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1 ং

1.1 ࣭ͱ࣭

ॳظӉʹ͓͍ͯɺBig Bangಉͷ࣭ͱ࣭Λੜͨͣ͠Ͱ͋Δɻ͔͠͠ɺࡏݱͷӉ
μʔΫΤωϧΪʔμʔΫϚλʔΛআ͘ͱόϦΦϯͳͲͷ࣭͕΄ͱΜͲͰɺ࣭ݟ

Βͳ͍ (࣭༏Ӊ)ɻ͜ͷඇରশੑ͕ͲͷΑ͏ʹੜ·Εͨͷ͔ͱ͍͏ٙཧֶʹ͓͚Δ࠷େ
ͷςʔϚͷ̍ͭʹͳ͍ͬͯΔɻ࣭Λߏ͢Δશͯͷཻࢠʹରͯ͠ɺͦͷରͱͳΔཻ͕ࢠଘ͢ࡏ

Δɻඪ४ܕʹΑΔͱՙిڞมɺύϦςΟมɺؒ࣌సมͷ̏ͭͷมΛಉͨͬߦʹ࣌

Ϟʔϝϯؾͷ࣭ྔɺण໋͘͠ɺిՙ࣓ࢠͱཻࢠɺͦͷཧ๏ଇมΘΒͳ͍ͱ͞Εɺཻ࣌

τͦͷઈର͕͘͠ූ߸͕ରʹͳ͍ͬͯΔͱ͍͏ରশੑ͕ΒΕ͍ͯΔɻ࣭༏ӉΛઆ

໌͢Δख͕͔ΓΛಘΔͨΊɺ࣭ͱ࣭͕ຊʹશ͘ಉ͡ͳͷ͔ɺҧ͏ͱ͢ΕɺͲ͜·Ͱରশ

ͳͷ͔͕࣮ݧతʹ୳͞ٻΕ͍ͯΔɻ࣭Λ࣮ࡍʹੜ͠ɺͦͷੑ࣭Λਫ਼ີʹଌఆ࣭͠ͱൺֱ͢

Δ͜ͱɺCPTରশੑΛతʹ͔֬ΊΔ༗ྗͳखஈͰ͋Δɻ
·ͨɺऑ͍Ձݪཧ͕࣭ʹಉ༷ʹ͑ݴΔͷ͔ʹ͍ͭͯɺࡏݱͷͱ͜Ζ࣮ݧʹΑΔ֬ೝ͕

ͳ͞Ε͍ͯͳ͍ɻ࣭ʹ࡞༻͢Δॏྗ࣭Ͱ͜ىΔݱͱಉ͡Ͱ͋Δͷ͔ɺࡏݱɺ͜ΕΛ͔֬

ΊΔͨΊͷ४උ͕ਐΊΒΕ͍ͯΔɻ

1.2 ࣭ੜͷͨΊͷཅࢪڅڙࢠઃ

1.2.1 ཅݮࢠث AD

CERN (Ԥभߏػڀݚ֩ࢠݪ) ͰཅࢠਫૉࢠݪͳͲͷਫ਼ີଌఆ࣮ߦ͕ݧΘΕ͍ͯΔ
[1][2][3][4][5][6][7]ɻ࣭ྔͷখ͞ͳཅిࢠ֩ࢠݪͷΤωϧΪʔఔʹ͓͞·ΔͨΊɺ͋Δछͷ
์ࣹੑಉҐݩૉ͔ΒಘΔ͜ͱ͕Ͱ͖ΔɻҰํɺཅࢠզʑͷͷճΓʹଘ͠ࡏͳ͍ͨΊɺର

ੜͷաఔͰਓతʹ࡞Γग़͢ඞཁ͕͋Δɻཅࢠͷ࣭ྔΤωϧΪʔΛ͑ߟΔͱ GeV Φʔμʔ
ͷେ͖ͳΤωϧΪʔ͕ඞཁͰ͋ΔɻͦͷͨΊʹՃثͰಘΒΕΔߴΤωϧΪʔϏʔϜ͕ඞཁͰ͋

ΓɺͦΕͱಉ࣌ʹਫ਼ີଌఆͷͨΊʹݮ͕ثඞཁͰ͋Δɻਤ 1ʹࣔ͢Α͏ʹ CERNʹઃஔ͞Εͨ
LINAC2ɺBOOSTERɺPSͷ 3ͭͷՃثΛ௨ͯ͠ 26 GeV/c·ͰՃ͞ΕͨཅࢠϏʔϜΠϦ
δϜͷඪతͱিಥ͠ɺ

p + p → p + p + p + p (1)

ͷԠͰɺཅࢠΛੜ͢Δɻ͜ͷաఔͰੜ͞Εͨཅ͕ͭ࣋ࢠΤωϧΪʔਫૉͷ߹ɺਫ਼

ີଌఆʹద͞ͳ͍ɻ͜ΕΛ 100 MeV/c·Ͱݮɺྫྷ٫Λ܁Γฦ͠ɺ֤࣮ݧάϧʔϓʹ͢څڙΔ
ثݮࢠઃ͕ཅࢪ Antiproton Decelerator (AD)Ͱ͋Δɻਤ 2ʹ AD෦ͷ༷ࢠΛࣔͨ͠ɻݱ
ࡏ 6ͭͷҟͳΔ࣮͕ݧ AD෦ͰߦΘΕ͓ͯΓɺBASE࣮ݧ [1]ͰཅࢠΛɺALPHA࣮ݧ [2]ɺ
ASACUSA࣮ݧ [3] [4]ɺATRAP࣮ݧ [5]ɺAEGIS࣮ݧ [6]ɺGBAR࣮ݧ [7]ͰཅࢠΛ༻͍ͯ
ͦΕͧΕಠࣗͷख๏ͰਫૉΛ߹͠ɺڀݚΛ͍ͯͬߦΔɻGBAR࣮ݧͰ͍ͯͬߦΔਫૉͷ߹
ํ๏ʹؔͯ͠ୈ 1.3અͰٞ͢Δɻ
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ਤ 1 ઢܗՃث LINAC 2ΑΓՃ͞Εͨཅࢠ·ͣ͡ΊʹϦϯάܕͷ BOOSTERͰՃ
͞ΕΔɻ͞Βʹܘͷେ͖ͳ PSͰՃ͞ΕɺADϗʔϧ෦ͷΠϦδϜͷඪతͱিಥ͠ɺࣜ
1ͷԠͰཅࢠΛੜ͢Δɻੜ͞Εͨཅࢠେ͖ͳӡಈྔΛ͍ͯͬ࣋ΔͨΊɺADϦϯά
ʹΑͬͯݮɺྫྷ٫͞ΕΔɻ

1.2.2 ཅࢠੵϦϯά ELENA

ELENA (Extra Low ENergy Antiproton ring) [8] ADʹΑͬͯ 5.3 MeVʹ·Ͱݮ͞Εͨ
ཅࢠΛ͞Βʹ RFʹΑΔݮͱి٫ྫྷࢠΛ܁Γฦ͢͜ͱͰ 100 keV·Ͱݮ͠ɺ֤࣮ݧάϧʔϓ
͢څڙΔͨΊʹ৽ͨʹ։ൃ͞ΕͨϦϯάঢ়ͷݮثͰ͋ΔɻELENA Ҏલ AD ͔ΒಘΒ
ΕΔཅࢠΛۚଐບΛಁաͤ͞Δ͜ͱͳͲʹΑͬͯݮ͍͕ͤͯͨ͞ɺ͜ͷաఔͰཅࢠͷ 99%
ࣦΘΕ͍ͯͨɻELENAʹΑͬͯཅࢠΛैདྷΑΓޮߴͰτϥοϓͯ͠ྫྷ٫Ͱ͖ɺ༷ʑͳڀݚ
ΛΑΓޮతʹਐΊΔ͜ͱ͕Ͱ͖Δɻ·ͨɺELENAϏʔϜΛ 4ͭͷόϯνʹׂ͢Δ͜ͱͰɺ
ಉ࣌ʹ 4ͭͷҟΔ࣮ݧʹཅࢠϏʔϜ͕څڙͰ͖ΔΑ͏ʹͳΔɻ

1.3 GBAR ϏʔϜϥΠϯݧ࣮

GBARͱ Gravitational Behaviour of Antihydrogen at RestͷུͰɺྫྷ͑ͨਫૉࢠݪΛࣗ
༝མԼͤͯͦ͞ͷॏྗՃΛଌఆ͠ɺऑ͍ՁݪཧΛ͢ূݕΔ͜ͱΛతͱ͍ͯ͠Δɻऑ͍Ձ

ཧͱɺॏྗΛड͚ͨମͷམԼӡಈɺॏྗҎ֎ͷྗ͕ಇ͔ͳ͍ͱ͖ɺ࣭ͷछྨʹΑΒͳݪ

͍ɺͱ͍͏ͷͰ͋ΔɻGBAR࣮ݧɺ͜ΕΛਫૉΛࣗ༝མԼͤ͞Δ͜ͱ࣭ʹରͯ͠ऑ͍
Ձݪཧ͕͑ݴΔͷ͔Λ͢ূݕΔɻՙి࣭ͦΕͷड͚Δి࣓૬࡞ޓ༻͕ॏྗ૬࡞ޓ༻ʹൺ

ඇৗʹࠔ͕ূݕ͘ڧͰ͋ΔɻҰํɺਫૉిؾతʹதੑͰ͋ΔͱɺϙδτϩχϜϛϡΦ

χϜΛ༻͍ͨॏྗ࣮ݧͱൺͯਫૉࢠݪͷण໋ແݶͰ͋Δʹ͓͍ͯඇৗʹ༗༻Ͱ͋Δͱߟ

͑ΒΕͨɻGBAR࣮ݧਫૉʹͨΒ͘ٿͷॏྗΛ 1%ͷਫ਼Ͱଌఆ͢Δ͜ͱΛ࠷ॳͷඪ
ͱ͍ͯ͠Δɻ·ͨɺͦͷख๏ͷ্ؔɺϥϜγϑτޫʹ;͞Θ͍͠ਫૉϏʔϜΛಘΔ͜ͱ͕Ͱ

͖Δɻ

GBAR࣮ݧͰɺͦͷతͷͨΊʹɺࣜ 2͓Αͼࣜ 3ͰදΘ͞ΕΔཅࢠਫૉࢠݪͱϙδ
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ਤ 2 ϗʔϧͷนۙ͘ΛғΉପԁ͕ ADϦϯάͰ͋Δɻ͜͜Ͱ 100ඵ͔͚ͯཅࢠΛݮɺ
ྫྷ٫͢Δɻ্ࠨʹҐஔ͢Δ֯ܗͷϦϯά͕৽͘͠Քಇ࢝͠Ίͨ ELENAͰ͋ΔɻELENAͰ
άϧʔϓૹΒΕΔɻGBARݧ֤࣮ࢠ͞Εͨཅݮ Ґஔʹํࠨάϧʔϓਤ্ͷݧ࣮
͢Δɻ

τϩχϜ Ԡͱͷ࿈ଓ͢Δՙిަ(ͷଋറঢ়ଶࢠͱཅిࢠి)

p + Ps∗ → H∗
+ e− (2)

H∗
+ Ps∗ → H+

+ e− (3)

ʹΑͬͯਫૉΠΦϯΛੜ͠ɺRFτϥοϓʹಋೖͯ͠ϕϦϦϜΠΦϯͱͷڠಉྫྷ٫ʹΑͬͯɺ
10 µK (1 neV)·Ͱྫྷ٫͢ΔɻͦͷޙɺޫͰ༨ͳཅిࢠΛऔΓআ͖தੑͷਫૉࢠݪͱ͢Δ
ͱɺ͜ͷਫૉࢠݪٿͷॏྗΛड͚ͯʮࣗ༝མԼʯ͢ΔɻͦͷՃΛଌఆ͢Δɻ

ຊڀݚɺ͜ͷਫૉΠΦϯੜʹࣗͯ͠ࡍಈతʹੜ͞ΕΔਫૉࢠݪϏʔϜΛ༻͍ͯɺਫ

ૉࢠݪͷ n = 2ϥϜγϑτΛϚΠΫϩͰଌఆ͢Δ͜ͱͰཅࢠͷՙిܘΛಘΔ͜ͱΛతͱ
͢Δ [9][10]ɻਤ 3 GBAR࣮ݧʹ͓͚ΔਫૉࢠݪੜͷͨΊͷϏʔϜϥΠϯͷࣜਤͰ͋Δɻ
ਫૉࢠݪͱਫૉΠΦϯੜͷաఔΛҎԼʹ·ͱΊΔɻ
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ਤ 3 GBAR࣮ݧʹ͓͚Δਫૉͷ߹

• ཅࢠ
ELENA͔Β 100 keVɺ4× 106/10sͰ͞څڙΕΔཅࢠΛݮػΛ༻͍ͯ͞Βʹ 1-20 keV
·Ͱݮ͢Δɻਫૉ߹ʹɺਤ 4 ʹࣔ͞Ε͍ͯΔࢠݪিಥͷཧࢉܭΛͱʹ 6 keV
ͰҎԼʹઆ໌͢ΔϙδτϩχϜʹೖࣹ͠ɺࣜ 2͓Αͼࣜ 3ͷԠͰਫૉࢠݪΛ߹͢Δ
[11][12]ɻ͜ͷΤωϧΪʔʹΑΔࢠݪিಥʹ͓͍ͯɺ2Sঢ়ଶͷਫૉੜ͞ΕɺͦΕΛຊ
Δɻ͢༺׆ʹݧ࣮

• ཅిࢠ
10 MeV ͷిࢠΛλϯάεςϯඪతʹিಥͤ͞Δ͜ͱͰཅిࢠΛੜ͠ɺ3 × 108 e+/s ͷ
ϏʔϜΛܗ͢Δɻbuffer gas trap͓ΑͼχϯάτϥοϓΛ༻͍ɺ1010 ·ͰཅిࢠΛ

ੵ͢Δɻੵ͞Εͨཅిࢠཅ͕ࢠ ELENA ͔ΒૹΒΕͯ͘ΔλΠϛϯάʹ߹Θͤͯϙ
δτϩχϜੜͷఔͱҠಈ͢Δɻ

• ϙδτϩχϜ
ϙδτϩχϜͱͷՙిަԠͰेͳͷਫૉࢠݪΛ߹͢ΔͨΊʹɺ1012Ps/cm3

ͷີ͕ඞཁͰ͋Δ [13]ɻϙδτϩχϜਤ 5ʹ͋ΔΑ͏ͳ 1 × 1 × 20mmͷඪతͰੜ
͞ΕΔɻ༰ثଆͷ 1 ໘ʹϙδτϩχϜੜ༻ͷଟ࣭γϦΧ͕͋Δɻཅిࢠۭ
͍ͯΔ໘͔Βඈདྷ͠ɺଟ࣭γϦΧͱিಥ͠ɺϙδτϩχϜΛੜ͢Δɻཅࢠͱϙ

δτϩχϜͷԠஅ໘ੵཅࢠͷΤωϧΪʔʹґଘ͢Δɻਤ 4 ͔Βɺੜ͞Εͨ
ਫૉʹجఈঢ়ଶ͚ͩͰͳ͘ɺ͞Βʹ্ͷ४Ґͷঢ়ଶؚ͕·Ε͍ͯΔ͜ͱ͕ಡΈऔΕΔɻ
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ਤ 4 ཅࢠͱϙδτϩχϜͷԠஅ໘ੵཅࢠͷΤωϧΪʔʹґଘ͢Δɻ͜ͷάϥϑ

ཅࢠͷ֤ΤωϧΪʔʹ͓͚Δਫૉ 1Sɺ2Sɺ3Sɺ4SͷੜޮΛ͍ࣔͯ͠Δɻ

2S1/2 - 2P1/2 ϥϜγϑτͷޫ࣮ݧͰ 2Sঢ়ଶͷਫૉΛ༻͍Δɻ͜͜Ͱੜ͞Εͨ
2S ɺ4S→2Sɺ3P→2S ɺ4S→3P→2Sɺ4D→3P→2S ͱ͍͍͔ͬͨͭ͘ͷભҠΛͯܦ
2Sঢ়ଶʹͳͬͨͷͳͲ͕ޫ࣮ݧͰ༻͍ΒΕΔɻੜ͞Εͨਫૉɺཅ͕ͯͬ࣋ࢠ
͍ͨͷͱ΄΅ಉ͡ӡಈྔͰԼྲྀͷ࣮ݧஔͱਐ͢ߦΔɻ

ҧ𝑝 + 𝑃𝑠 𝑛𝑝, 𝑙𝑝 ഥ𝐻 𝑛ℎ, 𝑙ℎ + 𝑒− (1) ഥ𝐻 𝑛ℎ, 𝑙ℎ + 𝑃𝑠 𝑛𝑝, 𝑙𝑝 ഥ𝐻+ + 𝑒− (2)
Expected production  rate  for the  antihydrogen ion 

A
.

S. K
ad

yro
v

et al., 
B

.
PRL 1

1
4, 1

8
3

201 (2
0

1
5

)

Cross  sections  

20 mm

1 mm²
Nanoporous SiO2

Si3N4 window

UVFS  laser  window

Al mirror e+

p

p  / H /  H+

Laser

ਤ 5 ϙδτϩχϜͷੜͱਫૉͷੜ

1.4 ਫૉͷϥϜγϑτͱཅࢠͷՙిܘ

1.4.1 ͱϥϜγϑτߏͷࢠݪ

ຊڀݚͰޫΛ͢ࢦਫૉࢠݪɺਫૉࢠݪͷ࣭Ͱ͋ΓɺཅࢠͱཅిࢠͷଋറܥͰ͋

Δɻ͜͜Ͱจݙ ʹ͍ͭͯ·ͱΊΔɻߏͷࢠݪɺਫૉ͍ͯجʹ[14]
Ϋʔϩϯ૬࡞ޓ༻͚ͩΛྀͨ͠ߟ߹ɺਤ 6ʹࣜతʹࣔͨ͠Α͏ͳϘʔΞͷܕʹ૬͢ΔΤ

5



ωϧΪʔ४Ґ͕ಘΒΕΔɻγϡϨʔσΟϯΨʔํఔ͔ࣜΒಋग़͞ΕΔϘʔΞܕͷΤωϧΪʔݻ༗

ྔ࣭ࢉ MR Λ༻͍ͯ

En = −MR

2h̄2
e4

(4πε0)2
1
n2 (4)

ͱද͞ΕΔɻ͜͜Ͱࣗવ nओྔࢠͰ͋Δɻ͜ͷ࣌ͷݻ༗ؔʹ̎ͭͷྔࢠɺيಓ֯ӡಈ
ࢠྔ Lͱ࣓ࢠྔؾ M͕͋Δ͕ɺ͜ͷ̎ͭͷྔࢠʹ͍ͭͯॖୀ͠ɺΤωϧΪʔݻ༗ྔ
ࢠ nͷΈʹΑͬͯද͞ΕΔɻ
ϘʔΞܕͰॖୀ͍ͯ͠Δͱ͑ߟΒΕ͍ͯͨ४Ґ࣮ࡍʹॖୀ͕ղ͚͍ͯΔɻ͜ͷߏΛඍࡉ

ಓ֯ӡಈྔيߏࡉΜͰ͍Δɻඍݺͱߏ Lͱεϐϯ֯ӡಈྔ֯ SΛ༻͍ͯɺӡಈྔ J = L + S
ͱ͍͏ྔࢠʹΑͬͯઆ໌͞ΕΔɻ

ϥϜγϑτྔֶྗ࣓ిࢠ (QED) తͳޮՌʹΑͬͯΤωϧΪʔ४Ґ͕ͣΕΔ͜ͱͰ͋Δɻϥ
ϜͱϥβϑΥʔυ (Retherford)ʹΑΔਫૉࢠݪઢͷϚΠΫϩڞ໐࣮ࡍ࣮͍͓ͯʹݧʹ 2S1/2 ͱ

2P1/2 ʹͣΕ͕ੜ͡ɺॖୀ͕ղ͚͍ͯΔͷ͕؍ଌ͞Εͨ [15]ɻ
QEDʹΑΔϥϜγϑτͷݯىͱͯ͠ఆੑతʹ࣍ͷͭࡾͷཧ༝Λ͛ڍΔ͜ͱ͕Ͱ͖Δ [17]ɻҰͭ
ɺిࢠͷಈؔਫૉ֩ࢠݪ (ཅࢠ)ͷҐஔͰଘ֬ࡏ͕ 0Ͱͳ͍͜ͱͰ͋Δɻೋͭ
ɺϋΠθϯϕϧΫͷෆ֬ఆੑݪཧ͔ΒɺਅۭͷΏΒ͗ʹΑ͍ͬͯؒ࣌ͷؒʹిࢠɾཅిࢠͷ

ੜͱফ໓͕܁Γฦ͞Ε͍ͯΔ͜ͱͰ͋Δɻͭࡾɺిࢠͱిࣗࢠͷͱͷ૬࡞ޓ༻Ͱ͋Δɻ

ਫૉࢠݪͷ n = 2ͷঢ়ଶʹ͓͍ͯɺϥϜγϑτ 2S1/2 ͱ 2P1/2 ͷΤωϧΪʔࠩͱͯ͠ݱΕΔɻ

͜ͷೋͭͷঢ়ଶͰ্ड़ͷ࡞༻ͷӨڹΛಛʹେ͖͘ड͚Δͷ 2S1/2 ঢ়ଶͰ͋Δɻ͜Εɺ2S1/2 ঢ়

ଶͰ 2P1/2 ঢ়ଶʹൺͯి͕ࢠཅ͔ࢠΒ͍ۙҐஔʹଘ͢ࡏΔ͜ͱʹىҼ͢Δɻ

Λࢠɻ֩εϐϯྔͭ࣋εϐϯΛ֩ࢠݪ I ͱͯ͠શ֯ӡಈྔ F = J + I ͷྔࢠͰઆ໌͞ΕΔ
ͷ͕ඍߏࡉͰ͋Δɻਤ 6 ͷӈͰද͞ΕΔΑ͏ʹͦΕͧΕͷ४Ґ͕֩εϐϯͱͷ૬࡞ޓ༻ʹ
Αͬͯ྾͍ͯ͠Δɻ

1.4.2 ܘͷՙి֩ࢠݪ

ϥϜγϑτͷଌఆ QEDͷূݕͱͯ͠ॏཁͳ࣮ݧͱͳ͕ͬͨɺ࣮ݧͷଌఆਫ਼্͕͖ͨͯ͠
݁Ռɺྔֶྗ࣓ిࢠతͳݯىͰ͋ΔϥϜγϑτʹΑΔͣΕʹՃ͑ͯɺ͕֩ࢠݪ༗ݶͷେ͖͞Ͱ͋Δ

͜ͱΛྀ͢ߟΔඞཁ͕ੜͨ͡ɻཧࢉܭʹΑΔͱࢠݪ෦Ͱͷిՙͷͷ֦͕Γ͕ n = 2ͷϥϜ
γϑτͰɺ1000 ppmఔ͔ΒӨ͢ڹΔͱ͞Ε͍ͯΔɻٯʹɺϥϜγϑτΛਫ਼ີʹଌఆ͠ɺQED
͕ਖ਼͍͠ͱԾఆ͢Δ͜ͱͰ֩ࢠݪͷՙిܘΛٻΊΔ͜ͱ͕Ͱ͖Δɻཅࢠͱి͔ࢠΒͳΔਫૉࢠݪ

ʹ͓͍ͯཅͦࢠͷͷͷՙిܘΛٻΊΔ͜ͱʹͳΔɻ

ཅࢠͷՙిܘཧֶʹ͓͍ͯඇৗʹॏཁͳྔͰ͋Γͳ͕Βɺ͔֬ͳ͕ܾΊΒΕ͍ͯͳ͍ɻ

ཅࢠͷՙిܘͷଌఆํ๏ͱͯ͠ɺిࢠཅࢄࢠཚΛ༻͍ΔͷɺਫૉͷޫΛ༻͍ΔͷɺϛϡΦ

ϯਫૉࢠݪͷޫΛ༻͍ΔͷͳͲ͕͋Δɻిࢠཅࢄࢠཚ࠷ݹయతͳख๏Ͱ͋ΓɺϥβϑΥʔ

υͷ࣮ݧʹྨ͢ΔͷͰ͋ΔɻҰํɺϛϡΦϯਫૉࢠݪͷޫʹ͓͚ΔಛɺϛϡΦϯͷ࣭ྔ͕

ͱൺֱ͠େ͖͘ɺ͓͓Αͦࢠి 207ഒཅي͍ۙʹࢠಓΛͱΔ͜ͱͰ͋ΔɻͦΕΏ͑ɺཅࢠͷେ͖
͕͞༩͑ΔӨ͕ڹਫૉʹൺͯහײͰ͋ΓɺΑΓখ͞ͳෆ͔֬͞ͰཅࢠͷՙిܘΛଌఆ͢Δ͜ͱ
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ਤ 6 ਫૉࢠݪͷΤωϧΪʔ४Ґͷࣜਤ

͕Ͱ͖Δɻ2010ͷϛϡΦϯਫૉࢠݪΛ༻͍ͨཅࢠՙిܘͷଌఆ݁Ռ͔Β৽ͨͳٙ೦͕ੜ·Ε
ͨ [16]ɻͦΕɺଌఆͷख๏άϧʔϓʹΑͬͯͦͷଌఆ͕༗ҙʹҟͳΔ͜ͱͰ͋Δɻ͍͔ͭ͘
ͷ࣮ݧάϧʔϓʹΑΔཅࢠͷՙిܘͷଌఆ݁ՌΛਤ 7ʹࣔ͢ɻཅࢠͷՙిܘΛ 0.842 fmۙ
ग़ͨ͠άϧʔϓͱݟʹ 0.876 fmۙʹݟग़ͨ͠άϧʔϓ͕͋Δ͜ͱ͕֬ೝͰ͖Δɻ͜ͷཅ
ܘࢠ (proton radius puzzle)ͳͲͱݺΕ͍ͯΔɻਤ 8ʹ͋ΔΑ͏ʹ 2018·ͰʹߦΘΕ
͖ͯͨଟ͘ͷిࢠཅࢄࢠཚͱਫૉͷޫ࣮ݧͰՙిܘͷେ͖͞ 0.876 fmۙʹݟग़͞Ε͍ͯ
ͨɻ͔͠͠ɺۙͷϛϡΦϯਫૉࢠݪͷޫ࣮ݧɺ 0.842 fmͱෆ͔֬͞ͷൣғͰ༗ҙʹҧ͏
Λଌఆͨ͠ɻ2019ʹൃද͞Εͨ࠷৽ͷిࢠཅࢄࢠཚͱਫૉͷޫ࣮ݧɺࠓϛϡΦϯਫ
ૉࢠݪͷޫ࣮ݧͱ૬͢Δՙిܘͷେ͖͞Λఏࣔͨ͠ [17]ɻ͔͠͠ͳ͕Βɺґવͱͯ͠ɺͲͪ
Βͷ͕ਖ਼͍͠ͷ͔ɺͳͥҧ͏͕ಘΒΕͨͷ͔ΒΕ͍ͯͳ͍ɻ

1.5 ຊڀݚͷత

ຊڀݚͰਫૉࢠݪͷ n = 2 ϥϜγϑτଌఆΛͨ͏ߦΊʹϚΠΫϩޫஔΛ։ൃ͢Δɻ
·ͨɺͦͷੑΛ͔֬ΊΔͨΊʹγϛϡϨʔγϣϯΛ༻͍ͯൃੜՄͳిڧΛ༧͠ɺܭ

Δɻ͞ΒʹɺࣨԹͷਫૉΛ༻͍ͨϚΠΫϩ͢ࢉܭΑͬͯͦΕʹΑΔભҠ֬ͱεϖΫτϧΛʹࢉ

ભҠͷଌఆͱɺϛϡΦχϜΛ༻͍ͨϚΠΫϩભҠͷଌఆΛ͍ߦɺ։ൃͨ͠ϚΠΫϩભҠஔ

Ͱ n = 2ϥϜγϑτͷભҠ͕ՄͰ͋Δ͜ͱΛ֬ೝ͢Δɻ
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ਤ 7 ͍͔ͭ͘ͷ࣮ݧάϧʔϓʹΑΔཅࢠͷՙిܘͷଌఆ݁Ռ [18]ɻ

ਤ 8 ਫૉʹଟ͘ͷΤωϧΪʔ४Ґ͕ଘ͠ࡏɺͦΕΒͷΤωϧΪʔࠩΛ༻͍ͯཅࢠͷՙిܘ

ΊΒΕͨٻ͕ [19]ɻ੨৭ͷଌఆ͕ਫૉͷޫʹΑΔͷͰ͋Δɻࢵ৭ͷઢ͕ϛϡΦϯਫૉݪ
ͷଌఆ݁ՌͰ͋Δɻෆ͔͕֬͞ਫૉʹൺͯඇৗʹখ͍͜͞ͱ͕֬ೝܘͷՙిࢠΑΔཅʹࢠ

Ͱ͖Δɻ
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2 ϥϜγϑτޫ

2.1 ϥϜγϑτଌఆͷݪཧ

ཅࢠՙిܘͷଌఆਫૉͷ 2S1/2 - 2P1/2 ϥϜγϑτΛଌఆ͢Δ͜ͱͰߦΘΕΔɻ͜͜Ͱ

ɺਫૉࢠݪઢͷϚΠΫϩޫʹΑΔ n = 2ϥϜγϑτͷଌఆͷݪཧʹ͍ͭͯٞ͢Δɻ
ୈ 1.3અͰड़ͨ GBAR࣮ݧϏʔϜϥΠϯͰಘΒΕΔਫૉࢠݪϏʔϜΠΦϯϏʔϜͷ͏ͪɺ
ຊڀݚͰ༻͍ΔͷதੑͷਫૉࢠݪH(ҎԼɺਫૉ)ϏʔϜͰ͋Δɻਤ 9ϚΠΫϩޫஔ
ͷུ֓ਤͰ͋ΔɻϚΠΫϩޫஔɺେ͖͚ͯ͘ϚΠΫϩΛরࣹͯ͠ભҠΛ͢͜ىϚΠΫ

ϩભҠஔͱ Ly - α ޫΛݕग़͢Δ Ly - α ͷೋͭʹ͚ΒΕΔɻਫૉϏʔϜɺਅۭதثग़ݕ

ʹ༻ҙ͞Εͨ͜ΕΒͷஔΛ௨Γൈ͚ΔΑ͏ʹͳ͍ͬͯΔɻਫૉϏʔϜʹ 1Sɺ2Sɺ2P͞Βʹ
ͦΕҎ্ͷΤωϧΪʔঢ়ଶؚ͕·Ε͍ͯΔɻ1S ঢ়ଶਫૉ Ly - α Ͱ͋Γɺײෆ͍͓ͯʹثग़ݕ

2PͱͦΕҎ্ͷঢ়ଶͷਫૉण໋͕͍ͨΊϚΠΫϩભҠஔʹࢸΔલʹجఈঢ়ଶભҠ͢
Δɻ͜͜Ͱ 2Sঢ়ଶਫૉ࡞༻͢Δ࣮ܥݧΛ͑ߟΔɻ

ਤ 9 ͷ֓ཁݧϏʔϜΛ༻͍ͨϥϜγϑτޫ࣮ࢠݪ

ਤ 9ʹࣔ͢Α͏ʹɺ2Sঢ়ଶਫૉ͕ਤͷ͔ࠨΒೖࣹ͠ɺ·ͣϚΠΫϩભҠஔ (ਤதͷMW
region)ʹࢸΔɻϚΠΫϩભҠஔͰɺҙͷपͷϚΠΫϩΛਫૉʹ͔͚Δ͜ͱ͕Ͱ
͖Δɻ͠ɺ͜͜ͰϚΠΫϩΛ͔͚͍ͯͳ͍߹ɺ2Sঢ়ଶਫૉભҠΛͣ͜͞ىɺͦͷ··ͷ
ঢ়ଶͰԼྲྀͷ Ly - α ثग़ݕ (ਤதͷ Lyman α detector)ͱਐΉɻԼྲྀͷ Ly - α Ͱɺ2Sثग़ݕ
ঢ়ଶΛ 2Pঢ়ଶͱࠞͥͯ 1Sঢ়ଶྭͤ͞ىΔͨΊͷ͍ڧ DCి (ΫΤϯνϯάϑΟʔϧυ)͕
͔͚ΒΕ͍ͯΔɻ͜ͷిʹΑͬͯ 2Sঢ়ଶਫૉ Ly - αݕग़ث෦Ͱ 2Pঢ়ଶਫૉͱભҠ
͢Δɻ2Pঢ়ଶਫૉण໋͕ 1.6 nsͱ͍ͨΊɺͪʹ Ly - αޫΛग़ͯ͠ 1Sঢ়ଶਫૉͱ
ɺपғΛғΉMCPʹΑΓ࣌Δɻ͜ͷ͢ىྭ Ly - αޫΛݕग़͢Δ͜ͱ͕Ͱ͖ΔɻϚΠΫϩભҠ

ஔͰ 2S1/2 - 2P1/2 ϥϜγϑτʹରԠ͠ͳ͍ͦΕҎ֎ͷपΛ͔͚͍ͯΔ࣌ಉ༷ʹɺਫૉ

ͦͷ··ͷঢ়ଶͰϚΠΫϩભҠஔΛ௨ա͠ɺLy - αݕग़ثͱࢸΓɺLy - αޫΛ์ग़͢ΔɻҰ
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ํɺϚΠΫϩભҠஔʹ͓͍ͯ 2S1/2 - 2P1/2 ϥϜγϑτʹରԠ͢ΔपͷϚΠΫϩΛ͔͚

͍ͯΔ࣌ɺ2Sঢ়ଶਫૉ 2Pঢ়ଶਫૉͱϚΠΫϩભҠஔͰભҠ͢Δɻ2Pঢ়ଶਫૉ
ण໋͕͍ͨΊɺͪʹ 1Sঢ়ଶɺ͢ͳΘͪجఈঢ়ଶͱભҠͨ͠ͷͪʹ Ly - αݕग़ثʹ౸ୡ͢

Δɻ͜͜Ͱ DCి͕͔͔͍ͬͯΔ͕ɺ͢Ͱʹجఈঢ়ଶʹ͋ΔͨΊɺભҠΛͣ͜͞ىɺLy - αݕ

ग़ثͰ Ly - αޫ͕ݕग़͞ΕΔ͜ͱͳ͘ͳΔɻ

ϚΠΫϩભҠஔʹ͓͍ͯपΛҾ͠ͳ͕ΒɺLy - αݕग़ثͰݕग़͞ΕΔ Ly - αޫͷΛ

ଌఆ͢ΔɻLy - αޫͷݕग़͕ݮগ͢Δ࣌ɺLy - αݕग़ثʹ౸ୡͨ͠ 2Sঢ়ଶਫૉͷ͕গͳ͍
͜ͱΛҙຯ͠ɺͦΕɺͦͷ࣌ϚΠΫϩભҠஔʹΑ͔͚͍ͬͯͯͨϚΠΫϩʹΑͬͯ 2Sঢ়
ଶਫૉ͕ 2Pঢ়ଶਫૉͱભҠͨ͠ɺͭ·ΓɺͦͷϚΠΫϩͷप͕ 2S1/2 - 2P1/2 ϥϜγ

ϑτʹରԠ͢Δ͜ͱΛ͚݁ͮΔ͜ͱ͕Ͱ͖Δɻ

2.2 ඍߏࡉʹΑΔޫͷӨڹ

ਤ 10 ʹ͋ΔΑ͏ʹ () ਫૉͷ 2S1/2 ঢ়ଶਫૉ͓Αͼ 2P1/2 ঢ়ଶਫૉʹͦΕͧΕྔࢠ

F = 0͓Αͼ F = 1ͷඍߏࡉ͕ଘ͢ࡏΔɻ

!(910)

�'(/*

�+(/*

�
��� �� ��

�

���

� ��

�

�

,(1147)
/(1088)

/(1088)

���

���

ਤ 10 ඍߏࡉͷΤωϧΪʔ४Ґɻα ભҠɺβ ભҠɺγ ભҠͷ 3ͭͷભҠ͕ଘ͢ࡏΔɻΧο
ίͷࣈΤωϧΪʔࠩ [MHz]ɻ

()ਫૉͷ 2S४Ґ͓Αͼ 2P४ҐͦΕͧΕʹରͯ͠ɺ(F,M)ͱͯ͠ (0,0)ɺ(1,0)ɺ(1,1)ɺ(1,-1)ͱ
͢Δͱ͖ɺද 1ʹࣔ͢ 4ͭͷڐ༰ભҠ͕؍ଌ͞ΕΔɻϚΠΫϩભҠஔͷϚΠΫϩͷपΛ
ΛҾ͠ͳ͕ΒɺLy - αݕग़ثͰಘΒΕΔ Ly - αޫͷଌఆΛ͍ͯ͘͠ͱɺ͜ΕΒͷεϖΫτϧͷ

͠߹Θͤͱͯ͠ਤ 11ͷΑ͏ͳ͕ಘΒΕΔɻ
͜ͷ 4 ͭͷڐ༰ભҠͱϥϜγϑτ (∆Elamb) ͷؔ 2S1/2 ঢ়ଶͷඍߏࡉʹΑΔ྾Λ

∆EHFS, 2S1/2 ͱ͠ɺ2P1/2 ঢ়ଶͷඍߏࡉʹΑΔ྾Λ ∆EHFS, 2P1/2 ͱ͢Δͱɺࣜ 5ͷΑ͏ʹॻ
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͘͜ͱ͕Ͱ͖Δ [20]ɻ

∆Eα = ∆Elamb −
3
4

∆EHFS, 2S 1
2
− 1

4
∆EHFS, 2P1

2

∆Eβ = ∆Elamb +
1
4

∆EHFS, 2S 1
2
− 1

4
∆EHFS, 2P1

2

∆Eγ = ∆Elamb +
1
4

∆EHFS, 2S 1
2
+

3
4

∆EHFS, 2P1
2

(5)

∆EHFS, 2S1/2 ͱ ∆EHFS, 2P1/2 ͷେ͖͞ɺਫૉʹ͍ͭͯྑ͍ਫ਼ͰௐΒΕ͍ͯΔɻ

∆EHFS, 2S1/2 ʹؔͯ͠ 177.556 834 3(6 7) Hzͱ͍ͬͨଌఆ [21] 177.556 785(29) MHzͱ
͍͏ଌఆ [22] ͳͲ͕ΒΕ͓ͯΓɺ∆EHFS, 2P1/2 ʹؔͯ͠ 59.22(14) MHz ͱ͍ͬͨଌఆ
[23] 59.1695(6) MHzͱ͍ͬͨཧ [24]ͳͲ͕ΒΕ͍ͯΔɻ
ຊڀݚͰਫૉͷ 2S(0, 0) → 2P(1, 0)ͷ αભҠ (∆Eα)ͷଌఆΛඪͱ͍ͯ͠Δɻਫૉͱਫ
ૉͷඍߏࡉͷ྾ͷେ͖͕͞ಉ͡Ͱ͋Δ͔ɺҧ͍͕͋ͬͯඇৗʹখ͍͞ͱԾఆ͢Δͱɺਫૉ

ͷඍߏࡉͷ྾ͷෆ͔͕֬͞ेখ͍͞ͱΈͳͤΔͨΊɺαભҠͷଌఆͰϥϜγϑτΛٻΊΔ

͜ͱ͕Ͱ͖Δɻ

αભҠͷଌఆɺଞͷભҠͷӨڹʹΑͬͯɺઢ෯͕͕͕ͨͬ؍ଌ͞Εɺ͜ͷ··Ͱඪ

ͷਫ਼ͰϥϜγϑτΛܾΊΒΕͳ͍ɻ͜ΕΛ͙ͨΊʹ༧Ίඍߏࡉͷ४ҐΛબผ͓ͯ͘͜͠

ͱ͕ඞཁͱͳΔ [26]ɻਤ 12 ʹࣔ͢Α͏ʹϚΠΫϩભҠஔΑΓ্ྲྀʹඍߏࡉબผஔΛ
ಋೖ͢ΔɻඍߏࡉબผஔɺϚΠΫϩભҠஔͱಉ͡ݪཧͰϚΠΫϩʹΑͬͯਫૉ

ͷ n = 2४ҐͷಛఆͷભҠΛҾ͖͢ىͷͰ͋ΔɻҹՃ͢ΔϚΠΫϩͷपΛЌભҠͷप
 1088 MHzͱЍભҠͷ 1147 MHzͷؒʹ͋ΘͤΔ͜ͱͰɺ2S(1,1)ɺ2S(1,-1)͓Αͼ 2S (1,0)
ͷঢ়ଶΛ 2PʹભҠͤ͞ɺ 1Sঢ়ଶྭͤ͞ىΔɻ͜ΕΛϚΠΫϩભҠஔʹ౸ୡ͢Δ·Ͱʹ
ͱʹΑΓɺα͜͏ߦ ભҠΛਫ਼Α͘ଌఆ͢Δ͜ͱ͕ՄͱͳΔɻ͜͜ͰಘΒΕΔਫ਼ʹؔͯ͠

ୈ 4.4અʹ͓͍ͯఆྔతʹٞ͢Δɻ

2S 2P ਫૉʹ͓͚ΔΤωϧΪʔࠩ (MHz) ભҠͷ໊લ

(0,0) → (1,0) 910 α

(1,1) → (1,1) 1088 β

(1,-1) → (1,-1) 1088 β

(1,0) → (0,0) 1147 γ

ද 1 2S1/2 - 2P1/2 ϥϜγϑτʹؔ͢Δ ()ਫૉͷڐ༰ભҠͱͦͷΤωϧΪʔࠩ
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ਤ 11 6 keVਫૉʹΑΔඍߏࡉબผஔಋೖલͷεϖΫτϧɻॎ͕࣠ 2Sͷଘ֬ࡏɺԣ
͕࣠ϚΠΫϩͷपɻ1088 MHzʹେ͖ͳϐʔΫ͕͍ͯ͑ݟΔͷ β ભҠ͕̎ͭͷભҠͷ

ॏͶ߹Θͤʹͳ͍ͬͯΔͨΊͰ͋Δɻβ ભҠɺγ ભҠͷد༩ΛͰ͖Δ͚ͩখ͘͞͠ɺ910 MHz
ͷ αભҠΛਖ਼֬ʹଌఆ͢ΔͨΊʹඍߏࡉબผஔΛಋೖ͢Δඞཁ͕͋Δɻ

ਤ 12 ඍߏࡉબผஔΛՃ͑ͨϥϜγϑτޫ࣮ݧͷ֓ཁɻඍߏࡉબผஔ 2S,
F=0ͷঢ়ଶΛ͠ͳ͕Βɺ2S, F=1ͷঢ়ଶΛ 2Pঢ়ଶਫૉભҠ͠ޫͷد༩Λখ͘͢͞Δ
ͨΊʹଘ͢ࡏΔɻϚΠΫϩભҠஔʹର্ͯ͠ྲྀଆʹઃஔ͢Δɻ

12



3 ϚΠΫϩޫஔ

ຊઅͰɺຊڀݚͰ։ൃͨ͠ϚΠΫϩޫஔͷߏʹ͍ͭͯઆ໌͢ΔɻϚΠΫϩޫஔ

ࢠݪʹରͯ͠ϚΠΫϩΛরࣹ͠ 2S1/2 - 2P1/2 ͷભҠΛ༠͢ىΔϚΠΫϩભҠஔͱ Ly - α

ޫΛݕग़͢Δ Ly - αݕग़ثɺ·ͨɺଌఆਫ਼ΛߴΊΔͨΊʹಋೖ͢Δඍߏࡉબผஔͷେ͖͘

͚ͯ 3 ͔ͭΒͳΔɻୈ 3.1 અͰϚΠΫϩભҠஔʹؔͯ͠ɺ৴߸ܦ࿏ϚΠΫϩભҠྖҬ
ͷपಛੑͷଌఆ݁Ռͱి࣓ղੳιϑτΛ༻͍ͨγϛϡϨʔγϣϯͱΛൺֱͯ͠ɺಘΒΕΔ

ৼಈిͷڧΛٞ͢Δɻ͍ͭͮͯɺୈ 3.2અͰඍߏࡉબผஔʹ͍ͭͯɺୈ 3.3અͰ
Ly - αݕग़ثʹ͍ͭͯٞ͢Δɻ

3.1 ϚΠΫϩભҠஔ

3.1.1 ϚΠΫϩભҠஔͷߏ

ϚΠΫϩભҠஔϏʔϜϥΠϯ্ͷਅۭ༰ثʹ༻ҙ͞Ε্ͨԼೋຕ͋Δ 30 mm × 38 mm
ͷۃ൘ͦΕͧΕʹɺਤ 13ʹࣔ͢Α͏ʹٯҐ૬ͷϚΠΫϩΛҹՃ͢Δ͜ͱͰɺۃ൘ؒʹৼಈి
Λ͔͚ɺͦ͜ʹਫૉϏʔϜΛ௨͢ߏʹͳ͍ͬͯΔɻ৴߸ൃੜثͰϚΠΫϩͷप͓Αͼి

ڧΛઃఆ͢Δɻ৴߸ൃੜثͰग़ྗͨ͠৴߸·ͣɺεϓϦολʔʹૹΒΔɻ͜͜ͰϚΠΫϩ

ͷҐ૬Λ 180ͣΒͯ̎ͭ͠ʹ͚͍ͯΔɻผΕͨͦΕͧΕͷ৴߸ RF૿෯ثΛ௨ͯ͠૿෯͞
ΕɺϑΟʔυεϧʔΛ௨ΓਅۭͷϏʔϓύΠϓೖΓɺϚΠΫϩભҠஔͷ্ԼͦΕͧΕͷۃ

൘ʹૹΒΕΔɻۃ൘Λ௨ͬͨ৴߸࠶ͼϑΟʔυεϧʔΛൈ͚ͨޙɺݮਰثΛ௨Γɺޙ࠷ʹऴ͞

Ε͍ͯΔɻ৴߸શͯಉ࣠έʔϒϧʹΑͬͯૹ͞ΕΔɻ

ઃͨ͠ܭϚΠΫϩભҠஔͷஅ໘ਤΛਤ 14ʹࣔ͢ɻਤதͷۃ൘पลͷߏۃ൘Λ͑ࢧΔͨ
Ίͷ࣋ࢧ෦Ͱ͋ΓɺϏʔϜύΠϓʹ͞Ε͍ͯΔɻϚΠΫϩભҠྖҬͷ্ྲྀ͓ΑͼԼྲྀʹଘ

ܘΔ͢ࡏ 15 mmͷதۭԁɺϚΠΫϩ͕࿙Εग़ΔͷΛ͙ͨΊͷߏͰ͋Δɻ͜ΕΒແ
ͱઈԑ͞Εߏ൘ηϥϛοΫʹΑͬͯपғͷۃΔ͢ى͞Ε͍ͯΔɻϚΠΫϩΛ༠ߏૉಔͰࢎ

͍ͯΔɻϚΠΫϩ͕͔͚ΒΕͨ͜ͷۃ൘ؒΛਫૉࢴ໘͔ࠨΒӈͱ 6 keV ఔͷӡಈΤω
ϧΪʔͰ௨Γൈ͚ΔΈͰ͋Δɻ
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ਤ 13 ϚΠΫϩભҠஔͷଓ
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ਤ 14 ϚΠΫϩભҠஔͷུ֓ਤɻத৺෦ͷ্Լʹ͋Δ 2ͭͷۃ൘ؒʹৼಈిΛ༠͢ىΔɻ

ҎԼͰϚΠΫϩભҠஔΛߏ͢Δ֤৴߸ܦ࿏ʹ͍ͭͯٞ͢Δɻ͜ΕΒΛ௨ͨ͡৴߸ͷݮ

ਰͳͲͷಛੑΛΔ͜ͱɺిڧΛΔͨΊʹॏཁͰ͋Δɻ

˙৴߸ൃੜث ৴߸ܦ࿏ʹ͓͍ͯ࠷্ྲྀʹ͋ΔϚΠΫϩͷൃ৴ݯͰ͋Δɻ৴߸ൃੜثʹΑͬ

ͯɺࢠݪϏʔϜʹ͔͚͍ͨपͱిڧΛઃఆ͢Δ͜ͱ͕Ͱ͖Δɻయܕతͳͱͯ͠ɺզʑͷ

ਫૉޫ࣮ݧʹ͓͍ͯ 910 MHz ۙΛ༻͍ΔɻຊڀݚͰ༻͍ͨ৴߸ൃੜث Tektronix ͷ
TSG4102AͰ͋Γɺ༷Λද 2ʹ·ͱΊͨɻ

पग़ྗൣғ 950 kHz͔Β 2.0 GHz
पղ 1 µHz
εΠονϯά 8 msະຬ
৴߸ग़ྗ +16.5 dBm͔Β -110 dBm
ৼ෯ղ +0.01 dBm

ग़ྗΠϯϐʔμϯε 50 Ω

ද 2 ৴߸ൃੜثͷεϖοΫ

˙ύϫʔଌఆث ·ͣ͡Ίʹύϫʔଌఆثͷಛੑͷ֬ೝΛߦͳͬͨɻ͜ͷύϫʔଌఆثͷ༻్

̎ͭ͋Γɺ̍ͭҎԼʹٞ͢Δ֤৴߸ܦ࿏ͷपಛੑΛଌఆ͢Δ͜ͱɺ͏̍ͭɺϚΠΫϩ

ޫ࣮ݧΛ࣮ߦதʹɺϚΠΫϩͷύϫʔΛϞχλʔ͢Δ͜ͱͰ͋Δɻ͜ͷύϫʔଌఆثܧଓ

తʹड͚औΔϚΠΫϩͷύϫʔΛϞχλʔ͢Δ͜ͱ͕Ͱ͖Δɻ͜ͷύϫʔଌఆثͷಛੑΛΔͨ

Ίʹ্ड़ͷ৴߸ൃੜثΛଓ͠ɺύϫʔΛଌఆͨ͠ɻਤ 15৴߸ൃੜثʹ͓͍ͯग़ྗ͢Δύ
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ϫʔΛ 0 dBmʹઃఆ͠ɺ400 MHz͔Β 1500 MHz·Ͱ 50 MHz͝ͱʹϚΠΫϩΛൃ৴͠ɺύ
ϫʔଌఆثͰͦͷΛ֬ೝͨ͠ɻଌఆ֤प͝ͱʹ 3ճ͍ߦɺฏۉͱෆ͔֬͞Λϓϩοτͯ͠
͍Δɻ(ෆ͔͕֬͞άϥϑʹରͯ͠খ͍ͨ͞Ί͍ͯ͑ݟͳ͍ɻ)͜ͷଌఆͰͷपґଘੑͷ
0.15 dBmະຬʹऩ·͍ͬͯΔɻ0.15 dBిʹͯ͠ 1.4%ఔͷখ͞ͳࠩޡʹͳΔͨΊɺҎ߱Ͱ
ͱ͕Ͱ͖Δɻ͜͏ݴଌఆΛٞ͢ΔͨΊʹɺेͳਫ਼͕͋Δͱ͏ߦ
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ਤ 15 ύϫʔଌఆثͷಛੑ

˙ಉ࣠έʔϒϧ ͳ͍ͬͯΔɻMiSUMiࣾͷߦͷଓશͯಉ࣠έʔϒϧͰ࢜ಉثػ SMA-PP-A
Λ༻ͨ͠ɻਫૉޫ࣮ݧͰ༻Λ༧ఆ͍ͯ͠Δͷද 3 Ͱ·ͱΊͨΑ͏ͳ͞ͷέʔϒϧ
Ͱ͋Δɻਤ 16 ༻ͨ͠ಉ࣠έʔϒϧʹ͓͍ͯ 1 m ͋ͨΓͷύϫʔͷݮਰΛ 400 MHz ͔Β

৴߸ൃੜث-ث 50 cm
ث-RF૿෯ث 50 cm

RF૿෯ث-ϚΠΫϩભҠஔ 10 m
ϚΠΫϩભҠஔ-ݮਰث 1 m
ثऴ-ثਰݮ (ύϫʔଌఆث) ଓ

ද 3 ֤ஔؒͷಉ࣠έʔϒϧͷ͞

1500 MHz·Ͱ 50 MHz͝ͱʹଌఆͨ͠ͷͰ͋Δɻಉ࣠έʔϒϧʹपʹґଘ͢Δύϫʔ
ͷݮਰ͕֬ೝ͞Εͨɻ͜ͷݮਰಉ࣠έʔϒϧͷ͞ʹϦχΞʹͳ͍ͬͯΔ͜ͱ֬ೝͨ͠ɻҎ߱

ͷଌఆͰಉͷέʔϒϧΛѻ͏͕ɺݮਰΛྀ͠ߟͳ͕Βٞ͢Δඞཁ͕͋Δɻ

˙ث ຊڀݚͰ༻͍ͨثMini-Circuitsࣾͷ ZFSCJ-2-232-S+Ͱ͋ΓɺϚΠΫϩભҠ
ஔͷ্Լ྆ํͷۃ൘ʹಉ࣌ʹϚΠΫϩΛૹ৴͢ΔͨΊʹ༻͍ΒΕΔɻ৴߸ൃੜ͔ثΒಘΒΕ

ΔϚΠΫϩثʹΑͬͯҐ૬స͞Εͨ̎ͭʹ͚ΒΕΔɻثཧతʹݮਰͳ͘ɺ
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ਤ 16 ಉ࣠έʔϒϧͷपಛੑ

ೖྗͷύϫʔΛͯ͠ 2ͭͷνϟϯωϧʹग़ྗ͢ΔͨΊɺύϫʔ -3 dBʹͳ͍ͬͯΔͱظ͞
ΕΔɻਤ 17ثͷपಛੑΛௐΔͨΊʹɺ৴߸ൃੜثʹثΛͭͳ͗ɺ͔ثΒͷ
ग़ྗΛύϫʔଌఆثͰಡΈऔͬͨ݁ՌͰ͋Δɻ੨৭ͷϓϩοτ (measured power) ಘΒʹࡍ࣮͕
ΕͨଌఆͰ͋Δɻ్தɺ50 cmͷಉ࣠έʔϒϧΛ༻͍ͨͨΊɺͦͷิਖ਼Λ݁ͨͬߦՌ͕փ৭ͷ
ϓϩοτ (fixed)Ͱ͋Γɺ͜Ε͕ɺثʹΑͬͯݮਰ͞ΕΔύϫʔͷେ͖͞Ͱ͋Δɻ͜ͷ࣌ɺ
ثͷଌఆ͠ͳ͍ํͷࢠऴ͍ͯͨ͠ɻ
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ਤ 17 ثͷपಛੑ

17



˙RF૿෯ث RF૿෯ث৴߸ڧΛ૿෯͢ΔͨΊʹ༻͍ΒΕΔɻMini-Circuitsࣾͷ ZHL-10W-
2G+Λ༻͍ͨɻϚΠΫϩͷڧେ͖͍ํ͕ਫૉͷભҠΛ͜͠ى͘͢͢Δ͕ɺભҠ͕֬
େ͖͗͢Δͱɺڞ໐प͔ΒΕͨपͰભҠ͕͖ͯ͠ى·͍ɺ݁ՌతʹϥϜγϑτͷ

ΛܾΊΔ͜ͱΛࠔʹͯ͠͠·͏ (ୈ 5.2અࢀর)ɻRF૿෯ثͷ૿෯ܾ·͓ͬͯΓՄมͰͳ͍
͕ɺ৴߸ൃੜثͷग़ྗΛมԽͤ͞Δ͜ͱͰɺ࠷దͳڧͷϚΠΫϩΛਫૉʹ͔͚Δ͜ͱ͕Մ

Ͱ͋ΔɻRF ૿෯ثͷεϖοΫγʔτ্ͷ૿෯ͷσʔλਤ 18 ʹ͋ΔΑ͏ʹ 800 MHz ͔Β
2000 MHzʹݶΒΕ͍ͯΔɻϛϡΦχϜͷޫ࣮ݧʹ͓͍ͯ 586 MHzʹϐʔΫΛݟग़͢͜ͱΛ
ఆ͍ͯ͠ΔͨΊɺΑΓൣғʹ͓͍ͯपಛੑΛ֬ೝͨ͠ɻଌఆ৴߸ൃੜثΑΓ -5 dBmΛ
ग़ྗ͠ɺRF૿෯ثͰ 40 dBΛ૿෯ޙɺύϫʔଌఆثͰଌఆ͢Δɻ͔͠͠ͳ͕Βɺύϫʔଌఆث
ͷੑͱͯ͠ 25 dBm Ҏ্Λೖྗ͢Δ͜ͱͰ͖ͳ͍ɻͦͷͨΊɺ࣍ʹٞ͢ΔݮਰثΛ༻͍ͯ
-19.8 dBmݮਰ͔ͤͯ͞ΒଌఆΛߦͳͬͨɻਤ 19ଌఆͷ݁ՌͰ͋Δɻ੨৭ͷϓϩοτ͕࣮ࡍͷ
ଌఆͰ͋Δɻ͜Εʹରͯ͠ɺݮਰثʹΑΔݮਰͱɺಉ࣠έʔϒϧʹΑΔݮਰΛิਖ਼͠ϓϩοτ͠

ͨͷ͕ɺփ৭ͷͰ͋Δɻ࠷খ 39.01 dB (400 MHz)͔Β࠷େ 44.65 dB (850 MHz)ʹ૿෯͞Ε
ͨɻಛʹɺ750 MHz͔ۙΒখ͞ͳपʹ͔͚ͯ૿෯ͷݮগ͕֬ೝ͞Εͨɻ͜Εɺ͜ͷ RF
૿෯͕ثখ͞ͳपͰͷ༷Λఆ͍ͯ͠ͳ͍ͨΊͰ͋Δɻ·ͨɺRF૿෯ثʹରͯ͠ 0 dBmҎ
্ͷೖྗΛͨ͠߹ɺRF૿෯ثͷग़ྗిྗ͕͠ɺ 44 dBҎ্ͷ૿෯͕͖ىͳ͍͜ͱ֬ೝ
ͨ͠ɻ

ਤ 18 RF૿෯ثͷརಘͷपಛੑɻΩϟϓγϣϯ RF૿෯ثͷిిݯѹɻ
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ਤ 19 RF૿෯ثͷརಘͷपಛੑ 400 MHz ͔Β 1500 MHz

ثਰݮ˙ ϚΠΫϩͷύϫʔΛݮਰ͢ΔͨΊʹMini-Circuitsࣾͷ BW-S20W20+༻͍Δɻ͜Ε
ɺ৴߸ܦ࿏ʹ͓͍ͯϚΠΫϩભҠஔʹରͯ͠ԼྲྀଆͰ৴߸Λݮਰ͠ऴ͢ΔͨΊͰ͋Δɻ·

ͨɺύϫʔଌఆ͕ثಡΈࠐΊΔύϫʔʹ্͕͋ݶΔͨΊɺύϫʔଌఆثΛ༻͍Δ࣌ʹͦͷ্ྲྀ

લʹઃஔ͢Δɻਤ 20ݮਰثͷपಛੑΛ֬ೝͨ݁͠ՌͰ͋Δɻ੨৭ͷଌఆ 10 dBmΛ
Λ༻͍ͯଌఆͨ݁͠ՌͰ͋Δɻ·ͨɺփ৭ثͷԼྲྀଆͰύϫʔଌఆثਰݮग़ྗ͠ɺʹثਰݮ

ͷϓϩοτ (expected power)ೖྗΛ 0 dBʹϊʔϚϥΠζͨ͠ݮʹ࣌ਰثΛ௨ͯ͠ಘΒΕΔύ
ϫʔͷൺͰ͋Δɻ-19.8 dBͷݮਰ͕֬ೝͰ͖ͨɻ
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ਤ 20 ͷपಛੑثਰݮ
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3.1.2 2S1/2 - 2P1/2 ભҠྖҬͷిͷੵݟΓ

ਫૉͷ 2S1/2 - 2P1/2 ͷભҠ֬ΛٻΊΔͨΊʹిͷ۩ମతͳେ͖͞ΛΔඞཁ͕͋Δɻ

༗ݶཁૉ๏ʹΑΔి࣓ղੳιϑτΣΞͷ CST STUDIO SUITE 2014Λ༻͍ͯɺۃ൘ؒʹ͔͔
ΔిڧΛ͠ࢉܭɺ·ͨɺϚΠΫϩભҠஔͷ SύϥϝʔλʔΛٻΊͨɻ
ҎԼͰਤ 21ʹࣔ͢Α͏ʹɺϚΠΫϩڞৼஔʹ͓͚Δۃ൘ͱಉ࣠έʔϒϧͱͷΛ port
ͱݺͼɺ্෦ʹ͋Δۃ൘ͷϚΠΫϩͷೖྗଆͷ portΛ port1ɺۃ൘Λ৴߸͕ൈ͚ͨ͋ͱͷର
ଆΛ port2ͱݺͼɺԼ෦ͷۃ൘ͷϚΠΫϩͷೖྗଆͷ portΛ port3ɺۃ൘Λൈ͚ͨ͋ͱͷର
ଆΛ port4ͱݺͿɻS21ͱ͍͏ͱ͖ɺport1͔ΒϚΠΫϩભҠஔʹೖྗͨ͠ύϫʔ͕ͲΕͩ
͚ port2ʹΘ͔ͬͨͱ͍͏ࢦඪͰ͋Δɻ୯Ґ dBͰ͋ΓɺৗʹෛͷʹͳΓݮਰͯ͠ΘΔ͜
ͱΛ͍ࣔͯ͠Δɻ

���	�

���	�

���	�

���	�

���

���

�


ਤ 21 portͷఆٛ

ʹࡍ࣮ CSTʹϚΠΫϩભҠஔΛඳ͖ɺγϛϡϨʔγϣϯΛͨͬߦɻ·ͣɺۃ൘ؒʹ͔͔Δ
ৼಈిڧʹ͍ͭͯٞ͢Δɻਤ 22γϛϡϨʔγϣϯͰిڧΛٻΊͨ࣌ͷ 910 MHzͷ
ྫͰ͋Δɻ1 WͷϚΠΫϩΛҹՃͨ͠߹ͷిϕΫτϧ͕ඳ͔Ε͍ͯΔɻத৺෦ʹҐஔ͢Δ

্Լ 2ຕͷۃ൘ɺ͍ޓʹରͷҐ૬͕͔͚ΒΕ͍ͯΔͨΊɺ͜ͷࠁ࣌ͷྫͰ্෦ͷۃ൘ʹి
͕ऩଋ͠ɺԼ෦ͷۃ൘ൃ͍ͯ͠ࢄΔɻۃ൘ؒͰۃ൘ʹਨͳํɺͭ·ΓɺࢠݪϏʔϜʹର͠

ͯਨͳํΛిϕΫτϧ͕͍͍ͯΔɻҎԼͰ͜ͷํΛ yํͱ͠ɺϏʔϜͱฏߦͳํ
Λ zํͱͯ͠Δɻ࣮ݧͷηοτΞοϓ͓ΑͼγϛϡϨʔγϣϯʹ͓͍ͯɺࠨӈશʹରশͷߏ
ʹͳ͍ͬͯΔɻ্ԼରͳߏʹͳΔͷ͕ཧతͰ͋Δ͕ɺ࣮ݱʹϚΠΫϩભҠஔͷ
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ΛϏʔϜύΠϓʹରͯ͠ܘ 1 mmখ͘͞ઃ͋ͯ͠ܭΔɻ͜ΕɺϚΠΫϩભҠஔΛϏʔϜύΠ
ϓ্ʹࠔͳ͘ಋೖ͢ΔͨΊͰ͋ΔɻγϛϡϨʔγϣϯʹ͓͍ͯ͜ͷඇରশੑΛࢉܭʹೖΕ͍ͯ

ΔͨΊɺిڧʹ্Լͷඇରশੑ͕ݱΕ͍ͯΔɻϏʔϜ্࣠ͷిڧͷҐஔґଘੑΛप͝

ͱʹϓϩοτͨ͠ͷ͕ਤ 23Ͱ͋Δɻ͜͜ͰଌఆʹඞཁͳಛతͳपͷΈΛબͯ͠ϓϩο
τͨ͠ɻຌྫάϥϑͷڧ͕େ͖͍ॱʹͳ͍ͬͯΔɻۃ൘ͷத৺͔Β্ྲྀํ 30 mmͱԼྲྀํ
 30 mmͷ߹ܭ 60 mmͷൣғΛϓϩοτ͍ͯ͠Δɻۃ൘ͷத৺Ͱిڧ͕࠷େ͖͘ɺϏʔ
Ϝํʹରͯ͠ΕΔͱڧऑ͘ͳΔɻपґଘੑͷಛͱͯ͠ɺ͍पͰͷిڧͷ

͍ͯ༺ΛڧΊΒΕͨిٻपΑΓେ͖͘ͳ͍ͬͯΔ͜ͱ͕ಡΈऔΕΔɻ͜͜Ͱ͍ߴ͕ํ

ୈ 4અͰ 2S1/2 - 2P1/2 ભҠΛٞ͢Δɻຌྫͷޙ࠷ʹ͋Δ࠷ڧͷऑ͍ϓϩοτ (1110 MHz
(z)) 1110 MHzʹ͓͚ΔిͷϏʔϜͱฒํߦͷͰ͋Δɻୈ 4અʹ͓͚ΔભҠ֬ͷܭ
ؚΊΔ͜ͱͰɺਫ਼ߦͷి͚ͩͰͳ͘ɺฏରͯ͠ਨํʹํߦͰɺϏʔϜͷਐࢉ

ΛΑΓٻ͘ߴΊΔ͜ͱʹʹཱͭɻ͜͜ͰҰྫͱͯ͠ 1110 MHzͷ߹Λϓϩοτͨ͠ɻ

ਤ 22 ϚΠΫϩભҠஔͷ 910 MHzʹ͓͚Δిڧͷ

ΊΒΕͨٻɺγϛϡϨʔγϣϯʹΑͬͯʹ࣍ Sύϥϝʔλʹ͍ͭͯٞ͢Δɻਤ 24͓Αͼਤ 25
্ड़ͷిڧΛ֬ೝ͢ΔγϛϡϨʔγϣϯͱಉ༷ͷδΦϝτϦΛ༻͍ɺಘΒΕͨ S ύϥϝʔ
λʔͰ͋ΔɻS21͓Αͼ S43ʹؔͯٞ͢͠Δɻ·ͨɺS21ͱ S12͓Αͼ S43ͱ S34ͦΕͧΕ
ಉ݁͡ࢉܭՌ͕ಘΒΕͨɻຊڀݚͰଌఆ͢Δ 2S1/2 - 2P1/2 ؒભҠͷڞ໐प 910 MHzͰ͋
ΔɻपΛৼΓͳ͕ΒਫૉͷભҠΛ֬ೝ͢ΔͨΊɺ910 MHz ʹϐʔΫΛཱͯΔͷͰͳ͘ɺ
Q Λখ͘͞औΓɺۙपͰಉͷ S ύϥϝʔλʔ͕ಘΒΕΔ͜ͱ͕ཁ͞Ε͍ͯͨɻۙ
ͷपͰύϫʔͷݮਰ͕ -20 dBmʹऩ·͍ͬͯΔɻ·ͨɺϛϡΦχϜͷ࣮ݧͰ 586 MHz
ۙͷपΛ༻͍Δ͕ɺ͜ͷൣғʹ͓͍ͯྑͳ Sύϥϝʔλʔͷ͕ಘΒΕͨɻ1.3 GHzۙ
Ͱݮਰ͕֬ೝ͞ΕΔ͕ɺ͜ͷ͋ͨΓͷप࣮ݧʹ༻͍ͳ͍ͨΊॏେͳͳ͍ɻS21ͱ S43
ͷඇରশੑɺϚΠΫϩભҠஔͷ͕ܘ 1 mmϏʔϜύΠϓΑΓখ͍͜͞ͱʹ༝དྷ͢Δɻ
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ਤ 23 ϏʔϜ্࣠ͷిڧͷपґଘੑɻຊ࣮ݧʹ༻͍ΔయܕతͳपΛిڧͷେ

͖͍ॱʹͨ͠ࡌهɻ

ਤ 24 ൘ۃ্ (S21)ͷपґଘੑγϛϡϨʔγϣϯ
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ਤ 25 Լۃ൘ (S43)ͷपґଘੑγϛϡϨʔγϣϯ

3.1.3 Sύϥϝʔλͷଌఆ

͜͜Ͱɺͨ͠࡞ϚΠΫϩભҠஔͷ Sύϥϝʔλͷଌఆͱͦͷ݁Ռʹ͍ͭͯٞ͢Δɻਤ
26ʹࣔ͢Α͏ʹύϫʔଌఆثͰ௨աͯ͘͠ΔϚΠΫϩ৴߸ڧΛଌఆ͠ɺ৴߸ൃੜثͷग़ྗΛ
ൺΔ͜ͱͰ SύϥϝʔλΛٻΊͨɻ৴߸ൃੜثͱثͷؒ 50 cmͷ SMAಉ࣠έʔϒϧͰ
݁ͼɺثͱ RF૿෯ثͷؒಉ༷ʹ 50 cmɺRF૿෯͔ثΒϚΠΫϩભҠஔ·Ͱ 10 mɺ
ϚΠΫϩભҠஔ͔Βݮਰث 1 m ʹͳ͍ͬͯΔɻݮਰ͔ثΒύϫʔଌఆثଓ͠
͍ͯΔɻଌఆ͍ͯ͠ͳ͍ରଆͷճ࿏ϚΠΫϩભҠஔͷޙͰݮਰثΛଓ͠ɺऴ

ͨ͠ɻ

ਤ 27 S21ͷଌఆ݁ՌͰ͋Δɻ৭ͷϓϩοτ৴߸ൃੜثͰઃఆͨ͠ύϫʔͰ͋Γɺશͯͷ
पʹ͓͍ͯϚΠΫϩΛ 0 dBmͰग़ྗͨ͠ɻ͜ͷ৴߸ثέʔϒϧͰͷݮਰͱɺRF૿
෯ثʹΑΔ૿෯ͷͷͪʹ (͓͓Αͦ 40 dBmʹͳΓ)ϚΠΫϩભҠஔͱૹ͞ΕΔɻϚΠΫ
ϩભҠஔΛ௨աͨ͠৴߸ݮਰثΛ௨ͬͨޙʹύϫʔଌఆثͰଌఆ͞ΕΔɻଌఆ͞Εͨ੨

৭Ͱϓϩοτͨ͠ɻS43ʹ͍ͭͯಉ༷ͷଌఆΛ͍ߦਤ 28͕ͦͷ݁ՌͰ͋Δɻ৴߸ͷݮਰͱ૿෯
Λิਖ਼͠ SύϥϝʔλʔͷܗͰදͨ͠ͷΛਤ 29͓Αͼਤ 30ʹࣔ͢ɻ͜͜·ͰͰಘΒΕͨάϥ
ϑͰɺS21ͷγϛϡϨʔγϣϯͱ࣮ଌਤ 24ͱਤ 29ɺS43ͷγϛϡϨʔγϣϯͱ࣮ଌਤ 25ͱ
ਤ 30ͷΑ͏ʹରԠ͍ͯ͠Δɻ
γϛϡϨʔγϣϯͱಉ༷ʹ 900 MHzۙͰಁ͍ߴաΛ؍ଌ͢Δ͜ͱ͕Ͱ͖ͨɻ͜Εຊڀݚ
Ͱଌఆ͢Δਫૉͷڞ໐प͕ 910 MHzʹ͋Δ͜ͱΛఆͯ͠ઃͨͨ͠ܭΊɺظ௨Γͷಛੑ
ΛಘΔ͜ͱ͕Ͱ͖ͨɻ900 MHz͔ۙΒ͍ߴपʹ͔͚ͯ௨ա͢Δ৴߸ͷݮਰ͕େ͖͘ͳΔ͜
ͱ͕ଌఆ͞Εͨɻ͜ͷ͜ͱ͔Βɺ࣮ࡍʹޫΛࡍ͏ߦʹɺଌఆपൣғͷݮਰͷ࠷େ͖ͳप

ͰൃੜͰ͖Δిͷେ͖͞ʹϊʔϚϥΠζͯ͠ɺपΛҾ͢Δඞཁ͕͋Δɻୈ 4 અͰ
1110 MHzʹ͓͍ͯಘΒΕΔిڧΛ༻͍ͯޫΛߦͳͬͨ߹ͷεϖΫτϧΛٞ͢Δɻ
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ਤ 26 Sύϥϝʔλͷଌఆ

ਤ 27 ൘ۃ্ (S21)ͷपґଘੑ࣮ଌ ਤ 28 Լۃ൘ (S43)ͷपґଘੑ࣮ଌ
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ਤ 30 Լۃ൘ (S43)ͷपґଘੑ࣮ଌ (ิਖ਼ࡁΈ)
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3.2 ඍߏࡉબผஔ

ඍߏࡉબผஔ (ҎԼ HFSS ͱݺͿ) ɺୈ 2.2 અͰٞͨ͠௨Γɺਫૉࢠݪʹ͓͚Δ
(F,M)=(0,0)ΛͰ͖Δ͚ͩ͠ͳ͕Βɺ(1,0)ɺ(1,1)ɺ(1,-1)ΛͰ͖Δ͚ͩݮΒ͢͜ͱΛతʹઃ͠ܭ
ͨɻ͜͜Ͱɺ։ൃͨ͠HFSSͷߏΛઆ໌͠ɺHFSSͰಘΒΕΔৼಈిڧϚΠΫϩભҠ
ஔͱಉ༷ʹγϛϡϨʔγϣϯʹΑͬͯಋग़͢ΔɻHFSSͰ 1110 MHzΛҹՃ͠ (0,0)Λબผ͢
ΔͨΊɺ֘पͰɺेͳڧͷৼಈి͕ಘΒΕΕΑ͍ [26]ɻ

ਤ 31 ඍߏࡉબผஔ (HFSS)ΛؚΉϚΠΫϩޫஔɻਤ͕ࠨϏʔϜϥΠϯͷ্ྲྀଆ
ʹଘ͢ࡏΔ HFSSɺਤӈ͕ 2S1/2 - 2P1/2 ભҠͷͨΊͷϚΠΫϩભҠஔɻ

ਤ 31 ʹ։ൃͨ͠ HFSS ͷߏΛࣔ͢ɻࠨӈʹͭͳ͕Δͷ͕ϏʔϜύΠϓͰ͋Γɺ͜ͷதΛࠨ
͔Βӈͱਫૉ͕ਐ͢ߦΔɻӈଆʹ͋Δͷ͕ϚΠΫϩભҠஔͰ͋Γɺࠨଆ (্ྲྀଆ) ʹ͋Δ
ͷ͕ HFSS Ͱ͋Δɻͱʹɺࢴ໘खલଆ͓ΑͼԞଆʹಉ࣠έʔϒϧΛͭͳ͙ͨΊͷۭ͕ؒଘ͢ࡏ
ΔɻHFSSͷ্ʹਅۭҾ͖༻ͷύΠϓ͕औΓ͚ΒΕ͍ͯΔɻϚΠΫϩભҠஔͷ࣌ͱಉ༷ʹ
30 mm × 38 mmͷۃ൘ؒʹৼಈి͕͔͔ΔΈʹͳ͍ͬͯΔɻ
ਤ 22ʹࣔ͢Α͏ʹϚΠΫϩભҠஔͰۃ൘ͱͦΕΛ͑ࢧΔ࣋ࢧ༻ͷಔ൘ͷؒʹి͍ڧ͕
ੜ͍ͯͨ͡ɻHFSSͰۃ൘ͱ࣋ࢧ༻ͷಔ൘ؒʹి͕ੜ͡ɺΤωϧΪʔ͕ͯ͠͠ࢄ·͏͜ͱΛ
͙ͨΊʹɺ࣋ࢧ༻ͷಔ൘Λ̎ͭʹ͚ɺۃ൘ͷԼΛۭಎʹͨ͠ɻϚΠΫϩભҠஔͱ HFSS
ͷߏ্ͷҧ͍Λ x-zฏ໘ͷஅ໘Ͱਤ 32ʹࣔ͢ɻ
ਤ 33͕ిΛ༠࣌ͨ͠ىͷ༷ࢠͰ͋Δɻ͍ͯͬࡏݱΔϏʔϜύΠϓͰɺൃੜͨ͠Ұ෦ͷి
ɺਅۭҾ͖༻ͷۭಎͷதʹදΕ͍ͯΔ͜ͱ͕͏͔͕͑ΔɻϏʔϜ্࣠ͷ۩ମతͳిڧ

ୈ 4.3અɺਤ 39ʹࣔ͢ɻ

26



ਤ 32 ඍߏࡉબผஔͱϚΠΫϩભҠஔͷஅ໘ਤ

ਤ 33 ඍߏࡉબผஔͷ 1110 MHzʹ͓͚Δిڧͷ
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3.3 Ly-αݕग़ث

ୈ 2.1અʹ͋ΔΑ͏ʹ Ly - αݕग़ث Ly - αޫΛݕग़͢Δ͜ͱͰඈདྷ͢Δ 2Sঢ়ଶͷਫૉͷ
ΛΔ͜ͱΛతͱ͍ͯ͠Δɻ͜ͷݕग़ޮɺ౷ܭਫ਼ΛܾΊΔॏཁͳύϥϝʔλʔͰ͋Γɺඞ

ཁͳଌఆճɺଌఆؒ࣌ΛܾΊΔཁҼʹͳΔɻ͜͜ͰɺͦͷߏΛઆ໌ͨ͠ͷͪʹɺݕग़ޮΛ

Δɻ͢ࡌه

ਤ 34 ʹ Ly - α ۃΛࣔ͢ɻਤதͷೋͭͷϦϯάঢ়ͷిߏͷثग़ݕ (Ring Electrode) ʹͦΕͧ
Ε kVఔͷిѹ͕͔͚ΒΕΔɻ͜ΕΒͷϦϯάిۃʹΑΔి͍ڧʹΑͬͯ 2Sঢ়ଶਫૉ
γϡλϧΫޮՌʹΑͬͯ 2Sͱ 2Pͷঢ়ଶ͕ࠞ͢Δɻ2Sͱ 2Pͷࠞঢ়ଶͷण໋ࣜ (6)Ͱද͞
ΕΔ [28]ɻ

γ = γ2S + γ2P|E|2
|V|2

S2 + Γ2/4
+

|W|2

T2 + Γ2/4
× a + o(|E|4) (6)

T 2S1/2 ͱ 2P3/2 ͷΤωϧΪʔࠩ [MHz]ɺEిڧ [V/cm]ɺSϥϜγϑτ [MHz]ɺ
a = 1.63721( MHz

V/cm )2ɺ

V (2S1/2ͱ 2P1/2ͷࢠۃϞʔϝϯτ)/a0ɺ

W (2S1/2ͱ 2P3/2ͷࢠۃϞʔϝϯτ)/a0 Ͱ͋Δɻ͜ͷ͕ࣜϥϜγϑτʹؔ࿈͚ͮΒΕ͍ͯ

Δ͜ͱ͕͑ݟΔɻ͜ΕΛར༻ͨ͠ϥϜγϑτଌఆͷख๏͋Δ͕ [28]ɺզʑɺ͜ͷిΛ 2SΛ
దͳҐஔͰྭ͢ىΔͨΊʹ༻͍ͨɻඈདྷ͢Δ 2Sͷ͞ʹԠͯࣜ͡ (6)Λ༻͍ͯϦϯάిۃʹ
༩͑ΔిҐΛܾΊɺҎԼͷMCPͰͷݕग़ޮ͕࠷େͱͳΔॴͰ 2S͕ Ly - αޫΛ์ͬͯྭى

͢ΔΑ͏ʹઃఆ͢Δ (ࣜ 7)ɻ6 keVͷӡಈΤωϧΪʔΛͭ࣋ਫૉͷ࣮ݧͰೋͭͷిۃʹͦΕͧ
Ε ±1000 Vఔɺ·ͨɺୈ 5અͰٞ͢ΔࣨԹͷਫૉ࣮ݧͰԼྲྀͷిۃʹඦ Vఔɺୈ 6અ
Ͱٞ͢Δ 4 keVϛϡΦχϜͷ࣮ݧͰೋͭͷిۃʹઍ VΛͦΕͧΕූ߸Λม͑ͯҹՃ͢Δɻ
ൃੜ͢Δ Ly - αޫΛपғʹ͋ΔMCP(Microchannle Plate)Ͱݕग़͢ΔɻCsIʹΑΔίʔςΟϯά
ͰͦͷྔޮࢠΛҾ্͖͍͛ͯΔ [29]ɻ͜ͷ࣌ɺݕग़ޮ͓Αͦ 40 %Ͱ͋Δɻ4ͭͷMCPͰ
ཱମ֯ͷ 41.5%ΛΧόʔ͍ͯ͠Δɻ࠷ऴతͳݕग़ޮ 40 × 41.5 = 16.6%ఔͱͳΔɻ

2S → 2P → 1S + γ (121 nm) (7)
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ਤ 34 ly-α ӈʹ̎ͭ͋Δࠨͷ֓೦ਤɻثग़ݕ Ring Electrode ʹΑͬͯ DC ిΛൃੜ͢Δɻ
͜ͷి 2SΛΫΤϯν͢ΔతͰଘ͠ࡏɺΫΤϯνϯάϑΟʔϧυͱݺΕΔɻ͜ͷిͷ
ΛMCPͰғΈɺ2P͕ํ࢛ 1Sͱྭ࣌ͨ͠ىʹൃ͢Δ Ly - αޫͷݕग़Λ͏ߦɻ
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4 2S1/2 - 2P1/2 ؒભҠ֬ͱεϖΫτϧ

ຊઅͰ 2S1/2 ঢ়ଶͷਫૉʹϚΠΫϩΛ͔͚ͨ࣌ʹ 2P1/2 ঢ়ଶͱભҠ͢Δඳ૾ΛࣜΛ༻

͍ͯٞ͠ɺຊڀݚͰ։ൃͨ͠ϚΠΫϩޫஔʹඞཁͳిڧɺϚΠΫϩͷҹՃؒ࣌ɺ

ͦͯ͠ભҠ֬ΛٻΊΔɻ

ୈ 4.1અͰ֤ঢ়ଶͷଘ֬ࡏͷൃؒ࣌లΛࣔࣜ͢ (ϋΠθϯϕϧΫͷӡಈํఔࣜ)Λಋग़͠ɺϚ
ΠΫϩΛड͚ͨ 2Sঢ়ଶͱ 2Pঢ়ଶ͕ϥϏৼಈΛ͢͜ىඳ૾ΛࣜͰද͢ݱΔɻ·ͨɺ2Pͷण໋
ͷޮՌͰͦΕͧΕͷঢ়ଶͷଘ֬ࡏ͕ৼಈ͠ͳ͕Βখ͘͞ͳΔ݁ՌΛಘΔɻୈ 4.2 અͰਫૉ
ͷ 2S1/2 - 2P1/2 ϥϜγϑτʹ͓͚ΔΧοϓϦϯάͷେ͖͞ VΛ۩ମతʹٻΊΔɻୈ 4.3અͰɺ
6 keVͷਫૉΛ༻͍Δ࣌ͷ࣮ݧʹ͍ͭͯͷભҠͷඳ૾Λٞ͢Δɻޙ࠷ʹୈ 4.4અʹ͓͍ͯɺ࣮
ਫ਼ʹ͍ͭͯٞ͢ΔɻܭͷଌఆͰಘΒΕΔ౷ࡍ

4.1 ֤ঢ়ଶͷؒ࣌ʹґଘͨ͠ଘ֬ࡏΛࣔࣜ͢ͷಋग़

͜͜Ͱɺਫૉࢠݪͷ 2S1/2 ঢ়ଶͱ 2P1/2 ঢ়ଶʹରԠ͢ΔϋΠθϯϕϧΫͷӡಈํఔࣜΛಋग़

͢Δɻ

ҎԼͷࢉܭͰ༻͍ΔΛද 4ʹࣔ͢ɻ

ϘʔΞܘ a0 5.291 772 109 03(80)× 10−11 m
ૉిՙ e 1.602 176 634 × 10−19 C
ޫ c 299 792 458 m/s

ϓϥϯΫఆࢉ h̄ 1.054 571 817... × 10−34 Js
౷Ұྔ࣭ࢠݪ୯Ґ 1u 9.314 941 024 2 × 108 eV/c2

ਫૉࢠݪͷ࣭ྔ 1.007 825u
ϛϡΦχϜͷ࣭ྔ 106 MeV/c2

ද 4 ఆ͍ͨ༺ʹࢉܭ [25]

͜͜ͰਫૉʹϚΠΫϩ͕͔͔ΔܥΛ͑ߟΔͨΊɺؒ࣌ʹґଘ͢ΔγϡϨʔσΟϯΨʔํఔ

ࣜͷϋϛϧτχΞϯʹϚΠΫϩΛઁಈ V ͱͯ͠Ճ͑ͨҎԼͷࣜΛ͑ߟΔɻ

ih̄
∂

∂t
ψ(r, t) = H ψ(r, t) (8)

H = H0 + V (9)

͜ͷํఔࣜͷҰൠղͱͯ͠
ψ(r, t) = ∑

n
cn(t)un(r) (10)

Λࣜ 8ʹೖ͢Δͱɺ

ċn(t) = −iωncn(t)−
i
h̄ ∑

m
⟨n|V |m⟩ cm(t) (11)
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ΛಘΔ͜ͱ͕Ͱ͖Δɻ·ͣɺ2Sঢ়ଶ (c1)ͱ 2Pঢ়ଶ (c2)ͷೋ४Ґܥͱͯ͑͠ߟɺͦΕͧΕ |1⟩ɺ|2⟩
ͱॻ͘ɻV Λ໌ࣔ͢Δͱࣜ 11ɺిڧͷৼ෯ E0[V/m]ͱͯ͠ɺ

ċ1(t) = −iω1c1(t)−
i
h̄
⟨1| µEE0 cos(ωt + δ) |2⟩ c2(t) (12)

ͱද͞ΕΔɻµE ΛਫૉࢠݪͷిؾࢠۃϞʔϝϯτͱͯ͠ɺ

V = − 1
2h̄

⟨1| µEE0 |2⟩ (13)

Λೖ͢Δɻ2Sঢ়ଶ४҆ఆঢ়ଶͰ͋Δ͕ɺ2Pঢ়ଶʹण໋ γͷ߲Λ͚͢ͱɺ࠷ऴతʹ

iċ1 = ω1c1 + 2Vc2 cos(ωt + δ) (14a)

iċ2 = ω2c2 − i
1
2

γc2 + 2Vc1 cos(ωt + δ) (14b)

ͷΑ͏ʹӡಈํఔ͕ࣜٻ·ͬͨɻ

զʑͷ͏ߦϥϜγϑτͷޫ࣮ݧͰୈ 2.2અͰٞͨ͠Α͏ʹඍߏࡉΛؚΊͯ 4ͭͷ४Ґ
४Ґʹ֦ு͢Δͱɺ࢛ͷࣜΛܥ༩͢Δɻ͜͜ͰಘΒΕͨೋ४Ґد͕

iṡ00 = ωlambs00 −
√

2Vz p11 cos(ωt + δ) + 2Vy p10 cos(ωt + δ) +
√

2Vz p1−1 cos(ωt + δ) (15a)

i ṗ11 = −i
1
2

γp11 −
√

2Vzs00 cos(ωt + δ) (15b)

i ṗ10 = −i
1
2

γp10 + 2Vys00 cos(ωt + δ) (15c)

i ṗ1−1 = −i
1
2

γp1−1 +
√

2Vzs00 cos(ωt + δ) (15d)

ΛಘΔ͜ͱ͕Ͱ͖Δ [26]ɻ͜͜Ͱ 2S(0,0)ɺ2P(1,1)ɺ2P(1,0)ɺ2P(1,-1)ΛͦΕͧΕ s00ɺp11ɺp10ɺ

p1−1 ͱͨ͠ɻωlamb ϥϜγϑτͷେ͖͞Ͱ͋Γɺਫૉͷ߹ 2π×910 MHzͰ͋ΔɻVi ࣜ

13ͷ E0 ͷϕΫτϧͷΛ͓ࣔͯ͠ΓɺyਫૉϏʔϜʹରͯ͠ਨํͷɺzਫฏํ
ͷΛ͍ࣔͯ͠Δɻ

4.2 2S1/2 - 2P1/2 ϥϜγϑτʹ͓͚ΔભҠࢠۃͷྻߦཁૉͷେ͖͞ Vͷಋग़

۩ମతͳભҠ֬Λ͢ࢉܭΔͨΊʹ 2S1/2 - 2P1/2 ϥϜγϑτʹ͓͚ΔભҠࢠۃͷྻߦཁૉͷ

େ͖͞ VΛٻΊΔɻࣜ 13ͷΛ࣮ٻʹࡍΊΔͨΊʹ 2S1/2 ͱ 2P1/2 ͷಈؔΛॻ͖ද͢ͱɺ

|1⟩ = |2S1/2⟩ =
1

4
√

2π

(
1
a0

)3/2 (
2 − r

a0

)
e−

r
2a0 (16)

|2⟩ = |2P1/2⟩ =
1

4
√

2π

(
1
a0

)3/2 ( r
a0

)
e−

r
2a0 cos θ (17)
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ͱॻ͘͜ͱ͕Ͱ͖Δɻ͜ΕΛࣜ 13ʹೖ͠ɺੵΛ͏ߦͱɺ

V = − 1
2h̄

⟨1| µEE0 |2⟩ (18)

= − 1
2h̄

E0 ⟨1| µE |2⟩ (19)

= − 1
2h̄

E0 3ea0 (20)

ͷΑ͏ʹ͞ࢉܭΕΔɻ࣮ࡍͷ࣮ܥݧͰɺͦࢠݪΕͧΕ͕ಛఆͷํʹภ͍ͯ͠ΔΘ͚Ͱͳ͍

ͨΊ͜ͷΛ
√

3ͰׂΔඞཁ͕͋Δɻ͜ͷ͕࣮ࣨݧ࣮ʹࡍͰ؍ଌ͞ΕΔ 2S1/2 - 2P1/2 ϥϜγϑ

τʹ͓͚ΔભҠࢠۃͷྻߦཁૉͷେ͖͞ʹͳΔɻ͜ͷΛվΊͯ Vͱͯ͠ఆٛ͠ද 4ͷΛ
ೖ͢Δͱɺ

V = −69 625.126 51 E0 (21)

͕ಘΒΕΔɻV/mΛ୯Ґͱͨ͠ E0 ͷΛೖ͢Δ͜ͱͰྻߦཁૉͷ۩ମతͳେ͖͞ΛٻΊΔ͜

ͱ͕ՄͰ͋Δɻࣜ 15a͔Βࣜ 15dʹೖ͢Δͱ͖ɺE0 ͷదͳΛબΜͰɺͦΕͧΕ Vy

ͱ Vz ΛٻΊΔ͜ͱ͕Ͱ͖Δɻ
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4.3 6 keVਫૉͷ 2S1/2 - 2P1/2 ϥϜγϑτͷεϖΫτϧ

ࣜ 14aɺ14b Λ࣮͢ࢉܭʹࡍΔ͜ͱͰɺ6 keV ͷਫૉϏʔϜͱɺ։ൃͨ͠ϚΠΫϩޫ
ஔΛ༻͍ͨ߹ʹಘΒΕΔεϖΫτϧ͓ΑͼϥϜγϑτͷଌఆਫ਼ΛੵݟΔɻҎԼͰɺࣜ 14aɺ
14bʹରԠ͢Δ࿈ཱඍํఔࣜΛMathematicaΛ༻͍ͨࢉܭʹΑͬͯղ͍ͨɻࢉܭʹඞཁͳ
ͱͯ͠ҎԼͷΛ༻͍ͨɻ

• ॳظ݅ : 2S1/2 ͷଘ֬ࡏ 1ɺ2Pͷଘ֬ࡏ 0
• ਫૉͷ : 1 071 837 m/s
• ిڧ : ୈ 3.1.2અࢀর
• ໐पڞ : αભҠ 910 MHzɺβભҠ 1088 MHzɺγભҠ 1047 MHz

ϚΠΫϩભҠஔΑΓ্ྲྀͰੜ͞Εͨਫૉͷ 2S1/2 ঢ়ଶ͕४҆ఆͰ͋Δͷʹର͠ɺ2Pঢ়ଶ
ͷण໋͕ 1.6 nsͰ͋ΔͨΊ 2Pঢ়ଶϚΠΫϩભҠஔʹ౸ୡ͢Δࠒʹ΄΅ 0ʹͳ͍ͬͯΔͱ
ΕΔ͞څڙϏʔϜϥΠϯͰݧ݅ΛԾఆ͢Δ͜ͱଥͰ͋ΔɻGBAR࣮ظΒΕɺ͜ͷॳ͑ߟ
ਫૉϏʔϜ 6 keV ͷӡಈΤωϧΪʔΛͭ࣋ɻਫૉͷ࣭ྔ͕ਫૉͱ͍͜͠ͱΛԾఆ͠͠ࢉܭ
ͨɻୈ 3.1.2અͰಘΒΕΔిΛϑΟοςΟϯάͨؔ͠ɺϚΠΫϩભҠஔͷ͞ʹରԠ͢
ΔҐஔʹґଘͨؔ͠ʹͳ͍ͬͯΔͨΊɺ͜ΕΛਫૉͷͰআ͠ࢉɺؒ࣌ͷݩ࣍ʹ߹Θͤͯࣜ

14aɺ14bͱೖͨ͠ɻ
·ͣɺࢉܭͷྫͱͯ͠ɺਤ 35ʹ 910 MHzͷϚΠΫϩΛ 100 ns͔͚ͨ߹ͷ 2S1/2 ͓Α

ͼ 2P1/2 ঢ়ଶͷਫૉͷׂ߹ͷൃؒ࣌లΛࣔ͢ɻϚΠΫϩͷͷͳ͔ʹ͋Δ 2S1/2 ঢ়ଶਫૉ

ɺ2P1/2 ४ҐͱͷؒΛΛৼಈ͢Δ͕ɺ2P1/2 ͷण໋͕͍ͨΊͲͪΒؒ࣌ͱͱʹݮগ͍ͯ͠

͘͜ͱ͕ΈͯͱΕΔɻ2S1/2 ଘ֬ࡏ͕ 1͔Β࢝·Γɺ2P1/2 ͷण໋ͷͨΊʹࢦؔతʹݮਰ

͢ΔɻҰํɺ2Pॳظঢ়ଶͰଘ֬ࡏ͕θϩͰ͋Δ͕ɺ2S1/2 ͕ϥϏৼಈʹΑͬͯ 2P1/2 ભ

Ҡ͢Δ͜ͱͰଘ֬ࡏΛಘΔɻͱʹɺϥϏৼಈͷपظͷظతͳৼಈͱɺ 100 nsఔͷظత
ͳݮਰ͕؍ଌ͞ΕΔɻ

ҎԼͰɺ։ൃͨ͠ϚΠΫϩભҠஔΛ௨ա͢Δਫૉ͢ߟ͍ͯͭʹࢠݪΔɻਫૉ͕ΈΔ

ిڧਤ 36ʹ͋ΔΑ͏ʹɺϚΠΫϩભҠஔͰҰఆͰͳ͘ɺҐஔʹґଘ͢Δɻ
·ͨɺ͜ͷిͷதΛ 6 keV (1 071 837 m/s) ͷӡಈΤωϧΪʔΛͬͯ௨ա͢Δɻਫૉ͕
ΈΔిͷؒ࣌ґଘੑΛྀ͠ߟɺࢉܭΛߦͳͬͨɻ·ͨɺୈ 3.1 અͰٞͨ͠Α͏ʹಉ͡ೖ
ྗύϫʔʹରͯ͠ൃੜͰ͖Δిڧʹपґଘੑ͕ଘ͢ࡏΔɻຊࢉܭʹ͓͍ͯ 1110 MHz
Ͱ 40 dBmΛೖྗͨ࣌͠ʹಘΒΕΔిͷେ͖͞ʹ֨نԽͯ͠ߦͳͬͨɻୈ 3.1.2અͷγϛϡϨʔ
γϣϯͰಘͨిڧ (ਤ 36) 1 WΛೖྗͨ࣌͠ʹಘΒΕΔͰ͋Γɺ40 dBmΛೖྗ͢Δ͜ͱ
 10 WΛೖྗ͢Δ͜ͱʹରԠ͢ΔͨΊɺਤ 36ʹ

√
10Λͨ͡Λࢉܭʹ༻͍ͨɻͦͷ࣌ͷ࠷େ

൘த৺ۙͰۃڧ 9.51 V/cmͱͳΔɻ͜͜Ͱྫͱͯ͠ਤ 37(a),(b),(c),(d)ʹ 800, 850, 910,
1100 MHzͷϚΠΫϩΛҹՃͨ͠ͱ͖ʹඍߏࡉؒͷ αભҠʹରԠ͢Δ 2S(0,0)ͱ 2P(1,0)४
ҐͦΕͧΕͷଘ֬ࡏͷؒ࣌มԽΛࣔͨ͠ɻ
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ਤ 35 910 MHz Ͱ 948 V/m Λೖྗͨ࣌͠ͷભҠதͷ 2S1/2 (੨ઢ) ͓Αͼ 2P1/2 (ᒵ৭) ͷଘ
ؒ࣌ɺԣ͕࣠֬ࡏґଘੑɻॎ͕࣠ଘؒ࣌ͷ֬ࡏ [s]Ͱ͋Δɻ

6 keVͷਫૉ͕ϚΠΫϩભҠஔΛ௨ա͢Δͷʹ͔͔Δؒ࣌ 55 nsͰ͋Δɻͭ·Γɺ55 ns
ͷޙͨͬͨ 2S1/2 ͷଘ֬ࡏΛप͝ͱʹϓϩοτ͢ΕɺٻΊ͍ͨΛಘΔ͜ͱ͕Ͱ͖Δɻ

ୈ 2.2અͰٞͨ͠Α͏ʹɺ4ͭͷભҠ͕ଘ͢ࡏΔͨΊɺඍߏࡉબผஔͳ͠ͷଌఆͰਤ 38
ʹࣔ͢Α͏ʹෳͷϐʔΫ͕ݱΕΔɻ͜͜Ͱ੨৭ɺփ৭ɺԫ৭ͷઢ͕ͦΕͧΕ α ભҠɺβ ભҠɺ

γ ભҠʹରԠ͢ΔϓϩοτͰ͋Δɻβ ભҠʹؔͯ͠ɺ2S(1,1)→2P(1,1)ͱ 2S(1,-1)→2P(1,-1)ͷ
ભҠ͕શʹॏͳ͍ͬͯΔɻॳظঢ়ଶͰશͯͷඍߏࡉ͕͘͠ଘ͢ࡏΔͱ࣌ͨ͑ߟɺ4ͭͷભ
ҠΛ͠߹Θͤͯ֨نԽ͢Δͱਤ 11ʹ͓͚Δࠇ৭ͷ࣮ઢ͕ಘΒΕɺ͜Ε͕ඍߏࡉબผஔͳ
͠Ͱ࣮ࡍʹಘΒΕΔͰ͋Δɻ

զʑɺ910 MHzʹ͋ΔϐʔΫΛଌఆ͍ͨͨ͠Ίɺ1088 MHzͷॏͳͬͨϐʔΫͱ 1147 MHz
ʹ͓͚ΔϐʔΫΛඍߏࡉબผஔͰ͋Β͔͡Ίখ͍ͨ͘͞͠ɻ2S(0,0)ΛͰ͖Δ͚ͩͭͭ͠ɺ
ͦͷଞͷঢ়ଶͷଘ֬ࡏΛ࠷খݶʹ͢Δ͜ͱ͕ඍߏࡉબผஔʹٻΊΒΕΔཧతͳ݅Ͱ

͋ΔɻϚΠΫϩભҠஔͷ࣌ͱಉ༷ʹɺඍߏࡉબผஔʹ͓͍ͯɺಘΒΕΔిڧͷ

γϛϡϨʔγϣϯΛͨͬߦ (ਤ 39)ɻ͜ͷిΛ 6 keVͷਫૉ͕௨աͨ࣌͠ɺͦΕͧΕͷঢ়
ଶʹ͓͚Δଘ֬ࡏɺ͡Ίͷঢ়ଶΛ 1ͱͯ͠ɺ(0,0)ɺ(1,1)ɺ(1,-1)ɺ(1,0)ͦΕͧΕɺ0.936ɺ
0.387ɺ0.387ɺ0.487ͱݮগ͢ΔɻͦΕʹ͍ αભҠʹΑΔ৴߸͕ɺશମͷ৴߸ʹରͯ͠େଟ

ʹͳΔɻਤ 40 ̐ͭͷঢ়ଶͷॳظ݅ͷଘ֬ࡏͷൺΛྀͨ͠ߟ߹ͷ Ly - α ޫͷݕग़Λϓ

ϩοτͨ͠ɻਤ 38ͷ࣌ͱಉ༷ʹɺ੨৭ɺփ৭ɺԫ৭ͷઢ͕ͦΕͧΕ αભҠɺβભҠɺγભҠʹର

34



0 10 20 30 40 50 60
cavity [mm]

50

100

150

200

250

300
M

W
 m

ag
ni

tu
de

@
1W

 [V
/m

]  / ndf 2χ  1.087e+04 / 1659
p0        0.4358± 37.46 
p1        0.2016±3.59 − 
p2        0.02931± 3.054 
p3        0.001836±0.207 − 
p4       05− 5.567e± 0.006211 
p5       07− 8.058e±05 −9e− 
p6       09− 4.461e±07 − 5.022e

 / ndf 2χ  1.087e+04 / 1659
p0        0.4358± 37.46 
p1        0.2016±3.59 − 
p2        0.02931± 3.054 
p3        0.001836±0.207 − 
p4       05− 5.567e± 0.006211 
p5       07− 8.058e±05 −9e− 
p6       09− 4.461e±07 − 5.022e

 

ਤ 36 ϚΠΫϩભҠஔͷۃ൘ۙͷγϛϡϨʔγϣϯͰಘΒΕͨ 1110 MHzͷిڧ
 ɻଟ߲ࣜͰϑΟοτͨ͠ͷ(ઢࠇ) (ઢ)ɻ

Ԡ͢ΔϓϩοτͰ͋Δɻ2S(0,0)ʹରͯ͠ 2S(1,1)ɺ2S(1,-1)ɺ2S(1,0)ͷॳظͷ͕গͳ͍ͨΊɺର
Ԡ͢ΔભҠʹؔ͢Δ Ly - α ޫͷݕग़͕খ͘͞ͳ͍ͬͯΔɻ࣮ࡍʹଌఆ͞ΕΔσʔλ͜ΕΒͷ

ॏͶ߹ΘͤͰ͋Δ͔Βɺਤ 41͕ಘΒΕΔɻ͜͜Ͱ͜ͷάϥϑΛਤ 11ͱൺֱ͢Δͱ 910 MHzʹҐ
ஔ͢Δ αભҠʹΑΔϐʔΫ͕͋ΒΘʹͳ͍ͬͯΔ͜ͱ͕ͯݟऔΕΔɻୈ 4.4અͰɺඍߏࡉબ
ผஔʹΑͬͯɺ͋ΒΘʹͳΔ͜ͷϐʔΫ͔ΒಘΒΕΔਫ਼ʹ͍ͭͯఆྔతʹٞ͢Δɻ100 000
ͷਫૉࢠݪΛ 700 MHz͔Β 1110 MHzͷൣғͰ 12ଌఆͨ͠߹ɺ910.10 ± 0.62 MHz͕ಘ
ΒΕ 680 ppmʹ౸ୡ͢Δɻ
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(a) : !遷移を 800 MHz で遷移させた場合 (b) : !遷移を 850 MHz で遷移させた場合

(c) : !遷移を 910 MHz で遷移させた場合 (d) : !遷移を 1100 MHz で遷移させた場合

ਤ 37 800, 850, 910, 1100 MHz Λಉ͡ిڧͰҹՃͨ͠ͱ͖ͷભҠதͷ 2S1/2 (੨ઢ) ͓Α
ͼ 2P1/2 (ᒵ৭)ͷଘ֬ࡏͷؒ࣌ґଘੑͷൺֱɻॎ͕࣠ଘ֬ࡏɺԣ͕࣠ؒ࣌ [s]Ͱ͋Δɻ
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ਤ 38 6 keVਫૉʹΑΔHFSSಋೖલͷεϖΫτϧɻॎ͕࣠ Ly - αޫͷݕग़ɺԣ͕࣠ϚΠΫ

ϩͷपɻαભҠɺβભҠɺγભҠͷ 3ͭͷϐʔΫ͕؍ଌ͞ΕΔɻβભҠ 2S(1,1)→2P(1,1)
ͱ 2S(1,-1)→2P(1,-1)ͷ̎ͭͷભҠ͕શʹॏͳ͍ͬͯΔɻ͜ΕΒͷεϖΫτϧΛॏͶ߹Θͤͨ
άϥϑ͕ਤ 11Ͱ͋Δɻ
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]  / ndf 2χ  6.434e+04 / 4837

p0        0.3659± 69.34 
p1        0.1691± 0.4512 
p2        0.02457± 2.505 
p3        0.001538±0.1591 − 
p4       05− 4.664e± 0.004453 
p5       07− 6.75e±05 −6.233e− 
p6       09− 3.737e±07 − 3.447e

 / ndf 2χ  6.434e+04 / 4837
p0        0.3659± 69.34 
p1        0.1691± 0.4512 
p2        0.02457± 2.505 
p3        0.001538±0.1591 − 
p4       05− 4.664e± 0.004453 
p5       07− 6.75e±05 −6.233e− 
p6       09− 3.737e±07 − 3.447e

 

ਤ 39 ඍߏࡉબผஔͷۃ൘ۙͷγϛϡϨʔγϣϯͰಘΒΕͨ 1110 MHzͰͷిڧ
 ɻଟ߲ࣜͰϑΟοτͨ͠ͷ(ઢࠇ) (ઢ)ɻ
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ਤ 40 HFSSΛಋೖͨ͠߹ͷ 6 keVਫૉࢠݪͷ֤ඍߏࡉ४Ґͷଘ֬ࡏͷҹՃϚΠΫ
ϩͷपຖͷϓϩοτɻॎ͕࣠ Ly - α ޫͷݕग़ɺԣ͕࣠ϚΠΫϩͷपɻHFSSʹ
Αͬͯ 2S(0,0)ɺ2S(1,1)ɺ2S(1,-1)ɺ2S(1,0)ͷଘࡏൺ͕ 0.936ɺ0.387ɺ0.387ɺ0.487ͱݮগ͠
͍ͯΔͨΊɺLy - α ޫͷݕग़ྔ͕Լ͍ͯ͠ΔɻHFSSͰ 1110 MHzͷपͷϚΠΫϩ
Λ͔͚ΔͨΊɺ2S, F=0ʹରͯ͠ 2S, F=1ͷଘࡏൺ͕ݮগ͍ͯ͠ΔɻͦͷͨΊɺ੨ઢʹରͯ͠ԫ
ઢͱփઢখ͞ͳʹ͍ͯ͠Δɻ͜ΕΒΛॏͶ߹Θͤͨάϥϑ͕ਤ 41Ͱ͋Δɻ
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ਤ 41 6 keVਫૉʹ͍ͭͯ༧͞ΕΔHFSSಋೖޙͷڞ໐εϖΫτϧɻॎ͕࣠ Ly - αޫͷݕ

ग़ɺԣ͕࣠ϚΠΫϩͷपɻ
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4.4 ϚΠΫϩޫஔͰಘΒΕΔଌఆਫ਼

ຊઅͰɺ6 keVͷਫૉࢠݪϏʔϜͷϥϜγϑτޫʹ͓͍ͯɺಘΒΕΔ౷ܭਫ਼Λఆྔతʹ
ਪଌ͢Δɻཹҙ͖͢ɺ2S1/2 ঢ়ଶਫૉ͓Αͦ 2ʹ 1ճɺ20ݸఔ͔͠ಘΔ͜ͱ͕Ͱ͖
ͣɺ౷ܭΛͨΊΔͨΊʹϲ݄ఔͷ࣮͕ؒظݧ༧͞ΕΔ͜ͱͰ͋ΔɻͦͷͨΊɺͲ͏͍ͬͨ

ଌఆํ๏ΛऔΕ͍ؒظͰΑ͍ਫ਼ͰϥϜγϑτ͕ಘΒΕΔ͔ΛΔ͜ͱ͕ॏཁͰ͋Δɻ౷ܭਫ਼

Λఆྔతʹਪఆ͢Δख๏ͱͯ͠ɺຊઅ·Ͱͷ͔ٞΒࢉܭʹΑͬͯಘΒΕΔϥϜγϑτޫ

ͷଌఆʹରͯؔ͠ͷϑΟοςΟϯάΛͨͬߦɻ

ϑΟοςΟϯάʹ࣍ͷؔΛ༻͍ͨɻୈҰ߲ϩʔϨϯπؔΛද͍ͯ͠Δɻ͞Βʹɺจݙ

[26]Λݧ࣮ͯ͠ʹߟࢀͰಘΒΕΔεϖΫτϧΛϑΟοςΟϯά͢ΔͨΊʹݧܦతʹಋ͔Εͨิਖ਼߲
ΛՃ͑ͨؔʹ֦ுͨ͠ɻ

3

∑
i=1

ai[Qi + Q′
i + a6{Qi(Qi −

1
2
)(Qi − 1) + Q′

i(Q
′
i −

1
2
)(Q′

i − 1)}] (22)

Qi =
1

1 + λ2
i

, λi =
ν − hi − a4

a5

Q′
i =

1
1 + λ′2

i
, λ′

i =
ν + hi + a4

a5

(23)

hi ඍߏࡉͷΤωϧΪʔࠩɺͭ·ΓɺαભҠɺβભҠɺγભҠͷΤωϧΪʔ͔ࠩΒ αભҠͷΤ

ωϧΪʔࠩͷେ͖͞ΛҾ͍ͨ h1 = 0 MHzɺh2 = 178 MHzɺh3 = 237 MHzͱͳΔɻa5 

෯Ͱ͋ΔɻαભҠɺβભҠɺγભҠʹΑΔεϖΫτϧͷ෯શ͍ͯ͠ͱͨ͠ɻa4 ٻΊͨ

͍ αભҠͷपͰ͋Δɻ

ࢉܭͰ༧ଌ͞ΕͨεϖΫτϧͷ֤ͷϑΟοςΟϯάʹσʔλղੳ༻ϑϨʔϜϫʔΫͰ͋

Δ ROOT [27]Λ༻͍ͨɻ࠷దԽʹɺROOTʹࠐ·Ε͍ͯΔMINUITύοέʔδΛ༻͍
ͨɻ

ࣜ 22ɺ23ʹ͓͚Δม ROOTͷग़ྗ
a1 p2

a2 p4

a3 p5

a4 p0

a5 p1

a6 p3

ද 5 ࣜ 22ɺ23ʹ͓͚Δมͱ࣍ϖʔδҎ߱ʹग़ͯ͘Δ ROOTͷग़ྗͷରԠද
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݅ A 700 MHz͔Β 1300 MHz·ͰͷεϖΫτϧͰಘΒΕΔଌఆਫ਼ͷੵݟΓ
·ͣ͡Ίʹɺ700 MHz͔Β 1300 MHz·ͰͷεϖΫτϧΛଌఆ͢Δ߹Λ͑ߟΔɻୈ 3.1.2અ
Ͱٞͨ͠Α͏ʹɺϚΠΫϩભҠஔͰɺप͝ͱʹ͔͚Δ͜ͱͷͰ͖Δిڧ͕ҟͳΔɻ

εϖΫτϧΛଌఆ͢ΔपྖҬʹΘͨͬͯಉ͡ిڧΛ༻͍ͯଌఆ͢ΔͨΊʹɺS ύϥϝʔ
λʔͷ࠷খ͍͞पʹ͓͍ͯग़ྗՄͳిڧʹ౷Ұͯ͠पΛҾ͢Δඞཁ͕͋Δɻ͜

ͷपྖҬͰɺ 1300 MHzʹ͓͍ͯ Sύϥϝʔλʔ͕࠷খ͘͞ͳΓɺͦͷ࣌ͷ࠷େڧ
൘த৺ۙͰۃ 3.70 V/cmͱͳΔɻ͜ͷ࣌ɺୈ 4.3અͱಉ༷ͷख๏ͰεϖΫτϧΛٻΊΔͱਤ 42
ͷΑ͏ʹͳΔɻಉͷεέʔϧͰϓϩοτͨ͠ਤ 11ͱൺֱ͢ΔͱɺϐʔΫͷ͕͞ߴ͘ͳ͍ͬͯ
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ਤ 42 ݅ A 700 MHz͔Β 1300 MHz·ͰͷεϖΫτϧɻॎ͕࣠ Ly - α ޫͷݕग़ɺԣ࣠

͕ϚΠΫϩͷपɻ

Δ͜ͱ͕֬ೝͰ͖Δɻ͜ͷ࣌ɺଌఆݶʹؒظΓ͕͋Δ߹ɺϐʔΫʹର֤ͯ͠ͷෆ͔͕֬͞େ͖

͘ͳΔͨΊɺϐʔΫͷ͍࣌ߴ͕͞ߴʹൺͯϥϜγϑτଌఆͷਫ਼͕͘ͳΔ͜ͱ͕༧͞ΕΔɻ

700 MHz͔Β 1300 MHz·ͷؒͰ 12ΛͦΕͧΕ 100 000ճଌఆͨ͠߹Λ͑ߟΔɻ͜ͷ࣌
͔͔Δؒظ͓͓Αͦ 17ϲ݄Ͱ͋Δɻ
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ਤ 43 ݅ A 700 MHz͔Β 1300 MHz·ͰͷεϖΫτϧͱϑΟοςΟϯά

PARAMETER STEP FIRST
NAME VALUE ERROR SIZE DERIVATIVE

p0 9.09991e+02 5.72606e+00 1.34853e-03 1.46765e-04
p1 5.19767e+01 8.71478e+00 9.13295e-04 3.17996e-04
p2 2.82150e-02 2.16849e-03 7.82792e-07 2.53799e-01
p3 -1.12235e-01 1.01521e+00 1.06847e-04 -3.43682e-03
p4 5.64643e-02 6.77374e-03 1.20117e-06 7.75265e-02
p5 2.82875e-02 7.26967e-03 1.24322e-06 1.93845e-01

ද 6 ݅ AͷϑΟοςΟϯάύϥϝʔλʔɻp0 ͕ αભҠͷप [MHz]ʹରԠ͢Δɻ

͜ͷଌఆؒظͰಘΒΕΔεϖΫτϧΛࣜ 22ͰϑΟοςΟϯάͨ݁͠Ռ͕ਤ 43Ͱ͋ΔɻϑΟο
ςΟϯάύϥϝʔλද 6ʹ·ͱΊͨɻද 6ͷ͏ͪɺp0 ͷ͕୯ҐΛMHzͱͯ͠ αભҠͷप

ʹରԠ͢Δɻ9.09991e+02 MHzɺͦͷෆ͔͕֬͞ 5.72606e+00 MHzͰ͋Δ͜ͱ͕ಡΈऔΕΔɻ
͓͓Αͦ 17ϲ݄ͷଌఆͰ αભҠͷप 910.0 ± 5.7 MHzͱಘΒΕɺ6300 ppmͱͳͬͨɻ͜
ΕͰɺਫૉͷՙిܘΛܾఆ͢ΔͨΊͷਫ਼ʹ౸ୡ͍ͯ͠ͳ͍ɻ

ଓ͍ͯɺಉ͡ଌఆؒظͰɺ͍ߴϐʔΫ͕ಘΒΕΔ߹Λٞ͢Δɻ
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݅ B 1110 MHzͰಘΒΕΔిڧͷεϖΫτϧͰಘΒΕΔଌఆਫ਼ͷੵݟΓ
ଌఆݶ͕ؒظΒΕɺΑΓগͳ͍౷ྔܭͰྑ͍ਫ਼Λಘ͍ͨ࣌ɺϐʔΫͷ͍ߴεϖΫτϧΛ༻͍

Δ͖Ͱ͋Δɻຊڀݚʹ͓͍ͯిڧΛେ͖͘͢Δ͜ͱͰϐʔΫΛ͘͢ߴΔ͜ͱ͕ՄͰ͋

Δɻਤ 24ɺ25ʹࣔͨ͠ SύϥϝʔλʔͷγϛϡϨʔγϣϯͷ݁Ռ͓Αͼਤ 29ɺ30ʹࣔͨ͠ Sύ
ϥϝʔλʔͷ࣮ଌͷ݁Ռ͔ΒదͳपྖҬΛ͑ߟΔɻ910 MHzΛؚΉͳΔ͘ൣ͍ғͰप
ΛҾ͍͕ͨ͠ɺߴपʹۙͮ͘ʹͭΕͯ Sύϥϝʔλʔͷ͕খ͘͞ͳ͍ͬͯΔɻ·ͨɺ
910 MHzΑΓ͍पʹ͓͍ͯ Sύϥϝʔλʔ͕খ͍͞प͕ଘ͢ࡏΔɻ1088 MHzҎ্
ͷपΛબͿ͜ͱͰ 910 MHzͷ α ભҠ͚ͩͰͳ͘ɺ1088 MHzͷ β ભҠޫྖҬʹೖΕΔ

͜ͱ͕Ͱ͖Δɻ͜ΕΒͷ͜ͱ͔ΒɺຊڀݚͰਤ 36 ʹࣔͨ͠ 1110 MHz ͰಘΒΕΔిڧΛ
༻͍ͯεϖΫτϧΛͨ͠ࢉܭɻͦͷ࣌ͷ࠷େڧۃ൘த৺ۙͰ 9.51 V/cmͱͳΔɻ݅ AͰ
700 MHz͔Β 1300 MHz·Ͱଌఆͨ࣌͠ͱଌఆͷΛಉ͡ʹ͠ɺଌఆؒ࣌Λͨ͘͠͠ɻ
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ਤ 44 ݅ B 700 MHz͔Β 1110 MHz·ͰͷεϖΫτϧͱϑΟοςΟϯά

αભҠͷप 910.1 ± 1.2 MHzͱಘΒΕɺ1300 ppmͱͳͬͨɻεϖΫτϧͷϐʔΫͷ͞ߴ
ɻ্ͨ͠໐पۙͷଌఆͷΛ૿͢͜ͱͰਫ਼͕ڞͱɺ͍͜ߴ͕
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PARAMETER STEP FIRST
NAME VALUE ERROR SIZE DERIVATIVE

p0 9.10094e+02 1.16296e+00 4.33967e-04 -1.75524e-04
p1 6.02486e+01 1.90653e+00 1.76468e-04 5.96310e-05
p2 1.41416e-01 2.32263e-03 6.52105e-07 6.84355e-03
p3 -1.97894e-02 1.71729e-01 1.42099e-05 -1.43717e-03
p4 2.83116e-01 1.09195e-02 7.63108e-07 2.26329e-02
p5 1.41270e-01 1.90384e-02 1.31134e-06 7.63828e-03

ද 7 ݅ BͷϑΟοςΟϯάύϥϝʔλʔɻp0 ͕ αભҠͷप [MHz]ʹରԠ͢Δɻ
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݅ C ඍߏࡉબผஔΛಋೖͨ͠߹ͷεϖΫτϧͰಘΒΕΔଌఆਫ਼ͷੵݟΓ

݅ BͰɺిڧͷ͍ڧपྖҬʹΑΔޫʹΑͬͯ݅ AΑΓਫ਼Λ্͢Δ͜ͱ
͕Ͱ͖ͨɻ͔͠͠ɺ͜ ΕͰཅࢠՙిܘΛܾఆ͢ΔͨΊͷਫ਼ʹ౸ୡ͍ͯ͠ͳ͍ɻୈ 2.2અɺ
ୈ 4.3અʹ͋ΔΑ͏ʹɺ։ൃͨ͠ඍߏࡉબผஔΛ༻͍ͯ͞Βʹਫ਼Λ্͢Δɻਫૉͷ 4
ͭͷঢ়ଶ (F,M)=(0,0)ɺ(1,1)ɺ(1,-1)ɺ(1,0)ͷଘࡏൺඍߏࡉબผஔΛ͚ͭͳ͍߹ΛͦΕͧ
Ε 1ɺ1ɺ1ɺ1ͱͯ͠ɺ0.936ɺ0.387ɺ0.387ɺ0.487มԽ͢Δɻ͜ͷ࣌ɺϥϜγϑτΛଌఆͨ͠
߹ʹಘΒΕΔ݁Ռ͕ਤ 45ɺද 8Ͱ͋ΔɻඍߏࡉબผஔΛೖΕͳ͍߹ͱൺͯɺLy - α ޫ

ͷݕग़ճݮΓɺ౷ܭͷ͍ͯͬݮΔ͕ɺβભҠɺγભҠͷӨڹΛ͢ݮΔ͜ͱͰɺαભҠଌ

ఆͷਫ਼্͕ͨ͠ɻ910.10 ± 0.64 MHzͱͳΓɺ700 MHz͔Β 1110 MHz·ͰͷؒͰ 12Λ
ͦΕͧΕ 100 000ճଌఆ͢Δͱɺ700 ppmʹ౸ୡ͢Δ͜ͱ͕ՄͰ͋Δɻ
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ਤ 45 ݅ C HFSSΛ༻͍ͨεϖΫτϧͱϑΟοςΟϯά
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PARAMETER STEP FIRST
NAME VALUE ERROR SIZE DERIVATIVE

p0 9.10097e+02 6.37181e-01 -2.25602e-03 -5.16536e-04
p1 6.02506e+01 1.72204e+00 -1.58140e-02 1.80906e-04
p2 2.40898e-01 1.77804e-03 3.60940e-05 1.09923e+00
p3 -1.95160e-02 1.40731e-01 -7.93666e-04 4.60009e-03
p4 1.99614e-01 7.00355e-03 2.94321e-05 -4.35517e-01
p5 1.25316e-01 1.06895e-02 -4.34871e-05 -3.13825e-01

ද 8 ݅ CͷϑΟοςΟϯάύϥϝʔλʔɻp0 ͕ αભҠͷप [MHz]ʹରԠ͢Δɻ
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݅ D 2ഒڧͷඍߏࡉબผஔΛಋೖͨ͠߹ʹಘΒΕΔଌఆਫ਼ͷੵݟΓ
ཅࢠͷՙిܘΛ 10 %ͷෆ͔֬͞ͰܾΊΔͨΊʹϥϜγϑτΛ 100 ppmͰٻΊ͍ͨɻ։ൃ
ͨ͠ඍߏࡉબผஔΛվળ͠ɺ2ഒͷిڧΛग़ྗͰ͖ͨ߹ʹಘΒΕΔ݁ՌΛ༧ଌͨ͠ɻ
͜ͷͱ͖ɺඍߏࡉબผஔΛ௨աͨ͠ਫૉͷ 4ͭͷঢ়ଶ (F,M)=(0,0)ɺ(1,1)ɺ(1,-1)ɺ(1,0)ͷ
ଘࡏൺͦΕͧΕɺ0.771ɺ0.0222ɺ0.0222ɺ0.0705ʹͳΔɻಉ݅͡ͷϚΠΫϩભҠஔΛ༻
͍ͨ߹ɺಘΒΕΔ݁Ռਤ 46ɺද 9ͷΑ͏ʹͳΔɻ910.10 ± 0.15 MHz͕ಘΒΕͨɻඍߏࡉ
બผஔͷిڧΛ 2 ഒվળ͢Δ͜ͱͰɺಉ͡ଌఆؒ࣌ɺಉ͡ϚΠΫϩભҠஔͰਫ਼͕
160 ppm·Ͱվળ͞ΕΔ͜ͱ͕༧Ͱ͖Δ.ɻ
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ਤ 46 ݅ D 2ഒڧͷ HFSSΛ༻͍ͨεϖΫτϧͱϑΟοςΟϯά

·ͨɺؒظΛ 2ഒͷ 34ϲ݄ؒऔΕͨ߹ɺ700 MHz͔Β 1110 MHz·ͰͷؒͰ 24ΛͦΕ
ͧΕ 100 000ճଌఆ͠ɺαભҠͷେ͖͞ 910.100 ± 0.092 MHzͱٻΊΒΕɺ 100 ppmͰଌఆ͢
Δ͜ͱ͕ՄͰ͋Δɻ

ඍߏࡉબผஔͷిڧΛ 2ഒ͘͢ڧΔ͜ͱͰɺ3ؒͷଌఆͰཅࢠͷՙిܘΛ 10 %
ͷෆ͔֬͞ͰܾΊΔ͜ͱ͕Ͱ͖ΔͱΘ͔ͬͨɻ

͜ͷిڧΛಘΔͨΊʹ CST STUDIO SUITE 2014Λ༻͍ͯγϛϡϨʔγϣϯΛͨͬߦɻγ
ϛϡϨʔγϣϯ͔Βɺඍߏࡉબผஔͷ֎ܘΛϏʔϜύΠϓͷܘʹ߹Θͤɺ࣠ରশʹઃஔ͢

Δඞཁ͕͋ΔͱΘ͔ͬͨɻຊڀݚͰͨ͠࡞ඍߏࡉબผஔϏʔϜύΠϓʹແཧͳ͘ૠೖ

͢ΔͨΊʹɺϏʔϜύΠϓʹରͯ͠খ͘͞ઃ͞ܭΕ͍ͯͨɻͦͷͨΊɺϏʔϜύΠϓͱඍߏࡉ
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PARAMETER STEP FIRST
NAME VALUE ERROR SIZE DERIVATIVE

p0 9.10098e+02 1.48418e-01 4.33969e-04 2.45218e-03
p1 6.02575e+01 6.70443e-01 9.34556e-05 9.08943e-04
p2 7.26547e-01 1.12355e-03 4.08062e-07 1.77262e-01
p3 -1.92639e-02 4.04109e-02 6.01987e-06 -1.28151e-02
p4 4.17451e-02 6.60982e-03 8.39958e-07 6.41774e-02
p5 6.65007e-02 1.02451e-02 1.46424e-06 2.15446e-02

ද 9 ݅ DͷϑΟοςΟϯάύϥϝʔλʔɻp0 ͕ αભҠͷप [MHz]ʹରԠ͢Δɻ

બผஔͷؒʹి͕༠͞ىΕ͓ͯΓɺ·ͨɺ্Լඇରশͳిʹͳ͍ͬͯͨɻ͞ΒʹɺϏʔ

ϜύΠϓͷܘΛେ͖͘͢Δ͜ͱͰిڧ͕վળ͞ΕΔɻۃ൘ͱϏʔϜύΠϓͷڑ͕͘ͳ

Δ͜ͱͰɺ͜ͷೋͭͷؒͷిΛऑ͑͘Δ͜ͱ͕Ͱ͖ɺͦΕʹͬͯɺۃ൘ؒͷిڧΛ͘ڧ

͢Δ͜ͱ͕ՄͱͳΔɻ

Ճ͑ͯɺϏʔϜ࣠ํۃ൘Λ৳͢͜ͱʹΑͬͯɺਫૉͱϚΠΫϩͷ૬૿͕ؒ࣌༺࡞ޓՃ

͠ɺ͞ΒʹભҠ͕֬͘ߴͳΔɻ

͜ΕΒͷվྑΛΈ߹ΘͤΔ͜ͱͰɺཅࢠͷՙిܘΛ 10 %ͷෆ͔֬͞ͰܾΊΔ͜ͱ͕Մ
ͱͳΔɻ
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5 ਫૉͷ 2S1/2 - 2P1/2 ભҠ࣮ݧ

5.1 ͷ֓ཁݧ࣮

ਫૉͷϥϜγϑτΛٻΊΔ͜ͱ͕࠷ऴతͳతͰ͋Δ͕ɺਫૉ౷ܭΛͨΊΔͨΊʹؒ࣌

͔͔Δ͜ͱɺ·ͨɺCERNͰਫૉϏʔϜͷ͕څڙ։࢝͞ΕΔͷ͕ 2021Ͱ͋Δ͜ͱΛྀ͠ߟɺ
ਫૉࢠݪઢΛ༻͍ͨϚΠΫϩޫஔͷੑධՁΛਐΊͨɻຊ࣮ݧͰɺ։ൃͨ͠ϚΠΫϩ

ޫஔΛ༻͍ͯྭىਫૉࢠݪઢͷϥϜγϑτޫΛͨ͠ࢦɻ

5.2 0.026 eVਫૉͷ 2S1/2 - 2P1/2 ϥϜγϑτͷεϖΫτϧ

ޫஔͷੑධՁʹࣨԹͷਫૉࢠݪઢΛ༻͍Δɻ͜͜Ͱɺ͜ͷ࣮ݧͰࠐݟ·ΕΔڞ໐εϖ

ΫτϧΛٻΊͨɻࢉܭʹ༻͍ͨͷҎԼͷͰ͋Δɻ

• ॳظ݅ : 2S1/2 ͷଘ֬ࡏ 1ɺ2Pͷଘ֬ࡏ 0
• ਫૉͷ : 2231.2 m/s
• ిڧ : ୈ 3.1.2અࢀর
• ໐पڞ : αભҠ 910 MHzɺβભҠ 1088 MHzɺγભҠ 1047 MHz

ਫૉͱͷҧ͍ɺϏʔϜͷ͞ʹ༝དྷ͢ΔԠؒ࣌ͷҧ͍Ͱ͋ΔɻϚΠΫϩભҠஔΛ௨Γൈ

͚ΔਫૉࢠݪͷɺਫૉݯࢠݪͷԹΛࣨԹͱ͍͠ͱͨ࣌͠ͷϚΫεΣϧʹ͓͚Δ࠷

֬ͱ͍͠ͱԾఆ͢Δɻͦͷͱ͖ਫૉࢠݪͷ 2231.2 m/sͰ͋Γɺ60 mmʹΘͨΔϚ
ΠΫϩભҠஔΛ 26.89 µs͔͚ͯ௨Γൈ͚Δɻ͜ͷͱ͖ɺ6 keVͷਫૉࢠݪϏʔϜͱൺֱ͠
ͯɺϚΠΫϩ͕͍࡞ؒ࣌༻͢ΔͨΊɺେ͖ͳిΛ͔͚Δͱɺڞ໐प͔Β֎ΕͨϚΠΫϩ

Λ͔͚ͨ࣌ʹेͳભҠ͕͜ىΓಘΔɻਤ 47ͱਤ 48ͦΕͧΕɺϚΠΫϩભҠஔʹೖྗ
͢ΔύϫʔΛ 10 dBmͱ 15 dBmʹઃఆͨ࣌͠ͷ Ly - α ޫͷݕग़Λ͍ࣔͯ͠Δɻ10 dBmΛೖ
ɺ֤ϐʔΫʹରͯ͠ʹ࣌ͨ͠ྗ 3ׂఔͷ 2S1/2 ঢ়ଶ͕ભҠ͠ͳ͍··͍ͯͬΔ͕ɺҰํɺ

15 dBmΛೖྗͨ࣌͠ɺ֤ϐʔΫʹରͯ͠શͯͷ 2S1/2 ͕ભҠ͠ɺपลͷपͷϚΠΫϩΛ

৭ࠇΔɻ݁Ռͱͯ͠ɺશͯͷભҠΛ͠߹Θ͍͖ͤͨͯىભҠ͕֬େ͖͘ɺ͕ʹ͚͔࣌ͨ

ͷ࣮ઢɺ15 dBmʹ͓͍ͯઢ෯͕͘ͳΓɺಛʹ αભҠʹΑΔ 910 MHzͷϐʔΫΛಘΔ͜ͱ
ΛڧԠͨ͡ిͷʹؒ࣌ΔΑ͏ʹɺϚΠΫϩͷҹՃ͑ݴʹͳ͍ͬͯΔɻ͜ͷ͜ͱ͔Βࠔ

ͷ߹ݧΑͬͯ͋Β͔͡ΊܾΊΔඞཁ͕͋Γɺຊ࣮ʹࢉܭ 10 dBmఔ͕దͳϚΠΫϩભҠ
ஔʹೖྗ͖͢ύϫʔͰ͋Δɻ

͜ͷԠؒ࣌ͷ߹ɺඍߏࡉબผஔೖྗ͢Δ 1110 MHz ͷϚΠΫϩͷύϫʔ
15 dBmͰेͱͳΔɻ͜ͷ࣌ͷ 4ͭͷঢ়ଶ (F, M) = (0,0)ɺ(1,1)ɺ(1,-1)ɺ(1,0)ͷଘ֬ࡏͦΕ
ͧΕɺ0.741ɺ0.012ɺ0.012ɺ0.061ͱͳΓ (0,0)͕େଟΛΊΔΑ͏ʹͳΔɻඍߏࡉબผ
ஔಋೖޙͷϓϩοτΛਤ 49ʹࣔ͢ɻඞཁͷͳ͍ (1,1)ɺ(1,-1)ɺ(1,0)ͷঢ়ଶ͕։ൃͨ͠ඍߏࡉ
બผஔͰेʹભҠ͞Εɺα ભҠ͔Βͷد༩͕ओͱͳ͍ͬͯΔɻඍߏࡉબผஔͷಋೖͰɺ
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ਤ 47 10 dBmΛϚΠΫϩޫஔͱೖྗͨ͠߹ʹಘΒΕΔࣨԹͷਫૉͷڞ໐εϖΫτ
ϧɻॎ͕࣠ Ly - αޫͷݕग़ɺԣ͕࣠ϚΠΫϩͷप [MHz]ɻ
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ਤ 48 15 dBmΛϚΠΫϩભҠஔͱೖྗͨ͠߹ʹಘΒΕΔࣨԹͷਫૉͷڞ໐εϖΫτ
ϧɻిڧͱԠ͕ؒ࣌େ͖͘ɺભҠʹ͕͍ͯ͑ݟΔɻॎ͕࣠ Ly - αޫͷݕग़ɺԣ࣠

͕ϚΠΫϩͷप [MHz]ɻ
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Ly - αޫͷϨʔτݮগ͢Δ͕ɺेͳ౷ܭΛऔΔ͜ͱͰɺΑΓਫ਼ͷ͍ߴ αભҠͷଌఆΛ͜͏ߦ

ͱ͕Ͱ͖Δɻ0.026 eV ਫૉͷ࣮ݧͰɺਫૉͷ࣌ͱҟͳΓɺྲྀϏʔϜΛ༻͍Δ͜ͱ͕Ͱ͖Δ
ͨΊɺΑΓૣ͘౷ܭΛஷΊΔ͜ͱ͕ՄͰ͋Δɻ100 000ͷਫૉࢠݪΛ 700 MHz͔Β 1110 MHz
ͷൣғͰ 12 ଌఆͨ͠߹ɺ910.12 ± 0.20 MHz ͕ಘΒΕ 220 ppm ʹ౸ୡ͢Δɻ100 000 ͷਫ
ૉࢠݪΛ 700 MHz ͔Β 1110 MHz ͷൣғͰ 24 ଌఆͨ͠߹ɺ910.14 ± 0.12 MHz ͕ಘΒΕ
130 ppmʹ౸ୡ͢Δɻ

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

650 750 850 950 1050 1150 1250 1350


��[MHz]

line shape with HFSS

4�������	��
ਤ 49 0.026 eVਫૉʹΑΔHFSSಋೖޙͷεϖΫτϧɻॎ͕࣠ Ly - αޫͷݕग़ɺԣ͕࣠Ϛ

ΠΫϩͷपɻ4ͭͷભҠΛॏͶ߹Θͤͯ֨نԽͨ͠ͷ͕ࠇ৭ͷ࣮ઢͰ͋Γɺ࣮؍ʹࡍଌ
͞ΕΔͷ͜ͷεϖΫτϧͰ͋Δɻ

5.3 ਫૉࢠݪϏʔϜͷੜ

ਤ 50ɺຊ࣮ݧͷࣜਤͰ͋Δɻຊ࣮ݧͷϏʔϜϥΠϯେ͖͚ͯ͘ 3ͭʹྨ͢Δ͜ͱ͕
Ͱ͖Δɻਫૉ͔ࢠΒ࣮ݧʹඞཁͳਫૉࢠݪΛൃੜ͢Δʮਫૉࢠݪੜ෦ʯɺ্ྲྀͰಘΒΕͨجఈ

ঢ়ଶͷਫૉࢠݪΛ 2S1/2 ঢ়ଶྭ͢ىΔʮ2Sྭى෦ʯɺޙ࠷ʹɺຊڀݚͰ։ൃ͍ͯ͠ΔʮϚΠΫ
ϩޫஔʯͰ͋Δɻਫૉࢠݪͷੜͱɺͦͷ 2Sঢ়ଶͷྭىͷ 2ͭͷఔΛͯܦಘͨ 2S1/2

ঢ়ଶͷਫૉࢠݪϏʔϜΛ༻͍ͯɺϚΠΫϩޫஔͷੑΛ͔֬ΊΔɻ

·ͣɺਫૉϘϯϕΑΓਫૉࢠΛ͢څڙΔɻଌఆʹ༻͍ΔͷਫૉࢠݪͰ͋Δ͔Β͜ΕΛੜ

͢ΔͨΊʹɺϓϥζϚΛൃੜ͢Δ [30]ɻ͜ͷྖҬΛਫૉݯ (Hydrogen source)ͱݺͿɻਫૉݯʹ
ਫૉࢠΛ͠څڙͳ͕Βɺ 2450 MHz, 48 Wͷ RFΛҹՃ͢Δɻ์ిʹΑΓ࠷ॳͷిΛҾ͖ى
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ਤ 50 ਫૉͷΨεϘϯϕ͔ΒਫૉࢠΛਫૉݯૹΓࠐΈɺͦ͜ͰϓϥζϚΛൃੜ͢Δɻϓϥ

ζϚཅࢠͱిࢠͷଋറঢ়ଶ (ਫૉࢠݪ)Λܗ͠ͳ͕ΒɺϊζϧΛ௨Γൈ͚Δɻνϣούʔ
ਫૉϏʔϜͷΦϯΦϑΛΓସ͑Δ͜ͱ͕Ͱ͖ɺτϦΨʔͱͯ͠༻͍ΔɻίϦϝʔλʔΛ௨Δ

͜ͱͰϏʔϜͷܘΛߜΓɺిࢠॐ·ͨϨʔβʔΛ༻͍ͯ 2S1/2 ͱྭ͢ىΔɻ

͜͢ͱɺRFͷޮՌͰϓϥζϚΛܧଓతʹҡ࣋͢Δ͜ͱ͕ՄͰ͋ΔɻϓϥζϚͷཅࢠͱిࢠ
ਫૉࢠݪΛܗ͠ɺϊζϧ (Nozzle)Λ௨ͬͯԼྲྀͱਐΉɻνϣούʔ (Chopper)ɺϊζϧͱ
ϏʔϜԼྲྀͱͷؒʹઃஔ͞Ε͍ͯͯՄมͷ  Hz ͷपظͰਫૉϏʔϜΛःΔ͜ͱ͕ՄͰ͋Δɻ
νϣούʔΛ௨Γա͗Δͱɺ̎ͭͷίϦϝʔλʔ (collimeter) ͕͋Δɻ͜Εܘ 1 mm ͷ͕݀
։͍ͨಔͷԁ൫Ͱ͋Δɻ͜ͷߏʹΑͬͯɺϏʔϜϥΠϯʹରͯ͠ਫฏͳϏʔϜ͚ͩΛԼྲྀʹ

ૹ͍ͬͯΔɻ

5.4 ਫૉࢠݪͷ 2S1/2 ঢ়ଶͷྭى

ਤ 50ͷਫૉࢠݪੜ෦ͰಘΒΕΔਫૉࢠݪجఈঢ়ଶ 1SͰ͋Γɺ2S1/2 - 2P1/2 ભҠ࣮ݧΛ

ΔͨΊʹ͢ߦ 2Sྭى෦ʹ͓͍ͯ 2S1/2 ঢ়ଶਫૉࢠݪΛಘΔඞཁ͕͋Δɻ2Sྭى෦ిࢠॐ
ͱϨʔβʔΩϟϏςΟʔͰߏ͞Ε͍ͯͯɺͦΕͧΕಠཱͷख๏ͰਫૉࢠݪΛྭ͢ىΔ͜ͱʹ༻͍

ΒΕΔɻྭ͢ىΔͨΊʹҎԼͷೋͭͷख๏Λͨ͠ࢼɻ

5.4.1 ىઢিܸʹΑΔྭࢠి

ిѹΛ͔͚ͨϑΟϥϝϯτ͔ΒಘΒΕΔిࢠΛՃ͠ɺਫૉࢠݪʹিಥͤ͞Δ͜ͱͰྭ͢ىΔख

๏Ͱ͋ΔɻޮతͳྭىΛͨ͏ߦΊʹ 15 eVఔʹిࢠΛՃ͠ਫૉࢠݪʹিಥͤ͞ΔɻਫૉϏʔ
ϜϥΠϯΛத৺ʹిࢠॐͷରଆʹҐஔղͷ͋ΔϑΝϥσʔΧοϓΛ༻ҙ͠ɺిࢠͷݕग़Λߦ

ͳͬͨɻϑΟϥϝϯτʹ͔͚ΔిѹɺՃ༻ిѹɺσΟϑϨΫλʔͷεΩϟϯΛߦͳͬͨɻσΟϑ

ϨΫλʔํΛܾΊΔͷʹ༻͍Δɻ༻ҙͨ͠ిࢠॐͰ 15 eVۙͰϑΝϥσʔΧοϓʹे
ͳྔͷిݕ͕ࢠग़͕͞Εͳ͔͕ͬͨɺ 100 eVఔͷΤωϧΪʔͰిྲྀ͕ݕग़͞Εͨɻୈ 5.5અ
Ͱɺ͜ͷΤωϧΪʔͰిࢠઢΛরࣹ͠ਫૉΛྭ͠ىɺϚΠΫϩΛ͔͚ͯ 2S1/2 - 2P1/2 ભҠ͕
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͓͜Δ͜ͱΛ֬ೝͨ͠ɻ

5.4.2 ϨʔβʔʹΑΔೋޫىྭࢠ

Ϩʔβʔୈ 5.4.1અͰ༻͍ͨిࢠઢͱҟͳΓɺ࣮ࣨݧͷ࣓ͳͲͷڥͷมԽʹ͘ڧɺظ
ؒʹΘͨΓ҆ఆͨ͠ଌఆΛ͜͏ߦͱ͕ՄͰ͋Δɻ243 nm ͷϨʔβʔೋຊΛ༻͍ͯೋޫىྭࢠ
ͤ͞Δख๏Λͨ͠ݧࢼ [31]ɻ100 µJ ͷύϫʔͰग़ྗͨ͜͠ͷϨʔβʔΟϯυΛ௨ͬͯਅۭ
ͷΩϟϏςΟʔʹਐ͠ߦɺਫૉϏʔϜʹରͯ͠ਨʹরࣹ͞ΕΔɻਫૉϏʔϜΛ௨Γൈ͚Δͱɺ

ΩϟϏςΟʔͷରଆͷΟϯυ͔Βਅۭ֎ग़Δɻͦ͜ʹϛϥʔ͕ઃஔͯ͋͠ΓɺಉҰܦ࿏

্ʹࣹ͠ɺΩϟϏςΟʔΛ௨ͬͯϨʔβʔൃ৴ஔ͍ͬͯ͘Α͏ʹͳ͍ͬͯΔɻϨʔβʔ

ͷܘ 1 mm Ͱ͋ΔɻϨʔβʔ 10 Hz Ͱ 10 ns ͷؒরࣹ͠ɺϨʔβʔΛൃͨ͠ࠁ࣌ΛτϦ
Ψʔʹ Ly - α ͷݕग़ͷͨΊͷλΠϜΟϯυΛܾΊΔɻిࢠઢͰͷྭىͱҟͳΓɺपɺύ

ϫʔɺܦ࿏ͳͲ͔ΒભҠ֬ΛΔ͜ͱ͕Ͱ͖ɺपΛڞ໐͔ΒͣΒ͢͜ͱɺύϫʔΛม͑Δ͜

ͱɺϨʔβʔͷҐஔΛม͑Δ͜ͱͰਫૉ͕ྭ͞ىΕ͍ͯΔ͔Λ֬ೝՄͰ͋Δɻ·ͨɺྭ͞ىΕɺ

2S1/2 ʹͳͬͨਫૉʹ͞Βʹޫ͕ࢠͨΔͱɺཅࢠͱి͕ࢠဃ͠ɺMCPͰݕग़͢Δ͜ͱ͕Ͱ͖
Δɻ͜ͷաఔΛར༻ͯ͠ɺਫૉ͕ྭ͞ىΕ͍ͯΔ͜ͱΛ֬ೝͨ͠ɻ

ਤ 51 Ϩʔβʔྭىͱͦͷݕग़ͷͨΊͷηοτΞοϓɻྭ͞ىΕ 2S1/2 ঢ়ଶʹͳͬͨਫૉࢠݪ

ʹ͞Βʹޫ͕ࢠԠ͢ΔͱਫૉࢠݪిΛ͢͜ىɻੜ͞ΕͨཅࢠάϦουؒʹ͔͚ΒΕ

ͨిҐࠩʹΑͬͯҾ͖ͤدΒΕɺMCP Ͱݕग़͞ΕΔɻཅࢠͷݕग़ʹΑͬͯɺؒతʹਫૉ͕
2S1/2 ͱྭ͞ىΕͨ͜ͱΛ֬ೝ͢Δ͜ͱ͕ՄͰ͋Δɻ

ҎԼͰɺϨʔβʔʹΑΔਫૉىྭࢠݪͱͦͷݕग़࣮ݧʹ͍ͭͯઆ໌͢Δɻਤ 51Ϩʔβʔরࣹ
༻ΩϟϏςΟʔͷࣜਤͰ͋ΔɻਫૉϏʔϜ্ྲྀͷνϣούʔΛΦϑʹ͠ɺਫૉϏʔϜྲྀͰ

ྲྀΕଓ͚͍ͯΔͷͱ͢ΔɻϨʔβʔΛ্هͷಛੑͰরࣹ͢ΔͱɺۭؒతͳϨʔβʔͷ෯ 1 mmͱ
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ਫૉϏʔϜͷ෯ͷॏͳͬͨྖҬͰਫૉͷ 1S→2Sͷྭىɺ͓Αͼɺ2S→ిͷԠ͕͖ىΔɻࣨ

Թͷਫૉͷʹରͯ͠Ϩʔβʔͷύϧε෯ 10 ns͕͍ͨΊɺԠؒ࣌ 10 nsͰ͋Δɻ2S1/2

؍ଌ͢Δ͜ͱͰ͖ͳ͍͕ɺి͞ΕಘΒΕͨཅࢠΛݕग़͢Δ͜ͱͰɺԠͷաఔʹଘࡏ

͢Δ 2S1/2 ͷੜཱ͕ূՄͰ͋Δɻtop gridΛ 2 Vɺbottom gridΛ 0 Vʹઃఆͯ͠ଌఆΛߦ
ͳͬͨɻ͜ΕΒͷిѹάϦουؒͷిͷେ͖͞ΛܾΊΔ͜ͱʹ༻͍͍ͯΔɻάϦουؒͷڑ

 5 cmͰ͋Δ͔Βɺిʹͯ͠ 0.4 V/cmఔͰ͋Δɻిͨ͠ཅࢠ͜ͷిʹΑͬͯԼํ
Ճ͞Εɺbottom MCPʹΑͬͯݕग़͞ΕΔɻ100 µJͷڧͷϨʔβʔΛরࣹͭͭ͠ҎԼͷ
Α͏ʹ 3ͭͷ݅Ͱ࣮ݧΛߦͳͬͨɻ

݅ 1 ਫૉϏʔϜ ONɺ 100 µ JϨʔβʔ ON
݅ 2 ਫૉϏʔϜ OFFɺ 100 µJϨʔβʔ ON
݅ 3 ਫૉϏʔϜ ONɺ 100 µJϨʔβʔ ONɺपΛڞ໐प͔Β 60 MHzͣΒ͢

͜ͷ࣌ɺͦΕͧΕͷ݅Ͱ࣍ͷΑ͏ͳ݁Ռͷ༧ଌΛ͢Δ͜ͱ͕Ͱ͖Δɻ݅ 1 ͰਫૉࢠݪΛڙ
ɺ͓ΑͼɺىରԠ͢ΔपͷϨʔβʔΛ͔͚͍ͯΔ͜ͱ͔Βɺ1S→2Sͷྭʹىɺ2Sͷྭ͠څ
2S→ిͷաఔͷ݁ՌɺཅࢠΛݕग़͢Δ͜ͱ͕Ͱ͖Δɻ݅ 2ͰਫૉࢠݪΛ͍ͯ͠څڙͳ͍ͨ
Ίɺ৴߸ݕग़͞Εͳ͍ɻ݅ 3ͰਫૉࢠݪΛ͍ͯ͠څڙΔ͕ɺ2SͷྭىʹରԠ͢Δप
Λ͔͚͍ͯͳ͍ͨΊ৴߸ݕग़͞Εͳ͍ɻ

ͳͬͨͦΕͧΕͷ݁Ռ͕ਤߦΛݧ࣮ʹࡍ࣮ 52ɺ53ɺ54Ͱ͋Δɻॎ࣠ΛMCPͰͷ৴߸ͷେ͖͞ɺ
ԣ࣠Λؒ࣌Ͱද͍ͯ͠Δɻࠁ࣌ t = 0ͰϨʔβʔΛরࣹ͠ɺ 12 µsؒΛଌఆͨ͠ɻt = 0ඵʹ͑ݟΔ
-0.004 mVఔͷ৴߸ 1.5 µsఔͰৼಈ͠ͳ͕Βݮਰ͍ͯ͠Δɻશͯͷ݅ԼͰ͍ͨͯ͑͜ݟ
ͷ৴߸Ϩʔβʔ༝དྷͰ͋Δͱ͑ߟΒΕΔɻ݅ 1 (ਤ 52) t = 1.4 × 10−6 ඵʹ͓͍ͯɺ݅ 2 (ਤ
53)ɺ݅ 3 (ਤ Εͨɻ͜Ε͕ਫૉΛిͨ͜͠ͱͰಘΒΕͨཅݱͳ͔ͬͨϐʔΫ͕͍ͯ͑ݟʹ(54
͕ࢠΒΕΔɻάϦουʹΑΔిͰཅ͑ߟͷϐʔΫͰ͋Δͱࢠ 2.5 cmҠಈ͢Δͷʹ͔͔Δؒ࣌
্ड़ͷηοτΞοϓͰ͢ࢉܭΔͱ 3.61× 10−6ඵͰ͋ΔɻҰํɺਤ 52Ͱ t = 1.4× 10−6ඵʹ͓

͍ͯϐʔΫ͕֬ೝ͞ΕͯΔɻࢉܭͰٻ·Δ TOFͱ࣮ࡍʹଌఆ͞Εͨ TOFʹࠩҟ͕ੜͨ͡ɻ͜ͷઆ
໌ͱͯ͠ҎԼͷ͜ͱ͕͑ߟΒΕΔɻୈҰʹਫૉϏʔϜ͕ϏʔϜϥΠϯͷத৺Λ௨͍ͬͯͳ͍͜ͱͰ

͋Δɻ͜ΕϨʔβʔͷܦ࿏άϦου͓ΑͼMCPͷδΦϝτϦΛ࠶͢ূݕΔ͜ͱͰ͔֬ΊΔ
͜ͱ͕ՄͰ͋Δɻୈೋʹఆ͍ͯ͠ΔάϦουؒͷి͕͍ͯͬޡΔ͜ͱ͕͑ߟΒΕΔɻ-2 kV
ʹઃఆ͞Εͨ bottom MCP͔Β bottom gridΛ௨ͯ͠ి͕࿙Ε͍ͯΔͨΊʹఆ͠ͳ͍ి͕
ੜ͍ͯ͡ΔՄੑ͕͋Δɻ·ͨɺάϦουʹిҐΛ༩͑ͨϞδϡʔϧ (CAEN A1535DɺA1832)
 HV ༻Ͱ͋Γɺ2 V ఔͷখ͞ͳిҐͰਖ਼֬ͳిΛ͔͚Δ͜ͱ͕Ͱ͖͍ͯͳ͍ͱ༧͞Ε
ΔɻԾʹ͜ΕΒͷӨڹͰɺgrid ؒͷిҐ͕ࠩ 11.6 V ʹͳ͍ͬͯͨͱ͢ΔͱɺTOF  1.5 × 10−6

ඵͱͳΓɺਤ 52ͷ༷ࢠͱ߹க͢Δɻ
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ਤ 52 ݅ 1ͷ߹ͷ TOFεϖΫτϧɻਫૉϏʔϜ ONɺ 100 µ JϨʔβʔ ONɻ

ਤ 53 ݅ 2ͷ߹ͷ TOFεϖΫτϧɻਫૉϏʔϜ OFFɺ 100 µJϨʔβʔ ONɻ
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ਤ 54 ݅ 3ͷ߹ͷ TOFεϖΫτϧɻਫૉϏʔϜ ONɺ 100 µJϨʔβʔ ONɺपΛڞ
໐प͔Β 60 MHzͣΒ͢ɻ
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5.5 ΑΔਫૉͷϚΠΫϩભҠʹىॐྭࢠి

͍ͯ༺ਫૉΛͨ͠ىྭ͍ͯ༺ॐΛࢠి 2S1/2 - 2P1/2 ͷભҠΛ֬ೝͨ͠ɻଌఆҎԼͷ 3ͭͷ
݅Ͱߦͳͬͨɻ

݅ 1 ਫૉϏʔϜ ONɺిࢠॐ ON (ਤ 55)
݅ 2 ਫૉϏʔϜ OFFɺిࢠॐ ON (ਤ 56)
݅ 3 ਫૉϏʔϜ ONɺిࢠॐ OFF (ਤ 57)

֤߹ʹ͍ͭͯɺϚΠΫϩΛ͔͚ͨ࣌ͱɺ͔͚͍ͯͳ͍࣌ͷ Ly - α ޫͷݕग़ϨʔτΛൺֱ͢Δ

͜ͱͰભҠ͕͔͖ͨىΛ֬ೝͨ͠ɻ͜ͷ࣌ɺͦΕͧΕͷ݅Ͱ࣍ͷΑ͏ͳ݁Ռͷ༧ଌΛ͢Δ͜ͱ

͕Ͱ͖Δɻ݅ 1 ͰਫૉࢠݪΛ͠څڙɺ2S ͷྭ͍ͯ͠ىΔ͜ͱ͔ΒɺϚΠΫϩ͕ ON ͷ
ɺ2S1/2࣌ ঢ়ଶͷਫૉ 2P1/2 ঢ়ଶભҠ͢Δɻ݁Ռͱͯ͠ɺϚΠΫϩ͕ ONͷ࣌ɺݕग़͞ΕΔ
Ly - αޫͷݕग़Ϩʔτ͕ݮগ͢Δɻ͜ͷݕग़Ϩʔτͷݮগ͕ਅʹ͜ͷཧ༝ʹΑΔͷͰ͋Δ͜ͱΛ

֬ೝ͢ΔͨΊʹରর࣮ݧͱͯ݅͠ 2͓Αͼ݅ 3ͷଌఆΛͨͬߦɻ݅ 2ͰਫૉࢠݪΛڅڙ
͍ͯ͠ͳ͍ͨΊɺϚΠΫϩ͕ ONͷ࣌ͱ OFFͷ࣌Ͱݕग़͞ΕΔ Ly - αޫͷݕग़Ϩʔτಉ͡ʹ

ͳΔɻ݅ 3ͰਫૉࢠݪΛ͍ͯ͠څڙΔ͕ɺ2Sྭ͍ͯ͠ىͳ͍ͨΊɺϚΠΫϩ͕ ONͷ࣌
ͱ OFFͷ࣌Ͱݕग़͞ΕΔ Ly - αޫͷݕग़Ϩʔτಉ͡ʹͳΔɻ

ਤ 55݅ 1ͰಘΒΕͨϥΠϚϯЋޫͷݕग़ϨʔτͰ͋Δɻ͕ࠇϚΠΫϩΛরࣹ͠ͳ͔ͬͨ
ͱ͖ɺ͕রࣹͨ͠ͱ͖Ͱɺෆ͔֬͞ͱͱʹϓϩοτͯ͋͠ΔɻϚΠΫϩͷप 1088 MHz
Ͱ͋Γɺύϫʔ 0 dBmͰ͋ͬͨɻଌఆϚΠΫϩ͕ ONͷ࣌ɺOFFͷ࣌ͰͦΕͧΕ 175ඵ
ؒɺ150ඵؒߦͳͬͨɻ߹ܭ 325ඵؒͷଌఆͰɺ25ඵ͝ͱʹ ONͱ OFFΛΓସ͑ͨɻϚΠΫϩ
͕ OFFͷ࣌ɺϚΠΫϩ͕ ONͷ࣌ʹൺɺLy - αޫ͕ଟ͘ݕग़͞Εͨɻ͜Ε্ड़ͷ݁Ռͷ

༧ଌͱ߹͢Δɻ͜ͷ݁ՌΛࠜڌʹɺҎԼͷ̎ͭΛ͚݁ͮͨɻ

• ॐʹΑͬͯਫૉࢠి 2S1/2 Εͨ͞ىྭʹ

• 2S1/2 ਫૉϚΠΫϩʹΑͬͯ 2P1/2 ͱભҠͨ͠

·ͨɺ͜ͷݕग़Ϩʔτͷ͕ࠩਅʹ͜ͷ 2ͭͷޮՌʹΑΔͷ͔Λ֬ೝ͢ΔͨΊʹɺ݅ 2(ਤ 56)
͓Αͼ݅ 3(ਤ 57)ͰͷଌఆΛߦͳͬͨɻਤʹࣔ͞Εͨ௨Γɺ͍ͣΕʹ͓͍ͯϚΠΫϩরࣹͷ
༗ແͰͷϥΠϚϯЋޫͷݕग़Ϩʔτʹ༗ҙͳࠩΈΒΕͳ͔ͬͨɻ͜ΕΒͷ͜ͱ͔Βɺిࢠઢিܸ

ʹΑͬͯྭ͞ىΕͨਫૉࢠݪϚΠΫϩʹΑͬͯ 2S1/2 ঢ়ଶ͔Β 2P1/2 ঢ়ଶભҠͨ͠ͱ͑ߟ

ΒΕΔɻ

56



MW OFF
MW ON    

ਤ 55 ݅ 1Ͱͷ Ly - αޫͷݕग़Ϩʔτͷࠩɻਫૉݯ ONిࢠॐ ONɻ

MW OFF
MW ON    

ਤ 56 ݅ 2Ͱͷ Ly - αޫͷݕग़Ϩʔτͷࠩɻਫૉݯ OFFɻ
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MW ON    
MW OFF

ਤ 57 ݅ 3Ͱͷ Ly - αޫͷݕग़Ϩʔτͷࠩɻిࢠॐ OFFɻ
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6 ϛϡΦχϜͷ 2S1/2 - 2P1/2 ભҠ࣮ݧ

6.1 ͷ֓ཁݧ࣮

ਫૉࢠݪઢʹΑΔޫͰɺਫૉࢠݪϏʔϜͱൺֱ͠ɺӡಈྔ͕খ͘͞ɺ·ͨͦͷϨʔτߴ

͘ͳΔɻεΠεͷ PSI (Paul Scherrer Institut) ͰϛϡΦχϜϏʔϜΛੜͰ͖ɺͦͷΤωϧ
ΪʔϨʔτਫૉ࣮ݧʹ͓͚Δͷʹ͍ۙɻϛϡΦχϜϏʔϜͷΤωϧΪʔ keVͰ͋
Δɻͦ͜ͰɺPSIʹ͓͚ΔϛϡΦχϜ࣮ݧ (Mu-MASS࣮ݧ [32])ʹϚΠΫϩޫஔΛͪ࣋
ΈͨɻਤࢼΈɺϛϡΦχϜͷϥϜγϑτޫΛࠐ 58ϛϡΦχϜͷϥϜγϑτޫ࣮ݧͷࣜ
ਤͰ͋Δɻ

ਤ 58 ϛϡΦχϜޫ࣮ݧͷ֓ཁ

ϛϡΦχϜͷੜʹɺPSI ͰಘΒΕΔ 5000/s ͷ µ+ ϏʔϜΛ༻͍Δɻµ+ ϏʔϜͷΤωϧ

Ϊʔ 1 keV ͔Β 30 keV ͰՄมͰ͋ΔɻϛϡΦϯॳΊʹૉບΛ௨ա͢Δɻૉບʹিಥ͠
पลʹ͔͚ΒΕͨిҐʹΑͬͯࢠΛ์ग़͢Δɻ͜ͷిࢠి࣍ɺϛϡΦϯೋ࣌ͨ Tagging MCP
ͱӡΕɺ͜ΕΛݕग़͢Δ͜ͱͰϛϡΦϯ͕ೖࣹͨ͠ࠁ࣌ΛΔ͜ͱ͕Ͱ͖ΔɻϛϡΦϯͱ

ૉບͱͷিಥͰϛϡΦχϜ͕ੜ͞ΕΔɻੜ͞ΕͨϛϡΦχϜਫૉͱಉ༷ʹجఈঢ়ଶ

ͱ 2S1/2 ͓ΑͼͦΕҎ্ͷঢ়ଶΛ͍ͬͯΔɻϛϡΦχϜ·ͣඍߏࡉબผஔΛ௨աͨ͠

ɺϚΠΫϩભҠஔΛ௨ΓɺLyޙ - α ʹޙ࠷Λ௨ͬͯɺثग़ݕ Back MCPͱ౸ୡ͢Δɻੜ
͞ΕͨϛϡΦχϜʹ 2S1/2 ͷঢ়ଶؚ͕·ΕΔ࣌ Ly - α ͍͓ͯʹثग़ݕ Ly - α ޫΛ์ग़͢Δɻ

Tagging MCPͰϛϡΦϯ༝དྷͷిࢠΛݕग़͔ͯ͠Β 2 µsͷؒʹɺLy - αݕग़ث·ͨ Back MCP
͕৴߸Λݕग़͢ΔࣄΛબผ͢ΔɻBack MCPͷ্ྲྀʹ Rejection electrodeΛ༻ҙͨ͠ɻ͜͜ʹ
ిѹΛ͔͚Δ͜ͱͰɺి ʹΛड͚ͣڹతʹதੑͰ͋ΔϛϡΦχϜӨؾ Back MCPʹ౸ୡ͠ɺҰ
ํɺϛϡΦϯيಓ͕ภ͞Εɺഉআ͞ΕΔɻRejection electrodeͷ ONͱ OFFΛΓସ͑ͯɺ
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Back MCPͰͷ৴߸Λൺֱ͢Δ͜ͱͰɺϛϡΦχϜͱϛϡΦϯͷଘࡏൺΛΔ͜ͱ͕Ͱ͖Δɻ
·ͨɺਫૉͷ࣌ͱಉ༷ʹɺඍߏࡉબผஔ͓ΑͼϚΠΫϩભҠஔʹ͓͍ͯɺϥϜγϑ

τʹରԠ͢ΔϚΠΫϩΛൃ͍ͯ͠Δ߹ɺLy - α ͰಘΒΕΔثग़ݕ Ly - α ޫͷϨʔτݮগ͢

Δɻ͜ͷݮগ͢ΔपΛ୳͢͜ͱͰɺϥϜγϑτΛ୳͢ࡧΔ͜ͱ͕ՄͰ͋Δɻ2S1/2 - 2P1/2

ϛϡΦχϜϥϜγϑτʹ͓͚ΔඍߏࡉΛڞྀͨ͠ߟ໐प 586 MHzɺ 1140 MHz͓
Αͼ 1326 MHzͰ͋Δɻਫૉͷ࣌ͱҟͳΓ 586 MHzͷڞ໐͕ଞͷೋͭͷඍߏࡉؒભҠͷ
पͱΕ͍ͯΔͨΊɺ͜ͷपͷଌఆඍߏࡉબผஔΛ༻͍ͣͱɺӨڹΛड͚ʹ͘

͍ɻඍߏࡉબผஔʹ͓͍ͯϚΠΫϩભҠஔͱಉ༷ʹपΛৼΔ͜ͱͰɺ2ഒͷ૬ޓ
ΛՔ͙͜ͱ͕ՄͰ͋Δɻؒ࣌ͷ༺࡞

ຊڀݚͰɺϛϡΦχϜͷϥϜγϑτޫʹ͚ͯɺϛϡΦχϜϏʔϜͷੜΛ֬ೝ͢Δ࣮

ɻͨͬߦΛݧ

6.2 4 keVϛϡΦχϜͷ 2S1/2 - 2P1/2 ϥϜγϑτͷεϖΫτϧ

PSI (Paul Scherrer Institut) ͰಘΒΕΔ 4 keV ͷϛϡΦχϜϏʔϜͷ߹ʹಘΒΕΔεϖΫ
τϧΛͨ͠ࢉܭɻࢉܭʹඞཁͳͱͯ͠ҎԼͷΛ༻͍ͨɻ

• ॳظ݅ : 2S1/2 ͷଘ֬ࡏ 1ɺ2Pͷଘ֬ࡏ 0
• ϛϡΦχϜͷ : 260 × 106 m/s
• ిڧ : ୈ 3.1.2અࢀর
• ໐पڞ : αભҠ 586 MHzɺβભҠ 1140 MHzɺγભҠ 1326 MHz

ભҠࢠۃͷྻߦཁૉͷେ͖͞ͱͯ͠ਫૉࢠݪͱಉ͡ V ͷΛ༻͍Δ͜ͱ͕ՄͰ͋ΔɻҰํɺ
ඍࡉ྾ͷେ͖͞ҧ͓ͬͯΓɺϛϡΦχϜ 586 MHzɺ 1140 MHzɺ 1326 MHzʹϐʔΫ
ΕΔɻαݱ͕ ભҠ (586 MHz)Λଌఆ͍ͨ͠߹ɺଞͷ 2ͭͷपͱͷڑ͕Ε͍ͯΔ͜ͱ͔
ΒɺඍߏࡉબผஔΛ༻͍ͣͱɺଌఆ͕ՄͰ͋Δɻ
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ਤ 59 ϚΠΫϩભҠஔͷۃ൘ۙͰͷγϛϡϨʔγϣϯͰಘΒΕͨ 600 MHzͰͷిڧ
 ɻଟ߲ࣜͰϑΟοτͨ͠ͷ(ઢࠇ) (ઢ)ɻ

586 MHzͷϐʔΫΛ͔ΔͨΊʹిͷେ͖͞Λ 600 MHzʹ͓͍ͯಘΒΕΔڧͰ֨نԽΛ
ɻਤ͏ߦ 59ͷΑ͏ʹಘΒΕͨిڧΛਫૉͷ࣌ͱಉ༷ʹࣜ 14aɺ14bͱೖͯ͠ࢉܭΛߦ
͏ͱɺਤ 60ͷΑ͏ͳ݁Ռ͕ಘΒΕͨɻ͜ͷ࣌ɺϛϡΦχϜ 4 keVͰ͋Δ͜ͱΛԾఆ͠ɺϚΠ
ΫϩભҠஔͷిͷଘ͢ࡏΔൣғ 60 mmΛ 23 nsͰ௨ա͢Δͷͱͯͨ͠͠ࢉܭɻ

61



0.4

0.5

0.6

0.7

0.8

0.9

1

400 600 800 1000 1200 1400


��[MHz]

line shape

4�������	�� 2S F=0 M=0 -> 2P F=1 M=0 2S F=1 M=-1 -> 2P F=1 M=-1

2S F=1 M=1 -> 2P F=1 M=1 2S F=1 M=0 -> 2P F=0 M=0

ਤ 60 4 keVϛϡΦχϜʹΑΔεϖΫτϧɻॎ͕࣠ Ly - αޫͷݕग़ɺԣ͕࣠ϚΠΫϩͷ

पɻϛϡΦχϜͷ 2S1/2 - 2P1/2 ϥϜγϑτͷޫ࣮ݧͰ ()ਫૉͷ࣌ͱൺֱ͠ɺαભ

Ҡͱ βભҠɺγભҠͷϐʔΫ͕ݱΕΔप͕Ε͍ͯΔͨΊɺHFSSͳ͠Ͱྑ͍ਫ਼Ͱଌఆ͕
ՄͰ͋Δɻ

6.3 ϛϡΦχϜͷੜ

·ͣɺϛϡΦχϜͷੜΛ֬ೝ͢ΔɻϏʔϜ্ྲྀ͔Βඈདྷ͢ΔϛϡΦϯͷόϯν·ͣૉບ

ʹিಥ͢Δɻ͜ͷ࣌ɺ์ग़͞Εͨೋࢠి࣍Λ Tagging MCPͰݕग़͢ΔɻૉບͷํޙͰϛϡΦ
ϯͱੜ͞ΕͨϛϡΦχϜ͕ਐ͠ߦ Back MCPʹ౸ୡ͢ΔɻTagging MCP͕ͳ͔ͬͯΒ 2 µs
ͷλΠϜΟϯυͷؒͷ Back MCPͷ৴߸Λݕग़ͨ͠ɻ͜ͷ࣌ɺRejection electrodeͷ ON
ͱ OFFΛΓସ͑ͯͦͷ৴߸ͷϨʔτͷൺֱΛͨͬߦɻϛϡΦϯͷΤωϧΪʔ 10 keVʹઃఆ
ͨ͠ɻಘΒΕͨ݁Ռ͕ਤ 61Ͱ͋Δɻԣ࣠ 2 µsؒΛ 10240νϟϯωϧʹ͚͍ͯΔؒ࣌Λද͠
͓ͯΓɺॎ࣠ Back MCPͷ৴߸Ϩʔτ [/min]Ͱ͋Δɻ͕ Rejection electrode͕ ONͷ࣌ɺ
੨͕ Rejection electrode͕ OFFͷ࣌Λ͍ࣔͯ͠Δɻ·ͣɺ30000νϟϯωϧҎ߱ʹ͑ݟΔ৴߸
ϏʔϜ্ྲྀ͔Βඈདྷ͢Δதੑͷॏ͍ࢠݪͰ͋Δͱ͑ߟΒΕΔɻ͜ΕΒͷɺࢠݪຊ࣮ݧʹ͓͍ͯ

͕ؔͳ͍ͨΊɺޙͷٞͰϛϡΦϯͷ TOF Λ͑ߟɺ1500 νϟϯωϧۙͷ৴߸Λٞ͢
Δɻ͜ͷपลΛ֦େͨ͠ώετάϥϜ͕ਤ 62Ͱ͋ΔɻϐʔΫΛ֬ೝ͢Δ͜ͱ͕Ͱ͖ͨɻRejection
electrode͕ OFFͷ࣌ͷ৴߸ͷϨʔτ͕ Rejection electrode͕ ONͷ࣌ʹରͯ͠େ͖͘ͳ͍ͬͯ
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Δɻ͜ΕɺRejection electrode͕ ONͷ࣌ʹిՙΛͭ࣋ϛϡΦϯ͕ഉআ͞Ε͍ͯΔ͔ΒͰ͋
Γɺ༧ͱҰகͨ͠ɻ

0 10000 20000 30000 40000 50000

0

0.5

1

1.5

2

2.5

3

3.5

4

TOF TD-MCP2F Muonium/Muon rate/min 10keV RFon&off, raw
hTOF00_RFoff

Entries  13696
Mean   2.889e+04
Std Dev    1.673e+04

TOF TD-MCP2F Muonium/Muon rate/min 10keV RFon&off, raw

TOF[チャンネル]

レート
[/min]

ਤ 61 Tagging MCPΛτϦΨʔʹͯ͠ Back MCPͰݕग़͞Εͨ৴߸ͷ TOFɻ͕ Rejection
electrode͕ ONͷ࣌ɺ੨͕ Rejection electrode͕ OFFͷ࣌ɻ

6.4 2S1/2 ঢ়ଶϛϡΦχϜͷੜ

ଓ͍ͯ 2S1/2 ঢ়ଶϛϡΦχϜͷੜΛ֬ೝ͢ΔɻϏʔϜ্ྲྀ͔Βඈདྷ͢ΔϛϡΦϯόϯν

·ͣૉບʹিಥ͢Δɻ͜ͷ࣌ɺ์ग़͞Εͨೋࢠి࣍Λ Tagging MCP Ͱݕग़͢Δɻૉບͷޙ
ํͰϛϡΦϯͱੜ͞ΕͨϛϡΦχϜ͕ਐ͠ߦ Ly - α ୡ͢ΔɻTagging౸ʹثग़ݕ MCP ͕
ͳ͔ͬͯΒ 2 µsͷλΠϜΟϯυͷؒͷ Ly - αݕग़ثͷ৴߸Λݕग़ͨ͠ɻ͜ͷ࣌ɺΫΤϯν

ϯάϑΟʔϧυͷ ONͱ OFFΛൺֱͨ͠ɻ2S1/2 ঢ়ଶͷϛϡΦχϜΫΤϯνϯάϑΟʔϧυ

͕ ONͷͱ͖ɺి͍ڧʹΑͬͯ 2S1/2 ͱ 2P1/2 ͷঢ়ଶ͕ࠞ߹͢Δɻ2P1/2 ঢ়ଶͷϛϡΦχϜ

 Ly - αޫΛ์ͬͯ 1Sঢ়ଶͱྭ͢ىΔɻ͜ͷ Ly - αޫΛݕग़͢ΔɻΫΤϯνϯάϑΟʔϧυ

ͷ ONͷͱ͖ɺOFFͷ࣌ʹݟΒΕͳ͍৴߸Λ֬ೝ͢Δ͜ͱ͕Ͱ͖Εɺ2S1/2 ঢ়ଶͷଘࡏΛཪ

͚Δ͜ͱ͕Ͱ͖ΔɻϛϡΦϯͷΤωϧΪʔ 10 keVʹઃఆͨ͠ɻਤ ͷଌఆ݁ՌͰ͋ࡍ63͕࣮
Δɻԣ͕࣠ؒ࣌Ͱɺॎ͕࣠ Ly - αޫΛݕग़ͨ͠Ϩʔτ [/min]Ͱ͋Δɻ͕ΫΤϯνϯάϑΟʔϧ
υ͕ OFFͷ࣌ɺ੨͕ΫΤϯνϯάϑΟʔϧυ͕ ONͷ࣌Λ͍ࣔͯ͠ΔɻిΛ͔͚ͨݕʹ࣌ग़͞
ΕΔ Ly - α ޫͷϨʔτ͕େ͖͘ͳΓϐʔΫ͕؍ଌ͞Εͨɻ͜ͷ͜ͱ͔Β 2S1/2 ঢ়ଶͷϛϡΦχ

Ϝ͕ੜ͞Εͨͱ͚݁ͮΔ͜ͱ͕Ͱ͖Δɻ
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ਤ 62 Tagging MCPΛτϦΨʔʹͯ͠ Back MCPͰݕग़͞Εͨ৴߸ͷ TOFɻ͕ Rejection
electrode͕ ONͷ࣌ɺ੨͕ Rejection electrode͕ OFFͷ࣌ɻਤ 61ͷ 0͔Β 2500νϟϯω
ϧΛ֦େͨ͠ɻ
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[/min]

TOF[チャンネル]

ਤ 63 Tagging MCPΛτϦΨʔʹͯ͠ Ly - αݕग़ثͰݕग़͞Εͨ৴߸ͷ TOFɻ͕ΫΤϯν
ϯάϑΟʔϧυ͕ OFFͷ࣌ɺ੨͕ΫΤϯνϯάϑΟʔϧυ͕ ONͷ࣌ɻ
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6.5 ϛϡΦχϜͷϚΠΫϩભҠ

ϚΠΫϩʹΑͬͯ 2S1/2 - 2P1/2 ભҠΛҾ͖͜͠ىɺLy - α ޫͷϨʔτͷݮগΛݕग़͢Δ͜ͱ

ΛࢼΈͨɻҎԼ 3ͭͷ݅Ͱ Ly - αޫͷݕग़Λߦͳͬͨɻ

݅ 1 ϚΠΫϩભҠஔ 1140 MHz, 3 dBmɺඍߏࡉબผஔ 1140 MHz, 3 dBm(ਤ 64)
݅ 2 ϚΠΫϩભҠஔ 765 MHz, 3 dBmɺඍߏࡉબผஔ OFF(ਤ 65)
݅ 3 ϚΠΫϩભҠஔ OFFɺඍߏࡉબผஔ OFF(ਤ 66)

Tagging MCPʹ৴߸͕ಘΒΕ͔ͯΒ 2 µsͷؒʹݕग़͞ΕΔ Ly - αޫͷϨʔτΛଌఆͨ͠ɻ·ͨɺ

ͦͷ͏ͪ Back MCP͕ͳͬͨࣄΛબͨ͠ɻଌఆͦΕͧΕɺ3ؒ࣌ɺ2ؒ࣌ɺ2ߦؒ࣌ͳͬͨɻ
ϛϡΦϯͷΤωϧΪʔ 10 keVʹઃఆ͠ɺϦϯάిۃͷిҐΛɺ্ྲྀΛ -2.5 kVɺԼྲྀΛ +2.5 kV
ʹઃఆͨ͠ɻ

͜ͷ࣌ɺͦΕͧΕͷ݅Ͱ࣍ͷΑ͏ͳ݁Ռͷ༧ଌΛ͢Δ͜ͱ͕Ͱ͖Δɻ݅ 1Ͱɺ2S1/2 ঢ়ଶ

͕ϚΠΫϩʹΑͬͯ 2P1/2 ঢ়ଶͱભҠ͞Εɺ͞Βʹ 1Sঢ়ଶͱྭ͢ىΔͨΊɺ݅ 2͓Α
ͼ݅ 3ͷଌఆΑΓ͍ LyޫͷϨʔτ͕ಘΒΕΔͣͰ͋Δɻ
݅ 2͓Αͼ݅ 3ͷଌఆͰϚΠΫϩʹΑͬͯ 2S1/2 - 2P1/2 ભҠΛ͜͞ىͳ͍ͨΊɺ݅

1ͷଌఆʹൺͯɺଟ͘ͷ Ly - αޫΛݕग़͠ɺ·ͨɺ݅ 2ͷ 765 MHzڞ໐पͰͳ͍ͨ
Ίɺ݅ 3ͷϚΠΫϩભҠஔ OFFͷ࣌ͱಉ༷ͷ Ly - αޫΛݕग़͢Δ͖Ͱ͋Δɻ

݅ 1ͰಘΒΕͨ TOFεϖΫτϧΛਤ 64ʹࣔ͢ɻTagging MCPCʹΑͬͯ 2 µsͷؒʹಘΒ
ΕͨσʔλΛ 10240νϟϯωϧʹ͚ɺͦͷ͏ͪ 0͔Β 2000νϟϯωϧ (400 ns)Λදࣔͨ͠ɻ3
ͷଌఆͰؒ࣌ Ly - αޫ͕ 62ճݕग़͞Εͨ (20.7 ± 2.6/h)ɻ
݅ 2ͰಘΒΕͨ TOFεϖΫτϧΛਤ 65ʹࣔ͢ɻ2ؒ࣌ͷଌఆͰ Ly - αޫ 36ճݕग़͞Εͨ

(18.0 ± 3.0/h)ɻ
݅ 3 ͷ݁Ռਤ 66 ͷΑ͏ʹͳͬͨɻ2 ͷଌఆͰؒ࣌ Ly - α ޫ 29 ճݕग़͞Εͨ (14.5 ±

2.7/h)ɻ
ද 10͜ΕΒͷଌఆ݁ՌΛ·ͱΊͨͷͰ͋ΔɻࠓճͷϏʔϜλΠϜͰݕग़͕গͳ͔ͬͨ
ͨΊɺϛϡΦχϜΛϚΠΫϩʹΑͬͯભҠͨ֬͠ূΛಘΔͨΊʹ͞ΒͳΔ౷͕ྔܭඞཁͰ

͋Δɻ

݅ ༰ Ly - αޫͷݕग़Ϩʔτ

݅ 1 ໐पڞ (1140 MHz)ͷϚΠΫϩΛ͔͚Δ 20.7 ± 2.6/h
݅ 2 ໐पͰͳ͍पڞ (765 MHz)ͷϚΠΫϩΛ͔͚Δ 18.0 ± 3.0/h
݅ 3 ϚΠΫϩΛ͔͚ͳ͍ 14.5 ± 2.7/h

ද 10 ϛϡΦχϜͷϚΠΫϩભҠ࣮ݧͷ݁Ռͷ·ͱΊ
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hTOF07
Entries  62
Mean     1423
Std Dev     290.5
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TOF[チャンネル]

ਤ 64 ϚΠΫϩڞ໐प ONɻTagging MCP ͱ Back MCP ͷ࣌ग़ͨ͠ݕ৴߸Λʹڞ͕
Ly - αݕग़ثʹಘΒΕͨ৴߸ͷ TOFɻ
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ਤ 65 ϚΠΫϩඇڞ໐प ONɻTagging MCPͱ Back MCP͕ڞʹ৴߸Λݕग़ͨ࣌͠ͷ
Ly - αݕग़ثʹಘΒΕͨ৴߸ͷ TOFɻ
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hTOF07
Entries  29
Mean     1326
Std Dev     76.66
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TOF[チャンネル]

ਤ 66 ϚΠΫϩ OFFɻTagging MCPͱ Back MCP͕ڞʹ৴߸Λݕग़ͨ࣌͠ͷ Ly - α ग़ݕ

ಘΒΕͨ৴߸ͷʹث TOFɻ
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7 ݁

ຊڀݚͰɺਫૉࢠݪͷ n = 2ϥϜγϑτଌఆͷͨΊͷϚΠΫϩޫஔΛ͠࡞ɺͦͷධ
ՁΛߦͳͬͨɻ

ϚΠΫϩޫஔͷ࡞ͱભҠ֬ͷੵݟΓ

ϚΠΫϩભҠஔͱඍߏࡉબผஔΛͨ͠࡞ɻ͜ΕΒͷͨΊͷ৴߸ͷܦ࿏ (৴߸ൃੜثɺ
ಉ࣠έʔϒϧɺثɺRF ૿෯ثɺݮਰث) ͷಛੑΛଌఆ͠ɺิਖ਼ʹ༻͍ΔύϥϝʔλʔΛௐ
ͨɻSύϥϝʔλʔΛଌఆ͠ɺCST STUDIO SUITEͷγϛϡϨʔγϣϯΛ༻͍ͯɺ༠ىՄͳి
ڧͱΛੵݟͬͨɻ

ϋΠθϯϕϧΫͷӡಈํఔࣜΑΓɺਫૉͷޫ࣮ݧɺࣨԹͰͷਫૉޫ࣮ݧɺϛϡΦχϜͷ

ޫ࣮ݧʹ͍ͭͯͦΕͧΕભҠ֬Λ͠ࢉܭɺޫͰಘΒΕΔεϖΫτϧΛٻΊͨɻ

ਫૉ࣮ݧͷ߹ʹ͓͍ͯಘΒΕΔ౷ܭਫ਼ͱඞཁͳ࣮ؒظݧͷੵݟΓΛߦͳͬͨɻຊڀݚͰ

։ൃͨ͠ϚΠΫϩޫஔͰ 17ϲ݄ؒͰ 700 ppmͷଌఆ͕Ͱ͖ΔɻվྑʹΑͬͯඍࡉ
Λڧબผஔͷిߏ 2ഒʹ͢Δ͜ͱͰ 160 ppmʹ౸ୡՄͰ͋Δɻ͞Βʹɺ34ϲ݄ؒଌఆ
ͨ͠߹ɺਫૉͷϥϜγϑτΛ 100 ppmͰٻΊΔ͜ͱ͕Ͱ͖ɺ͜ͷͱ͖ɺཅࢠͷՙిܘ
 10 %ͷෆ͔֬͞Ͱܾ·Δɻ

ࣨԹͷਫૉͷ 2S1/2 - 2P1/2 ભҠ࣮ݧ

ग़ͨ͠ɻݕઢ͕ಧ͍͍ͯΔ͜ͱΛࢠిʹॐΛϏʔϜϥΠϯʹਨʹऔΓ͚ɺͦͷରଆࢠి

100 eVʹՃͨ͠ిࢠΛਫૉϏʔϜʹরࣹ͠ɺਫૉͷྭىΛߦͳͬͨɻϚΠΫϩޫʹ͓͍ͯ
ॐͷࢠి ONͱ OFFͷସʹΑΔ Ly - αޫͷϨʔτͷมԽ͔ΒɺਫૉͷྭىΛ֬ೝͨ͠ɻ

243 nmͷϨʔβʔΛ 100 µJͰਫૉϏʔϜʹରͯ͠ਨʹরࣹ͠ɺ͞Βʹɺͦͷରʹઃஔͨ͠
ϛϥʔͰಉҰيಓ্ʹ࠶ϨʔβʔΛরࣹͨ͠ɻϨʔβʔͱϏʔϜͷަࠩ͢Δ͔Β 2.5 cmΕ
ͨҐஔʹ͋ΔMCPΛ༻͍ͯɺϨʔβʔরࣹ͔Β 1.5 µsͷؒ࣌ʹ৴߸Λݕग़ͨ͠ɻ͜ΕϨʔβʔ
ʹΑͬͯྭ͞ىΕͨਫૉ͕ɺ͞ΒʹϨʔβʔͱ૬࡞ޓ༻͠ɺిΛҾ͖ͨ͜͜͠ىͱʹىҼ͢Δཅ

ϨʔβʔʹΑ͕ͬͯࢠݪɻ͜ΕʹΑΓɺਫૉͨ͑ߟͰ͋Δͱࢠ 2S1/2 ঢ়ଶྭ͞ىΕͨͱ༧͞Ε

Δɻ·ͨɺਫૉϏʔϜΛ OFFʹ͢Δ͜ͱɺϨʔβʔͷपΛม͑Δ͜ͱʹΑͬͯɺਅʹ͜ͷ৴
߸͕ిͨ͠ਫૉ͔ΒಘΒΕ͍ͯΔ͜ͱΛ֬ೝͨ͠ɻ

ਫૉʹ͓͍ͯɺϚΠΫϩΛরࣹ͢Δ͜ͱͰͨ͠ىॐʹΑͬͯྭࢠి 2S1/2 - 2P1/2 ͷભҠ͕ى

͖Δ͜ͱΛ֬ೝͨ͠ɻ͜ΕϚΠΫϩ͕ ONͰ͋Δͱ͖ͱɺOFFͰ͋Δͱ͖ͷ Ly - αޫͷݕग़

ϨʔτΛ֬ೝ͢Δ͜ͱͰߦͳͬͨɻͦΕͧΕɺ175ඵؒɺ150ඵؒଌఆΛ͍ߦɺݕग़ϨʔτʹࠩΛ
֬ೝͨ͠ɻਫૉݯͷ ON-OFF ͷΓସ͑ɺ͓Αͼɺిࢠॐͷ ON ͱ OFF ͷΓସ͑ʹΑͬͯɺ
ਅʹ͜ͷ৴߸͕ 2S1/2 - 2P1/2 ͷભҠʹ༝དྷ͢Δ͜ͱΛ֬ೝͨ͠ɻ

ɺ130͍ߦɺਫૉϏʔϜΛ༻͍ͨޫΛޙࠓ ppmͰͷϥϜγϑτͷଌఆΛ͢ࢦɻ
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ϛϡΦχϜͷ 2S1/2 - 2P1/2 ભҠ࣮ݧ

Tagging MCPͱ Back MCPͷίΠϯγσϯεʹΑͬͯϛϡΦχϜͷੜΛ֬ೝͨ͠ɻ·ͨɺ
Rejection electrodeͷONͱOFFͷΓସ͑ʹΑͬͯϛϡΦϯͱϛϡΦχϜʹΑΔ৴߸ͷϨʔ
τͷҧ͍Λ֬ೝͨ͠ɻ

Tagging MCPͱ Ly - αݕग़ثͷίΠϯγσϯεʹΑͬͯ 2S1/2 ঢ়ଶͷϛϡΦχϜͷੜΛ֬

ೝͨ͠ɻϦϯάిۃ OFFͷ͑ݟʹ࣌ͳ͍৴߸Λ ONͷ͍ͩ͜͢ݟʹ࣌ͱ͕Ͱ͖ͨɻ
ϛϡΦχϜͷϏʔϜʹରͯ͠ϚΠΫϩΛরࣹ͢Δ͜ͱͰ 2S1/2 - 2P1/2 ભҠͷݕग़ΛࢼΈͨɻ

ͦͷͨΊʹϚΠΫϩΛڞৼपͰ͔͚ͨ߹ͱɺͦͷଞͷपͰ͔͚ͨ߹ɺ͓ΑͼɺϚΠ

ΫϩΛ OFFʹͨ͠߹Ͱ Ly - αޫͷϨʔτΛൺֱͨ͠ɻϚΠΫϩʹΑΔભҠ౷͕ܭΓͣ

ʹ֬ೝͰ͖ͳ͔͕ͬͨɺ2S1/2 ঢ়ଶͷϛϡΦχϜͷੜ֬ೝͰ͖ɺޙࠓϚΠΫϩભҠͷ֬ೝ

ͱޫʹਐΉɻ

ޙࠓ

ຊڀݚͰ։ൃͨ͠ϚΠΫϩભҠஔͱඍߏࡉબผஔʹΑͬͯ 700 ppmͰ αભҠͷप

ΛܾΊΔ͜ͱ͕ՄͰ͋Δɻ·ͣɺ160 ppmΛͨ͢ࢦΊʹඍߏࡉબผஔͷ 1110 MHz
ʹ͓͚Δిڧ͕ 2ഒʹͳΔΑ͏ʹվྑ͢Δɻ

2021 ʹਫૉͷ͕࢝څڙ·ΕɺϏʔϜλΠϜΛ 34 ϲ݄ؒऔΔ͜ͱͰɺਫૉΛޫ͠ɺ
ϥϜγϑτΛ 100 ppm ͰଌఆͰ͖ɺཅࢠͷՙిܘΛ 10% ͷෆ͔֬͞ͰܾΊΔ͜ͱ͕ՄͰ
͋Δɻ

কདྷతʹɺϥϜθʔ๏Λ༻͍ͯਫૉͰߦΘΕͨޫͱಉ༷ͷਫ਼ͰਫૉΛޫ͢Δ [17][34]ɻ
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8 ँࣙ

͡ΊʹɺদాࣨڀݚͰ 2ؒ׆ڀݚಈΛࢦಋ͍͖ͨͩ·ͨ͠ɺদాڭګतɺాࠇ࢙ॿڭʹ
ਃ্͛͠·͢ɻྱޚ͘ਂ

দాڭګतɺ͕ࢲຊࢀʹࣨڀݚՃ͢ΔҎલ͔ΒɺڀݚςʔϚͷڵຯਂ͞ڀݚੜ׆ͷָ͠͞

ͳͲʹ͍͍ͭͯͩͯ͑͘͞ڭ·ͨ͠ɻ࣮ࢀʹࣨڀݚʹࡍՃ͔ͯ͠Βɺڀݚͷࢦֶձൃදɺ

จࣥචͳͲʹؔͯ͠ॏͳΔ૬ஊʹշ͘Ԡ͍͖ͯͨͩ͡ɺԁͳڀݚੜ׆ΛૹΔखॿ͚Λ͍ͯͨ͠

͖ͩ·ͨ͠ɻ

Λ͢Δ্Ͱɺٕज़తͳαϙʔτΛͨ͘͞Μ͍͖ͯͨͩ͠·ͨ͠ɻγϛϡڀݚɺʹڭॿ࢙ాࠇ

Ϩʔγϣϯιϑτͷ͔ํ͍Βɺճ࿏ઃܭɺਤ໘ͷॻ͖ํɺਅۭͷऔΓѻ͍ͳͲଟ͘ͷ͜ͱΛֶ

͍͖ͤͯͨͩ·ͨ͠ɻεΠεͰͷڀݚࡏதʹɺ࣮ݱʹࡍΛ๚Εɺ࣮ݧͷਐΛݟͳ͕ΒΞυ

όΠεΛͯ͠Լͬͨ͞΄͔ɺڀݚͷ͜ͱʹݶΒͣɺCERN ETHɺPSIͰͷੜ׆ͳͲʹ͓͍ͯ
ॿݴΛ͍ͯͨ͜͠ͱͰɺշదͳւ֎ڀݚੜ׆ΛૹΔ͜ͱ͕Ͱ͖·ͨ͠ɻจࣥචֶձൃදʹର

ͯ͠ɺాࠇ࢙ॿ͕ڭଟେͳ͓ؒ࣌Λ͔͚ͯࢦಋ͓͔ͯͩͬͨ͛͘͠͞ͰɺڀݚΛ·ͱΊΔ͜ͱ

͕Ͱ͖ͨͱ͓ͯ͡ײ͘ڧΓ·͢ɻ

·ͨɺCERNࡏதɺGBAR࣮ݧͷදऀͰ͋Δ Patrice PérezڀݚʹࢯͷࢦಋΛ͍ͯͨͩ͠
͖·ͨ͠ɻͦͯ͠ɺDirk Van Der WerfࢯɺLaszlo Ferenc LiszkayࢯΛ͡Ίͱ͢Δଟ͘ͷڀݚ
ऀֶੜͷํʑ͔Βɺଟ͘ͷ͜ͱΛֶ͍͖ͤͯͨͩ·ͨ͠ɻ

ETHɺPSIͰ Paolo CrivelliڀݚʹࢯͷαϙʔτΛ͍͖ͯͨͩ͠ɺਫૉͷ࣮ݧϛϡΦχϜ
ͷ࣮ݧΛ͜͏ߦͱ͕ग़དྷ·ͨ͠ɻ͜ΕΒͷ࣮͕ݧͰ͖ͨͷɺPaolo Crivelliࢯͷ͔͕ͨͬ͋ྗڠ
Βͦ͜Ͱ͋Δͱ͓ͯ͡ײΓ·͢ɻ·ͨɺETH ͷֶੜͰ͋Δ Gianluca Janka ߦΛڀݚʹڞʹࢯ
͏தͰɺઃܭɺ࡞ɺଌఆɺղੳͳͲଟذʹΘͨΔʑͷ׆ڀݚಈʹ͓͍ͯྗ͘ڧҾͬு͍ͬͯͨ

͖ͩ·ͨ͠ɻ

༟͞ΜΛ͡Ίɺګਹ͞Μɺ্ޱΞυόΠεͩͬͨ͘͞ඉʹ࣌༗͠ɺڞ༰Λڀݚͷ͍ޓ

ଟ͘ͷࣨڀݚͷϝϯόʔʹେม͓ੈʹͳΓ·ͨ͠ɻ

ͱɾ༞ߦɾ৴ͨͬͩͯ͑͘͞ࢧʹΛ͜͜·Ͱҭͯͯ͘Εɺֶʹରͯ͠શ໘తࢲɺʹޙ࠷

ՃΛච಄ʹɺଟେͳΔαϙʔτΛԼͬͨ͞ଟ͘ͷํʑɺ৺ΑΓਂ͘ँײΛਃ্͛͠·͢ɻ
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