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‣What is geo-neutrino?

�̄e Geo-neutrinos

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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232Th

238U

Electron-antineutrino from natural radioactive decay

Anti-neutrino energy, Eν (MeV)
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*Only geo-neutrinos from 
U and Th are detectable 
right now. 

*K geo-neutrinos require 
new type detector

ThU

anti-neutrino detector
β-decay4.1� 106/cm2/sec

core mantle crust
40km2900km6371km
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‣Why geo-neutrino?

mantle convection

plate motion

Question on geophysical activity
• What are energy sources? How much energy? 
• How is the mantle convecting, single or multi-layer convection? 
• What is driving source of geodynamo?

→ It is important to find out the terrestrial heat.

formation of mountains volcano geomagnetic fieldearthquake
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‣Earth’s Heat Balance

crust heat flux measurement & calculation

Rev. of Geophys. 31, 267-280 (1993)

Surface heat flow
46 ± 3 TW

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

example of Earth model

Radiogenic Heat

Primordial Heat

* Releases of gravitational energy through 
accretion or metallic core separation


* Latent heat from the growth of inner core

Primordial Heat
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‣Earth’s Heat Balance
Surface heat flow

46 ± 3 TW

???
Radiogenic 

Heat
Primordial 

Heat

Q : How much radiogenic heat 
contributes to Earth’s heat?
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‣Earth’s Heat Balance
Surface heat flow

46 ± 3 TW

after Jaupart et al 2008 Treatise of Geophysics

Mantle cooling
(18 TW)
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(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

example of Earth model

Radiogenic Heat

Primordial Heat

* Releases of gravitational energy through 
accretion or metallic core separation


* Latent heat from the growth of inner core

Primordial Heat

Bulk Silicate Earth (BSE) models
composition of chondrite meteorite

Low Q Middle Q High Q

10 TW 20 TW 30 TW

Total
(Cont. Crust + Modern Mantle)

6.8 TW

Continental Crust

(Huang et al. 2013)

Th/U = 3.9
K/U = 1.4 × 104

Mantle???

Total

Continental Crust

Q : Which model can 
explain current Earth?
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Geo-neutrino can directly 
define power to drive the 

Earth’s engine

‣Earth’s Heat Balance

after Jaupart et al 2008 Treatise of Geophysics
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(after McDonough & Sun ’95)

total R*
20 㼼 4

example of Earth model

Radiogenic Heat

Primordial Heat

* Releases of gravitational energy through 
accretion or metallic core separation


* Latent heat from the growth of inner core

Primordial Heat

Surface heat flow
46 ± 3 TW Q : How much radiogenic heat 

contributes to Earth’s heat?

Q : Which model can explain 
current Earth?
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‣KamLAND and Borexino
Two running liquid scintillator (LS) experiments have measured geoneutrinos.

KamLAND (Japan, 2002~) Borexino (Italy, 2007~)

*LS : 1000 t

*Depth : 2700 m.w.e.

*expected event ratio

    reactor/geo ~6.7 (up to 2010)

                        ~0.4 (2011~)

*LS : 280 t

*Depth : 3600 m.w.e.

*expected event ratio

    reactor/geo ~0.3 (up to 2010)

w/o Japanese reactors
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φ13m balloon

φ18m stainless tank

(125µ thickness)

 

 
  
 

  
 

 
     

  

Kashiwazaki 
159km

180km
Hamaoka 
200km

Wakasa 
146~192km

Shika 
88km

‣KamLAND : Site & Detector
KamLAND
Kamioka Liquid Scintillator 

Anti-Neutrino Detector

Kamioka Mine
neutrino

1000m 
depth

cosmic ray

(operated since 2002)

: reactor

1,325 17inch + 554 20inch PMTs
* Photo coverage 34%

Water Cherenkov Outer Detector
* Muon veto

* Dodecane (80%) Pseudocumene (20%) PPO (1.36 g/l) 
* extremely low impurily (238U:3.5×10-18g/g, 232Th:5.2×10-17g/g)

1,000t Liquid Scintillator
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‣KamLAND : Collaboration

Sep. 2018, MIT, Boston

Scientists : ~50 
Institutes :  
　5 Japan 
　7 US 
　1 Europe
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‣KamLAND : 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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neutrino oscillation
P (E,L) ⇠ 1� 1

2
sin2 2✓12 (constant suppression)

Distance and Cumulative Flux

Important to understand Japanese geology

- 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 

~50km

Contributions from each area

‣KamLAND : Geo-neutrino Flux at Kamioka

Crust : 70%

Mantle : 27%

Sediment etc. : 3%

Core : 0%

Contributions from each part
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‣KamLAND : Data-set & Reactor Neutrinos
update

- 1.3 times of 2013 data-set 
- low-reactor operation period : ~3.5 years livetime 
- all Japanese reactor-off period : ~2.0 years livetime 

PRD 88, 033001 (2013)

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

Preliminary
2016 data-set : 3901 days 

6.39×1032 proton-year

Precise understanding of reactor neutrino spectrum enhances geo-neutrino measurement.

advantages {

low-reactor period

reactor neutrino

geo-neutrino

Reactor neutrino background 
is decreased significantly.

Reactor Neutrino Flux @Kamioka
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Chinese Physics C Vol. XX, No. X (201X) XXXXXX

contributed ⇠0.6% additional IBD events, which is illus-
trated in Fig. 6. The uncertainty of the non-equilibrium
e↵ect is taken to be 30% from the estimation in Ref. [24].

The contribution of SNF can be evaluated by using
the cumulative yields and spectra of the known long-lived
fission fragments. The candidate isotopes were selected
from the fission products with the condition that they
have a half-life longer than 10 hours and either the iso-
tope or its daughter nuclei undergoes beta decay with
end point energy larger than the IBD reaction threshold
(1.8 MeV). The antineutrino spectra of these candidate
isotopes were calculated based on their beta decay pro-
cess. The cumulative yields of the SNF were calculated
with the input from the refueling history and SNF inven-
tory information provided by the China General Nuclear
Power Corporation. The calculated SNF antineutrino
spectrum is illustrated in Fig. 6. The contribution to the
total number of IBD events is ⇠ 0.3%, which is consis-
tent with previous calculations [51, 52]. The uncertainty
is conservatively estimated to be 100% after the investi-
gation on the uncertainty of the SNF inventory history
information. We neglect an additional low energy cor-
rection [53] which has a smaller e↵ect than SNF.

Antineutrino Energy (MeV)
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Fig. 6. The ratio of calculated antineutrino spec-
trum the non-equilibrium e↵ect (red) and spent
nuclear fuel (blue) to that from the four fissile
isotopes in reactor core. The drop at 3 MeV is
due to the end point energy of 144Pr beta decay,
which contributes the most with its mother nu-
clide 144Ce to SNF antineutrinos.

2.7 Systematic Uncertainties of the Predicted
Reactor Antineutrino Spectrum

The systematic uncertainties of the predicted reac-
tor antineutrino spectrum can be categorized as either
correlated or uncorrelated among di↵erent reactor cores.
The list of systematic uncertainties, and their values for
the integrated reactor antineutrino flux, are shown in Ta-
ble 4. The combined correlated uncertainty is taken to
be 2.7% from the ILL+Vogel model (or 2.4% from the

Huber+Mueller model). The correlated uncertainties are
common for all reactor cores, therefore they are irrele-
vant in the neutrino oscillation analysis where only the
relative rate and spectrum between the near and the far
detectors are compared. The combined uncorrelated un-
certainty is 0.9%, as a square root of the quadratic sum of
the uncorrelated items, including power, energy/fission,
fission fraction, spent fuel, and non-equilibrium in Ta-
ble 4.

Table 4. Summary of the systematic uncertainties
of the predicted integrated reactor antineutrino
flux associated with a single reactor core.

uncertainty

power 0.5%

energy/fission 0.2%

isotope spectrum 2.7%

IBD cross section 0.12%

fission fraction 0.6%

baseline negligible

spent fuel 0.3%

non-equilibrium 0.2%
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Fig. 7. The systematic uncertainties of the pre-
dicted reactor antineutrino spectrum from each
energy-dependent component. The bin uncorre-
lated/correlated uncertainty (see text for details)
is the average value of the four primary isotopes,
weighted by their fission fractions.

Some uncertainties are dependent on antineutrino en-
ergy, and can induce fluctuations in the energy spectrum,
while the others only impact the integrated antineutrino
flux. The contribution from each energy-dependent com-
ponent is broken down and shown in Fig. 7. The energy-
dependent uncertainties can be further categorized as
correlated or uncorrelated between energy bins. The
isotope antineutrino spectra of 235U, 239Pu, and 241Pu
are converted from the respectively measured beta de-
cay spectra. The uncertainties of these spectra have both
bin-to-bin correlated and uncorrelated components. The

010201-9

average : ~0.6% (uncertainty 30%)

average : ~0.3% (uncertainty 100%)

ref) KamLAND : 0.68±0.33%
Daya Bay, Chinese Physics C, 41, 1, 013002 (2017)

‣KamLAND : Reactor Neutrino Spectrum

prompt energy [MeV]
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spectrum without detection efficiency 2016 Preliminary Result

σf (cm2/fission)  = (5.92±0.12)×10-43 (uncertainty : 2.03%)

- Reactor neutrino spectrum for KamLAND analysis 
2013 paper : Huber + Mueller & Bugey-4 normalization 
2016 preliminary : Daya Bay estimation

* Excess at 4-6 MeV : ~+5%. 

* In the publication, Daya Bay also shows contributions from 
     “spent nuclear fuel” and “Non-equilibrium”. 
→ We subtract these contributions from Daya-Bay spectrum, and then add 
KamLAND evaluation from history of fission rate (90Sr, 16Ru, 144Ce, 97Zr, 132I, 93Y).

- We confirmed that : 
4-6 MeV excess has no impact on the geo-neutrino results. 
effect of reactor spectrum uncertainty is much smaller than 

the statistical uncertainty of geo-neutrino events.
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‣KamLAND : Event Rate Time Variation (0.9-2.6MeV)

4

TABLE I: Estimated backgrounds for νe 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
ȷ 13C(α,n)16Og.s., elastic scattering 160.4 ± 16.4 16.5 ± 3.8 2.3 ± 1.0 179.0 ± 21.1

13C(α,n)16Og.s., 12C(n,n ′)12C∗ (4.4 MeV γ) 6.9 ± 0.7 0.7 ± 0.2 0.10 ± 0.04 7.7 ± 0.9

4
ȷ 13C(α,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(α,n)16O∗, 2nd e.s. (6.13 MeV γ) 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 νe’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 νe’s (black line), reactor νe’s + backgrounds (colored line), and reactor νe’s + backgrounds + geo νe’s (gray line). The geo νe 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 νe + 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 νe rate from the full spectral analysis (dashed line), its 1σ error (shaded region), and the model expectation (gray line) are drawn for
comparison. The contribution of geo νe’s in (b) is negligible. The oscillation parameters used to calculate the expected reactor νe rate are the
best-fit values from the global oscillation analysis: tan2 θ12 = 0.436+0.029

−0.025, ∆m2
21 = 7.53+0.18

−0.18 × 10−5 eV2, and sin2 θ13 = 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 νe 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 νe

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 ν̄e’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

March 2011 
Earthquake

Time Variation of Event Rate

long-term shutdown 
of Japanese reactor

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
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constant contribution of geo-neutrino

Preliminary Preliminary

2016 Preliminary Result

reactor anti-neutrino 
+ other backgrounds

before LS purification

- 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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‣KamLAND : Energy Spectrum (0.9-2.6MeV)

60
80

100

Selection efficiency

Ef
fic

ie
nc

y 
(%

)

1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6
0

20
40
60
80

100
120
140
160
180 eνBest-fit reactor 

Accidental

O16, n)αC(13

eνBest-fit geo 

 + BGeνBest-fit reactor 
eν+ best-fit geo 

KamLAND data

 (MeV)pE

Ev
en

ts 
/ 0

.2
M

eV

0

20

40

60 eνData - BG - best-fit reactor eνReference geo 
U contribution
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model prediction : Enomoto et al. EPSL 258, 147 (2007)

Preliminary

Livetime : 3900.9 days
Candidate : 1130 ev
Background Summary

Total 941.8 ± 40.9

9Li 3.4 ± 0.1
Accidental 114.0 ± 0.1

Fast neutron < 4.0
13C(α, n)16O 205.5 ± 22.6
Reactor νe 618.9 ± 33.8

2016 Preliminary Result
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‣KamLAND : Energy Spectrum, Low Reactor Phase
Livetime : 1259.8 days
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Livetime : 351 days

Preliminary

model prediction : Enomoto et al. EPSL 258, 147 (2007)

2016 Preliminary Result

Geo-neutrino/Background ~1.0 

We measured clear distribution 

of geo-neutrino events.
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‣KamLAND : Rate + Shape + Time Analysis
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68.3%

95.4%

99.7%

(a)

earth model prediction 
EPSL 258, 147 (2007)

Preliminary

NU = 0 NTh = 0

uncertainty : 20%

2016 Preliminary Result

Measurement uncertainty gets close to uncertainty of Earth model prediction.

✦Th/U mass ratio fixed (= 3.9)
Ngeo = 164 +28/-25 events (17%)
Fgeo = 3.9 +0.7/-0.6 × 106/cm2/sec
0 signal rejection : 7.92 σ

Ngeo = 116 +28/-27 events (24%)
Fgeo = 3.4 +0.8/-0.8 × 106/cm2/sec
0 signal rejection : 4.74 σ

ref) PRD 88, 03301 (2013)
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geoscientific findings from measurement results

* Th/U Mass Ratio

* Radiogenic Heat



‣Th/U Mass Ratio : Introduction
- According to geochemical studies, 232Th is more abundant than 238U.  

Mass ratio (Th/U) in bulk silicate Earth is expected to be around 3.9.

- Chondrite samples analysis : 1.06-6.42

slide from McDonough, 2015, in Ehime

4.2   : Allegre et al. (1986) 
3.92 : McDonough & Sun (1995) 
3.89 : Taylor (1980) 
3.85 : Anderson (2007) 
3.77 : Palm & O’Neil (2003)

3.76 : Hart & Zindler (1986) 
3.71 : Lyubetskaya & Korenaga (2007) 
3.62 : Jagoutz et al (1979) 
3.58 : Javoy et al. (2010)

    Models : 3.58-4.2

Fall statistics for the meteorites identified and catalogued since 980 A.D. 

- Geo-neutrino observed rate can be converted to amount of 
Th & U assuming homogeneous distribution.  
Independent & direct measurement of entire Earth
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0 5 10 15 20
0

1

2

3

Th/U mass ratio

2 χ
∆

σ1

90%
chondrite data 
(1.06-6.42)

BSE models 
(3.58-4.2)

Th/U=3.9

Ordinary Chondrites : J. S. Goreva & D. S. Burnett, Meteoritics & Planetary Science 36, 63-74 (2001) 

Carbonaceous Chondrites : A. Rocholl & K. P. Jochum, EPSL 117, 265-278 (1993) 

Enstatite Chondrites : M. Javoy & E. Kaminski, EPSL 407, 1-8 (2014)

ref) chondrite data

We have a sensitivity of Th/U mass 
ratio of entire Earth. 

KamLAND best-fit is consistent with 
chondrite data and BSE models.

Th/U = 4.1 +5.5-3.3
Th/U < 17.0 (90% C.L.)

ref) 2013 paper Th/U < 19 (90% C.L.)

Best fit

Preliminary

2016 Preliminary Result

‣Th/U Mass Ratio : Measurement Result 16/25



Th (TW)232U + 238Radiogenic Heat from 
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‣Radiogenic Heat

 Radiogenic Heat :                 TW 
 Started to disfavor Low Q model

[BSE models]

based on balancing mantle viscosity 
and heat dissipation

based on mantle samples compared 
with chondrites

based on isotope constraints and 
chondritic models
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2016 Preliminary Result
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118 

Latest	Borexino	geoneutrino	results	
Two	types	of	fits:	
1)  m(232Th)/m(238U)	=	3.9	(CI	chondrites)	
S(232Th)/S(238U)	=	0.27	
S(238U)/S(232Th)	=	3.7	
Ngeo	=	23.7	+6.5-5.7(stat)+0.9-0.6(sys)	events	
Sgeo	=	43.5	+11.8-10.4(stat)+2.7-2.4(sys)	TNU	

2)  U	and	Th	free	fit	paramters	
	
	
	
	
	

5.9σ	evidence	

‣Borexino (1)
PRD 92, 031101(2015) 

~28% error 

8.6% of KamLAND

slides from L. Ludhova, ISAPP 2018 18/25
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Geological	implicaGons	of	the	new	Borexino	results	
Radiogenic heat 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

•  Radiogenic heat (U+Th): 23-36 TW for the best fit and 11-52 TW for 1σ range 
•  Considering chondritic mass ratio Th/U=3.9 and K/U = 104 : Radiogenic heat 
        (U + Th + K) = 33+28

-20TW 

      to be compared with 47 + 2 TW  of the total Earth surface heat flux (including all sources) 

11 52 23 36 

Sgeo	=	43.5	+11.8-10.4(stat)+2.7-2.4(sys)	TNU	

‣Borexino (2) slides from L. Ludhova, ISAPP 2018

PRD 92, 031101(2015) 
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‣KamLAND & Borexino : Radiogenic Heat

TNU: anti-neutrino event seen by a kiloton detector in a year 

Geo-neutrino Measurement 
• giving total radiogenic heat 
• testing BSE models
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1. Introduction 
2. Results from KamLAND and Borexino 
3. Future Prospects 
4. Summary
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‣Status & Prospect of “Neutrino Geoscience”
what we need

directional sensitive detector

new type detector

first measurement in 2005

resolving vertical and 
horizontal flux differences

detecting 
K geo-neutrino

current generation next generation

detector in the Ocean

total radiogenic heat 
in the Earth

Th/U ratio

distinguishing mantle 
contribution

what we learn

 achieved

 achieved

improved accuracy of  
measurement 

& 
 modelling

multi-site 
measurements
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‣Next Target : Mantle Contribution
1. Observation - Crust (Model) = Mantle

17% error 
(2016, KamLAND)

Consider geoscientific inputs 
- Seismology 
- Geochemistry 
- Measurement result of heat flux etc

20% error

Flux model needs to be improved 
(higher reliability and accuracy)

Method of uncertainty 
estimation is unclear

N. Geo. 1205 (2011)

radiogenic heat from
 

U・
Th [TW

]

Crust

Mantle

ge
on

eu
tri

no
 fl

ux

2. Multi-site measurements
www.nature.com/scientificreports/

6Scientific RepoRts | 6:33034 | DOI: 10.1038/srep33034

crust of the Himalayas to the west and the normal ~40 km crust of eastern China. While currently unable to 
measure geoneutrino directionality, predictions of azimuthal signal intensity provide insight into the geology of 
the local crust and inform mapping and sampling efforts for regional geologic models.

Conclusion
The predicted geoneutrino signal for the proposed Jinping Neutrino Experiment is . − .+ .58 5 7 2

7 4 TNU, of which 
. − .
+ .50 4 7 6

7 8 TNU is from the Crust +  Continental Lithospheric Mantle and . − .+ .8 1 2 7
2 5 TNU is from the 

Depleted +  Enriched Mantle. The Jinping measurement, combined with geoneutrino measurements at other con-
tinental sites, is currently our best chance at resolving the mantle signal. Dedicated geophysical effort toward an 
accurate local lithospheric model is required. This is a realistic goal, given the wealth of geophysical data in this 
well studied seismogenic region at the boundary between the Tibetan Plateau and the Sichuan Basin.

Refinement to model predictions of the lithospheric flux are crucial to reducing the uncertainty estimates of 
the mantle flux. The strategy mapped out here reveals that geoneutrino data will constrain the amount of radio-
genic heat production in the mantle by combining all measurements from continental detection sites to reduce 
the uncertainty. Reference model predicts that constraining the mantle’s radiogenic heat production to 12 ±  4 TW 
is achievable within 8 years. Such a strategy will successfully discriminate between models of the Earth’s compo-
sition, i.e., the previously described low-Q, medium-Q, and high-Q models predicting anywhere from 2 TW to > 

TW radiogenic
power in BSE
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Geophysical prediction: Lithospheric flux in TNU

Figure 4. Top: Most recent measurement of total geoneutrino flux at KamLAND (KL)31 and Borexino (BX)33 
(vertical axis) vs. lithospheric flux prediction (this study). Best fit of slope 1 line shown as red dashed line, 
including ± 1σ uncertainty (red band). The y-intercept reveals signal from the convecting mantle (DM +  EM), 
which scales with radiogenic power in BSE (purple). Bottom: Simulated measurements in year 2025 (vertical 
axis) vs. lithospheric predictions at geoneutrino detectors KL, JUNO, BX, SNO+ , and Jinping (JP). Assumes 
that detectors measure the nominal value predicted by the emission model, and measurement uncertainty is 
assumed to be 11% (KL)52, 6% (JUNO)53, 13% (BX), 9% (SNO+ ), and 4% (JP)28, respectively. We show results 
for two BSE compositional estimates, previously termed medium-Q and low-Q models21,58. The solution of 
mantle flux for the medium-Q model translates into 12 ±  4 TW of radiogenic power in the mantle.
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the local crust and inform mapping and sampling efforts for regional geologic models.
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Depleted +  Enriched Mantle. The Jinping measurement, combined with geoneutrino measurements at other con-
tinental sites, is currently our best chance at resolving the mantle signal. Dedicated geophysical effort toward an 
accurate local lithospheric model is required. This is a realistic goal, given the wealth of geophysical data in this 
well studied seismogenic region at the boundary between the Tibetan Plateau and the Sichuan Basin.

Refinement to model predictions of the lithospheric flux are crucial to reducing the uncertainty estimates of 
the mantle flux. The strategy mapped out here reveals that geoneutrino data will constrain the amount of radio-
genic heat production in the mantle by combining all measurements from continental detection sites to reduce 
the uncertainty. Reference model predicts that constraining the mantle’s radiogenic heat production to 12 ±  4 TW 
is achievable within 8 years. Such a strategy will successfully discriminate between models of the Earth’s compo-
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Figure 4. Top: Most recent measurement of total geoneutrino flux at KamLAND (KL)31 and Borexino (BX)33 
(vertical axis) vs. lithospheric flux prediction (this study). Best fit of slope 1 line shown as red dashed line, 
including ± 1σ uncertainty (red band). The y-intercept reveals signal from the convecting mantle (DM +  EM), 
which scales with radiogenic power in BSE (purple). Bottom: Simulated measurements in year 2025 (vertical 
axis) vs. lithospheric predictions at geoneutrino detectors KL, JUNO, BX, SNO+ , and Jinping (JP). Assumes 
that detectors measure the nominal value predicted by the emission model, and measurement uncertainty is 
assumed to be 11% (KL)52, 6% (JUNO)53, 13% (BX), 9% (SNO+ ), and 4% (JP)28, respectively. We show results 
for two BSE compositional estimates, previously termed medium-Q and low-Q models21,58. The solution of 
mantle flux for the medium-Q model translates into 12 ±  4 TW of radiogenic power in the mantle.

Observation = Crust + Mantle 
(y = x + b)
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crust of the Himalayas to the west and the normal ~40 km crust of eastern China. While currently unable to 
measure geoneutrino directionality, predictions of azimuthal signal intensity provide insight into the geology of 
the local crust and inform mapping and sampling efforts for regional geologic models.
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tinental sites, is currently our best chance at resolving the mantle signal. Dedicated geophysical effort toward an 
accurate local lithospheric model is required. This is a realistic goal, given the wealth of geophysical data in this 
well studied seismogenic region at the boundary between the Tibetan Plateau and the Sichuan Basin.

Refinement to model predictions of the lithospheric flux are crucial to reducing the uncertainty estimates of 
the mantle flux. The strategy mapped out here reveals that geoneutrino data will constrain the amount of radio-
genic heat production in the mantle by combining all measurements from continental detection sites to reduce 
the uncertainty. Reference model predicts that constraining the mantle’s radiogenic heat production to 12 ±  4 TW 
is achievable within 8 years. Such a strategy will successfully discriminate between models of the Earth’s compo-
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Geophysical prediction: Lithospheric flux in TNU

Figure 4. Top: Most recent measurement of total geoneutrino flux at KamLAND (KL)31 and Borexino (BX)33 
(vertical axis) vs. lithospheric flux prediction (this study). Best fit of slope 1 line shown as red dashed line, 
including ± 1σ uncertainty (red band). The y-intercept reveals signal from the convecting mantle (DM +  EM), 
which scales with radiogenic power in BSE (purple). Bottom: Simulated measurements in year 2025 (vertical 
axis) vs. lithospheric predictions at geoneutrino detectors KL, JUNO, BX, SNO+ , and Jinping (JP). Assumes 
that detectors measure the nominal value predicted by the emission model, and measurement uncertainty is 
assumed to be 11% (KL)52, 6% (JUNO)53, 13% (BX), 9% (SNO+ ), and 4% (JP)28, respectively. We show results 
for two BSE compositional estimates, previously termed medium-Q and low-Q models21,58. The solution of 
mantle flux for the medium-Q model translates into 12 ±  4 TW of radiogenic power in the mantle.

(2013 result)

Šrámek  et al. , S. Rep. 33034 (2016)

+10-year data 
+New experiments

Note : Assuming homogeneous mantle
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‣Anti-neutrino Detectors
SNO+
1kt, LS+, 5.4 kmwe 
Liquid scintillator filling is in progress!

Ocean Bottom 
Detector

10-50kt, LS, ~5kmwe, 
movable, R&D

0.3kt, LS 
3.7kmwe 
running

KamLAND
1kt, LS 
2.7 kmwe 
running

JUNO
20kt, LS 
1.5 kmwe 
approved 
(2020~)Borexino

U and Th geo-neutrino flux

Jinping
1kt, LS 
6.7 kmwe 
R&D
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‣Ocean Bottom Detector (OBD)
10~50 kT 
1~5 kmwe 
movable

2005 : Specific engineering 
study was started in Hawaii.

- Direct measurement of mantle contribution 
- Test of Earth models 
- Geoneutrino has power to measure deep Earth OBD

Šrámek et al (2013) EPS, 10.1016/j.epsl.2012.11.001  

OBD

Mantle

Crust(<500km)
Reactor

Crust(other)

Total Flux

Contributions

~7
0%
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‣Ocean Bottom Detector (OBD)
10~50 kT 
1~5 kmwe 
movable

2005 : Specific engineering 
study was started in Hawaii.

- Direct measurement of mantle contribution 
- Test of Earth models 
- Geoneutrino has power to measure deep Earth

Šrámek et al (2013) EPS, 10.1016/j.epsl.2012.11.001  
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②

High Q

Middle Q

Low Q
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‣ Geoneutrinos bring unique and direct information about the Earth’s interior and dynamics.  

‣Results from geo-neutrino measurements 
- Geoscientific results 

- Total radiogenic heat in the Earth 
- Th/U mass ratio 
- Test of Earth model 

- Measurement uncertainty gets close to the uncertainty of Earth model prediction. 
- KamLAND : New results with additional 500-day low reactor phase data will be published 

soon! 

‣Future prospects of geo-neutrino measurement 
- Nest target : Mantle contribution 
- Near future 
  * Estimation of geo-neutrino contribution from mantle 
  * Better understanding of crust model 
  * Multi-site measurements 

-  Ocean Bottom Detector has strong power to measure mantle contribution directory.

Summary 25/25
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Predicted Signals: Future & Prospective Sites 

Continental  
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‣大規模実験: 世界の状況(2) 30

多地点観測によって地殻の種類毎の特徴を抽出→地球化学進化の理解

‣世界の状況(2) 28/42

JUNO

‣Anti-neutrino Detectors

Multi-site measurements 
can distinguish


crustal differences.

Understanding of 
geochemical evolution 

of the Earth.



‣Directional Measurement



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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delayed : neutron capture signal

Eνe      <3MeV→θn<35°

forward recoil neutron retains 
information of the anti-neutrino direction

νe P
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θnn

θe

Eνe
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P
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delayed signal

8

neutron has directional information of anti-neutrino

[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 with 6LiLS and Imaging Detector



‣40K geoneutrino
Motivation

- ~16% of Earth’s radiogenic heat is from 40K

- K may reside in the Earth’s core?

40K geoeutrino measurement is useful to know amout and distribution

40K Decay
- 89.28 % Qβ=1.311 MeV
- 10.72 % QEC=1.505 MeV

- 10.67 % to 1.461 MeV state (Eν=44 keV)
- 0.05 % to g.s. (Eν=1.5 MeV)

40K !40 Ca + e� + ⌫̄e
40K+ e� !40 Ar + ⌫e

(5-15)x106 /cm2/s

(5-15)x105 /cm2/s
(2-6)x103 /cm2/s

ref)1.44 MeV pep solar ν :1.42x108 /cm2/s

possible?

impossible…

⌫̄e � e scattering

40K Anti-neutrino

requires electron recoil directionality due to large flux of solar neutrinos
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Gas TPC
M. Layton et al.(Nat. Comm. 15989(2018))

‣40K geoneutrino
Liquid Scintillator Cherenkov 

Neutrino Detector
Z. Wang & S. Chen (arXiv:1709.03743)

Z. Guo et al. 
(arXiv:1708.07781)

-Slow LS. Cherenkov and scintillation can be measured.
-Cherenkov → Directional information
-Serious effects from solarν and radioactive background

-Huge gus chamber (cf. CF4)
-Technically difficult


