus if we fit the SbAl data with the spectrum of an effective v ray
of 135 keV as the source, we can describe the shape in the low energy of the SbAI spectrum
very well, as shown in Figure 5.22. The step at 2 keV and the drop at 10 keV are both well
described by the theory.

The four sets of recoil spectra from neutrons (background subtracted) are shown in Figure
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Figure 5.18: Comparison of data taken with a BeO target and with an Al target. The spectra
show that there is no difference when the energy is greater than 1 keV.. whereas some excess
clearly exists in the sub-keV energy range.
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Figure 5.19: Comparison of data taken with a BeO target and with an Al target, zooming
in on the sub-keV range.
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Figure 5.20: Compton Scattering in two situations: a) free electrons b) bound electrons.
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Klein-Nishina formula.
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Figure 5.22: Fit result of the SbAI background data with Compton scattering from a ~ ray
with an effective energy of 135 keV.
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5.23 . Y-axis is already scaled to counts per 10° decays of the '24Sb source.
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Figure 5.23: Electron recoil spectra from five source geometries.

5.5.2  Spectral Fit

We extract ionization efficiency by mapping from E.. (Figure 5.12) to E,, (Figure 5.23)
with a few reasonable assumptions of ionization efficiency: a) no electron recoil energy will
be recorded if there is no nuclear recoil energy, as f(0) = 0; b) more nuclear recoil energy
produces more electron recoil energy, i.e. f'(FEe) > 0; c) ionization efficiency is always less
than 1 due to conservation of energy.

We consider the resolution model applied to the simulated nuclear recoil spectrum in
Figure 5.24 with the fano factor = 0.15.

Based on the four assumptions, we build a fitting function using the simulated nuclear
recoil spectrum (Figure 5.12), a cubic spline function with five free parameters (Figure 5.25),
and the resolution model, and then fit it to the electron recoil spectrum, minimizing x?
between the fitting function and the electron recoil spectrum. Spline functions are piecewise
polynomials of degree n. The connections between polynomials are called knots and fulfill
continuity conditions for the function and its first n-1 derivatives. Spline functions have

found great use in mathematics and numerical analysis [44]. The spline function we use is
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Figure 5.24: Nuclear spectrum after applying the resolution model.

defined by four knots and five free parameters one for each knot plus an extra one for the
end knot as indicated by red arrows in Figure 5.25. We perform the fit on the Full BeO data
set and present the result in Figures 5.26 and 5.27.

5.6 Results and Discussions

We extracted ionization efficiency from four data sets as shown in Figure 5.28. We weighted
the extractions from different data sets based on its statistics. The uncertainties come from
the following aspects: 1) photonuclear interaction cross-section of *Be from *He measure-
ments used in the simulations, about 12-15%, 2) '?4Sb radioactive intensity measurements,
about 5%, 3) statistical uncertainties from data spectra. The primary result shows our mea-
surement is lower than the Lindhard Theory prediction with £ = 0.15. loinzation efficiency
of silicon has been measured by different groups in different energy ranges equal or greater
than a few keV. This measurement here reaches the lowest energy range (less than 3 keV ).
The difference between this measurement and Lindhard theory is notable since the Linhard

theory is used as a reference in the field. For a fixed nuclear recoil energy, the lower the
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Figure 5.25: A cubic spline function that describes the mapping between the nuclear recoil
spectrum and the electron recoil spectrum. It is defined by four knots and five free parameters
one for each knot plus an extra one for the end knot as indicated by red arrows.
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Figure 5.27: Fit to the electron recoil spectrum with the spline function fit into the data.
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ioinzation efficiency the lower ioinzation energy is, which shows the signifance of improving
detection threshold. With our measurement, a 1 keV recoil could produce around 100 eV

ioinzation energy which is still much larger than the current DAMIC detection threshold.
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CHAPTER 6
CONCLUSION

The DAMIC R&D program, of which the work presented in this thesis has been an integral
part, has successfully established the potential of large size, ~mm-thick CCDs with very low
readout noise as dark matter detectors. Several of these detectors are currently installed at
SNOLAB, taking data with remarkable stability, low noise and low background.

We have developed a data analysis and simulation package which is widely used to char-
acterize the CCDs and to estimate background levels.

We have presented novel analysis methods to measure radioactive contamination in the
high-resistivity silicon CCDs of the DAMIC experiment. We exploited the unique signatures
of a particles in CCDs to perform « spectroscopy and search for nuclides of the uranium and
thorium chains. Also, we searched for 32Si and ?!°Pb in the bulk silicon of the CCD by iden-
tifying pairs of spatially correlated 3 tracks compatible with 32Si—32P and 2'°Pb-219Bi decay
sequences. We placed stringent 95% CL upper limits on the presence of radioactive contam-
inants in the silicon bulk. The #**U and ?*?Th decay rates were found to be <5kg=td!
and <15kg~td~!, respectively. Also, we established an upper limit of ~35kg=td™! (95%
CL) on the ?!°Ph decay rate, obtained independently by « spectroscopy and the 3 decay
sequence search. In addition, we have measured the decay rate of 32Si in the silicon bulk
to be 807" kg™t d=! (95% CI). Since we detect single nuclear decays with high efficiency,
our analysis methods have near-optimal sensitivity to radioactive contamination for a given
exposure. In particular, the capability to identify 32Si —32P and 2!°Pb -2'9Bi decay sequences,
unique among particle detectors, allows us to measure these contaminations at levels that
are orders of magnitude lower than would be possible with any other screening technique.
These levels of radioactive contamination are already low enough for the successful opera-
tion of DAMIC100, currently being installed in SNOLAB. In addition, material screening
and handling procedures implemented for DAMIC100 should result in a tenfold reduction
of the present background level, allowing for even more stringent limits on the radioactive
contamination. Confirming the measurement, currently statistically limited, of 32Si in high-

resistivity silicon will be particularly relevant. In fact, the presence of the low energy [ decay
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of this cosmogenic isotope may impose additional constraints on the next generation WIMP
searches with high-purity silicon detectors, including the use of an underground source of
silicon to fabricate the detector and the requirement of 32Si—3?P single-event identification
for background suppression.

We also presented a measurement of the nuclear ionization efficiency in silicon, namely
the ratio of the energy released in ionization by a recoiling nucleus to the nucleus kinetic
energy. Since only a fraction of the kinetic energy is released in the form of ionization, the
experimental determination of the nuclear ionization efficiency is required for any consistent
interpretation of a search for dark matter particles. We have performed a measurement of
the nuclear ionization efficiency by detecting nuclear recoils induced in a DAMIC CCD by
a fairly monochromatic beam of neutrons from a '?Sb-Be source. The measurement was
performed in a variety of source configurations to control systematic uncertainties. It is
the first measurement in the literature for kinetic energies of the recoiling silicon nucleus
below 3 keV, in an energy range crucial for the search of recoils from low mass WIMPs. We
find that the measured nuclear ionization efficiency is consistently lower than the prediction
of the Lindhard theory in silicon, a notable results since the Lindhard theory is used as a
reference in the field.

DAMIC is now at the end of its R&D phase and DAMIC100 is under construction. Soon
it will have the chance of explaining the mystery of dark matter. Whatever the outcome, the
path surely is one that will be filled with interesting questions, rewarding challenges, and

unexpected discoveries that ultimately broaden our understanding of the universe.
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