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The recent long-term shutdown of Japanese nuclear reactors has resulted in significantly reduced reactor !e

fluxes at KamLAND. This running condition provides a unique opportunity to confirm and constrain back-
grounds for the reactor !e oscillation analysis. This data set also has improved sensitivity for searches for other
!e signals, in particular those produced in "-decays from 238U and 232Th within the Earth’s interior, whose
energy spectrum overlaps with that of reactor !e’s. Including constraints on #13 from accelerator and short
baseline reactor neutrino experiments, a combined three-flavor analysis of solar and KamLAND data gives
fit values for the oscillation parameters of tan2 #12 = 0.436+0.029

!0.025, !m2
21 = 7.53+0.18

!0.18 ! 10!5 eV2, and
sin2 #13 = 0.023+0.002

!0.002. Assuming a chondritic Th/U mass ratio, we obtain 116+28
!27 !e events from 238U and

232Th, corresponding to a geo !e flux of 3.4+0.8
!0.8 ! 106 cm!2s!1 at the Earth’s surface. We evaluate various

BSE composition models using the observed geo !e rate.

PACS numbers: 14.60.Pq, 28.50.Hw, 91.35.-x, 91.67.Qr

I. INTRODUCTION

The Kamioka Liquid-scintillator Antineutrino Detector
(KamLAND) demonstrated the oscillatory nature of neutrino
flavor transformation by observing electron antineutrinos (!e)
with energies of a few MeV from nuclear reactors [1]. Follow-
ing the Fukushima nuclear accident in March 2011, the entire
Japanese nuclear reactor industry, which generates >97% of
the reactor antineutrino flux at KamLAND, has been subjected
to a protracted shutdown for inspections related to a review of
nuclear safety standards. This unexpected situation allows for
a “reactor on-off” study of backgrounds for the KamLAND
neutrino oscillation analysis.

The reactor-off data also yield improved sensitivity for
!e’s produced by other sources. Previously, we used the
KamLAND data to search for geoneutrinos, !e’s produced
in "-decays from primordial radioactivity within the Earth’s
interior. The 238U and 232Th decay chains emit !e’s with en-
ergies below 3.4 MeV, so reactor !e events with similar ener-
gies pose a background for this signal. Despite having a high
reactor !e background, KamLAND performed the first exper-

imental study of geo !e’s from the decay chains of 238U and
232Th [2]. Later the geo !e signal at KamLAND was used to
estimate our planet’s radiogenic heat production and constrain
composition models of the Bulk Silicate Earth (BSE, the re-
gion of the Earth outside its metallic core). In particular it
was found that fully-radiogenic Earth models are disfavored
[3]. The Borexino experiment at Gran Sasso also reported a
positive observation of geo !e’s [4].

In this article, we present improved reactor neutrino oscilla-
tion results and geo !e flux measurements including the recent
reactor-off period. For the reactor !e rate estimate, we also ap-
ply new evaluations of reactor antineutrino emission spectra,
as well as constraints on oscillation parameters from acceler-
ator and short-baseline reactor neutrino oscillation measure-
ments.

II. NEUTRINO OSCILLATION

Neutrino oscillation is well established by experimental
studies of solar, reactor, atmospheric, and accelerator neutri-
nos. KamLAND observes !e’s from many reactors at a flux-

1/23



2000

2011

2002

2004

2006

2008

2010
KamLAND-Zen

PRL92 071301 (2004)

solar νe

3

Reconstructed E [MeV]
6 7 8 9 10 11 12 13 14

Ev
en

ts 
pe

r 0
.5

0 
M

eV

0

10

20

30

40
KamLAND data

Best Fit
 elastic scatteringνB 8

Be decay11

Li decay8

External Gamma-rays

N13)-, eeνC(13

Other Backgrounds

20

FIG. 1: Energy spectrum of 8B candidates with the best-fit spectrum
and background components from the unbinned energy and rate anal-
ysis. The histograms display the results in bins of 0.5 MeV except for
the last bin which due to limited statistics extends from 13.5 MeV to
20 MeV.

!8B = 5.140+0.197
!0.207!106 cm!2s!1 [10].

With the 5.5 MeV analysis threshold the background is
dominated by decays of light isotopes produced by muon spal-
lation. An in-depth study of muon activation at KamLAND
can be found in [15]. A study of light isotope production
shows that most (> 80%) light isotope backgrounds are cor-
related with muons which produce more than 700,000 photo-
electrons (p.e.) in the PMT array. We denote these as bright
muons. The rate of bright muons is 0.037 Hz, while the total
rate of muons passing through the LS is 0.198±0.014Hz. We
apply a number of muon-related cuts to reduce these spallation
backgrounds. All events within 200 ms of a preceding muon
are rejected. This time veto of the full detector significantly
reduces the background from 12B/12N. For non-bright muons,
for which the muon tracking algorithm converged successfully
—well-tracked muons— a 5 s veto is applied within a 3-m-
radius cylinder around the muon track. Using the 12B/12N
candidates we determine that 97±6% of spallation products
are contained within this cylinder. For bright muons and any
muon with a poorly reconstructed track, the 5 s veto is ap-
plied to the full detector. These cuts reduce the exposure by
62.4±0.1%, to a total exposure of 123 kton-days. The spal-
lation background events remaining after these cuts are ex-
pected to come mainly from long lived (! > 1 s) spallation
products, 11Be, 8Li, 8B. The total production rates of these
key isotopes [15], along with the rates correlated to non-bright
muons, are summarized in Table I.

The next-largest background is from external gamma rays
which are primarily the result of (n,") reactions in the sur-
rounding rock cavern and stainless steel detector elements.
The external "-ray spectrum has peaks in reconstructed en-
ergy at 8.5 MeV and 10 MeV from stainless steel, and at
5.5 MeV from neutron capture on silicon in the rock. The

TABLE III: The systematic uncertainties associated with the un-
binned fit to the energy spectrum of the 8B candidates. The detection
efficiency is dominated by our fiducial volume uncertainty.

Source Uncertainty (%)
11Be 10.8

8Li and 8B 3.3
External gamma rays 6.8
Other Backgrounds 1.1
Detection Efficiency 6.3

Energy Scale 0.8

cylindrical fiducial volume was chosen to optimize the shield-
ing for a given exposure. The closest points to the cylindri-
cal external rock cavity are at the balloon equator, while the
closest stainless steel component is a balloon support struc-
ture at the top of the detector. A GEANT4-based Monte
Carlo [22, 23], including the full detector and shielding geom-
etry, simulated the effect of LS self-shielding from sources in
the stainless steel and the rock. The simulation indicates that
gammas are attenuated approximately exponentially with an
attenuation length of 53.0±0.1 cm for rock and 50.7±0.1 cm
for stainless steel. Using data within a 6-m-radius volume,
we observe attenuation lengths for gammas from the rock and
stainless steel of 59.0±1.9 cm and 54.9±1.9 cm respectively.
We estimate 25.2±12.6 electron-recoil-like events from exter-
nal "-rays in the ROI within the cylindrical fiducial volume.
The uncertainty in the estimate comes from the difference in
the observed and simulated attenuation lengths.

As remarked earlier, events from hep solar neutrinos and
solar neutrino interactions on carbon are treated as a back-
ground. Using the SSM with AGSS09 and the hep spectrum
from [24], we estimate, including oscillation, 0.6± 0.1 elec-
tron recoil events from hep neutrinos in the ROI. In our calcu-
lation we use the ES cross section, neutrino oscillation param-
eters and detector response as was done for the 8B ES calcu-
lation. The uncertainty is dominated by the difference in the
flux prediction of the SSM with the AGSS09 versus with the
GS98 solar abundances.

There are 4.30!1031 carbon nuclei per kton of LS if
we assume a natural 13C of 1.10%. Using the cross sec-
tions calculated in [25], we find the largest #e-C scattering
background contribution to be from charged current (CC)
scattering,13C+#e "13N+e! from 8B. We estimate, includ-
ing oscillation, that scattering to the ground state of 13N
produces 5.8±1.4 events in the ROI; and scattering to the
3.51 MeV first excited, which decays by proton emission, con-
tributes 1.1± 0.4 electron-recoil-like events in the ROI. In this
estimate an additional uncertainty of 30% on the cross sec-
tion is included. The contribution from higher states of 13N,
neutral current (NC) scattering by 8B-# and hep# # NC and
CC interactions on carbon is estimated to be less than 0.13
events in the ROI, and is considered negligible given the other
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Figure 4 |Measured geoneutrino flux and models. a, Measured
geoneutrino flux at Kamioka and Gran Sasso, and expected fluxes at these
sites and Hawaii4. The solid and dashed red lines represent, respectively,
the fluxes for a fully radiogenic model assuming the homogeneous and
sunken-layer hypotheses. b, Measured geoneutrino flux after subtracting
the estimated crustal contribution. No modelling uncertainties are shown.
The right axis shows the corresponding radiogenic heat production
assuming a homogeneous mantle. The solid red line indicates the fully
radiogenic model where the contributions from the crust (7.0 TW) and the
other isotopes6,24 (4.3 TW) are subtracted from the total heat flow7

(44.2 TW). Error bars, see text.

on the mantle by making simple but appropriate assumptions to
constrain the model.

We take the Th:U ratio for each contributing layer to be fixed at
the standard BSEmodel value of 3.9 (ref. 5). The composition of the
crust is derived from a BSE model that incorporates the crust and a
detailed description of the local geology4. As a simplifying hypothe-
sis, U and Th are assumed to be uniformly distributed in themantle.
Figure 4a shows the measured geoneutrino fluxes at the Kamioka
and Gran Sasso experimental sites along with the predictions for
these locations and Hawaii, as an example of an oceanic site with a
significantly smaller crustal contribution. Combining the 238U and
232Th geoneutrino measurements of Borexino3 and KamLAND we
obtain 20.0+8.8

�8.6 TW. The result is in good agreement with the BSE
model prediction of 16 TW (ref. 5), as illustrated in Fig. 4b, where
the crust contribution is subtracted for clarity.

The fraction of the global heat production from radioactive
decay is called the ‘Urey ratio’. The mantle contribution alone is
referred to as the ‘convective Urey ratio’22. Most models, including
the BSEmodel used here, set the convective Urey ratio to about 0.3,
allowing for a substantial fraction of the heat to be of primordial
origin. Other models require convective Urey ratios up to⇠1.0 (see
discussion in ref. 23). Assuming extra mantle heat contributions
of 3.0 TW from other isotope decays6,24, the convective Urey ratio
deduced from the KamLAND and Borexino data is between 0.18
and 0.67 at the 68%CL, consistent with 0.3 from the BSEmodel.

A fully radiogenic model (Urey ratio of 1) is constructed by
introducing U and Th uniformly in the mantle (homogeneous
hypothesis) or, alternatively, by putting all of the U and Th at
the mantle–core interface (sunken-layer hypothesis). The latter
assumption is used in an attempt to test the compatibility of a
fully radiogenic model with the observed geoneutrino flux, by
distributing the source as far from the detectors as possible. The
fully radiogenic, homogeneous hypothesis is disfavoured at the
97.2% CL with the combination of KamLAND and Borexino data,
or at the 98.1% CL by KamLAND alone. Even within the sunken-
layer hypothesis, the fully radiogenic model is still disfavoured at
the 87%CL using KamLAND data alone.

The radiogenic heat estimation from the geoneutrino flux
depends on the modelling of the geology. We account for crustal
uncertainties by assuming 17% and 10% errors for the U and
Th content, including correlated errors as suggested in ref. 9. We
use the crustal model of ref. 25, assuming independent errors for
each layer (upper, middle and lower crust), and include extra

contributions from the error in the mass distribution and the
fractional uncertainty in the Th:U ratio9. The radiogenic heat
contribution from 238U and 232Th is estimated to be 19.9+9.2

�9.1 TW
by KamLAND and Borexino data, excluding the fully radiogenic
model at the 96.6% CL. If we use the more recently determined
heat-loss rate of 46±3 TW (ref. 26) the fully radiogenic exclusion
increases to 98.0% CL, slightly enhanced owing to the larger mean
value of the heat flow as compared with ref. 7, despite its larger
error. We conclude that these uncertainties have little impact on
the results at this stage.

It is expected that geoneutrino detectors operated at different
locations will significantly improve our knowledge of radiogenic
sources in the Earth. Larger detectors distant from commercial
reactors will reduce the uncertainties on the measured geoneutrino
flux. The geoneutrino flux strongly depends on the distance from
thick continental crusts, so the exposure to ⌫es at different locations
will provide better knowledge of the crustal contribution and
greater insight into the mantle. A detector in an oceanic location
with small crustal contribution would be very interesting in this
regard. The present detectors are all insensitive to 40K, and this will
remain an uncertainty unless new geoneutrino detectors with lower
threshold are developed.

Methods
The KamLAND inner detector consists of 1 kt of ultrapure LS contained
within a 13-m-diameter spherical balloon made of 135-µm-thick transparent
nylon/EVOH (ethylene vinyl alcohol copolymer) composite film. The balloon is
suspended in a bath of purified non-scintillating mineral oil contained inside an
18-m-diameter stainless-steel sphere. The LS contains 80% dodecane and 20%
pseudocumene (1,2,4-trimethylbenzene) by volume, as well as 1.36±0.03 g l�1

PPO (2,5-diphenyloxazole) as a fluorophore. The inner surface of the containment
sphere is covered by an array of 1,325 specially developed fast 20-inch-diameter
photomultiplier tubes (PMTs) masked to 17 inch diameter, and 554 older
unmasked 20 inch PMTs. The PMTs provide 34% solid-angle coverage in total. The
containment sphere is surrounded by a 3.2 kt cylindrical water–Cherenkov outer
detector instrumented with 225 PMTs of 20 inch diameter. The outer detector acts
as a veto counter for muons and helps shield the inner detector from �-rays and
neutrons produced in the surrounding rock.

Radioactive sources are periodically deployed inside the detector to calibrate
its energy response and position-reconstruction accuracy. The reconstruction of
event location is important to establish the prompt–delayed event correlation
and to define the fiducial volume used in the measurement. After accounting for
systematic effects, we find that the deviation of reconstructed event locations from
the actual locations is less than 3 cm, from which we derive a 1.8% uncertainty
in the absolute size of the fiducial volume. Source calibration data for the entire
fiducial volume are available only for the data recorded before the start of the LS
purification campaign in 2007. For the remaining data we carried out calibrations
along the vertical axis only. These calibrations were augmented with a study of
muon-induced 12B/12N decays27, resulting in a larger uncertainly of 2.5% on the
absolute size of the fiducial volume for the post-purification data.

KamLAND was designed and sited primarily to study the phenomenon of
neutrino oscillations using reactor ⌫e s. Therefore, such ⌫e s represent the largest
background in the present measurement because their energy spectrum partially
overlaps that of geoneutrinos. Substantial discrimination between the two is
achieved not only by fitting their energy spectra but also by exploiting the fact
that the reactor ⌫e rate varies with the output of the power plants whereas the
geoneutrino rate can be taken as constant over the timescale of the experiment.

The ⌫e event-selection criteria are optimized as a function of energy to
maximize the sensitivity to geoneutrinos while rejecting the accidental background
from radioactive contaminants in the detector. The event selection is based on the
discriminant L= f⌫e/(f⌫e + facc), where f⌫e and facc are probability density functions
for ⌫e signals and accidental backgrounds, respectively. These probability density
functions are based on six parameters (Ep, Ed, 1R, 1T , Rp, Rd), which represent,
respectively, the prompt and delayed event energies, their relative separations
in space and time and their radial distances from the detector centre. Owing to
an observed variation of the background rate with time, the probability density
function for accidental backgrounds is a time-dependent function constructed by
dividing the data set into five time periods. For the discrimination of accidental
backgrounds, we determine a selection value, Lcut(Ep), to maximize the figure of
merit S/

p
S+Bacc for each prompt energy interval of 0.1MeV, where S denotes

the expected signal rate and Bacc corresponds to the accidental background rate.
The selection efficiency and its uncertainty are obtained by comparing Monte
Carlo simulations with 68Ge and 241Am9Be source calibration data. The selection
efficiencies for geoneutrino signals produced by U and Th decays with energies
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For the geo !e flux measurement we incorporate all avail-
able constraints on the oscillation parameters. The insets in
Fig. 3 detail the observed spectra in the low-energy region for
each data taking period. Figure 6 shows the measured geo
!e event spectrum after subtracting the best-fit reactor !e and
background spectra. The best-fit to the unbinned data yields
116 and 8 geo !e’s from U and Th decays, respectively. The
joint confidence intervals for the sum NU+NTh and the asym-
metry factor (NU !NTh)/(NU +NTh) are shown in Fig. 7.
This result agrees with the expectation from the geological
reference model of [17]. We obtained an upper limit of <19
(90% C.L.) in the Th/U mass ratio, indicating the separation
of U and Th !e’s. Assuming a Th/U mass ratio of 3.9, as pre-
dicted by the geochemical model of [11] from the abundances
observed in chondritic meteorites, the total number of U and
Th geo !e events is 116+28

!27, with a !"2-profile as shown in
Fig. 7(b). This result corresponds to an (oscillated) !e flux of
3.4+0.8

!0.8 " 106 cm!2s!1 at KamLAND, or a total antineutrino
flux including all flavors of 6.2+1.5

!1.5 " 106 cm!2s!1. From
the !"2-profile (Fig. 7(b)), we find that the null hypothesis is
disfavored with a p-value of 2" 10!6.

The KamLAND data also tests the hypothesis of a natural
nuclear reactor in the Earth’s core [33] assuming a constant
power output over the duration of the experiment. The oscil-
lation parameters are constrained from the solar, accelerator,
and reactor neutrino data, while the contributions from geo-
logical reactor !e’s and from U and Th geo !e’s are allowed
to vary. The fit gives a limit on the geological reactor power
of <3.1 TW at 90% C.L. (<3.7 TW at 95% C.L.), an improve-
ment of a factor of 1.7 over the previous KamLAND result [3],
due primarily to the reduction of the commercial reactor !e

background in Period 3.

VII. CONSTRAINTS ON EARTHMODELS

While the mantle is the most massive layer of the Earth’s
interior, its chemical composition is still uncertain. A quan-
titative estimate of the heat production by radiogenic compo-
nents is of particular importance for understanding dynamic
processes such as mantle convection. Indeed, precisely how
the mantle convects is still not fully understood, and contro-
versy remains as to whether two-layer convection or whole-
volume convection provides a more accurate description. In
this work, we carry out a comparison of existing Earth models
using the KamLAND geo !e data on the basis of simple but
appropriate assumptions.

The crustal contribution to the flux at KamLAND can be es-
timated from compositional data through rock sampling [17].
Since current Earth models predict that the lithophiles U and
Th are absent in the core, for a first approximation of the radio-
genic heat, we attribute any excess above the crustal contribu-
tion to U and Th uniformly distributed throughout the mantle.
Under these generic assumptions, the measured KamLAND
geo !e flux translates to a total radiogenic heat production of
11.2+7.9

!5.1 TW from U and Th. This calculation accounts for
crustal uncertainties of 17% and 10% for U and Th, respec-
tively, including correlated errors as suggested in [34]. To
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FIG. 8: Geo !e flux versus radiogenic heat from the decay chains of
238U and 232Th. The measured geo !e flux (gray band) is com-
pared with the expectations for the different mantle models from
cosmochemical [36], geochemical [11], and geodynamical [37] es-
timates (color bands). The sloped band starting at 7 TW indicates
the response to the mantle !e flux, which varies between the homo-
geneous and sunken-layer hypotheses (solid lines), discussed in the
text. The upper and lower dashed lines incorporate the uncertainty in
the crustal contribution.

parameterize the planetary-scale energy balance, the fraction
of the global heat production from radioactive decays, the so-
called “Urey ratio”, is introduced. Allowing for mantle heat
contributions of 3.0 TW from other isotope decays [12, 35],
we find that the convective Urey ratio, the contribution to the
Urey ratio from just the mantle, is between 0.09 and 0.42 at
68% C.L. This range favors models that allow for a substan-
tial but not dominant contribution from the Earth’s primordial
heat supply.

Several established estimates of the BSE composition give
different geo !e flux predictions. Reference [38] categorizes
the models into three groups: geochemical, cosmochemical,
and geodynamical. Geochemical models [11], such as the
reference Earth model of [17], use primordial compositions
equal to those found in CI carbonaceous chondrites, but al-
low for elemental enrichment by differentiation, as deduced
from terrestrial samples. Cosmochemical models [36] assume
a mantle composition similar to that of enstatite chondrites,
and yield a lower radiogenic abundance. Geodynamical mod-
els [37], on the other hand, require higher radiogenic abun-
dances in order to drive realistic mantle convection.

In Fig 8, the observed geo !e flux at KamLAND is
compared with the expectations from these BSE composi-
tional models assuming a common estimated crustal contri-
bution [17]. The !e flux predictions vary within the plotted
vertical bands due to uncertainties in both the abundances of
radioactive elements in the mantle as well as their distribu-
tions. The spread of the slope reflects the difference between
two extreme radiochemical distributions: the “homogeneous
hypothesis” in which U and Th are assumed to be distributed

Phys Rev D 88:033001. 
(2013)
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We continue to study neutrino physics with KamLAND

are taken from [11]. This neutrino spectrum has been
tested to a few percent with short-baseline reactor !!!e
experiments [5,12]. The finite lifetimes of fission prod-
ucts introduce a 0.28% uncertainty to the !!!e flux. The
contribution from Korean reactors is estimated to be
!2:46" 0:25#% based on reported electric power gen-
eration. The rest of the World’s reactors contribute
!0:70" 0:35#% from an estimate using reactor specifica-
tions from the International Nuclear Safety Center [13].
In the absence of !!!e disappearance the expected number
of !!!e events is 86:8" 5:6; the systematic error contribu-
tions are listed in Table II.

The antineutrinos at KamLAND are provided by many
nuclear reactors but the flux is actually dominated by a
few powerful reactors at an average distance of $180 km.
More than 79% of the flux is from 26 reactors between
138–214 km away. One close reactor at 88 km contributes
6.7%; other reactors are more than 295 km away. The
relatively narrow band of distances allows KamLAND to
be sensitive to spectral distortions for certain oscillation
parameters.

Figure 3 shows the energy distribution of delayed co-
incidence events with no energy cuts. A well-separated
cluster of 2.2 MeV capture "’s is evident. One observed
event with delayed energy around 5 MeV and prompt
energy of about 3.1 MeV (not shown in Fig. 3) is consistent
with the expected neutron radiative capture rate on 12C.

The observed space-time correlation of the prompt and
delayed events agrees with expectations, and the mea-
sured capture time of 188" 23 #sec is consistent with
predictions for LS. After applying all the prompt and
delayed energy cuts, 54 events remain. Accounting for
$1 background event the probability of a fluctuation from
86.8 expected is <0:05% by Poisson statistics. The ratio
of observed reactor !!!e events to expected in the absence
of neutrino disappearance is

Nobs % NBG

Nexpected
& 0:611" 0:085!stat# " 0:041!syst#:

Figure 4 shows the ratio of measured to expected flux for
KamLAND as well as previous reactor experiments as a
function of the average distance from the source.

The expected prompt positron spectrum with no oscil-
lations and the best fit with reduced $2 & 0:31 for 8
degrees of freedom for two-flavor neutrino oscilla-
tions above the 2.6 MeV threshold are shown in Fig. 5.
A clear deficit of events is evident. At the 93% C.L.
the data are consistent with a distorted spectrum shape
expected from neutrino oscillations, but a scaled no-
oscillation shape is also consistent at 53% C.L. as deter-
mined by Monte Carlo.

The neutrino oscillation parameter region for two-
neutrino mixing is shown in Fig. 6. The dark shaded
area is the MSW-LMA [19] region at 95% C.L. derived
from [16]. The shaded region outside the solid line is
excluded at 95% C.L. from the rate analysis with
$2 ' 3:84 and

TABLE II. Estimated systematic uncertainties (%).

Total LS mass 2.1 Reactor power 2.0
Fiducial mass ratio 4.1 Fuel composition 1.0
Energy threshold 2.1 Time lag 0.28
Efficiency of cuts 2.1 !!! spectra [11] 2.5
Live time 0.07 Cross section [14] 0.2

Total systematic error 6.4%

FIG. 3 (color). Distribution of !!!e candidates after fiducial
volume, time, vertex correlation, and spallation cuts are ap-
plied. For !!!e events the prompt energy is attributed to positrons
and the delayed energy to neutron capture. Events within the
horizontal lines bracketing the delayed energy of 2.2 MeV are
consistent with thermal neutron capture on protons.
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KamLAND

6.5m

2000~

1,000 t
Liquid Scintillator

‣Detector Features
1,000t ultra-pure liquid scintillator

232U: 3.5x10-18 g/g, 238Th: 5.2x10-17 g/g

‣Physics

supernova neutrinos, etc.

reactor neutrinos
geo neutrinos

solar neutrinos

electron scattering inverse beta-decay! + e! ! ! + e! !̄e + p ! e+ + n

0.4 1.0 2.6 8.5
observed energy 

[MeV]

PRC 84, 035804 (2011)

Nature Vol. 436 (2005)
Nature Geoscience 4, 647-651 (2011)

PRL 100, 221803 (2008)
PRD 83, 052002 (2011)

PRL 92, 071301 (2004)
Astrophys. J. 745, 193 (2011)

Different neutrino physics in a 
wide energy range

‣KamLAND 3/23



2011~

1.54m

Xe loaded LS in 
a mini-balloon

6.5m

‣Physics

‣Detector Features

(383 kg of 136Xe enriched Xe installed)

136Xe loaded LS was installed in KamLAND 

neutrino-less double beta decay

‣KamLAND-Zen

Continue to use LS volume outside of mini-
balloon to measure anti-neutrino signals

KamLAND-Zen
Zero Neutrino 

double beta decay search
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‣Anti-neutrino Studies
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Figure 4 |Measured geoneutrino flux and models. a, Measured
geoneutrino flux at Kamioka and Gran Sasso, and expected fluxes at these
sites and Hawaii4. The solid and dashed red lines represent, respectively,
the fluxes for a fully radiogenic model assuming the homogeneous and
sunken-layer hypotheses. b, Measured geoneutrino flux after subtracting
the estimated crustal contribution. No modelling uncertainties are shown.
The right axis shows the corresponding radiogenic heat production
assuming a homogeneous mantle. The solid red line indicates the fully
radiogenic model where the contributions from the crust (7.0 TW) and the
other isotopes6,24 (4.3 TW) are subtracted from the total heat flow7

(44.2 TW). Error bars, see text.

on the mantle by making simple but appropriate assumptions to
constrain the model.

We take the Th:U ratio for each contributing layer to be fixed at
the standard BSEmodel value of 3.9 (ref. 5). The composition of the
crust is derived from a BSE model that incorporates the crust and a
detailed description of the local geology4. As a simplifying hypothe-
sis, U and Th are assumed to be uniformly distributed in themantle.
Figure 4a shows the measured geoneutrino fluxes at the Kamioka
and Gran Sasso experimental sites along with the predictions for
these locations and Hawaii, as an example of an oceanic site with a
significantly smaller crustal contribution. Combining the 238U and
232Th geoneutrino measurements of Borexino3 and KamLAND we
obtain 20.0+8.8

�8.6 TW. The result is in good agreement with the BSE
model prediction of 16 TW (ref. 5), as illustrated in Fig. 4b, where
the crust contribution is subtracted for clarity.

The fraction of the global heat production from radioactive
decay is called the ‘Urey ratio’. The mantle contribution alone is
referred to as the ‘convective Urey ratio’22. Most models, including
the BSEmodel used here, set the convective Urey ratio to about 0.3,
allowing for a substantial fraction of the heat to be of primordial
origin. Other models require convective Urey ratios up to⇠1.0 (see
discussion in ref. 23). Assuming extra mantle heat contributions
of 3.0 TW from other isotope decays6,24, the convective Urey ratio
deduced from the KamLAND and Borexino data is between 0.18
and 0.67 at the 68%CL, consistent with 0.3 from the BSEmodel.

A fully radiogenic model (Urey ratio of 1) is constructed by
introducing U and Th uniformly in the mantle (homogeneous
hypothesis) or, alternatively, by putting all of the U and Th at
the mantle–core interface (sunken-layer hypothesis). The latter
assumption is used in an attempt to test the compatibility of a
fully radiogenic model with the observed geoneutrino flux, by
distributing the source as far from the detectors as possible. The
fully radiogenic, homogeneous hypothesis is disfavoured at the
97.2% CL with the combination of KamLAND and Borexino data,
or at the 98.1% CL by KamLAND alone. Even within the sunken-
layer hypothesis, the fully radiogenic model is still disfavoured at
the 87%CL using KamLAND data alone.

The radiogenic heat estimation from the geoneutrino flux
depends on the modelling of the geology. We account for crustal
uncertainties by assuming 17% and 10% errors for the U and
Th content, including correlated errors as suggested in ref. 9. We
use the crustal model of ref. 25, assuming independent errors for
each layer (upper, middle and lower crust), and include extra

contributions from the error in the mass distribution and the
fractional uncertainty in the Th:U ratio9. The radiogenic heat
contribution from 238U and 232Th is estimated to be 19.9+9.2

�9.1 TW
by KamLAND and Borexino data, excluding the fully radiogenic
model at the 96.6% CL. If we use the more recently determined
heat-loss rate of 46±3 TW (ref. 26) the fully radiogenic exclusion
increases to 98.0% CL, slightly enhanced owing to the larger mean
value of the heat flow as compared with ref. 7, despite its larger
error. We conclude that these uncertainties have little impact on
the results at this stage.

It is expected that geoneutrino detectors operated at different
locations will significantly improve our knowledge of radiogenic
sources in the Earth. Larger detectors distant from commercial
reactors will reduce the uncertainties on the measured geoneutrino
flux. The geoneutrino flux strongly depends on the distance from
thick continental crusts, so the exposure to ⌫es at different locations
will provide better knowledge of the crustal contribution and
greater insight into the mantle. A detector in an oceanic location
with small crustal contribution would be very interesting in this
regard. The present detectors are all insensitive to 40K, and this will
remain an uncertainty unless new geoneutrino detectors with lower
threshold are developed.

Methods
The KamLAND inner detector consists of 1 kt of ultrapure LS contained
within a 13-m-diameter spherical balloon made of 135-µm-thick transparent
nylon/EVOH (ethylene vinyl alcohol copolymer) composite film. The balloon is
suspended in a bath of purified non-scintillating mineral oil contained inside an
18-m-diameter stainless-steel sphere. The LS contains 80% dodecane and 20%
pseudocumene (1,2,4-trimethylbenzene) by volume, as well as 1.36±0.03 g l�1

PPO (2,5-diphenyloxazole) as a fluorophore. The inner surface of the containment
sphere is covered by an array of 1,325 specially developed fast 20-inch-diameter
photomultiplier tubes (PMTs) masked to 17 inch diameter, and 554 older
unmasked 20 inch PMTs. The PMTs provide 34% solid-angle coverage in total. The
containment sphere is surrounded by a 3.2 kt cylindrical water–Cherenkov outer
detector instrumented with 225 PMTs of 20 inch diameter. The outer detector acts
as a veto counter for muons and helps shield the inner detector from �-rays and
neutrons produced in the surrounding rock.

Radioactive sources are periodically deployed inside the detector to calibrate
its energy response and position-reconstruction accuracy. The reconstruction of
event location is important to establish the prompt–delayed event correlation
and to define the fiducial volume used in the measurement. After accounting for
systematic effects, we find that the deviation of reconstructed event locations from
the actual locations is less than 3 cm, from which we derive a 1.8% uncertainty
in the absolute size of the fiducial volume. Source calibration data for the entire
fiducial volume are available only for the data recorded before the start of the LS
purification campaign in 2007. For the remaining data we carried out calibrations
along the vertical axis only. These calibrations were augmented with a study of
muon-induced 12B/12N decays27, resulting in a larger uncertainly of 2.5% on the
absolute size of the fiducial volume for the post-purification data.

KamLAND was designed and sited primarily to study the phenomenon of
neutrino oscillations using reactor ⌫e s. Therefore, such ⌫e s represent the largest
background in the present measurement because their energy spectrum partially
overlaps that of geoneutrinos. Substantial discrimination between the two is
achieved not only by fitting their energy spectra but also by exploiting the fact
that the reactor ⌫e rate varies with the output of the power plants whereas the
geoneutrino rate can be taken as constant over the timescale of the experiment.

The ⌫e event-selection criteria are optimized as a function of energy to
maximize the sensitivity to geoneutrinos while rejecting the accidental background
from radioactive contaminants in the detector. The event selection is based on the
discriminant L= f⌫e/(f⌫e + facc), where f⌫e and facc are probability density functions
for ⌫e signals and accidental backgrounds, respectively. These probability density
functions are based on six parameters (Ep, Ed, 1R, 1T , Rp, Rd), which represent,
respectively, the prompt and delayed event energies, their relative separations
in space and time and their radial distances from the detector centre. Owing to
an observed variation of the background rate with time, the probability density
function for accidental backgrounds is a time-dependent function constructed by
dividing the data set into five time periods. For the discrimination of accidental
backgrounds, we determine a selection value, Lcut(Ep), to maximize the figure of
merit S/

p
S+Bacc for each prompt energy interval of 0.1MeV, where S denotes

the expected signal rate and Bacc corresponds to the accidental background rate.
The selection efficiency and its uncertainty are obtained by comparing Monte
Carlo simulations with 68Ge and 241Am9Be source calibration data. The selection
efficiencies for geoneutrino signals produced by U and Th decays with energies

4 NATURE GEOSCIENCE | ADVANCE ONLINE PUBLICATION | www.nature.com/naturegeoscience

- Direct measurement 
of radiogenic heat 
contribution
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88km

KamLAND

‣Recent Condition : reactor operation in Japan

March ‘11 earthquake

- Following the Fukushima nuclear accident in March 
2011, the entire Japanese nuclear reactor industry has 
been subjected to protected shutdown.
- Reactor neutrino flux, which is outside the control of 
the experiment, was significantly reduced.
- This situation allows for a “reactor on-off” study of 
backgrounds for KamLAND neutrino oscillation and 
geoneutrino analysis.

time variation of neutrino flux

all reactor-off period 
(~3months)

July ’16 earthquake
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‣Data-set & Systematic Uncertainties
March ‘11earthquake

2011 data

KamLAND-Zen 
Phase

- Data-set

- Systematic Uncertainties

5

is highly model-dependent, the event rates from the U and Th
decay chains are not constrained in the oscillation analysis;
only the prompt energy spectrum shapes, which are indepen-
dent of the Earth model, are used to constrain their contribu-
tion. A possible contribution from a hypothetical reactor-!e

source at the Earth’s center, motivated by [20] and investigated
in [4] and [2], is neglected in the oscillation and geoneutrino
analysis, but is addressed briefly below.

In Period 1, the dominant background is the 13C(", n)16O
reaction, generated from the "-decay of 210Po in the LS.
The neutrons in this reaction are produced with energies
up to 7.3 MeV, but the visible energy is quenched to below
2.7 MeV. Accounting for the energy-dependent efficiency of
the Lcut(Ep), the estimated number of 13C(", n)16O back-
ground events is 207.1±26.3 in the energy region 0.9MeV <
Ep < 8.5MeV. The accidental background, which domi-
nated in Period 2 and 3, is measured with an out-of-time de-
layed coincidence window from 10 ms to 20 s to be 125.5±
0.1events. Including smaller contributions from cosmogeni-
cally activated radioactive isotopes, fast neutrons produced by
cosmic-ray muons, and atmospheric neutrinos, the total back-
ground is estimated to be 364.1 ± 30.5 events. The back-
grounds are detailed in Table I.

VI. ANTI-NEUTRINO MEASUREMENT AND
OSCILLATION ANALYSIS

After all selection cuts, we expect 3564 ± 145 events from
reactors in the absence of !e disappearance, and 364.1± 30.5
events from the backgrounds. The observed number is 2611
events.

To extract the neutrino oscillation parameters and geoneu-
trino fluxes anti-neutrino data is analyzed with an un-
binned maximum-likelihood method, which takes into ac-
count the event rate and time information in the energy region

TABLE II: Estimated systematic uncertainties for the neutrino oscil-
lation parameters !m2

21, !12, and !13 for the earlier / later periods
of measurement, denoted in the text as Period 1 / Period 2 and 3. The
overall uncertainties are 3.5% / 4.0% for Period 1 / Period 2 and 3.

Detector-related (%) Reactor-related (%)
!m2

21 Energy scale 1.8 / 1.8 "e-spectra [21] 0.6 / 0.6

Rate Fiducial volume 1.8 / 2.5 "e-spectra 1.4 / 1.4
Energy scale 1.1 / 1.3 Reactor power 2.1 / 2.1
Lcut(Ep) eff. 0.7 / 0.8 Fuel composition 1.0 / 1.0
Cross section 0.2 / 0.2 Long-lived nuclei 0.3 / 0.4
Total 2.3 / 3.0 Total 2.7 / 2.8
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FIG. 3: Prompt energy spectrum of "e candidate events above 0.9
MeV energy threshold (vertical dashed line) for each period, denoted
in the text. The background, reactor and geo "e contributions for
each period are fitted simultaneously from an unbinned maximum-
likelihood analysis in three-flavor oscillations. This fit is free from
constraints on the oscillation parameters from other experiments.
The prompt energy spectra of "e candidate events in the low-energy
region are also shows in the small panels. The top panel shows the
energy-dependent selection efficiencies for each period.

0.9MeV < Ep < 8.5MeV. The #2 is defined by

#2 = #2
rate($12, $13, !m2

21, NBG1!5, N
geo
U,Th,"1!4)

!2 lnLshape($12, $13, !m2
21, NBG1!5, N

geo
U,Th,"1!4)

+#2
BG(NBG1!5) + #2

syst("1!4)

+#2
osci($12, $13, !m2

21) . (8)

The terms are, in order: the #2 contribution for (i) the to-
tal rate, (ii) the prompt energy spectrum shape, (iii) a penalty
term for backgrounds, (iv) a penalty term for systematic un-
certainties, and (v) a penalty term for oscillation parameters.

before/after purification

- Spectral update
235U, 239Pu, 241Pu: P. Huber
238U: Th. Mueller et al.

- Cross section per fission was 
normalized by Bugey-4 result.
  (same method as Double Chooz result)

* Bugey-4 : short baseline (14m), performed 
most precise measurement of the neutrino 
inverse beta decay cross section.
* Analysis is insensitive to “Reactor Neutrino 
Anomaly”

2013 data-set : 2991 days
4.90×1032 proton-year

- 1.4 times of 2011 data-set
- Includes ~1year low-reactor 
operation period
- Data collected after KamLAND-
Zen construction is also included.

PRD 88, 033001 (2013)
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Surface heat flow
46 ± 3 TW

‣Terrestrial Heat - Heat Balance

Pollack et al. 1933, Rev. of Geophys.

crust heat flux measurement & calculation

after Jaupart et al 2008 Treatise of Geophysics

Mantle cooling
(18 TW)

Crust R*
(7 㼼 1 TW)
(Rudnick and Gao ’03

Huang et al ‘13)

Mantle R*
(13 㼼 4 TW)

Core
(~9 TW)

-

(4-15 TW)

Earth’s surface heat flow 46 㼼 3 TW

(0.4 TW) Tidal dissipation
Chemical differentiation

*R radiogenic heat
(after McDonough & Sun ’95)

total R*
20 㼼 4

Almost half of radiogenic heat 
contributes to the surface heat flow.
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Radiogenic heat in the Earth

‣Terrestrial Heat - Heat Balance

Geo-neutrino can directly test radiogenic heat production.

地球の熱収支

地球ニュートリノ検出によって放射化熱を直接テストできる

核の熱源
外核（金属流体）の対流によって地磁気が発生している

対流させるための熱源が必要 潜熱や重力エネルギーの解放
 or 放射性熱源が存在？

44TW

地表からの熱流量

U : 8 TW

Th : 8 TW

K : 3 TW

隕石の成分解析

放射化熱
19 TW

ケイ酸塩地球モデル (BSE model)

>

地球内部で発生する熱（放射化熱）は地表から放出される熱の約半分
地球は冷却中

U : 8 TW
Th : 8 TW
K : 3 TW

Bulk Silicate Earth (BSE) model

10~30 TW

composition of chondrite meteorite

This is not “direct measurement”. 

9/23



‣Geo-neutrino

地球内部に含まれる放射性物質も、ベータ崩壊を
して反電子ニュートリノを放出する。

ウラン、トリウム、カリウムなどは崩壊によってエネルギーを生成し、反電子
ニュートリノも放出するので、反ニュートリノ流量から熱生成量がわかる。

カムランドは、ウラン、トリウムからの反電子ニュートリノに感度がある。

238U!206 Pb + 8� + 6e� + 6⇥̄e + 51.7 MeV
232Th!208 Pb + 6� + 4e� + 4⇥̄e + 42.7 MeV
40K!40 Ca + e� + �̄e + 1.311 MeV(89.28%)

2005年には、地球反ニュートリノを観測できることを実証
KamLAND collaboration, “Experimental investigation of geologically produced antineutrinos with KamLAND”
Nature  436, 03980 (2005)
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Nature 436, 28 July 2005

Geo-neutrinos are a unique, direct window into the interior of the Earth!
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neutrino oscillation
P (E,L) ⇠ 1� 1

2
sin2 2✓12 (constant suppression)

Distance and Cumulative Flux
‣Geo-neutrino Flux at Kamioka

- 50%: distance < 500km
- 25%: distance < 50km
- 1~2%: from Kamioka mine

実際にどのあたりを見ているか 

半径ごとの積算フラックス 
こんなイメージ 

• 半分が半径 500 km から 
• 1/4 が半径 50 km から 
• 1~2% が神岡鉱山から 
 
• 1/4 がマントルから 

~500 km 

21 

KamLAND

Australia

Antarctica

South America

Greenland

North East Asia

実際にどのあたりを見ているか 

半径ごとの積算フラックス 
こんなイメージ 

• 半分が半径 500 km から 
• 1/4 が半径 50 km から 
• 1~2% が神岡鉱山から 
 
• 1/4 がマントルから 

~500 km 

21 
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4

TABLE I: Estimated backgrounds for !e in the energy range between 0.9MeV and 8.5MeV after event selection cuts.

Background Period 1 Period 2 Period 3 All Periods
(1486 days) (1154 days) (351 days) (2991 days)

1 Accidental 76.1 ± 0.1 44.7 ± 0.1 4.7 ± 0.1 125.5 ± 0.1
2 9Li/8He 17.9 ± 1.4 11.2 ± 1.1 2.5 ± 0.5 31.6 ± 1.9

3
! 13C(",n)16Og.s., elastic scattering 160.4 ± 16.4 16.5 ± 3.8 2.3 ± 1.0 179.0 ± 21.1

13C(",n)16Og.s., 12C(n,n !)12C" (4.4 MeV #) 6.9 ± 0.7 0.7 ± 0.2 0.10 ± 0.04 7.7 ± 0.9

4
! 13C(",n)16O", 1st e.s. (6.05 MeV e+e#) 14.6 ± 2.9 1.7 ± 0.5 0.21 ± 0.09 16.5 ± 3.5

13C(",n)16O", 2nd e.s. (6.13 MeV #) 3.4 ± 0.7 0.4 ± 0.1 0.05 ± 0.02 3.9 ± 0.8
5 Fast neutron and atmospheric neutrino < 7.7 < 5.9 < 1.7 < 15.3
Total 279.2 ± 22.1 75.2 ± 7.6 9.9 ± 2.1 364.1 ± 30.5
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FIG. 2: Time evolution of expected and observed rates at KamLAND for !e’s with energies between (a) 0.9MeV and 2.6MeV and (b)
2.6MeV and 8.5MeV. The points indicate the measured rates in a coarse time binning, while the curves show the expected rate variation for
reactor !e’s (black line), reactor !e’s + backgrounds (colored line), and reactor !e’s + backgrounds + geo !e’s (gray line). The geo !e rates
are calculated from the reference model [17]. The vertical bands correspond to data periods not used in the analysis. In the right panel of (a),
the data are grouped according to periods of similar expected reactor !e + background rates, as denoted by the colored bands. The observed
event rate for each group is plotted at the exposure-weighted expected event rate within the group. The efficiency-corrected best-fit value of
the geo !e rate from the full spectral analysis (dashed line), its 1$ error (shaded region), and the model expectation (gray line) are drawn for
comparison. The contribution of geo !e’s in (b) is negligible. The oscillation parameters used to calculate the expected reactor !e rate are the
best-fit values from the global oscillation analysis: tan2 %12 = 0.436+0.029

#0.025, !m2
21 = 7.53+0.18

#0.18 ! 10#5 eV2, and sin2 %13 = 0.023+0.002
#0.002.

and reshuffling data for all Japanese commercial reactors. The
thermal power generation used for the normalization of the
fission rates is measured to within 2%. Only four isotopes
contribute significantly to the !e emission spectra; the relative
fission yields, averaged over the entire live-time period for this
result, are (0.567 : 0.078 : 0.298 : 0.057) for (235U : 238U :
239Pu : 241Pu), respectively. A recent recalculation of the !e

spectra per fission of these isotopes introduced a !3% upward

shift [19, 20] relative to the previous standard calculation [21,
22], causing past measurements at short-baselines to appear
to have seen fewer !̄e’s than expected. It has been speculated
that this so-called Reactor Antineutrino Anomaly may be due
to some systematic uncertainty or bias, or could potentially
be due to oscillation into a heavy sterile neutrino state with
!m2 ! 1 eV2 [23]. To make our analysis insensitive to these
effects, the normalization of the cross section per fission for

‣Analysis  - Event rate (0.9-2.6 MeV)

constant contribution of geo-neutrino

all Japanese 
reactors 

shutdown
(~3 months)

March ‘11 
earthquake
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TABLE I: Estimated backgrounds for !e in the energy range between 0.9MeV and 8.5MeV after event selection cuts.

Background Period 1 Period 2 Period 3 All Periods
(1486 days) (1154 days) (351 days) (2991 days)

1 Accidental 76.1 ± 0.1 44.7 ± 0.1 4.7 ± 0.1 125.5 ± 0.1
2 9Li/8He 17.9 ± 1.4 11.2 ± 1.1 2.5 ± 0.5 31.6 ± 1.9

3
! 13C(",n)16Og.s., elastic scattering 160.4 ± 16.4 16.5 ± 3.8 2.3 ± 1.0 179.0 ± 21.1

13C(",n)16Og.s., 12C(n,n !)12C" (4.4 MeV #) 6.9 ± 0.7 0.7 ± 0.2 0.10 ± 0.04 7.7 ± 0.9

4
! 13C(",n)16O", 1st e.s. (6.05 MeV e+e#) 14.6 ± 2.9 1.7 ± 0.5 0.21 ± 0.09 16.5 ± 3.5

13C(",n)16O", 2nd e.s. (6.13 MeV #) 3.4 ± 0.7 0.4 ± 0.1 0.05 ± 0.02 3.9 ± 0.8
5 Fast neutron and atmospheric neutrino < 7.7 < 5.9 < 1.7 < 15.3
Total 279.2 ± 22.1 75.2 ± 7.6 9.9 ± 2.1 364.1 ± 30.5
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FIG. 2: Time evolution of expected and observed rates at KamLAND for !e’s with energies between (a) 0.9MeV and 2.6MeV and (b)
2.6MeV and 8.5 MeV. The points indicate the measured rates in a coarse time binning, while the curves show the expected rate variation for
reactor !e’s (black line), reactor !e’s + backgrounds (colored line), and reactor !e’s + backgrounds + geo !e’s (gray line). The geo !e rates
are calculated from the reference model [17]. The vertical bands correspond to data periods not used in the analysis. In the right panel of (a),
the data are grouped according to periods of similar expected reactor !e + background rates, as denoted by the colored bands. The observed
event rate for each group is plotted at the exposure-weighted expected event rate within the group. The efficiency-corrected best-fit value of
the geo !e rate from the full spectral analysis (dashed line), its 1$ error (shaded region), and the model expectation (gray line) are drawn for
comparison. The contribution of geo !e’s in (b) is negligible. The oscillation parameters used to calculate the expected reactor !e rate are the
best-fit values from the global oscillation analysis: tan2 %12 = 0.436+0.029

#0.025, !m2
21 = 7.53+0.18

#0.18 ! 10#5 eV2, and sin2 %13 = 0.023+0.002
#0.002.

and reshuffling data for all Japanese commercial reactors. The
thermal power generation used for the normalization of the
fission rates is measured to within 2%. Only four isotopes
contribute significantly to the !e emission spectra; the relative
fission yields, averaged over the entire live-time period for this
result, are (0.567 : 0.078 : 0.298 : 0.057) for (235U : 238U :
239Pu : 241Pu), respectively. A recent recalculation of the !e

spectra per fission of these isotopes introduced a !3% upward

shift [19, 20] relative to the previous standard calculation [21,
22], causing past measurements at short-baselines to appear
to have seen fewer !̄e’s than expected. It has been speculated
that this so-called Reactor Antineutrino Anomaly may be due
to some systematic uncertainty or bias, or could potentially
be due to oscillation into a heavy sterile neutrino state with
!m2 ! 1 eV2 [23]. To make our analysis insensitive to these
effects, the normalization of the cross section per fission for
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Time Variation of Event Rate

long-term shutdown 
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Data have good agreement with expected rate

KamLAND-Zen 
start

Period 1: Mar. 2002 - May 2007

2.6 < Ep < 8.5 MeV

Period 2: May 2007 - Aug. 2011 (after LS purification)
Period 3: Oct. 2011 - Nov. 2012 (after KamLAND-Zen start)

Total livetime  
2991 days

- Backgrounds :
    LS purification → non-neutrino backgrounds reduction
    Earthquake → reactor neutrino reduction
- Constant contribution of geo-neutrino
    Time information is useful to extract the geo-neutrino signal
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‣Analysis  - Correlation (0.9-2.6 MeV)
- Expected Rate vs Observed Rate (0.9-2.6 MeV)

4

TABLE I: Estimated backgrounds for !e in the energy range between 0.9MeV and 8.5MeV after event selection cuts.

Background Period 1 Period 2 Period 3 All Periods
(1486 days) (1154 days) (351 days) (2991 days)

1 Accidental 76.1 ± 0.1 44.7 ± 0.1 4.7 ± 0.1 125.5 ± 0.1
2 9Li/8He 17.9 ± 1.4 11.2 ± 1.1 2.5 ± 0.5 31.6 ± 1.9

3
! 13C(",n)16Og.s., elastic scattering 160.4 ± 16.4 16.5 ± 3.8 2.3 ± 1.0 179.0 ± 21.1

13C(",n)16Og.s., 12C(n,n !)12C" (4.4 MeV #) 6.9 ± 0.7 0.7 ± 0.2 0.10 ± 0.04 7.7 ± 0.9

4
! 13C(",n)16O", 1st e.s. (6.05 MeV e+e#) 14.6 ± 2.9 1.7 ± 0.5 0.21 ± 0.09 16.5 ± 3.5

13C(",n)16O", 2nd e.s. (6.13 MeV #) 3.4 ± 0.7 0.4 ± 0.1 0.05 ± 0.02 3.9 ± 0.8
5 Fast neutron and atmospheric neutrino < 7.7 < 5.9 < 1.7 < 15.3
Total 279.2 ± 22.1 75.2 ± 7.6 9.9 ± 2.1 364.1 ± 30.5
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FIG. 2: Time evolution of expected and observed rates at KamLAND for !e’s with energies between (a) 0.9MeV and 2.6MeV and (b)
2.6MeV and 8.5 MeV. The points indicate the measured rates in a coarse time binning, while the curves show the expected rate variation for
reactor !e’s (black line), reactor !e’s + backgrounds (colored line), and reactor !e’s + backgrounds + geo !e’s (gray line). The geo !e rates
are calculated from the reference model [17]. The vertical bands correspond to data periods not used in the analysis. In the right panel of (a),
the data are grouped according to periods of similar expected reactor !e + background rates, as denoted by the colored bands. The observed
event rate for each group is plotted at the exposure-weighted expected event rate within the group. The efficiency-corrected best-fit value of
the geo !e rate from the full spectral analysis (dashed line), its 1$ error (shaded region), and the model expectation (gray line) are drawn for
comparison. The contribution of geo !e’s in (b) is negligible. The oscillation parameters used to calculate the expected reactor !e rate are the
best-fit values from the global oscillation analysis: tan2 %12 = 0.436+0.029

#0.025, !m2
21 = 7.53+0.18

#0.18 ! 10#5 eV2, and sin2 %13 = 0.023+0.002
#0.002.

and reshuffling data for all Japanese commercial reactors. The
thermal power generation used for the normalization of the
fission rates is measured to within 2%. Only four isotopes
contribute significantly to the !e emission spectra; the relative
fission yields, averaged over the entire live-time period for this
result, are (0.567 : 0.078 : 0.298 : 0.057) for (235U : 238U :
239Pu : 241Pu), respectively. A recent recalculation of the !e

spectra per fission of these isotopes introduced a !3% upward

shift [19, 20] relative to the previous standard calculation [21,
22], causing past measurements at short-baselines to appear
to have seen fewer !̄e’s than expected. It has been speculated
that this so-called Reactor Antineutrino Anomaly may be due
to some systematic uncertainty or bias, or could potentially
be due to oscillation into a heavy sterile neutrino state with
!m2 ! 1 eV2 [23]. To make our analysis insensitive to these
effects, the normalization of the cross section per fission for
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TABLE I: Estimated backgrounds for !e in the energy range between 0.9MeV and 8.5MeV after event selection cuts.

Background Period 1 Period 2 Period 3 All Periods
(1486 days) (1154 days) (351 days) (2991 days)

1 Accidental 76.1 ± 0.1 44.7 ± 0.1 4.7 ± 0.1 125.5 ± 0.1
2 9Li/8He 17.9 ± 1.4 11.2 ± 1.1 2.5 ± 0.5 31.6 ± 1.9
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13C(",n)16O", 2nd e.s. (6.13 MeV #) 3.4 ± 0.7 0.4 ± 0.1 0.05 ± 0.02 3.9 ± 0.8
5 Fast neutron and atmospheric neutrino < 7.7 < 5.9 < 1.7 < 15.3
Total 279.2 ± 22.1 75.2 ± 7.6 9.9 ± 2.1 364.1 ± 30.5
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FIG. 2: Time evolution of expected and observed rates at KamLAND for !e’s with energies between (a) 0.9MeV and 2.6MeV and (b)
2.6MeV and 8.5 MeV. The points indicate the measured rates in a coarse time binning, while the curves show the expected rate variation for
reactor !e’s (black line), reactor !e’s + backgrounds (colored line), and reactor !e’s + backgrounds + geo !e’s (gray line). The geo !e rates
are calculated from the reference model [17]. The vertical bands correspond to data periods not used in the analysis. In the right panel of (a),
the data are grouped according to periods of similar expected reactor !e + background rates, as denoted by the colored bands. The observed
event rate for each group is plotted at the exposure-weighted expected event rate within the group. The efficiency-corrected best-fit value of
the geo !e rate from the full spectral analysis (dashed line), its 1$ error (shaded region), and the model expectation (gray line) are drawn for
comparison. The contribution of geo !e’s in (b) is negligible. The oscillation parameters used to calculate the expected reactor !e rate are the
best-fit values from the global oscillation analysis: tan2 %12 = 0.436+0.029

#0.025, !m2
21 = 7.53+0.18

#0.18 ! 10#5 eV2, and sin2 %13 = 0.023+0.002
#0.002.

and reshuffling data for all Japanese commercial reactors. The
thermal power generation used for the normalization of the
fission rates is measured to within 2%. Only four isotopes
contribute significantly to the !e emission spectra; the relative
fission yields, averaged over the entire live-time period for this
result, are (0.567 : 0.078 : 0.298 : 0.057) for (235U : 238U :
239Pu : 241Pu), respectively. A recent recalculation of the !e

spectra per fission of these isotopes introduced a !3% upward

shift [19, 20] relative to the previous standard calculation [21,
22], causing past measurements at short-baselines to appear
to have seen fewer !̄e’s than expected. It has been speculated
that this so-called Reactor Antineutrino Anomaly may be due
to some systematic uncertainty or bias, or could potentially
be due to oscillation into a heavy sterile neutrino state with
!m2 ! 1 eV2 [23]. To make our analysis insensitive to these
effects, the normalization of the cross section per fission for

2011 result
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‣Analysis : Energy Spectrum (0.9-2.6 MeV)
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on the oscillation parameters. The shaded background and geo !e
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dashed and dotted lines show the best-fit U and Th spectral contri-
butions, respectively. The blue shaded curve shows the calculation
of a geological reference model. Top panel: the energy-dependent
selection efficiency.

The fit values for the different combinations are summarized
in Table III. Figure 4 shows the extracted confidence intervals
in the (tan2 !12, !m2

21) plane with and without the !13 con-
straint.

The KamLAND data illustrates the oscillatory shape of re-
actor "e’s arising from the neutrino oscillations. The ratio of
the background- and geo-"e-subtracted reactor "e events to
the no-oscillation expectation is shown in Fig. 5 as a function
of L0/E, where L0 = 180 km is the flux-weighted average
reactor baseline. The improved determination of the geo "e

flux resulting from the addition of the reactor-off data makes
the second peak at L0/E = 70 km/MeV more evident than
in previous analyses.

For the geo "e flux measurement we incorporate all avail-
able constraints on the oscillation parameters. The insets in
Fig. 3 detail the observed spectra in the low-energy region for
each data taking period. Figure 6 shows the measured geo
"e event spectrum after subtracting the best-fit reactor "e and
background spectra. The best-fit to the unbinned data yields
116 and 8 geo "e’s from U and Th decays, respectively. The
joint confidence intervals for the sum NU + NTh and the
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FIG. 7: (a) Confidence level (C.L.) contours for the observed geo !e

event rates. The small shaded region represents the prediction from
the reference model of [18]. The vertical dashed line represents the
value of (NU!NTh)/(NU+NTh) expected from a Th/U mass ratio
of 3.9 derived from chondritic meteorites. (b) !"2-profile from the
fit to the total number of geo !e events, fixing the Th/U mass ratio
at 3.9. The grey band represent the geochemical model prediction,
assuming 20% deviation in abundance estimates.

asymmetry factor (NU ! NTh)/(NU + NTh) are shown in
Fig. 7. This result agrees with the expectation from the geo-
logical reference model of [18]. While the contributions from
U and Th are anti-correlated, as shown in Fig. 7(a), we ob-
tained an upper limit of <19 (90% C.L.) in the Th/U mass
ratio, indicating the separation of U and Th "e’s. Assum-
ing a Th/U mass ratio of 3.9, as predicted by the geochemical
model of [11] from the abundances observed in chondritic me-
teorites, the total number of U and Th geo "e events is 116+28

!27,
with a !#2-profile as shown in Fig. 7(b). This result corre-

Earth model prediction
EPSL 258, 147 (2007)y-axis : number of U and Th 

geo-neutrino

x-axis : ratio between U and Th geo-neutrino
→ U, Th mass ratio

Th/U = 3.9 fixed

NU = 0 NTh = 0

・KamLAND best-fit Th/U < 19 (90% C.L.)
✦limits on Th/U ratio

✦Th/U mass ratio
(Th/U = 3.9)

Ngeo = 116     events+28
-27

Fgeo = 3.4    × 106/cm2/sec+0.8
-0.8

Number of geo-neutrino
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on the oscillation parameters. The shaded background and geo !e

histograms are cumulative. Middle panel: observed geo !e spectrum
after subtraction of reactor !e’s and other background sources. The
dashed and dotted lines show the best-fit U and Th spectral contri-
butions, respectively. The blue shaded curve shows the calculation
of a geological reference model. Top panel: the energy-dependent
selection efficiency.

The fit values for the different combinations are summarized
in Table III. Figure 4 shows the extracted confidence intervals
in the (tan2 !12, !m2

21) plane with and without the !13 con-
straint.

The KamLAND data illustrates the oscillatory shape of re-
actor "e’s arising from the neutrino oscillations. The ratio of
the background- and geo-"e-subtracted reactor "e events to
the no-oscillation expectation is shown in Fig. 5 as a function
of L0/E, where L0 = 180 km is the flux-weighted average
reactor baseline. The improved determination of the geo "e

flux resulting from the addition of the reactor-off data makes
the second peak at L0/E = 70 km/MeV more evident than
in previous analyses.

For the geo "e flux measurement we incorporate all avail-
able constraints on the oscillation parameters. The insets in
Fig. 3 detail the observed spectra in the low-energy region for
each data taking period. Figure 6 shows the measured geo
"e event spectrum after subtracting the best-fit reactor "e and
background spectra. The best-fit to the unbinned data yields
116 and 8 geo "e’s from U and Th decays, respectively. The
joint confidence intervals for the sum NU + NTh and the
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FIG. 7: (a) Confidence level (C.L.) contours for the observed geo !e

event rates. The small shaded region represents the prediction from
the reference model of [18]. The vertical dashed line represents the
value of (NU!NTh)/(NU+NTh) expected from a Th/U mass ratio
of 3.9 derived from chondritic meteorites. (b) !"2-profile from the
fit to the total number of geo !e events, fixing the Th/U mass ratio
at 3.9. The grey band represent the geochemical model prediction,
assuming 20% deviation in abundance estimates.

asymmetry factor (NU ! NTh)/(NU + NTh) are shown in
Fig. 7. This result agrees with the expectation from the geo-
logical reference model of [18]. While the contributions from
U and Th are anti-correlated, as shown in Fig. 7(a), we ob-
tained an upper limit of <19 (90% C.L.) in the Th/U mass
ratio, indicating the separation of U and Th "e’s. Assum-
ing a Th/U mass ratio of 3.9, as predicted by the geochemical
model of [11] from the abundances observed in chondritic me-
teorites, the total number of U and Th geo "e events is 116+28

!27,
with a !#2-profile as shown in Fig. 7(b). This result corre-

Th/U=3.9

projection on
NU+NTh axis

0signal is rejected at
99.9998% C.L.

almost same as model 
prediction

Th/U < 19 (90% C.L.)
✦limits on Th/U ratio

Earth model prediction
EPSL 258, 147 (2007)

‣Analysis : Rate+Shape+Time Analysis (2)

✦Th/U mass ratio
(Th/U = 3.9)

Ngeo = 116     events+28
-27

Fgeo = 3.4    × 106/cm2/sec+0.8
-0.8

Number of geo-neutrino
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For the geo !e flux measurement we incorporate all avail-
able constraints on the oscillation parameters. The insets in
Fig. 3 detail the observed spectra in the low-energy region for
each data taking period. Figure 6 shows the measured geo
!e event spectrum after subtracting the best-fit reactor !e and
background spectra. The best-fit to the unbinned data yields
116 and 8 geo !e’s from U and Th decays, respectively. The
joint confidence intervals for the sum NU+NTh and the asym-
metry factor (NU !NTh)/(NU +NTh) are shown in Fig. 7.
This result agrees with the expectation from the geological
reference model of [17]. We obtained an upper limit of <19
(90% C.L.) in the Th/U mass ratio, indicating the separation
of U and Th !e’s. Assuming a Th/U mass ratio of 3.9, as pre-
dicted by the geochemical model of [11] from the abundances
observed in chondritic meteorites, the total number of U and
Th geo !e events is 116+28

!27, with a !"2-profile as shown in
Fig. 7(b). This result corresponds to an (oscillated) !e flux of
3.4+0.8

!0.8 " 106 cm!2s!1 at KamLAND, or a total antineutrino
flux including all flavors of 6.2+1.5

!1.5 " 106 cm!2s!1. From
the !"2-profile (Fig. 7(b)), we find that the null hypothesis is
disfavored with a p-value of 2" 10!6.

The KamLAND data also tests the hypothesis of a natural
nuclear reactor in the Earth’s core [33] assuming a constant
power output over the duration of the experiment. The oscil-
lation parameters are constrained from the solar, accelerator,
and reactor neutrino data, while the contributions from geo-
logical reactor !e’s and from U and Th geo !e’s are allowed
to vary. The fit gives a limit on the geological reactor power
of <3.1 TW at 90% C.L. (<3.7 TW at 95% C.L.), an improve-
ment of a factor of 1.7 over the previous KamLAND result [3],
due primarily to the reduction of the commercial reactor !e

background in Period 3.

VII. CONSTRAINTS ON EARTHMODELS

While the mantle is the most massive layer of the Earth’s
interior, its chemical composition is still uncertain. A quan-
titative estimate of the heat production by radiogenic compo-
nents is of particular importance for understanding dynamic
processes such as mantle convection. Indeed, precisely how
the mantle convects is still not fully understood, and contro-
versy remains as to whether two-layer convection or whole-
volume convection provides a more accurate description. In
this work, we carry out a comparison of existing Earth models
using the KamLAND geo !e data on the basis of simple but
appropriate assumptions.

The crustal contribution to the flux at KamLAND can be es-
timated from compositional data through rock sampling [17].
Since current Earth models predict that the lithophiles U and
Th are absent in the core, for a first approximation of the radio-
genic heat, we attribute any excess above the crustal contribu-
tion to U and Th uniformly distributed throughout the mantle.
Under these generic assumptions, the measured KamLAND
geo !e flux translates to a total radiogenic heat production of
11.2+7.9

!5.1 TW from U and Th. This calculation accounts for
crustal uncertainties of 17% and 10% for U and Th, respec-
tively, including correlated errors as suggested in [34]. To
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FIG. 8: Geo !e flux versus radiogenic heat from the decay chains of
238U and 232Th. The measured geo !e flux (gray band) is com-
pared with the expectations for the different mantle models from
cosmochemical [36], geochemical [11], and geodynamical [37] es-
timates (color bands). The sloped band starting at 7 TW indicates
the response to the mantle !e flux, which varies between the homo-
geneous and sunken-layer hypotheses (solid lines), discussed in the
text. The upper and lower dashed lines incorporate the uncertainty in
the crustal contribution.

parameterize the planetary-scale energy balance, the fraction
of the global heat production from radioactive decays, the so-
called “Urey ratio”, is introduced. Allowing for mantle heat
contributions of 3.0 TW from other isotope decays [12, 35],
we find that the convective Urey ratio, the contribution to the
Urey ratio from just the mantle, is between 0.09 and 0.42 at
68% C.L. This range favors models that allow for a substan-
tial but not dominant contribution from the Earth’s primordial
heat supply.

Several established estimates of the BSE composition give
different geo !e flux predictions. Reference [38] categorizes
the models into three groups: geochemical, cosmochemical,
and geodynamical. Geochemical models [11], such as the
reference Earth model of [17], use primordial compositions
equal to those found in CI carbonaceous chondrites, but al-
low for elemental enrichment by differentiation, as deduced
from terrestrial samples. Cosmochemical models [36] assume
a mantle composition similar to that of enstatite chondrites,
and yield a lower radiogenic abundance. Geodynamical mod-
els [37], on the other hand, require higher radiogenic abun-
dances in order to drive realistic mantle convection.

In Fig 8, the observed geo !e flux at KamLAND is
compared with the expectations from these BSE composi-
tional models assuming a common estimated crustal contri-
bution [17]. The !e flux predictions vary within the plotted
vertical bands due to uncertainties in both the abundances of
radioactive elements in the mantle as well as their distribu-
tions. The spread of the slope reflects the difference between
two extreme radiochemical distributions: the “homogeneous
hypothesis” in which U and Th are assumed to be distributed

crust uncertainty

Earth model prediction
EPSL 258, 147 (2007)

‣Analysis : Comparison with Models
[BSE composition models]
Geodynamical
based on balancing mantle 
viscosity and heat dissipation

Geochemical
based on mantle samples compared 
with chondrites

Cosmochemical
based on isotope constraints and 
chondritic models

- KamLAND geo-neutrino flux translates to a total radiogenic 
heat production : 11.2 +7.9-5.1 TW
- The geodynamical prediction with the homogeneous 
hypothesis is disfavored at 89% C.L.
- All BSE compositional models are still consistent within ~2 σ.

30TW

20TW

10TW
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For the geo !e flux measurement we incorporate all avail-
able constraints on the oscillation parameters. The insets in
Fig. 3 detail the observed spectra in the low-energy region for
each data taking period. Figure 6 shows the measured geo
!e event spectrum after subtracting the best-fit reactor !e and
background spectra. The best-fit to the unbinned data yields
116 and 8 geo !e’s from U and Th decays, respectively. The
joint confidence intervals for the sum NU+NTh and the asym-
metry factor (NU !NTh)/(NU +NTh) are shown in Fig. 7.
This result agrees with the expectation from the geological
reference model of [17]. We obtained an upper limit of <19
(90% C.L.) in the Th/U mass ratio, indicating the separation
of U and Th !e’s. Assuming a Th/U mass ratio of 3.9, as pre-
dicted by the geochemical model of [11] from the abundances
observed in chondritic meteorites, the total number of U and
Th geo !e events is 116+28

!27, with a !"2-profile as shown in
Fig. 7(b). This result corresponds to an (oscillated) !e flux of
3.4+0.8

!0.8 " 106 cm!2s!1 at KamLAND, or a total antineutrino
flux including all flavors of 6.2+1.5

!1.5 " 106 cm!2s!1. From
the !"2-profile (Fig. 7(b)), we find that the null hypothesis is
disfavored with a p-value of 2" 10!6.

The KamLAND data also tests the hypothesis of a natural
nuclear reactor in the Earth’s core [33] assuming a constant
power output over the duration of the experiment. The oscil-
lation parameters are constrained from the solar, accelerator,
and reactor neutrino data, while the contributions from geo-
logical reactor !e’s and from U and Th geo !e’s are allowed
to vary. The fit gives a limit on the geological reactor power
of <3.1 TW at 90% C.L. (<3.7 TW at 95% C.L.), an improve-
ment of a factor of 1.7 over the previous KamLAND result [3],
due primarily to the reduction of the commercial reactor !e

background in Period 3.

VII. CONSTRAINTS ON EARTHMODELS

While the mantle is the most massive layer of the Earth’s
interior, its chemical composition is still uncertain. A quan-
titative estimate of the heat production by radiogenic compo-
nents is of particular importance for understanding dynamic
processes such as mantle convection. Indeed, precisely how
the mantle convects is still not fully understood, and contro-
versy remains as to whether two-layer convection or whole-
volume convection provides a more accurate description. In
this work, we carry out a comparison of existing Earth models
using the KamLAND geo !e data on the basis of simple but
appropriate assumptions.

The crustal contribution to the flux at KamLAND can be es-
timated from compositional data through rock sampling [17].
Since current Earth models predict that the lithophiles U and
Th are absent in the core, for a first approximation of the radio-
genic heat, we attribute any excess above the crustal contribu-
tion to U and Th uniformly distributed throughout the mantle.
Under these generic assumptions, the measured KamLAND
geo !e flux translates to a total radiogenic heat production of
11.2+7.9

!5.1 TW from U and Th. This calculation accounts for
crustal uncertainties of 17% and 10% for U and Th, respec-
tively, including correlated errors as suggested in [34]. To
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FIG. 8: Geo !e flux versus radiogenic heat from the decay chains of
238U and 232Th. The measured geo !e flux (gray band) is com-
pared with the expectations for the different mantle models from
cosmochemical [36], geochemical [11], and geodynamical [37] es-
timates (color bands). The sloped band starting at 7 TW indicates
the response to the mantle !e flux, which varies between the homo-
geneous and sunken-layer hypotheses (solid lines), discussed in the
text. The upper and lower dashed lines incorporate the uncertainty in
the crustal contribution.

parameterize the planetary-scale energy balance, the fraction
of the global heat production from radioactive decays, the so-
called “Urey ratio”, is introduced. Allowing for mantle heat
contributions of 3.0 TW from other isotope decays [12, 35],
we find that the convective Urey ratio, the contribution to the
Urey ratio from just the mantle, is between 0.09 and 0.42 at
68% C.L. This range favors models that allow for a substan-
tial but not dominant contribution from the Earth’s primordial
heat supply.

Several established estimates of the BSE composition give
different geo !e flux predictions. Reference [38] categorizes
the models into three groups: geochemical, cosmochemical,
and geodynamical. Geochemical models [11], such as the
reference Earth model of [17], use primordial compositions
equal to those found in CI carbonaceous chondrites, but al-
low for elemental enrichment by differentiation, as deduced
from terrestrial samples. Cosmochemical models [36] assume
a mantle composition similar to that of enstatite chondrites,
and yield a lower radiogenic abundance. Geodynamical mod-
els [37], on the other hand, require higher radiogenic abun-
dances in order to drive realistic mantle convection.

In Fig 8, the observed geo !e flux at KamLAND is
compared with the expectations from these BSE composi-
tional models assuming a common estimated crustal contri-
bution [17]. The !e flux predictions vary within the plotted
vertical bands due to uncertainties in both the abundances of
radioactive elements in the mantle as well as their distribu-
tions. The spread of the slope reflects the difference between
two extreme radiochemical distributions: the “homogeneous
hypothesis” in which U and Th are assumed to be distributed

We will achieve 
15~16% uncertainty 
with additional 5 year 

measurement.
(We already have 

another 2-year data.)
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‣KamLAND2(-Zen) : better energy resolution
upgrade to KamLAND

KamLAND2-Zen

σ(2.6MeV)= 4% → < 2.5％

accommodate various devices 
CaF2, CdWO4, NaI, … Winstone Cone High Q.E. PMT

Photo-coverage >  x2
Light Collection Eff. >  x1.8

x1.4

17”Φ→20”Φ, ε=22% → 30% 

x1.9

General-purpose High performance

1000 kg enriched Xe

New Liquid Scintillator
KamLAND liquid scintillator   8,000 photon/MeV 
typical liquid scintillator        12,000 photon/MeV  　

naive calc. < 2%

larger crane 
strengthen floor 
enlarge opening

target ⟨mββ⟩ ~ 20 meV / 5 year

enlarge opening
accommodate 
various devices 
(CaF2, CdWO4, 
NaI, ...)

larger Xe-LS balloon
      ~1000kg enriched Xe

* improvement of U/Th ratio
* fiducial volume enlargementgeo-neutrino measurement

High performance
* Winstone Cone* High Q.E. PMT

17”Φ→20”Φ,
ε=22% → 30%

Photo-coverage > ×2
Light Collecting Eff. > ×1.8 ×1.9
* New Liquid Scintillator ×1.4
LAB based LS (8,000 → 12,000 photon/MeV)
energy resolution improved
  : 6.4%/√E[MeV]→4.0%/√E[MeV]

photon
yield
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3.1. 液体シンチレータによる方向検出 19
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図 3.9: ニュートリノのエネルギーと陽電子、中性子の反跳角の相関 : 3MeV以下の
時中性子の反跳角は 35!以下に抑えることが出来る。
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図 3.10: ニュートリノのエネルギーと中性子の運動エネルギー、反跳角の相関 : 3MeV
以下の時中性子の運動エネルギーは十数 keV以下である。
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[current liquid scintillator]

‣Reaction in Liquid Scintillator

νe P

e+

θe

prompt signal

�(0.511MeV)

e-
�(0.511MeV)

delayed signal
α

3H

6Li
n

Q=4.8MeV
θnn

νe P
θn

e+

θe

prompt signal

�(0.511MeV)

e-
�(0.511MeV)

40cm

d
n
P

�(2.2MeV)delayed signal

thermal diffusion

ΔT=200µsec

Problems
1.directional data is 
lost due to the thermal 
diffusion.

2.�-ray travels 40cm

Improvement

1.minimize the thermal 
diffusion

2.α-ray can’t travel long

introduction of  neutron 

capture nucleus

candidates:6Li, 10B
✓large neutron 
capture cross section
✓(n,α)reaction

Development of Liquid Scintillator

ΔT=20µsec
(0.15wt%)

11

[Li loaded liquid scintillator]

- large neutron capture cross section
    (6Li 940 barns vs 1H 0.3 barns)
- α does’t travel far

+
high vertex resolution imaging detector
- higher than 2 cm resolution (PMT ~10cm)

‣Directional measurement (1) 21/23
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Li solubility

•How to dissolve Li in LS?
-behavior of Li component
   ① insolvable in oil

   ② solvable in water

mix organic solvent and Li compound 
aqueous solution with surfactant 

①pseudecumene 

+ surfactant

③Li compound 

+water

②PPO

*surfactant : Triton X (product name)

Polyoxyethylene(10) Nonylephenyl Ether (POE)

*Li compound : LiBr

O H
H3C O

10
hydrophobic group hydrophilic group

We have developed the 6Li loaded 
LS by the original method.

exposure to 
ultraviolet light

best

186.8g/100g water

17

LiBr water 
solution

+surfactant
+PC+PPO
We have developed 6Li-LS by 
the original method

* 6Li neutron capture measurement
Delayed Energy
 : 541.6keV

α acquisition efficiency:90% 
γ rejection efficiency:94.27%

PSD quality

6Li LS Imaging Detector

X [cm]
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x
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0

2000

4000

6000

8000

10000

12000

14000

Charge DistibutionCharge Distibution- light collection by lens array or mirror
- image capture by Image intensifier
+CCD camera or multi-anode PMT ~2cm

[60Co source bright spot separation]
(LS size : 6cm×6cm×3cm)

On going work

42

z

y

x

Set 90 detectors

Set light source : 
(x,y,z) = (0,0,0) , (1540,0,0) , (-1540,0,0) , (0,1540,0) , (0,-1540,0) , (0,0,1540) , (0,0,-1540)

※ planning to install  
in KamLAND 
detector

background 
reduction by particle 
ID 

Small size detector (~200L)
[1st step]

- LiLS : done
- lens array, electronics : studying

Detector design is under way. achieved 1cm vertex 
resolution

‣Directional measurement (2) 22/23
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‣Summary

‣The KamLAND experiment measures anti-neutrino 
from various sources over a wide energy range

‣Geo-neutrino
- Observed flux is fully consistent with Earth models

- Results for low reactor background:
     Geo-neutrino observation is very sensitive

- Now we enter the era of conducting critical tests of 
Earth models
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