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In radioactive decay, aparticles (He++) and 
grays (photons) emerge from the nucleus with 

discrete, characteristic energies. WHY?

ÅExamples:

92U
238 Ҧ 90Th234 + a(4.20 MeV)

55Cs137Ҧ 56Bam137+ b-

56Bam137Ҧ 56Ba137 + g(0.662 MeV)



Energy and Momentum Conservation

ÅWhen a nucleus (known mass) at rest decays 
to two particles(known masses), 
two equations(energy and momentum 
conservation) combine to determine the 
two velocitiesof the resultant particles and, 
hence,  their energy and momentum values.

ÅDiscrete energy values of aand gparticles 
result from energy and momentum 
conservation.



Does b-decay conserve 
energy and momentum?

James Chadwick
(1935 Nobel Prize for Neutron Discovery) b-decay is unlike a- or g-decay

Åaand gdecays have discrete 
characteristic energies that 
conform to energy and 
momentum conservation.

Å In 1914 Chadwick observed 
the continuous energy 
ǎǇŜŎǘǊǳƳ ƻŦ ʲ-decay electrons.

Å¢ƘŜ Ŏƻƴǘƛƴǳƻǳǎ ʲ-spectrum 
was confirmed by more 
precise measurements in 
1927-1929.
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b-decay Energy Spectra
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38Sr-90 ­ 39Y-90 + bς t1/2 = 29.1 a 
(Ebmax= 0.546 MeV)

39Y-90 ­ 40Zr-90 + bς t1/2 = 2.7 d 
(Ebmax= 2.282 MeV)



ά! ŘŜǎǇŜǊŀǘŜ ǊŜƳŜŘȅέ

Wolfgang Pauli
(1945 Nobel Prize for Exclusion Principle)

άLiebRadioaktiveDamenund Herrenέ
ά5ŜŀǊ wŀŘƛƻŀŎǘƛǾŜ [ŀŘƛŜǎ ŀƴŘ DŜƴǘƭŜƳŜƴέ

Å In his 1930 letter, Pauli proposes 
a very low mass neutral particle, 
ǿƘƛŎƘ ƘŜ Ŏŀƭƭǎ ŀ άƴŜǳǘǊƻƴΣέ 
emitted in b-decay along with the 
ŜƭŜŎǘǊƻƴ άǎǳŎƘ ǘƘŀǘ ǘƘŜ ǎǳƳ ƻŦ 
the energies of neutron and 
ŜƭŜŎǘǊƻƴ ƛǎ ŎƻƴǎǘŀƴǘΦέ

Å In 1932, Chadwick discovered the 
neutron (mnӺ mp) ejected in 
a-Be collisions.

Å In 1934, Enrico Fermi proposed a 
ǘƘŜƻǊȅ ƻŦ  ʲ-ŘŜŎŀȅ ǿƛǘƘ tŀǳƭƛΩǎ 
ǇŀǊǘƛŎƭŜǎ ǊŜƴŀƳŜŘ άƴŜǳǘǊƛƴƻǎΦέ



How do you detect a poltergeist?

Fred Reines
(1995 Nobel Prize for neutrino observation) Fred Reinesand Clyde Cowan



In 1956, Fred Reinesand Clyde Cowan detected electron 
antineutrinos from the Savannah River nuclear reactor 

and sent a cable to inform Wolfgang Pauli.

First,     ne + p+ n + e+ .
Then    e+ + eς g+ g .

g-rays detected by photomultiplier tubes 
produce a current spike.

e+eςg-rays are followed several ms later by :
n + Cd-108Ҧ Cd-m109  

Then      Cd-m109 Ҧ Cd-109 + g-rays

Second current spike within 30 ms indicates a 
neutrino interaction.



In 1936, the muon(m) was discovered 
in cloud chamber photos.

ά²Ƙƻ ƻǊŘŜǊŜŘ ǘƘŀǘΚέ ςI. I. Rabi

Carl Anderson
(1936 Nobel Prize for e+ discovery)

Seth Neddermeyer



Muonsdisintegrate to electrons and ?

ÅIn 1940, E. J .Williams and G. E. Roberts make 
the first observation in cloud chamber photos 
of muon decay: 

+˃ e+ + neutral(s).

ÅIn 1941-1942, F. Rasetti, B. Rossi, and N. 
Neresonmeasure the muonmean lifetime 
with coincidence and anticoincidence 
counters: 

m̱= 2.15 ± 0.07 ˃ ǎ.



In 1947, Cecil Powell and his team discovered the pion 
and observed pions(p) decay to muons(m) in 
nuclear emulsion images of cosmic ray tracks.

Cecil Powell
(1950 Nobel Prize for pdiscovery)

+̄ +˃ + neutral(s)
tp= 2.6 x 10-8 s



How did a Navy cruiser (like the USS Salem) help show 
that neutrinos come in two flavors?

1988 Nobel Prize for nmdiscovery USS Salem



In 1962, at Brookhaven AGS, 15-GeV protons on a Be target produced pions.
Pionsdecayed, p+ m+ + nm.    Muons stopped in 13.5 m of steel from a
dismantled cruiser. A 10-ton spark chamber detected 29 mounsproduced by 
neutrinos,    nm+ n         p+ + m-,     with 5 of 34 single track events from cosmic 
rays. Shower track distribution is unlike electron shower distribution.         
Conclusion:  nmґ ne

Experiment Lay Out Muon Track in Spark Chamber

(Sparks between vertical Al plates)
AGS ring section

Spark Chamber

Muon spark track



Third Generation Neutrino?
In 1975, a third-generation charged lepton (t) was discovered by 

Martin Perl and colleagues with SPEAR (4 GeV/beam) e+eҍcollider.

Martin Perl
(1995 Nobel Prize for tdiscovery)

Tau (t) lepton and tau neutrino (nt) 
implied by observations

Å 64 events observed
e+ + eҍ e+ + mҍ+ neutrals
e+ + eҍ eҍ+ m+ + neutrals

Å New lepton (t) proposed with 
mass 1.6< mt<2.0 GeV/c2 and 
accompanying neutrino.  The t
particles decay (3 x 10-13 s) to 
produce observed particles, e.g.
e+ + eҍ t+ + tҍfollowed by

t+ e+ + ne + nt
and  tҍ mҍ+ nm+ nt



2000 ςFermilabDONuTCollaboration 
announces Tau Neutrino (nt) detection

Neutrino Beam Production
Combination of detector 

technologies used to identify nt


