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֓ཁ

ೆ෦-Goldstone ͷఆཧʹΑΔͱɼେҬతରশੑ͕ࣗൃతʹഁΕΔͱഁΕͨରশੑͷ਺ͱ
౳͍͠਺ͷθϩ࣭ྔͷཻࢠʢೆ෦ΰʔϧυετϯϘιϯ,NGBʣ͕ग़͢ݱΔɽͨͩ͠ɼରশ
͹ݺ͸ٖೆ෦ΰʔϧυετϯϘιϯͱࢠ͸࣭ྔΛ֫ಘ͠ɼ͜ͷཻࢠతͳ৔߹͸ཻࣅ͕ۙੑ

ΕΔɽώοάεϘιϯʢ125GeV/c2ʣΧΠϥϧରশੑͷࣗൃతഁΕʹ൐͍ग़͢ݱΔٖೆ෦

ΰʔϧυετϯϘιϯͰ͋Δ π0 தؒࢠʢ135MeV/c2ʣͳͲ 2 ͕ࢠյ͢Δ่ཻʹࢠޫ 3 ܻ
΋ҟͳΔΤωϧΪʔྖҬʹଘ͢ࡏΔ͜ͱ͔ΒɼଞͷΤωϧΪʔྖҬʹ΋ಉ༷ʹޫͱ݁߹͢Δ

ະ஌ͷରশੑ༝དྷͷཻ͕ࢠଘ͢ࡏΔ͜ͱ͕͑ߟΒΕΔɽPeccei-QuinnରশੑͷࣗൃతഁΕ
ʹ൐͍ݱΕΔΞΫγΦϯ΍ɼεέʔϧରশੑͷഁΕʹ൐͏σΟϥτϯ͕ͦͷྫͱͯ͛͠ڍ

ΒΕΔɽ࣭ྔ͕ 10−7ʙ10−6 eV/c2 ྖҬͷ৔Λ୳͢ࡧΔ࣮ݧͱͯ͠ɼGHz ଳϚΠΫϩ೾Λ
ूޫ͢Δ͜ͱΛ༻͍ͯະ஌৔Λհͨ͠ޫࢄࢠޫ-ࢠཚΛ୳͢ࡧΔख๏͕ఏҊ͞Ε͍ͯΔ [1]ɽ
୳ݧ࣮ࡧͰ͸ɼ௿͍ॏ৺ܥΤωϧΪʔڞ໐ঢ়ଶΛͭ͘Γͩ͢ʮੜ੒ޫʯͱɼڞ໐Λಛఆͷऴ

ঢ়ଶ΁ͱ༠ಋ͢Δʮ༠ಋޫʯΛ༻͍Δɽ͜ΕΒೋछྨͷ GHzଳϚΠΫϩ೾Λूޫ͢Δޫֶ
ཧΛཱ֬ݪ࡞ɾಈܭͷઃڸ཭͕Մมͳඇ࣠์෺໘ڑͷ໨త͸ɼয఺ڀݚඞཁͰ͋Δɽຊ͕ܥ

͠ɼௐ੔๏ͳͲΛशಘ͢ΔͨΊͷϓϩτλΠϓΛ͢࡞ࢼΔ͜ͱͰ͋ΔɽຊڀݚͰ͸ɼࣗ༝ۭ

ؒͰͷϚΠΫϩ೾ूޫޫֶܥͷઃܭɾ։ൃΛߦͳ͍ɼزԿޫֶΛԾఆ͢ΔͱɼϨʔβʔฏߦ

ϏʔϜΛॎ 8.6cmɼԣ 15cmͷྖҬ·ͰूޫՄೳͳয఺ڑ཭͕ 5 mఔ౓ͰՄมͰ͋Δඇ࣠
์෺໘ڸΛ੡͠࡞ಘΔ͜ͱΛࣔͨ͠ɽ
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ୈ 1ষ

ং࿦

1.1 ඪ४໛ܕ

ΫΥʔΫͱϨϓτϯ͸෺࣭Λߏ੒͢Δ࠷খ୯ҐͰ͋Δૉཻͩࢠͱ͑ߟΒΕ͍ͯΔɽͦΕ

ͧΕ 3ੈ୅ 6छྨͷཻ͕֬ࢠೝ͞Ε͍ͯΔʢද 1.1ʣɽཻࢠ͸੔਺εϐϯͷ΋ͷͱ൒੔਺ε
ϐϯͷ΋ͷʹ෼ྨ͞Εɼ੔਺εϐϯͷཻࢠΛϘιϯʢϘʔεཻࢠʣͱ͍͍ɼ൒੔਺ͷཻࢠΛ

ϑΣϧϛΦϯʢϑΣϧϛཻࢠʣͱ͍͏ɽΫΥʔΫͱϨϓτϯ͸શͯϑΣϧϛΦϯͰ͋Δɽ

ද 1.1: ෺࣭Λߏ੒͢Δૉཻࢠ

ୈҰੈ୅ ୈೋੈ୅ ୈੈࡾ୅

ΫΥʔΫ
uʢΞοϓʣ cʢνϟʔϜʣ tʢτοϓʣ

dʢμ΢ϯʣ sʢετϨϯδʣ bʢϘτϜʣ

Ϩϓτϯ
e−ʢిࢠʣ µ−ʢϛϡʔཻࢠʣ τ−ʢλ΢ཻࢠʣ

νeʢిࢠχϡʔτϦϊʣ νµʢϛϡʔχϡʔτϦϊʣ ντʢλ΢χϡʔτϦϊʣ

ཅࢠ͸ೋͭͷ u ΫΥʔΫͱҰͭͷ d ΫΥʔΫ͔Β੒Γɼதੑࢠ͸Ұͭͷ u ΫΥʔΫͱ

ೋͭͷ d ΫΥʔΫ͔Β੒ΔɽΫΥʔΫ͔ͭࡾΒ੒ΔཻࢠΛόϦΦϯͱ͍͍ɼΫΥʔΫͱ൓

ΫΥʔΫ͔Β੒Δϝιϯʢதؒࢠʣͱ͍͏ɽόϦΦϯͱϝιϯΛ·ͱΊͯϋυϩϯͱݺͿɽ

෺࣭ؒͷ૬࡞ޓ༻͸ɼ͍ڧ૬࡞ޓ༻ɼి࣓૬࡞ޓ༻ɼऑ͍૬࡞ޓ༻ɼॏྗ૬࡞ޓ༻ͷ࢛छ

ྨ֬ೝ͞Ε͍ͯΔɽ͍ڧ૬࡞ޓ༻ɼి࣓૬࡞ޓ༻ɼऑ͍૬࡞ޓ༻ʹؔͯ͠͸ɼͦΕΒΛഔհ

͢ΔήʔδϘιϯ͕ଘ͠ࡏɼͦΕͧΕάϧʔΦϯɼޫࢠɼWɾZϘιϯʢ·ͱΊͯ΢ΟʔΫ
Ϙιϯͱ͍͏ʣͱݺ͹ΕΔʢ1.2ʣɽάϥϏτϯʢॏྗࢠʣ͸ॏྗ૬࡞ޓ༻Λഔհ͢ΔͱݴΘ
Ε͍ͯΔήʔδϘιϯͰɼ2020೥ Ͱ͋Δɽݟະൃࡏݱ2݄
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ද 1.2: ྗΛഔհ͢Δૉཻࢠ

૬࡞ޓ༻ͷछྨ ήʔδཻࢠ ౸ୡڑ཭ ૬ରతͳ݁߹ఆ਺ͷେ͖͞

༺࡞ޓ૬͍ڧ gʢάϧʔΦϯʣ ʙ10−15m 1
༺࡞ޓ૬ؾ࣓ి γʢޫࢠʣ ∞ 1

137

ऑ͍૬࡞ޓ༻ Z,W±ʢ΢ΟʔΫϘιϯʣ ʙ10−17m ʙ10−5

ॏྗ૬࡞ޓ༻ άϥϏτϯʁ ∞ ʙ10−39

͜ΕʹՃ͑ɼཻ ͱͯ͠ɼ2012೥ࢠΛ༩͑Δཻྔ࣭ʹࢠ 7݄ʹԤभߏػڀݚ֩ࢠݪʢCERNʣ
ͷେܕϋυϩϯিಥܕՃ଎ثʢlarge hadron collider, LHCʣͰώοάεཻ͔ͨͬͭݟ͕ࢠɽ
ඪ४໛ܕʢstandard model, SMʣͱ͸ࣗવքʹ͓͚Δॏྗ૬࡞ޓ༻Ҏ֎ͷ͍ڧɼి࣓ɼऑ

͍૬࡞ޓ༻ʹ͍ͭͯͷૅجཧ࿦Ͱ͋Γɼిऑ૬࡞ޓ༻ʹؔ͢Δάϥγϣʔ-ϫΠϯόʔά-α
ϥϜʢGlashow Weinberg Salam, GWSʣཧ࿦ɼ͍ڧ૬࡞ޓ༻ʹؔ͢Δྔࢠ৭ྗ ʢֶquantum
chromodynamics, QCDʣɼώοάεߏػʹΑΔϑΣϧϛΦϯͷ࣭ྔ֫ಘʹ͍ͭͯͷཧ࿦ɼ
ΫΥʔΫͷੈ୅ؒࠞ߹ʹ͍ͭͯͷখྛɾӹ઒ཧ࿦ͷ૯শͰ͋Δɽ

ඪ४ཧ࿦͸ଟ͘ͷ෺ཧݱ৅Λઆ໌͢Δ͜ͱʹ੒ޭ͍ͯ͠Δ͕ɼ҉ࠇ෺࣭ͷଘࡏɼόϦΦϯ

਺ͷഁΕɼΠϯϑϨʔγϣϯͳͲ͸ඪ४ཧ࿦Ͱ͸આ໌Ͱ͖ͳ͍ݱ৅Ͱ͋Γɼඪ४ཧ࿦Λ௒͑

ͨ৽෺ཧཧ࿦ͷख͕͔ΓʹͳΔͱ໨͞Ε͍ͯΔɽ·ͨɼඪ४ཧ࿦ʹ͸ཧ࿦తʹܾఆ͢Δ͜

ͱͷͰ͖ͳ͍ύϥϝʔλʔʢ25 ɼθCPݸ ΛೖΕΔͱ 26 ʣΛؚΉɽ12ݸ छྨͷΫΥʔΫɾ
Ϩϓτϯͷ࣭ྔ muɼmdɼmcɼmsɼmtɼmbɼmeɼmµɼmτɼmν1ɼmν2ɼmν3 ͱήʔδ૬ޓ૬

Λද͢͞ڧͷ༺࡞ޓ αɼGFɼαS ͱώοάε৔ͷਅۭظ଴஋ͱώοάεཻࢠͷ࣭ྔ vɼmHɼ

ྻߦͱΧϏϘɾখྛɾӹ઒ʢCKMʣྻߦʢPMNSʣాࡔͼɼϙϯςίϧϘɾ຀ɾத઒ɾٴ
Λද͢ θ12ɼθ13ɼθ23ɼδɼλɼAɼρɼη Ͱ͋Δɽ͜Εʹޙड़͢Δɼ

θCP ≃ 0 (1.1)

ΛؚΊΔ৔߹΋͋Δɽ͜ΕΒͷύϥϝʔλʔ͸࣮ݧ΍؍ଌ͔Βܾఆ͞Εɼ্هͷແடংύ

ϥϝʔλʔΛඪ४ཧ࿦Ͱ͸༧͢ݴΔ͜ͱ͸Ͱ͖͍ͯͳ͍ [2]ɽ

1.2 ෺࣭ࠇ҉

Ӊ஦Λߏ੒͢Δ෺࣭ͷ͏ͪඪ४໛ܕͰཧղ͞Ε͍ͯΔ෺࣭ͷׂ߹͸Θ͔ͣ 5% Ͱɼ࢒Γ
ͷ 68%͸҉ࠇΤωϧΪʔɼ27%͸҉ࠇ෺࣭ͱΑ͹ΕΔ΋ͷͰ͋Δ [3]ɽ
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ਤ 1.1: PlanckӴ੕ʹΑΔ؍ଌ݁ՌɽόϦΦϯ෺࣭ɼ҉ࠇ෺࣭ɼ҉ࠇΤωϧΪʔͷׂ߹ [3]ɽ

෺ཧֶͷະղܾ໰୊ͷҰͭͱͯ͠҉ࠇ෺࣭ͷ௚઀ݕग़͕͛ڍΒΕΔɽ҉ࠇ෺࣭͕ଘ͢ࡏ

Δ͜ͱ͸ॏྗϨϯζޮՌͳͲ͔Βؒ઀తʹ͔֬ΊΒΕ͍ͯΔ͕ɼະͩ௚઀ݕग़͞Εͨ͜ͱ

͸ͳ͍ɽ҉ࠇ෺࣭ͷ୳ࠪ๏͸ҎԼͷ 3ͭͷํ๏ʹେผ͞ΕΔ [4]ɽ

• Ճ଎ثΛ༻͍ͯ҉ࠇ෺࣭Λੜ੒͢Δํ๏
• Ӊ஦ۭؒʹඬ͏҉ࠇ෺่࣭͕յͨ͠৴߸Λݕग़͢Δํ๏
• पғʹඬ͏҉ࠇ෺࣭Λݕग़ثͰ௚઀୳ࠪ͢Δํ๏

෺࣭ͷީิͱͯ͠ࠇ҉ weakly interacting massive particlesʢWIMPʣɼΞΫγΦϯɼες
ϥΠϧχϡʔτϦϊͳͲ͕͑ߟΒΕ͍ͯΔɽ

WIMP ͱ͸ 10 GeV/c2 ͔Β਺ TeV/c2 ྖҬʹଘ͢ࡏΔ෺࣭ͱऑ݁͘߹͢ΔཻࢠͰ͋

Δɽݱ୅ͷૉཻࢠ෺ཧֶͰ͸ɼӉ஦ͷԹ౓͕ྫྷ͑ΔʹͭΕͯɼରশੑ͕ഁΕɼSM ͷΤ

ωϧΪʔεέʔϧͷ૬ݱ͕༺࡞ޓΕͨͱ͑ߟΒΕ͍ͯΔɽ͍ߴΤωϧΪʔྖҬʹ͓͍

ͯॏྗҎ֎ͷऑ͍૬࡞ޓ༻ɼి࣓૬࡞ޓ༻ɼ͍ڧ૬࡞ޓ༻Λ౷Ұ͢Δཧ࿦Λେ౷Ұཧ࿦

ʢgrand unified theoryʣͱ͍͏ɽେ౷Ұཧ࿦ͷΤωϧΪʔεέʔϧͱి࣓૬࡞ޓ༻ͷεέʔ
ϧ͕େ͖͘ҟͳ͍ͬͯͯෆࣗવͰ͋Δɽ͜ΕΛղܾ͢ΔͨΊʹಋೖ͞Εͨͷ͕ɼ௒ରশ

ੑʢsupersymmetry,SUSYʣͰ͋Δɽ௒ରশੑͱ͸ϑΣϧϛΦϯͱϘιϯͷؒͷରশੑͰɼ
ද 1.1ɼ 1.2ͷඪ४ཧ࿦ͷཻͦࢠΕͧΕʹର͠ɼ௒ରশੑཻࢠͷϖΞ*1͕ଘ͢ࡏΔ͜ͱ͕༧

,ʢLSPࢠ΋͍ܰ௒ରশੑཻ࠷Ε͍ͯΔɽ͞ݴ lightest supersymmetric particleʣ͸WIMP

*1 ϑΣϧϛΦϯʹ͸ϘιϯͷϖΞɼϘιϯʹ͸ϑΣϧϛΦϯͷϖΞ
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ͷީิͱͳΓ͏Δ [5][6]ɽ
ΞΫγΦϯ͸ Peccei-QuinnରশੑʢPQରশੑʣͷഁΕʹ൐͍͋ΒΘΕΔٖೆ෦-ΰʔϧ

υετϯϘιϯʢpseudo Nambu Goldstone boson, p-NGBʣͰɼ࣭ྔ͕ 0.2 eV/c2 ΑΓܰ

͍ͱ͖ʹ҉ࠇ෺࣭ͷީิͱͳΓ͏Δɽਤ 1.2ͷ੨͍ྖҬ͸ଘ٫͞غ͕ࡏΕͨྖҬ [5]ɽ

ਤ 1.2: ΞΫγΦϯͷ࣭ྔҬɽ੨͍ྖҬ͸ఱମ؍ଌʹΑͬͯ٫͞غΕ͍ͯΔɽϐϯΫͷྖҬ
͸ɼ҉ࠇ෺࣭ͷީิͱͳΓ͏ΔྖҬɽփ৭͸࣮ݧ୳ߦ͕ࡧΘΕ͍ͯΔ/ߦΘΕ͍ͯͨྖҬɽ
࣠͸ΞΫγΦϯͷ࣭ྔ [5]ɽ

χϡʔτϦϊ͸Ӊ஦ʹޫࢠ਺ͱಉఔ౓ଘ͢ࡏΔͨΊɼΘ͔ͣͰ΋χϡʔτϦϊʹ࣭ྔ͕

͋ΔͳΒ͹҉ࠇ෺࣭ͷީิͱͳΓ͏Δɽ͔͠͠ɼ͍ܰχϡʔτϦϊ͸૬ର࿦తʹӡಈ͠ʢ೤

଄Λઆ໌Ͱ͖ͳ͍ͨΊɼχϡʔτϦϊͷΈ͕ߏ໛ن෺࣭͸Ӊ஦ͷখࠇ෺࣭ʣɼ೤͍҉ࠇ҉͍

෺࣭Ͱ͋Δ͜ͱ͸൱ఆ͞Ε͍ͯΔࠇ҉ [7]ɽ
εςϥΠϧχϡʔτϦϊ͸ keV/c2 ྖҬͷ SU(2)×U(1)Y Ұॏ߲χϡʔτϦϊͰ

ʮcusp/core ໰୊ʯΛղܾ͢Δɽcusp/core ໰୊ͱ͸ dark matter halo த৺෦ͷີ౓෼෍
͕ཧ࿦ͱ؍ଌͰ৯͍ҧ͏໰୊ͷ͜ͱͰ͋Δɽཧ࿦Ͱ͸ɼத৺ີ౓෼෍͕ൃ͢ࢄΔ͜ͱʢcusp
ଌʹΑΔͱத৺ີ౓෼෍͕ฏୱʢcore؍଄ʣ͕༧૝͞Ε͍ͯΔ͕ɼߏ ଄ʣͱͳ͍ͬͯΔߏ
[5]ɽ
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1.3 ΤωϧΪʔࠇ҉

ԕํͷ Ia ଌ݁Ռ͔ΒӉ஦͕Ճ଎๲ு͍ͯ͠Δ͜ͱ͕໌Β͔ͱͳͬͨɽ؍௒৽੕രൃͷܕ
ଞʹӉ஦എܠ᫔ࣹ (cosmic microwave background, CMB) ΍όϦΦϯԻڹৼಈ (baryon
acoustic oscillation, BAO) ͳͲͷ؍ଌ݁Ռ΋҉ࠇΤωϧΪʔͷଘࡏΛཪ෇͚͍ͯΔɽΞΠ
ϯγϡλΠϯํఔ͔ࣜΒɼӉ஦ͷ๲ுՃ଎౓ʹ͍ͭͯɼ

ä
a
=−4πG

3
(ρ +3p)+

Λ
3

(1.2)

͕੒Γཱͭɽρ ͸ΤωϧΪʔີ౓ɼp ͸ѹྗɽa ͸εέʔϧҼࢠͱݺ͹ΕΔ͚ͩؒ࣌ͷؔ

਺ͰӉ஦͕શମͱͯ͠๲ுͨ͠Γऩॖͨ͠Γ͢Δई౓Λද͢ɽӈลୈҰ߲͸௨ৗͷΤωϧ

Ϊʔ੒෼ ρ + 3p ͕ਖ਼Ͱ͋Δ͔ΒෛͱͳΔɽ͜Ε͸Ӊ஦͕ऩॖ͢Δ͜ͱΛࣔ͢ɽӉ஦ఆ਺

ʢӈลୈೋ߲ʣ͸ྺ࢙తʹ͸ΞΠϯγϡλΠϯʹΑͬͯɼ෺࣭ͷॏྗΛଧͪফͯ͠੩ࢭӉ

஦ͱ͢ΔͨΊʹಋೖ͞Εͨɽ๲ுӉ஦͸ਖ਼ͷӉ஦ఆ਺ʹΑͬͯ؆୯ʹઆ໌Ͱ͖Δɽ͜ͷଞ

ʹɼ·͍͔ͩͯͬͭݟͳ͍ΤωϧΪʔ͕ଘ͢ࡏΔͱओு͢Δཱ৔΋͋Δɽ͜ͷະ஌ͷΤω

ϧΪʔΛ҉ࠇΤωϧΪʔͱݺͿ [8]ɽ
ຊڀݚͷۃڀతͳ؍ଌର৅͸σΟϥτϯͱݺ͹ΕΔεΧϥʔ৔ͷҰछͰ͋ΔɽσΟϥτ

ϯ͸ɼ༗ݶ౸ୡڑ཭ͷॏྗݯͱ΋ଊ͑ΒΕɼ҉ࠇΤωϧΪʔݯͷީิͱͳΔɽ௕͍য఺ڑ཭

ͷύϥϘϥϛϥʔΛ༻͍ͯ GHzଳϚΠΫϩ೾Λूޫ͢Δ͜ͱʹΑΓσΟϥτϯ͕༧૝͞Ε
ΔΤωϧΪʔྖҬͷ୳ࡧΛ͜͏ߦͱ͕Ͱ͖Δɽ

1.4 ରশੑͷഁΕͱΞΫγΦϯ

ରশੑͷഁΕ͸ɼ࣍ͷࡾछྨʹ෼ྨ͞ΕΔɽ

• ໌ࣔతͳରশੑͷഁΕ
• ࣗൃతͳରশੑͷഁΕ
• ҟৗʹΑΔରশੑͷഁΕࢠྔ

ೆ෦-Goldstone ఆཧʹΑΔͱɼܥͷେҬత࿈ଓରশੑ͕ࣗൃతʹഁΕͨ৔߹ɼഁΕͨର
শੑͷ਺͚࣭ͩྔ 0ͷཻࢠʢNambu Goldstone boson, NGBʣ͕৽ͨʹग़͢ݱΔɽͨͩ͠ɼ
HiggsߏػͰ͸ NGB͕ൃੜ͢Δ͔ΘΓʹήʔδ৔͕࣭ྔΛ֫ಘ͢Δɽ
ඪ४໛ܕͷ QCD Lagrangian ͸ CP ରশͳ߲ͱ CP ඇରশͳ߲͕ଘ͢ࡏΔɽྵ࣭ྔ

ͷΫΥʔΫ͔ΒͳΔܥͷ QCD Lagrangian ͸͍ڧ૬࡞ޓ༻ʹؔͯ͠ SUL(3)× SUR(3)×
UV (1)×UA(1) ม׵ʹରͯ͠ରশͰ͋ΔɽSUL+R(3) ରশੑ͕ࣗൃతʹഁΕΔ͜ͱʹΑΓɼ

pNGB ͱͯ͠ π0ɼπ±ɼK0ɼK0ɼK± ͱ η த͕ؒࢠग़͢ݱΔɽUA(1) ରশੑ͕ࣗൃతʹഁ
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ΕΔ͜ͱʹΑΓ η ′ த͕ؒࢠग़͢ݱΔɽπ0 தؒࢠͱ η ′ தؒࢠͷ࣭ྔ͸ɼ

mη ′ ≤
√

3mπ0 (1.3)

ͱ༧૝͞Ε͍ͯΔ͕ɼ࣮ݧʹΑΔͱ mπ = 135MeV/c2ɼmη ′ = 985MeV/c2 ͕ಘΒΕΔɽ͜

ͷໃ६Λ U(1)A ໰୊ͱ͍͏ɽCP ରশͰ͋Δ QCD Lagrangian ʹ৽ͨʹ CP ରশͰ͸ͳ͍
߲ΛՃ͑Δ͜ͱʹΑΓɼ͜ͷ໰୊͸ղܾ͞ΕΔɽ

LSM = L0 +
g2θCP

32π2 Gα
µν G̃µν

α (1.4)

Ga
µν ͸άϧʔΦϯ৔ͷ͞ڧςϯιϧͰ͋Δɽ͜͜Ͱ৽ͨʹಋೖ͢ΔਅۭΛ θ ਅۭͱݺͿɽ
৔ͷྔࢠ࿦ʹ͓͚Δਅۭʢࣗ༝ਅۭʣͱ͸ɼཻࢠͷ૯ݸ਺ԋࢠࢉͷݻ༗஋ 0 ΛͱΔঢ়ଶͰ
͋Δɽ૬࡞ޓ༻͕ଘ͢ࡏΔ৔߹͸ɼཻࢠͷԾ૝తͳੜ੒ͱফ໓ʹΑΓਅۭภ͖ى͕ۃΔͨ

Ίఆৗঢ়ଶͰ͸ͳ͘ͳΔɽࣗ༝৔ͱ૬࡞ޓ༻Λ෼཭͠ͳ͍ϋΠθϯϕϧάදࣔͰ͸ਅۭภ

௿Τω࠷ఆٛ͞Εͳ͍ͨΊɼϋϛϧτχΞϯͷ͕ࢠࢉ਺ԋݸʹͳ͍୅ΘΓ͖ىͷ໰୊͸ۃ

ϧΪʔݻ༗஋ΛͱΔঢ়ଶ͕ਅۭͱఆٛ͞ΕΔɽ

ΠϯελϯτϯͷڀݚʹΑΓ͖ר෇͖਺Ͱ۠ผ͞ΕΔΑ͏ͳઁಈ࿦తͳਅۭͷߏ଄͕ଘ

෇͖਺Λ͖רΔ͜ͱ͕෼͔ͬͨɽ͜ͷਅۭ͸͍ͯ͠ࡏ 1 ͚ͩม͑Δήʔδม׵ T1 ʹର͠

ͯෆมͰ͸ͳ͍ɽͦ͜Ͱ৽ͨʹ T1 ʹରͯ͠ήʔδෆมͳ͖͖ͭר਺ʹ͍ͭͯແݶʹॖୀ͠

ͨਅۭ͕ಋೖ͞Εͨɽ͜ͷਅۭΛ θ ਅۭͱݺͼɼ༗ޮϥάϥϯδΞϯʹແݩ࣍ύϥϝʔλ
θCP ͕ೖΔʢࣜ 1.4ʣɽ
ͱ͜Ζ͕ɼதੑؾిࢠ૒ࢠۃϞʔϝϯτͷଌఆΑΓɼ

|θCP|! 10−9 (1.5)

ͱͳ͓ͬͯΓɼඪ४ཧ࿦ͷϑϦʔύϥϝʔλͷҰ͕ͭ 0 ͱͳΓɼෆࣗવͰ͋Δɽ͜ͷ໰୊
Λ͍ڧ CP໰୊ͱ͍͏ɽ
ͦ͜Ͱɼ৽ͨʹ Peccei-Quinnରশੑ UPQ(1)Λಋೖ͢Δ͜ͱʹΑΓ͍ڧ CP໰୊Λղܾ

͢ΔɽΞΫγΦϯ͸ PQ ରশੑͷࣗൃతഁΕʹ൐͍ग़͢ݱΔཻࢠͰ͋Δɽ৽ͨͳϥάϥϯ
δΞϯ͸ɼ

LSM = L0 +
1
2

∂µ φa∂ µ φa +
g2

32π2 (θCP +
φa

fa
)Gα

µν G̃µν
α (1.6)

ͱॻ͖௚͢͜ͱ͕Ͱ͖Δ [9]ɽӈลୈ߲ࡾ

θCP +
φa

fa
(1.7)

͕ 0ͱͳΕ͹ྑ͘ɼ
|θCP|∼−φa

fa
(1.8)

ΞΫγΦϯͷಋೖʹΑͬͯɼϑϦʔύϥϝʔλͷҰͭ θCP ͕ 0 ͱͳͬͯ͠·͏໰୊͕ղܾ
͞ΕΔɽ
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2.1 ४ฏࢠޫ-ࢠޫߦিಥܥ
࣭ྔ 135MeV/c2 ͷதੑ π தؒࢠ΍࣭ྔ 126GeV/c2 ͷώοάεϘιϯͳͲ 2 ่ʹࢠޫ

յ͢ΔΑ͏ͳཻ͕ࢠ 3 ܻҟͳΔΤωϧΪʔྖҬʹଘ͢ࡏΔɽ͜ΕΒͷཻࢠҎ֎ʹ΋ 2 ࢠޫ
ͱڞ໐͢Δະ஌ཻ͕ࢠଘ͢ࡏΔՄೳੑ͕͋Δ [12]ɽޫࢠରΛিಥͤ͞ɼ2 յ͢Δ่ʹࢠޫ
ཚʢγγࢄ໐ڞͱͰɼະ஌৔Λհͨ͜͢͜͠ىաఔΛٯ → φ → γγʣΛ୳͢ࡧΔ͜ͱ͕Ͱ͖
Δɽిࢠཅిࢠিಥ࣮ݧͰ͸Ծ૝ޫࢠର͔Βͷ π0 தؒࢠੜ੒͕؍ଌ͞Ε͓ͯΓɼԾ૝౓͕

௿͍ޫ͔ࢠΒ΋ੜ੒͞Ε͍ͯΔ [10][11]ɽ
GHzଳϚΠΫϩ೾Λ͔͢Γিಥͤ͞Δ͜ͱʹΑΓ௿͍ॏ৺ܥΤωϧΪʔͰͷࢄཚ͕࣮ݱ

Ͱ͖ɼµeV࣭ྔҬͷ ରΛ͔͢ΓিࢠΔ͜ͱ͕Ͱ͖Δɽޫ͢ࡧ໐͢Δະ஌৔Λ୳ڞͱࢠ2ޫ
ಥͤ͞ΔͨΊʹɼ௕͍য఺ڑ཭ͷύϥϘϥΛ༻͍ͯ GHzଳϚΠΫϩ೾Λूޫ͢Δɽ୳࣮ࡧ
ߟΛڹͰ͸ੜ੒༻ͱ༠ಋ༻ͷΤωϧΪʔͷҟͳͬͨϚΠΫϩ೾Λ༻͍Δɽഒ೾ͳͲͷӨݧ

ྀ͠ΤωϧΪʔͷൺ͕੔਺ൺͱͳΒͳ͍Α͏ઃఆ͢Δɽੜ੒༻ϚΠΫϩ೾ͷΤωϧΪʔΛ

ωɼ༠ಋ༻ϚΠΫϩ೾ͷΤωϧΪʔΛ uω ͱ͢Δͱɼ͜ͷաఔͷޫࢠͷ࢝ঢ়ଶͱऴঢ়ଶ͸ɼ

ω +ω → (2−u)ω +uω (2.1)

ͱͳΔ [13]ɽ
িಥΤωϧΪʔ͸ɼܥিಥʹ͓͚Δॏ৺ࢠޫ

ECMS = 2ω sinϑ (2.2)

ͱͳΔɽ
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ਤ 2.1: ४ฏࢠޫ-ࢠޫߦিಥܥͰ͸ޫࢠରΛઙ͍֯౓Ͱিಥͤ͞Δ͜ͱͰ௿࣭ྔͷڞ໐ੜ੒
͕Մೳɽ͜ΕʹΑΓ µ-eV/c2 ఔ౓ͷ࣭ྔҬͰͷ୳͕ࡧͰ͖Δ [1]ɽ

͞ΒʹɼίώʔϨϯτޫಉ࢜Λࢄཚͤ͞Δ͜ͱʹΑΓɼ֬཰͕ GHzଳϚΠΫϩ೾ͷڧ౓
ͷ 3৐ʹൺྫ͢ΔΑ͏ͳ 2ମࢄཚΛ͜͢͜ىͱ͕Ͱ͖Δɽ

2.2 ༠ಋ

ੜ੒༻ͷϚΠΫϩ೾ͱ༠ಋ༻ͷϚΠΫϩ೾ͷ໾ׂʹ͍ͭͯड़΂Δɽڞ໐Λ੍ڧతʹ༠ಋ

่յͤ͞Δ͜ͱʹΑΓ௕ण໋ͷ৔Ͱ͋ͬͯ΋؍ଌ͢Δ͜ͱ͕Ͱ͖Δɽ༠ಋޫΛಋೖ͢Δ͜

ͱͰɼ่յޫࢠରͷҰํ͸༠ಋޫͱ౳͍͠೾௕ʹ༠ಋ͞ΕΔɽ΋͏Ұํͷ่յޫࢠ͸ӡಈ

ྔɾΤωϧΪʔอଘΛຬͨ͢೾௕ͱͳΔ [1][13]ɽ
ਤ 2.1 ͷ྘৭ͷޫಉ࢜ͷࢄཚ͕؍ଌର৅ͷޫࢄࢠޫ-ࢠཚͰ͋Δɽऴঢ়ଶͷ่յೋޫࢠͷ

͏ͪҰํΛ੺৭ͷޫʹࢦఆ͢ΔޮՌ͕༠ಋͰ͋Δɽ΋͏Ұํͷ่յޫࢠͷ೾௕͸ӡಈྔɾ

ΤωϧΪʔอଘଇ͔ΒҰҙʹఆ·Γɼਤͷ੨৭ͷ৴߸ޫͱͯ͠؍ଌ͞ΕΔɽ

2.3 ຊڀݚͷ໨త

কདྷͷޫࢄࢠޫ-ࢠཚΛ༻͍ͨະ஌৔୳ݧ࣮ࡧͰ͸ɼ௚ܘ਺ mɼয఺ڑ཭਺े mͷඇ࣠์
෺໘ڸΛ࣮૷͢Δ͜ͱ͕ཁ͞ٻΕ͍ͯΔɽ·ͨɼGHzଳϚΠΫϩ೾Λ༻͍Δ͜ͱʹΑͬͯ
µeV/c2 ࣭ྔҬͷ৔Λ୳͢ࡧΔ͜ͱ͕Ͱ͖Δ [1]ɽ
ຊڀݚͷ໨త͸ɼয఺ڑ཭͕Մมͳඇ࣠์෺໘ڸͷઃܭɾௐ੔ํ๏Λཱ֬͠ɼௐ੔๏ͳͲ



ୈ 2ষ ܠഎڀݚ 9

Λशಘ͢ΔͨΊͷϓϩτλΠϓΛ͢࡞ࢼΔ͜ͱͰ͋Δɽয఺ڑ཭͕ՄมͰ͋Δ͜ͱͷ࠷େ

ͷར఺͸ࢄཚ֯ ϑ Λม͑Δ͜ͱͰ୳ྖࡧҬΛมߋͰ͖Δ͜ͱʹ͋Δɽ3 ষͰઆ໌͢Δɼೋ
৭ͷޫΛࠞ߹͢Δޫݯʢಋ೾؅ͱి࣓ϗʔϯ෦෼ʣͳͲ͸ɼ֓ࡏݱ೦ઃܭͷஈ֊ʹ͋Δɽ͜

ΕΒͷઃܭͷมߋʹॊೈʹରԠՄೳͰ͖Δඞཁੑ͔Β΋ɼয఺ڑ཭Λ༰қʹมߋɾௐ੔Ͱ͖

Δߏػͷ։ൃ͸ɼޫֶܥશମͷઃܭΛ͢Δ্Ͱॏཁͳ՝୊Ͱ͋Δɽ
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ୈ 3ষ

ܥֶޫ

ຊষͰ͸ɼ֓೦ઃܭͷஈ֊ʹ͋Δ҉ࠇ෺࣭୳ݧ࣮ࡧͷޫֶܥʹ͍ͭͯઆ໌͢Δɽ

ͷ֓ཁਤΛਤܥͷޫֶݧ࣮ࡧ෺࣭୳ࠇ҉ 3.1ʹࣔ͢ɽ

ਤ 3.1: ཁɽಋ೾؅Ͱ֓ܥֶޫ 2 ৭ͷ GHz ଳϚΠΫϩ೾Λࠞ߹͠ɼࣗ༝ۭؒʹϗʔϯΞ
ϯςφ͔Β์ग़͠͞Εͨ GHz ଳϚΠΫϩ೾Λ 2 ૊ͷύϥϘϥΛ༻͍ͯूޫ͢Δɽ2 ৭ͷ
GHzଳϚΠΫϩ೾ͷͦΕͧΕͷภޫΛଗ͑ΔภޫࢠͳͲͷޫֶૉࢠΛઃஔ͢ΔͨΊʹɼҰ
౓ϏʔϜΛฏߦԽ͍ͯ͠Δɽ
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3.1 ϚΠΫϩ೾

ి࣓೾͸ৼಈ਺ʢ೾௕ɾΤωϧΪʔʣ͝ͱʹ෼ྨ͞ΕΔʢਤ 3.2ʣɽҰൠతʹϚΠΫϩ೾
͸ 300 MHz͔Β 300 GHzͷి೾Λ͢ࢦɽ͜ͷྖҬʹ͸ UHFʢultra high frequencyʣ೾ɼ
SHFʢsuper high frequencyʣ೾ɼϛϦ೾ɼαϒϛϦ೾ΛؚΉɽຊ࿦จͰ͸ GHz ଳϚΠΫ
ϩ೾ͱ͸ 1 GHz͔Β 10 GHzͷ೾௕ଳͷϚΠΫϩ೾Λ͢ࢦɽ

ਤ 3.2: ి࣓೾ͷछྨ [14]

3.2 ൃৼث

GHz ଳͷ৴߸ݯͱͯ͠ɼถ Mini-Circuits ࣾͷ Synthesized Signal GeneratorʢSSG-
6000RCʣΛ༻͍Δɽप೾਺͸ 25ʙ6000 MHz ͷؒͰมߋՄೳͰɼ-65ʙ+14 dBm ͷڧ౓
ͷύϧεޫʢۣܗ೾ʣٴͼ࿈ଓޫΛ์ग़Մೳʢ࣮ݧͰ༻͍ͨ 3.5 GHz͸ 10 dBm·ͰʣͰ
͋Δɽ

dBmʢσγϕϧϛϦϫοτʣͱ͸ɼిྗͷ୯ҐͰిྗ P[mW]ͱͷؔ܎͸ɼ

x[dBm] = 10log10
P

1[mW] (3.1)

Ͱද͞ΕΔɽ

USB/Ethernet ʹΑΓ PC ΑΓૢ࡞ՄೳͰɼి࣓ϗʔϯͱಉ࣠έʔϒϧʢN ίωΫλʣܕ
Ͱ઀ଓ͞Ε͍ͯΔɽ
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ਤ 3.3: Mini-Circuitsࣾ SSG-6000RC

3.3 ి࣓ϗʔϯ

ಉ࣠έʔϒϧΛ఻ΘΔ৴߸͸ಋ೾؅ʹ઀ଓ͞ΕΔɽಉ࣠έʔϒϧͷਊઢ͕ಋ೾؅ఈ෦ͷ

ಥىͱɼಉ࣠έʔϒϧͷ֎ઢ͕ಋ೾؅ຊମͱ઀ଓ͞Ε͍ͯΔɽਤ 3.4 ͷۜ৭ͷ෦෼Λಋ೾
؅ͱݺͼɼஅ໘ੵ͕ҰఆͰ͋Δɽಋ೾؅಺Λ఻ΘΔి࣓೾͸ɼి࣓ϗʔϯ෦ʹೖΓঃʑʹ؅

ͷஅ໘ੵΛେ͖͘͠ͳ͕Βɼ࠷ऴతʹ͸ࣗ༝ۭؒ΁ͱ์ग़͞ΕΔɽঃʑʹஅ໘ੵΛม͑Δ

ͷ͸ɼಋ೾؅ʢ͋Δ͍͸ಉ࣠έʔϒϧʣͱࣗ༝ۭؒͰͷΠϯϐʔμϯεΛ׈Β͔ʹ੔߹ͤ͞

ΔͨΊͰ͋Δɽࣗ༝ۭؒʢେؾதʣͷΠϯϐʔμϯε Z ͸ɼۭؾதͷ༠ి཰ ε ͱಁ࣓཰ µ
Λ΋͍ͪͯɼ

Z =

√
µ
ε (3.2)

ͱॻ͚Δɽ

ถ Pasternack Enterprises ࣾͷ PE9863/NF10 Λ༻͍Δɽ࠷େͷग़ྗ͸ 10 dBm Ͱɼਫ
ฏํ޲ͷϏʔϜΞύʔνϟʔʢਤ 3.4 ͷ։ޱ෦͔Β์ग़͞ΕΔϏʔϜ͕͕޿Δ֯౓ʣ͸
54.1 deg.ɼਨ௚ํ޲͸ 50.8 deg.ʢ൒஋෯ʣͰ͋Δ [15]ɽ
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ਤ 3.4: ి࣓ϗʔϯ PE9863/NF10ɽը໘खલ։ޱ෦͔ΒϚΠΫϩ೾͕์ग़͞ΕΔɽ

3.4 ύϥϘϥϛϥʔ

Ξϯςφ͕ೖࣹޫΛ๦͠֐ͳ͍ͨΊʹ͸ඇ࣠ύϥϘϥ͕ඞཁͰ͋ΔɽೖࣹϏʔϜத৺࣠

ʹର͠ਫฏํ޲ʹ 1.5 m ͣΕͨয఺Λͭ࣋ύϥϘϥ໘Λ੡ͨ͠࡞ɽઐ໳ऀۀʹൃ஫͢Δ͜
ͱ΋ݕ౼͕ͨ͠ɼ10 cm ఔ౓ͷ೾௕Λ൓ࣹ͢ΔͨΊʹ͸ɼmm ఔ౓ͷද໘ͷՃ޻ਫ਼౓͕Ͱ
े෼Ͱ͋ΔͨΊɼࣗ࡞ՄೳͰ͋Δͱ൑அͨ͠ɽ·ͨɼয఺ڑ཭ΛՄมͳઃܭͱ͢Δ͜ͱͰɼ

Δະ஌৔ͷ࣭ྔྖҬΛม͑Δ͢ࡧΔ͜ͱͰɼ୳͢ߋΤωϧΪʔΛมܥཚͷॏ৺ࢄࢠޫ-ࢠޫ
͜ͱ͕ՄೳͱͳΔɽ4ষͰয఺ڑ཭ΛՄมʹͰ͖Δߏػͷઃܭɾ։ൃʹ͍ͭͯड़΂Δɽ



ୈ 3ষ ܥֶޫ 14

ਤ 3.5: ύϥϘϥϛϥʔ

3.5 ϧʔϓΞϯςφ

ϧʔϓΞϯςφ͸ੑ޲ࢦ͸ 8 ͷܕࣈͰϧʔϓ໘಺͔Β౸དྷ͢Δి೾ʹײ౓͕͋Δ͕ʢਤ
3.7ʣɼϧʔϓ໘ʹਨ௚ํ͔޲Β౸དྷ͢Δి೾ʹؔͯ͠͸ײ౓͕ͳ͍ɽ࠷େڧ౓ʹର͢Δ࠷খ
౓͸ڧ 5.1×10−4 ഒͰ͋Δ [16]ɽ
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ਤ 3.6: ϧʔϓΞϯςφ

ਤ 3.7: ϧʔϓΞϯςφײ౓ͷํ޲ґଘੑɽԁपํ޲͸౓਺Λɼ൒޲ํܘ͸ੵ෼ڧ౓ [mW]
Λର਺ද͍ࣔͯ͠Δ [16]ɽ

ϧʔϓΞϯςφ͸ɼϗʔϯ͔Β์ग़ͨ͠ϚΠΫϩ೾ͷϏʔϜϓϩϑΝΠϧΛଌఆ͠ूޫ

Λ֬ೝ͢Δ͜ͱ΍ɼϏʔϜ఻ൖ໘಺ͰͷภޫΛଌఆ͢Δ༻్ʹ༻͍Δɽ

3.6 εϖΫτϥϜΞφϥΠβ

εϖΫτϥϜΞφϥΠβͱ͸प೾਺͝ͱͷిྗʢ͋Δ͍͸ిѹʣΛଌఆ͢ΔثػͰ͋Δɽ

༻͍Δͷ͸ɼtektronixࣾ੡εϖΫτϥϜΞφϥΠβ RSA306BͰଌఆՄೳৼಈ਺͸ɼ9 kHz
ʙ6.2 GHz Ͱ͋Δɽ-160ʙ+20 dBm ͷೖྗϨϕϧͷ৴߸Λ෼ղೳ 1Hz Ͱଌఆ͢Δ͜ͱ͕
Ͱ͖Δɽ
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ਤ 3.8: tektronixεϖΫτϥϜΞφϥΠβ RSA306B

ϗʔϯΞϯςφ͔Β์ग़ͨ͠ 3 GHzɼ10 dBm ͷۣܗ೾Λਤ 3.6 ͷϧʔϓΞϯςφͱε
ϖΫτϥϜΞφϥΠβΛ༻͍ͯଌఆͨ݁͠Ռ͕ҎԼͷਤ 3.9 Ͱ͋Δɽ3 GHz ͷి࣓೾͕ਖ਼
ࣗ͘͠༝ۭؒʹ์ग़͞Ε͍ͯΔɽ

ਤ 3.9: 3 GHzɼ10 dBmͷۣܗ೾ΛεϖΫτϥϜΞφϥΠβͰଌఆͨ͠ɽ
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ୈ 4ষ

ඇ࣠์෺໘ڸͷ੡࡞

4.1 ์෺໘ͷઃܭ

ຊڀݚͰ͸ɼޫֶܥͷઃܭ͸زԿޫֶʹߦ͍ͯͮجͳ͕ͬͨɼి࣓೾ͷ఻ൖ͸೾ಈํఔ

ࣜͰهड़͞ΕΔɽ·ͨɼྔֶྗࢠͷෆ֬ఆੑݪཧ͔ΒޫΛҰ఺ʹूޫ͢Δ͜ͱ͸ෆՄೳͰɼ

ूޫ఺෇ۙͰ͸͋Δ෯Λྖͨͬ࣋Ҭʹ͍ͯ͠ࡏہΔ*1ɽ্هͷೋ఺ʹཹҙ͢Δඞཁ͕͋Δ

΋ͷͷɼزԿޫֶͷۙे͕ࣅ෼ʹ੒ཱ͢ΔεέʔϧͰޫֶܥΛ࣮૷͢Δ͜ͱͰɼࢄཚ֯ ϑ
ͷෆఆੑͷӨڹΛখ͘͞Ͱ͖ΔͳͲͷར఺΋͋Δɽ͜Ε͸ɼࢄཚͷॏ৺ܥΤωϧΪʔ ECMS

ͷෆఆੑΛখ͘͢͞Δ͜ͱʹͭͳ͕Δɽ

ճస์෺໘ʢ์෺ઢΛ࣠ͷपΓʹ 180 ౓ճసͯ͠ಘΒΕΔۂ໘ʣʹ࣠ͱฏߦʹೖࣹ͠
ͨޫ͸શͯ์෺໘ͷয఺Λ௨Δɽ์෺໘ͷҰ෦෼ΛύϥϘϥͱͯ͠༻͍ͨɽϏʔϜ௚ܘ͸

45 cmɼয఺ڑ཭͸ f = 500 cmɼඇ࣠֯ʢճస์෺໘ͷ௖఺ͱয఺ͱύϥϘϥத৺ͷͳ͢

֯౓ʣθ ͸ɼ
tanθ =

3
10

(4.1)

Λຬͨ͢ઃܭͱͨ͠ɽޙड़͢ΔΑ͏ʹɼϨʔβʔΛ༻͍ͯϛϥʔ໘ͷௐ੔͢Δ͜ͱ͔Βࣨ

಺Ͱͷ࣮͕ݧཁ͞ٻΕΔɽ࣮ݧ૷ஔΛઃஔͰ͖Δεϖʔεͷཁ੥Ͱɼয఺ڑ཭Λ 5 m ͱ͠
ͨɽকདྷతʹ͸ɼয఺ڑ཭ΛԆ௕͠ɼࣜ 2.2ͷॏ৺ܥΤωϧΪʔΛԼ͛Δ͜ͱʹΑΓɼ͞Β
ͳΔ௿࣭ྔҬͰͷ୳ࡧΛ໨͢ࢦɽ

ճస์෺໘ͷࣜ͸ɼ

z =
1

4 f
(x2 + y2) =

1
2000

(x2 + y2) (4.2)

ͱͨ͠ɽ͜ͷ์෺໘ͷ
{
−172.5 ≤ x ≤−127.5
−25 ≤ y ≤ 25

(4.3)

*1 ճંݶքͱ͍͏ɽෆ֬ఆੑ͔ؔ܎ΒӡಈྔʹԠܾͯ͡·Δɽ
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෦෼ΛύϥϘϥͱͯ͠༻͍ͨɽ

ਤ 4.1: ্͕ઃ์ͨ͠ܭ෺໘ͷஅ໘ͱͳΔ์෺ઢɽԼ͸௚ઢɽ์෺ઢ͸Θ͔ͣʹԼʹತʹ
ͳ͍ͬͯΔɽ

ਤ 4.2ɼਤ 4.3ͷΑ͏ʹɼύϥϘϥʹฏߦϏʔϜ͕ೖࣹͨ͠ࡍʹɼϏʔϜ͔࣠Β 1.5m཭
Εͨɼಉ͡͞ߴͷ఺ʹয఺Λ݁ͿΑ͏ઃͨ͠ܭɽ

ਤ 4.2: য఺ͷਫฏҐஔɽਅ্͔Βͨݟਤɽ

ਤ 4.3: য఺ͷਨ௚Ґஔɽਅԣ͔Βͨݟਤɽ

4.2 ΞΫϦϧ൘Λ༻͍ͨۂ໘ۙࣅ

Λͭڸ੒͢Δํ๏΍ɼ෼ׂܗ໘Λڸͯ͠༺൓ԠΛརڸ๏Ҏ֎ʹ΋ɼۜํͨ͠࡞੡ʹࡍ࣮

ͳ͗߹ΘͤΔํ๏ͳͲ΋ݕ౼͕ͨ͠ɼ͍ͣΕͷํ๏Ͱ΋ۂ཰ͷௐ੔͸༰қʹ͸͑ߦͳ͍ͱ

൑அ͠ɼฏ໘Λมۂͯͤ͞ܗ໘Λ࣮͢ݱΔํ๏Λ༻͍Δ͜ͱͱͨ͠ɽਤ 4.1ʹ͋ΔΑ͏ʹɼ
์෺໘͸΄ͱΜͲฏ໘ͱΈͳͤΔ͜ͱ͔Β΋ฏ໘൘Λมͤ͞ܗΔํ๏Ͱे෼ʹ੡࡞ՄೳͰ



ୈ 4ষ ඇ࣠์෺໘ڸͷ੡࡞ 19

͋Δͱͨ͑ߟɽ͜ͷํ๏͸σΟϑΥʔϚϒϧϛϥʔͱݺ͹ΕΔޫֶૉ͔ࢠΒண૝Λಘͨɽ

σΟϑΥʔϚϒϧϛϥʔͱ͸ɼਤ 4.4ʹ͋ΔΑ͏ʹڸͷද໘Λมͯͤ͞ܗɼ൓ࣹޫͷ೾໘Λ
Ͱ͋ΔɽࢠҰʹิਖ਼͢ΔͨΊʹ༻͍Δૉۉ

ਤ 4.4: σΟϑΥʔϚϒϧϛϥʔͷಈݪ࡞ཧɽਤ্͔Β೾໘͕ཚΕ͍ͯΔ೾͕ೖࣹ͍ͯ͠
ΔɽࠨԼͷηϯαͰ೾໘ͷཚΕΛಡΈऔΓɼ্ࠨͷϛϥʔΛม͠ܗɼ೾໘Λิਖ਼͢Δ [17]ɽ

์෺໘Λද͢ݱΔͨΊʹɼޫ୔໘ΛషΓ෇͚ͨΞΫϦϧ൘ʢް͞ 3 mmʣΛ͚܏Δ/͛ۂΔ
͜ͱ͕Ͱ͖ΔߏػΛઃܭɾ੡ͨ͠࡞ɽॎ 50 cmɼԣ 45 cmͷ์෺໘Λॎ 10 cmɼԣ 45 cm
ʹ 5෼ׂ͠ɼͦΕͧΕͷ૚Λ෯ 10 cmͷΞΫϦϧ൘Λ͛ۂΔ͜ͱͰ์෺໘Λ࣮ͨ͠ݱʢਤ
3.5ʣɽ͖݀͋ϘʔυΛ஍໘ʹਨ௚ʹཱͯɼ2ຊͷ௿಄Ͷ͡ͰΞΫϦϧ൘Λݻఆ͠ɼϛϥʔ໘
ͷཪଆ͔Β 12ຊͷ௏Ͷ͡ͰΞΫϦϧ൘Λԡ͢͜ͱʹΑΓύϥϘϥͷۂ໘Λ࣮ͨ͠ݱɽ

ਤ 4.5: ্͔ΒͨݟύϥϘϥͷߏػਤɽཪ͔ΒϘϧτͰΞΫϦϧ൘Λԡ͍ͯͯ͛͠ۂΔɽ

ύϥϘϥͷॎํ޲ͷۂ໘Λ࣮͢ݱΔͨΊɼ֤ஈʹԠͨ͡ຕ਺ͷΰϜϫογϟʔΛ͖݀͋
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ϘʔυͱΞΫϦϧ൘ͷؒʹڬΜͰ௿಄Ͷ͡Ͱݻఆͨ͠ɽ1 ஈ໨ͷ্ͷͶ͡ʹ͸ 3 ຕͷΰϜ
ϫογϟʔɼԼͷͶ͡ʹ͸ 2 ຕͷΰϜϫογϟʔΛڬΉ͜ͱʹΑΓɼਤ 3.5 Ͱ͸ 1 ஈ໨ͷ
ΞΫϦϧ൘ͷ্෦Λը໘खલʹ͔ͤ܏Δ͜ͱ͕Մೳʹͳͬͨɽ·ͨɼ͜Εͱ 2 ྻͷͶ͡Ͱ
ཪ໘͔Βԡ͠ग़͢͜ͱʹΑΓઞΓ֯΋ௐ੔Ͱ͖Δɽ͜͜ͰઞΓ֯ͱ͸ɼϛϥʔͷਨ௚ํ޲

ͷۂ໘Λ 5ຕͷΞΫϦϧ൘Ͱۙ͢ࣅΔࡍͷ֯౓Λ͍͏ʢਤ 4.7ʣɽ

ਤ 4.6: ԣ͔ΒͨݟύϥϘϥͷߏػਤɽΞΫϦϧ൘ͷཪʹΰϜϫογϟʔΛڬΈɼΞΫϦϧ
൘ͷ্෦ͱԼ෦Ͱ͕͞ߴҟͳΔΑ͏ઃஔ͍ͯ͠Δɽ
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ਤ 4.7: ԣ͔ΒͨݟύϥϘϥߏػʢৄࡉʣ

4.3 ϨʔβʔޫΛ༻͍ͨύϥϘϥۂ཰ௐ੔

ύϥϘϥϛϥʔ͕ GHzଳϚΠΫϩ೾Λਖ਼͘͠ूޫ͍ͯ͠Δ͜ͱΛ֮ࢹతʹ֬ೝ͢Δ͜ͱ
͸ඇৗʹࠔ೉Ͱ͋ΔɽزԿޫֶʹ͍ͨͮجύϥϘϥͷয఺ڑ཭͸ޫͷ೾௕ʹґଘ͠ͳ͍ͨ

Ίɼޫ࿏ͷ͕࡯؍༰қͳ྘৭ϨʔβʔޫΛ༻͍ͯύϥϘϥͷूޫੑೳΛධՁͨ͠ɽHuepar
ࣾ੡ BOX01GܕϨʔβʔ๽ग़͠ثʢϨʔβʔ೾௕ 510ʙ530nmʣΛ༻͍ͨɽ͜ͷޫݯ͸ɼ
ॻܩ৔ͳͲͰਫฏઢ΍Ԗ௚ઢͳͲΛݱஙݐΔϨʔβʔޫΛࣹग़͢Δ΋ͷͰɼ͢ࢄൃʹܕࣈे

͘༻్ʹ༻͍ΒΕΔɽ਺ 10 cmͷϏʔϜ෯Λͪ࣋ฏߦͳϨʔβʔޫΛ࣮͢ݱΔ͜ͱ͸ࠔ೉
ͳͨΊɼҰ఺͔Βઢ্ͷϨʔβʔΛࣹग़͠ύϥϘϥͰ൓ࣹͤ͞ɼ൓ࣹ૾ͷ௕͕͞ϏʔϜ఻ൖ

໘಺ͰҰఆͱͳΔΑ͏ʹύϥϘϥͷۂ཰Λௐ੔ͨ͠ɽύϥϘϥͷয఺ͱ͍ͨ͠ҐஔʹϨʔ

βʔޫݯΛઃஔ͠ɼ͔ͦ͜Βे͢ࢄ֦ʹʹܕࣈΔϨʔβʔޫΛύϥϘϥϛϥʔʹ͔ͯͬ޲

ࣹग़͢ΔɽύϥϘϥϛϥʔͰ൓ࣹ͞ΕͨϏʔϜ෯͕Ұఆͷ··Ͱ͋Ε͹ɼ൓ࣹϏʔϜ͸ฏ

Ͱ͋Δͱ͍͑Δɽߦ
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ਤ 4.8: ύϥϘϥௐ੔ݪཧɽύϥϘϥͷয఺ͱ͍ͨ͠ҐஔʹϨʔβʔޫݯΛઃஔ͠ɼ͔ͦ͜
Β֦͢ࢄΔϨʔβʔޫΛύϥϘϥϛϥʔʹࣹ͔ͯͬ޲ग़͢ΔɽύϥϘϥϛϥʔͰ൓ࣹ͞Ε

ͨϏʔϜ෯͕Ұఆͷ··Ͱ͋Ε͹ɼ൓ࣹϏʔϜ͸ฏߦͰ͋Δͱ͍͑Δɽ

൓ࣹ૾Λඪతʢਤ 4.10ʙਤ 4.13ͷ͖݀͋Ϙʔυʣʹ౤Өͨ͠ࡍʹɼ๽ग़͠Ϩʔβʔͷ૾
ͷ௕͕͞ΞΫϦϧ൘ͷ௕͞ͱ౳͍͠ 45 cmͱͳΔ͜ͱΛ֬ೝͨ͠ɽௐ੔ʹ͸͖݀͋Ϙʔυ
ͷཪଆ͔ΒΞΫϦϧ൘Λԡ֤͢ஈ 12ຊͷ௏Ͷ͡Λ༻͍ͨɽ
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ਤ 4.9: ֤ஈ ߦ2 × 6ྻ × 5ஈ = ͷ௏Ͷ͡Ͱഎ໘͔ΒύϥϘϥΛԡ͠ग़͢͜ͱʹΑΓݸ60
Δɽ͢ݱ໘Λදۂ

֤ஈͰ൓ࣹ͞Εͨ૾͕ύϥϘϥͷத৺ʢ3ஈ໨ʣͱಉ͡͞ߴʹ౤Ө͞ΕΔͱɼਤ 4.3ͷΑ
੒Ͱ͖Δɽܗ໘Λۂʹ͏

ҎԼɼ࣮ࡍͷௐ੔खॱΛࣔ͢ɽͳ͓ɼҎԼʹࣔ͢ௐ੔͸ύϥϘϥͷ 2ஈ໨Λ༻͍ͯߦͳͬ
ͨ΋ͷͰ͋Δɽ
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ਤ 4.10: ΞΫϦϧ൘͕Ͷ͡Ε͍ͯΔ

ਤ 4.10 Ͱ͸ɼϛϥʔࠨ୺Ͱ൓ࣹͨ͠૾ͱϛϥʔӈ୺Ͱ൓ࣹͨ͠૾ͷ͕͞ߴҟͳ͍ͬͯ
Δɽ͜Ε͸ϛϥʔͷࠨӈͰઞΓ͕֯ҟͳ͍ͬͯΔ͜ͱ͕ݪҼͰ͋ΔɽϛϥʔӈଆͰ൓ࣹ͠

ͨ૾͸໨ඪͷ͞ߴʢਤ 4.10ͷ͕ۭ͍͍݀ͯΔ͍ࠇ෺ମʣʹୡ͍ͯ͠ΔͷͰϛϥʔӈଆͷͶ
͡͸ͦͷ··ͰɼϛϥʔࠨଆͰ൓ࣹͨ͠૾্͕ʹҠಈ͢ΔΑ͏ʹϛϥʔࠨଆ্ஈͷͶ͡Λ

؇ΊͯɼԼஈͷͶ͡ΛకΊΔɽ͜ΕʹΑΓઞΓ͕֯খ͘͞ͳΓɼϛϥʔࠨଆͰ൓ࣹͨ͠૾͕

্ʹҠಈͨ͠ɽͦͷௐ੔ͷ݁Ռ͕ҎԼͷਤ 4.11Ͱ͋Δɽ
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ਤ 4.11: தԝ෦͕྆୺෦ʹରͯ͠ԼΛ͍͍ͯ޲Δ

ਤ 4.11Ͱ͸ϛϥʔͷࠨӈͷ૾ͷ͞ߴ͸ͦΖ͍ͬͯΔ͕ɼதԝ෦෼Ͱ൓ࣹͨ͠૾͕໨ඪͷ
ӈͷ͓͋Γ֯ʹൺ΂େ͖͘ࠨͷԼʹ౤Ө͞Ε͍ͯΔɽ͜Ε͸ɼதԝ෦෼ͷ͓͋Γ͕֯͞ߴ

ͳ͓ͬͯΓɼΞΫϦϧ൘ͷத৺෦͕ࠨӈ୺෦ʹରͯ͠ԼΛ͘޲Α͏ʹͶ͡Ε͍ͯΔ͜ͱ͕ݪ

ҼͰ͋ΔɽͦͷͨΊத৺෦ԼஈͷͶ͡ΛకΊͯௐ੔Λߦͳͬͨɽ·ͨɼ૾ ͷӈ୺͕ਤͷࠇઢ

ʢࠇઢͷִ͕ؒ 45 cmʣΛ͸Έग़ͯ͠͠·͍ͬͯΔͨΊɼϛϥʔӈ୺ͷ্ԼͷͶ͡ΛకΊɼ
૾Λ 5.8 mઌͷ͖݀͋Ϙʔυʹ౤Өͨ͠ࡍʹ૾ͷ௕͕͞ 45 cmͱͳΔΑ͏ௐ੔ͨ͠ɽ͜Ε
ʹΑΓɼ൓ࣹͨ͠௚ઢϨʔβʔޫ͕े෼ԕํʹ͓͍ͯ௕͕͞ෆมͰ͋Δ͜ͱΛ୲อͰ͖Δɽ
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ਤ 4.12: தԝ෦෼ͷ͓͋Γ֯Λमਖ਼

ௐ੔ͷ݁Ռɼ൓ࣹ૾ͷ෯͕ਖ਼͘͠ 45 cm ͱͳͬͨɽਤ 4.12 ͷΑ͏ͳ݁ͼ໨ঢ়ͷߏ଄͸
ʹӈͷ୺ͱதԝ෦෼ͰҟͳΔ͜ͱࠨ཭͕ڑ཰͢ͳΘͪয఺ۂҼ͸ɼύϥϘϥͷݪΒΕΔݟ

͋Δɽ͜ͷۂ཰ͷҧ͍͸ɼਤ 4.20 ͷΑ͏ʹɼॎํ޲ͷϨʔβʔ૾ͷͣΕͱͯ͠؍ଌ͞Ε
Δɽ·ͨɼΞΫϦϧ൘ͷத৺෦ͱࠨӈ୺෦ͷͶ͡ΕΛ͞Βʹิਖ਼ͨ͠ɽͦͷ݁Ռ͕ਤ 4.13
Ͱ͋Δɽ
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ਤ 4.13: தԝ෦෼ͷ͓͋Γ֯Λमਖ਼͠ɼ૾͕௚ઢͱͳͬͨɽ

൓ࣹ૾͸௚ઢͱͳ͕ͬͨɼਤ 4.12ͷ݁ͼ໨ঢ়ߏ଄͕Ұ෦௚ઢͱॏͳ͍ͬͯͯͬ࢒Δɽ͜
ͷ͜ͱ͔Βɼஈʢ1 ຕͷΞΫϦϧ൘ʣ಺ͷ֤఺Ͱয఺ڑ཭͕Ұͭʹఆ·͍ͬͯͳ͍͜ͱΛ
ද͢ɽ
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4.4 ूޫੑೳଌఆ

ਤ 4.14: 1ஈ໨ͷௐ੔݁Ռ

ਤ 4.14ͷ੺ઢ͸ɼਤ 4.3ͷ੺ഁઢͱಉ͡͞ߴʢύϥϘϥத৺ʣͰɼ੺ઢ͸ཧ૝తͳ์෺
໘ͰϨʔβʔ͕൓ࣹ͞Εͨ࣌ͷ૾ͷҐஔΛࣔ͢ɽ͜ͷ੺ઢΛ໨ඪʹɼύϥϘϥͷઞΓ֯Λ

ௐ੔ͨ͠ɽ

1ஈ໨ͷ໨ඪʢ੺ഁઢʣͱͷͣΕ͸ɼਤͷ͖݀͋Ϙʔυͷ 0.5άϦουʢ2.5 cm×0.5" 1.3 cmʣ
Ͱ͋ͬͨɽࠩޡ͸Ϩʔβʔ૾ͷ͕޿Γ 1άϦουΛ࠾༻ͨ͠ɽ
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ਤ 4.15: 2ஈ໨ͷௐ੔݁Ռ

2ஈ໨ͷ໨ඪͱͷͣΕ͸ɼਤͷ͖݀͋Ϙʔυͷ 1.5άϦουʢ2.5 cm×1.5 " 3.8 cmʣͰ
͋ͬͨɽࠩޡ͸Ϩʔβʔ૾ͷ͕޿Γ 1άϦουΛ࠾༻ͨ͠ɽ
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ਤ 4.16: 3ஈ໨ͷௐ੔݁Ռ

3ஈ໨ͷ໨ඪͱͷͣΕ͸ɼਤͷ͖݀͋Ϙʔυͷ 2άϦουʢ2.5 cm × 2 = 5.0 cmʣͰ͋ͬ
ͨɽࠩޡ͸Ϩʔβʔ૾ͷ͕޿Γ 1άϦουΛ࠾༻ͨ͠ɽ
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ਤ 4.17: 4ஈ໨ͷௐ੔݁Ռ

4ஈ໨ͷ໨ඪͱͷͣΕ͸ɼਤͷ͖݀͋Ϙʔυͷ 0άϦουʢ2.5 cm × 0 = 0.0 cmʣͰ͋ͬ
ͨɽࠩޡ͸Ϩʔβʔ૾ͷ͕޿Γ 1άϦουΛ࠾༻ͨ͠ɽ
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ਤ 4.18: 5ஈ໨ͷௐ੔݁Ռ

5ஈ໨ͷ໨ඪͱͷͣΕ͸ɼਤͷ͖݀͋Ϙʔυͷ 0άϦουʢ2.5 cm × 0 = 0.0 cmʣͰ͋ͬ
ͨɽࠩޡ͸Ϩʔβʔ૾ͷ͕޿Γ 1άϦουΛ࠾༻ͨ͠ɽ
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ਤ 4.19: ύϥϘϥத৺΁রࣹͨ͠ɽ

ਤ 4.18ͷΑ͏ʹύϥϘϥͷத৺ʢ௿಄Ͷ͡ͰࢭΊ͍ͯΔ෦෼ʣʹϨʔβʔΛরࣹ͠ɼ൓
ࣹ૾ͷͣΕΛ؍ଌͨ͠ɽ
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ਤ 4.20: ԣํ޲ͷௐ੔݁Ռ

ӈํ޲ʹ 3.5άϦουʢ8.8 cmʣɼࠨʹ 2άϦουʢ5.0 cmʣͣΕ͍ͯΔɽ͜ͷͣΕ͸Ұ
ຕͷΞΫϦϧ൘಺Ͱͷয఺ڑ཭ͣΕʹىҼ͢Δ΋ͷͰ͋Δɽ

4.5 ूޫੑೳ݁Ռ

ॎํ޲ͷ࠷େͷͣΕ͸ 3ஈ໨ͷ 5.0 cmɼԣํ޲ͷͣΕ͸ 8.8 cmͰ͋ͬͨɽਤ 4.14ʙ4.20
ͷଌఆͰ͸ɼ൓ࣹ૾Λ 5.8 m ઌͷ͖݀͋Ϙʔυʹ౤Ө͠ଌఆΛߦͳͬͨɽॎԣͷͣΕ͸ͦ
ΕͧΕೖࣹ֯ʹͯ͠ࢉ׵ɼ0.000862 radɼ0.0151 radͱͳΔɽয఺ڑ཭ 5 mͷύϥϘϥͱ
࣮ͯ͠૷ͨ͠ࡍͷয఺ͷͣΕ͸ɼॎ ±4.3 cmɼԣ ±7.6 cmͱͳΔɽ͜ΕʹΑΓɼ੡ͨ͠࡞
ඇ࣠์෺໘ڸ͸ॎ 50 cmɼԣ 45 cmͷฏߦϚΠΫϩ೾Λॎ 8.6 cm×ԣ 15 cm=129 cm2 ʹ
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ूޫͰ͖Δ͜ͱ͕Θ͔ͬͨɽ
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ୈ 5ষ

݁࿦

੡ͨ͠࡞ඇ࣠์෺໘ڸ͸ॎ 50 cmɼԣ 45 cmͷฏߦϚΠΫϩ೾Λॎ 8.6 cmɼԣ 15 cmͷ
௕ํྖܗҬ 129cm2 ʹूޫͰ͖Δɽ͜ΕʹΑΓɼزԿޫֶΛԾఆ͢ΔͱɼϨʔβʔฏߦϏʔ

ϜΛॎ 8.6cmɼԣ 15cmͷྖҬ·ͰूޫՄೳͳয఺ڑ཭͕ 5 mఔ౓ͰՄมͰ͋Δඇ࣠์෺
໘ڸΛ੡͠࡞ಘΔ͜ͱΛࣔͤͨɽ

ॎํ޲ͷͣΕ͕࠷େͱͳͬͨͷ͸ 3 ஈ໨Ͱ͋ͬͨɽ͜Ε͸ 3 ஈ໨ʹ͸ΰϜϫογϟʔΛ
ઃஔ͓ͯ͠Βͣɼ୆࠲ʹཱͯͨ൘ͷͣΕ΍Ͷ͡ͷక·Γ౓߹͍ʹىҼ͢Δ࿪ΈΛิਖ਼Ͱ͖

ͳ͔ͬͨ͜ͱ͕ҰҼͰ͋Δɽԣํ޲ͷͣΕ͸ΞΫϦϧ൘Λࡏݱͷ 3 mm ͔Βബ͍΋ͷ΁ม
Δ͜ͱͰରԠͰ͖ΔͰ͋Ζ͏ɽ͔͘͢ࡉɼ௏Ͷ͡Ͱௐ੔͢ΔάϦουΛ͠ߋ
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ୈ 6ষ

ٞ࿦

3 GHzͷϚΠΫϩ೾Λൃৼثͷ࠷େڧ౓ͷ 10 dBm(=10mW)Ͱ์ࣹ͠ɼਤ 3.1ͷΑ͏ͳ
Ͱɼ10ܥֶޫ dBmͷ৴߸ΛશͯूޫͰ͖ͨͱԾఆ͢Δͱɼूޫ఺Ͱͷޫࢠ਺͸ 3.93×1018

cm2/ݸ ͱͳΔɽ࣮ࡍʹ͸ɼൃৼثͱϗʔϯͷؒͷ Nܕέʔϒϧɼಋ೾؅ͱి࣓ϗʔϯٴͼ
ಋ೾؅ͱࣗ༝ۭؒͷΠϯϐʔμϯεෆ੔߹ٴͼɼϛϥʔͷ൓ࣹޮ཰ͳͲʹి೾ڧ౓͕ΑΓ

ਰ͢Δ͜ͱ͕༧૝͞ΕΔɽݮ

GHz ଳϚΠΫϩ೾Ͱͷूޫͷ༷ࢠΛ࣮͢࡯؍ʹࡍΔͨΊʹɼඍখϧʔϓΞϯςφ*1Λ༻

͍ͯϏʔϜϓϩϑΝΠϧ΍ूޫ࣌ͷϏʔϜ಺Ͱͷภޫͷ༷ࢠΛଌఆ͢Δඞཁ͕͋Δɽ

ి࣓քγϛϡϨʔλʔΛ༻͍࣮ͨࡍͷϚΠΫϩ೾ͷ఻ൖͷγϛϡϨʔτ΋ॏཁͰ͋Δɽ

ͳͬͨߦΛࢉܭ͍ͯͮجʹԿޫֶز͑ߟͷӡಈΛࢠ͸ɼޫܭճͷύϥϘϥϛϥʔͷઃࠓ

͕ɼճં΍ׯবͱ͍ͬͨ೾ͷੑ࣭΋ྀ͢ߟΔඞཁ͕͋ΔɽΞϯςφͷܗঢ়ɼ࣭ࡐɼڥք৚

݅ͳͲɼଟذʹΘͨΔ৚݅ΛΛઃఆ͢Δ͕Ͱ͖ɼࣗಈͰϝογϡΛ࠷దԽͨ͠೾ಈํఔࣜ

ͷ༗ݶཁૉղ͔Βɼ࣮ଌ͢Δ෺ཧྔ·Ͱ͢ࢉܭΔ͜ͱ͕ՄೳͰ͋ΔɽANSYS-HFSS(High
Frequency Structure Simulator) Λ༻͍ͯɼઃ͢ܭΔࡍʹແͨ͠ࢹ೾ͱͯ͠ͷੑ࣭͕Ͳͷ
Α͏ͳޫֶܥͷηοτΞοϓͷ৔߹ʹແࢹͰ͖ͳ͘ͳΔ͔ΛۃݟΊΔ͜ͱ͕ՄೳͰ͋Δɽ

ANSYS-HFSS(High Frequency Structure Simulator) ͸༗ݶཁૉ๏ʢྖҬΛϝογϡʹ෼
ͷۭؒݩ࣍ࡾΔํ๏ʣʹΑΓɼ͢ࢉܭׂ͠ Maxwell ํఔࣜΛղ͘ιϑτ΢ΣΞͰ͋Δ [෇
࿥ࢀর]ɽ

HFSSΛ༻͍Δͱɼ2छྨͷ೾௕ͷ GHzଳϚΠΫϩ೾Λಉ͡ಋ೾؅Ͱࠞ߹͠ɼి࣓ϗʔ
ϯ͔Βࣗ༝ۭؒʹ์ग़Ͱ͖ΔޫݯͷઃܭͳͲʹ͞ΒͳΔԠ༻Λ͢Δ͜ͱ͕Ͱ͖Δɽ

*1 ೾௕ʹରͯ͠Ξϯςφͷ༗ޮ௕͕ 1/4ҎԼͷ΋ͷΛඍখϧʔϓΞϯςφͱݺͿɽ
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ୈ 7ষ

ల๬

େىؾҼͷ৴߸͕όοΫάϥ΢ϯυͱͳΔͨΊɺ୳ݧ࣮ࡧΛ࣮͢ࢪΔࡍɺूޫ͸ਅۭνΣ

ϯόʔ಺Ͱ͏ߦඞཁ͕͋Δɽ·ͨɺೋ৭ͷҟͳΔ೾௕ͷ GHzଳϚΠΫϩ೾Λಉ͡ಋ೾ੁ͔
Βಉ࣠Ͱࠞ߹͢Δٕज़ʹ͍ͭͯ΋՝୊͕͍ͯͬ࢒Δɽ

͞ΒʹɺύϥϘϥϛϥʔͷয఺ڑ཭Λ௕͘ʢtanϑ = 1
100 ఔ౓ʣͨ͠ޫֶܥͰޫࢠΛ͔͢

Γিಥͤ͞Δ͜ͱ͕Ͱ͖Ε͹ɺࣜ 2.2ͷॏ৺ܥΤωϧΪʔ͸

ECMS = 2ω sinϑ = 2.44×10−6[eV/c2] (7.1)

ͱͳΓɺ୳ࡧՄೳ࣭ྔҬ͕σΟϥτϯͷ࣭ྔҬʹ౸ୡ͢Δ [1]ɽσΟϥτϯ͸࣭ྔ 10−7ʙ

10−6eV/c2ɼ݁߹ͷ͞ڧ 10−21/GeVʹ༧૝͞Ε͍ͯΔʢ7.1ʣɽ·ͨɼύϧεѹॖʹΑΔޫ
ՄೳͱͳΔɽࡧ౓Λ૿Ճͤ͞Δ͜ͱʹΑΓऑ͍݁߹ྖҬ·Ͱ୳ڧͷݯ

ਤ 7.1: σΟϥτϯͷ࣭ྔྖҬͱఏҊ͞Ε͍ͯΔ࣮ݧख๏Ͱͷ୳ࡧՄೳྖҬ [1]
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෇࿥

A ి࣓ϗʔϯ͔Βͷ์ࣹͷγϛϡϨʔγϣϯ

ANSYSࣾ HFSSΛ༻͍ͯి࣓ϗʔϯ͔Β์ࣹͨ͠ GHzଳϚΠΫϩ೾ڧ౓ͷγϛϡϨʔ
γϣϯΛͨͬߦɽANSYS-HFSS(High Frequency Structure Simulator) ͸༗ݶཁૉ๏ʢྖ
ҬΛϝογϡʹ෼ׂ͢͠ࢉܭΔํ๏ʣʹΑΓɼۭؒݩ࣍ࡾͷMaxwellํఔࣜΛղ͘ιϑτ
΢ΣΞͰ͋Δɽ

ANSYS ࣾͷ HFSS Λ༻͍Δ͜ͱͰɼ೾ಈํఔࣜΛղ͘ࡍʹͲͷఔ౓·ͰزԿޫֶͷۙ
੒ཱ͢Δ͔ΛγϛϡϨʔγϣϯ͢Δ͜ͱ͕ՄೳͱͳΔɽ͕ࣅ

ճɼ3ࠓ GHz ͷి࣓೾ΛϗʔϯΞϯςφ͔Βࣗ༝ۭؒʹ์ग़ͨ͠ࡍͷి࣓ք෼෍Λ
γϛϡϨʔτͨ͠ɽਤ A.1 ͷΑ͏ʹɼϗʔϯΞϯςφ͸ถ Pasternack Enterprises ࣾͷ
PE9863/NF10ͱಉ͡αΠζͷϗʔϯΞϯςφΛσβΠϯ͠ɼࢉܭΛߦͳͬͨɽ

ਤ A.1: HFSS্ͰσβΠϯͨ͠ϗʔϯΞϯςφ
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ਤ A.2: ϗʔϯΞϯςφ PE9863/NF10ͷڧ౓෼෍ [dBm]
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ँࣙ

ຊڀݚΛਐΊΔ্Ͱ͓ੈ࿩ʹͳͬͨଟ͘ͷํʹँײਃ্͛͠·͢ɽຊڀݚͷ͖͔͚ͬΛ

ͩͬͨ͘͞ຊؒีݠॿڭʹ͸๩͍͠ʹ΋͔͔ΘΒͣɼڀݚΛਐΊΔ্Ͱత֬ͳΞυόΠε

Λ௖͖·ͨ͠ɽ

तʹ͸ϥϘϥτϦΤΫααΠζ΍ຖिͷϛʔςΟϯάʹ͓͍ͯෆे෼ͳ఺Λڭଠݡ֞ࢤ

͸ʹڭതॿོ޷ࡾɽͨ͠·͖͍͍ͨͩͨͯ͠ݴ఺͔Βॿࢹఠ͍͍ͯͨͩͨ͠Γɼ৽͍͠ࢦ

B4ͷ֩ࢠݪ෺ཧֶθϛͰ͓ੈ࿩ʹͳΓ·ͨ͠ɽ֩ࢠݪ෺ཧʹؔ͢ΔཧղΛେ͖͘खॿ͚͠
ͯ௖͖·ͨ͠ɽޱࢁཔਓಛ೚ॿڭʹ͸ݕग़ثθϛͰ͓ੈ࿩ʹͳΓ·ͨ͠ɽ࣮ମݧΛަ͑ͨ

ଟ͘ͷ࿩Λฉ͔͍͖ͤͯͨͩɼকདྷऀڀݚΛ໨্͢ࢦͰوॏͳମ͕ݧͰ͖·ͨ͠ɽ

େ઒ਖ਼య໊༪ڭतͱ൧পণོॿڭʹ͸େֶӃਐֶʹ͍ͭͯଟ͘ͷ૬ஊʹ৐͍͖ͬͯͨͩ

·ͨ͠ɽদଜ෢।ڭतͱඉࠀޱ඙।ڭतʹ͸ɼେֶੜ׆શൠʹ͍༷ͭͯʑͳΞυόΠεΛ

͍͖ͨͩ·ͨ͠ɽ

ָ͍͠Ұ೥ؒΛૹΒ͍͍ͤͯͨͩͨΫΥʔΫ෺ཧֶࣨڀݚͷֶੜͷօ༷ʹ͓ྱਃ্͛͠

·͢ɽಛʹɼࣲాૣ༝ཬ͞Μ͸ɼڞಉऀڀݚͱͯ͠ඍখϧʔϓΞϯςφͷ੡࡞ͳͲଟ͘ͷ࣮

͖͍ͩͨͯ͑ڭʹཧ࿦ʹ͍ͭͯஸೡܠ༞ี͞Μʹ͸എݪΛख఻͍͖ͬͯͨͩ·ͨ͠ɽฏݧ

·ͨ͠ɽࢁ઒ᚠੜ͞Μɼඌ࡚ھ໻͞Μɼۙ౻ৎਔ͞Μʹ͸ଔ࿦ͷߏ੒ͳͲʹ͍ͭͯଟ͘ͷΞ

υόΠεΛ͍͖ͨͩ·ͨ͠ɽ·ͨɼಉ͡෦԰ͷ৴ኍߊल͞Μɼେݹࠤ୓ւ͞Μɼେ໼ݩւ͞

Μɼాۅ༐ར͞Μʹ͸ڀݚͷ࿩͸΋ͪΖΜɼͩ͘Βͳ͍࿩ʹ΋͓෇͖߹͍͍͖ͨͩ͋Γ͕ͱ

͏͍͟͝·ͨ͠ɽͦͯ͠ɼಉظͷ໦ଜ݈ే͘Μͱಙຊྋ߳͞Μɼ෺ཧͷٞ࿦ʹͱ͜ͱΜ෇͖

͋ͬͯ͘Εͯ͋Γ͕ͱ͏ɽ

·ͨɼຊֶӉ஦Պֶηϯλʔਫ໺࢙߃।ڭतʹ͸ɼ͓๩͍͠த෭ࠪͱͯؒ࣌͠Λׂ͍͍ͯ

͖ͨͩ·ͨ͠ɽซͤͯँײਃ্͛͠·͢ɽ

͠ँײ͘ਂʹकͬͯ͘ΕͨՈ଒ɼ༑ਓͨͪݟͳΓ·͕ͨ͠ɼ͜Ε·ͰԹ͔͍໨Ͱʹޙ࠷

·͢ɽ
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