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1

ୈ 1ষ

ং࿦

͜ͷੈͷ͋ΒΏΔ΋ͷ͝ͱ͸ɺઈ͑ؒͳ͘มԽͯ͠΍·ͳ͍ɽݩلલ ୅ΪϦγϟͰ͸఩ݹɼޙલل5ੈ

ֶऀϔϥΫϨΠτε͕ʮສ෺ྲྀసʯΛઆ͖ 1)ɼݹ୅ΠϯυͰ͸෹૆Ψ΢λϚɾγομʔϧλ͕ʮॾߦແ

ৗʯΛઆ͍ͨ 2)ɽΘΕΘΕώτΛؚΉੜ໋͸ɼ୅ँ൓ԠʹΑΓ෺࣭΍ΤωϧΪʔΛઈ͑ͣม͠׵ͳ͚Ε͹

৅ͰݱΛҡ࣋Ͱ͖ͳ͍ɽਓྨʹจ໌Λ΋ͨΒͨ͠Ր*1͸ɼԽֶ൓Ԡͱ෺࣭Ҡಈɾ೤Ҡಈ͔ΒͳΔಈతݾࣗ

͋Δɽ༔ٱෆมͱݟͳ͞ΕΔ͜ͱ΋ଟ͍ࢁՏ΍େ஍΋ɼ௕͍೥݄Λ͔͚ͯܗΛม͑ɼҐஔΛม͑Δɽ͜ͷ

ੈք͸ຊ࣭తʹಈతͰ͋Δɽ

͜ͷಈతͳੈքʹੜ͖Δਓؒ͸ɼݹདྷΑΓɼಈతݱ৅ͷཧղͱ༧ଌɼͦΕΒʹݱͮ͘ج৅ͷ੍ޚ΍ࣄ෺

ͷ૑଄ʹΑͬͯɼจԽΛҭΈɼੜ׆Λ๛͔ʹ͖ͯͨ͠ɽྫ͑͹ݹ୅தࠃͰ͸ɼ͜ͷੈͷੜ໓มԽΛӄཅͷ

Խ͞Εͨܥ࿉୮ज़ͳͲ͕ମ͢ࢦΛ໨ࢮɼະདྷΛ༧ଌ͢Δқ઎ɼෆ࿝ෆʹجཧΛݪཧͰઆ໌͠ɼͦͷݪ 3,4)ɽ

৅Λཧղɾઆ໌ɾ༧ଌ͢Δ͜ͱΛݱผͷݸཧΛղ͖໌͔ͯ͠ɼݪ৅ͷීวతݱ୅ʹ͓͍ͯ΋ɼՊֶ͸ɼݱ

໨͠ࢦɼٕज़͸ɼՊֶͷ੒Ռ΋Ԡ༻͠ͳ͕Βɼਓؒͷੜ׆΍ࣾձʹ͓͚Δ໰୊Λղܾͯ͠ɼզʑͷੜ׆Λ

ΑΓ๛͔ʹ͍ͯ͘͜͠ͱΛ໨͍ͯ͠ࢦΔ 5)ɽ

ຊ࿦จ΋ɼ͜ͷΑ͏ͳਓྨͷจԽతӦҝͷྲྀΕͷதʹ͋Δɽຊ࿦จ͸ɼ͜ͷੈքͷಈతݱ৅ͷૉաఔͷ

ҰͭͰ͋ΔԽֶ൓Ԡʹؔͯ͠චऀ͕ཧ࿦తʹͨ͜͠ڀݚͱΛ·ͱΊͨ΋ͷͰ͋Δɽͱ͘ʹຊڀݚ͸ɼԽֶ

൓ԠͷதͰ΋ʮඇஅ೤Խֶಈྗֶʯͱ͍͏ओ୊Λɼʮߏ଄ʯͱ͍͏؍఺͔ΒɼʮμΠΞάϥϜʯͱʮ਺ཧత

Ͱ͋ΔɽຊষͷҎԼͷઅͰɼ͜Εڀݚͨ͠ࢦ๏Λ༻͍ͯɼཧ࿦తʹཧղ͢Δ͜ͱΛ໨ํݱड़ʯͱ͍͏දه

Βͷओ୊ɾ؍఺ɾදํݱ๏ʹ͍ͭͯͦΕͧΕৄड़͠ɼຊڀݚͷ໨తͱຊ࿦จͷߏ଄Λ໌Β͔ʹ͢Δɽ

1.1 ඇஅ೤Խֶಈྗֶ

ຊઅͰ͸ɼຊڀݚͷओ୊Ͱ͋Δඇஅ೤Խֶಈྗֶͷֶ໰తഎܠ΍ຊڀݚͷڀݚಈػΛड़΂Δɽ

1.1.1 Խֶ൓Ԡ࿦ʹ͓͚Δೋͭͷࢹ఺

Խֶ൓Ԡ͸ɼΘΕΘΕ͕೔ৗతʹ઀͢Δࣗવݱ৅ͷૉաఔͷҰͭͰ͋Δɽ͜ͷষͷ๯಄ʹͨ͛ڍੜ໋΍

ՐΛҡ࣋͢Δաఔɼେ஍ʢؠੴʣΛܗ੒͢Δաఔʹ͸Խֶ൓Ԡ͕ૉաఔͱͯؔ͠༩͢ΔɽҰൠʹɼ೔ৗੈ

քͷࣗવݱ৅͸Խֶ൓ԠͱҠಈݱ৅*2͔ΒͳΔͱ͍ͬͯաݴͰ͸ͳ͍ 6)ɽ͕ͨͬͯ͠ɼԽֶ൓Ԡͷڀݚ

͸ɼੜ໋ݱ৅΍೩মݱ৅ɼ஍ֶݱ৅ͳͲΛؚΊͨ೔ৗੈքͷॾݱ৅ͷཧղʹର͢ΔૅجΛ༩͑Δɽ

*1ϔϥΫϨΠτε͸ɼੈքΛʮӬԕʹੜ͖ΔՐʯͱͨͬݴ 1)ɽ
*2༌ૹݱ৅ͱ΋͍͏ɽ෺࣭ɾΤωϧΪʔɾӡಈྔͳͲͷ֦ࢄ΍Ҡྲྀͷ͜ͱɽ



ୈ 1ষ ং࿦ 2

Խֶ൓Ԡͷ෺ཧֶతཧղΛ໨͢ࢦԽֶ൓Ԡ࿦͸ɼ൓Ԡ଎౓࿦ʢChemical KineticsʣͱԽֶಈྗֶ

ʢChemical Dynamicsʣʹେผ͞ΕΔ 7,8)ɽ൓Ԡ଎౓࿦Ͱ͸ɼԽֶ൓Ԡܥͷߏ੒੒෼ͷ࣌ؒมԽΛɼϞϧ

ೱ౓ͳͲͷϚΫϩͳ؍ଌྔʹΑͬͯ࿦͡ΔɽҰํɼԽֶಈྗֶͰ͸ɼࢠݪ΍෼ࢠͳͲͷϛΫϩͳಈྗֶΛ

͋ΒΘʹྀͯ͠ߟԽֶ൓ԠΛ࿦͡ΔɽϚΫϩͳ൓Ԡ଎౓࿦ͷࢧ഑ํఔࣜ͸൓Ԡ଎౓ࣜʢrate equationʣͰ

͋ΓɼϛΫϩͳԽֶಈྗֶͷํૅجఔࣜ͸ SchrödingerํఔࣜͰ͋Δɽݪཧతʹ͸ɼϛΫϩͳԽֶಈྗֶ

ͷ৘ใΛฏۉԽ͢Δ͜ͱͰɼϚΫϩͳ൓Ԡ଎౓࿦ͷ৘ใΛಘΔ͜ͱ͕Ͱ͖Δ 7)ɽ

ຊڀݚͰ͸ɼSchrödingerํఔࣜΛํૅجఔࣜͱ͢ΔɼϛΫϩͳԽֶಈྗֶͷࢹ఺͔ΒԽֶ൓Ԡͷཧ࿦

తཧղΛ໨͢ࢦɽචऀ͕ϛΫϩͳԽֶಈྗֶͷཧ࿦తཧղΛ໨͢ࢦཧ༝͸ओʹೋͭ͋Δɽ

ୈҰͷཧ༝͸ɼʮීวతͳୈҰݪཧͱͯ͠ͷྔֶྗࢠͱɼ͜ͷੈքͷଟछଟ༷ͳԽֶ൓Ԡݱ৅ͱ͕Ͳͷ

Α͏ʹͭͳ͕Δͷ͔ʯͱ͍͏ݪཧతٙ໰ͷଘࡏͰ͋Δɽ೔ৗੈքͷϛΫϩͳݪཧͱͯ͠ͷྔֶྗࢠͱɼϚ

Ϋϩͳݱ৅ͱͯ͠ͷԽֶ൓ԠͱͷΪϟοϓ͸େ͖͘ɼ͜ͷͭͳ͕Γ͸ࣗ໌Ͱ͸ͳ͍ɽʮݱ୅తͳ෺࣭؍Ͱ

͋Δྔࢠ࿦ͱɼݹయతͳԽֶ൓Ԡ࿦ͷΪϟοϓ͸ͲͷΑ͏ʹຒΊΒΕΔͷ͔ʯɼʮීวతͰҰ༷ͳྔֶྗࢠ

ͷݪཧʹΑͬͯɼݸผతͰଟ༷ͳԽֶ൓ԠΛ͍͔ʹܥ౷తʹཧղ͢Δ͔ʯͱ͍͏໰͍ͱ஌తح޷৺͕ɼຊ

ͷҰͭͰ͋Δɽػͷࠜຊͷಈڀݚ

ୈೋͷཧ༝͸ɼԽֶ൓Ԡͷޮ཰త੍ޚ΍ɼ༗༻ͳػೳΛ༗͢Δ෼ࢠͷઃࢦܭ਑Λ༩͑ΔͨΊʹɼԽֶ൓

ԠΛϛΫϩͳಈྗֶͷࢹ఺͔Βཧղ͢Δ͜ͱ͕༗༻Ͱ͋Δ͔ΒͰ͋ΔɽݹయతͳԽֶ൓Ԡ੍ޚͰ͸ɼԹ౓

΍ѹྗͳͲͷϚΫϩͳύϥϝʔλΛ௨ͯ͠Խֶ൓ԠΛ੍͢ޚΔɽ͜ͷΑ͏ͳԽֶ೤ྗֶతํ๏Ͱ͸ɼଟ͘

ͷΤωϧΪʔ͕ඞཁͰ͋ͬͨΓɼෆཁͳ෭࢈෺΋ੜ͡΍͍͢ɽͦ͜ͰɼϨʔβʔޫΛ༻͍ͯϛΫϩͳಈྗ

ֶΛ੍͢ޚΔ͜ͱʹΑͬͯɼΑΓޮ཰త͔ͭબ୒తʹԽֶ൓ԠΛ੍͠ޚΑ͏ͱ͍͏͕ڀݚԽֶಈྗֶͷ෼

໺Ͱ͸ߦΘΕ͖ͯͨ 9)ɽϨʔβʔޫͷڧ౓ɾৼಈ਺ɾҐ૬ͳͲͷύϥϝʔλΛௐઅ͢Δ͜ͱͰɼඇ౷ܭత

ʹԽֶ൓ԠΛ੍ޚͰ͖ɼैདྷͷԽֶ೤ྗֶత੍ޚΑΓ΋ޮ཰ͷྑ੍͍͞ݱ࣮͕ޚΕ͏Δɽ·ͨɼ෼ࢠϚγ

ϯͷΑ͏ͳಈྗֶతػೳΛ༗͢Δ෼ࢠΛઃ͢ܭΔͨΊʹ΋ɼԽֶಈྗֶͷཧղ͸͔ܽͤͳ͍ɽ͜ͷΑ͏

ʹɼʮϚΫϩͳݱ৅࿦తཧղΛ௒͑ͨϛΫϩͳݪཧతཧղʹΑΓɼԽֶ൓Ԡ੍ޚ΍෼ࢠઃܭͷࣗ༝౓Λߴ

ΊΔ͜ͱ͕Ͱ͖Δʯͱ͍͏࣮ࣄͱ࣮༻తؔ৺͕ɼຊڀݚͷ΋͏ҰͭͷࠜຊಈػͰ͋Δɽ

·ͨɼԽֶ൓ԠΛϛΫϩͳಈྗֶ͔Βཧղ͢ΔͨΊͷ࣮ٕݧज़΍ٕػࢉܭज़ͷ੒ख़ͱ͍͏࣌୅എܠ΋ɼ

ԽֶಈྗֶڀݚΛޙԡ͢͠Δɽ1980 ೥୅຤ʹ A. H. Zewail*3ͷάϧʔϓ͕࣮ͨ͠ݱϑΣϜτඵʢ10−15

ඵʣͷλΠϜεέʔϧͷ࣌ؒ෼ղ෼ޫ؍ଌʹΑΓɼʮkineticsͰ͸ͳ͘ dynamics10)ʯΛ࣮ݧͰ؍ଌͰ͖Δ

Α͏ʹͳͬͨɽ͞Βʹɼ୯෼࡞ૢࢠɾ୯෼؍ࢠଌ΋Մೳͳݱ୅Ͱ͸ɼ෼͕ࢠଟ਺ू·ͬͨूஂతɾ౷ܭฏ

ೳྗࢉܭͷػࢉܭ΋ॏཁͱͳΔɽ·ͨɼڀݚผతͳϛΫϩͷಈྗֶͷݸಈͷΈͳΒͣɼڍతͳϚΫϩͳۉ

ͷ্޲ʹΑͬͯɼߴਫ਼౓ͳྔࢠԽֶࢉܭͱ֩೾ଋಈྗֶࢉܭɾ෼ࢠಈྗֶ͕ࢉܭՄೳͱͳΓɼԽֶ൓ԠΛ

ϛΫϩͳୈҰݪཧ͔Βཧղ͢ΔͨΊͷٕज़త౔୆͕੔͖͍ͬͯͯΔɽ

Ҏ্ͷཧ༝΍എ͔ܠΒɼຊڀݚ͸Խֶಈྗֶʹয఺Λ౰ͯΔɽ߲࣍Ͱ͸ɼԽֶಈྗֶͷཧ࿦త࿮૊ΈΛ

؆୯ʹ঺հ͠ɼຊڀݚʹ͓͍ͯཧղͷର৅ͱ͢Δඇஅ೤Խֶಈྗֶʹ͍ͭͯ঺հ͢Δɽ

1.1.2 Խֶಈྗֶͷ࿮૊Έ

୅త෺ཧԽֶ͸ɼ1927ݱͮ͘جʹֶྗࢠྔ ೥ʹൃද͞Εͨ M. Born ͱ R. Oppenheimer ͷ࿦จ

ʠZur Quantentheorie der Molekeln11)ʡʹͦͷҰ୺Λൃ͢Δɽ͜ͷ࿦จͰ༻͍ΒΕͨۙࣅख๏͸ɼޙʹ

ʮBorn–OppenheimerۙࣅʯͱΑ͹Εɼ෺ཧԽֶͷத৺తͳཧ࿦త࿮૊Έͱͳͬͨɽຊ߲Ͱ͸ɼ͜ ͷ Born

*31999೥ϊʔϕϧԽֶ৆ड৆ɽ
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ͱ Oppenheimerཱ͕֬ͨ͠ݱ୅෺ཧԽֶͷཧ࿦త࿮૊ΈΛ঺հ͠ɼͦͷཧ࿦త࿮૊Έ͕ഁ୼͢Δ৔߹ͷ

Խֶಈྗֶ—ඇஅ೤Խֶಈྗֶ—ʹ͍ͭͯ؆୯ʹ঺հ͢Δɽ*4

Born-Oppenheimer ࢠ੒͢ΔిߏΛࢠͷ࿮૊ΈͷதͰ͸ɼ෼ࣅͷҰछͰ͋Δɽஅ೤ۙࣅ͸அ೤ۙࣅۙ

ͷ࣭ྔΑΓ΋ࢠͷ࣭ྔ͕ి֩ࢠݪͷӡಈͷ໰୊͸෼཭͞ΕΔɽ͜Ε͸ɼܥ֩ࢠݪͱܥ 4ܻҎ্΋େ͖͘ɼ

ࢭ͸੩֩ࢠݪ͸ʹࡍΔ͑ߟͷӡಈΛࢠͷӡಈʹൺ΂ͯඇৗʹΏͬ͘ΓͰ͋ΔͨΊɼిࢠͷӡಈ͸ి֩ࢠݪ

͍ͯ͠ΔͱΈͳͯ͠Α͍ɼͱ͍͏ͮ͘جʹ͑ߟɽ͢ͳΘͪɼ·ͣ͸֩ࢠݪΛ੩ͨͤ͞ࢭ΋ͱͰిܥࢠͷঢ়

ଶʹؔ͢Δ࣌ؒඇґଘ SchrödingerํఔࣜΛղ͖ɼ࣍ʹͦͷిܥࢠͷݻ༗ঢ়ଶ͕࡞Δ༗ޮϙςϯγϟϧ্

ͷӡಈͱͯ֩͠ࢠݪͷӡಈΛऔΓѻ͏ɼͱ͍͏࿮૊ΈͰ͋Δɽ֩ࢠݪΛ੩ͨͤ͞ࢭͱ͖ͷిܥࢠͷݻ༗ঢ়

ଶ͸அ೤ిࢠঢ়ଶͱΑ͹ΕɼͦΕ͕࡞Δ֩ࢠݪʹର͢Δ༗ޮϙςϯγϟϧ͸அ೤ϙςϯγϟϧΤωϧΪʔ

໘ͱΑ͹ΕΔɽҰൠʹɼஅ೤ిࢠঢ়ଶͷ਺͚ͩஅ೤ϙςϯγϟϧΤωϧΪʔ໘͸ଘ͢ࡏΔ͕ɼ֩ࢠݪͷӡ

ಈ͕े෼Ώͬ͘ΓͰ͋Ε͹ɼͦΕͧΕͷஅ೤ϙςϯγϟϧΤωϧΪʔ໘্ͷ֩ࢠݪͷӡಈ͸ಠཱͰ͋Δͱ

ΈͳͤΔɽ͜Ε͕அ೤ۙࣅͰ͋Δɽͭ·Γɼஅ೤ۙࣅͷ࿮૊Έʹ͓͍ͯ͸ɼ෼ࢠͷμΠφϛΫεΛཧղ͢

Δʹ͸ɼ1ͭͷஅ೤ిࢠঢ়ଶ͕࡞Δ 1ຕͷஅ೤ϙςϯγϟϧΤωϧΪʔ໘্ͷ֩ࢠݪͷӡಈʹ͍ͭͯཧղ

͢Ε͹Α͍͜ͱʹͳΔɽ͜ͷஅ೤ϙςϯγϟϧΤωϧΪʔ໘্ͷ֩ࢠݪͷӡಈ͸೾ಈؔ਺ʢ֩೾ଋʣͷ࣌

ؒൃలʹΑͬͯهड़͞ΕΔ͕ɼ֩ࢠݪͷ෺࣭೾͸୹೾௕Ͱ͋Γݹయੑ͕͍ͨڧΊʹɼ֩ࢠݪͷӡಈΛݹయ

ྗֶͰهड़͢Δ͜ͱ΋ଟ͍ɽ͍ΘΏΔ෼ࢠಈྗֶʢMDʣγϛϡϨʔγϣϯͷଟ͘͸͜ͷൣᙝʹೖΔɽ·

ͨɼ֩ࢠݪͷӡಈΛ൒ݹయྗֶ*5 ʹΑͬͯهड़͢Δ͜ͱ΋Α͘ߦΘΕΔɽ

Born–Oppenheimerۙͮ͘جʹࣅཧ࿦త࿮૊Έ͸෺ཧԽֶͷڀݚʹର͠༗༻ͳ࠲ࢹΛ༩͑Δ͕ɼ͜ͷ

࿮૊Έ͸࣮ࡍͷԽֶ൓ԠͰ͸ഁ୼͢Δ͜ͱ͕͋ΔɽԽֶ൓Ԡʹ͓͍ͯ͸ɼͦͷભҠঢ়ଶ*6ʹ͓͍ͯԽֶ݁

߹ͷ੾Γସ͕͑͜ىΔɽ͜ͷԽֶ݁߹ͷ੾Γସ͑͸ిࢠঢ়ଶͷ੾Γସ͑Ͱ͋Γɼ͜ͷΑ͏ͳిࢠঢ়ଶͷٸ

ܹͳมԽΛ൐͏ྖҬͰ͸ɼిࢠঢ়ଶͷมԽ͕֩ࢠݪͷӡಈʹ௥ਵ͠ͳ͍ɽ͢ͳΘͪɼ֩ࢠݪͷӡಈʹର͠

ͳมԽ͕ܹٸঢ়ଶͷࢠ͸ഁ୼͢Δɽ·ͨɼ͜ͷΑ͏ͳిࣅঢ়ଶ͕ॠ࣌ʹ௥ਵ͢ΔͱԾఆ͢Δஅ೤ۙࢠిͯ

Δ֩഑ஔྖҬͰ͸ɼஅ೤ϙςϯγϟϧΤωϧΪʔ໘͸઀ۙɾަࠩ͢Δ͜ى 12,13)ɽ͜ͷΑ͏ʹɼԽֶ൓Ԡ

ͷભҠঢ়ଶ΍அ೤ϙςϯγϟϧΤωϧΪʔ໘͕઀ۙɾަࠩ͢ΔྖҬʹ͓͍ͯ͸ɼԽֶಈྗֶͷஅ೤ۙࣅʹ

ΑΔऔΓѻ͍͸ద੾Ͱͳ͍ɽྫ͑͹ɼΘΕΘΕͷ໢ບͰ͍ͯͬ͜ىʹ͞·ࠓΔɼ֮ࢹͷॳظաఔʹ͓͚Δ

Ϩνφʔϧ෼ࢠͷޫҟੑԽ൓ԠͰ͸ɼྭࢠిىঢ়ଶͱجఈిࢠঢ়ଶͷஅ೤ϙςϯγϟϧΤωϧΪʔ໘͕ભ

Ҡঢ়ଶ*7ʹ͓͍ͯ઀ۙ͠ɼஅ೤ۙഁ͕ࣅΕΔ͜ͱ͕஌ΒΕ͍ͯΔ 14)ɽ͜ͷϨνφʔϧͷྫͷΑ͏ͳޫԽ

ֶ൓Ԡ΍ɼిࢠҠಈΛ൐͏ిࢠҠಈ൓ԠͰ͸ɼͱ͘ʹஅ೤ۙࣅ͸ഁ୼͠΍͍͢ 15)ɽ

͸ഁ୼͢Δɽۙ೥ͷϨʔβʔٕज़ͷൃలʹΑͬࣅ౓Ϩʔβʔ৔தͷԽֶಈྗֶʹ͓͍ͯ΋ɼஅ೤ۙڧߴ

ͯɼڧߴ౓ϨʔβʔΛ༻͍Δ͜ͱͰ෼ࢠͷϙςϯγϟϧΤωϧΪʔ໘Λେ͖͘มಈͤ͞Δ͜ͱ͕Ͱ͖ΔΑ

͏ʹͳͬͨɽ͜Ε͸ಈత StarkޮՌͱΑ͹Ε͓ͯΓɼ͜ΕΛద੾ʹར༻͢Δ͜ͱͰԽֶಈྗֶΛ੍ޚͰ͖

Δ 16–20)ɽϙςϯγϟϧΤωϧΪʔ໘Λେ͖͘มಈͤ͞Δ΄Ͳڧߴ౓ͷϨʔβʔ৔͸ɼిࢠͷӡಈΛ͘ڧ

༳͞ͿΔɽڧߴ౓Ϩʔβʔ৔தͰ͸அ೤ిࢠঢ়ଶ͕΋͸΍ఆৗঢ়ଶͱ͸ͳΒͣɼෳ਺ͷిࢠঢ়ଶͱͦͷؒ

ͷભҠΛྀ͠ߟͳ͚Ε͹ͳΒͳ͍ɽ

͜ͷΑ͏ʹɼଟ͘ͷԽֶݱ৅ɾੜԽֶݱ৅ʹ͓͍ͯஅ೤ۙࣅͷഁ୼͕ݟΒΕΔɽ͜ΕΒͷݱ৅ΛؚΊ

*4ຊ߲ͷ਺ཧతৄࡉ͸ୈ 2ষΛࢀরͷ͜ͱɽ
*5൒ݹయྗֶͱ͸ɼϓϥϯΫఆ਺͕े෼খ͍͞ݶۃʹ͓͚Δྔֶྗࢠͷۙࣅཧ࿦Ͱ͋ΔɽWKBཧ࿦΍ɼܦ࿏ੵ෼ͷఀཹҐ૬ۙ

Ͱ͋Δࣅ van Vleck఻೻ԋࢠࢉͷཧ࿦͕༗໊ɽ
*6͜͜Ͱ͸அ೤ϙςϯγϟϧΤωϧΪʔ໘ͷҌ఺෦ۙ๣Λ͢ࢦɽԽֶʹ͓͍ͯ͸ɼϙςϯγϟϧΤωϧΪʔ໘ͷҌ఺ΛભҠঢ়ଶ

ͱΑͿ͜ͱ͕ଟ͍͕ɼಈྗֶత؍఺͔Β͑ݴ͹഑Ґۭؒ͸ঢ়ଶۭؒͰͳ͍ͷͰ͜ͷݺশ͸ෆద੾Ͱ͋ΔɽຊདྷతͳҙຯͰͷભҠঢ়
ଶ͸ɼԽֶ൓Ԡܥͷঢ়ଶۭؒʢ૬ۭؒʣ಺Ͱఆٛ͞ΕΔ΂͖Ͱ͋Δɽ

*7͜͜Ͱ͸ɼೋॏ݁߹ C11 = C12ͷೋ໘͕͓֯Αͦ 90◦ ʹͳΔྖҬɽ
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ͨแׅతͳԽֶ൓ԠͷݪཧతཧղΛ໨͢ࢦͷͰ͋Ε͹ɼஅ೤ۙࣅΛ௒͑ͨԽֶಈྗֶΛ͑ߟΔඞཁ͕͋

Δɽͦ͜ͰຊڀݚͰ͸ɼ͜ͷஅ೤ۙࣅΛ௒͑ͨԽֶಈྗֶ—ඇஅ೤ԽֶಈྗֶʢNonadiabatic Chemical

Dynamicsʣ—Λओ୊ͱ͢Δɽ

ඇஅ೤Խֶಈྗֶͷཧ࿦ڀݚʹ͓͍ͯॏཁͳͷ͸ɼෳ਺ͷஅ೤ϙςϯγϟϧΤωϧΪʔ໘ͷؒͷભ

Ҡ—ඇஅ೤ભҠ—Λద੾ʹهड़͢Δ͜ͱͰ͋Δɽ͜ͷඇஅ೤ભҠʹؔ͢Δڀݚͷྺ࢙͸ɼ1932 ೥ʹ L.

Landau21), C. Zener22), E. C. G. Stückelberg23) ΒʹΑͬͯಠཱʹൃද͞Εͨ࿦จ͔Β࢝·ͬͨɽ1971

೥ʹ͸ J. Tully ͱ R. Preston24) ʹΑͬͯɼஅ೤͕ۙࣅ੒ΓཱͭྖҬʹ͓͚Δஅ೤ϙςϯγϟϧΤωϧ

Ϊʔ໘্ͷݹయيಓࢉܭͱɼඇஅ೤ભҠ͕͜ىΔྖҬʹ͓͚Δஅ೤ϙςϯγϟϧΤωϧΪʔ໘ؒͷ֬཰త

ͳʠhopʡͱΛ૊Έ߹Θͤͨɼ؆ศͳඇஅ೤Խֶಈྗֶͷࢉܭख๏͕ఏҊ͞Εͨɽ͜ͷ TullyΒʹΑΔඇ

அ೤ԽֶಈྗֶͷࢉܭϞσϧ͸ɼsurface-hoppingϞσϧͱࠓ೔૯শ͞ΕΔϞσϧͷᅘ໼Ͱ͋Δɽ͜ΕΒ

ͷઌۦతڀݚҎདྷɼLandau–Zener–Stückelbergཧ࿦Λ௒͑ͨඇஅ೤ભҠͷऔΓѻ͍ʹؔ͢Δڀݚ΍ɼඇ

அ೤Խֶಈྗֶͷࢉܭख๏ͷ։ൃɾద༻ͳͲͷଟ͘ͷ͓͕͜ڀݚͳΘΕ͖ͯͨ 13,25,26)ɽ

ඇஅ೤ԽֶಈྗֶͰ͸ɼඇஅ೤ભҠʹΑΔ֩೾ଋͷ෼܁͕ذΓฦ͞Εɼ෼֩ͨ͠ذ೾ଋ͕ผʑͷܦ࿏Λ

ͨͲͬͯ࠶ͼ߹ྲྀɾ༥߹͠ׯবޮՌΛࣔ͢͜ͱͰ 27–37)ɼ୯७ͳೋࢠݪ෼ࢠʹ͓͍ͯ͑͞΋ɼμΠφϛΫ

ε͸ΧΦεత༷૬Λఄ͢Δ 38–40)ɽ͜ͷෳࡶͳ೾ଋ෼ذ༥߹աఔͰ͸ɼ෼ͨ͠ذ೾ଋͷ਺͸෼ذΛܦΔ͝

ͱʹ૿େ͍ͯͨ͘͠Ίɼ֩೾ଋಈྗֶࢉܭͳͲͷ਺஋ࢉܭͰಘΒΕΔ࣌ྻܥΛ୯ʹோΊ͚ͨͩͰ͸ɼͦͷ

ಈྗֶաఔΛ௚ײతʹཧղ͢Δ͜ͱ΋ɼͦΕʹ൐͏ϚΫϩͳ଎౓աఔΛղੳͯ͠ཧ࿦తʹઆ໌͢Δ͜ͱ΋

Ͱ͖ͯ΋ɼͦΕ͸Խֶ൓Ԡͷཧ࿦తཧղʹ͸ඞͣ͠΋ͭͳ͕Βͳ͍ɽࢉܭ೉Ͱ͋ΔɽಈྗֶաఔΛ਺஋ࠔ

͕ͨͬͯ͠ɼඇஅ೤Խֶ൓ԠͷཧղͷͨΊʹɼैདྷͷ࣌ྻܥͷ؍఺ͱ͸ҟͳΔ؍఺ͷղੳ͕ඞཁͱͳΔɽ

͜ͷ࣌ྻܥҎ֎ͷ؍఺ͱͯ͠ຊ࿦จͰ࠾༻͢Δ؍఺͕ͦ͜ɼ࣍અͰઆ໌͢Δʬߏ଄ʭͷ؍఺Ͱ͋Δɽ

1.2 ʬߏ଄ʭͷ؍఺

ຊ࿦จͰ͸ɼෳࡶͳඇஅ೤Խֶಈྗֶݱ৅Λʬߏ଄ʭͱ͍͏؍఺͔ΒோΊΔ͜ͱʹΑͬͯɼݱ৅ͷཧղ

Λ໨͢ࢦɽຊ࿦จͰ༻͍Δʬߏ଄ʭͱ͍͏ݴ༿͸ɼԽֶߏ଄΍෼ࢠͷཱମߏ଄Λ͍ͯ͠ࢦΔͷͰ͸ͳ͍ɽ

ຊ࿦จͰ͍͏ʬߏ଄ʭ͸ɼΑΓҰൠతͰந৅తͳ֓೦Ͱ͋ΔɽຊઅͰ͸ɼʬߏ଄ʭͷ֓೦Λఆٛ͠ɼ͜ͷߏ

଄త؍఺͕ෳݱࡶ৅ͷཧղʹ༗༻Ͱ͋ΔઌڀݚߦͷྫࣄΛ঺հ͠ɼඇஅ೤Խֶಈྗֶʹ͓͚Δߏ଄త؍఺

͔Βͷڀݚͷݱঢ়Λ঺հ͢Δɽ

1.2.1 ʬߏ଄ʭͱ͸Կ͔

Ұൠʹɼ͍͔ͭ͘ͷཁૉͱͦΕΒͷؒͷ͔ؔ܎ΒͳΔ΋ͷΛʬߏ଄ʭͱΑͿ 41)ɽཁૉ͕཭ࢄత͔ͭؔ

Ͱ͋Ε͹ɼਤ܎ೋ߲͕ؔ܎ 1.1ʹࣔ͢Α͏ʹɼཁૉΛʮ˓ʯɼؔ܎ΛʮˠʯͰද͢͜ͱʹΑͬͯɼߏ଄Λ၆

ᛌతʹਤࣔͰ͖Δɽ਺ֶʹ͓͍ͯɼ͜ͷΑ͏ͳਤ͸ʮ༗޲άϥϑʢdirected graphʣʯͱΑ͹ΕΔ*8ɽྫ͑

͹ɼཁૉ͕ࢠݪɼ͕ؔ܎Խֶ݁߹Ͱ͋Δߏ଄͸Խֶߏ଄Ͱ͋Δɽཁૉ͕ࢠݪɼ͕ؔ܎ ܎తͳҐஔؔݩ3࣍

Ͱ͋Δߏ଄͸෼ࢠͷཱମߏ଄Ͱ͋Δɽ

࡞ޓΒΕΔɽͦΕ͸ɼʬ૬͑ߟ଄֓೦͕ߏͷந৅తͳͭࡾͳͲͷྗֶʹ͓͍ͯ͸ɼֶྗࢠయྗֶ΍ྔݹ

༺࡞ޓ૬͕܎΍৔ɼؔࢠ଄ʭ͸ɼཁૉཻ͕ߏ༺࡞ޓ଄ʭͰ͋Δɽʬ૬ߏ଄ʭɼʬཧ࿦ߏ଄ʭɼʬঢ়ଶભҠߏ༺

*8༗޲άϥϑͱ͸ɼ͍͔ͭ͘ͷʮ˓ʯ͕ʮˠʯͰͭͳ͕ͬͨωοτϫʔΫͷ͜ͱͰ͋Δɽ͜ͷʮ˓ʯΛ௖఺ʢϊʔυʣͱΑͼɼ
ʮˠʯΛ༗޲ลʢ༗޲ΤοδʣͱΑͿɽࣜܗతʹ͸ɼ༗޲άϥϑͱ͸ɼ௖఺ͷू߹ V ͱ༗޲ลͷू߹ E ͷೋͭ૊ (V,E)ͷ͜ͱͰ͋
Δɽ༗޲ล͸ɼ࢝఺ͱऴ఺Ͱࢦఆ͞ΕΔͷͰɼV ͷ ͷॱংରͱΈͳͤΔɽݩ2
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ਤ 1.1 ܎తͰؔࢄʯ͔ΒͳΔɽཁૉ͕཭܎଄ʭ͸ʮཁૉʯͱͦΕΒͷؒͷʮؔߏ଄֓೦ͷਤղɽʬߏ

͕ೋ߲ؔ܎Ͱ͋Ε͹ɼ͜ͷਤͷΑ͏ʹཁૉΛʮ˓ʯɼؔ܎ΛʮˠʯͰද͢͜ͱʹΑͬͯɼߏ଄Λ၆ᛌత

ʹਤࣔͰ͖Δɽ਺ֶʹ͓͍ͯɼ͜ͷΑ͏ͳਤ͸ʮ༗޲άϥϑʢdirected graphʣʯͱΑ͹ΕΔɽ

!"

#$%&'(

)*+,'(

-.

!"#$%&'

ਤ 1.2 ྗֶͷཧ࿦ߏ଄ɽ

Ͱ͋Δߏ଄Ͱ͋Γɼʬঢ়ଶભҠߏ଄ʭ͸ɼཁૉ͕ܥͷঢ়ଶɼ͕ؔ܎ঢ়ଶભҠͰ͋Δߏ଄Ͱ͋Δɽ͜ΕΒͷ

͸ਤ܎ؔ 1.2ʹࣔ͢ͱ͓ΓͰ͋Γɼਤ 1.2શମ͕ද͢ߏ଄͕ʬཧ࿦ߏ଄ʭͰ͋Δ*9ɽ͜ͷཧ࿦ߏ଄ʹ͍ͭ

ͯɼ෺ཧԽֶΛྫʹઆ໌͢Δɽ·ͣʮݪཧʯ͸ྔֶྗࢠͷݪཧΛ͠ࢦɼԽֶಈྗֶʹ͓͍ͯୈҰݪཧͱΑ

͹ΕΔ΋ͷͰ͋Δɽʮܥͷઃఆʯ͸෼ࢠΛߏ੒͢Δཻࢠʢ֩ࢠݪͱిࢠʣΛࢦఆ͢Δ͜ͱͰ͋Γɼʮڥ؀ͷ

ઃఆʯ͸֎৔ͱͯ͠ͷి࣓৔΍೤ཋͳͲͷઃఆͰ͋Δɽ͜ΕΒ͕ఆ·Δͱɼʮ૬ߏ༺࡞ޓ଄ʯͷ਺ཧදݱ

Ͱ͋Δ Hamiltonian͕ܾ·Δɽ·ͨɼԽֶಈྗֶʹ͓͍ͯ͸ɼઌड़ͷͱ͓Γిࢠͷӡಈͷ໰୊Λઌʹղ

͍ͯɼ֩ࢠݪʹಇ͘༗ޮ૬࡞ޓ༻ͱͯ͠ͷϙςϯγϟϧΤωϧΪʔ໘Λ૬ߏ༺࡞ޓ଄ͱ͢Δ͜ͱ΋Ұൠత

Ͱ͋Δɽ૬ߏ༺࡞ޓ଄͕ఆ·ΔͱɼSchrödingerํఔࣜʹैͬͯɼ࣌ؒൃలԋࢠࢉ΍ঢ়ଶϕΫτϧʢ೾ಈ

ؔ਺ʣͷ࣌ؒൃల͕ఆ·Δɽ͜ͷߏ଄͕ʮঢ়ଶભҠߏ଄ʯͰ͋Δɽঢ়ଶભҠߏ଄͕Θ͔Ε͹ɼྔֶྗࢠత

৅ʯ͕Θ͔Δɽྫ͑͹ɼԽֶ൓Ԡʹ͓͚Δ൓Ԡ෺/ੜ੒෺ϙϐϡϨʔγϣϯͷݱ଴஋ͱͯ͠ͷʮظଌͷ؍

৅Ͱ͋Δɽݱ΍ɼ෼ޫεϖΫτϧͳͲ͕෺ཧԽֶʹ͓͚Δྻܥ࣌

*9Ұൠతͳ༻ޠ๏Ͱ͸ɼʮཧ࿦ߏ଄ʯ͸ʮҼՌߏ଄ʯͱ͍ͬͯ΋Α͍ɽ͔͠͠ɼ෺ཧֶతͳ༻ޠ๏Ͱ͸ɼҼՌߏ଄͸૬ର࿦తจ຺
Ͱ࢖ΘΕΔ͜ͱ͕͋ΔͨΊɼࠞཚΛආ͚ΔͨΊʹຊ࿦จͰ͸ҼՌߏ଄ͱ͸Α͹ͳ͍͜ͱʹ͢Δɽ
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͜ͷͭࡾͷந৅ߏ଄ͷ؍఺͔Β؍ଌɾཧղɾઆ໌ɾ༧ଌɾ੍ޚɾઃܭͷՊֶٕज़తӦҝΛҎԼͷΑ͏ʹ

੔ཧͰ͖Δɿ

ɹ؍ଌɹ ৅Λ஌Δ͜ͱݱ

ɹཧղɹ ֤छͷߏ଄Λ໌Β͔ʹ͢Δ͜ͱ

ɹઆ໌ɹ ਤ 1.2ͷ֤֓೦Λ݁Ϳ໼ҹʹΑ֤ͬͯ֓೦ಉ࢜Λ݁ͼ͚ͭΔ͜ͱ

ɹ༧ଌɹ ਤ 1.2ͷ֤֓೦Λ݁Ϳ໼ҹΛͨͲͬͯݱ৅Λਪଌ͢Δ͜ͱ

ɹ੍ޚɹ ৅Λม͑Δ͜ͱݱͷઃఆΛม͑ͯڥ؀

ɹઃܭɹ ৅Λม͑Δ͜ͱݱͷઃఆΛม͑ͯܥ

෺ཧԽֶͷྫͰ͍͏ͱɼʮ؍ଌʯ͸෼ޫ࣮ݧɼʮ૬ߏ༺࡞ޓ଄ͷཧղʯ͸ిࢠঢ়ଶཧ࿦ɼʮঢ়ଶભҠߏ଄ͷ

ཧղʯ͸Խֶಈྗֶཧ࿦ɼʮઆ໌ʯ͸ཧ࿦Խֶɼʮ༧ଌʯ͸ࢉܭԽֶʢγϛϡϨʔγϣϯʣɼʮ੍ޚʯ͸Խֶ

൓Ԡ੍ޚ࿦ɼʮઃܭʯ͸෼ࢠઃܭ࿦ͷ୲౰Ͱ͋Δɽਤ ૬ิతʹ͍ޓΑͬͯɼ֤෼໺͸ʹ܎ؔͨࣔ͠ʹ1.2

ʹؔ࿈͢Δɽ͜ͷ෼ྨ͔ΒΘ͔Δͱ͓ΓɼԽֶಈྗֶཧ࿦͕ѻ͏ߏ଄͸ओʹঢ়ଶભҠߏ଄Ͱ͋Δɽ͢ͳΘ

ͪɼຊ࿦จͷ୊໨ʹ͋Δʮߏ଄ʯͷޠ͸ɼ͜ͷঢ়ଶભҠߏ଄Λ͍ͯ͠ࢦΔɽ

͜ͷߏ଄త؍఺͔Β͑ݴ͹ɼԽֶ൓ԠΛཧղɾઆ໌͢Δͱ͍͏͜ͱ͸ɼϙςϯγϟϧΤωϧΪʔ໘ͷߏ

଄ʢ૬ߏ༺࡞ޓ଄ʣɼಈྗֶͷߏ଄ʢঢ়ଶભҠߏ଄ʣɼ൓Ԡ෺/ੜ੒෺ͷϙϐϡϨʔγϣϯͷ࣌ྻܥʢݱ৅ʣ

ΛͦΕͧΕ໌Β͔ʹ͠ɼͦΕΒΛ͍ޓʹ࿦ཧతʹ݁ͼ͚ͭΔ͜ͱͰ͋Δɽ֩೾ଋಈྗֶࢉܭʢγϛϡϨʔ

γϣϯʣ͸ɼϙςϯγϟϧΤωϧΪʔ໘͔Β֩೾ଋಈྗֶΛ༧ଌ͠ɼϙϐϡϨʔγϣϯͷ࣌ྻܥΛ༧ଌ͢

Δ͕ɼ֤छͷߏ଄ͱͦΕΒͷ݁ͼ͖ͭΛਓ͕ؒ೺ѲͰ͖ΔΑ͏ʹఏࣔͯ͠͸͘Εͳ͍ɽෳࡶͳ೾ଋ෼ذ༥

߹Λ൐͏ඇஅ೤Խֶಈྗֶͷߏ଄Λ໌Β͔ʹ͢Δ͜ͱͰɼඇஅ೤Խֶ൓ԠΛཧղɾઆ໌͢Δͱ͍͏ํ਑

ΛɼຊڀݚͰ͸࠾༻͢Δɽ

1.2.2 ੑ༺఺ͷ༗؍଄తߏ

ຊ߲Ͱ͸ɼঢ়ଶભҠߏ଄Λ໌Β͔ʹ͢Δ͜ͱ͕ෳࡶͳݱ৅ͷཧղɾઆ໌ʹͭͳ͕ΔྫࣄΛ঺հ͠ɼߏ଄

త؍఺ͷ༗༻ੑΛࣔ͢ɽ

ཧ࿦͸ɼܾఆ࿦తͳ࣌ؒൃܥཧ࿦͕͋Δɽྗֶܥ৅ͷղੳʹ௅ΜͰ͖ͨ෼໺ʹɼྗֶݱͳࡶΒෳ͔͘ݹ

లنଇΛ΋ͭܥͷৼΔ෣͍ͷهड़ͱղੳΛ͏ߦ਺ֶͷҰ෼໺Ͱ͋Δɽྗֶܥཧ࿦ͷதͰͱ͘ʹෳࡶͳݱ৅

Λѻ͏෼໺͸ΧΦεཧ࿦ͱΑ͹Εɼ1963೥ͷ E. N. Lorenzͷ࿦จ 42) ͕ͦͷ୺ॹͰ͋ΔɽLorenz͸ɼ೤

ରྲྀϞσϧ͔Βಋ͔Εͨ 3ม਺͔ΒͳΔৗඍ෼ํఔࣜͷ਺஋ղ͕ɼॳظ஋ӶහੑΛ΋ͪɼඇपظతͰ͋Δ

͜ͱΛݟग़ͨ͠ɽ͜ͷղ͸ɼ࣌ྻܥσʔλΛ͍ͯݟΔ͚ͩͰ͸ɼ୯ʹෆنଇͳৼ෣͍Λ͍ͯ͠ΔΑ͏ʹݟ

͑Δ͚ͩͰ͜ΕҎ্ͷ͜ͱ͸෼͔Βͳ͍ɽLorenz͸ɼ૬ۭؒʢphase spaceʣ*10 ʹ͓͚Δ਺஋ղͷي੻Λ

ਤࣔ͠ɼLorenzΞτϥΫλʔͱΑ͹ΕΔߏ଄Λݟग़ͨ͠ɽ͜Ε͸ɼঢ়ଶભҠߏ଄ͷҰछͰ͋Δɽ͞Βʹ

Lorenz͸ɼ͜ͷߏ଄Λந৅Խ͠ɼ͋Δ൓෮ࣸ૾ܥͱͯ࣌ؒ͠ൃలΛଊ͑௚ͨ͠ɽ͜ͷ൓෮ࣸ૾ܥͷৼΔ

෣͍͸ղੳ͕༰қͰ͋Γɼͦͷղੳ͔Βɼ͜ͷܥͷৼΔ෣͍͕ෆنଇ͔࣮࣭ͭతʹ༧ଌෆೳͰ͋Δཧ༝Λ

આ໌ͨ͠ɽLorenz͸ɼݱ৅ͷഎޙʹજΉঢ়ଶભҠߏ଄Λ໌Β͔ʹ͢Δ͜ͱʹΑͬͯɼݱ৅ͷੑ࣭ͷઆ໌

ʹ੒ޭͨ͠ͷͰ͋Δɽ

Խֶಈྗֶͷ෼໺ʹ͓͍ͯ΋ɼԽֶ൓Ԡܥͷ૬ۭؒߏ଄Λଊ͑Δ͜ͱʹΑͬͯɼԽֶ൓ԠΛཧղ͠Α͏

ͱ͢ΔࢼΈ͕ߦΘΕ͖ͯͨ 43–49)ɽྫ͑͹ N. D. Leon Β͸ɼԽֶ൓ԠܥͷݹయྗֶతϞσϧʹ͓͍ͯɼ

ͷঢ়ଶΛද͢ม਺ͷ૊Λ࣠ͱ͢Δۭؒɽ૬ۭؒͷܥ10* 1఺͸ܥͷ 1ͭͷঢ়ଶΛද͠ɼܥͷ࣌ؒൃల͸͜ͷ૬ۭؒ಺ͷي੻ͱͯ͠
ඳըͰ͖Δɽʮঢ়ଶۭؒʯͱΑͿ͜ͱ΋͋Δɽ
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Խֶ൓ԠΛഔհ͢Δʠreaction tubeʡͱΑ͹ΕΔ૬ۭؒ಺ͷߏ଄Λݟग़͠ɼԽֶ൓Ԡͷ଎౓աఔΛϞσϧ

Խ͢Δ Reactive Islandཧ࿦ΛఏҊͨ͠ 45–47)ɽԽֶಈྗֶͷߏ଄Λଊ͑Δ͜ͱ͸ɼԽֶ൓ԠΛਂ͘ཧղ

͠ɼϛΫϩͳಈྗֶͱϚΫϩͳ଎౓աఔΛ݁ͿՍ͚ڮͱͳΔͷͰ͋Δɽͨͩ͠ɼ͜ΕΒͷڀݚ͸அ೤త͔

ݱ༥߹աఔΛ൐͏ඇஅ೤Խֶಈྗֶذͳ೾ଋ෼ࡶయతϞσϧʹର͢Δ΋ͷͰ͋Γɼ͜ΕΒͷख๏Λෳݹͭ

৅ʹରͯͦ͠ͷ··ద༻͢Δ͜ͱ͸Ͱ͖ͳ͍ɽ

ଞͷྫͰ͸ɼੜମ෼ࢠಈྗֶʹ͓͚ΔMarkovঢ়ଶϞσϧʢMSM: Markov State Modelʣͷ͕͋ڀݚ

Δ 50)ɽMarkovঢ়ଶϞσϧ͸ɼλϯύΫ࣭ͷϑΥʔϧσΟϯάաఔͳͲͷهड़ʹ༻͍ΒΕΔ଎౓࿦తϞ

σϧͰ͋Γɼಈྗֶͷঢ়ଶۭؒͷ෦෼ྖҬͱͯ͠ఆٛ͞ΕͨʮϚΫϩͳঢ়ଶʯͷؒͷભҠΛMarkov࿈࠯

ʹΑͬͯهड़͢Δɽ͜ͷख๏ͷར఺ͷҰͭ͸ɼৄࡉͳಈྗֶͷ৘ใ͔Βݱ৅ཧղͷͨΊʹඞཁͳ৘ใʢʹ

ಈྗֶͷঢ়ଶۭؒͷߏ଄ʣΛநग़͢Δ͜ͱͰɼෳࡶͳλϯύΫ࣭ͷϑΥʔϧσΟϯάաఔͳͲΛਓ͕ؒ௚

͕ࢉܭಈྗֶࢠͷ෼ࢠͳੜମ෼ࡶͷਐาʹΑͬͯෳػࢉܭతʹ೺ѲͰ͖ΔΑ͏ʹͳΔ͜ͱͰ͋Δ*11ɽײ

Մೳʹͳ͕ͬͨɼͦͷ݁Ռͱͯ͠ग़ྗ͞ΕΔσʔλͦͷ΋ͷΛਓ͕ؒղऍ͢Δ͜ͱ͸೉͍͠ɽෳࡶͳγ

ϛϡϨʔγϣϯ݁Ռͷղऍʹɼ͜ͷΑ͏ͳঢ়ଶۭؒͷߏ଄Λଊ͑Δղੳख๏͸༗༻Ͱ͋Δɽ

1.2.3 ঢ়ݱͷඇஅ೤Խֶಈྗֶʹ͓͚Δڀݚ఺ʹΑΔ؍଄తߏ

લ߲ͷΑ͏ʹɼಈతݱ৅ʹؔΘΔଟ͘ͷ෼໺ʹ͓͍ͯঢ়ଶભҠߏ଄Λଊ͑Δ͓͕͜ڀݚͳΘΕɼෳࡶͳ

ݚ଄Λଊ͑Δߏ৅ͷཧղ΍આ໌ʹରͯ͠੒ՌΛ্͍͛ͯΔɽͰ͸ɼඇஅ೤Խֶಈྗֶʹ͓͚Δঢ়ଶભҠݱ

ঢ়͸Ͳ͏Ͱ͋Ζ͏͔ɽݱͷڀ

ͳ͍ͱ͍͏͜ͱͰ͋Δɽઌ͍ͯݟ଄Λߏ͸ঢ়ଶભҠڀݚΔ͜ͱ͸ɼඇஅ೤Խֶಈྗֶͷଟ͘ͷ͑ݴͣ·

ड़ͷΑ͏ʹɼ֩೾ଋಈྗֶࢉܭΛ͸͡Ίͱ͢Δ਺஋ࢉܭ͸ɼਓ͕ؒཧղՄೳͳߏ଄Λఏࣔͯ͠͸͘Εͳ

͍ɽsurface-hoppingϞσϧ΍छʑͷ൒ݹయྗֶࢉܭͷڀݚ͸ɼஅ೤࣌ؒൃల΍ඇஅ೤ભҠͱ͍͏ૉաఔ

ʹΑͬͯঢ়ଶભҠߏ଄͕ߏ੒͞ΕΔ͜ͱ͸໌Β͔ʹ͢Δ͕ɼͦΕΒͷૉաఔ͕࣮ࡍͷܥʹ͓͍ͯͲͷΑ͏

ʹ૊Έ߹Θ͞Ε͍ͯΔ͔͸໌Β͔ʹ͠ͳ͍ɽݸผͳܥʹ͓͍ͯૉաఔ͕ͲͷΑ͏ʹ૊Έ߹Θ͞Ε͍ͯΔ

͔ɼঢ়ଶભҠߏ଄͕ͲͷΑ͏ʹͳ͍ͬͯΔ͔ͱ͍͏ٙ໰Λղফ͢Δ͜ͱ͸ɼ෼ࢠͷݸผੑͷղ໌ʹॏ͖Λ

͓͘Խֶʹ͓͍ͯ͸ɼීวతͳݪཧͷղ໌ͱฒΜͰॏཁͳ͜ͱͰ͋Δɽ

ඇஅ೤Խֶಈྗֶͷߏ଄Λଊ͑Α͏ͱ͢Δઌڀݚߦ΋ଘ͢ࡏΔ͕ɼͦͷ਺͸ଟ͘ͳ͍ɽҎԼͰ͸ɼ਺গ

ͳ͍ඇஅ೤Խֶಈྗֶͷߏ଄Λଊ͑Α͏ͱ͢Δઌڀݚߦͱͯ͠ɼKawanoͷʮ४MarkovϞσϧʯɼChild

ͷʮμΠΞάϥϜతΞϓϩʔνʹΑΔ൒ݹయྔࢠԽཧ࿦ʯɼFujiiͷʮඇஅ೤੻ެࣜʯͷͭࡾΛ঺հ͢Δɽ

Ұͭ໨͸ɼઌड़ͷ N. D. Leon Βͷ RIཧ࿦ͱಉ͘͡ྗֶܥཧ࿦ʹ͍ͨͮجɼ2002೥ͷ KawanoΒͷ

ʮ४ Markov ϞσϧʯͷڀݚͰ͋Δ 51)ɽ͜ͷڀݚͰ͸ɼඇஅ೤ԽֶಈྗֶΛݹయيಓΛ༻͍ͨ surface-

hoppingϞσϧͱͯ͠औΓѻ͍ɼྗֶܥཧ࿦ͷ؍఺͔ΒಈྗֶΛ༗ޮʹهड़͢Δʮ४MarkovϞσϧ*12ʯ

Λߏங͍ͯ͠Δɽ͔͠͠ɼ͜ͷཧ࿦͸ݹయྗֶʹͨͮ͘جΊɼ೾ଋ෼ذ༥߹աఔͷهड़Ͱྀ͢ߟ΂͖෼ذ

ͨ͠೾ଋಉ࢜ͷׯবޮՌΛهड़Ͱ͖ͳ͍ɽ

ೋͭ໨͸ɼ1974೥ʹ ChildʹΑͬͯఏҊ͞ΕͨʮμΠΞάϥϜతΞϓϩʔνʹΑΔ൒ݹయྔࢠԽཧ࿦ʯ

Ͱ͋Δ 52)ɽ͜ͷཧ࿦͸ɼసճ఺ɼඇஅ೤ભҠɼτϯωϧݱ৅ͷͦΕͧΕʹରԠ͢ΔμΠΞάϥϜͱ൒ݹ

*11MSMΛ༻͍ͨղੳͷओͳར఺͸ɼʢ1ʣ୹࣌ؒࢉܭͳͲͷஅยతͳσʔλͷूͤدΊʹΑΓϞσϧΛߏஙՄೳͰɼʢ2ʣ௕࣌ؒ
తʹ଎౓աఔΛ೺ѲͰ͖Δɼ͜ͱͰ͋ΔײಈΛఆྔతʹ༧ଌͰ͖ɼʢ3ʣਓ͕ؒ௚ڍతஂूܭಈ΍౷ڍ 50)ɽ

*12ঢ়ଶ Xn ͱδϟϯϓ࣌ࠁ Tn ͷ૊ (Xn, Tn) ͕ҎԼͷ৚݅Λຬͨ͢ͱ͖ɼ͜ͷ֬཰աఔΛ Markov ੜաఔͱ͍͏ɿ࠶
Pr(Tn+1 − Tn ≤ τ, Xn+1 = j|(Xn, Tn) = (i, t), (Xn−1, Tn−1) = (i′, t′), · · · ) = Pr(Tn+1 − Tn ≤ τ, Xn+1 = j|Xn = i).

͜ͷMarkov࠶ੜաఔʹ͓͍ Yt := Xn (t ∈ [Tn, Tn+1))ͱͨ͠࿈ଓ࣌ؒ֬཰աఔΛ४MarkovաఔͱΑͿɽอ࣋࣌ؒ Tn+1−Tn

ͷ֬཰෼෍͕ࢦ਺෼෍Ͱॻ͚Δ৔߹ʹ͸ɼ४Markovաఔ͸࿈ଓ࣌ؒMarkovաఔʹؼண͢Δɽ
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యࢄཚྻߦΛϏϧσΟϯάϒϩοΫͱͯ͠ɼͦΕΒͷμΠΞάϥϜͱࢄཚྻߦΛ૊Έ߹ΘͤΔ͜ͱͰɼෳ

͞༺దʹܥ଄Λ΋ͭߏԽ৚݅Λղੳతʹॻ͖Լ͢खଓ͖Λ༩͑Δɽ͜ͷཧ࿦͸༷ʑͳࢠయྔݹͷ൒ܥͳࡶ

Εͨ 53–56)ɽ͔͠͠ɼ͜ͷΞϓϩʔν͸ఆৗঢ়ଶͷͨΊͷཧ࿦Ͱ͋Γɼ࣌ؒ৘ใ͕׬શʹܽམ͍ͯ͠Δɽ

΋ͪΖΜɼ͜ΕΒͷఆৗঢ়ଶͷॏͶ߹ΘͤͰ࣌ؒґଘղΛߏ੒Ͱ͖Δ΋ͷͷɼͦͷΑ͏ͳΞϓϩʔνʹ͓

͍ͯ͸Խֶ൓Ԡ͕ಈతʹൃల͢Δͱ͍͏௚ײతඳ૾͕ଛͳΘΕͯ͠·͏ 9)ɽ͞Βʹɼ͜ͷཧ࿦͸ɼ෼ޫֶ

ʹ͓͍ͯಘΒΕΔεϖΫτϧ͕ఆৗతͰ͋ͬͨ࣌୅ʹߏங͞Εͨ΋ͷͰ͋Δɽݱ୅ʹ͓͍ͯ͸ɼઌड़ͷ

Zewailάϧʔϓͷ࣮ݧ 57,58) ΛλʔχϯάϙΠϯτͱͯ͠ɼ෼ޫֶʹ͓͍ͯ΋࣌ؒ෼ղ෼ޫ͕੝ΜͰ͋Δ
10)ɽ͕ͨͬͯ͠ɼԽֶ൓Ԡͷ࣌ؒൃలͱ͍͏௚ײతඳ૾ͱɼ࣌ؒ෼ղ෼ޫͱ͍͏ݱ୅త෼ޫֶ͔Βͷཁ੥

ʹΑΓɼ࣌ؒΛ͋ΒΘʹࣜܗྀͨ͠ߟͰɼඇஅ೤Խֶಈྗֶͷߏ଄Λଊ͑Δඞཁ͕͋Δɽ࢒೦ͳ͕Βɼఆ

ৗঢ়ଶʹର͢Δ Childͷཧ࿦ͷ࣌ؒґଘ໰୊΁ͷ֦ு͸ɼචऀͷ஌ΔݶΓͯͬࢸʹࡏݱ΋ଘ͠ࡏͳ͍ɽ

యྗֶతʹଊ͑ͨɼ2015೥ͷݹ଄Λ൒ߏ໨͸ɼChildͷཧ࿦ͱಉ༷ʹඇஅ೤Խֶಈྗֶͷͭࡾ Fujiiͷ

ʮඇஅ೤੻ެࣜʯͷڀݚͰ͋Δ 59)ɽ͜ͷཧ࿦Ͱ͸ɼʮ૬ۭؒͰಉҰͷ఺Λ௨Γ͍ޓʹૉͳϗοϐϯάपظ

ͷཧ࿦ࣅ࿏ੵ෼ͱఀཹҐ૬ۙܦஙͨ͠ඇஅ೤ߏ଄ʹண໨͠ɼFujii͕ߏಓͷू߹ʯͱ͍͏ي 60) Λ༻͍ɼඇ

அ೤ྔܥࢠͷ൒ݹయྔࢠԽ৚݅Λಋग़͍ͯ͠Δɽ͜͜Ͱ Fujii͸ɼ૬ۭؒ಺ͷ࣌ؒൃలΛϏοτྻͷ࣌ؒ

ൃలͱͯ͠ଊ͑௚͢ͱ͍͏ه߸ྗֶతख๏Λ༻͍͍ͯΔɽ͜ͷϏοτྻ΁ͷந৅Խʹ͓͍ͯ͸࣌ؒൃలͷ

ඳ૾ࣗମ͸อͨΕ͍ͯΔҰํͰɼʮ࣮࣌ؒʯͷ৘ใ͸΍͸Γܽམ͍ͯ͠Δɽ͢ͳΘͪɼ͜ͷந৅Խʹ͓͍

ͯ͸ɼ࣌ؒॱং͸อ࣋͞ΕΔ͕ɼఆྔతͳִ࣌ؒؒ͸ࣺ৅͞Εͯ͠·͏ɽ͕ͨͬͯ͠ɼʮ࣮࣌ؒʯͷ൓Ԡ

աఔͷཧղͷͨΊʹ͸ɼ͜ͷཧ࿦ͷΞΠσΞΛͦͷ··༻͍Δ͜ͱ͸Ͱ͖ͳ͍ɽ

Ҏ্ͷΑ͏ʹɼʮ࣮࣌ؒྖҬʯͰɼʮྔࢠ࿦తʢ͋Δ͍͸൒ݹయ࿦తʣʯʹɼඇஅ೤Խֶಈྗֶͷঢ়ଶભҠ

༥߹աఔΛؚΉذͳ೾ଋ෼ࡶͳ͍ɽ͕ͨͬͯ͠ɼෳ͠ࡏΓະͩଘݶ଄Λଊ͑Δཧ࿦ख๏͸ɼචऀͷ஌Δߏ

ඇஅ೤ԽֶಈྗֶΛཧղ͢ΔͨΊʹɼ্هͰ঺հͨ͠ઌڀݚߦΛ౿·͑ͳ͕Βɼঢ়ଶભҠߏ଄Λ༗ޮʹه

ड़͠͏Δཧ࿦Λߏங͢Δඞཁ͕͋Δɽ

1.3 ਤࣜͱ਺ࣜ

લઅ·ͰͰຊڀݚͷʮओ୊ʯͱʮ؍఺ʯ͸ఆ·ͬͨͷͰɼ͜ͷઅͰ͸ʮදํݱ๏ʯʹؔͯ͠ํ਑ΛఆΊ

Δɽߏ଄ͷදํݱ๏ʹ͸ɼେ͖͘෼͚ͯɼʮਤࣜʢμΠΞάϥϜʣʯͱʮ਺ࣜʯͷ 2छྨ͕͋ΔɽਤࣜʹΑ

Δදݱ͸ߏ଄ͷ௚ײత೺Ѳʹ໾ཱͪɼ਺ࣜʹΑΔදݱ͸ߏ଄ͷ࿦ཧతཧղʹ໾ཱͭɽຊڀݚͰ͸ɼ͜ͷೋ

ͭͷදํݱ๏ͷཱ྆ΛਤΔɽ

తಈ෺֮ࢹԽ͸ɼʮࢹ଄ͷμΠΞάϥϜʹΑΔՄߏ 61)ʯͰ͋ΔΘΕΘΕਓؒʹͱͬͯ༗༻Ͱ͋Δɽݹདྷ

ΑΓਓؒ͸ɼෳࡶͳ৘ใΛ௚ײతʹ೺Ѳ͢ΔͨΊʹɼந৅Խ͞ΕͨਤࣜΛ༻͍͖ͯͨɽྫ͑͹ɼ஍ਤͷ࢖

༻͸จࣈͷ࢖༻ΑΓ΋͍ݹͱ͍ΘΕ͍ͯΔ 62)ɽՈܥਤ΍ਐԽܥ౷थͳͲ΋ɼ͔͘ݹΒ༻͍ΒΕ͍ͯΔਤ

ࣜͷྫͰ͋Δ 61)ɽઌʹड़΂ͨྗֶܥཧ࿦Ͱ΋ɼ૬ۭؒߏ଄ͷ༷ࢠΛඳ͍ͨ૬ਤʢphase portraitʣ͸ɼݱ

৅Ϟσϧͷߏ଄ͷ၆ᛌత೺ѲͷͨΊʹ͠͹͠͹༻͍ΒΕΔɽ·ͨɼჭᣡཏͷΑ͏ͳੈք؍ʢ=ੈքͷߏ଄

ͷ౷Ұత೺Ѳͱओମతҙຯ͚ͮʣΛද͢ݱΔͨΊͷਤࣜ΋͋Δɽʮີଂਂݰʹͯ͠؉๽ʹͤࡌ೉͠ɺߋʹ

ਤըΛԾΓͯޛΒ͟Δʹ։ࣔ͢ 63)ʯͱ͍͏ۭւͷݴ༿͸ɼཧղͷͨΊͷਤࣜͷॏཁੑΛ෺͍ͯͬޠΔɽ

·ͨɼਤࣜ͸ཧղʹ໾ཱͭͷΈͳΒͣɼ௚ײతʹߟࢥΛਂΊΔ͜ͱʹ΋໾ཱͭɽ

ҰํͰɼ਺ࣜʹΑΔهड़΋ɼఆྔతɼ͋Δ͍͸ɼ௚ײΛ௒͑ͨٞ࿦Λͨ͏ߦΊʹ͸ඞཁͰ͋Δɽ਺ཧత

଎ͳ৘ใॲཧೳྗΛआΓΔͨΊʹ΋ඞཁͰ͋ߴͷػࢉܭցతਪ࿦ΛՄೳͱ͠ɼػड़͢Δ͜ͱ͸ਖ਼֬ͳهʹ

Δɽ୯ͳΔʠcartoonʡͰ͸ͳ͘ɼ਺ཧతʹ͚ͮૅجΒΕͨμΠΞάϥϜΛఆࣜԽ͢Δ͜ͱ͕ຊڀݚͷ໨

ͱ͜ΖͰ͋Δɽ͢ࢦ
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1.4 ຊڀݚͷ໨తͱຊ࿦จͷߏ଄

ং࿦Λऴ͑Δʹ͋ͨͬͯɼຊڀݚͷ໨తΛ੔ཧ͠ɼຊ࿦จͷʠߏ଄ʡΛ໌Β͔ʹ͢Δɽ

ຊڀݚͷ໨త͸ɼෳࡶͳ֩೾ଋ෼ذ༥߹աఔΛؚΉඇஅ೤Խֶಈྗֶݱ৅Λཧղ͢Δ͜ͱͰ͋Δɽͦͷ

ͨΊʹ͸ɼඇஅ೤Խֶಈྗֶͷʬߏ଄ʭ—͢ͳΘͪʬঢ়ଶભҠߏ଄ʭ—Λ໌Β͔ʹ͠ɼͦΕΛʮμΠΞά

ϥϜʯͱʮ਺ࣜʯͰද͢ݱΕ͹Α͍ͱ͍͏ͷ͕ຊڀݚͷجຊํ਑Ͱ͋Δɽ͔͠͠ɼඇஅ೤Խֶಈྗֶͷߏ

଄Λଊ͑ΔͨΊͷʮ࣮࣌ؒྖҬʯ͔ͭʮྔࢠ࿦త/൒ݹయతʯͳઌߦཧ࿦͸චऀ͕஌ΔݶΓଘ͠ࡏͳ͍ɽͦ

͜ͰɼຊڀݚͰ͸ҎԼͷೋͭͷ໨ඪΛ͛ܝΔɿ

1. ඇஅ೤Խֶಈྗֶͷߏ଄Λଊ͑ɼμΠΞάϥϜʹΑͬͯՄࢹԽ͠ɼ͔ͭ਺ཧతʹهड़͢Δɼ༗ޮͳ

ཧ࿦Λߏங͢Δɽ

2. ৅ͷղੳΛ࣮ફ͢Δͱͱ΋ݱͳඇஅ೤ԽֶಈྗֶࡶϞσϧʹద༻ͯ͠ෳࢠ෼ࡏஙͨ͠ཧ࿦Λ࣮ߏ

ʹɼߏஙͨ͠ཧ࿦ͷ༗༻ੑΛ࣮ূ͢Δɽ

ຊڀݚͰ͸ɼ۩ମతͳ࣮ࡏ෼ࢠϞσϧͱͯ͠ɼLiF෼ࢠΛऔΓ্͛Δɽ·ͨɼڥ؀ͷޮՌͷऔΓࠐΈͷ

ୈҰาͱͯ͠ɼ୯७ͳ֎৔Ͱ͋Δ CWϨʔβʔ৔*13Λ͑ߟΔɽLiF෼ࢠ͸యܕతͳඇஅ೤Խֶಈྗֶܥ

ͱͯ͠͞ڀݚΕ͍ͯΔೋࢠݪ෼ࢠͰ͋Δɽجఈঢ়ଶͷ LiF ෼ࢠΛύϧεϨʔβʔޫͰి͢ىྭࢠΔͱɼ

LiF෼ࢠ͸ޫղ཭൓ԠΛ͢͜ىɽ͜ͷޫղ཭൓Ԡதʹ͘Γฦ͠ඇஅ೤ભҠ͕͖ىɼෳࡶͳ೾ଋ෼ذ༥߹͕

ʹΔɽ͞Βʹɼޫղ཭൓Ԡத͜ى CWϨʔβʔޫΛরࣹ͢Δͱɼඇஅ೤ભҠ͕ CWϨʔβʔޫʹΑͬͯ

༠͞ىΕΔ͜ͱʹΑΓɼ೾ଋ෼ذ༥߹ͷෳ͜͢૿͕͞ࡶͱ͕஌ΒΕ͍ͯΔ 64,65)ɽ·ͨɼCWϨʔβʔͷ

౓΍ৼಈ਺Λద੾ʹબͿͱɼCWϨʔβʔ৔தͷڧ LiF෼ࢠͷޫղ཭൓Ԡͷ଎౓͕༗ҙʹ஗͘ͳΔ͜ͱ

΋஌ΒΕ͍ͯΔ 20)ɽຊڀݚͰߏங͢Δཧ࿦Λ༻͍ͯɼCWϨʔβʔ৔தͷ LiF෼ࢠͷʮෳࡶͳ೾ଋ෼ذ

༥߹ʯͱ͍͏ঢ়ଶભҠߏ଄ͱɼʮޫղ཭൓Ԡʯͱ͍͏ݱ৅Λղੳ͠ɼෳࡶͳඇஅ೤Խֶಈྗֶݱ৅ͷཧղ

Λ໨͜͢ࢦͱ͕ɼ্هͷڀݚ໨ඪ 2ͷ۩ମత಺༰Ͱ͋Δɽ

ຊ࿦จͷߏ଄͸ҎԼͷͱ͓ΓͰ͋Δɽୈ 2ষͰ͸ɼຊ࿦ͷ४උͱͯ͠ɼඇஅ೤Խֶಈྗֶͷૅجཧ࿦Λ

આ໌͢Δɽୈ 3ষͰ͸ɼ্هͷຊڀݚͷ໨ඪ 1ʹରԠ͢Δ݁Ռͱͯ͠ɼඇஅ೤Խֶಈྗֶͷߏ଄Λଊ͑Δ

ͨΊͷμΠΞάϥϜͱ਺ཧతهड़ͷཧ࿦ʹ͍ͭͯड़΂Δɽୈ 4ষͰ͸ɼ্هͷຊڀݚͷ໨ඪ 2ʹରԠ͢Δ

݁Ռͱͯ͠ɼୈ 3ষͰࣔ͢ཧ࿦Λ༻͍ͯڧߴ౓ CWϨʔβʔ৔தͷ LiF෼ޫࢠղ཭൓Ԡͱ͍͏࣮ݱతͳ

ϞσϧΛղੳͨ݁͠ՌΛࣔ͠ɼୈ 3ষͰࣔ͢ཧ࿦ͷ༗ޮੑΛٞ࿦͢Δɽୈ 3ষͱୈ 4ষ͕ɼචऀͷΦϦδ

φϧͷڀݚ੒Ռʹ͍ͭͯड़΂ͨຊ࿦෦Ͱ͋Δɽޙ࠷ʹɼୈ 5ষͰຊ࿦จͷ·ͱΊͱޙࠓͷల๬ʹ͍ͭͯड़

΂Δɽ

*13CW = Continuous Waveʢ࿈ଓ೾ʣɽৼಈ਺ͱڧ౓͕มΘΒͳ͍ఆৗϨʔβʔ৔ͷ͜ͱɽ
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ୈ 2ষ

ඇஅ೤Խֶಈྗֶ֓؍

͜ͷষͰ͸ɼຊ࿦จͷओ୊Ͱ͋Δඇஅ೤Խֶಈྗֶʹؔ͢Δ߲ࣄૅجΛઆ໌͢Δɽ2.1અͰ͸෺ཧԽֶ

ఔࣜͰ͋Δ࣌ؒґଘํૅج৅ͷݱ Schrödingerํఔ͔ࣜΒग़ൃ͠ɼ෺ཧԽֶʹ͓͚Δඪ४తॲํᝦʹैͬ

ͯɼԽֶಈྗֶΛهड़͢ΔํૅجఔࣜΛಋग़͢Δɽ2.2અͰ͸ඇஅ೤Խֶಈྗֶͷ߲ࣄૅجͰ͋Δಁ೤ج

ఈɼLandau-Zenerཧ࿦ɼsurface-hoppingϞσϧʹ͍ͭͯઆ໌͢Δɽ2.3અͰ͸ޫͱ෼ࢠͷ૬࡞ޓ༻ʹؔ

͢Δཧ࿦ɼͱ͘ʹ௕೾௕ۙࣅ΍ Floquetཧ࿦ʹ͍ͭͯઆ໌͢Δɽޙ࠷ʹ 2.4અͰ͸ɼຊڀݚͰ༻͍ΔϞσ

ϧܥͰ͋Δ LiF෼ࢠϞσϧʹ͍ͭͯઆ໌͠ɼຊڀݚͰཧղΛ໨͢ࢦෳࡶͳ೾ଋ෼ذ༥߹աఔ΍ޫղ཭൓Ԡ

ͳͲͷॾݱ৅Λ਺஋ྫࢉܭʹΑͬͯࣔͯ͠ɼຊڀݚͷ໨͢ࢦͱ͜ΖΛ໌֬ʹ͢Δɽ

2.1 ෺ཧԽֶͷํૅجఔࣜ

2.1.1 ࣌ؒґଘ Schrödingerํఔࣜ

զʑ͕೔ৗతʹ઀͍ͯ͠Δ෺࣭͸֩ࢠݪͱి͔ࢠΒߏ੒͞Ε*1ɼͦͷӡಈΛهड़͢Δํૅجఔࣜ͸࣍ͷ

࣌ؒґଘ SchrödingerํఔࣜͰ͋Δɿ

i! d

dt
|Ψ(t)⟩ = Ĥ|Ψ(t)⟩ɽ (2.1)

͜͜Ͱ !͸ࢉ׵ Planckఆ਺ɼt͸࣌ؒΛද͢ύϥϝʔλʔɼ|Ψ(t)⟩͸ܥͷঢ়ଶΛද͢ϕΫτϧͰܥͷঢ়
ଶۭؒHͷݩɼĤ ͸ܥͷ Hamiltonian

Ĥ =
∑

I

P̂
2

I

2MI
+
∑

i

p̂2
i

2me
+
∑

I ̸=I′

1

4πε0

ZIZI′e2

|R̂I − R̂I′ |
−
∑

I,i

1

4πε0

ZIe2

|R̂I − r̂i|
+
∑

i ̸=i′

1

4πε0

e2

|r̂i − r̂i′ |
(2.2)

Ͱ͋Δɽࣜ (2.2)ʹ͓͍ͯɼP̂ IɼR̂IɼMIɼZI ͸ͦΕͧΕ֩ࢠݪ I ͷӡಈྔԋࢠࢉɼҐஔԋࢠࢉɼ࣭ྔɼ

൪߸ɼp̂iɼr̂iɼmeࢠݪ ͸ͦΕͧΕిࢠ iͷӡಈྔԋࢠࢉɼҐஔԋࢠࢉɼ࣭ྔΛද͠ɼε0 ͸ਅۭͷ༠ి཰ɼ

e͸ిՙૉྔͰ͋Δɽલͷೋ߲͸ӡಈΤωϧΪʔ߲ɼޙͷ߲ࡾ͸ Coulombϙςϯγϟϧ߲Ͱ͋Δɽ·ͨɼ

͜͜Ͱ͸ޫͳͲͷ֎৔ͱͷ૬࡞ޓ༻͸ͳ͍΋ͷͱ͠ɼ૬ର࿦ޮՌ͸ແ͠ࢹɼ֩ࢠݪͱిࢠ͸఺ిՙͱͯ͠

ѻ͏*2ɽ

෺ཧԽֶݱ৅͸ݪཧతʹ͸࣌ؒґଘ Schrödingerํఔࣜ (2.1)Λղ͚͹͢΂ͯ෼͔Δ͜ͱʹͳΔɽ͔͠

͠ɼP. A. M. Dirac͸࣍ͷΑ͏ʹड़΂͍ͯΔ 67)ɿ

*1ʮ೔ৗʯͷൣғ಺Ͱ͍ͯ͑ߟΔͷͰɼ֩ࢠݪ൓ԠաఔͳͲ͸ྀͣͤߟɼ֩ࢠݪͱిࢠ͸ෆมͳ࣮ମͱΈͳ͢ɽ
*2ఆྔతʹਫ਼ີͳٞ࿦͕ඞཁͳ৔߹͸ɼ૬ର࿦ޮՌΛՃຯͨ͠ DiracํఔࣜΛํૅجఔࣜͱͯ͠༻͍Δ 66)ɽ
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“The underlying physical laws necessary for the mathematical theory of a large part of physics

and the whole of chemistry are thus completely known, and the difficulty is only that the exact

application of these laws leads to equations much too complicated to be soluble. It therefore

becomes desirable that approximate practical methods of applying quantum mechanics should

be developed, which can lead to an explanation of the main features of complex atomic systems

without too much computation. ”

࣌ؒґଘ Schrödingerํఔࣜ (2.1)ΛͲ͏ʹ͔ͯ͠ղ͖΄͙͠ɼզʑͷཧղͰ͖Δݴ༿Ͱهड़͍ͯ͘͜͠

ͱ͕ཧ࿦෺ཧԽֶͷ՝୊Ͱ͋Δɽ

2.1.2 ఔࣜͱํૅجঢ়ଶͷࢠి Born–Huangల։

࣌ؒґଘ Schrödingerํఔࣜ (2.1)Λ۩ମతʹղͨ͘Ίʹ͸·ͣঢ়ଶۭؒ H ͷجఈΛఆΊͳ͚Ε͹ͳ
Βͳ͍ɽҰൠʹɼجఈͷબ୒ʹΑͬͯͦͷޙͷղੳͷ೉қ౓͸มΘΔͷͰɼʠΑ͍جఈʡΛબ୒͢Δ͜ͱ

͕ॏཁͰ͋Δɽྫ͑͹ɼݻ༗ঢ়ଶΛجఈͱͯ͠બ୒͢Ε͹ɼܥͷ࣌ؒൃలͷࢉܭͰ͸֤ݻ༗ঢ়ଶΛಠཱʹ

࣌ؒൃలͤ͞Ε͹Α͍ͷͰࢉܭ͸؆୯Ͱ͋Δʢਤ 2.1(a)ʣɽٯʹɼݻ༗ঢ়ଶҎ֎Λجఈͱͯ͠༻͍Ε͹ɼ

ͳΔʢਤʹࡶ͸ෳࢉܭͳ͚Β͹ͳΒͳ͍ͷͰ࣌ؒൃలͷྀ͠ߟද͢ঢ়ଶؒͷભҠΛ͕ݩఈͷ֤ج 2.1(b)ʣɽ

తʹਤࣅΊΔͷ͸େมͰ͋Δ͔Βɼ·ͣ͸ۙٻ༗ঢ়ଶΛݻͳີݫ 2.1(a)ͷΑ͏ʹಠཱͯ࣌ؒ͠ൃల͢Δ

Α͏ͳঢ়ଶͷηοτΛٻΊΔ͜ͱ͕جຊઓུͱͳΔɽ

෺ཧԽֶʹ͓͚ΔʠΑ͍جఈʡΛٻΊΔͨΊͷඪ४తॲํᝦ͸ɼిࢠͱ͔֩ࢠݪΒͳΔෳ߹ܥͷӡಈͷ

໰୊Λిࢠͷӡಈͷ໰୊ͱ֩ࢠݪͷӡಈͷ໰୊ʹ෼ׂ͠ɼ·ͣిܥࢠͷݻ༗ঢ়ଶΛٻΊΔ͜ͱͰ͋Δɽݪ

ΑΓ΋ࢠ͸ి֩ࢠ 103 − 105 ഒ΋ॏ͍ͨΊɼݹయత௚؍ʹཔΔͱɼ֩ࢠݪͷӡಈ͸ిࢠͷͦΕʹൺ΂ͯे

෼Ώͬ͘ΓͰ͋Δͱ͑ߟΒΕΔɽશܥͷ࣌ؒൃలΛோΊΕ͹ɼ࣌ؒہॴతʹ͸֩ࢠݪ͸ࢠి͍ͯͯͬ·ࢭ

ͷΈ͕ӡಈ͍ͯ͠ΔΑ͏ʹ͑ݟΔʹҧ͍ͳ͍ɽ͕ͨͬͯ͠ɼࢭ͕֩ࢠݪ·͍ͬͯΔͱ͍͏৚݅ͷ΋ͱిࢠ

ͷӡಈʹؔ͢Δ໰୊Λղ͚͹ɼͦͷղ͸࣌ؒہॴతͳిࢠͷӡಈͷྑ͍ۙࣅʹͳ͍ͬͯΔͩΖ͏ɽ࣍ʹɼ

଴Ͱ͖ظղ͕ಘΒΕΔͱࣅॴղΛͭͳ͗߹ΘͤΕ͹࣌ؒେҬతͳۙہͷ࣌ؒهͷӡಈΛܾఆ͠ɼ্֩ࢠݪ

Δɽ͜ͷͱ͖ɼ֩ࢠݪͷӡಈ͕े෼Ώͬ͘ΓͰ͋Ε͹ɼݻ༗ిࢠঢ়ଶؒͷભҠ͸ੜ͡ͳ͍͜ͱ͕ྔࢠஅ೤

ఆཧʹΑΓอূ͞ΕΔɽͭ·Γɼిܥࢠʹؔ͢Δݻ༗ঢ়ଶΛٻΊΔ͜ͱͰɼΑ͍جఈΛಘΔ͜ͱ͕Ͱ͖Δ

ͱظ଴Ͱ͖Δɽ

Ҏ্ͷಎ࡯Λ਺ཧతʹఆࣜԽ͢Δɽ࠲֩ࢠݪඪΛ R (= {RI})ʹݻఆͨ࣌͠ɼిࢠͷӡಈΛࢧ഑͢Δ
࣌ؒඇґଘ Schrödingerํఔࣜ͸ҎԼͷΑ͏ʹͳΔɿ

Ĥelec(R)|Φj(R)⟩ = Vj(R)|Φj(R)⟩ɽ (2.3)

͜͜Ͱ

Ĥelec(R) =
∑

i

p̂2
i

2me
+
∑

I ̸=I′

1

4πε0

ZIZI′e2

|RI −RI′ |
−
∑

I,i

1

4πε0

ZIe2

|RI − r̂i|
+
∑

i ̸=i′

1

4πε0

e2

|r̂i − r̂i′ |
(2.4)

Ͱ͋Δɽ͜ͷ Hamiltonian͸શܥͷ Hamiltonian Ĥ ͔Β֩ࢠݪͷӡಈΤωϧΪʔ߲ΛऔΓআ͖ɼ֩ࢠݪ

ͷҐஔԋࢠࢉ R̂I ΛύϥϝʔλRI ʹஔ͖ͨ͑׵΋ͷͰɼిࢠ HamiltonianͱΑ͹Δɽ|Φj(R)⟩͸RΛ

ύϥϝʔλͱ͢Δిܥࢠͷঢ়ଶϕΫτϧͰ͋Γɼશܥͷঢ়ଶۭؒ H ͷݩͰ͸ͳ͍ɽʮ͕֩ࢠݪҐஔ Rʹ

͋Γɼి͕ܥࢠঢ়ଶ |Φj(R)⟩ʹ͋Δʯͱ͍͏શܥͷঢ়ଶΛද͢ঢ়ଶϕΫτϧ͸ɼ֩ࢠݪͷҐஔݻ༗ঢ়ଶΛ
|R⟩ͱͯ͠ɼ|R⟩|Φj(R)⟩Ͱද͞ΕΔɽઌड़ͷͱ͓Γɼ֩ࢠݪͷӡಈ͕े෼Ώͬ͘ΓͰ͋ΔͱԾఆ͢Ε͹ɼ
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ਤ 2.1 ͷ࣌ؒൃలͷ໛ࣜਤɽ(a)ܥࢠྔ ఈͱͨ͠ͱ͖ͷ࣌ؒൃలɽ(b)ج༗ঢ়ଶΛݻ ඇݻ༗ঢ়ଶΛج

ఈͱͨ͠ͱ͖ͷ࣌ؒൃలɽ(c) શମͷஅ೤త࣌ؒൃܥͷӡಈΑΓे෼஗͍ͱ͖ͷࢠͷӡಈ͕ి֩ࢠݪ

లɽ(d) அ೤ۙഁ͕ࣅΕͨͱ͖ͷ࣌ؒൃలɽ੺ઢ͸ඇஅ೤ભҠͰɼଟ͘ͷ৔߹ɼہॴతʹ͜ىΔɽ

͸͡Ίిݻࢠ༗ঢ়ଶ |Φj(R)⟩ʹ͋ͬͨܥ͸ͦͷޙ΋ಉ͡ిݻࢠ༗ঢ়ଶʹཹ·Γଓ͚Δɽ͜ΕΛ໛ࣜతʹ
දͨ͠΋ͷ͕ਤ 2.1(c)Ͱ͋Δɽ͜ͷΑ͏ͳஅ೤త࣌ؒൃలΛԾఆ͢Ε͹ɼݻ༗ঢ়ଶΛجఈͱͯ͠બ୒ͨ͠

৔߹ͱಉ͡Α͏ʹɼిࢠঢ়ଶʹؔͯ͠ෳࡶͳަࡨ͸͜ىΒͳ͍ɽిࢠঢ়ଶʹؔ͢Δݻ༗ํఔࣜ (2.3)Λղ

͘͜ͱΛओ໨తͱ͢Δͷ͕ʮྔࢠԽֶʯ͋Δ͍͸ʮిࢠঢ়ଶཧ࿦ʯͱΑ͹ΕΔ෼໺Ͱ͋Δɽిࢠঢ়ଶཧ࿦

͸ຊ࿦จͷओ୊Ͱ͸ͳ͍ͷͰ͜ΕҎ্ཱͪೖΒͣɼݻ༗ํఔࣜ (2.3)͸ղ͚ͨ΋ͷͱԾఆͯ͠ઌʹਐΉɽ

తʹਤࣅۙ 2.1(c)ͷΑ͏ͳஅ೤࣌ؒൃల͕੒Γཱ͍ͬͯΔͷͳΒ͹ɼ͜ΕΒͷঢ়ଶͷηοτΛ࣌ͯͬ࢖
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ؒґଘ Schrödingerํఔࣜ (2.1)Λॻ͖Լͨ͠৔߹ͷղੳ͸ൺֱత༰қͰ͋Δͱظ଴Ͱ͖Δɽͦ͜Ͱɼશ

ͷঢ়ଶϕΫτϧΛܥ

|Ψ(t)⟩ =
∑

j

∫
dR Ψj(R, t)|R⟩|Φj(R)⟩ (2.5)

ͷΑ͏ʹల։͢Δɽ͜Ε͸ Born–Huangల։ͱΑ͹Ε 13,68)ɼঢ়ଶͷηοτ {|R⟩|Φj(R)⟩}͸ Hͷਖ਼ن
௚ަجఈͰ͋ΔͷͰɼ͜ͷల։͸அ೤࣌ؒൃలͷۙࣅͷଥ౰ੑʹ͔͔ΘΒ͍ͣͭͰ΋ີݫͰ͋Δɽల։܎

਺ Ψj(R, t)͸֩ࢠݪͷ೾ಈؔ਺ɼ·ͨ͸֩೾ଋͱΑ͹ΕΔ*3ɽ·ͨɼBorn–Huangల։ʹ༻͍ͨిࢠঢ়

ଶʹؔ͢Δجఈ {|Φj(R)⟩}͸அ೤جఈͱΑ͹ΕΔɽ͜ΕͰ HͷΑ͍ʢͱظ଴͞ΕΔʣجఈΛఆΊΔ͜ͱ
͕Ͱ͖ͨɽ

2.1.3 Խֶಈྗֶͷํૅجఔࣜ

લ߲Ͱঢ়ଶۭؒ H ͷجఈΛఆΊͨͷͰɼ࣌ؒґଘ Schrödingerํఔࣜ (2.1)ͷ͜ͷجఈͷ΋ͱͰͷ۩

ମతදݱΛॻ͖Լ͢ɽBorn–Huangల։ (2.5)Λ࣌ؒґଘ Schrödingerํఔࣜ (2.1)ʹ୅ೖ͢Δ͜ͱͰ࣍

ࣜΛಘΔɿ

i! ∂
∂t

Ψj(R, t) =

[
−
∑

I

!2
2MI

∇2
I + Vj(R)

]
Ψj(R, t) +

∑

k

Ĉjk(R)Ψk(R, t)ɽ (2.6)

͜͜Ͱ

Ĉjk(R) = −
∑

I

[
!2
MI

⟨Φj(R)|∇I |Φk(R)⟩ ·∇I +
!2
2MI

⟨Φj(R)|∇2
I |Φk(R)⟩

]
(2.7)

Ͱ͋Γɼj = k ͷ߲͸ඇஅ೤ิਖ਼߲ɼj ̸= k ͷ߲͸ඇஅ೤૬࡞ޓ༻߲ͱΑ͹ΕΔɽඇஅ೤૬࡞ޓ༻߲͸ɼ

ҟͳΔిࢠঢ়ଶؒͷભҠΛ༠͢ىΔ߲Ͱ͋Δɽ

߹ΈΔͱɼଟ͘ͷ৔ͯ͠ࢉܭʹࡍ࣮ Ĉjk(R) ͷ஋͸খ͍͜͞ͱ͕෼͔Δ*4 ɽĈjk ≡ 0 ͱ͢Δۙࣅ͸

Born–Oppenheimer ঢ়ଶ͝ͱʹ༗ޮϙςϯࢠͷ೾ಈؔ਺͸ి֩ࢠݪͰ͸ݩͷࣅͱΑ͹Ε*5ɼ͜ͷۙࣅۙ

γϟϧ Vj(R) ʹैͬͯಠཱʹӡಈ͢ΔͱΈͳͤΔɽ֩ࢠݪͷஅ೤తӡಈΛࢧ഑͢Δ༗ޮϙςϯγϟϧ

Vj(R)͸அ೤ϙςϯγϟϧΤωϧΪʔ໘ (adiabatic Potenstial Energy Surface: adiabatic PES) ͋Δ͍

͸ Born–OppenheimerϙςϯγϟϧΤωϧΪʔ໘ʢBOPESʣͳͲͱΑ͹ΕΔ*6ɽ

ଟ͘ͷ৔߹ඇஅ೤૬࡞ޓ༻߲͸ແࢹͰ͖Δ͕ɼͦͷୈ 1߲͸

⟨Φj(R)|∇I |Φk(R)⟩ = ⟨Φj(R)|∇IĤel(R)|Φk(R)⟩
Vk(R)− Vj(R)

(2.8)

ͷΑ͏ʹมܗͰ͖ΔͷͰɼVj(R) ≈ Vk(R)ͱͳΔ఺ͷۙ๣Ͱ͸ඇஅ೤૬࡞ޓ༻߲ΛແࢹͰ͖ͳ͍ɽ͜ͷ

*3ʮ֩ࢠݪͷʯ೾ಈؔ਺ͱΑ͹Ε͍ͯΔ͕ɼR ͷΈͳΒͣిࢠঢ়ଶϥϕϧ j ʹ΋ґଘ͢ΔͷͰɼ࣮ࡍʹ͸ిࢠͷӡಈͷ৘ใ΋
΋͍ͬͯΔɽ

*4WKBۙࣅͳͲͷ൒ݹయ࿦ʹΑΔͱ Ψ(R, t) ∼ exp(iPR/!)Ͱ͋ΔͷͰɼĈjk ͷୈҰ߲͸ !ͷΦʔμʔɼୈೋ߲͸ !2 ͷΦʔ
μʔͰ͋Γɼ֤߲ͷ܎਺͕ҟৗʹେ͖͘ͳ͍ݶΓ͸൒ݹయݶۃʹ͓͍ͯ Ĉjk ͸ແࢹͰ͖Δɽ

*5ඇஅ೤ิਖ਼߲͸ྀ͢ߟΔ͕ඇஅ೤૬࡞ޓ༻߲͸ແ͢ࢹΔۙࣅ͸ Born–Huang Δ͢ࢹঢ়ଶؒͷભҠΛແࢠͱΑ͹ΕΔɽిࣅۙ
ͱΑ͹ΕΔࣅ͸·ͱΊͯஅ೤ۙࣅۙ 69)ɽ

ઢͱ΋Α͹ΕΔɽ·ͨɼBorn–Huangۂͷࣗ༝౓͕̍ͷ৔߹͸ϙςϯγϟϧΤωϧΪʔ֩ࢠݪ6* ͷ΋ͱͰඇஅ೤ิਖ਼߲Ͱࣅۙ
ิਖ਼͞ΕͨϙςϯγϟϧΤωϧΪʔ໘͸ Born–Huang PESͱ΋Α͹ΕΔɽBorn–Oppenheimer PESͱ Born–Huang PESͷ
େ͖ͳҧ͍͸લऀ͕֩ࢠݪͷ࣭ྔʹґଘ͠ͳ͍ɼ͕ͨͬͯ͠ಉҐମޮՌ͕ݱΕͳ͍఺ʹ͋Δɽ
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Α͏ͳ఺͸ٖަࠩ΍ԁਲ਼ަࠩͳͲͱΑ͹Ε*7 ɼ͜ͷ఺ͷۙ๣Ͱ͸ిࢠঢ়ଶؒͷભҠ͕͜ىΔʢਤ 2.1(d)ʣɽ

͜ͷભҠΛඇஅ೤ભҠͱΑͼɼ࣍અͰͦͷཧ࿦తऔΓѻ͍Λઆ໌͢Δɽୈ 1ষͰ΋ड़΂ͨΑ͏ʹɼޫԽֶ

൓ԠɼిࢠҠಈ൓ԠɼੜԽֶ൓Ԡɼڧߴ౓Ϩʔβʔ৔தͷԽֶ൓ԠͳͲ͸ɼ͜ͷඇஅ೤ભҠ͕ॏཁͳ໾ׂ

ΛԋͣΔ 13,15,25)ɽ

࣌ؒґଘ Schrödingerํఔࣜ (2.6)ʹ͓͍ͯඇஅ೤૬࡞ޓ༻߲΋ྀͨ͠ߟԽֶ൓Ԡܥͷಈྗֶ͕ຊ࿦จ

ͷओ୊Ͱ͋Δඇஅ೤ԽֶಈྗֶͰ͋Δɽ

2.2 ඇஅ೤Խֶಈྗֶͷཧ࿦

2.2.1 ಁ೤جఈ

ඇஅ೤ભҠͷཧ࿦ղੳͷઆ໌ͷલʹɼඇஅ೤ԽֶಈྗֶͰ͠͹͠͹༻͍ΒΕΔʮಁ೤جఈʯͷ֓೦ʹͭ

͍ͯઆ໌͢Δɽಁ೤جఈ͸அ೤جఈʹ୅ΘΔجఈͰɼ͠͹͠͹அ೤جఈΛ༻͍ΔΑΓ΋ղੳΛ༰қʹͯ͠

͘ΕΔɽ·ͨɼಁ೤جఈͷํ͕෺ཧతҙຯ͕෼͔Γ΍͍͢͜ͱ΋͋Δ*8ɽ

ඇஅ೤Խֶಈྗֶͷํૅجఔࣜ (2.6)ͷࢉܭʹ͓͍ͯҰ൪໽հͰ͋Δͷ͸ɼඇஅ೤૬࡞ޓ༻߲ʹؚ·Ε

Δ ⟨Φj(R)|∇I |Φk(R)⟩ ·∇I ͷ߲Ͱ͋Δɽ͜ͷ߲͸Ұ࣍ͷඍ෼ԋࢠࢉΛؚΉ্ʹɼVj(R) = Vk(R)ͱͳ

Δ఺Ͱൃ͢ࢄΔɽ͜ΕΛճආ͢ΔͨΊʹ͸

⟨Φd
j (R)|∇I |Φd

k(R)⟩ = 0 (2.9)

Λຬͨ͢جఈΛ୅ΘΓʹ༻͍Ε͹Α͘ɼ͜ͷ৚݅Λຬͨ͢جఈΛಁ೤جఈͱΑͿɽಁ೤جఈͷ΋ͱͰํఔ

ࣜ (2.6)͸

i! ∂
∂t

Ψd
j (R, t) = −

∑

I

!2
2MI

∇2
IΨ

d
j (R, t) +

∑

k

V d
jk(R)Ψd

k(R, t) (2.10)

ͷΑ͏ʹͳΔɽඇஅ೤૬࡞ޓ༻߲͕ͳ͘ͳΔ୅ΘΓʹɼಁ೤ϙςϯγϟϧ V d(R)ʹඇର߲͕֯ଘ͠ࡏɼ

͜Ε͕ిࢠঢ়ଶؒͷભҠΛ༠͢ىΔɽ͜ͷಁ೤ϙςϯγϟϧͷඇର߲֯͸ԋࢠࢉͰ͸ͳ͍ͨΊɼద੾ͳಁ

೤جఈΛ༻͍Δ͜ͱͰɼԋࢠࢉΛؚΉஅ೤දݱΑΓղੳΛ༰қʹ͢Δ͜ͱ͕Ͱ͖Δɽͳ͓ɼҰൠʹɼஅ೤

ϙςϯγϟϧΤωϧΪʔ໘ͷٖަࠩྖҬͰɼಁ೤ϙςϯγϟϧΤωϧΪʔ໘͸ަࠩ͢Δɽ

ࣜ (2.9)Λຬͨ͢جఈ͸ແ਺ʹଘ͢ࡏΔ͕*9 ɼෆద੾ͳಁ೤جఈͷ΋ͱͰ͸ಁ೤ঢ়ଶؒͷભҠ͕ඇہॴ

తʹͯͬ͜͠ى·͏ͳͲղੳ͕ෳࡶʹͳΔͨΊɼ͜͜Ͱ΋Α͍ಁ೤جఈͷબ୒͕ඞཁʹͳΔɽஅ೤ϙςϯ

γϟϧ໘͕ۙ઀͍ͯ͠ΔྖҬҎ֎Ͱ͸৚݅ (2.9)͸ۙࣅతʹຬͨ͞Ε͍ͯΔͨΊɼ͜ͷྖҬͰஅ೤جఈͱ

Ұக͢ΔΑ͏ʹಁ೤جఈΛબ΂͹ɼ͜ͷஅ೤తྖҬʹ͓͚Δಁ೤ঢ়ଶؒͷભҠΛແ͢ࢹΔ͜ͱ͕Ͱ͖ɼඇ

ఈΛجఈ͸அ೤جॴతͳಁ೤ঢ়ଶؒͷભҠ͸๷͛Δɽ͜ͷΑ͏ͳಁ೤ہ Rʹؔͯ͠׈Β͔ʹϢχλϦʔ

ม͢׵Δ͜ͱͰಘΒΕɼͱ͘ʹ 1ࣗ༝౓ 2४ҐܥͰ͸৚݅ (2.9)Λີݫʹຬͨ͢Α͏ʹϢχλϦʔม׵Ͱ

͖Δɽ࢒೦ͳ͕Β͜ͷม׵͸ 1ࣗ༝౓ 2४ҐܥҎ֎Ͱ͸ߦ࣮ʹີݫͰ͖ͳ͍͕ɼۙࣅతʹ͜ΕΛ࣮͢ߦΔ

ख๏͕ఏҊ͞Ε͍ͯΔ 71)ɽ

*7Ұൠʹɼಉ͡ରশੑΛ΋ͭೋͭͷిࢠঢ়ଶͷ N ໘͸ɼNۂஅ೤ϙςϯγϟϧΤωϧΪʔݩ࣍ − 2 Ҏ্ͷଟ༷ମ্Ͱͳ͍ݩ࣍
Γަࠩ͢Δ͜ͱ͕Ͱ͖ͳ͍ʢNeumann–Wignerݶ ͷඇަࠩଇʣɽ͕ͨͬͯ͠ɼࣗ֩ࢠݪ༝౓͕ 1 Ͱ͋Δೋࢠݪ෼ࢠͷஅ೤ϙςϯ
γϟϧΤωϧΪʔۂઢ͸ަΘΔ͜ͱ͕Ͱ͖ͳ͍ͷͰɼೋͭͷϙςϯγϟϧΤωϧΪʔۂઢ͕࠷઀ۙ͢Δ఺͸ʮٖʯަࠩ఺ʢavoided

crossingʣͱΑ͹ΕΔɽ·ͨɼଟ࣍ݩϙςϯγϟϧΤωϧΪʔۂ໘͕ 1 ఺ʢ0 ଟ༷ମʣͰަࠩ͢Δ͜ͱΛԁਲ਼ަࠩʢconicalݩ࣍

intersectionʣͱΑͿ 70)ɽ
*8ຊষޙ൒ͷ 2.4અͰઆ໌͢Δ LiF෼ࢠϞσϧͰ͸ɼಁ೤جఈʹʮΠΦϯ݁߹ੑʯɼʮڞ༗݁߹ੑʯͱ͍͏෺ཧతҙຯ͕͋Δɽৄ

͘͠͸ɼ2.4અΛࢀরɽ
*9ྫ͑͹Rʹશ͘ґଘ͠ͳ͍ {|Φd

j ⟩}ͳΔجఈ͸ࣗ໌ʹ৚݅ (2.9)Λຬͨ͢ɽ
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2.2.2 Landau–ZenerϞσϧ

ೋͭͷஅ೤ϙςϯγϟϧΤωϧΪʔ໘͕઀ۙ͢Δٖަࠩ఺ʹ͓͍ͯ Born–Oppenheimerۙࣅ͸ഁΕΔ

͕ɼ͜ͷٖަࠩྖҬʹ͓͍ͯܥͷ࣌ؒൃల͸ͲͷΑ͏ʹͳΔͰ͋Ζ͏͔ʁ 1927೥ʹ Born–Oppenheimer

ࣅۙ 11) ཱ͕͔֬ͯ͠Β 5 ೥ޙͷ 1932 ೥ʹɼLandau21)ɼZener22)ɼStückelberg23) Β͕ͦΕͧΕಠཱ

ʹɼٖަࠩ఺ʹ͓͚Δඇஅ೤ભҠʹؔ͢Δઌۦతͳڀݚ੒ՌΛൃදͨ͠ɽ͜ͷ߲Ͱ͸ɼLandau–ZenerϞ

σϧͱΑ͹Ε͍ͯΔඇஅ೤ભҠͷϞσϧʹؔͯ͠ɼZenerͷݪ࿦จ 22) ͷΞϓϩʔνΛ΋ͱʹղઆ͢Δɽ

1ࣗ༝౓ యతʹӡಈ͠ɼٖަࠩྖҬݹ͸֩ࢠݪΔɽ͑ߟΔٖަࠩ఺ۙ๣ͰͷӡಈΛ͚͓ʹܥঢ়ଶࢠ2ి

௨աதʹӡಈΤωϧΪʔมԽ͕ແࢹͰ͖Δ΄Ͳʹे෼େ͖ͳӡಈΤωϧΪʔΛ΋ͭͱԾఆ͢Δɽ͢ͳΘ

ͪɼ֩ࢠݪͷӡಈ͸౳଎ӡಈͰ͋ΔͱԾఆ͠ɼ࠲֩ࢠݪඪ R(t)͸࣌ؒͷؔ਺ͱͯ͠෼͔͍ͬͯΔͱ͢Δɽ

͜ͷͱ͖ɼిࢠͷӡಈ͸ҎԼͷ࣌ؒґଘ Schrödingerํఔࣜʹै͏ɿ

i! d

dt
|Φelec(t)⟩ = Ĥelec(R(t))|Φelec(t)⟩ɽ (2.11)

͜͜ͰɼĤelec(R(t)) ͸ిࢠ Hamiltonian Ͱɼ࣌ؒʹཅʹґଘ͢Δɽిࢠঢ়ଶϕΫτϧΛಁ೤جఈ

{|Φd
j (R)⟩ |j = 1, 2}ʹΑͬͯ

|Φelec(t)⟩ = c1(t)|Φd
1(R(t))⟩+ c2(t)|Φd

2(R(t))⟩ (2.12)

ͷΑ͏ʹల։͠ɼ࣌ؒґଘ Schrödingerํఔࣜ (2.11)Λ۩ମతʹද͢ݱΔɽಁ೤৚݅ (2.9)ΑΓ
〈
Φd

j (R(t))

∣∣∣∣
d

dt

∣∣∣∣Φelec(t)

〉

= ċj(t) + c1(t)Ṙ(t)

〈
Φd

j (R(t))

∣∣∣∣
∂

∂R

∣∣∣∣Φ
d
1(R(t))

〉
+ c2(t)Ṙ(t)

〈
Φd

j (R(t))

∣∣∣∣
∂

∂R

∣∣∣∣Φ
d
2(R(t))

〉

= ċj(t) (2.13)

͕੒Γཱͭ͜ͱʹ஫ҙ͢Ε͹

i! d

dt

(
c1(t)
c2(t)

)
=

(
ε1(t) ε12(t)
ε12(t) ε2(t)

)(
c1(t)
c2(t)

)
(2.14)

ΛಘΔɽ͜͜Ͱɼ

ϵj(t) = V d
jj(R(t))ɼ (2.15)

ϵjk(t) = V d
jk(R(t)) (2.16)

ͱ͓͍ͨɽ͞Βʹ͜͜Ͱɼඇஅ೤ભҠ͕͜ىΓ͏ΔٖަࠩྖҬ͸े෼ہॴతͰ͋ΔͱԾఆ͢Δɽcj(t)ͷ

μΠφϛΫεʹӨڹΛٴ΅͢ͷ͸͜ͷྖࠩަٖ͍ڱҬͷύϥϝʔλ͚ͩͰ͋ΔͷͰɼશҬͰಁ೤݁߹

V12(R)͸ٖަࠩ఺ͷͦΕʹ౳͍͠ͱԾఆ͠ɼ͞ΒʹٖަࠩྖҬͰಁ೤ϙςϯγϟϧΤωϧΪʔۂઢ͸ઢ

ΔͱԾఆ͢Δɽ͢ͳΘͪɼࠩ͢ަʹܗ

1

! [ε2(t)− ε1(t)] = αtɼ (2.17)

1

!ε12(t) = ∆ (2.18)

ͱ͢Δɽ͜͜Ͱ α > 0ΛԾఆͯ͠΋ҰൠੑΛࣦΘͳ͍ɽॳظ৚݅Λ

|c1(−∞)|2 = 1ɼ (2.19a)

|c2(−∞)|2 = 0 (2.19b)
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ͱͯ͠ํఔࣜ (2.14)Λղ͖ɼղͷ t → ∞ͷৼΔ෣͍͔Βඇஅ೤ભҠ֬཰ͳͲΛٻΊΔ͜ͱ͕Ͱ͖Δɽ

c1(t) = u1(t) exp

[
− i

!

∫
ε1(t) + ε2(t)dt

2

]
ɼ (2.20a)

c2(t) = u2(t) exp

[
− i

!

∫
ε1(t) + ε2(t)dt

2

]
(2.20b)

ͱ͓͘ͱํఔࣜ (2.14)͸

d2

dt2
u1 +

(
∆2 − iα

2
+

(
αt

2

)2
)
u1 = 0ɼ (2.21a)

d2

dt2
u2 +

(
∆2 +

iα

2
+

(
αt

2

)2
)
u2 = 0 (2.21b)

ͱͳΔɽ͞Βʹ

z =
√
αei

π
4 tɼ (2.22)

n = iνɼ (2.23)

ν =
∆2

α
(2.24)

ͱஔ͖͑׵Λͯ͠ wi(z) ≡ ui(t)ͱ͢Δͱɼ

d2

dz2
w1 +

(
n+

1

2
− z2

4

)
w1 = 0ɼ (2.25a)

d2

dz2
w2 +

(
n− 1

2
− z2

4

)
w2 = 0 (2.25b)

ͱͳΔ͕ɼ͜ͷํఔࣜͷղ͸Weberؔ਺Dn(z)Ͱද͞ΕΔ͜ͱ͕஌ΒΕ͍ͯΔɽॳظ৚݅ (2.19)Λຬͨ

͢ղ͸

w1(z) = e−
π
4 νDn(z)ɼ (2.26a)

w2(z) =
√
νe−i

π
4−

π
4 νDn−1(z) (2.26b)

Ͱ͋ΔɽWeberؔ਺ͷ઴ۙڍಈ͸෼͔͍ͬͯΔͷͰ͜ΕΛ༻͍Ε͹ɼ

u1(t)
t→−∞∼ exp

[
i

(
αt2

4
+
ν

2
lnα+ ν ln |t|

)]
ɼ (2.27a)

u2(t)
t→−∞∼ 0ɼ (2.27b)

͓Αͼ

u1(t)
t→+∞∼ e−πν exp

[
i

(
αt2

4
+
ν

2
lnα+ ν ln |t|

)]
ɼ (2.28a)

u2(t)
t→+∞∼

√
2πνe−

πν
2

Γ(1− iν)
exp

[
i

(
−αt

2

4
− ν

2
lnα− ν ln |t|− π

4

)]
(2.28b)

ΛಘΔɽ͜ΕΑΓɼಁ೤ঢ়ଶ 1͔Βಁ೤ঢ়ଶ 1΁ͱ௨ա͢Δ֬཰͸

PLZ ≡ |c1(∞)|2

|c1(−∞)|2 = e−2πν (2.29)
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ͱධՁͰ͖Δɽಁ೤ϙςϯγϟϧ Vj ͷަࠩ఺ۙ๣Ͱͷ͖܏Λ Fjɼ֩ࢠݪͷ଎͞Λ v Ͱදͤ͹

α =
(F2 − F1)v

! (2.30)

͕੒ΓཱͭͷͰ࠷ऴతʹ

PLZ = exp

[
− 2πV12

2

!v|F1 − F2|

]
(2.31)

ΛಘΔɽ͜Ε͕༗໊ͳ Landau–ZenerެࣜͰ͋ΔɽҎ্Ͱ͸ಁ೤දݱͰ͕ͨ͑ߟɼஅ೤දݱͰ͑ߟΕ͹ɼ

t → −∞ͱ t → ∞Ͱಁ೤ঢ়ଶ̍͸ͦΕͧΕผͷஅ೤ঢ়ଶʹ઴ۙ͢Δ͔Βɼެࣜ (2.31)͸ɼஅ೤ঢ়ଶؒͷ

ભҠͷ֬཰ɼ͢ͳΘͪඇஅ೤ભҠ֬཰ͷදࣜͰ΋͋Δɽ

ඇஅ೤ભҠʹΑͬͯ೾ಈؔ਺͕֫ಘ͢ΔҐ૬ʹ͍ͭͯ΋ɼ্هͷղੳ͔ΒධՁͰ͖Δɽ͜ͷҐ૬͸

Stückelberg Ґ૬ͱΑ͹ΕΔ 25)ɽྔׯࢠবޮՌΛͱΓ͜ΜͩղੳΛ͓͜ͳ͏ͨΊʹ͸ɼ͜ͷҐ૬΋ධՁ

͢Δඞཁ͕͋ΔɽStückelberg Ґ૬͸ɼt → ∞ Ͱͷ઴ۙղ (2.28) ͷৼ෣͍͔Β࣍ͷΑ͏ʹධՁͰ͖Δɽ

͜ͷ઴ۙղͷҐ૬Ҽࢠʹ͸அ೤ϙςϯγϟϧ

E(t) = ±

√

∆2 +

(
αt

2

)2

(2.32)

ࢠҼ͢ΔҐ૬Ҽىʹ

∫ t

0

√

∆2 +

(
αt′

2

)2

dt′ ≃ α2t2

4
+
ν

2
(1− ln ν) +

1

2
ν lnα+ ν ln |t| (2.33)

ؚ͕·ΕΔɽ͜ΕΛআ͢ڈΔͱɼඇஅ೤ྖҬ௨աલޙͷ֬཰ৼ෯Λͭͳ͙ҎԼͷసૹྻߦΛಘΔ 25,37,52)

*10ɿ
(
ψ+
1

ψ+
2

)
=

( √
p −

√
1− pe−iχ√

1− peiχ
√
p

)(
φ+1
φ+2

)
ɼ (2.34a)

(
φ−1
φ−2

)
=

( √
p

√
1− peiχ

−
√
1− pe−iχ

√
p

)(
ψ−1
ψ−2

)
ɽ (2.34b)

ͨͩ͠ɼ

p = exp(−2πν)ɼ (2.35)

ν =
V 2
12

!v(F1 − F2)
ɼ (2.36)

χ = argΓ(iν)− ν ln ν + ν +
π

4
(2.37)

Ͱ͋Γɼφ±i ͸ަࠩ఺ࠨଆྖҬɼψ
±
i ͸ަࠩ఺ӈଆྖҬͰͷৼ෯Ͱɼූ߸ ± ͸ਖ਼͕ࠨଆ͔Βӈଆ΁ͷ௨

աɼෛ͕ͦͷ޲ํٯͷ௨աΛද͢ɽ·ͨɼi ͸ಁ೤ঢ়ଶͷϥϕϧΛද͢ɽ͜ͷసૹྻߦதͷҐ૬ χ ͕

StückelbergҐ૬ͱΑ͹ΕΔ΋ͷͰ͋Δɽ

Ҏ্ͷಋग़͔ΒΘ͔ΔΑ͏ʹɼLandau–Zener ެࣜ͸ߴΤωϧΪʔྖҬͰ͔͑͠࢖ͳ͍ɽ·ͨɼࢠݪ

֩ͷӡಈͱిࢠͷӡಈͷ෼཭ͷԾఆɼ2 ͭͷిࢠঢ়ଶͰ֩ࢠݪͷӡಈ͕Ұக͢Δͱ͍͏ԾఆͳͲ΋ɼഁ

ΕΔ͜ͱ͕͋Δɽ͜ͷΑ͏ͳԾఆΛऔΓআ͘ʹ͸ R ͕ཅʹ࣌ؒʹґଘ͠ͳ͍࣌ؒඇґଘ໰୊ͱͯ͠ѻ͏

ඞཁ͕͋ΔɽLandau΍ Stückelberg͕औΓ૊Μͩͷ͸ɼ͜ͷ࣌ؒඇґଘͷઢܗϙςϯγϟϧަࠩ໰୊Ͱ

͋ͬͨɽ

*10͜͜Ͱࣔ͢సૹྻߦ͸ಁ೤දࣔͷ΋ͷͰ͋Δ



ୈ 2ষ ඇஅ೤Խֶಈྗֶ֓؍ 18

Landau–Zener–Stückelberg ཧ࿦ͷެද͔Β໿ 60 ೥ޙɼZhu ͱ Nakamura ʹΑͬͯ࣌ؒඇґଘͷ

ઢܗϙςϯγϟϧަࠩ໰୊ͷ׬શղ͕ಘΒͨɽ͜Ε͸ Zhu–Nakamura ެࣜͱͯ͠஌ΒΕ͍ͯΔ 25)ɽ

Zhu–Nakamuraެࣜ͸೚ҙͷΤωϧΪʔྖҬɼ೚ҙͷޯ഑ͷઢܗϙςϯγϟϧަࠩ໰୊ʹద༻Ͱ͖ɼߴ

ΤωϧΪʔݶۃͱͯ͠ Landau–ZenerެࣜΛؚΉɽͨͩ͠ɼຊڀݚͰѻ͏ঢ়گͰ͸ Landau–Zenerެࣜ

Ͱे෼Ͱ͋ΓɼZhu–Nakamuraެࣜ͸༻͍ͳ͍ɽ

2.2.3 surface-hoppingϞσϧ

લ߲Ͱ঺հͨ͠௨Γɼඇஅ೤ྖҬ͕͍ͯ͠ࡏہΔ৔߹ʹ͸ɼඇஅ೤ྖҬͰͷৼ෣͍͸ Landau–Zener

ཧ࿦΍ Zhu–Nakamura ཧ࿦ʹΑͬͯهड़Ͱ͖ΔɽͦΕҎ֎ͷஅ೤͕ۙࣅ༗ޮͳྖҬͰ͸ɼ֩ࢠݪ͸அ

೤ϙςϯγϟϧΤωϧΪʔ໘্Λݹయత͋Δ͍͸൒ݹయతʹӡಈ͢ΔͱΈͳͤΔɽ1971 ೥ʹ Tully ͱ

Preston͸ɼஅ೤ྖҬʹ͓͚Δݹయيಓࢉܭͱɼඇஅ೤ྖҬʹ͓͚Δ Landau–Zenerެࣜ (2.31)ʹैͬ

ͨ֬཰తͳిࢠঢ়ଶભҠͱΛ૊Έ߹Θͤͨɼ؆ศͳඇஅ೤Խֶಈྗֶࢉܭख๏ΛఏҊͨ͠ 24)ɽ͜ͷख๏

͸ Trajectory Surface Hopping๏ͱΑ͹Ε͍ͯΔɽ

அ೤ϙςϯγϟϧΤωϧΪʔ໘্ͷʢ൒ʣݹయيಓࢉܭͱ֬཰తͳిࢠঢ়ଶભҠʹΑͬͯඇஅ೤Խֶಈ

ྗֶΛଊ͑Α͏ͱ͢ΔϞσϧ͸૯শͯ͠ surface-hoppingϞσϧͱΑ͹ΕΔ 13,26)ɽ͜ΕΒͷϞσϧʹ͸

TullyΒ͕࠷ॳʹఏҊͨ͠ Landau–ZenerެࣜΛ༻͍Δ Landau–Zener Trajectory Surface Hopping๏

ʢLZ-TSH๏ʣ24) ͷଞʹ΋ɼFewest Switch Surface Hopping๏ʢFSSH๏ʣ72)ɼZhu–Nakamuraެࣜ

Λ༻͍ͨ Zhu–Nakamura Trajectory Surface Hopping๏ (ZN-TSH๏)73) ͳͲ͕͋ΔɽݹయيಓࢉܭͰ

͸ྔֶྗࢠతҐ૬ͷ৘ใ͕ܽམ͢ΔͷͰɼ֩೾ଋͷྔׯࢠবޮՌΛهड़Ͱ͖ͳ͍ɽͦ͜Ͱݹయيಓࢉܭͷ

୅ΘΓʹ൒ݹయྗֶࢉܭΛ༻͍Δख๏΋։ൃ͞Ε͍ͯΔ 74,75)ɽ

2.3 ޫͱ෼ࢠͷ૬࡞ޓ༻

2.3.1 ޫͱ෼ࢠͷ૬࡞ޓ༻ͷهड़ͱ௕೾௕ۙࣅ

͜ͷ߲Ͱ͸ɼޫͱ૬࡞ޓ༻͢Δ෼ܥࢠΛهड़͢Δํૅجఔࣜʹ͍ͭͯઆ໌͢Δɽ

ޫ΋ຊདྷ͸ྔࢠతͳଘࡏͰ͋Δ͕ɼޫͷڧ౓͕ͦΕ΄Ͳऑ͘ͳ͚Ε͹ɼޫ͸ৼ෯ͱҐ૬͕ఆ·ͬͨݹయ

తͳి࣓೾ͱͯͯ͑͠ߟΑ͍ɽݹయతి࣓৔தʹஔ͔Εͨ෼ܥࢠͷ Hamiltonian ͸ Coulomb ήʔδͷ

΋ͱ࣍ͷΑ͏ʹॻ͚Δɿ

Ĥ(t) =
∑

I

1

2MI
[P̂ I − ZIeAex(R̂I , t)]

2 +
∑

i

1

2me
[p̂i − eAex(r̂i, t)]

2 + VCoulomb(R̂, r̂)ɽ (2.38)

͜͜ͰAex(x, t)͸Ϩʔβʔ֎৔ͷϕΫτϧϙςϯγϟϧɼVCoulomb(R̂, r̂)͸෼ܥࢠͷ Coulombϙςϯ

γϟϧʢεΧϥʔϙςϯγϟϧʣͰ͋Δɽ·ͨɼ͜͜Ͱ͸෼ࣗܥࢠ਎͕࡞ΔϕΫτϧϙςϯγϟϧ͸ແࢹ

͢Δ*11ɽ

ࣜ (2.38)ͷ Hamiltonianʹ͸ӡಈྔԋࢠࢉͱҐஔԋࢠࢉͷަ߲͕ࠩଘͯ͠ࡏऔΓѻ͍͕໘౗Ͱ͋Δ͔

ΒɼͰ͖Ε͹ήʔδม׵ʹΑΓӡಈΤωϧΪʔ߲಺ͷϕΫτϧϙςϯγϟϧ Aex Λ 0ʹ͍ͨ͠ɽ͜ͷΑ

͏ͳม׵͸ີݫʹ͸͑ߦͳ͍ͷͰɼ௨ৗ͸௕೾௕ۙࣅͱΑ͹ΕΔۙࣅΛ༻͍ͯ͜ΕΛۙࣅతʹ࣮͢ߦΔɽ

ి࣓೾ͷ೾௕͸ɼྫ͑͹ՄޫࢹͰ͸ 100 nmͷΦʔμʔͰ͋Γɼ௿෼ྔࢠͷ෼ܥࢠͷେ͖͞͸͜ΕΑΓे

*11෼ࣗܥࢠ਎͕࡞ΔϕΫτϧϙςϯγϟϧͷޮՌΛ͋ΒΘʹऔΓೖΕΔͨΊʹ͸Maxwellํఔࣜͱ SchrödingerํఔࣜΛ࿈ཱ
ͯ͠ղ͘ඞཁ͕͋Δ 76)ɽͳ͓ɼCoulombήʔδͰ͸ి࣓೾ͷεΧϥʔϙςϯγϟϧ͸ 0Ͱ͋Δɽ
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෼ʹখ͍͞ͷͰɼ෼ࢠͷεέʔϧͰ͸ϕΫτϧϙςϯγϟϧͷ஋͸΄΅ҰఆͱΈͳͯ͠Α͍ɽ͢ͳΘͪɼ

෼ܥࢠͷத৺Λ x = 0ͱͯ͠ɼҎԼͷΑ͏ͳႈڃ਺ల։ͷ௿࣍ͷ߲ͷد༩ͷΈΛྀ͢ߟΔͱ͍͏͕ۙࣅ

ଥ౰Ͱ͋Δɿ
Aex(x, t) = Aex(0, t) +∇Aex(0, t) · x+O(|x|2)ɽ (2.39)

͜Ε͕௕೾௕ۙࣅͱݺ͹ΕΔ΋ͷͰ͋Δɽ͜ͷۙࣅͷ΋ͱήʔδม׵

A′(x, t) = A(x, t) +∇f(x, t)ɼ (2.40)

ϕ′(x, t) = ϕ(x, t)− ∂

∂t
f(x, t) (2.41)

Λ༻͍ͯϕΫτϧϙςϯγϟϧͷ߲Λ 0ʹ͢Δ͜ͱΛ͑ߟΔɽ͜͜Ͱ f(x, t)͸೚ҙͷεΧϥʔؔ਺Ͱ͋

Δɽࣜ (2.39)ͷ 0࣍ͷ߲ʹؔͯ͠ɼ৚݅

A(0, t) +∇f(x, t) = 0 (2.42)

Λຬͨ͢εΧϥʔؔ਺͸
f(x, t) = −x ·A(0, t) (2.43)

Ͱ͋Δɽ͜ΕΛ༻͍ͯήʔδม׵Λ͢ࢪͱɼ

A′(x, t) = 0ɼ (2.44)

ϕ′(x, t) = ϕ(x, t)− x ·Eex(0, t) (2.45)

ͱͳΓɼ0࣍ͷϕΫτϧϙςϯγϟϧΛ׬શʹফ͢͜ͱ͕Ͱ͖Δɽ୅ΘΓʹεΧϥʔϙςϯγϟϧʹ෇Ճ

తͳ߲͕ՃΘΔɽ͜͜Ͱ

Eex(0, t) = − ∂

∂t
Aex(0, t) (2.46)

͸ޫి৔Ͱ͋Δɽ͜ΕΑΓɼ0࣍ͷ௕೾௕ۙࣅͷ Hamiltonian͸

Ĥ =
∑

I

P̂
2

I

2MI
+
∑

i

p̂2
i

2me
+ Vcoulomb(R̂, r̂)− µ̂ ·Eex(0, t) (2.47)

ͷΑ͏ʹॻ͘͜ͱ͕Ͱ͖Δɽ͜͜Ͱ

µ̂ =
∑

I

ZIeR̂I +
∑

i

er̂i (2.48)

͸෼ࢠ૒ࢠۃϞʔϝϯτԋࢠࢉͰ͋Δɽ͜ͷදࣔͰ͸ӡಈྔԋࢠࢉͱҐஔԋ͕ࢠࢉ෼཭͍ͯ͠Δɽࣜ

(2.47)ͷ Hamiltonian͸ɼ෼ࢠͱి࣓৔ͱͷ૬࡞ޓ༻͕૒ࢠۃϞʔϝϯτʹΑͬͯॻ͔Ε͍ͯΔͨΊɼ͜

ͷۙࣅΛ૒ࣅۙࢠۃͱ΋͍͏ɽ·ͨɼ௕೾௕ۙࣅͷ̍࣍ͷ߲Ͱ͸࣓ؾ૒ࢠۃ૬࡞ޓ༻ͱి࢛ؾॏࢠۃ૬ޓ

ల։ͱͳΔۃͰల։͍͚ͯ͠͹͍ΘΏΔଟॏ·࣍ߴͷ߲͕ՃΘΓɼ͜ΕΛ༺࡞ 70)ɽ

Born–Huangల։ͱ૒ࣅۙࢠۃΛซ༻͢Δͱɼ֩೾ଋ Ψj(R, t)͸࣌ؒมಈ͢Δ༗ޮϙςϯγϟϧ

V eff
jk (R, t) = Vj(R)δjk − µjk(R) ·Eex(t) (2.49)

ʹैͬͯӡಈ͢ΔͱΈͳͤΔɽ͜͜Ͱ

µjk(R) = ⟨Φj(R)|⟨R|µ̂|R⟩|Φk(R)⟩ (2.50)

Ͱ͋Γɼ͜ͷඇର߲֯͸ભҠ૒ࢠۃϞʔϝϯτͱΑ͹ΕΔɼҟͳΔిࢠঢ়ଶؒͷભҠΛ༠͢ىΔ߲Ͱ͋

Δɽಁ೤جఈΛ࢖༻ͨ͠৔߹΋ಉ༷ʹ࣌ؒมಈ͢Δ༗ޮϙςϯγϟϧΛఆٛͰ͖Δɽڧߴ౓Ϩʔβʔ৔Ͱ

͸ɼ֩೾ଋͷӡಈʹେ͖ͳӨڹΛ༩͑ΒΕΔ΄Ͳʹɼ༗ޮϙςϯγϟϧ (2.49)Λಈతʹมಈͤ͞Δ͜ͱ

͕Ͱ͖Δɽ͜ΕΛಈత StarkޮՌͱ͍͍ɼϨʔβʔʹΑΔԽֶ൓Ԡ੍ޚʹ͜ͷޮՌ͕༻͍ΒΕΔ͜ͱ͸ɼ

ংষͰઆ໌ͨ͠ͱ͓ΓͰ͋Δɽ
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2.3.2 Floquetཧ࿦

લ߲Ͱ͸ɼݹయి࣓৔தͷ֩೾ଋͷӡಈ͸࣌ؒมಈ͢Δ༗ޮϙςϯγϟϧΤωϧΪʔ໘্ͷӡಈͱΈͳ

ͤΔ͜ͱΛઆ໌ͨ͠ɽ͔͠͠ɼ࣌ؒมಈ͢ΔϙςϯγϟϧΤωϧΪʔ໘্ͷӡಈΛ௚؍తʹ૝૾͢Δͷ͸

೉͘͠ɼ਺ཧతͳѻ͍΋໽հͰ͋ΔɽಛʹՄࢹɾࢵ֎ޫͳͲͷ࣌ؒมಈ͕଎͍ి࣓৔ͷ৔߹ʹ͸ɼޙड़ͷ

Α͏ʹ௚؍Λ௒͑ͨඇࣗ໌ͳӡಈ͕͜ىΓ͏Δɽ༗ޮϙςϯγϟϧΤωϧΪʔ໘ͷ࣌ؒґଘੑΛԿΒ͔ͷ

ม׵ʹΑͬͯऔΓআ͘͜ͱ͕ग़དྷΕ͹ɼΑΓ෼͔Γ΍͍͢ඳ૾͕ಘΒΕΔ͸ͣͰ͋Δɽຊ߲Ͱઆ໌͢Δ

Floquetཧ࿦͸ɼ·͞ʹ͜ͷΑ͏ͳඳ૾ͷస׵Λ΋ͨΒͯ͘͠ΕΔཧ࿦Ͱ͋Δɽ

࣌ؒґଘ Hamiltonian
Ĥ(t) = T̂N + Ĥelec − µ̂ ·E0 cosωt (2.51)

Ͱهड़͞ΕΔ෼ܥࢠͷӡಈΛ͑ߟΔɽT̂N ͸֩ࢠݪͷӡಈΤωϧΪʔԋࢠࢉɼĤelec ͸ిࢠ Hamiltonianɼ

µ̂ ͸૒ࢠۃϞʔϝϯτԋࢠࢉɼE0 ͱ ω ͸ͦΕͧΕޫి৔ͷৼ෯ͱৼಈ਺Ͱ͋Δɽ͜͜Ͱ͸આ໌ͷ؆

ུԽͷͨΊʹ E0 ͱ ω ͕ఆ਺ͷ৔߹ɼ͢ͳΘͪ CW Ϩʔβʔ*12 ͷ৔߹Λ͑ߟΔɽ͜͜Ͱͷ໨త͸

Hamiltonian (2.51)ͷ࣌ؒґଘੑΛऔΓআ͘͜ͱͰ͋Δɽ

ͦ΋ͦ΋ి࣓৔ͱ૬࡞ޓ༻͢Δ෼ܥࢠͷ Hamiltonian͕࣌ؒґଘੑΛ࣋ͬͯ͠·͏ͷ͸ɼి࣓৔Λ֎

෦ม਺ͱͯ͠ѻ͍ɼ෼ܥࢠͷঢ়ଶۭؒ H ͷத͚ͩͰ͍ͯ͑ߟΔ͔ΒʹଞͳΒͳ͍ɽ෼ࢠͱి࣓৔ͷෳ߹
ͷܥ Hamiltonianʹ͸࣌ؒґଘੑ͸ͳ͍͸ͣͰ͋Δɽͦ͜Ͱి࣓৔ͷঢ়ଶΛهड़͢Δঢ়ଶۭؒ Hfield ͱ

ి࣓৔ͷӡಈΛهड़͢Δ Hamiltonian Ĥfield Λߏங͢Ε͹ɼෳ߹ঢ়ଶۭؒ H̃ = H⊗Hfield ্ͷԋࢠࢉͱ

ͯ͠ɼ࣌ؒʹґଘ͠ͳ͍ Hamiltonian͕ಘΒΕΔͱظ଴Ͱ͖Δɽ

ి࣓৔ͷঢ়ଶۭؒ Hfield ͱ Hamiltonian Ĥfield Λ۩ମతʹߏங͢ΔɽCW Ϩʔβʔͷ৔߹͸Ґ૬

θ = ωt ͕ঢ়ଶม਺ͱͯ͠ར༻Ͱ͖ΔɽҐ૬ θ ͸ԁप S1 ্ͷม਺Ͱ͋Δ͔ΒͦΕʹରԠ͢Δঢ়ଶͷ

Hilbertۭؒͱͯ͠ Lebesgueۭؒ L2(S1, dθ/2π)͕ͱΕΔɽ͢ͳΘͪɼHfield = L2(S1, dθ/2π)ͱ͢Δɽ

͜ͷͱ͖ɼHfield ʹଐ͢Δؔ਺ f, g ͷ಺ੵ͸

⟨f |g⟩ = 1

2π

∫ 2π

0
f∗(θ)g(θ)dθ (2.52)

Ͱ༩͑ΒΕΔɽ·ͨɼHfield ͷجఈͱͯ͠ Fourierجఈ

⟨θ|n⟩ = einθ (2.53)

͕ར༻Ͱ͖Δɽͯ͞ɼి࣓৔ͷҐ૬ θ ͸౳֯଎౓ ω Ͱӡಈ͍ͯ͘͠ͷͰɼి࣓৔ͷঢ়ଶΛද͢ θ දࣔͷ

ؔ਺͸
F (θ, t) = F (θ − ωt, 0) (2.54)

ͷΑ͏ʹ࣌ؒൃల͢ΔɽରԠ͢Δ࣌ؒൃలԋࢠࢉ͸

Û(t, 0) = e−ωt∂̂θ (2.55)

Ͱ͋Δɽ͜͜Ͱ ∂̂θ ͸ θ ʹؔ͢Δඍ෼ԋࢠࢉͰ͋Δɽ͜ͷ࣌ؒൃలԋ͕ࢠࢉ exp(−iĤfieldt/!)ͱҰக͢Δ
ͱ͍͏৚͔݅Βɼ

Ĥfield = −i!ω∂̂θ (2.56)

*12CW = Continuous WaveɽఆৗϨʔβʔʢStationary Laserʣͱ΋͍͏ɽ
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ΛಘΔ*13ɽ

Ҏ্ΑΓɼ෼ܥࢠͱి࣓৔ͷෳ߹ܥͷӡಈΛهड़͢Δ Hamiltonian͸

ĤFloq = T̂N + Ĥelec − µ̂ ·E0 cos θ̂ − i!ω∂̂θ (2.57)

ͱॻ͚Δɽ͜͜Ͱɼୈ 3߲͸ి࣓৔ͱ෼ܥࢠͷ૬࡞ޓ༻߲Ͱ͋Γɼ΋ͱͷ Hamiltonian (2.51)ͷୈ 3߲

ʹ͓͚Δ ωt Λ θ̂ Ͱஔ͖ͨ͑׵΋ͷͰ͋ΔɽHamiltonian (2.57) ͸ Floquet Hamiltonian ͱΑ͹ΕΔ΋

ͷͰɼ࣌ؒʹཅʹґଘ͠ͳ͍ɽෳ߹ঢ়ଶۭؒ H̃ͷݩ |Ψ̃(t)⟩ͷ࣌ؒൃల͸ɼ࣌ؒґଘ Schrödingerํఔࣜ

i! d

dt
|Ψ̃(t)⟩ = ĤFloq|Ψ̃(t)⟩ (2.58)

ʹΑͬͯࢉܭͰ͖Δɽ֤छ෺ཧྔ΋

⟨Â(t)⟩ = ⟨Ψ̃(t)|Â|Ψ̃(t)⟩ (2.59)

͔ΒࢉܭͰ͖Δ*14ɽ

࣌ؒґଘ Schrödinger ํఔࣜ (2.58) Λ۩ମతʹ͢ࢉܭΔʹ͸جఈల։͕ඞཁͰ͋Δɽઌड़ͷͱ͓Γ

ޫͷి࣓৔ͷ࣌ؒมಈͷλΠϜεέʔϧ͸֩ࢠݪͷӡಈͷλΠϜεέʔϧΑΓ΋୹͍ɽ͕ͨͬͯ͠ɼ

Born–Huangల։ͷͱ͖ͱಉ༷ʹɼRΛݻఆͨ͠ͱ͖ͷిࢠɾి࣓৔ෳ߹ܥͷݻ༗ঢ়ଶΛ༻͍Δͷ͕Α

͍ɽ͢ͳΘͪɼిࢠ Floquet Hamiltonian

Ĥelec
Floq(R) = Ĥelec(R)− µ̂(R) ·E0 cos θ̂ − i!ω∂̂θ (2.60)

ʹؔ͢Δ࣌ؒඇґଘ Schrödingerํఔࣜ

Ĥelec
Floq(R)|Φ̃(R)⟩ = Ṽ (R)|Φ̃(R)⟩ (2.61)

Λ·ͣ͸ղ͘ɽిࢠ Floquet Hamiltonian ͕ θ̂ Λ 2π ਐΊΔૢ࡞ʹؔͯ͠ෆมͰ͋Δ͜ͱͷ݁ؼͱ͠

ͯɼ|Φ̃(R)⟩ ༗஋ݻ͕ Ṽ (R) ʹରԠ͢Δݻ༗ঢ়ଶͰ͋ΔͳΒ͹ɼexp[inθ̂]|Φ̃(R)⟩ ͸ݻ༗஋ Ṽ (R) + n!ω
ʹରԠ͢Δݻ༗ঢ়ଶͰ͋Δ͜ͱ͕ै͏ɽ͜ͷ࣮ࣄ͸ Floquet ͷఆཧͱΑ͹Ε͍ͯΔ*15ɽFloquet ͷ

ఆཧΑΓɼిࢠ Floquet Hamiltonian ͷݻ༗ঢ়ଶΛ |Φ̃n
j (R)⟩ ͷΑ͏ʹϥϕϧ෇͚Ͱ͖Δɽͨͩ͠ɼ

|Φ̃n
j (R)⟩ = exp[inθ̂]|Φ̃0

j (R)⟩ Ͱ͋Δɽ͜ͷݻ༗ঢ়ଶ͸ Floquet ঢ়ଶɼ͋Δ͍͸ɼҥΛ·ͱͬͨঢ়ଶ

ʢdressed stateʣͱΑ͹Εɼͦͷݻ༗஋͸ FloquetΤωϧΪʔɼ·ͨ͸ɼٖΤωϧΪʔʢquasi energyʣͱ

Α͹ΕΔ 9)ɽFloquetݻ༗ঢ়ଶͷٻΊํʹ͍ͭͯ͸ޙճ͠ʹͯ͠ɼFloquetݻ༗ঢ়ଶ͕ٻ·ͬͨͱͷԾఆ

ͷ্Ͱ࿩ΛਐΊΔɽBorn–Huangల։ͷͱ͖ͱಉ͡Α͏ʹෳ߹ঢ়ଶۭؒ H̃ͷݩΛ

|Ψ̃(t)⟩ =
∑

j

∑

n

∫
dR Ψ̃n

j (R, t)|R⟩|Φ̃n
j (R)⟩ (2.62)

ͷΑ͏ʹల։͠ɼ࣌ؒґଘ Schrödingerํఔࣜ (2.58)ʹ୅ೖ͢Δͱɼ

i! ∂
∂t

Ψ̃n
j (R, t) =

[
−
∑

I

!2
2MI

∇2
I + Ṽ n

j (R)

]
Ψ̃n

j (R, t) +
∑

j

∑

m

C̃nm
jk (R)Ψ̃m

k (R, t) (2.63)

ࢠࢉʣͰ͸Ґ૬ԋݶۃ਺͕े෼େ͖͍ࢠʢޫݶۃయݹ13* θ̂ʹର͠ɼޫ ࢠࢉ਺ԋࢠ N̂ = −i∂̂θ ͱͳΔɽௐ࿨ৼಈࢠͷ Hamiltonian

͸ Ĥ = !ω(N̂ + 1/2) ͱॻ͚ͨͷͰɼྵ఺ΤωϧΪʔΛແ͢ࢹΕ͹ɼ͜ͷ Ĥfield ͸ৼಈ਺ ω ͷϞʔυͷి࣓೾ͷӡಈΛهड़͢Δ

Hamiltonianʹ౳͍͠ɽ77)

*14͜ͷϒϥέοτΛ࣮͢ࢉܭʹࡍΔࡍʹ͸ɼ෼ܥࢠͷม਺ R ΍ r ͚ͩͰͳ͘ɼి࣓৔ͷঢ়ଶΛද͢ม਺ θ ʹؔ͢Δੵ෼͕ඞཁ
ͳ͜ͱʹ஫ҙ͢Δɽ

*15݁থͷిࢠঢ়ଶʹؔ͢Δ Blochͷఆཧͷ࣌ؒ൛ʢ͋Δ͍͸ి࣓৔Ґ૬൛ʣͰ͋ΔɽFloquetͷఆཧ͸΋ͱ΋ͱपؔظ਺܎਺ઢ
తͳظৗඍ෼ํఔࣜʹؔ͢ΔఆཧͰ͋ΓɼShirley͕࣌ؒपܗ HamiltonianΛ࣋ͭ Schrödingerํఔࣜͷղ๏ʹԠ༻ͨ͠ 78)ɽ
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ΛಘΔɽ͜͜Ͱ

C̃nm
jk (R) = −

∑

I

[
!2
MI

⟨Φ̃n
j (R)|∇I |Φ̃m

k (R)⟩ ·∇I +
!2
2MI

⟨Φ̃n
j (R)|∇2

I |Φ̃m
k (R)⟩

]
(2.64)

͸ඇஅ೤ิਖ਼߲ɾඇஅ೤૬࡞ޓ༻߲Ͱ͋Γɼnͱmʹؔͯ͠͸ࠩ n−mʹͷΈґଘ͢ΔɽҎ্ΑΓɼCW

Ϩʔβʔ৔தͷ෼ܥࢠͷඇஅ೤Խֶಈྗֶ͸ɼ৔͕ͳ͍ͱ͖ͷඇஅ೤Խֶಈྗֶͱࣜܗతʹಉ͡Ͱ͋Δ͜

ͱ͕෼͔ΔɽBorn–Oppenheimer PESʹରԠ͢Δ Ṽ n
j (R)͸ɼlaser-dressedϙςϯγϟϧΤωϧΪʔ໘

79)ɼٖΤωϧΪʔ໘ʢQES: Quasi Energy Surfaceʣ80)ɼFloquet ໘ 81,82) ͳͲͱΑ͹ΕΔɽຊ࿦จͰ

͸͜ΕΛٖΤωϧΪʔ໘ʢQESʣͱΑͿ͜ͱʹ͢Δ*16ɽBorn–OppenheimerϙςϯγϟϧΤωϧΪʔ໘

ʢPESʣͷٖަࠩ఺΍ԁਲ਼ަࠩͰిࢠঢ়ଶؒͷભҠ͕ہॴతʹ͖ىΔͷͱಉ༷ʹɼٖΤωϧΪʔ໘ (QES)

ͷٖަࠩ఺΍ԁਲ਼ަࠩͰ΋ہॴతͳ Floquetঢ়ଶؒભҠ͕͜ىΔɽ͜ͷ࣮ࣄ͸ɼ࣌ؒมಈ͢Δ༗ޮϙςϯ

γϟϧΤωϧΪʔ໘্ͷӡಈͱ͍͏ඳ૾͔Β͸௚؍తʹཧղ͕͍ͨ͠ඇࣗ໌ͳ΋ͷͰ͋Δɽ·ͨɼ௨ৗͷ

ඇஅ೤Խֶಈྗֶͷͱ͖ͱಉ͡Α͏ʹɼٖΤωϧΪʔ໘Λ༻͍ͨ surface-hoppingࢉܭ΋͜͏ߦͱ͕Ͱ͖

Δ 79,81,82)ɽ

࣍ʹɼઌ΄Ͳޙճ͠ʹͨ͠ Floquetݻ༗ঢ়ଶͷٻΊํʹ͍ͭͯ͑ߟΔɽ࠷΋ૉ๿ͳํ๏͸ిࢠ Floquet

Hamiltonian Λجఈ {|Φj(R)⟩|n⟩} Ͱྻߦදࣔ͠ɼͦΕΛର֯Խ͢Δ͜ͱͰ͋Δɽͨͩ͠ɼ|Φj(R)⟩ ͸
⟨༗ঢ়ଶͰɼ|nݻࢠి ͸ࣜ (2.53) ͷ Fourier ఈͰ͋Δɽঢ়ଶج |Φj(R)⟩|n⟩ ͸৔ͷҥΛ·ͱͬͨঢ়ଶ
ʢfield-dressed stateʣͱΑ͹ΕΔ*17ɽ͜ͷͱ͖ɼిࢠ Floquet Hamiltonian ͸ແྻߦݩ࣍ݶͰද͞Εɼ

ͦͷྻߦཁૉ͸

⟨n|⟨Φj(R)|Ĥelec
Floq|Φk(R)⟩|m⟩ =

⎧
⎨

⎩

Vj(R) + n!ω j = k, n = m
− 1

2µjk(R) ·E0 |n−m| = 1
0 otherwise

(2.65)

Ͱ͋Δɽ͜ͷର߲֯͸ݩͷϙςϯγϟϧΤωϧΪʔ໘ΛޫͷޫࢠΤωϧΪʔͷ੔਺ഒ্͚ͩ͛Լ͛ͨ͠΋

ͷͰ͋Γɼ͜ΕΛ field-dressed PESͱΑͿɽ͜ͷແྻߦݩ࣍ݶΛద౰ͳ༗ݩ࣍ݶͰଧͪ੾ͬͯ਺஋ର֯

Խ͢Ε͹ Floquetݻ༗ঢ়ଶͱ FloquetΤωϧΪʔʢٖΤωϧΪʔʣ͕ٻ·Δɽ͔͠͠ɼର֯Խ͢΂͖ߦ

ྻͷ࣍ݩ͸ޫి৔ৼ෯ E0 ͕େ͖͘ͳΕ͹ͳΔ΄Ͳ૿େ͢Δɽ͜Ε͸ඇର֯੒෼͕ E0 ʹൺྫ͢ΔͨΊͰ

͋Δɽ

ຊ࿦จͰ͸্هͷඪ४తͳख๏͸༻͍ͣɼҎԼͰઆ໌͢Δ؆ศͳઁಈ࿦తํ๏ʹΑٖͬͯΤωϧΪʔ໘

ΛٻΊͨɽઌͷૉ๿ͳํ๏ͷ໰୊఺͸ిࢠ Floquet HamiltonianΛྻߦදࣔͨ͠ͱ͖ʹඇର߲͕֯ৼ෯

E0 ʹൺྫ͢Δ͜ͱͰ͋ΔɽͦͷݪҼ͸ɼجఈͱͯ͠ిࢠঢ়ଶϕΫτϧͱి࣓৔ঢ়ଶϕΫτϧͷςϯιϧ

ੵঢ়ଶΛ༻͍ͨ͜ͱɼ͢ͳΘͪిࢠঢ়ଶͱి࣓৔͕૬࡞ޓ༻͍ͯ͠ͳ͍ঢ়ଶΛୈ ͱͯ͠બ୒ͨ͜͠ࣅ0ۙ

ͱʹ͋Δɽͭ·ΓɼE0͕େ͖͍ͱ͖ʹ͸ {|Ψj(R)⟩|n⟩}͸Α͍جఈͰ͸ͳ͍ͱ͍͏͜ͱͰ͋Δɽͦ͜Ͱච
ऀ͸ग़൛࿦จ 40) ͓Αͼຊ࿦จʹ͓͍ͯɼ૒ࢠۃϞʔϝϯτྻߦΛର֯Խ͢Δిࢠঢ়ଶجఈ {|ΦDM

j (R)⟩}
Λ༻͍ͯ

|Φ̄n
j (R)⟩ = exp

[
−i

E0

!ω · µj(R) sin θ̂

]
|ΦDM

j (R)⟩|n⟩ (2.66)

ͱ͍͏جఈͰిࢠ Floquet HamiltonianΛྻߦදࣔͨ͠ɽ͜͜Ͱɼ

µj(R) = ⟨ΦDM
j (R)|µ̂(R)|ΦDM

j (R)⟩ (2.67)

*16ʮPESʯͱʮQESʯͷରൺ͕Θ͔Γ΍͍ͨ͢ΊɼʮQESʯΛ༻͍ΔɽFloquetΤωϧΪʔ໘ͷུه FES͸ࣗ༝ΤωϧΪʔ໘
ͱࠞಉͷ͓ͦΕ͕͋Δɽ

*17Tannor9) ʹΑΔͱɼdressed state͸ిࢠ Floquet Hamiltonianͷݻ༗ঢ়ଶ |Φ̃n
j (R)⟩Λ͠ࢦɼfield-dressed state͸ςϯ

ιϧੵ |Φj(R)⟩|n⟩Λ͢ࢦɽ
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Ͱ͋Δɽ͜ͷجఈͷࢦ਺Ҽࢠͷݞ͸෼ܥࢠͱి࣓৔ͱͷ૬࡞ޓ༻ΛؚΉ߲ͱͳ͓ͬͯΓɼ͜ΕʹΑΓిࢠ

ঢ়ଶͱి࣓৔͕૬࡞ޓ༻͍ͯ͠Δঢ়ଶΛ࡞Γग़͍ͯ͠Δɽ͜ͷجఈΛ༻͍Δͱిࢠ Floquet Hamiltonian

ͷྻߦཁૉ͸

⟨Φ̄n
j (R)|Ĥelec(R)|Φ̄m

k (R)⟩ = V DM
jk (R)Jn−m [zjk(R)] + n!ωδjkδnm (2.68)

ͱͳΔɽJn[z]͸ୈ 1छ Besselؔ਺Ͱ͋ΓɼҾ਺ z ͸

zjk(R) =
E0

!ω
[
µj(R)− µk(R)

]
(2.69)

Ͱ༩͑ΒΕΔɽJn[z]ͷઈର஋͸ 1Λ௒͑ͳ͍͜ͱʹ஫ҙ͢Δɽ͢ͳΘͪɼޫి৔ৼ෯ E0 ͕͍͘Β૿େ

ͯ͠΋ඇର֯੒෼ͷେ͖͞͸

V DM
jk (R) = ⟨ΦDM

j (R)|Ĥelec(R)|ΦDM
k (R)⟩ (2.70)

Λ௒͑ͳ͍ɽ͕ͨͬͯ͠ɼV DM
jk (R)͕े෼খ͚͞Ε͹ޫి৔ͷৼ෯ͷେ͖͞ʹؔΘΒͣɼઁಈ࿦తʹٖ

ΤωϧΪʔΛٻΊΔ͜ͱ͕Ͱ͖Δɽ؆୯ͷͨΊʹ 2 ࢠΔͱɼి͑ߟΛܥঢ়ଶࢠి Floquet Hamiltonian

Λද͢ແྻߦݩ࣍ݶ (2.68)͸ɼ2࣍ͷ van Vleckઁಈ࿦ 83,84) Λ༻͍Δ͜ͱͰɼҎԼͷ 2× ͷ༗ޮྻߦ2

Hamiltonianʹ؆ུԽ͞ΕΔ*18 ɿ

HFVV =

(
V11(R) +∆n(R) + n!ω V12(R)Jn [z12(R)]

V12(R)Jn [z12(R)] V22(R)−∆n(R)

)
ɽ (2.71)

͜͜Ͱ

∆n(R) =
∑

m ̸=n

|V12(R)Jn[z12(R)]|2

V11(R)− V22(R) +m!ω (2.72)

͸ van Vleck ઁಈʹΑΔ 2 ࣍ͷΤωϧΪʔิਖ਼߲Ͱ͋Δɽ∆n ͸ແݶ࿨Ͱ͋Δ͕ɼ|n| > |z| ͷͱ͖
Jn[z] ≃ 0ͱͳΔͷͰ࣮ࡍʹ͸༗ݶ࿨ͱͯ͠ࢉܭͰ͖Δ*19 ɽྻߦ (2.71)ͷݻ༗஋͸ղੳతʹٻ·Γɼେ

ͷର߲͕֯౳͘͠ͳΔɼ͢ͳΘͪྻߦͷର֯Խͷඞཁ͕ͳ͍ɽྻߦ໛ن

V11(R)− V22(R) = n!ω − 2∆n(R) (2.73)

ͱͳΔ఺͕ٖΤωϧΪʔ໘ͷٖަࠩ఺Ͱ͋Γɼ͜͜Ͱ Floquetঢ়ଶؒભҠ͕͜ىΔɽ৚݅ (2.73)͸ɼޫ

͕ऑ͍৔߹ʹ͸ ∆n ≃ 0ͱͳΔͷͰɼE0 ʹؔ͢Δઁಈ࿦ͰಘΒΕΔڞ໐৚݅ʹҰக͢Δɽ͑ݴʹٯ͹ɼ

໐৚͕݅ͣΕΔ͜ͱΛ৚݅ڞ౓Ϩʔβʔͷ৔߹ʹ͸ڧߴ (2.73)͸͍ࣔࠦͯ͠Δɽ͍·ɼvan Vleckઁಈύ

ϥϝʔλ͸

ϵ = max
n ̸=m

∣∣∣∣
V12(R)Jn[z12(R)]

V11(R)− V22(R) +m!ω

∣∣∣∣ (2.74)

Ͱ͋Γɼ֤R͝ͱʹ
n = argmin

l
|V11(R)− V22(R) + l!ω| (2.75)

ͱ nΛબΜͰ͓͚͹*20ɼ

ϵ <

∣∣∣∣
2V12(R)Jn[z12(R)]

!ω

∣∣∣∣<
∣∣∣∣
2V12(R)

!ω

∣∣∣∣ (2.76)

*18ਖ਼֬ʹ͸ 2× HFVVྻߦ2 + k!ω1 (k ∈ Z)Λର߲֯ʹ΋ͭϒϩοΫର֯ྻߦͰిࢠ Floquet Hamiltonianྻߦ (2.68)Λ

Ͱ͖Δɽvanࣅۙ Vleckઁಈ࿦ΛٖΤωϧΪʔΛٻΊΔͷʹॳΊͯ༻͍ͨͷ͸ HausingerΒͰ͋Δ 85)ɽ
*19zjk(R)͸ E0 ʹؔͯ͠ઢܗʹ૿େ͢ΔͷͰɼ∆n ͷࢉܭίετ͸ O(|E0|)Ͱ͋Δɽ
*20ࣜ (2.75)͔Βఆ·Δ n͸Rʹؔͯ͠ෆ࿈ଓͰ͋Δ͕ɼvan Vleckઁಈ͕༗ޮͳΒ͹ɼ2࣍ิਖ਼߲ΛՃ͑ͨ༗ޮ Hamiltonian

ྻߦ (2.71)͔Βٻ·ΔٖΤωϧΪʔ໘͸ࠩޡͷൣғ಺Ͱ׈Β͔Ͱ͋Δ͜ͱΛචऀ͸͔֬ΊͨɽͦΕʹରͯ͠ɼิਖ਼߲Λ༻͍ͳ͍৔
߹͸໌Β͔ʹෆ࿈ଓʹͳͬͯ͠·͏ɽ
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ͱ཈͑ΒΕΔɽ͕ͨͬͯ͠ɼV12(R) ≪ !ω ͷͱ͖ʹ͸͜ͷઁಈ͸༗ޮͰ͋Δ*21ɽ

2.4 ඇஅ೤ԽֶಈྗֶͷϞσϧ෼ࢠ

ඇஅ೤աఔ͕ؔ༩͢Δ෼ࢠ͸ଟ͋͘Δ͕ɼಛʹ NaI΍ NaBrɼLiFͱ͍ͬͨΞϧΧϦϋϥΠυͱΑ͹Ε

Δ෼ࢠ͸Ϟσϧܥͱͯ͠Α͘͞ڀݚΕ͍ͯΔ 27,28,36,57,58,86–88)ɽதͰ΋ɼ1999 ೥ͷϊʔϕϧԽֶ৆ड

৆ऀ A. H. Zewailͷάϧʔϓ͕ͨͬߦ NaIͷ֩೾ଋಈྗֶͷ෼ޫֶత؍ଌ 57,58) ͸༗໊Ͱ͋Δɽຊڀݚ

ʹ͓͍ͯ͸ɼཧ࿦ߏஙɾূݕͷͨΊͷ۩ମతͳϞσϧ෼ࢠͱͯ͠ LiF ෼ࢠΛऔΓ্͛Δɽͦ͜ͰຊઅͰ

͸ɼLiF෼ࢠϞσϧʹ͍ͭͯઆ໌͠ɼͦͷ֩೾ଋಈྗֶࢉܭͷ݁ՌΛࣔ͢ɽಛʹɼෳࡶͳ֩೾ଋ෼ذ༥߹

աఔ΍ޫղ཭൓Ԡͷ଎౓աఔʹݟΒΕΔႈతڍಈͳͲɼຊ࿦จͰཧղΛ໨ݱ͢ࢦ৅Λఏࣔ͠ɼຊڀݚͰཧ

ղΛ໨͢ࢦλʔήοτΛ໌֬ʹ͢Δɽ

2.4.1 LiF෼ࢠϞσϧ

ຊڀݚʹ͓͍ͯ༻͍ͨ LiF෼ࢠϞσϧʹ͍ͭͯઆ໌͢Δɽຊڀݚʹ͓͍ͯ͸ɼLiF෼ࢠͷిࢠঢ়ଶ͸ج

ఈঢ়ଶͱୈҰྭىঢ়ଶͷ 2ঢ়ଶͷΈΛྀ͠ߟɼ؆୯ͷͨΊʹճసӡಈ͸ແͨ͠ࢹɽ

LiF෼ࢠͷஅ೤ϙςϯγϟϧΤωϧΪʔۂઢΛਤ 2.2(a)ʹࣔ͢*22 ɽR ≃ 7 ÅͰೋͭͷϙςϯγϟϧ

ΤωϧΪʔۂઢ͕઀͍ۙͯ͠Δ͕ɼ͜Ε͕ٖަࠩͰ͋Δɽฏڑؒ֩ߧ཭͸ Req = 1.58 ÅͰ͋Γɼ͜ͷ఺

ۙ๣ʹ͓͍ͯجఈঢ়ଶ͸ΠΦϯ݁߹ੑʢionicʣɼୈҰྭىঢ়ଶ͸ڞ༗݁߹ੑʢcovalentʣΛ΋ͭɽ͜ͷੑ

࣭͸ਤ 2.2(b)ʹࣔ͢அ೤දݱʹ͓͚Δ૒ࢠۃϞʔϝϯτͷ༷͔ࢠΒΘ͔Δʀฏڑؒ֩ߧ཭ۙ๣Ͱ͸جఈ

ঢ়ଶͷ૒ࢠۃϞʔϝϯτ͸ڑؒ֩ࢠݪ཭ R ʹରͯ͠΄΅ઢܗʹ૿େ͍ͯ͠Δͷʹର͠ɼྭىঢ়ଶͰ͸ݪ

཭ڑؒ֩ࢠ R΁ͷґଘੑ͸খ͘͞ɼR͕େ͖͘ͳΔʹͭΕͯ 0ʹۙͮ͘ɽ͔͠͠ɼஅ೤දݱͰͷ૒ࢠۃ

Ϟʔϝϯτͷ༷ࢠ͸ R ≃ 7 Å෇ۙͰܶతͳมԽΛͤݟɼR > 8 ÅͷྖҬͰ͸جఈঢ়ଶ͕ڞ༗݁߹ੑɼྭ

Ϟʔϝϯτ͕ܶతʹมԽ͢ΔྖҬ͸ٖަࠩྖҬͱҰக͢ࢠۃঢ়ଶ͕ΠΦϯ݁߹ੑΛ࣋ͭɽ·ͨɼ͜ͷ૒ى

Δɽ͜ͷ࣮ࣄ͸࣍ͷΑ͏ʹཧղͰ͖Δɽઌड़ͷͱ͓Γฏڑؒ֩ߧ཭ۙ๣Ͱ͸ΠΦϯ݁߹ੑঢ়ଶͷํ͕Τ

ωϧΪʔ͕௿͍ɽ͔͠͠ɼฏڑؒ֩ߧ཭ R ͕े෼େ͖͍ྖҬͰ͸ɼLi+ ΠΦϯͱ F− ΠΦϯ͕େ͖͘Ҿ

͖͸͕͞ΕͨΠΦϯ݁߹ੑঢ়ଶΑΓɼதੑͷ Liࢠݪͱ F͕ࢠݪ཭Εͯଘ͢ࡏΔ͚ͩͷڞ༗݁߹ੑঢ়ଶͷ

ํ͕ΤωϧΪʔ͕௿͘ͳΔɽΏ͑ʹɼR ͕େ͖͍ྖҬͰ͸ɼڞ༗݁߹ੑঢ়ଶ͕جఈঢ়ଶɼΠΦϯ݁߹ੑ

ঢ়ଶ͕ྭىঢ়ଶͱͳΓɼR ͷதؒྖҬʹ͓͍ͯిࢠঢ়ଶͷ੾Γସ͕͑͜ىΔɽ͜Ε͕૒ࢠۃϞʔϝϯτ

ͷܶతมԽͷݪҼͰ͋Δɽ͞Βʹɼ͜ͷిࢠঢ়ଶͷ੾Γସ͕͑͜ىΔͷ͸ΠΦϯ݁߹ੑঢ়ଶͱڞ༗݁߹

ੑঢ়ଶͷΤωϧΪʔ͕΄΅౳͘͠ͳΔྖҬͰ͋Γɼ͜ͷྖҬ͸அ೤ϙςϯγϟϧΤωϧΪʔۂઢͷٖަ

ࠩྖҬʹҰக͢Δɽ·ͨɼٖަࠩ఺Ͱిࢠঢ়ଶͷେ͖ͳมԽ͕͋Δ͜ͱ͔Βɼඇஅ೤૬࡞ޓ༻߲ͷ܎਺

⟨Φ1(R)|∂̂R|Φ2(R)⟩͕ٖަࠩ఺ʹ͓͍ͯେ͖ͳ஋Λ࣋ͭ͜ͱ͕ཧղͰ͖Δɽ͜ͷ࣮ࣄ͸ɼΠΦϯ݁߹ੑঢ়
ଶͱڞ༗݁߹ੑঢ়ଶͷܹٸͳ੾Γସ͑Λͳͤ͘͹ඇஅ೤૬࡞ޓ༻߲Λখ͘͞Ͱ͖ɼಁ೤جఈ͕ಘΒΕΔ͜

ͱΛࣔࠦ͢Δɽ͜ͷಁ೤Խ͸૒ࢠۃϞʔϝϯτྻߦΛର֯Խ͢Δ͜ͱͰ࣮ߦͰ͖Δ 71)ɽ

அ೤දݱʹ͓͚Δ૒ࢠۃϞʔϝϯτྻߦΛର֯Խ͢Δ͜ͱʹΑͬͯۙࣅతʹಘΒΕͨಁ೤ϙςϯγϟϧ

ΤωϧΪʔۂઢͱ૒ࢠۃϞʔϝϯτΛਤ 2.2(c) ͱ (d) ʹࣔ͢ɽ͜ͷಁ೤Խ͸ۙࣅతͳ΋ͷͰ͋Δ͕ɼݫ

ʹٯ21* !ω ͕খ͘͞ͳΔ੺֎Ϩʔβʔͷ৔߹ʹ͸͜ͷઁಈ͸ഁ୼͠͏Δɽචऀ͸Ҏલʹ͜ͷྖҬʹద༻͠͏Δผͷઁಈཧ࿦Λల
։͕ͨ͠ 39)ɼຊڀݚͰ͸༻͍ͳ͍ɽ

*22ຊڀݚͰ༻͍ͨϙςϯγϟϧΤωϧΪʔۂઢͱ૒ࢠۃϞʔϝϯτ͸ɼจݙ 89) ਫ਼౓ߴ͍͓ͯʹ ab initioྔࢠԽֶࢉܭͰಘΒ
Εͨ΋ͷΛ֩೾ଋಈྗֶࢉܭ༻ʹิؒɾ֎ૠͨ͠΋ͷͰ͋Δɽิؒɾ֎ૠۀ࡞͸ڞಉऀڀݚͷ৽࡚߁थത͕͓࢜͜ͳͬͯͩͬ͘͞
ͨɽ
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ਤ 2.2 LiF෼ࢠͷϙςϯγϟϧΤωϧΪʔͱ૒ࢠۃϞʔϝϯτɽ(a) அ೤ϙςϯγϟϧΤωϧΪʔۂ

ઢɽ(b) அ೤දࣔͷ૒ࢠۃϞʔϝϯτɽ(c) ಁ೤ϙςϯγϟϧΤωϧΪʔۂઢɽ(d) ಁ೤දࣔͷ૒ࢠۃ

Ϟʔϝϯτɽࠓճ༻͍ͨۙಁࣅ೤ԽͷఆٛʹΑΓ µd
12 ≡ 0Ͱ͋Δɽ

ີಁ೤Խ*23 ͷ݁Ռͱ੔߹͢Δ͜ͱ͕෼͔͍ͬͯΔ 19)ɽ੺ઢͰࣔ͞Εͨಁ೤ϙςϯγϟϧ V11 ͸ΠΦϯ

݁߹ੑɼ੨ઢͰࣔ͞Εͨಁ೤ϙςϯγϟϧ V22 ͸ڞ༗݁߹ੑͰ͋ΓɼR = 7.18 ÅͰަࠩ͢ΔɽࢵઢͰࣔ

͞Ε͍ͯΔͷ͸ಁ೤݁߹ V12 Ͱɼަࠩ఺Ͱ͸ൺֱతখ͍͕͞ɼR = 2.43 ÅͰ V12 = 0.57 eVͱ͍͏ൺֱ

తେ͖ͳ࠷େ஋ΛͱΔɽ૒ࢠۃϞʔϝϯτྻߦ͸ର֯Խ͞Ε͍ͯΔͷͰ µd
12(R) ≡ 0Ͱ͋Δɽظ଴௨Γɼ

ಁ೤ঢ়ଶ̍ͷ૒ࢠۃϞʔϝϯτ͸ R ʹରͯ͠ઢܗʹ૿େ͢ΔΠΦϯ݁߹ੑΛ R ͷશྖҬͰࣔ͠ɼଞํɼ

ಁ೤ঢ়ଶ̎ͷ૒ࢠۃϞʔϝϯτ͸ Rͷখ͍͞ྖҬΛআ͍ͯશྖҬͰ΄΅ 0Ͱ͋Γڞ༗݁߹ੑΛࣔ͢ɽ૒

తͳҙຯ͚͕ͮ؍༗݁߹ੑͱ͍͏௚ڞͷํ͕ɼΠΦϯ݁߹ੑɾݱΛର֯Խ͢Δಁ೤දྻߦϞʔϝϯτࢠۃ

Ͱ͖ɼFloquet–van-Vleckઁಈ࿦ʹ͓͍ͯ΋༗༻Ͱ͋Δ͔Βɼຊ࿦จͰ͸جຊతʹಁ೤දݱͰٞ࿦ΛਐΊ

Δɽਤ 2.3ʹಁ೤ϙςϯγϟϧΤωϧΪʔۂઢΛ֎৔ޫࢠΤωϧΪʔͷ੔਺ഒ্͚ͩ͛Լ͛ͯ͠ಘΒΕΔ

field-dressedಁ೤ϙςϯγϟϧΤωϧΪʔۂઢΛࣔ͠ɼͦΕΛ van Vleckઁಈ࿦Λ༻͍ͯۙࣅର֯Խͯ͠

*23̍ࣗ༝౓̎ిࢠঢ়ଶܥʹ͓͍ͯ͸ಁີݫ೤Խ͕ՄೳͰ͋Δɽ
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ਤ 2.3 LiF ෼ࢠͷ field-dressed PESɽ

!ωd = 5.0 eVɽ

ਤ 2.4 van Vleckઁಈ࿦Λ༻͍ͯಘΒΕٖͨ

ΤωϧΪʔ໘ͷަࠩ఺ۙ๣ͷ֦େਤɽ੺͸Π

Φϯ݁߹ੑɼ੨͸ڞ༗݁߹ੑΛද͢ɽٖΤω

ϧΪʔۂઢͰ͸ɼٖަࠩΛڬΜͰΠΦϯ݁߹

ੑͱڞ༗݁߹ੑ͕ೖΕସΘΔɽ

ಘΒΕٖͨΤωϧΪʔۂઢΛਤ 2.4ʹࣔ͢ɽ

ޫͱ૬࡞ޓ༻͢Δ LiF෼ࢠͷ֩೾ଋಈྗֶΛهड़͢Δ࣌ؒґଘ Schrödingerํఔࣜ͸ಁ೤දݱͰ*24

i! ∂
∂t

(
Ψ1(R, t)
Ψ2(R, t)

)
= Ĥ(t)

(
Ψ1(R, t)
Ψ2(R, t)

)
(2.77)

Ͱ͋Δɽ͜͜Ͱ Hamiltonian͸

Ĥ(t) = T̂N1+ V (R) + V F(R, t) (2.78)

Ͱ͋ΔɽT̂N ͸֩ࢠݪͷӡಈΤωϧΪʔԋࢠࢉ

T̂N = − !2
2M

∂2

∂R2
(2.79)

ͰɼM ͸ྔ࣭ࢉ׵Ͱ͋Δ*25ɽଞͷೋ߲͸ɼ

V (R) =

(
V11(R) V12(R)
V12(R) V22(R)

)
(2.80)

͕ಁ೤ϙςϯγϟϧ߲ɼ

V F(R, t) = −
(

µ11(R) µ12(R)
µ12(R) µ22(R)

)
E(t) (2.81)

͕ޫͱ LiF෼ࢠͷ૒ࢠۃ૬࡞ޓ༻߲Ͱ͋Δɽ͜͜Ͱ E(t)͸ޫి৔Ͱɼຊ࿦จͰ͸෼࣠ࢠͱฏߦͳ௚ઢภ

ޫΛԾఆ͠ɼಛʹஅΓͷͳ͍ݶΓ CWϨʔβʔ

E(t) = Ed sinωdt (2.82)

ͷ৔߹Λ͑ߟΔ*26ɽͳ͓ɼϨʔβʔৼ෯ Ed ͱϨʔβʔڧ౓ Id ʹ͸

Id =
1

2
ε0cE

2
d (2.83)

ͷ͕ؔ͋܎Γɼຊ࿦จʹ͓͍ͯ͸Ϩʔβʔڧ౓ Id ʹΑͬͯϨʔβʔͷ͞ڧΛදࣔ͢Δɽ͜͜Ͱ ε0 ͸ਅۭ

ͷ༠ి཰ɼc͸ޫ଎౓Ͱ͋Δɽ

*24ҎԼɼಛʹஅΒͳ͍ݶΓಁ೤දݱͰ͑ߟɼ਺ࣜʹ༻͍Δه߸ʹ͓͍ͯ΋ɼಁ೤දݱΛද͢ dͷจࣈΛলུ͢Δɽ
*25ຊ࿦จʹ͓͍ͯ͸ 7Li19Fͷྔ࣭ࢉ׵M = 5.124 uΛ༻͍ͨɽ
*26ఴ͑ࣈ d͸ۦಈ৔ʢdriving fieldʣͷ dͰ͋Δɽ
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2.4.2 LiFޫղ཭൓Ԡͱ֩೾ଋಈྗֶͷ༷૬

લ߲Ͱઆ໌ͨ͠ LiF ෼ࢠϞσϧͷ֩೾ଋಈྗֶͷ਺஋݁ࢉܭՌΛࣔ͢ɽ͜͜Ͱͨ͠ࢉܭͷ͸ɼޫղ཭

൓Ԡ

LiF
hν→ LiF∗

hν′→ Li + F (2.84)

ͷ͏ͪɼऀޙͷ໼ҹ͕ද͢աఔͰ͋Δɽ͜͜Ͱɼhν ͸ྭޫىɼhν′ ͸֩೾ଋಈྗֶΛมௐͤ͞Δ CWۦಈ

Ϩʔβʔ৔Ͱ͋Δɽղੳͷ؆ུԽͷͨΊɼಛʹஅΒͳ͍ݶΓɼॳظ೾ଋ͸ୈҰిىྭࢠঢ়ଶͷฏڑؒ֩ߧ

཭ʹஔ͔Εͨ Gauss೾ଋͱ͢Δɽ਺஋ࢉܭख๏΍৚݅ͷৄࡉ͸෇࿥ Aʹͨ͠هɽͳ͓ɼ֩೾ଋಈྗֶܭ

͸࣌ؒมಈ͢Δ͍͓ͯʹࢉ HamiltonianΛ༻͍ɼٖΤωϧΪʔ໘͸༻͍͍ͯͳ͍͜ͱʹ஫ҙ͢Δ*27*28ɽ

ਤ 2.5͸ৼಈ਺ !ωd = 5.0 eVɼڧ౓ Id = 1.0× 1013 W/cm2 ͷ CWϨʔβʔ৔தͷ LiF෼ࢠͷ֩೾

ଋಈྗֶͷεφοϓγϣοτͰ͋Δɽ֤ύωϧͷӈ্ͷ਺ࣈ͸࣌ࠁ tͰɼ੺࣮ઢ͸ΠΦϯ݁߹ੑ೾ଋͷઈ

ର஋ೋ৐ |Ψ1(R, t)|2ɼ੨࣮ઢ͸ڞ༗݁߹ੑ೾ଋͷઈର஋ೋ৐ |Ψ2(R, t)|2 Ͱ͋Δɽ·ͨɼ੺఺ઢ͸ V11(R)

ͱ V11(R)+ !ωdɼ੨఺ઢ͸ V22(R)Λࣔ͢ɽ྘఺ઢ͸೾ଋͷશΤωϧΪʔ Etot = 1.15 eVΛ͍ࣔͯ͠Δɽ

ॳظ೾ଋ͸ 0 fsͷύωϧʹࣔͨ͠Α͏ʹڞ༗݁߹ੑͷ Gauss೾ଋͰ͋ΔɽҎԼɼ࣌ྻܥʹԊͬͯ͜ىΔ

ΠϕϯτΛՕ৚ॻ͖ʹ͢Δɿ

00 fs ॳظঢ়ଶͷڞ༗݁߹ੑ೾ଋ

10 fs ղ཭ੑͷڞ༗݁߹ੑϙςϯγϟϧͷޯ഑ʹैͬͯڞ༗݁߹ੑ೾ଋ͕ӈํ޲΁Ҡಈ

20 fs ༗݁߹ੑ೾ଋ͕ڞ V11(R) + !ωd ͱ V22(R)ͷަࠩ఺Λ௨աɼҰ෦͕ΠΦϯ݁߹ੑ΁ભҠ

30 fs V11(R) + !ωd ্ͷΠΦϯ݁߹ੑ೾ଋ͸సճதɼ

V22(R)্ͷڞ༗݁߹ੑ೾ଋ͸ӈํ޲΁ӡಈΛଓ͚Δ

40 fs V11(R) + !ωd ্ͷΠΦϯ݁߹ੑ೾ଋ͕޲ํࠨ΁Ҡಈதɼަࠩ఺ʹֻ͔ࠩ͠Δ

50 fs ΁Ҡಈ͍ͯͨ͠ΠΦϯ݁߹ੑ೾ଋ͕ަࠩ఺Λ௨ա͠޲ํࠨ 2ͭʹ෼ذ

60 fs 50 fsʹ͓͍ͯ෼ͨ͠ذ 2ͭͷ೾ଋ͕ࠨଆͷసճ఺Ͱసճத

70 fs 60 fsͰసճ͍ͯͨ͠ΠΦϯ݁߹ੑ೾ଋ͕Ұ଍ઌʹӈํ޲΁Ҡಈத

80 fs 60 fsͰసճ͍ͯͨ͠ڞ༗݁߹ੑ೾ଋ΋ӈํ޲΁Ҡಈதɼ

Ұ଍ઌʹҠಈ͍ͯͨ͠ΠΦϯ݁߹ੑ೾ଋ͕ަࠩ఺Λ௨ա͠෼ذ

90 fs V11(R) + !ωd ΁ભҠͨ͠೾ଋ܈͸࠶ͼసճதɼ

V22(R)΁ભҠͨ͠೾ଋ܈͸ӈํ޲΁ਐΉ

ਤ 2.6͸ɼਤ 2.5ʹଓ͘௕࣌ؒͷ࣌ؒൃలΛࣔ֩͢೾ଋεφοϓγϣοτਤͰ͋Δɽશମతʹ֩೾ଋͷ

෼͕ذਐΈɼ1 Å͔Β 3 ÅͷྖҬʹ͔͘ࡉ෼֩ͨ͠ذ೾ଋ͕͑ݟɼෳࡶͳ༷૬Λఄ͍ͯ͠Δɽ0.1 ps͔Β

0.5 ps·Ͱ͸ɼؒܽతʹղ཭͍ͯ͘͠ڞ༗݁߹ੑ೾ଋ͕ݟΒΕΔ͕ɼ0.6 psҎޙɼղ཭೾ଋͷׂ߹͕ 1 Å

͔Β 3 ÅͷྖҬʹ͋Δ֩೾ଋͷׂ߹ʹൺ΂ͯ༗ҙʹগͳ͍Α͏ʹ͑ݟΔɽ

Ҏ্ͷ֩೾ଋಈྗֶʹରԠ͢Δղ཭աఔͷ൓Ԡ෺ϙϐϡϨʔγϣϯݮਰͷ༷ࢠΛਤ 2.7 ʹࣔ͢ɽ͜͜

ͰɼϙϐϡϨʔγϣϯ P (t)ͷఆٛ͸ɼ

P (t) =

∫ Rd

0

[
|Ψ1(R, t)|2 + |Ψ2(R, t)|2

]
dR (2.85)

*27ٖΤωϧΪʔ໘͸ୈ 3ষͱୈ 4ষʹ͓͚Δཧ࿦ղੳʹ༻͍Δɽ
*28͜ͷ֩೾ଋಈྗֶࢉܭͰ͸਺஋ࢉܭͷͨΊͷ཭ࢄԽҎ֎ͷۙࣅ—ઁಈ࿦΍൒ݹయۙࣅ—Λ༻͍͍ͯͳ͍ͷͰɼຊ࿦จͰ͸֩೾
ଋಈྗֶࢉܭͷ݁ՌΛͯ͠ࢦʠfull-quantumʡͱΑͿ͜ͱ͕͋Δɽ
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ਤ 2.5 CWϨʔβʔ৔தͷ LiF෼ࢠͷ֩೾ଋಈྗֶͷεφοϓγϣοτɽCWϨʔβʔͷৼಈ਺͸

!ωd = 5.0 eVɼڧ౓͸ Id = 1.0× 1013 W/cm2 Ͱ͋Δɽ֤ύωϧͷӈ্ͷ਺ࣈ͸࣌ࠁ tͰɼ੺࣮ઢ

͸ΠΦϯ݁߹ੑ೾ଋͷઈର஋ೋ৐ |Ψ1(R, t)|2ɼ੨࣮ઢ͸ڞ༗݁߹ੑ೾ଋͷઈର஋ೋ৐ |Ψ2(R, t)|2 Ͱ
͋Δɽ·ͨɼ੺఺ઢ͸ V11(R)ͱ V11(R) + !ωd Λɼ੨఺ઢ͸ V22(R)Ͱ͋Δɽ྘఺ઢ͸೾ଋͷશΤω

ϧΪʔ Etot = 1.15 eVΛ͍ࣔͯ͠Δɽͳ͓ɼ࣌ࠁͷ஋͸ 0.1 fsͷܻΛ࢛ࣺޒೖͯ͋͠Δɽ



ୈ 2ষ ඇஅ೤Խֶಈྗֶ֓؍ 29

0.0

0.5

0.0

0.5

0.0

0.5

0.0

0.5

0.0

0.5

2 4 6 8 2 4 6 8

|Ψ
j
|2

(1
/Å
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/Å

)

R (Å)
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ਤ 2.6 CWϨʔβʔ৔தͷ LiF෼ࢠͷ֩೾ଋಈྗֶͷεφοϓγϣοτɽঢ়گઃఆɼදࣔ๏͸ਤ 2.5ʹಉ͡ɽ
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ਤ 2.7 CWϨʔβʔ৔தͷ LiF෼ޫࢠղ཭൓Ԡͷ൓Ԡ෺ϙϐϡϨʔγϣϯݮਰͷ༷ࢠɽϙϐϡϨʔ

γϣϯ P (t)͸ R ≤ 20 ÅͷྖҬʹଘ͢ࡏΔ೾ଋͷઈର஋ೋ৐ͷੵ෼Ͱ͋Δɽ͍ͣΕ΋ CWϨʔβʔ

ͷৼಈ਺͸ !ωd = 5.0 eVɼڧ౓͸ Id = 1.0× 1013 W/cm2 Ͱ͋Δɽಉ͡΋ͷΛ্͔Βॱʹ (a)௨ৗɼ

(b)ยର਺ɼ(c)྆ର਺Ͱ͍ࣔͯ͠Δɽ

Ͱ͋Δɽͭ·ΓɼP (t)ͱ͸ɼղ཭ͤͣʹ͍ͯͬ࢒Δྭى LiF෼ࢠʢLiF∗ʣͷྔͷ͜ͱͰ͋ΓɼఆٛΑΓ

P (0) = 1Ͱ͋ΔɽRd ͸ղ཭ݶۃΛܾΊΔύϥϝʔλͰɼຊ࿦จͰ͸Ұ؏ͯ͠ Rd = 20 Åͱ͢Δɽਤ 2.7

Ͱ͸ಉ͡ P (t)Λɼ্͔Βॱʹ (a)௨ৗɼ(b)ยର਺ɼ(c)྆ର਺Ͱ͍ࣔͯ͠Δɽ͜ͷਤ͔Βɼॳظͷܹٸ

ͳݮਰͷޙɼݮਰ͕؇΍͔ʹͳΔ͜ͱ͕Θ͔Δɽ͢ͳΘͪɼ௕࣌ؒྖҬͰ͸ղ཭͕཈੍͞Ε͍ͯΔɽ͜Ε

͸ઌ΄Ͳͷ֩೾ଋͷεφοϓγϣοτͷਤ 2.6Ͱ΋֬ೝͨ͜͠ͱͰ͋Δɽਤ 2.7(b)ͷยର਺ϓϩοτͰ

͸ෳ਺ͷࢦ਺ؔ਺ͰϑΟοςΟϯάͰ͖ͦ͏Ͱ͋Δ͕ɼಉਤ (c)ͷ྆ର਺ϓϩοτͰ͸ႈؔ਺Ͱ΋ϑΟο

ςΟϯάͰ͖ͦ͏Ͱ͋Δɽݱ৅࿦తʹ͸଎౓աఔ͕ෳ਺ͷࢦ਺ؔ਺ͷ࿨Ͱද͞ΕΔ͔ႈؔ਺Ͱද͞ΕΔ͔

͸൑ผ͕͍͕ͨ͠ɼ৔ͷͳ͍ঢ়گʹ͓͚Δ LiF෼ࢠϞσϧͷྔࢠ೾ଋࢉܭΛͨͬߦ BalakrishnanΒ 86)

͸ɼLiFޫղ཭൓Ԡʹ͓͍ͯႈతڍಈ͕ݟΒΕΔͱใͨ͠ࠂɽ൴Β͸ɼ͜ͷႈతڍಈͷݪҼΛʮڞ໐ঢ়ଶ

ͷॏͶ߹Θͤʯͱͯ͠ఆੑతʹઆ໌ͨ͠ɽ͔͠͠ɼ͜ͷઆ໌͸ෳ਺ͷࢦ਺ؔ਺ͷ࿨Ͱ͸ͳ͘ႈؔ਺ʹΑͬ

ͯ଎౓աఔ͕هड़Ͱ͖Δ͜ͱͷઆ໌ʹͳ͍ͬͯͳ͍ɽ͢ͳΘͪɼLiF෼ޫࢠղ཭൓Ԡͷৄࡉͳಈྗֶతϝ

ΧχζϜʹ͸ະղ໌ͳ఺͕͋Δɽ

Ҏ্ͷ਺஋݁ࢉܭՌ͔ΒΘ͔Δ͜ͱΛҎԼʹ·ͱΊΔɿ

• ֩೾ଋ͸ field-dressedϙςϯγϟϧΤωϧΪʔ໘্ΛݹయతཻࢠʢूஂʣͷΑ͏ʹӡಈ͢Δɽ

• ֩೾ଋ͸ field-dressedϙςϯγϟϧΤωϧΪʔۂઢͷަࠩ఺ʹ͓͍ͯہॴతʹ෼͢ذΔɽ
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• ֩೾ଋ͸͕࣌ؒͭܦʹͭΕͯ෼ذΛ܁Γฦ͠ɼͦͷಈྗֶ͸ෳࡶͳ༷૬Λఄ͢Δɽ
• ௕࣌ؒྖҬͰ͸ɼྭى LiF෼ࢠͷղ཭͕཈੍͞ΕΔɽ

• LiF෼ޫࢠղ཭൓Ԡͷ଎౓աఔ͸୯७ͳࢦ਺ؔ਺Ͱ͸هड़Ͱ͖ͳ͍ɽ

2.4.3 ຊڀݚͷλʔήοτ

ຊڀݚͰཧղΛ໨͢ࢦλʔήοτ͸ɼલ߲ͷ਺஋ྫࢉܭͰࣔͨ͠ڧߴ౓ CWϨʔβʔ৔தͷ LiF෼ࢠ

ͷޫղ཭൓ԠʹݟΒΕΔҎԼͷݱ৅Ͱ͋Δɿ

• ෳࡶͳ೾ଋ෼ذ༥߹աఔͷߏ଄
• ൓Ԡ෺ϙϐϡϨʔγϣϯͷݮਰʹݟΒΕΔඇࢦ਺ؔ਺తڍಈ*29

ϛΫϩͳಈྗֶ͸ඇৗʹෳࡶͰɼ࣌ྻܥΛͨͩோΊ͍ͯͯ΋ͦͷৼΔ෣͍Λཧղ͢Δ͜ͱ͸ࠔ೉Ͱ͋

ΔɽϚΫϩͳ଎౓աఔ*30 ͸ɼඇࢦ਺ؔ਺తڍಈΛࣔ͠ɼෳ਺ͷࢦ਺ؔ਺Ͱද͞ΕΔͷ͔ɼႈؔ਺Ͱද͞

ΕΔͷ͔͸ݱ৅࿦తʹ͸൑ผͰ͖ͳ͍ɽ͜ͷඇࢦ਺ؔ਺తڍಈͷ࣮ଶΛ೺Ѳ͢ΔͨΊʹ΋ɼϛΫϩͳಈྗ

ֶͷཧղ͕ඞཁͰ͋ΔɽෳࡶͳϛΫϩͳಈྗֶΛཧղ͠ɼͦΕʹ͍ͯͮجϚΫϩͳ଎౓աఔͷੑ࣭Λઆ໌

͢ΔͨΊʹ͸ɼୈ 1ষͰ΋ड़΂ͨΑ͏ʹɼʬߏ଄ʭͷ؍఺͕ඞཁͰ͋Δɽ

࣍ষͰ͸ɼඇஅ೤Խֶಈྗֶͷߏ଄Λଊ͑ɼՄࢹԽɾهड़͢ΔͨΊͷཧ࿦Λఏࣔ͢Δɽଓ͘ୈ 4ষ͸ຊ

ಈΛϛΫڍ਺ؔ਺తࢦͰఏҊ͢Δཧ࿦Λ༻͍ͨղੳͷ࣮ફྫΛࣔ͠ɼͱ͘ʹɼϚΫϩͳ଎౓աఔͷඇڀݚ

ϩͳಈྗֶͷߏ଄͔Β໌Β͔ʹ͢Δɽ݁ہɼBalakrishnanΒ 86) ͕ใͨ͠ࠂͱ͓Γɼ͜ͷඇࢦ਺ؔ਺తڍ

ಈ͸ႈతͰ͋Δ͜ͱ͕ࣔ͞ΕΔɽ

*29͜͜Ͱ͸ɼ୯७ͳࢦ਺ݮਰͰ͸ͳ͍ͱ͍͏ҙຯɽ
*30ʮϚΫϩʯͱ͍͏ʹ͸ϛΫϩ͗͢Δݱ৅Ͱ͸͋Δ͕ɼܥͷߏ੒੒෼ͷྔతมԽΛ͍ͯݟΔͱ͍͏఺ͰɼϛΫϩͳಈྗֶͱ͍͏
ΑΓ͸ϚΫϩͳ଎౓աఔͰ͋Δͱ͍͑Δɽ
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͜ͷষͰ͸ɼඇஅ೤Խֶಈྗֶͷʬߏ଄ʭΛهड़͢ΔͨΊͷཧ࿦ΛఏҊ͢Δɽ3.1અͰ͸ɼඇஅ೤Խֶ

ಈྗֶͷٞ࿦ʹೖΔલͷ༧උ࡯ߟͱͯ͠ɼಈతݱ৅Ұൠʹؔ͢Δ࡯ߟΛ͏ߦɽ͜ͷઅͰɼຊڀݚͰண໨͢

Δʬঢ়ଶભҠߏ଄ʭΛৄࡉʹ෼ྨ͠ɼͱ͘ʹʬঢ়ଶۭؒߏ଄ʭͱʬ࣌ؒൃలߏ଄ʭͱ͍͏ೋͭͷҟͳΔঢ়

ଶભҠߏ଄ͷ֓೦Λಋೖ͢Δɽͦͷ࡯ߟΛड͚ɼ3.2અͰ͸ඇஅ೤Խֶಈྗֶͷঢ়ଶۭؒߏ଄ɼ3.3અͰ

͸࣌ؒൃలߏ଄ʹ͍ͭͯɼͦΕΒΛμΠΞάϥϜʹΑΓՄࢹԽ͠ɼ਺ཧతʹهड़͢Δํ๏Λఏࣔ͢Δɽଓ

͘ 3.4અͰ͸ɼඇஅ೤Խֶಈྗֶͷঢ়ଶۭؒߏ଄ͱ࣌ؒൃలߏ଄Λ݁ͼ͚ͭΔʮసૹํఔࣜʯΛಋग़͠ɼ

సૹํఔࣜͷ؆໿ɼݹయݶۃɼఆৗঢ়ଶޙͨ͠࡯ߟ͍ͯͭʹݶۃɼసૹํఔࣜͷ࣌ؒૈࢹԽʹΑͬͯʮ଎

౓ํఔࣜʯ͕ಋग़͞ΕΔ͜ͱΛࣔ͢ɽ3.5અͰ͸ɼঢ়ଶۭؒߏ଄ͷμΠΞάϥϜͷߏஙΞϧΰϦζϜ΍స

ૹํఔࣜͷ਺஋ղ๏ͳͲͷ਺஋ࢉܭख๏Λఏࣔ͠ɼ਺஋࣮ݧΛ͜͏ߦͱͰຊཧ࿦ͷଥ౰ੑΛ͢ূݕΔɽ࠷

ʹޙ 3.6અͰຊষͷ·ͱΊͱٞ࿦Λ͏ߦɽ

3.1 ঢ়ଶભҠߏ଄ʹؔ͢Δ࡯ߟ

ຊઅͰ͸ɼຊڀݚͰண໨͢Δʬঢ়ଶભҠߏ଄ʭʹ͍ͭͯ֓೦ͷ੔ཧΛ͏ߦɽ͸͡ΊʹɼҰൠͷಈతݱ

৅ͷߏ଄ʹ͍ͭͯ͠࡯ߟɼঢ়ଶΛʮ˓ʯɼભҠΛʮˠʯͱͯ͠Ұൠͷಈతݱ৅ͷߏ଄ΛදݱͰ͖Δ͜ͱΛ

ࣔ͢ɽ࣍ʹɼঢ়ଶͱભҠ͔ΒͳΔঢ়ଶભҠߏ଄ʹ͸ҙຯ߹͍͕ҟͳΔछʑͷϨϕϧ͕͋Δ͜ͱΛઆ໌͠ɼ

ಛʹʬ࣌ؒൃలߏ଄ʭͱʬঢ়ଶۭؒߏ଄ʭͱ͍͏ೋͭͷҟͳΔঢ়ଶભҠߏ଄ͷ֓೦Λಋೖ͢Δɽଓ͍ͯɼ

ʮ˓ʯͱʮˠʯ͔ΒͳΔμΠΞάϥϜͱͯ͠ঢ়ଶભҠߏ଄Λද͢ݱΔͱ͖ʹ͸ɼಈྗֶͷهड़ʹॏཁͳঢ়

ଶʢʹʮΠϕϯτʯʣͷΈΛʮ˓ʯͱͯ͠ද͢ݱΔํ๏͕ద੾Ͱ͋Δ͜ͱΛઆ໌͢Δɽޙ࠷ʹɼ࣍અҎ߱ͷ

ٞ࿦ͷํ਑ͱߏ੒Λ؆୯ʹड़΂Δɽ

3.1.1 ʮ˓ʯͱʮˠʯʹΑͬͯಈతݱ৅Λද͢

·ͣ͸ݪ఺ʹཱͪฦͬͯɼʮಈతݱ৅ʯ͋Δ͍͸ʮաఔʯ*1 ͱΑ͹ΕΔ΋ͷͷҰൠతఆٛΛ֬ೝ͢Δɽࣙ

ॻΛҾ͘ͱɼͦΕ͸͓ΑͦҎԼͷͱ͓ΓͰ͋Δ 90,91)ɿ

աఔɿ ෺͕ࣄมԽɾਐߦɾൃల͍ͯ͘͠Έͪ͢͡ɽ

*1ʮաఔʯʹ͸ࣗવݱ৅ͱͯ͠ͷաఔͱਓҝతͳաఔʢࢉܭ΍ۀ޻ੜ࢈ͳͲʣ͕͋Δ͕ຊ࿦จͰ͸લऀͷҙຯͰ͏࢖ɽ
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ਤ 3.1 աఔͷμΠΞάϥϜͷྫʢݹయྗֶʹ͓͚ΔৼΓࢠʣɽ(a)ৼΓࢠͷӡಈঢ়ଶΛʮ˓ʯͰද͢ɽ

͜͜Ͱ͸ɼసճʢT±ʣͱ࠷Լ఺௨աʢO±ʣͷ࢛ͭͷঢ়ଶʹͷΈண໨͢Δɽ(b)ৼಈ͢ΔৼΓࢠͷӡಈ

ঢ়ଶͷ࣌ؒൃలաఔΛμΠΞάϥϜͰදͨ͠΋ͷɽ

͜ͷఆٛʹै͑͹ɼҰൠʹɼաఔ͸ҎԼͷΑ͏ʹμΠΞάϥϜͱͯ͠දݱͰ͖Δ*2ɿ

աఔΛද͢μΠΞάϥϜɿ

෺ࣄͷঢ়ଶΛʮ˓ʯɼมԽɾਐߦɾൃలΛʮˠʯͰද͠ɼ

ͦΕΒΛൃలͷॱংʹैͬͯ࿈݁ͨ͠΋ͷ

͜͜Ͱʮॱংʹैͬͯ࿈݁ͨ͠΋ͷʯ͕ɼաఔͷఆٛʹ͓͚ΔʮΈͪ͢͡ʯͷදݱͱͳ͍ͬͯΔɽਤ 3.1

ͷৼಈӡಈͷྫΛࣔ͢ɽਤࢠయྗֶతৼΓݹʹ 3.1(a)ͷΑ͏ʹɼৼΓࢠͷӡಈঢ়ଶͷ͏ͪసճʢT±ʣͱ

ͷৼಈӡಈ͸ࢠԼ఺௨աʢO±ʣͱ͍͏ಛ௃తͳঢ়ଶʹண໨͠ɼͦΕΒΛʮ˓ʯͰද͢ɽ͜ͷͱ͖ɼৼΓ࠷

ਤ 3.1(b)ͷΑ͏ʹදͤΔɽ͜Ε͕աఔΛද͢μΠΞάϥϜͰ͋Δɽ

ʮ˓ʯ͸ঢ়ଶΛද͢ͱ͕ͨ͠ɼʮঢ়ଶʯͱ͍͏֓೦ʹ͍ͭͯ΋͜͜Ͱ໌֬ʹ͓ͯ͘͠ɿ͍͓ͯʹه্

ঢ়ଶɿ ಈΛ༧ଌ͢ΔͨΊʹඞཁͳ৘ใͷ͢΂ͯ*3ڍͷະདྷͷܥ

͜Ε͸ɼʮࡏݱͷঢ়ଶ͕ఆ·Ε͹ɼաڈͷঢ়ଶͷཤྺʹґΒͣɼະདྷͷڍಈʹؔ͢Δ৚݅෇͖֬཰෼෍͕

ఆ·Δʯ͜ͱΛཁ੥͢Δɽ͢ͳΘͪɼঢ়ଶؒͷભҠʹؔͯ͠Markovੑ*4 Λཁ੥͢ΔɽৼΓࢠͷྫͰ͍

͑͹ɼʮࡏݱͷৼΓࢠͷ֯౓͕ θ = 0Ͱ͋Δʯͱ͍͏৘ใ͔ΒະདྷΛ༧ଌ͢Δ͜ͱ͸Ͱ͖ͳ͍ɽͳͥͳΒ

͹ɼৼΓࢠͷ֯଎౓ θ̇ ʹΑͬͯৼΓ͕ͦࢠͷޙʹӈʹৼΕΔ͔ࠨʹৼΕΔ͔͕ҟͳΔ͔ΒͰ͋Δɽͭ·

Γɼθ ͷΈͰ͸ৼΓࢠͷঢ়ଶΛදݱͰ͖ͳ͍ɽৼΓࢠ͸ݹయྗֶܥͰ͋Δ͔Βɼͦͷঢ়ଶ͸ӡಈྔͱҐஔ

ͷ૊ (pθ, θ)Ͱද͞ΕΔͷͰ͋Δɽ

ʹࡍΒͳ͍ɽͦ͜Ͱɼʮঢ়ଶʯͱ࣮ݶଌ͞ΕΔͱ͸؍ʹࡍ৅ͱ࣮ͯ͠ݱͰఆٛ͞ΕΔʮঢ়ଶʯ͸ɼه্

ͷྫͰ͍͑͹ɼθࢠ৅ʯͱΛຊ࿦จͰ͸۠ผ͢ΔɽৼΓࣄଌ͞ΕΔʮ؍ ͸ঢ়ଶͰ͸ͳ͍͕ɼ࣮؍ʹࡍଌ͞

*2ຊ࿦จͰ͸ࣗવաఔʹͷΈண໨͢Δ͕ɼ͜ͷμΠΞάϥϜදݱͷఆٛ͸ਓҝաఔʹ΋ద༻ՄೳͰ͋ΔɽྫʣΞϧΰϦζϜͷϑ
ϩʔνϟʔτɽ

*3͜ͷఆٛ͸Ұൠతͳࣙॻʹ͍ͯͬࡌΔఆٛͱ͸ҟͳΔ͕ɼ࣌ྻܥղੳɾྗֶܥཧ࿦ɾྔֶྗࢠ౳ʹ͓͚Δʮঢ়ଶʯ͸͜ͷఆٛ
ʹ౰ͯ͸·Δɽจݙ 92) ΋ࢀরɽ

*4কདྷͷঢ়ଶʹؔ͢Δ৚݅෇͖֬཰෼෍͕ɼաڈͷঢ়ଶͷཤྺʹґΒͣɼࡏݱͷঢ়ଶʹͷΈґଘ͢Δͱ͍͏֬཰աఔͷಛੑͷ͜
ͱΛʮMarkovੑʯͱ͍͏ɽ
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ਤ 3.2 ಈతݱ৅ͷҰൠߏ଄ɽʮ˓ʯ͸ঢ়ଶΛද͠ɼ˓ͱ˓Λ݁Ϳʮˠʯ͸ભҠΛද͢ɽʮ˘ʯ͸ݱ৅ͱ

৅Λද͢ɽࣄଌ͞ΕΔ؍ͯ͠

ΕΔࣄ৅Ͱ͸͋Δɽʮঢ়ଶʯͷఆٛΑΓɼࣄ৅ʹؔ͢Δ֬཰෼෍͸ɼঢ়ଶʹΑͬͯنఆ͞ΕΔɽ

Ҏ্Ͱड़΂ͨɼʮભҠ͕MarkovੑΛຬͨ͢ঢ়ଶʯͱʮ࣮؍ʹࡍଌ͞ΕΔࣄ৅ʯ͔ΒͳΔಈతݱ৅ͷҰൠ

଄Λਤߏ 3.2ʹਤղ͢Δ*5ɽ͜ͷਤͰɼʮ˓ʯ͸ঢ়ଶɼ˓ͱ˓Λ݁Ϳʮˠʯ͸ભҠΛද͠ɼ͜ΕΒ͔ΒͳΔ

ҰຊͷΈ্͕ͪ͢͡هͰఆٛͨ͠ʮաఔͷμΠΞάϥϜʯͰ͋Δɽ·ͨɼʮ˘ʯ͸ݱ৅ͱͯ͠؍ଌ͞ΕΔ

৅Λද͢ɽୈࣄ 1ষͷਤ 1.2ʹࣔͨ͠ྗֶͷߏ଄ͷ͏ͪɼঢ়ଶભҠߏ଄ʹ૬౰͢Δ΋ͷ͕ਤ 3.2ͷʮ˓ʯ

ͱͦΕΒΛ݁Ϳʮˠʯ͔ΒͳΔߏ଄Ͱ͋Γɼݱ৅ʹ૬౰͢Δ΋ͷ͕ਤ 3.2ͷʮ˘ʯͰ͋Δɽ

Ҏ্ͷΑ͏ʹຊڀݚͰண໨͢Δঢ়ଶભҠߏ଄͸ʮ˓ʯͱʮˠʯͰද͞ΕΔ͕*6 ɼ࣮͸ঢ়ଶભҠߏ଄Λද

͢μΠΞάϥϜͱͯ͠͸ɼਤ 3.1΍ਤ 3.2ͷΑ͏ʹʮ˓ʯͱʮˠʯ͕Ұຊͷےͱͯͭ͠ͳ͕ͬͨʮաఔͷ

μΠΞάϥϜʯͷଞʹ΋ɼछʑͷදݱΛ͑ߟΔ͜ͱ͕ՄೳͰ͋Δɽ͜ͷ఺ʹؔͯ͠ɼ߲࣍Ͱ੔ཧ͢Δɽ

3.1.2 ঢ়ଶભҠߏ଄ͷछʑͷϨϕϧ

ຊ߲Ͱ͸ɼঢ়ଶʮ˓ʯͱભҠʮˠʯ͔ΒͳΔঢ়ଶભҠߏ଄ʹ͸ɼҙຯ߹͍͕ҟͳΔछʑͷϨϕϧ͕͋Δ

͜ͱΛઆ໌͢Δɽಛʹɼલ߲Ͱಋೖͨ͠ʮաఔʯͱ͍͏ߏ଄ͷ΄͔ʹɼʬ࣌ؒൃలߏ଄ʭͱʬঢ়ଶۭؒߏ

଄ʭͷೋछͷঢ়ଶભҠߏ଄֓೦Λಋೖ͢Δɽͳ͓ɼ࣌ؒൃలߏ଄ͱঢ়ଶۭؒߏ଄ͷৄࡉͳಛ௃͚ͮʹ͍ͭ

ͯ͸ɼ෇࿥ Bʹड़΂Δɽ

యܕతͳ֬཰աఔͰ͋Δ ଄ʹछʑͷϨϕϧ͕͋Δ͜ͱߏϥϯμϜ΢ΥʔΫΛྫͱͯ͠ɼঢ়ଶભҠݩ1࣍

Λઆ໌͢Δɽਤ 3.3ʹਤղΛࣔ͢ɽ

ਤ 3.3ͷ্࠷ஈ͸ɼલ߲Ͱఆٛͨ͠աఔͷμΠΞάϥϜͰ͋ΔɽϥϯμϜ΢ΥʔΫ͸֬཰աఔͰ͋Δͨ

Ίɼॳظ஋͕ಉ͡Ͱ͋ͬͯ΋͝ߦࢼͱʹҟͳΔաఔ*7 ϥϯμϜ΢ΥʔΫͷ৔߹ɼॳݩΕΔɽ1࣍͞ݱ࣮͕

஋͕ಉ͡աఔ͸ظ 3λʔϯ໨·ͰͰ 23 छྨଘ͢ࡏΔɽਤͷ্࠷ஈʹ͸ͦͷ 8छྨͷաఔͷμΠΞάϥϜ

͕ඳ͔Ε͍ͯΔɽ͜ΕΒͷෳ਺ͷաఔͷμΠΞάϥϜͰ్த·Ͱܦ࿏͕ಉ͡աఔΛଋͶΔͱɼਤͷೋஈ໨

ͱͳΔɽ͜͜ͰɼଋͶͨաఔͷ਺ͷׂ߹ʢ֬཰ʣʹैͬͯೱ୶Λ͚ͭͨɽ͜ͷΑ͏ʹෳ਺ͷաఔͷμΠΞ

άϥϜΛଋͶΔ͜ͱͰೱ୶ͷ͋Δʮ໦ʯΛඳ͘͜ͱ͕Ͱ͖Δɽ͜ͷμΠΞάϥϜʹ͓͍ͯ໼ҹΛͨͲΔ͜

ͱͰݩͷ 8ຊͷաఔͷμΠΞάϥϜ͕ɼස౓΋ؚΊͯɼ෮ݩͰ͖Δɽ͜ͷҙຯͰɼ͜ͷ໦͸ 8ຊͷաఔͷ

৘ใΛՄٯѹॖͨ͠΋ͷͰ͋Δɽ

*5͜ͷΑ͏ͳಈతݱ৅ͷϞσϧ͸ɼ࣌ྻܥղੳͷ෼໺Ͱ͸ʮঢ়ଶۭؒϞσϧʯͱΑ͹ΕΔ 92)ɽ
*6࿈ଓঢ়ଶͷ৔߹ʹ͸ɼద౰ͳ཭ࢄԽΛߦΘͳ͚Ε͹ਤࣔ͸Ͱ͖ͳ͍ɽ͜ͷ఺ʹؔͯ͠͸ɼ3.1.3߲Λࢀরɽ
*7͜ͷ࣮͞ݱ࣮ʹࡍΕΔʮաఔʹҰຊͷΈͪ͢͡ʯ͸֬཰աఔཧ࿦Ͱ͸ඪຊ࿏ʢsample pathʣͱΑ͹ΕΔɽ
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ਤ 3.3 ঢ়ଶભҠߏ଄ͷ֊૚ਤɿ1 ஈͷ্࠷ϥϯμϜ΢ΥʔΫʹΑΔྫࣔɽݩ࣍ 8 ͭͷμΠΞάϥϜ

͸ɼ͝ߦࢼͱʹ࣮͞ݱ࣮ʹࡍΕΔաఔͱͯ͠ͷҰຊͷΈͪ͢͡Λද͢μΠΞάϥϜͰ͋Δɽೋஈ໨͸ɼ

͜ΕΒ 8ຊͷΈͪ͢͡Λɼ్தܦ࿏͕ಉ͡΋ͷ͸ଋͶΔͱ͍͏ํ਑ͰଋͶͨ΋ͷͰ͋Γɼ໦ߏ଄Λ΋

ͭɽೱ୶͸ԿຊͷΈͪ͢͡ΛଋͶ͔ͨΛද͢ɽࡾஈ໨͸ɼೋஈ໨ͷ໦ʹ͓͍ͯಉ࣌ࠁɾಉঢ়ଶͷ˓Λ

Ұͭʹ·ͱΊͨ΋ͷͰɼ͜Ε͕ʬ࣌ؒൃలߏ଄ʭͰ͋Δɽ͞ΒʹɼભҠΛࢧ഑͢Δنଇੑ͕࣌ؒతʹෆ

มͳΒ͹ʢ੪࣌తͰ͋Ε͹ʣɼ࣌܎ؔʹࠁͳ͘ಉঢ়ଶͷ˓ΛҰͭʹ·ͱΊΔ͜ͱ͕Ͱ͖ɼͦͷ݁Ռ͕࢛

ஈ໨ͷʬঢ়ଶۭؒߏ଄ʭͰ͋Δɽ্ஈ͔ΒԼஈʹ͔ͯͬ޲৘ใ͕ѹॖ͞ΕɼίϯύΫτͳදݱͱͳͬ

͍ͯ͘ɽ·ͨɼ͜ͷ৘ใѹॖ͸ՄٯͰ͋Γɼ֤μΠΞάϥϜʹ͓͍ͯ໼ҹΛͨͲΔ͜ͱʹΑΓҰ্ͭ

ͷஈͷμΠΞάϥϜΛಘΔ͜ͱ͕Ͱ͖Δɽ͜ͷΑ͏ʹ৘ใѹॖͷஈ֊ʹΑΓҙຯ߹͍͕ҟͳΔ͍ͭ͘

͔ͷঢ়ଶભҠߏ଄Λ͑ߟΔ͜ͱ͕Ͱ͖Δɽ
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ਤ 3.3ͷೋஈ໨ͷ໦ʹ͸్த͔Βಉ͡ߏ଄Λ΋ͭ෦෼ʢࢬʣ͕ଘ͢ࡏΔͨΊɼ͜ΕΒͷॏෳ͢Δߏ଄Λ

·ͱΊ্͛Δ͜ͱʹΑͬͯɼ͜ͷ໦Λ͞Βʹ৘ใѹॖ͢Δ͜ͱ͕Ͱ͖Δɽ͍·ɼલ߲Ͱঢ়ଶભҠʹؔͯ͠

ཁ੥ͨ͠MarkovੑʹΑΓɼಉ࣌ࠁɾಉঢ়ଶͷ˓͔ΒԼྲྀͷߏ଄͸ʢ্ྲྀʹґΒͣʣ౳͍͠ɽ͕ͨͬͯ͠ɼ

ಉ࣌ࠁɾಉঢ়ଶͷ˓ΛҰͭʹ·ͱΊ্͛Δ͜ͱ͕Ͱ͖Δɽͦͷ݁Ռ͕ਤͷࡾஈ໨ͷμΠΞάϥϜͰ͋Δɽ

΍͸Γ͜ͷμΠΞάϥϜʹ͓͍ͯ΋໼ҹΛͨͲΔ͜ͱͰ΋ͱͷաఔΛ෮ݩͰ͖ɼ͜ͷμΠΞάϥϜ͸্࠷

ஈͷμΠΞάϥϜʹൺ΂ͯίϯύΫτʹର৅ͷಈతݱ৅ͷ৘ใΛهड़Ͱ͖Δɽ͜ͷࡾஈ໨ͷਤ͸ϥϯμϜ

΢ΥʔΫͷ֬཰෼෍ͷ࣌ؒൃలͷࢉܭͰΑ͘ݟΔਤͰ͋Δɽຊ࿦จͰ͸͜ͷμΠΞάϥϜ͕ද͍ͯ͠Δߏ

଄ͷ͜ͱΛʬ࣌ؒൃలߏ଄ʭͱΑͿɽ֬ఆաఔͰ͋ΔৼΓࢠͷৼಈӡಈͷ৔߹ɼաఔͷμΠΞάϥϜʢਤ

3.1(b)ʣ͸࣌ؒൃలߏ଄ͷμΠΞάϥϜͰ΋͋Δɽ·ͨɼୈ 2ষͷਤ 2.1͸ɼྔֶྗࢠతͳ࣌ؒൃలߏ଄

ͷμΠΞάϥϜͰ͋Δɽ

ঢ়ଶભҠΛࢧ഑͢Δنଇ͕࣌ؒతʹෆมͳΒ͹*8ɼ࣌ؒൃలߏ଄ʹ͓͍ͯಉछͷঢ়ଶΛ࣌܎ؔʹࠁͳ͘

Ұͭʹ·ͱΊΔૢ࡞΋ՄٯѹॖͱͳΔɽਤ 3.3ͷࡾஈ໨ͷ࣌ؒൃలߏ଄ͷμΠΞάϥϜʹ͓͍ͯɼಉछͷ

ঢ়ଶΛ࣌܎ؔʹࠁͳ͘Ұͭʹ·ͱΊΔͱ࢛ஈ໨ͷμΠΞάϥϜ͕ಘΒΕΔɽ͜Ε͸ ϥϯμϜ΢Υʔݩ1࣍

Ϋܥͷঢ়ଶۭؒʢstate spaceʣ*9 ಺ͷભҠωοτϫʔΫΛද͍ͯ͠Δɽຊ࿦จͰ͸͜ͷߏ଄ͷ͜ͱΛʬঢ়

ଶۭؒߏ଄ʭͱΑͿɽঢ়ଶۭؒߏ଄ͷμΠΞάϥϜʹ͓͍ͯɼ͋Δॳظঢ়ଶ͔Βॱʹ໼ҹΛͨͲ͍ͬͯ͘

͜ͱͰɼ࣌ؒൃలߏ଄ͷμΠΞάϥϜΛ෮ݩͰ͖Δɽ͜ͷ෮ݩʹ͸ͦΕͧΕͷભҠʹભҠ֬཰΍ભҠ࣌ؒ

ͳͲͷඞཁͳ৘ใΛ෇ਵ͓ͤͯ͘͞ඞཁ͕͋ΔҰํɼ֤ঢ়ଶʹ֬཰৘ใʢਤͰೱ୶Ͱද͢΋ͷʣΛ෇ਵ͞

ͤΔඞཁ͸ͳ͍ɽ·ͨɼॳظঢ়ଶ͝ͱʹఆ·Δ࣌ؒൃలߏ଄ͱ͸ҧ͍ɼঢ়ଶۭؒߏ଄͸ॳظঢ়ଶʹґଘ͠

ͳ͍ɽ

͜ͷঢ়ଶۭؒߏ଄ͷμΠΞάϥϜ͸ɼMarkovաఔΛੜ੒͢Δઢ࡞ܗ༻ૉʹରԠ͢ΔάϥϑදݱͱΈͳ

ͤɼಈతݱ৅ͷഎޙʹ͋ΔنଇੑɾߏػɾϝΧχζϜΛՄࢹԽ͢Δ΋ͷͰ͋Δɽྫ͑͹ɼ1࣍ݩϥϯμϜ

΢ΥʔΫͷྫʢਤ 3.3ʣͰ͸ɼঢ়ଶۭؒߏ଄ͷμΠΞάϥϜ͸ભҠ֬཰ྻߦΛॏΈ෇͖ྡ઀ྻߦͱ͢Δॏ

Έ෇͖༗޲άϥϑͱΈͳͤΔɽঢ়ଶۭؒߏ଄Ͱද͞ΕΔભҠنଇ͔Β͢΂ͯͷঢ়ଶભҠ͕ੜ੒͞ΕΔͱ͍

͏ҙຯͰɼঢ়ଶۭؒߏ଄͸ঢ়ଶભҠߏ଄ͷ֊૚Ͱ͸࠷΋ࠜݯతͳߏ଄Ͱ͋Δ*10ɽ

Ҏ্ͷΑ͏ʹɼঢ়ଶͱભҠ͔ΒͳΔঢ়ଶભҠߏ଄ͱͯ͠छʑͷϨϕϧΛ͑ߟΔ͜ͱ͕Ͱ͖Δ͕ɼҰஈ໨

ͷաఔͷμΠΞάϥϜ͔Β࢛ஈ໨ͷঢ়ଶۭؒߏ଄ͷμΠΞάϥϜʹࢸΔ·Ͱʹ৘ใ͕ѹॖ͞Ε͍ͯ͘ͷʹ

൐ͬͯɼ֤μΠΞάϥϜʹ͓͍ͯ˓͕࣋ͭҙຯ߹͍΋มΘΔɽ͸͡ΊͷաఔͷμΠΞάϥϜͷͦΕͧΕͷ

˓͸ɼঢ়ଶͷछผͱൃੜ࣌ࠁɾߦࢼͰ۠ผ͞ΕΔɽਤ 3.3ͷೋஈ໨ͷ໦Ͱ͸ɼঢ়ଶͷछผɾൃੜ࣌ࠁʹՃ

࿏ཤྺʹΑͬͯ΋ͦΕͧΕͷ˓͸۠ผ͞Εɼ͞Βʹ֬཰৘ใʢೱ୶ʣ͕෇ਵ͢ΔɽMarkovੑΛ༗ܦͯ͑

͢Δͱ͖ʹ͸ܦ࿏ཤྺ৘ใΛফ͢ڈΔ͜ͱ͕ՄೳͰɼ࣌ؒൃలߏ଄ͷμΠΞάϥϜͷ˓͸ঢ়ଶͷछผͱൃ

ੜ࣌ࠁͰ۠ผ͞Εɼ֬཰৘ใ͕෇ਵ͢Δɽ͞Βʹঢ়ଶભҠنଇ͕࣌ؒతʹෆมͰ͋Ε͹ɼൃੜ࣌ࠁͷ৘ใ

Λফ͢ڈΔ͜ͱ΋ՄೳͰɼঢ়ଶۭؒߏ଄ͷμΠΞάϥϜͷ˓͸ঢ়ଶͷछผʹΑͬͯͷΈ۠ผ͞Εɼ࣌ࠁ৘

ใ΍֬཰৘ใ͸෇ਵ͠ͳ͍ɽঢ়ଶۭؒߏ଄ʹ͓͍ͯ˓͔Βফ͞ڈΕͨ֬཰΍࣌ࠁͷ৘ใ͸ɼઌड़ͷͱ͓

ΓɼભҠʹ෇ਵ͢ΔભҠ֬཰ͱભҠ࣌ؒͱͯ͠อ࣋͞ΕΔɽҎ্Λද 3.1ʹ·ͱΊΔɽ

*8ʮ੪࣌తʯɼʮ࣌ؒతʹҰ༷ʯɼʮtime homogeneousʯͳͲͱ΋͍͏ɽ
଄Λͱ΋ͳߏͷͱΓ͏Δঢ়ଶશମͷू߹Λʮঢ়ଶۭؒʯͱΑͿɽʮۭؒʯͱΑ͹ΕΔ͜ͱ͔Β෼͔Δͱ͓Γɼঢ়ଶۭؒ͸Ґ૬ܥ9*

͏ɽ·ͨɼྗֶܥཧ࿦Ͱ͸ঢ়ଶۭؒͷ͜ͱΛʮ૬ۭؒʢphase spaceʣʯͱΑͿ͕ɼྔֶྗࢠ΍֬཰աఔ࿦ͳͲͷଞͷ෼໺Ͱ͸૬ۭ
ؒʹ૬౰͢Δ΋ͷ͕ঢ়ଶۭؒͱΑ͹ΕΔ͜ͱ͕ଟ͍ͷͰɼຊ࿦จͰ͸ʮঢ়ଶۭؒʯͰ౷Ұ͢Δɽ

*10ྗֶͰ͸͞Βʹʬ૬ߏ༺࡞ޓ଄ʭʢ=Hamiltonianʣʹ·Ͱ૎Δ͜ͱ͸ɼংষͰ΋ड़΂ͨͱ͓ΓͰ͋Δɽ
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ද 3.1 ֤छͷঢ়ଶભҠߏ଄ʹ͓͚Δʮ˓ʯͱʮˠʯͷҙຯ߹͍ͷ·ͱΊ

଄छߏ ˓Λ۠ผ͢Δ৘ใ ˓ʹ෇ਵ͢Δ৘ใɹ ˠʹ෇ਵ͢Δ৘ใ

աఔ ঢ়ଶछɾൃੜ࣌ࠁɾߦࢼ

ʢਤ 3.3ͷೋஈ໨ʣ ঢ়ଶछɾൃੜ࣌ࠁɾܦ࿏ཤྺɹ ൃੜස౓ʢ֬཰ʣ ɹ

࣌ؒൃలߏ଄ɹ ঢ়ଶछɾൃੜ࣌ࠁɹ ൃੜස౓ʢ֬཰ʣ ɹ

ঢ়ଶۭؒߏ଄ ঢ়ଶछ ભҠ֬཰ɾભҠ࣌ؒɹ

3.1.3 ࿈ଓతঢ়ଶͱ཭ࢄతΠϕϯτ

Ұൠʹ࣮ੈքͷ෺ࣄͷଟ͘͸࿈ଓతͰ͋Δʢͱ৴͡ΒΕ͍ͯΔʣɽ͔͠͠ɼঢ়ଶۭ͕ؒ࿈ଓతͰ͋Δ৔

߹ɼલ߲Ͱಋೖͨ͠छʑͷঢ়ଶભҠߏ଄ͷμΠΞάϥϜΛඳ͘͜ͱ͕Ͱ͖ͳ͍ɽಛʹɼݩ࣍ߴͷ࿈ଓతঢ়

ଶۭؒͷ௚઀తՄࢹԽ͸ݪཧతʹෆՄೳͰ͋Δɽ·ͨɼʮ࿈ଓʯͱ͍͏֓೦͸ਓؒͷ௚ײతཧղΛ௒͑ͨ

ଆ໘Λ΋ͪɼػࢉܭͰऔΓѻ͏͜ͱ΋Ͱ͖ͳ͍ɽ

ͦ͜ͰຊڀݚͰ͸ɼঢ়ଶۭؒΛ཭ࢄԽͯ͠ঢ়ଶભҠߏ଄Λଊ͑Δͱ͍͏ํ਑ΛͱΔɽྫ͑͹ɼຊڀݚͰ

͸ɼݹయྗֶతৼΓࢠͷঢ়ଶۭؒߏ଄Λਤ 3.4(a)ͷΑ͏ͳ཭ࢄతɾ༗ݸݶͷ௖఺ʮ˓ʯΛ΋ͭ༗޲άϥϑ

ͱͯ͠ଊ͑ΔɽҰํɼঢ়ଶۭؒͷ཭ࢄԽΛߦΘͳ͍৔߹ɼݹయྗֶతৼΓࢠͷঢ়ଶۭؒߏ଄͸ਤ 3.4(b)

ͷΑ͏ͳʮ૬ਤʢphase portraitʣʯͱͯ͠ҰൠʹՄࢹԽ͞ΕΔɽ͜ͷ૬ਤʹΑΔঢ়ଶۭؒߏ଄ͷ೺Ѳ͸ྗ

ঢ়ଶۭؒʹରͯ͠͸௨༻ͤͣɼ֬཰తݩ࣍ߴԽํ๏͸ࢹΒ͓͜ͳΘΕ͖͕ͯͨɼ͜ͷՄ͔͘ݹཧ࿦Ͱܥֶ

͹ɼਤ͑ߦԽΛࢄΒ͍ɽ͔͠͠ɼঢ়ଶۭؒͷ཭ͮ͠ݱ΋දذಓ෼ي 3.4(a)΍લ߲Ͱࣔͨ͠Α͏ͳμΠΞ

άϥϜΛݪཧతʹ͸͍ͭͰ΋ తͳ೺Ѳ͕ײ଄ͷ௚ߏ಺ʹਤࣔ͢Δ͜ͱ͕Ͱ͖ɼछʑͷঢ়ଶભҠۭؒݩ3࣍

ՄೳͱͳΔɽ࿈ଓతͰߴਫ਼౓ͳ৘ใͷදࣔΛ͖͋ΒΊͯɼඞཁͳ৘ใͷΈΛμΠΞάϥϜతʹਤࣔ͢Δ͜

ͱͰɼΑΓ௚ײతʹ೺Ѳ͠΍͍͢ද͕ݱಘΒΕΔͷͰ͋Δ*11ɽ͞Βʹɼ༗޲άϥϑͷΑ͏ͳ཭ࢄతσʔ

λߏ଄͸ػࢉܭʹΑΔѻ͍΋༰қͰ͋Δ͜ͱ΋ɼঢ়ଶۭؒΛ཭ࢄԽ͢Δ͜ͱͷར఺ͷҰͭͰ͋Δɽ΋ͪΖ

Μɼঢ়ଶۭؒͷ཭ࢄԽʹΑΓࣦΘΕΔ৘ใ΋͋Δ͕ɼຊڀݚͰ༻͍ΔछʑͷμΠΞάϥϜ͸ɼঢ়ଶۭؒશ

ମͷେ·͔ͳ೺Ѳʹे෼ͳ৘ใΛอ͍࣋ͯ͠Δ*12ɽ

ঢ়ଶۭؒͷ཭ࢄԽͷ࠷΋ૉ๿ͳํ๏͸ɼঢ়ଶۭؒΛ֨ࢠঢ়ʹ෼ׂ͢Δํ๏Ͱ͋ΔɽৼΓࢠͷྫͰ͍͏

ͱɼ֯౓ θ Λ 1◦ ͝ͱ۠੾ͬͯ͑ߟΔΑ͏ͳ৔߹ʹ૬౰͢Δɽ͔͠͠ɼ͜ͷํ๏͸ɼ͕ྔࢉܭঢ়ଶۭؒͷ

਺ؔ਺తʹ૿େ͠ɼঢ়ଶભҠͷMarkovੑΛ΋ᆝଛ͔͠Ͷͳ͍ɽࢦରͯ͠ʹݩ࣍

ҰํɼຊڀݚͰ࠾༻͢Δঢ়ଶۭؒ཭ࢄԽͷํ๏͸ɼಈྗֶͷهड़ʹॏཁͳ͍͔ͭ͘ͷঢ়ଶʢʹʮΠϕϯ

τʯ*13ʣʹͷΈண໨͢Δํ๏Ͱ͋ΔɽৼΓࢠͷྫͰ͍͏ͱɼసճ఺΍࠷Լ఺௨աͱ͍ͬͨಛ௃తͳӡಈঢ়

ଶʹͷΈண໨͢Δํ๏Ͱ͋Δ*14ɽຊ࿦จͰ͜͜·Ͱࣔͨ͠μΠΞάϥϜ͸ɼ͜ͷํࣜʹͷͬͱ͍ͬͯΔɽ

͜ͷํ๏͸ɼಈతݱ৅ͷཧղ΍༧ଌʹඞཁͳ৘ใΛ؆ܿʹදࣔ͢Δ͜ͱ͕ՄೳͰ͋Δɽ͞Βʹɼద੾ͳΠ

Δ΋ͷͰ͋Δ͜͢ݱ୅ͷమಓ࿏ઢਤ͕ɼਖ਼֬ͳ஍ཧత৘ใΛࣺͯɼӺؒͷͭͳ͕ΓͷΈʹண໨ͨ͠τϙϩδΧϧͳ৘ใΛදݱ11*
ͱ΋͜ͷҰྫͰ͋Δɽॳظͷమಓ࿏ઢਤ͸ɼ஍ਤΛϕʔεʹͨ͠΋ͷͰ͋ͬͨɽ͔͠͠ɼར༻٬ͷଟ͕͘ਖ਼֬ͳ஍ཧత৘ใΛٻΊ
͍ͯͳ͍͜ͱʹ͍͕ͨͭؾϩϯυϯަࢢ௨ہͷٕࢣͷ H. Beck ʹΑͬͯɼτϙϩδʔϕʔεͷ࿏ઢਤ͕࡞੒͞Εͨɽ1933 ೥ʹϦ
Ϧʔε͞Εͨ Beckͷϩϯυϯ஍Լమ࿏ઢਤ͸ɼݱ୅ʹଓ͘μΠΞάϥϜܕ࿏ઢਤͷྲྀݯͰ͋Δ 93)ɽ

*12ຊڀݚͰ༻͍ΔछʑͷμΠΞάϥϜʹΑͬͯɼͲͷΑ͏ͳ৘ใΛಘΔ͜ͱ͕Ͱ͖Δ͔͸ɼຊষͷޙ൒΍࣍ষͷԠ༻ྫΛࢀরɽ
*13͜͜Ͱ͍͏ʮΠϕϯτʯͱ͸ண໨͢Δಛผͳʮঢ়ଶʯͷ͜ͱΛ͢ࢦɽ͢ͳΘͪʠॠؒతͳʡΠϕϯτͰ͋Δɽ·ͨɼ࣮؍ʹࡍ
ଌ͞ΕΔࣄ৅ͷ͜ͱͰ͸ͳ͍ɽ

*14͜ͷख๏͸ྗֶܥཧ࿦ʹ͓͚ΔʮPoincaréࣸ૾ʯͷํ๏ͱಉ͡ਫ਼ਆʹͮ͘جɽPoincaréࣸ૾ͷํ๏͸ɼ૬ۭؒ಺ʹஔ͔Εͨ
Poincaréஅ໘Λيಓ͕ԣ੾ΔΠϕϯτͷΈʹண໨͠ɼ࿈ଓྗֶܥͷ໰୊Λ཭ܥֶྗࢄʢ൓෮ࣸ૾ܥʣͷ໰୊ʹম͖௚͢ख๏Ͱ͋Δɽ
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ਤ 3.4 ৼΓࢠͷঢ়ଶۭؒߏ଄ͷೋͭͷՄࢹԽํ๏ɽ(a)ঢ়ଶۭؒΛ཭ࢄԽͯ͠ʮ˓ʯͱʮˠʯ͔Βͳ

Δ༗޲άϥϑͱͯ͠ද͢ݱΔํ๏ʢঢ়ଶۭؒߏ଄ͷμΠΞάϥϜʣɽ(b)ঢ়ଶۭؒΛ཭ࢄԽ͠ͳ͍࿈ଓ

తͳදํݱ๏ʢ૬ਤɼphase portraitʣɽ͜͜Ͱɼθ ͸ৼΓࢠͷ֯౓ɼpθ ͸ θ ͷڞ໾ӡಈྔɼه߸ T±

͸సճɼO± ͸࠷Լ఺௨աʹରԠ͢Δӡಈঢ়ଶΛࣔ͢ɽຊڀݚͰ͸ɼ(a)ͷλΠϓͷμΠΞάϥϜදݱ

ʹΑͬͯঢ়ଶۭؒߏ଄΍࣌ؒൃలߏ଄Λଊ͑Δɽ

ϕϯτͷબ୒ʹΑͬͯɼMarkovੑΛେ͖͘ᆝଛ͢Δ͜ͱͳ͘ಈྗֶΛهड़͢Δ͜ͱ΋ՄೳͰ͋Δ*15ɽ͜

Ε͕ɼຊڀݚͰ཭ࢄతΠϕϯτΛ˓ͱͯ͠બ୒͢Δ event-drivenతํࡦΛ࠾༻͢Δཧ༝Ͱ͋Δɽ

3.1.4 ຊ࿦ల։ͷํ਑

ຊઅͰ͸ɼʬ࣌ؒൃలߏ଄ʭͱʬঢ়ଶۭؒߏ଄ʭͷೋͭͷ֓೦Λɼݱ৅͔Βͦͷੜ੒ߏػ΁͏͔޲৘ใ

ѹॖͷྲྀΕʹԊͬͯ੔ཧͨ͠ɽҰํͰɼ෺ཧԽֶͷΑ͏ʹݪཧ΍૬ߏ༺࡞ޓ଄͕෼͔͍ͬͯΔ෼໺Ͱ͸ɼ

͜ͷٯͷʠաఔʡɼ͢ͳΘͪݪཧ͔Βݱ৅ʹྲྀ͏͔޲ΕʹԊͬͨٞ࿦͕ՄೳͰ͋Δɽ͜ͷྲྀΕ͸ݪཧʹѹ

ॖ͞Εͨ৘ใΛల։͢ΔʠաఔʡͰ͋Γɼຊ࿦จͰ͸͜ΕҎͪ͜ޙΒͷྲྀΕʹԊͬͯٞ࿦ΛਐΊΔɽ͢ͳ

Θͪɼୈ 2ষͰઆ໌ͨ͠ݪཧͱ૬ߏ༺࡞ޓ଄Λ΋ͱʹඇஅ೤Խֶಈྗֶͷঢ়ଶۭؒߏ଄ʹؔ͢Δཧ࿦Λߏ

ங͠ʢ3.2અʣɼ࣍ʹ࣌ؒൃలߏ଄ʹ͍ͭͯٞ࿦ͯ͠ʢ3.3અʣɼঢ়ଶۭؒߏ଄͔Β࣌ؒൃలߏ଄Λʮల։ʯ

͢Δํ๏ΛఆࣜԽ͢Δʢ3.4અʣɽ

3.2 ඇஅ೤Խֶಈྗֶͷঢ়ଶۭؒߏ଄

ຊઅͰ͸ɼඇஅ೤Խֶಈྗֶͷঢ়ଶۭؒߏ଄ʹ͍ͭͯཧ࿦Λల։͢Δɽঢ়ଶۭؒߏ଄Λهड़͢Δʹ͋

ͨͬͯ͸ɼಈྗֶΛద੾ʹهड़͢ΔͨΊͷঢ়ଶͱɼͦΕΒΛ݁ͿભҠΛ໌Β͔ʹ͢Δඞཁ͕͋Δɽͦ͜Ͱ

·ͣ͸ɼঢ়ଶͷྔֶྗࢠతఆࣜԽΛ͍ߦɼඇஅ೤Խֶಈྗֶʹ͓͚ΔભҠͱͯ͠ʮஅ೤࣌ؒൃలʯͱʮඇ

அ೤ભҠʯʹؔ͢Δ൒ݹయྗֶతఆࣜԽΛ͏ߦɽ࣍ʹɼ࿈ଓతঢ়ଶʹΑΔهड़͔Β཭ࢄతΠϕϯτʹΑΔ

ɼબͼʹޙ࠷ͷΠϕϯτΛબͼग़͢ɽݸݶΔঢ়ଶͷத͔Βண໨͢΂͖༗͋ݸݶΔͨΊʹɼແ͢ߦड़ʹҠه

ग़͞ΕͨΠϕϯτʮ˓ʯͱͦΕΒΛ݁ͿભҠʮˠʯͷ૊Έ߹Θͤͱͯ͠ද͞ΕΔঢ়ଶۭؒߏ଄ͷμΠΞά

ϥϜΛಋೖ͢Δɽͳ͓ɼຊઅͷઆ໌͸ࣗ֩ࢠݪ༝౓͕ 1ͷ৔߹ʹݶఆ͢Δɽଟࣗ༝౓ܥ΁ͷ֦ுͷల๬ʹ

ؔͯ͠͸݁࿦෦ͷ 5.2અͰٞ࿦͢Δɽ

*15ਖ਼֬ʹ͑ݴ͹ɼΠϕϯτΛ˓ͱͯ͠ϞσϧԽͨ͠৔߹ɼͦͷಈྗֶ͸Markov աఔͰ͸ͳ͘Markov ड़͢هੜաఔͱͯ͠࠶
Δඞཁ͕͋Δɽ



ୈ 3ষ ඇஅ೤Խֶಈྗֶͷߏ଄ 39

3.2.1 ඇஅ೤Խֶಈྗֶʹ͓͚Δʮ˓ʯ

ຊ߲Ͱ͸ඇஅ೤Խֶಈྗֶͷߏ଄Λهड़͢ΔͨΊͷঢ়ଶʮ˓ʯΛྔֶྗࢠతʹఆࣜԽ͢Δɽ͢ͳΘͪɼ

ඇஅ೤ԽֶಈྗֶΛهड़͠΍͍͢ঢ়ଶදݱ—Α͍جఈ—ΛఆΊΔɽ

ୈ 2 ষͰ΋આ໌ͨ͠Α͏ʹɼԽֶಈྗֶʹ͓͍ͯ͸ Born–Huang ల։͕Α͍جఈల։Ͱ͋Δɽ·ͨɼ

యతʹѻ͏͜ͱ͕ݹయత͋Δ͍͸൒ݹ͸͍ͯͭʹ֩ࢠݪʢ෺࣭೾௕͕୹͍ʣͷͰɼ͍ڧయੑ͕ݹ͸֩ࢠݪ

Α͍ઓུͰ͋ΔɽΑͬͯɼిࢠঢ়ଶʹؔͯ͠͸அ೤جఈΛ༻͍ɼ֩ࢠݪͷঢ়ଶʹؔͯ͠͸ݹయྗֶతঢ়ଶ

Ͱ͋ΔӡಈྔͱҐஔͷ૊ (p, q) ʹରԠ͢Δද͕ࣔݟ௨͠ྑ͍ɽݩʑͷ Born–Huang ల։ (2.5) Ͱ͸ࢠݪ

֩ͷঢ়ଶʹؔͯ͠Ґஔදࣔ {|R⟩}Λ༻͍͍͕ͯͨɼຊڀݚͰ͸ͦΕʹ୅͑ͯɼ֩ࢠݪͷྔࢠঢ়ଶΛ (p, q)

Ͱද͢૬ۭؒදࣔΛ༻͍Δɽ

ຊڀݚͰ͸ɼྔࢠঢ়ଶͷ૬ۭؒදࣔͱͯ͠ίώʔϨϯτঢ়ଶදࣔΛ༻͍ΔɽίώʔϨϯτঢ়ଶͱ͸ɼର

Ԡ͢ΔҐஔදࣔͷ೾ಈؔ਺͕

⟨x |pqγ ⟩ =
(γ
π

) 1
4
exp

[
−γ
2
(x− q)2 +

i

!p(x− q)

]
(3.1)

ͳΔGauss೾ଋͰද͞ΕΔঢ়ଶ |pqγ⟩Ͱ͋Δɽ͜͜Ͱ pɼqɼγ ͸࣮ύϥϝʔλͰɼͦΕͧΕ೾ଋͷӡಈྔ

ͷظ଴஋ɼҐஔͷظ଴஋ɼ೾ଋ෯Ͱ͋ΔɽίώʔϨϯτঢ়ଶͷηοτ {|pqγ⟩ |p ∈ R, q ∈ R, γ = const.}
͸ඇ௚ަͰ͋Δ͕׬શܥΛͳ͢͜ͱ͕஌ΒΕ͍ͯΔ 9)ɽίώʔϨϯτঢ়ଶʹର͢Δ׬શੑؔ܎͸

1

2π!

∫∫
dpdq |pqγ⟩ ⟨pqγ| = 1̂ (3.2)

Ͱ͋Δɽ

ຊڀݚͰ͸ɼྔࢠঢ়ଶ

|p, q, j⟩ def
= |pqγ⟩|Φj(q)⟩ (3.3)

Λඇஅ೤Խֶಈྗֶͷߏ଄Λهड़͢ΔͨΊͷʮ˓ʯͱ͢Δɽ͜͜Ͱɼ|pqγ⟩͸֩ࢠݪͷঢ়ଶΛهड़͢Δί
ώʔϨϯτঢ়ଶɼ|Φj(q)⟩͸அ೤ిࢠঢ়ଶͰ͋Δɽ·ͨɼҰͭͷ˓ΛఆΊΔ૊ (p, q, j)Λ˓ͷϥϕϧͱΑ

Ϳɽ͜ΕΛ༻͍ͯɼܥͷঢ়ଶΛҎԼͷΑ͏ʹల։͢Δɿ

|Ψ(t)⟩ = 1

2π!
∑

j

∫∫
dpdqΨ̄j(p, q, t)|p, q, j⟩ɽ (3.4)

͜͜Ͱల։܎਺ Ψ̄j(p, q, t)͸
Ψ̄j(p, q, t) = ⟨p, q, j|Ψ(t)⟩ (3.5)

ʹΑͬͯఆΊΔ*16ɽ

౓ڧߴ CWϨʔβʔ৔தͰͷඇஅ೤ԽֶಈྗֶͰ͸ɼஅ೤جఈͷ୅ΘΓʹ Floquetঢ়ଶΛ༻͍Δɽલ

અͰঢ়ଶۭؒߏ଄Λಋೖ͢Δࡍʹ࣌ؒൃలنଇͷ੪࣌ੑΛཁ੥͕ͨ͠ɼ࣌ؒൃలΛهड़͢Δ Hamiltonian

͕੪࣌తͰͳ͍ڧߴ౓ CWϨʔβʔ৔தͷಈྗֶʹ͓͍ͯ΋ɼFloquetཧ࿦ʹΑͬͯ Hamiltonianͷ࣌

ؒґଘੑΛऔΓআ͚ΔͨΊɼ֎৔ͷͳ͍ͱ͖ͱಉ͡Α͏ʹٞ࿦Λల։Ͱ͖Δɽ

*16ίώʔϨϯτঢ়ଶͷηοτ͸ա৒׬උͰ͋ΔͷͰɼࣜ (3.4) ͷల։܎਺͸Ұҙʹఆ·Βͳ͍ɽྫ͑͹ɼ|pqγ⟩ ΛίώʔϨϯ
τঢ়ଶͰల։͢Δ͜ͱΛ͑ߟΔͱɼ|pqγ⟩ ࣗ਎΋ίώʔϨϯτঢ়ଶͰ͋ΔͷͰɼ|pqγ⟩ ҰͭͰ΋ల։Ͱ͖ΔɽҰํͰɼల։܎਺Λ
⟨p′q′γ|pqγ⟩( ̸= 0)ͰఆΊͯɼແݸݶͷίώʔϨϯτঢ়ଶ {|p′q′γ⟩}Ͱల։͢Δ͜ͱ΋ՄೳͰ͋Δɽ͕ͨͬͯ͠ɼຊڀݚʹ͓͍ͯ͸ɼ
ల։܎਺ͷఆٛΛࣜ (3.5)ͰఆΊͨɽ
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͍·˓Λϥϕϧ͢Δ pɼq ͸࿈ଓ஋ΛͱΓ͏Δ͕ɼ͜ͷඇՄࢉແݸݶͷঢ়ଶͷ͏ͪهड़ʹඞཁͳ༗ݸݶ

ͷΠϕϯτΛબͿඞཁ͕͋ΔɽͲͷΠϕϯτʹண໨͢΂͖͔͸ಈྗֶͷߏ଄ʹґΔɽ͕ͨͬͯ͠ɼΠϕϯ

τΛબͼग़͢લʹɼඇஅ೤Խֶಈྗֶͷߏ଄ʹ͓͚ΔભҠʮˠʯʹ߲ؔͯ࣍͠ͱ࣍ʑ߲ͰఆࣜԽΛ͏ߦɽ

3.2.2 ඇஅ೤Խֶಈྗֶʹ͓͚Δʮˠʯ I ɿஅ೤࣌ؒൃల

ຊ߲Ͱ͸ɼඇஅ೤Խֶಈྗֶʹ͓͚ΔભҠʮˠʯͷ͏ͪஅ೤࣌ؒൃలɼ͢ͳΘͪɼҰຕͷஅ೤ϙςϯ

γϟϧΤωϧΪʔ໘ʢPESʣ͋Δ͍͸ٖΤωϧΪʔ໘ʢQESʣ্ͷ֩೾ଋͷ࣌ؒൃలͷهड़ʹؔͯٞ͠࿦

͢Δɽ

ʢ෺࣭೾௕͕୹͍ʣͷͰɼPlanck͍ڧయੑ͕ݹ͸֩ࢠݪ ఆ਺ ! ͕े෼খ͍͞ݶۃͰͷಈྗֶΛهड़
͢Δ൒ݹయྗֶͷख๏͕͑࢖Δɽ൒ݹయྗֶʹ͸WKB๏ͳͲͷ Schrödingerͷ೾ಈྗֶʹͮ͘ج΋ͷ

ͱɼvan Vleck–Gutzwiller ఻೻ԋࢠࢉͳͲͷ Feynman ͷܦ࿏ੵ෼ʹͮ͘ج΋ͷ͕͋ΔɽຊڀݚͰ͸ɼ

͜ΕΒͷதͰ΋ίώʔϨϯτঢ়ଶܦ࿏ੵ෼ʹͮ͘ج Herman–Klukͷཧ࿦ 94) Λ࠾༻͢Δɽͦͷཧ༝͸ɼ

ຊڀݚͰ͸֩ࢠݪͷঢ়ଶΛίώʔϨϯτঢ়ଶͱͯ͠ఆࣜԽͨͨ͠ΊɼίώʔϨϯτঢ়ଶදࣔΛج൫ͱ

͢Δ Herman–Kluk ͷཧ࿦͕ຊڀݚʹ͓͚Δঢ়ଶؒͷભҠͷهड़ͱͯ͠ద੾Ͱ͋Δ͔ΒͰ͋Δɽ·ͨɼ

Herman–Klukͷཧ࿦͸ɼଞͷ൒ݹయྗֶతख๏๊͕͑Δ໰୊ʢܦ࿏يಓ୳ࡧ໰୊ɾৼ෯ൃࢄͳͲʣΛճ

ආͨ͠ख๏Ͱ͋Γɼѻ͍͕༰қͰ͋Δ͜ͱ΋࠾༻ཧ༝ͷҰͭͰ͋Δɽ

Herman–Klukͷཧ࿦ʹΑΕ͹ɼ࣌ؒൃలԋࢠࢉ͸൒ݹయݶۃͰҎԼͷΑ͏ʹۙࣅͰ͖Δ*17ɿ

e−
i
! Ĥt ≈ 1

2π!

∫∫
dp0dq0 |ptqtγ⟩Ct(p0, q0)e

i
!St(p0,q0) ⟨p0q0γ|ɽ (3.6)

͜͜Ͱɼ(pt, qt)͸࣌ࠁ 0ʹ (p0, q0)͔Βग़ൃ͢Δݹయيಓͷ࣌ࠁ tʹ͓͚Δӡಈྔͱ࠲ඪΛද͠ɼ

Ct(p0, q0) =

[
1

2

(
∂pt
∂p0

+
∂qt
∂q0

− i!γ ∂qt
∂p0

− 1

i!γ
∂pt
∂q0

)] 1
2

ɼ (3.7)

St(p0, q0) =

∫ t

0
[pt′ q̇t′ −H(pt′ , qt′ , t

′)] dt′ (3.8)

Ͱ͋Δɽ͜ͷ St(p0, q0)͸ݹయيಓʹԊͬͨ࡞༻ੵ෼Ͱ͋Δɽ·ͨɼCt(p0, q0)͸ෳૉ਺ͷฏํࠜͰ͋Δ

͔ΒҰൠʹଟՁؔ਺Ͱ͋Δ͕ɼtʹؔͯ͠࿈ଓͰ͋ΔΑ͏ʹ஋ΛબͿ*18 ɽࣜ (3.6)Λ༻͍Ε͹ɼݹయيಓ

Ͱ͖ΔɽࢉܭʣΛࢠࢉయ఻೻ԋݹʢ൒ݱදࣅͷۙࢠࢉతͳ࣌ؒൃలԋֶྗࢠͷΈʹΑͬͯྔࢉܭ

Herman–Kluk൒ݹయ఻೻ԋࢠࢉΛ༻͍Δ͜ͱͰ֩೾ଋͷஅ೤࣌ؒൃల͸ҎԼͷΑ͏ʹهड़͞ΕΔ*19ɿ

|Ψ(t)⟩ = 1

2π!

∫∫
dp0dq0 |ptqtγ⟩Ct(p0, q0)e

i
!St(p0,q0) ⟨p0q0γ|Ψ(0)⟩ɽ (3.9)

͜ͷ͕ࣜද͢அ೤࣌ؒൃలͷ༷ࢠΛਤ 3.5ʹਤղ͢Δɽਤதͷനൈ͖ͷ˓͸ࣜ (3.3)–(3.5)Ͱఆٛ͞Εͨ

ඇஅ೤Խֶಈྗֶͷঢ়ଶۭؒߏ଄Λදͨ͢Ίͷ˓Ͱ͋Δɽॳظ೾ଋ |Ψ(0)⟩͸͜ͷനൈ͖ͷ˓ͷॏͶ߹Θ
ͤͰද͞ݱΕΔ*20ɽ࢝ঢ়ଶͷനൈ͖ͷ˓ʢ|p0q0γ⟩ʣ͸ Herman-Kluk൒ݹయ఻೻ԋࢠࢉʹΑΓɼݹయي

ಓʹԊͬͯίώʔϨϯτঢ়ଶ |ptqtγ⟩ʢփ৭ͷ˓ʣʹભҠ͠ɼͦͷભҠৼ෯͸ Ct(p0, q0) exp[iSt(p0, q0)/!]

*17͜͜Ͱ͸ Ͱ΋ద༻ՄೳͰ͋Δɽݩ࣍ߴର͢ΔදࣜΛ͕ࣔ͢ɼHerman–Klukͷཧ࿦͸ʹܥݩ1࣍
*18Ct(p0, q0) ͕ t ʹؔͯ͠࿈ଓͱͳΔΑ͏ʹ͢ΔͱɼࣗಈతʹMaslov Ґ૬ྀ͕͞ߟΕΔ 95)ɽMaslov Ґ૬͸ɼఆৗঢ়ଶʹؔ
͢ΔWKB๏Ͱɼసճ఺ʹ͓͍ͯӈਐߦ೾ͷؔ਺ͱࠨਐߦ೾ͷؔ਺Λ઀ଓ͢Δͱ͖ͷ઀ଓ܎਺ʹ΋ग़ͯ͘ΔҐ૬Ͱ͋ΔɽWKB๏
΍ van Vleck–Gutzwiller఻೻ԋࢠࢉʹ͓͍ͯ͸ɼసճ఺Λ௨ա͢Δ͝ͱʹྔࢠৼ෯͸Ґ૬ −π/2Λ֫ಘ͢Δɽ

*19ҎԼͰ͸ిࢠঢ়ଶͷϥϕϧʹؔ͢ΔදهΛলུ͢Δɽ
*20ࣜ (3.9)ͷ |Ψ(0)⟩ʹ͔ࠨΒ ⟨p0q0γ|Λֻ͚Δૢ࡞ʹ૬౰͢Δɽ
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ਤ 3.5 ൒ݹయۙࣅͷஅ೤࣌ؒൃలͷμΠΞάϥϜɽനൈ͖ͷ˓͸ࣜ (3.3)–(3.5)Ͱఆٛ͞Εͨඇஅ೤

Խֶಈྗֶͷঢ়ଶۭؒߏ଄Λදͨ͢Ίͷʮ˓ʯͰ͋Δɽփ৭ʹృΓͭͿ͞Εͨ˓͸ Herman-Kluk ൒

ͷࣜࢠࢉయ఻೻ԋݹ (3.6) தʹݱΕΔίώʔϨϯτঢ়ଶ |ptqtγ⟩ Λද͢ɽ࢝ঢ়ଶͰ͋Δനൈ͖ͷ˓͸
Herman-Kluk ൒ݹయ఻೻ԋࢠࢉʹΑΓփ৭ͷ˓Ͱද͞ΕΔதؒঢ়ଶʹભҠ͢Δɽ͜ͷભҠ͸ݹయي

ಓࢉܭʹΑΓࢉܭͰ͖Δɽփ৭ͷ˓͸ࣜ (3.3)–(3.5)Ͱఆٛ͞Εͨനൈ͖ͷ˓ͱ͸ҟͳΔͷͰɼ࠶ల։

ͷૢ͕࡞ඞཁͱͳΔɽ࠶ల։ͷബփ৭ͷ͍ࡉ໼ҹ͸ɼݹయيಓൃలͷ݁ՌΛ૬ۭؒ಺Ͱʠᕷ·ͤΔʡɽ

Ͱ͋Δɽ͜͜Ͱɼʮനൈ͖ͷ˓ʯͱʮփ৭ͷ˓ʯ͸ҧ͏ҙຯΛ࣋ͭ͜ͱʹ஫ҙ͢Δɽ͢ͳΘͪɼࣜ (3.9)͸

|Ψ(t)⟩ΛίώʔϨϯτঢ়ଶͰల։ͯ͠͸͍Δ͕ɼ͜ͷల։ͷల։܎਺͸ࣜ (3.5)Ͱఆٛ͞Εͨల։܎਺ͱ

͸ҰൠʹҟͳΔɽ͕ͨͬͯ͠ɼփ৭ͷ˓ʹΑΔల։͔Βനൈ͖ͷ˓ʹΑΔల։΁ͷ࠶ల։͕ඞཁͰ͋Δɽ

͜ͷ࠶ల։ͷૢ࡞͸۩ମతʹҎԼͷ਺ࣜͰهड़͞ΕΔɿ

|ptqtγ⟩ =
1

2π!

∫∫
dpdq |pqγ⟩ ⟨pqγ| ptqtγ⟩ɽ (3.10)

͜͜Ͱɼ

|⟨pqγ|ptqtγ⟩| ∝ exp

[
−γ
4
(q − qt)

2 − 1

4γ!2 (p− pt)
2

]
(3.11)

Ͱ͋Δɽࣜ (3.10)͕ද͢࠶ల։ͷૢ࡞͸ɼݹయيಓʹԊͬͨ࣌ؒൃలͷ݁ՌΛ૬ۭؒ಺Ͱʠᕷ·ͤΔʡɽ

ਤ 3.5Ͱ͍͏ͱɼ࠶ల։ͷബփ৭ͷ͍ࡉ໼ҹ͕ʠᕷΈޮՌʡΛද͢ɽ͜ͷΑ͏ʹɼݹయيಓൃలͱ࠶ల։

ͷ໼ҹͷ߹੒ͱͯ͠ɼඇஅ೤Խֶಈྗֶͷঢ়ଶۭؒߏ଄Λද͢˓ಉ࢜Λ݁Ϳʮˠʯ͕ද͞ݱΕΔɽ

͔͠͠ɼຊڀݚͰ͸্هͰઆ໌ͨ͠࠶ల։ʹΑΔ૬ۭؒͷʠᕷΈޮՌʡΛແ͠ࢹɼҎԼͷۙࣅతͳ࣌ؒ

ൃలͷࣜࢉܭΛ༻͍Δɿ
Ψ̄(pt, qt, t) ≈ Ct(p0, q0)e

i
!St(p0,q0)Ψ̄(p0, q0, 0)ɽ (3.12)

֤ʑͷݹయيಓൃలͷ݁Ռ͕͍ͯࣅΔ৔߹ʹ͸ʠᕷΈޮՌʡ͸ബ͍ͱ͑ߟΒΕΔ͔Βɼ͜ͷۙࣅ͸ଥ౰Ͱ

͋Δ*21*22 ɽ͜ͷۙࣅͷ΋ͱͰ͸ɼ֬཰ৼ෯ Ψ̄(p, q, t)͸ݹయيಓͷʠϨʔϧʡʹ৐ͬͯ૬ۭؒ಺ΛҠૹ

͞ΕΔͱ͍͏௚ײతඳ૾͕੒Γཱͭɽ͜ͷͱ͖ɼஅ೤࣌ؒൃలΛද͢ʮˠʯʹ෇ਵ͢ΔભҠ࣌ؒ͸ݹయཻ

ͷભҠ࣌ؒʹ౳͘͠ɼભҠৼ෯͸ࢠ Ct(p0, q0) exp[iSt(p0, q0)/!]Ͱ͋Δɽ

*21ͨͱ͑͹ɼௐ࿨ৼಈࢠͷΑ͏ʹಉ͡ৼಈ਺Ͱ૬ۭؒ಺ΛճΔيಓ܈Ͱ͸ɼࣜ (3.12)͔Βີݫʹ࣌ؒൃలΛࢉܭͰ͖Δɽ
͸༰қʹഁ୼͢ΔɽηύϥτϦΫε্Ͱࣅಓͷੑ࣭͕େ͖͘ҟͳΔͨΊɼ͜ͷۙيయݹ͏߹ɼηύϥτϦΫε্Ͱ͸ྡΓʹٯ22*
͸૬ۭؒͷʠᕷΈޮՌʡ͕ॏཁͱͳΓɼݹయྗֶʹ͓͍ͯηύϥτϦΫεʹΑִͬͯͯΒΕͨ૬ۭؒ͸ɼྔֶྗࢠʹ͓͍ͯ͸ʠᕷΈ
ޮՌʡʹΑͬͯ݁ͼͭ͘ɽ͜Ε͸μΠφϛΧϧɾτϯωϦϯάͱͯ͠஌ΒΕΔݱ৅ͷҰछͰ͋Δ 38)ɽ
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ຊڀݚͰ͸ɼඇஅ೤Խֶಈྗֶͷߏ଄Λهड़͢ΔͨΊͷཧ࿦త࿮૊Έͷ։ൃʹয఺Λ౰ͯΔͨΊʹɼ։

ൃͷୈҰาͱͯ͠ൺֱత௚ײతͰѻ͍΍͍͢ʮʠᕷΈޮՌʡແࢹʯͷۙࣅΛ༻͍Δɽ͜ͷΑ͏ͳૈ͍ۙࣅ

Λ༻͍ͯ΋ɼޙड़ͷΑ͏ʹඇஅ೤Խֶಈྗֶݱ৅ͷଟ͘ͷ෦෼Λଊ͑Δ͜ͱ͕Ͱ͖Δɽ

3.2.3 ඇஅ೤Խֶಈྗֶʹ͓͚Δʮˠʯ II ɿඇஅ೤ભҠ

ຊ߲Ͱ͸ඇஅ೤Խֶಈྗֶʹ͓͚Δ΋͏ҰͭͷભҠͰ͋Δඇஅ೤ભҠͷهड़Λ͑ߟΔɽ

ຊڀݚͰ͸ɼඇஅ೤ભҠ͸ PES΍ QESͷٖަࠩ఺ۙ๣ͰͷΈہॴతʹ͜ىΔ͜ͱΛԾఆ͠ɼLandau–

Zener–Stückelbergཧ࿦ʹΑΔඇஅ೤ભҠͷసૹྻߦʹΑͬͯඇஅ೤ભҠΛهड़͢Δ*23ɽୈ 2ষͰಋग़

ͨ͠ඇஅ೤ભҠΛهड़͢Δసૹྻߦ (2.34)ΛҎԼʹ͢ܝ࠶Δɿ

(
ψ+
2R

ψ+
1R

)
=

( √
1− pLZe−iχ −√

pLZ√
pLZ

√
1− pLZeiχ

)(
ψ+
2L

ψ+
1L

)
ɼ (3.13a)

(
ψ−2L
ψ−1L

)
=

( √
1− pLZe−iχ

√
pLZ

−√
pLZ

√
1− pLZeiχ

)(
ψ−2R
ψ−1R

)
ɽ (3.13b)

ͨͩ͠ɼ

pLZ = exp(−2πν)ɼ (3.14)

ν =
V 2
12

!v|F1 − F2|
ɼ (3.15)

χ = argΓ(iν)− ν ln ν + ν +
π

4
(3.16)

Ͱ͋Γɼψ±
jL ͸ٖަࠩ఺ࠨଆྖҬʢR < RCɼRCɿٖަࠩ఺ͷ࠲ඪʣɼψ

±
jR ͸ٖަࠩ఺ӈଆྖҬʢR > RCʣ

Ͱͷৼ෯Ͱɼj ͸ʮஅ೤ʯঢ়ଶͷϥϕϧɼූ߸ ±͸ਖ਼͕ࠨଆ͔Βӈଆ΁ͷ௨աɼෛ͕ͦͷ޲ํٯͷ௨աΛ
ද͍ͯ͠Δɽ

ຊڀݚͰ͸ɼৼ෯ ψ±
jL ͱٖަࠩ఺ RC ͷࠨଆ௚ۙʢRC − 0ʣʹ͋Δ˓ͷৼ෯ΛಉҰ͠ࢹɼৼ෯ ψ±

jR ͱ

ٖަࠩ఺ RC ͷӈଆ௚ۙʢRC + 0ʣʹ͋Δ˓ͷৼ෯ΛಉҰ͢ࢹΔʢਤ 3.6ͷࠨଆࢀরʣɽ͜ͷऔΓѻ͍͸

ਖ਼͍͠औΓѻ͍Ͱ͸ͳ͍͕*24ɼ·ͣ͸͜ͷศ๏Λ༻͍ͯઌͷఆࣜԽΛਐΊΔɽ͜ͷಉҰࢹͷ΋ͱͰɼඇ

அ೤ભҠΛද͢ʮˠʯ͸సૹྻߦ (3.13)Ͱද͞ΕΔભҠৼ෯Λ΋ͪɼભҠ࣌ؒ͸ແݶখͰ͋ΔͱఆࣜԽ͞

ΕΔɽ

3.2.4 Πϕϯτͷબ୒

ຊ߲Ͱ͸ɼඇஅ೤Խֶಈྗֶͷߏ଄Λهड़͢ΔͨΊʹ஫໨͢΂͖ΠϕϯτΛબͼग़͢ɽ݁࿦͔Β͑ݴ

͹ɼຊڀݚͰ͸෼ذɼղ཭ɼసճͷ 3छྨͷΠϕϯτʹண໨͢ΔɽҎԼɼͦΕͧΕʹ͍ͭͯৄड़͢Δɽ

ඇஅ೤ભҠʹΑΔ೾ଋͷ෼ذ͸ɼඇஅ೤Խֶಈྗֶʹ͓͚Δ΋ͬͱ΋ಛ௃తͳΠϕϯτͰ͋Δɽ͜ΕΛ

ண໨͢΂͖Πϕϯτͱͯ͠࠾༻͠ɼه߸ BʢBifurcateʣͰද͢͜ͱʹ͢Δɽ·ͨɼӈํ޲ (P > 0)ɼํࠨ

޲ (P < 0)ͷ۠ผ͕ඞཁͳ࣌͸ͦΕͧΕ B+ɼB− Ͱද͢ɽରԠ͢ΔμΠΞάϥϜΛਤ 3.6ʹࣔ͢ɽຊདྷ

͸ɼਤͷࠨଆͷΑ͏ʹɼ4ͭͷঢ়ଶؒΛඇஅ೤ભҠͷ໼ҹ͕ަࠩͨ͠μΠΞάϥϜΛඳ͘΂͖Ͱ͋Δ͕ɼ

ͳΔͷͰ͜ΕΒΛ·ͱΊͯɼਤͷӈଆͷΑ͏ʹҰͭͷ௖఺ʮ˓ʯʹࡶશମͷμΠΞάϥϜΛඳ͘ͱ͖ʹ൥ܥ

Ͱද͢͜ͱʹ͢Δɽ͍··Ͱͷٞ࿦ͰΠϕϯτͱΑΜͰ͖ͨ΋ͷ͸ಛผͳঢ়ଶͷ͜ͱͰ͋Γɼʠॠؒతͳʡ

*23Zhu–Nakamuraཧ࿦Λ༻͍ͨ΄͏͕ΑΓਖ਼֬Ͱ͋Δɽ͔͠͠ɼຊڀݚͰѻ͏໰୊ʹରͯ͠͸ͦ͜·Ͱͷਫ਼౓͸ඞཁͳ͍ɽ
*24ΑΓਖ਼֬ͳѻ͍͸ྫ͑͹จݙ 75) Λࢀরɽ
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ਤ 3.6 ෼ذΠϕϯτ (B)ͷμΠΞάϥϜɽࠨଆͷਤʹ͓͍ͯ ψ±
jL ͸ަࠩ఺ࠨଆྖҬɼψ

±
jR ͸ަࠩ఺

ӈଆྖҬͰͷৼ෯Λද͠ɼj ͸அ೤ঢ়ଶͷϥϕϧɼූ߸ ±͸ਖ਼͕ࠨଆ͔Βӈଆ΁ͷ௨աɼෛ͕ͦͷٯ
ଆͷਤʹ͓͚Δ˓͸ͦͷ࣮ମࠨͷ௨աΛද͍ͯ͠Δɽ৭͸ಁ೤ঢ়ଶͱͯ͠ͷ۠ผΛද͍ͯ͠Δɽ޲ํ

͕ |pqγ⟩|Ψj(q)⟩ ͱͯ͠ද͞ΕΔঢ়ଶۭؒ H ͷݩͰ͋Δɽӈଆͷਤ͸ࠨଆͷਤΛ؆ུԽͯ͠ද͢هΔ
ͨΊͷμΠΞάϥϜͰ͋Γɼ͜͜Ͱͷ˓͸ঢ়ଶۭؒHͷݩͰ͸ͳ͍ɽ

ΠϕϯτͰ͋ͬͨɽҰํɼ෼ذΠϕϯτΛҰͭͷ௖఺Ͱදͨ͠ͱ͖ͷ˓͸ɼͦͷ಺෦ʹඇஅ೤ભҠͷʮˠʯ

΋ؚΜͩʠ࣌ؒతʹ෯ͷ͋ΔʡΠϕϯτͰ͋Δ*25ɽ෼ذΠϕϯτΛҰͭͷ௖఺Ͱද͢͜ͱ͸ɼඇஅ೤ભ

ҠͷϞδϡʔϧԽͱ͍͑ΔɽҰͭͷ˓Ͱඳ͍ͯ͸͍Δ͕ɼ಺࣮͸ਤͷࠨଆͷΑ͏Ͱ͋Δ͜ͱʹ஫ҙ͢Δɽ

ղ཭൓ԠΛ͑ߟΔ৔߹ʹ͸ɼղ཭ͱ͍͏Πϕϯτ΋ྀ͢ߟΔɽ͢ͳΘͪɼ࡯ߟର৅ͷ഑ҐۭؒྖҬ͔Β

೾ଋ͕֎ʹग़͍ͯ͘ΠϕϯτΛղ཭Πϕϯτͱͯ͠ѻ͍ɼه߸ DʢDissociateʣͰද͢͜ͱʹ͢Δ*26ɽ·

ͨɼӈํ޲ (P > 0)ɼ޲ํࠨ (P < 0)ͷ۠ผ͕ඞཁͳ࣌͸ͦΕͧΕ D+ɼD− Ͱද͢ɽ۩ମతʹ͸ɼ͋Δ

ղ཭఺*27 RD ΛఆΊɼq = RD ͱͳΔ˓Λղ཭Πϕϯτͱ͢Δɽղ཭ΠϕϯτΛྀ͢ߟΔ͜ͱͰɼղ཭൓

Ԡͷ଎౓ʹؔͯ͠ͷٞ࿦͕ՄೳʹͳΔɽ

·ͨɼຊڀݚͰ͸೾ଋͷసճͱ͍͏Πϕϯτ΋ண໨͢΂͖Πϕϯτͱͯ͠ѻ͏ɽ͢ͳΘͪɼ೾ଋ͕ਐߦ

߸هΛม͑ΔΠϕϯτΛసճΠϕϯτͱͯ͠ѻ͍ɼ޲ํ T(Turn)Ͱද͢͜ͱʹ͢Δɽ·ͨɼӈଆసճ (ӈ

ଆసճࠨ΁ͷసճ)ɼߦਐ͖޲ࠨΒ͔ߦਐ͖޲ ͷ۠ผ͕ඞཁͳ࣌͸(΁ͷసճߦਐ͖޲Βӈ͔ߦਐ͖޲ࠨ)

ͦΕͧΕ T+ɼT− Ͱද͢ɽ۩ମతʹ͸ɼp = 0Ͱ͋Δ˓ΛసճΠϕϯτͱ͢ΔɽసճΠϕϯτΛྀ͢ߟ

Δ͜ͱͷॏཁੑ͸ɼຊষޙ൒ 3.4.2߲ʹ͓͚ΔʮPoincaré؆໿ʯʹؔ͢Δٞ࿦Ͱ໌Β͔ʹͳΔ*28ɽ

*25ͨͩ͠ɼຊڀݚͰ͸ඇஅ೤ભҠʹؔ͢ΔભҠ࣌ؒ͸ແࢹͰ͖Δ΄Ͳখ͍͞΋ͷͱԾఆ͍ͯ͠Δɽ
ʮDʯ߸هաఔͰ͋Γɼຊ࿦จͰ͸͜Ε΋Ұׅͯ͠ٯର৅ͷ഑ҐۭؒྖҬ֎͔Β೾ଋ͕৵ೖͯ͘͠Δ݁߹Πϕϯτ͸ղ཭ͷ࡯ߟ26*
Ͱද͢ɽ

*27ຊڀݚͰ͸ʮղ཭఺ʯͱʮղ཭ΠϕϯτʯΛ۠ผ͢Δɽʮ఺ʯ͸഑Ґۭؒʹ͓͚ΔҐஔΛ͠ࢦɼʮΠϕϯτʯ͸ঢ়ଶۭؒ಺ͷಛఆ
ͷঢ়ଶΛද͢ɽޙड़ͷʮసճ఺ʯɼʮసճΠϕϯτʯͷ۠ผ΋ಉ༷ɽ

*283.4.2 ߲ʹ͓͚Δٞ࿦Ͱ໌Β͔ʹͳΔసճΠϕϯτͷॏཁੑͷଞʹ΋ɼసճ఺͸τϯωϧيಓͷग़ೖΓޱʹͳΔͱ͍͏൒ݹయ
ྗֶతͳॏཁੑ΋͋Δɽͨͩ͠ɼຊڀݚͰ͸τϯωϧݱ৅͸ѻΘͳ͍ɽ
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ਤ 3.7 ඇஅ೤Խֶಈྗֶͷঢ়ଶۭؒߏ଄Λද͢μΠΞάϥϜͷྫɽ(a) LiF෼ࢠͷಁ೤ϙςϯγϟϧ

ΤωϧΪʔۂઢɽ੺͸ΠΦϯ݁߹ੑɼ੨͸ڞ༗݁߹ੑΛද͢ɽ྘ઢ͸ܥͷશΤωϧΪʔΛࣔ͢ɽ྘ઢ

ͱϙςϯγϟϧΤωϧΪʔۂઢͷަ఺͕సճ఺ͱͳΔɽ(b) (a)ͷঢ়گઃఆʹରԠ͢Δঢ়ଶۭؒߏ଄ͷ

μΠΞάϥϜɽຊ࿦จͰ͸͜ΕΛʮ༗޲άϥϑදݱʢDGR: Directed Graph RepresentationʣʯͱΑ

Ϳɽ௖఺ʮ˓ʯ͸ΠϕϯτΛද͢ɽϥϕϧʹ T͕ͭ͘΋ͷ͸సճΠϕϯτɼB͕ͭ͘΋ͷ͸෼ذΠϕ

ϯτɼD͕ͭ͘΋ͷ͸ղ཭ΠϕϯτͰɼ਺ࣈ͸ΠϕϯτΛࣝผ͢ΔͨΊͷϥϕϧͰ͋Δɽ༗޲ลʮˠʯ

͸ΠϕϯτؒͷભҠΛද͢ɽ·ͨɼ௖఺ͱ༗޲ลͷ৭͸ɼ੺͕ΠΦϯ݁߹ੑɼ੨͕ڞ༗݁߹ੑΛද͠ɼ

͸ͦͷࠞ߹Ͱ͋Δɽࢵ

3.2.5 ঢ়ଶۭؒߏ଄ͷμΠΞάϥϜ

લ߲·ͰͰΠϕϯτʮ˓ʯͱભҠʮˠʯͷఆࣜԽΛऴ͑ͨͷͰɼຊ߲Ͱ͸͜ΕΒͷ૊Έ߹ΘͤʹΑΓඇ

அ೤Խֶಈྗֶͷঢ়ଶۭؒߏ଄ͷμΠΞάϥϜΛߏங͢Δɽ

ͷશΤωϧΪʔܥ Etot ΛఆΊΔͱɼ֬཰ৼ෯͕Ҡૹ͞ΕΔঢ়ଶۭؒ಺ͷϨʔϧʢݹయيಓʣ͕அ೤ి

ঢ়ଶʹଐ͢ΔϨʔϧ͸ٖަࠩ఺ʹ͓͍ͯަࠩ͢Δɽ͜ͷΑࢠঢ়ଶ͝ͱʹఆ·Γɼ͜ΕΒͷҟͳΔஅ೤ిࢠ
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͏ʹ֤ΤωϧΪʔ͝ͱʹఆ·ͬͨϨʔϧ্ʹ͸ɼϨʔϧͷަࠩ఺Ͱ͋Δ෼ذΠϕϯτɼϨʔϧ͕ q = RD

Λԣ੾Δ఺Ͱ͋Δղ཭ΠϕϯτɼϨʔϧ͕ p = 0Λԣ੾Δ఺Ͱ͋ΔసճΠϕϯτ͕ଘ͢ࡏΔɽ͜ΕΒͷΠ

ϕϯτ఺Λʮ˓ʯɼ͜ΕΒΛ݁ͿҰํ௨ߦͷϨʔϧΛʮˠʯͰද͢͜ͱʹΑͬͯɼ֬཰ৼ෯Ҡૹͷʠ࿏ઢ

ਤʡΛඳ͘͜ͱ͕Ͱ͖Δɽ͜ͷ࿏ઢਤ͕ͦ͜ɼඇஅ೤Խֶಈྗֶͷঢ়ଶۭؒߏ଄ͷμΠΞάϥϜͰ͋Δɽ

ຊ࿦จͰ͸ɼ͜ΕΛඇஅ೤Խֶಈྗֶͷʮ༗޲άϥϑදݱʢDGR: Directed Graph Representationʣʯͱ

ΑͿ͜ͱʹ͢Δɽ

ਤ 3.7͸ɼLiF෼ࢠʹ͓͚Δ༗޲άϥϑදݱͷߏஙྫͰ͋Δɽ͜͜Ͱɼ֎৔͸ͳ͍΋ͷͱ͠ɼ෼ࢠͷશ

ΤωϧΪʔ͸ਤ 3.7(a)ͷ྘ઢͷ஋ʹݻఆ͞Ε͍ͯΔͱ͢Δɽ͜ͷͱ͖ɼਤ 3.7(a)ͷΑ͏ʹɼڞ༗݁߹ੑ

Δɽަ͢ࡏଆసճ఺ɾӈଆసճ఺ɼަࠩ఺ɼղ཭఺͕ͦΕͧΕͻͱͭͮͭଘࠨੑ߹ଆసճ఺ɼΠΦϯ݁ࠨ

ࠩ఺ͱղ཭఺Ͱ͸ͦΕͧΕӈ͖޲ਐߦɾ͖޲ࠨਐߦͷೋͭͷΠϕϯτ͕͋Δ͜ͱʹ஫ҙ͢Δͱɼਤ 3.7(b)

ͷΑ͏ͳ༗޲άϥϑද͕ݱඳ͚Δɽ֤༗޲ลʹ͸அ೤࣌ؒൃలʹؔ͢ΔભҠ࣌ؒͱભҠৼ෯ͷ৘ใ͕෇ਵ

͠ɼ෼ذΠϕϯτʹ͸సૹྻߦ (3.13)ͷ৘ใ͕෇ਵ͢Δɽ·ͨɼ௖఺ͱ༗޲ลͷ৭͸ɼ੺͕ΠΦϯ݁߹

ੑɼ੨͕ڞ༗݁߹ੑΛද͠ɼࢵ͸ͦͷࠞ߹Ͱ͋Δ*29ɽ

ಈྗֶʹؔ༩͢Δ PES/QESͷ਺͕૿͑Δ΄Ͳ෼ذΠϕϯτͷ਺͕૿͑ɼঢ়ଶۭؒߏ଄͸ෳࡶͳωο

τϫʔΫߏ଄ͱͳΔɽڧߴ౓ CWϨʔβʔ৔தͷ LiF෼ࢠͷඇஅ೤Խֶಈྗֶ͸ɼ·͞ʹ͜ͷΑ͏ͳঢ়

άϥϑද޲ங͢Δͷ͸೉͍ͨ͠Ίɼࣗಈతʹ༗ߏΛݱάϥϑද޲Ͱ͋Δɽ͜ͷΑ͏ͳ৔߹ɼʠखʡͰ༗گ

൒ͷޙஙͯ͘͠ΕΔΞϧΰϦζϜ͕͋ΔͱศརͰ͋ΔɽຊষߏΛݱ 3.5.1߲Ͱɼࣗ֩ࢠݪ༝౓͕ 1ͷ৔߹

ʹͰ͸͋Δ͕ɼ༗޲άϥϑදݱΛࣗಈߏங͢ΔΞϧΰϦζϜΛఏҊ͢Δɽ

3.3 ඇஅ೤Խֶಈྗֶͷ࣌ؒൃలߏ଄

ຊઅͰ͸ɼඇஅ೤Խֶಈྗֶͷ࣌ؒൃలߏ଄ʹ͍ͭͯཧ࿦Λల։͢Δɽ·ͣɼඇஅ೤Խֶಈྗֶͷ࣌ؒ

ൃలߏ଄ͷμΠΞάϥϜΛಋೖ͠ɼଓ͍ͯ࣌ؒൃలߏ଄ͷ਺ཧతهड़ʹؔͯٞ͠࿦͢Δɽຊઅୈ 2߲Ͱड़

΂Δ਺ཧతఆࣜԽ͸ɼ࣍અͷʮసૹํఔࣜʯͷಋग़ͷཧ࿦త४උͱͳΔɽ

3.3.1 ࣌ؒൃలߏ଄ͷμΠΞάϥϜ

લઅͰಋೖͨ͠ঢ়ଶۭؒߏ଄ͷμΠΞάϥϜͰ͋Δ༗޲άϥϑදݱʢDGR: Directed Graph Repre-

sentationʣΛ΋ͱʹɼ࣌ؒൃలߏ଄ͷμΠΞάϥϜΛߏங͢Δɽ

3.1અͰड़΂ͨͱ͓Γɼঢ়ଶۭؒߏ଄ͷμΠΞάϥϜʹ͓͍ͯ໼ҹΛͨͲ͍ͬͯ͘͜ͱͰɼ࣌ؒൃలߏ

଄ͷμΠΞάϥϜ͕ಘΒΕΔɽਤ 3.8͸ɼਤ 3.7ͷ DGRʹ͓͍ͯɼΠϕϯτ T0 Λग़ൃ఺ͱͯ͠໼ҹΛ

ͨͲΔ͜ͱͰಘΒΕͨɼ࣌ؒൃలߏ଄ͷμΠΞάϥϜͰ͋Δɽਤ 3.8ͷࠨଆʹฒͿ਺ࣈ͸ͨͲͬͨ໼ҹͷ

਺Λද͢ɽ໼ҹΛݸ ෼ͨͲͬͨͱ͜ΖͰɼதԝͷΠϕϯτݸ9 B1 Ͱܦ࿏͕྆ଆ͔Β߹ྲྀ͍ͯ͠Δɽ͜Ε

͸߹ྲྀ͢Δೋͭͷܦ࿏ͷ B1 ౸ୡ͕࣌ࠁ౳͘͠ɼ࣌ؒൃలߏ଄ʹ͓͍ͯ͸ಉ࣌ࠁɾಉঢ়ଶʢΠϕϯτʣͷ

˓͸Ұͭʹ·ͱΊΔͱ͔ͨ͠ΒͰ͋ΔɽҰํɼಉ͘͡໼ҹΛ ͱӈͷΠϕϯࠨ෼ͨͲͬͨͱ͜Ζʹ͋Δݸ9

τ B1 ͕தԝͷͦΕͱಉҰ͞ࢹΕͳ͍ͷ͸ɼΠϕϯτͷछผ͸ಉ͡Ͱ΋ɼൃੜ͕࣌ࠁҟͳΔͨΊͰ͋Δɽ

ਤ 3.8͸ɼඇஅ೤Խֶಈྗֶʹ͓͍ͯಛ௃తͳɼΧεέʔυঢ়ͷ೾ଋ෼ذ༥߹աఔΛද͍ͯ͠ݱΔɽ

༗݁߹ੑͷϥϕϧΛ༩͑Δ΂ڞ/ੑ߹ล͸அ೤ঢ়ଶʹଐ͢Δ΋ͷͰ͋Γɼಁ೤ঢ়ଶͷ෼ྨͰ͋ΔΠΦϯ݁޲͸௖఺΍༗ʹີݫ29*
͖Ͱ͸ͳ͍ɽ͔͠͠ɼΠΦϯ݁߹ੑ/ڞ༗݁߹ੑͷϥϕϧ͸௚ײతʹΘ͔Γ΍͍͢ղऍΛ༩͑ͯ͘ΕΔͨΊɼศ্ٓɼΠΦϯ݁߹ੑ
ลΛΠΦϯ݁޲அ೤ঢ়ଶʹଐ͢௖఺΍༗͍ڧ͕ੑ߹༗݁ڞลΛΠΦϯ݁߹ੑΛද͢੺৭Ͱࣔ͠ɼ޲அ೤ঢ়ଶʹଐ͢௖఺΍༗͍ڧ͕
߹ੑΛද͢੨৭Ͱࣔ͢ɽٖަࠩ఺͔Βे෼཭Εͨͱ͜ΖͰ͸அ೤ঢ়ଶͱಁ೤ঢ়ଶ͸΄΅Ұக͢ΔͨΊɼେ·͔ͳ෼ྨͱͯ͠͸ؒҧ
͍Ͱ͸ͳ͍ͱ͍͑Δɽ
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ਤ 3.8 ඇஅ೤Խֶಈྗֶͷ࣌ؒൃలߏ଄Λද͢μΠΞάϥϜͷྫɽ͜Ε͸ɼਤ 3.7ͷ༗޲άϥϑදݱ

ʹ͓͍ͯɼΠϕϯτ T0 Λग़ൃ఺ͱͯ͠໼ҹΛͨͲΔ͜ͱͰಘΒΕͨ΋ͷͰ͋Δɽ͜͜Ͱɼಉ࣌ࠁɾಉ

ঢ়ଶʢΠϕϯτʣͷ˓͸༥߹ͤ͞Δɽ͜ͷ༥߹͸ɼ೾ଋͷ༥߹ͱͦΕʹΑΔׯবޮՌΛද͢ݱΔͨΊ

ʹඞཁͰ͋ΔɽࠨଆʹॎʹฒͿ਺ࣈ͸ͨͲͬͨ໼ҹͷݸ਺Λද͢ɽ

ಉ࣌ࠁɾಉঢ়ଶͷ˓ͷ·ͱΊ͋͛ʹΑΔܦ࿏߹ྲྀ͸ɼྔֶྗࢠʹ͓͍ͯ͸ܦ࿏ׯবΛද͢ݱΔɽͨ͠

͕ͬͯɼ͜ͷ·ͱΊ্͛ͷنଇ͸ਓҝతͳऔΓܾΊͰ͸ͳ͘ɼྔֶྗࢠͷຊ࣭ʹࠜࠩͨ͠نଇͰ͋Δɽ͜

ͷܦ࿏߹ྲྀʹΑͬͯɼݹయతμΠφϛΫεͱྔࢠతμΠφϛΫε͸࣭తʹҟͳΔ༷૬Λఄ͢Δɽܦ࿏߹ྲྀ

ʹΑΔׯবޮՌʹ͍ͭͯ͸࣍ষͷ 4.2અͰৄ͘͠࿦ͣΔɽ
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3.3.2 ࣌ؒൃలߏ଄ͷ਺ཧతهड़

લ߲Ͱࣔͨ͠ඇஅ೤Խֶಈྗֶͷ࣌ؒൃలߏ଄ͷμΠΞάϥϜʹରԠ͢Δ਺ཧతهड़ʹ͍ͭͯड़΂Δɽ

3.1અͰઆ໌ͨ͠௨Γɼ࣌ؒൃలߏ଄ʹ͓͚Δ˓͸ΠϕϯτछผͱΠϕϯτൃੜ࣌ࠁͷ૊ (i, t)Ͱϥϕϧ

͞ΕɼΠϕϯτछผ͕ಉ͡Ͱ΋ൃੜ͕࣌ࠁҟͳΕ͹ҟͳΔ΋ͷͱΈͳ͢ɽ·ͨɼ֤˓ʹ͸ൃੜ֬཰ʢ·ͨ

͸֬཰ৼ෯ʣͷ৘ใ͕෇ਵ͢Δɽ͜ͷ࣮ࣄΛ΋ͱʹ਺ཧతఆࣜԽΛ͏ߦɽ

ࠁ࣌ tʹΠϕϯτ i͕͜ىΔ֬཰ৼ෯ʢల։܎਺ʣψi(t)͸ҎԼͷΑ͏ʹදͤΔɿ

ψi(t) = ⟨pi, qi, ji|Ψ(t)⟩ɽ (3.17)

͜͜Ͱɼ(pi, qi, ji)͸Πϕϯτ iͷϥϕϧͰ͋Δɽ͕ͨͬͯ͠ɼ࣌ؒൃలߏ଄ͷ৘ใ͸ɼෳૉϕΫτϧ஋

ؔ਺ ⎛

⎜⎜⎜⎝

ψ1(t)
ψ2(t)
...

ψN (t)

⎞

⎟⎟⎟⎠
(3.18)

ʹΑͬͯ਺ཧతʹهड़͞ΕΔɽ͜͜ͰɼN ͸ண໨͢ΔΠϕϯτͷ૯਺Ͱ͋Δɽ

ҎԼɼٞ࿦ͷݟ௨͠ΛΑ͘͢ΔͨΊʹɼ࣌ؒൃలߏ଄Λද͢ෳૉϕΫτϧ஋ؔ਺ (3.18)ΛҎԼͷΑ͏

ʹϒϥɾέοτද͢هΔɿ

|ψ⟩ =
∑

i

∫
dt ψi(t)|i, t⟩ɽ (3.19)

ࣜதͷέοτɾϕΫτϧ |i, t⟩͸ʮΠϕϯτ iʯͱʮ࣌ࠁ tʯʹΑͬͯϥϕϧ͞Εɼ͜Ε͸࣌ؒൃలߏ଄ͷ

˓ʹରԠ͢Δ਺ཧදݱͱΈͳͤΔɽ͞ΒʹɼέοτɾϕΫτϧ |i, t⟩Λ

|i, t⟩ = |i⟩|t⟩ (3.20)

ͷΑ͏ʹέοτɾϕΫτϧ |i⟩ͱ |t⟩ͷςϯιϧੵͰද͠ɼ

E def
= span {|1⟩, |2⟩, · · · , |N⟩} (3.21)

͓Αͼ

T def
= span {|t⟩ | t ∈ R} (3.22)

ʹΑͬͯϕΫτϧۭؒ E ͱ T Λఆٛ͢ΔɽϕΫτϧۭؒ E ͱ T ʹ͓͚Δ಺ੵͷఆٛ͸ͦΕͧΕɼ

⟨i|i′⟩ = δii′ (3.23)

͓Αͼ
⟨t|t′⟩ = δ(t− t′) (3.24)

Ͱ͋Δ*30ɽ͜ͷΑ͏ʹɼ࣌ؒൃలߏ଄͸ϕΫτϧۭؒ E ⊗ T ͷݩ |ψ⟩ʹΑͬͯ਺ཧతʹهड़Ͱ͖Δɽ
Ҏ্͸έοτɾϕΫτϧʹΑΔఆࣜԽͰ͕͋ͬͨɼີ౓ԋࢠࢉʹΑΔهड़΋ՄೳͰ͋ΔɽέοτɾϕΫ

τϧ |ψ⟩ʹରԠ͢Δີ౓ԋࢠࢉΛ
ρ̂

def
= |ψ⟩⟨ψ| (3.25)

*30έοτɾϕΫτϧ |i⟩ ͸ʮΠϕϯτ iʯʹΑͬͯϥϕϧ͞ΕΔͷͰ |pi, qi, ji⟩ ͱରԠ͢Δ͕ɼ|i⟩ ͱ |pi, qi, ji⟩ ͸ಉ͡΋ͷͰ
͸ͳ͍ɽ|pi, qi, ji⟩ ͸ྔࢠঢ়ଶͰ͋Γ H ͷݩͰ͋Δ͕ɼࣜ (3.18) Λࣜܗతʹද͢ݱΔͨΊʹಋೖͨ͠ |i⟩ ͸ H ͷݩͰ͸ͳ͍ɽί
ώʔϨϯτঢ়ଶͷηοτ {|p, q, j⟩}͸௚ަܥͰͳ͍͕ɼࣜ (3.23)ʹ͋ΔΑ͏ʹ {|i⟩}͸௚ަܥΛͳ͢ͱఆٛ͢Δͷ͕ࣗવͰ͋Δɽ
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ਤ 3.9 సૹԋࢠࢉͷμΠΞάϥϜతઆ໌ɽ(a)Πϕϯτ j ͱΠϕϯτ i͕Ұͭͷܦ࿏ k Ͱ݁͹Ε͍ͯ

Δ৔߹ʹ֬཰ৼ෯͕సૹ͞ΕΔ༷ࢠɽ(b)Πϕϯτ iʹࢸΔෳ਺ͷܦ࿏͕͋Δ৔߹ɽ

Ͱఆٛ͢Δɽ͞Βʹɼ͜ΕΛجఈ {|i, t⟩}ͷ΋ͱͰྻߦදࣔͨ͠ີ౓ྻߦͷ (it, jt′)੒෼Λ

ρij(t, t
′)

def
= ⟨i, t|ρ̂|j, t′⟩ (3.26)

ͱॻ͘͜ͱʹ͢Δɽີ౓ྻߦͷର֯੒෼

ρii(t, t) = |ψi(t)|2, (3.27)

͸࣌ࠁ tʹΠϕϯτ i͕͜ىΔ֬཰ີ౓ʢϙϐϡϨʔγϣϯʣΛද͠ɼඇର֯੒෼͸ίώʔϨϯεͷ৘ใ

Λද͢ɽ

3.4 సૹํఔࣜͱ଎౓ํఔࣜ

લઅ·ͰͰඇஅ೤Խֶಈྗֶͷঢ়ଶۭؒߏ଄ͱ࣌ؒൃలߏ଄ͷఆࣜԽ͕ͨྃ͠׬ͷͰɼຊઅͰ͸ɼ͜Ε

ΒೋͭΛ݁Ϳํఔࣜʹؔͯ͠ཧ࿦Λల։͢Δɽͦ͜Ͱ·ͣɼঢ়ଶۭؒߏ଄͔Βఆ·Δసૹԋࢠࢉ ĜΛಋ

ೖ͠ɼ࣌ؒൃలߏ଄Λද͢ |ψ⟩Λ͢ࢉܭΔʮసૹํఔࣜʯΛಋग़͢Δɽଓ͍ͯɼసૹํఔࣜͷهड़Λ؆ུ
Խ͢ΔͨΊͷํ๏΍ɼݹయݶۃɼఆৗঢ়ଶݶۃʹ͍ͭͯٞ࿦͢Δɽຊઅͷޙ࠷ʹɼసૹํఔࣜͷ࣌ؒૈࢹ

ԽʹΑΓɼʮ଎౓ํఔࣜʯ͕ಋग़͞ΕΔ͜ͱΛࣔ͢ɽ

3.4.1 సૹԋࢠࢉͱసૹํఔࣜ

ຊ߲Ͱ͸ɼঢ়ଶۭؒߏ଄͔Β࣌ؒൃలߏ଄Λ͢ࢉܭΔʮసૹํఔࣜʯΛಋग़͢ΔɽμΠΞάϥϜͷ্Ͱ

͸ɼঢ়ଶۭؒߏ଄ͷμΠΞάϥϜͷ໼ҹΛͨͲͬͯɼ࣌ؒൃలߏ଄ͷμΠΞάϥϜΛಘΔ͜ͱ͕Ͱ͖Δɽ

͜ͷૢ࡞Λ਺ཧతʹهड़ͨ͠΋ͷ͕ʮసૹํఔࣜʯͰ͋Δɽ

·ͣɼʮҰݸ෼໼ҹΛͨͲΔʯͱ͍͏ૢ࡞ͷ਺ཧతهड़ʹ͍ͭͯ͢࡯ߟΔɽਤ 3.9(a)ͷΑ͏ʹɼ༗޲ά

ϥϑදݱʹ͓͍ͯΠϕϯτ j ͱΠϕϯτ i͕Ұͭͷܦ࿏ k Ͱ݁͹Ε͍ͯΔ৔߹Λ͑ߟΔɽܦ࿏ k ͷભҠ

࣌ؒΛ τkɼભҠৼ෯Λ αk ͱ͢Δͱɼ࣌ࠁ tʹ͓͚ΔΠϕϯτ iͷ֬཰ৼ෯͸ɼܦ࿏ k ʹԊͬͯ τk ͚ͩ

͔͞ͷ΅ͬͨ࣌ࠁ t− τk ʹ͓͚ΔΠϕϯτ j ͷ֬཰ৼ෯ʹɼαk Λֻ͚߹Θͤͨ΋ͷʹ౳͍͠ɽ͜ͷૢ࡞

͸ந৅తʹ

Ĝk =

∫
dt |i, t⟩αk⟨j, t− τk| (3.28)
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ͱॻ͚Δɽ͜͜Ͱ࣌ؒฏߦҠಈԋࢠࢉ

T̂τ =

∫
dt |t⟩⟨t− τ | (3.29)

Λ༻͍Δͱɼ
Ĝk = |i⟩αkT̂τk⟨j| (3.30)

ͱॻ͚Δɽ͜Ε͸ E ⊗ T ্ͷԋࢠࢉͰ͋Γɼຊ࿦จͰ͸͜ΕΛʮʢܦ࿏ kʹԊͬͨʣసૹԋࢠࢉʢtransfer

operatorʣʯͱΑͿ͜ͱʹ͢Δ*31ɽ͞Βʹɼਤ 3.9(b)ͷΑ͏ʹҰͭͷΠϕϯτϊʔυʹࢸΔܦ࿏͕ෳ਺͋

Δ৔߹΋ɼ֬཰ৼ෯͸ॏͶ߹Θͤͷݪཧʹै͏ͷͰɼ֤ܦ࿏͔Βͷد༩Λ଍͠߹ΘͤΕ͹Α͍ɽ͕ͨͬ͠

ͯɼܥશମͰʮҰݸ෼໼ҹΛͨͲΔʯͱ͍͏ૢ࡞͸

Ĝ =
∑

k∈path
Ĝk (3.31)

ͱॻ͚Δɽ͜͜Ͱ path͸ܦ࿏ͷू߹Ͱ͋Δɽ͜ͷసૹԋࢠࢉ͸ঢ়ଶۭؒߏ଄ɼ͢ͳΘͪ༗޲άϥϑදݱ

ͷ༗޲ลͷશ৘ใΛද͢ɽΏ͑ʹɼసૹԋࢠࢉ Ĝ͸༗޲άϥϑදݱͷ਺ཧදݱͱΈͳͤΔ*32ɽ·ͨɼຊ

࿦จͰ͸͠͹͠͹ҎԼͷసૹԋࢠࢉͷྻߦදݱΛ༻͍Δɿ

Ĝ =
∑

i,j

|i⟩Ĝij⟨j|ɼ (3.32)

Ĝij =
∑

k∈path
i←j

αkT̂τkɽ (3.33)

͜͜Ͱɼpathi←j ͸Πϕϯτ j ͔ΒΠϕϯτ iʹࢸΔܦ࿏ͷू߹Ͱ͋ΓɼĜij ͸͜ΕΒͷܦ࿏ʹԊͬͨΠ

ϕϯτ j ͔ΒΠϕϯτ i΁ͷ֬཰ৼ෯ͷసૹΛද͢ɼT ্ͷԋࢠࢉͰ͋Δɽ
ͭ͗ʹɼঢ়ଶۭؒߏ଄ͷ਺ཧදݱ ĜΛ༻͍ͯ࣌ؒൃలߏ଄ͷ਺ཧදݱ |ψ⟩Λ͢ࢉܭΔํఔࣜΛߏங͢

Δɽঢ়ଶۭؒߏ଄ͷμΠΞάϥϜͷ໼ҹΛͨͲͬͯ࣌ؒൃలߏ଄ͷμΠΞάϥϜΛಘΔʹ͸ɼग़ൃ఺ʢॳ

଄ͷμΠΞάϥϜʹ͓͚Δ˓ͷ৘ใΛɼೖྗߏ஋ʣΛܾΊΔඞཁ͕͋Δɽ͜ͷग़ൃ఺ͱͳΔɼ࣌ؒൃలظ

|φ⟩ ∈ E ⊗ T ͱ͢Δ*33ɽసૹԋࢠࢉΛ |φ⟩ʹ nճ࡞༻ͤ͞Δͱɼೖྗ͞Εͨ֬཰ৼ෯͕ܦ࿏ʹԊͬͯ n

ճ෼సૹ͞ΕΔɽ͜ΕΛ
|ψ(n)⟩ = Ĝn|φ⟩ (3.34)

ͱද͢ͱɼ|ψ(n)⟩ ͸શମͷ࣌ؒൃలߏ଄ͷ͏ͪɼೖྗ͔Β n ճ෼సૹ͞Εͨ෦෼ߏ଄Λهड़͢Δɽͭ·

Γɼ3.3.1߲ʹલܝͷਤ Λࣈଆʹ෇ͨ͠਺ࠨ͍͓ͯʹ3.8 nͱͯ͠ɼnͷஈʹ͋Δ෦෼ͷ৘ใͰ͋Δɽ·

ͨɼਤ 3.8ͷ 9ஈ໨ʹ͋ΔΑ͏ͳܦ࿏߹ྲྀ΋ Ĝn ͷ࡞༻Ͱ͸ࣗಈతʹྀ͞ߟΕΔɽશମͷ࣌ؒൃలߏ଄͸

nʹ͍ͭͯ࿨Λऔͬͯ

|ψ⟩ =
∞∑

n=0

|ψ(n)⟩ (3.35)

=
∞∑

n=0

Ĝn|φ⟩ (3.36)

*31෺ཧֶʹ͓͚Δ఻೻ؔ਺ʢpropagatorʣ·ͨ͸ Greenؔ਺ɼ੍ֶ޻ޚʹ͓͚Δ఻ୡؔ਺ʢtransfer functionʣͱಉ౳ͷ΋ͷ
Ͱ͋Γɼ͜ΕΒ͸ه߸ GͰද͞ΕΔɽ·ͨɼྗֶܥཧ࿦Ͱసૹ࡞༻ૉʢtransfer operatorʣ·ͨ͸ Ruelle–Perron–Frobenius࡞
༻ૉͱݺ͹ΕΔ΋ͷʹྨ͢ࣅΔɽҎ্ΑΓɼ֬཰ৼ෯సૹΛද͢͜ͷԋࢠࢉΛసૹԋࢠࢉʢtransfer operatorʣͱΑͿ͜ͱʹ͠ɼ
͸߸ه ĜΛ༻͍Δ͜ͱͱ͢Δɽ

*32ΑΓີݫʹ͍͑͹ɼసૹԋࢠࢉͱͦΕ͕ఆٛ͞ΕΔۭؒ E ⊗ T Λ߹Θͤͨ΋ͷ͕༗޲άϥϑදݱͱରԠ͢Δɽ͜ͷରԠ͸ɼ
3.1.2߲ʹ͓͍ͯड़΂ͨ ͷରԠͱಉ͡Ͱ͋Δɽྻߦ଄Λද͢μΠΞάϥϜͱભҠ֬཰ߏϥϯμϜ΢ΥʔΫͷঢ়ଶۭؒݩ1࣍

*33LiF෼ࢠͷྭىঢ়ଶμΠφϛΫεͷྫͰ͍͏ͱɼྭޫىʹΑΓجఈঢ়ଶ͔Βྭ͞ىΕͯ͘Δ೾ଋ੒෼͕ೖྗʹ͋ͨΔɽ



ୈ 3ষ ඇஅ೤Խֶಈྗֶͷߏ଄ 50

ͱͳΔɽ͞Βʹࣜ (3.36)͸

|ψ⟩ = |φ⟩+ Ĝ
∞∑

n=0

Ĝn|φ⟩ (3.37)

= |φ⟩+ Ĝ|ψ⟩ (3.38)

ͷΑ͏ʹॻ͖͑׵Δ͜ͱ͕Ͱ͖ΔͷͰɼҎԼͷࣗݾແ಍ணܕͷసૹํఔࣜΛಘΔɿ

|ψ⟩ = |φ⟩+ Ĝ|ψ⟩ɽ (3.39)

֬཰ৼ෯ʹର͢Δసૹํఔࣜ (3.39)͔Βີ౓ԋࢠࢉʹର͢Δసૹํఔࣜ΋ಘΒΕΔɿ

(
1− Ĝ

)
ρ̂
(
1− Ĝ

)†
= ρ̂inɽ (3.40)

͜͜Ͱ ρ̂in ͸ೖྗʹؔ͢Δີ౓ԋࢠࢉͰ͋Δɽ

Ҏ্ʹΑΓɼঢ়ଶۭؒߏ଄ʢĜʣ͔Β࣌ؒൃలߏ଄ʢ|ψ⟩ʣΛల։͢ΔํఔࣜΛಘΔ͜ͱ͕Ͱ͖ͨɽ߲࣍
Ҏ߱Ͱ͸ɼ͜ͷసૹํఔࣜʹؔ͢Δཧ࿦ղੳΛ͏ߦɽ

3.4.2 సૹํఔࣜͷ؆໿

͜ͷ߲Ͱ͸ɼసૹํఔࣜɼ͋Δ͍͸సૹԋࢠࢉΛ؆୯Խ͢Δํ๏ʹ͍ͭͯड़΂Δɽ

લ߲Ͱఆٛͨ͠సૹԋࢠࢉ Ĝ ͸ɼHamilton ΒΕ͑׵ॻ͖ʹܗ଄Λར༻͢ΔͱΑΓ୯७ͳߏؼͷճܥ

Δɽ͍·ɼશΠϕϯτͷ͏ͪɼ಺ଆసճΠϕϯτʢ͋Δ͍͸֎ଆసճΠϕϯτͰ΋Α͍ʣ͚ͩʹண໨͢Δɽ

༗޲άϥϑදݱͰද͞Εͨసૹԋࢠࢉ Ĝ͸಺ଆసճΠϕϯτ͔Β಺ଆసճΠϕϯτ΁ͷ௚઀ͷసૹΛද

͞ͳ͍͕ɼͦͷ৘ใΛ༻͍ͯ಺ଆసճΠϕϯτؒΛ௚઀సૹ͢ΔసૹԋࢠࢉΛߏங͢Δ͜ͱ͕ՄೳͰ͋

Δɽ3.2.5߲ʹલܝͷਤ 3.7ͷ༗޲άϥϑදݱΛྫʹͱͬͯઆ໌͢Δɽਤ 3.10(a)ͷΑ͏ʹɼҰͭͷ಺ଆస

ճΠϕϯτ͔Βग़ൃ͠ɼ಺ଆసճΠϕϯτ͋Δ͍͸ղ཭ΠϕϯτʹࢸΔ·Ͱ༗޲άϥϑද্ݱͷ໼ҹΛͨ

Ͳ͍ͬͯ͘͜ͱͰɼҰͭͷʮ໦ʯΛඳ͘͜ͱ͕Ͱ͖Δɽ͜ͷ໦ͷʮࠜʯ͔Βʮ༿ʯ·ͰͷભҠৼ෯΍ભҠ

࣌ؒΛ͢ࢉܭΕ͹*34ɼ಺ଆసճΠϕϯτؒΛ௚઀݁Ϳసૹԋ͕ࢠࢉಘΒΕΔɽ͜ͷసૹԋࢠࢉ͸ɼҰൠԽ

͞Εͨ Poincaréࣸ૾ʹରԠ͢Δɽ͜ͷసૹԋࢠࢉΛ༻͍Ε͹ɼલ߲ͷసૹԋࢠࢉͱಉ༷ͷํఔࣜʹΑͬ

ͯɼ಺ଆసճΠϕϯτͷΈʹண໨ͨ͠৔߹ͷ࣌ؒൃలߏ଄ͷ͕ࢉܭดͨ͡ܗͰͰ͖Δɽ͜ͷͱ͖ɼ಺ଆస

ճΠϕϯτҎ֎ͷΠϕϯτʹؔ͢Δ࣌ؒൃలͷ৘ใ͸ɼਤ 3.10ͷҰൠԽ͞Εͨ Poincaréࣸ૾Λද͢໦͔

ΒҰҙʹܾఆͰ͖Δɽ͕ͨͬͯ͠ɼ৘ใྔΛݮΒͣ͞ʹɼண໨͢΂͖ΠϕϯτΛهͯ͠ݮ࡟ड़Λ؆୯ʹͰ

͖Δɽ͜ͷهड़ͷ؆୯Խͷํ๏ΛɼPoincaréʹܟҙΛදͯ͠ʮPoincaré؆໿ʯͱΑͿ͜ͱʹ͢Δɽ·ͨɼ

ਤ 3.10(b)͸֎ଆసճΠϕϯτʹண໨ͨ͠৔߹ͷ໦Ͱ͋Δɽ͜ͷ৔߹ɼ֎ଆసճΠϕϯτʹண໨ͨ͠΄͏

͕໦ͷຊ਺͕গͳ͍ͷͰసૹԋࢠࢉͷදݱ͸ΑΓ؆୯ͱͳΓɼ؆໿͞Εͨసૹԋࢠࢉ

ĜP = α1T̂τ1 + α2T̂τ2 (3.41)

ͷΑ͏ʹදͤΔɽ͜͜Ͱ αi ͸ભҠৼ෯ɼT̂τi ͸࣌ؒฏߦҠಈԋࢠࢉͰɼఴ͑ࣈ͸಺ଆసճΠϕϯτ T0 Λ

௨Δ͔ T1 Λ௨Δ͔Λ۠ผ͢Δ*35ɽ

*34͜͜Ͱ͸ɼʮࠜʯ͸ग़ൃ఺Ͱ͋Δ಺ଆసճΠϕϯτɼʮ༿ʯ͸ऴ఺Ͱ͋Δ಺ଆసճΠϕϯτ·ͨ͸ղ཭ΠϕϯτΛ͢ࢦɽ
*35಺ଆసճΠϕϯτ T0 Λ௨Δܦ࿏͸ʮஅ೤తܦ࿏ʯɼT1 Λ௨Δܦ࿏͸ʮಁ೤తܦ࿏ʯͰ͋Δɽ
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ਤ 3.10 Poincaré ؆໿ͷͨΊͷઆ໌ਤɽਤ 3.7 ʹ͓͍ͯ಺ଆసճΠϕϯτ T0 ͔Βग़ൃͯ͠໼ҹΛ

ͨͲΓɼղ཭Πϕϯτ͔࣍ͷ಺ଆసճΠϕϯτʹ౸ୡ͢Δ·Ͱͷ࣌ؒൃలΛల։͢Δͱਤͷ (a) ଆࠨ

ͷ໦͕ಘΒΕΔɽ(a) ͷӈଆ͸ग़ൃ఺Λ T1 ʹͨ͠৔߹ɼ(b) ͸֎ଆసճΠϕϯττ T2 ͔Βग़ൃ͠

ͯ໼ҹΛͨͲΓɼղ཭Πϕϯτ͔࣍ͷ֎ଆసճΠϕϯτʹ౸ୡ͢Δ·Ͱͷ࣌ؒൃలΛల։ͨ͠΋ͷɽ

͜ͷ໦͸ҰൠԽ͞Εͨ Poincaré ࣸ૾Λද͓ͯ͠Γɼ͜ΕΛ༻͍Δ͜ͱͰసૹԋࢠࢉΛ؆୯ʹͰ͖Δ

ʢPoincaré؆໿ʣɽ
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! "

ਤ 3.11 Ұ఺؆໿ͷͨΊͷઆ໌ਤɽ͜ͷਤͷΑ͏ͳ༗޲άϥϑදݱΛ΋ͭܥͰ͸ɼ಺ଆసճΠϕϯτ

ͱ֎ଆసճΠϕϯτͷͲͪΒʹண໨ͯ͠΋ɼPoincaré؆໿ޙͷసૹԋࢠࢉ͸ 2× ͳΔɽ͜Εʹྻߦ2

ΛҰͭͷసճΠϕϯτʢຊจதͷྫͰ͸͜ͷਤͷ 1 Ͱϥϕϧ͞ΕͨΠϕϯτʣʹண໨ͯ͠εΧϥʔܗ

ࣜͷసૹԋࢠࢉΛಘΔํ๏͕Ұ఺؆໿Ͱ͋Δɽ

Poincaré؆໿͔Β͞ΒʹҰาਐΜͩ؆໿๏Λ͑ߟΔ͜ͱ΋Ͱ͖Δɽྫ͑͹ɼਤ 3.11ͷΑ͏ʹ಺ଆసճ

Πϕϯτͷ਺͕ 2ͷͱ͖ɼPoincaré؆໿ʹΑͬͯ

Ĝ
P
=

(
ĜP

11 ĜP
12

ĜP
21 ĜP

22

)
(3.42)

ͱ͍͏ 2× Ͱ؆໿Ͱ͖Δ͕ɼ͜Ε͸ҎԼͷΑ͏ʹ͞ΒͳΔ؆໿͕ՄೳͰ͋Δɽೋͭͷ಺ଆ·ʹܗͷྻߦ2

సճΠϕϯτͷ͏ͪͷยํʢ͜͜Ͱ͸̍ͱ͢Δʣʹ஫໨͠ɼ͔̍Β̍΁ͱࢸΔશܦ࿏ͷد༩Λ଍͠߹Θͤ

ͨసૹԋࢠࢉ͸

ĜO
11 = ĜP

11 + ĜP
12

[ ∞∑

n=0

ĜP
22

]
ĜP

21 (3.43)

= ĜP
11 + ĜP

12

[
1− ĜP

22

]−1
ĜP

21 (3.44)

ͱॻ͚Δɽ͜͜ͰӈลୈҰ߲͸͔̍Β̍΁௚઀໭ͬͯ͘Δܦ࿏ɼୈೋ߲͸͔̍Β̎΁సૹ͞Ε͔ͯΒ̎Λ

௨ΔपيظಓΛ n ճपͬͨޙʹ͔̎Β̍΁໭Δܦ࿏ͷ࿨Ͱ͋Δɽ͜ͷҰ఺ͷΈʹ஫໨ͨ͠؆໿ΛʮҰ఺

؆໿ʯͱΑͿ͜ͱʹ͢ΔɽҰ఺؆໿Ͱ͸ɼࣜܗྻߦͷసૹԋࢠࢉΛεΧϥʔࣜܗʹॻ͖௚ͤΔͱ͍͏ར఺

͕͋ΔҰํͰɼແݶ࿨
∑∞

n=0 Ĝ
P
22 ΋͘͠͸ٯԋࢠࢉ [1− ĜP

22]
−1 ΛؚΉͱ͍͏ܽ఺͕͋Δɽ͕ͨͬͯ͠ɼ

Poincaré؆໿͔ΒҰาਐΜͰҰ఺؆໿Λ͢΂͖͔Ͳ͏͔͸ɼঢ়࣍گୈͰ͋Δɽಛʹ਺஋ࢉܭΛ͏ߦ৔߹

ʹ͸ɼࣜܗྻߦͷ Poincaré؆໿Ͱे෼Ͱ͋Δɽ

Ұ෦ͷసճΠϕϯτΛແͨ͠ࢹҰ఺؆໿ʹ͓͍ͯແݶ࿨ʢແݶϧʔϓͷد༩ʣ͕ग़͢ݱΔ͜ͱ͸ɼ͢

΂ͯͷసճΠϕϯτΛΘΕΘΕ͕Πϕϯτͱͯ͠બ୒͢΂͖ཧ༝Λ༩͑ΔɽPoincaréͷճؼఆཧʹΑΓɼ

͢΂ͯͷݹయيಓ͸༗ִؒؒ࣌ݶͰసճຢ͸ղ཭Λ͢ݧܦΔɽ͕ͨͬͯ͠ɼసճΠϕϯτͱղ཭Πϕϯτ

Λԡ͓͚͑ͯ͞͹ɼແݶϧʔϓ͸ग़ͣͤݱɼPoincaré؆໿͕࣮ࢪͰ͖ɼ؆ܿʹաෆ଍ͳ͘ಈྗֶͷ৘ใ

Λهड़Ͱ͖ΔͷͰ͋Δɽ͜Ε͕ɼసճΠϕϯτ΍ղ཭Πϕϯτʹ஫໨͢΂͖ಈྗֶతཧ༝Ͱ͋Δɽ

Ҏޙͷ߲Ͱ͸ɼಛʹஅΒͳ͍ݶΓɼసૹԋࢠࢉ͸ Poincaré؆໿ͨ͠΋ͷΛ༻͍Δ͜ͱͱ͠ɼޡղͷ͓

ͦΕͷͳ͍ݶΓ͜Ε΋ه߸ ĜͰද͢͜ͱʹ͢Δɽ

3.4.3 సૹํఔࣜͷݹయݶۃͱσίώʔϨϯε

͜͜·Ͱ൒ݹయྗֶతʹඇஅ೤ԽֶಈྗֶΛଊ͖͕͑ͯͨɼsurface-hoppingϞσϧʹ͸ɼ൒ݹయيಓ

యྗֶʹΑͬͯಘΒݹΔɽͦ͜Ͱ͜ͷ߲Ͱ͸ɼ൒͢ࡏΛ༻͍Δ΋ͷ͕ଟ͘ଘࢉܭಓيయݹΛ༻͍ͣɼࢉܭ

ΕͨసૹํఔࣜͷʮݹయݶۃʯΛ͑ߟΔɽ͜͜Ͱ͍͏ʮݹయݶۃʯͱ͸ɼʮҐ૬ͷ৘ใΛແ͢ࢹΔʯɼʮί
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ώʔϨϯεΛແ͢ࢹΔʯͱ͍͏ҙຯͰ͋Δɽ͜Ε͸ɼີ౓ԋࢠࢉͷඇର߲֯Λ߃౳తʹ 0ͱ͓͘͜ͱʹ౳

͍͠ɽ

ີ౓ԋࢠࢉͷͷඇର߲֯Λ 0ͱ͓ۙ͘ࣅΛ͓͜ͳ͏ɿ

ρ̂ ≈
∑

i

∫
dt |i, t⟩Pi(t)⟨i, t|ɼ (3.45)

ρ̂in ≈
∑

i

∫
dt |i, t⟩P in

i (t)⟨i, t|ɽ (3.46)

൒ݹయసૹํఔࣜ͸
ρ̂ =

∑

n

∑

m

Ĝnρ̂inĜ†m (3.47)

ͱॻ͚Δ͕ɼ͜ͷ྆ลͷର߲֯ΛͱΔͱɼ

Pi(t) =
∑

n

∑

m

∑

j

∫
dt′ ⟨i, t|Ĝn|j, t′⟩P in(t′)⟨j, t′|Ĝ†m|i, t⟩ (3.48)

ͱͳΔɽ͜ͷࣜͷӈลͷ n ̸= mͱͳΔ߲ʹ͓͍ͯɼ⟨i, t|Ĝn|j, t′⟩ͱ ⟨j, t′|Ĝ†m|i, t⟩͕ಉ࣌ʹ༗ݶ஋Λ࣋
ͭͷ͸ɼಉ࣌ࠁʹಉ͡Πϕϯτ఺Λग़ൃͯ͠࠶ͼಉ࣌ࠁʹಉ͡Πϕϯτ఺ʹ౸ୡ͢ΔɼͨͲͬͨ໼ҹͷݸ

਺͕ʠҟͳΔʡܦ࿏͕ଘ͢ࡏΔͱ͖ͷΈͰ͋Γɼ͜Ε͸ۮવతঢ়گΛআ͍ͯ͜ىΓ͑ͳ͍*36ɽ͕ͨͬ͠

ͯɼn ̸= mͱͳΔ߲͸ 0ͱ͓͚ͯɼ

ρ̂ =
∑

n

Ĝnρ̂inĜ†n (3.49)

= ρ̂in + Ĝ

[
∑

n

Ĝnρ̂inĜ†n

]
Ĝ† (3.50)

= ρ̂in + Ĝρ̂Ĝ† (3.51)

ͱͳΔɽ͜ΕΑΓɼ

Pi(t) = P in
i (t) +

∑

j

∫
dt′ ⟨i, t|Ĝ|j, t′⟩Pj(t

′)⟨j, t′|Ĝ†|i, t⟩ (3.52)

= P in
i (t) +

∑

j

∫
dt′ |⟨i, t|Ĝ|j, t′⟩|2Pj(t

′) (3.53)

= P in
i (t) +

∑

j

∑

k∈path
i←j

|αk|2Pj(t− τk) (3.54)

͕੒ΓཱͭͷͰɼpk = |αk|2 ͱ͓͍ͯ
Ĵij =

∑

k∈path
i←j

pkT̂τk (3.55)

ͱ͢Ε͹ɼ
P (t) = P in(t) + ĴP (t) (3.56)

ͱ͍͏సૹํఔ͕ࣜಘΒΕΔɽͨͩ͠ɼP (t) = (P1(t), · · · , PN (t))TɼP in(t) = (P in
1 (t), · · · , P in

N (t))T Ͱ

͋Δɽpk ͸ݹయతͳసૹ֬཰Λද͢ͷͰɼĴ ͸ݹయతసૹԋࢠࢉͰ͋Δɽ͕ͨͬͯ͠ɼݹయيಓࢉܭΛ

*36ਤ 3.8ʹ͓͚Δܦ࿏߹ྲྀ͸ɼͨͲͬͨ໼ҹͷݸ਺͕ʠಉ͡ʡܦ࿏ͷ߹ྲྀͰ͋ΔɽͨͲͬͨ໼ҹͷݸ਺͕ಉ͡ܦ࿏ͷ߹ྲྀ͸ɼܦ
࿏ͷରশੑ͔Βʠඞવతʡʹੜ͡Δ͜ͱ͕͋Δɽ
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༻͍ͨ surface-hoppingϞσϧ͸ɼĴ ͕ੜ੒͢Δ࣌ؒൃలΛ͍ͯ͠ࢉܭΔ͜ͱʹͳΔɽ·ͨɼݹయసૹํ

ఔࣜ (3.56)͸ࣜܗతʹ͸֬཰ৼ෯ʹର͢Δసૹํఔࣜ (3.39)ͱಉ͡Ͱ͋ΓɼҟͳΔͷ͸సૹ͞ΕΔ΋ͷ

యసૹํఔࣜʹσݹ཰ৼ෯͔ͱ͍͏఺Ͱ͋Δɽ͜ͷΑ͏ʹɼ൒֬ࢠయ֬཰ʢϙϐϡϨʔγϣϯʣ͔ྔݹ͕

ίώʔϨϯεΛಋೖ͢Δ͜ͱͰݹయసૹํఔ͕ࣜಘΒΕΔɽ

3.4.4 సૹํఔࣜͷఆৗঢ়ଶݶۃͱ൒ݹయྔࢠԽ৚݅

ຊ߲Ͱ͸సૹํఔࣜͷఆৗঢ়ଶݶۃʹ͍ͭͯड़΂Δɽຊ࿦จͷ໨త͸ɼඇஅ೤Խֶಈྗֶͷߏ଄Λ࣮࣌

ؒྖҬͷࢹ఺͔Βղ໌͢Δ͜ͱͰ͋Δ͕ɼඇஅ೤Խֶಈྗֶʹؔ͢Δఆৗঢ়ଶͷ໰୊Λߏ଄త͔ͭμΠΞ

άϥϜతʹଊ͑ͨ Childͷ൒ݹయྔࢠԽཧ࿦ 52) ΍ɼFujiiͷඇஅ೤੻ެࣜ 59) ͱͷൺֱͷͨΊʹɼ͋͑ͯ

ఆৗঢ়ଶݶۃΛͯ͑ߟΈΔɽ݁࿦͔Β͑ݴ͹ɼChildͷ൒ݹయྔࢠԽཧ࿦΍ Fujiiͷඇஅ೤੻ެࣜͱಉܕ

ͷ΋ͷ͕ຊཧ࿦ͷఆৗঢ়ଶݶۃͱͯ͠ಘΒΕΔɽ

ҎԼͷఆৗঢ়ଶΛԾఆ͢Δɿ

ψ(t) = e−
i
!Etψ̃ɼ (3.57)

φ(t) = e−
i
!Etφ̃ɽ (3.58)

͜͜ͰɼE ͸ܥͷશΤωϧΪʔͰ͋Δɽ͜ΕΛ൒ݹయసૹํఔࣜ (3.39)ʹ୅ೖ͢Δͱɼ

ψ̃ = φ̃+G′ψ̃ (3.59)

ΛಘΔɽͨͩ͠ɼ
G′ij =

∑

k∈path
i←j

αke
i
!Eτk (3.60)

Ͱ͋Δɽ͜ΕΑΓ
ψ̃ =

[
1−G′

]−1
φ̃ (3.61)

ͱͳΔ͕ɼ͜Ε͸
det
[
1−G′

]
= 0 (3.62)

ͷͱ͖ൃ͢ࢄΔɽ͢ͳΘͪɼ৚݅ (3.62)͕੒ཱ͢ΔΤωϧΪʔ E ʹ͓͍ͯΤωϧΪʔεϖΫτϧ͸ڞ໐

ϐʔΫΛ࣋ͭɽΑͬͯɼ͜ͷ৚݅͸൒ݹయྔࢠԽ৚݅Ͱ͋Δɽ͜ͷ৚݅ͷදࣜ͸ɼChildͷ൒ݹయྔࢠԽ

ཧ࿦ͷ݁ؼͱಉܕͰ͋Δ*37ɽͱ͘ʹɼ෇࿥ Cʹࣔ࣌ؒ͢ґଘWKB๏ʹΑΔ༗޲άϥϑදݱͷఆࣜԽͷ

৔߹ʹ͸ɼ׬શʹҰக͢Δɽ

·ͨɼ൒ݹయྔࢠԽ৚݅ (3.62)ͰҰ఺؆໿͞ΕͨసૹԋࢠࢉΛ༻͍ͨ৔߹͸ɼFujiiͷඇஅ೤੻ެࣜ 59)

ͱಉܕͷ৚݅Λ༩͑Δ*38ɽඇஅ೤੻ެࣜͰ͸ɼFujiiΒͷݪ࿦จͰʮ૬ۭؒ಺ͰಉҰͷ఺Λ௨Δ͍ޓʹૉ

ͳϗοϐϯάपيظಓʢPHPOʣʯͱΑ͹ΕΔಛผͳيಓͷू߹Λ͓ͯ͑ߟΓɼ͜ͷيಓͷηοτΛ͑ߟ

Δ͜ͱ͸Ұ఺؆໿Λ͍ͯ͑ߟΔ͜ͱʹ૬౰͢Δɽ

Ҏ্ͷΑ͏ʹɼຊཧ࿦ͷఆৗঢ়ଶݶۃ͸ɼఆৗঢ়ଶʹؔ͢Δ Childͷ൒ݹయྔࢠԽཧ࿦΍ Fujiiͷඇஅ

೤੻ެࣜͱಉܕͰ͋Δɽ

*37͜͜Ͱͷʮಉܕʯ͸ɼ൒ݹయతҐ૬ͷ਺஋తࠩҟΛআ͍ͯಉ͕ࣜ͡ಘΒΕΔͱ͍͏ҙຯɽ൒ݹయతҐ૬͸ఆࣜԽͷํ๏ʹΑͬ
ͯ਺஋తʹҟͳΔɽ

*38ͨͩ͠ભҠৼ෯ͷࢉܭʹؔͯ͠͸ɼFujii ͸ࣗ਎͕։ൃͨ͠ඇஅ೤ܦ࿏ੵ෼ͱఀཹҐ૬ۙࣅΛ༻͍ͨධՁΛ͓ͯͬߦΓ 60)ɼ
Childͷཧ࿦΍ຊཧ࿦ͷఆৗঢ়ଶݶۃͱ׬શʹҰக͢ΔΘ͚Ͱ͸ͳ͍ɽ
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3.4.5 సૹํఔࣜͷ଎౓࿦ݶۃ Iɿݹయͷ৔߹

લ߲Ͱ͸సૹํఔࣜͷఆৗঢ়ଶݶۃΛ͕ͨ͑ߟɼຊ߲ͱ߲࣍Ͱ͸ఆৗঢ়ଶʹࢸΔ·Ͱͷ଎౓աఔʹয఺

Λ౰ͯΔɽ͢ͳΘͪɼલ߲Ͱ͸ Fourierม׵ʢ͋Δ͍͸ Laplaceม׵Ͱ΋Α͍ʣͷ ω = 0ͷ఺ʹண໨͠

͍͕ͯͨɼຊ߲ͱ߲࣍Ͱ͸ |ω| ≪ 1ͷྖҬʹண໨͢Δͱ͍͏͜ͱͰ͋Δɽຊ߲Ͱ͸ݹయసૹํఔࣜ (3.56)

ͷ଎౓࿦ݶۃ |ω| ≪ 1Λ͑ߟΔɽ

ؔ਺ f(t)ͷ Fourierม׵Λ f̃(ω)ͱද͢ه๏Λ༻͍Δͱɼݹయసૹํఔࣜ (3.56)ͷ Fourierม׵͸

P̃ (ω) = P̃ in(ω) + J̃(ω)P̃ (ω) (3.63)

Ͱ͋Δɽ͜͜Ͱ
J̃ij(ω) =

∑

k∈path
i←j

pke
−iτkω (3.64)

Ͱ͋Δɽ଎౓࿦ݶۃΛ͑ߟΔͱɼ

J̃ij(ω) ≈
∑

k∈path
i←j

pk(1− iτkω) (|ω| ≪ 1) (3.65)

Ͱ͋Δɽ

Qij =
∑

k∈path
i←j

pkɼ (3.66)

Rij =
∑

k∈path
i←j

pkτk (3.67)

ͱ͓͖ɼflowpass(ω)Λద౰ͳϩʔύεϑΟϧλؔ਺ͱͯ͠

P̃
K
(ω) = flowpass(ω)P̃ (ω)ɼ (3.68)

P̃
K

in(ω) = flowpass(ω)P̃ in(ω) (3.69)

ͱ͓͚͹ɼ

R[iωP̃
K
(ω)] = − (1−Q) P̃

K
(ω) + P̃K

in (ω) (3.70)

͕͢΂ͯͷ ω ʹରͯۙ͠ࣅతʹ੒Γཱͪɼ͜ΕΛٯ Fourierม͢׵Ε͹ɼ

R
d

dt
PK(t) = − (1−Q)PK(t) + PK

in(t) (3.71)

ΛಘΔɽR−1 ͕ଘ͢ࡏΕ͹ɼҎԼͷ଎౓ํఔࣜΛಘΔ*39ɿ

d

dt
PK(t) = −KPK(t) +R−1PK

in(t)ɽ (3.72)

͜͜Ͱɼ
K = R−1 (1−Q) (3.73)

*39R−1 ͕ଘ͠ࡏͳ͍ͱ͖ʹ͸ɼগͳ͘ͱ΋Ұͭͷঢ়ଶʹؔͯ͠ण໋͕ 0 Ͱ͋Δ͜ͱΛҙຯ͢ΔɽԾʹ͜ͷΑ͏ͳঢ়ଶ͕ଘ͢ࡏ
Δ৔߹ʹ͸ɼ͜ͷঢ়ଶΛআ֎ͨ͠෦෼ۭؒʹ͓͍ͯ଎౓ํఔࣜΛ͑ߟΕ͹Α͍ɽ
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͸଎౓ఆ਺ྻߦͰ͋Δɽݹయ଎౓ํఔࣜ (3.72)ͷղ͸

PK(t) = e−tK
∫ t

0
et
′KR−1PK

in(t
′)dt′ (3.74)

Ͱ͋Δɽ͜ͷΑ͏ʹɼҐ૬৘ใΛແݹͨ͠ࢹయసૹํఔࣜΛ࣌ؒૈࢹԽ͢Δ͜ͱͰ༗ݩ࣍ݶઢܗৗඍ෼ํ

ఔࣜͱͯ͠଎౓ํఔ͕ࣜಘΒΕΔɽ

3.4.6 సૹํఔࣜͷ଎౓࿦ݶۃ IIɿ൒ݹయͷ৔߹

ຊ߲Ͱ͸ɼີ౓ԋࢠࢉʹؔ͢Δ൒ݹయసૹํఔࣜ (3.40)ͷ଎౓࿦ݶۃΛ͑ߟΔɽ݁࿦͔Βઌʹड़΂Ε

͹ɼҐ૬৘ใ͕ແࢹͰ͖Δݹయత৔߹ʹ͸༗ݩ࣍ݶઢܗৗඍ෼ํఔࣜͱͯ͠଎౓ํఔ͕ࣜಋग़͞Ε͕ͨɼ

൒ݹయత৔߹ʹ͸ແݩ࣍ݶઢܗৗඍ෼ํఔࣜͱͯ͠଎౓ํఔ͕ࣜಋग़͞ΕΔɽ

ີ౓ྻߦͷ࣌ؒର߲֯
ρij(t, t) = ⟨i, t|ρ̂|j, t⟩ (3.75)

ͷ࣌ؒૈࢹԽΛͨ͏ߦΊʹɼ͜ΕΛ Fourierม͢׵Δ*40ɽ࣌ݻࠁ༗جఈ {|t⟩}ʹରԠ͢Δप೾਺ݻ༗جఈ
Λ {|ω⟩}ͱ͢Δͱɼ

ρij(t, t) = ⟨i, t|ρ̂|j, t⟩ (3.76)

=

∫
dω

∫
dω′⟨t|ω⟩⟨ω|⟨i|ρ̂|j⟩|ω′⟩⟨ω′|t⟩ (3.77)

=

∫
dω

∫
dω′ρ̃ij(ω,ω

′)ei(ω−ω
′)t (3.78)

Ͱ͋Δɽ͜͜Ͱ
ρ̃ij(ω,ω

′) = ⟨ω|⟨i|ρ̂|j⟩|ω′⟩ (3.79)

ͱͨ͠ɽม਺ม׵ ω = ω2 + ω1/2ɼω′ = ω2 − ω1/2Λ͏ߦͱɼ

ρij(t, t) =

∫
dω1e

iω1t

[∫
dω2ρ̃ij

(
ω2 +

ω1

2
,ω2 −

ω1

2

)]
(3.80)

ΛಘΔɽ্ࣜͰ ω2 ʹؔ͢Δੵ෼ͷ߲͸ tʹґଘ͠ͳ͍ͷͰɼ͜ΕΛ࣌ؒૈࢹԽ͢Δʹ͸ɼ|ω1| ≪ 1ͷۃ

Ε͹Α͍ɽ͑ߟΛݶ

సૹԋࢠࢉΛप೾਺දࣔ͢Δͱɼ

G̃ij(ω) ≡ ⟨ω|Ĝij |ω⟩ (3.81)

=
∑

k∈path
i←j

αke
−iωτk (3.82)

Ͱ͋Δɽ͜ΕΛ༻͍ͯ൒ݹయసૹํఔࣜ (3.40)͸ҎԼͷΑ͏ʹप೾਺දࣔ͞ΕΔɿ

[
1− G̃

(
ω2 +

ω1

2

)]
ρ̃
(
ω2 +

ω1

2
,ω2 −

ω1

2

) [
1− G̃

(
ω2 −

ω1

2

)]†
= ρ̃in

(
ω2 +

ω1

2
,ω2 −

ω1

2

)
ɽ(3.83)

͜͜Ͱɼଠࣈ͸ (i, j)ʹؔ͢ΔྻߦදࣔΛද͢ɽݶۃ |ω1| ≪ 1ʹ͓͍ͯ

G̃
(
ω2 +

ω1

2

)
≈ G̃(ω2)− iω1F̃ (ω2) (3.84)

*40ΘΕΘΕ͕࣮؍ࡍଌ͢Δྔ͸ɼৗʹɼ࣌ؒର߲͔֯Β͞ࢉܭΕΔɽ࣌ؒඇର߲֯͸ɼ࣌ؒൃలΛ͢ࢉܭΔͱ͖ʹͷΈඞཁͱͳ
Δɽ͕ͨͬͯ͠ɼ࣌ؒର߲֯ʹؔ͢Δ࣌ؒૈࢹԽΛ͑ߟΔ΂͖Ͱ͋Δɽ
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ͱۙࣅͰ͖Δɽ͜͜Ͱ

F̃ij(ω2) =
1

2

∑

k∈path
i←j

αkτke
−iω2τk (3.85)

Ͱ͋Δɽ͜ΕΑΓɼ

(
1− G̃(ω2) + iω1F̃ (ω2)

)
ρ̃
(
ω2 +

ω1

2
,ω2 −

ω1

2

)(
1− G̃(ω2)− iω1F̃ (ω2)

)†

= ρ̃in

(
ω2 +

ω1

2
,ω2 −

ω1

2

)
(3.86)

ͱͳΔɽ͜ΕΛ ω1 ͱ ω2 ٯͯؔ͠ʹ Fourierม׵ʹΑΓ࣌ؒྖҬʹ໭͍͕ͨ͠ɼρ̃ͷதʹ ω1 ͱ ω2 ͷަ

߲͕ࠩ͋Γɼ͜ͷ··Ͱ͸ม׵͸೉͍͠ɽͦ͜Ͱɼࣜ (3.80)ͷӈลΛগ͠มͯ͠ܗɼ

ρ̄ij(t,∆t)
def
=

∫
dω1

∫
dω2ρ̃ij

(
ω2 +

ω1

2
,ω2 −

ω1

2

)
eiω1teiω2∆t (3.87)

Ͱ৽͍͠ີ౓ྻߦ ρ̄Λఆٛ͢Δɽࣜ (3.87)ͷੵ෼ʹ͓͍ͯࣜ (3.80)Λ͢ࢉܭΔͷʹ༻͍ͨม਺ม׵Λ༻

͍Δ͜ͱͰɼ΋ͱͷີ౓ྻߦͱͷ͕ؔ܎

ρ̄ij(t,∆t) = ρij

(
t+

∆t

2
, t− ∆t

2

)
(3.88)

Ͱ͋Δ͜ͱ͕Θ͔Δ*41 ɽ͢ͳΘͪɼ৽͍͠ີ౓ྻߦ ρ̄ij(t,∆t)͸ɼ∆t = 0ͷͱ͖͸΋ͱͷີ౓ྻߦͷ࣌

ؒର߲֯Λද͠ɼ∆t ̸= 0ͷͱ͖͸ҟ࣌఺Ͱͷ֬཰ৼ෯ͷίώʔϨϯεΛද͢ɽ͜ͷ৽͍͠ີ౓ྻߦ ρ̄Λ

༻͍ͯɼࣜ (3.86)Λٯ Fourierม͢׵Δ͜ͱͰɼҎԼͷ଎౓ํఔࣜΛಘΔɿ

F̌
d

dt
ρ̄(t,∆t)(1− Ǧ)† + (1− Ǧ)

d

dt
ρ̄(t,∆t)F̌

†
= −(1− Ǧ)ρ̄(t,∆t)(1− Ǧ)† + ρ̄in(t,∆t)ɽ (3.89)

͜͜Ͱɼ

F̌ij =
1

2

∑

k∈path
i←j

αkτkŤτkɼ (3.90)

Ǧij =
1

2

∑

k∈path
i←j

αkŤτk (3.91)

Ͱ͋ΓɼŤτ ͸ ∆tʹؔ͢Δ࣌ؒฏߦҠಈԋࢠࢉͰ͋Δɿ

Ťτf(t,∆t) = f(t,∆t− τ)ɼ (3.92)

f(t,∆t)Ť †
τ = f(t,∆t+ τ)ɽ (3.93)

൒ݹయ଎౓ํఔࣜ (3.89) ͸࣮࣌ؒ t ʹؔͯ͠ແݩ࣍ݶઢܗৗඍ෼ํఔࣜͰ͋Δɽ͜Ε͸ԋࢠࢉ Ťτ ʹ

ΑͬͯҟͳΔ ∆tͷ߲ಉ͕࢜݁߹͍ͯ͠Δ͜ͱʹΑΔɽ͕ͨͬͯ͠ɼ΋͸΍଎౓աఔΛ༗ݸݶͷࢦ਺ؔ਺

ͷ࿨ͱͯ͠ॻ͘͜ͱ͸Ͱ͖ͳ͍ɽ࣮ࡍɼ2.4અͰड़΂ͨΑ͏ʹɼLiF෼ࢠͷޫղ཭൓Ԡʹ͸ႈతͱࢥΘΕ

Δڍಈ͕ݟΒΕΔɽ͜ͷ఺ʹؔͯ͠͸ɼޙʹ 4.2અͰৄٞ͘͠࿦͢Δɽ

*41ࣜ (3.88)Λ ∆tʹؔͯ͠ Fourierมͨ͠׵΋ͷ͸ɼ৴߸ॲཧͷ෼໺ͰWigner෼෍ͱΑ͹ΕΔɽ
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ਤ 3.12 ඇಁ೤తަࠩ఺ͱ౸ୡՄೳަࠩ఺ͷઆ໌ਤɽڧߴ౓ CWϨʔβʔ৔தͷ LiF෼ࢠͷ৔߹Ͱɼ

Ϩʔβʔͷৼಈ਺͸ !ωd = 5.0 eVɼڧ౓͸ Id = 1.0× 1013 W/cm2 Λ૝ఆ͍ͯ͠Δɽ੺ઢ͸ΠΦϯ

݁߹ੑɼ੨ઢ͸ڞ༗݁߹ੑͷɼిࢠঢ়ଶͱి࣓৔͕݁߹ͨ͠ field-dressedಁ೤ঢ়ଶͷϙςϯγϟϧΤ

ωϧΪʔۂઢͰ͋Δɽ྘ઢ͸ܥͷશΤωϧΪʔͷ஋Λࣔ͠ɼ੕ҹͱόπҹͷҙຯ͸ਤதͷઆ໌ͷͱ͓

ΓͰ͋Δɽ༗ҙͳಁ೤ঢ়ଶભҠ͕͋Δަࠩ఺͕ʮඇಁ೤తަࠩ఺ʯͰ͋Γɼॳظঢ়ଶ͔Βඇಁ೤తަ

ࠩ఺ͰͷϙςϯγϟϧΤωϧΪʔۂઢͷ৐Γ͑׵ʹΑΓͨͲΓண͚Δަࠩ఺͕ʮ౸ୡՄೳަࠩ఺ʯͰ

͋Δɽ

3.5 ΞϧΰϦζϜͱ਺஋࣮ݧ

ຊઅͰ͸ɼલઅ·Ͱʹఏࣔͨ͠ཧ࿦ʹؔ͢Δ਺஋ࢉܭख๏ΛఏҊ͠ɼཧ࿦ͷূݕͷͨΊͷ਺஋࣮ݧͷ݁

Ռʹ͍ͭͯࣔ͢ɽ·ͣɼ3.2 અͰಋೖͨ͠ඇஅ೤Խֶಈྗֶͷ༗޲άϥϑදݱʢDGR: Directed Graph

RepresentationʣΛࣗಈߏங͢ΔΞϧΰϦζϜΛఏҊ͠ɼ͍͔ͭ͘ͷྫࣄʹؔͯ͠༗޲άϥϑදݱΛࣗಈ

ख๏ʹ͍ͭͯड़΂ɼసૹํఔࣜͷࢉܭஙͨ݁͠ՌΛࣔ͢ɽଓ͍ͯɼ3.4અͰಋग़ͨ͠సૹํఔࣜͷ਺஋ߏ

਺஋ࢉܭͷ݁Ռͱ֩೾ଋಈྗֶࢉܭͷ݁ՌΛൺֱ͢Δɽޙ࠷ʹɼ3.4અͰಋग़ͨ͠ݹయ଎౓ํఔࣜʹؔ͢

Δ਺஋݁ূݕՌΛࣔ͢ɽ

3.5.1 ༗޲άϥϑදߏݱஙΞϧΰϦζϜͱྫࢉܭ

ຊ߲Ͱ͸ɼ3.2અͰಋೖͨ͠ඇஅ೤Խֶಈྗֶͷ༗޲άϥϑදݱʢঢ়ଶۭؒߏ଄ͷμΠΞάϥϜʣΛࣗ

ಈߏங͢ΔΞϧΰϦζϜΛఏҊ͠ɼࣗಈߏஙྫΛࣔ͢ɽ͜͜Ͱɼ֩ࢠݪͷࣗ༝౓͸ 1 ͱ͠ɼڧߴ౓Ϩʔ

βʔ৔தͷ LiF෼ܥࢠͷΑ͏ʹଟ਺ͷిࢠঢ়ଶ͕μΠφϛΫεʹؔ༩͢ΔΑ͏ͳঢ়گΛ͑ߟΔɽͱ͘ʹɼ

౓ڧߴ CWϨʔβʔ৔தͷ LiF෼ܥࢠΛྫʹઆ໌͢Δ*42ɽ

*42LiF෼ࢠϞσϧʹ͍ͭͯ͸ 2.4અΛࢀরɽ
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༧උ࡯ߟɿඇಁ೤ੑͱ౸ୡՄೳੑ

౓ڧߴ CWϨʔβʔ৔தͷ෼ࢠͷμΠφϛΫε͸ field-dressedϙςϯγϟϧΤωϧΪʔ໘͋Δ͍͸ٖ

ΤωϧΪʔ໘ʢQESʣ্Ͱͷඇஅ೤ಈྗֶͱΈͳͤΔɽҎԼͷઆ໌Ͱ͸ɼ௚ײతʹҙຯͷཧղ͠΍͍͢

field-dressedϙςϯγϟϧΤωϧΪʔ໘ʢVjj(R) + n!ωdʣΛج४ʹઆ໌͢Δ*43ɽݪཧతʹ͸ɼແݶຕͷ

field-dressedϙςϯγϟϧΤωϧΪʔ໘͕ଘ͢ࡏΔ͕ɼ͜ΕΒΛ͢΂ྀͯ͢ߟΔඞཁ͸ͳ͍ɽ͜Εʹ͍ͭ

ͯਤ 3.12Λ༻͍ͯઆ໌͢Δɽਤ 3.12͸ڧߴ౓ CWϨʔβʔ৔தʹஔ͔Εͨ LiF෼ࢠͷ field-dressedϙ

ςϯγϟϧΤωϧΪʔۂઢͷ༷ࢠΛಁ೤తʹඳ͍ͨ΋ͷͰ͋Δɽ͜͜Ͱ͸ R ≃ 2 Åͱ R ≃ 7 Åͷ 2͔

ॴͰ field-dressedϙςϯγϟϧΤωϧΪʔۂઢ͕ަࠩ͢Δɽ͜ͷަࠩ఺ۙ๣Λ֩೾ଋ͕௨ա͢Δͱ͖ʹ

field-dressedঢ়ଶؒͷભҠ͕͜ىΔɽ͔͠͠ɼ͢΂ͯͷަࠩ఺Ͱ༗ҙͳྔͷભҠ͕͜ىΔΘ͚Ͱ͸ͳ͍ɽ

ୈ 2ষͰઆ໌ͨ͠ Landau–Zenerཧ࿦ʹΑΔͱɼಁ೤ঢ়ଶؒͷભҠ֬཰͸ɼަࠩ఺௨ա଎౓͕଎͍΄Ͳ

খ͘͞ͳΓɼঢ়ଶؒͷ૬࡞ޓ༻߲͕େ͖͍΄Ͳେ͖͘ͳΔɽ֤ field-dressedϙςϯγϟϧΤωϧΪʔ໘

্Ͱɼަࠩ఺Λ௨ա͢ΔࡍͷӡಈΤωϧΪʔ͕ҟͳΔͷͰɼަࠩ఺௨ա଎౓͸ҟͳΔɽڧߴ౓ CWϨʔ

βʔ৔தʹ͓͍ͯɼऀޙͷঢ়ଶؒ૬࡞ޓ༻߲͸ɼ৔ͷͳ͍ͱ͖ͷిࢠঢ়ଶͷ૬࡞ޓ༻ͷ͞ڧʹՃ͑ɼϨʔ

βʔͷৼಈ਺΍ڧ౓ʹ΋ґଘ͢Δɽ͜ͷΑ͏ʹɼਤ 3.12Ͱ͸ಉ͡ʹ͑ݟΔަࠩ఺Ͱ΋ɼͦΕͧΕͷ࣋ͭ

ભҠ֬཰͸ҟͳΔɽͦ͜ͰɼҎԼͷ৚݅Λ༻͍ͯަࠩ఺Λಁ೤తͱඇಁ೤తͷೋͭʹ෼ྨ͢Δ*44ɿ

1− P ≥ θɽ (3.94)

͜͜ͰɼP ͸ಁ೤తʹ௨ա͢Δ֬཰ɼ͢ͳΘͪ Landau–ZenerެࣜͰධՁ͞ΕΔ֬཰Ͱɼ1 − P ͸ಁ೤

ঢ়ଶؒભҠ͕͜ىΔ֬཰Ͱ͋Δɽθ ͸ͪ͜Β͔Β༩͑Δᮢ஋ύϥϝʔλͰ͋Γɼθ Ҏ্ͷ֬཰Ͱಁ೤ঢ়ଶ

ؒભҠ͕͜ىΔަࠩ఺Λඇಁ೤తަࠩ఺ͱΑͿɽඇಁ೤తަࠩ఺Λ֩೾ଋ͕௨ա͢Δࡍɼಁ೤ঢ়ଶؒͷભ

Ҡ͕ʠ༗ҙʹʡ͜ىΔɽҰํɼඇಁ೤৚݅ (3.94)͕੒ཱ͠ͳ͍ަࠩ఺Λಁ೤తަࠩ఺ͱΑͿɽಁ೤දݱʹ

͓͍ͯɼ֩೾ଋ͸ಁ೤తަࠩ఺Λૉ௨Γ͢ΔΑ͏ʹ͑ݟΔɽ͢ͳΘͪɼඇಁ೤తަࠩ఺͸ಁ೤ঢ়ଶؒΛ݁

ͼ͚ͭΔʠੜ͖͍ͯΔʡަࠩ఺Ͱ͋Γɼಁ೤తަࠩ఺͸μΠφϛΫεʹӨڹΛٴ΅͞ͳ͍ʠࢮΜͰ͍Δʡ

ަࠩ఺Ͱ͋Δɽ༗޲άϥϑදݱΛ࡞੒͢Δͱ͖ʹ͸ɼ͜ͷʠੜ͖͍ͯΔʡඇಁ೤తަࠩ఺ͷΈΛྀߟʹೖ

Ε͍Ε͹Α͍ɽਤ 3.12Ͱ͸ɼ੕ҹͰඇಁ೤తަࠩ఺Λࣔ͠ɼόπҹͰಁ೤తަࠩ఺Λ͍ࣔͯ͠ΔɽҰൠ

ʹɼަࠩ఺ͷΤωϧΪʔ͕௿͍΄Ͳ֩ࢠݪͷ଎౓͸଎͘ͳΔͷͰ*45ɼަࠩ఺͸ಁ೤తͱͳΔɽ͕ͨͬ͠

ͯɼϙςϯγϟϧΤωϧΪʔۂઢਤͷΤωϧΪʔ͕௿͍΄͏ʹ͋Δަࠩ఺͸΄ͱΜͲ͕ʠࢮΜͰ͍Δʡͷ

ͰɼྀߟʹೖΕΔඞཁ͕ͳ͍ɽ

ඇஅ೤ԽֶಈྗֶΛ͑ߟΔ্Ͱྀ͠ߟͳͯ͘΋Α͍ަࠩ఺ʹ͸ɼ্هͷಁ೤తަࠩ఺Ҏ֎ʹ΋ɼಈྗֶ

తʹ౸ୡෆՄೳͳަࠩ఺ͱ͍͏छྨ͕͋ΔɽҰ൪Θ͔Γ΍͍͢ͷ͸ɼݹయతʹ౸ୡෆՄೳͳަࠩ఺Ͱ͋

Δɽਤ 3.12ʹ͓͍ͯɼ྘ઢ͕ܥͷશΤωϧΪʔΛද͠ɼ͜ΕΑΓ্ʹ͋Δަࠩ఺͸ݹయతʹ౸ୡෆՄೳ

ͳ఺ʹ͋ΔͷͰɼྀ͢ߟΔඞཁ͕ͳ͍ɽ͞ΒʹɼμΠφϛΫεͷॳ֩ظ೾ଋ͕ਤͷҰ൪্ͷڞ༗݁߹ੑϙ

ςϯγϟϧ্ʹ͋ͬͨͱ͢Δͱɼ͜ͷ֩೾ଋ͸ਤͷփ৭ͷ੕ҹͰࣔ͞Εͨඇಁ೤తަࠩ఺ʹ͸౸ୡͰ͖ͳ

͍ɽͳͥͳΒ͹ɼҰ൪্ͷڞ༗݁߹ੑϙςϯγϟϧΤωϧΪʔۂઢ͔Β͜ͷփ৭੕ҹͷަࠩ఺ʹ͘ߦʹ

͸ɼ్தͰӈଆҰ൪্ͷόπҹͰද͞Εͨަࠩ఺Λܦ༝͢Δඞཁ͕͋Δ͕ɼ͜ͷ఺͸ಁ೤తͰ͋ΔͨΊϙ

*43ͨͩ͠ɼ࣮ࡍʹ਺஋͢ࢉܭΔͱ͖͸ɼQESΛج४ʹͨ͠ࢉܭ΄͏͕ਫ਼౓͕Α͍ɽ
*44அ೤දࣔͰ͑ߟΔͱ͖ɼ͢ͳΘͪஅ೤ද͕ݱద͢Δঢ়گʹ͓͍ͯ͸ɼஅ೤తɾඇஅ೤తͷೋͭʹ෼ྨ͢Δɽ΋͘͠͸ɼஅ೤తɾ
ඇஅ೤తɾಁ೤తͷࡾஈ֊ʹ෼ྨ͢Δɽ

*45Floquetཧ࿦ͷඳ૾ʹ͓͍ͯ΋ܥͷશΤωϧΪʔ͸อଘ͢Δɽ͕ͨͬͯ͠ɼަࠩ఺ͷΤωϧΪʔ͕௿͚Ε͹௿͍΄Ͳ֩ࢠݪͷ
ӡಈΤωϧΪʔ͸େ͖͍ɽ



ୈ 3ষ ඇஅ೤Խֶಈྗֶͷߏ଄ 60

ςϯγϟϧͷʠ৐Γ͑׵Ӻʡͱͯ͠ͷར༻͸Ͱ͖ͳ͍ͨΊͰ͋Δɽ͜ͷΑ͏ʹɼ౸ୡෆՄೳͳ఺΋༗޲ά

ϥϑදߏݱஙͷࡍʹ͸ແͯ͠ࢹΑ͍ɽ

ΞϧΰϦζϜ

ඇಁ೤త͔ͭ౸ୡՄೳͳަࠩ఺ͷΈΛྀͯ͠ߟ༗޲άϥϑදݱΛߏங͢ΔΞϧΰϦζϜʹ͍ͭͯઆ໌͢

Δɽਤ 3.13ͱਤ 3.14ʹɼΞϧΰϦζϜͷུ֓ϑϩʔνϟʔτΛࣔ͢ɽਤ 3.13(a)ͷུ֓ϑϩʔνϟʔτ

͸ϝΠϯϓϩάϥϜͷ΋ͷͰ͋ΔɽϝΠϯϓϩάϥϜͰ͸ɼ·ͣܥͷશΤωϧΪʔ EtotɼCWϨʔβʔ

ͷৼಈ਺ !ωdɼڧ౓ Idɼղ཭఺ͷҐஔ RDɼඇಁ೤৚݅൑ఆᮢ஋ θɼॳظঢ়ଶͷ৘ใΛೖྗͱͯ͠ड͚

औΔɽ࣍ʹɼୈ 2ষͰઆ໌ͨ͠ Floquet–van Vleckཧ࿦ʹΑͬͯɼٖΤωϧΪʔۂઢʢQESʣΛ͢ࢉܭ

ΔɽQES Λ͢ࢉܭΔͷ͸ɼஅ೤࣌ؒൃలʹؔ͢Δݹయيಓࢉܭ͸ QES ϕʔεͰ͓͜ͳ͏͔ΒͰ͋Δɽ

QESΛͨ͠ࢉܭΒɼٖަࠩ఺ΛϦετΞοϓ͢Δɽ͜͜Ͱͨ͠ࢉܭ QESͱٖަࠩ఺ͷϦετΛ༻͍ͯɼ

field-dressedϙςϯγϟϧΤωϧΪʔۂઢʢfdPESʣ্Λ 1ຕͣͭ୳͍ͯ͘͠ࡧͷ͕͜ͷΞϧΰϦζϜͷ

֩৺෦෼Ͱ͋Δɽॳظঢ়ଶ͕ଘ͢ࡏΔ fdPES্ʹ୳ىࡧ఺Λઃఆ͠ɼ͜ͷ fdPES্Λ୳ͯ͠ࡧΠϕϯτ

ͱભҠΛه࿥͍ͯ͘͠ɽ͜ͷ fdPES୳ࡧʹ͓͍ͯඇಁ೤తަࠩ఺͕ݕग़͞Εͨ৔߹ʹ͸ɼ͜ͷަࠩ఺ʹ

Αͬͯͭͳ͕ͬͨ fdPESΛ୳͢ࡧ΂͖ fdPESͱͯ͠Ϧετ͓ͯ͘͠ɽ1ຕͷ fdPESʹର͢Δ୳͕ࡧऴ

ྃͨ͠Βɼ୳ิީࡧ fdPESϦετ͔Β࣍ʹ୳͢ࡧΔ fdPESΛऔΓग़͢ɽऔΓग़ͨ͠ fdPESΛه࿥ͨ͠

ͱ͖ͷަࠩ఺Λ୳ىࡧ఺ͱͯ͠ɼ͜ͷ fdPES্ͷ୳ࡧΛ࣮͠ߦɼΠϕϯτͱભҠΛه࿥͍ͯ͘͠ɽ͜ͷ

fdPESͷ୳ࡧΛ܁Γฦ͠ɼ୳͢ࡧ΂͖ fdPESͷީิ͕ͳ͘ͳͬͨ࣌఺Ͱ༗޲άϥϑදݱͷߏஙΛऴྃ͢

Δɽ͜ͷ fdPES୳ࡧͷϧʔνϯͷུ֓ϑϩʔνϟʔτ͸ɼਤ 3.13(b)Ͱ͋ΔɽfdPES্Λӈଆํ޲ʢR

ͷਖ਼ͷํ޲ʣͱࠨଆํ޲ʢR ͷෛͷํ޲ʣͷೋํ޲ʹ୳͢ࡧΔɽ͜ͷยଆํ޲ʹؔ͢Δϧʔνϯͷུ֓

ϑϩʔνϟʔτ͸ɼਤ 3.14Ͱ͋ΔɽQES্ͷݹయيಓࢉܭΛ͍ͭͭߦɼ֤छΠϕϯτ͕ൃੜͨ͠৔߹ʹ

͸ɼϑϩʔνϟʔτʹॻ͔Ε͍ͯΔॲཧΛ͏ߦɽٖަࠩ఺ʹ౸ୡͨ͠৔߹ɼٖަࠩ఺Λಁ೤తʹ௨ա͢Δ

ͱ͖ʹٖަࠩΪϟοϓΛ௒͑ͳ͚Ε͹ͳΒͳ͍ͷͰɼΤωϧΪʔอଘͷͨΊͷӡಈྔิਖ਼Λ͏ߦɽ·ͨɼ

͜ͷٖަࠩ఺Λڥʹಁ೤ঢ়ଶ͕੾ΓସΘΔͷͰɼݹయيಓࢉܭ༻ͷ QES΋੾Γସ͑Δɽަࠩ఺Ͱ͸ඇಁ

೤৚݅ͷ൑ఆΛ͍ߦɼඇಁ೤తͩͱ൑அͨ͠ަࠩ఺Λه࿥͠ɼ͞Βʹͦͷަࠩ఺͔Βʠ৐Γ͑׵Δʡ͜ͱ

͕Ͱ͖Δ fdPESΛ୳ิީࡧϦετʹೖΕΔɽ͜ͷͱ͖ɼϦετʹೖΕͨ fdPESͷ୳ىࡧ఺ͱͯ͠ɼࡏݱ

஍ͷަࠩ఺΋߹Θͤͯه࿥͢Δɽ1ຕͷ fdPES্ͷ୳ࡧ͸ɼసճΠϕϯτ·ͨ͸ղ཭Πϕϯτʹ౸ୡ͠

ͯऴྃ͢Δɽ

਺஋࣮ݧ

ਤ 3.15ʹɼࣗಈߏஙͨ͠ LiF෼ࢠϞσϧͷඇஅ೤Խֶಈྗֶͷ༗޲άϥϑදݱͷྫΛࣔ͢ɽ͜ͷਤͰ

͸ɼ֎৔͕ͳ͍ঢ়گͰͷ༗޲άϥϑදݱΛҟͳΔશΤωϧΪʔͷ஋ʹؔͯͨ͠͠ࢉܭ΋ͷΛࣔ͢ɽܥͷશ

ΤωϧΪʔ͸ਤͷ্෦ʹ෇ͨ͠ɽ෼ذΠϕϯτΛද͢௖఺ͷۙ͘ʹ͋Δ਺ࣈ͸ಁ೤௨աͷ֬཰Λද͢ɽ֤

༗޲ลʹ෇͞Εͨ਺ࣈ͸ͦͷ༗޲ลͷભҠ࣌ؒΛද͢ɽͦͷଞͷ਺஋త৘ใʢஅ೤࣌ؒൃలʹؔ͢ΔҐ

૬ɼඇஅ೤ભҠʹ൐͏Ґ૬ͳͲʣ͸ද͍ࣔͯ͠ͳ͍ɽ·ͨɼΠΦϯ݁߹ੑঢ়ଶʹؔ͢Δ΋ͷ͸੺৭ɼڞ༗

݁߹ੑঢ়ଶʹؔ͢Δ΋ͷ͸੨৭Ͱ͍ࣔͯ͠Δɽ(a)ͷશΤωϧΪʔ͸ΠΦϯ݁߹ੑঢ়ଶͷղ཭ΤωϧΪʔ

ΑΓ௿͘ɼ(b)Ͱ͸ΠΦϯ݁߹ੑঢ়ଶͷղ཭ΤωϧΪʔΑΓ͍ߴɽ͜ͷҧ͍Λ൓өͯ͠ɼ(a)Ͱ͸ΠΦϯ

݁߹ੑঢ়ଶʹӈଆసճΠϕϯτ T2͕ଘ͢ࡏΔҰํɼ(b)Ͱ͸͜ͷసճ఺͸ଘ͠ࡏͳ͍୅ΘΓʹղ཭Πϕ

ϯτ D3ͱ D4͕ଘ͢ࡏΔɽ·ͨɼ(b)ͷ΄͏͕֩ࢠݪͷӡಈΤωϧΪʔ͕େ͖͘ɼ֩ࢠݪͷ଎౓΋େ͖

͘ͳΔͷͰɼ֤༗޲ลʹ෇͞ΕͨભҠ࣌ؒͷ஋͸ (a)ΑΓ΋ (b)ͷ΄͏͕খ͘͞ɼಁ೤௨ա֬཰͸ (a)Α

Γ (b)ͷ΄͏͕େ͖͍ɽ
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ਤ 3.13 ༗޲άϥϑදߏݱஙΞϧΰϦζϜͷུ֓ϑϩʔνϟʔτɿ(a)ϝΠϯϓϩάϥϜ (b) fdPES

୳ࡧϧʔνϯɽ



ୈ 3ষ ඇஅ೤Խֶಈྗֶͷߏ଄ 62

!"#$%!"#$%&

#$'()&$%*)

+,-./0

123456789:

+,-./0;<9

=>?@ABCDEF

!"#$%!"#$GH

IJKLM

NO

PQLM

NO

RSTUV

WXY

+,-./0;<9

'$%

'$%

'$%

()

()

()

Z[=>?@\]

PQ=>?@\]

^_=>?@\]

()

BC`a!b3c"

D/0

! " ! # #

BCd!"#$%D

#$efg6@Mhi

BCd)

!"#$%W

g6@jk

=>?@EF

()

=>?@

EFjk

BCDEF

()

'$%

'$%

'$%

^lmn/0

opqrs

!"#$%&'(

RSTft *+&$%uvw

ਤ 3.14 ༗޲άϥϑදߏݱஙΞϧΰϦζϜͷུ֓ϑϩʔνϟʔτɿfdPESยଆ୳ࡧϧʔνϯɽ
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ਤ 3.15 LiF෼ࢠͷඇஅ೤Խֶಈྗֶͷ༗޲άϥϑදߏݱஙྫɿ֎৔͕ͳ͍৔߹ɽ֤ਤͷ্෦ʹܥͷ

શΤωϧΪʔΛ෇͢ɽ(a)ͷશΤωϧΪʔ͸ΠΦϯ݁߹ੑঢ়ଶͷղ཭ΤωϧΪʔΑΓ௿͘ɼ(b)Ͱ͸ߴ

͍ɽ෼ذΠϕϯτΛද͢௖఺ͷۙ͘ʹ͋Δ਺ࣈ͸ಁ೤௨աͷ֬཰Λද͠ɼ֤༗޲ลʹ෇͞Εͨ਺ࣈ͸

ͦͷ༗޲ลͷભҠ࣌ؒΛද͢ɽΠΦϯ݁߹ੑঢ়ଶʹؔ͢Δ΋ͷ͸੺৭ɼڞ༗݁߹ੑঢ়ଶʹؔ͢Δ΋ͷ

͸੨৭Ͱ͍ࣔͯ͠Δɽ
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ਤ 3.16 LiF෼ࢠͷඇஅ೤Խֶಈྗֶͷ༗޲άϥϑදߏݱஙྫɿCWϨʔβʔ৔தɽϨʔβʔͷৼಈ

਺ɼڧ౓ɼܥͷશΤωϧΪʔ͸ਤͷ্෦ʹࣔͨ͠ͱ͓ΓͰ͋Δɽ෼ذΠϕϯτΛද͢௖఺ͷۙ͘ʹ͋

Δ਺ࣈ͸ಁ೤௨աͷ֬཰Λද͠ɼ֤༗޲ลʹ෇͞Εͨ਺ࣈ͸ͦͷ༗޲ลͷભҠ࣌ؒΛද͢ɽΠΦϯ݁

߹ੑঢ়ଶʹؔ͢Δ΋ͷ͸੺৭ɼڞ༗݁߹ੑঢ়ଶʹؔ͢Δ΋ͷ͸੨৭Ͱ͍ࣔͯ͠Δɽަࠩ఺ͷ༗ޮੑ൑

ఆ৚݅ʢඇಁ೤৚݅ʣʹ͓͚Δᮢ஋ θ ͷ஋͸ 0.05ͱͯͨ͠͠ࢉܭɽ
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ਤ 3.16͸ɼڧߴ౓ CWϨʔβʔ৔தͷඇஅ೤Խֶಈྗֶͷ༗޲άϥϑදݱͷߏஙྫͰ͋ΔɽϨʔβʔ

ͷৼಈ਺ͱڧ౓͸ਤͷ্ࠨʹࣔͨ͠ͱ͓Γɼ!ωd = 5.0 eVɼId = 1.0× 1013 W/cm2 Ͱ͋ΓɼܥͷશΤ

ωϧΪʔ Etot ͸ਤ 3.15(a)ͱಉ͡஋Ͱ͋Δɽ·ͨɼަࠩ఺ͷ༗ޮੑ൑ఆ৚݅ʢඇಁ೤৚݅ʣͷᮢ஋ θ ͸

0.05ͱͨ͠ɽݪཧతʹ͸ແݶछྨͷ෼ذΠϕϯτ͕ଘ͏͠ࡏΔ͕ɼ্هͷᮢ஋ʹ͓͍ͯ༗ޮ͔ͭ౸ୡՄೳ

ͳަࠩ఺Ͱͷ෼ذΠϕϯτ͸ɼӈ͖޲௨ա͖޲ࠨ௨աͷผΛআ͍ͯ 3छྨ͔͠ͳ͍͜ͱ͕Θ͔Δɽڧߴ౓

CWϨʔβʔ৔தͷඇஅ೤Խֶಈྗֶͷ༗޲άϥϑදݱ͸ɼϨʔβʔͷৼಈ਺΍ڧ౓ʹԠͯ͡ଟ༷ͳτϙ

ϩδʔΛͱΔɽ͜ͷ఺ʹؔͯ͠͸ 4.1અʹ͓͍ͯɼLiF෼ܥࢠΛϞσϧͱͯ͠ৄٞ͘͠࿦͢Δɽ

3.5.2 సૹํఔࣜࢉܭΞϧΰϦζϜͱྫࢉܭ

ຊ߲Ͱ͸సૹํఔࣜͷ਺஋ࢉܭख๏ΛఏҊ͠ɼͦͷ਺஋࣮ݧͷ݁Ռʹ͍ͭͯड़΂Δɽ͜ͷ਺஋࣮ݧͷ݁

ՌʹΑͬͯɼຊڀݚͰఆࣜԽͨ͠༗޲άϥϑදݱ΍సૹํఔࣜͷݱ৅هड़ʹؔ͢Δ༗ޮੑͱݶք͕໌Β͔

ʹͳΔɽ

ΞϧΰϦζϜ

ͷసૹํఔࣜܕແ಍ணݾࣗ (3.39)͸ɼࣜܗతͳղੳʹ͘޲໘͕͋ΔҰํɼ਺஋ࢉܭʹ͓͍ͯ͸औΓѻ

͍ͮΒ͍ɽͦ͜Ͱɼࣗݾແ಍ணܕసૹํఔࣜͷಋग़్্ʹݱΕͨແݶ࿨ʹΑΔදࣜ (3.36)Λɼ༗ݶ࿨Ͱ

ଧͪ੾ͬͨ΋ͷΛར༻͢Δ*46ɿ

|ψ⟩ =
M∑

m=1

Ĝm|φ⟩ɽ (3.95)

͜͜ͰM ͸༗ݶͳࣗવ਺ͱ͢Δɽ·ͨɼసૹԋࢠࢉͱͯ͠͸ Poincaré؆໿ͨ͠΋ͷΛར༻͢Δͱޮ཰

͕ྑ͍ɽ͜ͷࢉܭ͸ઢܗͳͷͰɼΠϯύϧεೖྗ |i, 0⟩ *47 Λೖྗͱͯ͠͠ࢉܭɼޙ࠷ʹ৞ΈࠐΈʹΑͬ

ͯ೚ҙͷೖྗ |φ⟩ʹؔ͢Δ݁ՌΛಘΔ͜ͱ͕Ͱ͖Δɽೖྗͱͯ͠ |i, 0⟩ΛબͿͱɼࣜ (3.95)͸

0 ≤ t ≤ M min
k∈path

τk (3.96)

ͷ࣌ྖࠁҬͷ͓͍ͯ͸ີݫͱͳΔɽ͕ͨͬͯ͠ɼ࣍਺M ͸ࠁ͍࣌ͨ͠ࢉܭͷ্ݶͱࣜ (3.96)͔ΒܾΊΒ

ΕΔɽ

ࣜ (3.95)ͷࢉܭ͸ɼ༗޲άϥϑද্ݱͷ֬཰ৼ෯ͷʮύέοτసૹʯʹΑͬͯ͏ߦɽೖྗ͕ |i, 0⟩ͷͱ
͖ɼॳظͷύέοτ͸࣌ࠁ 0ʹΠϕϯτ iʹ͋Γɼͦͷύέοτ಺༰ͷ֬཰ৼ෯͸ 1Ͱ͋Δɽ͜Ε͸༗ݶ

࿨ (3.95) ͷୈ 0 ύέοτ͸ɼPoincaréظड़͢Δ෦෼Ͱ͋Δɽ͜ͷॳه͕߲ ؆໿͞Εͨసૹԋࢠࢉ Ĝ ʹ

Αͬͯసૹ͞ΕΔɽ͜ͷసૹͷసૹ࿏͸ɼ3.4.2߲ͷਤ 3.10ʹࣔͨ͠Α͏ͳʮ໦ʯʹΑΓՄࢹԽ͞ΕΔɽ

͢ͳΘͪɼ͜ͷ໦ͷʮࠜʯ͔Βʮ༿ʯʹ͔ͯͬ޲ύέοτ͕సૹ͞ΕΔɽసૹ࿏্Ͱ෼͢ذΔ౓ʹύέο

τΛ෼ׂ͠ɼύέοτͷ಺༰ͱͯ͠ͷ֬཰ৼ෯͸͔ࠜΒ༿΁ͷભҠৼ෯ͷֻ͚ࢉʹΑͬͯ͢ࢉܭΔɽ·

ͨɼύέοτͷ༿΁ͷ౸ண࣌ࠁ͸͔ࠜΒ༿΁ͷભҠ࣌ؒʹΑͬͯ͢ࢉܭΔɽ͜ΕʹΑͬͯɼ༗ݶ࿨ (3.95)

ͷୈ ࿨ͷ֤ݶΓฦ͢͜ͱʹΑΓɼஞ࣍తʹ༗܁Ͱ͖Δɽಉ༷ʹύέοτసૹΛࢉܭड़͢Δ෦෼Λه1߲͕

߲ΛࢉܭͰ͖Δɽ͜ͷͱ͖ɼ1ճ෼ͷసૹΛද͢໦Λ࠷ॳʹ 1ճ͚ͩ࠶͖͓ͯ͠ࢉܭར༻͢Δ͜ͱͰɼస

ૹࢉܭͷྔࢉܭΛݮ࡟Ͱ͖Δɽ͞Βʹɼύέοτసૹதʹಉ࣌ࠁɾಉΠϕϯτʹ౸ணͨ͠ύέοτΛϚʔ

ཚཧ࿦ʹ͓͚Δࢄసૹํఔࣜ͸ܕແ಍ணݾ46ࣗ* Lippmann–Schwingerํఔࣜͱ͕ܗಉ͡Ͱ͋ΓɼҎԼͷ༗ݶ࿨͸ Bornۙࣅͱ
తʹಉ͡΋ͷͰ͋Δɽࣜܗ

*47͜Ε͸ɼΠϕϯτ iʹର͢Δσϧλؔ਺తͳೖྗ φi(t) = δ(t)Ͱ͋Δɽ
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δ͢ΔͱྔࢉܭΛ཈͑Δ͜ͱ͕Ͱ͖Δ*48ɽ

ύέοτ਺͕૿͑͗ͨ͢৔߹ʹ͸ɼmճ໨ͷసૹΛऴ͑ͨύέοτͰɼͦͷத਎ͷৼ෯͕

|ϕ(m)
k | ≤ ϵ max

k′∈packetm
|ϕ(m)

k′ | (3.97)

ͳΔύέοτ͸ m + 1ճ໨Ҏ߱ͷసૹΛ͠ͳ͍͜ͱʹ͢ΔͱɼྔࢉܭΛ཈͑ͯۙࣅతʹྑ͍ղ͕ಘΒΕ

Δɽ͜͜Ͱɼpacketm ͸ mճసૹΛऴ͑ͨύέοτશମͷू߹ʹର͢Δఴूࣈ߹ɼϵ͸ίϯτϩʔϧύ

ϥϝʔλͰɼϵ = 0ͷͱ͖ʹ͸ࣜ (3.95)ͷࢉܭີݫʹ౳͍͠ɽ

਺஋࣮ݧ

༗޲άϥϑදݱͱసૹํఔ͓ࣜΑͼ্هΞϧΰϦζϜͷ༗ޮੑΛ͢ূݕΔͨΊʹɼ਺஋࣮ݧΛͬߦ

ͨɽLiFޫղ཭൓Ԡʹ͓͚Δ൓Ԡ෺ϙϐϡϨʔγϣϯ P (t)ͷݮਰͷ༷ࢠΛɼ༗޲άϥϑදݱɾసૹํఔ

͔ࣜΒ݁ͨ͠ࢉܭՌͱɼྔࢠ೾ଋ͔ࢉܭΒ݁ͨ͠ࢉܭՌΛൺֱͨ͠ʢਤ 3.17ʣɽղ཭൓Ԡதʹɼৼಈ਺

!ωd = 5.0 eVɼڧ౓ Id = 1.0× 1013 W/cm2 ͷ CWϨʔβʔΛরࣹ͢Δঢ়گΛ૝ఆ͠ɼॳظ೾ଋ͸

Ψ1(R, 0) = 0ɼ (3.98)

Ψ2(R, 0) =
(α
π

) 1
4
exp

[
−α
2
(R−Req)

2
]

(3.99)

ͱͨ͠ɽ͜͜Ͱ Ψ2(R, 0)͸ిجࢠఈঢ়ଶͷৼಈجఈ೾ଋΛిىྭࢠঢ়ଶʹͦͷ··Ҡಈͤͨ͞΋ͷͰ͋

Δ*49ɽॳظ೾ଋ͸૬্ۭؒͰ͕޿ΓΛ࣋ͭͨΊɼ͜ͷॳظ೾ଋͷ࣌ؒൃల͸ෳ਺ͷݹయيಓϨʔϧ্ͷ

֬཰ৼ෯Ҡૹͱͯ͠͠ࢉܭͳ͚Ε͹ͳΒͳ͍ʢ3.2.2߲ࢀরʣɽ͢ͳΘͪɼ༗޲άϥϑදݱͱసૹํఔࣜΛ

Λ༻͍Δඞཁ͕͋Δɽ͔͠͠ɼ͜͜ݱάϥϑද޲ΔͨΊʹ͸ɼෳ਺ͷΤωϧΪʔʹର͢Δ༗͢ࢉܭ͍ͯ༺

Ͱ͸ॳظ೾ଋͷத৺Λ௨ΔϨʔϧΛʠ୅දيಓʡͱͯ͑͠ߟɼͦΕʹରԠ͢ΔҰͭͷ༗޲άϥϑදݱͱస

ૹํఔ͔ࣜΒ൓Ԡ෺ϙϐϡϨʔγϣϯݮਰΛ50*ͨ͠ࢉܭɽ͜ͷʠ୅දيಓʡͰ͋Δ༗޲άϥϑදݱ͸લ߲

ͷਤ 3.16Ͱ͋Δɽॳظ೾ଋͷத৺͸ɼڞ༗݁߹ੑঢ়ଶͷ಺ଆసճΠϕϯτ T0ʹ૬౰͢Δɽ͕ͨͬͯ͠ɼ

సૹํఔࣜͷೖྗ |φ⟩͸ T0Ҏ֎ͷΠϕϯτͰ͸ 0Ͱ͋ΓɼT0Ͱ͸ҎԼͷΑ͏ʹͨ͠ࢉܭɽ·ͣɼॳظ

೾ଋΛ༗޲άϥϑදݱͷϨʔϧ্ͷίώʔϨϯτঢ়ଶʹΑͬͯల։͢Δɽ͜ͷͱ͖ͷల։܎਺͸

A(p, q) = A exp

[
−α
4
(q −Req)

2 − p2

4α!2 +
i

!
p(q −Req)

2

]
(3.100)

ʹΑͬͯࢉܭͰ͖Δɽ͜͜Ͱɼ(p, q)͸Ϩʔϧ্ͷίώʔϨϯτঢ়ଶͷӡಈྔͱҐஔͰ͋Δɽ·ͨɼA͸
ద౰ͳ֨نҼࢠͰ͋Γɼޙड़ͷೖྗ φ(t)ͷ࣌ؒੵ෼͕ 1ʹͳΔΑ͏ʹఆΊΔɽల։͞Εͨ֬཰ৼ෯ͷύ

έοτ͸ͷ͏ͪɼ࣌ࠁ tʹΠϕϯτ T0—೾ଋத৺ (p0, q0) = (0, Req)—ʹ͘Δ΋ͷ͸࣌ࠁ 0ʹ (p−t, q−t)

ʹ͋ͬͨύέοτͳͷͰɼΠϕϯτ T0ʹؔ͢Δೖྗৼ෯͸

φ(t) = A(p−t, q−t)e
i
!St(p−t,q−t)+arg[Ct(p−t,q−t)] (3.101)

Ͱ͋Δɽ͜͜Ͱɼ༗޲άϥϑදݱΛҰ͔ͭ͠༻͍ͳ͍৔߹͸ɼஅ೤࣌ؒൃలͷભҠৼ෯Ҽࢠ Ct ʹؔͯ͠

͸Ґ૬ͷΈΛྀ͢ߟΔɽ·ͨɼະղ཭ͷ LiF ෼ࢠͷϙϐϡϨʔγϣϯ P (t) ͸ɼॳظ஋ P (0) ≡ 1 ͔Βɼ

ʹϥϯμϜ΢ΥʔΫͷΑ͏ݩ481࣍* Pascalͷܗ֯ࡾঢ়ͷ࣌ؒൃలߏ଄Λ΋ͭΑ͏ͳ৔߹ɼύέοτϚʔδͳ͠Ͱ͸mճ໨ͷશ
ύέοτసૹʹ͔͔Δྔࢉܭ͸ O(2m) Ͱ͋Δ͕ɼύέοτϚʔδ͋ΓͰ͸ O(m) Ͱ͋ΔɽϚʔδʹผͷࢉܭίετ͕͔͔Δ͕ɼ
਺ؔ਺తʹେ͖͘ͳΔ͜ͱ͸ͳ͍ɽࢦ

*49ղੳͷ؆ศͷͨΊɼిجࢠఈঢ়ଶ͔ΒྭޫىͰྭͤ͞ىΔͱ͍͏ઃఆ͸༻͍ͳ͔ͬͨɽ
*50ϨʔϧΛҰ͔ͭ͠༻͍ͳ͍ͨΊɼஅ೤࣌ؒൃలͷભҠৼ෯Ҽࢠ Ct ʹؔͯ͠͸Ґ૬ͷΈΛྀ͠ߟɼઈର஋͸ 1ͱͨ͠ɽ



ୈ 3ষ ඇஅ೤Խֶಈྗֶͷߏ଄ 66

0.01

0.1

1

0.25 0.5 1.0 2.0 3.0 5.0 8.0

P
(t
)

t (ps)

Full-Quantum
Transfer Equation

ਤ 3.17 LiFޫղ཭൓Ԡʹ͓͚Δ൓Ԡ෺ϙϐϡϨʔγϣϯ P (t)ͷݮਰͷ༷ࢠΛ༗޲άϥϑදݱɾసૹ

ํఔ͔ࣜΒ݁ͨ͠ࢉܭՌʢᒵઢʣͱɼͦͷྔࢠ೾ଋࢉܭʹΑΔ݁Ռʢࠇઢʣͱͷൺֱɽ྆࣠ͱ΋ର਺Ͱ

ϓϩοτͯ͋͠Δɽղ཭൓Ԡதʹɼৼಈ਺ !ωd = 5.0 eVɼڧ౓ Id = 1.0× 1013 W/cm2 ͷ CWϨʔ

βʔΛরࣹ͢Δঢ়گΛ૝ఆͨ͠ɽॳظ೾ଋ͸ɼిجࢠఈঢ়ଶͷৼಈجఈ೾ଋΛిىྭࢠঢ়ଶʹͦͷ·

·Ҡಈͤͨ͞΋ͷͰ͋Δɽॳظ೾ଋͷத৺Λ௨ΔݹయيಓΛʠ୅දيಓʡͱͯ͠ɼ͜ΕʹରԠ͢ΔҰ

ͭͷ༗޲άϥϑදݱͷΈΛ༻͍ͯͨ͠ࢉܭɽύέοτଧͪ੾Γᮢ஋ ϵʢࣜ (3.97) রʣ͸ࢀ 10−5 ͱ͠

ͨɽͦͷଞͷࢉܭͷৄࡉ͸ຊจࢀরɽ

ղ཭Πϕϯτ D1,D3Λͨ͠ݧܦϙϐϡϨʔγϣϯͷ࣌ؒੵ෼ΛҾ͍ͨ΋ͷͱͯͨ͠͠ࢉܭɿ

P (t) = 1−
∑

Λ=D1,D3

∫ t

0
|ψΛ(t

′)|2dt′ɽ (3.102)

ਤ 3.17ʹࣔ͢ͱ͓ΓɼసૹํఔࣜʹΑΔ݁ࢉܭՌ͸ 1.0 psఔ౓·Ͱྔࢠ೾ଋࢉܭͷ݁ՌΛ͍ͯ͠ݱ࠶

Δɽ਺ඦ fsͷॳظʹ͓͍ͯɼసૹํఔࣜͷ݁Ռ͸֯͹͍ͬͯΔͷʹର͠ɼྔࢠ೾ଋࢉܭͷ݁Ռ͸׈Β͔

Ͱ͋Δɽྔࢠ೾ଋࢉܭͷ݁Ռ͕׈Β͔Ͱ͋Δཧ༝͸ɼղ཭ʹࢸΔ·Ͱʹ೾ଋ͕͕޿Γɼ͜Ε͕ղ཭աఔͷ

ࡏΓ͸ɼ೾ଋͷதʹҟͳΔҠಈ଎౓ͷ੒෼͕͕ࠞ޿ΓΛ΋ͨΒͨ͢ΊͰ͋Δɽ͜ͷ೾ଋͷ͕޿ͷ޲ํؒ࣌

͢Δ͜ͱʹΑΔɽ͢ͳΘͪɼҠಈ଎౓͕ҟͳΔݹయيಓͷϨʔϧ্ΛҠૹ͞ΕΔ֬཰ৼ෯ͷूஂͱͯ͠೾

ଋ͕ද͞ݱΕΔ͜ͱʹΑΔɽࠓճ͸Ұͭͷ༗޲άϥϑදݱͷΈΛ༻͍͍ͯΔͷͰɼ͜ͷ೾ଋ͕͕޿ΔޮՌ

͸ແ͍ͯ͠ࢹΔɽ͕ͨͬͯ͠ɼసૹํఔࣜʹΑΔ݁ࢉܭՌͰ͸೾ଋͷ͕޿Γ͕े෼Ͱͳ͘ɼղ཭͕ॠؒత

ΕΔɽҰํͰɼ0.5ݱ͕֯ʹਰݮΔ͜ͱͰϙϐϡϨʔγϣϯ͜ىʹ ps ͔Β 1.0 ps·ͰͷؒͰ͸ɼసૹํ

ఔࣜʹΑΔ݁ࢉܭՌ΋׈Β͔Ͱ͋Δɽ͜Ε͸ɼ͜ͷ࣌ؒଳͰ͸೾ଋ෼े͕ذ෼ʹਐΜͰ͓Γɼ༗޲άϥϑ

දݱʹΑΔϞσϧԽʹ͓͍ͯ΋ղ཭͕࿈ଓతʹͳΔͨΊͰ͋Δɽ1.0 ps͋ͨΓͰ͸ɼసૹํఔࣜʹΑΔܭ

Λ֬ೝ͢Δͱɼ1.0ݱάϥϑද޲ΒΕΔɽରԠ͢Δ༗ݟΓ͕͕ۂՌʹંΕ݁ࢉ psͱ͍͏λΠϛϯά͸ղ཭

Πϕϯτ D3͔Βͷղ཭͕࢝·ΔλΠϛϯάͱҰக͍ͯ͠Δɽ͜ͷ 1.0 psΛա͗ΔͱɼసૹํఔࣜʹΑΔ

਺ࢦͳܹٸՌ͸݁ࢉܭͷ݁Ռͱͷဃ཭͕େ͖͘ͳΔɽͱ͘ʹɼసૹํఔࣜʹΑΔࢉܭ೾ଋࢠՌͱྔ݁ࢉܭ

ؔ਺తݮਰΛࣔ͢ɽ

Ҏ্Ͱड़΂ͨసૹํఔࣜͷ਺஋ղͷڍಈʹ͍ͭͯ͸ɼ4.2અͰΑΓৄࡉʹٞ࿦͢Δɽͱ͘ʹɼ4.2અͰ

͸ɼసૹํఔࣜʹΑΔ݁ࢉܭՌͱྔࢠ೾ଋࢉܭͷ݁Ռ͕Ұக͢Δ 1.0 ps·Ͱͷ࣌ؒྖҬͰ͸ɼϙϐϡϨʔ

γϣϯݮਰ͸ࢦ਺-1/2ͷႈݮਰͰ͋Δ͜ͱΛɼ͜ͷϞσϧΛ༻͍ͯ࿦ূ͢Δɽ
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సૹํఔࣜʹΑΔ݁ࢉܭՌͱྔࢠ೾ଋࢉܭͷ݁Ռͱͷဃ཭ͷݪҼͷҰͭ͸ɼ୅දيಓͱͯ͠ͷҰͭͷ༗

͸ɼࢉܭ͍ͨ༺Λݱάϥϑද޲ड़͠Α͏ͱͨ͠఺ʹ͋Δɽෳ਺ͷ༗هಈΛڍͷΈͰ͢΂ͯͷݱάϥϑද޲

ຊڀݚͷޙࠓͷ՝୊Ͱ͋Δɽ

3.5.3 ݧయ଎౓ํఔࣜʹؔ͢Δ਺஋࣮ݹ

ຊઅͷޙ࠷ʹɼ3.4.5߲Ͱಋग़ͨ͠ݹయ଎౓ํఔࣜʹؔ͢Δ਺஋ূݕͷ݁ՌΛࣔ͢ɽͳ͓ɼ൒ݹయ଎౓

ํఔࣜ͸ແܥݩ࣍ݶͷͨΊ਺஋͕ࢉܭ೉͍͠ͷͰɼ൒ݹయ଎౓ํఔࣜʹؔ͢Δ਺஋ূݕͷ݁Ռ͸ຊ࿦จͰ

͸ࣔ͞ͳ͍ɽ

ਤ 3.18͸ɼݹయసૹํఔࣜͷ਺஋ղͱɼͦΕʹରԠ͢Δݹయ଎౓ํఔࣜͷղੳղΛൺֱͨ͠ਤͰ͋Δɽ

͜͜Ͱ͸ɼ3.5.1߲ͷਤ 3.15(a)ͱਤ 3.16Ͱࣔͨ͠ LiF෼ࢠͷඇஅ೤ಈྗֶͷ༗޲άϥϑදݱʹରԠ͢Δ

๏͸ɼ3.5.2߲Ͱࣔͨ͠ࢉܭయసૹํఔࣜͷ਺஋ݹՌΛࣔ͢ɽ݁ࢉܭయ଎౓ํఔࣜͷݹయసૹํఔࣜͱݹ

֬཰ৼ෯ʹؔ͢Δ൒ݹయసૹํఔࣜͷ਺஋ࢉܭ๏ʹ͓͍ͯɼભҠৼ෯ αk ΛભҠ֬཰ pk ʹɼ֬཰ৼ෯ ψ

ΛϙϐϡϨʔγϣϯ P ʹஔ͖ͨ͑׵΋ͷΛ༻͍ͨɽݹయసૹํఔ͓ࣜΑͼݹయ଎౓ํఔࣜͷࢉܭʹ͓͍

ͯɼݹయసૹԋࢠࢉ͸֎ଆసճΠϕϯτͰ Poincaré؆໿ͨ͠΋ͷΛ༻͍ɼॳظΠϕϯτ΋֎ଆసճΠϕ

ϯτͷҰͭΛ༻͍ɼೖྗ͸ΠϯύϧεೖྗΛԾఆͨ͠ɽਤʹ͍ࣔͯ͠Δͷ͸ɼޫղ཭൓Ԡʹ͓͚Δະղ

཭ͷ LiF ෼ࢠͷϙϐϡϨʔγϣϯݮਰͰ͋Δɽਤ 3.18(a1) ͱ (a2) ͸ɼۦಈ৔͕ͳ͍ঢ়گʹ͓͚Δ LiF

෼ࢠͷඇஅ೤Խֶಈྗֶͷ༗޲άϥϑදݱʢਤ 3.15(a)ʣʹରԠ͢Δݹయಈྗֶʹؔ͢Δ݁ՌͰ͋Δɽݹ

యసૹํఔࣜͷ਺஋ղʢᒵઢʣ͸֊ஈঢ়Ͱ͋Δ͕ɼ͍͔ࡉ֊ஈঢ়ͷมಈΛແ͢ࢹΕ͹શମͰ͸୯Ұͷࢦ

਺ؔ਺ݮਰͷΑ͏ʹ͑ݟΔɽݹయ଎౓ํఔࣜͷղੳղʢ྘ઢʣ͸͜ͷ୯Ұࢦ਺ݮਰͷ༷ࢠΛଊ͍͑ͯΔɽ

ਤ 3.18(b1)ͱ (b2)͸ɼڧߴ౓ CWϨʔβʔ৔தͷ LiF෼ࢠͷඇஅ೤Խֶಈྗֶͷ༗޲άϥϑදݱʢਤ

3.16ʣʹରԠ͢Δݹయಈྗֶʹؔ͢Δ݁ՌͰ͋ΔɽॳظΠϕϯτ͸֎ଆసճΠϕϯτ T2ͱͨ͠ɽݹయస

ૹํఔࣜͷ਺஋ղʢᒵઢʣ͕ࣔ͢֊ஈͷޯ഑͸ɼยର਺ϓϩοτΛݟΔͱ 0.5 psલޙͰ੾ΓସΘ͍ͬͯΔ

Α͏ʹ͑ݟɼ͜Ε͸ 2ͭͷࢦ਺ؔ਺Ͱ଎౓աఔ͕هड़Ͱ͖Δ͜ͱΛҙຯ͢Δɽ͜ͷ৔߹΋ɼݹయ଎౓ํఔ

ࣜͷղੳղʢ྘ઢʣ͸͜ͷ 2ͭͷࢦ਺ݮਰͷ༷ࢠΛଊ͍͑ͯΔɽ

Ҏ্ͷࢉܭͰ͸ɼసૹԋࢠࢉͱͯ͠֎ଆసճΠϕϯτͰ Poincaré؆໿ͨ͠΋ͷΛ༻͍ͨͨΊɼ͞ࢉܭ

ΕΔݹయ଎౓ఆ਺ͷݸ਺ͱ֎ଆసճΠϕϯτͷݸ਺͸Ұக͢Δɽ͜Ε͸ɼసૹԋࢠࢉͷྻߦͷ࣍਺ͱݹయ

଎౓ఆ਺ྻߦͷ࣍਺͕Ұக͢Δ͔ΒͰ͋Δɽͭ·Γɼݹయ଎౓ఆ਺ͷݸ਺͸༻͍Δసૹԋࢠࢉʹґଘ͢

Δɽྫ͑͹ɼ಺ଆసճΠϕϯτͰ Poincaré؆໿ͨ͠΋ͷΛ༻͍Δͱɼਤ 3.18(a)Ͱ͸ ɼ(b)Ͱ͸ݸ2 ݸ4

ͷ଎౓ఆ਺͕ಘΒΕΔɽ·ͨɼ಺ଆసճΠϕϯτͰ Poincaré؆໿ͨ͠సૹԋࢠࢉΑΓಘΒΕΔ଎౓ఆ਺

ʹ͸ෛͷ΋ͷ͕ଘ͢ࡏΔɽ͢ͳΘͪɼసૹԋࢠࢉͷ؆໿ͷํ࢓ʹΑͬͯ଎౓ఆ਺ྻߦͷ࣍਺͕มΘΓɼ͞

Βʹ଎౓ఆ਺ྻߦͷਖ਼ఆ஋ੑ͸อূ͞Εͳ͍ɽ͜Ε͸͜ͷཧ࿦๊͕͑Δେ͖ͳ໰୊Ͱ͋Γɼ͜ͷ໰୊ͷղ

ܾ͸ޙࠓͷ՝୊Ͱ͋Δɽ

ຊ߲Ͱࣔͨ͠ݹయ଎౓ํఔࣜͷ݁Ռ͸ɼྔׯࢠবޮՌΛແ͍ͯ͠ࢹΔͨΊɼ೾ଋࢉܭͱ௚઀ͷൺֱ͸Ͱ

͖ͳ͍ɽͱ͘ʹݹయಈྗֶʹ͓͍ͯ͸ϙϐϡϨʔγϣϯ͸ࢦ਺ݮਰΛ͕ࣔ͢ɼྔׯࢠবޮՌΛྀ͢ߟΔͱ

ඞͣ͠΋༗ݸݶͷࢦ਺ؔ਺ͷ࿨Ͱ଎౓աఔ͸هड़Ͱ͖ͳ͍ɽ͜Ε͸ 3.4.6߲Ͱಋग़ͨ͠൒ݹయ଎౓ํఔࣜ

͕ࣔࠦ͢Δ͜ͱͰ͋Γɼຊ࿦จͷ 4.2અͰΑΓৄݕʹࡉ౼͢Δ߲ࣄͰ͋Δɽ
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ਤ 3.18 Δ͚͓ʹگಈ৔͕ͳ͍ঢ়ۦՌɽ(a)݁ূݕయ଎౓ํఔࣜͷ਺஋ݹ LiF෼ࢠͷඇஅ೤Խֶಈྗ

ֶͷ༗޲άϥϑදݱʢਤ 3.15(a)ʣʹରԠ͢Δݹయసૹํఔࣜͷ਺஋݁ࢉܭՌʢᒵઢʣͱݹయ଎౓ํఔ

ࣜͷղੳղʢ྘ઢʣɽॳظΠϕϯτ͸֎ଆసճΠϕϯτ T2ͰͷΠϯύϧεೖྗͱ͠ɼసૹԋࢠࢉ͸֎

ଆసճ఺Ͱ Poincaré ؆໿ͨ͠΋ͷΛ༻͍ͨɽࠨͷ (a1) ͸௨ৗͷϓϩοτɼӈͷ (a2) ͸ϙϐϡϨʔ

γϣϯ P (t)Λର਺ϓϩοτͯ͋͠Δɽ(b)ڧߴ౓ CWϨʔβʔ৔தͷ LiF෼ࢠͷඇஅ೤Խֶಈྗֶ

ͷ༗޲άϥϑදݱʢਤ 3.16ʣʹରԠ͢Δݹయ଎౓ํఔࣜͷ਺஋݁ࢉܭՌʢᒵઢʣͱݹయ଎౓ํఔࣜͷ

ղੳղʢ྘ઢʣɽॳظΠϕϯτ͸֎ଆసճΠϕϯτ T2ͰͷΠϯύϧεೖྗͱ͠ɼసૹԋࢠࢉ͸֎ଆస

ճ఺Ͱ Poincaré؆໿ͨ͠΋ͷΛ༻͍ͨɽࠨͷ (b1)͸௨ৗͷϓϩοτɼӈͷ (b2)͸ϙϐϡϨʔγϣϯ

P (t)Λର਺ϓϩοτͯ͋͠Δɽ
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3.6 ·ͱΊͱٞ࿦

ຊষͰ͸ɼʬ࣌ؒൃలߏ଄ʭͱʬঢ়ଶۭؒߏ଄ʭͱ͍͏ɼಈతݱ৅Λهड़͢Δೋͭͷঢ়ଶભҠߏ଄֓

೦ʹ͍ͭͯ੔ཧ͠ɼඇஅ೤Խֶಈྗֶʹ͓͍ͯ͜ΕΒΛՄࢹԽ͢ΔμΠΞάϥϜΛಋೖ͠ɼ਺ཧతʹ

:ʢDGRݱάϥϑද޲ड़͢Δʮ༗ه଄Λߏஙͨ͠ɽಛʹɼঢ়ଶۭؒߏड़͢Δཧ࿦Λه Directed Graph

RepresentationʣʯΛಋೖ͠ɼ༗޲άϥϑදݱͷ৘ใ͔Β࣌ؒൃలߏ଄Λ͢ࢉܭΔʮసૹํఔࣜʯΛಋग़

ͨ͠ɽ͞Βʹɼసૹํఔࣜͷཧ࿦ղੳʹΑΓɼʮ൒ݹయྔࢠԽ৚݅ʯ΍ʮ଎౓ํఔࣜʯΛಋग़ͨ͠ɽ

3.4.4߲Ͱ͸ɼసૹํఔࣜͷఆৗঢ়ଶ͔ݶۃΒɼChildͷ൒ݹయྔࢠԽ৚݅ 52) ΍ Fujiiͷඇஅ೤੻ެࣜ
59) ͱಉܕͷ΋ͷ͕ಋग़͞ΕΔ͜ͱΛࣔͨ͠ɽ·ͨɼ3.5.1߲ͱ 3.5.2߲Ͱͨͬߦ਺஋ূݕʹΑΓɼҰͭͷ

༗޲άϥϑදݱʹΑΔϞσϧ͸ྔࢠ೾ଋࢉܭͷ݁ՌΛ෦෼తʹ͢ݱ࠶Δ͜ͱ͕Θ͔ͬͨɽ͜ͷϞσϧͰ࠶

Γɾ่յͳͲ—Ͱ͕޿ड़͕ඞཁͳ෦෼—ྫ͑͹ɼ೾ଋͷهΑΔʹݱάϥϑද޲Ͱ͖ͳ͍෦෼͸ෳ਺ͷ༗ݱ

͋Δͱචऀ͸͓ͯ͑ߟΓɼ͜ͷෳ਺ͷ༗޲άϥϑදݱʹΑΔϞσϧͷ਺஋ࢉܭ͸ޙࠓͷ՝୊Ͱ͋Δɽ͞Β

ʹɼ3.5.3߲Ͱͨͬߦ਺஋ূݕʹΑΓɼݹయసૹํఔࣜͷ࣌ؒૈࢹԽʹΑͬͯಋग़͞ΕΔݹయ଎౓ํఔࣜ

ͷଥ౰ੑΛ෦෼తʹࣔͨ͠ɽ͔͠͠ಉ࣌ʹɼຊཧ࿦Ͱಋग़ͨ͠଎౓ఆ਺͕ྻߦඞͣ͠΋ਖ਼ఆ஋Ͱͳ͍͜ͱ

΋൑໌͠ɼ͜ͷ໰୊ͷղܾ͸ޙࠓͷ՝୊ͱͯͨͬ͠࢒ɽ3.4.6߲Ͱಋग़ͨ͠൒ݹయ଎౓ํఔࣜ͸ແݩ࣍ݶ

ઢܗৗඍ෼ํఔࣜͰ͋Γղੳ͕ࠔ೉Ͱ͋ΔͨΊɼ͜Εʹ͍ͭͯ͸ຊ࿦จͰ͸਺஋తʹ͠ূݕͳ͔ͬͨɽ͜

ͷ൒ݹయ଎౓ํఔࣜͷཧ࿦తɾ਺஋తղੳ΋ޙࠓͷ՝୊Ͱ͋Δɽ

Ҏ্ͷΑ͏ʹɼຊষͰߏஙɾͨ͠ূݕཧ࿦ʹ͸͞࢒Εͨ՝୊΋͋Δ͕ɼઌڀݚߦ 51,52,59) Ͱ͸ͳ͞Εͳ

͔ͬͨ൒ݹయ࿦త͔࣮ͭ࣌ؒྖҬͰͷඇஅ೤Խֶಈྗֶͷهड़ʹ੒ޭ͍ͯ͠Δ෦෼΋͋Δɽ࣍ষͰ͸ɼຊ

ষͰఏࣔͨ͠ཧ࿦Λ༻͍ɼͦͷهड़͕ଥ౰ͳൣғ಺ʹ͓͍ͯɼ۩ମతͳඇஅ೤ԽֶಈྗֶܥΛղੳͨ݁͠

Ռʹ͍ͭͯड़΂Δɽ
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͜ͷষͰ͸ɼલষͰߏஙͨ͠ඇஅ೤Խֶಈྗֶͷߏ଄ΛՄࢹԽɾهड़͢Δཧ࿦ΛɼLiF ෼ޫࢠղ཭൓

Ԡ*1

LiF∗ →
{

Li + F
Li+ + F−

(4.1)

ͱ͍͏۩ମతݱ৅ͷղੳʹԠ༻͠ɼඇஅ೤Խֶಈྗֶͷߏ଄త؍఺͔Βͷཧղͷ࣮ફྫΛࣔ͢ɽ4.1અͰ

͸ɼڧߴ౓ CWϨʔβʔ৔தͷ LiF෼ޫࢠղ཭൓Ԡͷঢ়ଶۭؒߏ଄͕ɼϨʔβʔͷڧ౓΍ৼಈ਺ʹର͠

ͯͲͷΑ͏ʹมΘΔͷ͔Λ༗޲άϥϑදݱΛ༻͍ͯՄࢹԽ͢Δɽ4.2અͰ͸ɼ2.4અʹ͓͍ͯ໰୊ఏͨ͠ى

LiFޫղ཭൓Ԡͷ଎౓աఔʹ͓͚Δႈతڍಈʹؔͯ͠ɼ࣌ؒൃలߏ଄ͷ؍఺͔Βఆྔతʹղੳ͢Δɽ4.3

અͰ͸ɼ΍΍झ޲Λม͑ͯɼLiF෼ޫࢠղ཭൓Ԡͷߏ଄ͷ෼ޫ؍ଌՄೳੑʹؔͯٞ͠࿦͢Δɽ

4.1 ౓ڧߴ CWϨʔβʔ৔தͷ LiF෼ޫࢠղ཭൓Ԡͷঢ়ଶۭؒߏ଄

ຊઅͰ͸ɼڧߴ౓ CWϨʔβʔ৔தͷ LiF෼ޫࢠղ཭൓Ԡͷঢ়ଶۭؒߏ଄͕ɼϨʔβʔͷڧ౓΍ৼಈ

਺Λม͑Δ͜ͱͰͲͷΑ͏ʹมԽ͢Δͷ͔ΛɼલষͰಋೖͨ͠༗޲άϥϑදݱΛ༻͍ͯՄࢹԽ͠ɼ͢࡯ߟ

Δɽͱ͘ʹɼঢ়ଶۭؒߏ଄ͷෳੑࡶ͸ɼಉҰϙςϯγϟϧΤωϧΪʔۂઢ্ʹෳ਺ͷඇಁ೤తަࠩ఺͕ಉ

࣌ʹଘ͢ࡏΔ͜ͱʹΑΓੜ͡Δ͜ͱΛࣔ͢ɽ

4.1.1 ঢ়ଶۭؒߏ଄ͷϨʔβʔڧ౓ґଘੑ

ຊ߲Ͱ͸ɼڧߴ౓ CW Ϩʔβʔ৔தͷ LiF ෼ޫࢠղ཭൓Ԡͷঢ়ଶۭؒߏ଄Λද͢༗޲άϥϑද͕ݱɼ

Ϩʔβʔͷڧ౓ Id ʹରͯ͠ͲͷΑ͏ʹมΘΔ͔Λࣔ͢ɽ

Ϩʔβʔৼಈ਺Λ !ωd = 5.0 eV ͱͨ͠৔߹Λྫʹࣔ͢ɽ͜ͷ৔߹ͷ field-dressed ಁ೤ϙςϯγϟϧ

ΤωϧΪʔۂઢ Vjj(R) + n!ωd ͷ༷ࢠΛਤ 4.1ʹࣔ͢ɽࢵ৭ͷʮ⊗ʯ͸ field-dressedಁ೤ϙςϯγϟϧ

ΤωϧΪʔۂઢͷަࠩ఺Λ͠ࢦɼC Ͱ࢝·Δϥϕϧ͸ҎԼͷຊจதͰ֤ަࠩ఺Λࣔ͢͠ࢦͷʹ༻͍Δɽ

field-dressedಁ೤ϙςϯγϟϧΤωϧΪʔۂઢ͸Ϩʔβʔڧ౓ʹґଘ͠ͳ͍ɽ͔͠͠ɼͦͷ૬࡞ޓ༻߲͸

Ϩʔβʔڧ౓ʹґଘ͢ΔͨΊɼਤࣔ͞Ε֤ͨަࠩ఺ʹ͓͚ΔભҠ֬཰͸ҟͳΔɽ͜ͷ field-dressedಁ೤

ϙςϯγϟϧΤωϧΪʔΛର֯Խͯ͠ಘΒΕΔٖΤωϧΪʔۂઢΛਤ 4.2ʹࣔ͢ɽٖΤωϧΪʔۂઢ͸ɼ

field-dressedಁ೤ϙςϯγϟϧΤωϧΪʔۂઢͷ૬࡞ޓ༻߲ͷ৘ใΛؚΜͰ͍ΔͷͰɼϨʔβʔڧ౓ʹґ

ଘ͢Δɽਤ 4.2͸ɼਤ 4.1ͷ֤ަࠩ఺ʹରԠ͢ΔٖΤωϧΪʔۂઢͷٖަࠩ఺ۙ๣ͷ༷ࢠΛ֦େͯࣔ͠͠

*1ޫղ཭൓Ԡ͸ʮޫʹΑΔྭىʯͱʮྭى෼ࢠͷղ཭ʯͷೋஈ֊ʹ෼ղͰ͖Δ͕ɼ͜͜Ͱ͸ऀޙͷղ཭ͷաఔͷΈʹண໨͢Δɽ



ୈ 4ষ LiF෼ޫࢠղ཭൓Ԡͷߏ଄ 71

ͨ΋ͷͰ͋Δɽਤ 4.2ͷྻࠨ͸ަࠩ఺ C1, C3, C5ʹରԠ͠ɼӈྻ͸ C2, C4, C6ʹରԠ͍ͯ͠ΔɽϨʔ

βʔڧ౓ʹΑͬͯɼ֤ٖަࠩͷΪϟοϓͷେ͖͕͞େ͖͘มԽ͍ͯ͠ΔɽҰൠʹɼٖަࠩͷΪϟοϓ͕։

͍͍ͯΔ΄Ͳඇಁ೤తͰ͋Γɼด͍ͯ͡Δ΄Ͳಁ೤తͰ͋Δɽ͕ͨͬͯ͠ɼϨʔβʔڧ౓Λม͑Δͱɼ֤

ަࠩ఺ͷʮඇಁ೤ੑʯ͕มԽ͢Δ͜ͱ͕Θ͔Δɽ͞ΒʹɼҰͭͷϙςϯγϟϧΤωϧΪʔۂઢ্ʹަࠩ఺

͕ೋͭ͋Δ͜ͱ͔Βɼ3.5.1߲Ͱઆ໌ͨ͠ʮ౸ୡՄೳੑʯ΋Ϩʔβʔڧ౓ʹΑͬͯมΘΔɽͦͷͨΊɼঢ়

ଶۭؒߏ଄Λද͢༗޲άϥϑදݱͷτϙϩδʔ΋ɼϨʔβʔڧ౓ʹΑͬͯมΘΔɽ͜ͷ༷ࢠΛਤ 4.3ʹࣔ

͢ɽਤͷԼ͔Β্΁͔ͯͬ޲Ϩʔβʔڧ౓͕େ͖͘ͳΔΑ͏ʹฒ΂ͨɽ͜͜ͰɼEtot = 1.1496 eVɼඇಁ

೤৚݅൑ఆᮢ஋͸ θ = 0.05 ͱ͠ɼ3.5.1 ߲Ͱఏࣔͨ͠༗޲άϥϑදߏݱஙΞϧΰϦζϜΛ༻͍ͯ༗޲ά

ϥϑදݱΛߏஙͨ͠ɽ͜ͷਤʹ͓͍ͯɼ֤༗޲άϥϑදݱʹ͓͚ΔΠϕϯτͷϥϕϧ͸ڞ௨ͷ΋ͷΛ༻

͍ɼҟͳΔ༗޲άϥϑදݱͰಉ͡ϥϕϧͷΠϕϯτ͸࣮ମ΋ಉ͡΋ͷΛ͢ࢦɽ·ͨɼਤ 4.1ͷ֤ަࠩ఺ͱɼ

ਤ 4.3 ͷ֤෼ذΠϕϯτ͸ҎԼͷΑ͏ʹରԠ͢ΔɿC1 ↔ (B1,B2)ɼC2 ↔ (B3,B4)ɼC3 ↔ (B5,B6)ɼ

C4 ↔ (B7,B8)ɼC5 ↔ (B9,B10)ɼC6 ↔ ରԠͳ͠ɽ
ਤ Δɽ͢࡯ߟ͘͠ৄͯؔ͠ʹ౓ґଘੑڧͷτϙϩδʔͷϨʔβʔݱάϥϑද޲ΒΕΔɼ༗ݟʹ4.3

ਤதͰ࠷΋௿ڧ౓ͷ Id = 1.0× 1011 W/cm2 ͷ৔߹ͷ༗޲άϥϑදݱ͸ɼ৔ͷͳ͍ͱ͖ͷ༗޲άϥϑ

දݱʢ3.5.1߲ͷਤ 3.15(a)ʣͱɼભҠ࣌ؒͱભҠৼ෯΋ؚΊͯ΄ͱΜͲಉ͡΋ͷͰ͋Δɽ͢ͳΘͪɼ͜ͷ

౓Ͱ͸֎৔͸ڧ LiF ෼ࢠͷμΠφϛΫεʹ΄ͱΜͲӨڹΛ༩͑ͳ͍ɽ࣮ࡍɼਤ 4.2 ͷରԠ͢ΔٖΤωϧ

Ϊʔۂઢʢଠઢʣͱ৔ͷͳ͍ͱ͖ͷஅ೤ϙςϯγϟϧΤωϧΪʔۂઢʢࡉઢʣ͸Ұக͍ͯ͠Δɽ

Ϩʔβʔڧ౓͕ Id = 1.0× 1012 W/cm2 ͷ৔߹Ͱ͸ɼ෼ذΠϕϯτ͸ 4ͭ͋Δɽ৽ͨʹग़ͨ͠ݱ෼ذ

Πϕϯτ B1, B2͸ɼަࠩ఺ C1ͱରԠ͢Δɽަࠩ఺ C1ʹରԠ͢ΔٖަࠩͷΪϟοϓ͕։͍͍ͯΔ͜ͱ

͔Β෼͔ΔΑ͏ʹɼ෼ذΠϕϯτ B1, B2ͷग़ݱ͸ަࠩ఺ C1ͷඇಁ೤ੑͷ૿େʹΑΔ΋ͷͰ͋Δɽ
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ਤ 4.1 ౓ڧߴ CW Ϩʔβʔ৔தͷ LiF ෼ࢠͷ field-dressed ಁ೤ϙςϯγϟϧΤωϧΪʔۂઢɽ

!ωd = 5.0 eV ͷ৔߹ɽ྘ઢ͸ਤ 4.3ͷ༗޲άϥϑදݱʹରԠ͢ΔܥͷશΤωϧΪʔ Etot Λද͢ɽࢵ

৭ͷʮ⊗ʯ͸ field-dressedಁ೤ϙςϯγϟϧΤωϧΪʔۂઢͷަࠩ఺Λ͠ࢦɼCͰ࢝·Δϥϕϧ͸ຊ

จதͰ༻͍Δަࠩ఺໊শͰ͋Δɽ͜ͷ field-dressed ಁ೤ϙςϯγϟϧΤωϧΪʔྻߦΛର֯Խ͢Δ

ͱɼਤ 4.2ʹٖࣔ͢ΤωϧΪʔۂઢ͕ಘΒΕΔɽ
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V
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V
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R (Å)

1.0× 1011 W/cm2

V
(e
V
)

R (Å)

1.0× 1011 W/cm2

ਤ 4.2 ٖΤωϧΪʔۂઢͷϨʔβʔڧ౓ґଘੑɽ!ωd = 5.0 eV ͷ৔߹ɽٖަࠩ఺ͷۙ๣Λ֦େͯ͠

͍Δɽଠઢ͸ٖΤωϧΪʔۂઢΛද͠ɼࡉઢ͸ field-dressed அ೤ϙςϯγϟϧΤωϧΪʔۂઢΛද

͢ɽ੺৭͸ΠΦϯ݁߹ੑɼ੨৭͸ڞ༗݁߹ੑΛද͠ɼٖަࠩ఺ΛڥʹΠΦϯ݁߹ੑͱڞ༗݁߹ੑ͕੾Γ

ସΘΔͱͯ͠৭෼͚ͯ͋͠Δɽڧ౓ͷฒͼ͸ਤ 4.3ͱಉ͡Ͱ͋Δɽྻࠨ͸ɼਤ 4.1ʹ͓͚Δަࠩ఺ C1,

C3, C5ʹରԠ͢Δٖަࠩ఺ۙ๣ͷ༷ࢠͰ͋Γɼӈྻ͸ɼަࠩ఺ C2, C4, C6ʹରԠ͢Δٖަࠩ఺ۙ๣

ͷ༷ࢠͰ͋Δɽͳ͓ɼC1, C3, C5ͱ C2, C4, C6͸ͦΕͧΕಉٖ͡ަࠩߏ଄Λ΋ͭʢ∵Floquetͷఆ
ཧʣɽ·ͨɼ্࠷ྻࠨஈͷ field-dressed அ೤ϙςϯγϟϧΤωϧΪʔۂઢͷަࠩ఺ͱٖΤωϧΪʔۂ

ઢͷٖަࠩ఺͕ͣΕ͍ͯΔͷ͸ɼ2.3.2߲Ͱड़΂ͨΑ͏ʹɼڧߴ౓Ϩʔβʔ৔தͰ͸ van Vleckઁಈิ

ਖ਼߲ ∆n ʹΑͬͯڞ໐৚͕݅ͣΕΔ͜ͱʹରԠ͍ͯ͠Δɽ
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ਤ 4.3 ༗޲άϥϑදݱͷϨʔβʔڧ౓ґଘੑɽ!ωd = 5.0 eV ͷ৔߹ɽશΤωϧΪʔ͸ Etot =

1.1496 eVɼඇಁ೤৚݅൑ఆᮢ஋͸ θ = 0.05ͱͨ͠ɽ͜ͷൺֱਤʹ͓͍ͯ͸ɼΠϕϯτͷϥϕϧ͸ڞ

௨ͷ΋ͷΛ༻͍ɼҟͳΔ༗޲άϥϑදݱͰಉ͡ϥϕϧͷΠϕϯτ͸࣮ମ΋ಉ͡΋ͷΛ͢ࢦɽ
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Ϩʔβʔڧ౓Λ Id = 1.5× 1012 W/cm2 ͱ͢Δͱɼ෼ذΠϕϯτͷ਺͕ ͳωοτϫʔࡶͳΓɼෳʹݸ8

Ϋߏ଄͕ݱΕΔɽ৽ͨʹग़ͨ͠ݱ෼ذΠϕϯτ B5, B6ʹରԠ͢Δަࠩ఺͸ C3Ͱ͋Δɽަࠩ఺ C3͸ɼ෼

Πϕϯτذ B1, B2ʹରԠ͢Δަࠩ఺C1ΑΓ΋ΤωϧΪʔ͕ !ωd(= 5.0 eV)͚ͩ௿͍ɽ3.5.1߲Ͱ΋ड़΂

ͨΑ͏ʹɼҰൠʹΤωϧΪʔ͕௿͍ٖަࠩ఺΄Ͳಁ೤తͰ͋Δ͕ɼϨʔβʔڧ౓͕ Id = 1.5×1012 W/cm2

Ҏ্ʹͳΔͱɼަࠩ఺ C3΋े෼ඇಁ೤తʹͳΔ͜ͱͰ෼ذΠϕϯτ B5, B6͕ग़͢ݱΔɽ΋͏Ұରͷ৽

ΠϕϯτذΕͨ෼ݱʹͨ B7, B8͸ɼަࠩ఺ C4ͱରԠ͢Δɽަࠩ఺ C4Ͱ͸ɼϨʔβʔʹΑͬͯඇಁ೤

ੑ͸૿͍ͯ͠ͳ͍ɽͦ͏Ͱ͋Δͷʹɼ͜ͷϨʔβʔڧ౓Ͱ෼ذΠϕϯτ B7, B8͕ग़͢ݱΔͷ͸ɼަࠩ఺

C3ͷʮඇಁ೤ੑʯͷ֫ಘʹΑΓɼަࠩ఺ C4͕ʮ౸ୡՄೳੑʯΛ֫ಘͨͨ͠ΊͰ͋Δɽ͞Βʹɼ෼ذΠϕ

ϯτ B7, B8ͷग़ݱʹ൐͍ɼΠΦϯ݁߹ੑঢ়ଶͷ··෼͕ࢠղ཭͢ΔΠϕϯτ D5, D6͕ݱΕΔɽ

Ϩʔβʔڧ౓͕ Id = 3.0 × 1012 W/cm2 ͷ৔߹Ͱ͸ɼަࠩ఺ C5ͷඇಁ೤ੑͷ֫ಘʹΑΓɼ৽ͨͳ෼

Πϕϯτذ B9, B10͕ग़͢ݱΔɽҰํɼ͜ͷϨʔβʔڧ౓Ͱ͸ C2, C4, C6ʹରԠ͢ΔٖަࠩͷΪϟοϓ

͕΍΍ด͓ͯ͡Γɼಁ೤ੑ͕ڧ·͍ͬͯΔɽ͕ͨͬͯ͠ɼަࠩ఺ C6͸౸ୡՄೳͰ͸͋Δ͕ɼಁ೤తͰ͋

ΔͷͰɼରԠ͢Δ෼ذΠϕϯτ͸৽ͨʹݱΕͳ͍ɽ

͜͜·Ͱ͸ɼϨʔβʔڧ౓͕͘ߴͳΔʹͭΕͯɼ༗޲άϥϑදݱͷτϙϩδʔ͸ෳࡶʹͳΔҰํͰ͋ͬ

ͨɽ͔͠͠ɼϨʔβʔڧ౓ Id = 1.0× 1013 W/cm2 ͷ৔߹ͷ༗޲άϥϑදݱͷτϙϩδʔ͸ɼϨʔβʔ

౓ڧ Id = 3.0 × 1012 W/cm2 ͷ৔߹ͷ΋ͷΑΓ୯७ʹͳ͍ͬͯΔɽ͜Ε͸ɼަࠩ఺ C4ʹରԠ͢Δٖަ

ࠩͷΪϟοϓ͕ϨʔβʔͷӨڹͰด͖͓ͯͯ͡Γɼަࠩ఺ C4ͱରԠ͢Δ෼ذΠϕϯτ B7, B8͕ফࣦ͠ɼ

͜Εʹ൐͍ަࠩ఺ C5͕౸ୡՄೳੑΛ૕ࣦ͢Δ͜ͱͰରԠ͢Δ෼ذΠϕϯτ B9, B10΋ফࣦ͢Δ͔ΒͰ

͋Δɽ

͞ΒʹϨʔβʔڧ౓Λ্͛ͯ Id = 1.0 × 1014 W/cm2 ·ͰʹͳΔͱɼަࠩ఺ C2ʹରԠ͢Δٖަࠩ఺

ͷΪϟοϓ͕͘ڱͳΔ͜ͱͰަࠩ఺ C2΋ಁ೤తͱͳΓɼ෼ذΠϕϯτ B3, B4͕ফࣦ͢Δɽ͜ͷަࠩ఺

C2ͱ෼ذΠϕϯτ B3, B4͸ɼ֎৔͕ͳ͍ͱ͖ͷ LiF෼ݩ͕ࢠʑ͍࣋ͬͯͨަࠩ఺ͱ෼ذΠϕϯτͰ͋

Δɽ͜ͷΑ͏ʹɼϨʔβʔڧ౓Λे෼େ͖͘͢Δͱ෼ݩ͕ܥࢠʑ͍࣋ͬͯͨަࠩ఺ɾ෼ذΠϕϯτΛফ͠

Δ͜ͱ͕Ͱ͖Δɽ·ͨɼަࠩ఺ڈ C2ͱ͸ରরతʹɼަࠩ఺ C1ͷΪϟοϓ͸Ϩʔβʔڧ౓Λे෼͘͢ڧ

Δͱେ͖͘։͘ɽ͕ͨͬͯ͠ɼId = 1.0× 1014 W/cm2 ͷ৔߹ͷަࠩ఺ C1͸ඇಁ೤తͱ͍͏ΑΓ͸Ή͠

Ζஅ೤తʹͳ͓ͬͯΓɼରԠ͢Δ෼ذΠϕϯτ B1, B2ͷಁ೤௨ա֬཰ʢ=ඇஅ೤ભҠ֬཰ʣ͸ 0.002ͱ

͍͏ඇৗʹখ͍͞஋ʹͳ͍ͬͯΔ*2ɽ͢ͳΘͪɼڧߴ౓ CWϨʔβʔΛরࣹ͢Δ͜ͱͰɼຊདྷղ཭ੑͷ

ঢ়ଶͷىྭ LiF෼ࢠͷղ཭Λ༗ҙʹ཈੍͢Δ͜ͱ͕Ͱ͖Δ 20)ɽ

4.1.2 ঢ়ଶۭؒߏ଄ͷϨʔβʔৼಈ਺ґଘੑ

ຊ߲Ͱ͸ɼڧߴ౓ CW Ϩʔβʔ৔தͷ LiF ෼ޫࢠղ཭աఔͷঢ়ଶۭؒߏ଄Λද͢༗޲άϥϑද͕ݱɼ

Ϩʔβʔৼಈ਺ !ωd ʹରͯ͠ͲͷΑ͏ʹมΘΔ͔Λࣔ͢ɽ

લ߲Ͱ͸Ϩʔβʔৼಈ਺ !ωd = 5.0 eVͷ৔߹ΛྫʹऔΓ্͛ͯɼ༗޲άϥϑදݱͷϨʔβʔڧ౓ Id ґ

ଘੑʹ͍ͭͯৄ͘͠ௐ΂ͨɽϨʔβʔৼಈ਺ !ωd = 5.0 eV͸ࢵ֎ྖҬʹ૬౰͢Δɽରͯ͠ɼ੺֎ྖҬͷ

ϨʔβʔΛ༻͍ͨ৔߹ʹ༗޲άϥϑද͕ݱͲ͏ͳΔ͔Λࣔͨ͠Ұྫ͕ɼਤ 4.4Ͱ͋Δɽ͜͜ͰɼϨʔβʔ

ৼಈ਺͸ !ωd = 0.5 eVͱ͠ɼϨʔβʔڧ౓͸ Id = 1.0× 1012 W/cm2 ͱͨ͠ɽ·ͨɼܥͷશΤωϧΪʔ

Etot ͱඇಁ೤৚݅ᮢ஋ θ ͸લ߲ͷਤ 4.3ͱಉ͡ʹͨ͠ɽ༗޲άϥϑදߏݱஙΞϧΰϦζϜͰࣗಈߏங͠

*2ʮඇஅ೤ભҠ֬཰͕ඇৗʹখ͍͞ͷͳΒ͹ɼ΋͸΍෼ذΠϕϯτͱͯ͠ѻΘͳͯ͘΋Α͍ͷͰ͸ʁʯͱࢥΘΕΔ͔΋͠Εͳ͍
͕ɼ௕࣌ؒڍಈΛ͑ߟΔͱɼ͍ͣΕ͢΂ͯͷϙϐϡϨʔγϣϯ͸͜ͷ෼ذ఺͔Βڞ༗݁߹ੑͷղ཭ܦ࿏ʹ͏͔޲ͷͰɼ෼ذΠϕϯτ
ͱͯ͠ѻ͏ͷ͕ଥ౰Ͱ͋Δɽ
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ਤ 4.4 ੺֎ྖҬͷϨʔβʔ৔ʹର͢Δ༗޲άϥϑදݱɽ!ωd = 0.5 eVɼId = 1.0× 1012 W/cm2 ͷ

৔߹ɽඇৗʹෳࡶͰ͋ΔͷͰɼભҠ֬཰ͱભҠ࣌ؒɼ͓ΑͼΠϕϯτͷϥϕϧ෇͚͸লུ͠ɼΠϕϯτ

ʹ͸छผͷΈදͨ͠هɽ·ͨɼ͜ͷ༗޲άϥϑදݱͰ͸֎पͷαΠΫϧͷଟ͘ͷඳըΛলུͨ͠ɽඇ

ಁ೤৚݅ͷᮢ஋Λ θ = 0.05ʹઃఆͨ͠৔߹ɼগͳ͘ͱ΋ 550Ҏ্ͷΠϕϯτɼΠΦϯ݁߹ੑɾڞ༗݁

߹ੑ߹Θͤͯ 100 Ҏ্ͷ Floquet ঢ়ଶ͕ؔ༩͢Δɽʢ༨Γʹ΋ଟ͘ͷΠϕϯτ͕ྻ͞ڍΕΔͨΊɼΠ

ϕϯτྻڍΛ్தͰଧͪ੾ͬͨɽ͕ͨͬͯ͠ɼਖ਼֬ͳΠϕϯτ਺͸ෆ໌ɽʣ·ͨɼ෼ذΠϕϯτྻࠨɼ

தԝྻɼӈྻͱରԠ͢Δٖަࠩ఺ͷҐஔ͸ͦΕͧΕ

ͨͱ͜Ζɼඇৗʹଟ਺ͷΠϕϯτ͕ྻ͞ڍΕͨͨΊɼඳը͸Ұ෦ͷΠϕϯτʹཹΊɼભҠৼ෯ɼભҠ࣌ؒɼ

Πϕϯτϥϕϧ͸දࣔͤͣɼΠϕϯτछผͷΈΛදࣔͨ͠ɽ͜ͷͱ͖ྻ͞ڍΕͨΠϕϯτ਺͸ 550Ҏ্Ͱ

͋Γɼؔ༩͢ΔٖΤωϧΪʔۂઢͷ਺͸ΠΦϯ݁߹ੑɾڞ༗݁߹ੑ߹Θͤͯ 100Ҏ্Ͱ͋Δɽྻڍ਺্ݶ

ʹୡͯ͠ྻڍΛதஅͨͨ͠Ίɼ࣮ࡍʹ͸ΑΓଟ͘ͷΠϕϯτɼFloquetঢ়ଶ͕ྻ͞ڍΕΔ͸ͣͰ͋Δɽ

ਤ 4.5͸ɼϨʔβʔৼಈ਺ !ωd = 5.0 eVͷ৔߹ͷಁ೤ field-dressedϙςϯγϟϧΤωϧΪʔۂઢͷ༷

ΤωϧΪʔ෼ͷִؒΛۭࢠઢ͸֎৔ͷޫۂΛඳ͍ͨ΋ͷͰ͋Δɽfield-dressedϙςϯγϟϧΤωϧΪʔࢠ

͚ͯฒͿɽ͕ͨͬͯ͠ɼϨʔβʔ͕௿ৼಈ਺Ͱ͋Ε͹͋Δ΄Ͳɼfield-dressedϙςϯγϟϧΤωϧΪʔۂ

ઢ͕ີʹฒͿɽͦͷͨΊɼަࠩ఺͕ Rํ޲ʢࠨӈํ޲ʣʹଟ͘ੜ͡Δ͜ͱʹͳΔɽ্෦ͷ α, β, γ, δ ͸ɼ

ͦͷԼʹ৳ͼΔਨ௚ઢ্ͷަࠩ఺ͷάϧʔϓΛࣔ͢͠ࢦϥϕϧͰ͋ΔɽରԠ͢Δ༗޲άϥϑදݱʢਤ 4.4ʣ

ͷ෼ذΠϕϯτͷॎͷฒͼͱͦΕͧΕରԠ͢Δɽ͍·͍ͯ͑ߟΔঢ়گͰ͸ɼα, β, γ ͕ओཁͳަࠩ఺ͷά

ϧʔϓͰ͋Γɼδ ͸྘ઢͷ͙͢Լͷަࠩ఺ͷΈ͕ඇಁ೤తͰ͋Δɽ͜ͷΑ͏ʹɼඇಁ೤ੑͷ͍ڧओཁͳަ

ࠩ఺ͷάϧʔϓ͕ෳ਺ଘ͢ࡏΔ৔߹ɼͦΕΒͷʠ৐׵ӺʡΛ͢࢖ۦΔ͜ͱͰɼ֩೾ଋ͸͔ͳΓΤωϧΪʔ

ͷ௿͍ field-dressedϙςϯγϟϧΤωϧΪʔۂઢʹ·ͰʠજΔʡ͜ͱ͕Ͱ͖Δɽ͜ΕʹΑͬͯରԠ͢Δ

༗޲άϥϑදݱ͸ඇৗʹΠϕϯτ਺ͷଟ͍ෳࡶͳ΋ͷʹͳΔɽҰํɼલ߲ͷ !ωd = 5.0 eVͷ৔߹ͷΑ͏

ʹɼඇಁ೤ੑͷࠩަ͍ڧ఺͕ҰͭͰɼͦΕҎ֎ͷަࠩ఺ͷඇಁ೤ੑ͕ऑ͍Α͏ͳ৔߹ʹ͸ɼ͜ͷΑ͏ͳ֩

೾ଋͷʠજߦʡ͸͜ىΒͣɼ༗޲άϥϑදݱ͸ͦ͜·ͰෳࡶʹͳΒͳ͍ɽ

Ϩʔβʔৼಈ਺Λม͑Δ͜ͱͰɼަࠩ఺ͷҐஔ΍਺Λม͑Δ͜ͱ͕Ͱ͖Δɽަࠩ఺ͷಁ೤ੑ͸ɼ2.3.2

߲ͷࣜ (2.68)ʹΑΔͱɼͦͷަࠩ఺ʹ͓͚Δ৔ͷͳ͍ͱ͖ͷ૬࡞ޓ༻߲ V12 ͱ৔ͱిࢠঢ়ଶͷ૬࡞ޓ༻

Λද͢ Jn[z]ͳΔ߲Ͱܾ·Δɽऀޙͷ߲͸ 1Λ௒͑ͳ͍ͷͰɼV12 ͷ஋͕খ͍͞ͱ͜ΖͰ͸ͦ΋ͦ΋ަࠩ

఺ͷඇಁ೤ੑ͕͘ڧͳΓΑ͏͕ͳ͍ɽ͕ͨͬͯ͠ɼV12 ͕ൺֱతେ͖ͳ஋Λ࣋ͭྖҬͰަࠩ఺Λ࡞ΕΔৼ

ಈ਺ͱɼJn[z]͕༗ҙͳ஋Λ΋ͪ͏Δڧ౓Λ΋ͭϨʔβʔΛ༻͍Δ͜ͱͰɼඇಁ೤ੑͷࠩަ͍ڧ఺Λ࡞Γ
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ਤ 4.5 Ϩʔβʔৼಈ਺ !ωd = 0.5 eV ͷ৔߹ͷಁ೤ field-dressedϙςϯγϟϧΤωϧΪʔۂઢͷ༷

ɽ্෦ͷࢠ α, β, γ, δ ͸ɼͦͷԼʹ৳ͼΔਨ௚ઢ্ͷަࠩ఺ͷάϧʔϓΛࣔ͢͠ࢦϥϕϧͰ͋Δɽର

Ԡ͢Δ༗޲άϥϑදݱʢਤ 4.4ʣͷ෼ذΠϕϯτͷॎͷฒͼͱͦΕͧΕରԠ͢Δɽ·ͨɼ྘ઢ͸ܥͷશ

ΤωϧΪʔΛද͢ɽ

ग़͢͜ͱ͕Ͱ͖Δɽ͜ͷΑ͏ʹɼϨʔβʔͷৼಈ਺ʢͱڧ౓ʣΛద੾ʹબͿ͜ͱͰɼඇಁ೤తަࠩ఺ͷൃ

ੜΛ੍͠ޚɼঢ়ଶۭؒߏ଄ͷෳੑࡶΛ΋੍ޚͰ͖Δɽ

4.1.3 ·ͱΊͱٞ࿦

ຊઅͰ͸ɼڧߴ౓ CWϨʔβʔ৔தͷ LiF෼ޫࢠղ཭൓Ԡͷঢ়ଶۭؒߏ଄Λ༗޲άϥϑදݱʹΑͬͯ

ՄࢹԽ͠ɼͱ͘ʹϨʔβʔͷڧ౓ͱৼಈ਺ʹର͢Δঢ়ଶۭؒߏ଄ͷґଘੑʹؔͯͨ͠͠࡯ߟɽϨʔβʔͷ

ઢͷٖަࠩΪϟοϓͷେ͖͞ʢʹඇಁ೤ੑʣ͕มΘΓɼϨʔβʔͷৼۂ౓Λม͑Δ͜ͱͰٖΤωϧΪʔڧ

ಈ਺Λม͑Δ͜ͱͰٖΤωϧΪʔۂઢͷٖަࠩͷҐஔͱ਺͕มΘΔɽ͜Εʹ൐ͬͯɼঢ়ଶۭؒߏ଄΋มΘ

Γɼͱ͘ʹඇಁ೤ੑͷͭΑ͍ަࠩ఺ͷάϧʔϓʢҐஔ R ͓ʹઢͷਤۂ௨ͰϙςϯγϟϧΤωϧΪʔڞ͕

͍ͯॎʹฒͿ܈ʣ͕ෳ਺ଘ͢ࡏΔͱ͖ɼঢ়ଶۭؒߏ଄͸ෳࡶʹͳΔɽ͜͜Ͱʮෳ਺ʯͷަࠩ఺ͷάϧʔϓ

ͷଘ͕ࡏඞཁͰ͋Γɼ୯ಠͷඇಁ೤ੑͷࠩަ͍ڧ఺ͷάϧʔϓ͚ͩͰ͸ঢ়ଶۭؒߏ଄͸ෳࡶʹͳΒͳ͍ɽ

͜Ε͸ɼ୯ಠͷඇಁ೤ަࠩ఺ͷάϧʔϓͰ͸ɼΤωϧΪʔͷ௿͍ field-dressedϙςϯγϟϧۂઢ·Ͱʠજ

Δʡ͜ͱ͕Ͱ͖ͳ͍ͨΊͰ͋Δɽ

͜ͷΑ͏ͳঢ়ଶۭؒߏ଄ͷมԽ΍ෳੑࡶ͸ɼ༗޲άϥϑදݱʹΑͬͯ௚ײతʹ೺ѲͰ͖Δɽfield-

dressedϙςϯγϟϧΤωϧΪʔۂઢ΍ٖΤωϧΪʔۂઢͷਤΛோΊΔ͚ͩͰ΋͋Δఔ౓͸ঢ়ଶۭؒߏ଄

ͷ૝૾͸͕ͭ͘ɼ͜ΕΒͷਤʹ͸ʮ౸ୡՄೳੑʯͷ৘ใ͕௚ײతʹ೺ѲͰ͖ΔΑ͏ʹՄࢹԽ͞Ε͓ͯΒ

ͣɼμΠφϛΫεʹ௚઀ؔ༩͠ͳ͍ಁ೤తަࠩ఺΋ಉ࣌ʹදࣔͯ͠͠·͍ͬͯΔɽ͜Εʹରͯ͠ɼ༗޲ά

ϥϑදݱ͸ɼʮඇಁ೤ੑʯͱʮ౸ୡՄೳੑʯΛ͋ΒΘʹྀߟʹೖΕ͍ͯΔͨΊɼঢ়ଶۭؒߏ଄ͷ೺Ѳ͕ΑΓ

༰қͰ͋Δɽ·ͨɼϙςϯγϟϧΤωϧΪʔۂઢͷਤͱঢ়ଶۭؒߏ଄͕௚ײతʹ݁ͼͭ͘ͷ͸֩ࢠݪͷࣗ
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༝౓͕ 1ͷ৔߹ͷΈͰ͋Γɼଟࣗ༝౓ͷ৔߹͸ϙςϯγϟϧΤωϧΪʔۂ໘ͱ༗޲άϥϑදݱͷ݁ͼ͖ͭ

͸ࣗ໌Ͱ͸ͳ͍ɽ͕ͨͬͯ͠ɼଟࣗ༝౓ܥʹ͓͍ͯ͸༗޲άϥϑදݱʹΑΔՄࢹԽͷॏཁੑ͕ΑΓ૿͢Ͱ

͋Ζ͏ͱචऀ͸͑ߟΔɽ

ͨͩɼ༗޲άϥϑදݱΛோΊͯʮͳͥ͜ͷΑ͏ͳঢ়ଶۭؒߏ଄ʹͳΔͷ͔ʁʯͱ͍͏ٙ໰Λ๊͘ͱ͖ʹ

͸ɼfield-dressedϙςϯγϟϧΤωϧΪʔۂઢ΍ٖΤωϧΪʔۂઢͷਤ΋ࢀর͢Δඞཁ͕͋Δɽʬঢ়ଶۭ

଄ਤߏઢਤͷೋछͷۂ଄ʭΛද͢ϙςϯγϟϧΤωϧΪʔߏ༺࡞ޓͱʬ૬ݱάϥϑද޲଄ʭΛද͢༗ߏؒ

Λซ༻͢Δ͜ͱʹΑΓɼର৅ͱ͢Δඇஅ೤Խֶಈྗֶܥͷཧղ͕ΑΓਂ·Δͱචऀ͸͑ߟΔɽ

4.2 LiF෼ޫࢠղ཭൓Ԡʹ͓͚Δႈతڍಈ

ຊઅͰ͸ɼLiF෼ޫࢠղ཭൓ԠʹݟΒΕΔႈతڍಈʹؔͯٞ͠࿦͢Δɽͱ͘ʹɼ͜ ͷႈతڍಈͷ͕ݯىɼ

࣌ؒൃలߏ଄ʹજΉ Pascalͷߏܗ֯ࡾ଄ͱɼྔֶྗࢠతܦ࿏ׯবޮՌʹΑΔ΋ͷͰ͋Δ͜ͱΛ࿦ূ͢Δɽ

2.4અʹ͓͍ͯɼLiF෼ޫࢠղ཭൓Ԡͷ਺஋ࢉܭͷ݁Ռ͸୯७ͳࢦ਺ؔ਺తڍಈΛࣔ͞ͳ͍͜ͱΛड़΂

ͨɽ·ͨɼ֎৔ͷͳ͍ LiF෼ࢠϞσϧͷ௕࣌ؒͷྔࢠ೾ଋࢉܭΛͨͬߦ BalakrishnanΒ 86) ͸ɼղ཭ա

ఔʹ͓͚Δ൓Ԡ෺ϙϐϡϨʔγϣϯͷݮਰ͸ P (t) ∝ t−1/2 Ͱ͋Δͱใ͍ͯ͠ࠂΔɽ൴Β͸ɼෳ਺ͷ௕ण

໋ͷڞ໐ΤωϧΪʔ४ҐͷॏͶ߹Θ͕ͤ͜ͷႈతڍಈͷݪҼͰ͋Δͱ͍ͯ͠Δ͕ɼఆੑతͳઆ໌ʹͱͲ·

Γɼႈͷࢦ਺͕ −1/2Ͱ͋Δཧ༝͸આ໌͍ͯ͠ͳ͍ɽຊઅͰ͸ɼ͜ͷ LiF෼ޫࢠղ཭൓ԠʹݟΒΕΔႈత

਺ࢦʹ఺͔Βઆ໌͠ɼ͞Β؍଄ͷߏಈΛ࣌ؒൃలڍ −1/2ͷݯىΛ໌Β͔ʹ͢Δɽ

4.2.1 ࣌ؒൃలߏ଄ͷ Pascalͷܗ֯ࡾͱ t−
1
2 ਰݮ

ਤ 4.6(a)͸ɼLiF෼ޫࢠղ཭൓Ԡͷ࠷΋୯७ͳঢ়ଶۭؒߏ଄ͷ༗޲άϥϑදݱͰ͋Δɽ͜͜Ͱɼ෼ذΠ

ϕϯτͷۙ͘ʹ͋Δࣈࢵͷ p͸ಁ೤௨ա֬཰Λද͢ɽಉਤ (b)͸ɼ͜ͷ༗޲άϥϑදݱʹ͓͍ͯసճΠϕ

ϯτ T2Λى఺ʹͯ͠ඳ͍ͨɼҰൠԽ Poincaréࣸ૾Λද͢໦Ͱ͋Δɽಉਤ (c)͸ɼ༗޲άϥϑදݱ (a)ʹ

͓͍ͯసճΠϕϯτ T0ΛॳظΠϕϯτͱͨ͠ͱ͖ͷ࣌ؒൃలߏ଄ͷμΠΞάϥϜͰ͋Δɽ࣌ؒൃలߏ଄

ͷμΠΞάϥϜ (c)ͷதʹ͸ɼ෦෼ߏ଄ͱͯ͠ҰൠԽ Poincaréࣸ૾Λද͢໦͕൓෮తʹݱΕΔɽ͞Βʹɼ

ҰൠԽ Poincaréࣸ૾Λද͢໦ (b)Λಉਤ (d)ͷΑ͏ʹ؆໿ͯ͠ඳ͘ͱ*3ɼಉਤ (e)ͷΑ͏ͳ࣌ؒൃలߏ

଄ͷμΠΞάϥϜ͕ඳ͚Δɽ͜͜Ͱɼ࣌ؒൃలߏ଄ͷμΠΞάϥϜ (c)ͷ಄ͷ෦෼͸؆໿Ͱ͖ͳ͍ͷͰɼ

(e)Ͱ΋؆໿ͤͣʹඳ͍ͯ͋Δɽ·ͨɼ(d)ʹ͓͍ͯɼ (1− p)eiθaɼτa ͸ͦΕͧΕసճΠϕϯτ T0Λܦ༝

͢Δஅ೤తܦ࿏ͷભҠৼ෯ͱભҠ࣌ؒɼpeiθdɼτd ͸ͦΕͧΕసճΠϕϯτ T1Λܦ༝͢Δಁ೤తܦ࿏ͷ

ભҠৼ෯ͱભҠ࣌ؒΛද͢ɽ࣌ؒൃలߏ଄ͷμΠΞάϥϜ (e)͸ɼ໌Β͔ͳ Pascalͷߏܗ֯ࡾ଄Λ΋ͭɽ

࣌ؒൃలߏ଄ͷμΠΞάϥϜʹݱΕΔ Pascalͷߏܗ֯ࡾ଄͸ɼసૹԋࢠࢉʹΑΔهड़Ͱ͸ೋ߲෼෍ߏ

଄ʹରԠ͢ΔɽసճΠϕϯτ T2Λ༻͍ͯ Poincaré؆໿ͨ͠సૹԋࢠࢉ͸ɼ

Ĝ = peiθd T̂τd + (1− p)eiθa T̂τa (4.2)

Ͱ͋Δɽ͜ΕΑΓɼΠϕϯτ T2ʹͷΈண໨ͨ࣌ؒ͠ൃలߏ଄͸

|ψ⟩ =
∞∑

n=0

Ĝn|φ⟩ (4.3)

*3ղ཭Πϕϯτ͸লུͯ͠ඳ͘ɽ
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ਤ 4.6 LiF෼ޫࢠղ཭൓Ԡͷ࣌ؒൃలߏ଄ʹݱΕΔ Pascalͷܗ֯ࡾɽ(a)LiF෼ޫࢠղ཭൓Ԡͷ࠷΋

୯७ͳঢ়ଶۭؒߏ଄ͷ༗޲άϥϑදݱɽࣈࢵͷ p ͸ಁ೤௨ա֬཰Λද͢ɽ(b) ༗޲άϥϑදݱ (a) ʹ

͓͍ͯ T2Λى఺ͱͨ͠ɼҰൠԽ Poincaréࣸ૾Λද͢໦ɽ(c)༗޲άϥϑදݱ (a)ʹ͓͍ͯ T0Λॳ

଄ͷμΠΞάϥϜɽ(d)PoincaréߏΠϕϯτͱͨ͠ɼ࣌ؒൃలظ ࣸ૾Λද͢໦ (b) Λ؆໿Խͯ͠ඳ͍

ͨ΋ͷɽೋॏઢͷ໼ҹ͸؆໿͞Εͨ໼ҹͰ͋Δ͜ͱΛࣔ͢ɽ(1− p)eiθaɼτa ͸ͦΕͧΕసճΠϕϯτ

T0Λܦ༝͢Δஅ೤తܦ࿏ͷભҠৼ෯ͱભҠ࣌ؒɼpeiθdɼτd ͸ͦΕͧΕసճΠϕϯτ T1Λܦ༝͢Δ

ಁ೤తܦ࿏ͷભҠৼ෯ͱભҠ࣌ؒͰ͋Δɽ͜ͷμΠΞάϥϜ͸ Poincaré ؆໿͞Εͨసૹԋࢠࢉͷμ

ΠΞάϥϜදݱͰ͋Δɽ(e)࣌ؒൃలߏ଄ͷμΠΞάϥϜ (c)Λ Poincaré؆໿ͨ͠΋ͷɽ಄ͷ෦෼͸

(d)ͷμΠΞάϥϜͰඳ͚ͳ͍ͷͰ؆໿͍ͯ͠ͳ͍ɽ͜Ε͸ Pascalͷܗ֯ࡾͷߏ଄Λ΋ͭɽ
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ͱͳΔɽೋ߲ఆཧΑΓɼ

Ĝn =
n∑

k=0

(
n

k

)
pk(1− p)n−keiθ

n
k T̂τn

k
(4.4)

ͱॻ͚Δɽ͜͜Ͱ

θnk
def
= kθd + (n− k)θaɼ (4.5)

τnk
def
= kτd + (n− k)τa (4.6)

ͱͨ͠ɽ·ͨɼ࣌ؒਪਐԋࢠࢉ T̂τ ͷੑ࣭

T̂τ T̂σ = T̂τ+σ (4.7)

Λ༻͍ͨɽೖྗ͕ |φ⟩ = |T2, 0⟩ͷͱ͖*4ɼ

|ψ(n)⟩ ≡ Ĝn|T2, 0⟩ (4.8)

=
n∑

k=0

(
n

k

)
pk(1− p)n−keiθ

n
k |T2, τnk ⟩ (4.9)

Ͱ͋Γɼnճసૹͨ݁͠Ռͷʮ֬཰ৼ෯ʯͷઈର஋͸ೋ߲෼෍ʹͳΔɽ

ೋ߲෼෍͸ n͕े෼େ͖͍ͱ͖ʹਖ਼ن෼෍ͰۙࣅͰ͖Δɽ͜ͷۙࣅʹΑΓɼࣜ (4.9)͸ɼ

|ψ(n)⟩ ≈
n∑

k=0

1√
2πσ2

n

exp

[
− (τnk − n⟨τ⟩)2

2σ2
n∆τ

2
+ iθnk

]
|T2, τnk ⟩ (4.10)

ͱͳΔɽ͜͜Ͱ

⟨τ⟩ = pτd + (1− p)τaɼ (4.11)

∆τ = τd − τaɼ (4.12)

σn =
√

np(1− p) (4.13)

ͱͨ͠ɽ͜ΕΒͷྔ͸ͦΕͧΕɼnݸʹ෼ͨ͠ذύέοτ܈ͷฏۉͷ T2౸ୡ࣌ࠁɼಁ೤ܦ࿏ͱஅ೤ܦ࿏

ͷભҠ࣌ؒͷࠩɼৼ෯෼෍ͷ෼ࢄΛҙຯ͢ΔɽҟͳΔసૹճ਺ nɼmʹରͯ͠ۮવతʹ τnk = τmk′ ͱͳΔ

kɼk′ ͕ଘ͢ࡏΔঢ়گΛআ͚͹ɼ
⟨T2, τnk |T2, τmk′ ⟩ = δnmδkk′ (4.14)

͕੒Γཱͭɽ͜ΕΑΓɼ

⟨ψ|ψ⟩ =
∞∑

n=0

⟨ψ(n)|ψ(n)⟩ɼ (4.15)

⟨ψ(n)|ψ(n)⟩ = 1

2πσ2
n

n∑

k=0

exp

[
− (τnk − n⟨τ⟩)2

σ2
n∆τ

2

]
(4.16)

ΛಘΔɽ͜ͷୈ 2ࣜ͸ɼnճసૹͨ͠ޙ΋ղ཭ͤͣʹసճΠϕϯτ T2ʹ໭ͬͯ͘ΔϙϐϡϨʔγϣϯΛ

ද͠ɼ

1

2πσ2
n

n∑

k=0

exp

[
− (τnk − n⟨τ⟩)2

σ2
n∆τ

2

]
(4.17)

≈ 1

2πσ2
n

1

∆τ

∫ ∞

−∞
exp

[
− (t− n⟨τ⟩)2

σ2
n∆τ

2

]
dt (4.18)

=
1√
4πσ2

n

(4.19)

*4͢ͳΘͪɼ࣌ࠁ 0ɼΠϕϯτ T2ʹΠϯύϧεೖྗΛԾఆ͢Δɽͭ·ΓɼφT2 = δ(t)ͱ͍͏͜ͱɽ
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ͱࢉܭͰ͖Δɽ͓͓·͔ʹ͸ɼn ≈ t/⟨τ⟩Ͱ͋Δ͔Βɼ࣌ࠁ tʹ͓͍ͯղ཭ͤͣʹ͍ͯͬ࢒ΔϙϐϡϨʔ

γϣϯ͸

P (t) ≈ 1√
4πp(1− p)

√
⟨τ⟩
t
ɼ t/⟨τ⟩ ≫ 1 (4.20)

ͱۙࣅతʹධՁͰ͖ΔɽॳظΠϕϯτΛ T0ͱ͢Δ࣮ݱతͳঢ়گઃఆͰ͸ɼਤ 4.6(e)ͷ؆໿͞Εͨ࣌ؒൃ

లߏ଄ͷμΠΞάϥϜͷɼ؆໿Ͱ͖ͳ͔ͬͨ಄ͷ෦෼͔Β͘Δิਖ਼ͱɼղ཭·ͰͷλΠϜϥάʹؔ͢Δิ

ਖ਼Λྀͯ͠ߟɼ

P (t) ≈ P0√
4πp(1− p)

√
⟨τ⟩

t− t0
ɼ (t− t0)/⟨τ⟩ ≫ 1 (4.21)

ͱͳΔɽ͜͜ͰɼP0 ͸ॳظΠϕϯτ T0͔ΒॳΊͯ T2ʹ౸ୡ͢ΔϙϐϡϨʔγϣϯͰ 1− pʹ౳͘͠ɼ

t0 ͸Πϕϯτ T0͔Β௚઀ղ཭͢Δղ཭೾ଋ͕ղ཭Πϕϯτ D1ʹ౸ୡ͢Δ࣌ࠁͰ͋ΔɽҎ্ΑΓɼೖྗ

͕Πϯύϧεతʢ|T2, 0⟩ʣͰ͋Ε͹—͑׵͍ݴΔͱ೾ଋͷ෯͕े෼খ͚͞Ε͹— LiF෼ޫࢠղ཭൓Ԡʹ

͓͍ͯɼ൓Ԡ෺ϙϐϡϨʔγϣϯ͸ P (t) ∝ t−1/2 ͷΑ͏ʹႈݮਰ͢Δ͜ͱ͕ۙࣅతʹࣔ͞Εͨɽ

ਤ 4.7ʹɼղੳࣜ (4.21)ͱɼྔࢠ೾ଋ͓ࢉܭΑͼసૹํఔࣜͷ਺஋݁ࢉܭՌͱͷൺֱΛࣔ͢ɽ͍··Ͱ

ͱͯ͠༻͍͖ͯͨɼৼಈ਺͕ྫࢉܭ !ωd = 5.0 eVɼڧ౓͕ Id = 1.0× 1013 W/cm2 ͷ CWϨʔβʔΛۦ

ಈ৔ͱ͠ɼܥͷશΤωϧΪʔ͸ Etot = 1.1496 eV ͱ͍͏ঢ়گઃఆͷ΋ͱͨ͠ࢉܭɽ͜ͷ৔߹ͷ༗޲άϥ

ϑදݱΛਤ Δɽ͜Ε͸ਤ͢ܝ࠶ʹ4.8 4.6(a)ͷΑ͏ͳ୯७ͳߏ଄Ͱ͸ͳ͍ɽ͔͠͠ɼ͜ͷ৔߹ͷ༗޲άϥ

ϑදݱͷ֎ଆαΠΫϧͷपظ͸ 1 psͷΦʔμʔͰ͋ΔͷͰɼ୹࣌ؒͷղ཭ڍಈ͸಺ଆαΠΫϧͷΈͰܾ

·ΔɽΑͬͯे෼୹࣌ؒͰ͋ΔͳΒɼ͜ͷ৔߹ʹ͓͍ͯ΋ղੳࣜ (4.21)Λద༻Ͱ͖Δɽͨͩ͠ɼ֎ଆαΠ

Ϋϧʹτϥοϓ͞ΕΔϙϐϡϨʔγϣϯͷएׯͷิਖ਼߲ͱͯ͠ɼҎԼͷ߲Λղੳࣜ (4.21)ʹ෇͚Ճ͑Δɿ

p(1− p′)f1(t) + 2p(1− p)2(1− p′)f2(t)ɽ (4.22)

͜͜Ͱɼୈ 1߲͸ॳظΠϕϯτ T0͔Β௚઀ B3ʹ౸ୡͯ͠֎ଆαΠΫϧʹೖͬͨϙϐϡϨʔγϣϯͷڍ

ಈΛද߲͢ɼୈ 2 ߲͸ॳظΠϕϯτ T0 ͔ΒҰप͚ͩ಺ଆαΠΫϧΛճͬͯ B3 ʹΓ֎ଆαΠΫϧࢸʹ

ೖͬͨϙϐϡϨʔγϣϯͷڍಈΛද߲͢Ͱ͋Δɽ಺ଆαΠΫϧΛೋपҎ্ճ͔ͬͯΒ֎ଆαΠΫϧʹೖΔ

ϙϐϡϨʔγϣϯ΍ɼ֎ଆαΠΫϧ͔Β಺ଆαΠΫϧʹ໭ͬͯ͘ΔϙϐϡϨʔγϣϯ͸े෼খ͍͞ͷͰແ

′Δɽp͢ࢹ ͸෼ذΠϕϯτ B3ɼB4ʹ͓͚Δಁ೤௨ա֬཰Ͱ͋Γɼݮਰؔ਺ fi(t)͸ݹయతࢦ਺ݮਰΛԾ

ఆͨ͠*5ɿ

fi(t) =

{
1 t < ti
e−kt t ≥ ti

ɽ (4.23)

͜͜Ͱɼ଎౓ఆ਺ k͸ɼ֎ଆαΠΫϧʹؔ͢Δݹయ଎౓ఆ਺ྻߦ (3.73)Ͱఆ·Γɼti ͸֤ϙϐϡϨʔγϣ

ϯ͕͸͡Ίͯղ཭Πϕϯτ D3ʹ౸ୡ͢Δ࣌ࠁͰ͋Δɽ

ਤ 4.7Ͱࠇਨ௚ઢͰࣔͨ࣌͠ࠁ t1 ·Ͱ͸ɼྔࢠ೾ଋࢉܭɼసૹํఔࣜɼղੳࣜ (4.21)ͷ݁ࢉܭՌ͸Ұ

க͢Δɽ͜ͷ 3ͭͷ݁ՌͷҰக͸ɼ࣌ࠁ t1 ·Ͱ͸ɼLiF෼ޫࢠղ཭աఔ͸͔֬ʹࢦ਺ −1/2ႈతڍಈΛ

ࣔ͢͜ͱΛࣔࠦ͢Δɽ͜͜Ͱ࣌ࠁ t1 ͸ɼ֎ଆαΠΫϧʹೖͬͨ೾ଋ͕ॳΊͯղ཭Πϕϯτ D3ʹ౸ୡ͢

Δ࣌ࠁͰ͋Δɽ͜ͷ͜ͱ͔Βɼ֎ଆαΠΫϧͷӨڹͷิਖ਼߲ (4.22)ͷۙࣅͷѱ͕͞ɼղੳࣜͱྔࢠ೾ଋ

ͳΔɽ͔͠͠ɼ͜ͷ֎ଆαΠΫϧิਖ਼ʹؔ͢Δۙͨ͑͘ߟҼͱݪͷ݁Ռͱͷဃ཭ͷࢉܭɾసૹํఔࣜࢉܭ

Ҏ֎ʹ΋ɼղੳࣜࣅ (4.21)Λಋग़͢ΔࡍʹԾఆͨ͠Πϯύϧεೖྗɼ͢ͳΘͪ೾ଋͷ෯Λແ͢ࢹΔͱ͍

͏Ծఆ͕ଥ౰Ͱͳ͍Մೳੑ΋͋Δɽ೾ଋ͕༗ݶͷ෯Λ΋ͭ৔߹ɼ෼ͨ͠ذ೾ଋಉ͕࢜ʮۮવతʹʯॏͳΓ

*5൒ݹయ଎౓աఔͱݹయ଎౓աఔ͕ဃ཭࢝͠ΊΔͷ͸ܦ࿏߹ྲྀׯব͕͜ىΓ࢝Ί͔ͯΒͰ͋Δɽܦ࿏߹ྲྀ͕͜ىΔͷ͸ 3प໨Ҏ
߱Ͱ͋Δ͔Βɼগͳ͘ͱ΋ 2प໨·Ͱͷڍಈ͸ݹయతࢦ਺ݮਰͰهड़Ͱ͖Δɽ
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ਤ 4.7 LiF෼ޫࢠղ཭൓Ԡʹ͓͚ΔႈతڍಈΛઆ໌͢Δղੳࣜ (4.21)ͱɼྔ Αͼసૹํ͓ࢉܭ೾ଋࢠ

ఔࣜͷ਺஋ࢉܭͱͷ݁ՌͷൺֱɽʠImpulse Inputʡ͕ղੳࣜΛද͢ɽϨʔβʔৼಈ਺ !ωd = 5.0 eVɼ

Ϩʔβʔڧ౓ Id = 1.0 × 1013 W/cm2 ͷ CW ϨʔβʔΛۦಈ৔ͱ͠ɼܥͷશΤωϧΪʔ͸ Etot =

1.1496 eV ͱͨ͠ɽ֎ଆαΠΫϧ͕ଘ͢ࡏΔ͜ͱʹର͢Δิਖ਼߲ (4.22) Λ༻͍ͨɽதԝͷਨ௚ઢ͸ɼ

֎ଆαΠΫϧʹೖͬͨ೾ଋ͕ॳΊͯղ཭Πϕϯτ D3 ʹ౸ୡ͢Δ࣌ࠁ t1 Λࣔ͢ɽͳ͓ɼp = 0.3217ɼ

⟨τ⟩ = 62.11 fsͰ͋Δɽ
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ਤ 4.8 ਤ 4.7 Ͱ૝ఆͨ͠ঢ়گʹରԠ͢Δ༗޲άϥϑදݱɽϨʔβʔͷৼಈ਺ɼڧ౓ɼܥͷશΤωϧ

Ϊʔ͸ਤͷ্෦ʹࣔͨ͠ͱ͓ΓͰ͋Δɽ෼ذΠϕϯτΛද͢௖఺ͷۙ͘ʹ͋Δ਺ࣈ͸ಁ೤௨աͷ֬཰

Λද͠ɼ֤༗޲ลʹ෇͞Εͨ਺ࣈ͸ͦͷ༗޲ลͷભҠ࣌ؒΛද͢ɽΠΦϯ݁߹ੑঢ়ଶʹؔ͢Δ΋ͷ͸

੺৭ɼڞ༗݁߹ੑঢ়ଶʹؔ͢Δ΋ͷ͸੨৭Ͱ͍ࣔͯ͠Δɽʢલষͷਤ 3.16ͱಉ͡΋ͷʣ

߹͍ɼׯবΛ͜͢͜ىͱ͕͋Γ͏Δɽ೾ଋͷ෼͕ذਐΈଟ͘ͷ೾ଋ͕ಉ࣌ʹӡಈ͢Δ௕࣌ؒྖҬͰ͸ͱ͘

ʹɼ͜ͷۮવతׯবͷޮՌ͸ແࢹͰ͖ͳ͘ͳΔͩΖ͏ɽͦ͜Ͱ߲࣍Ͱ͸ɼ͜ͷۮવతׯবޮՌʹ͍ͭͯٞ

࿦͢Δɽ
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4.2.2 पճ஗Ε೾ଋͷׯবޮՌͱႈݮਰͷऴᖼ

Πϯύϧεೖྗͷͱ͖ʹ͸ɼLiF෼ޫࢠ൓Ԡͷ଎౓աఔ͸ɼࢦ਺ −1/2ͷႈݮਰʹै͏͜ͱ͕Θ͔ͬͨ

͕ɼ࣮ࡍʹ͸ೖྗ͸෯Λ΋ͭɽೖྗ͕෯Λ࣋ͭ৔߹ɼҟͳΔ nɼmʹରͯ͠ɼ⟨ψ(n)|ψ(m)⟩ ̸= 0ͱͳΔ͜

ͱ͕͋ΓಘΔɽ͜Ε͸ʮपճ஗Εʯͷ೾ଋͱͷׯবޮՌͰ͋Γɼ͜ͷ߲Ͱ͸͜ͷׯবޮՌʹؔͯ͠ૈ͍ݟ

ੵ΋ΓΛࢼΈΔɽ

ೖྗʹґଘͯ͠ɼपճ஗ΕׯবͷޮՌ͸มΘͬͯ͠·͏ͷͰɼ͜͜Ͱ͸ཧ૝Խ͞Εͨঢ়گΛ͑ߟΔɽΠ

ϯύϧεೖྗͷͱ͖ɼ|ψ(n)⟩͸ೋ߲෼෍ߏ଄Λ΋͕ͭɼલ߲Ͱ͸͜ΕΛਖ਼ن෼෍Ͱۙͨ͠ࣅɽ͜͜Ͱ΋ͦ
ͷۙࣅΛ༻͍ɼ཭ࢄత෼෍Λ࣍ͷ࿈ଓ෼෍Ͱஔ͖͑׵Δɿ

⟨T2, t|ψ(n)⟩ ≈ 1√
2πσ2

n∆τ
exp

[
− (t− n⟨τ⟩)2

2σ2
n∆τ

2
+ iα(t− nτd) + inθd

]
ɽ (4.24)

͜͜Ͱɼ

α
def
=

θd − θa
τd − τa

(4.25)

ͱ͢Δɽ͜Ε͸ɼ⟨ψ(n)|ψ(n)⟩ Λ͢ࢉܭΔͱ͖ʹ࿨Λੵ෼ʹஔ͖࣌ͨ͑׵ͱಉ༷ͷ࿈ଓԽͰ͋Γɼ
⟨ψ(n)|ψ(n)⟩ Λ࿈ଓۙࣅ (4.24) Λ༻͍ͯ͢ࢉܭΔͱલ߲ͷ݁ՌΛಘΔɽ͜ͷͱ͖ɼGauss ੵ෼Λ༻͍

Δ͜ͱͰ

⟨ψ(n)|ψ(m)⟩ ≈ 1√
4πp(1− p)

1√
(n+m)/2

e−
(n−m)2

n+m β2

ei(m−n)ϕ (4.26)

ͱࢉܭͰ͖Δɽͨͩ͠ɼ

β
def
=

1√
2p(1− p)

⟨τ⟩
∆τ
ɼ (4.27)

ϕ
def
=

θaτd − θdτa
τd − τa

(4.28)

Ͱఆٛ͢Δɽ͜ΕΑΓɼt ∼ nτ ʹͯղ཭ͤͣʹ͍ͯͬ࢒ΔϙϐϡϨʔγϣϯ͸

⟨ψ(n)|ψ⟩ ≈ 1√
4πp(1− p)

∞∑

k=−∞

1√
n+ k/2

e−
k2

2n+kβ2

cos kϕ (4.29)

ͱੵݟ΋ΕΔɽ͜ͷ࿨ͷୈ k߲͸ɼnपճ໨ͷ೾ଋ܈ |ψ(n)⟩ʹରͯ͠ɼkपճ஗Εͷ೾ଋ͕܈ͲΕ͚ͩॏ

ͳΓΛ΋͔ͭʢʹׯব͢Δ͔ʣΛද͍ͯ͠ΔɽGauss෼෍ͷੑ࣭͔Βɼ͜ͷ࿨ͷୈ k߲͸
√
nΑΓখ͍͞

ΦʔμʔͰͳ͍ͱ༗ҙͳ஋Λ΋ͨͳ͍ͷͰɼ

⟨ψ(n)|ψ⟩ ≈ 1√
4πp(1− p)

1√
n

∞∑

k=−∞
e−

k2

2nβ2

cos kϕ (4.30)

≈ 1√
4πp(1− p)

√
⟨τ⟩
t

∞∑

k=−∞
e−

k2β2

2
⟨τ⟩
t cos kϕ (4.31)

ͱۙࣅͰ͖Δɽ

ࣜ (4.31)ʹΑΔૈ͍ੵݟ΋Γͷ݁ՌΛਤ 4.9ʹࣔͨ͠ɽ໌Β͔ʹɼ೾ଋ͕෯Λ΋ͭ͜ͱʹΑΔपճ஗Ε

বʹΑͬͯɼtׯ > 1.0 ps͔Βղ཭͕Ճ଎͍ͯ͠Δ͜ͱ͕Θ͔Δɽͨͩ͠ɼ࿈ଓԽͷ͍ۙૈ͕ࣅͷͰ௕࣌

ड़Ͱ͖͍ͯͳ͍ɽهಈ͸͜ͷղੳղͰ͸ڍؒ
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ਤ 4.9 LiF෼ޫࢠղ཭൓Ԡʹ͓͚Δपճ஗Ε೾ଋׯবͷޮՌɽʠFinite-Widthʡ͸ɼղੳࣜ (4.31)ʹ

֎ଆαΠΫϧิਖ਼߲ΛՃ͑ͨ΋ͷΛϓϩοτͨ͠ɽ͜͜Ͱɼβ = −8.735ɼϕ = 2.601 radͰ͋Δɽͦ

ΕҎ֎͸ਤ 4.7ͱಉ͡Ͱ͋Δɽ

4.2.3 ·ͱΊͱٞ࿦

ຊઅͰ͸ɼLiFޫղ཭൓Ԡͷ࣌ؒൃలߏ଄͕ Pascalͷߏܗ֯ࡾ଄Λ΋ͭͱ͍͏͜ͱ͔Βɼ଎౓աఔͷ

t−1/2 ਰΛఆྔతʹઆ໌ͨ͠ɽ·ͨɼ͜ͷݮ Pascalͷߏܗ֯ࡾ଄͔Βੜ͡Δྔܦࢠ࿏ׯব͸ঢ়ଶۭؒߏ଄

͔Βੜ͡ΔඞવతͳׯবͰ͋Γɼ͜ͷඞવతܦ࿏ׯবʹΑΔႈݮਰ͸ɼपճ஗ΕׯবͳͲͷ೾ଋͷ෯΍Ґ

૬ͷ৚݅ʹґଘ͢ΔۮવతׯবʹΑ่ͬͯյ͢Δ͜ͱΛࣔࠦ͢Δ݁ՌΛಘͨɽ͜ͷ੒Ռ͸ɼߏ଄త؍఺ʹ

ΑΔղੳͷ༗༻ੑΛࣔ͢΋ͷͰ͋Δɽ

বʹؔ͢Δ΋ͷͰ͋Δׯવత೾ଋۮΓɼݶ஌Δ͕ࢲ͸ɼڀݚবޮՌͷׯଘͷ೾ଋط 27–37)ɽ͢ͳΘͪɼ

ॳظ೾ଋͷ෯΍Ґ૬ͳͲͷύϥϝʔλʹΑΓӨڹΛड͚Δ΋ͷͰ͋Δ͔ɼۮવతʹঢ়ଶۭؒߏ଄ʹରশੑ

͕ੜ͡Δ৔߹ʹ͍ͭͯͷղੳͰ͋ΔɽຊڀݚͰݟग़ͨ͠ඞવతܦ࿏ׯবʹΑΔႈڍಈ͸ɼ೾ଋ෯͕े෼ڱ

͍ͱ͍͏৚݅͑͞ຬͨͤ͹ɼඞવతʹൃੜ͢ΔීวతͳϝΧχζϜͰ͋Δͱචऀ͸͑ߟΔɽ

Խֶಈྗֶʹ͓͍ͯႈతڍಈ͕ݟΒΕΔͱ͍͏ใࠂɾཧ࿦ղੳ͸ɼྫ͑͹ݹయஅ೤ 3ࣗ༝౓ܥͳͲͰ͞

Ε͍ͯΔ 96–98)ɽ͜ͷ৔߹ͷႈతڍಈͷഎޙʹ͸ʮΞʔϊϧυͷ໢ͷ໨ʯͷଘ͕͋ࡏΔɽຊڀݚͰѻͬͨ

Ϟσϧ͸ࣗ֩ࢠݪ༝౓͕ 1Ͱ͋Γɼ͔ͭຊڀݚͰݟग़͞Εͨႈతڍಈ͸֩೾ଋͷׯবޮՌʹΑͬͯੜ͡Δ

΋ͷͰ͋Δɽ͕ͨͬͯ͠ɼຊڀݚͰݟग़͞Εͨႈతڍಈ͸Ξʔϊϧυͷ໢ͷ໨ͱ͸ผͷߏػʹΑΔ΋ͷͰ

͋Δɽʮඇஅ೤ભҠʹΑΔΧΦεʯͱ͍͏֓೦͕ఏএ͞Ε͍ͯΔ͕ 38)ɼຊڀݚͷ݁Ռ͸ඇஅ೤ભҠʹΑΔ

ΧΦε͕ݹయΧΦεͱಉ༷ʹႈతڍಈΛҾ͖͏͜͠ىΔ͜ͱΛࣔ͢΋ͷͰ͋Δɽ

ճ͸ࠓ Pascalͷܗ֯ࡾͱ͍͏ಛघͳߏ଄ʹґଘͨ͠ํ๏Ͱݱ৅ͷղੳΛͨͬߦɽΑΓҰൠతͳܥʹର

య଎౓ํఔࣜΛղੳ͢ΔͳͲɼผݹΒͳ͍ɽͦͷ৔߹ʹ͸ɼ൒ݶճͷΑ͏ʹղੳ͕͏·͍͘͘ͱ͸ࠓͯ͠

ͷղੳखஈ͕ඞཁͰ͋Δɽ3.4.6߲Ͱಋग़ͨ͠൒ݹయ଎౓ํఔࣜ͸ແݩ࣍ݶઢܗৗඍ෼ํఔࣜͰ͋ΔͨΊɼ

଎౓աఔΛද͢ղ͕༗ݸݶͷࢦ਺ؔ਺ͷ࿨Ͱॻ͚Δอূ͸ͳ͘ɼႈతڍಈΛࣔ͢ղ͕ଘ͏͠ࡏΔɽ൒ݹయ

଎౓ํఔࣜʹؔ͢Δ਺஋ࢉܭ΍ཧ࿦ղੳख๏ͷ։ൃΛਐΊΔ͜ͱ͸ɼԽֶ൓ԠಈྗֶͷΈͳΒͣඇઢܗՊ

ֶ΍ෳܥࡶՊֶͷ͞ΒͳΔൃలʹد༩͢Δͱචऀ͸ظ଴͢Δɽ
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4.3 LiF෼ޫࢠղ཭൓Ԡͷߏ଄ͷ෼ޫ؍ଌՄೳੑ

ຊઅͰ͸ɼ͍··Ͱͷٞ࿦ͱ͸झ޲Λม͑ͯɼLiF෼ޫࢠղ཭൓Ԡͷߏ଄ͷ෼ޫ؍ଌՄೳੑʹؔͯٞ͠

࿦͢Δɽલઅ·Ͱͷٞ࿦Ͱ͸ɼඇஅ೤Խֶಈྗֶͷঢ়ଶۭؒߏ଄Λද͢༗޲άϥϑදݱΛୈҰݪཧతʹ

ଌ؍଄ˠߏ଄ˠ࣌ؒൃలߏཧˠঢ়ଶۭؒݪɽ͢ͳΘͪɼʮ͖ͨͯͬߦ৅ͷղੳΛݱ͍ͯ༺ங͠ɼͦΕΛߏ

ྔʯͷྲྀΕʹԊͬͯٞ࿦ΛਐΊ͖ͯͨɽͰ͸ɼ͜ͷ໼ҹΛ͖޲ٯʹਐΜͰɼ؍ଌྔ͔Β࣌ؒൃలߏ଄΍ঢ়

ଶۭؒߏ଄Λ໌Β͔ʹͰ͖ΔͰ͋Ζ͏͔ʁຊઅͰ͸ɼචऀ͕ఏҊͨ͠ʮ༠ಋ᫔ࣹεϖΫτϩάϥϜʯʹΑ

ΔɼLiF෼ޫࢠղ཭൓Ԡͷߏ଄ͷ෼ޫ؍ଌՄೳੑʹؔͯٞ͠࿦͢Δɽʮ༠ಋ᫔ࣹεϖΫτϩάϥϜʯͱ͸ɼ

TakatsukaɼArasakiΒ͕ཧ࿦తʹ༧ͨ͠ݴඇஅ೤ಈྗֶʹΑΔ༠ಋ᫔ࣹݱ৅ 64,65) ΛԠ༻ͯ͠ɼඇஅ೤

Խֶಈྗֶͷ࣌ؒ෼ղ෼ޫ؍ଌख๏ͱͯ͠චऀ͕ཧ࿦తʹఏҊͨ͠΋ͷͰ͋Δ 40)ɽҎԼͰ͸ɼ·ͣඇஅ

೤༠ಋ᫔ࣹͷݪཧʹ͍ͭͯઆ໌͠ɼ༠ಋ᫔ࣹεϖΫτϩάϥϜͷ֓೦Λಋೖ͢Δɽଓ͍ͯ਺஋࣮݁ݧՌΛ

ࣔ͠ɼޙ࠷ʹʮ؍ଌྔˠ࣌ؒൃలߏ଄ɾঢ়ଶۭؒߏ଄ʯͷྲྀΕͷ࣮ݱՄೳੑʹ͍ͭͯ؆୯ʹٞ࿦͢Δɽ

ͳ͓ɼຊઅͷओͳ಺༰͸ɼචऀͷݪஶ࿦จͱͯ͠ग़൛ࡁΈͰ͋Δɽ[Y. Mizuno, Y.Arasaki, and K.

Takatsuka, The Journal of Chemical Physics 145, 184305 (2016).]

4.3.1 ༠ಋ᫔ࣹݱ৅

͜ͷ߲Ͱ͸ɼۙ೥ Takatsuka ʹΑͬͯཧ࿦తʹ༧ଌ͞ΕɼArasaki ΒʹΑͬͯৄ͞ڀݚʹࡉΕͨɼϨʔ

βʔ৔ʹΑͬͯۦಈ͞Εͨඇஅ೤ಈྗֶ͔Βͷ༠ಋ᫔ࣹݱ৅ 64,65) ʹ͍ͭͯઆ໌͢ΔɽϨʔβʔ৔ʹΑͬ

ͯ෼ࢠͷిࢠঢ়ଶ͕ඇஅ೤తʹ༳͞ͿΒΕɼిՙ෼෍͕ܹ࣌ؒ͘͠มಈ͢Ε͹ɼ෼ࢠ͸ిؾ૒ࢠۃ᫔ࣹΛ

తઆ໌Ͱ͋Δɽ؍৅ͷϝΧχζϜͷ௚ݱ͸ͣͩ——ͱ͍͏ͷ͕ɼ͜ͷ͢͜ى

ిՙ෼෍΍ిྲྀ෼෍͕࣌ؒతʹܹ͘͠มಈ͢Δͱ͖ɼपғͷۭؒʹి࣓೾͕์ग़͞ΕΔ͜ͱ͸ݹయి࣓

Ͱ͋Δ߲ࣄຊجΔ͚͓ʹֶؾ 99)ɽ͜ͷ࣮ࣄ͸ྔࢠ࿦Ͱ΋੒Γཱͪɼ෼ࢠͷʢిؾʣ૒ࢠۃϞʔϝϯτͷ

࣌ؒมಈ͔ΒੜͣΔిؾ૒ࢠۃ᫔ࣹͷύϫʔεϖΫτϧ͸ɼرബΨεதͰ͸ɼ࣍ࣜͰࢉܭͰ͖Δ 100,101)ɿ

S(ω) =
N2ω2

16ε0π2c3r2T

∣∣∣∣∣

∫ t+T

t
µ̇(t′)eiωt′dt′

∣∣∣∣∣

2

dΩɽ (4.32)

͜͜Ͱɼµ̇ ͸࣌ؒมಈ͢Δిؾ૒ࢠۃϞʔϝϯτͷ࣌ؒඍ෼ɼN ͸෼ࢠ਺ɼr ͸෼ࢠͱޫݕग़ثͱͷڑ

཭ɼdΩ͸डޫ໘ੵɼT ͸؍ଌ࣌ؒͰ͋Δɽ௨ৗ͸ T → ∞ͱ͢ΔɽLiF෼ࢠϞσϧʹ͓͍ͯ͸*6ɼ૒ۃ

Ϟʔϝϯτͷ࣌ؒมಈࢠ µ(t)͸ɼ

µ(t) =

∫ [
µ1(R)|Ψ1(R, t)|2 + µ2(R)|Ψ2(R, t)|2

]
dR (4.33)

ʹΑͬͯࢉܭͰ͖Δɽ͜͜Ͱ Ψi ͸ಁ೤දࣔͷ֩೾ଋͰ͋ΔɽLiF෼ࢠͰ͸ɼΠΦϯ݁߹ੑঢ়ଶͱڞ༗݁

߹ੑঢ়ଶͷؒͰಁ೤ঢ়ଶؒભҠ͕͜ىΔɽΠΦϯ݁߹ੑঢ়ଶͱڞ༗݁߹ੑঢ়ଶͷ૒ࢠۃϞʔϝϯτ µ1 ͱ

µ2 ͸஋͕େ͖͘ҟͳΔ͔Βɼ͜ͷಁ೤ঢ়ଶؒભҠ͸෼ࢠͷ૒ࢠۃϞʔϝϯτͷܹ͍͠มಈΛҾ͖͢͜ىɽ

4.1અͰड़΂ͨͱ͓Γɼಁ೤ঢ়ଶؒભҠ͸ڧߴ౓ CWϨʔβʔʹΑͬͯ༠͢ىΔ͜ͱ͕Ͱ͖Δɽ͕ͨͬ͠

ͯɼڧߴ౓ CWϨʔβʔ৔தͷ LiF෼ࢠ͸ɼ৔ʹΑͬͯ༠͞ىΕͨಁ೤ঢ়ଶؒભҠʹΑΓɼ૒ࢠۃ᫔ࣹ

Λ͢͜ىͱظ଴Ͱ͖Δɽ࣮ࡍɼArasakiΒ͸਺஋ࢉܭʹΑͬͯɼڧߴ౓ CWϨʔβʔ৔தͷ LiF෼͕ࢠ

ൃޫ͠͏Δ͜ͱΛ֬ೝͨ͠ 64)ɽҎ্͕༠ಋ᫔ࣹݱ৅ͷݪཧͰ͋Δɽ

*6LiF෼ࢠϞσϧͷ֤छϊʔςʔγϣϯʹ͍ͭͯ͸ 2.4અΛࢀরɽ
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Ҏ্ͷݪཧͷઆ໌͔ΒΘ͔ΔΑ͏ʹɼಁ೤ঢ়ଶؒભҠ͕༗ҙʹ͜ىΔ֩഑ஔʹͳ͍ݶΓɼ༠ಋ᫔ࣹ͸؍

ଌ͞Εͳ͍ɽLiF෼ࢠͷ৔߹ʹ͸ɼ͜ͷಁ೤ঢ়ଶؒભҠ͕༗ҙʹ͜ىΔ֩഑ஔʹ͸ҎԼͷ 2छྨ͕͋Δɿ

• field-dressedϙςϯγϟϧΤωϧΪʔۂઢͷަࠩྖҬ

• ଆసճ఺ࠨΕͨ೾ଋͱͷۭؒతॏͳΓ͕େ͖͘ͳΔ͞࢒ʹఈঢ়ଶج

͸͡Ίͷ߲͸΄΅ࣗ໌Ͱ͋ΔɽަࠩྖҬʹ͓͍ͯɼ·͞ʹ֩೾ଋͷ෼ذΠϕϯτ͕͍ͯͬ͜ىΔͱ͖ʹɼ

༠ಋ᫔ࣹͷڧ౓͕͘ڧͳΔɽ͜ͷͱ͖͸ɼ͓͓ͬ͟ͺʹͯͬݴɼ෼ࢠ͸ڞ໐తʹޫࢠͷٵऩɾ์ग़Λ͜ى

͢ͷͰɼ֎৔Ϩʔβʔͷৼಈ਺ͷ੔਺ഒͷৼಈ਺ͷޫ͕༠ಋ᫔ࣹ͞ΕΔʢߴ࣍ߴௐ೾ൃੜʣɽ2൪໨ͷ߲

͸ɼ͸͡Ίجఈঢ়ଶʹ͋Δ೾ଋΛύϧεϨʔβʔʹΑͬͯి͢ىྭࢠΔ͜ͱͰ൓ԠΛελʔτͤ͞Δͱ

ʹࡍΔͱ͖ɼ࣮͢ىྭࢠఈঢ়ଶ͔ΒύϧεϨʔβʔͰిجతͳ໰୊ઃఆͷͱ͖ʹॏཁʹͳΔɽ࣮ݱ͍ͨͬ

͸ଟ͘ͷ੒෼͸ྭ͞ىΕͣʹجఈঢ়ଶʹ࢒Δɽ͜ͷجఈঢ়ଶͷ೾ଋͱྭىঢ়ଶͷ೾ଋ͕ۭؒతʹॏͳΓ߹

͏ͱɼׯবʹΑͬͯ༗ҙͳ૒ࢠۃϞʔϝϯτͷ࣌ؒมಈ͕ΈΒΕΔɽ͜ͷͱ͖ͷ૒ࢠۃϞʔϝϯτͷ࣌ؒ

มಈͷৼಈ਺͸ɼجఈঢ়ଶ೾ଋͱྭىঢ়ଶ೾ଋͷΤωϧΪʔࠩͷఔ౓Ͱ͋Δɽ

Ҏ্ͷΑ͏ʹɼ෼ذΠϕϯτͱࠨଆసճΠϕϯτ͕͍ͯͬ͜ىΔͱ͖ʹ LiF෼ࢠ͸ൃޫ͠ɼ͔͠΋᫔ࣹ

͞ΕΔޫͷৼಈ਺͸Πϕϯτ͝ͱʹҟͳΔɽ͜ͷੑ࣭Λར༻͢Ε͹ɼʮ͍ͭɼͲͷΠϕϯτ͕͍ͯͬ͜ى

Δͷ͔ʯݕग़Ͱ͖ΔͷͰ͸ͳ͍͔ͱظ଴Ͱ͖Δɽ࣍ͷ߲Ͱɼ͜ͷ༠ಋ᫔ࣹݱ৅ͷੑ࣭Λ༻͍ͨ࣌ؒ෼ղ෼

ޫ๏ͱͯ͠චऀ͕ఏҊͨ͠ʮ༠ಋ᫔ࣹεϖΫτϩάϥϜʯʹ͍ͭͯղઆ͢Δɽ

4.3.2 ༠ಋ᫔ࣹεϖΫτϩάϥϜ

લ߲ͷٞ࿦ΑΓɼʮ͍ͭɼͲͷৼಈ਺ͷޫ͕᫔ࣹ͞Ε͍ͯΔ͔ʯΛݕग़Ͱ͖Ε͹ɼʮ͍ͭɼͲͷΠϕϯτ

ग़Ͱ͖ΔՄೳੑ͕͋Δ͜ͱ͕Θ͔ͬͨɽ͢ͳΘͪɼ࣌ؒݕΔ͔ʯΛ͍͖ͯى͕ tͱৼಈ਺ ω ͷؔ਺ͱͯ͠

༠ಋ᫔ࣹͷύϫʔεϖΫτϧ͕ଌఆͰ͖Ε͹ɼ࣌ؒൃలߏ଄ʢͷҰ෦ʣΛ؍ଌྔ͔ΒٻΊΔ͜ͱ͕Ͱ͖Δ

ͩΖ͏ɽͦ͜Ͱɼ࣍ͷ୹࣌ؒ Fourierม׵ʢSTFT: Short Time Fourier TransformʣΛ͑ߟΔɿ

STFTµ̇,w(t,ω) =

∫ ∞

−∞
µ̇(t′)w(t′ − t)eiωt′dt′ɽ (4.34)

͜͜Ͱɼw ͸૭ؔ਺ͱΑ͹ΕΔ΋ͷͰɼຊڀݚͰ͸ Hann૭

wHann(t
′) =

{
1
2

(
1− cos 2π(t′+τ)

2τ

)
−τ < t′ < τ

0 otherwise
(4.35)

Λ༻͍ͨɽ͜͜Ͱ τ ͸૭ؔ਺ͷ෯ΛܾΊΔύϥϝʔλͰ͋Δɽ୹࣌ؒ Fourierม׵ (4.34)͸ɼ࣌ࠁ tۙ

๣ͷৼಈ਺੒෼ͷ৘ใΛ੾Γग़͢΋ͷͰ͋Γɼ࣮ݧతʹ͸प೾਺෼ղޫήʔτ๏ʢFROG: Frequency

Resolved Optical Gatingʣ102) ΍ޫεϖΫτϩάϥϜείʔϓ 103,104) ͳͲͰ࣮ݱͰ͖Δ*7ɽࣜ (4.34)

Λ tͱ ω ͷؔ਺ͱͯ͠දࣔͨ͠ ͷάϥϑ͕ʮ༠ಋ᫔ࣹεϖΫτϩάϥϜʯͰ͋Δɽݩ2࣍

ҎԼͰ͸ɼڧߴ౓ CWϨʔβʔ৔தͷ LiF෼ޫࢠղ཭ʹ൓Ԡ͍ͭͯɼ༠ಋ᫔ࣹεϖΫτϩάϥϜΛ਺

஋݁ͨ͠ࢉܭՌΛࣔ͢ɽ͜͜Ͱɼલઅ·Ͱͷٞ࿦ͱҟͳΓɼॳظ৚݅͸جఈঢ়ଶʹ༻ҙ͠ɼGaussܕͷแ

བྷઢΛ΋ͭύϧεϨʔβʔʢৼಈ਺ !ωp = 6.94eVɼڧ౓ Ip = Idɼ൒஋શ෯ 20 fsʣʹΑΓɼجఈঢ়ଶͷ

೾ଋΛྭىঢ়ଶʹྭ͢ىΔͱ͍͏ɼΑΓ࣮ݱతͳঢ়گઃఆͷ΋ͱࢉܭΛͨͬߦɽ͜ͷঢ়گઃఆͰ͸ɼసճ

Πϕϯτ͔ΒͷൃޫͷϐʔΫ͸ৼಈ਺ ω ∼ ωp Πϕϯτ͔ΒͷൃޫͷϐʔΫ͸ৼಈ਺ذΕɼ෼ݱʹ ωd ͷ

੔਺ഒͷͱ͜ΖʹݱΕΔɽ

*7ͨͩ͠ɼຊڀݚͰଌఆ͍ͨ͠༠ಋ᫔ࣹεϖΫτϩάϥϜʹؔͯ͠े෼ͳਫ਼౓͕ͰΔ͔͸ఆ͔Ͱ͸ͳ͍ɽ
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ਤ 4.10 Case A: !ωd = 5.0 eVɼId = 1.0 × 1013 W/cm2ɽ͔ࠨΒॱʹɼ(i) ௕࣌ؒ؍ଌͨ͠৔

߹ͷ༠ಋ᫔ࣹεϖΫτϧ S(ω)ɼ(ii) ΠΦϯ݁߹ੑঢ়ଶͷಁ೤֩೾ଋͷઈର஋ೋ৐ͷ࣌ؒൃలͷ༷ࢠ

|Ψ1(R, t)|2ɼ(iii) ࢠ༗݁߹ੑঢ়ଶͷಁ೤֩೾ଋͷઈର஋ೋ৐ͷ࣌ؒൃలͷ༷ڞ |Ψ2(R, t)|2ɼ(iv) ༠

ಋ᫔ࣹεϖΫτϩάϥϜ S(t,ω) Λࣔ͢ɽࠨͷఆৗεϖΫτϧ S(ω) ʹ͓͚Δॎ఺ઢ͸ɼ֎৔ͷ CW

Ϩʔβʔͷ੔਺ഒͷͱ͜ΖʹҾ͍ͯ͋Δɽ

Case A: !ωd = 5.0 eVɼId = 1.0× 1013 W/cm2

ॳͷྫ͸ɼຊ࿦จதͰͨͼͨͼऔΓ্͛ͨ࠷ͣ· !ωd = 5.0 eVɼId = 1.0× 1013 W/cm2 ͷ৔߹Ͱ͋

Δɽਤ 4.10ʹ݁ՌΛࣔ͢ɽਤʹͨ͠ࡌܝͷ͸͔ࠨΒॱʹɼ(i)௕࣌ؒ؍ଌͨ͠৔߹ͷ༠ಋ᫔ࣹεϖΫτϧ

S(ω)ɼ(ii) ΠΦϯ݁߹ੑঢ়ଶͷಁ೤֩೾ଋͷઈର஋ೋ৐ͷ࣌ؒൃలͷ༷ࢠ |Ψ1(R, t)|2ɼ(iii) ੑ߹༗݁ڞ

ঢ়ଶͷಁ೤֩೾ଋͷઈର஋ೋ৐ͷ࣌ؒൃలͷ༷ࢠ |Ψ2(R, t)|2ɼ(iv)༠ಋ᫔ࣹεϖΫτϩάϥϜ S(t,ω)Ͱ

͋Δɽ

֩೾ଋͷ࣌ؒൃలʹ͓͍ͯɼR ∼ 2 ÅͷྖҬͰपظ τvib ∼ 60 fsͷৼಈӡಈ͕ݟΒΕΔɽ͜ΕʹରԠ͢

ΔΑ͏ʹɼৼಈ਺͕ ω ∼ ωp Ͱ͋Δ༠ಋ᫔ࣹ΋पظ T ∼ 60 fsͰ໌໓Λ܁Γฦ͍ͯ͠Δɽઌड़ͷͱ͓Γɼ

͜ͷൃޫ͸సճΠϕϯτʹ༝དྷ͠ɼৼಈӡಈͷసճͷλΠϛϯάʹ߹Θͤͯൃޫ͢Δɽ͕ͨͬͯ͠ɼ͜ͷ

ൃޫͷ໌໓प͔ظΒ೾ଋͷৼಈӡಈͷपظΛਪఆͰ͖Δɽ·ͨɼৼಈ਺ ω ∼ 2ωp ʹ͓͍ͯ΋໌໓͕ݟΒ

ΕΔ͕ɼ͜Ε͸ৼಈ਺ ωp ͷ 2ഒ೾Ͱ͋Δɽ͜ͷ 2ഒ೾ͷڧ౓͸࣌ؒతʹݮਰ͍͕ͯ͘͠ɼ͜Ε͸ղ཭ʹ

ΑΔྭى೾ଋͷݮগΛ൓ө͍ͯ͠Δɽ

Case B: !ωd = 0.5 eVɼId = 1.0× 1012 W/cm2

࣍ʹɼ !ωd = 0.5 eVɼId = 1.0 × 1012 W/cm2 ͷ৔߹Λྫͱͯ͠औΓ্͛Δɽਤ ՌͰ݁ࢉܭ4.11͕

͋Δɽ͜Ε͸ 4.1અʹ͓͍ͯঢ়ଶۭؒߏ଄ͷϨʔβʔৼಈ਺ґଘੑΛٞ࿦ͨ͠ͱ͖ʹɼඇৗʹෳࡶͳঢ়ଶ

͸ਤݱάϥϑද޲଄Λ΋ͭྫͱͯࣔͨ͠͠৔߹ͱಉ͡Ͱ͋ΔɽରԠ͢Δ༗ߏۭؒ 4.4Ͱ͋Δɽ

ෳࡶͳঢ়ଶۭؒΛ൓ө͢ΔΑ͏ʹɼ֩೾ଋͷ࣌ؒൃలߏ଄ʹ͓͍ͯ΋ෳࡶͳ෼ذ༥߹ߏ଄͕ݟΒΕΔɽ

෼֩ͨ͠ذ೾ଋ͸ҟͳΔλΠϛϯάͰࠨଆసճ఺ʹ໭ͬͯ͘ΔɽͦΕʹରԠ͢ΔΑ͏ʹɼω ∼ ωp ͷྖҬ

Ͱͷൃޫ͸ɼ΋͸΍ Case Aͷͱ͖ͷΑ͏ʹपظతͰ͸ͳ͘ɼͦΕͧΕͷ֩೾ଋ͕ࠨଆసճ఺ʹ໭ͬͯ͘
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ਤ 4.11 Case B: !ωd = 0.5 eVɼId = 1.0× 1012 W/cm2ɽਤ 4.10ͱදࣔํ๏͸ಉ͡Ͱ͋Δɽ

ΔλΠϛϯάͰൃޫ͢Δɽ͜ͷΑ͏ʹɼෳ਺ͷपظΛ΋ͭ֩೾ଋͷৼಈӡಈͷ৘ใ͕༠ಋ᫔ࣹεϖΫτϩ

άϥϜʹ൓ө͞Ε͍ͯΔɽ·ͨɼൃޫڧ౓ʹ͸֤ܦ࿏ͷ෼ذൺͷ৘ใ͕൓ө͞ΕΔɽ

͜ͷෳ਺पظͷৼಈӡಈͷ෼ޫ؍ଌ͸ɼfield-dressedϙςϯγϟϧΤωϧΪʔۂઢͱ͍͏֓೦͕ʠ෺ཧ

తʹ࣮͢ࡏΔʡ࣮ݧతূڌʹͳΔɽfield-dressedϙςϯγϟϧΤωϧΪʔۂઢ͸ɼి࣓৔தͷಈྗֶΛه

ड़͠΍͍͢Α͏ʹ࣌ؒґଘ HamiltonianΛ਺ֶతʹม͢ܗΔ͜ͱͰಘΒΕͨ֓೦Ͱ͋Δɽ͜ͷ֓೦͕෺

ཧతͳݱ৅ʹ௚઀ؔ༩͠෺ཧతʹҙຯͷ͋Δʠ࣮ࡏʡͰ͋Δ͜ͱΛɼ༠ಋ᫔ࣹεϖΫτϩάϥϜʹΑΔ؍

ଌͰ֬ೝͰ͖ΔͱචऀΒ͸͑ߟΔɽ

͞Βʹɼ෼ذΠϕϯτʹ༝དྷ͢Δൃޫ΋ݟΒΕΔɽR ∼ 5.5 Å ͷྖҬʹ͓͚Δ೾ଋ෼ذΠϕϯτʢ75

fs, 250 fsۙ๣ʣʹ߹Θͤͯɼ!ω ∼ 2.5 eV ͷ௿ৼಈ਺ྖҬͰൃޫ͕ݟΒΕΔɽ͜ͷྖҬͰͷൃޫ͸֎৔

ͷߴௐ೾ʹͳ͓ͬͯΓɼ෼ذΠϕϯτ༝དྷͰ͋Δ͜ͱ͕Θ͔Δɽ֩೾ଋͷࢬ෼͔Ε͕໨ʹͯ͑ݟ෼͔ΔΑ

͏ʹͳΔ࣌ࠁͰɼͪΐ͏Ͳ༠ಋ᫔ࣹ΋εΠον͕੾ΕͨΑ͏ʹऑ·͍ͬͯΔɽ͜Ε͸ɼҟͳΔঢ়ଶؒͷ

֩೾ଋ͕ίώʔϨϯτʹॏͳΓ߹ͬͯׯব͢Δ࣌ؒଳͰ͔͠ɼ༠ಋ᫔ࣹͷڧ౓͸͘ڧͳΒͳ͍͔ΒͰ͋

Δ*8ɽ͕ͨͬͯ͠ɼ͜ͷ௿ৼಈ਺ྖҬͷߴௐ೾ͷൃޫ࣋ଓ࣌ؒͱɼ೾ଋ෼ذʹ͓͍ͯ 2 ͭͷঢ়ଶʹ෼͔

Εͨ֩೾ଋಉ࢜ͷίώʔϨϯε͕࣋ଓ͢Δ࣌ؒ͸֓Ͷ౳͍͠ɽ͜ͷ෼֩ذ೾ଋͷίώʔϨϯε࣋ଓ࣌ؒ

ʢcoherence timeʣͷ֓೦͸ɼඇஅ೤ભҠཧ࿦ʹ͓͍ͯ༻͍ΒΕΔ֓೦Ͱ͋Δ 107–114)ɽ͜ͷ਺஋ূݕͷ݁

Ռ͸ɼ༠ಋ᫔ࣹεϖΫτϩάϥϜʹΑͬͯͦΕΛ࣮؍ʹࡍଌͰ͖ΔՄೳੑΛࣔࠦ͢Δɽ

Case C: !ωd = 0.5 eVɼId = 1.0× 1013 W/cm2

ɼ!ωdʹޙ࠷ = 0.5 eVɼId = 1.0× 1013 W/cm2 ͷྫΛࣔ͢ɽਤ ՌͰ͋Δɽ݁ࢉܭ4.12͕

͍··ͰͷೋͭͷྫͱҟͳΓɼڞ༗݁߹ੑͷղ཭೾ଋΛද͢ʠےʡ͕෯ͷ͍޿ଳঢ়ʹͳ͍ͬͯΔɽ͜ͷ

ཧ༝͸ҎԼͷΑ͏ʹઆ໌Ͱ͖Δɿ͜ͷঢ়گͰ͸ɼͨ·ͨ·ӈଆసճ఺͕ϙςϯγϟϧަࠩྖҬʹॏͳͬͯ

*8ίώʔϨϯτͳ֩೾ଋͷॏͳΓ͕ൃޫʹඞཁͳ఺͸༠ಋ᫔ࣹεϖΫτϩάϥϜͷಛ௃Ͱ͋Γɼpump-probe ෼ޫࢠిޫ
105,106) ͷΑ͏ͳଞͷख๏ͱ͸ҟͳΔ఺Ͱ͋Δɽ
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ਤ 4.12 Case C: !ωd = 0.5 eVɼId = 1.0× 1013 W/cm2ɽਤ 4.10ͱදࣔํ๏͸ಉ͡Ͱ͋Δɽ

͍Δ*9ʀ͕ͨͬͯ͠ɼ͜ͷަࠩྖҬʹ͓͍ͯ೾ଋͷ଎౓͸΄΅ 0Ͱ͋Δʀ͜ͷަࠩ఺͔Βڞ༗݁߹ੑঢ়ଶ

ʹ೾ଋ੒෼͕͡Θ͡Θͱ࿙Εग़͠ɼղ཭ੑͷڞ༗݁߹ੑϙςϯγϟϧ্ʹ΄΅଎౓ 0 ͷ೾ଋ͕ੜ੒͞Ε

Δʀڞ༗݁߹ੑϙςϯγϟϧ্଎౓ 0ͷ೾ଋ͸೾ଋ෯Λ͛޿ͳ͕Βղ཭͍ͯͨ͘͠ΊɼਤͷΑ͏ʹ෯ͷ޿

͍ଳঢ়ͷղ཭೾ଋͷݱ͕ےΕΔɽ͜ͷ೾ଋͷ͕޿Γͷ৘ใ͸ɼରԠ͢Δ༠ಋεϖΫτϩάϥϜʹ͓͚Δ࣌

ؒతͳ৴߸ͷ͕޿Γʹ൓ө͞Ε͍ͯΔɽ

4.3.3 ·ͱΊͱٞ࿦

ຊઅͰ͸ɼసճΠϕϯτͱ෼ذΠϕϯτΛݕग़Ͱ͖Δͱظ଴͞ΕΔʮ༠ಋ᫔ࣹεϖΫτϩάϥϜʯʹͭ

͍ͯઆ໌ͨ͠ɽ਺஋ࢉܭͷ݁Ռɼ༠ಋ᫔ࣹεϖΫτϩάϥϜʹ͸֩೾ଋಈྗֶͷ৘ใ͕൓ө͞Ε͍ͯΔ͜

ͱ͕Θ͔ͬͨɽͱ͘ʹɼ֩೾ଋͷৼಈपظ΍෼ذൺɼ෼࣌ذͷίώʔϨϯεͷ࣋ଓ࣌ؒͳͲͷ৘ใΛಘΒ

ΕΔ͜ͱ͕Θ͔ͬͨɽ

Ұൠʹɼ෼ޫֶత৘ใ͔Β֩೾ଋಈྗֶͷʠಈըʡΛ෮͢ݩΔ͜ͱ͸ࠔ೉Ͱ͋Δɽ͔͠͠ɼ࣌ؒൃలߏ

଄͋Δ͍͸ঢ়ଶۭؒߏ଄ͷμΠΞάϥϜʹؔͯ͠͸ɼ෼ޫσʔλͱཧ࿦ԽֶɾࢉܭԽֶͷ஌ݟͱ૊Έ߹Θ

ͤΔ͜ͱͰɼ೾ଋ෮ݩʹൺ΂ͯ෮ݩ͸༰қͰ͋Δͱචऀ͸͑ߟΔ*10ɽ࣮ࡍɼ༠ಋ᫔ࣹεϖΫτϩάϥϜ

͔ΒಘΒΕΔৼಈपظ΍෼ذൺͳͲͷ৘ใ͸ɼ࣌ؒൃలߏ଄΍ঢ়ଶભҠߏ଄ͷύϥϝʔλͱ௚઀ؔ͢܎Δ

ྔͰ͋Δɽ·ͨɼੜମ෼ࢠಈྗֶͷ෼໺Ͱ͸Ұ෼؍ࢠଌͷ࣌ྻܥσʔλ͔Βঢ়ଶۭؒߏ଄Λߏ࠶੒͢Δݚ

Δ͢ࡏ΋ଘڀ 115)ɽ࣮ݧσʔλΛ΋औΓࠐΜͰඇஅ೤Խֶಈྗֶͷߏ଄Λ໌Β͔ʹ͢Δڀݚ΋ɼຊڀݚͷ

ൃలͷํੑ޲ͷҰͭͰ͋Ζ͏ɽ

*9fiedl-dressedϙςϯγϟϧΤωϧΪʔۂઢͰ֬ೝͰ͖Δɽ
*10༠ಋ᫔ࣹεϖΫτϩάϥϜ͚͔ͩΒ࣌ؒൃలߏ଄/ঢ়ଶۭؒߏ଄Λ׬શʹ෮ݩͰ͖Δͱ͸චऀ͸ओு͠ͳ͍ɽ༠ಋ᫔ࣹεϖΫ
τϩάϥϜ͸ɼ͢΂ͯͷΠϕϯτʹ͍ͭͯͷ৘ใΛಘΒΕΔΘ͚Ͱ͸ͳ͍͠ɼෳࡶͳ৴߸ͷ෼཭౳ͷࠔ೉΋ଘ͢ࡏΔɽ
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ୈ 5ষ

݁࿦

5.1 ຊڀݚͷ·ͱΊ

ຊڀݚͰ͸ɼඇஅ೤ԽֶಈྗֶΛʬঢ়ଶۭؒߏ଄ʭͱʬ࣌ؒൃలߏ଄ʭͷೋͭͷ؍఺͔Βଊ͑ɼͦΕͧ

ΕΛՄࢹԽ͢ΔμΠΞάϥϜͱ਺ཧදݱΛఆࣜԽͨ͠ɽ͞Βʹɼ͜ͷཧ࿦Λ༻͍ͯ LiF෼ޫࢠղ཭൓ԠϞ

σϧΛղੳ͠ɼͱ͘ʹ൓Ԡ෺ϙϐϡϨʔγϣϯݮਰͷႈతڍಈΛఆྔతʹઆ໌͢Δ͜ͱͰɼຊཧ࿦ɾߏ଄

త؍఺ͷ༗༻ੑΛࣔͨ͠ɽ

ୈ 3ষͰ͸ɼඇஅ೤Խֶಈྗֶͷʬঢ়ଶۭؒߏ଄ʭͱʬ࣌ؒൃలߏ଄ʭͱ͍͏ೋͭͷঢ়ଶભҠߏ଄ΛՄ

৅ͷঢ়ଶݱஙͨ͠ɽ3.1અͰ͸ɼҰൠͷಈతߏड़͢Δཧ࿦ΛهʹԽ͢ΔμΠΞάϥϜΛಋೖ͠ɼ਺ཧతࢹ

ભҠߏ଄ʹؔ͢Δ༧උత࡯ߟΛ͓͜ͳ͍ɼ֓೦Λ੔ཧͨ͠ɽ3.2અͰ͸ɼঢ়ଶۭؒߏ଄Λهड़͢Δʮ༗޲

άϥϑදݱʢDGRʣʯΛ Herman–Klukཧ࿦ͱ Landau–Zenerཧ࿦Λ༻͍ͯ൒ݹయྗֶతʹఆࣜԽͨ͠ɽ

3.3અͰ͸ɼ࣌ؒൃలߏ଄Λද͢μΠΞάϥϜͱ਺ཧදݱΛఆࣜԽͨ͠ɽ͜ΕΛجʹɼ3.4અͰ͸ɼঢ়ଶۭ

Λٞ࿦͠ɼݶۃɾఆৗঢ়ଶݶۃయݹ଄Λͭͳ͙ʮసૹํఔࣜʯΛಋग़͠ɼͦͷ؆໿๏ɾߏ଄ͱ࣌ؒൃలߏؒ

సૹํఔࣜΛ࣌ؒૈࢹԽ͢Δ͜ͱͰʮ଎౓ํఔࣜʯΛಋग़ͨ͠ɽ3.5અͰ͸ɼ༗޲άϥϑදݱΛࣗಈߏங

͢ΔΞϧΰϦζϜ΍సૹํఔࣜΛ਺஋తʹղ͘ΞϧΰϦζϜΛఏҊ͠ɼ਺஋࣮ݧΛ͜͏ߦͱͰຊཧ࿦Ϟσ

ϧͷ༗ޮੑΛ෦෼తʹࣔͨ͠ɽ·ͨɼݹయ଎౓ํఔࣜʹ͍ͭͯ΋਺஋ূݕΛ͍ߦɼ࣌ؒૈࢹԽૢ࡞ͷ༗ޮ

ੑΛ෦෼తʹࣔͨ͠ɽ͜͜Ͱʮ෦෼తʹࣔͨ͠ʯͱ͋ΔΑ͏ʹɼຊཧ࿦ͷϞσϧͰهड़Ͱ͖ͳ͍෦෼ɼه

ड़͕ഁ୼͢Δ৔߹͕͋Δ͜ͱ΋໌Β͔ͱͳΓɼ͜ΕΒ͸ߋͳΔ՝୊ͱͯͨͬ͠࢒ɽ͜ΕΒͷ͞࢒Εͨ՝୊

ʹؔͯ͠͸࣍અͰٞ࿦͢Δɽ

ୈ 4ষͰ͸ɼୈ 3ষͰߏஙͨ͠ཧ࿦Λ༻͍ͯ LiF෼ޫࢠղ཭൓ԠϞσϧΛղੳͨ͠ɽ4.1અͰ͸ɼޫղ

཭൓Ԡதʹরࣹ͢Δ CWϨʔβʔͷڧ౓΍ৼಈ਺ʹରͯ͠ঢ়ଶۭؒߏ଄͕ͲͷΑ͏ʹมԽ͢Δ͔Λɼ༗

ղ཭൓Ԡͷ଎౓աఔʹ͓͚Δޫࢠɽ4.2અͰ͸ɼLiF෼ͨ͠࡯ߟԽɾ੔ཧͯ͠ࢹΛ༻͍ͯՄݱάϥϑද޲

ႈతڍಈͷϛΫϩͳಈྗֶతཧղΛ໨͠ࢦɼ͜ͷႈతڍಈ͕࣌ؒൃలߏ଄ʹજΉ Pascalͷܗ֯ࡾͱྔࢠ

Εͨඇஅ೤ભ͞ى౓Ϩʔβʔ৔ʹΑͬͯ༠ڧߴҼ͢Δ͜ͱΛఆྔతʹࣔͨ͠ɽ4.3અͰ͸ɼىʹবޮՌׯ

ҠʹΑΔ༠ಋ᫔ࣹݱ৅Λ࣌ؒ෼ղ෼ޫʹԠ༻ͯ͠ɼʮ༠ಋ᫔ࣹεϖΫτϩάϥϜʯͱ͍͏෼ޫख๏Λཧ࿦

తʹఏҊ͠ɼඇஅ೤Խֶಈྗֶͷ࣌ؒൃలߏ଄ͷ৘ใʢભҠ࣌ؒ΍ભҠ֬཰ͳͲʣ͕͜ͷ༠ಋεϖΫτϩ

άϥϜʹ൓ө͞ΕΔ͜ͱΛ਺஋ࢉܭͰࣔͨ͠ɽ

ඇஅ೤Խֶಈྗֶͷঢ়ଶભҠߏ଄ʹண໨ͨ͠਺গͳ͍ઌڀݚߦͰ͋Δ Child52) ͱ Fujii59) ͷཧ࿦ͱಉ

ཧߦΛͱΔ͜ͱͰಘΒΕΔɽຊཧ࿦͸͜ΕΒͷઌݶۃͷ݁Ռ͸ɼຊཧ࿦ʹ͓͍ͯసૹํఔࣜͷఆৗঢ়ଶܕ

࿦ͷʮ࣮࣌ؒྖҬʯ΁ͷ֦ு൛ͱͯ͠Ґஔ͚ͮΒΕΔɽ·ͨɼඇஅ೤Խֶಈྗֶͷߏ଄Λݹయྗֶతʹଊ

͑ͨ Kawano51) ͷ४MarkovϞσϧཧ࿦ʹରͯ͠͸ɼຊཧ࿦͸ͦͷ 1ࣗ༝౓൒ݹయ൛ͱҐஔ͚ͮΒΕΔɽ
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ຊཧ࿦͸ɼݱঢ়Ͱ͸ͦͷهड़͕ଥ౰ͳൣғ͸ݶఆతͰ͋Δ΋ͷͷɼ͜ΕΒͷઌߦཧ࿦Ͱ͸هड़Ͱ͖ͳ͍൒

Δɽ͑ߟड़ʹ੒ޭͨ͠ͱචऀ͸ه଄ͷߏయ࿦త͔࣮ͭ࣌ؒతͳඇஅ೤Խֶಈྗֶͷݹ

ং࿦Ͱ΋ड़΂ͨͱ͓Γɼsurface-hopping Ϟσϧ΍൒ݹయྗֶʹΑΔଟ͘ͷڀݚ͸ɼඇஅ೤Խֶಈྗ

ֶͷঢ়ଶભҠߏ଄͕அ೤࣌ؒൃల΍ඇஅ೤ભҠͱ͍͏ૉաఔ͔ΒͳΔͱ͍͏ݪཧతɾීวతͳ͜ͱ͸໌

Β͔ʹ͢Δ͕ɼݸผͷܥʹ͓͍ͯૉաఔ͕ͲͷΑ͏ʹ૊Έ߹Θ͞ΓɼͲͷΑ͏ͳঢ়ଶભҠߏ଄Λͳ͠ɼ

ͦΕ͕ͲͷΑ͏ʹݱ৅ʹӨڹΛ༩͑Δ͔ͱ͍͏఺ʹ͍ͭͯ͸໌Β͔ʹ͠ͳ͍ɽຊڀݚʹ͓͍ͯఆࣜԽ͠

ͨ༗޲άϥϑදݱ͸ɼݸผܥͷૉաఔͷ૊Έ߹Θ͞ΓํΛهड़͢Δ΋ͷͰ͋Δɽᩃ͑ΔͳΒ͹ɼطଘͷ

surface-hoppingϞσϧ΍൒ݹయྗֶͷڀݚ͸ʮ൚༻ϓϩάϥϛϯάޠݴͷ։ൃʯͷϨϕϧʹ͋ͨΓɼຊ

ผͷϓϩάϥϜͷΞϧΰϦζϜͷཧղͷͨΊͷʮϑϩʔνϟʔݸͷఆࣜԽ͸ݱάϥϑද޲Δ༗͚͓ʹڀݚ

τͷఆࣜԽʯʹ ͋ͨΔɽػࢉܭϓϩάϥϜͷཧղ΍։ൃ ʮʹޠݴʯͱʮΞϧΰϦζϜʯͷཧղͷ྆ํ͕ඞཁ

Ͱ͋ΔΑ͏ʹɼඇஅ೤Խֶಈྗֶʹ͓͍ͯ΋طଘڀݚͱຊڀݚ͸૬ิతͳؔ܎ʹ͋Δͱචऀ͸͑ߟΔ*1ɽ

·ͨɼଞ෼໺ʹ͓͍ͯঢ়ଶભҠߏ଄ʹண໨ͨ͠ڀݚͷ୅දྫͰ͋Δੜମ෼ࢠಈྗֶͷMarkovঢ়ଶϞσ

ϧʢMSMʣͱຊཧ࿦ϞσϧʢDGRʣͷ૬ҧ఺͸ҎԼͷͱ͓ΓͰ͋ΔɿMSM͸࿈ଓ࣌ؒ·ͨ͸཭ؒ࣌ࢄ

ͷMarkovաఔͱͯ͠ϞσϧԽ͞Εɼঢ়ଶؒભҠͷભҠ࣌ؒ෼෍͸ࢦ਺෼෍Ͱ͋ΔͱԾఆ͞Ε͍ͯΔʀର

ͯ͠ɼDGR͸Markov࠶ੜաఔ*2ͱͯ͠ͷఆࣜԽͰ͋Γɼঢ়ଶؒભҠͷભҠ࣌ؒ෼෍͸σϧλؔ਺తͰ

͋ΔɽMSMʹ͓͍ͯભҠ࣌ؒ෼෍Λࢦ਺෼෍ͰϞσϧԽ͢Δͷ͸ɼMSMͷঢ়ଶؒભҠ͕كͳΠϕϯτ

Ͱ͋ΔͱԾఆ͍ͯ͠ΔͨΊͰ͋Δ*3ɽ͢ͳΘͪɼMSMʹ͓͚ΔʮϚΫϩͳঢ়ଶʯ͸΋ͱͷϛΫϩͳಈྗ

ֶͷঢ়ଶۭؒ಺ͷྖҬͱͯ͠ఆࣜԽ͞ΕΔ͕ɼ͜ͷঢ়ଶۭؒྖҬ಺ͷϛΫϩͳঢ়ଶؒભҠͷ࣌ؒεέʔϧ

ͱϚΫϩͳঢ়ଶؒભҠͷ࣌ؒεέʔϧͷ෼཭ΛMSMͰ͸Ծఆ͍ͯ͠ΔͷͰ͋ΔɽҰํɼຊڀݚͰѻ͏Α

͏ͳؾ૬தͷ௿෼ࢠʹ͓͍ͯ͸͜ͷΑ͏ͳԾఆ͸੒Γཱͨͣɼ୯७ͳMarkovաఔͱͯ͠ͷఆࣜԽ͸Ͱ͖

ͳ͍ɽDGR͔Βಋ͔ΕΔసૹํఔࣜΛ࣌ؒૈࢹԽ͢Δ͜ͱͰ଎౓ํఔ͕ࣜಘΒΕΔ͕ɼ͜ͷ଎౓ํఔࣜ

͸ઢܗৗඍ෼ํఔࣜͰද͞ΕΔͷͰ࿈ଓ࣌ؒMarkovաఔʹΑΔϞσϧԽͱ౳ՁͰ͋Δɽͭ·ΓɼDGR

ͷ࣌ؒૈࢹԽʹΑͬͯMSMʹҠߦͰ͖ΔՄೳੑ͕͋Δ*4ɽ

ຊڀݚͷ੒Ռ͸ɼඇஅ೤Խֶಈྗֶͷߏ଄త؍఺ʹΑΔڀݚΛҰาલਐͤͨ͞΋ͷͱචऀ͸͑ߟΔɽ͠

͔͠ɼڀݚΛਐΊΔ͏ͪʹ৽ͨͳ՝୊΋ු্͠ɼଟ͘ͷ՝୊͕͞࢒Εͨɽ࣍અͰ͸ɼຊ͞࢒͍͓ͯʹڀݚ

Εͨ՝୊ɼຊڀݚͷߋͳΔൃలͷͨΊͷ՝୊ʹ͍ͭͯ؆୯ʹٞ࿦͢Δɽ

5.2 Εͨ՝୊ͱൃలత՝୊͞࢒

ຊઅͰ͸ɼຊ͞࢒͍͓ͯʹڀݚΕͨ՝୊ɼൃలత՝୊ʹؔͯ͠ड़΂Δɽ

༗޲άϥϑදߏݱஙͷࡍͷద੾ͳᮢ஋ઃఆ΍מΓࠐΈͷΞϧΰϦζϜͷߏங

3.5.1߲Ͱࣔͨ͠༗޲άϥϑදߏݱஙΞϧΰϦζϜͰ͸ɼަࠩ఺ͷ༗ޮੑ൑ఆͷͨΊͷᮢ஋ θ Λઃఆ͢

Δඞཁ͕͋Δɽ͜ͷ θ ͷઃఆʹΑͬͯಘΒΕΔ༗޲άϥϑදݱ͸มΘΓ͏Δɽᮢ஋ θ Λେ͖͗͘͢͠Δ

ͱɼ࣮ࡍʹ͸ॏཁͳ෦෼ঢ়ଶۭ͕ؒ౸ୡෆೳͱ൑ఆ͞Εͯ͠·͏ɽٯʹ θΛখ͗͘͢͞͠Δͱɼ࣮ࡍʹ͸

΄ͱΜͲ౸ୡ͢Δ೾ଋ੒෼͕ͳ͍෦෼ঢ়ଶۭؒͷߏ଄·Ͱநग़ͯ͠͠·͍ɼෆඞཁʹෳࡶͳ༗޲άϥϑද

*1෺ཧԽֶʹ͓͍ͯʬ૬ߏ༺࡞ޓ଄ʭͷղ໌Λ୲౰͢ΔྔࢠԽֶʢిࢠঢ়ଶཧ࿦ʣͱɼʬঢ়ଶભҠߏ଄ʭͷղ໌Λ໨͢ࢦຊ͕ڀݚ
૬ิతؔ܎ʹ͋Δ͜ͱ͸ٴʹ͏ݴ͹ͳ͍ʢ4.1અͷٞ࿦΋ࢀরʣɽ

*2Markov࠶ੜաఔʹ͓͚ΔભҠ࣌ؒ෼෍͸೚ҙͰ͋Δɽ͜ΕΛࢦ਺෼෍ʹݶఆ͢Δͱ࿈ଓ࣌ؒMarkovաఔʹؼண͢Δɽ
*3͜ͷΑ͏ͳԾఆ͕੒ΓཱͭΑ͏ʹঢ়ଶΛఆ͍ٛͯ͠Δͱ΋͍͑Δɽ
*4DGR͔ΒMSM΁ͷҠߦʹ͸೤༳Β͗ͷޮՌΛྀ͢ߟΔ͜ͱ΋ॏཁͰ͋Δɽ
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଄Λநग़Ͱ͖Δద੾ͳᮢ஋ߏಘΒΕͯ͠·͏ɽ͕ͨͬͯ͠ɼඞཁे෼ͳ෦෼ঢ়ଶۭؒͷ͕ݱ θ ͷઃఆ๏ɼ

͋Δ͍͸ෆඞཁͳ෦෼ঢ়ଶۭؒʹରԠ͢Δ༗޲άϥϑදݱͷ෦෼άϥϑΛמΓࠐΉΞϧΰϦζϜͷߏங͕

ඞཁͰ͋Δɽ

ෳ਺ͷ༗޲άϥϑදݱΛ༻͍ͨϞσϧԽ

3.5.2߲Ͱࣔͨ͠Ұͭͷ༗޲άϥϑදݱΛ༻͍ͨసૹํఔࣜͷ਺஋ࢉܭͷ݁Ռ͸ɼ௕࣌ؒྖҬʹ͓͍ͯ

֩೾ଋಈྗֶࢉܭͷ݁Ռͱဃ཭͢Δɽ3.2.2߲Ͱड़΂ͨ൒ݹయྗֶతఆࣜԽͰ͸ɼ֩೾ଋಈྗֶ͸ෳ਺ͷ

ΑΔϞσϧ͸ɼ͜ͷෳʹݱάϥϑද޲ಓͷϨʔϧ্ͷ֬཰ৼ෯Ҡૹͱͯ͠ఆࣜԽ͞ΕΔɽҰͭͷ༗يయݹ

਺ͷϨʔϧͷ͏ͪͷʠ୅දيಓʡʹΑͬͯશڍಈΛهड़͠Α͏ͱ͢Δɽ͜ͷϞσϧͰ͸ɼϨʔϧ͝ͱͷભ

Ҡ࣌ؒͷࠩҟʹ༝དྷ͢Δ೾ଋͷ͕޿Γ΍ɼભҠৼ෯ͷҧ͍ʹΑΔղ཭଎౓ͷࠩҟΛهड़Ͱ͖ͳ͍ɽͨ͠

͕ͬͯɼҰͭͷ୅දيಓͰ͸ͳ͘ɼෳ਺ͷ༗޲άϥϑදݱΛ༻͍ͯసૹํఔࣜΛ਺஋͢ࢉܭΔ͜ͱ͸ɼຊ

͸͍͓ͯʹܥͰ͖Δ৔߹ʹ͸ɼ1ࣗ༝౓ࢹɼ૬ۭؒͷʠᕷΈޮՌ*5ʡΛແ͍޾ͷࣗવͳԆ௕Ͱ͋Δɽڀݚ

֤ʑͷ༗޲άϥϑද্ݱͷ֬཰ৼ෯ҠૹΛಠཱʹޙ࠷ͯ͠ࢉܭʹॏͶ߹ΘͤΕ͹Α͍ɽ

଎౓ఆ਺ྻߦͷඇਖ਼ఆ஋ੑ໰୊

3.5.3߲Ͱड़΂ͨ௨Γɼసૹํఔࣜͷ଎౓࿦ݶۃʹΑͬͯಘΒΕΔʮ଎౓ఆ਺ྻߦʯ͕ਖ਼ఆ஋ʹͳΒͳ

͍͜ͱ͕͋Δͷ͸େ͖ͳ໰୊Ͱ͋ΔɽͳͥͳΒ͹ɼෛͷ଎౓ఆ਺͸ɼͦͷϞʔυͷࢦ਺ؔ਺త૿େΛҙຯ

͠ɼϙϐϡϨʔγϣϯ͕ແݶେʹൃ͢ࢄΔͱ͍͏ඇ෺ཧతڍಈΛಋͨ͘ΊͰ͋Δɽචऀ͸͜ͷ໰୊ͷղܾ

͸΋͍ͬͯͳ͍͕ɼϛΫϩͳಈྗֶͱϚΫϩͳ଎౓࿦Λ݁ͿͨΊʹ΋͜ͷ໰୊͸ղܾ͢ࠓͷΞΠσΞΛࡦ

΂͖Ͱ͋Δɽ

൒ݹయ଎౓ํఔࣜͷ਺஋ূݕͱ༗༻ͳղੳख๏ͷߟҊ

൒ݹయ଎౓ํఔࣜʹؔͯ͠ɼͦͷແੑݩ࣍ݶʹΑΔࢉܭͷ೉͔͠͞Βɼຊ࿦จͰ͸਺஋ূݕΛ͍ͯͬߦ

ͳ͍ɽLiF෼ޫࢠղ཭൓ԠͷႈݮਰʹΑΓɼ൒ݹయ଎౓ํఔ͕ࣜແݩ࣍ݶઢܥֶྗܗͱͳΔ࣮ࣄͷؒ઀త

య଎౓ํఔࣜΛղੳ͢ΔͨΊݹඞཁͰ͋Δɽ·ͨɼ൒͕ূݕ͸ಘΒΕΔ΋ͷͷɼ΍͸Γ௚઀తͳ਺஋ࠨূ

ͷ༗ޮͳཧ࿦ख๏ͱͯ͠ɼࣹӨԋࢠࢉ๏΍Ϟʔυ݁߹ཧ࿦ͷΑ͏ͳཧ࿦ߏங΋ॏཁͰ͋Δɽ

ඇఆৗ֎৔΁ͷ֦ு

ຊڀݚͰ͸ɼʠڥ؀ʡͷޮՌͷऔΓࠐΈͷୈҰาͱͯ͠ɼఆৗϨʔβʔ৔ΛԾఆͨ͠ɽ͜ΕΛඇఆৗϨʔ

βʔ৔ͷ৔߹ʹ֦ு͢Δ͜ͱΛ໨͢ࢦͷ͸ࣗવͳྲྀΕͰ͋Δɽ·ͨɼԽֶ൓Ԡ੍ޚʹ༻͍ΒΕΔϨʔβʔ

͸௨ৗ͸ඇఆৗͰ͋Δ͔Βɼ͜ͷ֦ு͸൓Ԡ੍ޚཧ࿦ͷཱ৔͔Β΋๬·ΕΔɽ

ఆৗϨʔβʔ৔ΛѻͬͨຊڀݚͰ͸ Floquetཧ࿦Λ༻͍͕ͨɼඇఆৗϨʔβʔ৔Λѻ͏৔߹ʹ͸ҰൠԽ

Floquetཧ࿦ 80) Λ༻͍ΔͱΑ͍ɽҰൠԽ Floquetཧ࿦Ͱ͸ɼϨʔβʔ৔ͷৼಈ਺΍ڧ౓ͳͲΛஅ೤ύϥ

ϝʔλͱͯ͠ѻ͏ɽ͜Ε͸ɼύϧεϨʔβʔͷڧ౓΍νϟʔϓύϧε*6ͷৼಈ਺͸ɼిࢠͷӡಈ΍ి࣓৔

ͷৼಈʹରͯ͠Ώͬ͘Γมಈ͢ΔͱΈͳͤΔ͜ͱ͕ଟ͍͔ΒͰ͋Δɽ࠲֩ࢠݪඪΛஅ೤ύϥϝʔλͱͯ͠

ѻ͏͜ͱͰɼ࠲֩ࢠݪඪʹରͯ͠ϙςϯγϟϧΤωϧΪʔ໘͕ఆٛ͞ΕΔΑ͏ʹɼ࠲֩ࢠݪඪͱϨʔβʔ

রɽࢀ53.2.2߲*
*6ৼಈ਺͕࣌ؒมԽ͢ΔύϧεϨʔβʔͷ͜ͱɽ
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౓ɾৼಈ਺ʹର͢ΔٖΤωϧڧඪͱϨʔβʔ࠲֩ࢠݪ౓ɾৼಈ਺Λஅ೤ύϥϝʔλͱͯ͠ѻ͏͜ͱͰɼڧ

Ϊʔۂ໘͕ఆٛ͞ΕΔɽ࣌ؒతʹߴ଎ʹৼಈ͢ΔϙςϯγϟϧΤωϧΪʔ໘্ͷಈྗֶΑΓ΋ɼٖΤωϧ

Ϊʔ໘্ͷಈྗֶͷ΄͏͕௚ײతʹཧղ͠΍͍͢ɽ͜Ε͕ҰൠԽ Floquetཧ࿦ͷར఺Ͱ͋Δɽ·ͨɼΞτ

ඵύϧεͷΑ͏ʹϨʔβʔڧ౓΍ৼಈ਺ͷ࣌ؒมԽ͕଎͍ͱ͖ʹ͸ɼٖΤωϧΪʔ໘ؒͷඇஅ೤ભҠ͕ى

͜Δɽ

ͷҰൠԽه্ Floquetཧ࿦Λ༻͍ͨఆࣜԽͷ৔߹ɼ༗޲άϥϑදݱ͸࣌ؒมಈ͢ΔωοτϫʔΫߏ଄ͱ

ͳΔɽ͜ͷΑ͏ͳ࣌ؒมಈ͢Δ༗޲άϥϑදݱʹ͍ͭͯͷཧ࿦ߏங͕ඞཁͰ͋Δɽ

ଟࣗ༝౓ܥ΁ͷ֦ு

ຊ࿦จʹ͓͍ͯ͸ɼඇஅ೤Խֶಈྗֶͷঢ়ଶભҠߏ଄Λଊ͑Δཧ࿦ͷఆࣜԽͷୈҰาͱͯ͠ɼೋࢠݪ෼

଄తΞϓϩʔνΛଟࣗ༝౓ʹ֦ு͢ߏΛ೦಄ʹ͓͍ͯٞ࿦Λల։͖ͯͨ͠ɽ͜ͷࢠ΋୯७ͳ෼࠷ͱ͍͏ࢠ

Δ͜ͱ͸༰қͰ͸ͳ͍ɽଟࣗ༝౓ͷ৔߹ʹ͸جຊతʹيಓ͸ด͡ͳ͍ͨΊɼ༗ݸݶͷ௖఺Λ΋ͭωοτ

ϫʔΫߏ଄ͱͯ͠ଊ͑Δͷʹ͸ԿΒ͔ͷૈࢹԽɾฏۉԽૢ͕࡞ඞཁͰ͋Δɽྫ͑͹ɼং࿦Ͱ΋঺հͨ͠

D. Leon΍ Kawanoͷཧ࿦Ͱ͸ɼʠreaction tubeʡͱ͍͏يಓͷଋ*7ʹର͢ΔૈࢹԽΛ͓͜ͳ͏ɽ൒ݹయ

ྗֶͷ৔߹ɼ͜ͷ૬ۭؒૈࢹԽૢ͕࡞ਖ਼͍͠ྔׯࢠবͷهड़ʹର͢Δக໋ইʹͳΔՄೳੑ͕͋Δ*8ɽཧ࿦

తߏஙҎ֎ͷํࡦͱͯ͠ɼMSMͷ͕ڀݚ෼ࢠಈྗֶࢉܭ΍Ұ෼ܭࢠଌͷσʔλ͔Βঢ়ଶભҠߏ଄Λநग़

͢ΔΑ͏ʹɼ൒ݹయಈྗֶࢉܭͷσʔλ͔Βঢ়ଶભҠߏ଄Λநग़͢Δͱ͍͏σʔλۦಈՊֶతํࡦ΋͑ߟ

ΒΕΔɽ

ͳ͓ɼωοτϫʔΫߏ଄ͱͯ͠ఆࣜԽ͑͞Ͱ͖Ε͹ɼଟࣗ༝౓ܥͰ΋ঢ়ଶભҠߏ଄Λݪཧతʹ ਤݩ3࣍

ࣔՄೳͰ͋Δɽ͜ͷ఺͸ɼ༗޲άϥϑʹΑΔՄࢹԽͷେ͖ͳར఺Ͱ͋Δɽ

τϯωϧޮՌͷऔΓࠐΈ

τϯωϧޮՌͷऔΓࠐΈ΋͑ߟΒΕΔཧ࿦ൃలͷͻͱͭͰ͋ΔɽτϯωϧޮՌ͸ඇஅ೤ભҠͱฒͿॏཁ

ͳྔޮࢠՌͰ͋ΔɽChild52) ͷཧ࿦Ͱ΋τϯωϧޮՌΛऔΓѻ͍ͬͯΔɽଟ࣍ݩτϯωϧཧ࿦*9ͱຊख๏

Λ૊Έ߹ΘͤΔ͜ͱ͸ɼ֓೦తʹ͸೉͍͜͠ͱͰ͸ͳ͍ͱචऀ͸͑ߟΔɽ

5.3 Ή͢ͼ

ຊ࿦จͷΉ͢ͼͱͯ͠ɼຊ࿦จͰఏࣔͨ͠ཧ࿦ʢҎԼɼDGRཧ࿦ʣͷߋͳΔൃలͷߏ૝ʹ͍ͭͯ͢هɽ

DGR͸ɼݸʑͷ஌Λ݁ͼ͚ͭશମͷ஌ͷൃలΛՃ଎͢Δʮ݁ͼ໨ʯʹͳΔͱචऀ͸ظ଴͢Δɽ͢ͳΘ

ͪɼຊཧ࿦͸࣍ͷ࢛ͭͷʪΉ͢ͼʫ*10 ͷػೳΛ༗͢Δ΋ͷʹൃల͍͚ͯ͠Δͱචऀ͸ظ଴͢Δɿʢ1ʣཧ

࿦ɾ࣮ݧɾࢉܭͷʪΉ͢ͼʫɼʢ2ʣૅجͱԠ༻ͷʪΉ͢ͼʫɼʢ3ʣϛΫϩͱϚΫϩͷʪΉ͢ͼʫɼʢ4ʣਓͱ஌

ͷʪΉ͢ͼʫɽ

*7͋Δ͍͸ Poincaréஅ໘্ͷྖҬɽ
*8ͨͩ͠ɼϙςϯγϟϧΤωϧΪʔ໘ͷҌ఺ۙ๣ͷ൒ݹయྗֶత૬ۭؒߏ଄ͷڀݚ͸ଘ͢ࡏΔ 116)ɽ
*9ྫ͑͹ɼจݙ 25) ͷୈ 6ষࢀরɽ

*10೔ຊޠͷʮΉ͢ͼʯʹ͸ɼ෺ࣄΛͭͳ͛Δͱ͍͏ҙຯͷଞʹɼ෺ࣄΛੜΈग़͠ൃలͤ͞Δྗʢʮྶ࢈ʯͱॻ͖ɼຊདྷ͸ʮΉ͢ͻʯ
ͱಡΜͩʣͱ͍͏ҙຯ΋͋Δɽ
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ཧ࿦ɾ࣮ݧɾࢉܭͷʪΉ͢ͼʫ

DGR͸ʮཧ࿦ɾ࣮ݧɾࢉܭͷʪΉ͢ͼʫʯͱͳΓ͏Δɽຊ࿦จதͰ͸ɼDGR͸ཧ࿦తʹߏஙͨ͠ɽ͔͠

͠ɼεϖΫτϩάϥϜͷઅͰͷٞ࿦͔ΒΘ͔ΔΑ͏ʹɼDGRͷ֤ύϥϝʔλ͸෼ޫֶతʹܾఆͰ͖ΔՄ

ೳੑ͕͋Δɽ͋Δ͍͸ɼ֩೾ଋಈྗֶࢉܭ΍൒ݹయಈྗֶࢉܭͷσʔλΛ༻͍ͯɼDGRΛσʔλՊֶత

ஙͨͦ͠ΕͧΕͷߏΑͬͯʹࢉܭɾݧஙͰ͖ΔՄೳੑ΋͋Δɽཧ࿦ɾ࣮ߏʹ DGRͷൺֱɾ౷߹ʹΑΓɼ

DGR͸ཧ࿦ԽֶɾࢉܭԽֶɾ࣮ݧԽֶͷڀݚ੒ՌΛ݁Ϳ͜ͱ͕Ͱ͖Δͱචऀ͸ظ଴͢Δ*11ɽ࣮ࡍɼੜମ

෼ࢠಈྗֶʹ͓͚Δঢ়ଶۭؒߏ଄Λදͨ͠MSM͸ɼ෼ࢠಈྗֶࢉܭͷσʔλ͔Β΋ߏஙͰ͖ɼҰ෼ܭࢠ

ଌʹΑΔ࣌ྻܥσʔλ͔Β΋ߏஙͰ͖Δ 115)ɽ͞Βʹɼࢉܭσʔλͱ࣮ݧσʔλΛϋΠϒϦοτͯ͠ߏங

͢Δ͜ͱ΋Ͱ͖Δ 117)ɽಉ͡ܥʹର͢Δෳ਺ͷ஌ݟ΍σʔλͷཁ໿ɾ౷߹ࣜܗͱͯ͠ɼDGR͸͑࢖Δ΋

ͷͱචऀ͸ظ଴͢Δɽ

ͱԠ༻ͷʪΉ͢ͼʫૅج

DGR͸ʮૅجͱԠ༻ͷʪΉ͢ͼʫʯͱͳΓ͏Δɽ͢ͳΘͪɼཧղɾઆ໌ɾ༧ଌͱ͍ͬͨૅجՊֶతӦΈ

ͱɼ੍ޚɾઃܭͳͲͷԠ༻ٕज़తӦΈͱͷՍ͚ڮͱͳΓ͏Δɽ͋Δ෼ࢠ΍൓Ԡܥʹؔ͢Δ DGR͕खʹೖ

Ε͹ɼͦͷ൓Ԡܥͷʮ࿏ઢਤʯΛखʹೖΕͨ͜ͱʹͳΔɽ͜ͷʮ࿏ઢਤʯΛோΊΕ͹ɼ൓Ԡͷ͘ߦ຤Λ༧

ଌ͠ɼ͞Βʹ͸໨తͷੜ੒෺΁౸ୡ͢Δ࠷୹ܦ࿏΋ͯ͑͘ݟΔͩΖ͏ɽͦͷ࠷୹ܦ࿏Λ௨ΔΑ͏ʹɼϨʔ

βʔʹΑͬͯʮ࿏ઢਤ্ͷྲྀΕʯΛσβΠϯ͢Δͱ͍͏ํ਑ʹΑͬͯɼԽֶ൓Ԡ੍ޚʹର͢Δࢦ਑Λ༩͑

ΒΕΔͷͰ͸ͳ͍͔ͱචऀ͸͍ͯ͑ߟΔ*12ɽ·ͨɼෳ਺ͷ෼ࢠʹؔ͢Δ DGRͷσʔλϕʔεΛߏங͠ɼ

֤ʑͷ෼ࢠ΍൓ԠܥͷʮੑݸʯΛද͢ DGRΛهड़ࢠͱ͢ΔμΠφϛΫεɾΠϯϑΥϚςΟΫεΛల։͢

Δ͜ͱͰɼ෼ࢠϚγϯͳͲͷಈతػೳΛ΋ͬͨ෼ࢠͷઃࢦܭ਑Λ༩͑ΒΕΔՄೳੑ΋͋Δɽ͜ͷΑ͏ʹɼ

DGRΛ෼ࢠͷʮ࿏ઢਤʯ͋Δ͍͸ੑݸΛࣸ͠औͬͨʮϙʔτϨΠτ*13ʯͱͯ͠ར༻͢Δ͜ͱͰɼʮ΋ͷ

ͮ͘Γʯͷֶ໰ͱͯ͠ͷԽֶͷൃల͸ΑΓՃ଎͞ΕΔͱචऀ͸ظ଴͢Δɽ

ϛΫϩͱϚΫϩͷʪΉ͢ͼʫ

DGR͸ʮϛΫϩͱϚΫϩͷʪΉ͢ͼʫʯͱͳΓ͏ΔɽDGR΍MSMͳͲͷঢ়ଶۭؒߏ଄ͷωοτϫʔ

Ϋදݱ͸ɼ੪࣌తMarkovաఔͷҰൠతۙࣅදݱͰ͋ΓɼͦΕʹྨ͢Δදݱ͸ɼੜମ෼ࢠಈྗֶɼਆܦՊ

ֶ 119) ͳͲΛ͸͡Ίɼ͜ͷݱ৅ੈքͷ͋ΒΏΔ֊૚ͰݟΒΕΔ 120)ɽ͜ͷΑ͏ʹ DGRɼMSM͸ಈతͰ

ෳࡶɾଟ༷ͳݱ৅ੈքΛܥ౷తʹཧղ͢ΔͨΊͷීวత࿮૊Έͱͯ͠ͷϙςϯγϟϧΛ༗͢Δɽ͜ΕΒͷ

ҟͳΔ֊૚Ͱ੒ཱ͢Δ DGRɼMSMΛཧ࿦తʹ݁ͼ෇͚͍ͯ͘͜ͱʹΑͬͯɼϛΫϩͱϚΫϩ͕݁͹Εɼ

֤֊૚ɾֶ֤໰෼໺͝ͱʹഓΘΕ͖ͯͨ஌΋݁͹ΕΔͱචऀ͸͑ߟΔɽ

͜ͷʮϛΫϩͱϚΫϩͷʪΉ͢ͼʫʯʹؔͯ͠ɼຊڀݚͰ͸Ұͭͷํੑ޲Λࣔͨ͠ɽ͢ͳΘͪɼDGRͷ

Ͱ͖ΔՄೳੑΛࣔͨ͠ɽҰൠʹɼμΠφϛΫεʹ͸࣌ؒ֊૚ੑ͕͋ΓɼߦԽʹΑͬͯMSMʹҠࢹૈؒ࣌

࣌ؒεέʔϧ͝ͱʹμΠφϛΫεΛ༗ޮʹهड़͢ΔϞσϧ͸ҟͳΔ 121)ɽྫ͑͹ɼϑΣϜτඵͷλΠϜε

έʔϧͰ͸ LiF ෼ޫࢠղ཭൓Ԡ͸ਤ 5.1 ʹࣔ͢ DGR Ͱهड़Ͱ͖Δɽ΋͠ɼDGR ͷαΠΫϧͷप͕ظ

*11͍··Ͱ͸ɼ࣌ؒ෼ղ෼ޫ࣮ݧͷσʔλͱɼ֩೾ଋಈྗֶ͔ࢉܭΒಘΒΕͨ෼ޫ࣮ݧͷݱ࠶σʔλͷൺֱʹΑͬͯɼཧ࿦ɾܭ
৅ϨϕϧͰͷൺֱ͕ओͰ͋ͬͨɽݱͷ݁Ռ͸݁ͼ෇͚ΒΕ͍ͯͨɽ͢ͳΘͪݧͱ࣮ࢉ

*12ʮ࿏ઢਤ্ͷϧʔτ୳ࡧʯͷΠϝʔδͱ͸ҧ͏͕ɼMSMΛར༻ͨ͠࠷ద੍ޚཧ࿦ʹؔ͢Δڀݚ͸࣮ࡍʹଘ͢ࡏΔ 118)ɽ
଄Λඳ͍ͨਤ͸ߏͷ૬ۭؒܥ13ྗֶ* “phase portrait”ͱΑ͹ΕΔɽ“phase portrait”͸ྗֶܥͷੑݸΛࣸ͠औͬͨ঻૾ըͰ͋
ΓɼDGR΋ಉ༷Ͱ͋Δɽ
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ϑΣϜτඵͰɼղ཭·Ͱʹཁ͢Δ࣌ؒͷεέʔϧ͕ϐίඵͷΦʔμʔͰ͋Ε͹ɼDGRͷαΠΫϧΛҰͭ

ʹ·ͱΊ্͛ͨਤ 5.1 ԼͷԽֶ൓ԠࣜʹΑΔϞσϧͰϐίඵΦʔμʔͷ൓ԠաఔΛهड़Ͱ͖Δɽ͢ͳΘ

ͪɼϐίඵͷΦʔμʔͰ͸ྭىঢ়ଶͷ LiF෼ࢠ͸Ұͭͷ෼ࢠछͱΈͳͤɼҰͭͷ࣮ମతͳʮ΋ͷʯͱͯ͠

ѻ͑Δ*14ɽ͜ͷΑ͏ʹɼ࣌ؒૈࢹԽ͸ʮϛΫϩͱϚΫϩͷʪΉ͢ͼʫʯͷͨΊͷॏཁͳΩʔͰ͋Δͱචऀ

͸͑ߟΔɽ

!"

!#

$"

$#

%#%& %"

!"#
!

$% !" & #

ਤ 5.1 ԽʹΑͬͯ֊૚Λͭͳ͙ɽ্ஈͷࢹૈؒ࣌ DGRͷαΠΫϧͷप͕ظϑΣϜτඵͰɼղ཭·Ͱ

ʹཁ͢Δ࣌ؒͷεέʔϧ͕ϐίඵͷΦʔμʔͰ͋Ε͹ɼDGRͷαΠΫϧΛҰͭʹ·ͱΊ্͛ͯɼԼஈ

ͷԽֶ൓ԠࣜͷΑ͏ʹ൓ԠաఔΛϞσϧԽϞσϧͰ͖Δɽɹɹɹɹɹɹɹ

ਓͱ஌ͷʪΉ͢ͼʫ

DGR ͸ʮਓͱ஌ͷʪΉ͢ͼʫʯʹͳΓ͏Δɽ͜͜Ͱ͍͏ʮਓʯ͸ɼઐ໳ՈͰͳ͍Ұൠͷਓͷ͜ͱΛࢦ

͢ɽDGR͸ͦͷ௚ײతɾ֮ࢹతදݱͱૉ๿ͳղऍʹΑΓɼઐ໳ՈͰͳͯ͘΋ಡΈղ͘͜ͱ͕༰қͰ͋Δɽ

DGR ͸ʮ˓ʯ͕Πϕϯτɼʮˠʯ͕ભҠͰ͋Δͱ͍͏ཧղ͑͋͞Ε͹ɼԿ͕ඳ͔Ε͍ͯΔ͔͸೺ѲͰ͖

Δɽʮ௚ײతʯͰ͋Δ͜ͱ͸ɼ஌ͷ֦ࢄɾਁಁΛଅਐ͠ɼ஌Λઐ໳Ոͷ઎༗෺͔Βղ์͠͏Δ 122)ɽ͜Ε

͸ɼ௚ײతͳ GUI*15͕ػࢉܭͷҰൠՈఉ΁ͷීٴΛॿ͚ͨ͜ͱͱಉ͡աఔͰ͋ΔɽDGR͸ɼԽֶಈྗ

ֶ—͋Δ͍͸ಈྗֶҰൠ—ʹ͓͚Δ GUIʹͳΔͱචऀ͸ظ଴͢Δɽ

͋ΒΏΔݱ৅ͷʮ஍ਤʯΛඳ͘

Ҏ্ͷ࢛ͭͷʪΉ͢ͼʫͷߏ૝Λ౷߹ͨ͠࠷ऴతͳߏ૝*16 Λͯ͠هɼຊ࿦จΛऴ͍͑ͨɽ

Δ͜ͱͰ͋Δ*17ɽ͜࡞৅ͷʮ஍ਤʯ͕ඳ͔Εͨʮ஍ਤாʯΛݱ૝͸ɼ͋ΒΏΔߏඳ͍͘ࢥʹऴత࠷͕ࢲ

͜Ͱ͍͏ʮݱ৅ͷ஍ਤʯͱ͸ɼDGR΍MSMͳͲͷʬঢ়ଶભҠߏ଄ʭΛදͨ͠μΠΞάϥϜ΍ɼPESͷ

μΠΞάϥϜදݱͰ͋Δ Disconnectivity Graph126) ͳͲͷʬ૬ߏ༺࡞ޓ଄ʭΛදͨ͠μΠΞάϥϜΛ͸

͡Ίͱ͢Δɼ͜ͷੈքͷʬߏ଄ʭΛද֤ͨ͠ݱछͷՊֶతμΠΞάϥϜͷ͜ͱΛ͢ࢦɽ͜ͷʮ஍ਤாʯ͸ɼ

ॻ੶ͷࣜܗͰ͸ͳ͘ɼʮGoogle Map*18ʯͷΑ͏ͳΠϯλʔωοτ্ͷγεςϜͰ͋Γɼੈքதͷਓʑ͕

ΞΫηεͰ͖ΔɽੈքதͷਓʑͷखʹΑΔཧ࿦Պֶɾ࣮ݧՊֶɾࢉܭՊֶͷڀݚ੒Ռ͕ɼʮ஍ਤʯͷܗʹू

ঢ়ଶͷى͹ɼΘΕΘΕ͕ීஈʮ࣮ମʯͱΈͳ͍ͯ͠Δʮ΋ͷʯ΋ɼ͜ͷྭ͑ݴʹٯ14* LiF෼ࢠͷΑ͏ʹঢ়ଶۭؒͷҰྖҬʹ͚ͭ
ΒΕͨ୯ͳΔ໊લͳͷ͔΋͠Εͳ͍ɽ

*15Graphical User Interfaceɽ
*16͜Ε͸චऀ͕ࣗ਎ͷڀݚͷࣾձతߏͯ͑ߟ͍ͯͭʹݙߩ૝ͨ͠΋ͷͰ͋Γɼචऀͷॴ৴ද໌ɾ੤ئɾເͰ͋Δɽ೔ຊֶज़ձٞɾ
Պֶٕज़ৼߏػڵͷʮՊֶٕज़ͷஐϓϩδΣΫτʯͷใࠂॻ 123,124) ΍౦ژେֶݑষ 125) ͷલจͳͲΛࢀরͨ͠ɽ

*17ҎԼ͜ͷஈམͰ͸؆ུԽͷͨΊʹ੍࣌ࡏݱͰهड़͢Δ͕ɼ͢΂ͯචऀͷະདྷͷߏ૝Ͱ͋Δɽ
*18https://maps.google.comɽ
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໿͞ΕΔʢཧ࿦ɾ࣮ݧɾࢉܭͷʪΉ͢ͼʫʣɽGoogle Mapʹϧʔτػࡧݕೳ͕͍͍ͭͯΔΑ͏ʹɼਓʑ͸

͜ͷʮ஍ਤʯΛ༻͍ͯɼݱ৅Λ੍ͨ͠ޚΓɼ๬Έͷࣄ෺Λઃͨ͠ܭΓ͢ΔͨΊͷʮಓʯΛ͚ͭݟΔ͜ͱ͕

Ͱ͖ΔʢૅجͱԠ༻ͷʪΉ͢ͼʫʣɽGoogle Mapʹ͓͍ͯੈք஍ਤ͔Βॅ୐஍ਤ·Ͱͷ֊૚Λࣗࢹʹࡏ఺

ҠಈͰ͖ΔΑ͏ʹɼਓʑ͸͜ͷʮ஍ਤாʯͷதͰɼ෼͔ࢠΒࣾձɼ͞Βʹ͸Ӊ஦·Ͱͷੈքͷߏ଄Λࣗࡏ

Δ͜ͱ͕Ͱ͖ΔʢϛΫϩͱϚΫϩͷʪΉ͢ͼʫʣɽʮ஍ਤʯ͸؍ʹ త͋Δ͍͸ݩ2࣍ ܗతͳײతʹ௚ݩ3࣍

ࣜʹΑͬͯද͞ݱΕɼઐ໳ՈʹݶΒͣ͢΂ͯͷਓʑ͕௚ײతʹɼΠϯλϥΫςΟϒʹʮ஍ਤாʯΛར༻͢

Δ͜ͱ͕Ͱ͖Δʢਓͱ஌ͷʪΉ͢ͼʫʣɽਓʑ͸ɼ໨ͷલͷݱ৅ʹڵຯΛ๊͍ͨͱ͖ɼ͜ͷʮ஍ਤாʯʹΞ

Ϋηεͯ͠ɼͦͷݱ৅ͷߏ଄Λཧղ͠ɼ஌తح޷৺Λຬͨ͢ɽਓʑ͸ɼ໨ͷલͷ໰୊Λղܾ͍ͨ͠ͱ͖ɼ

͜ͷʮ஍ਤாʯʹΞΫηεͯ͠ɼ໰୊ͱͳΔݱ৅Λ੍͠ޚɼ໰୊Λղܾ͢ΔπʔϧΛઃ͢ܭΔ͜ͱʹΑͬ

ͯɼ໰୊Λղܾ͢Δɽਓʑ͸ɼ͜ͷੈքʹ͓͚ΔࣗΒͷཱͪҐஔΛ໌֬ʹ͍ͨ͠ͱ͖ɼ͜ͷʮ஍ਤாʯʹ

ΞΫηεͯ͠ɼ͜ͷੈքͷߏ଄ͷதͰͷࣗΒͷډॴΛ͚ͭݟΔɽਓʑ͸ɼ͜ͷੈքͰࣗΒͷੑݸΛً͔ͤ

͍ͨͱ͖ɼ͜ͷʮ஍ਤாʯʹΞΫηεͯ͠ɼࣗΒʹ;͞Θ͍͠ಓΛ͚ͭݟΔɽਓʑ͸ɼ੓ܾࡦఆͳͲͷࣾ

ձత൑அΛٻΊΒΕͨͱ͖ɼ͜ͷʮ஍ਤாʯʹΞΫηεͯ͠ɼࣗΒͷ൑அͷࠜڌͷҰͭͱ͠ɼଞऀͱڠಇ

͢Δɽੈքͷߏ଄Λ၆ᛌͰ͖Δʮ஍ਤாʯ͸ɼਓʑͷੈք؍΍ྙཧ؍΋ม͑Δ͜ͱͩΖ͏ 127)ɽ͜ΕΒʹ

Αͬͯɼ͜ͷʮ஍ਤாʯ͸ਓʑͷཱࣗͱڠಇͷج൫ͱͳΓɼࣗ༝ɾฏ࿨ɾڞੜͳͲͷਓྨࣾձͷཧ૝ͷ࣮

଴͢Δɽظ͸ࢲΔͱɼ͢ݙߩʹɾҡ࣋ݱ

ຊ࿦จͰड़΂ͨ DGRʹؔ͢Δཧ࿦͸ɼ͜ͷߏ૝ͷ࣮ݱͷͨΊͷୈҰาͰ͋Δɽ͜ͷߏ૝ͷ࣮ݱ΁͸ಓ

ང͔Ͱ͋Δ͕ɼຊཧ࿦Λߋʹൃలͤ͞ɼʮΘΕΒΛࣗ༝ʹ͢ΔϦϕϥϧɾΞʔπ*19ʯͱͯ͠ͷʮ஍ਤாʯ

ͷߏ૝Λ࣮͢ݱΔ͜ͱΛ੤ͬͯɼࢲͷത࢜࿦จͷʪΉ͢ͼʫͱ͢Δɽ

*19ʮਅཧ͕ΘΕΒΛࣗ༝ʹ͢Δʯʢh ձਤॻؗ๏ʱલจΑΓʣࠃཱࠃ
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A ֩೾ଋಈྗֶࢉܭʹؔ͢Δิ଍৘ใ

ຊ෇࿥Ͱ͸ɼຊڀݚͷ֩೾ଋಈྗֶࢉܭʹؔ͢Δิ଍৘ใΛ͢هɽ

ຊڀݚͰ͸ɼྔࢠ೾ଋࢉܭख๏ͱͯ͠ɼFourierม׵Λ༻͍ͨ෼ׂԋࢠࢉ๏ 128,129) Λ༻͍ͨɽ࣌ؒࠁ

Έ෯͸ 1 asɼۭؒࠁΈ෯͸ ∆R = 0.0125 ÅɼྖࢉܭҬ͸ 0.7–26.3 ÅͰۭؒ఺਺͸ 2048఺Ͱ͋Δɽ

LiF෼ࢠͰ͸ڞ༗݁߹ੑঢ়ଶ͕ղ཭ੑͰ͋Γɼղ཭೾ଋʹؔ͢Δॲཧ͕ඞཁͰ͋Δɽղ཭೾ଋΛྖࢉܭ

Ҭͷ୺Ͱٵऩ͢ΔͨΊʹɼຊڀݚͰ͸ઢֶޫܗϙςϯγϟϧ

Vopt(R) =

{
−ia(R−Ropt) (R ≥ Ropt)

0 (R < Ropt)
(1)

Λ༻͍ͨɽຊڀݚͰ͸ Ropt = 24.7 Åɼa = 0.1 eV/Åͱઃఆͨ͠ɽ͜ͷϙςϯγϟϧ͸ڏ෦͕ෛͰ͋Δ

ͷͰɼR ≥ Ropt ͷྖҬʹ৵ೖͨ͠೾ଋͷϙϐϡϨʔγϣϯ͸͕࣌ؒͨͭʹͭΕݮਰ͢Δ 130)ɽ

ຊڀݚͰ͸ɼΤωϧΪʔͷ୯Ґ͸ eVɼ௕͞ͷ୯Ґ͸ Åɼ࣌ؒͷ୯Ґ͸ fsɼ૒ࢠۃϞʔϝϯτͷ୯Ґ͸

debye(D)Λ༻͍ͨɽ͜ͷ୯Ґܥʹ͓͚Δૅج෺ཧఆ਺ͷ஋Λද 1ʹ·ͱΊΔɽͳ͓ɼૅج෺ཧఆ਺ͷ஋

͸ 2014೥ CODATAਪ঑஋ 131) Λ࢖༻ͨ͠ɽ

ຊڀݚͰ༻͍ͨ LiF෼ࢠϞσϧʹؔ͢Δఆ਺Λද 2ʹ·ͱΊΔɽ͜͜Ͱɼిجࢠఈঢ়ଶͷϙςϯγϟ

ϧΤωϧΪʔۂઢΛฏڑؒ֩ߧ཭ʹ͓͍ͯௐ࿨ۙ͢ࣅΔ͜ͱͰɼৼಈجఈঢ়ଶ೾ଋ

Ψ0(R) =
(α
π

) 1
4
exp

[
−α
2
(R−Req)

2
]

(2)

ΛٻΊͨɽ

ද 1 ෺ཧఆ਺ͷ஋ૅج

ϓϥϯΫఆ਺ h = 4.135 667 662 eV · fs
ޫ଎౓ c = 2.997 924 580× 103 Å · fs−1

ਅۭͷ༠ి཰ ε0 = 1.274 971 644× 10−1 D2 · Å−3 · eV−1

ද 2 LiFϞσϧʹؔ͢Δఆ਺

7Li19Fͷྔ࣭ࢉ׵ 132) M = 5.310 454 218× 102 eV · fs2 · Å−2

ฏڑؒ֩ߧ཭ Req = 1.581 Å

ৼಈجఈঢ়ଶ೾ଋ෯ α = 1.471× 102 Å−2
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B ࣌ؒൃలߏ଄ͱঢ়ଶۭؒߏ଄ͷߏ଄తಛ௃

ຊ෇࿥Ͱ͸ɼ࣌ؒൃలߏ଄ͱঢ়ଶۭؒߏ଄ͷߏ଄తಛ௃ʹ͍ͭͯ͢هɽ

B1 ࣌ؒൃలߏ଄ʹ͓͚Δॱংߏ଄

࣌ؒൃలߏ଄͕΋ͭҰൠతಛ௃͸ɼͦΕ͕൒ॱংߏ଄Λ΋ͭ͜ͱͰ͋Δɽ͜ͷ͜ͱ͸ҎԼͷΑ͏ʹࣔͤ

Δɽ·ͣɼ࣌ؒൃలߏ଄ͷμΠΞάϥϜʹ͓͚Δ˓ͷू߹Λ X ͱ͢Δɽू߹ X ͷݩ͸ʮ࣌ࠁ tʹঢ়ଶ s

Ͱ͋Δʯͱ͍͏ܗͷ৘ใͰ͋Δɽू߹ X ʹ͓͚Δೋ߲ؔ܎ʮ"ʯΛɼ

ʮxͷҎޙɼy Δʯ͜ى͕
def⇔ʮx" yʯ (3)

ͰఆΊΔɽ͢ͳΘͪೋ߲ؔ܎ʮ"ʯ͸࣌ؒൃలΛද͠ɼʮx" yʯ͸࣌ؒൃలߏ଄ͷμΠΞάϥϜͷதʹ x

͔Β y ΁ͱࢸΔΈ͕ͪ͋͢͡Δ͜ͱΛҙຯ͢Δ*20ɽ͜͜ͰʮҎޙʯͷҙຯͱͯ͠ʮx" xʯ΋ೝΊΕ͹ɼ

ೋ߲ؔ܎ʮ"ʯ͸ X ͷ൒ॱংؔ܎ͱͳΔɽ͢ͳΘͪҎԼ͕੒Γཱͭɿ

∀x ∈ X, x" xɼ (4)

∀x, y ∈ X, (x" y) ∧ (y " x) ⇒ x = yɼ (5)

∀x, y, z ∈ X, (x" y) ∧ (y " z) ⇒ x" zɽ (6)

͜ΕʹΑΓɼ࣌ؒൃలߏ଄͸൒ॱংߏ଄Λ΋ͭ͜ͱ͕Θ͔Δɽ

൒ॱংߏ଄͸ HasseਤʹΑͬͯਤࣔ͞ΕΔ͕ 61)ɼ࣌ؒൃలߏ଄ͷμΠΞάϥϜ͸·͞ʹʢೱ୶ͷ͍ͭ

ͨʣHasseਤͱΈͳͤΔɽHasseਤ͸ด࿏ͷͳ͍୯७༗޲άϥϑͰ͋Γɼ࣌ؒൃలߏ଄ͷμΠΞάϥϜ΋

ಉ༷Ͱ͋Δɽ༗޲άϥϑ͕୯७Ͱ͋Δͱ͸ɼࣗݾϧʔϓʢi → iͷΑ͏ʹ࢝఺ͱऴ఺͕ಉ͡༗޲ลʣͱଟ

ॏลʢi
a→ jɼi

b→ j ͷΑ͏ʹ࢝఺ͱऴ఺Λڞ༗͍ͯ͠Δෳ਺ͷลʣ͕ଘ͠ࡏͳ͍͜ͱΛ͍͏ɽ͞Βʹɼด

࿏ͱ͸ɼ͋Δ௖఺͔Βग़ൃ͠ɼ༗޲ลΛͨͲΔ͜ͱͰग़ൃ఺ͱಉ͡௖఺ʹ໭ͬͯ͘ΔΈͪ͢͡ͷ͜ͱͰ͋

Δɽ࣌ؒൃలߏ଄ͷμΠΞάϥϜʹด࿏͕ͳ͍ͷ͸ɼ࣌ؒൃలߏ଄ʹ͓͚ΔͦΕͧΕͷ˓͸ൃੜ࣌ࠁʹ

Αͬͯ΋۠ผ͞Εɼ࣌ؒ͸Ұํํ޲ʹྲྀΕΔͨΊɼܾͯ͠΋ͱͷ˓ʹ໭Εͳ͍ͱ͍͏ͷ͕ཧ༝Ͱ͋Δɽ

B2 ঢ়ଶۭؒߏ଄ʹ͓͚Δด࿏ߏ଄

લ߲ʹ͓͍ͯ࣌ؒൃలߏ଄ͷμΠΞάϥϜ͸Ұൠʹด࿏Λ΋ͨͳ͍͜ͱΛ͕ࣔͨ͠ɼঢ়ଶۭؒߏ଄ͷμ

ΠΞάϥϜ͸Ұൠʹด࿏Λ΋ͪ͏Δ*21ɽ͜Ε͸ɼ࣌ؒൃలߏ଄Λ͑ߟΔࡍʹ͸ҟͳΔ࣌ࠁͰ͋Ε͹ಉ͡

छྨͷঢ়ଶͰ΋۠ผ͕ͨ͠ɼঢ়ଶۭؒߏ଄Λ͑ߟΔࡍʹ͸ҟͳΔ࣌ࠁͰ΋ಉ͡छྨͷঢ়ଶͳΒ۠ผΛ͠ͳ

͍ͨΊͰ͋Δɽ͑׵͍ݴΕ͹ɼঢ়ଶۭؒߏ଄ͷμΠΞάϥϜ͸ɼ࣌ؒൃలߏ଄ͷμΠΞάϥϜ͕͍࣋ͬͯ

ͨେҬతͳ࣌ؒॱংߏ଄Λແ͢ࢹΔ୅ΘΓʹঢ়ଶؒͷہॴతͳੜىॱংؔ܎ͷΈΛநग़͠ɼ৘ใΛѹॖ͠

ͨ΋ͷͰ͋Δ͔ΒͰ͋Δɽ

ঢ়ଶۭؒߏ଄ͷμΠΞάϥϜͷด࿏ͷଘࡏ͸ɼܥͷهड़Λ୯७ʹͯ͘͠ΕΔɽࢉܭϓϩάϥϜʹ͓͍ͯ

൓෮੍ߏޚ଄ʢdoϧʔϓʣΛ࢖Θͳ͍ίʔυ͸ෳࡶɾ৑௕Ͱཧղࠔ೉ͳίʔυͱͯ͠سආ͞Εɼ൓෮੍ޚ

ࣄ଄Խ͞Εͨʯίʔυ͕Ϧʔμϒϧͳίʔυͱͯ͠ਪ঑͞ΕΔ͜ͱͱߏ଄ΛޮՌతʹ༻͍͍ͨΘΏΔʮߏ

৘͸ಉ͡Ͱ͋Δɽด࿏Λ͜͢ڐͱͰෳࡶͳݱ৅΋୯७ͳߏػͰද͠͏Δɽ͑ݴʹٯ͹ɼߏػ͸୯७Ͱ΋൓

*20࣌ؒൃలߏ଄ͷμΠΞάϥϜதͷʮˠʯͱɼ͜͜Ͱ͍͏࣌ؒൃలʮ"ʯ͸ҟͳΔɽʮ"ʯ͸ʮˠʯΛ࿈݁ͨ͠΋ͷͰ͋Δɽ
*21·ͨɼঢ়ଶۭؒߏ଄ͷμΠΞάϥϜ͸ࣗݾϧʔϓ΍ଟॏลΛ΋ͭ͜ͱ΋͋Δɽ
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෮ߏ଄͕͋Δ͜ͱʹΑΓݱ৅͸ෳࡶʹͳΓ͏Δͱ͍͏͜ͱͰ΋͋Δɽ൓෮͕ݱ৅ͷෳੑࡶͱଟ༷ੑͷࠜݯ

Ͱ͋Δ͜ͱ͸ྗֶܥཧ࿦͕໌Β͔ʹ͖ͯͨ͜͠ͱͰ͋Δɽ

C ࣌ؒґଘWKBཧ࿦ʹΑΔஅ೤࣌ؒൃలʮˠʯͷ൒ݹయྗֶతఆࣜԽ

ຊ෇࿥Ͱ͸ɼஅ೤࣌ؒൃలʮˠʯͷ࣌ؒґଘWKBཧ࿦ʹΑΔ൒ݹయྗֶఆࣜԽʹ͍ͭͯ͢هɽ͜ͷఆ

ࣜԽͰ͸ɼ֬཰ৼ෯͸WKBݻ༗ؔ਺ͷʠϨʔϧʡͷ্ΛҠૹ͞ΕΔͱΈͳͤΔ*22ɽ͜ͷఆࣜԽΛ༻͍

ͨసૹํఔࣜͷఆৗঢ়ଶݶۃ͸ɼChildͷ൒ݹయྔࢠԽཧ࿦ͷ݁ՌͱີݫʹҰக͢Δɽද 3ʹຊ෇࿥ͷ࣌

ؒґଘWKBཧ࿦ʹΑΔఆࣜԽͱຊฤͷ Herman–Klukཧ࿦ʹΑΔఆࣜԽͷൺֱΛ·ͱΊΔɽ

ද 3 ࣌ؒґଘWKBཧ࿦ͱ Herman–Klukཧ࿦ʹΑΔஅ೤࣌ؒൃలʮˠʯͷఆࣜԽͷൺֱɽn͸స

ճ఺Λ௨աͨ͠ճ਺ʢMaslovࢦ਺ʣɽ

ཧ࿦ૅج ભҠ࣌ؒ ભҠৼ෯ɹ

࣌ؒґଘWKBཧ࿦ɹ యભҠ࣌ؒݹ e
i
!St−n iπ

2

Herman–Klukཧ࿦ యભҠ࣌ؒɹݹ Cte
i
!St

C1 ࣌ؒґଘWKBཧ࿦

ຊ߲Ͱ͸ɼ࣌ؒґଘWKBཧ࿦ʹ͍ͭͯઆ໌͢Δɽͱ͘ʹɼసճ఺͔Βԕ͘཭ΕͨྖҬͰ͸ɼஅ೤࣌ؒ

ൃలͷભҠ࣌ؒ͸ݹయྗֶͷͦΕͱ౳͘͠ɼભҠৼ෯͸ e
i
!StʢSt ͸ݹయ࡞༻ʣͰ͋Δ͜ͱΛࣔ͢ɽ

ґଘؒ࣌ݩ1࣍ Schrödingerํఔࣜ

i! ∂
∂t

Ψ(R, t) =

[
− !2
2M

∂2

∂R2
+ V (R)

]
Ψ(R, t) (7)

ͷղͷܗͱͯ͠
Ψ(R, t) = A(R, t)e

i
!S(R,t) (8)

Λ͑ߟΔɽA(R, t)ɼS(R, t)͸ͱ΋ʹ࣮ؔ਺ͰͦΕͧΕ Ψ(R, t)ͷઈର஋ͱҐ૬Λද͢ɽղ (8)Λํఔࣜ

(7)ʹ୅ೖ͠ɼ࣮෦ͱڏ෦ʹ෼͚ͯ੔ཧ͢Δ͜ͱͰҎԼͷ࿈ཱํఔ͕ࣜಘΒΕΔɿ

∂S

∂t
+

1

2M

(
∂S

∂R

)2

+ V (R) =
!2

2MA

∂2A

∂R2
ɼ (9)

∂A

∂t
+

1

M

∂S

∂R

∂A

∂R
+

1

2M

∂2S

∂R2
A = 0ɽ (10)

൒ݹయݶۃΛ͑ߟ !2 ͷ߲Λແ͢ࢹΔͱɼA ̸= 0Ͱ͋Ε͹ɼࣜ (9)͸

∂S

∂t
+

1

2M

(
∂S

∂R

)2

+ V (R) = 0 (11)

ͱͳΔɽ͜Ε͸ݹయྗֶʹ͓͚Δ Hamilton–Jacobiํఔࣜͦͷ΋ͷͰ͋Γɼͦͷղ͸

SE(R, t) =

∫ R

R0

P dR− Et (12)

*22ຊฤͷ Herman–Klukཧ࿦ʹΑΔఆࣜԽͰ͸ݹయيಓ͕ʠϨʔϧʡͰ͋ͬͨɽ
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Ͱ༩͑ΒΕΔɽ͜͜Ͱ P ͸ݹయӡಈྔɼE ͸ΤωϧΪʔʹ૬౰͢Δఆ਺Ͱ

E =
P 2

2M
+ V (R) (13)

͕੒ΓཱͭɽP > 0ͷ৔߹ʹ͸ɼৼ෯ Aʹؔ͢Δํఔࣜ (10)͸

∂AE

∂t
+

1

M

√
2M [E − V (R)]

∂AE

∂R
+

V ′(R)

2M

√
2M

E − V (R)
AE = 0 (14)

ͱͳΔɽ࣌ؒ tʹؔ͢Δ Aͷ Fourierม׵Λ Ã(R,ω)ͱ͢Δͱɼ

iωÃE +
1

M

√
2M [E − V (R)]

∂ÃE

∂R
+

V ′(R)

2M

√
2M

E − V (R)
ÃE = 0 (15)

͕੒Γཱ͔ͭΒɼ

ÃE(R,ω) = Aω
E exp

[
−1

2
ln[E − V (R)]− iωτE(R)

]
(16)

ͱͳΔɽ͜͜Ͱ

τE(R) =

∫ R

R0

√
M

2[E − V (R′)]
dR′ (17)

Ͱ͋Γɼ͜Ε͸ΤωϧΪʔ E ͷݹయཻ͕ࢠ R0 ͔Β R·ͰҠಈ͢Δͷʹ͔͔ΔભҠ࣌ؒͰ͋Δɽࣜ (16)

Λٯ Fourierม͢׵Δͱ

AE(R, t) =
1

2π

∫ ∞

−∞
Aω

E exp

[
−1

2
ln[E − V (R)]

]
eiω(t−τE(R))dt (18)

≡ 1√
E − V (R)

ψ(t− τE(R)) (19)

ΛಘΔɽ͜͜Ͱ ψ(t) ͸೚ҙؔ਺Ͱ͋ΔɽP < 0 ͷͱ͖΋ಉ༷ͷ݁ՌΛಘΔɽΑͬͯɼ࣌ؒґଘ

Schrödingerํఔࣜ (7)ͷ൒ݹయۙࣅղ͸

ΨE(R, t) =
1√

E − V (R)
exp

[
i

!

∫ R

R0

P dR− Et

]
ψ(t− τE(R)) (20)

Λ P ͷූ߸ͱ E ʹؔͯ͠ॏͶ߹Θͤͨ΋ͷʹͳΔɽ

ͱ͜ΖͰɼ࣌ؒඇґଘ໰୊ͷWKBղ͸

φWKB
E (R) ∝ 1√

E − V (R)
exp

[
i

!

∫ R

R0

P dR

]
(21)

ͷܗͰॻ͚Δ͜ͱ͔Β࣌ؒґଘղ (20)͸

ΨE(R, t) = φWKB
E (R)e−

i
!Etψ(t− τE(R)) (22)

ͷΑ͏ʹॻ͚Δɽ͢ͳΘ্ͪͰٻΊͨ࣌ؒґଘ൒ݹయۙࣅղ͸WKBۙࣅղͷ࣌ؒґଘ֦ுͰ͋Δɽ

൒ݹయۙࣅղ (22)Λผͷํ๏Ͱಋग़͢Δ͜ͱͰɼ࣌ؒґଘWKBۙࣅʹ͍ͭͯΑΓਂ͍ཧղ͕ಘΒΕ

Δɽ࣌ؒґଘ Schrödingerํఔࣜͷղ͸ΤωϧΪʔݻ༗ؔ਺ φE ͷॏͶ߹ΘͤʹΑΓද͞ΕΔɿ

Ψ(R, t) =

∫
dE′σ(E′)φE′(R)e−

i
!E′tɽ (23)
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͜͜Ͱ σ(E)͸ΤωϧΪʔεϖΫτϧͰ͋Δɽ͍·͜ͷΤωϧΪʔεϖΫτϧ͕ΤωϧΪʔ E ʹ͓͍ͯ

Ӷ͍ϐʔΫΛ΋ͪɼ͞ΒʹΤωϧΪʔݻ༗ؔ਺͸࣌ؒඇґଘWKBղ (21)ͰۙࣅͰ͖Δͱ͢Δͱɼ

Ψ(R, t) ≃ φWKB
E (R)e−

i
!Et

∫
dE′σ(E′)

φWKB
E′ (R)

φWKB
E (R)

e−
i
! (E′−E)t (24)

≃ φWKB
E (R)e−

i
!Et

∫
dE′σ(E′)e−

i
! (E′−E)(t−τE(R)) (25)

= φWKB
E (R)e−

i
!Etψ(t− τE(R)) (26)

ͷΑ͏ʹ࣌ؒґଘWKBղ (22)͕ಘΒΕΔɽ͜͜Ͱ ∆E = E′ − E ʹؔ͢Δల։

φWKB
E′ (R)

φWKB
E (R)

=

(
E′ − V (R)

E − V (R)

)− 1
4

exp

[
i

!

∫ R

R0

√
2M [E′ − V (R′)]dR′ − i

!

∫ R

R0

√
2M [E − V (R′)]dR′

]

=

(
1− ∆E

4
+ · · ·

)
exp

[
i

!

∫ R

R0

√
M

2[E − V (R′)]
dR′∆E +

i

2!

∫ R

R0

√
M

2[E − V (R′)]3
dR′(∆E)2 + · · ·

]

=

(
1− ∆E

4
+ · · ·

)
exp

[
i

!τE(R)∆E +
i

!
∂τE(R)

∂E
(∆E)2 + · · ·

]

ʹ͓͍ͯ∆E ͷ࠷௿࣍ͷ߲ͷΈྀ͢ߟΔۙࣅΛ23*ͨͬߦ ɽ͜ͷಋग़͔Β࣌ؒґଘWKBղ ΨWKB
E (R, t)

͸ΤωϧΪʔεϖΫτϧͷ E ۙ๣ͷد༩Λ଍͠߹Θͤͨ΋ͷʹ౳͍͜͠ͱ͕෼͔Δɽ͞ΒʹʮE ۙ๣ʯ

ͷఆྔతҙຯ͸

∆E ≪ !
∂τE(R)

∂E ∆E
(27)

Ͱ͋Δ͜ͱ΋෼͔Δɽ͜ͷӈลͷ෼฼ͷҙຯ͸ʮΤωϧΪʔ E′ ͱ E ͷ̎ͭͷݹయيಓͷҠಈ࣌ؒͷࠩʯ

Ͱ͋Γɼ͜Ε͕େ͖͍΄Ͳʮશମ͕ॴཁ࣌ؒ τE(R)ͰҠಈ͢ΔʯͱΈͳͤͳ͘ͳΓɼ೾ଋͷ͕޿͕ܗΓ่

Ε͍ͯ͘ɽ

Ҏ্ΑΓɼΤωϧΪʔεϖΫτϧͷ E ۙ๣ͷ੒෼ʹؔͯ͠͸ɼWKB ੒ΓཱͭྖҬʹ͓͍ͯɼ͕ࣅۙ

WKB ༗ؔ਺ݻ φWKB
E (R) ͷʠϨʔϧʡͷ্Λɼ֬཰ৼ෯ ψ ͕ʠҠૹ͞Ε͍ͯ͘ʡͱ͍͏ඳ૾͕੒Γཱ

ͭɽΑͬͯɼ࣌ؒґଘWKB͕ۙࣅ༗ޮͳྖҬΛӡಈ͢Δࡍɼஅ೤࣌ؒൃలʮˠʯʹؔ͢ΔભҠৼ෯ͱભ

Ҡ࣌ؒ͸

α = exp

[
i

!

∫ Rf

Ri

PdR− i

!Eτ
]
ɼ (28)

τ =

∫ Rf

Ri

√
M

2[E − V (R)]
dR (29)

ͰࢉܭͰ͖Δɽͭ·Γɼݹయ࡞༻ੵ෼ͱݹయભҠ࣌ؒΛධՁ͢Ε͹Α͍ɽ

C2 సճ఺௨աͱMaslovҐ૬

લ߲Ͱ༻͍ͨ࣌ؒґଘWKBۙࣅ͸ɼ࣌ؒඇґଘWKBۙࣅͱಉ༷ʹɼసճ఺Ͱഁ୼͢ΔɽͳͥͳΒ

͹ɼݹయ Hamilton–Jacobiํఔࣜ (11)͸ৼ෯߲ A͕ 0Ͱͳ͍ͱ͍͏৚݅ͷ΋ͱ൒ݹయݶۃʹΑΓಋ͔

*23൒ݹయݶۃʹ͓͍ͯ͸ !΋খ͍͞ͷͰɼ∆E/! = O(1)ͱͯ͠ѻͬͨɽ
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Εͨ΋ͷͰ͋Δ͕ɼసճ఺Ͱ͸ A = 0ͱͳͬͯ͠·͏͔ΒͰ͋Δɽͦ͜Ͱຊ߲Ͱ͸ɼసճ఺ۙ๣ʹ͓͚

Δ೾ଋͷڍಈΛௐ΂ͯɼͦΕΛ࣌ؒґଘWKBղʹ઀ଓ͢Δ͜ͱΛ͑ߟΔɽ

సճ఺ۙ๣Ͱϙςϯγϟϧ͕
V (R) = a(R−Rturn) (30)

ͰۙࣅͰ͖Δͱͯ͠ɼGauss೾ଋͷసճͷ༷ࢠΛௐ΂ΔɽGauss೾ଋ

ΨG(R, t) = exp

[
−αt(R−Rt)

2 +
i

!Pt(R−Rt) +
i

!γt
]

(31)

͸ઢܗϙςϯγϟϧ (30)ͷ΋ͱҎԼͷΑ͏ʹӡಈ͢Δɿ

Pt = −atɼ (32)

Rt = Rturn − a

2M
t2ɼ (33)

αt =
M

2i!
1

t+ τ0
ɼ (34)

γt =

∫ t

0

[
P 2
t′

2M
− V (Rt′)

]
dt′ − !

2i
ln(t+ τ0)ɽ (35)

ͨͩ͠ t = 0ʹ͓͍ͯ೾ଋ͸సճ͢Δ΋ͷͱ͠ɼ

τ0 =
M

2i!α0
(36)

Ͱ α0 ͸ਖ਼ͷ࣮਺ͱ͢Δɽγt ͷୈҰ߲͸ݹయيಓ (Pt, Rt)ʹؔ͢Δ࡞༻ੵ෼Ͱ͋Δɽ͜ΕΑΓ

ΨG(R, t) =
1√

|t+ τ0|
exp

[
−αt(R−Rt)

2 +
i

!Pt(R−Rt) +
i

!Scl −
1

2
arg(t+ τ0)

]
(37)

ΛಘΔɽ͞Βʹ

Pt = −P−tɼ (38)

Rt = R−tɼ (39)

ℜ(αt) = ℜ(α−t)ɼ (40)
√

|t+ τ0| =
√
|− t+ τ0| (41)

͕੒Γཱͭɽ·ͨɼα0 ͸ਖ਼ͷ࣮਺ͳͷͰɼτ0 ͷڏ෦͸ෛͰ͋Δ͔Βɼ

lim
t→∞

arg(t+ τ0)− lim
t→−∞

arg(t+ τ0) = π (42)

͕੒Γཱͭɽ
lim
t→∞

ℑ(αt)− lim
t→−∞

ℑ(αt) = 0 (43)

΋ྀ͢ߟΕ͹ɼసճ఺௨աͰ֫ಘ͢Δਖ਼ຯͷҐ૬͸

Scl

! − π

2
(44)

ͱͳΔɽୈ 1߲͸WKB࣌ؒൃలͱಉ͡ݹయ࡞༻ੵ෼ʹΑΔҐ૬֫ಘͰ͋Γɼୈ 2߲͸MaslovҐ૬ͱ

ͯ͠஌ΒΕΔɽ·ͨɼࣜ (32)ͱ (33)͸ݹయӡಈΛද͢ͷͰɼભҠ࣌ؒ͸΍͸ΓݹయભҠ࣌ؒʹΑͬͯධ

ՁͰ͖Δɽ
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໺ʣٛయॿڭɼࢁ؍ਖ਼ಓത࢜ɼࣨڀݚͷઌഐͷߴᬒ࢙ݡത࢜ɼञҪ༎࢜ത࢜ɼখদঘొത࢜ɼಉظͷڮߴ

ಯ܅ɼ੢઒ٓ඙܅ɼޙഐͷ҆ഒ܅ͱদຩ܅͸ɼ෱ౡઌੜͱಉ༷ʹఆྫձʹͯٞ࿦ΛަΘͯͩ͘͠͞Γɼ·

ͨྑֶ͍ज़తܹࢗΛ༩͍͑ͯͩ͘͞·ͨ͠ɽ

म࢜՝ఔࢦಋ׭ڭͷߴ௩࿨෉ڭत͸ɼࢲΛཧ࿦෼ࢠՊֶͷڀݚ΁ͱಋ͍͍ͯͩ͘͞·ͨ͠ɽߴ௩ઌੜ͕

͜ͷۨ৔ͰڭฬΛͱΒΕ͍ͯͳ͔ͬͨΒɼࢲ͸෼ࢠՊֶͷڀݚΛ͍ͯ͠ͳ͔͔ͬͨ΋͠Ε·ͤΜɽߴ௩ݚ

͍ͨ༺͍͓ͯʹڀݚथത࢜͸ɼຊ߁Ͱ͋ͬͨ৽࡚ऀڀݚಉڞ͍͓ͯʹࣨڀ LiF෼ࢠϞσϧͷϙςϯγϟϧ

ΤωϧΪʔۂઢͷσʔλΛ༻ҙͯͩ͘͠͞Γɼڀݚʹؔͯ͠ଟ͘ͷॿݴΛ͍ͩ͘͞·ͨ͠ɽߴ௩ࣨڀݚͷ

ͷ༷ʑͳ໘Ͱ͓ੈ࿩ʹͳΓ·ͨ͠ɽ׆ੜࣨڀݚ͸ɼֶ෦ɾम࢜՝ఔͷؒɼʹڭॿ૱ڮߴ

๺ւಓେֶͷখদ࡚ຽथڭत͸ɼຊത࢜࿦จͷ৹ࠪͷࡍʹɼຊത࢜࿦จʹؔ࿈͢ΔจݙΛͩͯ͑͘͞ڭ

͍·ͨ͠ɽখদ࡚ࣨڀݚͷࣉຊԝ।ڭत͸ɼത࢜ 1೥ੜͷࢲΛ๺ւಓେֶͰ։͞࠵ΕͨڀݚձʹݺΜͰ͘

ͩ͞Γɼ͜ͷڀݚձͰݟฉ͖ͨ͜͠ͱ͕ຊڀݚͷண૝ʹͭͳ͕Γ·ͨ͠ɽখদ࡚ࣨڀݚ OBͷӬ഼༟ത࢜

͸ɼֶձ౳ʹ͓͍ͯຊڀݚʹؔͯٞ͠࿦͍ͯͩ͘͠͞·ͨ͠ɽ·ͨɼӬ഼ത࢜ͷ஥ཱͪʹΑΓɼ࡛ۄେֶ

ͷງ࢙وࢁ।ڭतͱసૹํఔࣜͷ਺஋ࢉܭΞϧΰϦζϜʹؔ͢Δٞ࿦ΛަΘ͍͖ͤͯͨͩ͞·ͨ͠ɽ

ֶ෦࣌୅͔Βͷ༑ਓͰ͋Δ஑ాफथ܅ʹ͸ɼਆܦՊֶ෼໺ʹ͓͚Δঢ়ଶભҠߏ଄ʹؔ͢Δ࿦จΛͯ͑ڭ

͍͖ͨͩ·ͨ͠ɽ஑ా܅Λච಄ͱֶͯ͠෦ɾӃੜ࣌୅ͷಉظͱ͸ଟ͘ͷֶज़తٞ࿦ΛަΘ͠ɼ·ͨۨ৔ʹ

͍ΔઌੜํͷٛߨΛड͚Δ͜ͱʹΑͬͯɼࢲͷ΋ͷͷํݟʢߏ଄త؍఺ͳͲʣ͕ഓΘΕɼ͜ͷത࢜࿦จʹ

ͭͳ͕ͬͨͱ͍ͯ͑ߟ·͢ɽ

Λ๣Ͱࢲ͍ͨͯͬ·Λҭͯͯ͘Εͨ྆਌ɾ૆෕฼ͱɼത࢜࿦จࣥචͰ੾Ӌ٧ࢲɼେֶʹೖΔ·Ͱʹޙ࠷

ɽ͢·͠ँײʹɾཧࠫ࠺Εͨͯ͑͘ࢧ


