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໰୊ 1ʙ໰୊ 4ͷத͔Βɼ3໰બ୒ͯ͠ղ౴͠ͳ͍͞ɽ

໰୊ 1

ີ౓ ρɼϠϯά཰Eɼ͓ΑͼϙΞιϯൺ µ͕ɼҰ༷ͰҰఆͷ౳ํత஄ੑମதΛ఻೻͢Δ೾͸ɼ
࣍ͷภඍ෼ํఔࣜͰهड़͞ΕΔɽ

ρ∂2
t uuu = E

2(1+ µ)

[
∇2uuu+ 1

1−2µ
∇(∇ ·uuu)

]
(i)

ͨͩ͠ɼuuu = uuu(rrr, t)͸஄ੑମதͷ఺ rrrɼ࣌ؒ tʹ͓͚Δ஄ੑମͷมҐΛද͢ɽ·ͨɼ0 < µ < 1/2
ͱ͢ΔɽҎԼͷ໰ʹ౴͑Αɽ

(1) uuu0͓Αͼ kkkΛఆ਺ϕΫτϧɼωΛਖ਼ͷఆ਺ͱ͢Δɽuuu0ɼkkkɼω͕͋Δ৚݅ࣜΛΈͨ͢ͱ
͖ɼ͕࣍ࣜࣜ (i)ͷղͱͳΔɽͦͷ৚݅ࣜΛٻΊΑɽ

uuu(rrr, t) = uuu0 exp(i(kkk · rrr −ωt)) (ii)

(2) ࣜ (ii)ʹΑͬͯهड़͞ΕΔ೾ͷ఻೻͢Δํ͕޲ɼϕΫτϧ kkkͷํ޲ͱҰக͢Δ͜ͱΛઆ
໌ͤΑɽ

(3) ࣜ (ii)Ͱهड़͞ΕΔ೾Λฏ໘೾ͱΑͿɽͳͥฏ໘೾ͱΑͿ͔ɼͦͷཧ༝Λ؆ܿʹઆ໌
ͤΑɽ

(4) ࣜ (ii)ʹΑΓɼ஄ੑମதΛ఻೻͢Δॎ೾ͱԣ೾Λهड़͢Δ͜ͱ͕Ͱ͖Δɽॎ೾ͷ଎͞ vℓ

ͱԣ೾ͷ଎͞ vtΛٻΊΑɽ

(5) vℓ >
√

2vt͕੒Γཱͭ͜ͱΛࣔͤɽ
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໰୊ 2

q > 0ͱͯ͠ɼ఺RRR +ddd/2ʹిՙ q͕ɼ఺RRR −ddd/2ʹిՙ−q͕഑ஔ͞Ε͍ͯΔɽ͜ͷΑ͏ͳ
ਖ਼ෛͷిՙͷ഑ஔΛిؾ૒ࢠۃͱΑͼɼppp = qddd Λ૒ࢠۃϞʔϝϯτͱΑͿɽਅۭͷ༠ి཰Λ
ε0ͱͯ͠ɼҎԼͷ໰ʹ౴͑Αɽ

(1) ఺ rrrʹ͓͚Δ੩ిϙςϯγϟϧ͕ φ0 (rrr) ͷి৔EEE = −∇φ0 ͕ଘ͢ࡏΔͱ͖ɼ͜ͷి৔
தʹ͓͚Δిؾ૒ࢠۃͷΤωϧΪʔ U Λ q,φ0,RRR,ddd Λ༻͍ͯදͤɽ

(2) |RRR| ≫ |ddd|ͷͱ͖ɼU ͷۙࣜࣅΛϕΫτϧ dddͷ֤੒෼ʹ͍ͭͯ 1࣍ͷൣғͰٻΊΑɽ

(3) RRR = 0ɼ͢ͳΘͪɼ఺ ddd/2ʹిՙ q͕ɼ఺−ddd/2ʹిՙ−q͕഑ஔ͞Ε͍ͯΔͱ͖ɼ͜ͷ
Αͬͯɼ఺ʹࢠۃ૒ؾి rrr ʹੜ੒͞ΕΔ੩ిϙςϯγϟϧΛٻΊΑɽͨͩ͠ɼ|rrr| ≫ |ddd|
ͱͯ͠ɼϕΫτϧ dddͷ֤੒෼ʹ͍ͭͯ 1࣍ͷൣғͰٻΊΑɽ

(4) લ໰ͰٻΊͨ੩ిϙςϯγϟϧ͔Βɼ఺ rrrʹੜ੒͞ΕΔి৔ΛٻΊΑɽ

(5) ddd = (0,0,d)ͷͱ͖ɼલ໰ͷి৔ͷུ֓Λ y-zฏ໘্ͰਤࣔͤΑɽ
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໰୊ 3

ͷ֪֎࠷ pيಓʹɼిࢠΛ 1͚ͭͩ༗͢ΔཅΠΦϯ͕ݪ఺ʹҐஔ͓ͯ͠Γɼ͜ͷཅΠΦϯͷ
पғʹ 4ͭͷӄΠΦϯ͕ଘ͢ࡏΔɽeΛిؾૉྔͱͯ͠ɼిࢠͷిՙΛ−eͱ͢ΔɽӄΠΦϯ
ͷిՙ͸͍ͣΕ΋−eͰ͋ΓɼaΛਖ਼ͷఆ਺ͱͯ͠ɼxyz࠲ඪۭؒʹ͓͚Δ 4ͭͷӄΠΦϯͷ
ඪ͸ɼͦΕͧΕ࠲ (a,0,0)ɼ(−a,0,0)ɼ(0,a,0)ɼ(0,−a,0) Ͱ͋Δɽ͜ΕΒ 4ͭͷӄΠΦϯʹ
Αͬͯ఺ r = (x,y,z)ʹੜ੒͞ΕΔ੩ిϙςϯγϟϧ φ(r)͸ɼ|r| ≪ aͷͱ͖ɼఆ਺߲Λແࢹ
͢Δͱ x,y,zʹ͍ͭͯ 2࣍·ͰͷൣғͰ࣍ࣜͰۙࣅͰ͖Δɽ

φ(r) ≃ − e

4πε0

x2 +y2 −2z2

a3 (i)

͜͜Ͱɼε0͸ਅۭͷ༠ి཰Ͱ͋ΔɽҎԼͷ໰ʹ౴͑Αɽ

(1) nΛ 2Ҏ্ͷ੔਺ͱͯ͠ɼҰൠʹ nॏʹॖୀ͍ͯ͠Δঢ়ଶʹઁಈH ′ ͕ՃΘͬͨͱ͖ɼ
ΤωϧΪʔݻ༗஋Λௐ΂Δʹ͸ͲͷΑ͏ͳղੳΛ͑ߦ͹Α͍͔ɽͦͷखॱΛ؆ܿʹઆ໌
ͤΑɽ

ӄΠΦϯ͕ଘͣͤࡏཅΠΦϯཱ͕͍ͯ͠ݽΔ৔߹ɼిࢠͷεϐϯࣗ༝౓Λແ͢ࢹΔͱɼpي
ಓʹ͸ 3ͭͷঢ়ଶ͕ଘ͠ࡏɼͦΕΒ 3ͭͷঢ়ଶͷΤωϧΪʔݻ༗஋͸ॖୀ͍ͯ͠Δɽ3࣍ݩ
ඪΛಋೖͯ͠ɼx࠲ۃ = r sinθ cosφ, y = r sinθ sinφ, z = r cosθͱॻ͘ͱɼpيಓͷ 3ͭͷঢ়
ଶͷ೾ಈؔ਺͸ɼͦΕͧΕҎԼͷΑ͏ʹॻ͚Δɽ

ψ1 (r,θ,φ) = Cf (r)eiφ sinθ (ii)
ψ0 (r,θ,φ) = f (r)cosθ (iii)
ψ−1 (r,θ,φ) = Cf (r)e−iφ sinθ (iv)

͜͜Ͱɼf(r)͸ಈ޲ํܘͷ rґଘੑΛهड़͢Δؔ਺Ͱ͋ΓɼC ͸ਖ਼ͷఆ਺Ͱ͋Δɽ

(2) ͜ΕΒ 3ͭͷ೾ಈؔ਺ (ii)ɼ(iii)ɼ(iv)͕֨نԽ͞Ε͍ͯΔͱͯ͠ɼఆ਺Cͷ஋ΛٻΊΑɽ

(3) pيಓͷి͕ࢠɼ4ͭͷӄΠΦϯͱͷΫʔϩϯ૬࡞ޓ༻ʹΑΔઁಈΛड͚Δͱ͖ɼpي
ಓͷ 3ͭͷঢ়ଶͷΤωϧΪʔ͸෼྾͢ΔɽͲͷΑ͏ʹΤωϧΪʔ͕෼྾͢Δ͔Λઆ໌ͤ
Αɽͨͩ͠ɼ4ͭͷӄΠΦϯ͕ੜ੒͢Δ੩ిϙςϯγϟϧ͸ɼࣜ (i)ʹΑͬͯۙࣅͰ͖
Δͱ͢Δɽ

(4) લ໰Ͱಘͨ݁Ռͷ෺ཧతղऍΛड़΂Αɽ
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໰୊ 4

೤ྗֶୈ 2๏ଇʹ͸ɼҎԼʹड़΂ΔΑ͏ʹ͍ޓʹಉ౳ͳ͍͔ͭ͘ͷද͕͋ݱΔɽ

• Ϋϥ΢δ΢εͷݪཧ
௿Թͷ෺ମ͔ΒߴԹͷ෺ମ΁ɼଞʹԿͷมԽ΋൐Θͣʹɼ೤͕Ҡಈ͢Δ͜ͱ͸ͳ͍ɽ

• τϜιϯͷݪཧ
Ұͭͷ෺ମ͔Βಘͨ೤ΛɼଞʹԿͷมԽ΋൐Θͣʹɼ͢΂ͯࣄ࢓ʹม͑Δ͜ͱ͸ෆՄೳ
Ͱ͋Δɽ

• Τϯτϩϐʔ૿େͷݪཧ
Ͱ͋Γɼੜͨ͡มԽͷ޲Γ͏ΔมԽ͸ɼΤϯτϩϐʔ͕૿େ͢Δํ͜ى͍͓ͯʹܥཱݽ
աఔ͸ෆՄٯաఔͰ͋Δɽ

ҎԼͷ໰ʹ౴͑Αɽ

(1) Ϋϥ΢δ΢εͷݪཧʹ൓͢Δ೤͕ؔػଘͨ͠ࡏͱ͢Δͱɼ௿Թͷ෺ମ A͔ΒߴԹͷ෺
ମB΁ɼଞʹԿͷมԽ΋൐Θͣʹɼ೤͕Ҡಈ͢Δ͜ͱʹͳΔɽ͜ΕΒ 2ͭͷ෺ମΛ೤ݯ
ͱͯ͠࡞ಈ͢Δ೤ؔػΛ͑ߟΔ͜ͱͰɼΫϥ΢δ΢εͷݪཧʹ൓͢Δ೤ؔػͷଘ͕ࡏɼ
τϜιϯͷݪཧʹ൓͢Δ͜ͱΛઆ໌ͤΑɽ

(2) લ໰ͷ݁ՌΑΓɼτϜιϯͷݪཧ͕੒ΓཱͭͳΒ͹Ϋϥ΢δ΢εͷݪཧ͕੒Γཱͭ͜ͱ
ʹͳΔɽͦͷཧ༝Λ؆ܿʹड़΂Αɽ

(3) Թ౓͕ҟͳΔ 2ͭͷ෺ମ͕͋Γɼશମͱͯ͠͸ܥཱݽͱ͢Δɽ2ͭͷ෺ମΛ઀৮ͤͨ͞
ͱ͖ɼԹ౓͕ํ͍ߴͷ෺ମ͔ΒɼԹ౓͕௿͍ํͷ෺ମ΁೤͕Ҡಈͨ͠ɽ͜ͷաఔ͕ෆՄ
աఔͰ͋Δ͜ͱΛઆ໌ͤΑɽٯ

(4) Ґஔ͕ݻఆ͞Εؾମ෼ࢠΛ௨͞ͳ͍͖͠ΓʹΑͬͯɼ2ͭͷྖҬʹ෼͚ΒΕͨ༰͕͋ث
ΔɽͦΕͧΕͷྖҬʹ͸Թ౓͕౳͍͠ಉछͷؾମ͕෧ೖ͞Ε͓ͯΓɼશମ͸அ೤นͰғ
·Ε͍ͯΔɽͦΕͧΕͷྖҬʹ෧ೖ͞ΕͨؾମͷԽֶϙςϯγϟϧ͕ҟͳΔ৔߹ʹɼ͠
͖ΓΛҐஔ͕ݻఆ͞Εؾମ෼ࢠΛ௨͖͢͠Γʹม͑ΔͱͲͷΑ͏ͳมԽ͕ੜ͡Δ͔ɽΤ
ϯτϩϐʔ૿େͷݪཧʹ͍ͯͮجઆ໌ͤΑɽ
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