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Øイントロダクション
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中性⼦寿命問題

中性⼦ビーム

崩壊粒⼦
(陽⼦・電⼦)

閉じ込め容器と中性⼦

Ø ビーム法
• 崩壊⽣成粒⼦数を計数

Ø ストレージ法
• 閉じ込め後の残存
中性⼦数を計数

Ø ビーム法とストレージ法の結果間には4σの乖離
• 未考慮な実験的誤差によるもの?
• 未発⾒の物理現象? (e.g. Dark decay, Dark matterとの散乱)

Ø 従来のビーム法は誤差が⼤きい (ストレージ法の4倍)
新たな⼿法による寿命測定実験によって
中性⼦寿命問題の解決に迫る

Ø ⾃由中性⼦は878.4 ± 0.5 s (PDG 2022)
の寿命でベータ崩壊する
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ビーム法による先⾏研究の代表例

R. Kossakowski et al. / Neutron lifetime measurement 475

measurements. In our approach, a chopped neutron beam was used, and the ratio
of the decay-electrons rate to the neutron density was determined simultaneously
with the same apparatus. This ratio yields directly the neutron lifetime.

2. Principle of the experiment

The basic layout of the experiment is illustrated in fig. 2. Cold neutrons exit from
a primary neutron guide. A rotating drum serves as a double chopper and forms
neutron packets. The beam is monochromatized by a graphite crystal in order to
limit the spatial spread of the packets during their flight path. The 90° deflection
out of the main neutron beam provides favourable background conditions.
The neutron packets pass through a secondary guide and enter a He+CO2-filled

drift chamber which works in the time projection mode. A 6LiF beam stopper finally
absorbs the neutron bursts.
During a time interval .:1t, the entire neutron packet moves inside the drift volume

and the number of decay electrons .:1Ne is detected in a 47T geometry. The decay
constant An = T is given as

A =J...(.:1Ne
) .

n N .:1t (2)

The number N of neutrons in the packet is evaluated by observing, simultaneously
to the decay electrons, the products of the 3He(n, p)t reaction in the drift chamber.
For this purpose a small, well defined quantity of 3He is admixed to the counter
gas (see sect. 5). The decay electron and (n, p) events can be well discriminated
due to their very different ionization power in the detector gas. By this method the
neutron decay and neutron density are measured simultaneously in the same detector
and provide a direct measure for the neutron lifetime.

1m
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(6Li F) drift chamber

sense wires (MWPC)

secondary n- guide
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e
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Fig. 2. Schematic view of the experimental setup. Only a part of the radiation shielding is shown.

Ø TPCを⽤いた電⼦計数法
(Nuclear Instruments and Methods in 
Physics Research A 284, 120 (1989))
• 中性⼦源: 原⼦炉
• 結果 : 878 ± 27 (stat.) ± 14 (syst.) s

-誤差が⼤きく、測定原理検証にとどまる
• ⻑所 : 崩壊電⼦数と⼊射中性⼦数を同時計数

計数における系統誤差を減少
• 問題点 : バックグラウンドが多い、中性⼦バンチ化における損失⼤

計数における系統誤差増⼤、統計量の減少による統計誤差増⼤

24 Chapter 1 Introduction

Fig. 1.10 Apparatus of proton penning trap[18, 19].

value for all neutron velocities used in this experiment. Thus, they can be replaced with

σ0 = 5333± 7 barn measured at the thermal neutron velocity v0 = 2200 m/s [22]. In the

equation, Sβ(SHe) and εβ , (εHe) are numbers of signal and detection efficiencies of beta

decay (3He(n, p)3H reaction), respectively. This experiment published the result of

τn = 878± 27 (stat)± 14 (syst) sec. (1.21)

Its accuracy was limited by the statistics and the background for the beta decay signals.
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Fig. 2. Schematic view of the experimental setup. Only a part of the radiation shielding is shown.
Fig. 1.11 Apparatus of time projection chamber [20, 21].

先⾏研究における問題点を解決し、1 s (0.1%)精度での寿命測定を⽬指す
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Ø トラップ装置を⽤いた陽⼦計数法
(Phys. Rev. C 71, 055502 (2005))
• 中性⼦源: 原⼦炉
• 結果 : 886.6 ± 1.2 (stat.) ± 3.2 (syst.) s
• ⻑所 : 低バックグラウンド
• 問題点 : 中性⼦フラックスモニター

による系統誤差⼤



新たな実験⼿法
Ø加速器による中性⼦ビームを⽤いた電⼦計数法による測定

• 初の、加速器を⽤いた中性⼦寿命測定実験
• 原理検証にとどまっていた電⼦計数法を改良し、

1 s (0.1%)精度での測定を⽬指す

⼤強度の偏極中性⼦ビームを供給

⼤強度パルス中性⼦源
(J-PARC,物質⽣命科学実験施設(MLF))

RF制御による中性⼦ビームバンチ化
(Spin Flip Chopper (SFC))

低バックグラウンドTPCを⽤いた測定

⾼コントラストで
⻑さの揃ったバンチを形成
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電⼦計数法の測定原理

Ø中性⼦崩壊からの電⼦数と、3He(n,p)3H 反応数を同時計数
→計数における系統誤差が⼀部キャンセルされ、寿命を⾼精度で決定可能
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Ø 検出器 : TPC
• 動作ガス : 4He-CO2  + 3He 

• 容器中に封じ切る
• 検出部 : MWPC 

中性⼦バンチ

L

TPC

𝝉𝒏 =
𝟏

𝝆𝝈𝟎𝒗𝟎
(𝑺𝐇𝐞/𝜺𝐇𝐞)
(𝑺𝜷/𝜺𝜷)

𝜏! :中性⼦寿命
N											:	中性⼦数
L												:	Fiducial	volume
𝜌 : "He密度
𝜎 : 任意速度での "He(n, p) "H反応断⾯積
𝑣 : 任意の中性⼦速度
𝜎# : "He(n, p) "H反応断⾯積参照値 (@ 2200m/s)
𝑣# : 中性⼦速度参照値 (2200 m/s)
𝑆$% : "He(n, p) "H反応数
𝑆& : β	崩壊事象数
𝜀$%, 𝜀& : 検出効率

𝑆! = 𝜀!𝑁
𝐿
𝜏"𝑣

𝑆#$ = 𝜀#$𝑁𝜌𝜎𝐿

• L はキャンセル
• 𝜎は1/𝑣に⽐例する
ため、 𝜎𝑣 = 𝜎%𝑣%

Ø電⼦⽣成事象と3He(n,p)3H 反応はTPC内でのエネルギー損失の違いで弁別

真空容器
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ビームサイクル 25Hz

モデレーター 結合型（20 K）
ビームサイズ 10 cm x 4 cm

フラックス 3.9 x 107  /s/cm2  (1MW時)

偏極率 95%

エネルギー 1 〜 20 meV

波⻑ 0.2 〜 1 nm

速度 500 〜 2000 m/s

Ø MLFビームライン５番 (BL05)の
偏極ビームブランチで実験

BL05

⼤強度パルス中性⼦源
(J-PARC,物質⽣命科学実験施設(MLF))
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RF制御による中性⼦ビームバンチ化
(Spin Flip Chopper (SFC))

バンチ化

スピンフリッパーでパルスの一部のスピンを下向きに反転

磁気スーパーミラーで上向きスピンのみがポテンシャル差を感じて反射

偏極中性⼦源

10m

スピンフリッパー 磁気スーパーミラー



Ø中性⼦寿命測定のための低バックグラウンドTPC
PEEKフレーム製TPC
磁場印加中で動作する多層型TPC
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PEEKフレーム製TPC
TPCの概要

ドリフト⽅向 ビームガイド

アノードワイヤー 29本, Au coated W, +1780V

フィールドワイヤー 28本, BeCu , 0V

カソードワイヤー 120本, BeCu , 0V

ドリフト⻑, ドリフト電圧 30 cm, -9000V

動作ガス He:CO2=85kPa:15kPa or 42.5kPa:7.5kPa

⼨法(mm) 300 x 300 x 970

中性⼦

ビームキャッチャー
MWPC部

アノードワイヤー

カソードワイヤー

アノード フィールド

ワイヤーピッチ: 6 mm

フィールドワイヤー



PEEKフレーム製TPC
放射性物質起因バックグラウンド

Ø試作段階のTPCフレームにはG10を使⽤
• ガラス起因の放射性物質をGe検出器で検出 : ~0.3 Bq/cc

• 1 cpsは0.01 Bq/cc に相当
• ~30 cps のバックグラウンドレート
中性⼦崩壊レート (0.1 cps (@220 kW) – 0.4 cps (@1 MW) )に対して⾮常に⾼い
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G10 TPC

• 中性⼦崩壊レート0.1 – 0.4 cpsは、⼀様な環境バックグラウンドと⽐較する際
デューティー⽐40(ms)/2.8(ms) ~ 14.3を考慮すると1.4 – 5.7 cpsに対応

Isotope 212Pb 214Pb 228Ac 214Pb 208Tl 214Bi 212Bi 208Tl 228Ac 40K 214Bi Total

Eγ [keV] 239 295 338 352 583 609 727 861 911 1461 1765

G10 [cps] 0.048 0.0272 0.0424 0.0257 0.0135 0.0201 0.0480 0.0142 0.0412 0.022 0.0267 0.27



PEEKフレーム製TPC
低放射性物質TPCの作成
Øフレームの材質としてPEEK (Poly Ether Ether Ketone)を⽤いた

• C、H、Oから合成 → 放射性物質含有量が⼀般的なGe検出器の感度以下

• 溶接が可能 → 1 m程度の構造物を100 μm以下の精度で⼯作可能
• バックグラウンドレート : 30 cps → 0.1 cps

2022/12/10 MPGD & Active媒質TPC2022研究会 13

G10 TPC

PEEK TPC

PEEKの構造式
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PEEKフレーム製TPC
ガス散乱中性⼦起因バックグラウンド

ガス散乱起因背景事象

2021/9/17日本物理学会 2021年秋季大会 17pT1-27

l ガス散乱BGの除去 (5")
一部の中性子はTPC動作ガス (4He+CO2)によって
散乱され、ガス散乱BGイベントの原因となる
!崩壊のBGとなるガス散乱イベント: 

• 散乱中性子による,崩壊
• 散乱中性子による(-, /)反応

TPCで測定されるy座標は相対座標
(y方向についてドリフト時間差のみ分かる)
➡一部のガス散乱BGイベントは信号事象と区
別がつかない
➡MCシミュレーションとイベント構造から
BGイベント数を見積もる

• イベント構造を表す以下の変数を定義
XE: ビーム中心とトラック端点までの最短
距離 [wires]
XC: ビーム中心とヒットワイヤーまでの最
短距離 [wires]

Beam axis

scat. -

scat. -

6

0.

0. 0.

LiF
wall

x

y

x

XE= XC=2

XE= XC=5

XE=2, XC=0

Anode
Cathode

CathodeCenter of Beam

y

Beam axis

drift 
length

Ø 中性⼦ビームの⼀部が動作ガスとの相互作⽤により散乱され、
バックグラウンドを⽣成する
• 散乱中性⼦のβ崩壊事象
• 散乱中性⼦による (𝑛, 𝛾)反応からのガンマ線⽣成

Ø 本実験における主要な系統誤差要因
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PEEKフレーム製TPC
散乱中性⼦起因バックグラウンドの抑制

LiF板LiF粉末

TPC内壁へ
取り付け

Ø 散乱中性⼦の吸収と即発γ線が主なバックグラウンド⽣成要因
• ほとんどの核種では即発γ線を伴う吸収反応が多い

- n + Z → Z& + 𝛾 +⋯
• 3He、6Liは即発γ線を伴わない吸収反応が主

- n + Z → Z& + Z&&
Ø 6Liは優れた中性⼦吸収材

• 吸収⻑500μm ( 'Li + n → 𝛼 + "H)
Ø 6Liを95%まで濃縮した粉末LiFをテフロンと混ぜて焼結し、TPC内壁に取り付け

• LiF : テフロン=30wt% : 70wt%

散乱中性⼦起因のバックグラウンドを取り付け前の0.2%程度にまで抑制
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J-PARC/MLF BL05
検出器インストール前

低発散ビームブランチ

⾮偏極ビームブランチ

偏極ビームブランチ



DAQ

鉄遮蔽体

ガス供給管

宇宙線Veto
真空容器
TPC
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J-PARC/MLF BL05
検出器インストール後

排気系



Ø PEEK TPCを⽤いた実験は2014年から物理データ取得を
開始。2022年現在もデータ取得中
• 現在までに統計精度~2.0 sを達成
• あと100⽇程度のデータ取得で統計精度~1 sに到達
• 想定より多くのガス散乱中性⼦起因
バックグラウンドを観測

- 最⼤の系統誤差要因 (+2/-14 s)
- (n,γ)反応以外の反応の寄与が無視できない?
- 想定以上のバックグラウンドを⽣じる起源を
調査中
(⽇本物理学会 2022年秋季⼤会 7pA442-6、「J-PARC/BL05に
おける中性⼦寿命測定実験:  TPCを⽤いた中性⼦寿命測定
における背景事象の調査」)
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PEEKフレーム製TPC
実験の現状

⽇本物理学会 2022年秋季⼤会 7pA442-6

Gamma ray yield

528 M.A. Lone et al. / Me V neutron production 

We used B grit and B4C powder as targets. In both 
cases the neutron background due to y-rays from Cd 
inside the target tube and the reactor hall exceeded 
the net fast neutron yield from the targets. The 
neutron yields from B and B4C are 0.6 X 10 -6 and 
0.5 X 10 -6, respectively. Because of the large back- 
ground corrections the uncertainty in these yields is 
about 60%. 

The neutron yield calculated [11,16] from B(a, n) 
cross sections is 0.5 X 10 -6 which is in good agree- 
ment with our results. 

5. Z Gamma-ray yieMs 

Apart from the requirement of low fast neutron 
yield an additional criterion for the usefulness of a 
thermal neutron shield for the (n, 3') research facili- 
ties is low y-ray production. Gamma-rays are pro- 
duced both in the primary (n, 3') and the secondary 
(t, y) reactions. Thus in spite of the low fast neutron 
yield, B compounds are unsuitable for shielding mate- 
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Fig. 6. Gamma-ray spectra from thermal neutron capture in 
6LiF recorded m a singles mode with a 40 em 3 GeLi detec- 
tor. The top curve shows the primary transitions from the 
6Li(n, 3")YLi reaction. The lower two curves show well- 
resolved peaks from 19F(t, 3') reactions, see table 1. Also 
the Doppler broadened, 596 and 69.4 keV ")'-rays from, 
7#Ge(ri, n') and 7ZGe(n, n') }'eactions ate identified. 

rials in high neutron fluxes near a y-ray detector 
because of the intense 0.477 MeV y-rays. 

Fig. 6 shows some regions of the y-ray spectrum 
from a 6LiF target. The top curve shows the 7246 
and the 6770 keV transitions from the primary 6El(n, 
y)YLi reaction. This region of the spectrum is reason- 
ably clean, but several intense y-ray peaks appear in 
the low energy part of the spectrum. Some of these 
are identified, e.g., the 1982 keV transition from the 
first excited state of 180 populated m the 19F(t, 
a)180* reaction. Similarly, the 350 keV transition 
from the 19F(t, n)21Ne and the 280 keV transition 
from ~gF(t, p)2~F reactions are quite pronounced. 
Only one resolved peak at 1643 keV can be identified 
as arising from the 19F(n, 3') reaction. 

Production of high energy neutrons is obvious 
from the presence of 596 and 694 keV Doppler 
broadened y-rays. The former is from the ~4Ge(n, 
n')YaGe* and the latter from the 72Ge(n, n')72Ge * 
reactions. The intensity of these y-rays is commonly 
used to determine the fast neutron dose to the Ge 
detector for an estimate of potential radiation 
damage. 

No doubt other compounds also produce y-ray 
background. However, considering the (n, 3') cross 
sections and the secondary channels one would 
expect 6Li2°apb to be the best composite shield, 
although this material will also attenuate the low 
energy y-rays from the target and will be expensive. 
Other suitable compounds are 6Li3Bi, 6Li202 and 
6Li2CO3. 

6. Discussion and conclusions 

Measured high energy neutron yields from thermal 
neutron capture m thick targets made of Li and B 
compounds are in reasonable agreement with the cal- 
culated yields (see table 2). 

Fast neutron yields from commonly used com- 
pounds with natural Li are in excess of 80 neutrons 
per mdlion thermal neutrons but enrichment of the 
6L1 to about 96% reduces the fast neutron yield by 
a factor of about 2. Even then the fast neutron yields 
from some of the compounds are high enough to 
cause difficulties. For example, a 6LiF beam dump at 
a facility with a 4 cm diameter beam and a flux of 
108 n - c m  - 2 . s  -1 will produce ~ I . 3 X 1 0  s fast 
neutrons per second. This is the strength of a typical 
Pu-Be source. Assu.mi.'ng that only 1% of these fast 
neutrons'reach a nearby y-ray detector it will receive 
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Fig. 6. Gamma-ray spectra from thermal neutron capture in 
6LiF recorded m a singles mode with a 40 em 3 GeLi detec- 
tor. The top curve shows the primary transitions from the 
6Li(n, 3")YLi reaction. The lower two curves show well- 
resolved peaks from 19F(t, 3') reactions, see table 1. Also 
the Doppler broadened, 596 and 69.4 keV ")'-rays from, 
7#Ge(ri, n') and 7ZGe(n, n') }'eactions ate identified. 

rials in high neutron fluxes near a y-ray detector 
because of the intense 0.477 MeV y-rays. 

Fig. 6 shows some regions of the y-ray spectrum 
from a 6LiF target. The top curve shows the 7246 
and the 6770 keV transitions from the primary 6El(n, 
y)YLi reaction. This region of the spectrum is reason- 
ably clean, but several intense y-ray peaks appear in 
the low energy part of the spectrum. Some of these 
are identified, e.g., the 1982 keV transition from the 
first excited state of 180 populated m the 19F(t, 
a)180* reaction. Similarly, the 350 keV transition 
from the 19F(t, n)21Ne and the 280 keV transition 
from ~gF(t, p)2~F reactions are quite pronounced. 
Only one resolved peak at 1643 keV can be identified 
as arising from the 19F(n, 3') reaction. 

Production of high energy neutrons is obvious 
from the presence of 596 and 694 keV Doppler 
broadened y-rays. The former is from the ~4Ge(n, 
n')YaGe* and the latter from the 72Ge(n, n')72Ge * 
reactions. The intensity of these y-rays is commonly 
used to determine the fast neutron dose to the Ge 
detector for an estimate of potential radiation 
damage. 

No doubt other compounds also produce y-ray 
background. However, considering the (n, 3') cross 
sections and the secondary channels one would 
expect 6Li2°apb to be the best composite shield, 
although this material will also attenuate the low 
energy y-rays from the target and will be expensive. 
Other suitable compounds are 6Li3Bi, 6Li202 and 
6Li2CO3. 

6. Discussion and conclusions 

Measured high energy neutron yields from thermal 
neutron capture m thick targets made of Li and B 
compounds are in reasonable agreement with the cal- 
culated yields (see table 2). 

Fast neutron yields from commonly used com- 
pounds with natural Li are in excess of 80 neutrons 
per mdlion thermal neutrons but enrichment of the 
6L1 to about 96% reduces the fast neutron yield by 
a factor of about 2. Even then the fast neutron yields 
from some of the compounds are high enough to 
cause difficulties. For example, a 6LiF beam dump at 
a facility with a 4 cm diameter beam and a flux of 
108 n - c m  - 2 . s  -1 will produce ~ I . 3 X 1 0  s fast 
neutrons per second. This is the strength of a typical 
Pu-Be source. Assu.mi.'ng that only 1% of these fast 
neutrons'reach a nearby y-ray detector it will receive 

実際に6LiF の中性⼦照射をGeで測定したスペクトル

Reaction Gamma energy [keV]
19F(t,a)18O* 1982

19F(t,n)21Ne* 350 
19F(t,p)21F* 280
19F(t,t)19F*
19F(a,a)19F*

197 
110

(n,g)以外のγ線

M.A. Lone et al., Nuclear Instruments and 
Methods 174 (1980) 521-529 

Ø 先⾏研究において実際に、LiFに中性⼦を照射した場合の(-, /)反応以外による
⽐較的低エネルギーなガンマ線発⽣は報告されている
→本実験に⽤いているLiFのサンプルについて同様の結果が得られるか検証

起源未特定背景事象の調査

2022/9/7 7

反応 ガンマ線エネルギー [keV]
'(F t, t '(F∗
'(F(α, α)'(F∗

110
197

'(F t, p *'F∗ 280
'(F t, n *'Ne∗ 350

!LiF板
中性子 !Li

α, t

/

/

'(F

'(F

*'F, *'Ne

例



Ø中性⼦寿命測定のための低バックグラウンドTPC
PEEKフレーム製TPC
磁場印加中で動作する多層型TPC
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Accurate neutron lifetime measurement with magnetic field
- LiNA experiment

12

・ Methods using magnetic fields
Restricted signal area by applying a magnetic field and using a multilayer TPC.

→ Significantly reduced background events. 
(Can be reduced to 2% compared to no magnetic field.)

Background events of ongoing experiment

Monthly-Q

・Major sources of systematic error
Correction for background events due to neutrons scattered by the detector's operating gas.
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ØTPC内壁にLiF板取り付けの上、ビーム軸⽅向に磁場を印加
• 信号領域を制限し、信号と散乱中性⼦起因バックグラウンドの分離を効率化

Ø読み出し領域を多層化し、バックグラウンドVetoを⾏う
Ø無磁場環境と⽐べて⼤幅に散乱中性⼦起因バックグラウンドを抑制

• 600 mT 印加の場合、2％程度まで抑制可能
• バックグラウンド補正量を0.1%程度以下にまで抑制

2022/12/10 MPGD & Active媒質TPC2022研究会 20

磁場印加中で動作する多層型TPC
実験コンセプト

散乱中性⼦起因バックグラウンドによる系統誤差を削減

Ø LiNA実験として物理測定に向けて検出器開発中 *LiNA: Lifetime of Neutron Apparatus
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4.2 Time Projection Chamber 55

4.2.2 Full scale detector

After the verification of the principle with the prototype detector, a full-scale detector

(hereinafter referred to as “LiNA TPC”) was designed as shown in Fig. 4.13 using 3D

CAD software. Its basic structure is the same as the prototype detector. As shown in

Fig. 3.1, this TPC has three detection layers to divide the detection volume to a signal

and a background region. The TPC consists of ten wireframes and eighteen pillars made

with nonmagnetic material of aluminum. The drift field is supplied by the drift boards

mounted inside the TPC. The drift board has slits for the X-ray injection and a hole for

the neutron beam injection. The electric signals on the MWPC are fed through twisted-

pair cables to the amplifier boards mounted on the outside of the TPC. The specification

of the TPC and its wires are summarized in Table 4.2 and Table 4.3, respectively.

Figure 4.14 shows a diagram of the high voltage supply to each wire. Anode wires have

a low pass filter to cut off noise from the HV module. When the anode wire multiplies

electrons with its high voltage, the charge is fed to the amplifier through a capacitor of

1000 pF. The drift field cage consists of a resistor chain (10 MΩ × 13) to make a gradient

of the electric field.

Fig. 4.13 Designed model of LiNA TPC. It consists of ten frames and eighteen pillars

made with aluminum. Drift field boards are mounted on the inside and amplifier

boards are mounted on the outside of the TPC.

アノードワイヤー

フィールドワイヤー
カソードワイヤー

磁場印加中で動作する多層型TPC
TPCの概要 Ø 磁場中で動作させるため、⾮磁性材料で構築

Ø ３層の読み出し領域

アノードワイヤー 240本 (80x3), Au coated W, 1600−1900 V(下・中層), 2600−3000 V(上層) 

フィールドワイヤー 240本 (80x3), BeCu , 0 V(下・中層), 1000−1300 V(上層) 

カソードワイヤー 210本 (35x6), BeCu , 0 V(下・中層), 1000−1300 V(上層) 

ドリフト⻑, ドリフト電圧 7.6 cm/層, 1000−1300 V

動作ガス He:CO2=85kPa:15kPa

⼨法(mm) 270 x 270 x 1020

• アルミニウム、ステンレス(SUS316)、PTFEなど

ドリフト⽅向 ワイヤーピッチ :
6 mm

MWPC部

ドリフトボード



Integration test with superconducting magnet
• Transport of fabricated detectors to KEK 
⇒　Integration test of superconducting magnet and detector was carried out. 

• Detectors and amplifiers can operate in magnetic fields? 
• Performance evaluation of detectors using cosmic rays and sources 

• Detector calibration using X-rays from a 55Fe source 
• Sufficient gain and energy resolution at Anode HV +1.8 kV 
⇒　No variation with or without magnetic field

10
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磁場印加中で動作する多層型TPC
物理測定に向けた開発状況

フルスケールTPC

Ø フルスケールのTPCを作製し、試験済み
• 磁⽯との統合試験

- 磁場中での動作可能性を確認
- 無磁場環境と⽐べてパフォーマンスに⼤きな変化が無い事を確認

• 線源を⽤いた擬似信号検出及び擬似バックグラウンド読み出し試験
- MCによる⾒積もりと⽭盾しない信号分布を検出
- 期待されるバックグラウンド削減能⼒を実測

→ 無磁場環境でのバックグラウンド量の2.9% (@600 mT)

超伝導ソレノイド磁⽯

真空容器
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磁場印加中で動作する多層型TPC
物理測定に向けた開発状況

4.4 Installation in the beamline 79

34
0

0
20

40

�

Fig. 4.48 Schematic setup view of BL05. The Dewar vessel is located at the down-

stream of the iron shield.

Fig. 4.49 Photo of BL05. The LiNA system was installed in the iron shield.

J-PARC/MLF/BL05での
テストセットアップ

Ø フルスケールのTPCを作製し、試験済み
• 実実験環境での動作試験

- 下層と中層の読み出し領域を
⽤いて試験

- &He(n, p) &H反応による信号を
実測

Ø 未解決の課題
• 上層MWPCで放電が⽣じる

- 下・中層よりも印加電圧が⾼い
→放電箇所特定試験を実施 (今年11⽉, KEK)
試験結果に基づき、MWPCを新規作製中

• 検出器較正システムの設置
- 真空容器の⼨法に合わせた設計を
検討中

これらの課題を解決し、物理測定可能な
状態にまで2023年上半期中に準備を進める
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まとめ
Ø⾃由中性⼦寿命測定は、測定⼿法によって有意に測定値が
異なる「中性⼦寿命問題」を抱えている

Ø新たな⼿法による測定により、中性⼦寿命問題の解決に迫る
• ⽬標精度 : 1 s (0.1%)

Ø先⾏研究で原理検証されたTPCを⽤いる電⼦計数法は原理的に
計数における系統誤差が⼩さい
• バックグラウンドの多さが課題であった
• ２つのアプローチで低バックグラウンド環境での測定を⽬指す

- PEEK フレーム製TPC
- フレーム素材をPEEKとすることで、含有放射性物質を削減
- 内壁にLiFを取り付けることで、散乱中性⼦起因バックグラウンドを削減
- 現在実験中であり、あと~100⽇程度のデータ取得で統計精度1 sを達成

- 磁場印加中で動作する多層型TPC
- 内壁へのLiF取り付けに加え、磁場を印加することで信号事象と
バックグラウンド事象を効率的に分離

- ⾮磁性材料でTPCを構築
- MWPCでの放電対策や検出器較正システムの導⼊を⾏い、

2023年上半期中に物理測定が可能な状態にまで準備予定
２種の検出器で独⽴な測定を⾏うことで、相補的に結果の確度を⾼める



バックアップ
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⾃由中性⼦寿命
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Ø素粒⼦物理や宇宙物理における⾮常に重要なパラメータ

Ø SMの検証 Øビッグバン元素合成 (BBN)の
インプットパラメータ

|𝑉'(|) =
4905.7 ± 1.7 sec
𝜏"(1 + 3𝜆))

• Cabibbo-Kobayashi-Maskawa (CKM) 
行列の 𝑉'(項は以下のように計算
される:

-中性子寿命 (𝜏")
- Axis/vector coupling constant 
𝜆 ≡ G*/G+

→ CKM行列のユニタリ性を検証

• 初期宇宙の軽元素組成は以下のパラ
メータから見積もることができる:

- Baryon-to-photon ratio
-反応断面積
-中性子寿命

https://www.einstein-online.info/en/spotlight/bbn_phys/

https://www.einstein-online.info/en/spotlight/bbn_phys/


中性⼦捕獲断⾯積
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En࣮ࢠࣝࢿ࢚ࡢ ࡿࡍศ㢮࡟࠺ࡼࡢ௨ୗ࡚ࡗࡼ࡟

 ࠋ[1]ࡿ࠶ࡀ࡜ࡇ
 ෭୰ᛶᏊ㸸 En <0.025eV 
 ⇕୰ᛶᏊ㸸 En㹼0.025eV 
 ప㏿୰ᛶᏊ㸸 0.03eV< En <100eV 
 ୰㏿୰ᛶᏊ㸸 100eV< En <10keV 
 㧗㏿୰ᛶᏊ㸸 10keV< En <10MeV 
⠊ᅖ࣮ࢠࣝࢿ࢚ࡢࡑࠊࡣศ㢮ࡢࡽࢀࡇࠊࡋ࠿ࡋ
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Table 22୰ᛶᏊ᳨ฟ࡟฼⏝ࡿࢀࡉᤕ⋓཯ᛂ  
235U + n 
 
3He + n 
 
6Li + n  
 
10B + n 
 
 
 

197Au + n 
 
155Gd + n 
 
157Gd + n 

Ѝ 
 
Ѝ 
 
Ѝ 
 
Ѝ 
Ѝ 
 
 
Ѝ 
 
Ѝ 
 
Ѝ 
 

᰾ศ⿣∦㸩㹼200MeV 
 
3H + p + 0.765MeV 
 
3H + 4He + 4.78MeV 
 
7Li + 4He +2.79MeV� (7%) 
7Li* + 4He + 2.31MeV (93%) 
7Li*Ѝ7Li + 4He + " (0.48MeV) 
 
198Au 
198Au Ѝ� 198Hg + # + "$
156Gd* 
Ѝ 156Gd + ( "⥺㸩㌿᥮㟁Ꮚ) 
158Gd* 
Ѝ 158Gd + ( "⥺㸩㌿᥮㟁Ꮚ) 

 

  

Table 33୺࡞୰ᛶᏊᤕ⋓཯ᛂࡢ཯ᛂ᩿㠃✚࡜
཯཯ᛂᚋࡢ⢏Ꮚ࣮ࢠࣝࢿ࢚ࡢ 

཯ᛂ  ᩿㠃✚ 
(barns)  

Ⲵ㟁⢏Ꮚࡢ 
 ࣮ࢠࣝࢿ࢚
㸦MeV㸧  

Ꮡᅾẚ

(㸣)  

235U(n, FF)  583  
᰾ศ⿣∦ 

㸦㹼200MeV㸧  0.72  

3He(n,p)  5333  p   0.57 
3H   0.19  

0.00014  

6Li(n,!)  940  
!   2.05 
3H   2.74  7.5  

10B(n,!)  3837  !   1.47 
7Li   0.84 

19.8  

197Au(n,")  96  
#⥺$

㸦᭱኱࢚ࢠࣝࢿ

࣮㸸%&'(㸧  
100  

155Gd(n,")  60900  
㌿᥮㟁Ꮚ 

㸦0.039㹼0.25㸧  14.8  

157Gd(n,")  254000  
㌿᥮㟁Ꮚ 

㸦0.029㹼0.23㸧  15.7  

natGd(n,")  48890  
㌿᥮㟁Ꮚ 

㸦0.029㹼0.25㸧  100  

 

Fig.1 ୰୰ᛶᏊ᳨ฟࡿࢀࡽ࠸⏝࡟୺࡞཯ᛂࡢ
ᤕᤕ⋓᩿㠃✚[[10] 

Ø ,He(n, p)反応の断⾯積は広い範囲で共鳴を持たず、1/v 則に従う

波紋20(2), 171-174, 2010-05 



代表的な中性⼦寿命測定例
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⼿法 Beam Penning trap Gravitational trap Magnetic trap

中性⼦源 原⼦炉 原⼦炉 原⼦炉 原⼦炉
エネルギー 冷中性⼦ 冷中性⼦ 超冷中性⼦ 超冷中性⼦
測定粒⼦ 電⼦ 陽⼦ 中性⼦ 中性⼦
メリット flux monitor low background small correction no wall loss

デメリット high background flux monitor wall effect depolarization

結果 878 ± 27 ± 14 s
(1989)

886.6 ± 1.2 ± 3.2 s
(2005)

878.5 ± 0.7 ± 0.3 s
(2008)

878 ± 1.9 s
(2009)
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5/4/2022 22:59 Page 2

1This is a corrected result (see the erratum). The error is statistical. The maximum NODE=S017M1;LINKAGE=V
systematic error is 0.029 MeV.

(mn − mn )/ mn(mn − mn )/ mn(mn − mn )/ mn(mn − mn )/ mn NODE=S017DMM

A test of CPT invariance. Calculated from the n and n masses, above. NODE=S017DMM

NODE=S017DMMVALUE DOCUMENT ID

(9±6)× 10−5 OUR EVALUATION(9±6)× 10−5 OUR EVALUATION(9±6)× 10−5 OUR EVALUATION(9±6)× 10−5 OUR EVALUATION → UNCHECKED ←

mn − mpmn − mpmn − mpmn − mp NODE=S017D

NODE=S017DVALUE (MeV) DOCUMENT ID TECN COMMENT

1.2933324 ±0.0000005 OUR AVERAGE1.2933324 ±0.0000005 OUR AVERAGE1.2933324 ±0.0000005 OUR AVERAGE1.2933324 ±0.0000005 OUR AVERAGE [1.2933321 ± 0.0000005 MeV OUR 2021 AV- NEW
ERAGE]

1.29333236±0.000000461.29333236±0.000000461.29333236±0.000000461.29333236±0.00000046 1 TIESINGA 21 RVUE 2018 CODATA value

• • • We do not use the following data for averages, fits, limits, etc. • • •

1.29333205±0.00000051 2 MOHR 16 RVUE 2014 CODATA value
1.29333217±0.00000042 3 MOHR 12 RVUE 2010 CODATA value
1.29333214±0.00000043 4 MOHR 08 RVUE 2006 CODATA value
1.2933317 ±0.0000005 5 MOHR 05 RVUE 2002 CODATA value
1.2933318 ±0.0000005 6 MOHR 99 RVUE 1998 CODATA value
1.293318 ±0.000009 7 COHEN 87 RVUE 1986 CODATA value
1.2933328 ±0.0000072 GREENE 86 SPEC np → d γ

1.293429 ±0.000036 COHEN 73 RVUE 1973 CODATA value

1The 2018 CODATA mass difference in u is mn − mp = 1.388 449 33(49)× 10−3u.
NODE=S017D;LINKAGE=B

2The 2014 CODATA mass difference in u is mn − mp = 1.388 449 00(51)× 10−3u.
NODE=S017D;LINKAGE=A

3The 2010 CODATA mass difference in u is mn − mp = 1.388 449 19(45)× 10−3u.
NODE=S017D;LINKAGE=MH

4Calculated by us from the MOHR 08 ratio mn/mp = 1.00137841918(46). In u, mn − NODE=S017D;LINKAGE=MO
mp = 1.38844920(46) × 10−3 u.

5Calculated by us from the MOHR 05 ratio mn/mp = 1.00137841870 ± 0.00000000058.
NODE=S017D;LINKAGE=MD

In u, mn − mp = (1.3884487 ± 0.0000006)× 10−3 u.
6Calculated by us from the MOHR 99 ratio mn/mp = 1.00137841887 ± 0.00000000058.

NODE=S017D;LINKAGE=M9
In u, mn − mp = (1.3884489 ± 0.0000006)× 10−3 u.

7Calculated by us from the COHEN 87 ratio mn/mp = 1.001378404 ± 0.000000009. In
NODE=S017D;LINKAGE=C

u, mn − mp = 0.001388434 ± 0.000000009 u.

n MEAN LIFEn MEAN LIFEn MEAN LIFEn MEAN LIFE NODE=S017T

Limits on lifetimes for bound neutrons are given in the section“p PARTIAL NODE=S017T
MEAN LIVES.”

We average seven of the best eight measurements, those made with ultra-
cold neutrons (UCN’s). If we include the one in-beam measurement with
a comparable error (YUE 13), we get 879.6± 0.8 s, where the scale factor
is now 2.0.

For a recent discussion of the long-standing disagreement between in-
beam and UCN results, see CZARNECKI 18 (Physical Review Letters 120120120120
202002 (2018)). For a full review of all matters concerning the neu-
tron lifetime until about 2010, see WIETFELDT 11, F.E. Wietfeldt and
G.L. Greene, “The neutron lifetime,” Reviews of Modern Physics 83838383 1173
(2011).

NODE=S017TVALUE (s) DOCUMENT ID TECN COMMENT

878.4 ± 0.5 OUR AVERAGE878.4 ± 0.5 OUR AVERAGE878.4 ± 0.5 OUR AVERAGE878.4 ± 0.5 OUR AVERAGE Error includes scale factor of 1.8. See the ideogram NEW
below. [879.4 ± 0.6 s OUR 2021 AVERAGE Scale factor = 1.6]

877.75± 0.28+ 0.22
− 0.16 GONZALEZ 21 CNTR UCN asym. magnetic trap

878.3 ± 1.6 ± 1.0 EZHOV 18 CNTR UCN magneto-gravit. trap

877.7 ± 0.7 + 0.4
− 0.2

1 PATTIE 18 CNTR UCN asym. magnetic trap

881.5 ± 0.7 ± 0.6 SEREBROV 18 CNTR UCN gravitational trap
880.2 ± 1.2 2 ARZUMANOV 15 CNTR UCN double bottle
882.5 ± 1.4 ± 1.5 3 STEYERL 12 CNTR UCN material bottle
880.7 ± 1.3 ± 1.2 PICHLMAIER 10 CNTR UCN material bottle
878.5 ± 0.7 ± 0.3 SEREBROV 05 CNTR UCN gravitational trap
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• • • We do not use the following data for averages, fits, limits, etc. • • •

887 ±14 + 7
− 3

4 WILSON 21 CNTR space-based n rate

887.7 ± 1.2 ± 1.9 5 YUE 13 CNTR In-beam n, trapped p

881.6 ± 0.8 ± 1.9 6 ARZUMANOV 12 CNTR See ARZUMANOV 15
886.3 ± 1.2 ± 3.2 NICO 05 CNTR See YUE 13
886.8 ± 1.2 ± 3.2 DEWEY 03 CNTR See NICO 05
885.4 ± 0.9 ± 0.4 ARZUMANOV 00 CNTR See ARZUMANOV 12
889.2 ± 3.0 ± 3.8 BYRNE 96 CNTR Penning trap
882.6 ± 2.7 7 MAMPE 93 CNTR UCN material bottle
888.4 ± 3.1 ± 1.1 8 NESVIZHEV... 92 CNTR UCN material bottle
888.4 ± 2.9 ALFIMENKOV 90 CNTR See NESVIZHEVSKII 92
893.6 ± 3.8 ± 3.7 BYRNE 90 CNTR See BYRNE 96
878 ±27 ±14 KOSSAKOW... 89 TPC Pulsed beam
887.6 ± 3.0 MAMPE 89 CNTR See STEYERL 12
877 ±10 PAUL 89 CNTR Magnetic storage ring
876 ±10 ±19 LAST 88 SPEC Pulsed beam
891 ± 9 SPIVAK 88 CNTR Beam
903 ±13 KOSVINTSEV 86 CNTR UCN material bottle
937 ±18 9 BYRNE 80 CNTR
875 ±95 KOSVINTSEV 80 CNTR
881 ± 8 BONDAREN... 78 CNTR See SPIVAK 88
918 ±14 CHRISTENSEN72 CNTR

1PATTIE 18 uses a new technique, with a semi-toroidal magneto-gravitational asymmetric NODE=S017T;LINKAGE=I
trap and a novel in situ n-detector.

2ARZUMANOV 15 is a reanalysis of their 2008–2010 dataset, with improved systematic NODE=S017T;LINKAGE=H
corrections of of ARZUMANOV 00 and ARZUMANOV 12.

3 STEYERL 12 is a detailed reanalysis of neutron storage loss corrections to the raw data NODE=S017T;LINKAGE=ST
of MAMPE 89, and it replaces that value.

4WILSON 21 extract the value from the flux of n escaping the moon using data from the NODE=S017T;LINKAGE=J
Lunar Prospector Neutron Spectrometer.

5YUE 13 differs from NICO 05 in that a different and better method was used to measure NODE=S017T;LINKAGE=G
the neutron density in the fiducial volume. This shifted the lifetime by +1.4 seconds and
reduced the previously largest source of systematic uncertainty by a factor of five.

6ARZUMANOV 12 reanalyzes its systematic corrections in ARZUMANOV 00 and obtains NODE=S017T;LINKAGE=AR
this corrected value.

7 IGNATOVICH 95 calls into question some of the corrections and averaging procedures NODE=S017T;LINKAGE=E
used by MAMPE 93. The response, BONDARENKO 96, denies the validity of the
criticisms.

8The NESVIZHEVSKII 92 measurement has been withdrawn by A. Serebrov. NODE=S017T;LINKAGE=NE
9The BYRNE 80 measurement has been withdrawn (J. Byrne, private communication, NODE=S017T;LINKAGE=D
1990).
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χ2
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(Confidence Level = 0.0015)
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neutron mean life (s)

n MAGNETIC MOMENTn MAGNETIC MOMENTn MAGNETIC MOMENTn MAGNETIC MOMENT NODE=S017MM

中性⼦寿命測定値
PDG 2022
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of MAMPE 89, and it replaces that value.

4WILSON 21 extract the value from the flux of n escaping the moon using data from the NODE=S017T;LINKAGE=J
Lunar Prospector Neutron Spectrometer.

5YUE 13 differs from NICO 05 in that a different and better method was used to measure NODE=S017T;LINKAGE=G
the neutron density in the fiducial volume. This shifted the lifetime by +1.4 seconds and
reduced the previously largest source of systematic uncertainty by a factor of five.

6ARZUMANOV 12 reanalyzes its systematic corrections in ARZUMANOV 00 and obtains NODE=S017T;LINKAGE=AR
this corrected value.
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中性⼦の崩壊頻度 (Sβ) 0.1 cps

中性⼦の3He吸収頻度 (Sn) 1.8 cps

環境バックグラウンド (Be) 80 cps

ビーム起因バックグラウ
ンド (Bb)

20 cps

中性⼦崩壊に対する検出
効率 (εβ)

87.2%

中性子の3He吸収に対する
検出効率 (εn)

99.4%

統計誤差（34hours） 3.1%

εβの補正に伴う誤差 1.1%

εnの補正に伴う誤差 0.6%

Bbの引き算に伴う誤差 0.9%

Result 878 ± 27 ± 14 s

電⼦計数法を⽤いた先⾏研究における誤差

R. Kossakowski et al. / Neutron lifetime measurement 475

measurements. In our approach, a chopped neutron beam was used, and the ratio
of the decay-electrons rate to the neutron density was determined simultaneously
with the same apparatus. This ratio yields directly the neutron lifetime.

2. Principle of the experiment

The basic layout of the experiment is illustrated in fig. 2. Cold neutrons exit from
a primary neutron guide. A rotating drum serves as a double chopper and forms
neutron packets. The beam is monochromatized by a graphite crystal in order to
limit the spatial spread of the packets during their flight path. The 90° deflection
out of the main neutron beam provides favourable background conditions.
The neutron packets pass through a secondary guide and enter a He+CO2-filled

drift chamber which works in the time projection mode. A 6LiF beam stopper finally
absorbs the neutron bursts.
During a time interval .:1t, the entire neutron packet moves inside the drift volume

and the number of decay electrons .:1Ne is detected in a 47T geometry. The decay
constant An = T is given as

A =J...(.:1Ne
) .

n N .:1t (2)

The number N of neutrons in the packet is evaluated by observing, simultaneously
to the decay electrons, the products of the 3He(n, p)t reaction in the drift chamber.
For this purpose a small, well defined quantity of 3He is admixed to the counter
gas (see sect. 5). The decay electron and (n, p) events can be well discriminated
due to their very different ionization power in the detector gas. By this method the
neutron decay and neutron density are measured simultaneously in the same detector
and provide a direct measure for the neutron lifetime.

1m

gas container (4He + 3He + CO2)

(6Li F) drift chamber

sense wires (MWPC)

secondary n- guide

......................: E P 1
e
- :---:t-

: ••••••••••••••••••t.:

Fig. 2. Schematic view of the experimental setup. Only a part of the radiation shielding is shown.

Kossakowski et. al., 
Nuclear Instruments and Methods in 
Physics Research A 284, 120 (1989)

Ø 中性⼦ビームバンチの成形
• 回転ドラムによるバンチ化
• 単結晶でのBragg反射による単⾊化
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中性⼦ベータ崩壊と3He中性⼦吸収反応
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p

~0.4 keV

~350keV

n

e-

n

3H

3He
p

572 keV

190 keV

n

GHe(n, p) GH反応
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サイズ 70x50 mm2

RF周波数 ω 29 kHz

ソレノイド
磁場 Bz

0.3 mT

ガイド磁場
By

1 mT

磁性体 Fe

⾮磁性体 SiGe3

磁場 35 mT

サイズ 200x100 
mm2

枚数 8+8+10枚
臨界⾓ 5 Qc

1.5°の角度におくと1300m/s以下の中性子を反射

磁性体と非磁性体の多層膜構造
ガイド磁場 By と振動磁場 Bzsin(ωt)

スピンフリッパーと磁気スーパーミラー

SFCアップグレード

2022/5/925

1st Mirror1st Flipper 2nd Mirror 2nd Flipper 3rd Mirror

2019年以前のビーム強度では、0.1%の統計精度達成に200日以上の測定
が必要

Beam port
TPC

➡ 100日以内での0.1%到達を目指し、
ビームサイズを拡大・中性子光学系を
アップグレード
ビームの拡大に対応するため、新しい
フリッパーコイルと磁気ミラーを作
成・導入した

Spin Flip Chopper (Top View)

中性子物理研究会



G10等の含有放射性物質とγ線スペクトル
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Isotope 212Pb 214Pb 228Ac 214Pb 208Tl 214Bi 212Bi 208Tl 228Ac 40K 214Bi Total

Eγ [keV] 239 295 338 352 583 609 727 861 911 1461 1765

PEEK --- --- --- --- --- --- --- --- --- --- --- <0.001

PPS 0.0016 --- --- --- --- (0.0028) 0.0080 --- --- 0.0068 --- 0.016

PS --- --- --- --- --- --- 0.0080 --- --- --- --- 0.008

Alumina --- --- --- --- --- (0.0026) --- --- 0.0020 --- --- 0.002

G10 0.0480 0.0272 0.0424 0.0257 0.0135 0.0201 0.0480 0.0142 0.0412 0.022 0.0267 0.27

G10のγ線スペクトル

0                     1000                2000

0.001

0.0005

0

[cps/0.5keV]

Energy [keV]

PEEKのγ線スペクトル



G10及びPEEKの物性と材料費
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密度
[g/cc]

弾性率
[GPa]

融点
[℃]

吸⽔率
[%]

体積抵抗
[Ω・m]

cost
[千円/kg]

PEEK 1.3 3.6 334 0.14 1014 45

G10 1.8 20 250 0.10 1011 3.3



Ø誘電体（誘電率ε=3.0）が電極の内側に
Ø電場計算に基づいて電極を配置
Øドリフト速度のばらつきは1%以下
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Experiment : Drift velocity uniformity

=85:15) 
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300V/cm, 100kPa (He:CO

PEEKフレーム製TPC
LiF板インストールによるドリフト電場への影響

電場分布

カソードワイヤー毎に測定した
ドリフト速度
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PEEKフレーム製TPC
ドリフト配線

Drift㓄⥺ 

ୖὶഃ15ᮏᢤ䛔䛶䛒䜛䚹 
ØAuメッキBuCu, 5mmピッチ
Ø窓部分上流側１５本、下流側１８本抜き
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Experiment : Detection Efficiency
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PEEKフレーム製TPC
中性⼦崩壊電⼦の検出
Ø検出効率

• 宇宙線により評価
• アノードワイヤーに直交する
宇宙線に対して
- 100kPa : 97%
- 50kPa : 77%

• 閾値: 200 eVに相当

中性⼦崩壊からの電⼦
（0~782 keV）に適⽤

Ø ヒットしたワイヤーとビーム軸の最近接距離
を評価

→ 99.9%以上の電⼦がビーム軸から4wire以内に
ヒットを残す
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Simulation : On-axis neutron decay

100kPa

  50kPa



2022/12/10 MPGD & Active媒質TPC2022研究会 39

 Fill No.
40 50 60 70 80 90 100 110 120

 [%
]

b
 / 

S
G

as
 B

G
 S

0

2

4

6

8

10

12

14

ガス散乱BGの評価

2021/3/15日本物理学会 2021年次大会 15pT1-310

4.5 % 実測値

1.1 % 計算値

(), *)反応の信号領域/BG領域でのイベント数比: M = A. OA
(Signal Beta at Signal region) = (EX at Signal region) – (Scat. Beta) – M ⋅(EX at BG region)

現在(Q, R)反応としてMCで扱っているイベントは、TPC内壁 (LiF)での中性子捕獲
ガス散乱BG((Q, R)反応)の量は、測定値とMC計算値で約4倍の差がある

• 測定値: ⁄S$%& '( S) = 4.5 %
• 計算値: ⁄S$%& '( S) = 1.1 %

➡起源が不明なBGイベントが存在する (系統誤差として考慮)

起源の違うBGイベントがいれば、Tの
値も変わる (信号事象数も変わる)

MCシミュレーションによってTの値に
制限をつける
• エネルギー・発生位置の異なる5線イベントの

MCを作成
• MCのイベント構造を測定値と比較、一致度に
応じて6の取りうる値を推定

ガス散乱BGの割合

< Signal β	>signal	region=	<EX	β	>signal	regionー<Scat.	β	>	ー 𝜅・ < EX fake β	from (n, γ) >BG	region

ガス散乱起因背景事象

2021/9/17日本物理学会 2021年秋季大会 17pT1-28

ガス散乱BG((G, I)反応)の量は、測定値とMCによる計算値で約4倍の差がある
• 測定値: ⁄J"#$ %& J' = 4.5 %
• 計算値: ⁄J"#$ %& J' = 1.0 %

➡起源が不明なBGイベントが存在する (系統誤差として考慮)
ガス散乱BGの系統誤差として +2/-14 sの不確かさ
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• XE分布
XE < 4 の領域を信号領域として定義

• XC分布
XC >= 4 の領域(BG領域)では信号事象は
ほとんど存在しない
➡BG領域でBGのMCイベントを規格化

日本物理学会2021年年次大会 15pT1-3

PTEP 2020, 123C02 K. Hirota et al.

Table 4. Correction and uncertainty budgets of SHe (Series 6).

Term Correction (%) Uncertainty (%)

Statistics of S+ ±0.18 stat

Misclassified neutron decay (−ξβ
sepSβ/S+) −0.05 +0.05

−0.00

Contamination of 14N (−ξN ) −0.50 0.05
Contamination of 17O (−ξO) −0.51 0.03
Scattered neutron (−ξHe

scat) −0.39 0.04
Pileup (ξHe

pileup) −0.08 +0.08
−0.00

SHe 0.18 stat
+0.11
−0.06 sys

Fig. 16. Schematic figure of tracks and anode hit positions to illustrate the variables XC and XE. The outermost
dotted square region, inner blue-colored region, and upper black circles indicate the TPC, neutron beam region,
and anode wires, respectively. The closed and open circles correspond to near and far endpoints from the central
wire, and the star shows the nearest hit position for each track. The number of wires and the geometric scale
are not the same as those of the experiment. XC is the distance along the x-axis between the origin and the
nearest hit anode wire, and XE is that between the origin and the nearer endpoint of the track.

Variables for the x-position of the anode wires, XC and XE, are introduced for this analysis. A
schematic figure for them is shown in Fig. 16, where XC is the distance along the x-axis between the
origin and the nearest hit anode wire, and XE is that between the origin and the near endpoint of a
track. The continuity of each track is not required in the analysis. The distributions of XC and XE of
S− are shown in Fig. 17 with scaled simulations of the neutron decay without scattering, the decay
of the scattered neutron, and the neutron-induced γ -ray background. Since the number of the anode
wires is odd, the space for the 0th channel is half that for the other channels.

Using these variables, we classified the tracks as the central (XE ≤ w), the peripheral (XC > w),
and the remaining (XE > w and XC ≤ w) components. The relation XC ≤ XE is always satisfied by
definition. Because tracks of the neutron decays in the beam have a hit within the neutron beam width,
the neutron decay events without scattering are mainly classified in the central, and few (< 0.02%)
exist in the peripheral. We can estimate Snγ from the peripheral component with Sβscat determined
by ξHe

scat. Ignoring the neutron decay without scattering in the peripheral, the central and peripheral
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Ø 𝑆-./ 0-/𝑆!には、実験とMCとの間に⼤きな乖離が存在する
§ 実験値はMCの~4倍程度

→ MCにおいて未考慮な背景事象の存在を⽰唆
§ この乖離のため、𝜅の⾒積もりに⼤きな系統誤差が計上されてしまっている

→最終的な寿命測定値に与える不確かさ: +2/-14 s

PEEKフレーム製TPC
起源未特定バックグラウンド
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Gamma ray yield

528 M.A. Lone et al. / Me V neutron production 

We used B grit and B4C powder as targets. In both 
cases the neutron background due to y-rays from Cd 
inside the target tube and the reactor hall exceeded 
the net fast neutron yield from the targets. The 
neutron yields from B and B4C are 0.6 X 10 -6 and 
0.5 X 10 -6, respectively. Because of the large back- 
ground corrections the uncertainty in these yields is 
about 60%. 

The neutron yield calculated [11,16] from B(a, n) 
cross sections is 0.5 X 10 -6 which is in good agree- 
ment with our results. 

5. Z Gamma-ray yieMs 

Apart from the requirement of low fast neutron 
yield an additional criterion for the usefulness of a 
thermal neutron shield for the (n, 3') research facili- 
ties is low y-ray production. Gamma-rays are pro- 
duced both in the primary (n, 3') and the secondary 
(t, y) reactions. Thus in spite of the low fast neutron 
yield, B compounds are unsuitable for shielding mate- 
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Fig. 6. Gamma-ray spectra from thermal neutron capture in 
6LiF recorded m a singles mode with a 40 em 3 GeLi detec- 
tor. The top curve shows the primary transitions from the 
6Li(n, 3")YLi reaction. The lower two curves show well- 
resolved peaks from 19F(t, 3') reactions, see table 1. Also 
the Doppler broadened, 596 and 69.4 keV ")'-rays from, 
7#Ge(ri, n') and 7ZGe(n, n') }'eactions ate identified. 

rials in high neutron fluxes near a y-ray detector 
because of the intense 0.477 MeV y-rays. 

Fig. 6 shows some regions of the y-ray spectrum 
from a 6LiF target. The top curve shows the 7246 
and the 6770 keV transitions from the primary 6El(n, 
y)YLi reaction. This region of the spectrum is reason- 
ably clean, but several intense y-ray peaks appear in 
the low energy part of the spectrum. Some of these 
are identified, e.g., the 1982 keV transition from the 
first excited state of 180 populated m the 19F(t, 
a)180* reaction. Similarly, the 350 keV transition 
from the 19F(t, n)21Ne and the 280 keV transition 
from ~gF(t, p)2~F reactions are quite pronounced. 
Only one resolved peak at 1643 keV can be identified 
as arising from the 19F(n, 3') reaction. 

Production of high energy neutrons is obvious 
from the presence of 596 and 694 keV Doppler 
broadened y-rays. The former is from the ~4Ge(n, 
n')YaGe* and the latter from the 72Ge(n, n')72Ge * 
reactions. The intensity of these y-rays is commonly 
used to determine the fast neutron dose to the Ge 
detector for an estimate of potential radiation 
damage. 

No doubt other compounds also produce y-ray 
background. However, considering the (n, 3') cross 
sections and the secondary channels one would 
expect 6Li2°apb to be the best composite shield, 
although this material will also attenuate the low 
energy y-rays from the target and will be expensive. 
Other suitable compounds are 6Li3Bi, 6Li202 and 
6Li2CO3. 

6. Discussion and conclusions 

Measured high energy neutron yields from thermal 
neutron capture m thick targets made of Li and B 
compounds are in reasonable agreement with the cal- 
culated yields (see table 2). 

Fast neutron yields from commonly used com- 
pounds with natural Li are in excess of 80 neutrons 
per mdlion thermal neutrons but enrichment of the 
6L1 to about 96% reduces the fast neutron yield by 
a factor of about 2. Even then the fast neutron yields 
from some of the compounds are high enough to 
cause difficulties. For example, a 6LiF beam dump at 
a facility with a 4 cm diameter beam and a flux of 
108 n - c m  - 2 . s  -1 will produce ~ I . 3 X 1 0  s fast 
neutrons per second. This is the strength of a typical 
Pu-Be source. Assu.mi.'ng that only 1% of these fast 
neutrons'reach a nearby y-ray detector it will receive 
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実際に6LiF の中性⼦照射をGeで測定したスペクトル

Reaction Gamma energy [keV]
19F(t,a)18O* 1982

19F(t,n)21Ne* 350 
19F(t,p)21F* 280
19F(t,t)19F*
19F(a,a)19F*

197 
110

(n,g)以外のγ線

M.A. Lone et al., Nuclear Instruments and 
Methods 174 (1980) 521-529 

Ø 先⾏研究において実際に、LiFに中性⼦を照射した場合の(𝑛, 𝛾)反応以外による
⽐較的低エネルギーなガンマ線発⽣は報告されている
→ 本実験に⽤いているLiFのサンプルについて同様の結果が得られるか検証

反応 ガンマ線エネルギー [keV]
12F t, t 12F∗
12F(α, α)12F∗

110
197

12F t, p )1F∗ 280
12F t, n )1Ne∗ 350

4LiF板
中性子 'Li

α, t

𝛾

𝛾

12F

12F

)1F, )1Ne

PEEKフレーム製TPC
起源未特定背景事象の調査
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Ø J-PARC/BL05においてLiFへの中性⼦照射実験を⾏い、
NaI検出器でガンマ線スペクトルを測定した

MCからの超過

PEEKフレーム製TPC
起源未特定背景事象の調査
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JFY # of gas fill Beam power [kW] DAQ time [hours]

2014 1 300 35

2015 1 500 16

2016 4 200 229

2017 14 150, 300, 400 689

2018 6 400, 500 299

2019 3 500 169

2021 1 700 18

2022 2 800 93

JFY # of gas fill Beam power [kW] DAQ time [hours]

2017 3 150, 300 135

2018 3 400, 500 189

2021 2 600, 700 87

2022 2 800 90

Ø 100 kPラン

Ø 50 kPaラン

統計精度
~2.7 s

統計精度
~3.0 s

統計精度
~10 s
(Prog. Theor. Exp. Phys. 
2020, 123C02 (2020))

初期結果

PEEKフレーム製TPC
現在までの測定

あと~100⽇程度のデータ取得で、統計精度1秒を達成できると⾒込んでいる

統計精度
~2.0 s
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PEEKフレーム製TPC
統計誤差の⾒積もり
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PEEKフレーム製TPC
系統誤差
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ガス散乱中性⼦起因バックグラウンドによる
系統誤差

Ø ガス散乱起因バックグラウンドが主要な系統誤差要因
• 中性⼦寿命に与える不定性 : +2/-14 s

Ø 1 s (0.1%)以上の不定性を与える他の系統誤差についても、
MCシミュレーションや解析⽅法の再評価などにより改善を試みている
e.g.) パイルアップ、検出効率



2022/12/10 MPGD & Active媒質TPC2022研究会 45

磁場印加中で動作する多層型TPC
バックグラウンド削減量の⾒積もり

3.3 Performance estimation 45
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Fig. 3.4 Background in signal region as a function of magnetic field strength. The

remaining background in the signal region normalized to 100% by no magnetic field

condition. The magnetic field at 600 mT suppresses the neutron-induced background

to ∼2%.

100% →無磁場環境での
バックグラウンド量

2%@600 mT
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Accurate neutron lifetime measurement with magnetic field
- LiNA experiment

12

・ Methods using magnetic fields
Restricted signal area by applying a magnetic field and using a multilayer TPC.

→ Significantly reduced background events. 
(Can be reduced to 2% compared to no magnetic field.)

Background events of ongoing experiment

Monthly-Q

・Major sources of systematic error
Correction for background events due to neutrons scattered by the detector's operating gas.
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Superconducting magnet

• Using a spare superconducting magnet  
from the BESS experiment 
• Solenoid coil 920 mT @580 A 
• Coil　φ1000 mm × 1300 mm 
• Superconducting wire NbTi:Cu:Al

8

Time Projection Chamber

Superconducting magnet

Vacuum chamber

Beam dump

Neutron bunch

Neutron shutter

BESS experiment: Balloon launch

Magnet vessel, vacuum vessel and mountØ 超伝導ソレノイド磁⽯
• BESS実験⽤のスペアを利⽤
• ソレノイドコイル諸元

- 920 mT @ 580 A
- Φ1000 mm x 1300 mm
- Superconducting wire:

NbTi:Cu:Al

磁場印加中で動作する多層型TPC
ソレノイド磁⽯

Bess実験気球打ち上げ

磁⽯

真空容器
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磁場印加中で動作する多層型TPC
LiFの取り付け
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Measurement results
Large uncertainty in correction

5

Value Correction Uncertainty Note

ρ (2.08 ± 0.01)×1019 #/m3 0 0.5% Can be improved by the method 
of introducing 3He gas

σv 5333 ± 7 barn × 2200 m/s 0 0.13% Alternate measurement required

SHe 202993 ± 480 event 2672 ± 351 event 0.3% Statistical accuracy dominates

Sβ 8868 ± 151 event 463 ± 154 event 2.6% Background event contamination 
5.2%

εHe 100 - 0.014% 0 + 0.014% 0.014% Enough accuracy

εβ 94.5 ± 1.0% +5.5 ± 1.0% 1.0% Efficiency correction　5.5%

Results of the previous experiment 
τn = 896 ± 10 (stat) +14/-10 (syst) sec

⌧n =
1

⇢�v

✓
SHe/"He

S�/"�

◆

3He density ↑

↓ Signal number ↓ Efficiency

↑3He cross section × neutron velocity

N.Sumi, “The LiNA experiment: Development of multi-layered time projection chamber”, 
VCI2022 - The 16th Vienna Conference on Instrumentation, Feb 2022
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Estimation of accuracy
Decrease in indeterminacy as correction amount decreases

14

Value Correction Uncertainty Note

ρ (2.3927 ± 0.002)×1019 #/m3 0 0.1% Can be improved by the 
method of introducing 3He 

gas
σv 5333 ± 7 barn × 2200 m/s 0 0.13% Alternate measurement 

required

SHe 1915609  ± 1384 event 9578 ± 575 event 0.3% Statistical accuracy 
dominates

Sβ 76611 ± 276 event 163 ± 12 event 0.4% Correction 5.2%→0.21%

εHe 100 - 0.01% 0 + 0.01% 0.01% Enough accuracy

εβ 99.90 ± 0.01% +0.10 ± 0.01% 0.01% Correction 5.5%→0.10%

Previous

⌧n =
1

⇢�v

✓
SHe/"He

S�/"�

◆

3He density ↑

↓ Signal number ↓ Efficiency

↑3He cross section × neutron velocity

N.Sumi, “The LiNA experiment: Development of multi-layered time projection chamber”, 
VCI2022 - The 16th Vienna Conference on Instrumentation, Feb 2022
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磁場印加中で動作する多層型TPC
統計誤差の⾒積もり

5.4 Expected accuracy 89
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After SFC Upgrade
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Estimation of statistical error

Fig. 5.11 Estimation of statistical error. The flux of neutron beam depends on the

MLF beam power and the SFC. After MLF beam power upgrade to 1.0 MW and the

SFC flux, the statistical error of 0.2% will be achieved in 30 days measurement.
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磁場印加中で動作する多層型TPC
ドリフト電圧系の概要



バックグラウンド抑制策のまとめ
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Spin Flip-
Chopper

1m

環境γ線遮蔽：
鉛

宇宙線 veto ：シンチレーターBL05上流、BL04遮蔽：鉄

SFC遮蔽 ： 鉛

散乱中性⼦対策：6Li板

低放射性物質→ PEEK TPC
磁場によるバックグラウンドの
⾼効率な分離→ LiNA TPC

バックグラウンド源 対策前 対策後
TPCの含む放射性物質 30 cps 0.1 cps

環境γ線 70 cps 0.8 cps

宇宙線 55 cps 0.5 cps

SFC 13 cps
0.5 cps

BL05上流、BL04 8 cps

TPC内での散乱中性⼦ 2 cps 対策前の
~2%以下



並⾏平板間での⽕花放電開始電圧
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*Distance →並⾏平板間距離


