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Outline
• 有機液体TPC


• コンセプト


• 物理目標


• 実現に向けた課題


• 原理検証のための測定


• セットアップ


• 電離電荷量の測定
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Figure 2. Spatial distribution of electrons for a typical anti-neutrino interaction. In the centre, the positron
and first proton recoil, at larger distances, the gamma ray interactions. The two 511 keV gamma rays are
clearly identified as are the Compton scatters from a 5 MeV gamma ray emitted from the neutron capture on
Ge.

lengths are small, quenching can be expected to be high (similar to alpha particles), and the energy
deposits will be of ∼ few keV.

This can only be attempted due to the fact that the proton recoils appear on the image of the
event. No triggering is required on these low energy signals.

Another advantage of this technique is that the proton recoil is effectively instantaneous with
the positron. Such that no matter the drift speed of the electrons, the time between the electrolumi-
nescence signals of the positron and proton recoil gives the z-displacement of the neutron.

A simple simulation was made to explore the topology of interactions produced by anti-
neutrinos from the Chooz nuclear reactors. GEANT 4 was used to track the particles through pure
TMGe (no doping), giving the spatial co-ordinates of the energy deposits. These energy deposits
were converted into free electrons assuming a Wi of 100 eV. For the nuclear recoil interactions, the
number of electrons liberated was quenched assuming a quenching factor of 0.01. Diffusion on the
drifting electrons was assumed to follow a Gaussian distribution with a sigma of 1 mm. Figures 2
and 3 show the projection onto the liquid surface of the liberated electrons, sampling at 1 mm, for
a typical event. If the electroluminescence and optical system is well controlled, these tracks are
representative of the images that could be obtained from the TPC.

5. Conclusion

We describe the concept of a organic liquid TPC. We show how such a detector could improve
upon existing anti-neutrino detectors by meeting three challenges:

• Good energy resolution (goal < 3% at 3 MeV) - obtained by measuring charge.

• Discrimination between positrons and betas - requires spatial resolution of ∼cm
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有機液体TPC
• O(1) - O(10) MeVの反電子ニュートリノを従来よりも高
精度で観測するための装置として、有機液体を媒質と
したTPCを検討中。


• 逆β崩壊のターゲットとなるfree proton(水素原子)
が豊富に存在


• 無極性の有機物を使うことで、電子に媒質中をド
リフトさせられる


• 逆β崩壊で生じた、positron, positronの対消滅γ, 中性子
捕獲をそれぞれ空間的に分離して測定


• 電離電子を比例増幅して高エネルギー分解能化


• 室温・大気圧で運用可能
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J. V. Dawson and D. Kryn, arXiv: 
1405.1308 などで提案されている

主な反応過程：逆ベータ崩壊(Inverse Beta Decay, IBD)
⌫̄e + p ! e+ + n
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物理目的1: 原子炉ニュートリノの精密測定
• 原子炉ニュートリノのスペクトラムの問題点：


• 従来のモデルではよく記述出来ていない


• 理論的には細かい構造が予想される


• JUNO実験における質量階層性測定への影響が懸念される


• より精密な原子炉ニュートリノスペクトラム情報が必要


• 有機液体TPC: 


• 1MeVあたりO(1000)-O(10000)個のイオン化電子を、比
例増幅して計測する


• 原理的には1-2%@1MeVのエネルギー分解能が実現可能


• 目標：


• ~tonスケールの検出器を原子炉近傍に設置し、原子炉
ニュートリノの精密測定


• + ステライルニュートリノの探索も
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Figure 2-4: (left panel) The effective mass-squared difference shift ∆m2
φ [79] as a function of

baseline (y-axis) and visible prompt energy Evis ! Eν − 0.8MeV (x-axis). The legend of color
code is shown in the right bar, which represents the size of ∆m2

φ in eV2. The solid, dashed, and
dotted lines represent three choices of detector energy resolution with 2.8%, 5.0%, and 7.0% at 1
MeV, respectively. The purple solid line represents the approximate boundary of degenerate mass-
squared difference. (right panel) The relative shape difference [65, 66] of the reactor antineutrino
flux for different neutrino MHs.

explained in the models with the discrete or U(1) flavor symmetries. Therefore, MH is a
critical parameter to understand the origin of neutrino masses and mixing.

JUNO is designed to resolve the neutrino MH using precision spectral measurements of reactor
antineutrino oscillations. Before giving the quantitative calculation of the MH sensitivity, we shall
briefly review the principle of this method. The electron antineutrino survival probability in vacuum
can be written as [69,79,94]:

Pν̄e→ν̄e = 1− sin2 2θ13(cos
2 θ12 sin

2∆31 + sin2 θ12 sin
2 ∆32)− cos4 θ13 sin

2 2θ12 sin
2 ∆21 (2.1)

= 1− 1

2
sin2 2θ13

[
1−

√
1− sin2 2θ12 sin2 ∆21 cos(2|∆ee| ± φ)

]
− cos4 θ13 sin

2 2θ12 sin
2 ∆21,

where ∆ij ≡ ∆m2
ijL/4E, in which L is the baseline, E is the antineutrino energy,

sinφ =
c212 sin(2s

2
12∆21)− s212 sin(2c

2
12∆21)√

1− sin2 2θ12 sin2 ∆21

, cosφ =
c212 cos(2s

2
12∆21) + s212 cos(2c

2
12∆21)√

1− sin2 2θ12 sin2∆21

,

and [95,96]

∆m2
ee = cos2 θ12∆m2

31 + sin2 θ12∆m2
32 . (2.2)

The ± sign in the last term of Eq. (2.1) is decided by the MH with plus sign for the normal MH
and minus sign for the inverted MH.

In a medium-baseline reactor antineutrino experiment (e.g., JUNO), oscillation of the atmo-
spheric mass-squared difference manifests itself in the energy spectrum as the multiple cycles.
The spectral distortion contains the MH information, and can be understood with the left panel
of Fig. 2-4 which shows the energy and baseline dependence of the extra effective mass-squared
difference,

∆m2
φ = 4Eφ/L , (2.3)

36

Oscillation probability for JUNO 
(arXiv:1507.05613)
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emission from a reactor is due to>1000 daughter isotopes
with >6000 unique beta decays.

Estimation of the decay rates Ri depend on our knowl-
edge of the nuclear processes within the reactor core. For
a fission of a parent nucleus, AZNp, the propability of frag-

menting to a particular daughter nucleus A0

Z0Nd is given
by the instantaneous yield, Y i

pd. The majority of these
fission daughters are unstable, and will decay until reach-
ing a stable isotopic state. The cumulative yield Y c

pi is the

probability that a particular isotope A0

Z0Ni is produced via
the decay chain of any initial fission daughter. On aver-
age, the daughter isotopes of each fission undergo 6 beta
decays until reaching stability. For short-lived isotopes,
the decay rate Ri is approximately equal to the fission
rate Rf

p of the parent isotope p times the cumulative yield
of the isotope i,

Ri '
PX

p=0

Rf
pY

c
pi (2)

The ENDF/B.VII.1 compiled nuclear data contains ta-
bles of the cumulative fission yields of 1325 fission daugh-
ter isotopes, including relevant nuclear isomers [17, 18].
Evaluated nuclear structure data files (ENSDF) provide
tables of known beta decay endpoint energies and branch-
ing fractions for many isotopes [19]. Over 4000 beta
decay branches are found which have endpoints above
the 1.8 MeV threshold for inverse beta decay. The spec-
trum of each beta decay Sij(E⌫) was calculated includ-
ing Coulomb [20], radiative [21], finite nuclear size, and
weak magnetism corrections [13]. In the following calcu-
lations we begin by assuming that all decays have allowed
Gamow-Teller spectral shapes. The impact of forbidden
shape corrections will be discussed later in the text.

The upper panel of Fig. 1 shows the electron spectrum
per fission of 235U calculated according to Eq. 1. The ��

spectrum measured in the 1980s using the BILL spec-
trometer is shown for comparison [6]. Both spectra are
absolutely normalized in units of electrons per MeV per
fission. The lower panel shows the calculated ⌫e spec-
trum for a nominal nuclear reactor with relative fission
rates of 0.584, 0.076, 0.29, 0.05 respectively for the par-
ents 235U, 238U, 239Pu, 241Pu. The spectra have been
weighted by the cross section for inverse beta decay to
more closely correspond to the spectra observed by ex-
periments. Prediction of the ⌫e spectrum by �� conver-
sion of the BILL measurements [11, 12] shows a di↵erent
spectral shape. In particular, there is a bump near 6 MeV
in the calculated spectrum not shown by the �� conver-
sion method. Note that the hybrid approach of Ref. [11]
used the ab initio calculation to predict most of the ��

and ⌫e spectra, but additional fictional �� branches were
added so that the overall electron spectra would match
the BILL measurements. These corresponding ⌫e spectra
for these branches were estimated using the �� conver-
sion method. Since this method is constrained to match

the BILL measurements, it is grouped with the other ��

conversion predictions.
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FIG. 1. Upper: The ab initio nuclear calculation of the
cumulative �� energy spectrum per fission of 235U exposed
to thermal neutrons (red), including 1-� uncertainties due
to fission yields and branching fractions. The measured ��

spectrum from [6] is included for reference (blue). Lower:
The corresponding ⌫e spectrum per fission in a nominal re-
actor weighted by the inverse beta decay cross section (red),
compared with that obtained by the ��

conversion method
(blue [12], green [11]). See text for discussion of uncertainties.
Measurements of the positron spectra (green [22], brown [23])
are similar to the ab initio calculation, assuming the approx-
imate relation E⌫ ' Ee+ + 0.8 MeV.

The significant di↵erences between the calculation and
BILL measurements are generally attributed to system-
atic uncertainties in the ab initio calculation. The 1-
� uncertainty bands presented here include only the
stated uncertainties in the cumulative yields and branch-
ing fractions. Three additional systematic uncertainties
are prominent but not included: data missing from nu-
clear databases, biased branching fractions, and beta de-
cay spectral shape corrections.
Missing Data: It is possible that the ENDF/B tabu-

lated fission yields lack data on rare and very short lived
isotopes in regions far from nuclear stability. In [16] it
was argued that this missing data would favor higher-
energy decays. For the known fission daughters, ⇠6% of

cf: 現行の原子炉ニュートリノ実験：6-8%@1MeV 
     JUNO goal: 3%@1MeV

D. Dwyer and T. Langford, PRL114, 012502 (2015)



物理目的2: 超新星背景ニュートリノ観測
• 超新星背景ニュートリノ：過去の超新星爆発で生成
され、現在の宇宙に蓄積しているニュートリノ


• SK-Gdでの初観測を目指しているが、シグナルと同
程度のバックグラウンドがまだ残る見込み


• 有機液体TPC: 


• 陽電子自身のエネルギー損失と対消滅によるγ線
を分離して観測することで、e+/e-/γを弁別


• 中性子の飛行距離で、大気ニュートリノと信号
を弁別


• 夢：バックグラウンドフリーの超新星背景ニュート
リノ測定 (数10kton スケール)
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大気ニュートリノ

β+n崩壊核 9Li ! e� + 2⌫ + 9Be⇤, 9Be⇤ ! 2↵+ n
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実現に向けての課題
• 電子がドリフトするか 

• 過去にイオンチェンバーとしての応用を目指して、いくつかの液体が研究
されている。(次ページ)


• 液相から気相への電子の抽出が可能か 

• 不明


• ガス増幅が出来るか 

• 不明。希ガス(Xe等)を導入？


• シンチレーション発光するか 

• イオンチェンバーとして使われていた液体の発光性能は不明


• 液体シンチレーターとして一般に使われる液体(LAB, Pseudocumene等)は
極性を持っており、電子をドリフトさせるには(おそらく)適さない

6

適した液体の調査および原理検証を行うため、
これらの特性の測定実験を行おうとしている。



TPC用有機液体の候補

• 構造が対照的で、無極性の分子がドリフト性能に優れている。


• 比較的取扱が容易で、かつ安価な2,2,4-トリメチルペンタンを用いて、テスト測定を開始する。
7

化学式 Electrons/
100eV

Mobility 
(cm2/V/s) 沸点 (oC)

蒸気圧
(kPa) 20oC

テトラメチルシラン 
(Tetramethylsilane)

0.7 100 27 80

テトラメチルゲルマニウム 
(Tetramethylgermanium)

0.63 90 43 46

2,2,4,4-テトラメチルペンタン 
(2,2,4,4-Tetramethylpentane)

0.74 26 121 ~3

2,2,4-トリメチルペンタン 
(2,2,4-Trimethylpentane)

0.33 6.6 99 5.1 $

$$$

$$

$$$

CH3 Si
CH3

CH3
CH3

CH3 Ge
CH3

CH3
CH3

CH3-C-CH2-C-CH3

CH3

CH3

CH3

CH3

CH3-C-CH2-C-CH3

CH3

CH3

H

CH3

J. V. Dawson and D. Kryn, arXiv: 1405.1308 
R. A. Holroyd, Electrons in NonPolar Liquids BNL-69404 (2002) 
より抜粋



2,2,4-トリメチルペンタン(イソオクタン)
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Wikipediaより

大型検出器を作る際には、可燃性が問題になるかも知れない



測定セットアップ
• 候補となる有機液体の基礎特性を測
定するため、小型イオンチェンバー
を制作


• 測定項目


• イオン化電子量


• 発光量


• 液相から気相への電子の抽出効率


• TPCの媒質として使用でき（うる）
液体を見つけることを目指す

9
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測定セットアップ
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液体の導入
• 2,2,4-トリメチルペンタン (Capillary GC, 

> 99.7%)を使用


• 導入前にN2バブリング


• 電極入りチェンバーを純窒素で満たし、
その後チェンバー内の窒素を置換する形
で液体を下から導入

11

N2

N2封入

(前回の報告後、内部を汚染してしまったため、一度全て解体・洗浄後、組み直した)



電離電荷量の測定
• 1 MBq 22Na 線源をチェン
バー外側に設置


• 平均電荷量(DC電流)をピコ
アンメーターを用いて測定

12

HV

N2封入

pA

ビューポート

22Na γ

2,2,4-トリメチルペンタン

φ=40mm 無酸素銅電極 
Gap = 5mm

Keythley 6485 picoammeter



電離電荷量測定結果(1)
• ピコアンメーターの読み
を複数回記録し、ソース
の有無による電流値の変
化を測定


• ソースからのγ線による信
号を確認出来た


• 電流量を電場強度を変え
ながら測定
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電離電荷量測定結果(2)
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• >200 V/cmの領域で、安定して1pA前後の電流を確認
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期待される電流値
• ソースの強度：1MBq


• 電極間の領域が見込む立体角：~1%


• 電極間に飛んだ511 keV gammaが電極
間で反応する割合：O(10%)?


• 511 keVが一回Compton散乱した際に落
とすエネルギー：~300 keV


• 電離電子の数：0.33 / 100 eV

15

~40mm

40mm

5mm

2 x 106 Bq x 0.01 x 0.1 x 3 x 105 eV x  0.33 / 100 eV x 1.6 x 10-19 C = 3 x 10-13 C/s  = 0.3 pA

• 測定値はソース強度・見込む立体角・知られている電離電子量(Wi)からの予想と
オーダーはコンシステント→シミュレーションによる詳細な比較を進めている

測定値：~1 pA

22Na

22Na



今後の計画
• 得られたデータのシミュレーションとの比較


• パルスデータ（宇宙線 or α線源）を取得し、mobilityの評価


• 発光量の測定


• 液面を電極間に調整し、液相から気相への抽出の評価


• 純化方法の検討


• 他の液体の評価
16



まとめ
• 超高精度・低バックグラウンドでの反電子ニュートリノ測定を目指し、有機液体を媒質と
して用いたTPCを検討している


• 期待される（可能性のある）性能


• e+/e-/γの弁別


• 高エネルギー分解能（1-2% @ 1MeV)


• 反ニュートリノ到来方向の測定


• 一方、実現のためにはまだまだ課題や不確定要素が大きい


• 適した液体の調査と原理検証を目的とした測定を行っている


• イオンチェンバーを製作し、2,2,4-トリメチルペンタンでのイオン化の信号を確認した


• 今後、より詳細な測定および、他の液体の試験を行っていく
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興味がある方、ご連絡ください


