
Soudan Underground 

Laboratory



The Soudan

Underground

Laboratory is located at

the Soudan

Underground Mine

State Park, Soudan

Minnesota.



It is operated by the

University of Minnesota

in partnership with the

Fermi National

Accelerator Laboratory,

the Minnesota

Department of Natural

Resources, and the

CDMS II and MINOS

Collaborations.



The project is primarily

funded by the U.S.

Department of Energy,

with additional major

contributions from the

science funding agency of

the United Kingdom, the

National Science

Foundation, the State of

Minnesota, Research Corp,

and a number of universities

and institutions. 



Currently there are two

experiments being

conducted at the

laboratory, MINOS and

CDMS II. 



The acronym MINOS

stands for Main Injector

Neutrino Oscillation

Search 



CDMS II stands 

for Cryogenic 

Dark Matter 

Search, the II 

distinguishes it 

from CDMS I, 

located in 

California.



Both experiments are designed to detect

extremely elusive sub-atomic particles, the

neutrino and the yet undetected WIMP

(Weakly Interacting Massive Particle). 



Perhaps we should take a moment to discuss

some of the particles that exist. We are all familiar

with electrons, protons, and neutrons, however 

literally hundreds of particles exist or are thought 

to exist? Most of them decay into something else 

in small fractions of a second, some on the other 

hand have decay rates that are measured in 

billions of years. According to some theories it 

has been suggested that the proton might have a 

half-life of around 1034 years, that is1 followed by 

34 zeros! 



Every instant Earth’s 

atmosphere is 

bombarded by cosmic 

rays, approximately 90% 

of these are hydrogen 

nuclei (protons), with 

alpha particles making up 

most of the rest. When a 

high energy proton strikes 

an atom in the upper 

atmosphere a cascade of 

other particles are 

formed, the particles that 

interest us are pions. 
source of image http://zebu.uoregon.edu/~js/glossary/cosmic_rays.html



A pion is a member of a

family of particles called

mesons. A meson

contains only two

quarks one of which is

an anti-quark, an

example is the positive

pion (π+). 

Meson



This pion is composed

of an up quark and an

anti-down quark, it is

very unstable, and after

2.6 x 10-8 seconds it

decays into a muon (µ-)

and a muon neutrino

(Vµ ). 

Positive  Pion



This pion is composed

of an up quark and an

anti-down quark, it is

very unstable, and after

2.6 x 10-8 seconds it

decays into a muon (µ-)

and a muon neutrino

(Vµ ). 

Μ+

Vµ

pion+



• More than half of the cosmic radiation that 

actually reaches the Earth’s surface are 

muons. 

• If you are standing on the surface of the 

Earth there are two muons passing 

through your hand every second. 

• In the MINOS cavern, 2400 feet below the 

surface you will have one muon passing 

through your hand every DAY! 



By placing the detector a 

half mile underground the 

thick layer of rock filters out 

almost all of the background 

cosmic radiation. If the 

detector were located on the 

surface the physicists would 

be overwhelmed attempting

to sort out the important 

particle collisions from the 

clutter caused by cosmic 

radiation.



Elementary particles

Quarks Leptons
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Tau
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There are two types of elementary particles, 

quarks and leptons.



Quarks are used to make up more 

complex particles

Proton Neutron 



Leptons exist by themselves, they do not

combine with one another to make a

more complex particle.  

Since the main character in the Soudan

Underground Laboratory story is the

neutrino that is where we will focus our

discussion.



Neutrinos were long thought to be massless particles, the by products

of cosmic ray collisions, as well as nuclear reactions.  Their existence

was proposed by Wolfgang Pauli (in 1931) to account for the apparent 

violation of the conservation of energy and momentum that was

witnessed during Beta decay. An example is when carbon-14 decays to

become nitrogen-14 and an electron (e-).   
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• In order to conserve energy, momentum 

and electric charge the particle Pauli 

proposed needed to have essentially zero 

mass and no electric charge.

• Enrico Fermi later named Pauli’s new 

particle a neutrino, Italian for “little neutral 

one.”



The characteristics of the

neutrino, zero mass and no

electric charge made the

neutrino extremely difficult

to detect, even though they

are extremely numerous.

There are literally trillions of

neutrinos passing through

your body every second; the

elusive neutrino was finally

detected in 1956 by Fred

Reines and Clyde Cowan at

the Savannah River nuclear

reactor. 



Approximately 30 years 

ago, in the Homestake 

gold mine (South 

Dakota), Ray Davis 

found that his neutrino 

detector was only 

observing one third as 

many electron neutrinos 

coming from the sun as 

he was expecting.



This milestone in

neutrino research

provided the foundation

for a new theory, that

perhaps neutrinos

oscillate from one flavor

(type) to another. 

Ray Davis was awarded a

Nobel prize for his

discovery



Undisputable evidence of the neutrino

oscillation was furnished by a team of

Japanese and American physicists working

at the Japanese SuperKamiokande (Super

K) underground detector and physicists 

working on the Soudan 2 proton decay

detector.



Not only did Super K duplicate Ray Davis’

results by detecting less electron neutrinos 

than expected, they also noticed a 

discrepancy in the number of atmospheric 

neutrinos they detected.



They discovered that 

the number of muon

(atmospheric) neutrinos 

detected depended on 

the amount of time they 

had to oscillate. Neutrinos 

that passed through the 

Earth had more time to 

oscillate than did those that 

came straight down. 

Image from http://www.phy.duke.edu/~kolena/weighing.html



It is now believed that

any neutrino can

change to one of the

other two types, and

that this change

(oscillation) continues

indefinitely.



Neutrino oscillation from one type (flavor) to

another has an important consequence.

Oscillation implies that neutrinos are not the

massless particles we once thought they

were, they must have mass. 



Based on the experimental evidence, as well as

theoretical calculations, the upper limit for neutrino

masses has been determined to be, 

< 18.2 MeVTau neutrino

< 170 KeVMuon neutrino

< 3 eVElectron neutrino

MassNeutrino flavor

For scale purposes, an electron has a mass of 0.511 MeV, so an electron 

neutrino is at least 100,000 times less massive than an electron!



The Soudan Underground Laboratory, in

conjunction with Fermilab, will be conducting

a controlled neutrino experiment.  We will

not be depending on naturally occurring

neutrinos to explore the oscillation, instead

we will be using man made neutrinos. 



The actual equation that describes the probability

of the oscillation occurring at a particular distance

from the source has the form similar to a sine 

wave function,  i.e. 

P(vµ → vτ) = sin
2(2Ө) sin2(1.27∆m2L/E) 



P(vµ → vτ) = sin
2(2Ө) sin2(1.27∆m2L/E)

P(vµ → vτ)  This part means the probability 
of the muon neutrino changing to a tau 
neutrino.

sin2(2Ө) This describes the amplitude of 
the probability function.  (Current           
experimental evidence has this value > 0.90)

∆m2 This means the difference in the 
value of the squared masses (vµ2 - vτ2)

L/E This is the distance from the                 
detector divided by the energy 

of the neutrino



What does the probability wave 

actually mean?
Here is another graph, notice that I have the 100 % probability lines 

drawn on it. If the peak of the wave touched the 100% line that would 

indicate there is a 100 % probability that all muon neutrinos shot from 

Fermilab would change into tau neutrinos by the time they reached

the MINOS detector.



What does the probability wave 

actually mean?
According to the currently accepted theory  90% or more, of the muon neutrinos, of a 

specific energy, will oscillate (change) into tau neutrinos by the time they reach 

MINOS.  Muon neutrinos of many different energies will be created at Fermilab, 

so all muon neutrinos will not oscillate at the same time.

Notice how the first maximum probability will occur at 1/2 of the

wavelength. 



The neutrinos will be

made at Fermilab. The

process will begin at the

Booster, where they will

remove the electrons

from hydrogen atoms 

leaving the positively 

charged proton.  These

protons will then be sent 

to the Main Injector.

How is Fermilab going to shoot neutrinos at the Soudan far 

detector?



Once in the Main Injector 

many trillions of protons 

will be accelerated to 

120 GeV, nearly the 

speed of light, using 

electric and magnetic 

fields.  Then every 1.9 

seconds, 4 X10^13 

protons are directed 

toward the Far Detector 

in a beam lasting only 2 

millionths of a second.



The beam of protons will be sent from the main

injector toward the target hall.  At the target hall

they will hit a graphite target, forming among other

things positively charged pions and kaons.   



The pions and kaons will quickly decay into muons and muon

neutrinos. 

The muons are stopped using a thick absorber made of rock and steel. 

The muon neutrinos easily pass through this barrier, continuing their 

flight to the two detectors of the Main Injector Neutrino Oscillation 

Search (MINOS) experiment. The near MINOS detector, located just

beyond the absorber, will verify that the beam only consists of muon 

neutrinos.



The Far Detector, located 

about 735 kilometers (450 

miles) away at the Soudan 

Underground Laboratory, 

will again monitor the 

neutrino beam.  The 

results from the two 

detectors will be compared 

to see if neutrino oscillation 

has occurred. 



• The far detector is constructed out of 486 one inch thick 

steel plates and 484 one centimeter thick scintillator 

plates. 

• The steel plates are actually constructed out of two 1/2 

inch plates welded together. Steel plates are used 

because steel is very dense and relatively inexpensive, 

and can easily be made into an electromagnet.



Neutrinos do not typically 

interact with matter, in fact 

most pass through the Earth

without any problem.

Atoms are made up of the

nucleus and an electron

cloud, with the nucleus

being approximately 10,000

times smaller than the

actual atom; an atom is

mostly empty space!



Since neutrinos have so 

little mass they can 

pass through an atom 

with very little chance 

of hitting the nucleus,

and neutrinos must hit a

nucleus for us to detect 

them. 



One of the reasons why 

steel plates were used

in the detector is 

because steel is dense, 

So therefore there are 

numerous atoms 

crammed into a small 

area, improving the 

chances of a neutrino 

hitting a nucleus. 



• To be more technically correct, a neutrino 

does not actually hit the nucleus.  What it 

does is to interact with the virtual W 

bosons that exist in the nucleus.  W 

bosons are the agents of the weak force.

• The weak interaction is the only process in 

which a quark can change to another 

quark, or a lepton to another lepton - the 

so-called "flavor changes". 



When a muon neutrino hits an iron nucleus the

collision results in the formation of a muon, this

muon then passes through the iron plane and into

the adjacent scintillator plane. As the muon passes

through the scintillator it imparts some of its energy

to electrons within the scintillator, exciting them, as

these electrons return to a lower energy state they

release energy in the form of a photon. The muon

has sufficient energy, and a slow enough decay

rate, so that it will pass through many iron and

scintillator planes before decaying. 



Each scintillator plane is

made up of 192, four

centimeter wide, eight meter

long strips of scintillator

material. Each strip is

coated with titanium dioxide

(white paint) and there is a

channel cut down the center

of each strip; an optical fiber is

then glued into the

channel. The entire

scintillator assembly is

covered with aluminum,

both to protect the

scintillator material and to

make it light tight. 



When an event (collision)

occurs the fiber optic cable 

conveys the ensuing 

photons to a photomultiplier 

tube. 

The photomultiplier then

amplifies the signal one 

million times and converts 

it to a digital electric 

signal that is sent to a

computer for later 

use. 

Photomultiplier tube



Alternating scintillator plates are

orientated 90 degrees from each

other, thereby making an X, Y

axis, this is how the computer

knows what part of the scintillator

the signal came from. As an

example, let's say that a photon is 

detected on scintillator plane

200, strip number 56, and the

next instant a photon is detected

on plane 201, strip number 127, 

The intersection of these two strips 

will tell me where the particle passed 

through the detector.  A high energy 

muon will travel through 40+ 

scintillator planes, so we will have a 

number of different intersections that 

can be used to plot the path of the 

particle. 



Each neutrino/nucleus

collision results in the

formation of the "parent“

particle, i.e. an electron

neutrino will form an

electron, the muon neutrino

will form the muon and a tau

neutrino will form a tau

particle. The particle that is

formed can be identified by

the trail it leaves in the

scintillator material. 

Images from http://hepweb.rl.ac.uk/ppUKpics

Muon formed

Electron formed



The tau particle decays

much quicker than the

muon does so even

though it is much more

massive it does not

leave as long of a trail,

therefore it will be more

difficult to detect.
Artistic impression, not an actual event



Remember that the goal of the experiment is to

observe the neutrino oscillation from one flavor to

another. Since we are beginning with muon

neutrinos we are anticipating that they will morph into tau

and electron neutrinos. 

How will we know if the experiment 

worked? 



If the experiment works as expected, at the 

best energy 90% or more, of the muon 

neutrinos will turn into tau neutrinos by the 

time they reach the MINOS detector; 10% or

less, will become electron neutrinos. By 

comparing the data gathered at the near 

detector with the data accumulated from the 

far detector, physicists will be better able to 

refine their mass estimates of the neutrinos.



Why are we concerned about determining the mass of a 

neutrino?

Based on our understanding of physics we expect

the stars near the outer edge of a galaxy to be

moving much more slowly than those near the

central regions. What we have found is that the stars on the 

outer rim of the galaxy are moving much faster than 

expected. This indicates that the mass of the galaxy is

much greater than we thought it was, and that the mass is

distributed evenly throughout the galaxy and not

concentrated near the center like our observations

indicate. 



Since it is dark we can not detect

it with optical or radio telescopes.

There are two likely candidates

for this missing matter, one of

these being the neutrino.

Although neutrinos, by 

themselves, probably do not

account for all of the missing

mass in the universe since there 

are countless trillions of them they 

will account for some of it.

This problem is not isolated to a 

single galaxy, the same mass 

deficiency has been found to 

exist throughout the universe! 

The missing matter does not give 

off any form of electromagnetic 

radiation, it is called dark matter.
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