
6 Ճిࢠͷ์ࣹͱ੍ಈ์ࣹ

6.1 ಋೖ

੍ಈ์ࣹࣗ༝-ࣗ༝์ࣹͱݺΕΔɻ੍ಈ์ࣹఱମͷ͋ΒΏΔॴͰ͓ͯͬ͜ىΓɺT ≈ 104 Kͷ

ίϯύΫτྖҬʹ͓͚ΔਫૉΠΦϯͷి์ࣹɺXઢ࿈ʹΑΔ T ≈ 107 Kͷ Xઢ์ࣹɺ·ͨۜՏத৺

ͷΨεʹΑΔ֦ͨ͠ࢄ Xઢ์ࣹͳͲ͕͛ڍΒΕΔɻ੍ಈ์ࣹͷϝΧχζϜΛֶͿ͜ͱେࣄͰ͋Δ͕ɺͦ

ΕʹΑΔΤωϧΪʔଛࣦͷϝΧχζϜΛΔ͜ͱॏཁͰ͋ΔɻຊઅͰɺՃ͞ΕͨՙిཻࢠʹΑΔ์

ࣹʹ͍ͭͯɺඇ૬ରతͳ߹ͱ૬ରతͳ߹ʹ͍ͭͯ͑ߟΔɻ

6.2 Ճిࢠͷ์ࣹ

GouldΤωϧΪʔͷؒ࣌มԽ dE/dtʹ͍ͭͯɺҟͳΔ 2ͭͷܥੑ׳ʢS ͱܥ S′ ͑ߟΛʣͰͷมܥ

ͨɻຊઅͰՃ͞Εͨՙిཻࢠͷ੩ܥࢭΛ S′ Λܥࣨݧͱ͠ɺ࣮ܥ S ͱ͢Δɻܥ

6.2.1 ์ࣹͷෆมੑ

ؒ࣌ dtͷؒʹΤωϧΪʔ dEΛ์ࣹͨ͠ͱ͢Δɻ͜ͷͱ͖ɺ4ݩϕΫτϧͱ ӡಈྔͦΕͧΕݩ4 (cdt, r),

(dE/c,p)ͱॻ͚Δɻ2ͭͷҟͳΔܥੑ׳ʹ͓͍ͯɺؒ࣌มԽΤωϧΪʔมԽಉ༷ʹม͞ΕΔ͖Ͱ

͋Δ͔Βɺͦͷൺ dE/dtಉ༷ʹม͞ΕΔɻS′ Ͱͷܥ ϕΫτϧͱݩ4 ӡಈྔͦΕͧΕݩ4 (cdt′,0),

(dE′/c,0)ͱॻ͚ɺϩʔϨϯπٯมΛ͑ߟΔͱ

dE = γdE′ (6.1)

dt = γdt′ (6.2)

ͱͳΔɻΑͬͯɺS ͱܥ S′ ͍ͯͭʹͰͷΤωϧΪʔଛࣦܥ

dE′

dt′
=

dE

dt
(6.3)

ͷ͕ؔΓཱͪɺ2ͭͷҟͳΔؒܥੑ׳ͰͷΤωϧΪʔଛࣦͷෆมੑ͕อͨΕΔɻ

6.2.2 J.JτϜιϯͷํ๏ʹΑΔΞϓϩʔν

J.J.τϜιϯʹΑΔՃిࢠͷΤωϧΪʔଛࣦͷࢉܭɺτϜιϯࢄཚʢXઢͱిࢠͷࢄཚʣͷಋग़

աఔͰ༩͑ΒΕͨํ๏Ͱ͋Δɻ·ͣɺSݪ͍͓ͯʹܥOʹ͍Δిՙ qͷՙిཻ͕ࢠɺؒ࣌∆tͷؒʹ∆v

ͷ·ͰՃ͞Εɺͦͷޙ tඵؒʹΘͨΓӡಈͨ͠ͱ͢Δɻ͜ͷॠؒͷిྗؾઢΛਤ 1ͷΑ͏ʹඳ͘͜ͱ

ͰɺΤωϧΪʔଛࣦΛٻΊΔɻ
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ਤ 1: (a) JJτϜιϯʹΑΔిྗؾઢͷํ͑ߟɻ∆tͷؒʹ ∆v ্͚ͩঢͨ࣌͠ɺՃͷલޙʹ͓͚Δ

ʹޙઢͷΛ͍ࣔͯ͠ΔɻՃલͱՃྗؾి c∆tͷްΈͷ͕ࠩ͋ΓɺిྗؾઢͷΒ͔ͳଓΛߦ

Θͳ͚ΕͳΒͳ͍ɻ(b) ಈํܘͱ֯ํʹର͢Δిྗؾઢͷ࣌ࢉܭͷΠϝʔδɻ(c) Ճ͞Εͨిࢠͷ

ࣹ์ࢠۃͷΠϝʔδɻ֯ํͷిͷେ͖͞ Eθ ՙిཻࢠͷՃํͱԁހͱͷؒͷ֯ θʹґଘ͢Δɻ

ਖ਼֬ʹ sin θʹൺྫ͢Δɻ·ͨɺҰൠతʹՙిཻࢠͷӡಈํͱՃํҰக͢Δඞཁͳ͍ɻྫ͑ɺ

ϩʔϨϯπྗཻࢠͷਐํߦͱਨʹՃ͕͔͔Δɻ

ͳ͍ɻҰ͑ݟઢͷมಈ͕ྗؾͷ֎ଆͰͦͦใ͕ΘΒͳ͍ͨΊɺిٿΔɻ·ͣɺ͑ߟͷ֎Ͱٿ

ํɺٿͷ෦Ͱӡಈ͢ΔՙిཻࢠΛத৺ͱͯ͠์ࣹঢ়ʹిྗؾઢ͕͢Δɻθํʹରͯ͠ɺ୯Ґ໘ੵ

͋ͨΓͷిྗؾઢͷຊΛ༩͑Δɻ୯ҐϕΫτϧΛ rํͱ θํͰͦΕͧΕ i, iθ ͱ͓͘ɻrํͱ θํ

ͷిͷେ͖͞ΛͦΕͧΕ Er, Eθ ͱ͓͘ͱɺͦͷൺ

Er : Eθ = c∆t : ∆vt sin θ (6.4)

ΑΓɺ
Eθ

Er
=

(∆vt) sin θ

c∆t
(6.5)

ͱॻ͚ΔɻrํͷిΫʔϩϯͷ๏ଇʹΑͬͯ༩͑ΒΕɺ

Er =
1

4πε0

q

r2
(6.6)

Ͱ͋Δ͔Βɺθํͷిͷେ͖͞

Eθ =
q

4πε0r2
· (∆vt) sin θ

c∆t

=
(∆v/∆t)q sin θ

4πε0c2r

=
q |a| sin θ
4πε0c2r

(6.7)
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ͱදͤΔɻ͜ͷ͔ࣜΒɺ֯ํͷిՙిཻࢠͷՃͷେ͖͞ʹൺྫ͢Δ͜ͱ͕͔Δɻ·ͨɺಈํܘ

ͷి 1/r2ʹൺྫ͢Δͷʹର͠ɺ֯ํͷి 1/rʹൺྫ͢ΔɻͦͷͨΊɺిྗؾઢͷใ͕

͢Δʢ͕ܘେ͖͘ͳΔʣʹै͍ɺ֯ํͷి͕͘ڧͳ͍͖ͬͯɺిྗؾઢ֯ํʹҾ͖৳͞ΕΔɻ

Ϟʔϝϯτࢠۃؾి pͷೋ֊ඍ

p̈ = qa (6.8)

ͱॻ͚ΔͨΊɺ֯ํͷి

Eθ =
|p̈| sin θ
4πε0c2r

(6.9)

ͱදͤΔɻ

୯Ґͨ͋ؒ࣌Γʹ୯Ґ໘ੵΛྲྀΕΔΤωϧΪʔྔϙΠϯςΟϯάϕΫτϧ S ͷେ͖͞ͱͯ͠දͤΔɻ

ϙΠϯςΟϯάϕΫτϧͷେ͖͞

S = |E ×H| = E2

Z0
(6.10)

ͱॻ͚ΔɻZ0 ਅۭͷΠϯϐʔμϯεͰ͋Γɺ

Z0 =

√
µ0

ε0

Ͱ͋ΔɻϙΠϯςΟϯάϕΫτϧͱඍখ໘ੵͷੵ୯Ґͨ͋ؒ࣌ΓͷΤωϧΪʔมԽΛද͢ɻ͜͜Ͱɺඍ

খ໘ੵ dS Λඍখཱମ֯ dΩΛ༻͍ͯද͢ͱ r2dΩͰॻ͚ΔͷͰɺ୯Ґཱମ֯͋ͨΓͷΤωϧΪʔมԽΛ

dE/dtͱͯ͠

Sr2dΩ = −
(
dE

dt

)
dΩ =

|p̈|2 sin2 θ
16π2Z0ε20c

4r2
r2dΩ (6.11)

ͱͳΔɻͨͩ͠ిͷେ͖͞Λ͢ࢉܭΔࡍɺಈํܘͷిͷ 2 1/r4ʹൺྫ͢Δͷʹର͠ɺ֯ํͷ

 1/r2ʹൺྫ͢ΔͨΊɺಈํܘͷిͷେ͖͞ͷ 2֯ํͷిͷେ͖͞ͷ 2ʹൺͯेখ

͍͞ͱ͑ߟΔ͜ͱ͕Ͱ͖ΔɻΑͬͯɺ

E2 = E2
r + E2

θ ∼ E2
θ (6.12)

ͱۙࢉܭͯ͠ࣅΛߦͳͬͨɻε20c
4Z0 = ε0c3 Λ༻͍Ε

Sr2dΩ = −
(
dE

dt

)
dΩ =

|p̈|2 sin2 θ
16π2ε0c3

dΩ (6.13)

ͱॻ͚Δɻ͜ΕΛશཱମ֯Ͱੵ͢ΕτʔλϧͷΤωϧΪʔଛࣦ͕ٻΊΒΕΔɻͨͩ͠ɺdΩ = sin θdθdφ

͓Αͼੵެࣜ ∫ π

0
sin3 θdθ =

4

3
(6.14)

Λ༻͍Δͱɺ

−
(
dE

dt

)
=

∫ 2π

0
dφ

∫ π

0

|p̈|2 sin3 θ
16π2ε0c3

dθ (6.15)

=
|p̈|2

6πε0c3
(6.16)

=
q2 |ä|2

6πε0c3
(6.17)

ͱͳΔɻࣜ (6.17) LarmorͷࣜͱݺΕΔɻLarmorͷࣜɺඇ૬ରతͳͰӡಈ͢Δՙిཻ͕ࢠՃ

Λड͚ͨࡍʹ์ࣹ͞ΕΔΤωϧΪʔΛදࣜ͢Ͱ͋Δɻ͜ͷࣜͷॏཁͳ 3ͭ͋Δɻ

1. ΤωϧΪʔଛࣦ LarmorͷࣜͰ༩͑ΒΕΔɻՙిཻࢠͷՃඇ૬ରͳͷͰ͋Γɺॠؒͷཻ

ͰͷΤωϧΪʔଛࣦΛද͢ɻܥࢭ੩ࢠ

2. ՃϕΫτϧͱཻࢠͷӡಈํͱͷؒͷ֯Λ θͱ͢Δɻ͜ͷͱ͖ిͷେ͖͞ E  sin θʹൺྫ

͠ɺϙΠϯςΟϯάϕΫτϧͷେ͖͞ sin2 θʹൺྫ͢Δɻ·ͨ์ࣹՃํʹͤͣɺͷ͞ڧ

֯ θͰܾ·Δɻ

3. ՙిཻ͔ࢠΒͷ์ࣹɺԕ͘Εͨ؍ଌऀ͔Βภ͍ͯ͠ۃΔɻ͖ iθ ͷ͖Ͱ͋Δɻ
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6.2.3 ϚΫεΣϧํఔ͔ࣜΒͷΞϓϩʔν

ਅۭதͷϚΫεΣϧํఔࣜҎԼͰදͤΔɻୈҰࣜΨεͷ๏ଇɺୈೋ࣓ࣜͷ༙͖ग़͕͠ͳ͍͜

ͱɺୈࣜࡾϑΝϥσʔͷ๏ଇɺୈ࢛ࣜΞϯϖʔϧɾϚΫεΣϧͷํఔࣜΛද͢ɻ

∇ ·E =
ρe
ε0

(6.18)

∇ ·B = 0 (6.19)

∇×E = −∂B

∂t
(6.20)

∇×B = µ0J +
1

c2
∂E

∂t
(6.21)

ిͱ࣓ͷൃؒ࣌లΛ؆୯ʹهड़͘͢ɺϚΫεΣϧํఔ͔ࣜΒϕΫτϧϙςϯγϟϧAͱεΧϥʔ

ϙςϯγϟϧ φΛఆٛ͢Δɻࣜ (6.19)ΑΓϕΫτϧϙςϯγϟϧ͕ఆٛͰ͖ͯɺ

∇ ·B = ∇ · (∇×A) = 0

∴ B = ∇×A (6.22)

Ұํɺࣜ (6.20)ΑΓεΧϥʔϙςϯγϟϧ͕ఆٛͰ͖ͯɺ

∇×E = −∂B

∂t
= −∇× ∂A

∂t

∇×
(
E +

∂A

∂t

)
= ∇× (−∇φ) = 0

∴ E = −∂A

∂t
−∇φ (6.23)

ͱͳΔɻࣜ (6.22)ͷ rotΛͱΔͱɺ

∇×B = ∇× (∇×A) = µ0J +
1

c2
∂E

∂t
(6.24)

ͱͳΔɻ͜͜Ͱɺࣜ (6.21)Λ༻͍ͨɻϕΫτϧղੳͷެࣜ

∇× (∇×A) = ∇ (∇ ·A)−∇2A (6.25)

Λ༻͍Εɺ

∇ (∇ ·A)−∇2A = µ0J − 1

c2
∂

∂t

(
∂A

∂t
+∇φ

)

= µ0J − 1

c2
∂2A

∂t2
− 1

c2
∂

∂t
(∇φ)

∴ ∇2A− 1

c2
∂2A

∂t2
= −µ0J +∇

(
∇ ·A+

1

c2
∂φ

∂t

)
(6.26)

ͱཧͰ͖ΔɻҰํɺࣜ (6.22)ͱࣜ (6.23)Λࣜ (6.18)ʹೖ͢Ε

∇2φ = −ρe
ε0

− ∂

∂t
(∇ ·A)

͕ಘΒΕΔɻ͜ͷ྆ลʹ − 1
c2

∂2φ
∂t2 ΛՃ͑Δͱ

∇2φ− 1

c2
∂2φ

∂t2
= −ρe

ε0
− ∂

∂t

(
∇ ·A+

1

c2
∂φ

∂t

)
(6.27)

ͱཧͰ͖Δɻࣜ (6.26)ͱ (6.27)ͷӈลୈ 2߲ͷׅހΛθϩʹ͢ΕɺAͱ φʹؔ͢Δಈํఔ͕ࣜͦ

ΕͧΕಘΒΕΔɻ͜͜ͰɺׅހΛθϩʹ͢ΔͨΊͷ݅Λ͑ߟΔɻϕΫτϧϙςϯγϟϧΛεΧϥʔม

χΛ༻͍ͯ

A′ = A+∇χ (6.28)
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ͱม͢Δɻిͱ࣓ϕΫτϧϙςϯγϟϧΛ༻͍ͯදͤΔͨΊɺ͜ͷม࣓͕ͱిʹରͯ͠ෆม

Ͱ͋Δ͜ͱΛࣔ͞ͳ͚ΕͳΒͳ͍ɻ࣮ͯ͠ࢉܭʹࡍΈΔͱɺ

B′ = ∇×A′ = ∇× (A+∇χ) = ∇×A = B (6.29)

ͱͳΓɺ࣓ʹ͍ͭͯෆมੑ͕อͨΕ͍ͯΔɻిʹ͍ͭͯ͢ࢉܭΔͱ

E′ = −∇φ′ − ∂A′

∂t
= −∂A

∂t
−∇ (φ′ + χ̇) (6.30)

ͱͳΔɻ͜͜ͰɺෆมੑΛอͭͨΊʹE = E′ ͱͳΔʹ

φ = φ′ + χ̇

φ′ = φ− χ̇ (6.31)

ͱ͓͚ྑ͍ɻ͜Ε͕ϕΫτϧϙςϯγϟϧͷม (6.28)ʹର͢ΔɺεΧϥʔϙςϯγϟϧͷมͱͳΔɻ

Ҏ্ΑΓɺࣜ (6.26)ͱࣜ (6.27)ͷӈลୈ 2߲ͷׅހ͕θϩʹͳΔͱͯ͠ɺχΛ༻͍ͯॻ͖͢ͱɺ

∇ ·A+
1

c2
∂φ

∂t
= ∇ · (A′ −∇χ) +

1

c2
∂

∂t
(φ′ + χ̇) (6.32)

= ∇ ·A′ +
1

c2
∂φ′

∂t
−∇2χ+

1

c2
∂χ̇

∂t
= 0

∴ ∇ ·A′ +
1

c2
∂φ′

∂t
= ∇2χ− 1

c2
∂2χ

∂t2
(6.33)

ͱͳΔɻ͜ͷࣜΛຬͨ͢ χ͕ଘ͢ࡏΔͱ͖ɺࣜ (6.26)ͱ (6.27)ͷӈลୈ 2߲ͷׅހθϩͱͯ͠Α͍ɻ

݁Ռͱͯ͠ɺϕΫτϧϙςϯγϟϧͱεΧϥʔϙςϯγϟϧʹର͢Δಈํఔࣜ

∇2A− 1

c2
∂2A

∂t2
= −µ0J (6.34)

∇2φ− 1

c2
∂2φ

∂t2
= −ρe

ε0
(6.35)

͕ಘΒΕΔɻ۩ମతʹɺϕΫτϧϙςϯγϟϧͱεΧϥʔϙςϯγϟϧͷมʹରͯ͠

∇ ·A+
1

c2
∂φ

∂t

͕ෆมͱͳΔͨΊͷ݅ΛຬͨͤΑ͍ɻͦͷ݅ɺ

∇ ·A+
1

c2
∂φ

∂t
= ∇ ·A′ +

1

c2
∂φ′

∂t
= 0

Ͱ͋Δ͔Βɺ

∇2χ− 1

c2
∂2χ

∂t2
= 0 (6.36)

Ͱ͋Δɻ͜ΕΛຬͨ͢ χ͕ଘ͢ࡏΕࣜ (6.26)ͱࣜ (6.27)ͷӈลୈ 2߲ͷׅހθϩͱ͓͘͜ͱ͕Ͱ͖

ΔɻϕΫτϧϙςϯγϟϧͱεΧϥʔϙςϯγϟϧʹର͢ΔมήʔδมͱݺΕΔૢ࡞Ͱ͋Γɺࣜ

(6.28)ͱࣜ (6.31)Ͱఆٛͨ͠ήʔδϩʔϨϯπήʔδͱݺΕΔɻ

ϕΫτϧϙςϯγϟϧͱεΧϥʔϙςϯγϟϧҰൠʹࣜ࣍Ͱ༩͑ΒΕΔɻ͜͜Ͱɺ(t− |r − r′| /c)
Ԇؒ࣌ͱݺΕΔྔͰ͋Δɻ

A(r) =
µ0

4π

∫
J (r′, t− |r − r′| /c)

|r − r′| d3r′ (6.37)

φ(r) =
1

4πε0

∫
ρe (r′, t− |r − r′| /c)

|r − r′| d3r′ (6.38)

ిྲྀີ͕

J

(
r′, t− |r − r′|

c

)
= qvδ3(r′) (6.39)
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ͱॻ͚Δ1࣌ɺ͜ΕΛੵ͢ΕϕΫτϧϙςϯγϟϧ

A =
µ0

4π

qv

r
(6.40)

͕ಘΒΕΔ2ɻ͜ΕΛؒ࣌Ͱඍ͢ΕిE Λ༩͑Δɻ

E = −∂A

∂t
= −µ0

4π

qr̈

r
= − qr̈

4πε0c2r
(6.41)

্ʹࣔͨ͠ϕΫτϧϙςϯγϟϧͱεΧϥʔϙςϯγϟϧͷࣜՙిཻ͕ࢠඇ૬ରతͳՃΛࡍ͏ߦʹ

༩͑ΒΕΔɻҰํɺՙిཻ͕ࢠ૬ରతͳՃΛड͚Δࡍʹຬͨ͢ϕΫτϧϙςϯγϟϧͱεΧϥʔϙςϯ

γϟϧͷࣜϦΤφʔϧɾϰΟʔϔϧτϙςϯγϟϧͱͯ͠ΒΕ͍ͯΔɻ

A (r, t) =
µ0

4πr

[
qv

1− (v · n)/c

]

ret

(6.42)

φ (r, t) =
1

4πε0r

[
q

1− (v · n)/c

]

ret

(6.43)

nՙిཻ͔ࢠΒ؍ଌऀͷํʹର͢Δ୯ҐϕΫτϧͰ͋Δɻՙిཻޫ͕ࢠʹ͍ۙͰӡಈ͢Δࡍɺࣗ

Β͕์ࣹͨ͠ి࣓ʹՙిཻ͕ࢠ͍ͭ͘ͱ͍͏໘ന͍ݱ͕͜ىΔɻ

6.2.4 ૬ରతͰӡಈ͢Δిࢠͷ์ࣹଛࣦ

ܥࣨݧ࣮ S ʹ͓͚Δ ՃϕΫτϧAݩ4

A = γ

(
c
∂γ

∂t
,
∂(γv)

∂t

)
(6.44)

Ͱ༩͑ΒΕΔɻγ ϩʔϨϯπҼࢠ

γ =
1√

1− v2

c2

(6.45)

Ͱ͋Δɻγ ͱ γvͷؒ࣌ඍΛͦΕͧΕ͢ࢉܭΔͱɺ

∂γ

∂t
=

v · v
c2

(
1− v2

c2

)− 3
2

=
v · a
c2

γ3 (6.46)

∂(γv)

∂t
=

v · a
c2

γ3v + γv (6.47)

ͱͳΔɻҎ্ΑΓɺ̐ݩՃϕΫτϧ

A =
(v · a

c2
γ4,

v · a
c2

γ4v + γ2v
)

(6.48)

ͱදͤΔɻҰํͰɺཻࢠͷ੩ܥࢭʢܥੑ׳ʣS′ ʹ͓͍ͯ̐ݩՃϕΫτϧA′ 

A′ = (0,a0) (6.49)

Ͱ͋Δɻ̐ݩՃϕΫτϧͷେ͖͞ϩʔϨϯπෆมͰ͋Δ͔Βɺ

a2
0 = − (v · a)2

c4
γ8c2 +

(
γ2a+ γ4v

v · a
c

)

= γ4

{
− (v · a)2

c2
γ4 + v2

(v · a)2
c4

}
+ γ4

{
a2 + 2γ2 (v · a)2

c2

}

= γ4

{
a2 +

γ2

c2
(v · a)2

}
(6.50)

ʹ২͔ʁੵ͍ͯ͠ͳ͍ͷޡ1 r ͷؔʹͳΔΘ͚͕ͳ͍ɻ
2εΧϥʔϙςϯγϟϧͷ߲Ͳ͜ʹফ͑ͨʁిՙ͕ଘ͠ࡏͳ͍ਅۭྖҬΛ͍ͯ͑ߟΔͷ͔ɻ
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ͱͳΔɻ͞ΒʹɺS ͱܥ S′ ͰදͤΔɻࣜ࣍ΤωϧΪʔଛࣦෆมͰ͋Γɺͦͷද͍͓ࣜͯʹܥ

−dE

dt

∣∣∣∣
S

= −dE

dt

∣∣∣∣
S′

=
q2|a0|2

6πε0c3
(6.51)

͜ͷࣜʹ্ͰٻΊͨ a0Λೖͯ͢͠ࢉܭΔͱɺSܥʹ͓͚ΔΤωϧΪʔଛࣦΛΔ͜ͱ͕Ͱ͖Δɻ͜͜

ͰɺՃͷେ͖͞Λ࣍ͷΑ͏ʹҰͯ͢͠ࢉܭΔɻిࢠͷՃΛ

a = a⊥ + a‖ (6.52)

ͱද͢ͱɺՃిࢠͷΤωϧΪʔଛࣦΛਐํߦʹରͯ͠ਫฏͱਨʹͰ͖ΔɻՃͷ

େ͖͞ΛऔΓɺa⊥ · a‖ = 0ʹҙ͢Εɺ

|a|2 = |a⊥ + a‖|2

= |a⊥|2 + |a‖|2 (6.53)

ͱͳΔɻిࢠͷӡಈํʹରͯ͠ϩʔϨϯπྗ͕ਨʹಇ͘͜ͱΛྀ͢ߟΕ v · a⊥ = 0Ͱ͋Δɻ͜ΕΛ

༻͍Δͱɺ

|a0|2 = a2 +
γ2

c2
(v · a)2

= |a⊥|2 + |a‖|2 +
γ2

c2
(v · a⊥ + v · a‖)

2

= |a⊥|2 + |a‖|2 +
γ2

c2
(v · a‖)

2

= |a⊥|2 + γ2|a‖|2 (6.54)

ͱͳΔɻ͕ͨͬͯ͠ɺՃ͢ΔՙిཻࢠͷΤωϧΪʔଛࣦҎԼͷΑ͏ʹॻ͚Δɻ

−
(
dE

dt

)

rad

=
q2γ4

6πε0c3
[
|a⊥|2 + γ2|a‖|2

]
(6.55)

6.2.5 ύʔηόϧͷཧͱՃిࢠͷ์ࣹεϖΫτϧ

Ճ͞ΕͨՙిཻࢠͷΤωϧΪʔଛཻࣦࢠͷՃʹґଘ͢Δɻͦ͜ͰɺҎԼͷΑ͏ʹՃͷϑʔ

ϦΤมΛ͑ߟΔɻ

v̇(t) =
1√
2π

∫ ∞

−∞
v̇(ω)e−iωtdω (6.56)

v̇(ω) =
1√
2π

∫ ∞

−∞
v̇(t)eiωtdt (6.57)

͜͜ͰɺύʔηόϧͷࣜʹΑΕ
∫ ∞

−∞
|v̇(t)|2 dt =

∫ ∞

−∞
|v̇(ω)|2 dω (6.58)

Ͱ͋Δɻ͜ΕΛ༻͍ͯՃͷؒ࣌ґଘੑΛपґଘੑͱม͢Δɻ

ΤωϧΪʔଛࣦϥʔϞΞͷ͔ࣜΒ

dE

dt
=

e2

6πε0c3
|v̇(t)|2 dt (6.59)

Ͱ༩͑ΒΕΔɻ͜ΕΛؒ࣌Ͱੵ͠ɺύʔηόϧͷࣜΛ͑
∫ ∞

−∞

dE

dt
dt =

∫ ∞

−∞

e2

6πε0c3
|v̇(t)|2 dt (6.60)

=
e2

6πε0c3

∫ ∞

−∞
|v̇(ω)|2 dω (6.61)

=
e2

3πε0c3

∫ ∞

0
|v̇(ω)|2 dω (6.62)

=

∫ ∞

0
I(ω)dω (6.63)
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ͱॻ͚Δɻͭ·Γɺ

I(ω) =
e2

3πε0c3
|v̇(ω)|2 (6.64)

Ͱ͋Δɻ͜ͷࣜ୯Ґप͋ͨΓͷ์ࣹΤωϧΪʔͷมԽྔΛද͓ͯ͠Γɺ์ࣹͷεϖΫτϧΛද͢ɻ

6.3 ੍ಈ์ࣹ

૬ରతͳిࢠʹΑΔΤωϧΪʔଛࣦʢΠΦϯԽଛࣦʣ Bethe-Blochͷࣜ

−dE

dx
=

Z2e4Ne

4πε20mev2

[
ln

(
2γ2mev2

Ī

)
− v2

c2

]

ͰදͤΔɻ͜ ΕΛ࣭தͰՃ͞ΕͨిࢠʹΑΔ์ࣹͱͨ͑ߟ߹ɺ͜ ͷ์ࣹΛ੍ಈ์ ʢࣹbreaking emissionʣ

ͱݺͿɻυΠπޠͰ Bremsstrahlungͱݺͼɺͪ͜Βͷํ͕Ұൠతͳݺͼํͱ͞Ε͍ͯΔ3ɻ੍ಈ์ࣹʹ

తͱඇతͳ์ࣹͷ 2छྨ͕ଘ͢ࡏΔ͕ɺຊઅͰඇత੍ಈ์ࣹΛऔΓѻ͏ɻత੍ಈ์ࣹʹ͍ͭͯ

ɺ࣍અҎ߱Ͱѻ͏ɻ

ඇత੍ಈ์ࣹిۙ֩ࢠݪ͕ࢠΛ௨Γա͗ΔࡍʹΫʔϩϯྗʹΑͬͯిࢠͷيಓ͕มԽ͠ɺి͕ࢠ

ՃΛड͚Δ͜ͱʹΑͬͯ์ࣹ͢ΔɻS ड͚Δ੩ిͷද͕ࣜࢠి͍͓ͯʹܥ 5.3.1અͰ͢Ͱʹ༩͑ΒΕ

͓Γɺ

!ͷ੩ిͷදࣜͱਨํड͚Δਫฏํ͕ࢠి "
Ex = − γZevt

4πε0 {b2 + (γvt)2}3/2
(6.65)

Ez =
γZeb

4πε0 {b2 + (γvt)2}3/2
(6.66)

# $
Ͱ͋Δɻbিಥύϥϝʔλʢ֩ࢠݪͱిࢠͷۙ࠷࣌ͷڑʣɺZe֩ࢠݪͷిՙͰ͋ΔɻҎ্Λ༻͍ͯɺ

Δɻ੍ಈ์ࣹͷεϖΫτϧΛಘΔͨΊʹલड़ͷ͑ߟΛگΛ௨Γա͗Δঢ়ۙ֩ࢠݪ͕ࢠΤωϧΪʔిߴ

ํ๏ͱಉ͡ख๏Λ༻͍Δɻ·ͣɺΤωϧΪʔଛࣦՃʹґଘ͢ΔͨΊɺՃΛϑʔϦΤมͰද

͢ɻ͜ΕΛੵؒ࣌͢Δɻ࣍ʹɺύʔηόϧͷࣜʹΑͬͯΤωϧΪʔͷଛࣦͷؒ࣌ґଘੑΛपґଘ

ੑʹม͢Δɻޙ࠷ʹಘͨࣜΛিಥύϥϝʔλͰੵ͠ɺεϖΫτϧͷදࣜΛಘΔɻݴ༿͚ͩͰ͔Γʹ

͍͘ͷͰɺ۩ମతʹࣜΛ༻͍ͯઆ໌͍ͯ͘͠ɻ

ਤͷӡಈํࢠղͰ͖Δɻిʹͱਨํରͯ͠ਫฏํʹड͚ΔՃӡಈํ͕ࢠి 2ͷΑ

͏ʹɺਐ͕ํߦ x͕࣠Ұக͍ͯ͠Δɻ

ਤ 2: Sܥͱ S′ܥʹ͓͚Δՙిཻࢠͷӡಈʹର͢Δ࠲ඪܥͷऔΓํɻຊઅͰ Sܥʹ͋ΔిࢠΛిՙ Zeͷ

Δ͜ͱʹҙɻ͍ͯ͑ߟͯ͑Ͱஔ͖֩ࢠݪ

·ͨɺՃͷਨํ z࣠ͱҰக͍ͯ͠Δɻిࢠͷӡಈํఔ͔ࣜΒ

mea = −eE

3֩ཧͰࣗ༝-ࣗ༝์ࣹͱݺΕΔɻ
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Ͱ͋Δ͔ΒɺՃͦΕͧΕ

a‖ = |v̇x| = − e

me
Ex =

γZe2vt

4πε0me {b2 + (γvt)2}3/2
(6.67)

a⊥ = |v̇z| = − e

me
Ez =

γZe2b

4πε0me {b2 + (γvt)2}3/2
(6.68)

ͱදͤΔɻ͜ΕΛϑʔϦΤม͢Δͱ

v̇x(ω) =
1√
2π

∫ ∞

−∞
v̇x(t)e

iωtdt

=
1√
2π

∫ ∞

−∞

γZe2vt

4πε0me {b2 + (γvt)2}3/2
eiωtdt (6.69)

v̇z(ω) =
1√
2π

∫ ∞

−∞
v̇z(t)e

iωtdt (6.70)

=
1√
2π

∫ ∞

−∞

γZe2b

4πε0me {b2 + (γvt)2}3/2
eiωtdt (6.71)

ͱͳΔɻ͜͜Ͱɺม

x =
γvt

b
(6.72)

y =
ωb

γv
(6.73)

Λಋೖ͢Δɻ͜ΕΒΛ༻͍ͯՃͷࣜΛม͢ܗΔͱҎԼͷΑ͏ʹͳΔɻ

v̇x(ω) =
1√
2π

∫ ∞

−∞

Ze2x

4πε0meb2 (1 + x2)3/2
eiω

bx
γv

b

γv
dx

=
1√
2π

Ze2

4πε0me

1

γvb

∫ ∞

−∞

x

(1 + x2)3/2
ei

ωb
γv xdx (6.74)

v̇z(ω) =
1√
2π

∫ ∞

−∞

γZe2

4πε0meb2 (1 + x2)3/2
eiω

bx
γv

b

γv
dx

=
1√
2π

Ze2

4πε0me

1

vb

∫ ∞

−∞

1

(1 + x2)3/2
ei

ωb
γv xdx (6.75)

͜͜Ͱɺमਖ਼ϕοηϧؔK0(y), K1(y)Λ༻͍ͯ

I1(y) = 2iyK0(y) (6.76)

I2(y) = 2yK1(y) (6.77)

ͱͳΔྔΛఆٛ͢Δɻ͜ΕΛ༻͍ΔͱՃͷදࣜ͞Βʹ؆୯ͱͳΓɺ

v̇x(ω) =
1√
2π

ze2

4πε0me

1

γvb
I1(y) = a‖ (6.78)

v̇z(ω) =
1√
2π

ze2

4πε0me

1

vb
I2(y) = a⊥ (6.79)

ͱॻ͚ΔɻεϖΫτϧͷදࣜ (6.64)Λ༻͍Δͱ

I(ω) =
e2

3πε0c3
[
a‖(ω)

2 + a2⊥(ω)
]

(6.80)

=
e2

3πε0c3
1

2π

(
ze2

4πε0mebv

)2 [
1

γ2
I21 (y) + I22 (y)

]
(6.81)

=
Z2e6

24π4ε30c
3m2

ev
2

ω2

γ2v2

[
1

γ2
K2

0

(
ωb

γv

)
+K2

1

(
ωb

γv

)]
(6.82)
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ͱදͤΔɻׅހͷୈ 1߲ՙిཻࢠͷӡಈํʹԊͬͨՃɺୈ 2߲ӡಈํʹରͯ͠ਨํ

ͷՃΛද͢ɻεϖΫτϧͷද͔ࣜΒ͔ΔΑ͏ʹɺӡಈํʹԊ͖ͬͨͷ์ࣹՙిཻࢠͷ

ʹґଘ͢Δ͕ɺਨํͷ์ࣹʹґଘ͠ͳ͍ɻͭ·Γɺӡಈํͷ์ࣹ 1/γ2 Ͱݮਰ͢Δͷʹର͠ɺ

ՙిཻࢠͷ͕มԽͯ͠ӡಈͷਨํͷ์ࣹͷେ͖͞ৗʹҰఆͳͷͰ͋Δɻ

͞ΒʹɺεϖΫτϧͷߴपଆͱपଆͰͷৼΔ͍֬ೝ͓ͯ͘͠ɻߴपଆ y = ωb/γv ' 1Ͱ

͋Γɺपଆ y = ωb/γv ( 1Ͱ͋ΔɻͦΕͧΕʹ͍ͭͯमਖ਼ϕοηϧؔͷۙղ

y ' 1 K0(y) = K1(y) =

√
π

2y
e−y (6.83)

y ( 1 K0(y) = − ln y; K1(y) =
1

y
(6.84)

ͱදͤΔɻߴपଆ (y ' 1)Ͱ

I(ω) =
Z2e6

48π3ε30c
3m2

ev
2

ω

γvb

(
1

γ2
+ 1

)
exp

(
−ω · 2b

γv

)
(6.85)

ͱͳΓɺ์ࣹͷεϖΫτϧʹࢦؔతͳΧοτΦϑ͕ੜ͡Δɻ૬ରతͳিಥͷܧଓؒ࣌ τ 

τ =
2b

γv

Ͱ͋Γɺपʹม͢Δͱ

ν ≈ 1

τ
=

γv

2b
Ͱ͋Δɻ֯पͰ

ω = 2πν ≈ πγv

b
ͱͳΔɻΦʔμʔධՁΛ͢Δͱɺ

ωb

γv
≈ 1

ఔͰ͋Γɺ͜ͷपҎ্ʹ͓͍ͯ์ࣹͷύϫʔ֨ஈʹݮਰ͢Δɻ͜Ε͕ΧοτΦϑपͰ͋Δɻ

ҰํͰɺपଆ (y ( 1) ʹ͓͚ΔεϖΫτϧͷදࣜ

I(ω) =
Z2e6

24π4ε30c
3m2

ev
2

1

b2

[
1 +

1

γ2

(
ωb

γv

)2

ln2
(
ωb

γv

)]
(6.86)

ͱͳΔɻपݶۃ y = ωb/γv ( 1ͷԼͰୈ 2߲ΛແࢹͰ͖ɺ

I(ω) =
Z2e6

24π4ε30c
3m2

eb
2v2

= K (6.87)

ͱͳΓɺपʹґଘ͠ͳ͍ఆK ͱͳΔɻपଆͰ γ ' 1Ͱ͋Δ͔ΒɺՙిཻࢠͷՃͷਫฏ

 1/γ2ʹൺྫ͢ΔͨΊ΄΅ແࢹͰ͖ΔɻҰํͰɺਨ͕େ͖͘د༩͢Δɻ੍ಈ์ࣹʹ͓͚Δӡಈํ

ͷεϖΫτϧΛͦΕͧΕਤͱਨํ 3ʹࣔ͢ɻ

ਤ 3: ӡಈํʹରͯ͠ਫฏํ (I2) ͱਨํ (I1) ͷ੍ಈ์ࣹͷεϖΫτϧɻपݶۃͰεϖΫτ

ϧ ωʹґଘ͠ͳ͍ҰఆΛऔΔɻҰํɺߴपଆͰࢦؔతͳΧοτΦϑΛੜ͡ΔɻΧοτΦϑप

িಥͷܧଓ͔ؒ࣌ΒධՁͰ͖Δɻ
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ΊΔ͜ͱ͕Ͱ͖ΔɻٻεϖΫτϧΛিಥύϥϝʔλͰੵ͢Εɺ੍ಈ์ࣹͷεϖΫτϧͷදࣜΛʹޙ࠷

͜͜ͰपݶۃΛऔͬͨ͢ࢉܭͯͬݶʹࡍΔɻશͯͷύϥϝʔλ S ଌͰ͋Δ͔Βɺ͜Ε؍Ͱͷܥ

ΒΛిࢠͷ੩ܥࢭ S′ ′Δ͜ͱʹҙ͢ΔɻS͢Ͱͷʹมܥ ΔিಥύϥϝʔλͷඍখִؒΛ͚͓ʹܥ db′

ͱͨ͠ͱ͖ɺඍখࢄཚஅ໘ੵ 2πb′db′ͰදͤΔɻ·ͨɺS′ܥͰͷཻࢠີΛN ′ͱ͢Δͱɺ͜ͷྔ S

NࢠΔཻ͚͓ʹܥ ʹϩʔϨϯπήʔδҼࢠ γΛ͔͚ͨͷͱͯ͠දͤΔɻҎ্ΑΓɺS′ܥʹ͓͚Δ୯Ґ

ͷ͞Λࢠཻࢠཚ͞ΕΔཻࢄʹΓͨ͋ؒ࣌ vͱ͢Ε

2πb′db′ ×Nγv

ͰදͤΔɻ1ཻͨ͋ࢠΓͷ์ࣹεϖΫτϧK ͰදͤΔͷͰɺ์ࣹͷεϖΫτϧ 2πb′db′ ×NγvK Λি

ಥύϥϝʔλͷ্ݶ b′max ͱԼݶ b′min Ͱੵ͢Δ͜ͱʹΑͬͯٻΊΒΕΔɻΑͬͯɺ

I(ω′) =

∫ b′max

b′min

2πb′γNvKdb′ =
Z2e6γN

12π3ε30c
3m2

e

1

v
ln

(
b′max

b′min

)
(6.88)

ͱͳΔɻ

ਤ 4: ͷিಥΠϝʔδɻ֩ࢠݪͱࢠి
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