
ͷՃثՃࢠి

1 ͡Ίʹ

ຊٛߨͰओʹిࢠΛՃ͢ΔతͰ༻͍ΒΕΔ

पߴ (radio freqency; RF)ՃΛऔΓ্͛ղઆ͢

Δɻ͜͜Ͱిࢠͷਐํߦͷޫͱ΄΅

͍͠ (ve ∼= c)ͱԾఆ͢Δɻैͬͯɺྲྀܕ (direct

current; DC)ͷՃɺ෦Ͱ͕มԽ͢ΔΑ

͏ͳํ͍Λ͢ΔՃର֎ͱ͢Δɻ

RF ՃݱͷՃثΛ͑ࢧΔඞਢཁૉͰ͋

ΔͨΊɺ1984ͷॳճߴΤωϧΪʔՃثηϛφʔ

(OHO) Ҏ߱ɺʑOHO ͷςʔϚͱͯ͠औΓ্͛Β

Ε͍ͯΔɻࠓճࢲʹ༩͑ΒΕͨςʔϚʮిࢠՃ

ՃͷํܕࡏɾఆߦͷՃʯͰ͋Γɺਐث

Λղઆ͢ΔΑ͏ʹͱ͍͏͜ͱͰ͋ͬͨɻࣗࢲݱ

KEKϑΥτϯϑΝΫτϦʔࡏ (PF)Ͱ PFۭܕಎΛɺ

PF-AR(advanced ring)Ͱ APSۭಎΛ༻͍ͨՃث

ӡసʹܞΘ͍ͬͯΔɻʮՃػӡసʹܞΘ͍ͬͯΔʯͱ

ॻ͍ͨͷ͜ΕΒۭಎͷ։ൃʹࣗࢲؔ༩͍ͯ͠ͳ

͍͔ΒͰ͋Δɻ࣮ࡍɺࢲཻࢠՃʹඞཁͱ͞ΕΔେ

ग़ྗͷ RFՃΛ։ൃͨ͠ݧܦແ͍ɻ

ͦ͜ͰຊςΩετͰɺ࣮ࡍͷՃثͰ༻͍ΒΕͯ

͍ΔՃͷઌతɾٕज़తͳ༰ʹͣͤٴݴɺՃ

ʹର͢ΔૅجతɾڭՊॻతͳ༰Λհ͢Δ͜ͱ

Λඪͱ͢ΔɻࢲʹͱͬͯOHOͱ͑ݴՃثΛษ

ରʹثͷՃࢲͰ͋Γɺ܈ՊॻڭΔͨΊͷྑ࣭ͳ͢ڧ

͢Δࣝͷଟ͘OHOςΩετ͔ΒಘΒΕͨͷͰ

͋ΔɻࠓճɺվΊͯՃثͷૅجதͷૅجͰ͋Δʮి

ثՃޙࠓͷՃʯΛࣥච͢Δʹ͋ͨΓɺثՃࢠ

Ͱͷ׆༂Λૂ͏ਓͨͪͷཧղΛ΄Μͷগ͠Ͱॿ

͚Δ͜ͱ͕Ͱ͖Εͱ͏ࢥɻ

1.1 ͷՃࢠి

ɺ΄ͱΜͲͷ߹ʹ͓͍ͯՃࡍΔ͑ߟͷՃΛࢠి

ͰͷมԽΛ͑ߟͳͯ͘ྑ͍ͱ͍͏͕

ଞͷཅࢠͳͲॏཻ͍ࢠΛՃ͢Δ߹ͱҟͳΔɻిࢠ

੩ྔ࣭ࢭΤωϧΪʔ 511 keVɺిՙ e = −1.602 ×
10−19 C Λͭ࣋ૉཻࢠͰ͋Γɺྫ͑ 3 MeV·ͰՃ

͢Δͱޫͷ 0.990ഒʹୡ͢Δɻैͬͯɺి

͝ޙੜࢠͷిثͷՃʹ͓͍ͯɺҰ࿈ͷՃࢠ

͘Ұ෦ͷΈมԽΛྀ͢ߟΕྑ͍͜ͱʹͳΔɻ࣮

ɺి͠༺࠾ॐΛࢠͱͯ͠RFిݯࢠͰిثͷՃࡍ

ॐ෦ͷΈͰMeVͷӡಈΤωϧΪʔΛ༩͑ΔΑ͏ࢠ

ͳઃܭʹͳ͍ͬͯΔͷ͋Δɻ͜ͷ߹ɺίϯύΫ

DC電場 RF場

+

+

+

-

-

-

電場 磁場

ਤ 1: DCిͱ RFిͷࣜਤɻDCిΛಘΔ

ʹ੩తͳిҐ͕ࠩඞཁͱͳΔɻಈతͳి͕͋Ε

ඞ࣓ͣଘ͢ࡏΔ (RF)ɻ

τͳిࢠॐஔͷΈͰిࢠΛ૬ରత·ͰՃͰ

͖Δɻ͜ͷΑ͏ʹ͍ڑͰൺֱత؆୯ʹ૬ରత

ΛୡͰ͖Δ͜ͱ͕ిࢠՃͷಛͱ͍͑Δɻ

͜Εʹର͠ɺཅࢠిࢠͷ 1836ഒͷ੩ྔ࣭ࢭΤ

ωϧΪʔΛͨͭ࣋Ίɺ૬ରతΛಘΔͨΊʹΑ

ΓେنͳՃஔ͕ඞཁʹͳΔɻྫ͑ɺཅࢠΛՃ

͠ޫͷ 0.990ഒͷӡಈΛಘΔʹɺ5.71 GeV

ͷӡಈΤωϧΪʔΛ༩͑Δ͜ͱ͕ඞཁͱͳΔɻ

Ҏ্ͷ͔ߟΒɺՃΛࢠཻͯͬΛՃ͢Δ

߹ɺిࢠͱཅࢠ·ͨͦͷଞͷॏཻ͍ࢠͳͲରͱͳ

ΔཻࢠʹΑͬͯํ͑ߟɺઃࢥܭͳͲ͕େ͖͘ҟͳͬ

ͯ͘Δ͜ͱ͕༧Ͱ͖Δɻిࢠͷ߹ೖࣹثͷॳஈ

෦Λআ͍ͯͦͷਐํߦͷΛޫͱͯ͠ઃ͠ܭ

ͯྑ͍͕ɺཅࢠͷ߹Ճثͷେ෦ʢ GeVΫ

ϥε·ͰͷՃثͷ߹ʣʹ͓͍͕ͯঃʑʹมԽ

͢ΔͨΊ͜ΕΛྀ͢ߟΔඞཁ͕ग़ͯ͘ΔɻຊςΩετ

Ͱ૬ରత·ͰՃ͞Εɺ΄΅ޫͰӡಈ͢Δ

Λ೦಄ʹٞΛਐΊΔɻࢠి

1.2 DCͱRFՃ

ՙిཻࢠΛՃ͢Δʹి͕༻͍ΒΕΔɻDC(੩)

ిͱ RF(ಈ)ిͷཧతͳҧ͍ి͕ؒ࣌త

ʹৼಈ͢Δ͔൱͔Ͱ͋Γɺి͕ؒ࣌తʹৼಈ͢Δ

߹ʹMaxwellͷํఔࣜʹै͍࣓ଘ͢ࡏΔ͜ͱ

ʹͳΔ (ਤ ʹՃͷൃʹ࣓࣌র)ɻRFࢀ1

Δ͕ɺಋ͔ΒՃ͢ݶ༩͠ՃͷੑΛ੍د

ͷRFͷಋೖՃ෦Ͱͷߴपͷిؾతͳ

݁߹ͳͲʹ༻͍ΒΕΔɻ·ͨɺՃʹྭৼ͞Ε

Δ࣓ిͱಉ༷ʹిࢠϏʔϜͱ૬࡞ޓ༻͢Δɻ͜

ΕϏʔϜΛΩοΫ͢Δ (ਐํߦΛ͛ۂΔ)తͰ



ΘΕΔ͜ͱ͋Δɻ

RFిΛՃʹ༻͍Δ߹ɺՙిཻࢠΛՃʹ

ෳճ௨աͤ͞Δ͜ͱͰ܁Γฦ͠Ճ͕ՄͱͳΔɻ

ྫ͑ɺRFՃΛྻʹෳฒΔ͜ͱͰՙిཻ

ΛࢠΛଟஈՃ͢Δ͜ͱ͕ՄͱͳΔɺ·ͨՙిཻࢠ

ԁيಓΛඳ͘Α͏ʹपճͤ͞ҙҐஔͷRFՃʹ

ෳճ௨͢͜ͱͰଟஈՃ͕ՄͱͳΔɻ͜ͷΑ͏

ʹɺRFՃΛ༻͍Δ͜ͱͰDCՃͰಘΒΕ

ͳ͍ඇৗʹେ͖ͳӡಈΤωϧΪʔΛޮతʹཻࢠʹ༩

͑Δ͜ͱ͕ՄͱͳΔ 1ɻ

1.3 ৗಋͱಋ

ৗಋͱಋͷҧ͍ʹ͍ͭͯ؆୯ʹड़͓ͯ͘

ͱɺՃύϥϝʔλͱͯ͠ͷେ͖ͳҧ͍Quality

factor (Q ) ʹ͋Δɻྫ͑ɺ500 MHz ଳͰ Q 

ৗಋۭಎܕͷൺֱ͢ΔͱɺKEK-PFࡍ࣮͍ͯͭʹ

Q0 = 40000 [1], KEK-BܕͷಋۭಎQext =

2× 108 [2]ͱͦͷࠩ 4ܻʹٴͿɻ·ͨɺγεςϜ

ͱͯ͠ΈΔͳΒɺۃԹ·ͰۭಎԹΛԼ͛ΔͨΊ

ͷྫྷౚػγεςϜ͕ඞཁ͔Ͳ͏͔ɺࡐྉಋମ͔

Ͳ͏͔ͳͲͱ͍ͬͨ͜ͱ૬ҧͱͳΔɻ

ຊςΩετͰՃͷૅجཧΛղઆ͢ΔͭΓ

ͳͷͰɺجຊతʹৗಋͱಋΛ۠ผ͠ͳ͍ɻղ

આৗಋՃΛఆͯ͠ਐΊΔ͕ɺ͜͜Ͱ৮ΕΔ

༰ಋՃΛษ͢ڧΔʹ͓͍ͯૅجͱͳΔ

ͣͰ͋Δɻ

1.4 ຊςΩετͷྲྀΕ

ຊςΩετͰࠓͷςʔϚʮϚΠΫϩͷج

ૅʯͷଞͷςΩετͰઆ໌͞ΕΔͰ͋Ζ͏ɺجຊత

ͳϚΠΫϩͷཧɺRFۭಎͷجຊతͳύϥϝʔλ

ʹ͍ͭͯطͰ͋Δͱ͑ߟɺ৽ͨʹఆٛΛࣔͨ͠Γ

Λड़ͨΓ͠ͳ͍ɻ͜͜Ͱ͍͏ύϥϝʔλͱࡉৄ

Q, γϟϯτΠϯϐʔμϯεͰ͋Γɺ͜͠ΕΒ

ͷྔʹ͍ͭͯॳࣖͰ͋ΕຊςΩετΛಡΈਐΊΔ

લʹগͳ͘ͱఆ͙ٛΒ͍͓͍͚͑ͯͯΕͱ

ؾ࣓ɻ·ͨɺϚΠΫϩΛऔΓѻ͏ͷʹඞཁͳి͏ࢥ

ֶͷجຊɺMaxwellํఔࣜʹֶ͍ͭͯ෦ଔۀੜఔ

ͷࣝ͋Δ͜ͱ͕·͍͠ɻຊςΩετͰ͜ΕΒ

ࣝΛલఏʹՃ (ಋମ)ʹด͡ࠐΊΒΕͨϚΠ

1DCిͰଟஈԽ͢Δ͜ͱՄͰ͋Δ͕ɺάϥϯυϨϕϧ
ʹରͯ͠ి͍ߴѹΛอͭඞཁ͕͋ΔͨΊे MV ఔ͕ݶքͱͳ
Δɻ͞Βʹ DC ͷՃͰిߴѹΛ࣮͢ݱΔʹͨΊʹஔ͕ۃ
ʹେܕԽ͢Δͱ͍͏ܽ͋Δɻ

Ϋϩʹ͍ͭͯཧతͳಛΛࣜͱͱʹհͯ͠

͍͘ɻ

RFʹΑΔཻࢠՃΛ҆ఆɾޮతʹͨ͏ߦΊʹ

Ճʹྭৼ͞ΕΔి࣓ͷ ࣌ͱۭؒݩ࣍3

ɾ࡞దͷՃΛ࠷Λཧղ͠ɺతʹԠͨ͡ߏؒ

ӡ༻͢Δඞཁ͕͋ΔɻిࢠՃͱҰݴͰͯͬݴ

తʹԠͯ͡ߏྀ͢ߟ͖ཧ༷ʑͰ͋Δɻྫ͑

ɺϦχΞοΫͰՃޯΛॏ͢ࢹΔ߹ਐߦ

ͳͲՃޯΑΓثՃܕՃΛ༻͍ɺϦϯάܕ

ܕࡏΔ߹୯ηϧͷఆ͢ٻӡಈͷ҆ఆੑΛࢠཻ

ՃΛ༻͍Δ͜ͱ͕ଟ͍ɻ·ͨɺి࣓ͷपɺ

Ճ܁Γฦ͠ ( Hz͔Β CWӡస)ɺඃՃిՙྔ

ՃઃܭͷॏཁͳύϥϝʔλͰ͋Δɻ͔͠͠ɺ͜

ͷΑ͏ͳ࣮ࡍతͳՃͷઃܭɾ࡞ɾӡ༻ʹؔ͢Δ

͜ͱʹຊςΩετͰ౿Έࠐ·ͳ͍ɻ͜ͷΑ͏ͳ

༰ʹڵຯͷ͋ΔํաڈͷςʔϚʹԊͬͨOHOςΩ

ετΛߟࢀʹ͚ͯ͠Εྑ͍͔ͱ͏ࢥɻ

ຊςΩετͰɺՃʹด͡ࠐΊΒΕͨϚΠΫϩ

ͷجຊతͳཧΛཧղ͘͢ɺ·ͣಋʹ͍ͭͯ

ղઆ͢Δɻ͜ΕΛͱʹਐߦܕՃɺఆࡏܕՃ

ΛॱʹऔΓ্͛Δ͜ͱͰՃશൠʹ͍ͭͯ၆ᛌ

తɾૅجతͳࣝΛಘΔ͜ͱΛతͱ͢Δɻ



2 ಋ

2.1 ࣗ༝ۭؒͱಋ

ࣗ༝ۭؒΛ (propagation)2͢Δి࣓ฏ໘

(plane wave)Ͱ͋Γ (ਤ র)ɺΤωϧΪʔʹԠͨ͡ࢀ2

पͰৼಈ͠ͳ͕ΒۭؒΛޫͰਐΉ (ਤ র)ɻࢀ2

͜ͷࡍɺి࣓ਐํߦʹਨͳฏ໘Ͱৼಈ͠ɺ

ಉํʹਐ͢ߦΔՙిཻࢠΛՃ͢Δ͜ͱͰ͖ͳ

͍ɻฏ໘ి࣓ͷਐ࣓ిʹํߦΛͨ࣋ͳ

͍ͨΊɺTEMʢtransverse electric and magnetic

waveʣʹྨ͞ΕΔɻ·ͨɺి࣓ΤωϧΪʔΛ

ͬͯਐ͢ߦΔɻ୯Ґ໘ੵΛ୯Ґͨ͋ؒ࣌Γʹ௨ա͢

Δి࣓ͷΤωϧΪʔɺిϕΫτϧ Ẽ ͱ࣓ϕ

Ϋτϧ H̃ ͷ֎ੵͰ༩͑ΒΕΔ (Poynting’s vector)ɻ

RFՃͱதۭͷಋମ ࣓ిʹ3 Λ(पߴ)

ͤ͞ɺཻࢠͷӡಈΤωϧΪʔΛ૿Ճͤ͞Δ (Ճ)4

ͨΊʹ༻͍ΒΕΔՃثஔͰ͋ΔɻपғΛಋମͰऔ

ΓғΈɺ෦ʹߴपΛด͡ࠐΊͨͷΛۭಎ͘͠

 RFۭಎͱݺͿɻRFՃ, RFۭಎΛཧղ͢Δ

ʹɺಋମͰͷߴपͷৼΔ͍ɾ༷ࢠΛΔ͜ͱ

͕ۙಓͩͱࢥΘΕΔɻ·ͣ͜ΕΛతͱ͠ಋͱ

ͦͷதΛ͢Δి࣓ʹ͍ͭͯઆ໌͢Δɻ

ಋ (wave guide)ͱۭಎͷର͢ΔҰ࣠ํ๏

ͷಋମΛऔΓ͍ ߴɺ(Δ࡞Λޱͱग़ޱͷೖ࣓ి)

पΛ௨աͰ͖ΔΑ͏ʹͨ͠ͷͰ͋ΓɺՃثͰ

ʹपΛۭಎߴͷڧͰൃੜͨ͠ಛʹେݯपߴ

ಋ͘ࡍʹ༻͍ΒΕΔɻಋͷߴपಋମͷڥք

໘ͰҰఆͷ݅ Λຬͨ͠ͳ͕Βࣹɾճ(ք݅ڥ)

ં͞Εɺ͜ΕΒ͕ॏͶ߹Θ͞Γʢׯব͠ʣͳ͕Β໘

(wave front)Λܗ͢Δɻ͜͜ͰಋΛೖ͔ޱΒ

電場
磁場 進行方

向

ਤ 2: ࣗ༝ۭؒΛ͢Δి࣓ͷࣜਤɻ

2ಈ͕ഔ࣭ͷதΛ֦͕͍ͬͯ͘͜ͱΛʮʯ͘͠ʮ
ൖʯͱ͍͍ɺࡏݱͲͪΒ༻͞Ε͍ͯΔ͕ɺຊςΩετͰ
ʮʯʹ౷Ұ͢Δɻ

3Ұൠతʹۚଐ͕༻͍ΒΕΔɻ
4߹ʹΑͬͯݮ͏ߦɻ

b

a

z

y

x

ਤ 3: ࣓ಋͷࣜਤɻిܗۣ z࣠ʹԊΓෛ͔

Βਖ਼ํ͚ʹ͢Δͷͱ͢Δɻ͜͜Ͱ z࣠ํ

Δɻ͑ߟͱݶແ

ग़ޱଆʹ͢ΔߴपΛೖࣹ͘͠ਐߦ 5ɺ

ಋମͰࣹ͞ΕͨΛࣹͱݺͿɻߴपಋମʹ

৵ೖɾಁաͰ͖ͳ͍ͨΊ 6ɺҰൠతͳͷٞͰͯ͘

Δ۶ંɾಁաಋͰ͑ߟͳ͍ɻ

ಋʹܗ͞ΕΔ໘ಋͷܗঢ়ʹΑΓ

ܾఆ͞Εɺͦͷ༷ࢠʹΑΓϞʔυ͕ఆٛ͞ΕΔɻ

ී௨ɺϞʔυෳଘ͠ࡏɺ֤Ϟʔυʹ͓͚

Δ໘ಋͷڥք໘ ͷ߹ܗۣ) 6໘த 2໘

͕औΓআ͔Ε͍ͯΔͨΊɺΓͷ 4 ໘ʹڥք͕ଘࡏ

͢Δ)͔ΒͷࣹΒͷॏͶ߹Θͤʢׯবʣͷ݁Ռʹ

ΑΓܗ͞ΕΔɻ͜Εಋߴपͷํ

ʹަ͢Δ໘Ͱͷڥք݅ʮಋମ໘Ͱͷిͷઢ

͕θϩʯΛྀͯ͠ߟMaxwellํఔࣜ (͜ͷ߹ɺ

Helmholtz ํఔࣜʹͳΔ) Λղ͘͜ͱͰٻΊΒΕΔɻ

ಋΛ͢Δߴपฏ໘ʢTEMʣͰͳ

͘ 7ɺTEʢtransverse electric wave;ిԣํͩ

͚ʣ·ͨ TMʢtransverse magnetic wave; ࣓

ԣํ͚ͩʣʹྨ͞ΕΔɻ

2.2 ಋͷి࣓

ྫͱۣͯ͠ܗಋΛ͢ΔTEϞʔυ (Ez = 0)

ͷి࣓ͷؒ࣌ (t)ൃలͷ༷ࢠΛࣜΛ༻͍ͯॻ͖Լ

͢ɻͨͩ͠ɺۣܗಋ xyz࠲ඪʹ͓͍ͯ x࣠ํ

ʹ a, y ʹํ࣠ bͷํܗஅ໘Λͭ࣋ͷͱ͠ɺి

࣓ z࣠ʹԊͬͯෛ͔Βਖ਼ํʹ͢Δͱ͑ߟΔ

ड़͢ΔཧྔͰ͋ΔҐ૬ޙ5 vp ͱ܈ vg Λ༻͍ͯɺ
vp · vg > 0 ͷ݅Λຬͨ͢ͷ͕ʮਐߦʯɺvp · vg < 0 ͱͳΔ
ͷ͕ʮޙਐʯͱఆٛ͞ΕΔɻ

6ۚଐશಋମͰͳ͍͕ɺ͜͜Ͱද໘े͕߅ʹখ͍͞
ͱ͠ɺશಋମͱಉ༷ʹ͑ߟΔɻ

7TEM ಋΛͰ͖ͳ͍ [3]ɻ



(ਤ র)ɻࢀ3

TE-mode

Hz = Hmn cos(kxx) cos(kyy)e
iωt−γz (2.1)

Ex =
iωµky
kc

2 Hmn cos(kxx) sin(kyy)e
iωt−γz (2.2)

Ey = − iωµkx
kc

2 Hmn sin(kxx) cos(kyy)e
iωt−γz (2.3)

Hx =
γkx
kc

2 Hmn sin(kxx) cos(kyy)e
iωt−γz (2.4)

Hy =
γky
kc

2 Hmn cos(kxx) sin(kyy)e
iωt−γz (2.5)

γ =
√
kc

2 − ω2/c2 (2.6)

kc
2 = kx

2 + ky
2 (2.7)

kx =
mπ

a
, ky =

nπ

b
(2.8)

͜͜Ͱɺµಁ࣓ɺωి࣓ͷ֯पɺiڏ

୯ҐͰ͋Δɻm, nͦΕͧΕɺm(n) = 0, 1, 2, · · · ͷ
Λͭਖ਼ͷͰ͋Γɺ͜ΕΒͷΈ߹Θͤ (m, n)

ʹΑΓ TEmnͱͯ͠ϞʔυΛ۠ผ͢Δɻͨͩ͠ɺ

TE00Ϟʔυଘͣͤࡏ
8ɺm, nͷ͏ͪগͳ͘ͱͲ

ͪΒ͔Ұํ 1Ҏ্ͷͱ͢Δඞཁ͕͋ΔɻHmn

Ϟʔυຖʹ༩͑ΒΕΔఆͰ͋Γɺ࣓ Hz ͷৼ

෯ʹରԠ͍ͯ͠Δɻ·ͨɺkc ͕ಋͷΧοτΦϑ

ΛܾΊΔͰ͋ΓɺΧοτΦϑʢःஅʣप

fc = ckc/(2π)ͱͳΔɻ

্Ͱۣࣔͨ͠ܗಋͷి࣓ͷࣜΛோΊΔͱɺ

Ex, Ey ͦΕͧΕ sin(kyy), sin(kxx)ͱ͍͏ؔΛ

ؚΉ͜ͱ͕Θ͔Δɻ͜ΕΒؔ֯ࡾɺEx ͍ͭͯ

y = 0, bɺEy ͍ͭͯ x = 0, aʹ͓͍͕ͯθϩ

ʹͳΔ͜ͱΛอূ͓ͯ͠Γɺઌʹड़ͨʮಋମ໘Ͱͷ

ిͷઢ͕θϩʯͱ͍͏ڥք݅Λຬͨ͢ɻ·

ͨɺࢦm, n͕େ͖͘ͳΔͱɺి࣓ͷ֤͕ͦ

ΕͧΕͷ࣠ํͭ࣋ʹઅͷ͕େ͖͘ͳΔ͜ͱΘ͔

Δɻਤ 4ʹTEmnϞʔυͷ xyฏ໘ʹ͓͚Δిͷ༷

Λࣔ͢ɻࢠ

ࣜ (2.1͔Β 2.5)ʹಁ࣓ µ͕໌ࣔతʹؚ·Εͯ

͓Γɺ༠ి εΛ༻͍Δͱഔ࣭தͰͷޫ cɺ

c =
1

√
εµ

(2.9)

ͱॻ͚ΔɻಋͰͤ͞Δి࣓ͷిྗʢಛʹ

ϐʔΫిྗʣʹԠͯ͡෦ʹॆర͢ΔΨεछ͕બΕ

8(0, 0) ΛબͿ߹ɺkx = ky = 0 ͱͳΓɺHz Λআ͘શͯͷ
߃తʹθϩͱͳΔɻ͔͠͠ɺHz తʹมಈ͢Δͱ͕ؒ࣌
Maxwell ͷࣜʹै͍ɺx, y ͕ੜ͡ͳ͚ΕͳΒͣໃ६ిʹํ
͕ੜ͡Δɻ

x

y

ਤ 4: TEmn Ϟʔυͷ xy ฏ໘ʹ͓͚Δిͷઈର

ͷ༷ࢠɻ

ΔɻͦΕ΄ͲϐʔΫిྗ͕େ͖͘ͳ͍߹ۭؾͷ·

·Ͱྑ͍͕ɺϐʔΫిྗ͕େ͖͍߹ SF6 Ψε

ΛՃѹॆర͢Δ͔ɺ͘͠෦Λਅۭഉͯ͠ؾ༻͍

ΒΕΔɻ͜ΕಋͰͷ์ిΛආ͚Δͷ͕తͰ

͋Δɻ

2.3 

ࣜ (2.1͔Β 2.5)Ͱࣔ͢ి࣓ͷ֤ʹ͓͍ͯม

 zʹର͢Δґଘੑɺ͘͠ exp (−γz)ͱ͍͏ؔ

Ͱ༩͑ΒΕΔɻγͱݺΕΔྔͰ͋Γɺk2c
ͱ ω2/c2ͷେখؔʹΑΓɺਖ਼ͷ࣮͔ਖ਼ූ߸ͷ७ڏ

ͱͳΔɻલऀೖࣹ͕+zํʹਐΉʹͭΕͯݮ

ਰ 9͢Δ͜ͱΛɺऀޙݮਰ͢Δ͜ͱͳ͘+zํʹ

͢Δ͜ͱΛҙຯ͢Δɻγ͕७ڏͷ߹ɺγ = iβ

ͱ͓͘ͱɺࣜ (2.6, 2.7)ΑΓɺ

ω2

c2
= kc

2 + β2 = kx
2 + ky

2 + β2 (2.10)

ͱ͍͏͕ؔಋ͔Εɺ֤ͷͱ֯पͷؔ

ʣɻ·ͨɺ͏ࢥ௨͕͠Α͘ͳΔʢͱචऀݟ͍ͯͭʹੑ

͜ͷ߹ʹࣜ (2.1͔Β 2.5)ΛோΊΔͱɺHzҎ֎ͷ

ʹڏ୯Ґ i͕͔͔͍ͬͯΔɻ͜ΕɺHz ͱ͜

9͜͜ͰͷݮਰͱɺδϡʔϧʹΑΔͷͰͳ͘ɺಋͷ
ಋମ໘ʹ͓͍ࣹ͕ͯ͜ىΓి࣓͕ΘΒͳ͍͜ͱΛҙຯ͢Δɻ



ΕҎ֎ͷͰڧͷϐʔΫΛ༩͑ΔҐ૬͕ π/2ͣ

ΕΔ͜ͱΛҙຯ͍ͯ͠Δɻ

2.4 ΧοτΦϑप

γ͕ਖ਼ූ߸ͷ७ڏͷͱ͖ʹɺి࣓͕ՄͰ

͋Δͱ͍͏͔݅Βɺ

ω > ckc ≡ ωc (2.11)

ͱ͍͏͕ؔಋ͔ΕΔ 10ɻ͢ͳΘͪɺಋΛ

͢Δి࣓ಋͷزԿֶతͳܗঢ়ʹΑΓܾ·Δ

ΧοτΦϑपΑΓେ͖͘ͳ͚ΕͳΒͳ͍ɻ͜Ε

͕ΧοτΦϑपͱ͍͏໊ͷ༝དྷͰ͋Δɻ

ࣜʢ2.7, 2.8ʣ͔ΒΘ͔ΔΑ͏ʹɺಋΛ͢

ΔϞʔυʹΑΓΧοτΦϑपҟͳΓɺࢦʢm,

nʣ͕େ͖͘ͳΔͱʢ࣍ߴͷϞʔυʹͳΔͱʣͦͷ

େ͖͘ͳΔɻ͜͜Ͱɺਤ 3 ʹ͓͍ͯ a = 2b ΛԾ

ఆ͢ΔͱɺΧοτΦϑपͷҰ൪͍Ϟʔυ ຊج)

ϞʔυͱݺͿ) TE10 Ͱ͋Γɺͦͷ࣍ʹେ͖͍ͷ͕

TE01 ͱ TE20 ϞʔυͱͳΔ (ω(10)
c < ω(01)

c = ω(20)
c )ɻ

͜͜ͰɺTE01 ͱ TE20 Ϟʔυ֤ʑ͕શ͘ҟͳΔి

ʢxy࣓ ฏ໘ͷి࣓ʣΛ͕ͭɺಉ͡

ΧοτΦϑपΛͭ࣋ɻ͜ͷΑ͏ͳঢ়ଶΛϞʔυॖ

ୀ͍ͯ͠Δͱݺͼɺ࣮ࡍͷಋՃΛ༻͢Δ

ͱ͖ʹߴपݯͷपΛ੍ͯ͠ݶෳͷϞʔυ͕

ྭৼ͞ΕΔՄੑ͕͋ΔͨΊҙ͕ඞཁͱͳΔɻैͬ

ͯɺω(10)
c < ω < ω(01)

c ͱͳΔి࣓Λಋʹೖࣹ

͢ΕɺಋʹجຊϞʔυ͚͕ͩ͢Δ͜ͱ

ʹͳΔɻ

2.5 ฏ໘ͷ߹

ಋΛ͢Δి࣓ͷ໘ಋମ໘Ͱͷࣹ

ͷॏͶ߹ΘͤͰܗ͞ΕΔͱઌʹॻ͍ͨɻ͜Εʹ͍ͭ

ͯ TE10ϞʔυΛྫͱͯ͠આ໌͢Δɻͨͩ͠ɺଛࣦͷ

ͳ͍ࣹ໘ΛԾఆ͢ΔɻTE10 ϞʔυͷHz ɺؒ࣌

ʹґଘ͢Δ߲Λআ͍ͯҎԼͷΑ͏ʹද͞ΕΔɻ

Hz = H10 cos(kxx)e
−iβz (2.12)

=
H10

2

{
ei(kxx−βz) + ei(−kxx−βz)

}
(2.13)

͜͜Ͱɺky = 0ͱɺࣜ (2.10)ΑΓɺ

kx = (ω/c) sin θ (2.14)

β = (ω/c) cos θ (2.15)

10kc ਖ਼ͱ͢Δ

θφ

φ θ

波面平面波の軌跡

λg

λ
θ

β

kc

ω/c

a

ਤ 5: ฏ໘ͷ߹ͱͯ͠ΈͨಋͰͷి࣓ɻ

xzฏ໘

ͱ͍͏͕ؔΓཱͭɻ͜Ε z࣠Λରশʹ θ͚ͩ

ਐΉʹํ͍ͨ 2ͭͷฏ໘ͷॏͶ߹Θͤͱ͑ߟΔ͜

ͱ͕Ͱ͖Δɻͭ·ΓɺಋͰฏ໘ಋମ໘Ͱ

ࣹ͞Εͳ͕ΒδάβάʹਐΜͰ͍ΔͱཧղͰ͖Δɻ

͜͜ͰۣܗಋͷTE10Ϟʔυʹ͍ͭͯઆ໌ͨ͠

͕ɺଞͷܗঢ়ͷಋɺଞͷ TE, TMϞʔυʹ͍ͭ

ͯಉ༷Ͱ͋ΔɻҎ্Λਤ 5ʹࣔ͢ɻ

͜͜Ͱɺθ ͷݶۃΛ͑ߟΔɻ·ͣɺθ ∼= 0ͷ߹ɺ

kx ∼= 0, ky ∼= 0ͱͳΓɺి࣓ TEϞʔυͱͯ͠

Ͱ͖ͳ͘ͳΔɻ͜Εઌʹٞͨ͠TE00Ϟʔυ

͕ଘ͠ࡏͳ͍ͷͱಉ༷ͳঢ়گͰ͋ΓɺTEϞʔυΛԾ

ఆͯ͠ಘΒΕͨࣜ (2.1͔Β 2.5ʣΛ༻͍ͯٞͰ͖

ͳ͍ɻ͜ͷ߹ɺಋʹೖࣹ͞Εͨి࣓ಋମ໘

Λҙࣝ͢Δ͜ͱͳ͘ 11ʢಋΛྭৼ͢Δ͜ͱͳ͠

ʹʣTEMͱͯ͠ਐΛଓ͚Δɻ͍Θɺڥք͕ᴴ

͔൴ํʹ͋ΔۭؒΛి࣓͕ਐΉΑ͏ͳঢ়ଶͱ͑ߟΒ

ΕΔɻ

ಋΛਐΉͷप͕ΧοτΦϑपͱʹ࣍

Ұக͢Δ߹ɺω/c = kc Ͱ͋Δ͔Βɺθ = π/2ͱͳ

Δɻ͜ͷ߹ɺਤ 5ΑΓɺి࣓ x࣠ํΛԟ෮͢

ΔͷΈͰ +z࣠ํʹਐ·ͳ͍ɻ

2.6 ؔࢄͱҐ૬

ΧοτΦϑपΑΓେ͖͍पΛ࣓ిͭ࣋

ಋΛͰ͖Δ͜ͱΛઌʹड़ͨɻಋΛ

͢Δࡍɺपͷҧ͍ʹͲͷΑ͏ͳӨڹΛ༩͑

ΔͷͩΖ͏͔ʁਤ 6ʹࣜ (2.10)Λ ω/cʹ͍ͭͯղ͖ɺ

βͷؔͱͯ͠ϓϩοτͨ͠ͷʢͷۂઢʣΛࣔ͢ɻ

ͷ࣮ۂઢ͕جຊϞʔυɺҰઢ͕࣍ͷϞʔυͷ

Λҙຯ͢Δɻͨͩ͠ɺॎ࣠ΧοτΦϑ֯पؔࢄ

 ωc Ͱ֨نԽ͠ɺβ < 0ͷྖҬؚΊਤࣔͨ͠ɻ੨

৭ͷ࣮ઢ z࣠ํʹޫͰਐΉΛද͢ɻ

11Ұํͷಋମ໘Ͱࣹ͞Εͯɺଞͷಋମ໘ͱൺेԕ
͘ʹ͋ΔͨΊɺଞͷಋମ໘Ͱࣹ͞ΕͨͱׯবͰ͖ͳ͍ɻ



 0

 1

 2

 3

 4

-4 -3 -2 -1  0  1  2  3  4

ω/ωc

1.27

1.91

位相速度

群速度

ω/ωc 

   = 2.54

β

ਤ 6: ಋΛ͢Δి࣓ͷؔࢄ

ઢۂΛࣔؔ͢ࢄ͔Βݪ (ۂࢄઢ)ͷҰΛ

ͭͳ͍ͩͱ͖ɺͦͷ͕͖Ґ૬Λɺަʹ͓͚Δ

ઢͷޯ͕܈Λද͢ɻҐ૬໘ͷਐΉ

Ͱ͋ΓɺҰൠతͳಋ࣓ి͍͓ͯʹͷҐ૬

͍ͣΕͷपʹ͓͍ͯޫΑΓେ͖͍ɻ·ͨɺ

ΧοτΦϑपʹۙͮ͘ʹͭΕҐ૬͞Βʹେ

͖͘ͳΓɺΧοτΦϑपͱҰக͢ΔͰແݶେ

ʹͳΔɻ͜Εͱରʹɺप͕େ͖͘ͳΔͱɺҐ૬

ۙతʹޫʹ͍͍ۙͮͯ͘ɻ܈ਐߦ

ͷΤωϧΪʔ͕ΘΔͰ͋ΓɺΧοτΦϑप

ͰθϩͱͳΔɻ͜ΕΤωϧΪʔ͕ૹ͞Εͳ͍͜

ͱΛҙຯ͠ɺઅ 2.4Ͱͨ͡Α͏ʹɺΧοτΦϑप

ͱಉ͡पΛͭ࣋ z࣠ํʹਐ·ͳ͍ͱ͍

ͱҰக͢Δɻߟ͏

ਤ 6ʹ͓͍ͯɺβ > 0ͷྖҬͰ܈ਖ਼ɺβ < 0

ͰෛͱͳΔ͜ͱ͕Θ͔Δɻ͜ΕΤωϧΪʔͷΘ

Δํ͕લऀ+z,ऀޙ−zํͰ͋Δ͜ͱΛࣔ͠

͍ͯΔɻ

ਤ ຊجʹ7 (TE10)ϞʔυͷΧοτΦϑपʹର

͠ 1.27, 1.91, 2.54ഒͷपΛߴͭ࣋पͷEy,

Hz ʹ͍ͭͯɺtxฏ໘Ͱͷͷ༷ࢠΛࣔ͢ɻ͍ͣΕ

ͷपʹ͓͍ͯϞʔυ͕ಉҰͰ͋ΔͨΊ xy

ฏ໘Ͱͷి࣓ͷ༷ࢠಉ͡Ͱ͋Δ͕ɺtxฏ໘Ͱͷ༷

,ҟͳΔ͜ͱ͕Θ͔Δɻ·ͨɺEy͕ࢠ Hz Ͱ࠷େڧ

ΛऔΔ͕ؒ࣌ π/2Ґ૬ͣΕ͍ͯΔ͜ͱ֬ೝͰ͖Δɻ

ਤ 7 txฏ໘Λ zxฏ໘ͱͯ͠ (z࣠ͷਤࣔൣғ

Λ͏·͘બͿ͜ͱͰ)શ͘ಉ༷ͷඳ૾͕ಘΒΕΔɻzx

ฏ໘ͱͯ͠ਤ 7ΛோΊΔͱɺप͕͘ߴͳΔʹͭΕ

Ґ૬ਐΈྔʢҐ૬ʣ͕খ͘͞ͳ͍ͬͯΔ͜ͱ͕Θ

͔Δɻ͜ͷ݁Ռɺਤ 6Ͱ֤ͷҐ૬Λൺֱͯ͠

ΈͯΓཱͭ͜ͱ͕Θ͔Δɻzxฏ໘Ͱి࣓

Hz-field, f/fc=1.27

Ey-field, f/fc=1.91

Ey-field, f/fc=2.54

Hz-field, f/fc=1.91

Hz-field, f/fc=2.54

t

x

-1.0 0.0 1.0

ਤ 7: ͋Δ zҐஔʹ͓͚Δ TE10 ϞʔυͷҟͳΔप

ʹ͓͚Δ tx ฏ໘Ͱͷ Ey, Hz ͷঢ়ଶͷมԽɻ

Ճܗঢ়ɺਤࣔൣғશϓϩοτͰڞ௨ɻ

ΛோΊͨͱ͖ͷҐ૬ͷ୯Ґ܁Γฦ͠ͷڑΛ

(guide wavelength)ͱݺͿɻ

͜͜Ͱɺ͜Ε·Ͱग़͖֤ͯͨཧྔʹ͍ͭͯࣜΛ

͓ࣔͯ͘͠ɻ

ɾҐ૬

vp =
ω

β
(2.16)

ɾ

λg =
2π

β
=

vp
f

(2.17)

ɾ܈

vg =
dω

dβ
=

β

ω/c
c =

λ

λg
c (2.18)

ͨͩ͠ɺω, λ ͳͲఴࣈͷແ͍ྔɺશͯಋΛ

͢Δి࣓ʹؔ͢ΔྔͰ͋Δɻࣜʢ2.18ʣͷ 2ͭΊ

Ҏ߱ͷ߸ࣜ ͼࣜٴ(2.10) (2.16, 2.17)Λ༻͍ͯಋ

͘͜ͱ͕Ͱ͖Δɻ͞Βʹɺࣜ (2.16, 2.17)ΑΓҐ૬

ͱ܈ҎԼͷؔΛຬͨ͢͜ͱ͕Θ͔Δɻ

vpvg = c2 (2.19)

2.7 KEK-PFͷۣܗಋ

ಋͨ͘ΊʹपΛՃߴಋओʹେిྗܗۣ

ʹ༻͍ΒΕΔɻ௨ৗ༻͍ΒΕΔͷجຊϞʔυͱͳΔ



ද 1: ಋܗۣ WR-1500 ͷΧοτΦϑप

m n ΧοτΦϑप

1 0 393.7 MHz

2 0 787.4 MHz

0 1 787.4 MHz

1 1 880.3 MHz

ද 2: ಋܗۣ WR-1500ͷ TE10 ϞʔυΛҟͳΔ

पͰྭৼͨ͠߹ͷʹؔΘΔύϥϝʔλɻ

प Ґ૬ ܈ ɹ

MHz - - - m

(f) (f/fc)ɹ (vp/c) (vg/c) (λg)

500 1.27 1.62 0.62 0.97

750 1.91 1.17 0.85 0.47

1000 2.54 1.09 0.92 0.33

TE10ϞʔυͰ͋Γɺஅ໘ͷล aͱล b͕ a = 2b

ͱͳΔͷ͕༻͍ΒΕΔɻઌʹਤࣔͨͦ͠ͷి࣓ͷ

݅ʢaهશ্͍ͯͯͭʹࢠ༷ = 2bʣΛຬͨͯ͠

͍Δɻ

KEK-PFͰ EIA֨نͰWR-1500ͱݺΕΔಋ

Λ༻͓ͯ͠Γɺa = 381 mm, b = 190.5 mmͷ

෦அ໘ܗঢ়Λͭɻ͜ͷಋͷجຊϞʔυͱͭز

͔ͷ࣍ߴϞʔυʹ͍ͭͯΧοτΦϑपΛද 1ʹࣔ

͢ɻ͜ͷಋͷ TE10ϞʔυͷΧοτΦϑप

393.7 MHzͰ͋ΓɺҰ্ͭͷϞʔυͰ 787.4 MHz

ͱͳΔɻKEK-PFͰ༻͍ΒΕ͍ͯΔ RFۭಎͷڞৼ

प 500.1 MHzͰ͋ΔͨΊɺ࣍ߴͷϞʔυΛྭ

ৼ͢Δ͜ͱແ͘جຊͷTE10ϞʔυͰߴपΛͰ

͖Δ͜ͱʹͳΔɻͱ͜ΖͰɺද 1Ͱ TE20, TE01ͷ

ΧοτΦϑपશ͘ಉ͡Ͱ͋Γ (ॖୀ͍ͯ͠Δ)ɺ

͞Βʹ TMϞʔυͷجຊϞʔυͰ͋Δ TM11 Ϟʔυ

 TE11 ॖୀ͍ͯ͠Δɻ

-ͱͯ͠WRߟࢀɺʹޙ࠷ड़ͷهΔؔ͢ʹಋܗۣ

1500ͷ TE10 ϞʔυΛҟͳΔपͰྭৼͨ͠߹

ͷʹؔΘΔύϥϝʔλʹ͍ͭͯද 2ʹ·ͱΊͨɻ

͜͜·Ͱઆ໌͖ͯͨ͠Α͏ʹɺҎԼͷ߲͕֬ೝͰ

͖Δɻ

• ಋͰͷҐ૬ޫΑΓେ͖͍͜ͱɺి
ͮۙ͘ʹͳΔʹ͍ͭͯޫ͘ߴͷप͕࣓

͜ͱ

• ͳΔʹͭΕͯେ͖͘ͳΓɺ͘ߴप͕܈
ޫʹۙͮ͘͜ͱ

• Ґ૬ͱ܈ͷੵޫͷೋͱͳΔ͜ͱ

a

z

y

x

r

φ

ਤ 8: ԁܕಋͷࣜਤɻి࣓ z࣠ʹԊͬͯ

ෛ͔Βਖ਼ํ͚ʹ͢Δͷͱ͢Δɻԁ෦ͷ

ܘΛ aͱ͢Δɻ

·ͨɺද 1 ͱද 2 ΛݟൺΔͱΘ͔ΔΑ͏ʹද 2

Ͱࣔͨ͠࠷େप 1000 MHzWR-1500ͷ TE20,

TE01, TE11 ϞʔυͷΧοτΦϑपΑΓେ͖͍ɺ

͜ͷ߹ɺຊདྷར༻͍ͨ͠Ϟʔυ TE10 ϞʔυҎ֎

ͷϞʔυྭৼ͞ΕΔՄੑ͕͋Δɻ͜ͷͨΊɺ

WR-1500ಋप 787 MHzʹزΒ͔ͷ༨༟

ΛΈͨҎԼͷपΛͭి࣓Λૹ͢Δͷʹ༻

ΒΕΔɻ࣮ࡍʹಋͷΧλϩάΛΈͯΈΔͱɺWR-

1500ಋͷपଳҬ 0.49͔Β 0.75 GHzͱͳͬ

͍ͯΔɻ͍ํͷपଳҬ͕ 0.49 GHzͱΧοτΦ

ϑप 0.39 GHzΑΓ 100MHz ఔେ͖͘ͳͬͯ

͍Δͷɺ܈͕͘ͳΓ͗͢Δ͔ΒͩͱࢥΘΕ

Δɻਤ 6͔ΒΘ͔ΔΑ͏ʹɺप 500 MHzʢਤͷ

ω/ωc =1.27ͷʣҎԼͷྖҬͰ܈ۃʹ

Լ͢Δɻ

2.8 ԁܕಋ

Ҏ্ɺిࢠՃʹ͍ͭͯͷઆ໌ͰલఏͱͳΔ֓೦

ͼ֤छཧྔʹ͍ͭͯઆ໌ͨͭ͠ΓͰ͋ΔɻՃٴ

ͱۣͯ͠ܗͰແ͘ɺߴपಛੑՃੑͷ؍

͔Βରশੑͷྑ͍ԁܗͷͷ͕Ұൠతʹ༻͍ΒΕ

Δɻ͜͜Ͱɺ࣍અҎ߱ͷͨΊʹԁಋʹ͍ͭͯ

۩ମతͳి࣓ͷܗΛհ͓ͯ͘͠ɻԁಋ

ʹ͓͍ͯɺΧοτΦϑपΛ kc ͱࣔ͢ɻۣܗಋ

ͷ kcΛԁܕಋͱ kcͱͯ͠ஔ͖͑Δ͜ͱ

Ͱɺ͜͜·ͰʹۣܗಋΛ೦಄ʹஔ͍ͯհ֤ͨ͠

ཧྔͦΕΒͷؔͦͷ··దԠͰ͖Δɻ

ਤ 8Ͱࣔͨ͠ܘ aͷԁಋͷTM, TEϞʔ



υͷి࣓ͷ༷ࢠΛࣜΛ༻͍ͯҎԼʹॻ͖Լ͢ 12ɻ

ԁಋͷ߹ɺి࣓ͷ֤ϕοηϧؔͱ

ͷґଘੑϕοηͰ͖ɺrํݱΛ༻͍ͯදؔ֯ࡾ

ϧؔʹ φํؔ֯ࡾʹै͏ɻ

TM-mode

Ez = EmnJm(kcr) cos(mφ)eiωt−γz (2.20)

Er =
−γ

kc
EmnJm

′(kcr) cos(mφ)eiωt−γz (2.21)

Eφ =
γm

kc
2Emn

Jm(kcr)

r
sin(mφ)eiωt−γz (2.22)

Hr =
−iωεm

kc
2 Emn

Jm(kcr)

r
sin(mφ)eiωt−γz (2.23)

Hφ =
−iωε

kc
EmnJm

′(kcr) cos(mφ)eiωt−γz (2.24)

kc =
ρmn

a
(2.25)

TE-mode

Hz = HmnJm(kcr) cos(mφ)eiωt−γz (2.26)

Er =
iωµm

kc
2 Hmn

Jm(kcr)

r
sin(mφ)eiωt−γz (2.27)

Eφ =
iωµ

kc
HmnJm

′(kcr) cos(mφ)eiωt−γz (2.28)

Hr =
−γ

kc
HmnJm

′(kcr) cos(mφ)eiωt−γz (2.29)

Hφ =
γm

kc
2Hmn

Jm(kcr)

r
sin(mφ)eiωt−γz (2.30)

kc =
ρmn

′

a
(2.31)

͜͜ͰɺTM, TEϞʔυʹ͓͍ͯ γ ͱ kc ͷؔ (

ಉҰͷࣜ(ؔࢄ (2.6)Ͱ༩͑ΒΕΔɻ·ͨɺJm

ୈ 1छϕοηϧؔͰ͋ΓɺϓϥΠϜมͰͷඍ

Λҙຯ͢Δɻm = 0ʹ͍ͭͯ J0
′ = −J1 ͷ͕ؔ

͋Δɻρmn, ρmn
′ͦΕͧΕ Jm, Jm

′ͷ n൪ͷࠜͰ

͋Δɻ͜ΕΒͷ࣍ʹ͓͚Δ۩ମతͳΛද 3, 4ʹ

ͯɺJ0(x), J1(x)ͷ༷ࢠΛਤ 9ʹࣔ͢ɻ

ϕοηϧؔͷมશͯ kcr Ͱ༩͑ΒΕɺkc 

ϕοηϧؔͷࠜʢେ͖͕͞θϩͱͳΔʣͱԁ

ܘ aͷൺͱͳΔɻ͜ͷͨΊɺTM, TEͷ͍ͣΕͷϞʔ

υʹ͓͍ͯ Ez ͼٴ Eφ  r = aͭ·Γԁͷ

ܘ (ಋମ໘)ͰඞͣθϩͱͳΔɻ͜Εʮಋମ໘Ͱͷ

ిͷઢ͕θϩʯͱ͍͏ڥք݅Λৗʹຬͨ͢

͜ͱΛҙຯ͢Δɻ

ԁಋͷϞʔυͷ͏ͪ࠷ΧοτΦϑप

͕͍ͷɺϕοηϧؔͷ͕ࠜ࠷খ͘͞ͳΔ

߹Ͱ͋Δɻैͬͯɺද 3, 4͔Βɺ࠷ΧοτΦϑप

12ຊࣜΛಋग़͢Δࡍɺੵఆͱͯ͠ φ0 ʹಘΒΕؔ֯ࡾ͕
Δ͕ɺຊ࣭తʹҙຯΛ͞ͳ͍ͨΊ͜͜Ͱ φ0 = 0 ͱ͢Δɻ

-0.6

-0.4

-0.2

 0

 0.2

 0.4

 0.6

 0.8

 1

 0  2  4  6  8  10

J0(x)

J1(x)

x

ρ01=

   2.405
ρ11=

   3.832

ρ11´=1.841

ਤ 9: ϕοηϧؔ J0, J1 ͷ༷ࢠ

ද 3: ϕοηϧؔ Jm ͷࠜ
❍❍❍❍❍❍n

m
0 1 2

1 2.405 3.832 5.136

2 5.520 7.016 8.417

3 8.654 10.173 11.620

ද 4: ϕοηϧؔ Jm
′ ͷࠜ

❍❍❍❍❍❍n

m
0 1 2

1 3.832 1.841 3.054

2 7.016 5.331 6.706

3 10.173 8.536 9.969

͕͍ͷTE11ϞʔυͰ͋Δ͜ͱ͕Θ͔Δɻ·

ͨɺ࣍ʹΧοτΦϑप͕͍Ϟʔυ TM01ɺͦ

ͷ࣍ʹTM11ͱTE01͕ ρ11 = ρ01′ͱͳΓಉ͡Ͱ

ଓ͘ɻ͜Εઌʹड़ͨ J0
′ = −J1ͱ͍͏ϕοηϧؔ

ͷੑ࣭ʹΑΔͷͰ͋ΓɺҰൠతʹTM1nͱTE0n

͍ޓʹॖୀ͢Δؔʹ͋Δɻ͜ΕΒͷϞʔυͷ

ԁஅ໘Ͱͷి࣓ͷ༷ࢠΛਤ 10ʹࣔ͢ɻ

ਤ 10ʹࣔͨ͠Ϟʔυͷ͏ͪҰൠʹՃͰి

ϏʔϜΛՃ͢Δͷʹ༻͍ΒΕΔͷ͕ࢠ TM01 Ϟʔ

υͰ͋ΓɺEz ͷ࠷େԁ෦த৺ʹଘ͢ࡏΔɻ

͠ɺిࢠͱ TM01 ϞʔυͷҐ૬͕͚͠Ε

ɺిࢠϏʔϜΛՃʹ௨աͤ͞Δ͜ͱͰྦྷੵతͳ

Ճ͕ՄͱͳΔɻ͔͠͠ɺਤ 6Ͱࣔͨ͠Α͏ʹ௨ৗ

ͷಋશͯͷपʹ͓͍ͯޫΛ্ճΔҐ૬

Λ͓ͯͬ࣋ΓɺిࢠΛ͜Εͱ͘͢͠Δ͜ͱ

ՃͰʹࡍཧతʹෆՄͰ͋Δɻͦ͜Ͱɺ࣮ݪ



x

y

-1.0 1.00.0

ਤ 10: ԁಋͷදతͳϞʔυͷి࣓ͷ

ʹɻΧοτΦϑपͷ͍ͷΛॱࢠ༷ 4ͭࣔ͢ɻ

ͷి࣓ͷҐ૬Λ͘͢ΔΑ͏ͳΛ͡ߨΔɻ

͜Εʹ͍ͭͯ࣍અҎ߱Ͱઆ໌͢Δɻ

ʹޙ࠷ TE01Ϟʔυʹ͍ͭͯগ͠ิ͓ͯ͘͠ɻਤ

10ʹࣔͨ͠Α͏ʹɺTE01ϞʔυͰి࣓ڞʹԁ

෦ʹूத͓ͯ͠Γɺಋମͷ͋Δ֎प෦Ͱऑ͘

ͳ͍ͬͯΔɻ͜ΕଞͷϞʔυͱൺಋମ໘Ͱͷ

ଛࣦ͕গͳ͍͜ͱΛ͓ࣔࠦͯ͠Γɺղੳతʹ͜ͷ݁

ՌΛಋ͘͜ͱ͕Ͱ͖Δ [4]ɻ࣮ࡍɺTE01 Ϟʔυप

ʹର͠ݮਰ͕୯ௐݮগ͢Δͱ͍͏ಛੑΛͪ࣋ɺϛ

ϦͳͲ͍ߴपΛ࣓ిͭ࣋ͷڑૹʹ

͍͍ͯΔɻ͜ΕΑΓ࣍ߴͷTE0nϞʔυͰಉ༷Ͱ

͋Δɻ



3 ਐߦܕՃ

લઅͷಋʹ͍ͭͯͷٞΛͱʹɺిࢠՃ

ɺຊઅͰ·ͣਐߦܕՃʹ͍ͭͯઆ໌͢Δɻ

ਐߦܕՃͷࣜਤΛਤ 11ʹࣔ͢ɻਐߦܕՃ

Ͱߴप͔ݯΒಋ͔Εͨߴपݮਰ͠ͳ͕Β

ՃΛਐΈɺ෦ʹୡͨ͠ޙՃ͔ΒऔΓग़͞

ΕμϛʔϩʔυʹࣺͯΒΕΔɻ

3.1 σΟεΫϩʔυՃͷి࣓

ԁಋΛ͢Δి࣓ͷ TMϞʔυ࣠

ϏʔϜࢠΔͨΊɺ͜ΕΛి͢ࡏ͕ଘిʹํ

ͱؒ࣌తʹಉͤ͞ظΔ͜ͱͰՃ͕ՄͱͳΔɻ͔͠

͠ɺલઅͰઆ໌ͨ͠Α͏ʹಋΛ͢Δి࣓ͷ

Ґ૬ޫΑΓେ͖͍ͨΊɺ͍͔ͳΔՙిཻࢠͱ

ಉظͰ͖ͳ͍ɻ͜ͷΛղܾ͢ΔͨΊʹ࠷Α͘

༻͍ΒΕ͍ͯΔखஈ͕ɺத৺ʹ݀ͷۭ͍ͨۚଐͷ

Γ (σΟεΫ)Λ࣠ํʹपظతʹૠೖ͢Δํ๏Ͱ

͋Δɻਤ 12ʹͦͷࣜਤΛࣔ͢ɻ͜ͷ̎ຕͷσΟε

ΫʹΒΕͨԁܗঢ়ͷ۠ؒΛηϧߏ (ηϧ)ͱ

ͼɺಛʹਤݺ 12ͷΑ͏ͳՃσΟεΫϩʔυܕ

ମߏ (disk-loaded structure)ͱݺΕΔɻ

࣓Δ߹ɺ͢Δి͢ࡏσΟεΫ͕ଘʹ࣠ํ

͕σΟεΫΛ௨ա͢Δʹೖࣹͱରํʹਐ

Ήࣹ͕ੜ͡Δ͜ͱʹͳΔɻͭ·ΓɺಋͰઅ

2.5Ͱઆ໌ͨ͠Α͏ʹฏ໘͕δάβΫʹંΕ͕ۂΓ

ͳ͕Β+zํʹਐΉͱ͑ߟΔ͜ͱ͕Ͱ͖͕ͨɺσΟ

εΫϩʔυܕՃͰ−zํʹਐΉྀ͢ߟ

Δඞཁ͕Ͱͯ͘ΔɻಛʹσΟεΫ͕ෳଘͦ͠ࡏͷؒ

ִ l͕पظతͳ߹ɺ͞ΕΔి࣓ͷ໘ಋମ

ଆ໘ʹՃ֤͑σΟεΫ͔ΒͷࣹͱͷपظతͳॏͶ

߹ΘͤͱͳΔɻ

RF 源 ダミーロード

電子ビーム

RF 波

加速管

ਤ 11: ਐߦܕՃͷࣜਤɻ

z

l

ਤ 12: पظతʹ݀ͷ͋Δԁ൫ (σΟεΫ)Λ͍ΕͨՃ

ͷࣜਤɻz࣠ํʹपظ lͰແݶʹσΟεΫ͕

ฒͿͱԾఆ͢Δɻ

3.2 ௐߴຊͱۭؒج

ແݶʹσΟεΫߏ͕࿈ͳΔՃʹ֯प ωͷ

ք݅Λຬͨ͠ಉ͡ڥతظΛͤ͞Δͱɺप࣓ి

पͱͳΔ͕Ґ૬ͷҟͳΔి࣓͕ແʹݱ

Εɺి࣓ͷ֤͜ΕΒͷͱͯ͠ද͞ݱΕΔɻ

ྫͱͯ͠ TMmn ϞʔυΛ͑ߟΔͱɺͦͷ࣠ํి

Ez ࣜ (2.20)ΑΓ࣍ͷΑ͏ʹॻ͚Δ 13ɻ

Ez =
∞∑

s=−∞
asJm(kc,sr) cos(mφ)ei(ωt−βsz) (3.1)

β ≡ βs = β0 +
2πs

l
, (s = 0,±1,±2, · · · ) (3.2)

k2c,s = (ω/c)2 − βs
2 (3.3)

͜ΕϑʔϦΤڃͷͱͳ͓ͬͯΓɺasϑʔϦΤ

ɺβ0ୈͷ֤ڃ 1ϒϦϧΞϯκʔϯ (brillouin

zone)Ͱͨ͑ߟͱ͖ͷͱͳΔɻࣜ (3.1)ۭ

ؒతʹ l/sͷपظΛͨͬ࣋ͷ߹ͱΈͳͤɺs = 0

ͷجຊɺͦͷଞͷ s = ±1,±2, · · · Ͱ༩͑ΒΕ
Δۭؒߴௐ (spatial harmonicsʣͱݺΕΔɻ

ͭ࣋Λ܈ຊͱಉ͡पɾجௐશͯߴۭؒ

͕Ґ૬ҟͳΓɺҎԼͷࣜͰ༩͑ΒΕΔɻ

vp,s =
ω

βs
=

ω

β0 + 2πs/l
(3.4)

·ͨɺࣜ (3.1, 3.2)Ͱ༩͑ΒΕΔؔฒਐରশੑΛ

ମཧֶͰ͍͏ݻɺFloquetͷఆཧ·ͨͪ࣋ Bloch

ͷఆཧΛຬͨ͢ 14ɻ

Ұൠʹۭؒߴௐͷৼ෯ as جຊ (s = ࠷͕(0

େ͖͘ɺ࣍ʹ (s = −1), (s = 1)ͱ͕࣍େ͖͘ͳ

Δʹ࿈Εͯখ͘͞ͳΔɻैͬͯɺपظతͳՃߏΛ

ͬͨ΄ͱΜͲͷՃͰجຊΛిࢠͱಉͤ͞ظ

ΔΑ͏ઃ͞ܭΕΔɻ
13ଞͷಉ༷ʹॻ͖Լ͢͜ͱ͕Ͱ͖Δɻ
14Floquet ͷఆཧ,Bloch ͷఆཧ༻͞ΕΔ͕ҟͳΔ͚ͩ
Ͱҙຯಉ͡Ͱ͋Δɻ



0 π/l
β

-π/l

ω

ω0 = ωc

ωπ

ω=cβ

周期的構造なし
　(導波管)

ディスクあり
(基本モード)

s=0s=-1

ω=-cβ

ディスクあり
(高次モード)

大

0

ਤ 13: σΟεΫϩʔυՃͷؔࢄɻ৭ͷ࣮

ઢ͕σΟεΫϩʔυՃͷجຊϞʔυͷؔࢄͰ

͋Γɺ৭ͷઢ͕ૉͷಋͷͷͰ͋Δɻ·ͨɺ

Ұઢͷۂઢ࣍ߴϞʔυͷؔࢄɺ੨৭ͷ࣮ઢ

͕ޫͷిࢠͷيͱͳΔɻ

3.3 σΟεΫϩʔυՃͷؔࢄ

ࣜ (3.2, 3.3)ΑΓσΟεΫϩʔυՃͷ͕ؔࢄ

पੑظΛͭ࣋͜ͱ͕Θ͔ΔɻՃͷؔࢄՁ

ճ࿏Λ༻͍ͨղੳʹΑΓൺֱత؆୯ʹٻΊΒΕΔ [5]ɻ

ηϧؒͷి࣓͕ిʹΑΓ݁߹͢Δ߹ [6–8]ͷ

ɺؔࢄ

ω = ω0

√
1 + κC(1− cosβl) (3.5)

ʹΑΓ݁߹͢Δ߹࣓

ω =
ω0√

1 + κL(1− cosβl)
(3.6)

ͱͳΔɻͦΕͧΕ κηϧؒͷ݁߹ͷ͞ڧΛද͢ఆ

(݁߹ఆ)Ͱ͋ΓɺԼจࣈͷ C,LͦΕͧΕՁ

ճ࿏ͷ੩ి༰ྔ C ͱΠϯμΫλϯε Lʹ༝དྷ͍ͯ͠

Δɻω0 θϩϞʔυͰͷ֯पͰ͋Γɺ͜ͷҙຯ

ޙʹઆ໌͢Δɻ·ͨɺಉ༷ʹ πϞʔυͷ֯पΛ

ωπ ͱද͢ɻ

݁߹ఆ κిɾ࣓݁߹ͷ͍ͣΕͷ߹ʹ͓͍

ͯɺσΟεΫͷ։͕ޱখ͍͞ݶۃͰ κ = 0ͱͳ

Γɺω = ω0 ͱͳΔɻ͜ͷঢ়ଶͰηϧؒͷ݁߹͕ͳ

͘ͳΓɺ֤ηϧಠཱͱͳΔɻ

σΟεΫͷ։͕ޱൺֱతେ͖͍ (͢ͳΘͪηϧؒͷ

݁߹͕େ͖͍)߹ʹ͍ͭͯɺσΟεΫϩʔυՃ

ͷؔࢄΛਤ 13ʹࣔ͢ɻجຊϞʔυͱ࣮ͯ͠ઢ (

৭)Ͱࣔͨ͠ͷ͕ɺηϧ͕ؒిͰ݁߹͢Δ߹ͷ

ۂࢄઢɺ࣍ߴϞʔυ (ͷҰઢ)ͱͯࣔͨ͠͠

ͷ͕ɺηϧ͕࣓ؒͰ݁߹͢Δ߹ͷۂࢄઢͰ

͋Δɻԣ࣠ɺηϧؒͷి࣓ͷҐ૬ਐΈʹରԠͯ͠

͓ΓɺҐ૬ਐΈྔʹԠͨ͡ి࣓ͷϞʔυΛҐ૬

Ϟʔυͱͯ۠͠ผ͢Δɻࣜ (3.5)ਤ 13͔ΒΘ͔Δ

Α͏ʹɺిͰ݁߹͢Δ߹θϩϞʔυ (β = 0ͱ

ͷަ)͕࠷प͕͘ɺπ Ϟʔυ (β = π/l)͕

Ͱ݁߹͢Δ߹͜ͷ࣓ɻ͍ߴप͕࠷

ΑΓɺʹࢠͷ༷࣓ిస͢Δɻ͜ΕΒͷٯ

σΟεΫΛִͯͨ྆ଆͷి࣓ͷΤωϧΪʔ͕૿Ճ͢

Δ͔ݮগ͢Δ͔Ͱܾ·ΔɻՃͷి࣓͕ిɾ

࣓ͷͲͪΒͰ݁߹͢Δ͔֤Ϟʔυͷి࣓

ʹΑͬͯҟͳΔɻ

ਤ 13ʹ͓͍ͯɺۂઢͰࣔ͞ΕΔઢ (৭)͕ૉ

ͷԁಋͷؔࢄͰ͋Γɺ࣮ઢ (৭)͕σΟ

εΫϩʔυՃͷجຊϞʔυͷؔࢄͰ͋Δɻୈ

1ϒϦϧΞϯκʔϯ (−π/l ≤ β ≤ π/l )ʹ͓͍ͯ྆

ऀΛൺΔͱθϩϞʔυۙ (β ∼= 0)Ͱؔࢄ

͋·ΓมԽ͠ͳ͍ɻ͔͠͠ɺπϞʔυʹۙͮ͘ʹͭ

ΕͯɺͦͷมԽେ͖͘ͳΔɻ͜Εͷ

λg/2͕पִؒظ l ʹۙ͘ͳΓɺҰͭલͷσΟεΫͱ

ͷσΟεΫͰͷࣹ͕ಉҐ૬ʹ͍ۙঢ়ଶͰॏͳΓ࣍

߹͏Α͏ʹͳΔͨΊͰ͋Δɻ͜ͷ߹ɺଟ͘ͷσΟε

Ϋ͔Βͷࣹ͕ڧʹ͍ޓΊ͍͋ɺ͢Δͷ܈

͕͘ͳΔɻ

3.4 ύεόϯυͱετοϓόϯυ

ਤ ຊϞʔυͰͰ͖Δपج͕࣓ి͍͓ͯʹ13

 ω0 ͔Β ωπ ·Ͱͷ۠ؒͰ͋Γɺ͜ΕΛύεό

ϯυ (pass band)ͱ͍͏ɻ͞ΒʹपΛ্͍͛ͯ͘

ͱɺҰઢͰࣔͨ࣍͠ͷϞʔυͷ ωπ Ҏ্ʹͳ

Δ·Ͱి࣓Ͱ͖ͳ͍ɺ͜ͷ۠ؒΛετοϓό

ϯυ (stop band)ͱ͍͏ɻ͜ͷΑ͏ͳ͕ؔࢄੜ͡

Δͷ࣠ํ (z ࣠)ʹઃ͚ΒΕͨपੑظʹΑΔ

ͷͰɺݻମཧֶʹ͓͍ͯ݁থ͕֨ߏࢠΛͭ࣋ͱ

ΤωϧΪʔؔࢄʹෆ࿈ଓੑ͕ੜ͡Δݱͱྨ͠ࣅ

͍ͯΔɻ

3.5 πϞʔυͱͦͷଞͷϞʔυ

ͷ λg/2͕ηϧִؒ lͱҰக (β = π/l)

ͨ͠ͱ͖ 15ɺྡΓ߹͏ηϧؒͷి࣓ͷҐ૬ࠩ π

ͱͳΔ (ਤ র)ͨΊɺࣹͲ͏͠ࢀ14 2πͷҐ૬

ࠩΛͭ࣋͜ͱʹͳΔɻͭ·Γɺશͯͷࣹಉ͡Ґ

151 ʹର͠ 2 ຕͷσΟεΫ͕ͪΐ͏ͲͷͷҐ
ஔؔͱͳΔͱ͖ɻ
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0 l 2l 3l 4l

z

Ez
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π/2モード

2π/3モード

λg

λg

λg

ਤ 14: ֤Ґ૬Ϟʔυʹ͓͚Δ Ez ͷ༷ࢠɻ

૬ͰશʹॏͳΓ͋͏ 16ɻैͬͯɺՃ͕ແݶʹ

ͷนଛࣦ͕ͳ͚Εɺࣹఆৗঢ়ଶͰ࣓ి͘

ೖࣹͱಉ͡ৼ෯ʹͳΔɻ͜ΕɺೖࣹͱࣹͰ

ఆࡏ͕ੜ͡Δ͜ͱΛҙຯ͠ɺఆࡏͰਐ͠ߦ

ͳ͍ͨΊɺ܈θϩͱͳΔɻ͜ͷҐ૬Ϟʔυ π

ϞʔυͱݺΕɺఆࡏܕՃͰΑ͘༻͍ΒΕΔɻ

·ͨ π/2Ϟʔυʹ͍ͭͯಉ༷ʹɺͷ 4

ͷ 1 (λg/4)͕ηϧִؒ lͱҰக͢Δͱ͖ 17(ਤ ࢀ14

র)ɺηϧؒͷి࣓ͷҐ૬ࠩ π/2ͱͳΔɻ͜ͷ

߹ɺྡΓ߹͏σΟεΫ͔ΒͷࣹͷҐ૬ࠩ πͱͳ

Γɺ͍ޓʹଧͪফ͠߹͏͜ͱʹͳΔɻͭ·Γɺࣹ

ଘ͠ࡏͳ͍ͷͱΈͳͤΔɻ͜Ε͕Ճ͕ਐߦ

Ճͱཱͯ͢͠Δঢ়ଶͰ͋Δɻθϩͱܕ πϞʔυ

Ҏ֎ͷશͯͷҐ૬Ϟʔυʹ͓͍ͯಉ༷ͷཱٞ

͠ɺࣹଧͪফ͞ΕɺਐߦܕՃͱཱͯ͠

͢Δɻͨͩ͠ɺҐ૬ϞʔυʹԠࣹ͕ͯ͡શʹଧ

ͪফ͠߹͏ͨΊʹඞཁͳσΟεΫ͕ΑΓଟ͘ඞཁͱ

ͳΔɻ·ͨɺ܈ π/2Ϟʔυ͕࠷େ͖͘ɺθϩ

 πϞʔυʹۙͮ͘ʹͭΕখ͘͞ͳΔ (ਤ র)ɻࢀ13

ମཧֶʹग़ͯ͘Δݻ16 Bragg ݅Λຬͨ͢ɻ
171 ʹର͠ 4 ຕͷσΟεΫΛִؒʹઃ͚Δͱ͖

3.6 ظͱͷಉࢠి

ਤ 13Ͱ੨ઢͰࣔͨ͠ͷ͕ ω = ±cβ ͱͳΔϒϦϧ

ΞϯκʔϯதͰͷޫͷిࢠϏʔϜͷيͰ͋Γɺ͜

ͷઢͱۂࢄઢͱ͕ަΘΔʢਤதͷؙʣͷҐ૬

Ϟʔυ͕ిࢠͱಉظͰ͖Δɻͭ·Γɺ্هҐ૬Ϟʔυ

(ՃϞʔυͱݺΕΔ) ʹͷྦྷੵతͳՃࢠి͕

࣍ߴΛ୧͍ͬͯ͘ͱيͷࢠ༩͢Δɻ͞Βʹɺిد

ϞʔυͷۂࢄઢͱަΘΔ͜ͱ͕Θ͔Δɻ͜Ε

࣍ߴΔ߹ɺަͰ༩͑ΒΕΔ͢ࡏϞʔυ͕ଘ࣍ߴ

ɾҐ૬ϞʔυͷӨڹిࢠྦྷੵతʹड͚Δ͜ͱΛ

ҙຯ͠ɺՃ࣍ߴʹϞʔυ͕ଘ͢ࡏΔ߹ҙ͕

ඞཁͱͳΔɻ

Δप͢ݱɺతͱ͢ΔɾҐ૬ϞʔυΛ࣮ʹ࣍

ͷి࣓ͷΈΛՃʹͤ͞Δ͜ͱΛ͑ߟΔɻ

͜ͷ߹ɺલड़ۭͨؒ͠ߴௐಉ࣌ʹ͞ΕΔɻ

ਤ 13ʹ͓͍ͯനؙͰද͕ͨ͠ s = −1ͷۭؒߴ

ௐΛࣔ͠ɺsͷͷҟͳΔಉ༷ͳਤࣔͨ͠ൣғ

֎ʹແʹଘ͢ࡏΔɻલड़ͨ͠Α͏ʹɺۭؒߴௐ

ՃϞʔυͱಉ͡܈ Λ͕ͭҐ(ઢͷޯۂ)

૬͕ҟͳΔͨΊɺిࢠͱྦྷੵతͳ૬࡞ޓ༻Λ͢Δ

͜ͱͰ͖ͣɺेͳՃڑΛΔ͏ͪʹۭؒߴ

ௐ͔Βి͕ࢠಘΔՃήΠϯθϩͱͳΔɻ

ਤ 15ʹσΟεΫϩʔυܕՃΛਐ͢ߦΔి࣓

ͱ͜Εʹಉͯ͠ظਐΉిࢠϏʔϜͷࣜਤΛҰఆؒ࣌

ຖͷεφοϓγϣοτͱͯࣔ͢͠ɻൃؒ࣌లʹ͍ɺ

ϏʔϜͱࢠϏʔϜ͕ՃΛਐΉ͕ɺిࢠͱి࣓ి

Ϗʔࢠͷ૬ରҐ૬ৗʹอͨΕΔɻ͜ͷͨΊి࣓ి

ϜՃΛ௨ա͍ͯ͠ΔؒɺྦྷੵతʹՃ͞ΕΔ͜

ͱʹͳΔɻ·ͨɺਤ 15ͰۭؒߴௐΛྀ͍ͯ͠ߟ

ͳ͍ɻ

ͱ͜ΖͰɺࣜ (3.3)ʹ͓͍ͯɺجຊ (s = 0)ͷҐ

૬͕ޫٴͼిࢠͱҰக͢Δ߹ɺ

k2c,0 = (ω/c)2 − β0
2 = 0

ͱͳΔɻैͬͯɺࣜ (3.1) ʹ͓͍ͯ m = 0 ͷ߹ɺ

J0(kc,0r) = J0(0) = 1ͱ͍͏͕ؔΓཱͭͨΊɺEz

 rʹґଘ͠ͳ͍͜ͱʹͳΔɻ͜ͷ߹ɺిࢠϏʔϜ

ɺड͚ΔՃి͍ͯͯͬ࣋Δେ͖͞Λ͋ʹํܘ͕

ಉ͡ͱͳΔɻ

3.7 ܈

ॏཁͳʹ࣍पͷ͍͓ͯʹܭՃͷઃ܈

ύϥϝʔλͩͱ͍͑Δɻʹి࣓͕ॆర͞ΕΔͷ
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 0

 1

-1

 0

 1

-1

 0

 1

-1

 0

 1

0 l 2l 3l 4l

t=0

t=1/3T

t=2/3T

t=T

z

Ez

ਤ 15: ՃΛਐΉి࣓ (ઢ)ͱిࢠϏʔϜ (੨

ؙ)ͷεφοϓγϣοτɻ͢Δి࣓Ґ૬Ϟʔ

υ 2π/3ͷجຊͷΈΛਤࣔͨ͠ɻ

ʹඞཁͳؒ࣌ɺϑΟϦϯάλΠϜՃͷ͞Λ L

ͱͯ͠

τf = L/vg (3.7)

ͱ༩͑ΒΕΔɻϑΟϦϯάλΠϜ͕͍ͱి࣓͕Ճ

Λຬͨ͢ͷʹ͔͔͕ؒ࣌ΔͨΊɺೖࣹʹ͍

ύϧε෯͕ඞཁͱ͞ΕΔɻ

͞ΒʹɺՃͷߴपిྗ P ୯Ґ͋ͨ͞

ΓͷੵΤωϧΪʔ wͱҎԼͷؔʹ͋Δɻ

P = w · vg (3.8)

ैͬͯɺ͋ΔߴपిྗΛԾఆͨ͠ͱ͖ɺ܈͕খ

͍͞ͱ୯Ґ͋ͨ͞ΓͷੵΤωϧΪʔେ͖͘ͳ

Γɺۭಎʹྭৼ͞ΕΔՃిେ͖͘ͳΔɻ͜Ε

ॳظͷՃޮେ͖͍͕ɺిߴքΛྭৼ͢ΔͨΊͷ

นফඅిྗʹΑΓɺߴपిྗ͕ٸʹࣦΘΕΔ͜ͱ

Λҙຯ͢ΔɻҰํɺ܈͕େ͖͍߹ɺੵΤωϧ

ΪʔͱՃిখ͘͞ͳΓɺՃޮ͕૬ରతʹ

͘ͳΔɻ܈͜ͷΑ͏ͳࣄΛ౿·͑όϥϯεྑ

ܾ͘ఆ͞ΕΔ͖Ͱ͋Δɻ

3.8 γϟϯτΠϯϐʔμϯε

Ճͷ͏ҰͭͷύϥϝʔλɺσΟεΫִؒʢҐ

૬Ϟʔυʣ୯Ґ͋ͨ͞ΓͷγϟϯτΠϯϐʔμϯ

ε (shunt impedance) rsh͕࠷େͱͳΔΑ͏બΕΔ

ͷ͕·͍͠ɻ͜ͷ݅ΛٻΊΔͨΊʹɺ࢝ΊʹՃ

͕ 1 ηϧͰߏ͞ΕΔ߹ɺͭ·ΓϐϧϘοΫε

(pillbox) ͷܕ RFۭಎ 18ʹ͍ͭͯωοτͷγϟϯτ

ΠϯϐʔμϯεRshΛ͑ߟΔɻͦͯ࣍͠ʹଟηϧͷՃ

ʹ͍ͭͯΛൃలͤ͞Δɻrsh ͱ Rsh ͷҧ͍ɺ

લऀ͕୯Ґ͋ͨ͞Γͷྔɺۭ͕ऀޙಎ (Ճ)શ

ମͱͯ͠ͷྔͱͯ͠ఆٛ͞ΕΔͰ͋Δɻ

3.8.1 ϐϧϘοΫεۭܕಎ

ຊςΩετͰγϟϯτΠϯϐʔμϯε Rsh ɺ

P.B. Wilson [9]ͷఆٛΛ༻͍Δ 19ɻ

Rsh =
V 2
c

Pc
=

(EzT l)2

Pc
(3.9)

Pcͱ lͦΕͧΕนফඅిྗͱηϧͷ͞Ͱ͋ΓɺVc

ਖ਼ݭͰؒ࣌มԽ͢ΔిΛిࢠϏʔϜ͕ηϧ 1

ͭΛ௨Γൈ͚Δؒʹड͚ΔՃిѹͰ͋ΔɻT  Vc

ͱ Ez Λ݁ͼ͚ͭΔͰ͋ΓɺτϥϯδοτλΠϜ

ϑΝΫλʔ (transit time factor)ͱݺΕɺৗʹ 1Ҏ

ԼͱͳΔɻ

PcηϧͷੵΤωϧΪʔ U ͱෛՙͷແ͍߹

ͷ Q Qo ʹର͠ɺҎԼͷؔΛͭ࣋ɻ

Q0 =
ωU

Pc
(3.10)

ैͬͯɺࣜ (3.9)ΑΓɺT 2ͱQ0͕ڞʹେ͖͚ΕRsh

େ͖͘ͳΔͱ༧Ͱ͖Δɻ

͜͜Ͱ TM0n0ϞʔυΛԾఆ͠ɺT ʹ͍ͭͯมΛ

໌ࣔͯ͠ఆٛ͢Δͱ࣍ͷΑ͏ʹͳΔɻ

T ≡

∣∣∣
∫ l/2
−l/2 Ez(r, z)eiωz/vedz

∣∣∣
∫ l/2
−l/2 Ez(0, z)dz

(3.11)

18ͨͩ͠ɺՃͱͷൺֱ͕తͰ͋ΔͨΊ z ࢦͷํ࣠
(TMmnp ͱͨ͠ͱ͖ͷ p) Λ 0 ͱ͢Δɻ

19R = V 2
c /Pc ͱఆٛ͢Δ͜ͱ͋ΔͨΊҙ͕ඞཁɻ
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ਤ 16: ϐϧϘοΫεܕ RFۭಎͷγϟϯτΠϯϐʔ

μϯεͷηϧґଘੑɻ

·ͨɺిࢠϏʔϜ্͕࣠ (r = 0)Λ௨ա͢Δ߹ɺ

T ҎԼͷΑ͏ʹॻ͖Լ͢͜ͱ͕Ͱ͖Δɻ

T =
sin{ωl/(2ve)}

ωl/(2ve)

=
sin{πl/(βeλ)}

πl/(βeλ)
(3.12)

ͨͩ͠ɺβe = ve/cͰ͋Δɻ

ΛޫͱΈͳ͠ɺมΛࢠి x = πl/λͱͱΔ

ͱ࠷దͳ Rsh Λ༩͑Δηϧి࣓ͷपͱಠ

ཱʹܾΊΔ͜ͱ͕Ͱ͖Δ [8,10,11]ɻྫͱͯ͠ TM010

Ϟʔυͷ Rsh(x)ΛҎԼʹࣔ͢ɻ

Rsh(x) = AR
4x2

ρ01 (ρ01 + 2x)
T (x)2 (3.13)

AR  Ez  Q0 ͷಋग़࣌ʹදΕΔఆΛ·ͱΊͨ

ͷͰ͋Γɺxʹґଘ͠ͳ͍ɻ

ࣜ (3.13)Λ༻͍ͯ Rsh/Rsh,max Λϓϩοτ͢Δͱ

ਤ 16ͷΑ͏ʹͳΔɻͨͩ͠ɺηϧͷ͞ͱͷؔ

ΛΘ͔Γ͘͢͢ΔͨΊɺԣ࣠ π ʹΛೖ͠

l/λͱͨ͠ɻRsh େΛ༩͑Δͷ࠷͕ l = 0.44λͷͱ

͖Ͱ͋ΓɺϐϧϘοΫεܕ RFۭಎͷ TM010 Ϟʔυ

ͰߴपͷΑΓΘ͔ͣʹ͍ηϧΛબͿ͜

ͱͰ࠷େͷՃޮΛಘΒΕΔ͜ͱ͕Θ͔ΔɻT 2 ͱ

Q0ͷ l/λґଘੑڵຯਂ͍ͨΊɺߟࢀͱͯ͠ਤ 16ʹ

ࣔͨ͠ɻ

3.8.2 ਐߦܕՃ

ਐߦܕՃʹ͍ͭͯͷٞʹΔɻਐߦܕ

ՃͷΑ͏ʹඇৗʹଟ͘ͷηϧ͕ଘ͢ࡏΔՃ

 0

 0.2

 0.4

 0.6

 0.8

 1

0 π/4

Phase shift per cell [rad]

ππ/2 3π/4

2π/3

l=
0.29λ

rsh /rsh,max

ਤ 17: ਐߦܕՃͷ୯Ґڑ͋ͨΓͷγϟϯτΠ

ϯϐʔμϯεɻԣ࣠ηϧ͋ͨΓͷҐ૬ਐΈͰ͋Γɺ

Ґ૬ϞʔυʹରԠ͢Δɻ

ͰɺRsh ͷΘΓʹ rsh ͕༻͍ΒΕɺͦͷؔ

TM01 Ϟʔυͷ߹ɺҎԼͰ༩͑ΒΕΔɻ

rsh =
Rsh

l
(3.14)

ैͬͯɺTM01 Ϟʔυͷ rsh(x)࣍ͷΑ͏ʹͳΔɻ

rsh(x) = Ar
4x

ρ01 (ρ01 + 2x)
T (x)2 (3.15)

·ͨɺࣜ (3.10)ΛਐߦܕՃͷ߹ʹॻ͖͢ͱ

Q0 = − ωw

dP/dz
(3.16)

ͱॻ͚Δɻෛ߸ dP/dz < 0ͱͳΔͨΊͰ͋Δɻ

ࣜ (3.15)ʹ͍ͭͯηϧ͋ͨΓͷҐ૬ਐΈΛԣ࣠Λ

ͱͯ͠ɺؔΛϓϩοτͨ͠ͷ͕ਤ 17Ͱ͋Δɻਐߦ

ܕՃͷ߹ɺrsh ηϧΛ l = 0.29λͱ͢Δ

͜ͱͰɺ࠷େͱͳΔ͜ͱ͕Θ͔Δ [10, 11]ɻਐߦܕ

ՃͰਤதʹؙͰࣔͨ͠ͷ 3ͷ 1Λη

ϧͱ͢Δ 2π/3Ϟʔυ͕Α͘༻͍ΒΕΔɻ͜Ε্

ड़ͨ͜͠ͱ͕ཧ༝Ͱ͋Δɻ·ͨɺπϞʔυͱ l = 0.29λ

ͷϞʔυ͘͠ 2π/3ϞʔυΛൺΔͱɺl = 0.29λ

Ͱ 1.40ഒɺ2π/3ϞʔυͰ 1.38ഒͷ rsh͕ಘΒΕ

Δɻઅ 3.5Ͱͨ͡Α͏ʹɺπϞʔυͰՃΛ

͢Δి࣓ఆࡏͱͳΓɺޙड़͢ΔΑ͏ʹఆࡏ

ՃͰܕ πϞʔυʹ͓͍ͯ࠷͍ߴ rsh͕ಘΒΕ

Δɻैͬͯɺ͍ߴՃޯΛಘΔʹਐߦܕՃ

ͷํ͕ఆࡏܕՃΑΓ༗རͱͳΔɻ͍ߴՃޯ

ΛಘΑ͏ͱ͢ΔϦχΞοΫ (ઢܕՃث)ʹ͓͚Δओ

Ճͱͯ͠ఆࡏܕͰͳ͘ਐߦ࠾͕ܕ༻͞ΕΔ

͜ͱ͕ଟ͍ͷ͜ͷͨΊͰ͋Δɻ



3.9 Ճࣜܕ

લઅ·ͰͰਐߦܕՃʹ͍ͭͯҰൠతͳੑ࣭

Λઆ໌͕ͨ͠ɺՃதͷߴपిྗͷݮਰʹͭ

͍ͯແ͖ͨͯ͠ࢹɻ͔͠͠ɺ࣮ࡍʹՃʹೖࣹ

͞Εͨి࣓ڑΛ͢͢ΉʹͭΕͯిྗΛࣦ͏ɻݮ

ਰఆ (total attenuation parameter) τ0 ݮਰ

α(z)Λ༻͍ͯ࣍ͷΑ͏ʹॻ͚Δɻ

τ0 =

∫ L

0
α(z)dz (3.17)

L࣮ޮతͳՃͷ͞Ͱ͋Δɻ·ͨɺ͜͜Ͱ

Λํ࣠ zͱ͢Δɻ

3.9.1 ఆΠϯϐʔμϯεܕ

Ճͷηϧܗঢ়͕શʹΘͨΓ͍͠߹ɺ୯Ґ

͋ͨ͞ΓͷγϟϯτΠϯϐʔμϯεՃશʹ

ΘͨΓҰఆͱͳΔɻ͜ͷ߹ɺߴपిྗՃΛ

ਐΉʹͭΕҰఆͷൺͰݮਰ͢ΔͨΊɺ֤ηϧͰͷߴ

पిྗࢦؔతͳݮਰΛͭ࣋ɻ͜ͷΑ͏ͳ

ՃࣜܕఆΠϯϐʔμϯε (constant impedance :

CI)ܕͱݺΕΔɻ·ͣɺCIܕͷՃʹ͍ͭͯಛ

Λઆ໌͢Δɻ

CIܕͰηϧܗঢ়͕Ճશʹ͓͍ͯҰఆͰ͋

ΔͨΊɺα(z) zʹରͯ͠ҰఆͱͳΓɺݮਰఆ

τ0 = αL (3.18)

ͱͳΔɻ·ͨɺݮਰ

α =
ω

2vgQ
(3.19)

Ͱ༩͑ΒΕɺvg ܕͼQ͕େ͖͍ఔখ͘͞ͳΔɻCIٴ

Ͱͷߴपిྗ PCI(z)ٴͼిͷେ͖͞ECI(z)ࣜ

(3.8, 3.16, 3.19)ͱؔࣜ E(z) ∝
√
P (z)͔ΒٻΊΒ

ΕΔɻ

PCI(z) = P0e
−2τ0z/L (3.20)

ECI(z) = E0e
−τ0z/L (3.21)

͜͜Ͱɺ୯Ґ͋ͨ͞ΓͷγϟϯτΠϯϐʔμϯε

rshͱ z = 0Ͱͷߴपిྗ P0ʹରͯ͠ɺE0ҎԼ

ͷΑ͏ͳ͕ؔ͋Δɻ

E0
2 = −rsh

dP

dz

∣∣∣∣
z=0

=
2rshP0τ0

L
(3.22)

ैͬͯɺՃશମΛ௨ͯ͠ͷՃిѹɺ

VCI =

∫ L

0
E0e

−τ0z/Ldz

=
√

rshP0L

√
2

τ0

(
1− e−τ0

)
(3.23)

ͱٻ·Δɻ

CIܕͷՃిѹ τ0ʹ͍ͭͯϐʔΫΛؔͨͬ࣋

ܥͱͯ͠ද͞ΕΔɻ࠷େ τ0 = (eτ0 − 1)/2Λຬ

ͨ͢ͱ͖Ͱ͋Γɺτ0 ≃ 1.26ͷ߹Ͱ͋Δɻ

3.9.2 ఆՃޯܕ

CIܕʹର͠ɺՃͰͷߴपిྗݮਰʹ߹Θ

ͤͯηϧܗঢ়Λม͠ߋɺՃશʹͬͯՃిѹ

͕͘͠ͳΔΑ͏ʹઃ͞ܭΕΔՃΛఆՃޯ

(constant gradient : CG)ܕͱݺͿɻCGܕͷ߹ɺ

Ճ͞ʹԠͯ͡σΟεΫ։ޱΛࡡΓిྗͷݮਰ

Δɻ͜͢ܭΛҰகͤ͞ΔΑ͏ઃগݮͷ܈ͱ

ͷՃࣜܕʹ͍ͭͯಉ༷ʹՃిѹΛٻΊΔɻͨͩ

͠ɺ܈ vg ͱݮਰ ασΟεΫ։ޱͷมԽʹ

හײͰ͋Δ͕ɺQͱ rsh͋·ΓහײͰͳ͍ɻͦ

͜ͰɺQٴͼ rsh  CGܕͷՃʹ͓͍ͯҰ

ఆͰ͋ΔͱԾఆ͢Δɻ

CGܕͰՃશʹͬͯՃిѹ͕͍ͨ͠

Ίɺ୯Ґ͋ͨ͞ΓͷߴपిྗݮਰྔҰఆͱͳ

Δ 20ɻैͬͯɺz = LͰͷߴपిྗΛ PLͱ͢Δͱ

ҎԼͷཱ͕ؔ͢Δɻ

dP

dz
= P0 +

PL − P0

L
z (3.24)

·ͨɺPLࣜ (3.17)Ͱ༩͑ΒΕΔݮਰఆΛ༻͍ͯɺ

PL = P0e−2τ0 ͱٻΊΒΕΔͨΊɺͷߴपిྗ

ͷ PCG(z)ɺ

PCG(z) = P0

{
1− z

L

(
1− e−2τ0

)}
(3.25)

ͱॻ͚Δɻͭ·ΓɺCGܕͰߴपిྗ zʹର͠

ਰ͢ΔɻݮͰͷؔܕؔͰͳ͘ઢࢦ

CGܕͷ߹ɺ୯Ґ͋ͨ͞ΓͷγϟϯτΠϯϐʔ

μϯε rsh ͱߴपిྗ P0 ʹର͢Δ E0 ͷؔҎ

ԼͷΑ͏ʹͳΔɻ

ECG
2 = −rsh

dP

dz
=

rshP0

L
(1− e−2τ0) (3.26)

ैͬͯɺՃશମΛ௨ͯ͠ͷՃిѹɺ

VCG =

∫ L

0
ECGdz

=
√
rshP0L(1− e−2τ0) (3.27)

20ҰఆͱͳΔΑ͏ʹݮਰ α Λௐ͢Δ
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ਤ 18: ఆΠϯϐʔμϯε (CI)ܕͱఆՃޯ (CG)

ՃͷՃిѹɻܕߦਐܕ

ͱٻ·ΔɻCGܕͷ߹ɺՃిѹ τ0 ʹ͍ͭͯ୯

ௐ૿ՃͷΛͱΔɻ

3.9.3 Ճࣜܕͷൺֱ

CI ͼٴܕ CG ಘΒΕͨՃిѹͷ͍ࣜͯͭʹܕ

(3.23, 3.27)ʹ͍ͭͯ τ0 ґଘੑΛਤ 18ʹࣔ͢ɻͨͩ

͠ɺ૬ରతͳΛΔͷ͕తͰ͋ΔͨΊɺڞ௨ͷ

ఆ
√
rshP0L ≡ V0Λ༻͍ͯ֨نԽͯ͋͠Δɻ྆ऀͷ

Ճిѹ τ0 < 1Ͱ΄ͱΜͲ͕ࠩͳ͍͕ɺτ0 > 1

ΑΓେ͖͘ͳΔʹͭΕͯCGܕͷํ͕Ճޮ͕Α͘

ͳΔ͜ͱ͕Θ͔Δɻ

CGܕͷ߹ɺՃిѹ τ0 ͷ૿Ճʹରͯ͠୯ௐ

૿Ճ͢ΔͨΊɺτ0 Λେ͖͘͢Δఔޮ͕ྑ͍ɻ͜ͷ

ແݶେͷݶۃՃʹશͯͷΤωϧΪʔΛҠಈͤ͞

Δ͜ͱΛҙຯ͢Δɻ·ͨɺτ0 Λେ͖͘͢Δ͜ͱ vg

Λখ͘͢͞Δ͜ͱΛҙຯ͠ɺ͜Εࣜ (3.7)ΑΓϑΟ

ϦϯάλΠϜ͕େ͖͘ͳΔ͜ͱʹͭͳ͕Δɻैͬͯɺ

ͷՃͰࡍ࣮ τ0 Λେ͖͘͢Δ͜ͱ࣮ݱతͰͳ

͍ɻ͜ͷଞɺຊςΩετৄ͘͠ड़ͳ͍͕ɺϏʔϜ

ෛՙɺ֤छࠩޡʹର͢ΔੑΛྀ͢ߟΔͱ τ0 ͕খ͞

͍ (vg ͕େ͖͍)ํ͕·͍͠ɻ

CGܕͷՃߏ͕ෳࡶʹͳΔͨΊ্࡞ͷί

ετ͕େ͖͘ͳΔ͋Δ͕ɺՃͱͯ͠ CI

ͰՃܕΒΕΔɻCI͑ߟΑΓ༏Ε͍ͯΔͱܕ

ೖޱͰ࠷Ճిѹ͕େ͖͘ग़ޱଆͰ͍ɻ͜ͷͨ

ΊɺCIܕͰ CGܕͱಉఔͷՃޮΛಘΑ͏ͱ͢

Δͱɺೖޱଆͷిѹඞͣ CIܕͷํ͕େ͖͘ͳͬͯ

͠·͏ 21ɻՃͷՃిѹిߴք͕Ҿ͖͢͜ى

์ిͰ੍͞ݶΕΔ͜ͱ͕ଟ͍ͨΊɺ͜Ε CIܕͷՃ

21CGܕͷిѹ͕ CIܕͷฏۉͷిѹͱ͘͠ͳΔঢ়گΛͯ͑ߟ
͍Δɻ

ʹͱͬͯେ͖ͳσϝϦοτʹͳΔɻ·ͨɺCIܕ

ͰՃͰͷߴपଛࣦ͕Ұ༷Ͱͳ͍ͨΊɺՃ

ࣗମͷൃҰ༷Ͱͳ͘ͳΔɻ͜ͷͨΊྫྷ٫ʹͭ

͍ͯҙ͕ඞཁͱͳΔɻ

ࠃͷՃΛௐͯΈΔͱɺถࡍ࣮ SLACͷ 3 m

Ճ (प 2856 MHz) [12]Ͱ τ0 = 0.57ɺཧݚ

SACLAͷ 1.8 mՃ (प 5712 MHz) [13]Ͱ

τ0 = 0.53͕બΕ͍ͯΔɻ͜ΕΒͯ͢ (४ 22)CG

Ͱ͋ΔɻࣜܕͷՃܕ

22ʮ४ʯͱ͍͏ͷɺίετݮͳͲ্࡞ͷ߹Ͱશͯͷηϧ
ʹঢ়ͷมԽΛҰఆͷηϧຖܗঢ়ΛมԽͤ͞ΔͷͰແ͘ɺηϧܗ
͢ΔͳͲߏΛ؆ུԽ͍ͯ͠Δ͜ͱΛҙຯ͢Δɻ



4 ఆࡏܕՃ

ఆࡏͷࣜਤΛਤ 19ʹࣔ͢ɻఆࡏͰߴ

प͔ݯΒಋ͔ΕͨೖࣹՃΛԿԟ෮

͠ɺཧతͳ߹શͯͷߴपిྗ͕ՃͰফ

අ͞ΕΔɻͨͩ͠ɺ࣮ࡍͷӡసͰӡస݅ʹԠͯ͡

গͳ͔Βۭͣಎ͔Βͷࣹ͕ଘ͢ࡏΔͨΊɺߴप

Λతͱͨ͠ஔޢͷอثػ (μϛʔϩʔυ)ඞ

ཁͱͳΔɻ

ՃͷதͰి࣓྆ͷนͰࣹ͞Εਐํߦ

বͨ͠ʣঢ়ׯͷҟͳΔͲ͏͕͠ॏͶ߹Θͬͨ͞ʢ

ଶʹͳΓɺఆࡏΛ͍ͭͬͯ͘Δɻఆࡏͱ͕ॏ

ͳΓ߹ͬͯɺ͕ܗਐͦͣͤߦͷʹཹ·ͬͯৼಈ͠

͍ͯΔΑ͏ʹΈ̇ ˙͑ Δ̇ͷ͜ͱͰ͋ΔɻਐߦܕՃ

ͰجຊతʹҰํʹਐΉͷΈΛ͑ߟΔ͕ɺఆࡏ

ܕՃͱҟͳ͍ͬͯΔɻ

ຊઅͰ·ͣఆࡏܕՃͷ࠷୯७ͳྫͱ͠

ͯɺϐϧϘοΫεܗঢ়Λͭ୯ηϧͷఆࡏܕՃ

(ϐϧϘοΫεܕ RF ۭಎ) ʹ͍ͭͯड़ΔɻҰൠత

ͳ୯ηϧͷՃͰηϧͷ͞ ͕(ڑ࣠ํ)

༗ݶͰ͋Γηϧʹߏతͳपੑظແ͍ͨΊɺલઅ

·ͰͷਐߦܕՃͷٞͰద༻ͨ͠ xy࣠ʹର͢

Δڥք݅ʹՃ͑ z Δඞཁྀ͕͢ߟʹಉ༷ํ࣠

͋Δ 23ɻ͜ͷ߹ɺ3ཱݩ࣍ମߏʹର͠ 3ͷଋറ

͕݅ద༻͞ΕΔͨΊۂࢄઢۂઢͰͳ͘ͱͳ

ΓɺϞʔυॖୀΛ͑ߟͳ͚Ε ༗Ϟʔݻͷ֤࣓24ి

υ 25 ʹର͠ 1ͭͷڞৼपׂ͕ΓͯΒΕΔ 26ɻ

ຊઅͰϐϧϘοΫεܕRFۭಎʹଓ͖ɺηϧΛ

RF 源

ダミーロード

電子ビーム

RF 波

加速管

ਤ 19: ఆࡏܕՃͷࣜਤɻ

ք݅ڥ23 3࣠ʹରͯ͠ిؾతབྷ (ಋମ໘Ͱͷిͷઢ
͕θϩ) Ͱ͋Δɻ

24Ϟʔυॖୀ͕͋Δ߹ɺෳͷݻ༗Ϟʔυ͕ಉ͡ڞৼप
Λͭ͜ͱʹͳΔɻ

25ఆࡏܕՃͷ߹ɺϞʔυͷΘΓʹݻ༗Ϟʔυͱ͍
͏୯ޠΛ༻͍Δɻ

ৼप֤ڞ༗Ϟʔυʹର͢Δݻ26֤ Q ʹԠͯ͡༗ݶͷप
֦͕ΓΛͭ࣋ɻ

a

z

y

x

r

φ

l

ਤ 20: ϐϧϘοΫεܕ RFۭಎͷࣜਤɻి࣓ z

࣠ʹ͓͍ͯด͡ࠐΊΒΕΔɻԁܗ෦ͷܘΛ aɺ

ηϧΛ lͱ͢Δɻ

૿ͨ͠σΟεΫϩʔυܕͷఆࡏܕՃΛྫʹଟ

ηϧͷ߹ʹ͍ͭͯऔΓѻ͏ɻ͜ͷ߹ɺ࣠ํʹ

ηϧʹԠͨࣗ͡༝͕ڐ༰͞ΕΔ͜ͱʹͳΓɺ࠶

ɺਐߦܕՃͷ߹ͱ΄΅ಉ༷ͷҐ૬Ϟʔυ

(ۂࢄઢ)Λྀ͢ߟΔඞཁ͕ੜ͡Δɻ

4.1 ୯ηϧఆࡏۭܕಎ (ϐϧϘοΫε)

4.1.1 ࣓ৼϞʔυͷిڞ

ϐϧϘοΫεܕ RFۭಎ (ਤ ;রࢀ20 ܘΛ aɺ

ηϧΛ l)ʹ͍ͭͯ TM, TEϞʔυͷి࣓ͷ֤

ͷ༷ࢠΛࣜͰࣔ͢ 27ɻ

TM-mode

Ez = EmnpJm(kcr) cos(mφ) cos(kzz) (4.1)

Er = −kz
kc

EmnpJm
′(kcr) cos(mφ) sin(kzz) (4.2)

Eφ =
mkz
kc

2 Emnp
Jm(kcr)

r
sin(mφ) sin(kzz) (4.3)

Hr = − iωεm

kc
2 Emnp

Jm(kcr)

r
sin(mφ) cos(kzz)

(4.4)

Hφ = − iωε

kc
EmnpJm

′(kcr) cos(mφ) cos(kzz) (4.5)

27TE-mode ͷࢦ p ͕ 1 ͔Β࢝·Δͷɺp = 0 ͷ߹ɺHz

Λআ͘શͯͷ͕θϩͱͳΓɺಈి࣓ͱΈͳͤͳ͘ͳΔ͔Β
Ͱ͋Δɻ



kc =
ρmn

a
, kz =

pπ

l
(4.6)

⎧
⎪⎨

⎪⎩

m = 0, 1, 2, · · ·
n = 1, 2, 3, · · ·
p = 0, 1, 2, · · ·

TE-mode

Hz = HmnpJm(kcr) cos(mφ) sin(kzz) (4.7)

Er =
iωµm

kc
2 Hmnp

Jm(kcr)

r
sin(mφ) sin(kzz) (4.8)

Eφ =
iωµ

kc
HmnpJm

′(kcr) cos(mφ) sin(kzz) (4.9)

Hr =
kz
kc

HmnpJm
′(kcr) cos(mφ) cos(kzz) (4.10)

Hφ = −mkz
kc

2 Hmnp
Jm(kcr)

r
sin(mφ) cos(kzz)

(4.11)

kc =
ρmn

′

a
, kz =

pπ

l
(4.12)

⎧
⎪⎨

⎪⎩

m = 0, 1, 2, · · ·
n = 1, 2, 3, · · ·
p = 1, 2, 3, · · ·

ͨͩ͠ɺશͯͷʹڞৼपʹै͍ؒ࣌తʹৼ

ಈ͢Δ߲ eiωrest ͕͔͔Δɻ্ࣜͰ༩͑ͨϐϧϘοΫ

εܕ RFۭಎͱԁܗಋͰͷి࣓ͷࣜ (2.20͔Β

2.24),ࣜ (2.26͔Β Ճܕߦͼɺਐٴ(2.30 (σΟ

εΫϩʔυܕՃ)ͷࣜ (3.1)ͱൺֱͯ͠ɺ࠷ಛ

తͳͷ࣠ (z Ͱ༩ؔ֯ࡾͷґଘੑ͕ํ(࣠

͑ΒΕΔ͜ͱͰ͋Γɺి࣓ zํʹͤͣҰఆ

ͷۭؒͰৼಈ͢Δɻ

4.1.2 ϐϧϘοΫεܕRFۭಎͷؔࢄ

TM, TEϞʔυʹ͓͚Δڞৼ֯प ωres લઅ

Ͱࣔͨ͠ kc, kz Λ༻͍Δͱڞ௨ʹҎԼͷΑ͏ʹ༩͑

ΒΕΔɻ

ωres = c

√
kc

2 + kz
2 (4.13)

͜ͷΑ͏ʹڞৼ֯पɺ֤mnpͷΈ߹Θͤʹ

͖ͭ 1ͭͷΛͱΔΑ͏ʹͳΔɻ·ͨɺηϧ͕ 1Ͱ

͋ΔͨΊɺਐߦܕՃͷ߹ͷΑ͏ͳҐ૬Ϟʔυ

ۭؒߴௐͱ͍͏֓೦ͳ͘ͳΓɺΘΓʹ kz ͕

Δ͔ʹରԠ͢Δྔͱ͋ͭزͷઅ͕࣓ిʹ࣠ํ

ͳΔɻ

͜͜ͰɺTM01p Ϟʔυʹ͍ͭͯ pΛมͱͯ͠ϓ

ϩοτͨؔ͠ࢄΛਤ 21ʹؙͰࣔ͢ɻϐϧϘο

 0

 1

 2

 3

 4

-4 -3 -2 -1  0  1  2  3  4
p

ω/ω0

TM01p

ਤ 21: ϐϧϘοΫεܕ RFۭಎͷؔࢄɻ
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ਤ 22: ϐϧϘοΫεܕ RF ۭಎ TM01p Ϟʔυͷ

Ez(p = 0, 1, 2, 3, 4)ͷ༷ࢠɻ

ΫεܕRFۭಎͰ kzࢦ pʹΑܾͬͯ·Γɺࢄ

ΕΔɻ·ͨɺͦΕΒͭ͞ݱతͳͱͯ͠දࢄؔ

ͳ͙ۙۂࣅઢಋͷ߹ͱಉ༷ͳۂઢΛඳ͘ɻ

ͱͯ͠ɺਤߟࢀ 21ʹࣔͨ͠ɺp = 0, 1, 2, 3, 4ʹ͍ͭ

ͯ TM01p Ϟʔυͷ Ez ͷ༷ࢠΛਤ 22ʹࣔ͢ɻp = 0

͕ՃͷθϩϞʔυɺp = 1, 2, 3, 4͕Ճͷ pπ

ϞʔυʹରԠ͍ͯ͠Δ͜ͱ͕Θ͔Δɻ

4.1.3 ՃϞʔυͱ࣍ߴϞʔυ

୯ηϧ RFۭಎ GeVఔͷൺֱతΤωϧΪʔ

ͷ͍ϦϯάࢠిܕՃثͰΑ͘༻͍ΒΕΔɻ͜Ε

ඞཁͱ͞ΕΔՃిѹ͕ͦΕ΄Ͳ͘ߴͳ͍͜ͱϏʔ

Ϝෆ҆ఆੑͷΛྀ͢ߟΔͱɺ୯ηϧRFۭಎͷํ

͕ରࡦΛ͡ߨΔͷ͕༗རͰ͋Δ͔ΒͰ͋Δɻଟ͘ͷϦ



ද 5: ϐϧϘοΫεܕRFۭಎͷ࠷దηϧ࣌ͷTM010

ͱͦͷ࣍ߴϞʔυͷछྨͱपൺ

Ϟʔυ໊শ f/f(TM010)

TM010 1.00

TE111 1.37

TM011 1.51

TM110 1.59

TE211 1.70

TM111 1.96

TE011 1.96

TM210 2.14

TM020 2.30

TE112 2.40

TM012 2.48

TE121 2.49

ϯάࢠిܕՃثͰಉ͡ RF ۭಎΛେిྲྀͷిࢠ

ϏʔϜ͕࿈ଓ (CW)తʹ௨ա͢ΔͨΊɺిࢠϏʔϜ

ͷΣΠΫ (wake field)ʹΑͬͯՃϞʔυҎ֎ͷ

ੜϞʔυ͕ۭಎʹྭৼ͞Εد 28 ϏʔϜࣗʹѱӨ

ϏʔϜͷՃࢠΛ༩͑Δ͜ͱ͕ͱͳΔɻిڹ

ͷి࣓ͱͷ૬࡞ޓ༻ϏʔϜෆ҆ఆੑʹ͍ͭͯจ

ݙ [14–16]ͳͲͰৄ͘͠આ໌͞Ε͍ͯΔɻैͬͯɺϦ

ϯάࢠిܕՃثͷՃͰدੜϞʔυΛޮՌత

͔Β؍͕ॏཁͱͳΔɻ͜ͷΑ͏ͳਰͤ͞Δݮʹ

ߏతʹγϯϓϧͳ୯ηϧRFۭಎΛ༻͍ͨํ͕༗

རͱͳΔɻ࣮ʹࡍ͕͞ࢪΕͨRFۭಎݮਰۭಎ

(damped-cavity)ͱݺΕɺଟ͘ͷํ͕ࣜใ͞ࠂΕ

͍ͯΔ [1, 17–20]ɻ

ͱ͠ํߦϏʔϜͷਐࢠϏʔϜͷՃʹిࢠి

͍ిΛͭి࣓Ϟʔυ͕ඞཁͰ͋ΓɺͰ͖Δ

͚ͩ࣍ͷϞʔυΛՃϞʔυʹબͿํ͕دੜϞʔυ

Λආ͚Δ؍͔Β༗རͰ͋ΔɻͦͷͨΊɺՃϞʔυ

ʹ࠷࣍ͷ TM010 Ϟʔυ͕༻͍ΒΕΔ͜ͱ͕ଟ

͍ɻRFՃۭಎͷઃܭͰϏʔϜෛՙΛ͑ߟͳ͚Ε

 29ɺҰൠʹγϟϯτΠϯϐʔμϯεΛ͘͢ߴΔΑ͏

ܕదԽ͢ΔɻϐϧϘοΫε࠷ RFۭಎͷ TM010 ͷ

߹ɺઅ 3.8.1Ͱઆ໌ͨ͠Α͏ʹηϧΛڞৼपͷ

ͷ 0.44ഒʹબͿͱγϟϯτΠϯϐʔμϯε࠷

େͱͳΔɻ

Δͨ͢ىϞʔυͷΈΛྭ࣓ຊతʹՃతͱ͢Δిج28
ΊɺతͷपͷߴपͷΈ͕͞څڙΕΔɻ͔͍͠ɺΣΠΫ
ϏʔϜܗঢ়ʹԠͨ͡पΛؚΈɺ͜Ε͕ۭಎͷ࣍ߴϞʔ
υΛྭৼ͢Δɻ

29ϏʔϜෛՙʹΑΔۭಎಉௐ֯ʢσνϡʔχϯά֯ʣݮʹͭ
͍ͯ R/Q͕খ͍͞ํ͕༗རͱͳΔɻपͷ͍ԁܗՃثͰ
ϏʔϜෆ҆ఆੑΛ੍͢ΔͨΊಉௐ֯Λ͑Δඞཁ͕͋Δɻ

ද 5ʹϐϧϘοΫεܕRFۭಎʹ͓͍ͯηϧΛڞ

ৼͷ 0.44ഒʹબΜͩ߹ʹ͓͚ΔɺՃϞʔυ

(TM010) ͱଞͷݻ༗ϞʔυͱͷपൺΛ͔ࣔͭز

͢ɻ࣮ࡍʹRFۭಎΛઃ͢ܭΔͱ͖ϏʔϜύΠϓΛ

͚ͭͨΓɺ͞Βʹ QγϟϯτΠϯϐʔμϯεΛ

վળ͢ΔΑ͏ͳΛ͢ΔͨΊɺϐϧϘοΫεܕ RF

ۭಎΛͦͷ··Ճۭಎͷجຊߏͱ͢Δ͜ͱগͳ

͍͕ɺϐϧϘοΫεܕRFۭಎͷ࣍ߴϞʔυʹ͍ͭͯ

͓ͬͯ͘͜ͱ༗ӹͩͱࢥΘΕΔɻද ݻͨࣔ͠ʹ5

༗Ϟʔυͷ͏ͪɺϏʔϜෆ҆ఆੑͷ؍͔Βಛʹҙ

͕ඞཁͳͷࢦm͕ 0(monopole mode)·ͨ

1(dipole mode)ΛͱΔͷͰ͋Δɻ͜ΕΒҙ͕ඞ

ཁͳϞʔυʹ͍ͭͯɺਤ Λࣔ͢ɻࢠͷ༷࣓ిʹ23

ۭಎΛઃ͢ܭΔࡍɺ֤ݻ༗Ϟʔυͷి࣓ͷ༷ࢠΛ

Ѳ͠ɺՃϞʔυҎ֎ͷدੜϞʔυΛेʹݮਰ͞

ͤΔΑ͏ͳߏ Λ࣮͢Δ͜ͱ͕ॏཁʹͳΔɻ()



TE,TMmnp-mode

y

a

x z

y

0 l

2a

ਤ 23: ϐϧϘοΫεۭܕಎͷදతͳڞৼϞʔυͷి࣓ͷ༷ࢠɻ



4.2 ଟηϧۭಎ

ΑΓ͍ߴՃిѹΛ͍۠ؒͰಘΔʹɺۭಎͷη

ϧΛ૿͢͜ͱΛݕ౼͢ΔՁ͕͋Δɻ࣮ݱతͳ

͜ͱΛΕͯۃͳΛ͢Δͱɺ1ͷۭಎͰ 2ഒͷ

ՃిѹΛಘΔͨΊʹɺPc = V 2
c /Rsh ͷ͔ؔΒ

4ഒͷ RFిྗ͕ඞཁͱ͞ΕΔ͕ɺՃثʹಋೖ͢Δ

RFۭಎΛ 1૿ͤߴपిྗ 2ഒͰ͢Ήɻ͞

Βʹɺ2ͷۭಎΛ࿈݁͢ΕɺRFۭಎͷؒͷϏʔ

ϜύΠϓͳͲۭؒతͳεϖʔεΛઅͰ͖ΔͨΊɺ࣮

࣭తͳՃޮ্͢Δɻ͜ͷΑ͏ʹ୯ηϧۭಎෳ

ʹΑͬͯߏ͞ΕΔRFஔΛଟηϧۭಎͷγε

ςϜʹม͢ߋΔ͜ͱɺ֤छϦιʔεͷݶΒΕͨதͰ

ՄͳݶΓ͍ߴՃੑΛಘΔ্Ͱ༗ޮͰ͋Δɻ

ଟηϧͷఆࡏܕՃ୯ηϧͷRFۭಎ͕ߴप

 ࡏΒΕΔɻఆ͑ߟͩͱߏతʹͭͳ͕ͬͨ(ؾి)

ܕՃͷਐߦܕՃͱͷҧ͍ɺ࣠ํͷ

લํͷΈͰͳ͘ํޙʹਐΉ͕ಉ࣌ʹଘ͠ࡏɺͦΕ

ΒͷׯবʹΑΓఆࡏͱͯ͠໘͕ܗ͞ΕΔͱ͍͏

Ͱ͋Γɺ୯ηϧRFۭಎͱଟηϧRFۭಎͱͷҧ͍

ηϧؒͷҐ૬ਐΈΛ࣠ํྀͨ͠ߟͷి࣓

Λ͑ߟΔඞཁ͕͋Δͱ͍͏Ͱ͋Δɻ

4.2.1 Ճߏͷఆٛ

ఆࡏΛٞ͢Δ্ͰՃߏͷఆٛɺηϧ

ͷ͑ํʹҙ͢Δඞཁ͕͋Δɻ͜ΕΒςΩετ

จʹΑͬͯ౷Ұ͞Ε͓ͯΒͣޡʹ࣌ղΛট͘ɻຊ

ςΩετͰͦͷΑ͏ͳޡղΛྗۃආ͚ΔͨΊʹɺ·

ͣՃߏʹ͍ͭͯఆ͓ٛͯ͘͠ɻ

ਤ 24ͰຊςΩετͰલఏͱ͢ΔՃߏΛఆٛ

͢Δɻ(N+1)ηϧ͞ l/2ͷηϧΛ྆ʹͭ࣋

͞ lͷϑϧηϧ (௨ৗηϧ)(N − ͞ΕΔͱߏͰݸ(1

͢Δɻ͜ͷ߹ɺۭಎ൪߸ͷηϧΛ n = 0ɺྡ

ͷϑϧηϧΛ n = 1ͱ͍͏Α͏ʹɺn = 0, 1, 2 · · · , N
ͱ͢Δɻ·ͨɺηϧؒͷҐ૬ਐΈ πq/N ͰදΘ͞

Εɺq  q = 0, 1, 2 · · ·N ͷൣғͱͳΔɻҐ૬ਐΈྔ
Ґ૬Ϟʔυͷ໊শʹ༻͍ΒΕɺq = 0θϩϞʔ

υɺq = N  πϞʔυʹରԠ͢Δɻैͬͯɺ(N + 1)

ηϧͰྭ͞ىΕΔҐ૬Ϟʔυ (N + Ͱ͋Δɻݸ(1

(N + 1)ηϧͰͷ n൪ͷۭಎͰͷఆࡏిɺ

E(n) = E0 cos
nπq

N
eiωqt (4.14)

ͱͳΓɺ͜Ε෦Λআۭ͘ಎ (ϑϧηϧ)Ͱத৺

Ґஔɺ෦ηϧ (ηϧ)Ͱڥք໘Ͱͷిৼ෯Λ

ද͢ɻ͜ΕΒਤ 24ʹ͓͚ΔۭಎࣜਤԼ෦ͷ࠲ඪ

(N+1) セル

(N-1) フルセル

半セル 半セル

空洞番号： n

n=0 n=1 n=N-1 n=N

セル間の位相すすみ： πq /N ,    q = 0, 1, 2 …, N 

0 l (N-1)l Nl

ਤ 24: (N+1)ηϧఆࡏܕՃߏͷఆٛɻ(N−1)

ͷϑϧηϧݸ (͞ l)ͱ 2ͭͷηϧ ((͞ l/2)Ͱ

͞ΕΔҰࣜͷՃΛߏ (N + 1)ηϧͱ͢Δɻ

0 π/(4l ) π/(2l ) 3π/(4l ) π/l
β

ωq

ω0 = ωc

ωπ

大

0

ਤ 25: ఆࡏܕՃͷؔࢄɻؙ (4 + 1)η

ϧͷۭಎΛԾఆͨ͠߹ͷҐ૬Ϟʔυɻ

{0, l, · · · , (N − 1)l, Nl}ʹ૬͢ΔҐஔʹ͋ͨΔɻη
ϧؒͷҐ૬ਐΈྔͷ͑ํಉ༷Ͱ͋Δɻωq֤Ґ૬

Ϟʔυʹ͓͚Δڞৼ֯पͰ͋Δɻ·ͨɺࣜ (4.14)

࣠ํͷલํٴͼํޙʹਐΉి࣓ͷͱͯ͠ɺ

E(n) =
E0

2

{
ei(ωqt−πqn/N) + ei(ωqt+πqn/N)

}
(4.15)

ͱ͔͚Δɻ

4.2.2 σΟεΫϩʔυܕՃͷؔࢄ

σΟεΫϩʔυܕఆࡏܕՃਐߦܕՃ

ͱಉ༷ʹۭಎ෦ΛͰ͖Δి࣓ͷप͋Δ



ઢਤۂࢄΒΕͨൣғͱͳΓɺͦͷݶ ͠ࣅྨʹ13

͍ͯΔɻͨͩ͠ɺՃͷηϧʹԠͯ͡ۂࢄઢ

࿈ଓతͰແ͘ࢄԽ͞ΕΔɻࣜ࣍ (N +1)ηϧՃ

ͷؔࢄͰ͋Γɺωπ/2  π/2ϞʔυͰͷप

Ͱ͋Δɻ

ωq =
ωπ/2√

1 + κ cos(πq/N)
(4.16)

κྡͨ͠ηϧؒͷ݁߹ఆͰ͋Δɻ

ྫͱͯ͠ɺηϧ͕ (4 + 1)ͷఆࡏܕՃʹͭ

͍ͯɺۂࢄઢͷதͰऔΓಘΔҐ૬ϞʔυΛਤ 25ʹ

ؙͰࣔ͢ɻͨͩ͠ఆࡏܕՃͷ߹ɺͷਐߦ

ͷΈΛࣔݶΔඞཁ͕ແ͍ͨΊɺਤୈҰ͑ߟํ

ͨ͠ɻ

͜͜Ͱɺκ ≪ 1ͷ߹ɺύεόϯυͷ෯ δωɺ

δωq = ωπ/2κ (4.17)

ͱٻΊΒΕΔ 30ɻ͜ͷ෯ηϧ N ʹґଘ͠ͳ͍

ͨΊɺηϧ͕૿͑ΔͱۂࢄઢΛຒΊΔҐ૬Ϟʔ

υ͕ࠞΈ߹͍ɺྡΓ߹͏Ϟʔυͷִ͕ؒ͘ڱͳΔ͜

ͱ͕༧Ͱ͖Δɻैͬͯɺ֤Ϟʔυ͕ͭ࣋όϯυ෯

δωq = ωq/Qq(Qq ֤Ґ૬Ϟʔυʹ͓͚Δ Q ) ͕

ྡΓ߹͏ϞʔυִؒΑΓେ͖͘ͳΔͱɺຊདྷ࠾༻ͨ͠

͍ϞʔυʹՃ͑ྡͨ͠Ϟʔυྭৼ͞ΕΔ͜ͱʹͳ

Δɻ·ͨɺՃͷࠩޡ࡞ͰηϧຖͷपʹΤ

ϥʔ͕ੜͨ͡߹ಉ༷Ͱ͋Γɺ͜ͷΑ͏ͳ߹ɺి

ৼ෯ηϧؒͷҐ૬͕ࠩཚΕΔɻ࣍અͰৄ͘͠ड़

Δ͕ π ϞʔυͰηϧؒͷҐ૬͕ࠩཚΕΔͱɺՃޮ

ͷେ෯ͳݮগ ΔͨΊக໋తͳ͜ى͕(େ࠷)

ͱͳΔɻ

͜ͷӨڹۂࢄઢͷۂ খ͘͞ͳΔ͕(܈)

π ϞʔυۙͰݦஶͱͳΓɺ࠷ۂ ͷେ(܈)

͖͍ π/2ϞʔυۙͰখ͘͞ͳΔɻκ ≪ 1ͷ߹ɺπ

ϞʔυۙͰྡ͢ΔϞʔυؒͷपࠩɺ

δω

ωq
=

κ

2

( π

N

)2
(4.18)

π/2ϞʔυۙͰ

δω

ωq
=

κ

2

( π

N

)
(4.19)

ͱٻΊΒΕΔ 31ɻ͜ΕΑΓɺπ ϞʔυͰηϧ N

ͷೋͰ҆ఆੑ͕ࣦΘΕΔͷʹର͠ɺπ/2ϞʔυͰ

ηϧN ʹൺྫ͢Δ͜ͱ͕Θ͔Δɻ

30ύεόϯυ෯ ω0{1/
√

(1− κ) − 1/
√

(1 + κ)} Λ k ≪ 1 Ͱ
ల։͢Δ͜ͱͰٻ·Δɻ

31ࣜ (4.16) Λඍ͠ɺͦΕͧΕ q = N,N/2 ۙͰల։͢Δ͜
ͱͰٻΊΒΕΔ

4.2.3 Ґ૬ϞʔυͱγϟϯτΠϯϐʔμϯε

ఆࡏܕՃͷ࠷దͳʢ୯Ґ͋ͨ͞Γͷγϟϯ

τΠϯϐʔμϯε͕࠷େͱͳΔʣҐ૬Ϟʔυʹ͍ͭ

ͯɺR.H. Millerʹ฿ͬͯͯ͑ߟΈΔ [21]ɻ

(N ͑ߟՃΛܕࡏͷηϧ͕࿈݁ͨ͠ఆݸ(1+

Δɻ͜ͷͱ͖ɺn Ίͷηϧͷిѹࣜݸ (4.15) Λ༻

͍ͯɺ

V (n) = V0 cos
nπq

N
cosωqt (4.20)

ͱͳΔɻηϧΛ lͱ͢ΔͱɺిࢠϏʔϜ͕ nݸΊͷ

ۭಎʹ౸ண͢Δؒ࣌ɺ࣍ͷΑ͏ʹॻ͚Δɻ

t =
z

ve
= n

l

ve
(4.21)

ैͬͯɺV (n)࣍ͷΑ͏ʹॻ͖͑ΒΕΔɻ

V (n) = V0 cos
nπq

N
cosωq

nl

ve
(4.22)

ϏʔϜͷηϧؒࢠେͷՃޮ͕ಘΒΕΔͷి࠷

ͷҠಈؒ࣌ͱి࣓ͷҐ૬ਐΈྔ͕ಉͨ͠ظͱ͖ͳ

ͷͰɺ
ωql

ve
= π

( q

N
+ 2p

)
(4.23)

ͱͳΔɻ͜͜ͰɺpͰ͋Δɻ

Ҏ্ΑΓɺՃશମͰͷ߹ిܭѹ

V =
N∑

n=1

V (n) = V0

N∑

n=1

cos2
nπq

N
(4.24)

V =

{
NV0
2 , (q ̸= 0, N)

NV0, (q = 0, N)
(4.25)

ͱͳΔɻ

ՃશମͰͷนফඅిྗ Ptɺۭಎ 1ηϧͷ

γϟϯτΠϯϐʔμϯε Rc ༻͍ͯ

Pt =
1

Rc

N∑

n=1

V 2(n) =
1

Rc

N∑

n=1

(
V0 cos

nπq

N

)2
(4.26)

Pt =

{
NV0

2

2Rc
, (q ̸= 0, N)

NV0
2

Rc
, (q = 0, N)

(4.27)

ͱͳΔɻैͬͯɺՃશମͰͷγϟϯτΠϯϐʔμ

ϯε Rt ࣍ͷΑ͏ʹٻΊΒΕΔɻ

Rt ≡
V 2

Pt
(4.28)

Rt =

{
NRc
2 , (q ̸= 0, N)

NRc, (q = 0, N)
(4.29)

͜ΕΒͷ݁ՌΑΓɺҐ૬Ϟʔυθϩ, πϞʔυҎ֎

ʹ͓͍ͯՃશମͷγϟϯτΠϯϐʔμϯε Rt



ɺۭಎ 1ηϧͷγϟϯτΠϯϐʔμϯεRcͱη

ϧ N ͱͷੵͷʹͳΔ͜ͱ͕Θ͔Δɻ͜ͷ݁Ռ

θϩ, πϞʔυҎ֎ͰՃΛ͍ͯ͠Δ

,Λ+z࣠ํ) −zʹਐΉ)ͷ͏ͪɺిࢠϏʔϜ

ͱಉ͡ํʹ͢͢ΉͷΈ͕ిࢠϏʔϜͱಉ͠ظՃ

ʹد༩͍ͯ͠Δͱ͑ߟΔͱཧղͰ͖Δ 32ɻ

Ұํɺθϩ, πϞʔυͰ܈͕θϩͱͳΔͨΊɺ

ۂࢄઢ্Ͱ࣠ํΛ+z, −zʹਐΉ۠ผ

͕͔ͭͳ͘ͳΔɻྫ͑ɺπϞʔυͷ߹ʹࣜ (4.15)

ʹ͓͚Δ eͷ͕ −πn, πnͱͳΔ͕ɺ͜ΕΒ

ՁͰ͋Δ 33ɻैͬͯɺՃશମͷγϟϯτΠϯϐʔ

μϯε Rtͱͯ͠ఆࡏΛܗ͢Δ྆ํͷͷޮՌ

Λड͚ΔͨΊɺͦͷଞͷҐ૬ϞʔυͷΑ͏ʹͱ

ͳΒͳ͍ɻ

ͱ͜ΖͰɺਐߦܕՃͷγϟϯτΠϯϐʔμϯ

εʹ͍ͭͯड़ͨઅ 3.8.2ʹ͓͍ͯɺπϞʔυͰՃ

ͷి࣓ఆࡏͱΈͳͤΔͱઆ໌͕ͨ͠ɺ͜

Ε π ϞʔυͰͷՃશମ͘͠୯Ґ͋ͨ͞

ΓͷγϟϯτΠϯϐʔμϯεՃͷߴपిྗ

͕ಉ͡߹ɺఆࡏܕՃͱਐߦܕՃͰ͠

͘ͳΔ͜ͱΛҙຯ͢Δɻ

ϐϧϘοΫεܕηϧΛجຊपߏظͱ͢Δਐߦܕ

ՃͰɺ0.58π(l = 0.29λ)ͷҐ૬ϞʔυΛ࠾༻͢

Δ͜ͱͰ࠷େՃޮ (πϞʔυͷ 1.4ഒ)͕ಘΒΕ

͕ͨɺఆࡏܕՃͰ࠷େՃޮ͕ಘΒΕΔͷ

πϞʔυͰ͋ΓɺͦͷγϟϯτΠϯϐʔμϯεద

ͳҐ૬ϞʔυΛબΜͩਐߦܕՃΑΓখ͘͞ͳ

Δɻͭ·ΓɺϏʔϜͷ܁Γฦ͠ӡస݅ʹΑΔޮՌ

Λ͑ߟͳ͚ΕਐߦܕՃͷํ͕͍ߴՃޮ͕

ಘΒΕΔ͜ͱΛҙຯ͢Δɻ

4.2.4 γϛϡϨʔγϣϯ݁Ռͱͷൺֱ࣓ి

ఆࡏܕՃʹ͍ͭͯ͏গ͠ཧղΛਂΊΔͨΊ

γϛϡϨʔγϣϯίʔυCST࣓ిʹ MWstudio [22]

Λͨ͠ࢉܭͯͬ۩ମతͳྫΛհ͢Δɻ

Ͱਤࢉܭ 26ʹࣔ͢ϞσϧΛԾఆ͠ TM01Ϟʔυ

ΛԾఆͨ͠ࢉܭΛͨͬߦɻϞσϧϑϧηϧͷ͞Λ

lͱ͢Δ (4+1)ηϧͷՃߏΛ༻͍ͨɻϞσϧͷ

ք݅ڥ xyzͷ 3࣠ʹର͠Et = 0(ಋମ໘Ͱͷి

ͷઢ͕ଘ͠ࡏͳ͍)ͱͨ͠ɻࢉܭͰಋମ໘Ͱ

ɺ͜Εʹີݫ32 N Λແݶେͱͨ͠߹Ͱ͋ΓɺN ͕༗ݶͳ
߹ిࢠϏʔϜͱରํʹਐΉΘ͔ͣͰ͋Δ͕Ճʹ
༩͢Δɻد

33ਤ 25 ͷۂࢄઢͰɺπ Ϟʔυʹۙͮ͘ͱ 2 ͭͷ͕࠲ඪ
(π/l) ʹ β < π/l ͱ β > π/l ͷ྆ํ͔Β͍͖ۙͮͯͯɺπ Ϟʔυ
Ͱ 2 ͭͷ͕࠲ඪ (π/l) ͰશʹॏͳΔͱઆ໌Ͱ͖Δɻ

0 l 2l 3l 4l

ਤ 26: ఆࡏܕՃͷࢉܭϞσϧɻ(4+1)ηϧߏɻ

ͷϩεͳ͍ͱԾఆ͠ɺి࣓ݻ༗ղੳ (Eigen

mode)ιϧόʹΑΓٻΊͨɻ

ՃͷܕࡏͰಘΒΕͨఆࢉܭ π/4͔Β π ·Ͱ

ͷ֤Ґ૬Ϟʔυʹ͍ͭͯ࣠ํͷి Ez Λਤ 27

ʹࣔ͢ 34ɻͨͩ͠ɺࢉܭରͱ͢ΔҐ૬Ϟʔυͷ

ɺͦͷຖʹηϧ͍ߦ͚ͩ lͱԁܘΛௐͨ͠ɻ

͜ΕࢉܭରͱͳΔҐ૬ϞʔυͷҐ૬ͱݻ༗प

Λશͯͷ߹Ͱ͘͢͠ΔͨΊͰ͋ΓɺҐ૬

ޫͷిࢠϏʔϜͱಉ͢ظΔΑ͏બΜͩɻ

ਤ 27άϥϑͱ෦ͷ࣮ઢͰσΟεΫΛؚΉՃ

ڥքΛ͍ࣔͯ͠Δɻ·ͨɺॎ࣠࠷େͰ֨نԽ

ͨ͠ిͷେ͖͞Λ͍ࣔͯ͠Δɻԣ࣠ηϧͷ

ഒʹΛࣔͯ͋͠Γɺ1ηϧʹΊΔిͷҐ૬

ਐΈྔ͕Ґ૬ϞʔυʹରԠ͍ͯ͠Δ͜ͱ͕Θ͔Δɻ

ఆࡏܕՃͰ࣮ઢͰࣔͨ͠ిڧ͕ eiωt

ࢠՃͰిܕߦతʹৼಈ͢Δɻਐ͍ؒ࣌ैʹ

ϏʔϜͱి࣓ͷҐ૬͕ಉ͡ͰਐΉͨΊɺҰ୴ɺ

ͷ (ΫϨετ)ʹిࢠΛͤΕྡͷηϧʹ͓

͍ͯͦͷ··࠷େͷిΛड͚ͳ͕ΒిࢠՃ͞

ΕΔɻҰํɺఆࡏܕՃͰ֤ηϧͷి࣓ৼ෯

ࣹͱͷ߹Ͱ༩͑ΒΕਐ͠ߦͳ͍ͨΊɺਤ

27ͷΑ͏ʹిࢠϏʔϜ͕ਐΉηϧຖʹిͷৼ෯͕

ҟͳΓՃશମͰͷՃΤωϧΪʔਐߦܕՃ

ΑΓ͘ͳΔɻͨͩ͠ɺπϞʔυ͚ͩྫ֎Ͱη

ϧؒͰͷిৼ෯ҰఆͱͳΓɺఆ͞ΕΔ࠷େͷՃ

ΤωϧΪʔ͕ಘΒΕΔɻ͜Ε͕લઅͰࣜΛ༻͍ͯ

ͷఆੑతͳઆ໌ͱͳΔɻߟͨͬߦ

34ಉ༷ͳ݁ՌࢉܭʹཔΒͣͱՁճ࿏ϞσϧΛ༻͍ͨ
ͰಘΒΕΔࢉܭ [8, 23]ɻ



0 l 2l 3l 4l

πモード

3π/4モード

π/2モード

π/4モード

Ez

0

0

0

0

+

-

+

-

+

-

+

-

ਤ 27: (4+1)ηϧఆࡏܕՃͷ֤Ґ૬Ϟʔυͷి

 (Ez)ɻਤ 26Λ༻͍ͯి࣓ղੳʹΑΓಘΒΕͨɻ

ਤ 28ಉ༷ͷࢉܭͰಘΒΕͨి͔ΒޫͰ

ΔిࢠͷγϟϯτΠϯϐʔμϯεΛٻΊϓϩοτ

(ؙ)ͨ͠ͷͰ͋Δɻͨͩ͠ɺ4ηϧͰϓϩοτ

͕গͳ͔ͬͨͨΊ 8ηϧͷϞσϧͰࢉܭΛ͍ߦɺπ

Ϟʔυͷ݁Ռʹ͍ͭͯɺಘΒΕͨγϟϯτΠϯϐʔ

μϯεͷͷΛߟࢀͱͯ֯͠ࡾͰࣔͨ͠ɻਤ 28

Ͱࣜ (3.15)ͷ Ar Λҙʹௐ͠ɺࢉܭ (π

ϞʔυΛআ͘ͰͷγϟϯτΠϯϐʔμϯε)ͷۙࣅ

ઢۂ (࣮ઢ)ͱͯࣔͨ͠͠ɻࣜ γϛϡ࣓ి͕(3.15)

ϨʔγϣϯͰಘΒΕͨγϟϯτΠϯϐʔμϯεͷมԽ

Δ͜ͱ͕Θ͔Δɻઢ࣮ઢΛ͍ͯ͠ݱ࠶Λྑ͘

2ഒͨ͠ۂઢͰ͋ΓɺਐߦܕՃͷγϟϯτΠϯ

ϐʔμϯεΛҙࣝͨ͠ͷͰ͋ΔɻਤΑΓɺి࣓γ

ϛϡϨʔγϣϯͰಘΒΕͨ݁Ռɺ͓͓Αͦղੳࢉܭ

ͱಉ͡Λ͍ͯ͠ݱ࠶Δ͜ͱ͕Θ͔Δɻͨͩ͠ɺҐ

૬Ϟʔυ͕ π ʹۙͮ͘ʹͭΕ͕ҟͳ͖͍ͬͯͯ

Δɻ͜ΕࢉܭϞσϧͷۭಎ͕༗ݶͰ͋Δ (ղੳత

 0

 0.2

 0.4

 0.6

 0.8

 1.0

0 π/4

Phase shift per cell

3π/4π/2 π

Traveling wave

Standing wave

rsh /rsh,max

ਤ 28: ఆࡏܕՃͷ૬ରγϟϯτΠϯϐʔμϯ

εɻؙͷϓϩοτηϧ 2ͭ (୯Ґपظ,͞ l)

Λ 8 पظ࿈݁ͨ͠ϞσϧͰͷ݁ࢉܭՌɻ࣮ઢઅ

3.8.2ͰٻΊͨγϟϯτΠϯϐʔμϯεͷղੳ݁ࢉܭ

ՌͰి࣓γϛϡϨʔγϣϯ݁ՌΛۙۂͨ͠ࣅઢͰ͋

Γɺઢ͜ΕΛ 2ഒͨ͠ͷɻ

ͳࢉܭͰηϧΛແݶͱ͍ͯ͠Δ)͜ͱి࣓γ

ϛϡϨʔγϣϯͷϝογϡαΠζ͕ෆेͰ͋Δ͜ͱ

͕Ө͍ͯ͠ڹΔͱࢥΘΕΔɻ

4.2.5 ജपߏظՃ

અ 4.2.3ͱ 4.2.4ʹ͓͍ͯɺఆࡏܕՃΛ༻͍

Δ߹ʹ࠷Ճޮ͕ྑ͍ͷ π ϞʔυΛ࠾༻͠

ͨͱ͖Ͱ͋Δ͜ͱΛઆ໌ͨ͠ɻ͔͠͠ɺπϞʔυʹ

અ 4.2.2Ͱࢦఠͨ͠Α͏ʹ܈͕θϩʹͳΔ͜ͱʹ

ͷϞʔυΛͦͷ··Ճ͜ʹࡍҼ͕ͨ͋͠Γɺ࣮ى

࠾ʹ༻͢ΔͷಘࡦͰͳ͍ɻಛʹηϧ͕େ

͖͍߹ɺՃޮ͕ܹٸʹྼԽ͢ΔͨΊৗಋํ

ࣜͰ 5ηϧఔ͕࣮༻্ͷݶքͩͱ͑ߟΒΕ͍ͯ

Δ [8, 24]35ɻ

Ұํɺπ/2 Ϟʔυ܈͕࠷େͰ͋ΔͨΊɺઅ

4.2.2Ͱࢦఠͨ͠ πϞʔυͷΛආ͚ɺηϧΛΑ

Γ૿ͨ͠ఆࡏܕՃݱ͕࣮Ͱ͖Δɻ͔͠͠ɺఆ

Ճͷܕࡏ π/2Ϟʔυɺਤ 27Ͱࣔͨ͠Α͏

ʹ 1ηϧ͓͖ʹిৼ෯͕θϩͱͳΔͨΊɺγϟϯτ

Πϯϐʔμϯε͢ݮΔɻπϞʔυͷ͍ߴγϟϯτ

Πϯϐʔμϯεͱ π/2Ϟʔυͷ҆ఆੑΛཱ྆͘͢

ఏҊ͞Εͨͷ͕ജपߏظ (biperiodic structure)Ͱ

35ಋํࣜͷۭಎͰ Q ͕͍ͨߴΊ͜ͷޮՌ؇͞Εɺ
ʹ࣮ݱ 9 ηϧͷ π ϞʔυఆࡏܕՃ͕ଟ͘ͷՃثγεςϜ
Ͱ࠾༻͞Ε͍ͯΔɻ



Disk loaded structure

Side coupled structure (SCS)

Alternating periodic structure (APS)

Annular coupled structure (ACS)

Disk and washer structure (DWS)

ਤ 29: ജपߏظՃͷྫɺσΟεΫϩʔυܕ, APS

,ܕ SCSܕ,ACSܕ, DWܕͷࣜਤɻਤதͷҹ

π/2Ϟʔυͷిͷ༷ࢠΛ͍ࣔͯ͠Δɻ

͋Γɺͦͷදతͳͷ͕APS(alternating periodic

structure)ߏ [25, 26]Ͱ͋Δɻ

APSߏͰ π/2ϞʔυͰిৼ෯͕θϩͱͳΔ

ηϧͷ͞Λ͏Ұํͱൺֱͯ͘͢͠Δ͜ͱͰɺՃ

શମͱͯ͠ͷՃޮΛ্͍ͯͤ͞Δɻ͜ͷ

ଞɺജपߏظͷՃͱͯ͠αΠυΧοϓϧܕ

ߏ (SCS: side coupled structure) [27]ɺঢ়݁߹

ߏ (ACS: annular coupled structure) [28]ɺσΟε

ΫɾΞϯυɾϫογϟʔߏ (DAWS: disk-and-washer

structure) [29]ͳͲ͕͋Δ (ਤ র)ɻ͜ΕΒͷۭࢀ29

ಎͰిৼ෯͕θϩͱͳΔηϧΛ APSۭಎͷΑ͏

ʹ͘͢ΔͷͰແ͘ϏʔϜ͔࣠Β֎ଆʹͣΒ͓ͯ͠

ΓɺిࢠϏʔϜ͕௨ա͢Δηϧ࣮࣭తʹ π Ϟʔ

υͱͳΔΑ͏ʹͳ͍ͬͯΔɻͭ·Γɺ͜ΕΒͷۭಎͰ

ిࢠϏʔϜ͔ΒΈΔͱ πϞʔυͰྭৼ͍ͯ͠Δ͕ɺ

加速セル : 2N+1個

結合セル : 2N個

セル数合計： 4N+1 個

セル間の位相すすみ： πq /2N ,    q = 0, 1, 2, …, 2N 

ਤ 30: ϞσϧɻࢉܭՃͷߏ߹্݁࣠

0 3π/4

加速セル

結合セル

wa

wc

w

π/4 π/2 π

πq/2N

ਤ 31: ؔࢄՃͷߏ߹্݁࣠ (ՃϞʔυͱ

݁߹Ϟʔυͷप͕ҟͳΔ߹)ɻ

తʹ֎ଆͷηϧΛհͯ͠ؾి π/2ϞʔυͰ݁߹͠

͍ͯΔͱ͑ߟΔ͜ͱ͕Ͱ͖Δɻ

4.2.6 ജपߏظՃͷؔࢄ

ജपߏظՃʹ͍ͭͯཧղ͢ΔͨΊɺAPSߏ

ʹද͞ΕΔ্࣠݁߹ߏ (on-axis coupled struc-

ture)Λྫͱͯؔ͠ࢄΛ͑ߟΔɻ͜͜Ͱɺജपظ

ΔํͷηϧΛ͢ࡏՃͷηϧͷ͏ͪɺి͕ଘߏ

Ճηϧ (accelerating cell)ɺଘ͠ࡏͳ͍ํΛ݁߹η

ϧ (coupling cell)ͱݺͿ͜ͱʹ͢Δɻ

ϞσϧΛਤࢉܭՃͷߏ߹্݁࣠ 30 ʹࣔ͢ɻ

Ճ 2N ͷ݁߹ηϧͱݸ 2N + ͷՃηϧͰݸ1

ܭ߹͞ΕΔͱ͠ɺߏ 4N + Δɻ͑͜ߟͷηϧΛݸ1

ͷ߹ɺηϧؒͷҐ૬ਐΈ πq/(2N)Ͱද͞ΕΔɻͨ

ͩ͠ɺq = 0, 1, 2, · · · , 2N Ͱ͋Δɻ



ਤ 32: ؔࢄՃͷߏ߹্݁࣠ (ωa = ωc ͼٴ

ωa
∼= ωc)ɻ

ؔࢄՃηϧͷपΛ ωaɺ݁߹ηϧͷप

Λ ωc ͱ͢Δͱɺ͜ΕΒ྆ηϧؒͷ݁߹Λ κ

ͱͯ͠ɺҎԼͷΑ͏ʹ༩͑ΒΕΔ 36ɻ

κ2cos2
πq

2N
=

(
1− ωa

2

ωq
2

)(
1− ωc

2

ωq
2

)
(4.30)

ωqҙͷҐ૬Ϟʔυʹ͓͚Δݻ༗पͰ͋Δɻ͜

͜Ͱ q = Nɺͭ·Γ π/2ϞʔυͰɺࣜ (4.30)ͷࠨล

θϩͱͳΓɺωq ωaͱ ωcͷ 2ͭͷղΛऔΓಘΔɻ

ਤ 31ʹ ωa < ωcͷ߹ͷؔࢄΛࣔ͢ɻ݁߹

 k = 0.05ͱ͠ɺηϧ N ແݶͱͨ͠ɻωa ̸= ωc

ͷ߹ɺ(4N + 1)ηϧՃͱͯ͠ۂࢄઢ͕ 2

ͭʹ͠ɺಛʹ ωa < ωc ͷ߹ɺՃηϧͰ

0͔Β π/2Ϟʔυ͕ɺ݁߹ηϧͰ π/2͔Β π Ϟʔυ

͕ྭৼ͞ΕΔΑ͏ʹͳΔɻ͔͠͠ɺՃϞʔυͱͯ͠

Δ͍ͯ͑ߟ π/2ϞʔυͰͷ܈௨ৗͷՃͷ

πϞʔυͱಉ༷ʹθϩͱͳͬͯ͠·͏ɻ

ജपߏظՃͰ͜ͷঢ়͔گΒ͞Βʹηϧܗঢ়

Λɺωa = ωcͱͳΔΑ͏ௐ͢Δɻωa = ωcΛ࣮͠ݱ

ͨ߹ͷۂࢄઢΛਤ 32ʹ৭ͷ࣮ઢͰࣔ͢ɻߟࢀ

ͱͯ͠ ωa
∼= ωcͷ߹ͷۂઢ߹Θͤͯࣔ͢ɻਤதɺ

੨৭ͷ࣮ઢ͕ਤ 31Ͱࣔͨ͠ۂࢄઢͱಉ͡ύϥϝʔ

λͰͷղੳ݁ࢉܭՌ (εέʔϧมΘ͍ͬͯΔ)Ͱ͋

ΔɻਤΑΓɺπ/2Ϟʔυʹ͓͚ΔՃηϧͱ݁߹ηϧ

ͷݻ༗पΛ͚͍ۙͮͯ͘͜ͱͰɺঃʑʹ π/2ۙ

ͷۂࢄઢ͕มԽ͠ʹΒ͔ʹͭͳ͕Δ͜ͱ͕Θ

͔Δɻ·ͨɺ͜ͷ݅ʹ͓͚Δ π/2Ϟʔυͷ܈

ଞͷϞʔυதͰ࠷େͱͳ͍ͬͯΔ͜ͱ͕Θ͔Δɻ

͜ͷ ωa = ωc ͷؔ߹ྲྀ (confluence)݅ͱݺ
36ࣜ (4.30)Ձճ࿏Λ༻͍ͯٻΊΔ͜ͱ͕Ͱ͖Δɻৄࡉ [8]
 [30] ͳͲΛࢀরͷ͜ͱɻ

ΕΔɻҎ্ʹΑΓɺπϞʔυͱಉͷՃޮͱ π/2

Ϟʔυͷ҆ఆੑΛͨͬ࣋ఆࡏՃ͢ݱ͕࣮Δɻ͜

ͷΑ͏ͳ߹ྲྀ݅Λ࣮͢ݱΔജपߏظΛ߹ྲྀܕജप

ྲྀ߹Ճͱ͍͏ͱܕͼɺҰൠʹ݁߹ۭಎݺͱߏظ

ͱଟ͍ɻ͜͢ࢦΛඋ͑ͨՃΛߏظജपܕ

ख͕͔͔ؒΔ࡞Ͱ͋Γࡶෳߏظജपܕྲྀ߹

͕ɺπ/2Ϟʔυͷ߹ྲྀܕՃੑ͍ߴ͕ಘΒΕΔ

ͨΊΑ͘༻͍ΒΕΔɻKEKͷτϦελϯՃثͰ

9ηϧͷ APSۭಎ͕ 104༻͍ΒΕɺࡏݱ KEK-

AR(6.5GeV)Ͱಉ༷ͷͷ͕ 6ӡ༻͞Ε͍ͯΔɻ·

ͨɺཧݚ SACLA ͷΤωϧΪʔ෦Ͱɺਐߦܕ

Ճͷ߹ʹೖྗΧϓϥͷͭ͘Δి࣓ͷඇରশ

ੑΛආ͚ΔͨΊ LόϯυͷAPSۭಎ͕༻͍ΒΕ͍ͯ

Δ [13]ɻ͜ͷଞɺߴग़ྗͱখܕԽ͕ඞཁͳҩྍ༻Ճ

Ͱଟ͘༻͍ΒΕ͍ͯΔɻث

5 ͓ΘΓʹ

Ҏ্ɺిࢠՃͱ͍͏ͰɺલఏͱͳΔಋ

ʹؔ͢ΔཧΛͱʹɺਐߦܕՃɾఆࡏܕՃ

ૅج͍ͯͭʹతͳࣝΛհͨ͠ɻຊςΩετͰ

͜ΕΒిࢠՃʹ͍ͭͯ၆ᛌతͳཧղΛಘΔ͜ͱ

Λతʹɺ͋·Γݱ ɾ࣮࣮ తͳ༰ʹ౿Έࠐ·ͣɺ

Ұൠతͳ༰ʹཹΊ͖ͯͨͭΓͰ͋ΔɻిࢠՃ

ʹ͍ͭͯ͜Ε͔ΒษڧΛํ͏ߦʹຊςΩετͷ༰

Λͱʹͯ͠ɺΑΓਂ͘ઐతͳࣝΛʹ͚ͭͯ

͚Εͱ͏ࢥɻ

ຊςΩετʹࢲͷཧղෆʹΑΔਖ਼֬Ͱແ͍ه

ड़ؒҧͬͨղऍଘ͢ࡏΔͱࢥΘΕΔɻ͜Ε͔Β࣮

Λ͢ΔਓɺຊςΩετΛӏವΈڧRFؔ࿈ͷษʹࡍ

ʹͤͣੋඇࣗͷखͱ಄Λಈ͔͖ͯͨ͠׆ࣝΛʹ

͚ͭͯΒ͍͍ͨɻ

·ͨɺຊςΩετͷߏஈ֊Ͱɺ

• ͰͷثͷՃࡍ࣮ RF Ճͷӡ༻ํ๏ʢిࢠ

ϏʔϜͱͷ૬࡞ޓ༻ΛؚΊͯʣ

• ։ൃɾӡ༻͞ΕͨRFՃͷಠతͳʹࡍ࣮

ಛ

ͳͲΛهड़͢ΔͭΓͰ͕͋ͬͨɺςΩετશମͷό

ϥϯεؒ࣌ͷ߹ͰׂѪͨ͠ɻ͔͠͠ɺͦͷ݁Ռɺ

50 2ίϚͷٛߨͱͯ͠దͳ༰ྔʹͳͬͨͷ

Ͱͳ͍͔ͱ͍ͯ͑ߟΔɻڵຯͷ͋ΔಡऀຊςΩε

τͷૅجతͳࣝΛͱʹ࣮ࡍͷRFՃΛௐͯ

ΈΔͱΑΓਂ͘ษڧͰ͖ΔͱࢥΘΕΔɻ



ँࣙ

͞࡞ηϛφʔͰςΩετΛثΔOHOՃ࢙͋ྺ

ͤͯ͘ػձΛԼͬͨ͞ߴΤωϧΪʔՃػڀݚث

ɻ·ͨɺ͢·͠ँײʹࢯɺಓԂਅҰࢯଇͷখྛߏ

ߏػڀݚثΤωϧΪʔՃߴ ՃࢪڀݚثઃͰಉά

ϧʔϓʹॴଐ͢ΔࡔதষࢯޛɺࢯؽڮߴʹςΩετ

ࣥචʹଟେͳޚཧղΛ͖ɺ௨ৗۀͷܰݮɾࢿྉͷ

ఏڙͳͲͯ͠ྗڠ͖·ͨ͜͠ͱ৺͔Β͍ͯ͠ँײ·

͢ɻ͞Βʹɺࡔதষࢯޛʹ্هʹՃ͑ςΩετ༰

ʹؔ͢Δ૬ஊɺߘݪͷνΣοΫͳͲଟେͳྗڠΛ͖

·ͨ͠ɻ
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A पۭಎͷՁճ࿏ߴ

RFՃΛղੳ͢ΔࡍɺՁճ࿏ඇৗʹศརͳ

πʔϧͱͳΔɻຊςΩετͰ͔ͭزͷॏཁͳؔࣜ

Λূ໌ແ͠ʹ༻͍͕ͨɺ͜ΕΒͷ΄ͱΜͲՁճ࿏

Λ༻͍Δ͜ͱͰൺֱతʹ؆୯ʹಋ͘͜ͱ͕Ͱ͖Δɻ·

ͨɺՁճ࿏Λ༻͍Δ͜ͱͰɺՃΛిؾతʹදݱ

͢Δ͜ͱ͕ՄͱͳΓɺՃʹର͢ΔΑΓਂ͍ཧղ

ͱൃలతͳΞΠσΞΛಘΔ͜ͱظͰ͖Δɻ͜͜Ͱ

ɺ࠷؆୯ͳ୯ηϧRFۭಎʹ͍ͭͯՁճ࿏Λ

հ͠ɺRFۭಎʹΘΔύϥϝʔλͱͷؔΛࣔͯ͠

͓͘ɻ

A.1 ୯ηϧRFۭಎͷՁճ࿏

ਤ 33ʹ୯ηϧ RFۭಎͷՁճ࿏Λࣔ͢ɻI(t)

֎෦͔Β͞څڙΕΔճ࿏ͷυϥΠϒిྲྀͰ͋Γɺ࣮ࡍ

ʹେిྗߴप͔ݯΒͷ RFిྗڅڙΛҙຯ͢Δɻ

ͦΕͧΕɺΠϯμΫλϯε L, ੩ి༰ྔ C, ߅ Rͱ

͍ͯ͠ΔɻRFۭಎͰ֎෦ RFݯʹΑΓۦಈ͞Εۭ

ಎిѹ Vc(t)͕ྭৼ͞ΕΔɻ

I(t) = C
dVc

dt
+

∫
Vc(t)dt

L
+

Vc

R
( A.1)

ຊςΩετͰ͜ΕҎ্ཱͪೖΒͳ͍͕ɺ্هඍํ

ఔࣜΛ༻͍ۭͯಎͷৼΔ͍Λؒ࣌తʹղੳ͢Δ͜ͱ

Ͱɺೖྗిྗ͕มಈͨ͠߹ͳͲͷաతͳۭಎԠ

ΛఆྔԽͯٞ͢͠Δ͜ͱ͕ՄͱͳΔɻ͞Βʹɺਤ

33ͷՁճ࿏Λ֦ு͢Δ͜ͱͰϏʔϜෛՙͦͷม

ಈΛؚΊͨղੳՄͱͳΔɻ

ࣜ ( A.1)ͷఆৗঢ়ଶʹ͓͍ͯ I(t), Vc(t)

I(t) = I0e
iωrt ( A.2)

Vc(t) = V0e
i(ωrt+φ) ( A.3)

R L C
I(t)

Vc(t)

ਤ 33: ୯ηϧ RFۭಎͷՁճ࿏ɻ

ͱͳΔɻ͜͜Ͱ V0ۭಎిѹͷৼ෯ʢϐʔΫʣͰ

͋ΓɺۭಎిѹυϥΠϒిྲྀʹର͠ φ͚ͩҐ૬͕ͣ

Ε͍ͯΔͱͨ͠ɻ·ͨɺڞৼप ωr ɺճ࿏ఆ

Λ༻͍ͯҎԼͷΑ͏ʹॻ͚Δɻ

ωr =
1√
LC

( A.4)

ίϯσϯαʹ͑ΒΕΔΤωϧΪʔ U ɺ

U =
1

2
CV0

2 ( A.5)

߅Ͱͷ࣮ޮతͳফඅిྗ P ɺ

P =
1

2

V 2
0

R
( A.6)

ͱͳΔɻ

ͱ͜ΖͰɺΑ͘༻͍ΒΕΔۭಎύϥϝʔλΛճ࿏ఆ

Ͱॻ͖ද͢ͱҎԼͷΑ͏ʹͳΔɻ

ɾγϟϯτΠϯϐʔμϯε

Rsh = 2R ( A.7)

ɾQϑΝΫλʔ

Q =
ωrU

P
= ωrRC ( A.8)

ɾϑΟϦϯάλΠϜ

τf =
2Q

ωr
= 2RC ( A.9)

ͨͩ͠ɺγϟϯτΠϯϐʔμϯεʹ͍ͭͯిѹͷ

ϐʔΫΛ༻͍Δ͔࣮ޮΛ༻͍Δ͔Ͱද͕ݱมΘ

Γɺ࣮ࡍʹՃۀثքͰ྆ํͷఆ͕ٛࠞͯ͠ࡏ༻͍

ΒΕ͍ͯΔɻ্ࣜ ( A.7)ϐʔΫΛ༻͍ͨ

߹ͷͷ (P.B. Wilson ྲྀ)Ͱɺ࣮ޮΛ༻͍ͨ߹

ɺRsh = RͱͳΔɻ͜ͷͨΊɺγϟϯτΠϯϐʔ

μϯεۭಎ R/Qʹ͍ͭͯ͡Δࡍҙ͕ඞཁͰ

͋Δɻ

A.2 ճ࿏ఆͷҙຯ

Ձճ࿏ͷཁૉ C, L, Rʹ͍࣮ͭͯࡍͷۭಎͱର

ൺ͓ͯ͘͠ͱཧղ͕ਂ·Δɻͦ͜Ͱɺ௨ৗՃϞʔυ

ͯ͠༻͍ΒΕΔ͜ͱͷଟ͍ TM010 Ϟʔυͷి࣓Λ

ྫʹͱΓઆ໌͓ͯ͘͠ɻਤ 34ͱਤ 35ʹ TM010 Ϟʔ

υͷ୯ηϧRFۭಎͰͷి࣓ (Ez, Hφ)Λࣔ͢ɻ

͜ͷ 2ͭͷి࣓ͷΈ͕TM010Ϟʔυʹଘ͠ࡏɺ

ͦΕΒͷؒ࣌తͳҐ૬ π/2ͣΕ͍ͯΔɻ



y

a

z

y

0 l

ਤ 34: TM010 Ϟʔυͷ୯ηϧ RF ۭಎͰͷి࣓

(Ez,Hφ)ɻ

0.0

0.2

0.4

0.6

0.8

1.0

0 a/2 a
Radial position

Pillbox_TM010 mode, (z=0, y=0)

Ez/Emax
Hφ/Hmax

ਤ 35: TM010 Ϟʔυͷ୯ηϧ RF ۭಎͰͷి࣓

(Ez/Emax,Hφ/Hmax) (z = 0, y = 0)ɻ

ճ࿏ʹ͓͍ͯίϯσϯαؾి 2ຕͷిۃͰిՙΛ

ੵ͢Δɻίϯσϯαʹ͑ΒΕΔΤωϧΪʔۃ൘

ؒͷిҐࠩͷೋʹൺྫ͢Δɻ͜Ε TM010 Ϟʔυ

Λྭৼ͍ͯ͠ΔRFۭಎͰ͍͏ͱɺηϧͷ྆൘ͱಉ

ͩͱ͑ߟΔ͜ͱ͕Ͱ͖ΔɻTM010 ϞʔυͰి

ηϧͷ྆൘ؒʹଘ͠ࡏɺԁஅ໘ͷத৺෦͘ߦ΄

Ͳిେ͖͍ɻैͬͯɺRFۭಎͷ൘ͷಛʹத৺

r

z

232mm130mm 

229.1mm

131.7mm (0.44λ/2) 

ਤ 36: PFۭಎͷࢉܭϞσϧ (1/4அ໘)ɻ࣮ࡍͷۭಎ

ਤԼଆͱࠨଆΛରশ໘ͱͨ࣠͠ରশߏͱͳΔɻ

෦Λ͘͢ڱΔ͜ͱͰ C Λେ͖͘Ͱ͖Δɻ

ηϧͷ྆൘ʹ࣍ (ίϯσϯα)ʹ͞څڙΕΔిՙ

ۭಎଆ໘Λԟ෮ͯ͠ྲྀΕΔɻిྲྀ͕ྲྀΕΔͱΞϯ

ϖʔϧ (Ampere)ͷ๏ଇʹै࣓͕ͬͯൃੜ͢Δɻ͜

Ε͕ɺՁճ࿏ͷΠϯμΫλϯε LͰ͋Γɺਤ 34ͷ

HφΛΈͯɺ֎प෦ͷ࣓ڧ͕େ͖͘ͳ͍ͬͯΔ

͜ͱ͕Θ͔ΔɻैͬͯɺΠϯμΫλϯε Lۭಎଆ

໘ͷ͞Λ͘͢Δ͜ͱͰখ͘͢͞Δ͜ͱ͕Ͱ͖Δɻ

͜ΕϐϧϘοΫεͷ֯ͷ෦Λۂઢʹ͢Δ (RΛͭ

͚Δ)͜ͱΛҙຯ͢Δɻ

߅ʹޙ࠷ RͰ͋Δ͕ɺۚଐ༗ݶͷ߅Λͭ࣋

ͨΊɺۭಎද໘Λߴपిྲྀ͕ྲྀΕΔͱදൽ߅ʹ

ΑΓ͕ൃੜ͠ిྗଛࣦ͕͜ىΔɻ͜ͷిྗଛࣦ͕

Pc = V 2
0 /(2R) = V 2

0 /RshͰ͋Δɻͨͩ͠ɺՁճ࿏

ͷ߅Rۭಎͷ୯ͳΔද໘߅ͱҟͳΔɻ·ͨɺ

Vc(t)ిࢠϏʔϜͷيಓʹԊۭͬͯಎͷೖ͔ޱΒग़

ϏʔϜ͕ड͚ΔిΛੵͨ͠ͷͰ͋ࢠిʹͰ·ޱ

Δ (અ র)ɻࢀ3.8.1

A.3 ͷۭಎࡍ࣮

ͷۭಎΛྫʹճ࿏ఆʹ͍ͭͯ͏গ͠ิࡍ࣮

͢Δɻ

ਤ KEK-PFͰ༻͍ΒΕ͍ͯΔRFۭಎࡏݱʹ36 [1]

ͷࣜਤΛ੨ઢͰࣔ͢ɻPFͰຊۭಎͷTM010Ϟʔ

υΛՃϞʔυͱͯ͠༻͍͓ͯΓɺܗঢ়ϐϧϘοΫ



ද 6: PFۭܕಎͷύϥϝʔλ

TM010 Ϟʔυͷڞৼप 500 MHz

Q0  40000

γϟϯτΠϯϐʔμϯε Rsh 7.0 MΩ

Ճిѹ V0 @ 36 kW 500 kV

ճ࿏ఆ

੩ి༰ྔ C 3.6 pF

ΠϯμΫλϯε L 27.9 nH

εܕ (ਤதͷઢ)Λϕʔεʹ࣍ߴϞʔυΛྀͭ͠ߟ

ͭγϟϯτΠϯϐʔμϯεͱ QΛ࠷దԽ͢ΔΑ͏

मਖ਼͞Ε͍ͯΔɻڞৼप 500 MHzͰ͋Δɻ

؆୯ʹઆ໌͢Δͱ࣠ํʹ͍ͭͯϊʔζίʔϯͱ

ঢ়ΛͪɺిΛΑܗΕΔۭಎ෦ʹͤΓग़ͨ͠ݺ

Γूத͍ͤͯ͞Δɻ֎प෦ԁܗʹؙ͍ۙΈΛଳͼͯ

͓ΓɺϩεΛ͑QΛ্͍ͯͤ͞Δɻ·ͨɺηϧ

ϏʔϜύΠϓͷిͷછΈग़͠Λྀ͠ߟɺϐϧ

ϘοΫεͷ࠷ద͞ 0.44λΑΓ͘ͳ͍ͬͯΔɻ

͜͜ͰɺPFۭܕಎͷύϥϝʔλΛճ࿏ఆͰද͠

ͯΈΔɻද 6ʹPFۭܕಎͷେମͷύϥϝʔλΛࣔ͢ɻ

Q0  40, 000,γϟϯτΠϯϐʔμϯε 7.0 MΩ,

ৼपڞͯͦ͠ 500 MHzͰ͋ΔͷͰɺ੩ి༰ྔC

 3.6 pFɺΠϯμΫλϯε 27.9 nHͱ͞ࢉܭΕΔɻ

ͱ͜ΖͰɺPFۭܕಎͰ࠷େͰ 500 kV( 36 kWͷ

ফඅిྗΛԾఆͨ͠߹)ͷՃిѹΛ࣮ݱͰ͖Δɻ

ɺ500ͪ࣋ͷΑ͏ͳ͍ΠϯμΫλϯεΛه্ kV

ͷిߴѹΛ 500 MHzͰҹՃͰ͖Δͱ͍͏ͷ RFۭ

ಎͷେ͖ͳಛͱ͍͑Δɻ


