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1 ޫͷ൓ࣹɾ۶ંɾ෼ࢄʢ෮शʣ

Ĺ ൓ࣹͷ๏ଇ ೖࣹ֯ͱ൓ࣹ֯͸౳͍͠ɽ

Ĺ ۶ંͷ๏ଇʢ
ε ω ϧ

Snellͷ๏ଇʣ n1 sin „1 = n2 sin „2ɽ

Ĺ ޫͷ෼ࢄ ޫͷ۶ંͷ͖޲͸೾௕ʢ৭ʣʹΑͬͯҟͳΔɽͦͷͨΊɼෳ਺ͷ೾௕੒෼ΛؚΉޫ

͕۶ં͢Δͱɼޫ͸೾௕੒෼͝ͱʹ෼཭͞ΕΔɽͪͳΈʹՄޫࢹͰ͸ɼ

{ ੺ʹ͍ۙ΄Ͳɼ۶ં཰͸খ͘͞ɼ͋·Γ۶ં͠ͳ͍ʀ

{ Ͳɼ۶ં཰͸େ͖͘ɼΑ͘۶ં͢Δɽ΄͍ۙʹࢵ

2 ೒ͷൃੜ

೒͸ɼେؾதͷʢ਺ଟ͘ͷʣਫణͷதͰଠཅޫ͕۶ંɾ൓ࣹ͢Δ͜ͱͰੜ͡Δɽ

େؾதͷਫణʹೖࣹͨ͠ଠཅޫ͸۶ં͠ɼ͞Βʹਫణ಺෦Ͱෳ਺ճ൓ࣹ͠ɼग़ࣹ࣌ʹ࠶ͼ۶ં͢Δ

͜ͱͰେؾத΁ͱࢄཚ͢Δɽ

ਫణʹೖࣹ͢Δ͜ͱͳ͘ද໘Ͱ൓ࣹ͞ΕΔޫΛɼ1࣍ࢄཚޫͱ͍͏ɽ൓ࣹͰ͸෼ࢄ͸͖ىͳ͍ɽ

ਫణʹೖࣹ͠ɼ಺෦Ͱ 1౓΋൓ࣹ͢Δ͜ͱͳ͘େؾத΁ͱग़ͯ͘Δޫ͸ɼ2࣍ࢄཚޫͱݺ͹ΕΔɽ

͜Ε͸ɼ2౓ͷ۶ંͰଠཅޫ͸෼͞ࢄΕΔ͕ɼଠཅޫͱ΄΅ಉ͖͡޲ͷޫͰɼଠཅ͕ᚶ͍ͨ͠Ίʹ؍

ଌͰ͖ͳ͍ɽ

ཚޫ͸ɼਫణ಺෦Ͱࢄ3࣍ 1ճ൓ࣹ͞Εͯେؾத΁ͱग़ͯ͘ΔޫͰɼ͜Ε͕ओ೒Λܗ੒͢Δɽ4࣍

ཚޫ͸ɼਫణ಺෦Ͱࢄ 2ճ൓ࣹ͞Εͯେؾத΁ͱग़ͯ͘ΔޫͰɼ෭೒Λܗ੒͢Δɽ

2.1 ໰୊ઃఆ

͜͜Ͱ͸ɼ
f o r s i m p l i c i t y

؆୯ͷͨΊɼਫణ͸ٿɼۭؾͷ۶ં཰͸1ͱͯ͑͠ߟΔɽ·ͨɼਫͷ۶ં཰Λnͱ͢Δɽ

* ۶ં཰ n͸ɼޫͷ೾௕ –ʹґଘ͢Δɽ
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ؾۭ
۶ં཰ 1
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2.2 ओ೒ʢ3࣍ࢄཚޫʣ

ଠཅޫͷೖࣹ֯Λ iɼ۶ં֯Λ rͱ͢Δɽ

͹ΕΔɽݺཚิ֯ͱࢄ࿏ΛɼҎԼʹਤࣔ͢Δɽͳ͓ਤதͷ’͸ɼܦཚޫͷࢄ3࣍

ଠ

ཅ

ޫ

i

r

r
r

r

i

’

Snellͷ๏ଇΑΓɼ

sin i = n sin r

͕੒Γཱͭɽ͞Βʹɼ3ͭͷ֯౓ i, r, ’ͷؒʹ͸

’ = ı `
„
(i` r) + (ı ` 2r) + (i` r)

«
∴ ’ = 4r ` 2i

ͱ͍͏͕ؔ܎੒Γཱ͍ͬͯΔɽ

Ҏ্ͷ 2͔ࣜΒ rΛফͯ͠ڈɼsin i = xͱ͓͘ͱɼ

’ = 4arcsin
 
1

n
sin i

!

` 2i = 4arcsin
 
x

n

!

` 2 arcsinx

͕ಘΒΕΔɽͨͩ͠ɼೖࣹ֯ i͕ෛͷͱ͖ɼ3࣍ࢄཚޫ͸஍্Λ͔޲ͳ͍ͷͰɼ0 " i " ı
2
ͭ·Γ

0 " x " 1ͷͱ͖Λ͑ߟΕ͹े෼Ͱ͋Δɽ
ద౰ͳnʹରͯ͠ɼ’-xάϥϑΛඳ͍ͯΈΔͱʢίϯϐϡʔλΛ༻͍ͨʣɼҎԼͷΑ͏ʹͳΔɽ

x = sin i

’

O 11
2
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͜Ε͸ɼ౳ִؒͷҰ༷ͳଠཅޫͷೖࣹʹରͯ͠ɼʢ͋Δ೾௕੒෼ͷʣ3࣍ࢄཚޫͷ͖޲͸౳ִؒͰͳ͘

ͳ͍ͬͯΔ͜ͱΛද͍ͯ͠Δɽ3࣍ࢄཚޫ͸ɼ͓Αͦ’ͷۃେ஋ͷ͖޲ʹΑ͘ࢄཚ͞ΕΔʢͦΕҎ֎

ͷ͖޲ʹ΋ࢄཚ͞ΕΔ͕ɼͦͷΑ͏ͳޫ͸ඇৗʹऑ͘ɼ؍ଌͮ͠Β͍ʣɽ

Ͱ͸ɼ’ͷۃେ஋’maxΛɼࢉܭʹΑͬͯٻΊͯΈΑ͏ɽ’͕ۃେ஋ΛͱΔͱ͖ɼ
d’

dx
= 0Ͱ͋

Δ͔Βɼ·ͣ’Λ xͰඍ෼ͯ͠ɼ

d’

dx
=
d

dx

"

4 arcsin
 
x

n

!

` 2 arcsinx
#

=
4

n
r
1`

“
x
n

”2
` 2
q
1` x2

=
4

q
n2 ` x2

` 2
q
1` x2

͕ಘΒΕΔɽ͜Ε͕ 0ͱͳΔͷ͸ɼ

4
q
n2 ` x2

` 2
q
1` x2

= 0 () 4
q
n2 ` x2

=
2

q
1` x2

()
q
n2 ` x2 = 2

q
1` x2

() n2 ` x2 = 4(1` x2)

() 3x2 = 4` n2

() x =

vuut4` n2
3

ͷͱ͖Ͱ͋Δɽ͜ͷͱ͖ͷ’ͷ஋ʢͭ·Γۃେ஋ʣ’max͸ɼ

’max = 4 arcsin

0
B@

vuut4` n2
3n2

1
CA` 2 arcsin

0
B@

vuut4` n2
3

1
CA

ͱٻ·Δʢ୯Ґ͸
ϥδΞϯ

radͰ͋Δ͜ͱʹ஫ҙʣɽ

۩ମతʹɼ਺஋Λ୅ೖͯ͠ΈΑ͏ɽཧՊ೥ද [3] ʹΑΔͱɼ೾௕ –͝ͱͷਫ (20 ‹C) ͷ۶ં཰

n͸ɼ࣍ͷΑ͏ʹͳΔɿ

೾௕ –=nm ৭ ۶ં཰n

656:3 ˙ 1:3311

589:3 ˙ 1:3330

546:1 ˙ 1:3345

404:7 ˙ 1:3428
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Αͬͯɼ’maxΛͦΕͧΕ͢ࢉܭΔͱɼ࣍ͷΑ͏ʹͳΔɿ

೾௕ –=nm ৭ ۶ં཰n ’max [deg]

656:3 ˙ 1:3311 42:3552

589:3 ˙ 1:3330 42:0781

546:1 ˙ 1:3345 41:8605

404:7 ˙ 1:3428 40:6741

’maxͷ۩ମతͳ஋͕ٻ·ͬͨͱ͜ΖͰɼ’maxͷҙຯΛ࠶౓֬ೝͯ͠ΈΑ͏ɽ’͸ ཚޫͷࢄ3࣍

ཚิ֯Λද͠ɼ’max͸ಛఆͷ೾௕੒෼ͷࢄ Λද͢ͷͰ͋ͬͨɽ஍͖޲ཚ͞ΕΔࢄཚޫ͕Α͘ࢄ3࣍

্Ͱ೒Λ؍ଌ͢Δզʑʹͱͬͯɼ͜ͷྔ͸ͲͷΑ͏ͳҙຯΛ΋ͭͷͩΖ͏͔ɽ

ҎԼͷਤʹࣔ͢Α͏ʹɼ؍ଌऀͷޙΖ͔Βଠཅޫ͕ࠩ͠ࠐΜͰ͖͓ͯΓɼ؍ଌऀͷલͷେؾதʹ͸

େྔͷਫణ͕ଘ͍ͯ͠ࡏΔঢ়گΛ͑ߟΔɽʢͪͳΈʹɼ͜ͷͱ͖ͷ؍ଌऀͷӨ͸ɼਤͷΑ͏ʹͳΔ͜ͱ

͸Θ͔Γ·͔͢ʁʣਫణʹೖࣹ͖ͯͨ͠ଠཅޫ͸ɼೖࣹ͖͔͖ͯͨ͠޲Β’max͚͖ͩ޲͕ͨͬۂʹ

ಛఆͷ೾௕ͷޫ͕ࢄཚ͞ΕΔͷ͔ͩΒɼͦͷࢄཚޫ͕؍ଌऀͷ໨ʹೖΔͷ͸ɼਫణ͕Լਤͷೋॏઢ্

ʹ͋Δ৔߹ʹݶΒΕΔɽͭ·Γ؍ଌऀʹͱͬͯɼଠཅޫઢ͔Β’max͚͖ͩ޲্ͨ͛ݟʹ͋Δਫణʹ

ಛఆͷ৭͕෇͍ͯ͑ݟΔɼͱ͍͏͜ͱͰ͋Δɽ

ଠ

ཅ

ޫ
’max

্ਤͷ؍ଌऀ͕؍ଌ͢Δ೒ͷ໛ࣜਤΛɼҎԼʹࣔ͢ɿ
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2.3 ෭೒ʢ4࣍ࢄཚޫʣ

෭೒ͷ৔߹΋ɼಉ༷ʹ͍ͯ͑͘ߟɽ4࣍ࢄཚޫͷࢄཚิ֯Λ ‹ͱॻ͘ɽ

ଠ

ཅ

ޫ

i

r

r
r

rr

r

i

‹

Snellͷ๏ଇΑΓɼ

sin i = n sin r

͕੒Γཱͭɽ͞Βʹɼ3ͭͷ֯౓ i, r, ‹ͷؒʹ͸

‹ =
„
(i` r) + (ı ` 2r) + (ı ` 2r) + (i` r)

«
` ı ∴ ‹ = 2i` 6r + ı

ͱ͍͏͕ؔ܎੒Γཱ͍ͬͯΔɽ

Ҏ্ͷ 2͔ࣜΒ rΛফͯ͠ڈɼsin i = x (0 " x " 1) ͱ͓͘ͱɼ

‹ = 2i` 6 arcsin
 
1

n
sin i

!

+ ı = 2arcsinx` 6 arcsin
 
x

n

!

+ ı

͕ಘΒΕΔɽ
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ద౰ͳnʹରͯ͠ɼ‹-xάϥϑΛඳ͍ͯΈΔͱʢίϯϐϡʔλΛ༻͍ͨʣɼҎԼͷΑ͏ʹͳΔɽͨ

ͩ͠ɼൺֱͷͨΊʹɼ3࣍ࢄཚޫͷࢄཚิ֯’ͷάϥϑ΋ 1఺࠯ઢͰඳըͨ͠ɽ

x = sin i

‹; ’

O 11
2
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ཚޫࢄ3࣍

ʢAlexanderͷ҉ଳʣ

ཚޫࢄ4࣍

ཚޫ΋ࢄ4࣍ ͸౳ִؒͰͳ͖޲ཚޫͱಉ༷ʹɼ౳ִؒͷҰ༷ͳଠཅޫͷೖࣹʹରͯ͠ɼग़ࣹͷࢄ3࣍

͘ͳ͍ͬͯΔɽ4࣍ࢄཚޫ͸ɼ͓Αͦ ‹ͷۃখ஋ͷ͖޲ʹΑ͘ࢄཚ͞ΕΔɽ

·ͨɼ3࣍ࢄཚޫ΋ ୺ۃΔɽ͜ͷྖҬ͸ɼଞͷྖҬͱൺ΂ͯ͢ࡏཚ͠ͳ͍ྖҬ͕ଘࢄཚޫ΋ࢄ4࣍

ʹ҉͘ͳΔɽ͜ΕΛAlexanderͷ҉ଳͱݺͿɽ

࿩Λݩʹ໭ͯ͠ɼ‹ͷۃখ஋ ‹minΛࢉܭʹΑͬͯٻΊͯΈΑ͏ɽ‹͕ۃখ஋ΛͱΔͱ͖ɼ
d‹

dx
= 0

Ͱ͋Δ͔Βɼ·ͣ ‹Λ xͰඍ෼ͯ͠ɼ

d‹

dx
=
d

dx

"

2 arcsinx` 6 arcsin
 
x

n

!

+ ı
#

=
2

q
1` x2

` 6

n
r
1`

“
x
n

”2

=
2

q
1` x2

` 6
q
n2 ` x2

͕ಘΒΕΔɽ͜Ε͕ 0ͱͳΔͷ͸ɼ

2
q
1` x2

` 6
q
n2 ` x2

= 0 () 2
q
1` x2

=
6

q
n2 ` x2

() 3
q
1` x2 =

q
n2 ` x2

() 9(1` x2) = n2 ` x2

() 8x2 = 9` n2

() x =

vuut9` n2
8
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ͷͱ͖Ͱ͋Δɽ͜ͷͱ͖ͷ ‹ͷ஋ʢͭ·Γۃখ஋ʣ‹min͸ɼ

‹min = 2 arcsin

0
B@

vuut9` n2
8

1
CA` 6 arcsin

0
B@

vuut9` n2
8n2

1
CA+ ı

ͱٻ·Δʢ୯Ґ͸
ϥδΞϯ

radͰ͋Δ͜ͱʹ஫ҙʣɽ

۩ମతʹɼ਺஋Λ୅ೖͯ͠ΈΑ͏ɽओ೒ͷ৔߹ͱಉ༷ʹɼ֤n͝ͱʹ ‹minΛͦΕͧΕ͢ࢉܭΔͱɼ

࣍ͷΑ͏ʹͳΔɿ

೾௕ –=nm ৭ ۶ં཰n ’max [deg] ‹min [deg]

656:3 ˙ 1:3311 42:3552 50:3915

589:3 ˙ 1:3330 42:0781 50:8908

546:1 ˙ 1:3345 41:8605 51:2832

404:7 ˙ 1:3428 40:6741 53:4267

·ͨɼ؍ଌऀ͕؍ଌ͢Δ೒͸ɼҎԼͷΑ͏ʹͳΔʢ෭೒ͷ৭ͷฒͼॱ͸ɼओ೒ͷͦΕͱ͸ٯʹͳͬ

͍ͯΔʣɿ

ͳ͓෭೒͸ɼओ೒ͱൺ΂ͯඇৗʹ҉͍ʢ͠͹͠͹ݟಀ͞ΕΔʣɽͦΕ͸ɼ3࣍ࢄཚ·ͰͰೖࣹޫͷΤ

ωϧΪʔͷେ෦෼Λࢄཚ͓ͯ͠Γɼ͞࢒ΕͨΤωϧΪʔ͸ ཚޫͷΤωϧΪʔͱൺ΂ͯඇৗʹখࢄ3࣍

͍ͨ͞Ίɼ4࣍ࢄཚޫ͸ ཚޫΑΓ͔ͳΓऑ͘ͳΔɽࢄ3࣍

౳ݙจߟࢀ
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