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Abstract

The Borexino solar neutrino detector should begin operations in late 2006. This scintillation-

based detector will observe low-energy neutrinos, in real time, down to about 250 keV. The

experiment should further tighten constraints on the neutrino oscillation parameters, and

confirm the Standard Solar Model of solar neutrino production. It may also observe geoneu-

trinos; supernova neutrinos, should the timing of the experiment be fortunate; and perhaps

other processes beyond the scope of the Standard Model of particle physics.

At the heart of Borexino lie 300 tons of organic scintillator fluid, contained by a spherical

vessel composed of transparent nylon film. Roughly 300 tons of passive buffer fluid lie

between this inner vessel and a second outer nylon vessel. Both vessels are located inside

a steel sphere that also supports over 2000 inward-pointing photomultiplier tubes. The

two most vital components of Borexino are these nylon vessels and the scintillator itself.

Numerous measurements made at Princeton of the physical and radiochemical properties

of the vessel film are reported in this thesis.

A 4-ton prototype of Borexino, the CTF, has been used to study scintillator radiopurity

for over ten years. However, certain peculiarities of its design make determining the spatial

positions of radioactive decays within the detector difficult. The development of a new

position reconstruction code that takes these problems into account is reported herein.

Several studies of radiopurity in the latest version of CTF were made using this new code.

These include a proposal for individually tagging decays of radon and four daughter iso-

topes; an attempt to detect convection using the radon daughters; a hypothesis to explain

peculiar behavior of the crucial isotope 210Po; and an analysis of 40K contamination in-

side the detector based on models of the spatial distribution of external γ rays, leading to

a somewhat concerning result. A final distillation test of the scintillator will take place
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shortly, and will match as closely as possible the procedure used to purify scintillator for

the full Borexino detector. Analyses run on CTF data collected after this test should prove

vital in understanding the detector sensitivity of Borexino.
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Introduction

This work discusses two important topics relating to the Borexino low-energy solar neutrino

experiment. Before delving into the details, it gives a series of introductions to the pre-

requisite knowledge. Chapter 1 discusses the current state of neutrino physics. Chapter 2

describes the expected sensitivity of the Borexino detector to neutrinos originating from

various sources, and Chapter 3 covers the physical design and components of the detector.

The first major topic is that of the thin nylon film making up the nested spherical scintil-

lator containment vessels. Of the two vessels, the inner one contains 300 tons of organic

scintillator fluid, the heart of the detector. The outer one encloses the inner one; between

them is a region of buffer fluid. Beyond the outer vessel is another volume of buffer fluid,

encased within a spherical steel structure that also supports over two thousand inward-

pointing photomultiplier tubes. The design, construction, and installation of the vessels

themselves are described briefly in a section of Chapter 3. Chapter 4 goes into detail about

the material properties of the nylon film measured at Princeton University: its chemical

properties, tensile strength, behavior when exposed to varying levels of humidity (both in

air and immersed in scintillator), and innate level of radioactivity.

The scintillator fluid must, by its very nature, be the most radiopure component of the

Borexino detector. A 4-ton prototype of Borexino has been operated for more than a decade,

in three different incarnations, to study its radioactive contaminants. This Counting Test

Facility (CTF) does not, unfortunately, have the sensitivity to prove once and for all that

the Borexino scintillator is suitable, but only to point out potential areas of trouble with

it. For reasons of practicality, the CTF incorporates some design elements that make data

analysis difficult. Instead of an organic buffer fluid, for instance, water is used as a buffer

in the CTF, leading to non-negligible refraction of light at the nylon vessel that separates

the two liquids. The development of methods for accurately determining the positions of
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events in the CTF and the analysis of data from the third CTF incarnation, operated from

2001 to date, therefore comprise the last five chapters of this work.

Chapter 5 begins by discussing a theoretical likelihood-based approach to determining the

expected spatial resolution of a scintillation-based detector. The ability of a detector to

perform position reconstruction (determine the spatial position of an event) is important in

separating events due to external radioactivity (on the surface of the detector, for instance)

from those that actually represent the desired signal. Better spatial resolution implies a

better separation efficiency. The results derived are general, and applicable to any large

unsegmented scintillator-based detector. They may potentially be useful, therefore, in the

design of new detectors intended to look for dark matter or to observe neutrinoless double β

decay. The chapter concludes by presenting the expected radial distributions for “internal”

events (those uniformly distributed throughout the scintillator) and “surface” events (those

on the outer surface of the scintillator volume).

Chapter 6 describes the CTF itself. Topics covered include the physical design of the

detector; the data acquisition system; the format of the data files (which is not, to my

knowledge, documented anywhere else); and the history of the CTF and its previous results.

Chapters 5 and 6 provide the necessary background for Chapter 7, which discusses the

many difficulties faced by any attempt to perform position reconstruction in the CTF. Some

methods to overcome them are proposed, and these methods are compared using data from

two sets of source calibration runs (data acquisition on a pointlike radioactive source moved

to different known positions inside the CTF). A preferred algorithm to deal with the effects

of refraction at the scintillator-water interface uses a numerical series expansion of a time-

of-flight function for a light ray traveling from points inside the scintillator to points at the

photomultiplier tube cathodes. The timing statistics of multiple photoelectrons detected

at a single photomultiplier are also carefully considered. The performance of the preferred

algorithm, developed by the author at Princeton, is compared to that of other position

reconstruction codes that have been used with CTF data.
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Finally, Chapters 8 and 9 present results for the radioactive contamination of the CTF

scintillator and vessel, respectively, that were obtained using the reconstruction code de-

scribed in Chapter 7. Particular attention is paid to the heavy-element decay chains 238U

and 232Th. A likelihood-based method of tagging five isotopes in the 238U decay chain

(222Rn, 218Po, 214Pb, 214Bi, 214Po) is proposed, and through Monte Carlo simulations and

data analysis, found to be quite promising for use in Borexino. The distribution and be-

havior of the isotope 210Po (an indicator of the more problematic 210Bi) are found to be

consistent with the presence of small particulate matter in the scintillator. In addition, the

distribution of γ rays produced by the electron-capture decay of 40K is simulated with three

different models; two of the models yield a result suggesting significant 40K contamination

of the scintillator. A final distillation test of the scintillator, to take place within the next

few months, will match as closely as possible the purification procedure used in the full

Borexino detector. Analyses of CTF data collected after this test, performed in a similar

way to those discussed in this work, should prove vital in determining the effectiveness of

the distillation.

This work, despite its length, could not possibly discuss all aspects of the Borexino exper-

iment and the CTF in an even-handed manner. For in-depth coverage of related topics of

interest, the reader is referred to the literature on the Borexino experiment.

x



Contents

Abstract iii

Acknowledgments v

Introduction viii

1 Introducing the Neutrino 1

1.1 The Standard Model of particle physics . . . . . . . . . . . . . . . . . . . . 2

1.1.1 Quarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.1.2 Leptons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.2 Neutrino mass and oscillations . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.2.1 Neutrino oscillations in vacuum . . . . . . . . . . . . . . . . . . . . . 8

1.2.2 The Mikheyev-Smirnov-Wolfenstein effect in matter . . . . . . . . . 13

1.3 Solar neutrinos . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

1.3.1 The pp cycle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

1.3.2 The CNO cycle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

1.4 Remaining questions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

1.4.1 Absolute values and origin of neutrino masses . . . . . . . . . . . . . 27

1.4.2 Sterile neutrinos and LSND . . . . . . . . . . . . . . . . . . . . . . . 34

1.4.3 Neutrinoless double beta decay . . . . . . . . . . . . . . . . . . . . . 35

1.4.4 New physics accessible to a low-energy solar neutrino detector . . . 38

2 The Borexino Neutrino Experiment 41

xi



2.1 Design parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

2.2 Radioactive backgrounds . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

2.2.1 Types of radioactive decay . . . . . . . . . . . . . . . . . . . . . . . 46

2.2.2 The isotopes present in Borexino . . . . . . . . . . . . . . . . . . . . 58

2.2.3 The heavy element decay chains . . . . . . . . . . . . . . . . . . . . 66

2.2.4 Categories of radioactive background . . . . . . . . . . . . . . . . . . 73

2.3 Prospects for observing solar neutrinos . . . . . . . . . . . . . . . . . . . . . 75

2.3.1 The 7Be neutrinos . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

2.3.2 Annual variations in the 7Be signal . . . . . . . . . . . . . . . . . . . 80

2.3.3 The pep and CNO cycle neutrinos . . . . . . . . . . . . . . . . . . . 82

2.4 Prospects for observing other neutrinos . . . . . . . . . . . . . . . . . . . . 85

2.4.1 Geoneutrinos and reactor antineutrinos . . . . . . . . . . . . . . . . 85

2.4.2 Supernova neutrinos . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

3 Design and Hardware of Borexino 91

3.1 The scintillator and buffer fluids . . . . . . . . . . . . . . . . . . . . . . . . 93

3.1.1 The scintillator fluid . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

3.1.2 α particle quenching . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

3.1.3 The buffer fluid . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

3.2 Scintillator containment vessels . . . . . . . . . . . . . . . . . . . . . . . . . 103

3.2.1 Requirements for the vessels . . . . . . . . . . . . . . . . . . . . . . . 103

3.2.2 Fabrication and design of the vessels . . . . . . . . . . . . . . . . . . 106

3.2.3 The vessel end regions . . . . . . . . . . . . . . . . . . . . . . . . . . 112

3.2.4 Shipping and installation of the vessels . . . . . . . . . . . . . . . . . 117

3.3 Photomultiplier tubes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

3.3.1 The inner detector . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

3.3.2 The Muon Veto System . . . . . . . . . . . . . . . . . . . . . . . . . 126

3.4 Data acquisition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

xii



4 Nylon Film of the Borexino Vessels 133

4.1 Chemical properties of nylon . . . . . . . . . . . . . . . . . . . . . . . . . . 135

4.1.1 Nomenclature and structure . . . . . . . . . . . . . . . . . . . . . . . 135

4.1.2 Crystallinity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139

4.1.3 Nylon hydrolysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140

4.1.4 Candidate materials for Borexino . . . . . . . . . . . . . . . . . . . . 140

4.2 Polymer mechanical properties . . . . . . . . . . . . . . . . . . . . . . . . . 143

4.2.1 Glass transition in nylons . . . . . . . . . . . . . . . . . . . . . . . . 143

4.2.2 Tensile strength, Young modulus, and creep . . . . . . . . . . . . . . 145

4.2.3 Griffith model of brittle fracture . . . . . . . . . . . . . . . . . . . . 147

4.2.4 Surface energy and critical thickness . . . . . . . . . . . . . . . . . . 149

4.3 Testing material properties of nylon film . . . . . . . . . . . . . . . . . . . . 151

4.3.1 The Controlled Relative Humidity Facility and nylon samples . . . . 152

4.3.2 Tests of moisture content . . . . . . . . . . . . . . . . . . . . . . . . 154

4.3.3 Tests of material strength . . . . . . . . . . . . . . . . . . . . . . . . 158

4.3.4 Tests of creep . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162

4.3.5 Tests of brittleness . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165

4.4 Radioactive contamination of nylon surfaces . . . . . . . . . . . . . . . . . . 171

4.4.1 Intrinsic activity in nylon film . . . . . . . . . . . . . . . . . . . . . . 171

4.4.2 Radon diffusion through nylon . . . . . . . . . . . . . . . . . . . . . 173

4.4.3 Radon emanation from nylon . . . . . . . . . . . . . . . . . . . . . . 178

4.4.4 Desorption of radioactive contaminants from nylon . . . . . . . . . . 181

4.5 Solubility of water in pseudocumene . . . . . . . . . . . . . . . . . . . . . . 185

4.5.1 Water solubility in aromatic hydrocarbons . . . . . . . . . . . . . . . 186

4.5.2 Experimental tests of water solubility in pseudocumene . . . . . . . 187

4.6 Conclusions regarding the nylon films . . . . . . . . . . . . . . . . . . . . . 189

5 Position Reconstruction in Scintillation Detectors 191

xiii



5.1 The need for spatial reconstruction . . . . . . . . . . . . . . . . . . . . . . . 191

5.2 Likelihood function derivation . . . . . . . . . . . . . . . . . . . . . . . . . . 193

5.2.1 Factoring the detector likelihood function . . . . . . . . . . . . . . . 194

5.2.2 Scintillator dispersion time at the emission point . . . . . . . . . . . 196

5.2.3 Photon attenuation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 197

5.2.4 The PMTs not triggered . . . . . . . . . . . . . . . . . . . . . . . . . 199

5.2.5 Specialization to a spherical detector . . . . . . . . . . . . . . . . . . 199

5.3 Analytical treatment of the likelihood function . . . . . . . . . . . . . . . . 200

5.3.1 Taylor expansion of the likelihood function . . . . . . . . . . . . . . 201

5.3.2 Likelihood function maximum and resolutions . . . . . . . . . . . . . 203

5.3.3 Pattern matching . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 204

5.3.4 Comparison to observed resolutions . . . . . . . . . . . . . . . . . . 205

5.4 Multiple PMT occupancy . . . . . . . . . . . . . . . . . . . . . . . . . . . . 208

5.4.1 Correcting for timing bias . . . . . . . . . . . . . . . . . . . . . . . . 208

5.4.2 Effects on detector resolution . . . . . . . . . . . . . . . . . . . . . . 210

5.5 Expected spatial distribution of reconstructed events . . . . . . . . . . . . . 213

5.5.1 Calculating the expected observed event distribution . . . . . . . . . 213

5.5.2 Radially symmetric event distributions . . . . . . . . . . . . . . . . . 214

5.5.3 Previously used radial distribution functions . . . . . . . . . . . . . 224

5.5.4 Cylindrical geometries . . . . . . . . . . . . . . . . . . . . . . . . . . 227

6 The Borexino Counting Test Facility 231

6.1 CTF physical characteristics . . . . . . . . . . . . . . . . . . . . . . . . . . . 232

6.1.1 Details of the CTF design . . . . . . . . . . . . . . . . . . . . . . . . 234

6.1.2 The CTF photomultiplier tubes . . . . . . . . . . . . . . . . . . . . . 237

6.1.3 The muon veto system . . . . . . . . . . . . . . . . . . . . . . . . . . 241

6.2 CTF data acquisition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 242

6.2.1 Group 1 and Group 2 events . . . . . . . . . . . . . . . . . . . . . . 242

xiv



6.2.2 Event energy: the ADC channels . . . . . . . . . . . . . . . . . . . . 243

6.2.3 Event timing: the TDC channels . . . . . . . . . . . . . . . . . . . . 243

6.2.4 Other data channels . . . . . . . . . . . . . . . . . . . . . . . . . . . 245

6.3 File structure of events . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 248

6.3.1 Note on different numerical formats used . . . . . . . . . . . . . . . 249

6.3.2 Structure of raw data files . . . . . . . . . . . . . . . . . . . . . . . . 251

6.3.3 Reconstructed events . . . . . . . . . . . . . . . . . . . . . . . . . . . 256

6.4 History of the CTF . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 258

6.4.1 CTF 1: The test of feasibility . . . . . . . . . . . . . . . . . . . . . . 259

6.4.2 CTF 2: Tests with a new scintillator . . . . . . . . . . . . . . . . . . 263

6.4.3 CTF 3: Purification and background tests . . . . . . . . . . . . . . . 268

7 Writing a Position Reconstruction Code for the CTF 271

7.1 Previous approaches to CTF position reconstruction . . . . . . . . . . . . . 273

7.1.1 An effective index of refraction . . . . . . . . . . . . . . . . . . . . . 273

7.1.2 Monte Carlo techniques . . . . . . . . . . . . . . . . . . . . . . . . . 274

7.2 Outline of the CTF reconstruction software . . . . . . . . . . . . . . . . . . 275

7.2.1 Input of raw data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 276

7.2.2 Reconstruction code . . . . . . . . . . . . . . . . . . . . . . . . . . . 277

7.2.3 Output of reconstructed data . . . . . . . . . . . . . . . . . . . . . . 278

7.3 Shared electronics channels . . . . . . . . . . . . . . . . . . . . . . . . . . . 279

7.3.1 Shared channels in Group 1 events . . . . . . . . . . . . . . . . . . . 279

7.3.2 Shared channels in Group 2 events . . . . . . . . . . . . . . . . . . . 282

7.3.3 Results using the approximate weight function . . . . . . . . . . . . 283

7.4 Performance of spatial pattern recognition alone . . . . . . . . . . . . . . . 284

7.5 The scintillator PDF . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 287

7.6 A semi-analytical ray tracing approach . . . . . . . . . . . . . . . . . . . . . 290

7.6.1 The path from event to PMT . . . . . . . . . . . . . . . . . . . . . . 291

xv



7.6.2 Enforcing Snell’s law . . . . . . . . . . . . . . . . . . . . . . . . . . . 293

7.6.3 The problem of dark zones . . . . . . . . . . . . . . . . . . . . . . . 298

7.7 Testing algorithms with CTF 2 source runs . . . . . . . . . . . . . . . . . . 308

7.7.1 The source calibration hardware . . . . . . . . . . . . . . . . . . . . 308

7.7.2 Accuracy of reconstruction software with 214Po events . . . . . . . . 310

7.7.3 Precision of reconstruction software with 214Po events . . . . . . . . 316

7.7.4 Data contamination by mis-reconstructed surface events . . . . . . . 317

7.7.5 Results with 214Bi events . . . . . . . . . . . . . . . . . . . . . . . . 320

7.8 Testing algorithms with CTF 3 source runs . . . . . . . . . . . . . . . . . . 324

7.8.1 The source calibration hardware . . . . . . . . . . . . . . . . . . . . 325

7.8.2 The CTF 3 source run results . . . . . . . . . . . . . . . . . . . . . . 326

7.8.3 Position resolution for CTF 3 source runs . . . . . . . . . . . . . . . 329

8 Internal Contamination in the CTF 333

8.1 Particle identification techniques . . . . . . . . . . . . . . . . . . . . . . . . 335

8.1.1 Event position . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 336

8.1.2 Event energy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 337

8.1.3 α/β discrimination . . . . . . . . . . . . . . . . . . . . . . . . . . . . 340

8.1.4 Coincidence events . . . . . . . . . . . . . . . . . . . . . . . . . . . . 349

8.2 Heavy element decay chain coincidences . . . . . . . . . . . . . . . . . . . . 353

8.2.1 Measurement of 222Rn/238U using the 214BiPo coincidence . . . . . . 353

8.2.2 Measurement of 232Th using the 212BiPo coincidence . . . . . . . . . 359

8.2.3 Measurement of 235U using the 219Rn → 215Po coincidence . . . . . 362

8.3 The decay products of 210Pb . . . . . . . . . . . . . . . . . . . . . . . . . . 365

8.3.1 Selection of 210Po events . . . . . . . . . . . . . . . . . . . . . . . . . 366

8.3.2 Effects of purification tests on the 210Po activity . . . . . . . . . . . 370

8.3.3 Evidence for 210Po-enriched particulates in the scintillator . . . . . . 374

xvi



8.3.4 Recent behavior of the 210Po activity . . . . . . . . . . . . . . . . . . 381

8.3.5 Spatial distribution of 210Po events . . . . . . . . . . . . . . . . . . . 384

8.4 Tagging 222Rn and its daughters . . . . . . . . . . . . . . . . . . . . . . . . 388

8.4.1 Selection of candidate events . . . . . . . . . . . . . . . . . . . . . . 389

8.4.2 Monte Carlo simulation of the analysis . . . . . . . . . . . . . . . . . 392

8.4.3 Characteristics of the tagged events . . . . . . . . . . . . . . . . . . 396

8.4.4 Looking for scintillator convection currents with tagged events . . . 401

8.5 Lighter radioactive isotopes . . . . . . . . . . . . . . . . . . . . . . . . . . . 405

8.5.1 The noble gases: 85Kr and 39Ar . . . . . . . . . . . . . . . . . . . . 407

8.5.2 Long-lived natural radioisotopes: 87Rb and 40K . . . . . . . . . . . . 409

9 CTF Surface Contamination and External Backgrounds 413

9.1 Hot spots on the CTF vessel . . . . . . . . . . . . . . . . . . . . . . . . . . 414

9.1.1 The north and south end regions . . . . . . . . . . . . . . . . . . . . 416

9.1.2 Hot spots on the nylon film . . . . . . . . . . . . . . . . . . . . . . . 417

9.1.3 Attempts to observe the hold-down ropes . . . . . . . . . . . . . . . 419

9.2 Radon and thorium in or near the nylon film . . . . . . . . . . . . . . . . . 422

9.2.1 214BiPo coincidences and the implications for radon . . . . . . . . . 422

9.2.2 212BiPo coincidences: evidence for thorium . . . . . . . . . . . . . . 431

9.3 210Po on the vessel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 435

9.4 External gamma rays . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 441

9.4.1 The spatial distribution of external γ rays . . . . . . . . . . . . . . . 442

9.4.2 Determining the internal 40K contamination . . . . . . . . . . . . . . 447

Concluding Remarks 450

Bibliography 452

xvii



Chapter 1

Introducing the Neutrino

The neutrino is perhaps the most negligible piece of matter that can be imagined. It is

immune to effects of the electromagnetic and strong nuclear forces. Its mass, originally

thought to be zero, is less than one-millionth that of the electron. The only one of the

four fundamental forces that can affect it significantly is the weak nuclear force, the least

powerful of the short-range interactions. When its existence was first postulated by Pauli in

1931, it was thought of as a sort of ghost particle whose offense against Occam’s razor was

deemed only slightly more palatable than the violation of matter conservation that would

otherwise occur in some radioactive decays.

From this inauspicious beginning, the neutrino became one of the most-studied particles of

the last quarter of the twentieth century. At the beginning of the twenty-first, the interest

of the scientific community shows no sign of waning. Paradoxically, much of this interest

results from the same reluctance to interact with other matter that made the neutrino so

difficult to discover in the first place. Neutrinos produced at the center of the Earth, the

Sun, or even in supernovae can tell us a lot about conditions in those otherwise inaccessible

places—once we solve the problems of detecting them, that is!

The neutrino is even more fascinating because it is one of the first particles directly observed

to contradict the predictions of the highly successful Standard Model of particle physics.

It is not supposed to have a mass, but it does. It is supposed to exist as three separate
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