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Reactors for Oscillation Studies

P (νe → νe) = 1 − sin2 2θ sin2
1.27∆m2L
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Neutrino oscillation changes the overall normalization 
and shape of the spectrum
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•      produced in β-decay of fission products

• Only 238U, 235U, 239Pu, 241Pu contribute significantly

• Fission rates are provided by reactor companies

• Mainly function of thermal power

• Calculated spectrum has been verified to 2% accuracy in past reactor experiments

Detected Reactor Spectrum
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KamLAND detector

• 1 kton Scintillation Detector

• 6.5m radius balloon filled with:

• 20% Pseudocumene (scintillator)

• 80% Dodecane (oil)

• PPO

• 34% PMT coverage

• ~1300 17” fast PMTs

• ~550 20” large PMTs

• Multi-hit electronics

• Water Cherenkov veto counter Water Cherenkov 
Outer Detector

1800 m3

Buffer Oil

20
m

}

3200 m3
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from 55 Reactor Cores in Japan

KL
Reactor neutrino flux: 
 ~6x106 cm-2s-1

Japan
Korean
World

Distance [km]
0 100 200 300 400 500 600 700 800 900 1000

Ev
en

ts
/ y

ea
r /

 k
to

n

0

50

100

150

200

250

300

350

400

450

500

Effective baseline ~180km

70 GW (7% of world total) is generated 
at 130-220 km distance from Kamioka

νe

Distance to Reactors [km]

N
o-

os
c 

ra
te

 [e
ve

nt
s/

(y
ea

r-k
to

n)
]

Mt. Ikenoyama
1000m rock
= 2700 mweSK

Kamioka Mine

5



Patrick Decowski / Nikhef

Anti-Neutrino Detection Method
Inverse beta decay

νe + p → e
+

+ n

n + p → d + γ

e n

e+

2.2MeV

Liquid
Scintillator

γ
γ

γ
Scintillator is both target and detector

• Distinct two step process:

• prompt event: positron

• delayed event: neutron capture after ~207μs

• 2.2 MeV gamma

Delayed coincidence: good background rejection

Eνe
! Eprompt + 0.8MeV

207 μs
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0.4 1.0 2.6 8.5 Energy [MeV]

Neutrino Astrophysics

Verification of SSM

Neutrino Geophysics

Study of earth heat 
model

Neutrino Physics

Precision measurement 
of oscillation parameters

Neutrino Cosmology

Verification of universe 
evolution, neutrino 
magnetic moment

solar neutrino geo-neutrino reactor neutrino supernova, relic neutrino,
solar anti-neutrinos etc.

neutrino electron elastic scattering
inverse beta decayν + e− → ν + e− ν̄e + p → e+ + n

KamLAND Physics Capabilities
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Neutron Production through Muon Spallation

PRC 81, 025807 (2010) [arXiv:0907.0066].

Muon Energy (GeV)
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GEANT4
FLUKA

5200 m.w.e

3000 m.w.e
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MC systematically 
under predicts 
neutron yield

32 m.w.e

Neutron production• Detailed study of neutron and 
radioactive isotopes in muon-
initiated spallation

• Important backgrounds for many 
low rate experiments

• Dark Matter, 0ν2β, Neutrino… 

• Comparison to two widely-used 
simulations: 

• FLUKA

•GEANT4
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Production of Radioactive Isotopes

KamLAND Coll, PRC 81, 025807 (2010) [arXiv:0907.0066].

Visible Energy (MeV)
2 4 6 8 10 12 14 16

Ev
en

ts/
1.

0M
eV

0

50

100

150

200

250

300

 Total
Li9 
He8 

T (s)
0 2 4 6 8 10

Ev
en

ts/
0.

1s

210

310

T (s)
0 2 4 6 8 10

Ev
en

ts/
0.

1s

210

310beta delayed-neutron emitters

FLUKA KamLAND

Most radioactive spallation products are 
produced when the muon deposits a large 

amount of energy in the scintillator
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Neutrino Oscillation Parameters
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Best-fit Light and Dark Side
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Detailed operational records 
from all 55 reactors in Japan

31/12/02 01/01/04 31/12/04 31/12/05 31/12/06 01/01/08 31/12/08 31/12/09

 ra
te

 [e
v/

da
y]

e!
Ex

pe
ct

ed
 n

o-
os

c 

0.6

0.8

1

1.2

1.4

1.6

Calculated from detailed reactor data

Monthly JAIF electric power data (scaled)

Many reactor
inspections

Steam pipe
rupture

New, nearby reactor
being turned on & off

Big earthquake
 July 16, 2007

2002 2003 2004 2005 2006 2007 2008 2009

Reactor Signal Changes with Time

14



Patrick Decowski / Nikhef

Detailed operational records 
from all 55 reactors in Japan
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1st&2nd purification campaigns:
changing detector conditions

→ useful data limited
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Detailed operational records 
from all 55 reactors in Japan
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Detailed operational records 
from all 55 reactors in Japan
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High Precision Measurement of θ13

High precision measurement: use two detectors to cancel systematics: 
<1% measurements
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What about θ13? Current limits: sin22θ13 < 0.17
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~0.4km

1.05km

Double Chooz (France)

\

Daya Bay (China)

RENO (South Korea)
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Future Reactor θ13 Experiments

Power
(GWth)

Mass 
(Tons)

Distance to Reactor Syst.
Uncert. 

(%)

Est.
Start

(in Feb’10)Near (m) Far (m)

Double Chooz 8.5 2x10 400 1050 0.6 mid 2010

Daya Bay 17.4 8x20 363
481

1985
1613

0.4/0.2
base/optm end 2010

RENO 16.4 2x16 290 1380 0.5 mid 2010

Near hundreds/day

Far tens/day

KamLAND 0.5/day

Typical event rates:
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Sensitivity Limits
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KamLAND Physics Capabilities

Low background
 phase

solar 7Be + 
low threshold 8B
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Scintillator Purification

• Large background

• 7Be: 85Kr, 210Bi, 210Po

• 8B: 208Tl

• Industrial-scale destillation system

• 1st run: Apr 17 - Aug 1, 2007

• Vpurified = 1700 m3

• 2nd run: Jun 19, 2008 - Feb 9, 2009

• Vpurified = 4900 m3

• Noticed changes in optical properties 
of LS during purification

Destillation
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Result of purifcation

Only 7days of data, 
shortly after end of 
purification

210Bi region, still decaying out (T1/2 = 5d)

Large reduction of 
backgrounds

21



Patrick Decowski / Nikhef

MC

208Tl reduction 
from purification

208Tl

10C

Low-threshold solar 8B measurement

11C

8B ν 

(Main background for geo-neutrino measurement removed)
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MC

208Tl

10C

Low-threshold solar 8B measurement

11C

8B ν 

(Main background for geo-neutrino measurement removed)

208Tl reduction 
from α+β tagging
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MC

208Tl

10C

Low-threshold solar 8B measurement

11C

8B ν 

~3MeV threshold

(Main background for geo-neutrino measurement removed)
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MC

208Tl

10C

Low-threshold solar 8B measurement

11C

8B ν 

With newly installed 
electronics, should be able to 
tag 10C with multiple n after μ 
~3MeV threshold → ~2MeV

(Main background for geo-neutrino measurement removed)

~2MeV threshold
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KamLAND 0ν2β

400kg of 136Xe
in secondary balloon

Japanese collaborators have secured funding for KamLAND 0ν2β
End of KamLAND as-we-know-it in April 2011 
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Conclusions

• KamLAND

• Precision measurement of neutrino parameters

• 2 more years of data acquired, 1 more year to come.  Work on reduction of syst. uncert. 

• Low background phase

• Detection of 7Be and low-threshold 8B solar neutrinos

• Data taking ongoing

• Due to lower backgrounds, (much) improved geo-neutrino measurement

• In April 2011, KamLAND will morph: 

• Become a 0ν2β experiment with 400kg of 136Xe 

• Three precision θ13 reactor experiments getting ready

• First results expected mid 2011 ! 
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Backup Slides
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KL2008 Result fit for sin2θ12 for different  sin2θ13 

KamLAND θ13 Sensitivity

Best Fit

Note the large 
jumps in θ13!
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2-nu

3-nu

3-flavor Analysis

KamLAND has very little sensitivity to θ13 
Δm2 stays the same in 3-flavor analysis

Best-fit value does
not change in 3-nu 

analysis
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Dominant BG: 13C(α,n)16O
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 exc. state (MC)st1
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Total (MC)

Cross sections tuned using detector MC

D.McKee et al., NIM A527, 272 (2008)

210Pb 210Bi 210Po 206Pb
T1/2=22yr 5d 138d

α, E=5.3MeV

210Po/13C
mixture

210Po13C source deployed 
into the detectorS.Harissopulos et al., 

PRC 72,  062801 (2005)

JENDL}

From 
222Rn chain:

1.1% abundance of 13C in LS →13C(α,n)16O

6.130 MeV

6.049 MeV
3-

0+

0+

16O

γe+e-

Good match after 
scaling C.S. 
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Backgrounds

} Background from 222Rn 
chain

} Cosmogenic

Accidental Coincidences

Geo-neutrinos are a background to the neutrino oscillation measurement

Total excluding geo-neutrino

However, analysis is done by simultaneously 
fitting geo- and reactor neutrinos !

Using one geological model, which assumes 16TW of radiogenic heat 
from U+Th geo-neutrinos, expect 69.7 events
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