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ග᱁Ꮚ୰ࡢ BEC ཎᏊࡓ࠸⏝ࢆཎᏊᩘࢻࢬ࣮࢖ࢡࢫ≧ែࡢ⏕ᡂ 

㔞Ꮚ≀㉁ᕤᏛᑓᨷ ୰ᕝ◊✲ᐊ ㇏Ọ໷฼ 

[⫼ᬒ] 

 ㏆ᖺ࣎ࠊ 㛵࡟ཎᏊᖸ΅ィ࡞㧗⢭ᗘࡓࡅྥ࡟⢭ᐦ ᐃࡢ୓᭷ᘬຊᐃᩘࡋᵓᡂࢆཎᏊᖸ΅ィ࡚࠸⏝ࢆจ⦰యࢬ࣮

BECࠋࡿ࠸࡚ࢀࢃ⾜࡟ࢇ┒ࡶ✲◊ࡿࡍ ᖸ΅ィࡢศ㔝࡛ࡣዴఱ࡚ࡋ࡟ᖸ΅ࢺࢫࣛࢺࣥࢥࡢࢪࣥࣜࣇపୗࢆ㜵ࠊࡂ

㧗ឤᗘࠊ㧗⢭ᗘ࡞ BEC ᖸ΅ィࢆᐇ⌧ࠊࡋ࠿ࡋࠋࡿ࠸࡚ࢀࢃ⾜࡟ࢇ┒ࡀࡳ⤌ࡾྲྀ࠺࠸࡜࠿ࡿࡍ㧗ឤᗘࠊ㧗⢭ᗘ࡞

ཎᏊᖸ΅ィࢆᵓᡂᩘࡣ࡟ࡵࡓࡿࡍከࡢࡃၥ㢟ࡀᏑᅾࡣࡽࢀࡑࠋࡿࡍᐇ㦂࠺⾜ࢆගᏛ⣔ࠊ࣑ࢬࣥࣞࡢ ࠊ᣺ືࡢ࣮ࣛ

఩┦ᣑࡿࡼ࡟⏝ཎᏊ㛫┦஫సࡿࡍ㉳ᅉ࡟ࡂࡽཎᏊᩘᦂࠊ஫స⏝᫬㛫┦࠸࡞ᑡࠊࡂࡽࡺࡢ࿘Ἴᩘࡸᙉᗘ࣮ࢨ࣮ࣞ

ᩓࡢࡽࢀࡇࠋࡿ࠶࡛࡝࡞せᅉࡢ୰࡛ගᏛ⣔ࡢ᣺ືࡢ࣮ࢨ࣮ࣞࡸᦂࡣ࡝࡞ࡂࡽ㏆ᖺࡢࢫࢡࢽࣟࢺࢡ࢚ࣞࡢⓎᒎࡢ

ᜠᜨࡅཷࢆゎỴࡓࡲࠊࡾ࠶ࡘࡘࡋ┦஫స⏝᫬㛫ࡢቑ኱࡟㛵ࡿࡍၥ㢟ࡶཎᏊࢆᄇỈ࡟࠺ࡼࡢᡴࡿࡆୖࡕ Atomic 

Fountain ࢢࣥࢪ࣮࢖ࢡࢫཎᏊᩘ࡟ࡽࡉࠋࡿ࠸࡚ࢀࢃ⾜ࡀᐇ㦂ࠊᥦ᱌࡞ࡲࡊࡲࡉ࡝࡞ࡿ࠸⏝ࢆᡭἲࡿࢀࡤ࿧࡜

ⓗ┠ࡿࡍపῶࢆ఩┦ᣑᩓࡿࡼ࡟⏝ཎᏊ㛫┦஫సࠊࡣࡳヨࡍᣦ┠ࢆ⢭ᗘྥୖࡾࡼ࡟ᢚไࡢࡂࡽᦂࡢཎᏊᩘࡿࡼ࡟

ࡓࢀ࠿ᖸ΅ィෆ࡛ศࠊ࡛ BEC ⩌㛫ࡢཎᏊᩘᦂࢺ࣮ࣥࣞࣄࢥࢆࡂࡽ≧ែ࡛ࡢ㔞Ꮚ㞧㡢㝈⏺௨ୗ࡛ࡲᅽ⦰࡚ࡋཎᏊ

ᖸ΅ィࡢ⢭ᗘྥୖࢆ┠ᣦࠋࡿ࠶࡛ࡢࡶࡿ࠸࡚ࡋ࡜࠺ࡑ 

[ᮏ◊✲ࡢ┠ⓗ] 

ᙜึࡢᮏ◊✲ࡢᮏ᮶ࡢ┠ⓗࡣග᱁Ꮚ࡚࠸⏝ࢆ BEC ཎᏊࠊࣉࢵࣛࢺࢆ᧯సࢺ࢖ࢧྛࡋ㛫ࡢ BEC ཎᏊࡢಶᩘᦂࡽ

ᶆ┠࡞㛗ᮇⓗࠋࡿ࠶ᡂ࡛⏕ࡢែ≦ࢻࢬ࣮࢖ࢡࢫཎᏊᩘࡿࡍ⦰ᅽ࡛ࡲ㔞Ꮚ㞧㡢㝈⏺௨ୗࡢែ≦ࢺ࣮ࣥࣞࣄࢥࢆࡂ

࡞㧗⢭ᗘࡣ BEC ᖸ΅ィࡢᵓ⠏࡛ࡋ࠿ࡋࠋࡿ࠶ග᱁Ꮚࡿ࠸⏝࡟ FORT ගᏛ⣔ࡢタィࠊ࠸⾜ࢆࣉࢵ࢔ࢺࢵࢭࠊග᱁

Ꮚ࡟ BEC ࡚ࡋ࡜๓ẁ㝵ࡿࡍࢢࣥ࢕ࢹ࣮ࣟࢆ BEC ணࠊᡤࡓ࠸࡚ࡗ⾜ࢆࢺ࣓ࣥ࢖ࣛ࢔ࡓࡅྥ࡟ࣉࢵࣛࢺග཮ᴟᏊࡢ

᝿࡟཯ࡓࡋ BEC ࡿࡼ࡟㊴཯ࡃ࡞ࡶ࡛ࡢࡶࡿࡼ࡟ᅇᢡࢢࢵࣛࣈ࡞༢⣧ࡽ࠿ἣ≦ࠊᙜึࡣࢀࡇࠋࡓࡋ ほࢆᅇᢡࡢ

ࡣ࠸⯙᣺ࡢࡇࠋࡓࢀࢃᛮ࡜࠸࡞ࡣ࡛ࡢࡶ BEC ᖸ΅ィࢆᵓᡂࡿࡍ᪂࡞ࡓගྍࡿ࠺ࡾ࡞࡜ࢱࢵࣜࣉࢫ࡜࣮࣑ࣛࡢ⬟

ᛶ࡜ࡿ࠶ࡀឤࡌ኱ኚ⯆࿡῝ࡃឤࠊ࡛ࡢࡓࡌᮏ᮶ࡢᮏ◊✲ࡢ┠ⓗࡣ࡜እࡢࡇࡀ࠺ࡲࡋ࡚ࢀ BEC ࠶ࡶ᫂✲ࡢᅇᢡࡢ

 ࠋࡓࡋ࡜ⓗ┠ࡢ✲◊ᮏ࡚ࡏࢃ

[ග཮ᴟᏊࣉࢵࣛࢺ] 

 ග཮ᴟᏊࡣ࡜ࣉࢵࣛࢺ୰ᛶཎᏊࡀ㟁ሙ୰࡛ศᴟࢆ㉳(ࢺࣇࢩࢺ࢖ࣛ)ࢺࣇࢩࡀࣝࣕࢩࣥࢸ࣏ࡾࡼ࡟࡜ࡇࡍࡇ

ࣝࣕࢩࣥࢸග཮ᴟᏊ࣏ࠋࡿ࠶࡛ࡢࡶࡓࡋ⏝฼ࢆ㇟⌧ࡿࡍ ( )rU dip ࢺᩓ஘࣮ࣞ࡜ ( )rscΓ  ࠋࡿࢀࡉ⾲ḟᘧ࡛ࡣ
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ග཮ᴟᏊ࣏ࣝࣕࢩࣥࢸ ( )rU dip ᙉᗘࡢ࣮ࢨ࣮ࣞࡣ ( )rI ࣥࢸ࣏࡛ࡢࡿࡍ཯ẚ౛࡟∆㞳ㄪࡢ࣮ࢨ࣮ࣞࠊ࡚ࡋẚ౛࡟

ᩓࡾࡼᘧ(2)ࠊࡋ࠿ࡋࠋ࠸Ⰻࡤࢀ࡜ࡃࡉᑠࢆ㞳ㄪ࡚ࡋࡃᙉࢆᙉᗘࡢ࣮ࢨ࣮ࣞࡣሙྜࡿࡍࡃࡁ኱ࢆࡉ῝ࡢࣝࣕࢩ

஘࣮ࣞࢺ scΓ ᙉᗘࡢ࣮ࢨ࣮ࣞࡣ ( )rI ࡢ∆㞳ㄪࡢ࣮ࢨ࣮࡚ࣞࡋẚ౛࡟ 2 ḟ࡛཯ẚ౛ࠊ࡛ࡢࡿࡍཎᏊࡢᑑ࿨ࢆ㛗ࡃ

ࡓࡢࣉࢵࣛࢺ࠸Ⰻࡢ⋠ຠࡵࡓࡢࡑࠋ࠸Ⰻࡤࢀྲྀࡃࡁ኱ࢆ㞳ㄪࠊ࡚ࡵᙅࢆᙉᗘࡢ࣮ࢨ࣮ࣞࡤࡽ࡞ࡿ࠼⪄࡜࠸ࡓࡋ

ࡢ㞳ㄪࡢ࣮ࢨ࣮ࣞࡣࢺᩓ஘࣮ࣞ࡟ⓗ⯡୍ࡣ࡟ࡵ 2ḟ࡛ຠ࡛ࡢ࠺ࡲࡋ࡚ࡁ࡚࠸㞳ㄪࡣ኱ࠊࣞࡾ࡜ࡃࡁ ᙉࡢ࣮ࢨ࣮

ᗘ࡟ࡵࡓࡿࡍࡃ῝ࢆࣝࣕࢩࣥࢸ࣏ࡣᙉ࠸≧ែࠋࡿࡍ࡟ 

㟷᪉㞳ㄪࠋࡿ࠸࡚ࡋ౫Ꮡ࡟࠿ࡿྲྀ࡟㈇ࠊ࠿ࡿྲྀ࡟ṇࢆ㞳ㄪࡣࣝࣕࢩࣥࢸග཮ᴟᏊ࣏ࡾࡼᘧ(2)ࠊࡓࡲ ( )0>∆
㉥᪉㞳ㄪࠊࡋࢺࣇࢩࡾ࡞࡟ṇࡣࣝࣕࢩࣥࢸ࣏ࡣሙྜࡢ ( )0<∆ ࠋࡿࡍࢺࣇࢩࡾ࡞࡟㈇ࡣࣝࣕࢩࣥࢸ࣏ࡣሙྜࡢ

㞳ㄪࢆ㈇ࡓࡗ࡜࡟ሙྜ࣒࣮ࣅࠊᙉᗘࡢᴟ኱Ⅼࡢࣝࣕࢩࣥࢸ࣏࡟ᴟᑠⅬࢆ࣒࣮ࣅ࡛ࢬࣥࣞࡽ࠿࡜ࡇࡿࡁ࡛ࡀ㞟ග
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 ࠋࡿࡁ࡛ࡀ࡜ࡇࡿࡍព⏝ࢆࣝࣕࢩࣥࢸ࣏ࣉࢵࣛࢺ཮ᴟᏊ࡟ᐜ࡛᫆ࡅࡔࡿࡍ

 ᐇ㝿ࡢᐇ㦂⣔࡛ࡢࡇཎᏊᩘࢻࢬ࣮࢖ࢡࢫ≧ែࡢ⏕ᡂࡣ࡟ࡵࡓ࠺⾜ࢆఱࡢ࠿ࡽ᧯సࡾࡼ࡟ BEC ศ࡟ⓗ⇕᩿ࢆ

๭ࠋ࠸࡞ࡽ࡞ࡤࢀࡅ࡞ࡋᐇ㦂࡛ࡢࡑࡣศ๭ࡓࢀࡉ BEC ཎᏊᩘࢺ࣮ࣥࣞࣄࢥࢆࡂࡽࡺࡢ≧ែࡢ㔞Ꮚ㞧㡢㝈⏺௨ୗ

ࡿ࠸⏝ࢆࣝࣕࢩࣥࢸ࣏࢙ࣝ࢘ࢳ࣐ࣝࡿࡼ࡟㸯ḟඖගᐃᅾἼ࡞ẚ㍑ⓗ⡆༢ࡢࣉࢵ࢔ࢺࢵࢭࡣᡭἲࠋࡿࡍ⦰ᅽ࡛ࡲ

ᅗ)ࠋࡓࡋ࡜࡜ࡇ 1) 

 

ᅗ 1: 㸯ḟඖගᐃᅾἼࡿࡼ࡟ཎᏊᩘࢻࢬ࣮࢖ࢡࢫ≧ែ 

[ᐇ㦂⿦⨨] 

࣭BEC ⏕ᡂ⿦⨨ 

BECࠋࡿ࡭㏙࡟⡆༢ࡣ࡛ࡇࡇ࡛ࡢࡿ࠸࡚࠸ࡔࡓ࠸࡚ࡏࡉ⏝฼ࢆ⨨⿦ࡢඛ㍮ࡓࢀࡉ༞ᴗ࡟᪤ࡣ⨨⿦ࡢࡇ ᡂ⏕ࡢ

࡟ࡵึࡎࡲࡣᡂᡭ㡰⏕ࠋࡿ࠸࡚ࡗ⾜࡚࠸⏝ࢆࣉࢵࢳ࣒ࢺ࢔ࡣ MOT ࡚࡟ 1s㹼3s ࡚ࡅ࠿
710 ಶࡢ Rb87

ཎᏊࢆ㞟ࡵ

ࢵࣛࢺ࣮ࣖ࢖࣡ࡢࣉࢵࢳ࣒ࢺ࢔ࠊࡋ㏦㍺ࢆཎᏊ࡬㏆ഐࣉࢵࢳ࣒ࢺ࢔࠸⾜ࢆࣉࢵࣛࢺሙ☢ࡿࡼ࡟ࣝ࢖ࢥ࡟ḟࠋࡿ

࡟ᚋ᭱ࠋࡿࡍࢢࣥ࢕ࢹ࣮ࣟࢆཎᏊ࡚࡟ࣉ 0.4s㹼4s ኱᭱ࠊ࠸⾜ࢆ⵨Ⓨ෭༷࡚ࡅ࠿
4102× ࡢ BEC 1ࠋࡿࡍᡂ⏕ࢆ

ࣝࢡ࢖ࢧ 5s ⛬ᗘࠊ࡜ᐇ㦂ࡶ࡚࡜ࡀࣝࢡ࢖ࢧ᪩࡛ࡢ࠸ຠ⋡ࡢⰋ࠸ᐇ㦂ࠋࡿ࠶࡛⬟ྍࡀ 

㺃ග᱁Ꮚࡓ࠸⏝ࢆ BEC  ⨨⿦ࣉࢵࣛࢺ

ග᱁Ꮚࢆᵓᡂࠊ࡟ࡵࡓࡿࡍᐇ㦂ᶵჾࡢᛶ⬟ࡢไ⣙ࠊᐇ㦂࡟ᚲせࡢ➼࣮ࢠࣝࢿ࢚ࣝࣕࢩࣥࢸ࣏࡞᮲௳ࢆ⪃៖ࡋ

ගᏛ⣔ࢆタィࠋࡓࡋ཮ᴟᏊࡢ⏝ࣉࢵࣛࢺගᏛ⣔ࡣ࡟Ἴ㛗 1552nm ࡚᭱࡟ࣉࣥ࢔࣮ࣂ࢖࢓ࣇࢆ࣮ࢨᑟయ࣮༙ࣞࡢ

኱ 2W ࢆࢢࣥࢪ࣮࢖ࢡࢫ࡚ࡗࡼ࡟࡜ࡇࡿࡆୖࡕ❧࡟ⓗ⇕᩿ࢆග᱁Ꮚࠊࡓࡲࠋࡿ࠸࡚ࡋ⏝౑ࢆࡢࡶࡓࡋቑᖜ࡛ࡲ

㉳ࡢ࣮ࢨ࣮ࣞ࡟ࡵࡓࡿࡏࡉࡇᙉᗘࢆไᚚࡢࡵࡓࡿࡏࡉ AOM ࡣࢀࡇࠋࡓࡋ⏝౑ࢆ mw µ4002 0 = ࡢRF㸸111MH㹸ࠊ

᫬ࠊᅇᢡຠ⋡ࡣ ࡣ⋠㏱㐣ຠࡢ࣮ࢱ࣮ࣞࢯ࢖࢔ࠋࡓࡗ࠶59%࡛ ࣮࣡ࣃ࣮ࢨ࣮ࣞࡿࡁ࡛⏝฼࡟ⓗ⤊᭱ࠊࡾ࠶90%࡛

ࡣ 1.06W  ࠋࡓࡗ࠶࡛

 ḟࠊ࡟ᐇ㦂࡟ᚲせࢆࡉ῝࣮ࢠࣝࢿ࢚ࣝࣕࢩࣥࢸ࣏࡞ぢ✚ࠋࡓࡗࡶග᱁Ꮚࡿࡼ࡟ཎᏊᩘ࠺⾜ࢆࢢࣥࢪ࣮࢖ࢡࢫ

㝿ࠊ༑ศ࡟ཎᏊࡢ㞄᥋ࡀࢢࣥࣜࢿࣥࢺࡢ࡬ࢺ࢖ࢧ㉳ࡢࡇࠋ࠸࡞ࡽ࡞ࡤࢀࡅ࡞ࡽࡇ᮲௳ࡢࡘ୍ࡣ┠Ᏻࠊ࡚ࡋ࡜BEC

ᗘ ࡢ ࡵࡓࡢ㇟ẚ㍑ᑐࡢ࡜᫬ࢢࣥࣜࢿࣥࢺࡢཎᏊࡓࡲࠋࡿࢀࡽ࠼⪄࡜᥮⟬ ᗘࡢ࣮ࢠࣝࢿ࢚ࣝࣕࢩࣥࢸ࣏≈

well ࣥࢸ࣏ࠊࡋ࡜ᘧ(3)ࡣ௳᮲࡚ࡗࡼࠋ࠸ࡋࡲዲࡀ࠺࡯ࡓࡗ࠶ࡶែ≦ࡿ࠸࡚ࡗ࡞࡜య⦖⤯ࡀቨࡢࣝࣕࢩࣥࢸ࣏

)࣮ࢠࣝࢿ࢚ࣝࣕࢩ dipB Uk / ࡣᶆ್┠ࡢ( Kµ10  ࠋࡓࡋ࡜

 dipB UkK /3~ ≤µ  (3) 

࡞ᚲせ࡟ᐇ㦂࡟ඖࢆ௳᮲ࡢࡽࢀࡇ  FORT ࢺࢫ࢙࣒࣮࢘ࣅࡢ 0ω ࡛ࣝࣕࢩࣥࢸ࣏࡞༑ศࠊᯝ⤖ࡓࡵồࢆ BEC ཮ࢆ

ᴟᏊࢺࢫ࢙࣒࣮࢘ࣅࡣ࡟ࡵࡓࡿࡍࣉࢵࣛࢺ 0ω ࡀ mµω 900 = ࡋタィࠋࡓࡗ࠿ศࡀ஦࠸ࡼࡤࢀ࠶࡛ BEC ⏕ᡂ⿦⨨

ᅗࢆගᏛ⣔ࣉࢵࣛࢺග᱁Ꮚࡔࢇ㎸ࡳ⤌࡟ 2  ࠋࡍ♧࡟

 ⮬సࢺࢫ࢙࣒࣮࢘ࣅ࡚࠸⏝ࢆࢺࢵࣜࢫ࡜࣮ࢱࢡࢸ࢕ࢹࡢ 0ω ᚄ༙ࡢࢺࢫ࢙࣒࣮࢘ࣅࠊᯝ⤖ࡓࡗ⾜ࢆホ౯ࡢ 0ω

ࡣ mµ88 ࡉ῝ࡢࣝࣕࢩࣥࢸ࣏ࡢ᫬ࢫࣃࣝࢢࣥࢩࡢ᫬ࡢࡇࠊࡾ࡞࡜ dipB Uk / ࡣ Kµ3.8 ᫬࡛ࢫࣃࣝࣈࢲࠊ Kµ2.25

Ⅼ㊥㞳↔ࠊࡓࡲࠋࡓࡗ࡞࡜ 400mm750ࠊmm Ⅼ㊥㞳↔࡜࣒࣮ࣅࡢ㛫ࢬࣥࣞ 400mm࣮࣑ࣛࠊ㛫࣮࣓ࣜࢥࡣ࣒࣮ࣅࡢ

Ⅼ㊥㞳↔࡟≉ࠋࡿ࠸࡚ࢀࡉࢺ 400mm750ࠊmm ⏤⮬࡟⨨㓄ࡢࢬࣥࣞࠊไ⣙ୖࡢࢫ࣮࣌ࢫ┙ᐃࡣ࡚࠸ࡘ࡟㛫ࢬࣥࣞ

ᗘࢆᣢࡿࡏࡓ┠ⓗ࡛࡟࠺ࡼࡿࢀࡉࢺ࣮࣓ࣜࢥタィࠊࣞ࠾࡞ࠋࡓࡋ ࡢ඲࡚THORLABSࡣࢬࣥ BK7 Plano-Convex Lens
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 ࠋࡿ࠸࡚ࡋ⏝౑ࢆ

 ⌧ᅾࠊBEC ᐇ㦂⿦⨨ࢢࢵࣛࣈࡣᅇᢡࡓ࠸⏝ࢆ BEC ᔂࢆගᏛ⣔ࡢࡑ࡛ࡢࡿ࠸࡚ࡗ⾜ࡶᐇ㦂ࡿࡍ㛵࡟ࢺࢵ࢙ࢳࣛ

B࣮࣑ࣛࠋࡓࡋ࡜⨨㓄࡞࠺ࡼࡢࡇ࡟࠺ࡼ࠸࡞ࡉ ࡿࡍ΅ᖸ࡜ࢫࣝࣃࢢࢵࣛࣈࠊࡾ࠶࡛࣮࣑ࣛࢡࢵ࢖ࣟࢡ࢖ࢲࡣ

FORT ᢡࡾ㏉ࡢ⏝ࡋ F400 A࣮࣑ࣛࠊࡓࡲࠋࡿ࠸࡚ࡗ࡞࡜ᘧ╔⬺ࡣ࣮࣑ࣛࠊࢬࣥࣞ B࣮࣑ࣛ࡜ ࣆࡣ࡟ࢺ࣐ࣥ࢘ࡢ

ࢳࢵ 0.3mm/360°ࡀࢬ࣮ࣗࣜࡢ౑ࣉࢵࢳ࣒ࢺ࢔ࠊࡾ࠾࡚ࢀࢃ㏆ഐ࡛ࡢ FORT ගࢆ 20μm ࢵ࢔ࢺࢵࢭ࡛⬟ศゎࡢ

 ࠋࡿ࠶࡛⬟ྍࡀ஦ࡿࡍࣉ

 

ᅗ 2: ග᱁ᏊࣉࢵࣛࢺගᏛ⣔㓄⨨ᅗ 

 [ᐇ㦂] 

┠ⓗࡢ㡯࡛ࡶ㏙࡟࠺ࡼࡓ࡭ᙜึࡢ┠ⓗࡣ BEC ࡢⓗ㐩ᡂ┠ࡢࡑࠊࡀࡓࡗ࠶㐩ᡂ࡛ࡢែ≦ࢻࢬ࣮࢖ࢡࢫཎᏊᩘࡢ

࠸῝࿡⯆ࡶ࡚࡜ࠊᡤࡓ࠸࡚ࡗ࡞⾜ࢆࢺ࣓ࣥ࢖ࣛ࢔ࡓࡋᣦ┠ࢆࣉࢵࣛࢺග཮ᴟᏊࡿࡼ࡟ࢫࣃࣝࢢࣥࢩ࡟ࡵࡓ BEC

 ࠋࡓࡗ⾜ࢆᐇ㦂ࡢࡘ㸰ࡢ௨ୗ࡟ࡵࡓࡿ࡭ㄪࢆཎᅉࡢᅇᢡࡢࡇࠋࡓࡋ ほࢆᅇᢡࡢ

ࡅ࠿࡟㡿ᇦ࠸࡞ࡽ࡞㔜ࡽ࠿㡿ᇦࡿ࡞㔜ࡀ཯ᑕග࡜ධᑕගࠊࡵࡓࡿ࡭ㄪࢆᙳ㡪ࡢ཯ᑕගࡿࡼ࡟ࣝࢭࢫࣛ࢞(1)

FORT ගࢆ㖄┤᪉ྥࡋ࠿ື࡟ᅇᢡࡀ㉳ࢆ࠿ࡿࡁㄪࠋࡓ࡭⤖ᯝࢆᅗ 3a ࡢࡽ࠿Ỉᖹ㠃ࡣᶓ㍈ࡢࣇࣛࢢࠋࡍ♧࡟ FORT

ධᑕගࡢゅᗘ࡛ࠊࡾ࠶⦪㍈ࡣᅇᢡࡓࡋ BEC  ࠋࡍ⾲ࢆ๭ྜࡢ

⤖ᯝࠊᅇᢡࡀ㉳ࡿࡁ㡿ᇦࡣỈᖹ㠃ࡽ࠿ 7mrad(ᚋࡢィ ࡢࣝࢭࢫࣛ࢞ࡾࡼഴࡣࡁ⣙ 8mrad ཯࡜ධᑕගࠊࡾ࠶࡛

ᑕගࡰ࡯ࡣᖹ⾜࡛ࡢ(ࡿ࠶㏆ഐࡶ࡚࡜࡜㝈ᐃⓗ࡛ࡢ࠿࡯ࡢࡑࠊࡾ࠶㡿ᇦ࡛ࡣⴠୗࡿࡍ BEC ࡜ FORT ධᑕගࡀ☜ᐇ

ࡣࢀࡇࠋࡓࡗ࠿࡞ࡁ࡛ ほࡣᅇᢡࡀࡓࡳ࡚ࡗ᣺ࡶ࡟ᕥྑ࡟࠺ࡼࡿࡍࣉࢵ࣮ࣛࣂ࣮࢜࡟ FORT ධᑕගࢭࢫࣛ࢞࡜

 ࠋࡓࢀࡽ࠼⪄࡜ࡍ♧ࢆ࡜ࡇࡿ࠸࡚ࡗᣢࢆᙺ๭࡞㔜せࡀ཯ᑕගࡣ࡟ᅇᢡࡕ❧ࡀᐃᅾἼࡾࡼ࡟཯ᑕගࡿࡼ࡟ࣝ

(2)ḟ࡟ᅇᢡࡓࡋ BEC ࡟ࡵࡓࡿࡵồࢆ㐠ື㔞ࡢ BEC ࡜ FORT ගࡀ㔜ࡿ࡞᫬㛫ࢆồࡣࢀࡇࠋࡓࡵ FORT ගࡢ↷ᑕ᫬

㛫ࢆኚ໬ࠊࡏࡉᅇᢡࡢጞࡿࡲ᫬㛫ࢆồࡾࡼ࡟࡜ࡇࡿࡵ㐠ື㔞ࢆồࠋࡓࡵ 

⤖ᯝࢆᅗ 3b ࡣᶓ㍈ࡢࣇࣛࢢࠋࡍ♧࡟ FORT ගࡢ↷ᑕ᫬㛫(MT ゎᨺࡢ 1ms ๓ࡾࡼ↷ᑕ)ࡋ⾲ࢆ⦪㍈ࡣᅇᢡࡓࡋ BEC

 ࠋࡍ⾲ࢆ๭ྜࡢ

⤖ᯝࠊTOF ࡓࡵồࡽ࠿ࢪ࣮࣓࢖ BEC 㛫㊥㞳ࡣ 80μm࡛࡟ࡢࡿ࠶ᑐࠊࡋBEC ࡜ FORT ගࡀ┦஫స⏝ࢆጞࡿࡵ᫬㛫࠿

ࡽ TOF ᧜ᙳࡢ࡛ࡲ᫬㛫(12.5ms)࡟ᑐࡿࡍ㸰ගᏊ཯㊴㏿ᗘ(FORT ගࡢἼ㛗 1.5μm)ศࡢ⛣ື㊥㞳ࡣ 73.5μm ࡞࡜

ࡓࡋᅇᢡ࡚ࡗࡀࡓࡋࠋࡓࡗ BEC Ἴ㛗ࡣ 1560nm ࡢ 2ගᏊ཯㊴㏿ᗘศࡢ㐠ື㔞 kh2 ࢀࡽࡅㄽ௜⤖࡜ࡿ࠸࡚ࡗᣢࢆ

 ࠋࡓ

 



 4 

 

ᅗ 3a      ᅗ 3b 

 [BEC ᅇᢡࡢゎ㔘] 

࣭ゅᗘࡓ࠸ࡘࡢᐃᅾἼࢢࢵࣛࣈࡿࡼ࡟ᅇᢡྍࡢ⬟ᛶ 

 BEC ࡢࡑࠊࡋⴠୗ⏤⮬࡟㖄┤᪉ྥࡀ BEC ゅᗘθࡢࡽ࠿Ỉᖹ㠃࡟ ࡛ᐃᅾἼࢆධᑕࡢࡑࠋࡿࡍ࡜ࡓࡏࡉ㝿ࠊⴠୗ

ࡿࡍ BEC θࡢᗘ㏿ࡢ ᪉ྥࡢ㏿ᗘᡂศࡀධᑕࡿ࠸࡚ࡋᐃᅾἼࡢ཯㊴㏿ᗘࡿࡍ⮴୍࡜ሙྜࠊBEC ཯㊴㏿ᗘศࡢࡑࡣ

ᘧ(4)(ᅗࠋࡿࡍᅇᢡࡋࡇ㉳ࢆ㐠ື㔞ኚ໬ࡓࡌᛂ࡟ 4) 

ᘧ(4)ࡢ ⊥v ࡣ BEC Uvࠊࡋ⾲ࢆᗘ㏿ࡢ㖄┤᪉ྥࡿࡼ࡟ⴠୗ⏤⮬ࡢ ࡾࡼ࡟ࣝࣕࢩࣥࢸ཮ᴟᏊ࣏ࡣ BEC ࡓࢀࡉ㏿ຍࡀ

ሙྜࡢ㖄┤᪉ྥ᭱ࡢ኱㏿ᗘࡢࡇࠋࡿ࠸࡚ࡋ⾲ࢆゅᗘࡓ࠸ࡘࡢᐃᅾἼࡾࡼ࡟ BEC ࠊࡾࡶ✚ぢࢆゅᗘࡿࡁ㉳ࡀᅇᢡࡢ

ᐹ⪄࡚࠸ࡘ࡟ᛶ⬟ྍࡢᅇᢡࡿࡼ࡟ᐃᅾἼࡓ࠸ࡘࡢゅᗘ࡭ẚࢆ್ࡢࡘ㸰ࡢࡇࠊࡋᐃ ࢆࡁഴ࡞☜ṇࡢᐇ㦂⣔ࡓࡲ

 ࠋࡿ࡭㏙࡟௨ୗࢆᯝ⤖ࡓࡋ

 θsin)( Uvv
M

k
+= ⊥

h
 (4) 

 

ᅗ 4: ゅᗘࡓ࠸ࡘࡢᐃᅾἼࡿࡼ࡟ᅇᢡ 

࡟12.5ms(※13.5ms-1ms)௨㝆ࠊ㛤ᨺᚋࡢࣉࢵࣛࢺሙ☢ࠋࡿࡵồࢆゅᗘࡿࡁ㉳ࡀᅇᢡ࡟ࡵึ  BEC ࡲጞࡀศ㞳ࡢ

࡟᫬Ⅼ࡛᏶඲ࡢ14ms(※15ms-1ms)ࠊࡾ࠾࡚ࡗ BEC ゎᨺᚋࣉࢵࣛࢺሙ☢࡚ࡗࡼࠋࡿ࠸࡚ࡋศ㞳ࡣ 14ms ᫬Ⅼ࡛ࡢ

BEC ࡀ FORT ගࢆᢤࡢࡇࠊࡅ᫬ࡢⴠୗ㏿ᗘࢆඖ࡟ゅᗘࡓ࠸ࡘࡢᐃᅾἼࡿࡼ࡟ᅇᢡ࡟ࡵࡓࡿࡁ࠾ࡀᚲせ࡞ᐃᅾἼ

ࡿࡼ࡟ⴠୗ⏤⮬ࡎࡲࠋࡓࡵồࢆゅᗘࡢ BEC ࡣᗘ㏿ࡢ smm /137101481.9 3 =××=⊥υ ࢸ཮ᴟᏊ࣏࡟ḟࠋࡿ࡞࡜

ࡣ኱್᭱ࡢᗘ㏿ࡓࢀࡉ㏿ຍࡾࡼ࡟ࣝࣕࢩࣥ )2/(1 2
Udip mvU = ࠊ smmvU /35= ࠊࡓࡲࠋࡿ࡞࡜ Rb87

ཎᏊࡀἼ㛗

1560nm ࡣ㸯ගᏊ཯㊴㏿ᗘࡿࡅཷࡽ࠿ගࡢ 2.96mm/s ᅇᢡࢢࢵࣛࣈ࡚ࡗࡼ࡟ᐃᅾἼࡓ࠸௜ࡢゅᗘ࡚ࡗࡼࠋࡿ࠶࡛

ࡣゅᗘ࡞ᚲせ࡟ࡵࡓࡍࡇ㉳ࢆ °=+= 0.1≈17)35137/(96.2 mradθ  ࠋࡓࡗ࡞࡜

 ḟ࡟ᐇ㦂⣔ࡢගᐃᅾἼࡢഴ࡚࠸ࡘ࡟ࡁ ᐃࠋࡓࡳ࡚ࡋගᐃᅾἼࡢഴࡢࣝࢭࢫࣛ࢞ࡣࡁഴ࡟ࡁ౫Ꮡࠋ࢞ࡿࡍ ࣛ

kh0  kh2  

θ  
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ࡣࡁഴࠊᡤࡓࡳ࡚ࡋᐃ ࢆࡁഴࡢࣝࢭࢫ 8.7mrad(0.5°)࡛ࠋࡓࡗ࠶ 

⤖ᯝࠊBEC Ἴ㛗ࡓࡗᣢࢆࡁഴ࡟ 1560nm ࡣࡁഴ࡞ᚲせ࡟ࡵࡓࡿࡏࡉࡁ㉳ࢆᅇᢡࡿࡼ࡟ᐃᅾἼࡢ 17mrad(1.0°)

ࡣࡁഴࡢᐃᅾἼࡢගᏛ⣔ࡋᑐ࡟ࢀࡑࠋࡓࡗ࠶࡛ 8.7mrad(0.5°)࡛ࡢࡇࠋࡓࡗ࠶㸰ࡣ್ࡢࡘ⣙ 2 ಸࡢ㛤࠶ࡀࡁ

ࡓࢀࡽᮏᐇ㦂࡛ᚓࠊぢ୍ࡾ BEC  ࠋࡿ࠼ᛮ࡟࠺ࡼ࠸࡞ࡣᅇᢡ࡛ࢢࢵࣛࣈࡿࡼ࡟ගᐃᅾἼࡓ࠸ࡘࡢゅᗘࡣᅇᢡࡢ

ࢆFORTගࠊ࡛ࡇࡇࡋ࠿ࡋ  BECࡀ㏻㐣ࡿࡍ㝿ࡢBEC,FORTග㛫ࡢ┦஫స⏝᫬㛫࡟ᑐࡿࡍ㑄⛣ᖜࠋࡿ࠼⪄࡚࠸ࡘ࡟

ࡣ㑄⛣ᖜࡢࡇ BEC ࡀ FORT ㏫ᩘࡢ᫬㛫ࡿࡍ⏝஫స┦࡜ t∆ω∆ /1= ࡛ࡇࡑࠋࡿࡁ࡛ࡀ࡜ࡇࡍ⾲࡛ FORT ග࣒࣮ࣅࡢ

ᚄࡢࡑ࡜ᆅⅬࢆ㏻㐣ࡿࡍ BEC ࡜ࡿࡵồࢆ஫స⏝᫬㛫┦ࡽ࠿ᖹᆒ㏿ᗘࡢ mssmmmt 1.1)/20137(882 =+×= µ∆

ࡣ㑄⛣ᖜࠊࡾ࡞࡜ kHz91.0=ω∆  ࠋࡓࡗ࡞࡜

ᴫ␎ᅗࢆᅗ(5a)ࠊࡓࡲࠋࡍ♧࡟ kh2 ࠊ kh2-  ࠋࡍ♧࡟ᅗ(5b)ࢆᴫ␎ᅗࡢ࡚࠸ࡘ࡟㑅ᢥࡢ

ᅗ(5a)ගᐃᅾἼࢢࢵࣛࣈࡿࡼ࡟ᅇᢡࡢᴫᛕᅗ   ᅗ(5b)㐠ື㔞ࡢ㑅ᢥ   

 

ࡿࡅ࠾࡟ᅗ(5)ࡿࡍᙜ┦࡟ゅᗘࡢᐃᅾἼࡢᐇ㦂⣔ࠊ࠾࡞ BEC  ࠋࡿ࡞࡟࠺ࡼࡢ௨ୗࡣ⨨఩ࡢ

]/[137/]/[][7.8 smmsmmvmrad ==θ  ]/[5.1 smmv =  

ࡢࡇ  1.5mm/s ࡣ Rb87
Ἴ㛗ࡢ 1.5μm ගࡿࡼ࡟ 1ගᏊࡢ཯㊴㏿ᗘࡢ⣙༙ศ࡟┦ᙜࠋࡿࡍ⤖ᯝࠊᅗ(5a)ࡼࡍ♧࡟

ࠊࡃ㏆ࡶ࡚࡜ࡣ⨨఩ࡍ♧ࢆ㑄⛣‽఩࡜BEC࡜ࡿࡍ៖⪄ࢆࡂࡽࡺࡢ㑄⛣ᖜࡿࡼ࡟஫స⏝᫬㛫┦ࡢFORTගࠊBEC࡟࠺

kh- ⇒ kh 㑄⛣ࡢඹ㬆࡟㏆ࡓࡲࠋࡿ࡞ࡃ kh0 ⇒ kh2 ࠊ kh0 ⇒ kh2- ᐇ࡟࠺ࡼࡍ♧࡛ᅗ(5b)ࡣ࡚࠸ࡘ࡟㑅ᢥᛶࡢ

㦂⣔ࡢᐃᅾἼࡢഴ࡟ࡁ┦ᙜࡿࡍ BEC ࡣඹ㬆࡚ࡗࡼ࡟⨨఩ࡢ kh2- 㑄⛣ࡶࡾࡼ kh2 ࡃ㏆ࡀ࠺࡯ࡢ⛣㑄࡬ kh0 ⇒

kh2 㑄⛣ࢆ㉳ྍࡍࡇ⬟ᛶࡀ㧗ࡀ࡜ࡇ࠸ศࡢࡇࡣ࡛≦⌧ࠋࡓࡗ࠿ゅᗘࡓ࠸ࡘࡢගᐃᅾἼࢢࢵࣛࣈࡿࡼ࡟ᅇᢡࡢ

ࡢᐇ㦂࡛࡜ࣝࢹࣔ BEC ࡜᭶ᚋࣧᩘࡢᐇ㦂ࡀゅᗘ ᐃࡢᐇ㦂⣔ࠊࡀ࠸ࡓࡀ࠸࠸ࡣ࡜ࡿࡍ⮴୍࡟᏶඲ࡀᅇᢡ≧ἣࡢ

BECࠊࡾ࠶ࡶ஦࠺࠸ ᅇᢡࡢཎᅉ࡛ࣝࢹࣔࡢࡇࡀㄝ࡛᫂ྍࡿࡁ⬟ᛶࡀ㧗࡜࠸⪃ᐹࠋࡿࡍ 

 [ཎᏊᖸ΅ィࡢ࡬ᛂ⏝] 

 ᮏᐇ㦂࡛ࡣ཮ᴟᏊࡢࢺ࣓ࣥ࢖ࣛ࢔ࡓࡅྥ࡟ࣉࢵࣛࢺ㝿ࠊከࡢࡃᐇ㦂ࢆࢱ࣮ࢹᚓࡢࡑࠋࡓ୰࡛㸰ࢆࢫ࣮ࢣࡢࡘ

⤂௓ࠋࡃ࠾࡚ࡋ 

 ᅗ 6(b)ࡣࣉࢵ࢔ࢺࢵࢭࡢ BEC ࡾࡼࣉࢵࣛࢺሙ☢ࡢ 760μm ୗࡢᆅⅬ࡛ FORT ග࡜㔜ࡢࡇࠋࡿ࡞᫬ࡢ BEC ᅇࡢ

ᢡ⋡᭱ࡣ኱࡛ ᅗࠋࡓࡗ࠶40%࡛ 6(c)ࡣࣉࢵ࢔ࢺࢵࢭࡢ(b)ࡾࡼ 260μm(※)ୖࡢᆅⅬ࡛ FORT ග࡜㔜ࡢࡇࠋࡿ࡞

᫬ࡢ BEC ࡰ࡯ࡣ⋠ᅇᢡࡢ ࡣࣉࢵ࢔ࢺࢵࢭࡢ㸰Ⅼࡢࡇࠋࡓࡗ࠶100%࡛ FORT ග࣒࣮ࣅࡢᚄࠊᙉᗘඹࡿ࠶࡛ࡌྠ࡟

ࡀ FORT ගෆࢆ⮬⏤ⴠୗࡿࡍ BEC 98mm/s:(c)ࠊ137mm/s:(b)ࡣⴠୗ㏿ᗘࡢⅬ࡛ྛࠋࡿ࡞␗ࡀᗘ㏿ࡢ ࡇࠊࡾ࠶࡛

ࡓࡋ៖⪄ࢆᙳ㡪ࡢࣝࣕࢩࣥࢸ཮ᴟᏊ࣏࡟ࢀ BECࠊFORT ග㛫ࡢ┦஫స⏝᫬㛫ࡣ(b):1.1msࠊ(c):1.5ms ࠋࡓࡗ࡞࡜

࡚ࡗࡼ࡟ࡉ㛗ࡢ஫స⏝᫬㛫┦ࡣࢀࡇ BEC ࡢ >= kp h2| ࡟ࡽࡉࡤࡽ࡞ᮏ᮶ࠋࡿࡍព࿡ࢆ஦ࡿ࡞␗ࡀ⋠ᅇᢡࡢ࡬

㛗࠸┦஫స⏝᫬㛫ࡀᮇᚅ࡛ࡿࡁ(c)ࡢୖࡶࡾࡼᆅⅬ࡛ࡢᐇ㦂ࣅࣛ࠸⾜ࡶ᣺ືࡀ㉳ࢆ࡜ࡇࡿ࠸࡚ࡁ☜ㄆࡗ࠿ࡓࡋ

 ࠋ࠸࡞࠸࡚ࡗ࡞⾜ࢆᐇ㦂ࡢࡑࡔࡲࡣ࡛≦⌧ࡀࡔࡢࡓ
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ᅗ 6: ཎᏊᖸ΅ィࡢ࡬ᛂ⏝ 

π/2ࠊࢫࣝࣃπࠊሙྜࡿ࠸࡚ࡁ㉳ࡀ᣺ືࣅࣛࡋࡶ  ࡟㐺ษ࡟࠺ࡼࡿ࡞࡜ࢫࣝࣃ FORT ගࡤࢀࡍࣉࢵ࢔ࢺࢵࢭࢆ

BEC  ࠋ࠿࠺ࢁࡔ࠸࡞ࡣ࡛ࡢࡿࡁᵓᡂ࡛ࢆᆺཎᏊᖸ΅ィ࣮ࢲ࢙ࣥࢶ࣭ࣁࢵ࣐࡛ࡅࡔࡿࡏࡉⴠୗ⏤⮬ࢆ

 [ᒎᮃࡢ௒ᚋ࡜ࡵ࡜ࡲ]

ᮏ◊✲ࡢᮏ᮶ࡢ┠ⓗࡣග᱁Ꮚ࡚࠸⏝ࢆ BEC ཎᏊࠊࣉࢵࣛࢺࢆ᧯సࢺ࢖ࢧྛࡋ㛫ࡢ BEC ཎᏊࡢಶᩘᦂࢥࢆࡂࡽ

࡟ග᱁Ꮚࠊࡋ࠿ࡋࠋࡓࡗ࠶ᡂ࡛⏕ࡢែ≦ࢻࢬ࣮࢖ࢡࢫཎᏊᩘࡿࡍ⦰ᅽ࡛ࡲ㔞Ꮚ㞧㡢㝈⏺௨ୗࡢែ≦ࢺ࣮ࣥࣞࣄ

ࡿ࠸⏝ FORT ගᏛ⣔ࡢタィࠊ࠸⾜ࢆࣉࢵ࢔ࢺࢵࢭࠊග᱁Ꮚ࡟ BEC ࡚ࡋ࡜๓ẁ㝵ࡿࡍࢢࣥ࢕ࢹ࣮ࣟࢆ BEC ග཮ࡢ

ᴟᏊࡓ࠸࡚ࡗ⾜ࢆࢺ࣓ࣥ࢖ࣛ࢔ࡓࡅྥ࡟ࣉࢵࣛࢺᡤࠊண᝿࡟཯ࡓࡋ⯆࿡῝࠸ BEC ᮏ࡛ࡇࡑࠋࡓࡋ ほࢆᅇᢡࡢ

᮶ࡢᮏ◊✲ࡢ┠ⓗࡣ࡜ከᑡእࡢࡇࡀ࠺ࡲࡋ࡚ࢀ BEC ཎᅉࡢᅇᢡࠊࡋ࡜ⓗ┠ࡢ✲◊ᮏ࡚ࡏࢃ࠶ࡶ᫂✲ࡢ࠸⯙᣺ࡢ

࡟ࡵࡓࡢ᫂✲ FORT ࡏࡉኚ໬ࢆᑕ᫬㛫↷࡜⨨ᑕ఩↷ࡢ BEC ⾜ࢆᐇ㦂ࡢࡘ㸰ࡢࡵࡓࡿࡵồࢆ௳ᅇᢡ᮲ࠊ㐠ື㔞ࡢ

ᅗࠊᯝ⤖ࡢᐇ㦂ࠋࡓࡗ ࡞࠺ࡼࡍ♧࡟6 BEC ࡓࡋᅇᢡࡢࡇࠋࡓࢀࡽᚓࡀᅇᢡീࡢ BEC ࡣ kh2 ࠸࡚ࡗᣢࢆ㐠ື㔞ࡢ

࡟྾཰ࡢඹ㬆ගࡸᅇᢡࢢࢵࣛࣈ࡞༢⣧ࡽ࠿ἣ≦ࡢࣉࢵ࢔ࢺࢵࢭࡢᐇ㦂ࠊᙜึࡣᅇᢡࡢࡇࠋࡓࡁㄆ࡛☜ࡀ࡜ࡇࡿ

ࡓ࠸௜ࡢゅᗘࠊࢁࡇ࡜ࡓࡗ⾜ࢆᐹ⪄࡚❧ࢆࣝࢹࣔࡢ࠿ࡘࡃ࠸࡛ࡇࡑࠋࡓࢀࢃᛮ࡜࠸࡞ࡣ࡛ࡢࡶࡿࡼ࡟㊴཯ࡿࡼ

ගᐃᅾἼࢢࢵࣛࣈࡿࡼ࡟ᅇᢡྍࡢ⬟ᛶࡀ㧗࠺࠸࡜࠸⤖ᯝࡓࡲࠋࡓࡗ⮳࡟ཎᏊᖸ΅ィࡢ࡬ᛂ⏝࡚࠸ࡘ࡟⡆༢࡞⪃

ᐹࠋࡓࡗ࡞⾜ࡶ 

௒ᚋࡢᒎᮃࡣ࡚࠸ࡘ࡟ BEC ᅇᢡࡢ࡚࠸ࡘ࡟ࣝࢹࣔࡢ⪃ᐹࡢࡇࠊࡵ῝ࢆᅇᢡࡀ BEC ᖸ΅ィ࡟฼⏝࡛ྍࡢ࠿ࡿࡁ

⬟ᛶࢆぢᴟࡓࡲࠋ࠸ࡓࡵග᱁Ꮚ࡟ BEC ࡋࣉࢵࣛࢺࢆ BEC  ࠋ࠸ࡓࡋᣦ┠ࡶ㐩ᡂࡢែ≦ࢻࢬ࣮࢖ࢡࢫཎᏊᩘࡢ
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