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Abstract

Astronomical and cosmological observations have established that dark matter makes
up about a quarter of the Universe. While the majority of underground experiments
have failed to directly detect dark matter in laboratories, DAMA/LIBRA saw an
annual modulation in event rate in an array of high-purity Nal (T1) scintillation
detectors, a phenomena expected from change in the relative velocity between the
Earth and the dark matter halo as the Earth orbits around the Sun.

SABRE experiment aims to use ultra-high purity Nal (T1) crystals and an active
liquid scintillator veto to search for the annual modulation with sufficient sensitivity
to confirm or refute the DAMA/LIBRA result. Through many years of R&D, we
have successfully achieved crystal purity that has never been achieved before. We
have also set up a liquid scintillator veto detector at Laboratori Nazionali del Gran
Sasso (LNGS), Ttaly as part of a prototype detector to demonstrate the performance
of low-background Nal (T1) crystals.

In this thesis, I will present in detail the key steps and processes required to grow
ultra-high purity Nal (T1) scintillating scintillator crystals and preparation of SABRE
prototype detector, including assembly of crystal detector module, commissioning of
the veto detector, the trigger and the data acquisition system and a detailed analysis
of projected background.

Although ultra-high purity Nal (T1) crystals are developed as an essential
component in resolving the annual modulation controversy, the techniques de-
veloped throughout this thesis have general implications for the development of

low-background detectors.

il



Acknowledgements

I write this note of acknowledgements as the final touch of my thesis. Throughout
my years at Princeton University, I have gained many skills and a lot of valuable
hands-on experience. Such achievements would have been impossible without the
help and support of many colleagues, friends and family members.

First and foremost I would like to express my deep and sincere gratitude to my
advisor Prof. Frank Calaprice, for giving me a rare and valuable opportunity to get
involved in every aspect of designing, constructing and commissioning a detector—
from growing crystals to developing the trigger and writing data acquisition and
analysis software. His belief—“An expert is someone who has made all the possible
mistakes and learned not to make them again”—has become my motto and kept
me motivated after all the failures over the course of my Ph.D. I would also like to
thank Prof. Christopher Tully for introducing me to the world of particle physics and
providing me a chance to work on a relic neutrino experiment as my experimental
project, and Prof. Cristiano Galbiati for giving me an opportunity to work in Italy
as a summer student. I am grateful to Prof. Peter Meyers who has generously agreed
to be a second reader of this thesis. During a busy time of his, he went through this
thesis in almost unbelievable detail and came up with many important suggestions.

I am also thankful to all the colleagues and collaborators with whom I have had the
pleasure to work on this and other projects. In particular, Dr. Jingke Xu, Dr. Fran-
cis Froborg and Dr. Emily Shields introduced me to this project and helped me get
started. Powder drying, filling and crystal detector assembly would have been im-
possible without countless hours of Dr. Masayuki Wada’s generous help. I am also
grateful to Dr. Graham Giovanetti for helping setting up a glove box inside a clean-
room at Princeton and proof-reading various documents and manuscripts. And I

want to extend my gratitude to Dr. Chiara Vignoli, Antonio Di Ludovico, Donato

v



Orlandi, Dr. Paolo Montini, Dr. Giulia D’Imperio and Dr. Simone Copello for helping
me during my visit to LNGS and stay in Assergi .

Life as the only graduate student in a nuclear and particle physics group is dif-
ficult and stressful. I have been saved so many times by many research assistants
and visiting students. Joshua Pughe-Sanford has helped me on the early pyrolitic
carbon coatings before automated DAQ system was ready. My proposal of water
measurement by pressure rise in the cold trap was first proved by the tests done with
the help of Grace Lawrence. Powder filling and drying for many crystal growths were
done with the help of Bill Dix and Maddy Zurowski. In addition to making glassware
used in many key experiments and tests, Jo Wo has came up with many interesting
ideas for science demos and outreach which I enjoyed a lot. A special thanks goes to
Winston Peloso for both being a great help in the lab and proof-reading this thesis.

The support from many technicians and scientists have been essential for the
experiment. I have gained a lot of knowledge and skills through interactions with
them, and have always enjoyed their patience and friendship. Mike Souza is a master
glass blower with great sense of humor, and the No. 1 consultant for anything related
to glass. He has not only produced countless glassware indispensable to the project,
but also introduced me to the art and science of glass blowing. Steven Lowe has
being a huge help in the student machine shop. Numerous parts and components
were machined in the shop with his help, including all the custom parts used to make
PyroMapper. Stanly Chidzik has not only helped with the design and manufacture
of veto PMT base boards, but also generously allowed me to use his electronics shop
and taught me various techniques in designing and making printed circuit boards,
which almost got me addicted to circuit design and soldering. Dr. Norman Jarosik
has taught me the basics of analog and digital circuits in PHY 557 and PHY 558.

Without the knowledge and experience acquired in these courses, custom design of



microcontroller-based DAQ boards and development of the SABRE trigger firmware
and the DAQ library would have been near impossible.

I would also like to acknowledge the kindness and help of all staff members at
the Department of Physics. In particular, I am grateful to Darryl Johnson who
handled all the difficult paperwork and customs documents for shipping, export and
import. Research would be less enjoyable without the quick processing of purchase
orders by Lauren Callahan and Ted Lewis, and a great stockroom maintained by Julio
Lopez. Vinod Gupta and Sumit Saluja have been extremely helpful in setting up and
maintaining DAQ computers at Princeton and planning data transfer for prototype
detector operation.

Many resources and facilities provided by Princeton University have been vital
for this thesis. In particular, the simulations in this thesis were conducted using the
computational resources provided by PICScIE; XPS and SEM spectroscopy measure-
ments were conducted with the help of Bert Harrop from the Department of Physics
and Dr. Nan Yao, Paul Shao and John Schreiber from the TAC.

I have benefited a lot from many workshops and schools. I had a comprehen-
sive exposure to Geant4 simulation for low-energy nuclear physics at the SWG 2015
workshop at Bratislava, and learned the fundamentals of trigger and data acquisition
for particle physics at the ISOTDAQ 2017 workshop at Amsterdam. The ATI 2018
school at UCLA has been very useful in learning various dark matter theories and
experiments.

Outside Princeton, I would like to thank Josh Tower and Guido Giampi at RMD
for help with crystal growth and Brad McKelvey at Seastar for timely processing
of ICP-MS samples. I have learned a lot about the difference between science and
engineering from Jonathan Mellen and Ashley Mellen at the Mellen Company.

My life outside research is enriched by many friends and cohorts. In particular, Xin

Xiang is a great housemate, officemate and travel buddy. I have been enjoying every

vi



discussion with him regarding strange yet interesting ideas regarding both physics
and life, and interesting experiments we have conducted at late hours in Jadwin
Hall. Duyu Chen, Yu Shen and Zheng Ma have been great housemates that made
my stay at Lakeside Apartments very comfortable. Duyu Chen is also a great lunch
buddy with whom I have been exploring the Prospect House almost every single day.
Yecheng Cao was among my first friends at Princeton, and has always been a reliable
friend. The first few years would have been less exciting without his company.

I would like to extend my heartfelt gratitude to the Department of Physics for ad-
mitting me to the Ph.D. program, for the Joseph Henry Merit Prize and the Kusaka
Memorial Prize and the Compton funds for travels and conferences. I have also
enjoyed the glorious campus of Princeton University that made numerous great pho-
tographs possible.

Finally I am deeply grateful and forever indebted to my parents and grandparents
for their unconditional love and everlasting faith, and for always being by my side.

Without them, my Ph.D. and all other achievements would have remained daydreams.

vil



To my parents and grandparents

viii



Contents

[1.1.3  Laboratory Direct Search of Dark Matter|. . . . . . . . . . ..

(1.2 DAMA/LIBRA Annual Modulation | . . .. ... ... ... .....

(1.3 SABRE Experiment| . . . . .. ... ... ... ... ...

(1.4 Physical and Chemical Propertiesof Nal'|. . . . . ... ... ... ..

IL5  Overview of This Thesis|. . . . . . . . . . . . . . . . . .. ... ...

Synthetic Fused Silica Crucible for Crystal Growth |

[2.1  Fused Quartz v.s. Synthetic Quartz[ . . . . . . .. ... .. ... ...
[2.2  Crucible Design| . . . . . . ... ... o
[2.3  Precision Cleaning of Cruciblef . . . . . . .. ... .. ... ... ...
[2.4  Pyrolitic Carbon Coating{. . . . . . . . . ... ... ... ... ....

[2.4.1 Coating Procedure] . . . . . . . .. ... ... ... ... ...

X

10
14
15



[2.4.2  Measurement of Coating Thickness| . . . . . ... .. ... .. 29

[2.4.3 Calculation of Attenuation Coefficient and Calibration by Scan- |

ning Electron Microscopel. . . . . . . ... ... 34

[2.4.4  Thickness as Function of Position and Coating Duration| . . . 36

[3 Precision Drying and Zone Refining of Astro-grade Nal Powder | 39

[3.1 Precision Drying of Nal Powder|. . . . . .. ... ... ... ... . 40
[3.1.1 'T'he Apparatus for Precision Dryingf. . . . . . .. .. ... .. 40
[3.1.2  The Drying Behavior of Nal Powder| . . . . ... .. ... .. 42

[3.2  Impurities in the Astro-grade Nal Powder | . . . . . . . ... ... .. 45

[3.3  Zone Refining ot Nal Powder|. . . . . . ... ... ... .. ... ... 48
[3.3.1 Principlel . . . . . ..o 49
[3.3.2  Impurity Distribution| . . . . . .. ... ... ... ... 52
[3.3.3  Measuring Distribution Coefhicient | . . . . . . . . .. ... .. 53
[3.3.4  Efficiency of Zone Refining | . . . . ... ... ... ... ... 58
[3.3.5 A New Apparatus for Zone Refining | . . . . . . ... ... .. 59

4 Growth of Ultra-high Purity Nal (T1) Crystall 61

(4.1 Single Crystal Growth from Melt| . . . . ... .. .. ... ... ... 61

1.2  Ultra-high Purity Nal (T1) Crystal Growth| . . . . . .. ... ... .. 63

4.3 Major Crystal Growth Activities| . . . . .. .. ... ... ... ... 64
M31  Nal-0141 . . . . .. 66
432 Nal-015 . . . . . . . . 69
M3.3 Nal-020 . . . .. . o 71
434 Artorial. . . . . . .. 71
M35 Nal-026] . . . . .. .. 72
M3.6  Nal-027 . . . . ... 74
3.7 Geminil. . . . . . . .. 75



439 Nal-032 . ... .. . .. 78
M3.10 Nal-033 . . . . . . . 79

4.4  Using Silicon Tetrachloride to Prevent Crystal Sticking |. . . . . . .. 80
[4.4.1  Test with Crystal-Grade Nal Powder| . . . . . . . .. ... .. 81

4.5  Conclusion on Crystal Growth| . . . .. ... ... ... ... ... . 83
[> Crystal Detector Module| 85
[>.1 Crystal Polishing| . . . .. ... .. ... .. ... ... ... ... 85
(5.2 Photomultiplier Tubes| . . . . . . . . . ... ... ... ... .. 89
B2T Gainl . . . . ... 89
.22 Dark Ratel . . . .. ... oo 91
[5.2.3  Afterpulsing . . . . . ... oo 92

[>.3  Crystal Enclosure | . . . . ... ... ... oo 93
b.3.1 Design|l . . . .. . ... 93

[>.4  Cleaning, Assembly and 'lTest ot Crystal Detector Module| . . . . .. 95
6 Vetd 99
6.1 Veto Vessell . . . . .. . . . . .. 100
[6.2  Veto Photomultiplier Tubes| . . . . . ... ... ... ... .. .... 102
(6.3  Shielding|. . . . . ... 103
[6.4  Fluid Handling and Slow Control | . . . . . . ... ... ... ... .. 105
6.5 Commissioning | . . . . . . . . ... Lo 105
6.5.1 [Leak Detection at Princetonl . . . . ... ... ... ... ... 106
[6.5.2  Estimation of Veto Detector Light Yield] . . . . ... ... .. 106
[6.5.3 Commissioning at LNGS Hall B . . . . ... .......... 109
[6.5.4  Commissioning at LNGS Hall C} . . ... ... ... ... ... 110

x1



7.1 Design and Implementation of Trigger Firmwarel . . . . . . . . . . ..

[7.2  Measurement of Trigger Efficiency|. . . . . . ... ... ... ... ..

8 Data Acquisition|

8.2 DAQ for Powder Drying and Crucible Coating| . . . . . . . .. .. ..

RZ1 PICT6-based DAQ CIrCUit |- « « « o v oo

[8.2.2  Monitoring Nal Powder Drying|. . . . . ... ... ... ...

[8.2.3  Monitoring Pyrolitic Carbon Coating |. . . . . . ... ... ..

[8.2.4  Mapping Pyrolitic Carbon Coating | . . . . . ... .. ... ..

B3 SABRE DAQ SYSEOM . . .« « o o o oo e

9 Background Simulation and Sensitivity|

9.1 Avalanche ot Auger Electron in Geant4] . . . . . . .. ... ... ...

[9.2  Background Calculation| . . . . ... ... ... ... ... .. ... .

[9.2.1  Analysis of Background . . .. . ... ... ... ... ...

[9.2.2  Radioactive Isotopes in Low-background Nal (T1) Crystal . . .

(10 Conclusions and Future Perspectives |

[A Simulation of Impurity Distribution in Zone Refining |

xil

112
112
117

120
121
121
121
125
125
126
126
127
128
129
131
132
132

135
135
136
138
141
150

152

155



157

(Bibliography| 177

xiil



List of Tables

(1.1 Propertiesof Nal| . . . . ... ... ... ... ... .. ........ 15
[2.1 Trace element concentration ot fused quartz v.s. synthetic fused silica] 18
[2.2  Diffusivity constants of Li™, Na™ and K™ in crystalline quartz] . . . . 19
[2.3  Expected and observed increase in K and Li concentrations in Nal (TT) |
| crystal due to diffusion from tfused quartz and synthetic tused silica |
| crucibles . . . . ..o 20
[2.4  Comparison between PyroMapper and SEM| . . . . ... ... .. .. 33
[3.1  Procedure tor precision drying of Nal powder{. . . . . . . . .. .. .. 46
[3.2  Impurities at different locations from a Nal ingot zone-refined by |
| 20 PASSEs| . . .. 57
[3.3  Calculated and measured distribution coetficients of Lil-Nal, NaCl- |
| Nal, KI-Nal and RbI-Nal binary system| . . . ... .. .. ... ... 58
4.1 Major Crystal Growth Activities] . . . . . . .. .. ... ... ... .. 66
4.2 TCP-MS measurements on samples from Nal-014 before and after sur- |
| face cleaning|. . . . . . . ..o 68
[4.3  Concentration of impurities at different locations in Nal-014] . . . . . 69
4.4  Ultimate tensile strength ot some high-temperature alloy] . . . . . .. 75
4.5 ICP-MS measurements of samples tfrom Nal-031 . . . . .. ... ... 7
4.6 ICP-MS measurements on samples from Nal-032. . . . . ... .. .. 79

Xiv



[>.1 The eftect of ditterent polishing methods and reflector materials on the |

crystal light yield . . . .. .. ... ... ... 000 87
[5.2 Measured dark rates of R11065-20 PMTs at a gain of about 2 x 10° . 91
[>.3  Probability ot atterpulse for R11065-20 PMTs at 1700 V| . . . . . .. 93
[6.1 Predicted veto detector light yieldf . . . . .. ... .. ... ... ... 108
[7.1 Description of registers implemented in trigger firmware/. . . . . . . . 117
[9.1 Classification of background| . . . . . .. .. ... .. ... .. ... 138
9.2 Major -emitters for a low-background Nal (T1) crystal detector| . . . 143
[9.3 Major y-emitters for a low-background Nal (T1) detector| . . . . . . . 146
[9.4 Major f-emitting surface contaminants for a low-background Nal ('T'T)

detector] . . . . . . . 148

XV



List of Figures

XVl

(1.1 "The SABRE detector concept and the function of the liquid scintillator |
T veld - o 12
(1.2 Decay scheme of “K| . . . . . . ... ..., 13
[2.1 A typical design of crucible for crystal growth| . . . . . . ... .. .. 21
[2.2  Setup for pyrolitic carbon coating| . . . . . . ... ... 24
[2.3  Furnace temperature and pressure inside crucible as functions of time |
in a typical pyrolitic coating procedure] . . . . . . . .. ... ... 26

[2.4  Pyrolitic carbon coating on crucibles of various shapes and sizes| . . . 27
[2.5  Thickness maps of pyrolitic carbon coating on 2” crucibles without and |
with rotationl . . . . . . . ..o 28

2.6 CAD design of PyroMapper| . . . . . . ... .. ... ... ...... 31
[2.7  Photo of PyroMapper|. . . . . . . . .. ... 32
[2.8  PyroMapper crucible rotation mechanism|. . . . . . .. ... ... .. 33
[2.9 Carbon coating thickness map for sample PyCO11| . . . . . .. .. .. 34
[2.10 SEM 1mages ot pyrolitic carbon coating used for calibration|. . . . . . 35
[2.11 Intensity of transmitted laser along the line connecting the two loca- |
tions on PyC003 where SEM samples were taken|. . . . . . . . . . .. 36

[2.12 Average coating thickness as a function of position for various deposi- |
tlon timed . . . . . ... 37

[2.13 Average thickness of carbon coating as a function of deposition time|. 38



[3.1 Pyrolitic carbon-coated fused quartz crucible etched by molten NaOH| 41
[3.2  P&ID diagram and photo of the precision drying system| . . . . . . . 43
[3.3  Pressure and temperature of cold trap and temperature of Nal powder |

| over a number of water measurements|. . . . . . . ... ... 44
[3.4  Water removal rate as tunctions of time for Astrograde Nal powder| . 45
[3.5  Response of vacuum gauge within first few minutes during warming up |

of cold trap| . . . . . . . . . ... 47

[3.6  Oven temperature and immediate cold trap gauge reading as a function |

of timel . . . . . L L 48

[3.7  XPS spectrum of Astro-grade Nal powder with and without black specks| 48

[3.8  An example phase diagram of a binary mixture] . . . . . ... .. .. 50
[3.9 Illustration of normal gradient treeze[ . . . . . . . . . ... ... ... 51
[3.10 Illustration of zone refining. . . . . . . . ... ... ... ... .... 53
[3.11 Impurity distribution after various numbers of zone passes| . . . . . . 54
[3.12 Phase diagram of NaCl-Nal and KI-Nal binary system| . . . . . . .. 55
[3.13 Contour plot of purification power as a function of number of zone |
passes and fraction of ingot kept|. . . . . . .. ... 59

[3.14 CAD design and photo of new zone refining apparatus| . . . . . . .. 60
4.1 Frequently-used method for single crystal growth| . . . .. ... ... 62
4.2 Photo and approximate dimensions of Nal-014] . . . . . . .. . .. .. 67
.3 'Csspectrum of Nal-014| . . . . . . . . .. . ... ... ... .... 67
39 014 ..o 70

4.5 Photo of Nal-015 and 'Cs spectrum recorded with Nal-015 . . . . . 70
46 Photoof Nal-025 . . . . ... ... ... .. L 71
W7 Photo of Artorial . . . . . ... ... 72
4.8 Photo and 'Cs spectrum of Nal-026 . . . . . . . ... .. ... ... 73
1.9 Growth of Nal-027 with Kanthal wirel . . . . . . .. .. ... .. ... 74



[4.10 Gemini-aoand S| . . . . . .. 76
59 031 .. 7

29 0320 ..o 79

[4.13 A setup to test the eftectiveness of SiCl, in preventing Nal crystals |
from sticking to quartz crucibles{ . . . . . . . ... ... 82

[4.14 Nal crystallized with and without SiCl, treatment| . . . . . . . . . .. 83
[>.1 Setup to test different surface treatments and reflector materials) . . . 86
(5.2 Photo of Nal (T1) crystal with lapped and isopropyl alcohol-cleaned |
surfaces) . . . .. L 88

[5.3  Setup to characterize Hamamatsu R11065 PMTsf . . . . . . ... .. 89
[>.4  R11065-20 PMT" gain as function of applied voltage] . . . . . . . . .. 90
[>.5 Average waveform corresponding to LED pulses| . . . . . . .. .. .. 92
[5.6 Degradation of Nal (T1) crystal due to moisture over time| . . . . . . 94
5.7 CAD drawing ot detector module assembly| . . . . . . . . ... .. .. 95
[>.8 Surface of Nal-031 before and after sanding} . . . ... ... ... .. 97
[5.9 Photo of the crystal detector module assembly| . . . . . . . .. .. .. 97
[5.10 2D histograms of numbers of photoelectrons detected by the bottom |
and top PMTs in the crystal detector modulel . . . . . . ... .. .. 98

[6.1 Photo of veto vessel at LNGS Hall B, and its Lumirror lining on the |
nner surfacel . . . . ... L 100

(6.2 CAD drawing and photo of 8" PM'T, PMT holder and PMT can| . . . 101
(6.3 R5H912 PMT pulses with ceramic and popypropylene capacitors on the |
divider boardsl . . . . . . ..o 102

[6.4 Hamamatsu R5912 veto PM'T gain as tunction of applied positive high |
voltage| . . . . . . L L 103

[6.5 ~-ray flux after different shielding materials and thicknesses|. . . . . . 104

xviil



[6.6 Simplified schematics of the fluid handling system| . . . . . . . . . .. 106

(6.7 1°’'Cs Compton edge measured with veto detector| . . . . . . ... .. 107
[6.8  Veto detector commissioning at LNGS Hall B| . . . ... ... ... . 109
[6.9 Majority coincidence of veto PM'T's| . . . . . ... .. ... ... ... 110
[6.10 Veto vessel commissioning in LNGS Hall C| . . . . .. ... ... ... 111
[7.1 Setup ot CAEN V1495 trigger board| . . . . .. ... ... ... ... 114
[7.2  Implementation of crystal coincidence|. . . . . . . . .. ... ... .. 115
(7.3 Implementation of veto coincidence| . . . . . . . . ... ... ... .. 115
[7.4 'Trigger output module| . . . . . ... ... 116
[7.5 PMT signals and trigger signalf . . . ... ... ... ... .. ... . 118

[7.6  Two-channel coincidence trigger efficiency as a tunction of the distance

between two coincidence windows| . . . . . . ... ..o L. 119

[8.1  Polaris states, state transitions and the corresponding virtual functions| 123

[8.2  Two custom circuit boards for laboratory data acquisition| . . . . . . 126

[8.3  Hardware and software setup for recording Nal powder drying data] . 127

[8.4  Setup for monitoring pyrolitic carbon coatingl . . . . . .. ... ... 128

[8.5  Event visualization using local graphics library and remote Python

script via internet intertace module| . . . . . . ... ..o 129

[8.6  The trigger and DAQ hardware setup for operating the crystal and

veto detectors . . . . . . .. 130
[8.7  Data flow between three key modules in libsaber.so| . . . . . . . . .. 131
[8.8  An example baseline of PMT signal ot Nal crystal scintillation| . . . . 133
[8.9 Illustration of the pulse-finding algorithm|. . . . . . ... ... .. .. 134
[9.1 Difterence between X-ray and Auger electron emission|. . . . . . . . . 137
[9.2 Simulated and measured response of a "*Ge proportional counter|. . . 138

Xix



[9.3  Probability of electrons recoiling with energy between 1-10 keV in a
Compton scattering as a function of incident v-ray energy| . . . . . . 141
[9.4 Simulated low-energy end of the spectrum of '“’T decay in Nal crystall 146
[9.5 Energy deposit in the Nal (T1) detector by S-decays of **C in the PTFE
tape wrapping the crystall . . . . . .. ... oL 149
[9.6  Simulated background rate from various sources| . . . . . ... .. .. 150




Chapter 1

Introduction

1.1 A Brief Introduction to Dark Matter

1.1.1 Evidence of Dark Matter

Galaxy Cluster

One of the first clues of dark matter dates back to Fritz Zwicky’s measurement of the
mass of galaxy cluster using virial theorem [1]. According to the virial theorem, the
gravitational potential energy is related to the average kinetic energy, and the galaxy
cluster’s total mass can be inferred by measuring the velocity dispersion of individual
galaxies. Zwicky’s measurement suggested that the total mass of the Coma Cluster
was about one order of magnitude larger than observed luminous matter could account
for. Around a similar time, the mass of another galaxy cluster, the Virgo Cluster,

was estimated and similar conclusion was reached [2].

Galaxy Rotation Curve

The idea of “missing mass” in galaxies were challenged by many astronomers until
the 1960s when Kent Ford and Vera Rubin measured the rotational speed of the

Andromeda Galaxy as a function of radial position from the center of the galaxy with
1



improved measurement precision [3]. The result indicated that the rotational speed
of outer part of the galaxy approached a constant value whereas Newtonian gravity
predicted the speed would fall as r~'/2 given that most of the galaxy’s luminous mass
is concentrated in the galactic bulge. Since then, the same phenomena had been
observed with other galaxies [4]. The observed mass discrepancy can be explained
either by modifying Newtonian gravity on the galactic scale [5], or by the existence

of non-luminous dark matter in the galaxy.

Bullet Cluster

The existence of dark matter can also be inferred from the mass distribution during
the collision of two galaxy clusters known as the “bullet cluster” [6]. The center of
mass of luminous matter was calculated from photometry measurements on galaxies
and X-ray imaging of inter-stellar medium, and the center of total mass was mapped
using gravitational lensing. The result indicated that while luminous mass was dis-
tributed near the center due to the collision, the majority of gravitational mass simply
passed through each other, a phenomenon that cannot be explained by modified New-

tonian gravity.

Cosmic Microwave Background

The amount of dark matter can be quantitatively calculated by measuring the cosmic
microwave background (CMB). The early Universe consisted of hot, dense plasma of
electrons and baryons, and photons were essentially trapped due to short mean free
path. As the Universe expanded and cooled down, electrons and protons recombined
to form neutral hydrogen atoms, and photons decoupled from baryonic matter and
became able to free-stream. At present, this remnant radiation has cooled down to

microwave and is known as the cosmic microwave background.



The CMB temperature is mostly isotropic, with fluctuations about 10 parts per
million. Such fluctuations, or anisotropies, are believed to be from structures already
formed at the time of decoupling shifting the energies of the CMB photons. In
the standard model of cosmology, structure formation was aided by dark matter
that acted as gravitational wells for baryonic matter to fall into. Thus the pattern
of the CMB temperature anisotropy is an indirect measure of ordinary and dark
matter densities. According to the most recent data of Planck project, the Universe
is composed of about 26% of dark matter, 5% of ordinary matter, and the rest dark

energy [7].

1.1.2 Dark Matter Candidates

Astrophysical and cosmological observations have placed the following constraints on

the nature of dark matter:

1. it must be electrically neutral, otherwise it would be observable on electromag-

netic spectrum;

2. it must be stable enough on a cosmological scale, otherwise it would have de-

cayed away;
3. it cannot be relativistic at the time of structure formation; and

4. if it is mostly produced in the Big Bang, its predicted density when it decoupled
from the Big Bang plasma should match the density observed by the CMB

measurements. This density is referred to as the relic densityﬂ

All known Standard Model particles are ruled out based on properties and [3]
and various new models are proposed as dark matter candidates, including massive
compact halo objects (MACHOs), sterile neutrinos, axions and weakly interacting

massive particles (WIMPs).

IThis is not necessarily true if dark matter can be produced through other mechanisms.

3



MACHO

MACHO refers to ordinary astronomical objects that are too faint or impossible to
be discovered by direct observation. These could include white dwarfs, neutron stars
and primordial black holes. Recent evidences suggest that MACHO cannot account

for all the dark matter observed in the galaxies [§][9].

Sterile Neutrino

Neutrinos are the only neutral and stable Standard Model particles. However, ordi-
nary neutrinos were still relativistic at the time of structure formation, and therefore
cannot account for the dark matter imprinted in the CMB patterns. If the sterile
neutrino exists and has a much larger mass, it is a perfect dark matter candidate.
Several years ago a few experiments reported an unidentified astrophysical X-ray line
around 3.5 keV which is consistent with the existence of a sterile neutrino of mass

around 7 keV [I0][11]. However such interpretation is still controversial.

Axion

Axions are hypothetical pseudoscalar particles originally proposed to explain why
charge-parity symmetry is not violated in quantum chromodynamics (QCD) [12].
Axions are predicted to mix with photons under external electromagnetic fields, and
therefore most laboratory axion search experiments use resonant cavities to pick up

the signals generated by axions passing through the cavities [13].

WIMP

WIMPs are massive, beyond-the-Standard-Model particles with weak-scale interac-
tions. WIMPs are the most intensely searched dark matter candidate due to “the
WIMP miracle”, a phenomena that a particle with electroweak-scale mass and self-

annihilation cross section ({(ov) ~ 3 x 1072 c¢m?3/s) can naturally reproduce the
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observed relic density via thermal freeze-out—as the Universe expands, thermally-
produced dark matter particles decouple from the matter-radiation bath due to lower
density and maintains their total number since then.

Experimental searches for WIMP dark matter generally make use of its hypo-
thetical coupling to Standard Model particles: in accelerator searches, dark matter
produced by collision of Standard Model particles is manifested as missing momen-
tum in collision products; in astrophysical searches, dark matter particles annihilate
with each other and produce an excess of Standard Model particles; and in laboratory
searches, dark matter particles occasionally scatter off atomic nuclei, and the recoiling

nuclei is detected with particle detectors.

1.1.3 Laboratory Direct Search of Dark Matter

The rate per nucleon at which WIMP particles scatter off atomic nuclei can be ex-

pressed as:

dR vma do(v,ER) 5.,
— = ——=dv. 1.1
Y e (1)

Umin

In this expression, n, = p,/m, is dark matter local number density. Dark matter
local density is typically measured using either the Milky Way’s rotation curve or the
vertical motion of nearby stars. Latest measurements indicate that the local dark
matter density is likely between 0.2-0.9 GeV/cm?® [14], and 0.3 GeV/cm? is often
assumed in various calculations.

f(v) is the dark matter velocity distribution in the local galaxy. Based on the
galaxy rotation curve, dark matter density should be distributed as inverse square
of the distance to the galactic center, and one natural choice of velocity distribution
is Maxwellian assuming it is isotropic. In calculations, the most probable velocity

in the distribution is set as the galactic rotation speed, which is on the order of

200 km/s [15].



The limits of the integral are the minimum dark matter velocity that can give a
recoil energy of Er and escape velocity, respectively. The escape velocity is estimated
to be around 500-600 km /s based on surveys of the fastest stars in the Milky Way [16].

Velocity-dependence of interaction rate also gives rise to annual modulation: as
the Earth orbits around the Sun which is moving at a constant speed relative to the
dark matter halo, the relative speed between the Earth and the dark matter halo
changes on a yearly basis, leading to change in the dark matter interaction rate in
detectors [I7]. Although processes such as cosmic muon flux [I8] and temperature
are known to exhibit seasonal modulation, annual modulation with the correct phase
is expected to be unique to dark matterﬂ

The nature of the interaction is encoded in do(v, ER)/dER, differential cross sec-
tion that a dark matter particle with velocity v yields a nuclear recoil with energy Eg.
In a scalar coupling, this term is proportional to the square of the number of nucleons
while in an axial-vector coupling this term is related to the net spin of nucleons [19].
For collisions with high momentum transfers where the de Broglie wavelength is com-
parable to the size of the nucleus, the term will also depend on the nuclear form

factor—the Fourier transform of nuclear density distribution [I5].

Experimental Challenge

The difficulty of dark matter direct search comes from the low signal rate and over-
whelming background rate. The kinetic energy of a recoiling nucleus induced by an
incident dark matter particle with kinetic energy FEj is given by

dm,my

Ey=—"——F COS2 1.2
N G By eony (12)

where m, and my are the mass of dark matter particle and the mass of nucleus,

respectively, and v is the angle between the direction of incidence and that of recoil.

2The performance of many types of detectors are temperature-dependent.
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For a dark matter particle with mass ~ 100 GeV and a typical galactic velocity of
~ 200 km/s, the recoil energy is on the order of 10 keV, which is typically measured
with ionizing radiation detectors.

Ionizing radiation (and nuclear recoil due to dark matter) can be measured with
an ionization detector, a scintillator or a bolometer. In an ionization detector, an
incident particle ionizes electrons in a semiconductor, liquid or gas, and these free
electrons are collected by an electric field to produce electric signals. In a scintillator,
an incoming particle excites electrons to excited states and photons are produced
when these electrons return to the ground state. These photons are usually detected
using photon detectors such as photomultiplier tubes (PMTs) or photodiodes. In a
bolometer, an incident particle disrupts the crystal lattice and phonons (heat) are
generated. Since less energy is required to produce a phonon than an ionization
electron or a scintillation photon, bolometers can have lower thresholds and higher
resolutions, but they cannot be operated at temperatures above a few Kelvin due to
thermal noise.

Since these detectors are sensitive to not only nuclear recoils but also ordinary
ionizing radiation, in the search of dark matter-induced recoils, these detectors can be
overwhelmed by background from radioactive isotopes in the active detector medium,
radioactivity in auxiliary detector components and external radiation. Assuming a
weak-scale cross section (107° cm? per nucleon), a 100 GeV dark matter particle, and
a moderate-size nucleon (A= 30), the expected event rate is less than 1 cpy/kg/ keV.E]
On the other hand, for 1 kg of naturally-occurring materials, typical radioactivity
is in the mHz-Hz range. This would translate to 10*-107 cpy/kg/keV. Therefore to
be sensitive to dark matter-induced nuclear recoils, the background rate must be

suppressed by many orders of magnitude.

3cpy is short for counts per year.



Methods to Reduce Background

Typically three strategies are employed to effectively suppress background: 1) shield-
ing, 2) event-by-event rejection, and 3) improving radiopurity.

Shielding: radiation detectors on the Earth’s surface are sensitive to cosmic ray.
On the surface of the Earth, cosmic ray is dominated by muons with a flux of roughly
1 em™2 s7! 20]. Proton and neutron fluxes are orders of magnitude lower. Muons
require several kilometers of water-equivalent shielding to effectively block. Therefore,
dark matter detectors are often operated underground. Additional shielding made
out of high-Z or proton-rich materials is often employed to block ~-rays and neutrons
produced by radioactive isotopes in the rocks around the detector.

Event-by-event rejection: due to the small cross section, the probability that
dark matter particles interact twice in a short time window is negligible. This makes
it possible to reject background events by requiring anti-coincidence in an external
active detector called a veto detector. The veto detector can tag and reject v-emitting
radioactive decays in the detector components as well as external radiations that
manage to pass through passive shielding.

In addition to active veto, in certain types of detectors, the pattern of time re-
sponse or relative amounts of electrons, photons and phonons produced in an interac-
tion can be used to distinguish electron recoils from potential nuclear recoils produced
in collision with dark matter.

Higher radiopurity: ultimately, the detector’s radiopurity must be improved to
fundamentally reduce background. This is achieved from two aspects: the detector
material should be purified to reduce radioactive contaminants, and the elements
that compose the detector should not have at large abundance long-lived radioactive
isotopes that can contribute to background. In many cases, potassium, uranium and
thorium are regarded as the most important radioactive contaminants because these
isotopes have half-lives long enough to survive nucleosynthesis and they can be found
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in many raw materials with varying concentrations. In terms of avoiding a detector
medium with radioactive isotopes, a good example is **C: the abundance of *C in
modern biological sources of carbon is about 10712, Therefore an organic scintillator
made from such carbon sources will see roughly 200 *C decays per second per kg of
carbon, whereas if petroleum is used as the carbon source, the 4C activity can be
suppressed by many orders of magnitude.

Since it is difficult to purify many common materials by oneself, in practice
commercially-available high-purity products are often used. Therefore either detailed
knowledge of manufacturing process or prior radiopurity assay are necessary in de-

signing a low-background experiment.

1.2 DAMA/LIBRA Annual Modulation

Numerous detectors have been designed and constructed to search for dark matter-
induced nuclear recoils. These detectors mainly include cryogenic solid state detec-
tors, noble liquid scintillators and crystal scintillators. Among these experiments,
the DAMA /LIBRA collaboration has been observing an annually modulating event
rate of ~ 0.01 cpd/kg/keV around 3 keV on top of a background rate of roughly
1 cpd/kg/keV for over 14 years with a statistical significance of 9.3 o [21][22].

The DAMA /LIBRA experiment employs an array of 25 high-radiopurity Nal (T1)
scintillating crystals shielded by copper, lead, paraffin and concrete [2I]. Software
anti-coincidence between different Nal (T1) crystals is imposed such that non-dark
matter events can be vetoed. Each Nal (T1) crystal, weighing about 10 kg, is coupled
to two PMTs via Suprasil B light guides on both sides. PMTs coupled to the same
crystal are operated in coincidence mode with a single photoelectron (p.e.) hardware
threshold and a software threshold of 2 keV [2I]. The Nal (T1) crystals were purified

and grown by Saint Gobain using the Kyropoulos method and platinum Cruciblesﬁ

4Details on powder purification, crystal growth and other protocols are not released to public.
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Typical values of concentrations of "'K,2*¥U and 232Th in the final crystals are 20 ppb,
0.7-10 ppt and 0.5-7.5 ppt, respectively.

The observed modulation has a period of 0.998 4+ 0.002 yr and a phase of 144 +
7 days, which are the same period and phase expected for modulation due to inter-
action with the dark matter halo [22]. Systematic effects such as changes in temper-
ature, pressure, radon concentration and muon flux fail to account for the observed
modulation amplitude and phase [23]]24].

However, cross section and mass of the dark matter particle consistent with the ob-
served modulation are strongly excluded by many other experiments, including those
with leading sensitivities [25][26][27]. Although it is unlikely that the annual modula-
tion observed by DAMA /LIBRA is caused by standard WIMP via standard coupling
to nucleons, the inconsistency can still be explained by non-standard couplings (e.g.
spin-dependent interaction with proton-only coupling [28]) or non-WIMP dark mat-
ter (e.g. mirror dark matter [29]). Moreover since the scintillation of Nal (T1) is not
yet fully understood, the modulation signal could be due to an undiscovered effect
unique to inorganic crystal scintillators.

Whether the observed modulation is caused by non-trivial systematic factors, non-
standard interactions of dark matter, or unknown effects of Nal (T1) crystals, further
investigation using the same detector medium is needed. Although other experiments
have tried to observe the modulation, they have not being able to achieve crystal
purity comparable to that of the DAMA /LIBRA experiment, resulting in backgrounds

too high to search for annual modulation.

1.3 SABRE Experiment

Sodium-iodide with Active Background Rejection Experiment (SABRE) aims to de-

sign, construct and operate an array of Nal (T1) scintillating crystals with 10-100 times
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lower background compared to those used in the DAMA /LIBRA experiment to defini-
tively test the annual modulation. The concept of the SABRE detector is illustrated

in Fig. [I.1] Compared to predecessors, SABRE features

1. ultra-high purity Nal (T1) crystals for lower intrinsic background,
2. direct coupling to high-quantum efficiency PMTs for lower threshold,

3. a liquid scintillator veto detector to suppress *°K background around energy

range of interest,

4. and twin detectors in the Northern and the Southern Hemispheres to eliminate

seasonal effects.

At the current stage, SABRE is using the Astro-grade Nal powder from Sigma-
Aldrich to grow Nal (T1) crystals. The Astro-grade Nal powder, co-developed by
Princeton University and Sigma-Aldrich, has impurities lower than the final Nal (T1)
crystals used in the DAMA/LIBRA experiment [30], and even higher purity is ex-
pected from additional purification via crystal growth.

In the development of the Astro-grade Nal powder, special care was taken to lower
concentration of ™K. Being in the same alkali group, potassium exists naturally
in sodium to varying extents. “°K, an radioactive isotope of potassium, decays by
electron-capture with a branching ratio of about 11% to excited state of “°Ar. A 1.46-
MeV ~-ray is emitted as the excited nucleus returns to the ground state, and low-
energy X-rays/auger electrons are emitted to fill the vacancy created by the electron
capture (Fig. . When the high energy v-ray escapes the Nal (Tl) crystal, the
low-energy radiation appears as a peak near 3.2 keV, in the middle of the energy

interval where the annual modulation is observed.
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Figure 1.1: The SABRE detector concept and the function of the liquid scintillator
veto. Nal (T1) crystal (violet) is directly coupled to two PMTs (grey) and the as-
sembly is placed inside a hermetically-sealed copper enclosure (brown). The crystal
detector module is immersed in the liquid scintillator veto detector (teal). The scin-
tillation light in the veto detector is detected by veto PMTs (orange). Another layer
of passive shielding (dark grey) shields the veto detector from ~-rays and neutrons in
the environment and the entire assembly is placed underground to suppress cosmic
rays and prevent further cosmic activation. The liquid scintillator is effective in tag-
ging internal crystal radioactivity with escaping ~-rays (yellow) as well as external
v-rays, neutrons (black) and muons (blue).

To enhance light-collection efficiency and to lower background, SABRE crys-
tals will be directly coupled to Hamamatsu R11065-20 high-quantum efficiency, low-
radioactivity PMTs/[|

The liquid scintillator veto detector is designed to detect crystal radioactivity
in coincidence with escaping ~-rays, such as the electron-capture decay of “°K. In

addition, veto detector also acts as a layer of active shielding against radioactivity in

5Quantum efficiency is typically around 25%.
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Figure 1.2: Decay scheme of “°K. When “°K decays by electron capture into excited
state of “°Ar, an atomic vacancy at either K-shell or L-shell is created. The atomic
de-excitation is accompanied by a 1.46 MeV high-energy y-ray as “°Ar nucleus returns
to the ground state.

the passive shielding materials and penetrating v-rays, neutrons and cosmic muons.
This principle is illustrated in Fig. |1.1

The crystal detector module and the veto detector will be placed behind passive
shielding to suppress external v and neutron backgrounds, and the detector will be
operated underground to suppress cosmic rays and cosmogenic isotopes.

SABRE will be deploying a similar detector in the Stawell Underground Physics
Laboratory in Australia such that any modulation induced by seasonal effects will
show a different phase in the Southern Hemisphere.

Currently the SABRE experiment is in the prototype phase aiming at demon-

strating successful growth of ultra-high purity Nal (T1) crystals and underground
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operation of Nal (T1) detector modules with liquid scintillator veto detector at Lab-

oratori Nazionali del Gran Sasso (LNGS), Italy.

1.4 Physical and Chemical Properties of Nal

Before jumping directly into the details, a quick summary of physical and chemical
properties of sodium iodide will be helpful in understanding the work of this thesis.

Sodium iodide (Nal) is an ionic compound formed by alkali element sodium and
halogen element iodine. Nal powder is white in appearance and has density around
1.3-1.5 g/cm3. The melting point of Nal is around 661 °C. Nal is extremely soluble
in water: 100 g of water can dissolve 184 g of Nal powder at room temperature. In
addition, Nal is hygroscopic and deliquescent—it readily absorbs water in the ambient
air and eventually dissolves in the absorbed water.

Nal crystal is a clear, brittle and relatively soft solid with density 3.67 g/cm?
and refractive index 1.85. Once doped with thallium (T1), Nal crystal becomes an
excellent scintillator with high light yield[f| Nal (T1) is one of the most widely used
scintillators in nuclear medicine, gamma spectroscopy and nuclear reactors.

Chemical properties of Nal is very similar to sodium chloride (NaCl), and Nal is
very stable at room temperature. However, at elevated temperatures, Nal can react
with water to form sodium hydroxide (NaOH) and hydrogen iodide (HI), or with
oxygen to form sodium oxide (NayO) and iodine (Iy).

Table provides a summary of these properties. Other materials are included

as reference scales.

6Some evidences indicate that pure Nal crystal is also a good scintillator at cryogenic temperature.
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Table 1.1: Properties of Nal. Some other materials are included as reference scales.

Properties Nal Note
Density (g/cm?) 3.67 powder: 1.3-1.5
Melting point (°C) 661
Hardness (Mohs) 2 graphite: 2,
diamond: 10
Solubility (per 100 g solvent) 184 g (water), data at 25 °C,
43 g (ethanol), NaCl: 36 g (water)
26 g (1-propanol)
Thermal exp. coeff. (ppm/°C)  47.4 quartz: 0.55,
copper: 17
Refractive index 1.85 water: 1.3,
glass: 1.4-1.6
Light yield (photons/keV) 38 Tl-activated
Peak scint. wavelength (nm) 425 Tl-activated
Primary decay time (ns) 230 Tl-activated

1.5 Overview of This Thesis

This thesis consists of two parts: the growth of ultra-high purity Nal (T1) crystals

and the development of the SABRE prototype detector.

Ultra-high Purity Crystal Growth

Large single crystals are typically grown from melt. However the ultra-high purity
requirement places several extra restrictions. Chapter [2] establishes the crucible mate-
rial for ultra-high purity crystal growth and the procedures for crucible cleaning and
coating. Chapter [3| describes powder treatment prior to crystal growth. A procedure
for precision-drying is discussed in detail, and the feasibility of additional purifica-

tion by zone refining is investigated. Chapter [4] describes crystal growth activities
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occurred in the past three years with emphasis on how the crystal growth methods

have been refined through a series of failures.

Development of SABRE Prototype Detector

After the crystal is grown, it has to be cut and optically coupled to two PMTs
and assembled into a detector module. Chapter |5| describes crystal surface cleaning,
reflector material selection and the assembly and test of the crystal detector module.
Chapter [0] describes the veto detector, fluid handling system and shielding. The
chapter concludes with the commissioning of the veto detector in LNGS. Chapter
describes the design, implementation and verification of the trigger firmware required
to operate the crystal detector module with the veto detector. Chapter | starts
with the design and implementation of a general-purpose, modular data acquisition
(DAQ) framework named Polaris. Since all DAQ software used throughout the studies
described in this thesis is developed using the Polaris framework, the DAQ hardware
and software for all tests and measurements are described in this chapter. A back-
of-envelope analysis and Monte-Carlo simulations of the SABRE prototype detector
background are described in Chapter [9

Since the work described in this thesis spans multiple fields, including crystal
growth, radiation detectors, electronic circuits, software development and simulations,
the use of jargon is inevitable. In addition, in the context of this thesis some words
and expressions have different meaning from general conventions. To make this thesis
approachable to a broader audience, a glossary is compiled at the end to serve as an

index and a brief dictionary of scientific terms.
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Chapter 2

Synthetic Fused Silica Crucible for

Crystal Growth

The crucible used to melt raw material in the growth of a single crystal is typically
made out of high-temperature, chemically-inert materials such as amorphous quartz
or platinum. However, the elevated temperatures at which raw materials melt often
accelerate diffusion of impurities out from the crucible. As a result, to grow high-
purity crystals the crucible material must be pure enough that diffusion of impurities
in the crucible does not affect the crystal purity.

For this reason, amorphous quartz is a popular choice due to its good high-
temperature performance and high chemical purity. Section compares two forms
of amorphous quartz (fused natural quartz and synthetic fused silica) and concludes
that synthetic fused silica is the only choice in the growth of ultra-high purity Nal (T1)
crystals. A typical crucible shape is described in Section and cleaning procedure
is outlined in Section [2.3] Section describes an improved method of applying a
layer of pyrolitic carbon to the crucible as a physical barrier to prevent the crystal

from sticking to the crucible.
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2.1 Fused Quartz v.s. Synthetic Quartz

Quartz is readily available in very high purity. However, of different grades of quartz,
synthetic fused silica has the highest purity. This is because synthetic fused sil-
ica is made from purified silicon-rich chemical precursors such as silicon tetrachlo-
ride (SiCly) while usual quartz is produced by melting naturally-occurring crystalline
quartz which contains much higher levels of impurities.ﬂ As shown in Table , syn-

thetic fused silica offers purity several orders of magnitude higher than fused quartz.

Table 2.1: Trace element concentration of GE 214 fused quartz [31] and Her-
aeus Suprasil 310 synthetic fused silica [32]. Concentrations are reported in ppm
by weight.

Element GE 214 Suprasil 310

Li 0.6 < 0.01
Na 0.7 < 0.05
K 0.6 < 0.01
Ca 0.4 < 0.05
Fe 0.2 < 0.02
Cu < 0.05 < 0.01
Cr < 0.05 < 0.005

The diffusion of alkali and alkaline earth elements in quartz was previously in-
vestigated by [33]. Although their study was done on crystalline quartz instead of
amorphous quartz, the results can still indicate the amount of contamination intro-
duced by using fused quartz. The temperature-dependent diffusivity constant is listed
in Table 2.217

Assuming powder drying is carried out at 350 °C for 1 week (see Section |3.1.2))

and crystal growth at 700 °C for 4 weeks, the corresponding diffusion length for

'The word fused silica is often used interchangeably with fused quartz to refer to regular amor-
phous quartz glass. To avoid confusion, in this thesis quartz and fused quartz refer to regular quartz
glass and synthetic fused silica is used to refer to quartz glass made from purified chemical precursors.

2The formula in Table is verified for 300-500 °C. The result is extrapolated beyond the range.
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Table 2.2: Diffusivity constants of Li*, Na®™ and K% in crystalline quartz [33]. The
empirical formula is extrapolated to estimate temperature dependence above 500 °C.

Element Diffusivity constant (cm?/s) Diffusion length (mm)

drying growth
Li 6.9 x 1073 x ¢~10366/T 0.16 6.5
Na 3.6 x 1073 x e~ 12077/T 0.03 2.0
K 0.18 x e~ 19952/T 0.01 1.9

K*, given by | = /D7 where D is the diffusivity constant, is approximately 10 gm
during drying and 1.9 mm during crystal growth. Taking the values in Table 2.1] a
4"-diameter fused quartz crucible will contribute roughly 30 ppb of K and synthetic
fused silica will contribute only about 0.5 ppb averaged over the entire crystal.ﬂ For
powder drying, fused quartz and synthetic fused silica will contribute roughly 0.2 ppb
and 0.003 ppb, respectively. This preliminary calculation indicates that diffusion of
impurities from regular fused quartz during crystal growth will affect crystal purity
while it is negligible for drying. On the other hand, diffusion of impurities from
synthetic fused silica is negligible in both cases.

It is worthwhile noting that lithium has higher mobility than potassium and they
both have similar concentrations in regular fused quartz. Applying the same calcula-
tion to Li™ yields a diffusion length of 6.5 mm during crystal growth, about 3.6 times
higher than that for K*. A naive scaling argument indicates that Li concentration
should increase by approximately 110 ppb in a crystal grown in a regular fused quartz
crucible. Therefore Li could be an indicator of contamination by diffusion. These re-
sults are summarized in Table 2.3]

This hypothesis is later definitively confirmed with two crystal growths, Nal-
031 (Section and Nal-032 (Section. The two crystal growths employed the

same powder and cleaning procedure. The main difference was the crucible material:

3Diffusion through thin pyrolitic carbon coating on the crucible is not considered.

19



Nal-032 was grown in a synthetic fused silica crucible while Nal-031 was grown in a
regular quartz crucible. No increase in K was observed in Nal-032, and Li was below
detection limit of inductively coupled plasma mass spectroscopy (ICP-MS). On the
other hand, K and Li increased by 34 ppb and 91 ppb, respectively, in Nal-031.
The data are summarized in Table 2.3] The discrepancy between the expectation
and the observation in Table can be attributed to a series of assumptions and

approximations made in the calculation.

Table 2.3: Expected and observed increase in K and Li concentrations in Nal (T1)
crystal due to diffusion of impurities from fused quartz and synthetic fused silica
crucibles. The diameter of the crucible is 4” and mass is assumed to be 5 kg. Nal-031
was grown in a fused quartz crucible and Nal-032 in a synthetic fused silica crucible.
All concentrations are in ppb.

Sample K Li

p expected observed expected observed
Nal-031 ~ 30 143+12 ~110 91
Nal-032 0 0.2453 0 0

Despite the benefit of fused quartz or synthetic fused silica, direct use is challenging
due to the affinity of alkali halides to quartz. Molten alkali halides can wet, etch and
diffuse into quartzﬁ With the coefficient of thermal expansion differing by two orders
of magnitude between Nal and quartz (Section , if Nal crystal sticks firmly to the
crucible, either the crystal or the quartz crucible will crack upon cooling. To make
the Nal crystal grow without sticking to the crucible, the crucible must be coated

with a layer of pyrolitic carbon to physically separate the melt from the crucible wall.

4More precisely this is caused by a trace amount of alkali hydroxides in the alkali halides (Sec-

tion .
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2.2 Crucible Design

A typical crystal growth crucible is shown in Fig. 2.1 The body of the crucible is
matched to the final diameter of the crystal, and the bottom is tapered into a cone
shape with a tip (left end in the figure). During the cooling of the melt, this tip acts
as a site for nucleation.

On the other side, the crucible body narrows down into a neck with an indent
to hold a quartz plug for sealing the crucible. The crucible is sealed by heating the
neck and the plug locally while pumping vacuum. Once the temperature exceeds the
working temperature of quartz, the neck will collapse due to pressure difference and
fuses with the plug inside, thus making the seal. The other end of the crucible (right
end in the figure) is used to connect to vacuum system via a Pyrex compression fitting

and a Viton O-ring.

4 inch

Figure 2.1: A typical design of crucible for crystal growth. The crucible shown in
this design has 4”-diameter, 1-ft-long body and 1”-diameter neck that expands to 2”
at the end for vacuum fitting. The bottom end is tapered with a tip to provide a
nucleation site during crystal growth. The neck has an indent to hold a quartz plug
in place. The seal is achieved by fusing the neck with the plug using a torch.

2.3 Precision Cleaning of Crucible

Raw quartz tubings, especially high-purity ones used in the semiconductor indus-
try, are manufactured according to strict standards such that bulk contaminations
are below specified limits. However, subsequent manufacturing of crucibles from raw

tubings typically takes place in glass shops where particulates and dusts in the air are
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not regulated, and the crucible surface could be contaminated. To prevent contami-
nation of the crystal, the crucible surface must be thoroughly cleaned prior to coating
and crystal growth. The steps for initial cleaning prior to coating are outlined below

followed by comments:

1. The crucible is first cleaned with a mixture of a few mL of Detergent 8, hy-
drofluoric (HF) acid and deionized water for 5-10 minutes at room temperature

to remove grease and other contaminants on the surface.
2. The crucible is thoroughly rinsed with deionized water.

3. Mixture of 10% v/v nitric (HNOs) acid and 5% v/v HF acid is used to leach

out impurities at room temperature for 1 hourﬂ

4. The crucible is rinsed thoroughly with deionized water and dried under a HEPA-
filtered hood.

Detergent 8 was chosen as the degreasing agent due to its relatively low potassium
content compared to other detergents. After the cleaning, the crucible is sealed in a
plastic bag inside a cleanroom and shipped for carbon coating.

After carbon coating, the crucible is rinsed with deionized water and leached
with 6% v/v hydrochloric (HCI) acid at over 50 °C for 24 hours to remove residual
metallic impurities on the surface. Subsequently the crucible is thoroughly rinsed
with deionized water and dried.

The entire process is carried out in a cleanroom at SEASTAR CHEMICALS, Inc.

(Seastar), and all chemicals used are ultra-high purity chemicals.

® v/v represents percentage by volume. Similarly, m/m and mol/m represent mass by mass and
mole-by-mass, etc.
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2.4 Pyrolitic Carbon Coating

Pyrolitic carbon coating is achieved by heating hydrocarbons to above their pyrolysis
temperatures to deposit atomic carbon on the surface. At the beginning, the coating
was done by Sandfire Scientific, Ltd. (Sandfire), but the quality of the coating varied
significantly. There are few references on pyrolitic carbon coating despite its general
importance in crystal growth. Pyrolitic carbon coating of 1”-diameter quartz crucibles
was previously studied by [34]. Their method works by flowing hexane vapor with
a carrier gas through a probe into the crucible at 700 °C. Although we were able to
reproduce their coating on 1”-diameter crucibles, coating on 2” or larger diameter
crucibles failed at locations where diameter changes, such as the tip and neck of the
crucible.

Building on their research, I developed an improved coating procedure using vac-
uum to transport vapor into the crucible instead of carrier gas. This method has been
used to successfully coat quartz crucibles of various sizes and shapes. The coating
procedure is outlined in Section [2.4.1] Section describes PyroMapper, a novel
apparatus that can automatically measure and map the thickness of pyrolitic carbon
coating throughout the entire crucible. Its calibration is described in Section [2.4.3]
The average thickness of coating as functions of axial position and coating time is

measured with PyroMapper, and the results are discussed in Section [2.4.4]

2.4.1 Coating Procedure
Setup for Pyrolitic Carbon Coating

The setup, illustrated in Fig. 2.2] consists of a quartz crucible to be coated, a Pyrex
vacuum compression fitting with two valves and a Pyrex KF25 flange, a scroll pump

and a hexane-filled Erlenmeyer flask.
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Valve C

hexane

Figure 2.2: Setup for pyrolitic carbon coating. The fused quartz crucible is sealed
with a Pyrex vacuum adapter via compression fitting and placed inside a horizontal
furnace. The Pyrex adapter has one Pyrex KF25 flange and two valves connecting
to a dry scroll pump and an Erlenmeyer flask containing hexane. The flask has
another valve (Valve C) that prevents introduction of oxygen during the assembly and
transportation. Pressure gauge is attached to the Pyrex KF flange on the adapter
and fixed by a PTFE clamp.

Steps

The procedure for pyrolitic carbon is outlined below followed by comments.

1. Crucible cleaning: Prior to carbon coating, the inner surface of the crucible
is rinsed with 5-10% v/v HF acid for 1-3 minutes followed by deionized water

and ethanol to clean the surface.

2. Hexane filling: The Erlenmeyer flask is filled with hexane and attached to
the Pyrex vacuum adapter. To keep away oxygen and particulates, the filling
is performed inside a nitrogen-purged glovebox and during the transportation

and assembly the valve on the flask (Valve C) is kept closed.

3. Vacuum baking: A dry scroll pump is attached to the other valve (Valve A)

on the Pyrex vacuum adapter. The crucible is placed inside the furnace and
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pumped to vacuum by opening Valve A and Valve B. The temperature of the
furnace is raised to 600-800 °C and the crucible is vacuum-baked for at least

1 hour for degassing and removal of adsorped water.

. Pyrolysis: The furnace temperature is lowered to 500 °C. Valve A is closed and
Valve C is opened. Once the pressure reading stabilizes, Valve B and Valve C
are closed and the hexane is detached. The temperature of the furnace is raised
to 800 °C at a rate of approximately 20 °C/min. Around 700 °C, the onset of
pyrolysis can be observed. To achieve azimuthally more uniform coating, the
crucible is incrementally rotated by one full revolution at 45° steps in a manner
that equal amount of time is spent at each orientation. The crucible is again
pumped down to vacuum after 10-40 minutes after reaching 700 °C, depending
on the final thickness desired. This step can be repeated multiple times to

increase the thickness of coating.

. Annealing of carbon coating The crucible is vacuum-baked at 1100 °C for
5 minutes to anneal the coating. Subsequently the crucible is naturally cooled

down and taken out of the furnace.

The furnace temperature and crucible pressure as functions of time in a typical

coating process is shown in Fig. [2.3] The data is acquired with a PIC16F1788 micro-

controller and DAQ software developed using the Polaris framework (see Section

and .

Discussion

In the initial vacuum-baking of the crucible (Step , pumping for 1 hour at over

800 °C is adequate in removing adsorbed water from quartz according to [35] and [36].

A longer pumping time does not negatively impact the coating, but baking at higher
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Figure 2.3: Furnace temperature and pressure inside crucible as functions of time in
a typical pyrolitic coating procedure. A: vacuum-baking of the crucible. B: pyrolysis
of hexane and deposition of carbon. C: annealing of the carbon coating. D: cooling
of the crucible.

temperatures for extended amount of time might cause quartz to devitrify, and thus
should be avoided.

The coating procedure described by [34] has an additional step of annealing of
the quartz crucible prior to coating. By testing various coating conditions, we found
that this step of quartz annealing had no effect on coating and therefore was omitted
from the procedure, unless the quartz crucible has not already been annealed to get
rid of the stress induced during manufacturingﬁ

The furnace temperature ramp-up and ramp-down rate was found to be non-

critical except for the pyrolysis phase (Step where it affects total duration of

6Extended annealing at over 1000 °C will accelerate devitrification of fused quartz and failure of
carbon coating.
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pyrolysisﬂ Since there is not a sharp turn-on of pyrolysis as temperature rises, the
deposition duration is counted from the moment temperature reaches 700 °C, where
the hexane vapor develops a fog-like appearance.

Compared to the procedure based on carrier gas in [34], the method described
in this work has less restrictions on crucible shape and size (Fig. [2.4]). This is likely
due to the hexane vapor more uniformly filling the crucible volume under vacuum
whereas when a carrier gas is used, the flow pattern could change drastically when

the size or shape of the crucible changes.

(MJ‘.’.T?_?_‘!__??“!!T?'FT‘PTTTTlTiI!I‘l

Figure 2.4: Pyrolitic carbon coating on crucibles of various shapes and sizes. From top
to bottom the crucible diameters are 4”7, 2” and 1.5” body with 1” neck. A 12"-long
ruler is included to indicate the scale. Photo courtesy of Hushu and Wuhana.

In addition, the overall risk of contamination is lower: there is no need to filter
and purify carrier gas, and a simpler setup and assembly procedure lower the risk of
contamination due to residues and particulates in the flow system.

The rotation of crucibles in Step {4 is found to be crucial in yielding azimuthally

uniform coating. In the current study, all crucibles are rotated by one full revolution

"Fused quartz has very small thermal expansion coefficient and it is almost impossible to thermally
shock a thin-wall quartz crucible.
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at either 45° or 90° steps such that equal time is spent at each orientation. Fig. [2.5

shows the difference between carbon coatings without and with rotation. However,

even with 45° rotation, the change of coating thickness in the azimuthal direction is

still visible. If better uniformity is required, the crucible can be mechanically rotated

continuously with a motor during pyrolysis.

Coating Thickness Map, Sample PyC004

Azimuth (degree)

N
a
=}

-
a
=}

-
15
S

N
Q
=]

T[T [T T[T [T [T [ TITT 1T

50

0 5 10 15 20 25 30
Height (mm)

(a) During deposition, the crucible is not ro-
tated.

Coating Thickness Map, Sample PyC005

w
@
=}

Azimuth (degree)
w
o
o

N
a
=}

200

150

100

50

0D 50 100 150

250
Height (mm)

(b) During deposition, the crucible is rotated
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Figure 2.5: Thickness maps of pyrolitic carbon coating on 2" crucibles without and
with rotation. The thickness maps are obtained with PyroMapper (Section [2.4.2)).

Precautions for Coating Synthetic Fused Silica

The procedure described in Section [2.4.1f was developed using regular fused quartz

crucibles but the procedure works equally well on synthetic fused silica crucibles.

Coating synthetic fused silica for ultra-high purity crystal growth requires additional

precautions, but due to the relatively simple setup and coating procedure, the re-

quirements can be easily met by the changes described below:

e High-purity hexane with low metallic residues upon evaporation should be se-

lected as the carbon source. If **C is a concern, hexane obtained from petroleum

should be used.

e The crucible should be precision-cleaned according to the procedure described

in Section instead of the steps outlined earlier in this section.
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e All glass components including the Pyrex adapter and the Erlenmeyer flask
should be cleaned with high-purity acetone, deionized water and ethanol thor-
oughly to remove surface particulates. At the current stage, precision-cleaning

is not done since these components do not touch the inner surface of the crucible.

e The assembly of the crucible, vacuum adapter and hexane-filled Erlenmeyer
flask should be carried out inside a cleanroom or in a clean glovebox and the

valve to pump (Valve A) should be kept closed until the pump is running,.

2.4.2 Measurement of Coating Thickness

The thickness of pyrolitic carbon coating is a crucial parameter. According to [34], the
coating is expected to be a few hundred nanometers thick and is often measured using
scanning electron microscope (SEM). However SEM measurements are destructive,
time-consuming and expensive. To solve these challenges, I designed and constructed
a new apparatus named PyroMapper to measure the thickness of carbon coating on

quartz crucibles by optical attenuation.

Principle of Operation

PyroMapper works by scanning a beam of laser across the crucible surface and mea-
suring and recording the intensity of transmitted laser. At each location as the
laser light passes through the coating, the intensity is exponentially attenuated as
exp(—d/7), where d is the thickness of the coating and 7 the attenuation coefficient.

Therefore the ratio of intensities between any two locations is given by

=e (2.1)

where I; is the intensity of the transmitted light at location i.
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Rearranging Eq. 2.1, 7 can be computed by measuring the intensities at two

different locations with known thicknesses of coating.

d; — d

“loe Tl 22)

T =

After 7 is known, the thickness throughout the entire scanned surface can be
mapped out by Eq. 2.1} provided the absolute thickness at any of the scanned lo-
cations is known. Initial measurements of absolute thickness and calculation of at-
tenuation coefficient can be achieved by inspecting under SEM samples taken from
different locations on the crucible where intensities of transmitted laser have been
pre-measured.

Once a reference thickness has been established on a crucible, this crucible can be
used as a calibration source. Future laser attenuation measurements can be calibrated
by repeating measurements on this calibration source at locations where coating thick-

nesses have been measured.

Description of PyroMapper

The CAD design of PyroMapper is shown in Fig. 2.6] and a photo of PyroMapper
is shown in Fig. [2.7] Scanning is achieved with two stepper motors (M1 and M2):
stepper motor M1 moves the light source and the photodetector back and forth via
a guided rail along the crucible, and stepper motor M2 rotates the crucible via tim-
ing pulleys and a timing belt in the azimuthal direction. The rotation mechanism is
shown in detail in Fig. In the measurements described in this thesis, a 5-mW
laser diode is used as the light source, and an off-the-shelf phototransistor is used as
the photodetector. The stepper motors, the laser and the phototransistor are con-

trolled by a custom-designed PIC16F1788-based microcontroller circuit (Section .
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Data is acquired using the pyromap software package developed using the Polaris

framework (see Section [8.1]).

Figure 2.6: A photodetector and a light source are attached to the ends of the shaft
S1 and S2, respectively, inserted through holes on the shaft pillar (P1) and fixed with
set screws. The shaft pillar has an array of holes to allow positioning of each shaft
at different height. The shafts S1 and S2 and the pillar P1 are moved together by a
stepper motor (M1) and a guided linear rail (R). The quartz crucible is positioned
between two precision shafts S3 and S4. Four ball bearings (B1-4) are used to support
the crucible and to assist crucible rotation. A second stepper motor (M2) is used to
rotate the crucible via timing pulleys and a timing belt. For clarity of image, the
light source, photodetector and timing pulleys and timing belt on M2 are not shown.

A typical thickness map obtained with PyroMapper is shown in Fig. 2.9 and also
previously in Fig.[2.5] The coating in Fig.[2.9)is done on 45 x 48 fused quartz crucible

with 20-minute deposition timef]

Comparison with SEM

The comparison between PyroMapper and SEM in the context of measuring coating

thickness on fused quartz crucibles is summarized in Table SEM is expensive,

8Quartz tubings are usually described by IDxOD in millimeters.
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Motor M1 Linear rail R Laser Crucible

Mica

Figure 2.7: Photo of PyroMapper. Custom circuit board Mica (Section [8.2.1)) is used
to control the light source and photodetector as well as to provide power and control
signals to stepper motors.

general-purpose equipment that requires special training and manual operation while
PyroMapper is low-cost, special-purpose equipment. Once hardware and software
are properly configured, the measurement is automated and sample placement is very
simple. SEM samples are typically a few cm in dimension, and sample preparation
is a destructive process for crucibles several feet in length. Locally, SEM has a very
high spatial resolution, but part of the crucible and coating is inevitably lost when
cutting the crucible to appropriate sample size, which affects global resolution. On
the other hand, the local resolution for PyroMapper is mainly limited by the size
of the laser beam but scanning can be performed at sub-mm steps. Since light is
exponentially attenuated by the coating, there is a limit on the thickness that can
be measured. With a 5-mW laser diode and an off-the-shelf phototransistor, the
maximum measurable thickness is around 700 nm. The limit can be further improved
by using either a more sensitive photodetector or a higher-power laser, but the gain

is marginal. However, SEM can measure a much wider range of coating thickness.
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Figure 2.8: PyroMapper crucible rotation mechanism. A timing belt goes around
the crucible, two timing pulleys and two PTFE tensioner pulleys (belt tensioners).
The positions of the belt tensioners are adjustable such that certain tension can be
maintained in the timing belt for crucibles of different diameters. One of the timing
pulleys is directly driven by motor M2. As the motor shaft rotates, the timing belt
also moves at a fixed rate determined by its pitch, and the friction between the
crucible and the timing belt causes the crucible to rotate as well. Crucible rotation
is further assisted by four ball bearings B 1-4.

Table 2.4: Comparison between PyroMapper and SEM in the context of measuring
thickness of pyrolitic carbon coating on fused quartz crucibles.

SEM PyroMapper
Purpose general-purpose special-purpose
Cost expensive cheap (< $200)
Operation mangal . : autom.at‘ic

special training required  no training needed
Sample preparation destructive non-destructive
Resolution (local) ~nm 100 pm-mm
Resolution (global) >1cm 100 pm-mm
Measurement range nm-min <1 pm
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Figure 2.9: Carbon coating thickness (in nm) map for sample PyC011 (20 min de-
position time). Carbon coating thickness is plotted in cylindrical coordinate. The
height is measured 43 mm away from the tip, with positive direction towards the tip.
The leftmost dark column corresponds to the azimuth driving belt.

2.4.3 Calculation of Attenuation Coefficient and Calibration

by Scanning Electron Microscope

A 2"-diameter, 4-cm-long segment cut from a coated quartz crucible (PyC003) is
used to measure the attenuation coefficient 7 and to calibrate the apparatus with a
reference thickness. A 5-mW, 632-nm laser diode and a phototransistor are used as
the light source and the photodetector, respectively. After optical measurement on
this segment, two small SEM samples (approximately 5 mm by 5 mm) are cut away
from each end and inspected under SEM. The thicknesses measured using SEM are
compared with laser transmission data to calculate 7.

The SEM image of these two samples are shown in Fig. and Fig. 2.10b]

The intensity of transmitted laser along the line connecting these two SEM sample
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locations is shown in Fig. [2.11} From Eq. the attenuation coefficient of 632-nm

laser in pyrolitic carbon is calculated to be

___3%-216 (2.3)
~ log(0.638/0.0034) '
= 78.7 nm, (2.4)

in agreement with previous values reported in other optical absorption spec-
troscopy measurements [37].

Since the thickness of the carbon coating on this segment is known, calibration of
future measurements are done by repeating optical measurements on this sample at
positions where thicknesses are known. Such calibration is performed either through
dedicated calibration measurement after each sample measurement, or at the same
time as sample measurement by placing the calibration crucible next to the crucible

to be measured.

i | Magnification Accelerating Voltage Working Dlstance‘Deteclor § || Magnification|Accelerating Voltage Working Distance|Detector

Wl 20000 x 10 kV 26.8 mm SE —1 ym—— SE —1 ym—
(a) SEM image of carbon coating at the begin-  (b) SEM image of carbon coating at the end of
ning of the calibration sample. The thickness the calibration sample. The measured thick-

averages to be 216 nm. ness averages to be 395 nm.

Figure 2.10: SEM images of pyrolitic carbon coating at the beginning and end of
calibration sample. The measurement is done on sample PyC003.
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Figure 2.11: Intensity of transmitted laser along the line connecting the two locations
on PyC003 where SEM samples were taken. The exponential attenuation indicates a
linear increase in the thickness of carbon coating.

2.4.4 Thickness as Function of Position and Coating Dura-
tion

To investigate the thickness of carbon coating as functions of position and coating
duration, four 45 x 48 quartz crucibles are coated with varying deposition times.
Subsequently the coating thickness is mapped out and averaged azimuthally to get
the average thickness of coating versus axial position (Fig. [2.12]).

Spatially, the thickness as a function of height is characterized by a region of linear
increase followed by a roughly flat region with a valley in the middle. As deposition
time gets longer, the valley becomes smaller and the coating tends to be more uniform
throughout the entire crucible. This is different from a linearly increasing thickness
profile reported by [34].

Temporally, as deposition duration increases, the thickness of coating approaches
a terminal value. This is likely due to the limited amount of hexane introduced for
each coating: as coating progresses, hexane continues to be consumed and the density

of hexane in the vapor decreases, leading to a decrease in the deposition rate.
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Figure 2.12: Average coating thickness as a function of position for various deposition
times. For coating time over 40 minutes, the thickness exceeds the measurement range

of PyroMapper and therefore is not included in the study.

To quantitatively analyze this behavior, the average thickness of coating within

5 mm from the center of the furnace is plotted as a function of coating duration. The

data are fitted with the following function:

y = Cy(1 — e/,

Eq. follows naturally if one makes the following two assumptions:

1. the rate at which coating thickness increases is proportional to the amount of

hexane in the vapor, and

2. the amount of hexane remaining in the vapor is a constant (initial amount)

minus a term proportional to the thickness of existing coating (hexane consumed

in pyrolysis).
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Figure 2.13: Average thickness of carbon coating as a function of deposition time. As
deposition time increases, the deposition rate decreases and the thickness of coating
approaches a final value around 760 nm.

The result is shown in Fig. From the fit, it can be concluded that for
2" crucibles, the thickness of pyrolitic carbon coating approaches a terminal value of
758 4+ 18 nm with an exponential time constant of about 13 4+ 1 minutes.

Note that if the above assumptions are true, the terminal value will depend on the
initial partial pressure of hexane and also the surface-to-volume ratio of the crucible.
In the coating procedure outlined in Section[2.4.1] the initial partial pressure of hexane
is automatically fixed by its natural vapor pressure, but the surface-to-volume ratio
will change if the crucible diameter changes. As a result, the same relations in Fig.

and Fig. are not expected to hold for crucibles of other sizes.
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Chapter 3

Precision Drying and Zone
Refining of Astro-grade Nal

Powder

To grow ultra-high purity crystals, the starting raw powder must be of comparable
purity to the final crystal. Purification of Nal powder was previously investigated
by a collaboration between Sigma-Aldrich and Princeton University, and was found
to be best achieved by repeated crystallizations of NayCOj3 hydrate, the precursor
material used in making Nal. The concentrations of major impurities of interest in
the resulting Astro-grade powder is comparable to or even lower than those in the
crystals used in the DAMA /LIBRA experiment.

However, the powder obtained from Sigma-Aldrich still contains too much water
to be used directly for high-purity crystal growth. Section discusses potential
problems associated with water in the powder and describes a technique to dry Astro-
grade Nal powder in a controlled manner. Section describes impurities present
in the Astro-grade Nal powder uncovered through drying, and Section describes

zone refining—a method to further purify Nal powder.
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3.1 Precision Drying of Nal Powder

Nal powder is usually manufactured by mixing aqueous solutions of NaCOg3 and HI,
and drying the resultant Nal solution. Although commercially available Nal powder
is advertised as anhydrous, a trace level of water in the powder can still affect crystal

growth and final radiopurity in a number of ways.

1. Water can consume carbon coating at elevated temperatures by

H,0 + C — H, + CO. (3.1)

2. Water can react with Nal and produces NaOH [3§]:
Nal + H,O = NaOH + HI. (3.2)

NaOH is confirmed to etch carbon coating and dissolve fused quartz. Fig.

shows carbon coating and fused quartz etched by molten NaOH.

3. Tritium in NaOH can become a serious background at low energies via S-decays.

Tritium background is discussed in detail in Section [0.2.2]

Furthermore, due to high electronegativity, it is difficult to measure the amount
of water or hydroxyl group (OH™) by ICP-MS. Therefore thorough removal of water
in a controlled way is an essential step in successful growth of high radiopurity Nal

crystals.

3.1.1 The Apparatus for Precision Drying

To remove residual water remaining in the powder, we developed a technique for pre-
cision drying of Nal powder. The procedure works by vacuum-baking of Nal powder

at several stages of increasing temperatures, first starting from room temperature.
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Figure 3.1: Pyrolitic carbon-coated fused quartz crucible etched by molten NaOH.

At each stage, temperature is not raised until the water removal rate—defined as the
amount of water removed per unit time—decreases to a terminal value. This guar-
antees water is removed as efficiently as possible at as low a temperature as possible
to avoid production of NaOH by Eq. 3.2}

The piping and instrumentation (P&ID) diagram for the setup is shown in
Fig. and a photo of the drying system is shown in Fig. |3.2b, To guarantee
high throughput, vacuum lines, valves and connectors used have inner diameters no
less than 1”. The borosilicate glass cold trap is connected to the rest of the vacuum
system by Pyrex-to-Kovar seals and KF25 flanges.

Water removal rate is measured by trapping and collecting water vapor with the
borosilicate glass cold trap in liquid nitrogen for certain amount of time (typically
1 hour), since direct measurement is difficult due to low amount of water present after
free water is removed. After water has been collected, the cold trap is shut off from

the rest of the vacuum system and warmed up to vaporize condensed water. The
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final pressure relative to baseline is used as an indicator of amount of water removed
during the interval.

Fig. shows data corresponding to a series of water measurements conducted
on June 20, 2018. The top plot (red) shows the temperature of the oven; the middle
plot shows temperature of the cold trap (blue) and the bottom plot (green) shows
the pressure at the cold trap. The oven temperature is raised from room temperature
to 120 °C after 1.5 hours since start of DAQ. Each rise in the cold trap temperature
and the corresponding peaks in the cold trap pressure indicate a water measurement.
Due to limited thermal conductivity under high vacuum, the increase of water removal
rate happens after the increase of oven temperature with a delay. Subsequently, the
water removal rate decreases until reaching a final constant value. Pressure gauge and
sensors are controlled with custom PIC16F1788-based circuit, and data is collected

with DAQ software developed using the Polaris framework (see Section [8.2.2)).

3.1.2 The Drying Behavior of Nal Powder

Water removal rate as functions of time and temperature in Astro-grade Nal powder,
shown in Fig. [3.4] is characterized by two major peaks, one at room temperature and
one around 120 °C followed by a series of smaller peaks at higher temperatures. The
room temperature peak corresponds to free water being removed in the raw powder,
which also accounts for the majority of water removed. For a 2-kg batch it takes about
one week’s time before water removal rate reaches its terminal valuel] The peak at
120 °C corresponds to decomposition of Nal hydrate. The decomposition temperature
of Nal hydrate is around 80 °C [38] but a slightly higher oven temperature is chosen to
make sure the temperature throughout the entire crucible is above the decomposition
temperature. Above 120 °C, there are no more significant processes that release

significant amount of water, and temperature of oven is slowly increased to the final

ICrystal-grade Nal powder has a similar behavior, but due to larger amount of water present, a
significantly longer time is needed.
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Q Q Borosilicate cold trap Oven

Scroll pump Turbo pump

(a) P&ID diagram of the precision drying system. The pressure gauge is a convection-
enhanced Pirani gauge with sensitivity down to 0.01 mbar. The scroll pump (Ed-
wards nXDS6i) has peak pumping speed of 1.7 L/s and can reach an ultimate pressure
of about 0.02 mbar. The turbomolecular pump (Pfeiffer HiPace 80) has a pumping speed
of 67 L/s and an ultimate vacuum below 10~8 mbar.

Valve 3 Valve 2

N

To
Valve 1

Cold trap

(b) Photo of the precision drying system. In
the vacuum-baking phase, the cold trap is
immersed in liquid nitrogen to trap and col-
lect water. In the water measurement phase,
Valve 2 and 3 are closed and the cold trap is
warmed up and pressure change is recorded.

Figure 3.2: P&ID diagram and photo of the precision drying system. Nal powder is
loaded in a quartz drying crucible inside a glovebox. During transportation, Valve 1
is closed to keep away ambient moisture and particulates. Valve 4 and 5 are used
to select between a scroll pump and a turbomolecular pump, depending on the level
of moisture and type of gas being pumped. In the earlier stages where water might
condense in the pump, the scroll pump is used with gas ballast open. As the powder
gets drier, the turbomolecular pump is used instead.
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Figure 3.3: Pressure and temperature of cold trap and temperature of Nal powder over
a number of water measurements. As indicated by the top plot, data is taken during
and after temperature of the oven is raised to 120 °C from room temperature. In the
middle plot, each well in the cold trap temperature corresponds to water collection
with liquid nitrogen and the subsequent spike in temperature rise is due to temporary
overheating of the trap with heat gun. Water collection time for each measurement is
1 hour. The bottom plot shows pressure of the cold trap as a function of time. After
the temperature of the oven is raised, the pressure due to trapped water increases,
indicating a higher water removal rate. As the remaining amount of water decreases,
the amount of collected water also decreases until final equilibrium is achieved.

temperature of 380 °C. Each steps of precision drying and the characteristic behavior

of water are summarized in Table 3.1
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Drying Rate of Astro-grade Powder
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Figure 3.4: Water removal rate as functions of time for Astro-grade Nal powder. In
the first few measurements, liquid water is present in the trap after warming up, and
the maximum value of the vacuum gauge is taken instead.

3.2 Impurities in the Astro-grade Nal Powder

It was observed that for the first few water measurements above 300 °C, a different gas
species is released from the powder. The presence of this gas component is indicated
by a prompt response of the vacuum gauge as the cold trap is warmed up (Fig. .

This can be explained by the gas having a lower melting point than water: upon
heating the outer surface of the cold trap, water vapor will condense around the cold
inner column and it takes some time before convection can warm up the inner column,
causing a delay in the response of vacuum gauge. However, if the inner column is
not cold enough to condense the unknown gas, it will vaporize immediately, causing
a prompt response in the pressure gauge.

The amount of immediate gauge response is plotted as a function of time and
temperature in Fig. [3.6l The temperature threshold and finite amount suggest that

this unknown gas is associated with thermal reactions of impurities in the Nal powder.
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Table 3.1: Procedure for precision drying of Nal powder

Temperature Duration Characteristics

20 °C 1 week Free water is pumped out. Cold trap or gas bal-
last is required to prevent water from condensing
in the pump. A large amount of condensed water
is observable in the cold trap after the cold trap
is warmed up.

120 °C 1-3 days Nal hydrate begins to decompose, contributing
to a high water removal rate. As the amount of
hydrate decreases, water removal rate also goes
down quickly.

240 °C 1-2 days Water removal rate slightly increases at the be-
ginning, but quickly goes down.

320 °C 1-2 days Drying rate increases again at the beginning. De-
composition of other impurities (e.g. NaHCOj3
and NaOH hydrate) contributes to an increase in
the water removal rate.

380 °C 1-2 days No significant change in the water removal rate
is observed.

One hypothesis is thermal decomposition of NaHCO3. An alternative possibility is
water released from NaOH hydrate [39] further reacting with Nal and producing HI
by Eq. 3.2

In addition, occasionally Astro-grade Nal powder develops black specks during
vacuum-baking at above 200 °C. X-ray photoelectron spectroscopy (XPS) measure-
ment determined that the contaminant is carbon. Fig. compares aluminum Ko
XPS spectrum of white Nal powder to that of powder with black specks. It can be
clearly seen that carbon 1s valence electron peak at 285 eV and carbon KVV auger
electron peak at 1223 eV are present in the spectrum of powder with black specks
but are absent from the spectrum of white powder.

Judging from the fact that 1) it only appears at temperatures above 200 °C
and 2) it is not removed by prior thorough pumping, the carbon is likely from the

decomposition of low-vapor pressure hydrocarbons present in the raw powder. The
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Figure 3.5: Response of vacuum gauge within the first few minutes as cold trap is
heated. Red curve shows the response for data taken at 320 °C and blue curve shows
data collected at 120 °C for comparison. Between 100 to 200 seconds, the red curve
has a change in gauge voltage absent in the blue curve, indicating the presence of
vapor other than water.

possibility of back-streaming of pump oil can be ruled out since both pumps used in
the precision drying are oil-free dry pumps. However the Astro-grade Nal powder
may have been vacuum-dried with oil-based pumps at the factory.

The presence of these impurities along with the benefits from improved powder pu-
rity motivates further purification of Astro-grade Nal powder prior to crystal growth.

One such method—~zone refining—is discussed in the next section.
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Degassing Rate of Astro-grade Powder
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Figure 3.6: Oven temperature (red) and immediate cold trap gauge reading (blue) as
a functions of time. The immediate cold trap gauge reading indicates the amount of
gas species with melting point lower than water. Below 300 °C this is not significant,
but once temperature exceeds 300 °C, the amount of released gas immediately rises.
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Figure 3.7: XPS spectrum of Astro-grade Nal powder powder with and without black
specks. It can be clearly seen that 1s valence electron peak and KVV auger electron
peak is present in the spectrum of powder with black specks but are absent from that
of white powder.

3.3 Zone Refining of Nal Powder

Zone refining is a crystal purification process in which impurities are moved to the ends
of the ingot by molten zones. The principle and process of zone refining is explained
in detail in Section [3.3.1 and Section describes the impurity distribution after
crystal growth/zone refining. Section discusses different ways to calculate the

48



distribution coefficient—a key parameter describing the effectiveness of zone refining.
Optimization of zone refining in the context of purifying Nal powder is described in
Section [3.3.4] Finally, Section |3.3.5| presents the design and construction of a new

zone refining system.

3.3.1 Principle

When a crystal grows from melt or solution, the crystal lattice will purify itself by
attracting certain types of impurities and repelling other types. This phenomena
is best explained from thermodynamics. Consider the phase diagram of a binary
mixture shown in Fig. 3.8 Vertical axis is the temperature of the mixture and the
horizontal axis the concentration of the impurity. The initial state when everything
is molten is represented by a point above the red liquidus line. As the temperature
drops, the system stays as a homogeneous liquid mixture until past the liquidus line
where homogeneous liquid mixture is energetically unfavorable and the system spon-
taneously separates into a liquid phase with concentration Cy; and a solid phase with
concentration Cg;. According to this phase diagram, the impurity concentration in
the solid phase is lower than that in the liquid phase, thereby the crystal is puri-
fied. The equilibrium distribution coefficient ke, is defined as the ratio of impurity

concentration in the solid phase to that in the liquid phaseﬂ

keq = Cs/CL. (3.3)

Pictorially ke, is also the ratio of the slope of the liquidus line to that of the
solidus line. keq is a measure of the strength of phase separation: the lower k. is, the

stronger impurities are repelled from the crystal matrix.

2Such definition assumes the liquidus and solidus curves to be linear, but such assumption is
always true near 0, or when impurity concentration is small.
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Figure 3.8: An example phase diagram of a binary mixture. Above the liquidus
curve (red), everything melts as a homogeneous liquid. Below the solidus curve (blue),
everything freezes to a homogeneous solid.

In the phase diagram shown in Fig. the impurity has effectively lowered the
melting point. If the slope of the liquidus and solidus lines are positive instead,
the impurity has effectively raised the melting point. Such case can be analyzed in a
similar manner and the distribution coefficient takes a value greater than 1, indicating
that impurities tend to stay in the crystal lattice. Due to the similarity, following
discussions will mainly focus on the case of keq < 1.

It must be pointed out that ke, applies only to systems at or near equilibrium. If
the process happens too fast for the different phases to reach equilibrium (e.g. rapid
crystal growth), ke, must be replaced with effective distribution coefficient keg. For
simplicity of discussion, the notation ke, will be used throughout the rest of the thesis,

but keq is understood to be keg for non-equilibrium systems.
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Normal Gradient Freeze

When a single crystal is grown from melt, the raw powder is first melted entirely, and
the melt is allowed to crystallize slowly from one end. When the first bit of crystal
forms, the impurities in the crystal is suppressed by a factor of k., compared to the
remaining molten liquid, and the extra impurities are pushed into the liquid phase,
slightly raising the average impurity concentration in the liquid. As crystal grows, the
impurity concentration in the liquid keeps rising due to additional impurities being
pushed into the melt from the solid crystal and newly formed crystal has a higher
impurity concentration (Fig.[3.9)). Therefore the impurity concentration in the final
crystal will increase from the tip which crystallizes first to the tail which crystallizes

last. This process is called normal gradient freeze.

N C(x)

o -

Figure 3.9: Illustration of normal gradient freeze. As the solid-liquid boundary ad-
vances, impurity concentration in the solid is k., times that of the remaining liquid.
Due to additional impurities from the solid being pushed into the liquid phase, as the
boundary advances the impurity concentration in the solid phase also increases.

It is very easy to find the distribution of impurities in this scenario: assume an

ingot of length L. The impurity concentration at distance x from tip is given by

Cla) = b [ Clu)dy/(L ) (3.4)

It states that the impurity concentration for crystal newly formed at position x is

keq times the impurity concentration of the liquid, which is expressed as an average of
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the impurity concentration over the remainder of the ingot. The differential equation
obtained by taking derivative with respect to x on both sides of Eq. has a simple

solution:

C(x) = keqCo(1 — /L), (3.5)

where the boundary condition of C(0) = keCy is imposed.

Zone Refining

In zone refining, instead of melting everything, part of the ingot, also referred to as a
zone, is melted. This molten zone is moved across the entire ingot repeatedly in the
same direction. As the zone is moved, newly formed crystal has a smaller impurity
concentration compared to the molten liquid. Thus impurities are pushed towards
the ends along with the molten zone. This concept is shown in Fig. [3.10] Unlike
normal freezing in which everything melts and homogenizes at the beginning, zone
refining occurs locally: as the zone makes the next pass, the molten liquid has less
impurities due to purification by previous pass, thus the solid gets further purified.
Such process is repeated multiple times before the dirty end of the ingot is cut away
to make a crystal with higher purity.

Since its invention by Pfann [40], zone refining has remained a key technique in

producing high-purity silicon and germanium for semiconductor applications.

3.3.2 Impurity Distribution

Unlike normal directional freeze (Section |3.3.1)), the impurity distribution after arbi-
trary number of zone refining passes is complicated, and no analytical solution has

been found. However this problem can be solved numerically with ease [41]. An

92



Figure 3.10: Illustration of zone refining with 3 zones. After the first zone (rightmost)
pushes impurities towards the right end by same principle as normal crystal growth,
the second zone sees less average impurity concentration. Therefore as the second
zone passes, further purification is achieved. Such zone passes can be repeated until
equilibrium distribution of impurities is reached.

improved algorithm based on [41] that takes into account crucible shape is described
in Appendix [A]
Impurity distribution after 1, 2, 5, 10 and 25 zone passes are shown in Fig. [3.11]

From this plot, it is not difficult to see two limitations of zone refining:

1. similar to any other purification techniques, higher purity comes at the cost of

more sacrifice of raw material, and

2. there is an ultimate equilibrium distribution, achieved when each part of the
ingot has the right amount of impurity such that ratio of impurity concentration

in solid to that in liquid is ke throughout the entire ingot.

3.3.3 Measuring Distribution Coefficient

In the purification of Nal powder for ultra-high purity crystal growth, 36Cl, °K, 8’ Rb
and ?1°Pb are of concern because they are major sources of background (Section.
To quantify how well zone refining removes these impurities, ko, for each impurity
must be known. The coefficient between alkali halides has been previously measured

by [42], but the accuracy is not known and a new estimate is necessary.
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Figure 3.11: Impurity distribution after various numbers of zone passes for distri-
bution coefficient of 0.5 and zone width of 1/10 the ingot length. The distance is
measured from the beginning as fraction of total ingot length. The relative impurity
concentration is normalized to an initial uniform distribution of 1. The singularity
around 0.9 is due to molten zone reaching the far end and impurity having no where
else to go.

Based on previous discussions, distribution coefficient can be estimated in 3 ways:

1. ratio of impurities in the solid phase to that in the liquid phase in a phase

diagram of binary mixture,
2. measuring impurity distribution after crystal growth, and

3. measuring impurity distribution after dedicated zone refining tests.

Calculated koq are summarized in Table at the end.
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Calculating k.q from Phase Diagram

keq is calculated from phase diagrams of binary system by dividing the equilibrium
impurity molar concentration on solidus curve by that of liquidus curve, both evalu-
ated at a temperature close to the melting point of Nal. This process is repeated at
different temperatures to estimate errors.

Phase diagrams of NaCl-Nal, KI-Nal, RbI-Nal and Lil-Nal are taken from [43].
Phase diagrams of NaCl-Nal and KI-Nal are reproduced in Fig. [3.12] as illustration.
The phase diagram of PbIy-Nal system can be found at [44], but the data is not

conclusive enough to allow calculation of k.
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(a) Phase diagram of NaCl-Nal system. (b) Phase diagram of KI-Nal system.

Figure 3.12: Phase diagram of NaCl-Nal and KI-Nal binary system [43]. The equi-
librium coefficient is calculated by taking the ratio of molar fraction in solid phase
over that in liquid phase at a temperature near 661 °C.

Calculation of ke, using phase diagrams is quick and cost-effective, but it is subject
to the availability of phase diagram of particular binary system of interest. The molar
concentrations displayed in the phase diagrams are usually on the order of 0.1%, and

the accuracy of phase diagrams when extrapolated to the sub-ppm region is not

known.
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Measuring keq by Crystal Growth

As crystal grows from melt by gradually freezing from one end (gradient freeze), the
impurity will be distributed according to Eq. Since impurity concentrations
at different locations of the final crystal are determined by only two parameters—
amplitude (or original impurity concentration in the powder Cp) and keq, impurity
measurements at two different positions are needed.

To estimate key, ICP-MS measurements of crystal impurities in samples from Nal-
014, Nal-031 and Nal-032 are used (Section. Two samples from each crystal, one
near the tip of the crystal and the other near the tail, are analyzed using ICP-MS[f]
Measured impurity concentrations as functions of position is fitted with simulated
impurity distribution, keeping overall impurity concentration and ke, as free param-
eters. The simulation algorithm is described in Appendix [A] with zone width set as
the length of ingot.

keq of KI in Nal is obtained from Nal-014 (Section since it provides the
cleanest data without contamination from the fused quartz crucible. Lil is obtained
from Nal-031 (Section because Lil in Nal-014 and Nal-032 are below detection
limit due to the ultra-high purity of synthetic fused silica [’

Since crystal growth is carried out very slowly, the solid-liquid mixture is more
likely to be in equilibrium. ke, calculated from crystal growth might be unrealistic

for zone refining which is usually done more than 10 times faster than crystal growth.

Measuring keq by Zone Refining

To measure ke, in the most realistic setting, dedicated zone refining tests were con-

ducted at Radiation Monitoring Devices, Inc. (RMD). Nal powder was loaded in a

3The same distribution can also be calculated by numerical simulation using the algorithm out-
lined in Appendix

4Tip is the end that crystallizes first during crystal growth.

5 Li diffusing out from crucible is not modeled in the simulation and there could be corresponding
error in the estimate.
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2-cm-diameter, 30-cm-long crucible. Powder was doped with KI, Rbl and Pbl, re-
spectively, in 3 different runs to enhance signal-to-background ratio. The crucible was
zone-refined for 25 passes using a ring oven with ID slightly larger than the OD of
the crucible at a rate similar to that used by [42]. Samples from 5 different locations
were analyzed using glow discharge mass spectroscopy (GDMS). Sample locations
and measurement results are summarized in Table 3.2

Table 3.2: Impurities at different locations from a Nal ingot zone-refined by 25 passes.
It can be seen that K and Rb are mainly pushed in the direction of motion of oven
while Pb goes in the other direction. Data provided by RMD.

Concentration (ppm)

Element  S0mm 150 mm 225 mm 295 mm k
K 15 111 122 9294 5459 0.57
Rb 20 0.3 0.21 48 36000 0.37
Phb 0.14 0083 0072 0042  0.029 1.11+0.01

Summary of Measurement

In general there is good agreement between k., obtained by different means. Fkeq
obtained from zone refining are expected to be higher than that obtained from crys-
tal growth whereas values calculated from phase diagrams are consistent with those
obtained from crystal growth.

Although k., obtained from zone refining tests are reliable only at ppm level due
to doping, data from crystal growth indicates that phase separation of K still occurs
at the ppb-level. Therefore zone refining of Nal powder is also expected to be effective
at reducing K impurities at ppb level.

Note that for Pbly, ke, is greater than 1, indicating that Pbl, will move in the
opposite direction during zone refining. This is true only for Pbly-Nal mixture. Unlike

highly reactive alkali metals such as Li and K, Pb might not react with HI when
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Table 3.3: Calculated and measured distribution coefficients of Lil-Nal, NaCl-Nal,
KI-Nal and RbI-Nal binary system. Data from [42] is included for comparison. Data
not available is marked with n\a. The value for Pbl, is larger than 1, indicating that
Pbl, will concentrate in the solid phase.

Imourit Distribution coefficient
PULY phase diagram Crystal growth Zone refining Literature ([42])

Lil 0.38 + 0.06 0.42 +0.07 n\a 0.45
NaCl 0.52 £ 0.07 n\a n\a n\a
KI 0.45£0.10 0.35 0.57 0.39
RbI 0.18 £ 0.02 n\a 0.37 0.16
Pbl, n\a 1.2+0.3 1.11 £ 0.01 n\a

NayCO3 is mixed with HI to make Nal. If Pb exists in Nal powder in other forms,

phase separation will occur differently.

3.3.4 Efficiency of Zone Refining

Impurity distribution after zone refining depends only on two parameters: ke, and
ratio of zone width to ingot length w/ L. Ideally the effect of w/L should be considered
as well, however in practice, it is mostly determined by the zone refining oven (width
and range of motion of each ring oven). Typical values range from 0.05-0.2. For
simplicity of analysis, w/L is taken as 0.1.

To study the effectiveness of purification of Nal by zone refining, the projected
final purity achieved is plotted as a function of the number of zone refining passes (V)
and the fraction of the ingot kept (f). Two contour plots are shown in Fig. for
k = 0.3 and k = 0.5, inferred from Table |3.3]

The plot indicates that with 20 zone passes, more than 70% of the raw material
can be purified by a factor of 100. However, subsequently the contour line becomes
horizontal, indicating that additional zone refining will not significantly improve the

final purity.
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Figure 3.13: Contour plot of purification power as a function of number of zone passes
and fraction of ingot kept. Purification power is defined as negative log of ratio of
impurities after and before zone refining. The solid line corresponds to k = 0.3, and
the dashed line corresponds to k = 0.5.

3.3.5 A New Apparatus for Zone Refining

In zone refining, multiple ring ovens are often moved across the ingot simultane-
ously (Fig. such that in the time one oven makes one pass, the ingot has been
zone-refined multiple times. However since ring ovens all move along the same line,
after the first ring oven finishes the travel, it needs to wait for all other heaters to
finish before they can move back to the starting location for next run. To overcome
this limitation, together with Mellen Company, Inc. (Mellen), we co-invented a novel

zone refining system that features continuous operation of the ring ovens.

59



split-oven

crucible

scissor-lift

(a) CAD design of new zone refining system. (b) New zone refiner during test.

Figure 3.14: CAD design and photo of new zone refining apparatus.

Continuous operation is realized by two-level design and a split oven; zone refining
takes place at the upper level. Once an oven finishes a zone refining pass, it is split
open and brought down to the lower level by a scissor-lift and moved back to below
the starting position. The heater is then brought up again by another scissor lift and
begins the next zone refining pass.

Currently, the apparatus is in the final tuning phase, after which 3 kg of Astro-
grade Nal powder will be zone-refined in a synthetic fused silica crucible as a final

test.
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Chapter 4

Growth of Ultra-high Purity
Nal (T1) Crystal

To grow large single crystals, raw material is first melted in a crucible and slowly
cooled down in a controlled manner such that the entire crystal consists of a single
crystal lattice. Section gives an overview of three major growth methods used
industrially to produce large crystals, and compares them in the context of ultra-high
purity crystal growth. Steps and special considerations in growing Nal (T1) crystal
are described in Section [£.2] Section summarizes major crystal growth activities
that happened over the course of my Ph.D., and this chapter concludes with a brief

discussion of using SiCly to improve crystal growth (Section [4.4).

4.1 Single Crystal Growth from Melt

Growth of large single crystals from melt is often achieved by either the Czochral-
ski process, Kyropoulos process, or Bridgman-Stockbarger process. The difference
between these processes lies in how the melt is cooled. In the Czochralski process,
the raw material for the crystal is melted in a crucible and a rod with a seed crystal

attached at the end is inserted into the melt and slowly pulled out. As the rod is
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being pulled out, the end of the rod cools down and the melt crystallizes around
the rod. In the Bridgman-Stockbarger process, a crucible filled with raw material is
melted and slowly cooled by passing the entire melt through a thermal gradient. The
Kyropoulos process is similar to the Czochralski process, except the crystal is slowly

rotated and pulled out at a much slower rate such that the entire melt can crystallize

T

|l| ;
l

(a) The Bridgman-Stockbarger method. (b) The Czochralski/Kyropoulos method.

into a single crystal.

Figure 4.1: Illustration of frequently-used methods for single crystal growth. Blue
color indicates temperatures below the melting point of the raw material and red
temperatures above the melting point. In the Bridgman-Stockbarger method, the
part that first enters the cold zone crystallizes and provides nucleation sites for the
molten materials in the hot zone as the crucible advances into the cold zone. The
crucible is usually designed with a tip in the bottom to select a single crystal lattice
out of randomly-formed poly-crystals. In the Czochralski/Kyropoulos method, a
rotating seed crystal is used instead as nucleation sites for the molten materials.

Typically the Kyropoulos method has the highest yield, and the final single crystal
does not contact the crucible wall, leading to less stringent requirements on the cru-
cible material. Commercially, the Kyropoulos method is frequently used to produce
large alkali halide crystals, including Nal (T1). However in the Kyropoulos method,
it is difficult to completely seal the melt from outside, and the melt can poten-
tially become contaminated by particulates in the ambient air and furnace refractory
materials. The process also involves many parameters and the growth conditions

must be constantly monitored and controlled. On the other hand, in the Bridgman-
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Stockbarger method, the growth process is less complex and can be automated. Since
the crucible containing the melt can be completely sealed to prevent additional con-
taminants from being introduced during crystal growth, the purity of the crystal,
which depends only on the quality and purity of the crucible and the initial raw
material, can be strictly controlled. This feature makes it very suitable for growing
ultra-high purity crystals. In this thesis I will be investigating growth of ultra-high

purity Nal (T1) crystals using the Bridgman-Stockbarger method.

4.2 Ultra-high Purity Nal (T1) Crystal Growth

The procedure for growth of ultra-high purity Nal (T1) crystal is summarized below

followed by a few comments.

1. The crucible is precision-cleaned prior to coating to make sure the surface is

free of contaminants. Cleaning procedure is described in detail in Section [2.3]

2. The crucible is coated with a layer of pyrolitic carbon with thickness ranging
from a few hundred nm to 1 pum. Coating is either done at Sandfire or at

Princeton using the method described in Section [2.4.1]

3. The crucible is precision-cleaned again to remove potential contaminants intro-
duced during and after coating. Then the crucible is vacuum-baked to remove

water adsorbed to the surface during cleaning.

4. The raw Nal powder is precision-dried to remove water. Precision drying is

described in detail in Chapter [3.1]

5. TII powder is mixed with the Nal powder at 0.2% mol/mol concentration and
loaded into the crucible inside a nitrogen-purged glovebox. Subsequently the

crucible is pumped down with a turbomolecular pump and sealed with a quartz

plug (see Fig. 2.1)).
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6. The crucible is heated up in the hot zone of a vertical Bridgman furnace to
around 750 °C for a few days to melt and mix the Nal powder and the TII pow-
der[] The crucible is then slowly lowered into the cold zone with temperature

around 500 °C at a rate of 7-10 mm/day.

7. After growth is finished, the crucible is cooled down to room temperature over
one week and cut open. Subsequently the crystal is cut to its final size. Both

the crucible and the crystal are cut using a diamond wire saw.

According to the literature, best performance is achieved when the concentration
of TII is about 0.1% mol/mol. However, similar to other impurities in Nal, added
TII will separate in the course of crystal growth. The distribution coefficient of TII
in Nal was investigated by [45] and the authors found a value near 0.35, which is
similar to KI during crystal growth. For crystal sizes of concern, K concentration
in the final crystal is roughly half of initial concentration, justifying the empirical
practice of adding twice as much TII as desired in the final crystal to compensate for
separation during growth.

Due to the hygroscopic nature of Nal powder and crystals, all powder handling is
carried out in nitrogen-purged glovebox inside a cleanroom, except the crucible and
the crystal cutting, which takes place in a dry room at RMD. In the future, this step
will be carried out in a softwall dry room inside a radon-free cleanroom in Jadwin

Hall, Princeton University.

4.3 Major Crystal Growth Activities

In the past 3 years, a number of crystals have been grown using different grades of

Nal powder, different crucible materials and under different growth conditions. Many

ITII can be thoroughly mixed for small crystals, but the uniformity of TI in larger-size crystals
obtained in this way needs further quantitative studies.
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conclusions in earlier chapters are based on crystal growth activities outlined in this
section. These conclusions are summarized below and a list of major crystal growth

activities is summarized in Table 4.1

1. As mentioned in Section [2.1], impurities diffusing out of fused quartz will con-
taminate the crystal. Therefore synthetic fused silica crucibles should be used
for the growth of ultra-high purity crystals. This statement is based on a
comparison of Nal-014 (Section and Nal-032 (Section with Nal-

031 (Section [4.3.8).

2. Water must be thoroughly removed at as low a temperature as possible, and the
powder should be free of NaOH. In addition, Crystal-grade Nal powder from
Sigma-Aldrich contains too much NaOH and/or other impurities to be used

with fused quartz or synthetic fused silica crucibles, even with carbon coatings.

This conclusion is based on Nal-014 (Section 4.3.1]), Nal-025 (Section [4.3.3)) and
Artoria (Section {4.3.4)).

3. Pedestal support of crucible during growth would alter the temperature dis-
tribution inside the molten Nal, leading to defects in the final crystal.ﬂ This
conclusion is based on Nal-026 (Section [4.3.5)) and Nal-031 (Section [4.3.8)).

4. Suspension of the crucible from the top using quartz rod or wire during crys-

tal growth runs the risk of mechanical failure, especially for crucibles with large

mass (Section4.3.1]and |4.3.6)). An ideal alternative material is Inconel [46] (Sec-

tion 4.3.8)).

2This can be potentially solved by careful profiling and tuning of temperature distribution prior
to growth.

65



Table 4.1: A list of major crystal growth activities. AG and CG in the table refer to
Astro-grade and Crystal-grade Nal powder, different grades of Nal powder sold by
Sigma-Aldrich. Typical impurities in Astro-grade powder are at the ppb-level while
those for Crystal-grade powder are at the ppm-level.

Name Date Powder Crucible Type Diameter Coating
Nal-014 2015-10 2-kg AG synthetic silica 3.5 inch Sandfire
Nal-015 2015-12 2-kg AG fused quartz 3.5 inch Sandfire
Nal-025 2017-03 6-kg CG fused quartz 4 inch Sandfire
Artoria  2017-08 1-kg CG&AG fused quartz 2 inch Princeton
Nal-026 2017-08 6-kg AG fused quartz 4 inch Sandfire

Nal-027 2017-10 8-kg AG synthetic silica 4 inch Sandfire
Gemini  2018-04 2 x 200-g AG fused quartz 1.5inch  Princeton
Nal-031 2018-06 6-kg AG fused quartz 4 inch Sandfire
Nal-032 2018-08 6-kg AG synthetic silica 4 inch Princeton
Nal-033 2018-11 6-kg AG synthetic silica 4 inch Sandfire

4.3.1 Nal-014

Nal-014 was grown with 2 kg of Astro-grade Nal powder and a 4”-diameter synthetic
silica crucible. The pyrolitic carbon coating was done at Sandfire, and the crucible was
precision-cleaned after the carbon coatingﬂ Raw powder was precision-dried for the
first time using an earlier approach based on pump&purge over 4 days at Princetonﬁ
The crystal was grown using a vertical Bridgman oven at RMD. However, during
cooling a quartz rod used for suspension broke. Held by only one thermocouple wire,
the crucible lost balance and hit the oven wall, causing a crack in the final crystal.

The approximate final dimensions are shown in Fig. [£.2]

3Regular cleaning using Detergent 8, deionized water and isopropyl alcohol was performed prior
to coating.

4In this method, instead of continuous vacuum baking, inert gas (helium or nitrogen) is periodi-
cally introduced to facilitate removal of water. Preliminary tests indicate that pump&purge is about
25% more effective at removing water, but requires a series of filters and a getter to purify the gas.
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Figure 4.2: Photo and approximate dimensions of Nal-014. The crack is not visible
due to internal refraction.

Fig. shows the 37Cs spectrum measured by Nal-014. Due to the crack, the

crystal performed poorly as a scintillator. To take the data, y-rays from 37Cs were

collimated to minimize the effect of the crack.
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Figure 4.3: 37Cs spectrum of Nal-014. The crystal was cut and polished into a
88-mm-diameter 73-mm-long cylinder. The resolution at 661.7 keV is roughly 7.8%.
Data provided by RMD.
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To measure the crystal’s purity two samples approximately 37 mm and 110 mm
away from the tip were sent to Seastar for ICP-MS measurement. The initial measure-
ment showed a high level of K, but the presence of yttrium indicated the possibility
of cross-contamination when the sample was cut with a diamond-wire saw that has
been used to cut other crystals. To get bulk impurities, the surface of the crystal
sample was incrementally dissolved with ethanol 5 times in synthetic quartz glass-
ware before measurements. New result summarized in Table [£.2] indicated a lower
level of K contamination.

Table 4.2: ICP-MS measurements by Seastar on samples from Nal-014 before and
after surface cleaning. [3Y] is back to normal after cleaning, and [*K] dropped by 2.

Tip (27 mm, in ppb) Tail (110 mm, in ppb)

Element Powder : ! . .
pre-cleaning post-cleaning pre-cleaning post-cleaning

"Li 5) 4 < 0.5 7 < 0.5
K 10 11 5 26 12
8Rb 22 24 < 0.5 22 < 0.5
89y 0.2 260 0.8 81 0.2
208pp, 0.2 1.2 0.7 3.5 0.4
232Th <0.2 <02 <0.2 <0.2 <0.2
88U < 0.03 < 0.03 < 0.03 < 0.03 < 0.03

To obtain more accurate result, the 52-mm-long cylindrical body was sliced into
5 equally-spaced 5-mm-thick disks and four of these disks were carefully cleaned
with high-purity ethanol and sent to Seastar and PNNL for independent impurity
measurements by ICP-MS. The results are summarized in Table

To estimate the average concentration of K, the position-dependent 3°K concentra-
tion is fitted with simulation (Section[3.3.2)) and distribution coefficient & is extracted.
Fig. shows the combined measurements and best fit. The distribution coefficient %
is estimated to be 0.35. The average K concentration in the entire ingot is estimated

to be 17.6 £ 1.2 ppb. Assuming the fitted average concentration and distribution co-
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efficient, K concentration in the cylindrical part of the final crystal is 10.3 + 0.7 ppb,
and 9.5 + 0.7 ppb if the half-cone in Fig. is included. The slight increase in the
overall average impurity compared to the powder could be due to lack of precision

cleaning.

Table 4.3: ICP-MS measurements of impurity concentration in ppb at different loca-
tions in Nal-014. Distance is measured from the tip of the crystal. Initial measure-
ments at 27 mm and 110 mm are also listed for comparison. Since measurements were
done in two batches, there could be systematic error between the two measurements.

Concentration (ppb)

Isotope 27mm 58 mm 68 mm 88 mm 98 mm 110 mm
Li <05 <9 <0.5
39K (Seastar) 5 9 7 13 9 12
3K (PNNL) n\a 10.0 9.1 9.7 9.8 n\a
%Rb <05 <04 <0.5
89y 0.8 <0.8 <0.2
208ph 0.7 1.3 1.4 1.5 1.1 <04

These results indicated that Nal-014 had the highest purity ever achieved for Nal
crystals, and proved the effectiveness of the crucible preparation, drying processes

and growth method.

4.3.2 Nal-015

To test the effectiveness of precision-drying, RMD dried 2 kg of Astro-grade powder
using a vacuum-baking approach with temperature profile similar to that employed
for Nal-014. The crystal was grown in a fused quartz crucible at RMD. Although no
sticking or damage to crystal was observed, the surface was not as smooth as that
of Nal-014. The crystal was fabricated into a 3” x 3" cylinder, and exhibited a good
resolution. Due to the limitation of the DAQ system at RMD, the light yield is not

known.
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Figure 4.4: Measured and fitted distribution of 3K in Nal-014. The distribution
coefficient is estimated to be 0.35 and average 3°K in the entire ingot 17.6 = 1.2 ppb.
After cutting away the tip and tail samples, average 3*K concentration in the crystal is
9.54+0.7 ppb. If the conical section is entirely cut away, the average 3°K concentration
is 10.3 £ 0.7 ppb.
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(a) Photo of Nal-015. (b) Nal-015 '37Cs spectrum. The crystal

was fabricated into a 3” x 3" cylinder. The
resolution at 661.7 keV is roughly 7.1%.

Figure 4.5: Photo of Nal-015 and '3"Cs spectrum recorded with Nal-015. To measure
the spectrum the crystal is fabricated into a 3" x 3” standard size. Photo and data
provided by RMD.

ICP-MS measurements on samples from the tip and tail of the ingot indicated a

39K level of 21 ppb and 75 ppb respectively. Such a high level of contamination is due
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to the use of fused quartz instead of synthetic silica and possibly lack of precision-

cleaning.

4.3.3 Nal-025

To scale up the crystal mass and dimension without risking more expensive Astro-
grade Nal powder, in February 2017 an effort was made to test crystal growth with
6 kg of precision-dried Crystal-grade Nal powder. A 4”-diameter crucible made out of
regular quartz was used since contamination was not a concern in this test. However

during crystal growth, the carbon coating peeled off and the crucible was found to be

cracked after cooling (Fig. [1.6)).

Figure 4.6: Nal-025 failed due to carbon coating peeling off and crucible cracking
during cooling. Pieces of pyrolitic carbon is embedded in the crystal. The coating on
the top part of the crucible (the right end in picture) is completely consumed due to
reaction with oxygen in the air at the elevated temperature after the crucible cracked
open. Photo courtesy of RMD.

The failure of Nal-025 lead to development of the new pyrolitic carbon coat-

ing technique described in Chapter [2| and investigations into cause of failure in Sec-

tion 4.3

4.3.4 Artoria

Artoria was grown with 1 kg of Astro-grade Nal powder in a 2” fused quartz crucible

to test the pyrolitic carbon coating procedure developed at Princeton University.
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Instead of physically moving the crystal, the crystal is placed at the natural gradient
created by a regular two-zone clam-shell oven and the oven temperature is slowly and
uniformly lowered. The crystal came out without sticking to the crucible, and the
carbon coating was intact. However, the crystal had a chain of bubble-like cavities.
The cause is most likely a nonlinear temperature gradient inside the ovenf| A photo

of the crystal is shown in Fig. [4.74]

(a) Photo of Artoria. Grown with 1-kg pre-  (b) Crystal grown with 1-kg precision-dried
cision dried Astro-grade powder and quartz ~ Crystal-grade powder as a control group.
crucible coated at Princeton. Photo cour-

tesy of Hushu and Wuhana.

Figure 4.7: Photo of Artoria and control group using Crystal-grade powder. Every-
thing else is exactly the same in these two crystal growths.

An identical crystal growth using precision-dried regular Crystal-grade Nal powder
from Sigma-Aldrich resulted in the carbon coating peeling off during growth and the
crucible cracking during cooling, leading to the conclusion that impurities present
were the main cause of failure with regular Crystal-grade powder. Based on small-
scale tests and other literatures ([42], [47], [39]), the impurity of consequence is likely

NaOH introduced during improper drying at Sigma-Aldrich.

4.3.5 Nal-026

After Artoria (Section|4.3.4)) pointed out the impurities in the powder as a major cause

of failure in crystal growth using Crystal-grade powder, all crystal growth were carried

5Moving at a constant rate through a stationary linear temperature gradient is equivalent to
uniformly decreasing the oven temperature without any motion only if the gradient is linear.
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out using Astro-grade Nal powder. Nal-026 was grown with 6 kg of Astro-grade Nal
powder in a precision-cleaned, fused quartz crucible coated by Sandfire. Instead of
suspension from top, the crystal was supported from bottom with a quartz pedestal.
Although the resultant crystal did not stick to the crucible, the crystal had many
small bubble-like cavities in the bulk (Fig. . A later crystal growth (Section
indicated that these bubbles were likely due to presence of the bottom quartz pedestal
altering the temperature distribution of the melt.

The conical section of the tip was free of bubbles and it was fabricated into a 1.5” x
1.5” x 1" cube. The light yield of the cube was measured with Hamamatsu R11065
PMT at Princeton and exhibited a relatively high light yield of 10.1 p.e./keV. As-
suming typical quantum efficiency of 25% for R11065 PMTs, the crystal has a light
yield of about 40 p.e./keV, consistent with the high light yield reported in the liter-
ature [48]. The cube was subsequently used to study the effect of different reflector
materials (see Section [5.1). The bulk of the crystal could not be used as scintillator

due to poor light propagation caused by the bubbles.
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Figure 4.8: Photo of Nal-026 and '¥7Cs spectrum measured with a 1.5” x 1.5” x 1”
cubical sample near the tip of Nal-026.
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Samples were taken for impurity assay, and ICP-MS results from Seastar indicated
39K concentrations of 14 ppb and 21 ppb in the tip and tail regions, respectively. The

increase in 3K is consistent with other crystals grown using quartz crucibles.

4.3.6 Nal-027

After realizing the possibility of the pedestal causing the bubbles in Nal-026, another
effort was made in October 2017 to grow an 8 kg crystal using top suspension and
synthetic fused silica. For this growth, the powder was precision-dried at Princeton
and coating was done at Sandfire. During the crystal growth, RMD used folded multi-
stranded Kanthal wire to support the crucible, but the Kanthal wire lost mechanical
strength rapidly as the temperature rose, and eventually broke after 4 days of crystal

growth. The crucible fell onto the floor and the tip of the crucible was broken.

; , - I‘é.f. Ly ‘ ‘:ﬁ\ \
(a) Kanthal wire and indented (b) After 4 days of growth, the
quartz flange for supporting cru- Kanthal wire broke right at the

cible. quartz flange, causing the crucible
to fall onto the floor.

Figure 4.9: Multi-stranded Kanthal wire was used in the growth of Nal-027. However
after 4 days of growth, the wire broke and crystal growth failed. Photo courtesy of
RMD.

The failure of Nal-027 led to the use of Inconel 625 [46], a nickel-based alloy with

good corrosion-resistance and mechanical properties at high temperature. Table [4.4]

compares Inconel 625 with other high-temperature alloys. Nichrothal 80 [49] and
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310 stainless steel—a major high-temperature stainless steel in the austenitic steel
family—are also listed to give a baseline.ﬁ It can be seen that Inconel has an ultimate
tensile strength almost one order of magnitude greater than kanthal [50], and twice
higher than 310 stainless steel [51]. Based on this finding, crystal growths after Nal-

027 were all carried out by suspension from top using Inconel 625-based structures.

Table 4.4: Ultimate tensile strength of some high-temperature alloy.

Material Ultimate tensile strength (MPa) Strength remaining
20 °C 900 °C
Kanthal A-1 680-760 34 5%
Nichrothal 80 660-700 100 14%
Inconel 625 827-965 223 23-27%
310 stainless steel 600-710 130 18-22%

4.3.7 Gemini

Gemini-a and 3 are two small 100-g crystals grown with 1.5” fused quartz crucibles.
The purpose was to test whether a new batch of Astro-grade Nal powder with lower
concentration of K but higher concentration of water was suitable for crystal growth.
The crucibles were coated at Princeton University, and the crystals were grown at a
rate of 7.5 mm/day by passing them through temperature gradients created with two
different two-zone clam-shell ovens. Both crystals came out without sticking to the
crucibles. Unlike Artoria (section [4.3.4)), Gemini 3 did not have any defects in the
bulk. Gemini o had similar “bubbles” to Artoria, which is possibly due to nonuniform
temperature distribution caused by partially damaged thermal insulation in the oven

wall.

SNichrothal 80 is a nickle-chromium alloy made by Kanthal® with same chemical composition
as nichrome 80/20 alloy.
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However, it must be pointed out that the presence of NaOH can still be a problem
for larger crystals—a smaller surface-to-volume ratio leads to more NaOH per unit

surface area when the same Nal powder is used.

(a) Gemini-a. (b) Gemini-5.

Figure 4.10: Gemini-a and 3 were grown in two different clamb-shell ovens of the
same model. The defects in « are suspected to be due to damaged thermal insulation
on the oven used. Photo courtesy of Hushu and Wuhana.

4.3.8 Nal-031

Nal-031 was grown with 6-kg Astro-grade Nal powder in a precision-cleaned carbon-
coated quartz crucible. The powder was dried at RMD using a similar procedure to
the precision drying described in Section [3.I] The crucible was suspended from the
top using Inconel [46] structures instead of a pedestal in contrast to Nal-026. The
crystal did not stick to the crucible and didn’t have any defects inside.

Samples from tip and tail were sent to Seastar for ethanol cleaning and ICP-MS
measurement. The results are summarized in Table By fitting the measured dis-
tribution with model, the average concentration of 3K throughout the entire ingot
is estimated to be 26 ppb and that of “Li to be 91 ppb. Comparing to Nal-014 for
which synthetic fused silica was used (Table , the concentrations of 3°K and "Li
have increased by ~ 20 ppb and ~ 90 ppb, respectively. This is also consistent with
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the back-of-envelope calculations of alkali metal diffusion from quartz crucible (Sec-
tion , especially the big increase of “Li, which is well-consistent with its greater
mobility.

Table 4.5: ICP-MS measurements of samples from Nal-031. Tip and tail samples
were taken approximately 49 mm and 180 mm away from tip end respectively.

Concentration (ppb)

Isotope  Powder Tip Sample (49 mm) Tail Sample (180 mm)

Li < 10 40 130
39K 8 13 38
85Rb <0.2 < 0.2

89y 1.5 1 <05
208pY, 2.1 3.0 2.4
232Th < 0.08 < 0.08

23817 < 0.02 < 0.02
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(a) Photo of Nal-031. Photo courtesy  (b) 3K distribution in Nal-031 as function of
of RMD. position. The average concentration in the en-
tire ingot is about 26 ppb.

Figure 4.11: Photo and fitted 3K distribution of Nal-031 as function of position.

After cutting off the tip and tail, the remaining 3.6 kg crystal, 98 mm in diameter
and 131 mm in length, was coupled with two PMTs and packaged into a crystal
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detector module (see Section . Based on the fit to impurity distribution in tip
and tail, the average concentration of **K in the final crystal is estimated to be

16.5 £+ 1.0 ppb.

4.3.9 Nal-032

Nal-032 was grown with 6 kg of Astro-grade Nal powder in a precision-cleaned syn-
thetic silica crucible coated at Princeton. The powder was precision-dried at Prince-
ton. However the crystal growth failed due to the carbon coating peeling off and the
crystal sticking to and eventually breaking the crucible (Fig. [4.12al).

The cause of failure is still unknown. Coating procedure has been previously
tested with Artoria (Section [£.3.4), and Gemini (Section [£.3.7). Powder from the
same batch as Nal-032 was also tested with Gemini. However this does not rule out
the possibility of NaOH in the powder being the cause.

Samples from tip and tail were analyzed with ICP-MS and the concentrations of
Li and K are summarized in Table[4.6] %°Rb, 28U, and ?**Th were all below detection
limit. K concentration in the tip sample was very close to the detection limit of ICP-
MS (about 3 ppb). By fitting with the distribution model, the K concentration in
the entire ingot is estimated to be 8.9 + 0.1 ppb (Fig. . Comparing to the
concentration in the powder (8.7 ppb), it can be seen that little to no contamination
was introduced in the crystal. The crystal section between the two sample locations
had an average K concentration of 4.7 + 1.4 ppb. If it could be used as a scintillator,
it would have an unprecedented purity in terms of K.

Although the crystal growth was not successful, purity analysis not only proved
ion diffusion from the crucible being a problem in regular fused quartz, but also
showed that the procedures and protocols adopted (powder handling, drying, crucible

cleaning and coating) are compatible with ultra-high purity requirements.
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Table 4.6: ICP-MS measurements on samples from Nal-032. Tip and tail samples
were taken approximately 49 mm and 198 mm away from the tip end respectively.

Concentration (ppb)

Isotope Powder Tip Sample (49 mm) Tail Sample (198 mm)

i <10 <10 <10
9K 8.7 2.2 10
g 30
s X2/ ndf 1.687/0
= k 0.347 + 0.5327

amp 8.913 £0.1401

>
L L L L B R B I B

o 4 , R
(a) Photo of Nal-032. The carbon coating  (b) 3K distribution in Nal-032 as function
detached from the crucible and the crys-  of position. The average concentration in
tal stuck firmly to the crucible, causing the the entire crystal is about 8.9 + 0.1 ppb,
crucible to eventually break. The yellow consistent with the K concentration in the
color on the right end is due to TII being raw powder prior to growth.

purified out as crystal grows.

o

Figure 4.12: Photo and fitted 3°K distribution of Nal-032 as function of position.
Photo courtesy of RMD.

4.3.10 Nal-033

Comparing with Nal-031, the failure of Nal-032 can be attributed to different coat-
ing procedures between Sandfire and Princeton, different drying procedures between
RMD and Princeton, and different amounts of NaOH in the powder used. To eliminate
the former two as potential causes and to get a high-purity crystal for underground
counting, a new crystal growth (Nal-033) was started in September 14, 2018 with
identical conditions to Nal-031, except synthetic fused silica is used instead of regular

fused quartz. The crystal growth is expected to finish on October 31, 2018.
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4.4 Using Silicon Tetrachloride to Prevent Crystal
Sticking

NaOH is known to adversely affect growth of alkali halide single crystals by causing
sticking to quartz crucible. A previous test (Section indicates that NaOH can
permeate through the carbon coating and etch the quartz underneath the coating,
causing the coating peeling off and the crystal sticking to the crucible. Precision
drying of Nal powder is effective in removing water and preventing further formation
of NaOH, but cannot remove NaOH that has already formed during production in the
factory. To fundamentally solve the problem of sticking and improve yield of crystal
growth, NaOH must be completely removed prior to crystal growth.

Based on past literatures, hydrogen halide (HX) and silicon tetrachloride (SiCly)
are two agents that can effectively remove NaOH. Powder treated with HX/SiCly is
reported to not stick to even uncoated fused quartz [42][47]. Hydrogen halide works

by neutralizing NaOH:

NaOH + HX = NaX + H,0. (4.1)

Presence of excess acid (HX) will push the equilibrium to the right and favors the
formation of water and halide instead of NaOH. If HI is used as the hydrogen halide,
the product is Nal and no foreign substance is introduced. However this method
only prevents the formation of NaOH and does not remove OH™ anions from the raw
material.

SiCly works by binding with oxygen atoms and forming very stable silicon diox-

ide (SiO3). SiCly vapor can further react strongly with water to form HCI and SiOa:

SiCly + 2H,0 — SiO, + 4HCL (4.2)
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HCI will further react with NaOH according to Eq. and produce water that
in return feeds Eq. until all NaOH is consumedﬂ Therefore SiCly will completely
consume the water and possibly NaOH, and SiO, and NaCl proportional to initial
amount of NaOH are produced as by-product.

Si0y will not dissolve in molten Nal and will float on top of the melt, but NaCl
will dissolve in molten Nal (Fig. . Although NaCl will separate from Nal during
zone refining or crystal growth, its effect on the light yield of final Nal (T1) crystal
must be understood.

Another potential approach is to use Sily instead such that Nal is formed as a by-
product. However, with a melting point of 120.5 °C, Sily is solid at room temperature,
and it is more difficult to introduce into Nal powder than SiCly. It is also inferred

that Sil, reacts less strongly than SiCly [47].

4.4.1 Test with Crystal-Grade Nal Powder

To test the feasibility of using SiCly to prevent Nal crystal from sticking to the
crucible, the apparatus shown in Fig. was constructed. Approximately 100 g
of precision-dried crystal-grade Nal powder is loaded into 1” uncoated fused quartz
crucible and about 25 mL of SiCly is loaded into the Erlenmeyer flask under a fume
hood. Prior to attaching the SiCly to the vacuum adapter, air is removed from the
Erlenmeyer flask by immersing it in liquid nitrogen and pumping with a scroll pump
for 5 minutes. Valve 2, Valve 3 and Valve 4 are opened to pump the crucible to
vacuum. After the pressure drops below 20 pTorr, Valve 3 is closed and Valve 1 and
Valve 2 are opened to let in the SiCly vapor. The powder is then heated slowly in an
oven to 450 °C over 20 hours and then melted at 700 °C for 30 minutes and naturally

cooled to room temperature.

7 Although SiCly has a strong affinity for oxygeneous anions, it is not known whether SiCl, vapor
can react directly with NaOH.
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Figure 4.13: A setup to test the effectiveness of SiCly in preventing Nal crystals from
sticking to quartz crucibles. Nal powder is loaded in the fused quartz crucible and the
crucible is connected to a vacuum adapter. The vacuum adapter has two valves that
connects to an Erlenmeyer flask containing SiCly and a pump through a borosilicate
cold trap. After the crucible is pumped to vacuum, Valve 3 is closed and Valve 1 is
opened to let SiCly vapor into the crucible. The Nal powder is subsequently heated
to above its melting point in the SiCly vapor.

As the powder is heated and melted, violet vapor appears in the part of crucible
outside the oven. This is likely due to Cl7 in HCI replacing I~ in Nal and the

decomposition of HI into elemental iodine (I5):

Nal + HCl = NaCl+ HI (4.3)

This could be an indication that NaOH is present in precision-dried powder. The
fact that the amount of Iy does not increase further shows that SiCly does not directly

consume Nal.
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After cooling down to room temperature, the crucible is taken out for inspection.
The crystal is free to slide within the crucible, which can be seen from the gap
between bottom of crucible and crystal in Fig. A control group without SiCly
treatment resulted in the crystal firmly sticking to the crucible, thereby confirming
the effectiveness of using SiCl, to prevent Nal crystals from sticking to uncoated

quartz crucibles.

(a) SiCly-treated Crystal-grade Nal powder  (b) Crystal-grade Nal powder without
crystallized in an uncoated quartz crucible  SiCly treatment adheres strongly to fused
without sticking. The crystal is a poly- quartz upon crystallization. The quartz is
crystal due to rapid cooling. Compared to  also etched by Nal/NaOH vapor.

the control group, the quartz surface is also

cleaner. The gap at the left end is created

by sliding the crystal inside the crucible.

Figure 4.14: Nal crystallized with and without SiCl, treatment. When the powder
is treated with SiCly, the crystal is free to slide without sticking after cooling. If
the same powder is not treated with SiCly, the crystal strongly adheres to the fused
quartz crucible, indicating the importance of SiCly in preventing sticking.

4.5 Conclusion on Crystal Growth

The successful growth of large Nal (T1) single crystal with ultra-high purity and good
scintillation performance is very difficult, and has never been achieved. However,
through trials and errors, we have determined a number of key steps and procedures,
and have achieved unprecedented purity compared to other experiments [23][52][53].
Yet intrinsic NaOH present in the Astro-grade Nal powder before precision-drying

still remains a big threat to crystal growth using synthetic fused silica.
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Currently, we have identified two potential solutions to this problem. Section [4.4
has shown that SiCly treatment is a promising approach. However the amount of
chloride introduced into the Nal crystal and its influence on scintillation (light yield,
resolution, etc.) is still under investigation. HI treatment is another approach that
does not introduce foreign atoms to the final Nal (T1) crystal. However, HI is only
available as an aqueous solution and obtaining anhydrous HI gas requires a more

complex setup. The effectiveness of HI treatment will be studied in the near future.
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Chapter 5

Crystal Detector Module

After the Nal (T1) crystal has grown from melt, it must be cut to the appropriate
size. The surface must be cleaned to remove contamination introduced during crys-
tal cutting without seriously affecting the light collection efficiency. To operate the
crystal as a scintillation detector, it must be optically coupled to a photon detector
and packaged in a light-tight and leak-tight dry container to prevent degradation of
the Nal (Tl) crystal due to moisture.

Section describes surface cleaning with isopropyl alcohol and its potential
impact on light collection efficiency. Section summarizes tests of the PMTs to be
used with the Nal (T1) crystal. Section|5.3|describes how a crystal and two PMTs are
packed inside a copper enclosure as a detector module. Finally, Section outlines
the cleaning and assembly of the detector module and scintillation tests performed

with Nal-031.

5.1 Crystal Polishing

Cutting will not only roughen the crystal surface, but also introduce surface contam-
ination. The traditional polishing method using sandpaper of various grit sizes may

yield a better surface, but will make it more difficult to achieve high purity. On the
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other hand, Nal has moderate solubility in isopropyl alcohol and isopropyl alcohol is
readily available in very high purity. Therefore, two cubical Nal (T1) crystals, Nal-013
and Nal-026, were used to study the effect of isopropyl alcohol polishing and different
reflector materials.

The setup used in this study is shown in Fig. [5.1] Nal-013 is 1.5” x 1.5"” x 1”
and Nal-026 is 1” x 1” x 1 cm in dimension. The four side surfaces and the bottom
surface of the crystal sample are covered with reflectors and the top surface is optically

coupled to a Hamamatsu R11065 PMT using optical grease.

Figure 5.1: Setup to test different surface treatments and reflector materials. Cubical
Nal (T1) crystal (purple) is covered with reflectors (green) on four sides and bottom.
The top surface of the crystal is optically coupled to a R11065 PMT (grey) using
optical grease. The crystal is fixed against the PMT by electrical tape (black). The
entire assembly is placed inside a PTFE cup (blue) in a stainless steel enclosure. The
PMT is operated with negative high voltage and the cathode is insulated from the
stainless steel enclosure by the PTFE cup.
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Different surface treatments, reflector materials and results are summarized in
Table 5.1} For lapped surface, the crystal is sanded with 2000-grit sandpaper followed
by 8000-grit sandpaper to create a translucent frosted-glass-like finish (Fig. .
The isopropyl alcohol surface finish is created by wiping with isopropyl alcohol-soaked
Kimwipes followed by dry Kimwipes. isopropyl alcohol will dissolve a thin layer of the
crystal surface, yielding an optically-transparent surface (Fig. [5.2b]). If the isopropyl
alcohol on the surface is not wiped away but left to dry naturally, evaporation of
isopropyl alcohol leaves dissolved Nal as powder residues on the surface, thereby

creating a surface similar to but more transparent than a lapped surface (Fig. |5.2¢)).

Table 5.1: The effect of different polishing methods and reflector materials on the
crystal light yield. A lapped surface is created by sanding with 2000-grit sandpaper
followed by 8000-grit sandpaper. An isopropyl alcohol surface finish is created by
wiping with isopropyl alcohol-soaked Kimwipes and left to dry naturally. In PTFE
runs, 10 layers of plumber’s PTFE tape is used. In 3M foil and Lumirror™ (Lumirror)
runs, reflectors are cut to the size of crystal surfaces and fixed in position by additional
5-6 layers of PTFE tapes. The optical grease in the surface finish refers to optical
grease between the crystal surface and the reflector, and IPA refers to isopropyl
alcohol.

ID Surface Finish  Reflector Light yield (p.e./keV)
Nal-013-1 lap PTFE 120+ 1.0
Nal-013-2 IPA PTFE 11.144+0.5
Nal-013-3 TPA+optical grease PTFE 11.44 £0.01
Nal-026-1 lap PTFE 10.08 £ 0.01
Nal-026-2 lap 3M foil 7.734+0.01
Nal-026-3 lap Lumirror 11.94 +0.01
Nal-026-4 lap+optical grease  Lumirror 10.27 4 0.01

The highest light yield is achieved with a lapped surface and a high-reflectivity
specular reflector such as Lumirror. Although 3M foil also has a relatively high reflec-
tivity, the cutoff wavelength is very close to the scintillation wavelength of Nal (T1).

When optical grease is applied on the lapped surface, the grease fills microscopic frac-
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(a) Lapped surface. (b) Surface cleaned with iso- (c) Surface cleaned with iso-
propyl alcohol and wiped propyl alcohol and naturally
with dry cloth. dried.

Figure 5.2: Photo of Nal (T1) crystal with lapped and isopropyl alcohol-cleaned sur-
faces. Lapped surface has a translucent appearance similar to frosted glass. When iso-
propyl alcohol is quickly wiped away after cleaning, a transparent surface is achieved.
Leaving the isopropyl alcohol to dry by itself yields an intermediate surface.

tures and the surface becomes transparent. The fact that light yield has decreased in
Nal-026-4 indicates that a diffuse reflector is necessary. The comparison of Nal-013-2
and Nal-013-3 supports this claim: since PTFE is already a good diffuse reflector,
the application of optical grease does not make much difference.

isopropyl alcohol can be used to clean the crystal by dissolving and removing
a surface layer of material. If high-purity isopropyl alcohol is used, very limited
contamination can be introduced. Although light yield is adversely affected according
to Nal-013-2, it is still sufficient for a keV threshold provided the final crystal’s larger
dimension does not further degrade the light yield significantly. Therefore wiping
with isopropyl alcohol is a surface cleaning technique that can preserve a relatively
high light yield without introducing significant surface contamination.

It must be pointed out that the results reported in Table|5.1| could be subject to a
large systematic error. To do a preliminary analysis of reproducibility of these surface
finishes, Nal-031-1 and Nal-031-2 were repeated. For the isopropyl alcohol cleaning
of the surface, two runs were consistent to within one photoelectron, but the lapped

surface finish varied by about 2 photoelectrons.
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5.2 Photomultiplier Tubes

To characterize the Hamamatsu R11065-20 PMT's to be used in the detector module,
the test PMT is placed facing a PTFE cup in a dark box. A blue light emitting diode
(LED) with 420 nm peak wavelength is used as light source. Two polarizing films
with adjustable relative angle are placed between the PMT cathode and the LED to

attenuate the LED light as needed. The setup is shown in Fig. |5.3|

dark box

I

polarizer

blue LED

PTFE cup

Figure 5.3: Setup to characterize Hamamatsu R11065-20 PMTs. A blue LED is placed
inside a PTFE cup, and two linear polarizers are placed between the PMT and the
LED to adjust the intensity of the light. The LED is pulsed with transistor-transistor
logic (TTL) signals from a function generator.

5.2.1 Gain

To measure PMT gain as a function of applied high voltage, the PMT high voltage is
increased from 1100 V to 1700 V at 50 V steps. Before each measurement, the PMT
is allowed to stabilize for 30 minutes. The LED is pulsed at 5 kHz frequency by 5-V,
100-ns pulses from a function generator. The PMT signal is directly digitized by a

CAEN V1720 analog-to-digital converter (ADC) board and the data acquisition is
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triggered by the PMT waveform crossing the threshold which is set at about halfway
between baseline and the minimum of the pulse. PMT gain at different voltages is
computed as the total number of electrons in a single photoelectron pulse at 1700 V
scaled by the relative gain determined by the LED pulse. The result is shown in
Fig. [5.4l This information will be used in the future to select pairs of PMTs and

determine their operation voltages.
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Figure 5.4: R11065-20 PMT gain as function of applied voltage. Dashed lines indicate
single photoelectron is not distinguishable from noise without amplification.

90



5.2.2 Dark Rate

To measure the PMT dark rate, the cathode of the test PMT is covered with a black
plastic cap and the PMT is placed inside a dark box for at least 30 minutes. After
each high voltage adjustment, the PMT is allowed to stabilize for another 30 minutes.
For each run, 2000 periods of 5-ms-long continuous waveforms are recorded and the
number of single photoelectrons is counted offline by software using the algorithm
described in Section Since a PMT of this model has a typical dark rate of a
few hundred Hz at a gain of 10°, a 10 second live window will record a few thousand
samples and the computed dark rate can have an error of a few percents. However
this method is not biased by the choice of threshold or the drift of baseline.

The measured dark rates of R11065-20 PMTSs at a gain of about 2 x 10° is sum-
marized in Table |5.2] The pulse height criteria in identifying single photoelectron is
deviation of at least 5 ADC counts from baseline. The measurement voltage guaran-
tees that unamplified single photoelectron pulses are still distinguishable from baseline
noise.

Table 5.2: Measured dark rates of R11065-20 PMTs at a gain of about 2 x 106.
Since no amplifiers are used, identification of single photoelectrons rely completely on
pulse-finding algorithm. The listed voltages at which measurements are conducted
guarantee that single photoelectrons are distinguishable from baseline noise.

Serial No. Voltage (V) Dark rate (Hz)

BA0015 1400 366 = 6
ZK4984 1600 1068 £ 12
BC0033 1450 43 7
BC0034 1550 240 £ 7
BC0039 1600 656 = 8
BC0041 1550 850+ 9
BC0042 1600 911 £10
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5.2.3 Afterpulsing

The location of PMT afterpulsing is obtained by averaging approximately one million
PMT pulses obtained at an operation voltage of 1700 V. A constant baseline is used
throughout the whole process. PMT pulses are aligned by the first main-pulse sample
20 away from the baseline, where o refers to the standard deviation of the baseline.

Averaged PMT waveforms are shown in Fig. [5.5
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Figure 5.5: Average waveform corresponding to LED pulses. Data is taken at 1700 V.

PMT afterpulsing is characterized as the ratio of afterpulse area to that of main
pulse. This ratio roughly reflects the probability of having an afterpulse in each of

the regions of concern. The result is summarized in Table 5.3
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Table 5.3: Probability of afterpulse for R11065-20 PMTs at 1700 V.

Afterpulse region (us)
1.4-1.7 19-2.2 2427

BA0015 0.027 - -
ZK4984 0.032  0.0048 -
BC0033 0.045 0.0034 -
BC0034 0.087  0.069  0.0056
BC0039 0.038  0.012  0.0064
BC0041 0.041  0.0043 -
BC0042 0.044  0.0045 -

Serial No.

5.3 Crystal Enclosure

5.3.1 Design

The design of a crystal detector module must address the following factors:

1. Material with low radioactivity should be used to reduce background radiation

to the crystal.

2. The enclosure should use minimal material so as not to absorb excessive y-rays

and affect veto efficiency.

3. The enclosure should be leak-tight and have low humidity inside. Components
used in the assembly should be thoroughly baked out. Otherwise the Nal (T1)

crystal will degrade due to absorption of outgassed moisture (Fig. |5.6]).

4. The PMTs coupled to the crystal employs negative high voltage for a cleaner
baseline, therefore the PMT bodies must be well-insulated from other compo-

nents.
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5. During shipping and commissioning, the PMTs and the crystal must maintain
good mechanical contact for optical coupling. In addition, the crystal-PMT

assembly should be spring-loaded to absorb shocks during shipment.

' ]H Relative light yield of Nal-013 |
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Figure 5.6: A 1.5” x 1.5” x 1” Nal (TI1) crystal is coupled to a PMT in a leak-tight
stainless steel structure. The crystal is wrapped in 10 layers of PTFE tapes and the
assembly is insulated from the container by PTFE structures. The PTFE components
were not previously vacuum-baked to remove moisture. The light yield of the Nal (T1)
crystal is degrading over time due to moisture.

Based on these requirements, a crystal enclosure system was designed and manu-
factured. A CAD drawing of the detector module assembly is shown in Fig. [5.7]

To keep the background low, the copper tube is made out of special low-
radioactivity copper while all other copper parts are constructed out of C10100
copper (also known as oxygen-free high-conductivity copper). The crystal holders,
PMT holders and PMT sleeves are made out of Delrin for mechanical strength and
electric insulation. Springs can have relatively high radioactivity per unit mass, but
the mass is small and it is farther away from the crystal. Its contribution to the

background is expected to be small.
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PTFE bushing PMT sleeve crystal holder interface

end caps PMT holder base ring

Figure 5.7: CAD drawing of detector module assembly. The crystal is held in place by
two crystal holders and three copper rods; each copper rod comprises three segments
joined by threads and the crystal holder is pinched at the joint. Two PMTs are fixed
against the crystal by a PMT holder, a PMT sleeve and three equally-spaced springs.
The PMT sleeves are pushed forward by the PTFE bushings. The copper interface
plate has threaded holes to support the three copper rods and the PTFE bushing.
The interface is spring-loaded against the copper base ring sitting next to the end
caps. The entire assembly sits inside a copper tube (not shown). At each end of
the tube, two end caps sandwich an O-ring by their chamfered edges. When the two
end caps are tightened with screws, the O-ring expands laterally and makes the seal
against the copper tube.

Electrical and fluid feedthroughs are located on the end cap on one side. Two
Swagelok connectors are used to purge the detector module with dry nitrogen. High
voltages for PMTs are passed from the SHV bulkhead feedthroughs to the PMT
bases via Kapton cables, and PMT signals are transmitted using RG-178 cables to
the SMA (SubMiniature version A) bulkhead feedthroughs.

5.4 Cleaning, Assembly and Test of Crystal De-

tector Module

The copper enclosure and all internal components are thoroughly cleaned before as-
sembly. Copper parts are cleaned with Detergent 8 to remove grease on the surface.
After thorough rinsing with deionized water, the parts are cleaned with 3% v/v HCI

acid, 1% m/m citric acid and deionized water. The HCI removes surface contaminants
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by dissolving away a thin layer of copper surface, and the citric acid passivates the
copper surface to prevent further oxidization. After cleaning, the copper parts are
baked at 80 °C for 5 days under constant flow of dry nitrogen to remove moisture.ﬂ

The PTFE tape, PTFE bushing, Delrin PMT sleeves, Delrin PMT holders and
crystal holders are cleaned with Detergent 8 and rinsed thoroughly. These parts are
then leached with 10% v/v HCI acid and vacuum-baked at 80 °C for 5 days.

To prevent degradation of the Nal (T1) crystal and contamination by particulates,
the assembly is carried out in a glovebox inside a class-100 cleanroom at Jadwin Hall,
Princeton University.

It was noticed that there were some residual carbon flakes embedded on one side
of the crystal (see Fig. and the other side had developed a yellow-green color,
possibly due to TII (Fig. |5.8b). These carbon flakes and discoloration will affect
light yield by absorbing incident scintillation photons. To remove the embedded car-
bon, the crystal surface was sanded with nylon wool and SiC-embedded nylon mesh.
Nylon and SiC are chosen because they are less likely to introduce radioactive con-
tamination compared to alumina-based ones. Although carbon flakes were effectively
removed (see Fig. , the other half of the cylindrical surface was too rough and
discoloration was too deep beneath the surface and cannot be removed by sanding
with nylon.

After sanding, the surface is cleaned with isopropyl alcohol a few times to remove
the debris. The crystal is wrapped in 10 layers of PTFE tape and optically coupled
to two R11065 PMTs via optical grease. The assembly of the crystal, two PMTs and
internal supporting structures are shown in Fig. 5.9,

After the crystal detector module is assembled, it is placed vertically behind walls
of lead bricks which is 4” thick on the bottom and four sides, and at least 2” on the

top. Initial characterization of scintillation was carried out with uncollimated 3"Cs,

"'Vacuum-baking was not permitted since the thin wall of the external copper shell was not
designed to withstand vacuum.
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(a) Nal-031 surface before (b) Discoloration developed (c¢) Surface after sanding.
sanding and cleaning. near the surface. It was Black carbon flakes are re-
too deep to be effectively re-  moved.
moved by sanding.

Figure 5.8: Surface of Nal-031 before and after sanding.

Figure 5.9: Photo of the Nal (T1) crystal, two PMTs and internal supporting struc-
tures. The crystal is wrapped with 10 layers of PTFE tape as reflector. The structure
is placed inside a copper tube and sealed on both ends to make a detector module.

but light yield was found to be about 5 p.e./keV, rather low compared to that of
typical Nal (T1) crystals. The 661.7 keV photopeak was also very broad.

To see if this is related to the nonuniformity of the crystal, the 37Cs source was
collimated through a 1/4” hole on a 2”-thick, 4” x 4” lead brick.

The crystal’s response at different axial positions is studied by moving the col-
limated ~y-source vertically at 1” steps. It was discovered that when the source was

placed within 4” away from the bottom of the crystal, both PMTs recorded similar
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spectra (Fig. [5.10a)). However when the source was moved closer to the top PMT by
1”7, the top PMT began to see almost twice as much light (Fig. |5.10b)).
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(a) Collimated '3"Cs source is placed ap-  (b) Collimated '37Cs source is placed ap-

proximately 4” above bottom surface of proximately 5” above the bottom surface of

crystal. the crystal, close to the top surface of the
crystal.

Figure 5.10: 2D histograms of numbers of photoelectrons detected by the bottom
(BA0015) and the top (ZK4984) PMTs. The color scale indicates count rate in Hz.
The position of collimated calibration source differs by only 1”.

It is worth pointing out that when the ~ source is placed near the bottom surface,
the spectra recorded by both PMTs are similar. Azimuthal scans were also done at
4 equally spaced angles at both 4” and 5” above bottom, and the responses were
identical along the circumference of the crystal.

If the asymmetry is due to surface defects, a relatively large azimuthal dependence
is expected. The absence of azimuthal dependence indicates that the asymmetry is
likely due to intrinsic crystal nonuniformity, which could be caused by non-ideal
crystal surface, or insufficient mixing of Nal with TII, which is also hinted by the

green-yellow color on the surface.
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Chapter 6

Veto

The veto detector consists of a stainless steel cylindrical vessel filled with 2 tons
of pseudocumene liquid scintillator and ten R5912 photomultiplier tubes. The veto
detector functions as an active shielding that stops and tags escaping ~-rays from
radioactivity in the crystal detector and penetrating y-rays and neutrons from the
experimental hall.

External v-rays and neutrons are further suppressed by a combination of lead,
water and polyethylene shielding. To suppress radon, the vessel is placed inside
a hermetically-sealed radon box, and both the radon box and the crystal detector
module are constantly purged with dry nitrogen.

To prevent accidental leakage of pseudocumene, the veto vessel is seated in a catch
basin inside the radon box. In addition, fluid handling and slow control infrastructure
is implemented to circulate, monitor and, in case of leak, drain pseudocumene.

Section [6.1] describes the veto vessel and Section [6.2] describes the PMTs used to
detect the scintillation light in the veto detector. The shielding and fluid handling
system are presented in Section [6.3] and Section [6.4], respectively. Finally, Section [6.5

discusses estimation light yield of the veto detector at Princeton and installation of
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the veto PMTs, trigger and electronics in LNGS. Discussion of the trigger algorithm

and data acquisition is reserved for Chapter [7] and Chapter

6.1 Veto Vessel

The veto vessel, shown in Fig. is 54” in diameter and 60" long. It is designed to
hold 2 tons of pseudocumene purified by Borexino pseudocumene purification plant.
3 g/L of 2,5-diphenyloxazole (PPO) is added to the pseudocumene as wavelength
shifter. The vessel wall is constructed out of 1/4”-thick low-radioactivity stainless
steel. The inner surface of the vessel is coated with a layer of ethylene tetrafluo-
roethylene to prevent degradation of pseudocumene due to the stainless steel. The

inner surface also has a number of threaded studs to hold highly-reflective Lumirror

lining (Fig. |6.1b)) to enhance light collection efficiency.

(a) The liquid scintillator veto vessel in  (b) Lumirror lining to improve scintillation
LNGS Hall B. light collection efficiency.

Figure 6.1: Photo of veto vessel at LNGS Hall B, and its Lumirror lining on the inner
surface.

To collect scintillation light, five 8-inch Hamamatsu R5912 PMTs are installed at
each end of the veto vessel. The borosilicate glass PMTs are mounted inside stainless

steel PMT cans via polyethylene PMT holders, and the PMT cans seal to the ASA
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flange flanges on the ends of the veto vessel (Fig. . Viton O-rings are used for all
O-ring seals for chemical compatibility with pseudocumene. Two half nipples with
KF16 flanges are welded onto the sides of each PMT can to circulate dry nitrogen.
The end cap of the PMT can has electrical feedthroughs to apply high voltage bias
to and collect signal from the veto PMT. An SHV bulkhead connector with solder
cup termination and PTFE-insulated single wire are used for high voltage bias while
an SMA (SubMiniature version A) connector and RG-174 cable are used inside the

PMT can for signal transmission.

PMT port

O-ring 1

~

-—

O-ring 2
PMT holder

O-ring 3

(a) CAD drawing of the veto PMT, PMT
can and PMT holder. The PMT holder is :
used to prevent borosilicate glass from con-  (b) Photo of 8 R5912 PMT mounted onto
tacting stainless steel directly. the PMT holder and PMT can.

Figure 6.2: CAD drawing and photo of 8 PMT, PMT holder and PMT can. The
PMT is placed inside a polyethylene PMT holder which is in turn fixed onto the
stainless steel PMT can by screws. The PMT can is mounted onto the veto vessel
via Viton O-ring face seal. The PMT is sealed against the PMT holder via two Viton
O-ring piston seals in series for redundancy.

The top cover plate on the veto vessel is welded to a blind-end high-purity copper
tube that extends to the center of the vessel. This copper tubing is used to place the
crystal detector module in the center of the veto detector. The flange that seals the

copper tube has gas feedthroughs such that the copper tube can be purged to reduce
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radon and water around the crystal detector module. Additional details regarding

the design and construction of the veto vessel are given in [30].

6.2 Veto Photomultiplier Tubes

The veto PMTs have a relatively high gain and a high quantum efficiency (around
25%), and are designed to be operated with high voltage bias without any further
amplification. In testing the divider boards, it was found that ceramic capacitors
would cause the baseline to oscillate after each pulse. Such “ringing behavior” has
been previously reported by [54]. After the ceramic capacitors were replaced with
polypropylene capacitors, the noise disappeared. This is shown in Fig. [6.3] Similar
ringing phenomena was also observed for a Nal (T1) crystal using Hamamatsu R11065
3" PMT with positive high voltage and ceramic decoupling capacitors and was solved

by switching to polypropylene capacitors.
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Figure 6.3: R5912 PMT pulses recorded with CAEN V1720 digitizer board. The
top (red) waveform is recorded with a divider board using ceramic capacitors; the
bottom (blue) waveform is recorded with a divider board using polypropylene capac-

itors. The ringing present in the top waveform after 2.5 us is absent from the bottom
waveform.
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To measure the gain of each veto PMT, varying high voltage is added to the divider
board of each PMT at 50 V steps and single photoelectron pulses from dark counts are
recorded. The number of electrons in each single photoelectron pulse is computed by
dividing the integral of the pulse by the resistance of the readout resistor. The gain of
each PMT is then computed as the mean number of electrons in single photoelectron
pulses. Veto PMT gains as functions of applied voltages are shown in Fig. |6.4] and
will be used in the future to determine the operational voltages of veto PMTs. The

pulse-finding algorithm is discussed later in Section [8.4]
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Figure 6.4: Hamamatsu R5912 veto PMT gain as function of applied positive high
voltage. For this measurement, single photoelectrons from dark counts are used.

6.3 Shielding

To determine the amount of necessary shielding, Geant4 simulation is performed to
evaluate the shielding power of water and lead of various thicknesses.
The flux of y-rays from the surface of the rocks in the experimental hall is obtained

by simulating the radioactive decays of °K, 238U and ?*?Th and propagation of decay
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products in the rock. The concentrations for these isotopes are taken from [55].
Shown in Fig. the flux of v-rays that escape the rock surface is used to predict

the flux after 20 cm of lead and 90 cm and 2 m of water.
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Figure 6.5: v-ray flux after different shielding materials and thicknesses: no shield-
ing (black), 90 cm water (green), 2 m water (blue) and 20 cm lead (red).

To determine the amount of shielding required, the v-ray flux in Fig. [6.5] is used
to predict the background rate in the dark matter search due to external ~-rays
hitting the crystal without being detected by the veto detector. Although the lowest
background is achieved with 20 cm of lead, 90 cm of water yields a background as low
as 1x1072 cpd/kg/keV, two orders of magnitude lower than the projected background
due to the crystal radioactivity (~ 0.1 cpd/kg/keV).

Due to the availability of materials and engineering constraints, the actual shield-
ing consists of 10 cm of polyethylene and 80 cm of water on the top, 40 cm of polyethy-
lene and 91 cm of water on the four sides, and 15 cm of lead on the bottom. This

new configuration still guarantees approximately 90 cm of water-equivalent shielding
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power and the external background is similar to that obtained with 90 cm of water

on every side. Different shielding components are shown and labeled in Fig. [6.10]

6.4 Fluid Handling and Slow Control

During normal operations, the fluid handling infrastructure monitors and regulates
about 2 tons of pseudocumene and two grades of dry nitrogen. Fig. shows a
simplified view of the fluid handling system. Regular high-purity nitrogen is used to
purge each veto PMT cans and the radon box while the volume near the Nal (T1)
crystal is purged with special low-argon, low-krypton nitrogen to suppress radon and
to prevent the Nal (T1) crystal from degrading due to outgassed moisture. Used gas
is filtered with charcoal before it is vented. Pseudocumene leakage is detected with
flammable gas sensors at various locations and a liquid sensor at the catch basin.
Pseudocumene is filled and drained with two hydraulic pumps and a third hydraulic
pump is used to pump pseudocumene in the catch basin into a waste tank in case of

emergency.

6.5 Commissioning

After the veto vessel was manufactured at Allegheny Bradford Company, the vessel
was leak-checked and the veto detector’s light yield was measured at Princeton before
shipment to LNGS in November, 2016. Subsequently in March, 2017, all 10 veto
PMTs and the trigger and data acquisition systems were installed and an integral

test was performed at LNGS Hall B.
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Figure 6.6: Simplified schematics of the fluid handling system. For simplicity, various
valves, pressure indicators, liquid level sensors, etc. are not shown.

6.5.1 Leak Detection at Princeton

Since the vessel is not designed for vacuum, initial leak detection was done with helium
pressure decay. However, the results were inconclusive due to a lack of precision, the
vessel’s relatively large volume and fluctuations in ambient pressure. To overcome
these challenges, the PMT ports were sealed from the vessel body by O-ring piston
seals and helium vacuum leak detector was used to check the leak-tightness of each
port locally. No leak bigger than 2.7 x 10~7 mbar L/s was observed, compatible with

leak-tightness requirement of pseudocumene.

6.5.2 Estimation of Veto Detector Light Yield

Instead of installing all 10 veto PMTs and filling the veto vessel with 2 tons of
flammable and carcinogenic liquid, a quartz scintillation vial and one veto PMT are
used to estimate the light yield by scaling: a 3" quartz cell filled with a mixture of

pseudocumene and PPO was placed about 20 cm away from one veto PMT while all
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other PMT ports were covered with Lumirror foil. A 37Cs source was placed next
to the quartz cell and the Compton edge of 661.7-keV 7-ray is fitted with Geant4-
simulated spectrum (Fig. [6.7). The light yield under this configuration is estimated

to be 0.66 photoelectrons per keV (p.e./keV).
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Figure 6.7: 37Cs Compton edge measured with a single veto PMT and a
pseudocumene-filled 3" quartz cell inside the Lumirror-coated veto vessel. The mea-
sured spectrum (black) is fitted with Geant4-simulated spectrum (red). The light
yield in this configuration is calculated to be 0.66 p.e./keV and the resolution around
the Compton edge is 33 keV. The deviation at low energy is due to gamma-rays
scattering off the steel vessel, which is not considered in the simulation.

The result in Fig. is scaled accordingly to estimate the light yield with 10 PMTs
and 2 tons of pseudocumene. PPQO’s average emission wavelength is estimated to be
about 385 nm and reflectivity of Lumirror at this wavelength is 0.956 [56]. The
attenuation length in pseudocumene is taken as 4.5 m [57]. Let € be the solid angle
of one PMT viewed from the source, r the reflectivity of Lumirror at 385 nm, and [

attenuation length in pseudocumene, the fraction of scintillation photons arriving at
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veto PMTs is

N = Ndirect T Mreflected (61)

= NppQ/dm x e 4 T gL/ (6.2)

where 77 is average number of reflections before a scintillation photon hits a PMT.
It is estimated as the ratio of Lumirror-lined surface area (65669 cm? minus photocath-
ode total surface area) to the total surface area of installed veto PMTs (324 cm? each).
For the case with one veto PMT and all other ports covered with flanges, this num-
ber is adjusted accordingly. L—the average distance of travel between reflections—is
assumed to be approximately 100 cm, which is on the same order of magnitude as the
dimensions of the vessel. The first term in Eq. accounts for fraction of photons
detected directly after attenuation, and the second term fraction of photons surviving

after reflections at Lumirror foil and attenuation in pseudocumene.

Table 6.1: The measured light yield of veto detector with air and one veto PMT is
scaled to predict light yield with pseudocumene and 10 veto PMTs.

One PMT, air Ten PMTSs, pseudocumene

n 202 19
Tdirect 0.065 0.037
Nreflected 0.0001 0.0062
i 0.065 0.043
Light yield (p.e./keV) 0.66 0.44

The estimated light yield with 10 veto PMTs and liquid scintillator is 0.44 p.e./keV.
In reality, photons will likely travel longer than the diameter of the vessel, therefore
the actual light yield is expected to be lower than 0.44 p.e./keV. This conclusion is

in rough agreement with 0.21 p.e./keV predicted by optical Monte-Carlo [30].
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6.5.3 Commissioning at LNGS Hall B

The veto vessel was shipped to LNGS in November, 2016, and in March, 2017, ten
veto PMTs, high voltage power supply, trigger board and data acquisition electronics
were delivered and installed at LNGS Hall B and an integral test of the veto detector
was performed. All 10 veto PMTs were mounted onto the vessel with new divider
boards using polypropylene capacitors. In this phase pseudocumene was not used
due to regulations in Hall B.

The setup is shown in Fig. Fig.[6.9/shows an event recorded with a 1”7 x 1" x 6"
bismuth germanate (BGO) crystal scintillator suspended in the center of the vessel on
the first day of commissioning at Hall B. Data acquisition was triggered by the veto
majority coincidence with a coincidence level of 5, which was a preliminary indication
that the veto PMTs, trigger firmware and DAQ system are functioning as expected.
A dedicated test of trigger firmware is discussed in Chapter [7] and DAQ electronics

and software are described in detail in Chapter [8|

Figure 6.8: Veto detector commissioning at LNGS Hall B. The veto vessel is on the
right and the author and the electronics are on the left.
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Figure 6.9: Majority coincidence of veto PMTs. Data taken on the first day of com-
missioning at LNGS Hall B. The majority level was set at 5. The event corresponds
to a cosmic muon hitting a BGO crystal scintillator suspended in the center of the
veto vessel. Later it was realized that the contact pin for channel 0 on the digitizer
had been broken due to an earlier incident, and as a result there is no response in
channel 0.

6.5.4 Commissioning at LNGS Hall C

After the integral test in Hall B, the veto vessel was relocated to the final site at Hall C
next to the Borexino scintillator storage tank for convenient access to pseudocumene.
In June, 2018, PMTs were dismounted from the vessel and the vessel was precision-
cleaned according to the Borexino cleaning procedure. The resistance of the deionized
water used to rinse the vessel was used as a control parameter, and after cleaning,
the water had a resistivity of 15.18 MQ2-cm.

The PMT cans, PMT holders and veto PMTs were separately cleaned inside a
cleanroom using acetone, deionized water and isopropyl alcohol. The previously-used
Lumirror foils were dismounted prior to the vessel cleaning and used as a pattern to
cut new Lumirror lining. The newly-cut Lumirror foils were cleaned in a cleanroom.

Along with the veto PMTs, the Lumirror foils were mounted onto the veto vessel in
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a temporary HEPA-filtered cleanroom. Fig. [6.10]shows the shielding around the veto

vessel and the temporary cleanroom built next to the vessel.

Polyethylene Veto vessel Water Lead Temporary cleanroom

Figure 6.10: Veto vessel commissioning in LNGS Hall C. The veto vessel is shielded
by 10 ¢m of polyethylene and 80 c¢m of water on the top, 40 cm of polyethylene
and 91 cm of water on four sides, and 15 cm of lead on the bottom. A temporary
cleanroom with HEPA-filtered air was built near the final site for cleaning the vessel
and installing the veto PMTs and the Lumirror lining. Photo courtesy of Chiara
Vignoli.

111



Chapter 7

Trigger

In nuclear and particle physics experiments, trigger is a system that monitors the
status of every signal channel for potential event of interest and decides when to
start recording data. Trigger is usually implemented as various logical combinations
of digital signals that reflect the status of the ADC channels. Considering the per-
formance, scalability, and flexibility requirements of modern experiments, a natural
choice of hardware for implementing the trigger is a field-programmable gate array
(FPGA)—a chip on which the user can electrically program different digital circuitsl]

The trigger firmware I developed for operating the Nal (T1) detector together
with the veto detector underground is described in Section The measurement of

trigger efficiency and verification of the trigger firmware is discussed in Section [7.2]

7.1 Design and Implementation of Trigger Firmware

To support various modes of detector operation, the trigger firmware is designed to

offer four different trigger channels: CRYSTAL, COINCIDENCE, VETO and PC.

e The CRYSTAL channel is triggered by the coincidence between two PMTs

coupled to the same crystal, regardless of the status of the veto detector. This

IThe circuit is referred to as firmware.
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trigger channel is useful for both dark matter search and “°K counting: in both
cases there is a signal in the crystal leading to the coincidence of the two crystal
PMTs, and the only difference is the presence or absence of a signal in the veto

detector, which can be identified offline by software.

The COINCIDENCE channel looks for coincident signals between the crystal
detector module and the veto detector. This channel is useful in detector tests

and calibrations using sources with coincident y-rays such as ?Naf]

The VETO channel triggers upon the coincidence signals in two PMTs coupled
to the same crystal and the absence of majority coincidence in the liquid scin-
tillator veto. This channel was designed for preliminary dark matter searches

in high-event-rate environments[]

PC channel looks for a signal in the pseudocumene liquid scintillator, regardless
of the status of the crystal detector module. This channel was designed such
that the veto detector can be operated as a stand-alone detector to measure the

purity of pseudocumene.

The trigger firmware is written in VHDL and is programmed on an Altera Cyclone

FPGA in a CAEN V1495 Programmable Logic VME board. The overall setup is

shown in Fig. [7.1} The low-voltage differential signaling (LVDS) ports of the ADC

board is connected to the digital input pins of the trigger board. Once the waveform

in a channel crosses the threshold, a signal is sent from the LVDS output to the

corresponding input pin of the FPGA chip. Upon satisfying the trigger conditions, a

TTL signal is sent from the trigger output of the FPGA to the external trigger input

port of the ADC board to start data recording.

2Although this channel can also be used to count *°K, this channel would miss potential dark
matter events and the CRYSTAL channel should be used instead in physics runs.

3When event rate is low, CRYSTAL channel could be used instead and events with majority
coincidence in the veto detector can be filtered offline.
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Figure 7.1: Setup of CAEN V149 trigger board. The cross-threshold information
is sent from the LVDS pins of the ADC boards to the FPGA in the trigger board.
When trigger condition is met, an output signal is sent from the FPGA to the external
trigger inputs of the ADC boards.

Inside the FPGA chip, the trigger algorithm is divided into three functional blocks:
Window Generator, Coincidence and Output. Identical Window Generator blocks de-
tect incoming TTL signals from the LVDS outputs of the ADC channels, synchronize
the pulses with the FPGA’s clock through two stages of D flip-flops, and output
pulses of programmable length to the Coincidence block.

The Coincidence block runs different algorithms for the crystal and the liquid
scintillator veto: for the crystal, output signals from two independent Window Gen-
erator blocks are passed to an AND-logic gate and the output is taken as the crystal
coincidence signal. This is schematically illustrated in Fig. [7.2] For the liquid scintil-
lator veto, the output of ten Window Generator blocks are passed to a programmable
majority comparator. The majority comparator will count the number of active co-
incidence windows and compare this number to a programmable majority level. If

the number of active coincidence windows is no less than the specified majority level,

114



the majority comparator outputs a liquid scintillator majority trigger signal. The

schematic for the veto majority trigger is shown in Fig.

cho

] crystal
window length coincidence

Figure 7.2: Implementation of crystal coincidence. Input LVDS signals from crystal
PMT channels are used to generate a coincidence window of programmable length.
When there is an overlap between the two coincidence windows, a crystal coincidence
signal is generated.

cho0

chl

veto majority
coincidence

ch9

majority
level

window length

Figure 7.3: Implementation of veto coincidence. The LVDS signals from the veto
channels are processed by Window Generator blocks identical to those used for crystal
channels. Instead of directly using an AND-gate, the outputs are passed onto a
majority comparator which counts the number of active windows for the input signals,
and if this number is greater than a pre-programmed majority level, a veto majority
coincidence signal is generated.
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As illustrated in Fig. [7.4] the Output block consists of a multiplexer to select
different trigger channels and an output module to generate a trigger signal of pro-
grammable length. In the CRYSTAL or PC trigger channels, the crystal coincidence
or veto majority coincidence signal is directly passed to the trigger output module.
In the COINCIDENCE channel, crystal coincidence and veto majority coincidence
signals are passed into an AND-gate. In the VETO channel, the crystal coincidence
signal is delayed by a duration of programmable length, and if no veto majority

coincidence occurs in this time interval, the signal is passed to the trigger output

module.
crystal
coincidence
veto majority Py Pulse Length
coincidence
——  Output Generator
._—
delay —1——
delay CRYSTAL
length PC
COINCIDENCE
VETO

Figure 7.4: Trigger output module. Four different trigger channels are selected by a
multiplexer and the output of the multiplexer is sent to the trigger output genera-
tor with programmable pulse length. In the VETO channel the crystal coincidence
signal is delayed by a duration of programmable length such that no false positive is
generated when a crystal coincidence signal arrives before a veto majority signal.

Table summarizes available registers, their addresses and their functions.

These registers are accessed through CAEN’s protocol provided with the VME board.
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Table 7.1: Description of registers implemented in trigger firmware. All time length
refers to counts of FPGA clock cycles (25 ns per cycle).

VME Address Bits Name Description

1: enable trigger

0 Enable 0: disable trigger
S 1: no effect
L Reset 0: reset trigger circuit
00: CRYSTAL
. 01: PC
3:2  Trigger channel 10: VETO

11: COINCIDENCE
1: enable crystal retrigger
0: disable crystal retrigger
1: enable veto retrigger
0: disable veto retrigger

0x1030 4 Crystal retrigger

5 Veto retrigger

15:6 Veto mask
19:16 Veto majority level
22:20 Delay in crystal coincidence under veto mode
30:23 Trigger output length
31 Reserved
0x1034 15:0 Crystal coincidence window length
31:16 PC coincidence window length
15:0 Dead time imposed after trigger
0x1038 31:16 Veto window length
0x1042 31:0 Software trigger

7.2 Measurement of Trigger Efficiency

Due to the complexity of the trigger system, it is challenging to measure trigger
efficiency for every combination of trigger channels and parameters. On the other
hand, the trigger firmware is mostly digital logic that can be simulated realistically
and reliably using FPGA simulation environments provided by the vendors. In the
trigger design, identical Window Generator circuit blocks are used for both crystal
coincidence and veto majority coincidence. The remaining unknown factor is the
two-channel coincidence trigger efficiency for different relative ADC cross-threshold
times. The trigger efficiency of the CRYSTAL channel is directly influenced by this
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two-channel coincidence efficiency, and the multi-channel majority coincidence can be
easily estimated from the two-channel coincidence efficiency.

Dark counts from two Hamamatsu R5912 PMTs are used to randomly sample
different relative cross-threshold times. Signals from the two PMTs are sent to a
CAEN V1720 ADC board, and their corresponding LVDS outputs are connected to
the coincidence inputs of a CAEN V1495 trigger board. The trigger output is sent to
the third ADC channel to record the output trigger signal. The data acquisition is
started by the ADC board’s local cross-threshold trigger for either of the two PMTs.

The trigger efficiency is computed as the number of events with trigger output
signals divided by the total number of events for each relative cross-threshold time.
Fig. shows a successful trigger and Fig. shows an unsuccessful trigger due

to two pulses being too far apart.
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(a) The trigger is generated slightly after  (b) The cross-threshold times of the two
the second waveform crosses the threshold.  waveforms are separated by more than the
coincidence window.
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3
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Figure 7.5: The top and middle channels are PMT waveforms and the bottom channel
is digitized trigger signal. Data acquisition is started by either waveform crossing the
threshold in the first two PMT channels. The coincidence window is set to be 2.5 us.

The measured coincidence trigger efficiency is shown in Fig. The trigger
efficiency makes a sharp transition from 100% to 0% around 0 us overlap with an

uncertainty of 25 ns, the trigger board’s clock period. This uncertainty arises from
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pulse synchronizer in the firmware: if an external input signal arrives during a clock

transition, the output signal is updated in either the current clock cycle or the next.
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Figure 7.6: Two-channel coincidence trigger efficiency as a function of the distance be-
tween two coincidence windows. Negative number means there is an overlap between
two coincidence windows.
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Chapter 8

Data Acquisition

Typical DAQ software comes in two categories: ready-to-run programs and
application-specific programs. Ready-to-run programs are easy to use, but are
largely limited to simple predefined tasks and are difficult to interface with other
programs in the same application. On the other hand, application-specific programs
can achieve better performances but the development process is often expensive and
time-consuming.

To solve the challenge, I developed an open-source, general-purpose modular
framework for data acquisition called Polaris. Polaris is written in C+4 and can
meet a wide range of DAQ requirements from routine laboratory measurements to
mid-scale nuclear and particle physics experiments.ﬂ

Section describes the design philosophy and software architecture of Polaris.
To support various data acquisition and control tasks, two custom electronic circuit
boards were developed. These boards were used to monitor precision-drying and py-
rolitic carbon coating and to operate PyroMapper. The hardware and corresponding
Polaris software libraries are described in Section 8.2l Section R.3] discusses the Po-
laris library used to operate the SABRE detector. Finally, the baseline subtraction

and reconstruction algorithms used in this thesis is presented in Section

!Polaris can be downloaded at https://github.com/suerfu/polaris.
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8.1 Polaris

The challenge of developing a general-purpose DAQ framework lies in the balance
between flexibility and the amount of customization required. Almost all tasks differ
to some extent in the hardware used, the types of data to be acquired, and how data
is logged and displayed. On the other hand, different DAQ tasks have common behav-
iors: all DAQ applications need to go through an initialization phase, a hardware and
software configuration phase and a run phase. Polaris exploits the common features

of DAQ and leaves application-specific features to user implementation.

8.1.1 Design Philosophy

In the Polaris framework, common DAQ features are managed by Polaris while
application-specific features are implemented as runtime dynamic libraries called

modules. There are three advantages to a modular design:

1. by specifying and loading different sets of modules, the same program can be

used on different measurements without having to recompile the main program;

2. features are grouped into different modules, which simplifies debugging and

maintenance; and

3. new features can be easily added—the user only has to develop a corresponding

new module and load it at runtime.

8.1.2 Software Architecture

The software architecture adopts a finite-state machine-based modular design. State
transition is managed by a controller object called plrsController and every user
module must derive from the base class plrsStateMachine. plrsStateMachine defines

virtual functions to be called at each state and at each state transition, guaranteeing
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that every module adheres to the state transition rules and the right functions are

invoked at the right moment.

Polaris DAQ States

There are five main states: INIT, CONFIG, RUN, PAUSE and END. The main

features of each state is summarized below:

e INIT: After each module is loaded, data and command first-in-first-out (FIFO)
buffers are allocated by plrsController to user modules. User modules acquire

parameters from a configuration file and initialize their own variables.

e CONFIG: User modules perform hardware and software configurations.
plrsController compiles a look-up table of registered modules. User modules
configure the data flow path by looking up the indexes of other modules’ data
buffers.

e RUN: Main event loop is executed.

e PAUSE: The PAUSE state is only accessible from the RUN state. Pause()
and Resume() functions are invoked when entering and exiting the PAUSE

state.

e END: Modules deconfigure their hardware and release their resources. Threads
are terminated and dynamically-loaded libraries are closed. The main program

is ready to exit at this stage.

e FRROR: Transition to the ERROR state can be made from any state. Func-
tions on the path from the current state to the END state will be called suc-

cessively to make sure hardware is properly deconfigured before exiting.
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Figure 8.1: Polaris states, state transitions and the corresponding virtual functions.
The state transitions are managed by the plrsController and virtual functions are
defined by the base class plrsStateMachine from which every user module should be
derived. The function next to the arrow are called at each state transition.

State Transition

Internally, two variables (state and status) are used to manage the state transition of
every module. plrsController changes the value of state as a signal to make a state
transition. plrsStateMachine polls the value of state and compares it to its local vari-
able status. When state differs from status, plrsStateMachine makes a state transition
by invoking appropriate functions and updates status upon success. plrsController
polls regularly to check if every module is in the same status. The next state transi-
tion will not occur until all modules are in the same state and status. This mechanism
is implemented on the base class plrsStateMachine and derived classes (user modules)

do not have to worry about it.
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Once state transition signal is issued, plrsController also starts a watchdog timer
that can be extended by user modules as needed. If a module fails to update the timer
for any reason, plrsController will set the state to FRROR and ask every module to

terminate.

Data Flow

When each module is loaded, plrsController assigns two FIFO buffers, one for data
and the other for commands. The FIFO buffers of all modules are kept in an indexed
array by plrsController. Upon configuration, plrsController compiles a look-up table
with which user modules can look up the indexes of other registered modules. Once
the index is known, every module can push data and commands to any other module
as needed. However, each module can only pull from its own buffers. With such
architecture, it is possible to realize versatile and dynamic flow patterns. This is
useful, for example, when data flow has to bypass certain modules.

The data buffer is implemented as a custom, thread-safe circular buffer with a
static address instead of a standard template queue which dynamically re-allocates
new memories. For demanding applications, the address instead of the data itself
should be stored in these buffers to avoid wasting time copying large amounts of

data.

Interface

plrsModulelnput manages command-line input in a non-blocking, thread-safe way.
This is the only module loaded by default. This behavior can be disabled by
command-line options upon starting.

In addition to command-line interface, inter-process interface and inter-host inter-
face are implemented by plrsModulelnterface. plrsModulelnterface uses a Unix socket

to establish the connection between Polaris and other programs running on the same

124



computer (host), and a TCP/IP socket for connection with programs running on
remote hosts.

With an inter-process interface, it is very easy to visualize event data and develop
graphical interfaces. Inter-host communication allows for remote monitoring of the
experiment data, and the development of a multi-host distributed DAQs system. As
an example, in Section [8.2] plrsModulelnterface is used to send data to a Python

script running on a remote host for monitoring the drying/coating process.

8.1.3 Performance

The acquisition bandwidth of Polaris depends on the host running the application,
the number of modules loaded, the depth of the FIFO buffer and the complexity
of operations on the data. In the simplest case in which integer dummy data is
read and stored on disk, an acquisition rate of a few GB/s is easily achieved on the
author’s Dell Lattitude E6530 laptop computer. For comparison, a CAEN A3818
PCle card has a data transfer bandwidth of about 80 Mb/s. Therefore, in most
small- to mid-scale experiments, the limiting factor is likely the data transfer rate

from DAQ hardware to PCs.

8.2 DAQ for Powder Drying and Crucible Coating

The DAQ software for powder drying and crucible coating is developed as Polaris
modules. Together with Polaris modules for operating the SABRE crystal modules
and veto detectors, these modules are compiled into one single shared library lib-

saber.so, available at https://github.com/suerfu/saber/f]

2 Although this DAQ software system can be used on the final SABRE experiment, currently it
is used mainly for tests at Princeton. Migration from previous old DAQ software (also developed
by Suerfu) to a Polaris-based DAQ system is in progress.
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8.2.1 PIC16-based DAQ Circuit

Custom-designed PIC16-based DAQ boards are used to control various devices and
digitize and record signals from different sensors. The DAQ boards, shown in Fig. [8.2]
use PIC16F1788 microcontrollers for main processing. Peripherals include 8 ADC
ports, 8 general-purpose 1/O ports and 6 control ports that can be configured as SPI

ports or PWM output ports. Communication with a computer is done via UARTEl

(a) Photo of Mica v0. It uses RS-232 cables  (b) Photo of Lyra v0. Communication to
to communicate with a PC’s serial port. the PC is done using a USB cable and an
on-board USB-to-serial converter chip.

Figure 8.2: Two custom circuit boards for laboratory data acquisition. Mica is pow-
ered from the wall with AC adapters and has on-board voltage regulators, relays and
power MOSFETSs to power up and control other devices directly. Lyra is designed to
be powered from a PC’s USB port and its function is limited to data acquisition and
digital I/O with other independently powered devices.

Although these DAQ boards are designed as general-purpose interfaces between
computer software and physical signals, dedicated special firmware can be uploaded

for complex tasks (e.g. controlling a stepper motor).

8.2.2 Monitoring Nal Powder Drying

For monitoring Nal powder drying, Lyra vO (Fig. [8.2b]) is used to read the temper-
atures of the oven and the cold trap, and the pressure of the cold trap. The setup

is shown in Fig. [8.3] Temperature is measured using thermocouples and the volt-

3Upgrade to Universal Serial Bus (USB) is in progress.
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age signals are amplified before digitization. The signal from the pressure gauge is
attenuated by a factor of 3 to fit in the dynamic range of the microcontroller.

Two essential Polaris modules in recording drying data are a SerialDAQ module
and an AscitRecorder module. During run, the SerialDA() module periodically polls
to read digitized input signals and sends available data to the AsciiRecorder module,
which writes data onto the output file in ASCII format. Optionally the data can
be visualized by a graphics module or sent to another host by a network interface

module. Example data is shown in Fig. |3.3|

TC for oven

/._,\ -

TC for cold trap

% MicROEHP 2

vt —> Acquisition — Processor —» Recorder

v

Python Socket ROOT
Graphics & GUI Interface T Graphics

pressure gauge
for cold trap

Figure 8.3: Hardware and software setup for recording Nal powder drying data.
Temperature signals from thermocouples are amplified by IC chips while voltage from
pressure gauge is attenuated by a factor of 3. SerialDAQ) and AsciiRecorder are two
essential polaris modules for recording data.

8.2.3 Monitoring Pyrolitic Carbon Coating

Pressure and temperature are the two most important parameters in a pyrolitic carbon
coating process. The setup of the monitoring system is shown in Fig. [8.4] Data is
acquired by a SerialDA() module and then sent to a processor module. The processor
module averages and converts the data to physical units from ADC counts based on

the calibration characteristics of each sensor. After written to disk, data is sent to a
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ROOQOT graphics module for local display or over the internet to a Python visualization
script running on remote hosts. Fig. shows a screenshot of local ROOT graphics
during the execution of the program and Fig. shows a screenshot of Python

visualization script running on a remote host.

N
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P~ ﬂh \ wy
et —> Acquisition — Processor —# Recorder
; I
/ I
( v(t) }
¥ |
A/
Python Socket ROOT

Graphics & GUI ¥ Interface ¥ ™~ Graphics

Figure 8.4: Setup for monitoring pyrolitic carbon coating. The pressure is obtained
from a Dwyer 628 pressure transducer and the temperature is obtained by amplifying
the signal from a K-type thermocouple. This application uses a processor module
to convert data from ADC counts to physical units before storing, and an Internet
Interface Module to send data to a remote Python visualization script.

8.2.4 Mapping Pyrolitic Carbon Coating

The thickness of pyrolitic carbon coating can be mapped by measuring laser attenu-
ation and the apparatus is described in Section [2.4.2l Custom circuit board Mica is
used to measure the intensity of the transmitted laser and to power up and control the
laser and the stepper motors. Since stepper motors with specific step angles and shaft

diameters are used in this application, a dedicated firmware is implemented to drive
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(a) Screenshot of local ROOT graphics dur-  (b) Screenshot of Python visualization
ing the execution of the program. The script on remote host during the execution
graphics displays short-term temperature of the program. Graphics shows long-term
and pressure data. data since connection is established.

Figure 8.5: Event visualization using local graphics library and remote Python script
via internet interface module.

and keep track of rotational positions of each stepper motor at the microcontroller
level.

For data taking, a dedicated PyroMapDA(@Q module is used to interface with the
special firmware. The module turns the laser diode on and off at the beginning and end
of each run, and issues commands to move the laser-sensor assembly to the correct
position using the location feedback from Mica. After readout, an AsciiRecorder
module is used to record the data and a RootGraphics module is used to visualize the

data.

8.3 SABRE DAQ System

The trigger and DAQ system for the SABRE detector consists of a trigger board
with custom FPGA firmware and two ADC boards to digitize and record signals
from 10 veto PMTs and 2 PMTs coupled to the crystal. All boards are mounted on
a VME crate and communication with the PC is managed by the VME bridge board

through an optical fiber. The setup is illustrated in Fig.
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Figure 8.6: The trigger and DAQ hardware setup for operating the crystal and veto
detectors is illustrated here.

The clock signal from one ADC board is sent to the PLL of the second ADC board
such that the two boards have synchronized clocks and the same time reference for
events. During data acquisition, the ADC boards continuously write digitized samples
to internal circular buffers. Once the input signal crosses the ADC threshold, a LVDS
signal for the corresponding channel is sent to the input on the trigger board. Upon
satisfying the trigger condition, a TTL trigger signal is sent from the trigger board
to the external trigger inputs of the two ADC boards. The ADC boards will further
write a certain number of samples to the buffer before freezing it for readout. The
size of each circular buffer and number of samples to acquire after the trigger are
configurable. Such a scheme allows acquiring a complete waveform including pre-
trigger samples and post-trigger samples.

The Polaris modules managing the trigger and ADC boards are compiled in lib-
saber.so. SaberDAQ), SaberDiskRecorder and SaberGraphics are three key Polaris
modules (see Fig. |8.7)).

All trigger and DAQ settings are specified in a configuration file which is loaded
at the beginning of the execution of Polaris. Based on the information in this config-

uration file, SaberDA(Q initializes connection to the VME crate using an appropriate
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Figure 8.7: Data flow between three key modules in libsaber.so. SaberDA(Q) is respon-
sible for low-level communications with DAQ hardware. The address of acquired data
is sent to SaberRecorder, which depending on the trigger rate, passes the address to
either SaberGraphics for event display, or back to SaberDAQ to record new events.

communication method, and creates and initializes CAENV1495 and CAENV1720,
two C++ objects that directly manage the corresponding boards.

At the beginning and end of each run, SaberDA() compiles parameters and other
useful information of the run into a header object to be included in the output file.
During run, SaberDA(@) module continuously polls ADC boards for new data until
specified run time or event number is reached.

After event data is read, it is assembled into a SaberRawData object and sent to
a SaberDiskRecorder module for output to a file. To save disk space, event data is
stored in binary format. Subsequently data can be optionally sent to a SaberGraphics

module for real-time event display using ROOT graphics library.

8.4 Event Reconstruction

After an event is recorded, it must be processed or reconstructed to extract informa-

tion about the total energy deposited in the detector medium and possibly the type
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of incoming radiation. Since PMT pulses have negative polarity, to enhance dynamic
range, the input PMT signal is offset by a digital-to-analog converter on the digitizer
board such that the baseline is around 4000 ADC counts, slightly below 4095, the
maximum output of a 12-bit ADC. To integrate the pulse to get the total charge,
the baseline must be subtracted from the waveform. After baseline subtraction, the
pulse-finding algorithm identifies the beginning and end of pulses in the interval of

interest and computes pulse heights and integrals.

8.4.1 Baseline Subtraction

The baseline is often not constant due to drifts in electronics or long acquisition
windows. However, for Nal (T1) crystals, a constant baseline seems to be sufficient:
the acquisition window is relatively short, and negative high-voltage divider boards
are used for crystal PMTs to reduce baseline fluctuations by direct coupling to the
ground.

To find the baseline, the entire waveform is scanned with a window of
programmable-width to identify regions with variance below a pre-defined threshold.
This criteria will select regions with clean baselines and exclude pulse regions where
the waveform varies rapidly. All samples in qualified regions are then averaged to

give the best-estimate of the baseline. An example baseline is shown in Fig. [8.§]

8.4.2 Pulse Finding Algorithm

After baseline subtraction, the pulse-finding algorithm searches the waveform for
the main scintillation pulse and trailing single photoelectron pulses. The algorithm
exploits the fact that the negative peak of the pulse is also the minimum of the

waveform. The algorithm is described below and illustrated in Fig. [8.9
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Figure 8.8: An example baseline (in red) of PMT signal of Nal crystal scintillation.
The baseline is found by selecting regions with small variance and averaging samples
in these regions.

1. The search region is defined by the two variables search_begin and search_end,

and the minimum within this range is identified.

2. A sliding window of length pre_window is moved backwards in time to locate
the beginning of the pulse. When the variance in this sliding window is smaller

than pre_win_var, the beginning of the pulse is identified.

3. In the fixed-window mode, pulse region is identified as samples within a window
of length window from the beginning of the pulse. In automatic-window mode,
a similar sliding window is used to locate the end of the pulse at least window

samples away from the beginning of the pulse.

4. Identified pulse regions are masked from future searches and the algorithm is
repeated to identify the next pulse until the pulse height of a newly-found pulse

is below the preset threshold. The algorithm then terminates.
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(a) The pulse-finding algorithm works by defining a peak searching window (dashed blue
box). Variance of waveform within a sliding search window (dashed red) is calculated to
determine the beginning of a pulse (and the end of the pulse in automatic mode).
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(b) The search window keeps sliding until the variance is below the pre-defined threshold.
The identified pulse is masked and excluded from future searches. These steps are repeated
until all pulses have been identified.

Figure 8.9: Hlustration of the pulse-finding algorithm.
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Chapter 9

Background Simulation and

Sensitivity

Geant4-based Monte-Carlo simulations are used to estimate backgrounds from various
sources. To accurately model low-energy atomic de-excitation, a bug in the Geant4
source code was fixed to correctly handle auger electron emission (Section . Po-
tential backgrounds are analyzed in Section and Monte-Carlo simulations are

used to verify the analysis (Section [9.3).

9.1 Avalanche of Auger Electron in Geant4

When an ionizing radiation particle frees atomic electrons in a medium, a vacancy is
created and the atom is excited. Transition to the ground state is often accompanied
by emission of electromagnetic radiation or Auger electrons—electrons from higher
energy levels. In Geant4 versions earlier than 10.2, the two processes are managed by
the same piece of code: given an inner shell vacancy, an experimentally-determined
probability matrix is used to calculate which of the outer-shell electrons to fall into
the vacancy and the energies of the outgoing X-rays and/or Auger electrons, and

the same code is recursively applied to propagate the vacancy outwards. However,
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this algorithm neglects a key fact: when an Auger electron is emitted, in addition
to the initial vacancy, an additional vacancy corresponding to the Auger electron is
created. Since this additional vacancy is absent if X-ray is emitted, Auger electron
emission must be handled separately. Otherwise binding energies corresponding to
new vacancies due to Auger electrons are lost and the total de-excitation energy will
appear to be smaller. The difference between X-ray and Auger electron emission is
illustrated in Fig.

To solve this inconsistency, I proposed a bug fix that keeps track of additional
Auger electron vacancies in a FIFO buffer: each time additional vacancies are created
due to Auger electrons, the vacancies are pushed into the FIFO buffer. The de-
excitation code is repeatedly executed until no more vacancies remain in the FIFO
buffer.

This bug fix is indispensable in the simulation of crystal background as well as
low-energy/high-resolution radiation detectors. Fig. shows the simulated and
measured response of a "'Ge miniature proportional counter before and after the bug
fix [B8]. Before the bug fix, the simulated response (Fig. hardly agrees with
the measurement while after the bug, fix the simulation agrees very well with the
measurement.

The avalanch of Auger electron has been officially implemented since Geant4 ver-

sion 10.2 patch 02.

9.2 Background Calculation

Background refers to false events that can mimic features of signals from true events.
Potential dark matter events are characterized by the presence of a scintillation signal
in the Nal (T1) crystal detector and the absence of signals in the liquid veto detector.

Since we are mainly interested in events of a few keV., recoil energy, events that
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(a) Hlustration of emission of an X-ray. The red circle indicates an electron that
changes orbit.
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(b) Tlustration of emission of an Auger electron. The red circle indicates an
electron that changes orbit. The emitted Auger electron is marked with dark
green.

Auger electron

Figure 9.1: Difference between X-ray and Auger electron emission. When an atom
returns to the ground state by X-ray emission, the number of vacancies stay the
same. However for Auger electron emission, one additional vacancy is created per
Auger electron emitted.

deposit a few keV energy only in the crystal detector can become background to
dark matter searches. Therefore, events that either have low rate, tend to deposit
excessive energy in the crystal, or interact with the veto detector are not likely to be

background.
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(a) Before the bug fix. (b) After the bug fix.

Figure 9.2: Simulated and measured response of a "'Ge proportional counter. The
simulated model response is shown as the solid red line while the blue line shows
model response with detector resolution. The black line shows measured response.
Proper handling of Auger electron avalanche yields a better consistency between the
simulation and the measurement.

9.2.1 Analysis of Background

Table 9.1] classifies background in terms of source, type of interacting particle and

how it can be suppressed. Each entry is discussed in detail below.

Table 9.1: Classification of background in terms of source, type of interacting particle
and suppression strategy. In the table E means the interaction tends to deposit too
much energy in the crystal detector to be background; V means the interaction can be
vetoed by the veto detector; S means the interaction can be effectively suppressed by
shielding provided by other components or small solid angles. The letter is repeated
if the background can be strongly suppressed. Inherent event rate is not considered
in this table.

Low-energy High-energy

Src\Type 5 y 3 ; n ! ]
crystal bulk EE V, E V, E EE —
crystal surface E V, E V, E E, S —
enclosure SS SS S V, E V, E SS —

veto detector  SS SS SS, vV S, V,E S, V,E SS, VV —
shielding SS SS SS, VvV S,V,E S, V,E SS —
external SS SS SS,VV. SS, VV, E SS, VV SS VV, EE
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Cosmic ray: Cosmic rays are heavily suppressed by the overburden. Those deep-
penetrating cosmic muons reaching the underground site have high mean energy loss
on the order of MeV/cm in the detector medium, and can be effectively rejected by
the veto detector or by excessive energy deposit in the crystal. Less frequent poten-
tial background due to cosmic muon activation, spallation and high-energy neutrons
produced by muons in the rocks and the fluorescence of Nal induced by muons are
not precisely calculated yetE]

a particle: « particles from radioactive decays have high ionization density and
a short range. Unless produced within a narrow distance from the crystal surface,
a will not become background due to either excessive energy deposit or too short a
range. This statement excludes background from secondary processes such as neu-
trons produced from a-n reactions.

Neutron: Neutrons can scatter off atomic nuclei and produce nuclear recoils
similar to that expected in collisions with dark matter particles. The mean-free
path of a slow neutron is relatively short, and interaction with atomic nuclei depends
strongly on the nuclear structure of the target nuclei. Therefore, slow neutrons can be
effectively shielded by proton-rich materials (e.g. polyethylene and water) or isotopes
with large neutron-capture cross section (e.g. *"Gd, SLi and 1°B).

However, high-energy fast neutrons have longer mean-free distances and inter-
action with nuclei is dominated by scattering instead of neutron-capture. To effec-
tively suppress fast neutron background, a neutron veto system of enough thickness
is needed.

High-energy 5 and 7: High-energy ~-rays produced outside the passive shielding
can be effectively shielded by passive layers of lead, water and polyethylene, and

an active layer of liquid scintillator. Along with those produced in the crystal and

'Production of high-energy neutrons by muons is usually accompanied by a shower of electro-
magnetic radiation. If the interaction happens in the rock, the shower will be shielded and only
deep-penetrating neutrons will escape.
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enclosure components, vy-rays that penetrate passive and active shielding are further
suppressed or constrained by the differential scattering cross section or kinematics of
interaction. For instance, y-rays of a few MeV predominantly interact by Compton
scattering. There are three competing processes in estimating the background due to

Compton scattering of high energy v-rays.

1. As the photon energy gets higher, the range of electron recoil energy gets larger,
and the maximum scattering angle that can yield a low-energy electron recoil

gets smaller.

2. The overall probability for small-angle scattering angle gets smaller due to de-

crease in the solid angle.

3. According to Klein-Nishina formula [59], small-angle forward scattering has a

larger cross-section compared to a large-angle scattering.

Although this problem can be solved analytically, it is easier to study it numeri-
cally. Fig.[9.3shows the relative probabilities of electron recoiling with energy in the
1-10 keV range in Compton scattering with y-rays of various energies. It can be seen
that as the energy of the y-ray increases, the probability of electron recoiling with a
few keV kinetic energy decreases.

High-energy [ particles do not travel very far and will either deposit excessive
energy in the crystal or not reach the crystal. The induced bremsstrahlung can be
suppressed in a manner similar to ~y-rays.

Low-energy 3 and v: Low-energy (-particles and y-rays have very short ranges
and will be strongly shielded from the crystal by the reflector materials or the PMT’s
quartz window. For instance, the range corresponding to the mean energy of 1*C 3-
decay is 0.12 mm while one layer of plumber’s PTFE tape has a thickness of 0.09 mm,

indicating that only first few layers can contribute to background.
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Figure 9.3: Probability of electrons recoiling with energy between 1-10 keV in a
Compton scattering as a function of incident v-ray energy. As the energy gets higher,
the probability of low-energy electron recoil is suppressed. The low-energy cutoff is
due to the y-ray not having sufficiently high energy to produce a 1-keV electron recoil.

However, when the low-energy (8 or v is produced in the crystal or on the crystal
surface, the veto detector will not see any signal unless there is an accompanying
high-energy ~-ray, and the crystal has a relatively high chance of seeing a few keV

energy deposit, thereby mimicking a dark matter interaction.

9.2.2 Radioactive Isotopes in Low-background Nal (TI)
Crystal

From the discussion in Section [9.2.1] low-energy radioactive isotopes in or near the
crystal poses the biggest threat to low-background dark matter searches. For a cer-
tain amount of impurity embedded in the crystal lattice, potential contribution to
background can be predicted in terms of its radioactive isotope’s specific activity,
natural abundance and shape of spectrum. The element’s tendency to stay in the

crystal lattice is also critical, yet in most cases such data is difficult to obtain.
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Isotopes with very high specific activities will decay away quickly and cannot
persist in the crystal. On the other hand, isotopes with low specific activities will not
decay enough times within the time window to be a big background, unless this is
compensated by a high natural abundance (e.g. 8"Rb) or its presence in the crystal
in large quantities (e.g. '#°1).

The shape of the decay spectrum determines the probability that the released
energy lies within the interval of interest. For S-decays in the bulk, the calculation is
straight-forward since in most cases crystal will see all the energy from the S-decay
and the probability is simply the ratio of integral of spectrum over the interval of
interest to that over the entire range up to the Q-value. Back-of-envelope calculations
for ~-rays and surface contaminants are complicated due to the need to consider
propagation of v-rays or [-particles through the detector medium and the ability to

veto accompanying high-energy v-rays with veto detector.

p-decay Isotopes in the Crystal

Of all isotopes and impurities present in the crystal, °H, ?2Na, 4°K, 8"Rb and 2'°Pb are
particularly dangerous. These isotopes can emit low energy radiation as a result of
[-decay or electron capture. Their half-lives are long enough such that their activities
do not decrease significantly during the time scale of the experiment, and their decay
rate combined with their natural abundance can yield non-negligible activities.

SH: Tritium is a pure S-emitter with a small Q-value of 18.59 keV and a half-
life of 12.32 years. The low-energy S particles from 3H cannot be vetoed by the
liquid scintillator, and a large fraction of the S-decay spectrum falls onto the region
of interest. A simple calculation using Fermi’s theory predicts about 39% of tritium
decays would have energy between 2-6 keV.

SH can get into Nal (T1) crystal not only as spallation product of cosmic rays,

but also as NaOH produced from reaction with water. However, the concentration of
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Table 9.2: Summary of important pure -emitters for low-background Nal (T1) crys-
tal detector. The natural abundance (N.A.) is expressed as negative log to compare
the order of magnitudes between different isotopes. The fraction column summarizes
fraction of $-decays with energy in the 2-6 keV interval per keV. It is a measure of
the overlap between (-decay spectrum and the energy region of interest. Potential
background contribution is expressed as background rate for 1 ppb of particular im-
purity, except 2°I which constitutes the crystal lattice. Half-lives and Q-values are
taken from [60].

T/ Spec. activity N.A. Q-value Fraction Rate (per ppb)
yT Bq/g —logio keV keV—! cpd/kg/keV
3H 12.3 3.59 x 10 19-16 18.59 0.1 106-1073
e 5730 1.65 x 10! 18-12 156.5 0.013 10-10-1074
36C1  3.01 x 10° 1.22 x 10? 14-12 709.6 0.0059 1079-1076
8TRb  4.81 x 100 3.2 x 103 0.55 282.2 0.008 0.62
1297 1.57 x 107 6.5 x 106 14-12 149.3 0.00047 0.0024-0.24

3H varies significantly depending on the source of water. Mainly produced by cosmic
rays, nuclear reactors and atmospheric tests of nuclear weapons since 1952 [61], *H
activity in precipitated water can be anywhere between 5 — 100 TU [62][63][64][65] P
Production of tritium in underground water is dominated by ®Li(n,a)*H reaction, and
its concentration can be as low as 0.1 TU [6I]. Without detailed knowledge of how
Nal is produced from solution, it is hard to predict the amount of tritium background.

4C: Produced mainly in interactions with cosmic rays, *C exists in the Earth’s
atmosphere and in all living organism with a natural abundance of about 1072, Once
the organism stops intake of carbon, concentration of *C begins to decrease with a
half-life of 5730 years. Therefore, 1*C/12C ratio in petroleum products can be many
orders of magnitude lower.

Once in the crystal, the low-energy end of the “C SB-spectrum can become back-
ground that cannot be vetoed. *C can be originally present in the powder (Sec-

tion [3.2]) or get introduced into the crystal through contact with pyrolitic carbon

2TU, or tritium unit is defined as the ratio of 1 tritium atom to 10'® hydrogen atoms. Sometimes
it is also used as a measure of tritium activity in water, in which case 1 TU= 0.118 Bq/L.
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coating during crystal growth. The solubility of carbon in molten Nal is not precisely
known, but given the relatively large bond dissociation energies of carbon allotropes
and based on the fact that carbon tends to be pushed to the tail end of the crystal
during crystal growth, the solubility could be very small.

According to Table[9.2] assuming the worst scenario of atmospheric carbon, 1 mg
of carbon is needed per 1 kg of Nal powder to dominate background. On the other
hand, the mass of 500 nm-thick carbon coating in contact with 1 kg of molten Nal
in a 4”-diameter crucible is 12 mg. Assuming all the carbon coating end up in the
crystal, the background from '“C is easily suppressed by using hexane produced from
petroleum.

36C1: Compared to *C, 36Cl has a lower specific activity due to a longer half-life
of 3.01 x 10° years. Its branching ratio of 8-decay is about 98% and the probability
of overlap between its S-spectrum and the interval of interest is about 0.16% /keV.
However, with about 2% branching ratio, 3¢Cl can also decay by electron capture,
where the atomic relaxation will produce low-energy radiations in the interval of
interest. This channel contributes about twice as much probability compared to the
[-decay channel.

Although not present in the Nal (TI) crystals in large quantities, 3°Cl can be
introduced to the crystal by SiCly used to prevent crystal sticking (Section .
Unlike carbon, NaCl can dissolve in Nal, and zone refining is needed to remove it
from the crystal (Section [3.3.3)).

In the atmosphere, 3°Cl is mainly produced by spallation of 3¢Ar by protons. In
the lithosphere, neutron-capture by 2°Cl stays an important process in both shallow
and deep sites while for shallow sites, spallation of *°Ca and 3?K is another important
process. Near the surface, ®C1/Cl depends on the amount of *K and *°Ca in the
ore and it can be as high as 107!'. For deep sites, cosmic ray-induced processes are

negligible and the production is dominated by 3*Cl(n,7)3¢Cl reaction. 3¢C1/Cl ratio
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is essentially independent of the mineral composition and is on the order of 104
Should chlorine be present in the final crystal lattice, it would be important to choose
SiCly with underground origin instead of surface or marine origin.

8Rb: 8"Rb is a primordial isotope with half-life longer than the age of the Uni-
verse. Thus it has the lowest specific activity of all S-decay isotopes discussed here,
yet this is counterbalanced by its low Q-value and a high natural abundance. ¥Rb has
an upper limit of 0.2 ppb measured by ICP-MS. Projected background at this level
is 0.17 c¢pd/kg/keV. Measurement with higher sensitivity is challenging and direct
counting is needed.

1297 1297 §s primarily produced as a nuclear fission product. The natural abundance
of T has a large variation depending on when and where the sample is taken:
earlier measurements reported values in 107'-107'% range [66][67][68], but values
in the 10719107 have been observed [68], especially after the Fukushima nuclear
incident in 2011 [69]. If iodine is taken from ore instead of from marine sources, the
abundance tends to be lower. Previous Nal (T1) detector has measured '2°I/12I to
be about 107! [21] and similar values have been obtained for the Astro-grade Nal
powder using accelerator mass spectroscopy (AMS).

Compared to other S-isotopes, iodine exists in the crystal as a constituent of the
crystal lattice. However, 2T decays to the 39.6-keV excited state of 2Xe. Since
this energy will be summed onto the S-spectrum, the crystal will not see as much
background from low-energy [-particles as other S-emitters. Decay of I directly
to the ground state of 1?Xe is a unique second-forbidden decay that has never been
observed. The only background from '*1 comes from events where the 39.6-keV
X-ray manages to escape the crystal via Rayleigh scattering (orayi =~ 0.0204) or
Compton scattering (ocomp < 0.01040t). From the Geant4-simulated low-energy part
of 12T spectrum in a 5-kg Nal (T1) crystal (Fig. , the spectrum near 2-6 keV is

suppressed by about 2 orders of magnitude.
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Figure 9.4: Simulated low-energy end of the spectrum of '?°I decay in Nal crystal.
The spectrum begins to rise after around 35 keV due to energy released during the
atomic relaxation. This summing effect moves the low-energy part of the S-spectrum
away from the interval of interest.

~v-decay Isotopes in the Crystal

Often v-rays from nuclear decay come from relaxation of daughter nuclei. If the
nuclear decay is followed by a rearrangement of orbital electrons, low-energy X-rays
and/or Auger electrons of a few keV will be produced. When the 7-rays escape the,
the crystal sees only the low-energy radiations. Liquid scintillator veto outside the
crystal is a powerful way to suppress such background. In the Nal (T1) crystal, two

main sources of y-background are 2?Na and “°K.

Table 9.3: Summary of important v-emitting isotopes for a low-background Nal (T1)
crystal detector. The natural abundance for ?2Na is obtained by germanium ~-
spectroscopy. BRg¢ lists the branching ratio of electron capture.

T2 Spec. activity N.A. E, Ex.ray BREgc Rate

yT Bq/g —logip MeV keV % cpd/kg
22Na 2.6 2.3 x 10™ 20 1.27 0.85 9.6 2.93
WK 1.25 x 107 2.65 x 10° 4 1.46 2.9-32 10.55 0.023/ppb

2Na: 22Na has a half-life of 2.6 years and undergoes 3*-decay or electron capture.

In the latter case, along with a 1.27 MeV ~-ray, low-energy X-rays/Auger electrons
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are produced with energy around 0.8 keV which is typically outside the interval of
interest, but will become the dominating background with lower threshold.

The high-energy ~-ray and annihilation radiation from e™ make it detectable by
high-purity germanium detector. In 2010, y-spectrum of Astro-grade Nal powder
was measured underground at LNGS and ??Na activity per 1 kg of Nal powder was
determined to be 0.8 £ 0.1 mBq/kg. This corresponds to a natural abundance of
roughly one part in 10%°, but its high specific activity counterbalances its small natural
abundance. The electron-capture decay rate of *Na is about 3 c¢pd/kg, which can
seriously affect low-energy sensitivity.

22Na is mainly produced by cosmic activation of ?*Na. Since Na is one of the
constituents of the Nal crystal lattice, the only way to suppress the background from
?2Na is to use underground sodium as the starting material for growing Nal (T1)
crystals and minimize its time above ground. Due to a relatively short half-life, the
production rate and decay rate of 2?Na near the surface must be equal. If underground
sodium has negligible 22Na, about 10* 22Na will be produced during 3 months of
crystal growth and fabrication. This corresponds to an isotopic abundance of ~ 1072
and henceforth background 10 times lower.

40K 9K is a primordial isotope with a very long half-life. The dominating decay
channel of “°K is $-decay with a Q-value of 1.31 MeV. According to the analysis in
Section [9.2.2] such high Q-value will suppress its contribution to low-energy back-
ground by ~ 10%. However, about 10% of “°K will decay by electron capture to
10Ar, with emission of a high-energy v-ray and low-energy X-rays/Auger electrons.
When the accompanying y-ray escapes the crystal without interaction, the low energy
radiation becomes background unless the y-ray is tagged and vetoed.

The presence of K in the Earth’s mantle and its similar chemical properties to

sodium make it relatively difficult to separate K from Nal. One approach is to exploit
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the difference between solubilities of NayCO3 and KoCOg3. Another possibility is zone
refining (Section [3.3)).

p-decay Isotopes on the Surface

Contaminants on the crystal surface and in the reflector material are slightly different
from bulk contaminants because the interaction happens only within a sub-millimeter
distance from crystal surface. In this section, 4C and ?!°Pb are analyzed.

40 is present in the PTFE tape wrapping the crystal, and 2!°Pb—a radon
daughter—can get deposited on the surface if the crystal is handled in an environ-
ment with radon.

Table 9.4: Summary of important [-emitting surface contaminants for a low-
background Nal (T1) crystal detector. In the case of C, the fraction measures
probability of S-particles penetrating the PTFE tape and depositing an energy in the
2-6 keV range. The rate is calculated for the entire PTFE reflector for a 4”-diameter
5-kg crystal.

T2 Spec. activity N.A. Q-value Fraction Rate

yr Bq/g —logio keV keV~!  cpd/kg/keV
1o 5730 1.65 x 101! 18—12  156.5 0.000026  107° —10
210py, 223 2.83 x 1012 - 63.55 — —

14C: low-energy electrons from f-decay of *C in the PTFE tape wrapping the
crystal can contribute to the background. The range of these electrons are very short
and only first 1-2 layers of PTFE tape can contribute to the background.

The simulation assumes 10 layers of PTFE tape with density approximately
1 g/cm?® wrapping a 4”-diameter 5-kg Nal (T1) crystal. The thickness of each PTFE
layer is taken to be 0.18 mm. The result shows roughly 26 electrons per 1 million
14 decays in the entire 1.8-mm PTFE tape end up in the 2-6 keV window. If the
carbon in the PTFE comes from contemporary carbon sources, the background due

to 'C is on the order of 10 cpd/kg/keV. On the other hand, if the carbon comes from
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petroleum, the background will be negligible. Therefore it is important to measure
1€ /12C ratio in advance for the PTFE tape to be used.
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Figure 9.5: Energy deposit in the Nal (T1) detector by S-decays of 1*C in the PTFE
tape wrapping the crystal. Compared to normal S-spectrum, low-energy end is heavily
suppressed. Roughly 26 electrons per 1 million *C decays in the 1.8-mm PTFE tape
end up in the 2-6 keV window.

210pb: 219Pb has the longest half-life among radioactive isotopes of lead. 2!°Pb
mainly decays by [ decay, becoming a background when present either in the bulk
or on the surface of the crystal. 2!°Pb can be introduced into the crystal as a trace
element in the water used to make Nal solution. Since it is mainly produced from
radon-222 as part of 2*U decay chain, handling the crystal in a radon-rich environ-
ment can also contaminate the crystal surface with 21°Pb.

Quantitative determination of 21°Pb is difficult via mass spectroscopy, and the only
option is direct underground counting. Other Nal (T1)-based dark matter experiments
have been reporting 2'°Pb contamination [52][53]. To avoid surface contamination as
much as possible, most of powder and crystal handling has been carried out in a

glovebox inside a radon-free cleanroom.
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9.3 Monte-Carlo Simulation

Geant4-based Monte-Carlo simulation was used to estimate the background in dark
matter search. The Nal (T1) crystal, crystal PMTs, enclosure, liquid scintillator, veto
vessel, veto PMTs were modeled in the simulation. External shielding assumes 90 cm
of water shielding (see Section [6.3)).

Concentration of “°K is assumed to be 9 ppb (Table and that of 8"Rb
0.2 ppb (upper limit). Concentrations of **U (0.5 ppt) and 2**Th (0.5 ppt) are ob-
tained from ICP-MS measurements by PNNL and ?2Na is obtained from underground
counting with germanium at LNGS (Section . Abundance of *C is assumed
to be 10717, approximately the detection limit of *C in AMS. '?°I concentration is

measured by AMS. ?6Cl is not considered since the impact of SiCly is unknown.

;8 0.22—
CRY=. “Rb 0.07 cpd/kg/keV
9 = K 0.03 cpd/kg/keV
-"g_ 0.18 I 271 0.014 cpd/kg/keV
e = 4G 0.0002 cpd/kg/keV
2 0.16— other 0.02 cpd/kg/keV (P*U,**Th,”Na, etc.)
o =

0.14

0.12

0.1

0 1 2 3 4 5 6 7 8 9 10
Energy (keV)

Figure 9.6: Simulated background rate from various sources. At low energies, 5'Rb,
40K and '?°I dominate the background rate. The peak near 1 keV is due to electron-
capture decay of *?Na.

The estimated total background in 2-6 keV interval is 0.14 cpd/kg/keV. The
simulated background spectrum, shown in Fig. [9.6] is dominated by $"Rb and “°K
in the crystal to the first order. As discussed in Section 22Na becomes more

150



important for low energies. Background from other components are sub-dominant.
It is worth pointing out that the 8”Rb background is only an upper limit based on
ICP-MS measurements. Actual 8’Rb concentration could be significantly lower.
Later an updated Monte-Carlo was done to evaluate backgrounds from new
copper enclosure design, cables and electronics in the crystal detector module,
and cosmogenic isotopes. Although it predicts a slightly higher background of
0.22 cpd/kg/keV due to cosmogenics, the result of updated simulation is consistent

and basic conclusions remain unchanged [70].
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Chapter 10

Conclusions and Future

Perspectives

The annual modulation seen by the DAMA /LIBRA experiment still remains a major
controversy in the quest of direct detection of dark matter. To resolve it, a Nal (T1)-
based dark matter detector with even lower background is needed, and ultra-high
purity Nal (T1) scintillating crystal is an essential component of such a detector.

In this thesis, I have demonstrated that ultra-high purity in Nal (T1) crystals
can be achieved by a combination of high-purity Nal powder, precision-drying of the
powder and precision-cleaning and pyrolitic carbon coating of high-purity synthetic
fused silica crucibles. The crystal purity can be improved further by zone refining.

One of the crystals grown, Nal-031, is optically-coupled with two PMTs and
packaged into a crystal detector module and tested at Princeton. The result indicates
that the light yield of Nal-031 is not as good as typical small samples taken from the
tips of crystals. In addition, a test with collimated ~ source indicates that the crystal
is subject to large nonuniformity:.

The veto detector needed for low-background scintillation counting has been com-

missioned in LNGS Hall B, and subsequently cleaned and moved to its final location
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in Hall C. The fluid handling system has been installed and currently the vessel is
ready for liquid scintillator filling. The trigger and data acquisition system needed
for operating the prototype detector has been designed, implemented and verified.
Finally, potential background due to various crystal impurities are analyzed
and Monte-Carlo simulations are used to assess the projected background. Based
on currently available information, the projected background is on the order of
0.1 cpd/kg/keV, lower than any other Nal (T1)-based dark matter experiments.
However, ultra-high purity Nal (T1) detector development is still an on-going
effort, and a number of improvements are necessary for more reliable crystal growth

and better performance of the crystal detector module.

Zone Refining of Nal Powder

So far, this thesis has solved “how not to introduce more contaminants”, but in this
case the best that can be achieved is a reduction in impurities by a factor of 2.

Zone refining is a powerful technique that addresses the question of “how to remove
existing contaminants”. Zone refining holds the key to even higher-purity crystals
with K concentration below the detection limit of ICP-MS.

We have co-invented a new zone-refining system with Mellen. However, before
zone-refined powder can be used for crystal growth, a series of detailed studies are
needed to fine-tune the zone-refining system and study how to cut the zone-refined

ingot and fill in crystalline Nal into the crystal growth crucible.

Silicon Tetrachloride Treatment

A new breakthrough in crystal growth is achieved by treating Nal powder with SiCly
such that the crystal doesn’t stick to uncoated quartz. However, the use of SiCly
comes with other risks, notably the potential effect of chlorine on the scintillation of

the final crystal and the background introduced by radioactive isotopes of chlorine.
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To evaluate the risk of SiCly, a small-scale crystal growth test is currently un-
derway to directly measure the light yield and other scintillation properties of a

SiCly-treated Nal (T1) crystal grown using the Astro-grade powder.

Fine-tuning of Crystal Growth

In crystal growth, the scale-up of crystal size is accompanied by new challenges. Cur-
rently, growth of large-diameter single crystals are mainly based on past experience
and empirical practice. However, to ensure quality and consistency of the final crys-
tals, crystal growth should be carefully studied and fine-tuned in terms of temperature

distribution within the molten Nal, growth rate, and the uniformity of TII.

Improvement on Crystal Detector Module

Although current crystal enclosure has been successfully assembled, there are a num-

ber of shortcomings.
1. The enclosure is too heavy.

2. Deformation of plastic parts after acid treatment and/or vacuum baking should

be considered and tolerance should be increased accordingly.

3. A better sanding and polishing technique is needed in case the crystal has

surface defects.

Preparation of Full-scale Experiment

In a full-scale experiment searching for annual modulation, DAQ hardware and soft-
ware and trigger firmware must be scaled up to accommodate more ADC channels.
However, this can be done easily under the Polaris framework by implementing added
ADC channels as add-on modules. The trigger is also modular in design and currently
it uses less than 1% of FPGA’s resources, and thus is easily extendable.
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Appendix A

Simulation of Impurity

Distribution in Zone Refining

1. Partition the ingot into N cells of equal length, and let C; and R; represent
the impurity concentration and the radius at location i (i ranges from 0 to
N —1). If the crucible does not have rotational symmetry, in subsequent steps,
R? should be replaced with the corresponding cross-sectional area. Let another
integer w represent the width of the zone in terms of the number of cells[f] The
total volume of the molten zone and total impurities are denoted as V' and @,

respectively.

2. Iterate the index ¢ from w to N —1. As the zone moves through each index, add

impurities from the newly-molten cell 141 and increase the volume accordingly:

Qi = Qz"i‘R?HCiH, (A.1)

Vo= V4R, (A.2)

!The impurity distribution depends only on the ratio of zone width to the total length of the
ingot. Using integers will simplify the computer program. For higher resolution, simply increase N
and w while keeping w/N fixed.
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3. Freeze the (i —w)th zone. Assign the impurity concentration in the solid phase
according to the distribution coefficient: C;_,, = kQ/V. Decrease the total
impurity () and the volume of molten zone V' accordingly:

= Q- kCi_ R (A.3)

1—w?

= V-R,. (A.4)

4. Once i reaches N — 1, the zone has reached the boundary. At this point, no
more impurities should be added to the melt from newly-molten cells. Therefore

iterate ¢ from N — 1 to N + w — 1 and apply only Step |3| at each cell.
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Glossary

Accelerator mass spectroscopy a type of mass spectroscopy in which isotopes
are accelerated and separated by a particle accelerator. It is frequently used to
detect rare isotopes among neighbouring abundant isotopes (e.g. 1*C and 2°I).

145

ADC analog-to-digital converter. 89, 91, 112-114, 117, 118, 126-132, 154, Glossary:

analog-to-digital converter

Afterpulse a signal in a PMT after the main pulse. Afterpulse is mainly caused
by residual gas ionized by accelerated photoelectrons and drifting back to the
photocathode under the electric field. In PMTs with good timing, the drift time
is roughly the same for different drift paths. Therefore, afterpulse also tends to

appear after certain fixed times relative to the main pulse. 92, 93

AMS accelerator mass spectroscopy. 145, 150, Glossary: accelerator mass spec-

troscopy

Analog-to-digital converter an electrical circuit component that converts analog

signals to a digital number that reflects the amplitude of the analog signal. 89

Annealing a heat treatment that changes physical and chemical properties. In this
thesis, annealing mostly refers to quartz glass, and is achieved by heating the
glass to high temperature for a short amount of time and letting it cool down

to remove internal stresses. 25, 26
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Annual modulation As the Sun moves in the dark matter halo at a constant speed
and the Earth orbits around the Sun, there is a change in the relative speed
between the Earth and the dark matter halo with a period of one year. This
change in relative speed induces a yearly change of dark matter interaction rate

in detectors. 6, 9-11, 152, 154

Anti-coincidence a method frequently used to suppress unwanted background in
nuclear and high energy physics by requiring the presence of signals in some

channels and the absence of signals in other channels. 8, 9

ASA flange an asymmetric flange designed to seal with elastomers. One of the pair
of the flanges has a groove to hold an elastomer (usually an O-ring) and the
other flange has a flat surface. The elastomer is squeezed by tightening the

flanges with bolts using holes located outside the groove. 100

Astro-grade a brand name of Nal powder by Sigma-Aldrich featuring very low
amounts of impurities. 11, 39, 42, 45-48, 60, 66, 69, 71-73, 75, 76, 78, 83, 145,
147, 154

Baryon a type of subatomic particle consisting of odd numbers of quarks. Protons

and neutrons fall into this category. 2, 3
BGO bismuth germanate. 109, 110, Glossary: bismuth germanate
Bismuth germanate a crystal scintillator. 109

Bolometer a device for measuring the energy of incoming ionizing radiation or elec-

tromagnetic radiation by sensing temperature change. 7
Borexino a neutrino experiment located at LNGS Hall C. 100, 110

Borosilicate a type of glass with silica and boron trioxide as main constituents.

Borosilicate glass has a relatively low thermal expansion coefficient compared
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to normal soda-lime glass (borosilicate glass: 3 ppm/°C, soda-lime glass:
10 ppm/°C, quartz: 0.55 ppm/°C). It softens at around 800 °C and thus are
much easier to work with compared to quartz glass. Borosilicate is often used
to construct laboratory glasswares. Often the word Pyrex is used as a synonym

to borosilicate glass. 41, 82, 100, 101
Bridgman a crystal growth method. See Section 1.1} 61-64, 66

Buffer memory used temporarily to store input or output data while the previous

data is still being processed. 122, 124, 125, 130, 136

CAEN a company that manufactures nuclear electronics. The VME crate, trigger
and digitizer boards used in this thesis were bought from this company. 89,

102, 113, 114, 116, 118, 125, 131

Cathode a negatively charged electrode of a device. For some PMTs (e.g. R11065),
the cathode of the PMT is connected to the photocathode of the tube, and

cathode sometimes refers to the photocathode of the PTMs. 86, 89, 91, 108

Cleanroom a controlled environment with low level of particulates. 22, 29, 64, 96,

110, 111, 149

Clock a digital signal that oscillates between a high-state and a low-state at a fixed
frequency. Clock signals are important, especially for synchronous circuits,
because many digital operations (e.g. reading a memory) are driven by clock

transitions. 114, 117-119, 130
CMB cosmic microwave background. 2—4, Glossary: cosmic microwave background

Coating a process by which the surface property of a material is changed by an

added layer of another material. In the context of this thesis, coating refers to
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pyrolitic carbon coating, unless explicitly stated otherwise. 15, 19, 22-38, 40,
63, 65, 66, 71, 72, 74, 78-80, 120, 125, 127, 128, 144, 152

Coincidence a method frequently used to pick up events of interest in nuclear and
high energy physics by requiring the presence of signals in two or more channels.

Coincidence can effectively lower random backgrounds. 9, 12, 112-119

Cold trap a device (often made out of stainless steel or borosilicate glass) that
condenses the gases with low vapor pressure at the temperature of the cold
trap. In the laboratory, ice water, dry ice or liquid nitrogen are often used to

cool the cold trap. 41-48, 82, 126

Compton scattering the process by which a high-energy photon collides with an
electron, transferring photon’s energy and momentum to the electron. 107, 140,

141, 145

Cosmic Microwave Background remnant electromagnetic radiation created
when electrons and protons recombined and photons decoupled from matter as

a result. 2

Cosmic muon muons found in cosmic rays. These muons are deeply-penetrating.
At sea level, cosmic muon flux is approximately 1 muon/cm?/s. See muon. 6,

10, 13, 110, 139

Cross section a measure of the likelihood for a process to happen, expressed in
units of area. Intuitively, it is simply the area transverse to motion within

which particles must meet in order to interact.

In classical inelastic hard spheres, cross section is simply the cross sectional area
of the spheres. In quantum mechanics, cross section is correspondingly weighed

by probability. 4, 6-8, 10, 139, 140
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Crystal-grade a brand name of Nal powder by Sigma-Aldrich with impurity con-
centrations on the ppm-level. Earlier crystal growths have all failed, most likely

due to an excessive amount of NaOH impurity in the crystal. 42, 65, 66, 71, 72

Czochralski a crystal growth method. See Section [4.1] 61, 62

DAMA /LIBRA a dark matter experiment. See Section 9-11, 39, 152

DAQ (data acquisition) the process of digitizing and storing signals. 16, 25, 42,
69, 109, 120, 121, 125, 126, 129-131, 154

Dark matter a hypothetical form of non-luminous matter that can explain motion
of galaxies and structure formation. 1-10, 104, 113, 136, 137, 139, 141, 149,

150, 152, 153

Deionized water water from which ions have been removed. Deionized water is a
poor electrical conductor, and the resistivity is about 18.2 MQ-cm. 22, 24, 29,
66, 95, 110

Delrin a brand name for polyoxymethylene, an engineering themoplastic that is often

used in machining precision parts. 94, 96
Detergent 8 a detergent developed by Alconox. 22, 66, 95, 96

Devitrification growth of crystalline structures on the surface of glass. Devitrifica-
tion are often caused by surface contamination at high temperatures, and will

lower the thermal and mechanical strengths of the glass. 26

D flip-flop a circuit made from digital logic gates that have two stable stated. There-
fore, D flip flops can be used as memory to store information. Update of the

state is triggered by a clock transition. 114
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Erlenmeyer a laboratory glassware with a flat bottom, a conical body and a cylin-

drical neck. 23, 24, 29, 81, 82

Ethanol also called alcohol. Ethanol is a hydrocarbon with two carbon atoms that

is frequently used as a cleaning agent and a solvent in laboratories. 15, 24, 29,

68, 76

Field-programmable gate Array an integrated circuit with programmable logi-
cal units and inter-connections. Various custom logic can be electrically pro-

grammed on site. 112

FIFO a type of data structure or buffer for queuing. In a FIFO, the oldest (first)

entry is processed the first. 122, 124, 125, 136

Finite-state machine also called finite-state automaton. It is a computational
model in which system is represented by a number of discrete and distinct
states, with strictly defined state transition conditions. In this architecture, it
is easy to guarantees that 1) system is always in one of the allowed states, and

2) state transition is strictly triggered by certain well-defined conditions. 121

Firmware permanent or semi-permanent software programmed into a read-only

memory of hardware. 16, 109, 112, 113, 117, 119, 126, 128, 129, 154

FPGA field-programmable gate array. 112-114, 117, 129, 154, Glossary: field-

programmable gate array

Fused quartz an amorphous form of quartz. Usually made by fusing naturally-
existing quartz minerals or silica sand. The difference with synthetic fused
silica is crucial in this thesis. 17-20, 24, 2628, 31, 33, 40, 41, 56, 65, 66, 69,
71, 73, 75, 78-83
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Fused silica Historically fused silica and fused quartz both refer to quartz glass
made from silica sand or quartz mineral. Today in glass industry fused quartz
refers to quartz made from natural sources of SiO, and fused silica is reserved
for quartz glass made from purified synthetic source of silicon, such as silicon
tetrachloride. Due to significantly higher-purity, synthetic fused silica has even
higher transmissivity in the UV spectrum compared to quartz, and thereby used
extensively to make optical fibers. The word synthetic will always be added
when referring to synthetic fused silica to emphasize the difference. 1720, 28,

65, 66, 71, 74, 76, 79, 83

GDMS glow discharge mass spectroscopy. 57, Glossary: glow discharge mass spec-

troscopy

Geant4 a nuclear and particle physics simulation toolkit. It can be used to simulate
the propagations of radiations in detectors and other materials. 103, 107, 135,

136, 145, 150

Glovebox a hermetically-sealed box with gloves to manipulate oxygen- or moisture-
sensitive materials inside. The glovebox is often purged with dry nitrogen or

argon. 24, 29, 43, 63, 64, 96, 149

Glow discharge mass spectroscopy a type of mass spectroscopy that ionizes
sample atoms by passing electric current (glow discharge) and analyzes atomic

composition by a subsequent mass spectrometer. 57

HEPA (high-efficiency particulate absorber) a type of filter that forces the gas

through a fine mesh to trap particulates. 22, 111

Hexane an alkane with six carbon atoms. In this thesis, it is used as a carbon source

for pyrolitic carbon coating. 23-29, 36-38, 144
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Hydrochloric acid a strong acid with maximum concentration around 30%. 22,

80-82, 95, 96

Hydrofluoric acid a weak and toxic acid often used for cleaning and etching in the

semiconductor and glass industry. 22, 24

I/O input/output. 126

ICP-MS inductively coupled plasma mass spectroscopy. 20, 40, 56, 70, 74, 76, 79,

145, 150, 151, 153, Glossary: inductively coupled plasma mass spectroscopy

Inductively coupled plasma mass spectroscopy a type of mass spectroscopy in
which sample atoms are ionized by inductive heating and separated by a sub-
sequent mass spectrometer. It offers high sensitivity to atoms that are easy to

ionize. 20

Ionization detector a type of ionizing radiation detector that detects incoming
radiation by collecting ionized electrons in gas, liquid or semiconductor using

electric fields. 7

Ionizing radiation particles and electromagnetic waves with sufficient energy to
free electrons from atoms and molecules. In the context of this thesis, ionizing
radiation includes part of ultraviolet radiation, X-rays, v-rays, a-particles, (-

particles, neutrons and other heavy ions. 7

Isopropyl alcohol also known as iso-propanol. At room temperature, it is a color-
less and flammable liquid with properties very similar to ethanol. It is a struc-
tural isomer of 1-propanol (same chemical formula but different structures). In
this thesis, isopropyl alcohol is used for crystal polishing as well we cleaning of

detector components. 66, 8588, 96, 110
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Kapton a brand name for a polyimide film developed by DuPont. It has a high
dielectric strength and a wide range of service temperatures. Since a thinner
insulation is sufficient for high voltage, Kapton-insulated high-voltage cables

are more flexible. 95

KF a vacuum flange. Also known as Klein Flange or QF (Quick Flange). The flange
is sealed by squeezing an O-ring with two symmetric flange surfaces tightened
by a circular clamp. In case there are minor scratches or unevenness on the

flange surface, vacuum grease can be applied onto the O-rin to improve vacuum

seal. 23, 24, 41, 101

Kovar a trademark of a nickle-cobalt alloy designed to match the thermal expansion
coefficient of borosilicate glass. It can be sealed directly to borosilicate glass

with relatively high mechanical strength. 41

Kyropoulos a crystal growth method. See Section [£.1] 9, 61, 62

LED light emitting diode. 89, 90

Library (software) a collection of computer codes and resources that can be used
by different applications. For a static library, the resources are loaded into the
program (the library is linked) at the time of compiling the program. For a
shared library, the contents of the library is loaded at runtime, although the
names of the functions to be loaded in the library must be known at compilation
time. For a dynamic library, the resources to be used are specified at runtime.
Polaris uses a dynamic library to load different modules at runtime. 120-122,

125, 129, 131

Light yield a property of scintillators that measures the amount of light (in number

of photons) per unit incoming energy. In this thesis, the unit of light yield is pho-
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toelectrons per keV (p.e./keV) while in literature, other units (e.g. p.e./MeV)
are frequently used. 14, 69, 73, 81, 84, 87, 88, 94, 96, 97, 99, 105-108, 152, 154

LINGS an underground laboratory located in L’Aquila, Italy. 14, 16, 100, 105, 109—

111, 147, 150, 152

Low-voltage differential signaling an electric communication standard that uti-
lizes the difference of a signal and its inverse to boost signal and reject common-

mode noise during signal transmission. 113

Lumirror a trade name of a polyester film developed by Toray Plastic, Inc. Ow-
ing to its high reflectivity, Lumirror is often used as reflectors in scintillator

applications and other physics experiments. 87, 100, 107, 108, 110, 111

LVDS low-voltage differential signaling. 113-115, 118, 130, Glossary: low-voltage

differential signaling

Majority coincidence coincidence between multiple channels. The minimum num-
ber of channels that need to be in coincidence is specified by the majority level.

109, 110, 113, 115-118
Majority level see majority coincidence. 110, 114, 115, 117

Mellen a manufacturer of high-temperature furnaces and refractory materials based

in Concord, New Hampshire. 59, 153

Microcontroller a small computer on a single integrated circuit equipped with ana-
log and digital peripherals to communicate with and issue control signals to
other devices. Microcontrollers can be programmed to execute certain tasks on

a firmware level. 25, 30, 126, 127, 129
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Multiplexer a circuit component or a device that selects one of several input signals
and forward it to its output. A multiplexer has an address line that specifies

which input signal to select. 116

Muon an elementary particle similar to, but heavier than an electron. Muons have
an electric charge of —1 and a mass of around 106 MeV. It decays into an
electron and two neutrinos with a half-life of about 2.2 us. Since muons are
heavier than electrons, it loses much less energy due to bremsstrahlung in the

interaction with nuclei. 8, 12, 139, 160

Nal (T1) thallium-activated sodium-iodide. An inorganic crystal scintillator with
high light yield that is widely used in ~y-spectroscopy. For its properties, see
Section [1.4] 9-15, 17, 20, 61-63, 81, 83-88, 93, 94, 96, 97, 102, 105, 112, 132,
136, 142-150, 152-154

NaOH a strong base formed by sodium and hydroxide. 14, 40, 41, 46, 65, 72, 76,
78-83, 142

Neutrino an elementary particle that interacts only via weak interaction and gravity.
Neutrinos come in three families: electron neutrinos, muon neutrinos and tau

neutrinos. 3, 4
Nitric acid a strong and oxidizing acid. 22

Nucleosynthesis the process of making new atomic nuclei. It can include Big Bang
nucleosynthesis (mostly hydrogen, helium and trace lithium), stellar nucleosyn-
thesis (up to iron), supernova nucleosynthesis, cosmic ray spallation (nuclear
reaction with cosmic rays) and radiogenesis (production of nuclei from radioac-

tive decay). 8

Nylon a tough and lightweight elastic synthetic polymer. Compared with other

plastics, it has relatively high mechanical strength. 96
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O-ring an elastomer in the shape of a torus that is frequently used for seals by
compressing it in a groove. For proper seals, the grooves have to be designed

and manufactured in the right dimensions. 21, 95, 101, 106

Outgassing release of absorbed or adsorped gas. 93, 105

PClIe (Peripheral Component Interconnect express) a circuit board that can
be inserted to designated slots on the computer motherboard to expand the

computer’s functionality. 125

Phonon a quanta of elementary vibrational motion in a lattice. It is associated with

heat and sound waves in solids. 7, 8
Photodiode a semiconductor device that can convert light into electric current. 7

Photoelectron electrons produced from light (e.g. in a PMT) or X-ray (e.g. XPS
and photoelectric absorption). In some figures and tables, photoelectron will

be abbreviated as p.e. 9, 88, 90, 91, 98, 103, 107, 132

Photomultiplier tube a vacuum tube with a light-sensitive photocathode and sev-
eral stages of that can convert light to electrical signal. The light is first con-
verted to a photoelectron by photoelectric effect of the photocathode, and the
photoelectron is amplified by secondary emission of electrons by the dynodes.

7

Phototransistor a semiconductor device that uses a photodiode to convert light
into an electric current which is amplified by several stages of transistors before

output. 30, 32, 34

PIC16 8-Bit microcontrollers developed by Microchip Technology. 25, 42, 126
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PLL (phase-locked loop) a circuit component that generates output signals with
fixed phase with respect to a input signal. It is often used to synchronize the

clocks between different circuits. 130

PMT photomultiplier tube. 7, 9, 11, 12, 16, 73, 77, 85, 86, 89-103, 105-113, 115,

118, 129, 132, 133, 140, 150, 152, Glossary: photomultiplier tube

PPO an organic scintillator, often used as a wavelength shifter to convert UV light
to longer wavelength to match spectral response of photodetectors. 100, 106,

107

Pseudocumene an organic liquid scintillator. In this thesis it is sometimes abbre-

viated as PC. 99-101, 105-110, 113

PTFE short for polytetrafluoroethylene. PTFE is a fluorocarbon polymer and Teflon
is the most well-known trademark of PTFE. PTFE is known for chemical in-
ertness, low coefficient of friction, high dielectric strength and good mechanical
performance at cryogenic temperatures, and often finds application as lubri-
cant, fluid and vacuum sealant, electrical insulator, component of laboratory

equipment in corrosive environment. PTFE is also an excellent diffuse reflector.

PTFE will cold flow over time when subject to mechanical stress, and has a
maximum service temperature of 200 — 300 °C. 24, 33, 86—89, 94-97, 101, 140,
148, 149

PWM (pulse width modulation) a technique in which the width of the output
pulse is changed or modulated, thereby changing the average of the signal over
a period. When such signal is fed into circuits with slower response (e.g. a
motor), the modulated signal is essentially averaged, thereby an analog signal

is effectively created from digital signals. 126
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Pyrex a brand name for a line of clear, low-thermal-expansion borosilicate glass
introduced by Corning, Inc. Pyrex glass is used mainly for laboratory glassware
and some kitchenware. Later the trademark (PYREX) was transferred from
Corning. Today commercially PYREX mainly refers to kitchenware made from

tempered soda-lime glass.

In the context of this thesis, Pyrex is used as a synonym for original borosilicate

glass, as many glassblowers still do. 21, 23, 24, 29, 41

Pyrolitic carbon atomic carbon obtained by pyrolysis of carbon-rich organic
molecules. 17, 19, 20, 23, 24, 27-29, 33, 35, 38, 41, 63, 66, 71, 120, 127, 128,
143, 152

Pyrolysis thermal decomposition of molecules. Pyro means fire and lysis means to
separate. The process takes place at high-temperature in an inert atmosphere.

23, 25, 28

PyroMapper a device used to measure and map the thickness of pyrolitic carbon

coating on fused quartz crucibles. 23, 28, 29, 31-33, 37, 120

Quartz In the usual context, quartz refers to a crystal or mineral consisting of silicon
and oxygen. It is widely used as decoration and gemstone, and in electronics

industry as oscillators to provide accurate timing.

In glass industry, quartz (or fused quartz) refers to amorphous quartz glass, a
glass consisting of pure silicon dioxide (SiOz). Contrary to crystalline quartz,
quartz glass has extremely low thermal expansion coefficient and thermal con-
ductivity, low electrical conductivity and high transmissivity over visible spec-
trum. Quartz can withstand very high temperature (> 1200 °C) and are also

chemically inert, with the exception of alkaline base and fluorine. Owing to
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these properties, quartz glass is often used as crucibles for semiconductors and

windows for various equipment.

In this thesis, the word quartz will be used to refer to amorphous quartz glass,
and the word crystalline will be mentioned explicitly when referring to crys-
talline quartz. In addition, the difference between quartz and synthetic fused

silica is crucial in the research described in this thesis.

Glossary: fused silica

Radiation detector In the context of this thesis, it is interpreted as a device used
to measure dosage, flux, or energy spectrum of incoming ionization radiations.

Non-ionizing radiation of electromagnetic spectrum is not considered. 8

Radiopurity the absence of radioactive impurities and contaminants. In the context
of this thesis, low-background is strongly related to radiopurity, and high purity

is used almost as a synonym of high radio-purity. 8, 9, 40

Rayleigh scattering the scattering of photons by particles. Only the direction is

changed and no energy is lost. 145

RG-xxx coaxial cable standards that specifies the mechanical dimensions and elec-

trical properties of different types of coaxial cables. 95, 101

RMD a research company based in Watertown, Massachusetts. 56, 57, 64, 66, 67,
69-71, 73, 74, 76, 77, 79

SABRE a dark matter annual modulation experiment that features a liquid veto
and ultra-high purity Nal (T1) crystals. See Section [I.3] 10-13, 15, 16, 120,
125, 129

Sandfire a manufacturer of scientific glassware based in British Columbia, Canada.

23, 63, 66, 73, 74, 79
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Scanning electron microscope a microscope that uses a focused beam of electrons

to probe sample surface topography and elemental compositions. 29

Scintillator a material that emits light when excited by ionizing radiation. To use
a scintillator as a radiation detector, it needs to be coupled to photon detector

such as photomultiplier tubes.

Although theoretically every material can scintillate to some extent, ordinary
materials are opaque to its own scintillation light due to self-absorption. In
many organic scintillators, the wavelength of scintillation light is shifted by
vibrational states in the energy level structure of single moledules whereas in
many inorganic crystal scintillators this is achieved by energy states created by
activators in the middle of band gap. 7, 9-12, 14, 67, 73, 78, 83-85, 87, 96, 99,
100, 106-110, 113-115, 132, 133, 136, 139, 142, 146, 150, 152-154

Scroll pump a vacuum pump consisting of two spiral vanes (scrolls), one of which
is fixed while the other moves eccentrically to compress fluid towards the center
of the spiral. Scroll pumps typically have ultimate pressure below 0.1 mbar,
have high pumping speed and does not require pump oil as lubricant. 23, 24,

43, 81

Seastar a manufacturer of high purity reagents based in British Columbia, Canada.

22, 68, 74, 76
SEM scanning electron microscope. 29-36, Glossary: scanning electron microscope

SHV Connector SHV stands for Safe High-Voltage: an RF connector used to ter-
minate coaxial cables. Compared to most other connectors, SHV connectors
have thicker and extended inner insulators to prevent accidental contact with
the inner conductor at high-voltage. In this thesis, SHV connectors are mainly

used to apply high-voltage bias to photomultiplier tubes. 95, 101
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SiC (silicon carbide) also known as carborundum. It is an extremely hard (Mohs

9) material that is often used to manufacture abrasive and cutting tools. 96

Sigma-Aldrich a chemical, life science and biotechnology company. Most chemicals

used in this research were bought from Sigma-Aldrich. 11, 39, 65, 66, 72

SMA (SubMiniature version A) a small electrical radio-frequency connector for
coaxial cables. It usually has a 50 2 impedance, and the mechanical connection

is maintained by threading a hex nut onto a threaded barrel. 95, 101

SPI (serial peripheral interface) a synchronous serial communication interface.
It is often used for communication between a master (generates the clock signal
and initiates data transfer) and multiple slaves. The interface has four lines:
CLK (serial clock from master), DO (master data output), DI (master data

input), and SS (slave select, used to select among multiple slave devices). 126

Standard Model a theory describing the interactions between known elementary
particles. The elementary particles include six quarks (u, d, s, ¢, t, b), six
leptons (e, p, T, Ve, v, v;), four gauge bosons (g, v, Z, W) and one scalar boson

(h). 35

Stepper motor a brush-less DC motor that divides a full rotation into a number of
equal steps. The motor works by energizing toothed electromagnets to attract

and align a toothed magnetic gear. 30-32, 126, 128, 129

Swagelok a company that manufactures and sells fluid systems components.
Swagelok fitting (a fitting in which two ferrules bites into and seals the piping)

was invented by Swagelok. 95

Synchronization the process of aligning the frequencies and phases of the clocks

or the input signals from other circuits. A phase-locked loop is frequently used
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for clock alignment while multiple D flip flops can be used to synchronize input

signals. 114, 119, 130

TCP/IP a network communication protocol that defines the format of data struc-
tures to be exchanged. It uses handshaking and error detection algorithms to
achieve a loss-less transmission with minimal error. In Unix operation systems,

TCP/IP interface is managed by TCP/IP sockets. 125

Thermocouple a temperature sensor that uses the temperature-dependent voltage
created by joining two wires of different materials. The small voltage produced
as a function of temperature depends on the type of metals used, and usually

requires amplification before it can be read. 66, 126, 127

Thread a small sequence of programs. Multi-threading refers to the concurrent
execution of multiple threads from a single program or multiple programs such

that multiple processes appear to be running at the same time. 122, 124

Transistor-transistor logic a logic family implemented with bipolar-junction tran-

sistors (BJTs). The logic levels, etc. are closely related to the characteristics of

BJTs. 89

TTL transistor-transistor logic. 89, 113, 114, 130, Glossary: transistor-transistor

logic

Turbomolecular pump a vacuum pump with a series of turbines. The blades on
the turbine are designed such that gas molecules are efficiently and preferentially
bounce away from the vacuum chamber when gas pressure is sufficiently low

(molecular flow).

Although turbomolecular pump has high ultimate vacuum and high pumping

speed, it is designed to operate neither at pressure above approximately 1 mbar,
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nor with a pressure difference of one atmosphere. Therefore turbomolecular
pump requires a forepump to pump down to rough vacuum at the beginning of
operation and a backing pump to reduce the pressure at the exhaust. This can
be achieved by a single pump installed at the exhaust of turbomolecular pump.

43, 63

UART (universal asynchronous receiver-transmitter) an asynchronous serial
communication protocol. Physically it only consists of three lines: input, out-
put, and ground. The two devices agree to sample the input at a particular
frequency (16 times the output), and no clock signal is used (therefore asyn-
chronous). UART is often used in the early communication between hardware

and computers through the computer’s serial ports. 126

VHDL a programming language used to describe low-level physical electronic cir-
cuits. VHDL stands for VHSIC Hardware Description Language, where VHSIC

stands for Very High Speed Integrated Circuit. 113

Virial theorem a general equation that relates time-averaged total kinetic energy to
time-averaged total potential energy in a stable system bound by conservative

forces. 1

Virtual function an inheritable and overridable function in object-oriented pro-
gram design. The base object defines a set of virtual functions, and the objects
derived from the base objects provide the detailed implementation of these func-
tions. When the program is executed, these virtual functions will be invoked
using the protocols and formats defined by the base object, but will execute the

functions implemented in the derived objects. 121, 123

VME also called VMEbus (Versa Module Europa bus). VMEbus is a computer

standard that defines a set of mechanical dimensions, connectors and electrical
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signalling protocols. Boards complying with this standard can be mounted on a
crate and communicate with other boards on the same crate via shared electrical

lines on the back-plane. 113, 116, 117, 129, 130

Watchdog timer a timer (either hardware or software) that generates a system reset
or error signal if the main program fails to extend it in time. It is often used
to reset devices and programs in case they hangs due to software or hardware

fault. 124

Weakly Interacting Massive Particle a type of non-baryonic particle dark mat-

ter candidate with weak-scale cross section. 3

WIMP weakly interacting massive particle. 3-5, 10, Glossary: weakly interacting

massive particle

X-ray photoelectron spectroscopy a surface analysis technique based on X-ray-
induced photoelectron emission. Elemental compositions and chemical states
of surface elements can be measured by comparing with characteristic binding

energies of different elements. 46

XPS X-ray photoelectron spectroscopy. 46, Glossary: X-ray photoelectron spec-

troscopy
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