Neutrinos – some ghost-particles in the Universe
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Particles detection

a) Charged particles

Electrically charged particles moving at high speed in a medium can be detected directly, by their electric interaction with the medium atoms or molecules. Three mechanisms:
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Excitation.
The charged particle “excites” the atoms of a “scintillator” material - the atoms’ orbital electrons jump from one orbit to another, and emit some light signal - photomultiplier tubes transform the light signal into an electric signal.
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Ionization.
SA fast particle traversing a gas or liquid medium strips some electrons from the medium molecules (ionization); the electrons can move under the influence of an electric field, and produce an electric signal on a positive electrode collecting them.
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Cherenkov effect (Russian physicist who discovered the effect in 1937).
In a transparent medium (water, glass, Plexiglas) the light speed is lower than in vacuum.

 
In vacuum 
c 
= 299 792 km/s.
In water 
c / 1.33 
= 225 408 km/s
In glass
 
c / 1.48 
= 202 562 km/s


An energetic particle can traverse the medium at a speed faster than light. In this case, Cherenkov light is emitted at a precise angle from the trajectory. The phenomenon is similar to the ultrasonic bang of a plane getting over the sound speed in air.

b) Neutral particles

Unlike charged particles, neutral particles cannot be detected directly. They can only be detected when they collide with bulk matter, and produce some electrically charged secondary particles.

As there is little matter in atoms (see Atomic Structure below) the detection of neutral particles is generally more difficult than that of charged particles.

Atomic Structure

Atoms consist of a nucleus, with a positive electric charge, surrounded by negatively charged electrons; in normal conditions, there are as many  positively charged protons in the nucleus as peripheral electrons, hence the net electric charge of the atom is zero.
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The simplest atom.

The hydrogen atom H1, with one proton in the nucleus and one electron, is the simplest (lightest) atom. 

Its radius (= radius of the electron orbit) is 10-8cm; the proton radius is 10-13 cm. 

If the nucleus is represented by a  r=1mm spot, like at left, the electron orbit radius would be 100m!

Atoms, and ordinary matter, consist mostly of vacuum: the mass is concentrated in the small nucleus, since the electrons are very light 

(1 electron mass = 1/1836 x proton mass).

The nucleus density (mass/unit volume) is therefore enormous. For comparison:

Material
Density, gr/cm3



Water
1

Aluminum
2.7

Iron
7.87

Lead
11.35

Gold
24

Atomic nucleus density 
4x1014
(400 million tons/cm3)

Some types of stars have a density near to that of the nucleus.

Atomic number Z.

The various chemical elements differ by the number Z of orbital electrons. For instance:

Hydrogen
Z = 1
Iron 
Z = 26

Helium
Z = 2
Silver
Z = 47

Nitrogen
Z = 7
Gold
Z = 79

Oxygen
Z = 13
Uranium
Z = 92

Aluminum
Z = 13



Question: if an atom has Z electrons, does its nucleus also have Z protons?

Answer: yes, but not only. The repulsive force between the positive electrical charges of the protons would not allow such nuclei: they need also some neutrons to “glue” together the protons by the attractive nuclear force. Neutrons are neutral particles, just a little heavier than protons.

Isotopes and -radioactivity

Q:  If the Hydrogen nucleus has 1 proton, can one have a nucleus made of a proton and a neutron?

A:  Yes, it’s still Hydrogen, but twice as heavy. It’s called Deuterium (D), and can be found in nature (0.015% of all the Hydrogen contained in the sea water). 

Deuterium is an isotope of Hydrogen, i.e. an atom of the same element (same number Z of electrons), with a different number of neutrons (different weight). Isotopes of one element show the same chemical properties - determined by the number of electrons. 

Another example of isotopes: Lead (Pb, Z = 82) has four natural isotopes:

Number of neutrons

Natural abundance

122
1.4%
124
24.1%
125
22.1%
126
52.4%

Q:  How many neutrons can a nucleus have?

A.:  For light elements, approximately the same number as protons. For heavier elements, there are more neutrons than protons.

Q:  What happens if there are too many neutrons in a nucleus?

A:  The nucleus becomes unstable. A neutron in excess transforms spontaneously into  a proton, with the emission of an electron and a neutrino: it’s the beta (natural) radioactivity, described below.

Q:  Are there radioactive elements in nature?

A:  Yes; an example is Potassium (symbol K, Z = 19). It is found in mineral water and sea salt. There are three Potassium isotopes, with N= 20, 21, 22 neutrons. The isotope with N = 21 decays into Calcium (Z = 20, N = 20) with thc emission of an electron and a neutrino. 

Why Neutrinos?

The transformation of a radioactive isotope A into another element B, with the emission of an electron, is (easily) observed:

A (Z, N) => B (Z+1, N-1)  +  e- 
(Z = number of protons, N = number of neutrons)

Energy must be conserved (for each particle of mass M, E = Mc2):

MAc2  = MBc2 + mec2 + kinetic energy of the electron

Since the first three terms are fixed (by the masses), the electron should always be emitted with the same kinetic energy; but this is NOT true, and the problem had already been spotted in 1914.

Niels Bohr, one of the founders of  atomic physics, suggested that “energy is not conserved in  radioactivity”. But this is also NOT true.

1930

The good idea came from Wolfgang Pauli (Austrian physicist, teaching at the Zurich EPF).

“ It is not only an electron which is emitted, but also another particle, with no electric charge, and very difficult to detect”. That is, if  is the unknown particle:

A => B + e- +  
and

MAc2  = MBc2 + mec2 + mc2 + kinetic energy (of the pair electron + neutrino).

It is the sum of the electron + neutrino kinetic energy which is constant, while the electron energy can vary, as observed.

In 1932 the particle postulated by Pauli was named “neutrino” by Enrico Fermi, who developed the theory of  radioactivity. But the neutrino was still undetected.

How are neutrinos detected?

As the neutrino is charge-less, its detection is possible only if it collides effectively with (nuclear) matter. The theory for instance would predict:

Neutrino + proton => positron + neutron   (the positron is an anti-electron, with positive charge)

The positron, although unknown in the 30ies, can be detected like any other charged particle. 

The problem is that it takes an enormous thickness of matter for a neutrino issued by a  disintegration to have a 50% collision probability; for instance it would take 

1018 meters of water ( ( 106 light years!)

One could also shoot 1018 neutrinos/sec through 1 meter of water; each neutrino having a probability of 10-18 of hitting a nucleus, one would get about 1 interaction/sec.

In the 30’s, however, no neutrino source of such intensity was available.

1950

The first nuclear plants went into operation in the 50’s were very intense sources of neutrinos (in effect, anti-neutrinos).

A 3 Thermal-Gigawatt nuclear reactor, typical in Europe, emits ~ 6 x 1020 anti- /sec in all directions.

Collisions of these anti-‘s with matter were first observed 1n 1953 by Reines and Cowan at the US nuclear plant of Savannah River; the neutrinos turned from a bright hypothesis to real particles.

Today

Today there are three known types of neutrinos (and three anti-neutrinos):


e




Q:   How can they be distinguished?

A:   By looking at their interactions (collisions) with matter:

e

transforms into an electron e-
(anti-e
transforms into a positron e+)



transforms into a muon - 
(anti-
transforms into a muon +)



transforms into a tau -

(anti-
transforms into a +)

The muon  is a heavy electron (207 times heavier). The tau  is a ultra-heavy electron (3477 times heavier). 

Both the  and  have a very short life-time; they are not apparent in ordinary matter, but are produced in high energy collisions between particles.

Production of Neutrinos at CERN

The 450 GeV proton accelerator (Super Proton Synchrotron) is an intense  source. At 1 km distance from the SPS, a burst of 30 billion (3x1010) per square  meter is produced every 14 seconds (the SPS cycle).

The average energy of the SPS ‘s is 24 GeV , i.e. 8000 times that of anti-e produced in nuclear reactors.

At these energies, the probability of interaction of neutrinos with matter is higher than with nuclear reactors, but still small. The interaction probability is:

~ 10 –18  
in 1 meter of water for neutrinos at 3 MeV
~ 10 –11  
in 1 meter of water for neutrinos at 24 GeV

The neutrino mass. Cosmology

A crucial question is: is the neutrino mass zero, or just very small? The answer to this question has a direct cosmological implication.

For the universe 10-10 seconds after the initial Big Bang, one had:

Temperature 



~ 1015 degrees
Average energy of various particles:
~ 100 GeV (like in the LEP accelerator at CERN)
Density (very high!) 


~ 5x1020 tons/cm3

The collisions between particles were energetic enough to produce plenty of Z particles. 

The Z particles are the heaviest and most recently discovered elementary particles (M ~ 91GeV, CERN 1995). They disintegrate rapidly, particularly into neutrino/anti-neutrino pairs.

With time, the universe expanded and became cooler; the average energy of most particles was not sufficient any more to produce Z particles, which disappeared forever (until reproduced at CERN).

Q:   Lot of neutrinos must have been originated by the decay of Z particles; where are these neutrinos today?

A:   They fill the universe. There are ~ 60 neutrinos of each type per cm3, and as many anti-neutrinos (i.e. 360 neutrinos/ cm3). They have a very small energy: ~ 0.00016 eV on the average, and therefore cannot be detected.
If we are swimming in a sea of neutrinos, we don’t notice it! 

If the universe is filled up with neutrinos, and if they have a small but non zero mass, of the order of 1-2 eV, the neutrinos contribution to the total density of the universe is relevant.

Q:  From astrophysics, we know that the universe contains a large quantity of invisible matter (about 9/10 of total). What kind of matter? Could it consist of neutrinos?

A:  We don’t know how to measure directly masses as small as a few electron-Volt (in comparison, the very light electron has a mass mec2 = 511.000 eV).

But a non zero mass of the neutrino could be related to another (detectable) phenomenon.

Neutrino’s oscillation

If neutrinos have a mass ( 0, they could change type periodically. 

For instance, in a beam of  generated by an accelerator, the fraction of  vs. other types of neutrinos could oscillate with a periodic law along the neutrinos trajectory.

This phenomenon is foreseen by quantum mechanics; the wavelength of the oscillation (= distance required for a neutrino to change type) depends on the difference of the masses of the neutrino species.

Let us examine the case of solar neutrinos.
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The enigma of Solar Neutrinos

The sun is a very intense source of electron neutrinos e. The fusion process inside the sun, which generates the heat and light that permit our life, can be schematized as follows:

4 protons ( 1 He nucleus + 2 e+ + 2 e + energy

The calculated flux of these e’s at the earth surface is:


64 billions e per cm2 and second

Their energy should be comprised between 0.4 and 15 MeV, and in colliding with matter they should produce (detectable) electrons.

These collisions have been observed in five experiments in the USA, Europe, Japan
 and Russia, but in each case only half of the expected number of e has been counted.

A possible explanation of the “enigma” could come from neutrino oscillations of the type e ( .

Suppose that half of the e produced by the sun arrive on the earth as ; the collisions of ‘s with earth matter should produce ’s. But the muon is heavy: for the  Mc2 = 105.6 MeV 

Solar neutrinos ( E ( 15 MeV) do not have enough energy to produce a . Therefore the ’s remain totally invisible.

The enigma of atmospheric neutrinos

Neutrinos are also produced in the higher part of the atmosphere by cosmic rays (high energy particles from the outer space) hitting the air molecules.

One expects 2 muon neutrinos  for each electron neutrino e, all with an average energy of  ~ 1000MeV.
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One observes:

Flux of e
OK

Flux of 
OK, when coming from upwards (i.e. produced at 10-20 km above a detector at the earth surface)

Flux of 
much less than expected, when coming from downwards (after crossing the earth).

In the latter case, the distance between the neutrino source (atmosphere) and the detector is augmented by the earth diameter, ~ 13.000 km.

An oscillation  (  with a wavelength of several thousand km’s could therefore explain the absence of  part of the ‘s coming from under the earth..

The presence of  could be detected by the ’ particles produced by their collisions with earth matter.  But Mc2 = 1.777 MeV for the  (very heavy electron). The atmospheric neutrinos  do not have enough energy to produce ’s, and remain therefore invisible; they would account for the missing count.

In summary, the existence of neutrino oscillations, although conceptually important, is difficult to prove with “natural” methods. 

To turn around the problem, physicists are planning to use intense neutrino beams, produced by accelerators, directed onto neutrino detectors placed at a large distance from the accelerator.

Neutrino oscillations could then be studied in a systematic way.

US project:  to produce ‘s at FermiLab, near Chicago, and detect them in the Soudan mine (Minnesota), 732 km away. Starting measurements in 2003.

Japanese project (starting soon): ‘s from the proton accelerator of KEK Laboratory, near Tokyo.

European project (not approved yet):  produced at CERN are sent underground to the Gran Sasso Laboratory (730 km away), where  detectors exist already.

Conclusions about neutrinos

They are everywhere, but their properties, particularly their mass, are not well established.

We will certainly know more in a few years.










� For instance,  the Super Kamiokande detector in Japan: a cylindrical tank of 40x40m, filled with pure water, and equipped with immersed photomultiplier tubes.  Neutrino collisions in the water can be detected by measuring the emission of  Cherenkov light.


There are 11.200 photomultipliers in the inner detector (32.000 tons of water);


   2.000 photomultipliers in the outer detector (18.000 tons of water)





