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1

ୈ 1ষ

ং

͜ͷੈͷ͋ΒΏΔͷ͝ͱɺઈ͑ؒͳ͘มԽͯ͠·ͳ͍ɽݩلલ ΪϦγϟͰݹɼޙલل5ੈ

ֶऀϔϥΫϨΠτε͕ʮສྲྀసʯΛઆ͖ 1)ɼݹΠϯυͰΨλϚɾγομʔϧλ͕ʮॾߦແ

ৗʯΛઆ͍ͨ 2)ɽΘΕΘΕώτΛؚΉੜ໋ɼँԠʹΑΓ࣭ΤωϧΪʔΛઈ͑ͣม͠ͳ͚Ε

ͰݱͰ͖ͳ͍ɽਓྨʹจ໌ΛͨΒͨ͠Ր*1ɼԽֶԠͱ࣭ҠಈɾҠಈ͔ΒͳΔಈత࣋Λҡݾࣗ

͋Δɽ༔ٱෆมͱݟͳ͞ΕΔ͜ͱଟ͍ࢁՏେɼ͍݄Λ͔͚ͯܗΛม͑ɼҐஔΛม͑Δɽ͜ͷ

ੈքຊ࣭తʹಈతͰ͋Δɽ

͜ͷಈతͳੈքʹੜ͖ΔਓؒɼݹདྷΑΓɼಈతݱͷཧղͱ༧ଌɼͦΕΒʹݱͮ͘جͷ੍ޚࣄ

ͷʹΑͬͯɼจԽΛҭΈɼੜ׆Λ๛͔ʹ͖ͯͨ͠ɽྫ͑ݹதࠃͰɼ͜ͷੈͷੜ໓มԽΛӄཅͷ

Խ͞Εͨܥ࿉୮ज़ͳͲ͕ମ͢ࢦΛࢮɼະདྷΛ༧ଌ͢ΔқɼෆෆʹجཧΛݪཧͰઆ໌͠ɼͦͷݪ 3,4)ɽ

Λཧղɾઆ໌ɾ༧ଌ͢Δ͜ͱΛݱผͷݸཧΛղ͖໌͔ͯ͠ɼݪͷීวతݱʹ͓͍ͯɼՊֶɼݱ

͠ࢦɼٕज़ɼՊֶͷՌԠ༻͠ͳ͕Βɼਓؒͷੜ׆ࣾձʹ͓͚ΔΛղܾͯ͠ɼզʑͷੜ׆Λ

ΑΓ๛͔ʹ͍ͯ͘͜͠ͱΛ͍ͯ͠ࢦΔ 5)ɽ

ຊจɼ͜ͷΑ͏ͳਓྨͷจԽతӦҝͷྲྀΕͷதʹ͋Δɽຊจɼ͜ͷੈքͷಈతݱͷૉաఔͷ

ҰͭͰ͋ΔԽֶԠʹؔͯ͠චऀ͕ཧతʹͨ͜͠ڀݚͱΛ·ͱΊͨͷͰ͋Δɽͱ͘ʹຊڀݚɼԽֶ

ԠͷதͰʮඇஅԽֶಈྗֶʯͱ͍͏ओΛɼʮߏʯͱ͍͏؍͔ΒɼʮμΠΞάϥϜʯͱʮཧత

Ͱ͋ΔɽຊষͷҎԼͷઅͰɼ͜Εڀݚͨ͠ࢦ๏Λ༻͍ͯɼཧతʹཧղ͢Δ͜ͱΛํݱड़ʯͱ͍͏දه

Βͷओɾ؍ɾදํݱ๏ʹ͍ͭͯͦΕͧΕৄड़͠ɼຊڀݚͷతͱຊจͷߏΛ໌Β͔ʹ͢Δɽ

1.1 ඇஅԽֶಈྗֶ

ຊઅͰɼຊڀݚͷओͰ͋ΔඇஅԽֶಈྗֶͷֶతഎܠຊڀݚͷڀݚಈػΛड़Δɽ

1.1.1 ԽֶԠʹ͓͚Δೋͭͷࢹ

ԽֶԠɼΘΕΘΕ͕ৗతʹ͢ΔࣗવݱͷૉաఔͷҰͭͰ͋Δɽ͜ͷষͷ಄ʹͨ͛ڍੜ໋

ՐΛҡ࣋͢ΔաఔɼେʢؠੴʣΛܗ͢ΔաఔʹԽֶԠ͕ૉաఔͱͯؔ͠༩͢ΔɽҰൠʹɼৗੈ

քͷࣗવݱԽֶԠͱҠಈݱ*2͔ΒͳΔͱ͍ͬͯաݴͰͳ͍ 6)ɽ͕ͨͬͯ͠ɼԽֶԠͷڀݚ

ɼੜ໋ݱ೩মݱɼֶݱͳͲΛؚΊͨৗੈքͷॾݱͷཧղʹର͢ΔૅجΛ༩͑Δɽ

*1ϔϥΫϨΠτεɼੈքΛʮӬԕʹੜ͖ΔՐʯͱͨͬݴ 1)ɽ
*2༌ૹݱͱ͍͏ɽ࣭ɾΤωϧΪʔɾӡಈྔͳͲͷ֦ࢄҠྲྀͷ͜ͱɽ



ୈ 1ষ ং 2

ԽֶԠͷཧֶతཧղΛ͢ࢦԽֶԠɼԠʢChemical KineticsʣͱԽֶಈྗֶ

ʢChemical Dynamicsʣʹେผ͞ΕΔ 7,8)ɽԠͰɼԽֶԠܥͷߏͷؒ࣌มԽΛɼϞϧ

ೱͳͲͷϚΫϩͳ؍ଌྔʹΑͬͯ͡ΔɽҰํɼԽֶಈྗֶͰɼࢠݪࢠͳͲͷϛΫϩͳಈྗֶΛ

͋ΒΘʹྀͯ͠ߟԽֶԠΛ͡ΔɽϚΫϩͳԠͷࢧํఔࣜԠࣜʢrate equationʣͰ

͋ΓɼϛΫϩͳԽֶಈྗֶͷํૅجఔࣜ SchrödingerํఔࣜͰ͋ΔɽݪཧతʹɼϛΫϩͳԽֶಈྗֶ

ͷใΛฏۉԽ͢Δ͜ͱͰɼϚΫϩͳԠͷใΛಘΔ͜ͱ͕Ͱ͖Δ 7)ɽ

ຊڀݚͰɼSchrödingerํఔࣜΛํૅجఔࣜͱ͢ΔɼϛΫϩͳԽֶಈྗֶͷࢹ͔ΒԽֶԠͷཧ

తཧղΛ͢ࢦɽචऀ͕ϛΫϩͳԽֶಈྗֶͷཧతཧղΛ͢ࢦཧ༝ओʹೋͭ͋Δɽ

ୈҰͷཧ༝ɼʮීวతͳୈҰݪཧͱͯ͠ͷྔֶྗࢠͱɼ͜ͷੈքͷଟछଟ༷ͳԽֶԠݱͱ͕Ͳͷ

Α͏ʹͭͳ͕Δͷ͔ʯͱ͍͏ݪཧతٙͷଘࡏͰ͋ΔɽৗੈքͷϛΫϩͳݪཧͱͯ͠ͷྔֶྗࢠͱɼϚ

Ϋϩͳݱͱͯ͠ͷԽֶԠͱͷΪϟοϓେ͖͘ɼ͜ͷͭͳ͕Γࣗ໌Ͱͳ͍ɽʮݱతͳ࣭؍Ͱ

͋ΔྔࢠͱɼݹయతͳԽֶԠͷΪϟοϓͲͷΑ͏ʹຒΊΒΕΔͷ͔ʯɼʮීวతͰҰ༷ͳྔֶྗࢠ

ͷݪཧʹΑͬͯɼݸผతͰଟ༷ͳԽֶԠΛ͍͔ʹܥ౷తʹཧղ͢Δ͔ʯͱ͍͏͍ͱతح৺͕ɼຊ

ͷҰͭͰ͋Δɽػͷࠜຊͷಈڀݚ

ୈೋͷཧ༝ɼԽֶԠͷޮత੍ޚɼ༗༻ͳػΛ༗͢ΔࢠͷઃࢦܭΛ༩͑ΔͨΊʹɼԽֶ

ԠΛϛΫϩͳಈྗֶͷࢹ͔Βཧղ͢Δ͜ͱ͕༗༻Ͱ͋Δ͔ΒͰ͋ΔɽݹయతͳԽֶԠ੍ޚͰɼԹ

ѹྗͳͲͷϚΫϩͳύϥϝʔλΛ௨ͯ͠ԽֶԠΛ੍͢ޚΔɽ͜ͷΑ͏ͳԽֶྗֶతํ๏Ͱɼଟ͘

ͷΤωϧΪʔ͕ඞཁͰ͋ͬͨΓɼෆཁͳ෭࢈ੜ͍͢͡ɽͦ͜ͰɼϨʔβʔޫΛ༻͍ͯϛΫϩͳಈྗ

ֶΛ੍͢ޚΔ͜ͱʹΑͬͯɼΑΓޮత͔ͭબతʹԽֶԠΛ੍͠ޚΑ͏ͱ͍͏͕ڀݚԽֶಈྗֶͷ

ͰߦΘΕ͖ͯͨ 9)ɽϨʔβʔޫͷڧɾৼಈɾҐ૬ͳͲͷύϥϝʔλΛௐઅ͢Δ͜ͱͰɼඇ౷ܭత

ʹԽֶԠΛ੍ޚͰ͖ɼैདྷͷԽֶྗֶత੍ޚΑΓޮͷྑ੍͍͞ݱ࣮͕ޚΕ͏Δɽ·ͨɼࢠϚγ

ϯͷΑ͏ͳಈྗֶతػΛ༗͢ΔࢠΛઃ͢ܭΔͨΊʹɼԽֶಈྗֶͷཧղ͔ܽͤͳ͍ɽ͜ͷΑ͏

ʹɼʮϚΫϩͳݱతཧղΛ͑ͨϛΫϩͳݪཧతཧղʹΑΓɼԽֶԠ੍ޚࢠઃܭͷࣗ༝Λߴ

ΊΔ͜ͱ͕Ͱ͖Δʯͱ͍͏࣮ࣄͱ࣮༻తؔ৺͕ɼຊڀݚͷ͏ҰͭͷࠜຊಈػͰ͋Δɽ

·ͨɼԽֶԠΛϛΫϩͳಈྗֶ͔Βཧղ͢ΔͨΊͷ࣮ٕݧज़ٕػࢉܭज़ͷख़ͱ͍͏࣌എܠɼ

ԽֶಈྗֶڀݚΛޙԡ͢͠Δɽ1980 ʹ A. H. Zewail*3ͷάϧʔϓ͕࣮ͨ͠ݱϑΣϜτඵʢ10−15

ඵʣͷλΠϜεέʔϧͷؒ࣌ղޫ؍ଌʹΑΓɼʮkineticsͰͳ͘ dynamics10)ʯΛ࣮ݧͰ؍ଌͰ͖Δ

Α͏ʹͳͬͨɽ͞Βʹɼ୯࡞ૢࢠɾ୯؍ࢠଌՄͳݱͰɼ͕ࢠଟू·ͬͨूஂతɾ౷ܭฏ

ྗࢉܭͷػࢉܭॏཁͱͳΔɽ·ͨɼڀݚผతͳϛΫϩͷಈྗֶͷݸಈͷΈͳΒͣɼڍతͳϚΫϩͳۉ

ͷ্ʹΑͬͯɼߴਫ਼ͳྔࢠԽֶࢉܭͱ֩ଋಈྗֶࢉܭɾࢠಈྗֶ͕ࢉܭՄͱͳΓɼԽֶԠΛ

ϛΫϩͳୈҰݪཧ͔Βཧղ͢ΔͨΊͷٕज़త͕͖͍ͬͯͯΔɽ

Ҏ্ͷཧ༝എ͔ܠΒɼຊڀݚԽֶಈྗֶʹযΛͯΔɽ߲࣍ͰɼԽֶಈྗֶͷཧతΈΛ

؆୯ʹհ͠ɼຊڀݚʹ͓͍ͯཧղͷରͱ͢ΔඇஅԽֶಈྗֶʹ͍ͭͯհ͢Δɽ

1.1.2 ԽֶಈྗֶͷΈ

తཧԽֶɼ1927ݱͮ͘جʹֶྗࢠྔ ʹൃද͞Εͨ M. Born ͱ R. Oppenheimer ͷจ

ʠZur Quantentheorie der Molekeln11)ʡʹͦͷҰΛൃ͢Δɽ͜ͷจͰ༻͍ΒΕͨۙࣅख๏ɼޙʹ

ʮBorn–OppenheimerۙࣅʯͱΑΕɼཧԽֶͷத৺తͳཧతΈͱͳͬͨɽຊ߲Ͱɼ͜ ͷ Born

*31999ϊʔϕϧԽֶडɽ
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ͱ Oppenheimerཱ͕֬ͨ͠ݱཧԽֶͷཧతΈΛհ͠ɼͦͷཧతΈ͕ഁ͢Δ߹ͷ

Խֶಈྗֶ—ඇஅԽֶಈྗֶ—ʹ͍ͭͯ؆୯ʹհ͢Δɽ*4

Born-Oppenheimer ࢠ͢ΔిߏΛࢠͷΈͷதͰɼࣅͷҰछͰ͋Δɽஅۙࣅஅۙࣅۙ

ͷ࣭ྔΑΓࢠͷ࣭ྔ͕ి֩ࢠݪͷӡಈͷ͞ΕΔɽ͜Εɼܥ֩ࢠݪͱܥ 4ܻҎ্େ͖͘ɼ

ࢭ੩֩ࢠݪʹࡍΔ͑ߟͷӡಈΛࢠͷӡಈʹൺͯඇৗʹΏͬ͘ΓͰ͋ΔͨΊɼిࢠͷӡಈి֩ࢠݪ

͍ͯ͠ΔͱΈͳͯ͠Α͍ɼͱ͍͏ͮ͘جʹ͑ߟɽ͢ͳΘͪɼ·ͣ֩ࢠݪΛ੩ͨͤ͞ࢭͱͰిܥࢠͷঢ়

ଶʹؔ͢Δؒ࣌ඇґଘ SchrödingerํఔࣜΛղ͖ɼ࣍ʹͦͷిܥࢠͷݻ༗ঢ়ଶ͕࡞Δ༗ޮϙςϯγϟϧ্

ͷӡಈͱͯ֩͠ࢠݪͷӡಈΛऔΓѻ͏ɼͱ͍͏ΈͰ͋Δɽ֩ࢠݪΛ੩ͨͤ͞ࢭͱ͖ͷిܥࢠͷݻ༗ঢ়

ଶஅిࢠঢ়ଶͱΑΕɼͦΕ͕࡞Δ֩ࢠݪʹର͢Δ༗ޮϙςϯγϟϧஅϙςϯγϟϧΤωϧΪʔ

໘ͱΑΕΔɽҰൠʹɼஅిࢠঢ়ଶͷ͚ͩஅϙςϯγϟϧΤωϧΪʔ໘ଘ͢ࡏΔ͕ɼ֩ࢠݪͷӡ

ಈ͕ेΏͬ͘ΓͰ͋ΕɼͦΕͧΕͷஅϙςϯγϟϧΤωϧΪʔ໘্ͷ֩ࢠݪͷӡಈಠཱͰ͋Δͱ

ΈͳͤΔɽ͜Ε͕அۙࣅͰ͋Δɽͭ·ΓɼஅۙࣅͷΈʹ͓͍ͯɼࢠͷμΠφϛΫεΛཧղ͢

Δʹɼ1ͭͷஅిࢠঢ়ଶ͕࡞Δ 1ຕͷஅϙςϯγϟϧΤωϧΪʔ໘্ͷ֩ࢠݪͷӡಈʹ͍ͭͯཧղ

͢ΕΑ͍͜ͱʹͳΔɽ͜ͷஅϙςϯγϟϧΤωϧΪʔ໘্ͷ֩ࢠݪͷӡಈಈؔʢ֩ଋʣͷ࣌

ؒൃలʹΑͬͯهड़͞ΕΔ͕ɼ֩ࢠݪͷ࣭Ͱ͋Γݹయੑ͕͍ͨڧΊʹɼ֩ࢠݪͷӡಈΛݹయ

ྗֶͰهड़͢Δ͜ͱଟ͍ɽ͍ΘΏΔࢠಈྗֶʢMDʣγϛϡϨʔγϣϯͷଟ͘͜ͷൣᙝʹೖΔɽ·

ͨɼ֩ࢠݪͷӡಈΛݹయྗֶ*5 ʹΑͬͯهड़͢Δ͜ͱΑ͘ߦΘΕΔɽ

Born–Oppenheimerۙͮ͘جʹࣅཧతΈཧԽֶͷڀݚʹର͠༗༻ͳ࠲ࢹΛ༩͑Δ͕ɼ͜ͷ

Έ࣮ࡍͷԽֶԠͰഁ͢Δ͜ͱ͕͋ΔɽԽֶԠʹ͓͍ͯɼͦͷભҠঢ়ଶ*6ʹ͓͍ͯԽֶ݁

߹ͷΓସ͕͑͜ىΔɽ͜ͷԽֶ݁߹ͷΓସ͑ిࢠঢ়ଶͷΓସ͑Ͱ͋Γɼ͜ͷΑ͏ͳిࢠঢ়ଶͷٸ

ܹͳมԽΛ͏ྖҬͰɼిࢠঢ়ଶͷมԽ͕֩ࢠݪͷӡಈʹਵ͠ͳ͍ɽ͢ͳΘͪɼ֩ࢠݪͷӡಈʹର͠

ͳมԽ͕ܹٸঢ়ଶͷࢠഁ͢Δɽ·ͨɼ͜ͷΑ͏ͳిࣅਵ͢ΔͱԾఆ͢Δஅۙʹ࣌ঢ়ଶ͕ॠࢠిͯ

Δ֩ஔྖҬͰɼஅϙςϯγϟϧΤωϧΪʔ໘ۙɾަࠩ͢Δ͜ى 12,13)ɽ͜ͷΑ͏ʹɼԽֶԠ

ͷભҠঢ়ଶஅϙςϯγϟϧΤωϧΪʔ໘͕ۙɾަࠩ͢ΔྖҬʹ͓͍ͯɼԽֶಈྗֶͷஅۙࣅʹ

ΑΔऔΓѻ͍దͰͳ͍ɽྫ͑ɼΘΕΘΕͷບͰ͍ͯͬ͜ىʹ͞·ࠓΔɼ֮ࢹͷॳظաఔʹ͓͚Δ

ϨνφʔϧࢠͷޫҟੑԽԠͰɼྭࢠిىঢ়ଶͱجఈిࢠঢ়ଶͷஅϙςϯγϟϧΤωϧΪʔ໘͕ભ

Ҡঢ়ଶ*7ʹ͓͍ͯۙ͠ɼஅۙഁ͕ࣅΕΔ͜ͱ͕ΒΕ͍ͯΔ 14)ɽ͜ͷϨνφʔϧͷྫͷΑ͏ͳޫԽ

ֶԠɼిࢠҠಈΛ͏ిࢠҠಈԠͰɼͱ͘ʹஅۙࣅഁ͍͢͠ 15)ɽ

ഁ͢ΔɽۙͷϨʔβʔٕज़ͷൃలʹΑͬࣅϨʔβʔதͷԽֶಈྗֶʹ͓͍ͯɼஅۙڧߴ

ͯɼڧߴϨʔβʔΛ༻͍Δ͜ͱͰࢠͷϙςϯγϟϧΤωϧΪʔ໘Λେ͖͘มಈͤ͞Δ͜ͱ͕Ͱ͖ΔΑ

͏ʹͳͬͨɽ͜Εಈత StarkޮՌͱΑΕ͓ͯΓɼ͜ΕΛదʹར༻͢Δ͜ͱͰԽֶಈྗֶΛ੍ޚͰ͖

Δ 16–20)ɽϙςϯγϟϧΤωϧΪʔ໘Λେ͖͘มಈͤ͞Δ΄ͲڧߴͷϨʔβʔɼిࢠͷӡಈΛ͘ڧ

༳͞ͿΔɽڧߴϨʔβʔதͰஅిࢠঢ়ଶ͕ఆৗঢ়ଶͱͳΒͣɼෳͷిࢠঢ়ଶͱͦͷؒ

ͷભҠΛྀ͠ߟͳ͚ΕͳΒͳ͍ɽ

͜ͷΑ͏ʹɼଟ͘ͷԽֶݱɾੜԽֶݱʹ͓͍ͯஅۙࣅͷഁ͕ݟΒΕΔɽ͜ΕΒͷݱΛؚΊ

*4ຊ߲ͷཧతৄࡉୈ 2ষΛࢀরͷ͜ͱɽ
*5ݹయྗֶͱɼϓϥϯΫఆ͕ेখ͍͞ݶۃʹ͓͚ΔྔֶྗࢠͷۙࣅཧͰ͋ΔɽWKBཧɼܦ࿏ੵͷఀཹҐ૬ۙ

Ͱ͋Δࣅ van Vleckԋࢠࢉͷཧ͕༗໊ɽ
*6͜͜ͰஅϙςϯγϟϧΤωϧΪʔ໘ͷҌ෦ۙΛ͢ࢦɽԽֶʹ͓͍ͯɼϙςϯγϟϧΤωϧΪʔ໘ͷҌΛભҠঢ়ଶ

ͱΑͿ͜ͱ͕ଟ͍͕ɼಈྗֶత؍͔Β͑ݴҐۭؒঢ়ଶۭؒͰͳ͍ͷͰ͜ͷݺশෆదͰ͋ΔɽຊདྷతͳҙຯͰͷભҠঢ়
ଶɼԽֶԠܥͷঢ়ଶۭؒʢ૬ۭؒʣͰఆٛ͞ΕΔ͖Ͱ͋Δɽ

*7͜͜Ͱɼೋॏ݁߹ C11 = C12ͷೋ໘͕͓֯Αͦ 90◦ ʹͳΔྖҬɽ
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ͨแׅతͳԽֶԠͷݪཧతཧղΛ͢ࢦͷͰ͋ΕɼஅۙࣅΛ͑ͨԽֶಈྗֶΛ͑ߟΔඞཁ͕͋

Δɽͦ͜ͰຊڀݚͰɼ͜ͷஅۙࣅΛ͑ͨԽֶಈྗֶ—ඇஅԽֶಈྗֶʢNonadiabatic Chemical

Dynamicsʣ—Λओͱ͢Δɽ

ඇஅԽֶಈྗֶͷཧڀݚʹ͓͍ͯॏཁͳͷɼෳͷஅϙςϯγϟϧΤωϧΪʔ໘ͷؒͷભ

Ҡ—ඇஅભҠ—Λదʹهड़͢Δ͜ͱͰ͋Δɽ͜ͷඇஅભҠʹؔ͢Δڀݚͷྺ࢙ɼ1932 ʹ L.

Landau21), C. Zener22), E. C. G. Stückelberg23) ΒʹΑͬͯಠཱʹൃද͞Εͨจ͔Β࢝·ͬͨɽ1971

ʹ J. Tully ͱ R. Preston24) ʹΑͬͯɼஅ͕ۙࣅΓཱͭྖҬʹ͓͚ΔஅϙςϯγϟϧΤωϧ

Ϊʔ໘্ͷݹయيಓࢉܭͱɼඇஅભҠ͕͜ىΔྖҬʹ͓͚ΔஅϙςϯγϟϧΤωϧΪʔ໘ؒͷ֬త

ͳʠhopʡͱΛΈ߹Θͤͨɼ؆ศͳඇஅԽֶಈྗֶͷࢉܭख๏͕ఏҊ͞Εͨɽ͜ͷ TullyΒʹΑΔඇ

அԽֶಈྗֶͷࢉܭϞσϧɼsurface-hoppingϞσϧͱࠓ૯শ͞ΕΔϞσϧͷᅘͰ͋Δɽ͜ΕΒ

ͷઌۦతڀݚҎདྷɼLandau–Zener–StückelbergཧΛ͑ͨඇஅભҠͷऔΓѻ͍ʹؔ͢Δڀݚɼඇ

அԽֶಈྗֶͷࢉܭख๏ͷ։ൃɾద༻ͳͲͷଟ͘ͷ͓͕͜ڀݚͳΘΕ͖ͯͨ 13,25,26)ɽ

ඇஅԽֶಈྗֶͰɼඇஅભҠʹΑΔ֩ଋͷ܁͕ذΓฦ͞Εɼ֩ͨ͠ذଋ͕ผʑͷܦ࿏Λ

ͨͲͬͯ࠶ͼ߹ྲྀɾ༥߹͠ׯবޮՌΛࣔ͢͜ͱͰ 27–37)ɼ୯७ͳೋࢠݪࢠʹ͓͍ͯ͑͞ɼμΠφϛΫ

εΧΦεత༷૬Λఄ͢Δ 38–40)ɽ͜ͷෳࡶͳଋذ༥߹աఔͰɼͨ͠ذଋͷذΛܦΔ͝

ͱʹ૿େ͍ͯͨ͘͠Ίɼ֩ଋಈྗֶࢉܭͳͲͷࢉܭͰಘΒΕΔྻܥ࣌Λ୯ʹோΊ͚ͨͩͰɼͦͷ

ಈྗֶաఔΛײతʹཧղ͢Δ͜ͱɼͦΕʹ͏ϚΫϩͳաఔΛղੳͯ͠ཧతʹઆ໌͢Δ͜ͱ

Ͱ͖ͯɼͦΕԽֶԠͷཧతཧղʹඞͣͭ͠ͳ͕Βͳ͍ɽࢉܭͰ͋ΔɽಈྗֶաఔΛࠔ

͕ͨͬͯ͠ɼඇஅԽֶԠͷཧղͷͨΊʹɼैདྷͷྻܥ࣌ͷ؍ͱҟͳΔ؍ͷղੳ͕ඞཁͱͳΔɽ

͜ͷྻܥ࣌Ҏ֎ͷ؍ͱͯ͠ຊจͰ࠾༻͢Δ؍͕ͦ͜ɼ࣍અͰઆ໌͢Δʬߏʭͷ؍Ͱ͋Δɽ

1.2 ʬߏʭͷ؍

ຊจͰɼෳࡶͳඇஅԽֶಈྗֶݱΛʬߏʭͱ͍͏؍͔ΒோΊΔ͜ͱʹΑͬͯɼݱͷཧղ

Λ͢ࢦɽຊจͰ༻͍Δʬߏʭͱ͍͏ݴ༿ɼԽֶߏࢠͷཱମߏΛ͍ͯ͠ࢦΔͷͰͳ͍ɽ

ຊจͰ͍͏ʬߏʭɼΑΓҰൠతͰநతͳ֓೦Ͱ͋ΔɽຊઅͰɼʬߏʭͷ֓೦Λఆٛ͠ɼ͜ͷߏ

త؍͕ෳݱࡶͷཧղʹ༗༻Ͱ͋ΔઌڀݚߦͷྫࣄΛհ͠ɼඇஅԽֶಈྗֶʹ͓͚Δߏత؍

͔Βͷڀݚͷݱঢ়Λհ͢Δɽ

1.2.1 ʬߏʭͱԿ͔

Ұൠʹɼ͍͔ͭ͘ͷཁૉͱͦΕΒͷؒͷ͔ؔΒͳΔͷΛʬߏʭͱΑͿ 41)ɽཁૉ͕ࢄత͔ͭؔ

Ͱ͋Εɼਤೋ߲͕ؔ 1.1ʹࣔ͢Α͏ʹɼཁૉΛʮ˓ʯɼؔΛʮˠʯͰද͢͜ͱʹΑͬͯɼߏΛ၆

ᛌతʹਤࣔͰ͖Δɽֶʹ͓͍ͯɼ͜ͷΑ͏ͳਤʮ༗άϥϑʢdirected graphʣʯͱΑΕΔ*8ɽྫ͑

ɼཁૉ͕ࢠݪɼ͕ؔԽֶ݁߹Ͱ͋ΔߏԽֶߏͰ͋Δɽཁૉ͕ࢠݪɼ͕ؔ తͳҐஔؔݩ࣍3

Ͱ͋ΔߏࢠͷཱମߏͰ͋Δɽ

࡞ޓΒΕΔɽͦΕɼʬ૬͑ߟ֓೦͕ߏͷநతͳͭࡾͳͲͷྗֶʹ͓͍ͯɼֶྗࢠయྗֶྔݹ

༺࡞ޓ૬͕ɼؔࢠʭɼཁૉཻ͕ߏ༺࡞ޓʭͰ͋Δɽʬ૬ߏʭɼʬཧߏʭɼʬঢ়ଶભҠߏ༺

*8༗άϥϑͱɼ͍͔ͭ͘ͷʮ˓ʯ͕ʮˠʯͰͭͳ͕ͬͨωοτϫʔΫͷ͜ͱͰ͋Δɽ͜ͷʮ˓ʯΛʢϊʔυʣͱΑͼɼ
ʮˠʯΛ༗ลʢ༗ΤοδʣͱΑͿɽࣜܗతʹɼ༗άϥϑͱɼͷू߹ V ͱ༗ลͷू߹ E ͷೋͭ (V,E)ͷ͜ͱͰ͋
Δɽ༗ลɼ࢝ͱऴͰࢦఆ͞ΕΔͷͰɼV ͷ ͷॱংରͱΈͳͤΔɽݩ2
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ਤ 1.1 తͰؔࢄʯ͔ΒͳΔɽཁૉ͕ʭʮཁૉʯͱͦΕΒͷؒͷʮؔߏ֓೦ͷਤղɽʬߏ

͕ೋ߲ؔͰ͋Εɼ͜ͷਤͷΑ͏ʹཁૉΛʮ˓ʯɼؔΛʮˠʯͰද͢͜ͱʹΑͬͯɼߏΛ၆ᛌత

ʹਤࣔͰ͖Δɽֶʹ͓͍ͯɼ͜ͷΑ͏ͳਤʮ༗άϥϑʢdirected graphʣʯͱΑΕΔɽ

!"
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ਤ 1.2 ྗֶͷཧߏɽ

Ͱ͋ΔߏͰ͋Γɼʬঢ়ଶભҠߏʭɼཁૉ͕ܥͷঢ়ଶɼ͕ؔঢ়ଶભҠͰ͋ΔߏͰ͋Δɽ͜ΕΒͷ

ਤؔ 1.2ʹࣔ͢ͱ͓ΓͰ͋Γɼਤ 1.2શମ͕ද͢ߏ͕ʬཧߏʭͰ͋Δ*9ɽ͜ͷཧߏʹ͍ͭ

ͯɼཧԽֶΛྫʹઆ໌͢Δɽ·ͣʮݪཧʯྔֶྗࢠͷݪཧΛ͠ࢦɼԽֶಈྗֶʹ͓͍ͯୈҰݪཧͱΑ

ΕΔͷͰ͋ΔɽʮܥͷઃఆʯࢠΛߏ͢Δཻࢠʢ֩ࢠݪͱిࢠʣΛࢦఆ͢Δ͜ͱͰ͋Γɼʮڥͷ

ઃఆʯ֎ͱͯ͠ͷి࣓ཋͳͲͷઃఆͰ͋Δɽ͜ΕΒ͕ఆ·Δͱɼʮ૬ߏ༺࡞ޓʯͷཧදݱ

Ͱ͋Δ Hamiltonian͕ܾ·Δɽ·ͨɼԽֶಈྗֶʹ͓͍ͯɼઌड़ͷͱ͓ΓిࢠͷӡಈͷΛઌʹղ

͍ͯɼ֩ࢠݪʹಇ͘༗ޮ૬࡞ޓ༻ͱͯ͠ͷϙςϯγϟϧΤωϧΪʔ໘Λ૬ߏ༺࡞ޓͱ͢Δ͜ͱҰൠత

Ͱ͋Δɽ૬ߏ༺࡞ޓ͕ఆ·ΔͱɼSchrödingerํఔࣜʹैͬͯɼൃؒ࣌లԋࢠࢉঢ়ଶϕΫτϧʢಈ

ؔʣͷൃؒ࣌ల͕ఆ·Δɽ͜ͷߏ͕ʮঢ়ଶભҠߏʯͰ͋Δɽঢ়ଶભҠߏ͕Θ͔Εɼྔֶྗࢠత

ʯ͕Θ͔Δɽྫ͑ɼԽֶԠʹ͓͚ΔԠ/ੜϙϐϡϨʔγϣϯͷݱͱͯ͠ͷʮظଌͷ؍

Ͱ͋ΔɽݱɼޫεϖΫτϧͳͲ͕ཧԽֶʹ͓͚Δྻܥ࣌

*9Ұൠతͳ༻ޠ๏ͰɼʮཧߏʯʮҼՌߏʯͱ͍ͬͯΑ͍ɽ͔͠͠ɼཧֶతͳ༻ޠ๏ͰɼҼՌߏ૬ରతจ຺
ͰΘΕΔ͜ͱ͕͋ΔͨΊɼࠞཚΛආ͚ΔͨΊʹຊจͰҼՌߏͱΑͳ͍͜ͱʹ͢Δɽ
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͜ͷͭࡾͷநߏͷ؍͔Β؍ଌɾཧղɾઆ໌ɾ༧ଌɾ੍ޚɾઃܭͷՊֶٕज़తӦҝΛҎԼͷΑ͏ʹ

ཧͰ͖Δɿ

ɹ؍ଌɹ ΛΔ͜ͱݱ

ɹཧղɹ ֤छͷߏΛ໌Β͔ʹ͢Δ͜ͱ

ɹઆ໌ɹ ਤ 1.2ͷ֤֓೦Λ݁ͿҹʹΑ֤ͬͯ֓೦ಉ࢜Λ݁ͼ͚ͭΔ͜ͱ

ɹ༧ଌɹ ਤ 1.2ͷ֤֓೦Λ݁ͿҹΛͨͲͬͯݱΛਪଌ͢Δ͜ͱ

ɹ੍ޚɹ Λม͑Δ͜ͱݱͷઃఆΛม͑ͯڥ

ɹઃܭɹ Λม͑Δ͜ͱݱͷઃఆΛม͑ͯܥ

ཧԽֶͷྫͰ͍͏ͱɼʮ؍ଌʯޫ࣮ݧɼʮ૬ߏ༺࡞ޓͷཧղʯిࢠঢ়ଶཧɼʮঢ়ଶભҠߏͷ

ཧղʯԽֶಈྗֶཧɼʮઆ໌ʯཧԽֶɼʮ༧ଌʯࢉܭԽֶʢγϛϡϨʔγϣϯʣɼʮ੍ޚʯԽֶ

Ԡ੍ޚɼʮઃܭʯࢠઃܭͷ୲Ͱ͋Δɽਤ ૬ิతʹ͍ޓΑͬͯɼ֤ʹؔͨࣔ͠ʹ1.2

ʹؔ࿈͢Δɽ͜ͷྨ͔ΒΘ͔Δͱ͓ΓɼԽֶಈྗֶཧ͕ѻ͏ߏओʹঢ়ଶભҠߏͰ͋Δɽ͢ͳΘ

ͪɼຊจͷʹ͋Δʮߏʯͷޠɼ͜ͷঢ়ଶભҠߏΛ͍ͯ͠ࢦΔɽ

͜ͷߏత؍͔Β͑ݴɼԽֶԠΛཧղɾઆ໌͢Δͱ͍͏͜ͱɼϙςϯγϟϧΤωϧΪʔ໘ͷߏ

ʢ૬ߏ༺࡞ޓʣɼಈྗֶͷߏʢঢ়ଶભҠߏʣɼԠ/ੜͷϙϐϡϨʔγϣϯͷྻܥ࣌ʢݱʣ

ΛͦΕͧΕ໌Β͔ʹ͠ɼͦΕΒΛ͍ޓʹཧతʹ݁ͼ͚ͭΔ͜ͱͰ͋Δɽ֩ଋಈྗֶࢉܭʢγϛϡϨʔ

γϣϯʣɼϙςϯγϟϧΤωϧΪʔ໘͔Β֩ଋಈྗֶΛ༧ଌ͠ɼϙϐϡϨʔγϣϯͷྻܥ࣌Λ༧ଌ͢

Δ͕ɼ֤छͷߏͱͦΕΒͷ݁ͼ͖ͭΛਓ͕ؒѲͰ͖ΔΑ͏ʹఏࣔͯ͘͠Εͳ͍ɽෳࡶͳଋذ༥

߹Λ͏ඇஅԽֶಈྗֶͷߏΛ໌Β͔ʹ͢Δ͜ͱͰɼඇஅԽֶԠΛཧղɾઆ໌͢Δͱ͍͏ํ

ΛɼຊڀݚͰ࠾༻͢Δɽ

1.2.2 ੑ༺ͷ༗؍తߏ

ຊ߲Ͱɼঢ়ଶભҠߏΛ໌Β͔ʹ͢Δ͜ͱ͕ෳࡶͳݱͷཧղɾઆ໌ʹͭͳ͕ΔྫࣄΛհ͠ɼߏ

త؍ͷ༗༻ੑΛࣔ͢ɽ

ൃؒ࣌ཧɼܾఆతͳܥཧ͕͋ΔɽྗֶܥͷղੳʹΜͰ͖ͨʹɼྗֶݱͳࡶΒෳ͔͘ݹ

లنଇΛͭܥͷৼΔ͍ͷهड़ͱղੳΛ͏ߦֶͷҰͰ͋ΔɽྗֶܥཧͷதͰͱ͘ʹෳࡶͳݱ

Λѻ͏ΧΦεཧͱΑΕɼ1963ͷ E. N. Lorenzͷจ 42) ͕ͦͷॹͰ͋ΔɽLorenzɼ

ରྲྀϞσϧ͔Βಋ͔Εͨ 3ม͔ΒͳΔৗඍํఔࣜͷղ͕ɼॳظӶහੑΛͪɼඇपظతͰ͋Δ

͜ͱΛݟग़ͨ͠ɽ͜ͷղɼྻܥ࣌σʔλΛ͍ͯݟΔ͚ͩͰɼ୯ʹෆنଇͳৼ͍Λ͍ͯ͠ΔΑ͏ʹݟ

͑Δ͚ͩͰ͜ΕҎ্ͷ͜ͱ͔Βͳ͍ɽLorenzɼ૬ۭؒʢphase spaceʣ*10 ʹ͓͚ΔղͷيΛ

ਤࣔ͠ɼLorenzΞτϥΫλʔͱΑΕΔߏΛݟग़ͨ͠ɽ͜Εɼঢ়ଶભҠߏͷҰछͰ͋Δɽ͞Βʹ

Lorenzɼ͜ͷߏΛநԽ͠ɼ͋Δ෮ࣸ૾ܥͱͯ͠ൃؒ࣌లΛଊ͑ͨ͠ɽ͜ͷ෮ࣸ૾ܥͷৼΔ

͍ղੳ͕༰қͰ͋Γɼͦͷղੳ͔Βɼ͜ͷܥͷৼΔ͍͕ෆنଇ͔࣮࣭ͭతʹ༧ଌෆͰ͋Δཧ༝Λ

આ໌ͨ͠ɽLorenzɼݱͷഎޙʹજΉঢ়ଶભҠߏΛ໌Β͔ʹ͢Δ͜ͱʹΑͬͯɼݱͷੑ࣭ͷઆ໌

ʹޭͨ͠ͷͰ͋Δɽ

Խֶಈྗֶͷʹ͓͍ͯɼԽֶԠܥͷ૬ۭؒߏΛଊ͑Δ͜ͱʹΑͬͯɼԽֶԠΛཧղ͠Α͏

ͱ͢ΔࢼΈ͕ߦΘΕ͖ͯͨ 43–49)ɽྫ͑ N. D. Leon ΒɼԽֶԠܥͷݹయྗֶతϞσϧʹ͓͍ͯɼ

ͷঢ়ଶΛද͢มͷΛ࣠ͱ͢Δۭؒɽ૬ۭؒͷܥ10* 1ܥͷ 1ͭͷঢ়ଶΛද͠ɼܥͷൃؒ࣌ల͜ͷ૬ۭؒͷيͱͯ͠
ඳըͰ͖Δɽʮঢ়ଶۭؒʯͱΑͿ͜ͱ͋Δɽ
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ԽֶԠΛഔհ͢Δʠreaction tubeʡͱΑΕΔ૬ۭؒͷߏΛݟग़͠ɼԽֶԠͷաఔΛϞσϧ

Խ͢Δ Reactive IslandཧΛఏҊͨ͠ 45–47)ɽԽֶಈྗֶͷߏΛଊ͑Δ͜ͱɼԽֶԠΛਂ͘ཧղ

͠ɼϛΫϩͳಈྗֶͱϚΫϩͳաఔΛ݁ͿՍ͚ڮͱͳΔͷͰ͋Δɽͨͩ͠ɼ͜ΕΒͷڀݚஅత͔

ݱ༥߹աఔΛ͏ඇஅԽֶಈྗֶذͳଋࡶయతϞσϧʹର͢ΔͷͰ͋Γɼ͜ΕΒͷख๏Λෳݹͭ

ʹରͯͦ͠ͷ··ద༻͢Δ͜ͱͰ͖ͳ͍ɽ

ଞͷྫͰɼੜମࢠಈྗֶʹ͓͚ΔMarkovঢ়ଶϞσϧʢMSM: Markov State Modelʣͷ͕͋ڀݚ

Δ 50)ɽMarkovঢ়ଶϞσϧɼλϯύΫ࣭ͷϑΥʔϧσΟϯάաఔͳͲͷهड़ʹ༻͍ΒΕΔతϞ

σϧͰ͋Γɼಈྗֶͷঢ়ଶۭؒͷ෦ྖҬͱͯ͠ఆٛ͞ΕͨʮϚΫϩͳঢ়ଶʯͷؒͷભҠΛMarkov࿈

ʹΑͬͯهड़͢Δɽ͜ͷख๏ͷརͷҰͭɼৄࡉͳಈྗֶͷใ͔ΒݱཧղͷͨΊʹඞཁͳใʢʹ

ಈྗֶͷঢ়ଶۭؒͷߏʣΛநग़͢Δ͜ͱͰɼෳࡶͳλϯύΫ࣭ͷϑΥʔϧσΟϯάաఔͳͲΛਓ͕ؒ

͕ࢉܭಈྗֶࢠͷࢠͳੜମࡶͷਐาʹΑͬͯෳػࢉܭతʹѲͰ͖ΔΑ͏ʹͳΔ͜ͱͰ͋Δ*11ɽײ

Մʹͳ͕ͬͨɼͦͷ݁Ռͱͯ͠ग़ྗ͞ΕΔσʔλͦͷͷΛਓ͕ؒղऍ͢Δ͜ͱ͍͠ɽෳࡶͳγ

ϛϡϨʔγϣϯ݁Ռͷղऍʹɼ͜ͷΑ͏ͳঢ়ଶۭؒͷߏΛଊ͑Δղੳख๏༗༻Ͱ͋Δɽ

1.2.3 ঢ়ݱͷඇஅԽֶಈྗֶʹ͓͚ΔڀݚʹΑΔ؍తߏ

લ߲ͷΑ͏ʹɼಈతݱʹؔΘΔଟ͘ͷʹ͓͍ͯঢ়ଶભҠߏΛଊ͑Δ͓͕͜ڀݚͳΘΕɼෳࡶͳ

ݚΛଊ͑Δߏͷཧղઆ໌ʹରͯ͠ՌΛ্͍͛ͯΔɽͰɼඇஅԽֶಈྗֶʹ͓͚Δঢ়ଶભҠݱ

ঢ়Ͳ͏Ͱ͋Ζ͏͔ɽݱͷڀ

ͳ͍ͱ͍͏͜ͱͰ͋Δɽઌ͍ͯݟΛߏঢ়ଶભҠڀݚΔ͜ͱɼඇஅԽֶಈྗֶͷଟ͘ͷ͑ݴͣ·

ड़ͷΑ͏ʹɼ֩ଋಈྗֶࢉܭΛ͡Ίͱ͢Δࢉܭɼਓ͕ؒཧղՄͳߏΛఏࣔͯ͘͠Εͳ

͍ɽsurface-hoppingϞσϧछʑͷݹయྗֶࢉܭͷڀݚɼஅൃؒ࣌లඇஅભҠͱ͍͏ૉաఔ

ʹΑͬͯঢ়ଶભҠߏ͕ߏ͞ΕΔ͜ͱ໌Β͔ʹ͢Δ͕ɼͦΕΒͷૉաఔ͕࣮ࡍͷܥʹ͓͍ͯͲͷΑ͏

ʹΈ߹Θ͞Ε͍ͯΔ͔໌Β͔ʹ͠ͳ͍ɽݸผͳܥʹ͓͍ͯૉաఔ͕ͲͷΑ͏ʹΈ߹Θ͞Ε͍ͯΔ

͔ɼঢ়ଶભҠߏ͕ͲͷΑ͏ʹͳ͍ͬͯΔ͔ͱ͍͏ٙΛղফ͢Δ͜ͱɼࢠͷݸผੑͷղ໌ʹॏ͖Λ

͓͘Խֶʹ͓͍ͯɼීวతͳݪཧͷղ໌ͱฒΜͰॏཁͳ͜ͱͰ͋Δɽ

ඇஅԽֶಈྗֶͷߏΛଊ͑Α͏ͱ͢Δઌڀݚߦଘ͢ࡏΔ͕ɼͦͷଟ͘ͳ͍ɽҎԼͰɼগ

ͳ͍ඇஅԽֶಈྗֶͷߏΛଊ͑Α͏ͱ͢Δઌڀݚߦͱͯ͠ɼKawanoͷʮ४MarkovϞσϧʯɼChild

ͷʮμΠΞάϥϜతΞϓϩʔνʹΑΔݹయྔࢠԽཧʯɼFujiiͷʮඇஅެࣜʯͷͭࡾΛհ͢Δɽ

Ұͭɼઌड़ͷ N. D. Leon Βͷ RIཧͱಉ͘͡ྗֶܥཧʹ͍ͨͮجɼ2002ͷ KawanoΒͷ

ʮ४ Markov ϞσϧʯͷڀݚͰ͋Δ 51)ɽ͜ͷڀݚͰɼඇஅԽֶಈྗֶΛݹయيಓΛ༻͍ͨ surface-

hoppingϞσϧͱͯ͠औΓѻ͍ɼྗֶܥཧͷ؍͔ΒಈྗֶΛ༗ޮʹهड़͢Δʮ४MarkovϞσϧ*12ʯ

Λߏங͍ͯ͠Δɽ͔͠͠ɼ͜ͷཧݹయྗֶʹͨͮ͘جΊɼଋذ༥߹աఔͷهड़Ͱྀ͢ߟ͖ذ

ͨ͠ଋಉ࢜ͷׯবޮՌΛهड़Ͱ͖ͳ͍ɽ

ೋͭɼ1974ʹ ChildʹΑͬͯఏҊ͞ΕͨʮμΠΞάϥϜతΞϓϩʔνʹΑΔݹయྔࢠԽཧʯ

Ͱ͋Δ 52)ɽ͜ͷཧɼసճɼඇஅભҠɼτϯωϧݱͷͦΕͧΕʹରԠ͢ΔμΠΞάϥϜͱݹ

*11MSMΛ༻͍ͨղੳͷओͳརɼʢ1ʣࢉܭؒ࣌ͳͲͷஅยతͳσʔλͷूͤدΊʹΑΓϞσϧΛߏஙՄͰɼʢ2ʣؒ࣌
తʹաఔΛѲͰ͖Δɼ͜ͱͰ͋ΔײಈΛఆྔతʹ༧ଌͰ͖ɼʢ3ʣਓ͕ؒڍతஂूܭಈ౷ڍ 50)ɽ

*12ঢ়ଶ Xn ͱδϟϯϓࠁ࣌ Tn ͷ (Xn, Tn) ͕ҎԼͷ݅Λຬͨ͢ͱ͖ɼ͜ͷ֬աఔΛ 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࿈ଓ֬ؒ࣌աఔΛ४MarkovաఔͱΑͿɽอؒ࣌࣋ Tn+1−Tn

ͷ͕֬ࢦͰॻ͚Δ߹ʹɼ४Markovաఔ࿈ଓؒ࣌Markovաఔʹؼண͢Δɽ
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యࢄཚྻߦΛϏϧσΟϯάϒϩοΫͱͯ͠ɼͦΕΒͷμΠΞάϥϜͱࢄཚྻߦΛΈ߹ΘͤΔ͜ͱͰɼෳ

͞༺దʹܥΛͭߏԽ݅Λղੳతʹॻ͖Լ͢खଓ͖Λ༩͑Δɽ͜ͷཧ༷ʑͳࢠయྔݹͷܥͳࡶ

Εͨ 53–56)ɽ͔͠͠ɼ͜ͷΞϓϩʔνఆৗঢ়ଶͷͨΊͷཧͰ͋Γɼؒ࣌ใ͕શʹܽམ͍ͯ͠Δɽ

ͪΖΜɼ͜ΕΒͷఆৗঢ়ଶͷॏͶ߹ΘͤͰؒ࣌ґଘղΛߏͰ͖ΔͷͷɼͦͷΑ͏ͳΞϓϩʔνʹ͓

͍ͯԽֶԠ͕ಈతʹൃల͢Δͱ͍͏ײతඳ૾͕ଛͳΘΕͯ͠·͏ 9)ɽ͞Βʹɼ͜ͷཧɼޫֶ

ʹ͓͍ͯಘΒΕΔεϖΫτϧ͕ఆৗతͰ͋ͬͨ࣌ʹߏங͞ΕͨͷͰ͋Δɽݱʹ͓͍ͯɼઌड़ͷ

Zewailάϧʔϓͷ࣮ݧ 57,58) ΛλʔχϯάϙΠϯτͱͯ͠ɼޫֶʹ͓͍ͯؒ࣌ղޫ͕ΜͰ͋Δ
10)ɽ͕ͨͬͯ͠ɼԽֶԠͷൃؒ࣌లͱ͍͏ײతඳ૾ͱɼؒ࣌ղޫͱ͍͏ݱతޫֶ͔Βͷཁ

ʹΑΓɼؒ࣌Λ͋ΒΘʹࣜܗྀͨ͠ߟͰɼඇஅԽֶಈྗֶͷߏΛଊ͑Δඞཁ͕͋Δɽ೦ͳ͕Βɼఆ

ৗঢ়ଶʹର͢Δ Childͷཧͷؒ࣌ґଘͷ֦ுɼචऀͷΔݶΓͯͬࢸʹࡏݱଘ͠ࡏͳ͍ɽ

యྗֶతʹଊ͑ͨɼ2015ͷݹΛߏɼChildͷཧͱಉ༷ʹඇஅԽֶಈྗֶͷͭࡾ Fujiiͷ

ʮඇஅެࣜʯͷڀݚͰ͋Δ 59)ɽ͜ͷཧͰɼʮ૬ۭؒͰಉҰͷΛ௨Γ͍ޓʹૉͳϗοϐϯάपظ

ͷཧࣅ࿏ੵͱఀཹҐ૬ۙܦஙͨ͠ඇஅߏʹண͠ɼFujii͕ߏಓͷू߹ʯͱ͍͏ي 60) Λ༻͍ɼඇ

அྔܥࢠͷݹయྔࢠԽ݅Λಋग़͍ͯ͠Δɽ͜͜Ͱ Fujiiɼ૬ۭؒͷൃؒ࣌లΛϏοτྻͷؒ࣌

ൃలͱͯ͠ଊ͑͢ͱ͍͏ه߸ྗֶతख๏Λ༻͍͍ͯΔɽ͜ͷϏοτྻͷநԽʹ͓͍ͯൃؒ࣌లͷ

ඳ૾ࣗମอͨΕ͍ͯΔҰํͰɼʮ࣮ؒ࣌ʯͷใΓܽམ͍ͯ͠Δɽ͢ͳΘͪɼ͜ͷநԽʹ͓͍

ͯɼؒ࣌ॱংอ࣋͞ΕΔ͕ɼఆྔతͳִࣺؒؒ࣌͞Εͯ͠·͏ɽ͕ͨͬͯ͠ɼʮ࣮ؒ࣌ʯͷԠ

աఔͷཧղͷͨΊʹɼ͜ͷཧͷΞΠσΞΛͦͷ··༻͍Δ͜ͱͰ͖ͳ͍ɽ

Ҏ্ͷΑ͏ʹɼʮ࣮ྖؒ࣌ҬʯͰɼʮྔࢠతʢ͋Δ͍ݹయతʣʯʹɼඇஅԽֶಈྗֶͷঢ়ଶભҠ

༥߹աఔΛؚΉذͳଋࡶͳ͍ɽ͕ͨͬͯ͠ɼෳ͠ࡏΓະͩଘݶΛଊ͑Δཧख๏ɼචऀͷΔߏ

ඇஅԽֶಈྗֶΛཧղ͢ΔͨΊʹɼ্هͰհͨ͠ઌڀݚߦΛ౿·͑ͳ͕Βɼঢ়ଶભҠߏΛ༗ޮʹه

ड़͠͏ΔཧΛߏங͢Δඞཁ͕͋Δɽ

1.3 ਤࣜͱࣜ

લઅ·ͰͰຊڀݚͷʮओʯͱʮ؍ʯఆ·ͬͨͷͰɼ͜ͷઅͰʮදํݱ๏ʯʹؔͯ͠ํΛఆΊ

Δɽߏͷදํݱ๏ʹɼେ͖͚ͯ͘ɼʮਤࣜʢμΠΞάϥϜʣʯͱʮࣜʯͷ 2छྨ͕͋ΔɽਤࣜʹΑ

ΔදݱߏͷײతѲʹཱͪɼࣜʹΑΔදݱߏͷཧతཧղʹཱͭɽຊڀݚͰɼ͜ͷೋ

ͭͷදํݱ๏ͷཱ྆ΛਤΔɽ

తಈ֮ࢹԽɼʮࢹͷμΠΞάϥϜʹΑΔՄߏ 61)ʯͰ͋ΔΘΕΘΕਓؒʹͱͬͯ༗༻Ͱ͋Δɽݹདྷ

ΑΓਓؒɼෳࡶͳใΛײతʹѲ͢ΔͨΊʹɼநԽ͞ΕͨਤࣜΛ༻͍͖ͯͨɽྫ͑ɼਤͷ

༻จࣈͷ༻ΑΓ͍ݹͱ͍ΘΕ͍ͯΔ 62)ɽՈܥਤਐԽܥ౷थͳͲɼ͔͘ݹΒ༻͍ΒΕ͍ͯΔਤ

ࣜͷྫͰ͋Δ 61)ɽઌʹड़ͨྗֶܥཧͰɼ૬ۭؒߏͷ༷ࢠΛඳ͍ͨ૬ਤʢphase portraitʣɼݱ

Ϟσϧͷߏͷ၆ᛌతѲͷͨΊʹ͠͠༻͍ΒΕΔɽ·ͨɼჭᣡཏͷΑ͏ͳੈք؍ʢ=ੈքͷߏ

ͷ౷ҰతѲͱओମతҙຯ͚ͮʣΛද͢ݱΔͨΊͷਤࣜ͋Δɽʮີଂਂݰʹͯ͠؉ʹͤࡌ͠ɺߋʹ

ਤըΛԾΓͯޛΒ͟Δʹ։ࣔ͢ 63)ʯͱ͍͏ۭւͷݴ༿ɼཧղͷͨΊͷਤࣜͷॏཁੑΛ͍ͯͬޠΔɽ

·ͨɼਤࣜཧղʹཱͭͷΈͳΒͣɼײతʹߟࢥΛਂΊΔ͜ͱʹཱͭɽ

ҰํͰɼࣜʹΑΔهड़ɼఆྔతɼ͋Δ͍ɼײΛ͑ͨٞΛͨ͏ߦΊʹඞཁͰ͋Δɽཧత

ͳใॲཧྗΛआΓΔͨΊʹඞཁͰ͋ߴͷػࢉܭցతਪΛՄͱ͠ɼػड़͢Δ͜ͱਖ਼֬ͳهʹ

Δɽ୯ͳΔʠcartoonʡͰͳ͘ɼཧతʹ͚ͮૅجΒΕͨμΠΞάϥϜΛఆࣜԽ͢Δ͜ͱ͕ຊڀݚͷ

ͱ͜ΖͰ͋Δɽ͢ࢦ
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1.4 ຊڀݚͷతͱຊจͷߏ

ংΛऴ͑Δʹ͋ͨͬͯɼຊڀݚͷతΛཧ͠ɼຊจͷʠߏʡΛ໌Β͔ʹ͢Δɽ

ຊڀݚͷతɼෳࡶͳ֩ଋذ༥߹աఔΛؚΉඇஅԽֶಈྗֶݱΛཧղ͢Δ͜ͱͰ͋Δɽͦͷ

ͨΊʹɼඇஅԽֶಈྗֶͷʬߏʭ—͢ͳΘͪʬঢ়ଶભҠߏʭ—Λ໌Β͔ʹ͠ɼͦΕΛʮμΠΞά

ϥϜʯͱʮࣜʯͰද͢ݱΕΑ͍ͱ͍͏ͷ͕ຊڀݚͷجຊํͰ͋Δɽ͔͠͠ɼඇஅԽֶಈྗֶͷߏ

Λଊ͑ΔͨΊͷʮ࣮ྖؒ࣌Ҭʯ͔ͭʮྔࢠత/ݹయతʯͳઌߦཧචऀ͕ΔݶΓଘ͠ࡏͳ͍ɽͦ

͜ͰɼຊڀݚͰҎԼͷೋͭͷඪΛ͛ܝΔɿ

1. ඇஅԽֶಈྗֶͷߏΛଊ͑ɼμΠΞάϥϜʹΑͬͯՄࢹԽ͠ɼ͔ͭཧతʹهड़͢Δɼ༗ޮͳ

ཧΛߏங͢Δɽ

2. ͷղੳΛ࣮ફ͢ΔͱͱݱͳඇஅԽֶಈྗֶࡶϞσϧʹద༻ͯ͠ෳࢠࡏஙͨ͠ཧΛ࣮ߏ

ʹɼߏஙͨ͠ཧͷ༗༻ੑΛ࣮ূ͢Δɽ

ຊڀݚͰɼ۩ମతͳ࣮ࡏࢠϞσϧͱͯ͠ɼLiFࢠΛऔΓ্͛Δɽ·ͨɼڥͷޮՌͷऔΓࠐΈͷ

ୈҰาͱͯ͠ɼ୯७ͳ֎Ͱ͋Δ CWϨʔβʔ*13Λ͑ߟΔɽLiFࢠయܕతͳඇஅԽֶಈྗֶܥ

ͱͯ͠͞ڀݚΕ͍ͯΔೋࢠݪࢠͰ͋Δɽجఈঢ়ଶͷ LiF ࢠΛύϧεϨʔβʔޫͰి͢ىྭࢠΔͱɼ

LiFࢠޫղԠΛ͢͜ىɽ͜ͷޫղԠதʹ͘Γฦ͠ඇஅભҠ͕͖ىɼෳࡶͳଋذ༥߹͕

ʹΔɽ͞ΒʹɼޫղԠத͜ى CWϨʔβʔޫΛরࣹ͢ΔͱɼඇஅભҠ͕ CWϨʔβʔޫʹΑͬͯ

༠͞ىΕΔ͜ͱʹΑΓɼଋذ༥߹ͷෳ͜͢૿͕͞ࡶͱ͕ΒΕ͍ͯΔ 64,65)ɽ·ͨɼCWϨʔβʔͷ

ৼಈΛదʹબͿͱɼCWϨʔβʔதͷڧ LiFࢠͷޫղԠͷ͕༗ҙʹ͘ͳΔ͜ͱ

ΒΕ͍ͯΔ 20)ɽຊڀݚͰߏங͢ΔཧΛ༻͍ͯɼCWϨʔβʔதͷ LiFࢠͷʮෳࡶͳଋذ

༥߹ʯͱ͍͏ঢ়ଶભҠߏͱɼʮޫղԠʯͱ͍͏ݱΛղੳ͠ɼෳࡶͳඇஅԽֶಈྗֶݱͷཧղ

Λ͜͢ࢦͱ͕ɼ্هͷڀݚඪ 2ͷ۩ମత༰Ͱ͋Δɽ

ຊจͷߏҎԼͷͱ͓ΓͰ͋Δɽୈ 2ষͰɼຊͷ४උͱͯ͠ɼඇஅԽֶಈྗֶͷૅجཧΛ

આ໌͢Δɽୈ 3ষͰɼ্هͷຊڀݚͷඪ 1ʹରԠ͢Δ݁Ռͱͯ͠ɼඇஅԽֶಈྗֶͷߏΛଊ͑Δ

ͨΊͷμΠΞάϥϜͱཧతهड़ͷཧʹ͍ͭͯड़Δɽୈ 4ষͰɼ্هͷຊڀݚͷඪ 2ʹରԠ͢Δ

݁Ռͱͯ͠ɼୈ 3ষͰࣔ͢ཧΛ༻͍ͯڧߴ CWϨʔβʔதͷ LiFޫࢠղԠͱ͍͏࣮ݱతͳ

ϞσϧΛղੳͨ݁͠ՌΛࣔ͠ɼୈ 3ষͰࣔ͢ཧͷ༗ޮੑΛٞ͢Δɽୈ 3ষͱୈ 4ষ͕ɼචऀͷΦϦδ

φϧͷڀݚՌʹ͍ͭͯड़ͨຊ෦Ͱ͋Δɽޙ࠷ʹɼୈ 5ষͰຊจͷ·ͱΊͱޙࠓͷలʹ͍ͭͯड़

Δɽ

*13CW = Continuous Waveʢ࿈ଓʣɽৼಈͱڧ͕มΘΒͳ͍ఆৗϨʔβʔͷ͜ͱɽ
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͜ͷষͰɼຊจͷओͰ͋ΔඇஅԽֶಈྗֶʹؔ͢Δ߲ࣄૅجΛઆ໌͢Δɽ2.1અͰཧԽֶ

ґଘؒ࣌ఔࣜͰ͋Δํૅجͷݱ Schrödingerํఔ͔ࣜΒग़ൃ͠ɼཧԽֶʹ͓͚Δඪ४తॲํᝦʹैͬ

ͯɼԽֶಈྗֶΛهड़͢ΔํૅجఔࣜΛಋग़͢Δɽ2.2અͰඇஅԽֶಈྗֶͷ߲ࣄૅجͰ͋Δಁج

ఈɼLandau-Zenerཧɼsurface-hoppingϞσϧʹ͍ͭͯઆ໌͢Δɽ2.3અͰޫͱࢠͷ૬࡞ޓ༻ʹؔ

͢Δཧɼͱ͘ʹۙࣅ Floquetཧʹ͍ͭͯઆ໌͢Δɽޙ࠷ʹ 2.4અͰɼຊڀݚͰ༻͍ΔϞσ

ϧܥͰ͋Δ LiFࢠϞσϧʹ͍ͭͯઆ໌͠ɼຊڀݚͰཧղΛ͢ࢦෳࡶͳଋذ༥߹աఔޫղԠ

ͳͲͷॾݱΛྫࢉܭʹΑͬͯࣔͯ͠ɼຊڀݚͷ͢ࢦͱ͜ΖΛ໌֬ʹ͢Δɽ

2.1 ཧԽֶͷํૅجఔࣜ

2.1.1 ґଘؒ࣌ Schrödingerํఔࣜ

զʑ͕ৗతʹ͍ͯ͠Δ࣭֩ࢠݪͱి͔ࢠΒߏ͞Ε*1ɼͦͷӡಈΛهड़͢Δํૅجఔࣜ࣍ͷ

ґଘؒ࣌ SchrödingerํఔࣜͰ͋Δɿ

i! d

dt
|Ψ(t)⟩ = Ĥ|Ψ(t)⟩ɽ (2.1)

͜͜Ͱ !ࢉ Planckఆɼtؒ࣌Λද͢ύϥϝʔλʔɼ|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 ਅۭͷ༠ిɼ

eిՙૉྔͰ͋Δɽલͷೋ߲ӡಈΤωϧΪʔ߲ɼޙͷ߲ࡾ Coulombϙςϯγϟϧ߲Ͱ͋Δɽ·ͨɼ

͜͜ͰޫͳͲͷ֎ͱͷ૬࡞ޓ༻ͳ͍ͷͱ͠ɼ૬ରޮՌແ͠ࢹɼ֩ࢠݪͱిࢠిՙͱͯ͠

ѻ͏*2ɽ

ཧԽֶݱݪཧతʹؒ࣌ґଘ Schrödingerํఔࣜ (2.1)Λղ͚͔ͯ͢Δ͜ͱʹͳΔɽ͔͠

͠ɼP. A. M. Dirac࣍ͷΑ͏ʹड़͍ͯΔ 67)ɿ

*1ʮৗʯͷൣғͰ͍ͯ͑ߟΔͷͰɼ֩ࢠݪԠաఔͳͲྀͣͤߟɼ֩ࢠݪͱిࢠෆมͳ࣮ମͱΈͳ͢ɽ
*2ఆྔతʹਫ਼ີͳ͕ٞඞཁͳ߹ɼ૬ରޮՌΛՃຯͨ͠ 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. ”

ґଘؒ࣌ Schrödingerํఔࣜ (2.1)ΛͲ͏ʹ͔ͯ͠ղ͖΄͙͠ɼզʑͷཧղͰ͖Δݴ༿Ͱهड़͍ͯ͘͜͠

ͱ͕ཧཧԽֶͷ՝Ͱ͋Δɽ

2.1.2 ఔࣜͱํૅجঢ়ଶͷࢠి Born–Huangల։

ґଘؒ࣌ Schrödingerํఔࣜ (2.1)Λ۩ମతʹղͨ͘Ίʹ·ͣঢ়ଶۭؒ H ͷجఈΛఆΊͳ͚Εͳ
Βͳ͍ɽҰൠʹɼجఈͷબʹΑͬͯͦͷޙͷղੳͷқมΘΔͷͰɼʠΑ͍جఈʡΛબ͢Δ͜ͱ

͕ॏཁͰ͋Δɽྫ͑ɼݻ༗ঢ়ଶΛجఈͱͯ͠બ͢Εɼܥͷൃؒ࣌లͷࢉܭͰ֤ݻ༗ঢ়ଶΛಠཱʹ

؆୯Ͱ͋Δʢਤࢉܭలͤ͞ΕΑ͍ͷͰൃؒ࣌ 2.1(a)ʣɽٯʹɼݻ༗ঢ়ଶҎ֎Λجఈͱͯ͠༻͍Εɼ

ͳΔʢਤʹࡶෳࢉܭలͷൃؒ࣌ͳ͚ΒͳΒͳ͍ͷͰྀ͠ߟද͢ঢ়ଶؒͷભҠΛ͕ݩఈͷ֤ج 2.1(b)ʣɽ

తʹਤࣅΊΔͷେมͰ͋Δ͔Βɼ·ͣۙٻ༗ঢ়ଶΛݻͳີݫ 2.1(a)ͷΑ͏ʹಠཱͯ͠ൃؒ࣌ల͢Δ

Α͏ͳঢ়ଶͷηοτΛٻΊΔ͜ͱ͕جຊઓུͱͳΔɽ

ཧԽֶʹ͓͚ΔʠΑ͍جఈʡΛٻΊΔͨΊͷඪ४తॲํᝦɼిࢠͱ͔֩ࢠݪΒͳΔෳ߹ܥͷӡಈͷ

Λిࢠͷӡಈͷͱ֩ࢠݪͷӡಈͷʹׂ͠ɼ·ͣిܥࢠͷݻ༗ঢ়ଶΛٻΊΔ͜ͱͰ͋Δɽݪ

ΑΓࢠి֩ࢠ 103 − 105 ഒॏ͍ͨΊɼݹయత؍ʹཔΔͱɼ֩ࢠݪͷӡಈిࢠͷͦΕʹൺͯे

Ώͬ͘ΓͰ͋Δͱ͑ߟΒΕΔɽશܥͷൃؒ࣌లΛோΊΕɼہؒ࣌ॴతʹ֩ࢠݪࢠి͍ͯͯͬ·ࢭ

ͷΈ͕ӡಈ͍ͯ͠ΔΑ͏ʹ͑ݟΔʹҧ͍ͳ͍ɽ͕ͨͬͯ͠ɼࢭ͕֩ࢠݪ·͍ͬͯΔͱ͍͏݅ͷͱిࢠ

ͷӡಈʹؔ͢ΔΛղ͚ɼͦͷղہؒ࣌ॴతͳిࢠͷӡಈͷྑ͍ۙࣅʹͳ͍ͬͯΔͩΖ͏ɽ࣍ʹɼ

Ͱ͖ظղ͕ಘΒΕΔͱࣅେҬతͳۙؒ࣌ॴղΛͭͳ͗߹ΘͤΕہؒ࣌ͷهͷӡಈΛܾఆ͠ɼ্֩ࢠݪ

Δɽ͜ͷͱ͖ɼ֩ࢠݪͷӡಈ͕ेΏͬ͘ΓͰ͋Εɼݻ༗ిࢠঢ়ଶؒͷભҠੜ͡ͳ͍͜ͱ͕ྔࢠஅ

ఆཧʹΑΓอূ͞ΕΔɽͭ·Γɼిܥࢠʹؔ͢Δݻ༗ঢ়ଶΛٻΊΔ͜ͱͰɼΑ͍جఈΛಘΔ͜ͱ͕Ͱ͖Δ

ͱظͰ͖Δɽ

Ҏ্ͷಎΛཧతʹఆࣜԽ͢Δɽ࠲֩ࢠݪඪΛ R (= {RI})ʹݻఆͨ࣌͠ɼిࢠͷӡಈΛࢧ͢Δ
ඇґଘؒ࣌ SchrödingerํఔࣜҎԼͷΑ͏ʹͳΔɿ

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 Hamiltonianશܥͷ Hamiltonian Ĥ ͔Β֩ࢠݪͷӡಈΤωϧΪʔ߲ΛऔΓআ͖ɼ֩ࢠݪ

ͷҐஔԋࢠࢉ R̂I ΛύϥϝʔλRI ʹஔ͖ͨ͑ͷͰɼిࢠ HamiltonianͱΑΔɽ|Φj(R)⟩RΛ

ύϥϝʔλͱ͢Δిܥࢠͷঢ়ଶϕΫτϧͰ͋Γɼશܥͷঢ়ଶۭؒ H ͷݩͰͳ͍ɽʮ͕֩ࢠݪҐஔ Rʹ

͋Γɼి͕ܥࢠঢ়ଶ |Φj(R)⟩ʹ͋Δʯͱ͍͏શܥͷঢ়ଶΛද͢ঢ়ଶϕΫτϧɼ֩ࢠݪͷҐஔݻ༗ঢ়ଶΛ
|R⟩ͱͯ͠ɼ|R⟩|Φj(R)⟩Ͱද͞ΕΔɽઌड़ͷͱ͓Γɼ֩ࢠݪͷӡಈ͕ेΏͬ͘ΓͰ͋ΔͱԾఆ͢Εɼ
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ਤ 2.1 లͷࣜਤɽ(a)ൃؒ࣌ͷܥࢠྔ లɽ(b)ൃؒ࣌ఈͱͨ͠ͱ͖ͷج༗ঢ়ଶΛݻ ඇݻ༗ঢ়ଶΛج

ఈͱͨ͠ͱ͖ͷൃؒ࣌లɽ(c) ൃؒ࣌શମͷஅతܥͷӡಈΑΓे͍ͱ͖ͷࢠͷӡಈ͕ి֩ࢠݪ

లɽ(d) அۙഁ͕ࣅΕͨͱ͖ͷൃؒ࣌లɽઢඇஅભҠͰɼଟ͘ͷ߹ɼہॴతʹ͜ىΔɽ

͡Ίిݻࢠ༗ঢ়ଶ |Φj(R)⟩ʹ͋ͬͨܥͦͷޙಉ͡ిݻࢠ༗ঢ়ଶʹཹ·Γଓ͚Δɽ͜ΕΛࣜతʹ
දͨ͠ͷ͕ਤ 2.1(c)Ͱ͋Δɽ͜ͷΑ͏ͳஅతൃؒ࣌లΛԾఆ͢Εɼݻ༗ঢ়ଶΛجఈͱͯ͠બͨ͠

߹ͱಉ͡Α͏ʹɼిࢠঢ়ଶʹؔͯ͠ෳࡶͳަࡨ͜ىΒͳ͍ɽిࢠঢ়ଶʹؔ͢Δݻ༗ํఔࣜ (2.3)Λղ

͘͜ͱΛओతͱ͢Δͷ͕ʮྔࢠԽֶʯ͋Δ͍ʮిࢠঢ়ଶཧʯͱΑΕΔͰ͋Δɽిࢠঢ়ଶཧ

ຊจͷओͰͳ͍ͷͰ͜ΕҎ্ཱͪೖΒͣɼݻ༗ํఔࣜ (2.3)ղ͚ͨͷͱԾఆͯ͠ઌʹਐΉɽ

తʹਤࣅۙ 2.1(c)ͷΑ͏ͳஅൃؒ࣌ల͕Γཱ͍ͬͯΔͷͳΒɼ͜ΕΒͷঢ়ଶͷηοτΛ࣌ͯͬ
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ؒґଘ Schrödingerํఔࣜ (2.1)Λॻ͖Լͨ͠߹ͷղੳൺֱత༰қͰ͋ΔͱظͰ͖Δɽͦ͜Ͱɼશ

ͷঢ়ଶϕΫτϧΛܥ

|Ψ(t)⟩ =
∑

j

∫
dR Ψj(R, t)|R⟩|Φj(R)⟩ (2.5)

ͷΑ͏ʹల։͢Δɽ͜Ε Born–Huangల։ͱΑΕ 13,68)ɼঢ়ଶͷηοτ {|R⟩|Φj(R)⟩} Hͷਖ਼ن
ަجఈͰ͋ΔͷͰɼ͜ͷల։அൃؒ࣌లͷۙࣅͷଥੑʹ͔͔ΘΒ͍ͣͭͰີݫͰ͋Δɽల։

 Ψj(R, t)֩ࢠݪͷಈؔɼ·ͨ֩ଋͱΑΕΔ*3ɽ·ͨɼBorn–Huangల։ʹ༻͍ͨిࢠঢ়

ଶʹؔ͢Δجఈ {|Φj(R)⟩}அجఈͱΑΕΔɽ͜ΕͰ HͷΑ͍ʢͱظ͞ΕΔʣجఈΛఆΊΔ͜ͱ
͕Ͱ͖ͨɽ

2.1.3 Խֶಈྗֶͷํૅجఔࣜ

લ߲Ͱঢ়ଶۭؒ H ͷجఈΛఆΊͨͷͰɼؒ࣌ґଘ Schrödingerํఔࣜ (2.1)ͷ͜ͷجఈͷͱͰͷ۩

ମతදݱΛॻ͖Լ͢ɽBorn–Huangల։ (2.5)Λؒ࣌ґଘ Schrödingerํఔࣜ (2.1)ʹೖ͢Δ͜ͱͰ࣍

ࣜ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 ͷ߲ඇஅิਖ਼߲ɼj ̸= k ͷ߲ඇஅ૬࡞ޓ༻߲ͱΑΕΔɽඇஅ૬࡞ޓ༻߲ɼ

ҟͳΔిࢠঢ়ଶؒͷભҠΛ༠͢ىΔ߲Ͱ͋Δɽ

߹ΈΔͱɼଟ͘ͷͯ͠ࢉܭʹࡍ࣮ Ĉjk(R) ͷখ͍͜͞ͱ͕͔Δ*4 ɽĈjk ≡ 0 ͱ͢Δۙࣅ

Born–Oppenheimer ঢ়ଶ͝ͱʹ༗ޮϙςϯࢠͷಈؔి֩ࢠݪͰݩͷࣅͱΑΕ*5ɼ͜ͷۙࣅۙ

γϟϧ Vj(R) ʹैͬͯಠཱʹӡಈ͢ΔͱΈͳͤΔɽ֩ࢠݪͷஅతӡಈΛࢧ͢Δ༗ޮϙςϯγϟϧ

Vj(R)அϙςϯγϟϧΤωϧΪʔ໘ (adiabatic Potenstial Energy Surface: adiabatic PES) ͋Δ͍

 Born–OppenheimerϙςϯγϟϧΤωϧΪʔ໘ʢBOPESʣͳͲͱΑΕΔ*6ɽ

ଟ͘ͷ߹ඇஅ૬࡞ޓ༻߲ແࢹͰ͖Δ͕ɼͦͷୈ 1߲

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

(2.8)

ͷΑ͏ʹมܗͰ͖ΔͷͰɼVj(R) ≈ Vk(R)ͱͳΔͷۙͰඇஅ૬࡞ޓ༻߲ΛແࢹͰ͖ͳ͍ɽ͜ͷ

*3ʮ֩ࢠݪͷʯಈؔͱΑΕ͍ͯΔ͕ɼR ͷΈͳΒͣిࢠঢ়ଶϥϕϧ j ʹґଘ͢ΔͷͰɼ࣮ࡍʹిࢠͷӡಈͷใ
͍ͬͯΔɽ

*4WKBۙࣅͳͲͷݹయʹΑΔͱ Ψ(R, t) ∼ exp(iPR/!)Ͱ͋ΔͷͰɼĈjk ͷୈҰ߲ !ͷΦʔμʔɼୈೋ߲ !2 ͷΦʔ
μʔͰ͋Γɼ֤߲ͷ͕ҟৗʹେ͖͘ͳ͍ݶΓݹయݶۃʹ͓͍ͯ Ĉjk ແࢹͰ͖Δɽ

*5ඇஅิਖ਼ྀ߲͢ߟΔ͕ඇஅ૬࡞ޓ༻߲ແ͢ࢹΔۙࣅ Born–Huang Δ͢ࢹঢ়ଶؒͷભҠΛແࢠͱΑΕΔɽిࣅۙ
ͱΑΕΔࣅ·ͱΊͯஅۙࣅۙ 69)ɽ

ઢͱΑΕΔɽ·ͨɼBorn–Huangۂͷࣗ༝͕̍ͷ߹ϙςϯγϟϧΤωϧΪʔ֩ࢠݪ6* ͷͱͰඇஅิਖ਼߲Ͱࣅۙ
ิਖ਼͞ΕͨϙςϯγϟϧΤωϧΪʔ໘ Born–Huang PESͱΑΕΔɽBorn–Oppenheimer PESͱ Born–Huang PESͷ
େ͖ͳҧ͍લऀ͕֩ࢠݪͷ࣭ྔʹґଘ͠ͳ͍ɼ͕ͨͬͯ͠ಉҐମޮՌ͕ݱΕͳ͍ʹ͋Δɽ
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Α͏ͳٖަࠩԁਲ਼ަࠩͳͲͱΑΕ*7 ɼ͜ͷͷۙͰిࢠঢ়ଶؒͷભҠ͕͜ىΔʢਤ 2.1(d)ʣɽ

͜ͷભҠΛඇஅભҠͱΑͼɼ࣍અͰͦͷཧతऔΓѻ͍Λઆ໌͢Δɽୈ 1ষͰड़ͨΑ͏ʹɼޫԽֶ

ԠɼిࢠҠಈԠɼੜԽֶԠɼڧߴϨʔβʔதͷԽֶԠͳͲɼ͜ͷඇஅભҠ͕ॏཁͳׂ

ΛԋͣΔ 13,15,25)ɽ

ґଘؒ࣌ Schrödingerํఔࣜ (2.6)ʹ͓͍ͯඇஅ૬࡞ޓ༻ྀ߲ͨ͠ߟԽֶԠܥͷಈྗֶ͕ຊจ

ͷओͰ͋ΔඇஅԽֶಈྗֶͰ͋Δɽ

2.2 ඇஅԽֶಈྗֶͷཧ

2.2.1 ಁجఈ

ඇஅભҠͷཧղੳͷઆ໌ͷલʹɼඇஅԽֶಈྗֶͰ͠͠༻͍ΒΕΔʮಁجఈʯͷ֓೦ʹͭ

͍ͯઆ໌͢ΔɽಁجఈஅجఈʹΘΔجఈͰɼ͠͠அجఈΛ༻͍ΔΑΓղੳΛ༰қʹͯ͠

͘ΕΔɽ·ͨɼಁجఈͷํ͕ཧతҙຯ͕͔Γ͍͢͜ͱ͋Δ*8ɽ

ඇஅԽֶಈྗֶͷํૅجఔࣜ (2.6)ͷࢉܭʹ͓͍ͯҰ൪հͰ͋Δͷɼඇஅ૬࡞ޓ༻߲ʹؚ·Ε

Δ ⟨Φj(R)|∇I |Φk(R)⟩ ·∇I ͷ߲Ͱ͋Δɽ͜ͷ߲Ұ࣍ͷඍԋࢠࢉΛؚΉ্ʹɼVj(R) = Vk(R)ͱͳ

ΔͰൃ͢ࢄΔɽ͜ΕΛճආ͢ΔͨΊʹ

⟨Φd
j (R)|∇I |Φd

k(R)⟩ = 0 (2.9)

Λຬͨ͢جఈΛΘΓʹ༻͍ΕΑ͘ɼ͜ͷ݅Λຬͨ͢جఈΛಁجఈͱΑͿɽಁجఈͷͱͰํఔ

ࣜ (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)

ͷΑ͏ʹͳΔɽඇஅ૬࡞ޓ༻߲͕ͳ͘ͳΔΘΓʹɼಁϙςϯγϟϧ V d(R)ʹඇର߲͕֯ଘ͠ࡏɼ

͜Ε͕ిࢠঢ়ଶؒͷભҠΛ༠͢ىΔɽ͜ͷಁϙςϯγϟϧͷඇର߲֯ԋࢠࢉͰͳ͍ͨΊɼదͳಁ

جఈΛ༻͍Δ͜ͱͰɼԋࢠࢉΛؚΉஅදݱΑΓղੳΛ༰қʹ͢Δ͜ͱ͕Ͱ͖Δɽͳ͓ɼҰൠʹɼஅ

ϙςϯγϟϧΤωϧΪʔ໘ͷٖަࠩྖҬͰɼಁϙςϯγϟϧΤωϧΪʔ໘ަࠩ͢Δɽ

ࣜ (2.9)Λຬͨ͢جఈແʹଘ͢ࡏΔ͕*9 ɼෆదͳಁجఈͷͱͰಁঢ়ଶؒͷભҠ͕ඇہॴ

తʹͯͬ͜͠ى·͏ͳͲղੳ͕ෳࡶʹͳΔͨΊɼ͜͜ͰΑ͍ಁجఈͷબ͕ඞཁʹͳΔɽஅϙςϯ

γϟϧ໘͕͍ۙͯ͠ΔྖҬҎ֎Ͱ݅ (2.9)ۙࣅతʹຬͨ͞Ε͍ͯΔͨΊɼ͜ͷྖҬͰஅجఈͱ

Ұக͢ΔΑ͏ʹಁجఈΛબɼ͜ͷஅతྖҬʹ͓͚Δಁঢ়ଶؒͷભҠΛແ͢ࢹΔ͜ͱ͕Ͱ͖ɼඇ

ఈΛجఈஅجॴతͳಁঢ়ଶؒͷભҠ͛Δɽ͜ͷΑ͏ͳಁہ Rʹؔͯ͠Β͔ʹϢχλϦʔ

ม͢Δ͜ͱͰಘΒΕɼͱ͘ʹ 1ࣗ༝ 2४ҐܥͰ݅ (2.9)Λີݫʹຬͨ͢Α͏ʹϢχλϦʔมͰ

͖Δɽ೦ͳ͕Β͜ͷม 1ࣗ༝ 2४ҐܥҎ֎Ͱߦ࣮ʹີݫͰ͖ͳ͍͕ɼۙࣅతʹ͜ΕΛ࣮͢ߦΔ

ख๏͕ఏҊ͞Ε͍ͯΔ 71)ɽ

*7Ұൠʹɼಉ͡ରশੑΛͭೋͭͷిࢠঢ়ଶͷ N ໘ɼNۂஅϙςϯγϟϧΤωϧΪʔݩ࣍ − 2 Ҏ্ͷଟ༷ମ্Ͱͳ͍ݩ࣍
Γަࠩ͢Δ͜ͱ͕Ͱ͖ͳ͍ʢNeumann–Wignerݶ ͷඇަࠩଇʣɽ͕ͨͬͯ͠ɼࣗ֩ࢠݪ༝͕ 1 Ͱ͋Δೋࢠݪࢠͷஅϙςϯ
γϟϧΤωϧΪʔۂઢަΘΔ͜ͱ͕Ͱ͖ͳ͍ͷͰɼೋͭͷϙςϯγϟϧΤωϧΪʔۂઢ͕࠷ۙ͢Δʮٖʯަࠩʢavoided

crossingʣͱΑΕΔɽ·ͨɼଟݩ࣍ϙςϯγϟϧΤωϧΪʔۂ໘͕ 1 ʢ0 ଟ༷ମʣͰަࠩ͢Δ͜ͱΛԁਲ਼ަࠩʢconicalݩ࣍

intersectionʣͱΑͿ 70)ɽ
*8ຊষޙͷ 2.4અͰઆ໌͢Δ LiFࢠϞσϧͰɼಁجఈʹʮΠΦϯ݁߹ੑʯɼʮڞ༗݁߹ੑʯͱ͍͏ཧతҙຯ͕͋Δɽৄ

͘͠ɼ2.4અΛࢀরɽ
*9ྫ͑Rʹશ͘ґଘ͠ͳ͍ {|Φd

j ⟩}ͳΔجఈࣗ໌ʹ݅ (2.9)Λຬͨ͢ɽ
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2.2.2 Landau–ZenerϞσϧ

ೋͭͷஅϙςϯγϟϧΤωϧΪʔ໘͕ۙ͢Δٖަࠩʹ͓͍ͯ Born–OppenheimerۙࣅഁΕΔ

͕ɼ͜ͷٖަࠩྖҬʹ͓͍ͯܥͷൃؒ࣌లͲͷΑ͏ʹͳΔͰ͋Ζ͏͔ʁ 1927ʹ Born–Oppenheimer

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

ʹɼٖަࠩʹ͓͚ΔඇஅભҠʹؔ͢ΔઌۦతͳڀݚՌΛൃදͨ͠ɽ͜ͷ߲ͰɼLandau–ZenerϞ

σϧͱΑΕ͍ͯΔඇஅભҠͷϞσϧʹؔͯ͠ɼZenerͷݪจ 22) ͷΞϓϩʔνΛͱʹղઆ͢Δɽ

1ࣗ༝ యతʹӡಈ͠ɼٖަࠩྖҬݹ֩ࢠݪΔɽ͑ߟΔٖަࠩۙͰͷӡಈΛ͚͓ʹܥঢ়ଶࢠ2ి

௨աதʹӡಈΤωϧΪʔมԽ͕ແࢹͰ͖Δ΄Ͳʹेେ͖ͳӡಈΤωϧΪʔΛͭͱԾఆ͢Δɽ͢ͳΘ

ͪɼ֩ࢠݪͷӡಈӡಈͰ͋ΔͱԾఆ͠ɼ࠲֩ࢠݪඪ R(t)ؒ࣌ͷؔͱ͔͍ͯͬͯ͠Δͱ͢Δɽ

͜ͷͱ͖ɼిࢠͷӡಈҎԼͷؒ࣌ґଘ Schrödingerํఔࣜʹै͏ɿ

i! d

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

͜͜ͰɼĤelec(R(t)) ిࢠ Hamiltonian Ͱɼؒ࣌ʹཅʹґଘ͢Δɽిࢠঢ়ଶϕΫτϧΛಁجఈ

{|Φd
j (R)⟩ |j = 1, 2}ʹΑͬͯ

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

2(R(t))⟩ (2.12)

ͷΑ͏ʹల։͠ɼؒ࣌ґଘ Schrödingerํఔࣜ (2.11)Λ۩ମతʹද͢ݱΔɽಁ݅ (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)

͕Γཱͭ͜ͱʹҙ͢Ε

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)

ͱ͓͍ͨɽ͞Βʹ͜͜ͰɼඇஅભҠ͕͜ىΓ͏ΔٖަࠩྖҬेہॴతͰ͋ΔͱԾఆ͢Δɽcj(t)ͷ

μΠφϛΫεʹӨڹΛٴ΅͢ͷ͜ͷྖࠩަٖ͍ڱҬͷύϥϝʔλ͚ͩͰ͋ΔͷͰɼશҬͰಁ݁߹

V12(R)ٖަࠩͷͦΕʹ͍͠ͱԾఆ͠ɼ͞ΒʹٖަࠩྖҬͰಁϙςϯγϟϧΤωϧΪʔۂઢઢ

ΔͱԾఆ͢Δɽ͢ͳΘͪɼࠩ͢ަʹܗ

1

! [ε2(t)− ε1(t)] = αtɼ (2.17)

1

!ε12(t) = ∆ (2.18)

ͱ͢Δɽ͜͜Ͱ α > 0ΛԾఆͯ͠ҰൠੑΛࣦΘͳ͍ɽॳظ݅Λ

|c1(−∞)|2 = 1ɼ (2.19a)

|c2(−∞)|2 = 0 (2.19b)
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ͱͯ͠ํఔࣜ (2.14)Λղ͖ɼղͷ t → ∞ͷৼΔ͍͔ΒඇஅભҠ֬ͳͲΛٻΊΔ͜ͱ͕Ͱ͖Δɽ

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)

ͱஔ͖͑Λͯ͠ 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)

ͱͳΔ͕ɼ͜ͷํఔࣜͷղWeberؔDn(z)Ͱද͞ΕΔ͜ͱ͕ΒΕ͍ͯΔɽॳظ݅ (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)

Ͱ͋ΔɽWeberؔͷۙڍಈ͔͍ͬͯΔͷͰ͜ΕΛ༻͍Εɼ

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)

ΛಘΔɽ͜ΕΑΓɼಁঢ়ଶ 1͔Βಁঢ়ଶ 1ͱ௨ա͢Δ֬

PLZ ≡ |c1(∞)|2

|c1(−∞)|2 = e−2πν (2.29)
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ͱධՁͰ͖Δɽಁϙςϯγϟϧ Vj ͷަࠩۙͰͷ͖Λ Fjɼ֩ࢠݪͷ͞Λ v Ͱදͤ

α =
(F2 − F1)v

! (2.30)

͕ΓཱͭͷͰ࠷ऴతʹ

PLZ = exp

[
− 2πV12

2

!v|F1 − F2|

]
(2.31)

ΛಘΔɽ͜Ε͕༗໊ͳ Landau–ZenerެࣜͰ͋ΔɽҎ্ͰಁදݱͰ͕ͨ͑ߟɼஅදݱͰ͑ߟΕɼ

t → −∞ͱ t → ∞Ͱಁঢ়ଶ̍ͦΕͧΕผͷஅঢ়ଶʹۙ͢Δ͔Βɼެࣜ (2.31)ɼஅঢ়ଶؒͷ

ભҠͷ֬ɼ͢ͳΘͪඇஅભҠ֬ͷදࣜͰ͋Δɽ

ඇஅભҠʹΑͬͯಈ͕ؔ֫ಘ͢ΔҐ૬ʹ͍ͭͯɼ্هͷղੳ͔ΒධՁͰ͖Δɽ͜ͷҐ૬

Stückelberg Ґ૬ͱΑΕΔ 25)ɽྔׯࢠবޮՌΛͱΓ͜ΜͩղੳΛ͓͜ͳ͏ͨΊʹɼ͜ͷҐ૬ධՁ

͢Δඞཁ͕͋ΔɽStückelberg Ґ૬ɼt → ∞ Ͱͷۙղ (2.28) ͷৼ͍͔Β࣍ͷΑ͏ʹධՁͰ͖Δɽ

͜ͷۙղͷҐ૬Ҽࢠʹஅϙςϯγϟϧ

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)

ؚ͕·ΕΔɽ͜ΕΛআ͢ڈΔͱɼඇஅྖҬ௨աલޙͷ֬ৼ෯Λͭͳ͙ҎԼͷసૹྻߦΛಘΔ 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߸ ± ਖ਼͕ࠨଆ͔Βӈଆͷ௨

աɼෛ͕ͦͷํٯͷ௨աΛද͢ɽ·ͨɼi ಁঢ়ଶͷϥϕϧΛද͢ɽ͜ͷసૹྻߦதͷҐ૬ χ ͕

StückelbergҐ૬ͱΑΕΔͷͰ͋Δɽ

Ҏ্ͷಋग़͔ΒΘ͔ΔΑ͏ʹɼLandau–Zener ެࣜߴΤωϧΪʔྖҬͰ͔͑͠ͳ͍ɽ·ͨɼࢠݪ

֩ͷӡಈͱిࢠͷӡಈͷͷԾఆɼ2 ͭͷిࢠঢ়ଶͰ֩ࢠݪͷӡಈ͕Ұக͢Δͱ͍͏ԾఆͳͲɼഁ

ΕΔ͜ͱ͕͋Δɽ͜ͷΑ͏ͳԾఆΛऔΓআ͘ʹ R ͕ཅʹؒ࣌ʹґଘ͠ͳ͍ؒ࣌ඇґଘͱͯ͠ѻ͏

ඞཁ͕͋ΔɽLandau Stückelberg͕औΓΜͩͷɼ͜ͷؒ࣌ඇґଘͷઢܗϙςϯγϟϧަࠩͰ

͋ͬͨɽ

*10͜͜Ͱࣔ͢సૹྻߦಁදࣔͷͷͰ͋Δ
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Landau–Zener–Stückelberg ཧͷެද͔Β 60 ޙɼZhu ͱ Nakamura ʹΑͬͯؒ࣌ඇґଘͷ

ઢܗϙςϯγϟϧަࠩͷશղ͕ಘΒͨɽ͜Ε Zhu–Nakamura ެࣜͱͯ͠ΒΕ͍ͯΔ 25)ɽ

Zhu–NakamuraެࣜҙͷΤωϧΪʔྖҬɼҙͷޯͷઢܗϙςϯγϟϧަࠩʹద༻Ͱ͖ɼߴ

ΤωϧΪʔݶۃͱͯ͠ Landau–ZenerެࣜΛؚΉɽͨͩ͠ɼຊڀݚͰѻ͏ঢ়گͰ Landau–Zenerެࣜ

ͰेͰ͋ΓɼZhu–Nakamuraެࣜ༻͍ͳ͍ɽ

2.2.3 surface-hoppingϞσϧ

લ߲Ͱհͨ͠௨ΓɼඇஅྖҬ͕͍ͯ͠ࡏہΔ߹ʹɼඇஅྖҬͰͷৼ͍ Landau–Zener

ཧ Zhu–Nakamura ཧʹΑͬͯهड़Ͱ͖ΔɽͦΕҎ֎ͷஅ͕ۙࣅ༗ޮͳྖҬͰɼ֩ࢠݪஅ

ϙςϯγϟϧΤωϧΪʔ໘্Λݹయత͋Δ͍ݹయతʹӡಈ͢ΔͱΈͳͤΔɽ1971 ʹ Tully ͱ

PrestonɼஅྖҬʹ͓͚ΔݹయيಓࢉܭͱɼඇஅྖҬʹ͓͚Δ Landau–Zenerެࣜ (2.31)ʹैͬ

ͨ֬తͳిࢠঢ়ଶભҠͱΛΈ߹Θͤͨɼ؆ศͳඇஅԽֶಈྗֶࢉܭख๏ΛఏҊͨ͠ 24)ɽ͜ͷख๏

 Trajectory Surface Hopping๏ͱΑΕ͍ͯΔɽ

அϙςϯγϟϧΤωϧΪʔ໘্ͷʢʣݹయيಓࢉܭͱ֬తͳిࢠঢ়ଶભҠʹΑͬͯඇஅԽֶಈ

ྗֶΛଊ͑Α͏ͱ͢ΔϞσϧ૯শͯ͠ surface-hoppingϞσϧͱΑΕΔ 13,26)ɽ͜ΕΒͷϞσϧʹ

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

ʢLZ-TSH๏ʣ24) ͷଞʹɼFewest Switch Surface Hopping๏ʢFSSH๏ʣ72)ɼZhu–Nakamuraެࣜ

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

ྔֶྗࢠతҐ૬ͷใ͕ܽམ͢ΔͷͰɼ֩ଋͷྔׯࢠবޮՌΛهड़Ͱ͖ͳ͍ɽͦ͜Ͱݹయيಓࢉܭͷ

ΘΓʹݹయྗֶࢉܭΛ༻͍Δख๏։ൃ͞Ε͍ͯΔ 74,75)ɽ

2.3 ޫͱࢠͷ૬࡞ޓ༻

2.3.1 ޫͱࢠͷ૬࡞ޓ༻ͷهड़ͱۙࣅ

͜ͷ߲Ͱɼޫͱ૬࡞ޓ༻͢ΔܥࢠΛهड़͢Δํૅجఔࣜʹ͍ͭͯઆ໌͢Δɽ

ޫຊདྷྔࢠతͳଘࡏͰ͋Δ͕ɼޫͷڧ͕ͦΕ΄Ͳऑ͘ͳ͚Εɼޫৼ෯ͱҐ૬͕ఆ·ͬͨݹయ

తͳి࣓ͱͯͯ͑͠ߟΑ͍ɽݹయతి࣓தʹஔ͔Εͨܥࢠͷ 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·ͨɼ͜͜Ͱࣗܥࢠ͕࡞ΔϕΫτϧϙςϯγϟϧແࢹ

͢Δ*11ɽ

ࣜ (2.38)ͷ HamiltonianʹӡಈྔԋࢠࢉͱҐஔԋࢠࢉͷަ߲͕ࠩଘͯ͠ࡏऔΓѻ͍͕໘Ͱ͋Δ͔

ΒɼͰ͖ΕήʔδมʹΑΓӡಈΤωϧΪʔ߲ͷϕΫτϧϙςϯγϟϧ Aex Λ 0ʹ͍ͨ͠ɽ͜ͷΑ

͏ͳมີݫʹ͑ߦͳ͍ͷͰɼ௨ৗۙࣅͱΑΕΔۙࣅΛ༻͍ͯ͜ΕΛۙࣅతʹ࣮͢ߦΔɽ

ి࣓ͷɼྫ͑ՄޫࢹͰ 100 nmͷΦʔμʔͰ͋Γɼྔࢠͷܥࢠͷେ͖͜͞ΕΑΓे

*11ࣗܥࢠ͕࡞ΔϕΫτϧϙςϯγϟϧͷޮՌΛ͋ΒΘʹऔΓೖΕΔͨΊʹMaxwellํఔࣜͱ SchrödingerํఔࣜΛ࿈ཱ
ͯ͠ղ͘ඞཁ͕͋Δ 76)ɽͳ͓ɼCoulombήʔδͰి࣓ͷεΧϥʔϙςϯγϟϧ 0Ͱ͋Δɽ
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ʹখ͍͞ͷͰɼࢠͷεέʔϧͰϕΫτϧϙςϯγϟϧͷ΄΅ҰఆͱΈͳͯ͠Α͍ɽ͢ͳΘͪɼ

ܥࢠͷத৺Λ x = 0ͱͯ͠ɼҎԼͷΑ͏ͳႈڃల։ͷ࣍ͷ߲ͷد༩ͷΈΛྀ͢ߟΔͱ͍͏͕ۙࣅ

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

͜Ε͕ۙࣅͱݺΕΔͷͰ͋Δɽ͜ͷۙࣅͷͱήʔδม

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)ҙͷεΧϥʔؔͰ͋

Δɽࣜ (2.39)ͷ ͷ߲ʹؔͯ͠ɼ݅࣍0

A(0, t) +∇f(x, t) = 0 (2.42)

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

Ͱ͋Δɽ͜ΕΛ༻͍ͯήʔδมΛ͢ࢪͱɼ

A′(x, t) = 0ɼ (2.44)

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

ͱͳΓɼ0࣍ͷϕΫτϧϙςϯγϟϧΛશʹফ͢͜ͱ͕Ͱ͖ΔɽΘΓʹεΧϥʔϙςϯγϟϧʹՃ

తͳ߲͕ՃΘΔɽ͜͜Ͱ

Eex(0, t) = − ∂

∂t
Aex(0, t) (2.46)

ޫిͰ͋Δɽ͜ΕΑΓɼ0࣍ͷۙࣅͷ 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)

ࢠࢠۃϞʔϝϯτԋࢠࢉͰ͋Δɽ͜ͷදࣔͰӡಈྔԋࢠࢉͱҐஔԋ͕ࢠࢉ͍ͯ͠Δɽࣜ

(2.47)ͷ Hamiltonianɼࢠͱి࣓ͱͷ૬࡞ޓ༻͕ࢠۃϞʔϝϯτʹΑͬͯॻ͔Ε͍ͯΔͨΊɼ͜

ͷۙࣅΛࣅۙࢠۃͱ͍͏ɽ·ͨɼۙࣅͷ̍࣍ͷ߲Ͱ࣓ؾࢠۃ૬࡞ޓ༻ͱి࢛ؾॏࢠۃ૬ޓ

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

Born–Huangల։ͱࣅۙࢠۃΛซ༻͢Δͱɼ֩ଋ 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)

Ͱ͋Γɼ͜ͷඇର߲֯ભҠࢠۃϞʔϝϯτͱΑΕΔɼҟͳΔిࢠঢ়ଶؒͷભҠΛ༠͢ىΔ߲Ͱ͋

ΔɽಁجఈΛ༻ͨ͠߹ಉ༷ʹؒ࣌มಈ͢Δ༗ޮϙςϯγϟϧΛఆٛͰ͖ΔɽڧߴϨʔβʔͰ

ɼ֩ଋͷӡಈʹେ͖ͳӨڹΛ༩͑ΒΕΔ΄Ͳʹɼ༗ޮϙςϯγϟϧ (2.49)Λಈతʹมಈͤ͞Δ͜ͱ

͕Ͱ͖Δɽ͜ΕΛಈత StarkޮՌͱ͍͍ɼϨʔβʔʹΑΔԽֶԠ੍ޚʹ͜ͷޮՌ͕༻͍ΒΕΔ͜ͱɼ

ংষͰઆ໌ͨ͠ͱ͓ΓͰ͋Δɽ
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2.3.2 Floquetཧ

લ߲Ͱɼݹయి࣓தͷ֩ଋͷӡಈؒ࣌มಈ͢Δ༗ޮϙςϯγϟϧΤωϧΪʔ໘্ͷӡಈͱΈͳ

ͤΔ͜ͱΛઆ໌ͨ͠ɽ͔͠͠ɼؒ࣌มಈ͢ΔϙςϯγϟϧΤωϧΪʔ໘্ͷӡಈΛ؍తʹ૾͢Δͷ

͘͠ɼཧతͳѻ͍հͰ͋ΔɽಛʹՄࢹɾࢵ֎ޫͳͲͷؒ࣌มಈ͕͍ి࣓ͷ߹ʹɼޙड़ͷ

Α͏ʹ؍Λ͑ͨඇࣗ໌ͳӡಈ͕͜ىΓ͏Δɽ༗ޮϙςϯγϟϧΤωϧΪʔ໘ͷؒ࣌ґଘੑΛԿΒ͔ͷ

มʹΑͬͯऔΓআ͘͜ͱ͕ग़དྷΕɼΑΓ͔Γ͍͢ඳ૾͕ಘΒΕΔͣͰ͋Δɽຊ߲Ͱઆ໌͢Δ

Floquetཧɼ·͞ʹ͜ͷΑ͏ͳඳ૾ͷసΛͨΒͯ͘͠ΕΔཧͰ͋Δɽ

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

Ͱهड़͞ΕΔܥࢠͷӡಈΛ͑ߟΔɽT̂N ֩ࢠݪͷӡಈΤωϧΪʔԋࢠࢉɼĤelec ిࢠ Hamiltonianɼ

µ̂ ࢠۃϞʔϝϯτԋࢠࢉɼE0 ͱ ω ͦΕͧΕޫిͷৼ෯ͱৼಈͰ͋Δɽ͜͜Ͱઆ໌ͷ؆

ུԽͷͨΊʹ E0 ͱ ω ͕ఆͷ߹ɼ͢ͳΘͪ CW Ϩʔβʔ*12 ͷ߹Λ͑ߟΔɽ͜͜Ͱͷత

Hamiltonian (2.51)ͷؒ࣌ґଘੑΛऔΓআ͘͜ͱͰ͋Δɽ

ͦͦి࣓ͱ૬࡞ޓ༻͢Δܥࢠͷ Hamiltonian͕ؒ࣌ґଘੑΛͯͬ࣋͠·͏ͷɼి࣓Λ֎

෦มͱͯ͠ѻ͍ɼܥࢠͷঢ়ଶۭؒ H ͷத͚ͩͰ͍ͯ͑ߟΔ͔ΒʹଞͳΒͳ͍ɽࢠͱి࣓ͷෳ߹
ͷܥ Hamiltonianʹؒ࣌ґଘੑͳ͍ͣͰ͋Δɽͦ͜Ͱి࣓ͷঢ়ଶΛهड़͢Δঢ়ଶۭؒ Hfield ͱ

ి࣓ͷӡಈΛهड़͢Δ Hamiltonian Ĥfield Λߏங͢Εɼෳ߹ঢ়ଶۭؒ H̃ = H⊗Hfield ্ͷԋࢠࢉͱ

ͯ͠ɼؒ࣌ʹґଘ͠ͳ͍ Hamiltonian͕ಘΒΕΔͱظͰ͖Δɽ

ి࣓ͷঢ়ଶۭؒ Hfield ͱ Hamiltonian Ĥfield Λ۩ମతʹߏங͢ΔɽCW Ϩʔβʔͷ߹Ґ૬

θ = ωt ͕ঢ়ଶมͱͯ͠ར༻Ͱ͖ΔɽҐ૬ θ ԁप S1 ্ͷมͰ͋Δ͔ΒͦΕʹରԠ͢Δঢ়ଶͷ

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

͜ͷͱ͖ɼHfield ʹଐ͢Δؔ f, g ͷੵ

⟨f |g⟩ = 1

2π

∫ 2π

0
f∗(θ)g(θ)dθ (2.52)

Ͱ༩͑ΒΕΔɽ·ͨɼHfield ͷجఈͱͯ͠ Fourierجఈ

⟨θ|n⟩ = einθ (2.53)

͕ར༻Ͱ͖Δɽͯ͞ɼి࣓ͷҐ૬ θ ֯ ω Ͱӡಈ͍ͯ͘͠ͷͰɼి࣓ͷঢ়ଶΛද͢ θ දࣔͷ

ؔ
F (θ, t) = F (θ − ωt, 0) (2.54)

ͷΑ͏ʹൃؒ࣌ల͢ΔɽରԠ͢Δൃؒ࣌లԋࢠࢉ

Û(t, 0) = e−ωt∂̂θ (2.55)

Ͱ͋Δɽ͜͜Ͱ ∂̂θ  θ ʹؔ͢ΔඍԋࢠࢉͰ͋Δɽ͜ͷൃؒ࣌లԋ͕ࢠࢉ exp(−iĤfieldt/!)ͱҰக͢Δ
ͱ͍͏͔݅Βɼ

Ĥfield = −i!ω∂̂θ (2.56)

*12CW = Continuous WaveɽఆৗϨʔβʔʢStationary Laserʣͱ͍͏ɽ
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ΛಘΔ*13ɽ

Ҏ্ΑΓɼܥࢠͱి࣓ͷෳ߹ܥͷӡಈΛهड़͢Δ Hamiltonian

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

ͱॻ͚Δɽ͜͜Ͱɼୈ 3߲ి࣓ͱܥࢠͷ૬࡞ޓ༻߲Ͱ͋Γɼͱͷ Hamiltonian (2.51)ͷୈ 3߲

ʹ͓͚Δ ωt Λ θ̂ Ͱஔ͖ͨ͑ͷͰ͋ΔɽHamiltonian (2.57)  Floquet Hamiltonian ͱΑΕΔ

ͷͰɼؒ࣌ʹཅʹґଘ͠ͳ͍ɽෳ߹ঢ়ଶۭؒ H̃ͷݩ |Ψ̃(t)⟩ͷൃؒ࣌లɼؒ࣌ґଘ Schrödingerํఔࣜ

i! d

dt
|Ψ̃(t)⟩ = ĤFloq|Ψ̃(t)⟩ (2.58)

ʹΑͬͯࢉܭͰ͖Δɽ֤छཧྔ

⟨Â(t)⟩ = ⟨Ψ̃(t)|Â|Ψ̃(t)⟩ (2.59)

͔ΒࢉܭͰ͖Δ*14ɽ

ґଘؒ࣌ Schrödinger ํఔࣜ (2.58) Λ۩ମతʹ͢ࢉܭΔʹجఈల։͕ඞཁͰ͋Δɽઌड़ͷͱ͓Γ

ޫͷి࣓ͷؒ࣌มಈͷλΠϜεέʔϧ֩ࢠݪͷӡಈͷλΠϜεέʔϧΑΓ͍ɽ͕ͨͬͯ͠ɼ

Born–Huangల։ͷͱ͖ͱಉ༷ʹɼRΛݻఆͨ͠ͱ͖ͷిࢠɾి࣓ෳ߹ܥͷݻ༗ঢ়ଶΛ༻͍Δͷ͕Α

͍ɽ͢ͳΘͪɼిࢠ Floquet Hamiltonian

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

ʹؔ͢Δؒ࣌ඇґଘ 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༗ঢ়ଶͰ͋ΔͳΒɼexp[inθ̂]|Φ̃(R)⟩ ݻ༗ Ṽ (R) + n!ω
ʹରԠ͢Δݻ༗ঢ়ଶͰ͋Δ͜ͱ͕ै͏ɽ͜ͷ࣮ࣄ Floquet ͷఆཧͱΑΕ͍ͯΔ*15ɽFloquet ͷ

ఆཧΑΓɼిࢠ Floquet Hamiltonian ͷݻ༗ঢ়ଶΛ |Φ̃n
j (R)⟩ ͷΑ͏ʹϥϕϧ͚Ͱ͖Δɽͨͩ͠ɼ

|Φ̃n
j (R)⟩ = exp[inθ̂]|Φ̃0

j (R)⟩ Ͱ͋Δɽ͜ͷݻ༗ঢ়ଶ Floquet ঢ়ଶɼ͋Δ͍ɼҥΛ·ͱͬͨঢ়ଶ

ʢdressed stateʣͱΑΕɼͦͷݻ༗ FloquetΤωϧΪʔɼ·ͨɼٖΤωϧΪʔʢquasi energyʣͱ

ΑΕΔ 9)ɽFloquetݻ༗ঢ়ଶͷٻΊํʹ͍ͭͯޙճ͠ʹͯ͠ɼFloquetݻ༗ঢ়ଶ͕ٻ·ͬͨͱͷԾఆ

ͷ্ͰΛਐΊΔɽBorn–Huangల։ͷͱ͖ͱಉ͡Α͏ʹෳ߹ঢ়ଶۭؒ H̃ͷݩΛ

|Ψ̃(t)⟩ =
∑

j

∑

n

∫
dR Ψ̃n

j (R, t)|R⟩|Φ̃n
j (R)⟩ (2.62)

ͷΑ͏ʹల։͠ɼؒ࣌ґଘ Schrödingerํఔࣜ (2.58)ʹೖ͢Δͱɼ

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)

ࢠࢉʣͰҐ૬ԋݶۃ͕ेେ͖͍ࢠʢޫݶۃయݹ13* θ̂ʹର͠ɼޫ ࢠࢉԋࢠ N̂ = −i∂̂θ ͱͳΔɽௐৼಈࢠͷ Hamiltonian

 Ĥ = !ω(N̂ + 1/2) ͱॻ͚ͨͷͰɼྵΤωϧΪʔΛແ͢ࢹΕɼ͜ͷ Ĥfield ৼಈ ω ͷϞʔυͷి࣓ͷӡಈΛهड़͢Δ

Hamiltonianʹ͍͠ɽ77)

*14͜ͷϒϥέοτΛ࣮͢ࢉܭʹࡍΔࡍʹɼܥࢠͷม R  r ͚ͩͰͳ͘ɼి࣓ͷঢ়ଶΛද͢ม θ ʹؔ͢Δੵ͕ඞཁ
ͳ͜ͱʹҙ͢Δɽ

*15݁থͷిࢠঢ়ଶʹؔ͢Δ Blochͷఆཧͷؒ࣌൛ʢ͋Δ͍ి࣓Ґ૬൛ʣͰ͋ΔɽFloquetͷఆཧͱͱपؔظઢ
తͳظपؒ࣌ৗඍํఔࣜʹؔ͢ΔఆཧͰ͋ΓɼShirley͕ܗ HamiltonianΛͭ࣋ 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)

ඇஅิਖ਼߲ɾඇஅ૬࡞ޓ༻߲Ͱ͋Γɼnͱmʹؔͯࠩ͠ n−mʹͷΈґଘ͢ΔɽҎ্ΑΓɼCW

ϨʔβʔதͷܥࢠͷඇஅԽֶಈྗֶɼ͕ͳ͍ͱ͖ͷඇஅԽֶಈྗֶͱࣜܗతʹಉ͡Ͱ͋Δ͜

ͱ͕͔ΔɽBorn–Oppenheimer PESʹରԠ͢Δ Ṽ n
j (R)ɼlaser-dressedϙςϯγϟϧΤωϧΪʔ໘

79)ɼٖΤωϧΪʔ໘ʢQES: Quasi Energy Surfaceʣ80)ɼFloquet ໘ 81,82) ͳͲͱΑΕΔɽຊจͰ

͜ΕΛٖΤωϧΪʔ໘ʢQESʣͱΑͿ͜ͱʹ͢Δ*16ɽBorn–OppenheimerϙςϯγϟϧΤωϧΪʔ໘

ʢPESʣͷٖަࠩԁਲ਼ަࠩͰిࢠঢ়ଶؒͷભҠ͕ہॴతʹ͖ىΔͷͱಉ༷ʹɼٖΤωϧΪʔ໘ (QES)

ͷٖަࠩԁਲ਼ަࠩͰہॴతͳ Floquetঢ়ଶؒભҠ͕͜ىΔɽ͜ͷ࣮ࣄɼؒ࣌มಈ͢Δ༗ޮϙςϯ

γϟϧΤωϧΪʔ໘্ͷӡಈͱ͍͏ඳ૾͔Β؍తʹཧղ͕͍ͨ͠ඇࣗ໌ͳͷͰ͋Δɽ·ͨɼ௨ৗͷ

ඇஅԽֶಈྗֶͷͱ͖ͱಉ͡Α͏ʹɼٖΤωϧΪʔ໘Λ༻͍ͨ surface-hoppingࢉܭ͜͏ߦͱ͕Ͱ͖

Δ 79,81,82)ɽ

ͨ͠ʹճ͠ޙɼઌ΄Ͳʹ࣍ 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 stateʣͱΑΕΔ*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)

Ͱ͋Δɽ͜ͷର߲֯ݩͷϙςϯγϟϧΤωϧΪʔ໘ΛޫͷޫࢠΤωϧΪʔͷഒ্͚ͩ͛Լ͛ͨ͠

ͷͰ͋Γɼ͜ΕΛ field-dressed PESͱΑͿɽ͜ͷແྻߦݩ࣍ݶΛదͳ༗ݩ࣍ݶͰଧͪͬͯର֯

Խ͢Ε Floquetݻ༗ঢ়ଶͱ FloquetΤωϧΪʔʢٖΤωϧΪʔʣ͕ٻ·Δɽ͔͠͠ɼର֯Խ͖͢ߦ

ྻͷݩ࣍ޫిৼ෯ E0 ͕େ͖͘ͳΕͳΔ΄Ͳ૿େ͢Δɽ͜Εඇର͕֯ E0 ʹൺྫ͢ΔͨΊͰ

͋Δɽ

ຊจͰ্هͷඪ४తͳख๏༻͍ͣɼҎԼͰઆ໌͢Δ؆ศͳઁಈతํ๏ʹΑٖͬͯΤωϧΪʔ໘

ΛٻΊͨɽઌͷૉͳํ๏ͷిࢠ Floquet HamiltonianΛྻߦදࣔͨ͠ͱ͖ʹඇର߲͕֯ৼ෯

E0 ʹൺྫ͢Δ͜ͱͰ͋ΔɽͦͷݪҼɼجఈͱͯ͠ిࢠঢ়ଶϕΫτϧͱి࣓ঢ়ଶϕΫτϧͷςϯιϧ

ੵঢ়ଶΛ༻͍ͨ͜ͱɼ͢ͳΘͪిࢠঢ়ଶͱి࣓͕૬࡞ޓ༻͍ͯ͠ͳ͍ঢ়ଶΛୈ ͱͯ͠બͨ͜͠ࣅ0ۙ

ͱʹ͋Δɽͭ·ΓɼE0͕େ͖͍ͱ͖ʹ {|Ψj(R)⟩|n⟩}Α͍جఈͰͳ͍ͱ͍͏͜ͱͰ͋Δɽͦ͜Ͱච
ऀग़൛จ 40) ͓Αͼຊจʹ͓͍ͯɼࢠۃϞʔϝϯτྻߦΛର֯Խ͢Δిࢠঢ়ଶجఈ {|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)

*16ʮPESʯͱʮQESʯͷରൺ͕Θ͔Γ͍ͨ͢ΊɼʮQESʯΛ༻͍ΔɽFloquetΤωϧΪʔ໘ͷུه FESࣗ༝ΤωϧΪʔ໘
ͱࠞಉͷ͓ͦΕ͕͋Δɽ

*17Tannor9) ʹΑΔͱɼdressed stateిࢠ Floquet Hamiltonianͷݻ༗ঢ়ଶ |Φ̃n
j (R)⟩Λ͠ࢦɼfield-dressed stateςϯ

ιϧੵ |Φj(R)⟩|n⟩Λ͢ࢦɽ
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Ͱ͋Δɽ͜ͷجఈͷࢦҼࢠͷݞܥࢠͱి࣓ͱͷ૬࡞ޓ༻ΛؚΉ߲ͱͳ͓ͬͯΓɼ͜ΕʹΑΓిࢠ

ঢ়ଶͱి࣓͕૬࡞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 BesselؔͰ͋ΓɼҾ z 

zjk(R) =
E0

!ω
[
µj(R)− µk(R)

]
(2.69)

Ͱ༩͑ΒΕΔɽJn[z]ͷઈର 1Λ͑ͳ͍͜ͱʹҙ͢Δɽ͢ͳΘͪɼޫిৼ෯ E0 ͕͍͘Β૿େ

ͯ͠ඇର֯ͷେ͖͞

V DM
jk (R) = ⟨ΦDM

j (R)|Ĥelec(R)|ΦDM
k (R)⟩ (2.70)

Λ͑ͳ͍ɽ͕ͨͬͯ͠ɼV DM
jk (R)͕ेখ͚͞Εޫిͷৼ෯ͷେ͖͞ʹؔΘΒͣɼઁಈతʹٖ

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∆n࣍ ແݶͰ͋Δ͕ɼ|n| > |z| ͷͱ͖
Jn[z] ≃ 0ͱͳΔͷͰ࣮ࡍʹ༗ݶͱͯ͠ࢉܭͰ͖Δ*19 ɽྻߦ (2.71)ͷݻ༗ղੳతʹٻ·Γɼେ

ͷର߲͕֯͘͠ͳΔɼ͢ͳΘͪྻߦͷର֯Խͷඞཁ͕ͳ͍ɽྻߦن

V11(R)− V22(R) = n!ω − 2∆n(R) (2.73)

ͱͳΔ͕ٖΤωϧΪʔ໘ͷٖަࠩͰ͋Γɼ͜͜Ͱ Floquetঢ়ଶؒભҠ͕͜ىΔɽ݅ (2.73)ɼޫ

͕ऑ͍߹ʹ ∆n ≃ 0ͱͳΔͷͰɼE0 ʹؔ͢ΔઁಈͰಘΒΕΔڞ໐݅ʹҰக͢Δɽ͑ݴʹٯɼ

໐͕݅ͣΕΔ͜ͱΛ݅ڞϨʔβʔͷ߹ʹڧߴ (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)Λର߲֯ʹͭϒϩοΫର֯ྻߦͰిࢠ Floquet Hamiltonianྻߦ (2.68)Λ

Ͱ͖Δɽvanࣅۙ VleckઁಈΛٖΤωϧΪʔΛٻΊΔͷʹॳΊͯ༻͍ͨͷ HausingerΒͰ͋Δ 85)ɽ
*19zjk(R) E0 ʹؔͯ͠ઢܗʹ૿େ͢ΔͷͰɼ∆n ͷࢉܭίετ O(|E0|)Ͱ͋Δɽ
*20ࣜ (2.75)͔Βఆ·Δ nRʹؔͯ͠ෆ࿈ଓͰ͋Δ͕ɼvan Vleckઁಈ͕༗ޮͳΒɼ2ิ࣍ਖ਼߲ΛՃ͑ͨ༗ޮ Hamiltonian

ྻߦ (2.71)͔Βٻ·ΔٖΤωϧΪʔ໘ࠩޡͷൣғͰΒ͔Ͱ͋Δ͜ͱΛචऀ͔֬ΊͨɽͦΕʹରͯ͠ɼิਖ਼߲Λ༻͍ͳ͍
߹໌Β͔ʹෆ࿈ଓʹͳͬͯ͠·͏ɽ



ୈ 2ষ ඇஅԽֶಈྗֶ֓؍ 24

ͱ͑ΒΕΔɽ͕ͨͬͯ͠ɼV12(R) ≪ !ω ͷͱ͖ʹ͜ͷઁಈ༗ޮͰ͋Δ*21ɽ

2.4 ඇஅԽֶಈྗֶͷϞσϧࢠ

ඇஅաఔ͕ؔ༩͢Δࢠଟ͋͘Δ͕ɼಛʹ NaI NaBrɼLiFͱ͍ͬͨΞϧΧϦϋϥΠυͱΑΕ

ΔࢠϞσϧܥͱͯ͠Α͘͞ڀݚΕ͍ͯΔ 27,28,36,57,58,86–88)ɽதͰɼ1999 ͷϊʔϕϧԽֶड

ऀ A. H. Zewailͷάϧʔϓ͕ͨͬߦ NaIͷ֩ଋಈྗֶͷޫֶత؍ଌ 57,58) ༗໊Ͱ͋Δɽຊڀݚ

ʹ͓͍ͯɼཧߏஙɾূݕͷͨΊͷ۩ମతͳϞσϧࢠͱͯ͠ LiF ࢠΛऔΓ্͛Δɽͦ͜ͰຊઅͰ

ɼLiFࢠϞσϧʹ͍ͭͯઆ໌͠ɼͦͷ֩ଋಈྗֶࢉܭͷ݁ՌΛࣔ͢ɽಛʹɼෳࡶͳ֩ଋذ༥߹

աఔޫղԠͷաఔʹݟΒΕΔႈతڍಈͳͲɼຊจͰཧղΛݱ͢ࢦΛఏࣔ͠ɼຊڀݚͰཧ

ղΛ͢ࢦλʔήοτΛ໌֬ʹ͢Δɽ

2.4.1 LiFࢠϞσϧ

ຊڀݚʹ͓͍ͯ༻͍ͨ LiFࢠϞσϧʹ͍ͭͯઆ໌͢Δɽຊڀݚʹ͓͍ͯɼLiFࢠͷిࢠঢ়ଶج

ఈঢ়ଶͱୈҰྭىঢ়ଶͷ 2ঢ়ଶͷΈΛྀ͠ߟɼ؆୯ͷͨΊʹճసӡಈແͨ͠ࢹɽ

LiFࢠͷஅϙςϯγϟϧΤωϧΪʔۂઢΛਤ 2.2(a)ʹࣔ͢*22 ɽR ≃ 7 ÅͰೋͭͷϙςϯγϟϧ

ΤωϧΪʔۂઢ͕͍ۙͯ͠Δ͕ɼ͜Ε͕ٖަࠩͰ͋Δɽฏڑؒ֩ߧ Req = 1.58 ÅͰ͋Γɼ͜ͷ

ۙʹ͓͍ͯجఈঢ়ଶΠΦϯ݁߹ੑʢionicʣɼୈҰྭىঢ়ଶڞ༗݁߹ੑʢcovalentʣΛͭɽ͜ͷੑ

࣭ਤ 2.2(b)ʹࣔ͢அදݱʹ͓͚ΔࢠۃϞʔϝϯτͷ༷͔ࢠΒΘ͔Δʀฏڑؒ֩ߧۙͰجఈ

ঢ়ଶͷࢠۃϞʔϝϯτڑؒ֩ࢠݪ R ʹରͯ͠΄΅ઢܗʹ૿େ͍ͯ͠Δͷʹର͠ɼྭىঢ়ଶͰݪ

ڑؒ֩ࢠ Rͷґଘੑখ͘͞ɼR͕େ͖͘ͳΔʹͭΕͯ 0ʹۙͮ͘ɽ͔͠͠ɼஅදݱͰͷࢠۃ

Ϟʔϝϯτͷ༷ࢠ R ≃ 7 ÅۙͰܶతͳมԽΛͤݟɼR > 8 ÅͷྖҬͰجఈঢ়ଶ͕ڞ༗݁߹ੑɼྭ

Ϟʔϝϯτ͕ܶతʹมԽ͢ΔྖҬٖަࠩྖҬͱҰக͢ࢠۃɽ·ͨɼ͜ͷͭ࣋ঢ়ଶ͕ΠΦϯ݁߹ੑΛى

Δɽ͜ͷ࣮ࣄ࣍ͷΑ͏ʹཧղͰ͖Δɽઌड़ͷͱ͓Γฏڑؒ֩ߧۙͰΠΦϯ݁߹ੑঢ়ଶͷํ͕Τ

ωϧΪʔ͕͍ɽ͔͠͠ɼฏڑؒ֩ߧ R ͕ेେ͖͍ྖҬͰɼLi+ ΠΦϯͱ F− ΠΦϯ͕େ͖͘Ҿ

͖͕͞ΕͨΠΦϯ݁߹ੑঢ়ଶΑΓɼதੑͷ Liࢠݪͱ F͕ࢠݪΕͯଘ͢ࡏΔ͚ͩͷڞ༗݁߹ੑঢ়ଶͷ

ํ͕ΤωϧΪʔ͕͘ͳΔɽΏ͑ʹɼR ͕େ͖͍ྖҬͰɼڞ༗݁߹ੑঢ়ଶ͕جఈঢ়ଶɼΠΦϯ݁߹ੑ

ঢ়ଶ͕ྭىঢ়ଶͱͳΓɼR ͷதؒྖҬʹ͓͍ͯిࢠঢ়ଶͷΓସ͕͑͜ىΔɽ͜Ε͕ࢠۃϞʔϝϯτ

ͷܶతมԽͷݪҼͰ͋Δɽ͞Βʹɼ͜ͷిࢠঢ়ଶͷΓସ͕͑͜ىΔͷΠΦϯ݁߹ੑঢ়ଶͱڞ༗݁߹

ੑঢ়ଶͷΤωϧΪʔ͕΄΅͘͠ͳΔྖҬͰ͋Γɼ͜ͷྖҬஅϙςϯγϟϧΤωϧΪʔۂઢͷٖަ

ࠩྖҬʹҰக͢Δɽ·ͨɼٖަࠩͰిࢠঢ়ଶͷେ͖ͳมԽ͕͋Δ͜ͱ͔Βɼඇஅ૬࡞ޓ༻߲ͷ

⟨Φ1(R)|∂̂R|Φ2(R)⟩͕ٖަࠩʹ͓͍ͯେ͖ͳΛͭ࣋͜ͱ͕ཧղͰ͖Δɽ͜ͷ࣮ࣄɼΠΦϯ݁߹ੑঢ়
ଶͱڞ༗݁߹ੑঢ়ଶͷܹٸͳΓସ͑Λͳͤ͘ඇஅ૬࡞ޓ༻߲Λখ͘͞Ͱ͖ɼಁجఈ͕ಘΒΕΔ͜

ͱΛࣔࠦ͢Δɽ͜ͷಁԽࢠۃϞʔϝϯτྻߦΛର֯Խ͢Δ͜ͱͰ࣮ߦͰ͖Δ 71)ɽ

அදݱʹ͓͚ΔࢠۃϞʔϝϯτྻߦΛର֯Խ͢Δ͜ͱʹΑͬͯۙࣅతʹಘΒΕͨಁϙςϯγϟϧ

ΤωϧΪʔۂઢͱࢠۃϞʔϝϯτΛਤ 2.2(c) ͱ (d) ʹࣔ͢ɽ͜ͷಁԽۙࣅతͳͷͰ͋Δ͕ɼݫ

ʹٯ21* !ω ͕খ͘͞ͳΔ֎Ϩʔβʔͷ߹ʹ͜ͷઁಈഁ͠͏ΔɽචऀҎલʹ͜ͷྖҬʹద༻͠͏ΔผͷઁಈཧΛల
։͕ͨ͠ 39)ɼຊڀݚͰ༻͍ͳ͍ɽ

*22ຊڀݚͰ༻͍ͨϙςϯγϟϧΤωϧΪʔۂઢͱࢠۃϞʔϝϯτɼจݙ 89) ਫ਼ߴ͍͓ͯʹ ab initioྔࢠԽֶࢉܭͰಘΒ
ΕͨͷΛ֩ଋಈྗֶࢉܭ༻ʹิؒɾ֎ૠͨ͠ͷͰ͋Δɽิؒɾ֎ૠۀ࡞ڞಉऀڀݚͷ৽࡚߁थത͓͕࢜͜ͳͬͯͩͬ͘͞
ͨɽ
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ਤ 2.2 LiFࢠͷϙςϯγϟϧΤωϧΪʔͱࢠۃϞʔϝϯτɽ(a) அϙςϯγϟϧΤωϧΪʔۂ

ઢɽ(b) அදࣔͷࢠۃϞʔϝϯτɽ(c) ಁϙςϯγϟϧΤωϧΪʔۂઢɽ(d) ಁදࣔͷࢠۃ

Ϟʔϝϯτɽࠓճ༻͍ͨۙಁࣅԽͷఆٛʹΑΓ µd
12 ≡ 0Ͱ͋Δɽ

ີಁԽ*23 ͷ݁Ռͱ߹͢Δ͜ͱ͕͔͍ͬͯΔ 19)ɽઢͰࣔ͞Εͨಁϙςϯγϟϧ V11 ΠΦϯ

݁߹ੑɼ੨ઢͰࣔ͞Εͨಁϙςϯγϟϧ V22 ڞ༗݁߹ੑͰ͋ΓɼR = 7.18 ÅͰަࠩ͢ΔɽࢵઢͰࣔ

͞Ε͍ͯΔͷಁ݁߹ V12 ͰɼަࠩͰൺֱతখ͍͕͞ɼR = 2.43 ÅͰ V12 = 0.57 eVͱ͍͏ൺֱ

తେ͖ͳ࠷େΛͱΔɽࢠۃϞʔϝϯτྻߦର֯Խ͞Ε͍ͯΔͷͰ µd
12(R) ≡ 0Ͱ͋Δɽظ௨Γɼ

ಁঢ়ଶ̍ͷࢠۃϞʔϝϯτ R ʹରͯ͠ઢܗʹ૿େ͢ΔΠΦϯ݁߹ੑΛ R ͷશྖҬͰࣔ͠ɼଞํɼ

ಁঢ়ଶ̎ͷࢠۃϞʔϝϯτ Rͷখ͍͞ྖҬΛআ͍ͯશྖҬͰ΄΅ 0Ͱ͋Γڞ༗݁߹ੑΛࣔ͢ɽ

తͳҙຯ͚͕ͮ؍༗݁߹ੑͱ͍͏ڞͷํ͕ɼΠΦϯ݁߹ੑɾݱΛର֯Խ͢ΔಁදྻߦϞʔϝϯτࢠۃ

Ͱ͖ɼFloquet–van-Vleckઁಈʹ͓͍ͯ༗༻Ͱ͋Δ͔ΒɼຊจͰجຊతʹಁදݱͰٞΛਐΊ

Δɽਤ 2.3ʹಁϙςϯγϟϧΤωϧΪʔۂઢΛ֎ޫࢠΤωϧΪʔͷഒ্͚ͩ͛Լ͛ͯ͠ಘΒΕΔ

field-dressedಁϙςϯγϟϧΤωϧΪʔۂઢΛࣔ͠ɼͦΕΛ van VleckઁಈΛ༻͍ͯۙࣅର֯Խͯ͠

*23̍ࣗ༝̎ిࢠঢ়ଶܥʹ͓͍ͯಁີݫԽ͕ՄͰ͋Δɽ
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ਤ 2.3 LiF ࢠͷ field-dressed PESɽ

!ωd = 5.0 eVɽ

ਤ 2.4 van VleckઁಈΛ༻͍ͯಘΒΕٖͨ

ΤωϧΪʔ໘ͷަࠩۙͷ֦େਤɽΠ

Φϯ݁߹ੑɼ੨ڞ༗݁߹ੑΛද͢ɽٖΤω

ϧΪʔۂઢͰɼٖަࠩΛڬΜͰΠΦϯ݁߹

ੑͱڞ༗݁߹ੑ͕ೖΕସΘΔɽ

ಘΒΕٖͨΤωϧΪʔۂઢΛਤ 2.4ʹࣔ͢ɽ

ޫͱ૬࡞ޓ༻͢Δ LiFࢠͷ֩ଋಈྗֶΛهड़͢Δؒ࣌ґଘ SchrödingerํఔࣜಁදݱͰ*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 ྔ࣭ࢉͰ͋Δ*25ɽଞͷೋ߲ɼ

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 LiFࢠͷࢠۃ૬࡞ޓ༻߲Ͱ͋Δɽ͜͜Ͱ E(t)ޫిͰɼຊจͰ࣠ࢠͱฏߦͳઢภ

ޫΛԾఆ͠ɼಛʹஅΓͷͳ͍ݶΓ CWϨʔβʔ

E(t) = Ed sinωdt (2.82)

ͷ߹Λ͑ߟΔ*26ɽͳ͓ɼϨʔβʔৼ෯ Ed ͱϨʔβʔڧ Id ʹ

Id =
1

2
ε0cE

2
d (2.83)

ͷ͕ؔ͋Γɼຊจʹ͓͍ͯϨʔβʔڧ Id ʹΑͬͯϨʔβʔͷ͞ڧΛදࣔ͢Δɽ͜͜Ͱ ε0 ਅۭ

ͷ༠ిɼcޫͰ͋Δɽ

*24ҎԼɼಛʹஅΒͳ͍ݶΓಁදݱͰ͑ߟɼࣜʹ༻͍Δه߸ʹ͓͍ͯɼಁදݱΛද͢ dͷจࣈΛলུ͢Δɽ
*25ຊจʹ͓͍ͯ 7Li19Fͷྔ࣭ࢉM = 5.124 uΛ༻͍ͨɽ
*26ఴ͑ࣈ dۦಈʢdriving fieldʣͷ dͰ͋Δɽ
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2.4.2 LiFޫղԠͱ֩ଋಈྗֶͷ༷૬

લ߲Ͱઆ໌ͨ͠ LiF ࢠϞσϧͷ֩ଋಈྗֶͷ݁ࢉܭՌΛࣔ͢ɽ͜͜Ͱͨ͠ࢉܭͷɼޫղ

Ԡ

LiF
hν→ LiF∗

hν′→ Li + F (2.84)

ͷ͏ͪɼऀޙͷҹ͕ද͢աఔͰ͋Δɽ͜͜Ͱɼhν ྭޫىɼhν′ ֩ଋಈྗֶΛมௐͤ͞Δ CWۦಈ

ϨʔβʔͰ͋Δɽղੳͷ؆ུԽͷͨΊɼಛʹஅΒͳ͍ݶΓɼॳظଋୈҰిىྭࢠঢ়ଶͷฏڑؒ֩ߧ

ʹஔ͔Εͨ Gaussଋͱ͢Δɽࢉܭख๏݅ͷৄࡉ Aʹͨ͠هɽͳ͓ɼ֩ଋಈྗֶܭ

มಈ͢Δ͍͓ؒ࣌ͯʹࢉ HamiltonianΛ༻͍ɼٖΤωϧΪʔ໘༻͍͍ͯͳ͍͜ͱʹҙ͢Δ*27*28ɽ

ਤ 2.5ৼಈ !ωd = 5.0 eVɼڧ Id = 1.0× 1013 W/cm2 ͷ CWϨʔβʔதͷ LiFࢠͷ֩

ଋಈྗֶͷεφοϓγϣοτͰ͋Δɽ֤ύωϧͷӈ্ͷࣈࠁ࣌ tͰɼ࣮ઢΠΦϯ݁߹ੑଋͷઈ

ରೋ |Ψ1(R, t)|2ɼ੨࣮ઢڞ༗݁߹ੑଋͷઈରೋ |Ψ2(R, t)|2 Ͱ͋Δɽ·ͨɼઢ V11(R)

ͱ V11(R)+ !ωdɼ੨ઢ V22(R)Λࣔ͢ɽઢଋͷશΤωϧΪʔ Etot = 1.15 eVΛ͍ࣔͯ͠Δɽ

ॳظଋ 0 fsͷύωϧʹࣔͨ͠Α͏ʹڞ༗݁߹ੑͷ GaussଋͰ͋ΔɽҎԼɼྻܥ࣌ʹԊͬͯ͜ىΔ

ΠϕϯτΛՕॻ͖ʹ͢Δɿ

00 fs ॳظঢ়ଶͷڞ༗݁߹ੑଋ

10 fs ղੑͷڞ༗݁߹ੑϙςϯγϟϧͷޯʹैͬͯڞ༗݁߹ੑଋ͕ӈํҠಈ

20 fs ༗݁߹ੑଋ͕ڞ V11(R) + !ωd ͱ V22(R)ͷަࠩΛ௨աɼҰ෦͕ΠΦϯ݁߹ੑભҠ

30 fs V11(R) + !ωd ্ͷΠΦϯ݁߹ੑଋసճதɼ

V22(R)্ͷڞ༗݁߹ੑଋӈํӡಈΛଓ͚Δ

40 fs V11(R) + !ωd ্ͷΠΦϯ݁߹ੑଋ͕ํࠨҠಈதɼަࠩʹֻ͔ࠩ͠Δ

50 fs Ҡಈ͍ͯͨ͠ΠΦϯ݁߹ੑଋ͕ަࠩΛ௨ա͠ํࠨ 2ͭʹذ

60 fs 50 fsʹ͓͍ͯͨ͠ذ 2ͭͷଋ͕ࠨଆͷసճͰసճத

70 fs 60 fsͰసճ͍ͯͨ͠ΠΦϯ݁߹ੑଋ͕ҰઌʹӈํҠಈத

80 fs 60 fsͰసճ͍ͯͨ͠ڞ༗݁߹ੑଋӈํҠಈதɼ

ҰઌʹҠಈ͍ͯͨ͠ΠΦϯ݁߹ੑଋ͕ަࠩΛ௨ա͠ذ

90 fs V11(R) + !ωd ભҠͨ͠ଋ܈࠶ͼసճதɼ

V22(R)ભҠͨ͠ଋ܈ӈํਐΉ

ਤ 2.6ɼਤ 2.5ʹଓؒ࣌͘ͷൃؒ࣌లΛࣔ֩͢ଋεφοϓγϣοτਤͰ͋Δɽશମతʹ֩ଋͷ

͕ذਐΈɼ1 Å͔Β 3 ÅͷྖҬʹ͔͘ࡉ֩ͨ͠ذଋ͕͑ݟɼෳࡶͳ༷૬Λఄ͍ͯ͠Δɽ0.1 ps͔Β

0.5 ps·Ͱɼؒܽతʹղ͍ͯ͘͠ڞ༗݁߹ੑଋ͕ݟΒΕΔ͕ɼ0.6 psҎޙɼղଋͷׂ߹͕ 1 Å

͔Β 3 ÅͷྖҬʹ͋Δ֩ଋͷׂ߹ʹൺͯ༗ҙʹগͳ͍Α͏ʹ͑ݟΔɽ

Ҏ্ͷ֩ଋಈྗֶʹରԠ͢ΔղաఔͷԠϙϐϡϨʔγϣϯݮਰͷ༷ࢠΛਤ 2.7 ʹࣔ͢ɽ͜͜

ͰɼϙϐϡϨʔγϣϯ P (t)ͷఆٛɼ

P (t) =

∫ Rd

0

[
|Ψ1(R, t)|2 + |Ψ2(R, t)|2

]
dR (2.85)

*27ٖΤωϧΪʔ໘ୈ 3ষͱୈ 4ষʹ͓͚Δཧղੳʹ༻͍Δɽ
*28͜ͷ֩ଋಈྗֶࢉܭͰࢉܭͷͨΊͷࢄԽҎ֎ͷۙࣅ—ઁಈݹయۙࣅ—Λ༻͍͍ͯͳ͍ͷͰɼຊจͰ֩
ଋಈྗֶࢉܭͷ݁ՌΛͯ͠ࢦʠfull-quantumʡͱΑͿ͜ͱ͕͋Δɽ
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ਤ 2.5 CWϨʔβʔதͷ LiFࢠͷ֩ଋಈྗֶͷεφοϓγϣοτɽCWϨʔβʔͷৼಈ

!ωd = 5.0 eVɼڧ Id = 1.0× 1013 W/cm2 Ͱ͋Δɽ֤ύωϧͷӈ্ͷࣈࠁ࣌ tͰɼ࣮ઢ

ΠΦϯ݁߹ੑଋͷઈରೋ |Ψ1(R, t)|2ɼ੨࣮ઢڞ༗݁߹ੑଋͷઈରೋ |Ψ2(R, t)|2 Ͱ
͋Δɽ·ͨɼઢ V11(R)ͱ V11(R) + !ωd Λɼ੨ઢ V22(R)Ͱ͋ΔɽઢଋͷશΤω

ϧΪʔ Etot = 1.15 eVΛ͍ࣔͯ͠Δɽͳ͓ɼࠁ࣌ͷ 0.1 fsͷܻΛޒࣺ࢛ೖͯ͋͠Δɽ
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ਤ 2.6 CWϨʔβʔதͷ LiFࢠͷ֩ଋಈྗֶͷεφοϓγϣοτɽঢ়گઃఆɼදࣔ๏ਤ 2.5ʹಉ͡ɽ
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ਤ 2.7 CWϨʔβʔதͷ LiFޫࢠղԠͷԠϙϐϡϨʔγϣϯݮਰͷ༷ࢠɽϙϐϡϨʔ

γϣϯ P (t) R ≤ 20 ÅͷྖҬʹଘ͢ࡏΔଋͷઈରೋͷੵͰ͋Δɽ͍ͣΕ CWϨʔβʔ

ͷৼಈ !ωd = 5.0 eVɼڧ Id = 1.0× 1013 W/cm2 Ͱ͋Δɽಉ͡ͷΛ্͔Βॱʹ (a)௨ৗɼ

(b)ยରɼ(c)྆ରͰ͍ࣔͯ͠Δɽ

Ͱ͋Δɽͭ·ΓɼP (t)ͱɼղͤͣʹ͍ͯͬΔྭى LiFࢠʢLiF∗ʣͷྔͷ͜ͱͰ͋ΓɼఆٛΑΓ

P (0) = 1Ͱ͋ΔɽRd ղݶۃΛܾΊΔύϥϝʔλͰɼຊจͰҰ؏ͯ͠ Rd = 20 Åͱ͢Δɽਤ 2.7

Ͱಉ͡ P (t)Λɼ্͔Βॱʹ (a)௨ৗɼ(b)ยରɼ(c)྆ରͰ͍ࣔͯ͠Δɽ͜ͷਤ͔Βɼॳظͷܹٸ

ͳݮਰͷޙɼݮਰ͕؇͔ʹͳΔ͜ͱ͕Θ͔Δɽ͢ͳΘͪɼྖؒ࣌ҬͰղ੍͕͞Ε͍ͯΔɽ͜Ε

ઌ΄Ͳͷ֩ଋͷεφοϓγϣοτͷਤ 2.6Ͱ֬ೝͨ͜͠ͱͰ͋Δɽਤ 2.7(b)ͷยରϓϩοτͰ

ෳͷࢦؔͰϑΟοςΟϯάͰ͖ͦ͏Ͱ͋Δ͕ɼಉਤ (c)ͷ྆ରϓϩοτͰႈؔͰϑΟο

ςΟϯάͰ͖ͦ͏Ͱ͋Δɽݱతʹաఔ͕ෳͷࢦؔͷͰද͞ΕΔ͔ႈؔͰද͞ΕΔ͔

ผ͕͍͕ͨ͠ɼͷͳ͍ঢ়گʹ͓͚Δ LiFࢠϞσϧͷྔࢠଋࢉܭΛͨͬߦ BalakrishnanΒ 86)

ɼLiFޫղԠʹ͓͍ͯႈతڍಈ͕ݟΒΕΔͱใͨ͠ࠂɽ൴Βɼ͜ͷႈతڍಈͷݪҼΛʮڞ໐ঢ়ଶ

ͷॏͶ߹Θͤʯͱͯ͠ఆੑతʹઆ໌ͨ͠ɽ͔͠͠ɼ͜ͷઆ໌ෳͷࢦؔͷͰͳ͘ႈؔʹΑͬ

ͯաఔ͕هड़Ͱ͖Δ͜ͱͷઆ໌ʹͳ͍ͬͯͳ͍ɽ͢ͳΘͪɼLiFޫࢠղԠͷৄࡉͳಈྗֶతϝ

ΧχζϜʹະղ໌ͳ͕͋Δɽ

Ҏ্ͷ݁ࢉܭՌ͔ΒΘ͔Δ͜ͱΛҎԼʹ·ͱΊΔɿ

• ֩ଋ field-dressedϙςϯγϟϧΤωϧΪʔ໘্ΛݹయతཻࢠʢूஂʣͷΑ͏ʹӡಈ͢Δɽ

• ֩ଋ field-dressedϙςϯγϟϧΤωϧΪʔۂઢͷަࠩʹ͓͍ͯہॴతʹ͢ذΔɽ
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• ֩ଋͭܦ͕ؒ࣌ʹͭΕͯذΛ܁Γฦ͠ɼͦͷಈྗֶෳࡶͳ༷૬Λఄ͢Δɽ
• ྖؒ࣌ҬͰɼྭى LiFࢠͷղ੍͕͞ΕΔɽ

• LiFޫࢠղԠͷաఔ୯७ͳࢦؔͰهड़Ͱ͖ͳ͍ɽ

2.4.3 ຊڀݚͷλʔήοτ

ຊڀݚͰཧղΛ͢ࢦλʔήοτɼલ߲ͷྫࢉܭͰࣔͨ͠ڧߴ CWϨʔβʔதͷ LiFࢠ

ͷޫղԠʹݟΒΕΔҎԼͷݱͰ͋Δɿ

• ෳࡶͳଋذ༥߹աఔͷߏ
• ԠϙϐϡϨʔγϣϯͷݮਰʹݟΒΕΔඇࢦؔతڍಈ*29

ϛΫϩͳಈྗֶඇৗʹෳࡶͰɼྻܥ࣌ΛͨͩோΊ͍ͯͯͦͷৼΔ͍Λཧղ͢Δ͜ͱࠔͰ͋

ΔɽϚΫϩͳաఔ*30 ɼඇࢦؔతڍಈΛࣔ͠ɼෳͷࢦؔͰද͞ΕΔͷ͔ɼႈؔͰද͞

ΕΔͷ͔ݱతʹผͰ͖ͳ͍ɽ͜ͷඇࢦؔతڍಈͷ࣮ଶΛѲ͢ΔͨΊʹɼϛΫϩͳಈྗ

ֶͷཧղ͕ඞཁͰ͋ΔɽෳࡶͳϛΫϩͳಈྗֶΛཧղ͠ɼͦΕʹ͍ͯͮجϚΫϩͳաఔͷੑ࣭Λઆ໌

͢ΔͨΊʹɼୈ 1ষͰड़ͨΑ͏ʹɼʬߏʭͷ؍͕ඞཁͰ͋Δɽ

ड़͢ΔͨΊͷཧΛఏࣔ͢Δɽଓ͘ୈهԽɾࢹΛଊ͑ɼՄߏষͰɼඇஅԽֶಈྗֶͷ࣍ 4ষຊ

ಈΛϛΫڍؔతࢦͰఏҊ͢ΔཧΛ༻͍ͨղੳͷ࣮ફྫΛࣔ͠ɼͱ͘ʹɼϚΫϩͳաఔͷඇڀݚ

ϩͳಈྗֶͷߏ͔Β໌Β͔ʹ͢Δɽ݁ہɼBalakrishnanΒ 86) ͕ใͨ͠ࠂͱ͓Γɼ͜ͷඇࢦؔతڍ

ಈႈతͰ͋Δ͜ͱ͕ࣔ͞ΕΔɽ

*29͜͜Ͱɼ୯७ͳࢦݮਰͰͳ͍ͱ͍͏ҙຯɽ
*30ʮϚΫϩʯͱ͍͏ʹϛΫϩ͗͢ΔݱͰ͋Δ͕ɼܥͷߏͷྔతมԽΛ͍ͯݟΔͱ͍͏ͰɼϛΫϩͳಈྗֶͱ͍͏
ΑΓϚΫϩͳաఔͰ͋Δͱ͍͑Δɽ



32

ୈ 3ষ

ඇஅԽֶಈྗֶͷߏ

͜ͷষͰɼඇஅԽֶಈྗֶͷʬߏʭΛهड़͢ΔͨΊͷཧΛఏҊ͢Δɽ3.1અͰɼඇஅԽֶ

ಈྗֶͷٞʹೖΔલͷ༧උߟͱͯ͠ɼಈతݱҰൠʹؔ͢ΔߟΛ͏ߦɽ͜ͷઅͰɼຊڀݚͰண͢

Δʬঢ়ଶભҠߏʭΛৄࡉʹྨ͠ɼͱ͘ʹʬঢ়ଶۭؒߏʭͱʬൃؒ࣌లߏʭͱ͍͏ೋͭͷҟͳΔঢ়

ଶભҠߏͷ֓೦Λಋೖ͢ΔɽͦͷߟΛड͚ɼ3.2અͰඇஅԽֶಈྗֶͷঢ়ଶۭؒߏɼ3.3અͰ

ൃؒ࣌లߏʹ͍ͭͯɼͦΕΒΛμΠΞάϥϜʹΑΓՄࢹԽ͠ɼཧతʹهड़͢Δํ๏Λఏࣔ͢Δɽଓ

͘ 3.4અͰɼඇஅԽֶಈྗֶͷঢ়ଶۭؒߏͱൃؒ࣌లߏΛ݁ͼ͚ͭΔʮసૹํఔࣜʯΛಋग़͠ɼ

సૹํఔࣜͷ؆ɼݹయݶۃɼఆৗঢ়ଶޙͨ͠ߟ͍ͯͭʹݶۃɼసૹํఔࣜͷࢹૈؒ࣌ԽʹΑͬͯʮ

ํఔࣜʯ͕ಋग़͞ΕΔ͜ͱΛࣔ͢ɽ3.5અͰɼঢ়ଶۭؒߏͷμΠΞάϥϜͷߏஙΞϧΰϦζϜస

ૹํఔࣜͷղ๏ͳͲͷࢉܭख๏Λఏࣔ͠ɼ࣮ݧΛ͜͏ߦͱͰຊཧͷଥੑΛ͢ূݕΔɽ࠷

ʹޙ 3.6અͰຊষͷ·ͱΊͱٞΛ͏ߦɽ

3.1 ঢ়ଶભҠߏʹؔ͢Δߟ

ຊઅͰɼຊڀݚͰண͢Δʬঢ়ଶભҠߏʭʹ͍ͭͯ֓೦ͷཧΛ͏ߦɽ͡ΊʹɼҰൠͷಈతݱ

ͷߏʹ͍ͭͯ͠ߟɼঢ়ଶΛʮ˓ʯɼભҠΛʮˠʯͱͯ͠ҰൠͷಈతݱͷߏΛදݱͰ͖Δ͜ͱΛ

ࣔ͢ɽ࣍ʹɼঢ়ଶͱભҠ͔ΒͳΔঢ়ଶભҠߏʹҙຯ߹͍͕ҟͳΔछʑͷϨϕϧ͕͋Δ͜ͱΛઆ໌͠ɼ

ಛʹʬൃؒ࣌లߏʭͱʬঢ়ଶۭؒߏʭͱ͍͏ೋͭͷҟͳΔঢ়ଶભҠߏͷ֓೦Λಋೖ͢Δɽଓ͍ͯɼ

ʮ˓ʯͱʮˠʯ͔ΒͳΔμΠΞάϥϜͱͯ͠ঢ়ଶભҠߏΛද͢ݱΔͱ͖ʹɼಈྗֶͷهड़ʹॏཁͳঢ়

ଶʢʹʮΠϕϯτʯʣͷΈΛʮ˓ʯͱͯ͠ද͢ݱΔํ๏͕దͰ͋Δ͜ͱΛઆ໌͢Δɽޙ࠷ʹɼ࣍અҎ߱ͷ

ٞͷํͱߏΛ؆୯ʹड़Δɽ

3.1.1 ʮ˓ʯͱʮˠʯʹΑͬͯಈతݱΛද͢

·ͣݪʹཱͪฦͬͯɼʮಈతݱʯ͋Δ͍ʮաఔʯ*1 ͱΑΕΔͷͷҰൠతఆٛΛ֬ೝ͢Δɽࣙ

ॻΛҾ͘ͱɼͦΕ͓ΑͦҎԼͷͱ͓ΓͰ͋Δ 90,91)ɿ

աఔɿ ͕ࣄมԽɾਐߦɾൃల͍ͯ͘͠Έͪ͢͡ɽ

*1ʮաఔʯʹࣗવݱͱͯ͠ͷաఔͱਓҝతͳաఔʢࢉܭۀੜ࢈ͳͲʣ͕͋Δ͕ຊจͰલऀͷҙຯͰ͏ɽ
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ਤ 3.1 աఔͷμΠΞάϥϜͷྫʢݹయྗֶʹ͓͚ΔৼΓࢠʣɽ(a)ৼΓࢠͷӡಈঢ়ଶΛʮ˓ʯͰද͢ɽ

͜͜ͰɼసճʢT±ʣͱ࠷Լ௨աʢO±ʣͷ࢛ͭͷঢ়ଶʹͷΈண͢Δɽ(b)ৼಈ͢ΔৼΓࢠͷӡಈ

ঢ়ଶͷൃؒ࣌లաఔΛμΠΞάϥϜͰදͨ͠ͷɽ

͜ͷఆٛʹै͑ɼҰൠʹɼաఔҎԼͷΑ͏ʹμΠΞάϥϜͱͯ͠දݱͰ͖Δ*2ɿ

աఔΛද͢μΠΞάϥϜɿ

ࣄͷঢ়ଶΛʮ˓ʯɼมԽɾਐߦɾൃలΛʮˠʯͰද͠ɼ

ͦΕΒΛൃలͷॱংʹैͬͯ࿈݁ͨ͠ͷ

͜͜Ͱʮॱংʹैͬͯ࿈݁ͨ͠ͷʯ͕ɼաఔͷఆٛʹ͓͚ΔʮΈͪ͢͡ʯͷදݱͱͳ͍ͬͯΔɽਤ 3.1

ͷৼಈӡಈͷྫΛࣔ͢ɽਤࢠయྗֶతৼΓݹʹ 3.1(a)ͷΑ͏ʹɼৼΓࢠͷӡಈঢ়ଶͷ͏ͪసճʢT±ʣͱ

ͷৼಈӡಈࢠԼ௨աʢO±ʣͱ͍͏ಛతͳঢ়ଶʹண͠ɼͦΕΒΛʮ˓ʯͰද͢ɽ͜ͷͱ͖ɼৼΓ࠷

ਤ 3.1(b)ͷΑ͏ʹදͤΔɽ͜Ε͕աఔΛද͢μΠΞάϥϜͰ͋Δɽ

ʮ˓ʯঢ়ଶΛද͢ͱ͕ͨ͠ɼʮঢ়ଶʯͱ͍͏֓೦ʹ͍ͭͯ͜͜Ͱ໌֬ʹ͓ͯ͘͠ɿ͍͓ͯʹه্

ঢ়ଶɿ ಈΛ༧ଌ͢ΔͨΊʹඞཁͳใͷͯ͢*3ڍͷະདྷͷܥ

͜Εɼʮࡏݱͷঢ়ଶ͕ఆ·Εɼաڈͷঢ়ଶͷཤྺʹґΒͣɼະདྷͷڍಈʹؔ͢Δ͖͕݅֬

ఆ·Δʯ͜ͱΛཁ͢Δɽ͢ͳΘͪɼঢ়ଶؒͷભҠʹؔͯ͠Markovੑ*4 Λཁ͢ΔɽৼΓࢠͷྫͰ͍

͑ɼʮࡏݱͷৼΓࢠͷ͕֯ θ = 0Ͱ͋Δʯͱ͍͏ใ͔ΒະདྷΛ༧ଌ͢Δ͜ͱͰ͖ͳ͍ɽͳͥͳΒ

ɼৼΓࢠͷ֯ θ̇ ʹΑͬͯৼΓ͕ͦࢠͷޙʹӈʹৼΕΔ͔ࠨʹৼΕΔ͔͕ҟͳΔ͔ΒͰ͋Δɽͭ·

Γɼθ ͷΈͰৼΓࢠͷঢ়ଶΛදݱͰ͖ͳ͍ɽৼΓࢠݹయྗֶܥͰ͋Δ͔Βɼͦͷঢ়ଶӡಈྔͱҐஔ

ͷ (pθ, θ)Ͱද͞ΕΔͷͰ͋Δɽ

ʹࡍΒͳ͍ɽͦ͜Ͱɼʮঢ়ଶʯͱ࣮ݶଌ͞ΕΔͱ؍ʹࡍͱ࣮ͯ͠ݱͰఆٛ͞ΕΔʮঢ়ଶʯɼه্

ͷྫͰ͍͑ɼθࢠʯͱΛຊจͰ۠ผ͢ΔɽৼΓࣄଌ͞ΕΔʮ؍ ঢ়ଶͰͳ͍͕ɼ࣮؍ʹࡍଌ͞

*2ຊจͰࣗવաఔʹͷΈண͢Δ͕ɼ͜ͷμΠΞάϥϜදݱͷఆٛਓҝաఔʹద༻ՄͰ͋ΔɽྫʣΞϧΰϦζϜͷϑ
ϩʔνϟʔτɽ

*3͜ͷఆٛҰൠతͳࣙॻʹ͍ͯͬࡌΔఆٛͱҟͳΔ͕ɼྻܥ࣌ղੳɾྗֶܥཧɾྔֶྗࢠʹ͓͚Δʮঢ়ଶʯ͜ͷఆٛ
ʹͯ·Δɽจݙ 92) ࢀরɽ

*4কདྷͷঢ়ଶʹؔ͢Δ͖͕݅֬ɼաڈͷঢ়ଶͷཤྺʹґΒͣɼࡏݱͷঢ়ଶʹͷΈґଘ͢Δͱ͍͏֬աఔͷಛੑͷ͜
ͱΛʮMarkovੑʯͱ͍͏ɽ
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ਤ 3.2 ಈతݱͷҰൠߏɽʮ˓ʯঢ়ଶΛද͠ɼ˓ͱ˓Λ݁ͿʮˠʯભҠΛද͢ɽʮ˘ʯݱͱ

Λද͢ɽࣄଌ͞ΕΔ؍ͯ͠

ΕΔࣄͰ͋Δɽʮঢ়ଶʯͷఆٛΑΓɼࣄʹؔ͢Δ֬ɼঢ়ଶʹΑͬͯنఆ͞ΕΔɽ

Ҏ্Ͱड़ͨɼʮભҠ͕MarkovੑΛຬͨ͢ঢ়ଶʯͱʮ࣮؍ʹࡍଌ͞ΕΔࣄʯ͔ΒͳΔಈతݱͷҰൠ

Λਤߏ 3.2ʹਤղ͢Δ*5ɽ͜ͷਤͰɼʮ˓ʯঢ়ଶɼ˓ͱ˓Λ݁ͿʮˠʯભҠΛද͠ɼ͜ΕΒ͔ΒͳΔ

ҰຊͷΈ্͕ͪ͢͡هͰఆٛͨ͠ʮաఔͷμΠΞάϥϜʯͰ͋Δɽ·ͨɼʮ˘ʯݱͱͯ͠؍ଌ͞ΕΔ

Λද͢ɽୈࣄ 1ষͷਤ 1.2ʹࣔͨ͠ྗֶͷߏͷ͏ͪɼঢ়ଶભҠߏʹ૬͢Δͷ͕ਤ 3.2ͷʮ˓ʯ

ͱͦΕΒΛ݁Ϳʮˠʯ͔ΒͳΔߏͰ͋Γɼݱʹ૬͢Δͷ͕ਤ 3.2ͷʮ˘ʯͰ͋Δɽ

Ҏ্ͷΑ͏ʹຊڀݚͰண͢Δঢ়ଶભҠߏʮ˓ʯͱʮˠʯͰද͞ΕΔ͕*6 ɼ࣮ঢ়ଶભҠߏΛද

͢μΠΞάϥϜͱͯ͠ɼਤ 3.1ਤ 3.2ͷΑ͏ʹʮ˓ʯͱʮˠʯ͕Ұຊͷےͱͯͭ͠ͳ͕ͬͨʮաఔͷ

μΠΞάϥϜʯͷଞʹɼछʑͷදݱΛ͑ߟΔ͜ͱ͕ՄͰ͋Δɽ͜ͷʹؔͯ͠ɼ߲࣍Ͱཧ͢Δɽ

3.1.2 ঢ়ଶભҠߏͷछʑͷϨϕϧ

ຊ߲Ͱɼঢ়ଶʮ˓ʯͱભҠʮˠʯ͔ΒͳΔঢ়ଶભҠߏʹɼҙຯ߹͍͕ҟͳΔछʑͷϨϕϧ͕͋Δ

͜ͱΛઆ໌͢Δɽಛʹɼલ߲Ͱಋೖͨ͠ʮաఔʯͱ͍͏ߏͷ΄͔ʹɼʬൃؒ࣌లߏʭͱʬঢ়ଶۭؒߏ

ʭͷೋछͷঢ়ଶભҠߏ֓೦Λಋೖ͢Δɽͳ͓ɼൃؒ࣌లߏͱঢ়ଶۭؒߏͷৄࡉͳಛ͚ͮʹ͍ͭ

ͯɼ Bʹड़Δɽ

యܕతͳ֬աఔͰ͋Δ ʹछʑͷϨϕϧ͕͋Δ͜ͱߏϥϯμϜΥʔΫΛྫͱͯ͠ɼঢ়ଶભҠݩ࣍1

Λઆ໌͢Δɽਤ 3.3ʹਤղΛࣔ͢ɽ

ਤ 3.3ͷ্࠷ஈɼલ߲Ͱఆٛͨ͠աఔͷμΠΞάϥϜͰ͋ΔɽϥϯμϜΥʔΫ֬աఔͰ͋Δͨ

Ίɼॳظ͕ಉ͡Ͱ͋ͬͯ͝ߦࢼͱʹҟͳΔաఔ*7 ϥϯμϜΥʔΫͷ߹ɼॳݩ࣍ΕΔɽ1͞ݱ࣮͕

͕ಉ͡աఔظ 3λʔϯ·ͰͰ 23 छྨଘ͢ࡏΔɽਤͷ্࠷ஈʹͦͷ 8छྨͷաఔͷμΠΞάϥϜ

͕ඳ͔Ε͍ͯΔɽ͜ΕΒͷෳͷաఔͷμΠΞάϥϜͰ్த·Ͱܦ࿏͕ಉ͡աఔΛଋͶΔͱɼਤͷೋஈ

ͱͳΔɽ͜͜ͰɼଋͶͨաఔͷͷׂ߹ʢ֬ʣʹैͬͯೱ୶Λ͚ͭͨɽ͜ͷΑ͏ʹෳͷաఔͷμΠΞ

άϥϜΛଋͶΔ͜ͱͰೱ୶ͷ͋ΔʮʯΛඳ͘͜ͱ͕Ͱ͖Δɽ͜ͷμΠΞάϥϜʹ͓͍ͯҹΛͨͲΔ͜

ͱͰݩͷ 8ຊͷաఔͷμΠΞάϥϜ͕ɼසؚΊͯɼ෮ݩͰ͖Δɽ͜ͷҙຯͰɼ͜ͷ 8ຊͷաఔͷ

ใΛՄٯѹॖͨ͠ͷͰ͋Δɽ

*5͜ͷΑ͏ͳಈతݱͷϞσϧɼྻܥ࣌ղੳͷͰʮঢ়ଶۭؒϞσϧʯͱΑΕΔ 92)ɽ
*6࿈ଓঢ়ଶͷ߹ʹɼదͳࢄԽΛߦΘͳ͚ΕਤࣔͰ͖ͳ͍ɽ͜ͷʹؔͯ͠ɼ3.1.3߲Λࢀরɽ
*7͜ͷ࣮͞ݱ࣮ʹࡍΕΔʮաఔʹҰຊͷΈͪ͢͡ʯ֬աఔཧͰඪຊ࿏ʢsample pathʣͱΑΕΔɽ
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ਤ 3.3 ঢ়ଶભҠߏͷ֊ਤɿ1 ஈͷ্࠷ϥϯμϜΥʔΫʹΑΔྫࣔɽݩ࣍ 8 ͭͷμΠΞάϥϜ

ɼ͝ߦࢼͱʹ࣮͞ݱ࣮ʹࡍΕΔաఔͱͯ͠ͷҰຊͷΈͪ͢͡Λද͢μΠΞάϥϜͰ͋Δɽೋஈɼ

͜ΕΒ 8ຊͷΈͪ͢͡Λɼ్தܦ࿏͕ಉ͡ͷଋͶΔͱ͍͏ํͰଋͶͨͷͰ͋ΓɼߏΛ

ͭɽೱ୶ԿຊͷΈͪ͢͡ΛଋͶ͔ͨΛද͢ɽࡾஈɼೋஈͷʹ͓͍ͯಉࠁ࣌ɾಉঢ়ଶͷ˓Λ

Ұͭʹ·ͱΊͨͷͰɼ͜Ε͕ʬൃؒ࣌లߏʭͰ͋Δɽ͞ΒʹɼભҠΛࢧ͢Δنଇੑ͕ؒ࣌తʹෆ

มͳΒʢ੪࣌తͰ͋Εʣɼؔʹࠁ࣌ͳ͘ಉঢ়ଶͷ˓ΛҰͭʹ·ͱΊΔ͜ͱ͕Ͱ͖ɼͦͷ݁Ռ͕࢛

ஈͷʬঢ়ଶۭؒߏʭͰ͋Δɽ্ஈ͔ΒԼஈʹ͔ͯͬใ͕ѹॖ͞ΕɼίϯύΫτͳදݱͱͳͬ

͍ͯ͘ɽ·ͨɼ͜ͷใѹॖՄٯͰ͋Γɼ֤μΠΞάϥϜʹ͓͍ͯҹΛͨͲΔ͜ͱʹΑΓҰ্ͭ

ͷஈͷμΠΞάϥϜΛಘΔ͜ͱ͕Ͱ͖Δɽ͜ͷΑ͏ʹใѹॖͷஈ֊ʹΑΓҙຯ߹͍͕ҟͳΔ͍ͭ͘

͔ͷঢ়ଶભҠߏΛ͑ߟΔ͜ͱ͕Ͱ͖Δɽ
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ਤ 3.3ͷೋஈͷʹ్த͔Βಉ͡ߏΛͭ෦ʢࢬʣ͕ଘ͢ࡏΔͨΊɼ͜ΕΒͷॏෳ͢ΔߏΛ

·ͱΊ্͛Δ͜ͱʹΑͬͯɼ͜ͷΛ͞Βʹใѹॖ͢Δ͜ͱ͕Ͱ͖Δɽ͍·ɼલ߲Ͱঢ়ଶભҠʹؔͯ͠

ཁͨ͠MarkovੑʹΑΓɼಉࠁ࣌ɾಉঢ়ଶͷ˓͔ΒԼྲྀͷߏʢ্ྲྀʹґΒͣʣ͍͠ɽ͕ͨͬͯ͠ɼ

ಉࠁ࣌ɾಉঢ়ଶͷ˓ΛҰͭʹ·ͱΊ্͛Δ͜ͱ͕Ͱ͖Δɽͦͷ݁Ռ͕ਤͷࡾஈͷμΠΞάϥϜͰ͋Δɽ

Γ͜ͷμΠΞάϥϜʹ͓͍ͯҹΛͨͲΔ͜ͱͰͱͷաఔΛ෮ݩͰ͖ɼ͜ͷμΠΞάϥϜ্࠷

ஈͷμΠΞάϥϜʹൺͯίϯύΫτʹରͷಈతݱͷใΛهड़Ͱ͖Δɽ͜ͷࡾஈͷਤϥϯμϜ

ΥʔΫͷ֬ͷൃؒ࣌లͷࢉܭͰΑ͘ݟΔਤͰ͋ΔɽຊจͰ͜ͷμΠΞάϥϜ͕ද͍ͯ͠Δߏ

ͷ͜ͱΛʬൃؒ࣌లߏʭͱΑͿɽ֬ఆաఔͰ͋ΔৼΓࢠͷৼಈӡಈͷ߹ɼաఔͷμΠΞάϥϜʢਤ

3.1(b)ʣൃؒ࣌లߏͷμΠΞάϥϜͰ͋Δɽ·ͨɼୈ 2ষͷਤ 2.1ɼྔֶྗࢠతͳൃؒ࣌లߏ

ͷμΠΞάϥϜͰ͋Δɽ

ঢ়ଶભҠΛࢧ͢Δنଇ͕ؒ࣌తʹෆมͳΒ*8ɼൃؒ࣌లߏʹ͓͍ͯಉछͷঢ়ଶΛؔʹࠁ࣌ͳ͘

Ұͭʹ·ͱΊΔૢ࡞ՄٯѹॖͱͳΔɽਤ 3.3ͷࡾஈͷൃؒ࣌లߏͷμΠΞάϥϜʹ͓͍ͯɼಉछͷ

ঢ়ଶΛؔʹࠁ࣌ͳ͘Ұͭʹ·ͱΊΔͱ࢛ஈͷμΠΞάϥϜ͕ಘΒΕΔɽ͜Ε ϥϯμϜΥʔݩ࣍1

Ϋܥͷঢ়ଶۭؒʢstate spaceʣ*9 ͷભҠωοτϫʔΫΛද͍ͯ͠ΔɽຊจͰ͜ͷߏͷ͜ͱΛʬঢ়

ଶۭؒߏʭͱΑͿɽঢ়ଶۭؒߏͷμΠΞάϥϜʹ͓͍ͯɼ͋Δॳظঢ়ଶ͔ΒॱʹҹΛͨͲ͍ͬͯ͘

͜ͱͰɼൃؒ࣌లߏͷμΠΞάϥϜΛ෮ݩͰ͖Δɽ͜ͷ෮ݩʹͦΕͧΕͷભҠʹભҠ֬ભҠؒ࣌

ͳͲͷඞཁͳใΛਵ͓ͤͯ͘͞ඞཁ͕͋ΔҰํɼ֤ঢ়ଶʹ֬ใʢਤͰೱ୶Ͱද͢ͷʣΛਵ͞

ͤΔඞཁͳ͍ɽ·ͨɼॳظঢ়ଶ͝ͱʹఆ·Δൃؒ࣌లߏͱҧ͍ɼঢ়ଶۭؒߏॳظঢ়ଶʹґଘ͠

ͳ͍ɽ

͜ͷঢ়ଶۭؒߏͷμΠΞάϥϜɼMarkovաఔΛੜ͢Δઢ࡞ܗ༻ૉʹରԠ͢ΔάϥϑදݱͱΈͳ

ͤɼಈతݱͷഎޙʹ͋ΔنଇੑɾߏػɾϝΧχζϜΛՄࢹԽ͢ΔͷͰ͋Δɽྫ͑ɼ1ݩ࣍ϥϯμϜ

ΥʔΫͷྫʢਤ 3.3ʣͰɼঢ়ଶۭؒߏͷμΠΞάϥϜભҠ֬ྻߦΛॏΈ͖ྡྻߦͱ͢Δॏ

Έ͖༗άϥϑͱΈͳͤΔɽঢ়ଶۭؒߏͰද͞ΕΔભҠنଇ͔Βͯ͢ͷঢ়ଶભҠ͕ੜ͞ΕΔͱ͍

͏ҙຯͰɼঢ়ଶۭؒߏঢ়ଶભҠߏͷ֊Ͱ࠷ࠜݯతͳߏͰ͋Δ*10ɽ

Ҏ্ͷΑ͏ʹɼঢ়ଶͱભҠ͔ΒͳΔঢ়ଶભҠߏͱͯ͠छʑͷϨϕϧΛ͑ߟΔ͜ͱ͕Ͱ͖Δ͕ɼҰஈ

ͷաఔͷμΠΞάϥϜ͔Β࢛ஈͷঢ়ଶۭؒߏͷμΠΞάϥϜʹࢸΔ·Ͱʹใ͕ѹॖ͞Ε͍ͯ͘ͷʹ

ͬͯɼ֤μΠΞάϥϜʹ͓͍ͯ˓͕ͭ࣋ҙຯ߹͍มΘΔɽ͡ΊͷաఔͷμΠΞάϥϜͷͦΕͧΕͷ

˓ɼঢ়ଶͷछผͱൃੜࠁ࣌ɾߦࢼͰ۠ผ͞ΕΔɽਤ 3.3ͷೋஈͷͰɼঢ়ଶͷछผɾൃੜࠁ࣌ʹՃ

࿏ཤྺʹΑͬͯͦΕͧΕͷ˓۠ผ͞Εɼ͞Βʹ֬ใʢೱ୶ʣ͕ਵ͢ΔɽMarkovੑΛ༗ܦͯ͑

͢Δͱ͖ʹܦ࿏ཤྺใΛফ͢ڈΔ͜ͱ͕ՄͰɼൃؒ࣌లߏͷμΠΞάϥϜͷ˓ঢ়ଶͷछผͱൃ

ੜࠁ࣌Ͱ۠ผ͞Εɼ֬ใ͕ਵ͢Δɽ͞Βʹঢ়ଶભҠنଇ͕ؒ࣌తʹෆมͰ͋Εɼൃੜࠁ࣌ͷใ

Λফ͢ڈΔ͜ͱՄͰɼঢ়ଶۭؒߏͷμΠΞάϥϜͷ˓ঢ়ଶͷछผʹΑͬͯͷΈ۠ผ͞Εɼࠁ࣌

ใ֬ใਵ͠ͳ͍ɽঢ়ଶۭؒߏʹ͓͍ͯ˓͔Βফ͞ڈΕͨ֬ࠁ࣌ͷใɼઌड़ͷͱ͓

ΓɼભҠʹਵ͢ΔભҠ֬ͱભҠؒ࣌ͱͯ͠อ࣋͞ΕΔɽҎ্Λද 3.1ʹ·ͱΊΔɽ

*8ʮ੪࣌తʯɼʮؒ࣌తʹҰ༷ʯɼʮtime homogeneousʯͳͲͱ͍͏ɽ
ΛͱͳߏͷͱΓ͏Δঢ়ଶશମͷू߹Λʮঢ়ଶۭؒʯͱΑͿɽʮۭؒʯͱΑΕΔ͜ͱ͔Β͔Δͱ͓Γɼঢ়ଶۭؒҐ૬ܥ9*

͏ɽ·ͨɼྗֶܥཧͰঢ়ଶۭؒͷ͜ͱΛʮ૬ۭؒʢphase spaceʣʯͱΑͿ͕ɼྔֶྗࢠ֬աఔͳͲͷଞͷͰ૬ۭ
ؒʹ૬͢Δͷ͕ঢ়ଶۭؒͱΑΕΔ͜ͱ͕ଟ͍ͷͰɼຊจͰʮঢ়ଶۭؒʯͰ౷Ұ͢Δɽ

*10ྗֶͰ͞Βʹʬ૬ߏ༺࡞ޓʭʢ=Hamiltonianʣʹ·ͰΔ͜ͱɼংষͰड़ͨͱ͓ΓͰ͋Δɽ



ୈ 3ষ ඇஅԽֶಈྗֶͷߏ 37

ද 3.1 ֤छͷঢ়ଶભҠߏʹ͓͚Δʮ˓ʯͱʮˠʯͷҙຯ߹͍ͷ·ͱΊ

छߏ ˓Λ۠ผ͢Δใ ˓ʹਵ͢Δใɹ ˠʹਵ͢Δใ

աఔ ঢ়ଶछɾൃੜࠁ࣌ɾߦࢼ

ʢਤ 3.3ͷೋஈʣ ঢ়ଶछɾൃੜࠁ࣌ɾܦ࿏ཤྺɹ ൃੜසʢ֬ʣ ɹ

ɹߏలൃؒ࣌ ঢ়ଶछɾൃੜࠁ࣌ɹ ൃੜසʢ֬ʣ ɹ

ঢ়ଶۭؒߏ ঢ়ଶछ ભҠ֬ɾભҠؒ࣌ɹ

3.1.3 ࿈ଓతঢ়ଶͱࢄతΠϕϯτ

Ұൠʹ࣮ੈքͷࣄͷଟ͘࿈ଓతͰ͋Δʢͱ৴͡ΒΕ͍ͯΔʣɽ͔͠͠ɼঢ়ଶۭ͕ؒ࿈ଓతͰ͋Δ

߹ɼલ߲Ͱಋೖͨ͠छʑͷঢ়ଶભҠߏͷμΠΞάϥϜΛඳ͘͜ͱ͕Ͱ͖ͳ͍ɽಛʹɼݩ࣍ߴͷ࿈ଓతঢ়

ଶۭؒͷతՄࢹԽݪཧతʹෆՄͰ͋Δɽ·ͨɼʮ࿈ଓʯͱ͍͏֓೦ਓؒͷײతཧղΛ͑ͨ

ଆ໘ΛͪɼػࢉܭͰऔΓѻ͏͜ͱͰ͖ͳ͍ɽ

ͦ͜ͰຊڀݚͰɼঢ়ଶۭؒΛࢄԽͯ͠ঢ়ଶભҠߏΛଊ͑Δͱ͍͏ํΛͱΔɽྫ͑ɼຊڀݚͰ

ɼݹయྗֶతৼΓࢠͷঢ়ଶۭؒߏΛਤ 3.4(a)ͷΑ͏ͳࢄతɾ༗ݸݶͷʮ˓ʯΛͭ༗άϥϑ

ͱͯ͠ଊ͑ΔɽҰํɼঢ়ଶۭؒͷࢄԽΛߦΘͳ͍߹ɼݹయྗֶతৼΓࢠͷঢ়ଶۭؒߏਤ 3.4(b)

ͷΑ͏ͳʮ૬ਤʢphase portraitʣʯͱͯ͠ҰൠʹՄࢹԽ͞ΕΔɽ͜ͷ૬ਤʹΑΔঢ়ଶۭؒߏͷѲྗ

ঢ়ଶۭؒʹରͯ͠௨༻ͤͣɼ֬తݩ࣍ߴԽํ๏ࢹΒ͓͜ͳΘΕ͖͕ͯͨɼ͜ͷՄ͔͘ݹཧͰܥֶ

ɼਤ͑ߦԽΛࢄΒ͍ɽ͔͠͠ɼঢ়ଶۭؒͷͮ͠ݱදذಓي 3.4(a)લ߲Ͱࣔͨ͠Α͏ͳμΠΞ

άϥϜΛݪཧతʹ͍ͭͰ తͳѲ͕ײͷߏʹਤࣔ͢Δ͜ͱ͕Ͱ͖ɼछʑͷঢ়ଶભҠۭؒݩ࣍3

ՄͱͳΔɽ࿈ଓతͰߴਫ਼ͳใͷදࣔΛ͖͋ΒΊͯɼඞཁͳใͷΈΛμΠΞάϥϜతʹਤࣔ͢Δ͜

ͱͰɼΑΓײతʹѲ͍͢͠ද͕ݱಘΒΕΔͷͰ͋Δ*11ɽ͞Βʹɼ༗άϥϑͷΑ͏ͳࢄతσʔ

λߏػࢉܭʹΑΔѻ͍༰қͰ͋Δ͜ͱɼঢ়ଶۭؒΛࢄԽ͢Δ͜ͱͷརͷҰͭͰ͋ΔɽͪΖ

Μɼঢ়ଶۭؒͷࢄԽʹΑΓࣦΘΕΔใ͋Δ͕ɼຊڀݚͰ༻͍ΔछʑͷμΠΞάϥϜɼঢ়ଶۭؒશ

ମͷେ·͔ͳѲʹेͳใΛอ͍ͯ࣋͠Δ*12ɽ

ঢ়ଶۭؒͷࢄԽͷ࠷ૉͳํ๏ɼঢ়ଶۭؒΛ֨ࢠঢ়ʹׂ͢Δํ๏Ͱ͋ΔɽৼΓࢠͷྫͰ͍͏

ͱɼ֯ θ Λ 1◦ ͝ͱ۠ͬͯ͑ߟΔΑ͏ͳ߹ʹ૬͢Δɽ͔͠͠ɼ͜ͷํ๏ɼ͕ྔࢉܭঢ়ଶۭؒͷ

ؔతʹ૿େ͠ɼঢ়ଶભҠͷMarkovੑΛᆝଛ͔͠Ͷͳ͍ɽࢦରͯ͠ʹݩ࣍

ҰํɼຊڀݚͰ࠾༻͢Δঢ়ଶۭؒࢄԽͷํ๏ɼಈྗֶͷهड़ʹॏཁͳ͍͔ͭ͘ͷঢ়ଶʢʹʮΠϕϯ

τʯ*13ʣʹͷΈண͢Δํ๏Ͱ͋ΔɽৼΓࢠͷྫͰ͍͏ͱɼసճ࠷Լ௨աͱ͍ͬͨಛతͳӡಈঢ়

ଶʹͷΈண͢Δํ๏Ͱ͋Δ*14ɽຊจͰ͜͜·Ͱࣔͨ͠μΠΞάϥϜɼ͜ͷํࣜʹͷͬͱ͍ͬͯΔɽ

͜ͷํ๏ɼಈతݱͷཧղ༧ଌʹඞཁͳใΛ؆ܿʹදࣔ͢Δ͜ͱ͕ՄͰ͋Δɽ͞ΒʹɼదͳΠ

ΔͷͰ͋Δ͜͢ݱͷమಓ࿏ઢਤ͕ɼਖ਼֬ͳཧతใΛࣺͯɼӺؒͷͭͳ͕ΓͷΈʹணͨ͠τϙϩδΧϧͳใΛදݱ11*
ͱ͜ͷҰྫͰ͋Δɽॳظͷమಓ࿏ઢਤɼਤΛϕʔεʹͨ͠ͷͰ͋ͬͨɽ͔͠͠ɼར༻٬ͷଟ͕͘ਖ਼֬ͳཧతใΛٻΊ
͍ͯͳ͍͜ͱʹ͍͕ͨͭؾϩϯυϯަࢢ௨ہͷٕࢣͷ H. Beck ʹΑͬͯɼτϙϩδʔϕʔεͷ࿏ઢਤ͕࡞͞Εͨɽ1933 ʹϦ
Ϧʔε͞Εͨ BeckͷϩϯυϯԼమ࿏ઢਤɼݱʹଓ͘μΠΞάϥϜܕ࿏ઢਤͷྲྀݯͰ͋Δ 93)ɽ

*12ຊڀݚͰ༻͍ΔछʑͷμΠΞάϥϜʹΑͬͯɼͲͷΑ͏ͳใΛಘΔ͜ͱ͕Ͱ͖Δ͔ɼຊষͷޙ࣍ষͷԠ༻ྫΛࢀরɽ
*13͜͜Ͱ͍͏ʮΠϕϯτʯͱண͢Δಛผͳʮঢ়ଶʯͷ͜ͱΛ͢ࢦɽ͢ͳΘͪʠॠؒతͳʡΠϕϯτͰ͋Δɽ·ͨɼ࣮؍ʹࡍ
ଌ͞ΕΔࣄͷ͜ͱͰͳ͍ɽ

*14͜ͷख๏ྗֶܥཧʹ͓͚ΔʮPoincaréࣸ૾ʯͷํ๏ͱಉ͡ਫ਼ਆʹͮ͘جɽPoincaréࣸ૾ͷํ๏ɼ૬ۭؒʹஔ͔Εͨ
Poincaréஅ໘Λيಓ͕ԣΔΠϕϯτͷΈʹண͠ɼ࿈ଓྗֶܥͷΛܥֶྗࢄʢ෮ࣸ૾ܥʣͷʹম͖͢ख๏Ͱ͋Δɽ
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ਤ 3.4 ৼΓࢠͷঢ়ଶۭؒߏͷೋͭͷՄࢹԽํ๏ɽ(a)ঢ়ଶۭؒΛࢄԽͯ͠ʮ˓ʯͱʮˠʯ͔Βͳ

Δ༗άϥϑͱͯ͠ද͢ݱΔํ๏ʢঢ়ଶۭؒߏͷμΠΞάϥϜʣɽ(b)ঢ়ଶۭؒΛࢄԽ͠ͳ͍࿈ଓ

తͳදํݱ๏ʢ૬ਤɼphase portraitʣɽ͜͜Ͱɼθ ৼΓࢠͷ֯ɼpθ  θ ͷڞӡಈྔɼه߸ T±

సճɼO± ࠷Լ௨աʹରԠ͢Δӡಈঢ়ଶΛࣔ͢ɽຊڀݚͰɼ(a)ͷλΠϓͷμΠΞάϥϜදݱ

ʹΑͬͯঢ়ଶۭؒߏൃؒ࣌లߏΛଊ͑Δɽ

ϕϯτͷબʹΑͬͯɼMarkovੑΛେ͖͘ᆝଛ͢Δ͜ͱͳ͘ಈྗֶΛهड़͢Δ͜ͱՄͰ͋Δ*15ɽ͜

Ε͕ɼຊڀݚͰࢄతΠϕϯτΛ˓ͱͯ͠બ͢Δ event-drivenతํࡦΛ࠾༻͢Δཧ༝Ͱ͋Δɽ

3.1.4 ຊల։ͷํ

ຊઅͰɼʬൃؒ࣌లߏʭͱʬঢ়ଶۭؒߏʭͷೋͭͷ֓೦Λɼݱ͔Βͦͷੜߏػ͏͔ใ

ѹॖͷྲྀΕʹԊͬͯཧͨ͠ɽҰํͰɼཧԽֶͷΑ͏ʹݪཧ૬ߏ༺࡞ޓ͕͔͍ͬͯΔͰɼ

͜ͷٯͷʠաఔʡɼ͢ͳΘͪݪཧ͔Βݱʹྲྀ͏͔ΕʹԊ͕ͬͨٞՄͰ͋Δɽ͜ͷྲྀΕݪཧʹѹ

ॖ͞ΕͨใΛల։͢ΔʠաఔʡͰ͋ΓɼຊจͰ͜ΕҎͪ͜ޙΒͷྲྀΕʹԊͬͯٞΛਐΊΔɽ͢ͳ

Θͪɼୈ 2ষͰઆ໌ͨ͠ݪཧͱ૬ߏ༺࡞ޓΛͱʹඇஅԽֶಈྗֶͷঢ়ଶۭؒߏʹؔ͢ΔཧΛߏ

ங͠ʢ3.2અʣɼൃؒ࣌ʹ࣍లߏʹ͍ͭͯٞͯ͠ʢ3.3અʣɼঢ়ଶۭؒߏ͔Βൃؒ࣌లߏΛʮల։ʯ

͢Δํ๏ΛఆࣜԽ͢Δʢ3.4અʣɽ

3.2 ඇஅԽֶಈྗֶͷঢ়ଶۭؒߏ

ຊઅͰɼඇஅԽֶಈྗֶͷঢ়ଶۭؒߏʹ͍ͭͯཧΛల։͢Δɽঢ়ଶۭؒߏΛهड़͢Δʹ͋

ͨͬͯɼಈྗֶΛదʹهड़͢ΔͨΊͷঢ়ଶͱɼͦΕΒΛ݁ͿભҠΛ໌Β͔ʹ͢Δඞཁ͕͋Δɽͦ͜Ͱ

·ͣɼঢ়ଶͷྔֶྗࢠతఆࣜԽΛ͍ߦɼඇஅԽֶಈྗֶʹ͓͚ΔભҠͱͯ͠ʮஅൃؒ࣌లʯͱʮඇ

அભҠʯʹؔ͢ΔݹయྗֶతఆࣜԽΛ͏ߦɽ࣍ʹɼ࿈ଓతঢ়ଶʹΑΔهड़͔ΒࢄతΠϕϯτʹΑΔ

ɼબͼʹޙ࠷ͷΠϕϯτΛબͼग़͢ɽݸݶΔঢ়ଶͷத͔Βண͖͢༗͋ݸݶΔͨΊʹɼແ͢ߦड़ʹҠه

ग़͞ΕͨΠϕϯτʮ˓ʯͱͦΕΒΛ݁ͿભҠʮˠʯͷΈ߹Θͤͱͯ͠ද͞ΕΔঢ়ଶۭؒߏͷμΠΞά

ϥϜΛಋೖ͢Δɽͳ͓ɼຊઅͷઆ໌ࣗ֩ࢠݪ༝͕ 1ͷ߹ʹݶఆ͢Δɽଟࣗ༝ܥͷ֦ுͷలʹ

ؔͯ݁͠෦ͷ 5.2અͰٞ͢Δɽ

*15ਖ਼֬ʹ͑ݴɼΠϕϯτΛ˓ͱͯ͠ϞσϧԽͨ͠߹ɼͦͷಈྗֶMarkov աఔͰͳ͘Markov ड़͢هੜաఔͱͯ͠࠶
Δඞཁ͕͋Δɽ
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3.2.1 ඇஅԽֶಈྗֶʹ͓͚Δʮ˓ʯ

ຊ߲ͰඇஅԽֶಈྗֶͷߏΛهड़͢ΔͨΊͷঢ়ଶʮ˓ʯΛྔֶྗࢠతʹఆࣜԽ͢Δɽ͢ͳΘͪɼ

ඇஅԽֶಈྗֶΛهड़͍͢͠ঢ়ଶදݱ—Α͍جఈ—ΛఆΊΔɽ

ୈ 2 ষͰઆ໌ͨ͠Α͏ʹɼԽֶಈྗֶʹ͓͍ͯ Born–Huang ల։͕Α͍جఈల։Ͱ͋Δɽ·ͨɼ

యతʹѻ͏͜ͱ͕ݹయత͋Δ͍ݹ͍ͯͭʹ֩ࢠݪʢ࣭͕͍ʣͷͰɼ͍ڧయੑ͕ݹ֩ࢠݪ

Α͍ઓུͰ͋ΔɽΑͬͯɼిࢠঢ়ଶʹؔͯ͠அجఈΛ༻͍ɼ֩ࢠݪͷঢ়ଶʹؔͯ͠ݹయྗֶతঢ়ଶ

Ͱ͋ΔӡಈྔͱҐஔͷ (p, q) ʹରԠ͢Δද͕ࣔݟ௨͠ྑ͍ɽݩʑͷ Born–Huang ల։ (2.5) Ͱࢠݪ

֩ͷঢ়ଶʹؔͯ͠Ґஔදࣔ {|R⟩}Λ༻͍͍͕ͯͨɼຊڀݚͰͦΕʹ͑ͯɼ֩ࢠݪͷྔࢠঢ়ଶΛ (p, q)

Ͱද͢૬ۭؒදࣔΛ༻͍Δɽ

ຊڀݚͰɼྔࢠঢ়ଶͷ૬ۭؒදࣔͱͯ͠ίώʔϨϯτঢ়ଶදࣔΛ༻͍ΔɽίώʔϨϯτঢ়ଶͱɼର

Ԡ͢ΔҐஔදࣔͷಈ͕ؔ

⟨x |pqγ ⟩ =
(γ
π

) 1
4
exp

[
−γ
2
(x− q)2 +

i

!p(x− q)

]
(3.1)

ͳΔGaussଋͰද͞ΕΔঢ়ଶ |pqγ⟩Ͱ͋Δɽ͜͜Ͱ pɼqɼγ ࣮ύϥϝʔλͰɼͦΕͧΕଋͷӡಈྔ

ͷظɼҐஔͷظɼଋ෯Ͱ͋ΔɽίώʔϨϯτঢ়ଶͷηοτ {|pqγ⟩ |p ∈ R, q ∈ R, γ = const.}
ඇަͰ͋Δ͕શܥΛͳ͢͜ͱ͕ΒΕ͍ͯΔ 9)ɽίώʔϨϯτঢ়ଶʹର͢Δશੑؔ

1

2π!

∫∫
dpdq |pqγ⟩ ⟨pqγ| = 1̂ (3.2)

Ͱ͋Δɽ

ຊڀݚͰɼྔࢠঢ়ଶ

|p, q, j⟩ def
= |pqγ⟩|Φj(q)⟩ (3.3)

ΛඇஅԽֶಈྗֶͷߏΛهड़͢ΔͨΊͷʮ˓ʯͱ͢Δɽ͜͜Ͱɼ|pqγ⟩֩ࢠݪͷঢ়ଶΛهड़͢Δί
ώʔϨϯτঢ়ଶɼ|Φj(q)⟩அిࢠঢ়ଶͰ͋Δɽ·ͨ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 CWϨʔβʔதͰͷඇஅԽֶಈྗֶͰɼஅجఈͷΘΓʹ Floquetঢ়ଶΛ༻͍Δɽલ

અͰঢ়ଶۭؒߏΛಋೖ͢Δൃؒ࣌ʹࡍలنଇͷ੪ੑ࣌Λཁ͕ͨ͠ɼൃؒ࣌లΛهड़͢Δ Hamiltonian

͕੪࣌తͰͳ͍ڧߴ CWϨʔβʔதͷಈྗֶʹ͓͍ͯɼFloquetཧʹΑͬͯ Hamiltonianͷ࣌

ؒґଘੑΛऔΓআ͚ΔͨΊɼ֎ͷͳ͍ͱ͖ͱಉ͡Α͏ʹٞΛల։Ͱ͖Δɽ

*16ίώʔϨϯτঢ়ଶͷηοτաඋͰ͋ΔͷͰɼࣜ (3.4) ͷల։Ұҙʹఆ·Βͳ͍ɽྫ͑ɼ|pqγ⟩ ΛίώʔϨϯ
τঢ়ଶͰల։͢Δ͜ͱΛ͑ߟΔͱɼ|pqγ⟩ ࣗίώʔϨϯτঢ়ଶͰ͋ΔͷͰɼ|pqγ⟩ ҰͭͰల։Ͱ͖ΔɽҰํͰɼల։Λ
⟨p′q′γ|pqγ⟩( ̸= 0)ͰఆΊͯɼແݸݶͷίώʔϨϯτঢ়ଶ {|p′q′γ⟩}Ͱల։͢Δ͜ͱՄͰ͋Δɽ͕ͨͬͯ͠ɼຊڀݚʹ͓͍ͯɼ
ల։ͷఆٛΛࣜ (3.5)ͰఆΊͨɽ
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͍·˓Λϥϕϧ͢Δ pɼq ࿈ଓΛͱΓ͏Δ͕ɼ͜ͷඇՄࢉແݸݶͷঢ়ଶͷ͏ͪهड़ʹඞཁͳ༗ݸݶ

ͷΠϕϯτΛબͿඞཁ͕͋ΔɽͲͷΠϕϯτʹண͖͔͢ಈྗֶͷߏʹґΔɽ͕ͨͬͯ͠ɼΠϕϯ

τΛબͼग़͢લʹɼඇஅԽֶಈྗֶͷߏʹ͓͚ΔભҠʮˠʯʹ߲ؔͯ࣍͠ͱ࣍ʑ߲ͰఆࣜԽΛ͏ߦɽ

3.2.2 ඇஅԽֶಈྗֶʹ͓͚Δʮˠʯ I ɿஅൃؒ࣌ల

ຊ߲ͰɼඇஅԽֶಈྗֶʹ͓͚ΔભҠʮˠʯͷ͏ͪஅൃؒ࣌లɼ͢ͳΘͪɼҰຕͷஅϙςϯ

γϟϧΤωϧΪʔ໘ʢPESʣ͋Δ͍ٖΤωϧΪʔ໘ʢQESʣ্ͷ֩ଋͷൃؒ࣌లͷهड़ʹؔͯٞ͠

͢Δɽ

ʢ࣭͕͍ʣͷͰɼPlanck͍ڧయੑ͕ݹ֩ࢠݪ ఆ ! ͕ेখ͍͞ݶۃͰͷಈྗֶΛهड़
͢Δݹయྗֶͷख๏͕͑ΔɽݹయྗֶʹWKB๏ͳͲͷ Schrödingerͷಈྗֶʹͮ͘جͷ

ͱɼvan Vleck–Gutzwiller ԋࢠࢉͳͲͷ Feynman ͷܦ࿏ੵʹͮ͘جͷ͕͋ΔɽຊڀݚͰɼ

͜ΕΒͷதͰίώʔϨϯτঢ়ଶܦ࿏ੵʹͮ͘ج Herman–Klukͷཧ 94) Λ࠾༻͢Δɽͦͷཧ༝ɼ

ຊڀݚͰ֩ࢠݪͷঢ়ଶΛίώʔϨϯτঢ়ଶͱͯ͠ఆࣜԽͨͨ͠ΊɼίώʔϨϯτঢ়ଶදࣔΛج൫ͱ

͢Δ Herman–Kluk ͷཧ͕ຊڀݚʹ͓͚Δঢ়ଶؒͷભҠͷهड़ͱͯ͠దͰ͋Δ͔ΒͰ͋Δɽ·ͨɼ

Herman–Klukͷཧɼଞͷݹయྗֶతख๏๊͕͑Δʢܦ࿏يಓ୳ࡧɾৼ෯ൃࢄͳͲʣΛճ

ආͨ͠ख๏Ͱ͋Γɼѻ͍͕༰қͰ͋Δ͜ͱ࠾༻ཧ༝ͷҰͭͰ͋Δɽ

Herman–KlukͷཧʹΑΕɼൃؒ࣌లԋࢠࢉݹయݶۃͰҎԼͷΑ͏ʹۙࣅͰ͖Δ*17ɿ

e−
i
! Ĥt ≈ 1

2π!

∫∫
dp0dq0 |ptqtγ⟩Ct(p0, q0)e

i
!St(p0,q0) ⟨p0q0γ|ɽ (3.6)

͜͜Ͱɼ(pt, qt)ࠁ࣌ 0ʹ (p0, q0)͔Βग़ൃ͢Δݹయيಓͷࠁ࣌ 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

͔ΒҰൠʹଟՁؔͰ͋Δ͕ɼtʹؔͯ͠࿈ଓͰ͋ΔΑ͏ʹΛબͿ*18 ɽࣜ (3.6)Λ༻͍Εɼݹయيಓ

Ͱ͖ΔɽࢉܭʣΛࢠࢉయԋݹʢݱදࣅͷۙࢠࢉలԋൃؒ࣌తͳֶྗࢠͷΈʹΑͬͯྔࢉܭ

Herman–KlukݹయԋࢠࢉΛ༻͍Δ͜ͱͰ֩ଋͷஅൃؒ࣌లҎԼͷΑ͏ʹهड़͞ΕΔ*19ɿ

|Ψ(t)⟩ = 1

2π!

∫∫
dp0dq0 |ptqtγ⟩Ct(p0, q0)e

i
!St(p0,q0) ⟨p0q0γ|Ψ(0)⟩ɽ (3.9)

͜ͷ͕ࣜද͢அൃؒ࣌లͷ༷ࢠΛਤ 3.5ʹਤղ͢Δɽਤதͷനൈ͖ͷ˓ࣜ (3.3)–(3.5)Ͱఆٛ͞Εͨ

ඇஅԽֶಈྗֶͷঢ়ଶۭؒߏΛදͨ͢Ίͷ˓Ͱ͋Δɽॳظଋ |Ψ(0)⟩͜ͷനൈ͖ͷ˓ͷॏͶ߹Θ
ͤͰද͞ݱΕΔ*20ɽ࢝ঢ়ଶͷനൈ͖ͷ˓ʢ|p0q0γ⟩ʣ Herman-KlukݹయԋࢠࢉʹΑΓɼݹయي

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

*17͜͜Ͱ Ͱద༻ՄͰ͋Δɽݩ࣍ߴର͢ΔදࣜΛ͕ࣔ͢ɼHerman–Klukͷཧʹܥݩ࣍1
*18Ct(p0, q0) ͕ t ʹؔͯ͠࿈ଓͱͳΔΑ͏ʹ͢ΔͱɼࣗಈతʹMaslov Ґ૬ྀ͕͞ߟΕΔ 95)ɽMaslov Ґ૬ɼఆৗঢ়ଶʹؔ
͢ΔWKB๏Ͱɼసճʹ͓͍ͯӈਐߦͷؔͱࠨਐߦͷؔΛଓ͢Δͱ͖ͷଓʹग़ͯ͘ΔҐ૬Ͱ͋ΔɽWKB๏
 van Vleck–Gutzwillerԋࢠࢉʹ͓͍ͯɼసճΛ௨ա͢Δ͝ͱʹྔࢠৼ෯Ґ૬ −π/2Λ֫ಘ͢Δɽ

*19ҎԼͰిࢠঢ়ଶͷϥϕϧʹؔ͢ΔදهΛলུ͢Δɽ
*20ࣜ (3.9)ͷ |Ψ(0)⟩ʹ͔ࠨΒ ⟨p0q0γ|Λֻ͚Δૢ࡞ʹ૬͢Δɽ
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ਤ 3.5 ݹయۙࣅͷஅൃؒ࣌లͷμΠΞάϥϜɽനൈ͖ͷ˓ࣜ (3.3)–(3.5)Ͱఆٛ͞Εͨඇஅ

Խֶಈྗֶͷঢ়ଶۭؒߏΛදͨ͢Ίͷʮ˓ʯͰ͋Δɽփ৭ʹృΓͭͿ͞Εͨ˓ Herman-Kluk 

ͷࣜࢠࢉయԋݹ (3.6) தʹݱΕΔίώʔϨϯτঢ়ଶ |ptqtγ⟩ Λද͢ɽ࢝ঢ়ଶͰ͋Δനൈ͖ͷ˓
Herman-Kluk ݹయԋࢠࢉʹΑΓփ৭ͷ˓Ͱද͞ΕΔதؒঢ়ଶʹભҠ͢Δɽ͜ͷભҠݹయي

ಓࢉܭʹΑΓࢉܭͰ͖Δɽփ৭ͷ˓ࣜ (3.3)–(3.5)Ͱఆٛ͞Εͨനൈ͖ͷ˓ͱҟͳΔͷͰɼ࠶ల։

ͷૢ͕࡞ඞཁͱͳΔɽ࠶ల։ͷബփ৭ͷ͍ࡉҹɼݹయيಓൃలͷ݁ՌΛ૬ۭؒͰʠᕷ·ͤΔʡɽ

Ͱ͋Δɽ͜͜Ͱɼʮനൈ͖ͷ˓ʯͱʮփ৭ͷ˓ʯҧ͏ҙຯΛͭ࣋͜ͱʹҙ͢Δɽ͢ͳΘͪɼࣜ (3.9)

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

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

͜ͷ࠶ల։ͷૢ࡞۩ମతʹҎԼͷࣜͰهड़͞ΕΔɿ

|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࡞ɼݹయيಓʹԊͬͨൃؒ࣌లͷ݁ՌΛ૬ۭؒͰʠᕷ·ͤΔʡɽ

ਤ 3.5Ͱ͍͏ͱɼ࠶ల։ͷബփ৭ͷ͍ࡉҹ͕ʠᕷΈޮՌʡΛද͢ɽ͜ͷΑ͏ʹɼݹయيಓൃలͱ࠶ల։

ͷҹͷ߹ͱͯ͠ɼඇஅԽֶಈྗֶͷঢ়ଶۭؒߏΛද͢˓ಉ࢜Λ݁Ϳʮˠʯ͕ද͞ݱΕΔɽ

͔͠͠ɼຊڀݚͰ্هͰઆ໌ͨ͠࠶ల։ʹΑΔ૬ۭؒͷʠᕷΈޮՌʡΛແ͠ࢹɼҎԼͷۙࣅతͳؒ࣌

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

i
!St(p0,q0)Ψ̄(p0, q0, 0)ɽ (3.12)

֤ʑͷݹయيಓൃలͷ݁Ռ͕͍ͯࣅΔ߹ʹʠᕷΈޮՌʡബ͍ͱ͑ߟΒΕΔ͔Βɼ͜ͷۙࣅଥͰ

͋Δ*21*22 ɽ͜ͷۙࣅͷͱͰɼ֬ৼ෯ Ψ̄(p, q, t)ݹయيಓͷʠϨʔϧʡʹͬͯ૬ۭؒΛҠૹ

͞ΕΔͱ͍͏ײతඳ૾͕Γཱͭɽ͜ͷͱ͖ɼஅൃؒ࣌లΛද͢ʮˠʯʹਵ͢ΔભҠؒ࣌ݹయཻ

͘͠ɼભҠৼ෯ʹؒ࣌ͷભҠࢠ Ct(p0, q0) exp[iSt(p0, q0)/!]Ͱ͋Δɽ

*21ͨͱ͑ɼௐৼಈࢠͷΑ͏ʹಉ͡ৼಈͰ૬ۭؒΛճΔيಓ܈Ͱɼࣜ (3.12)͔Βൃؒ࣌ʹີݫలΛࢉܭͰ͖Δɽ
༰қʹഁ͢ΔɽηύϥτϦΫε্Ͱࣅಓͷੑ࣭͕େ͖͘ҟͳΔͨΊɼ͜ͷۙيయݹ͏߹ɼηύϥτϦΫε্ͰྡΓʹٯ22*
૬ۭؒͷʠᕷΈޮՌʡ͕ॏཁͱͳΓɼݹయྗֶʹ͓͍ͯηύϥτϦΫεʹΑִͬͯͯΒΕͨ૬ۭؒɼྔֶྗࢠʹ͓͍ͯʠᕷΈ
ޮՌʡʹΑͬͯ݁ͼͭ͘ɽ͜ΕμΠφϛΧϧɾτϯωϦϯάͱͯ͠ΒΕΔݱͷҰछͰ͋Δ 38)ɽ
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ຊڀݚͰɼඇஅԽֶಈྗֶͷߏΛهड़͢ΔͨΊͷཧతΈͷ։ൃʹযΛͯΔͨΊʹɼ։

ൃͷୈҰาͱͯ͠ൺֱతײతͰѻ͍͍͢ʮʠᕷΈޮՌʡແࢹʯͷۙࣅΛ༻͍Δɽ͜ͷΑ͏ͳૈ͍ۙࣅ

Λ༻͍ͯɼޙड़ͷΑ͏ʹඇஅԽֶಈྗֶݱͷଟ͘ͷ෦Λଊ͑Δ͜ͱ͕Ͱ͖Δɽ

3.2.3 ඇஅԽֶಈྗֶʹ͓͚Δʮˠʯ II ɿඇஅભҠ

ຊ߲ͰඇஅԽֶಈྗֶʹ͓͚Δ͏ҰͭͷભҠͰ͋ΔඇஅભҠͷهड़Λ͑ߟΔɽ

ຊڀݚͰɼඇஅભҠ PES QESͷٖަࠩۙͰͷΈہॴతʹ͜ىΔ͜ͱΛԾఆ͠ɼLandau–

Zener–StückelbergཧʹΑΔඇஅભҠͷసૹྻߦʹΑͬͯඇஅભҠΛهड़͢Δ*23ɽୈ 2ষͰಋग़

ͨ͠ඇஅભҠΛهड़͢Δసૹྻߦ (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 < RCɼRCɿٖަࠩͷ࠲ඪʣɼψ

±
jR ٖަࠩӈଆྖҬʢR > RCʣ

Ͱͷৼ෯Ͱɼj ʮஅʯঢ়ଶͷϥϕϧɼූ߸ ±ਖ਼͕ࠨଆ͔Βӈଆͷ௨աɼෛ͕ͦͷํٯͷ௨աΛ
ද͍ͯ͠Δɽ

ຊڀݚͰɼৼ෯ ψ±
jL ͱٖަࠩ RC ͷࠨଆۙʢRC − 0ʣʹ͋Δ˓ͷৼ෯ΛಉҰ͠ࢹɼৼ෯ ψ±

jR ͱ

ٖަࠩ RC ͷӈଆۙʢRC + 0ʣʹ͋Δ˓ͷৼ෯ΛಉҰ͢ࢹΔʢਤ 3.6ͷࠨଆࢀরʣɽ͜ͷऔΓѻ͍

ਖ਼͍͠औΓѻ͍Ͱͳ͍͕*24ɼ·ͣ͜ͷศ๏Λ༻͍ͯઌͷఆࣜԽΛਐΊΔɽ͜ͷಉҰࢹͷͱͰɼඇ

அભҠΛද͢ʮˠʯసૹྻߦ (3.13)Ͱද͞ΕΔભҠৼ෯ΛͪɼભҠؒ࣌ແݶখͰ͋ΔͱఆࣜԽ͞

ΕΔɽ

3.2.4 Πϕϯτͷબ

ຊ߲ͰɼඇஅԽֶಈྗֶͷߏΛهड़͢ΔͨΊʹ͖͢ΠϕϯτΛબͼग़͢ɽ͔݁Β͑ݴ

ɼຊڀݚͰذɼղɼసճͷ 3छྨͷΠϕϯτʹண͢ΔɽҎԼɼͦΕͧΕʹ͍ͭͯৄड़͢Δɽ

ඇஅભҠʹΑΔଋͷذɼඇஅԽֶಈྗֶʹ͓͚ΔͬͱಛతͳΠϕϯτͰ͋Δɽ͜ΕΛ

ண͖͢Πϕϯτͱͯ͠࠾༻͠ɼه߸ BʢBifurcateʣͰද͢͜ͱʹ͢Δɽ·ͨɼӈํ (P > 0)ɼํࠨ

 (P < 0)ͷ۠ผ͕ඞཁͳ࣌ͦΕͧΕ B+ɼB− Ͱද͢ɽରԠ͢ΔμΠΞάϥϜΛਤ 3.6ʹࣔ͢ɽຊདྷ

ɼਤͷࠨଆͷΑ͏ʹɼ4ͭͷঢ়ଶؒΛඇஅભҠͷҹ͕ަࠩͨ͠μΠΞάϥϜΛඳ͖͘Ͱ͋Δ͕ɼ

ͳΔͷͰ͜ΕΒΛ·ͱΊͯɼਤͷӈଆͷΑ͏ʹҰͭͷʮ˓ʯʹࡶશମͷμΠΞάϥϜΛඳ͘ͱ͖ʹܥ

Ͱද͢͜ͱʹ͢Δɽ͍··ͰͷٞͰΠϕϯτͱΑΜͰ͖ͨͷಛผͳঢ়ଶͷ͜ͱͰ͋Γɼʠॠؒతͳʡ

*23Zhu–NakamuraཧΛ༻͍ͨ΄͏͕ΑΓਖ਼֬Ͱ͋Δɽ͔͠͠ɼຊڀݚͰѻ͏ʹରͯͦ͜͠·Ͱͷਫ਼ඞཁͳ͍ɽ
*24ΑΓਖ਼֬ͳѻ͍ྫ͑จݙ 75) Λࢀরɽ
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ਤ 3.6 ذΠϕϯτ (B)ͷμΠΞάϥϜɽࠨଆͷਤʹ͓͍ͯ ψ±
jL ަࠩࠨଆྖҬɼψ

±
jR ަࠩ

ӈଆྖҬͰͷৼ෯Λද͠ɼj அঢ়ଶͷϥϕϧɼූ߸ ±ਖ਼͕ࠨଆ͔Βӈଆͷ௨աɼෛ͕ͦͷٯ
ଆͷਤʹ͓͚Δ˓ͦͷ࣮ମࠨͷ௨աΛද͍ͯ͠Δɽ৭ಁঢ়ଶͱͯ͠ͷ۠ผΛද͍ͯ͠Δɽํ

͕ |pqγ⟩|Ψj(q)⟩ ͱͯ͠ද͞ΕΔঢ়ଶۭؒ H ͷݩͰ͋ΔɽӈଆͷਤࠨଆͷਤΛ؆ུԽͯ͠ද͢هΔ
ͨΊͷμΠΞάϥϜͰ͋Γɼ͜͜Ͱͷ˓ঢ়ଶۭؒHͷݩͰͳ͍ɽ

ΠϕϯτͰ͋ͬͨɽҰํɼذΠϕϯτΛҰͭͷͰදͨ͠ͱ͖ͷ˓ɼͦͷ෦ʹඇஅભҠͷʮˠʯ

ؚΜͩʠؒ࣌తʹ෯ͷ͋ΔʡΠϕϯτͰ͋Δ*25ɽذΠϕϯτΛҰͭͷͰද͢͜ͱɼඇஅભ

ҠͷϞδϡʔϧԽͱ͍͑ΔɽҰͭͷ˓Ͱඳ͍͍ͯΔ͕ɼ࣮ਤͷࠨଆͷΑ͏Ͱ͋Δ͜ͱʹҙ͢Δɽ

ղԠΛ͑ߟΔ߹ʹɼղͱ͍͏Πϕϯτྀ͢ߟΔɽ͢ͳΘͪɼߟରͷҐۭؒྖҬ͔Β

ଋ͕֎ʹग़͍ͯ͘ΠϕϯτΛղΠϕϯτͱͯ͠ѻ͍ɼه߸ DʢDissociateʣͰද͢͜ͱʹ͢Δ*26ɽ·

ͨɼӈํ (P > 0)ɼํࠨ (P < 0)ͷ۠ผ͕ඞཁͳ࣌ͦΕͧΕ D+ɼD− Ͱද͢ɽ۩ମతʹɼ͋Δ

ղ*27 RD ΛఆΊɼq = RD ͱͳΔ˓ΛղΠϕϯτͱ͢ΔɽղΠϕϯτΛྀ͢ߟΔ͜ͱͰɼղ

Ԡͷʹؔͯ͠ͷ͕ٞՄʹͳΔɽ

·ͨɼຊڀݚͰଋͷసճͱ͍͏Πϕϯτண͖͢Πϕϯτͱͯ͠ѻ͏ɽ͢ͳΘͪɼଋ͕ਐߦ

߸هΛม͑ΔΠϕϯτΛసճΠϕϯτͱͯ͠ѻ͍ɼํ T(Turn)Ͱද͢͜ͱʹ͢Δɽ·ͨɼӈଆసճ (ӈ

ଆసճࠨͷసճ)ɼߦਐ͖ࠨΒ͔ߦਐ͖ ࣌ͷ۠ผ͕ඞཁͳ(ͷసճߦਐ͖Βӈ͔ߦਐ͖ࠨ)

ͦΕͧΕ T+ɼT− Ͱද͢ɽ۩ମతʹɼp = 0Ͱ͋Δ˓ΛసճΠϕϯτͱ͢ΔɽసճΠϕϯτΛྀ͢ߟ

Δ͜ͱͷॏཁੑɼຊষޙ 3.4.2߲ʹ͓͚ΔʮPoincaré؆ʯʹؔ͢ΔٞͰ໌Β͔ʹͳΔ*28ɽ

*25ͨͩ͠ɼຊڀݚͰඇஅભҠʹؔ͢ΔભҠؒ࣌ແࢹͰ͖Δ΄Ͳখ͍͞ͷͱԾఆ͍ͯ͠Δɽ
ʮDʯ߸هաఔͰ͋ΓɼຊจͰ͜ΕҰׅͯ͠ٯରͷҐۭؒྖҬ֎͔Βଋ͕৵ೖͯ͘͠Δ݁߹Πϕϯτղͷߟ26*
Ͱද͢ɽ

*27ຊڀݚͰʮղʯͱʮղΠϕϯτʯΛ۠ผ͢ΔɽʮʯҐۭؒʹ͓͚ΔҐஔΛ͠ࢦɼʮΠϕϯτʯঢ়ଶۭؒͷಛఆ
ͷঢ়ଶΛද͢ɽޙड़ͷʮసճʯɼʮసճΠϕϯτʯͷ۠ผಉ༷ɽ

*283.4.2 ߲ʹ͓͚ΔٞͰ໌Β͔ʹͳΔసճΠϕϯτͷॏཁੑͷଞʹɼసճτϯωϧيಓͷग़ೖΓޱʹͳΔͱ͍͏ݹయ
ྗֶతͳॏཁੑ͋Δɽͨͩ͠ɼຊڀݚͰτϯωϧݱѻΘͳ͍ɽ
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ਤ 3.7 ඇஅԽֶಈྗֶͷঢ়ଶۭؒߏΛද͢μΠΞάϥϜͷྫɽ(a) LiFࢠͷಁϙςϯγϟϧ

ΤωϧΪʔۂઢɽΠΦϯ݁߹ੑɼ੨ڞ༗݁߹ੑΛද͢ɽઢܥͷશΤωϧΪʔΛࣔ͢ɽઢ

ͱϙςϯγϟϧΤωϧΪʔۂઢͷަ͕సճͱͳΔɽ(b) (a)ͷঢ়گઃఆʹରԠ͢Δঢ়ଶۭؒߏͷ

μΠΞάϥϜɽຊจͰ͜ΕΛʮ༗άϥϑදݱʢDGR: Directed Graph RepresentationʣʯͱΑ

Ϳɽʮ˓ʯΠϕϯτΛද͢ɽϥϕϧʹ T͕ͭ͘ͷసճΠϕϯτɼB͕ͭ͘ͷذΠϕ

ϯτɼD͕ͭ͘ͷղΠϕϯτͰɼࣈΠϕϯτΛࣝผ͢ΔͨΊͷϥϕϧͰ͋Δɽ༗ลʮˠʯ

ΠϕϯτؒͷભҠΛද͢ɽ·ͨɼͱ༗ลͷ৭ɼ͕ΠΦϯ݁߹ੑɼ੨͕ڞ༗݁߹ੑΛද͠ɼ

ͦͷࠞ߹Ͱ͋Δɽࢵ

3.2.5 ঢ়ଶۭؒߏͷμΠΞάϥϜ

લ߲·ͰͰΠϕϯτʮ˓ʯͱભҠʮˠʯͷఆࣜԽΛऴ͑ͨͷͰɼຊ߲Ͱ͜ΕΒͷΈ߹ΘͤʹΑΓඇ

அԽֶಈྗֶͷঢ়ଶۭؒߏͷμΠΞάϥϜΛߏங͢Δɽ

ͷશΤωϧΪʔܥ Etot ΛఆΊΔͱɼ֬ৼ෯͕Ҡૹ͞ΕΔঢ়ଶۭؒͷϨʔϧʢݹయيಓʣ͕அి

ঢ়ଶʹଐ͢ΔϨʔϧٖަࠩʹ͓͍ͯަࠩ͢Δɽ͜ͷΑࢠঢ়ଶ͝ͱʹఆ·Γɼ͜ΕΒͷҟͳΔஅిࢠ
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͏ʹ֤ΤωϧΪʔ͝ͱʹఆ·ͬͨϨʔϧ্ʹɼϨʔϧͷަࠩͰ͋ΔذΠϕϯτɼϨʔϧ͕ q = RD

ΛԣΔͰ͋ΔղΠϕϯτɼϨʔϧ͕ p = 0ΛԣΔͰ͋ΔసճΠϕϯτ͕ଘ͢ࡏΔɽ͜ΕΒͷΠ

ϕϯτΛʮ˓ʯɼ͜ΕΒΛ݁ͿҰํ௨ߦͷϨʔϧΛʮˠʯͰද͢͜ͱʹΑͬͯɼ֬ৼ෯Ҡૹͷʠ࿏ઢ

ਤʡΛඳ͘͜ͱ͕Ͱ͖Δɽ͜ͷ࿏ઢਤ͕ͦ͜ɼඇஅԽֶಈྗֶͷঢ়ଶۭؒߏͷμΠΞάϥϜͰ͋Δɽ

ຊจͰɼ͜ΕΛඇஅԽֶಈྗֶͷʮ༗άϥϑදݱʢDGR: Directed Graph Representationʣʯͱ

ΑͿ͜ͱʹ͢Δɽ

ਤ 3.7ɼLiFࢠʹ͓͚Δ༗άϥϑදݱͷߏஙྫͰ͋Δɽ͜͜Ͱɼ֎ͳ͍ͷͱ͠ɼࢠͷશ

ΤωϧΪʔਤ 3.7(a)ͷઢͷʹݻఆ͞Ε͍ͯΔͱ͢Δɽ͜ͷͱ͖ɼਤ 3.7(a)ͷΑ͏ʹɼڞ༗݁߹ੑ

Δɽަ͢ࡏଆసճɾӈଆసճɼަࠩɼղ͕ͦΕͧΕͻͱͭͮͭଘࠨੑ߹ଆసճɼΠΦϯ݁ࠨ

ࠩͱղͰͦΕͧΕӈ͖ਐߦɾ͖ࠨਐߦͷೋͭͷΠϕϯτ͕͋Δ͜ͱʹҙ͢Δͱɼਤ 3.7(b)

ͷΑ͏ͳ༗άϥϑද͕ݱඳ͚Δɽ֤༗ลʹஅൃؒ࣌లʹؔ͢ΔભҠؒ࣌ͱભҠৼ෯ͷใ͕ਵ

͠ɼذΠϕϯτʹసૹྻߦ (3.13)ͷใ͕ਵ͢Δɽ·ͨɼͱ༗ลͷ৭ɼ͕ΠΦϯ݁߹

ੑɼ੨͕ڞ༗݁߹ੑΛද͠ɼࢵͦͷࠞ߹Ͱ͋Δ*29ɽ

ಈྗֶʹؔ༩͢Δ PES/QESͷ͕૿͑Δ΄ͲذΠϕϯτͷ͕૿͑ɼঢ়ଶۭؒߏෳࡶͳωο

τϫʔΫߏͱͳΔɽڧߴ CWϨʔβʔதͷ LiFࢠͷඇஅԽֶಈྗֶɼ·͞ʹ͜ͷΑ͏ͳঢ়

άϥϑදங͢Δͷ͍ͨ͠Ίɼࣗಈతʹ༗ߏΛݱάϥϑදͰ͋Δɽ͜ͷΑ͏ͳ߹ɼʠखʡͰ༗گ

ͷޙஙͯ͘͠ΕΔΞϧΰϦζϜ͕͋ΔͱศརͰ͋ΔɽຊষߏΛݱ 3.5.1߲Ͱɼࣗ֩ࢠݪ༝͕ 1ͷ߹

ʹͰ͋Δ͕ɼ༗άϥϑදݱΛࣗಈߏங͢ΔΞϧΰϦζϜΛఏҊ͢Δɽ

3.3 ඇஅԽֶಈྗֶͷൃؒ࣌లߏ

ຊઅͰɼඇஅԽֶಈྗֶͷൃؒ࣌లߏʹ͍ͭͯཧΛల։͢Δɽ·ͣɼඇஅԽֶಈྗֶͷؒ࣌

ൃలߏͷμΠΞάϥϜΛಋೖ͠ɼଓ͍ͯൃؒ࣌లߏͷཧతهड़ʹؔͯٞ͢͠Δɽຊઅୈ 2߲Ͱड़

ΔཧతఆࣜԽɼ࣍અͷʮసૹํఔࣜʯͷಋग़ͷཧత४උͱͳΔɽ

3.3.1 ͷμΠΞάϥϜߏలൃؒ࣌

લઅͰಋೖͨ͠ঢ়ଶۭؒߏͷμΠΞάϥϜͰ͋Δ༗άϥϑදݱʢDGR: Directed Graph Repre-

sentationʣΛͱʹɼൃؒ࣌లߏͷμΠΞάϥϜΛߏங͢Δɽ

3.1અͰड़ͨͱ͓Γɼঢ়ଶۭؒߏͷμΠΞάϥϜʹ͓͍ͯҹΛͨͲ͍ͬͯ͘͜ͱͰɼൃؒ࣌లߏ

ͷμΠΞάϥϜ͕ಘΒΕΔɽਤ 3.8ɼਤ 3.7ͷ DGRʹ͓͍ͯɼΠϕϯτ T0 Λग़ൃͱͯ͠ҹΛ

ͨͲΔ͜ͱͰಘΒΕͨɼൃؒ࣌లߏͷμΠΞάϥϜͰ͋Δɽਤ 3.8ͷࠨଆʹฒͿࣈͨͲͬͨҹͷ

Λද͢ɽҹΛݸ ͨͲͬͨͱ͜ΖͰɼதԝͷΠϕϯτݸ9 B1 Ͱܦ࿏͕྆ଆ͔Β߹ྲྀ͍ͯ͠Δɽ͜Ε

߹ྲྀ͢Δೋͭͷܦ࿏ͷ B1 ౸ୡ͕ࠁ࣌͘͠ɼൃؒ࣌లߏʹ͓͍ͯಉࠁ࣌ɾಉঢ়ଶʢΠϕϯτʣͷ

˓Ұͭʹ·ͱΊΔͱ͔ͨ͠ΒͰ͋ΔɽҰํɼಉ͘͡ҹΛ ͱӈͷΠϕϯࠨͨͲͬͨͱ͜Ζʹ͋Δݸ9

τ B1 ͕தԝͷͦΕͱಉҰ͞ࢹΕͳ͍ͷɼΠϕϯτͷछผಉ͡Ͱɼൃੜ͕ࠁ࣌ҟͳΔͨΊͰ͋Δɽ

ਤ 3.8ɼඇஅԽֶಈྗֶʹ͓͍ͯಛతͳɼΧεέʔυঢ়ͷଋذ༥߹աఔΛද͍ͯ͠ݱΔɽ

༗݁߹ੑͷϥϕϧΛ༩͑Δڞ/ੑ߹ลஅঢ়ଶʹଐ͢ΔͷͰ͋Γɼಁঢ়ଶͷྨͰ͋ΔΠΦϯ݁༗ʹີݫ29*
͖Ͱͳ͍ɽ͔͠͠ɼΠΦϯ݁߹ੑ/ڞ༗݁߹ੑͷϥϕϧײతʹΘ͔Γ͍͢ղऍΛ༩͑ͯ͘ΕΔͨΊɼศ্ٓɼΠΦϯ݁߹ੑ
ลΛΠΦϯ݁அঢ়ଶʹଐ͢༗͍ڧ͕ੑ߹༗݁ڞลΛΠΦϯ݁߹ੑΛද͢৭Ͱࣔ͠ɼஅঢ়ଶʹଐ͢༗͍ڧ͕
߹ੑΛද͢੨৭Ͱࣔ͢ɽٖަ͔ࠩΒेΕͨͱ͜ΖͰஅঢ়ଶͱಁঢ়ଶ΄΅Ұக͢ΔͨΊɼେ·͔ͳྨͱͯؒ͠ҧ
͍Ͱͳ͍ͱ͍͑Δɽ
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ਤ 3.8 ඇஅԽֶಈྗֶͷൃؒ࣌లߏΛද͢μΠΞάϥϜͷྫɽ͜Εɼਤ 3.7ͷ༗άϥϑදݱ

ʹ͓͍ͯɼΠϕϯτ T0 Λग़ൃͱͯ͠ҹΛͨͲΔ͜ͱͰಘΒΕͨͷͰ͋Δɽ͜͜Ͱɼಉࠁ࣌ɾಉ

ঢ়ଶʢΠϕϯτʣͷ˓༥߹ͤ͞Δɽ͜ͷ༥߹ɼଋͷ༥߹ͱͦΕʹΑΔׯবޮՌΛද͢ݱΔͨΊ

ʹඞཁͰ͋ΔɽࠨଆʹॎʹฒͿࣈͨͲͬͨҹͷݸΛද͢ɽ

ಉࠁ࣌ɾಉঢ়ଶͷ˓ͷ·ͱΊ͋͛ʹΑΔܦ࿏߹ྲྀɼྔֶྗࢠʹ͓͍ͯܦ࿏ׯবΛද͢ݱΔɽͨ͠

͕ͬͯɼ͜ͷ·ͱΊ্͛ͷنଇਓҝతͳऔΓܾΊͰͳ͘ɼྔֶྗࢠͷຊ࣭ʹࠜࠩͨ͠نଇͰ͋Δɽ͜

ͷܦ࿏߹ྲྀʹΑͬͯɼݹయతμΠφϛΫεͱྔࢠతμΠφϛΫε࣭తʹҟͳΔ༷૬Λఄ͢Δɽܦ࿏߹ྲྀ

ʹΑΔׯবޮՌʹ͍ͭͯ࣍ষͷ 4.2અͰৄͣ͘͠Δɽ
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3.3.2 ड़هͷཧతߏలൃؒ࣌

લ߲Ͱࣔͨ͠ඇஅԽֶಈྗֶͷൃؒ࣌లߏͷμΠΞάϥϜʹରԠ͢Δཧతهड़ʹ͍ͭͯड़Δɽ

3.1અͰઆ໌ͨ͠௨Γɼൃؒ࣌లߏʹ͓͚Δ˓ΠϕϯτछผͱΠϕϯτൃੜࠁ࣌ͷ (i, t)Ͱϥϕϧ

͞ΕɼΠϕϯτछผ͕ಉ͡Ͱൃੜ͕ࠁ࣌ҟͳΕҟͳΔͷͱΈͳ͢ɽ·ͨɼ֤˓ʹൃੜ֬ʢ·ͨ

֬ৼ෯ʣͷใ͕ਵ͢Δɽ͜ͷ࣮ࣄΛͱʹཧతఆࣜԽΛ͏ߦɽ

ࠁ࣌ tʹΠϕϯτ i͕͜ىΔ֬ৼ෯ʢల։ʣψi(t)ҎԼͷΑ͏ʹදͤΔɿ

ψi(t) = ⟨pi, qi, ji|Ψ(t)⟩ɽ (3.17)

͜͜Ͱɼ(pi, qi, ji)Πϕϯτ iͷϥϕϧͰ͋Δɽ͕ͨͬͯ͠ɼൃؒ࣌లߏͷใɼෳૉϕΫτϧ

ؔ ⎛

⎜⎜⎜⎝

ψ1(t)
ψ2(t)
...

ψN (t)

⎞

⎟⎟⎟⎠
(3.18)

ʹΑͬͯཧతʹهड़͞ΕΔɽ͜͜ͰɼN ண͢ΔΠϕϯτͷ૯Ͱ͋Δɽ

ҎԼɼٞͷݟ௨͠ΛΑ͘͢ΔͨΊʹɼൃؒ࣌లߏΛද͢ෳૉϕΫτϧؔ (3.18)ΛҎԼͷΑ͏

ʹϒϥɾέοτද͢هΔɿ

|ψ⟩ =
∑

i

∫
dt ψi(t)|i, t⟩ɽ (3.19)

ࣜதͷέοτɾϕΫτϧ |i, t⟩ʮΠϕϯτ iʯͱʮࠁ࣌ tʯʹΑͬͯϥϕϧ͞Εɼ͜Εൃؒ࣌లߏͷ

˓ʹରԠ͢ΔཧදݱͱΈͳͤΔɽ͞ΒʹɼέοτɾϕΫτϧ |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 ʹ͓͚ΔੵͷఆٛͦΕͧΕɼ

⟨i|i′⟩ = δii′ (3.23)

͓Αͼ
⟨t|t′⟩ = δ(t− t′) (3.24)

Ͱ͋Δ*30ɽ͜ͷΑ͏ʹɼൃؒ࣌లߏϕΫτϧۭؒ E ⊗ T ͷݩ |ψ⟩ʹΑͬͯཧతʹهड़Ͱ͖Δɽ
Ҏ্έοτɾϕΫτϧʹΑΔఆࣜԽͰ͕͋ͬͨɼີԋࢠࢉʹΑΔهड़ՄͰ͋ΔɽέοτɾϕΫ

τϧ |ψ⟩ʹରԠ͢ΔີԋࢠࢉΛ
ρ̂

def
= |ψ⟩⟨ψ| (3.25)

*30έοτɾϕΫτϧ |i⟩ ʮΠϕϯτ iʯʹΑͬͯϥϕϧ͞ΕΔͷͰ |pi, qi, ji⟩ ͱରԠ͢Δ͕ɼ|i⟩ ͱ |pi, qi, ji⟩ ಉ͡ͷͰ
ͳ͍ɽ|pi, qi, ji⟩ ྔࢠঢ়ଶͰ͋Γ H ͷݩͰ͋Δ͕ɼࣜ (3.18) Λࣜܗతʹද͢ݱΔͨΊʹಋೖͨ͠ |i⟩  H ͷݩͰͳ͍ɽί
ώʔϨϯτঢ়ଶͷηοτ {|p, q, j⟩}ަܥͰͳ͍͕ɼࣜ (3.23)ʹ͋ΔΑ͏ʹ {|i⟩}ަܥΛͳ͢ͱఆٛ͢Δͷ͕ࣗવͰ͋Δɽ
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ਤ 3.9 సૹԋࢠࢉͷμΠΞάϥϜతઆ໌ɽ(a)Πϕϯτ j ͱΠϕϯτ i͕Ұͭͷܦ࿏ k Ͱ݁Ε͍ͯ

Δ߹ʹ֬ৼ෯͕సૹ͞ΕΔ༷ࢠɽ(b)Πϕϯτ iʹࢸΔෳͷܦ࿏͕͋Δ߹ɽ

Ͱఆٛ͢Δɽ͞Βʹɼ͜ΕΛجఈ {|i, t⟩}ͷͱͰྻߦදࣔͨ͠ີྻߦͷ (it, jt′)Λ

ρij(t, t
′)

def
= ⟨i, t|ρ̂|j, t′⟩ (3.26)

ͱॻ͘͜ͱʹ͢Δɽີྻߦͷର֯

ρii(t, t) = |ψi(t)|2, (3.27)

ࠁ࣌ tʹΠϕϯτ i͕͜ىΔ֬ີʢϙϐϡϨʔγϣϯʣΛද͠ɼඇର֯ίώʔϨϯεͷใ

Λද͢ɽ

3.4 సૹํఔࣜͱํఔࣜ

લઅ·ͰͰඇஅԽֶಈྗֶͷঢ়ଶۭؒߏͱൃؒ࣌లߏͷఆࣜԽ͕ͨྃ͠ͷͰɼຊઅͰɼ͜Ε

ΒೋͭΛ݁Ϳํఔࣜʹؔͯ͠ཧΛల։͢Δɽͦ͜Ͱ·ͣɼঢ়ଶۭؒߏ͔Βఆ·Δసૹԋࢠࢉ ĜΛಋ

ೖ͠ɼൃؒ࣌లߏΛද͢ |ψ⟩Λ͢ࢉܭΔʮసૹํఔࣜʯΛಋग़͢Δɽଓ͍ͯɼసૹํఔࣜͷهड़Λ؆ུ
Խ͢ΔͨΊͷํ๏ɼݹయݶۃɼఆৗঢ়ଶݶۃʹ͍ͭͯٞ͢Δɽຊઅͷޙ࠷ʹɼసૹํఔࣜͷࢹૈؒ࣌

ԽʹΑΓɼʮํఔࣜʯ͕ಋग़͞ΕΔ͜ͱΛࣔ͢ɽ

3.4.1 సૹԋࢠࢉͱసૹํఔࣜ

ຊ߲Ͱɼঢ়ଶۭؒߏ͔Βൃؒ࣌లߏΛ͢ࢉܭΔʮసૹํఔࣜʯΛಋग़͢ΔɽμΠΞάϥϜͷ্Ͱ

ɼঢ়ଶۭؒߏͷμΠΞάϥϜͷҹΛͨͲͬͯɼൃؒ࣌లߏͷμΠΞάϥϜΛಘΔ͜ͱ͕Ͱ͖Δɽ

͜ͷૢ࡞Λཧతʹهड़ͨ͠ͷ͕ʮసૹํఔࣜʯͰ͋Δɽ

·ͣɼʮҰݸҹΛͨͲΔʯͱ͍͏ૢ࡞ͷཧతهड़ʹ͍ͭͯ͢ߟΔɽਤ 3.9(a)ͷΑ͏ʹɼ༗ά

ϥϑදݱʹ͓͍ͯΠϕϯτ j ͱΠϕϯτ i͕Ұͭͷܦ࿏ k Ͱ݁Ε͍ͯΔ߹Λ͑ߟΔɽܦ࿏ k ͷભҠ

Λؒ࣌ τkɼભҠৼ෯Λ αk ͱ͢Δͱɼࠁ࣌ tʹ͓͚ΔΠϕϯτ iͷ֬ৼ෯ɼܦ࿏ k ʹԊͬͯ τk ͚ͩ

͔͞ͷ΅ͬͨࠁ࣌ t− τk ʹ͓͚ΔΠϕϯτ j ͷ֬ৼ෯ʹɼαk Λֻ͚߹Θͤͨͷʹ͍͠ɽ͜ͷૢ࡞

நతʹ

Ĝk =

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

T̂τ =

∫
dt |t⟩⟨t− τ | (3.29)

Λ༻͍Δͱɼ
Ĝk = |i⟩αkT̂τk⟨j| (3.30)

ͱॻ͚Δɽ͜Ε E ⊗ T ্ͷԋࢠࢉͰ͋ΓɼຊจͰ͜ΕΛʮʢܦ࿏ kʹԊͬͨʣసૹԋࢠࢉʢtransfer

operatorʣʯͱΑͿ͜ͱʹ͢Δ*31ɽ͞Βʹɼਤ 3.9(b)ͷΑ͏ʹҰͭͷΠϕϯτϊʔυʹࢸΔܦ࿏͕ෳ͋

Δ߹ɼ֬ৼ෯ॏͶ߹Θͤͷݪཧʹै͏ͷͰɼ֤ܦ࿏͔Βͷد༩Λ͠߹ΘͤΕΑ͍ɽ͕ͨͬ͠

ͯɼܥશମͰʮҰݸҹΛͨͲΔʯͱ͍͏ૢ࡞

Ĝ =
∑

k∈path
Ĝk (3.31)

ͱॻ͚Δɽ͜͜Ͱ pathܦ࿏ͷू߹Ͱ͋Δɽ͜ͷసૹԋࢠࢉঢ়ଶۭؒߏɼ͢ͳΘͪ༗άϥϑදݱ

ͷ༗ลͷશใΛද͢ɽΏ͑ʹɼసૹԋࢠࢉ Ĝ༗άϥϑදݱͷཧදݱͱΈͳͤΔ*32ɽ·ͨɼຊ

จͰ͠͠ҎԼͷసૹԋࢠࢉͷྻߦදݱΛ༻͍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 iͷ֬ৼ෯ͷసૹΛද͢ɼT ্ͷԋࢠࢉͰ͋Δɽ
ͭ͗ʹɼঢ়ଶۭؒߏͷཧදݱ ĜΛ༻͍ͯൃؒ࣌లߏͷཧදݱ |ψ⟩Λ͢ࢉܭΔํఔࣜΛߏங͢

Δɽঢ়ଶۭؒߏͷμΠΞάϥϜͷҹΛͨͲͬͯൃؒ࣌లߏͷμΠΞάϥϜΛಘΔʹɼग़ൃʢॳ

ͷμΠΞάϥϜʹ͓͚Δ˓ͷใΛɼೖྗߏలൃؒ࣌ʣΛܾΊΔඞཁ͕͋Δɽ͜ͷग़ൃͱͳΔɼظ

|φ⟩ ∈ E ⊗ T ͱ͢Δ*33ɽసૹԋࢠࢉΛ |φ⟩ʹ nճ࡞༻ͤ͞Δͱɼೖྗ͞Εͨ֬ৼ෯͕ܦ࿏ʹԊͬͯ n

ճసૹ͞ΕΔɽ͜ΕΛ
|ψ(n)⟩ = Ĝn|φ⟩ (3.34)

ͱද͢ͱɼ|ψ(n)⟩ શମͷൃؒ࣌లߏͷ͏ͪɼೖྗ͔Β n ճసૹ͞Εͨ෦ߏΛهड़͢Δɽͭ·

Γɼ3.3.1߲ʹલܝͷਤ Λࣈଆʹͨ͠ࠨ͍͓ͯʹ3.8 nͱͯ͠ɼnͷஈʹ͋Δ෦ͷใͰ͋Δɽ·

ͨɼਤ 3.8ͷ 9ஈʹ͋ΔΑ͏ͳܦ࿏߹ྲྀ Ĝn ͷ࡞༻Ͱࣗಈతʹྀ͞ߟΕΔɽશମͷൃؒ࣌లߏ

nʹ͍ͭͯΛऔͬͯ

|ψ⟩ =
∞∑

n=0

|ψ(n)⟩ (3.35)

=
∞∑

n=0

Ĝn|φ⟩ (3.36)

*31ཧֶʹ͓͚Δؔʢpropagatorʣ·ͨ Greenؔɼ੍ֶޚʹ͓͚Δୡؔʢtransfer functionʣͱಉͷͷ
Ͱ͋Γɼ͜ΕΒه߸ GͰද͞ΕΔɽ·ͨɼྗֶܥཧͰసૹ࡞༻ૉʢtransfer operatorʣ·ͨ Ruelle–Perron–Frobenius࡞
༻ૉͱݺΕΔͷʹྨ͢ࣅΔɽҎ্ΑΓɼ֬ৼ෯సૹΛද͢͜ͷԋࢠࢉΛసૹԋࢠࢉʢtransfer operatorʣͱΑͿ͜ͱʹ͠ɼ
߸ه ĜΛ༻͍Δ͜ͱͱ͢Δɽ

*32ΑΓີݫʹ͍͑ɼసૹԋࢠࢉͱͦΕ͕ఆٛ͞ΕΔۭؒ E ⊗ T Λ߹Θͤͨͷ͕༗άϥϑදݱͱରԠ͢Δɽ͜ͷରԠɼ
3.1.2߲ʹ͓͍ͯड़ͨ ͷରԠͱಉ͡Ͱ͋ΔɽྻߦΛද͢μΠΞάϥϜͱભҠ֬ߏϥϯμϜΥʔΫͷঢ়ଶۭؒݩ࣍1

*33LiFࢠͷྭىঢ়ଶμΠφϛΫεͷྫͰ͍͏ͱɼྭޫىʹΑΓجఈঢ়ଶ͔Βྭ͞ىΕͯ͘Δଋ͕ೖྗʹ͋ͨΔɽ
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ͱͳΔɽ͞Βʹࣜ (3.36)

|ψ⟩ = |φ⟩+ Ĝ
∞∑

n=0

Ĝn|φ⟩ (3.37)

= |φ⟩+ Ĝ|ψ⟩ (3.38)

ͷΑ͏ʹॻ͖͑Δ͜ͱ͕Ͱ͖ΔͷͰɼҎԼͷࣗݾແணܕͷసૹํఔࣜΛಘΔɿ

|ψ⟩ = |φ⟩+ Ĝ|ψ⟩ɽ (3.39)

֬ৼ෯ʹର͢Δసૹํఔࣜ (3.39)͔Βີԋࢠࢉʹର͢ΔసૹํఔࣜಘΒΕΔɿ

(
1− Ĝ

)
ρ̂
(
1− Ĝ

)†
= ρ̂inɽ (3.40)

͜͜Ͱ ρ̂in ೖྗʹؔ͢ΔີԋࢠࢉͰ͋Δɽ

Ҏ্ʹΑΓɼঢ়ଶۭؒߏʢĜʣ͔Βൃؒ࣌లߏʢ|ψ⟩ʣΛల։͢ΔํఔࣜΛಘΔ͜ͱ͕Ͱ͖ͨɽ߲࣍
Ҏ߱Ͱɼ͜ͷసૹํఔࣜʹؔ͢ΔཧղੳΛ͏ߦɽ

3.4.2 సૹํఔࣜͷ؆

͜ͷ߲Ͱɼసૹํఔࣜɼ͋Δ͍సૹԋࢠࢉΛ؆୯Խ͢Δํ๏ʹ͍ͭͯड़Δɽ

લ߲Ͱఆٛͨ͠సૹԋࢠࢉ Ĝ ɼHamilton ΒΕ͑ॻ͖ʹܗΛར༻͢ΔͱΑΓ୯७ͳߏؼͷճܥ

Δɽ͍·ɼશΠϕϯτͷ͏ͪɼଆసճΠϕϯτʢ͋Δ͍֎ଆసճΠϕϯτͰΑ͍ʣ͚ͩʹண͢Δɽ

༗άϥϑදݱͰද͞Εͨసૹԋࢠࢉ ĜଆసճΠϕϯτ͔ΒଆసճΠϕϯτͷͷసૹΛද

͞ͳ͍͕ɼͦͷใΛ༻͍ͯଆసճΠϕϯτؒΛసૹ͢ΔసૹԋࢠࢉΛߏங͢Δ͜ͱ͕ՄͰ͋

Δɽ3.2.5߲ʹલܝͷਤ 3.7ͷ༗άϥϑදݱΛྫʹͱͬͯઆ໌͢Δɽਤ 3.10(a)ͷΑ͏ʹɼҰͭͷଆస

ճΠϕϯτ͔Βग़ൃ͠ɼଆసճΠϕϯτ͋Δ͍ղΠϕϯτʹࢸΔ·Ͱ༗άϥϑද্ݱͷҹΛͨ

Ͳ͍ͬͯ͘͜ͱͰɼҰͭͷʮʯΛඳ͘͜ͱ͕Ͱ͖Δɽ͜ͷͷʮࠜʯ͔Βʮ༿ʯ·ͰͷભҠৼ෯ભҠ

ɼҰൠԽࢠࢉಘΒΕΔɽ͜ͷసૹԋ͕ࢠࢉΕ*34ɼଆసճΠϕϯτؒΛ݁Ϳసૹԋ͢ࢉܭΛؒ࣌

͞Εͨ Poincaréࣸ૾ʹରԠ͢Δɽ͜ͷసૹԋࢠࢉΛ༻͍Εɼલ߲ͷసૹԋࢠࢉͱಉ༷ͷํఔࣜʹΑͬ

ͯɼଆసճΠϕϯτͷΈʹணͨ͠߹ͷൃؒ࣌లߏͷ͕ࢉܭดͨ͡ܗͰͰ͖Δɽ͜ͷͱ͖ɼଆస

ճΠϕϯτҎ֎ͷΠϕϯτʹؔ͢Δൃؒ࣌లͷใɼਤ 3.10ͷҰൠԽ͞Εͨ Poincaréࣸ૾Λද͔͢

ΒҰҙʹܾఆͰ͖Δɽ͕ͨͬͯ͠ɼใྔΛݮΒͣ͞ʹɼண͖͢ΠϕϯτΛهͯ͠ݮड़Λ؆୯ʹͰ

͖Δɽ͜ͷهड़ͷ؆୯Խͷํ๏ΛɼPoincaréʹܟҙΛදͯ͠ʮPoincaré؆ʯͱΑͿ͜ͱʹ͢Δɽ·ͨɼ

ਤ 3.10(b)֎ଆసճΠϕϯτʹணͨ͠߹ͷͰ͋Δɽ͜ͷ߹ɼ֎ଆసճΠϕϯτʹணͨ͠΄͏

͕ͷຊ͕গͳ͍ͷͰసૹԋࢠࢉͷදݱΑΓ؆୯ͱͳΓɼ؆͞Εͨసૹԋࢠࢉ

ĜP = α1T̂τ1 + α2T̂τ2 (3.41)

ͷΑ͏ʹදͤΔɽ͜͜Ͱ αi ભҠৼ෯ɼT̂τi ؒ࣌ฏߦҠಈԋࢠࢉͰɼఴ͑ࣈଆసճΠϕϯτ T0 Λ

௨Δ͔ T1 Λ௨Δ͔Λ۠ผ͢Δ*35ɽ

*34͜͜Ͱɼʮࠜʯग़ൃͰ͋ΔଆసճΠϕϯτɼʮ༿ʯऴͰ͋ΔଆసճΠϕϯτ·ͨղΠϕϯτΛ͢ࢦɽ
*35ଆసճΠϕϯτ T0 Λ௨Δܦ࿏ʮஅతܦ࿏ʯɼT1 Λ௨Δܦ࿏ʮಁతܦ࿏ʯͰ͋Δɽ
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ਤ 3.10 Poincaré ؆ͷͨΊͷઆ໌ਤɽਤ 3.7 ʹ͓͍ͯଆసճΠϕϯτ T0 ͔Βग़ൃͯ͠ҹΛ

ͨͲΓɼղΠϕϯτ͔࣍ͷଆసճΠϕϯτʹ౸ୡ͢Δ·Ͱͷൃؒ࣌లΛల։͢Δͱਤͷ (a) ଆࠨ

ͷ͕ಘΒΕΔɽ(a) ͷӈଆग़ൃΛ T1 ʹͨ͠߹ɼ(b) ֎ଆసճΠϕϯττ T2 ͔Βग़ൃ͠

ͯҹΛͨͲΓɼղΠϕϯτ͔࣍ͷ֎ଆసճΠϕϯτʹ౸ୡ͢Δ·Ͱͷൃؒ࣌లΛల։ͨ͠ͷɽ

͜ͷҰൠԽ͞Εͨ Poincaré ࣸ૾Λද͓ͯ͠Γɼ͜ΕΛ༻͍Δ͜ͱͰసૹԋࢠࢉΛ؆୯ʹͰ͖Δ

ʢPoincaré؆ʣɽ
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! "

ਤ 3.11 Ұ؆ͷͨΊͷઆ໌ਤɽ͜ͷਤͷΑ͏ͳ༗άϥϑදݱΛͭܥͰɼଆసճΠϕϯτ

ͱ֎ଆసճΠϕϯτͷͲͪΒʹணͯ͠ɼPoincaré؆ޙͷసૹԋࢠࢉ 2× ͳΔɽ͜Εʹྻߦ2

ΛҰͭͷసճΠϕϯτʢຊจதͷྫͰ͜ͷਤͷ 1 Ͱϥϕϧ͞ΕͨΠϕϯτʣʹணͯ͠εΧϥʔܗ

ࣜͷసૹԋࢠࢉΛಘΔํ๏͕Ұ؆Ͱ͋Δɽ

Poincaré؆͔Β͞ΒʹҰาਐΜͩ؆๏Λ͑ߟΔ͜ͱͰ͖Δɽྫ͑ɼਤ 3.11ͷΑ͏ʹଆసճ

Πϕϯτͷ͕ 2ͷͱ͖ɼPoincaré؆ʹΑͬͯ

Ĝ
P
=

(
ĜP

11 ĜP
12

ĜP
21 ĜP

22

)
(3.42)

ͱ͍͏ 2× Ͱ؆Ͱ͖Δ͕ɼ͜ΕҎԼͷΑ͏ʹ͞ΒͳΔ؆͕ՄͰ͋Δɽೋͭͷଆ·ʹܗͷྻߦ2

సճΠϕϯτͷ͏ͪͷยํʢ͜͜Ͱ̍ͱ͢Δʣʹ͠ɼ͔̍Β̍ͱࢸΔશܦ࿏ͷد༩Λ͠߹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)

ͱॻ͚Δɽ͜͜ͰӈลୈҰ߲͔̍Β̍ͬͯ͘Δܦ࿏ɼୈೋ߲͔̍Β̎సૹ͞Ε͔ͯΒ̎Λ

௨ΔपيظಓΛ n ճपͬͨޙʹ͔̎Β̍Δܦ࿏ͷͰ͋Δɽ͜ͷҰͷΈʹͨ͠؆ΛʮҰ

؆ʯͱΑͿ͜ͱʹ͢ΔɽҰ؆ͰɼࣜܗྻߦͷసૹԋࢠࢉΛεΧϥʔࣜܗʹॻ͖ͤΔͱ͍͏ར

͕͋ΔҰํͰɼແݶ
∑∞

n=0 Ĝ
P
22 ͘͠ٯԋࢠࢉ [1− ĜP

22]
−1 ΛؚΉͱ͍͏͕ܽ͋Δɽ͕ͨͬͯ͠ɼ

Poincaré؆͔ΒҰาਐΜͰҰ؆Λ͖͔͢Ͳ͏͔ɼঢ়࣍گୈͰ͋ΔɽಛʹࢉܭΛ͏ߦ߹

ʹɼࣜܗྻߦͷ Poincaré؆ͰेͰ͋Δɽ

Ұ෦ͷసճΠϕϯτΛແͨ͠ࢹҰ؆ʹ͓͍ͯແݶʢແݶϧʔϓͷد༩ʣ͕ग़͢ݱΔ͜ͱɼ͢

ͯͷసճΠϕϯτΛΘΕΘΕ͕Πϕϯτͱͯ͠બ͖͢ཧ༝Λ༩͑ΔɽPoincaréͷճؼఆཧʹΑΓɼ

ͯ͢ͷݹయيಓ༗ִؒؒ࣌ݶͰసճຢղΛ͢ݧܦΔɽ͕ͨͬͯ͠ɼసճΠϕϯτͱղΠϕϯτ

Λԡ͓͚͑ͯ͞ɼແݶϧʔϓग़ͣͤݱɼPoincaré؆͕࣮ࢪͰ͖ɼ؆ܿʹաෆͳ͘ಈྗֶͷใ

Λهड़Ͱ͖ΔͷͰ͋Δɽ͜Ε͕ɼసճΠϕϯτղΠϕϯτʹ͖͢ಈྗֶతཧ༝Ͱ͋Δɽ

Ҏޙͷ߲ͰɼಛʹஅΒͳ͍ݶΓɼసૹԋࢠࢉ Poincaré؆ͨ͠ͷΛ༻͍Δ͜ͱͱ͠ɼޡղͷ͓

ͦΕͷͳ͍ݶΓ͜Εه߸ ĜͰද͢͜ͱʹ͢Δɽ

3.4.3 సૹํఔࣜͷݹయݶۃͱσίώʔϨϯε

͜͜·ͰݹయྗֶతʹඇஅԽֶಈྗֶΛଊ͖͕͑ͯͨɼsurface-hoppingϞσϧʹɼݹయيಓ

యྗֶʹΑͬͯಘΒݹΔɽͦ͜Ͱ͜ͷ߲Ͱɼ͢ࡏΛ༻͍Δͷ͕ଟ͘ଘࢉܭಓيయݹΛ༻͍ͣɼࢉܭ

ΕͨసૹํఔࣜͷʮݹయݶۃʯΛ͑ߟΔɽ͜͜Ͱ͍͏ʮݹయݶۃʯͱɼʮҐ૬ͷใΛແ͢ࢹΔʯɼʮί
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ώʔϨϯεΛແ͢ࢹΔʯͱ͍͏ҙຯͰ͋Δɽ͜Εɼີԋࢠࢉͷඇର߲֯Λ߃తʹ 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༗ݶΛ࣋
ͭͷɼಉࠁ࣌ʹಉ͡ΠϕϯτΛग़ൃͯ͠࠶ͼಉࠁ࣌ʹಉ͡Πϕϯτʹ౸ୡ͢ΔɼͨͲͬͨҹͷݸ

͕ʠҟͳΔʡܦ࿏͕ଘ͢ࡏΔͱ͖ͷΈͰ͋Γɼ͜Εۮવతঢ়گΛআ͍ͯ͜ىΓ͑ͳ͍*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)

ͱ͢Εɼ
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 ݹయతͳసૹ֬Λද͢ͷͰɼĴ ݹయతసૹԋࢠࢉͰ͋Δɽ͕ͨͬͯ͠ɼݹయيಓࢉܭΛ

*36ਤ 3.8ʹ͓͚Δܦ࿏߹ྲྀɼͨͲͬͨҹͷݸ͕ʠಉ͡ʡܦ࿏ͷ߹ྲྀͰ͋ΔɽͨͲͬͨҹͷݸ͕ಉ͡ܦ࿏ͷ߹ྲྀɼܦ
࿏ͷରশੑ͔Βʠඞવతʡʹੜ͡Δ͜ͱ͕͋Δɽ
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༻͍ͨ surface-hoppingϞσϧɼĴ ͕ੜ͢Δൃؒ࣌లΛ͍ͯ͠ࢉܭΔ͜ͱʹͳΔɽ·ͨɼݹయసૹํ

ఔࣜ (3.56)ࣜܗతʹ֬ৼ෯ʹର͢Δసૹํఔࣜ (3.39)ͱಉ͡Ͱ͋ΓɼҟͳΔͷసૹ͞ΕΔͷ

యసૹํఔࣜʹσݹৼ෯͔ͱ͍͏Ͱ͋Δɽ͜ͷΑ͏ʹɼ֬ࢠయ֬ʢϙϐϡϨʔγϣϯʣ͔ྔݹ͕

ίώʔϨϯεΛಋೖ͢Δ͜ͱͰݹయసૹํఔ͕ࣜಘΒΕΔɽ

3.4.4 సૹํఔࣜͷఆৗঢ়ଶݶۃͱݹయྔࢠԽ݅

ຊ߲Ͱసૹํఔࣜͷఆৗঢ়ଶݶۃʹ͍ͭͯड़ΔɽຊจͷతɼඇஅԽֶಈྗֶͷߏΛ࣮࣌

ؒྖҬͷࢹ͔Βղ໌͢Δ͜ͱͰ͋Δ͕ɼඇஅԽֶಈྗֶʹؔ͢Δఆৗঢ়ଶͷΛߏత͔ͭμΠΞ

άϥϜతʹଊ͑ͨ ChildͷݹయྔࢠԽཧ 52) ɼFujiiͷඇஅެࣜ 59) ͱͷൺֱͷͨΊʹɼ͋͑ͯ

ఆৗঢ়ଶݶۃΛͯ͑ߟΈΔɽ͔݁Β͑ݴɼChildͷݹయྔࢠԽཧ Fujiiͷඇஅެࣜͱಉܕ

ͷͷ͕ຊཧͷఆৗঢ়ଶݶۃͱͯ͠ಘΒΕΔɽ

ҎԼͷఆৗঢ়ଶΛԾఆ͢Δɿ

ψ(t) = e−
i
!Etψ̃ɼ (3.57)

φ(t) = e−
i
!Etφ̃ɽ (3.58)

͜͜ͰɼE ܥͷશΤωϧΪʔͰ͋Δɽ͜ΕΛݹయసૹํఔࣜ (3.39)ʹೖ͢Δͱɼ

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)

ͷͱ͖ൃ͢ࢄΔɽ͢ͳΘͪɼ݅ (3.62)ཱ͕͢ΔΤωϧΪʔ E ʹ͓͍ͯΤωϧΪʔεϖΫτϧڞ໐

ϐʔΫΛͭ࣋ɽΑͬͯɼ͜ͷ݅ݹయྔࢠԽ݅Ͱ͋Δɽ͜ͷ݅ͷදࣜɼChildͷݹయྔࢠԽ

ཧͷ݁ؼͱಉܕͰ͋Δ*37ɽͱ͘ʹɼ Cʹࣔؒ࣌͢ґଘWKB๏ʹΑΔ༗άϥϑදݱͷఆࣜԽͷ

߹ʹɼશʹҰக͢Δɽ

·ͨɼݹయྔࢠԽ݅ (3.62)ͰҰ؆͞ΕͨసૹԋࢠࢉΛ༻͍ͨ߹ɼFujiiͷඇஅެࣜ 59)

ͱಉܕͷ݅Λ༩͑Δ*38ɽඇஅެࣜͰɼFujiiΒͷݪจͰʮ૬ۭؒͰಉҰͷΛ௨Δ͍ޓʹૉ

ͳϗοϐϯάपيظಓʢPHPOʣʯͱΑΕΔಛผͳيಓͷू߹Λ͓ͯ͑ߟΓɼ͜ͷيಓͷηοτΛ͑ߟ

Δ͜ͱҰ؆Λ͍ͯ͑ߟΔ͜ͱʹ૬͢Δɽ

Ҏ্ͷΑ͏ʹɼຊཧͷఆৗঢ়ଶݶۃɼఆৗঢ়ଶʹؔ͢Δ ChildͷݹయྔࢠԽཧ Fujiiͷඇஅ

ެࣜͱಉܕͰ͋Δɽ

*37͜͜ͰͷʮಉܕʯɼݹయతҐ૬ͷతࠩҟΛআ͍ͯಉ͕ࣜ͡ಘΒΕΔͱ͍͏ҙຯɽݹయతҐ૬ఆࣜԽͷํ๏ʹΑͬ
ͯతʹҟͳΔɽ

*38ͨͩ͠ભҠৼ෯ͷࢉܭʹؔͯ͠ɼFujii ͕ࣗ։ൃͨ͠ඇஅܦ࿏ੵͱఀཹҐ૬ۙࣅΛ༻͍ͨධՁΛ͓ͯͬߦΓ 60)ɼ
Childͷཧຊཧͷఆৗঢ়ଶݶۃͱશʹҰக͢ΔΘ͚Ͱͳ͍ɽ
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3.4.5 సૹํఔࣜͷݶۃ Iɿݹయͷ߹

લ߲Ͱసૹํఔࣜͷఆৗঢ়ଶݶۃΛ͕ͨ͑ߟɼຊ߲ͱ߲࣍Ͱఆৗঢ়ଶʹࢸΔ·Ͱͷաఔʹয

ΛͯΔɽ͢ͳΘͪɼલ߲Ͱ Fourierมʢ͋Δ͍ LaplaceมͰΑ͍ʣͷ ω = 0ͷʹண͠

͍͕ͯͨɼຊ߲ͱ߲࣍Ͱ |ω| ≪ 1ͷྖҬʹண͢Δͱ͍͏͜ͱͰ͋Δɽຊ߲Ͱݹయసૹํఔࣜ (3.56)

ͷݶۃ |ω| ≪ 1Λ͑ߟΔɽ

ؔ f(t)ͷ FourierมΛ 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)

Ͱ͋ΔɽݶۃΛ͑ߟΔͱɼ

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)ΛదͳϩʔύεϑΟϧλؔͱͯ͠

P̃
K
(ω) = flowpass(ω)P̃ (ω)ɼ (3.68)

P̃
K

in(ω) = flowpass(ω)P̃ in(ω) (3.69)

ͱ͓͚ɼ

R[iωP̃
K
(ω)] = − (1−Q) P̃

K
(ω) + P̃K

in (ω) (3.70)

͕ͯ͢ͷ ω ʹରͯۙ͠ࣅతʹΓཱͪɼ͜ΕΛٯ Fourierม͢Εɼ

R
d

dt
PK(t) = − (1−Q)PK(t) + PK

in(t) (3.71)

ΛಘΔɽR−1 ͕ଘ͢ࡏΕɼҎԼͷํఔࣜΛಘΔ*39ɿ

d

dt
PK(t) = −KPK(t) +R−1PK

in(t)ɽ (3.72)

͜͜Ͱɼ
K = R−1 (1−Q) (3.73)

*39R−1 ͕ଘ͠ࡏͳ͍ͱ͖ʹɼগͳ͘ͱҰͭͷঢ়ଶʹؔͯ͠ण໋͕ 0 Ͱ͋Δ͜ͱΛҙຯ͢ΔɽԾʹ͜ͷΑ͏ͳঢ়ଶ͕ଘ͢ࡏ
Δ߹ʹɼ͜ͷঢ়ଶΛআ֎ͨ͠෦ۭؒʹ͓͍ͯํఔࣜΛ͑ߟΕΑ͍ɽ
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ఆྻߦͰ͋Δɽݹయํఔࣜ (3.72)ͷղ

PK(t) = e−tK
∫ t

0
et
′KR−1PK

in(t
′)dt′ (3.74)

Ͱ͋Δɽ͜ͷΑ͏ʹɼҐ૬ใΛແݹͨ͠ࢹయసૹํఔࣜΛࢹૈؒ࣌Խ͢Δ͜ͱͰ༗ݩ࣍ݶઢܗৗඍํ

ఔࣜͱͯ͠ํఔ͕ࣜಘΒΕΔɽ

3.4.6 సૹํఔࣜͷݶۃ IIɿݹయͷ߹

ຊ߲Ͱɼີԋࢠࢉʹؔ͢Δݹయసૹํఔࣜ (3.40)ͷݶۃΛ͑ߟΔɽ͔݁Βઌʹड़Ε

ɼҐ૬ใ͕ແࢹͰ͖Δݹయత߹ʹ༗ݩ࣍ݶઢܗৗඍํఔࣜͱͯ͠ํఔ͕ࣜಋग़͞Ε͕ͨɼ

ݹయత߹ʹແݩ࣍ݶઢܗৗඍํఔࣜͱͯ͠ํఔ͕ࣜಋग़͞ΕΔɽ

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

ͷࢹૈؒ࣌ԽΛͨ͏ߦΊʹɼ͜ΕΛ Fourierม͢Δ*40ɽݻࠁ࣌༗جఈ {|t⟩}ʹରԠ͢Δपݻ༗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)

ͱͨ͠ɽมม ω = ω2 + ω1/2ɼω′ = ω2 − ω1/2Λ͏ߦͱɼ

ρij(t, t) =

∫
dω1e

iω1t

[∫
dω2ρ̃ij

(
ω2 +

ω1

2
,ω2 −

ω1

2

)]
(3.80)

ΛಘΔɽ্ࣜͰ ω2 ʹؔ͢Δੵͷ߲ tʹґଘ͠ͳ͍ͷͰɼ͜ΕΛࢹૈؒ࣌Խ͢Δʹɼ|ω1| ≪ 1ͷۃ

ΕΑ͍ɽ͑ߟΛݶ

సૹԋࢠࢉΛपදࣔ͢Δͱɼ

G̃ij(ω) ≡ ⟨ω|Ĝij |ω⟩ (3.81)

=
∑

k∈path
i←j

αke
−iωτk (3.82)

Ͱ͋Δɽ͜ΕΛ༻͍ͯݹయసૹํఔࣜ (3.40)ҎԼͷΑ͏ʹपදࣔ͞ΕΔɿ

[
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؍ࡍଌ͢Δྔɼৗʹɼؒ࣌ର߲͔֯Β͞ࢉܭΕΔɽؒ࣌ඇର߲֯ɼൃؒ࣌లΛ͢ࢉܭΔͱ͖ʹͷΈඞཁͱͳ
Δɽ͕ͨͬͯ͠ɼؒ࣌ର߲֯ʹؔ͢Δࢹૈؒ࣌ԽΛ͑ߟΔ͖Ͱ͋Δɽ
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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 FourierมʹΑΓྖؒ࣌Ҭʹ͍͕ͨ͠ɼρ̃ͷதʹ ω1 ͱ ω2 ͷަ

߲͕ࠩ͋Γɼ͜ͷ··Ͱม͍͠ɽͦ͜Ͱɼࣜ (3.80)ͷӈลΛগ͠มͯ͠ܗɼ

ρ̄ij(t,∆t)
def
=

∫
dω1

∫
dω2ρ̃ij

(
ω2 +

ω1

2
,ω2 −

ω1

2

)
eiω1teiω2∆t (3.87)

Ͱ৽͍͠ີྻߦ ρ̄Λఆٛ͢Δɽࣜ (3.87)ͷੵʹ͓͍ͯࣜ (3.80)Λ͢ࢉܭΔͷʹ༻͍ͨมมΛ༻

͍Δ͜ͱͰɼͱͷີྻߦͱͷ͕ؔ

ρ̄ij(t,∆t) = ρij

(
t+

∆t

2
, t− ∆t

2

)
(3.88)

Ͱ͋Δ͜ͱ͕Θ͔Δ*41 ɽ͢ͳΘͪɼ৽͍͠ີྻߦ ρ̄ij(t,∆t)ɼ∆t = 0ͷͱ͖ͱͷີྻߦͷ࣌

ؒର߲֯Λද͠ɼ∆t ̸= 0ͷͱ͖ҟ࣌Ͱͷ֬ৼ෯ͷίώʔϨϯεΛද͢ɽ͜ͷ৽͍͠ີྻߦ ρ̄Λ

༻͍ͯɼࣜ (3.86)Λٯ Fourierม͢Δ͜ͱͰɼҎԼͷํఔࣜΛಘΔɿ

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  ∆tʹؔ͢Δؒ࣌ฏߦҠಈԋࢠࢉͰ͋Δɿ

Ťτf(t,∆t) = f(t,∆t− τ)ɼ (3.92)

f(t,∆t)Ť †
τ = f(t,∆t+ τ)ɽ (3.93)

ݹయํఔࣜ (3.89) ࣮ؒ࣌ t ʹؔͯ͠ແݩ࣍ݶઢܗৗඍํఔࣜͰ͋Δɽ͜Εԋࢠࢉ Ťτ ʹ

ΑͬͯҟͳΔ ∆tͷ߲ಉ͕݁࢜߹͍ͯ͠Δ͜ͱʹΑΔɽ͕ͨͬͯ͠ɼաఔΛ༗ݸݶͷࢦؔ

ͷͱͯ͠ॻ͘͜ͱͰ͖ͳ͍ɽ࣮ࡍɼ2.4અͰड़ͨΑ͏ʹɼLiFࢠͷޫղԠʹႈతͱࢥΘΕ

Δڍಈ͕ݟΒΕΔɽ͜ͷʹؔͯ͠ɼޙʹ 4.2અͰৄٞ͘͢͠Δɽ

*41ࣜ (3.88)Λ ∆tʹؔͯ͠ Fourierมͨ͠ͷɼ৴߸ॲཧͷͰWignerͱΑΕΔɽ
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ਤ 3.12 ඇಁతަࠩͱ౸ୡՄަࠩͷઆ໌ਤɽڧߴ CWϨʔβʔதͷ LiFࢠͷ߹Ͱɼ

Ϩʔβʔͷৼಈ !ωd = 5.0 eVɼڧ Id = 1.0× 1013 W/cm2 Λఆ͍ͯ͠ΔɽઢΠΦϯ

݁߹ੑɼ੨ઢڞ༗݁߹ੑͷɼిࢠঢ়ଶͱి࣓͕݁߹ͨ͠ field-dressedಁঢ়ଶͷϙςϯγϟϧΤ

ωϧΪʔۂઢͰ͋ΔɽઢܥͷશΤωϧΪʔͷΛࣔ͠ɼҹͱόπҹͷҙຯਤதͷઆ໌ͷͱ͓

ΓͰ͋Δɽ༗ҙͳಁঢ়ଶભҠ͕͋Δަ͕ࠩʮඇಁతަࠩʯͰ͋Γɼॳظঢ়ଶ͔Βඇಁతަ

ࠩͰͷϙςϯγϟϧΤωϧΪʔۂઢͷΓ͑ʹΑΓͨͲΓண͚Δަ͕ࠩʮ౸ୡՄަࠩʯͰ

͋Δɽ

3.5 ΞϧΰϦζϜͱ࣮ݧ

ຊઅͰɼલઅ·Ͱʹఏࣔͨ͠ཧʹؔ͢Δࢉܭख๏ΛఏҊ͠ɼཧͷূݕͷͨΊͷ࣮ݧͷ݁

Ռʹ͍ͭͯࣔ͢ɽ·ͣɼ3.2 અͰಋೖͨ͠ඇஅԽֶಈྗֶͷ༗άϥϑදݱʢDGR: Directed Graph

RepresentationʣΛࣗಈߏங͢ΔΞϧΰϦζϜΛఏҊ͠ɼ͍͔ͭ͘ͷྫࣄʹؔͯ͠༗άϥϑදݱΛࣗಈ

ख๏ʹ͍ͭͯड़ɼసૹํఔࣜͷࢉܭஙͨ݁͠ՌΛࣔ͢ɽଓ͍ͯɼ3.4અͰಋग़ͨ͠సૹํఔࣜͷߏ

ࢉܭͷ݁Ռͱ֩ଋಈྗֶࢉܭͷ݁ՌΛൺֱ͢Δɽޙ࠷ʹɼ3.4અͰಋग़ͨ͠ݹయํఔࣜʹؔ͢

Δ݁ূݕՌΛࣔ͢ɽ

3.5.1 ༗άϥϑදߏݱஙΞϧΰϦζϜͱྫࢉܭ

ຊ߲Ͱɼ3.2અͰಋೖͨ͠ඇஅԽֶಈྗֶͷ༗άϥϑදݱʢঢ়ଶۭؒߏͷμΠΞάϥϜʣΛࣗ

ಈߏங͢ΔΞϧΰϦζϜΛఏҊ͠ɼࣗಈߏஙྫΛࣔ͢ɽ͜͜Ͱɼ֩ࢠݪͷࣗ༝ 1 ͱ͠ɼڧߴϨʔ

βʔதͷ LiFܥࢠͷΑ͏ʹଟͷిࢠঢ়ଶ͕μΠφϛΫεʹؔ༩͢ΔΑ͏ͳঢ়گΛ͑ߟΔɽͱ͘ʹɼ

ڧߴ CWϨʔβʔதͷ LiFܥࢠΛྫʹઆ໌͢Δ*42ɽ

*42LiFࢠϞσϧʹ͍ͭͯ 2.4અΛࢀরɽ
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༧උߟɿඇಁੑͱ౸ୡՄੑ

ڧߴ CWϨʔβʔதͷࢠͷμΠφϛΫε field-dressedϙςϯγϟϧΤωϧΪʔ໘͋Δ͍ٖ

ΤωϧΪʔ໘ʢQESʣ্ͰͷඇஅಈྗֶͱΈͳͤΔɽҎԼͷઆ໌Ͱɼײతʹҙຯͷཧղ͍͢͠

field-dressedϙςϯγϟϧΤωϧΪʔ໘ʢVjj(R) + n!ωdʣΛج४ʹઆ໌͢Δ*43ɽݪཧతʹɼແݶຕͷ

field-dressedϙςϯγϟϧΤωϧΪʔ໘͕ଘ͢ࡏΔ͕ɼ͜ΕΒΛྀͯ͢͢ߟΔඞཁͳ͍ɽ͜Εʹ͍ͭ

ͯਤ 3.12Λ༻͍ͯઆ໌͢Δɽਤ 3.12ڧߴ CWϨʔβʔதʹஔ͔Εͨ LiFࢠͷ field-dressedϙ

ςϯγϟϧΤωϧΪʔۂઢͷ༷ࢠΛಁతʹඳ͍ͨͷͰ͋Δɽ͜͜Ͱ R ≃ 2 Åͱ R ≃ 7 Åͷ 2͔

ॴͰ field-dressedϙςϯγϟϧΤωϧΪʔۂઢ͕ަࠩ͢Δɽ͜ͷަࠩۙΛ֩ଋ͕௨ա͢Δͱ͖ʹ

field-dressedঢ়ଶؒͷભҠ͕͜ىΔɽ͔͠͠ɼͯ͢ͷަࠩͰ༗ҙͳྔͷભҠ͕͜ىΔΘ͚Ͱͳ͍ɽ

ୈ 2ষͰઆ໌ͨ͠ Landau–ZenerཧʹΑΔͱɼಁঢ়ଶؒͷભҠ֬ɼަࠩ௨ա͕͍΄Ͳ

খ͘͞ͳΓɼঢ়ଶؒͷ૬࡞ޓ༻߲͕େ͖͍΄Ͳେ͖͘ͳΔɽ֤ field-dressedϙςϯγϟϧΤωϧΪʔ໘

্ͰɼަࠩΛ௨ա͢ΔࡍͷӡಈΤωϧΪʔ͕ҟͳΔͷͰɼަࠩ௨աҟͳΔɽڧߴ CWϨʔ

βʔதʹ͓͍ͯɼऀޙͷঢ়ଶؒ૬࡞ޓ༻߲ɼͷͳ͍ͱ͖ͷిࢠঢ়ଶͷ૬࡞ޓ༻ͷ͞ڧʹՃ͑ɼϨʔ

βʔͷৼಈڧʹґଘ͢Δɽ͜ͷΑ͏ʹɼਤ 3.12Ͱಉ͡ʹ͑ݟΔަࠩͰɼͦΕͧΕͷͭ࣋

ભҠ֬ҟͳΔɽͦ͜ͰɼҎԼͷ݅Λ༻͍ͯަࠩΛಁతͱඇಁతͷೋͭʹྨ͢Δ*44ɿ

1− P ≥ θɽ (3.94)

͜͜ͰɼP ಁతʹ௨ա͢Δ֬ɼ͢ͳΘͪ Landau–ZenerެࣜͰධՁ͞ΕΔ֬Ͱɼ1 − P ಁ

ঢ়ଶؒભҠ͕͜ىΔ֬Ͱ͋Δɽθ ͪ͜Β͔Β༩͑ΔᮢύϥϝʔλͰ͋Γɼθ Ҏ্ͷ֬Ͱಁঢ়ଶ

ؒભҠ͕͜ىΔަࠩΛඇಁతަࠩͱΑͿɽඇಁతަࠩΛ֩ଋ͕௨ա͢Δࡍɼಁঢ়ଶؒͷભ

Ҡ͕ʠ༗ҙʹʡ͜ىΔɽҰํɼඇಁ݅ (3.94)ཱ͕͠ͳ͍ަࠩΛಁతަࠩͱΑͿɽಁදݱʹ

͓͍ͯɼ֩ଋಁతަࠩΛૉ௨Γ͢ΔΑ͏ʹ͑ݟΔɽ͢ͳΘͪɼඇಁతަࠩಁঢ়ଶؒΛ݁

ͼ͚ͭΔʠੜ͖͍ͯΔʡަࠩͰ͋ΓɼಁతަࠩμΠφϛΫεʹӨڹΛٴ΅͞ͳ͍ʠࢮΜͰ͍Δʡ

ަࠩͰ͋Δɽ༗άϥϑදݱΛ࡞͢Δͱ͖ʹɼ͜ͷʠੜ͖͍ͯΔʡඇಁతަࠩͷΈΛྀߟʹೖ

Ε͍ΕΑ͍ɽਤ 3.12ͰɼҹͰඇಁతަࠩΛࣔ͠ɼόπҹͰಁతަࠩΛ͍ࣔͯ͠ΔɽҰൠ

ʹɼަࠩͷΤωϧΪʔ͕͍΄Ͳ֩ࢠݪͷ͘ͳΔͷͰ*45ɼަࠩಁతͱͳΔɽ͕ͨͬ͠

ͯɼϙςϯγϟϧΤωϧΪʔۂઢਤͷΤωϧΪʔ͕͍΄͏ʹ͋Δަࠩ΄ͱΜͲ͕ʠࢮΜͰ͍Δʡͷ

ͰɼྀߟʹೖΕΔඞཁ͕ͳ͍ɽ

ඇஅԽֶಈྗֶΛ͑ߟΔ্Ͱྀ͠ߟͳͯ͘Α͍ަࠩʹɼ্هͷಁతަࠩҎ֎ʹɼಈྗֶ

తʹ౸ୡෆՄͳަࠩͱ͍͏छྨ͕͋ΔɽҰ൪Θ͔Γ͍͢ͷɼݹయతʹ౸ୡෆՄͳަࠩͰ͋

Δɽਤ 3.12ʹ͓͍ͯɼઢ͕ܥͷશΤωϧΪʔΛද͠ɼ͜ΕΑΓ্ʹ͋Δަࠩݹయతʹ౸ୡෆՄ

ͳʹ͋ΔͷͰɼྀ͢ߟΔඞཁ͕ͳ͍ɽ͞ΒʹɼμΠφϛΫεͷॳ֩ظଋ͕ਤͷҰ൪্ͷڞ༗݁߹ੑϙ

ςϯγϟϧ্ʹ͋ͬͨͱ͢Δͱɼ͜ͷ֩ଋਤͷփ৭ͷҹͰࣔ͞Εͨඇಁతަࠩʹ౸ୡͰ͖ͳ

͍ɽͳͥͳΒɼҰ൪্ͷڞ༗݁߹ੑϙςϯγϟϧΤωϧΪʔۂઢ͔Β͜ͷփ৭ҹͷަࠩʹ͘ߦʹ

ɼ్தͰӈଆҰ൪্ͷόπҹͰද͞ΕͨަࠩΛܦ༝͢Δඞཁ͕͋Δ͕ɼ͜ͷಁతͰ͋ΔͨΊϙ

*43ͨͩ͠ɼ࣮ࡍʹ͢ࢉܭΔͱ͖ɼQESΛج४ʹͨ͠ࢉܭ΄͏͕ਫ਼͕Α͍ɽ
*44அදࣔͰ͑ߟΔͱ͖ɼ͢ͳΘͪஅද͕ݱద͢Δঢ়گʹ͓͍ͯɼஅతɾඇஅతͷೋͭʹྨ͢Δɽ͘͠ɼஅతɾ
ඇஅతɾಁతͷࡾஈ֊ʹྨ͢Δɽ

*45Floquetཧͷඳ૾ʹ͓͍ͯܥͷશΤωϧΪʔอଘ͢Δɽ͕ͨͬͯ͠ɼަࠩͷΤωϧΪʔ͕͚Ε͍΄Ͳ֩ࢠݪͷ
ӡಈΤωϧΪʔେ͖͍ɽ
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ςϯγϟϧͷʠΓ͑Ӻʡͱͯ͠ͷར༻Ͱ͖ͳ͍ͨΊͰ͋Δɽ͜ͷΑ͏ʹɼ౸ୡෆՄͳ༗ά

ϥϑදߏݱஙͷࡍʹແͯ͠ࢹΑ͍ɽ

ΞϧΰϦζϜ

ඇಁత͔ͭ౸ୡՄͳަࠩͷΈΛྀͯ͠ߟ༗άϥϑදݱΛߏங͢ΔΞϧΰϦζϜʹ͍ͭͯઆ໌͢

Δɽਤ 3.13ͱਤ 3.14ʹɼΞϧΰϦζϜͷུ֓ϑϩʔνϟʔτΛࣔ͢ɽਤ 3.13(a)ͷུ֓ϑϩʔνϟʔτ

ϝΠϯϓϩάϥϜͷͷͰ͋ΔɽϝΠϯϓϩάϥϜͰɼ·ͣܥͷશΤωϧΪʔ EtotɼCWϨʔβʔ

ͷৼಈ !ωdɼڧ IdɼղͷҐஔ RDɼඇಁ݅ఆᮢ θɼॳظঢ়ଶͷใΛೖྗͱͯ͠ड͚

औΔɽ࣍ʹɼୈ 2ষͰઆ໌ͨ͠ Floquet–van VleckཧʹΑͬͯɼٖΤωϧΪʔۂઢʢQESʣΛ͢ࢉܭ

ΔɽQES Λ͢ࢉܭΔͷɼஅൃؒ࣌లʹؔ͢Δݹయيಓࢉܭ QES ϕʔεͰ͓͜ͳ͏͔ΒͰ͋Δɽ

QESΛͨ͠ࢉܭΒɼٖަࠩΛϦετΞοϓ͢Δɽ͜͜Ͱͨ͠ࢉܭ QESͱٖަࠩͷϦετΛ༻͍ͯɼ

field-dressedϙςϯγϟϧΤωϧΪʔۂઢʢfdPESʣ্Λ 1ຕͣͭ୳͍ͯ͘͠ࡧͷ͕͜ͷΞϧΰϦζϜͷ

֩৺෦Ͱ͋Δɽॳظঢ়ଶ͕ଘ͢ࡏΔ fdPES্ʹ୳ىࡧΛઃఆ͠ɼ͜ͷ fdPES্Λ୳ͯ͠ࡧΠϕϯτ

ͱભҠΛه͍ͯ͘͠ɽ͜ͷ fdPES୳ࡧʹ͓͍ͯඇಁతަ͕ࠩݕग़͞Εͨ߹ʹɼ͜ͷަࠩʹ

Αͬͯͭͳ͕ͬͨ fdPESΛ୳͢ࡧ͖ fdPESͱͯ͠Ϧετ͓ͯ͘͠ɽ1ຕͷ fdPESʹର͢Δ୳͕ࡧऴ

ྃͨ͠Βɼ୳ิީࡧ fdPESϦετ͔Β࣍ʹ୳͢ࡧΔ fdPESΛऔΓग़͢ɽऔΓग़ͨ͠ fdPESΛهͨ͠

ͱ͖ͷަࠩΛ୳ىࡧͱͯ͠ɼ͜ͷ fdPES্ͷ୳ࡧΛ࣮͠ߦɼΠϕϯτͱભҠΛه͍ͯ͘͠ɽ͜ͷ

fdPESͷ୳ࡧΛ܁Γฦ͠ɼ୳͢ࡧ͖ fdPESͷީิ͕ͳ͘ͳͬͨ࣌Ͱ༗άϥϑදݱͷߏஙΛऴྃ͢

Δɽ͜ͷ fdPES୳ࡧͷϧʔνϯͷུ֓ϑϩʔνϟʔτɼਤ 3.13(b)Ͱ͋ΔɽfdPES্ΛӈଆํʢR

ͷਖ਼ͷํʣͱࠨଆํʢR ͷෛͷํʣͷೋํʹ୳͢ࡧΔɽ͜ͷยଆํʹؔ͢Δϧʔνϯͷུ֓

ϑϩʔνϟʔτɼਤ 3.14Ͱ͋ΔɽQES্ͷݹయيಓࢉܭΛ͍ͭͭߦɼ֤छΠϕϯτ͕ൃੜͨ͠߹ʹ

ɼϑϩʔνϟʔτʹॻ͔Ε͍ͯΔॲཧΛ͏ߦɽٖަࠩʹ౸ୡͨ͠߹ɼٖަࠩΛಁతʹ௨ա͢Δ

ͱ͖ʹٖަࠩΪϟοϓΛ͑ͳ͚ΕͳΒͳ͍ͷͰɼΤωϧΪʔอଘͷͨΊͷӡಈྔิਖ਼Λ͏ߦɽ·ͨɼ

͜ͷٖަࠩΛڥʹಁঢ়ଶ͕ΓସΘΔͷͰɼݹయيಓࢉܭ༻ͷ QESΓସ͑ΔɽަࠩͰඇಁ

݅ͷఆΛ͍ߦɼඇಁతͩͱஅͨ͠ަࠩΛه͠ɼ͞Βʹͦͷަ͔ࠩΒʠΓ͑Δʡ͜ͱ

͕Ͱ͖Δ fdPESΛ୳ิީࡧϦετʹೖΕΔɽ͜ͷͱ͖ɼϦετʹೖΕͨ fdPESͷ୳ىࡧͱͯ͠ɼࡏݱ

ͷަࠩ߹Θͤͯه͢Δɽ1ຕͷ fdPES্ͷ୳ࡧɼసճΠϕϯτ·ͨղΠϕϯτʹ౸ୡ͠

ͯऴྃ͢Δɽ

࣮ݧ

ਤ 3.15ʹɼࣗಈߏஙͨ͠ LiFࢠϞσϧͷඇஅԽֶಈྗֶͷ༗άϥϑදݱͷྫΛࣔ͢ɽ͜ͷਤͰ

ɼ֎͕ͳ͍ঢ়گͰͷ༗άϥϑදݱΛҟͳΔશΤωϧΪʔͷʹؔͯͨ͠͠ࢉܭͷΛࣔ͢ɽܥͷશ

ΤωϧΪʔਤͷ্෦ʹͨ͠ɽذΠϕϯτΛද͢ͷۙ͘ʹ͋Δࣈಁ௨աͷ֬Λද͢ɽ֤

༗ลʹ͞Εͨࣈͦͷ༗ลͷભҠؒ࣌Λද͢ɽͦͷଞͷతใʢஅൃؒ࣌లʹؔ͢ΔҐ

૬ɼඇஅભҠʹ͏Ґ૬ͳͲʣද͍ࣔͯ͠ͳ͍ɽ·ͨɼΠΦϯ݁߹ੑঢ়ଶʹؔ͢Δͷ৭ɼڞ༗

݁߹ੑঢ়ଶʹؔ͢Δͷ੨৭Ͱ͍ࣔͯ͠Δɽ(a)ͷશΤωϧΪʔΠΦϯ݁߹ੑঢ়ଶͷղΤωϧΪʔ

ΑΓ͘ɼ(b)ͰΠΦϯ݁߹ੑঢ়ଶͷղΤωϧΪʔΑΓ͍ߴɽ͜ͷҧ͍Λөͯ͠ɼ(a)ͰΠΦϯ

݁߹ੑঢ়ଶʹӈଆసճΠϕϯτ T2͕ଘ͢ࡏΔҰํɼ(b)Ͱ͜ͷసճଘ͠ࡏͳ͍ΘΓʹղΠϕ

ϯτ D3ͱ D4͕ଘ͢ࡏΔɽ·ͨɼ(b)ͷ΄͏͕֩ࢠݪͷӡಈΤωϧΪʔ͕େ͖͘ɼ֩ࢠݪͷେ͖

͘ͳΔͷͰɼ֤༗ลʹ͞ΕͨભҠؒ࣌ͷ (a)ΑΓ (b)ͷ΄͏͕খ͘͞ɼಁ௨ա֬ (a)Α

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

୳ࡧϧʔνϯɽ
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ਤ 3.14 ༗άϥϑදߏݱஙΞϧΰϦζϜͷུ֓ϑϩʔνϟʔτɿfdPESยଆ୳ࡧϧʔνϯɽ
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ਤ 3.15 LiFࢠͷඇஅԽֶಈྗֶͷ༗άϥϑදߏݱஙྫɿ֎͕ͳ͍߹ɽ֤ਤͷ্෦ʹܥͷ

શΤωϧΪʔΛ͢ɽ(a)ͷશΤωϧΪʔΠΦϯ݁߹ੑঢ়ଶͷղΤωϧΪʔΑΓ͘ɼ(b)Ͱߴ

͍ɽذΠϕϯτΛද͢ͷۙ͘ʹ͋Δࣈಁ௨աͷ֬Λද͠ɼ֤༗ลʹ͞Εͨࣈ

ͦͷ༗ลͷભҠؒ࣌Λද͢ɽΠΦϯ݁߹ੑঢ়ଶʹؔ͢Δͷ৭ɼڞ༗݁߹ੑঢ়ଶʹؔ͢Δͷ

੨৭Ͱ͍ࣔͯ͠Δɽ
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ਤ 3.16 LiFࢠͷඇஅԽֶಈྗֶͷ༗άϥϑදߏݱஙྫɿCWϨʔβʔதɽϨʔβʔͷৼಈ

ɼڧɼܥͷશΤωϧΪʔਤͷ্෦ʹࣔͨ͠ͱ͓ΓͰ͋ΔɽذΠϕϯτΛද͢ͷۙ͘ʹ͋

Δࣈಁ௨աͷ֬Λද͠ɼ֤༗ลʹ͞Εͨࣈͦͷ༗ลͷભҠؒ࣌Λද͢ɽΠΦϯ݁

߹ੑঢ়ଶʹؔ͢Δͷ৭ɼڞ༗݁߹ੑঢ়ଶʹؔ͢Δͷ੨৭Ͱ͍ࣔͯ͠Δɽަࠩͷ༗ޮੑ

ఆ݅ʢඇಁ݅ʣʹ͓͚Δᮢ θ ͷ 0.05ͱͯͨ͠͠ࢉܭɽ
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ਤ 3.16ɼڧߴ CWϨʔβʔதͷඇஅԽֶಈྗֶͷ༗άϥϑදݱͷߏஙྫͰ͋ΔɽϨʔβʔ

ͷৼಈͱڧਤͷ্ࠨʹࣔͨ͠ͱ͓Γɼ!ωd = 5.0 eVɼId = 1.0× 1013 W/cm2 Ͱ͋ΓɼܥͷશΤ

ωϧΪʔ Etot ਤ 3.15(a)ͱಉ͡Ͱ͋Δɽ·ͨɼަࠩͷ༗ޮੑఆ݅ʢඇಁ݅ʣͷᮢ θ 

0.05ͱͨ͠ɽݪཧతʹແݶछྨͷذΠϕϯτ͕ଘ͏͠ࡏΔ͕ɼ্هͷᮢʹ͓͍ͯ༗ޮ͔ͭ౸ୡՄ

ͳަࠩͰͷذΠϕϯτɼӈ͖௨ա͖ࠨ௨աͷผΛআ͍ͯ 3छྨ͔͠ͳ͍͜ͱ͕Θ͔Δɽڧߴ

CWϨʔβʔதͷඇஅԽֶಈྗֶͷ༗άϥϑදݱɼϨʔβʔͷৼಈڧʹԠͯ͡ଟ༷ͳτϙ

ϩδʔΛͱΔɽ͜ͷʹؔͯ͠ 4.1અʹ͓͍ͯɼLiFܥࢠΛϞσϧͱͯ͠ৄٞ͘͢͠Δɽ

3.5.2 సૹํఔࣜࢉܭΞϧΰϦζϜͱྫࢉܭ

ຊ߲Ͱసૹํఔࣜͷࢉܭख๏ΛఏҊ͠ɼͦͷ࣮ݧͷ݁Ռʹ͍ͭͯड़Δɽ͜ͷ࣮ݧͷ݁

ՌʹΑͬͯɼຊڀݚͰఆࣜԽͨ͠༗άϥϑදݱసૹํఔࣜͷݱهड़ʹؔ͢Δ༗ޮੑͱݶք͕໌Β͔

ʹͳΔɽ

ΞϧΰϦζϜ

ͷసૹํఔࣜܕແணݾࣗ (3.39)ɼࣜܗతͳղੳʹ͘໘͕͋ΔҰํɼࢉܭʹ͓͍ͯऔΓѻ

͍ͮΒ͍ɽͦ͜Ͱɼࣗݾແணܕసૹํఔࣜͷಋग़్্ʹݱΕͨແݶʹΑΔදࣜ (3.36)Λɼ༗ݶͰ

ଧͪͬͨͷΛར༻͢Δ*46ɿ

|ψ⟩ =
M∑

m=1

Ĝm|φ⟩ɽ (3.95)

͜͜ͰM ༗ݶͳࣗવͱ͢Δɽ·ͨɼసૹԋࢠࢉͱͯ͠ Poincaré؆ͨ͠ͷΛར༻͢Δͱޮ

͕ྑ͍ɽ͜ͷࢉܭઢܗͳͷͰɼΠϯύϧεೖྗ |i, 0⟩ *47 Λೖྗͱͯ͠͠ࢉܭɼޙ࠷ʹΈࠐΈʹΑͬ

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

0 ≤ t ≤ M min
k∈path

τk (3.96)

ͷྖࠁ࣌Ҭͷ͓͍ͯີݫͱͳΔɽ͕ͨͬͯ͠ɼ࣍M ࠁ͍࣌ͨ͠ࢉܭͷ্ݶͱࣜ (3.96)͔ΒܾΊΒ

ΕΔɽ

ࣜ (3.95)ͷࢉܭɼ༗άϥϑද্ݱͷ֬ৼ෯ͷʮύέοτసૹʯʹΑͬͯ͏ߦɽೖྗ͕ |i, 0⟩ͷͱ
͖ɼॳظͷύέοτࠁ࣌ 0ʹΠϕϯτ iʹ͋Γɼͦͷύέοτ༰ͷ֬ৼ෯ 1Ͱ͋Δɽ͜Ε༗ݶ

 (3.95) ͷୈ 0 ύέοτɼPoincaréظड़͢Δ෦Ͱ͋Δɽ͜ͷॳه͕߲ ؆͞Εͨసૹԋࢠࢉ Ĝ ʹ

Αͬͯసૹ͞ΕΔɽ͜ͷసૹͷసૹ࿏ɼ3.4.2߲ͷਤ 3.10ʹࣔͨ͠Α͏ͳʮʯʹΑΓՄࢹԽ͞ΕΔɽ

͢ͳΘͪɼ͜ͷͷʮࠜʯ͔Βʮ༿ʯʹ͔ͯͬύέοτ͕సૹ͞ΕΔɽసૹ࿏্Ͱ͢ذΔʹύέο

τΛׂ͠ɼύέοτͷ༰ͱͯ͠ͷ֬ৼ෯͔ࠜΒ༿ͷભҠৼ෯ͷֻ͚ࢉʹΑͬͯ͢ࢉܭΔɽ·

ͨɼύέοτͷ༿ͷ౸ணࠁ͔࣌ࠜΒ༿ͷભҠؒ࣌ʹΑͬͯ͢ࢉܭΔɽ͜ΕʹΑͬͯɼ༗ݶ (3.95)

ͷୈ ͷ֤ݶతʹ༗࣍Γฦ͢͜ͱʹΑΓɼஞ܁Ͱ͖Δɽಉ༷ʹύέοτసૹΛࢉܭड़͢Δ෦Λه1߲͕

߲ΛࢉܭͰ͖Δɽ͜ͷͱ͖ɼ1ճͷసૹΛද͢Λ࠷ॳʹ 1ճ͚ͩ࠶͖͓ͯ͠ࢉܭར༻͢Δ͜ͱͰɼస

ૹࢉܭͷྔࢉܭΛݮͰ͖Δɽ͞Βʹɼύέοτసૹதʹಉࠁ࣌ɾಉΠϕϯτʹ౸ணͨ͠ύέοτΛϚʔ

ཚཧʹ͓͚Δࢄసૹํఔࣜܕແணݾ46ࣗ* Lippmann–Schwingerํఔࣜͱ͕ܗಉ͡Ͱ͋ΓɼҎԼͷ༗ݶ Bornۙࣅͱ
తʹಉ͡ͷͰ͋Δɽࣜܗ

*47͜ΕɼΠϕϯτ iʹର͢Δσϧλؔతͳೖྗ φi(t) = δ(t)Ͱ͋Δɽ
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δ͢ΔͱྔࢉܭΛ͑Δ͜ͱ͕Ͱ͖Δ*48ɽ

ύέοτ͕૿͑͗ͨ͢߹ʹɼmճͷసૹΛऴ͑ͨύέοτͰɼͦͷதͷৼ෯͕

|ϕ(m)
k | ≤ ϵ max

k′∈packetm
|ϕ(m)

k′ | (3.97)

ͳΔύέοτ m + 1ճҎ߱ͷసૹΛ͠ͳ͍͜ͱʹ͢ΔͱɼྔࢉܭΛ͑ͯۙࣅతʹྑ͍ղ͕ಘΒΕ

Δɽ͜͜Ͱɼpacketm  mճసૹΛऴ͑ͨύέοτશମͷू߹ʹର͢Δఴूࣈ߹ɼϵίϯτϩʔϧύ

ϥϝʔλͰɼϵ = 0ͷͱ͖ʹࣜ (3.95)ͷࢉܭີݫʹ͍͠ɽ

࣮ݧ

༗άϥϑදݱͱసૹํఔ͓ࣜΑͼ্هΞϧΰϦζϜͷ༗ޮੑΛ͢ূݕΔͨΊʹɼ࣮ݧΛͬߦ

ͨɽLiFޫղԠʹ͓͚ΔԠϙϐϡϨʔγϣϯ P (t)ͷݮਰͷ༷ࢠΛɼ༗άϥϑදݱɾసૹํఔ

͔ࣜΒ݁ͨ͠ࢉܭՌͱɼྔࢠଋ͔ࢉܭΒ݁ͨ͠ࢉܭՌΛൺֱͨ͠ʢਤ 3.17ʣɽղԠதʹɼৼಈ

!ωd = 5.0 eVɼڧ Id = 1.0× 1013 W/cm2 ͷ CWϨʔβʔΛরࣹ͢Δঢ়گΛఆ͠ɼॳظଋ

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)ిجࢠఈঢ়ଶͷৼಈجఈଋΛిىྭࢠঢ়ଶʹͦͷ··Ҡಈͤͨ͞ͷͰ͋

Δ*49ɽॳظଋ૬্ۭؒͰ͕ΓΛͨͭ࣋Ίɼ͜ͷॳظଋͷൃؒ࣌లෳͷݹయيಓϨʔϧ্ͷ

֬ৼ෯Ҡૹͱͯ͠͠ࢉܭͳ͚ΕͳΒͳ͍ʢ3.2.2߲ࢀরʣɽ͢ͳΘͪɼ༗άϥϑදݱͱసૹํఔࣜΛ

Λ༻͍Δඞཁ͕͋Δɽ͔͠͠ɼ͜͜ݱάϥϑදΔͨΊʹɼෳͷΤωϧΪʔʹର͢Δ༗͢ࢉܭ͍ͯ༺

Ͱॳظଋͷத৺Λ௨ΔϨʔϧΛʠදيಓʡͱͯ͑͠ߟɼͦΕʹରԠ͢ΔҰͭͷ༗άϥϑදݱͱస

ૹํఔ͔ࣜΒԠϙϐϡϨʔγϣϯݮਰΛ50*ͨ͠ࢉܭɽ͜ͷʠදيಓʡͰ͋Δ༗άϥϑදݱલ߲

ͷਤ 3.16Ͱ͋Δɽॳظଋͷத৺ɼڞ༗݁߹ੑঢ়ଶͷଆసճΠϕϯτ T0ʹ૬͢Δɽ͕ͨͬͯ͠ɼ

సૹํఔࣜͷೖྗ |φ⟩ T0Ҏ֎ͷΠϕϯτͰ 0Ͱ͋ΓɼT0ͰҎԼͷΑ͏ʹͨ͠ࢉܭɽ·ͣ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
దͳ֨نҼࢠͰ͋Γɼޙड़ͷೖྗ φ(t)ͷੵ͕ؒ࣌ 1ʹͳΔΑ͏ʹఆΊΔɽల։͞Εͨ֬ৼ෯ͷύ

έοτͷ͏ͪɼࠁ࣌ tʹΠϕϯτ T0—ଋத৺ (p0, q0) = (0, Req)—ʹ͘Δͷࠁ࣌ 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߹ɼஅൃؒ࣌లͷભҠৼ෯Ҽࢠ Ct ʹؔͯ͠

Ґ૬ͷΈΛྀ͢ߟΔɽ·ͨɼະղͷ LiF ࢠͷϙϐϡϨʔγϣϯ P (t) ɼॳظ P (0) ≡ 1 ͔Βɼ

ʹϥϯμϜΥʔΫͷΑ͏ݩ࣍481* Pascalͷܗ֯ࡾঢ়ͷൃؒ࣌లߏΛͭΑ͏ͳ߹ɼύέοτϚʔδͳ͠Ͱmճͷશ
ύέοτసૹʹ͔͔Δྔࢉܭ O(2m) Ͱ͋Δ͕ɼύέοτϚʔδ͋ΓͰ O(m) Ͱ͋ΔɽϚʔδʹผͷࢉܭίετ͕͔͔Δ͕ɼ
ؔతʹେ͖͘ͳΔ͜ͱͳ͍ɽࢦ

*49ղੳͷ؆ศͷͨΊɼిجࢠఈঢ়ଶ͔ΒྭޫىͰྭͤ͞ىΔͱ͍͏ઃఆ༻͍ͳ͔ͬͨɽ
*50ϨʔϧΛҰ͔ͭ͠༻͍ͳ͍ͨΊɼஅൃؒ࣌లͷભҠৼ෯Ҽࢠ Ct ʹؔͯ͠Ґ૬ͷΈΛྀ͠ߟɼઈର 1ͱͨ͠ɽ
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Full-Quantum
Transfer Equation

ਤ 3.17 LiFޫղԠʹ͓͚ΔԠϙϐϡϨʔγϣϯ P (t)ͷݮਰͷ༷ࢠΛ༗άϥϑදݱɾసૹ

ํఔ͔ࣜΒ݁ͨ͠ࢉܭՌʢᒵઢʣͱɼͦͷྔࢠଋࢉܭʹΑΔ݁Ռʢࠇઢʣͱͷൺֱɽ྆࣠ͱରͰ

ϓϩοτͯ͋͠ΔɽղԠதʹɼৼಈ !ωd = 5.0 eVɼڧ Id = 1.0× 1013 W/cm2 ͷ CWϨʔ

βʔΛরࣹ͢Δঢ়گΛఆͨ͠ɽॳظଋɼిجࢠఈঢ়ଶͷৼಈجఈଋΛిىྭࢠঢ়ଶʹͦͷ·

·Ҡಈͤͨ͞ͷͰ͋Δɽॳظଋͷத৺Λ௨ΔݹయيಓΛʠදيಓʡͱͯ͠ɼ͜ΕʹରԠ͢ΔҰ

ͭͷ༗άϥϑදݱͷΈΛ༻͍ͯͨ͠ࢉܭɽύέοτଧͪΓᮢ ϵʢࣜ (3.97) রʣࢀ 10−5 ͱ͠

ͨɽͦͷଞͷࢉܭͷৄࡉຊจࢀরɽ

ղΠϕϯτ D1,D3Λͨ͠ݧܦϙϐϡϨʔγϣϯͷੵؒ࣌ΛҾ͍ͨͷͱͯͨ͠͠ࢉܭɿ

P (t) = 1−
∑

Λ=D1,D3

∫ t

0
|ψΛ(t

′)|2dt′ɽ (3.102)

ਤ 3.17ʹࣔ͢ͱ͓ΓɼసૹํఔࣜʹΑΔ݁ࢉܭՌ 1.0 psఔ·Ͱྔࢠଋࢉܭͷ݁ՌΛ͍ͯ͠ݱ࠶

Δɽඦ fsͷॳظʹ͓͍ͯɼసૹํఔࣜͷ݁Ռ͍֯ͬͯΔͷʹର͠ɼྔࢠଋࢉܭͷ݁ՌΒ͔

Ͱ͋Δɽྔࢠଋࢉܭͷ݁Ռ͕Β͔Ͱ͋Δཧ༝ɼղʹࢸΔ·Ͱʹଋ͕͕Γɼ͜Ε͕ղաఔͷ

ࡏΓɼଋͷதʹҟͳΔҠಈͷ͕͕ࠞΓΛͨΒͨ͢ΊͰ͋Δɽ͜ͷଋͷ͕ͷํؒ࣌

͢Δ͜ͱʹΑΔɽ͢ͳΘͪɼҠಈ͕ҟͳΔݹయيಓͷϨʔϧ্ΛҠૹ͞ΕΔ֬ৼ෯ͷूஂͱͯ͠

ଋ͕ද͞ݱΕΔ͜ͱʹΑΔɽࠓճҰͭͷ༗άϥϑදݱͷΈΛ༻͍͍ͯΔͷͰɼ͜ͷଋ͕͕ΔޮՌ

ແ͍ͯ͠ࢹΔɽ͕ͨͬͯ͠ɼసૹํఔࣜʹΑΔ݁ࢉܭՌͰଋͷ͕Γ͕ेͰͳ͘ɼղ͕ॠؒత

ΕΔɽҰํͰɼ0.5ݱ͕֯ʹਰݮΔ͜ͱͰϙϐϡϨʔγϣϯ͜ىʹ ps ͔Β 1.0 ps·ͰͷؒͰɼసૹํ

ఔࣜʹΑΔ݁ࢉܭՌΒ͔Ͱ͋Δɽ͜Εɼ͜ͷؒ࣌ଳͰଋे͕ذʹਐΜͰ͓Γɼ༗άϥϑ

දݱʹΑΔϞσϧԽʹ͓͍ͯղ͕࿈ଓతʹͳΔͨΊͰ͋Δɽ1.0 ps͋ͨΓͰɼసૹํఔࣜʹΑΔܭ

Λ֬ೝ͢Δͱɼ1.0ݱάϥϑදΒΕΔɽରԠ͢Δ༗ݟΓ͕͕ۂՌʹંΕ݁ࢉ psͱ͍͏λΠϛϯάղ

Πϕϯτ D3͔Βͷղ͕࢝·ΔλΠϛϯάͱҰக͍ͯ͠Δɽ͜ͷ 1.0 psΛա͗ΔͱɼసૹํఔࣜʹΑΔ

ࢦͳܹٸՌ݁ࢉܭͷ݁Ռͱͷဃ͕େ͖͘ͳΔɽͱ͘ʹɼసૹํఔࣜʹΑΔࢉܭଋࢠՌͱྔ݁ࢉܭ

ؔతݮਰΛࣔ͢ɽ

Ҏ্Ͱड़ͨసૹํఔࣜͷղͷڍಈʹ͍ͭͯɼ4.2અͰΑΓৄࡉʹٞ͢Δɽͱ͘ʹɼ4.2અͰ

ɼసૹํఔࣜʹΑΔ݁ࢉܭՌͱྔࢠଋࢉܭͷ݁Ռ͕Ұக͢Δ 1.0 ps·Ͱͷྖؒ࣌ҬͰɼϙϐϡϨʔ

γϣϯݮਰࢦ-1/2ͷႈݮਰͰ͋Δ͜ͱΛɼ͜ͷϞσϧΛ༻͍ͯূ͢Δɽ
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సૹํఔࣜʹΑΔ݁ࢉܭՌͱྔࢠଋࢉܭͷ݁ՌͱͷဃͷݪҼͷҰͭɼදيಓͱͯ͠ͷҰͭͷ༗

ɼࢉܭ͍ͨ༺Λݱάϥϑදड़͠Α͏ͱͨ͠ʹ͋Δɽෳͷ༗هಈΛڍͷΈͰͯ͢ͷݱάϥϑද

ຊڀݚͷޙࠓͷ՝Ͱ͋Δɽ

3.5.3 ݧయํఔࣜʹؔ͢Δ࣮ݹ

ຊઅͷޙ࠷ʹɼ3.4.5߲Ͱಋग़ͨ͠ݹయํఔࣜʹؔ͢Δূݕͷ݁ՌΛࣔ͢ɽͳ͓ɼݹయ

ํఔࣜແܥݩ࣍ݶͷͨΊ͕ࢉܭ͍͠ͷͰɼݹయํఔࣜʹؔ͢Δূݕͷ݁ՌຊจͰ

ࣔ͞ͳ͍ɽ

ਤ 3.18ɼݹయసૹํఔࣜͷղͱɼͦΕʹରԠ͢ΔݹయํఔࣜͷղੳղΛൺֱͨ͠ਤͰ͋Δɽ

͜͜Ͱɼ3.5.1߲ͷਤ 3.15(a)ͱਤ 3.16Ͱࣔͨ͠ LiFࢠͷඇஅಈྗֶͷ༗άϥϑදݱʹରԠ͢Δ

๏ɼ3.5.2߲Ͱࣔͨ͠ࢉܭయసૹํఔࣜͷݹՌΛࣔ͢ɽ݁ࢉܭయํఔࣜͷݹయసૹํఔࣜͱݹ

֬ৼ෯ʹؔ͢Δݹయసૹํఔࣜͷࢉܭ๏ʹ͓͍ͯɼભҠৼ෯ αk ΛભҠ֬ pk ʹɼ֬ৼ෯ ψ

ΛϙϐϡϨʔγϣϯ P ʹஔ͖ͨ͑ͷΛ༻͍ͨɽݹయసૹํఔ͓ࣜΑͼݹయํఔࣜͷࢉܭʹ͓͍

ͯɼݹయసૹԋࢠࢉ֎ଆసճΠϕϯτͰ Poincaré؆ͨ͠ͷΛ༻͍ɼॳظΠϕϯτ֎ଆసճΠϕ

ϯτͷҰͭΛ༻͍ɼೖྗΠϯύϧεೖྗΛԾఆͨ͠ɽਤʹ͍ࣔͯ͠ΔͷɼޫղԠʹ͓͚Δະղ

ͷ LiF ࢠͷϙϐϡϨʔγϣϯݮਰͰ͋Δɽਤ 3.18(a1) ͱ (a2) ɼۦಈ͕ͳ͍ঢ়گʹ͓͚Δ LiF

ࢠͷඇஅԽֶಈྗֶͷ༗άϥϑදݱʢਤ 3.15(a)ʣʹରԠ͢Δݹయಈྗֶʹؔ͢Δ݁ՌͰ͋Δɽݹ

యసૹํఔࣜͷղʢᒵઢʣ֊ஈঢ়Ͱ͋Δ͕ɼ͍͔ࡉ֊ஈঢ়ͷมಈΛແ͢ࢹΕશମͰ୯Ұͷࢦ

ؔݮਰͷΑ͏ʹ͑ݟΔɽݹయํఔࣜͷղੳղʢઢʣ͜ͷ୯Ұࢦݮਰͷ༷ࢠΛଊ͍͑ͯΔɽ

ਤ 3.18(b1)ͱ (b2)ɼڧߴ CWϨʔβʔதͷ LiFࢠͷඇஅԽֶಈྗֶͷ༗άϥϑදݱʢਤ

3.16ʣʹରԠ͢Δݹయಈྗֶʹؔ͢Δ݁ՌͰ͋ΔɽॳظΠϕϯτ֎ଆసճΠϕϯτ T2ͱͨ͠ɽݹయస

ૹํఔࣜͷղʢᒵઢʣ͕ࣔ͢֊ஈͷޯɼยରϓϩοτΛݟΔͱ 0.5 psલޙͰΓସΘ͍ͬͯΔ

Α͏ʹ͑ݟɼ͜Ε 2ͭͷࢦؔͰաఔ͕هड़Ͱ͖Δ͜ͱΛҙຯ͢Δɽ͜ͷ߹ɼݹయํఔ

ࣜͷղੳղʢઢʣ͜ͷ 2ͭͷࢦݮਰͷ༷ࢠΛଊ͍͑ͯΔɽ

Ҏ্ͷࢉܭͰɼసૹԋࢠࢉͱͯ͠֎ଆసճΠϕϯτͰ Poincaré؆ͨ͠ͷΛ༻͍ͨͨΊɼ͞ࢉܭ

ΕΔݹయఆͷݸͱ֎ଆసճΠϕϯτͷݸҰக͢Δɽ͜Εɼసૹԋࢠࢉͷྻߦͷ࣍ͱݹయ

ఆྻߦͷ͕࣍Ұக͢Δ͔ΒͰ͋Δɽͭ·Γɼݹయఆͷݸ༻͍Δసૹԋࢠࢉʹґଘ͢

Δɽྫ͑ɼଆసճΠϕϯτͰ Poincaré؆ͨ͠ͷΛ༻͍Δͱɼਤ 3.18(a)Ͱ ɼ(b)Ͱݸ2 ݸ4

ͷఆ͕ಘΒΕΔɽ·ͨɼଆసճΠϕϯτͰ Poincaré؆ͨ͠సૹԋࢠࢉΑΓಘΒΕΔఆ

ʹෛͷͷ͕ଘ͢ࡏΔɽ͢ͳΘͪɼసૹԋࢠࢉͷ؆ͷํʹΑͬͯఆྻߦͷ͕࣍มΘΓɼ͞

Βʹఆྻߦͷਖ਼ఆੑอূ͞Εͳ͍ɽ͜Ε͜ͷཧ๊͕͑Δେ͖ͳͰ͋Γɼ͜ͷͷղ

ܾޙࠓͷ՝Ͱ͋Δɽ

ຊ߲Ͱࣔͨ͠ݹయํఔࣜͷ݁ՌɼྔׯࢠবޮՌΛແ͍ͯ͠ࢹΔͨΊɼଋࢉܭͱͷൺֱͰ

͖ͳ͍ɽͱ͘ʹݹయಈྗֶʹ͓͍ͯϙϐϡϨʔγϣϯࢦݮਰΛ͕ࣔ͢ɼྔׯࢠবޮՌΛྀ͢ߟΔͱ

ඞͣ͠༗ݸݶͷࢦؔͷͰաఔهड़Ͱ͖ͳ͍ɽ͜Ε 3.4.6߲Ͱಋग़ͨ͠ݹయํఔࣜ

͕ࣔࠦ͢Δ͜ͱͰ͋Γɼຊจͷ 4.2અͰΑΓৄݕʹࡉ౼͢Δ߲ࣄͰ͋Δɽ
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ਤ 3.18 Δ͚͓ʹگಈ͕ͳ͍ঢ়ۦՌɽ(a)݁ূݕయํఔࣜͷݹ LiFࢠͷඇஅԽֶಈྗ

ֶͷ༗άϥϑදݱʢਤ 3.15(a)ʣʹରԠ͢Δݹయసૹํఔࣜͷ݁ࢉܭՌʢᒵઢʣͱݹయํఔ

ࣜͷղੳղʢઢʣɽॳظΠϕϯτ֎ଆసճΠϕϯτ T2ͰͷΠϯύϧεೖྗͱ͠ɼసૹԋࢠࢉ֎

ଆసճͰ Poincaré ؆ͨ͠ͷΛ༻͍ͨɽࠨͷ (a1) ௨ৗͷϓϩοτɼӈͷ (a2) ϙϐϡϨʔ

γϣϯ P (t)Λରϓϩοτͯ͋͠Δɽ(b)ڧߴ CWϨʔβʔதͷ LiFࢠͷඇஅԽֶಈྗֶ

ͷ༗άϥϑදݱʢਤ 3.16ʣʹରԠ͢Δݹయํఔࣜͷ݁ࢉܭՌʢᒵઢʣͱݹయํఔࣜͷ

ղੳղʢઢʣɽॳظΠϕϯτ֎ଆసճΠϕϯτ T2ͰͷΠϯύϧεೖྗͱ͠ɼసૹԋࢠࢉ֎ଆస

ճͰ Poincaré؆ͨ͠ͷΛ༻͍ͨɽࠨͷ (b1)௨ৗͷϓϩοτɼӈͷ (b2)ϙϐϡϨʔγϣϯ

P (t)Λରϓϩοτͯ͋͠Δɽ
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3.6 ·ͱΊͱٞ

ຊষͰɼʬൃؒ࣌లߏʭͱʬঢ়ଶۭؒߏʭͱ͍͏ɼಈతݱΛهड़͢Δೋͭͷঢ়ଶભҠߏ֓

೦ʹ͍ͭͯཧ͠ɼඇஅԽֶಈྗֶʹ͓͍ͯ͜ΕΒΛՄࢹԽ͢ΔμΠΞάϥϜΛಋೖ͠ɼཧతʹ

:ʢDGRݱάϥϑදड़͢Δʮ༗هΛߏஙͨ͠ɽಛʹɼঢ়ଶۭؒߏड़͢ΔཧΛه Directed Graph

RepresentationʣʯΛಋೖ͠ɼ༗άϥϑදݱͷใ͔Βൃؒ࣌లߏΛ͢ࢉܭΔʮసૹํఔࣜʯΛಋग़

ͨ͠ɽ͞ΒʹɼసૹํఔࣜͷཧղੳʹΑΓɼʮݹయྔࢠԽ݅ʯʮํఔࣜʯΛಋग़ͨ͠ɽ

3.4.4߲Ͱɼసૹํఔࣜͷఆৗঢ়ଶ͔ݶۃΒɼChildͷݹయྔࢠԽ݅ 52)  Fujiiͷඇஅެࣜ
59) ͱಉܕͷͷ͕ಋग़͞ΕΔ͜ͱΛࣔͨ͠ɽ·ͨɼ3.5.1߲ͱ 3.5.2߲ͰͨͬߦূݕʹΑΓɼҰͭͷ

༗άϥϑදݱʹΑΔϞσϧྔࢠଋࢉܭͷ݁ՌΛ෦తʹ͢ݱ࠶Δ͜ͱ͕Θ͔ͬͨɽ͜ͷϞσϧͰ࠶

Γɾ่յͳͲ—Ͱ͕ड़͕ඞཁͳ෦—ྫ͑ɼଋͷهΑΔʹݱάϥϑදͰ͖ͳ͍෦ෳͷ༗ݱ

͋Δͱචऀ͓ͯ͑ߟΓɼ͜ͷෳͷ༗άϥϑදݱʹΑΔϞσϧͷࢉܭޙࠓͷ՝Ͱ͋Δɽ͞Β

ʹɼ3.5.3߲ͰͨͬߦূݕʹΑΓɼݹయసૹํఔࣜͷࢹૈؒ࣌ԽʹΑͬͯಋग़͞ΕΔݹయํఔࣜ

ͷଥੑΛ෦తʹࣔͨ͠ɽ͔͠͠ಉ࣌ʹɼຊཧͰಋग़ͨ͠ఆ͕ྻߦඞͣ͠ਖ਼ఆͰͳ͍͜ͱ

໌͠ɼ͜ͷͷղܾޙࠓͷ՝ͱͯͨͬ͠ɽ3.4.6߲Ͱಋग़ͨ͠ݹయํఔࣜແݩ࣍ݶ

ઢܗৗඍํఔࣜͰ͋Γղੳ͕ࠔͰ͋ΔͨΊɼ͜Εʹ͍ͭͯຊจͰతʹ͠ূݕͳ͔ͬͨɽ͜

ͷݹయํఔࣜͷཧతɾతղੳޙࠓͷ՝Ͱ͋Δɽ

Ҏ্ͷΑ͏ʹɼຊষͰߏஙɾͨ͠ূݕཧʹ͞Εͨ՝͋Δ͕ɼઌڀݚߦ 51,52,59) Ͱͳ͞Εͳ

͔ͬͨݹయత͔࣮ͭྖؒ࣌ҬͰͷඇஅԽֶಈྗֶͷهड़ʹޭ͍ͯ͠Δ෦͋Δɽ࣍ষͰɼຊ

ষͰఏࣔͨ͠ཧΛ༻͍ɼͦͷهड़͕ଥͳൣғʹ͓͍ͯɼ۩ମతͳඇஅԽֶಈྗֶܥΛղੳͨ݁͠

Ռʹ͍ͭͯड़Δɽ
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͜ͷষͰɼલষͰߏஙͨ͠ඇஅԽֶಈྗֶͷߏΛՄࢹԽɾهड़͢ΔཧΛɼLiF ޫࢠղ

Ԡ*1

LiF∗ →
{

Li + F
Li+ + F−

(4.1)

ͱ͍͏۩ମతݱͷղੳʹԠ༻͠ɼඇஅԽֶಈྗֶͷߏత؍͔Βͷཧղͷ࣮ફྫΛࣔ͢ɽ4.1અͰ

ɼڧߴ CWϨʔβʔதͷ LiFޫࢠղԠͷঢ়ଶۭؒߏ͕ɼϨʔβʔͷڧৼಈʹର͠

ͯͲͷΑ͏ʹมΘΔͷ͔Λ༗άϥϑදݱΛ༻͍ͯՄࢹԽ͢Δɽ4.2અͰɼ2.4અʹ͓͍ͯఏͨ͠ى

LiFޫղԠͷաఔʹ͓͚Δႈతڍಈʹؔͯ͠ɼൃؒ࣌లߏͷ؍͔Βఆྔతʹղੳ͢Δɽ4.3

અͰɼझΛม͑ͯɼLiFޫࢠղԠͷߏͷޫ؍ଌՄੑʹؔͯٞ͢͠Δɽ

4.1 ڧߴ CWϨʔβʔதͷ LiFޫࢠղԠͷঢ়ଶۭؒߏ

ຊઅͰɼڧߴ CWϨʔβʔதͷ LiFޫࢠղԠͷঢ়ଶۭؒߏ͕ɼϨʔβʔͷڧৼಈ

Λม͑Δ͜ͱͰͲͷΑ͏ʹมԽ͢Δͷ͔ΛɼલষͰಋೖͨ͠༗άϥϑදݱΛ༻͍ͯՄࢹԽ͠ɼ͢ߟ

Δɽͱ͘ʹɼঢ়ଶۭؒߏͷෳੑࡶɼಉҰϙςϯγϟϧΤωϧΪʔۂઢ্ʹෳͷඇಁతަ͕ࠩಉ

Δ͜ͱʹΑΓੜ͡Δ͜ͱΛࣔ͢ɽ͢ࡏଘʹ࣌

4.1.1 ঢ়ଶۭؒߏͷϨʔβʔڧґଘੑ

ຊ߲Ͱɼڧߴ CW Ϩʔβʔதͷ LiF ޫࢠղԠͷঢ়ଶۭؒߏΛද͢༗άϥϑද͕ݱɼ

Ϩʔβʔͷڧ Id ʹରͯ͠ͲͷΑ͏ʹมΘΔ͔Λࣔ͢ɽ

ϨʔβʔৼಈΛ !ωd = 5.0 eV ͱͨ͠߹Λྫʹࣔ͢ɽ͜ͷ߹ͷ field-dressed ಁϙςϯγϟϧ

ΤωϧΪʔۂઢ Vjj(R) + n!ωd ͷ༷ࢠΛਤ 4.1ʹࣔ͢ɽࢵ৭ͷʮ⊗ʯ field-dressedಁϙςϯγϟϧ

ΤωϧΪʔۂઢͷަࠩΛ͠ࢦɼC Ͱ࢝·ΔϥϕϧҎԼͷຊจதͰ֤ަࠩΛࣔ͢͠ࢦͷʹ༻͍Δɽ

field-dressedಁϙςϯγϟϧΤωϧΪʔۂઢϨʔβʔڧʹґଘ͠ͳ͍ɽ͔͠͠ɼͦͷ૬࡞ޓ༻߲

Ϩʔβʔڧʹґଘ͢ΔͨΊɼਤࣔ͞Ε֤ͨަࠩʹ͓͚ΔભҠ֬ҟͳΔɽ͜ͷ field-dressedಁ

ϙςϯγϟϧΤωϧΪʔΛର֯Խͯ͠ಘΒΕΔٖΤωϧΪʔۂઢΛਤ 4.2ʹࣔ͢ɽٖΤωϧΪʔۂઢɼ

field-dressedಁϙςϯγϟϧΤωϧΪʔۂઢͷ૬࡞ޓ༻߲ͷใΛؚΜͰ͍ΔͷͰɼϨʔβʔڧʹґ

ଘ͢Δɽਤ 4.2ɼਤ 4.1ͷ֤ަࠩʹରԠ͢ΔٖΤωϧΪʔۂઢͷٖަࠩۙͷ༷ࢠΛ֦େͯࣔ͠͠

*1ޫղԠʮޫʹΑΔྭىʯͱʮྭىࢠͷղʯͷೋஈ֊ʹղͰ͖Δ͕ɼ͜͜ͰऀޙͷղͷաఔͷΈʹண͢Δɽ
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ͨͷͰ͋Δɽਤ 4.2ͷྻࠨަࠩ C1, C3, C5ʹରԠ͠ɼӈྻ C2, C4, C6ʹରԠ͍ͯ͠ΔɽϨʔ

βʔڧʹΑͬͯɼ֤ٖަࠩͷΪϟοϓͷେ͖͕͞େ͖͘มԽ͍ͯ͠ΔɽҰൠʹɼٖަࠩͷΪϟοϓ͕։

͍͍ͯΔ΄ͲඇಁతͰ͋Γɼด͍ͯ͡Δ΄ͲಁతͰ͋Δɽ͕ͨͬͯ͠ɼϨʔβʔڧΛม͑Δͱɼ֤

ަࠩͷʮඇಁੑʯ͕มԽ͢Δ͜ͱ͕Θ͔Δɽ͞ΒʹɼҰͭͷϙςϯγϟϧΤωϧΪʔۂઢ্ʹަࠩ

͕ೋͭ͋Δ͜ͱ͔Βɼ3.5.1߲Ͱઆ໌ͨ͠ʮ౸ୡՄੑʯϨʔβʔڧʹΑͬͯมΘΔɽͦͷͨΊɼঢ়

ଶۭؒߏΛද͢༗άϥϑදݱͷτϙϩδʔɼϨʔβʔڧʹΑͬͯมΘΔɽ͜ͷ༷ࢠΛਤ 4.3ʹࣔ

͢ɽਤͷԼ͔Β্͔ͯͬϨʔβʔڧ͕େ͖͘ͳΔΑ͏ʹฒͨɽ͜͜ͰɼEtot = 1.1496 eVɼඇಁ

݅ఆᮢ θ = 0.05 ͱ͠ɼ3.5.1 ߲Ͱఏࣔͨ͠༗άϥϑදߏݱஙΞϧΰϦζϜΛ༻͍ͯ༗ά

ϥϑදݱΛߏஙͨ͠ɽ͜ͷਤʹ͓͍ͯɼ֤༗άϥϑදݱʹ͓͚ΔΠϕϯτͷϥϕϧڞ௨ͷͷΛ༻

͍ɼҟͳΔ༗άϥϑදݱͰಉ͡ϥϕϧͷΠϕϯτ࣮ମಉ͡ͷΛ͢ࢦɽ·ͨɼਤ 4.1ͷ֤ަࠩͱɼ

ਤ 4.3 ͷ֤ذΠϕϯτҎԼͷΑ͏ʹରԠ͢ΔɿC1 ↔ (B1,B2)ɼC2 ↔ (B3,B4)ɼC3 ↔ (B5,B6)ɼ

C4 ↔ (B7,B8)ɼC5 ↔ (B9,B10)ɼC6 ↔ ରԠͳ͠ɽ
ਤ Δɽ͢ߟ͘͠ৄͯؔ͠ʹґଘੑڧͷτϙϩδʔͷϨʔβʔݱάϥϑදΒΕΔɼ༗ݟʹ4.3

ਤதͰ࠷ڧͷ Id = 1.0× 1011 W/cm2 ͷ߹ͷ༗άϥϑදݱɼͷͳ͍ͱ͖ͷ༗άϥϑ

දݱʢ3.5.1߲ͷਤ 3.15(a)ʣͱɼભҠؒ࣌ͱભҠৼ෯ؚΊͯ΄ͱΜͲಉ͡ͷͰ͋Δɽ͢ͳΘͪɼ͜ͷ

Ͱ֎ڧ LiF ࢠͷμΠφϛΫεʹ΄ͱΜͲӨڹΛ༩͑ͳ͍ɽ࣮ࡍɼਤ 4.2 ͷରԠ͢ΔٖΤωϧ

Ϊʔۂઢʢଠઢʣͱͷͳ͍ͱ͖ͷஅϙςϯγϟϧΤωϧΪʔۂઢʢࡉઢʣҰக͍ͯ͠Δɽ

Ϩʔβʔڧ͕ Id = 1.0× 1012 W/cm2 ͷ߹ͰɼذΠϕϯτ 4ͭ͋Δɽ৽ͨʹग़ͨ͠ݱذ

Πϕϯτ B1, B2ɼަࠩ C1ͱରԠ͢Δɽަࠩ C1ʹରԠ͢ΔٖަࠩͷΪϟοϓ͕։͍͍ͯΔ͜ͱ

͔Β͔ΔΑ͏ʹɼذΠϕϯτ B1, B2ͷग़ݱަࠩ C1ͷඇಁੑͷ૿େʹΑΔͷͰ͋Δɽ
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ਤ 4.1 ڧߴ CW Ϩʔβʔதͷ LiF ࢠͷ field-dressed ಁϙςϯγϟϧΤωϧΪʔۂઢɽ

!ωd = 5.0 eV ͷ߹ɽઢਤ 4.3ͷ༗άϥϑදݱʹରԠ͢ΔܥͷશΤωϧΪʔ Etot Λද͢ɽࢵ

৭ͷʮ⊗ʯ field-dressedಁϙςϯγϟϧΤωϧΪʔۂઢͷަࠩΛ͠ࢦɼCͰ࢝·Δϥϕϧຊ

จதͰ༻͍Δަ໊ࠩশͰ͋Δɽ͜ͷ field-dressed ಁϙςϯγϟϧΤωϧΪʔྻߦΛର֯Խ͢Δ

ͱɼਤ 4.2ʹٖࣔ͢ΤωϧΪʔۂઢ͕ಘΒΕΔɽ
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1.0× 1011 W/cm2

ਤ 4.2 ٖΤωϧΪʔۂઢͷϨʔβʔڧґଘੑɽ!ωd = 5.0 eV ͷ߹ɽٖަࠩͷۙΛ֦େͯ͠

͍ΔɽଠઢٖΤωϧΪʔۂઢΛද͠ɼࡉઢ field-dressed அϙςϯγϟϧΤωϧΪʔۂઢΛද

͢ɽ৭ΠΦϯ݁߹ੑɼ੨৭ڞ༗݁߹ੑΛද͠ɼٖަࠩΛڥʹΠΦϯ݁߹ੑͱڞ༗݁߹ੑ͕Γ

ସΘΔͱͯ͠৭͚ͯ͋͠Δɽڧͷฒͼਤ 4.3ͱಉ͡Ͱ͋Δɽྻࠨɼਤ 4.1ʹ͓͚Δަࠩ C1,

C3, C5ʹରԠ͢Δٖަࠩۙͷ༷ࢠͰ͋Γɼӈྻɼަࠩ C2, C4, C6ʹରԠ͢Δٖަࠩۙ

ͷ༷ࢠͰ͋Δɽͳ͓ɼC1, C3, C5ͱ C2, C4, C6ͦΕͧΕಉٖ͡ަࠩߏΛͭʢ∵Floquetͷఆ
ཧʣɽ·ͨɼ্࠷ྻࠨஈͷ field-dressed அϙςϯγϟϧΤωϧΪʔۂઢͷަࠩͱٖΤωϧΪʔۂ

ઢͷٖަ͕ࠩͣΕ͍ͯΔͷɼ2.3.2߲Ͱड़ͨΑ͏ʹɼڧߴϨʔβʔதͰ van Vleckઁಈิ

ਖ਼߲ ∆n ʹΑͬͯڞ໐͕݅ͣΕΔ͜ͱʹରԠ͍ͯ͠Δɽ
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ਤ 4.3 ༗άϥϑදݱͷϨʔβʔڧґଘੑɽ!ωd = 5.0 eV ͷ߹ɽશΤωϧΪʔ Etot =

1.1496 eVɼඇಁ݅ఆᮢ θ = 0.05ͱͨ͠ɽ͜ͷൺֱਤʹ͓͍ͯɼΠϕϯτͷϥϕϧڞ

௨ͷͷΛ༻͍ɼҟͳΔ༗άϥϑදݱͰಉ͡ϥϕϧͷΠϕϯτ࣮ମಉ͡ͷΛ͢ࢦɽ
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ϨʔβʔڧΛ Id = 1.5× 1012 W/cm2 ͱ͢ΔͱɼذΠϕϯτͷ͕ ͳωοτϫʔࡶͳΓɼෳʹݸ8

Ϋߏ͕ݱΕΔɽ৽ͨʹग़ͨ͠ݱذΠϕϯτ B5, B6ʹରԠ͢Δަࠩ C3Ͱ͋Δɽަࠩ C3ɼ

Πϕϯτذ B1, B2ʹରԠ͢ΔަࠩC1ΑΓΤωϧΪʔ͕ !ωd(= 5.0 eV)͚͍ͩɽ3.5.1߲Ͱड़

ͨΑ͏ʹɼҰൠʹΤωϧΪʔ͕͍ٖަࠩ΄ͲಁతͰ͋Δ͕ɼϨʔβʔڧ͕ Id = 1.5×1012 W/cm2

Ҏ্ʹͳΔͱɼަࠩ C3ेඇಁతʹͳΔ͜ͱͰذΠϕϯτ B5, B6͕ग़͢ݱΔɽ͏Ұରͷ৽

ΠϕϯτذΕͨݱʹͨ B7, B8ɼަࠩ C4ͱରԠ͢Δɽަࠩ C4ͰɼϨʔβʔʹΑͬͯඇಁ

ੑ૿͍ͯ͠ͳ͍ɽͦ͏Ͱ͋Δͷʹɼ͜ͷϨʔβʔڧͰذΠϕϯτ B7, B8͕ग़͢ݱΔͷɼަࠩ

C3ͷʮඇಁੑʯͷ֫ಘʹΑΓɼަࠩ C4͕ʮ౸ୡՄੑʯΛ֫ಘͨͨ͠ΊͰ͋Δɽ͞ΒʹɼذΠϕ

ϯτ B7, B8ͷग़ݱʹ͍ɼΠΦϯ݁߹ੑঢ়ଶͷ··͕ࢠղ͢ΔΠϕϯτ D5, D6͕ݱΕΔɽ

Ϩʔβʔڧ͕ Id = 3.0 × 1012 W/cm2 ͷ߹Ͱɼަࠩ C5ͷඇಁੑͷ֫ಘʹΑΓɼ৽ͨͳ

Πϕϯτذ B9, B10͕ग़͢ݱΔɽҰํɼ͜ͷϨʔβʔڧͰ C2, C4, C6ʹରԠ͢ΔٖަࠩͷΪϟοϓ

͕ด͓ͯ͡Γɼಁੑ͕ڧ·͍ͬͯΔɽ͕ͨͬͯ͠ɼަࠩ C6౸ୡՄͰ͋Δ͕ɼಁతͰ͋

ΔͷͰɼରԠ͢ΔذΠϕϯτ৽ͨʹݱΕͳ͍ɽ

͜͜·ͰɼϨʔβʔڧ͕͘ߴͳΔʹͭΕͯɼ༗άϥϑදݱͷτϙϩδʔෳࡶʹͳΔҰํͰ͋ͬ

ͨɽ͔͠͠ɼϨʔβʔڧ Id = 1.0× 1013 W/cm2 ͷ߹ͷ༗άϥϑදݱͷτϙϩδʔɼϨʔβʔ

ڧ Id = 3.0 × 1012 W/cm2 ͷ߹ͷͷΑΓ୯७ʹͳ͍ͬͯΔɽ͜Εɼަࠩ C4ʹରԠ͢Δٖަ

ࠩͷΪϟοϓ͕ϨʔβʔͷӨڹͰด͖͓ͯͯ͡Γɼަࠩ C4ͱରԠ͢ΔذΠϕϯτ B7, B8͕ফࣦ͠ɼ

͜Εʹ͍ަࠩ C5͕౸ୡՄੑΛࣦ͢Δ͜ͱͰରԠ͢ΔذΠϕϯτ B9, B10ফࣦ͢Δ͔ΒͰ

͋Δɽ

͞ΒʹϨʔβʔڧΛ্͛ͯ Id = 1.0 × 1014 W/cm2 ·ͰʹͳΔͱɼަࠩ C2ʹରԠ͢Δٖަࠩ

ͷΪϟοϓ͕͘ڱͳΔ͜ͱͰަࠩ C2ಁతͱͳΓɼذΠϕϯτ B3, B4͕ফࣦ͢Δɽ͜ͷަࠩ

C2ͱذΠϕϯτ B3, B4ɼ֎͕ͳ͍ͱ͖ͷ LiFݩ͕ࢠʑࠩަ͍ͨͯͬ࣋ͱذΠϕϯτͰ͋

Δɽ͜ͷΑ͏ʹɼϨʔβʔڧΛेେ͖͘͢Δͱݩ͕ܥࢠʑࠩަ͍ͨͯͬ࣋ɾذΠϕϯτΛফ͠

Δ͜ͱ͕Ͱ͖Δɽ·ͨɼަࠩڈ C2ͱରরతʹɼަࠩ C1ͷΪϟοϓϨʔβʔڧΛे͘͢ڧ

Δͱେ͖͘։͘ɽ͕ͨͬͯ͠ɼId = 1.0× 1014 W/cm2 ͷ߹ͷަࠩ C1ඇಁతͱ͍͏ΑΓΉ͠

Ζஅతʹͳ͓ͬͯΓɼରԠ͢ΔذΠϕϯτ B1, B2ͷಁ௨ա֬ʢ=ඇஅભҠ֬ʣ 0.002ͱ

͍͏ඇৗʹখ͍͞ʹͳ͍ͬͯΔ*2ɽ͢ͳΘͪɼڧߴ CWϨʔβʔΛরࣹ͢Δ͜ͱͰɼຊདྷղੑͷ

ঢ়ଶͷىྭ LiFࢠͷղΛ༗ҙʹ੍͢Δ͜ͱ͕Ͱ͖Δ 20)ɽ

4.1.2 ঢ়ଶۭؒߏͷϨʔβʔৼಈґଘੑ

ຊ߲Ͱɼڧߴ CW Ϩʔβʔதͷ LiF ޫࢠղաఔͷঢ়ଶۭؒߏΛද͢༗άϥϑද͕ݱɼ

Ϩʔβʔৼಈ !ωd ʹରͯ͠ͲͷΑ͏ʹมΘΔ͔Λࣔ͢ɽ

લ߲ͰϨʔβʔৼಈ !ωd = 5.0 eVͷ߹ΛྫʹऔΓ্͛ͯɼ༗άϥϑදݱͷϨʔβʔڧ Id ґ

ଘੑʹ͍ͭͯৄ͘͠ௐͨɽϨʔβʔৼಈ !ωd = 5.0 eVࢵ֎ྖҬʹ૬͢Δɽରͯ͠ɼ֎ྖҬͷ

ϨʔβʔΛ༻͍ͨ߹ʹ༗άϥϑද͕ݱͲ͏ͳΔ͔Λࣔͨ͠Ұྫ͕ɼਤ 4.4Ͱ͋Δɽ͜͜ͰɼϨʔβʔ

ৼಈ !ωd = 0.5 eVͱ͠ɼϨʔβʔڧ Id = 1.0× 1012 W/cm2 ͱͨ͠ɽ·ͨɼܥͷશΤωϧΪʔ

Etot ͱඇಁ݅ᮢ θ લ߲ͷਤ 4.3ͱಉ͡ʹͨ͠ɽ༗άϥϑදߏݱஙΞϧΰϦζϜͰࣗಈߏங͠

*2ʮඇஅભҠ͕֬ඇৗʹখ͍͞ͷͳΒɼذΠϕϯτͱͯ͠ѻΘͳͯ͘Α͍ͷͰʁʯͱࢥΘΕΔ͔͠Εͳ͍
͕ɼڍؒ࣌ಈΛ͑ߟΔͱɼ͍ͣΕͯ͢ͷϙϐϡϨʔγϣϯ͜ͷذ͔Βڞ༗݁߹ੑͷղܦ࿏ʹ͏͔ͷͰɼذΠϕϯτ
ͱͯ͠ѻ͏ͷ͕ଥͰ͋Δɽ
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ਤ 4.4 ֎ྖҬͷϨʔβʔʹର͢Δ༗άϥϑදݱɽ!ωd = 0.5 eVɼId = 1.0× 1012 W/cm2 ͷ

߹ɽඇৗʹෳࡶͰ͋ΔͷͰɼભҠ֬ͱભҠؒ࣌ɼ͓ΑͼΠϕϯτͷϥϕϧ͚লུ͠ɼΠϕϯτ

ʹछผͷΈදͨ͠هɽ·ͨɼ͜ͷ༗άϥϑදݱͰ֎पͷαΠΫϧͷଟ͘ͷඳըΛলུͨ͠ɽඇ

ಁ݅ͷᮢΛ θ = 0.05ʹઃఆͨ͠߹ɼগͳ͘ͱ 550Ҏ্ͷΠϕϯτɼΠΦϯ݁߹ੑɾڞ༗݁

߹ੑ߹Θͤͯ 100 Ҏ্ͷ Floquet ঢ়ଶ͕ؔ༩͢Δɽʢ༨Γʹଟ͘ͷΠϕϯτ͕ྻ͞ڍΕΔͨΊɼΠ

ϕϯτྻڍΛ్தͰଧͪͬͨɽ͕ͨͬͯ͠ɼਖ਼֬ͳΠϕϯτෆ໌ɽʣ·ͨɼذΠϕϯτྻࠨɼ

தԝྻɼӈྻͱରԠ͢ΔٖަࠩͷҐஔͦΕͧΕ

ͨͱ͜ΖɼඇৗʹଟͷΠϕϯτ͕ྻ͞ڍΕͨͨΊɼඳըҰ෦ͷΠϕϯτʹཹΊɼભҠৼ෯ɼભҠؒ࣌ɼ

ΠϕϯτϥϕϧදࣔͤͣɼΠϕϯτछผͷΈΛදࣔͨ͠ɽ͜ͷͱ͖ྻ͞ڍΕͨΠϕϯτ 550Ҏ্Ͱ

͋Γɼؔ༩͢ΔٖΤωϧΪʔۂઢͷΠΦϯ݁߹ੑɾڞ༗݁߹ੑ߹Θͤͯ 100Ҏ্Ͱ͋Δɽྻڍ্ݶ

ʹୡͯ͠ྻڍΛதஅͨͨ͠Ίɼ࣮ࡍʹΑΓଟ͘ͷΠϕϯτɼFloquetঢ়ଶ͕ྻ͞ڍΕΔͣͰ͋Δɽ

ਤ 4.5ɼϨʔβʔৼಈ !ωd = 5.0 eVͷ߹ͷಁ field-dressedϙςϯγϟϧΤωϧΪʔۂઢͷ༷

ΤωϧΪʔͷִؒΛۭࢠઢ֎ͷޫۂΛඳ͍ͨͷͰ͋Δɽfield-dressedϙςϯγϟϧΤωϧΪʔࢠ

͚ͯฒͿɽ͕ͨͬͯ͠ɼϨʔβʔ͕ৼಈͰ͋Ε͋Δ΄Ͳɼfield-dressedϙςϯγϟϧΤωϧΪʔۂ

ઢ͕ີʹฒͿɽͦͷͨΊɼަ͕ࠩ Rํʢࠨӈํʣʹଟ͘ੜ͡Δ͜ͱʹͳΔɽ্෦ͷ α, β, γ, δ ɼ

ͦͷԼʹ৳ͼΔਨઢ্ͷަࠩͷάϧʔϓΛࣔ͢͠ࢦϥϕϧͰ͋ΔɽରԠ͢Δ༗άϥϑදݱʢਤ 4.4ʣ

ͷذΠϕϯτͷॎͷฒͼͱͦΕͧΕରԠ͢Δɽ͍·͍ͯ͑ߟΔঢ়گͰɼα, β, γ ͕ओཁͳަࠩͷά

ϧʔϓͰ͋Γɼδ ઢͷ͙͢ԼͷަࠩͷΈ͕ඇಁతͰ͋Δɽ͜ͷΑ͏ʹɼඇಁੑͷ͍ڧओཁͳަ

ࠩͷάϧʔϓ͕ෳଘ͢ࡏΔ߹ɼͦΕΒͷʠӺʡΛ͢ۦΔ͜ͱͰɼ֩ଋ͔ͳΓΤωϧΪʔ

ͷ͍ field-dressedϙςϯγϟϧΤωϧΪʔۂઢʹ·ͰʠજΔʡ͜ͱ͕Ͱ͖Δɽ͜ΕʹΑͬͯରԠ͢Δ

༗άϥϑදݱඇৗʹΠϕϯτͷଟ͍ෳࡶͳͷʹͳΔɽҰํɼલ߲ͷ !ωd = 5.0 eVͷ߹ͷΑ͏

ʹɼඇಁੑͷࠩަ͍ڧ͕ҰͭͰɼͦΕҎ֎ͷަࠩͷඇಁੑ͕ऑ͍Α͏ͳ߹ʹɼ͜ͷΑ͏ͳ֩

ଋͷʠજߦʡ͜ىΒͣɼ༗άϥϑදݱͦ͜·ͰෳࡶʹͳΒͳ͍ɽ

ϨʔβʔৼಈΛม͑Δ͜ͱͰɼަࠩͷҐஔΛม͑Δ͜ͱ͕Ͱ͖Δɽަࠩͷಁੑɼ2.3.2

߲ͷࣜ (2.68)ʹΑΔͱɼͦͷަࠩʹ͓͚Δͷͳ͍ͱ͖ͷ૬࡞ޓ༻߲ V12 ͱͱిࢠঢ়ଶͷ૬࡞ޓ༻

Λද͢ Jn[z]ͳΔ߲Ͱܾ·Δɽऀޙͷ߲ 1Λ͑ͳ͍ͷͰɼV12 ͷ͕খ͍͞ͱ͜ΖͰͦͦަࠩ

ͷඇಁੑ͕͘ڧͳΓΑ͏͕ͳ͍ɽ͕ͨͬͯ͠ɼV12 ͕ൺֱతେ͖ͳΛྖͭ࣋ҬͰަࠩΛ࡞ΕΔৼ

ಈͱɼJn[z]͕༗ҙͳΛͪ͏ΔڧΛͭϨʔβʔΛ༻͍Δ͜ͱͰɼඇಁੑͷࠩަ͍ڧΛ࡞Γ
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ਤ 4.5 Ϩʔβʔৼಈ !ωd = 0.5 eV ͷ߹ͷಁ field-dressedϙςϯγϟϧΤωϧΪʔۂઢͷ༷

ɽ্෦ͷࢠ α, β, γ, δ ɼͦͷԼʹ৳ͼΔਨઢ্ͷަࠩͷάϧʔϓΛࣔ͢͠ࢦϥϕϧͰ͋Δɽର

Ԡ͢Δ༗άϥϑදݱʢਤ 4.4ʣͷذΠϕϯτͷॎͷฒͼͱͦΕͧΕରԠ͢Δɽ·ͨɼઢܥͷશ

ΤωϧΪʔΛද͢ɽ

ग़͢͜ͱ͕Ͱ͖Δɽ͜ͷΑ͏ʹɼϨʔβʔͷৼಈʢͱڧʣΛదʹબͿ͜ͱͰɼඇಁతަࠩͷൃ

ੜΛ੍͠ޚɼঢ়ଶۭؒߏͷෳੑࡶΛ੍ޚͰ͖Δɽ

4.1.3 ·ͱΊͱٞ

ຊઅͰɼڧߴ CWϨʔβʔதͷ LiFޫࢠղԠͷঢ়ଶۭؒߏΛ༗άϥϑදݱʹΑͬͯ

ՄࢹԽ͠ɼͱ͘ʹϨʔβʔͷڧͱৼಈʹର͢Δঢ়ଶۭؒߏͷґଘੑʹؔͯͨ͠͠ߟɽϨʔβʔͷ

ઢͷٖަࠩΪϟοϓͷେ͖͞ʢʹඇಁੑʣ͕มΘΓɼϨʔβʔͷৼۂΛม͑Δ͜ͱͰٖΤωϧΪʔڧ

ಈΛม͑Δ͜ͱͰٖΤωϧΪʔۂઢͷٖަࠩͷҐஔͱ͕มΘΔɽ͜Εʹͬͯɼঢ়ଶۭؒߏมΘ

Γɼͱ͘ʹඇಁੑͷͭΑ͍ަࠩͷάϧʔϓʢҐஔ R ͓ʹઢͷਤۂ௨ͰϙςϯγϟϧΤωϧΪʔڞ͕

͍ͯॎʹฒͿ܈ʣ͕ෳଘ͢ࡏΔͱ͖ɼঢ়ଶۭؒߏෳࡶʹͳΔɽ͜͜Ͱʮෳʯͷަࠩͷάϧʔϓ

ͷଘ͕ࡏඞཁͰ͋Γɼ୯ಠͷඇಁੑͷࠩަ͍ڧͷάϧʔϓ͚ͩͰঢ়ଶۭؒߏෳࡶʹͳΒͳ͍ɽ

͜Εɼ୯ಠͷඇಁަࠩͷάϧʔϓͰɼΤωϧΪʔͷ͍ field-dressedϙςϯγϟϧۂઢ·Ͱʠજ

Δʡ͜ͱ͕Ͱ͖ͳ͍ͨΊͰ͋Δɽ

͜ͷΑ͏ͳঢ়ଶۭؒߏͷมԽෳੑࡶɼ༗άϥϑදݱʹΑͬͯײతʹѲͰ͖Δɽfield-

dressedϙςϯγϟϧΤωϧΪʔۂઢٖΤωϧΪʔۂઢͷਤΛோΊΔ͚ͩͰ͋Δఔঢ়ଶۭؒߏ

ͷ૾͕ͭ͘ɼ͜ΕΒͷਤʹʮ౸ୡՄੑʯͷใ͕ײతʹѲͰ͖ΔΑ͏ʹՄࢹԽ͞Ε͓ͯΒ

ͣɼμΠφϛΫεʹؔ༩͠ͳ͍ಁతަࠩಉ࣌ʹදࣔͯ͠͠·͍ͬͯΔɽ͜Εʹରͯ͠ɼ༗ά

ϥϑදݱɼʮඇಁੑʯͱʮ౸ୡՄੑʯΛ͋ΒΘʹྀߟʹೖΕ͍ͯΔͨΊɼঢ়ଶۭؒߏͷѲ͕ΑΓ

༰қͰ͋Δɽ·ͨɼϙςϯγϟϧΤωϧΪʔۂઢͷਤͱঢ়ଶۭؒߏ͕ײతʹ݁ͼͭ͘ͷ֩ࢠݪͷࣗ
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༝͕ 1ͷ߹ͷΈͰ͋Γɼଟࣗ༝ͷ߹ϙςϯγϟϧΤωϧΪʔۂ໘ͱ༗άϥϑදݱͷ݁ͼ͖ͭ

ࣗ໌Ͱͳ͍ɽ͕ͨͬͯ͠ɼଟࣗ༝ܥʹ͓͍ͯ༗άϥϑදݱʹΑΔՄࢹԽͷॏཁੑ͕ΑΓ૿͢Ͱ

͋Ζ͏ͱචऀ͑ߟΔɽ

ͨͩɼ༗άϥϑදݱΛோΊͯʮͳͥ͜ͷΑ͏ͳঢ়ଶۭؒߏʹͳΔͷ͔ʁʯͱ͍͏ٙΛ๊͘ͱ͖ʹ

ɼfield-dressedϙςϯγϟϧΤωϧΪʔۂઢٖΤωϧΪʔۂઢͷਤࢀর͢Δඞཁ͕͋Δɽʬঢ়ଶۭ

ਤߏઢਤͷೋछͷۂʭΛද͢ϙςϯγϟϧΤωϧΪʔߏ༺࡞ޓͱʬ૬ݱάϥϑදʭΛද͢༗ߏؒ

Λซ༻͢Δ͜ͱʹΑΓɼରͱ͢ΔඇஅԽֶಈྗֶܥͷཧղ͕ΑΓਂ·Δͱචऀ͑ߟΔɽ

4.2 LiFޫࢠղԠʹ͓͚Δႈతڍಈ

ຊઅͰɼLiFޫࢠղԠʹݟΒΕΔႈతڍಈʹؔͯٞ͢͠Δɽͱ͘ʹɼ͜ ͷႈతڍಈͷ͕ݯىɼ

ʹજΉߏలൃؒ࣌ Pascalͷߏܗ֯ࡾͱɼྔֶྗࢠతܦ࿏ׯবޮՌʹΑΔͷͰ͋Δ͜ͱΛূ͢Δɽ

2.4અʹ͓͍ͯɼLiFޫࢠղԠͷࢉܭͷ݁Ռ୯७ͳࢦؔతڍಈΛࣔ͞ͳ͍͜ͱΛड़

ͨɽ·ͨɼ֎ͷͳ͍ LiFࢠϞσϧͷؒ࣌ͷྔࢠଋࢉܭΛͨͬߦ BalakrishnanΒ 86) ɼղա

ఔʹ͓͚ΔԠϙϐϡϨʔγϣϯͷݮਰ P (t) ∝ t−1/2 Ͱ͋Δͱใ͍ͯ͠ࠂΔɽ൴Βɼෳͷण

໋ͷڞ໐ΤωϧΪʔ४ҐͷॏͶ߹Θ͕ͤ͜ͷႈతڍಈͷݪҼͰ͋Δͱ͍ͯ͠Δ͕ɼఆੑతͳઆ໌ʹͱͲ·

Γɼႈͷࢦ͕ −1/2Ͱ͋Δཧ༝આ໌͍ͯ͠ͳ͍ɽຊઅͰɼ͜ͷ LiFޫࢠղԠʹݟΒΕΔႈత

ࢦʹ͔Βઆ໌͠ɼ͞Β؍ͷߏలൃؒ࣌ಈΛڍ −1/2ͷݯىΛ໌Β͔ʹ͢Δɽ

4.2.1 ͷߏలൃؒ࣌ Pascalͷܗ֯ࡾͱ t−
1
2 ਰݮ

ਤ 4.6(a)ɼLiFޫࢠղԠͷ࠷୯७ͳঢ়ଶۭؒߏͷ༗άϥϑදݱͰ͋Δɽ͜͜ͰɼذΠ

ϕϯτͷۙ͘ʹ͋Δࣈࢵͷ pಁ௨ա֬Λද͢ɽಉਤ (b)ɼ͜ͷ༗άϥϑදݱʹ͓͍ͯసճΠϕ

ϯτ T2Λىʹͯ͠ඳ͍ͨɼҰൠԽ Poincaréࣸ૾Λද͢Ͱ͋Δɽಉਤ (c)ɼ༗άϥϑදݱ (a)ʹ

͓͍ͯసճΠϕϯτ T0ΛॳظΠϕϯτͱͨ͠ͱ͖ͷൃؒ࣌లߏͷμΠΞάϥϜͰ͋Δɽൃؒ࣌లߏ

ͷμΠΞάϥϜ (c)ͷதʹɼ෦ߏͱͯ͠ҰൠԽ Poincaréࣸ૾Λද͕͢෮తʹݱΕΔɽ͞Βʹɼ

ҰൠԽ Poincaréࣸ૾Λද͢ (b)Λಉਤ (d)ͷΑ͏ʹ؆ͯ͠ඳ͘ͱ*3ɼಉਤ (e)ͷΑ͏ͳൃؒ࣌లߏ

ͷμΠΞάϥϜ͕ඳ͚Δɽ͜͜Ͱɼൃؒ࣌లߏͷμΠΞάϥϜ (c)ͷ಄ͷ෦؆Ͱ͖ͳ͍ͷͰɼ

(e)Ͱ؆ͤͣʹඳ͍ͯ͋Δɽ·ͨɼ(d)ʹ͓͍ͯɼ (1− p)eiθaɼτa ͦΕͧΕసճΠϕϯτ T0Λܦ༝

͢Δஅతܦ࿏ͷભҠৼ෯ͱભҠؒ࣌ɼpeiθdɼτd ͦΕͧΕసճΠϕϯτ T1Λܦ༝͢Δಁతܦ࿏ͷ

ભҠৼ෯ͱભҠؒ࣌Λද͢ɽൃؒ࣌లߏͷμΠΞάϥϜ (e)ɼ໌Β͔ͳ Pascalͷߏܗ֯ࡾΛͭɽ

ΕΔݱʹͷμΠΞάϥϜߏలൃؒ࣌ Pascalͷߏܗ֯ࡾɼసૹԋࢠࢉʹΑΔهड़Ͱೋ߲ߏ

ʹରԠ͢ΔɽసճΠϕϯτ T2Λ༻͍ͯ Poincaré؆ͨ͠సૹԋࢠࢉɼ

Ĝ = peiθd T̂τd + (1− p)eiθa T̂τa (4.2)

Ͱ͋Δɽ͜ΕΑΓɼΠϕϯτ T2ʹͷΈணͨ͠ൃؒ࣌లߏ

|ψ⟩ =
∞∑

n=0

Ĝn|φ⟩ (4.3)

*3ղΠϕϯτলུͯ͠ඳ͘ɽ
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ਤ 4.6 LiFޫࢠղԠͷൃؒ࣌లߏʹݱΕΔ Pascalͷܗ֯ࡾɽ(a)LiFޫࢠղԠͷ࠷

୯७ͳঢ়ଶۭؒߏͷ༗άϥϑදݱɽࣈࢵͷ p ಁ௨ա֬Λද͢ɽ(b) ༗άϥϑදݱ (a) ʹ

͓͍ͯ T2Λىͱͨ͠ɼҰൠԽ Poincaréࣸ૾Λද͢ɽ(c)༗άϥϑදݱ (a)ʹ͓͍ͯ T0Λॳ

ͷμΠΞάϥϜɽ(d)Poincaréߏలൃؒ࣌Πϕϯτͱͨ͠ɼظ ࣸ૾Λද͢ (b) Λ؆Խͯ͠ඳ͍

ͨͷɽೋॏઢͷҹ؆͞ΕͨҹͰ͋Δ͜ͱΛࣔ͢ɽ(1− p)eiθaɼτa ͦΕͧΕసճΠϕϯτ

T0Λܦ༝͢Δஅతܦ࿏ͷભҠৼ෯ͱભҠؒ࣌ɼpeiθdɼτd ͦΕͧΕసճΠϕϯτ T1Λܦ༝͢Δ

ಁతܦ࿏ͷભҠৼ෯ͱભҠؒ࣌Ͱ͋Δɽ͜ͷμΠΞάϥϜ Poincaré ؆͞Εͨసૹԋࢠࢉͷμ

ΠΞάϥϜදݱͰ͋Δɽ(e)ൃؒ࣌లߏͷμΠΞάϥϜ (c)Λ Poincaré؆ͨ͠ͷɽ಄ͷ෦

(d)ͷμΠΞάϥϜͰඳ͚ͳ͍ͷͰ؆͍ͯ͠ͳ͍ɽ͜Ε Pascalͷܗ֯ࡾͷߏΛͭɽ
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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·ͨɼؒ࣌ਪਐԋࢠࢉ 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)

Ͱ͋Γɼnճసૹͨ݁͠Ռͷʮ֬ৼ෯ʯͷઈରೋ߲ʹͳΔɽ

ೋ߲ n͕ेେ͖͍ͱ͖ʹਖ਼نͰۙࣅͰ͖Δɽ͜ͷۙࣅʹΑΓɼࣜ (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)

ͱͨ͠ɽ͜ΕΒͷྔͦΕͧΕɼnݸʹͨ͠ذύέοτ܈ͷฏۉͷ T2౸ୡࠁ࣌ɼಁܦ࿏ͱஅܦ࿏

ͷભҠؒ࣌ͷࠩɼৼ෯ͷࢄΛҙຯ͢ΔɽҟͳΔసૹճ nɼmʹରͯ͠ۮવతʹ τnk = τmk′ ͱͳΔ

kɼk′ ͕ଘ͢ࡏΔঢ়گΛআ͚ɼ
⟨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 2ࣜɼnճసૹͨ͠ޙղͤͣʹసճΠϕϯτ T2ʹͬͯ͘ΔϙϐϡϨʔγϣϯΛ

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)

*4͢ͳΘͪɼࠁ࣌ 0ɼΠϕϯτ T2ʹΠϯύϧεೖྗΛԾఆ͢Δɽͭ·ΓɼφT2 = δ(t)ͱ͍͏͜ͱɽ
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ͱࢉܭͰ͖Δɽ͓͓·͔ʹɼn ≈ t/⟨τ⟩Ͱ͋Δ͔Βɼࠁ࣌ tʹ͓͍ͯղͤͣʹ͍ͯͬΔϙϐϡϨʔ

γϣϯ

P (t) ≈ 1√
4πp(1− p)

√
⟨τ⟩
t
ɼ t/⟨τ⟩ ≫ 1 (4.20)

ͱۙࣅతʹධՁͰ͖ΔɽॳظΠϕϯτΛ T0ͱ͢Δ࣮ݱతͳঢ়گઃఆͰɼਤ 4.6(e)ͷ؆͞Εͨൃؒ࣌

లߏͷμΠΞάϥϜͷɼ؆Ͱ͖ͳ͔ͬͨ಄ͷ෦͔Β͘Δิਖ਼ͱɼղ·ͰͷλΠϜϥάʹؔ͢Δิ

ਖ਼Λྀͯ͠ߟɼ

P (t) ≈ P0√
4πp(1− p)

√
⟨τ⟩

t− t0
ɼ (t− t0)/⟨τ⟩ ≫ 1 (4.21)

ͱͳΔɽ͜͜ͰɼP0 ॳظΠϕϯτ T0͔ΒॳΊͯ T2ʹ౸ୡ͢ΔϙϐϡϨʔγϣϯͰ 1− pʹ͘͠ɼ

t0 Πϕϯτ T0͔Βղ͢Δղଋ͕ղΠϕϯτ D1ʹ౸ୡ͢Δࠁ࣌Ͱ͋ΔɽҎ্ΑΓɼೖྗ

͕Πϯύϧεతʢ|T2, 0⟩ʣͰ͋Ε—͍͑ݴΔͱଋͷ෯͕ेখ͚͞Ε— LiFޫࢠղԠʹ

͓͍ͯɼԠϙϐϡϨʔγϣϯ P (t) ∝ t−1/2 ͷΑ͏ʹႈݮਰ͢Δ͜ͱ͕ۙࣅతʹࣔ͞Εͨɽ

ਤ 4.7ʹɼղੳࣜ (4.21)ͱɼྔࢠଋ͓ࢉܭΑͼసૹํఔࣜͷ݁ࢉܭՌͱͷൺֱΛࣔ͢ɽ͍··Ͱ

ͱͯ͠༻͍͖ͯͨɼৼಈ͕ྫࢉܭ !ωd = 5.0 eVɼڧ͕ Id = 1.0× 1013 W/cm2 ͷ CWϨʔβʔΛۦ

ಈͱ͠ɼܥͷશΤωϧΪʔ Etot = 1.1496 eV ͱ͍͏ঢ়گઃఆͷͱͨ͠ࢉܭɽ͜ͷ߹ͷ༗άϥ

ϑදݱΛਤ Δɽ͜Εਤ͢ܝ࠶ʹ4.8 4.6(a)ͷΑ͏ͳ୯७ͳߏͰͳ͍ɽ͔͠͠ɼ͜ͷ߹ͷ༗άϥ

ϑදݱͷ֎ଆαΠΫϧͷपظ 1 psͷΦʔμʔͰ͋ΔͷͰɼؒ࣌ͷղڍಈଆαΠΫϧͷΈͰܾ

·ΔɽΑͬͯेؒ࣌Ͱ͋ΔͳΒɼ͜ͷ߹ʹ͓͍ͯղੳࣜ (4.21)Λద༻Ͱ͖Δɽͨͩ͠ɼ֎ଆαΠ

Ϋϧʹτϥοϓ͞ΕΔϙϐϡϨʔγϣϯͷएׯͷิਖ਼߲ͱͯ͠ɼҎԼͷ߲Λղੳࣜ (4.21)ʹ͚Ճ͑Δɿ

p(1− p′)f1(t) + 2p(1− p)2(1− p′)f2(t)ɽ (4.22)

͜͜Ͱɼୈ 1߲ॳظΠϕϯτ T0͔Β B3ʹ౸ୡͯ͠֎ଆαΠΫϧʹೖͬͨϙϐϡϨʔγϣϯͷڍ

ಈΛද߲͢ɼୈ 2 ߲ॳظΠϕϯτ T0 ͔ΒҰप͚ͩଆαΠΫϧΛճͬͯ B3 ʹΓ֎ଆαΠΫϧࢸʹ

ೖͬͨϙϐϡϨʔγϣϯͷڍಈΛද߲͢Ͱ͋ΔɽଆαΠΫϧΛೋपҎ্ճ͔ͬͯΒ֎ଆαΠΫϧʹೖΔ

ϙϐϡϨʔγϣϯɼ֎ଆαΠΫϧ͔ΒଆαΠΫϧʹͬͯ͘ΔϙϐϡϨʔγϣϯेখ͍͞ͷͰແ

′Δɽp͢ࢹ ذΠϕϯτ B3ɼB4ʹ͓͚Δಁ௨ա֬Ͱ͋Γɼݮਰؔ fi(t)ݹయతࢦݮਰΛԾ

ఆͨ͠*5ɿ

fi(t) =

{
1 t < ti
e−kt t ≥ ti

ɽ (4.23)

͜͜Ͱɼఆ kɼ֎ଆαΠΫϧʹؔ͢Δݹయఆྻߦ (3.73)Ͱఆ·Γɼti ֤ϙϐϡϨʔγϣ

ϯ͕͡ΊͯղΠϕϯτ D3ʹ౸ୡ͢Δࠁ࣌Ͱ͋Δɽ

ਤ 4.7ͰࠇਨઢͰࣔͨ͠ࠁ࣌ t1 ·Ͱɼྔࢠଋࢉܭɼసૹํఔࣜɼղੳࣜ (4.21)ͷ݁ࢉܭՌҰ

க͢Δɽ͜ͷ 3ͭͷ݁ՌͷҰகɼࠁ࣌ t1 ·ͰɼLiFޫࢠղաఔ͔֬ʹࢦ −1/2ႈతڍಈΛ

ࣔ͢͜ͱΛࣔࠦ͢Δɽ͜͜Ͱࠁ࣌ t1 ɼ֎ଆαΠΫϧʹೖͬͨଋ͕ॳΊͯղΠϕϯτ D3ʹ౸ୡ͢

Δࠁ࣌Ͱ͋Δɽ͜ͷ͜ͱ͔Βɼ֎ଆαΠΫϧͷӨڹͷิਖ਼߲ (4.22)ͷۙࣅͷѱ͕͞ɼղੳࣜͱྔࢠଋ

ͳΔɽ͔͠͠ɼ͜ͷ֎ଆαΠΫϧิਖ਼ʹؔ͢Δۙͨ͑͘ߟҼͱݪͷ݁Ռͱͷဃͷࢉܭɾసૹํఔࣜࢉܭ

Ҏ֎ʹɼղੳࣜࣅ (4.21)Λಋग़͢ΔࡍʹԾఆͨ͠Πϯύϧεೖྗɼ͢ͳΘͪଋͷ෯Λແ͢ࢹΔͱ͍

͏Ծఆ͕ଥͰͳ͍Մੑ͋Δɽଋ͕༗ݶͷ෯Λͭ߹ɼͨ͠ذଋಉ͕࢜ʮۮવతʹʯॏͳΓ

*5ݹయաఔͱݹయաఔ͕ဃ࢝͠ΊΔͷܦ࿏߹ྲྀׯব͕͜ىΓ࢝Ί͔ͯΒͰ͋Δɽܦ࿏߹ྲྀ͕͜ىΔͷ 3पҎ
߱Ͱ͋Δ͔Βɼগͳ͘ͱ 2प·ͰͷڍಈݹయతࢦݮਰͰهड़Ͱ͖Δɽ
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ਤ 4.7 LiFޫࢠղԠʹ͓͚ΔႈతڍಈΛઆ໌͢Δղੳࣜ (4.21)ͱɼྔ Αͼసૹํ͓ࢉܭଋࢠ

ఔࣜͷࢉܭͱͷ݁ՌͷൺֱɽʠImpulse Inputʡ͕ղੳࣜΛද͢ɽϨʔβʔৼಈ !ωd = 5.0 eVɼ

Ϩʔβʔڧ Id = 1.0 × 1013 W/cm2 ͷ CW ϨʔβʔΛۦಈͱ͠ɼܥͷશΤωϧΪʔ Etot =

1.1496 eV ͱͨ͠ɽ֎ଆαΠΫϧ͕ଘ͢ࡏΔ͜ͱʹର͢Δิਖ਼߲ (4.22) Λ༻͍ͨɽதԝͷਨઢɼ

֎ଆαΠΫϧʹೖͬͨଋ͕ॳΊͯղΠϕϯτ D3 ʹ౸ୡ͢Δࠁ࣌ t1 Λࣔ͢ɽͳ͓ɼp = 0.3217ɼ

⟨τ⟩ = 62.11 fsͰ͋Δɽ
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ਤ 4.8 ਤ 4.7 Ͱఆͨ͠ঢ়گʹରԠ͢Δ༗άϥϑදݱɽϨʔβʔͷৼಈɼڧɼܥͷશΤωϧ

Ϊʔਤͷ্෦ʹࣔͨ͠ͱ͓ΓͰ͋ΔɽذΠϕϯτΛද͢ͷۙ͘ʹ͋Δࣈಁ௨աͷ֬

Λද͠ɼ֤༗ลʹ͞Εͨࣈͦͷ༗ลͷભҠؒ࣌Λද͢ɽΠΦϯ݁߹ੑঢ়ଶʹؔ͢Δͷ

৭ɼڞ༗݁߹ੑঢ়ଶʹؔ͢Δͷ੨৭Ͱ͍ࣔͯ͠Δɽʢલষͷਤ 3.16ͱಉ͡ͷʣ

߹͍ɼׯবΛ͜͢͜ىͱ͕͋Γ͏Δɽଋͷ͕ذਐΈଟ͘ͷଋ͕ಉ࣌ʹӡಈ͢Δྖؒ࣌ҬͰͱ͘

ʹɼ͜ͷۮવతׯবͷޮՌແࢹͰ͖ͳ͘ͳΔͩΖ͏ɽͦ͜Ͱ߲࣍Ͱɼ͜ͷۮવతׯবޮՌʹ͍ͭͯٞ

͢Δɽ
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4.2.2 पճΕଋͷׯবޮՌͱႈݮਰͷऴᖼ

Πϯύϧεೖྗͷͱ͖ʹɼLiFޫࢠԠͷաఔɼࢦ −1/2ͷႈݮਰʹै͏͜ͱ͕Θ͔ͬͨ

͕ɼ࣮ࡍʹೖྗ෯Λͭɽೖྗ͕෯Λͭ࣋߹ɼҟͳΔ nɼmʹରͯ͠ɼ⟨ψ(n)|ψ(m)⟩ ̸= 0ͱͳΔ͜

ͱ͕͋ΓಘΔɽ͜ΕʮपճΕʯͷଋͱͷׯবޮՌͰ͋Γɼ͜ͷ߲Ͱ͜ͷׯবޮՌʹؔͯ͠ૈ͍ݟ

ੵΓΛࢼΈΔɽ

ೖྗʹґଘͯ͠ɼपճΕׯবͷޮՌมΘͬͯ͠·͏ͷͰɼ͜͜ͰཧԽ͞Εͨঢ়گΛ͑ߟΔɽΠ

ϯύϧεೖྗͷͱ͖ɼ|ψ(n)⟩ೋ߲ߏΛ͕ͭɼલ߲Ͱ͜ΕΛਖ਼نͰۙͨ͠ࣅɽ͜͜Ͱͦ
ͷۙࣅΛ༻͍ɼࢄతΛ࣍ͷ࿈ଓͰஔ͖͑Δɿ

⟨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)

ͱ͢Δɽ͜Εɼ⟨ψ(n)|ψ(n)⟩ Λ͢ࢉܭΔͱ͖ʹΛੵʹஔ͖࣌ͨ͑ͱಉ༷ͷ࿈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 ʹͯղͤͣʹ͍ͯͬΔϙϐϡϨʔγϣϯ

⟨ψ(n)|ψ⟩ ≈ 1√
4πp(1− p)

∞∑

k=−∞

1√
n+ k/2

e−
k2

2n+kβ2

cos kϕ (4.29)

ͱੵݟΕΔɽ͜ͷͷୈ k߲ɼnपճͷଋ܈ |ψ(n)⟩ʹରͯ͠ɼkपճΕͷଋ͕܈ͲΕ͚ͩॏ

ͳΓΛ͔ͭʢʹׯব͢Δ͔ʣΛද͍ͯ͠ΔɽGaussͷੑ࣭͔Βɼ͜ͷͷୈ k߲
√
nΑΓখ͍͞

ΦʔμʔͰͳ͍ͱ༗ҙͳΛͨͳ͍ͷͰɼ

⟨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)ʹΑΔૈ͍ੵݟΓͷ݁ՌΛਤ 4.9ʹࣔͨ͠ɽ໌Β͔ʹɼଋ͕෯Λͭ͜ͱʹΑΔपճΕ

বʹΑͬͯɼtׯ > 1.0 ps͔Βղ͕Ճ͍ͯ͠Δ͜ͱ͕Θ͔Δɽͨͩ͠ɼ࿈ଓԽͷ͍ۙૈ͕ࣅͷͰ࣌

ड़Ͱ͖͍ͯͳ͍ɽهಈ͜ͷղੳղͰڍؒ
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ਤ 4.9 LiFޫࢠղԠʹ͓͚ΔपճΕଋׯবͷޮՌɽʠFinite-Widthʡɼղੳࣜ (4.31)ʹ

֎ଆαΠΫϧิਖ਼߲ΛՃ͑ͨͷΛϓϩοτͨ͠ɽ͜͜Ͱɼβ = −8.735ɼϕ = 2.601 radͰ͋Δɽͦ

ΕҎ֎ਤ 4.7ͱಉ͡Ͱ͋Δɽ

4.2.3 ·ͱΊͱٞ

ຊઅͰɼLiFޫղԠͷൃؒ࣌లߏ͕ Pascalͷߏܗ֯ࡾΛͭͱ͍͏͜ͱ͔Βɼաఔͷ

t−1/2 ਰΛఆྔతʹઆ໌ͨ͠ɽ·ͨɼ͜ͷݮ Pascalͷߏܗ֯ࡾ͔Βੜ͡Δྔܦࢠ࿏ׯবঢ়ଶۭؒߏ

͔Βੜ͡ΔඞવతͳׯবͰ͋Γɼ͜ͷඞવతܦ࿏ׯবʹΑΔႈݮਰɼपճΕׯবͳͲͷଋͷ෯Ґ

૬ͷ݅ʹґଘ͢ΔۮવతׯবʹΑ่ͬͯյ͢Δ͜ͱΛࣔࠦ͢Δ݁ՌΛಘͨɽ͜ͷՌɼߏత؍ʹ

ΑΔղੳͷ༗༻ੑΛࣔ͢ͷͰ͋Δɽ

বʹؔ͢ΔͷͰ͋ΔׯવతଋۮΓɼݶΔ͕ࢲɼڀݚবޮՌͷׯଘͷଋط 27–37)ɽ͢ͳΘͪɼ

ॳظଋͷ෯Ґ૬ͳͲͷύϥϝʔλʹΑΓӨڹΛड͚ΔͷͰ͋Δ͔ɼۮવతʹঢ়ଶۭؒߏʹରশੑ

͕ੜ͡Δ߹ʹ͍ͭͯͷղੳͰ͋ΔɽຊڀݚͰݟग़ͨ͠ඞવతܦ࿏ׯবʹΑΔႈڍಈɼଋ෯͕ेڱ

͍ͱ͍͏݅͑͞ຬͨͤɼඞવతʹൃੜ͢ΔීวతͳϝΧχζϜͰ͋Δͱචऀ͑ߟΔɽ

Խֶಈྗֶʹ͓͍ͯႈతڍಈ͕ݟΒΕΔͱ͍͏ใࠂɾཧղੳɼྫ͑ݹయஅ 3ࣗ༝ܥͳͲͰ͞

Ε͍ͯΔ 96–98)ɽ͜ͷ߹ͷႈతڍಈͷഎޙʹʮΞʔϊϧυͷͷʯͷଘ͕͋ࡏΔɽຊڀݚͰѻͬͨ

Ϟσϧࣗ֩ࢠݪ༝͕ 1Ͱ͋Γɼ͔ͭຊڀݚͰݟग़͞Εͨႈతڍಈ֩ଋͷׯবޮՌʹΑͬͯੜ͡Δ

ͷͰ͋Δɽ͕ͨͬͯ͠ɼຊڀݚͰݟग़͞ΕͨႈతڍಈΞʔϊϧυͷͷͱผͷߏػʹΑΔͷͰ

͋ΔɽʮඇஅભҠʹΑΔΧΦεʯͱ͍͏֓೦͕ఏএ͞Ε͍ͯΔ͕ 38)ɼຊڀݚͷ݁ՌඇஅભҠʹΑΔ

ΧΦε͕ݹయΧΦεͱಉ༷ʹႈతڍಈΛҾ͖͏͜͠ىΔ͜ͱΛࣔ͢ͷͰ͋Δɽ

ճࠓ Pascalͷܗ֯ࡾͱ͍͏ಛघͳߏʹґଘͨ͠ํ๏ͰݱͷղੳΛͨͬߦɽΑΓҰൠతͳܥʹର

యํఔࣜΛղੳ͢ΔͳͲɼผݹΒͳ͍ɽͦͷ߹ʹɼݶճͷΑ͏ʹղੳ͕͏·͍͘͘ͱࠓͯ͠

ͷղੳखஈ͕ඞཁͰ͋Δɽ3.4.6߲Ͱಋग़ͨ͠ݹయํఔࣜແݩ࣍ݶઢܗৗඍํఔࣜͰ͋ΔͨΊɼ

աఔΛද͢ղ͕༗ݸݶͷࢦؔͷͰॻ͚Δอূͳ͘ɼႈతڍಈΛࣔ͢ղ͕ଘ͏͠ࡏΔɽݹయ

ํఔࣜʹؔ͢Δࢉܭཧղੳख๏ͷ։ൃΛਐΊΔ͜ͱɼԽֶԠಈྗֶͷΈͳΒͣඇઢܗՊ

ֶෳܥࡶՊֶͷ͞ΒͳΔൃలʹد༩͢Δͱචऀظ͢Δɽ
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4.3 LiFޫࢠղԠͷߏͷޫ؍ଌՄੑ

ຊઅͰɼ͍··ͰͷٞͱझΛม͑ͯɼLiFޫࢠղԠͷߏͷޫ؍ଌՄੑʹؔͯٞ͠

͢Δɽલઅ·ͰͷٞͰɼඇஅԽֶಈྗֶͷঢ়ଶۭؒߏΛද͢༗άϥϑදݱΛୈҰݪཧతʹ

ଌ؍ˠߏలൃؒ࣌ˠߏཧˠঢ়ଶۭؒݪɽ͢ͳΘͪɼʮ͖ͨͯͬߦͷղੳΛݱ͍ͯ༺ங͠ɼͦΕΛߏ

ྔʯͷྲྀΕʹԊͬͯٞΛਐΊ͖ͯͨɽͰɼ͜ͷҹΛ͖ٯʹਐΜͰɼ؍ଌྔ͔Βൃؒ࣌లߏঢ়

ଶۭؒߏΛ໌Β͔ʹͰ͖ΔͰ͋Ζ͏͔ʁຊઅͰɼචऀ͕ఏҊͨ͠ʮ༠ಋࣹεϖΫτϩάϥϜʯʹΑ

ΔɼLiFޫࢠղԠͷߏͷޫ؍ଌՄੑʹؔͯٞ͢͠Δɽʮ༠ಋࣹεϖΫτϩάϥϜʯͱɼ

TakatsukaɼArasakiΒ͕ཧతʹ༧ͨ͠ݴඇஅಈྗֶʹΑΔ༠ಋࣹݱ 64,65) ΛԠ༻ͯ͠ɼඇஅ

Խֶಈྗֶͷؒ࣌ղޫ؍ଌख๏ͱͯ͠චऀ͕ཧతʹఏҊͨ͠ͷͰ͋Δ 40)ɽҎԼͰɼ·ͣඇஅ

༠ಋࣹͷݪཧʹ͍ͭͯઆ໌͠ɼ༠ಋࣹεϖΫτϩάϥϜͷ֓೦Λಋೖ͢Δɽଓ͍࣮ͯ݁ݧՌΛ

ࣔ͠ɼޙ࠷ʹʮ؍ଌྔˠൃؒ࣌లߏɾঢ়ଶۭؒߏʯͷྲྀΕͷ࣮ݱՄੑʹ͍ͭͯ؆୯ʹٞ͢Δɽ

ͳ͓ɼຊઅͷओͳ༰ɼචऀͷݪஶจͱͯ͠ग़൛ࡁΈͰ͋Δɽ[Y. Mizuno, Y.Arasaki, and K.

Takatsuka, The Journal of Chemical Physics 145, 184305 (2016).]

4.3.1 ༠ಋࣹݱ

͜ͷ߲Ͱɼۙ Takatsuka ʹΑͬͯཧతʹ༧ଌ͞ΕɼArasaki ΒʹΑͬͯৄ͞ڀݚʹࡉΕͨɼϨʔ

βʔʹΑͬͯۦಈ͞Εͨඇஅಈྗֶ͔Βͷ༠ಋࣹݱ 64,65) ʹ͍ͭͯઆ໌͢ΔɽϨʔβʔʹΑͬ

ͯࢠͷిࢠঢ়ଶ͕ඇஅతʹ༳͞ͿΒΕɼిՙ͕ܹؒ࣌͘͠มಈ͢ΕɼࢠిؾࢠۃࣹΛ

తઆ໌Ͱ͋Δɽ؍ͷϝΧχζϜͷݱͣͩ——ͱ͍͏ͷ͕ɼ͜ͷ͢͜ى

ిՙిྲྀ͕ؒ࣌తʹܹ͘͠มಈ͢Δͱ͖ɼपғͷۭؒʹి࣓͕์ग़͞ΕΔ͜ͱݹయి࣓

Ͱ͋Δ߲ࣄຊجΔ͚͓ʹֶؾ 99)ɽ͜ͷ࣮ࣄྔࢠͰΓཱͪɼࢠͷʢిؾʣࢠۃϞʔϝϯτͷ

Ͱ͖ΔࢉܭͰࣜ࣍ബΨεதͰɼرࣹͷύϫʔεϖΫτϧɼࢠۃؾมಈ͔ΒੜͣΔిؒ࣌ 100,101)ɿ

S(ω) =
N2ω2

16ε0π2c3r2T

∣∣∣∣∣

∫ t+T

t
µ̇(t′)eiωt′dt′

∣∣∣∣∣

2

dΩɽ (4.32)

͜͜Ͱɼµ̇ ؒ࣌มಈ͢ΔిؾࢠۃϞʔϝϯτͷؒ࣌ඍɼN ࢠɼr ࢠͱޫݕग़ثͱͷڑ

ɼdΩडޫ໘ੵɼT ؍ଌؒ࣌Ͱ͋Δɽ௨ৗ T → ∞ͱ͢ΔɽLiFࢠϞσϧʹ͓͍ͯ*6ɼۃ

มಈؒ࣌Ϟʔϝϯτͷࢠ µ(t)ɼ

µ(t) =

∫ [
µ1(R)|Ψ1(R, t)|2 + µ2(R)|Ψ2(R, t)|2

]
dR (4.33)

ʹΑͬͯࢉܭͰ͖Δɽ͜͜Ͱ Ψi ಁදࣔͷ֩ଋͰ͋ΔɽLiFࢠͰɼΠΦϯ݁߹ੑঢ়ଶͱڞ༗݁

߹ੑঢ়ଶͷؒͰಁঢ়ଶؒભҠ͕͜ىΔɽΠΦϯ݁߹ੑঢ়ଶͱڞ༗݁߹ੑঢ়ଶͷࢠۃϞʔϝϯτ µ1 ͱ

µ2 ͕େ͖͘ҟͳΔ͔Βɼ͜ͷಁঢ়ଶؒભҠࢠͷࢠۃϞʔϝϯτͷܹ͍͠มಈΛҾ͖͢͜ىɽ

4.1અͰड़ͨͱ͓Γɼಁঢ়ଶؒભҠڧߴ CWϨʔβʔʹΑͬͯ༠͢ىΔ͜ͱ͕Ͱ͖Δɽ͕ͨͬ͠

ͯɼڧߴ CWϨʔβʔதͷ LiFࢠɼʹΑͬͯ༠͞ىΕͨಁঢ়ଶؒભҠʹΑΓɼࢠۃࣹ

Λ͢͜ىͱظͰ͖Δɽ࣮ࡍɼArasakiΒࢉܭʹΑͬͯɼڧߴ CWϨʔβʔதͷ LiF͕ࢠ

ൃޫ͠͏Δ͜ͱΛ֬ೝͨ͠ 64)ɽҎ্͕༠ಋࣹݱͷݪཧͰ͋Δɽ

*6LiFࢠϞσϧͷ֤छϊʔςʔγϣϯʹ͍ͭͯ 2.4અΛࢀরɽ
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Ҏ্ͷݪཧͷઆ໌͔ΒΘ͔ΔΑ͏ʹɼಁঢ়ଶؒભҠ͕༗ҙʹ͜ىΔ֩ஔʹͳ͍ݶΓɼ༠ಋࣹ؍

ଌ͞Εͳ͍ɽLiFࢠͷ߹ʹɼ͜ͷಁঢ়ଶؒભҠ͕༗ҙʹ͜ىΔ֩ஔʹҎԼͷ 2छྨ͕͋Δɿ

• field-dressedϙςϯγϟϧΤωϧΪʔۂઢͷަࠩྖҬ

• ଆసճࠨΕͨଋͱͷۭؒతॏͳΓ͕େ͖͘ͳΔ͞ʹఈঢ়ଶج

͡Ίͷ߲΄΅ࣗ໌Ͱ͋ΔɽަࠩྖҬʹ͓͍ͯɼ·͞ʹ֩ଋͷذΠϕϯτ͕͍ͯͬ͜ىΔͱ͖ʹɼ

༠ಋࣹͷڧ͕͘ڧͳΔɽ͜ͷͱ͖ɼ͓͓ͬ͟ͺʹͯͬݴɼࢠڞ໐తʹޫࢠͷٵऩɾ์ग़Λ͜ى

͢ͷͰɼ֎Ϩʔβʔͷৼಈͷഒͷৼಈͷޫ͕༠ಋࣹ͞ΕΔʢߴ࣍ߴௐൃੜʣɽ2൪ͷ߲

ɼ͡Ίجఈঢ়ଶʹ͋ΔଋΛύϧεϨʔβʔʹΑͬͯి͢ىྭࢠΔ͜ͱͰԠΛελʔτͤ͞Δͱ

ʹࡍΔͱ͖ɼ࣮͢ىྭࢠఈঢ়ଶ͔ΒύϧεϨʔβʔͰిجతͳઃఆͷͱ͖ʹॏཁʹͳΔɽ࣮ݱ͍ͨͬ

ଟ͘ͷྭ͞ىΕͣʹجఈঢ়ଶʹΔɽ͜ͷجఈঢ়ଶͷଋͱྭىঢ়ଶͷଋ͕ۭؒతʹॏͳΓ߹

͏ͱɼׯবʹΑͬͯ༗ҙͳࢠۃϞʔϝϯτͷؒ࣌มಈ͕ΈΒΕΔɽ͜ͷͱ͖ͷࢠۃϞʔϝϯτͷؒ࣌

มಈͷৼಈɼجఈঢ়ଶଋͱྭىঢ়ଶଋͷΤωϧΪʔࠩͷఔͰ͋Δɽ

Ҏ্ͷΑ͏ʹɼذΠϕϯτͱࠨଆసճΠϕϯτ͕͍ͯͬ͜ىΔͱ͖ʹ LiFࢠൃޫ͠ɼ͔ࣹ͠

͞ΕΔޫͷৼಈΠϕϯτ͝ͱʹҟͳΔɽ͜ͷੑ࣭Λར༻͢Εɼʮ͍ͭɼͲͷΠϕϯτ͕͍ͯͬ͜ى

Δͷ͔ʯݕग़Ͱ͖ΔͷͰͳ͍͔ͱظͰ͖Δɽ࣍ͷ߲Ͱɼ͜ͷ༠ಋࣹݱͷੑ࣭Λ༻͍ͨؒ࣌ղ

ޫ๏ͱͯ͠චऀ͕ఏҊͨ͠ʮ༠ಋࣹεϖΫτϩάϥϜʯʹ͍ͭͯղઆ͢Δɽ

4.3.2 ༠ಋࣹεϖΫτϩάϥϜ

લ߲ͷٞΑΓɼʮ͍ͭɼͲͷৼಈͷޫ͕ࣹ͞Ε͍ͯΔ͔ʯΛݕग़Ͱ͖Εɼʮ͍ͭɼͲͷΠϕϯτ

ؒ࣌ग़Ͱ͖ΔՄੑ͕͋Δ͜ͱ͕Θ͔ͬͨɽ͢ͳΘͪɼݕΔ͔ʯΛ͍͖ͯى͕ tͱৼಈ ω ͷؔͱͯ͠

༠ಋࣹͷύϫʔεϖΫτϧ͕ଌఆͰ͖Εɼൃؒ࣌లߏʢͷҰ෦ʣΛ؍ଌྔ͔ΒٻΊΔ͜ͱ͕Ͱ͖Δ

ͩΖ͏ɽͦ͜Ͱɼ࣍ͷؒ࣌ FourierมʢSTFT: Short Time Fourier TransformʣΛ͑ߟΔɿ

STFTµ̇,w(t,ω) =

∫ ∞

−∞
µ̇(t′)w(t′ − t)eiωt′dt′ɽ (4.34)

͜͜Ͱɼw ૭ؔͱΑΕΔͷͰɼຊڀݚͰ Hann૭

wHann(t
′) =

{
1
2

(
1− cos 2π(t′+τ)

2τ

)
−τ < t′ < τ

0 otherwise
(4.35)

Λ༻͍ͨɽ͜͜Ͱ τ ૭ؔͷ෯ΛܾΊΔύϥϝʔλͰ͋Δɽؒ࣌ Fourierม (4.34)ɼࠁ࣌ tۙ

ͷৼಈͷใΛΓग़͢ͷͰ͋Γɼ࣮ݧతʹपղޫήʔτ๏ʢFROG: Frequency

Resolved Optical Gatingʣ102) ޫεϖΫτϩάϥϜείʔϓ 103,104) ͳͲͰ࣮ݱͰ͖Δ*7ɽࣜ (4.34)

Λ tͱ ω ͷؔͱͯ͠දࣔͨ͠ ͷάϥϑ͕ʮ༠ಋࣹεϖΫτϩάϥϜʯͰ͋Δɽݩ࣍2

ҎԼͰɼڧߴ CWϨʔβʔதͷ LiFޫࢠղʹԠ͍ͭͯɼ༠ಋࣹεϖΫτϩάϥϜΛ

݁ͨ͠ࢉܭՌΛࣔ͢ɽ͜͜Ͱɼલઅ·ͰͷٞͱҟͳΓɼॳظ݅جఈঢ়ଶʹ༻ҙ͠ɼGaussܕͷแ

བྷઢΛͭύϧεϨʔβʔʢৼಈ !ωp = 6.94eVɼڧ Ip = Idɼશ෯ 20 fsʣʹΑΓɼجఈঢ়ଶͷ

ଋΛྭىঢ়ଶʹྭ͢ىΔͱ͍͏ɼΑΓ࣮ݱతͳঢ়گઃఆͷͱࢉܭΛͨͬߦɽ͜ͷঢ়گઃఆͰɼసճ

Πϕϯτ͔ΒͷൃޫͷϐʔΫৼಈ ω ∼ ωp Πϕϯτ͔ΒͷൃޫͷϐʔΫৼಈذΕɼݱʹ ωd ͷ

ഒͷͱ͜ΖʹݱΕΔɽ

*7ͨͩ͠ɼຊڀݚͰଌఆ͍ͨ͠༠ಋࣹεϖΫτϩάϥϜʹؔͯ͠ेͳਫ਼͕ͰΔ͔ఆ͔Ͱͳ͍ɽ
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ਤ 4.10 Case A: !ωd = 5.0 eVɼId = 1.0 × 1013 W/cm2ɽ͔ࠨΒॱʹɼ(i) ؍ؒ࣌ଌͨ͠

߹ͷ༠ಋࣹεϖΫτϧ S(ω)ɼ(ii) ΠΦϯ݁߹ੑঢ়ଶͷಁ֩ଋͷઈରೋͷൃؒ࣌లͷ༷ࢠ

|Ψ1(R, t)|2ɼ(iii) ࢠలͷ༷ൃؒ࣌༗݁߹ੑঢ়ଶͷಁ֩ଋͷઈରೋͷڞ |Ψ2(R, t)|2ɼ(iv) ༠

ಋࣹεϖΫτϩάϥϜ S(t,ω) Λࣔ͢ɽࠨͷఆৗεϖΫτϧ S(ω) ʹ͓͚Δॎઢɼ֎ͷ CW

Ϩʔβʔͷഒͷͱ͜ΖʹҾ͍ͯ͋Δɽ

Case A: !ωd = 5.0 eVɼId = 1.0× 1013 W/cm2

ॳͷྫɼຊจதͰͨͼͨͼऔΓ্͛ͨ࠷ͣ· !ωd = 5.0 eVɼId = 1.0× 1013 W/cm2 ͷ߹Ͱ͋

Δɽਤ 4.10ʹ݁ՌΛࣔ͢ɽਤʹͨ͠ࡌܝͷ͔ࠨΒॱʹɼ(i)؍ؒ࣌ଌͨ͠߹ͷ༠ಋࣹεϖΫτϧ

S(ω)ɼ(ii) ΠΦϯ݁߹ੑঢ়ଶͷಁ֩ଋͷઈରೋͷൃؒ࣌లͷ༷ࢠ |Ψ1(R, t)|2ɼ(iii) ੑ߹༗݁ڞ

ঢ়ଶͷಁ֩ଋͷઈରೋͷൃؒ࣌లͷ༷ࢠ |Ψ2(R, t)|2ɼ(iv)༠ಋࣹεϖΫτϩάϥϜ S(t,ω)Ͱ

͋Δɽ

֩ଋͷൃؒ࣌లʹ͓͍ͯɼR ∼ 2 ÅͷྖҬͰपظ τvib ∼ 60 fsͷৼಈӡಈ͕ݟΒΕΔɽ͜ΕʹରԠ͢

ΔΑ͏ʹɼৼಈ͕ ω ∼ ωp Ͱ͋Δ༠ಋࣹपظ T ∼ 60 fsͰ໌໓Λ܁Γฦ͍ͯ͠Δɽઌड़ͷͱ͓Γɼ

͜ͷൃޫసճΠϕϯτʹ༝དྷ͠ɼৼಈӡಈͷసճͷλΠϛϯάʹ߹Θͤͯൃޫ͢Δɽ͕ͨͬͯ͠ɼ͜ͷ

ൃޫͷ໌໓प͔ظΒଋͷৼಈӡಈͷपظΛਪఆͰ͖Δɽ·ͨɼৼಈ ω ∼ 2ωp ʹ͓͍ͯ໌໓͕ݟΒ

ΕΔ͕ɼ͜Εৼಈ ωp ͷ 2ഒͰ͋Δɽ͜ͷ 2ഒͷڧؒ࣌తʹݮਰ͍͕ͯ͘͠ɼ͜Εղʹ

ΑΔྭىଋͷݮগΛө͍ͯ͠Δɽ

Case B: !ωd = 0.5 eVɼId = 1.0× 1012 W/cm2

ɼʹ࣍ !ωd = 0.5 eVɼId = 1.0 × 1012 W/cm2 ͷ߹Λྫͱͯ͠औΓ্͛Δɽਤ ՌͰ݁ࢉܭ4.11͕

͋Δɽ͜Ε 4.1અʹ͓͍ͯঢ়ଶۭؒߏͷϨʔβʔৼಈґଘੑΛٞͨ͠ͱ͖ʹɼඇৗʹෳࡶͳঢ়ଶ

ਤݱάϥϑදΛͭྫͱͯࣔͨ͠͠߹ͱಉ͡Ͱ͋ΔɽରԠ͢Δ༗ߏۭؒ 4.4Ͱ͋Δɽ

ෳࡶͳঢ়ଶۭؒΛө͢ΔΑ͏ʹɼ֩ଋͷൃؒ࣌లߏʹ͓͍ͯෳࡶͳذ༥߹ߏ͕ݟΒΕΔɽ

֩ͨ͠ذଋҟͳΔλΠϛϯάͰࠨଆసճʹͬͯ͘ΔɽͦΕʹରԠ͢ΔΑ͏ʹɼω ∼ ωp ͷྖҬ

Ͱͷൃޫɼ Case Aͷͱ͖ͷΑ͏ʹपظతͰͳ͘ɼͦΕͧΕͷ֩ଋ͕ࠨଆసճʹͬͯ͘
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ਤ 4.11 Case B: !ωd = 0.5 eVɼId = 1.0× 1012 W/cm2ɽਤ 4.10ͱදࣔํ๏ಉ͡Ͱ͋Δɽ

ΔλΠϛϯάͰൃޫ͢Δɽ͜ͷΑ͏ʹɼෳͷपظΛͭ֩ଋͷৼಈӡಈͷใ͕༠ಋࣹεϖΫτϩ

άϥϜʹө͞Ε͍ͯΔɽ·ͨɼൃޫڧʹ֤ܦ࿏ͷذൺͷใ͕ө͞ΕΔɽ

͜ͷෳपظͷৼಈӡಈͷޫ؍ଌɼfield-dressedϙςϯγϟϧΤωϧΪʔۂઢͱ͍͏֓೦͕ʠཧ

తʹ࣮͢ࡏΔʡ࣮ݧతূڌʹͳΔɽfield-dressedϙςϯγϟϧΤωϧΪʔۂઢɼి࣓தͷಈྗֶΛه

ड़͍͢͠Α͏ʹؒ࣌ґଘ HamiltonianΛֶతʹม͢ܗΔ͜ͱͰಘΒΕͨ֓೦Ͱ͋Δɽ͜ͷ֓೦͕

ཧతͳݱʹؔ༩͠ཧతʹҙຯͷ͋Δʠ࣮ࡏʡͰ͋Δ͜ͱΛɼ༠ಋࣹεϖΫτϩάϥϜʹΑΔ؍

ଌͰ֬ೝͰ͖ΔͱචऀΒ͑ߟΔɽ

͞ΒʹɼذΠϕϯτʹ༝དྷ͢ΔൃޫݟΒΕΔɽR ∼ 5.5 Å ͷྖҬʹ͓͚ΔଋذΠϕϯτʢ75

fs, 250 fsۙʣʹ߹Θͤͯɼ!ω ∼ 2.5 eV ͷৼಈྖҬͰൃޫ͕ݟΒΕΔɽ͜ͷྖҬͰͷൃޫ֎

ͷߴௐʹͳ͓ͬͯΓɼذΠϕϯτ༝དྷͰ͋Δ͜ͱ͕Θ͔Δɽ֩ଋͷࢬ͔Ε͕ʹͯ͑ݟ͔ΔΑ

͏ʹͳΔࠁ࣌Ͱɼͪΐ͏Ͳ༠ಋࣹεΠον͕ΕͨΑ͏ʹऑ·͍ͬͯΔɽ͜ΕɼҟͳΔঢ়ଶؒͷ

֩ଋ͕ίώʔϨϯτʹॏͳΓ߹ͬͯׯব͢Δؒ࣌ଳͰ͔͠ɼ༠ಋࣹͷڧ͘ڧͳΒͳ͍͔ΒͰ͋

Δ*8ɽ͕ͨͬͯ͠ɼ͜ͷৼಈྖҬͷߴௐͷൃޫ࣋ଓؒ࣌ͱɼଋذʹ͓͍ͯ 2 ͭͷঢ়ଶʹ͔

Εͨ֩ଋಉ࢜ͷίώʔϨϯε͕࣋ଓ͢Δؒ࣌֓Ͷ͍͠ɽ͜ͷ֩ذଋͷίώʔϨϯε࣋ଓؒ࣌

ʢcoherence timeʣͷ֓೦ɼඇஅભҠཧʹ͓͍ͯ༻͍ΒΕΔ֓೦Ͱ͋Δ 107–114)ɽ͜ͷূݕͷ݁

Ռɼ༠ಋࣹεϖΫτϩάϥϜʹΑͬͯͦΕΛ࣮؍ʹࡍଌͰ͖ΔՄੑΛࣔࠦ͢Δɽ

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༗݁߹ੑͷղଋΛද͢ʠےʡ͕෯ͷ͍ଳঢ়ʹͳ͍ͬͯΔɽ͜ͷ

ཧ༝ҎԼͷΑ͏ʹઆ໌Ͱ͖Δɿ͜ͷঢ়گͰɼͨ·ͨ·ӈଆసճ͕ϙςϯγϟϧަࠩྖҬʹॏͳͬͯ

*8ίώʔϨϯτͳ֩ଋͷॏͳΓ͕ൃޫʹඞཁͳ༠ಋࣹεϖΫτϩάϥϜͷಛͰ͋Γɼpump-probe ޫࢠిޫ
105,106) ͷΑ͏ͳଞͷख๏ͱҟͳΔͰ͋Δɽ
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ਤ 4.12 Case C: !ωd = 0.5 eVɼId = 1.0× 1013 W/cm2ɽਤ 4.10ͱදࣔํ๏ಉ͡Ͱ͋Δɽ

͍Δ*9ʀ͕ͨͬͯ͠ɼ͜ͷަࠩྖҬʹ͓͍ͯଋͷ΄΅ 0Ͱ͋Δʀ͜ͷަ͔ࠩΒڞ༗݁߹ੑঢ়ଶ

ʹଋ͕͡Θ͡Θͱ࿙Εग़͠ɼղੑͷڞ༗݁߹ੑϙςϯγϟϧ্ʹ΄΅ 0 ͷଋ͕ੜ͞Ε

Δʀڞ༗݁߹ੑϙςϯγϟϧ্ 0ͷଋଋ෯Λ͛ͳ͕Βղ͍ͯͨ͘͠ΊɼਤͷΑ͏ʹ෯ͷ

͍ଳঢ়ͷղଋͷݱ͕ےΕΔɽ͜ͷଋͷ͕ΓͷใɼରԠ͢Δ༠ಋεϖΫτϩάϥϜʹ͓͚Δ࣌

ؒతͳ৴߸ͷ͕Γʹө͞Ε͍ͯΔɽ

4.3.3 ·ͱΊͱٞ

ຊઅͰɼసճΠϕϯτͱذΠϕϯτΛݕग़Ͱ͖Δͱظ͞ΕΔʮ༠ಋࣹεϖΫτϩάϥϜʯʹͭ

͍ͯઆ໌ͨ͠ɽࢉܭͷ݁Ռɼ༠ಋࣹεϖΫτϩάϥϜʹ֩ଋಈྗֶͷใ͕ө͞Ε͍ͯΔ͜

ͱ͕Θ͔ͬͨɽͱ͘ʹɼ֩ଋͷৼಈपظذൺɼ࣌ذͷίώʔϨϯεͷ࣋ଓؒ࣌ͳͲͷใΛಘΒ

ΕΔ͜ͱ͕Θ͔ͬͨɽ

Ұൠʹɼޫֶతใ͔Β֩ଋಈྗֶͷʠಈըʡΛ෮͢ݩΔ͜ͱࠔͰ͋Δɽ͔͠͠ɼൃؒ࣌లߏ

͋Δ͍ঢ়ଶۭؒߏͷμΠΞάϥϜʹؔͯ͠ɼޫσʔλͱཧԽֶɾࢉܭԽֶͷݟͱΈ߹Θ

ͤΔ͜ͱͰɼଋ෮ݩʹൺͯ෮ݩ༰қͰ͋Δͱචऀ͑ߟΔ*10ɽ࣮ࡍɼ༠ಋࣹεϖΫτϩάϥϜ

͔ΒಘΒΕΔৼಈपظذൺͳͲͷใɼൃؒ࣌లߏঢ়ଶભҠߏͷύϥϝʔλͱؔ͢Δ

ྔͰ͋Δɽ·ͨɼੜମࢠಈྗֶͷͰҰ؍ࢠଌͷྻܥ࣌σʔλ͔Βঢ়ଶۭؒߏΛߏ࠶͢Δݚ

Δ͢ࡏଘڀ 115)ɽ࣮ݧσʔλΛऔΓࠐΜͰඇஅԽֶಈྗֶͷߏΛ໌Β͔ʹ͢Δڀݚɼຊڀݚͷ

ൃలͷํੑͷҰͭͰ͋Ζ͏ɽ

*9fiedl-dressedϙςϯγϟϧΤωϧΪʔۂઢͰ֬ೝͰ͖Δɽ
*10༠ಋࣹεϖΫτϩάϥϜ͚͔ͩΒൃؒ࣌లߏ/ঢ়ଶۭؒߏΛશʹ෮ݩͰ͖Δͱචऀओு͠ͳ͍ɽ༠ಋࣹεϖΫ
τϩάϥϜɼͯ͢ͷΠϕϯτʹ͍ͭͯͷใΛಘΒΕΔΘ͚Ͱͳ͍͠ɼෳࡶͳ৴߸ͷͷࠔଘ͢ࡏΔɽ
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ୈ 5ষ

݁

5.1 ຊڀݚͷ·ͱΊ

ຊڀݚͰɼඇஅԽֶಈྗֶΛʬঢ়ଶۭؒߏʭͱʬൃؒ࣌లߏʭͷೋͭͷ؍͔Βଊ͑ɼͦΕͧ

ΕΛՄࢹԽ͢ΔμΠΞάϥϜͱཧදݱΛఆࣜԽͨ͠ɽ͞Βʹɼ͜ͷཧΛ༻͍ͯ LiFޫࢠղԠϞ

σϧΛղੳ͠ɼͱ͘ʹԠϙϐϡϨʔγϣϯݮਰͷႈతڍಈΛఆྔతʹઆ໌͢Δ͜ͱͰɼຊཧɾߏ

త؍ͷ༗༻ੑΛࣔͨ͠ɽ

ୈ 3ষͰɼඇஅԽֶಈྗֶͷʬঢ়ଶۭؒߏʭͱʬൃؒ࣌లߏʭͱ͍͏ೋͭͷঢ়ଶભҠߏΛՄ

ͷঢ়ଶݱஙͨ͠ɽ3.1અͰɼҰൠͷಈతߏड़͢ΔཧΛهʹԽ͢ΔμΠΞάϥϜΛಋೖ͠ɼཧతࢹ

ભҠߏʹؔ͢Δ༧උతߟΛ͓͜ͳ͍ɼ֓೦Λཧͨ͠ɽ3.2અͰɼঢ়ଶۭؒߏΛهड़͢Δʮ༗

άϥϑදݱʢDGRʣʯΛ Herman–Klukཧͱ Landau–ZenerཧΛ༻͍ͯݹయྗֶతʹఆࣜԽͨ͠ɽ

3.3અͰɼൃؒ࣌లߏΛද͢μΠΞάϥϜͱཧදݱΛఆࣜԽͨ͠ɽ͜ΕΛجʹɼ3.4અͰɼঢ়ଶۭ

Λٞ͠ɼݶۃɾఆৗঢ়ଶݶۃయݹΛͭͳ͙ʮసૹํఔࣜʯΛಋग़͠ɼͦͷ؆๏ɾߏలൃؒ࣌ͱߏؒ

సૹํఔࣜΛࢹૈؒ࣌Խ͢Δ͜ͱͰʮํఔࣜʯΛಋग़ͨ͠ɽ3.5અͰɼ༗άϥϑදݱΛࣗಈߏங

͢ΔΞϧΰϦζϜసૹํఔࣜΛతʹղ͘ΞϧΰϦζϜΛఏҊ͠ɼ࣮ݧΛ͜͏ߦͱͰຊཧϞσ

ϧͷ༗ޮੑΛ෦తʹࣔͨ͠ɽ·ͨɼݹయํఔࣜʹ͍ͭͯূݕΛ͍ߦɼࢹૈؒ࣌Խૢ࡞ͷ༗ޮ

ੑΛ෦తʹࣔͨ͠ɽ͜͜Ͱʮ෦తʹࣔͨ͠ʯͱ͋ΔΑ͏ʹɼຊཧͷϞσϧͰهड़Ͱ͖ͳ͍෦ɼه

ड़͕ഁ͢Δ߹͕͋Δ͜ͱ໌Β͔ͱͳΓɼ͜ΕΒߋͳΔ՝ͱͯͨͬ͠ɽ͜ΕΒͷ͞Εͨ՝

ʹؔͯ࣍͠અͰٞ͢Δɽ

ୈ 4ষͰɼୈ 3ষͰߏஙͨ͠ཧΛ༻͍ͯ LiFޫࢠղԠϞσϧΛղੳͨ͠ɽ4.1અͰɼޫղ

Ԡதʹরࣹ͢Δ CWϨʔβʔͷڧৼಈʹରͯ͠ঢ়ଶۭؒߏ͕ͲͷΑ͏ʹมԽ͢Δ͔Λɼ༗

ղԠͷաఔʹ͓͚Δޫࢠɽ4.2અͰɼLiFͨ͠ߟԽɾཧͯ͠ࢹΛ༻͍ͯՄݱάϥϑද

ႈతڍಈͷϛΫϩͳಈྗֶతཧղΛ͠ࢦɼ͜ͷႈతڍಈ͕ൃؒ࣌లߏʹજΉ Pascalͷܗ֯ࡾͱྔࢠ

Εͨඇஅભ͞ىϨʔβʔʹΑͬͯ༠ڧߴҼ͢Δ͜ͱΛఆྔతʹࣔͨ͠ɽ4.3અͰɼىʹবޮՌׯ

ҠʹΑΔ༠ಋࣹݱΛؒ࣌ղޫʹԠ༻ͯ͠ɼʮ༠ಋࣹεϖΫτϩάϥϜʯͱ͍͏ޫख๏Λཧ

తʹఏҊ͠ɼඇஅԽֶಈྗֶͷൃؒ࣌లߏͷใʢભҠؒ࣌ભҠ֬ͳͲʣ͕͜ͷ༠ಋεϖΫτϩ

άϥϜʹө͞ΕΔ͜ͱΛࢉܭͰࣔͨ͠ɽ

ඇஅԽֶಈྗֶͷঢ়ଶભҠߏʹணͨ͠গͳ͍ઌڀݚߦͰ͋Δ Child52) ͱ Fujii59) ͷཧͱಉ

ཧߦΛͱΔ͜ͱͰಘΒΕΔɽຊཧ͜ΕΒͷઌݶۃͷ݁Ռɼຊཧʹ͓͍ͯసૹํఔࣜͷఆৗঢ়ଶܕ

ͷʮ࣮ྖؒ࣌Ҭʯͷ֦ு൛ͱͯ͠Ґஔ͚ͮΒΕΔɽ·ͨɼඇஅԽֶಈྗֶͷߏΛݹయྗֶతʹଊ

͑ͨ Kawano51) ͷ४MarkovϞσϧཧʹରͯ͠ɼຊཧͦͷ 1ࣗ༝ݹయ൛ͱҐஔ͚ͮΒΕΔɽ
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ຊཧɼݱঢ়Ͱͦͷهड़͕ଥͳൣғݶఆతͰ͋Δͷͷɼ͜ΕΒͷઌߦཧͰهड़Ͱ͖ͳ͍

Δɽ͑ߟड़ʹޭͨ͠ͱචऀهͷߏతͳඇஅԽֶಈྗֶͷؒ࣌యత͔࣮ͭݹ

ংͰड़ͨͱ͓Γɼsurface-hopping ϞσϧݹయྗֶʹΑΔଟ͘ͷڀݚɼඇஅԽֶಈྗ

ֶͷঢ়ଶભҠߏ͕அൃؒ࣌లඇஅભҠͱ͍͏ૉաఔ͔ΒͳΔͱ͍͏ݪཧతɾීวతͳ͜ͱ໌

Β͔ʹ͢Δ͕ɼݸผͷܥʹ͓͍ͯૉաఔ͕ͲͷΑ͏ʹΈ߹Θ͞ΓɼͲͷΑ͏ͳঢ়ଶભҠߏΛͳ͠ɼ

ͦΕ͕ͲͷΑ͏ʹݱʹӨڹΛ༩͑Δ͔ͱ͍͏ʹ͍ͭͯ໌Β͔ʹ͠ͳ͍ɽຊڀݚʹ͓͍ͯఆࣜԽ͠

ͨ༗άϥϑදݱɼݸผܥͷૉաఔͷΈ߹Θ͞ΓํΛهड़͢ΔͷͰ͋Δɽᩃ͑ΔͳΒɼطଘͷ

surface-hoppingϞσϧݹయྗֶͷڀݚʮ൚༻ϓϩάϥϛϯάޠݴͷ։ൃʯͷϨϕϧʹ͋ͨΓɼຊ

ผͷϓϩάϥϜͷΞϧΰϦζϜͷཧղͷͨΊͷʮϑϩʔνϟʔݸͷఆࣜԽݱάϥϑදΔ༗͚͓ʹڀݚ

τͷఆࣜԽʯʹ ͋ͨΔɽػࢉܭϓϩάϥϜͷཧղ։ൃ ʮʹޠݴʯͱʮΞϧΰϦζϜʯͷཧղͷ྆ํ͕ඞཁ

Ͱ͋ΔΑ͏ʹɼඇஅԽֶಈྗֶʹ͓͍ͯطଘڀݚͱຊڀݚ૬ิతͳؔʹ͋Δͱචऀ͑ߟΔ*1ɽ

·ͨɼଞʹ͓͍ͯঢ়ଶભҠߏʹணͨ͠ڀݚͷදྫͰ͋ΔੜମࢠಈྗֶͷMarkovঢ়ଶϞσ

ϧʢMSMʣͱຊཧϞσϧʢDGRʣͷ૬ҧҎԼͷͱ͓ΓͰ͋ΔɿMSM࿈ଓؒ࣌·ͨؒ࣌ࢄ

ͷMarkovաఔͱͯ͠ϞσϧԽ͞Εɼঢ়ଶؒભҠͷભҠؒ࣌ࢦͰ͋ΔͱԾఆ͞Ε͍ͯΔʀର

ͯ͠ɼDGRMarkov࠶ੜաఔ*2ͱͯ͠ͷఆࣜԽͰ͋Γɼঢ়ଶؒભҠͷભҠؒ࣌σϧλؔతͰ

͋ΔɽMSMʹ͓͍ͯભҠؒ࣌ΛࢦͰϞσϧԽ͢ΔͷɼMSMͷঢ়ଶؒભҠ͕كͳΠϕϯτ

Ͱ͋ΔͱԾఆ͍ͯ͠ΔͨΊͰ͋Δ*3ɽ͢ͳΘͪɼMSMʹ͓͚ΔʮϚΫϩͳঢ়ଶʯͱͷϛΫϩͳಈྗ

ֶͷঢ়ଶۭؒͷྖҬͱͯ͠ఆࣜԽ͞ΕΔ͕ɼ͜ͷঢ়ଶۭؒྖҬͷϛΫϩͳঢ়ଶؒભҠͷؒ࣌εέʔϧ

ͱϚΫϩͳঢ়ଶؒભҠͷؒ࣌εέʔϧͷΛMSMͰԾఆ͍ͯ͠ΔͷͰ͋ΔɽҰํɼຊڀݚͰѻ͏Α

͏ͳؾ૬தͷࢠʹ͓͍ͯ͜ͷΑ͏ͳԾఆΓཱͨͣɼ୯७ͳMarkovաఔͱͯ͠ͷఆࣜԽͰ͖

ͳ͍ɽDGR͔Βಋ͔ΕΔసૹํఔࣜΛࢹૈؒ࣌Խ͢Δ͜ͱͰํఔ͕ࣜಘΒΕΔ͕ɼ͜ͷํఔࣜ

ઢܗৗඍํఔࣜͰද͞ΕΔͷͰ࿈ଓؒ࣌MarkovաఔʹΑΔϞσϧԽͱՁͰ͋Δɽͭ·ΓɼDGR

ͷࢹૈؒ࣌ԽʹΑͬͯMSMʹҠߦͰ͖ΔՄੑ͕͋Δ*4ɽ

ຊڀݚͷՌɼඇஅԽֶಈྗֶͷߏత؍ʹΑΔڀݚΛҰาલਐͤͨ͞ͷͱචऀ͑ߟΔɽ͠

͔͠ɼڀݚΛਐΊΔ͏ͪʹ৽ͨͳ՝ු্͠ɼଟ͘ͷ՝͕͞Εͨɽ࣍અͰɼຊ͍͓ͯ͞ʹڀݚ

Εͨ՝ɼຊڀݚͷߋͳΔൃలͷͨΊͷ՝ʹ͍ͭͯ؆୯ʹٞ͢Δɽ

5.2 Εͨ՝ͱൃలత՝͞

ຊઅͰɼຊ͍͓ͯ͞ʹڀݚΕͨ՝ɼൃలత՝ʹؔͯ͠ड़Δɽ

༗άϥϑදߏݱஙͷࡍͷదͳᮢઃఆמΓࠐΈͷΞϧΰϦζϜͷߏங

3.5.1߲Ͱࣔͨ͠༗άϥϑදߏݱஙΞϧΰϦζϜͰɼަࠩͷ༗ޮੑఆͷͨΊͷᮢ θ Λઃఆ͢

Δඞཁ͕͋Δɽ͜ͷ θ ͷઃఆʹΑͬͯಘΒΕΔ༗άϥϑදݱมΘΓ͏Δɽᮢ θ Λେ͖͗͘͢͠Δ

ͱɼ࣮ࡍʹॏཁͳ෦ঢ়ଶۭ͕ؒ౸ୡෆͱఆ͞Εͯ͠·͏ɽٯʹ θΛখ͗͘͢͞͠Δͱɼ࣮ࡍʹ

΄ͱΜͲ౸ୡ͢Δଋ͕ͳ͍෦ঢ়ଶۭؒͷߏ·Ͱநग़ͯ͠͠·͍ɼෆඞཁʹෳࡶͳ༗άϥϑද

*1ཧԽֶʹ͓͍ͯʬ૬ߏ༺࡞ޓʭͷղ໌Λ୲͢ΔྔࢠԽֶʢిࢠঢ়ଶཧʣͱɼʬঢ়ଶભҠߏʭͷղ໌Λ͢ࢦຊ͕ڀݚ
૬ิతؔʹ͋Δ͜ͱٴʹ͏ݴͳ͍ʢ4.1અͷٞࢀরʣɽ

*2Markov࠶ੜաఔʹ͓͚ΔભҠؒ࣌ҙͰ͋Δɽ͜ΕΛࢦʹݶఆ͢Δͱ࿈ଓؒ࣌Markovաఔʹؼண͢Δɽ
*3͜ͷΑ͏ͳԾఆ͕ΓཱͭΑ͏ʹঢ়ଶΛఆ͍ٛͯ͠Δͱ͍͑Δɽ
*4DGR͔ΒMSMͷҠߦʹ༳Β͗ͷޮՌΛྀ͢ߟΔ͜ͱॏཁͰ͋Δɽ
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Λநग़Ͱ͖ΔదͳᮢߏಘΒΕͯ͠·͏ɽ͕ͨͬͯ͠ɼඞཁेͳ෦ঢ়ଶۭؒͷ͕ݱ θ ͷઃఆ๏ɼ

͋Δ͍ෆඞཁͳ෦ঢ়ଶۭؒʹରԠ͢Δ༗άϥϑදݱͷ෦άϥϑΛמΓࠐΉΞϧΰϦζϜͷߏங͕

ඞཁͰ͋Δɽ

ෳͷ༗άϥϑදݱΛ༻͍ͨϞσϧԽ

3.5.2߲Ͱࣔͨ͠Ұͭͷ༗άϥϑදݱΛ༻͍ͨసૹํఔࣜͷࢉܭͷ݁Ռɼྖؒ࣌Ҭʹ͓͍ͯ

֩ଋಈྗֶࢉܭͷ݁Ռͱဃ͢Δɽ3.2.2߲Ͱड़ͨݹయྗֶతఆࣜԽͰɼ֩ଋಈྗֶෳͷ

ΑΔϞσϧɼ͜ͷෳʹݱάϥϑදಓͷϨʔϧ্ͷ֬ৼ෯Ҡૹͱͯ͠ఆࣜԽ͞ΕΔɽҰͭͷ༗يయݹ

ͷϨʔϧͷ͏ͪͷʠදيಓʡʹΑͬͯશڍಈΛهड़͠Α͏ͱ͢Δɽ͜ͷϞσϧͰɼϨʔϧ͝ͱͷભ

Ҡؒ࣌ͷࠩҟʹ༝དྷ͢Δଋͷ͕ΓɼભҠৼ෯ͷҧ͍ʹΑΔղͷࠩҟΛهड़Ͱ͖ͳ͍ɽͨ͠

͕ͬͯɼҰͭͷදيಓͰͳ͘ɼෳͷ༗άϥϑදݱΛ༻͍ͯసૹํఔࣜΛ͢ࢉܭΔ͜ͱɼຊ

͍͓ͯʹܥͰ͖Δ߹ʹɼ1ࣗ༝ࢹɼ૬ۭؒͷʠᕷΈޮՌ*5ʡΛແ͍ͷࣗવͳԆͰ͋Δɽڀݚ

֤ʑͷ༗άϥϑද্ݱͷ֬ৼ෯ҠૹΛಠཱʹޙ࠷ͯ͠ࢉܭʹॏͶ߹ΘͤΕΑ͍ɽ

ఆྻߦͷඇਖ਼ఆੑ

3.5.3߲Ͱड़ͨ௨ΓɼసૹํఔࣜͷݶۃʹΑͬͯಘΒΕΔʮఆྻߦʯ͕ਖ਼ఆʹͳΒͳ

͍͜ͱ͕͋Δͷେ͖ͳͰ͋ΔɽͳͥͳΒɼෛͷఆɼͦͷϞʔυͷࢦؔత૿େΛҙຯ

͠ɼϙϐϡϨʔγϣϯ͕ແݶେʹൃ͢ࢄΔͱ͍͏ඇཧతڍಈΛಋͨ͘ΊͰ͋Δɽචऀ͜ͷͷղܾ

͍ͬͯͳ͍͕ɼϛΫϩͳಈྗֶͱϚΫϩͳΛ݁ͿͨΊʹ͜ͷղܾ͢ࠓͷΞΠσΞΛࡦ

͖Ͱ͋Δɽ

ݹయํఔࣜͷূݕͱ༗༻ͳղੳख๏ͷߟҊ

ݹయํఔࣜʹؔͯ͠ɼͦͷແੑݩ࣍ݶʹΑΔࢉܭͷ͔͠͞ΒɼຊจͰূݕΛ͍ͯͬߦ

ͳ͍ɽLiFޫࢠղԠͷႈݮਰʹΑΓɼݹయํఔ͕ࣜແݩ࣍ݶઢܥֶྗܗͱͳΔ࣮ࣄͷؒత

యํఔࣜΛղੳ͢ΔͨΊݹඞཁͰ͋Δɽ·ͨɼ͕ূݕಘΒΕΔͷͷɼΓతͳࠨূ

ͷ༗ޮͳཧख๏ͱͯ͠ɼࣹӨԋࢠࢉ๏Ϟʔυ݁߹ཧͷΑ͏ͳཧߏஙॏཁͰ͋Δɽ

ඇఆৗ֎ͷ֦ு

ຊڀݚͰɼʠڥʡͷޮՌͷऔΓࠐΈͷୈҰาͱͯ͠ɼఆৗϨʔβʔΛԾఆͨ͠ɽ͜ΕΛඇఆৗϨʔ

βʔͷ߹ʹ֦ு͢Δ͜ͱΛ͢ࢦͷࣗવͳྲྀΕͰ͋Δɽ·ͨɼԽֶԠ੍ޚʹ༻͍ΒΕΔϨʔβʔ

௨ৗඇఆৗͰ͋Δ͔Βɼ͜ͷ֦ுԠ੍ޚཧͷཱ͔Β·ΕΔɽ

ఆৗϨʔβʔΛѻͬͨຊڀݚͰ FloquetཧΛ༻͍͕ͨɼඇఆৗϨʔβʔΛѻ͏߹ʹҰൠԽ

Floquetཧ 80) Λ༻͍ΔͱΑ͍ɽҰൠԽ FloquetཧͰɼϨʔβʔͷৼಈڧͳͲΛஅύϥ

ϝʔλͱͯ͠ѻ͏ɽ͜ΕɼύϧεϨʔβʔͷڧνϟʔϓύϧε*6ͷৼಈɼిࢠͷӡಈి࣓

ͷৼಈʹରͯ͠Ώͬ͘Γมಈ͢ΔͱΈͳͤΔ͜ͱ͕ଟ͍͔ΒͰ͋Δɽ࠲֩ࢠݪඪΛஅύϥϝʔλͱͯ͠

ѻ͏͜ͱͰɼ࠲֩ࢠݪඪʹରͯ͠ϙςϯγϟϧΤωϧΪʔ໘͕ఆٛ͞ΕΔΑ͏ʹɼ࠲֩ࢠݪඪͱϨʔβʔ

রɽࢀ53.2.2߲*
*6ৼಈ͕ؒ࣌มԽ͢ΔύϧεϨʔβʔͷ͜ͱɽ



ୈ 5ষ ݁ 92

ɾৼಈʹର͢ΔٖΤωϧڧඪͱϨʔβʔ࠲֩ࢠݪɾৼಈΛஅύϥϝʔλͱͯ͠ѻ͏͜ͱͰɼڧ

Ϊʔۂ໘͕ఆٛ͞ΕΔɽؒ࣌తʹߴʹৼಈ͢ΔϙςϯγϟϧΤωϧΪʔ໘্ͷಈྗֶΑΓɼٖΤωϧ

Ϊʔ໘্ͷಈྗֶͷ΄͏͕ײతʹཧղ͍͢͠ɽ͜Ε͕ҰൠԽ FloquetཧͷརͰ͋Δɽ·ͨɼΞτ

ඵύϧεͷΑ͏ʹϨʔβʔڧৼಈͷؒ࣌มԽ͕͍ͱ͖ʹɼٖΤωϧΪʔ໘ؒͷඇஅભҠ͕ى

͜Δɽ

ͷҰൠԽه্ FloquetཧΛ༻͍ͨఆࣜԽͷ߹ɼ༗άϥϑදݱؒ࣌มಈ͢ΔωοτϫʔΫߏͱ

ͳΔɽ͜ͷΑ͏ͳؒ࣌มಈ͢Δ༗άϥϑදݱʹ͍ͭͯͷཧߏங͕ඞཁͰ͋Δɽ

ଟࣗ༝ܥͷ֦ு

ຊจʹ͓͍ͯɼඇஅԽֶಈྗֶͷঢ়ଶભҠߏΛଊ͑ΔཧͷఆࣜԽͷୈҰาͱͯ͠ɼೋࢠݪ

తΞϓϩʔνΛଟࣗ༝ʹ֦ு͢ߏΛ೦಄ʹ͓͍ͯٞΛల։͖ͯͨ͠ɽ͜ͷࢠ୯७ͳ࠷ͱ͍͏ࢠ

Δ͜ͱ༰қͰͳ͍ɽଟࣗ༝ͷ߹ʹجຊతʹيಓด͡ͳ͍ͨΊɼ༗ݸݶͷΛͭωοτ

ϫʔΫߏͱͯ͠ଊ͑ΔͷʹԿΒ͔ͷૈࢹԽɾฏۉԽૢ͕࡞ඞཁͰ͋Δɽྫ͑ɼংͰհͨ͠

D. Leon KawanoͷཧͰɼʠreaction tubeʡͱ͍͏يಓͷଋ*7ʹର͢ΔૈࢹԽΛ͓͜ͳ͏ɽݹయ

ྗֶͷ߹ɼ͜ͷ૬ۭؒૈࢹԽૢ͕࡞ਖ਼͍͠ྔׯࢠবͷهड़ʹର͢Δக໋ইʹͳΔՄੑ͕͋Δ*8ɽཧ

తߏஙҎ֎ͷํࡦͱͯ͠ɼMSMͷ͕ڀݚࢠಈྗֶࢉܭҰܭࢠଌͷσʔλ͔Βঢ়ଶભҠߏΛநग़

͢ΔΑ͏ʹɼݹయಈྗֶࢉܭͷσʔλ͔Βঢ়ଶભҠߏΛநग़͢Δͱ͍͏σʔλۦಈՊֶతํࡦ͑ߟ

ΒΕΔɽ

ͳ͓ɼωοτϫʔΫߏͱͯ͠ఆࣜԽ͑͞Ͱ͖Εɼଟࣗ༝ܥͰঢ়ଶભҠߏΛݪཧతʹ ਤݩ࣍3

ࣔՄͰ͋Δɽ͜ͷɼ༗άϥϑʹΑΔՄࢹԽͷେ͖ͳརͰ͋Δɽ

τϯωϧޮՌͷऔΓࠐΈ

τϯωϧޮՌͷऔΓࠐΈ͑ߟΒΕΔཧൃలͷͻͱͭͰ͋ΔɽτϯωϧޮՌඇஅભҠͱฒͿॏཁ

ͳྔޮࢠՌͰ͋ΔɽChild52) ͷཧͰτϯωϧޮՌΛऔΓѻ͍ͬͯΔɽଟݩ࣍τϯωϧཧ*9ͱຊख๏

ΛΈ߹ΘͤΔ͜ͱɼ֓೦తʹ͍͜͠ͱͰͳ͍ͱචऀ͑ߟΔɽ

5.3 Ή͢ͼ

ຊจͷΉ͢ͼͱͯ͠ɼຊจͰఏࣔͨ͠ཧʢҎԼɼDGRཧʣͷߋͳΔൃలͷߏʹ͍ͭͯ͢هɽ

DGRɼݸʑͷΛ݁ͼ͚ͭશମͷͷൃలΛՃ͢Δʮ݁ͼʯʹͳΔͱචऀظ͢Δɽ͢ͳΘ

ͪɼຊཧ࣍ͷ࢛ͭͷʪΉ͢ͼʫ*10 ͷػΛ༗͢Δͷʹൃల͍͚ͯ͠Δͱචऀظ͢Δɿʢ1ʣཧ

ɾ࣮ݧɾࢉܭͷʪΉ͢ͼʫɼʢ2ʣૅجͱԠ༻ͷʪΉ͢ͼʫɼʢ3ʣϛΫϩͱϚΫϩͷʪΉ͢ͼʫɼʢ4ʣਓͱ

ͷʪΉ͢ͼʫɽ

*7͋Δ͍ Poincaréஅ໘্ͷྖҬɽ
*8ͨͩ͠ɼϙςϯγϟϧΤωϧΪʔ໘ͷҌۙͷݹయྗֶత૬ۭؒߏͷڀݚଘ͢ࡏΔ 116)ɽ
*9ྫ͑ɼจݙ 25) ͷୈ 6ষࢀরɽ

*10ຊޠͷʮΉ͢ͼʯʹɼࣄΛͭͳ͛Δͱ͍͏ҙຯͷଞʹɼࣄΛੜΈग़͠ൃలͤ͞Δྗʢʮྶ࢈ʯͱॻ͖ɼຊདྷʮΉ͢ͻʯ
ͱಡΜͩʣͱ͍͏ҙຯ͋Δɽ
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ཧɾ࣮ݧɾࢉܭͷʪΉ͢ͼʫ

DGRʮཧɾ࣮ݧɾࢉܭͷʪΉ͢ͼʫʯͱͳΓ͏ΔɽຊจதͰɼDGRཧతʹߏஙͨ͠ɽ͔͠

͠ɼεϖΫτϩάϥϜͷઅͰͷ͔ٞΒΘ͔ΔΑ͏ʹɼDGRͷ֤ύϥϝʔλޫֶతʹܾఆͰ͖ΔՄ

ੑ͕͋Δɽ͋Δ͍ɼ֩ଋಈྗֶࢉܭݹయಈྗֶࢉܭͷσʔλΛ༻͍ͯɼDGRΛσʔλՊֶత

ஙͨͦ͠ΕͧΕͷߏΑͬͯʹࢉܭɾݧஙͰ͖ΔՄੑ͋Δɽཧɾ࣮ߏʹ DGRͷൺֱɾ౷߹ʹΑΓɼ

DGRཧԽֶɾࢉܭԽֶɾ࣮ݧԽֶͷڀݚՌΛ݁Ϳ͜ͱ͕Ͱ͖Δͱචऀظ͢Δ*11ɽ࣮ࡍɼੜମ

ࢠಈྗֶʹ͓͚Δঢ়ଶۭؒߏΛදͨ͠MSMɼࢠಈྗֶࢉܭͷσʔλ͔ΒߏஙͰ͖ɼҰܭࢠ

ଌʹΑΔྻܥ࣌σʔλ͔ΒߏஙͰ͖Δ 115)ɽ͞Βʹɼࢉܭσʔλͱ࣮ݧσʔλΛϋΠϒϦοτͯ͠ߏங

͢Δ͜ͱͰ͖Δ 117)ɽಉ͡ܥʹର͢Δෳͷݟσʔλͷཁɾ౷߹ࣜܗͱͯ͠ɼDGR͑Δ

ͷͱචऀظ͢Δɽ

ͱԠ༻ͷʪΉ͢ͼʫૅج

DGRʮૅجͱԠ༻ͷʪΉ͢ͼʫʯͱͳΓ͏Δɽ͢ͳΘͪɼཧղɾઆ໌ɾ༧ଌͱ͍ͬͨૅجՊֶతӦΈ

ͱɼ੍ޚɾઃܭͳͲͷԠ༻ٕज़తӦΈͱͷՍ͚ڮͱͳΓ͏Δɽ͋ΔࢠԠܥʹؔ͢Δ DGR͕खʹೖ

ΕɼͦͷԠܥͷʮ࿏ઢਤʯΛखʹೖΕͨ͜ͱʹͳΔɽ͜ͷʮ࿏ઢਤʯΛோΊΕɼԠͷ͘ߦΛ༧

ଌ͠ɼ͞Βʹతͷੜ౸ୡ͢Δ࠷ܦ࿏ͯ͑͘ݟΔͩΖ͏ɽͦͷ࠷ܦ࿏Λ௨ΔΑ͏ʹɼϨʔ

βʔʹΑͬͯʮ࿏ઢਤ্ͷྲྀΕʯΛσβΠϯ͢Δͱ͍͏ํʹΑͬͯɼԽֶԠ੍ޚʹର͢ΔࢦΛ༩͑

ΒΕΔͷͰͳ͍͔ͱචऀ͍ͯ͑ߟΔ*12ɽ·ͨɼෳͷࢠʹؔ͢Δ DGRͷσʔλϕʔεΛߏங͠ɼ

֤ʑͷࢠԠܥͷʮੑݸʯΛද͢ DGRΛهड़ࢠͱ͢ΔμΠφϛΫεɾΠϯϑΥϚςΟΫεΛల։͢

Δ͜ͱͰɼࢠϚγϯͳͲͷಈతػΛͬͨࢠͷઃࢦܭΛ༩͑ΒΕΔՄੑ͋Δɽ͜ͷΑ͏ʹɼ

DGRΛࢠͷʮ࿏ઢਤʯ͋Δ͍ੑݸΛࣸ͠औͬͨʮϙʔτϨΠτ*13ʯͱͯ͠ར༻͢Δ͜ͱͰɼʮͷ

ͮ͘Γʯͷֶͱͯ͠ͷԽֶͷൃలΑΓՃ͞ΕΔͱචऀظ͢Δɽ

ϛΫϩͱϚΫϩͷʪΉ͢ͼʫ

DGRʮϛΫϩͱϚΫϩͷʪΉ͢ͼʫʯͱͳΓ͏ΔɽDGRMSMͳͲͷঢ়ଶۭؒߏͷωοτϫʔ

Ϋදݱɼ੪࣌తMarkovաఔͷҰൠతۙࣅදݱͰ͋ΓɼͦΕʹྨ͢ΔදݱɼੜମࢠಈྗֶɼਆܦՊ

ֶ 119) ͳͲΛ͡Ίɼ͜ͷݱੈքͷ͋ΒΏΔ֊ͰݟΒΕΔ 120)ɽ͜ͷΑ͏ʹ DGRɼMSMಈతͰ

ෳࡶɾଟ༷ͳݱੈքΛܥ౷తʹཧղ͢ΔͨΊͷීวతΈͱͯ͠ͷϙςϯγϟϧΛ༗͢Δɽ͜ΕΒͷ

ҟͳΔ֊Ͱཱ͢Δ DGRɼMSMΛཧతʹ݁ͼ͚͍ͯ͘͜ͱʹΑͬͯɼϛΫϩͱϚΫϩ͕݁Εɼ

֤֊ɾֶ֤͝ͱʹഓΘΕ͖ͯͨ݁ΕΔͱචऀ͑ߟΔɽ

͜ͷʮϛΫϩͱϚΫϩͷʪΉ͢ͼʫʯʹؔͯ͠ɼຊڀݚͰҰͭͷํੑΛࣔͨ͠ɽ͢ͳΘͪɼDGRͷ

ੑ͕͋Γɼ֊ؒ࣌Ͱ͖ΔՄੑΛࣔͨ͠ɽҰൠʹɼμΠφϛΫεʹߦԽʹΑͬͯMSMʹҠࢹૈؒ࣌

ड़͢ΔϞσϧҟͳΔهʹεέʔϧ͝ͱʹμΠφϛΫεΛ༗ޮؒ࣌ 121)ɽྫ͑ɼϑΣϜτඵͷλΠϜε

έʔϧͰ LiF ޫࢠղԠਤ 5.1 ʹࣔ͢ DGR Ͱهड़Ͱ͖Δɽ͠ɼDGR ͷαΠΫϧͷप͕ظ

*11͍··Ͱɼؒ࣌ղޫ࣮ݧͷσʔλͱɼ֩ଋಈྗֶ͔ࢉܭΒಘΒΕͨޫ࣮ݧͷݱ࠶σʔλͷൺֱʹΑͬͯɼཧɾܭ
ϨϕϧͰͷൺֱ͕ओͰ͋ͬͨɽݱͷ݁Ռ݁ͼ͚ΒΕ͍ͯͨɽ͢ͳΘͪݧͱ࣮ࢉ

*12ʮ࿏ઢਤ্ͷϧʔτ୳ࡧʯͷΠϝʔδͱҧ͏͕ɼMSMΛར༻ͨ͠࠷ద੍ޚཧʹؔ͢Δڀݚ࣮ࡍʹଘ͢ࡏΔ 118)ɽ
Λඳ͍ͨਤߏͷ૬ۭؒܥ13ྗֶ* “phase portrait”ͱΑΕΔɽ“phase portrait”ྗֶܥͷੑݸΛࣸ͠औͬͨ૾ըͰ͋
ΓɼDGRಉ༷Ͱ͋Δɽ
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ϑΣϜτඵͰɼղ·Ͱʹཁ͢Δؒ࣌ͷεέʔϧ͕ϐίඵͷΦʔμʔͰ͋ΕɼDGRͷαΠΫϧΛҰͭ

ʹ·ͱΊ্͛ͨਤ 5.1 ԼͷԽֶԠࣜʹΑΔϞσϧͰϐίඵΦʔμʔͷԠաఔΛهड़Ͱ͖Δɽ͢ͳΘ

ͪɼϐίඵͷΦʔμʔͰྭىঢ়ଶͷ LiFࢠҰͭͷࢠछͱΈͳͤɼҰͭͷ࣮ମతͳʮͷʯͱͯ͠

ѻ͑Δ*14ɽ͜ͷΑ͏ʹɼࢹૈؒ࣌ԽʮϛΫϩͱϚΫϩͷʪΉ͢ͼʫʯͷͨΊͷॏཁͳΩʔͰ͋Δͱචऀ

͑ߟΔɽ

!"

!#

$"

$#

%#%& %"

!"#
!

$% !" & #

ਤ 5.1 ԽʹΑͬͯ֊Λͭͳ͙ɽ্ஈͷࢹૈؒ࣌ DGRͷαΠΫϧͷप͕ظϑΣϜτඵͰɼղ·Ͱ

ʹཁ͢Δؒ࣌ͷεέʔϧ͕ϐίඵͷΦʔμʔͰ͋ΕɼDGRͷαΠΫϧΛҰͭʹ·ͱΊ্͛ͯɼԼஈ

ͷԽֶԠࣜͷΑ͏ʹԠաఔΛϞσϧԽϞσϧͰ͖Δɽɹɹɹɹɹɹɹ

ਓͱͷʪΉ͢ͼʫ

DGR ʮਓͱͷʪΉ͢ͼʫʯʹͳΓ͏Δɽ͜͜Ͱ͍͏ʮਓʯɼઐՈͰͳ͍Ұൠͷਓͷ͜ͱΛࢦ

͢ɽDGRͦͷײతɾ֮ࢹతදݱͱૉͳղऍʹΑΓɼઐՈͰͳͯ͘ಡΈղ͘͜ͱ͕༰қͰ͋Δɽ

DGR ʮ˓ʯ͕Πϕϯτɼʮˠʯ͕ભҠͰ͋Δͱ͍͏ཧղ͑͋͞ΕɼԿ͕ඳ͔Ε͍ͯΔ͔ѲͰ͖

ΔɽʮײతʯͰ͋Δ͜ͱɼͷ֦ࢄɾਁಁΛଅਐ͠ɼΛઐՈͷ༗͔Βղ์͠͏Δ 122)ɽ͜Ε

ɼײతͳ GUI*15͕ػࢉܭͷҰൠՈఉͷීٴΛॿ͚ͨ͜ͱͱಉ͡աఔͰ͋ΔɽDGRɼԽֶಈྗ

ֶ—͋Δ͍ಈྗֶҰൠ—ʹ͓͚Δ GUIʹͳΔͱචऀظ͢Δɽ

͋ΒΏΔݱͷʮਤʯΛඳ͘

Ҏ্ͷ࢛ͭͷʪΉ͢ͼʫͷߏΛ౷߹ͨ͠࠷ऴతͳߏ*16 Λͯ͠هɼຊจΛऴ͍͑ͨɽ

Δ͜ͱͰ͋Δ*17ɽ͜࡞ͷʮਤʯ͕ඳ͔ΕͨʮਤாʯΛݱɼ͋ΒΏΔߏඳ͍͘ࢥʹऴత࠷͕ࢲ

͜Ͱ͍͏ʮݱͷਤʯͱɼDGRMSMͳͲͷʬঢ়ଶભҠߏʭΛදͨ͠μΠΞάϥϜɼPESͷ

μΠΞάϥϜදݱͰ͋Δ Disconnectivity Graph126) ͳͲͷʬ૬ߏ༺࡞ޓʭΛදͨ͠μΠΞάϥϜΛ

͡Ίͱ͢Δɼ͜ͷੈքͷʬߏʭΛද֤ͨ͠ݱछͷՊֶతμΠΞάϥϜͷ͜ͱΛ͢ࢦɽ͜ͷʮਤாʯɼ

ॻ੶ͷࣜܗͰͳ͘ɼʮGoogle Map*18ʯͷΑ͏ͳΠϯλʔωοτ্ͷγεςϜͰ͋Γɼੈքதͷਓʑ͕

ΞΫηεͰ͖ΔɽੈքதͷਓʑͷखʹΑΔཧՊֶɾ࣮ݧՊֶɾࢉܭՊֶͷڀݚՌ͕ɼʮਤʯͷܗʹू

ঢ়ଶͷىɼΘΕΘΕ͕ීஈʮ࣮ମʯͱΈͳ͍ͯ͠Δʮͷʯɼ͜ͷྭ͑ݴʹٯ14* LiFࢠͷΑ͏ʹঢ়ଶۭؒͷҰྖҬʹ͚ͭ
ΒΕͨ୯ͳΔ໊લͳͷ͔͠Εͳ͍ɽ

*15Graphical User Interfaceɽ
*16͜Εචऀ͕ࣗͷڀݚͷࣾձతߏͯ͑ߟ͍ͯͭʹݙߩͨ͠ͷͰ͋Γɼචऀͷॴ৴ද໌ɾئɾເͰ͋Δɽຊֶज़ձٞɾ
Պֶٕज़ৼߏػڵͷʮՊֶٕज़ͷஐϓϩδΣΫτʯͷใࠂॻ 123,124) ౦ژେֶݑষ 125) ͷલจͳͲΛࢀরͨ͠ɽ

*17ҎԼ͜ͷஈམͰ؆ུԽͷͨΊʹ੍࣌ࡏݱͰهड़͢Δ͕ɼͯ͢චऀͷະདྷͷߏͰ͋Δɽ
*18https://maps.google.comɽ
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͞ΕΔʢཧɾ࣮ݧɾࢉܭͷʪΉ͢ͼʫʣɽGoogle Mapʹϧʔτػࡧݕ͕͍͍ͭͯΔΑ͏ʹɼਓʑ

͜ͷʮਤʯΛ༻͍ͯɼݱΛ੍ͨ͠ޚΓɼΈͷࣄΛઃͨ͠ܭΓ͢ΔͨΊͷʮಓʯΛ͚ͭݟΔ͜ͱ͕

Ͱ͖ΔʢૅجͱԠ༻ͷʪΉ͢ͼʫʣɽGoogle Mapʹ͓͍ͯੈքਤ͔Βॅਤ·Ͱͷ֊Λࣗࢹʹࡏ

ҠಈͰ͖ΔΑ͏ʹɼਓʑ͜ͷʮਤாʯͷதͰɼ͔ࢠΒࣾձɼ͞ΒʹӉ·ͰͷੈքͷߏΛࣗࡏ

Δ͜ͱ͕Ͱ͖ΔʢϛΫϩͱϚΫϩͷʪΉ͢ͼʫʣɽʮਤʯ؍ʹ త͋Δ͍ݩ࣍2 ܗతͳײతʹݩ࣍3

ࣜʹΑͬͯද͞ݱΕɼઐՈʹݶΒͣͯ͢ͷਓʑ͕ײతʹɼΠϯλϥΫςΟϒʹʮਤாʯΛར༻͢

Δ͜ͱ͕Ͱ͖ΔʢਓͱͷʪΉ͢ͼʫʣɽਓʑɼͷલͷݱʹڵຯΛ๊͍ͨͱ͖ɼ͜ͷʮਤாʯʹΞ

Ϋηεͯ͠ɼͦͷݱͷߏΛཧղ͠ɼతح৺Λຬͨ͢ɽਓʑɼͷલͷΛղܾ͍ͨ͠ͱ͖ɼ

͜ͷʮਤாʯʹΞΫηεͯ͠ɼͱͳΔݱΛ੍͠ޚɼΛղܾ͢ΔπʔϧΛઃ͢ܭΔ͜ͱʹΑͬ

ͯɼΛղܾ͢Δɽਓʑɼ͜ͷੈքʹ͓͚ΔࣗΒͷཱͪҐஔΛ໌֬ʹ͍ͨ͠ͱ͖ɼ͜ͷʮਤாʯʹ

ΞΫηεͯ͠ɼ͜ͷੈքͷߏͷதͰͷࣗΒͷډॴΛ͚ͭݟΔɽਓʑɼ͜ͷੈքͰࣗΒͷੑݸΛً͔ͤ

͍ͨͱ͖ɼ͜ͷʮਤாʯʹΞΫηεͯ͠ɼࣗΒʹ;͞Θ͍͠ಓΛ͚ͭݟΔɽਓʑɼܾࡦఆͳͲͷࣾ

ձతஅΛٻΊΒΕͨͱ͖ɼ͜ͷʮਤாʯʹΞΫηεͯ͠ɼࣗΒͷஅͷࠜڌͷҰͭͱ͠ɼଞऀͱڠಇ

͢ΔɽੈքͷߏΛ၆ᛌͰ͖Δʮਤாʯɼਓʑͷੈք؍ྙཧ؍ม͑Δ͜ͱͩΖ͏ 127)ɽ͜ΕΒʹ

Αͬͯɼ͜ͷʮਤாʯਓʑͷཱࣗͱڠಇͷج൫ͱͳΓɼࣗ༝ɾฏɾڞੜͳͲͷਓྨࣾձͷཧͷ࣮

͢ΔɽظࢲΔͱɼ͢ݙߩʹ࣋ɾҡݱ

ຊจͰड़ͨ DGRʹؔ͢Δཧɼ͜ͷߏͷ࣮ݱͷͨΊͷୈҰาͰ͋Δɽ͜ͷߏͷ࣮ݱಓ

ང͔Ͱ͋Δ͕ɼຊཧΛߋʹൃలͤ͞ɼʮΘΕΒΛࣗ༝ʹ͢ΔϦϕϥϧɾΞʔπ*19ʯͱͯ͠ͷʮਤாʯ

ͷߏΛ࣮͢ݱΔ͜ͱΛͬͯɼࢲͷത࢜จͷʪΉ͢ͼʫͱ͢Δɽ

*19ʮਅཧ͕ΘΕΒΛࣗ༝ʹ͢Δʯʢh ձਤॻؗ๏ʱલจΑΓʣࠃཱࠃ
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A ֩ଋಈྗֶࢉܭʹؔ͢Δิใ

ຊͰɼຊڀݚͷ֩ଋಈྗֶࢉܭʹؔ͢ΔิใΛ͢هɽ

ຊڀݚͰɼྔࢠଋࢉܭख๏ͱͯ͠ɼFourierมΛ༻ׂ͍ͨԋࢠࢉ๏ 128,129) Λ༻͍ͨɽࠁؒ࣌

Έ෯ 1 asɼۭؒࠁΈ෯ ∆R = 0.0125 ÅɼྖࢉܭҬ 0.7–26.3 ÅͰۭؒ 2048Ͱ͋Δɽ

LiFࢠͰڞ༗݁߹ੑঢ়ଶ͕ղੑͰ͋Γɼղଋʹؔ͢Δॲཧ͕ඞཁͰ͋ΔɽղଋΛྖࢉܭ

ҬͷͰٵऩ͢ΔͨΊʹɼຊڀݚͰઢֶޫܗϙςϯγϟϧ

Vopt(R) =

{
−ia(R−Ropt) (R ≥ Ropt)

0 (R < Ropt)
(1)

Λ༻͍ͨɽຊڀݚͰ Ropt = 24.7 Åɼa = 0.1 eV/Åͱઃఆͨ͠ɽ͜ͷϙςϯγϟϧڏ෦͕ෛͰ͋Δ

ͷͰɼR ≥ Ropt ͷྖҬʹ৵ೖͨ͠ଋͷϙϐϡϨʔγϣϯ͕ͭͨؒ࣌ʹͭΕݮਰ͢Δ 130)ɽ

ຊڀݚͰɼΤωϧΪʔͷ୯Ґ eVɼ͞ͷ୯Ґ Åɼؒ࣌ͷ୯Ґ fsɼࢠۃϞʔϝϯτͷ୯Ґ

debye(D)Λ༻͍ͨɽ͜ͷ୯Ґܥʹ͓͚ΔૅجཧఆͷΛද 1ʹ·ͱΊΔɽͳ͓ɼૅجཧఆͷ

 2014 CODATAਪ 131) Λ༻ͨ͠ɽ

ຊڀݚͰ༻͍ͨ LiFࢠϞσϧʹؔ͢ΔఆΛද 2ʹ·ͱΊΔɽ͜͜Ͱɼిجࢠఈঢ়ଶͷϙςϯγϟ

ϧΤωϧΪʔۂઢΛฏڑؒ֩ߧʹ͓͍ͯௐۙ͢ࣅΔ͜ͱͰɼৼಈجఈঢ়ଶଋ

Ψ0(R) =
(α
π

) 1
4
exp

[
−α
2
(R−Req)

2
]

(2)

ΛٻΊͨɽ

ද 1 ཧఆͷૅج

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

ৼಈجఈঢ়ଶଋ෯ α = 1.471× 102 Å−2
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B తಛߏͷߏͱঢ়ଶۭؒߏలൃؒ࣌

ຊͰɼൃؒ࣌లߏͱঢ়ଶۭؒߏͷߏతಛʹ͍ͭͯ͢هɽ

B1 ߏʹ͓͚Δॱংߏలൃؒ࣌

ͤࣔʹΛͭ͜ͱͰ͋Δɽ͜ͷ͜ͱҎԼͷΑ͏ߏ͕ͭҰൠతಛɼͦΕ͕ॱংߏలൃؒ࣌

Δɽ·ͣɼൃؒ࣌లߏͷμΠΞάϥϜʹ͓͚Δ˓ͷू߹Λ X ͱ͢Δɽू߹ X ͷݩʮࠁ࣌ tʹঢ়ଶ s

Ͱ͋Δʯͱ͍͏ܗͷใͰ͋Δɽू߹ X ʹ͓͚Δೋ߲ؔʮ"ʯΛɼ

ʮxͷҎޙɼy Δʯ͜ى͕
def⇔ʮx" yʯ (3)

ͰఆΊΔɽ͢ͳΘͪೋ߲ؔʮ"ʯൃؒ࣌లΛද͠ɼʮx" yʯൃؒ࣌లߏͷμΠΞάϥϜͷதʹ x

͔Β y ͱࢸΔΈ͕ͪ͋͢͡Δ͜ͱΛҙຯ͢Δ*20ɽ͜͜ͰʮҎޙʯͷҙຯͱͯ͠ʮx" xʯೝΊΕɼ

ೋ߲ؔʮ"ʯ X ͷॱংؔͱͳΔɽ͢ͳΘͪҎԼ͕Γཱͭɿ

∀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)

͜ΕʹΑΓɼൃؒ࣌లߏॱংߏΛͭ͜ͱ͕Θ͔Δɽ

ॱংߏ HasseਤʹΑͬͯਤࣔ͞ΕΔ͕ 61)ɼൃؒ࣌లߏͷμΠΞάϥϜ·͞ʹʢೱ୶ͷ͍ͭ

ͨʣHasseਤͱΈͳͤΔɽHasseਤด࿏ͷͳ͍୯७༗άϥϑͰ͋Γɼൃؒ࣌లߏͷμΠΞάϥϜ

ಉ༷Ͱ͋Δɽ༗άϥϑ͕୯७Ͱ͋Δͱɼࣗݾϧʔϓʢi → iͷΑ͏ʹ࢝ͱऴ͕ಉ͡༗ลʣͱଟ

ॏลʢi
a→ jɼi

b→ j ͷΑ͏ʹ࢝ͱऴΛڞ༗͍ͯ͠Δෳͷลʣ͕ଘ͠ࡏͳ͍͜ͱΛ͍͏ɽ͞Βʹɼด

࿏ͱɼ͋Δ͔Βग़ൃ͠ɼ༗ลΛͨͲΔ͜ͱͰग़ൃͱಉ͡ʹͬͯ͘ΔΈͪ͢͡ͷ͜ͱͰ͋

Δɽൃؒ࣌లߏͷμΠΞάϥϜʹด࿏͕ͳ͍ͷɼൃؒ࣌లߏʹ͓͚ΔͦΕͧΕͷ˓ൃੜࠁ࣌ʹ

Αͬͯ۠ผ͞Εɼؒ࣌ҰํํʹྲྀΕΔͨΊɼܾͯ͠ͱͷ˓ʹΕͳ͍ͱ͍͏ͷ͕ཧ༝Ͱ͋Δɽ

B2 ঢ়ଶۭؒߏʹ͓͚Δด࿏ߏ

લ߲ʹ͓͍ͯൃؒ࣌లߏͷμΠΞάϥϜҰൠʹด࿏Λͨͳ͍͜ͱΛ͕ࣔͨ͠ɼঢ়ଶۭؒߏͷμ

ΠΞάϥϜҰൠʹด࿏Λͪ͏Δ*21ɽ͜Εɼൃؒ࣌లߏΛ͑ߟΔࡍʹҟͳΔࠁ࣌Ͱ͋Εಉ͡

छྨͷঢ়ଶͰ۠ผ͕ͨ͠ɼঢ়ଶۭؒߏΛ͑ߟΔࡍʹҟͳΔࠁ࣌Ͱಉ͡छྨͷঢ়ଶͳΒ۠ผΛ͠ͳ

͍ͨΊͰ͋Δɽ͍͑ݴΕɼঢ়ଶۭؒߏͷμΠΞάϥϜɼൃؒ࣌లߏͷμΠΞάϥϜ͕͍ͯͬ࣋

ͨେҬతͳؒ࣌ॱংߏΛແ͢ࢹΔΘΓʹঢ়ଶؒͷہॴతͳੜىॱংؔͷΈΛநग़͠ɼใΛѹॖ͠

ͨͷͰ͋Δ͔ΒͰ͋Δɽ

ঢ়ଶۭؒߏͷμΠΞάϥϜͷด࿏ͷଘࡏɼܥͷهड़Λ୯७ʹͯ͘͠ΕΔɽࢉܭϓϩάϥϜʹ͓͍ͯ

෮੍ߏޚʢdoϧʔϓʣΛΘͳ͍ίʔυෳࡶɾͰཧղࠔͳίʔυͱͯ͠سආ͞Εɼ෮੍ޚ

ࣄԽ͞Εͨʯίʔυ͕Ϧʔμϒϧͳίʔυͱͯ͠ਪ͞ΕΔ͜ͱͱߏΛޮՌతʹ༻͍͍ͨΘΏΔʮߏ

ಉ͡Ͱ͋Δɽด࿏Λ͜͢ڐͱͰෳࡶͳݱ୯७ͳߏػͰද͠͏Δɽ͑ݴʹٯɼߏػ୯७Ͱ

లʮ"ʯҟͳΔɽʮ"ʯʮˠʯΛ࿈݁ͨ͠ͷͰ͋Δɽൃؒ࣌ͷμΠΞάϥϜதͷʮˠʯͱɼ͜͜Ͱ͍͏ߏలൃؒ࣌20*
*21·ͨɼঢ়ଶۭؒߏͷμΠΞάϥϜࣗݾϧʔϓଟॏลΛͭ͜ͱ͋Δɽ
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෮ߏ͕͋Δ͜ͱʹΑΓݱෳࡶʹͳΓ͏Δͱ͍͏͜ͱͰ͋Δɽ෮͕ݱͷෳੑࡶͱଟ༷ੑͷࠜݯ

Ͱ͋Δ͜ͱྗֶܥཧ͕໌Β͔ʹ͖ͯͨ͜͠ͱͰ͋Δɽ

C యྗֶతఆࣜԽݹలʮˠʯͷൃؒ࣌ґଘWKBཧʹΑΔஅؒ࣌

ຊͰɼஅൃؒ࣌లʮˠʯͷؒ࣌ґଘWKBཧʹΑΔݹయྗֶఆࣜԽʹ͍ͭͯ͢هɽ͜ͷఆ

ࣜԽͰɼ֬ৼ෯WKBݻ༗ؔͷʠϨʔϧʡͷ্ΛҠૹ͞ΕΔͱΈͳͤΔ*22ɽ͜ͷఆࣜԽΛ༻͍

ͨసૹํఔࣜͷఆৗঢ়ଶݶۃɼChildͷݹయྔࢠԽཧͷ݁ՌͱີݫʹҰக͢Δɽද 3ʹຊͷ࣌

ؒґଘWKBཧʹΑΔఆࣜԽͱຊฤͷ Herman–KlukཧʹΑΔఆࣜԽͷൺֱΛ·ͱΊΔɽ

ද 3 ґଘWKBཧͱؒ࣌ Herman–KlukཧʹΑΔஅൃؒ࣌లʮˠʯͷఆࣜԽͷൺֱɽnస

ճΛ௨աͨ͠ճʢMaslovࢦʣɽ

ཧૅج ભҠؒ࣌ ભҠৼ෯ɹ

ґଘWKBཧɹؒ࣌ ؒ࣌యભҠݹ e
i
!St−n iπ

2

Herman–Klukཧ ɹؒ࣌యભҠݹ Cte
i
!St

C1 ґଘWKBཧؒ࣌

ຊ߲Ͱɼؒ࣌ґଘWKBཧʹ͍ͭͯઆ໌͢Δɽͱ͘ʹɼసճ͔Βԕ͘ΕͨྖҬͰɼஅؒ࣌

ൃలͷભҠؒ࣌ݹయྗֶͷͦΕͱ͘͠ɼભҠৼ෯ e
i
!StʢSt ݹయ࡞༻ʣͰ͋Δ͜ͱΛࣔ͢ɽ

ґଘؒ࣌ݩ࣍1 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)ͱʹ࣮ؔͰͦΕͧΕ Ψ(R, t)ͷઈରͱҐ૬Λද͢ɽղ (8)Λํఔࣜ

(7)ʹೖ͠ɼ࣮෦ͱڏ෦ʹ͚ͯཧ͢Δ͜ͱͰҎԼͷ࿈ཱํ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 ̸= 0Ͱ͋Εɼࣜ (9)

∂S

∂t
+

1

2M

(
∂S

∂R

)2

+ V (R) = 0 (11)

ͱͳΔɽ͜Εݹయྗֶʹ͓͚Δ Hamilton–JacobiํఔࣜͦͷͷͰ͋Γɼͦͷղ

SE(R, t) =

∫ R

R0

P dR− Et (12)

*22ຊฤͷ Herman–KlukཧʹΑΔఆࣜԽͰݹయيಓ͕ʠϨʔϧʡͰ͋ͬͨɽ
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Ͱ༩͑ΒΕΔɽ͜͜Ͱ P ݹయӡಈྔɼE ΤωϧΪʔʹ૬͢ΔఆͰ

E =
P 2

2M
+ V (R) (13)

͕ΓཱͭɽP > 0ͷ߹ʹɼৼ෯ Aʹؔ͢Δํఔࣜ (10)

∂AE

∂t
+

1

M

√
2M [E − V (R)]

∂AE

∂R
+

V ′(R)

2M

√
2M

E − V (R)
AE = 0 (14)

ͱͳΔɽؒ࣌ tʹؔ͢Δ Aͷ FourierมΛ 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)

Ͱ͋Γɼ͜ΕΤωϧΪʔ E ͷݹయཻ͕ࢠ R0 ͔Β R·ͰҠಈ͢Δͷʹ͔͔ΔભҠؒ࣌Ͱ͋Δɽࣜ (16)

Λٯ Fourierม͢Δͱ

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) ҙؔͰ͋ΔɽP < 0 ͷͱ͖ಉ༷ͷ݁ՌΛಘΔɽΑͬͯɼؒ࣌ґଘ

Schrödingerํఔࣜ (7)ͷݹయۙࣅղ

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߹ΘͤͨͷʹͳΔɽ

ͱ͜ΖͰɼؒ࣌ඇґଘͷWKBղ

φWKB
E (R) ∝ 1√

E − V (R)
exp

[
i

!

∫ R

R0

P dR

]
(21)

ͷܗͰॻ͚Δ͜ͱ͔Βؒ࣌ґଘղ (20)

ΨE(R, t) = φWKB
E (R)e−

i
!Etψ(t− τE(R)) (22)

ͷΑ͏ʹॻ͚Δɽ͢ͳΘ্ͪͰٻΊͨؒ࣌ґଘݹయۙࣅղWKBۙࣅղͷؒ࣌ґଘ֦ுͰ͋Δɽ

ݹయۙࣅղ (22)Λผͷํ๏Ͱಋग़͢Δ͜ͱͰɼؒ࣌ґଘWKBۙࣅʹ͍ͭͯΑΓਂ͍ཧղ͕ಘΒΕ

Δɽؒ࣌ґଘ SchrödingerํఔࣜͷղΤωϧΪʔݻ༗ؔ 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

Ӷ͍ϐʔΫΛͪɼ͞ΒʹΤωϧΪʔݻ༗ؔؒ࣌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)

ͷΑ͏ʹؒ࣌ґଘWKBղ (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 ɽ͜ͷಋग़͔Βؒ࣌ґଘWKBղ ΨWKB
E (R, t)

ΤωϧΪʔεϖΫτϧͷ E ۙͷد༩Λ͠߹Θͤͨͷʹ͍͜͠ͱ͕͔Δɽ͞ΒʹʮE ۙʯ

ͷఆྔతҙຯ

∆E ≪ !
∂τE(R)

∂E ∆E
(27)

Ͱ͋Δ͜ͱ͔Δɽ͜ͷӈลͷͷҙຯʮΤωϧΪʔ E′ ͱ E ͷ̎ͭͷݹయيಓͷҠಈؒ࣌ͷࠩʯ

Ͱ͋Γɼ͜Ε͕େ͖͍΄Ͳʮશମ͕ॴཁؒ࣌ τE(R)ͰҠಈ͢ΔʯͱΈͳͤͳ͘ͳΓɼଋͷ͕͕ܗΓ่

Ε͍ͯ͘ɽ

Ҏ্ΑΓɼΤωϧΪʔεϖΫτϧͷ E ۙͷʹؔͯ͠ɼWKB ΓཱͭྖҬʹ͓͍ͯɼ͕ࣅۙ

WKB ༗ؔݻ φWKB
E (R) ͷʠϨʔϧʡͷ্Λɼ֬ৼ෯ ψ ͕ʠҠૹ͞Ε͍ͯ͘ʡͱ͍͏ඳ૾͕Γཱ

ͭɽΑͬͯɼؒ࣌ґଘWKB͕ۙࣅ༗ޮͳྖҬΛӡಈ͢Δࡍɼஅൃؒ࣌లʮˠʯʹؔ͢ΔભҠৼ෯ͱભ

Ҡؒ࣌

α = exp

[
i

!

∫ Rf

Ri

PdR− i

!Eτ
]
ɼ (28)

τ =

∫ Rf

Ri

√
M

2[E − V (R)]
dR (29)

ͰࢉܭͰ͖Δɽͭ·Γɼݹయ࡞༻ੵͱݹయભҠؒ࣌ΛධՁ͢ΕΑ͍ɽ

C2 సճ௨աͱMaslovҐ૬

લ߲Ͱ༻͍ͨؒ࣌ґଘWKBۙࣅɼؒ࣌ඇґଘWKBۙࣅͱಉ༷ʹɼసճͰഁ͢ΔɽͳͥͳΒ

ɼݹయ Hamilton–Jacobiํఔࣜ (11)ৼ෯߲ A͕ 0Ͱͳ͍ͱ͍͏݅ͷͱݹయݶۃʹΑΓಋ͔

*23ݹయݶۃʹ͓͍ͯ !খ͍͞ͷͰɼ∆E/! = O(1)ͱͯ͠ѻͬͨɽ
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ΕͨͷͰ͋Δ͕ɼసճͰ A = 0ͱͳͬͯ͠·͏͔ΒͰ͋Δɽͦ͜Ͱຊ߲Ͱɼసճۙʹ͓͚

ΔଋͷڍಈΛௐͯɼͦΕΛؒ࣌ґଘWKBղʹଓ͢Δ͜ͱΛ͑ߟΔɽ

సճۙͰϙςϯγϟϧ͕
V (R) = a(R−Rturn) (30)

ͰۙࣅͰ͖Δͱͯ͠ɼGaussଋͷసճͷ༷ࢠΛௐΔɽGaussଋ

ΨG(R, t) = exp

[
−αt(R−Rt)

2 +
i

!Pt(R−Rt) +
i

!γt
]

(31)

ઢܗϙςϯγϟϧ (30)ͷͱҎԼͷΑ͏ʹӡಈ͢Δɿ

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 = 0ʹ͓͍ͯଋసճ͢Δͷͱ͠ɼ

τ0 =
M

2i!α0
(36)

Ͱ α0 ਖ਼ͷ࣮ͱ͢Δɽγt ͷୈҰ߲ݹయيಓ (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 ਖ਼ͷ࣮ͳͷͰɼτ0 ͷڏ෦ෛͰ͋Δ͔Βɼ

lim
t→∞

arg(t+ τ0)− lim
t→−∞

arg(t+ τ0) = π (42)

͕Γཱͭɽ
lim
t→∞

ℑ(αt)− lim
t→−∞

ℑ(αt) = 0 (43)

ྀ͢ߟΕɼసճ௨աͰ֫ಘ͢Δਖ਼ຯͷҐ૬

Scl

! − π

2
(44)

ͱͳΔɽୈ 1߲WKBൃؒ࣌లͱಉ͡ݹయ࡞༻ੵʹΑΔҐ૬֫ಘͰ͋Γɼୈ 2߲MaslovҐ૬ͱ

ͯ͠ΒΕΔɽ·ͨɼࣜ (32)ͱ (33)ݹయӡಈΛද͢ͷͰɼભҠؒ࣌ΓݹయભҠؒ࣌ʹΑͬͯධ

ՁͰ͖Δɽ
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