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Outline
Lecture I - The First 50 Years: From The Discovery of the 
Antineutrino to the First Observation of Antineutrino Disappearance

• Discovery of the Free Antineutrino
• The Reactor as an Antineutrino Source
• Detection of Antineutrinos
• Search for Neutrino Oscillation with Reactor Antineutrinos
• Observation of Reactor Antineutrino Disappearance at KamLAND
• Other Reactor Neutrino Experiments

Lecture II - Precision Oscillation Physics with Reactor Antineutrinos 
• Precision Measurement of Δm122 at KamLAND
• Evidence for Oscillation of Reactor Antineutrinos at KamLAND
• Search for the Unknown Neutrino Mixing angle θ13

• Future Opportunities: Precision Measurement of θ12

• Applied Neutrino Physics: Reactor Monitoring with Antineutrinos
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High Energy Cosmic Neutrinos

Geo Neutrinos

Atmospheric 
Neutrinos

Accelerator&Reactor
Neutrinos

Supernova Neutrinos

Solar Neutrinos

~330 neutrinos per cm3

0.5 proton per cm3

Neutrinos from the Big Bang
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Neutrino Energies

Big-Bang neutrinos ~ 0.0004 eV 

Neutrinos from the Sun < 20 MeV
depending of their origin.

Neutrinos from accelerators   up to GeV (109 eV) 

Antineutrinos from nuclear 
reactors      < 10.0 MeV

Atmospheric neutrinos ~ GeV
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What produces the largest 
neutrino flux on Earth?

The Sun, the Big Bang, or 
a nuclear reactor? 

at a distance of 1 km
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N → N’ + e-    some nuclei emit electrons!

1914Mparentc2 ⇒ Edaughter + Eelectron

KEelectron = Mparentc2 - Mdaughterc2 - melectronc2
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Wolfgang Pauli

Professor Pauli proposed that an undetectable 
particle shared the energy of beta decay with
the emitted electron.
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Fermi’s Theory of Beta Decay based on Pauli’s Letter of Regrets

Experiment:  Mnc
2 ≠ Ep + Ee

Conjecture: Mnc
2 = Ep + Ee + Eν

Consistency requires that     is not observable! Eν

Enrico Fermi
Univ. of Chicago

Mr. Fermi’s amazingly theory still stands (parity violation added in the 50s).
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Nuclear Reactors as a Neutrino Source

Reactors are intense and pure sources of νe

B. Pontecorvo Natl.Res.Council Canada Rep. (1946) 205
Helv.Phys.Acta.Suppl. 3 (1950) 97

Good for systematic studies of neutrinos. 
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1956: First Direct Detection of the Antineutrino
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1953: Project Poltergeist
Experiment at Hanford



Karsten Heeger, Univ. Wisconsin Pontecorvo Neutrino Physics School, September 2007

Hanford Experiment

high background (S/N ~ 1/20) made the 
experiment inconclusive
0.41+/- 0.20 events/minute

signal: delayed coincidence between positron 
(2-5 MeV) and neutron capture on cadmium 
(2-7 MeV)

300 liters of liquid scintillator 
loaded with cadmium
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1956: Savannah River Experiment

inverse beta decay would produce 
prompt and delayed signal in 
neighboring tanks

target tanks (blue) were filled 
with water+cadmium chloride

tanks I, II, and II were filled with liquid 
scintillator and instrumented with 5” 
PMTs
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Oscilloscope Traces of Data

photographically recorded
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1956: Savannah River Experiment
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1956: First Observation Observation of the Antineutrino

by April 1956, a reactor-dependent signal had been observed:
        signal/reactor independent background ~ 3:1
in June 1956, they sent a telegram to Pauli 
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Following the first observation ....



Karsten Heeger, Univ. Wisconsin Pontecorvo Neutrino Physics School, September 2007

Reactors as Antineutrino Sources

U and Pu fission

- about 200MeV / fission is released
- fission rate is  ~1.2x1020 fissions / sec

β- decay of neutron rich fission fragments

reactors are copious, isotropic 
sources of νe

νe



Karsten Heeger, Univ. Wisconsin Pontecorvo Neutrino Physics School, September 2007

Example: 235U Fission

nuclei with most likely A 
from 235U fission

- on average 6n have to beta-decay to 6p to reach stable matter
- on average 1.5 are emitted with energy > 1.8 MeV
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Antineutrino Production in Nuclear Fuel

> 99.9% of νe are produced by fissions in 235U, 238U, 239Pu, 241Pu

from E. Blucher
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Reactor Neutrino Flux and Spectrum 

Prediction of the νe Flux and Spectrum

> 99.9% of νe are produced by 
fissions in 235U, 238U, 239Pu, 241Pu

~ 90% of νe are produced by 
fissions in 235U, 239Pu

Measurements
β--spectra resulting from fission of  235U, 238U, 239Pu, 241Pu has been 
experimentally measured (use thin layer of fissile material in beam of thermal neutrons, 
e.g. Schreckenbach et al., Hahn et al.)
→ can be converted to νe spectra

Calculations
238U beta spectra not available since fast fissions
→ determined from theory (+/-10%)
(238U is only 10% of rate)
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β Spectrum of 235U Fission Products

Schreckenbach et al. 
PL160B 325 (1985)
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Bugey Experiment

Derived ν Spectrum Checked Against Data 

spectra derived from β-spectra: +/-1.4% agreement

- β-spectra measured for 235U, 239Pu, 241Pu. Converted into ν-spectra.
- theoretical calculations for 238U
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Observable ν  Spectrum

From Bemporad, Gratta and Vogel

mean energy of νe 3.6 MeV
⇒only disappearance expts possible

calculated reactor 
spectrum

observed spectrum

threshold: neutrinos with E < 1.8 MeV are not detected

cross-section accurate to +/-0.2%
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Goesgen Experiment

3 baselines with one detector

Comparison of Predicted Spectra to 
Observations

two curves are from fits to data and from 
predictions based on Schreckenbach et al. 

flux and energy spectrum agree to ~ 1-2%
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Nuclear Reactors

reactors are an extended 
neutrino source: 
3-4m diameter, 4m high 
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Reactor Refueling

Text

3-6 week shutdown every 
12-18 months

1/4-1/3 of fuel assemblies 
are replaced, remaining 
fuel repositioned

3 reactor cores

refueling at Palo Verde and predicted 
antineutrino rate

νe flux from reactor has 
time variation
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Burn-Up Corrections
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Antineutrino Detection

νe + p → e+ + n

n+ p → D + γ (2.2 MeV)    
            (delayed)

Eνe ≅ Ee+ + En + (Mn-Mp) + me+

including E from e+ annihilation, Eprompt=Eν - 0.8 MeV

10-100 keV
1.805 MeV

coincidence signature between 
prompt e+ and delayed neutron 
capture on  H, (or Cd, Gd)

by inverse beta decay

other detection mechanisms:
νe + d → e+ + n + n
νe + e- → νe + e- 
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Neutrino Oscillation Search with Reactor Antineutrinos
Oscillation Searches at Chooz + Palo Verde:  νe → νx 

Distance: 1km

νe

νeνe
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Chooz: Operation and Data Taking
Chooz data taking: April 97- July 98
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Reactor Power

reactor off, only bkgd
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Chooz: Signal and Correlated Background

Signal 

Correlated Background 

γ
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Backgrounds for Reactor Experiments

from M. Shaevitz
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Chooz

Neutron 
Delay Distribution

Neutron
Energy Spectra

Signal vs MCReactor On/Off
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Chooz: Positron Spectrum

Reactor On/Off - Positron Yields for Reactors I+II
- Fit to Spectrum
- Comparison to Expected Yield for 
No Oscillation
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Chooz: Reactor On/Off Data

Reactor On Reactor Off
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Chooz: Results

~3600 events in 335 days

~2.2 events/day/ton
with 0.2-0.4 bkgd events/day/ton

2.7% uncertainty
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Chooz: Degradation of Scintillator
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Reactor νe Flux Measurements at Different Distances

flux measurements at distances up to 
~1km consistent with expectations
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Nuclear Reactors in the World
Longer baselines for reactor antineutrino flux measurements require

- large νe source
- large detectors 
- deep experimental site
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Measurement of Reactor Antineutrinos in KamLAND 

Japanese Reactors

Anti-Neutrino Detection
through inverse β-decay
 
νe + p → e+ + n 

Kashiwazaki

Takahama

Ohi

~ 200 MeV per fission
~ 6 νe per fission

~ 2 x 1020 νe/GWth-sec

Reactor Isotopes

Japan

53 reactors
reactor ν flux ~ 6x106/cm2/sec 
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Baseline Distribution at KamLAND

A limited range of baselines contributes to the flux of antineutrinos at 
KamLAND
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s KamLAND Underground Facility
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Going Underground 
to Detect Neutrinos
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KamLAND Detector
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Detecting (Anti)Neutrinos in KamLAND
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Antineutrino Candidate Event
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KamLAND z-axis Calibration

Routine Calibration Sources
68Ge e+  2 x 0.511 MeV 
65Zn γ 1.116 MeV
60Co γ 2.506 MeV 
AmBe γ, n  2.22, 4.44, and 7.65 MeV 
Laser and LEDs

σ = 6.2% / √E

60Co: 1.173+1.333 MeV in the detector
light yield: 239 p.e./MeV

FV

-5 m +5 m
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Fiducial Volume Determination

With radioactive sources

Fiducial/Total Volume Ratios

Geometrical  0.595 ± 0.013
12B β-decays 0.607 ± 0.006
p(n,γ)d  0.587 ± 0.013
9Li relative  < 2.7%

KamLAND volume error: 4.7%

With muon spallation



Karsten Heeger, Univ. Wisconsin Pontecorvo Neutrino Physics School, September 2007

Reactor Neutrino Physics 1956-2003

KamLAND  in 2003:
First Direct Evidence for Reactor νe Disappearance

Japan

PRL 90:021802 (2003)
Observed νe 54 events
No-Oscillation 86.8 ± 5.6 
events 
Background 1 ± 1 events
Livetime:  162.1 ton-yr

50 Years of Reactor Neutrino Physics
1953 First reactor neutrino experiment
1956 “Detection of Free Antineutrino”,Reines and Cowan 
→ Nobel Prize in 1995

2003 KamLAND’s observation of νe disappearance
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s Energy spectrum adds substantial informationKamLAND  in 2004:
Evidence of Spectral Distortion in Energy Spectrum

hep-ex/0406035 (2004)
Observed νe  258 
events 
No-Oscillation 365.2 ± 23.7 (syst.) 
 
Background 17.8 ± 7.3 events
Livetime:  766.3 ton-yr

best fit χ2=24/17
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Spectral Distortions: A unique signature of neutrino oscillation!
Simple, rescaled reactor spectrum is excluded at 99.6% CL(χ2=37.3/18)
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s Energy spectrum adds substantial information

Spectral Distortions: A unique signature of neutrino oscillation!
Simple, rescaled reactor spectrum is excluded at 99.6% CL(χ2=37.3/18)

KamLAND  in 2004:
Evidence of Spectral Distortion in Energy Spectrum

Future
Reduce 210Pb, lower analysis 
threshold.

Reduce systematic error with 
improved calibrations.

hep-ex/0406035 (2004)
Observed νe  258 
events 
No-Oscillation 365.2 ± 23.7 (syst.) 
 
Background 17.8 ± 7.3 events
Livetime:  766.3 ton-yr

210Pb   210Bi   210Po              206Pb138d, α

13C(α,n)16O  (~10-7)

best fit χ2=24/17
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Neutrino Oscillation

Neutrino States

Time Evolution
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KamLAND 2004 Data

L0=180 km
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     %
Fiducial volume  4.7

Energy threshold  2.3

Efficiency of cuts  1.6
Live time   0.06

Reactor power   2.1
Fuel composition  1.0

νe spectra   2.5
cross section   0.2

Total uncertainty  6.5 %

KamLAND - Systematic Uncertainties

E > 2.6 MeV
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     %
Fiducial volume  4.7

Energy threshold  2.3

Efficiency of cuts  1.6
Live time   0.06

Reactor power   2.1
Fuel composition  1.0

νe spectra   2.5
cross section   0.2

Total uncertainty  6.5 %

KamLAND - Systematic Uncertainties

E > 2.6 MeV

given by reactor company, 
difficult to improve on

theoretical, model-dependent

volume calibration

energy calibration or
analysis w/out threshold
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Measuring Neutrino Oscillation Parameters

Solar Neutrinos
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Measuring Neutrino Oscillation Parameters

Solar Neutrinos Solar Neutrinos
+ KamLAND 2003
(νe rate)

Agreement between oscillation parameters for ν and ν
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Measuring Neutrino Oscillation Parameters

Solar Neutrinos Solar Neutrinos
+ KamLAND 2003
(νe rate)

Agreement between oscillation parameters for ν and ν

Solar Neutrinos
+ KamLAND 2004
(νe rate+spectrum)

Precision neutrino physics
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Δmij2 measured 
and confirmed.

Discovery Era in Neutrino Physics: 1998 - Present 

Solar  
(SNO)

νµ ⇒ ντ

νe ⇒ νµ,τ

Atmospheric 
(Super-K)

Accelerator  
(K2K)

Reactor  
(KamLAND)

SK:    zenith angle dependence of atm νμ 
SNO: solar νe  flavor transformation
KamLAND: reactor νe disappearance
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Other Reactor Neutrino Physics: Texono

from Jun Cao, Lepton/Photon
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Reactor Neutrino Interaction Cross-Sections

from Jun Cao, Lepton/Photon
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Texono 2007 Highlights

from Jun Cao, Lepton/Photon
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