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Abstract

The DEAP-3600 experiment is a single-phase liquid argon dark matter detector em-

ploying pulse discrimination to mitigate background-like events and isolate WIMP-

like events. The vessel that holds 3600 kg of target, and the flowguide that guides

convective flow, are made of ultrapure acrylic plastic. Diffusion of radioactive radon

and radon progeny within air into the acrylic post-fabrication result in a surface layer

that is orders of magnitude more radioactive than the bulk material. The robotic

sanding of the vessel and the manual sanding of the flowguides, to reduce surface con-

tamination to that of the bulk, are discussed: the Resurfacer removed 360 ± 30 µm

of acrylic from the vessel surface as a rate of 10.5 ± 2.3 g/hr, and a minimum of

37 µm was manually removed from the argon-exposed flowguide surfaces. The empir-

ical assay of acrylic bulk contamination is also discussed: a content of (2 ± 2)×10−19

grams of 210Pb per gram of acrylic was measured, with a procedural 210Pb recovery

efficiency of 47 ± 13%.
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All work within this thesis is implicitly that of the sole author unless explicitly stated.

At that time, credit is attributed to those responsible. Directly relevant contributions
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and flowguide acrylic was the work of B. Beltran, B. Cai, A. Hallin, C. Hearns, C.
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though its impact on this thesis work and DEAP-3600 is significant. The theoretical

lead content of acrylic as a function of depth, as accrued from gaseous radon post-

production, was primarily the work of B. Cai, E. Devoie, C. Jillings, and M. Kuźniak,

et al. Initial study was performed by the author, and any manipulation of their data

after such model was created is the sole work of the author.

Design and prototyping of the Resurfacer was primarily the work of D. Bearse, B.

Cai, K. Dering, S. Florian, R. Gagnon, P. Harvey, C. Hearns, and P. Skensved, et al.
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understand the time evolution of sandpaper performance, final hardware prototyping

at Queen’s University, and the majority of commissioning at Queen’s University and

on site at SNOLAB. Namely, the author lead the analysis on all Resurfacer sanding
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performance techniques including the micrometer measurements, sanding motor cur-
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the author lead the installation and calibration during all stages. The reassembly and

recommissioning on site was the primary work of T. Flower, P. Giampa, P. Skensved,

et al. The author lead the assembly and testing of the ultrapure water flushing pump

setup, including the inline filters responsible for (proposed) concurrent analysis via

the acrylic vaporization assay system. AV operation was shifted by numerous collab-

orators.

The author lead the effort for the design, reconstruction and commissioning of

the acrylic glovebox, and all flowguide handling at Queen’s University, with the aid

of D. Bearse, B. Cai, K. Dering, R. Gagnon, and C. Hearns, M. Kuźniak, et al.

All procedures, including flowguide and tool preparation, and glovebox ingress and

egress protocols, were the work of the author. Residual gas analyzer (RGA), back-

ground event contribution, and sanding performance analyses before, during, and

after flowguide handling at Queen’s University was primarily that of the author.

Initial prototyping and commissioning of the acrylic vaporiziation system and

assay procedures was the work of L. Anselmo, B. Cleveland, F. Duncan, C. Jillings,

O. Li, K. McFarlane, C. Nantais, and B. Morrisette, et al. The author did not

design nor assemble the original hardware necessary for such measurements, though

the procedures and empirical results were greatly improved upon, with the addition
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initial measurements, were the work of the author with the guidance of M. Boulay,
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As an aside: in an effort to understand and characterize detector reponse to alpha

radiation, and to optimize final neck and flowguide geometry (including the inclusion

of a wavelength shifting material to the flowguides, where deposition hardware was

designed by the author), GEANT4 simulations of isotropically-generated polonium

events were created and analyzed. This was done within both the surface and bulk

acrylic of the flowguides and vessel, and under cryogenic vacuum, gaseous argon, and

liquid argon. This lengthy, early work is not discussed in this thesis, though is very

responsible for steering the author towards what is.
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Chapter 1

Introduction

Though not yet identified directly, dark matter has been observed indirectly by astronomers

and cosmologists for nearly a century. Galactic cluster dynamics [1], galactic rotation

curves [2], gravitational lensing [3], cosmic microwave background (CMB) oscillations and

the large-scale structure of the universe [4], among others, provide evidence for the existence

of some large amount of non-luminous (dark) mass throughout the universe. Ordinary dark

objects (black holes and dwarf stars, e.g.) account for only a small fraction of this matter [5],

and thus supersymmetric extensions of the standard model hypothesize that dark matter

may be primarily undiscovered heavy weakly interacting particles [6]. A number of ongoing

and planned experiments aim to detect these new particles. The DEAP experiment is one

such experiment.

Mitigation of any non-dark matter event is critical to DEAP. The extremely small

cross section of nonbaryonic dark matter [7], when coupled with the relatively large event

rate of standard matter processes, necessitates a radiopure detector. The work in this

thesis describes the methodology for attaining and understanding the target radiopurity

of acrylic surfaces in the DEAP-3600 detector. This is achieved by the mechanical and

manual resurfacing of the acrylic vessel and acrylic flowguides, and assaying the acrylic

1
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bulk to measure the radon progeny event rate from acrylic post-resurfacing. Evidence for

the existence of dark matter will now be discussed, followed by a brief explanation of how

candidate particles may be detected and DEAP’s contribution to the detection of these

particles.

1.1 Evidence for Dark Matter

In 1933, Fritz Zwicky applied the virial theorem to the A1656 Coma galaxy cluster [1],

which relates the time-average kinetic energy of a system to its total potential energy. The

radial velocity (via red/blueshift measurements) of galaxies near the edge of the cluster

yielded a kinetic energy and thus a potential energy. From this, Zwicky estimated the total

gravitational mass of the cluster. This value was compared to that inferred from luminous

matter, ultimately producing a mass to light ratio on the order of 500. This is over 100 times

greater than that of local stellar systems. To alleviate this discrepancy, Zwicky hypothesized

the existence of additional non-luminous mass, or dark matter, necessary to account for the

observed dynamics.

In 1970, Vera Rubin and Kent Ford provided similar evidence for dark matter using

individual galactic rotation curves of the M31 Andromeda galaxy [2]. Spectrograph data

showed that rotational velocities of bodies within the galaxy remained constant as a function

of radial distance, similar to that shown in Figure 1.1. This is in contrast to the inverse

square root expected if only visible disk contributed to galaxy mass. The linearity may be

explained by a uniform distribution of mass, but the mass to light ratio again produced a

discrepancy that could be corrected for if a large amount of mass was non-luminous and

unobserved. This behaviour has been since observed for many galaxies1 [8].

1 Though dark matter is the most accepted explanation for both of the above phenomena, Modi-
fied Newtonian Dynamics (MOND) [9], which involves modifying the laws of gravity on large scales,
may provide a parallel hypothesis not further discussed here.
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Figure 1.1: Galactic rotational velocities as a function of radial distance for the dwarf
spiral galaxy NGC 6503, with a parsed three-parameter fit (dark matter,
luminous matter, gas) of observed data. The presence of a non-luminous
mass distribution – galactic dark matter halo – may explain the linearity
far from the galactic center. Plot produced by [10], annotated by [11]

In the early 2000s, observations of the Bullet cluster by the Hubble Space Telescope and

the Chandra X-ray Observatory showed further evidence for the existence of dark matter.

The Bullet cluster, shown in Figure 1.2, is the result of a recent high-speed collision of two

galaxy clusters [3]. X-ray emissions from the central, extremely hot gas proves this. Gas

accounts for the majority of cluster matter [5], and thus one expects the majority of the

Bullet cluster mass to remain there. However, gravitational lensing observations showed

separate distributions of mass away from the merger site with presumably unaltered paths.

If the galaxy clusters were entirely ordinary matter, the distributions of mass would overlap.

Instead, some additional non-luminous matter may exist within the clusters, not interacting

strongly with itself nor with ordinary matter. MOND does not accurately describe the

dynamics of the Bullet cluster and therefore dark matter remains an appealing hypothesis.
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Figure 1.2: The distribution of mass within the Bullet cluster measured via gravita-
tional lensing (blue) and X-ray emission (pink). The luminous gas (pink)
remains at the merger site while dark matter (blue) passes without inter-
action. Composite and non-composite photographs retrieved from [12]

The 2003 WMAP [13] and 2013 Planck [14] spacecrafts were designed to empirically

proved and constrained the ΛCDM (Λ Cold Dark Matter) cosmological model, which pa-

rameterizes the CMB (Cosmis Microwave Background), dark energy, and large-scale struc-

ture of the universe. The lattermost of which “cold” dark matter is also hypothesized to

have contributed significantly to. Anisotropies within the CMB reveal cold dark matter

to contribute 25.9% of the total mass-energy density of the observable universe, with dark

energy and baryonic matter contributing the other 69.1% and 4.9%, respectively [4].

1.2 Dark Matter Candidates

From the astrophysical and cosmological evidence above, dark matter must have the follow-

ing properties: it must be non-luminous or noninteractive with the electromagnetic force,

else it would be observable photonically; it must be massive and interactive with gravity,

else galactic and universal structure and dynamics would differ; it must be primarily non-

relativistic (“warm” or “cold,” not “hot”), else it would not distribute as observed; and it
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must be extremely long-lived or stable, else its inference today would be impossible [6].

Non-luminous black holes, neutron and dwarf stars – massive compact halo objects (MA-

CHOs) – do not contribute enough mass to fully account for all dark matter [5]. Similarly,

the low mass of individual neutrinos also excludes them from significantly contributing [15].

Instead, most dark matter may be undiscovered particles. Popular candidates include ster-

ile neutrinos (warm), axions (cold), and a collection of weakly interacting massive particles

(WIMPs) (cold) [6]. WIMPs include the lightest supersymmetric particle – neutralino –

and the lightest universal extra dimension particle – Kaluza-Klein – depending on the the-

oretical framework. Interaction strengths characteristic of the electroweak force and masses

on the order of GeVc−2 to TeVc−2 are predicted [7].

1.3 Detection of WIMPS

WIMPs may be detected directly or indirectly [16]. The mechanisms involved differ de-

pending on the modes and are shown in Figure 1.3. Direct detection experiments search

for evidence of elastic scattering of dark matter particles off atomic nuclei within some

target material. Indirect detection experiments attempt to observe the standard particle

products of WIMP annihilation. Both modes often rely on the motion of the Solar system

through the galactic halo. Directional detection, a strategy based on the annular motion of

Earth itself through the halo, may be possible. WIMPs may also be produced via collider

production and inferred from missing energy.
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Figure 1.3: Feynman diagram of dark matter interactions. Here q is some standard
model particle, χ is some WIMP particle, and Q represents some weak
interaction between the two. In this context, colliders (LHC, e.g.) may
be characterized by the equation p + p → χ + χ [17], indirect detectors
(IceCube, e.g.) by χ+ χ→ µ+ µ̄ [18], and direct detectors (DEAP, e.g.)
by χ+ p→ χ+ p.

The focus will now remain on the direct detection of WIMPs. Interactions between a

WIMP particle and a baryonic target nucleus result in the ionization of, scintillation pho-

tons from, and/or the physical recoiling vibrations of, the target atom and/or neighboring

atoms. The channels detected depend on the target material and technologies employed,

and select experiments are shown in Table 1.1. The employment of multiple channels allows

for multiple event discrimination methods and potentially higher discrimination power.
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Detection Method

Experiment Target Scintillation Ionization Phonon

CoGeNT Ge

CRESST CaWO4

DarkSide LAr, GAr

DEAP LAr

DM-TPC CF4

LUX LXe, GXe

MiniClean LAr/LNe

PICO C3F8 *

SuperCDMS Ge

XENON LXe, GXe

XMASS LXe

Table 1.1: Detection methods of select direct detection experiments. There exists a
correlation between target mass and observable WIMP mass. Isotopes are
also sensitive to the spin-dependence of interactions. DEAP’s employment
of argon pulse shape discrimination (PSD) allows for powerful discrimina-
tion while remaining a single channel experiment. The employment of
additional phases (GAr, LAr) by DarkSide, e.g., further expands poten-
tial discrimination power. Note that the attribution of phonon detection
to PICO is an attempt to concisely assign the use of sound as a particle
identification method as phononic.

With a galactic WIMP density on the order of GeVc−2·cm−3 and a rotational velocity

on the order of 10−3c, an experiment may expect kinetic energies of a recoiling nucleus via

WIMP interaction to be below 100 keV at rates below 0.001 kg−1·d−1 [16]. A tonne-scale

detector may increase the specific WIMP cross-section, but the radioactive and cosmic ray

event rate is still over six orders of magnitude higher than the WIMP event rate at these

low energies for standard matter. Thus all backgrounds within the region of interest must

be reduced. This is achieved with very low background detector materials, installation
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of detectors deep underground with large overburden (Gran Sasso, Homestake, Kamioka,

SNOLAB, WIPP, etc.), and utilization of key features of the detector itself. These points,

and specifically the lattermost (the merits of liquid argon and how it pertains to DEAP), are

discussed in Section 3. Below is a WIMP exclusion plot of select current, under-construction,

and planned experiments.

DAMA

LUX (2016)

CRESST (2012)
SuperCDMS 

@SNOLAB

CRESST II (2015)

SuperCDMS (2014)

PICO
50

Xenon 1T

LZ

DarkSide G2

SuperCDMS @SNOLABcoherent neutrino scattering

coherent neutrino scattering

XENON-100

LZ

Xenon 1T

DarkSide G
2 PandaX (2016)

CRESST III
DEAP-3600

Figure 1.4: Exclusion limits of select experiments. Completed experiments are shown
as solid curves, and others dashed. The currently-excluded parameter
space is shaded in grey, and the so-called neutrino floor is shaded in or-
ange. The neutrino floor indicates the parameter space where neutrino
scattering becomes an irreducible background. Note that argon, with a
high PSD capability, may readily mitigate neutrino-electron elastic scat-
tering events while xenon experiments cannot as readily [19, 20]. DEAP-
3600 is represented by the bold, dot-dashed orange curve, and has an
estimated spin-independent sensitivity for WIMP-nucleon interactions of
10−46 cm2 for 100 GeVc−2 WIMPS. While not shown here, the tentative
next-generation experiment, DEAP-50T, has an estimated sensitivity ap-
proaching 10−48 cm2.



Chapter 2

The DEAP-3600 Experiment

The DEAP-3600 experiment aims to directly detect dark matter candidates via single-phase

liquid argon scintillation. Argon allows for excellent background suppression by means of

self-shielding and pulse shape discrimination. The DEAP-1 detector provided prototyping

and other commissioning for the current, full-sized DEAP-3600 detector at SNOLAB in

Sudbury, Ontario. The next-generation dark matter detector is tentatively titled DEAP-

50T.

2.1 SNOLAB

The Sudbury Neutrino Observatory Laboratory (SNOLAB) research facility, as drawn in

Figure 2.1, is located under #9 Shaft of Creighton Mine, in Sudbury, Ontario, Canada.

The VALE mining company owns and operates the mine and mineshaft. Relatively in-

dependent of VALE 24-hour mining operations, SNOLAB is designed as a single large

cleanroom located at the 6800 ft level with approximately 6000 meters of water equiva-

lent (mwe) overburden. The depth and cleanliness allows SNOLAB to be an ideal host

for any low event rate experiment concerned with atmospheric and cosmic backgrounds.

9
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The space that would become SNOLAB was originally contracted by the Sudbury Neutrino

Experiment (SNO) beginning in 1990 to host a heavy water neutrino detector. Arthur Mc-

Donald and the SNO Collaboration shared the 2015 Nobel Prize in Physics with Takaaki

Kajita and the Super-Kamiokande collaboration for their work in neutrino detection and

furthering the understanding of the solar neutrino problem [21]. Between 2005 and 2011,

SNOLAB underwent extensive expansion and renovations to a general-purpose laboratory

to accommodate more astroparticle experiments including SNO+, the new generation SNO

detector with added geoneutrino and neutrinoless double beta decay detection capabilities

[22]. SNOLAB is now approximately 5,000 m2 of laboratory clean space [23]. The newer

sections host HALO [24], a lead-helium supernova neutrino detector. Direct detection dark

matter experiments at SNOLAB include MiniClean [25], PICO [26], and DEAP. The Su-

perCDMS [27] dark matter and nEXO [28] neutrinoless double beta decay next-generation

experiments, and the NEWS [29] experiment, among others, are tentatively planned for

future installation at SNOLAB.
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[Academic use only]

Figure 2.1: Map layout of the SNOLAB underground laboratory, 2 km underground
in Sudbury, Ontario. The DEAP-3600 detector in the Cube Hall (large)
and the DEAP-1 detector in the Ladder Labs (small) are circled in red.

2.2 DEAP-1

The DEAP-1 prototype detector began commissioning at Queen’s University in 2005, and

was deployed at SNOLAB in 2007. A TPB-coated cylindrical acrylic vessel contained 7 kg of

liquid argon, symmetrically viewed by two PMTs. The research and development pioneered

in DEAP-1 provided sufficient proof-of-concept for the DEAP-3600 detector. Namely the

demonstration of pulse-shape discrimination (PSD) in argon [30] and the study of back-

grounds and background mitigation techniques [31]. DEAP-1 was decommissioned in 2012

as resources transitioned to DEAP-3600.
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2.3 DEAP-3600 Design and Construction

See Figure 2.2 for a cut-away drawing of the DEAP-3600 detector. The DEAP-3600 detector

consists of a 1.7 meter interior diameter (853+4
−3 mm radius [32]) acrylic vessel (AV) filled with

liquid argon (LAr) and surrounded by 255 8-inch R5912 Hamamatsu high quantum efficiency

PMTs. Quantum efficiency is approximately 32%, and total coverage is approximately

75%. The AV contains an active mass of 3600 kilograms, where a nominal fiducial mass of

1000 kilograms is estimated. Liquid argon scintillation light has a wavelength of 128 nm

(ultraviolet) [33]. Acrylic plastic is often opaque to ultraviolet light, but transparent to

light within the visible spectrum. Additionally, the PMT quantum efficiency spectrum

peaks for violet light then rapidly declines for ultraviolet wavelengths. Thus an organic

wavelength shifter, 1,1,4,4-tetraphenyl-1,3-butadiene (TPB), was deposited under vacuum

onto the inner AV surface. This surface layer down-shifts the argon scintillation light

towards a peak wavelength of 440 nm before transmitting into the acrylic [34]. The layer is

approximately 3 µm thick with a nonuniform distribution of less than 20% [35, 36].

The PMTs are coupled via mineral oil to 50 cm FINEMET R©-covered acrylic lightguides

directly bonded to outer AV stubs. The lightguides serve three secondary purposes, the pri-

mary being light transmission: neutron shielding, thermal insulation between the LAr and

the PMTs (which operate poorly near the 85 Kelvin temperature of liquid argon), and

to allay hardware space constraints. High density polyethylene filler blocks placed between

neighboring lightguides provide additional radioactive shielding, namely from neutrons orig-

inating from PMT glass and surrounding norite rock outside the detector. Copper thermal

shorts surround each PMT providing a minimal thermal gradient between the glass and base

of the PMT. An outer layer of open cell polyurethane foam pieces fills the spaces between

each PMT for thermal insulation and to reduce nitrogen gas purge currents. This inner

detector is sealed within a large stainless steel spherical vessel, which itself is immersed
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in an 8 meter diameter, 400 m3, water shielding tank. The stainless steel shell permits a

dry PMT environment and acts as a safety barrier in case of acrylic vessel failure. The

steel shell hangs from a top support on the deck above and one bottom spring supports

the detector from below. 48 veto PMTs mounted to the steel shell facing outward provide

coincident detection of outside events (muons via Cherenkov radiation, e.g.) that may enter

the detector. Four compensation coils surround the steel shell to reduce the z-component

of Earth’s magnetic field.

Scintillation light above some threshold is recorded by both low-gain and high-gain

waveform digitizers to allow for a dynamic range of data acquisition parameters. The acrylic

and aluminium reflector and fibre optic system (AARFs), coupled to 20 lightguide-PMT

pairs, provides an in situ optical calibration method via laser light injection. External guide

tubes allow neutron (AmBe) and gamma (22Na) sources to be placed around the detector.
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Figure 2.2: Cut-away view of the DEAP-3600 detector with notable features labeled.
CAD drawing courtesy of Koby Dering.
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2.3.1 Acrylic Vessel and Flowguide Fabrication

Poly(methyl methacrylate) (PMMA) is a polymer of methyl methacrylate (MMA), and

also known as acrylic. Its choice as the vessel, lightguide and flowguide material was a

result of its high strength, low weight, optical transparency with an attenuation length over

5 meters [37], its ability to self-moderate neutron radiation (a hydrogenous material), and

perhaps most importantly, its potential to be manufactured to a very high radiopurity [38].

To ensure high radiopurity of the acrylic used for both the vessel, lightguides and

flowguide pieces, the production and molding of the acrylic must be closely monitored.

The minimization of radioactive contamination during casting and curing, namely from

gaseous radon, is necessary to ensure this. Note that while the acrylic has strict purity and

transparency requirements, the foremost priority for each part is different. Because the AV

and flowguides are in direct contact with the liquid argon, radiopurity here is paramount.

Since the relatively thin vessel acrylic may already stop external radiation, light transmis-

sion within the thicker lightguides is more important. The manufacturing processes reflect

these priorities, and thus each one hail from different suppliers. The lightguide acrylic was

sourced from Spartech Polycast. Due to technical limitations, the lightguides were made of

two halves and bonded together by Reynolds Polymer Technologies (RPT) USA (Colorado).

The MMA used for the vessel and flowguides was produced by Thai MMA Co. Ltd. The

final stage of the process included fractional distillation; 1.25 m3 of air per tonne of MMA

was introduced at this point to inhibit spontaneous polymerization. The MMA was collected

via continuous flow and transported to RPT Asia (Thailand) and stored in a sealed stainless

steel tank. The monomer was combined with approximately 2% proprietary additives and

cast into six 128 × 96 × 4.5 inch acrylic panels. Acrylics with an admixture of UV absorber

generally perform better with light wavelengths of 420 nm and above (overlapping with peak

PMT quantum efficiency), hence the allowance of these additives. Polymerization occurred

within a hydroclave. Five panels were thermoformed into “orange slice” gores and one into
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a polar cap by RPT USA. Several other panels were machined into the collar, neck, and

flowguides. The gores and cap were formed to the inner dimensions of the vessel, forming

a truncated sphere. The truncated sphere was then machined on a 5.5-axis CNC mill at

University of Alberta to a thickness of 5 cm, including the stubs for lightguide bonding. The

mineshaft dimensions limit the size of single objects brought underground. Thus the vessel

was built in three pieces (neck, collar and truncated sphere) and final bonding occurred

underground at SNOLAB by RPT USA staff.

During manufacturing, all acrylic products develop stress within their bulk. Annealing

relieves these stresses and improves acrylic and bond strength. The annealing of the DEAP

acrylic vessel occurred in a custom built 10 × 10 foot annealing oven and radon-reduced

air (RRA) purge. The reduction of radon from approximately 120 Bq/m3 to less than

5 Bq/m3 is important because the diffusion length of radon increases at higher temperatures.

Temperatures were kept within 80-85◦ C; the glass transition temperature of acrylic is

110◦ C. To move the vessel into and out of the annealing oven, the vessel was attached

to large support rotator. This same rotator was employed for machining and lightguide

bonding. Five annealing stages were completed underground. The first occurred after

underground bonding of the truncated sphere. Subsequent annealings occurred after the

collar and neck bonding. The fourth and fifth annealings occurred after final machining

and lightguide bonding.

The inner acrylic surface was exposed to air (surface, lab, and radon-reduced) for a

total of 956 days, and is detailed in Table 2.1. All processes, including those involved

for lightguide production, were overseen by collaboration members within HEPA-filtered

and/or radon-reduced environments. All stages were also monitored with Durridge Rad-7

radon air monitors and thus radon and progeny contamination within the bulk acrylic may

be estimated. It has been estimated that an approximate load of 20 mBq of 210Pb per

tonne of acrylic was accrued during manufacturing of the acrylic vessel [39]. The physics
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and impact of such deposition and diffusion into acrylic is discussed in further detail in

Section 3.3. The robotic resurfacing of acrylic surface contamination post-manufacture of

the AV is discussed in Section 4. The empirical assay of bulk acrylic contamination is

discussed in Section 6.

AV Work Date Exposure Bkgnd ev/3yr
d Bq/m3 0.5 mm 1.0 mm

Fabrication Mar - Dec, 2012 283 12 0.038 0.0018
Underground Dec 2012 - Jan 2013 34 120 0.076 0.0032
1st Anneal Jan 2013 11 10 0.087 0.0045
Collar Bond Jan 2013 8 120 0.091 0.0052
2nd Anneal Jan - Feb 2013 7 10 0.099 0.0058
Neck Bond Feb 2013 5 120 0.101 0.0063
3rd Anneal Feb 2013 10 10 0.109 0.0072
Stub Machining Feb - Jun 2013 108 120 0.261 0.016
4th Anneal Jun 2013 6 0 0.261 0.016
LG Bonding Jun - Nov 2013 157 120 0.278 0.016
5th Anneal Nov 2013 11 120 0.322 0.021
Before Lift 1 Dec 2013 - May 2014 179 0 0.322 0.021
After Lift 1 May - Jun 2014 29 120 0.363 0.023
After Lift 2 Jun - Oct 2014 111 0 0.363 0.023

Table 2.1: Background events in 3 years as a function of AV work and associated
222Rn exposure. 10-12 Bq/m3 during fabrication and annealing [40], and
120 Bq/m3 from underground lab air radon level [41]. A reference point
for 210Pb content in acrylic of 1.1×10−20 g/g = 0.01 ev/3yrs was used [42].
If 0.5 mm was resurfaced from the AV inner surface, one would expect ap-
proximately 0.363 background events in 3 years. Table retrieved from [43].

The collar, neck, and flowguide were formed from remaining stacked and bonded acrylic

panels. The flowguide pieces, as shown installed in Figure 2.3, were milled to final dimen-

sions and annealed at University of Alberta in a RRA clean room with a radon level of

0.3 mBq/m3. They were shipped to Queen’s University inside a sealed stainless steel cham-

ber and transferred to a low radioactivity glovebox where surface deposition and diffusion

was removed further. The manual resurfacing of surface contamination post-machining is
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discussed in Section 5. The inner surface of the lower neck was also sanded with a set of

rotating sanding pads powered by an electric drill. Both employed boil-off nitrogen gas

purges with radon levels near 5 mBq/m3.

The acrylic flowguides direct the flow of cool liquid argon from the cooling coil down into

the center of the vessel, and the flow of warm liquid argon from the bottom and surface of

the vessel up through the perimeter of the neck. Convection drives this cycle. The geometry

was tuned from an interdependence between surface background Monte Carlo simulations

in GEANT4 and commercial fluid dynamic simulations to allow sufficient argon flow with

reduced background contributions. The effect of a TPB or pyrene (another wavelength

shifter) layer on all or some flowguides surfaces (to reduce obscuration of UV argon events

by the UV-opaque acrylic, or to shift Fprompt) was also simulated and analyzed, though

final installation proceeded without such deposition. The flowguides may therefore also

block many events originating from the stainless steel cooling coil and vacuum jacket that

would otherwise be observed within the main argon volume. Note that a wavelength-shifting

optical fiber coupled to two designated PMTs has been coiled around the outer acrylic neck

to allow for veto capabilities, though the application of such veto is not discussed here. The

physics and contribution of events originating from the neck (and most other sources) is

described in further detail in the following section.
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Figure 2.3: Drawing of the installed acrylic flowguides shown in red (inner flowguide),
maroon (outer flowguide) and magenta (split ring), and surrounding neck
hardware. Several design choices aimed to minimize line of sight to the
relatively-radioactive stainless steel hardware. The split ring at the bot-
tom of the outer flowguide snaps into place upon installation, blinding
the inner detector from luminous events originating at the collar lip; this
region was a notable source of surface event leakage during simulations.
CAD drawing courtesy of Koby Dering.
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Detector Backgrounds

The expected WIMP event rate within the DEAP-3600 detector is on the order of 100 per

year, based on the theoretical cross-section of WIMPs for 1000 kg of liquid argon summarized

in Section 1.3 and [16]. However, the expected rate from argon betas, argon and surface

alphas, cosmic muons and induced neutrons totals over eight orders of magnitude higher [42].

While the majority of these events can be rejected through analysis, DEAP-3600 must still

be designed as a low background detector to provide a low event misidentification factor, a

high signal to background ratio, and a high electronics uptime (detector runtime).

A complete understanding of the radioactive and cosmic contributions within the DEAP-

3600 detector allows for a better understanding of the detector itself and the physics results

obtained from it; known background event rates may be effectively subtracted from the

total observed rate within the region of interest (ROI) to yield a WIMP rate. The WIMP

sensitivity limit is ultimately determined by this background rate. The argon and acrylic

are the origin of most background events. Background reduction occurs as passive low

radioactive material selections and active analysis cuts made to data. Material radiopurity

that could not be achieved completely must be managed within the analysis. There exist

three main analysis cuts to data: position, energy, and pulse shape. Detector events manifest

20
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differently depending on the type, and if such cuts are correctly applied, only WIMP signals

should remain. A brief description of all controls will now be outlined, followed by an

introduction to surface alpha backgrounds and the diffusion of radon into acrylic.

3.1 Mitigation of Background Events

3.1.1 Control of Radioactive Materials

The most effective method for background reduction is in the selection of low radioactive

materials, through screening, quality assurance and/or cooperation with suppliers. Every

material and hardware installed is assayed via gamma assay and/or radon emanation, the

latter process first developed by the SNO collaboration and still employed by the DEAP,

SNO+, and other collaborations at Queen’s University today [44]. An extensive database

catalogues these results and ensures that only the most radiopure materials are used for

current and future collaborative efforts.

The depth of SNOLAB reduces the cosmic muon rate below 0.3 µ/m2/d (10−3 Hz) which

may also induce neutron radiation via muon spallation. The norite rock itself is a neutron

source from (α,n) reactions, though the approximate 4,000 n/m2/d are almost completely

attenuated by the water shield tank surrounding the DEAP-3600 detector [23]. Neutrons

originating from the PMT glass, e.g., are attenuated by the acrylic vessel and lightguides,

and HDPE filler blocks. In effect, the neutron event rate inside the DEAP-3600 argon is

near zero [42, 45].

DEAP relies on pulse shape discrimination (PSD) to parse nuclear recoils from electro-

magnetic interactions. Impurities within the argon, such as nitrogen, oxygen and water,

quench the argon triplet state, reducing the power of PSD. DEAP employs a SAES Getter

to reduce these impurities to below 1 part per billion (ppb). Dissolved radon, a direct con-

tributor to background events itself, is also scrubbed by a liquid nitrogen-cooled activated
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charcoal trap. Both are installed within the gas phase of the closed-loop process system.

DEAP-3600 is filled with atmospheric argon. Atmospheric 40Ar contains trace 39Ar,

an often-cosmogenically-created argon isotope with a beta activity of 1 Bq/kg (3600 Hz in

DEAP-3600) [46]. While this is by far the greatest source of irreducible background activity,

39Ar is also a beneficial in situ calibration source for light yield, electronics response, and

other analysis techniques. The events not used for calibration are readily cut via PSD. A

future fill of 39Ar-depleted argon will allow for lower energy sensitivity by reducing 39Ar

event leakage into the ROI.

Regarding the TPB layer at the argon-acrylic interface, the innate 232Th and 238U, and

ingrowth of 210Po from lab air exposure prior to deposition, are far below the 10 mBq source

emanation limit [35, 36]. After deposition under vacuum and prior to argon filling, the AV

was continually purged with radon-reduced boil-off nitrogen and/or kept under vacuum to

minimize recontamination.

The radiopurity of the acrylic used for the vessel and flowguides was also closely moni-

tored during fabrication, as described in the previous chapter. Post-fabrication, radioactive

isotopes (radon progeny, e.g.) accrued within some surface layer. The robotic sanding of

the AV and the manual sanding of the flowguides are discussed in Section 4 and Section 5,

respectively. A method for coating the inner detector surface with an alpha-impenetrable

purified layer of PMMA was applied to the DEAP-1 V3 chamber and commissioned for

scale-up for DEAP-3600 in conjunction with the Resurfacer sanding capabilities [47, 42],

but abandoned in favor of sanding only. The removal of this deposition and diffusion layer

returned the acrylic surface contamination to near that of the bulk. The empirical assay of

acrylic bulk contamination is discussed in Section 6.
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3.1.2 Position Reconstruction

Most events, namely alpha events, originating on the inner surface propagate only a short

distance into the argon before fully depositing their energy. This self-shielding of argon

allows for the creation of a clean bulk target, known as a fiducial volume. The prevailing

fiducial geometry in DEAP-3600 is a 0.6 m radius sphere minus a cone at the neck, shaped

by Monte Carlo simulations in GEANT4. This nominal 1000 kg fiducial volume provides

sufficient target mass while reducing the surface background leakage to a minimum, as illus-

trated in Figure 3.1. Events originating outside of this volume are rejected. To determine

if an event originated inside or outside the fiducial volume, event position is reconstructed

to a resolution below 10 cm via a minimum of two independent maximum likelihood fit-

ters. These have been also tuned by Monte Carlo simulations and benchmarked against

gaseous and partial-fill liquid argon data. Both rely heavily on the calibrated light intensity

recorded by each PMT. Signal timing capabilities and machine learning algorithms have

also been investigated [48]. As operation and analyses continue to improve background

event handling (i.e. leakage into the ROI), an increase in fiducial volume is expected.
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Figure 3.1: Two position reconstruction techniques (left/right hemisphere) for 210Po
alpha events isotropically generated within a 50 µm surface layer in the
acrylic vessel (left) and flowguides (right) under gaseous argon. The in-
troduction of a fiducial volume, outlined in black, is necessary to reduce
leakage from such events. Also note the high number of events originating
in the flowguide that are subsequently detected inside the fiducial volume;
many other cuts, not fully discussed here, further contribute to mitigating
this leakage to a useful level.

3.1.3 Pulse Shape Discrimination and Energy Reconstruc-

tion

The interaction between ionizing radiation and argon produces ionized and/or excited argon

atoms [33]. An excited argon atom bonds with a neutral argon atom to form an excited

argon dimer (excimer). An ionized argon atom also bonds with a neutral argon atom to

form an ionized argon dimer. This dimer quickly gains a thermalized electron to recombine

into an excimer. The excimer exists as a Rydberg state with three lowest-energy excited

states: two singlet states and one triplet state. The mean lifetime of the singlet state is
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approximately 7 ns, and the mean lifetime of the triplet state is approximately 1600 ns.

Both sequences result in the excimer decaying to two neutral argon atoms and a single

photon with a vacuum ultraviolet (VUV) emission spectrum narrowly peaked at 128 nm.

This photon is not energetic enough to re-excite argon and thus argon remains transparent

to its own scintillation light. All argon scintillation light is the result of excimer decay.

Intensity and ratio of singlet to triplet light depends on the incident radiation type, mak-

ing event identification possible [49]. In DEAP, the intensity (energy) is recorded as number

of photoelectrons (PE), and the ratio of singlet light (0-150 ns) to total light (0-10 µs) is

labelled Fprompt. High Fprompt events exhibit a large singlet/early/prompt light fraction

and small triplet/late light fraction, and low Fprompt events are the reverse. Electron re-

coil interactions (beta, gamma) are characterized by low Fprompt events, and nuclear recoil

interactions (alpha, neutron) are characterized by high Fprompt events. The more energy

a particle dissipates per unit track length (heavier nuclear particles have a higher linear

energy transfer), the more singlet excimers are produced. The lower linear energy transfer

of electronic particles produce more triplet excimers due to a slower recombination process.

Pulse shape discrimination via Fprompt rejects electromagnetic events with leakage on the

order of one event in 10−10 while retaining half of all nuclear recoil events [30, 50]. This is

the basis for background suppression in DEAP, and is demonstrated in Figure 3.2.
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Figure 3.2: Top Typical PMT pulse from argon scintillation by a 22Na gamma source.
The prompt window is shaded in red. Nuclear recoil events, as opposed
to electron recoil events, would have a comparatively higher ratio of light
within the prompt window. Bottom Fprompt distribution showing elec-
tronic (black circles) and nuclear recoil (yellow circles) event discrimi-
nation. Note the relatively low nuclear recoil event rate. Lower energy
sensitivity is limited by event leakage and poor separation below 100 PE;
higher light yield allows for higher energy discrimination. Both plots re-
trieved from DEAP-1 analysis [30], though are germane to DEAP-3600.
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Events recorded outside a PE and Fprompt range are rejected, leaving only WIMP-like

events for further analysis. The two dimensional ROI is bounded by an energy of 120-

240 PE and an Fprompt of 0.6-1.0. These cuts were determined from DEAP-1 running,

DEAP-3600 Monte Carlo simulations, and early DEAP-3600 detector commissioning. For

reference, an electron-equivalent energy threshold of 15 keVee is expected for a detector

with 8 PE/keVee light yield, with argon scintillation yielding approximately 40 photons per

keV [30]. A strong energy discrimination power factor (5×104 difference in PSD between 4

and 8 PE/keVee [49]) also guided DEAP towards its single channel design, i.e. to maximize

photocathode coverage and thus light collection. PE, Fprompt, and position form a three

dimensional ROI. As operation and analyses continue to improve event handling, alterations

of this region are expected. Note that other low levels cuts exist but are not discussed here.

WIMP interactions are expected to produce signals identical to those of nuclear recoil

interactions, specifically those from neutrons and alpha particles [31]. The primary source

of neutrons is via (α, n) reactions, and the primary source of alphas is from uranium

and thorium chain isotopes within the detector and surrounding materials. Neutrons often

interacts more than once inside the detector, though alpha particles may interact only once.

WIMP events, with their low interaction cross section, also interact only once. Decoupling

these two is difficult, and background event rate limits should be used as a guide for true

WIMP event rate estimation. Thus isotopes producing nuclear recoil background events

must be reduced to extremely low levels within all detector materials, namely the vessel

and flowguide acrylic. And since the neutron radiation rate within the inner detector is near

zero, this leaves alpha radiation as the primary source of WIMP-like background signals.
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3.2 Surface Alpha Backgrounds

The long-lived isotopes 232Th and 238U are the naturally abundant starting isotopes of two

decay chains. These decay chains are shown in Figure 3.3. 235U is also present, but naturally

exists at only a small fraction of 238U. The significant presence of these primordial isotopes

within the earth creates the potential for a significant presence inside detector materials, and

in turn a persistent source of WIMP-like background events. Of all sources of background

events, the alpha events originating from the inner detector surfaces are the cause of most

concern.

The innate 232Th and 238U, and ingrown 210Po from 238U, contents of the TPB are of

general concern, but the contents of the acrylic surface and bulk are preferentially discussed

here. Pure acrylic (and TPB) may have sufficiently low concentrations of the starting

isotopes, but additional gaseous progeny 220Rn and 222Rn, respectively, diffuse and mix

from air into the PMMA (and TPB) during production and curing. 220Rn quickly decays

to other short-lived isotopes, while 222Rn decays to long-lived 210Pb and 210Po. It is the

alpha particle from the 210Po decay that is of primary concern. Solid acrylic (and TPB) is

also susceptible to additional surface deposition and diffusion of radon and radon progeny

during storage, as detailed in the succeeding section. This diffusion layer must be removed

to return surface contamination to near that of the bulk – it’s lowest achievable level.
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Figure 3.3: 238U, 232Th decay series. The alpha particle and recoiling nucleus from
210Po decays are the primary source of surface acrylic background events.
The removal of the surface contamination by the Resurfacer and hand
sanding, and assay of bulk contamination, are necessary for a low back-
ground experiment. Both were instigated by gaseous 222Rn diffusing and
mixing from air. Diagrams retrieved from [51].
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Alpha decays within bulk argon (or bulk TPB) deposit their total kinetic energy. This

high energy event is far above the energy region of interest. Alpha decays deep within

bulk acrylic deposit zero of their kinetic energy into argon, and is either not recorded or is

below the energy region of interest. The alpha decays within some surface layer of acrylic

(or TPB), however, may deposit a small yet significant fraction of their kinetic energy into

argon or TPB, producing a lower energy signal that may mimic that of dark matter [52].

In all scenarios, the Fprompt distribution remains similar to that of WIMPS. These decay

scenarios at the acrylic-TPB-argon interface are illustrated in Figure 3.4.

The range of the 5.3 MeV alpha particle from 210Po in acrylic is approximately 34 µm,

but approximately 75 µm for the highest energy 8.8 MeV alpha particle from 212Po (of

the 232Th chain) [42]. For this reason, the acrylic surface layer has been considered a

maximum of 80 µm deep. A significant population of surface 210Pb will produce detectable

210Po signals far beyond the lifetime of the experiment. The 232Th and 238U populations

themselves will also continue to contribute. Thus their permanency requires both an a priori

reduction and a subsequent understanding of those that remain throughout the dark matter

search. Note that DEAP-3600 remains robust against any event leakage into the ROI above

background targets; the tightening of fiducial volume, PE, and even Fprompt windows [52],

with the addition of novel cuts, allows for continued low-background operation, albeit at

the expense of statistics.
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Figure 3.4: Four distinct decay scenarios at the acrylic-TPB-argon interface.
(a) Full energy deposition of alpha particle into bulk argon results in a
tagged alpha event instead of a WIMP-like signal. (b) Partial energy
deposition of alpha particle into TPB results in a WIMP-like signal. The
study of TPB scintillation would reduce a significant fraction of back-
ground events here. The full energy deposition of both the alpha particle
and recoiling nucleus into the TPB bulk would result in a tagged alpha
event. (c) Full energy deposition of alpha particle into argon results in a
tagged alpha event. (d) Partial energy deposition of alpha particle into
TPB (or through TPB into argon) results in a WIMP-like signal. An
alpha entering the acrylic results in no signal. The control of acrylic bulk
contamination, and removal of acrylic surface contamination, would re-
duce a significant fraction of background events here. Figure retrieved
from [42].

.
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3.3 Radon Diffusion into Acrylic and Background

Contributions

A radon decay near the acrylic surface may produce a progeny that is electrically attracted

to or falls freely onto the surface. 222Rn alpha decays to 218Po, which plates onto the acrylic

surface. This beta decays to 214Pb, and then alpha decays to 214Bi. The kinetic energy of

this alpha decay may embed the bismuth nucleus into the acrylic. This beta decays to 214Po,

and again alpha decays to 210Pb, possibly embedding itself deeper. 210Pb beta decays twice

before reaching 210Po, where its alpha decay product may re-enter the argon. The 238U

(222Rn) decay chain is shown in Figure 3.3. For this thesis work, the surface contamination

layer accrued via this method will be known as the deposition layer. Radon itself may

also diffuse into the acrylic structure some distance prior to decaying. This method will be

known as the diffusion or permeation layer. The permeation of radon into acrylic, and the

subsequent lead content, will now be discussed.

The permeability P of gases through materials is described by solubility S (unitless)

and diffusivity D (units of area per time) [43, 53, 54, 55]. These parameters are highly

dependent on the gas, material, temperature, and ideal gas constant HS and activation

energy ED, respectively, through the Arrhenius equations

S = S0 e
−∆HS

RT , (3.1a)

D = D0 e
−∆ED

RT , (3.1b)

where ∆HS and ∆ED are positive by definition, and R is the molar gas constant. The

effects of pressure were ignored. Solubility is dependent on the Lennard-Jones potential

between the gas and material, and diffusivity is inversely proportional to gas molecule size.
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The product of solubility and diffusivity is the permeability:

P = S ·D = P0 e
−∆EP

RT , (3.2)

where P0 = S0 · D0, and ∆EP = ∆HS + ∆ED. The mean distance a gas molecule may

diffuse into a material is also limited by the diffusion length L =
√
D τ , where τ is the

mean lifetime of 222Rn. Permeability may be described in terms of L instead of D.

The following mathematical framework, and resulting accessible data, was retrieved from

reference [43]. The concentration of radon within originally-clean acrylic CRn = S · ARn,

where ARn is the radon level of adjacent air, as a function of time and depth can be

calculated via Fick’s second law of diffusion,

∂C ′Rn
∂t

= D
∂2C ′Rn
∂x2

− λCRn, (3.3)

where λ = 1/τ . Equation 3.3 may be rewritten iteratively as

CRn(t+ 1, x) = CRn(t, x)−Ri CRn(t, x)+

Di [−2 CRn(t, x) + CRn(t, x− 1) + CRn(t, x+ 1)],

(3.4)

where Ri = λ∆t is the decay fraction, and Di = D∆t/∆x2 is the diffusion fraction. Letting

222Rn decay directly to 210Pb, the content of lead within acrylic is

CPb(t+ 1, x) = CPb(t, x) +Ri · CRn(t, x). (3.5)

With this framework, and with the aid of ChemFEM simulation software, parameter val-

ues retrieved from reference [53], and other data extrapolation, reference [43] produced a

dataset of lead content within the inner AV surface as a function of time and depth. Re-

garding time, the compounding effects of fabrication, storage, neck and lightguide (LG)
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bonding, and five interleaved annealings over 956 days were calculated. These happenings,

and cumulative radon exposure and background events, are replicated in Table 2.1 in the

previous chapter. For simplification purposes, it was assumed that all radon atoms were

replaced by polonium atoms immediately, secular equilibrium between both populations

had occurred, and that no prior radon, lead or polonium content existed within the acrylic.

Figure 3.5 shows the 210Pb content as a function of acrylic depth after all AV work and

prior to Resurfacer AV running. This figure includes contributions from both deposition

and diffusion. Approximately 0.62 mm and 1.12 mm of acrylic must be Resurfaced from

the AV to reach the assayed and target 210Pb content, respectively. Since bulk acrylic has

already been assayed to 2 × 10−19 g/g in Chapter 6, removing just over 0.62 mm would

reduce the surface acrylic content to a minimum.
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Figure 3.5: 210Pb content as a function of acrylic depth inside the AV after 956 days
of air exposure. Deposition refers to the plating of 222Rn progeny onto
the surface, and diffusion refers to the permeation of 222Rn itself into
the material. Deposition data calculated via 5×104 α/m2/day·e−x/10−5

,
with x in mm [56]; and diffusion data retrieved from [43]. From [42], a
210Pb content of 1.1×10−20 g/g equates to approximately 0.01 background
events in 3 years (ev/3yr) inside the detector region of interest (dotted
violet). The bulk assay value (dashed violet, with bounds as solid violet)
is discussed in Chapter 6.
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3.4 Upper Limit Requirements of Acrylic

The DEAP-3600 experiment has an estimated spin-independent sensitivity for WIMP-

nucleon interactions of 10−46 cm2 for 100 GeV/c2 WIMPS. To meet this target, the required

bulk contamination level for 238U and 232Th was on the maximum order of 10−12 g/g and for

210Pb on the maximum order of 10−20 g/g for the AV and TPB wavelength shifter [42, 57].

Note that a 210Pb content of 1.1×10−20 g/g equates to approximately 0.01 background

events in 3 years inside the detector. The target surface 210Pb activity for the flowguides

was 10 µBq/m2, or approximately 3 background events in three years inside the DEAP-

3600 detector [58]. Tightened ROI, fiducial volume (position reconstruction) constraints,

and neck event tagging, which improve event mitigation, allow this limit to be significantly

higher than that of the vessel. These limit are tabled below. Determined bulk AV and

surface flowguide content are discussed in Section 6.2 and Section 5.4, respectively.

AV Bulk Flowguide Surface

238U
0.3× 10−12 g/g –

3.7 µBq/kg –

232Th
1.3× 10−12 g/g –

5.3 µBq/kg –

210Pb

1.1× 10−20 g/g –

31 µBq/kg 10 µBq/m2

0.01 ev/3yr 3 ev/3yr

Table 3.1: 238U, 232Th and 210Pb limits for AV bulk acrylic and flowguide surface.
With 210Po in secular equilibrium with 210Pb, the rate limits for 210Pb and
210Po are equal.



Chapter 4

In Situ Sanding of the Acrylic

Vessel

Controlling the radioactive contamination level of the inner surface of the acrylic vessel is

paramount to the dark matter search. This motivation is described in detail in Chapter 3.

Radioactive isotopes, mainly 222Rn, mix with the open polymer during acrylic manufactur-

ing. This has been mitigated, but cannot be eliminated. Many orders of magnitude more

222Rn continue to diffuse some length into the acrylic during the storage and construction of

the acrylic vessel. The physics of diffusion into acrylic is described in detail in Section 3.3.

It is this surface layer that holds the majority of radioactive isotopes capable of producing

leakage background events in the region of interest. Thus this material must be removed to

reveal clean bulk acrylic prior to physics running.

A sanding robot was designed to remove this material from the inner DEAP-3600 acrylic

vessel in situ. This has been named the Resurfacer. An N2 purge gas as a radon buffer and

an ultrapure water flush as an effluent carrier were active during resurfacing of the acrylic

vessel. Akin to all items near or in the inner detector, appropriately low-radon emanation

37
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materials are used for construction of the Resurfacer. Construction and commissioning has

been carried out at Queen’s University and on site at SNOLAB.

4.1 Design and Operation

During manufacturing of the AV itself and the construction phase of the experiment, the

AV was exposed to surface and laboratory air. The diffusion of radon into acrylic is shown

in Figure 3.5 in the previous chapter. Motivated by this and the assayed bulk 210Pb content

detailed in Chapter 6, removing 0.62+0.50
−0.12 mm would reduce the surface acrylic 210Pb content

to a minimum (to that of the bulk). This would bring the background event leakage from

210Pb to approximately 0.2 events in three years, from over 103 events in three years if no

resurfacing occurred.

The operation of the Resurfacer may be divided into three distinct phases: primary

commissioning at Queen’s University, secondary commissioning on the support deck inside

the Cube Hall underground at SNOLAB, and lastly in situ running inside the AV. The

analysis of the commissioning phase at Queen’s University and its effect on the in situ

operation analysis forms the bulk of this thesis work with respect to the Resurfacer. Com-

missioning employed two acrylic blocks to emulate the upper and lower poles of the AV,

and equatorial tests employing acrylic sheets to emulate horizontal operation. These were

followed by disassembly and reassembly at SNOLAB for brief recommissioning. Finally,

operation inside the AV occurred only once, though the Resurfacer was extracted several

times for maintenance. Deployment into the AV occurred prior to TPB deposition, and

prior to flowguide and cooling coil installation. Nominal AV operation and hardware will

briefly be described now, followed by commissioning in the successive section, and then AV

running results.
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4.1.1 Hardware Design and Operation

The Resurfacer is a cylindrical robot designed to fit through the neck of the AV, and when

centered, two antisymmetric arms with individual sanding heads unfold to remove surface

acrylic from the interior of the AV. A drawing of the full Resurfacer is shown in Figure 4.1.

During operation, the whole assembly rotates (0◦ < φ < 360◦) while the arms inversely

tilt (0◦ < θ < 90◦), achieving a 4π coverage of the AV, excluding the neck opening. This

causes the sanding heads to follow a pre-programmed spiral path described in more detail

in the succeeding subsection.

The main Anaheim 42Y stepper motor rotated the body via worm gear, and a secondary

stepper motor tilted the arms via drive shaft and worm gear train. An Omron EE-SX1041

photomicrosensor existed for main rotation indexing with respect to the detector, and a

limit switch at θ = 0◦ existed for vertical tilt shutoff. A custom 6-passage fluid rotary

union (two UPW flush, two UPW extraction, two N2 purge) and 50-pin electrical slip ring

feedthrough were mounted to the top of the Resurfacer and sealed to the detector neck with

a 12 inch ConFlat (CF) flange inside the stainless steel detector glovebox. This provided a

vacuum-level seal and isolated the AV interior from lab air.
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Gate Valve

Glovebox

Fluid Rotary Union and 
Electrical Slip Ring

Tilt Motor
(0º < θ < 90º)

Main Rotation Motor
(0º < φ < 360º)

Detector Neck

Acrylic Vessel

Sanding Arm

Sanding Head

Figure 4.1: Drawing of the Resurfacer deployed inside the AV. The Resurfacer body
is 5.5 meters long and 9 inches in diameter to fit through the 10 inch
diameter neck, with an armspan of 1.7 meters. All electrical and mechan-
ical aspects of the Resurfacer were made compatible with the wet and
abrasive environment created during operation. CAD drawing courtesy
of Koby Dering.
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The two arms, labelled North and South, were tasked with resurfacing their respective

hemisphere. Note that because there exists no acrylic at the neck opening, the North arm

retracted via roller cam as it approached this region while the South arm continued to

sand the very bottom of the AV. Both heads flushed their respective sanding surface with

degassed UPW at approximately 50 psi, but only the South arm extracted the fine acrylic-

UPW slurry, which was collected by two serial Pentek BP-420 one micron polyester filters

downstream from the extraction pump. The dried acrylic dust was to be vaporized and

analyzed but this was not performed; this is discussed in Section 6.3. The Yamada DP-

10BST flushing pump and Yamada NDP-25BST extraction pump had nominal pumping

speeds of approximately 15 L/min and 10 L/min, respectively, and continuously monitored

by Omega FP-5600 flow sensors. Because extraction was through the South sanding head,

the water level within the AV was at a maximum that of the South sanding head. After all

sanding passes were completed, final passes were performed with sanding heads retracted

to rinse remaining acrylic debris.
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Figure 4.2: Drawings of a single arm and sanding head. The electrical wiring and
flushing (and extraction) plumbing are not shown. The large compres-
sion spring ensures the shroud fits firmly against the AV surface despite
nonuniform vessel radius; arm displacement is measured by the LVDT
above it. The linear actuator shown extended inside the sanding motor
housing (center), pushes the motor body and spring-loaded sanding head
assembly outward, placing the sanding pad (right) against the AV sur-
face. A PTFE bearing and slip joint applied the sanding motor torque
directly to the sanding pad instead of to the spring itself; without this,
past prototypes had spring breakages. CAD drawings courtesy of Koby
Dering.

A drawing of a single arm is shown in Figure 4.2, though both are mechanically similar.

The telescopic arm, with ±20 mm radial range, was designed to extend just farther than the

fabricated 853+4
−3 mm radius AV surface [32]. The preloaded compression spring allows for a

continuous, firm placement of the shroud against the acrylic with approximately 10 pounds

of force, beneath which is the sanding head. Note that the North compression spring had

a higher spring constant to counteract gravity. Mounted to the arms were continuously

monitored Omega LD650 linear variable displacement transducers (LVDT) that tracked

the radial displacement of the arms during operation. An analysis of acrylic removal rate

as a function the LVDT displacement is discussed in Sections 4.2 and 4.3.
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The sanding motor and linear actuator for the sanding head assembly are sealed inside

a water-tight housing via nitrile gasket at the service entrance and redundant nitrile x-rings

at the rotating shaft near the sanding head. The Firgelli L16 actuator engages and retracts

the Pittman GM9236S020 sanding motor body and spring-loaded sanding head into and out

of contact with the acrylic. The nominal 12 pound sanding spring applied constant force

between the sanding pad and the AV. 200 grit 3M 6002J M74 diamond sanding cloths,

recommended by Reynolds Polymer Technologies (RPT) for its good durability and acrylic

removal rate, were cut into 2 inch diameter disks and secured to the sanding head via

hook and loop fastener, allowing for easy replacement of worn sanding pads. From here on,

these sanding pads will be referred to as RPT sanding pads. The sanding motor currents

were also continuously monitored during operation by an Allegro ACS712 current sensor.

A qualitative correlation between sanding motor current and sanding force, and between

sanding force and acrylic removal rate, has been proven. This analysis of removal rate as a

function sanding motor current is discussed in Sections 4.2 and 4.4.1.

4.1.2 Software Design and Operation

The Resurfacer was controlled and continuously monitored via software graphic user in-

terface (GUI). Control could be accomplished in person or remotely through VNC of the

main control computer. Through the GUI, the Resurfacer could be controlled manually or

allowed to run a preprogrammed routine. All relevant parameters were recorded: Current

sanding head position and time remaining of current run; UPW, sanding motor, actuator

and pump booleans; and sanding motor current, LVDT length, UPW pressure values. Some

parameters, such as the AV pressure, lab pressure, purge dewar pressure, and AV load cell

weight were monitored through the DeltaV slow control software used to monitor all other

features of DEAP-3600. Images of select GUI windows are shown in Figure 4.3. A total of

26 parameters were output to a running log file every second. This file is the source of data
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analyzed in the succeeding sections, along with physical hole depth measurements.

The Resurfacer GUI software interfaced with three devices: an AVR32 microprocessor

via USB as the stepper motor controller and digital I/O board; an Adam 6017 8-channel

ADC via TCP/IP that output all analog inputs; and a Phidget encoder counter via USB

for stepper motor feedback to ensure proper rotation.

The Resurfacer sanding heads follow a spiral pattern, starting vertically at the poles

and continuing outward until the arms are horizontal at the equator. This is a single pass.

Returning to the poles is a single run, i.e. two passes. Rotation and tilt speed is such that

sanding pad dwell time is constant, and each pad overlaps half of what it sanded 360◦ prior.

The runtime for a single pass inside the AV was 7 hours, 11 minutes and 34 seconds, and

for a single run was 14 hours, 23 minutes and 8 seconds. The Resurfacer is rotated 60◦

relative the start of the previous run to avoid path-dependent sanding artifacts. Note that

the engage time of the North sanding head was shorter than the engage time of the South

sanding head due to disengagement at 9.0◦ at the neck, even if runtime was identical. The

runtime is based on the South sanding head engage time.

Several automatic shutoffs existed to protect both the Resurfacer and AV: if the engaged

sanding motor current went outside the 0.4 - 2.4 A range for 10 seconds (indicative of a

sanding motor or pad malfunction); the encoder error for either stepper motor goes outside

some range for more than 0.2 seconds (indicative of lost connection and/or asyncing of tim-

ing between motor and software); and if the flushing or extraction pressure dropped below

some value for 10 seconds (indicative of solenoid valve, pump or UPW system malfunction).

Also, if either arm is rotated past their minimum or maximum tilt positions (90◦ < θ < 0◦),

the run would also be halted (play in the tilting arm has been known to strip the brass

tilting gear or stretch cabling if forced past nominal operating positions).
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Figure 4.3: Select Resurfacer software GUI windows. Left A plane-projection and 3D
display of the physical location of the sanding heads. The trail represents
the last 15 minutes of sanding (fading from yellow to red as the trail gets
older). Right Control and status windows for monitoring and controlling
of all Resurfacer functions. GUI programming courtesy of Phil Harvey.
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4.1.3 Radiopurity Design

The Resurfacer was designed to minimize number and surface area of most parts to mitigate

in situ radioactive recontamination from the Resurfacer itself. All structural materials

were citric acid passivated stainless steel, all plumbing lines were polyethylene, and all

exposed wiring insulation was PVC. The radon emanation rate of the RPT sanding pads

was measured to be 0.02 ± 0.03 mBq per pad. The remaining hardware emanation rate was

estimated to be less than 50 mBq [59]. The budget was 0.5 mBq, excluding a purge [60].

The flushing UPW was supplied by the underground SNOLAB reverse osmosis (RO)

UPW processing plant and further degassed by a semi-custom Liqui-Cel R© Extra-Flow Mem-

brane Contactor. Dissolved oxygen removal is greater than 80% and free carbon dioxide

removal is greater than 70% [61]. Radon removal is expected to be similar or greater [62].

During Resurfacer operation, the AV was kept at 2.8 ± 2 psig overpressure by approx-

imately 2.4 m3/hr of N2 via dedicated ultapure nitrogen gas system, which fed into the

AV near the South sanding arm and exited near the neck [63]. This activated charcoal

trap system produced a nitrogen gas with radon concentrations on the order of µBq/m3

and was monitored in situ via Residual Gas Analyzer (RGA). This purge reconciles the

difference between radon emanation rate measurement and budget. As radioactive surface

material was removed and flushed, no new radioactive progeny could redeposit onto the

exposed low-background bulk acrylic. Thus one may assume that the contamination as a

function of acrylic depth discussed in Section 3.3, with no additional terms, is applicable for

determining the contribution to backgrounds from the resurfaced AV. This has been taken

for granted with no quantitative analysis.
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4.2 Commissioning at Queen’s University

Prototyping and commissioning at Queen’s University employed a shorter version of the

central assembly than was installed and run inside the AV. Testing here occurred from May

2012 to January 2014. Primary Resurfacer testing employed two acrylic blocks to emulate

the upper and lower poles of the AV. Additional equatorial sanding tests employed acrylic

sheets to emulate horizontal operation. An XY table was built as a bench-test for early

prototype sanding heads and for the characterization of RPT sandpaper samples. Over

220 hours of combined runtime was achieved on the XY table. Early Resurfacer builds also

achieved over 180 hours of combined runtime. Quantitative results of these setups are not

discussed here, however. Preliminary testing of the UPW flushing and N2 purge systems

were carried out at Queen’s University, though the majority of this work occurred on site at

SNOLAB. A final 90 hours of as-built runtime was achieved in November 2013 at Queen’s

University for analysis. It is primarily this data that is discussed here. Photographs of

commissioning efforts at Queen’s University are shown in Figure 4.4.

Ex situ and in situ Resurfacer removal rates may be calculated in several ways: anal-

ysis of acrylic depth removed, analysis of filtered acrylic effluent, and analysis of LVDT

displacement and sanding motor current sensor outputs. Determining the relationships be-

tween these would allow for redundant analysis methods for AV resurfacing. The study of

physical acrylic depth removed will now be discussed, followed by the study of LVDT and

motor current outputs. The study of filtered acrylic effluent is discussed in Section 4.3 and

Section 6.3.
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Figure 4.4: Photographs of Resurfacer commissioning at Queen’s University.
Top left Short version of Resurfacer shown suspended from test stand
without North acrylic block, wiring, plumbing and splash curtains.
Top right South sanding head during sanding tests with flushing and
thicker extraction lines. Bottom left XY table employed for independent
sanding tests of sandpaper performance and longevity. Bottom right
Resurfacer shown during equatorial sanding tests.
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4.2.1 Study of Test Hole Measurements

The two acrylic blocks measured approximately 0.8 × 0.8 × 0.2 meters, with spherical caps

and North neck hole machined away. The arms reached a maximum angle of 22◦, and

accounting for the neck hole, the surface area of both blocks totalled approximately 0.6 m2.

Note that as commissioning progressed, the area did increase slightly. This represents

approximately 6.8% of the total 9.1 m2 AV surface area. 22 test holes (6 North, 16 South),

measuring 1/8 inches wide and an average depth of 3.74 ± 0.01 mm, were drilled into the

acrylic blocks at various locations. See Figure 4.5. Hole depth measurements were taken

post-runset via analog depth micrometer after removing accumulated acrylic debris with a

wooden toothpick.
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Figure 4.5: Plane-projection of the numbered test holes drilled into North (left, red)
and South (right, blue) acrylic test blocks for Resurfacer commissioning,
with units of centimeters and degrees. Markers without color represent
holes that were not regularly measured due to unreliability (S12) and
reach of the test stand (N6, S1, S9).
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Comparing the depth of the test holes before and after a set of runs yields an acrylic

removal rate, as follows: Let Dh be the depth of hole h. The depth was measured N = 3

times, so the mean depth is

Dh =
1

N

N∑
d=1

Dhd, (4.1)

where d = {1, 2, 3} is one of three depth measurement trials and h = {1, 2, ..., 22} is

one of 22 test holes. The uncertainty for a single test hole measurement is the standard

deviation of Dh,

σDh
=

1

N

√√√√ N∑
d=1

(
Dhd −Dh

)2
. (4.2)

While not quantitatively proven here, sanding rates showed no dependence on φ or

radius within systematic uncertainty. This allowed one to average all same-hemisphere test

hole measurements, regardless of position, yielding only two depth measurement values per

runset: one for the North block and one for the South block. The above may be expanded

to MNorth ≤ 6 and MSouth ≤ 16 test holes such that the mean of all respective test hole

measurements is D with uncertainty σD,

D =
1

M

M∑
h=1

Dh (4.3a)

σD =
√
σ21 + σ22, (4.3b)

where

σ1 =
1

M

√√√√ M∑
h=1

(
Dh −D

)2
and σ2 =

1

M

√√√√ M∑
h=1

σ2
Dh
. (4.4)

The difference between D of runset r and D of runset r − 1 is the acrylic removed by

the Resurfacer during runset r. Let this be

DR = Dr−1 −Dr, (4.5)
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and applies to the North or South blocks separately. The uncertainty of DR is

σDR
=
√
σ2
Dr−1

+ σ2
Dr
. (4.6)

Accounting for sanding pad engagement time and sanded area yields a sanding rate in

units of grams per hour:

DR (g/hr) =
DR (mm) ·Ar · ρ

tr
, (4.7)

where DR is the removed acrylic, Ar and tr are the starting surface area and engage time of

the measured run, and ρ is the acrylic density of 1.18 g/cm3. As commissioning progressed,

acrylic block material continued to be removed. Near the end of the commissioning effort

at Queen’s University, the maximum tilt angle was increased, and a few wide-angle test

holes were briefly included in the measurements. Surface area of the spherical caps were

calculated from the physical tilt angle. The sanding rate on the test blocks in g/hr may be

translated to the sanding rate inside the AV in µm/hr by dividing Equation 4.7 by ρ and

the AV surface area, and converting units appropriately.

From Equation 4.7, sanding rate as a function of sanding pad lifetime for four samples

is shown in Figure 4.6 (Top). All four samples were employed during Resurfacer testing,

but because of recurrent maintenance and upgrades, only RPT301 and RPT302 were used

during what would be the final design of the Resurfacer. Thus sanding pads RPT3 and

RPT4 (among other earlier samples) were not quantitatively included in the analysis. While

again not quantitatively proven here, sanding rates showed no dependence on hemisphere

within systematic uncertainty, especially while sanding pads were new. The North and

South sanding rates were in turn averaged together to yield one mean sanding sanding rate

per runset, as shown in Figure 4.6 (Bottom).
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Figure 4.6: Resurfacer sanding rates as a function of sandpaper lifetime. Sanding
rates were measured via analog micrometer. Top Only sanding pads
RPT301 and RPT302 are quantitatively analyzed here, though qualita-
tively RPT3 and RPT4 behave similarly. Bottom An exponential func-
tion1fit to the mean of the North and South sanding rates with parameters
shown. The uncertainties of the mean sanding rate are the extrema of
the North and South rates. The individual measurements were joined by
line segments for visual clarity.
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During AV operation, both sanding pads were replaced prior to all four deployments

(discussed in detail in the succeeding section), sandpaper lifetime was identical to engage-

ment time. Thus sanding rates for each deployment may be calculated from the exponential

MIGRAD fit R(t) in Figure 4.6, as follows. The mean of a function between time a and

time b is given by

F (a, b) =
1

b− a

∫ b

a
F (t) dt [64], (4.8)

where F (t) ≡ R(t) here. The respective uncertainties of F (a, b) are given by

δF±(a, b) = |F (a, b)− F±(a, b)| , (4.9)

where F±(a, b) is the mean of the upper and lower bounds of F (t), respectively. These are

are the solid, grey curves in Figure 4.6 (Bottom).

For example, the Resurfacer was first extracted after the first AV run, Run 317. The

total engagement time of the South sanding head was 14.37 hours, where a= 0 and b= 14.37.

This yielded a mean sanding rate F of 10.7 g/hr, with an upper bound F+ of 12.7 g/hr and

lower bound F− of 9.6 g/hr. Thus the mean sanding rate F±δF± of the South sanding head

for the first deployment was 10.7+2.0
−1.2 g/hr. The North sanding head yielded 10.8+2.0

−1.2 g/hr

with b = 14.16 hours.

1 See Appendix A for a brief anaysis of independent data regarding this choice.
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A single sanding rate for this first deployment was calculated by averaging the North

and South rates, and the larger of each uncertainty was taken as a conservative uncertainty,

i.e.

FDeployment = F
+δF++

−δF−− (4.10)

where F = FSouth+FNorth
2 , and

δF++ = max(δF South
+ , δFNorth

+ ) (4.11a)

δF−− = max(δF South
− , δFNorth

− ). (4.11b)

This process was repeated for the succeeding three deployments and is summarized in

Table 4.1. The full AV run list is shown in Table 4.2 in the succeeding section. The range

of all four deployments, including uncertainties, was used for a single sanding rate across

all AV runsets. It is this value that is used for Resurfacer evaluation in Section 4.4.1.

Runset Sanding Rate

g/hr µm/hr

1st 317 10.7+2.0
−1.2 1.0+0.2

−0.1

2nd 318-319 10.1+1.8
−0.9 0.9+0.2

−0.1

3rd 320-326 9.4+0.9
−0.5 0.9+0.1

−0.1

4th 327-334 9.6+1.2
−0.6 0.9+0.1

−0.1

Range 317-334 10.5 ± 2.3 1.0 ± 0.2

Table 4.1: Resurfacer sanding rates during all four AV deployments (vertical dashed
lines in Figure 4.6) as calculated by Equation 4.10 (via test hole measure-
ments). The range is shown with symmetrized uncertainties.
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4.2.2 Study of LVDT and Motor Current Measurements

The tilt and radial displacement of the arms, the currents of both sanding motors, and

rotation of main assembly, among other outputs, were recorded once a second during all

Resurfacer operations. Arm displacement and motor current as a function of runtime for a

single arbitrary run with sanding pads RPT301 and RPT302 is shown in Figure 4.7. The

full lifetime is shown in Figure 4.8.

The monitoring of motor currents allowed for a concurrent diagnosis of Resurfacer sand-

ing performance, namely the uniformity of sanding if tracked as a function of sanding head

location. New sandpaper is rougher than old sandpaper due to the loss of grit and accu-

mulation of debris smoothing the abrasiveness. This roughness is a direct resistance to the

rotation of the sanding pad, and thus to keep rotational speed, the motor draws greater

current. Over the lifespan of a single sanding pad, drawn current decreases. Similarly,

a complete loss or high gain in current may signal hardware malfunction or failure. The

LVDTs aimed to monitor physical vessel uniformity and depth of material removed. A

plane-projection of relative material removed for a single run is shown in Figure 4.9. How-

ever, the study of these outputs during commissioning at Queen’s University, as well as

those during SNOLAB commissioning and AV running, are only qualitatively discussed

here unless otherwise stated. Further quantitative analyses of these outputs during AV

operation is strongly recommended.

The reasons for exempting such data from this thesis work include: a quantitative

correlation between LVDT data and material removed, and motor current and material

removed, has not yet been determined. Regarding LVDT data and AV operation, the vessel

expansion due to UPW sorption into the acrylic, and subsequent reduction in vessel radius,

is nontrivial and has also not yet been accounted for.
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Figure 4.7: Resurfacer arm displacement (top, as measured by the LVDTs), motor
current (bottom, as measured by current sensor), and arm tilt and ro-
tational angles for single arbitrary run for sanding pads RPT301 and
RPT302. This data has been cleaned of several hardware glitches caus-
ing unnecessary clutter. Top The beating of the South LVDT (blue)
with respect to rotational angle (cyan) is caused by the off-center South
acrylic block; the North LVDT (red) shows little signs of this due to the
centering effect of the neck. The arm displacement is the displacement
from the spherical origin, and was measured from the θ = 0◦ starting
position; because the North arm begins in a retracted state, the North
displacement is perceived greater. Rotational angle has been scaled by a
factor of 0.1 for visual clarity. Signs of a slightly decreased radius near
the centers of each block also existed, as seen in both LVDTs. Bottom
Tilt and rotational angles have been normalized to 1 for visual clarity.
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Figure 4.8: Resurfacer arm displacement (top, as measured by the LVDTs) and motor
current (bottom, as measured by current sensor) for sandpaper samples
RPT301 and RPT302. This data has been cleaned of several hardware
glitches causing unnecessary clutter. The deviation between 30-40 hr run-
time was caused by brief sanding of the circumferential lip of the spherical
cap. A groove had formed from repeated sandings at a single maximum
tilt angle and was removed to not further hinder arm movement. The
inclusion of test holes N6, S1 and S9 began after this.
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Figure 4.9: Run 244 data (second to last commissioning run at Queen’s University)
for illustrative purposes only, with arbitrary scale. Rotation origin marked
by white line. Top Average LVDT data for North (right) and South (left)
acrylic blocks. Note the asymmetry of the South block; the effects of this
may also be seen in Figure 4.7. Bottom Average sanding motor current.
Plots courtesy of Phil Harvey.
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4.3 Commissioning at SNOLAB

Commissioning on site at SNOLAB and operation inside the AV employed the full Resur-

facer length with main assembly and drive shaft extensions installed, as shown in Figure 4.10

(Left). The Resurfacer was disassembled at Queen’s University and shipped underground

at SNOLAB in February 2014. Testing here occurred from July 2014 to August 2014 on

the support deck, and Cube Hall floor below, before deployment into the AV in November

2014. All mechanical and electrical systems received final tuning and calibrations. The

UPW flushing and extraction system, and the nitrogen purge gas system, were also fully

commissioned during this time. A total of 60 hours of combined runtime was achieved

at SNOLAB prior to AV operation [65, 66], though test holes were not measured during

commissioning at SNOLAB.

Initial effluent filter collection efficiency was measured at Queen’s University. A new

filter was weighed, and installed downstream from the extraction pump. After a Resurfacer

runset, the filter was dried and weighed again. The mass difference represented the collected

acrylic mass. Note that a filter typically gained up to 0.14 grams from lab air in a day after

oven drying. From test hole measurements of the same runset (South block only), the

expected acrylic mass was estimated via 2πR2(1− cos θ) ·D · ρ, where R is the AV radius,

θ is the maximum tilt angle of the runset, D is the test hole depth measurement, and ρ is

the acrylic density. Comparing these two mass measurements over ten runs yielded a filter

collection efficiency of 74 ± 16%. A qualitative procedure repeated at SNOLAB yielded

80% collection efficiency.
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Figure 4.10: Photographs of Resurfacer commissioning and operation at SNOLAB.
Left Long version of Resurfacer shown suspended from support struc-
ture on deck with control center (operating computer, pump stand) at
base2. Right Deployment canister shown sealed to detector glovebox
below. The PVC canister served as a secondary evacuated volume for
Resurfacer, TPB source and optical source calibration staging. The hoist
inside was a Columbia WUBCG HD2000-P-00.

2 Unidentified collaborator seen lower right.
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4.4 AV Operation

The Resurfacer remained suspended from its support structure with the addition of the de-

ployment canister, pictured in Figure 4.10 (Right). The PVC canister served as a secondary

evacuated volume for Resurfacer, TPB source and optical source calibration staging. Effec-

tively, the combination of detector glovebox and canister acted as a set of transfer locks for

secure AV ingress and egress.

Fifteen sanding runs and 8 washing runs occurred from late September 2014 to early

November 2014, totally over 268 hours inside the AV, though only approximately 187 of

those were sanding. The Resurfacer operation was intermittently handled underground

and remotely on surface as shifting and access allowed. After all sanding passes were

completed, final passes were performed with sanding heads retracted and only flushing and

extraction active. The Resurfacer was extracted four times, three of which were to inspect

and rectify hardware failures. These issues directly determined the lifetime inside the AV.

Final extraction occurred less than two weeks after the final wash. The AV remained in

a purging state before, during, and after all Resurfacer operations. Along with the data

detailed in below table, three more passes were completed on the collar bond area and at

the base of the neck. During nominal running, this region was known for reduced sanding

efficiency and was compensated for thusly. AV running is detailed in Table 4.2.

Sanding motor currents and arm displacements during full AV running are shown in

Figure 4.11. Plane-projections of this data for Run 318 and Run 333 are shown in Figure 4.12

and Figure 4.13. The Resurfacer was stopped after Run 317 to investigate unusually low

sanding motor currents; stopped after Run 319 to remove a small stainless steel piece from

the bottom of the AV originating from one of the sanding heads of the previous deployment;

stopped after Run 326 to replace the North motor that failed near end of run; and stopped

after Run 334 because the South motor failed near end of run.
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Run Date Engage (hr) Dwell (s) Current (A) Power (A·s) Acrylic (g)

317 Sept 26 14.16 / 14.37 22.87 / 22.99 1.507 / 1.216 34.48 / 27.94 51.4

318 Oct 7 13.99 / 14.15 22.60 / 22.64 1.627 / 1.217 36.76 / 27.55 46.5

319 Oct 8 13.78 / 13.88 22.26 / 22.20 1.569 / 1.209 34.91 / 26.85 30.2

320 Oct 17 13.99 / 14.16 22.60 / 22.65 1.585 / 1.136 35.83 / 25.73 75.1

321 Oct 20 13.99 / 14.15 22.60 / 22.64 1.609 / 1.109 36.35 / 25.11 52.6

322 Oct 21 13.99 / 14.15 22.60 / 22.64 1.631 / 1.154 36.85 / 26.14 46.3

323 Oct 22 13.99 / 14.15 22.60 / 22.64 1.635 / 1.185 36.96 / 26.83 81.3

324 Oct 22 13.99 / 14.15 22.60 / 22.64 1.602 / 1.206 36.21 / 27.30 68.2

325 Oct 23 13.99 / 14.17 22.60 / 22.67 1.403 / 0.954 31.70 / 21.61 68.2

326 Oct 23 13.99 / 14.17 22.60 / 22.67 1.753 / 1.296 39.63 / 29.38 38.2

327 Oct 30 – – – – –

328 Oct 31 13.99 / 14.15 22.60 / 22.64 1.816 / 1.534 41.04 / 34.74 116.2

329 Nov 1 13.99 / 14.15 22.60 / 22.64 1.730 / 1.573 39.10 / 35.61 81.5

332 Nov 3 13.99 / 14.15 22.60 / 22.64 1.608 / 1.549 36.33 / 22.64 37.8

333 Nov 3 13.99 / 14.16 22.60 / 22.65 1.667 / 1.724 37.67 / 39.04 37.9

334 Nov 4 2.79 / 2.89 4.50 / 4.63 1.551 / 1.556 6.98 / 7.20 –

335 Nov 6 – – – – –

336 Nov 6 – – – – –

337 Nov 6 – – – – –

338 Nov 7 – – – – –

339 Nov 7 – – – – –

340 Nov 8 – – – – –

341 Nov 8 – – – – –

Table 4.2: Resurfacer runs inside the AV, where Engage 14.16 / 14.37 e.g., represents
the North / South sanding head. Date is the run start date, Engage is
the total time the sanding motors were active, Dwell is the average time
spent sanding any pad-sized point on the vessel surface, Current is the av-
erage sanding motor current while engaged, Power is the product of Dwell
time and Current, and Acrylic is the raw (no collection efficiencies factors)
acrylic dust recovered by filters. Runs 327 and 335-341 were washing-only
runs. The Resurfacer was deployed and extracted four times: 317, 318-
319, 320-326, and 327-341. Acrylic values courtesy of Pietro Giampa, all
others courtesy of Phil Harvey.
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Figure 4.11: Resurfacer arm displacement (top, as measured by the LVDTs) and mo-
tor current (bottom, as measured by current sensor) for AV operation.
Run start is labelled at top.
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Figure 4.12: Plane-projection of sanding motor current data for North (left) and
South (right) sanding heads during Run 318 (top) and Run 333 (bot-
tom). The color scale is 0-60 A·s. No formal analysis or interpretation
of this data is made here, and is shown for illustrative purposes only.
Plots courtesy of Phil Harvey.
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Figure 4.13: Plane-projection of LVDT data for North (left) and South (right) sand-
ing heads during Run 318 (top), Run 333 (middle), and the difference
between the two (bottom). The color scale for the single runs is 5 -
30 mm, and -2 - 2 mm for the difference. No formal analysis or interpre-
tation of this data is made here, and is shown for illustrative purposes
only. Plots courtesy of Phil Harvey.
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4.4.1 Acrylic Removal Rate and Absolute Acrylic Removed

From Table 4.1, the sanding rate for encompassing all Resurfacer deployments and accom-

panying sanding pad lifetime is 10.5 ± 2.3 g/hr. This rate was only calculated from test

hole measurements during previous commissioning at Queen’s University. Other rate deter-

mination methods, such as from LVDT data, motor current data, and effluent filtration, are

not applied here. As mentioned, the future encorporation of such in situ data is strongly

recommended.

The total engage time for the North sanding head was 184.62 hours, yielding 1.93± 0.12 kg

of removed mass from the Northern hemisphere. This equates to 361 ± 22 µm of removed

surface depth, assuming uniformity. Uniformity was not quantitatively investigated here and

thus taken for granted. The total engage time for the South sanding head was 186.85 hours,

yielding 1.95 ± 0.12 kg or 362 ± 22 µm from the Southern hemisphere. The range of these

is 3.89 ± 0.16 kg or 362 ± 31 µm. This has been rounded to 360 ± 30 µm in accordance

with acrylic removal rate precision.

4.4.2 Upper limit of AV Surface 210Pb, 210Po Content and

Contribution to Backgrounds

AV 210Pb content as a function of depth is shown in Figure 4.14. This is similar to the

plot shown in Chapter 3.3, with the inclusion of Resurfacer removal progress for each run.

Assuming a uniform 360 ± 30 µm was removed the the inner surface of the AV and there

was no reintroduction of contamination, and calculated from only the content accrued from

deposition and diffusion, the surface 210Pb content post-resurfacing is (8 ± 2)×10−19 g/g

with a symmetrized uncertainty. From [42], a 210Pb content of 1.1×10−20 g/g equates

to approximately 0.01 background events in 3 years (ev/3yr) inside the detector region
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of interest. An estimated 0.7 ± 0.2 ev/3yr is expected within the WIMP region of in-

terest from this new surface 210Pb content. With the addition of the pre-existing bulk

content of (2 ± 2)×10−19 g/g as measured in Chapter 6, this becomes 10+2
−3×10−19 g/g, or

0.9 ± 0.2 ev/3yr. Compare this to the target of 0.01 ev/3yr.
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Figure 4.14: AV surface 210Pb content as a function of Resurfacer runtime. The
diffusion of free radon into acrylic is discussed in the previous chapter.
The acrylic bulk was assayed to 2 ± 2 ×10−19 g/g (dashed violet, with
upper bound as solid violet), and the target content was 1.1×10−20 g/g
(dotted violet). This is estimated to result in 0.2 and 0.01 ev/3yr within
the region of interest, respectively. The resurfacing of the AV (dashed
green, with uncertainty as solid green) is estimated to reduce the AV
210Pb contribution to 0.9 ± 0.3 ev/3yr.



Chapter 5

Ex Situ Sanding of the Acrylic

Flowguide

The design and fabrication of the acrylic flowguide is briefly described in Section 2.3.1. The

reduction of the surface contamination accrued post-machining is discussed here. Alpha

decays are high-luminous events far above the WIMP energy region of interest, allowing for

easy rejection in analysis. However, obscuration from hardware and the absence of PMTs

near the neck cause poor light collection for events originating in this region. This reduces

the overall observed light, potentially shifting alpha events down into the WIMP energy

region of interest. Thus the mitigation of these events and an understanding of residual

events is necessary. Evidence from DEAP-1 supports this claim [31]. This is analogous to

resurfacing the inner acrylic vessel, as discussed in the previous chapter.

68



CHAPTER 5. EX SITU SANDING OF THE ACRYLIC FLOWGUIDE 69

F
L
O
W
 G
U
ID
E
 E
X
P
L
O
D
E
D
 L
A
Y
E
R
S

IN
N
E
R
 #
1

IN
N
E
R
 #
2

IN
N
E
R
 #
3

IN
N
E
R
 #
4

IN
N
E
R
 #
5

IN
N
E
R
 #
6

IN
N
E
R
 #
7

IN
N
E
R
 #
8

O
U
T
E
R
 #
1

O
U
T
E
R
 #
2

P
IS
T
O
N
 R
IN
G

S
A
N
D
 T
O
P
 O
U
T
S
ID
E
 E
D
G
E

G
E
N
T
L
Y
 U
N
T
IL
 S
M
O
O
T
H

A
N
D
 S
L
IG
H
T
L
Y
 R
O
U
N
D
E
D

Figure 5.1: Exploded view of acrylic flowguide, labelled. The flowguides consist of
three main sections: inner flowguide, outer flowguide, and split ring. Col-
lectively these may be referred to as a flowguide (singular) or flowguides
(plural). Piston ring is also synonymous with split ring here. The
flowguide totals 21.25 inches in length. CAD drawing courtesy of Koby
Dering.
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Figure 5.2: Top Assembled flowguide inside University of Alberta cleanroom before
shipment to Queen’s University. Bottom Close-up of split ring snapped
into outer flowguide piece for demonstration1.

1 Berta Beltran and unidentified collaborator seen here.
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5.1 Low Radioactivity Glovebox Design

The acrylic flowguide was machined to dimensions at University of Alberta inside a clean-

room with a radon level less than 0.3 mBq/m3. Further removal of diffused radioactive

isotopes accrued during machining and shipping was achieved at Queen’s University. A low

radioactivity glovebox allows for manual, ex situ sanding of the flowguide without reintro-

duction of contamination. The atmosphere and materials used must then also be radiopure,

else sanding becomes futile. The glovebox itself will first be described, followed by the de-

sign choices regarding radioactive contamination, and the procedures employed. The results

of flowguide sanding are discussed in Sections 5.3 and 5.4.

5.1.1 Hardware Design

The DEAP-1 acrylic vessel underwent an identical sanding processes at Queen’s University,

and it is this glovebox that was refurbished and repurposed for the sanding of the DEAP-

3600 acrylic flowguide. An extension and a second pair of gloveports were added, and

the transfer port was modified. The employed glovebox is pictured in Figure 5.3. The

glovebox is constructed from 1/4 and 1/2 inch-thick acrylic joined with Weld-On R© 42

acrylic adhesive, except the extension which is attached with 24 stainless steel bolts and a

single butyl rubber gasket. All acrylic was sourced from McMaster-Carr R©. There exist two

points of ingress and egress: the transfer port, which was for primary access, and the gasket-

sealed door at the rear of the extension, which was used only twice: once for placing the

empty ConFlat (CF) shipping chamber into the glovebox (the transfer port is too narrow)

and once for removing this chamber with the sanded and assembled flowguide installed.

The original volume has interior dimensions of 25 × 21.5 × 21.25 inch (0.19 m3), and the

extension, 33 × 14.75 × 14.75 inch (0.12 m3). The transfer port, a 20.25 × 10.75 inch

diameter cylinder (0.03 m3), has an exterior and interior door, forming radial seals with the
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interior of the cylinder via double silicone rubber O-rings. Both doors have simple stainless

steel latches to secure them during overpressure of the transfer port. The exterior door seals

the transfer port from the cleanroom and the interior door seals it from the main volume.

Two pairs of gloveports exist on opposing sides of the main volume, each securing a 30 mil

butyl rubber gloves sourced from McMaster-Carr via a large hose clamp. Each gloveport

may be isolated from the glovebox with an individual door, forming a face seal via two

wingnuts and a single silicone rubber O-ring. All O-rings seals are augmented with a small

amount of high vacuum grease.

Figure 5.3: Photograph of glovebox with disassembled flowguide inside transfer port,
foreground left. Two of four overpressured gloves are visible. A residual
gas analyzer (RGA) and accompanying computer below quantifies the
atmosphere of the glovebox in situ. A spray gun and peristaltic pump
move UPW into and out of the glovebox. The helium leak-checker em-
ployed during assembly and installation into the CF chamber is not shown,
though the chamber itself is seen in the extension, background right.
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The glovebox was designed to be continuously purged with boil-off nitrogen gas from

a liquid nitrogen dewar, routed as three separate streams: the main volume, the transfer

port, and gloveports. All nitrogen lines consisted of 1/4 inch copper tubing and brass valves

mated with Swagelok R© compression fittings. The plumbing and select hardware are shown

in Figure 5.4. To regulate the nitrogen pressure, all streams terminated into ultrapure

water (UPW) bubblers at a depth of approximately 4 inches, creating an overpressure

inside the glovebox of approximately 0.1 psi. Note that this appeared to be higher than

the glovebox pressure rating: the repeated formation of cracks in the acrylic at joints and

feedthroughs during both commissioning and sanding procedures proved bothersome at

best and disastrous at worst. These were immediately sealed via Weld-On, Extec R© Fast

Cure Acrylic, silicone and/or PTFE grease when appropriate. The impact of such leaks

did not appear to significantly affect final flowguide sanding, as discussed later. To prevent

backstreaming of cleanroom air into the glovebox, coils of approximately five meters of

polyethylene (PE) tubing were placed between the bubblers and the glovebox volumes.

Flowmeters regulated nitrogen flow rates into the transfer port and main volumes. A flow

rate of 4 scfh (standard cubic feet per hour) (0.11 m3/h) into the transfer port turns over

the volume almost four times per hour, and a flow rate of 8 scfh (0.23 m3/h) into the main

volume turns over the volume once per hour. These flow rates were maintained at all times,

except during high-load activity such as the ingress of many tools or the medium-term

storage of the flowguide, where they were doubled. Ingress through the transfer port could

be achieved in a minimum of 3 hours. At 4-8 scfh, the 25 inH2O dewar was changed weekly.
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Figure 5.4: Diagram of glovebox with associated plumbing and select hardware, for
both the sanding procedure (spray gun, wash basin) and the leak-checking
procedure (CF chamber, helium bottle, helium leak checker). Diagram
not to scale.

Sanding acrylic produces acrylic dust. This contaminated surface material must be

flushed from the freshly sanded flowguides, and is achieved via continual spraying and

rinsing with UPW during flowguide sanding. The UPW used is from the Queen’s University

reverse osmosis (RO) UPW processing plant. UPW entered the glovebox via McMaster-

Carr-sourced wash gun at a pressure of less than 100 psi and a flow rate of less than

0.5 gpm (gallons per minute). A 13 L polypropylene bin inside the main glovebox volume

served as a wash basin and sink. Drainage from the basin and into the drain was achieved
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via peristaltic pump, eliminating the possibility of air backflow. On the outlet of the

basin, a nickel-chromium mesh acted as a course particulate filter, followed by a Millipore R©

GWSC04501 45 µm filter to capture and weigh acrylic dust.

The transfer port and the main volume atmospheres were continuously monitored by a

residual gas analyzer (RGA) that could be monitored remotely via VNC and Teamviewer.

Nitrogen, water, oxygen, argon, and carbon dioxide were tracked as relative concentrations.

An increase in atmospheric gases with no relative increase in water was indicative of a

glovebox leak. If a disproportionate percent of water followed, it was indicative of dissolution

of gas out the water (because of the presence of the water) inside the glovebox and not a

glovebox failure. The nominal glovebox atmosphere during sanding procedures was 99.9%

nitrogen, and less than 1% water, 600 ppm argon, 30 ppm oxygen, and 10 ppm carbon

dioxide. Note that 1% equals 10,000 ppm.

5.1.2 Radiopurity Design

After the old flowguide surface layer has been removed, radon progeny are free to redeposit

onto the new surface layer. The higher the glovebox radiopurity, the longer the flowguides

may remain inside the glovebox before experiencing a null benefit; the contamination re-

moved during sanding and the contamination accrued inside the glovebox exist as functions

of time, inverse of each other. Thus all materials and tools used within the glovebox were

chosen for their high radiopurity. The amount of radon progeny deposited on flowguide

surfaces during sanding was estimated using a simple analytical model. Four main sources

contribute to the overall activity inside the glovebox:

A(t) = AN(t) +AW(t) +AEm(t) +ACR(t), (5.1)
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where AN(t) is the activity of the boil-off nitrogen, AW(t) is the activity of radon dissolved

in the UPW used to wash the flowguides, AEm(t) is the activity of emanation from the

glovebox and tools inside, and ACR(t) is the residual activity from ambient cleanroom air

present inside the glovebox prior to purging at t = 0. The time evolution of each term is

shown in Figure 5.5. All terms may be further expanded as follows.

AN(t) = aN VGB (1− e−t/τN), (5.2)

where aN is the constant activity of the boil-off nitrogen, VGB is the glovebox volume, and τN

is the time constant of the purge flow, which can be related to the flow rate F by τN = VGB
F ln(2)

.

F has dimensions of glovebox volumes per time. The radon activity of the boil-off nitrogen

was measured to be approximately 0.5 mBq/m3. The glovebox volume is approximately

0.30 m3 for the main volume, and 0.33 m3 including the transfer port.

AW(t) = θ(t− tW) aCR VW S e−(t−tW)/τN e−(t−tW)/τRn , (5.3)

where θ(t − tW) is the Heaviside step function, tW is the time UPW was introduced into

the glovebox, aCR is the constant ambient cleanroom activity, VW is the volume of UPW

introduced into the glovebox, S is the solubility of radon in water, and τRn is the lifetime

of 222Rn. The radon activity of the cleanroom air was measured to be 3-10 Bq/m3. A

conservative value of 0.5 was used for the unitless Ostwald coefficient of solubility [67].

AEm(t) =
RRn

τRn

(
1

τRn

+
1

τN

)
(1− e−t/τRne−t/τN), (5.4)

where RRn is the total number of radon atoms emanated from or leaked into the glovebox

per unit time, a solution to the differential equation dN
dt (t) = RRn − N(t)( 1

τRn
+ 1

τN
). The

acrylic glovebox itself has very high radiopurity. All other materials, however, contribute

significantly, namely the butyl rubber gloves. All tools entering the glovebox were stainless
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steel, and ultrasonically cleaned in a 10 g/L Alconox
TM

/UPW solution, or with a 10%

isopropynol and UPW solution if sonication was not viable. Several key hardware pieces

used to assemble the flowguides post-sanding were soaked in a 6% citric acid solution. A pair

of butyl gloves have an emanation rate of 748 ± 98 radon atoms per day, or a radon activity

of 8.7 ± 1.1 mBq. The interior and exterior surface areas total approximately 1.24 m3,

though only the internal surface contributes2. Thus a single glove emanates 187 ± 25

atoms per day, and four gloves emanate 748 ± 98 atoms per day into the glovebox when in

use. This was the value used for RRn. With a purge rate of one main volume per hour, this

becomes a negligible contribution, as shown in 5.5. Because the transfer port is separate

from the main volume contamination, and has a volume turnover four times that of the main

volume, the transfer port is three orders of magnitude cleaner. The flowguides (assembled

and disassembled) were stored here between procedures.

ACR(t) = aCR VGB e
−t/τN e−t/τRn , (5.5)

This final term becomes negligible after 24 hours of purging but is kept for completeness.

Long term radon progeny deposition from air also meant that the interior surface of the

glovebox was not clean enough by default. All surfaces were washed with an Alconox and

UPW solution prior to flowguide ingress. As an additional countermeasure, contact with

the floor and walls of the glovebox during all procedures was kept as low as reasonably

allowed with a layer of Kimwipes when possible.

For a conservative estimate of accrued contamination during sanding, it was assumed

that all 222Rn decays inside the glovebox resulted in a long-lived 210Pb atom deposited onto

2 Interestingly, butyl rubber is both the least-permeable and the most-radioactive of any suitable
rubber glove material [53].
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the flowguide surface. The total number of decays during sanding is the integral sum

NPb(t1, t2, tW) =

∫ t2

t1

A(t) dt, (5.6)

where t1 and t2 are the beginning and end times of flowguide exposure to the glovebox and

tW is the time when the water is introduced into the glovebox. All three times are with

respect to the nitrogen purge start time at t = 0.
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Figure 5.5: Time evolution of individual 222Rn contributions inside glovebox. Note
that AEm includes a factor of 100 here for visual clarity. The high activity
of the gloves, UPW, and residual air inside the glovebox are quickly di-
minished by the nitrogen purge. The purge itself continues to contribute
and remains the primary contributor of background events deposited onto
the flowguides while inside the glovebox.

When installed, the flowguides have an exposed surface of approximately 0.3 m2. The

target activity for the flowguides was 0.01 mBq/m2, or approximately 3 background events

in three years inside the DEAP-3600 detector [58]. With a realistic selection of parameters

(five-day procedure, 50 L of UPW, e.g.), a surface activity on this order was expected to
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be achieved. Given this, more elaborate measures such as installing a radon trap on the

nitrogen inlet, degassing the UPW prior to ingress, and using cleaner glovebox materials

were not justified.

5.2 Glovebox Procedures

The flowguide parts arrived at Queen’s University from the University of Alberta inside PE

bags, spray-foam, and a sealed stainless steel 26 × 13.25 inch diameter CF chamber. The

parts were wiped with Kimwipes and UPW before being isolated in the purging transfer

port. Total contact with cleanroom air was less than one hour.

The following was standard protocol for the ingress and egress of items. Let the initial

state be: flowguide inside the transfer port, and egressing tools inside the main volume. The

interior transfer port door is opened, the flowguide and egressing tools exchange places, and

interior door is closed. The exterior transfer port door is opened, egressing and ingressing

tools exchange places, and the exterior door is closed. The ingressing tools remain in the

transfer port until the oxygen concentration is sufficiently low (< 50 ppm, e.g.). The interior

door is opened, ingressing tools and the flowguide exchange places, and the interior door is

closed.

Three distinct phases prepared the flowguides for shipment to SNOLAB and eventual

installation into the DEAP-3600 detector: sanding, assembly, and sealing inside the CF

chamber. Between March 2015 and July 2015, the flowguide parts were sanded and as-

sembled four times. The latter-three were followed by sealing attempts. After each set of

unsuccessful procedures, the flowguides were removed from the CF chamber, disassembled

with all associated hardware replaced, and restaged for sanding. Each phase utilized specific

tools, with only some overlap during the latter-two performed in succession. The following

procedures are generalized. Unless stated, specifics regarding individual sanding attempts
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and the reversal of the sealing and assembly procedures are excluded.

5.2.1 Sanding Procedure

A target removal of 35 ± 15 µm of acrylic from the flowguide surface was planned. Indepen-

dent sanding tests showed a disparity between acrylic removal rates for select sandpapers.

Eight 0.5 inch diameter by 50 micron deep holes were machined into acrylic sheeting. Un-

der glovebox conditions, the area surrounding one hole was wet-sanded until it could not

be easily discerned by touch or sight. The average sanding time per area was recorded.

This test was repeated twice for three sandpaper samples: McMaster-Carr 360 grit dia-

mond sandpaper averaged 5 ± 2 cm2/min, Klingspor P400A waterproof sandpaper averaged

9 ± 3 cm2/min, and Klingspor P180A waterproof sandpaper averaged 14 ± 4 cm2/min.

The flowguides have a total surface area of approximately 1.16 m2, but only approxi-

mately 0.3 m2 of this remains exposed once assembled and installed. Due to attenuation

and line of sight for alpha and neutron radiation, unexposed acrylic does not significantly

contribute to the background event rate. While all surfaces were sanded, greater atten-

tion was given to exposed surfaces and was the basis for the sanding efficiency estimates.

With a surface area of 0.3 m2, sanding all flowguide parts would take 10 ± 3 hours using

McMaster-Carr 360, 6 ± 2 hours using Klingspor P400A, and 4 ± 2 hours using Klingspor

P180A. With two workers, these times could be halved.

The radon emanation rate of the Klingspor sandpapers, also used on the DEAP-1 acrylic

vessel, was measured to be 122 ± 14 atoms/m2/hr. The McMaster-Carr sandpaper was

not measured, but because of its diamond grit and plastic backing, a lower emanation

rate was inferred. This was the sandpaper employed for the first sanding procedure. The

second sanding employed the Klingspor P400 sandpaper, and the third and fourth sandings

employed the Klingspor P180 sandpaper.
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Several tools were used during the sanding procedure: a minimum of four sandpaper

sheets; a PE bag containing the contents of one box of Kimwipes to clear acrylic dust from

the flowguides; several PE bags to store such waste; two stainless steel bars (1/8× 3/4× 6 inch)

and one stainless steel rod (1/4 × 8 inch) to aid in sanding inaccessible surfaces; a section

of 1/4 inch stainless steel tubing bent into the shape of a cane to reach items that have may

been placed far into the transfer port or extension for normal reach; and a PE curtain to

protect the CF hardware in the extension, and clean flowguide parts in the transfer port,

from splashes and debris. The CF chamber, with front flange and 13.25 inch copper gasket,

could not fit through the transfer port and thus remained inside the glovebox throughout

all procedures. All other tools were moved into the glovebox via transfer port prior to

sanding. At least 24 hour prior to sanding, the main volume and gloveports began purging,

stagnant UPW inside the UPW line was purged outside the glovebox, and the basin inside

the glovebox was filled to allow any radon outgassing.

With moderate sanding force, two workers manually wet-sanded all flowguide parts in

an average of 5 hours, with one or two 30 minute rests. Table 5.1 details relevant data of all

four sanding attempts. To access grooves, lips, and inner surfaces, sandpaper was wrapped

around any of the three sanding tools. The parts were periodically rinsed in the basin, or

with the spray gun prior to replacement into the transfer port. The flowguide parts must

be arranged specifically inside the transfer port lest all parts not fit with doors sealed. All

parts were brought into the main volume to be sanded, but were sanded in such an order

that the replacement of all parts back into the transfer port was possible. This order was

similar to the assembled order, shown in Figure 5.1, top to bottom. All UPW puddles and

humidity were mopped with Kimwipes, and debris and tools not necessary for the assembly

and sealing procedures were removed from the glovebox. The flowguides dried overnight

inside the transfer port (Figure 5.6) before being assembled and immediately sealed inside

the CF chamber.
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Figure 5.6: The flowguide parts inside the transfer port, immediately after sanding
(top) and after purging for 8-12 hours (bottom). The humidity accumu-
lated during the procedure was enough to obscure vision on some glovebox
surfaces, as shown here. Once isolated inside the transfer port, the nitro-
gen purge at 8 scfh removes this water prior to assembly.
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5.2.2 Assembly Procedure

Approximately 12 hours after sanding, rinsing and drying, the flowguide parts were as-

sembled with stainless steel hardware inside the glovebox to become the flowguide proper.

Three sets of three threaded tie rods hold the flowguides parts together, secured with rect-

angular and hex nuts, and tensioned with series of 4 - 8 Belleville washers. The stacks of

Belleville washers act as springs to keep tension on the contracted acrylic parts after contact

with the liquid argon inside the neck. Special care was also taken to prevent the rods from

bottoming out on the acrylic at the nuts during assembly. Such contraction may crack the

acrylic if the metal rods contract less.

Several tools were used during the assembly procedure: two open end wrenches for easily-

accessed nuts; a socket wrench and two sockets (one specially-turned socket) for recessed

nuts at the top of Inner #4 and #8; and all necessary hardware. The tools used for the

sealing procedure were also present inside the glovebox, but are detailed in the succeeding

subsection.

The lower “nozzle” section of the flowguide was first secured together, and then secured

to the rest of the upper inner flowguide parts. The securement of the outer flowguide parts

and split ring to the full inner flowguide completed the assembly. An abstraction of this is

illustrated in Figure 5.7, followed by several photographs taken during the procedure. The

duration of the assembly procedure was approximately 3 hours.
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Figure 5.7: Exploded drawing illustrating flowguide assembly, from left to right, and
red to magenta to blue. Dashed lines indicate partially secured hardware
and solid lines indicate fully secured hardware. The second state from
the left is pictured in Figure 5.8.
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Figure 5.8: Three sets of three rods, washers and nuts hold the flowguides parts to-
gether. Short rods secure the “nozzle” to the upper section of the in-
ner flowguide, already assembled here. The upper section of the inner
flowguide is secured together with longer rods, seen protruding. A third
set of rods, not shown, secure the outer flowguides to the partial assembly
seen here.
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Figure 5.9: Photographs during the assembly procedure3. Top The tools necessary
for both the assembly and sealing procedures are seen purging inside the
transfer port with the sanded flowguides staged inside the main volume
Bottom The assembly of the flowguides are seen here with detailed pro-
cedure instructions atop of the glovebox for reference.

3 Top Koby Dering seen in background, Marcin Kuźniak foreground. Bottom Marcin Kuźniak
left, author Joshua Bonatt right.
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5.2.3 Sealing Procedure

One day after sanding, and immediately after assembly, the flowguide was sealed inside a

stainless steel chamber, overpressured with nitrogen, leak-checked with helium, and shipped

to SNOLAB for installation into the neck of the DEAP-3600 detector. The chamber was

a custom stainless steel CF chamber with a central support spindle tapped into the rear

flange. The rear 13.25 inch CF flange was blank, and the front 13.25 inch CF flange was

mated to a 2.75 inch CF flange with a welded 1/4 inch VCR valve. The rear and small front

flanges were torqued and leak-checked, and all parts ultrasonically cleaned, prior to ingress

into the glovebox. The spindle, shown in Figure 5.10, provides radial and axial support for

the flowguide during shipping; the flowguide does not touch the interior of the chamber.

Polyethylene (PE) inner spacers and end pieces, designed to fit snugly inside and at the

ends of the flowguide, provide a secure fit in those respective axes.
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Figure 5.10: The stainless steel spindle shown not yet installed inside the CF chamber,
with white PE spacers and end pieces (rear seen here, front to be installed
inside glovebox).

Several tools were used during the sealing procedure procedure: two Allen wrenches to

secure the front PE spindle piece; five open end wrenches to torque the flange bolts and

plumbing fittings; all necessary hardware to seal the front 13.25 inch flange and 1/4 inch

VCR valve; approximately two feet of 1/4 inch copper tubing to connect the chamber to a

helium leak checker via glovebox feedthrough; and a handheld 20 psi helium bottle for leak

checking.
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The flowguide slid over the spindle to butt against the rear PE end piece, and secured

with the front PE end piece. A new copper gasket was seated and the front flange torqued

with an opposing bolt pattern (0◦, 180◦, (0+b)◦, (180+b)◦, etc., where b is the succeeding

clockwise bolt) because of limited range of motion inside the glovebox, and the size and

weight of the loaded chamber.

The leak checking plumbing is shown in Figure 5.4. The chamber was evacuated and

backfilled with boil-off nitrogen for 5 - 10 pumping and purging cycles before helium leak

checking began. No leaks were detected at a pumping speed on the order of 10−7 mBar·L/s

and pressure on the order 0.1 mBar. The chamber valve was closed and the flowguides

were left to degas overnight. A pressure increase of no more than 10 mBar overnight was

deemed acceptable and a probable result of continued outgassing of water from acrylic and

steel. The chamber was re-evacuated and leak-checked again. No leaks were detected at a

pumping speed on the order of 10−8 mBar·L/s and pressure on the order of 10−2 mBar. The

chamber was backfilled with boil-off nitrogen to an overpressure of 18 psi. The duration of

the sealing procedure was approximately 10 hours excluding the overnight rate of rise test.

After the fourth and final series of procedures, the chamber – with flowguide inside – was

removed from the glovebox, secured to a half pallet, wrapped in plastic film, and shipped

to SNOLAB.

A permanent stainless steel glovebox atop the AV neck, seen in Figure 2.3, allows access

to process systems here while keeping the AV seals separate from lab air. Above this,

connected to the glovebox, was a large canister holding the cooling coil, and previously

the Resurfacer. The canister may also be evacuated. The CF chamber was underground

inside this glovebox on July 29, 2015. The flowguide was removed from the chamber, and

the chamber removed from the glovebox, on September 2, where it remained under vacuum

until installation. During this transfer, several galled bolts caused brief contact with lab

air, adding a maximum of 0.005 background events in three years to the flowguide surface.
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Also note that during the repumpdown of the chamber during the transfer, a large amount

of water was detected, presumably a product of offgassing from the acrylic flowguide while

inside the chamber. The coiling coil was citric acid passivated, the flowguide attached to

the cooling coil, and both installed into the neck on September 30.

5.3 Absolute Acrylic Removed

Between March 2015 and July 2015, the flowguide parts were sanded and assembled four

times. The latter-three were followed by sealing attempts. After each set of unsuccessful

procedures, the flowguides were removed from the CF chamber, disassembled with all asso-

ciated hardware replaced, and staged for resanding. The four attempts will now be briefly

described.

The first sanding procedure, with McMaster-Carr 360 diamond grit sandpaper, took

approximately 7 hours to complete. The maximum oxygen concentration inside the glovebox

as measured by the RGA was approximately 120 ppm throughout the sanding procedure.

However, visual inspection the following morning revealed the original machining marks still

clearly identifiable. From this, the required 35 ± 15 µm of surface removal was presumed

to have not been achieved, and a second sanding was ordered. The material removed was

not quantitatively determined.

The second sanding procedure utilized a more aggressive Klingspor 400 grit sandpaper,

sanding the flowguides in approximately 5 hours. However, a transient spike in oxygen con-

centration was observed during the assembly and sealing procedures, probably originating

at the interior transfer port door during a transfer of tools. The leak was estimated as equiv-

alent to less than 1 hour exposure to lab air diluted by a factor of 100, or approximately

3000 ppm as recorded by the RGA. Given an exposure at this concentration, approximately

0.2 events in three years from the flowguide surfaces could be expected. Even with this
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conservative analysis and acceptable result, a third sanding was ordered. Prompted by this

leak, the transfer port doors were upgraded to include a face seal to augment the original

radial seal. Instead of a friction fit and latch, these new doors were secured via bolts.

The UPW outlet micron filter was still weighed for an estimation of acrylic removed.

The new filter weighed 71.4 ± 0.1 g, and used filter weighed 78.4 ± 0.1 g. Assuming 100%

acrylic collection efficiency, 7.0 ± 0.1 g of acrylic was removed from the flowguide parts.

Assuming uniform sanding, and with a flowguide surface area of 11,600 cm2 and acrylic

density of 1.18 g/cm3, 5.1 ± 0.1 µm of surface was removed. 2.6 ± 0.1 g of acrylic debris

was retrieved from the fourth sanding sandpaper. Assuming this is the order of acrylic

debris retained by all sandpaper employed, one may add this to the collected acrylic mass

for a minimum of 10 ± 1 g of acrylic, or 7 ± 1 µm of surface, removed. This and all other

results are detailed in Table 5.1.

The third sanding procedure utilized an even more aggressive Klingspor 180 grit sandpa-

per, sanding the flowguides in approximately 5 hours. The maximum oxygen concentration

inside the glovebox as measured by the RGA was approximately 60 ppm throughout all pro-

cedures. However, as the CF chamber was being prepared to be removed from the glovebox,

the chamber-side VCR connection was discovered to be loose, allowing the valve to freely

rotate. It has been hypothesized that the back-and-forth rocking of the chamber inside

the glovebox following the sealing procedure, which can easily be incurred by bumping the

glovebox table, torqued the VCR connection loose, which was held in place by the cop-

per leak-checking plumbing. With an indeterminate amount of lab air exposure, a fourth

sanding was ordered. Prompted by this failure, a new locking fitting replaced the standard

Swagelok fitting at the VCR valve. Using the same filter-measuring method, including the

acrylic retrieved from the fourth sanding sandpaper, a minimum of 17 ± 1 g of acrylic, or

12 ± 1 µm of surface, was removed.
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The fourth sanding procedure utilized the same Klingspor 180 grit sandpaper, sanding

the flowguides in approximately 4 hours. The maximum oxygen concentration inside the

glovebox as measured by the RGA was approximately 50 ppm throughout all procedures.

No leaks in the sealed CF chamber were detected at a pumping speed of 4.8×10−7 mBar·L/s

and pressure of 0.1 mBar after six pumping and purging cycles. An overnight of degassing

increased the pressure to 10 mBar, which was quickly evacuated to 5.5×10−2 mBar at a

pumping speed of 6.3×10−8 mBar·L/s, with no further leaks detected. The chamber was

overpressured with 18 psi of boil-off nitrogen and shipped to SNOLAB. Using the same

filter-measuring method, including the acrylic retrieved from this procedure’s sandpaper, a

minimum of 50 ± 1 g of acrylic, or 37 ± 1 µm of surface, was removed. Because the acrylic

recovery efficiency is unknown, only a lower bound of 37 µm can be confidently stated. This

limit should be applied to all sanding procedures.

Date Sandpaper Duration O2 Conc. Acrylic Removed
1st March 19 McMaster 360 7 hours 30 - 120 ppm –
2nd April 1 Klingspor P400 5 hours 30 - 3000 ppm 10 ± 1 g 7 ± 1 µm
3rd May 12 Klingspor P180 5 hours 20 - 60 ppm 17 ± 1 g 12 ± 1 µm
4th July 15 Klingspor P180 5 hours 20 - 50 ppm 50 ± 1 g 37 ± 1 µm

Table 5.1: All four flowguide sanding attempts with sanding procedure duration, O2

concentration inside glovebox, and surface material removed. For each
subsequent resanding of the flowguides, procedure time shortened and ma-
terial removed increased (procedure familiarity and sandpaper efficiency),
and glovebox atmosphere contamination decreased (procedural and hard-
ware improvements). Note that because the acrylic recovery efficiency is
unknown, the acrylic removed is only a lower limit; the uncertainty shown
here is only the systematic uncertainty assuming 100% efficiency.
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5.4 Upper Limit of Flowguide Surface 210Pb, 210Po

Content and Contribution to Backgrounds

Because of the adequate amount of surface material removed, the results from the fourth

sanding attempt only may be used for calculating background contributions from the acrylic

flowguide. This excuses any prior lab air contact via leaks in the glovebox. This is a

conservative estimate and results are an upper limit. As discussed in Subsection 5.1.2,

an integration of all radioactive contamination accrued while inside the glovebox must be

calculated. Unlike for the AV contributions, the long-term diffusion of isotopes into the

flowguide acrylic was neglected; only the relatively brief diffusion accrued after milling is

necessary.

The duration of the fourth series of procedures was approximately 28 hours from start

of the sanding procedure to start of chamber evacuation after the sealing procedure (5 hours

for sanding, 6 hours for assembly and sealing, and 17 hours for intermediate time). An ad-

ditional 1.5 months passed before the flowguides were removed from the nitrogen-backfilled

chamber. Two basin volumes, approximately 26 L, were used to sand and rinse the flowguide

parts. Using Equation 5.6 with a t1 of 22 hours, a t2 of 40 hours, and a tW equal to t = 0,

with the above numbers, 0.4 ± 0.6 background events in three years inside the DEAP-3600

detector originating from the flowguide surface is expected. That is, 0.4 ± 0.6 210Po alpha

events in three years fed by its equilibrium parent 210Pb. Compare this to the target activity

for the flowguides of 0.01 mBq/m2, or approximately 3 events in three years.



Chapter 6

Bulk Acrylic Assay

Because the acrylic vessel comes in direct contact with the liquid argon target, cleanliness

and radiopurity of this acrylic is paramount. To estimate background contributions that

may leak into the WIMP region of interest, the contamination incurred by the acrylic vessel

material must be understood. An upper limit of surface activity may be determined by

measuring an upper limit bulk activity. A significant population of 210Pb, a product of

222Rn diffusion from air into acrylic, will produce detectable 210Po signals far beyond the

lifetime of the experiment. Thus their permanency requires both an a priori reduction and

a subsequent understanding of those that remain throughout the dark matter search. This

motivation is described in more detail in Section 3.2.

Radioactive isotopes, mainly 222Rn, mix with the open polymer during acrylic manu-

facturing. This has been mitigated, but cannot be eliminated. 222Rn also diffuses some

length into acrylic during storage of the acrylic vessel. This surface length was removed

by the Resurfacer and manual sanding, but the bulk contamination accrued during man-

ufacturing remains. 222Rn has a halflife approximately 3.8 days, so within the current six

year age of the AV, all of this has decayed to 210Pb. 210Pb decays to the eventual 210Po,

which has a halflife of approximately 138 days. 210Po will near secular equilibrium with

94
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210Pb in approximately two years and thus already has. Calculations for the 210Po activity

contribution may be estimated from measured 210Pb content. This contribution may be

known if the bulk content of 210Pb within the AV is known. Assaying offcuts from a spare

AV gore will yield this measurement.

Low concentrations of 238U and 232Th decay too infrequently to detect directly here.

Measuring the relatively high and constant decay rate of the 210Pb population, however,

yields an estimation for any lead progeny (i.e. 210Po). In general, the impossibility of parsing

intrinsic contamination (acrylic production, curing) and accrued contamination (storage)

makes a knowledgeable estimation of any lead parent (i.e. 238U) impossible. Fortunately,

this acrylic assay is of only bulk acrylic and thus no surface accruement parsing is necessary.

Therefore estimations for both parent and progeny are possible for bulk acrylic.

The primary decay mode of 210Pb is to 210Bi via beta decay [68]. A small 1.9×10−6%

alpha decay mode to 206Hg also exists. During the beta decay, 210Pb decays to an excited

state of 210Bi with a probability of 84%, and a subsequent gamma ray with an intensity

of 4.25%. This 17.0 keV beta particle is often too low in energy to reliably detect in pro-

portional beta counters but the 46.54 keV gamma ray may be detected in low background

gamma counters. SNOLAB regularly employs a germanium detector for such spectrometry.

Note that the Royal Holloway University of London was commissioning beta-gamma coin-

cidence detection from 210Pb decays as of 2013, utilizing samples created from the below

procedure [69]. Potential for 210Bi-210Po beta-alpha tagging also exists, but has not been

pursued. Letting a significant fraction of 210Pb decay to 210Po also allows for direct count-

ing via alpha spectrometry but involves a secondary procedure with additional systematic

uncertainties [57].

Regardless of detection method, there exists two modes to improve statistics: increase

sample mass or increase counting time. In the case of this acrylic assay, a larger sample was

chosen to provide the sufficient signal activity. But sufficiently low background detection
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methods typically only accommodate samples on the order of a few milliliters, with the high

purity germanium (HPGe) detector employed underground at SNOLAB having a detector

well near 23 cm3. The predicted 210Pb content of the AV acrylic was approximately 20 mBq

per tonne [39]. The several kilograms of acrylic necessary to achieve a detectable signal from

such content would have a volume too large to fit into the detector well, where an acrylic

offcut volume would be orders of magnitude larger. Thus the volume reduction of acrylic is

necessary. These two restrictions form the motivation for acrylic sample volume reductions

on the order of at least 103, thus creating concentrated samples small enough and with high

enough activity to yield a significant signal. A system designed by the SNO collaboration

was the basis for the vaporization system now employed by DEAP-36001 [70].

To assay acrylic for bulk 210Pb content, namely the same acrylic used within the DEAP-

3600 vessel, a procedure to isolate and collect 210Pb was designed and commissioned in the

SNOLAB surface building. Extensive commissioning and initial assay measurements have

been previously performed, but recommendations for improvements were provided. Namely,

greater statistics were deemed necessary. For full commissioning details regarding both

vaporization and gamma counting, see reference [57]. References to this previous work may

occasionally be referred to as “Nantais”, after the author. Additionally, the 210Pb recovery

efficiency of the full procedure may not have been well understood. Both the acrylic assay

measurement and the acrylic assay recovery efficiency measurement were reduxed and are

discussed here and in the succeeding chapter.

1 It may also be noted that the vaporization furnaces have been also commissioned by the SNO+
collaboration to assay a photoreactive surfactant (PRS), a candidate aid in the 130Te loading of
liquid scintillator linear alkyl-benzene (LAB). Tellurium dissolved into the LAB is the primary
source isotope in their neutrinoless double beta decay search.
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6.1 210Pb Assay Procedure

Two spare gores were thermoformed during the initial vessel construction. Acrylic samples

to be assayed were cut from one, ensuring measured radiopurity would be identical to that

of the employed AV without prime source destruction. During Resurfacing of the AV, the

sanded acrylic slurry was filtered for future assay for additional analysis potential, but poor

expected statistics lead to no further initiative.

The assay procedure involves the careful processing and vaporization of acrylic within

two tube furnaces to discard volatilized MMA, then a heated aqua regia acid rinse to collect

the remaining nonvolatilized material (lead) into solution, and then a volume reduction via

evaporation to produce a concentrated sample. This sample is then counted in a HPGe

well detector underground at SNOLAB. The 210Pb gamma signal is primarily sought and

analyzed as an analog for 210Po. During every stage, standard cleanliness procedures are

practiced: wearing gloves and avoiding contact with unclean surfaces. All necessary hard-

ware and materials used throughout were chosen with radiopurity in mind. All chemical

procedures employed ultrasonically cleaned equipment within a cleanroom to ensure no con-

tamination, and under an exhaust hood to ensure personal safety. Other standard chemistry

lab safety protocols were followed throughout the procedures. A semidetailed description

of the offcut assay procedure will now be discussed, followed by results and their conse-

quences on the DEAP-3600 dark matter search. The full procedures followed are attached

in Appendix B.

6.1.1 Preparation Procedure

222Rn has a significant diffusion length in acrylic over 1 mm [43], and thus can lead to long-

lived 210Pb deposited even further. At approximate equilibrium, the 210Pb surface content

is over five orders of magnitude higher than that of the bulk. Cutting and discarding all
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long-exposed surfaces is thus necessary for an accurate measurement of bulk 210Pb content.

For a more detailed explanation of diffusion into acrylic, see Section 3.3. Initial offcuts were

sawn from a broken gore via handsaw or bandsaw at Queen’s University. At this stage

offcuts are of general shoebox dimensions (4 - 8 dm3) and 4 - 7 kg. Cleanliness at this stage

is not critical; additional processing occurs in the surface SNOLAB building.

Figure 6.1: Unprocessed AV offcut. This 7.8 kg offcut, which was not vaporized for
this thesis, may be divided into eight rectangular blocks. The unpictured
offcut that was actually vaporized yielded four blocks.

The ultrapure water (UPW) used within these procedures is from the SNOLAB reverse

osmosis (RO) UPW processing plant. Average air radon levels within the surface cleanrooms

were measured to be 6.2 ± 2.6 Bq/m3 [71]. New offcuts are first brushed with UPW to

remove preliminary dust and other debris that had accumulated on the surface during

storage and transport. A second brushing occurs in a 10 g/L Alconox
TM

/UPW solution to

further clean the surface. This solution is flushed with a final UPW rinse, and dried with

Kimwipes R©.
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AV offcuts are inherently larger than the furnace dimensions and thus must also be

cut to fit. Dividing the offcut into two to four physically appropriate blocks and stacking

for vaporization suffices. As an added restriction, a soft upper limit of approximately

3 kg total has been established to ensure no overflow of liquid acrylic out of its container

during vaporization. Drafting of efficient cuts is necessary to minimize new surface exposure

and maximize existing bulk material. Offcuts, as seen in Figure 6.1, are originally cut

from curved gores, and at least two surfaces will retain this curvature. The employed

saw may only cut in straight lines, and therefore a compromise between sample size and

surface area must be considered. The maximum width of the blocks must also be narrower

than opening of the vaporization container. Draft lines are drawn directly onto the acrylic

with Sharpie R© pens. Sharpie ink has been proven to be radioactively clean and is easily

removed [72]. To ensure minimal contamination of new acrylic surfaces, a dedicated King

Industrial cabinet saw was employed solely for use in acrylic assaying. The saw and its

blade are kept individually bagged in separate storage; it does not stay within the SNOLAB

surface machine shop with the saw. Immediately prior to sawing, the saw blade, saw table

surface, and any push stick are brushed in a 100 mL/4 L Radiacwash
TM

/UPW solution,

rinsed with UPW, and dried with Kimwipes to prevent steel surfaces from oxidizing.The

acrylic offcut is sawn to size and immediately bagged in polyethylene. At this stage, the

offcut may have been reduced to several blocks with approximate dimensions of 8×8×30 cm.

A series of finals washes are be performed to remove what may have potentially plated

or diffused into the fresh surfaces during sawing. This involves rough wetsanding in UPW

followed by another wetsanding in an Alconox solution. Sanding is done by hand with

Norton R© 600A T421 waterproof sandpaper. The acrylic blocks then soak for 20 minutes in

a Radiacwash solution, rotated halfway through to provide equal exposure to the bottom

surface. They are rinsed before and after two consecutive soaks in UPW for 20 minutes.

The acrylic blocks are then dried with Kimwipes or N2 and weighed. Acrylic blocks were
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vaporized immediately.

6.1.2 Vaporization Procedure

The vaporization portion of the acrylic assay system consists of two Thermo Scientific Lind-

berg Blue HTF 55000 series hinged tube furnaces, each 1.2 meters in length; one vaporizes

acrylic samples and one incinerates residual MMA vapor. See Figure 6.2. The MMA va-

por has a very unpleasant odor, and though not unsafe, it is unpleasant. Therefore the

acrylic vaporization system is designed first for pyrolysis of the acrylic followed by removal

of this MMA by combustion. The transfer section between the two furnaces is wrapped in

heat tape to prevent a temperature drop between vaporization and incineration furnaces.

The transfer section must be maintained above 100◦ C to prevent MMA condensation. Six

resistance temperature detectors (RTDs) monitor various locations of the plumbing. A

schematic of the system is shown in the Appendix of reference [57].
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Figure 6.2: Readied samples are transported from the SNOLAB surface cleanroom
to the surface machine shop. The vaporization system resides here. Va-
porization furnace at left and incineration furnace at right.

A cylindrical Suprasil R© “boat” designed to contain the sample inside the furnace can

accommodate a maximum of 3 kg per procedure. Suprasil is an ultrapure synthetic quartz.

The boat is 70 cm in length and 12.7 cm in diameter. To contain the acrylic as it liquefies, the

ends have been flared inward by a glassblower. The upstream opening is 9 cm in diameter

and the downstream opening is 4 cm in diameter. Acrylic is loaded from the upstream

opening, limiting the dimensions of samples. Because the whole vaporization system is

declined by two degrees, the liquid pools towards the downstream opening. Any MMA that

may condenses will also flow downwards. To contain the boat and flowthrough gases in a

leak-tight system, both furnaces are lined with a larger quartz tube. These are 1.5 m in

length and 15 cm in diameter with wall thickness of 4.5 mm, each fitting snugly into the

furnaces. Stainless steel flanges cap each end and mate to gas fittings. During vaporization,

the vaporization furnace remains empty except for the acrylic and boat. The incineration
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furnace is packed with steel wool, providing a greater surface area and a reduced flow to

allow a fuller combustion of MMA vapor.

Prior to and during vaporization, a continuous flow of boil-off N2 gas is flushed through

the system to provide a clean and neutral environment, and to carry away vaporized mate-

rial. A lower flow of atmospheric air is also flushed solely through the incineration furnace

to promote combustion. The furnaces and other fittings have been designed with overpres-

sure dangers checks. With the acrylic sample loaded, the vaporization furnace is ramped

to 500◦ C,and the transfer section and incineration furnace are maintained at 100◦ C and

800◦ C throughout the procedure, respectively. As PMMA is heated, the polymers separate

into MMA monomers. The boiling point of MMA is approximately 100◦ C and therefore

MMA vapor is the primary product during acrylic vaporization. Water and other trace

contaminants may also contribute [57]. Exhaust is vented outdoors through the roof.
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Figure 6.3: Photographs of the physical reactions during acrylic vaporization. The
clear acrylic yellows and melts, eventually leaving only black char. This
char is combusted away after vaporization is complete, leaving only small
amounts of white residue. Photographs courtesy of [57]

The lids of both furnaces may be opened to observe the status of vaporization and

incineration, as shown in Figure 6.3. During vaporization, the acrylic begins to melt and

bubble, eventually becoming a yellow liquid. Final stages of vaporization leave a black
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carbon layer over the entire inner surface of the boat. This char has been estimated to

be as much as 15% of the initial acrylic mass, making the later chemical rinsing procedure

less effective if not removed prior [57]. N2 flow is stopped and replaced with air for a

final combustion stage. The oxygen in the air combines with the carbon to form carbon

dioxide. This releases from the boat and is flushed away. Only a fraction remains as a

few black flecks, among white residue. The vaporization of a 2 kg sample of acrylic takes

approximately 4 hours to complete. To prevent damage to furnace, boat or person, the

system is left to cool in a shutdown state for approximately 12 hours before the vaporized

sample is retrieved to be further processed.

6.1.3 Chemical Rinse and Reduction Procedure

Via a similar procedure, the SNO collaboration measured a high thorium and radium re-

covery efficiency with hydrofluoric acid (HF) rinsing [70]. Thus a good recovery of lead

was also anticipated, though an aqua regia acid as the solvent was employed instead due to

the increased hazards of hydrofluoric acid handling [73]. Aqua regia is a fresh mixture of

concentrated nitric acid (HNO3) and hydrochloric acid (HCl) in a volume ratio of 1:3 with

adequately highly corrosive properties [74]. Standard (non-high purity acid) aqua regia has

shown sufficient results [57].

On a preheated Commercial Pro Roller Grill, the interior of the retrieved boat is rinsed

with aqua regia and collected twice over approximately 3 hours. See Figure 6.4. Application

of heat during chemical processes increases the reaction efficiency here. Each rinse uses

approximately 80 mL of solution and is collected in a PTFE beaker. The solution foams

upon contact with acrylic residue and reduces over time. As the boat rotates and clears

residue, the solution reduces in volume slightly. UPW is used after the final acid rinse to

collect any residual particulate that is not dissolved. The white residue dissolves within

minutes, though the black particulate often remains throughout.
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Figure 6.4: Photographs of chemical rinse system. Left Heated roller with vaporiza-
tion boat. Right Aqua regia solution inside boat, with foaming visible.
Photographs courtesy of [57]

The volume collected over the two rinses is reduced by boiling atop a hotplate to a

manageable and countable volume. Neutralization of the remaining acid prior to reduction

with sodium hydroxide, sodium bicarbonate or magnesium hydroxide is possible but was

not used. Sample solution temperature is monitored via K-type thermocouple in a UPW-

filled PTFE bottle adjacent to the sample beaker. This should be an analog to the sample

temperature. After boiling near 100◦ C for approximately 3 hours, a reduction from 200 mL

to 3 mL occurs. The sample becomes a khaki to lime green color, presumably from a

concentration in the golden aqua regia. The concentrated sample is secured within a 3 mL

Cowie Technology PTFE bottle where it will remain for counting. This is then kept within

a 30 mL polypropylene (PP) Nalgene bottle in case of leaks and as a barrier against 222Rn.

This is double-bagged for transport. The sample is gamma counted in the SNOLAB HPGe

well detector underground the following morning, or else entered into a queue. This queue

is often no longer than a few days or else is given priority.



CHAPTER 6. BULK ACRYLIC ASSAY 106

6.1.4 Gamma Spectrometry

Once a sample of acrylic has been reduced from a 6 kg offcut to 3 mL of liquid, it is

transferred from the surface lab to the underground lab at SNOLAB to be gamma counted

in a custom (purpose-ordered) ultralow background coaxial p-type germanium well detector

purchased from Canberra in 2011. This is one of many systems regularly used by SNOLAB

for various assays, see in Figure 6.5. The 300 cm3 detector achieves an almost 4π geometric

detection efficiency, and is highly sensitive to the low energy 46.54 keV gamma from 210Pb.

The detector efficiency at this energy is 54.4 ± 0.8% [75]. The detector is cylindrically

shielded with 5.0 cm of copper, 5.0 cm if low 210Pb lead, and 22 cm of regular lead. These

were also purchased from Canberra. A continuous flow of boil-off N2 gas is flushed through

the shielding for radon suppression. The sample well, after internal shielding, has a diameter

of 2.1 cm and a depth of 6.65 cm. The 3 mL PTFE bottle with a diameter of 2.0 cm and

height of 3.4 cm is the choice for the standard sample vessel. A full background spectrum

is shown in Figure 6.6.

Figure 6.5: Photographs of Canberra HPGe Well Detector at SNOLAB. Photographs
retrieved from [72]
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From source calibration of the HPGe detector [57], an energy-dependent full width half

maximum (FWHM) of 0.9937+0.01441
√
E+0.00031812E was used for signal width, where

E is the energy of interest. From FWHM = 2
√

2 ln2 σ, a 5σ width from the mean window

was chosen. The integral region for a 46.54 keV 210Pb gamma peak is thus 44.19 - 48.89 keV.

Because of discrete bin width, this becomes 44.19 - 49.26 keV. The results of the above assay

procedure will now be shown and discussed.
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Figure 6.6: Full HPGe detector background spectrum, 0 - 400 keV. Note the sharply
increasing occupancy just below the 210Pb 46.54 keV gamma peak.

6.2 Upper Limit of Bulk Acrylic 210Pb, 210Po Con-

tent

Within the 44.19 - 49.26 keV window, detector background was measured over a 24.88 day

period to be an average of 5.23 ± 0.46 cpd. See Figure 6.6. Note that this spectrum
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was taken while the detector was located in the “Ladder Labs” of SNOLAB. In July 2016,

the detector was disassembled and relocated to the former SNO refuge station. A new

background spectrum for this location is not shown, though significant differences within

the region of interest are not expected. The energy calibration did remain consistent.

The background contributions accrued via the performance of the assay procedure, i.e.

contributions from the quartz boat, 100 mL aqua regia and labware, was measured over a

3.53 day period to be an average of 7.94 ± 1.50 cpd, or 2.71 ± 1.57 cpd above detector

background. This was an effective dry run with no acrylic. See Figure 6.7 below.
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Figure 6.7: HPGe detector background spectrum overlayed with spectrum of the stan-
dard aqua regia acid. The red-shaded region is the 210Pb signal region
(44.19 - 49.26 keV), and the yellow-shaded region is the in situ background
window (51.41 - 66.91 keV).

A 4145 g AV offcut, sized to four blocks totaling 2775.7 ± 0.1 g, was assayed for 210Pb

content. The offcut was reduced to a 0.3 ± 0.1 g countable sample. The sample was

over-reduced past the intended 3 mL, though this did not seem to affect results. Gamma
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counting began approximately 16 hours later. The time-averaged spectrum after 6.38 days

is shown in Figure 6.8. Subtracting the standard acid background of 7.74 ± 1.50 cpd from

the measured 9.09 ± 1.19 cpd signal yielded 1.15 ± 1.27 cpd above background. This was

the 210Pb activity contribution from bulk acrylic.
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Figure 6.8: Gamma spectrum of AV offcut assay.

One may also measure the activity near the energy region of interest (but devoid of

distinct features) for an in situ measurement of background activity. The 51.41 - 66.91 keV

region between the 210Pb peak and 75 keV 214Pb twin x-ray peaks suffices. The average

activity within this region, labelled in situ background, was 6.16 ± 0.98 cpd. As before,

this was subtracted from the signal to yield 2.93 ± 1.55 cpd. The two measurements differ

by 38 ± 16%. The first measurement was chosen as the 210Pb activity of the AV acrylic

sample bulk to remain consistent with past analyses [57], but this second measurement is

recorded here for informative purposes. This observed 210Pb activity must be transformed

into the true activity.
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The true activity is

ATrue =
AObserved

εHPGe · εBF · εR
, (6.1)

where AObserved is the observed 1.15 ± 1.27 cpd signal above background, εHPGe is the

54.4 ± 0.8% HPGe detector efficiency, εBF is the 4.252 ± 0.040% branching fraction of

the 210Pb gamma, and εR is the 47 ± 13% 210Pb recovery efficiency of the assay. The

εR measurement is discussed in Chapter 7. Statistical and systematic factors are grouped

together here. This yields a true activity of 105.3 ± 120.3 cpd, or (1.2 ± 1.4)×106 true

210Pb atoms. To calculate the gram per gram content (g/g, or m/m in chemistry) of 210Pb

within acrylic, the lead to acrylic mass ratio was calculated as

MLead

MAcrylic
, (6.2)

where MAcrylic is the pre-assayed acrylic sample mass, and MLead is the true lead mass,

MLead =
ma

NA
· ATrue

λ
=
ma

NA
·NTrue, (6.3)

where ma and λ are the atomic mass and decay constant of 210Pb, and NA is the Avo-

gadro constant. With (4.3 ± 4.9)×10−16 g of lead and 2775.7 ± 0.1 g of acrylic, the

content is (2 ± 2)×10−19 g/g, grams of lead per gram of acrylic. Or approximately

0.57 ± 0.57 mBq/kg. The previous measurement of (2 ± 7)×10−19 g/g2 was yielded from

a 1975.0 ± 0.1 g offcut of the same spare AV acrylic [57]. Combining the two sample-mass-

weighted measurements yields (2 ± 3)×10−19 g/g. Compare this to the target content of

1.1×10−20 g/g [42].

Assuming the 210Po is in secular equilibrium with 210Pb (Figure 6.9), the polonium

content is (3 ± 10)×10−21 g/g, grams of polonium per gram of acrylic, and an activity

2 Please see Appendix C for a re-analysis of this data and its influence on results discussed here.
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nearly identical to that of 210Pb.
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Figure 6.9: 210Po activity fed by 210Pb as a function of time, normalized here to an
initial 210Pb activity of 1 au.

6.2.1 210Pb, 210Po Content Contribution to Backgrounds

The content of 210Pb within AV acrylic is (2 ± 3)×10−19 g/g, or 573 ± 860 lead atoms

per gram of acrylic, or 0.05 ± 0.07 events per day per gram of acrylic. The interior surface

are of the AV is approximately 9.1 m2 and up to 80 µm deep [42]. Thus the total volume

of surface acrylic is approximately 700 cm3, and with a density of acrylic of 1.18 g/cm3,

approximately 600 g in mass. This corresponds to 30 ± 42 events per day, or (33 ± 46)×103

events in three years from 210Pb alone with no cuts included. From [42], a 210Pb content of

1.1×10−20 g/g equates to approximately 0.01 ev/3yr inside the detector region of interest.

Using this factor and the assayed (2 ± 3)×10−19 g/g, a maximum of 0.2 ± 0.3 ev/3yr would

be expected. Assuming 210Po is in equilibrium with 210Pb, this would be the rate of 210Po

alpha decays originating from the acrylic vessel. Compare this to the target of 0.01 ev/3yr.
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6.3 Resurfacer Effluent Assay

The Resurfacing of the AV produced an acrylic-UPW slurry that was collected by polyester

micron filters. A single filter was replaced after each run, resulting in the effluent of each run

being collected for immediate assay. Section 4 has a detailed explanation of the Resurfacer

and its operation. However, after a brief analysis, it was deemed improbable to yield

sufficient results, namely the observational decrease of contamination as the Resurfacer

removed material from the inner AV surface.

After each run, the filter was removed from its housing and double bagged in polyethy-

lene. A new filter replaced the used filter and a new Resurfacer run began when appropriate.

Within 12 hours, the used filter was brought to surface and hung to dry inside the SNOLAB

surface cleanroom. A filter loaded with 79.0 grams of acrylic dust, e.g., fully dried in less

than 24 hours. Once dry, the filter mass was compared to that of a standard, new filter

mass; the difference was considered the collected acrylic. The acrylic was to be knocked

from the dry filter into a collection bag while under a fume hood. A collection efficiency

of up to 90% was proven with this procedure. While not employed, other methods were

briefly explored: the vaporization of the filter with acrylic still embedded; and the rinsing

and collection with UPW instead of dry-harvesting, which may include a reduction via boil-

ing. No significant conclusions were made as to the reliability of these methods. Due to the

lack of manpower on site, these filters were not assayed immediately as originally planned.

Instead, they were bagged, wrapped in aluminum, and double bagged again to be assayed

via vaporization at a later date. As of writing, the filters have not been assayed and there

exist no current plans to assay.
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The ability to concurrently measure the 210Pb content of AV surface “slices” would allow

for a redundant method of Resurfacer progress, as well as a redundant measurement of the

new surface content that would exist during physics running. However, the collected acrylic

from each filter was significantly less than expected, as shown in Table 6.1. For example,

Run 318 yielded 46.5 ± 0.1 g of acrylic, though 294 ± 45 g were expected if the Resurfacer

sanding rate calculated from test hole measurements at Queen’s University was absolute.

Assuming 100% collection efficiency from the filter, the assayed 46.5 grams would yield

0.39 ± 0.11 cpd within the 210Pb region of interest. Batching samples together by twos or

threes would increase the activity at the detriment to depth resolution. The standard acid

background was 7.94 ± 1.50 cpd here. The discrimination power with such a small sample

mass was concluded to be too poor, and thus the endeavour to assay the Resurfacer effluent

was scrubbed.

Note that there exists an opportunity here to recursively determine acrylic filter collec-

tion efficiency, and more importantly, a secondary sanding rate calculation method. This

is a recommendation for future analysis that was not performed for this thesis work.
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Run Resurfaced (g) Removed (g) Collected (g) Activity (cpd)
317 298 ± 46 70 ± 15 51.4 ± 0.1 178 ± 48
318 294 ± 45 63 ± 14 46.5 ± 0.1 0.39 ± 0.11
320 289 ± 45 41 ± 9 30.2 ± 0.1 0.23 ± 0.06
322 294 ± 45 100 ± 22 75.1 ± 0.1 0.45 ± 0.12
323 294 ± 45 71 ± 15 52.6 ± 0.1 0.32 ± 0.09
324 294 ± 45 63 ± 14 46.3 ± 0.1 0.23 ± 0.06
325 294 ± 45 110 ± 24 81.3 ± 0.1 0.32 ± 0.09
326 294 ± 45 92 ± 20 68.2 ± 0.1 0.25 ± 0.07
327 294 ± 45 92 ± 20 68.2 ± 0.1 0.22 ± 0.06
328 294 ± 45 52 ± 11 38.2 ± 0.1 0.10 ± 0.03
329 294 ± 45 157 ± 34 116.2 ± 0.1 0.27 ± 0.07
332 294 ± 45 157 ± 34 81.5 ± 0.1 0.17 ± 0.05
333 294 ± 45 51 ± 11 37.8 ± 0.1 0.07 ± 0.02
334 59 ± 9 51 ± 11 37.9 ± 0.1 0.07 ± 0.02

Table 6.1: List of acrylic filter masses during Resurfacer runs inside AV. Resur-
faced is the mass removed by the Resurfacer assuming the Resurfacer
10.5 ± 2.3 g/hr sanding rate calculated via test hole measurements at
Queen’s University was absolute. Removed is the the true Collected acrylic
mass by the filters after accounting for the 74 ± 16% filter collection ef-
ficiency as measured at Queen’s University. Activity is the would-be ob-
served 210Pb activity inside the HPGe detector underground at SNOLAB
after accounting for the 1.09 ± 0.30% total efficiency, which includes the
210Pb recovery efficiency, detector efficiency, and 210Pb branching fraction.
Activity as a function of sanded depth (mass) is detailed in Section 3.3.
Collected values courtesy of Pietro Giampa.
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6.4 Recommendations for Procedure Improvement

The limiting factor for the precision of the acrylic assay measurement is the signal-to-

background ratio. Assuming the HPGe detector background is irreducible, then one must

increase the 210Pb signal. To do this, acrylic sample mass must increase. A maximum of

3 kg may be vaporized at a single time. But if one were to vaporize a set of acrylic blocks,

allow the system to cool, and repeat this process even two times before proceeding to the

chemical procedures, the precision would increase three-fold. As a demonstration, assume

10 kg of acrylic was vaporized in this manner. Using the (2 ± 3) × 10−19 g/g from the

3 kg sample, the 10 kg sample may yield (4 ± 1) × 10−19 g/g. There currently exists over

50 kg of offcut from a now-60 kg broken gore, and a 200 kg spare gore. Lowering the mass

uncertainty via a more sensitive scale will also improve result precision.

Ultimately, any acrylic depolymerization and lead recovery procedure must maximize

acrylic mass (volume), and minimize introduction of background lead and loss of sample

lead. Potential, but untested and only briefly hypothesized procedures include: the vapor-

ization inside a vertical glass or PTFE beaker (instead of horizontal tube) may result in a

greater chemical rinsing and reduction lead recovery efficiency; the dissolving of acrylic into

some solvent and volatilization of such solution inside a crucible furnace instead of a tube

furnace; the volatilization via laser cutting may replace a furnace altogether; the employ-

ment of chemical precipitation of lead solution, instead of or in series with evaporation [76];

and the dissolving and distillation of acrylic with a dialkyl phthalate, e.g. [77].



Chapter 7

Bulk Acrylic Assay Efficiency

To fully understand the acrylic assay measurement, one must understand the 210Pb recovery

efficiency of the assay procedure. If 100% efficiency is assumed, an obtained measurement for

the 210Pb content in AV acrylic may be grossly underestimated. To determine the recovery

efficiency, a known amount of lead may be spiked into some acrylic sample and moved

through the full assay procedure. The efficiency is then the ratio of initial to final 210Pb

content measured. This lead may come directly from a stable lead isotope, or as a decay

product of 222Rn. In the case of a radon gas spike, radon is left to decay to 210Pb inside the

chamber before the assay procedure begins. The 210Pb recovery efficiency was previously

measured, but uncertainty in the accuracy and reproducibility of this measurement were

mentioned as necessary improvements [57]. Thus a different strategy was approached, and

will be compared and contrasted here.

A calibrated Pylon Electronics RN-1025 flow-through radon gas source [78, 79] and a

Sigma-Aldrich stable lead standard solution [80] were previously employed by Nantais [57]

for the acrylic assay efficiency measurement. Via gamma (210Pb) and alpha (210Po) spec-

troscopy of a single 222Rn-spiked acrylic chamber, a recovery efficiency of 26 ± 7% and

27 ± 7% was measured, respectively. Via inductively coupled plasma mass spectrometry

116
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(ICP-MS) by Testmark Laboratories Ltd. of a single lead standard sample, a recovery effi-

ciency of 87 ± 9% was measured. A large variance between the Pylon method and the lead

standard method existed. This variance could extend to the DEAP-300 AV acrylic assay

measurement uncertainty. This chapter aims to to reconcile this variance with a improved

third efficiency measurement. Potential reasons for a large variance in measured recovery

efficiency were cited, and will now be briefly summarized.

To extract 222Rn build-up from 226Ra powder contained between two fiberglass filters

within the Pylon source, air or neutral gas was flushed through. Evacuating a volume on one

outlet and allowing the pressure differential to move radon was attempted, but yielded a low

radon count [57]. For the single successful spike, the Pylon source build-up was evacuated

through a LN2 radon trap with a helium gas volume on the inlet. Radon that had condensed

within the trap was reheated and transferred to a shared blind acrylic tube and Lucas cell

volume. Thus if one accurately knew the radon content of the Lucas cell, one knew the

radon content of the acrylic chamber, assuming radon gas pressure equilibrium. After letting

222Rn decay to 210Pb, the acrylic chamber was opened and moved through the vaporization

procedure. However, the tube was sealed with one aluminum cap and compressed Viton R©

O-ring. The single O-ring formed a seal on the outer face of the acrylic. Preferential plating

of charged radon progeny [81] onto the aluminum cap instead of acrylic chamber, and radon

diffusion through the Viton O-ring during the 210Pb ingrowth period, may have contributed

to the low efficiency measurement: The expected 210Pb activity within the chamber was

80 ± 20 cpd via HPGe well detector at SNOLAB, accounting for branching fraction and

detector efficiencies. 21 ± 3 cpd was observed. Alpha counting the 210Po ingrowth yielded

19 ± 2 cpd, compared to the expected 70 ± 20 cpd. Poor purge gas flow rate management

and low cold trap efficiency yielded lower total radon content than expected. There may

also be evidence for faulty fiberglass filters resulting in lost source material or reduced radon

extraction. One may bypass these steps by employing a more controllable source. Even
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if the equilibrium radon activity of another source is lower, a total higher extracted radon

content may be achievable. Higher statistics should produce more precise recovery efficiency

measurements.

For the lead standard spike, a blind hole was drilled into a block of acrylic. The nitric

acid solution was loaded into the hole and capped with an acrylic plug. The solution was

not fully evaporated before vaporization.

For both spiking methods, 210Pb was only deposited onto the surface of acrylic, and

one was liquid at the time of vaporization. During the vaporization procedure, it may have

been possible for some fraction of 210Pb to sublimate or evaporate with vaporizing PMMA,

water, and nitric acid. When vaporizing DEAP-3600 AV offcuts, the bulk 210Pb content

would be spared this initial loss. Incorporating spiked PMMA beads or MMA monomer to

form new polymerized acrylic may correct for this, providing a true bulk content.

Qualitatively, differing physical reactions between acrylic suppliers was observed dur-

ing vaporization [57]. Some effect on 210Pb recovery could be assumed; different PMMA

polymer matrices may result in a more or less efficient vaporization of the acrylic, also

consequently providing a more or less efficient chemical rinsing.

7.1 222Rn Spike Design

The Pylon source nor a Sigma-Aldrich solution were not reemployed. Despite a calibrated

Pylon activity of 526.545 kBq equilibrium and 66,239.419 mBq/min continuously, final

spiking numbers were significantly lower than expected, and inconsistent recovery efficiency

measurements followed. An uncalibrated uranium ore source was used instead. An updated

acrylic chamber without metal surfaces was also designed. The lack of true 210Pb bulk

content was not considered a significant issue compared to the uncertainties that may arise

during the procedures designed to create this bulk content. Namely, the estimation of innate
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210Pb content and 222Rn contamination of PMMA beads and MMA monomer to form new

acrylic. Below is a description of the new spiking hardware, followed by description of the

spiking procedure. Results of the two spikes are discussed in the two final sections of this

chapter.

The uncalibrated source, shown shown in Figure 7.1, consists of approximately 1 kg of

uranium ore sealed inside copper piping and a steel tee1. An upper bolted flange secures a

silicone rubber membrane that physically separates the loose ore from the upper valved tee.

In equilibrium, radon gas pressure in the upper tee equals that within the lower cylinder.

To extract radon build-up from the upper headspace, an evacuated volume is connected and

a source valve opened. The silicone rubber membrane has a diffusion time constant that is

not known with significant certainty but did not interfere with the quality of results.

Uranium ore, also known as uraninite and pitchblende, is naturally occurring uranium

often in the form of uranium oxide (UO2). Natural uranium is 99.27% 238U and 0.72%

235U [68]. Thus the headspace above the membrane will contain 99.27% 222Rn and 0.72%

223Rn, assuming leak-tight hardware. The 223Rn contribution has been ignored throughout

the analysis. An evacuated volume connected to the source tee showed no significant increase

in gaseous volume, and thus the source hardware was deemed leak tight with no ingress of

air to diminish radon measurements.

1 The source of this particular uranium ore sample is unknown, though due to the age of the
sample, Rabbit Lake mine in Saskatchewan, Canada, is probable.
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Figure 7.1: Approximately 1 kg of uranium ore sealed in copper piping. A 1/16”-thick
silicone rubber membrane (shaded orange here) physically separates the
ore from the upper manifold. The radon gas that accumulates within this
volume is used to spike the acrylic chamber. Drawing not to scale.
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The acrylic chamber is shown in Figure 7.2. Two disks are joined to a tube with less than

1 g total of Weld-On R© 42 acrylic adhesive. The optically clear cast acrylic was sourced from

McMaster-Carr. Prior to assembly, all surfaces were wiped with a 10% alcohol solution and

UPW to remove debris and oils; some crazing appeared but is not relevant. Prior to spiking,

all acrylic chambers were staged in a clean room atmosphere comparable to SNOLAB. A

1/4”-18 NPT tap seals the chamber to the 1/4” manifold plumbing. To measure the number

of radon atoms collected inside the chamber during spiking, a Lucas cell is connected in

parallel via a Swagelok R© Quick-Connect fitting. The Lucas cells employed are 2” acrylic

chambers with a half-sphere volume and a zinc sulfide (ZnS) surface coating. By filling

a Lucas cell with atmospheric air, connecting it to some small plumbing volume observed

by an Omega digital pressure gauge, and noting the increase in pressure, the volumes of

both Lucas cells employed differed by less than 1%. Alpha particles create scintillation light

when striking the coating. The Lucas cell is measured by a single PMT with an overall

alpha detection efficiency of 62 ± 3% [44]. This value was not verified for this thesis. For

more detailed information regarding the commissioning and usage of these Lucas cells for

general radon emanation measurements at Queen’s University, see reference [44]. The HPGe

spectrum of two simultaneously-vaporized blank (unspiked) acrylic chambers is shown in

Figure 7.3. For each recovery measurement, this spectrum was scaled for the spike chamber

mass, i.e. the histogram was scaled by 543.6 g
1125.7 g for the first spike.



CHAPTER 7. BULK ACRYLIC ASSAY EFFICIENCY 122

1/4”-18 NPT

2
.
5
”

3
.
0
”

12”

12.75”

Figure 7.2: Tapping 1/4 inch-thick acrylic provides only three full threads to form
a seal, a trait that proved unreliable. The first spike chamber had two
1/4 inch-thick acrylic disks. The second spike had one disk increased to
1/2 inch to correct for this. The mass of the chamber is nominal 500 g,
compared to the nominal 2 kg of a processed AV offcut, though this
showed to have no impact on results [57].
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Figure 7.3: HPGe spectrum of two vaporized blank chambers totalling 1,125.7± 0.1 g.
This histogram was mass-scaled for each efficiency measurement it was
subtracted from. Within the red-shaded 210Pb energy region of interest,
there were 11.96 ± 0.96 cpd for the first efficiency measurement, and
12.20 ± 0.97 cpd for the second.
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7.2 Spike Procedure

With all valves closed, the evacuated acrylic chamber, Lucas cell, and manifold assembly

was connected to the source. This configuration is shown in Figure 7.4. For all spikes, the

full assembly held a 12 ± 3 mTorr vacuum as measured at the pump for at least 24 hours

prior to connection. The acrylic chamber was pumped on for 1 - 3 days before pressure

remained low and stable; outgassing of water or Weld-On vapor may have been the cause.

The effect of residual atmospheric gases within the assembly during spiking and counting

has been ignored throughout the analysis. Chamber hardware valves V2 and V1, and source

valve V0, were opened, in that order. V0 is left open for approximately 60 seconds for the

first spike and 30 seconds for the second. The remaining valves were closed in reverse order

after no more than three minutes, and the Lucas cell was removed for immediate counting.

V0
V
2

V
1

Figure 7.4: Drawing of uranium ore spiking configuration. The small section of tub-
ing between V0 and V1 that could not be evacuated during the connection
of the manifold to the source does allow air to mix with radon when
valves are opened. This section length was minimized as much as possi-
ble. A second Quick-Connect fitting may have provided the smallest air
contamination volume. Drawing not to scale.
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The assumption that the low pressure radon gas diffuses homogeneously throughout

all volumes during spiking is fundamental to the spiking procedure and analysis. There

existed no experimental evidence for the contrary: the full expansion of radon gas from the

source into the spiking hardware, and the homogenously throughout all hardware volumes,

occurs well within these times [82]. Utilizing a similar procedure and hardware, the activity

of a Lucas cell connected for 10, 30, and 60 seconds also showed no significant variance.

The radon activity per volume measured within the Lucas cell volume is thus assumed

to be directly proportional to the radon activity per volume within the sample chamber.

Therefore the radon activity within sample chamber during the spike is

AChamber = ALucas ·
VChamber

VLucas
, (7.1)

where ALucas is the radon activity measured within the Lucas cell and V is the respective

volume. The plumbing length between the two does not alter this factor, though a smaller

plumbing volume allows for greater overall activity within the Lucas cell and sample cham-

ber volumes.

After the initial radon content within the Lucas cell is measured, one must determine

the subsequent lead content within the chamber. All radon atoms eventually decay to lead,

so allowing a 1:1 correlation between radon and lead is applicable only if all radon is left

to decay prior to assay. If assaying occurs sooner than 30 days (approximately eight radon

halflives), one could use a single exponential decay equation to determine the number of

lead atoms created after some time. This also only remains accurate if one assumes that all

non-gaseous, short-lived progeny of radon adhere to the acrylic surface and fully decay prior

to counting. One may further increase accuracy by employing the Bateman equation [83].



CHAPTER 7. BULK ACRYLIC ASSAY EFFICIENCY 125

With an initial, unfed parent activity A1, the nth daughter activity An at time t may

be calculated with a series of equations generalized by

An(t) = A0(0) ·
n∏
i=2

λi ·
n∑
i=1

e−λit∏n
i=1,i 6=j λi − λj

. (7.2)

Note that one may convert this to number of atoms N via A = λN . The appropriate

variables for calculating the activities of radon progeny up to 210Pb are shown in Table 7.1.

A theoretical activity verses time plot as observed by a Lucas cell is shown in Figure 7.5.

This is the expected observation for all radon spikes. An initial radon activity may be

calculated, and thus a pre-assay lead content determined. Comparing pre- and post-assay

lead content yields the lead recovery efficiency of the assay procedure.

Index Nuclide Decay Constant, λ−1 α Energy

0 222Rn 0.1812 d 5.48 MeV
1 218Po 0.224 m 6.00 MeV
2 214Pb 0.026 m –
3 214Bi 0.035 m –
4 214Po 4.2189 s 7.69 MeV
5 210Pb 0.031 y –

Table 7.1: Via the Bateman equation, some initial activity of 222Rn, and the vari-
ables [68] here, the excepted activity of 210Pb present in the acrylic sample
chamber prior to vaporization may be estimated, accounting for total de-
tection efficiencies of both the Lucas cell and the HPGe well detector.
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Figure 7.5: As radon decays, successive polonium daughters grow in. After approxi-
mately 3.6 hours, all daughters have come into transient equilibrium with
radon. At this time the total activity is approximately 2.9 times that of
the initial radon alone, normalized here to A0(0) = 1 au. These three
isotopes produce the three alphas signals detected by the Lucas cell. The
210Po alpha is not a significant contributor [44].

7.3 Spike Results

The figures and table shown in this section are from the first radon spike measurement,

though are representative of two results. The figures of the second spike are shown in

Appendix D. Both measurement contributions are stated when applicable. Two Lucas cell

spectra are shown in Figure 7.6, one immediately after spiking and one after a significant

fraction of radon had decayed to lead. Spectra were continuously saved every 10 - 20 minutes

for the first day and every 1 - 2 hours for subsequent days, up to 10 days after initial spiking.

No clearing of counts or stopping of counting occurred. Summing the counts between upper

and lower channel bounds yielded an integral. Dividing the integral by relative time elapsed

yielded an activity.
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Figure 7.6: Uncalibrated2Lucas cell spectra after radon spike. Low energy X-rays cre-
ate the peak below Channel 176. Channel 176 and end Channel 4096 are
taken as the lower and upper integral bounds. Increasing the lower bound
to local minimum Channel 320 decreases the integral by a maximum of
4.11%. Top Near t = 0.0 d, a radon-only contribution exists. Bottom
After approximately 3.6 hours (t = 9.9 d shown here), 222Rn, 218Po and
214Po alpha peaks increase uniformly.
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Let the integral Ii saved at runtime Ti be stored in two arrays at index i, where I0 and

T0 were set to zero. The method to determine activity per time At follows

At =
∆Ii,i−1
∆Ti,i−1

· 1

Ti,i−1
, (7.3)

where ∆Ii,i−1 is the difference of integral Ii and Ii−1, ∆Ti,i−1 is the difference of Ti and

Ti−1, and Ti,i−1 ≡ t is the average of Ti and Ti−1. As the activity rate rapidly changes in

the initial day, spectra are saved often. As the activity rate approaches linearity, spectra

were saved less frequently3. The background spectrum specific to the Lucas cell used for

this spike was counted for 8.7 days. The spectrum was scaled accordingly for each signal

runtime data point and then subtracted from the signal integral to yield I. Thus A is

background-subtracted. The time evolution of activity measured by the Lucas cell is shown

in Figure 7.7; in the equation above, the first term is the vertical axis and the second term

is the horizontal axis.

Five methods were investigated to determine the initial 222Rn activity A0. Two were

extracted from a Bateman MIGRAD fit of the data: (1) Parameter 0 of the fit (representa-

tive of A0), and (2) the maximum activity value of the fit. The maximum value represents

the point were all three observable alpha activities come into equilibrium. Dividing this

value by three to normalize to the activity of one radon alpha, and accounting for radon

loss prior to the time of this point, yields a value of A0. The same was done for (3) the

maximum activity value of the data proper. The final two A0 values were extracted from

Parameter 0 of exponential MIGRAD fits of a normalized subset of the data: (4) One fixed

the decay constant of the data to that of 222Rn and (5) the other fit allowed this value to

float above zero. All values of A0 were also corrected for a Lucas cell detection efficiency of

2 Energy calibration is possible utilizing the alpha energies shown in Table 7.1, but was unnec-
essary.

3 A mathematical model to assign optimal values of ∆Ti,i−1 may be produced, but was unneces-
sary due to low impact and narrow scope.
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62 ± 3% to yield five independent results, shown in Table 7.2.

Counting time (d)

-110 1 10

L
uc

as
 c

el
l a

ct
iv

ity
 (

cp
s)

0

10

20

30

40

50

60

70

80

 1.95 Bq± corrected:  38.65 ε, t and α, 0    A
Maximum of data

 
 
 
 

Po Bateman + C214Rn:222

 1.85 Bq± corrected:  38.11 ε, 0    A
/ndf:  70.22/87 = 0.812χ    

    Probability:  0.905
 

 1.84 Bq± corrected:  38.03 ε, t and α, 0    A
Maximum of Bateman

Counting time (d)

-110 1 10

-c
or

re
ct

ed
 L

uc
as

 c
el

l a
ct

iv
ity

 (
cp

s)
α

0

5

10

15

20

25

 + C tλ- e0A = A
 1.84 Bq± corrected:  37.8 ε, 0    A

 0.072 d±:  3.7588 1/2    t
 3.48 Bq±    C:  0.0 

/ndf:  1.94/71 = 0.032χ   
    Probability:  1.0
 

 1.83 Bq± corrected:  37.71 ε, 0    A
:  3.8235 d, fixed1/2    t

 0.23 Bq±    C:  0.0 
/ndf:  2.73/72 = 0.042χ   

    Probability:  1.0

Figure 7.7: Lucas cell activity from radon spike as a function of time, inset with five
methods to determine the initial 222Rn activity A0. Short-run outliers
were pruned from the datasets. Top Complete dataset with Bateman
equation fit. Here, α, t and ε refer to dividing by three to normalize to
one radon alpha, accounting for prior radon loss, and Lucas cell detection
efficiency, respectively. Bottom α-normalized subset of post-equilibrium
dataset with two exponential fits, one with a fixed time constant λ and
the other, floating.
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Method A0 (cps)
1 Bateman fit 38.11 ± 1.85
2 Maximum of Bateman fit 38.03 ± 1.84
3 Maximum of data, 38.65 ± 1.95
4 Exponential fit, fixed λ 37.71 ± 1.83
5 Exponential fit, floating λ 37.80 ± 1.84

Range of Methods 1 - 5 38 ± 2

Table 7.2: Comparison of independent Lucas cell activities at t = 0 via various meth-
ods. Methods 2 - 3 were corrected for prior radon decay, and methods
2 - 5 were alpha corrected. All methods were corrected for a Lucas cell
detection efficiency of 62 ± 3%. The range of all five was chosen as the
value of A0 for further analysis.

The range of all five was chosen for the initial radon activity A0 inside the Lucas cell.

Using Equation 7.2 and letting A0 ≡ A0(0), one may calculate the 210Pb activity A5 in-

side the sample chamber after some ingrowth period t, accounting for the total detection

efficiency of lead inside the HPGe well detector underground at SNOLAB. The ingrowth

is shown in Figure 7.8 (Top). Figure 7.8 (Bottom) shows the simulated Gaussian distribu-

tion with the appropriate standard deviation for the detector about a mean of 46.54 MeV

(see FWHM on page 106). This was binned over the blank chamber background spectrum

show in Figure 7.3. For a determined A0 of 38 ± 2 cps of 222Rn inside the Lucas cell,

2294 ± 145 cpd of 210Pb inside the HPGe detector was estimated after a 16.72 d ingrowth

period. Subtracting the chamber background of 12 ± 1 cpd from the expected 210Pb activity

yielded 2283 ± 145 cpd. Directly comparing this to the observed spectrum above chamber

background yielded a value for the 210Pb collection efficiency of the assay procedure.
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Figure 7.8: Top Estimated 210Pb activity within the HPGe well detector as a func-
tion of ingrowth time. For a determined A0 of 38 ± 2 cps of 222Rn inside
the Lucas cell, 2283 ± 145 cpd of 210Pb above chamber background inside
the HPGe detector is estimated after a 16.72 d ingrowth period. Bottom
Porting the above value to the analysis of the HPGe signal yields a Gaus-
sian above background. This is the expected signal that was compared
to the observed signal.
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7.4 210Pb Recovery Efficiency Results

The figures and tables shown in this section are from the first radon spike measurement.

The figures of the second spike are shown in Appendix D. The figures and tables of this

spike are representative of both results, and all final measurement contributions are stated

where applicable. After spiking an acrylic chamber with a known amount of 222Rn and

letting it decay to 210Pb, the chamber was moved through the acrylic assay procedure.

The same statistical analysis employed for assay measurements was employed for efficiency

measurements. Comparing observed to expected 210Pb activities yielded a 210Pb recovery

efficiency,

εR =
AObserved

AExpected
. (7.4)

Via the assay procedure, the 543.6 ± 0.1 g acrylic chamber was reduced to a 1.4 ± 0.1 g

countable sample. The observed energy spectrum is shown in Figure 7.9. The expected

activity above background was 2283 ± 145 cpd. The observed activity was 1287 ± 14 cpd.

Thus the 210Pb recovery efficiency for the first spike was 56 ± 4%. The second acrylic

chamber was reduced from 575.8 ± 0.1 g to 2.6 ± 0.1 g. The expected activity above

background for was 2378 ± 134 cpd. The observed activity was 872 ± 12 cpd. Thus the

210Pb recovery efficiency for the second spike was 37 ± 2%.

The range of the first and second spikes shown in Table 7.3 yields a 210Pb recovery

efficiency of 47 ± 13%. Incorporating the original Nantais radon spike yields an efficiency

of 40 ± 21%. It is this value that has already been applied to the assay measurements in

Chapter 6.
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Figure 7.9: Observed 210Pb activity from first 222Rn spike was measured over a
6.79 day period to be an average of 1287 ± 14 cpd.

Spike Expected (cpd) Observed (cpd) Recovery Efficiency (%)

0a, Nantais [57] 80 ± 20 21 ± 3 26 ± 7

0b, Nantais 56 ± 6 ppm 45.500 ± 0.152 ppm 87 ± 9

1 2283 ± 145 1287 ± 14 56 ± 4

2 2378 ± 134 872 ± 12 37 ± 2

Range of Spikes 1, 2 – – 47 ± 13

Range of Spikes 0a, 1, 2 – – 40 ± 21

Table 7.3: 210Pb recovery efficiency results via direct comparison between expected
and observed lead activity within the HPGe well detector. Spike 0a was
found via similar radon spiking, and Spike 0b was found via independent
ICP-MS. The range of Spikes 1 and 2 of this thesis yields 47 ± 13%, and
the range all three radon spikes yield a recovery efficiency of 40 ± 21%.



CHAPTER 7. BULK ACRYLIC ASSAY EFFICIENCY 134

Using the new recovery efficiency result, it is also possible to calculate the 210Pb con-

tent of the acrylic spike chambers themselves. The first chamber contained a content of

(8 ± 4)×10−19 g/g, and the second chamber contained a content of (7 ± 3)×10−19 g/g.

The mean of both is (8 ± 5)×10−19 g/g. Compare this to the AV acrylic content of

(2 ± 2)×10−19 g/g as measured in the previous chapter; oversite during DEAP acrylic

production resulted in a factor of four reduced 210Pb content.

Note the large variance between the three radon spike methods and the single Nan-

tais ICP-MS measurement of 87 ± 9%. This has not been fully reconciled, though the

near-consistency of all three radon spike measurements may eliminate at least two original

hypotheses: There may not have existed significant preferential plating of radon progeny

onto non-acrylic chamber surfaces prior to vaporization, nor the diffusion of radon through

the flange o-ring. In any case, the employed accruement process of lead into the acrylic

chambers is identical to that of the DEAP acrylic: diffusion of gaseous radon. This is why

the recovery efficiency measurement from radon spikes has continued to be used for the

content measurement. There may indeed exist systematic differences to the accruement

process of lead via liquid standard lead sample, though has not been investigated here.

Possible continued causes for nonunitary recovery efficiency are briefly (non- quanti-

tatively) discussed here: There could instead exist some other systematic feature shared

between the spiking methods of both authors. The employed Radon Emanation Lab [44]

hardware, e.g., may require an energy or trigger calibration, though this as-used system

currently exists for regular radon emanation measurements of materials and thus should

already be regularly characterized. Also, the literature value for Lucas cell collection effi-

ciency, 62 ± 3% [44], which was taken for granted, may also (now) be realistically less.



Chapter 8

Conclusion

The DEAP-3600 experiment was designed to detect the low event rate of WIMP interac-

tions. The work presented here attempted to mitigate the background events that may

obscure such signal, namely the sources of alpha radiation within the inner acrylic detector.

The in situ sanding robot – the Resurfacer – deployed prior to TPB deposition and

argon fill to remove the high-contamination surface layer created by the diffusion of radon

from air during acrylic vessel (AV) fabrication and detector construction. The Resurfacer

was prototyped at Queen’s University and fully commissioned on site at SNOLAB. A total

of 187 hours inside the AV removed 360 ± 30 µm at a rate of 10.5 ± 2.3 g/hr. Uniformity

was not quantitatively investigated and thus taken for granted. The sanding rate was

yielded from test hole measurements of acrylic blocks (representing only the AV poles)

during testing at Queen’s University. Future quantitative analyses of analog outputs (arm

displacement, sanding motor current) and effluent collection of AV operation is strongly

recommended. A study of 222Rn diffusion into acrylic as a function of AV work provided an

estimated 210Pb content as a function of acrylic depth. From this, the Resurfacer reduced

the surface content to (8 ± 2)×10−19 g/g, resulting in an estimated 0.7 ± 0.2 ev/3yr from

the AV inside the WIMP region of interest. With the addition of the pre-existing bulk
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content, this becomes (10+2
−3)×10−19 g/g, or 0.9 ± 0.2 ev/3yr. Compare this to the target

of 0.01 ev/3yr.

The acrylic flowguide, responsible for convecting flow into and out of the acrylic vessel,

was also “resurfaced” inside an nitrogen-purged acrylic glovebox at Queen’s University prior

to installation into the neck. Acrylic effluent filtration measurements yielded a removal of

37 ± 1 µm from the argon-exposed surfaces, assuming 100% collection efficiency. Unifor-

mity was again not quantitatively investigated and thus taken for granted. From this, an

estimated 0.4 ± 0.6 ev/3yr from the flowguides are expected. Compare this to the target

activity for the flowguides of 0.01 mBq/m2, or approximately 3 ev/3yr.

The goal of resurfacing the AV and flowguide was the removal of the surface deposition

and diffusion layer, returning the acrylic surface contamination to near that of the bulk.

The bulk 210Pb content itself was also measured. Offcuts from secondary gores were va-

porized, chemically rinsed, and gamma counted by a HPGe well detector underground at

SNOLAB. A previous work assayed the acrylic bulk at (2 ± 7)×10−19 g/g with a 210Pb

recovery efficiency of 26 ± 7% via single 222Rn spike and 89 ± 9% via single ICP-MS mea-

surement [57]. Recommendations included higher statistics via greater offcut sample mass,

and a fourth, improved efficiency measurement to reconcile this variance. That work was

presented here. A 2775 g prepared offcut was assayed at (2 ± 2)×10−19 g/g, or approxi-

mately 0.57 ± 0.57 mBq/kg, with a 210Pb recovery efficiency of 47 ± 13%. The mean of all

three radon spike recovery efficiency methods is 40 ± 21%. From this alone, an estimated

0.2 ± 0.3 ev/3yr inside the WIMP region of interest are expected. Assuming 210Po is in

equilibrium with 210Pb, this would be the rate of 210Po alpha decays originating from the

acrylic vessel. Compare this to the target of 0.01 ev/3yr. The assay of Resurfacer effluent

was planned but ultimately scrubbed due to poor sample masses.

The 210Pb recovery efficiency measurement was calculated as follows. An all-acrylic

chamber (compare to aluminum flange and o-ring, previously) and parallel Lucas cell were
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spiked with gaseous 222Rn from a 1 kg uranium ore source at Queen’s University. The Lucas

cell was counted to estimate radon, and thus progeny lead content, inside the leak-tight

chamber. After an approximately two week ingrowth period, the chamber was assayed akin

to the offcut. The ratio of expected to observed 210Pb content was the recovery efficiency.

The mean of two spikes were taken as this value.

Note that DEAP-3600 remains robust against any event leakage into the ROI above

background targets; the tightening of fiducial geometry, energy, and even prompt win-

dows [52], with the addition of novel cuts, allows for continued low-background operation,

albeit at the expense of statistics.
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Appendix A

Sandpaper Efficiency as a Function

of Lifetime

To determine the sanding rate of the Resurfacer as a function of runtime during all four

deployments into the acrylic vessel, an exponential function was fit to the test hole mea-

surements, as shown in Figure 4.6. From this fit, the mean sanding rate was calculated.

To determine if an exponential function was the correct function to employ, independent

empirical data was briefly analyzed.

K. McIntosh posted (via WordPress) data on sanding rates as a function of sanding

time [84]. This was done for nine sandpaper samples on wood. Figure A.1 (Top) shows this

data as posted, and (Bottom) shows this data after reconstruction with Engauge digitizing

software. The McIntosh dataset was well (over) fit with both quadratic polynomial and

exponential MIGRAD functions, as shown in Figure A.2. When the Resurfacer data was fit

with a quadratic polynomial function, the fit did not converge, presumably due to the erratic

nature of the dataset at high lifetime. This nonconvergence is not shown here. However, an

exponential function converged very well. Thus, because of the low χ2/ndf (< 1) achieved
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by both datasets when fit with an exponential function, an exponential function remained

employed for the Resurfacer sanding efficiency calculations.
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Figure A.1: Top Sandpaper sanding efficiency as a function of sanding time as re-
trieved from reference [84]. Bottom The authors digitization with visual
uncertainties added. Only three arbitrary samples have been recreated.
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Figure A.2: Top Sandpaper sanding efficiency as a function of sanding time with
inset quadratic polynomial fits. Bottom And inset exponential fits.



Appendix B

Bulk Acrylic Assay Procedures

In this Appendix B, the vaporization and chemical procedures for the bulk acrylic assay

(Chapter 6) are shown. These are updated versions of the procedures shown in the ap-

pendix of reference [57]. See next page. .
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Vaporization Procedure for the Acrylic Assay
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Reviewed By: J. Bonatt, B. Cleveland Date: September 16, 2014  
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 1.1 Scope
This procedure provides a set of instructions to vaporize a sample of acrylic using the acrylic vaporization system. 
Engineering controls must be set in place and all safety measures must be met to ensure a safe working environment. 
This procedure is for commissioning and is considered experts-only.

   1.2 Procedure

2.1 Authorization to Implement
Only trained personnel are authorized to operate this procedure. The operator must be listed on the training log on 
the DEAP wiki. DEAP-3600 keep on-line training records at: [TBD as of August 31, 2016] 
https://www.snolab.ca/deap/private/TWiki/bin/view/DEAP3/OnSiteDEAP3600

1.3 Potential Hazards and Risks

Only experts are authorized to operate this procedure and must be familiar with the potential risks and hazards. 
Hazards include over pressure of the system and burns.

1.4 Revision Information

A, B, C Procedure Development B.Cleveland/C. Nantais

D Modifications made to include procedure/checklist format L. Anselmo

E, F Formatting and boilerplate changes C. Jillings

G Formatting and changed the order of some steps C. Nantais

0 Release C. Jillings/L. Anselmo

1 Modifications from procedure mark-ups L. Anselmo/C. Nantais

2 Modifications from procedure mark-ups C. Nantais

3 Modifications from procedure mark-ups (pressure checks) L. Anselmo/C. Nantais

4 Modifications (tighten flanges & clamps, close lid, 500◦C vaporization, fan) C. Nantais

5 Modifications (removal of mass spectrometer, flowmeter; clarifications) J. Bonatt
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(i)        This procedure should be followed and marked-up as used.
(ii)        The checklist should be scanned into the wiki vaporization log when complete.
(iii)        Only people who have been trained on the system may use it.
(iv)                Anyone trained on the system may train others.
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2.1 Authorization to Implement
Only people trained are allowed to run the system

2.2.1 Confirm/ Establish Initial System Status 
Clean lab prep work:

Prepare acrylic block and clean by wiping with methanol and Kimwipes Confirm hh:mm

Weigh acrylic block using electronic balance. Record mass Mass (g)

Prepare quartz boat and ensure it is clean. If not previously cleaned: wearing 
gloves, wipe with methanol, UPW and Kimwipes to remove any debris from 
previous runs

Confirm 

Place boat in carrier and carefully transport from clean lab to acrylic 
vaporization lab in machine shop

Confirm

Acrylic Vaporization lab prep work:
Open boil-off N2 valve in warehouse Open hh:mm

Turn on lights at power panel (switch 27 – labelled in power panel) On
Wearing gloves, remove Tygon tubing from hose barb at inlet of vaporization 
furnace

Confirm

Use Allen keys to remove flanges and support Confirm 
Carefully place boat into vaporization furnace partway Confirm 
Ensure acrylic block is inside boat closer to the left side to give room for liquid 
MMA to flow

Confirm

Center boat in furnace Confirm
Close lids of furnaces and keep closed (except for briefly viewing vaporization) Confirm
Inspect o-rings for damage and wipe flanges with methanol and Kimwipes to 
remove any MMA from previous runs

Confirm 

Seal system by using Allen keys to secure flanges and support Confirm
Replace Tygon tubing back onto inlet of vaporization furnace Confirm
Tighten bolts on both ends of vaporization and incineration flanges and 
tighten clamps in transfer section

Confirm

Safety Check:
Set up information tags & signs. Place caution tape at both entrances to the 
workspace

Confirm hh:mm

Inform any other occupants of the building that furnaces are going to be used for 
acrylic vaporization

Confirm

Ensure that methanol and any other combustibles are away from the furnaces Confirm 
Set machine shop exhaust fan to ‘Hi’ LP1-35 Confirm
Check path to emergency button is clear Confirm
Check outdoor building vents to ensure that they are not ‘iced’ or ‘crusted’ Confirm 
Make sure heat tapes are not crossed Confirm
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2.2.2 Confirm Closed Valves 
Air cylinder ABT-02 ATV-12 Confirm closed
Air cylinder isolation valve ATV-14 Confirm closed
Compressed air regulating valve ATV-15 Confirm closed 

(CCW)
Compressed air isolation valve ATV-17 Confirm closed
Air flow needle valve ATV-03 Confirm closed
N2 cylinder ABT-01 ATV-07 Confirm closed
N2 cylinder isolation valve ATV-09 Confirm closed
Boil-off N2 regulating valve ATV-22 Confirm closed 

(CCW)
Boil-off N2 isolation valve ATV-01 Confirm closed
N2 flow needle valve ATV-10 Confirm closed
Air flow valve ATV-23 Confirm closed
Inlet to vaporization furnace – needle valve ATV-11 Confirm closed
Previously exhaust flowmeter valve ATV-21 Confirm closed
3-way valve to water trap ATV-05 Confirm closed

2.3 Preheat Transfer Section 
Direct 3-way valve to flow through the water trap, “down” 
position

ATV-05 Open 

Plug in temperature display panel. Note: There are 6 resistive thermal devices 
that measure temperature at locations in the transfer section. Observe and record 
temperature over time. If displaying '0255', check internal wiring

Confirm

Plug in and turn on both heating tapes. Heating tapes may be increased, for 
example to 50%, if necessary

Set to 35% hh:mm

2.4 Nitrogen Purge and Pressure Checks
Nitrogen Purge:

Confirm that crossover valve ATV-23 is closed ATV-23 Confirm Closed
Allow N2 boil-off to flow through vaporization furnace.
Open N2 boil-off regulating valve to 10 psi

ATV-22 Open (CW)

Open boil-off N2 isolation valve ATV-01 Open
Ensure that no air is flowing through the check valve ATRV-01 Confirm
Open inlet to vaporization furnace ATV-11 Open
Adjust needle valve for maximum N2 flow of 150 units ATV-10 Open hh:mm
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Pressure Checks:
Pressure Relief Valve Check to confirm ATRV-03 & ATRV-04 open at 10 psi

Close 3-way valve ATV-05 Close
Increase flow through ATT-01 beyond the scale ATV-10 Open more
Increase boil-off N2 to >10 psi ATV-22 Open (CW) psi

Confirm that pressure relief vales ATRV-03 and 
ATRV-04 open at 10 psi

ATP-01 & 
ATP-02

Confirm psi/psi

Open 3-way valve to  release pressure ATV-05 Open
Set N2 to 10 psi ATV-22 Close (CCW)

System Pressure Test to confirm 8 psi pressure is maintained at ATP-01 & ATP-02
Close 3-way valve ATV-05 Close
Allow pressure to build to 8 psi at ATP-01 & ATP-02 ATV-22 Adjust psi/psi

hh:mm

Close inlet flow ATV-11 Close
Close N2 flow ATV-01 Close
Record pressure for 5-10 minutes to identify leakage. 
The pressure should not decrease by more than 0.5 psi

ATP-01 & 
ATP-02

Confirm psi/psi

hh:mm

Open 3-way valve to  release pressure ATV-05 Open

Open inlet flow ATV-11 Open
Open N2 flow ATV-01 Open
Set N2 flow to 150 units ATV-10 Adjust

2.5 Incineration Furnace
Turn on fan at water trap On
Plug in furnaces Confirm
Turn on furnaces at power panel (switch 1, 3, 5, 7 – labeled in power panel) On
Turn on incineration furnace. Follow furnace controller instructions to set all 
3 heat zones of incineration furnace to 800◦C. By default, no action is necessary

On hh:mm

Open compressed air regulating valve to ~10 psi ATV-15 Open
Open compressed air isolation valve. Pressure relief valve 
ATRV-02 leaks; this is OK

ATV-17 Open

Adjust the needle valve for air flow of 30 units ATV-03 Open
Monitor the pressure. Occasionally record the pressure from the left and right gauges in the transfer 
section. Pressure relief valves activate at 10 psi. If pressure approaches 10 psi, reduce the N2 and 
air flows. For example, reduce N2 flow to 145 units. Record any adjustments

hh:mm

2.6 Vaporization Furnace
Start of Vaporization:

Turn on vaporization furnace. Ensure that nitrogen has flowed through 
vaporization furnace for at least 10 min, the transfer section is at least 100 ◦C, 
and the incineration furnace is 800 ◦C. Set the vaporization furnace to 100 ◦C 
initially; when the set temperature is reached the setting may be increased to 
400 ◦C, then 500 ◦C. By default, 100 ◦C is initial value as per procedure

On
On:

100 ◦C → 400 ◦C:

400 ◦C → 500 ◦C: 

500 ◦C:

hh:mm

 

While wearing heat-resistant gloves, the lid of the vaporization furnace can be opened often to observe acrylic.
Expect white spots and bubbles to form, the block to jump as heated, and melted acrylic to turn yellow and black. In 

the incineration furnace, MMA burns in sudden bursts and the flames can be observed. These flashes cause an 
increase in pressure at the left and right gauges
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End of Vaporization:
The final residue will appear black with some clear, crystal-like spots. The 
process is completed when the acrylic block is completely vaporized and no 
flames or jumps in pressure are observed. Increase vaporization furnace to 
500 ◦C if applicable

Confirm hh:mm

Close air isolation valve ATV-17 Close hh:mm

Close air needle valve ATV-03 Close
Purge system with N2. Confirm ATV-10 is set to 150 units Confirm
Turn off incineration furnace Off hh:mm

Add air to vaporization furnace to burn off carbon:
Open air isolation valve ATV-17 Open
Set N2 flow to 50 units ATV-10 Adjust
Adjust ATV-15 so that the air inlet pressure, as read by ATP-08, 
is 2 psi greater than the N2 inlet pressure, as read by ATP-05

ATV-15 Adjust psi/psi

Open furnace lid briefly and observe what is happening to the 
carbon. Within 10 to 30 minutes, all elemental carbon in the 
furnace tube should be oxidized to CO and CO2 and disappear

ATV-23 Open hh:mm

Close crossover valve ATV-23 Close hh:mm

Close air isolation valve ATV-17 Close
Close air regulating valve ATV-15 Close (CCW)

Reset temperature values on vaporization furnace to 100◦C Reset
Turn off vaporization furnace Off hh:mm

2.7 Cool down
Turn heating tapes to 0% or off Confirm
Open furnace lids and allow system to cool for at least an hour while N2 flows 
at 150 units

Confirm hh:mm

2.8 Shutdown
Close N2 isolation valve ATV-01 Close hh:mm

Close N2 needle valve ATV-10 Close
Close boil-off N2 regulating valve ATV-22 Close (CCW)
Close needle valve at vaporization furnace inlet. The valve 
may be warm

ATV-11 Close

Turn off fan at water trap Off
Close 3-way valve ATV-05 Close
Unplug furnaces, temperature controller and heating tape
Store computer monitor and accessories
Turn off lights at power panel  (switch 27) Off
Turn off Furnace 1 & 2 at power panel (switch 1, 3, 5, 7) Off
Furnace lids closed. Fan exhaust off. If applicable, lights off Off
Close boil-off N2 valve in warehouse Close hh:mm
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2.9  Data
Time

hh:mm
Vap.

 °C

Inc.

 °C

ATP-01
psi

ATP-02
psi

T1

°C

T2

°C

T3

°C

T4

°C

T5

°C

T6

°C

Notes
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Time
hh:mm

Observations

RTD Location
T1
T2
T3
T4
T5
T6
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Chemistry Procedure for the Acrylic Assay

Joshua Bonatt
August 31, 2016

.
Sample ID, date:

I. This is a set of instructions to remove the residue of vaporized acrylic from the
quartz boat via acid rinsing.

Items required: Nitrile gloves, quartz boat with vaporized residue, quartz boat plastic con-
tainer, heating roller, HCl, HNO3, goggles, electronic scale, 50 mL Pyrex graduated cylinder,
150 mL Pyrex beaker, 4 oz PP funnel, PTFE beaker (100 mL Pyrex beaker and 60 mL FEP
bottle(s) if not reducing immediately), UPW bottle, polystyrene spatula, Kimwipes.

1. Bring sample to Chemistry Lab. With gloved hands, remove the Tygon tubing from
the hose barb at the inlet of the vaporization furnace. A vacuum may have formed inside
the furnace while cooling ; briefly open ATV-11 to equilibriate pressure. Use Allen keys to
remove the flanges and support. Place the quartz boat in the plastic carrying container
and reseal flanges, supports and tubing. Bring container to the clean room Chemistry Lab,
wiping down with UPW and Kimwipes before entry.

2. Heated roller under fume hood. hh:mm . Carefully place the quartz boat
between two rollers and turn the roller on. The boat should roll smoothly. Avoid the already-
corroded rollers on the back half (aqua regia fumes and spills quickly corrode the stainless
steel). Turn the front and rear heating elements to HIGH. Allow at least 30 minutes for
quartz boat to reach temperature.

3. Aqua regia. Aqua regia is a corrosive mixture of hydrochloric acid (HCl) and nitric acid
(HNO3), in the ratio of 3:1 by volume. Wear gloves and safety goggles or faceshield when
pouring and handling. Acids are always manipulated under a fumehood. Measure 60 mL
concentrated HCl into a 50 mL Pyrex graduated cylinder, 30 mL at a time. Transfer this
HCl to a 150 mL Pyrex beaker. Measure 20 mL concentrated HNO3 into the same 50 mL
Pyrex graduated cylinder. Slowly add the HNO3 to the HCl already in the 150 mL Pyrex
beaker. Transfer the now 80 mL aqua regia solution into the heated, rolling quartz boat.
Keep labware aside in fume hood for second acid rinse.

4. Removal of residue, first acid rinse. hh:mm . Expect solution to foam
upon making contact with acrylic residue and to reduce over time. Both black and white
particles should be loosened and move over the inner walls of the boat. Rinse for approxi-
mately one hour. If suboptimal coverage of boat floor occurs, shimming roller legs with an
acrylic block should be an option for correction.
Observations

5. Cool down. hh:mm . Turn off front and rear heating elements. Allow the
quartz boat to cool for approximately 10 minutes. Keep rolling during this time.

1



6. Transfer. A vertical orientation will be needed to completely drain the solution. If to be
evaporatively reduced immediately, the effluent should be poured from the boat into the
PTFE beaker of mass g via funnel if necessary (the large opening in the boat
offers clean pouring but most debris accumulates near the small opening ; pour from the
small opening and watch for run-off down the underside of the boat). Keep filled beaker
inside fume hood during successive rinses. If not to be evporatively reduced immediately,
the effluent should be poured into a 100 mL Pyrex flask instead, then poured into a 60 mL
FEP bottle of mass g and closed.

7. Removal of residue, second acid rinse. hh:mm ; ;
Repeat Steps 2-6. Collect this second effluent into the same PTFE beaker, or FEP bottle(s).
A second FEP bottle may be required.

8. UPW rinse. Return quartz boat to roller, turning on rollers and heating elements. Rinse
with about 20 mL UPW for approximately 5 minutes. Spray the walls with UPW and
scrape the walls with a polystyrene spatula if necessary. Collect this effluent in the same
PTFE beaker, or FEP bottle(s), and close. Holding the boat vertical and spraying more
UPW down from the top will help remove stubborn particulate. Debris on outside of boat
from vaporization furnace tube or roller rust may give the appearance of stuck sample
debris.

9. Clean up. Rinse the quartz boat with UPW in the sink, using Kimwipes to remove any
remaining residue. Dry boat with Kimwipes or N2 and return to plastic carrying container.
Rinse all labware with UPW. Unless labware will be used again shortly, set aside to be
ultrasonically cleaned. Remove roller from fume hood and cover. If the effluent sample is
not to be evaporatively reduced immediately, it may be stored in its FEP bottle. Record
effluent sample mass by comparing filled to clean PTFE beaker or 60 mL FEP bottle(s):

- = g.
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II. This is a set of instructions to reduce collected effluent to a manageable and
countable volume.

Items required: Nitrile gloves, goggles, electronic scale, PTFE beaker, hot plate, K Type
thermocouple (TC) and multimeter, 60 mL PTFE bottle or second PTFE beaker, 3 mL
PTFE bottle, 30 mL PP Nalgene bottle, resealable PE bags.

0. Transfer to beaker if necessary. The effluent may have previously been poured into 60
mL FEP bottle(s) if it was not to be evaporatively reduced immediately. Pour all effluent
currently in bottle(s) into the PTFE beaker of mass: g.

1. Arrange hotplate, scale, and TC under fume hood. Place hot plate, scale, and
multimeter with TC inside fume hood. Place the thermocouple wire into a 60 mL PTFE
bottle or second PTFE beaker filled with UPW and connect to the multimeter. This should
be an analog to the sample temperature. Keep UPW analog and sample close together on
hot plate surface because uneven heating may be possible.

2. Reduce. The sample volume will reduce by evaporation when boiled on the hot plate.
Aim for a sample temperature of 100̊ C. The hot plate setting will be higher than what is
measured by the RTD, ie., the temperature should be increased to 330 - 350̊ C on the hot
plate for the RTD to read 100̊ C, though one may set the temperature up to 400̊ C. Reduce
volume until it reaches 3 mL, approximately 3 hours.

3. Record. Continually monitor evaporation process. Record relevant data periodically in
attached table. Assuming a density of 1 g/mL, 3 mL should be equivalent to 3 g. As
sample approaches 3 g, evaporation will accelerate ; take care not to over-reduce. Some
condensation on the side of the beaker may remain after Step 4, so a 102 g beaker plus
sample mass will measure approximately 105 g. When multimeter automatically shuts off,
turn off and on again to reset.

4. Transfer to PTFE bottle. Transfer the reduced sample from the PTFE beaker by pour-
ing directly into a 3 mL PTFE bottle of mass: g. Tap sides of beaker before
pouring to knock formed condensation into bottom pool. Repeat as necessary to collect all
condensation.
Record reduced sample mass by comparing to filled to clean PTFE bottle:

- = g.
Record reduced sample mass by comparing pre-pour to clean PTFE beaker:

- = g. Record reduced sample mass by comparing
post-pour to clean PTFE beaker:

- = g.

5. Prepare for UG transfer. The 3 mL PTFE bottle is to be kept in a 30 mL PP Nal-
gene bottle in case of leaks and for a barrier against 222Rn. Double bag and label with:

.

6. Clean up. Rinse all labware with UPW. Unless labware will be used again shortly, set
aside to be ultrasonically cleaned. Turn off and put away hot plate, scale, and multimeter
with TC.
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Sample ID, date:

Time Hot Plate, C̊ TC, C̊ Beaker + Sample, g Notes

– – Before beginning evaporation procedure.

– – – Target Beaker + Sample is Beaker + 3 g
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Appendix C

Analysis of Previous Bulk Acrylic

Assay Results

In this Appendex C, the raw HPGe well detector data from the original bulk acrylic assay,

as previously collected by C. Nantais [57], is re-analyzed here. The aim is to compare

analysis techniques and the results yielded from them. The anaylsis technique employed

here is identical to that shown in Chapter 6.

A 1975.0 ± 0.1 g was assayed for 210Pb content two years prior to the author’s own

undertaking of the assay procedure. The time-averaged spectrum after 5.88 days is shown

in Figure C.1. Subtracting the standard acid background of 7.74 ± 1.50 cpd from the

measured 10.71 ± 1.35 cpd signal yielded 2.77 ± 1.43 cpd above background. This was the

210Pb activity contribution from bulk acrylic.
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Figure C.1: Gamma spectrum of AV offcut assay as collected by C. Nantais and
analyzed by the author.

One may also measure the activity near the energy region of interest (but devoid of

distinct features) for an in situ measurement of background activity. The 51.41 - 66.91 keV

region between the 210Pb peak and 75 keV 214Pb twin x-ray peaks suffices. The average

activity within this region, labelled in situ background, was 4.80 ± 0.90 cpd. As before,

this was subtracted from the signal to yield 5.91 ± 1.62 cpd. The two measurements differ

by 72 ± 84%. The first measurement was chosen as the 210Pb activity of the AV acrylic

sample bulk to remain consistent with the analysis in Chapter 6.

Following this analysis, the 210Pb content was measured to be (6 ± 5)×10−19 g/g.

Compare this to Nantais’ own measurement of (2 ± 7)×10−19 g/g. Nantais counted within

a smaller energy region of interest (ROI) [57], which was the probable cause for the re-

sult discrepancy. Note that by reducing the author’s own ROI by comparison, their own

measured (2 ± 2)×10−19 g/g could yield a (insignificantly lower) content of approximately

(0.7 ± 2.9)×10−19 g/g. As mentioned in Section 6.4, both bulk acrylic assay measurements
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are limited by the signal-to-background ratio within the 210Pb ROI inside the HPGe well

detector. Because of this, an insignificant increase in accuracy would occur from any more-

reasonable choice of energy ROI and/or utilization of the in situ background instead of the

standard acid background.



Appendix D

Second Spike Results

In this Appendix D, the graphical results of the second 222Rn spike (of two) for the 210Pb

recovery efficiency (Chapter 7) of the bulk acrylic assay procedure (Chapter 6) are shown.

See next page.
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Figure D.1: Lucas cell activity from radon spike as a function of time, inset with five
methods to determine the initial 222Rn activity A0. Short-run outliers
were pruned from the datasets. Top Complete dataset with Bateman
equation fit. Here, α, t and ε refer to dividing by three to normalize to
one radon alpha, accounting for prior radon loss, and Lucas cell detection
efficiency, respectively. Bottom α-normalized subset of post-equilibrium
dataset with two exponential fits, one with a fixed time constant λ and
the other, floating.
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Figure D.2: Top Estimated 210Pb activity within the HPGe well detector as a func-
tion of ingrowth time. For a determined A0 of 39 ± 2 cps of 222Rn inside
the Lucas cell, 2378 ± 134 cpd of 210Pb above chamber background in-
side the HPGe detector was estimated after a 18.02 d ingrowth period.
Bottom Porting the above value to the analysis of the HPGe signal
yields a Gaussian above background. This is the expected signal that
was compared to the observed signal.
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Figure D.3: Observed 210Pb activity from second 222Rn spike was measured over a
5.99 day period to be an average of 872 ± 12 cpd.


