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What are neutrinos? 
o Particles postulated by Pauli in 1930 to explain “missing 

energy” in beta decay, in which electrons are emitted 
from radioactive nuclei. 

o These particles must be electrically neutral and of very 
small, perhaps zero, mass. 

o Later named “neutrinos” – little neutral ones – by Italian 
physicist Enrico Fermi. 

o Now known to come in three varieties, or “flavours”, 
each associated with a type of particle:  electron (e), 
muon (µ), or tau (τ). 

o Symbol   ν   (Greek letter nu)     νe    νµ     ντ 
o Pass easily through matter 

 
 



Where do neutrinos come from? 
o Beta decay, as described earlier   e.g.bananas 

 
o Nuclear reactions; in particular, fusion reactions 

in the core of the sun (or any other star); 
nucleosynthesis 
 

o The “Big Bang” – creation of the universe 



 
Some Nuclear Physics 

Nuclear Physics!   WHY? 

 

o To understand where so many neutrinos come from 
o To understand why heavy water is essential to the 

experiment 
o To understand why the experiment is considered to 

be so important 
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Hydrogen 
1H1 

Simplest atom 
o Atomic number 1 – one 

proton in nucleus 
o Mass number 1 – one 

nucleon in the nucleus 
o Symbol for nucleus:  p 
 

Deuterium: 1H2  or D 

Isotope of hydrogen 
o Atomic number 1 – 

identifies hydrogen 
o Mass number 2 – added 

neutron in nucleus 
o Symbol for nucleus:  d 

(deuteron) 



Other elements 

o Atomic number 2- Helium:   2He3    2He4 
o Atomic number 3 – Lithium:   3Li6     3Li7 

o Atomic number 6 – Carbon:      6C12  

o Atomic number 8 _ Oxygen:        8O16 



Water and Heavy Water 

o Ordinary water -  H2O 
o Heavy water – D2O 

o deuterium in place of ordinary hydrogen 
o 11% heavier 
o Natural abundance 0.022 ppm 
o Chemically the same as water; difficult to separate 
o 1000 tonnes has a value of $300 million 

 

 



Fusion 
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      p + p  →  d + e+ + νe 
 
1H1

 + 1H1  → 1H2 + e+ + νe 
  



Proton-Proton Chain 

 
 
 
 
 
 
o Origin of neutrinos from the sun (all stars) 
o Conversion of hydrogen to helium 
o Creation of new elements: nucleosynthesis 



Nucleosynthesis 
Through a series of nuclear reactions, other 

elements are created: 
 

o Carbon:  3  2He4    →   6C12 

o Oxygen:  4   2He4   →    8O16  ,  etc. 
o Understanding of neutrinos is essential to our 

understanding of the source of energy in our 
sun, evolution of stars, and creation of 
elements! 



Some questions answered 

o Where do neutrinos come from? 
-Billions are created every second in the core of 
the sun (and all other stars) 
o Why are they important? 
-messengers directly from the core of the sun 
-can confirm (or not!) our understanding of how 
energy is produced in stars, how elements are 
created, evolution of stars, cosmology 



How do we detect neutrinos from 
the sun? 

o Experiments by Raymond Davis (1968-79) used 
a large tank of perchloroethylene (C2Cl4) 1.5 km 
underground in the Homestake gold mine. 

o Inverse beta-decay:   νe +  17Cl37 →  18Ar37 + e-  
o Collected and counted argon atoms 
o Result:  Only about 1/3 of the number expected 

from theoretical calculations were detected. 



The Solar Neutrino Problem 

o Either:  the models of the sun are wrong 
-we don’t know the composition of the sun 
-we don’t understand nuclear reactions in the sun 
-we don’t understand creation of the elements 
 
o Or:  our knowledge of neutrinos is incomplete 
-is it possible that neutrinos can “oscillate” between 
types  i.e. change “flavours”? 



SNO was designed to resolve the 
 “Solar Neutrino Problem” 

• energetic solar neutrinos, one way or 
another, transfer energy to an electron 
which emits Cherenkov light 
 
 
 
 
 
 
 
 
 
 
 

• the photomultiplier tubes (PMTs) are 
sensitive enough to detect single photons 
of light 

• from a few hit PMTs we can reconstruct 
the energy, position and direction of the 
electron  
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The Sudbury Neutrino Observatory 



More answers 
o Why use heavy water? 
-every molecule contains two deuterons (d), 
essential to detection of neutrinos in SNO 
o Why 2 km underground? 
-to shield out cosmic rays from space which would 
interfere with detection of neutrinos 
o Why in Canada? 
-availability of 1000 tonnes of pure heavy water from 
AECL, valued at $300 million 
-deepest accessible location in North America at 
INCO’s Creighton mine 



A brief history of SNO 
o 1984 – SNO collaboration founded 
o 1987 – detailed proposal submitted to funding agencies 
o 1989 – Art McDonald moved to Queen’s University to 

become Director of the SNO project 
o 1990 – capital funding obtained; excavation begins 
o 1994 – cavity finished; assembly of detector begins 
o 1998 – water fill begins; official opening with Stephen 

Hawking 
o 1999 – start of taking data 
o 2006 – end of taking data 
o 2017 – heavy water removed 
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Vale Creighton Mine 



Sudbury Neutrino Observatory 
Cleanroom Systems 

•  air handler cooler/filter units (1 - 5) 
•  high circulation (10 air changes/hr) 
•  12 years successful operations 
 experience 
•  cleanliness measures include regular 
 filter maintenance, lab 
 cleaning, showers for 
 personnel & materials entry 
 control  
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•  unique XRF technique developed 
to monitor dust deposition and surfaces 



SNO surface building 



Entrance to SNO drift 



Outside entrance to lab area 



Excavation of cavity 



How the SNO Detector was Assembled 



Acrylic panel to be installed 



Upper hemisphere of AV 



Inside upper hemisphere of AV 



PSUP trial assembly at Berkeley 



The SNO Detector during Construction 



PSUP with PMTs and cables 



Water treatment area 



Group of physicists underground 



Stephen Hawking at official opening 
 April 28-29, 1998 



Special car built for Stephen Hawking 



Stephen Hawking in underground control 
room 



Jeff Karn and Rob Hanson under the PMT 
array 



Electronics rack 



Control room (taking data) 



Three phases of SNO measurements 
Detection of neutrons from NC reaction 

o Pure D2O  (Nov 1999 to May 2001) 
-n detected by capture on deuterium, γ-ray, electron, 
Cherenkov radiation 

o Salt (2 tons NaCl) added  (July 2001 to August 2003) 
-n capture on chlorine; γ-ray cascade, more electrons, more 
Cherenkov radiation 

o Dedicated n detectors  (Nov 2004 to Nov 2006) 
-array of specially designed detector tubes installed 

o Three independent measurements of NC reaction 
 
 



Cherenkov light yields the information 

• energy is 
proportional to 
number of photons 
detected (requires 
calibration) 

• position can be 
calculated from 
photon arrival times 
at each PMT 
(requires calibration) 

• direction comes from 
fitting the axis of the 
Cherenkov cone 

Neutrino candidate event 



Neutron detectors in NCD array 



Results 
Measured flux of neutrinos coming from the sun 
in units of millions of neutrinos per square 
centimetre per second (an average of different 
measurements): 
o Electron neutrinos only (from the  “charged 

current reaction”):   1.7 
o All “flavours” of neutrinos (from the “neutral 

current reaction”):   5.2 
o Electron neutrinos make up only 1/3 of the 

total neutrino flux from the sun! 





SNO’s Bottom Line 
• With SNO’s unique sensitivity to ALL neutrino flavours, 

SNO found neutrinos which were undetected by 
measurements at other laboratories. 

• 2/3 of the original electron neutrinos from the sun’s 
core have transformed into the other two flavours of 
neutrinos on their way to earth.  Neutrinos thus have 
a tiny mass. 

• When all neutrinos flavours are included, the total flux 
agrees with the value predicted by solar theories – 
SNO has solved the 30 year missing solar neutrino 
problem. 

• SNO’s results have provided strong constraints on 
neutrino properties and guide theoretical work 
seeking to obtain revisions to the Standard Model of 
particles and fields.  



• Polanyi prize  
     2006 
• Nobel prize 2015 
• Breakthrough prize 2016 
• Recognition in House of 

Commons March 8, 2016 

The  
SNO 

Project 



SNOLAB plan view 
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