
10．g-2/EDM 超伝導電磁石開発と
MRI への精密磁場技術

高エネルギー加速器研究機構

阿　部　充　志



目　　　次

g-2/EDM 超伝導電磁石開発とMRIへの精密磁場技術

１　はじめに  …………………………………………………………………………………………………  10－１
１．１　既開発の磁場設計技術 ……………………………………………………………………………  10－１
１．２　磁場設計と正則化 …………………………………………………………………………………  10－２
１．３　本資料の内容 ………………………………………………………………………………………  10－２

２　最小二乗法と正則化  ……………………………………………………………………………………  10－３
２．１　正則化による最小二乗解 …………………………………………………………………………  10－３
２．２　固有モード強度に注目したTSVD 正則化 ………………………………………………………  10－４
２．３　目標磁場について …………………………………………………………………………………  10－６

３　TSVD 正則化を用いる例題  ……………………………………………………………………………  10－７
３．１　例題の計算体系 ……………………………………………………………………………………  10－７
３．２　電流-磁場の応答行列と特異値分解  ……………………………………………………………  10－９
３．３　磁場・電流分布の再構成  …………………………………………………………………………  10－11
３．４　目標磁場とMaxwell 方程式 ………………………………………………………………………  10－13
３．５　3 章のまとめ ………………………………………………………………………………………  10－16

４　MRI 用磁石の一様磁場設計 ……………………………………………………………………………  10－18
４．１　MRI 磁石磁場設計の磁場成分  …………………………………………………………………  10－19
４．２　概念検討(Step-1) …………………………………………………………………………………  10－19
４．３　起磁力配置の離散化(Step-2) ……………………………………………………………………  10－23
４．４　巻き線数の離散化(Step-3) ………………………………………………………………………  10－25
４．５　鉄芯型MRI 磁石の場合 ……………………………………………………………………………  10－26
４．６　磁場シミング ………………………………………………………………………………………  10－28
４．７　MRI 磁石静磁場設計のまとめ ……………………………………………………………………  10－33

５　g-2/EDM磁石の磁場設計 ………………………………………………………………………………  10－35
５．１　主磁場 ………………………………………………………………………………………………  10－35
５．２　調整装置 ……………………………………………………………………………………………  10－41
５．３　Muon 入射&蓄積関係の磁場発生機器 ……………………………………………………………  10－46
５．４　g-2/EDM 磁石磁場設計のまとめ ………………………………………………………………  10－52

６　まとめ  ……………………………………………………………………………………………………  10－53

参考文献  ………………………………………………………………………………………………………  10－55

1 
 

g-2/EDM ㉸ఏᑟ㟁☢▼㛤Ⓨ

MRIࡢ⢭ᐦ☢ሙᢏ⾡ 

 ࡵࡌࡣ .1
J-PARC ࢆⓗᛶ㉁⌮≀࡚࠸ࡘ࣮࣑ࣥ࢜ࣗࡣ࡛

ṇ☜ィ ࡿࡍ 2 ඹࠋࡿ࠸࡚ࢀࡉഛ‽ࡀᐇ㦂ࡢࡘ

࠸࡚ࡋᚲせࢆ㧗☢ሙ࠸Ⰻࡢᵝᛶ୍࡚ࡵᴟࠊ

᪤ࡣሙ☢࠸Ⰻࡢᵝᛶ୍ࠋࡿ MRI(Magnetic 
Resonance Imaging)࡛ᐇ⌧ࠊࢀࡉ⏝ࡿ࠸࡚ࢀࡉ

J-PARCࠊࡀ[1,2] ᵝᛶ୍ࡢሙ☢࡞ᚲせᐇ㦂ࡢ࡛

MRIࠊࡣ ሙ☢࡞Ⰻዲ࡚ࡵᴟࡽࡉࠊࡿẚ

㉸ᚤ⣽ᵓࡢ࣒࢘ࢽ࣮࣑࢜ࣗࠊࡣࡽࢀࡇࠋࡿ࠶࡛

㐀 ⢭ ᐦ   ᐃ ࡢ 㧗 ☢ ሙ MuSEUM (Muonium 
Spectroscopy Experiment Using Microwave)ᐇ 㦂

⬟ᖖ☢Ẽ⬟⋡/㟁Ẽ␗࣮࣑ࣥ࢜ࣗࠊࡧࡼ࠾ࠊ[3,4]

⋡(g-2/EDM)㧗⢭ᗘ ᐃᐇ㦂࡛ࡽࢀࡇࠋ[5-7]ࡿ࠶

ࡃ㡬࡚ࡋ⪄ཧࢆ⫣ᩥࡣㄝ᫂ࡢᐇ㦂ෆᐜࡢ

ᐇ㦂࡛ࡿࡍᚲせࢆᵝ☢ሙ୍࠸⢭ᗘⰋඹࠊࡀ

1.7Tࠊࢀࡒࢀࡑࠋࡿ࠶ࡀඹ㏻ⅬⅬࡿ࠶ ࡧࡼ࠾

3.0T ☢㉸㟁ᑟࡢỌஂ㟁ὶ(Persistent current)㏻㟁ࢆ

☢ⓗ(ືཷࡿࡍṇ⿵ࢆሙศᕸ☢ࠊ࠸⏝ࢆ▼

㕲∦⏝)ࠊࡾࡼࢢ࣑ࣥࢩ〇స࣭⤌ࡳ❧࡚࣭タ

⨨ΰධࡓࡋㄗᕪ☢ሙࢆ⿵ṇࠊ࡚ࡋᚲせ࡞✵

㛫ⓗ࡞ᆒ୍ᗘࢆᐇ⌧ࠋࡿࡍᮏ㈨ᩱࡢㄝ࡛᫂ࠕࠊᆒ

୍ᗘࠖゝ࠺ゝⴥࡀ㢖⦾ฟ࡚ࡢࡇࠊࡀࡿࡃᐃ

 ウ㡿ᇦ(VOI: Volume of᳨ࡿ࠶ࠋࡿ࠶ୗグ࡛ࡣ⩏
Interest  ࠊࡣሙᆒ୍ᗘ☢ࡢ(ࡿ࠶ࡶࡇ࠺ゝ

ᆒ୍ᗘ㸻
☢ሙศᕸ᭱ࡢ᭱ᑠ್ࡢᕪ

ᖹᆒ☢ሙ
x106 [ppm]    (1-1) 

ppmࠊ㏻ᖖࠊࡾ࠶࡛ ༢࡛⾲ࠋࡍ 
MRI ീ୍ࠊࡣᵝ࡞☢ሙ(୍⯡ⓗ࡞ MRI ⨨

ࡣ࡛ 0.3㹼3.0T)ࢆᚲせࠊࡀࡿࡍ㏻ᖖࡢ MRI☢▼

ࡣ࡛ 10ppm ⛬ᗘࡢᆒ୍ᗘ (┤ᚄ 50cm ⌫ෆ) ࡛ ࡿ࠶

 ࠋ[1,2]
୍᪉ࠊMuSEUM ᐇ㦂࡛࠸⊂ࡣ㡿ᇦ(20cm ┤ᚄ

30cm 㛗 ᅇ ㌿ ᴃ  య)࡛ ࡣ ࠶ ࡿ ࡀ  1.7Tࠊ
±0.17 T(0.1ppm)௨ෆࡢ㉸Ⰻዲ୍࡞ᵝ☢ሙࡀᚲせ

㉸Ⰻዲᆒ୍ᗘ࡞࠺ࡼࡢࡇ᪤ࠊ࡚ࡋࡑࠋࡿ࠶࡛

g-2/EDMࠋ[8]ࡿ࠸࡚ࢀࡉ♧ࡣࡇࡿࡁ࡛⌧ᐇࢆ
⢭ᐦィ ᐇ㦂࡛༙ࠊࡣᚄ 0.333m༙ࠊᚄ᪉ྥᖜ

3.0cm, ㍈᪉ྥ㧗ࡉ 10.0cm ±3.0Tࠊ㡿ᇦ࡛ࡢ
0.30 T(0.1ppm)ࡀ┠ᶆ࡛ࠋ[6-7]ࡿ࠶ඹࠊᘧ(1-1)
ࡣᶆ┠ࡢᆒ୍ᗘࡣ࡛ 0.2ppm  ࠋࡿ࠶࡛

ࡿᚓࢆሙ☢࡞ᆒ୍࠸Ⰻ࡚ࡵᴟ࡞࠺ࡼࡢࡇ

(ࢢ࣑ࣥࢩ)ሙㄪᩚ☢ࠊ⏝㛤ጞ๓ࠊタ⨨ࠊࡣ
ྍࢆሙㄪᩚ☢ࡢࡑࠊࡀࡿ࠶࡛↛ᙜࡣࡇ࠺⾜ࢆ

ഛࡀຊ⬟ࡢࡑࠊ▼☢ࡿࡍ⏝ࠊࡣࡿࡍ⬟

ᮏ㈨ᩱ୰࡛⤂ࠋࡿ࠶ᚲせ࡛ࡀࡇࡿ࠸࡚ࡗࢃ

Ⰻ࡚ࡵᴟࠋࡿ࠶࡛࠺ࡼࡢḟࡣᴫᛕⓗࠊࡀࡿࡍ

ሙ☢࠸⣽㛫ⓗ✵ࠊࡣࡿࡍㄪᩚᆒ୍ᗘ࠸

ศᕸ࡛ࡲㄪᩚࡿࡍᚲせࠊࡾ࠶ࡀ⣽࠸✵㛫ศᕸ

࣒ࢩ∦㕲ࡓࡋᙉ☢ሙ୰࡛☢)∦࣒ࢩࡣㄪᩚࡢ

☢㐺ษࠋࡿࡍ⏝㔞ࢆ(࠸ከࡀࡇ࠺ࢆ

ሙタィࠊࡿ࠸࡚ࢀࡉ࡞ࡀ〇స࣭⤌ࡳ❧࡚࣭タ

⨨Ⓨ⏕ࡓࡋㄗᕪ☢ሙᡂศࡢࡳࡢ⿵ṇ

࡛⬟ྍࡀ⌧ᐇࡢ㔞࡛ᆒ୍☢ሙ࣒ࢩ࠸࡞ᑡࠊࡾࡲ

ᮏࠊሙྜ࠸↓࡚ࢀࡉタィ㐺ษࠊࡋࡋࠋࡿ࠶

᮶タィຍࡁࡃ࠾࡚࠼✵㛫ⓗ⣽࠸☢ሙ

ᡂศࠊ࡛ࡲ⿵ṇࠊࡾ࡞ࡇࡿࡍ㔞࣒ࢩࡢ∦

ࡀ⌧ᐇࡢᶆᆒ୍ᗘ┠ࡣᐇ㝿ⓗࠋࡿ࡞ᚲせࡀ

ྍ⬟ࠋࡿ࡞☢ሙタィ࡛ィ⏬ࡓࡋᆒ୍ᗘ௨ୖ

࠶࡛⬟ྍࠊᐇୖࡣࡇࡿᚓࢆᆒ୍ᗘ࠸Ⰻ

⏕Ⓨࢆᆒ୍ᗘ࡞Ⰻዲ▼☢ࠊࡣሙタィ࡛☢ࠊࡾ

 ࠋࡿ࠶㔜せ࡛ࡀタィࡿ࠼ࢆຊ⬟ࡿࡁ࡛
ࠋࡃ࠾࡚ࡋ⩏ᐃࢆሙタィࠖ☢ࠕ༢ㄒࠊ࡛ࡇࡇ

ࡀሙศᕸ☢࡞Ẽᛂ⏝ᶵჾ࡛ᚲせ☢ࠊࡣ࡛ࡇࡇ

タィࢆ⨨㉳☢ຊ㓄ࡿࡍ⏕Ⓨࢆሙ☢ࡢࡑࠊࢀࡽ࠼

ࡿࡁ࡛⌧ᐇᐇ㝿ⓗࠋࡿ࠶ព࡛࠺ゝࠊࡿࡍ

㉸㟁ᑟᑟయࠊ㟁ὶᐦᗘࡢࣝࢥࠊព࡛࠺ゝ

࠶ࡀᚲせࡿࡍ៖⪄ࡶྰྍࢢ࣑ࣥࢩࠊ㦂☢ሙ⤒ࡢ

࡛ࢺࢫࢥపࠊ࡚ࡋࡃࡉᑠࡀ㉳☢ຊࠊࡽࡉࠋࡿ

〇స࡛ࡿࡁタィࡀᮃ᳨࡞࠺ࡼࡢࡇࠋ࠸ࡋࡲウࢆ

 ࠋ࠺⾜ࢆሙタィ☢࡛ࢇྵ

1.1. ᪤㛤Ⓨࡢ☢ሙタィᢏ⾡ 

MRIࠊ࡚࠸ࡘ⾡㉸⢭ᐦ☢ሙᢏࠊ࡞࠺ࡼࡢࡇ
࠸࡚࠼⪄ࡿࡁ࡛⏝ࡀ⾡ᢏࡓࡋ㛤Ⓨ⏝▼☢

MRIࠊࡵࡓࡢ⌧ᆒ୍ᗘᐇ࡞Ⰻዲࠊᐇ㝿ࠋࡿ ☢

▼ᢏ⾡ࢆᛂ⏝࣭⏝ࠊ⯡୍ࠋࡿ࠸࡚ࡋMRI 

)࠸ᝏࡢ10ಸᩘࡾࡼJ-PARCᐇ㦂ࠊ᪤ࠊࡣ࡛⨨
㛫࡛ᆒ୍☢ሙ✵࠸ᗈࡾࡼࠊࡀࡿ࠶ᆒ୍ᗘ࡛(࡞ࡁ



1 
 

g-2/EDM ㉸ఏᑟ㟁☢▼㛤Ⓨ

MRIࡢ⢭ᐦ☢ሙᢏ⾡ 

 ࡵࡌࡣ .1
J-PARC ࢆⓗᛶ㉁⌮≀࡚࠸ࡘ࣮࣑ࣥ࢜ࣗࡣ࡛

ṇ☜ィ ࡿࡍ 2 ඹࠋࡿ࠸࡚ࢀࡉഛ‽ࡀᐇ㦂ࡢࡘ

࠸࡚ࡋᚲせࢆ㧗☢ሙ࠸Ⰻࡢᵝᛶ୍࡚ࡵᴟࠊ

᪤ࡣሙ☢࠸Ⰻࡢᵝᛶ୍ࠋࡿ MRI(Magnetic 
Resonance Imaging)࡛ᐇ⌧ࠊࢀࡉ⏝ࡿ࠸࡚ࢀࡉ

J-PARCࠊࡀ[1,2] ᵝᛶ୍ࡢሙ☢࡞ᚲせᐇ㦂ࡢ࡛

MRIࠊࡣ ሙ☢࡞Ⰻዲ࡚ࡵᴟࡽࡉࠊࡿẚ

㉸ᚤ⣽ᵓࡢ࣒࢘ࢽ࣮࣑࢜ࣗࠊࡣࡽࢀࡇࠋࡿ࠶࡛

㐀 ⢭ ᐦ   ᐃ ࡢ 㧗 ☢ ሙ MuSEUM (Muonium 
Spectroscopy Experiment Using Microwave)ᐇ 㦂

⬟ᖖ☢Ẽ⬟⋡/㟁Ẽ␗࣮࣑ࣥ࢜ࣗࠊࡧࡼ࠾ࠊ[3,4]

⋡(g-2/EDM)㧗⢭ᗘ ᐃᐇ㦂࡛ࡽࢀࡇࠋ[5-7]ࡿ࠶

ࡃ㡬࡚ࡋ⪄ཧࢆ⫣ᩥࡣㄝ᫂ࡢᐇ㦂ෆᐜࡢ

ᐇ㦂࡛ࡿࡍᚲせࢆᵝ☢ሙ୍࠸⢭ᗘⰋඹࠊࡀ

1.7Tࠊࢀࡒࢀࡑࠋࡿ࠶ࡀඹ㏻ⅬⅬࡿ࠶ ࡧࡼ࠾

3.0T ☢㉸㟁ᑟࡢỌஂ㟁ὶ(Persistent current)㏻㟁ࢆ

☢ⓗ(ືཷࡿࡍṇ⿵ࢆሙศᕸ☢ࠊ࠸⏝ࢆ▼

㕲∦⏝)ࠊࡾࡼࢢ࣑ࣥࢩ〇స࣭⤌ࡳ❧࡚࣭タ

⨨ΰධࡓࡋㄗᕪ☢ሙࢆ⿵ṇࠊ࡚ࡋᚲせ࡞✵

㛫ⓗ࡞ᆒ୍ᗘࢆᐇ⌧ࠋࡿࡍᮏ㈨ᩱࡢㄝ࡛᫂ࠕࠊᆒ

୍ᗘࠖゝ࠺ゝⴥࡀ㢖⦾ฟ࡚ࡢࡇࠊࡀࡿࡃᐃ

 ウ㡿ᇦ(VOI: Volume of᳨ࡿ࠶ࠋࡿ࠶ୗグ࡛ࡣ⩏
Interest  ࠊࡣሙᆒ୍ᗘ☢ࡢ(ࡿ࠶ࡶࡇ࠺ゝ

ᆒ୍ᗘ㸻
☢ሙศᕸ᭱ࡢ᭱ᑠ್ࡢᕪ

ᖹᆒ☢ሙ
x106 [ppm]    (1-1) 

ppmࠊ㏻ᖖࠊࡾ࠶࡛ ༢࡛⾲ࠋࡍ 
MRI ീ୍ࠊࡣᵝ࡞☢ሙ(୍⯡ⓗ࡞ MRI ⨨

ࡣ࡛ 0.3㹼3.0T)ࢆᚲせࠊࡀࡿࡍ㏻ᖖࡢ MRI☢▼

ࡣ࡛ 10ppm ⛬ᗘࡢᆒ୍ᗘ (┤ᚄ 50cm ⌫ෆ) ࡛ ࡿ࠶

 ࠋ[1,2]
୍᪉ࠊMuSEUM ᐇ㦂࡛࠸⊂ࡣ㡿ᇦ(20cm ┤ᚄ

30cm 㛗 ᅇ ㌿ ᴃ  య)࡛ ࡣ ࠶ ࡿ ࡀ  1.7Tࠊ
±0.17 T(0.1ppm)௨ෆࡢ㉸Ⰻዲ୍࡞ᵝ☢ሙࡀᚲせ

㉸Ⰻዲᆒ୍ᗘ࡞࠺ࡼࡢࡇ᪤ࠊ࡚ࡋࡑࠋࡿ࠶࡛

g-2/EDMࠋ[8]ࡿ࠸࡚ࢀࡉ♧ࡣࡇࡿࡁ࡛⌧ᐇࢆ
⢭ᐦィ ᐇ㦂࡛༙ࠊࡣᚄ 0.333m༙ࠊᚄ᪉ྥᖜ

3.0cm, ㍈᪉ྥ㧗ࡉ 10.0cm ±3.0Tࠊ㡿ᇦ࡛ࡢ
0.30 T(0.1ppm)ࡀ┠ᶆ࡛ࠋ[6-7]ࡿ࠶ඹࠊᘧ(1-1)
ࡣᶆ┠ࡢᆒ୍ᗘࡣ࡛ 0.2ppm  ࠋࡿ࠶࡛

ࡿᚓࢆሙ☢࡞ᆒ୍࠸Ⰻ࡚ࡵᴟ࡞࠺ࡼࡢࡇ

(ࢢ࣑ࣥࢩ)ሙㄪᩚ☢ࠊ⏝㛤ጞ๓ࠊタ⨨ࠊࡣ
ྍࢆሙㄪᩚ☢ࡢࡑࠊࡀࡿ࠶࡛↛ᙜࡣࡇ࠺⾜ࢆ

ഛࡀຊ⬟ࡢࡑࠊ▼☢ࡿࡍ⏝ࠊࡣࡿࡍ⬟

ᮏ㈨ᩱ୰࡛⤂ࠋࡿ࠶ᚲせ࡛ࡀࡇࡿ࠸࡚ࡗࢃ

Ⰻ࡚ࡵᴟࠋࡿ࠶࡛࠺ࡼࡢḟࡣᴫᛕⓗࠊࡀࡿࡍ

ሙ☢࠸⣽㛫ⓗ✵ࠊࡣࡿࡍㄪᩚᆒ୍ᗘ࠸

ศᕸ࡛ࡲㄪᩚࡿࡍᚲせࠊࡾ࠶ࡀ⣽࠸✵㛫ศᕸ

࣒ࢩ∦㕲ࡓࡋᙉ☢ሙ୰࡛☢)∦࣒ࢩࡣㄪᩚࡢ

☢㐺ษࠋࡿࡍ⏝㔞ࢆ(࠸ከࡀࡇ࠺ࢆ

ሙタィࠊࡿ࠸࡚ࢀࡉ࡞ࡀ〇స࣭⤌ࡳ❧࡚࣭タ

⨨Ⓨ⏕ࡓࡋㄗᕪ☢ሙᡂศࡢࡳࡢ⿵ṇ

࡛⬟ྍࡀ⌧ᐇࡢ㔞࡛ᆒ୍☢ሙ࣒ࢩ࠸࡞ᑡࠊࡾࡲ

ᮏࠊሙྜ࠸↓࡚ࢀࡉタィ㐺ษࠊࡋࡋࠋࡿ࠶

᮶タィຍࡁࡃ࠾࡚࠼✵㛫ⓗ⣽࠸☢ሙ

ᡂศࠊ࡛ࡲ⿵ṇࠊࡾ࡞ࡇࡿࡍ㔞࣒ࢩࡢ∦

ࡀ⌧ᐇࡢᶆᆒ୍ᗘ┠ࡣᐇ㝿ⓗࠋࡿ࡞ᚲせࡀ

ྍ⬟ࠋࡿ࡞☢ሙタィ࡛ィ⏬ࡓࡋᆒ୍ᗘ௨ୖ

࠶࡛⬟ྍࠊᐇୖࡣࡇࡿᚓࢆᆒ୍ᗘ࠸Ⰻ

⏕Ⓨࢆᆒ୍ᗘ࡞Ⰻዲ▼☢ࠊࡣሙタィ࡛☢ࠊࡾ

 ࠋࡿ࠶㔜せ࡛ࡀタィࡿ࠼ࢆຊ⬟ࡿࡁ࡛
ࠋࡃ࠾࡚ࡋ⩏ᐃࢆሙタィࠖ☢ࠕ༢ㄒࠊ࡛ࡇࡇ

ࡀሙศᕸ☢࡞Ẽᛂ⏝ᶵჾ࡛ᚲせ☢ࠊࡣ࡛ࡇࡇ

タィࢆ⨨㉳☢ຊ㓄ࡿࡍ⏕Ⓨࢆሙ☢ࡢࡑࠊࢀࡽ࠼

ࡿࡁ࡛⌧ᐇᐇ㝿ⓗࠋࡿ࠶ព࡛࠺ゝࠊࡿࡍ

㉸㟁ᑟᑟయࠊ㟁ὶᐦᗘࡢࣝࢥࠊព࡛࠺ゝ

࠶ࡀᚲせࡿࡍ៖⪄ࡶྰྍࢢ࣑ࣥࢩࠊ㦂☢ሙ⤒ࡢ

࡛ࢺࢫࢥపࠊ࡚ࡋࡃࡉᑠࡀ㉳☢ຊࠊࡽࡉࠋࡿ

〇స࡛ࡿࡁタィࡀᮃ᳨࡞࠺ࡼࡢࡇࠋ࠸ࡋࡲウࢆ

 ࠋ࠺⾜ࢆሙタィ☢࡛ࢇྵ

1.1. ᪤㛤Ⓨࡢ☢ሙタィᢏ⾡ 

MRIࠊ࡚࠸ࡘ⾡㉸⢭ᐦ☢ሙᢏࠊ࡞࠺ࡼࡢࡇ
࠸࡚࠼⪄ࡿࡁ࡛⏝ࡀ⾡ᢏࡓࡋ㛤Ⓨ⏝▼☢

MRIࠊࡵࡓࡢ⌧ᆒ୍ᗘᐇ࡞Ⰻዲࠊᐇ㝿ࠋࡿ ☢

▼ᢏ⾡ࢆᛂ⏝࣭⏝ࠊ⯡୍ࠋࡿ࠸࡚ࡋMRI 

)࠸ᝏࡢ10ಸᩘࡾࡼJ-PARCᐇ㦂ࠊ᪤ࠊࡣ࡛⨨
㛫࡛ᆒ୍☢ሙ✵࠸ᗈࡾࡼࠊࡀࡿ࠶ᆒ୍ᗘ࡛(࡞ࡁ

10㸫 1



 

MRIࠊࡣ⪅➹ࠋࡿ࠸࡚ࡋ⌧ᐇࢆ ⨨࡛ࡢᆒ୍☢

ሙᐇ⌧ࠊࡵࡓࡢ☢ሙタィᢏ⾡タ⨨ᚋࡢ☢ሙ

ㄪᩚᢏ⾡ࢆ㛤Ⓨࡢࡇࠋ[9-15]ࡓࡋ☢ሙタィࡣ㉳

☢ຊศᕸ☢ሙศᕸࡢ㛫ࡢᛂ⟅⾜ิᑐࠊ࡚ࡋ

᭱ ᑡ   ἲ ࢆ ᡴ ࡕ ษ ࡾ ≉ ␗ ್ ศ ゎ(TSVD: 
Truncated Singular Value Decomposition)࡚࠸⏝ࢆゎ

TSVDࠊ⡆༢ࠋࡿ࠸࡚ࡋ⏝ࢆᡭἲ[16-20]ࡃ ṇ

๎(regularization)ࡶࡇ࠺࠸ከࠋ࠸ 
࣐ࢬࣛࣉࡢ⨨ࢡ࣐࢝ࢺࠊᙜึࠊࡣᡭἲࡢࡇ

Ᏻᐃࡵࡓࡢ⏝ࡓ࠸࡚ࡋ☢ሙศᕸ࣭㟁ὶศ㓄

ศゎ(SVD: Singular Value Decomposition)್␗≉ࢆ
ᅛ᭷࣮ࣔࢻศゎ࡚ࡋไᚚ࣭ㄪᩚࡓࡋ᪉ἲ࡛࠶

MRIࠊࢆࢀࡇࠋ[21-23]ࡓࡗ ㄪᩚタィࡢ▼☢

ᛂ⏝ࠋࡓࡋSVD ᅛ᭷࣮ࣔࡢࢻຍ⟬ᩘࢆቑຍ(ᡴࡕ

ษࡾᅛ᭷࣮ࣔࢆྕ␒ࢻቑຍ)࡛ࡇࡿࡏࡉ☢ሙ⢭

ᗘࡀࡇࡿࡏࡉୖྥࢆฟ᮶ࡢࡇࠋࡿⅬࢆ⏝

ᅛ᭷࣮ࣔࠊ᪉୍ࠋࡿ࠸࡚ࡋ⏝ᛂሙタィ☢࡚ࡋ

ࡀ⌧ᐇࠊࡀ࠸Ⰻࡣሙ⢭ᗘ☢ࠊࡿࡂࡍከࡀᩘࢻ

㞴࠸ࡋ(㧗ࢺࢫࢥ)ࡢ㉳☢ຊ※㓄⨨ࡢタィࡿ࡞ሙ

ࢆሙタィ☢ࡢ⏝TSVD࡚ࡋ㏻ࢆᐇࠋࡿ࠶ࡶྜ

⤂ࠊ࡛ୖࡢࡑࠊࡋg-2/EDM ヲ⣽ィ ᐇ㦂࡛ࡢ

Muon ⡆༢ࡣሙ(௨ᚋ࡛☢ࡿࡍ✚ࢆ Muon ✚

☢ࡢ(ࡿࡍࠊMSM: Muon Storage Magnetࠊ▼☢

Ẽタィタ⨨ᚋࡢ⢭ᐦ☢ሙㄪᩚ(☢ሙࢢ࣑ࣥࢩ)
 ࠋࡿࡍㄝ࡚᫂࠸ࡘ

1.2. ☢ሙタィṇ๎ 

ᐇ㦂⨨ࡢ☢ሙศᕸࢆồࠊࡣࡿࡵBiot-Savart
ࡓࢀࡽ࠼ࠊ࡚࠸⏝ࢆࢻ࣮ࢥ᭷㝈せ⣲ࡸἲ๎ࡢ

㟁ὶࡸ☢Ẽ࣮࣓ࣔࣥࢺ(MM㸸Magnetic Moment㸧
ศᕸ➼ࡢ㉳☢ຊ㓄⨨ࡽ☢ሙศᕸࢆィ⟬ࠋࡿࡍ

ࡿࡍᶆ┠ࠊࡣタィ࡛ࡢẼᛂ⏝ᶵჾ☢ࠊࡋࡋ

☢ሙศᕸࡀࢆࢀࡑࠊࢀࡽ࠼ᐇ⌧࡛ࣝࢥࡿࡁ

ࡿࡺࢃ࠸ࠋࡿࡵồࢆ⨨㉳☢ຊ㓄ࡢ➼ᙉ☢ᛶయࡸ

㏫ၥ㢟ࠋࡿ࡞☢Ẽᛂ⏝ᶵჾࡢタィ࡛ࡣᚲࡎゎ

 ࠋ[20]ࡿ࠶ၥ㢟࡛ࡿ࠶ࡢᚲせࡃ
Ẽඹ㬆ീ☢ࡸタィࡢ⨨᰾⼥ྜࠊࡣ⪅➹

(MRI: Magnetic Resonance Imaging)⨨ࡢ࡞㧗⢭

ᗘ࡞☢ሙࢆᚲせࡿࡍᶵჾ࡛ࠊ㏫ၥ㢟ࢆゎ࡚࠸

ᛶయ☢ࡸ㟁ὶࠋࡿ࠶࡛⏝㉸ఏᑟࡣࡃከࠋࡓࡁ

ᶵჾタ⨨ᚋ࠼ຍ㏫ၥ㢟ࡿࡵồ☜ṇࢆ⨨㓄ࡢ

MMࡿࡍᡂ⏕ࢆṇ☢ሙ⿵ࡢㄗᕪ☢ሙࡓࢀࡉ ィ
㓄⨨ࢆồࡿࡵ㏫ၥ㢟(ࢢ࣑ࣥࢩィ⟬)ࠋࡿ࠶ࡶ 
ࡀ㏫ၥ㢟࡞࠺ࡼࡢࡇࠊࡶ࡚࠸࠾ᐇ㦂ࠊࡓࡲ

Ꮡᅾࠋࡿࡍඛ㏙ࠊ࠺ࡼࡓ᰾⼥ྜศ㔝࡛

ᐇ㛫࡛ไᚚࢆ⨨㠃⾲ࡸ≦⨨ᙧ࣐ࢬࣛࣉࡣ

࠶㏫ၥ㢟࡛ࡶ⟭㈇ᖐ㑏(FB: Feedback)ไᚚ₇ࡿࡍ

࣮ࢹ ሙ࣭㟁ὶィ☢ࡢⅬᩘࡓࢀࡽ㝈ࠋ[21-23]ࡿ

ሙศ☢ࣝࢲ࣏ࣟࡢ㏆࣐ࢬࣛࣉࠊ࡚࠸⏝ࢆࢱ

ᕸࢆ✵㛫㐃⥆ⓗᢕᥱ(ᵓᡂ)ࡿࡍ☢ሙィ ᡭἲ 
 ࠋࡿࡍᏑᅾ࡚ࡋ㏫ၥ㢟࡞௦⾲ⓗࡶ [24-26]
ࡋ᪉ἲࡃゎࢆሙ㛵㐃࡛㏫ၥ㢟☢࡞࠺ࡼࡢࡇ

⪅➹ࠊࢆᡭἲࡃゎࡾࡼTSVDࢆᑠἲ᭱ࠊ࡚

ࠋ࠺ᢅࡶᮏ㈨ᩱ࡛ࢆ᪉ἲࡢࡑࠋ[9-15]ࡿࡍᥦࡣ

᭷࡛ୖࡿࡍ⌧ᐇࢆሙศᕸ☢࡞㧗⢭ᗘࡣᡭἲࡢࡇ

࡞タィᡭἲࠋࡿ࠼⪄ 

1.3. ᮏ㈨ᩱࡢෆᐜ 

ᮏ㈨ᩱࡢෆᐜࠊࡣ 
(i)  ᭱ᑠἲ TSVD ṇ๎ 
(ii) TSVD ṇ๎⏝ࡢ⡆༢࡞ලయ 
(iii) MRI  ᆒ୍☢ሙタィࡢ▼☢
(iv) g-2/EDM ☢▼(Muon ✚☢▼)ࡢ☢ሙタィ 
࡞ᚲせṇ⿵ࡢㄗᕪ☢ሙࡣ࡛(iv) (iii)ࠊࡀࡿ࠶࡛

☢ሙࢢ࣑ࣥࢩᡭἲࢆ௦⾲ࠊࡿࡍ☢ሙ㛵㐃ࡋ

ࡲࠋࡿࡍㄝ᫂ࡶ࡚࠸ࡘᶵᵓࡿࡍṇ⿵ࢆㄗᕪࡓ

ࢥࡿసࢆሙ☢࡞ᚲせMuonධᑕࠊࡣ࡛(iv)ࠊࡓ

ࠋࡿࡍㄝ᫂ࢆタィࡢ≦⌧ࠊࡶ࡚࠸ࡘ⩌ࣝ

TSVDࠊ࡚ ⏝᭱ࡓࡋᑠἲࢆ⏝ࠋࡿ࠸࡚ࡋ 
ሙタィ☢ࠊ࡚ࡋ㏻ࢆタィ≧ἣࡸᐇࡢࡽࢀࡇ

≉ࠊࡧࡼ࠾ࠊᚲせᛶࡢṇ๎ࠊ㏫ၥ㢟ࡿࡅ࠾

␗್ศゎࡢ⏝౯್ࢆᢕᥱࠊࡿ࠼ࡽࡶ࡚ࡋ᭷

ព⩏࡛ࠋࡿ࠼⪄ࡿ࠶ 
వㄯ࡛ࠊࡀࡿ࠶ཧ⪃ᩥ⊩[19]ࠊࡤࢀࡼ≉␗್ศ

ゎࡀ௵ពิ⾜ࡢ㐺⏝࡛ࡣࡇࡿ࠸ 1939ᖺ[27]ึ

ࡲࠋࡿ࠶ᮇ࡛ࡌྠ⏕ㄌࡢィ⟬ᶵࠋࡓࢀࡉ♧࡚ࡵ

ᡭ࡞᭷ຠࡢไᚚ࣒ࢸࢫࢩࠕࠊࡣ[19]⫣ᩥࡢࡇࠊࡓ

ἲࡢ 1 ࠖࡿࢀࢃᛮ࠺ࢁ࠶࡛ࡃ࠸࡚ࡋ╔ᐃ࡚ࡋࡘ

⏝ᴟⓗ✚ࠊศ㔝࡛ࡢሙタィ☢ࠊࡀࡿ࠸࡚ࢀ᭩

 ࠋ࠸࡞࠸ぢ࡚ࡣࡓ࠸
  

 

2. ᭱ᑠἲṇ๎ 
ࡿࡍタィࢆẼᛂ⏝ᶵჾ☢ࡘᣢࢆሙศᕸ☢ࡿ࠶

ሙྜࡢࡑࠊ☢ሙࢆⓎ⏕ࡿࡍ㟁ὶศᕸ ሙ☢)ࡵồࢆ,

タィ)ࢆࢀࡑࠊಖᣢ࡛ࡿࡁᵓ㐀(⪏㟁☢ຊࠊ⪏㟁

ᅽࠊ㟁ὶᐦᗘࠊ෭༷ࢆ(࡞タィࠋࡃ࠸࡚ࡋ☢ሙ

タィࡢ㒊ศ࡛㏫ၥ㢟ࢆゎࠋࡃ┠ᶆ☢ሙศᕸࡋ

ሙ࣭☢᮰ᐦᗘ(Wb/m2)ศᕸ࡛☢ࠊሙྜࡢࡃከࠊ࡚

᮰(Wb)ศᕸ☢ࡸࣝࣕࢩࣥࢸ࣏ࣝࢺࢡ࣋ࠊࡀࡿ࠶

 :ሙホ౯Ⅼ(MFEP☢ࡢከᩘࠋࡿ࠶ࡶࡇࡿ࠼⪄ࢆ
Magnetic Field Evaluation Point)ୖࡢ☢ሙศᕸ %(せ
⣲ Biࡣ i␒┠ MFEPࡢ☢ሙ)㟁ὶศᕸ ,(せ⣲ Ijࡣ
j␒┠ᅇ㊰ࡢ㟁ὶ್)ࡢ㛵ಀࠊࡣ⥺ᙧ᪉⛬ᘧ⣔ࠊ 

% = A,�    (2-1) 

ิ⾜⟆ᛂࡢሙ☢ࡽ㟁ὶࠋࡿࡁ࡛⌧⾲࡛ A ࡢ

せ⣲ Aij[T/A]ࡣ i␒┠㟁ὶࡀ j␒┠ MFEPసࡿ༢

㟁ὶࡢࡾࡓ࠶☢ሙᙉᗘ࡛ࠊࡾ࠶Biot-Savart ἲࡢ

๎➼࡛⟬ฟࠊࡋ(MFEP ᩘ)×(㟁ὶせ⣲ᩘ)ࡢḟඖࢆ

ᣢࠋࡘ┠ᶆࡢ☢ሙศᕸ%TGࢆ⌧ࡿࡍ㟁ὶ㓄ศࡣ

A ࠊࡋࡋࠋࡿࡁᢕᥱ࡛࡛ࡇࡿ࠸⏝ࢆิ⾜㏫ࡢ

୍⯡ⓗࡣ A ࡃከࡢ㏫ၥ㢟ࠊࡾ࠶㠀ṇ๎࡛ࡣ

ࡑࠋࡿ࡞Ⰻタᐃ(ill-posed)ၥ㢟ࡣᘧ(2-1)ࠊ࡛

TG%ࠊࡵࡓࡢ 㟁ὶศᕸࡿࡍ⌧㏆ఝⓗࢆ , ࠊࢆ

᭱ᑠἲ[17, 20, 28, 29]ࡾࡼ⟬ฟࡲࡘࠋࡿࡍ

 ࠊࡾ

||(%TG A,)||2 = (%TG A,)t(%TG A,) 䊻 ᭱ᑠ    (2-2) 

㟁ὶศᕸࡢ , ,ࠊࡣゎࡢࡇࠋࡿࡵồࢆ㏆ఝゎࡢ 
 ࠊࡽ௳᮲ࡘᣢࢆᴟ್ࠊ࡚ࡋᚤศ࡚࠸ࡘ

(AtA),=At%TG,   (2-3) 

Ꮠ࠼ῧୖ࡛ࡇࡇࠋࡿࢀࡽᚓ࡛ࡇࡃゎࢆ t ⨨㌿ࡣ

ࡢ࡞ิ⾜ṇ᪉ࡣ(AtA)ࠋࡍ♧ࢆࡇࡿ࠶࡛ิ⾜

ᘧ(2-3)ࠊࡁฟ࡛⟭ࢆิ⾜㏫ࠊሙྜࡢࡃከࠊ࡛
 ࠋࡿᚓࢆୗグࡽ

,= (AtA)-1At%TG    (2-4) 

ゎ࡛ࡢࡇࠊࡀࡿ࠶㏫ၥ㢟ゎ࡛ࡓࢀࡽ▱ࡃࡼࡶ᭱

⟬ฟࡿࡍ㟁ὶศᕸᇶ࡙ࡓ࠸☢Ẽᛂ⏝ᶵჾࡢタ

ィ࣭〇సࡣ㞴ࠋ࠸ࡋከࡢࡃሙྜࠊᚲせ௨ୖࡢ☢

ሙ⢭ᗘࢆᖜ(せ⣲ I㹨᭱ࡢ࣭᭱ᑠ್ࡢᕪ␗)ࡢ

࡞ࡁ , ࡛Ⓨ⏕ࡿࡍゎࢆ⟬ฟࠊࡋ㐣࡞㉳☢ຊࢆせ

ồࡿࡍゎࡀ⟬ฟࡿࢀࡉࡀከࠊࡵࡓࡢࡇࠋ࠸ᘧ

タィࡢሙタィ࣭☢Ẽᛂ⏝ᶵჾ☢ࠊࡣゎ࡛ࡢ(2-4)

 ࠋ࠸࡞࠼ࡣ
⌧ᐇⓗ࡞ゎࢆồࠊࡵࡓࡿࡵṇ๎ἲࢆ࠺

Tihonovࠊ࡚ࡋṇ๎ᡭἲ࡞௦⾲ⓗࠋ[20] ṇ๎

࠺ᢅࡾྲྀ࡛ࡇࡇTSVDṇ๎ࠋࡿ࠶ࡀᚋ⪅

 ࠋࡿ࠼⪄ࡿ࠶ࡀⅬࡢḟࡣ

(i) ༢㟁ὶ(㉳☢ຊ䠅䛒䛯䜚䛾☢ሙᙉᗘ(≉␗್)䛜
䛝䛺(పḟ)ᅛ᭷䝰䞊䝗䛛䜙㑅ᢥ䛩䜛䚹ᚑ䛳䛶䚸
᭱ᑠ䛾㉳☢ຊ䛷ᚲせ䛺☢ሙ䜢Ⓨ⏕䛩䜛㟁ὶศ

ᕸ䜢㑅ᢥ䛩䜛ᶵ⬟䜢 TSVD䛜ᣢ䛳䛶䛔䜛䚹 
(ii) ᅛ᭷䝰䞊䝗ᩘ䛸☢ሙศᕸ䛾㏆ఝ⢭ᗘ䛻䛿᫂☜䛺

㛵ಀ䛜䛒䜚䚸ᚓ䜙䜜䜛⢭ᗘ䜢ᢕᥱ䛧䛺䛜䜙䚸పḟ

ᡂศ䛷㉳☢ຊ㓄⨨䜢᳨ウ䛷䛝䜛䚹 
(iii) ྛ SVDᅛ᭷䝰䞊䝗䛸┠ᶆ☢ሙศᕸ䜢ẚ㍑䛩䜛䛣

䛸䛷䚸⏝䛩䜛ᅛ᭷䝰䞊䝗䛛䜙ᐇᶵ䛷ᚲせ䛸䛩䜛

㉳☢ຊ㓄⨨䜢ᢕᥱ䛷䛝䜛䚹 
(iv) ศᕸ㟁ὶ䛷⮬⏤ᗘ䛾ከ䛔㉳☢ຊ㓄⨨䛻䛴䛔䛶

䜒䚸☢ሙ䛻ᑐ䛧䛶䛝䛺ᐤ䜢ᣢ䛴㉳☢ຊศᕸ

䜢䛒䜙䛛䛨䜑ᢕᥱ䞉㑅ᢥ䛧䚸ᚲせ䛺⢭ᗘ䜢☜ಖ䛧

䛺䛜䜙䚸⮬⏤ᗘ䜢ῶᑡ䛥䛫䛶䚸☢ሙタィ䛷䛝䜛䚹 

ሙศ☢ࡿࡵồࠊ࡛㉳☢ຊ(i)ࡢᑡ᭱ࠊࡿࡵࡲ

ᕸ(iii)☢ሙ⢭ᗘ(ii)ࠊࢆ㑅ᢥ⠊ᅖ࡚ࡵ⊂ࢆ(iv)ࠊ
㆟ㄽࡀࡇࡃ࠸࡚ࡋฟ᮶ࡽࢀࡇࠋࡿⅬ࠸ࡘ

グୖࠊࡀࡃ࠸࡚ࡋ♧ᐇᶵタィ࡛㢟ࠊࡣ࡚

㡯┠యඹ㏻ࠊࡣࡇࡿ࠸࡚ࡋᅛ᭷࣮ࣔࡢࢻ

㑅ᢥࢆ㏻࡚ࡌᢕᥱ࡛ࠋࡿ࠶࡛ࡇࡿࡁ 
ṇ๎ࡣ⥺ᙧ᪉⛬ᘧ⣔ࡢ㏫ィ⟬ࢆᏳᐃ࠺⾜

ᡭἲ࡛ࠊࡀࡿ࠶௨ୗ࡛ୖࡣグ≉ᚩࢆᘬࡁฟࡓࡍ

ຍ⟬࡛㏫ၥࡢࡑࠊ࡚ࡋ┠ὀࢻᅛ᭷࣮ࣔࠊࡵ

㢟ࢆゎࠋࡃᚑࠊ࡚ࡗṇ๎ࠊࡾࡼ࠺࠸᭷┈࡞

ᅛ᭷࣮ࣔࡢࢻᢳฟࡢࡑ⏝᪉ἲࡢ࡚࠸ࡘ㆟

ㄽࠋࡿ࡞ 

2.1. ṇ๎᭱ࡿࡼᑠゎ 

ᶵჾタィᚲせ࡞ゎ , ⌧ᐇࠊ⢭ᗘ࡛࡞ጇᙜࠊࡣ

ᑐࢀࡇࠋࡿ࠶࡛ࡢࡶࡿ࠼ࢆ㟁ὶศᕸ࡞⬟ྍ

ሙ⢭ᗘ☢ࠊ࡚ࡋ , ࡋᡭἲࡿࡍᘬྲྀࢆᐇ⌧ᛶࡢ

Tihonovࠊࡣ௦⾲ⓗࠊࡾ࠶ࡀṇ๎ἲࡢ࡚ ἲ

10㸫 2



 

MRIࠊࡣ⪅➹ࠋࡿ࠸࡚ࡋ⌧ᐇࢆ ⨨࡛ࡢᆒ୍☢

ሙᐇ⌧ࠊࡵࡓࡢ☢ሙタィᢏ⾡タ⨨ᚋࡢ☢ሙ

ㄪᩚᢏ⾡ࢆ㛤Ⓨࡢࡇࠋ[9-15]ࡓࡋ☢ሙタィࡣ㉳

☢ຊศᕸ☢ሙศᕸࡢ㛫ࡢᛂ⟅⾜ิᑐࠊ࡚ࡋ

᭱ ᑡ   ἲ ࢆ ᡴ ࡕ ษ ࡾ ≉ ␗ ್ ศ ゎ(TSVD: 
Truncated Singular Value Decomposition)࡚࠸⏝ࢆゎ

TSVDࠊ⡆༢ࠋࡿ࠸࡚ࡋ⏝ࢆᡭἲ[16-20]ࡃ ṇ

๎(regularization)ࡶࡇ࠺࠸ከࠋ࠸ 
࣐ࢬࣛࣉࡢ⨨ࢡ࣐࢝ࢺࠊᙜึࠊࡣᡭἲࡢࡇ

Ᏻᐃࡵࡓࡢ⏝ࡓ࠸࡚ࡋ☢ሙศᕸ࣭㟁ὶศ㓄

ศゎ(SVD: Singular Value Decomposition)್␗≉ࢆ
ᅛ᭷࣮ࣔࢻศゎ࡚ࡋไᚚ࣭ㄪᩚࡓࡋ᪉ἲ࡛࠶

MRIࠊࢆࢀࡇࠋ[21-23]ࡓࡗ ㄪᩚタィࡢ▼☢

ᛂ⏝ࠋࡓࡋSVD ᅛ᭷࣮ࣔࡢࢻຍ⟬ᩘࢆቑຍ(ᡴࡕ

ษࡾᅛ᭷࣮ࣔࢆྕ␒ࢻቑຍ)࡛ࡇࡿࡏࡉ☢ሙ⢭

ᗘࡀࡇࡿࡏࡉୖྥࢆฟ᮶ࡢࡇࠋࡿⅬࢆ⏝

ᅛ᭷࣮ࣔࠊ᪉୍ࠋࡿ࠸࡚ࡋ⏝ᛂሙタィ☢࡚ࡋ

ࡀ⌧ᐇࠊࡀ࠸Ⰻࡣሙ⢭ᗘ☢ࠊࡿࡂࡍከࡀᩘࢻ

㞴࠸ࡋ(㧗ࢺࢫࢥ)ࡢ㉳☢ຊ※㓄⨨ࡢタィࡿ࡞ሙ

ࢆሙタィ☢ࡢ⏝TSVD࡚ࡋ㏻ࢆᐇࠋࡿ࠶ࡶྜ

⤂ࠊ࡛ୖࡢࡑࠊࡋg-2/EDM ヲ⣽ィ ᐇ㦂࡛ࡢ

Muon ⡆༢ࡣሙ(௨ᚋ࡛☢ࡿࡍ✚ࢆ Muon ✚

☢ࡢ(ࡿࡍࠊMSM: Muon Storage Magnetࠊ▼☢

Ẽタィタ⨨ᚋࡢ⢭ᐦ☢ሙㄪᩚ(☢ሙࢢ࣑ࣥࢩ)
 ࠋࡿࡍㄝ࡚᫂࠸ࡘ

1.2. ☢ሙタィṇ๎ 

ᐇ㦂⨨ࡢ☢ሙศᕸࢆồࠊࡣࡿࡵBiot-Savart
ࡓࢀࡽ࠼ࠊ࡚࠸⏝ࢆࢻ࣮ࢥ᭷㝈せ⣲ࡸἲ๎ࡢ

㟁ὶࡸ☢Ẽ࣮࣓ࣔࣥࢺ(MM㸸Magnetic Moment㸧
ศᕸ➼ࡢ㉳☢ຊ㓄⨨ࡽ☢ሙศᕸࢆィ⟬ࠋࡿࡍ

ࡿࡍᶆ┠ࠊࡣタィ࡛ࡢẼᛂ⏝ᶵჾ☢ࠊࡋࡋ

☢ሙศᕸࡀࢆࢀࡑࠊࢀࡽ࠼ᐇ⌧࡛ࣝࢥࡿࡁ

ࡿࡺࢃ࠸ࠋࡿࡵồࢆ⨨㉳☢ຊ㓄ࡢ➼ᙉ☢ᛶయࡸ

㏫ၥ㢟ࠋࡿ࡞☢Ẽᛂ⏝ᶵჾࡢタィ࡛ࡣᚲࡎゎ

 ࠋ[20]ࡿ࠶ၥ㢟࡛ࡿ࠶ࡢᚲせࡃ
Ẽඹ㬆ീ☢ࡸタィࡢ⨨᰾⼥ྜࠊࡣ⪅➹

(MRI: Magnetic Resonance Imaging)⨨ࡢ࡞㧗⢭

ᗘ࡞☢ሙࢆᚲせࡿࡍᶵჾ࡛ࠊ㏫ၥ㢟ࢆゎ࡚࠸

ᛶయ☢ࡸ㟁ὶࠋࡿ࠶࡛⏝㉸ఏᑟࡣࡃከࠋࡓࡁ

ᶵჾタ⨨ᚋ࠼ຍ㏫ၥ㢟ࡿࡵồ☜ṇࢆ⨨㓄ࡢ

MMࡿࡍᡂ⏕ࢆṇ☢ሙ⿵ࡢㄗᕪ☢ሙࡓࢀࡉ ィ
㓄⨨ࢆồࡿࡵ㏫ၥ㢟(ࢢ࣑ࣥࢩィ⟬)ࠋࡿ࠶ࡶ 
ࡀ㏫ၥ㢟࡞࠺ࡼࡢࡇࠊࡶ࡚࠸࠾ᐇ㦂ࠊࡓࡲ

Ꮡᅾࠋࡿࡍඛ㏙ࠊ࠺ࡼࡓ᰾⼥ྜศ㔝࡛

ᐇ㛫࡛ไᚚࢆ⨨㠃⾲ࡸ≦⨨ᙧ࣐ࢬࣛࣉࡣ

࠶㏫ၥ㢟࡛ࡶ⟭㈇ᖐ㑏(FB: Feedback)ไᚚ₇ࡿࡍ

࣮ࢹ ሙ࣭㟁ὶィ☢ࡢⅬᩘࡓࢀࡽ㝈ࠋ[21-23]ࡿ

ሙศ☢ࣝࢲ࣏ࣟࡢ㏆࣐ࢬࣛࣉࠊ࡚࠸⏝ࢆࢱ

ᕸࢆ✵㛫㐃⥆ⓗᢕᥱ(ᵓᡂ)ࡿࡍ☢ሙィ ᡭἲ 
 ࠋࡿࡍᏑᅾ࡚ࡋ㏫ၥ㢟࡞௦⾲ⓗࡶ [24-26]
ࡋ᪉ἲࡃゎࢆሙ㛵㐃࡛㏫ၥ㢟☢࡞࠺ࡼࡢࡇ

⪅➹ࠊࢆᡭἲࡃゎࡾࡼTSVDࢆᑠἲ᭱ࠊ࡚

ࠋ࠺ᢅࡶᮏ㈨ᩱ࡛ࢆ᪉ἲࡢࡑࠋ[9-15]ࡿࡍᥦࡣ

᭷࡛ୖࡿࡍ⌧ᐇࢆሙศᕸ☢࡞㧗⢭ᗘࡣᡭἲࡢࡇ

࡞タィᡭἲࠋࡿ࠼⪄ 

1.3. ᮏ㈨ᩱࡢෆᐜ 

ᮏ㈨ᩱࡢෆᐜࠊࡣ 
(i)  ᭱ᑠἲ TSVD ṇ๎ 
(ii) TSVD ṇ๎⏝ࡢ⡆༢࡞ලయ 
(iii) MRI  ᆒ୍☢ሙタィࡢ▼☢
(iv) g-2/EDM ☢▼(Muon ✚☢▼)ࡢ☢ሙタィ 
࡞ᚲせṇ⿵ࡢㄗᕪ☢ሙࡣ࡛(iv) (iii)ࠊࡀࡿ࠶࡛

☢ሙࢢ࣑ࣥࢩᡭἲࢆ௦⾲ࠊࡿࡍ☢ሙ㛵㐃ࡋ

ࡲࠋࡿࡍㄝ᫂ࡶ࡚࠸ࡘᶵᵓࡿࡍṇ⿵ࢆㄗᕪࡓ

ࢥࡿసࢆሙ☢࡞ᚲせMuonධᑕࠊࡣ࡛(iv)ࠊࡓ

ࠋࡿࡍㄝ᫂ࢆタィࡢ≦⌧ࠊࡶ࡚࠸ࡘ⩌ࣝ

TSVDࠊ࡚ ⏝᭱ࡓࡋᑠἲࢆ⏝ࠋࡿ࠸࡚ࡋ 
ሙタィ☢ࠊ࡚ࡋ㏻ࢆタィ≧ἣࡸᐇࡢࡽࢀࡇ

≉ࠊࡧࡼ࠾ࠊᚲせᛶࡢṇ๎ࠊ㏫ၥ㢟ࡿࡅ࠾

␗್ศゎࡢ⏝౯್ࢆᢕᥱࠊࡿ࠼ࡽࡶ࡚ࡋ᭷

ព⩏࡛ࠋࡿ࠼⪄ࡿ࠶ 
వㄯ࡛ࠊࡀࡿ࠶ཧ⪃ᩥ⊩[19]ࠊࡤࢀࡼ≉␗್ศ

ゎࡀ௵ពิ⾜ࡢ㐺⏝࡛ࡣࡇࡿ࠸ 1939ᖺ[27]ึ

ࡲࠋࡿ࠶ᮇ࡛ࡌྠ⏕ㄌࡢィ⟬ᶵࠋࡓࢀࡉ♧࡚ࡵ

ᡭ࡞᭷ຠࡢไᚚ࣒ࢸࢫࢩࠕࠊࡣ[19]⫣ᩥࡢࡇࠊࡓ

ἲࡢ 1 ࠖࡿࢀࢃᛮ࠺ࢁ࠶࡛ࡃ࠸࡚ࡋ╔ᐃ࡚ࡋࡘ

⏝ᴟⓗ✚ࠊศ㔝࡛ࡢሙタィ☢ࠊࡀࡿ࠸࡚ࢀ᭩

 ࠋ࠸࡞࠸ぢ࡚ࡣࡓ࠸
  

 

2. ᭱ᑠἲṇ๎ 
ࡿࡍタィࢆẼᛂ⏝ᶵჾ☢ࡘᣢࢆሙศᕸ☢ࡿ࠶

ሙྜࡢࡑࠊ☢ሙࢆⓎ⏕ࡿࡍ㟁ὶศᕸ ሙ☢)ࡵồࢆ,

タィ)ࢆࢀࡑࠊಖᣢ࡛ࡿࡁᵓ㐀(⪏㟁☢ຊࠊ⪏㟁

ᅽࠊ㟁ὶᐦᗘࠊ෭༷ࢆ(࡞タィࠋࡃ࠸࡚ࡋ☢ሙ

タィࡢ㒊ศ࡛㏫ၥ㢟ࢆゎࠋࡃ┠ᶆ☢ሙศᕸࡋ

ሙ࣭☢᮰ᐦᗘ(Wb/m2)ศᕸ࡛☢ࠊሙྜࡢࡃከࠊ࡚

᮰(Wb)ศᕸ☢ࡸࣝࣕࢩࣥࢸ࣏ࣝࢺࢡ࣋ࠊࡀࡿ࠶

 :ሙホ౯Ⅼ(MFEP☢ࡢከᩘࠋࡿ࠶ࡶࡇࡿ࠼⪄ࢆ
Magnetic Field Evaluation Point)ୖࡢ☢ሙศᕸ %(せ
⣲ Biࡣ i␒┠ MFEPࡢ☢ሙ)㟁ὶศᕸ ,(せ⣲ Ijࡣ
j␒┠ᅇ㊰ࡢ㟁ὶ್)ࡢ㛵ಀࠊࡣ⥺ᙧ᪉⛬ᘧ⣔ࠊ 

% = A,�    (2-1) 

ิ⾜⟆ᛂࡢሙ☢ࡽ㟁ὶࠋࡿࡁ࡛⌧⾲࡛ A ࡢ

せ⣲ Aij[T/A]ࡣ i␒┠㟁ὶࡀ j␒┠ MFEPసࡿ༢

㟁ὶࡢࡾࡓ࠶☢ሙᙉᗘ࡛ࠊࡾ࠶Biot-Savart ἲࡢ

๎➼࡛⟬ฟࠊࡋ(MFEP ᩘ)×(㟁ὶせ⣲ᩘ)ࡢḟඖࢆ

ᣢࠋࡘ┠ᶆࡢ☢ሙศᕸ%TGࢆ⌧ࡿࡍ㟁ὶ㓄ศࡣ

A ࠊࡋࡋࠋࡿࡁᢕᥱ࡛࡛ࡇࡿ࠸⏝ࢆิ⾜㏫ࡢ

୍⯡ⓗࡣ A ࡃከࡢ㏫ၥ㢟ࠊࡾ࠶㠀ṇ๎࡛ࡣ

ࡑࠋࡿ࡞Ⰻタᐃ(ill-posed)ၥ㢟ࡣᘧ(2-1)ࠊ࡛

TG%ࠊࡵࡓࡢ 㟁ὶศᕸࡿࡍ⌧㏆ఝⓗࢆ , ࠊࢆ

᭱ᑠἲ[17, 20, 28, 29]ࡾࡼ⟬ฟࡲࡘࠋࡿࡍ

 ࠊࡾ

||(%TG A,)||2 = (%TG A,)t(%TG A,) 䊻 ᭱ᑠ    (2-2) 

㟁ὶศᕸࡢ , ,ࠊࡣゎࡢࡇࠋࡿࡵồࢆ㏆ఝゎࡢ 
 ࠊࡽ௳᮲ࡘᣢࢆᴟ್ࠊ࡚ࡋᚤศ࡚࠸ࡘ

(AtA),=At%TG,   (2-3) 

Ꮠ࠼ῧୖ࡛ࡇࡇࠋࡿࢀࡽᚓ࡛ࡇࡃゎࢆ t ⨨㌿ࡣ

ࡢ࡞ิ⾜ṇ᪉ࡣ(AtA)ࠋࡍ♧ࢆࡇࡿ࠶࡛ิ⾜

ᘧ(2-3)ࠊࡁฟ࡛⟭ࢆิ⾜㏫ࠊሙྜࡢࡃከࠊ࡛
 ࠋࡿᚓࢆୗグࡽ

,= (AtA)-1At%TG    (2-4) 

ゎ࡛ࡢࡇࠊࡀࡿ࠶㏫ၥ㢟ゎ࡛ࡓࢀࡽ▱ࡃࡼࡶ᭱

⟬ฟࡿࡍ㟁ὶศᕸᇶ࡙ࡓ࠸☢Ẽᛂ⏝ᶵჾࡢタ

ィ࣭〇సࡣ㞴ࠋ࠸ࡋከࡢࡃሙྜࠊᚲせ௨ୖࡢ☢

ሙ⢭ᗘࢆᖜ(せ⣲ I㹨᭱ࡢ࣭᭱ᑠ್ࡢᕪ␗)ࡢ

࡞ࡁ , ࡛Ⓨ⏕ࡿࡍゎࢆ⟬ฟࠊࡋ㐣࡞㉳☢ຊࢆせ

ồࡿࡍゎࡀ⟬ฟࡿࢀࡉࡀከࠊࡵࡓࡢࡇࠋ࠸ᘧ

タィࡢሙタィ࣭☢Ẽᛂ⏝ᶵჾ☢ࠊࡣゎ࡛ࡢ(2-4)

 ࠋ࠸࡞࠼ࡣ
⌧ᐇⓗ࡞ゎࢆồࠊࡵࡓࡿࡵṇ๎ἲࢆ࠺

Tihonovࠊ࡚ࡋṇ๎ᡭἲ࡞௦⾲ⓗࠋ[20] ṇ๎

࠺ᢅࡾྲྀ࡛ࡇࡇTSVDṇ๎ࠋࡿ࠶ࡀᚋ⪅

 ࠋࡿ࠼⪄ࡿ࠶ࡀⅬࡢḟࡣ

(i) ༢㟁ὶ(㉳☢ຊ䠅䛒䛯䜚䛾☢ሙᙉᗘ(≉␗್)䛜
䛝䛺(పḟ)ᅛ᭷䝰䞊䝗䛛䜙㑅ᢥ䛩䜛䚹ᚑ䛳䛶䚸
᭱ᑠ䛾㉳☢ຊ䛷ᚲせ䛺☢ሙ䜢Ⓨ⏕䛩䜛㟁ὶศ

ᕸ䜢㑅ᢥ䛩䜛ᶵ⬟䜢 TSVD䛜ᣢ䛳䛶䛔䜛䚹 
(ii) ᅛ᭷䝰䞊䝗ᩘ䛸☢ሙศᕸ䛾㏆ఝ⢭ᗘ䛻䛿᫂☜䛺

㛵ಀ䛜䛒䜚䚸ᚓ䜙䜜䜛⢭ᗘ䜢ᢕᥱ䛧䛺䛜䜙䚸పḟ

ᡂศ䛷㉳☢ຊ㓄⨨䜢᳨ウ䛷䛝䜛䚹 
(iii) ྛ SVDᅛ᭷䝰䞊䝗䛸┠ᶆ☢ሙศᕸ䜢ẚ㍑䛩䜛䛣

䛸䛷䚸⏝䛩䜛ᅛ᭷䝰䞊䝗䛛䜙ᐇᶵ䛷ᚲせ䛸䛩䜛

㉳☢ຊ㓄⨨䜢ᢕᥱ䛷䛝䜛䚹 
(iv) ศᕸ㟁ὶ䛷⮬⏤ᗘ䛾ከ䛔㉳☢ຊ㓄⨨䛻䛴䛔䛶

䜒䚸☢ሙ䛻ᑐ䛧䛶䛝䛺ᐤ䜢ᣢ䛴㉳☢ຊศᕸ

䜢䛒䜙䛛䛨䜑ᢕᥱ䞉㑅ᢥ䛧䚸ᚲせ䛺⢭ᗘ䜢☜ಖ䛧

䛺䛜䜙䚸⮬⏤ᗘ䜢ῶᑡ䛥䛫䛶䚸☢ሙタィ䛷䛝䜛䚹 

ሙศ☢ࡿࡵồࠊ࡛㉳☢ຊ(i)ࡢᑡ᭱ࠊࡿࡵࡲ

ᕸ(iii)☢ሙ⢭ᗘ(ii)ࠊࢆ㑅ᢥ⠊ᅖ࡚ࡵ⊂ࢆ(iv)ࠊ
㆟ㄽࡀࡇࡃ࠸࡚ࡋฟ᮶ࡽࢀࡇࠋࡿⅬ࠸ࡘ

グୖࠊࡀࡃ࠸࡚ࡋ♧ᐇᶵタィ࡛㢟ࠊࡣ࡚

㡯┠యඹ㏻ࠊࡣࡇࡿ࠸࡚ࡋᅛ᭷࣮ࣔࡢࢻ

㑅ᢥࢆ㏻࡚ࡌᢕᥱ࡛ࠋࡿ࠶࡛ࡇࡿࡁ 
ṇ๎ࡣ⥺ᙧ᪉⛬ᘧ⣔ࡢ㏫ィ⟬ࢆᏳᐃ࠺⾜

ᡭἲ࡛ࠊࡀࡿ࠶௨ୗ࡛ୖࡣグ≉ᚩࢆᘬࡁฟࡓࡍ

ຍ⟬࡛㏫ၥࡢࡑࠊ࡚ࡋ┠ὀࢻᅛ᭷࣮ࣔࠊࡵ

㢟ࢆゎࠋࡃᚑࠊ࡚ࡗṇ๎ࠊࡾࡼ࠺࠸᭷┈࡞

ᅛ᭷࣮ࣔࡢࢻᢳฟࡢࡑ⏝᪉ἲࡢ࡚࠸ࡘ㆟

ㄽࠋࡿ࡞ 

2.1. ṇ๎᭱ࡿࡼᑠゎ 

ᶵჾタィᚲせ࡞ゎ , ⌧ᐇࠊ⢭ᗘ࡛࡞ጇᙜࠊࡣ

ᑐࢀࡇࠋࡿ࠶࡛ࡢࡶࡿ࠼ࢆ㟁ὶศᕸ࡞⬟ྍ

ሙ⢭ᗘ☢ࠊ࡚ࡋ , ࡋᡭἲࡿࡍᘬྲྀࢆᐇ⌧ᛶࡢ

Tihonovࠊࡣ௦⾲ⓗࠊࡾ࠶ࡀṇ๎ἲࡢ࡚ ἲ
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TSVD ἲࡢṇ๎ࡿ࠶ࡀ ࠊࡣᮏ㈨ᩱ࡛ࠋ[20]

TSVD ἲࢆᛂ⏝ࡓࡋ㆟ㄽࠋࡿ࡞ 
⾜ิ A  SVD  ࠊࡿࡍ⏝㐺ࢆ

A=䃂Xk kYkt,    (2-5) 

ᇶᗏࡍ⾲ࢆሙศᕸ☢ࠊ[16-19]ࡾ࠶࡛ Xkࢀࡇࠊ

୍ᑐ୍ᑐᛂࡓࡋ㟁ὶศᕸࡢᇶᗏ Ykࠊࡧࡼ࠾ࠊ

┦ࡢ⟬ಀᩘ[T/A]ࡿࡁ࡛ࡢࡇࡿ࠼⪄≉␗

್ kࠊࢆࡏࢃྜࡳ⤌ࡢᅛ᭷࣮ࣔࢻ␒ྕ k࡚࠸ࡘ

ຍ⟬ࡓࡋᘧ࡛⾲⌧࡛ࠋࡿࡁ㏻ᖖࠊ≉␗್ k ࡢ

ྕ␒ࡢࢻᅛ᭷࣮ࣔ㡰ࡢࡉࡁ k ࢆࢀࡇࠋࡿࡅࢆ

࡚࠸⏝ A* = (AtA)-1Atࢆồࠊࡿࡵ 

A*  = (AtA)-1At = σ / ,   (2-6)  

ࡀࢀࡇࠋࡿ࠶࡛ A ࠊࡣࡇࡿ࠶࡛ิ⾜㏫⯡୍ࡢ

ᘧ(2-5, 2-6)ࠊࡽAA*A = A ࠊࡾࡲࡘ)ࡘ❧ࡾᡂࡀ

AA*ࡣ↓స⏝)࡛ࡇ☜ㄆ࡛ࠊࡾࡲࡘࠋࡿࡁSVD
ᅛ᭷࣮ࣔࠊࡿ࠸⏝ࢆࢻᐜ୍᫆⯡㏫⾜ิࢆồ

 ࠊࡽᘧ(2-4)ࢆ,ࠊᯝ⤖ࡢࡇࠋࡿࡁ࡛ࡀࡇࡿࡵ

, = σ (䡇 Xk
t%TG)Yk/ k  (2-7) 

࡛ồࠊ࡚ࡵ㏫ၥ㢟ࢆゎࠋࡃຍ⟬ࠊࡣᅛ᭷࣮ࣔࢻ

␒ྕkࠊ࠸⾜࡚࠸ࡘᚲせ࡞☢ሙ⢭ᗘࡀ☜ಖ࡛ࡁ

ྕ␒ࢻᅛ᭷࣮ࣔࡿ MT ࡛ຍ⟬ࢆᡴࡕษࡾ

(Truncation)ࠊపḟ(࡞ࡁ k)ࡢ SVD ᅛ᭷࣮ࣔࢻ

ࡍ⟭ຍࢆࢻᅛ᭷࣮ࣔࡢ࡚ࠋࡿ࠼ຍ⟭ຍࡳࡢ

ሙࡢࡇࠋࡿ࠶࡛ᑠゎ{ᘧ(2-4)}᭱ࡢ㏻ᖖࡿ

࡞ࡉ㧗ḟ(ᑠࠊྜ i)ࡢᅛ᭷࣮࡚ࣔࡵྵࢆࢻຍ⟬ࡍ

࡞ࡉᑠศẕࠊࡵࡓࡿ kࢆᣢࡘ㡯ࡢຍ⟬࡛ࠊゎࡀ

Ᏻᐃࠊࡾ࡞㐣࡞㟁ὶࢆồ࡞ࡘࡇࡿࡵ

TSVDࠋࡿࡀ ṇ๎ࠊࡣపḟࡢᅛ᭷࣮ࣔࢆࢻຍ⟬

ど↓ࢆ㧗ḟᡂศ࡚ࡋல⣽ࡣሙ☢ࡿࡍ⏕Ⓨࠊࡋ

ࠋࡿࡍ⌧㏆ఝⓗࢆ㟁ὶ࡛☢ሙ࡞ጇᙜࠊ࡚ࡋ

ຍ⟬ࡿࡍᅛ᭷࣮ࣔࡢࢻ㑅ᢥࠊࡣ࡚࠸ࡘḟ⠇࡛

ᐇࢆᑐ㇟ࠊ࡚ࡋ㆟ㄽࠋࡿࡍ 
୍᪉䚸Tihonov ṇ๎䜢䛖䛸䚸ᘧ(2-3)䛻ㄗᕪ 䜢

ྵ䜎䛫䚸 

(AtA + 2LtL),�= At%TG    (2-8) 

Lࠋࡿࡍ ࢀ࠶࡛ิ⾜༢ࠊࡾ࠶࡛ิ⾜࡞ᙧ⥺ࡣ

ࠊࡣᘧୖࠊࡤ 㟁ὶ࡚ࡌᛂ , ࢆゎࡿࡍࡃࡉᑠࢆ

ồࠋࡿࡵ⾜ิ(AtA + 2LtL)ࡣṇ๎ࠊࡵࡓࡿ࡞ồ

 ࠊࡣ,㟁ὶ㓄ศ(㏫ၥ㢟ゎ)ࡿࡵ

, = (AtA + 2LtL)-1 At%TG   (2-9) 

SVDࠊࡣゎࠊ࡛ ᅛ᭷࣮ࣔࠊࡍ♧࡚࠸⏝ࢆࢻ 

    , =σ 䡇

䡇

Yk    (2-10) 

ࡣ࡛ᘧ(2-10)ࠊࡋࡔࡓࠋࡿ࠶࡛ L ࡋิ⾜༢ࢆ

ྕ␒ࢻᅛ᭷࣮ࣔࠊࡣࠋࡓ kࠋ࠺⾜࡚࠸ࡘᘧ(2-
Tihonovࠊࡿࡍẚ㍑ࢆᘧ(2-10)(7 ṇ๎࡛ࠊࡣ

k㸻 ษࡕᡴࢆ⟭㏆࡛ຍྕ␒ࢻᅛ᭷࣮ࣔࡿ࡞

ゎ⌮ࡿࡍฟຊࢆゎ࡞ᵝྠTSVDࡑࡼ࠾࠾ࠊࡾ

Tihonovࠊ㏻ᖖࠊࡋࡔࡓࠋࡿࡁ࡛ ṇ๎࡛ࠊࡣ

(AtA + 2LtL)ࡢ㏫⾜ิࢆồ࡚ࡵィ⟬ࢆᐇ⾜ࡿࡍ

 ࠋ࠸࡞ࡣࡇࡿࡍព㆑ࢆࢻᅛ᭷࣮ࣔࠊ
ᘧ(2-3)ᘧ(2-8)ࡢពࠊࡿ࠼⪄ࢆ☢ሙ%TGࢆ

⌧ࡿࡍᘧ(2-3)|L,|ࢆᑠࡿࡍࡃࡉ᮲௳ࢆ

㏣ຍࠋࡿ࡞ࡇࡓࡋL ࢀ࠸⏝ࢆิ⾜༢࡚ࡋ

ࢆ௳᮲ࡿࡍࡃࡉᑠࢆ|,|࣒ࣝࣀᘧ(2-9)࡛㟁ὶࠊࡤ

ຍࡣࢀࡇࠊࡀࡿ࡞ࡇࡓ࠼ TSVD ṇ๎ࡶᣢ

ࡇ࠺ࢆLࡢ༢⾜ิ௨እࠋࡿ࠶ᚩ࡛≉ࡿ࠸࡚ࡗ

ࡉᑠࢆࢱ࣮࣓ࣛࣃࡢ㟁ὶ௨እࠊࡾ࠶࡛⬟ྍࡶ

ࡋࠋࡿ࠶࡛⬟ྍࡶࡇࡿ࠼ຍࢆ௳᮲ࡿࡍࡃ

Tihonovࠊࡋ ṇ๎࡛ࠊࡣᡴࡕษࡸ⦅ࡀࡾ⾜

㧗ḟ(ᑠ≉␗್)ᡂ࠸࡞ᮏ᮶ᚲせ࡛ࠊࡵࡓࡿࢀࢃ
ศࡀゎධࡾ㎸ࠊࡳ㟁ὶࢆྍࡿࡍࡃࡁ⬟ᛶࡀ

ࡣሙタィ࡛☢ࡢ⪅➹ࠋࡿࡍᏑᅾࡀḞⅬࡿ࠶ TSVD
ṇ๎ࢆ࠶࡛ࢀࡇࡀࡘࡦࡢ⏤⌮ࡓࡁ࡚ࡗ

 ࠋࡿ

2.2. ᅛ᭷࣮ࣔࢻᙉᗘὀ┠ࡓࡋ TSVD ṇ๎ 

TSVD ṇ๎୍࡛ࠊࡣ⯡ⓗࠊᘧ(2-7)࡛ࠊ≉␗

⢭࡞ᚲせࠊࡋ⟭ຍࡽ㸦పḟ㸧ࡢࡶ࡞ࡁࡢ್

ᗘࡀᚓࡿࢀࡽ MT ␒┠࡛ᡴࡕษࠊࡀࡿᘧ(2-7)ࢆཧ

Xk) ࡣᐤࡢࢻᅛ᭷࣮ࣔࠊࡿࡍ⪄
t%TG)/ k ࡛

ゎ -illࠊࡿ࠼࠸ゝࠋࡿゎࡀࡇࡿࢀࡉᫎ,
posed Xk)ࡣ

t%TG)/ k ิ⾜࡞࠺ࡼࡃ࠸࡚ࡋⓎᩓࡀ A
ࠊព࡛ࡢࡇࠋࡿࡁゎ࡛⌮ၥ㢟ࡘᣢࢆ kࡀᑠࡉ

㧗࠸࡞ࡁ࡞ࡁ࡛⏕Ⓨࡋሙ☢࡞ࡎࢃࠊࡵࡓ࠸

ḟᅛ᭷࣮ࣔࡣࢻᚲせ࡛ࠊࡾ࠶ຍ⟬ࡽ㝖እࡍ

 

ࠋࡿฟ᮶ࡀࡇࡿ⋓ࢆゎ࡞Ᏻᐃࡾࡼࢀࡇࠋࡿ

ࡁ࡚ࡋ⏝ᛂሙタィ☢ࡢẼᛂ⏝ᶵჾ☢ࠊࢆࢀࡇ

ࡿࡍ㑅ᢥ⟭ຍࠊࡣTSVDṇ๎࡛ࡢ⪅➹ࠊࡀࡓ

᮲௳ࠊᅛ᭷࣮ࣔࡀࢻ᭷ព࡞☢ሙศᕸࢆᣢࠊࡕ

ᙉᗘࢆᣢࢆࡇࡘ᮲௳ຍࠊࡾࡲࡘࠋࡓ࠼ill-
posed ࡿࡵồࢆ㏆ఝゎࠊࡂ㜵ࢆⓎᩓࡿࡼၥ㢟ࡢ

ࡼࡢୗグ࡚ࡋᑐሙ☢࡛ࢻᅛ᭷࣮ࣔྛࠊࡵࡓ

ᅛ᭷ࡘᣢࢆᐤ࡞㟁ὶ࡛᭷ពࡿࡁ࡛⌧ᐇࠊ࠺

㏆ఝࢆሙ☢ࡢᶆ┠࡚ࡋ⟭㑅ᢥ࣭ຍࢆࡳࡢࢻ࣮ࣔ

ⓗⓎ⏕࡛ࡿࡁ㉳☢ຊ㓄⨨ࢆồࠋࡿࡵ 
ᅛ᭷䝰䞊䝗䛾㑅ᢥ䛾䛯䜑䛻䚸ᘧ(2-7)䜢᭩䛝┤䛧䛶䚸 

, =䃂YkXkt%TG/ k =σ / Yk PTGk / k,       (2-11) 

䛸䛧䛶䚸ୗグ䛾ᅛ᭷䝰䞊䝗ᙉᗘ䚸 

PTGk = Xkt%TG/np1/2           (2-12) 

䛷䚸ᅛ᭷䝰䞊䝗䜢ຍ⟬䛩䜛䚹䛣䛣䛷䚸np䛿 MFEP ᩘ䛷䚸
%TG䜔 Yk䛾ḟඖᩘ䛷䛒䜛䚹ᅛ᭷䝰䞊䝗ᙉᗘ䜢つ᱁

䛩䜛䛯䜑䛻 np
1/2䛷䛳䛶䛔䜛䚹⌧☢ሙ %REC䛿䚸㟁

ὶ ,䛷䜒ィ⟬䛷䛝䜛䛜䚸MFEPⅬ䛷䛾☢ሙ䛿䚸 

%REC = σ / PTGkXk        (2-13) 

䛷䛒䜛䚹TSVD ṇ๎䛻䜘䜛㏫ၥ㢟䛾ゎἲ䚸≉䛻ᘧ

(2-11), (2-13)䛾ຍ⟬䜢ᶍᘧⓗ䛻 Fig. 1-1 䛻♧䛩䚹
SVD 䛷䚸☢ሙ䛸㟁ὶศᕸ䛾ᇶᗏ䛸≉␗್䜢ồ䜑䚸ᘧ

(2-12)䛾 PTG
ik 䜢ᅗྑഃ䛾ᵝ䛻ồ䜑䚸ᕥഃ䛾䜘䛖䛻䚸

ᘧ(2-11)䛾ຍ⟬䜢ᐇ⾜䛩䜛䚹ຍ⟬䛩䜛ᅛ᭷䝰䞊䝗䜢
ከ䛟䛩䜛䛸䚸ୖ㒊ᕥഃ䛾䜘䛖䛻⣽䛛䛟ື䛩䜛Ᏻᐃ

䛺ゎ䛻䛺䜛䛣䛸䛜ከ䛔䛜䚸ᅛ᭷䝰䞊䝗ᩘ䜢పḟ䛰䛡䛷

㐺ᩘ䛻䛩䜛䛸䚸ᐇ⏝ᛶ䛾䛒䜛ゎ䜢ᚓ䜛䚹TSVD 䛷ຍ⟬
䛩䜛ᅛ᭷䝰䞊䝗䛾㑅ᢥ䛿䚸ୗグ䛾ᵝ䛻⪃䛘䜛䚹 

1) ṧᕪ☢ሙ %RE䛜┠ᶆ್ r௨ୗ䛸䛺䜛䜘䛖䛻ຍ⟬䚸 

%RE = %TG- %REC = %TG-䃂np1/2PTGkXk     (2-14) 

䛷䚸ຍ⟬䛩䜛ᅛ᭷䝰䞊䝗ᩘMT䜢ከ䛟䛩䜛䛸䚸ṧᕪ

☢ሙ䛿ᑠ䛥䛟䛺䜛䚹ୗグ䛾ᖜ(PP: peak-to-peak)
䛜┠ᶆ್௨ୗ䛸䛺䜛䜎䛷ᅛ᭷䝰䞊䝗䜢ຍ⟬䛩䜛䚹

䛴䜎䜚䚸 

BREPP = BREMAX - BREMIN < r         (2-15) 

䛸䛺䜛 MT䜢㑅䜆䚹 
2) SVDᅛ᭷䝰䞊䝗䛾☢ሙศᕸ䛸ᙉᗘ䛻ὀ┠䚸 

ᘧ(2-5)䛷ㄝ᫂䛧䛯䜘䛖䛻䚸☢ሙᇶᗏ Xk䚸㟁ὶᇶ

ᗏ Yk䛚䜘䜃≉␗್ k䛷 k␒┠䛾ᅛ᭷䝰䞊䝗䜢ᵓ
ᡂ䛩䜛䚹ಶ䚻䛾☢ሙᇶᗏ Xk 䛜ᚲせ䛷䛒䜛䜒䛾䛛

䜢䚸(i) 䛜᭷ព䛺䛝䛥䛛䠛 (ii)┠ᶆ☢ሙ䛻ᚲ
せ䛺ᅛ᭷䝰䞊䝗䛛䠛䛛䜙ุ᩿䛧䛯ୖ䛷䚸ຍ⟬䛩

䜛䚹Xk䛿MFEP䛷䛾☢ሙ䜢♧䛧䛶䛔䜛䛾䜏䛷䛒䜛
䛜䚸Yk 䛷ィ⟬䛩䜛༢㟁ὶศᕸ䛒䛯䜚䛾☢ሙศ

ᕸ E(Yk)䜢ᅛ᭷䝰䞊䝗䛾☢ሙศᕸ䛸䛩䜛䛸⌮ゎ䛧
䜔䛩䛔䚹 

3) ᚲせ㟁ὶᙉᗘ䛾ᐇ⌧ᛶ䚸 

ᘧ(2-11)䛷ྛ㟁ὶ Ij 䛜ᐇ⏝ⓗ䛻ᐇ⌧䛷䛝䜛⠊ᅖ

䛷䛒䜛䚹 

௨ୖࡢ᮲௳࡛ᡴࡕษࡾḟᩘ MT ᅛ᭷ࡿࡍ⟭ຍࡸ

ࡢグୖࠋࡀࡿࡍタᐃࢆࢻ࣮ࣔ 3㡯┠ྠࢆࡓ‶

ࢀ࠶タィ࡛ࡢ▼☢ࡤ࠼ࡓࠋࡿ࠶ࡶሙྜ࠸࡞ࡉ

ࡋࡶࠊ㐺ษࡀ㡿ᇦࡿ࠸࡚࠼⪄ࢆ⨨㟁ὶ㓄ࠊࡤ

⢭ᗘ(ᆒ୍ᗘ)ࡸࡉࡁࡢᶆ☢ሙ㡿ᇦ┠࡞㐣ࡣࡃ
ᗄఱࡿ࠸࡚ࡋウ᳨ࠊሙྜࡢࡇࠋࡿ࠶ࡀཎᅉࡢ➼

Ꮫⓗయ⣔ࡸ☢ሙᵝࢆ᳨ウࠋࡿ࡞ࡇࡿࡍ 
௨ୗ࡛ࠊࡣTSVD ṇ๎ࡿࡼ㏫ၥ㢟ゎἲࢆᛂ

㟁ࠊࡀࡍ♧ࢆሙタィ☢ࡢẼᛂ⏝ᶵჾ☢ࡓࡋ⏝

ὶ ᮰ᐦᗘ☢, ࡅࡔ㆟ㄽࡢࡽ㛵ಀ{ᘧ(2-1)}ࡢ%

࠼ࠋࡿ࠶ࡶሙྜࡢࡏࢃྜࡳ⤌ࡢࠊࡃ࡞࡛

ሙ☢ࠊࡤ % ࣕࢩࣥࢸ࣏ࣝࢺࢡ࣋)᮰☢ࠊࡃ࡞ࡣ࡛

ࣝ) 㟁ὶࠊࡣ㉳☢ຊഃ࡛ࠊሙྜࡿࡍ , ☢ࡃ࡞࡛

Ẽ࣮࣓ࣔࣥࢺศᕸ  ࠋࡿ࠶ࡶࠊሙྜࡿࡍ0

 
Fig. 2-1. ᡴࡕษࡾ≉␗್ศゎṇ๎ࡓ࠸⏝ࢆ㏫

ၥ㢟ゎἲࡢᶍᘧⓗㄝ᫂ 
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TSVD ἲࢆᛂ⏝ࡓࡋ㆟ㄽࠋࡿ࡞ 
⾜ิ A  SVD  ࠊࡿࡍ⏝㐺ࢆ

A=䃂Xk kYkt,    (2-5) 

ᇶᗏࡍ⾲ࢆሙศᕸ☢ࠊ[16-19]ࡾ࠶࡛ Xkࢀࡇࠊ

୍ᑐ୍ᑐᛂࡓࡋ㟁ὶศᕸࡢᇶᗏ Ykࠊࡧࡼ࠾ࠊ

┦ࡢ⟬ಀᩘ[T/A]ࡿࡁ࡛ࡢࡇࡿ࠼⪄≉␗

್ kࠊࢆࡏࢃྜࡳ⤌ࡢᅛ᭷࣮ࣔࢻ␒ྕ k࡚࠸ࡘ

ຍ⟬ࡓࡋᘧ࡛⾲⌧࡛ࠋࡿࡁ㏻ᖖࠊ≉␗್ k ࡢ

ྕ␒ࡢࢻᅛ᭷࣮ࣔ㡰ࡢࡉࡁ k ࢆࢀࡇࠋࡿࡅࢆ

࡚࠸⏝ A* = (AtA)-1Atࢆồࠊࡿࡵ 

A*  = (AtA)-1At = σ / ,   (2-6)  

ࡀࢀࡇࠋࡿ࠶࡛ A ࠊࡣࡇࡿ࠶࡛ิ⾜㏫⯡୍ࡢ

ᘧ(2-5, 2-6)ࠊࡽAA*A = A ࠊࡾࡲࡘ)ࡘ❧ࡾᡂࡀ

AA*ࡣ↓స⏝)࡛ࡇ☜ㄆ࡛ࠊࡾࡲࡘࠋࡿࡁSVD
ᅛ᭷࣮ࣔࠊࡿ࠸⏝ࢆࢻᐜ୍᫆⯡㏫⾜ิࢆồ

 ࠊࡽᘧ(2-4)ࢆ,ࠊᯝ⤖ࡢࡇࠋࡿࡁ࡛ࡀࡇࡿࡵ

, = σ (䡇 Xk
t%TG)Yk/ k  (2-7) 

࡛ồࠊ࡚ࡵ㏫ၥ㢟ࢆゎࠋࡃຍ⟬ࠊࡣᅛ᭷࣮ࣔࢻ

␒ྕkࠊ࠸⾜࡚࠸ࡘᚲせ࡞☢ሙ⢭ᗘࡀ☜ಖ࡛ࡁ

ྕ␒ࢻᅛ᭷࣮ࣔࡿ MT ࡛ຍ⟬ࢆᡴࡕษࡾ

(Truncation)ࠊపḟ(࡞ࡁ k)ࡢ SVD ᅛ᭷࣮ࣔࢻ

ࡍ⟭ຍࢆࢻᅛ᭷࣮ࣔࡢ࡚ࠋࡿ࠼ຍ⟭ຍࡳࡢ

ሙࡢࡇࠋࡿ࠶࡛ᑠゎ{ᘧ(2-4)}᭱ࡢ㏻ᖖࡿ

࡞ࡉ㧗ḟ(ᑠࠊྜ i)ࡢᅛ᭷࣮࡚ࣔࡵྵࢆࢻຍ⟬ࡍ

࡞ࡉᑠศẕࠊࡵࡓࡿ kࢆᣢࡘ㡯ࡢຍ⟬࡛ࠊゎࡀ

Ᏻᐃࠊࡾ࡞㐣࡞㟁ὶࢆồ࡞ࡘࡇࡿࡵ

TSVDࠋࡿࡀ ṇ๎ࠊࡣపḟࡢᅛ᭷࣮ࣔࢆࢻຍ⟬

ど↓ࢆ㧗ḟᡂศ࡚ࡋல⣽ࡣሙ☢ࡿࡍ⏕Ⓨࠊࡋ

ࠋࡿࡍ⌧㏆ఝⓗࢆ㟁ὶ࡛☢ሙ࡞ጇᙜࠊ࡚ࡋ

ຍ⟬ࡿࡍᅛ᭷࣮ࣔࡢࢻ㑅ᢥࠊࡣ࡚࠸ࡘḟ⠇࡛

ᐇࢆᑐ㇟ࠊ࡚ࡋ㆟ㄽࠋࡿࡍ 
୍᪉䚸Tihonov ṇ๎䜢䛖䛸䚸ᘧ(2-3)䛻ㄗᕪ 䜢

ྵ䜎䛫䚸 

(AtA + 2LtL),�= At%TG    (2-8) 

Lࠋࡿࡍ ࢀ࠶࡛ิ⾜༢ࠊࡾ࠶࡛ิ⾜࡞ᙧ⥺ࡣ

ࠊࡣᘧୖࠊࡤ 㟁ὶ࡚ࡌᛂ , ࢆゎࡿࡍࡃࡉᑠࢆ

ồࠋࡿࡵ⾜ิ(AtA + 2LtL)ࡣṇ๎ࠊࡵࡓࡿ࡞ồ

 ࠊࡣ,㟁ὶ㓄ศ(㏫ၥ㢟ゎ)ࡿࡵ

, = (AtA + 2LtL)-1 At%TG   (2-9) 

SVDࠊࡣゎࠊ࡛ ᅛ᭷࣮ࣔࠊࡍ♧࡚࠸⏝ࢆࢻ 

    , =σ 䡇

䡇

Yk    (2-10) 

ࡣ࡛ᘧ(2-10)ࠊࡋࡔࡓࠋࡿ࠶࡛ L ࡋิ⾜༢ࢆ

ྕ␒ࢻᅛ᭷࣮ࣔࠊࡣࠋࡓ kࠋ࠺⾜࡚࠸ࡘᘧ(2-
Tihonovࠊࡿࡍẚ㍑ࢆᘧ(2-10)(7 ṇ๎࡛ࠊࡣ

k㸻 ษࡕᡴࢆ⟭㏆࡛ຍྕ␒ࢻᅛ᭷࣮ࣔࡿ࡞

ゎ⌮ࡿࡍฟຊࢆゎ࡞ᵝྠTSVDࡑࡼ࠾࠾ࠊࡾ

Tihonovࠊ㏻ᖖࠊࡋࡔࡓࠋࡿࡁ࡛ ṇ๎࡛ࠊࡣ

(AtA + 2LtL)ࡢ㏫⾜ิࢆồ࡚ࡵィ⟬ࢆᐇ⾜ࡿࡍ

 ࠋ࠸࡞ࡣࡇࡿࡍព㆑ࢆࢻᅛ᭷࣮ࣔࠊ
ᘧ(2-3)ᘧ(2-8)ࡢពࠊࡿ࠼⪄ࢆ☢ሙ%TGࢆ

⌧ࡿࡍᘧ(2-3)|L,|ࢆᑠࡿࡍࡃࡉ᮲௳ࢆ

㏣ຍࠋࡿ࡞ࡇࡓࡋL ࢀ࠸⏝ࢆิ⾜༢࡚ࡋ

ࢆ௳᮲ࡿࡍࡃࡉᑠࢆ|,|࣒ࣝࣀᘧ(2-9)࡛㟁ὶࠊࡤ

ຍࡣࢀࡇࠊࡀࡿ࡞ࡇࡓ࠼ TSVD ṇ๎ࡶᣢ

ࡇ࠺ࢆLࡢ༢⾜ิ௨እࠋࡿ࠶ᚩ࡛≉ࡿ࠸࡚ࡗ

ࡉᑠࢆࢱ࣮࣓ࣛࣃࡢ㟁ὶ௨እࠊࡾ࠶࡛⬟ྍࡶ

ࡋࠋࡿ࠶࡛⬟ྍࡶࡇࡿ࠼ຍࢆ௳᮲ࡿࡍࡃ

Tihonovࠊࡋ ṇ๎࡛ࠊࡣᡴࡕษࡸ⦅ࡀࡾ⾜

㧗ḟ(ᑠ≉␗್)ᡂ࠸࡞ᮏ᮶ᚲせ࡛ࠊࡵࡓࡿࢀࢃ
ศࡀゎධࡾ㎸ࠊࡳ㟁ὶࢆྍࡿࡍࡃࡁ⬟ᛶࡀ

ࡣሙタィ࡛☢ࡢ⪅➹ࠋࡿࡍᏑᅾࡀḞⅬࡿ࠶ TSVD
ṇ๎ࢆ࠶࡛ࢀࡇࡀࡘࡦࡢ⏤⌮ࡓࡁ࡚ࡗ

 ࠋࡿ

2.2. ᅛ᭷࣮ࣔࢻᙉᗘὀ┠ࡓࡋ TSVD ṇ๎ 

TSVD ṇ๎୍࡛ࠊࡣ⯡ⓗࠊᘧ(2-7)࡛ࠊ≉␗

⢭࡞ᚲせࠊࡋ⟭ຍࡽ㸦పḟ㸧ࡢࡶ࡞ࡁࡢ್

ᗘࡀᚓࡿࢀࡽ MT ␒┠࡛ᡴࡕษࠊࡀࡿᘧ(2-7)ࢆཧ

Xk) ࡣᐤࡢࢻᅛ᭷࣮ࣔࠊࡿࡍ⪄
t%TG)/ k ࡛

ゎ -illࠊࡿ࠼࠸ゝࠋࡿゎࡀࡇࡿࢀࡉᫎ,
posed Xk)ࡣ

t%TG)/ k ิ⾜࡞࠺ࡼࡃ࠸࡚ࡋⓎᩓࡀ A
ࠊព࡛ࡢࡇࠋࡿࡁゎ࡛⌮ၥ㢟ࡘᣢࢆ kࡀᑠࡉ

㧗࠸࡞ࡁ࡞ࡁ࡛⏕Ⓨࡋሙ☢࡞ࡎࢃࠊࡵࡓ࠸

ḟᅛ᭷࣮ࣔࡣࢻᚲせ࡛ࠊࡾ࠶ຍ⟬ࡽ㝖እࡍ

 

ࠋࡿฟ᮶ࡀࡇࡿ⋓ࢆゎ࡞Ᏻᐃࡾࡼࢀࡇࠋࡿ

ࡁ࡚ࡋ⏝ᛂሙタィ☢ࡢẼᛂ⏝ᶵჾ☢ࠊࢆࢀࡇ

ࡿࡍ㑅ᢥ⟭ຍࠊࡣTSVDṇ๎࡛ࡢ⪅➹ࠊࡀࡓ

᮲௳ࠊᅛ᭷࣮ࣔࡀࢻ᭷ព࡞☢ሙศᕸࢆᣢࠊࡕ

ᙉᗘࢆᣢࢆࡇࡘ᮲௳ຍࠊࡾࡲࡘࠋࡓ࠼ill-
posed ࡿࡵồࢆ㏆ఝゎࠊࡂ㜵ࢆⓎᩓࡿࡼၥ㢟ࡢ

ࡼࡢୗグ࡚ࡋᑐሙ☢࡛ࢻᅛ᭷࣮ࣔྛࠊࡵࡓ

ᅛ᭷ࡘᣢࢆᐤ࡞㟁ὶ࡛᭷ពࡿࡁ࡛⌧ᐇࠊ࠺

㏆ఝࢆሙ☢ࡢᶆ┠࡚ࡋ⟭㑅ᢥ࣭ຍࢆࡳࡢࢻ࣮ࣔ

ⓗⓎ⏕࡛ࡿࡁ㉳☢ຊ㓄⨨ࢆồࠋࡿࡵ 
ᅛ᭷䝰䞊䝗䛾㑅ᢥ䛾䛯䜑䛻䚸ᘧ(2-7)䜢᭩䛝┤䛧䛶䚸 

, =䃂YkXkt%TG/ k =σ / Yk PTGk / k,       (2-11) 

䛸䛧䛶䚸ୗグ䛾ᅛ᭷䝰䞊䝗ᙉᗘ䚸 

PTGk = Xkt%TG/np1/2           (2-12) 

䛷䚸ᅛ᭷䝰䞊䝗䜢ຍ⟬䛩䜛䚹䛣䛣䛷䚸np䛿 MFEP ᩘ䛷䚸
%TG䜔 Yk䛾ḟඖᩘ䛷䛒䜛䚹ᅛ᭷䝰䞊䝗ᙉᗘ䜢つ᱁

䛩䜛䛯䜑䛻 np
1/2䛷䛳䛶䛔䜛䚹⌧☢ሙ %REC䛿䚸㟁

ὶ ,䛷䜒ィ⟬䛷䛝䜛䛜䚸MFEPⅬ䛷䛾☢ሙ䛿䚸 

%REC = σ / PTGkXk        (2-13) 

䛷䛒䜛䚹TSVD ṇ๎䛻䜘䜛㏫ၥ㢟䛾ゎἲ䚸≉䛻ᘧ

(2-11), (2-13)䛾ຍ⟬䜢ᶍᘧⓗ䛻 Fig. 1-1 䛻♧䛩䚹
SVD 䛷䚸☢ሙ䛸㟁ὶศᕸ䛾ᇶᗏ䛸≉␗್䜢ồ䜑䚸ᘧ

(2-12)䛾 PTG
ik 䜢ᅗྑഃ䛾ᵝ䛻ồ䜑䚸ᕥഃ䛾䜘䛖䛻䚸

ᘧ(2-11)䛾ຍ⟬䜢ᐇ⾜䛩䜛䚹ຍ⟬䛩䜛ᅛ᭷䝰䞊䝗䜢
ከ䛟䛩䜛䛸䚸ୖ㒊ᕥഃ䛾䜘䛖䛻⣽䛛䛟ື䛩䜛Ᏻᐃ

䛺ゎ䛻䛺䜛䛣䛸䛜ከ䛔䛜䚸ᅛ᭷䝰䞊䝗ᩘ䜢పḟ䛰䛡䛷

㐺ᩘ䛻䛩䜛䛸䚸ᐇ⏝ᛶ䛾䛒䜛ゎ䜢ᚓ䜛䚹TSVD 䛷ຍ⟬
䛩䜛ᅛ᭷䝰䞊䝗䛾㑅ᢥ䛿䚸ୗグ䛾ᵝ䛻⪃䛘䜛䚹 

1) ṧᕪ☢ሙ %RE䛜┠ᶆ್ r௨ୗ䛸䛺䜛䜘䛖䛻ຍ⟬䚸 

%RE = %TG- %REC = %TG-䃂np1/2PTGkXk     (2-14) 

䛷䚸ຍ⟬䛩䜛ᅛ᭷䝰䞊䝗ᩘMT䜢ከ䛟䛩䜛䛸䚸ṧᕪ

☢ሙ䛿ᑠ䛥䛟䛺䜛䚹ୗグ䛾ᖜ(PP: peak-to-peak)
䛜┠ᶆ್௨ୗ䛸䛺䜛䜎䛷ᅛ᭷䝰䞊䝗䜢ຍ⟬䛩䜛䚹

䛴䜎䜚䚸 

BREPP = BREMAX - BREMIN < r         (2-15) 

䛸䛺䜛 MT䜢㑅䜆䚹 
2) SVDᅛ᭷䝰䞊䝗䛾☢ሙศᕸ䛸ᙉᗘ䛻ὀ┠䚸 

ᘧ(2-5)䛷ㄝ᫂䛧䛯䜘䛖䛻䚸☢ሙᇶᗏ Xk䚸㟁ὶᇶ

ᗏ Yk䛚䜘䜃≉␗್ k䛷 k␒┠䛾ᅛ᭷䝰䞊䝗䜢ᵓ
ᡂ䛩䜛䚹ಶ䚻䛾☢ሙᇶᗏ Xk 䛜ᚲせ䛷䛒䜛䜒䛾䛛

䜢䚸(i) 䛜᭷ព䛺䛝䛥䛛䠛 (ii)┠ᶆ☢ሙ䛻ᚲ
せ䛺ᅛ᭷䝰䞊䝗䛛䠛䛛䜙ุ᩿䛧䛯ୖ䛷䚸ຍ⟬䛩

䜛䚹Xk䛿MFEP䛷䛾☢ሙ䜢♧䛧䛶䛔䜛䛾䜏䛷䛒䜛
䛜䚸Yk 䛷ィ⟬䛩䜛༢㟁ὶศᕸ䛒䛯䜚䛾☢ሙศ

ᕸ E(Yk)䜢ᅛ᭷䝰䞊䝗䛾☢ሙศᕸ䛸䛩䜛䛸⌮ゎ䛧
䜔䛩䛔䚹 

3) ᚲせ㟁ὶᙉᗘ䛾ᐇ⌧ᛶ䚸 

ᘧ(2-11)䛷ྛ㟁ὶ Ij 䛜ᐇ⏝ⓗ䛻ᐇ⌧䛷䛝䜛⠊ᅖ

䛷䛒䜛䚹 

௨ୖࡢ᮲௳࡛ᡴࡕษࡾḟᩘ MT ᅛ᭷ࡿࡍ⟭ຍࡸ

ࡢグୖࠋࡀࡿࡍタᐃࢆࢻ࣮ࣔ 3㡯┠ྠࢆࡓ‶

ࢀ࠶タィ࡛ࡢ▼☢ࡤ࠼ࡓࠋࡿ࠶ࡶሙྜ࠸࡞ࡉ

ࡋࡶࠊ㐺ษࡀ㡿ᇦࡿ࠸࡚࠼⪄ࢆ⨨㟁ὶ㓄ࠊࡤ

⢭ᗘ(ᆒ୍ᗘ)ࡸࡉࡁࡢᶆ☢ሙ㡿ᇦ┠࡞㐣ࡣࡃ
ᗄఱࡿ࠸࡚ࡋウ᳨ࠊሙྜࡢࡇࠋࡿ࠶ࡀཎᅉࡢ➼

Ꮫⓗయ⣔ࡸ☢ሙᵝࢆ᳨ウࠋࡿ࡞ࡇࡿࡍ 
௨ୗ࡛ࠊࡣTSVD ṇ๎ࡿࡼ㏫ၥ㢟ゎἲࢆᛂ

㟁ࠊࡀࡍ♧ࢆሙタィ☢ࡢẼᛂ⏝ᶵჾ☢ࡓࡋ⏝

ὶ ᮰ᐦᗘ☢, ࡅࡔ㆟ㄽࡢࡽ㛵ಀ{ᘧ(2-1)}ࡢ%

࠼ࠋࡿ࠶ࡶሙྜࡢࡏࢃྜࡳ⤌ࡢࠊࡃ࡞࡛

ሙ☢ࠊࡤ % ࣕࢩࣥࢸ࣏ࣝࢺࢡ࣋)᮰☢ࠊࡃ࡞ࡣ࡛

ࣝ) 㟁ὶࠊࡣ㉳☢ຊഃ࡛ࠊሙྜࡿࡍ , ☢ࡃ࡞࡛

Ẽ࣮࣓ࣔࣥࢺศᕸ  ࠋࡿ࠶ࡶࠊሙྜࡿࡍ0

 
Fig. 2-1. ᡴࡕษࡾ≉␗್ศゎṇ๎ࡓ࠸⏝ࢆ㏫

ၥ㢟ゎἲࡢᶍᘧⓗㄝ᫂ 

2

10㸫 510㸫 4



 

2.3. ┠ᶆ☢ሙ࡚࠸ࡘ 

┠ᶆ☢ሙ %TG䛿୍⯡ⓗ䛻䛿௵ពᡂศ䛾☢ሙศᕸ

䛜ྍ⬟䛷䛒䜚䚸ḟ❶䛷䛿䚸BR ᡂศ䜢ᢅ䛖ሙྜ䜒ㄝ᫂

䛩䜛䚹䜎䛯䚸໙㓄䛾Ꮡᅾ䛩䜛☢ሙ䜢ᢅ䛖ሙྜ䜒䛒䜛䚹

䛧䛛䛧䚸ᮏ㈨ᩱ䛷䛻ᢅ䛖ᆒ୍☢ሙ䛾ሙྜ䚸% 䛿

MFEP䛾☢ሙศᕸ䜢㍈᪉ྥᡂศ(BZi)䛷ᵓᡂ䛩䜛䚹 
MRI䛷䛿☢ሙ⤯ᑐ್ B䛷ᆒ୍䛺☢ሙࡀᚲせ࡛࠶

㍈᪉ྥᡂศࡣ㉳☢ຊ㓄⨨᳨ウࠊࡀࡿ BZ ࡛ᐃᘧ

☢ࠊࡣẁ㝵࡛ࡓࢀࡽᚓࡀᆒ୍☢ሙ࡞ᚲせࠋࡿࡍ

ሙᙉᗘࡢኚືศࡣ㏻ᖖࠊ☢ሙࡀ 0.5T ࡽ 3.0T
ሙ⤯ᑐ್䛾ኚື䛿☢ࠊࡶ࡚ࡗ࠶࡛ 1 3.0T)ࢫ࢘࢞
࡚ࡋᑐ 33.3ppm peak to peak)௨ୗ࡛ࠊࡾ࠶☢▼

㍈ᆶ┤࡞☢ሙᡂศ  (༙ᚄ᪉ྥᡂศ BR)ࡶ
ྠ⛬ᗘ௨ୗ࡛ࠊࡵࡓࡢࡑࠋࡿ࠶BZ  B ࡣ␗ᕪࡢ

0.02 T ௨ୗࠊࡾ࡞MRI ࡛ᚲせ࡞ᆒ୍ᗘᩘࡢ

ppm(ᚑ࡚ࡗ 1 T㹼10 T ༑ศ࡚ࡋᑐ(ሙᖜ☢ࡢ

ᑠࠊ࡛ࡇࡑࠋ࠸ࡉᆒ୍☢ሙࢆⓎ⏕ࡢ▼☢ࡿࡍ☢

ሙタィ࡛ࡣ BZ ࡛☢ሙタィࢆ㐍ࡀࡇࡿࡵฟ᮶

࡛ࡲࢀࡇࠊࡾ࡞ᙧ⥺ࡀᘧ࠺ᢅࠊࡵࡓࡢࡑࠋࡿ

ヰࡓࡋᘧࢆ࡚ࡗタィࢆ㐍ࡀࡇࡿࡵฟ᮶ࠋࡿ

4.6ࠊࡣ࠼⪄ࡢࡇ ⠇࡛ㄝ᫂ࢢ࣑ࣥࢩࡿࡍィ⟬(ィ 

☢ሙࡽ☢ሙࢆ⿵ṇ࡚ࡋᆒ୍☢ሙศᕸㄪᩚࡍ

⨨㓄ࢺẼ࣮࣓ࣔࣥ☢ࡢࡵࡓࡿ 0 ࡛(⟭ィࡿࡵồࢆ
ィ⟬(4.6ࢢ࣑ࣥࢩ㍈᪉ྥᡂศBZ࡛ࠋࡾ࠶࡛ࡌྠࡶ
⠇)ࡶᐃᘧࠋࡿࡍ 

୍᪉ࠊᆒ୍☢ሙ࡛࠸࡞ሙྜࠊࠊࡤ࠼BZ ᡂศ

௨እ࠺ᢅࡶሙྜ୍ࠊᵝ࡛࠸࡞☢ሙ࠺ᢅࢆሙ

Maxwellࠊ≉ࠊᚲせ࡛ࡀὀពࡣྜ ᪉⛬ᘧ▩

ࡀᚲせࡿࡍὀព࠺ࡼࡿ࡞ᶆ☢ሙ┠࠸࡞ࡋ┪

 ࠋࡿࡍḟ❶࡛ㄝ᫂ࠊ࡚ࡋ㏻ࢆ㢟ࠋࡿ࠶

2.3.1. ⿵㊊/ࢺ࣓ࣥࢥ 

௨ୗ࡛ࠊグྕ %**(ୖῧ࠼Ꮠ㸨㸨ࠊࡣMS(ィ ☢

ሙ), TG(┠ᶆ☢ሙ), REC㸦ᵓᡂ☢ሙ㸧,RE㸦ṧᕪ

☢ሙ㸧➼)ࡢせ⣲ࡣ i ␒┠☢ሙホ౯Ⅼᑐ࡚ࡋ ככ
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☢ሙ࡛ࠊࡾ࠶ᛂ⟅⾜ิ A ☢ホ౯ࠋࡿ࠶ᡂศ࡛ࡢ
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㍈᪉ྥ(Z᪉ྥ)ᡂศࡣ㢟࡛ࡢࡇ BZ(T)ࢆホ౯☢

ሙᡂศࠋࡿࡍᛂ⟅⾜ิࡢᡂศ Aij ࡿࡵồࢆ

ᚲせࡿࡍ⟭ィ☜ṇࢆሙ☢ࡿసࡀ㍯㟁ὶ⥺ࠊࡣ

0.1ppmࠊࡣࠖ☜ṇࠕࠊ࡛ࡇࡇࠋࡿ࠶ࡀ ሙ☢ࡢ

ศᕸࢆṇ☜ィ⟬࡛ࡿࡁ⢭ᗘ࡛0.01ࠊࡾ࠶ppm ⛬

ᗘ௨ୗࡢㄗᕪ࡛☢ሙィ⟬࡛ࡿࡁᚲせࡲࠋࡿ࠶ࡀ

ᚲࡿィ⟬ฟ᮶㏿㧗ࠊ௨ୖ࠺ሙタィ☢ࠊࡓ

せࡢࡑࠋࡿ࠶ࡶ᪉ἲࢆḟ㏙ࠋࡿ 

3.1.1. 㟁ὶࡿࡼ☢ሙ 

㢟ࢆゎࠊࡣࡵࡓࡃ⣽࠸㟁ὶ(⥺㍯㟁ὶ)

 Fig. 3-2)ࡿ࠶ࡀᚲせࡿࡍ⟭ィ☜ṇࢆሙ☢ࡿసࡀ
ཧ↷)ࠋ☢ሙࡢィ⟬ᘧࡢᇶᮏࡣ Maxwell ᪉⛬ᘧ࡛

ࢆBiot-Savartᘧࡢୗグࡿ࠶ኚᙧ࡛ࡢࡑࠊࡀࡿ࠶

 ࠋࡿࡍ⏝

 =
4

 
× ( െ Ԣ)

| െ Ԣ|
       (3െ 1) 

Eࠊ࡛ࡇࡇ Uࠊ࡛(bR, bZ)ࣝࢺࢡ࣋ሙ☢ࡣ  U'ࠊࡣ

ࢺࢡ࣋⨨ࡢ⨨㟁ὶሙホ౯Ⅼ☢ࠊࢀࡒࢀࡑ

ࠊࣝ 0 㟁ὶࡣศ✚ࠊ࡚ࡋࡑࠊ⋠☢㏱ࡢ୰✵┿ࡣ

⤒㊰ἢ࡚ࡗ㟁ὶ್ಸ࡛ᐇ⾜ࠋࡿࢀࡉ 
☢Ẽᛂ⏝ᶵჾ࡛ࡣᙧ࡚ࡏࢃྜࡳ⤌ࢆࣝࢥ

┠ᶆࡢ☢ሙࢆⓎ⏕࠺ࡼࡿࡍタィࡀࡇࡿࢀࡉ

ከࠋ࠸〇సࡢ㠃ࡶ᭱ࠊࡣࡽస࠸ࡍࡸࡾᙧ≧࡛

 
Fig. 3-1. ⦎⩦ၥ㢟ࡢィ⟬య⣔(᩿ࣝࢲ࣏ࣟ

㠃)ࠋ⎔(ࢫ࣮ࣛࢺ)㠃ୖ࿘ᅇ᪉ྥ㟁ὶࢆከ

ᩘ㓄⨨ࡢࡑࠊࡋෆഃᑠ༙ᚄࡢᑠ࠸ࡉ⎔ୖ

 ࠋࡓࡋ⨨㓄ࢆሙホ౯Ⅼ(MFEP)☢

ũ=1
ũ=EF

ũ=2ũ=EF/2
ũ=1+EF/2

ԃుླྀ
(CCS: Current Carrying Surface)

ŝ=1
ŝ=D

ŝ=1+M/2
ŝ=2

Aij

R

Z

R=2.0m

Z=0.5m

 
Fig. 3-2. ⥺㍯(⣽࠸)㟁ὶ 

RC

Rm

Z=0

Z=Zm

ࣕܯ఼

Z
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ᙧ࡞ࡁࡀሙ✵㛫☢ࡢࡾࡓ࠶༢⥺ᮦ㔞ࠊࡾ࠶

ᙉ☢ሙ⪏࡚ࢀࡉᖹᆒࡣᛂຊⓗࠊࡾ࠶࡛≦

㒔ྜࡀⰋࠊ࠸ゝࠊ࡛ࡇࡑࠋࡿ࠼㟁ὶࡿࡼ

☢ሙࢆ㧗㏿ィ⟬࡛ࠊࡣࡇࡿࡁ☢ሙタィୖࠊ

㔜せ࡞㡯┠࡛ࠊ࡛ࡇࡇࠋࡿ࠶⢭ᗘࡢⰋࠊ࠸㧗㏿

 ࠋࡿࡍ⤂ࢆィ⟬ἲ࡞
⥺㍯㟁ὶ(ኴࡣࡉ↓㝈ᑠ࡛ Z=0 㠃ୖ༙ࠊᚄ RCࡢ

⥺㟁ὶ I(A))༙ࠊࡀᚄ Rm, ㍈᪉ྥ⨨ Zmసࡿ☢

ሙ(Fig. 3-2ཧ↷)ࠊࡣ㟁ὶἢ࡚ࡗ Biot-Savartᘧ
ࡼࡿ࠸࡚ࢀ᭩ᩍ⛉᭩ࡢ㟁☢ẼᏛࠊࡋศ✚ࢆ

 ࠋࡿࡁ࡛⟭ୗᘧ࡛ィࠊ࠺

= ξ
( )

( ) + ( )     (3-2) 

= ξ
( )

( )െ ( )  (3-3) 

) ࠊ࡛ࡇࡇ ), ( ➨ࢀࡒࢀࡑࡣ( ➨ࠊ✀2 ࡢ✀1

ᴃ✚ศ࡛ࠊࢀࡒࢀࡑࠊࡾ࠶ 

( ) =   ξ1െ   (3-4) 

( ) =   ξ
   (3-5) 

= ( )  (k=0㹼1.0) (3-6) 

ࡢᘧ(3-6)ࠋࡿ࠶࡛ kࡣேࡣ࡚ࡗࡼ k2ᐃ⩏ࡿࡍ

ሙྜ࡛ࡢࡿ࠶ࡶὀពࡿࡍᚲせ࡞ࡢࡇࠋࡿ࠶ࡀ

㒊ศࡿ࠶ࡢᛶ⬟ྍࡿࡍせࢆィ⟬㛫࠸㛗ࠊ࡛

✚ᴃࠊࡣ E(k), K(k)ࡢィ⟬࡛ࠊࡀࡿ࠶Ⰻ࠸

㏆ఝᘧࡀᥦࠊࡾ࠾࡚ࢀࡉ⏝࡛ࠊࡓࡲࠋࡿࡁ

ᘧࡢᙧࡽぢ࡚ࠊ☢ሙィ⟬ࡢ⢭ᗘࡣᴃ✚

ศࡢィ⟬⢭ᗘ౫Ꮡࠊࡾࡲࡘࠋࡿࡍᘧ(3-2, 3-3)ࡢ
ᙧࡽぢ࡚ࠊE(k), K(k)ࡢ㏆ఝ⢭ᗘࡲࡲࡢࡑࠊࡣ

☢ሙィ⟬್ࡢ⢭ᗘࠋࡿ࡞ᴃ✚ศ್ࡢィ

ࡿ࠶ࡶ᪉ἲࡿࡍศ✚್ᩘࢆᘧ(3-4, 3-5)ࠊࡣ⟭

Ẽタィ☢ࠊࡾ࡞ࡃ㛗ࡀィ⟬㛫ࠊሙྜࡢࡇࠊࡀ

 ࠋ࠸ࡋ㞴ࡣ⏝㐺࡞ᐇ⏝ⓗࠊ࡚ࡋᑐ
୍᪉ࠊኚᩘ(1-k)ࡢከ㡯ᘧ࡛㏆ఝࡿࡍ᪉ἲࡀᥦ

ࠋ[31 ,30]ࡿ࠸࡚ࢀࡉཧ⪃ᩥ⊩[32]ᩥࠊࡣ⊩

⪄ཧࢆ[30] Chebyshev ㏆ఝィ⟬ἲࡀゎㄝ࡚ࢀࡉ

ࡽ2ḟࠊࡾ࠾ 10ḟࡢ࡛ࡲከ㡯ᘧ࡛ィ⟬ࡵࡓࡿࡍ

 ࠋࡿ࠸࡚ࢀࡉグ㏙ࡀಀᩘࡢ

ཧ⪃ᩥ⊩[33] 4ࠊࡣ ḟࡢከ㡯ᘧ࡛ࡢ㏆ఝィ⟬

⫣ᩥࡢࡇࠋࡿ࠸࡚ࢀࡉ♧ࡀಀᩘࡢከ㡯ᘧࠊ࡛

ࡀ⢭ᗘࡣ 4 ḟࡢᒎ㛤ᘧࢆ࠺ሙྜ࡛2.0ࠊE-8 (ィ
⟬ㄗᕪ/☢ሙᙉᗘ) ⛬ᗘ᭩ࠋࡿ࠸࡚ࢀMRI ☢▼

 ࠋࡿ࠶⢭ᗘ࡛ࡿࡁ࡛⏝ࡣẼタィ☢ࡢ
ཧ⪃ᩥ⊩[34]10ࡣḟࡢከ㡯ᘧ࡚࠸ࡘಀᩘࡀ

ࡀ⢭ᗘࡣ⫣ᩥࡢࡇࠋࡿ࠸࡚ࢀࡉ♧ 1.0E-14 ௨ୗ

ಀࡢ[34]⫣ᩥࠊ࡛ࡇࡑࠋࡿ࠸࡚࠸᭩ࡿࢀࡽᚓࡀ

ィᩘࡢ10ḟࡶ[32]⫣ᩥࠋࡿࡍࡇ࠺ࢆ್ᩘ

ࡋヨࠋࡿ࡞␗ⱝᖸࡀ್ᩘࠊࡀࡿ࠸࡚ࢀࡉ♧ࡀ್

ィ⟬10ࠊ್࡛ᩘࡢ[32]ࢁࡇࡓࡗ⾜ࢆ ḟ࡛ࡣⰋ࠸

⢭ᗘࡣᚓࡓࡗ࡞ࢀࡽ(⏝ࡣ᥍ࡓ࠼᪉ࡀⰋ࠸)
9ࠊࡀ ḟ࡛ࡣⰋ࠸⢭ᗘࡢィ⟬ࡀฟ᮶ࠋࡔ࠺ࡼࡿ 

ࡸ⨨᰾⼥ྜࡣࢀࡇࠊ࡛ࡲࢀࡇࠊࡣ⪅➹ MRI
4ࠊࡵࡓࡢタィࡢ▼☢⏝ ḟࡢከ㡯ᘧ㏆ఝࢆ

ࢆィ⟬ㄗᕪࠊ࠸ B
err

/B
0
ҩ2E-8 (0.02ppm)⛬ᗘ࡛ࡿ࠶

J-PARCࠊࡋࡋࠋࡓࡁ࡚࠼⪄ ࡛‽ഛࡀ㐍ࡽࡵ

ᐇ㦂(MuSEUMࡿ࠸࡚ࢀ ཬࡧ g-2/EDM ィ )࡛ᚲ

せ࡞ᆒ୍ᗘ 0.1ppm ⢭ᗘ(3T ±3E-7T࡚ࡋᑐ ௨ෆ)
ࡑࠋࡓࡗ࡞ィ⟬⢭ᗘ࠸࡞ࡢ⿱వࡣタィࡢ࡛

ᴃ✚ศࡵࡓࡢᨵၿࡢ⢭ᗘࠊࡣᅾ⌧ࠊ࡛ࡇ

 
Fig. 3-3(a) ᭤⥺ࡢ⥺ศศ 

 
Fig. 3-3(b) ☢ሙィ⟬⢭ᗘࡢ☜ㄆࠋᴃ✚

ศ㏆ఝᘧࢆࡓࡗゎᯒᘧ್ࡿࡼ⥺ᩥศ

ࡿࡼィ⟬್ࡢẚ㍑ࠋ  

ుླྀϩʖϕ
ుླྀI

1.0E-14

1.0E-12

1.0E-10

1.0E-08

1.0E-06

1.0E-04

1.0E-02

1.0E+00

1.E+00 1.E+02 1.E+04 1.E+06 1.E+08

Zm=0.25m࣏4

Zm=0.00m࣏4

Zm=0.333m, ZC=0.81m, �C=0.15m

|ત


ׄ
ܯ
ࢋ

-ଡ
ߴ
ࣞ
ܯ
ࢋ
ۛ
ࣇ

| 
(T

)

ત਼ׄ

ుླྀʁz=0.15mɼൔܚRC=0.52, 0.81 m
ࣕࢋܯ఼,Z=0.0m, Rm=0.25, 0.0, 0.333 m

 

ࡢ(k-1)ࠊࢆィ⟬⢭ᗘࡢ 10 ḟࡢ࡛ࡲከ㡯ᘧ࠸⏝ࢆ

 ࠋࡿ࠸࡚ࡗ⾜ࢆሙタィ☢ࡢ⢭ᗘ࡞༑ศࠊ࡚
ᘧ(3-2㹼3-6)ࡿࡼ☢ሙィ⟬⢭ᗘࢆ☜ㄆࡓࡿࡍ

ẚ㍑್ࡓࡵồ࡚ࡋ࿘ᅇᩘ್✚ศࢆᘧ(3-1)ࠊࡵ

1.0E-14ࠊࡤࢀࡼ[34]⫣ᩥࠋࡿࡍ ᮇᚅࡀ⢭ᗘࡢ

ࠊ್ࡓࡋ⟭ᘧ(3-2),(3-3)࡛ィࠊࡣẚ㍑ࠋࡿࡁ࡛

ᘧ(3-1)ࢆࠊ࠸Fig. 3-3(a)࡞࠺ࡼࡢ⥺ศࡢ㞟ྜ࡛

㟁ὶࡓࡋ⌧⾲ࢆሙྜ࡛ࠊ㍈᪉ྥ☢ሙ BZ ẚ㍑ࢆ

ࡣᯝ⤖ࠋࡓࡋ Fig. 3-3(b) ࡛ࠊࡾ࠶ᶓ㍈ࡣ⥺ศศ

࠶ᑐ್࡛⤯ࡢ␗ᕪࡢ್⟭ィࡢࡘ㸰ࡣ㍈⦪ࠊᩘ

ሙィ⟬⢭☢ࡢศศἲ⥺ࡍࡸቑࢆศᩘࠋࡿ

ᗘࡀⰋࠊࡾ࡞ࡃᘧ(3-2)ࢆ 10 ḟࡢ㏆ఝᘧࡿࡼィ

600ࠊࡋࡋࠋࡿࡃ࡚ࡋ⮴୍ࡃࡼ್⟭ ศࢆ

㉸ࠊࡿ࠼༢ㄪ࡞ῶᑡࠊࡣࢀࡇࠋࡿ࡞ࡃ↓ࡣ୧

ᫎࡢࡇࡿ࠸࡚ࡗ࡞ࡃ࡞ࡋ⮴୍ࡀ್⟭ィࡢ⪅

10ࠊࡀࡿ࠶࡛ ḟᘧࡢሙྜࠊᑡ1.0ࠊࡶࡃ࡞E-12
 ࠋࡿࡁุ࡛᩿ࡿ࠸࡚ࢀࡉಖ☜ࡣィ⟬⢭ᗘࡢ

సࡢ㟁ὶࡢಶ୍ࠊࡣศᩘ࡛ࡢࡇࠊࡋࡋ

ࡀィ⟬㛫ࡢⅬ୍ࡢሙ☢ࡿ 10 ⛊௨ୖᩘࠊࡾ࡞

ⓒಶࡢ㟁ὶᩘࡀ༓Ⅼࡢ⨨࡛ࠊ☢ሙィ⟬ࡿࡍ

☢ሙタィ࡛ࡣከ࡞ィ⟬㛫ࢆせࠋࡿࡍᐇ㝿

-ᘧ(3ࡣၥ㢟ࡢィ⟬㛫ࡢࡇࠋ࠸࡞ࡁ࡛⏝ࠊࡣ
ᴃ✚ศࢆ(3-3) ,(2 E(k), K(k)ࡢ㏆ఝィ⟬ἲ

 ࠋࡿࢀࡉ⦅ࡃࡁࠊ࡛ࡇ࠺࡚ࡏే
㟁ὶࡣ㟁ὶ᪉ྥᖹ⾜ࣕࢩࣥࢸ࣏ࣝࢺࢡ࣋࡞

ࡢ࿘ᅇ᪉ྥࡣሙྜࡢ㟁ὶࠊࡀࡿࡍ⏕Ⓨࢆࣝ

ᡂศࣝࣕࢩࣥࢸ࣏ࣝࢺࢡ࣋  ࠊࡋᏑᅾࡀࡳࡢ

 = 1െ ( )െ ( )   (3-7) 

ࡶ್ࣝࣕࢩࣥࢸ࣏ࣝࢺࢡ࣋ࡢࡇࠋࡿ࠶࡛ 1.0E-12
௨ୗࡢㄗᕪ࡛ィ⟬࡛ࡢࡇࠋࡿࡁᘧࠊࡣR-Z ᗙᶆ࡛

☢᮰➼㧗⥺ࢆ᭩ࡃሙྜ(☢᮰ࡣ �ʌRm ࢥᙧࠊ( 

 ࠋࡿࡁ࡛⏝ฟ⟭ࡢࢫࣥࢱࢡࢲࣥࡢࣝ

3.2. 㟁ὶ-☢ሙࡢᛂ⟅⾜ิ≉␗್ศゎ 

㟁ὶ☢ሙホ౯ⅬࠊࢆFig. 3-4(a)ࡇࠋࡓࡋ♧

㍈᪉ྥ☢ሙࠊィ⟬య⣔ࡢ BZ -ᘧ(3ࡿࡍฟ⟭ࢆ
ᚄ᪉ྥ☢ሙ༙ࠊࡧࡼ࠾ࠊ(2 BR -ᘧ(3ࡿࡍฟ⟭ࢆ
ิ⾜⟆ᛂࠊ࡚ࡗࢆࠊ(3 Aࢆồࠊ࡚ࡋࡑࠋࡿࡵ⾜

࠺ࡼࡢࡀᅛ᭷ศᕸࠊࡋ⏝㐺ࢆศゎ್␗≉ิ

 ࠋࡿࡍᢕᥱࢆࡿ࠶ศᕸ࡛࡞

ᘧ(3-2), (3-3)࡛ࠊRm=Rmi ࡢᘧ୰ࠊࡋ Zm ࢆ

Zm=Zmi-ZCj, ࠊ࡚ࡋࡑ㟁ὶ I ࢆ 1.0A ༢㟁ὶࡢ

 ,ࡤࢀࡍ

= ξ ( ) + ( )  (3-8) 

 ࠊࡣࡃࡋࡶ

= ξ ( )െ ( )  (3-9) 

ࡢሙ☢ࡢࡾࡓ༢㟁ὶᙜࠊせ⣲࡛ࡢิ⾜⟆ᛂࡀ Z 
(R)᪉ྥᡂศ࡛ࠊࡓࡲࠋࡿ࠶ 

   Aij = cos(ȟ)  + sin(ȟ)     (3-10) 

ᑠ༙ᚄ᪉ྥᡂศࢫ࣮ࣛࢺࡢሙ☢ࠊ࡚ࡋ Br ホࢆ

౯ࠊ࡛ࡇࡇࠋࡿ࠶࡛⬟ྍࡶࡇࡿࡍk ࡛ᘧ(3-6)ࡣ
ィ⟬ࠊࡀࡿࡍj ␒┠㟁ὶ⨨ i ␒┠☢ሙィ⟬

ࡣᘧ(3-8)ࠋࡿࢀࡉ⾜ᐇ࡚ࡋᑐᛂ⨨ BZ ☢ሙὀ

-BR{ᘧ(3ࠊࡀࡿ࠶࡛ࡢࡶࡿࡍ㛵ิ⾜⟆ᛂࡓࡋ┠
ࣝࣕࢩࣥࢸ࣏ࣝࢺࢡ࣋ࠊࡣࡓࡲࠊ{(9 Aĭὀ┠ࡋ

࡚ᵓᡂࡿࡍሙྜࠋࡿ࠶ࡶAĭࡢሙྜࠊࡣ 

= 1 െ ( )െ ( )   (3-11) 

=  (k=0㹼1.0) (3-12) 

 ࠋࡿ࠶࡛

 
Fig. 3-4(a) ᅛ᭷࣮ࣔࢻィ⟬య⣔ࣝࢲ࣏ࣟࡢ

᩿㠃᩿ࠋ㠃୰ᚰࡢ༙ᚄࡣ 2.0m, ᑠ༙ᚄ

25cm ༳(ᑠ▮ࠊ⨨㓄ࢆሙホ౯Ⅼ☢ୖ⎔ࡢ
༙ᚄ)᪉ྥ☢ሙࢆホ౯ࡣۑࠋࡿࡍ㟁ὶ⨨ࠋ 
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ᙧ࡞ࡁࡀሙ✵㛫☢ࡢࡾࡓ࠶༢⥺ᮦ㔞ࠊࡾ࠶

ᙉ☢ሙ⪏࡚ࢀࡉᖹᆒࡣᛂຊⓗࠊࡾ࠶࡛≦

㒔ྜࡀⰋࠊ࠸ゝࠊ࡛ࡇࡑࠋࡿ࠼㟁ὶࡿࡼ

☢ሙࢆ㧗㏿ィ⟬࡛ࠊࡣࡇࡿࡁ☢ሙタィୖࠊ

㔜せ࡞㡯┠࡛ࠊ࡛ࡇࡇࠋࡿ࠶⢭ᗘࡢⰋࠊ࠸㧗㏿

 ࠋࡿࡍ⤂ࢆィ⟬ἲ࡞
⥺㍯㟁ὶ(ኴࡣࡉ↓㝈ᑠ࡛ Z=0 㠃ୖ༙ࠊᚄ RCࡢ

⥺㟁ὶ I(A))༙ࠊࡀᚄ Rm, ㍈᪉ྥ⨨ Zmసࡿ☢

ሙ(Fig. 3-2ཧ↷)ࠊࡣ㟁ὶἢ࡚ࡗ Biot-Savartᘧ
ࡼࡿ࠸࡚ࢀ᭩ᩍ⛉᭩ࡢ㟁☢ẼᏛࠊࡋศ✚ࢆ

 ࠋࡿࡁ࡛⟭ୗᘧ࡛ィࠊ࠺

= ξ
( )

( ) + ( )     (3-2) 

= ξ
( )

( )െ ( )  (3-3) 

) ࠊ࡛ࡇࡇ ), ( ➨ࢀࡒࢀࡑࡣ( ➨ࠊ✀2 ࡢ✀1

ᴃ✚ศ࡛ࠊࢀࡒࢀࡑࠊࡾ࠶ 

( ) =   ξ1െ   (3-4) 

( ) =   ξ
   (3-5) 

= ( )  (k=0㹼1.0) (3-6) 

ࡢᘧ(3-6)ࠋࡿ࠶࡛ kࡣேࡣ࡚ࡗࡼ k2ᐃ⩏ࡿࡍ

ሙྜ࡛ࡢࡿ࠶ࡶὀពࡿࡍᚲせ࡞ࡢࡇࠋࡿ࠶ࡀ

㒊ศࡿ࠶ࡢᛶ⬟ྍࡿࡍせࢆィ⟬㛫࠸㛗ࠊ࡛

✚ᴃࠊࡣ E(k), K(k)ࡢィ⟬࡛ࠊࡀࡿ࠶Ⰻ࠸

㏆ఝᘧࡀᥦࠊࡾ࠾࡚ࢀࡉ⏝࡛ࠊࡓࡲࠋࡿࡁ

ᘧࡢᙧࡽぢ࡚ࠊ☢ሙィ⟬ࡢ⢭ᗘࡣᴃ✚

ศࡢィ⟬⢭ᗘ౫Ꮡࠊࡾࡲࡘࠋࡿࡍᘧ(3-2, 3-3)ࡢ
ᙧࡽぢ࡚ࠊE(k), K(k)ࡢ㏆ఝ⢭ᗘࡲࡲࡢࡑࠊࡣ

☢ሙィ⟬್ࡢ⢭ᗘࠋࡿ࡞ᴃ✚ศ್ࡢィ

ࡿ࠶ࡶ᪉ἲࡿࡍศ✚್ᩘࢆᘧ(3-4, 3-5)ࠊࡣ⟭

Ẽタィ☢ࠊࡾ࡞ࡃ㛗ࡀィ⟬㛫ࠊሙྜࡢࡇࠊࡀ

 ࠋ࠸ࡋ㞴ࡣ⏝㐺࡞ᐇ⏝ⓗࠊ࡚ࡋᑐ
୍᪉ࠊኚᩘ(1-k)ࡢከ㡯ᘧ࡛㏆ఝࡿࡍ᪉ἲࡀᥦ

ࠋ[31 ,30]ࡿ࠸࡚ࢀࡉཧ⪃ᩥ⊩[32]ᩥࠊࡣ⊩

⪄ཧࢆ[30] Chebyshev ㏆ఝィ⟬ἲࡀゎㄝ࡚ࢀࡉ

ࡽ2ḟࠊࡾ࠾ 10ḟࡢ࡛ࡲከ㡯ᘧ࡛ィ⟬ࡵࡓࡿࡍ

 ࠋࡿ࠸࡚ࢀࡉグ㏙ࡀಀᩘࡢ

ཧ⪃ᩥ⊩[33] 4ࠊࡣ ḟࡢከ㡯ᘧ࡛ࡢ㏆ఝィ⟬

⫣ᩥࡢࡇࠋࡿ࠸࡚ࢀࡉ♧ࡀಀᩘࡢከ㡯ᘧࠊ࡛

ࡀ⢭ᗘࡣ 4 ḟࡢᒎ㛤ᘧࢆ࠺ሙྜ࡛2.0ࠊE-8 (ィ
⟬ㄗᕪ/☢ሙᙉᗘ) ⛬ᗘ᭩ࠋࡿ࠸࡚ࢀMRI ☢▼

 ࠋࡿ࠶⢭ᗘ࡛ࡿࡁ࡛⏝ࡣẼタィ☢ࡢ
ཧ⪃ᩥ⊩[34]10ࡣḟࡢከ㡯ᘧ࡚࠸ࡘಀᩘࡀ

ࡀ⢭ᗘࡣ⫣ᩥࡢࡇࠋࡿ࠸࡚ࢀࡉ♧ 1.0E-14 ௨ୗ

ಀࡢ[34]⫣ᩥࠊ࡛ࡇࡑࠋࡿ࠸࡚࠸᭩ࡿࢀࡽᚓࡀ

ィᩘࡢ10ḟࡶ[32]⫣ᩥࠋࡿࡍࡇ࠺ࢆ್ᩘ

ࡋヨࠋࡿ࡞␗ⱝᖸࡀ್ᩘࠊࡀࡿ࠸࡚ࢀࡉ♧ࡀ್

ィ⟬10ࠊ್࡛ᩘࡢ[32]ࢁࡇࡓࡗ⾜ࢆ ḟ࡛ࡣⰋ࠸

⢭ᗘࡣᚓࡓࡗ࡞ࢀࡽ(⏝ࡣ᥍ࡓ࠼᪉ࡀⰋ࠸)
9ࠊࡀ ḟ࡛ࡣⰋ࠸⢭ᗘࡢィ⟬ࡀฟ᮶ࠋࡔ࠺ࡼࡿ 

ࡸ⨨᰾⼥ྜࡣࢀࡇࠊ࡛ࡲࢀࡇࠊࡣ⪅➹ MRI
4ࠊࡵࡓࡢタィࡢ▼☢⏝ ḟࡢከ㡯ᘧ㏆ఝࢆ

ࢆィ⟬ㄗᕪࠊ࠸ B
err

/B
0
ҩ2E-8 (0.02ppm)⛬ᗘ࡛ࡿ࠶

J-PARCࠊࡋࡋࠋࡓࡁ࡚࠼⪄ ࡛‽ഛࡀ㐍ࡽࡵ

ᐇ㦂(MuSEUMࡿ࠸࡚ࢀ ཬࡧ g-2/EDM ィ )࡛ᚲ

せ࡞ᆒ୍ᗘ 0.1ppm ⢭ᗘ(3T ±3E-7T࡚ࡋᑐ ௨ෆ)
ࡑࠋࡓࡗ࡞ィ⟬⢭ᗘ࠸࡞ࡢ⿱వࡣタィࡢ࡛

ᴃ✚ศࡵࡓࡢᨵၿࡢ⢭ᗘࠊࡣᅾ⌧ࠊ࡛ࡇ

 
Fig. 3-3(a) ᭤⥺ࡢ⥺ศศ 

 
Fig. 3-3(b) ☢ሙィ⟬⢭ᗘࡢ☜ㄆࠋᴃ✚

ศ㏆ఝᘧࢆࡓࡗゎᯒᘧ್ࡿࡼ⥺ᩥศ

ࡿࡼィ⟬್ࡢẚ㍑ࠋ  
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ࡢ(k-1)ࠊࢆィ⟬⢭ᗘࡢ 10 ḟࡢ࡛ࡲከ㡯ᘧ࠸⏝ࢆ

 ࠋࡿ࠸࡚ࡗ⾜ࢆሙタィ☢ࡢ⢭ᗘ࡞༑ศࠊ࡚
ᘧ(3-2㹼3-6)ࡿࡼ☢ሙィ⟬⢭ᗘࢆ☜ㄆࡓࡿࡍ

ẚ㍑್ࡓࡵồ࡚ࡋ࿘ᅇᩘ್✚ศࢆᘧ(3-1)ࠊࡵ

1.0E-14ࠊࡤࢀࡼ[34]⫣ᩥࠋࡿࡍ ᮇᚅࡀ⢭ᗘࡢ

ࠊ್ࡓࡋ⟭ᘧ(3-2),(3-3)࡛ィࠊࡣẚ㍑ࠋࡿࡁ࡛

ᘧ(3-1)ࢆࠊ࠸Fig. 3-3(a)࡞࠺ࡼࡢ⥺ศࡢ㞟ྜ࡛

㟁ὶࡓࡋ⌧⾲ࢆሙྜ࡛ࠊ㍈᪉ྥ☢ሙ BZ ẚ㍑ࢆ

ࡣᯝ⤖ࠋࡓࡋ Fig. 3-3(b) ࡛ࠊࡾ࠶ᶓ㍈ࡣ⥺ศศ

࠶ᑐ್࡛⤯ࡢ␗ᕪࡢ್⟭ィࡢࡘ㸰ࡣ㍈⦪ࠊᩘ

ሙィ⟬⢭☢ࡢศศἲ⥺ࡍࡸቑࢆศᩘࠋࡿ

ᗘࡀⰋࠊࡾ࡞ࡃᘧ(3-2)ࢆ 10 ḟࡢ㏆ఝᘧࡿࡼィ

600ࠊࡋࡋࠋࡿࡃ࡚ࡋ⮴୍ࡃࡼ್⟭ ศࢆ

㉸ࠊࡿ࠼༢ㄪ࡞ῶᑡࠊࡣࢀࡇࠋࡿ࡞ࡃ↓ࡣ୧

ᫎࡢࡇࡿ࠸࡚ࡗ࡞ࡃ࡞ࡋ⮴୍ࡀ್⟭ィࡢ⪅

10ࠊࡀࡿ࠶࡛ ḟᘧࡢሙྜࠊᑡ1.0ࠊࡶࡃ࡞E-12
 ࠋࡿࡁุ࡛᩿ࡿ࠸࡚ࢀࡉಖ☜ࡣィ⟬⢭ᗘࡢ

సࡢ㟁ὶࡢಶ୍ࠊࡣศᩘ࡛ࡢࡇࠊࡋࡋ

ࡀィ⟬㛫ࡢⅬ୍ࡢሙ☢ࡿ 10 ⛊௨ୖᩘࠊࡾ࡞

ⓒಶࡢ㟁ὶᩘࡀ༓Ⅼࡢ⨨࡛ࠊ☢ሙィ⟬ࡿࡍ

☢ሙタィ࡛ࡣከ࡞ィ⟬㛫ࢆせࠋࡿࡍᐇ㝿

-ᘧ(3ࡣၥ㢟ࡢィ⟬㛫ࡢࡇࠋ࠸࡞ࡁ࡛⏝ࠊࡣ
ᴃ✚ศࢆ(3-3) ,(2 E(k), K(k)ࡢ㏆ఝィ⟬ἲ

 ࠋࡿࢀࡉ⦅ࡃࡁࠊ࡛ࡇ࠺࡚ࡏే
㟁ὶࡣ㟁ὶ᪉ྥᖹ⾜ࣕࢩࣥࢸ࣏ࣝࢺࢡ࣋࡞

ࡢ࿘ᅇ᪉ྥࡣሙྜࡢ㟁ὶࠊࡀࡿࡍ⏕Ⓨࢆࣝ

ᡂศࣝࣕࢩࣥࢸ࣏ࣝࢺࢡ࣋  ࠊࡋᏑᅾࡀࡳࡢ

 = 1െ ( )െ ( )   (3-7) 

ࡶ್ࣝࣕࢩࣥࢸ࣏ࣝࢺࢡ࣋ࡢࡇࠋࡿ࠶࡛ 1.0E-12
௨ୗࡢㄗᕪ࡛ィ⟬࡛ࡢࡇࠋࡿࡁᘧࠊࡣR-Z ᗙᶆ࡛

☢᮰➼㧗⥺ࢆ᭩ࡃሙྜ(☢᮰ࡣ �ʌRm ࢥᙧࠊ( 

 ࠋࡿࡁ࡛⏝ฟ⟭ࡢࢫࣥࢱࢡࢲࣥࡢࣝ

3.2. 㟁ὶ-☢ሙࡢᛂ⟅⾜ิ≉␗್ศゎ 

㟁ὶ☢ሙホ౯ⅬࠊࢆFig. 3-4(a)ࡇࠋࡓࡋ♧

㍈᪉ྥ☢ሙࠊィ⟬య⣔ࡢ BZ -ᘧ(3ࡿࡍฟ⟭ࢆ
ᚄ᪉ྥ☢ሙ༙ࠊࡧࡼ࠾ࠊ(2 BR -ᘧ(3ࡿࡍฟ⟭ࢆ
ิ⾜⟆ᛂࠊ࡚ࡗࢆࠊ(3 Aࢆồࠊ࡚ࡋࡑࠋࡿࡵ⾜

࠺ࡼࡢࡀᅛ᭷ศᕸࠊࡋ⏝㐺ࢆศゎ್␗≉ิ

 ࠋࡿࡍᢕᥱࢆࡿ࠶ศᕸ࡛࡞

ᘧ(3-2), (3-3)࡛ࠊRm=Rmi ࡢᘧ୰ࠊࡋ Zm ࢆ

Zm=Zmi-ZCj, ࠊ࡚ࡋࡑ㟁ὶ I ࢆ 1.0A ༢㟁ὶࡢ

 ,ࡤࢀࡍ

= ξ ( ) + ( )  (3-8) 

 ࠊࡣࡃࡋࡶ

= ξ ( )െ ( )  (3-9) 

ࡢሙ☢ࡢࡾࡓ༢㟁ὶᙜࠊせ⣲࡛ࡢิ⾜⟆ᛂࡀ Z 
(R)᪉ྥᡂศ࡛ࠊࡓࡲࠋࡿ࠶ 

   Aij = cos(ȟ)  + sin(ȟ)     (3-10) 

ᑠ༙ᚄ᪉ྥᡂศࢫ࣮ࣛࢺࡢሙ☢ࠊ࡚ࡋ Br ホࢆ

౯ࠊ࡛ࡇࡇࠋࡿ࠶࡛⬟ྍࡶࡇࡿࡍk ࡛ᘧ(3-6)ࡣ
ィ⟬ࠊࡀࡿࡍj ␒┠㟁ὶ⨨ i ␒┠☢ሙィ⟬

ࡣᘧ(3-8)ࠋࡿࢀࡉ⾜ᐇ࡚ࡋᑐᛂ⨨ BZ ☢ሙὀ

-BR{ᘧ(3ࠊࡀࡿ࠶࡛ࡢࡶࡿࡍ㛵ิ⾜⟆ᛂࡓࡋ┠
ࣝࣕࢩࣥࢸ࣏ࣝࢺࢡ࣋ࠊࡣࡓࡲࠊ{(9 Aĭὀ┠ࡋ

࡚ᵓᡂࡿࡍሙྜࠋࡿ࠶ࡶAĭࡢሙྜࠊࡣ 

= 1 െ ( )െ ( )   (3-11) 

=  (k=0㹼1.0) (3-12) 

 ࠋࡿ࠶࡛

 
Fig. 3-4(a) ᅛ᭷࣮ࣔࢻィ⟬య⣔ࣝࢲ࣏ࣟࡢ

᩿㠃᩿ࠋ㠃୰ᚰࡢ༙ᚄࡣ 2.0m, ᑠ༙ᚄ

25cm ༳(ᑠ▮ࠊ⨨㓄ࢆሙホ౯Ⅼ☢ୖ⎔ࡢ
༙ᚄ)᪉ྥ☢ሙࢆホ౯ࡣۑࠋࡿࡍ㟁ὶ⨨ࠋ 

10㸫 910㸫 8



 

≉␗್ศゎࡣ A ࡿࡍᒎ㛤࠺ࡼࡢᘧ(2-5)ࢆ

ᅛ᭷☢ሙศᕸࠊ Xkᅛ᭷㟁ὶศᕸ Ykࢆᚓࠋࡿ

ࠊࡾ࠶ᇶᗏ࡛ࡢ㟁ὶศᕸሙศᕸ☢ࠊࢀࡒࢀࡑ

☢ሙศᕸ࣭㟁ὶศᕸࡢࡽࢀࡑࠊࡣᅛ᭷ศᕸࡢ⤌

ㄪࢆᇶᗏࡢࡇࠊࡎࡲࠋࡿࡁ࡛⌧⾲࡛ࡏࢃྜࡳ

Fig.3-1ࠋࡃ࠾࡚ ィࡣFig.3-4(a)ࠊᗄఱᏛⓗయ⣔ࡢ

⟬య⣔࡛ࠊồࡓࡵ☢ሙཬࡧ㟁ὶࡢᅛ᭷ศᕸࡀ

Fig.3-4(b)࡛ࠋࡿ࠶Fig.3-4(a)࡛ࡢۑࠊ୰ᚰ㟁

ὶࢆᐃࠊࡋ▮༳ࡢጞⅬ☢ሙホ౯Ⅼࢆᐃࡋ

 
Fig. 3-4(b) ⥺㍯㟁ὶ-ᑠ༙ᚄ᪉ྥ☢ሙࡿࡼิ⾜ࡢ SVD ᅛ᭷ศᕸࠋ༙ᚄ 2.0m ࣏ࣟࡓࡋ୰ᚰࢆ

ᑠ༙ᚄࠋࡍ♧ࢆ್␗≉ୗྑࠊྕ␒ࢻᅛ᭷࣮ࣔᕥୗࠋࡍ♧㠃ୖ࡛᩿ࣝࢲ 0.5m ẚᚄ༙ࡣۑࡢୖ

ࡓࡋ㟁ὶ࡛ࡣٔࠊࡾ࠶㈇㟁ὶࠋࡍ♧ࢆᑠ༙ᚄ 0.25m ⎔㠃ୖࡢ▮༳ࡣ☢ሙࡢ᪉ྥࠋࡍ♧ࢆ➼㧗⥺

ࡢ㟁ὶࡣ SVD ᅛ᭷ศᕸ Ykࡽィ⟬ࡓࢀࡉ➼☢᮰⥺(☢ຊ⥺)࡛ࠊࡾ࠶ᡴⅬ㡿ᇦ࡛☢᮰ࡣ㈇࡛ࠋࡿ࠶  

 
Fig. 3-5 ⥺㍯㟁ὶ-ࣝࣕࢩࣥࢸ࣏ࣝࢺࢡ࣋࿘ᅇ᪉ྥᡂศࡿࡼิ⾜ࡢ SVD ᅛ᭷ศᕸࠋ 

 

ࡢFig.3-4(a)ࠊ࡚࠸⏝ࢆ(10-3)ࡣホ౯☢ሙࠋࡿ࠸࡚
▮༳᪉ྥࡢ☢ሙࢆホ౯ࠋࡿࡍ 

ࢆᅛ᭷ศᕸࡓࡵィ⟬య⣔࡛ồࡢࡇ Fig.3-4(b)
పḟࡽ 8 ಶ♧ࠋࡓࡋ༙ᚄ 2.0m ࣏ࣟ୰ᚰࢆ

㍯㟁ὶ-☢ሙ(ᑠ༙⥺ࠋࡿ࠸࡚ࡋ♧㠃ୖ࡛᩿ࣝࢲ

ᚄ᪉ྥᡂศ)ࡢ࡚࠸ࡘᅛ᭷ศᕸ࡛ࠋࡿ࠶ 
㡰␒ࡢ್␗≉ࡣࡉࡁ㡰࡛ࠋࡿ࠶ゝ࠸ࡿ࠼

ࡿࡏฟࢆሙᙉᗘ☢࡞ࡁ㟁ὶ࡛࠸࡞ᑡࠊ 8 ಶࡢ

ᅛ᭷ศᕸ{☢ሙ Xk(▮༳ࡧࡼ࠾➼㧗⥺)ࠊࡧࡼ࠾ࠊ

㟁ὶ Ykۑ༳}ࠋࡿ࠸࡚ࡋ♧ࢆ࠸┤ࢀࡑࠊࡋ

ࡿࡵồࠋࡿ࠸࡚ࡗసࢆᇶᗏ࡚ࡋᑐศᕸࡢࢀࡒ

☢ሙศᕸࡢࡑࡧࡼ࠾☢ሙศᕸࢆⓎ⏕࡛ࡿࡁ㟁ὶ

ศᕸࡢࡽࢀࡇࠊࡣᅛ᭷ศᕸࡢຍ⟬࡛ᵓᡂ࡛ࠊࡁ

ຍ⟬ࡣᘧ(2-11~13)࡛⾜ࠋࡿࢀࢃ 
⥺㍯㟁ὶ-ࣝࣕࢩࣥࢸ࣏ࣝࢺࢡ࣋࿘ᅇ᪉ྥᡂศ

࠶ࡶሙྜࡿࡍศゎ್␗≉ࢆ{ᘧ(3-7)}ิ⾜ࡢ

Fig.3-5ࠊሙྜࡢࡇࠋࡿ ࠶ᅛ᭷ศᕸ࡛ࡓࡋ♧

ࠊࡣ࡛㠃୰ᚰ(R=2.0m, Z=0.0m)᩿ࣝࢲ࣏ࣟࠋࡿ

1 ࿘ᅇ᪉ྥ☢ሙᡂศࡢṇࡣࢻᅛ᭷࣮ࣔࡢ┠␒ 

2ࠊࡀࡘᣢࢆ ␒┠௨㝆ࡢᅛ᭷࣮ࣔࡣ࡛ࢻ 2.0㸪) 
0.0)=0 ࠊࡣࡢࡶ࡞᭷ព࡚ࡋᑐሙศᕸ☢ࠋࡿ࠶࡛

2 ␒┠௨㝆ࡢᅛ᭷࣮ࣔࠊࡀࡿ࠶࡛ࢻFig.3-4(b)ఝ

2Dࠋࡿゎࡀࡇࡿ࠸࡛ࢇ୪ࡀศᕸࡓ ⨨(R, Z)࡛
ࢆࣝࣕࢩࣥࢸ࣏ࣝࢺࢡ࣋ࡢ ࡿࡍ(R, Z)  =

2Dࠊ య⣔࡛ࡣ(R, Z)⨨ࡢ㠃ࢆ㏻㐣ࡿࡍ㠃ࡢ

☢᮰ (R, Z)ࠊࡣ 

 (R, Z) = 2 R  (3-13)   [Wb]  (R, Z)

1ࠋࡿ࠶࡛ ␒┠௨እࡢᅛ᭷࣮ࣔࣝࢲ࣏ࣟࠊࡣࢻ

᩿㠃୰ᚰࡢ☢᮰ࡣ㞽࡛ࠊࡀࡿ࠶⥺㍯㟁ὶ̿☢ሙ

࡛ồࡓࡵᅛ᭷࣮ࣔࡢࢻ㟁ὶ࣭☢ሙศᕸࡃࡼఝ

ࢻᅛ᭷࣮ࣔࡢࡽࡕࡇࠊࡵࡓࡢࡇࠋࡿ࠶ศᕸ࡛ࡓ

࠼⪄ࡿࡁᵓᡂ࡛ࢆሙศᕸ☢ࡢᶆ┠ࡶ࡚࠸⏝ࢆ

 ࠋࡿࢀࡽ

3.3. ☢ሙ࣭㟁ὶศᕸࡢᵓᡂ 

๓⠇(3.2ᘧ(2-11)~(2-13)ࠊࡣ࡛ࡇࡇ ⠇)ࡢ SVD
⤖ᯝ࡚࠸⏝ࢆ┠ᶆ☢ሙࢆ⌧ࡿࡍ㟁ὶศᕸࢆ⟬

ฟࡿࡍࠋࡃ࠸࡚ࡋ♧ࢆFig. 3-6 ᅛ᭷࣮ࣔࠊࡣ

-ᙉᗘ{ᘧ(2ࢻᅛ᭷್࣮ࣔ␗≉ࠊ㛵ᩘ࡛ࡢྕ␒ࢻ
ྕ␒ࢻᅛ᭷࣮ࣔࡾษࡕᡴࢀࡑࠊ{(12 MT ࡛,ṧᕪ

☢ሙ {ᘧ(2-14)}ࡢ peak-to-peak ್ ࡚ࡋ♧ࢆ

ᚄ༙ࡣᶆ☢ሙ┠ࠋࡿ࠸ 25cmࡢ᩿㠃ୖ(ࢲ࣏ࣟ

᩿ࣝ㠃)࡛1.0ࠊT ࡋ㍈᪉ྥ(⣬㠃ୖ᪉ྥ)☢ሙࡢ

ṧᕪ☢ሙࡍࡸቑࢆຍ⟬ᩘ(MT)ࠋࡿ࠸࡚ ῶࡀ

ᑡࠊࡋ⢭ᗘⰋࡃ┠ᶆ☢ሙࢆ⌧ࡿࡍ㉳☢ຊ㓄⨨

(㟁ὶศᕸ)ࡀồࠋࡿ࠸࡚ࡋ♧ࢆࡇࡿࡲ 

㧗ḟ(ᑠ≉␗್ࠊ␒ྕ㸸␒ྕࡢ್␗≉ࡣ㝆㡰

ᅛ᭷࣮ࣔῶᑡ௨ୖࡢ್␗≉ࠊࡣ࡛(ࡅྕ␒

ࠊሙྜࡢࡇࠊࡀࡿゎࡀࡇࡿ࡞ࡃࡉᑠࡀᙉᗘࢻ

ᘧ(2-11)ࡢຍ⟬࡛ࠊᅛ᭷࣮ࣔࢻẖࡢ㟁ὶศᕸ

np
1/2Yk PTGk / k 㧗ḟ(ࡀ k ࡚ࡋ⾶ῶࠊࡣ࡛(ྕ␒

࠾࡚ࡋ♧ࢆࡇࡃ࠸࡚ࡋ᮰ࡣ㟁ὶศᕸࠋࡿ࠸

Ⰻタᐃࠊၥ㢟(well-posed problem࠸Ⰻࡢᛶ㉁ࠊࡾ

ၥ㢟)࡛ࡿ࠶ゝࠋࡿ࠼ 
ᗄఱᏛⓗ࡞య⣔౫Ꮡࠊ࡚ࡋ㧗ḟ࣮ࣔࡢࢻ㟁

ὶࡀቑຍࡃ࠸࡚ࡋၥ㢟࡞࠺ࡼࡢࡇࠋࡿ࠶ࡶᛶ㉁

࡛ၥ㢟(ill-posed problem, Ⰻタᐃၥ㢟)࠸ᝏࡢ
MTࠊ࡚ࡌᛂሙ⢭ᗘ☢࡞ᚲせࠊࡣ ຍ࡛ࡵࡉᑠࢆ

㟁ὶศᕸ࡞⬟ྍ⌧ᐇᕤᏛⓗࠊࡾษࡕᡴࢆ⟭

ࢆᶆ☢ሙ┠ࡸᗄఱᏛⓗయ⣔ࠊࡣࡃࡋࡶࠊࡿࡍ

⪃ࡀࡇࡿࡍᚲせ࡛࡞࠺ࡼࡢࡇࠋࡿ࠶ၥ㢟ࡢ

ࡣ࡚࠸ࡘᮏ⠇ࡢᚋ༙࡛♧ࠋࡍ 
Fig. 3-7 ᅛࡢFig. 3-4(b)ࠊᬒ⫼ࢆ㆟ㄽࡢ௨ୖࡣ

᭷࣮ࣔࢻᘧ(2-11)ࡢ㟁ὶศᕸィ⟬࡛ࠊ┠ᶆ☢ሙ

BZ=1.0 T ࡍ࠺ࡼࡋ⌧ሙホ౯Ⅼ(MFEPs)࡛ᐇ☢ࢆ

ሙ☢ࠋࡿ࠸࡚ࡋ♧ࢆሙᙉᗘศᕸ☢㟁ὶศᕸࡿ

 
Fig. 3-6 ≉␗್ k ࠊᅛ᭷࣮ࣔࢻᙉᗘ 3TGkṧ

ᕪ☢ሙ 0Dྕ␒ࢻᅛ᭷࣮ࣔࠊࢀࡒࢀࡑࢆ

ᡴࡕษࡾᅛ᭷࣮ࣔ0ྕ␒ࢻT࡛♧ࠋࡍ  

1.0E-10

1.0E-09

1.0E-08

1.0E-07

1.0E-06

1.0E-05

1.0E-04

1.0E-03

1.0E-02

1.0E-01

1.0E+00

0 5 10 15 20

Eigen mode Number MD

Truncation Eigen mode Number MT

Si
ng

ul
ar

 v
al

ue
 O

k
[T

/A
], 

Ei
ge

nm
od

e 
st

re
ng

th
P

TG
k

[T
],

Pe
ak

-to
-p

ea
k 

re
si

du
al

 
[T

] 

10㸫 10



 

≉␗್ศゎࡣ A ࡿࡍᒎ㛤࠺ࡼࡢᘧ(2-5)ࢆ

ᅛ᭷☢ሙศᕸࠊ Xkᅛ᭷㟁ὶศᕸ Ykࢆᚓࠋࡿ

ࠊࡾ࠶ᇶᗏ࡛ࡢ㟁ὶศᕸሙศᕸ☢ࠊࢀࡒࢀࡑ
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ࡓࡋ㟁ὶ࡛ࡣٔࠊࡾ࠶㈇㟁ὶࠋࡍ♧ࢆᑠ༙ᚄ 0.25m ⎔㠃ୖࡢ▮༳ࡣ☢ሙࡢ᪉ྥࠋࡍ♧ࢆ➼㧗⥺

ࡢ㟁ὶࡣ SVD ᅛ᭷ศᕸ Ykࡽィ⟬ࡓࢀࡉ➼☢᮰⥺(☢ຊ⥺)࡛ࠊࡾ࠶ᡴⅬ㡿ᇦ࡛☢᮰ࡣ㈇࡛ࠋࡿ࠶  
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ศᕸࡣ➼㧗⥺࡛᭩ࠊࡀࡿ࠸࡚࠸⦪᪉ྥ㉮࡚ࡗ

ࣝࣕࢩࣥࢸ࣏ࣝࢺࢡ࣋࿘ᅇ᪉ྥࡣ⥺㧗➼ࡿ࠸ 

4.0E-3Tmࠊ࡛ ẖࡢࡇࠋࡿ࠸࡚ࡋࢺࢵࣟࣉ➼㧗

࡚ࡗ㉮ᵝ୍ୗ᪉ྥୖࠋࡿ࠶ࡶ࡛⥺ຊ☢ࡣ⥺

㍈᪉ྥ☢ሙࠊࡾᶆ㏻┠ࠊࡾ࠾ BZ ࠸࡚ࡁ࡛⏕Ⓨࡀ

 ࠋࡿゎࡀࡇࡿ
ᨺᑕ≧ᶍᵝࡿ࠶ࡢ➼㧗⥺ࠊࡣ☢ሙᙉᗘ࣏

ࡢሙᙉᗘ☢ࡢ㠃୰ᚰ(R=2.0m Z=0.0m)᩿ࣝࢲࣟ

ᕪ␗±1.0ࠊࢆE-3 ±1.0E-9 Tࡽ ࣉ᱆ẖ୍ࠊ࡛

ࡣ⥺㧗➼࠸ኴࡸࡸࠋࡿ࠸࡚ࡋࢺࢵࣟ 1.0E-6 T 
(1.0ppm)┦ᙜࠋࡿࡍ☢ሙホ౯Ⅼ㏆ࢆ㏻㐣ࡿࡍ

௦⾲ⓗᢞ✏⧄⥔ᩘࡣᏐࢆグධࠋࡓࡋ 
(a)ࠊ(b)ࠊ(c)࡛ࠊࢀࡒࢀࡑࠊࡣMT= 4, 8, 12 ࠶࡛

ࡏࡉቑຍࢆᩘࢻᅛ᭷࣮ࣔࡿࡍ⟭ᘧ(2-11)࡛ຍࠋࡿ

ࡍୖྥࡀ⢭ᗘࡢሙศᕸ☢ࡓࢀࡉᵓᡂࠊ࡛ࡇࡿ

Fig. 3-6ࠊࡣࢀࡇࠋࡿゎࡀࡇࡿ ࠋ࠸࡞ࡋ┪▩

ᚄ༙ࡽ㠃୰ᚰ᩿ࣝࢲ࣏ࣟ 25cm ᩿㠃ෆ࡛ࡢ

±0.1ppm ⛬ᗘ௨ෆ࡛ᆒ୍࡞☢ሙࢆⓎ⏕࠺ࡼࡋ

MT=12ࠊሙྜࡿࡍ Fig. 3-7(c)ࠊᐇ㝿ࠊࡤࢀࡍ
±0.1ppm (±1.0E-7 T࠺ࡼࡢ ☢㧗⥺)௨ෆ➼ࡢ

ሙᙉᗘᖜ୍ࡿࡲᵝ☢ሙࡀᚓࠋࡿࢀࡽ 
୍᪉ࠊFig. 3-5 ࿘ᅇ᪉ࣝࣕࢩࣥࢸ࣏ࣝࢺࢡ࣋ࡢ

ྥᡂศ ࡶࡇࡿࡍ⏝ࢆࢻᅛ᭷࣮ࣔࡿࡍ㛵

ሙ☢ࠋࡿ࠶࡛⬟ྍ BZ ࣥࢸ࣏ࣝࢺࢡ࣋࿘ᅇ᪉ྥࡣ

ࣝࣕࢩ  ࠊࡽ

  =      (3-14) 

BZ=1.0 Tࠊ࡛ࡢࡿ࠶࡛  ࠊࡣࡿࡃࡘࢆ

 = /2.0 + /   (3-15) 

Constࠋࡿ࡞ᶆศᕸ┠ࡀ ࠊࡾ࠶ᖖᩘ࡛ࡢព௵ࡣ

ᑠࠊࡀ࠸↓ࡀᙳ㡪ሙศᕸ☢ࡶ࡚ࡗ࠶࡛ࡘࡃ࠸

༙ᚄ୰ᚰ(ࡣ࡛ࡇࡇ R=2.0m)࡛ࡢᘧ(3-15)್ࠊࡣ

1.0+ ᚄ༙ࠊࡾ࠶2࡛/ 2m ࡿࡍ㏻㐣ࢆ㠃ࡢ

☢᮰2ࠊࡀp ሙศᕸ☢ࠊࡿ࠼⪄ࢆࡇࡿ᭷࡛

ࠊ࣮ࢠࣝࢿ࢚Ẽ☢ࡸ᮰☢ࠊࡀ࠸࡞࠼ࢆᙳ㡪ࡣ

ࡿ࠶㔞࡛ࡿ࠼ࢆᙳ㡪ࡣ㍯㟁ὶ್⥺ࠊࡓࡲ

ண࡛ࠋࡿࡁ 
Fig. 3-7 ࡢ R=2.0m ࠊࡣ࡛ Tm 0.57167= ࡗ࠶࡛

 = Constࠊ࠺ࡼࡿࡍ⌧ࢆࢀࡇࠊ࡛ࡢࡓ
0.85666 ࢆሙ⌧⢭ᗘ☢ࡌྠFig. 3-7(b)ࠊࡋ

ồࠊ࡚ࡵMT=9 ࠋࡓࡋ♧Fig. 3-8(a)ࠊࢆሙྜࡓࡋ

୧⪅ྠࡣᵝࡢ☢ሙศᕸࡀࡇࡿ࠸࡚ࡗ࡞ゎࠋࡿ

ࠊࡾࡲࡘ ࡇࡿࡍ⏝ࢆᶆ☢ሙ┠ࡓࡋ┠ὀ

࡛Fig. 3-8(a)ࠊࡋࡔࡓࠋࡿゎࡀࡇࡿ࠶࡛⬟ྍࡶ
ࠊ㠃࡛᩿ࣝࢲ࣏ࣟࠊࡣ Tm 0.57167= ࠊࡀࡓࡋ

ࡢᘧ(3-15)ࠊࡣ್ࡢࡇ Const ࠊ࡛ࡇࡿࡍኚ᭦ࢆ

௵ពኚ᭦ࠋࡿ࠶࡛⬟ྍࡀ 
Fig. 3-8(b)(c)ࡣ ±0.15Tm(Constࢆ(0) ±ࡣ

0.3)ኚ᭦ࡓࡋሙྜࠋࡓࡋ♧ࢆ➼㧗⥺࡛♧ࡓࡋ☢ሙ

ศᕸ࡞ࡁኚࡌྠࠊࡃ࡞ࡣ☢ሙศᕸࠊࢆ␗

ࡓࡗ࡞ ࠊࡋࡋࠋࡿ࠸࡚ࡁ࡛⌧ᐇ್࡛(0)  (0) 
㈇ഃ(༙ࠊ≉ࠊࡣ㟁ὶ್ࡵࡓࡿࡍኚ᭦ࢆ್

ᚄࡢᑠഃ)ࡢ㟁ὶࠊኚࠊ࣒ࣝࣀࡢ,ࠋࡿ࠸࡚ࡋ 

 
Fig. 3-7. ᩿ࣝࢲ࣏ࣟ㠃ࡢ༙ᚄ 2.0m, ᑠ༙ᚄ 25cm ᩿㠃ࢆᣢࡘ⎔㠃ୖ୍࡛ᵝ☢ሙ 1.0T ⏕Ⓨࢆ

ᨺࠋሙศᕸ☢ࡿࡼ㟁ὶศᕸࡢࡑ(㏫ࡀ㟁ὶ᪉ྥ࠸:ٔࡧࡼ࠾ۑ)㟁ὶศᕸࡓࡋᵓᡂ࠺ࡼࡿࡍ

ᑕ≧ᶍᵝࡢ➼㧗⥺ࡣṧᕪ☢ሙᙉᗘศᕸ࡛ࠊ୰ᚰ☢ሙ±1ࡽnT(1.0E-9)㹼 ±1mT(1.0E-3)୍ࡢ᱆ẖ♧

࡛ࣝࣕࢩࣥࢸ࣏ࣝࢺࢡ࣋ࡢ࿘ᅇ᪉ྥࡣ⥺㧗➼ࡢ⎔ෆ࡛ୖୗࡓࢀࡲ㟁ὶ࡛ᅖࠋࡍ 4.0E-3 Tm/⥺ࠋ 

 

|,| = σ    (3-16) 

࡛ẚ㍑(ྛᯟୖ㒊ࡢ|,|)ࠊࡿࡍ☢ሙ࡛ホ౯ࡓࡋሙ

ࡇࡿ࠸࡚ࡗ࡞ࡃࡉᑠࡀ|,|ࠊ࡛(a)ࡢ௳᮲ࡌྠྜ

 ࠋࡿゎࡀ
್␗≉ࠊࡣࢻᅛ᭷࣮ࣔࡢศゎ್␗≉ࠊ⯡୍ k

ࡍ⏝ᛂሙタィ☢ࠋࡿࡍ⏝ࡽࡢࡶ࡞ࡁࡢ

್␗≉ࠊሙྜࡿ k ሙᙉ☢ࡢࡾࡓ࠶༢㟁ὶࡣ

ᗘ⌮ゎ࡛ࠋࡿࡁTSVD ṇ๎࡛ࠊࡣ࣮ࣔ࡞ࡁ

ࠊ࡚ࡋ៖⪄ࢆᚲせᙉᗘࠊ㑅ᢥࡅࡔᚲせᩘࡽࢻ

ຍ⟬ࠊࡵࡓࡢࡇࠋࡿࡍᑡ࠸࡞㟁ὶ࡛ᚲせ࡞☢ሙ

ゎ⌮ࡿ࠸࡚ࡵỴࢆ㟁ὶ್࠺ࡼࡿࡁᡂ࡛⏕ࢆ

TSVDࠊࡶⅬࡢࡇࠋࡿࡁ࡛ ṇ๎ࡢⅬࠋࡿ࠶ࡀ 

3.4. ┠ᶆ☢ሙ Maxwell ᪉⛬ᘧ 

3.4.1. ┠ᶆ☢ሙࢆ BRࡿࡍሙྜ 

┠ᶆ☢ሙࡣ௵ពࡢ %TG ศᕸࡀ᭷ࡾᚓࠊࡀࡿ

Maxwell ᪉⛬ᘧࡿࡍ┪▩࠾࡚ࡋ࠺ࡼ࠸↓ࡀ

ࡢFig. 3-4(a)ࠊࡀࡿ࡛᭷࡞➃ᴟࠋࡿ࠶ࡀᚲせࡃ
య⣔࡛ࠊ┠ᶆ☢ሙ༙࡚ࡋᚄ᪉ྥ୍ࡢᵝ☢ሙࠊ 

 = 1.0 [T]    (3-17) 

ᵝ୍ࠋࡿࡳヨࢆሙྜࡿࡍ࠺ࡼࡋᡂ⏕ࢆ BR ࡋ

BZ=`0.0ࠊ࡛ࡢࡓ ┠ࠊࡣ㢟ࡢ࡛ࡲ๓㡯ࠋࡿ࠶࡛

ᶆࡢ☢ሙศᕸࡀ☜ᐇⓎ⏕࡛ࠕࠊࡿࡁᛶ㉁ࡢⰋࠖ࠸

ၥ㢟࡛ࠊࡀࡓࡗ࠶ᐇ㝿ࡢ☢▼☢Ẽタィ࡛ࠊࡣᗄ

ఱᏛⓗ࡞㓄⨨ࠕࡽᛶ㉁ࡢᝏࠖ࠸ሙྜࡶከࠊࡀ࠸

ᘧ(3-17)ࠊࡣ㛫㐪ࡓࡗၥ㢟タᐃ࡛ࠋࡿ࠶div%=0 ࡛

 ࠊࡣ⟄య⣔࡛ࠊࡵࡓࡿ࠶

+ = 0   (3-18) 

ࡢࡇࠋ࠸࡞ࡃࡋṇࡣᘧ(3-17)ࠊࡽ᫂ࠊࡾ࠶࡛

ሙྜࡢṧᕪ☢ሙ ྕ␒ࢻᅛ᭷࣮ࣔࡾษࡕᡴ

MT ್␗≉ࠊࢆ㛵ಀࡢ 㹩ࠊᅛ᭷࣮ࣔࢻᙉᗘ 

ඹࠋࡍ♧ᙜ↛࡛᭷࡞࠺ࡼࡢࡇࠊࡀࡿ≀⌮ⓗ

ṇ࠸࡞ࡃࡋ(maxwell ᪉⛬ᘧ▩┪)┠ᶆ☢ሙࢆ

MTࠊሙྜࡓ࠼ ࠊࡶ࡚ࡋࡃࡁࢆ ࡞ࡋῶᑡࡣ

㸦Fig. 3-9࠸ ཧ↷㸧ࠋ 
ḟࠊMaxwell ᪉⛬ᘧ࠸࡞ࡋ┪▩┠ᶆ☢ሙࠊ 

       = R/2.0 [T]   (3-19) 

 
Fig. 3-8. ࿘ᅇ᪉ྥࡿࡼࣝࣕࢩࣥࢸ࣏ࣝࢺࢡ࣋ SVD ᅛ᭷࣮ࣔࢻ 9 ಶ୰ᚰ ☢ࡓࡵồ࡚ࡋㄪᩚࢆ

ሙศᕸࠋFig. 3-7 ࡛0T=8  ࠋࡿࢀࡽᚓࡀ㟁ὶศᕸࠊሙศᕸ☢ࡢᵝྠሙྜࡢ

 
Fig. 3-9. ┠ᶆ☢ሙ �= 1.0 ್␗≉ࠊ࡚ࡋ

k ࠊᅛ᭷࣮ࣔࢻᙉᗘ 3TGkṧᕪ☢ሙ ࢆ

ᅛ᭷࣮ࣔ0ྕ␒ࢻDᡴࡕษࡾᅛ᭷࣮ࣔࢻ␒

ྕ0Tࡢ㛵ᩘ࡛♧ࠋࡍ  
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ศᕸࡣ➼㧗⥺࡛᭩ࠊࡀࡿ࠸࡚࠸⦪᪉ྥ㉮࡚ࡗ

ࣝࣕࢩࣥࢸ࣏ࣝࢺࢡ࣋࿘ᅇ᪉ྥࡣ⥺㧗➼ࡿ࠸ 

4.0E-3Tmࠊ࡛ ẖࡢࡇࠋࡿ࠸࡚ࡋࢺࢵࣟࣉ➼㧗

࡚ࡗ㉮ᵝ୍ୗ᪉ྥୖࠋࡿ࠶ࡶ࡛⥺ຊ☢ࡣ⥺

㍈᪉ྥ☢ሙࠊࡾᶆ㏻┠ࠊࡾ࠾ BZ ࠸࡚ࡁ࡛⏕Ⓨࡀ

 ࠋࡿゎࡀࡇࡿ
ᨺᑕ≧ᶍᵝࡿ࠶ࡢ➼㧗⥺ࠊࡣ☢ሙᙉᗘ࣏

ࡢሙᙉᗘ☢ࡢ㠃୰ᚰ(R=2.0m Z=0.0m)᩿ࣝࢲࣟ

ᕪ␗±1.0ࠊࢆE-3 ±1.0E-9 Tࡽ ࣉ᱆ẖ୍ࠊ࡛

ࡣ⥺㧗➼࠸ኴࡸࡸࠋࡿ࠸࡚ࡋࢺࢵࣟ 1.0E-6 T 
(1.0ppm)┦ᙜࠋࡿࡍ☢ሙホ౯Ⅼ㏆ࢆ㏻㐣ࡿࡍ

௦⾲ⓗᢞ✏⧄⥔ᩘࡣᏐࢆグධࠋࡓࡋ 
(a)ࠊ(b)ࠊ(c)࡛ࠊࢀࡒࢀࡑࠊࡣMT= 4, 8, 12 ࠶࡛

ࡏࡉቑຍࢆᩘࢻᅛ᭷࣮ࣔࡿࡍ⟭ᘧ(2-11)࡛ຍࠋࡿ

ࡍୖྥࡀ⢭ᗘࡢሙศᕸ☢ࡓࢀࡉᵓᡂࠊ࡛ࡇࡿ

Fig. 3-6ࠊࡣࢀࡇࠋࡿゎࡀࡇࡿ ࠋ࠸࡞ࡋ┪▩

ᚄ༙ࡽ㠃୰ᚰ᩿ࣝࢲ࣏ࣟ 25cm ᩿㠃ෆ࡛ࡢ

±0.1ppm ⛬ᗘ௨ෆ࡛ᆒ୍࡞☢ሙࢆⓎ⏕࠺ࡼࡋ

MT=12ࠊሙྜࡿࡍ Fig. 3-7(c)ࠊᐇ㝿ࠊࡤࢀࡍ
±0.1ppm (±1.0E-7 T࠺ࡼࡢ ☢㧗⥺)௨ෆ➼ࡢ

ሙᙉᗘᖜ୍ࡿࡲᵝ☢ሙࡀᚓࠋࡿࢀࡽ 
୍᪉ࠊFig. 3-5 ࿘ᅇ᪉ࣝࣕࢩࣥࢸ࣏ࣝࢺࢡ࣋ࡢ

ྥᡂศ ࡶࡇࡿࡍ⏝ࢆࢻᅛ᭷࣮ࣔࡿࡍ㛵

ሙ☢ࠋࡿ࠶࡛⬟ྍ BZ ࣥࢸ࣏ࣝࢺࢡ࣋࿘ᅇ᪉ྥࡣ

ࣝࣕࢩ  ࠊࡽ

  =      (3-14) 

BZ=1.0 Tࠊ࡛ࡢࡿ࠶࡛  ࠊࡣࡿࡃࡘࢆ

 = /2.0 + /   (3-15) 

Constࠋࡿ࡞ᶆศᕸ┠ࡀ ࠊࡾ࠶ᖖᩘ࡛ࡢព௵ࡣ

ᑠࠊࡀ࠸↓ࡀᙳ㡪ሙศᕸ☢ࡶ࡚ࡗ࠶࡛ࡘࡃ࠸

༙ᚄ୰ᚰ(ࡣ࡛ࡇࡇ R=2.0m)࡛ࡢᘧ(3-15)್ࠊࡣ

1.0+ ᚄ༙ࠊࡾ࠶2࡛/ 2m ࡿࡍ㏻㐣ࢆ㠃ࡢ

☢᮰2ࠊࡀp ሙศᕸ☢ࠊࡿ࠼⪄ࢆࡇࡿ᭷࡛

ࠊ࣮ࢠࣝࢿ࢚Ẽ☢ࡸ᮰☢ࠊࡀ࠸࡞࠼ࢆᙳ㡪ࡣ

ࡿ࠶㔞࡛ࡿ࠼ࢆᙳ㡪ࡣ㍯㟁ὶ್⥺ࠊࡓࡲ

ண࡛ࠋࡿࡁ 
Fig. 3-7 ࡢ R=2.0m ࠊࡣ࡛ Tm 0.57167= ࡗ࠶࡛

 = Constࠊ࠺ࡼࡿࡍ⌧ࢆࢀࡇࠊ࡛ࡢࡓ
0.85666 ࢆሙ⌧⢭ᗘ☢ࡌྠFig. 3-7(b)ࠊࡋ

ồࠊ࡚ࡵMT=9 ࠋࡓࡋ♧Fig. 3-8(a)ࠊࢆሙྜࡓࡋ

୧⪅ྠࡣᵝࡢ☢ሙศᕸࡀࡇࡿ࠸࡚ࡗ࡞ゎࠋࡿ

ࠊࡾࡲࡘ ࡇࡿࡍ⏝ࢆᶆ☢ሙ┠ࡓࡋ┠ὀ

࡛Fig. 3-8(a)ࠊࡋࡔࡓࠋࡿゎࡀࡇࡿ࠶࡛⬟ྍࡶ
ࠊ㠃࡛᩿ࣝࢲ࣏ࣟࠊࡣ Tm 0.57167= ࠊࡀࡓࡋ

ࡢᘧ(3-15)ࠊࡣ್ࡢࡇ Const ࠊ࡛ࡇࡿࡍኚ᭦ࢆ

௵ពኚ᭦ࠋࡿ࠶࡛⬟ྍࡀ 
Fig. 3-8(b)(c)ࡣ ±0.15Tm(Constࢆ(0) ±ࡣ

0.3)ኚ᭦ࡓࡋሙྜࠋࡓࡋ♧ࢆ➼㧗⥺࡛♧ࡓࡋ☢ሙ

ศᕸ࡞ࡁኚࡌྠࠊࡃ࡞ࡣ☢ሙศᕸࠊࢆ␗

ࡓࡗ࡞ ࠊࡋࡋࠋࡿ࠸࡚ࡁ࡛⌧ᐇ್࡛(0)  (0) 
㈇ഃ(༙ࠊ≉ࠊࡣ㟁ὶ್ࡵࡓࡿࡍኚ᭦ࢆ್

ᚄࡢᑠഃ)ࡢ㟁ὶࠊኚࠊ࣒ࣝࣀࡢ,ࠋࡿ࠸࡚ࡋ 

 
Fig. 3-7. ᩿ࣝࢲ࣏ࣟ㠃ࡢ༙ᚄ 2.0m, ᑠ༙ᚄ 25cm ᩿㠃ࢆᣢࡘ⎔㠃ୖ୍࡛ᵝ☢ሙ 1.0T ⏕Ⓨࢆ

ᨺࠋሙศᕸ☢ࡿࡼ㟁ὶศᕸࡢࡑ(㏫ࡀ㟁ὶ᪉ྥ࠸:ٔࡧࡼ࠾ۑ)㟁ὶศᕸࡓࡋᵓᡂ࠺ࡼࡿࡍ

ᑕ≧ᶍᵝࡢ➼㧗⥺ࡣṧᕪ☢ሙᙉᗘศᕸ࡛ࠊ୰ᚰ☢ሙ±1ࡽnT(1.0E-9)㹼 ±1mT(1.0E-3)୍ࡢ᱆ẖ♧

࡛ࣝࣕࢩࣥࢸ࣏ࣝࢺࢡ࣋ࡢ࿘ᅇ᪉ྥࡣ⥺㧗➼ࡢ⎔ෆ࡛ୖୗࡓࢀࡲ㟁ὶ࡛ᅖࠋࡍ 4.0E-3 Tm/⥺ࠋ 

 

|,| = σ    (3-16) 

࡛ẚ㍑(ྛᯟୖ㒊ࡢ|,|)ࠊࡿࡍ☢ሙ࡛ホ౯ࡓࡋሙ

ࡇࡿ࠸࡚ࡗ࡞ࡃࡉᑠࡀ|,|ࠊ࡛(a)ࡢ௳᮲ࡌྠྜ

 ࠋࡿゎࡀ
್␗≉ࠊࡣࢻᅛ᭷࣮ࣔࡢศゎ್␗≉ࠊ⯡୍ k

ࡍ⏝ᛂሙタィ☢ࠋࡿࡍ⏝ࡽࡢࡶ࡞ࡁࡢ

್␗≉ࠊሙྜࡿ k ሙᙉ☢ࡢࡾࡓ࠶༢㟁ὶࡣ

ᗘ⌮ゎ࡛ࠋࡿࡁTSVD ṇ๎࡛ࠊࡣ࣮ࣔ࡞ࡁ

ࠊ࡚ࡋ៖⪄ࢆᚲせᙉᗘࠊ㑅ᢥࡅࡔᚲせᩘࡽࢻ

ຍ⟬ࠊࡵࡓࡢࡇࠋࡿࡍᑡ࠸࡞㟁ὶ࡛ᚲせ࡞☢ሙ

ゎ⌮ࡿ࠸࡚ࡵỴࢆ㟁ὶ್࠺ࡼࡿࡁᡂ࡛⏕ࢆ

TSVDࠊࡶⅬࡢࡇࠋࡿࡁ࡛ ṇ๎ࡢⅬࠋࡿ࠶ࡀ 

3.4. ┠ᶆ☢ሙ Maxwell ᪉⛬ᘧ 

3.4.1. ┠ᶆ☢ሙࢆ BRࡿࡍሙྜ 

┠ᶆ☢ሙࡣ௵ពࡢ %TG ศᕸࡀ᭷ࡾᚓࠊࡀࡿ

Maxwell ᪉⛬ᘧࡿࡍ┪▩࠾࡚ࡋ࠺ࡼ࠸↓ࡀ

ࡢFig. 3-4(a)ࠊࡀࡿ࡛᭷࡞➃ᴟࠋࡿ࠶ࡀᚲせࡃ
య⣔࡛ࠊ┠ᶆ☢ሙ༙࡚ࡋᚄ᪉ྥ୍ࡢᵝ☢ሙࠊ 

 = 1.0 [T]    (3-17) 

ᵝ୍ࠋࡿࡳヨࢆሙྜࡿࡍ࠺ࡼࡋᡂ⏕ࢆ BR ࡋ

BZ=`0.0ࠊ࡛ࡢࡓ ┠ࠊࡣ㢟ࡢ࡛ࡲ๓㡯ࠋࡿ࠶࡛

ᶆࡢ☢ሙศᕸࡀ☜ᐇⓎ⏕࡛ࠕࠊࡿࡁᛶ㉁ࡢⰋࠖ࠸

ၥ㢟࡛ࠊࡀࡓࡗ࠶ᐇ㝿ࡢ☢▼☢Ẽタィ࡛ࠊࡣᗄ

ఱᏛⓗ࡞㓄⨨ࠕࡽᛶ㉁ࡢᝏࠖ࠸ሙྜࡶከࠊࡀ࠸

ᘧ(3-17)ࠊࡣ㛫㐪ࡓࡗၥ㢟タᐃ࡛ࠋࡿ࠶div%=0 ࡛

 ࠊࡣ⟄య⣔࡛ࠊࡵࡓࡿ࠶

+ = 0   (3-18) 

ࡢࡇࠋ࠸࡞ࡃࡋṇࡣᘧ(3-17)ࠊࡽ᫂ࠊࡾ࠶࡛

ሙྜࡢṧᕪ☢ሙ ྕ␒ࢻᅛ᭷࣮ࣔࡾษࡕᡴ

MT ್␗≉ࠊࢆ㛵ಀࡢ 㹩ࠊᅛ᭷࣮ࣔࢻᙉᗘ 

ඹࠋࡍ♧ᙜ↛࡛᭷࡞࠺ࡼࡢࡇࠊࡀࡿ≀⌮ⓗ

ṇ࠸࡞ࡃࡋ(maxwell ᪉⛬ᘧ▩┪)┠ᶆ☢ሙࢆ

MTࠊሙྜࡓ࠼ ࠊࡶ࡚ࡋࡃࡁࢆ ࡞ࡋῶᑡࡣ

㸦Fig. 3-9࠸ ཧ↷㸧ࠋ 
ḟࠊMaxwell ᪉⛬ᘧ࠸࡞ࡋ┪▩┠ᶆ☢ሙࠊ 

       = R/2.0 [T]   (3-19) 

 
Fig. 3-8. ࿘ᅇ᪉ྥࡿࡼࣝࣕࢩࣥࢸ࣏ࣝࢺࢡ࣋ SVD ᅛ᭷࣮ࣔࢻ 9 ಶ୰ᚰ ☢ࡓࡵồ࡚ࡋㄪᩚࢆ

ሙศᕸࠋFig. 3-7 ࡛0T=8  ࠋࡿࢀࡽᚓࡀ㟁ὶศᕸࠊሙศᕸ☢ࡢᵝྠሙྜࡢ

 
Fig. 3-9. ┠ᶆ☢ሙ �= 1.0 ್␗≉ࠊ࡚ࡋ

k ࠊᅛ᭷࣮ࣔࢻᙉᗘ 3TGkṧᕪ☢ሙ ࢆ

ᅛ᭷࣮ࣔ0ྕ␒ࢻDᡴࡕษࡾᅛ᭷࣮ࣔࢻ␒

ྕ0Tࡢ㛵ᩘ࡛♧ࠋࡍ  
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    = െ  [T]   (3-20) 

ࠋࡿ࠶ሙ࡛☢ࢫࣉ࢝ࡣᶆ☢ሙ┠ࡢࡇࠋࡿࡳヨࢆ

࡛㠃୰ᚰ(R=2.0m, Z=0.0)᩿ࣝࢲ࣏ࣟ BR=1.0T 

 ࠊࡣࢀࡇࠋࡿ࠸࡚ࡋ

 = 㺎RZ/2.0   (3-21) 

/ )BZ=(1/R)ࠊࡋ ࡧࡼ࠾(  BR=㺎 / 

MTࠊᶆ☢ሙ࡛┠ࡢࡇࠋࡿ࠼ゝࡶࡿ࠸࡚ࡵỴࡽ

ṧᕪ ್␗≉ࠊࢆ㛵ಀࡢ 㹩ࠊᅛ᭷࣮ࣔࢻᙉᗘ

Fig. 3-10ࠊඹ ᶆ☢ሙ࡛┠ࡢࡇࠋࡓࡋ♧

ቑຍ(ࡢᩘࢻᅛ᭷࣮ࣔࡿࡍ⏝ࠊࡀṧᕪࠊࡣ
MT)ඹࠊᑠࠊࡾ࡞ࡃࡉ☢ሙศᕸࡢᵓᡂࡀ⢭

ᗘⰋྍࡃ⬟࡛᭷ࡿゎࠋࡿ 
Fig. 3-11 ࠋࡍ♧ࢆሙศᕸ☢ࡓࡋᵓᡂࡣ

Fig.3-5 ⟭㟁ὶศᕸィࡢᘧ(2-11)ࢻᅛ᭷࣮ࣔࡢ

ᘧ(3-19)ࠊ࡛ሙホ౯Ⅼ(MFEPs)☢ࢆᶆ☢ሙ┠ࠊ࡛
࠺ࡼࡋ⌧ᐇࢆሙ☢ࡢᘧ(3-10)࡚ࡵ⧳ࢆᘧ(3-20)

ሙᙉᗘ☢㟁ὶศᕸࡓࢀࡽTSVDィ⟬࡛ᚓࡓࡋ

ศᕸࠋࡿ࠸࡚ࡋ♧ࢆ☢ሙศᕸࡣ➼㧗⥺࡛᭩࡚࠸

࿘ᅇ᪉ྥࡣ⥺㧗➼ࡿ࠸࡚ࡗ㉮ᶓ᪉ྥࠊࡀࡿ࠸

ࣝࣕࢩࣥࢸ࣏ࣝࢺࢡ࣋ 0.01Tmࠊ࡛ ẖࢵࣟࣉ

ᨺࠋࡿ࠶ࡶ࡛⥺ຊ☢ࡣ⥺㧗➼ࡢࡇࠋࡿ࠸࡚ࡋࢺ

ᑕ≧ᶍᵝࡿ࠶ࡢ➼㧗⥺ࠊࡣṧᕪ☢ሙ±1.0ࢆE-3 
㹼±1.0E-9 T ࡸࠋࡿ࠸࡚ࡋࢺࢵࣟࣉ᱆ẖ୍ࠊ࡛

ࡣ⥺㧗➼࠸ኴࡸ 1.0E-6 T (1.0ppm)┦ᙜࠋࡿࡍᡴ

ྕ␒ࢻᅛ᭷࣮ࣔࡾษࡕ MT ࡑࠊ࡛(c)ࠊ(b)ࠊ㺂(a)ࡣ

12 ,8 ,4ࠊࢀࡒࢀ ᅛ᭷ࡿࡍ⟭ᘧ(2-11)࡛ຍࠋࡿ࠶࡛

ሙ☢ࡓࢀࡉᵓᡂࠊ࡛ࡇࡿࡏࡉቑຍࢆᩘࢻ࣮ࣔ

ศᕸࡢ⢭ᗘࡀࡇࡿࡍୖྥࡀゎࠊࡣࢀࡇࠋࡿFig. 
3-10 BRࠊ࡞࠺ࡼࡢࡇࠋ࠸࡞ࡋ┪▩ ࡓࡋ┠ὀ

☢ሙࢆᵓᡂࡿࡍሙྜ࡛ࠊࡶ๓㡯ࡢ BZ ࡋ┠ὀ

MTࠊᵝྠሙྜࡓ ᵓᡂ☢ሙࠊඹቑຍࡢ

ࢀࡽᚓࡀ㟁ὶศᕸࡿࡅ㏆࡙ࡾࡼࠊᶆ☢ሙ┠ࢆ

 ࠋࡿゎࡀࡇࡓ

 
Fig. 3-10 ┠ᶆ☢ሙ %R=5/2.0, %Z=-=ࠊࡋ≉␗

್ k ࠊᅛ᭷࣮ࣔࢻᙉᗘ 3TGkṧᕪ☢ሙ
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Fig. 3-11. ┠ᶆ☢ሙࢆ %R=5/2.0, %Z=-=ࡓࡋሙྜࡢ☢ሙᵓᡂ⤖ᯝ᩿ࣝࢲ࣏ࣟࠋ㠃ࡢ༙ᚄ

2.0m, ᑠ༙ᚄ 25cm ᩿㠃ࢆᣢࡘ⎔㠃ୖ࡛ࠊ┠ᶆ☢ሙࢆ %R=5/2.0, %Z=-=࡚ࡋᵓᡂࡓࡋ㟁ὶศᕸ

ṧࡣ⥺㧗➼ࡘᣢࢆᶍᵝࡢ≦ᨺᑕࠋሙศᕸ☢ࡿࡼ㟁ὶศᕸࡢࡑ(㏫ࡀ㟁ὶ᪉ྥ࠸:ٔࡧࡼ࠾ۑ)

ᕪ☢ሙᙉᗘศᕸࢆ୰ᚰ☢ሙ±1ࡽnT(1.0E-9)㹼 ±1mT(1.0E-3)ࡢᕪ␗ࢆᣢࡘ⨨୍ࠊࢆ᱆ẖࡢᕪ␗

1.0E-6 Tࠋࡿ࠸࡚ࡋ♧࡛ ࡛ኴ⥺ࠋࡓࡋ㟁ὶ࡛ᅖࡓࢀࡲ⎔ෆ࡛ᕥྑ㉮ࡿ࠸࡚ࡗ➼㧗⥺ࡣ࿘ᅇ᪉

࡛ࣝࣕࢩࣥࢸ࣏ࣝࢺࢡ࣋ࡢྥ 0.01 T ẖࠊࡋࢺࢵࣟࣉ☢ຊ⥺ࡢ᪉ྥࠋࡿ࠸࡚ࡋ♧ࢆ 

 

3.4.2. ┠ᶆ☢ሙࣝࣕࢩࣥࢸ࣏ࣝࢺࢡ࣋⏝ 

๓㡯ྠᵝ BR ࣏ࣝࢺࢡ࣋ࡶሙྜ࡛ࡓࡋ┠ὀ

ࡲ⢭ᗘ࡛ồࡢᗘ⛬ྠࡀ⨨㉳☢ຊ㓄࡛ࣝࣕࢩࣥࢸ

ࣝࢺࢡ࣋ࡿࡍᶆ┠ࠋࡃ࠾࡚ࡋ♧ḟࢆࡇࡿ

ࠋࡿ࠶࡛࿘ᅇ᪉ྥᡂศ࡛ᘧ(3-21)ࡣࣝࣕࢩࣥࢸ࣏

Fig. 3-5 ࡢ SVD ᅛ᭷࣮ࣔࢆࢻ⏝ࠊࡿࡍFig. 3-
12(a)ࡀᚓࠊࢀࡽFig. 3-10 ᶆ☢ሙ┠ࡢࡇࠊᵝྠ

࡛⏝ࡿࡍᅛ᭷࣮ࣔࡢᩘࢻቑຍ( MT)ඹࠊ

ṧᕪ ࡍ⌧ࢆሙ☢ࡢᘧ(3-21)ࠊࡾ࡞ࡃࡉᑠࡀ

ࡵồࠋࡿゎࡀࡇࡿࡲồࡃ⢭ᗘⰋࡀ㟁ὶศᕸࡿ

MT=9ࠊࢆሙศᕸ☢ࡓࡋ⟭㟁ὶศᕸ࡛ィࡓ ሙྜࡢ

-Fig. 3ࠊࡣࢀࡇࠋࡍ♧Fig. 3-12(b)ࠊ࡚࠸ࡘ
11(b)ࡌྠ᮲௳࡛ࡢ☢ሙศᕸᵓᡂ⤖ᯝ࡛᭷

࡛Fig. 3-12(b)ࠋࡿ MT=9 ࣝࢺࢡ࣋ࠊࡣ⏤⌮ࡓࡋ

ࡿࡼࣝࣕࢩࣥࢸ࣏ SVDᅛ᭷࣮ࣔࡢࢻሙྜࠊFig. 
3-5 1ࠊᵝࡢ ␒┠ᅛ᭷࣮ࣔࡀࢻ☢ሙศᕸࡣᐤ

࡛ࡵࡓ࠸࡞ࡋ᭷ࠋࡿᐇ㝿⏝ࡓࡋ SVD ᅛ᭷

ࡣᩘࢻ࣮ࣔ 8 ಶ࡛ࠊࡾ࠶ᘧ(3-19), (3-20)࡛☢ሙ

ᑐ࡚ࡋ┠ᶆࢆࡓ࠼ሙྜྠᵝ࡞㟁ὶ㓄⨨☢

ሙศᕸࡢᵓᡂ⤖ᯝࡀᚓࡀࡇࡿࢀࡽゎࡓࠋࡿ

ࡀᶆ☢ሙ┠ࡣ࡛Fig. 3-12(b)ࠊࡋࡔ  = 㺎 RZ/2.0
ࠊࡣṧᕪࡿ࠸࡚࠸ᥥ≦ᨺᑕࠊ࡛ࡢࡓࡗ࠶࡛ 

࡞␗ࡣ್ࠊࡀࡿ࠸ఝ࡚ࡣศᕸᙧࠊࡾ࠶ṧᕪ࡛ࡢ

 ࠋࡃ࠾࡚ࡋࢺ࣓ࣥࢥࢆࡇࡿ

3.4.3. ┠ᶆ☢ሙ໙㓄ࡿ࠶ࡢ BZศᕸ 

ḟࠊBZศᕸ໙㓄(ഴᩳ: MRIศ㔝࡛ࡣഴᩳ☢

ሙ)ࢆᣢࡿࡏࡓሙྜࠊࡾࡲࡘࠋࡿ࠼⪄ࢆ㉥㐨㠃

(Z=0.0m)ୖࡢ R=2.0m ㏆࡛ࠊ 

BZ(R) = 1.0 + Const(R – 2.0)  [T]㺂 (3-22) 

 ࠊ໙㓄ሙ☢ࠊ࠺ࡼࡢ

 =   [T/m]  (3-23) 

BRࠊࡣ㉥㐨㠃(Z=0)㠃௨እ࡛ࠊሙྜࡢࡇࠋࡿ࠶ࡀ

ᡂศࠊࡾ࠶ࡀrot%=0 ࠊࡽ =  ࠊࡾ࠶࡛ 

=                                       (3െ 24) 

Zࠊ࡛ ⨨ẚࡿࡍ BR ᡂศࡇࠊࡓࡲࠋࡿ࠶ࡀ

ࡢ BR ඹ div%=0 ࠊ⟄ᗙᶆ࡛ࠊࡵࡓࡿ࠶࡛

+ =  ᚲせࡀࡿ࠶0࡛

Z=0ࠊ࡛ 㠃௨እ࡛ࠊࡣ 

  ο = െ = െ    

=       (3-25) 

 ࠋࡿ࠶ᚲせ࡛ࡀࡿ࠼ຍᶆ☢ሙ┠ࢆ
༙ᚄ᪉ྥ໙㓄ࢆᣢࡘ㍈᪉ྥ☢ሙ BZ(R)ࠊࡣ 

 
Fig. 3-12(a). ┠ᶆ☢ሙࢆ 2.0/=5= ሙྜࡓࡋ

್␗≉ࠊࡢ k ࠊᅛ᭷࣮ࣔࢻᙉᗘ 3TGkṧᕪ☢

ሙ ᅛࡾษࡕᡴ0Dྕ␒ࢻᅛ᭷࣮ࣔࠊࢆ
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Fig. 3-12(b) ┠ᶆ☢ሙࢆ 㺎= 5=/2.0 ሙࡓࡋ

⥺ຊ☢ࡣ⥺ࡿ㉮ᕥྑࠋሙᵓᡂ⤖ᯝ☢ࡢྜ

(➼ ࠊࡣ⥺㧗➼ࡢ࣮ࣥࢱࣃᨺᑕࠊ(⥺ ṧࡢ

ᕪ࡛ࠊ⎔᩿㠃୰ᚰ±1.0ࡽE-07, ±1.0E-8, 
±1.0E-9(Tm)ࡢṧᕪ࡛ࠋࢺࢵࣟࣉ 

Fig. 3-4(b)

10㸫 14



 

    = െ  [T]   (3-20) 

ࠋࡿ࠶ሙ࡛☢ࢫࣉ࢝ࡣᶆ☢ሙ┠ࡢࡇࠋࡿࡳヨࢆ

࡛㠃୰ᚰ(R=2.0m, Z=0.0)᩿ࣝࢲ࣏ࣟ BR=1.0T 

 ࠊࡣࢀࡇࠋࡿ࠸࡚ࡋ

 = 㺎RZ/2.0   (3-21) 

/ )BZ=(1/R)ࠊࡋ ࡧࡼ࠾(  BR=㺎 / 

MTࠊᶆ☢ሙ࡛┠ࡢࡇࠋࡿ࠼ゝࡶࡿ࠸࡚ࡵỴࡽ

ṧᕪ ್␗≉ࠊࢆ㛵ಀࡢ 㹩ࠊᅛ᭷࣮ࣔࢻᙉᗘ

Fig. 3-10ࠊඹ ᶆ☢ሙ࡛┠ࡢࡇࠋࡓࡋ♧

ቑຍ(ࡢᩘࢻᅛ᭷࣮ࣔࡿࡍ⏝ࠊࡀṧᕪࠊࡣ
MT)ඹࠊᑠࠊࡾ࡞ࡃࡉ☢ሙศᕸࡢᵓᡂࡀ⢭

ᗘⰋྍࡃ⬟࡛᭷ࡿゎࠋࡿ 
Fig. 3-11 ࠋࡍ♧ࢆሙศᕸ☢ࡓࡋᵓᡂࡣ

Fig.3-5 ⟭㟁ὶศᕸィࡢᘧ(2-11)ࢻᅛ᭷࣮ࣔࡢ

ᘧ(3-19)ࠊ࡛ሙホ౯Ⅼ(MFEPs)☢ࢆᶆ☢ሙ┠ࠊ࡛
࠺ࡼࡋ⌧ᐇࢆሙ☢ࡢᘧ(3-10)࡚ࡵ⧳ࢆᘧ(3-20)

ሙᙉᗘ☢㟁ὶศᕸࡓࢀࡽTSVDィ⟬࡛ᚓࡓࡋ

ศᕸࠋࡿ࠸࡚ࡋ♧ࢆ☢ሙศᕸࡣ➼㧗⥺࡛᭩࡚࠸

࿘ᅇ᪉ྥࡣ⥺㧗➼ࡿ࠸࡚ࡗ㉮ᶓ᪉ྥࠊࡀࡿ࠸

ࣝࣕࢩࣥࢸ࣏ࣝࢺࢡ࣋ 0.01Tmࠊ࡛ ẖࢵࣟࣉ

ᨺࠋࡿ࠶ࡶ࡛⥺ຊ☢ࡣ⥺㧗➼ࡢࡇࠋࡿ࠸࡚ࡋࢺ

ᑕ≧ᶍᵝࡿ࠶ࡢ➼㧗⥺ࠊࡣṧᕪ☢ሙ±1.0ࢆE-3 
㹼±1.0E-9 T ࡸࠋࡿ࠸࡚ࡋࢺࢵࣟࣉ᱆ẖ୍ࠊ࡛

ࡣ⥺㧗➼࠸ኴࡸ 1.0E-6 T (1.0ppm)┦ᙜࠋࡿࡍᡴ

ྕ␒ࢻᅛ᭷࣮ࣔࡾษࡕ MT ࡑࠊ࡛(c)ࠊ(b)ࠊ㺂(a)ࡣ

12 ,8 ,4ࠊࢀࡒࢀ ᅛ᭷ࡿࡍ⟭ᘧ(2-11)࡛ຍࠋࡿ࠶࡛

ሙ☢ࡓࢀࡉᵓᡂࠊ࡛ࡇࡿࡏࡉቑຍࢆᩘࢻ࣮ࣔ

ศᕸࡢ⢭ᗘࡀࡇࡿࡍୖྥࡀゎࠊࡣࢀࡇࠋࡿFig. 
3-10 BRࠊ࡞࠺ࡼࡢࡇࠋ࠸࡞ࡋ┪▩ ࡓࡋ┠ὀ

☢ሙࢆᵓᡂࡿࡍሙྜ࡛ࠊࡶ๓㡯ࡢ BZ ࡋ┠ὀ

MTࠊᵝྠሙྜࡓ ᵓᡂ☢ሙࠊඹቑຍࡢ

ࢀࡽᚓࡀ㟁ὶศᕸࡿࡅ㏆࡙ࡾࡼࠊᶆ☢ሙ┠ࢆ

 ࠋࡿゎࡀࡇࡓ

 
Fig. 3-10 ┠ᶆ☢ሙ %R=5/2.0, %Z=-=ࠊࡋ≉␗

್ k ࠊᅛ᭷࣮ࣔࢻᙉᗘ 3TGkṧᕪ☢ሙ

ᅛ᭷࣮ࣔࡾษࡕᡴ0Dྕ␒ࢻᅛ᭷࣮ࣔࠊࢆ
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Fig. 3-11. ┠ᶆ☢ሙࢆ %R=5/2.0, %Z=-=ࡓࡋሙྜࡢ☢ሙᵓᡂ⤖ᯝ᩿ࣝࢲ࣏ࣟࠋ㠃ࡢ༙ᚄ

2.0m, ᑠ༙ᚄ 25cm ᩿㠃ࢆᣢࡘ⎔㠃ୖ࡛ࠊ┠ᶆ☢ሙࢆ %R=5/2.0, %Z=-=࡚ࡋᵓᡂࡓࡋ㟁ὶศᕸ

ṧࡣ⥺㧗➼ࡘᣢࢆᶍᵝࡢ≦ᨺᑕࠋሙศᕸ☢ࡿࡼ㟁ὶศᕸࡢࡑ(㏫ࡀ㟁ὶ᪉ྥ࠸:ٔࡧࡼ࠾ۑ)

ᕪ☢ሙᙉᗘศᕸࢆ୰ᚰ☢ሙ±1ࡽnT(1.0E-9)㹼 ±1mT(1.0E-3)ࡢᕪ␗ࢆᣢࡘ⨨୍ࠊࢆ᱆ẖࡢᕪ␗

1.0E-6 Tࠋࡿ࠸࡚ࡋ♧࡛ ࡛ኴ⥺ࠋࡓࡋ㟁ὶ࡛ᅖࡓࢀࡲ⎔ෆ࡛ᕥྑ㉮ࡿ࠸࡚ࡗ➼㧗⥺ࡣ࿘ᅇ᪉

࡛ࣝࣕࢩࣥࢸ࣏ࣝࢺࢡ࣋ࡢྥ 0.01 T ẖࠊࡋࢺࢵࣟࣉ☢ຊ⥺ࡢ᪉ྥࠋࡿ࠸࡚ࡋ♧ࢆ 

 

3.4.2. ┠ᶆ☢ሙࣝࣕࢩࣥࢸ࣏ࣝࢺࢡ࣋⏝ 

๓㡯ྠᵝ BR ࣏ࣝࢺࢡ࣋ࡶሙྜ࡛ࡓࡋ┠ὀ

ࡲ⢭ᗘ࡛ồࡢᗘ⛬ྠࡀ⨨㉳☢ຊ㓄࡛ࣝࣕࢩࣥࢸ

ࣝࢺࢡ࣋ࡿࡍᶆ┠ࠋࡃ࠾࡚ࡋ♧ḟࢆࡇࡿ

ࠋࡿ࠶࡛࿘ᅇ᪉ྥᡂศ࡛ᘧ(3-21)ࡣࣝࣕࢩࣥࢸ࣏

Fig. 3-5 ࡢ SVD ᅛ᭷࣮ࣔࢆࢻ⏝ࠊࡿࡍFig. 3-
12(a)ࡀᚓࠊࢀࡽFig. 3-10 ᶆ☢ሙ┠ࡢࡇࠊᵝྠ

࡛⏝ࡿࡍᅛ᭷࣮ࣔࡢᩘࢻቑຍ( MT)ඹࠊ

ṧᕪ ࡍ⌧ࢆሙ☢ࡢᘧ(3-21)ࠊࡾ࡞ࡃࡉᑠࡀ

ࡵồࠋࡿゎࡀࡇࡿࡲồࡃ⢭ᗘⰋࡀ㟁ὶศᕸࡿ

MT=9ࠊࢆሙศᕸ☢ࡓࡋ⟭㟁ὶศᕸ࡛ィࡓ ሙྜࡢ

-Fig. 3ࠊࡣࢀࡇࠋࡍ♧Fig. 3-12(b)ࠊ࡚࠸ࡘ
11(b)ࡌྠ᮲௳࡛ࡢ☢ሙศᕸᵓᡂ⤖ᯝ࡛᭷

࡛Fig. 3-12(b)ࠋࡿ MT=9 ࣝࢺࢡ࣋ࠊࡣ⏤⌮ࡓࡋ

ࡿࡼࣝࣕࢩࣥࢸ࣏ SVDᅛ᭷࣮ࣔࡢࢻሙྜࠊFig. 
3-5 1ࠊᵝࡢ ␒┠ᅛ᭷࣮ࣔࡀࢻ☢ሙศᕸࡣᐤ

࡛ࡵࡓ࠸࡞ࡋ᭷ࠋࡿᐇ㝿⏝ࡓࡋ SVD ᅛ᭷

ࡣᩘࢻ࣮ࣔ 8 ಶ࡛ࠊࡾ࠶ᘧ(3-19), (3-20)࡛☢ሙ

ᑐ࡚ࡋ┠ᶆࢆࡓ࠼ሙྜྠᵝ࡞㟁ὶ㓄⨨☢

ሙศᕸࡢᵓᡂ⤖ᯝࡀᚓࡀࡇࡿࢀࡽゎࡓࠋࡿ

ࡀᶆ☢ሙ┠ࡣ࡛Fig. 3-12(b)ࠊࡋࡔ  = 㺎 RZ/2.0
ࠊࡣṧᕪࡿ࠸࡚࠸ᥥ≦ᨺᑕࠊ࡛ࡢࡓࡗ࠶࡛ 

࡞␗ࡣ್ࠊࡀࡿ࠸ఝ࡚ࡣศᕸᙧࠊࡾ࠶ṧᕪ࡛ࡢ

 ࠋࡃ࠾࡚ࡋࢺ࣓ࣥࢥࢆࡇࡿ

3.4.3. ┠ᶆ☢ሙ໙㓄ࡿ࠶ࡢ BZศᕸ 

ḟࠊBZศᕸ໙㓄(ഴᩳ: MRIศ㔝࡛ࡣഴᩳ☢

ሙ)ࢆᣢࡿࡏࡓሙྜࠊࡾࡲࡘࠋࡿ࠼⪄ࢆ㉥㐨㠃

(Z=0.0m)ୖࡢ R=2.0m ㏆࡛ࠊ 

BZ(R) = 1.0 + Const(R – 2.0)  [T]㺂 (3-22) 

 ࠊ໙㓄ሙ☢ࠊ࠺ࡼࡢ

 =   [T/m]  (3-23) 

BRࠊࡣ㉥㐨㠃(Z=0)㠃௨እ࡛ࠊሙྜࡢࡇࠋࡿ࠶ࡀ

ᡂศࠊࡾ࠶ࡀrot%=0 ࠊࡽ =  ࠊࡾ࠶࡛ 

=                                       (3െ 24) 

Zࠊ࡛ ⨨ẚࡿࡍ BR ᡂศࡇࠊࡓࡲࠋࡿ࠶ࡀ

ࡢ BR ඹ div%=0 ࠊ⟄ᗙᶆ࡛ࠊࡵࡓࡿ࠶࡛

+ =  ᚲせࡀࡿ࠶0࡛

Z=0ࠊ࡛ 㠃௨እ࡛ࠊࡣ 

  ο = െ = െ    

=       (3-25) 

 ࠋࡿ࠶ᚲせ࡛ࡀࡿ࠼ຍᶆ☢ሙ┠ࢆ
༙ᚄ᪉ྥ໙㓄ࢆᣢࡘ㍈᪉ྥ☢ሙ BZ(R)ࠊࡣ 

 
Fig. 3-12(a). ┠ᶆ☢ሙࢆ 2.0/=5= ሙྜࡓࡋ

್␗≉ࠊࡢ k ࠊᅛ᭷࣮ࣔࢻᙉᗘ 3TGkṧᕪ☢

ሙ ᅛࡾษࡕᡴ0Dྕ␒ࢻᅛ᭷࣮ࣔࠊࢆ

᭷࣮ࣔ0ྕ␒ࢻT࡛♧ࠋࡍ  
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Fig. 3-12(b) ┠ᶆ☢ሙࢆ 㺎= 5=/2.0 ሙࡓࡋ

⥺ຊ☢ࡣ⥺ࡿ㉮ᕥྑࠋሙᵓᡂ⤖ᯝ☢ࡢྜ

(➼ ࠊࡣ⥺㧗➼ࡢ࣮ࣥࢱࣃᨺᑕࠊ(⥺ ṧࡢ

ᕪ࡛ࠊ⎔᩿㠃୰ᚰ±1.0ࡽE-07, ±1.0E-8, 
±1.0E-9(Tm)ࡢṧᕪ࡛ࠋࢺࢵࣟࣉ 

10㸫 1510㸫 14



 

BZ(R) ן ,  (3-26) 

n-index ࡢᚄ༙࠺ࡼࡢ ࡛⾲⌧ࡿࢀࡉሙྜࠊ 

n-index = െ   (3-27) 

 ࠊ㏆ഐ࡛ࡢ(R=2.0m, Z=0.0m)ࡣᶆ☢ሙ┠ࠊࡾ࠶࡛

= െ (n-index)      (3-28) 

=1.0 + (R-2.0)-     

=1.0 +(n-index){(- ) (R-2.0) + }      (3-29) 

R0ࠊ࡛ࡇࡇࠋࡿ࠶࡛  BZ0 ⨨ᚄ༙ࡿ࡞‽ᇶࡣ

ࡣ࡛ࡇࡇ) R0=2.0m)ࡢࡑ⨨࡛ࡢ㍈᪉ྥ☢ሙ BZ

 ࠋࡿ࠶࡛
Fig. 3-13 (a)ࠋࡍ♧ࢆᵓᡂ⤖ᯝࡢሙศᕸ☢ࠊ

-ᘧ(3ࡣ(b)ࠊሙྜ࡛ࡢᶆ☢ሙ{ᘧ(3-29)}┠࠸ࡋṇࡀ
ࢆࡳࡢ(22 Z=0㠃௨እ࡛ࡶ⏝ࠊ࡚ࡋᘧ(3-29)ࡢ Z2

࠶ሙྜ࡛ࡢㄗ┠ᶆ☢ሙࡓࡋど↓ࢆ㡯ࡿࡍẚ

ࡿ࠸࡚ࡗ㉮ୗୖࠋࡿ ࡌྠ࡛⪅୧ࡣ⥺㧗➼ࡢ

㧗➼ࠋࡿぢࡃ⣽ࢆ␗ᕪࡢሙ☢ࠋࡿ࠼ぢ࠺ࡼ

⥺(ᨺᑕ≧ࡢ➼㧗⥺)ࠊࡣṧᕪ⤯ᑐ್ࡀ 1nT㹼1mT
୍࡛᱆ẖࡢ➼㧗⥺࡛♧ࡢࡑࠊࡀࡿ࠸࡚ࡋᶍᵝࡣ

 ࠋࡿ࠸࡚ࡗ࡞␗
ᇶ‽༙ᚄࡢ R=2.0m ୗ᪉ྥୖࠊ࡛ୖ Z=-0.35㹼

+0.35m ␗ᕪࡢᵓᡂ☢ሙሙ☢ࡢᘧ(3-29)ࠊ࡛

( െ ሙホ౯☢ࠋࡿ࠸࡚ࡋࢺࢵࣟࣉ(c)ࢆ( 

Ⅼ(MFEP)ࡣ Z=+/-0.25m 㛫㐪ࠋࡿࡍᏑᅾ⨨ࡢ

ࡁࡀṧᕪࡣMFEP⨨௨እ࡛ࡣᶆ☢ሙ࡛┠ࡓࡗ

Maxwellࠊࡾࡲࡘࠋࡿゎࡀࡇࡿ࠸࡚ࡗ࡞ࡃ ᪉⛬

ᘧࡿࡍ┪▩☢ሙࢆ┠ᶆ☢ሙࡓࡋሙྜࡓࠊ

ࡋ⌧ࢆሙ☢࠸ሙホ౯(MFEP)Ⅼ࡛⢭ᗘⰋ☢ࠊ࠼

࡚ࡋ⮴୍ࡣሙ✵㛫య࡛☢ࡿࡍ⏝ࠊࡶ࡚࠸࡚

☜ࢆሙศᕸ☢࡚ࡆᗈࢆ⠊ᅖࠋࡿ࠶ࡶᛶ⬟ྍ࠸࡞

ㄆࠋࡿࡵ່ࢆࡇࡿࡍ 

3.5. 3  ࡵࡲࡢ❶

➨ 2 ❶࡛㏙ࡓᡴࡕษࡾ≉␗್ศゎἲ(TSVD)
ࡍ⌧☜ṇࢆᶆ☢ሙ┠࡚ࡗࢆᑠἲ᭱

ᡭἲ(TSVDࡿࡵồࢆ⨨㉳☢ຊ㓄ࡿ ṇ๎)ࠊࢆᛶ

㉁ࡢⰋ࠸ၥ㢟(well-posedࠊⰋタᐃၥ㢟)㐺⏝ࡋ

 ࠋࡓ
‽ഛࠊ࡚ࡋ⥺㍯㟁ὶࡢసࡿ☢ሙࢆṇ☜

ồࡿࡵ㏆ఝィ⟬ἲࢆ☜ㄆࡢࡇࠋࡓࡋ㏆ఝィ⟬࡛

⟬ᴃ✚ศ್ࠊࡣ Chebyshev ㏆ఝィ⟬ࢆ

⏝ᐇࢆ⟭㐺ィ᭱ࡢሙศᕸ☢ࠊ࡛⏝ࡢࡇࠋ࠺

ⓗ࡞ィ⟬㛫࡛⾜ࡀࡇ࠺ฟ᮶ࠋࡿ 
ከᩘࢆ࿘ᅇ᪉ྥ⥺㍯㟁ὶ㠃ୖ(⎔)ࢫ࣮ࣛࢺ

㓄⨨ࢫ࣮ࣛࢺࠊࡋෆ㒊࡛┠ᶆ☢ሙࢆࡢࡑࠊ࠼

☢ሙࢆ⌧ࡿࡍ㢟ࢆTSVDṇ๎࡛ゎࠊࡁ☢ሙ

⌧⢭ᗘࢆ☜ㄆࠋࡓࡋ☢ሙศᕸࢆࡿ࠼ሙྜ

ࣝࣕࢩࣥࢸ࣏ࣝࢺࢡ࣋ࡿࡍ⏕Ⓨࢆሙ☢ࡢࡑࠊ

ࡢሙྜࡿ࠼ࢆ 2 ✀㢮ࢆヨࡢ➼ྠࠊࡀࡓࡋ⢭ᗘ࡛

☢ሙศᕸࢆ⌧࡛ࠊࡋࡋࠋࡓࡁ☢ሙศᕸࢆ

 
Fig. 3-13. ໙㓄☢ሙᑐࡿࡍᵓᡂ☢ሙṧᕪ☢ሙࠋ(a) ṇࡃࡋᘧ(3-28)ࢆ┠ᶆ☢ሙࡓࡋሙྜࠋ (b) 
ᘧ(3-28)ࡢ ㏆ᶆ☢ሙ┠ࡳࡢሙホ౯㠃࡛☢ࠋሙྜࡓࡋᶆ☢ሙ┠ࡓࡗ㛫㐪ࡎ࠼ຍࢆ㡯ࡿࡍẚ2=

)Zᡂศṧᕪ☢ሙ% (c)ࠋࡓࡗ࡞ᵓᡂ☢ሙ࠸ = െ   ࠋ(

 

ࡢ㟁ὶࠊࡣሙྜ࡛ࡿ࠼ 2 ຍ⟬್᭱ࡣᑠ࡚ࡗ࡞

ࣝࣕࢩࣥࢸ࣏ࣝࢺࢡ࣋ࠊ᪉୍ࠋࡓࡋㄆ☜ࡿ࠸

ࡶ᭱ࠊࡾ࠶ࡀᗘ⏤⮬ࡢ⟭ᐃᩘຍࠊሙྜࡿ࠼ࢆ

ᑠ࠸ࡉ㟁ὶࡢ 2 ຍ⟬್ࡢሙྜࡀ☢ሙࢆ┠ᶆ್

 ࠋࡓࡋ⮴୍ሙྜࡓࡋ
ᶆ☢ሙ┠ࠊࡽࡉ Maxwell᪉⛬ᘧྜᩚࡢᛶ

ሙศᕸ(Maxwell☢ࡓࡗ㛫㐪ࠋࡓࡋ㆟ㄽ࡚࠸ࡘ ᪉

⛬ᘧࡿࡍ┪▩ሙྜ)ࠊࢆࡿ࠼☢ሙࡢᵓᡂ

ሙホ☢ࠊሙྜࡿ࡞ࡃᝏࡀሙホ౯Ⅼ࡛⢭ᗘ☢ࡣ

౯Ⅼ࡛ࡣ⢭ᗘࡀⰋ࠸ィ⟬⤖ᯝ࡛ࠊࡶ☢ሙホ౯Ⅼ

௨እ࡛ࠊࡣᐇ㝿ᚓ࠸ࡓ☢ሙࡓࡗ࡞␗ࡣ☢ሙ

ศᕸࢆฟຊࡿࡍሙྜࡶࡇࡿ࠶ࡀゎࠋࡓࡗ 

3.5.1. ⿵㊊/ࢺ࣓ࣥࢥ 

ᮏᩥ୰(3.1.1 㡯)ࡶ࡛㏙ࡢ[32]⫣ᩥࠊࡀࡓከ

㡯ᘧࡢಀᩘ್࡚࠸ࡘ㸸್ࡿ࡞␗[34]⫣ᩥࡢ

ࡢ[32]ࡶࡃ࡞ᑡࠋࡿ࠶ࡀሙྜࡿ࠸࡚ࢀࡉ♧ࡀ 10
ḟࡢಀᩘ࡛ࡣⰋዲ࡞☢ሙィ⟬⢭ᗘࡣᚓ࡞ࢀࡽ

ࡶ್࡛ᩘࡢ [32]ࠊ᪉୍ࠋࡓࡗ 9 ḟࡢಀᩘ࡛ࡣⰋ࠸

☢ሙィ⟬⢭ᗘࡀᚓࡢ[32]⫣ᩥࠊࡵࡓࡢࡑࠋࡓࢀࡽ
ಀᩘࡢ⏝ࡣせὀព࡛࡚ࡋࢺ࣓ࣥࢥࢆࡇࡿ࠶

ࢆಀᩘࡢ10ḟࡿ࠸࡚ࢀࡉグ㏙[34]ࡣ⪅➹ࠋࡃ࠾

ࠋࡿ࠸࡚ࡗ 
  

10㸫 16



 

BZ(R) ן ,  (3-26) 

n-index ࡢᚄ༙࠺ࡼࡢ ࡛⾲⌧ࡿࢀࡉሙྜࠊ 

n-index = െ   (3-27) 

 ࠊ㏆ഐ࡛ࡢ(R=2.0m, Z=0.0m)ࡣᶆ☢ሙ┠ࠊࡾ࠶࡛

= െ (n-index)      (3-28) 

=1.0 + (R-2.0)-     

=1.0 +(n-index){(- ) (R-2.0) + }      (3-29) 

R0ࠊ࡛ࡇࡇࠋࡿ࠶࡛  BZ0 ⨨ᚄ༙ࡿ࡞‽ᇶࡣ

ࡣ࡛ࡇࡇ) R0=2.0m)ࡢࡑ⨨࡛ࡢ㍈᪉ྥ☢ሙ BZ

 ࠋࡿ࠶࡛
Fig. 3-13 (a)ࠋࡍ♧ࢆᵓᡂ⤖ᯝࡢሙศᕸ☢ࠊ

-ᘧ(3ࡣ(b)ࠊሙྜ࡛ࡢᶆ☢ሙ{ᘧ(3-29)}┠࠸ࡋṇࡀ
ࢆࡳࡢ(22 Z=0㠃௨እ࡛ࡶ⏝ࠊ࡚ࡋᘧ(3-29)ࡢ Z2

࠶ሙྜ࡛ࡢㄗ┠ᶆ☢ሙࡓࡋど↓ࢆ㡯ࡿࡍẚ

ࡿ࠸࡚ࡗ㉮ୗୖࠋࡿ ࡌྠ࡛⪅୧ࡣ⥺㧗➼ࡢ

㧗➼ࠋࡿぢࡃ⣽ࢆ␗ᕪࡢሙ☢ࠋࡿ࠼ぢ࠺ࡼ

⥺(ᨺᑕ≧ࡢ➼㧗⥺)ࠊࡣṧᕪ⤯ᑐ್ࡀ 1nT㹼1mT
୍࡛᱆ẖࡢ➼㧗⥺࡛♧ࡢࡑࠊࡀࡿ࠸࡚ࡋᶍᵝࡣ

 ࠋࡿ࠸࡚ࡗ࡞␗
ᇶ‽༙ᚄࡢ R=2.0m ୗ᪉ྥୖࠊ࡛ୖ Z=-0.35㹼

+0.35m ␗ᕪࡢᵓᡂ☢ሙሙ☢ࡢᘧ(3-29)ࠊ࡛

( െ ሙホ౯☢ࠋࡿ࠸࡚ࡋࢺࢵࣟࣉ(c)ࢆ( 

Ⅼ(MFEP)ࡣ Z=+/-0.25m 㛫㐪ࠋࡿࡍᏑᅾ⨨ࡢ

ࡁࡀṧᕪࡣMFEP⨨௨እ࡛ࡣᶆ☢ሙ࡛┠ࡓࡗ

Maxwellࠊࡾࡲࡘࠋࡿゎࡀࡇࡿ࠸࡚ࡗ࡞ࡃ ᪉⛬

ᘧࡿࡍ┪▩☢ሙࢆ┠ᶆ☢ሙࡓࡋሙྜࡓࠊ

ࡋ⌧ࢆሙ☢࠸ሙホ౯(MFEP)Ⅼ࡛⢭ᗘⰋ☢ࠊ࠼

࡚ࡋ⮴୍ࡣሙ✵㛫య࡛☢ࡿࡍ⏝ࠊࡶ࡚࠸࡚

☜ࢆሙศᕸ☢࡚ࡆᗈࢆ⠊ᅖࠋࡿ࠶ࡶᛶ⬟ྍ࠸࡞

ㄆࠋࡿࡵ່ࢆࡇࡿࡍ 

3.5. 3  ࡵࡲࡢ❶

➨ 2 ❶࡛㏙ࡓᡴࡕษࡾ≉␗್ศゎἲ(TSVD)
ࡍ⌧☜ṇࢆᶆ☢ሙ┠࡚ࡗࢆᑠἲ᭱

ᡭἲ(TSVDࡿࡵồࢆ⨨㉳☢ຊ㓄ࡿ ṇ๎)ࠊࢆᛶ

㉁ࡢⰋ࠸ၥ㢟(well-posedࠊⰋタᐃၥ㢟)㐺⏝ࡋ

 ࠋࡓ
‽ഛࠊ࡚ࡋ⥺㍯㟁ὶࡢసࡿ☢ሙࢆṇ☜

ồࡿࡵ㏆ఝィ⟬ἲࢆ☜ㄆࡢࡇࠋࡓࡋ㏆ఝィ⟬࡛

⟬ᴃ✚ศ್ࠊࡣ Chebyshev ㏆ఝィ⟬ࢆ

⏝ᐇࢆ⟭㐺ィ᭱ࡢሙศᕸ☢ࠊ࡛⏝ࡢࡇࠋ࠺

ⓗ࡞ィ⟬㛫࡛⾜ࡀࡇ࠺ฟ᮶ࠋࡿ 
ከᩘࢆ࿘ᅇ᪉ྥ⥺㍯㟁ὶ㠃ୖ(⎔)ࢫ࣮ࣛࢺ

㓄⨨ࢫ࣮ࣛࢺࠊࡋෆ㒊࡛┠ᶆ☢ሙࢆࡢࡑࠊ࠼

☢ሙࢆ⌧ࡿࡍ㢟ࢆTSVDṇ๎࡛ゎࠊࡁ☢ሙ

⌧⢭ᗘࢆ☜ㄆࠋࡓࡋ☢ሙศᕸࢆࡿ࠼ሙྜ

ࣝࣕࢩࣥࢸ࣏ࣝࢺࢡ࣋ࡿࡍ⏕Ⓨࢆሙ☢ࡢࡑࠊ

ࡢሙྜࡿ࠼ࢆ 2 ✀㢮ࢆヨࡢ➼ྠࠊࡀࡓࡋ⢭ᗘ࡛

☢ሙศᕸࢆ⌧࡛ࠊࡋࡋࠋࡓࡁ☢ሙศᕸࢆ

 
Fig. 3-13. ໙㓄☢ሙᑐࡿࡍᵓᡂ☢ሙṧᕪ☢ሙࠋ(a) ṇࡃࡋᘧ(3-28)ࢆ┠ᶆ☢ሙࡓࡋሙྜࠋ (b) 
ᘧ(3-28)ࡢ ㏆ᶆ☢ሙ┠ࡳࡢሙホ౯㠃࡛☢ࠋሙྜࡓࡋᶆ☢ሙ┠ࡓࡗ㛫㐪ࡎ࠼ຍࢆ㡯ࡿࡍẚ2=

)Zᡂศṧᕪ☢ሙ% (c)ࠋࡓࡗ࡞ᵓᡂ☢ሙ࠸ = െ   ࠋ(

 

ࡢ㟁ὶࠊࡣሙྜ࡛ࡿ࠼ 2 ຍ⟬್᭱ࡣᑠ࡚ࡗ࡞

ࣝࣕࢩࣥࢸ࣏ࣝࢺࢡ࣋ࠊ᪉୍ࠋࡓࡋㄆ☜ࡿ࠸

ࡶ᭱ࠊࡾ࠶ࡀᗘ⏤⮬ࡢ⟭ᐃᩘຍࠊሙྜࡿ࠼ࢆ

ᑠ࠸ࡉ㟁ὶࡢ 2 ຍ⟬್ࡢሙྜࡀ☢ሙࢆ┠ᶆ್

 ࠋࡓࡋ⮴୍ሙྜࡓࡋ
ᶆ☢ሙ┠ࠊࡽࡉ Maxwell᪉⛬ᘧྜᩚࡢᛶ

ሙศᕸ(Maxwell☢ࡓࡗ㛫㐪ࠋࡓࡋ㆟ㄽ࡚࠸ࡘ ᪉

⛬ᘧࡿࡍ┪▩ሙྜ)ࠊࢆࡿ࠼☢ሙࡢᵓᡂ

ሙホ☢ࠊሙྜࡿ࡞ࡃᝏࡀሙホ౯Ⅼ࡛⢭ᗘ☢ࡣ

౯Ⅼ࡛ࡣ⢭ᗘࡀⰋ࠸ィ⟬⤖ᯝ࡛ࠊࡶ☢ሙホ౯Ⅼ

௨እ࡛ࠊࡣᐇ㝿ᚓ࠸ࡓ☢ሙࡓࡗ࡞␗ࡣ☢ሙ

ศᕸࢆฟຊࡿࡍሙྜࡶࡇࡿ࠶ࡀゎࠋࡓࡗ 

3.5.1. ⿵㊊/ࢺ࣓ࣥࢥ 

ᮏᩥ୰(3.1.1 㡯)ࡶ࡛㏙ࡢ[32]⫣ᩥࠊࡀࡓከ

㡯ᘧࡢಀᩘ್࡚࠸ࡘ㸸್ࡿ࡞␗[34]⫣ᩥࡢ

ࡢ[32]ࡶࡃ࡞ᑡࠋࡿ࠶ࡀሙྜࡿ࠸࡚ࢀࡉ♧ࡀ 10
ḟࡢಀᩘ࡛ࡣⰋዲ࡞☢ሙィ⟬⢭ᗘࡣᚓ࡞ࢀࡽ

ࡶ್࡛ᩘࡢ [32]ࠊ᪉୍ࠋࡓࡗ 9 ḟࡢಀᩘ࡛ࡣⰋ࠸

☢ሙィ⟬⢭ᗘࡀᚓࡢ[32]⫣ᩥࠊࡵࡓࡢࡑࠋࡓࢀࡽ
ಀᩘࡢ⏝ࡣせὀព࡛࡚ࡋࢺ࣓ࣥࢥࢆࡇࡿ࠶

ࢆಀᩘࡢ10ḟࡿ࠸࡚ࢀࡉグ㏙[34]ࡣ⪅➹ࠋࡃ࠾

ࠋࡿ࠸࡚ࡗ 
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4. MRI⏝☢▼୍ࡢᵝ☢ሙタィ 
☢Ẽඹ㬆ീ⨨ MRI ࡢୗグࡣ࡛ 3 ✀㢮ࡢ㟁

☢ሙࢆ⏝ࠋࡿࡍ 

1) ᙉ࠸㟼☢ሙ୍࡛ᵝ࡞☢ሙศᕸ{40ࠊࡤ࠼ࡓcm
⌫యෆ࡛±1.5ppm ௨ෆࡢ☢ሙᙉᗘᖜ}ࠋ 
2) ✵㛫ⓗᙉᗘ໙㓄ࢆᣢࡘ☢ሙศᕸ࡛ࢫࣝࣃ☢

ሙ(ࡤ࠼ࡓᙉᗘ໙㓄ࡣീ✵㛫ෆ࡛ X, Y, Z ࡢ 3
᪉ྥ 40mT/m) 
3) 㧗࿘Ἴ(1.5T ⣙ࡣ࡛ 63.866MHz ࡛☢ሙᙉᗘẚ

)ࠊ 

≉࡛(1ࠋࡿ࠶࡛ 0.7T ௨ୖࡢᙉ☢ሙ MRI ⨨࡛

ࡣ࡛ࡇࡇࠋࡿ࠸࡚ࡗࢆ▼☢㉸ఏᑟࡣ Ẽ☢ࡢ(1

タィ TSVD ⏝ࢆグ㏙ࡣ(2ࠋࡿࡍഴᩳ☢ሙࢥ

ࡓࡋ㛤Ⓨ⏝タィࡢࣝࢥࡢࡇࠊࢀࡤࣝ

ᡭἲ[14, 15]ࡣᮏ㈨ᩱ᭱ᚋ(5.3.3㡯)ࡢ⬟ື☢Ẽ࣮ࢩ

࡚ࡋ⏝ᛂタィࡢ(ASSM)▼☢ࢢࣥࣜࢸࢫࢻࣝ

 ࠋ(ᮏ㈨ᩱ᭱ᚋ)ࡿ࠸
MRI ᚲࢆ㟼☢ሙศᕸࡢᙉ☢ሙ୍࡛ᵝᙉᗘࡣ࡛

せࠋࡿࡍデ᩿⏝ࡢ㌟ MRI ⨨(1.5, 3.0T ㉸ࡢ

㟁ᑟ☢▼⏝)࡛ࠊࡣ┤ᚄ 40cm⌫యෆ(40cm-DSV: 
Diameter Spherical Volume)࡛ ☢ ሙ ኚ ື ࡀ

3ppm(peak-to-peak)௨ୗ⛬ᗘ࡛ࡼࡢࡇࠋ[1,2]ࡿ࠶

タ⨨⌧ሙ▼☢ࠊࡣࡿᚓࢆሙศᕸ☢࡞ᆒ୍࠺

ࠊࡀࡿ࠶ᚲせ࡛ࡶ[13 ,12](ࢢ࣑ࣥࢩ)ሙㄪᩚ☢ࡢ࡛

☢▼タィᆒ୍࡞☢ሙศᕸࢆᣢࡘ⬟ຊࢆ☢▼

ࢆሙ☢࡞ᆒ୍ࠊ᪉୍ࠋࡿ࠶ࡀᚲせࡃ࠾࡚࠼

Ⓨ⏕ࡿࡍ㉳☢ຊ㓄⨨ࢆồࡿࡵタィィ⟬ࡣⰋタ

ᐃၥ㢟(ill-posed problem)࡛ࠊࡾ࠶ṇ☜࡞㉳☢ຊ㓄

⨨ゎࡣᏑᅾࠊࡣࢀࡇࠋ࠸࡞ࡋMRI ᳨⿕ࡣ࡛▼☢

㓄⨨ฟࢆ㉳☢ຊࠊࡾ࠶ᚲせ࡛ࡀ㛫✵ࡢࡵࡓࡢ⪅

᮶࠸࡞✵㛫ࡀᏑᅾࠊࡾࡲࡘࠋࡿ࠶࡛ࡵࡓࡿࡍᚲ

せ࡞☢ሙᙉᗘ࣭ᆒ୍ᗘࢆᚓࡀࡇࡿฟ᮶ྍࠊ⬟

ࡽࡵồࡀ࠺⾜ࢆ⨨⠊ᅖ࡛㉳☢ຊ㓄࠸⊂ࡾ㝈࡞

⟄ᆺࡢ㏻ᖖࠋࡿࢀ MRI ࡛࣎࠸ᗈࠊࡣ࡛▼☢

 ࠋࡿࢀࡲᮃࠊࡀ▼☢ࡢ㍈㛗࠸▷
ࡓࡋ㛤Ⓨࡀ⪅➹ࠊ࡚࠸ࡘἣ≦ࡢࡇ TSVDṇ๎

࡛ゎࡃ᪉ἲࡢࡇࠊࢆᡭἲࡢᛂ⏝ࡿࡼタィ

≦ᙧࢲࣥࣜࢩ࡞ⓗ⯡୍ࠋࡿࡍㄝ᫂ࡽࡀ࡞ࡋ♧ࢆ

Ỉᖹ☢ሙᆺࡢ MRI ࡢヨタィࠊࡋ㇟ᑐࢆ▼☢

ᵝࠊࡣཧ⪃ᩥ⊩[10]ἢ࡚ࡗ Table 4-1  ࠋࡿࡍ
ࢡࢵࣟࣈࣝࢥࡣ࡛ࡇࡇ)㉳☢ຊࡢࡇ CB: Coil 

Block)㓄⨨ࡢタィᡭ㡰ࢆ Fig. 4-1[10]ᶍᘧⓗ♧

㉳☢ຊࠋࡿࡍタィ࡚ࡅศẁ㝵(Step)ࡢࡘ୕ࠋࡍ

㓄⨨ࠊࡣീᚲせ࡞✵㛫(ࡣ࡛ࡇࡇ┤ᚄ 40cm✵

㛫40ࠊcm-DSV: Diameter Spherical Volume)୍࡛ᵝ

(3.0Tࠊࡣ࡛ࡇࡇ)㧗☢ሙࢆሙศᕸ(ᆒ୍☢ሙ)☢࡞
࡛Ⓨ⏕ࡿࡍࡀᵝ࡛ࠋࡿ࠶ 
୕ẁ㝵ࠊ࡛࡞ࡢStep-1 ࡢ㍈⥺㍯㟁ὶྠࠊࡣ࡛

㞟ྜ࡛ࠊồࡿࡵᆒ୍ᗘࡀ༑ศྍ⬟࡞ᗄఱᏛⓗ࡞

㓄⨨(☢▼ࡢ㛗࣎ࡸࡉᚄ࡞)ࢆỴࠋ[9]ࡿࡵ
Step2 㟁ࡓ࠸࡚ࡋศᕸ࡚ࡗᣢࢆ㇂ᒣ㍈᪉ྥࡣ࡛

ὶࠊࢆᆒ୍ᗘࢆಖᩘࡽࡀ࡞ࡕಶࡢ CB ࡵࡲ

CBࠊࡣẁ㝵࡛ࡢࡇࠋࡿ ෆࡢ㟁ὶ್ࡣ㐃⥆್࡛࠶

Step-3ࠋࡿ ࡢᐇ㝿ࠊ࠺ࡼࡿಖ࡚ࡀᆒ୍ᗘࠊࡣ࡛

ᑟయ㓄⨨(㍈᪉ྥ༙ᚄ᪉ྥࡢᕳᩘࡁ)ࢆ⪃៖ࠊࡋ

⣲⥺㟁ὶࢆỴࠋࡿࡵ 
MRI ࣝࢥࡿࡍ⏕Ⓨࢆᙉ☢ሙࠊࡣ▼☢⏝

₃ࡢ࿘ᅖ▼☢(MC-CB: Main coil CB)ࢡࢵࣟࣈ

Table 4-1 MRI  ,ヨタィᵝ (ᩥ⊩[10]ࡢ▼☢
Table 1  (⏝ᘬࡾࡼ

Parameter Value 
Number of MC-CBs             (NMC) 6 (5 to 7) 
Magnetic field at center        (B0) 3.00  T 
Inner radius of coil blocks   (RIN) 0.500 m 
Electrical length of MC      (Le) 1.520 m 
Homogeneity in 40 cm DSV (h40) < 1.00 ppm 
Volume of interest               (VOI) 0.400 m DSV 
Radius of shield coil            (RSC) 0.945 m 
Current density in end-MC-CBs (DCi) 
Current density in other CBs      (DCi) 

150 A/mm2 
180 A/mm2 

Max. magnetic field conductor     (Bex) <6.20 T 
Current drive mode Persistent Fig. 4-1 㟼☢ሙ☢▼ࡢ㉳☢ຊ㓄⨨タィᡭ㡰ᩥࠋ

⊩[10], Fig.1  ⏝ᘬࡾࡼ

 

 SC-CB㸸Shield)ࣝࢥࢻ࣮ࣝࢩࡿࡍ㐽ⶸࢆሙ☢ࢀ
coil CB)ࠋࡿ࠶ࡀMC-CB 㓄⨨ୖࡣグ 3 ẁ㝵ࡢィ⟬

-SCࠋࡿࡵỴ࠺ࡼࡿࡍ⏕Ⓨࢆᙉ☢ሙ࡞ᆒ୍ࠊ࡛
CB ࡣ㟁ὶ⨨ᚄ༙ࡢ MC-CB ࡘᣢࡀ MM ࢆ

࡚ࠊ࠺ࡼࡍᾘࡕᡴࡰ Step ࡛ㄪᩚࠋࡿࡍኚ᭦

ࡓࢀࡉ SC-CBࡢ☢ሙࢆ⪃៖࡚ࡋ MC-CB㓄⨨ࢆỴ

࡞ࡓ᪂ࠊࡵ MC-CB 㓄⨨ࡿࡼ MM ࡍᾘࡕᡴࢆ

SC-CB 㓄⨨ࢆᗘỴࠊ࠺ࡼࡢࡇࠋࡿࡵSC-CB
 MC-CB 㓄⨨ࡾ⧞ࡣ㏉ࡋィ⟬࡛Ỵࠋࡿࡵ௨ୗ࡛

ࡿࡍ⏕Ⓨࢆᆒ୍☢ሙࠊࡣ MC-CB 㓄⨨タィᡭἲࢆ

ㄝ᫂ࠋࡿࡍ 

4.1. MRI ☢▼☢ሙタィࡢ☢ሙᡂศ 

タィᡭἲࡢᮏㄽධࡿ๓タィ࡛ᢅ࠺☢ሙᡂ

ศࢆㄝ࡛᫂ࡍࠋࡃ࠾࡚ࡋ 2.3 ⠇ࡢ┠ᶆ☢ሙ࡛ࡶ

㏙ࠊࡀࡓMRI ☢ሙ(ᆒ୍☢ሙ)࡛ࠊࡣᘧ(2-1)ࡢ %
ࡣ MFEP ࡍ㍈᪉ྥᡂศ(BZi)࡛ᵓᡂࢆሙศᕸ☢ࡢ

ᚲせ࡛ࡀሙ☢࡞ሙ⤯ᑐ್B࡛ᆒ୍☢ࡣMRI࡛ࠋࡿ

ࡣ⨨㉳☢ຊ㓄ࠊࡀࡿ࠶ BZ᳨࡛ウࠋࡿࡍ 
ᚲせ࡞ᆒ୍☢ሙࡀᚓࡓࢀࡽẁ㝵࡛ࠊࡣ☢ሙᙉ

ᗘࡢኚືศࡣ㏻ᖖࠊ☢ሙࡀ 3.0T 1ࠊࡶ࡚ࡗ࠶࡛
3.0T)ࢫ࢘࢞ ࡚ࡋᑐ 33.3ppm peak to peak)௨ୗ࡛

ᚄ᪉ྥᡂศ༙ࠊࡾ࠶ BR ࡇࠋࡿ࠶ᗘ௨ୗ࡛⛬ྠࡶ

BZࠊሙྜࡢ  Bࡢᕪ␗ࡣᑠ1)ࡃࡉnT ௨ୗ)ࠊMRI
࡛ᚲせ࡞ᆒ୍ᗘᩘࡢ ppm(ᚑ࡚ࡗ 1 T㹼10 T ☢ࡢ

ሙᖜ)ᑐ࡚ࡋ༑ศᑠࠊ࡛ࡇࡑࠋ࠸ࡉᆒ୍☢ሙ

ࡣሙタィ࡛☢ࡢ▼☢ࡿࡍ⏕Ⓨࢆ BZ ࠋࡿࡍホ౯ࢆ

%ࠊࡵࡓࡢࡇ ࡣせ⣲ࡢ i ␒┠☢ሙホ౯Ⅼᑐ࡚ࡋ

BZi 4.6ࠊࡣ࠼⪄ࡢࡇࠋࡿ࠶࡛ ⠇࡛㆟ㄽ࣑ࣥࢩࡿࡍ

ᆒ୍☢ሙศ࡚ࡋṇ⿵ࢆሙ☢ࡽィ⟬(ィ ☢ሙࢢ

ᕸㄪᩚࡢࡵࡓࡿࡍ☢Ẽ࣮࣓ࣔࣥࢺ㓄⨨ 0 ồࢆ

㍈᪉ྥᡂศࠊࡾ࠶࡛ࡌྠࡶ࡛(⟭ィࡿࡵ BZ ࣑ࢩ࡛

5ࠊࡽࡉࠋࡿࡍᐃᘧࡶ⟭ィࢢࣥ ࣮࣑࢜ࣗࡢ❶

ࣥ g-2/EDM ヲ⣽ィ ⏝ࡢ☢▼(MSM)ࡢタィࢩࡸ

 ࠋࡿ࠶ᵝ࡛ྠࡶ࡛ࢢ࣑ࣥ
ᐇ㝿 BZ ᡂศ௨እࡀ↓ど࡛ࡿࡁ≧ែࡢ࡞㸽

ࡿ࠶ࡀᚲせࡃ࠸࡚ࡋㄆ☜࡚ࡋὀពࠊࡣ࡚࠸ࡘ

 ࠋࡃ࠾࡚ࡋࢺ࣓ࣥࢥࢆࡇ

4.2. ᴫᛕ᳨ウ(Step-1) 

Step-1 ࡼࡘᣢࢆᆒ୍ᗘሙᙉᗘ☢ࡢᶆ┠ࠊࡣ࡛

㍯⥺ࡓࡋ⨨㍈㓄ྠ㐃⥆ⓗ≦ࢻࣀࣞࢯ࠺

㟁ὶ(ኴࡉ↓㝈ᑠࡢ㟁ὶ)ࡢ㟁ὶศᕸࠊࢆFig. 4-2
MRIࠊࡣ㍯㟁ὶ⥺ࠋࡿࡍィ⟬య⣔࡛⟬ฟࡢ ☢▼

࡛☢ሙࢆసࡿࣝࢥ⨨⟄≧㓄⨨

ሙ☢ࢀ₃ࡢእ㒊ࠊࡣ⨨༙ᚄࠊ᪉୍ࠊࡋ

࡚ࡋయࠊࡵࡓࡿࡅ㏆࡙㞽ࢆ MM ᾘࡕᡴࢆ

ィ⟬⤖ᯝࡣ㍯㟁ὶ⥺ࠋࡃ⨨ࢆࣝࢥࢻ࣮ࣝࢩࡍ

ࡿࡍᵓᡂࢆࣝࢥ࡚࠸ᇶ࡙ CB ࡢ௨ᚋࠊ

Step࡛⨨ࡁࡢࡇࠋࡿ࠼ Step-1࡛ࠊࡣ⥺㍯㟁ὶ㓄

ࣝࢺࢡ࣋ࡍ⾲ࢆ⨨ ሙホ౯Ⅼ(MFEP)☢ࠊ࡚ࡋᑐ,
ሙศᕸ☢ࡢ % ,A = %ࠊ࠺ࡼࡢᘧ(2-1)ࠊࡣ ⾲

ࡉ ࢀ ࡿ MFEPࠋ ࡣ FOV(ࠊ ീ 㡿 ᇦ: Field Of 
Viewࠊ┤ᚄ40㹼50cm⛬ᗘࡢ⌫య)⾲㠃㓄⨨ࢀࡉ

ิ⾜⟆ᛂࠋࡿ A せ⣲ࡢ Aij ࡣ j␒┠⥺㍯㟁ὶ(༢

㟁ὶ)ࡀ i␒┠ MFEP  ࠋࡿ࠶ሙ࡛☢ࡿస
ཧ⪃ᩥ⊩[9,10]࡛≦ࢻࣀࣞࢯࠊࡣ㓄⨨ࡓࡋ

⥺㍯㟁ὶࡽᆒ୍☢ሙࢆணᐃࡿࡍ㡿ᇦࡢ☢ሙ

ิ⾜⟆ᛂࡢ A ࡢ SVD ᅛ᭷࣮ࣔࢆࢻ㔜ࡏࢃྜࡡ

࡚ MRI ࡛ᚲせࡿࡍ㟁ὶศᕸ{ᘧ(2-7)}ࢆ⟬ฟ

ฟ⟭ࢆሙศᕸ☢࡞ヲ⣽ࡽ㟁ὶศᕸࡢࡑࠊࡋ

ࠋࡓࡋウ᳨ࢆ௳᮲ࡿᚓࢆᆒ୍ᗘࡿࡍᚲせࠊࡋ

ࡣẁ㝵࡛ࡢࡇ Fig. 4-1 ࡢ Step-1 㐃࠺ࡼࡓࡋ♧

⥆ⓗศᕸࡿࡍ㟁ὶ࡛ࡢࡇࠋࡿ࠶ẁ㝵࡛ࠊᚲせ

ࡢࣝࢥࡸࡉ㍈㛗▼☢࡞ CB ࠋࡿࡍウ᳨ࢆᩘ

Ⰻタᐃၥ㢟(ill-posed problem)࡛ࡇࡇࠊࡵࡓࡿ࠶

⏝)ࡋぢ㏻࠸Ⰻࠊ࠸ࢆࣝࢹࣔ⟭ィ࡞༢⣧ࠊ࡛
 

Fig. 4-2 MRI ☢▼☢ሙタィ Step-1 ィ⟬ࣔࣝࢹ

ᩥ⊩[9], Fig.1 & Fig.2  ⏝ᘬࡾࡼ

⥺㍯㟁ὶ

Shield coil (SC)

FOV

Y

Solenoid (Filament loop currents)

ũ-th current

Magnetic field 
�z at L-th 
position =

Length
̯̯ ̯̯ ̯̯ ̯̯ ̯̯ ̯̯ ̯̯ ̯̯ ̯̯ ̯̯ ̯̯ ̯̯ ̯̯ ̯ ̯̯ ̯̯

FOV

̯ ̯ ̯ ̯ ̯ ̯ ̯ ̯ ̯ ̯ ̯ ̯ ̯ ̯ ̯ ̯ ̯ ̯ ̯ ̯ ̯ ̯ ̯ ̯ ̯ ̯ ̯ ̯ ̯ ̯ ̯

40cm-DSV⥺
㍯
㟁
ὶ
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4. MRI⏝☢▼୍ࡢᵝ☢ሙタィ 
☢Ẽඹ㬆ീ⨨ MRI ࡢୗグࡣ࡛ 3 ✀㢮ࡢ㟁

☢ሙࢆ⏝ࠋࡿࡍ 

1) ᙉ࠸㟼☢ሙ୍࡛ᵝ࡞☢ሙศᕸ{40ࠊࡤ࠼ࡓcm
⌫యෆ࡛±1.5ppm ௨ෆࡢ☢ሙᙉᗘᖜ}ࠋ 
2) ✵㛫ⓗᙉᗘ໙㓄ࢆᣢࡘ☢ሙศᕸ࡛ࢫࣝࣃ☢

ሙ(ࡤ࠼ࡓᙉᗘ໙㓄ࡣീ✵㛫ෆ࡛ X, Y, Z ࡢ 3
᪉ྥ 40mT/m) 
3) 㧗࿘Ἴ(1.5T ⣙ࡣ࡛ 63.866MHz ࡛☢ሙᙉᗘẚ

)ࠊ 

≉࡛(1ࠋࡿ࠶࡛ 0.7T ௨ୖࡢᙉ☢ሙ MRI ⨨࡛

ࡣ࡛ࡇࡇࠋࡿ࠸࡚ࡗࢆ▼☢㉸ఏᑟࡣ Ẽ☢ࡢ(1

タィ TSVD ⏝ࢆグ㏙ࡣ(2ࠋࡿࡍഴᩳ☢ሙࢥ

ࡓࡋ㛤Ⓨ⏝タィࡢࣝࢥࡢࡇࠊࢀࡤࣝ

ᡭἲ[14, 15]ࡣᮏ㈨ᩱ᭱ᚋ(5.3.3㡯)ࡢ⬟ື☢Ẽ࣮ࢩ

࡚ࡋ⏝ᛂタィࡢ(ASSM)▼☢ࢢࣥࣜࢸࢫࢻࣝ

 ࠋ(ᮏ㈨ᩱ᭱ᚋ)ࡿ࠸
MRI ᚲࢆ㟼☢ሙศᕸࡢᙉ☢ሙ୍࡛ᵝᙉᗘࡣ࡛

せࠋࡿࡍデ᩿⏝ࡢ㌟ MRI ⨨(1.5, 3.0T ㉸ࡢ

㟁ᑟ☢▼⏝)࡛ࠊࡣ┤ᚄ 40cm⌫యෆ(40cm-DSV: 
Diameter Spherical Volume)࡛ ☢ ሙ ኚ ື ࡀ

3ppm(peak-to-peak)௨ୗ⛬ᗘ࡛ࡼࡢࡇࠋ[1,2]ࡿ࠶

タ⨨⌧ሙ▼☢ࠊࡣࡿᚓࢆሙศᕸ☢࡞ᆒ୍࠺

ࠊࡀࡿ࠶ᚲせ࡛ࡶ[13 ,12](ࢢ࣑ࣥࢩ)ሙㄪᩚ☢ࡢ࡛

☢▼タィᆒ୍࡞☢ሙศᕸࢆᣢࡘ⬟ຊࢆ☢▼

ࢆሙ☢࡞ᆒ୍ࠊ᪉୍ࠋࡿ࠶ࡀᚲせࡃ࠾࡚࠼

Ⓨ⏕ࡿࡍ㉳☢ຊ㓄⨨ࢆồࡿࡵタィィ⟬ࡣⰋタ

ᐃၥ㢟(ill-posed problem)࡛ࠊࡾ࠶ṇ☜࡞㉳☢ຊ㓄

⨨ゎࡣᏑᅾࠊࡣࢀࡇࠋ࠸࡞ࡋMRI ᳨⿕ࡣ࡛▼☢

㓄⨨ฟࢆ㉳☢ຊࠊࡾ࠶ᚲせ࡛ࡀ㛫✵ࡢࡵࡓࡢ⪅

᮶࠸࡞✵㛫ࡀᏑᅾࠊࡾࡲࡘࠋࡿ࠶࡛ࡵࡓࡿࡍᚲ

せ࡞☢ሙᙉᗘ࣭ᆒ୍ᗘࢆᚓࡀࡇࡿฟ᮶ྍࠊ⬟

ࡽࡵồࡀ࠺⾜ࢆ⨨⠊ᅖ࡛㉳☢ຊ㓄࠸⊂ࡾ㝈࡞

⟄ᆺࡢ㏻ᖖࠋࡿࢀ MRI ࡛࣎࠸ᗈࠊࡣ࡛▼☢

 ࠋࡿࢀࡲᮃࠊࡀ▼☢ࡢ㍈㛗࠸▷
ࡓࡋ㛤Ⓨࡀ⪅➹ࠊ࡚࠸ࡘἣ≦ࡢࡇ TSVDṇ๎

࡛ゎࡃ᪉ἲࡢࡇࠊࢆᡭἲࡢᛂ⏝ࡿࡼタィ

≦ᙧࢲࣥࣜࢩ࡞ⓗ⯡୍ࠋࡿࡍㄝ᫂ࡽࡀ࡞ࡋ♧ࢆ

Ỉᖹ☢ሙᆺࡢ MRI ࡢヨタィࠊࡋ㇟ᑐࢆ▼☢

ᵝࠊࡣཧ⪃ᩥ⊩[10]ἢ࡚ࡗ Table 4-1  ࠋࡿࡍ
ࢡࢵࣟࣈࣝࢥࡣ࡛ࡇࡇ)㉳☢ຊࡢࡇ CB: Coil 

Block)㓄⨨ࡢタィᡭ㡰ࢆ Fig. 4-1[10]ᶍᘧⓗ♧

㉳☢ຊࠋࡿࡍタィ࡚ࡅศẁ㝵(Step)ࡢࡘ୕ࠋࡍ

㓄⨨ࠊࡣീᚲせ࡞✵㛫(ࡣ࡛ࡇࡇ┤ᚄ 40cm✵

㛫40ࠊcm-DSV: Diameter Spherical Volume)୍࡛ᵝ

(3.0Tࠊࡣ࡛ࡇࡇ)㧗☢ሙࢆሙศᕸ(ᆒ୍☢ሙ)☢࡞
࡛Ⓨ⏕ࡿࡍࡀᵝ࡛ࠋࡿ࠶ 
୕ẁ㝵ࠊ࡛࡞ࡢStep-1 ࡢ㍈⥺㍯㟁ὶྠࠊࡣ࡛

㞟ྜ࡛ࠊồࡿࡵᆒ୍ᗘࡀ༑ศྍ⬟࡞ᗄఱᏛⓗ࡞

㓄⨨(☢▼ࡢ㛗࣎ࡸࡉᚄ࡞)ࢆỴࠋ[9]ࡿࡵ
Step2 㟁ࡓ࠸࡚ࡋศᕸ࡚ࡗᣢࢆ㇂ᒣ㍈᪉ྥࡣ࡛

ὶࠊࢆᆒ୍ᗘࢆಖᩘࡽࡀ࡞ࡕಶࡢ CB ࡵࡲ

CBࠊࡣẁ㝵࡛ࡢࡇࠋࡿ ෆࡢ㟁ὶ್ࡣ㐃⥆್࡛࠶

Step-3ࠋࡿ ࡢᐇ㝿ࠊ࠺ࡼࡿಖ࡚ࡀᆒ୍ᗘࠊࡣ࡛

ᑟయ㓄⨨(㍈᪉ྥ༙ᚄ᪉ྥࡢᕳᩘࡁ)ࢆ⪃៖ࠊࡋ

⣲⥺㟁ὶࢆỴࠋࡿࡵ 
MRI ࣝࢥࡿࡍ⏕Ⓨࢆᙉ☢ሙࠊࡣ▼☢⏝

₃ࡢ࿘ᅖ▼☢(MC-CB: Main coil CB)ࢡࢵࣟࣈ

Table 4-1 MRI  ,ヨタィᵝ (ᩥ⊩[10]ࡢ▼☢
Table 1  (⏝ᘬࡾࡼ

Parameter Value 
Number of MC-CBs             (NMC) 6 (5 to 7) 
Magnetic field at center        (B0) 3.00  T 
Inner radius of coil blocks   (RIN) 0.500 m 
Electrical length of MC      (Le) 1.520 m 
Homogeneity in 40 cm DSV (h40) < 1.00 ppm 
Volume of interest               (VOI) 0.400 m DSV 
Radius of shield coil            (RSC) 0.945 m 
Current density in end-MC-CBs (DCi) 
Current density in other CBs      (DCi) 

150 A/mm2 
180 A/mm2 

Max. magnetic field conductor     (Bex) <6.20 T 
Current drive mode Persistent Fig. 4-1 㟼☢ሙ☢▼ࡢ㉳☢ຊ㓄⨨タィᡭ㡰ᩥࠋ

⊩[10], Fig.1  ⏝ᘬࡾࡼ

 

 SC-CB㸸Shield)ࣝࢥࢻ࣮ࣝࢩࡿࡍ㐽ⶸࢆሙ☢ࢀ
coil CB)ࠋࡿ࠶ࡀMC-CB 㓄⨨ୖࡣグ 3 ẁ㝵ࡢィ⟬

-SCࠋࡿࡵỴ࠺ࡼࡿࡍ⏕Ⓨࢆᙉ☢ሙ࡞ᆒ୍ࠊ࡛
CB ࡣ㟁ὶ⨨ᚄ༙ࡢ MC-CB ࡘᣢࡀ MM ࢆ

࡚ࠊ࠺ࡼࡍᾘࡕᡴࡰ Step ࡛ㄪᩚࠋࡿࡍኚ᭦

ࡓࢀࡉ SC-CBࡢ☢ሙࢆ⪃៖࡚ࡋ MC-CB㓄⨨ࢆỴ

࡞ࡓ᪂ࠊࡵ MC-CB 㓄⨨ࡿࡼ MM ࡍᾘࡕᡴࢆ

SC-CB 㓄⨨ࢆᗘỴࠊ࠺ࡼࡢࡇࠋࡿࡵSC-CB
 MC-CB 㓄⨨ࡾ⧞ࡣ㏉ࡋィ⟬࡛Ỵࠋࡿࡵ௨ୗ࡛

ࡿࡍ⏕Ⓨࢆᆒ୍☢ሙࠊࡣ MC-CB 㓄⨨タィᡭἲࢆ

ㄝ᫂ࠋࡿࡍ 

4.1. MRI ☢▼☢ሙタィࡢ☢ሙᡂศ 

タィᡭἲࡢᮏㄽධࡿ๓タィ࡛ᢅ࠺☢ሙᡂ

ศࢆㄝ࡛᫂ࡍࠋࡃ࠾࡚ࡋ 2.3 ⠇ࡢ┠ᶆ☢ሙ࡛ࡶ

㏙ࠊࡀࡓMRI ☢ሙ(ᆒ୍☢ሙ)࡛ࠊࡣᘧ(2-1)ࡢ %
ࡣ MFEP ࡍ㍈᪉ྥᡂศ(BZi)࡛ᵓᡂࢆሙศᕸ☢ࡢ

ᚲせ࡛ࡀሙ☢࡞ሙ⤯ᑐ್B࡛ᆒ୍☢ࡣMRI࡛ࠋࡿ

ࡣ⨨㉳☢ຊ㓄ࠊࡀࡿ࠶ BZ᳨࡛ウࠋࡿࡍ 
ᚲせ࡞ᆒ୍☢ሙࡀᚓࡓࢀࡽẁ㝵࡛ࠊࡣ☢ሙᙉ

ᗘࡢኚືศࡣ㏻ᖖࠊ☢ሙࡀ 3.0T 1ࠊࡶ࡚ࡗ࠶࡛
3.0T)ࢫ࢘࢞ ࡚ࡋᑐ 33.3ppm peak to peak)௨ୗ࡛

ᚄ᪉ྥᡂศ༙ࠊࡾ࠶ BR ࡇࠋࡿ࠶ᗘ௨ୗ࡛⛬ྠࡶ

BZࠊሙྜࡢ  Bࡢᕪ␗ࡣᑠ1)ࡃࡉnT ௨ୗ)ࠊMRI
࡛ᚲせ࡞ᆒ୍ᗘᩘࡢ ppm(ᚑ࡚ࡗ 1 T㹼10 T ☢ࡢ

ሙᖜ)ᑐ࡚ࡋ༑ศᑠࠊ࡛ࡇࡑࠋ࠸ࡉᆒ୍☢ሙ

ࡣሙタィ࡛☢ࡢ▼☢ࡿࡍ⏕Ⓨࢆ BZ ࠋࡿࡍホ౯ࢆ

%ࠊࡵࡓࡢࡇ ࡣせ⣲ࡢ i ␒┠☢ሙホ౯Ⅼᑐ࡚ࡋ

BZi 4.6ࠊࡣ࠼⪄ࡢࡇࠋࡿ࠶࡛ ⠇࡛㆟ㄽ࣑ࣥࢩࡿࡍ

ᆒ୍☢ሙศ࡚ࡋṇ⿵ࢆሙ☢ࡽィ⟬(ィ ☢ሙࢢ

ᕸㄪᩚࡢࡵࡓࡿࡍ☢Ẽ࣮࣓ࣔࣥࢺ㓄⨨ 0 ồࢆ

㍈᪉ྥᡂศࠊࡾ࠶࡛ࡌྠࡶ࡛(⟭ィࡿࡵ BZ ࣑ࢩ࡛

5ࠊࡽࡉࠋࡿࡍᐃᘧࡶ⟭ィࢢࣥ ࣮࣑࢜ࣗࡢ❶

ࣥ g-2/EDM ヲ⣽ィ ⏝ࡢ☢▼(MSM)ࡢタィࢩࡸ

 ࠋࡿ࠶ᵝ࡛ྠࡶ࡛ࢢ࣑ࣥ
ᐇ㝿 BZ ᡂศ௨እࡀ↓ど࡛ࡿࡁ≧ែࡢ࡞㸽

ࡿ࠶ࡀᚲせࡃ࠸࡚ࡋㄆ☜࡚ࡋὀពࠊࡣ࡚࠸ࡘ

 ࠋࡃ࠾࡚ࡋࢺ࣓ࣥࢥࢆࡇ

4.2. ᴫᛕ᳨ウ(Step-1) 

Step-1 ࡼࡘᣢࢆᆒ୍ᗘሙᙉᗘ☢ࡢᶆ┠ࠊࡣ࡛

㍯⥺ࡓࡋ⨨㍈㓄ྠ㐃⥆ⓗ≦ࢻࣀࣞࢯ࠺

㟁ὶ(ኴࡉ↓㝈ᑠࡢ㟁ὶ)ࡢ㟁ὶศᕸࠊࢆFig. 4-2
MRIࠊࡣ㍯㟁ὶ⥺ࠋࡿࡍィ⟬య⣔࡛⟬ฟࡢ ☢▼

࡛☢ሙࢆసࡿࣝࢥ⨨⟄≧㓄⨨

ሙ☢ࢀ₃ࡢእ㒊ࠊࡣ⨨༙ᚄࠊ᪉୍ࠊࡋ

࡚ࡋయࠊࡵࡓࡿࡅ㏆࡙㞽ࢆ MM ᾘࡕᡴࢆ

ィ⟬⤖ᯝࡣ㍯㟁ὶ⥺ࠋࡃ⨨ࢆࣝࢥࢻ࣮ࣝࢩࡍ

ࡿࡍᵓᡂࢆࣝࢥ࡚࠸ᇶ࡙ CB ࡢ௨ᚋࠊ

Step࡛⨨ࡁࡢࡇࠋࡿ࠼ Step-1࡛ࠊࡣ⥺㍯㟁ὶ㓄

ࣝࢺࢡ࣋ࡍ⾲ࢆ⨨ ሙホ౯Ⅼ(MFEP)☢ࠊ࡚ࡋᑐ,
ሙศᕸ☢ࡢ % ,A = %ࠊ࠺ࡼࡢᘧ(2-1)ࠊࡣ ⾲

ࡉ ࢀ ࡿ MFEPࠋ ࡣ FOV(ࠊ ീ 㡿 ᇦ: Field Of 
Viewࠊ┤ᚄ40㹼50cm⛬ᗘࡢ⌫య)⾲㠃㓄⨨ࢀࡉ

ิ⾜⟆ᛂࠋࡿ A せ⣲ࡢ Aij ࡣ j␒┠⥺㍯㟁ὶ(༢

㟁ὶ)ࡀ i␒┠ MFEP  ࠋࡿ࠶ሙ࡛☢ࡿస
ཧ⪃ᩥ⊩[9,10]࡛≦ࢻࣀࣞࢯࠊࡣ㓄⨨ࡓࡋ

⥺㍯㟁ὶࡽᆒ୍☢ሙࢆணᐃࡿࡍ㡿ᇦࡢ☢ሙ

ิ⾜⟆ᛂࡢ A ࡢ SVD ᅛ᭷࣮ࣔࢆࢻ㔜ࡏࢃྜࡡ

࡚ MRI ࡛ᚲせࡿࡍ㟁ὶศᕸ{ᘧ(2-7)}ࢆ⟬ฟ

ฟ⟭ࢆሙศᕸ☢࡞ヲ⣽ࡽ㟁ὶศᕸࡢࡑࠊࡋ

ࠋࡓࡋウ᳨ࢆ௳᮲ࡿᚓࢆᆒ୍ᗘࡿࡍᚲせࠊࡋ

ࡣẁ㝵࡛ࡢࡇ Fig. 4-1 ࡢ Step-1 㐃࠺ࡼࡓࡋ♧

⥆ⓗศᕸࡿࡍ㟁ὶ࡛ࡢࡇࠋࡿ࠶ẁ㝵࡛ࠊᚲせ

ࡢࣝࢥࡸࡉ㍈㛗▼☢࡞ CB ࠋࡿࡍウ᳨ࢆᩘ

Ⰻタᐃၥ㢟(ill-posed problem)࡛ࡇࡇࠊࡵࡓࡿ࠶

⏝)ࡋぢ㏻࠸Ⰻࠊ࠸ࢆࣝࢹࣔ⟭ィ࡞༢⣧ࠊ࡛
 

Fig. 4-2 MRI ☢▼☢ሙタィ Step-1 ィ⟬ࣔࣝࢹ

ᩥ⊩[9], Fig.1 & Fig.2  ⏝ᘬࡾࡼ

⥺㍯㟁ὶ

Shield coil (SC)

FOV

Y

Solenoid (Filament loop currents)

ũ-th current

Magnetic field 
�z at L-th 
position =

Length

̯̯ ̯̯ ̯̯ ̯̯ ̯̯ ̯̯ ̯̯ ̯̯ ̯̯ ̯̯ ̯̯ ̯̯ ̯̯ ̯ ̯̯ ̯̯

FOV

̯ ̯ ̯ ̯ ̯ ̯ ̯ ̯ ̯ ̯ ̯ ̯ ̯ ̯ ̯ ̯ ̯ ̯ ̯ ̯ ̯ ̯ ̯ ̯ ̯ ̯ ̯ ̯ ̯ ̯ ̯

40cm-DSV⥺
㍯
㟁
ὶ

10㸫 1910㸫 18



 

☜ࢆሙᙉᗘ࣭ᆒ୍ᗘ☢࡞ᚲせ࡛ࢫ࣮࣌ࢫ࡞⬟ྍ

ಖ)ࡣࡇࡿࡅࡘࢆ㔜せ࡛ࠋࡿ࠶ 
Fig. 4-3 ᚄ༙ࡣ 0.525m, 1.50m 㛗ࡢ⟄㠃ከᩘ

MFEPsࠊࡋ⨨㓄ࢆ㍯㟁ὶ⥺ࡢ ሙホ☢ࡿࡍ⨨㓄ࢆ

౯㠃 40cm ⌫㠃 (40cm-DSS, DSS: Diameter 
Spherical Surface)ࠊࡾࢆMFEPs ิ⾜⟆ᛂࡢ

≉␗್ศゎ࡚ࡋᚓࡓࢀࡽ SVD ᅛ᭷࣮ࣔྛࠊࢆࢻ

ᚄ༙ࡢ㒊ୖ࣒࣮ࣞࣇ 0.525m ┦ᙜ⨨㟁ὶศᕸ

ࡢ୰ኸୗ㒊ࠊ༳࡛▮ࢆ 40cm-DSS ▮ࢆሙศᕸ☢

༳{ᐇ㝿ࡣ㍈᪉ྥ(ᕥྑ᪉ྥ)ࡓ࠸ྥࢆ☢ሙ࡛࠶

ᚄእ࣭ෆ(ṇ࣭㈇)᪉ྥ༙ࡽ୰ᚰࡣ࡛ࡇࡇࠊࡀࡿ

㍈᪉ࠊࡣࢻᅛ᭷࣮ࣔࡢ␒അᩘࠋࡓࡋ♧࡛{ࡍ♧࡛

⪄ཧࠋ࠸࡞ࡁ࡛⏝ࠊࡾ࠶࡛⛠ᑐྥ 2 ␒┠

 ࠋࡓࡋ♧ࡳࡢ

㧗ḟ࣮ࣔࠊࡣ࡛ࢻ☢ሙࠊ㟁ὶศᕸඹࢡ࣮ࣆ

Table 4-2ࠋࡿゎࡀࡇࡿ࡞ࡃከࡀᩘ ࠊ್␗≉ࡣ

ᅛ᭷࣮ࣔࢻᙉᗘࢀࡑࠊ㟁ὶ(࣒ࣝࣀ)ࠋࡓࡋ♧ࢆ

᭷㝈㛗ࡣ࡛ࢻࣀࣞࢯཝᐦᆒ୍࡞☢ሙࡣᚓࡽ

ព࡛ࡢࡑࠊ࡛ࡢ࠸࡞ࢀ ill-posed 㟁ὶ್ࠋࡿ࠶࡛

♧ࢆἣ≦ࡢࡑࠊࡶࡇࡿࡍ᪼ୖࡣ㧗ḟᡂศ࡛ࡀ

3.0Tࠊࡋࡋࠋࡿ࠸࡚ࡋ ୍ᵝ☢ሙࢆ⏕ᡂࡓࡿࡍ

࡞ᚲせࡵ 13 ḟᡂศ1ࠊࡣ T ௨ୗ࡛ࠊࡾ࠶ᑠࡉ

11ࠊࡵࡓࡢࡑࠋ࠸ ᅛ᭷ࣔࡢྕ␒ወᩘࡢ࡛ࡲ┠␒

ࢻ࣮ 6 ಶࠊ࡛ࡏࢃྜࡳ⤌ࡢᖜࡀ 1ppm ⛬ᗘ௨ෆ

 ࠋࡿゎࡿࡁ࡛⏕Ⓨࢆሙ☢࡞ᆒ୍ࡢ
ᅛ᭷࣮ࣔࠊࡣᩘࢻMC-CB ࡿࡍ㛵㐃ᐦ᥋ᩘ

Step-1ࠊࡀࡿḟ⠇(4.3)࡛㏙ࡣࡇ ࢆᵝᏊࡢ࡛

Fig. 4-4ࠋࡓࡋ♧ᡴࡕษࡾᅛ᭷࣮ࣔࢻ␒ྕMTࢆ,
ࡽୖ 9, 11, 13 ᅛ᭷ࣔ࡞⛠ᕥྑᑐࠊሙྜ࡛ࡓࡋ

5㸪6㸪7ࠊࢀࡒࢀࡑࢆࢻ࣮ ಶࢆຍ⟬{ᘧ(2-11)}ࡋ

Table 4-2 ᅛ᭷࣮ࣔࢻᙉᗘ㟁ὶᐤ(3.0T) 
No. ≉␗್(T/A) ᙉᗘ(T) 㟁ὶ (MA) 
1 6.056E-5 2.998 2.638 
3 4.026E-6 0.1094 1.448 
5 3.199E-7 7.869E-3 1.312 
7 2.665E-8 7.018E-4 1.403 
9 2.258E-9 6.985E-5 1.649 
11 1.926E-10 7.425E-6 2.054 
13 1.549E-11 8.190E-7 2.646 

 
Fig. 4-3 Step-1 㟁ᯟୖ㒊ྛࠋࢻᅛ᭷࣮ࣔࡢ

ὶศᕸࠊୗ୰ኸ☢ሙศᕸࢆ▮༳࡛♧ࠋࡍ

☢ሙࡢ᪉ྥࡣ㍈(⣬㠃ᶓ)᪉ྥ࡛ࡇࡇࠊࡀࡿ࠶

ࡓࡢᑐ⛠ᛶࠋࡓࡋ♧≦ᨺᑕࡽ୰ᚰࡣ࡛

㺂Fig.3[10]⫣ᩥࠋ⏝ࡳࡢྕ␒ወᩘࡵ ᘬ⏝  
Fig. 4-4 Step-1 ࢻຍ⟬ᅛ᭷࣮ࣔࠋィ⟬⤖ᯝࡢ

5㸪6㸪7ࠊࡽୖࡣᩘ ಶࠋᕥྑ㉮ࡿ➼㧗⥺

ࡣ⥺ࡢ≦ᨺᑕࡽ୰ᚰࠊ࡛⥺᮰☢➼ࡣ 3.0T 
±3.0ppm ቑຍࡢᩘࢻᅛ᭷࣮ࣔࠋ⥺ሙᙉᗘ☢ࡢ

ࡀ㡿ᇦࡴᅖࡀ⥺㧗➼ࡢ3T±4.5ȝT (1.5ppm)ࠊ࡛

ᗈࠋࡿࡀᡴⅬ㡿ᇦ࡛ࡣタィ☢ሙࡾࡼ㧗☢ሙࠋ 

 

≦⟃ࢆ⨨㉳☢ຊ㓄ࡿࡍ⏕Ⓨࢆᆒ୍☢ሙࠊ࡚

⟬ฟࠋࡿ࠸࡚ࡋ⏝ࡿࡍᅛ᭷࣮ࣔᩘࡌྠᩘࢻ

Step-2)ࡿࡁㄆ࡛☜㟁ὶศᕸࡀࢡ࣮ࣆࡢ ಶࡣ࡛

ࡀᩘࢻᅛ᭷࣮ࣔࠊࡓࡲࠋ(ࡿࡍ⨨㓄ࢆCB⨨ࡢ

ቑຍ3.0ࠊࡿࡍT ±���ȝ7����SSP�ࡢ➼㧗⥺ࡀᅖ

ᆒ୍࡞Ⰻዲࡾࡼࠊࡾ࠾࡚ࡗࡀᗈࡀ୰ᚰ㡿ᇦࡴ

☢ሙࢆⓎ⏕࡛ࡀࡇࡿ࠸࡚ࡁゎࠊࡓࡲࠋࡿᡴ

Ⅼ㡿ᇦ࡛ࠊࡣ☢ሙࡀタィ┠ᶆ☢ሙ(ࡣ࡛ࡇࡇ

3.0T)ࡾࡼ㧗ࠋࡿ࠸࡚ࡗ࡞ࡃ 
Fig. 4-5 ࡢ⨨㉳☢ຊ㓄ࡿࡍ⨨㓄≦⟃ࡣ࡛

㛗ࡢ 2 ✀㢮ࢆẚ㍑ࠋࡿ࠸࡚ࡋ☢▼⏝⪅ࢥࡣ

ഃୖࠊࡀࡿࢀࡽ࠼⪄ࡴᮃࢆ▼☢࡞ࢺࢡࣃࣥ

ᅗࠊ࠺ࡼࡢ㈇㟁ὶࢆὶࡍ㒊ศࡀⓎ⏕ྜࠊࡋ

ィ㉳☢ຊࡣቑຍࠊࡓࡲࠋࡿࡍ☢ሙᙉᗘࡢ➼㧗

⥺⨨ࡿ࠸࡚ࡁ࡚ࡗࡲ⊂ࡀࠊࡽᆒ୍ᗘࡶ

ᝏࡀࡇࡿࡍゎࠋࡿ 

௨ୖࡢ㆟ㄽ࡛ࡣᘧ(2-11)ࡢᅛ᭷࣮ࣔࡢࢻຍ⟬

ᐤࡢࢻᅛ᭷࣮ࣔྛࠊࡀࡿ࠸࡚ࡵỴࢆ㟁ὶ್ࠊ࡛

ࠊࡣPTG
k࡛Ỵࡢࡇࠋࡓࡵຍ⟬ἲࠊࡣ⏝ᅛ᭷ࣔ

ᐇ㝿ࠊࡋࡋࠋࡿ࠶㞳ᩓⓗ࡛࡛ᩘᩚࠊࡀᩘࢻ࣮

ࢆຍ⟬ྜࠊࡣ PTG
k ྜ࡛ࡢព௵ࠊࡃ࡞ࡣ࡛

ຍ⟬ࠊ࡛ࡇࡑࠋࡿ࠶࡛⬟ྍࡣࡇࡿࡍᡴࡕษࡾ

ᅛ᭷࣮ࣔࢻ␒ྕ MT ࢆᑠᩘⅬ௨ୗࠊ࠼⪄ᐇᩘࢆ

ษࡾᤞ࡚ࢆᩘᩚࡓ MTI MTIࠊࡁࡿࡍ ຍࡣ࡛ࡲ

⟬ྜࢆPTG
kࠊࡋMTI +1(M1グ㏙ࡿࡍ)␒┠ࡢ

ᅛ᭷࣮ࣔࠊࡣࢻຍ⟬ྜࢆ(MT- MTI) ࡿࡍ 

ຍ⟬ࠊ࡛ࡇ࠺⾜ࢆ⪃៖᭱ࡿࡍ㧗ḟࡢᅛ᭷࣮ࣔ

ࡇࡿࡵỴࢆ⨨㉳☢ຊ㓄ࠊ࡚ࡋㄪᩚ㐃⥆ⓗࢆࢻ

 ࠊࡾࡲࡘࠋࡿࡍ⬟ྍࢆ

, =σ ξ  / 䡇  

+ (MT- MTI)ξ  / ,    (4-1) 

ࢆᐇࡢຍ⟬ἲࡢࡇࠋࡿ࠶࡛⟭ຍࡢ Fig. 4-6 ♧

MT=10.7ࠊࡣഃᅗୖࠋࡍ  12.3 㟁ࠊሙྜ࡛ࡢ

ὶศᕸ 3.0T±4.5 T(1.5ppm)ࡢ➼㧗⥺࡚ࡋ♧ࢆ

ศࡢࡑࠊࡀࡿ࠶࡛ࡌྠࡣᩘࢡ࣮ࣆࡢ㟁ὶࠋࡿ࠸

ᕸᙧࠊࡾ࠾࡚ࡗ࡞␗ࡣᆒ୍ᗘࠋࡿ࠸࡚ࡗ࡞␗ࡶ

ᕥ࡛10ࠊࡣ ᙉᗘࢆࢻᅛ᭷࣮࡛ࣔࡲ┠␒ PTG
k࡛ࠊ

11 ࢆ┠␒ 0.7 PTG
୍ࠋࡿ࠸࡚ࡋ⟭ᙉᗘ࡛ຍࡢ 11

᪉ྑࠊഃ12ࠊࡣ ᙉᗘࢆࢻᅛ᭷࣮ࣔࡢ࡛ࡲ┠␒

PTG
k࡛13ࠊ ࢆ┠␒ 0.3 PTG

࠸࡚ࡋ⟭ᙉᗘ࡛ຍࡢ 13

ྥࡀᆒ୍ᗘࠊࡽࡀ࡞ࡾ࠶࡛ࡌྠࡣᩘࢡ࣮ࣆࠋࡿ

࡛▼☢ᐇࠊࡃ㧗ࡣࢡ࣮ࣆ㟁ὶࠊࡋࡋࠋࡓࡋୖ

ไ㝈ࡀ⣲⥺㟁ὶࠊࡾ࡞ࡃᙉࡀ㦂☢ሙ⤒ࡢᑟయࡣ

 ࠋࡿࡍせࢆὀពࠊࡵࡓࡿ࠶ࡶᛶ⬟ྍࡿࢀࡉ
Fig. 4-6 ୗ㒊ࠊࡣᆒ୍ᗘ⤯ᑐ್ྜࡢィ㟁ὶ್

ࡓࡋᐇᩘࢆ MTࡢ㛵ᩘ࡛♧ྜࠋࡓࡋィ㟁ὶ್

 
Fig. 4-6 ᡴࡕษࡾᅛ᭷࣮ࣔࢆྕ␒ࢻᐇᩘࡋ

ᆒࠊሙศᕸ☢ࡢሙྜࡓࡵồࢆ⨨㉳☢ຊ㓄ࠊ࡚

୍ᗘࠊࡧࡼ࠾ࠊ⤯ᑐ್ྜィ㟁ὶ್ࠋ 

 
Fig. 4-5 ࡿࡍᑐ㛗ࡓࡗ࡞␗ Step-1 ⤖ᯝࠊ

ᅛ᭷࣮ࣔࢻ 6 ಶ⏝ୖࠊ㸸1.30mࠊୗ㸸1.55m 

10㸫 20



 

☜ࢆሙᙉᗘ࣭ᆒ୍ᗘ☢࡞ᚲせ࡛ࢫ࣮࣌ࢫ࡞⬟ྍ

ಖ)ࡣࡇࡿࡅࡘࢆ㔜せ࡛ࠋࡿ࠶ 
Fig. 4-3 ᚄ༙ࡣ 0.525m, 1.50m 㛗ࡢ⟄㠃ከᩘ

MFEPsࠊࡋ⨨㓄ࢆ㍯㟁ὶ⥺ࡢ ሙホ☢ࡿࡍ⨨㓄ࢆ

౯㠃 40cm ⌫㠃 (40cm-DSS, DSS: Diameter 
Spherical Surface)ࠊࡾࢆMFEPs ิ⾜⟆ᛂࡢ

≉␗್ศゎ࡚ࡋᚓࡓࢀࡽ SVD ᅛ᭷࣮ࣔྛࠊࢆࢻ

ᚄ༙ࡢ㒊ୖ࣒࣮ࣞࣇ 0.525m ┦ᙜ⨨㟁ὶศᕸ

ࡢ୰ኸୗ㒊ࠊ༳࡛▮ࢆ 40cm-DSS ▮ࢆሙศᕸ☢

༳{ᐇ㝿ࡣ㍈᪉ྥ(ᕥྑ᪉ྥ)ࡓ࠸ྥࢆ☢ሙ࡛࠶

ᚄእ࣭ෆ(ṇ࣭㈇)᪉ྥ༙ࡽ୰ᚰࡣ࡛ࡇࡇࠊࡀࡿ

㍈᪉ࠊࡣࢻᅛ᭷࣮ࣔࡢ␒അᩘࠋࡓࡋ♧࡛{ࡍ♧࡛

⪄ཧࠋ࠸࡞ࡁ࡛⏝ࠊࡾ࠶࡛⛠ᑐྥ 2 ␒┠

 ࠋࡓࡋ♧ࡳࡢ

㧗ḟ࣮ࣔࠊࡣ࡛ࢻ☢ሙࠊ㟁ὶศᕸඹࢡ࣮ࣆ

Table 4-2ࠋࡿゎࡀࡇࡿ࡞ࡃከࡀᩘ ࠊ್␗≉ࡣ

ᅛ᭷࣮ࣔࢻᙉᗘࢀࡑࠊ㟁ὶ(࣒ࣝࣀ)ࠋࡓࡋ♧ࢆ

᭷㝈㛗ࡣ࡛ࢻࣀࣞࢯཝᐦᆒ୍࡞☢ሙࡣᚓࡽ

ព࡛ࡢࡑࠊ࡛ࡢ࠸࡞ࢀ ill-posed 㟁ὶ್ࠋࡿ࠶࡛

♧ࢆἣ≦ࡢࡑࠊࡶࡇࡿࡍ᪼ୖࡣ㧗ḟᡂศ࡛ࡀ

3.0Tࠊࡋࡋࠋࡿ࠸࡚ࡋ ୍ᵝ☢ሙࢆ⏕ᡂࡓࡿࡍ

࡞ᚲせࡵ 13 ḟᡂศ1ࠊࡣ T ௨ୗ࡛ࠊࡾ࠶ᑠࡉ

11ࠊࡵࡓࡢࡑࠋ࠸ ᅛ᭷ࣔࡢྕ␒ወᩘࡢ࡛ࡲ┠␒

ࢻ࣮ 6 ಶࠊ࡛ࡏࢃྜࡳ⤌ࡢᖜࡀ 1ppm ⛬ᗘ௨ෆ

 ࠋࡿゎࡿࡁ࡛⏕Ⓨࢆሙ☢࡞ᆒ୍ࡢ
ᅛ᭷࣮ࣔࠊࡣᩘࢻMC-CB ࡿࡍ㛵㐃ᐦ᥋ᩘ

Step-1ࠊࡀࡿḟ⠇(4.3)࡛㏙ࡣࡇ ࢆᵝᏊࡢ࡛

Fig. 4-4ࠋࡓࡋ♧ᡴࡕษࡾᅛ᭷࣮ࣔࢻ␒ྕMTࢆ,
ࡽୖ 9, 11, 13 ᅛ᭷ࣔ࡞⛠ᕥྑᑐࠊሙྜ࡛ࡓࡋ

5㸪6㸪7ࠊࢀࡒࢀࡑࢆࢻ࣮ ಶࢆຍ⟬{ᘧ(2-11)}ࡋ

Table 4-2 ᅛ᭷࣮ࣔࢻᙉᗘ㟁ὶᐤ(3.0T) 
No. ≉␗್(T/A) ᙉᗘ(T) 㟁ὶ (MA) 
1 6.056E-5 2.998 2.638 
3 4.026E-6 0.1094 1.448 
5 3.199E-7 7.869E-3 1.312 
7 2.665E-8 7.018E-4 1.403 
9 2.258E-9 6.985E-5 1.649 
11 1.926E-10 7.425E-6 2.054 
13 1.549E-11 8.190E-7 2.646 

 
Fig. 4-3 Step-1 㟁ᯟୖ㒊ྛࠋࢻᅛ᭷࣮ࣔࡢ

ὶศᕸࠊୗ୰ኸ☢ሙศᕸࢆ▮༳࡛♧ࠋࡍ

☢ሙࡢ᪉ྥࡣ㍈(⣬㠃ᶓ)᪉ྥ࡛ࡇࡇࠊࡀࡿ࠶

ࡓࡢᑐ⛠ᛶࠋࡓࡋ♧≦ᨺᑕࡽ୰ᚰࡣ࡛

㺂Fig.3[10]⫣ᩥࠋ⏝ࡳࡢྕ␒ወᩘࡵ ᘬ⏝  
Fig. 4-4 Step-1 ࢻຍ⟬ᅛ᭷࣮ࣔࠋィ⟬⤖ᯝࡢ

5㸪6㸪7ࠊࡽୖࡣᩘ ಶࠋᕥྑ㉮ࡿ➼㧗⥺

ࡣ⥺ࡢ≦ᨺᑕࡽ୰ᚰࠊ࡛⥺᮰☢➼ࡣ 3.0T 
±3.0ppm ቑຍࡢᩘࢻᅛ᭷࣮ࣔࠋ⥺ሙᙉᗘ☢ࡢ

ࡀ㡿ᇦࡴᅖࡀ⥺㧗➼ࡢ3T±4.5ȝT (1.5ppm)ࠊ࡛

ᗈࠋࡿࡀᡴⅬ㡿ᇦ࡛ࡣタィ☢ሙࡾࡼ㧗☢ሙࠋ 

 

≦⟃ࢆ⨨㉳☢ຊ㓄ࡿࡍ⏕Ⓨࢆᆒ୍☢ሙࠊ࡚

⟬ฟࠋࡿ࠸࡚ࡋ⏝ࡿࡍᅛ᭷࣮ࣔᩘࡌྠᩘࢻ

Step-2)ࡿࡁㄆ࡛☜㟁ὶศᕸࡀࢡ࣮ࣆࡢ ಶࡣ࡛

ࡀᩘࢻᅛ᭷࣮ࣔࠊࡓࡲࠋ(ࡿࡍ⨨㓄ࢆCB⨨ࡢ

ቑຍ3.0ࠊࡿࡍT ±���ȝ7����SSP�ࡢ➼㧗⥺ࡀᅖ

ᆒ୍࡞Ⰻዲࡾࡼࠊࡾ࠾࡚ࡗࡀᗈࡀ୰ᚰ㡿ᇦࡴ

☢ሙࢆⓎ⏕࡛ࡀࡇࡿ࠸࡚ࡁゎࠊࡓࡲࠋࡿᡴ

Ⅼ㡿ᇦ࡛ࠊࡣ☢ሙࡀタィ┠ᶆ☢ሙ(ࡣ࡛ࡇࡇ

3.0T)ࡾࡼ㧗ࠋࡿ࠸࡚ࡗ࡞ࡃ 
Fig. 4-5 ࡢ⨨㉳☢ຊ㓄ࡿࡍ⨨㓄≦⟃ࡣ࡛

㛗ࡢ 2 ✀㢮ࢆẚ㍑ࠋࡿ࠸࡚ࡋ☢▼⏝⪅ࢥࡣ

ഃୖࠊࡀࡿࢀࡽ࠼⪄ࡴᮃࢆ▼☢࡞ࢺࢡࣃࣥ

ᅗࠊ࠺ࡼࡢ㈇㟁ὶࢆὶࡍ㒊ศࡀⓎ⏕ྜࠊࡋ

ィ㉳☢ຊࡣቑຍࠊࡓࡲࠋࡿࡍ☢ሙᙉᗘࡢ➼㧗

⥺⨨ࡿ࠸࡚ࡁ࡚ࡗࡲ⊂ࡀࠊࡽᆒ୍ᗘࡶ

ᝏࡀࡇࡿࡍゎࠋࡿ 

௨ୖࡢ㆟ㄽ࡛ࡣᘧ(2-11)ࡢᅛ᭷࣮ࣔࡢࢻຍ⟬

ᐤࡢࢻᅛ᭷࣮ࣔྛࠊࡀࡿ࠸࡚ࡵỴࢆ㟁ὶ್ࠊ࡛

ࠊࡣPTG
k࡛Ỵࡢࡇࠋࡓࡵຍ⟬ἲࠊࡣ⏝ᅛ᭷ࣔ

ᐇ㝿ࠊࡋࡋࠋࡿ࠶㞳ᩓⓗ࡛࡛ᩘᩚࠊࡀᩘࢻ࣮

ࢆຍ⟬ྜࠊࡣ PTG
k ྜ࡛ࡢព௵ࠊࡃ࡞ࡣ࡛

ຍ⟬ࠊ࡛ࡇࡑࠋࡿ࠶࡛⬟ྍࡣࡇࡿࡍᡴࡕษࡾ

ᅛ᭷࣮ࣔࢻ␒ྕ MT ࢆᑠᩘⅬ௨ୗࠊ࠼⪄ᐇᩘࢆ

ษࡾᤞ࡚ࢆᩘᩚࡓ MTI MTIࠊࡁࡿࡍ ຍࡣ࡛ࡲ

⟬ྜࢆPTG
kࠊࡋMTI +1(M1グ㏙ࡿࡍ)␒┠ࡢ

ᅛ᭷࣮ࣔࠊࡣࢻຍ⟬ྜࢆ(MT- MTI) ࡿࡍ 

ຍ⟬ࠊ࡛ࡇ࠺⾜ࢆ⪃៖᭱ࡿࡍ㧗ḟࡢᅛ᭷࣮ࣔ

ࡇࡿࡵỴࢆ⨨㉳☢ຊ㓄ࠊ࡚ࡋㄪᩚ㐃⥆ⓗࢆࢻ

 ࠊࡾࡲࡘࠋࡿࡍ⬟ྍࢆ

, =σ ξ  / 䡇  

+ (MT- MTI)ξ  / ,    (4-1) 

ࢆᐇࡢຍ⟬ἲࡢࡇࠋࡿ࠶࡛⟭ຍࡢ Fig. 4-6 ♧

MT=10.7ࠊࡣഃᅗୖࠋࡍ  12.3 㟁ࠊሙྜ࡛ࡢ

ὶศᕸ 3.0T±4.5 T(1.5ppm)ࡢ➼㧗⥺࡚ࡋ♧ࢆ

ศࡢࡑࠊࡀࡿ࠶࡛ࡌྠࡣᩘࢡ࣮ࣆࡢ㟁ὶࠋࡿ࠸

ᕸᙧࠊࡾ࠾࡚ࡗ࡞␗ࡣᆒ୍ᗘࠋࡿ࠸࡚ࡗ࡞␗ࡶ

ᕥ࡛10ࠊࡣ ᙉᗘࢆࢻᅛ᭷࣮࡛ࣔࡲ┠␒ PTG
k࡛ࠊ

11 ࢆ┠␒ 0.7 PTG
୍ࠋࡿ࠸࡚ࡋ⟭ᙉᗘ࡛ຍࡢ 11

᪉ྑࠊഃ12ࠊࡣ ᙉᗘࢆࢻᅛ᭷࣮ࣔࡢ࡛ࡲ┠␒

PTG
k࡛13ࠊ ࢆ┠␒ 0.3 PTG

࠸࡚ࡋ⟭ᙉᗘ࡛ຍࡢ 13

ྥࡀᆒ୍ᗘࠊࡽࡀ࡞ࡾ࠶࡛ࡌྠࡣᩘࢡ࣮ࣆࠋࡿ

࡛▼☢ᐇࠊࡃ㧗ࡣࢡ࣮ࣆ㟁ὶࠊࡋࡋࠋࡓࡋୖ

ไ㝈ࡀ⣲⥺㟁ὶࠊࡾ࡞ࡃᙉࡀ㦂☢ሙ⤒ࡢᑟయࡣ

 ࠋࡿࡍせࢆὀពࠊࡵࡓࡿ࠶ࡶᛶ⬟ྍࡿࢀࡉ
Fig. 4-6 ୗ㒊ࠊࡣᆒ୍ᗘ⤯ᑐ್ྜࡢィ㟁ὶ್

ࡓࡋᐇᩘࢆ MTࡢ㛵ᩘ࡛♧ྜࠋࡓࡋィ㟁ὶ್

 
Fig. 4-6 ᡴࡕษࡾᅛ᭷࣮ࣔࢆྕ␒ࢻᐇᩘࡋ

ᆒࠊሙศᕸ☢ࡢሙྜࡓࡵồࢆ⨨㉳☢ຊ㓄ࠊ࡚

୍ᗘࠊࡧࡼ࠾ࠊ⤯ᑐ್ྜィ㟁ὶ್ࠋ 

 
Fig. 4-5 ࡿࡍᑐ㛗ࡓࡗ࡞␗ Step-1 ⤖ᯝࠊ

ᅛ᭷࣮ࣔࢻ 6 ಶ⏝ୖࠊ㸸1.30mࠊୗ㸸1.55m 
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ᆒ୍ᗘࡣ MTࡢ㛵ᩘ࡛㐃⥆ⓗኚࠊࡾ࠾࡚ࡋ☢

▼タィ࡛ࡣồࡿࡵᆒ୍ᗘࡀᚓࠊࢀࡽタィྍ⬟࡞

㉳☢ຊ㓄⨨࡛ࡿ࠶᮲௳(MT)ࢆỴࠋࡿࡵ 

4.2.1. CB ᩿㠃ࡢ✚ศ࡚࠸ࡘ 

ᮏ㡯ࡣᮏㄽࡽእࠊࡀࡿࢀḟ⠇࡛㉳☢ຊ㓄⨨

CBࠊ๓ࡿ⛣ㄝ᫂ࡢ㞳ᩓ(Step-2)ࡢ ᩿㠃ࡢ✚

ศ࡚࠸ࡘㄝ᫂ࠊࡋ☢ሙィ⟬⢭ᗘ࡚࠸ࡘ☜ㄆ

CBࠋࡿࡍ ᩿㠃ࡣ㛗᪉ᙧ࡛᩿ࡢࡇࠊࡀࡿ࠶㠃ෆ

ከᩘࡢ⥺㍯㟁ὶࢆ㓄⨨᩿ࠊ࡚ࡋ㠃✚ศࠊ࠸⾜ࢆ

ṇ☜࡞☢ሙࢆồ್ᩘࠋࡿࡵ✚ศἲࠊࡣ▴ᙧࠊ

ḟᘧ㏆ఝࣥࢯࣉࣥࢩࡢἲࢫ࢘࢞ࢀࡑࠊ✚ศ

ࡀศ✚ࢫ࢘࢞ࠊࡀࡿ࠶ࡀ➼ศἲ✚ࡢ㧗ḟ㏆ఝࡢ

㧗⢭ᗘ࡛ࠊࡾ࠶ィ⟬㛫ࡣ▷㛫࡛ࠋࡿ࠶➹⪅

࢘࢞ࠊ࡛ࡇࡇࠊࡾ࠾࡚ࡗࢆồ✚ἲࢫ࢘࢞ࠊࡣ

 ࠋࡃ࠾࡚ࡋ⤂ࢆồ✚ἲࢫ
᩿㠃ࡢ✚ศࠊࡣ 

( , ) ൎ  ( , )  (4െ 2) 

ศ✚࡚ࡅࢆࡳ㔜⨨ศⅬࢫ࢘࢞ࠊ࠺ࡼࡢ

ࠋࡿࡍ⾜ᐇࠊ࡚࠼ࡁ⨨⟭ຍࠊࢆ , ࢘࢞ࡣ

ࠊศⅬ࡛ࢫ , ࠊࡣࡽࢀࡇࠋࡿ࠶࡛ࡳ㔜ࡣ

Gauss-Legendre ๎࡛Ỵࠊࡀࡿࢀࡽࡵweb ୖ࡛ᐜ᫆

  ࠋࡿࡁධᡭ࡛
༙ᚄ Rc ࡛㧗ࡉ Zc ⨨ࡿ࠶⥺㍯㟁ὶࡀィ⟬Ⅼ

Rm, Zmసࡿ☢ሙ bZࡣᘧ(3-2)ࢆ࡚ࡗィ⟬࡛ࡿࡁ

 ࢆ್ࡢࡇࠊࡀ

bz = Ibz(Rc, Rm, Zmc)  (4-3) 

Fig. 4-7ࠊ࠼⪄ ࡢ CB 㠃᩿ࠊࡣሙ☢ࡿసࡀ a,b 

ࡇࡿࡍ⟭ồ✚ἲ࡛ィࢫ࢘࢞ࡢୗグࠊ࡚࠸ࡘ

 ࠋࡿࡁᮇᚅ࡛ࡿࡁฟ࡛⟭ࢆሙ☢ࡃ⢭ᗘⰋࠊ࡛

(1.0,  + , , െ )  
/

/

/

/
 

ൎ 1.0,  + 2 , , െ 2   

       (4-4) 

ࡣZmcࠊ࡛ࡇࡇ Zm-Zc࡛ࠊィ Ⅼ⥺㍯㟁ὶࡢ Z
࢞)ィ⟬Ⅼࠊศ࡛✚ࢫ࢘࢞ࡢࡇࠋࡿ࠶࡛␗ᕪࡢ⨨

ࡋ♧ᅗࡢ㠃᩿ࣝࢥࡓࡋ♧ୗഃࢆ(ศⅬࢫ࢘

ᑡࡾࡼศⅬ(ᐇ㝿✚ࡢሙྜࡢศ➼ࠊ⪄ཧࠋࡓ

 ࠋࡓࡋ♧ࡶ(ࡀࡿ࠶ศⅬᩘ࡛࠸࡞
CB ୰ᚰ༙ᚄ Rc ࢆ Rc=0.82m༙ࠊᚄ᪉ྥᖜ

a=4.0cm,㍈᪉ྥ᩿㠃㛗ࡉ b=20.0cm ሙィ☢ࠊࡋ

⟬Ⅼ༙ࡢᚄ್ Rm=0.333m Zcmࠊ࡚ࡋ Ⅼ࡚࠸ࡘ

☢ሙィ⟬್ࠊࢆTable 4-3 ࡛ẚ㍑ࢫ࢘࢞ࠋࡓࡋศⅬ

㍈᪉ྥ࡛ᚄ᪉ྥ༙ࡣ 4x7 ಶ࡛ࠊࡀࡿ࠶➼ศἲ

ࡣ࡛ 1000x5000 ⅬࡢศⅬࠋࡿ࠸࡚ࡗྲྀࢆ 

୧⪅ࡣ 9 ᱆࡛ᩘ್ࠊࡾ࠾࡚ࡋ⮴୍ࡀṇࡃࡋィ⟬

࢞ࠊࡣศ࡛➼ࡣィ⟬㔞ࠋࡿ࠼⪄ࡿ࠸࡚ࡁ࡛

⣙ࠊẚศἲ✚ࢫ࢘ 180 ಸከࠊࡾ࡞ࡃ㉳☢ຊ㓄

10ࠋࡿゎ࠸ࡋ㞴ࡣࡇࡿࡍ⏝タィ࡛ࡢ⨨ ᱆

ẚ㍑ࢻ࣮ࢥ⟭ィࡢᕷ㈍ࠊࡀࡿ࠶ࡀ␗ᕪࡽ┠

10ࠊࡾ࠾࡚ࡋ⮴୍ศἲ✚ࢫ࢘࢞ࡢ⾲ࠊࡿࡍ
᱆┠௨㝆࡛ࢫ࢘࢞ࡣ✚ศἲࡾࡼࡀṇ࠸ࡋィ⟬್

CBࠊศἲ࡛✚ࢫ࢘࢞ࠋࡿ࠸࡚࠼⪄ࡿ࠶࡛ సࡀ

 ࠋࡿࡍ᥎ዡࢆࡇࡿࡍ⏝ฟ⟭ࡢሙ☢ࡿ

Table 4-3 ☢ሙ✚ศ್ࡢẚ㍑ 

☢ሙィ⟬Ⅼ ࢫ࢘࢞ồ✚(4x7) ➼ศ(1000x5000) 
Rm 
(m) 

Zmc 
(m) 

BZ BZ 
BR BR 

0.333 0.0 0.694431840Ϯϭϳ 0.694431840ϯϬϱ 
0.0 0.0 

0.333 0.50 0.366090422ϮϭϬ 0.366090422ϮϬϴ 
0.110401434ϳϲϭ 0.110401434ϳϳϴ 

0.333 0.10 0.670767518Ϯϭϭ 0.670767518Ϯϴϵ 
0.0574310032ϴϯϵ 0.0574310033Ϭϯϲ 

0.333 0.05 0.688363919ϯϬϭ 0.688363919ϯϴϲ 
0.0298539491Ϯϵϵ 0.0298539491ϰϬϰ 

 
Fig. 4-7 CB ᩿㠃ෆࡢ✚ศࣔࣝࢹ 

 

4.3. ㉳☢ຊ㓄⨨ࡢ㞳ᩓ(Step-2) 

๓⠇ࡢ Step-1࡛ࡣ㐃⥆ⓗ࡞㟁ὶศᕸ࡛ᆒ୍☢ሙ

ࡢᮏ⠇ࠊࡀࡓࡵồࢆ㉳☢ຊศᕸࡿࡁ࡛⏕Ⓨࢆ

Step-2 ࢥࡢࣝࢥ⨨ࡓࡗ࡞ࢡ࣮ࣆࡣ࡛

㉳☢ຊ㓄ࠊ࡛ࡇࡿࡍ⨨㓄ࢆ(MC-CB)ࢡࢵࣟࣈࣝ

ᐇᩘࢡ࣮ࣆ㟁ὶࠊᯝ⤖ࡢࡑࠋࡿࡍ㞳ᩓࢆ⨨

㝿㓄⨨ࡿࡍ MC-CB ᅛ᭷࣮ࣔࠊࡾ࠶࡛ᩘྠࡀᩘ

ࡲࡘࠋࡿࡁゎ࡛⌮ࡀࡿ࠶㛵ಀ࡞ᐦ᥋ᩘࢻ

Fig. 4-8ࠊࡣࢁࡇࡍᣦ┠ࡢᮏ⠇ࠊࡾ ࡇࠋࡿ࠶࡛

ഃୖࠊࡣᅗ࡛ࡢ Step-1 ࡛ồࡓࡵ㟁ὶศᕸ(ࢥ

ࡣୗഃࠊࢀࡉ♧ࡀ(㐃⥆ศᕸࡣ㒊ࣝ Step-2 ࡛㞳

ᩓࡓࡋ CB 㓄⨨࡛3.0ࠋࡿ࠶T±1.5ppm ሙᙉ☢ࡢ

ᗘ➼㧗⥺ࠊ࠺ࡼࡍ♧ࡀ☢ሙศᕸ୍ࡢᵝᛶ

ᑐ⤯ࡢィ㉳☢ຊ(㟁ὶྜࠊࡓࡲࠋ࠸࡞ࡣኚ࡞ࡁ

್)ࡶ࡞ࡁኚࠊࡃ࡞ࡣStep-1 ࡛ồࡓࡵ☢

ሙࠊࡀStep-2 ㉳☢ຊᶆ┠ࢆࡇࡿࢀࡉ⌧ࡶ࡛

㓄⨨ࡢ㞳ᩓࢆ㐍ࠋࡿࡵ 
࡚ࡢ CB Step-2ࠋࡿ࠶࡛⨨㍈࣭㞳ᩓ㓄ྠࡣ ࡛

ྛࡣ CB CBࠊࡋᐇᩘࡣᩘ⥺ࡁᕳࡢ యࡢ㟁ὶ

(AT: Ampere-Turn)᩿㠃ᙧ≧ࡣ㐃⥆ⓗ(ᐇᩘࡋ

CBࠊ࡚ࡏࡉኚ(࡚ 㓄⨨᭱ࢆ㐺ࠋࡿࡍStep-3
㞳ࡀᩘ⥺ࡁStep-3(ᕳࠊࡾ࠶ᐇᩘ࡛ࡀ㟁ὶ್ࡣ࡛

ᩓ࡛ࠊCB ࡢ AT ࡢ(㞳ᩓࡶ್ CB ࡿࡍ༊ู

ࡵࡓ rCB CBࠋࡿ࠶ࡶࡇࡪ ⨨ࡸ⨨㓄ࡢ

ᙧ≧ࡣ CB㓄⨨࡛ィ⟬࡛ࡿࡁ☢ሙศᕸ%CB Step-
1 ࡛ồࡓࡵ☢ሙࡢᇶᗏ࡛ࠊᅛ᭷࣮ࣔࢻᙉᗘ PCB

i

ࡼࡿ࡞ࡃࡋ➼ᙉᗘࢻᅛ᭷࣮ࣔࡢᶆ☢ሙ┠ࠊࡀ

 ࠊࡾࡲࡘࠋࡿࡍㄪᩚ࠺

PCBi = Xit%CB/np1/2 ĺ�PTGi  (4-5) 

 
Fig. 4-9 ࡢ≦ࢻࣀࣞࢯ㐃⥆㟁ὶศᕸࣔࡿࡼࣝࢹᆒ୍☢ሙศᕸࡢィ⏬ୖࠋ㸸᩿ࣝࢥ㠃ࡢㄪᩚ㒊ศ

(▮༳)ࠊୗ㸸ࣝࢥ㓄⨨ࡢㄪᩚࡿ࠸⏝ᅛ᭷࣮ࣔ[10]⫣ᩥࠋࢻ, Fig. 4, Fig. 5 ᘬ⏝ 

 
Fig. 4-8 Step-2 㞳ᩓࡽ⨨㐃⥆㟁ὶ㓄ࡍᣦ┠ࡀ
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ᆒ୍ᗘࡣ MTࡢ㛵ᩘ࡛㐃⥆ⓗኚࠊࡾ࠾࡚ࡋ☢

▼タィ࡛ࡣồࡿࡵᆒ୍ᗘࡀᚓࠊࢀࡽタィྍ⬟࡞

㉳☢ຊ㓄⨨࡛ࡿ࠶᮲௳(MT)ࢆỴࠋࡿࡵ 

4.2.1. CB ᩿㠃ࡢ✚ศ࡚࠸ࡘ 

ᮏ㡯ࡣᮏㄽࡽእࠊࡀࡿࢀḟ⠇࡛㉳☢ຊ㓄⨨

CBࠊ๓ࡿ⛣ㄝ᫂ࡢ㞳ᩓ(Step-2)ࡢ ᩿㠃ࡢ✚

ศ࡚࠸ࡘㄝ᫂ࠊࡋ☢ሙィ⟬⢭ᗘ࡚࠸ࡘ☜ㄆ

CBࠋࡿࡍ ᩿㠃ࡣ㛗᪉ᙧ࡛᩿ࡢࡇࠊࡀࡿ࠶㠃ෆ

ከᩘࡢ⥺㍯㟁ὶࢆ㓄⨨᩿ࠊ࡚ࡋ㠃✚ศࠊ࠸⾜ࢆ

ṇ☜࡞☢ሙࢆồ್ᩘࠋࡿࡵ✚ศἲࠊࡣ▴ᙧࠊ

ḟᘧ㏆ఝࣥࢯࣉࣥࢩࡢἲࢫ࢘࢞ࢀࡑࠊ✚ศ

ࡀศ✚ࢫ࢘࢞ࠊࡀࡿ࠶ࡀ➼ศἲ✚ࡢ㧗ḟ㏆ఝࡢ

㧗⢭ᗘ࡛ࠊࡾ࠶ィ⟬㛫ࡣ▷㛫࡛ࠋࡿ࠶➹⪅

࢘࢞ࠊ࡛ࡇࡇࠊࡾ࠾࡚ࡗࢆồ✚ἲࢫ࢘࢞ࠊࡣ

 ࠋࡃ࠾࡚ࡋ⤂ࢆồ✚ἲࢫ
᩿㠃ࡢ✚ศࠊࡣ 

( , ) ൎ  ( , )  (4െ 2) 

ศ✚࡚ࡅࢆࡳ㔜⨨ศⅬࢫ࢘࢞ࠊ࠺ࡼࡢ

ࠋࡿࡍ⾜ᐇࠊ࡚࠼ࡁ⨨⟭ຍࠊࢆ , ࢘࢞ࡣ

ࠊศⅬ࡛ࢫ , ࠊࡣࡽࢀࡇࠋࡿ࠶࡛ࡳ㔜ࡣ

Gauss-Legendre ๎࡛Ỵࠊࡀࡿࢀࡽࡵweb ୖ࡛ᐜ᫆

  ࠋࡿࡁධᡭ࡛
༙ᚄ Rc ࡛㧗ࡉ Zc ⨨ࡿ࠶⥺㍯㟁ὶࡀィ⟬Ⅼ

Rm, Zmసࡿ☢ሙ bZࡣᘧ(3-2)ࢆ࡚ࡗィ⟬࡛ࡿࡁ

 ࢆ್ࡢࡇࠊࡀ

bz = Ibz(Rc, Rm, Zmc)  (4-3) 

Fig. 4-7ࠊ࠼⪄ ࡢ CB 㠃᩿ࠊࡣሙ☢ࡿసࡀ a,b 

ࡇࡿࡍ⟭ồ✚ἲ࡛ィࢫ࢘࢞ࡢୗグࠊ࡚࠸ࡘ

 ࠋࡿࡁᮇᚅ࡛ࡿࡁฟ࡛⟭ࢆሙ☢ࡃ⢭ᗘⰋࠊ࡛

(1.0,  + , , െ )  
/

/

/

/
 

ൎ 1.0,  + 2 , , െ 2   

       (4-4) 

ࡣZmcࠊ࡛ࡇࡇ Zm-Zc࡛ࠊィ Ⅼ⥺㍯㟁ὶࡢ Z
࢞)ィ⟬Ⅼࠊศ࡛✚ࢫ࢘࢞ࡢࡇࠋࡿ࠶࡛␗ᕪࡢ⨨

ࡋ♧ᅗࡢ㠃᩿ࣝࢥࡓࡋ♧ୗഃࢆ(ศⅬࢫ࢘

ᑡࡾࡼศⅬ(ᐇ㝿✚ࡢሙྜࡢศ➼ࠊ⪄ཧࠋࡓ

 ࠋࡓࡋ♧ࡶ(ࡀࡿ࠶ศⅬᩘ࡛࠸࡞
CB ୰ᚰ༙ᚄ Rc ࢆ Rc=0.82m༙ࠊᚄ᪉ྥᖜ

a=4.0cm,㍈᪉ྥ᩿㠃㛗ࡉ b=20.0cm ሙィ☢ࠊࡋ

⟬Ⅼ༙ࡢᚄ್ Rm=0.333m Zcmࠊ࡚ࡋ Ⅼ࡚࠸ࡘ

☢ሙィ⟬್ࠊࢆTable 4-3 ࡛ẚ㍑ࢫ࢘࢞ࠋࡓࡋศⅬ

㍈᪉ྥ࡛ᚄ᪉ྥ༙ࡣ 4x7 ಶ࡛ࠊࡀࡿ࠶➼ศἲ

ࡣ࡛ 1000x5000 ⅬࡢศⅬࠋࡿ࠸࡚ࡗྲྀࢆ 

୧⪅ࡣ 9 ᱆࡛ᩘ್ࠊࡾ࠾࡚ࡋ⮴୍ࡀṇࡃࡋィ⟬

࢞ࠊࡣศ࡛➼ࡣィ⟬㔞ࠋࡿ࠼⪄ࡿ࠸࡚ࡁ࡛

⣙ࠊẚศἲ✚ࢫ࢘ 180 ಸከࠊࡾ࡞ࡃ㉳☢ຊ㓄

10ࠋࡿゎ࠸ࡋ㞴ࡣࡇࡿࡍ⏝タィ࡛ࡢ⨨ ᱆

ẚ㍑ࢻ࣮ࢥ⟭ィࡢᕷ㈍ࠊࡀࡿ࠶ࡀ␗ᕪࡽ┠

10ࠊࡾ࠾࡚ࡋ⮴୍ศἲ✚ࢫ࢘࢞ࡢ⾲ࠊࡿࡍ
᱆┠௨㝆࡛ࢫ࢘࢞ࡣ✚ศἲࡾࡼࡀṇ࠸ࡋィ⟬್

CBࠊศἲ࡛✚ࢫ࢘࢞ࠋࡿ࠸࡚࠼⪄ࡿ࠶࡛ సࡀ

 ࠋࡿࡍ᥎ዡࢆࡇࡿࡍ⏝ฟ⟭ࡢሙ☢ࡿ

Table 4-3 ☢ሙ✚ศ್ࡢẚ㍑ 

☢ሙィ⟬Ⅼ ࢫ࢘࢞ồ✚(4x7) ➼ศ(1000x5000) 
Rm 
(m) 

Zmc 
(m) 

BZ BZ 
BR BR 

0.333 0.0 0.694431840Ϯϭϳ 0.694431840ϯϬϱ 
0.0 0.0 

0.333 0.50 0.366090422ϮϭϬ 0.366090422ϮϬϴ 
0.110401434ϳϲϭ 0.110401434ϳϳϴ 

0.333 0.10 0.670767518Ϯϭϭ 0.670767518Ϯϴϵ 
0.0574310032ϴϯϵ 0.0574310033Ϭϯϲ 

0.333 0.05 0.688363919ϯϬϭ 0.688363919ϯϴϲ 
0.0298539491Ϯϵϵ 0.0298539491ϰϬϰ 

 
Fig. 4-7 CB ᩿㠃ෆࡢ✚ศࣔࣝࢹ 

 

4.3. ㉳☢ຊ㓄⨨ࡢ㞳ᩓ(Step-2) 

๓⠇ࡢ Step-1࡛ࡣ㐃⥆ⓗ࡞㟁ὶศᕸ࡛ᆒ୍☢ሙ

ࡢᮏ⠇ࠊࡀࡓࡵồࢆ㉳☢ຊศᕸࡿࡁ࡛⏕Ⓨࢆ

Step-2 ࢥࡢࣝࢥ⨨ࡓࡗ࡞ࢡ࣮ࣆࡣ࡛

㉳☢ຊ㓄ࠊ࡛ࡇࡿࡍ⨨㓄ࢆ(MC-CB)ࢡࢵࣟࣈࣝ

ᐇᩘࢡ࣮ࣆ㟁ὶࠊᯝ⤖ࡢࡑࠋࡿࡍ㞳ᩓࢆ⨨

㝿㓄⨨ࡿࡍ MC-CB ᅛ᭷࣮ࣔࠊࡾ࠶࡛ᩘྠࡀᩘ

ࡲࡘࠋࡿࡁゎ࡛⌮ࡀࡿ࠶㛵ಀ࡞ᐦ᥋ᩘࢻ

Fig. 4-8ࠊࡣࢁࡇࡍᣦ┠ࡢᮏ⠇ࠊࡾ ࡇࠋࡿ࠶࡛

ഃୖࠊࡣᅗ࡛ࡢ Step-1 ࡛ồࡓࡵ㟁ὶศᕸ(ࢥ

ࡣୗഃࠊࢀࡉ♧ࡀ(㐃⥆ศᕸࡣ㒊ࣝ Step-2 ࡛㞳

ᩓࡓࡋ CB 㓄⨨࡛3.0ࠋࡿ࠶T±1.5ppm ሙᙉ☢ࡢ

ᗘ➼㧗⥺ࠊ࠺ࡼࡍ♧ࡀ☢ሙศᕸ୍ࡢᵝᛶ

ᑐ⤯ࡢィ㉳☢ຊ(㟁ὶྜࠊࡓࡲࠋ࠸࡞ࡣኚ࡞ࡁ

್)ࡶ࡞ࡁኚࠊࡃ࡞ࡣStep-1 ࡛ồࡓࡵ☢

ሙࠊࡀStep-2 ㉳☢ຊᶆ┠ࢆࡇࡿࢀࡉ⌧ࡶ࡛

㓄⨨ࡢ㞳ᩓࢆ㐍ࠋࡿࡵ 
࡚ࡢ CB Step-2ࠋࡿ࠶࡛⨨㍈࣭㞳ᩓ㓄ྠࡣ ࡛

ྛࡣ CB CBࠊࡋᐇᩘࡣᩘ⥺ࡁᕳࡢ యࡢ㟁ὶ

(AT: Ampere-Turn)᩿㠃ᙧ≧ࡣ㐃⥆ⓗ(ᐇᩘࡋ

CBࠊ࡚ࡏࡉኚ(࡚ 㓄⨨᭱ࢆ㐺ࠋࡿࡍStep-3
㞳ࡀᩘ⥺ࡁStep-3(ᕳࠊࡾ࠶ᐇᩘ࡛ࡀ㟁ὶ್ࡣ࡛

ᩓ࡛ࠊCB ࡢ AT ࡢ(㞳ᩓࡶ್ CB ࡿࡍ༊ู

ࡵࡓ rCB CBࠋࡿ࠶ࡶࡇࡪ ⨨ࡸ⨨㓄ࡢ

ᙧ≧ࡣ CB㓄⨨࡛ィ⟬࡛ࡿࡁ☢ሙศᕸ%CB Step-
1 ࡛ồࡓࡵ☢ሙࡢᇶᗏ࡛ࠊᅛ᭷࣮ࣔࢻᙉᗘ PCB

i

ࡼࡿ࡞ࡃࡋ➼ᙉᗘࢻᅛ᭷࣮ࣔࡢᶆ☢ሙ┠ࠊࡀ

 ࠊࡾࡲࡘࠋࡿࡍㄪᩚ࠺

PCBi = Xit%CB/np1/2 ĺ�PTGi  (4-5) 

 
Fig. 4-9 ࡢ≦ࢻࣀࣞࢯ㐃⥆㟁ὶศᕸࣔࡿࡼࣝࢹᆒ୍☢ሙศᕸࡢィ⏬ୖࠋ㸸᩿ࣝࢥ㠃ࡢㄪᩚ㒊ศ

(▮༳)ࠊୗ㸸ࣝࢥ㓄⨨ࡢㄪᩚࡿ࠸⏝ᅛ᭷࣮ࣔ[10]⫣ᩥࠋࢻ, Fig. 4, Fig. 5 ᘬ⏝ 

 
Fig. 4-8 Step-2 㞳ᩓࡽ⨨㐃⥆㟁ὶ㓄ࡍᣦ┠ࡀ
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Fig. 4-9ࠊࡣㄪᩚࡢࡇࠋࡿ࠶࡛ ୖᅗ࡛ࠊ୧▮༳࡛

᭩᩿ࡓࢀ㠃∦⨨ࢆㄪᩚࠋࡿࡍ×༳ࡢ CB ෆᚄ

ࠊࡵࡓࡿࡲᵝ࡛Ỵࡢ▼☢ࡿࡵ㏻ᖖồࡣ㛗

タィ⪅ࡣࡃࡋࡶ☢▼⏝⪅ࡢタᐃ್࡛ࠋࡿ࠶CB
᩿㠃㛗᪉ᙧࡢ㎶࡛▮༳ࡢ㒊ศࡢࡇ࡚ࡏࡉື⛣ࢆ

㎶ୖⓎ⏕ࡿࡍ㟁ὶࡽMFEPୖࡢ☢ሙࡢᛂ⟅

㟁ὶࡿࢀࡽศゎ࡛ᚓ್␗≉ࡢࡑࠊࡾసࢆิ⾜

☢ሙࡢᅛ᭷࣮ࣔࢆࢻ⏝ࠋࡿࡍࠊࡤ࠼CB 㟁ࡢ

ὶᐦᗘࢆ CD(A/m2)ࠊࡋ㍈᪉ྥᖜࢆ ǻROT ኚࡉ

 㟁ὶ㠃㎶ୖ᩿ࡢᚄഃ༙ࠊࡿࡍࡿࡏ

iOT = CD(ZTP ZBT)ǻROT   (4-6) 

ᵝྠࡶ࡚࠸ࡘື⛣ࡢ⨨㍈᪉ྥࠋࡿࢀ⌧ࡀ

㍈᪉ྥࡢ୧➃㎶ࡌྠ㟁ὶᐦᗘ CD ࡛㟁ὶࢀ⌧ࡀ

6ࠊ࡛ࡌྠ୧▮༳ᩘࡢᅗࠋࡿ࠼⪄ࡿ ಶࡢ CB
ࡕ࠺ࡢࡑࠊࡾ࠶ࡀࢻᅛ᭷࣮ࣔࡢ16ಶࠊሙྜࡢ 8ಶ
MFEPࠊࡣ࡛ࡇࡇࠋࡿ࠶࡛ࡢࡶ࡞⛠ᑐ㍈᪉ྥࡀ
ࡢయ⌫ࢆ FOV ⾲㠃ୖ㓄⨨ࡢࡑࠊࡋ㛫ࡢᛂ⟅⾜

2ࠊࡣᚋࡢࡑࠋࡿࡍసᡂࢆิ ࡢ❶ TSVD ṇ๎

 ࠋࡿ࠸⏝ࢆᑠἲ᭱ࡿࡼ
ᚓࡓࢀࡽ SVD ᅛ᭷࣮ࣔࢻ 8 ಶࢆ Fig. 4-9 ୗ♧

⨨㍈᪉ྥࡣᶓ㍈ࠊᯟ࡛ྛࠋࡍ Z࡛ࠊ⦪㍈༙ࡣᚄ

᪉ྥ⨨ R FOVࠊ࡚ࡋ  CB ࡧࡼ࠾ FL 㟁ὶࡢ

⨨ྛࠋࡿ࠸࡚ࡋ♧ࢆᯟྑࡢഃࡣ Step-1 ࡢ

SVD ᅛ᭷࣮ࣔࠊࡋ♧ࢆࢻᕥഃ Step-2 ࡢ SVD ᅛ

᭷࣮ࣔྛࠋࡿ࠸࡚ࡋ♧ࢆࢻᯟୖࡢ㒊ࡣ㟁ὶศ

ᕸࡢᇶᗏࠊࡓࡲࠋࡍ♧ࢆୗ㒊༙ࡢᙧ㒊ࡣ☢

ሙศᕸࡢᇶᗏྛࠋࡍ♧ࢆᯟୖࡢ㒊ࡣᅛ᭷࣮ࣔ

MODE)ྕ␒ࢻ 2ࠊ(ྕ␒ ࡢᇶᗏࡢሙศᕸ☢ࡢࡘ

ෆ✚(XCB
i
tXFL

i)ࡢ࡚ࡍࠋࡿ࠸࡚ࡋ♧ࢆᯟ࡛ 0.99
2ࠊࡾ࠾࡚࠼㉸ࢆ ศࡌྠࡰࡣሙศᕸᇶᗏ☢ࡢࡘ

ᕸࠋࡿ࠸࡚ࡋ♧ࢆᚑࠊ࡚ࡗStep-1 ࡛ᚓࡓ☢ሙศᕸ

ࡢ⨨㞳ᩓ㓄 ࠊࡣ CB ࡿᚓࢆሙศᕸ☢ࡌྠࡶ࡛⩌

Step-1ࠊࡾࡲࡘࠋࡿ࠶࡛⬟ྍࡀࡇ ࡛ᐇ⌧ྍ⬟

ࡓࡋ㞳ᩓࠊࡣሙศᕸ㺃ᆒ୍ᗘ☢ࡓࢀࡉุ᩿ CB
⏝ࢆᛶ㉁ࡢࡇࠋࡿࡁㄽ࡛⤖ࡿࡁ࡛⌧ᐇࡶ࡛

ᙉᗘࢻᅛ᭷࣮ࣔࠊ࡚ࡋ PCBi{ᘧ(2-12)}ࠊࢆ 

 PCBi ĺ�PTGi= PFLi  (4-7) 

㠃㎶⨨(Fig. 4-9᩿  ࠋࡿࡍㄪᩚࢆ(ୖ
ྛᯟྑࡢഃ3ࠊࡣ ಶࡀ್ᩘࡢ᭩ࡿ࠸࡚ࢀ

ࡣ࡛ࡇࡇ)್␗≉ࠊࡽୖࢀࡒࢀࡑࠊࡀ T/A)2ࠊ
ᖹᆒ☢ሙᙉᗘ(T)ࡧࡼ࠾☢ሙᖜ(T)3.0ࠊࢆT ୍

ᵝ☢ሙࢆ 40cm┤ᚄ⌫ࡢ FOV⾲㠃࡛ᐇ⌧ࡵࡓࡿࡍ

㧗)ࡿ࡞ࡃࡁࡀྕ␒ࠋࡿ࠸࡚࠸᭩ࢆ್࡞ᚲせ
ḟ࡛ᑠ≉␗್)ࠊ☢ሙᙉᗘࡀᑠࠋࡿ࡞ࡃࡉ

MODE13 ࡣ࡛ 1ppm(3 T)௨ୗࡢᐤ࠸࡚ࡗ࡞

៖⪄ࢆࢻᅛ᭷࣮ࣔࡢ௨ୖ㧗ḟࢀࡇࠊ࡚ࡗᚑࠋࡿ

ࡓࡲࠋ࠸↓ࡣᚲせࡿࡍ MODE13 ࠊ࠼ࠊࡣ࡛

0.3ppmࠊࡶ࡚ࡗ࠶ࡀᙉᗘㄗᕪ(30%)࡞ࡁ ௨ୗࡢ☢

ሙㄗᕪ࡛ࠊࡃ࡞ࡋ↓ど࡛ࠋࡿࡁᚑࠊ࡚ࡗ

MODE11 MODE13ࠊࡀࡿࡍㄪᩚ☜ṇࡣ࡛ࡲ ࡣ

 ࠋ[10]ࡿࡍㄪᩚ㺃タィ࡚ࡋ៖⪄ࢆ〇సᛶࡢ▼☢

 
ᅗ 4-10 MC-CB タ⨨⨨⛣ື㛵㐃ࡓࡋ SVD ᅛ᭷࣮ࣔᩥࠋࢻ⊩ 10, Fig. .8  ⏝ᘬࡾࡼ

 

4.4. ᕳࡢᩘ⥺ࡁ㞳ᩓ(Step-3) 

Step-3 ࢆᩘࡁᕳࡢᑟయࡣ࡛ CB ẖᩘᩚࡍ

ࢵࢫỌஂ㟁ὶࠊ※㟁ࡸ㦂☢ሙ⤒ࡢᑟయࠋࡿ

ᗘୖ᪼ ࡢᑟయࡸ㟁ᅽࡢࢳ࢚ࣥࢡࢀࡑࠊࢳ

⥺⣲ᑟయᚄࠊ࡛ୖࡓࡋ៖⪄ࢆ┠タィ㡯ࡢ࡞

㟁ὶࢆỴࠊࡵᕳࡁ⥺㓄⨨ࠊᕳࡁ⥺ᩘ(ᚑ࡚ࡗCB᩿

㠃ᙧ≧)ࢆタィࡢࡇࠋࡿࡍẁ㝵࡛ྛࠊࡣCBࡢᕳࡁ

iCBࠊ࡛ࡢࡿ࠸࡚ࢀࡉᩘᩚࡣᩘ ࡍࡇࡪ

Step-3ࠋࡿ iCBࠊࡣ࡛ ࡿ࠸࡚ࡗࡲỴࡣ≦㠃ᙧ᩿ࡢ

⨨⨨(༙ᚄࠊ࡛ࡢ R,㍈᪉ྥ⨨ Z)ࡢࡳࡢኚ

᭦ࡾࡼ☢ሙศᕸ᭱ࢆ㐺タィࠋࡿࡍ 
Fig. 4-10 ࡣ Step-3 6ࠋࡍ♧ࢆࢻᅛ᭷࣮ࣔࡢ࡛

ಶࡢ CB12ࠊ ಶࡢ⮬⏤ᗘ࡛6ࠊ ಶࡢ㍈ᑐ⛠ SVD ᅛ

᭷࣮ࣔࢆࢻᣢࡢࡽࢀࡇࠋࡘ☢ሙศᕸᇶᗏࠊࡶ

Step-1 ࢆᙉᗘࠊ࡛ࡢࡘᣢࢆศᕸࡌྠࡰᇶᗏࡢ

Step-1 㧗ḟࡽࡉࠋࡿࡏࢃྜᙉᗘࢻᅛ᭷࣮ࣔࡢ

ሙ࡛☢࡞ࡉᑠࠊࡀ࠸࡞ࢀࡉㄪᩚࡣࢻᅛ᭷࣮ࣔࡢ

 ࠋ࠸ࡉᑠ࡚ࡵᴟࡣᙳ㡪ࡢᆒ୍ᗘࠊࡵࡓࡿ࠶
Table 4-4ࡣ,Step-2ࡽ Step-3ࡢᑟయ⪃៖࡛ᕳ

ᕥഃࠋࡍ♧ࢆ⛬㐣ࡓࡵỴࢆ≦㠃ᙧ᩿᪉ἲ⥺ࡁ

 rCB(Step-2 ᑟయ᩿㠃ᑍࠊ㠃ᑍἲ᩿ࡢ(ᯝ⤖ࡢ

ἲᕳࡁ⥺ᵓ㐀ࢆỴࠊࡵStep-3 ࡢ iCB ᩿㠃ᑍἲ

㉳☢ຊࡢ⾲ࡢࡇࠋࡓࡋ♧ࢆࠊࡣᑟయ⣲⥺㟁ὶ

ࢆ 1000.5A ࡢ㏻ᖖࠋࡿ࠸࡚ࡋࡃࡁ MRI ☢▼

ࡣ࡛ 500A ๓ᚋ࡛ࠊࡣࢀࡇࠋࡿ࠶㞳ᩓࡢᙳ㡪ࢆ

ࠊࡋࡃࡁiCB ㉳☢ຊࢆ㞳ᩓࡶ࡚ࡋṇ☜࡞☢ሙ

タィ(ᆒ୍☢ሙࡀᚓࡿࢀࡽ)ࡓࡍ♧ࢆࡇ࡞⬟ྍࡀ

iCBࠊࡣ࡛ࡢࡇࠋࡿ࠶࡛ࡵ ࡀ㠃᩿ࡢ rCB ⛬ྠ

ᗘ࠺ࡼࡿ࡞ࢬࢧࡢᑟయᕳࡁ⥺ᵓ㐀ࢆỴ

iCBࠊࡀࡿ࠸࡚ࡵ  rCB ࡛᭱ 10kA ࠶ࡀ␗ᕪࡢ

iCBࠊࡵࡓࡢࡇࠋࡿ ࢆ rCB ࡓࡋ⨨㓄⨨ࡌྠ

ሙྜ࡛ࡣᆒ୍ᗘࡣᝏࡢࡇࠋ࠸࡛ࡣ 909ppm ࠶࡛

ࡣᒙᩘ(༙ᚄ᪉ྥ)ࠊ࡚࠼⪄ࡽ᪉ἲ⥺ࡁᕳࠋࡓࡗ
അᩘ༙ࠊࡵࡓࡿ࠸࡚ࡋᚄ᪉ྥࡢᕳᩘࡁ㑅ᢥࡀ

iCB ㉳☢ຊࡿ࠼ᙳ㡪≉ࡣࡓࡢࡇࠋ࠸ࡁ

rCBࠊࡵ ࡽ iCB ࡛⢭ᗘⰋࡃ㉳☢ຊ᩿㠃ᙧ≧ࢆ

ㄪᩚࡣࡇࡿࡍ㞴ࠋ࠸ࡋ 
iCBࠊ࡛⏤⌮ࡢࡇ ࢆ rCB ࠊࡃ⨨⨨ࡌྠ

ᆒ୍ᗘࡣຎࠋࡿࡍFig. 4-10 ࠸ࡘࢻᅛ᭷࣮ࣔࡢ

CBࠋࡿࡍㄪᩚࢆᙉᗘࡢࡑࠊ࡚ ࡚ࡏࡉື⛣ࢆື⛣

ᘧ(4-7)࠺ࡼࡢ Step-1ࡢᅛ᭷࣮ࣔࢻᙉᗘࡏࢃྜ

Table 4-5ࠊᯝ⤖ࡢࡑࠋࡿ ࠺ࡼࡢ Step-3 ᅛ࡛ࡲ

᭷࣮ࣔࢻᙉᗘࢆ⌧ࠊ࡚ࡋ࠺ࡇࠋࡿࡍiCB ⨨ࢆ

ㄪᩚࠊࡿࡍⰋዲ࡞ᆒ୍ᗘࢆ⌧࡛ࠋࡿࡁMC-
CB ࡢᩘ 6 ಶࠊ࡛ࡢࡿ࠸࡚ࡋወᩘ␒ྕ࡛ 6 ␒┠

ࡿ࡞ 11 ㄪ☜ṇࡣ࡛ࡲᙉᗘࢻᅛ᭷࣮ࣔࡢ┠␒

ᩚฟ᮶13ࠋࡿ ␒┠ᅛ᭷࣮ࣔࢻᙉᗘࡣṇ☜࡞ㄪᩚ

Table 4-2ࠊࡀ࠸࡞ฟ᮶ࡣ ࡢ࠸ࡉᑠࡣᐤ࠺ࡼࡢ

࡚ࡵ್ࡢᗘ⛬࠸࡞ࡋᐤᝏ࡞ࡁࠊ࡛

Table 4-5 ྛ Step  ᙉᗘࢻᅛ᭷࣮ࣔࡢ࡛
(ᩥ⊩[13], Table VI  (⪄ཧࢆ

No. Homog. 
 3.0 T ( Pi3T ) 

FLs+SC-CBs 
(PiFL, Step-1) 

rCBs, PirCB, 
(Step-2) 

iCBs, PiiCB, 
(Step-3) 

1 2.9980E+00 2.9980E+00 2.9980E+00 2.9980E+00 

3 1.0948E-01 1.0948E-01 1.0948E-01 1.0948E-01 

5 7.8752E-03 7.8752E-03 7.8752E-03 7.8752E-03 

7 7.0249E-04 7.0249E-04 7.0249E-04 7.0687E-04 

9 6.9938E-05 6.9938E-05 6.9938E-05 6.9938E-05 

11 7.4356E-06 7.4359E-06 7.4357E-06 7.4357E-06 

13 8.205E-07 -1.163E-07 -1.148E-07 -7.641E-08 
F13 1.0 -0.14 -0.14 No tuning 

ᆒ୍ᗘ 0.0 ppm 0.928 ppm 0.937 ppm 0.906 ppm 
ὀ㸸ᩘ್ࡣᕥࠊࡽ୍ᵝ☢ሙᚲせ࡞ᅛ᭷࣮ࣔࢻᙉᗘࡑࠊ

ࢀ Step-1, -2, -3 ࡛ᐇ⌧ࡓࡋᅛ᭷࣮ࣔࢻᙉᗘ࡛ࠋࡿ࠶F13 ࡣ 13
ࡣᆒ୍ᗘࠊࢱ࣮࣓ࣛࣃࡢᙉᗘㄪᩚࡢ┠␒ 40cm ⌫㠃ୖࠋ್ࡢ 

Table 4-4 Step-2(rCB)ࡽ Step-3(iCB)ࡢ㟁ὶ㞳ᩓࡢ(ཧ⪃ᩥ⊩[13], Table IV  (⏝ᘬࢆ

Models rCB placements(F13=-0.13) Conductor sizes iCB (IPS = 1000.5 A) 
 
CBs   

rCB Sizes 
(mm) 

Amp-turns 
(kAT) 

Radial 
(mm) 

Axial 
(mm) 

Winding turns 
Radial  Axial Lack 

iCB sizes (mm) CB-Total 
turns 

Amp-turns 
(kAT) 

Radial Axial Radial Axial 
MC10/11 64.2 220.0 2117.9 2.05 3.25 32 66 -2 65.6 214.5 2110 2111.1 
MC20/21 29.5 154.3 820.3 1.85 3.00 16 52 -2 29.6 156.0 830 830.4 
MC30/31 22.1 150.0 594.6 1.85 3.00 12 50 -2 22.2 156.0 598 598.3 
SC10/11 42.0 144.8 -1094.8 1.85 3.00 22 50 -2 40.7 150.0 1098 -1098.6 
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Fig. 4-9ࠊࡣㄪᩚࡢࡇࠋࡿ࠶࡛ ୖᅗ࡛ࠊ୧▮༳࡛

᭩᩿ࡓࢀ㠃∦⨨ࢆㄪᩚࠋࡿࡍ×༳ࡢ CB ෆᚄ

ࠊࡵࡓࡿࡲᵝ࡛Ỵࡢ▼☢ࡿࡵ㏻ᖖồࡣ㛗

タィ⪅ࡣࡃࡋࡶ☢▼⏝⪅ࡢタᐃ್࡛ࠋࡿ࠶CB
᩿㠃㛗᪉ᙧࡢ㎶࡛▮༳ࡢ㒊ศࡢࡇ࡚ࡏࡉື⛣ࢆ

㎶ୖⓎ⏕ࡿࡍ㟁ὶࡽMFEPୖࡢ☢ሙࡢᛂ⟅

㟁ὶࡿࢀࡽศゎ࡛ᚓ್␗≉ࡢࡑࠊࡾసࢆิ⾜

☢ሙࡢᅛ᭷࣮ࣔࢆࢻ⏝ࠋࡿࡍࠊࡤ࠼CB 㟁ࡢ

ὶᐦᗘࢆ CD(A/m2)ࠊࡋ㍈᪉ྥᖜࢆ ǻROT ኚࡉ

 㟁ὶ㠃㎶ୖ᩿ࡢᚄഃ༙ࠊࡿࡍࡿࡏ

iOT = CD(ZTP ZBT)ǻROT   (4-6) 

ᵝྠࡶ࡚࠸ࡘື⛣ࡢ⨨㍈᪉ྥࠋࡿࢀ⌧ࡀ

㍈᪉ྥࡢ୧➃㎶ࡌྠ㟁ὶᐦᗘ CD ࡛㟁ὶࢀ⌧ࡀ

6ࠊ࡛ࡌྠ୧▮༳ᩘࡢᅗࠋࡿ࠼⪄ࡿ ಶࡢ CB
ࡕ࠺ࡢࡑࠊࡾ࠶ࡀࢻᅛ᭷࣮ࣔࡢ16ಶࠊሙྜࡢ 8ಶ
MFEPࠊࡣ࡛ࡇࡇࠋࡿ࠶࡛ࡢࡶ࡞⛠ᑐ㍈᪉ྥࡀ
ࡢయ⌫ࢆ FOV ⾲㠃ୖ㓄⨨ࡢࡑࠊࡋ㛫ࡢᛂ⟅⾜

2ࠊࡣᚋࡢࡑࠋࡿࡍసᡂࢆิ ࡢ❶ TSVD ṇ๎

 ࠋࡿ࠸⏝ࢆᑠἲ᭱ࡿࡼ
ᚓࡓࢀࡽ SVD ᅛ᭷࣮ࣔࢻ 8 ಶࢆ Fig. 4-9 ୗ♧

⨨㍈᪉ྥࡣᶓ㍈ࠊᯟ࡛ྛࠋࡍ Z࡛ࠊ⦪㍈༙ࡣᚄ

᪉ྥ⨨ R FOVࠊ࡚ࡋ  CB ࡧࡼ࠾ FL 㟁ὶࡢ

⨨ྛࠋࡿ࠸࡚ࡋ♧ࢆᯟྑࡢഃࡣ Step-1 ࡢ

SVD ᅛ᭷࣮ࣔࠊࡋ♧ࢆࢻᕥഃ Step-2 ࡢ SVD ᅛ

᭷࣮ࣔྛࠋࡿ࠸࡚ࡋ♧ࢆࢻᯟୖࡢ㒊ࡣ㟁ὶศ

ᕸࡢᇶᗏࠊࡓࡲࠋࡍ♧ࢆୗ㒊༙ࡢᙧ㒊ࡣ☢

ሙศᕸࡢᇶᗏྛࠋࡍ♧ࢆᯟୖࡢ㒊ࡣᅛ᭷࣮ࣔ

MODE)ྕ␒ࢻ 2ࠊ(ྕ␒ ࡢᇶᗏࡢሙศᕸ☢ࡢࡘ

ෆ✚(XCB
i
tXFL

i)ࡢ࡚ࡍࠋࡿ࠸࡚ࡋ♧ࢆᯟ࡛ 0.99
2ࠊࡾ࠾࡚࠼㉸ࢆ ศࡌྠࡰࡣሙศᕸᇶᗏ☢ࡢࡘ

ᕸࠋࡿ࠸࡚ࡋ♧ࢆᚑࠊ࡚ࡗStep-1 ࡛ᚓࡓ☢ሙศᕸ

ࡢ⨨㞳ᩓ㓄 ࠊࡣ CB ࡿᚓࢆሙศᕸ☢ࡌྠࡶ࡛⩌

Step-1ࠊࡾࡲࡘࠋࡿ࠶࡛⬟ྍࡀࡇ ࡛ᐇ⌧ྍ⬟

ࡓࡋ㞳ᩓࠊࡣሙศᕸ㺃ᆒ୍ᗘ☢ࡓࢀࡉุ᩿ CB
⏝ࢆᛶ㉁ࡢࡇࠋࡿࡁㄽ࡛⤖ࡿࡁ࡛⌧ᐇࡶ࡛

ᙉᗘࢻᅛ᭷࣮ࣔࠊ࡚ࡋ PCBi{ᘧ(2-12)}ࠊࢆ 

 PCBi ĺ�PTGi= PFLi  (4-7) 

㠃㎶⨨(Fig. 4-9᩿  ࠋࡿࡍㄪᩚࢆ(ୖ
ྛᯟྑࡢഃ3ࠊࡣ ಶࡀ್ᩘࡢ᭩ࡿ࠸࡚ࢀ

ࡣ࡛ࡇࡇ)್␗≉ࠊࡽୖࢀࡒࢀࡑࠊࡀ T/A)2ࠊ
ᖹᆒ☢ሙᙉᗘ(T)ࡧࡼ࠾☢ሙᖜ(T)3.0ࠊࢆT ୍

ᵝ☢ሙࢆ 40cm┤ᚄ⌫ࡢ FOV⾲㠃࡛ᐇ⌧ࡵࡓࡿࡍ

㧗)ࡿ࡞ࡃࡁࡀྕ␒ࠋࡿ࠸࡚࠸᭩ࢆ್࡞ᚲせ
ḟ࡛ᑠ≉␗್)ࠊ☢ሙᙉᗘࡀᑠࠋࡿ࡞ࡃࡉ

MODE13 ࡣ࡛ 1ppm(3 T)௨ୗࡢᐤ࠸࡚ࡗ࡞

៖⪄ࢆࢻᅛ᭷࣮ࣔࡢ௨ୖ㧗ḟࢀࡇࠊ࡚ࡗᚑࠋࡿ

ࡓࡲࠋ࠸↓ࡣᚲせࡿࡍ MODE13 ࠊ࠼ࠊࡣ࡛

0.3ppmࠊࡶ࡚ࡗ࠶ࡀᙉᗘㄗᕪ(30%)࡞ࡁ ௨ୗࡢ☢

ሙㄗᕪ࡛ࠊࡃ࡞ࡋ↓ど࡛ࠋࡿࡁᚑࠊ࡚ࡗ

MODE11 MODE13ࠊࡀࡿࡍㄪᩚ☜ṇࡣ࡛ࡲ ࡣ

 ࠋ[10]ࡿࡍㄪᩚ㺃タィ࡚ࡋ៖⪄ࢆ〇సᛶࡢ▼☢

 
ᅗ 4-10 MC-CB タ⨨⨨⛣ື㛵㐃ࡓࡋ SVD ᅛ᭷࣮ࣔᩥࠋࢻ⊩ 10, Fig. .8  ⏝ᘬࡾࡼ

 

4.4. ᕳࡢᩘ⥺ࡁ㞳ᩓ(Step-3) 

Step-3 ࢆᩘࡁᕳࡢᑟయࡣ࡛ CB ẖᩘᩚࡍ

ࢵࢫỌஂ㟁ὶࠊ※㟁ࡸ㦂☢ሙ⤒ࡢᑟయࠋࡿ

ᗘୖ᪼ ࡢᑟయࡸ㟁ᅽࡢࢳ࢚ࣥࢡࢀࡑࠊࢳ

⥺⣲ᑟయᚄࠊ࡛ୖࡓࡋ៖⪄ࢆ┠タィ㡯ࡢ࡞

㟁ὶࢆỴࠊࡵᕳࡁ⥺㓄⨨ࠊᕳࡁ⥺ᩘ(ᚑ࡚ࡗCB᩿

㠃ᙧ≧)ࢆタィࡢࡇࠋࡿࡍẁ㝵࡛ྛࠊࡣCBࡢᕳࡁ

iCBࠊ࡛ࡢࡿ࠸࡚ࢀࡉᩘᩚࡣᩘ ࡍࡇࡪ

Step-3ࠋࡿ iCBࠊࡣ࡛ ࡿ࠸࡚ࡗࡲỴࡣ≦㠃ᙧ᩿ࡢ

⨨⨨(༙ᚄࠊ࡛ࡢ R,㍈᪉ྥ⨨ Z)ࡢࡳࡢኚ

᭦ࡾࡼ☢ሙศᕸ᭱ࢆ㐺タィࠋࡿࡍ 
Fig. 4-10 ࡣ Step-3 6ࠋࡍ♧ࢆࢻᅛ᭷࣮ࣔࡢ࡛

ಶࡢ CB12ࠊ ಶࡢ⮬⏤ᗘ࡛6ࠊ ಶࡢ㍈ᑐ⛠ SVD ᅛ

᭷࣮ࣔࢆࢻᣢࡢࡽࢀࡇࠋࡘ☢ሙศᕸᇶᗏࠊࡶ

Step-1 ࢆᙉᗘࠊ࡛ࡢࡘᣢࢆศᕸࡌྠࡰᇶᗏࡢ

Step-1 㧗ḟࡽࡉࠋࡿࡏࢃྜᙉᗘࢻᅛ᭷࣮ࣔࡢ

ሙ࡛☢࡞ࡉᑠࠊࡀ࠸࡞ࢀࡉㄪᩚࡣࢻᅛ᭷࣮ࣔࡢ

 ࠋ࠸ࡉᑠ࡚ࡵᴟࡣᙳ㡪ࡢᆒ୍ᗘࠊࡵࡓࡿ࠶
Table 4-4ࡣ,Step-2ࡽ Step-3ࡢᑟయ⪃៖࡛ᕳ

ᕥഃࠋࡍ♧ࢆ⛬㐣ࡓࡵỴࢆ≦㠃ᙧ᩿᪉ἲ⥺ࡁ

 rCB(Step-2 ᑟయ᩿㠃ᑍࠊ㠃ᑍἲ᩿ࡢ(ᯝ⤖ࡢ

ἲᕳࡁ⥺ᵓ㐀ࢆỴࠊࡵStep-3 ࡢ iCB ᩿㠃ᑍἲ

㉳☢ຊࡢ⾲ࡢࡇࠋࡓࡋ♧ࢆࠊࡣᑟయ⣲⥺㟁ὶ

ࢆ 1000.5A ࡢ㏻ᖖࠋࡿ࠸࡚ࡋࡃࡁ MRI ☢▼

ࡣ࡛ 500A ๓ᚋ࡛ࠊࡣࢀࡇࠋࡿ࠶㞳ᩓࡢᙳ㡪ࢆ

ࠊࡋࡃࡁiCB ㉳☢ຊࢆ㞳ᩓࡶ࡚ࡋṇ☜࡞☢ሙ

タィ(ᆒ୍☢ሙࡀᚓࡿࢀࡽ)ࡓࡍ♧ࢆࡇ࡞⬟ྍࡀ

iCBࠊࡣ࡛ࡢࡇࠋࡿ࠶࡛ࡵ ࡀ㠃᩿ࡢ rCB ⛬ྠ

ᗘ࠺ࡼࡿ࡞ࢬࢧࡢᑟయᕳࡁ⥺ᵓ㐀ࢆỴ

iCBࠊࡀࡿ࠸࡚ࡵ  rCB ࡛᭱ 10kA ࠶ࡀ␗ᕪࡢ

iCBࠊࡵࡓࡢࡇࠋࡿ ࢆ rCB ࡓࡋ⨨㓄⨨ࡌྠ

ሙྜ࡛ࡣᆒ୍ᗘࡣᝏࡢࡇࠋ࠸࡛ࡣ 909ppm ࠶࡛

ࡣᒙᩘ(༙ᚄ᪉ྥ)ࠊ࡚࠼⪄ࡽ᪉ἲ⥺ࡁᕳࠋࡓࡗ
അᩘ༙ࠊࡵࡓࡿ࠸࡚ࡋᚄ᪉ྥࡢᕳᩘࡁ㑅ᢥࡀ

iCB ㉳☢ຊࡿ࠼ᙳ㡪≉ࡣࡓࡢࡇࠋ࠸ࡁ

rCBࠊࡵ ࡽ iCB ࡛⢭ᗘⰋࡃ㉳☢ຊ᩿㠃ᙧ≧ࢆ

ㄪᩚࡣࡇࡿࡍ㞴ࠋ࠸ࡋ 
iCBࠊ࡛⏤⌮ࡢࡇ ࢆ rCB ࠊࡃ⨨⨨ࡌྠ

ᆒ୍ᗘࡣຎࠋࡿࡍFig. 4-10 ࠸ࡘࢻᅛ᭷࣮ࣔࡢ

CBࠋࡿࡍㄪᩚࢆᙉᗘࡢࡑࠊ࡚ ࡚ࡏࡉື⛣ࢆື⛣

ᘧ(4-7)࠺ࡼࡢ Step-1ࡢᅛ᭷࣮ࣔࢻᙉᗘࡏࢃྜ

Table 4-5ࠊᯝ⤖ࡢࡑࠋࡿ ࠺ࡼࡢ Step-3 ᅛ࡛ࡲ

᭷࣮ࣔࢻᙉᗘࢆ⌧ࠊ࡚ࡋ࠺ࡇࠋࡿࡍiCB ⨨ࢆ

ㄪᩚࠊࡿࡍⰋዲ࡞ᆒ୍ᗘࢆ⌧࡛ࠋࡿࡁMC-
CB ࡢᩘ 6 ಶࠊ࡛ࡢࡿ࠸࡚ࡋወᩘ␒ྕ࡛ 6 ␒┠

ࡿ࡞ 11 ㄪ☜ṇࡣ࡛ࡲᙉᗘࢻᅛ᭷࣮ࣔࡢ┠␒

ᩚฟ᮶13ࠋࡿ ␒┠ᅛ᭷࣮ࣔࢻᙉᗘࡣṇ☜࡞ㄪᩚ

Table 4-2ࠊࡀ࠸࡞ฟ᮶ࡣ ࡢ࠸ࡉᑠࡣᐤ࠺ࡼࡢ

࡚ࡵ್ࡢᗘ⛬࠸࡞ࡋᐤᝏ࡞ࡁࠊ࡛

Table 4-5 ྛ Step  ᙉᗘࢻᅛ᭷࣮ࣔࡢ࡛
(ᩥ⊩[13], Table VI  (⪄ཧࢆ

No. Homog. 
 3.0 T ( Pi3T ) 

FLs+SC-CBs 
(PiFL, Step-1) 

rCBs, PirCB, 
(Step-2) 

iCBs, PiiCB, 
(Step-3) 

1 2.9980E+00 2.9980E+00 2.9980E+00 2.9980E+00 

3 1.0948E-01 1.0948E-01 1.0948E-01 1.0948E-01 

5 7.8752E-03 7.8752E-03 7.8752E-03 7.8752E-03 

7 7.0249E-04 7.0249E-04 7.0249E-04 7.0687E-04 

9 6.9938E-05 6.9938E-05 6.9938E-05 6.9938E-05 

11 7.4356E-06 7.4359E-06 7.4357E-06 7.4357E-06 

13 8.205E-07 -1.163E-07 -1.148E-07 -7.641E-08 
F13 1.0 -0.14 -0.14 No tuning 

ᆒ୍ᗘ 0.0 ppm 0.928 ppm 0.937 ppm 0.906 ppm 
ὀ㸸ᩘ್ࡣᕥࠊࡽ୍ᵝ☢ሙᚲせ࡞ᅛ᭷࣮ࣔࢻᙉᗘࡑࠊ

ࢀ Step-1, -2, -3 ࡛ᐇ⌧ࡓࡋᅛ᭷࣮ࣔࢻᙉᗘ࡛ࠋࡿ࠶F13 ࡣ 13
ࡣᆒ୍ᗘࠊࢱ࣮࣓ࣛࣃࡢᙉᗘㄪᩚࡢ┠␒ 40cm ⌫㠃ୖࠋ್ࡢ 

Table 4-4 Step-2(rCB)ࡽ Step-3(iCB)ࡢ㟁ὶ㞳ᩓࡢ(ཧ⪃ᩥ⊩[13], Table IV  (⏝ᘬࢆ

Models rCB placements(F13=-0.13) Conductor sizes iCB (IPS = 1000.5 A) 
 
CBs   

rCB Sizes 
(mm) 

Amp-turns 
(kAT) 

Radial 
(mm) 

Axial 
(mm) 

Winding turns 
Radial  Axial Lack 

iCB sizes (mm) CB-Total 
turns 

Amp-turns 
(kAT) 

Radial Axial Radial Axial 
MC10/11 64.2 220.0 2117.9 2.05 3.25 32 66 -2 65.6 214.5 2110 2111.1 
MC20/21 29.5 154.3 820.3 1.85 3.00 16 52 -2 29.6 156.0 830 830.4 
MC30/31 22.1 150.0 594.6 1.85 3.00 12 50 -2 22.2 156.0 598 598.3 
SC10/11 42.0 144.8 -1094.8 1.85 3.00 22 50 -2 40.7 150.0 1098 -1098.6 
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SCࠊࡣཎᅉࡿ࠸࡚ࡗ࡞್ࡢ㈇ࠋࡿ࠸ ☢ࡿࡼ

ሙࡢᙳ㡪࡛ࠋࡿ࠶ 

ồࡓࡵ㉳☢ຊ㓄⨨ࢆ Fig. 4-11ࠋࡍ♧ ᕥഃ

ࡣ Step-2ࡢ⤖ᯝྑࠊഃࡣ Step-3ࡢ⤖ᯝ࡛ࠋࡿ࠶

ࡶ 3.0T±1.5ppm ࢆᆒ୍☢ሙࡀ⥺ሙᙉᗘ➼㧗☢ࡢ

ᚲせࡿࡍ㡿ᇦࢆつ๎ⓗࡾྲྀᅖࠊࡾ࠶࡛ࢇ

ᵝࡢᆒ୍☢ሙศᕸࡀᚓࠋࡿ࠸࡚ࢀࡽ 
௨ୖࡢ㉳☢ຊ㓄⨨タィᡭἲ࡛⏝ࡿࡍ SVD ᅛ

᭷࣮ࣔࡣࢻ 5㹼7 ಶࡢ㍈ᑐ⛠࣮ࣔ2ࠋࡿ࠶࡛ࢻn-1
nࠊࡀࡿ࠶࡛ྕ␒ወᩘࡢ ␗≉ࠊࡿ࡞ࡃࡁ㸯ࡀ

ࡣ࡛ࡇࡇ)್ T/m ྠࠊࡾ࡞ࡃࡉ⣙㸯᱆ᑠࡣ(༢ࡢ

ࡉ㸯᱆ᑠࡣሙ☢ࡿࡍ⏕Ⓨࠊࡶ㟁ὶ࡛ࡢࡉࡁࡌ

ࠊࡣ࡛n=7(MODE13)ࠊࡵࡓࡢࡇࠋࡃ࠸࡚ࡗ࡞ࡃ

n=1 ⣙ࡢ 1/106 ሙ☢ࡿࡁ࡛⏕Ⓨࠊࡾ࠶್࡛␗≉ࡢ

ᙉᗘࡣ 1ppm ௨ୗ࡛ࠊࡓࡲࠋࡿ࠶ᩘࣝࢥ n
 ࠋࡓࡗࢃࡶࡇࡿ࠶ࡀ㛵ಀ࡞ᐦ᥋ࡣ㛫ࡢ

 ୍᪉ࡢ࡞[35]ࠊᡭἲ࡛ࠊࡣᆒ୍ᗘ㉳☢

ຊ(AT)᭱ࢆ್ࡓࡏࢃྜࡳ⤌ࢆᑠࡿࡍ᪉ἲࡿࢆ

ሙࡢࡇࠋ࠺⾜࡛ࢢ࣮ࣥࣜࢽࡸᛴ㝆ୗἲ᭱ࠊࡀ

Step-1ࠊྜ ᚲࠊࡵồࢆゎ࡚ࢀ㞳ࡽ⏬ィࡓ࡚❧࡛

㉳☢ຊࠊࡸࡇ࠸࡞ࡽ࡞ゎࡢࡾィ⏬㏻ࡶࡋࡎ

㓄⨨(CB 㞴ࡋᢕᥱࡀ㛵ಀࡢሙ☢ࡿࡵồ(࡞ᩘ

ࡢᚑ᮶ࠊࡓࡲࠋࡿ࠸࡚࠼⪄ࡿ࠶ࡀၥ㢟Ⅼ࠸

ከࡢࡃ☢▼タィࢢ࣑ࣥࢩࡸィ⟬࡛ࠊࡣ[36㸪37]ࡢ
㠃ㄪ㛵ᩘ⌫ࢆሙศᕸ☢ࡢീ㡿ᇦࠊ࠺ࡼ

ᒎ㛤᭱ࠊࡋపḟ㸦ᆒ୍☢ሙ㸧௨እࡢ㡯ࢆ㞽㏆

ἲ࡛㉳ࢢ࣮ࣥࣜࢽࡸᙧィ⏬ἲ⥺࠺ࡼࡿࡅ࡙

☢ຊ㓄⨨ࢆㄪᩚྛࠊࡋࡋࠋࡿࡍ⌫㠃ㄪ㛵ᩘ

࠸࡞ࢀࡽࡵỴࡣ☜ṇࡣ⨨㉳☢ຊ㓄ࡓࡋᑐᛂ

SVDࠊ᪉୍ࠋ[36]ࡿ࡞☜ṇࡀ㧗ḟᡂศࠊ࡛ࡢ
㉳☢ຊ㓄ሙศᕸ☢ࡣᥦᡭἲ࡛ࡢ⪅➹࠺ࢆ

ࡶㄗᕪ☢ሙࡿࡼ㧗ḟᡂศࠊࡾ࠾࡚ࡋᑐᛂࡀ⨨

TSVDࠊࡓࡲࠋࡿࡁᢕᥱ࡛ࢆࡉࡁࡢࡑ ᘧࠊࡣ࡛

ࡵồࠊ࡛ࡢࡿࡍ⟭ຍࡽపḟᡂศ࠺ࡼࡢ(2-7)

௳᮲ࡢࠖ࠸ᙉࡀሙᙉᗘ☢ࡢࡾࡓ㟁ὶᙜࠕࡣゎࡿ

㉳࡞ᚲせࠊ㉳☢ຊ࡛࠸ࡉᑠࠊࡵࡓࡢࡑࠋࡴྵࢆ

☢ຊ㓄⨨ࢆỴࡀࡇࡿࡵฟ᮶ࠋࡿ࠸࡚࠼⪄ࡿ

ྍ⏝ᛂࡶయ⣔࡛ࡴྵࢆᛶᮦᩱ☢࡞㕲ࠊࡽࡉ

 ࠋࡿ࠸࡚ࡋ♧࡛ཧ⪃ᩥ⊩[38]ࡣࡇ࡞⬟
௨ୖࡢ㆟ㄽ୍ࡾࡼࠊࡣ⯡ⓗࡿ࠸࡚ࢀࢃỈ

ᖹ☢ሙᶵࡢ☢ሙタィ࡚ࡋ㆟ㄽࡌྠࠊࡀࡓࡋ

TSVD ᛂ⏝࡛࠼⪄ࡢᆶ┤☢ሙᶵ{㛤ᨺᆺ MRI}ࡢ☢

ሙタィ[39]ࠊ࠸⾜ࢆ〇ရࡢࡇ ࠋࡿ࠸࡚ࡋ㛤ᨺᆺ

ᶵࡣ 1.2T 〇ရฟⲴ㛤ጞᚋࠊࡾ࠶ሙ࡛☢ࡢ 10 ᖺࢆ

㉸ࢀࡇࠊࡀࡿ࠼௨ୖࡢ☢ሙᙉᗘࢆᣢࡘ㛤ᨺᆺᶵ

TSVDࠋ࠸࡞ࡋᏑᅾࡔᮍࡣ ࡓࡋሙタィ☢࡛࠼⪄ࡢ

㉳☢ຊ࡛タィࡢࡵࡉᑠ࡚ẚ᪉ἲࡢࠊࡵࡓ

௨ࠊࡓࡲࠋࡿ࠸࡚࠼⪄ࡓࡋዌຌࡀࡇࡓࡁ࡛

ࡢ࡚࠸ࡘ▼☢ࡓ࠸⏝ࢆࣝࢥᙧࡣ㆟ㄽࡢୖ

㆟ㄽ࡛ࣝࢥࠊࡀࡓࡗ࠶ᙧ≧ࡀᙧ࡛↓ࣞࠊࡃ

☢ᆒ୍ࠊ࡛⏝TSVDࡶ࡚ࡗ࠶ᆺ࡛ࢡࢵࣛࢺࢫ࣮

ሙࡢ▼☢ࡘࡶࢆ☢ሙタィࡶࡇࡿ࠶࡛⬟ྍࡀ♧

 ࠋ[40]ࡿ࠸࡚ࡋ

4.5. 㕲ⰺᆺ MRI  ሙྜࡢ▼☢

MRI ᆶࠋࡿ࠶ࡶ▼☢ࡓࡋ⏝ࢆ㕲ⰺࡣ࡛▼☢

┤☢ሙᆺࠊࡾ࠶Ọஂ☢▼ࡣࡃࡋࡶ㉸ఏᑟࢥ

ീ✵㛫࡛☢ሙศᕸࠋࡿ࠸࡚ࡋ※㉳☢ຊࢆࣝ

ࡋᑐྥീ㡿ᇦࡢ㕲ⰺࠊࡵࡓࡿࡍᵝ୍ࢆ

ࠋࡿࡃࡘࢆሙ☢࡞ᵝ୍ࠊࡕᣢࢆพฝࠊࡣ㠃ࡓ

㕲ⰺࠊ♏ᇶࢆTSVDṇ๎ࡓࡋㄝ࡛᫂ࡲࢀࡇ

 ࠋࡿࡍㄝ᫂⡆༢ࠊ࡛ࡢ[38]ࡿࡁタィ࡛ࢆพฝࡢ
ィ⟬య⣔ࡣ Fig. 4-12 ᚄ᪉ྥ(R�ʊ༙ࡶᅇࠊ࡛

㍈᪉ྥ(Z)ࡢ 2 ḟඖ࡛ࡋࡔࡓࠋࡿ࠶㺂㍈᪉ྥࡣ⣬㠃

⦪᪉ྥ࡛ࠊZ ㍈ࡧࡼ࠾☢ሙࡢ᪉ྥࡣ⣬㠃ୖ᪉ྥࢆ

ᚄ┤ࠊ㕲ⰺ࡛ࡢࡇࠋࡿ࠸࡚࠸ྥ 0.38mࡢീ㡿ᇦ

(FOV: Field Of View)ࢆᣳୖࡴୗࡢ Z=±0.375m㹼

0.450m ࡛㕲ⰺพฝࠊ࡚ࡅ࠺ࡶࢆFOV ࢆሙ☢ࡢ

୍ᵝ㏆࡙ࠋࡿࡅ 

 
Fig. 4-11 ᮏᡭἲ࡛ồࡓࡵ㉳☢ຊ㓄⨨ࠋᕥࡣ

Step-2 ࡓࡋᩘᩚࢆᩘࡁᕳࡣྑࠊᯝ⤖ࡢ

Step-3  ⏝ᘬࡾࡼFig.10(a) ,[10]⫣ᩥࠋᯝ⤖ࡢ

 

㕲ⰺࡢኚᙧ㔞ࢆ⟬ฟࠊࡣࡿࡍDUCAS[41]ࢆ
⏝ࠋࡿࡍDUCAS ⨨ᆺ᰾⼥ྜࢱ࣮ࣞࣛࢸࢫࡣ

⟭ィࡓࢀࡉ㛤Ⓨࡵࡓࡿࡍタィࢆ≦ᙧࣝࢥࡢ

ᡭἲ࡛ࠊ┠ᶆ☢ሙࢆ⌧࠺ࡼࡿࡍ᭤㠃ୖࡢ㟁

ὶ⤒㊰(ᚑࣝࢥࠊ࡚ࡗᙧ≧)ࢆ⟬ฟࠋࡿࡍィ⟬ࣔ

ࢆࣝࢹᇶᮏࣔࡢࣝࢹ Fig. 4-13ࠋࡍ♧㟁ὶ㠃୕ࢆ

ゅせ⣲ࡢ㞟ྜ࡛⾲⌧ࠊࡋ⠇Ⅼࡢ㟁ὶࣕࢩࣥࢸ࣏

ࣝTiࡾࡼ㠃㟁ὶࠊࡋ⌧⾲ࢆ㟁ὶࡢࣝࣕࢩࣥࢸ࣏

TSVDࠊ࠺ࡼࡿࡍ⌧ࢆሙ☢ࡢᶆ┠ࢆ್ ṇ๎

DUCASࠋࡿࡵỴࠊᑠἲ࡛᭱ ⪄ཧࡣヲ⣽ࡢ

 ࠋࡿㆡ[41]⫣ᩥ
㟁ὶࡣࣝࣕࢩࣥࢸ࣏⠇Ⅼࡢ࿘ࡾ࿘ᅇ࠸࡚ࡋ

ࢺẼ࣮࣓ࣔࣥ☢ࡢ⠇Ⅼࠊࡁゎ࡛⌮ࡶ㟁ὶ್ࡿ

(MM)ࡍ♧ࢆ⌮ゎࡶࡇࡿࡍฟ᮶ࡓࡢࡑࠋࡿ

࠺ࡼࡿ࡞ᵝ୍ࡀሙ☢ࡢFOVࠊࡵ DUCAS࡛ồ

ࡓࡵ MM ศᕸࠊࢆ㕲ⰺᙧ≧⟬ࡿࡍ┠ᶆࡢ

☢ሙ㏆࡙ࡾ⧞ࡢࡇࠋࡿ࡞ࡇࡃ࠸࡚࠸㏉ࡋ

ィ⟬ᡭ㡰ࢆ Fig. 4-14ࠋࡓࡋ♧┠ᶆࡿࡍᆒ୍ᗘ

 ࠋࡿ࠶࡛⤊ࡣ⟭ィࡿࢀࡽᚓࡀ
ィ⟬⤖ᯝࢆ Fig. 4-15ࡢࡇࠋࡓࡋ♧ሙྜ50ࠊ

ᅇࡾ⧞ࡢ㏉ࡋィ⟬࡛☢ሙศᕸ୍ࢆᵝࡿࡍ㕲ⰺ

ࡢ࡛ࡲ๓⠇ࠊࡓࡲࠋࡿ࠸࡚ࢀࡽᚓࡀ≦พฝᙧࡢ

Ỉᖹ☢ሙ㛵᳨ࡿࡍウྠᵝࠊࡢ☢ሙศᕸࡢᙉ

ᙅࡢᶍᵝࡀⓎ⏕ࠊࡀࡿ࠸࡚ࡋTSVD ィ⟬౫Ꮡࡋ

ࡣ๓⠇࡛ࠋࡿ࠶ᶍᵝ࡛ࡓ Fig. 4-4 ᭱ୗ㒊ࠊᅛ᭷ࣔ

ࢻ࣮ 7 ಶ⏝┦ᙜࡓࡋ☢ሙศᕸࠋࡿ࠸࡚ࡗ࡞ 
௨ୖࠊ࠺ࡼࡢTSVD ⏝࡛㕲ᚰᙧ≧ࢆ┠ᶆ☢

ሙ࡚ࡏࢃྜኚᙧࡇࡿ࠶࡛⬟ྍࡶࡇࡿࡏࡉ

ࡶ᪉࠼⪄ࡢࡇࠋࡓࡗゎࡀ g-2/EDM タィࡢ▼☢

ࠋࡃ⾜࡚ࡗ 

 
Fig. 4-12 㕲ⰺࡢീ㡿ᇦᑐྥ㠃ᮏᡭἲ࡛ồ

ࡓࡵ MC-CB ⨨ࠋᕥࡣ Step-2 ☢㉳ࠊᯝ⤖ࡢ

ຊ(A)ࡣᐇᩘ࡛㐃⥆್ࡣྑࠊᕳᩘᩚࢆᩘࡁࡋ

ࡓ Step-3 ⫣ᩥࠋᯝ⤖ࡢ 37, Fig.1  ⏝ᘬࡾࡼ

Z [mm]

FOV
�ĳ����PP�

Coil

Coil

750

450

30002500

500
Calculation plane

Yo
ke

Calculation plane

375
Convexoconcave

Convexoconcave

Cylinder

R [mm]

 
Fig. 4-13 DUCAS  ࣝࢹࣔ⟭㠃㟁ὶィࡢ

 
Fig. 4-14 FOV ࡛☢ሙศᕸ୍ࢆᵝࡿࡍ㕲ⰺᙧ

 ィ⟬ᡭ㡰ࡋ㏉ࡾ⧞ࡿࡵồࢆ≦

FOVࣕࢋܯ(3Dඉતࢋܯܙ)

ࣕࠫޣ

͵ึਜ਼Ͷචགྷࣕࠫޣ
(ࢋܯDUCAS)Ϡʖϟϱφාـࣕ

(Ԟದۅࣕ)Ϡʖϟϱφїరྖـࣕ

Ҳౕʃۋ
No.

܃
Ε
ศ
͢
ܯ
ࢋ Yes

Εศ͢܃
श྅ࢋܯ

 
Fig. 4-15 ⧞ࡾ㏉ࡋィ⟬(ᕥ)࡛ᚓࡓࢀࡽ㕲㠃ࡢ

พฝ☢ሙศᕸ(ྑ㸸38cm-DSS ࡛ 4.6ppm) 
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SCࠊࡣཎᅉࡿ࠸࡚ࡗ࡞್ࡢ㈇ࠋࡿ࠸ ☢ࡿࡼ

ሙࡢᙳ㡪࡛ࠋࡿ࠶ 

ồࡓࡵ㉳☢ຊ㓄⨨ࢆ Fig. 4-11ࠋࡍ♧ ᕥഃ

ࡣ Step-2ࡢ⤖ᯝྑࠊഃࡣ Step-3ࡢ⤖ᯝ࡛ࠋࡿ࠶

ࡶ 3.0T±1.5ppm ࢆᆒ୍☢ሙࡀ⥺ሙᙉᗘ➼㧗☢ࡢ

ᚲせࡿࡍ㡿ᇦࢆつ๎ⓗࡾྲྀᅖࠊࡾ࠶࡛ࢇ

ᵝࡢᆒ୍☢ሙศᕸࡀᚓࠋࡿ࠸࡚ࢀࡽ 
௨ୖࡢ㉳☢ຊ㓄⨨タィᡭἲ࡛⏝ࡿࡍ SVD ᅛ

᭷࣮ࣔࡣࢻ 5㹼7 ಶࡢ㍈ᑐ⛠࣮ࣔ2ࠋࡿ࠶࡛ࢻn-1
nࠊࡀࡿ࠶࡛ྕ␒ወᩘࡢ ␗≉ࠊࡿ࡞ࡃࡁ㸯ࡀ

ࡣ࡛ࡇࡇ)್ T/m ྠࠊࡾ࡞ࡃࡉ⣙㸯᱆ᑠࡣ(༢ࡢ

ࡉ㸯᱆ᑠࡣሙ☢ࡿࡍ⏕Ⓨࠊࡶ㟁ὶ࡛ࡢࡉࡁࡌ

ࠊࡣ࡛n=7(MODE13)ࠊࡵࡓࡢࡇࠋࡃ࠸࡚ࡗ࡞ࡃ

n=1 ⣙ࡢ 1/106 ሙ☢ࡿࡁ࡛⏕Ⓨࠊࡾ࠶್࡛␗≉ࡢ

ᙉᗘࡣ 1ppm ௨ୗ࡛ࠊࡓࡲࠋࡿ࠶ᩘࣝࢥ n
 ࠋࡓࡗࢃࡶࡇࡿ࠶ࡀ㛵ಀ࡞ᐦ᥋ࡣ㛫ࡢ

 ୍᪉ࡢ࡞[35]ࠊᡭἲ࡛ࠊࡣᆒ୍ᗘ㉳☢

ຊ(AT)᭱ࢆ್ࡓࡏࢃྜࡳ⤌ࢆᑠࡿࡍ᪉ἲࡿࢆ

ሙࡢࡇࠋ࠺⾜࡛ࢢ࣮ࣥࣜࢽࡸᛴ㝆ୗἲ᭱ࠊࡀ

Step-1ࠊྜ ᚲࠊࡵồࢆゎ࡚ࢀ㞳ࡽ⏬ィࡓ࡚❧࡛

㉳☢ຊࠊࡸࡇ࠸࡞ࡽ࡞ゎࡢࡾィ⏬㏻ࡶࡋࡎ

㓄⨨(CB 㞴ࡋᢕᥱࡀ㛵ಀࡢሙ☢ࡿࡵồ(࡞ᩘ

ࡢᚑ᮶ࠊࡓࡲࠋࡿ࠸࡚࠼⪄ࡿ࠶ࡀၥ㢟Ⅼ࠸

ከࡢࡃ☢▼タィࢢ࣑ࣥࢩࡸィ⟬࡛ࠊࡣ[36㸪37]ࡢ
㠃ㄪ㛵ᩘ⌫ࢆሙศᕸ☢ࡢീ㡿ᇦࠊ࠺ࡼ

ᒎ㛤᭱ࠊࡋపḟ㸦ᆒ୍☢ሙ㸧௨እࡢ㡯ࢆ㞽㏆

ἲ࡛㉳ࢢ࣮ࣥࣜࢽࡸᙧィ⏬ἲ⥺࠺ࡼࡿࡅ࡙

☢ຊ㓄⨨ࢆㄪᩚྛࠊࡋࡋࠋࡿࡍ⌫㠃ㄪ㛵ᩘ

࠸࡞ࢀࡽࡵỴࡣ☜ṇࡣ⨨㉳☢ຊ㓄ࡓࡋᑐᛂ

SVDࠊ᪉୍ࠋ[36]ࡿ࡞☜ṇࡀ㧗ḟᡂศࠊ࡛ࡢ
㉳☢ຊ㓄ሙศᕸ☢ࡣᥦᡭἲ࡛ࡢ⪅➹࠺ࢆ

ࡶㄗᕪ☢ሙࡿࡼ㧗ḟᡂศࠊࡾ࠾࡚ࡋᑐᛂࡀ⨨

TSVDࠊࡓࡲࠋࡿࡁᢕᥱ࡛ࢆࡉࡁࡢࡑ ᘧࠊࡣ࡛

ࡵồࠊ࡛ࡢࡿࡍ⟭ຍࡽపḟᡂศ࠺ࡼࡢ(2-7)

௳᮲ࡢࠖ࠸ᙉࡀሙᙉᗘ☢ࡢࡾࡓ㟁ὶᙜࠕࡣゎࡿ

㉳࡞ᚲせࠊ㉳☢ຊ࡛࠸ࡉᑠࠊࡵࡓࡢࡑࠋࡴྵࢆ

☢ຊ㓄⨨ࢆỴࡀࡇࡿࡵฟ᮶ࠋࡿ࠸࡚࠼⪄ࡿ

ྍ⏝ᛂࡶయ⣔࡛ࡴྵࢆᛶᮦᩱ☢࡞㕲ࠊࡽࡉ

 ࠋࡿ࠸࡚ࡋ♧࡛ཧ⪃ᩥ⊩[38]ࡣࡇ࡞⬟
௨ୖࡢ㆟ㄽ୍ࡾࡼࠊࡣ⯡ⓗࡿ࠸࡚ࢀࢃỈ

ᖹ☢ሙᶵࡢ☢ሙタィ࡚ࡋ㆟ㄽࡌྠࠊࡀࡓࡋ

TSVD ᛂ⏝࡛࠼⪄ࡢᆶ┤☢ሙᶵ{㛤ᨺᆺ MRI}ࡢ☢

ሙタィ[39]ࠊ࠸⾜ࢆ〇ရࡢࡇ ࠋࡿ࠸࡚ࡋ㛤ᨺᆺ

ᶵࡣ 1.2T 〇ရฟⲴ㛤ጞᚋࠊࡾ࠶ሙ࡛☢ࡢ 10 ᖺࢆ

㉸ࢀࡇࠊࡀࡿ࠼௨ୖࡢ☢ሙᙉᗘࢆᣢࡘ㛤ᨺᆺᶵ

TSVDࠋ࠸࡞ࡋᏑᅾࡔᮍࡣ ࡓࡋሙタィ☢࡛࠼⪄ࡢ

㉳☢ຊ࡛タィࡢࡵࡉᑠ࡚ẚ᪉ἲࡢࠊࡵࡓ

௨ࠊࡓࡲࠋࡿ࠸࡚࠼⪄ࡓࡋዌຌࡀࡇࡓࡁ࡛

ࡢ࡚࠸ࡘ▼☢ࡓ࠸⏝ࢆࣝࢥᙧࡣ㆟ㄽࡢୖ

㆟ㄽ࡛ࣝࢥࠊࡀࡓࡗ࠶ᙧ≧ࡀᙧ࡛↓ࣞࠊࡃ

☢ᆒ୍ࠊ࡛⏝TSVDࡶ࡚ࡗ࠶ᆺ࡛ࢡࢵࣛࢺࢫ࣮

ሙࡢ▼☢ࡘࡶࢆ☢ሙタィࡶࡇࡿ࠶࡛⬟ྍࡀ♧

 ࠋ[40]ࡿ࠸࡚ࡋ

4.5. 㕲ⰺᆺ MRI  ሙྜࡢ▼☢

MRI ᆶࠋࡿ࠶ࡶ▼☢ࡓࡋ⏝ࢆ㕲ⰺࡣ࡛▼☢

┤☢ሙᆺࠊࡾ࠶Ọஂ☢▼ࡣࡃࡋࡶ㉸ఏᑟࢥ

ീ✵㛫࡛☢ሙศᕸࠋࡿ࠸࡚ࡋ※㉳☢ຊࢆࣝ

ࡋᑐྥീ㡿ᇦࡢ㕲ⰺࠊࡵࡓࡿࡍᵝ୍ࢆ

ࠋࡿࡃࡘࢆሙ☢࡞ᵝ୍ࠊࡕᣢࢆพฝࠊࡣ㠃ࡓ

㕲ⰺࠊ♏ᇶࢆTSVDṇ๎ࡓࡋㄝ࡛᫂ࡲࢀࡇ

 ࠋࡿࡍㄝ᫂⡆༢ࠊ࡛ࡢ[38]ࡿࡁタィ࡛ࢆพฝࡢ
ィ⟬య⣔ࡣ Fig. 4-12 ᚄ᪉ྥ(R�ʊ༙ࡶᅇࠊ࡛

㍈᪉ྥ(Z)ࡢ 2 ḟඖ࡛ࡋࡔࡓࠋࡿ࠶㺂㍈᪉ྥࡣ⣬㠃

⦪᪉ྥ࡛ࠊZ ㍈ࡧࡼ࠾☢ሙࡢ᪉ྥࡣ⣬㠃ୖ᪉ྥࢆ

ᚄ┤ࠊ㕲ⰺ࡛ࡢࡇࠋࡿ࠸࡚࠸ྥ 0.38mࡢീ㡿ᇦ

(FOV: Field Of View)ࢆᣳୖࡴୗࡢ Z=±0.375m㹼

0.450m ࡛㕲ⰺพฝࠊ࡚ࡅ࠺ࡶࢆFOV ࢆሙ☢ࡢ

୍ᵝ㏆࡙ࠋࡿࡅ 

 
Fig. 4-11 ᮏᡭἲ࡛ồࡓࡵ㉳☢ຊ㓄⨨ࠋᕥࡣ

Step-2 ࡓࡋᩘᩚࢆᩘࡁᕳࡣྑࠊᯝ⤖ࡢ

Step-3  ⏝ᘬࡾࡼFig.10(a) ,[10]⫣ᩥࠋᯝ⤖ࡢ

 

㕲ⰺࡢኚᙧ㔞ࢆ⟬ฟࠊࡣࡿࡍDUCAS[41]ࢆ
⏝ࠋࡿࡍDUCAS ⨨ᆺ᰾⼥ྜࢱ࣮ࣞࣛࢸࢫࡣ

⟭ィࡓࢀࡉ㛤Ⓨࡵࡓࡿࡍタィࢆ≦ᙧࣝࢥࡢ

ᡭἲ࡛ࠊ┠ᶆ☢ሙࢆ⌧࠺ࡼࡿࡍ᭤㠃ୖࡢ㟁

ὶ⤒㊰(ᚑࣝࢥࠊ࡚ࡗᙧ≧)ࢆ⟬ฟࠋࡿࡍィ⟬ࣔ

ࢆࣝࢹᇶᮏࣔࡢࣝࢹ Fig. 4-13ࠋࡍ♧㟁ὶ㠃୕ࢆ

ゅせ⣲ࡢ㞟ྜ࡛⾲⌧ࠊࡋ⠇Ⅼࡢ㟁ὶࣕࢩࣥࢸ࣏

ࣝTiࡾࡼ㠃㟁ὶࠊࡋ⌧⾲ࢆ㟁ὶࡢࣝࣕࢩࣥࢸ࣏

TSVDࠊ࠺ࡼࡿࡍ⌧ࢆሙ☢ࡢᶆ┠ࢆ್ ṇ๎

DUCASࠋࡿࡵỴࠊᑠἲ࡛᭱ ⪄ཧࡣヲ⣽ࡢ

 ࠋࡿㆡ[41]⫣ᩥ
㟁ὶࡣࣝࣕࢩࣥࢸ࣏⠇Ⅼࡢ࿘ࡾ࿘ᅇ࠸࡚ࡋ

ࢺẼ࣮࣓ࣔࣥ☢ࡢ⠇Ⅼࠊࡁゎ࡛⌮ࡶ㟁ὶ್ࡿ

(MM)ࡍ♧ࢆ⌮ゎࡶࡇࡿࡍฟ᮶ࡓࡢࡑࠋࡿ

࠺ࡼࡿ࡞ᵝ୍ࡀሙ☢ࡢFOVࠊࡵ DUCAS࡛ồ

ࡓࡵ MM ศᕸࠊࢆ㕲ⰺᙧ≧⟬ࡿࡍ┠ᶆࡢ

☢ሙ㏆࡙ࡾ⧞ࡢࡇࠋࡿ࡞ࡇࡃ࠸࡚࠸㏉ࡋ

ィ⟬ᡭ㡰ࢆ Fig. 4-14ࠋࡓࡋ♧┠ᶆࡿࡍᆒ୍ᗘ

 ࠋࡿ࠶࡛⤊ࡣ⟭ィࡿࢀࡽᚓࡀ
ィ⟬⤖ᯝࢆ Fig. 4-15ࡢࡇࠋࡓࡋ♧ሙྜ50ࠊ

ᅇࡾ⧞ࡢ㏉ࡋィ⟬࡛☢ሙศᕸ୍ࢆᵝࡿࡍ㕲ⰺ

ࡢ࡛ࡲ๓⠇ࠊࡓࡲࠋࡿ࠸࡚ࢀࡽᚓࡀ≦พฝᙧࡢ

Ỉᖹ☢ሙ㛵᳨ࡿࡍウྠᵝࠊࡢ☢ሙศᕸࡢᙉ

ᙅࡢᶍᵝࡀⓎ⏕ࠊࡀࡿ࠸࡚ࡋTSVD ィ⟬౫Ꮡࡋ

ࡣ๓⠇࡛ࠋࡿ࠶ᶍᵝ࡛ࡓ Fig. 4-4 ᭱ୗ㒊ࠊᅛ᭷ࣔ

ࢻ࣮ 7 ಶ⏝┦ᙜࡓࡋ☢ሙศᕸࠋࡿ࠸࡚ࡗ࡞ 
௨ୖࠊ࠺ࡼࡢTSVD ⏝࡛㕲ᚰᙧ≧ࢆ┠ᶆ☢

ሙ࡚ࡏࢃྜኚᙧࡇࡿ࠶࡛⬟ྍࡶࡇࡿࡏࡉ

ࡶ᪉࠼⪄ࡢࡇࠋࡓࡗゎࡀ g-2/EDM タィࡢ▼☢

ࠋࡃ⾜࡚ࡗ 

 
Fig. 4-12 㕲ⰺࡢീ㡿ᇦᑐྥ㠃ᮏᡭἲ࡛ồ

ࡓࡵ MC-CB ⨨ࠋᕥࡣ Step-2 ☢㉳ࠊᯝ⤖ࡢ

ຊ(A)ࡣᐇᩘ࡛㐃⥆್ࡣྑࠊᕳᩘᩚࢆᩘࡁࡋ

ࡓ Step-3 ⫣ᩥࠋᯝ⤖ࡢ 37, Fig.1  ⏝ᘬࡾࡼ
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Fig. 4-13 DUCAS  ࣝࢹࣔ⟭㠃㟁ὶィࡢ

 
Fig. 4-14 FOV ࡛☢ሙศᕸ୍ࢆᵝࡿࡍ㕲ⰺᙧ
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Fig. 4-15 ⧞ࡾ㏉ࡋィ⟬(ᕥ)࡛ᚓࡓࢀࡽ㕲㠃ࡢ

พฝ☢ሙศᕸ(ྑ㸸38cm-DSS ࡛ 4.6ppm) 

10㸫 2710㸫 26



 

4.6. ☢ሙࢢ࣑ࣥࢩ 

☢ሙタィࡀⰋዲࠊࡶ࡚࠸࡚ࢀࢃ⾜タ⨨ᚋ

ᚓࡿࢀࡽ☢ሙࡣㄗᕪ☢ሙࡀΰධ୍ࠊࡋᵝ☢ሙ

MRIࠋ࠸࡞ࢀࡽᚓࡣࡄࡍࡣ ࡿྲྀࢆ▼☢

ᶆ┠ࠋࡿࡍ㐩ⓒ㹼1000ppmᩘࡣタ⨨┤ᚋ࡛ࠊ

࠶ㄗᕪ☢ሙ࡛࡞ࡁ࡚ࢀ㞳ࡅᠱࡣᆒ୍ᗘࡢ

ࢩሙ☢⏝㛤ጞ๓ࠊタ⨨ᚋ▼☢ࠊ࡛ࡇࡑࠋࡿ

ᮏ⠇࡛ࢆࡢࡑࠋ࠺⾜ࢆ(ṇ⿵ࡢㄗᕪ☢ሙ)ࢢ࣑ࣥ

࡛⩏ᐃࡢᘧ(1-1)ࡣᆒ୍ᗘࠊ௨ୗ࡛ࠋࡿࡍ⤂ࡣ

 ࠋࡿ࠶
ㄗᕪ☢ሙࡢཎᅉࠊࡣタィࡢࡵㄗᕪࠊ☢▼

ࡼ࡞☢ࡢᘓᒇ㕲ᮦࡓࡲࠊㄗᕪ࡚❧ࡳ⤌ࡢ

ࠋࡿ࠶ཎᅉ࡛ࡀቃ☢ሙ(ྵᆅ☢Ẽ)⎔ࡢタ⨨⌧ሙࡿ

ᚑࠊ࡚ࡗ☢▼タ⨨ࡣ⢭ᗘⰋࡢࡇࡃㄗᕪ☢ሙ

ࠋࡿ࠶ࡀᚲせࡿࡍ(࠺ゝࢢ࣑ࣥࢩࠊ௨ᚋ)ṇ⿵ࢆ

ሙྜࡓࡋຎࡀᆒ୍ᗘࠊࡶ⏝㛤ጞᚋ࡛ࠊࡓࡲ

ᆒ୍☢ሙࠋ࠺⾜ࢆࢢ࣑ࣥࢩ࡞ಖᏲࠊࡣ

ࢺẼ࣮࣓ࣔࣥ☢࿘ᅖࡢീ✵㛫ࡿࡍᚲせࢆ

(MM)ࢆศᕸ㓄⨨ࡢࡑࠊࡏࡉ MM ࠊሙ࡛☢ࡿసࡀ

ㄗᕪ☢ሙࢆ⿵ṇࠋࡿࡍMMࡢⓎ⏕※ࠊࡣ☢ሙ୰࡛

☢ࡓࡋ㕲∦ࢆࡀࡇ࠺ከࠊࡓࡲࠋ࠸㕲∦௨

እࠊᑠࠊࣝࢥ࣒ࢩࡿ࠸⏝ࢆ⩌ࣝࢥỌஂ☢

ࡢ∦㕲☢ࠋࡿ࠶ࡀ࡞ࠊ▼ MM ࣑ࣥࢩ࠺ࢆ

ཧࠋࡪ(Passive shimming)ࢢ࣑ࣥࢩⓗືཷࢆࢢ

ࠋࡿ࠶࡛ࢢ࣑ࣥࢩⓗືཷࡶ᪉ἲࡢ[13 ,12]⫣ᩥ⪄

࡛⨨ࡢከᩘࡣ᪉ἲࡢࡇ MM(㕲∦)ࢆ㓄⨨ฟ᮶ࡿ

ฟࡀࡇ࠺⾜ࢆሙㄪᩚ☢ࡃ⣽㛫ⓗ✵ࠊ࡛ࡢ

᮶ࠋࡿMRI☢▼୍࡛ࡣ⯡ⓗࠊࢀࢃg-2/EDM࡛

 ࠋ࠺ࢆ᪉ἲࡢࡇࡶ
ᮏ⠇࡛⏝ࡿࡍ☢ሙࠊࡣࢱ࣮ࢹJ-PARC ෆ࡛ࠊ

MuSEUM ᐇ㦂⏝⏝ពࡿ࠸࡚ࡋ⏝ MRI ☢▼

ࡣィ 㠃ࠋࡿ࠶࡛ 40cm-DSS  ࠋࡿ࠶࡛

 ᶵᵓࢢ࣑ࣥࢩ .4.6.1

Fig. 4-16ࡣ MRI☢▼ࢢ࣑ࣥࢩࡢయ⣔࡛ࠋ[13] ࡿ࠶
㏻ᖖ 24 ᮏࢆࣞࢺ࣒ࢩࡢᣢࠊࡀࡘᅗࡕ࠺ࡢࡑࡣ

ࡢ 12 ᮏࢆ⟄≧㓄⨨ࡓࡋᅗ࡛ࢀࡒࢀࡑࠋࡿ࠶

ࡣ 24 ಶྜࠋࡿ࠶ࡀࢺࢵࢣ࣏ࡢィ 576 ಶࢣ࣏ࡢ

 ࠋࡿࡍᏑᅾࡀࢺࢵ
ࢺ࣒ࢩࠋࡿࡍ⨨㓄ࢆ㕲∦㸦ⷧᯈ㸧ࢺࢵࢣ࣏

ࣞ 24 ᮏ12ࠊࡕ࠺ࡢ ᮏࢆ⢒(coarse)ࢢ࣑ࣥࢩ

ࡢࡾṧࠊࡋ⏝ 12 ᮏ࡞ࡎࢃࡣ㕲∦ࡳࡢ㓄⨨ࡿࡍ

ヲ⣽㸦fine㸧ࢢ࣑ࣥࢩ⏝ࠋࡿࡍᚋ⪅࡛ࡣ☢▼

సᴗ㔞๐ῶࠊ࡚ࡋせࡀᾘ☢࣭ບ☢సᴗࡢ

ඹࡾࡼࠊ☢ሙ⢭ᗘࢺࢵࢣ࣏ࠋࡿࡁ࡛ୖྥࢆ୰

☢ࠊࡋ㏆ఝᚲせ㔞ࠊኚ᭦࡛ࡢᯈᯛᩘࡣ㕲㔞ࡢ

Ẽ࣮࣓ࣔࣥࡢࢺࢆࡉࡁㄪᩚ࡛ࠋࡿࡁMRI ⏝☢

▼࡛㏻ᖖ࠺㕲᭱ࡢ∦࣒ࢩᑠ༢ࡣ 0.06cc࡛ࠋࡿ࠶

0.2ppmࠊࡋࡋ ☢ࡃ⣽ࡾࡼࡣሙྜࡍᣦ┠ࢆ

ሙࢆㄪᩚࠊࡵࡓࡿࡍ㕲 0.01cc ┦ᙜ(0.017Am2)⛬
ᗘ᭱ࢆ∦࣒ࢩࡢᑠ༢࡚ࡋ࠺ᚲせࠋ[8]ࡿ࠶ࡀ 
ᅗ୰ࡢ୰ኸࡣ☢ሙィ 㠃(MFMS: Magnetic Field 

Measurement Surface)࡛ࠋࡿ࠶㠃୕ࡣゅせ⣲⠇

Ⅼ࡛ᵓᡂࡿࢀࡉᅗࠊࡀࡿ࠸࡚ࡗ࡞⠇Ⅼࡣ☢ሙ

ィ Ⅼ(MFMP: Magnetic Field Measurement Point)
ࡒࢀࡑࠊࡣ࡛[13[[12]ࡢ⫣ᩥ⪄ཧࠋࡿࡍᙜ┦

768ࠊࢀ  576 Ⅼࡢ⨨࡛☢ሙࢆィ ࠋࡿ࠸࡚ࡋ

MRI ࡣീ✵㛫(FOV)ࡢ 40㹼50cm-DSV ⛬ᗘࡢ㡿

ᇦ࡛ࠊࡀࡿ࠶ከᩘࡢィ Ⅼ MM 㓄⨨⨨ࢆ‽

ഛࠊࡋ✵㛫ⓗ⣽ࡃㄪᩚฟ᮶ࡿᵓ㐀࠸࡚ࡋ

ࡣィ ☢ሙࡢ௨ୗ࡛ࠋࡿ 40cm-DSS 㠃ୖ࡛ࡢィ 

 ࠋࡿ࠶್࡛

 సᴗࢢ࣑ࣥࢩࡢࡋ㏉ࡾ⧞ .4.6.2

Fig. 4-17 ☢ࠋࡓࡋ♧ࢆᡭ㡰ࡢసᴗࢢ࣑ࣥࢩࡣ

ሙࢆィ ࡢࡑࠊࡋ☢ሙศᕸࠊ࡚࠸ࡘᆒ୍ᗘࢆ

ㄪࠊᆒ୍ᗘࡣ༑ศ࡞ሙྜࢢ࣑ࣥࢩࡣィ⟬

(Shimming Calculation)ࡢࡑࠊ࠸⾜ࢆ⤖ᯝᇶ࡙࠸

 ࠋࡿࡍ⨨㓄ࢆ∦࣒ࢩ࡚

 
Fig. 4-16 ࣞࢺ࣒ࢩ☢ሙィ 㠃ࡢ㓄⨨ࠋ 

10㸫 28



 

4.6. ☢ሙࢢ࣑ࣥࢩ 

☢ሙタィࡀⰋዲࠊࡶ࡚࠸࡚ࢀࢃ⾜タ⨨ᚋ

ᚓࡿࢀࡽ☢ሙࡣㄗᕪ☢ሙࡀΰධ୍ࠊࡋᵝ☢ሙ

MRIࠋ࠸࡞ࢀࡽᚓࡣࡄࡍࡣ ࡿྲྀࢆ▼☢

ᶆ┠ࠋࡿࡍ㐩ⓒ㹼1000ppmᩘࡣタ⨨┤ᚋ࡛ࠊ

࠶ㄗᕪ☢ሙ࡛࡞ࡁ࡚ࢀ㞳ࡅᠱࡣᆒ୍ᗘࡢ

ࢩሙ☢⏝㛤ጞ๓ࠊタ⨨ᚋ▼☢ࠊ࡛ࡇࡑࠋࡿ

ᮏ⠇࡛ࢆࡢࡑࠋ࠺⾜ࢆ(ṇ⿵ࡢㄗᕪ☢ሙ)ࢢ࣑ࣥ

࡛⩏ᐃࡢᘧ(1-1)ࡣᆒ୍ᗘࠊ௨ୗ࡛ࠋࡿࡍ⤂ࡣ

 ࠋࡿ࠶
ㄗᕪ☢ሙࡢཎᅉࠊࡣタィࡢࡵㄗᕪࠊ☢▼

ࡼ࡞☢ࡢᘓᒇ㕲ᮦࡓࡲࠊㄗᕪ࡚❧ࡳ⤌ࡢ

ࠋࡿ࠶ཎᅉ࡛ࡀቃ☢ሙ(ྵᆅ☢Ẽ)⎔ࡢタ⨨⌧ሙࡿ

ᚑࠊ࡚ࡗ☢▼タ⨨ࡣ⢭ᗘⰋࡢࡇࡃㄗᕪ☢ሙ

ࠋࡿ࠶ࡀᚲせࡿࡍ(࠺ゝࢢ࣑ࣥࢩࠊ௨ᚋ)ṇ⿵ࢆ

ሙྜࡓࡋຎࡀᆒ୍ᗘࠊࡶ⏝㛤ጞᚋ࡛ࠊࡓࡲ

ᆒ୍☢ሙࠋ࠺⾜ࢆࢢ࣑ࣥࢩ࡞ಖᏲࠊࡣ

ࢺẼ࣮࣓ࣔࣥ☢࿘ᅖࡢീ✵㛫ࡿࡍᚲせࢆ

(MM)ࢆศᕸ㓄⨨ࡢࡑࠊࡏࡉ MM ࠊሙ࡛☢ࡿసࡀ

ㄗᕪ☢ሙࢆ⿵ṇࠋࡿࡍMMࡢⓎ⏕※ࠊࡣ☢ሙ୰࡛

☢ࡓࡋ㕲∦ࢆࡀࡇ࠺ከࠊࡓࡲࠋ࠸㕲∦௨

እࠊᑠࠊࣝࢥ࣒ࢩࡿ࠸⏝ࢆ⩌ࣝࢥỌஂ☢

ࡢ∦㕲☢ࠋࡿ࠶ࡀ࡞ࠊ▼ MM ࣑ࣥࢩ࠺ࢆ

ཧࠋࡪ(Passive shimming)ࢢ࣑ࣥࢩⓗືཷࢆࢢ

ࠋࡿ࠶࡛ࢢ࣑ࣥࢩⓗືཷࡶ᪉ἲࡢ[13 ,12]⫣ᩥ⪄

࡛⨨ࡢከᩘࡣ᪉ἲࡢࡇ MM(㕲∦)ࢆ㓄⨨ฟ᮶ࡿ

ฟࡀࡇ࠺⾜ࢆሙㄪᩚ☢ࡃ⣽㛫ⓗ✵ࠊ࡛ࡢ

᮶ࠋࡿMRI☢▼୍࡛ࡣ⯡ⓗࠊࢀࢃg-2/EDM࡛

 ࠋ࠺ࢆ᪉ἲࡢࡇࡶ
ᮏ⠇࡛⏝ࡿࡍ☢ሙࠊࡣࢱ࣮ࢹJ-PARC ෆ࡛ࠊ

MuSEUM ᐇ㦂⏝⏝ពࡿ࠸࡚ࡋ⏝ MRI ☢▼

ࡣィ 㠃ࠋࡿ࠶࡛ 40cm-DSS  ࠋࡿ࠶࡛

 ᶵᵓࢢ࣑ࣥࢩ .4.6.1

Fig. 4-16ࡣ MRI☢▼ࢢ࣑ࣥࢩࡢయ⣔࡛ࠋ[13] ࡿ࠶
㏻ᖖ 24 ᮏࢆࣞࢺ࣒ࢩࡢᣢࠊࡀࡘᅗࡕ࠺ࡢࡑࡣ

ࡢ 12 ᮏࢆ⟄≧㓄⨨ࡓࡋᅗ࡛ࢀࡒࢀࡑࠋࡿ࠶

ࡣ 24 ಶྜࠋࡿ࠶ࡀࢺࢵࢣ࣏ࡢィ 576 ಶࢣ࣏ࡢ

 ࠋࡿࡍᏑᅾࡀࢺࢵ
ࢺ࣒ࢩࠋࡿࡍ⨨㓄ࢆ㕲∦㸦ⷧᯈ㸧ࢺࢵࢣ࣏

ࣞ 24 ᮏ12ࠊࡕ࠺ࡢ ᮏࢆ⢒(coarse)ࢢ࣑ࣥࢩ

ࡢࡾṧࠊࡋ⏝ 12 ᮏ࡞ࡎࢃࡣ㕲∦ࡳࡢ㓄⨨ࡿࡍ

ヲ⣽㸦fine㸧ࢢ࣑ࣥࢩ⏝ࠋࡿࡍᚋ⪅࡛ࡣ☢▼

సᴗ㔞๐ῶࠊ࡚ࡋせࡀᾘ☢࣭ບ☢సᴗࡢ

ඹࡾࡼࠊ☢ሙ⢭ᗘࢺࢵࢣ࣏ࠋࡿࡁ࡛ୖྥࢆ୰

☢ࠊࡋ㏆ఝᚲせ㔞ࠊኚ᭦࡛ࡢᯈᯛᩘࡣ㕲㔞ࡢ

Ẽ࣮࣓ࣔࣥࡢࢺࢆࡉࡁㄪᩚ࡛ࠋࡿࡁMRI ⏝☢

▼࡛㏻ᖖ࠺㕲᭱ࡢ∦࣒ࢩᑠ༢ࡣ 0.06cc࡛ࠋࡿ࠶

0.2ppmࠊࡋࡋ ☢ࡃ⣽ࡾࡼࡣሙྜࡍᣦ┠ࢆ

ሙࢆㄪᩚࠊࡵࡓࡿࡍ㕲 0.01cc ┦ᙜ(0.017Am2)⛬
ᗘ᭱ࢆ∦࣒ࢩࡢᑠ༢࡚ࡋ࠺ᚲせࠋ[8]ࡿ࠶ࡀ 
ᅗ୰ࡢ୰ኸࡣ☢ሙィ 㠃(MFMS: Magnetic Field 

Measurement Surface)࡛ࠋࡿ࠶㠃୕ࡣゅせ⣲⠇

Ⅼ࡛ᵓᡂࡿࢀࡉᅗࠊࡀࡿ࠸࡚ࡗ࡞⠇Ⅼࡣ☢ሙ

ィ Ⅼ(MFMP: Magnetic Field Measurement Point)
ࡒࢀࡑࠊࡣ࡛[13[[12]ࡢ⫣ᩥ⪄ཧࠋࡿࡍᙜ┦

768ࠊࢀ  576 Ⅼࡢ⨨࡛☢ሙࢆィ ࠋࡿ࠸࡚ࡋ

MRI ࡣീ✵㛫(FOV)ࡢ 40㹼50cm-DSV ⛬ᗘࡢ㡿

ᇦ࡛ࠊࡀࡿ࠶ከᩘࡢィ Ⅼ MM 㓄⨨⨨ࢆ‽

ഛࠊࡋ✵㛫ⓗ⣽ࡃㄪᩚฟ᮶ࡿᵓ㐀࠸࡚ࡋ

ࡣィ ☢ሙࡢ௨ୗ࡛ࠋࡿ 40cm-DSS 㠃ୖ࡛ࡢィ 

 ࠋࡿ࠶್࡛

 సᴗࢢ࣑ࣥࢩࡢࡋ㏉ࡾ⧞ .4.6.2

Fig. 4-17 ☢ࠋࡓࡋ♧ࢆᡭ㡰ࡢసᴗࢢ࣑ࣥࢩࡣ

ሙࢆィ ࡢࡑࠊࡋ☢ሙศᕸࠊ࡚࠸ࡘᆒ୍ᗘࢆ

ㄪࠊᆒ୍ᗘࡣ༑ศ࡞ሙྜࢢ࣑ࣥࢩࡣィ⟬

(Shimming Calculation)ࡢࡑࠊ࠸⾜ࢆ⤖ᯝᇶ࡙࠸

 ࠋࡿࡍ⨨㓄ࢆ∦࣒ࢩ࡚

 
Fig. 4-16 ࣞࢺ࣒ࢩ☢ሙィ 㠃ࡢ㓄⨨ࠋ 

 

ᐇ㝿ࢢ࣑ࣥࢩࡢసᴗ࡛ࠊࡣィ ࠊィ⟬ࢀࡑࠊ

࣑ࣥࢩࡢᅇ୍ࠊࡵࡓࡿ࠶ࡣㄗᕪᐜ㔞∦࣒ࢩ

࡞ࡁ㐩࡛฿ࡣሙᆒ୍ᗘ☢ࡢᶆ┠ࠊࡣసᴗ࡛ࢢ

࡞సᴗࡋ㏉ࡾ⧞࠺ࡼ࠺⿵ࢆㄗᕪࡢࡇࠋ࠸

ࡣ࡛[13]ࠋࡿ 3 ᅇࡾ⧞ࡢ㏉ࡋసᴗ࡛ࠊࡀࡿ࠶J-
PARC ࡛ィ⏬ࡿ࠸࡚ࡋᆒ୍ᗘࠊࡣMRI ⣙୍᱆ࡾࡼ

ᑠࡾ⧞ࠊ࡛ࡢࡿ࠶್࡛࠸ࡉ㏉ࡋసᴗᅇᩘࡣቑ࠼

 ࠋࡿ࠸࡚࠼⪄ࡿ
㔜ࡣ⟭ィࢢ࣑ࣥࢩࠊ୰࡛ࡢసᴗࡋ㏉ࡾ⧞ࡢࡇ

せ࡞㡯┠࡛ࠋࡿ࠶ィ ☢ሙࡀධຊ࡛࣒ࢩࠊ∦㓄

 ࠋࡿࡍ⤂ḟࢆෆᐜࡢࡇࠋࡿ࠶ฟຊ࡛ࡀ⨨

 ⟭ィࢢ࣑ࣥࢩ .4.6.3

㺂☢▼㍈᪉ྥࡣሙศᕸ☢ࡿࡍᶆ┠࡛ࢢ࣑ࣥࢩ

ࠊࡾ࠶ሙ࡛☢࠸㏆ሙᙉᗘศᕸ☢࡞ᵝ୍ࠊࡁྥࢆ

☢ሙࡢ㍈᪉ྥ Zᡂศࢢ࣑ࣥࢩࠊࢆィ⟬࡛ࠋ࠺ᢅࡶ

MRI ⨨୍࡞࠺ࡼࡢᵝ࡞☢ሙ࡛ࡣࢀࡇࠊࡣⰋ࠸

㏆ఝ࡛ࡢࡑࠋ[13]ࡿ࠶⤖ᯝࢢ࣑ࣥࢩࠊィ⟬࡛ ࠊࡣ%

☢ሙホ౯Ⅼࡢ Z᪉ྥ☢ሙᡂศ࡛ᵓᡂࠊࢀࡉ 

 (4-8)  (-------- ,ככ ,--------) =** %

ࠊࡋ⌧⾲ࢆ㢮✀ࡢሙ☢ࡣࠖ**ࠕᏐ࠼ῧୖࠋࡿ࠶࡛

┠ᶆ☢ሙ TG, ィ ☢ሙ MS, ㄗᕪ☢ሙ ER࣒ࢩࠊ∦

ࢺẼ࣮࣓ࣔࣥ☢ࡢ MM ሙ☢ࡿࡼ M, ࡛ࠋࡿ࠶ 
ㄗᕪ☢ሙࠊࡣ࡛⟭ィࢢ࣑ࣥࢩ %ER 

%ER = %0  %MS         (4-9) 

%0ࠊ࡛ࡇࡇࠋࡿࡍ⟭ィࢆ⨨㓄∦࣒ࢩࡿࡍṇ⿵ࢆ

 %MS ࠊࢀࡒࢀࡑࠊࡣ┠ᶆ☢ሙィ ☢ሙ࡛࠶

ሙ☢࠺ᢅࡾㄝ࡛᫂ྲྀࡢ⟭ィࢢ࣑ࣥࢩࡢᮏ㡯ࠋࡿ

40cm-DSSࠊࡣሙศᕸ☢ࡢ๓ࢢ࣑ࣥࢩࠊ࡛ 㠃࡛ࠊ

Fig. 4-18 ࡚ࡗ࡞ࡃపࡀୗഃ࡛☢ሙࠋࡿ࠶࡛ࡢࡶࡢ

ࡣᕪࡢ᭱ᑠ᭱ࠊࡾ࠾ 693ppm ㄗᕪ☢ሙ࡞ࡁ

ィࢢ࣑ࣥࢩࠊ࡚࠸ࡘࢢ࣑ࣥࢩࡢᐇ㝿ࠋࡿ࠶ࡀ

⟬ἲࢆ୰ᚰㄝ᫂ࠋࡿࡍ 
ࡣయ⣔ࡢ⟭ィࢢ࣑ࣥࢩ Fig. 4-19࡛ࠋࡿ࠶ィ 㠃

ࡣ 40cm-DSS ࣑ࣥࢩࡽ್ ሙィ☢ࡢ࡛ࡇࡇࠊ࡛

ࡢࣞࢺ࣒ࢩࠊ࡚ࡗᚑᯝ⤖ࡢ⟭ィࢢ MM ࡁ

ࢆ㍈᪉ྥࡣᗙᶆ⣔ࠊ࡛ࡇࡇࠋࡿࡍㄪᩚࢆࡉ Z㍈

࡚ࡋX, Y᪉ྥࠊࢀࡒࢀࡑࢆᆶ┤᪉ྥࠊỈᖹࠊࡋ

 
Fig. 4-18 ࢢ࣑ࣥࢩ๓ࡢㄗᕪ☢ሙศᕸ࣓ࣝࠋ

ప☢ሙ㒊ࡣᡴⅬ㡿ᇦࠋ♧⾲ᅗἲ࡛࣮ࣝࢺ࢝

ศ40ࠋcm-DSS 㠃࡛ࡢィ ☢ሙ࡛ࠋࡿ࠶ 

 
Fig. 4-17 ࢢ࣑ࣥࢩసᴗࡢᡭ㡰ࠋ☢ሙศᕸࡀ

┠ᶆࡢᆒ୍ᗘࢆᚓࡾ⧞࡛ࡲࡿ㏉ࡋసᴗࢆ⾜

⫣ᩥࠋ࠺ 13, Fig.1  ⏝ᘬࡾࡼ
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Fig. 4-19 ࢢ࣑ࣥࢩィ⟬య⣔ࠋ㍈᪉ྥࡀ Z ᪉
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ィࠊࡽィ ☢ሙࠊࡣ࡛ࢢ࣑ࣥࢩࡢᐇ㝿ࠋࡿ࠸

 㠃ࡢෆഃࡢ☢ሙศᕸࡢෆᤄィ⟬[42, 43]ࢆ

40cm-DSSࠊࡣ࡛ࡇࡇࠋࡓࡋ⏝ ࡛☢ሙィ ࠊࡋ

MuSEUM ᐇ㦂㡿ᇦࡢ 20cm ┤ᚄ-30cm 㛗ࡢᴃయ

⾲㠃ෆᤄィ⟬ࠋࡓࡋィ ☢ሙࢆ⌧࠺ࡼࡿࡍ

ࡣ࡛ࡇࡇ)௬㉳☢ຊ㓄⨨㠃ࠊ 60cm-DSS)௬

ⓗ☢Ẽ࣮࣓ࣔࣥࢺ MM ศᕸࢆ⟬ฟࡢࡑࠊࡋ

MM ศᕸ࡛☢ሙศᕸࢆ⟬ฟࠋࡿ࠸࡚ࡋ 
ࡣሙ☢ࡿసࡀ∦࣒ࢩ MM ┠␒jࠊሙ࡛☢ࡿసࡢ

Pjࡀ i ␒┠⨨సࡿ☢ሙ EMi࡚ࡋ, 

EMi=(10-7){3(Pj㺃Uij)Uij/rij2 Pj}/rij3,    (4-10) 

࡛ィ⟬࡛ࠊ࡛ࡇࡇࠋࡿࡁUij ࡣ j ࠊࡽ∦࣒ࢩ┠␒

i ␒┠ィ Ⅼࡢ⨨ࡕ࠺ࡢࡇࠋࡿ࠶࡛ࣝࢺࢡ࣋

㍈᪉ྥᡂศࡢ bZi ୍ࠋ࠺⾜ࢆࢢ࣑ࣥࢩ࡚ࡋ⏝ࢆ

᪉ࢺࢵࢣ࣏ࠊ㓄⨨ࡓࢀࡉ㕲∦ࡣ☢ሙࡌྠ㍈

᪉ྥ(Z ᪉ྥ)ࠊࡁྥ㣬☢(㕲 1cc = 1.71Am2)
 ࠊࡾࡲࡘࠋࡘᣢࢆ

Pj = (0.0, 0.0, Mj)   (4-11) 

ิ⾜⟆ᛂࠋࡿ࠶࡛ A ༢ࡢᘧ(4-10)ࠊࢆせ⣲ࡢ

MM  ࠊࡿ࠼⪄ሙ☢ࡢࡾࡓ࠶

Aij = (10-7){3Zij2/rij2 1.0}/rij3,       (4-12) 

jࠊࡾ࠶࡛ ␒┠⨨ࡢ༢☢Ẽ࣮࣓ࣔࣥࢺ

(1.0Am2)ࡢ㍈᪉ྥᡂศࡀ i␒┠ MFEP ሙ☢ࡿస

Zijࠊ࡛ࡇࡇࠋࡿ࠶㍈᪉ྥᡂศᙉᗘ࡛ࡢ ࡣ Uij ㍈ࡢ

᪉ྥZᡂศ࡛ࡀ∦࣒ࢩࠊࡿࡵࡲࠋࡿ࠶సࡿ☢

ሙ %Mࠊࡣ 

%M = A0   (4-13) 

ࡢㄝ᫂ࡢᑠἲ᭱ึ᭱ࡣᘧࡢࡇࠋࡿࡅ᭩

ෑ㢌ࡢᘧ(2-1)ࡌྠᙧ࡛ࠊࡾ࠶%ERࢆ⿵ṇࠊࡿࡍ

0 㓄⨨ࢆồࡵࡓࡿࡵ➹⪅ᥦࢢ࣑ࣥࢩࡢィ⟬

❶2➨ࠋࡃTSVDṇ๎࡛ゎࢆᑠἲ᭱ࠊࡣ࡛
࡛ㄝ᫂ࡓࡋィ⟬ἲࢆ⏝ࠋࡿࡍ 

2 ㄗᕪ㸻(%ER - A0)2 ĺ�᭱ᑠ  (4-14) 

ࡿࡍ  ࠊࡣ0

0 = (AtA)-1At%ER  (4-15) 

TSVDࠊࡀࡿ࠶࡛  ࡚࠸⏝ࢆ

=                           (4െ 16) 

್␗≉࡚࠸ࡘࢻᅛ᭷࣮ࣔࡣ⟭ຍࠋࡿ࠶࡛

k[T/Am2] 㝆㡰, ᡴࡕษࡾᅛ᭷࣮ࣔࢻ␒ྕ k= 
MTࠋ࠺⾜࡛ࡲYk Xk0ࠊࢀࡒࢀࡑࡣ ࡢ% k␒
┠ᅛ᭷ศᕸࢢ࣑ࣥࢩࠋᚋࡢணṧᕪ☢ሙ %REࠊࡣ 

%RE= %ER –σ ( )    

   = %ER - A0 (MT )   (4-17) 

ᶆ☢ሙᙉ┠ࠊࡣィ⟬ἲ࡛ࢢ࣑ࣥࢩࡢࡇࠋࡿ࠶࡛

ᗘ B0ᡴࡕษࡾᅛ᭷࣮ࣔࢻ␒ྕMTࠊࢆ┠ᶆ☢ሙ

ศᕸ(±0.1ppm ௨ෆࡢ☢ሙኚື࡛ࠊᆒ୍ᗘ 0.2ppm)
᪉ἲࡢࡇࠋࡿ࠶ࡀᚲせࡿࡵỴ࠺ࡼࡿࢀࡽᚓࡀ

ࡢཧ⪃ᩥ⊩[8, 44]ࢆ 0.2ppmࢆᐇ⌧ࢢ࣑ࣥࢩࡓࡋ

 ࠋࡿࡍㄝ᫂ḟࠊ࡚ࡗࢆሙ☢ࡢ
๓ࡢࢪ࣮࣌ Fig. 4-18 ィ 㠃ࡢ๓ࢢ࣑ࣥࢩࠊࡣ

(40cm-DSS)ୖࡢ☢ሙศᕸ࣮ࣝࢺ࣓࢝ࣝࢆᅗἲ࡛

20-30cmࠊࡣሙศᕸ☢ࡢࡇࠋࡓࡋ♧⾲ ᴃయ⾲㠃

341ppmࠊࡿࡍ⟭ෆᤄィ ሙศ☢ࡢࡇࠋࡿ࠶࡛

ᕸࢢ࣑ࣥࢩィ⟬ࢆᐇ⾜ࠊࡋᘧ(4-17)࡛ồࡓࡵMT

ࡀ㛵ಀࡢṧᕪ Fig. 4-20࡛ࠊṧᕪ☢ሙศᕸ%RE

ࡓࡵḟᘧ࡛ồࠊࡽ peak-to-peak  ࠋࡓࡋ♧⾲ࢆ್

( ) = ( ) െ ( ) (4-18) 
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40cm-DSS ࡛⟭ෆᤄィࠊࡀࡿ࠶ィ 㠃࡛ࡣ 20-
30cm  ࠋࡓࡋ♧⾲ࡶ࡚࠸ࡘᴃయ⾲㠃ࡢ

MTࠊ⯡୍ ࡞Ⰻዲࡣᆒ୍ᗘࡿࡍࡃࡁࢆ

ࠊࡵࡓࡢࡑࠋࡿࡍቑຍࡣ㕲∦㔞ࡿࡍ⏝ࠊࡀࡿ

┠ᶆᆒ୍ᗘࡍࡓ‶ࢆ⠊ᅖ࡛ᑠ࡞ࡉ MT ࡍ㑅ᢥࢆ

ࡣ࡛ࡇࡇࠋࡿ MT =69  ࠋࡿࡍ㑅ᢥࢆ
ḟࡢࡇࠊ MT=69 ࡛┠ᶆ☢ሙᙉᗘࢆỴࡿࡵᅗ

Fig. 4-21ࠊࡀ MTࠋࡿ࠶࡛ ィ⟬࡛⟬ฟࢢ࣑ࣥࢩ

࣒ࢩࠋࡿ࠸࡚ࡋࢺࢵࣟࣉࢆண್ࡢᆒ୍ᗘࡓࡋ

ࡢᑠ༢᭱ࡢ∦ 3 ✀㢮࡛♧ࠋࡓࡋ㏻ᖖࡢ MRI ☢
∦㕲ࡓ࠸࡚࠸⏝࡛▼ 0.06cc(0.103Am2), MuSEUM
ᐇ㦂⏝⏝ពࡓࡋ Ni∦ 0.036cc(0.017Am2), ࢀࡑ

↓㝈ᑠࡢሙྜ࡛ࠋࡿ࠶ཧ⪃ࠊ㕲ࡢ㣬☢ࡣ

2.15T Niࠊ࡛ ࡣ 0.60T  ࠋࡓࡋ
☢ᶆ┠ࠊ࡛ࡢࡿࡏࡉపୗࢆሙ☢ࡣ㕲࣒ࢩ

ሙࡣ㧗ࡢࡵ᪉࣒ࢩࠊࡀ∦㔞ࡀᑡ୍ࠋࡿ࡞ࡃ࡞᪉

ࡲࡘ)ࡿ࡞ࡃ↓ࡀゎࡢ⨨㓄∦࣒ࢩࡿࡂࡍ㧗ࠊ࡛

ࡍฟຊࢆゎࡿࡍ㏫᪉ྥࡢሙ☢ࢆ᪉ྥ☢ࡾ

ࡿࡵồࢆᆒ୍ᗘ࡞Ⰻዲᚲせ௨ୖࠊࡓࡲࠋ(ࡿ

ࠋࡿ࡞ࡇࡿࡍᚲせࢆ∦࣒ࢩࡢ㐣㔞ࠊ

ᆒ࡞ᚲせࠊ㕲㔞࡛࠸࡞ᑡࡅࡔࡿࡁ࡛ࠊࡵࡓࡢࡑ

୍ᗘࢆᐇ⌧ࠊ࠺ࡼࡿࡍB0, MTࢆỴࡢࡑࠋࡿࡵព

࡛ࠊB0>1.199685T  ࠋ࠸࡞ࡣጇᙜ࡛ࡣ
୍᪉ࠊ㕲∦ 0.06cc᭱ࡀᑠ༢ࡢሙྜࡢ∦୍ࠊ㓄

⨨࡛ኚࡿࡍ☢ሙࡀ0.2ࠊ࡛ࡢ࠸ࡁppm ฿ࡣ

㐩࡛ࠊࡋࡋࠋ࠸࡞ࡁNi 0.036ccࡣ 0.2ppm௨ୗࡢ

ゎࠋࡿ࠶ࡀࠊࡤ࠼B0=1.199680T 㑅ᢥ࠺ࡼࡢ

ࡣࢢ࣑ࣥࢩࡢᐇ㝿ࠋࡿ࠼ࢆᯝ⤖࠸Ⰻࡿࡍ Fig. 

సᴗࡋ㏉ࡾ⧞ࠋࡿ࡞సᴗࡋ㏉ࡾ⧞࠺ࡼࡢ4-17

ẖୖグ᳨ࡢウࠋࡿ࡞ࡇ࠺⾜ࢆ 
ཧ⪃ཧ⪃ᩥ⊩[13]ࡾࡼ,࿘ᅇ᪉ྥ୍ᵝ࡞ᇶᮏ

ᅛ᭷࣮ࣔࢢ࣑ࣥࢩࠊ࡚࠸ࡘࢻᚲせ࡞㕲㔞ࢆ

MRIࡢ4.1⠇ࡣࢻᇶᮏᅛ᭷࣮ࣔࠋ(Table 4-6)ࡓࡋ♧
ྠࡰࢻᅛ᭷࣮ࣔࡓࡋሙタィ࡛㆟ㄽ☢ࡢ▼☢

ࡣ㕲㔞ࡿ㓄⨨ฟ᮶ࣞࢺ࣒ࢩࠋࡿ࠶࡛ࡌ

2000cc௨ୗ࡛ࠊࡾ࠶⾲୰࡛ 7␒┠௨㝆ࡢᅛ᭷࣮ࣔ

ࡢ▼☢⏝ࠋࡿ࠼ゝ࠸࡞ࡁ࡛ࢢ࣑ࣥࢩࡣࢻ

ࡣᩘࣝࢥ 6 ಶ࡛7ࠊࡾ࠶ ␒┠௨㝆ࡢᅛ᭷࣮ࣔࢻ

B0ࠋࡿ࠼⪄࠸࡞࡚ࢀࡉ៖⪄ࡣタィ࡛▼☢ࡣ 

7ࠊࡀ࠸࡞ฟ᮶ࡣ㆟ㄽ࡞☜ṇࠊ࡛ࡢࡿࡍ౫Ꮡࡶ
␒┠௨ୖࡢḟᩘࡢ㧗࠸ᅛ᭷࣮ࣔࡣࢻᐇ㝿ୖ࣑ࢩ

 ࠋࡿゎࡀࡇ࠸࡞ࡁ࡛ࢢࣥ

 ⾜ᐇࡢసᴗࢢ࣑ࣥࢩ .4.6.4

௨ୖࢢ࣑ࣥࢩࡿࡼ࠼⪄ࡢィ⟬ࡢࢢ࣑ࣥࢩ

ᐇ⾜࡛ࠊJ-PARC ࡛┠ᣦࡍ 0.2ppm ⌧ᐇࡀᆒ୍ᗘࡢ

J-PARCࠊࡀ⾡ᢏࡢࢢ࣑ࣥࢩሙ☢ࡓࡋព⏝ࠊࡁ࡛
ᐇ㦂ᑐᛂ࡛ࢆࡇࡿࡁ☜ㄆࢆࡇࡓࡋ⤂ࡋ

 ࠋࡃ࠾࡚
௨ୖࡢᡭἲࢢ࣑ࣥࢩࡿࡼィ⟬࡛ࠊMuSEUM

ᐇ㦂ᵝࡢ 20-30cm ᴃయ࡛ 0.2ppm ࢩࡍᣦ┠ࢆ

 .Figࠋࡿ࠸࡚ࡋ㐩฿ᆒ୍ᗘࡢᶆ┠ࠊ࠸⾜ࢢ࣑ࣥ
࡚ࡋ♧ࢆపୗࡢᆒ୍ᗘࡿࡼసᴗࡋ㏉ࡾ⧞ࡣ4-22

20-30cmࠊࡣ๓࡛ࢢ࣑ࣥࢩࠋࡿ࠸ ᴃయ⾲㠃࡛

391ppm ࡣᚋࢢ࣑ࣥࢩࠊࡀࡓࡗ࠶ᆒ୍ᗘ࡛ࡢ

0.16ppm  ࠋࡓฟ᮶

Table 4-6 ࿘ᅇ᪉ྥ୍ᵝ࡞ᅛ᭷࣮࣑ࣔࣥࢩࡢࢻ

 (⏝ᘬࡾࡼ[13])ࡢ㕲∦㔞࣒ࢩ࡞ᚲせࢢ

2D basic 
eigenmode 

No. i 
Eigenmode 

No.  
M2Di 

Error 
eigenmode 
strength 
 PiER

 

(T) 

Estimated 
 iron 

volume 
Vol(i) (cm3) 

1 1 5.963E-5 5.114E+1 
2 7 3.588E-5 6.819E+1 
3 21 4.916E-5 2.986E+2 
4 49 2.057E-5 4.728E+2 
5 73 5.440E-6 5.154E+2 
6 97 2.142E-6 8.886E+2 
7 121 1.889E-6 3.621E+3�
8 145 1.750E-6 1.714E+4�
9 175 8.021E-7 5.073E+4�

 
Fig. 4-21 ᆒ୍ᗘ┠ᶆ☢ሙࡢ㛵ಀࡿ࡞␗ࠊࢆ
㕲㔞᭱ᑠ༢࡛♧0.2ࠋࡍppm ௨ୗࢢ࣑ࣥࢩ
ࡣࡿࡍ 0.017Am2(Ni 0.036cc┦ᙜ)⛬ᗘ௨ୗࡢ
᭱ᑠ༢ࡿࡍ∦࣒ࢩࡢᚲせࠋࡿ࠶ࡀ 
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ィࠊࡽィ ☢ሙࠊࡣ࡛ࢢ࣑ࣥࢩࡢᐇ㝿ࠋࡿ࠸

 㠃ࡢෆഃࡢ☢ሙศᕸࡢෆᤄィ⟬[42, 43]ࢆ

40cm-DSSࠊࡣ࡛ࡇࡇࠋࡓࡋ⏝ ࡛☢ሙィ ࠊࡋ

MuSEUM ᐇ㦂㡿ᇦࡢ 20cm ┤ᚄ-30cm 㛗ࡢᴃయ

⾲㠃ෆᤄィ⟬ࠋࡓࡋィ ☢ሙࢆ⌧࠺ࡼࡿࡍ

ࡣ࡛ࡇࡇ)௬㉳☢ຊ㓄⨨㠃ࠊ 60cm-DSS)௬

ⓗ☢Ẽ࣮࣓ࣔࣥࢺ MM ศᕸࢆ⟬ฟࡢࡑࠊࡋ

MM ศᕸ࡛☢ሙศᕸࢆ⟬ฟࠋࡿ࠸࡚ࡋ 
ࡣሙ☢ࡿసࡀ∦࣒ࢩ MM ┠␒jࠊሙ࡛☢ࡿసࡢ

Pjࡀ i ␒┠⨨సࡿ☢ሙ EMi࡚ࡋ, 

EMi=(10-7){3(Pj㺃Uij)Uij/rij2 Pj}/rij3,    (4-10) 

࡛ィ⟬࡛ࠊ࡛ࡇࡇࠋࡿࡁUij ࡣ j ࠊࡽ∦࣒ࢩ┠␒

i ␒┠ィ Ⅼࡢ⨨ࡕ࠺ࡢࡇࠋࡿ࠶࡛ࣝࢺࢡ࣋

㍈᪉ྥᡂศࡢ bZi ୍ࠋ࠺⾜ࢆࢢ࣑ࣥࢩ࡚ࡋ⏝ࢆ

᪉ࢺࢵࢣ࣏ࠊ㓄⨨ࡓࢀࡉ㕲∦ࡣ☢ሙࡌྠ㍈

᪉ྥ(Z ᪉ྥ)ࠊࡁྥ㣬☢(㕲 1cc = 1.71Am2)
 ࠊࡾࡲࡘࠋࡘᣢࢆ

Pj = (0.0, 0.0, Mj)   (4-11) 

ิ⾜⟆ᛂࠋࡿ࠶࡛ A ༢ࡢᘧ(4-10)ࠊࢆせ⣲ࡢ

MM  ࠊࡿ࠼⪄ሙ☢ࡢࡾࡓ࠶

Aij = (10-7){3Zij2/rij2 1.0}/rij3,       (4-12) 

jࠊࡾ࠶࡛ ␒┠⨨ࡢ༢☢Ẽ࣮࣓ࣔࣥࢺ

(1.0Am2)ࡢ㍈᪉ྥᡂศࡀ i␒┠ MFEP ሙ☢ࡿస

Zijࠊ࡛ࡇࡇࠋࡿ࠶㍈᪉ྥᡂศᙉᗘ࡛ࡢ ࡣ Uij ㍈ࡢ

᪉ྥZᡂศ࡛ࡀ∦࣒ࢩࠊࡿࡵࡲࠋࡿ࠶సࡿ☢

ሙ %Mࠊࡣ 

%M = A0   (4-13) 

ࡢㄝ᫂ࡢᑠἲ᭱ึ᭱ࡣᘧࡢࡇࠋࡿࡅ᭩

ෑ㢌ࡢᘧ(2-1)ࡌྠᙧ࡛ࠊࡾ࠶%ERࢆ⿵ṇࠊࡿࡍ

0 㓄⨨ࢆồࡵࡓࡿࡵ➹⪅ᥦࢢ࣑ࣥࢩࡢィ⟬

❶2➨ࠋࡃTSVDṇ๎࡛ゎࢆᑠἲ᭱ࠊࡣ࡛
࡛ㄝ᫂ࡓࡋィ⟬ἲࢆ⏝ࠋࡿࡍ 

2 ㄗᕪ㸻(%ER - A0)2 ĺ�᭱ᑠ  (4-14) 

ࡿࡍ  ࠊࡣ0

0 = (AtA)-1At%ER  (4-15) 

TSVDࠊࡀࡿ࠶࡛  ࡚࠸⏝ࢆ

=                           (4െ 16) 

್␗≉࡚࠸ࡘࢻᅛ᭷࣮ࣔࡣ⟭ຍࠋࡿ࠶࡛

k[T/Am2] 㝆㡰, ᡴࡕษࡾᅛ᭷࣮ࣔࢻ␒ྕ k= 
MTࠋ࠺⾜࡛ࡲYk Xk0ࠊࢀࡒࢀࡑࡣ ࡢ% k␒
┠ᅛ᭷ศᕸࢢ࣑ࣥࢩࠋᚋࡢணṧᕪ☢ሙ %REࠊࡣ 

%RE= %ER –σ ( )    

   = %ER - A0 (MT )   (4-17) 

ᶆ☢ሙᙉ┠ࠊࡣィ⟬ἲ࡛ࢢ࣑ࣥࢩࡢࡇࠋࡿ࠶࡛

ᗘ B0ᡴࡕษࡾᅛ᭷࣮ࣔࢻ␒ྕMTࠊࢆ┠ᶆ☢ሙ

ศᕸ(±0.1ppm ௨ෆࡢ☢ሙኚື࡛ࠊᆒ୍ᗘ 0.2ppm)
᪉ἲࡢࡇࠋࡿ࠶ࡀᚲせࡿࡵỴ࠺ࡼࡿࢀࡽᚓࡀ

ࡢཧ⪃ᩥ⊩[8, 44]ࢆ 0.2ppmࢆᐇ⌧ࢢ࣑ࣥࢩࡓࡋ

 ࠋࡿࡍㄝ᫂ḟࠊ࡚ࡗࢆሙ☢ࡢ
๓ࡢࢪ࣮࣌ Fig. 4-18 ィ 㠃ࡢ๓ࢢ࣑ࣥࢩࠊࡣ

(40cm-DSS)ୖࡢ☢ሙศᕸ࣮ࣝࢺ࣓࢝ࣝࢆᅗἲ࡛

20-30cmࠊࡣሙศᕸ☢ࡢࡇࠋࡓࡋ♧⾲ ᴃయ⾲㠃

341ppmࠊࡿࡍ⟭ෆᤄィ ሙศ☢ࡢࡇࠋࡿ࠶࡛

ᕸࢢ࣑ࣥࢩィ⟬ࢆᐇ⾜ࠊࡋᘧ(4-17)࡛ồࡓࡵMT

ࡀ㛵ಀࡢṧᕪ Fig. 4-20࡛ࠊṧᕪ☢ሙศᕸ%RE

ࡓࡵḟᘧ࡛ồࠊࡽ peak-to-peak  ࠋࡓࡋ♧⾲ࢆ್

( ) = ( ) െ ( ) (4-18) 

 
Fig. 4-20 ᡴࡕษࡾᅛ᭷࣮ࣔ0ྕ␒ࢻTṧᕪ☢
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ࡀ0T=69ࡣࡿࡍࢢ࣑ࣥࢩ0.2ppm௨ୗࠋ್
ጇᙜࠋ 
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40cm-DSS ࡛⟭ෆᤄィࠊࡀࡿ࠶ィ 㠃࡛ࡣ 20-
30cm  ࠋࡓࡋ♧⾲ࡶ࡚࠸ࡘᴃయ⾲㠃ࡢ

MTࠊ⯡୍ ࡞Ⰻዲࡣᆒ୍ᗘࡿࡍࡃࡁࢆ

ࠊࡵࡓࡢࡑࠋࡿࡍቑຍࡣ㕲∦㔞ࡿࡍ⏝ࠊࡀࡿ

┠ᶆᆒ୍ᗘࡍࡓ‶ࢆ⠊ᅖ࡛ᑠ࡞ࡉ MT ࡍ㑅ᢥࢆ

ࡣ࡛ࡇࡇࠋࡿ MT =69  ࠋࡿࡍ㑅ᢥࢆ
ḟࡢࡇࠊ MT=69 ࡛┠ᶆ☢ሙᙉᗘࢆỴࡿࡵᅗ

Fig. 4-21ࠊࡀ MTࠋࡿ࠶࡛ ィ⟬࡛⟬ฟࢢ࣑ࣥࢩ

࣒ࢩࠋࡿ࠸࡚ࡋࢺࢵࣟࣉࢆண್ࡢᆒ୍ᗘࡓࡋ

ࡢᑠ༢᭱ࡢ∦ 3 ✀㢮࡛♧ࠋࡓࡋ㏻ᖖࡢ MRI ☢
∦㕲ࡓ࠸࡚࠸⏝࡛▼ 0.06cc(0.103Am2), MuSEUM
ᐇ㦂⏝⏝ពࡓࡋ Ni∦ 0.036cc(0.017Am2), ࢀࡑ

↓㝈ᑠࡢሙྜ࡛ࠋࡿ࠶ཧ⪃ࠊ㕲ࡢ㣬☢ࡣ

2.15T Niࠊ࡛ ࡣ 0.60T  ࠋࡓࡋ
☢ᶆ┠ࠊ࡛ࡢࡿࡏࡉపୗࢆሙ☢ࡣ㕲࣒ࢩ

ሙࡣ㧗ࡢࡵ᪉࣒ࢩࠊࡀ∦㔞ࡀᑡ୍ࠋࡿ࡞ࡃ࡞᪉

ࡲࡘ)ࡿ࡞ࡃ↓ࡀゎࡢ⨨㓄∦࣒ࢩࡿࡂࡍ㧗ࠊ࡛

ࡍฟຊࢆゎࡿࡍ㏫᪉ྥࡢሙ☢ࢆ᪉ྥ☢ࡾ

ࡿࡵồࢆᆒ୍ᗘ࡞Ⰻዲᚲせ௨ୖࠊࡓࡲࠋ(ࡿ

ࠋࡿ࡞ࡇࡿࡍᚲせࢆ∦࣒ࢩࡢ㐣㔞ࠊ

ᆒ࡞ᚲせࠊ㕲㔞࡛࠸࡞ᑡࡅࡔࡿࡁ࡛ࠊࡵࡓࡢࡑ

୍ᗘࢆᐇ⌧ࠊ࠺ࡼࡿࡍB0, MTࢆỴࡢࡑࠋࡿࡵព

࡛ࠊB0>1.199685T  ࠋ࠸࡞ࡣጇᙜ࡛ࡣ
୍᪉ࠊ㕲∦ 0.06cc᭱ࡀᑠ༢ࡢሙྜࡢ∦୍ࠊ㓄

⨨࡛ኚࡿࡍ☢ሙࡀ0.2ࠊ࡛ࡢ࠸ࡁppm ฿ࡣ

㐩࡛ࠊࡋࡋࠋ࠸࡞ࡁNi 0.036ccࡣ 0.2ppm௨ୗࡢ

ゎࠋࡿ࠶ࡀࠊࡤ࠼B0=1.199680T 㑅ᢥ࠺ࡼࡢ

ࡣࢢ࣑ࣥࢩࡢᐇ㝿ࠋࡿ࠼ࢆᯝ⤖࠸Ⰻࡿࡍ Fig. 

సᴗࡋ㏉ࡾ⧞ࠋࡿ࡞సᴗࡋ㏉ࡾ⧞࠺ࡼࡢ4-17

ẖୖグ᳨ࡢウࠋࡿ࡞ࡇ࠺⾜ࢆ 
ཧ⪃ཧ⪃ᩥ⊩[13]ࡾࡼ,࿘ᅇ᪉ྥ୍ᵝ࡞ᇶᮏ

ᅛ᭷࣮ࣔࢢ࣑ࣥࢩࠊ࡚࠸ࡘࢻᚲせ࡞㕲㔞ࢆ

MRIࡢ4.1⠇ࡣࢻᇶᮏᅛ᭷࣮ࣔࠋ(Table 4-6)ࡓࡋ♧
ྠࡰࢻᅛ᭷࣮ࣔࡓࡋሙタィ࡛㆟ㄽ☢ࡢ▼☢

ࡣ㕲㔞ࡿ㓄⨨ฟ᮶ࣞࢺ࣒ࢩࠋࡿ࠶࡛ࡌ

2000cc௨ୗ࡛ࠊࡾ࠶⾲୰࡛ 7␒┠௨㝆ࡢᅛ᭷࣮ࣔ

ࡢ▼☢⏝ࠋࡿ࠼ゝ࠸࡞ࡁ࡛ࢢ࣑ࣥࢩࡣࢻ

ࡣᩘࣝࢥ 6 ಶ࡛7ࠊࡾ࠶ ␒┠௨㝆ࡢᅛ᭷࣮ࣔࢻ

B0ࠋࡿ࠼⪄࠸࡞࡚ࢀࡉ៖⪄ࡣタィ࡛▼☢ࡣ 

7ࠊࡀ࠸࡞ฟ᮶ࡣ㆟ㄽ࡞☜ṇࠊ࡛ࡢࡿࡍ౫Ꮡࡶ
␒┠௨ୖࡢḟᩘࡢ㧗࠸ᅛ᭷࣮ࣔࡣࢻᐇ㝿ୖ࣑ࢩ

 ࠋࡿゎࡀࡇ࠸࡞ࡁ࡛ࢢࣥ

 ⾜ᐇࡢసᴗࢢ࣑ࣥࢩ .4.6.4

௨ୖࢢ࣑ࣥࢩࡿࡼ࠼⪄ࡢィ⟬ࡢࢢ࣑ࣥࢩ

ᐇ⾜࡛ࠊJ-PARC ࡛┠ᣦࡍ 0.2ppm ⌧ᐇࡀᆒ୍ᗘࡢ

J-PARCࠊࡀ⾡ᢏࡢࢢ࣑ࣥࢩሙ☢ࡓࡋព⏝ࠊࡁ࡛
ᐇ㦂ᑐᛂ࡛ࢆࡇࡿࡁ☜ㄆࢆࡇࡓࡋ⤂ࡋ

 ࠋࡃ࠾࡚
௨ୖࡢᡭἲࢢ࣑ࣥࢩࡿࡼィ⟬࡛ࠊMuSEUM

ᐇ㦂ᵝࡢ 20-30cm ᴃయ࡛ 0.2ppm ࢩࡍᣦ┠ࢆ

 .Figࠋࡿ࠸࡚ࡋ㐩฿ᆒ୍ᗘࡢᶆ┠ࠊ࠸⾜ࢢ࣑ࣥ
࡚ࡋ♧ࢆపୗࡢᆒ୍ᗘࡿࡼసᴗࡋ㏉ࡾ⧞ࡣ4-22

20-30cmࠊࡣ๓࡛ࢢ࣑ࣥࢩࠋࡿ࠸ ᴃయ⾲㠃࡛

391ppm ࡣᚋࢢ࣑ࣥࢩࠊࡀࡓࡗ࠶ᆒ୍ᗘ࡛ࡢ

0.16ppm  ࠋࡓฟ᮶

Table 4-6 ࿘ᅇ᪉ྥ୍ᵝ࡞ᅛ᭷࣮࣑ࣔࣥࢩࡢࢻ

 (⏝ᘬࡾࡼ[13])ࡢ㕲∦㔞࣒ࢩ࡞ᚲせࢢ

2D basic 
eigenmode 

No. i 
Eigenmode 

No.  
M2Di 

Error 
eigenmode 
strength 
 PiER

 

(T) 

Estimated 
 iron 

volume 
Vol(i) (cm3) 

1 1 5.963E-5 5.114E+1 
2 7 3.588E-5 6.819E+1 
3 21 4.916E-5 2.986E+2 
4 49 2.057E-5 4.728E+2 
5 73 5.440E-6 5.154E+2 
6 97 2.142E-6 8.886E+2 
7 121 1.889E-6 3.621E+3�
8 145 1.750E-6 1.714E+4�
9 175 8.021E-7 5.073E+4�

 
Fig. 4-21 ᆒ୍ᗘ┠ᶆ☢ሙࡢ㛵ಀࡿ࡞␗ࠊࢆ
㕲㔞᭱ᑠ༢࡛♧0.2ࠋࡍppm ௨ୗࢢ࣑ࣥࢩ
ࡣࡿࡍ 0.017Am2(Ni 0.036cc┦ᙜ)⛬ᗘ௨ୗࡢ
᭱ᑠ༢ࡿࡍ∦࣒ࢩࡢᚲせࠋࡿ࠶ࡀ 
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5 ᅇ┠᭱ࡣ࡛ࡲᑠ࣒ࢩ∦༢ࢆ㕲 0.06cc ࠶࡛

ࡣẁ㝵࡛ࡢࡇࠊࡾ 0.5ppm ⛬ᗘ࡛6ࠋࡓࡋ㸪7
ᅇ┠ࡣ Ni 0.036cc 0.16ppmࠊ࡚ࡋᑠ༢᭱ࢆ ࢆ

㐩ᡂࢢ࣑ࣥࢩࠋࡿ࠸࡚ࡋィ⟬ࡿࡼண ▩┪

 ࠋ࠸࡞ࡋ
ࡿࡍィྜࠊࡣᐜ㔞∦࣒ࢩࡸ⟭ィࢢ࣑ࣥࢩ

᭱ ࡿ࠶ࡀィ⟬࣭㓄⨨ㄗᕪࡢ㔞∦࣒ࢩࡢ7.5%

᥎ᐃ1ࠊࡵࡓࡢࡇࠋࡿ࠸࡚ࡋ㸪3ᅇ┠ 6ᅇ┠ࡢ

ᆒ୍ᗘࡢኚࡀ࠸ࡁࠊࡣணᐇ㝿ࡀ

ඹసᴗࡋ㏉ࡾ⧞ࠊࡋࡋࠋࡿࡃ࡚ࡋ㞳ࡸࡸ

 ࠋࡿゎࡀࡇࡿࢀࡉゎᾘࡀ㞳ࡢࡇ
Fig. 4-23 ⤖ࡓࡗ⾜ࢆసᴗࢢ࣑ࣥࢩᐇ㝿ࠊࡣ

ᯝࠊᚓࡓࢀࡽ☢ሙศᕸࠋࡍ♧ࢆ㍈᪉ྥ-ᆶ┤᪉ྥ

ࢆሙᙉᗘศᕸ☢ࡢ 0.1ppm ẖࡢ➼㧗⥺࡛♧࠸࡚ࡋ

ᆒ࡞Ⰻዲࡓࡋᮇᚅࠊࡾ࠶እࡢ࡚ᴃయࠊࡀ

୍ᗘࡀᚓࡓࢀࡽゎ0.2ࠊ࡚ࡋࡑࠋࡿppm ሙ☢ࡢ

ᆒ୍ᗘࢆᐇ⌧ࢢ࣑ࣥࢩࡢࡵࡓࡿࡍᢏ⾡ࢀࡇࠊࡣ

 ࠋࡿࡁㄽ࡛⤖⬟ᡭἲ࡛ᑐᛂྍࡓ㏙࡛ࡲ

 ሙ☢࠸ࡋ㞴ࡢࢢ࣑ࣥࢩືཷ .4.6.5

᪤ 2.3 ⠇ 4.1 ⠇࡛㏙ࠊ࠺ࡼࡓMRI ☢▼

ሙタィ☢ࡢ▼☢ࡿࡍ⏕Ⓨࢆᆒ୍☢ሙࠊ࠺ࡼࡢ

ࠊࡋࡋࠋ࠺ᢅࢆሙᡂศ(BZ)☢࡞⾜ᖹ㍈ࠊࡣ࡛

ィ ☢ሙ BMS ࡣ MFEP ࡛ィ ࠊࢀࡉ| | (<< |BZ|) 
ࡀ㛵ಀࡢୗグࠊࢀࡲྵࡶ BMS, BZ, ࡢ㛫ࠊ 

= +  {1 + 0.5 },  (4-19) 

ࡢࡇࠋࡿ࠶ࡀ㛵ಀࡢ ධຊ⟭ィࢢ࣑ࣥࢩࠊࡣ

BZࠊࢀࡉ ࠼ࡓࠋࡿࢀࢃᢅ࡚ࡋ ࡀ 7 ࢫ࢘࢞

Ꮡᅾ0.5ࠊࡶ࡚ࡋࡓࡋ( / ࡣ( 0.1ppmࡾࡼᑠࡉ

ィࢢ࣑ࣥࢩࠊࡲࡲ࠸࡞ࢀࡉ▱᳨ࡣ␗ᕪࡢࡇࠊࡃ

ࡓࡋ☢ⓗືཷࠊࡓࡲࠋࡿࢀࡉ⟭ MM ࡣ࡛

ᡂศࢆ⿵ṇࡶࡇࡿࡍ㞴ࠊࡵࡓࡢࡑࠋ࠸ࡋ ࡣ

ࡲࡘࠋࡿࢀࡽࡵ㐍ࡀసᴗࢢ࣑ࣥࢩ㛵ಀ↓ࡣ

)ᚋ⤊ࡢࢢ࣑ࣥࢩࠊࡾ ࣑ࣥࢩ༑ศ୍ᵝࡀ

ࠊࡶ࡛(ᚋࡓࢀࡉࢢ ᡂศࡣṧࠋࡿ࡞ࡇࡿ  
Maxwell ᪉⛬ᘧࡽ⪃ᐹࡿࡍୗグ࡞࠺ࡼࡢ

  ࠊ࡛ࡢ࡞㡿ᇦ࠸࡞ࡋᏑᅾࡢ㟁ὶࠋࡿ

  = 0  ĺ = െ + ,  (4-20) 

  = 0  ĺ� =  and =  ,  (4-21) 

,  , ࠊࡣሙ࡛☢ࡓࢀࡉࢢ࣑ࣥࢩ༑ศࠋࡿ࠶࡛

  ࠊ࡚ࡋࡑ .(0.1ȣT/0.1m >)ࡿ࠶㞽࡛ࡰࡣ    

+    ,  ࡢࡇࠊࡋࡋࠋࡿ࠶㞽࡛ࡶ

ᘧධ࠸࡞࡚ࡗ BX, BY ᡂศ࡛ࠊ = ㊊‶ࢆ 

ࡿࡍ ᡂศࢢ࣑ࣥࢩࠊࡣᚋ࡛ࡶṧ࡞ࡇࡿ

 ,0 ,0}ࣝࣕࢩࣥࢸ࣏ࣝࢺࢡ࣋ࠊࡣሙ☢ࡢࡇࠋࡿ
ĳ�X, Y)} ࡛ ࡿࢀࡉ⾲ BX= BY=㺎 ࡧࡼ࠾  ࠊࡾ࠶࡛

) , ) =  ( cos + sin ),    (4െ 22) 

)ࠋࡿ࠶࡛ , ࣥࢸ࣏ࣝࢺࢡ࣋ࡢ࡛ ⨨(X, Y)ࡣ(

ࡢࣝࣕࢩ Zᡂศ(ణࠊࡋZ᪉ྥ୍ᵝ)࡛ࠋࡿ࠶(X, 

 
Fig. 4-23 ࢢ࣑ࣥࢩᚋࡢṧᕪ☢ሙศᕸࢆ୰ᚰ☢

ሙࡽ 0.1ppm ẖࡢ➼㧗⥺࡛⾲♧ࠋᴃࡣ

MuSEUM ᐇ㦂㡿ᇦ⾲㠃ࠋ๓➼㧗⥺ࡀᴃࡢ

እࠊࡾ࠶ᆒ୍ᗘࡣ 0.2ppm ௨ୗ࡛ࠋࡿ࠶ 

 
Fig. 4-22 ࡾ⧞ࢢ࣑ࣥࢩ㏉ࡋసᴗ୰ࡢᆒ୍ᗘ 
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Y) ࡣ(R, )ᗙᶆࡢ㛵ಀࡣ X=Rcos , Y=Rsin ࠶࡛

ࡣ Rࠊࡾ R= ξ + ᪉ࡢ(X, Y)ࡣ  ,  X㍈

n=0ࠋࡿ࠶࡛ᩘᩚࡣ nࠋࡿ࠶ゅᗘ࡛ࡢ )ࡣ࡛ , )

 ࠋࡿ࠶㞽࡛ࡣሙ(BX, BY)☢ࠊࡾ࡞ᐃᩘࡣ
ᘧ(4-22)ࠊ࡚࠸ࡘపḟ(n=1, 2, 3)࡛ CC=0 ศࡢ

ᕸࢆ Fig. 4-24 ࠾࡚ࡋ♧࡛⥺㧗➼ࡢࠋࡓࡋ♧

࠸࡚ࡋ♧ࡶ᪉ྥࡢሙ☢ࠋࡿ࠶ࡶ࡛⥺ຊ☢ࠊࡾ

 ࠊࡣሙ☢ࡿࡼࣝࣕࢩࣥࢸ࣏ࣝࢺࢡ࣋ࡢࡇ ࠋࡿ

| | ן                            (4െ 23)  

ᚄ༙ࠊࡣ௨እ࡛(ᡂศ࣮࣏ࣝࢲ)n=1ࠊࡾ࠶࡛

౫Ꮡࠊࡋᆒ୍ᗘᙳ㡪ྍࡿࡍ⬟ᛶࢀࡇࠋࡿ࠶ࡀ

࠺ࡼࡢඛグࠊࡣࡿࡅ㑊ࢆ 7 |ࡢ௨ୗࢫ࢘࢞ |
 ࠋࡿ࠶ࡀᚲせࡿࡍㄆ☜ࢆࡇࡿ࠶࡛
n=1ࠋࡿࡍᐹ⪄ࢆ※⏕Ⓨࡢሙ☢࡞࠺ࡼࡢࡇ ☢ࡢ

ሙࠊࡣィ ㍈☢▼㍈ࡀᖹ⾜࡛࠸࡞ሙྜࠊᐜ᫆

7ࠋࡿࡍ⏕Ⓨ ࡣࢫ࢘࢞ MuSEUM ᐇ㦂ࡢ 1.7T ࡢ

☢ሙ࡛0.024ࠊࡣ ᗘࡢ㍈᪉ྥࡢᕪ࡛Ⓨ⏕ࡋࠋࡿࡍ

࡞ࡣၥ㢟ࠊࡵࡓ࠸࡞ࡋᙳ㡪ࡣᆒ୍ᗘࠊࡋ

n=2ࠋ࠸࡞ࡽ CBࠊࡣᅄᴟ☢ሙᡂศࡢ 㠡ᆺኚᙧࡢ

࡛Ⓨ⏕ྍࡿࡍ⬟ᛶ±0.25ࠊࡀࡿ࠶ࡀmm ኚᙧ࡛ࡢ

ࢀࡇࠋࡿࡁ࡛⟭ィᗘ(50cm-DSSୖ)⛬ࢫ࢘࢞4ࡶ

1.7Tࠊࡣ 0.03ppmࠊࡣィ ☢ሙ࡛ࡢ ࡋᙳ㡪࡛ࡢ

ࡢᐇ㝿ࠊࡓࡲࠋ࠸࡞ CB 〇㐀࡛࡞࠺ࡼࡢࡇኚᙧࡣ

㉳ࡾࡇ㞴ࠋ࠸ 
௨ୖࡢᵝࠊ ᡂศࡢᙳ㡪ࠊࡣᐇୖࠊၥ㢟

ࡑ௨ୗ࡛ࠊࡋࡋࠋࡿࡁᮇᚅ࡛࠸࡞ࡽ࡞ࡣ

 ࠋࡿࡍᥦࢆṇἲ⿵ฟἲ᳨ࡢ
ᐇᶵ☢ሙ࡛ࠊᆒ୍ᗘ| ࠸ࡉᑠࡀᙳ㡪ࡢࡽ|

୰ࠊᚋ⤊ࢢ࣑ࣥࢩࠊࡵࡓࡿࡍㄆ☜ࢆࡇ

ᚰ㒊ࡢ☢ሙᙉᗘࢆィ ࠊࡋ☢ሙィ 㠃࡛ࡢ☢ሙ

ᙉᗘẚ㍑ࡀࡇࡿࡍⰋࢢ࣑ࣥࢩࠋࡿ࠼⪄࠸

⤊ᚋ࡛ࠊࡣィ 㠃ୖ࡛0.1±ࡣppm ௨ෆࡢᖜ࡛

୍ᵝ࡞☢ሙࠊࡋࡋࠋࡿ࡞ᘧ(4-23)࡛ n2 ᡂศ

Z=0ࠊࡤࢀ࠶ࡀᙳ㡪ࡢ ㏆࡛ࢢ࣑ࣥࢩࡣ㠃ࡾࡼᙅ
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5 ᅇ┠᭱ࡣ࡛ࡲᑠ࣒ࢩ∦༢ࢆ㕲 0.06cc ࠶࡛

ࡣẁ㝵࡛ࡢࡇࠊࡾ 0.5ppm ⛬ᗘ࡛6ࠋࡓࡋ㸪7
ᅇ┠ࡣ Ni 0.036cc 0.16ppmࠊ࡚ࡋᑠ༢᭱ࢆ ࢆ

㐩ᡂࢢ࣑ࣥࢩࠋࡿ࠸࡚ࡋィ⟬ࡿࡼண ▩┪

 ࠋ࠸࡞ࡋ
ࡿࡍィྜࠊࡣᐜ㔞∦࣒ࢩࡸ⟭ィࢢ࣑ࣥࢩ

᭱ ࡿ࠶ࡀィ⟬࣭㓄⨨ㄗᕪࡢ㔞∦࣒ࢩࡢ7.5%

᥎ᐃ1ࠊࡵࡓࡢࡇࠋࡿ࠸࡚ࡋ㸪3ᅇ┠ 6ᅇ┠ࡢ

ᆒ୍ᗘࡢኚࡀ࠸ࡁࠊࡣணᐇ㝿ࡀ

ඹసᴗࡋ㏉ࡾ⧞ࠊࡋࡋࠋࡿࡃ࡚ࡋ㞳ࡸࡸ

 ࠋࡿゎࡀࡇࡿࢀࡉゎᾘࡀ㞳ࡢࡇ
Fig. 4-23 ⤖ࡓࡗ⾜ࢆసᴗࢢ࣑ࣥࢩᐇ㝿ࠊࡣ

ᯝࠊᚓࡓࢀࡽ☢ሙศᕸࠋࡍ♧ࢆ㍈᪉ྥ-ᆶ┤᪉ྥ

ࢆሙᙉᗘศᕸ☢ࡢ 0.1ppm ẖࡢ➼㧗⥺࡛♧࠸࡚ࡋ

ᆒ࡞Ⰻዲࡓࡋᮇᚅࠊࡾ࠶እࡢ࡚ᴃయࠊࡀ

୍ᗘࡀᚓࡓࢀࡽゎ0.2ࠊ࡚ࡋࡑࠋࡿppm ሙ☢ࡢ

ᆒ୍ᗘࢆᐇ⌧ࢢ࣑ࣥࢩࡢࡵࡓࡿࡍᢏ⾡ࢀࡇࠊࡣ

 ࠋࡿࡁㄽ࡛⤖⬟ᡭἲ࡛ᑐᛂྍࡓ㏙࡛ࡲ

 ሙ☢࠸ࡋ㞴ࡢࢢ࣑ࣥࢩືཷ .4.6.5

᪤ 2.3 ⠇ 4.1 ⠇࡛㏙ࠊ࠺ࡼࡓMRI ☢▼

ሙタィ☢ࡢ▼☢ࡿࡍ⏕Ⓨࢆᆒ୍☢ሙࠊ࠺ࡼࡢ

ࠊࡋࡋࠋ࠺ᢅࢆሙᡂศ(BZ)☢࡞⾜ᖹ㍈ࠊࡣ࡛

ィ ☢ሙ BMS ࡣ MFEP ࡛ィ ࠊࢀࡉ| | (<< |BZ|) 
ࡀ㛵ಀࡢୗグࠊࢀࡲྵࡶ BMS, BZ, ࡢ㛫ࠊ 

= +  {1 + 0.5 },  (4-19) 

ࡢࡇࠋࡿ࠶ࡀ㛵ಀࡢ ධຊ⟭ィࢢ࣑ࣥࢩࠊࡣ

BZࠊࢀࡉ ࠼ࡓࠋࡿࢀࢃᢅ࡚ࡋ ࡀ 7 ࢫ࢘࢞

Ꮡᅾ0.5ࠊࡶ࡚ࡋࡓࡋ( / ࡣ( 0.1ppmࡾࡼᑠࡉ

ィࢢ࣑ࣥࢩࠊࡲࡲ࠸࡞ࢀࡉ▱᳨ࡣ␗ᕪࡢࡇࠊࡃ

ࡓࡋ☢ⓗືཷࠊࡓࡲࠋࡿࢀࡉ⟭ MM ࡣ࡛

ᡂศࢆ⿵ṇࡶࡇࡿࡍ㞴ࠊࡵࡓࡢࡑࠋ࠸ࡋ ࡣ

ࡲࡘࠋࡿࢀࡽࡵ㐍ࡀసᴗࢢ࣑ࣥࢩ㛵ಀ↓ࡣ

)ᚋ⤊ࡢࢢ࣑ࣥࢩࠊࡾ ࣑ࣥࢩ༑ศ୍ᵝࡀ

ࠊࡶ࡛(ᚋࡓࢀࡉࢢ ᡂศࡣṧࠋࡿ࡞ࡇࡿ  
Maxwell ᪉⛬ᘧࡽ⪃ᐹࡿࡍୗグ࡞࠺ࡼࡢ

  ࠊ࡛ࡢ࡞㡿ᇦ࠸࡞ࡋᏑᅾࡢ㟁ὶࠋࡿ

  = 0  ĺ = െ + ,  (4-20) 

  = 0  ĺ� =  and =  ,  (4-21) 

,  , ࠊࡣሙ࡛☢ࡓࢀࡉࢢ࣑ࣥࢩ༑ศࠋࡿ࠶࡛

  ࠊ࡚ࡋࡑ .(0.1ȣT/0.1m >)ࡿ࠶㞽࡛ࡰࡣ    

+    ,  ࡢࡇࠊࡋࡋࠋࡿ࠶㞽࡛ࡶ

ᘧධ࠸࡞࡚ࡗ BX, BY ᡂศ࡛ࠊ = ㊊‶ࢆ 

ࡿࡍ ᡂศࢢ࣑ࣥࢩࠊࡣᚋ࡛ࡶṧ࡞ࡇࡿ

 ,0 ,0}ࣝࣕࢩࣥࢸ࣏ࣝࢺࢡ࣋ࠊࡣሙ☢ࡢࡇࠋࡿ
ĳ�X, Y)} ࡛ ࡿࢀࡉ⾲ BX= BY=㺎 ࡧࡼ࠾  ࠊࡾ࠶࡛

) , ) =  ( cos + sin ),    (4െ 22) 

)ࠋࡿ࠶࡛ , ࣥࢸ࣏ࣝࢺࢡ࣋ࡢ࡛ ⨨(X, Y)ࡣ(

ࡢࣝࣕࢩ Zᡂศ(ణࠊࡋZ᪉ྥ୍ᵝ)࡛ࠋࡿ࠶(X, 
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MuSEUM ᐇ㦂㡿ᇦ⾲㠃ࠋ๓➼㧗⥺ࡀᴃࡢ

እࠊࡾ࠶ᆒ୍ᗘࡣ 0.2ppm ௨ୗ࡛ࠋࡿ࠶ 
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Y) ࡣ(R, )ᗙᶆࡢ㛵ಀࡣ X=Rcos , Y=Rsin ࠶࡛

ࡣ Rࠊࡾ R= ξ + ᪉ࡢ(X, Y)ࡣ  ,  X㍈

n=0ࠋࡿ࠶࡛ᩘᩚࡣ nࠋࡿ࠶ゅᗘ࡛ࡢ )ࡣ࡛ , )

 ࠋࡿ࠶㞽࡛ࡣሙ(BX, BY)☢ࠊࡾ࡞ᐃᩘࡣ
ᘧ(4-22)ࠊ࡚࠸ࡘపḟ(n=1, 2, 3)࡛ CC=0 ศࡢ

ᕸࢆ Fig. 4-24 ࠾࡚ࡋ♧࡛⥺㧗➼ࡢࠋࡓࡋ♧

࠸࡚ࡋ♧ࡶ᪉ྥࡢሙ☢ࠋࡿ࠶ࡶ࡛⥺ຊ☢ࠊࡾ

 ࠊࡣሙ☢ࡿࡼࣝࣕࢩࣥࢸ࣏ࣝࢺࢡ࣋ࡢࡇ ࠋࡿ

| | ן                            (4െ 23)  

ᚄ༙ࠊࡣ௨እ࡛(ᡂศ࣮࣏ࣝࢲ)n=1ࠊࡾ࠶࡛

౫Ꮡࠊࡋᆒ୍ᗘᙳ㡪ྍࡿࡍ⬟ᛶࢀࡇࠋࡿ࠶ࡀ

࠺ࡼࡢඛグࠊࡣࡿࡅ㑊ࢆ 7 |ࡢ௨ୗࢫ࢘࢞ |
 ࠋࡿ࠶ࡀᚲせࡿࡍㄆ☜ࢆࡇࡿ࠶࡛
n=1ࠋࡿࡍᐹ⪄ࢆ※⏕Ⓨࡢሙ☢࡞࠺ࡼࡢࡇ ☢ࡢ

ሙࠊࡣィ ㍈☢▼㍈ࡀᖹ⾜࡛࠸࡞ሙྜࠊᐜ᫆

7ࠋࡿࡍ⏕Ⓨ ࡣࢫ࢘࢞ MuSEUM ᐇ㦂ࡢ 1.7T ࡢ

☢ሙ࡛0.024ࠊࡣ ᗘࡢ㍈᪉ྥࡢᕪ࡛Ⓨ⏕ࡋࠋࡿࡍ

࡞ࡣၥ㢟ࠊࡵࡓ࠸࡞ࡋᙳ㡪ࡣᆒ୍ᗘࠊࡋ

n=2ࠋ࠸࡞ࡽ CBࠊࡣᅄᴟ☢ሙᡂศࡢ 㠡ᆺኚᙧࡢ

࡛Ⓨ⏕ྍࡿࡍ⬟ᛶ±0.25ࠊࡀࡿ࠶ࡀmm ኚᙧ࡛ࡢ

ࢀࡇࠋࡿࡁ࡛⟭ィᗘ(50cm-DSSୖ)⛬ࢫ࢘࢞4ࡶ
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㟁ὶศᕸࠊࢆFOV ᆒ୍☢ሙࠊ㡿ᇦ࡛ࡿࡍᙜ┦

ࡢ(T/A)್␗≉ࠋࡿࡍฟ⟭ࠊ࠺ࡼࡿࡍ⏕Ⓨࢆ

ᙉᗘ࡛ຍ࡞ᚲせᵝ☢ሙ୍ࡽࢻᅛ᭷࣮ࣔ࡞ࡁ

 
Fig. 4-24 %X, %Yᡂศ{ᘧ(4-21)}☢ሙࡢ☢ຊ⥺ࢆ

ᕥࡽ Q=1, 2,3  ࠋሙ᪉ྥ☢ࡣ༳▮ࠋࡍ♧࡛
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ࡢሙ☢ࠊࡿࡏࡉቑຍࢆᩘࢻᅛ᭷࣮ࣔࠋࡿࡍ⟭

୍ᵝ࡞㡿ᇦࡀᗈࠊࡓࡲࠋࡿࡲ㟁ὶࡣᩘࢡ࣮ࣆຍ

⟬ᅛ᭷࣮ࣔࠋࡿࡍ⮴୍ᩘࢻ 
Step-2࡛ࠊࡣ๓ Step࡛ồࡓࡵ㟁ὶศᕸ࡛ࢡ࣮ࣆ

ࠋࡿࡍ⨨㓄ࢆ(CB)ࢡࢵࣟࣈࣝࢥ⨨ࡓࡗ࡞

CB Step-1ࠊࡣ≦㠃ᙧ᩿ࡢ ࡛ồࡓࡵᅛ᭷࣮ࣔࢻᙉ

ᗘࢆ⌧ࠊ࠺ࡼࡿࡍㄪᩚࡢࡇࠋࡿࡍ Step-2࡛ࠊࡣ

ྛ CB  ࠋࡿ࠸࡚ࡋ್⥆㐃ࡣ㟁ὶࡢ
Step-3 CBࠊࡣ࡛ ᩿㠃ᑟయࡢᕳࡁ⥺ᵓ㐀ࢆ⪃

៖ࠋࡿࡍᑟయࢆ㑅ᢥࠊࡋStep-2 ࡢ CB ᩿㠃㏆࠸

᩿㠃ᙧ≧ࢆ⌧࠺ࡼࡿࡍᕳࡁ⥺ᵓ㐀ࢆᐃ

Step-1ࠊ࡚ࡋᚤㄪᩚࢆ⨨㍈᪉ྥᚄ༙ࠊࡋ ᅛࡢ

᭷࣮ࣔࢻᙉᗘࢆ⌧ࠋࡿࡍ࠺ࡼࡿࡍồࡓࡵ㉳

☢ຊ㓄⨨ࠊࡀᗄఱᏛⓗ࡞タィᵝࠊ⤒㦂☢ሙ࡞

ࡓࡌᛂᚲせࠊࡤࡽ࡞ࡿࡍ┪▩ᑟయᵝࡢ

Step  ࠋ࠺⾜ࢆ᳨ウࡽ
㕲 yoke ⏝㐺ࡀ᪉࠼⪄ࡢ❶ᮏࠊࡶయ⣔࡛ࡴྵࢆ

 ࠋࡓࡋㄝ᫂ࡶࡇࡿ࠶࡛⬟ྍ
௨ୖࡢᡭἲ୍࡛ᵝ☢ሙࢆⓎ⏕࡛ࡿࡁ㉳☢ຊ㓄

⤌ࠊࡣ࡛▼☢ࡢᐇ㝿ࠊࡋࡋࠋࡿࡁタィ࡛ࢆ⨨

ᙳ㡪ࡢ࡞㕲ᮦࡢ࿘ᅖࡢタ⨨⟠ᡤࡸㄗᕪ࡚❧ࡳ

タ⨨┤ᚋ▼☢ࠊࢀࡲྵࡀㄗᕪ☢ሙࡿࡼ࡞

࡞࡚ࡁ࡛⌧ᐇࡣᵝ☢ሙ୍࡞࠺ࡼࡢタィ☢ሙࡣ

⾜ࢆࢢ࣑ࣥࢩሙ☢⏝㛤ጞ๓ࠊࡵࡓࡢࡑࠋ࠸

 ࠋࡿࡍᵝ☢ሙ୍࠸㏆タィ☢ሙࠊ࠸
ࡣࡸࠊࡣᡭἲࢢ࣑ࣥࢩࡿ࠸࡚ࡋᥦࡀ⪅➹

TSVDࠊࡾ ṇ๎⏝ࢢ࣑ࣥࢩࡢィ⟬ࢆ୰ᚰࡍ

ࢺࢵࢣ࣏ࣞࢺ࣒ࢩࡢⓒⅬᩘࠋࡿ࠶ᡭἲ࡛ࡿ

㓄⨨࣒ࢩࡿࡍ∦(ከࡣࡃ㕲∦)ࡢ☢Ẽ࣮࣓ࣔࣥࢺ

MM ࡢⓒⅬᩘࡽ FOV ⾲㠃☢ሙࡢᛂ⟅⾜ิ

SVD ࢻᅛ᭷࣮ࣔࢆᡂศࡢㄗᕪ☢ሙࠋࡿࡍ⾜ᐇࢆ

ṧᕪ)ࡍࡓ‶ࢆᆒ୍ᗘᵝࠊࡋᡂศᙉᗘ࡛ᢕᥱࡢ

☢ሙࡢ᥎ᐃ್ࡀᑠࡿ࡞ࡃࡉ)ᡴࡕษࡾᅛ᭷࣮ࣔࢻ

␒ྕ(MT)௨ୗࡢపḟᡂศࡢᅛ᭷࣮ࣔࡢࢻᙉᗘࢆᡴ

࠺ࡼࡍᾘࡕ MM ࢆᡭἲࡢࡇࠋࡿࡍ⨨㓄ࢆ

MuSEUM ᐇ㦂⏝ணᐃࡢ MRI ☢▼☢ሙ㐺⏝

J-PARCࠊࡋ ᐇ㦂࡛ᚲせࡿࡍ 0.2ppm ሙᆒ୍☢ࡢ

ᗘࢆᐇ⌧ࢢ࣑ࣥࢩࡓࡋヨ⾜ࢆㄝ᫂ࠋࡓࡋణࠊࡋ

MRI ⏝ẚ࡛ࢢ࣑ࣥࢩ⏝᭱ࡿࡍᑠ༢
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 ࠋࡓࡗ

㝈ࡓࢀࡽ㛫⣬㠃ࠊࡵࡓࡢヲ࠸ࡋㄝ᫂ࡣฟ

᮶ࠊࡀࡓࡗ࡞タィィ⟬ࡢᴫ␎ࢆឤ࡚ࡌ㡬ࡓࡅ

⫣ᩥ⪄ཧࡣேࡿ࠶⯆ࠊࡽࡉࠋࡍࡲࡋᮇᚅ

 ࠋࡍࡲࡋᮇᚅࢆࡇࡿࡅ㡬࡛ࢇㄞࢆ
௨ୖࡢᢏ⾡ࡣ⌧ᅾ‽ഛ୰ࡢ g-2/EDM タ▼☢ࡢ

ィࡸ☢ሙㄪᩚ⏝ࡃ࠸࡚ࡋィ⏬࡛ࠊ㐍࠸࡚ࡵ

 ࠋࡍࡲ
  

 

5. J-2/EDM☢▼ࡢ☢ሙタィ 

㧗࣮ࢠࣝࢿ࢚ຍ㏿ჾ◊✲ᶵᵓ(KEK)࡛࣮࣑ࣗࡣ

ࢆᖖ☢Ẽ⬟⋡/㟁Ẽ⬟⋡(g-2/EDM)␗ࡢ(Muon)ࣥ࢜
⢭ᗘⰋࡃィ ࡿࡍィ⏬ࠊࡾ࠶ࡀᐇ㦂‽ഛࢆ㐍ࡵ

Muonࠋࡿ࠸࡚ ࡢ g-2/EDM ⢭ᗘ࡚ẚᚑ᮶ࠊࢆ

ᐇ㦂ࠊࡵࡓ[46 ,45 ,6 ,5]ࡿࡍ ィ࡚ࡏࡉୖྥࢆ

✵㛫࡛ࡣ MRI ⣙ẚ 1 ᱆Ⰻ࠸(ᆒ୍ᗘࡀᑠ࠸ࡉ)
୍ᵝ☢ሙࢆồ࡛ࡲࢀࡇࠋࡿࡵㄝ᫂ࡓࡁ࡚ࡋ TSVD
ࢻᅛ᭷࣮ࣔࡿࡍ⏝ࠊࡣᑠἲ࡛᭱ࡓࡗࢆ

ᣢࢆᆒ୍ᗘ࡞Ⰻዲ࡚ࡵᴟࠊ࡛ࡇࡿࡏࡉቑຍࢆ

ࡁタィ࡛ࢆ⨨㉳☢ຊ㓄࡞⬟ྍ⏕Ⓨࢆᵝ☢ሙ୍ࡘ

⪄ࡿࡿࡁ࡛⾜ᐇࡶࢢ࣑ࣥࢩሙ☢ࠊࡓࡲࠋࡿ

㍯⥺࡞ᚲせタィࡢࡑࠋࡿ࠸࡚ࡵ㐍ࢆタィࠊ࠼

㟁ὶࡸᙧ CB ࠊ࡛ࡲ❶๓ࠊࡶ࡚࠸ࡘሙ☢ࡢ

༑ศ࡞⢭ᗘࢆᣢࢆࡇࡘㄝ᫂ࠋࡓࡋ 
ሙ☢ࡓࡁ࡚ࡋㄝ࡛᫂ࡲࢀࡇ࠼⪄࡞࠺ࡼࡢࡇ

タィᡭἲࢆࠊ࡚ࡗg-2/EDMᐇ㦂࡛⏝ࡿࡍ㉸㟁

ᑟ☢▼ࡢ㉳☢ຊ㓄⨨࣭☢ሙタィࢆ㐍ࠋࡿ࠸࡚ࡵ

ࡿࡍ❧୧᪕ධᑕ[6]⼺ࡢ࣮࣑ࣥ࢜ࣗࠊࡣ࡛ࡇࡇ

☢ሙศᕸ࡛࣮࣑ࣥ࢜ࣗࠊ✚㡿ᇦࡢᆒ୍☢ሙࢆ

☜ಖ࡛ࡿࡁ☢ሙタィࡧࡼ࠾☢ሙࡢㄪᩚ⨨ࠊ

Muon ධᑕ㛵㐃ࡢ☢ሙࢆ⤂ࠋࡿࡍ 

5.1. ☢ሙ 

Fig. 5-1 ィࡢ▼☢㉸㟁ᑟࡿࡍ⏝ᐇ㦂࡛ࡢࡇࡣ

⏬ᴫせ᩿ࢆ㠃ᅗ࡛♧ࠊࡋTable 5-1 ᭩ࢆᵝࠊࡣ

ࡋ㈏㏻ࢆࢡ㕲࣮ࣚࠊࡽഃୖࡢ▼☢ࡢࡇࠋࡓ࠸

ࡍධᑕࢆ࣒࣮ࣅ࣮࣑ࣥ࢜ࣗࡽ✰ࡢ⏝ධᑕࡓ

୰ᚰ㠃▼☢ࡾࡼࣝࢥ㺂㉸ఏᑟࡣ▼☢ࡢࡇࠋࡿ

㏆࡛ࡣ 3. 0T ᵝ୍ࡢࡑࠋࡿࡍ⏕Ⓨࢆᵝ☢ሙ୍ࡢ

☢ሙ୰ Muon  ࠋࡿࡍ✚ࡏࡉ࿘ᅇࢆ

ධᑕ㌶㐨ࡢᴫᛕࢆ Fig. 5-2 ࡽ㒊ୖࠋࡓࡋ♧

ධᑕࡓࡋ Muon ㍈᪉ྥࡽࡀ࡞ࡋሙ୰࡛࿘ᅇ☢ࠊࡣ

ሙ☢ࡣ୰ኸỈᖹ㠃௨እ࡛ࡢ▼☢ࠊࡀࡿࡍື⛣

ࡢ BR ᡂศࡀᏑᅾࡢࡇࠊࡋ☢ሙࡿࡅཷࡽ㍈᪉ྥ

ຊ࡛ᚎࠎ Z᪉ྥ㏿ᗘࢆῶ㏿ࠊ࡚ࡋࡑࠋࡿࡍ୰ᚰ

㠃ࡢ Muon ✚㡿ᇦ฿㐩ࠊ࡛ࢢ࣑ࣥࢱࡓࡋBR

ࡾࡼሙ☢ࢫࣝࣃ Muon ㍈᪉ྥ⛣ືࢆṆࠊ࡚ࡵ

Muonࠋࡿࡍ✚ ࡀࡇࡿࡍ✚ᵝ☢ሙ୰୍ࢆ

ࢆ▼☢ࡢࡇࠊࡽࡇ࠺ゝࡿ࠶࡛┠ᙺࡿࡓ

MSM(Muon Storage Magnet)௨ୗ࡛ࡣࠋࡪ 
ࡢࡇ MSMࠊࡣᆒ୍☢ሙࡀ㔜せ࡛ࡿ࠶ MRI☢

MRIࠊ࡛ࡢࡿ᭷ࡀᚩ≉࡞ඹ㏻▼ ሙタ☢ࡢ▼☢

ィ࡛ㄝ᫂ࡢࡘ୕ࡓࡋ Step  ,7]ࡿࡍタィ࡚ࡗࢆ
 ࠋ[10

Table 5-1  Muon ✚☢▼(MSM)ࡢᵝ 
 
Parameters Values 

Magnetic field strength 3.0 T 
Homogeneity (BZ) < 1.0 ppm (0.2 ppm 2D) 
Area with Homogeneous 
magnetic field 

R: 0.318 m to 0.348m 
Z: -0.05 m to +0.05 m 

n-index of weak focus field 0.0 to 3.0E-4 
Radial magnetic field 
component BR 

BR > -1.0E-4 T 

Current drive Persistent mode 

 
Fig. 5-2 ࢇࡏࡽ࣒࣮ࣅ࣮࣑ࣥ࢜ࣗධᑕࡢ㌶㐨ᴫ

ᛕ[6]⫣ᩥࠋ, Fig.1  ࠋ⏝ᘬࡾࡼ

 
Fig. 5-1 ࣮࣑ࣥ࢜ࣗ✚☢▼ࡢィ⏬᩿㠃ᅗࠋ 
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ࡢሙ☢ࠊࡿࡏࡉቑຍࢆᩘࢻᅛ᭷࣮ࣔࠋࡿࡍ⟭

୍ᵝ࡞㡿ᇦࡀᗈࠊࡓࡲࠋࡿࡲ㟁ὶࡣᩘࢡ࣮ࣆຍ

⟬ᅛ᭷࣮ࣔࠋࡿࡍ⮴୍ᩘࢻ 
Step-2࡛ࠊࡣ๓ Step࡛ồࡓࡵ㟁ὶศᕸ࡛ࢡ࣮ࣆ

ࠋࡿࡍ⨨㓄ࢆ(CB)ࢡࢵࣟࣈࣝࢥ⨨ࡓࡗ࡞

CB Step-1ࠊࡣ≦㠃ᙧ᩿ࡢ ࡛ồࡓࡵᅛ᭷࣮ࣔࢻᙉ

ᗘࢆ⌧ࠊ࠺ࡼࡿࡍㄪᩚࡢࡇࠋࡿࡍ Step-2࡛ࠊࡣ

ྛ CB  ࠋࡿ࠸࡚ࡋ್⥆㐃ࡣ㟁ὶࡢ
Step-3 CBࠊࡣ࡛ ᩿㠃ᑟయࡢᕳࡁ⥺ᵓ㐀ࢆ⪃

៖ࠋࡿࡍᑟయࢆ㑅ᢥࠊࡋStep-2 ࡢ CB ᩿㠃㏆࠸

᩿㠃ᙧ≧ࢆ⌧࠺ࡼࡿࡍᕳࡁ⥺ᵓ㐀ࢆᐃ

Step-1ࠊ࡚ࡋᚤㄪᩚࢆ⨨㍈᪉ྥᚄ༙ࠊࡋ ᅛࡢ

᭷࣮ࣔࢻᙉᗘࢆ⌧ࠋࡿࡍ࠺ࡼࡿࡍồࡓࡵ㉳

☢ຊ㓄⨨ࠊࡀᗄఱᏛⓗ࡞タィᵝࠊ⤒㦂☢ሙ࡞

ࡓࡌᛂᚲせࠊࡤࡽ࡞ࡿࡍ┪▩ᑟయᵝࡢ

Step  ࠋ࠺⾜ࢆ᳨ウࡽ
㕲 yoke ⏝㐺ࡀ᪉࠼⪄ࡢ❶ᮏࠊࡶయ⣔࡛ࡴྵࢆ

 ࠋࡓࡋㄝ᫂ࡶࡇࡿ࠶࡛⬟ྍ
௨ୖࡢᡭἲ୍࡛ᵝ☢ሙࢆⓎ⏕࡛ࡿࡁ㉳☢ຊ㓄

⤌ࠊࡣ࡛▼☢ࡢᐇ㝿ࠊࡋࡋࠋࡿࡁタィ࡛ࢆ⨨

ᙳ㡪ࡢ࡞㕲ᮦࡢ࿘ᅖࡢタ⨨⟠ᡤࡸㄗᕪ࡚❧ࡳ

タ⨨┤ᚋ▼☢ࠊࢀࡲྵࡀㄗᕪ☢ሙࡿࡼ࡞

࡞࡚ࡁ࡛⌧ᐇࡣᵝ☢ሙ୍࡞࠺ࡼࡢタィ☢ሙࡣ

⾜ࢆࢢ࣑ࣥࢩሙ☢⏝㛤ጞ๓ࠊࡵࡓࡢࡑࠋ࠸

 ࠋࡿࡍᵝ☢ሙ୍࠸㏆タィ☢ሙࠊ࠸
ࡣࡸࠊࡣᡭἲࢢ࣑ࣥࢩࡿ࠸࡚ࡋᥦࡀ⪅➹

TSVDࠊࡾ ṇ๎⏝ࢢ࣑ࣥࢩࡢィ⟬ࢆ୰ᚰࡍ

ࢺࢵࢣ࣏ࣞࢺ࣒ࢩࡢⓒⅬᩘࠋࡿ࠶ᡭἲ࡛ࡿ

㓄⨨࣒ࢩࡿࡍ∦(ከࡣࡃ㕲∦)ࡢ☢Ẽ࣮࣓ࣔࣥࢺ

MM ࡢⓒⅬᩘࡽ FOV ⾲㠃☢ሙࡢᛂ⟅⾜ิ

SVD ࢻᅛ᭷࣮ࣔࢆᡂศࡢㄗᕪ☢ሙࠋࡿࡍ⾜ᐇࢆ

ṧᕪ)ࡍࡓ‶ࢆᆒ୍ᗘᵝࠊࡋᡂศᙉᗘ࡛ᢕᥱࡢ

☢ሙࡢ᥎ᐃ್ࡀᑠࡿ࡞ࡃࡉ)ᡴࡕษࡾᅛ᭷࣮ࣔࢻ

␒ྕ(MT)௨ୗࡢపḟᡂศࡢᅛ᭷࣮ࣔࡢࢻᙉᗘࢆᡴ

࠺ࡼࡍᾘࡕ MM ࢆᡭἲࡢࡇࠋࡿࡍ⨨㓄ࢆ

MuSEUM ᐇ㦂⏝ணᐃࡢ MRI ☢▼☢ሙ㐺⏝

J-PARCࠊࡋ ᐇ㦂࡛ᚲせࡿࡍ 0.2ppm ሙᆒ୍☢ࡢ

ᗘࢆᐇ⌧ࢢ࣑ࣥࢩࡓࡋヨ⾜ࢆㄝ᫂ࠋࡓࡋణࠊࡋ

MRI ⏝ẚ࡛ࢢ࣑ࣥࢩ⏝᭱ࡿࡍᑠ༢
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 ࠋࡓࡗ

㝈ࡓࢀࡽ㛫⣬㠃ࠊࡵࡓࡢヲ࠸ࡋㄝ᫂ࡣฟ

᮶ࠊࡀࡓࡗ࡞タィィ⟬ࡢᴫ␎ࢆឤ࡚ࡌ㡬ࡓࡅ

⫣ᩥ⪄ཧࡣேࡿ࠶⯆ࠊࡽࡉࠋࡍࡲࡋᮇᚅ

 ࠋࡍࡲࡋᮇᚅࢆࡇࡿࡅ㡬࡛ࢇㄞࢆ
௨ୖࡢᢏ⾡ࡣ⌧ᅾ‽ഛ୰ࡢ g-2/EDM タ▼☢ࡢ

ィࡸ☢ሙㄪᩚ⏝ࡃ࠸࡚ࡋィ⏬࡛ࠊ㐍࠸࡚ࡵ

 ࠋࡍࡲ
  

 

5. J-2/EDM☢▼ࡢ☢ሙタィ 

㧗࣮ࢠࣝࢿ࢚ຍ㏿ჾ◊✲ᶵᵓ(KEK)࡛࣮࣑ࣗࡣ

ࢆᖖ☢Ẽ⬟⋡/㟁Ẽ⬟⋡(g-2/EDM)␗ࡢ(Muon)ࣥ࢜
⢭ᗘⰋࡃィ ࡿࡍィ⏬ࠊࡾ࠶ࡀᐇ㦂‽ഛࢆ㐍ࡵ

Muonࠋࡿ࠸࡚ ࡢ g-2/EDM ⢭ᗘ࡚ẚᚑ᮶ࠊࢆ

ᐇ㦂ࠊࡵࡓ[46 ,45 ,6 ,5]ࡿࡍ ィ࡚ࡏࡉୖྥࢆ

✵㛫࡛ࡣ MRI ⣙ẚ 1 ᱆Ⰻ࠸(ᆒ୍ᗘࡀᑠ࠸ࡉ)
୍ᵝ☢ሙࢆồ࡛ࡲࢀࡇࠋࡿࡵㄝ᫂ࡓࡁ࡚ࡋ TSVD
ࢻᅛ᭷࣮ࣔࡿࡍ⏝ࠊࡣᑠἲ࡛᭱ࡓࡗࢆ

ᣢࢆᆒ୍ᗘ࡞Ⰻዲ࡚ࡵᴟࠊ࡛ࡇࡿࡏࡉቑຍࢆ

ࡁタィ࡛ࢆ⨨㉳☢ຊ㓄࡞⬟ྍ⏕Ⓨࢆᵝ☢ሙ୍ࡘ

⪄ࡿࡿࡁ࡛⾜ᐇࡶࢢ࣑ࣥࢩሙ☢ࠊࡓࡲࠋࡿ

㍯⥺࡞ᚲせタィࡢࡑࠋࡿ࠸࡚ࡵ㐍ࢆタィࠊ࠼

㟁ὶࡸᙧ CB ࠊ࡛ࡲ❶๓ࠊࡶ࡚࠸ࡘሙ☢ࡢ

༑ศ࡞⢭ᗘࢆᣢࢆࡇࡘㄝ᫂ࠋࡓࡋ 
ሙ☢ࡓࡁ࡚ࡋㄝ࡛᫂ࡲࢀࡇ࠼⪄࡞࠺ࡼࡢࡇ

タィᡭἲࢆࠊ࡚ࡗg-2/EDMᐇ㦂࡛⏝ࡿࡍ㉸㟁

ᑟ☢▼ࡢ㉳☢ຊ㓄⨨࣭☢ሙタィࢆ㐍ࠋࡿ࠸࡚ࡵ

ࡿࡍ❧୧᪕ධᑕ[6]⼺ࡢ࣮࣑ࣥ࢜ࣗࠊࡣ࡛ࡇࡇ

☢ሙศᕸ࡛࣮࣑ࣥ࢜ࣗࠊ✚㡿ᇦࡢᆒ୍☢ሙࢆ

☜ಖ࡛ࡿࡁ☢ሙタィࡧࡼ࠾☢ሙࡢㄪᩚ⨨ࠊ

Muon ධᑕ㛵㐃ࡢ☢ሙࢆ⤂ࠋࡿࡍ 

5.1. ☢ሙ 

Fig. 5-1 ィࡢ▼☢㉸㟁ᑟࡿࡍ⏝ᐇ㦂࡛ࡢࡇࡣ

⏬ᴫせ᩿ࢆ㠃ᅗ࡛♧ࠊࡋTable 5-1 ᭩ࢆᵝࠊࡣ

ࡋ㈏㏻ࢆࢡ㕲࣮ࣚࠊࡽഃୖࡢ▼☢ࡢࡇࠋࡓ࠸

ࡍධᑕࢆ࣒࣮ࣅ࣮࣑ࣥ࢜ࣗࡽ✰ࡢ⏝ධᑕࡓ

୰ᚰ㠃▼☢ࡾࡼࣝࢥ㺂㉸ఏᑟࡣ▼☢ࡢࡇࠋࡿ

㏆࡛ࡣ 3. 0T ᵝ୍ࡢࡑࠋࡿࡍ⏕Ⓨࢆᵝ☢ሙ୍ࡢ

☢ሙ୰ Muon  ࠋࡿࡍ✚ࡏࡉ࿘ᅇࢆ

ධᑕ㌶㐨ࡢᴫᛕࢆ Fig. 5-2 ࡽ㒊ୖࠋࡓࡋ♧

ධᑕࡓࡋ Muon ㍈᪉ྥࡽࡀ࡞ࡋሙ୰࡛࿘ᅇ☢ࠊࡣ

ሙ☢ࡣ୰ኸỈᖹ㠃௨እ࡛ࡢ▼☢ࠊࡀࡿࡍື⛣

ࡢ BR ᡂศࡀᏑᅾࡢࡇࠊࡋ☢ሙࡿࡅཷࡽ㍈᪉ྥ

ຊ࡛ᚎࠎ Z᪉ྥ㏿ᗘࢆῶ㏿ࠊ࡚ࡋࡑࠋࡿࡍ୰ᚰ

㠃ࡢ Muon ✚㡿ᇦ฿㐩ࠊ࡛ࢢ࣑ࣥࢱࡓࡋBR

ࡾࡼሙ☢ࢫࣝࣃ Muon ㍈᪉ྥ⛣ືࢆṆࠊ࡚ࡵ

Muonࠋࡿࡍ✚ ࡀࡇࡿࡍ✚ᵝ☢ሙ୰୍ࢆ

ࢆ▼☢ࡢࡇࠊࡽࡇ࠺ゝࡿ࠶࡛┠ᙺࡿࡓ

MSM(Muon Storage Magnet)௨ୗ࡛ࡣࠋࡪ 
ࡢࡇ MSMࠊࡣᆒ୍☢ሙࡀ㔜せ࡛ࡿ࠶ MRI☢

MRIࠊ࡛ࡢࡿ᭷ࡀᚩ≉࡞ඹ㏻▼ ሙタ☢ࡢ▼☢

ィ࡛ㄝ᫂ࡢࡘ୕ࡓࡋ Step  ,7]ࡿࡍタィ࡚ࡗࢆ
 ࠋ[10

Table 5-1  Muon ✚☢▼(MSM)ࡢᵝ 
 
Parameters Values 

Magnetic field strength 3.0 T 
Homogeneity (BZ) < 1.0 ppm (0.2 ppm 2D) 
Area with Homogeneous 
magnetic field 

R: 0.318 m to 0.348m 
Z: -0.05 m to +0.05 m 

n-index of weak focus field 0.0 to 3.0E-4 
Radial magnetic field 
component BR 

BR > -1.0E-4 T 

Current drive Persistent mode 

 
Fig. 5-2 ࢇࡏࡽ࣒࣮ࣅ࣮࣑ࣥ࢜ࣗධᑕࡢ㌶㐨ᴫ

ᛕ[6]⫣ᩥࠋ, Fig.1  ࠋ⏝ᘬࡾࡼ

 
Fig. 5-1 ࣮࣑ࣥ࢜ࣗ✚☢▼ࡢィ⏬᩿㠃ᅗࠋ 
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5.1.1. Step-1 

ࡍ⨨㓄ࢆ(ᛶయ☢ࠊ㟁ὶ)㉳☢ຊࡇࠊึ᭱

⨨ከᩘ㓄ࢆ㍯㟁ὶ⥺ࠊࡵࡓࡿࡍᢕᥱࢆ?ࡁ

Fig. 4-1, Step-1)ࡿࡍウ᳨࡚ࡋ Step-1ࠋ(ᵝྠ 㛤ጞ

࡛Ỵࡣࡇࡿ࠸࡚ࡗࡲୗグࡢ 3 㡯┠࡛ࠋࡿ࠶ 
(i) ᚑ᮶௨ୖࡢィ ⢭ᗘࢆᚓࠊࡵࡓࡿⰋዲ࡞☢

ሙᆒ୍ᗘࡀᚲせ࡛ࠊ୰ᚰ༙ᚄ 33.3cm ࡛ᖜ

3.0cm, ㍈᪉ྥ㧗ࡉ 10.0cm ࣮࣑ࣗ)⟄㡿ᇦࡢ

✚㡿ᇦ)࡛㍈᪉ྥ☢ሙࣥ࢜ BZ=3.0T±0.1ppm 
(ᆒ୍ᗘ 0.2ppm)ࡢ⠊ᅖ࡛ࠋࡿ࠶ 

(ii) ධᑕ㡿ᇦ࡛ࡣ㍈᪉ྥ⛣ື㏿ᗘࢆᙅ࠺ࡼࡿࡵ

BR>0ࠊ  ࠋࡿ࠶ᚲせ࡛ࡀ
(iii) ㉸ఏᑟ☢▼࡛ࠊࡾ࠶MRI ☢▼ᢏ⾡ࢆᛂ⏝ࡍ

NbTiࠊࡋ㐠㌿࡛ࢻỌஂ㟁ὶ࣮ࣔࠋࡿ ㉸ఏᑟ

ࢆ㧗☢ሙ᭱ࡢᑟయࠊ࠸⏝ࢆ⥺ 5.5T ௨ୗ࡛ࠊ

125A/mm2⛬ᗘࠋࡿࡍ 
ୖグࡢ᮲௳ࡍࡓ‶ࢆ㉳☢ຊ㓄⨨ᴫᛕࢆ᥈⣴ࡿࡍ

MRIࠊࡵࡓ ☢▼タィྠᵝࣉࢵࢸࢫࡢ㸦Fig. 4-
1 ཧ↷㸧ࡢ▼☢ࠊ࡚⤒ࢆ㉳☢ຊ㓄⨨ᴫᛕࢆỴࡵ

MRIࠋࡿ ࡓࡗ࠶㔜せ࡛ࡀᵝࡢᆒ୍☢ሙࡣ࡛

ࡢ(ii)ࡽࡉࠊࡣ࡛ࡇࡇࠊࡀ BR ᵝ᳨ࢆウࡿࡍᚲ

せࠋࡿ࠶ࡀ(iii)ࠊࡣMRI ☢▼ᵝࡢ㉸㟁ᑟ☢▼ࡢᑟ

యᵝࡓ࠼⪄࡚ࡋ㡯┠࡛ࠋࡿ࠶ 
Step-1 ࠋ࠸࡞ᚓࢆࡿࡊࡏヨ⾜㘒ㄗ᳨࡛ウࡣ࡛

ࡇࡍヨࡶࡘࡃ࠸ࢆ⿵ೃࡢ⨨㉳☢ຊ㓄⨨ࡢࠎ✀

ࠊࢺࢡࢲ㌶㐨࣒࣮ࣅ)ᐇ㦂⨨ᮏయࠋࡿ࡞

✚ᐜჾ᳨ࠊฟჾࢆ(➼ࠊ⪃៖ࠊࡿࡍMuon ㌶㐨࣭

✚㡿ᇦࠊࡣࡽ㞳࡚ࢀ㓄⨨ࡿࡍᚲせࠋࡿ࠶ࡀ

୍᪉ࡾࡲ࠶ࠊ㞳ࠊࡿࢀ☢ሙศᕸࡢㄪᩚࡀ㞴

ࡓ࠸᭩ึ᭱ࡢᮏ㡯ࠊࡃࡋ 3 㡯┠ࡢ᮲௳ࡏࡓ‶ࢆ

ࡢࢺࢫࢥ〇స▼☢ࡢᚲせ௨ୖࠊඹࡿ࡞ࡃ࡞

ቑࡢࡇࠋࡿ࡞⫼ᬒ࡛ࠊከᩘࡢ㉳☢ຊ㓄⨨

MRIࠊࡀࡓࡋウ᳨ࢆ ࡚ࡋ㛵㐃ሙタィ☢ࡢ▼☢

㛤Ⓨࡓࡋᡭἲࡢ Step-1ࡣ᭷ຊ࡞ᡭἲ࡛ࡇࡓࡗ࠶

 ࠋࡿࡍᙉㄪࡣ
ヨ⾜㘒ㄗࡓࡋ୰࡛ࠊ௦⾲ⓗ࡞ 2 ࡍ⤂ࢆࡢࡘ

Fig. 5-3(a)ࠋࡿ Fig. 5-3(b)࡛ࠋࡿ࠶MSM ࡢ Step-
1 ㍯㟁ὶ(FL: Filament Loop)⥺ࡓࡗ⾜ࢆᴫᛕ᳨ウࡢ
㓄ࢆ㍯㟁ὶ⥺≦⟃ࠊࡣ࡛Fig.5-3(a)ࠋࡍ♧ࢆ

ᆒ୍☢ሙ㡿ࠊࡣ࡛Fig. 5-3(b)ࠊ᪉୍ࠋࡿ࠸࡚ࡋ⨨

ᇦࡾྲྀࢆᅖ࠺ࡼࡴ⥺㍯㟁ὶࢆ㓄⨨ࠋࡿ࠸࡚ࡋ

㛗᪉ᙧࡀ Muon ✚㡿ᇦ࡛ࡾྲྀࢆࢀࡑࠊࡀࡿ࠶ᅖ

㠃⾲ࡢᴃ࡞ࡁࡸࡸࡴ MFEPs ࠸࡚࠸⨨ࢆ

 ࠋࡿ࠶࡛ࡵࡓࡿࡍࡃ᫆ࡋᢕᥱࢆ㧗ḟᡂศࠋࡿ
Fig. 5-3(c)ࠊࡣᡴࡕษࡾᅛ᭷࣮ࣔࢻ␒ྕ MTࢆ

Ỵࠊࡢࡵࡓࡿࡵᘧ(2-13㹼15)ࢆ⏝ࠊࡋᆒ୍ᗘ

MT(ᐇᩘ࡛ࡿ࠶)ࡢ㛵ಀࠋࡓࡋ♧ࢆFig. 5-3(c)ࡽ

ࡿࡁ࡛⌧ᐇࡣᆒ୍ᗘࡶ࡛ࡽࡕࡢ(b)ࠊ(a)ࠊࡣ

᥎ᐃ࡛ࠋࡿࡁ(a)࡛ࡣ MT=10.4(10 ࡚ࡢ࡛ࡲ┠␒

11ࠊ ࡢ┠␒ ࡣ࡛(b)ࠊ࡛(⏝ࢆ40% MT=10.1(10
11ࠊ࡚ࡢ࡛ࡲ┠␒ ࡢ┠␒ ᆒࠊ࡛(⏝ࢆ10%

୍ᗘࡣ 0.2ppm 5Ѝ6, 7Ѝ8, 9ࠊᅗ࡛ࡢࡇࠋࡿୗᅇࢆ
Ѝ10 ࠊࡣ⏤⌮࠸࡞࡚ࡋᨵၿࡀᆒ୍ᗘࠊ㒊ศ࡛ࡢ

അᩘ␒┠ࡢᅛ᭷࣮ࣔࠊࡣ࡛ࢻZ=0 㠃ᑐࠊ࡚ࡋ

ᑐ⛠࡞㟁ὶ࣭☢ሙศᕸ࡛ࠊࡾ࠶⏝࡛ࡓ࠸࡞ࡁ

 ࠋࡿ࠶࡛ࡵ

 
ᅗ 5-3(a)  Muon ✚☢▼ࡢᴫᛕ᳨ウ 1 

ᩥ⊩[7], Fig.2  Fig.4  ⏝ᘬࡾࡼ

 
Fig. 5-3(b) Muon ✚☢▼ࡢᴫᛕ᳨ウ  ࠋ2

ᩥ⊩[7], Fig.2  Fig.4  ⏝ᘬࡾࡼ

 

Fig. 5-3(c)᳨ࡢウࡽᘧ(2-11)࡛㟁ὶศᕸ(ࡔࡓ

࡚ࡋᐇᩘࡣMTࠊࡋ ࡧࡼ࠾10.4 ồࢆ(࡚ࡋ10.1

ഃྑࡢᅗྛࠊࡣᯝ⤖ࡓࡋ⟭ィࢆሙศᕸ☢ࠊࡵ

࡛⥺᮰⥺(☢ຊ☢➼ࡣ⥺ࡿ࠸࡚ࡗ㉮ୗୖࠋࡍ♧

࡞ᶍᵝࡢ≦ᨺᑕࡽ㡿ᇦ✚┤ࠊࡾ࠶࡛(ࡿ࠶ࡶ

3.0Tࠋࡿ࠶࡛⥺ሙᙉᗘ➼㧗☢ࡣ⥺ࡿ࠸࡚ࡗ ᑐ

ࠋࡿ࠸࡚ࡋࢺࢵࣟࣉ᱆ẖ(±0.1, 1.0, 10.0)୍࡚ࡋ

๓❶ࡢ MRI ☢▼☢ሙタィྠᵝᡴⅬ࡛♧ࡓࡋ

☢ሙࡀ㧗࠸㡿ᇦ(B > 3.0 T)࡛ࠊࡾ࠶㉳☢ຊ※(CBs)
 ࠋࡿࡧఙᆒ୍☢ሙ㡿ᇦࡽ
ཧ⪃ࠊFig. 5-3(d)ࠊFig. 5-3(b)ࡢ㓄⨨ࡼ

11ࠊࡿ ወᩘ␒(Z=0ࡢ࡛ࡲ┠␒ 㠃ᑐ࡚ࡋᑐ⛠)ᅛ
᭷࣮ࣔࠋࡍ♧ࢆࢻ࿘ᅖࢆᅖࡴ▮༳ࡀ㟁ὶศᕸ(༙
ᚄ᪉ྥࡀṇ)ࠋࡋ♧ࢆ✚㡿ᇦ࿘ᅖࡣ☢ຊ⥺

㸦➼☢᮰⥺㸧ࠋࡓࡋ♧ࢆMRI ᵝྠሙྜࡢ▼☢

ᅛ᭷ࠊࡀࡿ࡞ࡃࡉᑠࡣ್␗≉㧗ḟᡂศࠊ

ẚ㍑ⓗࠊࡾ࠾࡚ࡗ࡞ࡃᙅࡶᚲせᙉᗘࡢࢻ࣮ࣔ

Ⰻタᐃ࡞ၥ㢟ࡿ࠸࡚ࡗ࡞{Fig. 5-3(b)ࡢሙྜ}ࠋ
☢ሙศᕸᙳ㡪ࡀ࡞ࡁ⨨ࠊࡣ┤✚㡿ᇦ༙ࡢ

ᚄഃࡢ⨨༙ࠊᚄ᭱ᑠࡢ⨨ୖࡢୗ㒊ゎ

MODE11ࠊࡓࡲࠋࡿ ࡣ ࡢࡿࢀࡉᫎࠊࡳࡢ10%

ṧ࡚ࡋṧᕪ☢ሙ࡚ࡋᑐᵝ☢ሙ୍ࡣࡃከࠊ࡛

MODE11ࠊࡵࡓࡢࡇࠋࡿ ồࠊࡀሙᙉᗘศᕸ☢ࡢ

ᅛ᭷ࡢࡽࢀࡇࠋࡿṧ࡚ࡋṧᕪ☢ሙࡢ▼☢ࡿࡵ

ࡣྕ➢࡞ᚲせᵓᡂࡢሙ☢ࡿࡵồࠊࡣ࡛ࢻ࣮ࣔ

⪃៖ࠊࡵࡓࡢࡇࠋ࠸࡞࡚ࢀࡉᐇ㝿ࡢṧᕪ☢ሙ

MODE11ࠊࡣ 㠀ᡴ(㡿ᇦ࠸㧗ࡀሙ☢)ᡴⅬ㡿ᇦࡢ

Ⅼ㡿ᇦࡀ㏫ࠋࡿࡃ࡚ࡗ࡞ 
ࡢࡇ 2 ࠊ࡛㡯┠(ii)ࡢ௳タィ᮲ࠊࡣ࡛⿵ೃࡢࡘ

Muon ධᑕ㌶㐨ୖࡢ BR>0 -Fig. 5ࠋࡿ࡞㔜せࡀ
3(c)ࠊࡣ㌶㐨ୖࡢ BR᭱ࡢᑠ್ࠋࡓࡋ♧ࡶFig. 5-
3(a)ࡢሙྜࠊࡣBR<0 ♧ࢆࡿࡍᏑᅾ㌶㐨ୖࡀ

⌮ࡿ࠶࡛⨨㉳☢ຊ㓄࠸࡞ࡁ࡛⏝ࠊࡾ࠾࡚ࡋ

ゎ࡛࡚࠸ࡘ⏤⌮ࡢࡑࠋࡿࡁㄝ᫂ࠋࡿࡍ 
㟁ὶ࠸↓ࡢ㡿ᇦ࡛ࠊࡣrot%=0  dBZ/dRࠊࡾࡼ

=dBR/dZ ࡛ ࡶdBR/dZ>0ࠊࡤࢀ࠶dBZ/dR>0࡛ࠋࡿ࠶
ᚓୖࠊࢀࡽୗᑐ⛠࡛ࠊࡵࡓࡿ࠶㉥㐨㠃࡛ BR=0 ࡛

ࡿࡵồࡀ㡯┠(ii)ࠊࡵࡓࡿ࠶ BR>0 ࢀࡽᚓࡀሙ☢ࡢ

2ࠋࡿ R=0.333mࠊ࡛ᅗ{Fig. 5-3(a), Fig.5-3(b)}ࡢࡘ
ࢆ Muon ࡢ⥺ࡢࡇࠊࡿ࠼⪄࠸㏆ධᑕ㌶㐨ࡢ

⨨༙ࡾࡼᚄࡀࢁࡇ࡞ࡁ☢ሙࡢ㧗࠸㡿ᇦ

ࠊࡀᡴⅬ㡿ᇦࠊព࡛ࡢࡇࠋࡿ࠶ᚲせ࡛ࡀ

R=0.333m  ࠋࡿ࠶ᚲせ࡛⨨࡞ࡁࡾࡼ

 
Fig. 5-3(d) MSM ࡓ࠸⏝ᴫᛕタィࡢ SVD ᅛ᭷࣮ࣔࠊ࡛࣒࣮ࣞࣇྛࠋࢻ୰ᚰ㒊ࡢ➼㧗⥺ࡣ➼☢᮰⥺

(☢ຊ⥺)ࠊ࿘㎶ࡢ▮༳ࡣ⥺㍯㟁ὶࡢ㟁ὶศᕸ(༙ᚄഃࡀṇ㟁ὶ)ୖ᭱ࠊ㒊 MODE 3ࠊྕ␒ ಶࡢᐇ

3.0Tࠊ್␗≉ࠊࡽୖࡣᩘ ᐇ⌧ࢻ࣮ࣔࡢࡵࡓࡢᙉᗘࠊศᕸࡢ peak-to-peak ࡣࢻഅᩘ␒ᅛ᭷࣮ࣔࠋ್

ᑐ⛠࡛ࡾ࠶⏝[7]⫣ᩥࠋFig.5(b)ࡾࡼᘬ⏝ 

 
Fig. 5-3(c) ᡴࡕษࡾᅛ᭷᳨࣮ࣔࡢྕ␒ࢻウࠋ

ᑐ㇟᮲௳ࡽወᩘ␒┠ᅛ᭷࣮ࣔࡳࡢࢻ⏝ࠋ

ᩥ⊩[7],Fig.5(a)ࡾࡼᘬ⏝ 
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5.1.1. Step-1 

ࡍ⨨㓄ࢆ(ᛶయ☢ࠊ㟁ὶ)㉳☢ຊࡇࠊึ᭱

⨨ከᩘ㓄ࢆ㍯㟁ὶ⥺ࠊࡵࡓࡿࡍᢕᥱࢆ?ࡁ

Fig. 4-1, Step-1)ࡿࡍウ᳨࡚ࡋ Step-1ࠋ(ᵝྠ 㛤ጞ

࡛Ỵࡣࡇࡿ࠸࡚ࡗࡲୗグࡢ 3 㡯┠࡛ࠋࡿ࠶ 
(i) ᚑ᮶௨ୖࡢィ ⢭ᗘࢆᚓࠊࡵࡓࡿⰋዲ࡞☢

ሙᆒ୍ᗘࡀᚲせ࡛ࠊ୰ᚰ༙ᚄ 33.3cm ࡛ᖜ

3.0cm, ㍈᪉ྥ㧗ࡉ 10.0cm ࣮࣑ࣗ)⟄㡿ᇦࡢ

✚㡿ᇦ)࡛㍈᪉ྥ☢ሙࣥ࢜ BZ=3.0T±0.1ppm 
(ᆒ୍ᗘ 0.2ppm)ࡢ⠊ᅖ࡛ࠋࡿ࠶ 

(ii) ධᑕ㡿ᇦ࡛ࡣ㍈᪉ྥ⛣ື㏿ᗘࢆᙅ࠺ࡼࡿࡵ

BR>0ࠊ  ࠋࡿ࠶ᚲせ࡛ࡀ
(iii) ㉸ఏᑟ☢▼࡛ࠊࡾ࠶MRI ☢▼ᢏ⾡ࢆᛂ⏝ࡍ

NbTiࠊࡋ㐠㌿࡛ࢻỌஂ㟁ὶ࣮ࣔࠋࡿ ㉸ఏᑟ

ࢆ㧗☢ሙ᭱ࡢᑟయࠊ࠸⏝ࢆ⥺ 5.5T ௨ୗ࡛ࠊ

125A/mm2⛬ᗘࠋࡿࡍ 
ୖグࡢ᮲௳ࡍࡓ‶ࢆ㉳☢ຊ㓄⨨ᴫᛕࢆ᥈⣴ࡿࡍ

MRIࠊࡵࡓ ☢▼タィྠᵝࣉࢵࢸࢫࡢ㸦Fig. 4-
1 ཧ↷㸧ࡢ▼☢ࠊ࡚⤒ࢆ㉳☢ຊ㓄⨨ᴫᛕࢆỴࡵ

MRIࠋࡿ ࡓࡗ࠶㔜せ࡛ࡀᵝࡢᆒ୍☢ሙࡣ࡛

ࡢ(ii)ࡽࡉࠊࡣ࡛ࡇࡇࠊࡀ BR ᵝ᳨ࢆウࡿࡍᚲ

せࠋࡿ࠶ࡀ(iii)ࠊࡣMRI ☢▼ᵝࡢ㉸㟁ᑟ☢▼ࡢᑟ

యᵝࡓ࠼⪄࡚ࡋ㡯┠࡛ࠋࡿ࠶ 
Step-1 ࠋ࠸࡞ᚓࢆࡿࡊࡏヨ⾜㘒ㄗ᳨࡛ウࡣ࡛

ࡇࡍヨࡶࡘࡃ࠸ࢆ⿵ೃࡢ⨨㉳☢ຊ㓄⨨ࡢࠎ✀

ࠊࢺࢡࢲ㌶㐨࣒࣮ࣅ)ᐇ㦂⨨ᮏయࠋࡿ࡞

✚ᐜჾ᳨ࠊฟჾࢆ(➼ࠊ⪃៖ࠊࡿࡍMuon ㌶㐨࣭

✚㡿ᇦࠊࡣࡽ㞳࡚ࢀ㓄⨨ࡿࡍᚲせࠋࡿ࠶ࡀ

୍᪉ࡾࡲ࠶ࠊ㞳ࠊࡿࢀ☢ሙศᕸࡢㄪᩚࡀ㞴

ࡓ࠸᭩ึ᭱ࡢᮏ㡯ࠊࡃࡋ 3 㡯┠ࡢ᮲௳ࡏࡓ‶ࢆ

ࡢࢺࢫࢥ〇స▼☢ࡢᚲせ௨ୖࠊඹࡿ࡞ࡃ࡞

ቑࡢࡇࠋࡿ࡞⫼ᬒ࡛ࠊከᩘࡢ㉳☢ຊ㓄⨨

MRIࠊࡀࡓࡋウ᳨ࢆ ࡚ࡋ㛵㐃ሙタィ☢ࡢ▼☢

㛤Ⓨࡓࡋᡭἲࡢ Step-1ࡣ᭷ຊ࡞ᡭἲ࡛ࡇࡓࡗ࠶

 ࠋࡿࡍᙉㄪࡣ
ヨ⾜㘒ㄗࡓࡋ୰࡛ࠊ௦⾲ⓗ࡞ 2 ࡍ⤂ࢆࡢࡘ

Fig. 5-3(a)ࠋࡿ Fig. 5-3(b)࡛ࠋࡿ࠶MSM ࡢ Step-
1 ㍯㟁ὶ(FL: Filament Loop)⥺ࡓࡗ⾜ࢆᴫᛕ᳨ウࡢ
㓄ࢆ㍯㟁ὶ⥺≦⟃ࠊࡣ࡛Fig.5-3(a)ࠋࡍ♧ࢆ

ᆒ୍☢ሙ㡿ࠊࡣ࡛Fig. 5-3(b)ࠊ᪉୍ࠋࡿ࠸࡚ࡋ⨨

ᇦࡾྲྀࢆᅖ࠺ࡼࡴ⥺㍯㟁ὶࢆ㓄⨨ࠋࡿ࠸࡚ࡋ

㛗᪉ᙧࡀ Muon ✚㡿ᇦ࡛ࡾྲྀࢆࢀࡑࠊࡀࡿ࠶ᅖ

㠃⾲ࡢᴃ࡞ࡁࡸࡸࡴ MFEPs ࠸࡚࠸⨨ࢆ

 ࠋࡿ࠶࡛ࡵࡓࡿࡍࡃ᫆ࡋᢕᥱࢆ㧗ḟᡂศࠋࡿ
Fig. 5-3(c)ࠊࡣᡴࡕษࡾᅛ᭷࣮ࣔࢻ␒ྕ MTࢆ

Ỵࠊࡢࡵࡓࡿࡵᘧ(2-13㹼15)ࢆ⏝ࠊࡋᆒ୍ᗘ

MT(ᐇᩘ࡛ࡿ࠶)ࡢ㛵ಀࠋࡓࡋ♧ࢆFig. 5-3(c)ࡽ

ࡿࡁ࡛⌧ᐇࡣᆒ୍ᗘࡶ࡛ࡽࡕࡢ(b)ࠊ(a)ࠊࡣ

᥎ᐃ࡛ࠋࡿࡁ(a)࡛ࡣ MT=10.4(10 ࡚ࡢ࡛ࡲ┠␒

11ࠊ ࡢ┠␒ ࡣ࡛(b)ࠊ࡛(⏝ࢆ40% MT=10.1(10
11ࠊ࡚ࡢ࡛ࡲ┠␒ ࡢ┠␒ ᆒࠊ࡛(⏝ࢆ10%

୍ᗘࡣ 0.2ppm 5Ѝ6, 7Ѝ8, 9ࠊᅗ࡛ࡢࡇࠋࡿୗᅇࢆ
Ѝ10 ࠊࡣ⏤⌮࠸࡞࡚ࡋᨵၿࡀᆒ୍ᗘࠊ㒊ศ࡛ࡢ

അᩘ␒┠ࡢᅛ᭷࣮ࣔࠊࡣ࡛ࢻZ=0 㠃ᑐࠊ࡚ࡋ

ᑐ⛠࡞㟁ὶ࣭☢ሙศᕸ࡛ࠊࡾ࠶⏝࡛ࡓ࠸࡞ࡁ

 ࠋࡿ࠶࡛ࡵ

 
ᅗ 5-3(a)  Muon ✚☢▼ࡢᴫᛕ᳨ウ 1 

ᩥ⊩[7], Fig.2  Fig.4  ⏝ᘬࡾࡼ

 
Fig. 5-3(b) Muon ✚☢▼ࡢᴫᛕ᳨ウ  ࠋ2

ᩥ⊩[7], Fig.2  Fig.4  ⏝ᘬࡾࡼ

 

Fig. 5-3(c)᳨ࡢウࡽᘧ(2-11)࡛㟁ὶศᕸ(ࡔࡓ

࡚ࡋᐇᩘࡣMTࠊࡋ ࡧࡼ࠾10.4 ồࢆ(࡚ࡋ10.1

ഃྑࡢᅗྛࠊࡣᯝ⤖ࡓࡋ⟭ィࢆሙศᕸ☢ࠊࡵ

࡛⥺᮰⥺(☢ຊ☢➼ࡣ⥺ࡿ࠸࡚ࡗ㉮ୗୖࠋࡍ♧

࡞ᶍᵝࡢ≦ᨺᑕࡽ㡿ᇦ✚┤ࠊࡾ࠶࡛(ࡿ࠶ࡶ

3.0Tࠋࡿ࠶࡛⥺ሙᙉᗘ➼㧗☢ࡣ⥺ࡿ࠸࡚ࡗ ᑐ

ࠋࡿ࠸࡚ࡋࢺࢵࣟࣉ᱆ẖ(±0.1, 1.0, 10.0)୍࡚ࡋ

๓❶ࡢ MRI ☢▼☢ሙタィྠᵝᡴⅬ࡛♧ࡓࡋ

☢ሙࡀ㧗࠸㡿ᇦ(B > 3.0 T)࡛ࠊࡾ࠶㉳☢ຊ※(CBs)
 ࠋࡿࡧఙᆒ୍☢ሙ㡿ᇦࡽ
ཧ⪃ࠊFig. 5-3(d)ࠊFig. 5-3(b)ࡢ㓄⨨ࡼ

11ࠊࡿ ወᩘ␒(Z=0ࡢ࡛ࡲ┠␒ 㠃ᑐ࡚ࡋᑐ⛠)ᅛ
᭷࣮ࣔࠋࡍ♧ࢆࢻ࿘ᅖࢆᅖࡴ▮༳ࡀ㟁ὶศᕸ(༙
ᚄ᪉ྥࡀṇ)ࠋࡋ♧ࢆ✚㡿ᇦ࿘ᅖࡣ☢ຊ⥺

㸦➼☢᮰⥺㸧ࠋࡓࡋ♧ࢆMRI ᵝྠሙྜࡢ▼☢

ᅛ᭷ࠊࡀࡿ࡞ࡃࡉᑠࡣ್␗≉㧗ḟᡂศࠊ

ẚ㍑ⓗࠊࡾ࠾࡚ࡗ࡞ࡃᙅࡶᚲせᙉᗘࡢࢻ࣮ࣔ

Ⰻタᐃ࡞ၥ㢟ࡿ࠸࡚ࡗ࡞{Fig. 5-3(b)ࡢሙྜ}ࠋ
☢ሙศᕸᙳ㡪ࡀ࡞ࡁ⨨ࠊࡣ┤✚㡿ᇦ༙ࡢ

ᚄഃࡢ⨨༙ࠊᚄ᭱ᑠࡢ⨨ୖࡢୗ㒊ゎ

MODE11ࠊࡓࡲࠋࡿ ࡣ ࡢࡿࢀࡉᫎࠊࡳࡢ10%

ṧ࡚ࡋṧᕪ☢ሙ࡚ࡋᑐᵝ☢ሙ୍ࡣࡃከࠊ࡛

MODE11ࠊࡵࡓࡢࡇࠋࡿ ồࠊࡀሙᙉᗘศᕸ☢ࡢ

ᅛ᭷ࡢࡽࢀࡇࠋࡿṧ࡚ࡋṧᕪ☢ሙࡢ▼☢ࡿࡵ

ࡣྕ➢࡞ᚲせᵓᡂࡢሙ☢ࡿࡵồࠊࡣ࡛ࢻ࣮ࣔ

⪃៖ࠊࡵࡓࡢࡇࠋ࠸࡞࡚ࢀࡉᐇ㝿ࡢṧᕪ☢ሙ

MODE11ࠊࡣ 㠀ᡴ(㡿ᇦ࠸㧗ࡀሙ☢)ᡴⅬ㡿ᇦࡢ

Ⅼ㡿ᇦࡀ㏫ࠋࡿࡃ࡚ࡗ࡞ 
ࡢࡇ 2 ࠊ࡛㡯┠(ii)ࡢ௳タィ᮲ࠊࡣ࡛⿵ೃࡢࡘ

Muon ධᑕ㌶㐨ୖࡢ BR>0 -Fig. 5ࠋࡿ࡞㔜せࡀ
3(c)ࠊࡣ㌶㐨ୖࡢ BR᭱ࡢᑠ್ࠋࡓࡋ♧ࡶFig. 5-
3(a)ࡢሙྜࠊࡣBR<0 ♧ࢆࡿࡍᏑᅾ㌶㐨ୖࡀ

⌮ࡿ࠶࡛⨨㉳☢ຊ㓄࠸࡞ࡁ࡛⏝ࠊࡾ࠾࡚ࡋ

ゎ࡛࡚࠸ࡘ⏤⌮ࡢࡑࠋࡿࡁㄝ᫂ࠋࡿࡍ 
㟁ὶ࠸↓ࡢ㡿ᇦ࡛ࠊࡣrot%=0  dBZ/dRࠊࡾࡼ

=dBR/dZ ࡛ ࡶdBR/dZ>0ࠊࡤࢀ࠶dBZ/dR>0࡛ࠋࡿ࠶
ᚓୖࠊࢀࡽୗᑐ⛠࡛ࠊࡵࡓࡿ࠶㉥㐨㠃࡛ BR=0 ࡛

ࡿࡵồࡀ㡯┠(ii)ࠊࡵࡓࡿ࠶ BR>0 ࢀࡽᚓࡀሙ☢ࡢ

2ࠋࡿ R=0.333mࠊ࡛ᅗ{Fig. 5-3(a), Fig.5-3(b)}ࡢࡘ
ࢆ Muon ࡢ⥺ࡢࡇࠊࡿ࠼⪄࠸㏆ධᑕ㌶㐨ࡢ

⨨༙ࡾࡼᚄࡀࢁࡇ࡞ࡁ☢ሙࡢ㧗࠸㡿ᇦ

ࠊࡀᡴⅬ㡿ᇦࠊព࡛ࡢࡇࠋࡿ࠶ᚲせ࡛ࡀ

R=0.333m  ࠋࡿ࠶ᚲせ࡛⨨࡞ࡁࡾࡼ

 
Fig. 5-3(d) MSM ࡓ࠸⏝ᴫᛕタィࡢ SVD ᅛ᭷࣮ࣔࠊ࡛࣒࣮ࣞࣇྛࠋࢻ୰ᚰ㒊ࡢ➼㧗⥺ࡣ➼☢᮰⥺

(☢ຊ⥺)ࠊ࿘㎶ࡢ▮༳ࡣ⥺㍯㟁ὶࡢ㟁ὶศᕸ(༙ᚄഃࡀṇ㟁ὶ)ୖ᭱ࠊ㒊 MODE 3ࠊྕ␒ ಶࡢᐇ

3.0Tࠊ್␗≉ࠊࡽୖࡣᩘ ᐇ⌧ࢻ࣮ࣔࡢࡵࡓࡢᙉᗘࠊศᕸࡢ peak-to-peak ࡣࢻഅᩘ␒ᅛ᭷࣮ࣔࠋ್

ᑐ⛠࡛ࡾ࠶⏝[7]⫣ᩥࠋFig.5(b)ࡾࡼᘬ⏝ 

 
Fig. 5-3(c) ᡴࡕษࡾᅛ᭷᳨࣮ࣔࡢྕ␒ࢻウࠋ

ᑐ㇟᮲௳ࡽወᩘ␒┠ᅛ᭷࣮ࣔࡳࡢࢻ⏝ࠋ

ᩥ⊩[7],Fig.5(a)ࡾࡼᘬ⏝ 
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Z<0.60mࠊࡣ࡛Fig. 5-3(a)ࠊࡿ࠼⪄࡛௳᮲ࡢࡇ
࡛༙ᚄࡢᑠࢁࡇ࠸ࡉ☢ሙࡢ㧗࠸㡿ᇦ࠶ࡀ

dBZ/dR =dBR/dZ<0ࠊࡾ ࡉࡓ‶ࡀ㡯┠(ii)ࠊࡾ࠶࡛

㡿ᇦ࠸㧗ࡢሙ☢ࠊࡣ࡛Fig. 5-3(b)ࠊ᪉୍ࠋ࠸࡞ࢀ

ࡢᚄ༙ࡾࡼR=0.333mࠊ࡛㡿ᇦ(Z = 0.0㹼1.1 m)ࡀ

࡞ࡁ⨨ࠊࡾ࠶dBZ/dR =dBR/dZ>0 ࠋࡿ࡞

BR>0  ࠋࡿ࠸࡚ࡋ⬟ྍࢆ
௨ୖࠊࡿࡵࡲࢆ⟄≧ࡢ⥺㍯㟁ὶ㓄⨨

{Fig. 5-3(a)}࡛ࠊࡣMuonධᑕ㌶㐨ࡢ㡿ᇦ࡛BR>0
-Fig. 5ࠊࡋࡋࠋ࠸࡞ࡁ࡛⌧ᐇࢆ᮲௳(ii)ࡿࡍ
3(b)࠺ࡼࡢ⥺㍯㟁ὶࡀ✚㡿ᇦࡾྲྀࢆᅖ࠺ࡼࡴ

ᚄᑠ༙ࠋࡿࡁ࡛⌧ᐇࢆ᮲௳(ii)ࡃ࠾࡚ࡋ⨨㓄

ഃࡽ✚㡿ᇦࠊ࡚ࡗྥỈᖹ㠃㏆࡛☢ሙ

BR<0ࠊࡾࡼࢀࡇࠋࡿࡍ⏕Ⓨࢆ㡿ᇦ࠸㧗ࡢ సࢆ

R=0.333mࠊࡀ㒊ศ࠸㧗ࡢሙ☢ࡓ࠸࡚ࡗ ㏆ഐࡢ

 ࠋࡿ࠶࡛ࡵࡓࡿ࡞ࡃ↓ࡣࡽ
Step-1 ࡚ࡋウ᳨࡞࠺ࡼࡢࡇࠊࡣ࡛ Fig. 5-3(b)ࡢ

☢ሙศᕸ㉳☢ຊ(⥺㍯㟁ὶ)㓄⨨ࢆᴫᛕタィ⤖ᯝ

ࢆሙᙉᗘศᕸ☢ࡢ✚㡿ᇦ㏆ࠋࡓࡋ Fig. 5-4
ࡣ⥺ሙᙉᗘ➼㧗☢ࠋࡓࡋ♧ 0.1, 1.0, 10.0 ppm ࡛

ࡀᆒ୍ᗘࠊࡃ↓࡚ࡗධࡣ✚㡿ᇦࠊࡀࡿ࠶

0.2ppm ௨ୗ࡛ࠋࡿ࠶⥺㍯㟁ὶ୍ࡢ㒊ࠊࡣ㕲 yoke
Step-2ࠋࡿ࠸࡚ࡋᐃࢆ⨨㓄ࡢ ௨㝆࡛ࡢࡇ☢ሙࢆ

⌧ࡿࡍ㉳☢ຊ㓄⨨(㕲 yoke  CBs)ࢆồࠋࡿࡵ 

5.1.2. Step-2 ࡧࡼ࠾ Step-3 

SVD ᅛ᭷࣮ࣔࢻศᕸᙉᗘࠊࡣ㕲 yoke ࡸ CB ࢆ

㍯㟁ὶ࡛ồ⥺ࠊࡶ࡚࠸࠾▼☢ࡿࡍタィ࡚࠸⏝

ࡓࡵ Step-1ࡢᅛ᭷࣮ࣔࡢࡑ࡛ࢻᙉᗘ{ᘧ(2-12)㸸Pk 
= Xk

t%TG/np}ࢆồࠊࡵStep-2, Step-3 ࢻᅛ᭷࣮ࣔࡶ࡛

ᙉᗘࡀ⌧࠺ࡼࡿࢀࡉ㉳☢ຊ(CB ཬࡧ㕲 yoke)
ࡣࢀࡇࠋࡿࡍ⨨㓄ࢆ MRI ᪉࡛࠼⪄ࡌྠ▼☢⏝

CBࠊࡣ࡛ࡇࡇࠊࡀࡿ࠶ ⨨ᙧ≧ࠊࡃ࡞࡛ࡅࡔ㕲

yokeࡢᙧ≧ࡶㄪᩚࡢࡇࠊࡋࡋࠋࡿࡍ ࡢࡘ2 Step
ࡲࡘࠋ࠸↓ࡣヨ⾜㘒ㄗࠊⓗ࡛⥺┤ࡣウ᳨ࠊࡣ࡛

ࡢศᕸ㟁ὶࠊࡾ Step-1 ⤖ᯝࠊࢆ㞳ᩓ㓄⨨ࡢ CB 

㕲 yoke SVDࠊᚤㄪᩚ࡛ࡢ⨨㓄ࠊ࠼ࡁ⨨ ᅛ᭷

 ࠋࡿ࠶࡛ࡳࡢࡿࡍㄪᩚࢆᙉᗘࢻ࣮ࣔ
Fig. 5-5 ࡣ Step-2 ࡓࡋ⏬ィึ᭱ࡢ 2D(༙ᚄ R,

㍈᪉ྥ⨨ Z)㉳☢ຊ㓄⨨࡛ࠋࡿ࠶▮༳ࠊࡣṧᕪ

ࢻᅛ᭷࣮ࣔࡣṧᕪ㟁ὶࡢࡇࠊࡾ࠶㟁ὶศᕸ࡛ࡢ

ᙉᗘࡢㄪᩚࢆ⤊ࡓࡋẁ㝵࡛ࡣ㞽㏆࡙ࡇࠋࡃ

ࡣ᪉࠼⪄ࡢẁ㝵ࡢ MRI ࡢ▼☢ Step-2, Step-3 ྠ

Fig. 5-6ࠋࡿ࠶࡛ࡌ ≦᮰ࡢィ⟬୰ࡋ㏉ࡾ⧞ࡣ

ἣ2ࠋࡓࡋ♧ࢆ ࡚ࡏࢃྜࢆࣉࢵࢸࢫࡢࡘ 7 ᅇࡢィ

⟬࡛᮰ࠋࡓࡋ 
ᚓࡓࢀࡽ㉳☢ຊ㓄⨨☢ሙศᕸࡀ Fig.5-7 ࠶࡛

ࡣᆒ୍ᗘࠋࡿ peak-to-peak್࡛ 0.13ppm(ྑୗᅗ)࡛
ධᑕ㡿ᇦࠋࡿ࠶ BR<0 ࡽࢀࡇࠋ(ୖྑ)࠸↓ࡣ

 
Fig. 5-4 ✚㡿ᇦ㏆ࡢ☢ሙᙉᗘศᕸࢆ 3.0T 
±0.1㺂1.0, 10. 0ppm ᡴⅬ㡿ࠋࡍ♧࡛⥺㧗➼ࡢ

ᇦࡣ☢ሙࡢ㧗࠸㒊ศ[7]⫣ᩥࠋ, Fig. 6  ࠋ⏝ᘬࢆ

 
ᅗ 5-5 Step-2  .⨨ᮇ㓄ึࡢ
 ᩥ⊩[7], Fig.7  .⏝ᘬࡾࡼ

 

㟁ᑟయ⤒㦂☢ሙ(5.0T)ࠊࡋࡓ‶ࢆ௳ᵝ᮲ࠊࡣ

ὶᐦᗘࢆ NbTi ⥺ᮦ࡛ᐇ⌧ྍ⬟࡞㉸ఏᑟ☢▼࡛࠶

㕲ࠋࡓࡁㄆ࡛☜ࢆࡇࡿ yoke ୗୖ୰ᚰ㒊ࡣ

ᑐ⛠࡞ pole(㕲)ࢆ㓄⨨5ࠊࡋ ಶࡢ CBs ࠊࡶ

ᆒ୍☢ሙ㡿ᇦࡢࡑ࿘㎶㒊ࡀ Step-1(Fig. 5-4)࡛ィ

ࢃࡀࡇࡿ࠸࡚ࡗ࡞ᵝྠሙศᕸ☢ࡓࡋ⏬

୍ྠࢆᙉᗘࢻᅛ᭷࣮ࣔࡢᘧ(2-12)ࠊࡣࢀࡇࠋࡿ

 ࠋࡿ࠶࡛ࡵࡓࡿ࠸࡚ࡋ
௨ୖࡢᵝ g-2/EDM ヲ⣽ィ ⏝☢▼ࡢᐇ⌧ᛶ

ࡵ㐍ࡀヲ⣽タィࠊ࡚ࡅཷࢆࢀࡇࠋࡓࡁㄆ࡛☜ࡀ

㔜せࡵࡓࡿᚓࢆᐇᶵ࡛ᆒ୍☢ሙࠋࡿ࠸࡚ࢀࡽ

MRIࠊࡣࢢ࣑ࣥࢩ࡞ ⏝▼☢ TSVD 㛤Ⓨࡓࡋ

TSVD ᛂ⏝ࢢ࣑ࣥࢩࡢィ⟬ᡭἲ(4.6 ⠇グ㏙)ࢆ

 ࠋࡿ࠶ணᐃ࡛ࡿࡍ⏝

5.1.3. 㕲 yoke ☢ሙ(3D)࠸ᢅࡢ 

ᐇ㝿ࡢ㕲 yokeࠊࡣMuon㏻㐣⏝ࣞࢺ࣒ࢩࠊ

ᾮయ㛫ࡢ෭ᶵࠊࢀࡑࠊ⏝ࡋฟࡾྲྀ He ㍺

㏦࡞ࠊ⏝ࣉࣃከࡀ✰ࡢࡃ㛤ࡢࡽࢀࡇࠋࡃ

࡛ࡾ࡚㺂☢▼㍈࿘ࠊ࠼⪄ࢆᑐ⛠ᛶࡣ✰ 4 ᅇᑐ⛠

࿘ᅇ᪉ࡣሙศᕸ☢ࠊࡋࡋࠋࡿ࠸࡚ࡋ⨨㓄ࡢ

ࡘἼᡴࡶྥ 3D ☢ሙศᕸ࡛3ࠊࡀࡿ࠶D ☢ሙ࡛

CBࠊࡣ 㓄⨨ࢆㄪᩚฟ᮶ࠊࡵࡓࡢࡇࠋ࠸࡞ḟࡢᡭ

㡰࡛㕲 yoke ࡓࡵྵࢆ 3D ☢ሙࢆ 2D ࠊ࡚ࡋ㉳☢

ຊ㓄⨨᭱ࡢ㐺ࠋࡿ࠸࡚ࡗ⾜ࢆ 

(1) 㕲 yokeᙧ≧䛸 CB㓄⨨䜢௬ᐃ䚹 
(2) 㠀⥺ᙧ 3D☢ሙィ⟬䝁䞊䝗䛷☢ሙィ⟬䚹 
(3) ☢ሙศᕸ䜢࿘ᅇ᪉ྥ䛻ᖹᆒ䛧䛶 2D☢ሙࠋ 
(4) 2D☢ሙ䛾ᆒ୍ᗘ䜢☜ㄆ䚸Ⰻዲ䛺䜙⤊䚹 
(5) CB☢ሙ %CB䜢ィ⟬(2D☢ሙ)䚹 
(6) 㕲 yoke☢ሙ(2D)%IR䜢(5)䛸(4)䛾ᕪ␗䛷⟬ฟ䚹 
(7) %CB+%IR䛜 2D୍ᵝ☢ሙ䛸䛺䜛 CB㓄⨨䛻ㄪᩚ 
(8) ㄪᩚ CB㓄⨨䛷 3D㠀⥺ᙧሙィ⟬ 
(9) CB㓄⨨ྍ⬟ᛶ䜢☜ㄆĺ�3)or(1)䜈ᡠࠋ 

ࡁࡢయࡸ㦂☢ሙ⤒ࡢᑟయࠊࡣ࡛(9)ࠊ࡛ࡇࡇ

 ᗘ(1)ࠊࡤࢀࡅ↓ጇᙜ࡛ࠋࡿࡍࢡࢵ࢙ࢳࢆࡉ
CBࠊࡓࡲࠋࡿࡍ⪄ࢆ⨨㓄ࠊࡾᡠ 㓄⨨ୖၥ

㢟(3)ࠊࡤࢀࡅ↓ࡀᡠ(4)ࠊࡾ࡛ᆒ୍ᗘࢆㄪࠊ

┠ᶆ฿㐩ࡾ⧞ࠊࡤࢀࡅ↓࡚ࡋ㏉ࡋィ⟬ࡅ⥆ࢆ

ࢆᙉᗘࢻᅛ᭷࣮ࣔᵝࡢᘧ(4-7)ࠊࡣ࡛(7)ࠋࡿ

Step-1 ࡛Ỵᩘࠊ್ࡓࡵᅇࡾ⧞ࡢ㏉ࡋィ⟬{(7)ࡣ
㕲 yoke ࠸↓ࡢ MRI ࡢ▼☢ Step-2, Step-3 ィ୍ྠ

⟬ἲ}࡛ࠊㄪᩚ࡛ࡍࠋࡿࡍ Step-1 ࡛☢ሙࡢᴫᛕ

タィࡣ⤊ࡾ⧞ࡢ(9)-(3)ࠊ࡛ࡢࡿ࠸࡚ࡋ㏉ࡋィ⟬

ᆒ୍ᗘ(Step-1ࡢᶆ┠ࠊࡿࡅ⥆ࢆ ᚲ(ᆒ୍ᗘࡢ

 ࠋࡿࡍ㐩ࡎ

5.1.4. ☢ሙタィࡢ Update 

Fig. 5-8 㕲ࡿ࠸࡚࠼⪄࡛≦⌧ࡣ yoke ࢆ≦ᙧࡢ

180 ᗘศ࡛♧ࠋࡓࡋMuon ධᑕ⏝ࠊᾮయ He ㍺㏦⟶

ࡀ㈏㏻Ꮝ⏝ࢀධࡋฟࡢࣞࢺ࣒ࢩࢀࡑࠊ⏝

㓄⨨ࠋࡿ࠸࡚ࢀࡉ࡚4ࠊ ᅇᑐ⛠ࠊ࠺ࡼࡿ࡞

ᚲせ࡛࠸࡞㈏㏻Ꮝ(ణࣝࣈ࣮ࢣࠊࡋ㏻㐣࡞

 ࠋࡿ࠸࡚ࡅタࡶ(ணࡿ࡞ࡇ࠺࠺

 
ᅗ 5-7 g-2/EDM  .㉳☢ຊ㓄⨨ࡢ▼☢

ᩥ⊩[7], Fig.11  .⏝ᘬࡾࡼ

 
Fig. 5-6 ⧞ࡾ㏉ࡋィ⟬(Step-2 & -3)ࡢ᮰≧ἣ. 

ᩥ⊩[7], Fig.10  ⏝ᘬࡾࡼ
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Z<0.60mࠊࡣ࡛Fig. 5-3(a)ࠊࡿ࠼⪄࡛௳᮲ࡢࡇ
࡛༙ᚄࡢᑠࢁࡇ࠸ࡉ☢ሙࡢ㧗࠸㡿ᇦ࠶ࡀ

dBZ/dR =dBR/dZ<0ࠊࡾ ࡉࡓ‶ࡀ㡯┠(ii)ࠊࡾ࠶࡛

㡿ᇦ࠸㧗ࡢሙ☢ࠊࡣ࡛Fig. 5-3(b)ࠊ᪉୍ࠋ࠸࡞ࢀ

ࡢᚄ༙ࡾࡼR=0.333mࠊ࡛㡿ᇦ(Z = 0.0㹼1.1 m)ࡀ

࡞ࡁ⨨ࠊࡾ࠶dBZ/dR =dBR/dZ>0 ࠋࡿ࡞

BR>0  ࠋࡿ࠸࡚ࡋ⬟ྍࢆ
௨ୖࠊࡿࡵࡲࢆ⟄≧ࡢ⥺㍯㟁ὶ㓄⨨

{Fig. 5-3(a)}࡛ࠊࡣMuonධᑕ㌶㐨ࡢ㡿ᇦ࡛BR>0
-Fig. 5ࠊࡋࡋࠋ࠸࡞ࡁ࡛⌧ᐇࢆ᮲௳(ii)ࡿࡍ
3(b)࠺ࡼࡢ⥺㍯㟁ὶࡀ✚㡿ᇦࡾྲྀࢆᅖ࠺ࡼࡴ

ᚄᑠ༙ࠋࡿࡁ࡛⌧ᐇࢆ᮲௳(ii)ࡃ࠾࡚ࡋ⨨㓄

ഃࡽ✚㡿ᇦࠊ࡚ࡗྥỈᖹ㠃㏆࡛☢ሙ

BR<0ࠊࡾࡼࢀࡇࠋࡿࡍ⏕Ⓨࢆ㡿ᇦ࠸㧗ࡢ సࢆ

R=0.333mࠊࡀ㒊ศ࠸㧗ࡢሙ☢ࡓ࠸࡚ࡗ ㏆ഐࡢ

 ࠋࡿ࠶࡛ࡵࡓࡿ࡞ࡃ↓ࡣࡽ
Step-1 ࡚ࡋウ᳨࡞࠺ࡼࡢࡇࠊࡣ࡛ Fig. 5-3(b)ࡢ

☢ሙศᕸ㉳☢ຊ(⥺㍯㟁ὶ)㓄⨨ࢆᴫᛕタィ⤖ᯝ

ࢆሙᙉᗘศᕸ☢ࡢ✚㡿ᇦ㏆ࠋࡓࡋ Fig. 5-4
ࡣ⥺ሙᙉᗘ➼㧗☢ࠋࡓࡋ♧ 0.1, 1.0, 10.0 ppm ࡛

ࡀᆒ୍ᗘࠊࡃ↓࡚ࡗධࡣ✚㡿ᇦࠊࡀࡿ࠶

0.2ppm ௨ୗ࡛ࠋࡿ࠶⥺㍯㟁ὶ୍ࡢ㒊ࠊࡣ㕲 yoke
Step-2ࠋࡿ࠸࡚ࡋᐃࢆ⨨㓄ࡢ ௨㝆࡛ࡢࡇ☢ሙࢆ

⌧ࡿࡍ㉳☢ຊ㓄⨨(㕲 yoke  CBs)ࢆồࠋࡿࡵ 

5.1.2. Step-2 ࡧࡼ࠾ Step-3 

SVD ᅛ᭷࣮ࣔࢻศᕸᙉᗘࠊࡣ㕲 yoke ࡸ CB ࢆ

㍯㟁ὶ࡛ồ⥺ࠊࡶ࡚࠸࠾▼☢ࡿࡍタィ࡚࠸⏝

ࡓࡵ Step-1ࡢᅛ᭷࣮ࣔࡢࡑ࡛ࢻᙉᗘ{ᘧ(2-12)㸸Pk 
= Xk

t%TG/np}ࢆồࠊࡵStep-2, Step-3 ࢻᅛ᭷࣮ࣔࡶ࡛

ᙉᗘࡀ⌧࠺ࡼࡿࢀࡉ㉳☢ຊ(CB ཬࡧ㕲 yoke)
ࡣࢀࡇࠋࡿࡍ⨨㓄ࢆ MRI ᪉࡛࠼⪄ࡌྠ▼☢⏝

CBࠊࡣ࡛ࡇࡇࠊࡀࡿ࠶ ⨨ᙧ≧ࠊࡃ࡞࡛ࡅࡔ㕲

yokeࡢᙧ≧ࡶㄪᩚࡢࡇࠊࡋࡋࠋࡿࡍ ࡢࡘ2 Step
ࡲࡘࠋ࠸↓ࡣヨ⾜㘒ㄗࠊⓗ࡛⥺┤ࡣウ᳨ࠊࡣ࡛

ࡢศᕸ㟁ὶࠊࡾ Step-1 ⤖ᯝࠊࢆ㞳ᩓ㓄⨨ࡢ CB 

㕲 yoke SVDࠊᚤㄪᩚ࡛ࡢ⨨㓄ࠊ࠼ࡁ⨨ ᅛ᭷

 ࠋࡿ࠶࡛ࡳࡢࡿࡍㄪᩚࢆᙉᗘࢻ࣮ࣔ
Fig. 5-5 ࡣ Step-2 ࡓࡋ⏬ィึ᭱ࡢ 2D(༙ᚄ R,

㍈᪉ྥ⨨ Z)㉳☢ຊ㓄⨨࡛ࠋࡿ࠶▮༳ࠊࡣṧᕪ

ࢻᅛ᭷࣮ࣔࡣṧᕪ㟁ὶࡢࡇࠊࡾ࠶㟁ὶศᕸ࡛ࡢ

ᙉᗘࡢㄪᩚࢆ⤊ࡓࡋẁ㝵࡛ࡣ㞽㏆࡙ࡇࠋࡃ

ࡣ᪉࠼⪄ࡢẁ㝵ࡢ MRI ࡢ▼☢ Step-2, Step-3 ྠ

Fig. 5-6ࠋࡿ࠶࡛ࡌ ≦᮰ࡢィ⟬୰ࡋ㏉ࡾ⧞ࡣ

ἣ2ࠋࡓࡋ♧ࢆ ࡚ࡏࢃྜࢆࣉࢵࢸࢫࡢࡘ 7 ᅇࡢィ

⟬࡛᮰ࠋࡓࡋ 
ᚓࡓࢀࡽ㉳☢ຊ㓄⨨☢ሙศᕸࡀ Fig.5-7 ࠶࡛

ࡣᆒ୍ᗘࠋࡿ peak-to-peak್࡛ 0.13ppm(ྑୗᅗ)࡛
ධᑕ㡿ᇦࠋࡿ࠶ BR<0 ࡽࢀࡇࠋ(ୖྑ)࠸↓ࡣ

 
Fig. 5-4 ✚㡿ᇦ㏆ࡢ☢ሙᙉᗘศᕸࢆ 3.0T 
±0.1㺂1.0, 10. 0ppm ᡴⅬ㡿ࠋࡍ♧࡛⥺㧗➼ࡢ

ᇦࡣ☢ሙࡢ㧗࠸㒊ศ[7]⫣ᩥࠋ, Fig. 6  ࠋ⏝ᘬࢆ

 
ᅗ 5-5 Step-2  .⨨ᮇ㓄ึࡢ
 ᩥ⊩[7], Fig.7  .⏝ᘬࡾࡼ

 

㟁ᑟయ⤒㦂☢ሙ(5.0T)ࠊࡋࡓ‶ࢆ௳ᵝ᮲ࠊࡣ

ὶᐦᗘࢆ NbTi ⥺ᮦ࡛ᐇ⌧ྍ⬟࡞㉸ఏᑟ☢▼࡛࠶

㕲ࠋࡓࡁㄆ࡛☜ࢆࡇࡿ yoke ୗୖ୰ᚰ㒊ࡣ

ᑐ⛠࡞ pole(㕲)ࢆ㓄⨨5ࠊࡋ ಶࡢ CBs ࠊࡶ

ᆒ୍☢ሙ㡿ᇦࡢࡑ࿘㎶㒊ࡀ Step-1(Fig. 5-4)࡛ィ

ࢃࡀࡇࡿ࠸࡚ࡗ࡞ᵝྠሙศᕸ☢ࡓࡋ⏬

୍ྠࢆᙉᗘࢻᅛ᭷࣮ࣔࡢᘧ(2-12)ࠊࡣࢀࡇࠋࡿ

 ࠋࡿ࠶࡛ࡵࡓࡿ࠸࡚ࡋ
௨ୖࡢᵝ g-2/EDM ヲ⣽ィ ⏝☢▼ࡢᐇ⌧ᛶ

ࡵ㐍ࡀヲ⣽タィࠊ࡚ࡅཷࢆࢀࡇࠋࡓࡁㄆ࡛☜ࡀ

㔜せࡵࡓࡿᚓࢆᐇᶵ࡛ᆒ୍☢ሙࠋࡿ࠸࡚ࢀࡽ

MRIࠊࡣࢢ࣑ࣥࢩ࡞ ⏝▼☢ TSVD 㛤Ⓨࡓࡋ

TSVD ᛂ⏝ࢢ࣑ࣥࢩࡢィ⟬ᡭἲ(4.6 ⠇グ㏙)ࢆ

 ࠋࡿ࠶ணᐃ࡛ࡿࡍ⏝

5.1.3. 㕲 yoke ☢ሙ(3D)࠸ᢅࡢ 

ᐇ㝿ࡢ㕲 yokeࠊࡣMuon㏻㐣⏝ࣞࢺ࣒ࢩࠊ

ᾮయ㛫ࡢ෭ᶵࠊࢀࡑࠊ⏝ࡋฟࡾྲྀ He ㍺

㏦࡞ࠊ⏝ࣉࣃከࡀ✰ࡢࡃ㛤ࡢࡽࢀࡇࠋࡃ

࡛ࡾ࡚㺂☢▼㍈࿘ࠊ࠼⪄ࢆᑐ⛠ᛶࡣ✰ 4 ᅇᑐ⛠

࿘ᅇ᪉ࡣሙศᕸ☢ࠊࡋࡋࠋࡿ࠸࡚ࡋ⨨㓄ࡢ

ࡘἼᡴࡶྥ 3D ☢ሙศᕸ࡛3ࠊࡀࡿ࠶D ☢ሙ࡛

CBࠊࡣ 㓄⨨ࢆㄪᩚฟ᮶ࠊࡵࡓࡢࡇࠋ࠸࡞ḟࡢᡭ

㡰࡛㕲 yoke ࡓࡵྵࢆ 3D ☢ሙࢆ 2D ࠊ࡚ࡋ㉳☢

ຊ㓄⨨᭱ࡢ㐺ࠋࡿ࠸࡚ࡗ⾜ࢆ 

(1) 㕲 yokeᙧ≧䛸 CB㓄⨨䜢௬ᐃ䚹 
(2) 㠀⥺ᙧ 3D☢ሙィ⟬䝁䞊䝗䛷☢ሙィ⟬䚹 
(3) ☢ሙศᕸ䜢࿘ᅇ᪉ྥ䛻ᖹᆒ䛧䛶 2D☢ሙࠋ 
(4) 2D☢ሙ䛾ᆒ୍ᗘ䜢☜ㄆ䚸Ⰻዲ䛺䜙⤊䚹 
(5) CB☢ሙ %CB䜢ィ⟬(2D☢ሙ)䚹 
(6) 㕲 yoke☢ሙ(2D)%IR䜢(5)䛸(4)䛾ᕪ␗䛷⟬ฟ䚹 
(7) %CB+%IR䛜 2D୍ᵝ☢ሙ䛸䛺䜛 CB㓄⨨䛻ㄪᩚ 
(8) ㄪᩚ CB㓄⨨䛷 3D㠀⥺ᙧሙィ⟬ 
(9) CB㓄⨨ྍ⬟ᛶ䜢☜ㄆĺ�3)or(1)䜈ᡠࠋ 

ࡁࡢయࡸ㦂☢ሙ⤒ࡢᑟయࠊࡣ࡛(9)ࠊ࡛ࡇࡇ

 ᗘ(1)ࠊࡤࢀࡅ↓ጇᙜ࡛ࠋࡿࡍࢡࢵ࢙ࢳࢆࡉ
CBࠊࡓࡲࠋࡿࡍ⪄ࢆ⨨㓄ࠊࡾᡠ 㓄⨨ୖၥ

㢟(3)ࠊࡤࢀࡅ↓ࡀᡠ(4)ࠊࡾ࡛ᆒ୍ᗘࢆㄪࠊ

┠ᶆ฿㐩ࡾ⧞ࠊࡤࢀࡅ↓࡚ࡋ㏉ࡋィ⟬ࡅ⥆ࢆ

ࢆᙉᗘࢻᅛ᭷࣮ࣔᵝࡢᘧ(4-7)ࠊࡣ࡛(7)ࠋࡿ

Step-1 ࡛Ỵᩘࠊ್ࡓࡵᅇࡾ⧞ࡢ㏉ࡋィ⟬{(7)ࡣ
㕲 yoke ࠸↓ࡢ MRI ࡢ▼☢ Step-2, Step-3 ィ୍ྠ

⟬ἲ}࡛ࠊㄪᩚ࡛ࡍࠋࡿࡍ Step-1 ࡛☢ሙࡢᴫᛕ

タィࡣ⤊ࡾ⧞ࡢ(9)-(3)ࠊ࡛ࡢࡿ࠸࡚ࡋ㏉ࡋィ⟬

ᆒ୍ᗘ(Step-1ࡢᶆ┠ࠊࡿࡅ⥆ࢆ ᚲ(ᆒ୍ᗘࡢ

 ࠋࡿࡍ㐩ࡎ

5.1.4. ☢ሙタィࡢ Update 

Fig. 5-8 㕲ࡿ࠸࡚࠼⪄࡛≦⌧ࡣ yoke ࢆ≦ᙧࡢ

180 ᗘศ࡛♧ࠋࡓࡋMuon ධᑕ⏝ࠊᾮయ He ㍺㏦⟶

ࡀ㈏㏻Ꮝ⏝ࢀධࡋฟࡢࣞࢺ࣒ࢩࢀࡑࠊ⏝

㓄⨨ࠋࡿ࠸࡚ࢀࡉ࡚4ࠊ ᅇᑐ⛠ࠊ࠺ࡼࡿ࡞

ᚲせ࡛࠸࡞㈏㏻Ꮝ(ణࣝࣈ࣮ࢣࠊࡋ㏻㐣࡞

 ࠋࡿ࠸࡚ࡅタࡶ(ணࡿ࡞ࡇ࠺࠺

 
ᅗ 5-7 g-2/EDM  .㉳☢ຊ㓄⨨ࡢ▼☢

ᩥ⊩[7], Fig.11  .⏝ᘬࡾࡼ

 
Fig. 5-6 ⧞ࡾ㏉ࡋィ⟬(Step-2 & -3)ࡢ᮰≧ἣ. 

ᩥ⊩[7], Fig.10  ⏝ᘬࡾࡼ
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㕲ࡢࡇ yoke ᪉ἲࡓࡋㄝ࡛᫂ࡲࢀࡇࠊ࡚ࡋᑐ

࡛ồࡓࡵ㉳☢ຊ㓄⨨ 2D ᵓᡂ☢ሙ(㕲 yoke 

ࢆ(ሙ☢ࡿࡼ Fig. 5-9 㕲ࠋࡍ♧ yoke ✚ෆ㠃(ࡢ

㡿ᇦഃ)⥺㍯㟁ὶࢆከᩘ㓄⨨ࠊࡋ㕲 yoke ࡢ 2D
ᖹᆒ☢ሙࢆ⌧ࠋࡿ࠸࡚ࡋ㟁ὶࢆỴࡵࡓࡿࡵ

ࠊࢆィ⟬☢ሙࡢ㡿ᇦࡓࢀࡲᐇ⥺࡛ᅖࡢᕥᅗࠊ

࿘ᅇ᪉ྥᖹᆒࡓࡋ☢ሙࠋࡓ࠸⏝ࠊ࡚ࡋ 
R=0.45m ㏆ࡢ㟁ὶ್ࡢᒁᡤⓗ࡞ኚືࡢࡇࠊࡣ

㏆ࡢ㈏㏻Ꮝ(ࣞࢺ࣒ࢩ Muon ධᑕ⏝)ࡿࡼ

㕲 yoke ࠋࡿ࠸࡚ࡋᫎࢆపୗࡢᐤࡢሙ☢ࡢ

ᫎࢆẼ㣬☢ࡣ㒊࡛࣮࣏ࣝࡢ୰ᚰୖୗࠊࡓࡲ

ࡢࡽࢀࡇࠋࡿ࠸࡚ࡗ࡞㟁ὶᐦᗘ(1.7MA/m)࡚ࡋ

㕲ࠊࡣࡇ yoke☢ሙࢆ 2D࡛⌧ࡿࡍ⥺㍯㟁ὶࡀ

ጇᙜồࠋࡿ࠸࡚ࡋ♧ࢆࡇࡿ࠸࡚ࢀࡽࡵ 
ࡓࡵồ࡚ࡋ࠺ࡇ CB ࢱ࣮࣓ࣛࣃ☢㟁ࡢ⩌

(M20210727)ࢆ Table 5-2ࠊTable 5-3 ⪄ཧࠋࡍ♧

 Fig. 5-7[7](M20160422)࡚ࡋ♧ࡶࢱ࣮࣓ࣛࣃࡢ

Fig. 5-8ࠊࡣ␗ᕪࡢ⪅୧ࠋࡿ࠸ 㕲ࡣ࡛ yoke ࡅ㛤

ࠊࡀࡿ࠶࡛ࡳࡢMuonධᑕཱྀ(8ᮏ)ࡣ㈏㏻Ꮝࡿ࠸࡚

Update ࡓࡋ Fig. 5-9 Fig. 5-8ࠊࡣ࡛ ቑࡀ㈏㏻Ꮝ,ࡢ

ຍࡓࡋ㕲 yoke ᙧ≧ࡀᫎࡢࡇࠋࡿ࠸࡚ࢀࡉᙳ㡪

Updateࠊ࡛ ㉳ࠊࡣ࡛㉳☢ຊ㓄⨨(M20220727)ࡓࡋ

☢ຊࡎࢃࡀቑຍࠊࡋࡋࠋࡓࡋ࡞ࡁኚ᭦

Table 5-2ࠋ࠸࡞ࡣ 㕲⾜ୗ᭱ࡢ yoke ሙ☢ࡿసࡀ

3.0Tࠊࡀࡿ࠸࡚࠸᭩ࢆ ⣙ࠊࡕ࠺ࡢ 15.86㸣ࡢ☢ሙ

㕲ࢆ yoke 㕲ࠋࡿ࠸࡚ࡗసࡀ yoke ୰ᚰୖୗ㒊ࡣ

⟄✺㉳ᙧ≧(࣮࣏ࣝࡪ)ࢆᣢࠊࡕ㕲 yokeࡼ

ࡢࡇࠋࡿ࠸࡚ࡋࡃᙉࡀᚄᑠഃ࡛☢ሙ༙ࢆሙ☢ࡿ

⤖ᯝࠊStep-1 ࡛ィ⏬ࡓࡋ✚㡿ᇦ༙ࡢᚄᑠഃ࡛☢

Table 5-2 Electromagnetic parameters 

Parameters M20210727 
(July 2021) 

M20160422 
ᩥ⊩[7] 

Number of CBs 5 5 
Max. AT of a CB 1.6060 MAT 1.594 MAT 
Total Ampere-turn 5.0071 MAT 4.988 MAT 
Max. B on conductor 5.39 T 4.99 T 
0.3 mT Ber Z-position 10.5 cm 12 cm 
Homogeneity 0.079 ppm 0.13 ppm 
Pole face Z position  0.720 m 0.720 m 
Pole radius  0.070 m (in), 0.148 m (out) 
SC conductor size  
(Cu ratio 2.5) 1.40x2.10mm 1.53x2.21mm 

Conductor current  417.15 A 417.88 A 
B due to Iron yoke 0.47569 T 0.47871 T 

Table 5-3 CB parameters (M20210727) 

Coil 
Blocks 

Current 
(kAT) 

Position 
Radius R (m) 
Axial Z (m) 

Widht (m) 
R-Width 
Z-Width 

Turns 
RxZ 
-Lack 

MC10,11 
(2CBs) 

1606.027 0.8274361 
±0.6330839 

0.05487120 
0.23561400 

36x10
7-2 

MC20,21 
(2CBs) 

651.588 0.8261195 
±0.2294832 

0.05182280 
0.10129200 

34x46 
-2 

MC30 
(1CB) 

491.820 0.8154354 
0.0 

0.03048400 
0.12991800 

20x59 
-1 

 
Fig. 5-8 Update 㕲ࡓࡋ yoke ᙧ≧. ᩥ⊩[47], 

Fig. 2  ⏝ᘬࡾࡼ

 
Fig. 5-9 Update 㕲 yoke ᙧ≧ࢆᫎࡓࡋ㉳☢ຊ

㓄⨨☢ሙศᕸࠋᕥ㸸☢ຊ⥺☢ሙᙉᗘศᕸ

(ᡴⅬ㡿ᇦࡣ☢ሙࡢ㧗࠸㒊ศ)ྑࠊ㸸㕲 yoke ࡢ
సࡿ☢ሙࡢ☢ຊ⥺ࠋ▮༳ࡣ㕲 yoke ☢ሙࢆ

㍯㟁ὶ. ᩥ⊩[47], Fig. 3⥺ࡿࡍ⌧  ⏝ᘬࡾࡼ

 

ሙࢆᙉࠊࡋࡃBR>0ࢆMuonධᑕ㌶㐨ୖ࡛ᐇ⌧࡛ࡁ

 ࠋࡿ࠸࡚

5.1.5. 2D ᵓᡂ☢ሙ࿘ᅇ᪉ྥ☢ሙኚື 

Fig. 5-9 2Dࠊࡣᕥᅗࡢ ☢ሙ࡛ࠊࡾ࠶⥺㍯㟁ὶࡢ

㞟ྜ࡛☢ሙศᕸࠋࡿ࠸࡚ࡋ⌧⾲ࢆ㠀⥺ᙧィ⟬ࢆ

2Dࠊ࡛ࡢ࠸࡞ࢃ⾜ ㏿㧗ࢆሙศᕸ☢ࠊࡀࡿ࠶࡛

⟬ฟ࡛ࠊ࡛⏤⌮ࡢࡇࠋࡿࡁMuon ධᑕ᮲௳ࢵ࢟ࠊ

ࡢ௳ධᑕ᮲ࡢ࡞㐺᭱ࡢ⨨㓄⨨ࡢ▼☢࣮࢝

᥈⣴⏝2ࠊࡵࡓࡢࡑࠋࡿ࠸࡚ࡋD ☢ሙࡢᵓ

ᡂ⢭ᗘࢆ☜ㄆࠋࡿ࠸࡚ࡋ 
Fig. 5-10 2Dࠊࡣ ᵓᡂ☢ሙ(Fig. 5-9 ᕥ) 3D 㠀

⥺ᙧ☢ሙࢆẚ㍑ࠋࡿ࠸࡚ࡋᅗ࡛ࡣۑ 3D ィ⟬್ࢆ

࿘ᅇ᪉ྥᖹᆒࡢࡇࠋࡿ࠶್࡛ࡓࡋ☢ሙࢆ⌧

࠺ࡼࡿࡍ 2D ᵓᡂ☢ሙࡢࡵࡓࡢ⥺㍯㟁ὶศᕸ

ۑࠊᯝ⤖ࡢࡑࠋࡿ࠸࡚ࡵỴࢆ 2Dᵓᡂ☢ሙ(ᐇ
ࠊࡋࡋࠋࡿ࠸࡚ࡋ⮴୍ࡃࡼࠊBR, BZඹࠊࡣ(⥺

Z>0.95m ࡣ࡛ Muon ධᑕ⏝ࡢ㈏㏻Ꮝࡢ࡞ᙳ㡪

㏆࡛ࡢࡇࠋ࠸ࡁࡀࣝࣉࢵࣜ࿘ᅇ᪉ྥࠊ࡛

3D㠀⥺ᙧ☢ሙィࠊࡣ⟭ィࡢMuonධᑕ㌶㐨ࠊࡣ

 ࠋࡿ࠶ᚲせ࡛ࡀࢱ࣮ࢹሙ☢ࡿࡼ⟭
Fig. 5-11 ࿘ᅇࠋࡓࡋ♧ࢆሙ☢ࡢ✚㡿ᇦ㏆ࡣ

᪉ྥᖹᆒࡢ 2D ☢ሙ±0.1ࠊࡣppm ࡿ࠸࡚ࡗධ

×ࡿぢࢆሙ☢ࡢ࡛⨨ࡢࠎಶࡢ࿘ᅇ᪉ྥࠊࡀ

±8ࠊ࠺ࡼࡢ T ᭷ࡀศᕸሙ☢࿘ᅇ᪉ྥࠊ࡛

±0.1ppmࠊࡣศᕸࡢࡇࠋࡿ ⨨タࠊࡀ࠸ࡁࡾࡼ

ᚋ☢ሙࠊ࡛ࡇࡿࡍࢢ࣑ࣥࢩ┠ᶆࡢᆒ୍ᗘ

ㄪᩚฟ᮶ࡣࡇࡿ☜ㄆࠋࡿ࠸࡚ࡋ 

5.2. ㄪᩚ⨨ 

g-2/EDMヲ⣽ィ ࠺⾜ࢆ㠀ᖖᆒ୍࡞☢ሙࢆᐇ

0.2ppmࠊࡵࡓࡿࡍ⌧ ⌧ᐇࢆᆒ୍ᗘ࡞Ⰻዲࡾࡼ

⨨㉳☢ຊ㓄ࠋ[47 ,7]ࡿ࠸࡚ࡋ⨨㉳☢ຊ㓄ࡿࡁ࡛

MRIࠊࢆ ศゎᛂ್␗≉ࡓࡋタィ࡛㛤Ⓨࡢ▼☢⏝

ࠊࡓࡲࠋࡿ࠸࡚ࡋタィ࡚ࡋ⏝ᛂࢆሙタィ☢ࡢ⏝

Muonࠊ࡚ࡋᑐሙ☢ࡢࡇ ࡚ࡋウ᳨ࢆ௳ධᑕ᮲ࡢ

 ࠋ[50 ,49 ,6]ࡿ࠸
MRIࠊࡋࡋ ࠊᵝࡓࡋㄝ࡚᫂ࡋ㛵㐃▼☢

タ⨨☢▼ࡢࠎ✀ࡣㄗᕪ☢ሙࡀΰධࡢࡑࠋࡿࡍ

MRIࠊࡵࡓ ☢▼ྠᵝࡢࡇㄗᕪ☢ሙࢆ⿵ṇࡿࡍ

ᶵᵓࡣᚲ㡲[2, 51]࡛ືཷࠊࡵࡓࡢࡇࠋࡿ࠶ⓗ࣑ࢩ

ࠊ(⏝ࢆ∦࣒ࢩሙ☢ࡢᙉ☢ᛶయ)ᡭἲ[8, 13]ࢢࣥ
⬟ືⓗࢢ࣑ࣥࢩἲ[51, 52]ࠊࢀࡑࠊ㌶㐨ᚤㄪᩚ

 ࠋࡿ࠸࡚ࡋウ᳨ࢆ[54 ,53]▼☢ࢢࣥࣜࢸࢫࡢ⏝

5.2.1. ཷື☢ሙࢢ࣑ࣥࢩ 

☢ሙ⿵ṇࡢᇶᮏⓗᡭ㡰ࠊࡣFig. 4-17 ࠶࡛ࡌྠ

Table 5-4ࠊ࡚࠸ࡘᶵჾ࠺ࢢ࣑ࣥࢩࠋࡿ ㄝ

᫂ࠊࡋ㓄⨨ᴫᛕࢆ Fig. 5-12(a), (b)ࠋࡍ♧ᮏ㡯

 ࠋࡿࡍㄝ࡚᫂࠸ࡘࢢ࣑ࣥࢩືཷࠊ࡛

 
ᅗ 5-10 2D ᵓᡂ☢ሙ 3D 㠀⥺ᙧィ⟬⤖ᯝࡢ

ẚ㍑ࠋZ<0.95m 㕲ࠋ⮴୍ࡃࡼࡣ⪅୧ࡣ࡛ yoke
☢ሙࡀⰋࡃ⌧ࠋࡿ࠸࡚ࢀࡉ 

 

 
ᅗ 5-11 ✚㡿ᇦࡢ☢ሙศᕸࣜࠋࣝࣉࢵ 

࿘ᅇ᪉ྥࡣ× 10 ẖࡢ☢ሙᙉᗘ2ࠋD ᖹᆒ☢ሙۑ

ᵓᡂ☢ሙ(ᐇ⥺)ࡣⰋࠋࡿࡍ⮴୍ࡃ 
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㕲ࡢࡇ yoke ᪉ἲࡓࡋㄝ࡛᫂ࡲࢀࡇࠊ࡚ࡋᑐ

࡛ồࡓࡵ㉳☢ຊ㓄⨨ 2D ᵓᡂ☢ሙ(㕲 yoke 

ࢆ(ሙ☢ࡿࡼ Fig. 5-9 㕲ࠋࡍ♧ yoke ✚ෆ㠃(ࡢ

㡿ᇦഃ)⥺㍯㟁ὶࢆከᩘ㓄⨨ࠊࡋ㕲 yoke ࡢ 2D
ᖹᆒ☢ሙࢆ⌧ࠋࡿ࠸࡚ࡋ㟁ὶࢆỴࡵࡓࡿࡵ

ࠊࢆィ⟬☢ሙࡢ㡿ᇦࡓࢀࡲᐇ⥺࡛ᅖࡢᕥᅗࠊ

࿘ᅇ᪉ྥᖹᆒࡓࡋ☢ሙࠋࡓ࠸⏝ࠊ࡚ࡋ 
R=0.45m ㏆ࡢ㟁ὶ್ࡢᒁᡤⓗ࡞ኚືࡢࡇࠊࡣ

㏆ࡢ㈏㏻Ꮝ(ࣞࢺ࣒ࢩ Muon ධᑕ⏝)ࡿࡼ

㕲 yoke ࠋࡿ࠸࡚ࡋᫎࢆపୗࡢᐤࡢሙ☢ࡢ

ᫎࢆẼ㣬☢ࡣ㒊࡛࣮࣏ࣝࡢ୰ᚰୖୗࠊࡓࡲ

ࡢࡽࢀࡇࠋࡿ࠸࡚ࡗ࡞㟁ὶᐦᗘ(1.7MA/m)࡚ࡋ

㕲ࠊࡣࡇ yoke☢ሙࢆ 2D࡛⌧ࡿࡍ⥺㍯㟁ὶࡀ

ጇᙜồࠋࡿ࠸࡚ࡋ♧ࢆࡇࡿ࠸࡚ࢀࡽࡵ 
ࡓࡵồ࡚ࡋ࠺ࡇ CB ࢱ࣮࣓ࣛࣃ☢㟁ࡢ⩌

(M20210727)ࢆ Table 5-2ࠊTable 5-3 ⪄ཧࠋࡍ♧

 Fig. 5-7[7](M20160422)࡚ࡋ♧ࡶࢱ࣮࣓ࣛࣃࡢ

Fig. 5-8ࠊࡣ␗ᕪࡢ⪅୧ࠋࡿ࠸ 㕲ࡣ࡛ yoke ࡅ㛤

ࠊࡀࡿ࠶࡛ࡳࡢMuonධᑕཱྀ(8ᮏ)ࡣ㈏㏻Ꮝࡿ࠸࡚

Update ࡓࡋ Fig. 5-9 Fig. 5-8ࠊࡣ࡛ ቑࡀ㈏㏻Ꮝ,ࡢ

ຍࡓࡋ㕲 yoke ᙧ≧ࡀᫎࡢࡇࠋࡿ࠸࡚ࢀࡉᙳ㡪

Updateࠊ࡛ ㉳ࠊࡣ࡛㉳☢ຊ㓄⨨(M20220727)ࡓࡋ

☢ຊࡎࢃࡀቑຍࠊࡋࡋࠋࡓࡋ࡞ࡁኚ᭦

Table 5-2ࠋ࠸࡞ࡣ 㕲⾜ୗ᭱ࡢ yoke ሙ☢ࡿసࡀ

3.0Tࠊࡀࡿ࠸࡚࠸᭩ࢆ ⣙ࠊࡕ࠺ࡢ 15.86㸣ࡢ☢ሙ

㕲ࢆ yoke 㕲ࠋࡿ࠸࡚ࡗసࡀ yoke ୰ᚰୖୗ㒊ࡣ

⟄✺㉳ᙧ≧(࣮࣏ࣝࡪ)ࢆᣢࠊࡕ㕲 yokeࡼ

ࡢࡇࠋࡿ࠸࡚ࡋࡃᙉࡀᚄᑠഃ࡛☢ሙ༙ࢆሙ☢ࡿ

⤖ᯝࠊStep-1 ࡛ィ⏬ࡓࡋ✚㡿ᇦ༙ࡢᚄᑠഃ࡛☢

Table 5-2 Electromagnetic parameters 

Parameters M20210727 
(July 2021) 

M20160422 
ᩥ⊩[7] 

Number of CBs 5 5 
Max. AT of a CB 1.6060 MAT 1.594 MAT 
Total Ampere-turn 5.0071 MAT 4.988 MAT 
Max. B on conductor 5.39 T 4.99 T 
0.3 mT Ber Z-position 10.5 cm 12 cm 
Homogeneity 0.079 ppm 0.13 ppm 
Pole face Z position  0.720 m 0.720 m 
Pole radius  0.070 m (in), 0.148 m (out) 
SC conductor size  
(Cu ratio 2.5) 1.40x2.10mm 1.53x2.21mm 

Conductor current  417.15 A 417.88 A 
B due to Iron yoke 0.47569 T 0.47871 T 

Table 5-3 CB parameters (M20210727) 

Coil 
Blocks 

Current 
(kAT) 

Position 
Radius R (m) 
Axial Z (m) 

Widht (m) 
R-Width 
Z-Width 

Turns 
RxZ 
-Lack 

MC10,11 
(2CBs) 

1606.027 0.8274361 
±0.6330839 

0.05487120 
0.23561400 

36x10
7-2 

MC20,21 
(2CBs) 

651.588 0.8261195 
±0.2294832 

0.05182280 
0.10129200 

34x46 
-2 

MC30 
(1CB) 

491.820 0.8154354 
0.0 

0.03048400 
0.12991800 

20x59 
-1 

 
Fig. 5-8 Update 㕲ࡓࡋ yoke ᙧ≧. ᩥ⊩[47], 

Fig. 2  ⏝ᘬࡾࡼ

 
Fig. 5-9 Update 㕲 yoke ᙧ≧ࢆᫎࡓࡋ㉳☢ຊ

㓄⨨☢ሙศᕸࠋᕥ㸸☢ຊ⥺☢ሙᙉᗘศᕸ

(ᡴⅬ㡿ᇦࡣ☢ሙࡢ㧗࠸㒊ศ)ྑࠊ㸸㕲 yoke ࡢ
సࡿ☢ሙࡢ☢ຊ⥺ࠋ▮༳ࡣ㕲 yoke ☢ሙࢆ

㍯㟁ὶ. ᩥ⊩[47], Fig. 3⥺ࡿࡍ⌧  ⏝ᘬࡾࡼ

 

ሙࢆᙉࠊࡋࡃBR>0ࢆMuonධᑕ㌶㐨ୖ࡛ᐇ⌧࡛ࡁ

 ࠋࡿ࠸࡚

5.1.5. 2D ᵓᡂ☢ሙ࿘ᅇ᪉ྥ☢ሙኚື 

Fig. 5-9 2Dࠊࡣᕥᅗࡢ ☢ሙ࡛ࠊࡾ࠶⥺㍯㟁ὶࡢ

㞟ྜ࡛☢ሙศᕸࠋࡿ࠸࡚ࡋ⌧⾲ࢆ㠀⥺ᙧィ⟬ࢆ

2Dࠊ࡛ࡢ࠸࡞ࢃ⾜ ㏿㧗ࢆሙศᕸ☢ࠊࡀࡿ࠶࡛

⟬ฟ࡛ࠊ࡛⏤⌮ࡢࡇࠋࡿࡁMuon ධᑕ᮲௳ࢵ࢟ࠊ

ࡢ௳ධᑕ᮲ࡢ࡞㐺᭱ࡢ⨨㓄⨨ࡢ▼☢࣮࢝

᥈⣴⏝2ࠊࡵࡓࡢࡑࠋࡿ࠸࡚ࡋD ☢ሙࡢᵓ

ᡂ⢭ᗘࢆ☜ㄆࠋࡿ࠸࡚ࡋ 
Fig. 5-10 2Dࠊࡣ ᵓᡂ☢ሙ(Fig. 5-9 ᕥ) 3D 㠀

⥺ᙧ☢ሙࢆẚ㍑ࠋࡿ࠸࡚ࡋᅗ࡛ࡣۑ 3D ィ⟬್ࢆ

࿘ᅇ᪉ྥᖹᆒࡢࡇࠋࡿ࠶್࡛ࡓࡋ☢ሙࢆ⌧

࠺ࡼࡿࡍ 2D ᵓᡂ☢ሙࡢࡵࡓࡢ⥺㍯㟁ὶศᕸ

ۑࠊᯝ⤖ࡢࡑࠋࡿ࠸࡚ࡵỴࢆ 2Dᵓᡂ☢ሙ(ᐇ
ࠊࡋࡋࠋࡿ࠸࡚ࡋ⮴୍ࡃࡼࠊBR, BZඹࠊࡣ(⥺

Z>0.95m ࡣ࡛ Muon ධᑕ⏝ࡢ㈏㏻Ꮝࡢ࡞ᙳ㡪

㏆࡛ࡢࡇࠋ࠸ࡁࡀࣝࣉࢵࣜ࿘ᅇ᪉ྥࠊ࡛

3D㠀⥺ᙧ☢ሙィࠊࡣ⟭ィࡢMuonධᑕ㌶㐨ࠊࡣ

 ࠋࡿ࠶ᚲせ࡛ࡀࢱ࣮ࢹሙ☢ࡿࡼ⟭
Fig. 5-11 ࿘ᅇࠋࡓࡋ♧ࢆሙ☢ࡢ✚㡿ᇦ㏆ࡣ

᪉ྥᖹᆒࡢ 2D ☢ሙ±0.1ࠊࡣppm ࡿ࠸࡚ࡗධ

×ࡿぢࢆሙ☢ࡢ࡛⨨ࡢࠎಶࡢ࿘ᅇ᪉ྥࠊࡀ

±8ࠊ࠺ࡼࡢ T ᭷ࡀศᕸሙ☢࿘ᅇ᪉ྥࠊ࡛

±0.1ppmࠊࡣศᕸࡢࡇࠋࡿ ⨨タࠊࡀ࠸ࡁࡾࡼ

ᚋ☢ሙࠊ࡛ࡇࡿࡍࢢ࣑ࣥࢩ┠ᶆࡢᆒ୍ᗘ

ㄪᩚฟ᮶ࡣࡇࡿ☜ㄆࠋࡿ࠸࡚ࡋ 

5.2. ㄪᩚ⨨ 

g-2/EDMヲ⣽ィ ࠺⾜ࢆ㠀ᖖᆒ୍࡞☢ሙࢆᐇ

0.2ppmࠊࡵࡓࡿࡍ⌧ ⌧ᐇࢆᆒ୍ᗘ࡞Ⰻዲࡾࡼ

⨨㉳☢ຊ㓄ࠋ[47 ,7]ࡿ࠸࡚ࡋ⨨㉳☢ຊ㓄ࡿࡁ࡛

MRIࠊࢆ ศゎᛂ್␗≉ࡓࡋタィ࡛㛤Ⓨࡢ▼☢⏝

ࠊࡓࡲࠋࡿ࠸࡚ࡋタィ࡚ࡋ⏝ᛂࢆሙタィ☢ࡢ⏝

Muonࠊ࡚ࡋᑐሙ☢ࡢࡇ ࡚ࡋウ᳨ࢆ௳ධᑕ᮲ࡢ

 ࠋ[50 ,49 ,6]ࡿ࠸
MRIࠊࡋࡋ ࠊᵝࡓࡋㄝ࡚᫂ࡋ㛵㐃▼☢

タ⨨☢▼ࡢࠎ✀ࡣㄗᕪ☢ሙࡀΰධࡢࡑࠋࡿࡍ

MRIࠊࡵࡓ ☢▼ྠᵝࡢࡇㄗᕪ☢ሙࢆ⿵ṇࡿࡍ

ᶵᵓࡣᚲ㡲[2, 51]࡛ືཷࠊࡵࡓࡢࡇࠋࡿ࠶ⓗ࣑ࢩ

ࠊ(⏝ࢆ∦࣒ࢩሙ☢ࡢᙉ☢ᛶయ)ᡭἲ[8, 13]ࢢࣥ
⬟ືⓗࢢ࣑ࣥࢩἲ[51, 52]ࠊࢀࡑࠊ㌶㐨ᚤㄪᩚ

 ࠋࡿ࠸࡚ࡋウ᳨ࢆ[54 ,53]▼☢ࢢࣥࣜࢸࢫࡢ⏝

5.2.1. ཷື☢ሙࢢ࣑ࣥࢩ 

☢ሙ⿵ṇࡢᇶᮏⓗᡭ㡰ࠊࡣFig. 4-17 ࠶࡛ࡌྠ

Table 5-4ࠊ࡚࠸ࡘᶵჾ࠺ࢢ࣑ࣥࢩࠋࡿ ㄝ

᫂ࠊࡋ㓄⨨ᴫᛕࢆ Fig. 5-12(a), (b)ࠋࡍ♧ᮏ㡯

 ࠋࡿࡍㄝ࡚᫂࠸ࡘࢢ࣑ࣥࢩືཷࠊ࡛

 
ᅗ 5-10 2D ᵓᡂ☢ሙ 3D 㠀⥺ᙧィ⟬⤖ᯝࡢ

ẚ㍑ࠋZ<0.95m 㕲ࠋ⮴୍ࡃࡼࡣ⪅୧ࡣ࡛ yoke
☢ሙࡀⰋࡃ⌧ࠋࡿ࠸࡚ࢀࡉ 

 

 
ᅗ 5-11 ✚㡿ᇦࡢ☢ሙศᕸࣜࠋࣝࣉࢵ 

࿘ᅇ᪉ྥࡣ× 10 ẖࡢ☢ሙᙉᗘ2ࠋD ᖹᆒ☢ሙۑ

ᵓᡂ☢ሙ(ᐇ⥺)ࡣⰋࠋࡿࡍ⮴୍ࡃ 
 

10㸫 4110㸫 40



 

ᙉ☢ሙࡣ※⏕ṇ☢ሙⓎ⿵ࠊࡣ࡛ࢢ࣑ࣥࢩືཷ

(3.0 T)୰࡛☢ࡓࡋᙉ☢ᛶయ∦(㕲∦࡞)࡛࠶

ࠊሙ࡛☢ࡿసࡀࢺẼ࣮࣓ࣔࣥ☢ࡿࡼ☢ࠋࡿ

ㄗᕪ☢ሙࢆ⿵ṇືཷࡀࡢࡿࡍⓗࡿ࠶࡛ࢢ࣑ࣥࢩ

(4.5 ⠇ཧ↷)ࠋ 

ཷືⓗࡢࢢ࣑ࣥࢩసᴗᡭ㡰ࠊࡣMRI ሙࡢ▼☢

ྜ(Fig. 4-17)ྠᵝ࡛ࡢ∦࣒ࢩࠊ㓄⨨ࢆ⟬ฟࡍ

ࡶ⟭ィࢢ࣑ࣥࢩࠊࡿ MRI ࠊᵝྠሙྜࡢ▼☢

4.6.3 㡯ࢢ࣑ࣥࢩࡢィ⟬ᡭἲ[13]ࡿ࠸⏝ࢆィ⏬࡛࠸

ᆒ୍ᗘࠊ᪤ࠊࡣᡭἲࡢࡽࢀࡇࠋࡿ 0.2ppm ᑐ

ᛂ࡛ࡿࡁᐇ⦼ࡣࡇࡿ࠶ࡀᙉㄪࠋࡃ࠾࡚ࡋ 
Table 5-4ࠊࡣࣞࢺ࣒ࢩ ୖ㒊࠺ࡼࡢ Coarse

 fine ࡢ 2 ✀㢮ࢆ⏝ពࠋࡿ࠸࡚ࡋඹᗄఱᏛⓗ㓄

ࡣ⨨ Fig. 5-12(a)ྠᵝ࡛ࠋࡿ࠶Fine 㓄⨨ฟࡣ࡛⏝

᮶ࡿ㕲㔞ࡣᑡ5)࠸࡞cm3/1 Coarseࠋ(ࢺࢵࢣ࣏ 㕲ࡣ

㔞ࢆከࡃ85)࠸cm3/1 ⬟ࡢሙ⿵ṇ☢ࠊ(ࢺࢵࢣ࣏

ຊࡣ୍ࠋ࠸ࡁ᪉ࡾྲྀࣞࢺ࣒ࢩࠊฟࡢ⏝ࡋ✰

⪅ᚋࠋࡿ࠶90mmȭ࡛ࠊ38mmȭࠊࢀࡒࢀࡑࠊࡣ

(Coarse fineࠊࡀࡿࡍ㛢Ṇࡣບ☢ࡣ(⏝ ࠊࡣ⏝

㕲 yoke ࣑ࣥࢩ࡞㧗⢭ᗘࡎࡏࡉኚࢆሙ☢ࡿࡼ

 ࠋࡘಖࢆ㛤ཱྀ≧ែࠊ࠺ࡼࡿࡁ࡛⾜ᐇࢆࢢ
㊥ࡢᚄ⛬ᗘ༙ࡢ✰ࠊࡣ࡛➃ࡢ✰⏝ࣞࢺ࣒ࢩ

㞳࡛2.0ࠊЍ0T ࠊࢀࡒࢀࡑࠊࡋᏑᅾࡀሙ໙㓄☢

100T/m  45T/m ⛬ᗘぢ✚ࠋࡿࡶ☢ሙ໙㓄ࡼ

ࡢ∦࣒ࢩ㕲ࡾ MM(M [Am2])ຍࡿࢃ☢ຊ  ࠊࡣ(

 B,   (5-1)㺃0؆MSAT%=�(

࡛,☢ሙ໙㓄࣒ࢩ∦㔞ẚࠊ࡛ࡇࡇࠋࡿࡍ

MSAT ࢺẼ࣮࣓ࣔࣥ☢ࡢᙉ☢ᛶయࡓࡋ㣬☢ࡣ

ࡀ✚యࡢ∦㕲ࠊ࡛ V cm3ࡢሙྜ1.71ࠊV[Am2]࡛࠶

Coarseࠋࡿ ࡛ 20cm3/157ࠊࡤࢀ࠶࡛ࢺࢵࢣ࣏kg ࡛

fineࠊࡾ࠶ ࡛ 1cm3/ࡢࢺࢵࢣ࣏ሙྜ17.5ࠊࡣkg ࡛

MRIࠋࡿ࠶ 㒊ࡋฟࡾྲྀࡢࣞࢺ࣒ࢩࠊࡣ࡛▼☢

ศ࡛2ࠊT/m⛬ᗘࡢ໙㓄☢ሙ࡛ࠊࡀࡿ࠶Muon ✚

ࡢ࡛▼☢⏝  ࠋ࠸ࡁ㠀ᖖࡣ

Table 5-4 Tools of Precise Magnetic Field Shimming for J-2/EDM Magnet. ᩥ⊩[51], Table 1  .⏝ᘬࡾࡼ

Shimming Tools Capacities 
(actual) 

Roles and usage 

Passive tools 
 
(magnetized 
iron pieces) 

Coarse shimming shim-trays 
>3.50x104 cc 
(<6000 cc) 

Rough shimming (shimming for high ordered 
eigenmodes) using large volumes of iron pieces with 
magnet current ramp-down, and with iron-yoke ceiling 
removed and reassemble. 

Fine shimming shim-trays 
<2000 cc 
(<100 cc) 

Fine shimming (shimming for low ordered eigenmodes) 
with magnetic field on and without iron-yoke ceiling 
removed. Fe volume in a shim-pocket should be less than 
1 cc.  

Active tools 
(Shim-coils 
arrays) 

BZ type shim-coils 
6 coils in longitudinal array 

3 Gauss BZ 
(1.0 kA) 

In rotational direction, uniform, cosĬ� and cos2Ĭ� like 
distributions can be corrected. 

BR type shim-coils 
6 coils in longitudinal array 

6 Gauss BR 
(1.0 kA) 

In rotational direction, uniform, cosĬ� and cos2Ĭ� like 
distributions can be corrected. 

 
Fig. 5-12(a) ☢ሙィ 㠃(ෆ㒊⟄)ࣞࢺ࣒ࢩ

(ゅᙧ)ࡢ㓄⨨. ᩥ⊩[51], Fig. 2(a)ࡾࡼᘬ⏝. 

 
Fig. 5-12(b) ࣞࢺ࣒ࢩ㓄⨨ᅗ. ᕥ: %Z type ࢥ࣒ࢩ

R type% :ྑ,ࣞࣝ ⫣ᩥ .ࣞࣝࢥ࣒ࢩ

[51], Fig. 2(b)ࡾࡼᘬ⏝. 

 

୍᪉࡛ࠊMuon ࡢ࡛▼☢ ✰⏝ࣞࢺ࣒ࢩࠊࡣ

ࡢࢺࢵࢣ࣏ࡢࠎಶࠊ࡛ࡢࡿ࠸࡚ࡋ㞟୰㒊➃ࡢ

ᐇ㝿ࡣ࡛≦⌧ࠋࡿࡍ៖⪄ࢆຊ☢ࡢࡑ㔞∦࣒ࢩ

࡛ࢺࢵࢣ࣏࠸ከࠊࡀࡿ࠶࡛᫂ࡣ㔞∦࣒ࢩࡢ

ࡶࡃ࡞ᑡࠊࡣ 20cm3⛬ᗘ௨ୖࡢ㔞ࡾ࠶ࡣᚓࡿ

ࠊ᪉୍ࠋ࠸ࡋ㞴ࡣࡋฟࡾྲྀࡢບ☢ࠊࡿ࠼⪄

fine 1ࠊࡣ࡛ ࡾࡓ࠶ࢺࢵࢣ࣏ 1cm3 ௨ୗฟ᮶ࢀ

 ࠋࡿ࠸࡚࠼⪄⬟ྍࡣࡋฟࡾྲྀࡶບ☢࡛ࠊࡤ
௨ୖࠊࡽ࠼⪄ࡢCoarseࢺ࣒ࢩࠊࡣ࡛ࢢ࣑ࣥࢩ

☢ᾘࠊࡵࡓࡿࡅ㑊ࢆຊ☢ࡢࡍฟࡾྲྀࢆࣞ

㕲ࠊ࡛ୖࡢࡑࠋ࠺⾜ࢆ yoke ࡀࢆ㒊୍ࡢኳࡢ

㕲ࠊࡵࡓࡢࡑࠋࡿࡍ⾜ᐇࢆసᴗࠊ(ウ୰᳨)࡚ࡋ

yoke 㓄⨨ࡸ㟁ὶ್ࡢ⌧ᛶ㞴Ⅼࡀṧࢀࡇࠋࡿ

ࡵࡓࡿᚓࢆᵝ☢ሙ୍࡞Ⰻዲⓗ⤊᭱ࠊ࡚ࡅ㑊ࢆ

fineࠊ ᚄ┤)✰࠸ࡉᑠ⏝ 38 mm)ࢆᖖ㛤࡚ࡅ

㕲ࡢ୰ࢢ࣑ࣥࢩfineࠊ(↷Fig. 5-8ཧ)ࡁ࠾ yoke᧯స

 ࠋࡿࡍࢢ࣑ࣥࢩ࡚ࡋࡃ↓ࢆ
Coarseࡽ fineࣞࢺ࣒ࢩࠊࡣ⾜⛣ࡢࢢ࣑ࣥࢩ

࣑ࢩࠊࡀࡿ࡞Ᏻ┠ࡀຊ࡞ᚲせࡋฟࡾྲྀࡢ

ࡀ㕲㔞ࡢࢺࢵࢣ࣏࣒ࢩྛࡾࡼ⟭ィࢢࣥ 1 cc௨ୗ

࡛ Coarse-->Fine  ࠋࡿ࠸࡚࠼⪄⾜⛣
2ࠊࡣ⨨㓄ࡢ㕲࣒ࢩ ࠊ㐣⛬ඹࢢ࣑ࣥࢩࡢࡘ

᪤ MRI ☢▼࡛ᆒ୍ᗘ 0.2ppm ࡇࡿࡁᑐᛂ࡛

ࡍ⏝ࢆ ィ⟬ᡭἲ [8, 13, 44]ࢢ࣑ࣥࢩࡓࡋㄆ☜ࢆ

 ࠋࡿ࠶ணᐃ࡛ࡿ

5.2.2. ⬟ືⓗ☢ሙࢢ࣑ࣥࢩ 

⬟ືⓗࣞࣝࢥ࣒ࢩࠊࡣࢢ࣑ࣥࢩ

{Fig. 5-12(b)}6ࠋࡿ࠸⏝ࢆ ಶࡀࣝࢥࡢ✚㡿ᇦ

ࡣࣝࢥྛࠋࡿࢀࡉ⨨㓄≦⟃ࠊࡳᅖࡾྲྀࢆ

㟁※᥋⥆ࠊࢀࡉ㟁ὶㄪᩚࡾࡼ⬟ືⓗ☢ሙ

ㄪᩚࠋ࠺⾜ࢆ 
࡞ᑡࡣᗘ⏤⮬ࡢሙศᕸㄪᩚ☢ࡣࣝࢥ࣒ࢩ

⨨㕲∦㓄ࠋ࠸ Pocket ࡀ coarse, fineඹ 400ಶᏑᅾ

ࡣࣝࢥ࣒ࢩࠊ࡚ࡋᑐࡢࡿࡍ BR ┤㍈)ࣉࢱ

ᡂศ☢ሙ⏝)ࠊBZࣉࢱ(㍈᪉ྥᡂศ⏝)ඹ 6ಶ
ࡢ࿘ᅇ᪉ྥࠊࢀࡒࢀࡑࠋࡿ࠶࡛ BRࡧࡼ࠾ BZ☢ሙ

ศᕸࢆ 6 ಶ࡛ࣝࢥ࣒ࢩࡢㄪᩚ᭱ࣝࢥྛࠋࡿࡍ

 1.0 kAT  ࠋࡿ࠶࡛
ᐇ㦂㛤ጞᚋⓎ⏕ࡓࡋㄗᕪ☢ሙࡢ⿵ṇࡸ☢ሙ

ᙉᗘࡢᚤㄪᩚࠊࡓࡲࠋࡿ࠸⏝⬟ືⓗࠊࡵࡓ࡞

BR( )ᡂศ(BR ࠋࡿ࠶࡛⬟ྍࡶㄪᩚࡢ(⏝ࣉࢱ

୍᪉࡞࠺ࡼࡢࢢ࣑ࣥࢩືཷࠊ⣽࠸☢ሙศᕸࡢ

ㄪᩚࡣฟ᮶ࠋ࠸࡞ 
BZ Z=0.7mࠊࡣࣝࢥ࣒ࢩࡢࣉࢱ ㏆㟁ὶ

Fig. 5-13ࠊ࡚ࡋ⨨㓄ࢆ ⏕Ⓨࢆሙ☢ࡘᣢࢆ⥺ຊ☢ࡢ

ࡣሙᙉᗘ☢ࡢྑࠋࡿࡍ 6 ಶࣝࢥࡢ࡚ 1.0kA
୰ᚰ࡛ࠋࡿ࠶ሙྜ࡛ࡓࡋ㏻㟁ࢆ 3.03 ✚)ࢫ࢘࢞

㡿ᇦ: 3.028㹼3.038 㓄࡚ࡋୗ㞳ୖࠋࡿ࠶࡛(ࢫ࢘࢞

࠸㏆ᵝ୍ࡣ✚㡿ᇦ࡛ࠊ࡛ࡇࡿࡍ⨨ BZ ศᕸ

ࡢBZ☢ሙࡢ࿘ᅇ᪉ྥࠋ(↷ຊ⥺ཧ☢ࡢᕥᅗ)ࡿ࡞

ศᕸࢆㄪᩚࡢࡇࠋࡿࡍ᮲௳(3 ࠊ࡛(⏕Ⓨࢫ࢘࢞

1 T ࡲࡋ࡚ࡋࢆᆒ୍☢ሙࠊࡾ࠶ࡀሙᖜ☢ࡢ

ࠊࡿ࠼⪄ࢆ❧୧ࡢᆒ୍☢ሙࠊࡵࡓࡢࡑࠋ࠺

⏝⠊ᅖࡣ㝈1)ࡿࢀࡽ BZࠊࡀ(ᗘ௨ୗ⛬ࢫ࢘࢞ ᙉ

ᗘࢆᚤㄪᩚ࡛ࡿࡁᶵ⬟ࢆᣢࠊࡓࡲࠋࡘᐇ㝿ࡢ

⨨㐠㌿࡛ࡢࢢ࣑ࣥࢩືཷࠊࡣ fineࢢ࣑ࣥࢩᶵ⬟ࠊ

ᙅ㞟᮰☢ሙ࡚ࡏే୰ᚰ☢ሙᙉᗘࢆㄪᩚࡓࡿࡍ

 ࠋࡿ࠸࡚࠼⪄ࠊࡿࡁ࡛⏝ࡶࡵ
BRࡀࣝࢥ࣒ࢩࡢࣉࢱసࡿ☢ሙࠊࡣFig. 5-14

ᖹ㠃(X-Y࡞┤ᆶ㍈▼☢ࠊࢆ᪉ྥࡢሙ☢ࠋࡿ࠶࡛
㠃࡛ Z=0 ྛࠋࡿ࠸࡚ࡋ♧༳࡛▮ࠊୖ (㉥㐨㠃ࡢ

ᯟୖ2.13ࠊࡍ♧ࢆ್␗≉ࠊࡣE-5㹼3.79E-6[T/A]
ࡀ㟁ὶ࡛᭱ࣝࢥྛࠋࡿ࠶࡛ 1.0kA ࡛㝈ࡿࢀࡽ

ࡣẚࡢ್␗≉ࠊࡣࡉᙉ᭱ࡢሙ☢ྛࠊ࡛ࡢ

ࡣNo, 1 & 2࡛ࠊࡀ࠸࡞ࡽ࡞ No.6࡛ࠊᗘ⛬ࢫ࢘࢞7
ࡣ 1 No. 1ࠊ୰࡛ࡢࡇࠋࡿ࠶ᗘ࡛⛬ࢫ࢘࢞  2 ࡢ
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ᙉ☢ሙࡣ※⏕ṇ☢ሙⓎ⿵ࠊࡣ࡛ࢢ࣑ࣥࢩືཷ

(3.0 T)୰࡛☢ࡓࡋᙉ☢ᛶయ∦(㕲∦࡞)࡛࠶

ࠊሙ࡛☢ࡿసࡀࢺẼ࣮࣓ࣔࣥ☢ࡿࡼ☢ࠋࡿ

ㄗᕪ☢ሙࢆ⿵ṇືཷࡀࡢࡿࡍⓗࡿ࠶࡛ࢢ࣑ࣥࢩ

(4.5 ⠇ཧ↷)ࠋ 

ཷືⓗࡢࢢ࣑ࣥࢩసᴗᡭ㡰ࠊࡣMRI ሙࡢ▼☢

ྜ(Fig. 4-17)ྠᵝ࡛ࡢ∦࣒ࢩࠊ㓄⨨ࢆ⟬ฟࡍ

ࡶ⟭ィࢢ࣑ࣥࢩࠊࡿ MRI ࠊᵝྠሙྜࡢ▼☢

4.6.3 㡯ࢢ࣑ࣥࢩࡢィ⟬ᡭἲ[13]ࡿ࠸⏝ࢆィ⏬࡛࠸

ᆒ୍ᗘࠊ᪤ࠊࡣᡭἲࡢࡽࢀࡇࠋࡿ 0.2ppm ᑐ

ᛂ࡛ࡿࡁᐇ⦼ࡣࡇࡿ࠶ࡀᙉㄪࠋࡃ࠾࡚ࡋ 
Table 5-4ࠊࡣࣞࢺ࣒ࢩ ୖ㒊࠺ࡼࡢ Coarse

 fine ࡢ 2 ✀㢮ࢆ⏝ពࠋࡿ࠸࡚ࡋඹᗄఱᏛⓗ㓄

ࡣ⨨ Fig. 5-12(a)ྠᵝ࡛ࠋࡿ࠶Fine 㓄⨨ฟࡣ࡛⏝

᮶ࡿ㕲㔞ࡣᑡ5)࠸࡞cm3/1 Coarseࠋ(ࢺࢵࢣ࣏ 㕲ࡣ

㔞ࢆከࡃ85)࠸cm3/1 ⬟ࡢሙ⿵ṇ☢ࠊ(ࢺࢵࢣ࣏

ຊࡣ୍ࠋ࠸ࡁ᪉ࡾྲྀࣞࢺ࣒ࢩࠊฟࡢ⏝ࡋ✰

⪅ᚋࠋࡿ࠶90mmȭ࡛ࠊ38mmȭࠊࢀࡒࢀࡑࠊࡣ

(Coarse fineࠊࡀࡿࡍ㛢Ṇࡣບ☢ࡣ(⏝ ࠊࡣ⏝

㕲 yoke ࣑ࣥࢩ࡞㧗⢭ᗘࡎࡏࡉኚࢆሙ☢ࡿࡼ

 ࠋࡘಖࢆ㛤ཱྀ≧ែࠊ࠺ࡼࡿࡁ࡛⾜ᐇࢆࢢ
㊥ࡢᚄ⛬ᗘ༙ࡢ✰ࠊࡣ࡛➃ࡢ✰⏝ࣞࢺ࣒ࢩ

㞳࡛2.0ࠊЍ0T ࠊࢀࡒࢀࡑࠊࡋᏑᅾࡀሙ໙㓄☢

100T/m  45T/m ⛬ᗘぢ✚ࠋࡿࡶ☢ሙ໙㓄ࡼ

ࡢ∦࣒ࢩ㕲ࡾ MM(M [Am2])ຍࡿࢃ☢ຊ  ࠊࡣ(

 B,   (5-1)㺃0؆MSAT%=�(

࡛,☢ሙ໙㓄࣒ࢩ∦㔞ẚࠊ࡛ࡇࡇࠋࡿࡍ

MSAT ࢺẼ࣮࣓ࣔࣥ☢ࡢᙉ☢ᛶయࡓࡋ㣬☢ࡣ

ࡀ✚యࡢ∦㕲ࠊ࡛ V cm3ࡢሙྜ1.71ࠊV[Am2]࡛࠶

Coarseࠋࡿ ࡛ 20cm3/157ࠊࡤࢀ࠶࡛ࢺࢵࢣ࣏kg ࡛

fineࠊࡾ࠶ ࡛ 1cm3/ࡢࢺࢵࢣ࣏ሙྜ17.5ࠊࡣkg ࡛

MRIࠋࡿ࠶ 㒊ࡋฟࡾྲྀࡢࣞࢺ࣒ࢩࠊࡣ࡛▼☢

ศ࡛2ࠊT/m⛬ᗘࡢ໙㓄☢ሙ࡛ࠊࡀࡿ࠶Muon ✚

ࡢ࡛▼☢⏝  ࠋ࠸ࡁ㠀ᖖࡣ

Table 5-4 Tools of Precise Magnetic Field Shimming for J-2/EDM Magnet. ᩥ⊩[51], Table 1  .⏝ᘬࡾࡼ

Shimming Tools Capacities 
(actual) 

Roles and usage 

Passive tools 
 
(magnetized 
iron pieces) 

Coarse shimming shim-trays 
>3.50x104 cc 
(<6000 cc) 

Rough shimming (shimming for high ordered 
eigenmodes) using large volumes of iron pieces with 
magnet current ramp-down, and with iron-yoke ceiling 
removed and reassemble. 

Fine shimming shim-trays 
<2000 cc 
(<100 cc) 

Fine shimming (shimming for low ordered eigenmodes) 
with magnetic field on and without iron-yoke ceiling 
removed. Fe volume in a shim-pocket should be less than 
1 cc.  

Active tools 
(Shim-coils 
arrays) 

BZ type shim-coils 
6 coils in longitudinal array 

3 Gauss BZ 
(1.0 kA) 

In rotational direction, uniform, cosĬ� and cos2Ĭ� like 
distributions can be corrected. 

BR type shim-coils 
6 coils in longitudinal array 

6 Gauss BR 
(1.0 kA) 

In rotational direction, uniform, cosĬ� and cos2Ĭ� like 
distributions can be corrected. 

 
Fig. 5-12(a) ☢ሙィ 㠃(ෆ㒊⟄)ࣞࢺ࣒ࢩ

(ゅᙧ)ࡢ㓄⨨. ᩥ⊩[51], Fig. 2(a)ࡾࡼᘬ⏝. 

 
Fig. 5-12(b) ࣞࢺ࣒ࢩ㓄⨨ᅗ. ᕥ: %Z type ࢥ࣒ࢩ

R type% :ྑ,ࣞࣝ ⫣ᩥ .ࣞࣝࢥ࣒ࢩ

[51], Fig. 2(b)ࡾࡼᘬ⏝. 

 

୍᪉࡛ࠊMuon ࡢ࡛▼☢ ✰⏝ࣞࢺ࣒ࢩࠊࡣ

ࡢࢺࢵࢣ࣏ࡢࠎಶࠊ࡛ࡢࡿ࠸࡚ࡋ㞟୰㒊➃ࡢ

ᐇ㝿ࡣ࡛≦⌧ࠋࡿࡍ៖⪄ࢆຊ☢ࡢࡑ㔞∦࣒ࢩ

࡛ࢺࢵࢣ࣏࠸ከࠊࡀࡿ࠶࡛᫂ࡣ㔞∦࣒ࢩࡢ

ࡶࡃ࡞ᑡࠊࡣ 20cm3⛬ᗘ௨ୖࡢ㔞ࡾ࠶ࡣᚓࡿ

ࠊ᪉୍ࠋ࠸ࡋ㞴ࡣࡋฟࡾྲྀࡢບ☢ࠊࡿ࠼⪄

fine 1ࠊࡣ࡛ ࡾࡓ࠶ࢺࢵࢣ࣏ 1cm3 ௨ୗฟ᮶ࢀ

 ࠋࡿ࠸࡚࠼⪄⬟ྍࡣࡋฟࡾྲྀࡶບ☢࡛ࠊࡤ
௨ୖࠊࡽ࠼⪄ࡢCoarseࢺ࣒ࢩࠊࡣ࡛ࢢ࣑ࣥࢩ

☢ᾘࠊࡵࡓࡿࡅ㑊ࢆຊ☢ࡢࡍฟࡾྲྀࢆࣞ

㕲ࠊ࡛ୖࡢࡑࠋ࠺⾜ࢆ yoke ࡀࢆ㒊୍ࡢኳࡢ

㕲ࠊࡵࡓࡢࡑࠋࡿࡍ⾜ᐇࢆసᴗࠊ(ウ୰᳨)࡚ࡋ

yoke 㓄⨨ࡸ㟁ὶ್ࡢ⌧ᛶ㞴Ⅼࡀṧࢀࡇࠋࡿ

ࡵࡓࡿᚓࢆᵝ☢ሙ୍࡞Ⰻዲⓗ⤊᭱ࠊ࡚ࡅ㑊ࢆ

fineࠊ ᚄ┤)✰࠸ࡉᑠ⏝ 38 mm)ࢆᖖ㛤࡚ࡅ

㕲ࡢ୰ࢢ࣑ࣥࢩfineࠊ(↷Fig. 5-8ཧ)ࡁ࠾ yoke᧯స

 ࠋࡿࡍࢢ࣑ࣥࢩ࡚ࡋࡃ↓ࢆ
Coarseࡽ fineࣞࢺ࣒ࢩࠊࡣ⾜⛣ࡢࢢ࣑ࣥࢩ

࣑ࢩࠊࡀࡿ࡞Ᏻ┠ࡀຊ࡞ᚲせࡋฟࡾྲྀࡢ

ࡀ㕲㔞ࡢࢺࢵࢣ࣏࣒ࢩྛࡾࡼ⟭ィࢢࣥ 1 cc௨ୗ

࡛ Coarse-->Fine  ࠋࡿ࠸࡚࠼⪄⾜⛣
2ࠊࡣ⨨㓄ࡢ㕲࣒ࢩ ࠊ㐣⛬ඹࢢ࣑ࣥࢩࡢࡘ

᪤ MRI ☢▼࡛ᆒ୍ᗘ 0.2ppm ࡇࡿࡁᑐᛂ࡛

ࡍ⏝ࢆ ィ⟬ᡭἲ [8, 13, 44]ࢢ࣑ࣥࢩࡓࡋㄆ☜ࢆ

 ࠋࡿ࠶ணᐃ࡛ࡿ

5.2.2. ⬟ືⓗ☢ሙࢢ࣑ࣥࢩ 

⬟ືⓗࣞࣝࢥ࣒ࢩࠊࡣࢢ࣑ࣥࢩ

{Fig. 5-12(b)}6ࠋࡿ࠸⏝ࢆ ಶࡀࣝࢥࡢ✚㡿ᇦ

ࡣࣝࢥྛࠋࡿࢀࡉ⨨㓄≦⟃ࠊࡳᅖࡾྲྀࢆ

㟁※᥋⥆ࠊࢀࡉ㟁ὶㄪᩚࡾࡼ⬟ືⓗ☢ሙ

ㄪᩚࠋ࠺⾜ࢆ 
࡞ᑡࡣᗘ⏤⮬ࡢሙศᕸㄪᩚ☢ࡣࣝࢥ࣒ࢩ

⨨㕲∦㓄ࠋ࠸ Pocket ࡀ coarse, fineඹ 400ಶᏑᅾ

ࡣࣝࢥ࣒ࢩࠊ࡚ࡋᑐࡢࡿࡍ BR ┤㍈)ࣉࢱ

ᡂศ☢ሙ⏝)ࠊBZࣉࢱ(㍈᪉ྥᡂศ⏝)ඹ 6ಶ
ࡢ࿘ᅇ᪉ྥࠊࢀࡒࢀࡑࠋࡿ࠶࡛ BRࡧࡼ࠾ BZ☢ሙ

ศᕸࢆ 6 ಶ࡛ࣝࢥ࣒ࢩࡢㄪᩚ᭱ࣝࢥྛࠋࡿࡍ

 1.0 kAT  ࠋࡿ࠶࡛
ᐇ㦂㛤ጞᚋⓎ⏕ࡓࡋㄗᕪ☢ሙࡢ⿵ṇࡸ☢ሙ

ᙉᗘࡢᚤㄪᩚࠊࡓࡲࠋࡿ࠸⏝⬟ືⓗࠊࡵࡓ࡞

BR( )ᡂศ(BR ࠋࡿ࠶࡛⬟ྍࡶㄪᩚࡢ(⏝ࣉࢱ

୍᪉࡞࠺ࡼࡢࢢ࣑ࣥࢩືཷࠊ⣽࠸☢ሙศᕸࡢ

ㄪᩚࡣฟ᮶ࠋ࠸࡞ 
BZ Z=0.7mࠊࡣࣝࢥ࣒ࢩࡢࣉࢱ ㏆㟁ὶ

Fig. 5-13ࠊ࡚ࡋ⨨㓄ࢆ ⏕Ⓨࢆሙ☢ࡘᣢࢆ⥺ຊ☢ࡢ

ࡣሙᙉᗘ☢ࡢྑࠋࡿࡍ 6 ಶࣝࢥࡢ࡚ 1.0kA
୰ᚰ࡛ࠋࡿ࠶ሙྜ࡛ࡓࡋ㏻㟁ࢆ 3.03 ✚)ࢫ࢘࢞

㡿ᇦ: 3.028㹼3.038 㓄࡚ࡋୗ㞳ୖࠋࡿ࠶࡛(ࢫ࢘࢞

࠸㏆ᵝ୍ࡣ✚㡿ᇦ࡛ࠊ࡛ࡇࡿࡍ⨨ BZ ศᕸ

ࡢBZ☢ሙࡢ࿘ᅇ᪉ྥࠋ(↷ຊ⥺ཧ☢ࡢᕥᅗ)ࡿ࡞

ศᕸࢆㄪᩚࡢࡇࠋࡿࡍ᮲௳(3 ࠊ࡛(⏕Ⓨࢫ࢘࢞

1 T ࡲࡋ࡚ࡋࢆᆒ୍☢ሙࠊࡾ࠶ࡀሙᖜ☢ࡢ

ࠊࡿ࠼⪄ࢆ❧୧ࡢᆒ୍☢ሙࠊࡵࡓࡢࡑࠋ࠺

⏝⠊ᅖࡣ㝈1)ࡿࢀࡽ BZࠊࡀ(ᗘ௨ୗ⛬ࢫ࢘࢞ ᙉ

ᗘࢆᚤㄪᩚ࡛ࡿࡁᶵ⬟ࢆᣢࠊࡓࡲࠋࡘᐇ㝿ࡢ

⨨㐠㌿࡛ࡢࢢ࣑ࣥࢩືཷࠊࡣ fineࢢ࣑ࣥࢩᶵ⬟ࠊ

ᙅ㞟᮰☢ሙ࡚ࡏే୰ᚰ☢ሙᙉᗘࢆㄪᩚࡓࡿࡍ

 ࠋࡿ࠸࡚࠼⪄ࠊࡿࡁ࡛⏝ࡶࡵ
BRࡀࣝࢥ࣒ࢩࡢࣉࢱసࡿ☢ሙࠊࡣFig. 5-14

ᖹ㠃(X-Y࡞┤ᆶ㍈▼☢ࠊࢆ᪉ྥࡢሙ☢ࠋࡿ࠶࡛
㠃࡛ Z=0 ྛࠋࡿ࠸࡚ࡋ♧༳࡛▮ࠊୖ (㉥㐨㠃ࡢ

ᯟୖ2.13ࠊࡍ♧ࢆ್␗≉ࠊࡣE-5㹼3.79E-6[T/A]
ࡀ㟁ὶ࡛᭱ࣝࢥྛࠋࡿ࠶࡛ 1.0kA ࡛㝈ࡿࢀࡽ

ࡣẚࡢ್␗≉ࠊࡣࡉᙉ᭱ࡢሙ☢ྛࠊ࡛ࡢ

ࡣNo, 1 & 2࡛ࠊࡀ࠸࡞ࡽ࡞ No.6࡛ࠊᗘ⛬ࢫ࢘࢞7
ࡣ 1 No. 1ࠊ୰࡛ࡢࡇࠋࡿ࠶ᗘ࡛⛬ࢫ࢘࢞  2 ࡢ

 
Fig. 5-13 %Zࡿࡼࣝࢥ࣒ࢩࣉࢱ☢ሙ6ࠋ ಶ

ࣝࢥࡢ 1.0kA ຊ☢ࠊࡢሙྜࡓࡋ㏻㟁 ࢆ

⥺(ᕥ)☢ሙᙉᗘ➼㧗⥺(ྑ)ࠋ 
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ᅛ᭷࣮ࣔࠊࡣࢻ✚㡿ᇦࢆ☢ຊ⥺ࡀ☢▼㍈ᆶ

࡞ࡋᙳ㡪ࡣᆒ୍ᗘࠋࡿ࠶ሙ࡛☢ࡿࡍ㏻㐣┤

ࢀࡉ⨨㓄࡚࠸ഴ┦ࡀ㍈ࡢ▼☢ฟჾ᳨ࠋ࠸

BXࠊぢ࡚ࡽฟჾ᳨ࠊࡿ ࡣࡃࡋࡶ BY ࡀሙ☢ࡢ

Ꮡᅾ࠺ࡼࡿࡍぢࠋࡿ࠼Muon ㄪࢆ⨨࣒࣮ࣅ

BX, BYࠊࡽࡁ᪉ྥࡢࡑࠊ ࠊࡤࢀࡁฟ᳨࡛ࢆ

Fig.5-14 ࠸࡚࠼⪄ࡿࡁṇ࡛⿵࡚ࡗࢆሙ☢ࡢ

6ࠊࡓࡲࠋࡿ ࣉ࢝ࠊࡣᡂศ࡞࿘ᅇ᪉ྥ୍ᵝࡢ┠␒

BRࠋࡿ࠶ሙ࡛☢ࢫ ᡂศࢆ࿘ᅇ᪉ྥ୍ᵝⓎ⏕ࡍ

࡛᭱ࠊ࡛ࡢࡿ BR=1 ࠊࡀ࠸ࡉᑠᗘ⛬ࢫ࢘࢞

Muon ✚㌶㐨ࡢ㍈᪉ྥ⨨ࡢㄪᩚ⏝ࡿࡍ

 ࠋࡿ࠸࡚࠼⪄ࡶ

 㛵㐃ࡢሙ☢࠸ࡋ㞴ࡢࢢ࣑ࣥࢩືཷ .5.2.3

4.6.5ࠊ࡛ࡍ 㡯࡛㆟ㄽࠊ࠺ࡼࡓࡋ☢▼㍈

ᆶ┤࡞☢ሙᡂศ ㄪᩚࡣ࡛ࢢ࣑ࣥࢩࡢ㏻ᖖࠊࡣ

ฟ᮶࡞࠺ࡼࡢࡑࠋ࠸࡞☢ሙࢆ Fig. 4-24 ࡓࡋ♧

BRࠊࡀ ࠸ఝ࡚ሙ☢ࡿసࡀࣝࢥ࣒ࢩࡢࣉࢱ

4.6.5ࠋࡿ 㡯࡛ ☢ሙᡂศ᳨ࡢฟ࣭⿵ṇἲࢆᥦ

MRIࠋࡓࡋ ↓ࡣࡇࡿ࡞ᐇ㝿ୖၥ㢟ࡣ࡛▼☢

-gࠊ࠺ࡼࡿࡍḟ⠇࡛ㄝ᫂ࠊࡀࡓࡋㄝ᫂࠸
2/EDMィ ⏝ࡢMSM࡛ࠊࡣ ᡂศࡢⓎ⏕ࡀ↓ど

BRࠊࡣṇ⿵ࡢࡑࠋࡿ࠶ࡶሙྜ࠸࡞ࡁ࡛ ࣉࢱ

 ࠋࡿ࠸࡚࠼⪄ࡿࡁ࡛⏝ࡀࣝࢥ࣒ࢩࡢ
 

5.2.4. ཷືⓗ☢ሙࢢ࣑ࣥࢩṧᕪ☢ሙ 

 ࠋࡿṧࡣሙ☢ࡢୗグࠊࡶసᴗᚋ࡛ࢢ࣑ࣥࢩ

(1) ☢ሙタィ࡛チᐜࡓࡋ☢ሙศᕸࠊ 
(2) ☢▼㍈┤ࡓࡋ☢ሙᡂศ  ࠊ
ࠊࡀࡿࡍㄪᩚࢆ|ሙᙉᗘ|B☢ࡣࢢ࣑ࣥࢩࠋࡿ࠶࡛

タィィ⏬ࡓࡋ☢ሙ௨ୖⰋዲ࡞☢ሙศᕸࢆ

ᚓࡣࡇࡿฟ᮶ࠋ[13]࠸࡞ᚑࢢ࣑ࣥࢩࠊ࡚ࡗᚋ࡛

ࡶ Table 5-1 ࡢ⠊ᅖ࡛☢ሙᙉᗘࡍࡓ‶ࢆᆒ୍ᗘࡢ

ศᕸࡣṧࡀࢀࡇࠊࡾṧᕪ☢ሙ BRE ࡋࠋࡿ࠶࡛

ࡢᶆ┠ࠊࡋ 0.2 ppm ௨ୗ☢ሙタィࡢࡿ࠸࡚ࢀࡉ

 ࠋ࠸࡞ࡣၥ㢟࡛ࡣṧᕪ☢ሙࡢࡇࠊ࡛
୍᪉ࡢ(2)ࠊ ᡂศ4.1ࠊࡣ⠇ࡢ☢▼タィࡸ 4.6.3

㡯ࢢ࣑ࣥࢩࡢィ⟬ 4.6.5 ࡓࡋṧᕪ☢ሙ࡛ㄝ᫂ࡢ

࣑ࣥࢩ࣭⟭タィィࠊࡾ࠶ᅔ㞴࡛ࡀ ィࠊ࠺ࡼ

ࡣ࡛ࢢ࣑ࣥࢩືཷࠊࡽࡉࠊࡎࢀࡲྵ⟭ィࢢ

ᡂศࡣࢢ࣑ࣥࢩࡢ㞴࣑ࣥࢩࡵࡓࡢࡑࠋ࠸ࡋ

MSMࠊࡣ࡛ࡇࡇࠋࡿ࠶ሙ࡛☢ࡿṧᚋࢢ 㛵㐃

ࢩ⟭ィࡢㄗᕪ☢ሙࡓࡋᐃࢆタ⨨ㄗᕪࠊࡓࡋ

(ࢢ࣑ࣥࢩ௬ࡣ௨ୗ࡛)ࣥࣙࢩ࣮࣑ࣞࣗࢩࢢ࣑ࣥ
 ࠋࡿࡍㄝ࡚᫂ࡋ㏻ࢆ

Fig. 5-15 3✀㢮ࡢ㕲 yokeタ⨨ㄗᕪࠋࡍ♧ࢆᕥ

㕲(b)ࠊタィ≧ែ(a)ࠊࡽ yoke ୖ᪉ኚ 1mm, (c)
ᶓኚ 1mm, (d)ᅇ㌿ 0.05ᗘࡢࢀࡎ࠸ࠋࡿ࠶࡛ࠊሙ

ᆒ୍ᗘࡢ㕲∦࡛BZ☢ሙ࣒ࢩࡢ3000cm3௨ୗࠊࡶྜ

0.2ppm (✚㡿ᇦࡢ 3cm ᖜ x10cm 㧗ࡢࡉ㡿ᇦ)࡛
࡛(b)ࡣ᭱ࠋࡓࡋㄆ☜ࡣࡿࡁ࡛ࢢ࣑ࣥࢩ
2348.3ccm3࡛ࠊࡓࡲࠋࡓࡗ࠶(b)(d)࡛ࡣFig. 4-24
ࡓࡋ㆟ㄽࡶ࡛ ᡂศ☢ሙࠊࡀᏑᅾࠋࡿࡍ 
࿘ᅇ᪉ྥయࠊࡶᚋ࡛ࢢ࣑ࣥࢩࡣ࡛(b)ࢫ࣮ࢣ

࡛㍈᪉ྥ(R ᪉ྥ)ࡢṧ␃☢ሙ 0.11㹼-0.16-ࡀ ࢞

g-2/EDMࠋࡓࡋᏑᅾࢫ࢘ ヲ⣽ィ ᐇ㦂ࠊࡣ 

n-index=1.5E-4{ = െ1.35E-3 T/m}  (5-2) 

8.1mm㹼-11.9mm-ࠊࡾ࠶ணᐃ࡛ࡿࢀࢃ⾜࡛ ࡢ

Muon ࿘ᅇ㌶㐨ࡢ㍈᪉ྥ⨨ࡢኚࢆ㉳ࡇࠋࡍࡇ

Fig. 5-14 %Rࡿࡼࣝࢥ࣒ࢩࣉࢱ☢ሙ. 6 ಶࡢ

ࡿࡼ㏻㟁ኚ᭦ ࣝࢥ 6 ✀㢮ࡢ☢ሙศᕸ. ☢ሙ᪉

ࢆྥ Z=0 㠃࡛ࡢ▮༳࡛♧[51]⫣ᩥ .ࡍ, Fig. 6 ᘬ⏝. 

Fig. 5-15 3 ✀㢮ࡢ㕲 yoke タ⨨ㄗᕪ 

(a) No error
(Design) 

(b) 㕲yoke䛜
1mmୖ᪉⛣ື

(c) 㕲yoke䛜
1mmᶓ᪉ྥ⛣ື

(d) 㕲yoke䛜
0.05ᗘᅇ㌿

SC CBs

Iron-yoke

X

Z

 

ṇ⿵ࡢ BR ሙ࡛☢ࡢࣝࢥ࣒ࢩࣉࢱ Fig. 5-14
ࡢ 6  ࠋࡿ࠸࡚࠼⪄ࡿ࠼ࡀሙ☢ࡢ┠␒

(c)ࡣ 1947.5cm3 ࣑ࣥࢩືཷࡓࡗࢆ∦࣒ࢩ㕲ࡢ

ࡀBZᆒ୍ᗘࠊࡣ✚㡿ᇦ࡛ࠊࡾࡼࢢ 31.1ppmЍ

0.11ppm, BR BR|<28.3|ࡶ್᭱ࡢ TЍ| |<0.36 T
 ࠋࡿ࠼ゝṧᕪ☢ሙ࠸ࡉ༑ศᑠࠋࡓฟ᮶

(d)࡛ࠊࡣ☢Ẽ㍈ࡢഴࡍ⾲ࢆࡁ☢ሙ ࢩ௬ࢆ

Fig. 5-16ࠋࡓᚓࢆᯝ⤖ࡢࢢ࣑ࣥ 㕲ࠊࡣ࡛ yoke 

(d)ࡢ 0.05 ᗘ(0.87mrad)ࡢഴࡀࡁᏑᅾࡿࡍሙྜࡘ

๓(ㄗᕪ☢ሙࢢ࣑ࣥࢩࠊ࡚࠸ BER)ᚋ(ṧᕪ☢ሙ

BRE)༙ࢆᚄ 0. 333m BZᡂศࠋࡍ♧⟄㠃ୖ࡛ࡢ

 (BX, BY or BR)ᡂศࠊࡀࡿ࠶ࡀBZศᕸ(3.0 T ᑐ

ࡋ 0.1 ppm1.0ࠊ ppm  10 ppm ⟄㠃(⥺㧗➼

࢞ሙᡂศBRศᕸ(0.5☢ࡓ࠸ྥࢆᆶ┤࡛༙ᚄ᪉ྥ
ࠊࡣᡴⅬ㡿ᇦ࡛ࠋࡿ࠸࡚ࡋ♧ࢆ(⥺㧗➼ࡢẖࢫ࢘

BZ
ER>0(ୖྥࡁ)ࠊ BR>0(እྥࡁ)࡛ࠋࡿ࠶ 
ୖഃࡢ BERᑐ࡚ࡋ௬࡛ࢢ࣑ࣥࢩồࡓࡵṧᕪ

☢ሙ BRE ࢆ Fig. 5-16 ୗ㒊ࠋࡓࡋ♧㕲㔞ࢆ

1623.7 cc ࡣ✚㡿ᇦ࡛࣒࣮ࣅࠊࡀ࠺ࢆ∦㕲ࡢ

0.07 ppm ࡋࠋࡿ࠶ᯝ࡛⤖ࡿࢀࡽᚓࡀᆒ୍ᗘࡢ

ࠊࡋ ᡂศࡣṧᏑࠊࡋ✚㡿ᇦ㏆࡛ࡣ Z ᪉ྥ

⨨౫Ꮡ࠸࡞ࡋᡂศ4.6.5ࠋࡿ࡞ 㡯࡛ㄝ᫂ࡋ

࠸ࡋ㞴ࡢࢢ࣑ࣥࢩࡓ ᡂศࡀṧࡓࡗ⤖ᯝ࡛࠶

ṧᕪ BRࡣ࡛ࡢࡇࠋࡿ
RE1.13±ࡣ ຊ☢ࠊ࡛ࢫ࢘࢞

ሙ᳨ฟჾ☢ࠊࡀ᪉ྥࡢ⥺ 0.002 ᗘ(0.038 mrad)ࡔ
ᶍᘧⓗࢆἣ≦ࡢࡇࠋࡿ࡞ࡇࡿ࠸࡚࠸ഴࡅ

ㄗᕪ☢ሙࡢ☢ຊ⥺࡛⾲ࡍFig. 5-17࡛࣑ࢩࠋࡿ࠶

࠸࡚ࡗᣢࢆ㍈᪉ྥᡂศࡣㄗᕪ☢ሙࠊࡣ๓࡛ࢢࣥ

ࡣㄗᕪ☢ሙ࡛ࡇ࠺⾜ࢆࢢ࣑ࣥࢩࠊࡀࡿ

ᡂศࠋࡿ࡞ 

(b)(d)࡛ࢢ࣑ࣥࢩືཷࠊࡣᚋࠊㄗᕪ☢ሙࡢ

ࡕ࠺ ᡂศࡀṧࢆࡇࡿㄝ᫂࠺ࡼࡢࡇࠊࡀࡓࡋ

BR-typeࠊṇ⿵ࡢሙ☢࡞ ࡇ࠺ࢆࣝࢥ࣒ࢩ

チᐜࠋࡿ࠸࡚࠼⪄ࡿฟ᮶ࡀ ᡂศࡢ࡚࠸ࡘ

ᇶ‽ࡣᮍᐃ࡛ࠊࡀࡿ࠶ࡤ࠼  =7 ࠊࡔࢫ࢘࢞

|B|ᆒ୍ᗘࡢチᐜ☢ሙᖜᑐ࡚ࡋ᭷ព࡞

0.03ppm ࠊࡣ⪅➹ࠊࡵࡓࡢࡑࠋࡿ࠼ࢆኚࡢ

<7  ࠋࡿ࠸࡚࠼⪄Ᏻ┠ࡢࡘ୍ࢆࢫ࢘࢞
୍᪉ࠊ☢Ẽࢧࣥࢭ㸫ࡣ|B|ࢆィ ࠊࡋ ᡂศࢆ

ศ㞳࡚ࡋィ ࡣࡇࡿࡍ㞴ࠊࡋࡋࠋ࠸ࡋ

0.01ppm(nmr ࡛ࢧࣥࢭ 1Hz ┦ᙜࠊ┦ᑐኚ㔞࡛࠶

࠼⪄⬟ྍࡣࡇࡿࡍ ィࢆሙኚ☢ࡢᗘ⛬(ࡿ

ࡤ࠼ࠊ࡛ࡇࡑࠋࡿ Fig. 4-24 ᕥࡸ Fig. 5-1 ྑୗࠊ

Fig. 5-17ࠊࡧࡼ࠾ ຊ☢┤ᆶ㍈▼☢࡞࠺ࡼࡢྑ

BR-typeࠊࢆṧᕪᡂศࡿࡍ㏻㐣ࡀ⥺ ࣝࢥ࣒ࢩࡢ

࡛ MODE1, MODE2 (Fig. 5-14 ᕥ➃)ࢆ࡚ࡗᡴࡕ

ᾘࡀࡇࡍฟ᮶6ࠋࡿ࠸࡚࠼⪄ࡿ ಶࢥ࣒ࢩࡢ

㟁ὶ㓄ศࡢࣝ  ࠊ࡛ࡢࡿࡵỴࢆሙศᕸ☢ࡀ,

, = C1,1 + C2,2    (5-3) 

C1, C2ࠊࡋ ☢ ィࠊ࡚ࡏࡉኚヨ⾜㘒ㄗⓗࢆ

ሙࡎࢃࡀᙅࡿ࡞ࡃ C1, C2ࢆồࡢࡑࡿࡵ᮲௳

࣮࣏ࣝࢲ࡛ ᡂศࡀᡴࡕᾘࡁุ࡛᩿ࡓࢀࡉ

 ࠋࡿ
୍᪉࠸࡞ࡓ‶ࡶࢫ࢘࢞1ࠊ ᡂศࠊࡔᘧ(5-

3)࡛㆟ㄽࡓࡋ᪉ἲ࡛ࡣ㺂㞴ྍ࠸ࡋ⬟ᛶࡀ㧗ࡋࠋ࠸

Fig. 5-15ࠊࡋ 㕲࡞࠺ࡼࡢ yoke ㄗᕪ☢ሙࡢࡽ

ࡿࢀࡉ ᚋ࡛ணࡓࡋࢢ࣑ࣥࢩࢆ BR ᡂศࡢṧ␃

Fig. 5-16 㕲ᚰኚࢫ࣮ࢣࡢ(d)ࡿࡼㄗᕪ☢ሙ

☢ୗ㸹ṧᕪࠊᯝ㺂 ୖ㸸ㄗᕪ☢ሙ⤖ࢢ࣑ࣥࢩືཷ

ሙ༙ࠊᚄ 0. 333m ⟄ୖࡢ %Rศᕸࢆᒎ㛤ࡍ♧࡚ࡋ. 
ᩥ⊩[51], Fig. 4, Fig.5(a)ࡾࡼᘬ⏝. 

Fig. 5-17 ࢢ࣑ࣥࢩ๓ᚋࡢㄗᕪ☢ሙᡂศ 

Shimming 
operation

Fiducial volume

10㸫 44



 

ᅛ᭷࣮ࣔࠊࡣࢻ✚㡿ᇦࢆ☢ຊ⥺ࡀ☢▼㍈ᆶ

࡞ࡋᙳ㡪ࡣᆒ୍ᗘࠋࡿ࠶ሙ࡛☢ࡿࡍ㏻㐣┤

ࢀࡉ⨨㓄࡚࠸ഴ┦ࡀ㍈ࡢ▼☢ฟჾ᳨ࠋ࠸

BXࠊぢ࡚ࡽฟჾ᳨ࠊࡿ ࡣࡃࡋࡶ BY ࡀሙ☢ࡢ

Ꮡᅾ࠺ࡼࡿࡍぢࠋࡿ࠼Muon ㄪࢆ⨨࣒࣮ࣅ

BX, BYࠊࡽࡁ᪉ྥࡢࡑࠊ ࠊࡤࢀࡁฟ᳨࡛ࢆ

Fig.5-14 ࠸࡚࠼⪄ࡿࡁṇ࡛⿵࡚ࡗࢆሙ☢ࡢ

6ࠊࡓࡲࠋࡿ ࣉ࢝ࠊࡣᡂศ࡞࿘ᅇ᪉ྥ୍ᵝࡢ┠␒

BRࠋࡿ࠶ሙ࡛☢ࢫ ᡂศࢆ࿘ᅇ᪉ྥ୍ᵝⓎ⏕ࡍ

࡛᭱ࠊ࡛ࡢࡿ BR=1 ࠊࡀ࠸ࡉᑠᗘ⛬ࢫ࢘࢞

Muon ✚㌶㐨ࡢ㍈᪉ྥ⨨ࡢㄪᩚ⏝ࡿࡍ

 ࠋࡿ࠸࡚࠼⪄ࡶ

 㛵㐃ࡢሙ☢࠸ࡋ㞴ࡢࢢ࣑ࣥࢩືཷ .5.2.3

4.6.5ࠊ࡛ࡍ 㡯࡛㆟ㄽࠊ࠺ࡼࡓࡋ☢▼㍈

ᆶ┤࡞☢ሙᡂศ ㄪᩚࡣ࡛ࢢ࣑ࣥࢩࡢ㏻ᖖࠊࡣ

ฟ᮶࡞࠺ࡼࡢࡑࠋ࠸࡞☢ሙࢆ Fig. 4-24 ࡓࡋ♧

BRࠊࡀ ࠸ఝ࡚ሙ☢ࡿసࡀࣝࢥ࣒ࢩࡢࣉࢱ

4.6.5ࠋࡿ 㡯࡛ ☢ሙᡂศ᳨ࡢฟ࣭⿵ṇἲࢆᥦ

MRIࠋࡓࡋ ↓ࡣࡇࡿ࡞ᐇ㝿ୖၥ㢟ࡣ࡛▼☢

-gࠊ࠺ࡼࡿࡍḟ⠇࡛ㄝ᫂ࠊࡀࡓࡋㄝ᫂࠸
2/EDMィ ⏝ࡢMSM࡛ࠊࡣ ᡂศࡢⓎ⏕ࡀ↓ど

BRࠊࡣṇ⿵ࡢࡑࠋࡿ࠶ࡶሙྜ࠸࡞ࡁ࡛ ࣉࢱ

 ࠋࡿ࠸࡚࠼⪄ࡿࡁ࡛⏝ࡀࣝࢥ࣒ࢩࡢ
 

5.2.4. ཷືⓗ☢ሙࢢ࣑ࣥࢩṧᕪ☢ሙ 

 ࠋࡿṧࡣሙ☢ࡢୗグࠊࡶసᴗᚋ࡛ࢢ࣑ࣥࢩ

(1) ☢ሙタィ࡛チᐜࡓࡋ☢ሙศᕸࠊ 
(2) ☢▼㍈┤ࡓࡋ☢ሙᡂศ  ࠊ
ࠊࡀࡿࡍㄪᩚࢆ|ሙᙉᗘ|B☢ࡣࢢ࣑ࣥࢩࠋࡿ࠶࡛

タィィ⏬ࡓࡋ☢ሙ௨ୖⰋዲ࡞☢ሙศᕸࢆ

ᚓࡣࡇࡿฟ᮶ࠋ[13]࠸࡞ᚑࢢ࣑ࣥࢩࠊ࡚ࡗᚋ࡛

ࡶ Table 5-1 ࡢ⠊ᅖ࡛☢ሙᙉᗘࡍࡓ‶ࢆᆒ୍ᗘࡢ

ศᕸࡣṧࡀࢀࡇࠊࡾṧᕪ☢ሙ BRE ࡋࠋࡿ࠶࡛

ࡢᶆ┠ࠊࡋ 0.2 ppm ௨ୗ☢ሙタィࡢࡿ࠸࡚ࢀࡉ

 ࠋ࠸࡞ࡣၥ㢟࡛ࡣṧᕪ☢ሙࡢࡇࠊ࡛
୍᪉ࡢ(2)ࠊ ᡂศ4.1ࠊࡣ⠇ࡢ☢▼タィࡸ 4.6.3

㡯ࢢ࣑ࣥࢩࡢィ⟬ 4.6.5 ࡓࡋṧᕪ☢ሙ࡛ㄝ᫂ࡢ

࣑ࣥࢩ࣭⟭タィィࠊࡾ࠶ᅔ㞴࡛ࡀ ィࠊ࠺ࡼ

ࡣ࡛ࢢ࣑ࣥࢩືཷࠊࡽࡉࠊࡎࢀࡲྵ⟭ィࢢ

ᡂศࡣࢢ࣑ࣥࢩࡢ㞴࣑ࣥࢩࡵࡓࡢࡑࠋ࠸ࡋ

MSMࠊࡣ࡛ࡇࡇࠋࡿ࠶ሙ࡛☢ࡿṧᚋࢢ 㛵㐃

ࢩ⟭ィࡢㄗᕪ☢ሙࡓࡋᐃࢆタ⨨ㄗᕪࠊࡓࡋ

(ࢢ࣑ࣥࢩ௬ࡣ௨ୗ࡛)ࣥࣙࢩ࣮࣑ࣞࣗࢩࢢ࣑ࣥ
 ࠋࡿࡍㄝ࡚᫂ࡋ㏻ࢆ

Fig. 5-15 3✀㢮ࡢ㕲 yokeタ⨨ㄗᕪࠋࡍ♧ࢆᕥ

㕲(b)ࠊタィ≧ែ(a)ࠊࡽ yoke ୖ᪉ኚ 1mm, (c)
ᶓኚ 1mm, (d)ᅇ㌿ 0.05ᗘࡢࢀࡎ࠸ࠋࡿ࠶࡛ࠊሙ

ᆒ୍ᗘࡢ㕲∦࡛BZ☢ሙ࣒ࢩࡢ3000cm3௨ୗࠊࡶྜ

0.2ppm (✚㡿ᇦࡢ 3cm ᖜ x10cm 㧗ࡢࡉ㡿ᇦ)࡛
࡛(b)ࡣ᭱ࠋࡓࡋㄆ☜ࡣࡿࡁ࡛ࢢ࣑ࣥࢩ
2348.3ccm3࡛ࠊࡓࡲࠋࡓࡗ࠶(b)(d)࡛ࡣFig. 4-24
ࡓࡋ㆟ㄽࡶ࡛ ᡂศ☢ሙࠊࡀᏑᅾࠋࡿࡍ 
࿘ᅇ᪉ྥయࠊࡶᚋ࡛ࢢ࣑ࣥࢩࡣ࡛(b)ࢫ࣮ࢣ

࡛㍈᪉ྥ(R ᪉ྥ)ࡢṧ␃☢ሙ 0.11㹼-0.16-ࡀ ࢞

g-2/EDMࠋࡓࡋᏑᅾࢫ࢘ ヲ⣽ィ ᐇ㦂ࠊࡣ 

n-index=1.5E-4{ = െ1.35E-3 T/m}  (5-2) 

8.1mm㹼-11.9mm-ࠊࡾ࠶ணᐃ࡛ࡿࢀࢃ⾜࡛ ࡢ

Muon ࿘ᅇ㌶㐨ࡢ㍈᪉ྥ⨨ࡢኚࢆ㉳ࡇࠋࡍࡇ

Fig. 5-14 %Rࡿࡼࣝࢥ࣒ࢩࣉࢱ☢ሙ. 6 ಶࡢ

ࡿࡼ㏻㟁ኚ᭦ ࣝࢥ 6 ✀㢮ࡢ☢ሙศᕸ. ☢ሙ᪉

ࢆྥ Z=0 㠃࡛ࡢ▮༳࡛♧[51]⫣ᩥ .ࡍ, Fig. 6 ᘬ⏝. 

Fig. 5-15 3 ✀㢮ࡢ㕲 yoke タ⨨ㄗᕪ 

(a) No error
(Design) 

(b) 㕲yoke䛜
1mmୖ᪉⛣ື

(c) 㕲yoke䛜
1mmᶓ᪉ྥ⛣ື

(d) 㕲yoke䛜
0.05ᗘᅇ㌿

SC CBs

Iron-yoke

X

Z

 

ṇ⿵ࡢ BR ሙ࡛☢ࡢࣝࢥ࣒ࢩࣉࢱ Fig. 5-14
ࡢ 6  ࠋࡿ࠸࡚࠼⪄ࡿ࠼ࡀሙ☢ࡢ┠␒

(c)ࡣ 1947.5cm3 ࣑ࣥࢩືཷࡓࡗࢆ∦࣒ࢩ㕲ࡢ

ࡀBZᆒ୍ᗘࠊࡣ✚㡿ᇦ࡛ࠊࡾࡼࢢ 31.1ppmЍ

0.11ppm, BR BR|<28.3|ࡶ್᭱ࡢ TЍ| |<0.36 T
 ࠋࡿ࠼ゝṧᕪ☢ሙ࠸ࡉ༑ศᑠࠋࡓฟ᮶

(d)࡛ࠊࡣ☢Ẽ㍈ࡢഴࡍ⾲ࢆࡁ☢ሙ ࢩ௬ࢆ

Fig. 5-16ࠋࡓᚓࢆᯝ⤖ࡢࢢ࣑ࣥ 㕲ࠊࡣ࡛ yoke 

(d)ࡢ 0.05 ᗘ(0.87mrad)ࡢഴࡀࡁᏑᅾࡿࡍሙྜࡘ

๓(ㄗᕪ☢ሙࢢ࣑ࣥࢩࠊ࡚࠸ BER)ᚋ(ṧᕪ☢ሙ

BRE)༙ࢆᚄ 0. 333m BZᡂศࠋࡍ♧⟄㠃ୖ࡛ࡢ

 (BX, BY or BR)ᡂศࠊࡀࡿ࠶ࡀBZศᕸ(3.0 T ᑐ

ࡋ 0.1 ppm1.0ࠊ ppm  10 ppm ⟄㠃(⥺㧗➼

࢞ሙᡂศBRศᕸ(0.5☢ࡓ࠸ྥࢆᆶ┤࡛༙ᚄ᪉ྥ
ࠊࡣᡴⅬ㡿ᇦ࡛ࠋࡿ࠸࡚ࡋ♧ࢆ(⥺㧗➼ࡢẖࢫ࢘

BZ
ER>0(ୖྥࡁ)ࠊ BR>0(እྥࡁ)࡛ࠋࡿ࠶ 
ୖഃࡢ BERᑐ࡚ࡋ௬࡛ࢢ࣑ࣥࢩồࡓࡵṧᕪ

☢ሙ BRE ࢆ Fig. 5-16 ୗ㒊ࠋࡓࡋ♧㕲㔞ࢆ

1623.7 cc ࡣ✚㡿ᇦ࡛࣒࣮ࣅࠊࡀ࠺ࢆ∦㕲ࡢ

0.07 ppm ࡋࠋࡿ࠶ᯝ࡛⤖ࡿࢀࡽᚓࡀᆒ୍ᗘࡢ

ࠊࡋ ᡂศࡣṧᏑࠊࡋ✚㡿ᇦ㏆࡛ࡣ Z ᪉ྥ

⨨౫Ꮡ࠸࡞ࡋᡂศ4.6.5ࠋࡿ࡞ 㡯࡛ㄝ᫂ࡋ

࠸ࡋ㞴ࡢࢢ࣑ࣥࢩࡓ ᡂศࡀṧࡓࡗ⤖ᯝ࡛࠶

ṧᕪ BRࡣ࡛ࡢࡇࠋࡿ
RE1.13±ࡣ ຊ☢ࠊ࡛ࢫ࢘࢞

ሙ᳨ฟჾ☢ࠊࡀ᪉ྥࡢ⥺ 0.002 ᗘ(0.038 mrad)ࡔ
ᶍᘧⓗࢆἣ≦ࡢࡇࠋࡿ࡞ࡇࡿ࠸࡚࠸ഴࡅ

ㄗᕪ☢ሙࡢ☢ຊ⥺࡛⾲ࡍFig. 5-17࡛࣑ࢩࠋࡿ࠶

࠸࡚ࡗᣢࢆ㍈᪉ྥᡂศࡣㄗᕪ☢ሙࠊࡣ๓࡛ࢢࣥ

ࡣㄗᕪ☢ሙ࡛ࡇ࠺⾜ࢆࢢ࣑ࣥࢩࠊࡀࡿ

ᡂศࠋࡿ࡞ 

(b)(d)࡛ࢢ࣑ࣥࢩືཷࠊࡣᚋࠊㄗᕪ☢ሙࡢ

ࡕ࠺ ᡂศࡀṧࢆࡇࡿㄝ᫂࠺ࡼࡢࡇࠊࡀࡓࡋ

BR-typeࠊṇ⿵ࡢሙ☢࡞ ࡇ࠺ࢆࣝࢥ࣒ࢩ

チᐜࠋࡿ࠸࡚࠼⪄ࡿฟ᮶ࡀ ᡂศࡢ࡚࠸ࡘ

ᇶ‽ࡣᮍᐃ࡛ࠊࡀࡿ࠶ࡤ࠼  =7 ࠊࡔࢫ࢘࢞

|B|ᆒ୍ᗘࡢチᐜ☢ሙᖜᑐ࡚ࡋ᭷ព࡞

0.03ppm ࠊࡣ⪅➹ࠊࡵࡓࡢࡑࠋࡿ࠼ࢆኚࡢ

<7  ࠋࡿ࠸࡚࠼⪄Ᏻ┠ࡢࡘ୍ࢆࢫ࢘࢞
୍᪉ࠊ☢Ẽࢧࣥࢭ㸫ࡣ|B|ࢆィ ࠊࡋ ᡂศࢆ

ศ㞳࡚ࡋィ ࡣࡇࡿࡍ㞴ࠊࡋࡋࠋ࠸ࡋ

0.01ppm(nmr ࡛ࢧࣥࢭ 1Hz ┦ᙜࠊ┦ᑐኚ㔞࡛࠶

࠼⪄⬟ྍࡣࡇࡿࡍ ィࢆሙኚ☢ࡢᗘ⛬(ࡿ

ࡤ࠼ࠊ࡛ࡇࡑࠋࡿ Fig. 4-24 ᕥࡸ Fig. 5-1 ྑୗࠊ

Fig. 5-17ࠊࡧࡼ࠾ ຊ☢┤ᆶ㍈▼☢࡞࠺ࡼࡢྑ

BR-typeࠊࢆṧᕪᡂศࡿࡍ㏻㐣ࡀ⥺ ࣝࢥ࣒ࢩࡢ

࡛ MODE1, MODE2 (Fig. 5-14 ᕥ➃)ࢆ࡚ࡗᡴࡕ

ᾘࡀࡇࡍฟ᮶6ࠋࡿ࠸࡚࠼⪄ࡿ ಶࢥ࣒ࢩࡢ

㟁ὶ㓄ศࡢࣝ  ࠊ࡛ࡢࡿࡵỴࢆሙศᕸ☢ࡀ,

, = C1,1 + C2,2    (5-3) 

C1, C2ࠊࡋ ☢ ィࠊ࡚ࡏࡉኚヨ⾜㘒ㄗⓗࢆ

ሙࡎࢃࡀᙅࡿ࡞ࡃ C1, C2ࢆồࡢࡑࡿࡵ᮲௳

࣮࣏ࣝࢲ࡛ ᡂศࡀᡴࡕᾘࡁุ࡛᩿ࡓࢀࡉ

 ࠋࡿ
୍᪉࠸࡞ࡓ‶ࡶࢫ࢘࢞1ࠊ ᡂศࠊࡔᘧ(5-

3)࡛㆟ㄽࡓࡋ᪉ἲ࡛ࡣ㺂㞴ྍ࠸ࡋ⬟ᛶࡀ㧗ࡋࠋ࠸

Fig. 5-15ࠊࡋ 㕲࡞࠺ࡼࡢ yoke ㄗᕪ☢ሙࡢࡽ

ࡿࢀࡉ ᚋ࡛ணࡓࡋࢢ࣑ࣥࢩࢆ BR ᡂศࡢṧ␃

Fig. 5-16 㕲ᚰኚࢫ࣮ࢣࡢ(d)ࡿࡼㄗᕪ☢ሙ

☢ୗ㸹ṧᕪࠊᯝ㺂 ୖ㸸ㄗᕪ☢ሙ⤖ࢢ࣑ࣥࢩືཷ

ሙ༙ࠊᚄ 0. 333m ⟄ୖࡢ %Rศᕸࢆᒎ㛤ࡍ♧࡚ࡋ. 
ᩥ⊩[51], Fig. 4, Fig.5(a)ࡾࡼᘬ⏝. 

Fig. 5-17 ࢢ࣑ࣥࢩ๓ᚋࡢㄗᕪ☢ሙᡂศ 

Shimming 
operation

Fiducial volume

Fig. 5-16右下、

10㸫 4510㸫 44



 

ᘧ(5-2)ࠋࡿ࠼ࢆᙳ㡪⨨㍈᪉ྥ࣒࣮ࣅࠊࡣ
 ࠊሙྜࡢᙅ㞟᮰☢ሙࡢ

(b)ࡢṧᕪ☢ሙ ࡣ Muon ࿘ᅇ Z ᪉ྥ⨨ࢆ-
8.1mm㹼-11.9mm ኚࠊࡏࡉ 
(d)ࡢ ࢆ࿘ᅇ㠃ࠊࡣ 0.004mrad(0.002ᗘ)ഴࡿࡅ

Z᪉ྥࡓࡋᮇྠ࿘ᅇ࿘ἼᩘMuonࠊඹ

 ࠊᛶ⬟ྍࡿࡏࡉ⏕Ⓨࢆື
BR-typeࠊࡤࢀࡁฟ᳨࡛ࡀࡽࢀࡇࠋࡿࢀࡉணࡀ
Fig. 5-14ࠊࡣ࡛๓⪅(b)ࠋࡿࡁṇ࡛⿵࡛ࣝࢥ࣒ࢩ
ࡢ 6 ࡚ࡋㄪᩚࢆࡉᙉࡢ┠␒ Muon ㌶㐨ࡢ Z ᪉ྥࢆ

୰ᚰ㠃(Z=0)ᡠࠊࡓࡲࠋࡿࡏ(d)ࡢሙྜ࡛ࠊࡶヨ

⾜㘒ㄗࠊࡀࡿ࡞ᘧ(5-3)ࡢ C1, C2ࢆㄪᩚࠊ࡚ࡋᙳ

㡪ࡿ࡞ࡃ↓ࡢ᮲௳ࢆ᥈ࠋࡍ 
ᙉ≉ࠊࡣሙ☢ࡿࡼࣝࢥ࣒ࢩࠊ࡛ࢁࡇ

ሙ☢ࡍࢆᆒ୍☢ሙࠊሙྜࡓࡋ⏝㟁ὶ࡛࠸

⿵࡛ࣝࢥ࣒ࢩࠊࡵࡓࡢࡑࠋࡿࢀࡉணࡿ࡞

ṇࡓࡋᚋࠊᗘࠊfine ࡍㄪᩚࢆሙ☢࡛ࢢ࣑ࣥࢩ

 ࠋࡿ࠸࡚࠼⪄ࡿ࡞ࡇࡿ

5.3. Muon ධᑕ&✚㛵ಀࡢ☢ሙⓎ⏕ᶵჾ 

Muon ධᑕ࣭✚㛵㐃ࡓࡋ☢ሙࠊࡣᙅ㞟᮰

☢ሙ࣮࢝ࢵ࢟ࠊ☢ሙࢢࣥࣜࢸࢫࠊࢀࡑࠊ☢

ሙ᭱ࠋࡿ࠶ࡀᚋࢆࡽࢀࡇㄝ᫂ࠋࡿࡍ 

5.3.1. ᙅ᮰☢ሙ 

ᙅ㞟᮰☢ሙࡣ WFC(WFC㸸Weak Focus Coilࠊᙅ

㞟᮰☢ሙࣝࢥ)࡛సࠋࡿࢀࡽ✚㡿ᇦ࡛࣮࣑ࣗ

ຍࡵࡓࡿࡏࡉୗ᪉ྥ࡛Ᏻᐃୖࠊࢆ㌶㐨ࣥ࢜

  ࠊࡣタィ࡛ࡢᅾ⌧ࠋࡿ࠶ሙ࡛☢ࡿ࠼

= = െ1.35 × 10   [T/m]  (5-4)  

ࡢࡇࠋࡿ࠸࡚ࢀࡉணᐃࡀᐇ㦂ࡢᙅ㞟᮰☢ሙ࡛ࡢ

໙㓄ࠊࡣ᪤ 3.4 ⠇࡛㆟ㄽࠊ࠺ࡼࡓࡋ㏆ఝⓗ

ן ᣦᩘࡿࡍ n ᘧ(3-27)ᘧ᪤ࠋࡿࢀࡉ⾲࡛
࡛ᐃ⩏ࠊࡀࡿ࠸࡚ࢀࡉ♧ࡀᗘୗグࠋࡍ♧ 

n = െ  .    (5-5) 

g-2/EDM ィ ᐇ㦂࡛ࡣᘧ(5-4)ࡀᐃ᱁࡛ࠊࡀࡿ࠶

WFC ᣦᩘࠊ㏻㟁㟁ὶㄪᩚ࡛ࡢ n ࢆ 0㹼3.0x10  
( = 0㹼2.7x10-3T/m)ࡢ⠊ᅖ࡛ኚ᭦ྍ⬟࡛ࠊࡿ࠶

BZࠋࡿ࠸࡚ࡵ㐍ࢆタィ࡚ࡋ ศᕸࠊࡣ⨨(R, Z)
ᣦᩘ n  ࠊࡿࡍ⪄ཧࢆᘧ(3-29)ࠊࡋ౫Ꮡ

= െ ( െ ) +     (5-6) 

 ࠊࡽᘧ(5-4)ࠊࡓࡲࠋࡿ࠶࡛

= െ     (5-7) 

ࡣR0, B0ࠊ࡛ࡇࡇࠋࡿ࠶ࡶ࡛ g-2/EDM ࡢ MSM ࡢ

୰ᚰࢀࡒࢀࡑ࡛ࢱ࣮࣓ࣛࣃ 0.333m, 3.0T  ࠋࡿ࠶࡛
ᑟయ⨨ࡢ㓄⨨ሙᡤࠊࡣ㓄⨨⢭ᗘࢆⰋࡍࡃ

5ࠊࡵࡓࡿ ಶࡢ MC-CB ࠋࡿࡍ⏝ࢆᯟࡁᕳࡢ

MC-CBࠊࡵࡓࡢࡑ MC-CBࠊෆഃ࡛ࡢ ᨭᣢᵓࡢ

㐀≀ࢆ⏝࡚ࡋ㓄⨨༙ࠊࡾࡲࡘࠋࡿࡍᚄࡣ

0.795m ࡛ Z=-0.750m㹼+0.750m ࡿࡍ⨨㓄⠊ᅖࡢ

ィ⏬࡛ࠋࡿ࠶㟁ὶ್㓄⨨⨨ࢆỴࡵࡓࡿࡵ

Fig. 4-1ࠊࡶ  ࠋ࠺ࢆ᪉ἲࡢ
Step-1 R=0.795mࠊ࡚ࡋ ㍯㟁ὶ⥺ 50 ᮏࢆ㓄

ࢆሙホ౯Ⅼ☢ࠊ࡚ࡋ⨨ R=0.333m ୰ᚰ࡛ࠊ㧗ࡉ

10.0cmᖜ 3.0cmࡢᴃ᩿㠃ୖ☢ሙホ౯Ⅼࢆ㓄⨨

ࡓࢀࡽᚓࠊᯝ⤖ࡢࡑࠋࡓࡋ SVD ᅛ᭷ศᕸࢆ Fig. 
5-18 R-Zࠋࡍ♧ ༳࡛⥺㍯▮ࠊࡾ࠶⟄ᗙᶆ࡛ࡢ

㟁ὶศᕸࠊ➼㧗⥺࡛☢ሙᙉᗘศᕸࠋࡓࡋ♧ࢆወ

ࡢ┠␒ᩘ 4 ಶࡢ SVD ᅛ᭷࣮ࣔࠋࡓࡋ♧ࢆࢻྑ

ഃ(Candidate WFC)ࠊࡣStep-1 㟁ࡓࢀࡽウ࡛ᚓ᳨ࡢ

ὶศᕸ☢ሙศᕸ࡛ࡢࡇࠋࡿ࠶ศᕸࠊࡣTable 5-5
Fig. 5-18ࠊࡣ࡛⾲ࡢࡇࠋࡓウ࡛ᚓ᳨ࡢ ᅛ᭷࣮ࣔࡢ

Fig. 5-3(c)ཧ}ࡿ࠸࡚ࡋウ᳨ࢆྜࡿࡍ⟭ຍࢆࢻ
࡚ࡣຍ⟬ྜࡣࡿࡍ⌧ࢆᘧ(5-6)ࠋ{↷ 1.0
ࡆୗࢆ㟁ὶࠊチᐜ⠊ᅖ࡛ࡢṧᕪ☢ሙࠊࡀ࠸Ⰻࡀ

タࡢᑟయࠊ㟁ὶ࡛࡞ࡁࠊࡣࢀࡇࠋ࠸ࡓࡁ࠾࡚

⨨ㄗᕪࠊࡤࢀ࠶ࡀㄗᕪ☢ሙࡀ࡛ࡵࡓࡿ࡞ࡃࡁ

Table 5-5ࠋࡿ࠶ No. 5ࠊࡽ  6 ṧᕪ☢ሙࠊࡣ࡛

0.035ppm-/+ࡣ ⛬ᗘࡢ⠊ᅖ࡛ࠊࡾ࠶ᑠุ᩿࠸ࡉ

࠸ࡉᑠࡾࡼࡀ㟁ὶࠊ࡚ࡋ No.5 ࡛タィࢆ㐍ࡇࡿࡵ

 ࠋࡓࡋ
Fig. 5-18 ࡣࢡ࣮ࣆࡢ㟁ὶศᕸࠊ࠺ࡼࡿゎࡽ

ṇ࣭㈇ే࡚ࡏ 7 㓄ࢆᑟయ⨨ࡢࡇࠊࡾ࠶ᡤ࢝

Fig.5-18ࠊ࡚ࡋ⨨ ࡢࡵࡓࡿసࢆሙ☢ࡢ➼ྠ SVD
ᅛ᭷ศᕸࠊࡀFig. 5-19࡛50ࠊࡑࡼ࠾࠾ࠋࡿ࠶ᮏࡢ

⥺㍯㟁ὶࡢሙྜఝࡓ☢ሙศᕸ࡛ࠋࡿ࠶Table 5-5
㍯㟁ὶ⥺ࡣ 50 ᮏ 7 ᮏ࡛ࠊ⏝ࡿࡍᅛ᭷࣮ࣔ

 

ࢀࡑࡣࢻᅛ᭷࣮ࣔࠋࡓࡋ♧ࡶᯝ⤖ࡓࡋウ᳨ࢆࢻ

Fig. 5-18ࠊࢀࡒ Fig. 5-19ࠋࡿ࠸࡚ࡋ♧Table 5-
5 7ࠊࡀࡿ࠶ᯝ࡛⤖࠸୧⪅࡛㏆ࠊࡣウ⤖ᯝ᳨ࡢ ᮏ

 ᑠࡸࡸࡣ (⟭ຍࡢᑐ್⤯)ウ⤖ᯝ࡛ྜィ㟁ὶ᳨ࡢ࡛
50ࠊࡣࢀࡇࠋ࠸ࡉ ᮏ᳨࡛ࡢウ࡛ồࡓࡵ㟁ὶࣆ

ຠࡶ᭱ࡿࡍ⏕Ⓨࢆሙ☢ࡢᵝྠࠊࡀ⨨ࢡ࣮

⋡ⓗ࡞⨨࡛7ࠋࡿ࠶࡛ࡵࡓࡿ࠶ ᮏ࡛ࡣศᕸ㟁ὶ

㧗ḟᡂࡣᐇ㝿ࠊ࡛ࡢ࠸࡞ࢀࡉ៖⪄ࡣ༑ศࢆ

ศࡢ☢ሙࡀⓎ⏕ࠊࡀࡿ࠸࡚ࡋ≉␗್(T/A ࡛ᕥୖ)
ᴟࡣࡽࢀࡑࠊ࡚࠼⪄ࡽࡇࡿࡍῶᑡ㏿ᛴࡀ

 ࠋࡿ࠼ゝ࠸ࡉᑠ࡚ࡵ
௨ୖ࡛ᚓࡓ WFC Fig. 5-20ࠊࢆሙศᕸ☢ࡢ ♧

5.0E-5Wbࠊࢆ᮰➼㧗⥺(☢ຊ⥺)☢ࠊࡣᕥഃࠋࡍ
ẖ(Zࡢᑠ࠸ࡉ㡿ᇦ)ࡧࡼ࠾ࠊ 5.0E-4Wbẖ(Zࡢࡁ

ṇࡣᡴⅬ㡿ᇦ࡛ࠋࡿ࠸࡚ࡋ♧࡛⥺㧗➼ࡢ(㡿ᇦ࡞

0.333mࠋࡿ࠶᮰࡛☢ࡢ WFCࠊࡣ ࢆሙ☢ࡿసࡀ

▮༳࡛♧ࠋࡓࡋ☢ሙࡢࡲࠋࡓࡋ♧್࡛ᩘࡉࡁ

Ꮠᩘࡓ࠸᭩㏆(MC10㹼MC30)ࣝࢥࠊࡓ

▮༳ࡣ WFC ࠶࡛(ẚ㟁ὶ್ࡣ༳▮)㟁ὶࡢ

Table 5-5 WFC  ウ᳨ࢻ⏝ᅛ᭷࣮ࣔࡢ

No. 

ຍ⟬ྜ ⥺㍯㟁ὶ 50 ᮏ ⥺㍯㟁ὶ 7 ᮏ 
ᅛ᭷࣮ࣔࢻ␒ྕ  

(0.1 T) 

ྜィ 
㟁ὶ
(kA) 

 
(0.1 T) 

ྜィ

㟁ὶ
(kA) 1 3 5 7 

1 1.0 1.0 0.0 0.0 -44.3㹼+57.2 3.43 -44.5㹼57.5 3.47
2 1.0 1.0 0.5 0.0 -22.0㹼30.2 8.12 -22.3㹼30.6 8.71
3 1.0 1.0 1.0 0.0 -4.11㹼3.90 15.49 -3.85㹼3.66 17.74
4 1.0 1.0 1.0 0.5 -2.18㹼2.38 42.50 -2.08㹼2.26 36.32
5 1.0 1.0 1.0 0.9 -1.04㹼1.16 74.96 -1.03㹼1.15 62.02
6 1.0 1.0 1.0 1.0 -0.82㹼0.86 83.08 -0.84㹼0.87 68.44

Fig. 5-18 ᙅ᮰☢ሙࡢࣝࢥ☢ሙタィࡓ࠸⏝ SVD ᅛ᭷࣮ࣔࢻ, ⥺㍯㟁ὶ 50 ᮏ 

 
Fig. 5-19 ᙅ᮰☢ሙࡢࣝࢥ☢ሙタィࡓ࠸⏝ SVD ᅛ᭷࣮ࣔࢻ, ⥺㍯㟁ὶ 7 ᮏ 
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ᘧ(5-2)ࠋࡿ࠼ࢆᙳ㡪⨨㍈᪉ྥ࣒࣮ࣅࠊࡣ
 ࠊሙྜࡢᙅ㞟᮰☢ሙࡢ

(b)ࡢṧᕪ☢ሙ ࡣ Muon ࿘ᅇ Z ᪉ྥ⨨ࢆ-
8.1mm㹼-11.9mm ኚࠊࡏࡉ 
(d)ࡢ ࢆ࿘ᅇ㠃ࠊࡣ 0.004mrad(0.002ᗘ)ഴࡿࡅ

Z᪉ྥࡓࡋᮇྠ࿘ᅇ࿘ἼᩘMuonࠊඹ

 ࠊᛶ⬟ྍࡿࡏࡉ⏕Ⓨࢆື
BR-typeࠊࡤࢀࡁฟ᳨࡛ࡀࡽࢀࡇࠋࡿࢀࡉணࡀ
Fig. 5-14ࠊࡣ࡛๓⪅(b)ࠋࡿࡁṇ࡛⿵࡛ࣝࢥ࣒ࢩ
ࡢ 6 ࡚ࡋㄪᩚࢆࡉᙉࡢ┠␒ Muon ㌶㐨ࡢ Z ᪉ྥࢆ

୰ᚰ㠃(Z=0)ᡠࠊࡓࡲࠋࡿࡏ(d)ࡢሙྜ࡛ࠊࡶヨ

⾜㘒ㄗࠊࡀࡿ࡞ᘧ(5-3)ࡢ C1, C2ࢆㄪᩚࠊ࡚ࡋᙳ

㡪ࡿ࡞ࡃ↓ࡢ᮲௳ࢆ᥈ࠋࡍ 
ᙉ≉ࠊࡣሙ☢ࡿࡼࣝࢥ࣒ࢩࠊ࡛ࢁࡇ

ሙ☢ࡍࢆᆒ୍☢ሙࠊሙྜࡓࡋ⏝㟁ὶ࡛࠸

⿵࡛ࣝࢥ࣒ࢩࠊࡵࡓࡢࡑࠋࡿࢀࡉணࡿ࡞

ṇࡓࡋᚋࠊᗘࠊfine ࡍㄪᩚࢆሙ☢࡛ࢢ࣑ࣥࢩ

 ࠋࡿ࠸࡚࠼⪄ࡿ࡞ࡇࡿ

5.3. Muon ධᑕ&✚㛵ಀࡢ☢ሙⓎ⏕ᶵჾ 

Muon ධᑕ࣭✚㛵㐃ࡓࡋ☢ሙࠊࡣᙅ㞟᮰

☢ሙ࣮࢝ࢵ࢟ࠊ☢ሙࢢࣥࣜࢸࢫࠊࢀࡑࠊ☢

ሙ᭱ࠋࡿ࠶ࡀᚋࢆࡽࢀࡇㄝ᫂ࠋࡿࡍ 

5.3.1. ᙅ᮰☢ሙ 

ᙅ㞟᮰☢ሙࡣ WFC(WFC㸸Weak Focus Coilࠊᙅ

㞟᮰☢ሙࣝࢥ)࡛సࠋࡿࢀࡽ✚㡿ᇦ࡛࣮࣑ࣗ

ຍࡵࡓࡿࡏࡉୗ᪉ྥ࡛Ᏻᐃୖࠊࢆ㌶㐨ࣥ࢜

  ࠊࡣタィ࡛ࡢᅾ⌧ࠋࡿ࠶ሙ࡛☢ࡿ࠼

= = െ1.35 × 10   [T/m]  (5-4)  

ࡢࡇࠋࡿ࠸࡚ࢀࡉணᐃࡀᐇ㦂ࡢᙅ㞟᮰☢ሙ࡛ࡢ

໙㓄ࠊࡣ᪤ 3.4 ⠇࡛㆟ㄽࠊ࠺ࡼࡓࡋ㏆ఝⓗ

ן ᣦᩘࡿࡍ n ᘧ(3-27)ᘧ᪤ࠋࡿࢀࡉ⾲࡛
࡛ᐃ⩏ࠊࡀࡿ࠸࡚ࢀࡉ♧ࡀᗘୗグࠋࡍ♧ 

n = െ  .    (5-5) 

g-2/EDM ィ ᐇ㦂࡛ࡣᘧ(5-4)ࡀᐃ᱁࡛ࠊࡀࡿ࠶

WFC ᣦᩘࠊ㏻㟁㟁ὶㄪᩚ࡛ࡢ n ࢆ 0㹼3.0x10  
( = 0㹼2.7x10-3T/m)ࡢ⠊ᅖ࡛ኚ᭦ྍ⬟࡛ࠊࡿ࠶

BZࠋࡿ࠸࡚ࡵ㐍ࢆタィ࡚ࡋ ศᕸࠊࡣ⨨(R, Z)
ᣦᩘ n  ࠊࡿࡍ⪄ཧࢆᘧ(3-29)ࠊࡋ౫Ꮡ

= െ ( െ ) +     (5-6) 

 ࠊࡽᘧ(5-4)ࠊࡓࡲࠋࡿ࠶࡛

= െ     (5-7) 

ࡣR0, B0ࠊ࡛ࡇࡇࠋࡿ࠶ࡶ࡛ g-2/EDM ࡢ MSM ࡢ

୰ᚰࢀࡒࢀࡑ࡛ࢱ࣮࣓ࣛࣃ 0.333m, 3.0T  ࠋࡿ࠶࡛
ᑟయ⨨ࡢ㓄⨨ሙᡤࠊࡣ㓄⨨⢭ᗘࢆⰋࡍࡃ

5ࠊࡵࡓࡿ ಶࡢ MC-CB ࠋࡿࡍ⏝ࢆᯟࡁᕳࡢ

MC-CBࠊࡵࡓࡢࡑ MC-CBࠊෆഃ࡛ࡢ ᨭᣢᵓࡢ

㐀≀ࢆ⏝࡚ࡋ㓄⨨༙ࠊࡾࡲࡘࠋࡿࡍᚄࡣ

0.795m ࡛ Z=-0.750m㹼+0.750m ࡿࡍ⨨㓄⠊ᅖࡢ

ィ⏬࡛ࠋࡿ࠶㟁ὶ್㓄⨨⨨ࢆỴࡵࡓࡿࡵ

Fig. 4-1ࠊࡶ  ࠋ࠺ࢆ᪉ἲࡢ
Step-1 R=0.795mࠊ࡚ࡋ ㍯㟁ὶ⥺ 50 ᮏࢆ㓄

ࢆሙホ౯Ⅼ☢ࠊ࡚ࡋ⨨ R=0.333m ୰ᚰ࡛ࠊ㧗ࡉ

10.0cmᖜ 3.0cmࡢᴃ᩿㠃ୖ☢ሙホ౯Ⅼࢆ㓄⨨

ࡓࢀࡽᚓࠊᯝ⤖ࡢࡑࠋࡓࡋ SVD ᅛ᭷ศᕸࢆ Fig. 
5-18 R-Zࠋࡍ♧ ༳࡛⥺㍯▮ࠊࡾ࠶⟄ᗙᶆ࡛ࡢ

㟁ὶศᕸࠊ➼㧗⥺࡛☢ሙᙉᗘศᕸࠋࡓࡋ♧ࢆወ

ࡢ┠␒ᩘ 4 ಶࡢ SVD ᅛ᭷࣮ࣔࠋࡓࡋ♧ࢆࢻྑ

ഃ(Candidate WFC)ࠊࡣStep-1 㟁ࡓࢀࡽウ࡛ᚓ᳨ࡢ

ὶศᕸ☢ሙศᕸ࡛ࡢࡇࠋࡿ࠶ศᕸࠊࡣTable 5-5
Fig. 5-18ࠊࡣ࡛⾲ࡢࡇࠋࡓウ࡛ᚓ᳨ࡢ ᅛ᭷࣮ࣔࡢ

Fig. 5-3(c)ཧ}ࡿ࠸࡚ࡋウ᳨ࢆྜࡿࡍ⟭ຍࢆࢻ
࡚ࡣຍ⟬ྜࡣࡿࡍ⌧ࢆᘧ(5-6)ࠋ{↷ 1.0
ࡆୗࢆ㟁ὶࠊチᐜ⠊ᅖ࡛ࡢṧᕪ☢ሙࠊࡀ࠸Ⰻࡀ

タࡢᑟయࠊ㟁ὶ࡛࡞ࡁࠊࡣࢀࡇࠋ࠸ࡓࡁ࠾࡚

⨨ㄗᕪࠊࡤࢀ࠶ࡀㄗᕪ☢ሙࡀ࡛ࡵࡓࡿ࡞ࡃࡁ

Table 5-5ࠋࡿ࠶ No. 5ࠊࡽ  6 ṧᕪ☢ሙࠊࡣ࡛

0.035ppm-/+ࡣ ⛬ᗘࡢ⠊ᅖ࡛ࠊࡾ࠶ᑠุ᩿࠸ࡉ

࠸ࡉᑠࡾࡼࡀ㟁ὶࠊ࡚ࡋ No.5 ࡛タィࢆ㐍ࡇࡿࡵ

 ࠋࡓࡋ
Fig. 5-18 ࡣࢡ࣮ࣆࡢ㟁ὶศᕸࠊ࠺ࡼࡿゎࡽ

ṇ࣭㈇ే࡚ࡏ 7 㓄ࢆᑟయ⨨ࡢࡇࠊࡾ࠶ᡤ࢝

Fig.5-18ࠊ࡚ࡋ⨨ ࡢࡵࡓࡿసࢆሙ☢ࡢ➼ྠ SVD
ᅛ᭷ศᕸࠊࡀFig. 5-19࡛50ࠊࡑࡼ࠾࠾ࠋࡿ࠶ᮏࡢ

⥺㍯㟁ὶࡢሙྜఝࡓ☢ሙศᕸ࡛ࠋࡿ࠶Table 5-5
㍯㟁ὶ⥺ࡣ 50 ᮏ 7 ᮏ࡛ࠊ⏝ࡿࡍᅛ᭷࣮ࣔ

 

ࢀࡑࡣࢻᅛ᭷࣮ࣔࠋࡓࡋ♧ࡶᯝ⤖ࡓࡋウ᳨ࢆࢻ

Fig. 5-18ࠊࢀࡒ Fig. 5-19ࠋࡿ࠸࡚ࡋ♧Table 5-
5 7ࠊࡀࡿ࠶ᯝ࡛⤖࠸୧⪅࡛㏆ࠊࡣウ⤖ᯝ᳨ࡢ ᮏ

 ᑠࡸࡸࡣ (⟭ຍࡢᑐ್⤯)ウ⤖ᯝ࡛ྜィ㟁ὶ᳨ࡢ࡛
50ࠊࡣࢀࡇࠋ࠸ࡉ ᮏ᳨࡛ࡢウ࡛ồࡓࡵ㟁ὶࣆ

ຠࡶ᭱ࡿࡍ⏕Ⓨࢆሙ☢ࡢᵝྠࠊࡀ⨨ࢡ࣮

⋡ⓗ࡞⨨࡛7ࠋࡿ࠶࡛ࡵࡓࡿ࠶ ᮏ࡛ࡣศᕸ㟁ὶ

㧗ḟᡂࡣᐇ㝿ࠊ࡛ࡢ࠸࡞ࢀࡉ៖⪄ࡣ༑ศࢆ

ศࡢ☢ሙࡀⓎ⏕ࠊࡀࡿ࠸࡚ࡋ≉␗್(T/A ࡛ᕥୖ)
ᴟࡣࡽࢀࡑࠊ࡚࠼⪄ࡽࡇࡿࡍῶᑡ㏿ᛴࡀ

 ࠋࡿ࠼ゝ࠸ࡉᑠ࡚ࡵ
௨ୖ࡛ᚓࡓ WFC Fig. 5-20ࠊࢆሙศᕸ☢ࡢ ♧

5.0E-5Wbࠊࢆ᮰➼㧗⥺(☢ຊ⥺)☢ࠊࡣᕥഃࠋࡍ
ẖ(Zࡢᑠ࠸ࡉ㡿ᇦ)ࡧࡼ࠾ࠊ 5.0E-4Wbẖ(Zࡢࡁ

ṇࡣᡴⅬ㡿ᇦ࡛ࠋࡿ࠸࡚ࡋ♧࡛⥺㧗➼ࡢ(㡿ᇦ࡞

0.333mࠋࡿ࠶᮰࡛☢ࡢ WFCࠊࡣ ࢆሙ☢ࡿసࡀ

▮༳࡛♧ࠋࡓࡋ☢ሙࡢࡲࠋࡓࡋ♧್࡛ᩘࡉࡁ

Ꮠᩘࡓ࠸᭩㏆(MC10㹼MC30)ࣝࢥࠊࡓ

▮༳ࡣ WFC ࠶࡛(ẚ㟁ὶ್ࡣ༳▮)㟁ὶࡢ

Table 5-5 WFC  ウ᳨ࢻ⏝ᅛ᭷࣮ࣔࡢ

No. 

ຍ⟬ྜ ⥺㍯㟁ὶ 50 ᮏ ⥺㍯㟁ὶ 7 ᮏ 
ᅛ᭷࣮ࣔࢻ␒ྕ  

(0.1 T) 

ྜィ 
㟁ὶ
(kA) 

 
(0.1 T) 

ྜィ

㟁ὶ
(kA) 1 3 5 7 

1 1.0 1.0 0.0 0.0 -44.3㹼+57.2 3.43 -44.5㹼57.5 3.47
2 1.0 1.0 0.5 0.0 -22.0㹼30.2 8.12 -22.3㹼30.6 8.71
3 1.0 1.0 1.0 0.0 -4.11㹼3.90 15.49 -3.85㹼3.66 17.74
4 1.0 1.0 1.0 0.5 -2.18㹼2.38 42.50 -2.08㹼2.26 36.32
5 1.0 1.0 1.0 0.9 -1.04㹼1.16 74.96 -1.03㹼1.15 62.02
6 1.0 1.0 1.0 1.0 -0.82㹼0.86 83.08 -0.84㹼0.87 68.44

Fig. 5-18 ᙅ᮰☢ሙࡢࣝࢥ☢ሙタィࡓ࠸⏝ SVD ᅛ᭷࣮ࣔࢻ, ⥺㍯㟁ὶ 50 ᮏ 

 
Fig. 5-19 ᙅ᮰☢ሙࡢࣝࢥ☢ሙタィࡓ࠸⏝ SVD ᅛ᭷࣮ࣔࢻ, ⥺㍯㟁ὶ 7 ᮏ 
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WFCࠊࡀࡿ࠸࡚࠸᭩ࢆڧࡣ᰿ඖࡢ༳▮ࠋࡿ ࢥ

ࡍ⨨㓄ෆഃࡄࡍࡢࣝࢥࠋࡿ࠶࡛⨨ࣝ

ሙᙉᗘ(☢ሙ㸩WF☢ࡣഃୖྑࠋࡿ ☢ሙ)ࡢ➼

㧗⥺ࢆ 20 T ẖࡢ➼㧗⥺࡛♧ࠋࡓࡋᡴⅬ㡿ᇦ࡛ࡣ

☢ሙࡀ㧗3.0)࠸T ௨ୖ)ࠋ➼☢ሙᙉᗘ⥺ࡣෆഃฝ

➨ࡢᘧ(5-6)ࠊࡀࡿ࠶ᙧ࡛ࡢ 3 㡯ࡢᙳ㡪࡛ྑࠋࡿ࠶

ୗࠊࡣᘧ(5-6)ᕥᅗࡢ㟁ὶ㓄ศࡿࡼ☢ሙ

᪤ࠋࡓࡋ♧ࢆᕪ␗(ṧᕪ)ࡢ Table 5-5 ࡛ヰ࠸࡚ࡋ

 ࠋࡿ࠶ṧᕪ☢ሙ࡛࡞ࡉᑠࠊࡀࡿ
R=0.333m, Z=0.0mࠊ࡛ࢁࡇ ࡢ Muon ✚㡿ᇦ

୰ᚰ࡛WFC☢ሙࡣ㸫0.405E-5Tࢀࡇࠋࡿ࠸࡚ࡋ

3Dࠊࡣ 㠀⥺ᙧィ⟬࡛㕲ᙳ㡪ࢆㄪࡎࢃࠊࡿ

ᾘࡕᡴࢆᙳ㡪ࡢࡑࠊ࡛ࡢࡿࡍ⏕Ⓨࢆሙ☢ࡢṇ

 ࠋࡿ࠶࡛ࡵࡓࡓࡋ࠺ࡼࡍ
WFC ࡣ MRI ࡀ㠃᩿ࠊẚ⩌ࣝࢥࡸ▼☢

ᑠࠊࡵࡓࡢࡑࠋ࠸ࡉᙧ≧ࡢᙳ㡪ࡣᑠࠊ࡛ࡢ࠸ࡉ

Step-2 Table 5-6ࠊᅾ⌧ࠋ࠸࡞ࡋウ᳨ࡣ 7ࠊᵝࡢ
ಶࡢ⥺㍯㟁ὶࠊࢆ⏝ᑟయࢆᐃࠊ࡚ࡋ⣲⥺㟁

ὶ್ࠊᕳࡁ⥺ᵓ㐀ࢆỴࠊࡵStep-2 ⨨ࣝࢥྛࡢ

 ࠋࡿ࠶ᮍ࡛ࠊࡀࡿ࠸࡚ࡗ⾜ࢆᚤㄪᩚࡢ
ࡢࡇࠋࡃ࠾࡚ࡋヰࢆㄢ㢟ࡘ୍࠶ WFC 㟁ὶࡢ

Z=0ࠊ࡛ 㠃9.48-ࣝࢥࡢkA 0.2mm+ࡀ ⨨ኚࢆ

㉳ࠊࡿࡍࡿ࠸࡚ࡋࡇ⣙+/-3.5 T ㄗᕪ☢ሙࡢ

ࡿᚓࡾ࠶ࡣタ⨨ㄗᕪࡢᗘ⛬ࡢࡇࠋࡿࡍ⏕Ⓨࢆ

࠶ࡀᚲせࡿࡍṇ⿵ࡣㄗᕪ☢ሙࡢࡇࠊࡀࡿ࠼⪄

3.0Tࠊ࡛ࡢࡿ ୍ᵝ☢ሙࠊ࡛ୖࡓࡋࢢ࣑ࣥࢩᙅ

᮰☢ሙࢆຍࡓ࠼ሙྜࡸᙉᗘኚ᭦ࡓࡋሙྜ

ࢆㄗᕪࡢࡽศᕸ࡞ⓗ⌮ࡢᙅ᮰☢ሙࠊࡣ fine
ࡇࡿࡍㄪᩚ࡚ࡗࢆࣝࢥ࣒ࢩ⬟ᶵ࣒ࢩ

 ࠋࡿ࠸࡚࠼⪄ࡿ࡞

 ࣝࢥ࣮࢝ࢵ࢟ .5.3.2

Muon ☢ᚄ᪉ྥ༙ࡢࡵࡓࡿࡵṆࢆື⛣㍈᪉ྥࡢ

ሙBRࢆ▷㛫(100㹼500ns᳨࡛ウ୰)Ⓨ⏕ࡇࠋࡿࡍ

࠶࡛ࢫࣥࢱࢡࢲࣥ࡞ࡉᑠࡾ㝈࡞⬟ྍࠊࡵࡓࡢ

/+ࡢᑠ᭱ࡣᩘ࣮ࣥࢱࠊ࡛ࡢ࠸ࡋࡲᮃࡀࡇࡿ 1
≦⟃ࡢ㖡ࠊࡾࡼ࠺ゝࣝࢥࠋࡿ࠶࡛࣮ࣥࢱ

ᵓ㐀≀࡛ࠊࡾ࠶ᶍᘧᅗࠊࢆFig. 5-21 ഃୖࠋࡍ♧

᭱ࡣᑟయྛࠋࡿ࠶ணᐃ࡛ࡿࡍᨭᣢࡽ 1kA
⛬ᗘࡢ㟁ὶࢫࣝࣃࡀ(25Hz)࡛ὶࠋࡿࢀ▷㛫ࡓ࡞

ࠋࡿ࠶㍽ᑕᨺ⇕࡛༑ศ࡛ࠊࡃࡉᑠࡣⓎ⇕㔞ࠊࡵ

ࡢࡿࢀࡉ⨨㓄㡿ᇦ࠸ࡉᑠࡀሙ໙㓄☢ࠊࡓࡲ

25Hzࠊࡋࡔࡓࠋ࠸ࡉᑠࡶ㟁☢ຊࠊ࡛ ࡛㏻㟁ࢀࡉ

ᚲࡿࡅ㑊ࡣᵓ㐀ࡿࡍඹ࿘Ἴᩘࡢࡇࠊ࡛ࡢࡿ

せࠋࡿ࠶ࡀ 
ᑟయ3ࠊࡣmm㹼5mm ⛬ᗘࡢ㖡ᯈࢆ⟄≧

ຍᕤࡿ࠸⏝࡚ࡋィ⏬࡛ࡢࡇࠋࡿ࠶ᑟయࡢෆ㠃(༙
ᚄᑠഃ㠃)ࠊࡣR=0.36m 㺂ୖࡣ⨨ࡉ㧗ࠊࡋணᐃࢆ

ഃᑟయ࡛+0.20m㹼+0.30m, ୗഃᑟయ࡛-0.05m㹼-
0.15m ࡣࢫࣥࢱࢡࢲࣥࠋࡿ࠶࡛ 2.02 H ⟭ィ

ࢆࢫࣥࢱࢡࢲࣥࡸࡸࠊࡀຠᯝ⓶⾲ࠋࡿ࠸࡚ࡋ

ῶᑡࡿࡏࡉຠᯝࢆᣢ100ࠋࡿ࠸࡚ࡗns 0Ѝࠊ࡛
1.0kA 㧗㟁ᅽࠊࡿ࠼⪄ࢆ㟁ὶୖ᪼ࡢ 20-50kV ࡀ

ぢ㎸ࡢࣝࢥ࣮࢝ࢵ࢟ࠊࡀࡿࢀࡲ㏻㟁᮲௳᳨ࡣ

ウ୰࡛ࠋࡿ࠶ 

Table 5-6 ᙅ᮰☢ሙ⏝ CB 㓄⨨(Q=1.5E-4) 

CB 
␒

ྕ 

⥺㍯㟁ὶィ⟬ ᕳࡁ⥺ᩘᩚᩘ 

CB ୰ᚰ⨨ 㟁ὶ 
Ii(kA) 

 ᩘ࣮ࣥࢱ
RxZ  

–Ḟᦆ 

᩿㠃 
RxZ (mm) 

㉳☢ຊ 
kA 

ᑟయ㛗 
(m) R(m) Z(m) 

1 0.795 0.733 +10.363 4x37, -1 4.4x40.7 +10.290 734.3 
2 0.795 0.400 -8.654 4x31, -1 4.4x34.1 -8.610 614.4 
3 0.795 0.135 +7.280 4x26, -1 4.4x28.6 +7.210 514.5 
4 0.795 0.0 -9.481 4x34, -1 4.4x37.4 -9.450 674.3 
5 0.795 -0.135 +7.280 4x26, -1 4,4x28.6 +7.210 514.5 
6 0.795 -0.400 -8.654 4x31, -1 4.4x34.1 -8.610 614.4 
7 0.795 -0.733 +10.363 4x37, -1 4.4x40.7 +10.290 734.3 

ᑟయ:1.1mmȭNiTi ㉸㟁ᑟ⥺ࢆᐃ㺂ᐃ᱁ 70A, ᭱ 140A 
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Fig. 5-22ࡣ Muon✚㡿ᇦࡢ BR☢ሙศᕸࢆ♧

ࡢ☢ሙࠋࡓࡋ BRࡣ✚㡿ᇦ࡛ࡰࡣ㞽࡛ࠊZ > 
0.30m ᮰☢ሙ ,࡚ࡋᑐࢀࡇࠋࡿ࡞ࡃࡁࡣ࡛

ࡘᣢࢆ໙㓄ࡢ✚㡿ᇦ㏆࡛㈇ࠊࡿ࠼ຍࢆ BR

ศᕸࡀฟ᮶࣮࢝ࢵ࢟ࠋࡿ☢ሙࡣ✚㡿ᇦࡽ

Z=0.20m ㏆࡛ࡲ BR>0 ࡍ⏕㛫Ⓨ▷ࢆሙ☢ࡢ

⏕Ⓨ(1mT⛬ᗘ)ࡃᙉࢆBRࠊࡣ㡿ᇦ࡛ࡢࡇࠋࡿ

ࠊࡣ㏻㟁୰࣮࢝ࢵ࢟ࠊ࡛ࡢ࠸↓ࡣࡢࡶࡿࡍ

ࡀࡳࡢሙ☢࣮࢝ࢵ࢟ࠊࡰ BR ☢ሙࢆసࡇࡿ࠸࡚ࡗ

Muonࠊሙ࡛☢ࡢࡇࠋࡿ࡞ Ṇࢆື⛣㍈᪉ྥࡢ

 ࠋࡿࡵ

5.3.3. ⬟ື☢Ẽ㐽ⶸᆺࢢࣥࣜࢸࢫ☢▼ 

Muon ᣢࢆሙ☢ࡿࢀࢃ⾜㡰ㄪࡀ✚ධᑕ࣭ࡢ

ࡘ MSM ࡢᐇ㝿ࠊࡋࡋࠋࡓࡁ࡚ࡋタィࢆ MSM
☢ࡢ✚㡿ᇦࠋࡿࡍΰධࡀㄗᕪ☢ሙࡢࠎ✀ࡣ

ሙᑐࡣ࡚ࡋ☢ሙࡢ⏝ࢢ࣑ࣥࢩᶵჾ㸦ཷື࣑ࢩ

Muonࠊࡀࡿ࠸࡚ࡋព⏝ࢆ㸧࡞ᶵᵓࢢࣥ ධᑕ㌶

㐨ࡢᚤㄪᩚ⏝ࢢࣥࣜࢸࢫࠊࡣ☢▼(SM: 
Steering Magnet)ࠊࢆ㕲 yoke㛤ࡓࡅ Muonධᑕ⏝

㈏㏻Ꮝࡢ๓ᚋ㓄⨨ࡿࡍィ⏬(Fig. 5-23)࡛ࠋࡿ࠶

ᮏ㡯ࡢෆᐜࡣཧ⪃ᩥ⊩[53, 54]ヲࡢࡑࠊ࠸ࡋᢤ

⢋࡛ㄝ᫂ࠋࡿࡍヲ࠸ࡋィ⟬ᡭἲࠊࡣཧ⪃ᩥ⊩[14, 
 ࠋ࠸Ⰻࡿࡍ⪄ཧࢆ[54 ,53 ,41 ,29 ,28 ,15

ࡢࡇ SM ㄗᕪࡿࡼ⏝Ẽⓗ┦స☢ࡢ࿘ᅖࡣ

☢ሙࢆ㑊ࠊࡵࡓࡿࡅ㧗☢ሙ(3.0T)୰࡛⢭ᗘⰋ࠸☢

Ẽࢻ࣮ࣝࢩᶵ⬟ࡀᚲせ࡛ࠊࡾࡲࡘࠋࡿ࠶⬟ື☢

Ẽ㐽ⶸ(AS: Active Shield)ᶵ⬟ࢆᣢࡘ ASSM(⬟ື

☢Ẽ㐽ⶸᆺࢢࣥࣜࢸࢫ☢▼: Active Shield 
Steering Magnet)࡛ࠊࡓࡲࠋࡿ࠶⇕ⓗ࡞せᅉࡿࡼ 

 

Fig. 5-23 ࡢࡘ ASSM 㓄⨨ࡍ♧ࢆᶍᘧᅗ. ᩥ⊩

[54],Fig.1  ⏝ᘬࡾࡼ

 

Fig. 5-24 inner-ASSM ㏻㟁Ἴᙧ(25 Pulses/1ࡢ ⛊). 
ᩥ⊩[54],Fig.2  .⏝ᘬࡾࡼ
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Fig. 5-22 Muon ✚㡿ᇦ㏆ࡢ %R☢ሙศᕸ 
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WFCࠊࡀࡿ࠸࡚࠸᭩ࢆڧࡣ᰿ඖࡢ༳▮ࠋࡿ ࢥ

ࡍ⨨㓄ෆഃࡄࡍࡢࣝࢥࠋࡿ࠶࡛⨨ࣝ

ሙᙉᗘ(☢ሙ㸩WF☢ࡣഃୖྑࠋࡿ ☢ሙ)ࡢ➼

㧗⥺ࢆ 20 T ẖࡢ➼㧗⥺࡛♧ࠋࡓࡋᡴⅬ㡿ᇦ࡛ࡣ

☢ሙࡀ㧗3.0)࠸T ௨ୖ)ࠋ➼☢ሙᙉᗘ⥺ࡣෆഃฝ

➨ࡢᘧ(5-6)ࠊࡀࡿ࠶ᙧ࡛ࡢ 3 㡯ࡢᙳ㡪࡛ྑࠋࡿ࠶

ୗࠊࡣᘧ(5-6)ᕥᅗࡢ㟁ὶ㓄ศࡿࡼ☢ሙ

᪤ࠋࡓࡋ♧ࢆᕪ␗(ṧᕪ)ࡢ Table 5-5 ࡛ヰ࠸࡚ࡋ

 ࠋࡿ࠶ṧᕪ☢ሙ࡛࡞ࡉᑠࠊࡀࡿ
R=0.333m, Z=0.0mࠊ࡛ࢁࡇ ࡢ Muon ✚㡿ᇦ

୰ᚰ࡛WFC☢ሙࡣ㸫0.405E-5Tࢀࡇࠋࡿ࠸࡚ࡋ

3Dࠊࡣ 㠀⥺ᙧィ⟬࡛㕲ᙳ㡪ࢆㄪࡎࢃࠊࡿ

ᾘࡕᡴࢆᙳ㡪ࡢࡑࠊ࡛ࡢࡿࡍ⏕Ⓨࢆሙ☢ࡢṇ

 ࠋࡿ࠶࡛ࡵࡓࡓࡋ࠺ࡼࡍ
WFC ࡣ MRI ࡀ㠃᩿ࠊẚ⩌ࣝࢥࡸ▼☢

ᑠࠊࡵࡓࡢࡑࠋ࠸ࡉᙧ≧ࡢᙳ㡪ࡣᑠࠊ࡛ࡢ࠸ࡉ

Step-2 Table 5-6ࠊᅾ⌧ࠋ࠸࡞ࡋウ᳨ࡣ 7ࠊᵝࡢ
ಶࡢ⥺㍯㟁ὶࠊࢆ⏝ᑟయࢆᐃࠊ࡚ࡋ⣲⥺㟁

ὶ್ࠊᕳࡁ⥺ᵓ㐀ࢆỴࠊࡵStep-2 ⨨ࣝࢥྛࡢ

 ࠋࡿ࠶ᮍ࡛ࠊࡀࡿ࠸࡚ࡗ⾜ࢆᚤㄪᩚࡢ
ࡢࡇࠋࡃ࠾࡚ࡋヰࢆㄢ㢟ࡘ୍࠶ WFC 㟁ὶࡢ

Z=0ࠊ࡛ 㠃9.48-ࣝࢥࡢkA 0.2mm+ࡀ ⨨ኚࢆ

㉳ࠊࡿࡍࡿ࠸࡚ࡋࡇ⣙+/-3.5 T ㄗᕪ☢ሙࡢ

ࡿᚓࡾ࠶ࡣタ⨨ㄗᕪࡢᗘ⛬ࡢࡇࠋࡿࡍ⏕Ⓨࢆ

࠶ࡀᚲせࡿࡍṇ⿵ࡣㄗᕪ☢ሙࡢࡇࠊࡀࡿ࠼⪄

3.0Tࠊ࡛ࡢࡿ ୍ᵝ☢ሙࠊ࡛ୖࡓࡋࢢ࣑ࣥࢩᙅ

᮰☢ሙࢆຍࡓ࠼ሙྜࡸᙉᗘኚ᭦ࡓࡋሙྜ

ࢆㄗᕪࡢࡽศᕸ࡞ⓗ⌮ࡢᙅ᮰☢ሙࠊࡣ fine
ࡇࡿࡍㄪᩚ࡚ࡗࢆࣝࢥ࣒ࢩ⬟ᶵ࣒ࢩ

 ࠋࡿ࠸࡚࠼⪄ࡿ࡞

 ࣝࢥ࣮࢝ࢵ࢟ .5.3.2

Muon ☢ᚄ᪉ྥ༙ࡢࡵࡓࡿࡵṆࢆື⛣㍈᪉ྥࡢ

ሙBRࢆ▷㛫(100㹼500ns᳨࡛ウ୰)Ⓨ⏕ࡇࠋࡿࡍ

࠶࡛ࢫࣥࢱࢡࢲࣥ࡞ࡉᑠࡾ㝈࡞⬟ྍࠊࡵࡓࡢ

/+ࡢᑠ᭱ࡣᩘ࣮ࣥࢱࠊ࡛ࡢ࠸ࡋࡲᮃࡀࡇࡿ 1
≦⟃ࡢ㖡ࠊࡾࡼ࠺ゝࣝࢥࠋࡿ࠶࡛࣮ࣥࢱ

ᵓ㐀≀࡛ࠊࡾ࠶ᶍᘧᅗࠊࢆFig. 5-21 ഃୖࠋࡍ♧

᭱ࡣᑟయྛࠋࡿ࠶ணᐃ࡛ࡿࡍᨭᣢࡽ 1kA
⛬ᗘࡢ㟁ὶࢫࣝࣃࡀ(25Hz)࡛ὶࠋࡿࢀ▷㛫ࡓ࡞

ࠋࡿ࠶㍽ᑕᨺ⇕࡛༑ศ࡛ࠊࡃࡉᑠࡣⓎ⇕㔞ࠊࡵ

ࡢࡿࢀࡉ⨨㓄㡿ᇦ࠸ࡉᑠࡀሙ໙㓄☢ࠊࡓࡲ

25Hzࠊࡋࡔࡓࠋ࠸ࡉᑠࡶ㟁☢ຊࠊ࡛ ࡛㏻㟁ࢀࡉ

ᚲࡿࡅ㑊ࡣᵓ㐀ࡿࡍඹ࿘Ἴᩘࡢࡇࠊ࡛ࡢࡿ

せࠋࡿ࠶ࡀ 
ᑟయ3ࠊࡣmm㹼5mm ⛬ᗘࡢ㖡ᯈࢆ⟄≧

ຍᕤࡿ࠸⏝࡚ࡋィ⏬࡛ࡢࡇࠋࡿ࠶ᑟయࡢෆ㠃(༙
ᚄᑠഃ㠃)ࠊࡣR=0.36m 㺂ୖࡣ⨨ࡉ㧗ࠊࡋணᐃࢆ

ഃᑟయ࡛+0.20m㹼+0.30m, ୗഃᑟయ࡛-0.05m㹼-
0.15m ࡣࢫࣥࢱࢡࢲࣥࠋࡿ࠶࡛ 2.02 H ⟭ィ

ࢆࢫࣥࢱࢡࢲࣥࡸࡸࠊࡀຠᯝ⓶⾲ࠋࡿ࠸࡚ࡋ

ῶᑡࡿࡏࡉຠᯝࢆᣢ100ࠋࡿ࠸࡚ࡗns 0Ѝࠊ࡛
1.0kA 㧗㟁ᅽࠊࡿ࠼⪄ࢆ㟁ὶୖ᪼ࡢ 20-50kV ࡀ

ぢ㎸ࡢࣝࢥ࣮࢝ࢵ࢟ࠊࡀࡿࢀࡲ㏻㟁᮲௳᳨ࡣ

ウ୰࡛ࠋࡿ࠶ 

Table 5-6 ᙅ᮰☢ሙ⏝ CB 㓄⨨(Q=1.5E-4) 

CB 
␒

ྕ 

⥺㍯㟁ὶィ⟬ ᕳࡁ⥺ᩘᩚᩘ 

CB ୰ᚰ⨨ 㟁ὶ 
Ii(kA) 

 ᩘ࣮ࣥࢱ
RxZ  

–Ḟᦆ 

᩿㠃 
RxZ (mm) 

㉳☢ຊ 
kA 

ᑟయ㛗 
(m) R(m) Z(m) 

1 0.795 0.733 +10.363 4x37, -1 4.4x40.7 +10.290 734.3 
2 0.795 0.400 -8.654 4x31, -1 4.4x34.1 -8.610 614.4 
3 0.795 0.135 +7.280 4x26, -1 4.4x28.6 +7.210 514.5 
4 0.795 0.0 -9.481 4x34, -1 4.4x37.4 -9.450 674.3 
5 0.795 -0.135 +7.280 4x26, -1 4,4x28.6 +7.210 514.5 
6 0.795 -0.400 -8.654 4x31, -1 4.4x34.1 -8.610 614.4 
7 0.795 -0.733 +10.363 4x37, -1 4.4x40.7 +10.290 734.3 

ᑟయ:1.1mmȭNiTi ㉸㟁ᑟ⥺ࢆᐃ㺂ᐃ᱁ 70A, ᭱ 140A 
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Fig. 5-22ࡣ Muon✚㡿ᇦࡢ BR☢ሙศᕸࢆ♧

ࡢ☢ሙࠋࡓࡋ BRࡣ✚㡿ᇦ࡛ࡰࡣ㞽࡛ࠊZ > 
0.30m ᮰☢ሙ ,࡚ࡋᑐࢀࡇࠋࡿ࡞ࡃࡁࡣ࡛

ࡘᣢࢆ໙㓄ࡢ✚㡿ᇦ㏆࡛㈇ࠊࡿ࠼ຍࢆ BR

ศᕸࡀฟ᮶࣮࢝ࢵ࢟ࠋࡿ☢ሙࡣ✚㡿ᇦࡽ

Z=0.20m ㏆࡛ࡲ BR>0 ࡍ⏕㛫Ⓨ▷ࢆሙ☢ࡢ

⏕Ⓨ(1mT⛬ᗘ)ࡃᙉࢆBRࠊࡣ㡿ᇦ࡛ࡢࡇࠋࡿ

ࠊࡣ㏻㟁୰࣮࢝ࢵ࢟ࠊ࡛ࡢ࠸↓ࡣࡢࡶࡿࡍ

ࡀࡳࡢሙ☢࣮࢝ࢵ࢟ࠊࡰ BR ☢ሙࢆసࡇࡿ࠸࡚ࡗ

Muonࠊሙ࡛☢ࡢࡇࠋࡿ࡞ Ṇࢆື⛣㍈᪉ྥࡢ

 ࠋࡿࡵ

5.3.3. ⬟ື☢Ẽ㐽ⶸᆺࢢࣥࣜࢸࢫ☢▼ 

Muon ᣢࢆሙ☢ࡿࢀࢃ⾜㡰ㄪࡀ✚ධᑕ࣭ࡢ

ࡘ MSM ࡢᐇ㝿ࠊࡋࡋࠋࡓࡁ࡚ࡋタィࢆ MSM
☢ࡢ✚㡿ᇦࠋࡿࡍΰධࡀㄗᕪ☢ሙࡢࠎ✀ࡣ

ሙᑐࡣ࡚ࡋ☢ሙࡢ⏝ࢢ࣑ࣥࢩᶵჾ㸦ཷື࣑ࢩ

Muonࠊࡀࡿ࠸࡚ࡋព⏝ࢆ㸧࡞ᶵᵓࢢࣥ ධᑕ㌶

㐨ࡢᚤㄪᩚ⏝ࢢࣥࣜࢸࢫࠊࡣ☢▼(SM: 
Steering Magnet)ࠊࢆ㕲 yoke㛤ࡓࡅ Muonධᑕ⏝

㈏㏻Ꮝࡢ๓ᚋ㓄⨨ࡿࡍィ⏬(Fig. 5-23)࡛ࠋࡿ࠶

ᮏ㡯ࡢෆᐜࡣཧ⪃ᩥ⊩[53, 54]ヲࡢࡑࠊ࠸ࡋᢤ

⢋࡛ㄝ᫂ࠋࡿࡍヲ࠸ࡋィ⟬ᡭἲࠊࡣཧ⪃ᩥ⊩[14, 
 ࠋ࠸Ⰻࡿࡍ⪄ཧࢆ[54 ,53 ,41 ,29 ,28 ,15

ࡢࡇ SM ㄗᕪࡿࡼ⏝Ẽⓗ┦స☢ࡢ࿘ᅖࡣ

☢ሙࢆ㑊ࠊࡵࡓࡿࡅ㧗☢ሙ(3.0T)୰࡛⢭ᗘⰋ࠸☢

Ẽࢻ࣮ࣝࢩᶵ⬟ࡀᚲせ࡛ࠊࡾࡲࡘࠋࡿ࠶⬟ື☢

Ẽ㐽ⶸ(AS: Active Shield)ᶵ⬟ࢆᣢࡘ ASSM(⬟ື

☢Ẽ㐽ⶸᆺࢢࣥࣜࢸࢫ☢▼: Active Shield 
Steering Magnet)࡛ࠊࡓࡲࠋࡿ࠶⇕ⓗ࡞せᅉࡿࡼ 

 

Fig. 5-23 ࡢࡘ ASSM 㓄⨨ࡍ♧ࢆᶍᘧᅗ. ᩥ⊩

[54],Fig.1  ⏝ᘬࡾࡼ

 

Fig. 5-24 inner-ASSM ㏻㟁Ἴᙧ(25 Pulses/1ࡢ ⛊). 
ᩥ⊩[54],Fig.2  .⏝ᘬࡾࡼ
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ㄗᕪ☢ሙࢆ㑊ࠊࡵࡓࡿࡅⓎ⇕㔞ࢆᢚไࡿࡍ

࠺ࡼ J-PARC 㐠㌿ࢫࣝࣃࡓࡏࢃྜ㐠㌿(25Hz)
ASSMࠊࡣᮏ㡯࡛ࠋ(Fig. 5-24)࠺⾜ࢆ Ẽタィ☢ࢆ

ᡭἲඹ⤂ࠋࡿࡍ 
Table 5-7 ሙ☢ࡍᣦ┠ࠋࡿ࠶ᶆᵝ࡛┠ࡢタィࡣ

(Muonᚲせ࡞BL✚)ࠊࢆᑠ࠸ࡉ☢▼(☢Ẽ㐽ⶸᛶ

࠶㔜せ࡛ࡀࡇࡿࡍ⏕Ⓨ(ࡴྵࡶⓎ⇕㔞ࠊ⬟

ࡣࡿᚓࢆẼ㐽ⶸ☢࡞༑ศࠋࡿ 3D ࢻ࣮ࣝࢩࡢ࡛

ࢱ࣮ࣞࣛࢸࢫࠊ࡛ࡢࡿ࠶ᚲせ࡛ࡀタィࡢࣝࢥ

ᆺ᰾⼥ྜ⨨ࣝࢥࡢᙧ≧タィᢏ⾡(DUCAS)[41]
ࡘᣢࢆẼ㐽ⶸ☢ື⬟ MRI ഴᩳ☢ሙࡢࣝࢥタ

ィᡭἲ[14,15]ࢆᛂ⏝࣭㐺⏝ࠊࡣ࡛ࡇࡇࠋࡓࡋ

inner-ASSM  ࠋࡃ࠸࡚ࡋㄝ࡚᫂࠸ࡘタィࡢ
ASSM ࡣሙタィ☢ࡢ 2 ࡚ࡵ㐍࡚ࡅศẁ㝵ࡢࡘ

2D(2ࠊࡎࡲࠋࡿ࠸ ḟඖ)࡛ࠊᑟయࡢ㑅ᢥࢆ㋃ࠊࡵ

ᴫ␎ࢆᢕᥱ3ࠊࡋD タィ࡛ᐇ㓄⥺ࢆỴࡎ࠸ࠋࡿࡵ

ሙ☢ࢢࣥࣜࢸࢫࡢⓗ┠)ࣝࢥࠊࡶሙྜࡢࢀ

タィࡃ࡞┪▩┦ࢆࣝࢥࢻ࣮ࣝࢩ(ࡿసࢆ

 ࠋࡿࢆᡭ㡰ࡢୗグࡵࡓࡿࡍ
(i) ࡢࣝࢥ㟁ὶ㓄⨨ࠊ 
(ii) ࡢࣝࢥ☢ሙࢆ࿘㎶࡛ᡴࡕᾘ࣮ࢩࡍ

 ࠊ⟭㟁ὶศᕸィࡢࣝࢥࣝ
(iii) ࣝࢥࢻ࣮ࣝࢩ☢ሙࢆ⪃៖࡚ࡋࢥ

 ࠊ⟭ィࢆ㟁ὶศᕸࡢࣝ
(iv) ☢▼࿘ᅖࡢ☢ሙࢆ☜ㄆࠊࡋ༑ศᙅࢀࡅ

ࡾᡠ(ii)ࡣሙྜ࠸ࡁࠊィ⟬⤊ࡤ

 ࠊ⟭ィࡋ㏉ࡾ⧞
2Dࠊ࡚ࡋ࠺ࡇ タィ࡛ࠊ┤⥺㟁ὶศᕸࢆồࡓࡵ

☢ሙタィ⤖ᯝࡀ Fig. 5-25 ࠸࡚ࡋ♧ࢆ⥺ຊ☢ࠊ࡛

100ࠋࡿ 10cmࠊࢆሙ☢ࡢࢫ࢘࢞ ┤⣬㠃ᆶ)ࡉ㛗ࡢ

᪉ྥ)࡛Ⓨ⏕ࣝࢥࢻ࣮ࣝࢩࠋࡿࡍእഃࡣ☢ຊ

࠸࡚ࢀࡽᚓࡀẼ㐽ⶸ☢࡞Ⰻዲࠊࡃ↓࡚ࢀ₃ࡀ⥺

᭱ࡣ㟁ὶᐦᗘࡢࣝࢥࠋࡿ 21.1A/mm ࠶࡛

ࢆᑟయࡽᯝ⤖ࡢࡇࠊࡾ 1mm ᖜ(࿘ᅇ᪉ྥ)㹶
2mm(༙ᚄ᪉ྥ)࡛ࠊ⣲⥺㟁ὶ 25A ࡲࠋࡓࡋ㑅ᢥࢆ

⟭ᴫࡶⓎ⇕㔞※㟁࡞ᚲせࠊࡽᯝ⤖ࡢࡇࠊࡓ

ฟ᮶࡞ู≉ࠊ෭༷ࡸ㟁※ࡀᚲせ࡛ࡶࡇ࠸࡞ᢕ

ᥱ࡛ࡢࡇࠋࡓࡁ⤖ᯝ3ࠊࡅཷࢆD ᳨ウ㐍ࠋࡴ 
3D ᳨ウ࡛ࠊࡣDUCAS[41]ࡧࡼ࠾ MRI ື⬟ࡢ⏝

☢Ẽࢻ࣮ࣝࢩഴᩳ☢ሙࡢࣝࢥタィᡭἲ[14, 15, 
Fig. 5-26ࠋࡿࡍ⏝ᛂࢆ[29 ,28 ࡣ 3D ᳨ウ⏝ࡢィ⟬

Fig. 4-13ࠋࡿ࠶࡛ࣝࢹࣔ ࡓࡋ♧࡛ DUCAS ᳨ウ⏝

ࣥࢸ࣏㟁ὶࡢ⠇Ⅼྛࠋ࠺ࢆࣝࢹࣔ⌧⾲㟁ὶࡢ

್ࣝࣕࢩ Tྑࠊࢆᅗ MFEPs ࡛ BR=0࠺ࡼࡍࡓ‶ࢆ

TSVDࠊ ṇ๎ࢆ⏝࡚ࡋỴࠋࡿࡵࣝࢥ

Table 5-7 Target specifications of ASSMs 

Parameter Inner-ASSM Outer-ASSM 
BL product (Tm) 1.0E-3 4.0E-3 
Magnetic field direction Radial Radial, axial 
Control angle Pitch Pitch, rolling 
Magnetic shied ( T) < 1.0 at 0.2m < 1.0 at 0.3m 
Joule heat Q (W) <1.0 <10.0 

Beam 
duct 

OXWHU�GLDPHWHU��PPĭ� 42.7 89.1 
Wall thickness (mm) 1.5 2.1 
Material TBD (Temporary SUS) 
Eddy current decay time te 0.0575 ms 0.166 ms 

Allowable 
size 

Diameter (mm) <100 <200 
Length (mm) <200 <400 

 

Fig. 5-25 2D ᳨ウࡿࡼ ASSM .⥺㟁ὶ࣭☢ຊࡢ
ᩥ⊩[54],Fig.3  ⏝ᘬࡾࡼ

 

Fig. 5-26 3D ASSM ☢ሙタィ᳨ウ⏝ィ⟬ࣔࣝࢹ. ᩥ
⊩[54],Fig.4  ⏝ᘬࡾࡼ

 

(ᕥ)ࠊࡣ〇సࢆ⡆༢ࢆ⥺┤ࠊࡵࡓࡿࡍᇶᮏ

 ࠋࡓࡋศᕸࡢୗグࠊࡋᵓ㐀⥺ࡁᕳࡓࡋ

 = σ sin{(2 െ 1) }  ( ), (5-8) 

Xࠊࣝࢺࢡ࣋⨨(X, Y)ࠊࡣ ࠊ࡛ࡇࡇ ㍈ࡢゅ

ᗘࠊT0 ࡣ 2D ☢㉳)್ࣝࣕࢩࣥࢸ࣏㟁ὶ᭱ࡢ࡛

ຊ)࡛ࡾ⧞ࠊ㏉ࡋィ⟬ࢆ C1 =1.0  Cl = 0 (l=2 to 4)
࡛㛤ጞࠊࡋ┠ᶆࡢ BL 㠃ෆ୍࡛᩿ࢺࢡࢲ࣒࣮ࣅࡀ

ᵝࠊ࠺ࡼࡿ࡞Cl (l=1 to 4)ࢆㄪᩚࠋࡿࡍ 
ࢆศᕸࣝࣕࢩࣥࢸ࣏㟁ὶࡓࢀࡽᯝᚓ⤖ࡢࡑ Fig. 

5-27 ୖ㒊25ࠋࡍ♧Aẖࡢ➼㧗⥺࡛♧ࠋࡿ࠸࡚ࡋ

Fig. 5-27 ୗᅗ࡛ࠊࡣ 

= 25.0 × ( െ 0.5)   ( ),  (5-9) 

⨨㓄࡚ࡗἢ(⥺㧗➼)⥺ࣝࣕࢩࣥࢸ࣏㟁ὶ➼ࡢ 

mࠋࡿ࠶࡛⨨ᑟయࡓࡋ ࠶࡛(ᩘᩚ)ྕ␒⥺ࡁᕳࡣ

ࡣ࡛ࣝࢥࢻ࣮ࣝࢩࠋࡿ m<0 mࠊ࡛ࡇࡇࠋࡿ࠶࡛
ࢀࡇࠊࡀࡿ࠸࡚ࡆᗈࢆ⨨ᑟయ㓄ࠊࡣ୧➃㒊࡛ࡣ

ࠊࡋ៖⪄ࢆ㛤ཱྀ㒊ࡢ㒊➃ࣝࢥࢻ࣮ࣝࢩࠊࡣ

ASSM య࡛☢Ẽ࣮࣓ࣔࣥࡀࢺ㞽ࢩ࠺ࡼࡿ࡞

⤖ࡓࡋࡃࡁࢆࢺẼ࣮࣓ࣔࣥ☢ࡢࣝࢥࢻ࣮ࣝ

ᯝ࡛ࠋࡿ࠶ 
ࡓࡵồ࡚ࡋ࠺ࡼࡢࡇ inner-ASSM ሙ☢ࡿసࡢ

ࢆ Fig. 5-28 ࡣᕥࠋࡍ♧ ASSM ࡿసࡀ BL  ࠊ್

BL =  .
. ,  (5-10) 

ศᕸ᩿ࢆ㠃ࡢ➼㧗⥺(1.0E-6 Tm ẖ)࡛♧ࠋࡓࡋ୰

ᚰ࡛ࡣ 0.0996Tm ࡞ᶆ್୍࡛ᵝ┠ࠊࡾ࠶࡛ BL ✚

ASSMࠊࡣഃྑࠋࡿゎࡀࡇࡿࢀࡽ㠃࡛ᚓ᩿ࡀ
࿘㎶ࡢ☢ሙᙉᗘࠋࡓࡋ♧ࢆASSM ୰ᚰࡽ 0.2m
㞳1ࠊࡿࢀ T ௨ୗࡢ☢ሙ࡛ࠊࡾ࠶༑ศ࡞☢Ẽࢩ

 ࠋࡿ࠸࡚ࡋุ᩿ࡿ࠸ฟ᮶࡚ࡀࢻ࣮ࣝ
ࢆタィ⤖ᯝࡢ≦⌧ Table 5-8 ࡛∧⤊᭱ࠋࡍ♧

ࡿ࠶ຊ࡛⬟࡞༑ศࡣ࡚ࡋタィᡭἲࠊࡀ࠸࡞ࡣ

outer-ASSMࠋࡿ࠸࡚࠼⪄ ࡣタィࡢ 2Dࡀࡳࡢ⤊

ࡓࡋ♧ᅇࠊࡀࡿ࠸࡚ࡗࢃ ASSM ࡢ 3D タィᡭἲ

 ࠋࡿ࠸࡚࠼⪄ࡿࡁ࡛⏝ᛂࡣ
 
 

Table 5-8 inner-ASSM ☢ሙタィ᳨ࡢウ⤖ᯝ   ᩥ
⊩[54], Table 2  ⏝ᘬࡾࡼ

Parameter 2D design 3D design 
P/S current (A) 25.0 25.0 
Numb. of turns ±22/12 ±25/12 
Conductor (mm) Cu 1.0x2.0 Cu 1.0x2.0 
Max.current density (A/mm) 21.1 20.8 
Rough size (mm) ���ĭ-150L ���ĭ-164L 
BL products (T㺃m) 1.0E-3 0.996E-3 
EM  
Inductio
n 

Magnetic energy (J) 0.0189 0.0322 
Inductance (mH) 60.4 100.3 
Inductive voltage (V) 50.3 86.0 

Joule 
loss 

Resistance (W) 0.153 0.222 
Resistive voltage (V) 3.83 5.55 
Heat generation (W) 
with SS duct 

0.60 
25Hz 

0.87 
25Hz 

Duct Joule loss (W) 1.0 (rough estimation) 
Power 
supply 

Total voltage (V) 64.1 91.6 
Spec. plan 120V, 30A, >10kHz 

Fig. 5-27 3D ᳨ウࡿࡼ ASSM   ⨨㟁ὶ㓄ࡢ

ୖ㸸㟁ὶࣝࣕࢩࣥࢸ࣏ศᕸࠊୗ㸸ᑟయ㓄⨨. ᩥ⊩

[54],Fig. 6&7  .⏝ᘬࡾࡼ

 

Fig. 5-28 ☢ሙタィ⤖ᯝ ᕥ㸸ࢺࢡࢲ࣒࣮ࣅෆࡢ

BL ✚ศᕸ(%/=0.996E-3Tm ࡛+/-1 Tm ௨ෆࡢ

ᖜ)ྑࠊ㸸ASSM ࿘ᅖࢀ₃ࡢ☢ሙศᕸ. ᩥ⊩

[54], Fig. 8 & 9  ⏝ᘬࡾࡼ
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ㄗᕪ☢ሙࢆ㑊ࠊࡵࡓࡿࡅⓎ⇕㔞ࢆᢚไࡿࡍ

࠺ࡼ J-PARC 㐠㌿ࢫࣝࣃࡓࡏࢃྜ㐠㌿(25Hz)
ASSMࠊࡣᮏ㡯࡛ࠋ(Fig. 5-24)࠺⾜ࢆ Ẽタィ☢ࢆ

ᡭἲඹ⤂ࠋࡿࡍ 
Table 5-7 ሙ☢ࡍᣦ┠ࠋࡿ࠶ᶆᵝ࡛┠ࡢタィࡣ

(Muonᚲせ࡞BL✚)ࠊࢆᑠ࠸ࡉ☢▼(☢Ẽ㐽ⶸᛶ

࠶㔜せ࡛ࡀࡇࡿࡍ⏕Ⓨ(ࡴྵࡶⓎ⇕㔞ࠊ⬟

ࡣࡿᚓࢆẼ㐽ⶸ☢࡞༑ศࠋࡿ 3D ࢻ࣮ࣝࢩࡢ࡛

ࢱ࣮ࣞࣛࢸࢫࠊ࡛ࡢࡿ࠶ᚲせ࡛ࡀタィࡢࣝࢥ

ᆺ᰾⼥ྜ⨨ࣝࢥࡢᙧ≧タィᢏ⾡(DUCAS)[41]
ࡘᣢࢆẼ㐽ⶸ☢ື⬟ MRI ഴᩳ☢ሙࡢࣝࢥタ

ィᡭἲ[14,15]ࢆᛂ⏝࣭㐺⏝ࠊࡣ࡛ࡇࡇࠋࡓࡋ

inner-ASSM  ࠋࡃ࠸࡚ࡋㄝ࡚᫂࠸ࡘタィࡢ
ASSM ࡣሙタィ☢ࡢ 2 ࡚ࡵ㐍࡚ࡅศẁ㝵ࡢࡘ

2D(2ࠊࡎࡲࠋࡿ࠸ ḟඖ)࡛ࠊᑟయࡢ㑅ᢥࢆ㋃ࠊࡵ

ᴫ␎ࢆᢕᥱ3ࠊࡋD タィ࡛ᐇ㓄⥺ࢆỴࡎ࠸ࠋࡿࡵ

ሙ☢ࢢࣥࣜࢸࢫࡢⓗ┠)ࣝࢥࠊࡶሙྜࡢࢀ

タィࡃ࡞┪▩┦ࢆࣝࢥࢻ࣮ࣝࢩ(ࡿసࢆ

 ࠋࡿࢆᡭ㡰ࡢୗグࡵࡓࡿࡍ
(i) ࡢࣝࢥ㟁ὶ㓄⨨ࠊ 
(ii) ࡢࣝࢥ☢ሙࢆ࿘㎶࡛ᡴࡕᾘ࣮ࢩࡍ

 ࠊ⟭㟁ὶศᕸィࡢࣝࢥࣝ
(iii) ࣝࢥࢻ࣮ࣝࢩ☢ሙࢆ⪃៖࡚ࡋࢥ

 ࠊ⟭ィࢆ㟁ὶศᕸࡢࣝ
(iv) ☢▼࿘ᅖࡢ☢ሙࢆ☜ㄆࠊࡋ༑ศᙅࢀࡅ

ࡾᡠ(ii)ࡣሙྜ࠸ࡁࠊィ⟬⤊ࡤ

 ࠊ⟭ィࡋ㏉ࡾ⧞
2Dࠊ࡚ࡋ࠺ࡇ タィ࡛ࠊ┤⥺㟁ὶศᕸࢆồࡓࡵ

☢ሙタィ⤖ᯝࡀ Fig. 5-25 ࠸࡚ࡋ♧ࢆ⥺ຊ☢ࠊ࡛

100ࠋࡿ 10cmࠊࢆሙ☢ࡢࢫ࢘࢞ ┤⣬㠃ᆶ)ࡉ㛗ࡢ

᪉ྥ)࡛Ⓨ⏕ࣝࢥࢻ࣮ࣝࢩࠋࡿࡍእഃࡣ☢ຊ

࠸࡚ࢀࡽᚓࡀẼ㐽ⶸ☢࡞Ⰻዲࠊࡃ↓࡚ࢀ₃ࡀ⥺

᭱ࡣ㟁ὶᐦᗘࡢࣝࢥࠋࡿ 21.1A/mm ࠶࡛

ࢆᑟయࡽᯝ⤖ࡢࡇࠊࡾ 1mm ᖜ(࿘ᅇ᪉ྥ)㹶
2mm(༙ᚄ᪉ྥ)࡛ࠊ⣲⥺㟁ὶ 25A ࡲࠋࡓࡋ㑅ᢥࢆ

⟭ᴫࡶⓎ⇕㔞※㟁࡞ᚲせࠊࡽᯝ⤖ࡢࡇࠊࡓ

ฟ᮶࡞ู≉ࠊ෭༷ࡸ㟁※ࡀᚲせ࡛ࡶࡇ࠸࡞ᢕ

ᥱ࡛ࡢࡇࠋࡓࡁ⤖ᯝ3ࠊࡅཷࢆD ᳨ウ㐍ࠋࡴ 
3D ᳨ウ࡛ࠊࡣDUCAS[41]ࡧࡼ࠾ MRI ື⬟ࡢ⏝

☢Ẽࢻ࣮ࣝࢩഴᩳ☢ሙࡢࣝࢥタィᡭἲ[14, 15, 
Fig. 5-26ࠋࡿࡍ⏝ᛂࢆ[29 ,28 ࡣ 3D ᳨ウ⏝ࡢィ⟬

Fig. 4-13ࠋࡿ࠶࡛ࣝࢹࣔ ࡓࡋ♧࡛ DUCAS ᳨ウ⏝

ࣥࢸ࣏㟁ὶࡢ⠇Ⅼྛࠋ࠺ࢆࣝࢹࣔ⌧⾲㟁ὶࡢ

್ࣝࣕࢩ Tྑࠊࢆᅗ MFEPs ࡛ BR=0࠺ࡼࡍࡓ‶ࢆ

TSVDࠊ ṇ๎ࢆ⏝࡚ࡋỴࠋࡿࡵࣝࢥ

Table 5-7 Target specifications of ASSMs 

Parameter Inner-ASSM Outer-ASSM 
BL product (Tm) 1.0E-3 4.0E-3 
Magnetic field direction Radial Radial, axial 
Control angle Pitch Pitch, rolling 
Magnetic shied ( T) < 1.0 at 0.2m < 1.0 at 0.3m 
Joule heat Q (W) <1.0 <10.0 

Beam 
duct 

OXWHU�GLDPHWHU��PPĭ� 42.7 89.1 
Wall thickness (mm) 1.5 2.1 
Material TBD (Temporary SUS) 
Eddy current decay time te 0.0575 ms 0.166 ms 

Allowable 
size 

Diameter (mm) <100 <200 
Length (mm) <200 <400 

 

Fig. 5-25 2D ᳨ウࡿࡼ ASSM .⥺㟁ὶ࣭☢ຊࡢ
ᩥ⊩[54],Fig.3  ⏝ᘬࡾࡼ

 

Fig. 5-26 3D ASSM ☢ሙタィ᳨ウ⏝ィ⟬ࣔࣝࢹ. ᩥ
⊩[54],Fig.4  ⏝ᘬࡾࡼ

 

(ᕥ)ࠊࡣ〇సࢆ⡆༢ࢆ⥺┤ࠊࡵࡓࡿࡍᇶᮏ

 ࠋࡓࡋศᕸࡢୗグࠊࡋᵓ㐀⥺ࡁᕳࡓࡋ

 = σ sin{(2 െ 1) }  ( ), (5-8) 

Xࠊࣝࢺࢡ࣋⨨(X, Y)ࠊࡣ ࠊ࡛ࡇࡇ ㍈ࡢゅ

ᗘࠊT0 ࡣ 2D ☢㉳)್ࣝࣕࢩࣥࢸ࣏㟁ὶ᭱ࡢ࡛

ຊ)࡛ࡾ⧞ࠊ㏉ࡋィ⟬ࢆ C1 =1.0  Cl = 0 (l=2 to 4)
࡛㛤ጞࠊࡋ┠ᶆࡢ BL 㠃ෆ୍࡛᩿ࢺࢡࢲ࣒࣮ࣅࡀ

ᵝࠊ࠺ࡼࡿ࡞Cl (l=1 to 4)ࢆㄪᩚࠋࡿࡍ 
ࢆศᕸࣝࣕࢩࣥࢸ࣏㟁ὶࡓࢀࡽᯝᚓ⤖ࡢࡑ Fig. 

5-27 ୖ㒊25ࠋࡍ♧Aẖࡢ➼㧗⥺࡛♧ࠋࡿ࠸࡚ࡋ

Fig. 5-27 ୗᅗ࡛ࠊࡣ 

= 25.0 × ( െ 0.5)   ( ),  (5-9) 

⨨㓄࡚ࡗἢ(⥺㧗➼)⥺ࣝࣕࢩࣥࢸ࣏㟁ὶ➼ࡢ 

mࠋࡿ࠶࡛⨨ᑟయࡓࡋ ࠶࡛(ᩘᩚ)ྕ␒⥺ࡁᕳࡣ

ࡣ࡛ࣝࢥࢻ࣮ࣝࢩࠋࡿ m<0 mࠊ࡛ࡇࡇࠋࡿ࠶࡛
ࢀࡇࠊࡀࡿ࠸࡚ࡆᗈࢆ⨨ᑟయ㓄ࠊࡣ୧➃㒊࡛ࡣ

ࠊࡋ៖⪄ࢆ㛤ཱྀ㒊ࡢ㒊➃ࣝࢥࢻ࣮ࣝࢩࠊࡣ

ASSM య࡛☢Ẽ࣮࣓ࣔࣥࡀࢺ㞽ࢩ࠺ࡼࡿ࡞

⤖ࡓࡋࡃࡁࢆࢺẼ࣮࣓ࣔࣥ☢ࡢࣝࢥࢻ࣮ࣝ

ᯝ࡛ࠋࡿ࠶ 
ࡓࡵồ࡚ࡋ࠺ࡼࡢࡇ inner-ASSM ሙ☢ࡿసࡢ

ࢆ Fig. 5-28 ࡣᕥࠋࡍ♧ ASSM ࡿసࡀ BL  ࠊ್

BL =  .
. ,  (5-10) 

ศᕸ᩿ࢆ㠃ࡢ➼㧗⥺(1.0E-6 Tm ẖ)࡛♧ࠋࡓࡋ୰

ᚰ࡛ࡣ 0.0996Tm ࡞ᶆ್୍࡛ᵝ┠ࠊࡾ࠶࡛ BL ✚

ASSMࠊࡣഃྑࠋࡿゎࡀࡇࡿࢀࡽ㠃࡛ᚓ᩿ࡀ
࿘㎶ࡢ☢ሙᙉᗘࠋࡓࡋ♧ࢆASSM ୰ᚰࡽ 0.2m
㞳1ࠊࡿࢀ T ௨ୗࡢ☢ሙ࡛ࠊࡾ࠶༑ศ࡞☢Ẽࢩ

 ࠋࡿ࠸࡚ࡋุ᩿ࡿ࠸ฟ᮶࡚ࡀࢻ࣮ࣝ
ࢆタィ⤖ᯝࡢ≦⌧ Table 5-8 ࡛∧⤊᭱ࠋࡍ♧

ࡿ࠶ຊ࡛⬟࡞༑ศࡣ࡚ࡋタィᡭἲࠊࡀ࠸࡞ࡣ

outer-ASSMࠋࡿ࠸࡚࠼⪄ ࡣタィࡢ 2Dࡀࡳࡢ⤊

ࡓࡋ♧ᅇࠊࡀࡿ࠸࡚ࡗࢃ ASSM ࡢ 3D タィᡭἲ

 ࠋࡿ࠸࡚࠼⪄ࡿࡁ࡛⏝ᛂࡣ
 
 

Table 5-8 inner-ASSM ☢ሙタィ᳨ࡢウ⤖ᯝ   ᩥ
⊩[54], Table 2  ⏝ᘬࡾࡼ

Parameter 2D design 3D design 
P/S current (A) 25.0 25.0 
Numb. of turns ±22/12 ±25/12 
Conductor (mm) Cu 1.0x2.0 Cu 1.0x2.0 
Max.current density (A/mm) 21.1 20.8 
Rough size (mm) ���ĭ-150L ���ĭ-164L 
BL products (T㺃m) 1.0E-3 0.996E-3 
EM  
Inductio
n 

Magnetic energy (J) 0.0189 0.0322 
Inductance (mH) 60.4 100.3 
Inductive voltage (V) 50.3 86.0 

Joule 
loss 

Resistance (W) 0.153 0.222 
Resistive voltage (V) 3.83 5.55 
Heat generation (W) 
with SS duct 

0.60 
25Hz 

0.87 
25Hz 

Duct Joule loss (W) 1.0 (rough estimation) 
Power 
supply 

Total voltage (V) 64.1 91.6 
Spec. plan 120V, 30A, >10kHz 

Fig. 5-27 3D ᳨ウࡿࡼ ASSM   ⨨㟁ὶ㓄ࡢ

ୖ㸸㟁ὶࣝࣕࢩࣥࢸ࣏ศᕸࠊୗ㸸ᑟయ㓄⨨. ᩥ⊩

[54],Fig. 6&7  .⏝ᘬࡾࡼ

 

Fig. 5-28 ☢ሙタィ⤖ᯝ ᕥ㸸ࢺࢡࢲ࣒࣮ࣅෆࡢ

BL ✚ศᕸ(%/=0.996E-3Tm ࡛+/-1 Tm ௨ෆࡢ

ᖜ)ྑࠊ㸸ASSM ࿘ᅖࢀ₃ࡢ☢ሙศᕸ. ᩥ⊩

[54], Fig. 8 & 9  ⏝ᘬࡾࡼ

10㸫 5110㸫 50



 

5.4. g-2/EDM ☢▼☢ሙタィࡵࡲࡢ 

J-PARC࣭㧗࣮ࢠࣝࢿ࢚ຍ㏿ჾ◊✲ᶵᵓ(KEK)
⋠⬟ᖖ☢Ẽ⬟⋡/㟁Ẽ␗ࡢ(Muon)࣮࣑ࣥ࢜ࣗࡣ࡛

(g-2/EDM)ࢆ⢭ᗘⰋࡃィ ࡿࡍᐇ㦂ࢆィ⏬࠾࡚ࡋ

ࡿࢀࡉ⏝ᐇ㦂࡛ࡢࡑࠊࡾ muon ✚☢▼(MSM)
muonࠊࡣ▼☢ᮏࠋࡓࡋㄝ࡚᫂࠸ࡘタィࡢ ✚

✵㛫࡛ࡣ MRI ⣙ẚ 1 ᱆Ⰻ࠸(ᆒ୍ᗘࡀᑠ࠸ࡉ)
ᆒ୍ᗘ 0.2ppm muonࠊᚲせ࡛ࡀᵝ☢ሙ୍ࡢ ධࡢ

ᑕࡣ⼺᪕ධᑕࢆ࠺ࡀ≉ᚩ࡛2ࠋࡿ࠶ ≉ࡢࡘ

ᚩࢆᐇ⌧ࡿࡍ☢ሙศᕸࢆⓎ⏕࡛ࡿࡁ MSM ࡢ▼☢

タィࢆ㐍ࠊࡵᐇ⌧ྍ⬟࡞㉳☢ຊ㓄⨨ࢆᣢࠊࡕỌ

ஂ㟁ὶ࣮࡛ࣔࢻ㏻㟁ࡿࡍ㉸㟁ᑟ☢▼ࡢ☢ሙタィ

 ࠋࡓࡗ⾜ࢆ
MRI ྠᵝ 3 ࡢࡘ Step ࡛☢▼タィࠋࡓࡗ⾜ࢆ

ᆒ୍☢ሙMuonධᑕྍ⬟༙࡞ᚄ᪉ྥ☢ሙࢆᵓᡂ

Step-1ࠋࡿ࠶ࡀᚲせࡿࡍ ࠺そࢆయ▼☢ࠊࡣ࡛

㉳☢ຊ※ࡀᚲせ࡛᭷ࡀࡇࡿゎࠋࡓࡗStep-2, 
Step-3 MRIࠊࡶ࡛ ☢▼タィྠᵝ᳨࡞ウ࡛ࡿ࠶

MSMࠊࡀ 㕲ࡣ࡛ yoke ᙧ≧࡚ࡵྵࢆ㉳☢ຊ㓄⨨

Muonࠊᯝ⤖ࡢࡑࠋࡓࡋ㐺᭱ࢆ ✚㡿ᇦ(༙ᚄ

0.333m, ༙ᚄ᪉ྥᖜ 5cm, ㍈᪉ྥ㧗ࡉ 10cm)࡛ࠊ

☢ሙᙉᗘ 3.0T ࡛ᆒ୍ᗘ 0.079ppm ࢆሙ☢ࡢ

5.0071MAT ࣮࣏)≦㉳ᙧ✺୰ᚰ㒊ࠊ㉳☢ຊࡢ

㕲ࡘᣢࢆ(ࣝ yoke ࡛┠ᶆ☢ሙࢆᐇ⌧ࢆ▼☢ࡿࡍタ

ィࠋࡓࡋ 
ᐇ㝿ࡢᐇ㦂࡛⪃ࡿࢀࡽ࠼ㄗᕪ☢ሙᑐᛂࡿࡍ

 ࠋࡓࡋタィࡶ⨨ㄪᩚࡿࢀࡉணᚲせࡵࡓ
Muon ✚㡿ᇦࠊࡣMRI ࣑ࢩࡌྠ▼☢⏝

ࢢ࣑ࣥࢩ௬ⓗࠊ࡛⏬ィࡿࡍ⏝ࢆィ⟬ἲࢢࣥ

㍈᪉ྥࠋࡓࡗ⾜ࢆ(ࣥࣙࢩ࣮࣑ࣞࣗࢩࡢࢢ࣑ࣥࢩ)

☢ሙࢆᆒ୍࡛ࡿࡁࠊࡋࡋࠋࡓࢀࡉ♧ࡀ㕲

yoke ⿵ࡣ࡛ࢢ࣑ࣥࢩࡿࡼ∦㕲ࠊࡀタ⨨ㄗᕪࡢ

ṇฟ᮶ࠊ࠸࡞㍈ᆶ┤࡞☢ሙᡂศࢆⓎ⏕ࠊࡋṧ

ᕪ☢ሙྍࡀࡇࡿ࡞⬟ᛶࡇࠊࡓࢀࡉ♧࡚ࡋ

 ࠋࡿࡍព⏝ࢆࣞࣝࢥ࣒ࢩࡣṇ⿵ࡢ
Muon ධᑕ㛵㐃ࡢ☢ሙࠊ࡚ࡋᙅ㞟᮰☢ሙ࢟ࠊ

ࡿ࠶ࡀሙ☢ࢢࣥࣜࢸࢫࠊࢀࡑࠊሙ☢࣮࢝ࢵ

 ࠋࡿ࠸࡚ࡵ㐍ࢆሙタィ☢ࠊࢀࡒࢀࡑࠊࡀ
ᙅ㞟᮰☢ሙࣝࢥ(WFC)ࠊࡣタ⨨ㄗᕪࢆ㍍ῶ࡛

ᨭᣢᵓ㐀ࠊෆഃࡄ┤ࡢࣝࢥࠊ࠼⪄ࡿࡁ

7ࠋࡿࡍ⨨㓄࡚ࡋඹ㏻ࢆ ಶࡢᑠ CB ࡋ⨨㓄ࢆ

ィྜࠊ࡚ 62kAT n-index=1.5E-4ࠊ࡛ ࢆഴᩳ☢ሙࡢ

ࠋࡓࡵỴࢆ⨨TSVDṇ๎࡛㉳☢ຊ㓄࠺ࡼࡿࡃࡘ

ࠋࡿ࠶タィ㐍⾜୰࡛࡚࠸ࡘᵓ㐀⥺ࡁᕳࣝࢥ

ㄗᕪ☢ሙࡣタ⨨ㄗᕪᩄឤ࡛ࠊࡾ࠶ᐇᶵ࡛ࠊࡣ

ഴᩳ☢ሙࢆຍࡿ࠼ሙྜࠊࡣᗘࡢ fine ࣑ࣥࢩ

 ࠋࡿ࠸࡚࠼⪄ࡿ࡞ᚲせࡀࢢ
ࡍࡃࡉᑠࢆࢫࣥࢱࢡࢲࣥࡣࣝࢥ࣮࢝ࢵ࢟

㟁ὶ᪉ࢆᑟయࡢ≦⟃ᯈ࣭ⷧࠊᚲせ࡛ࡀࡇࡿ

ࡿ࡞␗࠸ࡢྥ 2 ࡚ࡋ⨨㓄ࡘ 300-1000A ⛬ᗘ

Muonࠋࡿ࠶࡛⏬ィࡍὶࢆ㟁ὶࡢ ධᑕ࣭✚ᑐ

 ࠋࡿ࠶㐍⾜୰࡛ࠊࡾ࠾࡚ࡵồࢆ⨨㓄࡞㐺࡚᭱ࡋ
࣮ࣅධᑕ᪉ྥࡢ▼☢ࠊࡣ▼☢ࢢࣥࣜࢸࢫ

MSMࠊࢆ⨨࣒ ධᑕᚤㄪᩚࠋࡿࡍ㕲 yoke 
๓ᚋࡢࡑࠊࡀࡿࢀࡉព⏝ࡀධᑕ⏝㈏㏻Ꮝࡣ

㓄⨨ࠋࡿࢀࡉ㕲 yoke MSMࠊ➼ ᵓ㐀≀ࡀ㏆ഐᏑ

ᅾࠊ࡛ࡢࡿࡍ⬟ື☢Ẽ㐽ⶸࡢᶵ⬟ࡀᚲせ࡛࠶

ࣥࣜࢸࢫᆺࢻ࣮ࣝࢩẼ☢ື⬟ࠊࡵࡓࡢࡑࠋࡿ

࠶࡛ (ASSM: Active Shield Steering Magnet) ▼☢ࢢ

㕲ࠋࡿ yoke ࡿࡍ⨨㓄✚㡿ᇦഃࡢ inner-ASSM
3Dࠊ࡚࠸ࡘ タィ࡚ࡵྵ࡛ࡲࣝࢥࢻ࣮ࣝࢩ࡛

MRIࠋࡓࡋ ⨨࡛⏝ࡿ࠸⬟ື☢Ẽࢻ࣮ࣝࢩᆺഴ

ᩳ☢ሙࣝࢥ㸦ASGC: Active Shield Gradient field 
Coil㸧ࡢタィᢏ⾡ࢆᛂ⏝ࠋࡓࡋ Inner-ASSM ࡣ

1mTmࡢ BL✚ࢆᣢࠊࡕ୰ᚰࡽ 0.2m㞳ࡓࢀ⨨

ࡣ࡛ 1 T ௨ୗ☢ሙ㐽ⶸ࡛ࡿࡁ ASSM タィฟࢆ

᮶ࢆࡇࡿㄝ᫂ࠋࡓࡋ 
௨ୖࡢタィࡣ㐍ᒎ୰࡛ࠊࡾ࠶ヲ⣽タィࡀ㐍ࡴ

࠼⪄ࡿ࡞ࡇ࠺⾜ࡶᚤㄪᩚࡢሙタィ☢ࠊ

ᐇᶵ࡛┠ᶆࠊࡣṇ⿵ࡢㄗᕪ☢ሙࠊࡓࡲࠋࡿ࠸࡚

☢ሙࢆᐇ⌧࡛ୖࡿࡍ㔜せ࡛࡞⬟ྍࠊ࠼⪄ࡿ࠶

⿵ṇᶵᵓࢆຍࠋࡃ࠸࡚ࡋ  

 

 ࡵࡲ .6
J-PARC ࡛‽ഛࡿ࠸࡚ࡋ g-2/EDM ⢭ᐦィ ⏝☢

▼(MSM)ࡢ☢ሙタィ᭱ࠊࡣᑠἲࢆᡴࡕษ

ᡭἲ(TSVDࡃゎ࡚ࡋ⏝ࡢศゎ್␗≉ࡾ ṇ๎)
ᮏ㈨ᩱ࡛ࠊࡵࡓࡢࡑࠋࡿ࠸࡚ࡵ㐍ࠊ࡚ࡗࢆ

➨ࠊࡣ 2 ❶࡛ᡭἲࡢᐃᘧࢆㄝ᫂ࠋࡓࡋ┠ᶆ☢ሙ

ศᕸࠊᅛ᭷࣮ࣔࢻศᕸࠊᅛ᭷࣮ࣔࢻᙉᗘࠊᡴࡕ

ษࡾᅛ᭷࣮ࣔࠊྕ␒ࢻṧᕪ☢ሙࠊᵓᡂ㟁ὶࠊ

ᵓᡂ☢ሙࠊ࡚࠸ࡘᐃ⩏ࢆ㏙ࠋࡓ 
➨ 3 ࢆゎ⌮ࡢᡭἲࠊ࡛ࡇࡃゎࢆ㢟ࠊࡣ࡛❶

㐍ࠊࡎࡲࠋࡓࡵィ⟬⢭ᗘࡢ☜ಖࠊࡵࡓࡢ㟁

ὶ(⥺㍯㟁ὶ)ࡢసࡿ☢ሙࡢィ⟬ἲࢆ☜ㄆ12ࠊ࡚ࡋ
᱆ࡢ⢭ᗘ࡛⥺㍯㟁ὶࡿࡼ☢ሙࡀồࡿ࠸࡚ࡗࡲ

⎔ࠋࡓ࠸ゎࢆ㢟࡛ୖࡢࡑࠋࡓࡋㄆ☜ࢆࡇ

య⣔࡛ࠊ⎔ෆ㒊┠ᶆ☢ሙࢆࡢᩘ「ࠋࡓ࠼

✀㢮ࡢ┠ᶆ☢ሙࢆࠊ࠼⎔㠃ࢆ࿘ᅇ᪉ྥὶ

ࠋࡓࡵồࢆ㠃ศᕸ᩿ࣝࢲ࣏ࣟࡢ㟁ὶࡿࢀ

Maxwell ᪉⛬ᘧ࠸࡞ࡋ┪▩┠ᶆ☢ሙࢆࡿ࠼

ࡇࡿࡍࡃࡁࢆྕ␒ࢻᅛ᭷࣮ࣔࡾษࡕᡴࠊ

࡛⢭ᗘⰋࡃ☢ሙࢆᵓᡂࡿࡍ㟁ὶศᕸࢆồࡿࡵ

ࣥࢸ࣏ࣝࢺࢡ࡚࣋ࡋᶆ☢ሙ┠ࠋࡓࡋ♧ࢆࡇ

ࡢࡇࠊࡋణࠋࡓࡋ♧ࡶࡇࡿ࠶࡛⬟ྍࡶࣝࣕࢩ

ሙྜࠊ㟁ὶ್ࢆࡿࡍࡃࡁ᮲௳࡛ࡢࡿ࠶ࡶὀព

 ࠋࡿࡍせࢆ
➨ 4 ㌟ࡢ⟄ᆺࠊࡣ࡛❶ MRI ᐃࢆ▼☢⏝

▴ࠊึ᭱ࠋࡓࡋ㢟ࢆ㉳☢ຊ㓄⨨タィࡓࡋ

ᙧ᩿㠃ࡢᙧࡀࣝࢥసࡿ☢ሙࢫ࢘࢞ࠊࢆồ✚

ἲࢆࠊࡤ࠼▷㛫࡛⢭ᗘⰋࡃ☢ሙィ⟬࡛ࡿࡁ

MRIࠋࡓ࠸⏝ሙタィ☢ࢆ᪉ἲࡢࡑࠊࡋ♧ࢆࡇ
3ࠊࡣሙタィ☢ࡢ▼☢⏝  ࠋ࠺⾜࡚ࡋ㏻ࢆẁ㝵ࡢࡘ

Step-1 㟁ࡢ⩌㍯㟁ὶ⥺ࡓࡋ⨨㓄≦⟃ࠊࡣ࡛

ὶศᕸࠊࢆീ㡿ᇦ࡛☢ሙศᕸ୍ࡀᵝࡼࡿ࡞

㸦40cm-⌫㠃࡛ᆒ୍ᗘ࠺ 1ppm ⛬ᗘ㸧SVD ᅛ᭷

ศᕸࢆ㔜࡚ࡏࢃྜࡡồࠋࡿࡵຍ⟬ࡓࡋᅛ᭷࣮ࣔ

 ࠋࡓࢀ⌧ࡀࢡ࣮ࣆࡢ㟁ὶࡓࡋᑐᛂᩘࢻ
Step-2 ᙧ᩿㠃▴ࠊ⨨ࢡ࣮ࣆ㟁ὶࡢࡇࠊࡣ࡛

≦㠃ᙧ᩿ࡢࡑࠊࡋ⨨㓄ࢆ(CB)ࢡࢵࣟࣈࣝࢥࡢ

Step-1ࠊࢆ ࡛ồࡓࡵ☢ሙศᕸࢆ⌧ࠊ࠺ࡼࡿࡍ

CB ┠ࡢሙศᕸ☢ࠋࡓࡋㄪᩚࢆ≦⨨࣭᩿㠃ᙧࡢ

Ᏻࠊ࡚ࡋᅛ᭷࣮ࣔࢻᙉᗘࢆ⏝ࠋࡓࡋStep-2 ࡛

CBࠊࡣ ᩿㠃୍ᵝ㟁ὶࡀศᕸࠊ࡚ࡋᕳࡁ⥺ᵓ

㐀ࡣ⪃៖ࠊࡎࡏCB యࡢ㉳☢ຊࠊࡣ㟁ὶᐦᗘ

(150-180A/mm2)ࢆಖࡕ㐃⥆ⓗኚ᭦(▴ᙧ᩿ࡢ㠃

 ࠋࡿ࠸࡚ࡋㄪᩚࠊ࡚ࡋࡿࡁ࡛(ኚ᭦ࢆ✚
Step-3 CBࠊࡋ㑅ᢥࢆᑟయࠊࡣ࡛ ෆࡢᕳࡁ⥺ᵓ

㐀ࢆỴࠋࡿࡵStep-2 ྍࢆ≦㠃ᙧ᩿ࠊ㟁ὶᐦᗘࡢ࡛

CBࠊࡀࡿࡵỴ࠺ࡼࡿࡍ⌧ࡾ㝈࡞⬟ ㉳☢ຊࡣ

㞳ᩓ್࡛ࡣ್ࡌྠࠊࡾ࠶ฟ᮶ࠋ࠸࡞㢟࡛

820.3kAЍ830.4kAࠊࡣ ࡢ CB ࡣᆒ୍ᗘࠊࡾ࠶ࡶ

0.94Ѝ906ppm (40cm ⌫㠃)ᝏࠊࡋࡋࠋࡓࡋ

ᚤㄪᩚ(2mmࢆ⨨ࣝࢥ ௨ୗࡇࡿࡍ(ື⛣ࡢ

Step-1, Step-2ࠊ࡛ ㄝࢆࡇࡿࡁ࡛⌧ࢆᆒ୍ᗘࡢ

᫂ࠊࡾࡼࢀࡇࠋࡓࡋMRI ࡀሙタィ☢ࡢ▼☢

ࠋࡿࡍ 
㕲 yoke ࡿ࠸⏝ࢆ MRI 㕲ࡢࡑࠋࡿ࠶ࡶ▼☢⏝

yoke ᙧ≧ࢆⰋዲ࡞ᆒ୍ᗘࡢ☢ሙࢆⓎ⏕࡛ࡿࡁ㕲

yoke ᙧ≧ࢆタィࡢࡇࠋࡿࡍタィࠊTSVDࡿࡼ

᭱ᑠゎࢆ⏝ࡿࡍ DUCAS(Design tool Using 
Current potential And Singular value decomposition)
 ࠋࡓࡋ♧ࢆࡇࡿࡁሙタィ࡛☢ࠊ࡚ࡋゎࢆ

ㄗᕪ࡛⏤⌮ࡢࠎ✀ࡣᐇᶵ࡛ࡢタ⨨ᚋࠊࡋࡋ

☢ሙࡀΰධ1ࠋࡿࡍppm ⛬ᗘ࡛タィࠊࡶ࡚ࡋタ

⨨࣭ึບ☢┤ᚋᩘࡣ࡛▼☢ࡢⓒ ppm ࡀᆒ୍ᗘ

ᝏࢢ࣑ࣥࢩࠋࡿ࠸࡚ࡋసᴗࡢࡑࠊࡀㄗᕪ☢ሙ

ሙ☢ࠋࡿࡍ⌧ࢆタィ☢ሙࡽሙศᕸ☢࠸ከࡢ

୰࡛☢ࠊࡋ☢Ẽ࣮࣓ࣔࣥࢺ(MM)ࢆᣢࡘᙉ☢ᛶ

య(㕲࣒ࢩ∦)ࢆ㓄⨨ࡢࡑࠊ࡚ࡋ☢Ẽ࣮࣓ࣔࣥࡀࢺ

సࡿ☢ሙࢆ࡚ࡗㄗᕪ☢ሙࢆ⿵ṇࡢࡇࠋࡿࡍ㕲

ィࢢ࣑ࣥࢩィ⟬㸦ࡿࡵỴࢆ㓄⨨ศᕸࡢ∦࣒ࢩ

⟬㸧ࠊࡶTSVD ṇ๎ࢆ⏝ࠋࡓࡋᡴࡕษࡾᅛ

᭷࣮ࣔࢢ࣑ࣥࢩࠊࡣྕ␒ࢻィ⟬࡛ணࡿࡍᆒ୍

ᗘࡀ༑ศࠊࡓࡲࠋࡓࡋྕ␒ࡿ࡞┠ᶆ☢ሙᙉ

ᗘࠊࡣ⏝㕲㔞ࡀᑡ࠸࡞᮲௳ࠋࡓࡋ 
ᐇ㝿ࡢసᴗ࡛ࢢ࣑ࣥࢩࠊࡣ㛤ጞࡣከ㔞ࡢ

ࠊࡵࡓࡢࡑࠋ࠸ࡁࢆຊ☢ࠊ࡛ࡢ࠺ࢆ∦࣒ࢩ

ᾘ☢࣭ບ☢ࢆకࢢ࣑ࣥࢩ࡚ࡗసᴗ᭱ࠊࡀ࠺⾜ࢆ

ᚋࡢᚤㄪᩚ࡛ࡣ☢ሙࢆಖ࡚ࡗసᴗ(fine (ࢢ࣑ࣥࢩ
ࢆࣞࢺ࣒ࢩࠊࡵࡓࡢࡑࠋࡓࡋ 2 ✀㢮ศ㢮ࠊࡋ

ࢩࠊ࡚ࡋ࠸Ⰻࢆࣞࢺ࣒ࢩ࠸࡞ᑡࡢ㔞∦࣒ࢩ

MuSEUMࠊᯝ⤖ࡢࡑࠋࡓࡗ⾜ࢆసᴗࢢ࣑ࣥ ᐇ㦂

ࢆࡇࡿࡁ࡛⌧ᐇࢆᆒ୍ᗘ࡞Ⰻዲࡿࡁ࡛⏝

ㄝ᫂ࠋࡓࡋ 

10㸫 52



 

5.4. g-2/EDM ☢▼☢ሙタィࡵࡲࡢ 

J-PARC࣭㧗࣮ࢠࣝࢿ࢚ຍ㏿ჾ◊✲ᶵᵓ(KEK)
⋠⬟ᖖ☢Ẽ⬟⋡/㟁Ẽ␗ࡢ(Muon)࣮࣑ࣥ࢜ࣗࡣ࡛

(g-2/EDM)ࢆ⢭ᗘⰋࡃィ ࡿࡍᐇ㦂ࢆィ⏬࠾࡚ࡋ

ࡿࢀࡉ⏝ᐇ㦂࡛ࡢࡑࠊࡾ muon ✚☢▼(MSM)
muonࠊࡣ▼☢ᮏࠋࡓࡋㄝ࡚᫂࠸ࡘタィࡢ ✚

✵㛫࡛ࡣ MRI ⣙ẚ 1 ᱆Ⰻ࠸(ᆒ୍ᗘࡀᑠ࠸ࡉ)
ᆒ୍ᗘ 0.2ppm muonࠊᚲせ࡛ࡀᵝ☢ሙ୍ࡢ ධࡢ

ᑕࡣ⼺᪕ධᑕࢆ࠺ࡀ≉ᚩ࡛2ࠋࡿ࠶ ≉ࡢࡘ

ᚩࢆᐇ⌧ࡿࡍ☢ሙศᕸࢆⓎ⏕࡛ࡿࡁ MSM ࡢ▼☢

タィࢆ㐍ࠊࡵᐇ⌧ྍ⬟࡞㉳☢ຊ㓄⨨ࢆᣢࠊࡕỌ

ஂ㟁ὶ࣮࡛ࣔࢻ㏻㟁ࡿࡍ㉸㟁ᑟ☢▼ࡢ☢ሙタィ

 ࠋࡓࡗ⾜ࢆ
MRI ྠᵝ 3 ࡢࡘ Step ࡛☢▼タィࠋࡓࡗ⾜ࢆ

ᆒ୍☢ሙMuonධᑕྍ⬟༙࡞ᚄ᪉ྥ☢ሙࢆᵓᡂ

Step-1ࠋࡿ࠶ࡀᚲせࡿࡍ ࠺そࢆయ▼☢ࠊࡣ࡛

㉳☢ຊ※ࡀᚲせ࡛᭷ࡀࡇࡿゎࠋࡓࡗStep-2, 
Step-3 MRIࠊࡶ࡛ ☢▼タィྠᵝ᳨࡞ウ࡛ࡿ࠶

MSMࠊࡀ 㕲ࡣ࡛ yoke ᙧ≧࡚ࡵྵࢆ㉳☢ຊ㓄⨨

Muonࠊᯝ⤖ࡢࡑࠋࡓࡋ㐺᭱ࢆ ✚㡿ᇦ(༙ᚄ

0.333m, ༙ᚄ᪉ྥᖜ 5cm, ㍈᪉ྥ㧗ࡉ 10cm)࡛ࠊ

☢ሙᙉᗘ 3.0T ࡛ᆒ୍ᗘ 0.079ppm ࢆሙ☢ࡢ

5.0071MAT ࣮࣏)≦㉳ᙧ✺୰ᚰ㒊ࠊ㉳☢ຊࡢ

㕲ࡘᣢࢆ(ࣝ yoke ࡛┠ᶆ☢ሙࢆᐇ⌧ࢆ▼☢ࡿࡍタ

ィࠋࡓࡋ 
ᐇ㝿ࡢᐇ㦂࡛⪃ࡿࢀࡽ࠼ㄗᕪ☢ሙᑐᛂࡿࡍ

 ࠋࡓࡋタィࡶ⨨ㄪᩚࡿࢀࡉணᚲせࡵࡓ
Muon ✚㡿ᇦࠊࡣMRI ࣑ࢩࡌྠ▼☢⏝

ࢢ࣑ࣥࢩ௬ⓗࠊ࡛⏬ィࡿࡍ⏝ࢆィ⟬ἲࢢࣥ

㍈᪉ྥࠋࡓࡗ⾜ࢆ(ࣥࣙࢩ࣮࣑ࣞࣗࢩࡢࢢ࣑ࣥࢩ)

☢ሙࢆᆒ୍࡛ࡿࡁࠊࡋࡋࠋࡓࢀࡉ♧ࡀ㕲

yoke ⿵ࡣ࡛ࢢ࣑ࣥࢩࡿࡼ∦㕲ࠊࡀタ⨨ㄗᕪࡢ

ṇฟ᮶ࠊ࠸࡞㍈ᆶ┤࡞☢ሙᡂศࢆⓎ⏕ࠊࡋṧ

ᕪ☢ሙྍࡀࡇࡿ࡞⬟ᛶࡇࠊࡓࢀࡉ♧࡚ࡋ

 ࠋࡿࡍព⏝ࢆࣞࣝࢥ࣒ࢩࡣṇ⿵ࡢ
Muon ධᑕ㛵㐃ࡢ☢ሙࠊ࡚ࡋᙅ㞟᮰☢ሙ࢟ࠊ

ࡿ࠶ࡀሙ☢ࢢࣥࣜࢸࢫࠊࢀࡑࠊሙ☢࣮࢝ࢵ

 ࠋࡿ࠸࡚ࡵ㐍ࢆሙタィ☢ࠊࢀࡒࢀࡑࠊࡀ
ᙅ㞟᮰☢ሙࣝࢥ(WFC)ࠊࡣタ⨨ㄗᕪࢆ㍍ῶ࡛

ᨭᣢᵓ㐀ࠊෆഃࡄ┤ࡢࣝࢥࠊ࠼⪄ࡿࡁ

7ࠋࡿࡍ⨨㓄࡚ࡋඹ㏻ࢆ ಶࡢᑠ CB ࡋ⨨㓄ࢆ

ィྜࠊ࡚ 62kAT n-index=1.5E-4ࠊ࡛ ࢆഴᩳ☢ሙࡢ

ࠋࡓࡵỴࢆ⨨TSVDṇ๎࡛㉳☢ຊ㓄࠺ࡼࡿࡃࡘ

ࠋࡿ࠶タィ㐍⾜୰࡛࡚࠸ࡘᵓ㐀⥺ࡁᕳࣝࢥ

ㄗᕪ☢ሙࡣタ⨨ㄗᕪᩄឤ࡛ࠊࡾ࠶ᐇᶵ࡛ࠊࡣ

ഴᩳ☢ሙࢆຍࡿ࠼ሙྜࠊࡣᗘࡢ fine ࣑ࣥࢩ

 ࠋࡿ࠸࡚࠼⪄ࡿ࡞ᚲせࡀࢢ
ࡍࡃࡉᑠࢆࢫࣥࢱࢡࢲࣥࡣࣝࢥ࣮࢝ࢵ࢟

㟁ὶ᪉ࢆᑟయࡢ≦⟃ᯈ࣭ⷧࠊᚲせ࡛ࡀࡇࡿ

ࡿ࡞␗࠸ࡢྥ 2 ࡚ࡋ⨨㓄ࡘ 300-1000A ⛬ᗘ

Muonࠋࡿ࠶࡛⏬ィࡍὶࢆ㟁ὶࡢ ධᑕ࣭✚ᑐ

 ࠋࡿ࠶㐍⾜୰࡛ࠊࡾ࠾࡚ࡵồࢆ⨨㓄࡞㐺࡚᭱ࡋ
࣮ࣅධᑕ᪉ྥࡢ▼☢ࠊࡣ▼☢ࢢࣥࣜࢸࢫ

MSMࠊࢆ⨨࣒ ධᑕᚤㄪᩚࠋࡿࡍ㕲 yoke 
๓ᚋࡢࡑࠊࡀࡿࢀࡉព⏝ࡀධᑕ⏝㈏㏻Ꮝࡣ

㓄⨨ࠋࡿࢀࡉ㕲 yoke MSMࠊ➼ ᵓ㐀≀ࡀ㏆ഐᏑ

ᅾࠊ࡛ࡢࡿࡍ⬟ື☢Ẽ㐽ⶸࡢᶵ⬟ࡀᚲせ࡛࠶

ࣥࣜࢸࢫᆺࢻ࣮ࣝࢩẼ☢ື⬟ࠊࡵࡓࡢࡑࠋࡿ

࠶࡛ (ASSM: Active Shield Steering Magnet) ▼☢ࢢ

㕲ࠋࡿ yoke ࡿࡍ⨨㓄✚㡿ᇦഃࡢ inner-ASSM
3Dࠊ࡚࠸ࡘ タィ࡚ࡵྵ࡛ࡲࣝࢥࢻ࣮ࣝࢩ࡛

MRIࠋࡓࡋ ⨨࡛⏝ࡿ࠸⬟ື☢Ẽࢻ࣮ࣝࢩᆺഴ

ᩳ☢ሙࣝࢥ㸦ASGC: Active Shield Gradient field 
Coil㸧ࡢタィᢏ⾡ࢆᛂ⏝ࠋࡓࡋ Inner-ASSM ࡣ

1mTmࡢ BL✚ࢆᣢࠊࡕ୰ᚰࡽ 0.2m㞳ࡓࢀ⨨

ࡣ࡛ 1 T ௨ୗ☢ሙ㐽ⶸ࡛ࡿࡁ ASSM タィฟࢆ

᮶ࢆࡇࡿㄝ᫂ࠋࡓࡋ 
௨ୖࡢタィࡣ㐍ᒎ୰࡛ࠊࡾ࠶ヲ⣽タィࡀ㐍ࡴ

࠼⪄ࡿ࡞ࡇ࠺⾜ࡶᚤㄪᩚࡢሙタィ☢ࠊ

ᐇᶵ࡛┠ᶆࠊࡣṇ⿵ࡢㄗᕪ☢ሙࠊࡓࡲࠋࡿ࠸࡚

☢ሙࢆᐇ⌧࡛ୖࡿࡍ㔜せ࡛࡞⬟ྍࠊ࠼⪄ࡿ࠶

⿵ṇᶵᵓࢆຍࠋࡃ࠸࡚ࡋ  

 

 ࡵࡲ .6
J-PARC ࡛‽ഛࡿ࠸࡚ࡋ g-2/EDM ⢭ᐦィ ⏝☢

▼(MSM)ࡢ☢ሙタィ᭱ࠊࡣᑠἲࢆᡴࡕษ

ᡭἲ(TSVDࡃゎ࡚ࡋ⏝ࡢศゎ್␗≉ࡾ ṇ๎)
ᮏ㈨ᩱ࡛ࠊࡵࡓࡢࡑࠋࡿ࠸࡚ࡵ㐍ࠊ࡚ࡗࢆ

➨ࠊࡣ 2 ❶࡛ᡭἲࡢᐃᘧࢆㄝ᫂ࠋࡓࡋ┠ᶆ☢ሙ

ศᕸࠊᅛ᭷࣮ࣔࢻศᕸࠊᅛ᭷࣮ࣔࢻᙉᗘࠊᡴࡕ

ษࡾᅛ᭷࣮ࣔࠊྕ␒ࢻṧᕪ☢ሙࠊᵓᡂ㟁ὶࠊ

ᵓᡂ☢ሙࠊ࡚࠸ࡘᐃ⩏ࢆ㏙ࠋࡓ 
➨ 3 ࢆゎ⌮ࡢᡭἲࠊ࡛ࡇࡃゎࢆ㢟ࠊࡣ࡛❶

㐍ࠊࡎࡲࠋࡓࡵィ⟬⢭ᗘࡢ☜ಖࠊࡵࡓࡢ㟁

ὶ(⥺㍯㟁ὶ)ࡢసࡿ☢ሙࡢィ⟬ἲࢆ☜ㄆ12ࠊ࡚ࡋ
᱆ࡢ⢭ᗘ࡛⥺㍯㟁ὶࡿࡼ☢ሙࡀồࡿ࠸࡚ࡗࡲ

⎔ࠋࡓ࠸ゎࢆ㢟࡛ୖࡢࡑࠋࡓࡋㄆ☜ࢆࡇ

య⣔࡛ࠊ⎔ෆ㒊┠ᶆ☢ሙࢆࡢᩘ「ࠋࡓ࠼

✀㢮ࡢ┠ᶆ☢ሙࢆࠊ࠼⎔㠃ࢆ࿘ᅇ᪉ྥὶ

ࠋࡓࡵồࢆ㠃ศᕸ᩿ࣝࢲ࣏ࣟࡢ㟁ὶࡿࢀ

Maxwell ᪉⛬ᘧ࠸࡞ࡋ┪▩┠ᶆ☢ሙࢆࡿ࠼

ࡇࡿࡍࡃࡁࢆྕ␒ࢻᅛ᭷࣮ࣔࡾษࡕᡴࠊ

࡛⢭ᗘⰋࡃ☢ሙࢆᵓᡂࡿࡍ㟁ὶศᕸࢆồࡿࡵ

ࣥࢸ࣏ࣝࢺࢡ࡚࣋ࡋᶆ☢ሙ┠ࠋࡓࡋ♧ࢆࡇ

ࡢࡇࠊࡋణࠋࡓࡋ♧ࡶࡇࡿ࠶࡛⬟ྍࡶࣝࣕࢩ

ሙྜࠊ㟁ὶ್ࢆࡿࡍࡃࡁ᮲௳࡛ࡢࡿ࠶ࡶὀព

 ࠋࡿࡍせࢆ
➨ 4 ㌟ࡢ⟄ᆺࠊࡣ࡛❶ MRI ᐃࢆ▼☢⏝

▴ࠊึ᭱ࠋࡓࡋ㢟ࢆ㉳☢ຊ㓄⨨タィࡓࡋ

ᙧ᩿㠃ࡢᙧࡀࣝࢥసࡿ☢ሙࢫ࢘࢞ࠊࢆồ✚

ἲࢆࠊࡤ࠼▷㛫࡛⢭ᗘⰋࡃ☢ሙィ⟬࡛ࡿࡁ

MRIࠋࡓ࠸⏝ሙタィ☢ࢆ᪉ἲࡢࡑࠊࡋ♧ࢆࡇ
3ࠊࡣሙタィ☢ࡢ▼☢⏝  ࠋ࠺⾜࡚ࡋ㏻ࢆẁ㝵ࡢࡘ

Step-1 㟁ࡢ⩌㍯㟁ὶ⥺ࡓࡋ⨨㓄≦⟃ࠊࡣ࡛

ὶศᕸࠊࢆീ㡿ᇦ࡛☢ሙศᕸ୍ࡀᵝࡼࡿ࡞

㸦40cm-⌫㠃࡛ᆒ୍ᗘ࠺ 1ppm ⛬ᗘ㸧SVD ᅛ᭷

ศᕸࢆ㔜࡚ࡏࢃྜࡡồࠋࡿࡵຍ⟬ࡓࡋᅛ᭷࣮ࣔ

 ࠋࡓࢀ⌧ࡀࢡ࣮ࣆࡢ㟁ὶࡓࡋᑐᛂᩘࢻ
Step-2 ᙧ᩿㠃▴ࠊ⨨ࢡ࣮ࣆ㟁ὶࡢࡇࠊࡣ࡛

≦㠃ᙧ᩿ࡢࡑࠊࡋ⨨㓄ࢆ(CB)ࢡࢵࣟࣈࣝࢥࡢ

Step-1ࠊࢆ ࡛ồࡓࡵ☢ሙศᕸࢆ⌧ࠊ࠺ࡼࡿࡍ

CB ┠ࡢሙศᕸ☢ࠋࡓࡋㄪᩚࢆ≦⨨࣭᩿㠃ᙧࡢ

Ᏻࠊ࡚ࡋᅛ᭷࣮ࣔࢻᙉᗘࢆ⏝ࠋࡓࡋStep-2 ࡛

CBࠊࡣ ᩿㠃୍ᵝ㟁ὶࡀศᕸࠊ࡚ࡋᕳࡁ⥺ᵓ

㐀ࡣ⪃៖ࠊࡎࡏCB యࡢ㉳☢ຊࠊࡣ㟁ὶᐦᗘ

(150-180A/mm2)ࢆಖࡕ㐃⥆ⓗኚ᭦(▴ᙧ᩿ࡢ㠃

 ࠋࡿ࠸࡚ࡋㄪᩚࠊ࡚ࡋࡿࡁ࡛(ኚ᭦ࢆ✚
Step-3 CBࠊࡋ㑅ᢥࢆᑟయࠊࡣ࡛ ෆࡢᕳࡁ⥺ᵓ

㐀ࢆỴࠋࡿࡵStep-2 ྍࢆ≦㠃ᙧ᩿ࠊ㟁ὶᐦᗘࡢ࡛

CBࠊࡀࡿࡵỴ࠺ࡼࡿࡍ⌧ࡾ㝈࡞⬟ ㉳☢ຊࡣ

㞳ᩓ್࡛ࡣ್ࡌྠࠊࡾ࠶ฟ᮶ࠋ࠸࡞㢟࡛

820.3kAЍ830.4kAࠊࡣ ࡢ CB ࡣᆒ୍ᗘࠊࡾ࠶ࡶ

0.94Ѝ906ppm (40cm ⌫㠃)ᝏࠊࡋࡋࠋࡓࡋ

ᚤㄪᩚ(2mmࢆ⨨ࣝࢥ ௨ୗࡇࡿࡍ(ື⛣ࡢ

Step-1, Step-2ࠊ࡛ ㄝࢆࡇࡿࡁ࡛⌧ࢆᆒ୍ᗘࡢ

᫂ࠊࡾࡼࢀࡇࠋࡓࡋMRI ࡀሙタィ☢ࡢ▼☢

ࠋࡿࡍ 
㕲 yoke ࡿ࠸⏝ࢆ MRI 㕲ࡢࡑࠋࡿ࠶ࡶ▼☢⏝

yoke ᙧ≧ࢆⰋዲ࡞ᆒ୍ᗘࡢ☢ሙࢆⓎ⏕࡛ࡿࡁ㕲

yoke ᙧ≧ࢆタィࡢࡇࠋࡿࡍタィࠊTSVDࡿࡼ

᭱ᑠゎࢆ⏝ࡿࡍ DUCAS(Design tool Using 
Current potential And Singular value decomposition)
 ࠋࡓࡋ♧ࢆࡇࡿࡁሙタィ࡛☢ࠊ࡚ࡋゎࢆ

ㄗᕪ࡛⏤⌮ࡢࠎ✀ࡣᐇᶵ࡛ࡢタ⨨ᚋࠊࡋࡋ

☢ሙࡀΰධ1ࠋࡿࡍppm ⛬ᗘ࡛タィࠊࡶ࡚ࡋタ

⨨࣭ึບ☢┤ᚋᩘࡣ࡛▼☢ࡢⓒ ppm ࡀᆒ୍ᗘ

ᝏࢢ࣑ࣥࢩࠋࡿ࠸࡚ࡋసᴗࡢࡑࠊࡀㄗᕪ☢ሙ

ሙ☢ࠋࡿࡍ⌧ࢆタィ☢ሙࡽሙศᕸ☢࠸ከࡢ

୰࡛☢ࠊࡋ☢Ẽ࣮࣓ࣔࣥࢺ(MM)ࢆᣢࡘᙉ☢ᛶ

య(㕲࣒ࢩ∦)ࢆ㓄⨨ࡢࡑࠊ࡚ࡋ☢Ẽ࣮࣓ࣔࣥࡀࢺ

సࡿ☢ሙࢆ࡚ࡗㄗᕪ☢ሙࢆ⿵ṇࡢࡇࠋࡿࡍ㕲

ィࢢ࣑ࣥࢩィ⟬㸦ࡿࡵỴࢆ㓄⨨ศᕸࡢ∦࣒ࢩ

⟬㸧ࠊࡶTSVD ṇ๎ࢆ⏝ࠋࡓࡋᡴࡕษࡾᅛ

᭷࣮ࣔࢢ࣑ࣥࢩࠊࡣྕ␒ࢻィ⟬࡛ணࡿࡍᆒ୍

ᗘࡀ༑ศࠊࡓࡲࠋࡓࡋྕ␒ࡿ࡞┠ᶆ☢ሙᙉ

ᗘࠊࡣ⏝㕲㔞ࡀᑡ࠸࡞᮲௳ࠋࡓࡋ 
ᐇ㝿ࡢసᴗ࡛ࢢ࣑ࣥࢩࠊࡣ㛤ጞࡣከ㔞ࡢ

ࠊࡵࡓࡢࡑࠋ࠸ࡁࢆຊ☢ࠊ࡛ࡢ࠺ࢆ∦࣒ࢩ

ᾘ☢࣭ບ☢ࢆకࢢ࣑ࣥࢩ࡚ࡗసᴗ᭱ࠊࡀ࠺⾜ࢆ

ᚋࡢᚤㄪᩚ࡛ࡣ☢ሙࢆಖ࡚ࡗసᴗ(fine (ࢢ࣑ࣥࢩ
ࢆࣞࢺ࣒ࢩࠊࡵࡓࡢࡑࠋࡓࡋ 2 ✀㢮ศ㢮ࠊࡋ

ࢩࠊ࡚ࡋ࠸Ⰻࢆࣞࢺ࣒ࢩ࠸࡞ᑡࡢ㔞∦࣒ࢩ

MuSEUMࠊᯝ⤖ࡢࡑࠋࡓࡗ⾜ࢆసᴗࢢ࣑ࣥ ᐇ㦂

ࢆࡇࡿࡁ࡛⌧ᐇࢆᆒ୍ᗘ࡞Ⰻዲࡿࡁ࡛⏝

ㄝ᫂ࠋࡓࡋ 
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➨ 5 g-2/EDMࠊࡣ࡛❶ ⢭ᐦィ ᐇ㦂⏝ࡢ Muon
✚☢▼(MSM: Muon Storage Magnet)ࡢ☢ሙタィ

MRIࠋࡓࡋㄝ᫂ࢆ ☢▼タィ࡛㛤Ⓨࡓࡋタィᡭἲ

MRIࠋࡿࡍ⏝㐺ࢆᡭἲࢢ࣑ࣥࢩ ྠᵝ 3 ࡢࡘ

Step ࡛☢▼タィࠋࡓࡗ⾜ࢆᆒ୍☢ሙ Muon ධᑕ

ࠋࡿ࠶ࡀᚲせࡿࡍᵓᡂࢆᚄ᪉ྥ☢ሙ༙࡞⬟ྍ

Step-1 ᚲせ࡛᭷ࡀ※㉳☢ຊ࠺そࢆయ▼☢ࠊࡣ࡛

Step-2, Step-3ࠋࡓࡗゎࡀࡇࡿ MRIࠊࡶ࡛ ☢▼タ

ィྠᵝ᳨࡞ウ࡛ࠊࡀࡿ࠶MSM 㕲ࡣ࡛ yoke ᙧ≧

ࠊᯝ⤖ࡢࡑࠋࡓࡋ㐺᭱ࢆ⨨㉳☢ຊ㓄࡚ࡵྵࢆ

Muon✚㡿ᇦ(༙ᚄ 0.333m, ༙ ᚄ᪉ྥᖜ 5cm, ㍈᪉

ྥ㧗10ࡉcm)࡛ࠊ☢ሙᙉᗘ3.0T࡛ᆒ୍ᗘ0.079ppm
ࢆሙ☢ࡢ 5.0071MAT ㉳✺୰ᚰ㒊ࠊ㉳☢ຊࡢ

ᙧ≧(࣮࣏ࣝ)ࢆᣢࡘ㕲 yoke࡛┠ᶆ☢ሙࢆᐇ⌧ࡿࡍ

 ࠋࡓࡋタィࢆ▼☢
MRI ࡿࡍ⏝ࢆィ⟬ἲࢢ࣑ࣥࢩࡌྠ▼☢⏝

ィ⏬࡛ࠊ௬ⓗ࣮࣑ࣞࣗࢩࡢࢢ࣑ࣥࢩ)ࢢ࣑ࣥࢩ

㕲ࠊᯝ⤖ࡢࡑࠋࡓࡗ⾜ࢆ(ࣥࣙࢩ yoke タ⨨ㄗᕪࡢ

㍈ࠊ࠸࡞ṇฟ᮶⿵ࡣ࡛ࢢ࣑ࣥࢩࡿࡼ∦㕲ࠊࡀ

ࡇࡿ࡞ṧᕪ☢ሙࠊࡋ⏕Ⓨࢆሙᡂศ☢࡞┤ᆶ

࣒ࢩࡣṇ⿵ࡢࡇࠊࡓࢀࡉ♧࡚ࡋᛶ⬟ྍࡀ

 ࠋࡿࡍព⏝ࢆࣞࣝࢥ
Muon ධᑕ㛵㐃ࡢ☢ሙࠊ࡚ࡋᙅ㞟᮰☢ሙ࢟ࠊ

ࡿ࠶ࡀሙ☢ࢢࣥࣜࢸࢫࠊࢀࡑࠊሙ☢࣮࢝ࢵ

 ࠋࡿ࠸࡚ࡵ㐍ࢆሙタィ☢ࠊࢀࡒࢀࡑࠊࡀ
ᙅ㞟᮰☢ሙࣝࢥ(WFC)ࠊࡣタ⨨ㄗᕪࢆ㍍ῶ࡛

ᨭᣢᵓ㐀ࠊෆഃࡄ┤ࡢࣝࢥࠊ࠼⪄ࡿࡁ

7ࠋࡿࡍ⨨㓄࡚ࡋඹ㏻ࢆ ಶࡢᑠ CB ࡋ⨨㓄ࢆ

ィྜࠊ࡚ 62kAT n-index=1.5E-4ࠊ࡛ ࢆഴᩳ☢ሙࡢ

ഴࠊࡣᐇᶵ࡛ࠊࡾ࠶ᩄឤ࡛タ⨨ㄗᕪࠋࡿࡃࡘ

ᩳ☢ሙࢆຍࡿ࠼ሙྜࠊࡣᗘࡢ fineࡀࢢ࣑ࣥࢩ

ᚲせࠋࡿ࠸࡚࠼⪄ࡿ࡞ 
ࡍࡃࡉᑠࢆࢫࣥࢱࢡࢲࣥࡣࣝࢥ࣮࢝ࢵ࢟

㟁ὶ᪉ࢆᑟయࡢ≦⟃ᯈ࣭ⷧࠊᚲせ࡛ࡀࡇࡿ

ࡿ࡞␗࠸ࡢྥ 2 ࡚ࡋ⨨㓄ࡘ 300-1000A ⛬ᗘࡢ

㟁ὶࢆὶࡍィ⏬࡛ࠋࡿ࠶Muon ධᑕ࣭✚ᑐࡋ

࡚᭱㐺࡞㓄⨨ࢆồࠊࡾ࠾࡚ࡵ㐍⾜୰࡛ࠋࡿ࠶ 
ࣅධᑕ᪉ྥࡢ▼☢ࠊࡣ▼☢ࢢࣥࣜࢸࢫ

MSMࠊࢆ⨨࣒࣮ ධᑕᚤㄪᩚࠋࡿࡍ㕲 yoke 
๓ᚋࡢࡑࠊࡀࡿࢀࡉព⏝ࡀධᑕ⏝㈏㏻Ꮝࡣ

㓄⨨ࠋࡿࢀࡉ㕲 yoke MSMࠊ➼ ᵓ㐀≀ࡀ㏆ഐᏑ

ᅾࠊ࡛ࡢࡿࡍ⬟ື☢Ẽ㐽ⶸࡢᶵ⬟ࡀᚲせ࡛࠶

ࣥࣜࢸࢫᆺࢻ࣮ࣝࢩẼ☢ື⬟ࠊࡵࡓࡢࡑࠋࡿ

࠶࡛ (ASSM: Active Shield Steering Magnet) ▼☢ࢢ

㕲ࠋࡿ yoke ࡿࡍ⨨㓄✚㡿ᇦഃࡢ inner-ASSM
3Dࠊ࡚࠸ࡘ タィ࡚ࡵྵ࡛ࡲࣝࢥࢻ࣮ࣝࢩ࡛

MRIࠋࡓࡋ ⨨࡛⏝ࡿ࠸⬟ື☢Ẽࢻ࣮ࣝࢩᆺഴ

ᩳ☢ሙࣝࢥ㸦ASGC: Active Shield Gradient field 
Coil㸧ࡢタィᢏ⾡ࢆᛂ⏝ࠋࡓࡋ Inner-ASSM ࡣ

1mTmࡢ BL✚ࢆᣢࠊࡕ୰ᚰࡽ 0.2m㞳ࡓࢀ⨨

ࡣ࡛ 1 T ௨ୗ☢ሙ㐽ⶸ࡛ࡿࡁ ASSM タィฟࢆ

᮶ࢆࡇࡿㄝ᫂ࠋࡓࡋ 
☢▼ᮏయ௨እࠊ㕲 yoke ࡛ᅖࡓࢀࡲ✵㛫

㥑ື⏝㟁※(DC-DCࡢࡑࠊฟჾ᳨ࡢ㟁Ꮚᑐࠊࡣ ࢥ

nmrࠊࣝࣈ࣮ࢣ㟁ὶࠊ (ࢱ࣮ࣂࣥ ከࡢ➼࣮ࢧࣥࢭ

せᅉࡢㄗᕪ☢ሙࠊࡣࡽࢀࡇࠋࡿࢀࡉ⨨㓄ࡀࡃ

⨨㓄ࠊࢆ⏝ࡢᛶయ☢ࠊࡵࡓࡢࡑࠋࡿᚓࡾ࡞

ㄗࠊ࡞ࠊᢚไࡢᗘኚ ࠊ࿘ᅇ᪉ྥ୍ᵝᛶࢆ

ᕪ☢ሙせᅉࡢపῶດ࡚ࡵタィࢆ㐍ᒎ࠸࡚ࡏࡉ

 ࠋࡿ
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➨ 5 g-2/EDMࠊࡣ࡛❶ ⢭ᐦィ ᐇ㦂⏝ࡢ Muon
✚☢▼(MSM: Muon Storage Magnet)ࡢ☢ሙタィ

MRIࠋࡓࡋㄝ᫂ࢆ ☢▼タィ࡛㛤Ⓨࡓࡋタィᡭἲ

MRIࠋࡿࡍ⏝㐺ࢆᡭἲࢢ࣑ࣥࢩ ྠᵝ 3 ࡢࡘ

Step ࡛☢▼タィࠋࡓࡗ⾜ࢆᆒ୍☢ሙ Muon ධᑕ

ࠋࡿ࠶ࡀᚲせࡿࡍᵓᡂࢆᚄ᪉ྥ☢ሙ༙࡞⬟ྍ

Step-1 ᚲせ࡛᭷ࡀ※㉳☢ຊ࠺そࢆయ▼☢ࠊࡣ࡛

Step-2, Step-3ࠋࡓࡗゎࡀࡇࡿ MRIࠊࡶ࡛ ☢▼タ

ィྠᵝ᳨࡞ウ࡛ࠊࡀࡿ࠶MSM 㕲ࡣ࡛ yoke ᙧ≧

ࠊᯝ⤖ࡢࡑࠋࡓࡋ㐺᭱ࢆ⨨㉳☢ຊ㓄࡚ࡵྵࢆ

Muon✚㡿ᇦ(༙ᚄ 0.333m, ༙ ᚄ᪉ྥᖜ 5cm, ㍈᪉

ྥ㧗10ࡉcm)࡛ࠊ☢ሙᙉᗘ3.0T࡛ᆒ୍ᗘ0.079ppm
ࢆሙ☢ࡢ 5.0071MAT ㉳✺୰ᚰ㒊ࠊ㉳☢ຊࡢ

ᙧ≧(࣮࣏ࣝ)ࢆᣢࡘ㕲 yoke࡛┠ᶆ☢ሙࢆᐇ⌧ࡿࡍ

 ࠋࡓࡋタィࢆ▼☢
MRI ࡿࡍ⏝ࢆィ⟬ἲࢢ࣑ࣥࢩࡌྠ▼☢⏝

ィ⏬࡛ࠊ௬ⓗ࣮࣑ࣞࣗࢩࡢࢢ࣑ࣥࢩ)ࢢ࣑ࣥࢩ

㕲ࠊᯝ⤖ࡢࡑࠋࡓࡗ⾜ࢆ(ࣥࣙࢩ yoke タ⨨ㄗᕪࡢ

㍈ࠊ࠸࡞ṇฟ᮶⿵ࡣ࡛ࢢ࣑ࣥࢩࡿࡼ∦㕲ࠊࡀ

ࡇࡿ࡞ṧᕪ☢ሙࠊࡋ⏕Ⓨࢆሙᡂศ☢࡞┤ᆶ

࣒ࢩࡣṇ⿵ࡢࡇࠊࡓࢀࡉ♧࡚ࡋᛶ⬟ྍࡀ

 ࠋࡿࡍព⏝ࢆࣞࣝࢥ
Muon ධᑕ㛵㐃ࡢ☢ሙࠊ࡚ࡋᙅ㞟᮰☢ሙ࢟ࠊ

ࡿ࠶ࡀሙ☢ࢢࣥࣜࢸࢫࠊࢀࡑࠊሙ☢࣮࢝ࢵ
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ィྜࠊ࡚ 62kAT n-index=1.5E-4ࠊ࡛ ࢆഴᩳ☢ሙࡢ

ഴࠊࡣᐇᶵ࡛ࠊࡾ࠶ᩄឤ࡛タ⨨ㄗᕪࠋࡿࡃࡘ

ᩳ☢ሙࢆຍࡿ࠼ሙྜࠊࡣᗘࡢ fineࡀࢢ࣑ࣥࢩ

ᚲせࠋࡿ࠸࡚࠼⪄ࡿ࡞ 
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㟁ὶࢆὶࡍィ⏬࡛ࠋࡿ࠶Muon ධᑕ࣭✚ᑐࡋ
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