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地球ニュートリノ
地球内放射性物質の崩壊による電子反ニュートリノ

反ニュートリノ
検出器

β-崩壊

ThU

エネルギー閾値, 1.8 MeV

* と からの地球ニュートリノのみ観測可
* K地球ニュートリノの観測には新技術開発が必要

238U series
232Th series
40K

地球 数 U & Th 量, 放射化熱



1953年 F.Reines, C.Cowan : 原子炉ニュートリノの観測開始
原子炉近傍にCd入り液体シンチレータを設置して観測

1956年 ((反)電子)ニュートリノの存在を証明

1956年 : G.Gamow から
F.Reines への手紙で言及
It just occurred to me that your background 
may just be coming from
high-energy beta decaying members of U 
and Th families in the crust
of the Earth ...

ちょっと思ったんだけど、そのバックグラウンドって
もしかしたら地球の地殻にあるウランやトリウム系列
のべータ崩壊から来てるんじゃないかな?

G. Gamow
F. Reines
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The reported investigation of geoneutrinos should pave
the way to future and more accurate measurements,
which may provide a new window for the exploration of the Earth.

ここに報告された地球ニュートリノ研究は、地球を探索するための新しい手
法となりうる、将来のより精密な観測につながるものである

2005年 KamLANDで初の実験的研究

* 地球ニュートリノ観測で地球の
ダイナミクス、地球形成を検証
*『ニュートリノ地球科学』を創出

‣地球ニュートリノの歴史

現在 - KamLANDとBorexino(伊)による多地点観測
- 観測精度向上→地球科学的知見を得られるレベルに到達
- 素粒子物理と地球科学の共同研究が進む
- 新たな観測アイデア
- 新たな観測施設の建設・計画 『ニュートリノ地球科学』の実体化
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内核, 外核マントル

地殻

‣地球の構造と放射性物質
構造 : 地震波観測

地震波速度と密度の深さ分布
• 構造を決める
• 地球化学の情報はない

P波 : 縦波, 早い
S波 : 横波, 遅い
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内核, 外核マントル

地殻

①地殻 (地表から40km以下)
- 地球質量の0.4%. U,Thの約半分が存在
- U, Th : 岩石学からの予測 (Rudnick et al.2003)

大陸上部地殻 U:2.7 ppm Th:10.5 ppm
大陸中部地殻 U:1.4 ppm Th:6.5 ppm
大陸下部地殻 U:0.2 ppm Th:1.2 ppm
海洋地殻 : U:0.10 ppm Th:0.22 ppm

② マントル (地表から40~2900 km)
- マントル内のU,Thは多分一様に分布
- U, Th : U:0.012 ppm, Th:0.048 ppm
* 測定値は無い. 
* BSEモデル (地殻+マントル)から地殻

の予測値を引いたもの.

③ 内核, 外核 (内核~月)
- Fe, Ni等の金属鉄を主成分とする
- U, Thは存在しないとされている
(U, Thは酸化されやすく酸化物やケイ酸
塩鉱物として安定に存在する親石元素)

‣地球の構造と放射性物質
放射性物質: 分析, モデリング

BSEモデル
地殻+マントルのケイ酸塩部分の

化学組成の計算値
U/Th ~ 3.9, 放射化熱 ~ 20TW

}

(Bulk Silicate Earth)
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山脈形成 火山の噴火

地磁気

マントル対流

プレート運動

地球活動の謎
• 地球活動のエネルギー源、エネルギー量は?
• マントルはどのように対流しているのか? 一層 or 複数層対流?
• 地球磁場の生成・維持の起源は?

→ 地熱の理解は重要な課題

‣地球ニュートリノ → 地球の熱

地震
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地表からの熱流量
46 ± 3 TW

地殻の熱流量観測 & モデル計算

‣地球の熱収支

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

熱流量の内訳の例 (モデル)

“原始の熱”
- 地球集積・金属核の分離の重力エネルギーの解放
- 内核(固体)の成長による潜熱

原始の熱放射化熱

放射化熱 原始の熱

???
放射化熱の占める割合・内訳

はモデルが複数存在
約半分は放射化熱?
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3.2

6.8

6.8 6.8

13 23

10 TW 20 TW 30 TW

Low Q Middle Q High Q

大陸地殻 マントル

大陸地殻 + マントル

Bulk Silicate Earth (BSE) models
コンドライト隕石の組成を基にしたモデル

6.8 TW

大陸地殻

(Huang et al. 
2013)

Th/U = 3.9
K/U = 1.4 × 104

地球ニュートリノ観測は地球のエネルギーを直接検証できる

‣地球の熱収支

原始の熱

約半分は放射化熱?

熱流量の内訳の例 (モデル)

地表からの熱流量
46 ± 3 TW

放射化熱

8/42



TW

‣地球の熱進化 : K, U, Th の役割

Arevalo, McDonough, Luong (2009) EPSL doi:10.1016/j.epsl.2008.12.023
地球ニュートリノ観測で

直接観測できる
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‣地球ニュートリノ観測の目的 10/42

- Main goal

地表での熱流量のうち放射性物質起源の熱はどれくらいか？
- 他に熱源はあるか？
- 長寿命放射性物質の地球内分布は？

* 地殻とマントルにはどれくらいあるか？
* マントル内には一様分布か？
* 核にもあるのか？

- BSEモデルは地球ニュートリノ観測データと無矛盾か？
- 異なるBSEモデルを地球ニュートリノ観測で識別できるか？
- 地球全体のTh/U比は？
- 地球の誕生時のプロセスに知見を与えられるか？

結果有り
観測中

近い将来の目的

結果有り
観測中

結果有り
観測中結果有り

観測中
観測中

次世代の目的

次世代の目的
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Kashiwazaki
159km

180km
Hamaoka
214km

Wakasa
146~192km

Shika
88km

: reactor

2

KamLAND
Kamioka Liquid Scintillator 

Anti-Neutrino Detector

Kamioka Mine
neutrino

1000m 
depth

φ13m balloon

φ18m stainless tank

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

Water Cherenkov Outer Detector
* Muon veto

* Dodecane (80%) Pseudocumene (20%) PPO (1.36 g/l)
* 極低放射性物質環境 (238U:3.5×10-18g/g, 232Th:5.2×10-17g/g)

1,000t 液体シンチレータ

(operated since 2002)

cosmic ray (125μ thickness)

‣KamLAND 検出器 11/42



Kamioka

geo-neutrino

シンチレーション光

逆 β 崩壊

利点
-2つの時間的・空間的に相関のある信号
-バックグラウンドを大幅に低減できる

欠点
-到来方向は観測できない

‣地球ニュートリノ観測方法 12/42



Kamioka

geo-neutrino

-シンチレーション光の量からニュートリノの
エネルギーがわかる

Phys. Rev. D 88, 033001 (2013)

116 events 
in 2991 
days

}

-素粒子物理 : 地球ニュートリノフラックスの測定
-地球科学 : データから地球科学的知見を得る

シンチレーション光

‣地球ニュートリノ観測方法

観測 : エネルギー分布, イベントレート
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3/13

地殻 : 70%

マントル : 27%

堆積岩など : 3%
核 : 0%

各パートの寄与

日本の地球科学を理解
することが重要

- 50%: < 500km
- 25%: < 50km
- 1~2%: 神岡鉱山

~50km

各領域の寄与

‣神岡における地球ニュートリノフラックス 14/42



崩壊レート, 生成数 存在量, 密度

ニュートリノ振動による生存確率
検出器からの距離 体積

地球の構造 (   と ) と化学組成 (   )
を仮定する必要がある。

放射性物質(i : U,Th)

known

known  

known

‣地球ニュートリノフラックス計算

地球科学の知見が必須
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超新星ニュートリノ原子炉ニュートリノ地球ニュートリノ太陽ニュートリノ

electron scattering inverse beta-decay

0.4 1.0 2.6 8.5 observed energy [MeV]

no-oscillation

oscillation

Simulation

原子炉

地球

ニュートリノの
性質の理解

- ニュートリノ振動の形跡の観測
- 振動パラメターの精密測定

ニュートリノを物事を調べる手段として利用することを開拓

1
2‣KamLANDにおける反ニュートリノ観測

ニュートリノの
応用

- 放射化熱の寄与の直接測定

ARTICLES NATURE GEOSCIENCE DOI: 10.1038/NGEO1205
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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
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KamLAND
2000 2002 2004 2006 2008 2010 2012

KamLAND-Zen

液体シンチレータの純化 地震による原子炉の停止
‣KamLANDにおける地球ニュートリノ観測

2014

2991 days
4.90×1032 proton-year

2013年 Phys Rev D 88:033001.

原子炉停止期間を含む解析

観測事象
(24% error)

地球ニュートリノ
世界初観測

Nature 03980

749 days
0.71×1032 proton-year

2005年

観測事象

(56% error)

and the number of 210Po decays, respectively. The neutron energy
distribution is calculated using the measured neutron angular
distributions in the centre of mass frame25,26. Including the efficiency
for passing the ne candidate cuts, the number of (a,n) background
events is estimated to be 42 ^ 11.
There is a small contribution to the background from random

coincidences, nes from the b2 decay of long lived nuclear reactor
fission products, and radioactive isotopes produced by cosmic rays.
Using an out-of-time coincidence cut from 10ms to 20 s, the random
coincidence background is estimated to be 2.38 ^ 0.01 events. Using
the expected ne energy spectrum27 for long lived nuclear reactor
fission products, the corresponding background is estimated to be
1.9 ^ 0.2 events. Themost significant background due to radioactive
isotopes produced by cosmic rays is from the b2 decay
9Li! 2aþ nþ e2 þ ne, which has a neutron in the final state. On
the basis of events correlated with cosmic rays, the estimated number
of background events caused by radioactive 9Li is 0.30 ^ 0.05. Other
backgrounds considered and found to be negligible include spon-
taneous fission, neutron emitters and correlated decays in the
radioactive background decay chains, fast neutrons from cosmic
ray interactions, (g,n) reactions and solar ne induced break-up of
2H. The total background is estimated to be 127 ^ 13 events (1j
error).
The total number of observed ne candidates is 152, with their

energy distribution shown in Fig. 3. Including the geoneutrino
detection systematic errors, parts of which are correlated with
the background estimation errors, a ‘rate only’ analysis gives 25þ19

218
geoneutrino candidates from the 238U and 232Th decay chains.
Dividing by the detection efficiency, live-time, and number of
target protons, the total geoneutrino detected rate obtained is
5:1þ3:9

23:6 £ 10231 ne per target proton per year.
We also perform an un-binned maximum likelihood analysis of

the ne energy spectrum between 1.7 and 3.4MeV, using the known
shape of the signal and background spectra. As the neutrino oscil-
lation parameters do not significantly affect the expected shape of the
geoneutrino signal, the un-oscillated shape is assumed. However, the

oscillation parameters are included in the reactor background shape.
Figure 4a shows the confidence intervals for the number of observed
238U and 232Th geoneutrinos. Based on a study of chondritic
meteorites28, the Th/U mass ratio in the Earth is believed to be
between 3.7 and 4.1, and is known better than either absolute
concentration. Assuming a Th/U mass ratio of 3.9, we estimate the
90% confidence interval for the total number of 238U and 232Th
geoneutrino candidates to be 4.5 to 54.2, as shown in Fig. 4b. The
central value of 28.0 is consistent with the ‘rate only’ analysis. At this
point, the value of the fit parameters are Dm2

12 ¼ 7:8£ 1025 eV2;
sin22v12 ¼ 0:82, pa ¼ 1:0, and qa ¼ 1:0, where these last two param-
eters are defined in the Methods section. The 99% confidence upper
limit obtained on the total detected 238U and 232Th geoneutrino rate
is 1.45 £ 10230 ne per target proton per year, corresponding to a flux
at KamLAND of 1.62 £ 107 cm22 s21. On the basis of our reference
model, this corresponds to an upper limit on the radiogenic power
from 238U and 232Th decay of 60 TW.
As a cross-check, an independent analysis29 has been performed

using a partial data set, including detection efficiency, of 2.6 £ 1031

target proton years. In this analysis, the 13C(a,n)16O background was

Figure 3 | ne energy spectra in KamLAND. Main panel, experimental points
together with the total expectation (thin dotted black line). Also shown are
the total expected spectrum excluding the geoneutrino signal (thick solid
black line), the expected signals from 238U (dot-dashed red line) and 232Th
(dotted green line) geoneutrinos, and the backgrounds due to reactor ne
(dashed light blue line), 13C(a,n)16O reactions (dotted brown line), and
random coincidences (dashed purple line). Inset, expected spectra extended
to higher energy. The geoneutrino spectra are calculated from our reference
model, which assumes 16TW radiogenic power from 238U and 232Th. The
error bars represent ^ 1 standard deviation intervals.

Figure 4 | Confidence intervals for the number of geoneutrinos
detected. Panel a shows the 68.3% confidence level (CL; red), 95.4% CL
(green) and 99.7% CL (blue) contours for detected 238U and 232Th
geoneutrinos. The small shaded area represents the prediction from the
geophysical model. The vertical dashed line represents the value of
(NU 2 NTh)/(NU þ NTh) assuming the mass ratio, Th/U ¼ 3.9, derived
from chondritic meteorites, and accounting for the 238U and 232Th decay
rates and the ne detection efficiencies in KamLAND. The dot represents our
best fit point, favouring 3 238U geoneutrinos and 18 232Th geoneutrinos.
Panel b shows Dx 2 as a function of the total number of 238U and 232Th
geoneutrino candidates, fixing the normalized difference to the chondritic
meteorites constraint. The grey band gives the value ofNU þ NTh predicted
by the geophysical model.
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2135 days
3.49×1032 proton-year

地熱が全て放射性
熱の場合

地球モデル

地球の放射化熱
21±9 TW

観測事象

2011年 N. Geo. 1205

地球の放射化熱を直接測定

(27% error)

ARTICLES NATURE GEOSCIENCE DOI: 10.1038/NGEO1205

The differential geoneutrino flux at a position r is determined
from the isotopic abundances ai(r0) at the location of the sources, r0,

d8(E⌫,r)
dE⌫

=
isotopesX

i

Ai
dni(E⌫)
dE⌫

Z

�
d3r0 ai(r

0)⇢(r0)P(E⌫,|r�r0|)
4⇡ |r�r0|2 (1)

where the integration extends over the Earth’s volume, Ai is the
decay rate per unit mass, dni(E⌫)/dE⌫ is the ⌫e energy spectrum for
each mode of decay, ai(r0) is in units of isotope mass per unit rock
mass, ⇢(r0) is the rock density and P(E⌫,|r� r0|) is the ⌫e ‘survival’
probability due to the phenomenon of oscillation after travelling a
distance |r�r0|. For the present purpose, the ⌫e survival probability
is well approximated by the two-flavour oscillation formula,

P(E⌫,L)' 1� sin22✓12 sin2
✓
1.271m2

21[eV2]L[m]
E⌫[MeV]

◆
(2)

where L = |r � r0|. ‘Matter effects’ on neutrino oscillations10
are expected to change equation (2) by about 1%, which is
negligible compared with the statistical uncertainty. The oscillation
parameters 1m2

21 and sin2 2✓12 are determined with substantial
accuracy by a combined statistical analysis with KamLAND’s
measurement of ⌫es produced at nuclear reactors and data from
solar-neutrino experiments (assuming charge–parity–time (CPT)
symmetry10), and are given in the next section. Given the size of the
Earth and the values of the neutrino oscillation parameters, for the
energy range of detectable geoneutrinos the second sine function
in equation (2) is well averaged over the volume of the Earth, giving
P(E⌫,L)'1�0.5sin22✓12 to an excellent approximation.

Geoneutrino detection
KamLAND is located under Mount Ikenoyama (36.42� N,
137.31� E), near the town of Kamioka, Japan. The underground
site provides an effective overburden of 2,700m water equivalent,
reducing the cosmic-ray-induced atmospheric muon flux to
5.37 ± 0.41m�2 h�1 (ref. 11). The ⌫e s are detected in 1 kt of
liquid scintillator (LS) through the inverse �-decay reaction,
⌫e + p ! e+ + n, with a 1.8MeV neutrino energy threshold. This
threshold cuts off much of the geoneutrino signal from the 238U
and 232Th decay chains and renders the detector insensitive to 40K
(other unobserved isotopes such as 235U contribute negligibly to
the heating). Using the cross-section from ref. 12, the expected
rate of geoneutrino events from the geological reference model4 is
3.80⇥10�31⌫e per target proton per year. 79% of this rate is due to
238U decays. The prompt scintillation light from the e+ provides an
estimate of the incident ⌫e energy, E⌫e ' Ep +En +0.8MeV, where
Ep is the sum of the positron’s kinetic energy and its annihilation
energy, and En is the average neutron recoil energy of O(10 keV).
The neutron is captured on a proton, emitting a 2.2MeV �-ray
after a mean delay time of 207.5± 2.8 µs following the positron’s
annihilation. The delayed-coincidence signal is a powerful tool for
reducing backgrounds.

The data collected between 9 March 2002 and 4 November
2009 represents a total live-time of 2,135 days. The number of
target protons in the spherical fiducial volume of radius 6.0m is
estimated to be (5.98± 0.12)⇥ 1031, resulting in a total exposure
of (3.49± 0.07)⇥ 1032 target proton years. Data taken during the
LS purification activities exhibited increased PMT noise and were
excluded from the data set.

The fluxes of reactor ⌫es are analysed together with the
geoneutrinos and are calculated using instantaneous thermal
power, burnup and refuelling records for all commercial reactors
in Japan, as provided by a consortium of Japanese electric
power companies. Only four fissile isotopes, 235U, 238U, 239Pu and
241Pu, contribute significantly to the ⌫e spectrum13–15. Spectral
uncertainties were further constrained according to ref. 16.
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Figure 1 | Prompt energy spectrum and event selection efficiency.
a, Prompt energy spectrum of low-energy ⌫e s in KamLAND. The
histograms indicate the backgrounds, whereas the best fit (including
geoneutrinos) is shown in blue. b, Background-subtracted energy spectrum.
The blue shaded spectrum is the expectation from the reference model,
consisting of contributions from U (dashed curve) and Th (dotted curve). c,
Energy dependence of the geoneutrino event selection efficiency averaged
over the data-taking period. Statistical uncertainties are shown for the data
in a, and uncertainties on the background estimation are added in b.

Taking the neutrino oscillation parameter values 1m2
21 =

7.50+0.19
�0.20 ⇥ 10�5 eV2 and sin22✓12 = 0.84± 0.03 from the fit to the

data discussed below, the expected number of reactor ⌫e events
in the geoneutrino energy region (defined as 0.9MeV < Ep <
2.6MeV) is 484.7±26.5, including a small contribution from the
�-decay of the long-lived fission products 90Sr, 106Ru and 144Ce
in spent reactor fuel17. Other backgrounds for ⌫e detection are
mostly from the 13C(↵,n)16O reaction in the LS. Including the
smaller contributions from accidental coincidences, cosmic-ray-
muon-induced radioactive isotopes, fast neutrons and atmospheric
neutrinos, the total number of events between 0.9MeV and 2.6MeV
is estimated to be 244.7±18.4 (SupplementaryNote S2).

We observe 841 candidate ⌫e events between 0.9MeV and
2.6MeV, whereas the predicted number of reactor ⌫e events
and other backgrounds is 729.4 ± 32.3. Taking the excess as
the geoneutrino signal, we obtain 111+45

�43, that is, event yield
analysis without energy and time information. The statistical
significance is 99.55%.

Figure 1a shows the fit from a more powerful unbinned
maximum-likelihood analysis, which takes into account the event
rate, energy and time information in the energy range 0.9MeV<
Ep <8.5MeV, and simultaneously fits geoneutrinos and reactor ⌫e s
including the effect of neutrino oscillations. The oscillation parame-
ters are constrained by solar neutrino flux experiments18, including
the most recent measurement by Sudbury Neutrino Observatory
(SNO; ref. 19). The time of each event gives extra discriminating
power because the reactor ⌫e background varies with time, as shown
in Fig. 2a, as do the accidental and 13C(↵,n)16O backgrounds,
whereas the geoneutrino rate is constant. As the backgrounds vary,
the event rate demonstrates a consistent excess attributable to
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The differential geoneutrino flux at a position r is determined
from the isotopic abundances ai(r0) at the location of the sources, r0,
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where the integration extends over the Earth’s volume, Ai is the
decay rate per unit mass, dni(E⌫)/dE⌫ is the ⌫e energy spectrum for
each mode of decay, ai(r0) is in units of isotope mass per unit rock
mass, ⇢(r0) is the rock density and P(E⌫,|r� r0|) is the ⌫e ‘survival’
probability due to the phenomenon of oscillation after travelling a
distance |r�r0|. For the present purpose, the ⌫e survival probability
is well approximated by the two-flavour oscillation formula,

P(E⌫,L)' 1� sin22✓12 sin2
✓
1.271m2

21[eV2]L[m]
E⌫[MeV]

◆
(2)

where L = |r � r0|. ‘Matter effects’ on neutrino oscillations10
are expected to change equation (2) by about 1%, which is
negligible compared with the statistical uncertainty. The oscillation
parameters 1m2

21 and sin2 2✓12 are determined with substantial
accuracy by a combined statistical analysis with KamLAND’s
measurement of ⌫es produced at nuclear reactors and data from
solar-neutrino experiments (assuming charge–parity–time (CPT)
symmetry10), and are given in the next section. Given the size of the
Earth and the values of the neutrino oscillation parameters, for the
energy range of detectable geoneutrinos the second sine function
in equation (2) is well averaged over the volume of the Earth, giving
P(E⌫,L)'1�0.5sin22✓12 to an excellent approximation.

Geoneutrino detection
KamLAND is located under Mount Ikenoyama (36.42� N,
137.31� E), near the town of Kamioka, Japan. The underground
site provides an effective overburden of 2,700m water equivalent,
reducing the cosmic-ray-induced atmospheric muon flux to
5.37 ± 0.41m�2 h�1 (ref. 11). The ⌫e s are detected in 1 kt of
liquid scintillator (LS) through the inverse �-decay reaction,
⌫e + p ! e+ + n, with a 1.8MeV neutrino energy threshold. This
threshold cuts off much of the geoneutrino signal from the 238U
and 232Th decay chains and renders the detector insensitive to 40K
(other unobserved isotopes such as 235U contribute negligibly to
the heating). Using the cross-section from ref. 12, the expected
rate of geoneutrino events from the geological reference model4 is
3.80⇥10�31⌫e per target proton per year. 79% of this rate is due to
238U decays. The prompt scintillation light from the e+ provides an
estimate of the incident ⌫e energy, E⌫e ' Ep +En +0.8MeV, where
Ep is the sum of the positron’s kinetic energy and its annihilation
energy, and En is the average neutron recoil energy of O(10 keV).
The neutron is captured on a proton, emitting a 2.2MeV �-ray
after a mean delay time of 207.5± 2.8 µs following the positron’s
annihilation. The delayed-coincidence signal is a powerful tool for
reducing backgrounds.

The data collected between 9 March 2002 and 4 November
2009 represents a total live-time of 2,135 days. The number of
target protons in the spherical fiducial volume of radius 6.0m is
estimated to be (5.98± 0.12)⇥ 1031, resulting in a total exposure
of (3.49± 0.07)⇥ 1032 target proton years. Data taken during the
LS purification activities exhibited increased PMT noise and were
excluded from the data set.

The fluxes of reactor ⌫es are analysed together with the
geoneutrinos and are calculated using instantaneous thermal
power, burnup and refuelling records for all commercial reactors
in Japan, as provided by a consortium of Japanese electric
power companies. Only four fissile isotopes, 235U, 238U, 239Pu and
241Pu, contribute significantly to the ⌫e spectrum13–15. Spectral
uncertainties were further constrained according to ref. 16.
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Figure 1 | Prompt energy spectrum and event selection efficiency.
a, Prompt energy spectrum of low-energy ⌫e s in KamLAND. The
histograms indicate the backgrounds, whereas the best fit (including
geoneutrinos) is shown in blue. b, Background-subtracted energy spectrum.
The blue shaded spectrum is the expectation from the reference model,
consisting of contributions from U (dashed curve) and Th (dotted curve). c,
Energy dependence of the geoneutrino event selection efficiency averaged
over the data-taking period. Statistical uncertainties are shown for the data
in a, and uncertainties on the background estimation are added in b.

Taking the neutrino oscillation parameter values 1m2
21 =

7.50+0.19
�0.20 ⇥ 10�5 eV2 and sin22✓12 = 0.84± 0.03 from the fit to the

data discussed below, the expected number of reactor ⌫e events
in the geoneutrino energy region (defined as 0.9MeV < Ep <
2.6MeV) is 484.7±26.5, including a small contribution from the
�-decay of the long-lived fission products 90Sr, 106Ru and 144Ce
in spent reactor fuel17. Other backgrounds for ⌫e detection are
mostly from the 13C(↵,n)16O reaction in the LS. Including the
smaller contributions from accidental coincidences, cosmic-ray-
muon-induced radioactive isotopes, fast neutrons and atmospheric
neutrinos, the total number of events between 0.9MeV and 2.6MeV
is estimated to be 244.7±18.4 (SupplementaryNote S2).

We observe 841 candidate ⌫e events between 0.9MeV and
2.6MeV, whereas the predicted number of reactor ⌫e events
and other backgrounds is 729.4 ± 32.3. Taking the excess as
the geoneutrino signal, we obtain 111+45

�43, that is, event yield
analysis without energy and time information. The statistical
significance is 99.55%.

Figure 1a shows the fit from a more powerful unbinned
maximum-likelihood analysis, which takes into account the event
rate, energy and time information in the energy range 0.9MeV<
Ep <8.5MeV, and simultaneously fits geoneutrinos and reactor ⌫e s
including the effect of neutrino oscillations. The oscillation parame-
ters are constrained by solar neutrino flux experiments18, including
the most recent measurement by Sudbury Neutrino Observatory
(SNO; ref. 19). The time of each event gives extra discriminating
power because the reactor ⌫e background varies with time, as shown
in Fig. 2a, as do the accidental and 13C(↵,n)16O backgrounds,
whereas the geoneutrino rate is constant. As the backgrounds vary,
the event rate demonstrates a consistent excess attributable to
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神岡における原子炉ニュートリノフラックスの時間変化
March ‘11 earthquake

全原子炉停止期間

‣ 最新結果 : データ状況

- 2013 data-set の1.3倍
- 低原子炉期間 : ~3.5 years livetime
- 日本の全原子炉停止期間 : ~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

update

低原子炉期間

原子炉ニュートリノ

地球ニュートリノ

advantages {

原子炉ニュートリノバックグラウンド事象
が劇的に減少
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‣最新結果 : イベントレート時間変化 (0.9-2.6 MeV)

低原子炉期間純化前

LS
 p

ur
ific

at
io

n

KamLAND-Zen
construction

LS
 p

ur
ific

at
io

n

地球ニュートリノによる
一定の寄与

Preliminary Preliminary

2016 Preliminary Result

原子炉ニュートリノ
+バックグラウンド

純化後

- バックグラウンド
* non-nu バックグラウンド : 2007年以前に比べ約半分に減少
* 原子炉反ニュートリノバックグラウンド : 地震によって劇的に減少

- 地球ニュートリノによる一定の寄与
→ 地球ニュートリノ観測には時間情報が効果的

non-nu BG
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‣最新結果 : Energy Spectrum (0.9-2.6 MeV)

Livetime : 3900.9 days
Candidate : 1130 ev

Total 941.8 ± 40.9

Background Summary
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

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

Preliminary

2016 Preliminary Result
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‣最新結果 : Energy Spectrum, 低原子炉期間

Ep(MeV)

Livetime : 1259.8 days

PRD 88, 03301 (2013)
Livetime : 351 days

best-fit : Low-reactor phase analysis

地球ニュートリノ/バックグラウンド ~1.0
地球ニュートリノの明らかな寄与を測定

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

Preliminary

2016 Preliminary Result
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‣最新結果 : 地球ニュートリノイベント数解析

地球モデルの予想
EPSL 258, 147 (2007)

ratio fixed

NU vs NTh

Preliminary

2016 Preliminary Result

NU + NTh

Th/U = 3.9に固定

Preliminary

初めて地球モデルのエラー (20%) を下回る結果
NU + NTh =               events (uncertainty = 17%)

地球モデルの予想
EPSL 258, 147 (2007)
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観測から得られる地球科学的知見

* Th/U 重量存在比

* 放射化熱



‣最新結果 : Th/U 重量存在比 (1)
- 地球化学の知見 : 地球内232Th は238Uより多く存在
- BSE (bulk silicate Earth) ModelにおけるTh/U : 約3.9

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)

- 地球ニュートリノ観測数はTh/U重量存在比に焼き直すことができる。
(一様分布を仮定)

全地球の独立した直接測定

惑星や衛星、小惑星、彗星の元となった物質で構成
980年以降に捕獲・分析された隕石 (1101個)

slide from McDonough, 

2015, in Ehime

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

様々なモデル : 3.58-4.2

隕石組成解析による地球全体の平均組成の推定。現代地球化学のパラダイム。

- コンドライト隕石の分析によるTh/U : 1.06-6.42

普通コンドライト(80%)
炭素質コンドライト(~4%)
エンスタタイトコンドライト(~2%)
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Th/U = 4.1 +5.5-3.3

Th/U < 17.0 (90% C.L.)

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

隕石分析結果
(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) 隕石分析結果

Best fit

Th/U に感度を持つことを示す

観測結果は隕石分析結果、
BSE Model予想のどちらとも
矛盾しないPreliminary

2016 Preliminary Result
‣最新結果 : Th/U 重量存在比 (2) 23/42



放射化熱 :                 TW
Low Q, High Q Modelが排除され始めた

[BSE models]

based on balancing mantle 
viscosity and heat dissipation

based on mantle samples compared 
with chondrites

based on isotope constraints and 
chondritic models

crust uncertainty

Preliminary

2016 Preliminary Result

‣最新結果 : 放射化熱

High Q

Low Q
Middle Q

High Q

Low Q

Middle Q

3.2

6.8

6.8 6.8

13 23

10 TW 20 TW 30 TW

Low Q Middle Q High Q

大陸地殻 マントル

大陸地殻 + マントル

(地球ダイナミクスモデル)

(地球化学モデル)

(宇宙化学モデル)
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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 25/42

PRD 92, 031101(2015)

8.6% of KamLAND

~28% error
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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 26/42

PRD 92, 031101(2015)
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‣世界の状況(1)

Ocean Bottom Detector

LS filling中
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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



‣KamLAND and Borexino

地球ニュートリノ観測 • 合計の放射化熱を与える
• BSE Modelのテスト
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‣KamLAND観測の今後 : uncertainty

Simulation

2016 Preliminary
+ 2.5 yr 

PRD 88, 03301 (2013)

(assuming Earth model)
reactor “ON”

reactor “OFF”

地球ニュートリノフラックス観測エラーの時間変化

3.9 +0.7-0.6×106 /cm2/s : ~18%~21%

地球ニュートリノ観測のエラーの改善は
予想と一致

観測のエラーはモデルのエラーを初めて
下回った

地球モデルの改善、特に地殻モデルの改
良が重要な課題

* uncertainty of Earth model prediction : 20%

* best fit with ± 1σ Preliminary
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‣KamLAND観測の今後 : フラックスモデル

日本近郊のU, Th : 世界平均を適用
日本の局地性 : 不定性として考慮
地殻と堆積層の厚さ : 水平方向の解像度
約200kmのモデルを使用

現在参照しているフラックスモデル(EPSL 258, 147(2007))
日本近郊の平均

世界平均

もっと少ない?

もっと薄い?

地球科学者との共同研究
改善版フラックスモデル(PEPI 6222(2019))

* 日本近郊の地震波観測
データから厚さを見積もる

- 日本全域を網羅
- 15年以上の地震波データ
- 高解像度 : 水平5-10km, 垂直20km

* 日本国内の捕獲岩サンプル
のU, Th濃度分析結果を使用

- 2200 サンプル
- 岩石タイプ毎の見積もりが可能に

* 地球ニュートリノフラックスを
エラー付きで求める方法を開発

- 確率密度関数を使って機械的に
- 相関も考慮
- 現在は最大相関を仮定。今後地球科学の知

見を使って相関度合いを見積もる。
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‣ニュートリノ地球科学の今後
what we need

directional sensitive detectorimproved accuracy of 
measurement

&
modelling new type detector

first measurement in 2005

total radiogenic heat 
in the Earth

Th/U ratio

resolving vertical and 
horizontal flux differences

detecting
K geo-neutrino

current generation next generation

detector in the Ocean

distinguishing mantle
contribution

what we learn
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‣次の目標 : マントルの寄与の観測
1. 観測値 - 地殻の寄与 = マントルの寄与

17% error
(2016, KamLAND)

N. Geo. 1205 (2011)

地球科学の知見を結集
- 地震波観測
- 地球化学 (岩石サンプル分析)
- 熱流量観測 etc

20% error

モデル計算の高信頼度化
・高精度化が必要

不定性の見積もり方法が未確立

www.nature.com/scientificreports/
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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.

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 > 
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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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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.

2. 多地点観測 観測値 = 地殻 + マントル
(y = x + b)

(2013 result)

Šrámek  et al. , S. Rep. 33034 (2016)

+10年分データ
+新実験

www.nature.com/scientificreports/
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well studied seismogenic region at the boundary between the Tibetan Plateau and the Sichuan Basin.
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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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‣マントル地球ニュートリノ 34/42



‣海上移動実験 : Ocean Bottom Detector(OBD)
10~50 kT
1~5 kmwe
movable

2005年 ハワイで基礎研究スタート
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‣海上移動実験 : Ocean Bottom Detector(OBD)
10~50 kT
1~5 kmwe
movable

2005年 ハワイで基礎研究スタート

OBD

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

OBD

地殻(<500km)
地殻(その他)

原子炉

- マントルの寄与の直接測定
- 地球モデルのテスト
- 地球深部の様子をニュートリノで明らかに!

マントル
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Enriched Deep Mantle? 
Pyhäsalmi 

Homestake Baksan 

Sramek et al., 2012 
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‣海上移動実験 : Ocean Bottom Detector(OBD)
10~50 kT
1~5 kmwe
movable

2005年 ハワイで基礎研究スタート

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

- マントルの寄与の直接測定
- 地球モデルのテスト
- 地球深部の様子をニュートリノで明らかに!

①

②
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‣到来方向検出 : Motivation 37/42

大型検出器 (1ton~)
1. マントルと地殻の成分を分離
2. 原子炉ニュートリノのバックグラウンドを分離 (原子炉の運転状況に依らない低バッ
クグラウンド環境を実現)



中性子は到来方向情報を持つ

[現在の液体シンチレーター]

[Li含有液体シンチレーター]

- 中性子捕獲断面積大
(6Li 940 barns vs 1H 0.3 barns)

- α線は液体シンチレーター中をほとんど移動しない
+

高位置分解能検出器
- 2cm以下の位置分解能 (PMT ~10cm)

21/23‣到来方向検出 : 検出方法 38/42



Imaging Detector 1 Imaging Detector 2

LiBr water 
solution

+surfactant+P
C+PPO

* We have developed 6Li-LS by the 
original method
* enough quality for small size detector
* confirm > 2.5 years stability

* 6Li neutron capture measurement
Delayed Energy
: 541.6keV

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

PSD quality

6Li含有LS イメージング検出器
22/23‣到来方向検出 : 開発状況

29cm 15cm

Multi Anode PMT

5cm

* ミラー系の改善
* 複数検出器による3
次元再構成

Ongoing Studies

Photon 
Sensor

or   MPPC
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‣新しいアイディア : 40K geoneutrino
Motivation
- 地球の放射化熱の約16%を占めると考えられている
- 核にも存在する可能性あり

→量と場所を測定する手段としてニュートリノは有効
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

絶望的

希望あり？

逆β崩壊エネルギー閾値, 1.8 MeV
238U series
232Th series
40K

40K Anti-neutrino
⌫̄e � e scattering

- 有力候補
- ただし、バックグラウンド低減のため
反跳電子の方向情報が必要
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‣新しいアイディア : 40K geoneutrino
Liquid Scintillator Cherenkov 

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

- 時間スペクトルの違いを使って
CherenkovとScintillationの両方を観測

- Cherenkov → 方向情報
- Solarνや放射性不純物のバックグラウン

ドがシリアス

Z. Guo et al. 
(arXiv:1708.07781)

Gas TPC
M. Layton et al.(Nat. Comm. 15989(2018))

- CF4等の巨大ガス
チェンバー

- 技術的にかなり
難しい
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‣まとめ
‣ニュートリノの高い透過性を利用し天体内部の理解に利用することが可能に

”ニュートリノ地球科学”

‣KamLANDによる地球ニュートリノ観測結果
- 低原子炉運転期間 : ~3.5 年分 (全データの33%), 地球ニュートリノの明らかな
寄与を観測

- 地球ニュートリノイベント数観測 : 17% uncertainty (164 +28-25 events)
- 地球モデルのエラーを下回る初めての結果

- 地球科学的知見
- Th/U 重量比: 4.1 +5.5-3.3, 隕石分析結果、BSE modelsと矛盾しない
- 放射化熱: BSEモデルとconsistent, Low Q modelを排除し始めた

‣将来展望
- 地球科学分野との連携による結果が出てきた
- より深部のマントルからの寄与を観測に向けて
- 地殻モデルの高信頼度化・高精度化が必要
- 海上移動実験 OBD (Ocean Bottom Detector) 計画中！

ニュートリノは地球を直接調べる新たな観測値を与える

42/42

- 現存する検出器の原理的不可能を可能にする到来方向観測技術を開発
- 40K観測のための新しいアイディアも考えられている


