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֓ ཁ

XઢϚΠΫϩΧϩϦϝʔλɺೖࣹͨ͠ޫࢠ 1ͭ 1ͭͷΤωϧΪʔΛૉࢠͷԹ্ঢʹΑΓଌ
ఆ͢ΔΤωϧΪʔޫثͰ͋ΔɻࡶԻͷ͍ۃԹԼ (0.1 Kఔ)Ͱಈͤ͞࡞Δ͜ͱͰ͍ߴ
ΤωϧΪʔղΛୡͰ͖ɺͳ͔ͰTES (Transition Edge Sensor)ܕϚΠΫϩΧϩϦϝʔ
λɺಋ-ৗಋసҠͷܹٸͳ߅มԽΛར༻͢Δ͜ͱͰ eVఔͷ͍ߴΤωϧΪʔ
ղΛތΔɻ
Λ༗͢Δੑ૾ࡱͷXઢఱจӴͰඞཁͱ͞ΕΔੈ࣍ hydraܕͷTESϚΠΫϩΧϩϦϝʔ
λɺޫࢠͷೖࣹҐஔʹରͯ͠ײΛ͓ͯͬ࣋ΓɺޫࢠͷೖࣹҐஔTESͷ৴߸ܗʹΑͬͯ
ܾఆ͢Δ͜ͱ͕Ͱ͖ΔɻೖࣹҐஔΛਫ਼ີʹܾఆ͢Δʹɺ৴߸͕ܗΧϩϦϝʔλͷߏʹͲ
ͷΑ͏ʹґଘ͢Δ͔ཧղ͢Δඞཁ͕͋Δɻ·ͨզʑ͕։ൃΛߦͳ͍ͬͯΔଠཅΞΫγΦϯͷݕ
ग़Λͨ͠ࢦϚΠΫϩΧϩϦϝʔλɺFeٵऩମͷ࣓ͷӨ͔ڹΒ TESͱٵऩମΛԣஔ͖ʹ
Մੑ͕͋Δɻ͢͜ىগΛҾ͖ݮͷߴʹΑΔͷଛࣦ৴߸ߏɻ͜ͷಛघͭ࣋Λߏͨ͠
ͷه্ TESܕϚΠΫϩΧϩϦϝʔλʹڞ௨͢Δͷɺೖྗʹର͢Δ৴߸ܗͷཧղͰ͋
Δɻ৴߸ͷ্ཱ͕ͪΓɺཱͪԼ͕Γؒ࣌ɺTESͷ༰ྔͱཋͱͷಋʹґଘ͢ΔɻՃ
͑ͯɺTESితͳϑΟʔυόοΫΛֻ͚ͯಈͤ͞࡞Δ͜ͱ͔ΒɺTESͷԹײ αIɺి
ײྲྀ βI ʹґଘ͢ΔɻTESͷԹײɺిྲྀײɺ༰ྔΛٻΊΔख๏ͱͯ͠ɺෳૉΠϯ
ϐʔμϯεΛଌఆ͢Δํ๏͕͋Δɻ
ຊڀݚͰɺզʑ͕ͨ͠࡞TESܕϚΠΫϩΧϩϦϝʔλʹରͯ͠ෳૉΠϯϐʔμϯεΛଌ
ఆ͠ɺٵऩମް 5µmͷૉࢠͷԹײαIɺిྲྀײ βIɺ༰ྔCͷTESͷಈྖ࡞Ҭʹର͢Δ
ґଘੑΛ֬ೝͨ͠ɻͦͷ݁ՌɺAuٵऩମͱTESͷ༰ྔ͕ఆ͍ͯ͠ΔఔͰ͋Δ͜ͱ͕
໌ͨ͠ɻ·ͨXઢরࣹݧࢼͷ݁Ռ͔ΒɺଌఆΛͨͬߦૉࢠͷΤωϧΪʔղ͕ 7.03 eV(@5.9

keV)Ͱ͋ΓɺXઢͷೖࣹҐஔʹର͢ΔґଘੑͳͲͷɺTESͷݻ༗ϊΠζҎ֎ͷཁҼͰղ͕
ྼԽ͍ͯ͠ΔՄੑ͕͋Δ͜ͱ͕Θ͔ͬͨɻ
͜ͷ݁ՌͱTESܕϚΠΫϩΧϩϦϝʔλͷ৴߸ԠΛཧղΛͯ͠ࢦɺిγϛϡϨʔγϣ
ϯΛͨͬߦɻ·ͣγϛϡϨʔγϣϯڥͷߏஙΛ͍ߦɺిϑΟʔυόοΫΛ͢ݱ࠶ΔͨΊ
ʹɺ࣮ݧతʹٻΊͨTESͷ߅ͷԹґଘੑΛγϛϡϨʔγϣϯ্ʹΈࠐΈɺ৴߸ܗͷ
ऩମͷ༰ྔΛఆͷٵΈͨɻͦͷ݁ՌɺࢼΛݱ࠶ 1.8ഒఔʹ͢Δ͜ͱͰɺଌఆͨ͠ܗ
Λݱ࠶Ͱ͖Δ͜ͱ͕Θ͔ͬͨɻ·ͨɺෳૉΠϯϐʔμϯεଌఆͷ݁Ռ͔Βɺ৴߸ͷཱͪԼ͕Γ
ఆʹର͢Δిྲྀґଘੑ࣌ βIͷޮՌΛੵݟͬͨͱ͜ΖɺٵऩମఆఔͰઆ໌Ͱ͖Δ͜
ͱ͕Θ͔ͬͨɻ
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ୈ1ষ ܠഎڀݚ

1.1 ଠཅΞΫγΦϯͷ୳ࠪ
Ͱ͋Δɻݟ࣭ͷ༗ྗީิ͕ͩະൃࠇCPղܾͷͨΊʹಋೖ͞ΕͨΞΫγΦϯɺ҉͍ڧ
ΞΫγΦϯిؾతʹதੑͰɺଞͷ࣭ͱ΄ͱΜͲ૬࡞ޓ༻͠ͳ͍͕ɺ࣓ͱͷ૬࡞ޓ༻ (ϓ
ϦϚίϑޮՌ)ʹΑͬͯޫࢠʹม͞ΕΔɻΞΫγΦϯͷ࣭ྔ͕ 1 eVఔͷ߹҉ࠇ࣭ͷ
ީิͱͳΒͳ͍͕ɺ࣓͍ڧΛͪ࣋ɺޫࢠΛେྔʹੜ͢Δ߃͔ΒɺϓϦϚίϑޮՌ
ʹΑͬͯΞΫγΦϯ͕େྔʹੜ͞ΕΔɻͳ͔Ͱଠཅզʑ͔Β࠷ۙ͘ɺͦͷ׆ಈ์ࣹ
͕ൺֱత໌Β͔ʹ͞Ε͍ͯΔ߃Ͱ͋Γɺଠཅ෦Ͱੜ͞ΕΔΞΫγΦϯ (ଠཅΞΫγΦϯ)

ͷ୳͕ࠪ࠷࠷దͱ͍͑Δɻ

1.1.1 ଠཅΞΫγΦϯͷ์ग़աఔ

Sumico

太陽内部の磁場

太陽内部の57Fe
黒体輻射
光子

連続放射 
アクシオン

14.4 keV 
アクシオン

地上の57Fe

電磁石

14.4 keV 
光子

Namba 2007

ਤ 1.1: ଠཅΞΫγΦϯͷ์ग़աఔɻࠇମࣹޫ͕ࢠଠཅ෦ͷ࣓ͱͷϓϦϚίϑมʹΑͬͯ࿈ଓ
์ࣹͷଠཅΞΫγΦϯ͕ੜ͞ΕΔɻଠཅ෦ͷ࣓ؾࢠۃભҠΛࢠ֩ͭ࣋Λྭͤ͞ىɺͦͷ
ྭ͔ىΒًઢ์ࣹͷଠཅΞΫγΦϯΛੜ͢Δɻ

ଠཅ͔Β์ग़͞ΕΔଠཅΞΫγΦϯʹɺ2ͭͷੜաఔ͕͋Δɻͻͱͭɺଠཅ෦Ͱੜ
͞Εͨࠇମࣹޫ͕ࢠଠཅ෦ͷ࣓ͱͷϓϦϚίϑޮՌʹΑͬͯଠཅΞΫγΦϯ͕ੜ͞
ΕΔաఔͰ͋Δɻ͜ͷͱ͖ੜ͞ΕΔΞΫγΦϯɺ3.0 keVͰ࠷େΛͱΓɺฏۉΤωϧΪʔ
4.2 keVͷࠇମࣹʹ͍ۙεϖΫτϧͱͳΔɻ·ͨࠇମࣹޫ͕ࢠɺଠཅ෦ʹଘ͢ࡏΔ࣓ؾ
ࢠۃભҠΛࢠ֩ͭ࣋Λྭͤ͞ىɺྭىʹΑͬͯಛఆͷΤωϧΪʔͷΞΫγΦϯΛੜ͢Δ
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ਤ 1.2: ্ʹ౸དྷ͢ΔଠཅΞΫγΦϯͷΤωϧΪʔεϖΫτϧ [1]ɻฏۉΤωϧΪʔ 4.2 keVͷࠇମ
ࣹʹ͍ۙ࿈ଓతͳ์ࣹͱɺ57FeͷྭىʹΑΔ 14.4 keVͷًઢ์ࣹΛ͍ࣔͯ͠Δɻ

Ծఆ͑ߟΒΕΔɻਤ 1.2ʹɺ༧͞ΕΔଠཅΞΫγΦϯͷΤωϧΪʔεϖΫτϧΛࣔ͢ɻ͜
ͷ̎ͭͷ์ࣹաఔͷٯԠΛར༻ͯ͠ɺଠཅΞΫγΦϯͷݕग़ΛࢼΈΔ࣮ੈ͕ݧքதͰߦΘΕ
͍ͯΔɻ

1.1.2 ಋମݕग़ثʹΑΔΞΫγΦϯ୳ࠪ

半導体 
検出器

14.4 keV 
アクシオン

ホイル57Fe
14.4 keV 
(10%)

内部転換電子 
低エネルギーのX線 

(90%)

ਤ 1.3: Si PIN ϑΥτμΠΦʔυʹΑΔ 14.4 keVΞΫγΦϯͷݕग़࣮ݧͷࣜਤ

[2, Namba 2007]Ͱɺ14.4 keVΞΫγΦϯΛ 57Feബບ (FeϗΠϧ)Ͱ 14.4 keVͷΨϯϚઢʹ
ม͠ɺۙʹஔͨ͠ Si PIN ϑΥτμΠΦʔυͰݕग़Λͨ͠ࢦ (ਤ 1.3)ɻ͔͠͠ 57FeϗΠ
ϧʹೖࣹͨ͠ଠཅΞΫγΦϯ͕ɺ14.4 keVͷΨϯϚઢʹม͞ΕΔ֬ 9%ఔͰ͋Γɺ
Γͷ 90%෦సࢠిͱΑΓΤωϧΪʔͷXઢʹม͞ΕΔɻ͞Βʹ 14.4 keVͷΨϯϚઢ
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 57FeബບͰ΄ͱΜͲࣗٵݾऩ͞Εͯ͠·͏ͨΊɺݕग़ޮ͕ 2%ఔͱ͘ɺm < 216 eV

ͷ࣭ྔ੍ݶΛಘΔͷʹཹ·ͬͨɻଠཅΞΫγΦϯͷݕग़ʹɺݕ͍ߴग़ޮͱߴղΛཱ྆
͢Δ৽͍͠ݕग़ثͷ։ൃ͕ඞཁͰ͋Δɻ

1.2 ଠཅΞΫγΦϯͷ୳ࠪʹಛԽͨ͠TESܕϚΠΫϩΧϩϦϝʔ
λͷ։ൃ

զʑ 14.4 keVͷଠཅΞΫγΦϯͷ୳ࠪʹಛԽͨ͠TESʢTransition Edge SensorʣܕϚΠ
ΫϩΧϩϦϝʔλΛ։ൃ͍ͯ͠Δɻٵऩମʹ 57FeΛ༻͍ͨ৽͍͠ TESܕΧϩϦϝʔλΛ։ൃ
Ͱ͖Εɺ57FeͰͷࣗٵݾऩΛଊ͑Δ͜ͱ͕Ͱ͖ɺ5 µm× 100 µm× 100 µmͷ 57FeͰݕग़ޮ
 70%ΛୡͰ͖Δɻ
͔͠͠ 57Fe࣓ੑମͰ͋ΓɺಋମͰ͋ΔTES࣓ͷӨڹΛड͚Δɻ[3]ͰɺTESͷ
ɺTESͷసҠಛੑ͕มԽ͢Δ͜ͱʹࡍରͯ͠ਨʹ࣓ΛҹՃͨ͠ʹΕΔ໘ํྲྀ͕ํྲྀి
͕ࣔ͞Ε͍ͯΔɻਤ 1.4ʹ࣓ʹΑΔTESͷ߅ͷԹґଘੑͷมԽΛࣔͨ͠ɻTESܕϚΠΫ
ϩΧϩϦϝʔλͷΤωϧΪʔղɺ

∆E ∝
√

T 2C/α (1.1)

ͱදͤΔɻ͜͜Ͱ T ΛTESͷԹɺCΛϚΠΫϩΧϩϦϝʔλͷ༰ྔɺԹײ αΛ

α =
d logR

d log T
(1.2)

ͱͨ͠ɻਤ 1.4͔ΒɺҹՃ͢Δ࣓Λେ͖͘͢ΔͱɺTESͷ߅RͷԹʹର͢Δ͕͖ͳͩ
Β͔ʹͳ͍ͬͯΔ͜ͱ͕Θ͔Δɻ͜ΕɺԹײ α͕࣓ʹΑͬͯݮগ͠ɺΤωϧΪʔղ
͕ྼԽ͢Δ͜ͱΛ͍ࣔͯ͠ΔɻҰํͰTESͷిྲྀʹฏߦͳํͷ࣓ʹ͍ͭͯɺసҠಛੑͷ
มԽใ͞ࠂΕ͍ͯͳ͍ɻͦͷͨΊ࣓ͷӨڹΛ͑ΔͨΊʹɺٵऩମͱTESΛԣஔ͖ʹ͠
ͯɺAuͷύεͰ͙ܨಛघͳߏ͕ߟҊ͞Εͨɻ࡞ࢼࡏݱ༻ͷૉࢠͷ࡞ (ਤ ͕ͯྃ͠(1.5
͓Γɺಈݧࢼ࡞·Ͱ͍ͯྃ͠Δঢ়ଶͰ͋Δɻਤ 1.6ʹΞΫγΦϯ୳ࠪʹಛԽͨ͠TESܕϚΠ
ΫϩΧϩϦϝʔλͷϐΫηϧͱΞΫγΦϯʹର͢Δ࣭ྔ੍ݶͷؔΛࣔͨ͠ɻ256ϐΫηϧ
ͷΞϨΠԽʹΑͬͯɺ[2]ʹΑΔm < 216 eVҎ্ͷ࣭ྔ੍ݶΛಘΒΕΔ͜ͱ͕Θ͔Δɻ·ͨɺ
104ϐΫηϧͷΞϨΠԽʹΑͬͯɺ͜Ε·Ͱʹ࠷ݶ੍͍͠ݫΛ͚ͭͨDerbin+2011Ҏ্ͷײ
Λͭ࣋ɻ104ϐΫηϧΛୡ͢ΔʹɺಡΈग़͠ܥͷൃͳͲ͕ͱͳΔ͕ɺզʑͷڀݚ
άϧʔϓ͕։ൃΛਐΊ͍ͯΔϚΠΫϩ SQUIDͰ͋ΕɺಡΈग़͠෦͔Βͷൃɺ΄ͱΜ
Ͳ 0ͱΈͳͤΔɻ
͔͠͠୯ϐΫηϧͷ࡞ࢼஈ֊Ͱɺ͍͔ͭ͘ͷ͕໌Β͔ʹͳ͍ͬͯΔɻͦͷ͕̍ͭ Au

ͷύεͷߏʹ͍ͭͯͰ͋Δɻ57FeͰٵऩ͞ΕͨɺAuͷύεΛ௨ͬͯTESʹΘΔɻ
͜ͷͱ͖ AuͷύεͷްΈ͕ബ͍ͱɺಋ͕Լ͢Δ͜ͱͰ Auͷύε͔Β͕ಀ͛
ͯ͠·͍ɺ৴߸ߴ͕ݮগ͢ΔɻҰํͰAuͷύεΛް͗͘͢͠ΔͱɺΧϩϦϝʔλͷ
༰ྔ͕૿Ճ͢Δ͜ͱͰɺΤωϧΪʔղ͕ྼԽ͢Δɻ·ͨɺͷଛࣦྔύεͷ෯ܗ
ঢ়ʹґଘ͓ͯ͠Γɺ͜ΕΒΛશͯ͢ূݕͯ͠࡞ΔͷࠔͰ͋Δɻ͕ͨͬͯ͠Auͷύ
εߏΛ࠷దԽ͢ΔʹɺిγϛϡϨʔγϣϯͰೖྗͷࡍͷTESͷ৴߸ܗΛͯ͠ݱ࠶ɺ
Λ໌Β͔ʹ͢Δඞཁ͕͋Δɻঢ়ͱଛࣦͷؔܗ
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26uT 
6uT 
0uT

ਤ 1.4: ࣓ΛҹՃͨ͠ͱ͖ͷ TESͷRTಛੑͷมԽɻ[3]

ਤ 1.5: ଠཅΞΫγΦϯ୳ࠪʹಛԽͨͨ͠͠࡞ࢼ TESܕϚΠΫϩΧϩϦϝʔλ
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ਤ 1.6: ଠཅΞΫγΦϯ୳ࠪʹಛԽͨ͠TESܕϚΠΫϩΧϩϦϝʔλͷϐΫηϧͱΞΫγΦϯͷ࣭ྔ
ͷؔݶ੍ [4]

1.3 ిϑΟʔυόοΫԼͷTESͷ৴߸Ԡ
TESܕϚΠΫϩΧϩϦϝʔλɺఆిѹΛҹՃ͢Δ͜ͱͰɺిϑΟʔυόοΫͱݺΕΔ
ϑΟʔυόοΫΛ͔͚ͯಈͤ͞࡞ΔɻਤʹTESܕϚΠΫϩΧϩϦϝʔλʹೖྗʹର͢Δɺ
ϚΠΫϩΧϩϦϝʔλʹ͕ೖྗ͞ΕΔͱɺԹ্ঢʹͬܕมԽͷࣜਤΛࣔͨ͠ɻTES߅

ਤ 1.7: ిϑΟʔυόοΫԼʹ͓͚Δ TESͷ߅ͷมԽͷࣜਤ

ͯ߅্͕ঢ͢Δɻ͜ͷͱ͖ TESʹҹՃ͍ͯ͠ΔిѹҰఆͳͷͰɺTESʹྲྀΕΔిྲྀ
ͱൃ͕ݮগ͢ΔɻTESͷൃ͕ݮগ͢Δ͜ͱͰɺૉ٫͞ྫྷ͕ࢠΕͯݩͷಈྖ࡞ҬʹΔΑ͏
ͳϑΟʔυόοΫ͕͔͔Δɻ͜Ε͕ిϑΟʔυόοΫͰ͋ΔɻిϑΟʔυόοΫͷϑΟʔ
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υόοΫྔΛࣔ͢ύϥϝʔλͱͯ͠ɺԹײ αͱɺిྲྀײ β͕͋Δɻిྲྀײ βɺ

β =
d logR

d log I
(1.3)

Ͱఆٛ͞ΕΔɻਤʹαͱ βΛมԽͤͨ͞ͱ͖ͷɺ৴߸ܗͷมԽΛࣔ͢ɻαɺβʹΑͬͯ৴߸ͷ

ਤ 1.8: αͱ βΛมԽͤͨ͞ͱ͖ͷɺTESͷग़ྗܗͷҧ͍

ߴͱཱͪԼ͕Δ͕ؒ࣌େ͖͘มԽ͍ͯ͠Δ͜ͱ͕Θ͔Δɻ͕ͨͬͯ͠ిγϛϡϨʔγϣ
ϯͰ৴߸ܗΛ͢ݱ࠶ΔʹɺిϑΟʔυόοΫͷӨڹΛؚΊΔඞཁ͕͋Δ͜ͱ͕Θ͔Δɻ

1.4 HydraܕTESϚΠΫϩΧϩϦϝʔλ
ిγϛϡϨʔγϣϯʹΑΔܗΛ͢ݱ࠶ΔϞνϕʔγϣϯͱͯ͠ɺ͛ڍΒΕΔҐஔݕग़ܕ
ͷTESܕϚΠΫϩΧϩϦϝʔλʹ͍ͭͯઆ໌͢ΔɻNASA/GSFCੈ࣍ͷXઢఱจӴ
ͷࡌΛతͱͨ͠ݕग़ثͱͯ͠ɺ̍ͭͷTESԹܭʹରͯ͠ෳͷٵऩମΛͭ࣋”hydra”ܕ
ͷTESϚΠΫϩΧϩϦϝʔλΛ։ൃ͍ͯ͠Δɻਤ 1.9ʹ hydraͷߏΛࣔ͢ɻೖࣹͨ͠Xઢ
ʹม͞ΕɺͷٵऩҐஔʹґଘͯ͠৴߸͕ܗมԽ͢Δɻ[5]Ͱ৴߸ͷ্ཱ͕ͪΓؒ࣌ʹ
ΑͬͯೖࣹҐஔΛܾఆ͍ͯ͠Δ͕ɺҰ෦ͷٵऩମྖҬʹ্ཱ͓͍͕ͯͪΓ͕Χοϓϧ͍ͯ͠Δ
͜ͱ͕Θ͔Δɻ·ͨ [5]Ͱɺ୯ҰͷΤωϧΪʔʹର͢Δ৴߸ܗͷมԽΛௐ͍ͯΔ͕ɺ࣮ࡍ
ͷӉڥͰɺ͞·͟·ͳΤωϧΪʔͷޫ͕ࢠTESʹೖࣹ͢Δɻ͕ͨͬͯ͠ೖࣹҐஔͱΤω
ϧΪʔʹΑΔҧ͍ͷ̎ͭΛղ͢Δඞཁ͕͋ΔɻXઢͷೖࣹҐஔͱΤωϧΪʔΛਖ਼֬ʹܾఆ͢
ΔʹɺిγϛϡϨʔγϣϯͳͲΛ༻͍ͯΧϩϦϝʔλͷߏɺిಛੑʹର͢Δ৴߸ͷ
ԠΛཧղ͢Δඞཁ͕͋Δɻ
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ਤ 1.9: NASA/GSFCͰ͞࡞Εͨ hydraܕ TESϚΠΫϩΧϩϦϝʔλͰɺٵऩମ͕ບ͞ΕΔલͷ
ਤΛࣔ͢ɻ125µmͷྖҬʹ 5× ऩମ͕ບ͞ΕٵͷྖҬʹAu࢛֯ɺਤதͷͪ࣋ऩମΛٵͷݸ5
Δɻٵऩମʹೖྗ͞Εͨ thermal linkΛ௨ͬͯ TESʹΘΔɻ[5]

ਤ 1.10: ఆͷൺֱɻ͕ΘΔ࣌ਤɿ্ཱ͕ͪΓࠨ thermal linkͷ͞ͱߏʹґଘͯ͠৴߸͕ܗ
มԽ͍ͯ͠Δ͜ͱ͕Θ͔Δɻӈਤɿ֤ྖҬʹ͓͚ΔXઢরࣹ࣌ͷ৴߸ܗͷϓϩοτɻೖࣹҐ
ஔʹԠ͕ͯ͡ܗมԽ͍ͯ͠Δ͜ͱ͕Θ͔Δɻ[5]

1.5 ຊڀݚͷత
લઅʹͨ͛ڍ hydraܕͷϚΠΫϩΧϩϦϝʔλɺޫࢠͷೖࣹҐஔʹରͯ͠ײΛ͓ͯͬ࣋
ΓɺޫࢠͷೖࣹҐஔTESͷ৴߸ܗʹΑܾͬͯఆ͢Δ͜ͱ͕Ͱ͖ΔɻೖࣹҐஔΛਫ਼ີʹܾఆ
͢Δʹɺ৴߸͕ܗΧϩϦϝʔλͷߏʹͲͷΑ͏ʹґଘ͢Δ͔ཧղ͢Δඞཁ͕͋Δɻ·ͨ
զʑ͕։ൃΛߦͳ͍ͬͯΔଠཅΞΫγΦϯͷݕग़Λͨ͠ࢦϚΠΫϩΧϩϦϝʔλɺFeٵऩ
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ମͷ࣓ͷӨ͔ڹΒैདྷͱҟͳΔಛघͳߏΛͭ࣋ɻ͜ͷಛघߏʹΑΔଛࣦɺ৴߸
ɺΤωϧΪʔղ͕ྼԽ͢ΔՄੑ͕͋Δɻ͜͠ىগΛҾ͖ݮͷߴ
ͷه্ TESܕϚΠΫϩΧϩϦϝʔλʹڞ௨͢Δͷɺೖྗʹର͢Δ৴߸ܗͷཧղͰ͋
Δɻ৴߸ͷ্ཱ͕ͪΓɺཱͪԼ͕Γؒ࣌ɺTESͷ༰ྔͱཋͱͷಋʹґଘ͢ΔɻՃ
͑ͯɺTESޙड़͢ΔితͳϑΟʔυόοΫΛֻ͚ͯಈͤ͞࡞Δ͜ͱ͔ΒɺTESͷԹײ
αIɺిྲྀײ βI ʹґଘ͢ΔɻTESͷԹײɺిྲྀײɺ༰ྔΛٻΊΔख๏ͱͯ͠ɺෳ
ૉΠϯϐʔμϯεΛଌఆ͢Δํ๏͕͋Δɻ
ຊڀݚͰɺզʑ͕ͨ͠࡞TESܕϚΠΫϩΧϩϦϝʔλʹରͯ͠ෳૉΠϯϐʔμϯεΛଌ
ఆ͠ɺ͜ΕΒͷύϥϝʔλ͕TESͷಈ࡞ҐஔʹͲͷΑ͏ʹґଘ͢Δͷ͔Λ໌Β͔ʹ͢ΔɻՃ͑
ͯɺ࣮ݧతʹٻΊͨύϥϝʔλΛCOMSOLʹΑΔిγϛϡϨʔγϣϯʹΈࠐΈɺೖྗ
ʹର͢ΔΧϩϦϝʔλͷ৴߸͕Ұக͢Δͷ͔ɺੑతͳΛม͢ߋΔ͜ͱͰཧղͰ͖Δͷ͔Λ
Δɻ͢ূݕ

ਤ 1.11: ຊम࢜จͷྲྀΕ
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ୈ2ষ TESܕϚΠΫϩΧϩϦϝʔλͷಈ࡞
ຊಛੑجཧͱݪ

TESܕϚΠΫϩΧϩϦϝʔλͷಈݪ࡞ཧͱجຊಛੑʹ͍ͭͯड़Δɻ

2.1 ϚΠΫϩΧϩϦϝʔλͷݪཧ
XઢϚΠΫϩΧϩϦϝʔλɺೖࣹͨ͠ޫࢠ 1ͭ 1ͭͷΤωϧΪʔΛૉࢠͷԹ্ঢʹΑΓ
ଌఆ͢ΔΤωϧΪʔޫݕग़ثͰ͋ΔɻࡶԻͷ͍ۃԹԼ (0.1Kఔ)Ͱಈͤ͞࡞Δ͜ͱ
Ͱ͍ߴΤωϧΪʔղΛୡͰ͖ΔɻҰൠతͳXઢϚΠΫϩΧϩϦϝʔλɺਤ 2.1ʹࣔ͢
Α͏ͳɺٵऩମɺԹܭɺαʔϚϧϦϯΫɺཋ͔ΒͳΔɻٵऩମʹೖࣹͨ͠ޫࢠޫిٵऩ
ʹΑͬͯిࢠʹม͞Εɺ࠷ऴతʹʹม͞ΕΔɻೖࣹΤωϧΪʔEʹର͢ΔૉࢠͷԹ
্ঢɺΧϩϦϝʔλͷ༰ྔΛCͱ͢Δͱɺ

∆T =
E

C
(2.1)

ͱͳΔɻ͜ͷඍখͳԹมԽΛԹܭͷ߅ͱͯ͠ଌఆ͢ΔɻϚΠΫϩΧϩϦϝʔλͷ֤ϐ
Ϋηϧɺཋͱऑ͍αʔϚϧϦϯΫʹΑ͍͕ͬͯͯͬܨΔͷͰɺٵऩମͰੜͨ͡αʔϚ
ϧϦϯΫΛ௨ͬͯཋʹಀ͍͖͛ͯɺݩͷఆৗঢ়ଶʹΔɻ͜Εɺ

C
d∆T

dt
= −G∆T (2.2)

ͱදͤΔɻ͜͜ͰαʔϚϧϦϯΫͷಋGΛҎԼͷΑ͏ʹఆٛͨ͠ɻ

G ≡ dP

dT
(2.3)

͕ͨͬͯ͠ɺૉࢠͷԹ্ঢ࣌ఆ

τ0 =
C

G
(2.4)

Ͱࢦؔతʹݮਰ͍ͯ͘͠ɻXઢϚΠΫϩΧϩϦϝʔλͷΤωϧΪʔղɺૉࢠͷ༳
Β͗ʹΑ੍ͬͯ͞ݶΕΔɻԹ T ͷ࣭தͷϑΥϊϯͷฏۉΤωϧΪʔɺϘϧπϚϯఆ
Λ kͱͯ͠ɺε = kT ͱͳΔɻͭ·ΓೖࣹΤωϧΪʔEʹΑͬͯɺੜ͞ΕΔϑΥϊϯͷɺ
N ∼ E/ε = C/kͰ͋ΔɻϑΥϊϯͷ༳Β͗ϙΞιϯʹै͏ͷͰɺૉࢠͷ༳Β͗ɺ

∆U ∼
√
NkBT =

√
kBT 2C (2.5)
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ͱͳΔɻ࣍અͰಋग़͢ΔΑ͏ʹɺΑΓҰൠతͳ XઢϚΠΫϩΧϩϦϝʔλͷΤωϧΪʔղ
ɺ

∆EFWHM = 2.35ξ
√
kBT 2C (2.6)

ͱॻ͚Δɻ͜͜Ͱ ξԹܭͷײಈ࡞݅ʹΑܾͬͯ·ΔύϥϝʔλͰ͋ΔɻΤωϧΪʔ
ղԹʹ͘ڧґଘ͠ɺۃԹ (∼ 0.1K)Ͱඇৗʹ͍ߴΤωϧΪʔղ͕ୡ͞ΕΔ͜ͱ
͕Θ͔Δɻ

X-ray
energy

thermometer

absorber
heat
capacity

thermal
conductance

low temperature heat sink

T

C

G

ਤ 2.1: XઢϚΠΫϩΧϩϦϝʔλͷߏ

2.1.1 ऩମٵ

X ઢޫిޮՌʹΑͬͯٵऩମ෦Ͱٵऩ͞ΕΔɻΤωϧΪʔղΛ্ͤ͞ΔͨΊʹɺ
2.6͔ࣜΒ͔ΔΑ͏ʹɺ༰ྔ C Λখ͘͞ɺͭ·ΓٵऩମΛখ͘͢͞Εྑ͍ɻҰํͰɺݕ
ग़ޮΛ͘͢ߴΔͨΊʹɺٵऩମΛେ͖͘͠ޫࢠͷडޫ໘ੵΛ૿͢ඞཁ͕͋Δɻٵऩମͷ
େ͖͜͞ΕΒͷτϨʔυΦϑͰܾఆ͢Δɻ͜Εͱผʹɺٵऩମͷॏཁͳੑ࣭ͱͯ͠ɺԽ
ʢthermalizationʣɺ֦ࢄʢdiffusionʣͷૣ͕͋͞ΔɻԽɺ֦͕ࢄ͍ͱΧϩϦϝʔλʹ
ΘΔલʹ͕ಀ͛ͯ͠·͍ɺΤωϧΪʔղ͕ѱ͘ͳΔɻ·ͨٵऩମͷXઢೖࣹҐஔʹΑͬ
ͯɺԽɺ֦ࢄաఔ͕όϥ͍ͭͯ͠·͏ͱɺΠϕϯτ͝ͱͷܗͷΒ͖͕ͭੜ͡ɺS/Nൺ
ͱผʹΤωϧΪʔղΛѱԽͤͯ͞͠·͏ɻԽɺ֦ࢄաఔΛҰ༷ʹ͢ΔʹɺΧϩϦ
ϝʔλ ʹΤωϧΪʔ͕Ҡಈ͢Δ·ͰʹٵऩମͰԽɺ֦͕ࢄҰ༷ʹ͜ىΔඞཁ͕͋Δɻ͜
ΕΒ͔Βٵऩମͱͯ͠༻͍Δ͖࣭ɺٵ͍ߴऩޮɺখ͍͞༰ྔɺ͍ߴ֦ࢄɺΛຬ
ͨ͢ͷ͕·͍͠ɻैདྷͷ TES ϚΠΫϩΧϩϦϝʔλͰɺεζɺϏεϚεɺۚɺಔͳܕ
Ͳ͕Α͘༻͍ΒΕΔɻ
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2.1.2 Թܭ

Թܭɺಋମۚଐͷ߅͕Թʹґଘͯ͠มԽ͢Δ͜ͱΛར༻ͨ͠ͷͰ͋ΔɻԹ
ܭͷײ α (ແݩ࣍)Λɺ

α =
dlogR

dlogT
=

T

R

dR

dT
(2.7)

ͱఆٛ͢ΔɻT ԹܭͷԹɺR Թܭͷ߅Ͱ͋ΔɻԹܭͷײαΛେ͖͘͢Εɺ
ΧϩϦϝʔλͷΤωϧΪʔղΛվળ͢Δ͜ͱ͕ग़དྷΔɻಋମԹܭΛ༻͍ͨ Astro-h 
XRISM Ͱ༻͞ΕΔಋମܕXઢϚΠΫϩΧϩϦϝʔλͰ α ∼ 6 Ͱ͋Δ͕ɺ࣍અͰड़Δ
ಋભҠΛ༻͍ͨԹܭTESͰԹײ α Λඇৗʹେ͖͘͢Δ͜ͱ͕Ͱ͖Δɻ

ਤ 2.2: ಋసҠͷ༷ࢠ

2.2 TESܕϚΠΫϩΧϩϦϝʔλ
సҠԹܭ (Transition Edge Sensor)ɺಋ-ৗಋసҠͷܹٸͳ߅มԽΛར༻͠
ͨԹܭͰ͋ΔɻಋసҠɺmKͱ͍͏ඇৗʹ͍ڱԹൣғͰ͜ىΓɺ(2.7)ࣜͰఆٛ͞
ΕΔԹܭͷԹײαɺ1000ʹୡ͢ΔɻͦͷͨΊɺTESΛ༻͍ͨΧϩϦϝʔλैདྷͷ
ಋମԹܭͷΧϩϦϝʔλʹൺɺݪཧతʹ 1ܻҎ্ΤωϧΪʔղΛվળ͢Δ͜ͱ
͕ՄͰ͋Δɻ͕ͨͬͯ͠ɺTESΧϩϦϝʔλͰٵऩମͷ༰ྔͷେ͖͞ʹର͢ΔϚʔδϯ
͕େ͖͘ͳΓɺԽͷૣ͍ৗಋۚଐΛ༻ͨ͠Γɺେ͖ͳٵऩମΛ༻͍ͯडޫ໘ੵΛ૿͢
ͱ͍ͬͨ͜ͱՄʹͳΔɻ
TESΛ༻͍Δ߹ɺΧϩϦϝʔλͷಈ࡞ԹTESͷసҠԹʹอͨͳ͚ΕͳΒͳ͍ɻͦ
ͷͨΊɺಈ࡞ԹTESͷసҠԹʹΑܾͬͯ·ͬͯ͠·͏ɻ͔͠͠ɺTESΛೋബບʹ͢Δ
͜ͱͰۙޮՌʹΑͬͯྟքԹΛίϯτϩʔϧ͢Δ͜ͱ͕ՄͰ͋ΔɻۙޮՌͱɺ
ಋମʹৗಋମΛ৮ͤ͞ΔͱΫʔύʔର͕ৗಋମʹ࿙Εग़͠ɺບްൺʹґଘͯ͠ಋମ
ͷྟքԹ͕Լ͕ΔޮՌͰ͋Δɻ
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2.3 ిϑΟʔυόοΫ (ETF:Electro-Thermal Feedback)

TESԹܭͱͯ͠ඇৗʹײ͍ߴΛ͍ͯͬ࣋Δ͕ɺײΛͭ࣋ԹଳҬ͕ඇৗʹ͍ڱ (∼ mK)

ͨΊɺಈ࡞ΛసҠதʹอͭඞཁ͕͋Δɻ͜ΕɺTESΛఆిѹόΠΞεͰಈͤ͞࡞ɺ͍ڧ
ϑΟʔυόοΫΛ͔͚Δ͜ͱͰ࣮͢ݱΔɻ͜ΕΛిϑΟʔυόοΫ (ETF:Electro-Thermal

Feedback)ͱݺͿɻຊઅͰిϑΟʔυόοΫԼͰͷΧϩϦϝʔλͷಈ࡞ʹ͍ͭͯड़Δɻ

2.3.1 ిϑΟʔυόοΫԼͰͷԹมԽʹର͢ΔԠ

ਤ 2.3: ΔఆిѹόΠΞε࡞ʹతࣅٖͯͬΛ߅ఆిѹόΠΞεɺ(ӈ)γϟϯτ(ࠨ)

ਤʹࣔ͢Α͏ͳఆిѹόΠΞεͰTESΛಈͨͤ͞࡞߹Λ͑ߟΔɻೖྗʹΑͬͯԹ্͕
ঢ͢ΔͱɺTESͷ߅ܹٸʹ૿Ճ͢ΔɻఆిѹͳͷͰిྲྀݮগ͠ɺδϡʔϧൃݮ
গ͢Δɻ͜ͷΑ͏ʹೖྗΛଧͪফ͢ํʹδϡʔϧൃ͕ܹٸʹมԽͯ͠ෛͷϑΟʔυόο
Ϋ͕ಇ͘ͷͰɺૉࢠͷԹ҆ఆʹอͨΕΔɻ࣮ࡍʹࣨԹ͔Βͷઢ͕͋߅ΔͷͰɺTES

ͱฒྻʹγϟϯτ߅Λ͍ܨͰٖࣅతʹఆిѹόΠΞεΛ࣮͍ͯ͠ݱΔɻҎԼͰɺཧతͳ
ఆిѹόΠΞεͰಈ͍ͯ͠࡞Δͷͱ͢Δɻಋ

G ≡ dP/dT (2.8)

Ͱఆٛ͞ΕΔɻҰൠతʹಋԹґଘੑΛͪ࣋ɺ

G = G0T
n−1 (2.9)

ͱԹʹର͢Δ͖ nΛ༻͍ͯද͞ΕΔɻి͕ࢠಋΛ୲͏߹ n = 2ɺ֨ࢠৼಈ͕ಋ
Λ୲͏߹ n = 4ͱͳΔɻཋͱTESؒͷಋʹ͍ͭͯ͑ߟΔɻҰൠʹ T ' TbathͰ͋Δ
ͷͰɺཋͱͷಋʹΑΔͷྲྀΕɺ

P =

∫ T

Tbath

GdT =
G0

n
(T n − T n

bath) (2.10)
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ͱ (2.8)ࣜΛੵͯ͠ࢉܭͰ͖Δɻ
ฏߧঢ়ଶͰɺTESͷԹΛ T0ͱͯ͠ɺTESʹ͓͚Δδϡʔϧൃ Pb ≡ V 2

b /R0ͱΧϩϦ
ϝʔλϐΫηϧ͔ΒཋྲྀΕΔྔ͕Γ߹͍ͬͯΔͷͰɺ

Pb =
G0

n
(T n

0 − T n
bath) (2.11)

ͱͳΔɻͨͩ͠ɺVbόΠΞεిѹɺG0G = G0T n−1Λຬͨ͢ఆ (Gಋ)ɺR0
ಈ࡞ͰͷTESͷ߅ɺTbathཋͷԹͰ͋Δɻ
ඍখͳԹ্ঢ∆T ≡ T − T0ʹΑͬͯૉࢠͷԹ͕ T ʹͳͬͨ߹ɺ෦ΤωϧΪʔͷม
Խͷऩࢧʹ͍͠ͷͰɺ

C
dT

dt
=

V 2
b

R(T )
− G0

n
(T n − T n

bath) (2.12)

͕ΓཱͭɻԹ্ঢ∆T  Ͱɺࣅͷۙ࣍1

C
dT

dt
≡ V 2

b

R2
0

∆R−G0T
n−1∆T

=
Pbα

T
∆T −G∆T

(2.13)

ͱͳΔɻޙ࠷ͷ߲ͷGTESͷԹ T ͰͷಋG(T )Λද͢ɻ(2.13)ࣜͷղɺ

∆T = ∆T0 exp (−
t

τeff
) (2.14)

ͱॻ͚Δɻͨͩ͠ɺ

τeff ≡ C/G

1 + Pbα
GT

=
τ0

1 + Pbα
GT

(2.15)

༗ޮ࣌ఆͰ͋Δɻ(2.15)ࣜΑΓ τeff ɺ

τeff =
τ0

1 + α
n

(
1−

(
Tbath
T

)n) (2.16)

ͷΑ͏ʹॻ͚Δɻ͞ΒʹཋͷԹ͕TESͷԹΑΓेʹ͍߹ (T n
bath ( T n)ɺ

τeff =
τ0

1 + α
n

≈ n

α
τ0

(2.17)

ͱۙࣅͰ͖Δɻͨͩ͠ɺ(2.17)ࣜɺα/n ' 1ͷ߹Ͱ͋Δɻ͜ͷΑ͏ʹα͕େ͖͍߹ɺి
ϑΟʔυόοΫʹΑͬͯԠ͕ඇৗʹ͘ͳΔ͜ͱ͕Θ͔Δɻ·ͨɺXઢͷΤωϧΪʔ
ిྲྀͷมԽͱͯ͠ಡΈग़͞Εɺ

∆I =
Vb

R(T0 +∆T )
− Vb

R(T0)
* ∆R

R
I * −α

E

CT
I (2.18)

ͱͳΔɻ
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2.3.2 ిϑΟʔυόοΫͷҰൠͱిྲྀԠੑ

ఆిѹόΠΞεͰಈ͢࡞ΔΧϩϦϝʔλʹɺؒ࣌ʹґଘ͢Δඍখͳύϫʔ δPeiωt ͕ೖࣹ͠
ͨͱ͖ͷԠʹ͍ͭͯ͑ߟΔɻܥͷԠઢܗͰ͋Γɺೖࣹ δPeiωt ʹର͢ΔԹมԽ δTeiωt

Ͱද͞ΕΔͱ͢ΔɻϑΟʔυόοΫ͕͔͔ͬͯͳ͍ͱ͖ɺ

Pbgd + δPeiωt = G(T − Tbath) +GδTeiωt + iωCδTeiωt (2.19)

͕Γཱͭɻͨͩ͠ Pbgd όοΫάϥϯυύϫʔɺG ฏۉͷಋͰ͋Δɻఆৗঢ়ଶ
Ͱɺ

Pbgd = G(T − Tbath) (2.20)

Ͱ͋Δɻ(2.19)ࣜͱ (2.20)ࣜΑΓ δT  δP Λ༻͍ͯɺ

δT =
1

G

1

1 + iωτ0
δP (2.21)

ͱදͤΕΔɻ͜͜Ͱɺτ0 = C/G ܥͷݻ༗࣌ఆͰ͋Δɻ
ిϑΟʔυόοΫ͕͔͔ͬͨঢ়ଶͰɺΤωϧΪʔอଘͷࣜɺ

Pbgd + δPeiωt + Pb + δPeiωt = G(T − Tbath) +GδTeiωt + iωCδTeiωt (2.22)

ͱͳΔɻ·ͨఆిѹόΠΞεͰҎԼͷ͕ؔΓཱͭɻ

δPbe
iωt =

dPb

dI
δIeiωt = VbδIe

iωt (2.23)

δIeiωt =
dI

dR
δReiωt =

d

dR
(
Vb

R
)δReiωt = − Vb

R2
δReiωt (2.24)

δReiωt =
dR

dT
δTeiωt = α

R

T
δTeiωt (2.25)

͜ΕΒΛ͏ͱ (2.22)ࣜɺ

Pbgd + δPeiωt +
V 2
b

R
− V 2

b

R2

dR

dT
δTeiωt = G(T − Tbath) +GδTeiωt + iωCδTeiωt (2.26)

ͱॻ͖͑ΒΕΔɻ(2.26)ࣜͷղɺ

δTeiωt =
1

αPb
T +G+ iωC

δPeiωt (2.27)

=
1

G

1

1 + αPb
GT

1

1 + iωτeff
δPeiωt

͜͜Ͱɺ

τeff ≡ 1

1 + αP
GT

C

G
(2.28)

ɺిϑΟʔυόοΫ͕͔͔ͬͨঢ়ଶͰͷ࣮ޮతͳ࣌ఆͰ͋ΔɻҰൠతʹϑΟʔυόοΫ
ͷཧʹͯΊΔͱɺిϑΟʔυόοΫͷܥਤ 2.4ͷΑ͏ʹද͢͜ͱ͕Ͱ͖ΔɻϑΟʔ
υόοΫྔ b ͱܥͷϧʔϓήΠϯ L(ω) ͦΕͧΕɺ

b = −Vb (2.29)

L(ω) =
1

G(1 + iωτ0)
× α

R

T
× (− I

R
)× (−Vb) =

αPb

GT

1

1 + iωτ0
≡ L0

1 + iωτ0
(2.30)
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ͱॻ͚Δɻͨͩ͠ɺ

L0 ≡
αPb

GT
(2.31)

प 0 ͷϧʔϓήΠϯͰ͋ΔɻϧʔϓΛดͨ͡߹ͷୡؔ

SI(ω) ≡
αPb

GT
(2.32)

 L(ω) Λͯͬɺ

SI(ω) =
1

b

L(ω)
1 + L(ω) (2.33)

= − 1

Vb

L0

L0 + 1 + iωτ0

= − 1

Vb

L0

L0 + 1

1

1 + iωτeff
ͱॻ͚Δɻͨͩ͠ɺ

τeff ≡ τ

L0 + 1
(2.34)

Ͱ͋ΔɻϧʔϓήΠϯ͕ेʹେ͖͍߹ (L0 ' 1)ɺ

SI(ω) = − 1

Vb

1

1 + iωτeff
(2.35)

ͱͳΔɻ͞Βʹ ω ( 1/τeff Λຬͨ͢पൣғͰɺ

SI = − 1

Vb
(2.36)

ͱද͞Εɺి ѹ VbͷٯʹͳΔɻSI(ω)ͷ͜ͱΛಛʹిྲྀԠੑ ( current responsivity )ͱݺͿɻ
ೖྗ P (t) = Eδ(t)ʹର͢ΔԠɺҎԼͷΑ͏ʹ͞ࢉܭΕΔɻ֯पۭؒ ( −∞ < ω < +∞)

Ͱͷೖྗɺ

P (ω) =
1

2π

∫ ∞

−∞
Eδ(t)eiωtdt (2.37)

=
E

2π
Ͱ͋ΔͷͰɺग़ྗͦΕʹిྲྀԠੑΛ͔͚ͯɺ

I(ω) = SI(ω)P (ω) (2.38)

= − E

2πVb

L0

L0 + 1

1

1 + iωτeff
ͱද͞ΕΔɻ͜ΕΛٯϑʔϦΤม࣠ؒ࣌ͯ͠ʹ͢ͱɺ

I(t) =

∫ ∞

−∞
I(ω)e−iωtdω (2.39)

= − 1

2π

E

Vb

L0

L0 + 1

∫ ∞

−∞

e−iωt

1 + iωτeff

= − E

Vbτeff

L0

L0 + 1
exp(− t

τeff
)

= −αE

CT
I0exp(−

t

τeff
)
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ͱͳΔɻͨͩ͠ɺI0ฏߧঢ়ଶͰ TES ΛྲྀΕΔిྲྀͰ͋ΔɻҰํͰɺೖྗ P (t) = Eδ(t) ʹΑ
ΔԹ্ঢपۭؒͰɺ

∆T (ω) =
1

G(1 + iωτ0)

1

1 + L(ω)P (ω) (2.40)

=
1

2π

E

G

1

1 + L0

1

1 + iωτeff

ͱॻ͚ΔͷͰɺ࣠ؒ࣌ʹ͢ͱɺ

∆T (t) =

∫ ∞

−∞
∆T (ω)e−iωtdω (2.41)

=
1

2π

E

G

1

L0 + 1

∫ ∞

−∞

e−iωt

1 + iωτeff
dω

=
E

Gτeff

1

L0 + 1
exp(− t

τeff
)

=
E

C
exp(− t

τeff
)

Ͱ͋ΔɻϧʔϓήΠϯ͕ҰఆͰ͋ΔͱΈͳͤΔ࣌ɺ(2.40)ࣜΑΓɺ
∫

VbI(t)dt = − L0

L0 + 1
E (2.42)

͕ͨͬͯ͠ɺX ઢೖࣹʹ͏δϡʔϧൃͷੵྔೖࣹΤωϧΪʔ E ʹൺྫ͢Δ͜ͱʹͳ
ΔɻೖࣹΤωϧΪʔͷ͏ͪL0/(L0 + 1)δϡʔϧൃͷมԽͰิঈ͞Εɺ1/(L+ 1) ͕ཋʹ
ಀ͍͛ͯ͘͜ͱʹͳΔɻಛʹ L0 ' 1 ͷ߹ X ઢೖࣹʹ͏δϡʔϧൃͷมԽͷੵྔ
ೖࣹΤωϧΪʔʹҰக͢Δɻ

ਤ 2.4: ిϑΟʔυόοΫͷμΠΞάϥϜ

2.4 ༗ϊΠζݻ
ΤωϧΪʔղΛੵݟΔͨΊʹϊΠζϨϕϧΛධՁ͠ͳ͚ΕͳΒͳ͍ɻϊΠζʹɺ
όοΫάϥϯυͷ์ࣹɺཋͷԹ༳Β͗ɺ֎෦࣓ɺ1/ f ϊΠζɺ rf ϊΠζͳͲ༷ʑͳى
ΔɻͦͷதͰɺδϣϯιϯϊΠζͱϑΥϊϯϊΠζ͢ࡏͷͷ͕ଘݯ X ઢϚΠΫϩΧϩϦ

22



ϝʔλΛݶ͏Γආ͚Δ͜ͱ͕Ͱ͖ͣɺݪཧతͳΤωϧΪʔղ͜ΕΒͰ੍͞ݶΕΔɻຊ
અͰɺδϣϯιϯϊΠζͱϑΥϊϯϊΠζʹ͍ͭͯड़Δɻ͜͜ͰɺཧతͳఆిѹόΠ
Ξεͷ߹ΛఆࣜԽ͢Δɻ
ϚΠΫϩΧϩϦϝʔλʹ̎छྨͷݻ༗ϊΠζ͕͋ݯΔɻ̍ͭɺԹܭͷ߅Ͱൃੜ͢Δ
δϣϯιϯϊΠζɺ͏̍ͭཋͱಋ͕༗ݶͰ͋ΔͨΊʹൃੜ͢Δ༳Β͗ʢϑΥϊ
ϯϊΠζʣͰ͋Δɻਤ 2.6ɺ͜ΕΒͷϊΠζͷد༩ؚΊͨిϑΟʔυόοΫͷμΠΞά
ϥϜͰ͋ΔɻϑΥϊϯϊΠζݯىͰ͋ΔͷͰɺ৴߸ͱಉ͡෦ʹೖྗ͞ΕΔɻ͜Εʹର͠
ͯɺδϣϯιϯϊΠζ TES ΧϩϦϝʔλͷىʹ߅Ҽ͢ΔͷͰɺϑΥϊϯϊΠζͱୡ
ͷ͕ํҟͳΔɻඍখͳ༳Β͗ δPph ͕ͨΒ͢ిྲྀͷ༳Β͗ɺ

δIph = − I

Vb

L(ω)
1 + L(ω)δPph (2.43)

Ͱ͋Δɻ͜ΕΑΓϑΥϊϯϊΠζͷిྲྀີɺ

δIph = |SI |2δPph
2 (2.44)

=
1

Vb
2 (

L′

L+ 1
)

1

1 + ω2τeff2
δPph

2

ͱͳΔɻϑΥϊϯϊΠζͷύϫʔεϖΫτϧີ 0 ≤ f ≤ ∞ ۭؒͰɺ

δpn
2 = 4kBGT 2

∫ T

Tbath
( tκ(t)
Tκ(T ))

2dt
∫ T

Tbath
( κ(t)
κ(T ))dt

(2.45)

≡ 4kBGT 2Γ

ͱද͞ΕΔɻͨͩ͠ɺκ(T ) αʔϚϧϦϯΫΛߏ͢Δ࣭ͷಋͰ͋Δɻθ ≡ Tbath/T

ͱ͠ɺκ(T )  κ(Tbath)θ−(n−1)ͱද͞ΕΔͱԾఆ͢ΔͱɺΓ ɺ

Γ =
n

2n+ 1

1− θ(2n+1)

1− θn
(2.46)

ͱͳΔɻ(2.45)ࣜΛ (2.44)ࣜʹೖ͢ΔͱɺϑΥϊϯϊΠζͷిྲྀີɺ

δIph
2 = 4kBGT 2Γ|SI |2 (2.47)

=
4kBGT 2Γ

b2
(

L0

L0 + 1
)2

1

1 + ω2τeff2

=
4kBGT 2Γ

Vb
2 (

L0

L0 + 1
)2

1

1 + ω2τeff2

ͱද͞ΕΔɻ
ҰํͰɺδϣϯιϯϊΠζ δVJ ʹΑΔిྲྀ༳Β͗ δIJ

0ɺ

δI0J =
δVJ

R
(2.48)
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Ͱ͋Γɺ͜ͷ༳Β͕͗ܥʹೖྗ͞ΕΔͱɺग़ྗͷ༳Β͗ɺ

δIJ =
1

1 + L(ω)δI
0
J (2.49)

=
1

L0+1 + iωτeff

1 + iωτeff

δVJ

R

=
1

L0 + 1

1 + iωτ0
1 + iωτeff

δVJ

R

ͱͳΔɻδϣϯιϯϊΠζͷిѹີ 0 ≤ f ≤ ∞ ۭؒͰɺ δV 2
J = 4kBTR ͱ༩͑ΒΕΔ

ͷͰɺग़ྗిྲྀີɺ

δI2J =
4kBT

R
(

1

L0 + 1
)2| 1 + iωτ0

1 + iωτeff
|
2

(2.50)

=
4kBT

R
(

1

L0 + 1
)2

1 + iω2τ 20
1 + iω2τ 2eff

=

{
4kBT
R ( 1

L0+1)
2 if ω ( τ−1

0

4kBT
R if ω ' τ−1

eff

ͱͳΔɻ͜ΕΑΓ ω ( τ−1
0 ͷपൣғͰɺδϣϯιϯϊΠζిϑΟʔυόοΫʹΑͬ

੍ͯ͞Εɺ ω ' τ−1
eff ͷपൣғͰݩͷʹΔ͜ͱ͕Θ͔Δɻ

ਤ 2.5: ϊΠζిྲྀີɻ͕ࠨ α = 100 ɺӈ͕ α = 1000ͷ߹Λࣔ͢ɻ࣮ઢ͕৴߸ɺഁઢ͕δϣϯι
ϯϊΠζɺઢ͕ϑΥϊϯϊΠζΛද͢ɻ͍पͰిϑΟʔυόοΫʹΑͬͯδϣϯ
ιϯϊΠζ੍͕͞ΕΔɻ

͜ΕΒͯ͢ͷిྲྀີࣗʹΑͬͯ༩͑ΒΕɺ0 ≤ f < ∞ ۭؒͰɺ

δI2 = δI2J + δI2ph (2.51)

=
4kBT

R
(

1

L0 + 1
)2

1 + ω2τ 20
1 + ω2τ 2eff

+ 4kBTGΓ2 1

V 2
b

(
L0

L0 + 1
)2

1

1 + ω2τ 2eff

=
4kBT

R

1+ΓαL0
(L0+1)2 + ω2τ 2eff

1 + ω2τ 2eff
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ͱͳΔɻ͜Εɺి͍ڧϑΟʔυόοΫͷݶۃͰɺ

δI2 =
4kBT

R

n/2 + ω2τ 2eff
1 + ω2τ 2eff

(2.52)

ͱͳΔɻਤ 2.5ʹϊΠζిྲྀີͱ৴߸ͷपؔಛੑΛࣔ͢ɻϑΥϊϯϊΠζͱδϣϯι
ϯϊΠζͷؔΛݟΔͨΊʹ྆ऀͷൺΛऔΔͱɺ

δI2ph
δI2J

=
αL0Γ

1 + ω2τ 20
(2.53)

͕ͨͬͯ͠ɺ͍पͰδϣϯιϯϊΠζ੍͕͞ΕɺϑΥϊϯϊΠζ͕ αL0Γ ഒ͚ͩେ
͖͍͕ɺ ω > τ−1

0 ͰδϣϯιϯϊΠζͷد༩͕େ͖͘ͳΓ࢝Ίɺ ω ' τ−1
eff Ͱδϣϯιϯ

ϊΠζ͕ࢧతʹͳΔɻҰํɺύϧεͱϑΥϊϯϊΠζͷൺɺ

δP 2
signal

δPn
=

2E2

4kBGT 2Γ
(2.54)

ͱͳΓɺपʹґଘ͠ͳ͍ɻ͜Ε྆ऀ͕શ͘ಉ͡पಛੑΛͭͨΊͰ͋Δɻ (2.40)ࣜ
ͱ (2.51)ࣜΑΓɺδϣϯιϯϊΠζిྲྀԠੑ SI Λ༻͍ͯ

δI2J =
4kBT

R

b2(1 + ω2τ 20 )

L2
0

|SI |2 (2.55)

ͱॻ͚Δɻ(2.47)ࣜͱ (2.51)͔ࣜΒɺݻ༗ϊΠζ

δI2 =
4kBT

R

1 + ω2τ 20
L2

0

b2|SI |2 + 4kBGT 2Γ|SI |2 (2.56)

ͱͳΔɻࡶԻՁύϫʔ (noise equivalent power) NEP (f) ɺ৴߸ͷύϫʔͱ NEP (f) ͷൺ
͕ S/N ൺͱͳΔͱͯ͠ఆٛ͞Εɺ

NEP (f)2 = |δI
SI

|
2

(2.57)

ͱ͞ࢉܭΕΔɻݻ༗ϊΠζʹର͢Δ NEP (f) 

NEP (f)2 = |δI
SI

|
2

(2.58)

=
4kBT

R

b2

L2
0

(1 + (2πf)2τ 20 +
L2

0

b2
RGTΓ)

= 4kbTPb(
1 + (2πf)2τ 20

L2
0

) +
αΓ

L0

ͱͳΔɻ
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ਤ 2.6: ϊΠζͷد༩ؚΊͨిϑΟʔυόοΫͷμΠΞάϥϜ

2.5 TESܕϚΠΫϩΧϩϦϝʔλͷతɾిؾԠಛੑ
TESܕΧϩϦϝʔλʹඍখྔ P ͕ೖྗ͞Εͨͱ͖ͷɺԠͱిྲྀԠʹ͍ͭͯ͑ߟΔɻ

TESͷɾిྲྀԠɺԠੑ sT = δT/δP ͱిྲྀԠੑ sI = δI/δP ʹΑͬͯಛ͚ͮΒ
ΕΔɻຊઅͰɺTESͷಋͱిؾಋʹ͍͔ͭͯͭزͷۙࣅΛ༻͍ͯɺsT , sI ΛٻΊΔɻ
ऩମ-TESؒͷಋ͕ेʹྑ͍߹ɺਤٵ 2.7ͷΑ͏ͳɺTESͱٵऩମΛҰମͱͨ͠

one-block modelͱݟͳ͢͜ͱ͕Ͱ͖ΔɻΧϩϦϝʔλʹྔ P ͕ೖྗ͞Εͨͱ͖ʹɺTESʹ
ྲྀΕΔిྲྀ ITESͱٵऩମͱTESͷԹ TTESɺಋํఔࣜͱిؾճ࿏ํఔࣜΛ༻͍ͯҎԼ
ͷΑ͏ʹදͤΔɻ͜͜ͰɺٵऩମͱTESͷԹΛ TTESɺཋԹΛ Tbathͱͨ͠ɻ

Vth

Rtes

Rth

L

Ites

ਤ 2.7: TESܕϚΠΫϩΧϩϦϝʔλͷిؾճ
࿏ܥ

AbVRUbeU + TES

P

G

C

HeaW Sink

ਤ 2.8: TESܕϚΠΫϩΧϩϦϝʔλͷಋ
ܥ

L
dITES

dt
= Vth − (Rth +RTES(TTES, ITES))ITES (2.59)

C
dTTES

dt
= −G(TTES − Tbath) + I2TESRTES + P (2.60)

ఆৗঢ়ଶͷTESͱٵऩମͷԹΛ T0ɺిྲྀΛ I0ͱͯ͠ɺδI = ITES− I0ɺδTTES = TTES−T0

Λఆ্ٛͯࣜ͠Λॻ͖͑Δͱɺ
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L
dδI

dt
= Vth − (Rth +RTES(TTES, ITES))(δI + I0) (2.61)

CTES
dδTTES

dt
= −G(δTTES + T0) + (δI + I0)

2RTES (2.62)

ͱͳΔɻ·ͨɺRTES(TTES, ITES)Λ (T0, I0)पΓͰςΠϥʔల։͢Δͱ

RTES(TTES, ITES) = R0(1 + αI
δT

T0
+ βI

δI

I0
) (2.63)

ͱͳΔɻఆৗঢ়ଶʹ͓͍ͯɺTESͷࣗൃݾͱཋ͔Βͷྲྀೖ͕Γ߹͍ͬͯΔͱ͑ߟΔͱɺ
ҎԼͷ͕ࣜΓཱͭɻ

RTES(T0, I0)I
2
0 = GTES−bath(T0 − Tbath) (2.64)

Ҏ্ 2ࣜΛ༻͍ͯ δͷೋ࣍Ҏ߱ͷ߲Λແ͢ࢹΔͱɺ

L
dδI

dt
= Vac − (Rth +R0(1 + βI))δI − (αI

I0R0

T0
)δTTES (2.65)

C
dδTTES

dt
= R0I0(2 + βI)δI + (αI

I20R0

T0
−G)δTTES (2.66)

͜ΕΛྻߦදهʹ͢ͱɺҎԼͷΑ͏ʹͳΔɻ

d

dt

(
δI

δT

)
= −





1

τel

LIG

I0L

−I0R0(2 + βI)

C

1

τI





(
δI

δT

)
+





δV

L

δP

C




(2.67)

(3.14)͔ࣜΒɺTESͷిྲྀԠੑ SI =
δI

δP
ΛٻΊΔɻ

A =





1

τel

LIG

I0L

−I0R0(2 + βI)

C

1

τI




(2.68)

·ͣ (2.68)ࣜͷΑ͏ʹఆٛͯ͠ɺ(3.14)ࣜͷ੪࣍ղ (δV = δP = 0)ΛٻΊΔɻݻ༗ɺݻ༗ϕ
ΫτϧΛ λ±, v±ͱ͢Δͱɺ

A− λ±I = λ2
± −

(
1

τel
+

1

τI

)
λ± +

1

τelτI
+

LIG

CL
R0(2 + βI) (2.69)

λ± =
1

2τel
+

1

2τI
± 1

2

√(
1

τel
− 1

τI

)2

− 4
R0

L

LI(2 + βI)

τ
(2.70)
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v± =





1− LI − λ±τ

2 + βI

G

I0R0

1



 (2.71)

͕ͨͬͯ͠ɺ(3.14)ࣜͷ੪࣍ղɺ(2.72)ࣜͷΑ͏ʹදͤΔɻ

f(t) = A+e
λ+tv+ + A−e

λ−tv− (2.72)

TESʹඍখͳσϧλؔతೖྗΛ༩͑ͨࡍͷԠΛ͑ߟΔɻt=0Ͱ δT (0) = δT = E/Cɺ
δI(0) = 0ͱ͢Δͱɺ(2.72)ࣜΑΓɺ

(
0

δT

)
= A+e

λ+tv+ + A−e
λ−tv− (2.73)

(2.73)ࣜΛղ͘ͱɺA±ɺ

A± = ±δT
1/τI − λ∓

λ+ − λ−
(2.74)

ͱͳΔɻλ± ≡ 1/τ±ͱఆٛ͢Δͱɺt > 0ͷͱ͖ɺిྲྀɾిѹɺҎԼͷΑ͏ʹٻΊΒΕΔɻ

δT (t) =

(
τI
τ+

− 1

)(
τI
τ−

− 1

)
1

2 + βI

CδT

I0R0τ 2I

e−t/τ+ − e−t/τ−

1/τ+ − 1/τ−
(2.75)

δT (t) =

((
1

τI
− 1

τ+

)
e−t/τ− +

(
1

τI
− 1

τ−

)
e−t/τ+

)
δT

1/τ+ − 1/τ−
(2.76)

(2.75)ࣜΑΓɺిྲྀԠؔɺδI ∝ (e−t/τ+ − e−t/τ−)ͱ͍͏ؔΛͪ࣋ɺτ+Λύϧεͷཱͪ
্͕Γ࣌ఆɺτ−ΛཱͪԼ͕Γ࣌ఆͱΈͳ͢͜ͱ͕Ͱ͖Δɻ·ͨɺΠϯϓοτίΠϧͷΠϯ
μΫλϯεL͕ेʹখ͘͞ɺτ+ ( τ−ͱͳΔͱ͖ͷ্ཱ͕ͪΓɺཱͪԼ͕Γ࣌ఆΛ͑ߟΔɻ
τel, τI ɺ

τel =
L

RL +R0(1 + βI)
(2.77)

τI =
τ

1− LI
(2.78)

ͱఆٛ͞Ε͓ͯΓɺͦ ΕͧΕిؾతɺతͳ࣌ఆΛද͍ͯ͠ΔɻL͕ेʹখ͍͞ͱ͖ɺτel ( τI
͕Γཱ͔ͭΒɺ(2.70)ࣜΑΓɺ

1

τ+
=

1

2τel
+

1

2τI
+

1

2

√(
1

τel
− 1

τI

)2

− 4
R0

L

LI(2 + βI)

τ

* 1

2τel
+

1

2

√(
1

τel

)2

=
1

τel

(2.79)
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1

τ−
=

1

2τel
+

1

2τI
− 1

2

(
1

τel
− 1

τI

)√

1− 4
R0

L

LI(2 + βI)

τ (1/τel − 1/τI)
2

* 1

2τel
+

1

2τI
− 1

2

(
1

τel
− 1

τI

)√
1− 4

R0

L

τ 2elLI(2 + βI)

τ

* 1

τI
+

R0τelLI(2 + βI)

Lτ

=
1 + βI +RL/R0 + (1−RL/R0)LI

τ(1 + βI +RL/R0)

≡ 1

τeff

(2.80)

͕ͨͬͯ͠ɺΠϯϓοτίΠϧͷΠϯμΫλϯεL͕ेʹখ͍͞ͱ͖ɺ্ཱ͕ͪΓ࣌ఆɺ
ఆ࣌తͳؾి τelͱҰக͢Δ͜ͱ͕Θ͔Δɻ(2.80)ࣜɺTESͷόΠΞεճ࿏ͷΠϯμΫλϯ
ε͕θϩͷͱ͖ͷ࣌ఆͰ͋Γɺ༗ޮ࣌ఆͱݺΕΔɻ
·ͨɺτ+ = τ−ͷͱ͖ͷిྲྀԠؔɺ

δI =

(
τI
τ±

− 1

)2 1

(2 + βI)

CδT

I0R0τ 2I

(
−te−t/τ±

)
(2.81)

ͱදͤΔ1ɻ(2.81)ࣜɺ”critically damped”ͱݺΕɺΤωϧΪʔղͱಡΈग़͠ճ࿏ͷε
ϧʔϨʔτؒͷτϨʔυΦϑΛ࠷దԽ͢ΔͨΊʹબ͞ΕΔ࣌ఆͰ͋Δɻ
ɺTESʹαΠϯతೖྗʹ࣍ δP = Re(δP0eiωt)ΛҹՃͨ͠߹Λ͑ߟΔɻTESͷɾిؾ
తԠɺ

d

dt

(
δI

δT

)
= −





1

τel

LIG

I0L

−I0R0(2 + βI)

C

1

τI





(
δI

δT

)
+





0

δP0

C



 eiωt (2.82)

ͱͳΔɻ(2.82)ࣜͷಛघղͱͯ͠ɺ

f(t) = A+e
iωtv+ + A−e

iωtv− (2.83)

Λ (2.82)ࣜʹೖ͢Δͱɺ




0

δP0

C



 = A+v+(iω + λ+) + A−v−(iω + λ−) (2.84)

͕ಘΒΕΔɻ(2.71)͔ࣜΒɺ
͕ͨͬͯ͠ɺTESͷిྲྀɾԹԠੑɺ

sI(ω) = − 1

I0R0

1

2 + βI

1− τ+/τI
1 + iωτ+

1− τ−/τI
1 + iωτ−

(2.85)

1 lim
τ+−τ−→0

e−t/τ+ − e−t/τ−

1/τ+ − 1/τ−
= −te−t/τ± ͷؔΛ༻͍ͨɻ
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sT (ω) =
1

G

τ+τ−
τ 2

τ/τ+ + τ/τ− + LI − 1 + iωτ

(1 + iωτ+)(1 + iωτ−)
(2.86)

ͱද͢͜ͱ͕Ͱ͖Δɻ͜͜ͰޙࠓͷͨΊʹిྲྀԠੑʹ͍ͭͯɺҎԼͷΑ͏ʹม͓ͯ͘͠ܗɻ

sI(ω) = − 1

I0R0

[
L

τelR0LI
+

(
1− Rth

R0

)
+ iω

Lτ

R0LI

(
1

τI
+

1

τel

)
− ω2τ

LI

L

R0

]−1

(2.87)

2.6 SQUIDΛ༻͍ͨಡΈग़͠ܥ
TESͷిྲྀมԽΛಡΈग़͢ʹɺΠϯϐʔμϯεͳిྲྀ͕ܕඞཁͰ͋ΔɻͦͷͰ SQUID

࠷దͨ͠ిྲྀܭͰ͋ΔɻSQUIDΛ༻͍ͨΧϩϦϝʔλͷಡΈग़͠ܥͷࣜਤΛਤʹࣔ͢ɻ
SQUID(Superconducting QUantum Interference Device)ͱɺδϣηϑιϯޮՌΛར༻ͨ͠ૉ

ਤ 2.9: dc-SQUIDͷࣜਤ

͘؏ϦϯάͰ͋Δɻ2ͭͷ߹ͷҐ૬ࠩͱϦϯάΛͭ࣋ʹͰɺ2ͭͷδϣηϑιϯ߹Λฒྻࢠ
࣓ଋͱͷؒʹɺ

θ2 − θ1 = 2π
Φ

Φ0
(2.88)

ͱ͍͏͕ؔΓཱͭɻͨͩ͠ɺθ1ͱ θ2ͦΕͧΕͷδϣηϑιϯ߹ͰͷҐ૬ࠩɺΦϦϯ
άΛ؏࣓͘ଋɺΦ0࣓ଋྔࢠͰɺ

Φ0 = h/2e = 2.06× 10−15Wb (2.89)

ͱ͍͏ఆͰ͋Δɻδϣηϑιϯ߹͕ಋঢ়ଶͰ͋Δͱ͖ɺSQUIDͷόΠΞεిྲྀ IBʹɺ

IB = I0 cos

(
π
Φecp

Φ0

)
sin

(
θ1 − π

Φexp

Φ0

)
(2.90)
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ͱॻ͚Δɻͨͩ͠ɺI0߹ͷྟքిྲྀɺΦexp = Φ−LJ֎෦࣓ଋɺLɺJϦϯάͷࣗݾΠ
ϯμΫλϯεͱϦϯάΛ॥͢ΔిྲྀͰ͋ΔɻैͬͯɺSQUID͕ಋͰ͍ΒΕΔߴ࠷ͷి
ྲྀɺͭ·Γ SQUIDͷྟքిྲྀɺ

Imax = 2I0

∣∣∣∣cos
(
π
Φexp

Φ0

)∣∣∣∣ (2.91)

ͱͳΔɻ͜ͷΑ͏ʹɺSQUIDͷྟքిྲྀ֎෦࣓ʹΑͬͯมԽ͢Δ͜ͱ͕Θ͔Δɻ2I0ΑΓ
େ͖ͳόΠΞεిྲྀͰ SQUIDΛಈͤ͞࡞Δ͜ͱͰɺྟքిྲྀ͕มԽ͢Δ͜ͱʹΑΓ֎෦࣓ଋ
ͷมԽʹରͯ͠ग़ྗిѹ͕มԽ͢ΔΑ͏ʹͳΔɻ͕ͨͬͯ͠ɺSQUIDͷྡʹίΠϧΛஔ͘͜ͱ
ʹΑͬͯɺSQUIDΛඇৗʹײͷܭྲྀి͍ߴͱͯ͠ѻ͏͜ͱ͕ՄʹͳΔɻ
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ୈ3ষ TESܕϚΠΫϩΧϩϦϝʔλͷෳૉ
Πϯϐʔμϯε

TESܕϚΠΫϩΧϩϦϝʔλͷΤωϧΪʔղɺૉࢠͷԹײαIɺిྲྀײ βIɺ༰
ྔCͰද͞ΕΔɻ·ͨTESܕϚΠΫϩΧϩϦϝʔλɺETFΛֻ͚ͯಈͤ͞࡞ΔͷͰɺ৴߸
ͷ্ཱ͕ͪΓؒ࣌ͱཱͪԼ͕Γؒ࣌ɺ্هͷύϥϝʔλʹΑܾͬͯఆ͞ΕΔɻ͜ͷύϥϝʔ
λΛٻΊΔ͜ͱɺ৴߸ԠΛཧղ͢Δ্ͰඞਢͰ͋Δɻ͜ΕΒͷύϥϝʔλΛٻΊΔख๏ͱ
ͯ͠ɺTESͷෳૉΠϯϐʔμϯεΛଌఆ͢Δํ๏ [6]͕͋Δɻ͜ͷষͰɺTESܕϚΠΫϩΧ
ϩϦϝʔλͷෳૉΠϯϐʔμϯεͱͦͷଌఆํ๏ʹ͍ͭͯड़Δɻ

3.1 TESΧϩϦϝʔλͷతɺిؾతϞσϧ
TESܕϚΠΫϩΧϩϦϝʔλͷతɺిؾతϞσϧߏͱߏ࣭ʹΑܾͬͯఆ͞ΕΔɻ
ҎԼͰɺҰൠతͳTESܕϚΠΫϩΧϩϦϝʔλͱͯ͠ٵऩମͱTES͕ཋʹͭͳ͕͍ͬͯ
ΔܥΛ͑ߟΔɻͦͷ߹ɺٵऩମͱTESΛҰମͱͨ͠Oneblock ModelɺٵऩମͱTESͷؒͷ
ಋΛྀ͢ߟΔTwoblock Model͕͑ߟΒΕΔɻ

3.1.1 ऩମ-TESҰମϞσϧٵ

AbVRUbeU

TES

HeaW Vink

 
GTES-Vink

 
CabV+TES

ਤ 3.1: TESͷɾిؾతϞσϧ

ऩମ-TESؒͷಋ͕ेʹྑ͍߹ɺਤٵ 3.1ͷΑ͏ͳɺTESͱٵऩମΛҰମͱͨ͠
Oneblock modelͱݟͳ͢͜ͱ͕Ͱ͖ΔɻΧϩϦϝʔλʹྔ P ͕ೖྗ͞Εͨͱ͖ʹɺTESʹ
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ྲྀΕΔిྲྀ ITESͱٵऩମͱTESͷԹ TTESɺಋํఔࣜͱిؾճ࿏ํఔࣜΛ༻͍ͯҎԼ
ͷΑ͏ʹදͤΔɻ

L
dITES

dt
= Vth − (Rth +RTES(TTES, ITES))ITES (3.1)

C
dTTES

dt
= −G(TTES − Tbath) + I2TESRTES + P (3.2)

͜͜Ͱɺٵऩମͱ TESͷԹΛ TTESɺཋԹΛ Tbathͱͨ͠ɻఆৗঢ়ଶͷ TESͱٵऩମͷ
ԹΛ T0ɺTESͷిྲྀΛ I0ɺ߅ΛR0ͱͯ͠ɺδI = ITES − I0ɺδTTES = TTES − T0Λఆٛ
্ͯࣜ͠Λॻ͖͑Δͱɺ

L
dδI

dt
= Vth − (Rth +RTES(TTES, ITES))(δI + I0) (3.3)

CTES
dδTTES

dt
= −G(δTTES + T0) + (δI + I0)

2RTES (3.4)

ͱͳΔɻ·ͨɺRTES(TTES, ITES)Λ (T0, I0)पΓͰςΠϥʔల։͢Δͱ

RTES(TTES, ITES) = R0

(
1 + αI

δT

T0
+ βI

δI

I0

)
(3.5)

ͱͳΔɻ͜͜ͰɺαI ͱ βI Λ

αI =
T0

R0

∂R

∂T

∣∣∣∣
I=I0

(3.6)

βI =
I0
R0

∂R

∂I

∣∣∣∣
T=T0

(3.7)

ͱͨ͠ɻఆৗঢ়ଶʹ͓͍ͯɺTESͷࣗൃݾͱཋ͔Βͷྲྀೖ͕Γ߹͍ͬͯΔͱ͑ߟΔͱɺ
ҎԼͷ͕ࣜΓཱͭɻ

RTES(T0, I0)I
2
0 = G(T0 − Tbath) (3.8)

Ҏ্ 2ࣜΛ༻͍ͯ δͷೋ࣍Ҏ߱ͷ߲Λແ͢ࢹΔͱɺ

L
dδI

dt
= Vac − (Rth +R0(1 + βI))δI − αI

I0R0

T0
δTTES (3.9)

C
dδTTES

dt
= R0I0(2 + βI)δI +

(
αI

I20R0

T0
−G

)
δTTES (3.10)

͜͜Ͱɺ

LI =
I20R0αI

GTTES
(3.11)

τI =
τ

1− LI
(3.12)

τel =
L

Rth +R0(1 + βI)
(3.13)
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ͱͯ͠ྻߦදهʹ͢ͱɺҎԼͷΑ͏ʹͳΔɻ

d

dt

(
δI

δTTES

)
= −





1

τel

LIG

I0L

−I0R0(2 + βI)

C

1

τI





(
δI

δTTES

)
+





δV

L

δP

C




(3.14)

TESʹରͯ͠ަྲྀిѹΛҹՃͨ͠ࡍͷTESͷԠΛࣔ͢ɺTESͷෳૉΠϯϐʔμϯεΛಋ
ग़͢Δɻ(3.14)ࣜͰɺೖྗ͕ແ͍߹ɺ

d

dt

(
δI

δT

)
= −





1

τel

LIG

I0L

−I0R0(2 + βI)

C

1

τI





(
δI

δT

)
+





δV

L

0



 (3.15)

ͱͳΔɻ(3.15)ࣜΛϑʔϦΤม͢Δͱɺ




1

τel
+ iω

LIG

I0L

−I0R0(2 + βI)

C

1

τI
+ iω





(
Iω
Tω

)
=





δVω

L

0



 (3.16)

͜͜ͰTESͷճ࿏શମͷෳૉΠϯϐʔμϯεΛɺZω = Vω/IωͰఆٛ͢Δͱɺ

Zω = Rth + iωL+ ZTES (3.17)

ͱදͤΔɻTES୯ମͷෳૉΠϯϐʔμϯεɺ

ZTES = Z∞ + (Z0 − Z∞)
1

1− iωτeff

Z0 = −R0
LI + βI + 1

LI−1
, Z∞ = R0(1 + β)

τeff =
C

G(LI − 1)

(3.18)

ͱͳΔɻ͜͜ͰZ0, Z∞ɺͦΕͧΕप͕ 0,∞ͷͱ͖ͷෳૉΠϯϐʔμϯεͰ͋Δɻ(3.18)

ࣜʹయܕతͳͱͯ͠ɺZ∞ = 100 mΩɺZ0 = −100 mΩɺτeff = 10 µs Λೖͨ͠ͷΛɺਤ
3.2ʹࣔ͢ɻप͕͍ͱ͖ͷΠϯϐʔμϯεͷ࣮෦ɺETFͷޮՌʹΑٖͬͯࣅతʹෛͷ
߅Λͭ࣋Α͏ʹͳΔɻଌఆͨ͠TESͷෳૉΠϯϐʔμϯεΛɺ(3.18)ࣜͰϑΟοςΟϯά
͢Δ͜ͱͰɺTESͷԹײ αIɺిྲྀײ βIɺ༰ྔCΛٻΊΔ͜ͱ͕Ͱ͖Δɻ

3.1.2 TESͱٵऩମͷؒʹಋ͕ଘ͢ࡏΔ߹

·ͨɺٵऩମͱTESͷؒʹ༗ݶͷಋ͕ଘ͢ࡏΔ߹Λ͑ߟΔɻ͜ͷͱ͖ΧϩϦϝʔλ
ਤ 3.1 ͷΑ͏ͳTwoblock ModelͱͳΔɻ͜ͷͱ͖TESͷෳૉΠϯϐʔμϯεɺҎԼͷࣜ
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ਤ 3.2: TESܕϚΠΫϩΧϩϦϝʔλΛOneblock Modelͱͨ͠ͱ͖ͷෳૉΠϯϐʔμϯεɻࠨਤ:Πϯ
ϐʔμϯεͷ࣮෦ͱڏ෦ͷؔɻதਤ:Πϯϐʔμϯεͷ࣮෦ͷपґଘੑɻӈਤ:Πϯϐʔμ
ϯεͷڏ෦ͷपґଘੑɻ

Ͱද͢͜ͱ͕Ͱ͖Δɻৄࡉͳಋग़ɺAppendix.AΛࢀর͞Ε͍ͨɻ

ZTES = Z∞ + (Z0 − Z∞)
1

1− iωτeff

Z0 = −R0
LI + βI + 1

LI−1
, Z∞ = R0(1 + β)

τeff =
1

G(LI − 1)

(
CTES + Cabs −Gabs

iω Cabs
Gabs

1 + iω Cabs
Gabs

)
(3.19)

TESͱٵऩମؒʹಋΛઃఆ͢Δ͜ͱͰɺٵऩମͱ TES͕తʹΓ͞Εͨߏͱͳ
ΓɺٵऩମͱTESͦΕͧΕͷ༰ྔͱٵऩମ-TESؒͷಋ͕࣌ఆ τeffʹೖͬͨܗʹͳͬ
͍ͯΔɻٵऩମ͕େ͖͘෦ಋ͕ແࢹͰ͖ͳ͍߹ͳͲɺ͜ͷTwoblock ModelͰઆ
໌Ͱ͖Δͱ͑ߟΒΕΔɻ

3.2 TESΛؚΉଌఆΠϯϐʔμϯεͷಋग़
ΠϯμΫλϯεɺ߅ੜدͷܥզʑ͕ଌఆͰ͖ΔΠϯϐʔμϯεɺTESͷճ࿏ʹࡍ࣮
૿෯ճ࿏ͷपґଘੑͳͲͷӨڹΛड͚ͨͷͱͳΔɻ͜ͷӨڹΛؚΊͨϞσϧͷߏஙࠔ
Ͱ͋ΔͨΊɺدੜʹରͯ͠ิਖ਼Λ͜͏ߦͱͰɺTESͷෳૉΠϯϐʔμϯεΛٻΊΔɻҎ
ԼͰͦͷิਖ਼ํ๏ʹ͍ͭͯड़Δɻ
TESͷճ࿏ܥΛςϒφϯͷՁճ࿏Λ༻͍ͯࣔ͢ͱਤ 3.5ͷΑ͏ʹͳΔɻ͜ͷͱ͖ճ࿏ܥશ
ମͷෳૉΠϯϐʔμϯεɺ

Z = Rth + iωL+ ZTES (3.20)

ͱදͤΔɻ͜ͷଌఆͨ͠Πϯϐʔμϯε͕دੜͳͲͷӨڹͱͯؔ͠Tr(f)ͷӨڹΛड͚
͍ͯΔͱԾఆ͢Δɻ͜ͷͱ͖ଌఆ͞ΕΔΠϯϐʔμϯεɺ

Zobs = (Rth + iωL+ ZTES)× Tr(f) (3.21)

35



AbVoUbeU

TES

HeaW Vink

 
CabV

 
GabV-TES

 
CTES

 
GTES-Vink

ਤ 3.3: TESͷɾిؾతϞσϧ

ͱදͤΔɻTES͕ৗಋɺಋͷͱ͖ɺTESͷΠϯϐʔμϯεɺZNormal = RNormalɺZSuper =

0ͱͳΔɻؔTr(f)͕TESͷ߅ʹΑΒͳ͍ͱԾఆ͢ΔͱɺͦΕͧΕଌఆ͞ΕΔෳૉΠϯ
ϐʔμϯεɺ

Zobs
Normal = (Rth + iωL+RNormal)× Tr(f)ɹ

Zobs
Super = (Rth + iωL)× Tr(f)

(3.22)

ͱͳΔɻ·ͣɺTESͷճ࿏ܥʹ͓͚ΔΠϯϓοτίΠϧͱɺدੜ߅ͱγϟϯτ߅ͷΛ
ΊΔͨΊʹৗಋঢ়ଶͱಋঢ়ଶͷൺΛͱΔͱɺٻ

Zobs
Normal

Zobs
Super

=
Rth + iωL+RNormal

Rth + iωL
(3.23)

ͱදͤΔɻଌఆͨ͠ΠϯϐʔμϯεΛ (3.23)ࣜͰϑΟοςΟϯά͢Δ͜ͱͰɺΠϯϓοτίΠ
ϧͷΠϯμΫλϯε Lɺγϟϯτ߅ͱدੜ߅ͷ߹ܭRthΛܾఆ͢Δɻؔ Tr(f)ɺLͱ
Rthɺಋঢ়ଶʹ͓͚ΔෳૉΠϯϐʔμϯεZobs

superΛ༻͍ͯɺ

Tr(f) =
Zobs

Super

Rth + iωL
(3.24)

ͱͳΔɻ͕ͨͬͯ͠TESͷΠϯϐʔμϯεɺ

ZTES =
Zobs

Tr(f)
− (Rth − iωL) (3.25)

ͱද͢͜ͱ͕Ͱ͖Δɻ͜ͷิਖ਼ޙͷෳૉΠϯϐʔμϯεʹରͯ͠TESܕϚΠΫϩΧϩϦϝʔλ
ͷిϞσϧͰϑΟοςΟϯά͢Δ͜ͱͰɺTESͷಛੑύϥϝʔλ (αI , βIͳͲ)ΛܾఆͰ͖Δɻ
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ਤ 3.4: Δ߹ͷෳૉΠϯϐʔμϯεɻ੨ઢɿOneblock͢ࡏऩମͱTESͷؒʹಋ͕ଘٵ Mpdelɻ
ઢɿTwoblock ModelɻಋΛઃఆ͢Δ͜ͱͰɺΠϯϐʔμϯεͷ͕ܗมԽ͍ͯ͠Δ͜ͱ
͕Θ͔Δɻ

Vth

Ztes

Rth

L

ਤ 3.5: TESͷճ࿏ܥΛςϒφϯͷՁճ࿏Ͱදͨ͠߹

3.2.1 ֤ύϥϝʔλΛ༻͍ͨϊΠζղੳ

ΧϩϦϝʔλΛಈͤ͞࡞Δ্Ͱආ͚ΒΕͳ͍ݻ༗ϊΠζͱͯ͠ɺPhonon noiseɺJohnson noise

͕͋ΔɻPhonon noiseɺTESͱཋؒͷಋ͕༗ݶͰ͋ΔͨΊʹൃੜ͢Δ༳Β͗Ͱ͋
Δɻ͜ͷͱ͖ Phonon noiseɺిྲྀԠੑ sI Λ༻͍ͯҎԼͷΑ͏ʹද͢͜ͱ͕Ͱ͖Δɻ

Iphonon =
√

4kBT 2
0G× F (T0, Tbath)× |sI(ω)| (3.26)

·ͨ Johnson noiseɺ߅ͷࣗ༝ిࢠͷϒϥϯӡಈʹΑΔࡶԻͰ͋ΔɻTESʹ͓͚Δ
Johnson noiseɺ

IJTES =

√

4kBT0I20R0
1 + βI

L2
I

(1 + ω2τ 2) |sI(ω)| (3.27)

Shunt߅ͱTESͷճ࿏ܥʹ͓͚Δدੜ߅ͷ Johnson noiseɺ

IJth =

√

4kBTthI20Rth
(LI − 1)2

L2
I

(1 + ω2τ 2I ) |sI(ω)| (3.28)
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ͱදͤΔɻPhonon noise kHzఔͷपʹ͓͍ͯओཁͳϊΠζཁҼͱͳΓɺ 10kHzҎ
্ͷߴपͰ Johnson noise͕ӽ͢Δɻ͜ΕΒͷݻ༗ϊΠζɺTESͷԹײαIిྲྀ
ײ βIʹΑܾͬͯఆ͞ΕΔͨΊɺΠϯϐʔμϯεଌఆ͔Β֤όΠΞεʹ͓͚ΔϊΠζʹ͍ͭ
ͯٞ͢Δ͜ͱͰɺΤωϧΪʔղ͕ͲͷΑ͏ͳཁҼͰྼԽ͍ͯ͠Δͷ͔Λ໌Β͔ʹ͢Δɻ
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ୈ4ষ TESܕϚΠΫϩΧϩϦϝʔλͷੑ
ධՁݧࢼ

ຊষͰɺࡐྉੳʹಛԽͨ͠TESܕϚΠΫϩΧϩϦϝʔλʹରͯ͠ੑͨͬߦධՁݧࢼʹ
͍ͭͯࣔ͢ɻ

4.1 ͷతݧ࣮
ຊ࣮ݧͷతɺզʑ͕ͨ͠࡞TESܕϚΠΫϩΧϩϦϝʔλͷΤωϧΪʔղͱXઢೖ
RɺԹ߅ͷཧղͰ͋ΔɻTESಋମͰ͋Γɺͦͷܗͷ৴߸ࣹ࣌ T ͚ͩͰͳ͘ɺ
ిྲྀ Iɺ࣓BͳͲͷύϥϝʔλʹґଘ͢ΔෳࡶͳؔͰ͋Δɻ·ͨTESͷԠɺೖཻࣹࢠ
ʹΑΔͷൖʹՃ͑ͯɺલड़ͨ͠ETFʹΑΔిؾత৴߸͕བྷΈ߹͓ͬͯΓɺ͜ΕΛཧղ͢Δ
͜ͱ༰қͰͳ͍ɻTESͷΤωϧΪʔղͷྼԽཁҼΛཧղ͢Δख๏ͱͯ͠ɺTESͷෳૉ
ΠϯϐʔμϯεΛଌఆ͢Δํ๏͕͋ΔɻෳૉΠϯϐʔμϯεɺTESʹඍऑͳަྲྀిྲྀΛҹՃ
ܕΔTES͍ͯ͠࡞ΊΔ͜ͱ͕Ͱ͖Δɻզʑ͕ٻͷTESͷԠ৴߸Λଌఆ͢Δ͜ͱͰࡍͨ͠
ϚΠΫϩΧϩϦϝʔλͷΤωϧΪʔղΛ੍͍ͯ͠ݶΔཁҼɺXઢ͕ೖࣹͨ͠ࡍͷ৴߸ܗ
Λཧղ͢ΔͨΊʹΠϯϐʔμϯεଌఆʹՃ͑ͯɺIVଌఆɺNoiseଌఆɺXઢরࣹݧࢼͷ 4ͭΛ
ɻͨͬߦ

4.2 ܭͱઃߏͷࢠૉݧ࣮
ੑධՁݧࢼΛͨͬߦૉࢠͷߏ (ਤ 4.1)ͱઃܭ (ද 4.1)Λࣔ͢ɻ౦ژཱେֶͷεύολ
ϦϯάஔͰTES(Au/Ti)Λບޙɺৠண๏ʹΑͬͯAuٵऩମΛບͨ͠ɻ͜ͷૉࢠ͍
ΤωϧΪʔଳҬΛΧόʔ͢ΔͨΊʹɺ64ૉࢠதʹບް 5 um,300 nmͷ 2छྨͷٵऩମ͕͋Δ
[7]ɻ

ද 4.1: ଌఆૉࢠͷߏͱ༰ྔͷఆ

໘ੵ ްΈ ༰ྔ [pJ/K] @100mK

ऩମٵ (Au) 120 µm× 120 µm 300 nm, 5 µm 0.493

TES(Au/Ti) 180 µm× 180 µm 100 nm/30 nm 0.029

ϝϯϒϨϯ 300 µm× 300 µm 1.0 µm/0.5 µm -
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180 um

120 um

吸収体(Au)
TES(Au/Ti)

メンブレン

300 um

Al配線

ਤ 4.1: ଌఆͨ͠ΧϩϦϝʔλͷߏ

4.3 ηοτΞοϓݧ࣮
ຊ࣮ݧͷηοτΞοϓΛਤ 4.2ʹࣔ͢ɻૉࢠΛGMྫྷౚػΛ༻͍ͯ 4 K·Ͱྫྷ٫ͯ͠ɺرऍ
ྫྷౚػΛซ༻͢Δ͜ͱͰɺ100 mKఔ·Ͱྫྷ٫ͨ͠ɻྫྷ٫εςʔδɺಋͷ͍ߴCuͰ
Ίͷͨ͏ߦ͞Εɺεςʔδ্ʹΧϩϦϝʔλͱಡΈग़͠Λ࡞ SQUID͕͞ࡌΕ͍ͯΔɻྫྷ
ౚ͔ػΒ TESͷઢʹɺγʔϧઢΛ༻͍͓ͯΓɺγʔϧઢ͔Β TESͱ SQUID·Ͱ
AlͷϫΠϠʔϘϯσΟϯάʹͳ͍ͬͯΔɻAl 1.5 KۙͰಋʹసҠ͢ΔͷͰɺઢͷ
ऩମްٵճࠓͱൃ͕θϩͷঢ়ଶͰଌఆ͢Δ͜ͱ͕Ͱ͖Δɻ߅ 5 µmͱ 300 nmͷ 2ૉࢠͷ
ଌఆΛͨͬߦɻ

4.4 IVଌఆ
TESʹҹՃ͢ΔిѹΛมԽͤ͞Δ͜ͱͰɺిྲྀ I ͱిѹ V ͷଌఆΛͨͬߦɻIVଌఆͰ
ɺTESͷδϡʔϧൃͱཋͷྲྀೖ͕͍͠ͱԾఆ͢Δ͜ͱͰɺTES-ཋؒͷಋ
ΛٻΊΔ͜ͱ͕Ͱ͖Δɻ·ͨɺTESͷδϡʔϧൃ͔Β TESͷԹΛ͢ࢉܭΔ͜ͱͰɺTES

ͷRTಛੑΛௐΔ͜ͱ͕Ͱ͖Δɻ͜ͷRTಛੑ͔ΒɺTESͷసҠԹͱղʹد༩͢Δ
Թײ αΛٻΊΔ͜ͱ͕Ͱ͖Δɻଌఆݪཧͱٵऩମް 300 nmɺ5 µmͷଌఆ݁ՌΛࣔ͢ɻ

4.4.1 IVಛੑͱଌఆݪཧ

TESͷిྲྀ IͱిѹVͷؔΛ IVಛੑͱݺͿɻIVଌఆͰɺଌఆͨ͠TESͷిྲྀͱిѹ͔
ΒδϡʔϧൃΛ͢ࢉܭΔ͜ͱͰɺTESͱཋؒͷಋGΛٻΊΔ͜ͱ͕Ͱ͖Δɻ·ͨɺ
ཋԹ͔Β TESͷൃͷӨڹΛࠩ͠Ҿ͘͜ͱͰɺTESͷ߅ͱԹͷؔΛٻΊΔ͜ͱ
͕Ͱ͖ɺTESͷղΛ੍͢ݶΔԹײαΛٻΊΔ͜ͱ͕Ͱ͖Δɻ࣮ࡍͷଌఆͰɺཋԹ
ҰఆԼͰɺTES͕ৗಋঢ়ଶʹͳΔఔͷిྲྀΛྲྀ͠ɺঃʑʹిྲྀΛԼ͍͛ͯ͘͜ͱͰɺ
సҠதͷిྲྀ-ిѹͷؔΛଌఆ͢ΔɻTESʹྲྀ͢όΠΞεిྲྀ IbΛ੍͠ޚɺSQUIDͰిྲྀ
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ਤ 4.2: ଌఆηοτΞοϓ

ͷมԽΛಡΈग़͢ɻTESͷδϡʔϧൃͱɺཋͷྫྷ٫͕Γ߹͍ͬͯΔͱ͑ߟΔͱҎԼͷࣜ
͕Γཱͭɻ

Pb = ITESVTES =
G0

n
(T n − T n

bath) (4.1)

͜͜Ͱ TESͱཋؒͷಋGΛ (2.3)ࣜɺTESͷԹΛ TɺཋͷԹΛ Tbathͱͨ͠ɻ
TES͕సҠԹ TcۙͰ͋Δͱ͖ɺ

Pb = ITESVTES * G0

n
(T n

c − T n
bath) (4.2)

ͱۙࣅͰ͖ΔͨΊɺෳͷཋԹ TbathͰଌఆ͢Δ͜ͱͰɺTESͱཋؒͷಋGΛٻ
ΊΔ͜ͱ͕Ͱ͖Δɻ·ͨɺδϡʔϧൃΛࠩ͠Ҿ͍ͨTESͷԹɺ

TTES =

(
T n
bath +

nPb

G0

)1/n

(4.3)

ͱͳΔͷͰɺIVଌఆͷ݁Ռ͔ΒTESͷRTಛੑ͕Θ͔ΔͨΊɺαΛٻΊΔ͜ͱ͕Ͱ͖Δɻ

4.4.2 ऩମްٵ 300 nmͷଌఆ݁Ռ

ཋԹ 150-90 mKʹ͓͍ͯɺόΠΞεిྲྀ IbiasΛมԽͤͨ͞ͱ͖ͷ TESͷిѹ VTESΛ
ଌఆͨ͠ɻਤ 4.3ʹTESͷճ࿏ܥʹҹՃͨ͠ిྲྀ Ibiasͱ SQUID͔Βͷग़ྗిѹ VoutͷؔΛ
ࣔͨ͠ɻIbias͕େ͖͍ͱ͖ɺTESͷࣗൃݾʹΑͬͯԹ͕͘ߴͳΓɺTESৗಋঢ়ଶͱ
ͳΔɻ
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ਤ 4.3: ऩମްٵ 300 nm ʹҹՃͨ͠ిྲྀ Ibias ͱ
SQUIDͷग़ྗిѹ VSQUIDͷؔ

ਤ 4.4: ऩମްٵ 300 nm ʹҹՃͨ͠ిྲྀ Ibias ͱ
TESͷ߅RTESͷؔ

ਤ 4.5: ऩମްٵ 300 nmͷ TESͷ߅RTESͱ
ൃ Pbͷؔ

ਤ 4.6: ऩମްٵ 300 nmʹ͓͍ͯTESͱཋؒͷ
ಋ Gͱൃ Pb ͷ͔ؔΒಋ
GͷԹґଘੑΛϑΟοςΟϯάͨ݁͠Ռ
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4.4.3 ऩମްٵ 5µmͷଌఆ݁Ռ

ਤ 4.7: ऩମްٵ 5 µm ʹҹՃͨ͠ిྲྀ Ibias ͱ
SQUIDͷग़ྗిѹ Vcorͷؔ

ਤ 4.8: ऩମްٵ 5 µmʹҹՃͨ͠ిྲྀ IbiasͱTES
ͷ߅RTESͷؔ

ਤ 4.9: ऩମްٵ 5 umͷ TESͷ߅RTESͱൃ
 Pbͷؔ

ਤ 4.10: ऩମްٵ 5 µmʹ͓͍ͯ TESͱཋؒͷ
ಋGͱൃPbͷ͔ؔΒಋ
GͷԹґଘੑΛϑΟοςΟϯάͨ݁͠Ռ

IVଌఆͷ݁Ռ͔Βٵऩମ 300 nmͱ 5 µmͷͦΕͧΕͰRTಛੑΛٻΊͨ (4.11)ɻ͜ͷ݁Ռ͔
Β 2ϐΫηϧؒͰసҠԹ͕ 10 mKఔҟͳΔ͜ͱ͕Θ͔Δɻ͜Εٵऩମ͕ް͍͜ͱͰɺ
TESͷసҠԹʹӨ͍ͯ͠ڹΔͱ͑ߟΒΕΔɻ
ৗಋ߅RNormalͷͷ߅ΛసҠ߅Rcͱͯ͠ఆٛ͢Δɻ֤ཋԹʹ͓͚ΔRcͷ
ൃPbͱɺTESͷδϡʔϧൃͱཋͷྲྀೖͷ͔ؔΒɺTESͱཋؒͷಋΛϑΟο
ςΟϯά͔ΒٻΊͨ݁ՌΛਤ 4.6, 4.10ʹࣔ͢ɻٵऩମ 300 nmͱ 5 µmͷͦΕͧΕͰಋ
ɺද 4.2ͱٻΊΒΕͨɻ

ද 4.2: TESͱཋؒͷಋGͷൺֱ

G0 [nW/K] n G [nW/K]@Tc

300 nm 1.41× 102 4.64 1.83

5 µm 77.4 3.21 1.50
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ਤ 4.11: ཋԹ 90 mKͷͱ͖ͷ TESͷԹͱ߅Λٵऩମ 300 nmͱ 5 µmͰൺֱͨ݁͠Ռ

4.5 Zଌఆͷ݁Ռ
ऩମٵ 300 nmͱ 5 µmͷͦΕͧΕʹ͓͍ͯɺTESʹҹՃ͢ΔަྲྀిѹͷपΛมԽͤ͞
Δ͜ͱͰɺෳૉΠϯϐʔμϯεͷଌఆΛͨͬߦɻཋԹόΠΞεిྲྀҹՃ࣌ͷྫྷౚػͷ࠷
౸ୡԹͰ͋Δ 90 mKͱͨ͠ɻTESʹҹՃ͢ΔόΠΞεిྲྀ IbiasͰଌఆΛ͜͏ߦͱͰɺ֤
ಈ࡞ʹ͓͚Δ͜ͷ݁Ռ͔ΒɺTESͷԹײɺిྲྀײɺΧϩϦϝʔλͷ༰ྔΛٻΊΔ͜
ͱ͕Ͱ͖Δɻ

4.5.1 ଌఆڥ

ຊ࣮ݧͰͷෳૉΠϯϐʔμϯεଌఆͷ༷ࢠΛਤʹࣔ͢ɻTESʹҹՃ͢ΔDCόΠΞεͱSQUID

ͷ੍ޚMagniconͰ͍ߦɺFunction generatorΛAC biasͱͯ͠༻͍ͨɻަྲྀిѹͷҹՃܦ࿏
ʹɺMagnicon I-BoxΛ༻͍͓ͯΓɺ෦ʹɺϩʔύεϑΟϧλʔͱίϞϯίΠϧؚ͕·Ε
͍ͯΔɻ͜ΕΒೖྗ৴߸ΛԚછ͢ΔՄੑ͕͋Δ͕ɺࠓճ྆ऀΛऔΓ͚ͨঢ়ଶͰ࣮ݧΛ
ϩοΫΠϯΞϯϓͭ࣋Λײ͍ߴͳͬͨɻަྲྀిѹͷಡΈग़͠ʹɺಛఆͷपʹରͯ͠ߦ
(LI 5655)Λ༻͍ͨɻଌఆճ࿏ܥΛਤ 4.14ʹࣔ͢ɻ

ද 4.3: SQUIDͷઃఆ

Ibias [µA] Vbias (µV) Phib (kΩ) Gain Band Width (GHz)

12.003 700.04 -9.97 1.50

ଌఆ͞ΕͨෳૉΠϯϐʔμϯεɺTESͷճ࿏ܥશମͰ͋Δ Zmes = Rth + iωL+ ZTESΛද
͍ͯ͠Δɻ͜͜ͰLΛΠϯϓοτίΠϧͷΠϯμΫλϯεɺshunt߅ͱدੜ߅Rparͷ߹ܭ
ΛRth = Rpar +Rshuntͱఆٛͨ͠ɻ
ਤ 4.15ʹ͓͍ͯ 50 HzʹݟΒΕΔଌఆͷΒ͖ͭɺి͔ܥݯΒͷϊΠζʹΑΔӨڹͱߟ
͑ΒΕΔɻ͜ͷΒ͖ͭҎ߱ͷղੳʹӨڹΛٴ΅͢ͷͰɺ50HzͷଌఆΛআ͍ͯղੳΛͬߦ
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TES,SQUID

Vac

Lock-in 
Amp

ਤ 4.12: Impedanceଌఆܥ

ਤ 4.13: Magnicon I-Box

ද 4.4: Lock-in ampͷઃఆ

Sensitivity (SENS) Dinamic Range (DR) Time Constant (Tc) Gain (SLOPE)

200 mV HIGH 1 s 24 dB/oct

ͨɻٵऩମްʹΑͬͯपۭؒʹ͓͚ΔZ͕ܗҟͳΓɺΧϩϦϝʔλͷಛੑͷҧ͍͕ݱΕ
͍ͯΔͱ͑ߟΒΕΔɻ

4.5.2 पଳҬͷิਖ਼ͱTESͷෳૉΠϯϐʔμϯεߴ

TESͷճ࿏ܥʹɺshunt߅ɺΠϯϓοτίΠϧͷΠϯμΫλϯεʹՃ͑ͯɺدੜ͕
ଘ͢ࡏΔɻ·ͨTESͷ৴߸ɺΠϯϓοτίΠϧΛհͯ͠ಡΈग़͠ܥʹΘΓɺಡΈग़͠ճ࿏
ʹ SQUID͔Βͷ৴߸Λ૿෯͢ΔͨΊͷੵճ࿏ (ΦΞϯϓ)ؚ͕·Ε͍ͯΔɻ্هͷدੜ
ͱੵճ࿏ɺಛʹߴपʹ͓͍ͯपಛੑΛ͓ͯͬ࣋Γɺଌఆ͞ΕͨΠϯϐʔμϯε
͜ͷӨڹΛؚΊͨͷͱͳΔɻ͕ͨͬͯ͠TESͷෳૉΠϯϐʔμϯεΛٻΊΔʹɺ͜ͷӨ
Λࠩ͠Ҿ͘ඞཁ͕͋Δɻڹ
TES͕ಋɺৗಋͷࡍʹଌఆͨ͠Πϯϐʔμϯε͔Β shunt߅ͱدੜ߅ͷͰ͋Δ

Rth,ΠϯϓοτίΠϧͷΠϯμΫλϯεLΛٻΊΔ͜ͱ͕Ͱ͖Δ (ਤ 4.17, ਤ 4.18)ɻϑΟοςΟ
ϯάͷ݁Ռ͔ΒಘΒΕͨRthͱLΛද 4.5ʹࣔ͢ɻShunt߅͜Ε·Ͱͷଌఆ͔Β 3.9 mΩͰ
͋Δ͜ͱ͕Θ͔͓ͬͯΓɺΠϯϓοτίΠϧͷઃܭ͕ 6.2 nHͳͷͰɺίϯγεςϯτͳ݁Ռ
͕ಘΒΕͨͱ͑ݴΔɻ͔྆͠͠ํͷٵऩମްͷ߹Ͱχ2͕େ͖͘ɺಛʹߴपଆͰ͕ࠩେ͖
͍͜ͱ͕͔ͬͨɻϑΟοςΟϯάͷϞσϧ͔σʔλͷऔಘڥɺ͘͠ճ࿏ྀߟʹܥͰ͖
͍ͯͳ͍ଞͷ߅ΠϯμΫλϯε͕ଘ͍ͯ͠ࡏΔՄੑ͕͋Δɻ
Rth, Lͱิਖ਼ؔ Tr(f)(ਤ 4.21)͔ΒΧϩϦϝʔλͷෳૉΠϯϐʔμϯεΛٻΊΔ͜ͱ͕Ͱ
͖Δɻͦͷ݁ՌΛਤʹࣔ͢ɻ
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Vac

Rdc

Rac 200ї

100pF

470ѥH
Common Coil Ztes

Rshunt

Min

Mfb

Rfb
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ਤ 4.14: Impedanceଌఆճ࿏ܥ

ਤ 4.15: ऩମްٵ 300 nmʹ͓͚Δ TESճ࿏ܥͷෳૉΠϯϐʔμϯε

4.5.3 ΧϩϦϝʔλͷಛੑύϥϝʔλ

ΧϩϦϝʔλͷෳૉΠϯϐʔμϯεʹରͯ͠ɺಋํఔࣜͱిؾճ࿏ํఔ͔ࣜΒٻΊͨϞσ
ϧؔͰϑΟοςΟϯάΛ͜͏ߦͱͰɺΧϩϦϝʔλͷੑΛܾఆ͚ͮΔύϥϝʔλΛٻΊΔɻ
ϞσϧؔɺΧϩϦϝʔλͷߏͱ֤ཁૉͷಋʹΑܾͬͯఆ͞ΕΔɻࠓճɺTESͱ
ऩମΛҰମͱͨ͠Oneblockٵऩମؒͷಋ͕ेʹྑ͍߹ʹTESͱٵ Model(3.18ࣜ)ɺ
TESͱٵऩମؒʹಋΛ͑ߟΔTwoblock Model(3.19ࣜ)ͷ̎ͭͷϞσϧΛ͑ߟΔɻ

ද 4.5: ,ऩମްʹ͓͚ΔRthٵ֤ Lͷ

Rth (mΩ) Rpar (mΩ) L (nH)

300 nm 3.996± 0.006 0.096 12.344± 0.006

5 µm 4.261± 0.007 0.361 12.3± 0.1
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ਤ 4.16: ऩମްٵ 5 µmʹ͓͚Δ TESճ࿏ܥͷෳૉΠϯϐʔμϯε

ਤ 4.17: ऩମްٵ 300nmʹ͓͚ΔRthͱ Lͷ fitting݁Ռ

ਤ 4.18: ऩମްٵ 5µmʹ͓͚ΔRthͱ Lͷ fitting݁Ռ
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ਤ 4.19: ऩମްٵ 300 nmͷΧϩϦϝʔλͷෳૉΠϯϐʔμϯε

ਤ 4.20: ऩମްٵ 5 µmͷΧϩϦϝʔλͷෳૉΠϯϐʔμϯε

ਤ 4.21: ऩମްٵ 5 µmͰ༻͍ͨิਖ਼ؔ Tr(f)
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ऩମްٵ 5 µmͷ߹

ऩମްٵ 5 µmͷ߹ɺٵऩମ-TESؒͷಋ͕ेʹྑ͘ɺٵऩମͱ TESͷ༰ྔ
͕ॖୀ͍ͯͨͨ͠ΊɺOneblock Model (3.18ࣜ)ͰͷΈϑΟοςΟϯάΛ͜͏ߦͱ͕Ͱ͖ͨɻٵ
ऩମͱTESͷք໘ʹෆ७ͳͲʹΑΔ͕߅ଘ͢ࡏΔ߹ɺGabs−TES͕ѱ͘ɺTwoblock

ModelͰෳૉΠϯϐʔμϯεΛදͤΔͣͰ͋Δɻ͕ͨͬͯ͠ɺٵऩମް 5 µmͷ߹ɺٵऩମ
ͱTESؒͷಋແࢹͰ͖Δ΄Ͳेʹখ͘͞ɺ࡞ϓϩηεʹ͕ແ͍͜ͱ͕Θ͔ͬ
ͨɻਤ 4.22ʹOneblock ModelʹΑΔϑΟοτ݁ՌΛࣔ͢ɻपଆͰɺOneblock ModelͰ

ਤ 4.22: ऩମްٵ 5 µmͷෳૉΠϯϐʔμϯεΛϑΟοτͨ݁͠Ռ

σʔλͱద߹͍ͯ͠Δ͕ɺߴपଆͰ͕ࠩେ͖͘ɺपิਖ਼্͕ख͘Ͱ͖͍ͯͳ͍Өͩڹ
ͱ͑ߟΒΕΔɻશͯͷಈ࡞ͰͷϑΟοτ͔ΒٻΊͨTESͷಛੑύϥϝʔλͱಈ࡞߅ͷؔ
Λਤ 4.27ʹࣔ͢ɻԹײ αIͱిྲྀײ βIɺಈ࡞͕߅খ͘͞ʹͳΔʹͭΕͯ૿Ճ͢Δ͜

ਤ 4.23: ऩମްٵ 5 µmͷΧϩϦϝʔλͷෳૉΠϯϐʔμϯε͔ΒٻΊͨ TESͷಛੑύϥϝʔλɻࠨ
ਤɿԹײ αIɺதਤɿిྲྀײ βIɺӈਤɿٵऩମͱ TESͷ༰ྔ CͰઢɺ[8]͔Βܭ
ৗಋঢ়ଶͷ༰ྔͨ͠ࢉ

ͱ͕Θ͔ͬͨɻ͜Εɺ[9]Ͱใ͞ࠂΕͨαIͱ βIͱಉ༷ͷৼΔ͍Ͱ͋ΔɻTES͕ৗಋͷͱ
͖ͷ༰ྔ͕ 0.82 pJ/KͰ͋Γɺಈ࡞͕߅େ͖͍ͱ͖ʹৗಋͱ͍͕ۙಘΒΕͨɻసҠ
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ԹΑΓेԹͷಋମɺϑΣϧϛ໘ۙͷిࢠͷେ෦͕ΫʔύʔରͰଘ͢ࡏΔɻ
͔͠͠ΫʔύʔରಋͷΤωϧΪʔΪϟοϓΛ͑ΒΕͣɺͷ༌ૹʹؔ༩͠ͳ͍ɻͨ͠
͕ͬͯɺసҠԹۙͰൺ͕ෆ࿈ଓʹมԽͯ͠ɺ༰ྔͦΕʹԠͯ͡ෆ࿈ଓʹ૿Ճ͢Δͱ
ΒΕΔɻ͑ߟΔͱ͍ͯ͑ݟʹ͓͍ͯɺ͜ͷ༰ྔͷඈͼ͕࡞ΒΕ͍ͯΔɻ10%ಈ͑ߟ

ऩମްٵ 300 nmͷ߹

ऩମްٵ 300 nmͷ߹ɺOneblockͱTwoblockͷ̎ͭͷϞσϧؔͰϑΟοςΟϯάΛߦ
ͳͬͨɻͦͷ݁ՌΛਤʹࣔ͢ɻͦΕͧΕ Ibias = 280 µAͷͱ͖χ2ɺOneblockͰχ2/dof = 10ɺ
TwoblockͰ χ2/dof = 0.6ͱͳͬͨɻ͜͜Ͱ Fͱͯ͠ɺ

F(one → two) =
χ2(one)− χ2(two)

χ2(two)/dof(two)
(4.4)

ͱఆٛ͢ΔɻF͕ 1ΑΓେ͖͚ΕϑΟοςΟϯά͕༗ҙʹվળ͓ͯ͠ΓɺF = 1300͔Β
twoblock modelͷํ͕σʔλʹద߹ͨ͠ϞσϧͰ͋Δ͜ͱ͕Θ͔ͬͨɻٵऩମ͕ް͍߹ɺ
Au෦Ͱ͕ΘΔڑ͕͘ͳΔͨΊɺಋ͕ແࢹͰ͖ͳ͘ͳΓɺTwoblock Modelͷํ
͕σʔλΛΑ͘આ໌Ͱ͖Δͱ͑ߟΒΕΔɻ·ͨٵऩମ͕ബ͍߹ɺ͜ Εͱٯͷཧ༝ͰOneblock

Modelͷํ͕దͰ͋Δͱ͑ߟΒΕΔ͕ɺٯηϯεͷ݁Ռͱͳͬͨɻ͜Εɺ3ͭͷཧ༝͕ߟ
͑ΒΕΔɻ1ͭɺٵऩମ͕ബ͍߹ͷΠϯϐʔμϯεɺ༗ޮ࣌ఆ τeff͕খ͍ͨ͞ΊɺΑΓ
पଆͷσʔλΛऔಘ͢Δඞཁ͕͋Γɺͦͷࣗ༝ͰTwoblockߴ Model͕ద߹͍ͯ͠ΔՄ
ੑ͕͋Δɻ2ͭΊɺߴपͰͷؔิਖ਼ͷӨڹͰ͋Δɻ͜Εɺ༌ૹؔ Tr(f)ΛٻΊΔ
ͷԾఆʹ͕͋Γɺదͳิਖ਼͕Ͱ͖͍ͯͳ͍Մੑ͕͋Δɻ͜ΕʮSQUIDͷग़ྗిѹࡍ
͕Թʹґଘ͍ͯ͠ΔʯͳͲͷཧ༝͕͑ߟΒΕΔɻ3ͭΊɺ࣮ٵʹࡍऩମͱTESͷք໘ɺ
͘͠ٵऩମ্෦ʹෆ७͕ଘ͢ࡏΔ͜ͱͰɺಋ͕ѱԽ͍ͯ͠Δ߹Ͱ͋Δɻ͜ͷΧϩ
Ϧϝʔλ 256ૉࢠதʹްΈͷҟͳΔ 2छྨͷૉ͕ࢠບ͞Ε͍ͯΔɻAuٵऩମεύολ
Ϧϯάͱ͍͏ख๏Ͱບ͞Ε͍ͯΔɻബ͍ૉࢠ (300 nm)ບޙʹϨδετͱ͍͏༹ӷͰอ
ऩମٵ͍ްޙΕɺͦͷ͞ޢ (5 µm)Λບͯ͠ɺޙ࠷ʹϨδετΛམͱ͢ϓϩηεʹͳ͍ͬͯ
ΔɻԾʹϨδετ͕ेʹચড়͖͠Ε͍ͯͳ͍߹ɺҰ෦ͷྖҬͰಋ͕ѱԽ͢Δ͜ͱͰɺ
Twoblock ModelͰઆ໌͢Δ͜ͱ͕Ͱ͖ͨՄੑ͕͋Δɻ

4.6 ϊΠζଌఆͷ݁Ռ
ऩମްٵ 5 µmͷTESܕϚΠΫϩΧϩϦϝʔλͷϊΠζଌఆΛߦͳͬͨɻෳૉΠϯϐʔμϯ
εଌఆ͔ΒಘΒΕͨTESͷಛੑύϥϝʔλΛ༻͍ͯɺΧϩϦϝʔλͷݻ༗ϊΠζΛ͢ࢉܭΔ͜
ͱͰɺ֤ಈྖ࡞Ҭʹ͓͍ͯͲͷཁૉ͕ΤωϧΪʔղͷྼԽΛΊ͍ͯΔ͔ɺݻ༗ϊΠζͰ
આ໌͖͠Εͳ͍ϊΠζ͕͋ݯΔͷ͔ʹ͍ͭͯٞ͢Δɻ
TESόΠΞεిྲྀ 300 µAʹ͓͚ΔϊΠζεϖΫτϧͷଌఆ݁ՌͱɺΠϯϐʔμϯεଌఆ͔Β
༗ϊΠζʹ͍ͭͯਤݻΊ֤ͨٻ 4.26ʹࣔ͢ɻࠇઢଌఆͨ͠ϊΠζεϖΫτϧɺ੨ઢ SQUID

ͷಡΈग़͠ϊΠζ (ଌఆ)ɺઢɺPhonon noiseɺJohnson noiseɺಡΈग़͠ϊΠζͷΛࣔ
͓ͯ͠Γɺ͜ΕΒͷϊΠζ͚ͩͰઆ໌͖͠Εͳ͍ա͕ଘ͢ࡏΔ͜ͱ͕Θ͔ͬͨɻ͜ͷ
աϊΠζଞͷؔػڀݚʹ͓͍ͯใ͞ࠂΕ͓ͯΓɺExcess noiseͱݺΕ͍ͯΔɻExcess

50



ਤ 4.24: ऩମްٵ 300 nmͷΧϩϦϝʔλͷෳૉΠϯϐʔμϯεΛOneblock ModelͰϑΟοτͨ݁͠
Ռ

ਤ 4.25: ऩମްٵ 300 nmͷΧϩϦϝʔλͷෳૉΠϯϐʔμϯεΛTwoblock ModelͰϑΟοτͨ݁͠
Ռ
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ਤ 4.26: TESόΠΞεిྲྀ 300 µAͰଌఆͨ͠ϊΠζεϖΫτϧͱΠϯϐʔμϯεଌఆ͔Βݻͨ͠ࢉܭ
༗ϊΠζɻશपଳҬͰ͕ࠩେ͖͘ɺݻ༗ϊΠζͷΈͰଌఆσʔλΛઆ໌͖͠Εͳ͍ɻ

noiseͷݯىʹ͍ͭͯɺ໌Β͔ʹͳ͍ͬͯͳ͍͕ɺPhonon noiseͱ Johnson noiseͷఆഒͰ
ද͢͜ͱ͕Ͱ͖Δͱ͑ߟΒΕ͍ͯΔɻ͜ͷExcess noiseΛఆྔతʹධՁ͢ΔͨΊʹɺҎԼͰఆ
ٛ͢ΔMҼࢠΛ༻͍ͯٞ͢ΔɻMҼࢠɺUllomʹΑͬͯಋೖ͞ΕͨྔͰ͋Γɺ

Excess Noise[A/
√
Hz] = M× Johnson Noise[A/

√
Hz] (4.5)

Ͱఆٛ͞Ε͍ͯΔɻMҼࢠΛ༻͍ͯɺExcess noiseΛྀͨ͠ߟ߹ʹ͍ͭͯɺਤ 4.27ʹࣔ͢ɻ
͜ͷ݁Ռ͔Βɺզʑͷͨ͠࡞ΧϩϦϝʔλʹ͓͍ͯ Johnson noiseͱPhonon noiseͷఆ
ഒͰաΛઆ໌Ͱ͖Δ͜ͱ͕Θ͔ͬͨɻ·֤ͨϊΠζʹΑΔΤωϧΪʔղͷྼԽ
ྔΛද 4.6ʹࣔ͢ɻ͜ͷ݁Ռ͔Βٵऩମް 5µmͷૉࢠͷΤωϧΪʔղɺExcess Johnson

ද 4.6: TESͷݻ༗ϊΠζʹΑΔղͷྼԽ

TESͷݻ༗ϊΠζ Phonon Johnson(TES) Johnson(Shunt) Excess Johnson Excess Phonon

4.79eV 0.42eV 0.67eV 0.69eV 1.24eV 0.40eV

Noiseͷد༩͕େ͖͍ͱ͍͏͜ͱ͕Θ͔ͬͨɻExcess NoiseͷݯىͱߟΛҎԼʹࣔ͢ɻ

Excess Phonon noise

ઢݯઃஔޙʹPhonon noiseͷଳҬʹ͓͍ͯϊΠζϨϕϧͷ૿Ճ͕ݟΒΕΔ͜ͱ͔Βɺೖࣹ͠
ͨXઢʹΑͬͯϊΠζ͕૿Ճ͍ͯ͠Δ͜ͱ͕Θ͔ͬͨɻઢݯͱΧϩϦϝʔλͷؒʹίϦϝʔλ
ΛऔΓ͚Δ͜ͱͰɺExcess Phonon noiseΛݮΒͤΔͱ͑ߟΒΕΔɻ
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ਤ 4.27: ਤ 4.26Ͱ Phonon noiseͱ Johnson noiseͷఆഒͷ Excess Noise͕ଘ͢ࡏΔͱԾఆͨ͠
߹ɻ

Excess Johnson noise

[10]ͰɺMo/TiͷTESʹෳૉΠϯϐʔμϯεଌఆΛ͍ߦɺOneblock, Twoblockͷ̎ͭͷϞ
σϧͰϑΟοςΟϯάͨ݁͠ՌΛ༻͍ͯɺϊΠζͷ༁Λௐ͍ͯΔɻͦͷ݁ՌɺOneblock

ModelͰݟΒΕͨ Excess Johnson noiseΛ Twoblock Modelͷ ITFN(Internal Thermal Fluc-

tuation Noise)ʹΑͬͯઆ໌Ͱ͖Δͱ໌ͨ͠ɻITFNɺٵऩମͱTESؒͷಋʹΑΔ
Phonon noiseΛ͍ࣔͯ͠ΔɻࠓճͷଌఆͰɺզʑͷͨ͠࡞ૉࢠ OneblockͰͷΈϑΟο
ςΟϯάͰ͖͕ͨɺଌఆڥͷվળ༌ૹؔʹΑΔิਖ਼Λదʹ͜͏ߦͱͰTwoblock Model

ͰϑΟοςΟϯάͰ͖ΕɺExcess Johnson noiseͷ͕ݯى ITFNʹΑΔͷ͔ɺ໌Β͔ʹ͢Δ
͜ͱ͕Ͱ͖Δͱ͑ߟΒΕΔɻ

4.7 Xઢরࣹݧࢼ
Xઢೖࣹ࣌ͷ৴߸ܗͷଌఆ͢ΔͨΊʹXઢরࣹݧࢼΛߦͳͬͨɻ࣮ݧηοτΞοϓΛਤ 4.30

ʹࣔ͢ɻ 55FeઢݯΛٵऩମް 5 µmͷTESܕϚΠΫϩΧϩϦϝʔλͷ্෦ʹஔͨ͠ɻཋԹ
 90 mKͰɺTESͷಈ࡞όΠΞεΛൺֱత҆ఆͳ 20%ͷ߅ʹઃఆͨ͠ɻਤʹϕʔεϥ
ΠϯͷΛࣔ͢ɻࠇઢɺϕʔεϥΠϯͷ 3σͷൣғΛද͓ͯ͠Γɺऔಘؒ࣌Ͱϕʔε
ϥΠϯ͕҆ఆ͍ͯ͠Δ͜ͱ͕Θ͔Δɻ ਤ 4.32ʹύϧεߴͷΛࣔͨ͠ɻਤͷࠨଆͷࢁ
͕MnKαًઢͰɺӈଆͷ͕ࢁMnKβًઢͰ͋ΔɻࠓճɺΧϯτͷଟ͍MnKαًઢͷ৴
߸ͷΈͰղੳΛ͏ߦɻ৴߸ܗΛಛ͚Δύϥϝʔλͱͯ͠ɺ্ཱ͕ͪΓͱཱͪԼ͕Γ࣌ఆ
͕͋ΔɻߴΛిྲྀ͕࠷খͱͳΔͱͯ͠ఆٛͯ͠ɺߴͷ 10%− 90%ͷྖҬʹ͍ͭͯ
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ਤ 4.28: Xઢরࣹݧࢼͷεςʔδͷ༷ࢠ ਤ 4.29: Xઢݯͱ TESͷҐஔؔ

ਤ 4.30: 20%ಈ࡞ʹ͓͚ΔϕʔεϥΠϯͷ ਤ 4.31: ΧϩϦϝʔλʹ Xઢ͕ೖࣹͨ࣌͠ͷ৴߸
ܗ

ਤ 4.32: ύϧεߴͷ ਤ 4.33: MnKαًઢͷ৴߸ܗ
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্ཱ͕ͪΓͱཱͪԼ͕ΓͷͦΕͧΕͰҎԼͷࣜΛ༻͍ͯϞσϧϑΟοτΛߦͳͬͨɻ

Prise = A× exp (t/τrise)

Pfall = B × exp (−t/τfall)
(4.6)

ਤ 4.34: ্ཱ͕ͪΓ࣌ఆ τriseͷ ਤ 4.35: ཱͪԼ͕Γ࣌ఆ τfallͷ

ਤ 4.34, 4.35ʹϑΟοςΟϯά͔Βಘ্ཱ͕ͨͪΓͱཱͪԼ͕Γ࣌ఆͷΛࣔ͢ɻ͜ͷ࣌
ఆͷ͕ΓɺXઢͷೖࣹҐஔʹґଘ͕ͯ͠ܗมԽ͢Δ͜ͱͰΈΒΕΔͱ͑ߟΒΕΔɻX

ઢ͕ݯTESͷ্ʹҐஔ͢ΔͱԾఆ͢Δͱɺͷத৺͕TESͷத৺ʹXઢ͕ೖࣹͨ͠
߹ͱͳΔɻ͕ͨͬͯ͠MnKαًઢ͕ೖࣹͨ࣌͠ͷ৴߸ͷ্ཱ͕ͪΓ࣌ఆ 1.68 µsɺཱͪԼ
͕Γ࣌ఆ 91.5 µsఔͰ͋Δ͜ͱ͕Θ͔ͬͨɻ
·ͨΧϯτܗͷॲཧेͰͳ͍͕ɺߴ͔Βٵऩମް 5 µmͷ߹ͷΤωϧ
ΪʔղΛ݁ͨ͠ࢉܭՌΛਤ 4.36ʹࣔͨ͠ɻMnKαͷًઢͷΤωϧΪʔͱڧൺɺ[11]Λ
༻͍ͨɻ·ͨɺਤ 4.36ͷԫ৭෦ɺTESܕϚΠΫϩΧϩϦϝʔλʹೖࣹͨ͠Xઢ͕ޫిٵऩ
ʹΑͬͯిࢠʹม͞ΕͨޙͰɺΧϩϦϝʔλͷ֎ʹి͕ࢠಀ͛Δ͜ͱͰੜ͡Δ [12]ɻ
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ਤ 4.36: MnKαًઢΛϞσϧϑΟοτͨ݁͠ՌɻFWHM=7.07 eV@5.9 keV
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ୈ5ষ ిγϛϡϨʔγϣϯʹΑΔ৴߸
ݱ࠶ͷܗ

ຊষͰɺCOMSOL MultiphysicsΛ༻͍ͨTESܕϚΠΫϩΧϩϦϝʔλͷిγϛϡϨʔ
γϣϯڥΛߏஙͯ͠ɺલઅͷ XઢরࣹݧࢼͰಘΒΕͨ 5.9 keVͷ৴߸ܗͷݱ࠶ΛࢼΈΔɻ
͜ͷ݁Ռ͔ΒTESٵऩମͷಋɺൺͳͲͷੑύϥϝʔλͱ৴߸ܗͷؔʹ͍ͭͯ
໌Β͔ʹ͢Δɻ

5.1 ిγϛϡϨʔγϣϯͷඞཁੑ
͜Ε·Ͱʹड़ͨΧϩϦϝʔλͷϞσϧؔɺٵऩମTESɺཋͷಋ͕ແݶͰ͋
ΔͱԾఆ͍ͯ͠Δɻٵऩମͷಋ͕ແݶͷ߹ɺٵऩମͰॠؒతʹۉҰʹ͕Δͨ
ΊɺޫࢠͷೖࣹҐஔʹΑͬͯTESͷ৴߸มԽ͠ͳ͍ɻ͔͠͠TESܕϚΠΫϩΧϩϦϝʔλ
Λߏ͢Δ࣭ͷಋ༗ݶͰ͋ΓɺޫࢠͷೖࣹҐஔʹΑͬͯTESͷԹ্͕ঢ͢Δ·Ͱ
ͷؒ࣌ʹ͕ࠩੜ͡Δɻ͜ͷޮՌΛར༻ͨ͠Ґஔݕग़ܕͷϚΠΫϩΧϩϦϝʔλͰɺܗͷҧ
͍͔ΒޫࢠͷೖࣹҐஔΛܾఆ͢ΔɻͦͷͨΊʹɺೖࣹҐஔʹΑΔܗͷҧ͍͕ͲͷΑ͏ʹද
͢͜ͱ͕Ͱ͖Δͷ͔ɺཧղ͢Δඞཁ͕͋ΔɻͦͷͨΊͷख๏ͱͯ͠ɺTESͷతɾిؾత৴߸
ΛγϛϡϨʔγϣϯ্Ͱ͢ݱ࠶ΔɻୈҰาͱͯ͠ɺզʑ͕ͨ͠࡞ҰൠతͳΧϩϦϝʔλͷߏ
ΛγϛϡϨʔγϣϯ্Ͱߏங͠ɺ࣮ݧతʹٻΊͨಋͳͲͷύϥϝʔλΛΈࠐΉ͜ͱ
ͰɺܗΛ͢ݱ࠶Δ͜ͱ͕Ͱ͖Δͷ͔ʹ͍ͭͯٞ͢Δɻ

5.2 COMSOL MultiphysicsʹΑΔిγϛϡϨʔγϣϯͷ
ܥຊମج

COMSOL Multipysics (COMSOL)ɺCOMSOL ABࣾʹΑͬͯ։ൃ͞Εͨ༗ݶཁૉ๏Λ༻
͍ͨ൚༻ཧγϛϡϨʔλͰ͋Δɻͦͷ໊ͷ௨ΓϚϧνϑΟδοΫεղੳ͕ՄͰɺߏྗֶɺ
ɺྲྀମɺԽֶԠͳͲͷෳͷཧݱΛΈ߹Θͤͯղੳ͢Δ͜ͱ͕Ͱ͖ΔɻTESܕϚΠ
ΫϩΧϩϦϝʔλɺͱిؾతͳཧݱʹΑͬͯઆ໌͢Δ͜ͱ͕Ͱ͖ΔͨΊɺCOMSOL

MultipysicsΛ༻͍ͨిγϛϡϨʔγϣϯΛߦͳͬͨɻCOMSOL༗ݶཁૉ๏Λ༻͍ͨγϛϡ
ϨʔλʔͰ͋Δɻ༗ݶཁૉ๏ͱମΛখ͞ͳྖҬ (ϝογϡ)ʹׂͯ͠ɺͦͷཁૉͰࢧ
ํఔࣜΛຬͨ͢ղΛͯ͠ࢉܭɺશͯͷྖҬͰղΛ͠߹ΘͤΔ͜ͱͰ࠷ऴతͳղΛٻΊΔ
ղੳͷ̍ͭͰ͋ΔɻҎԼͰɺͷಋʹ͍ͭͯԾఆ͍ͯ͠Δࢧํఔࣜʹ͍ͭͯड़Δɻ
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5.2.1 ͷಋ

ಋͱ࣭ͷߴԹଆ͔ΒԹଆʹ࣭͕ΛӡͿݱͰ͋Δɻݻମʹ͓͍ͯɺࣗ༝
ৼಈʹ͏ϑΥϊϯ͕ಋΛ୲͏࣭ͱͳΔɻΤωϧΪʔͷҠಈࢠ֨ࢠి (5.1)ࣜͰද
͞ΕΔϑʔϦΤͷಋ๏ଇʹै͏ɻ

q = −k∇T (5.1)

͜͜Ͱ qྲྀଋɺkಋͰ͋Δɻ
·ͨɺඇѹॖྲྀମͰಋ͕Ұఆͷ࣌ɺ3ݩ࣍σΧϧτ࠲ඪʹ͓͚ΔΤωϧΪʔอଘଇ

(5.2)ࣜͰදͤΔɻ

ρc
∂T

∂t
+ ρcu ·∇T +∇ · q = Q (5.2)

͜͜ͰɺρີɺcൺɺuྲྀମͷɺQ୯Ґମੵ͋ͨΓͷൃྔͰ͋Δɻݻମ෦
Ͱྲྀମͷ͕ 0Ͱ͋Γɺ(5.1)ࣜΛ༻͍Δͱɺ(5.3)ࣜͷΑ͏ʹදͤΔɻ

ρc
∂T

∂t
− k∇2T = Q (5.3)

͍ͯͭʹճͷγϛϡϨʔγϣϯͰɺಋࠓ (5.3)ࣜΛࢧํఔࣜͱͯ͠γϛϡϨʔγϣϯΛ
ͳͬͨɻߦ

5.3 ৴߸ܗͷڥݱ࠶ͷߏங
ΔɻͦͷͨΊʹCOMSOLͰ͢ݱ࠶ΛCOMSOL্Ͱ࡞ͱΧϩϦϝʔλͷಈڥͷ࣌ݧ࣮
ͷઃఆͨ͠ཧ๏ଇͱੑʹ͍ͭͯड़Δɻ

5.3.1 δΦϝτϦͱϝογϡׂ

TESܕϚΠΫϩΧϩϦϝʔλɺٵऩମɺTESɺϝϯϒϨϯɺཋͰߏ͞ΕΔɻCOMSOL

্ͰͷΧϩϦϝʔλͷϞσϧͱͯ͠ɺલઅͰଌఆΛߦͳͬͨϚΠΫϩΧϩϦϝʔλͷઃܭͱ
ಉ͡ʹͳΔΑ͏ʹͦΕͧΕͷཁૉΛઃఆͨ͠ɻϝογϡׂʹɺTESͷԣ෯ 180 µmͱްΈ
0.13 µmͰεέʔϦϯά࢛ͨ͠໘ମΛ༻͍ͯɺTESͷ෦ʹ͓͚ΔॎํͷಋΛܭ͔͘ࡉ
Ͱ͖ΔΑ͏ʹͨ͠ɻࢉ

ද 5.1: ΧϩϦϝʔλͷઃܭ

໘ੵ ްΈ
ऩମٵ (Au) 120 µm× 120 µm 5 µm

TES(Au/Ti) 180 µm× 180 µm 100nm/30nm

Membrane(SiNx/SiO2) 300 µm× 300 µm 1.0 µm/0.5 µm
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ਤ 5.1: COMSOLͰઃఆͨ͠ΧϩϦϝʔλͷδΦϝτϦ

ਤ 5.2: COMSOLͰઃఆͨ͠ϝογϡׂ
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5.3.2 ೖྗͷํ๏ͱܥͷઃఆ

ΧϩϦϝʔλʹೖࣹͨ͠ޫࢠɺޫిٵऩʹΑͬͯిࢠʹมԽ͠ɺిٵ͕ࢠऩମͰϑΥϊ
ϯΛੜ͢Δ͜ͱͰʹม͞ΕΔɻ͜ͷԠϓϩηεΛCOMSOL্Ͱ͢ݱ࠶Δ͜ͱࠔ
Ͱ͋ΔͨΊɺ͋Δٿʹରͯ͠ޫࢠͷΤωϧΪʔͷྔΛ༩͑Δ͜ͱͰɺޫࢠͷೖࣹΛ͢ݱ࠶
Δɻೖྗݯͱͯ͠ɺܘ 1 nmͷٿΛઃఆ͠ɺ͜ͷٿʹҰఆؒ࣌ʹҰఆͷೖྗΛ༩͑ͨɻ
·ͨզʑͷͨ͠࡞TESͷ্ཱ͕ͪΓ࣌ఆɺXઢরࣹݧࢼͷ݁Ռ͔Βɺ µsఔͳͷͰɺ
ͦΕΑΓेʹ͍ؒ࣌෯ ds = 1 nsɺભҠ෯ 1 psͰͷೖྗΛߦͳͬͨɻؔܗΛਤʹࣔ͢ɻ
ཋɺϝϯϒϨϯଆ໘ΛཋԹͷ 90 mKʹݻఆ͢Δ͜ͱͰͨ͠ݱ࠶ɻ·ͨɺ࣮ݧͰಘΒ
ΕͨTESͱཋؒͷಋΛγϛϡϨʔγϣϯ্Ͱ͢ݱ࠶ΔͨΊʹɺք໘߅ΛTES-ϝ
ϯϒϨϯؒʹઃఆͨ͠ɻք໘߅ɺஅ໘ੵAͱಋGͷൺͰ͋Δද໘߅Rʹ
Αͬͯಛ͚ΒΕΔɻ

R =
A

G
(5.4)

͜͜Ͱಋ GΛ IVଌఆ͔ΒٻΊͨ G(T ) = 265 × T 2.8 [nW/K]ͱઃఆͨ͠ɻද໘ੵɺ
TESͱϝϯϒϨϯͷ৮໘ੵͰ͋ΔA = 180 µm× 180 µmͱ͠ɺްΈଞͷ࣭ʹӨڹΛ༩
͑ͳ͍ेʹബ͍ 1 pmʹઃఆͨ͠ɻ

5.3.3 ͷઃఆܥؾి

TESܕϚΠΫϩΧϩϦϝʔλɺಋͱৗಋͷؒͰఆిѹΛҹՃͯ͠ಈͤ͞࡞Δɻ࣮ࡍ
ͷճ࿏ܥɺγϟϯτ߅Λฒྻʹଓ͢Δ͜ͱͰɺٖࣅతͳఆిѹσόΠεͱͳ͍ͬͯΔɻ
ճલઅͷࠓ IVଌఆͷ݁Ռ͔ΒɺόΠΞεిྲྀͱ TESʹҹՃ͞Ε͍ͯΔిѹͷؔΛٻΊɺ
TESͷย໘Λ 0 Vʹͯ͠ɺ͏ยํΛઃఆిҐͰݻఆ͢Δ͜ͱͰఆిѹΛҹՃͨ͠ɻ·ͨɺ
TESͷ߅Թిྲྀʹґଘͯ͠มԽ͢ΔɻཋԹ 90 mKʹ͓͚Δ IVଌఆͰಘΒΕͨ
߅ͱԹͷؔʹ͍ͭͯɺҎԼͷίʔγʔؔͰϑΟοςΟϯάΛߦͳͬͨɻ

R(T ) = A arctan

(
T − Tc

B

)
+ C (5.5)

ͦͷ݁ՌΛਤ 5.3ʹࣔ͢ɻ͜͜ͰɺసҠԹ Tc = 166.47 mKɺA = 18.09 mΩɺB = 2.32 mKɺ
C = 27.67 mΩ͕ಘΒΕͨɻCOMSOLͰɺిؾ߅ σ[1/(Ω ·m)]Λઃఆ͢Δ͜ͱ͕Ͱ͖ɺ

σ =
1

ρ
=

L

R · S =
1

R · h (5.6)

ͱද͢͜ͱ͕Ͱ͖Δɻ͜͜Ͱ ρ[Ω ·m]߅ɺL[m]Λ߅ମͷ͞ɺS[m2]Λ໘ੵɺh[m]Λ
ճTESͷްΈ͕ࠓͱͨ͠ɻ͞ߴ 130 nmͳͷͰɺh = 130 nmͱͯ͠ిؾಋΛͨ͠ࢉܭɻ
·ͨɺ࣮ࡍͷTESͷճ࿏ܥʹɺγϟϯτ߅ͱΠϯϓοτίΠϧؚ͕·Ε͓ͯΓɺίΠϧ
ͷΠϯμΫλϯεLʹΑ্ཱ͕ͬͯͪΓͷ͕ܗͳ·͞ΕΔɻϩʔύεϑΟϧλʔͷޮՌΛؚ
ΊΔͨΊʹɺ৴߸ͷ্ཱ͕ͪΓؒ࣌Λ t0ɺϑΟϧλϦϯάͷ࣌ఆΛ τ = R/L ͱͯ͠ɺ

ITES × (1− exp(−(t− t0)/τ)) (5.7)

ͱͨ͠ɻ͜ ͜ͰΠϯϓοτίΠϧͷΠϯμΫλϯεɺΠϯϐʔμϯεଌఆ͔ΒٻΊͨL = 12 nH

Λ༻͍ͨɻ͜ͷϑΟϧλϦϯάޙͷܗΛ༻͍ͯٞ͢Δɻ

60



ਤ 5.3: ཋԹ 90 mKʹ͓͚Δ߅RͱԹ T ͷϑΟοτ݁Ռ

5.3.4 ੑͷઃఆ

COMSOLʹ༩͑ͨɺ֤࣭ͷಋɺൺɺີʹ͍ͭͯҎԼʹࣔ͢ɻAuͱ Tiͷີ
ɺৗԹͷΛ༻͍ͨɻTESAuͱTiͷೋബບͰ͋ΓɺͦΕͧΕͷްΈʹର͢ΔॏΈ͖
ฏۉͷΛTESͷີͱͨ͠ɻAuͱTiͷൺʹ͍ͭͯɺจݙ [8]ͷԹʹ͓͚ΔόϧΫͷ
ଌఆ݁Ռ͔ΒɺҎԼͷԹґଘੑΛͭ࣋͜ͱ͕Θ͔͍ͬͯΔɻ

cAu = 42× T 3 + 68× T [J/m3] (5.8)

cTi = 2.5× T 3 + 97× T [J/m3] (5.9)

ൺ্͔ࣜΒTESͷసҠԹͰ͋Δ 165mKʹ͓͚Δͱͯ͠ઃఆͨ͠ɻWiedermann-Frantz

ଇ͔ΒۚଐͷಋG[W/(K ·m)]ɺ߅ ρͱԹ T ʹରͯ͠

κ =
LnT

ρ
(5.10)

ͱ͚ؔͮΒΕΔɻ͜ ͜ͰϩʔϨϯπLn = 2.45×10−8 WΩK−2ͱͨ͠ɻAuٵऩମͷ෦
ಋɺWiedermann-Frantzଇͱ͜Ε·ͰͷAuͷ߅ଌఆͷ݁Ռ͔ΒɺGabs = 7 W/(m ·K)

ͱͨ͠ɻTESʹ͍ͭͯಉ༷ʹɺ߅ͷଌఆ͔ΒGTES = 0.33 W/(m ·K)ͱͨ͠ɻද 5.2ʹ
ଌఆΛͨͬߦTESܕϚΠΫϩΧϩϦϝʔλͷసҠԹͰ͋Δ 165 mKͰͷΛࣔͨ͠ɻ

ද 5.2: 165mKʹ͓͚Δ֤ੑ

Auٵऩମ TES

ಋ [W/(m ·K)] 7 0.33

ൺ [J/(kg ·K)] 5.91× 10−4 1.27× 10−3

ີ [g/cm3] 19.32 14.387
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5.3.5 ೖࣹલͷϓϩʔϒͱ࣮ݧͰಘΒΕͨͷൺֱ

ೖࣹલͷఆిѹΛҹՃͨ͠߹ʹɺγϛϡϨʔγϣϯ্ͷԹిྲྀ͕Xઢরࣹ࣌ݧࢼ
ͱɺͲͷఔҟͳΔ͔ʹ͍ͭͯ֬ೝ͢ΔɻCOMSOLͰɺઃఆ֤ͨ͠ཁૉͷԹͱTESͷి
ྲྀɺిѹΛϓϩʔϒͱͯ͠औಘͰ͖ΔɻٵऩମɺTESɺϝϯϒϨϯͷԹʹ͍ͭͯɺׂ͠
֤ͨϝογϡͷฏۉͱͯ͠ఆٛͨ͠ɻిྲྀʹ͍ͭͯɺ໘ʹର͢Δిྲྀີ JTESΛϓϩʔ
ϒ͢Δ͜ͱ͕Ͱ͖Δɻ͜Ε֤ϝογϡͷฏۉͱͯ͠ఆٛͯ͠ɺిྲྀΛిྲྀີͱTESͷ
໘ੵͷੵͱͯ͠ɺ

ITES = JTES [A/m2]× 180 µm× 0.13 µm (5.11)

ͱఆٛͨ͠ɻදʹόΠΞεిྲྀ 300 µAʹ͓͚ΔɺXઢরࣹݧࢼͷࡍͷTESͷԹͱɺిྲྀ
ʹ͍ͭͯͷൺֱΛͤࡌΔɻγϛϡϨʔγϣϯ্ͰɺిѹͱཋԹΛݻఆ͍ͯ͠ΔɻTES

ද 5.3: όΠΞεిྲྀ 300 µAʹ͓͚Δ TESͷԹͱిྲྀͷൺֱ

TESͷԹ [mK] TESͷిྲྀ ITES [µA]

Xઢরࣹݧࢼ 162.73 68.65

COMSOL 162.84 64.35

ͷԹʹ͍ͭͯɺ0.1 mKఔɺిྲྀ uAఔ࣮ݧͱγϛϡϨʔγϣϯ্ͰҟͳΔ͜ͱ
͕Θ͔Δɻ͜ͷҧ͍ɺγϛϡϨʔγϣϯ্ͷԹͱిྲྀ͕ཁૉશମΛฏۉԽͨ͠Λग़ྗ͠
͍ͯΔ͔Βͩͱ͑ߟΒΕΔɻࠓճͷઃఆͰɺTESͱཋؒͷͷΓͱΓΛ TESͱϝϯϒ
Ϩϯͷք໘ͰԹͷؔͱͯ͠ΈࠐΜͰ͍ΔɻిѹͱϝϯϒϨϯͷԹʹ͍ͭͯɺઃఆ
ͨ͠ిѹɺԹ͔ΒมԽ͍ͯ͠ͳ͍͜ͱΛ֬ೝͨ͠ɻ

5.4 Xઢরࣹݧࢼͷ৴߸ܗͷݱ࠶ͱ֤ύϥϝʔλͷมԽ
XઢরࣹݧࢼͰಘΒΕͨ৴߸ܗͷߴͱɺ্ཱ͕ͪΓɺཱͪԼ͕Γ࣌ఆΛද 5.4ʹࣔ
͢ɻ·ͨCOMSOL্ͰύϥϝʔλΛௐͯ͠ɺ࣮ݧͰಘΒΕͨ৴߸Λͨ͠ݱ࠶ͷΛਤ 5.4ʹ
ࣔ͢ɻ͜ͷͱ͖ͷCOMSOLͷઃఆɺද 5.2ͷதͰAuٵऩମͷൺΛ 1.79ഒ͢Δ͜ͱͰಘ
ΒΕͨɻҎԼͰɺ֤ύϥϝʔλͱߴɺ্ཱ͕ͪΓ࣌ఆɺཱͪԼ͕Γ࣌ఆͷؔʹͭ
͍ͯௐɺͨ͠ݱ࠶ܗͷଥੑʹ͍ͭͯٞ͢Δɻ

ද 5.4: Xઢরࣹݧࢼͷ৴߸ܗͱ COMSOLͰͨ͠ݱ࠶ܗͷൺֱ

ߴ [µA] ্ཱ͕ͪΓ࣌ఆ [ µs] ཱͪԼ͕Γ࣌ఆ [ µs]

Xઢরࣹݧࢼ 11.8 1.68 91.5

COMSOL 11.1 1.34 89.1
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ਤ 5.4: Xઢরࣹ࣌ݧࢼͱ COMSOLͰಘͨ৴߸ͷൺֱ

5.4.1 TESͷ༰ྔ

TESͷ༰ྔʹ͍ͭͯɺมԽͤͨ͞߹ͷిྲྀͷߴͱ্ཱ͕ͪΓɺཱͪԼ͕Γ࣌ఆ
ͱͷؔ͢ߟ͍ͯͭʹΔɻTESͷ༰ྔΛදͷͷ 0.1ഒɺ1ഒɺ10ഒʹͨ࣌͠ͷؔΛਤ
ʹࣔ͢ɻ

ਤ 5.5: TESͷ༰ྔͱ্ཱ͕ͪΓ࣌ఆͷؔ ਤ 5.6: TESͷ༰ྔͱཱͪԼ͕Γ࣌ఆͷؔ

্ཱ͕ͪΓ࣌ఆʹ͍ͭͯ

ਤ 5.5͔ΒɺTESͷ༰ྔ͕େ͖͘ͳΔͱ্ཱ͕ͪΓ࣌ఆ͕ѱԽ͢Δ͜ͱ͕Θ͔Δɻ͜Ε
TESͷ༰ྔ͕େ͖͘ͳΔͱɺٵऩମͰൃੜ͕ͨ͠TESશମʹ͕Δ͕ؒ࣌͘ͳΔͨ
Ίͩͱ͑ߟΒΕΔɻ͔͠͠༰ྔΛ 10ഒʹͯ͠ 0.01µsεέʔϧͰ্ཱ͔͕ͪ͠Γ࣌ఆ
มԽͤͣɺTESͷ༰ྔ্ཱ͕͕ͪΓؒ࣌ʹ༩͑ΔӨڹগͳ͍ͱ͑ߟΒΕΔɻ
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ਤ 5.7: TESͷ༰ྔͱύϧεϋΠτͷؔ

ਤ 5.8: CTESΛมԽͤͨ͞ͱ͖ͷ TESͷԹมԽɻ
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ཱͪԼ͕Γ࣌ఆʹ͍ͭͯ

ཱͪԼ͕Γ࣌ఆɺతͳ࣌ఆͰ͋Δ τ0 = C/Gͱ ETFʹΑΔޮՌΛྀͯ͠ߟɺ

τeff =
τ0

1 + Pbα
GT

(5.12)

ͱදͤΔɻ͜͜ͰTESͱٵऩମͷ߹ܭͷ༰ྔCͱɺTESͱཋؒͷಋGɺԹײ
αɺTESͷൃ PbΛ༻͍ͨɻ·ͨɺཋԹ͕TESͷసҠԹΑΓे͍ͱ͖ɺ

τeff =
τ0

1 + α
n

(5.13)

ͱۙࣅͰ͖ΔɻIVଌఆͷ݁Ռ͔ΒٻΊͨɺα = 40ɺn = 3ͱಋGɺઃఆͨ͠༰ྔͰ্
ࣜΛ݁ͨ͠ࢉܭՌΛࣔ͢ɻCOMSOLͰಘΒΕͨͱࢉܭɺTESͷ༰ྔ͕େ͖͘ͳΔ΄

ද 5.5: ཱͪԼ͕Γ࣌ఆͷൺֱ

τfall(COMSOL)[µs] ͨ͠ࢉܭ τfall[µs] ༧͞ΕΔ αͷ
CTES = 4.8× 10−13 [J/K] 91.3 64.4 56.7

CTES = 4.8× 10−14 [J/K] 49.3 43.0 49.3

CTES = 4.8× 10−15 [J/K] 45.8 40.9 35.6

ͲΕ͍ͯΔ͜ͱ͕Θ͔Δɻද 5.5ʹCOMSOLͷ͔Β༧͞ΕΔ αͷΛࣔͨ͠ɻ

ߴʹ͍ͭͯ

Xઢೖࣹ࣌ͷTESͷԹ্ঢྔ∆T ɺXઢͷΤωϧΪʔΛEɺTESͷ༰ྔΛCTESɺٵ
ऩମͷ༰ྔΛCabs ͱͯ͠ɺ

∆T =
E

Cabs + CTES
(5.14)

ͱද͢͜ͱ͕Ͱ͖Δɻ͕ͨͬͯ͠TESͷԹ্ঢྔ∆T ɺٵऩମͱTESͷ༰ྔͷ߹ܭʹ
Αܾͬͯ·Δɻਤ 5.8ʹTESԹͷؒ࣌มԽΛࣔͨ͠ɻͦΕͧΕͷTESͱٵऩମͷ༰ྔ͔Β
ΕΔԹ্ঢྔ∆TcalͱɺγϛϡϨʔγϣϯͷԹ্ঢྔ∆TsimͷൺֱΛදʹࣔ͢ɻ͞ࢉܭ

ද 5.6: γϛϡϨʔγϣϯͱͨ͠ࢉܭԹ্ঢྔͷൺֱ

CTES[J/K] ∆Tsim[mK] ∆Tcal[mK]

4.8× 10−13 0.59 0.73

4.8× 10−14 1.05 1.08

4.8× 10−15 1.14 1.14

༰ྔ͕େ͖͘ͳΔͱԹ্ঢͷࢉܭͱͷ͕ࠩେ͖͘ͳ͍ͬͯΔ͜ͱ͕Θ͔Δɻ
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5.4.2 TESͱٵऩମͷ෦ಋ

ߟ͍ͯͭʹఆͱͷؔ࣌ऩମͱTESͷಋʹ͍ͭͯɺมԽͤͨ͞߹ͷ্ཱ͕ͪΓٵ
ऩମͱTESͷಋΛͦΕͧΕදͷͷٵΔɻ͢ 0.1ഒɺ1ഒɺ10ഒʹͨ࣌͠ͷؔΛਤ
5.9,5.10ʹࣔ͢ɻGabsɺGTESɺѱԽ͢Δͱͷୡ͕͘ͳΔͷͰɺ্ཱ͕ͪΓ͕ؒ࣌
͘ͳΔͱ͑ߟΒΕΔɻ͔͠͠GabsΛมͨ͠ߋγϛϡϨʔγϣϯ݁ՌͰɺ༧ʹͯ͠
ಋ͕૿Ճ͢Δͱ্ཱ͕ͪΓؒ࣌૿Ճ͢Δ݁ՌͱͳͬͨɻGTESΛมԽͤͨ͞߹Ͱ্ཱͪ
͕Γؒ࣌ͱͷ૬͕ؔݟΒΕͣɺมԽྔ 0.01µsఔͰ͋Δɻ্ཱ͕͕ͨͬͯͪ͠Γؒ࣌ϩʔ
ύεϑΟϧλʔʹΑΔޮՌ͕େ͖͘GTESʹΑ্ཱ͕ͬͯͪΓؒ࣌΄ͱΜͲมԽ͠ͳ͍͜ͱ
͕Θ͔ͬͨɻ

ਤ 5.9: TESͷ༰ྔͱ্ཱ͕ͪΓ࣌ఆͷؔ ਤ 5.10: TESͷ༰ྔͱཱͪԼ͕Γ࣌ఆͷؔ
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ୈ6ষ ٞ

6.1 γϛϡϨʔγϣϯͰͨ͠ݱ࠶ܗ
લઅͰCOMSOLʹΑΔిγϛϡϨʔγϣϯΛ͍ߦɺXઢরࣹ͔ݧࢼΒಘΒΕͨ৴߸ͷ࠶
ऩମͷ༰ྔΛٵΔʹɺ͢ݱ࠶ΛCOMSOLͰܗͷ࣌ݧࢼΈͨɻͦͷ݁ՌɺXઢরࣹࢼΛݱ
ఆ (0.825 pJ/K)ͷ 1.8ഒఔʹઃఆ͢Δඞཁ͕͋Δ͜ͱ͕Θ͔ͬͨɻ༰ྔΤωϧΪʔ
ղɺೖࣹޫࢠͷٵऩޮΛܾఆ͢ΔॏཁͳύϥϝʔλͰ͋Δɻ࣮ࡍʹ༰ྔ͕ 1.8ഒʹ
ͳ͍ͬͯΔ߹ɺޙࠓͷΧϩϦϝʔλͷઃܭ࡞ϓϩηεΛݟ͢ඞཁ͕͋Δɻ
͔͠͠ɺෳૉΠϯϐʔμϯεଌఆ͔ΒٵऩମͱTESͷ߹ܭͷ༰ྔ͕ɺC = 0.816+0.059

−0.052 pJ/K

ͱ͍͏݁Ռ͕ಘΒΕ͍ͯΔɻTESͷ༰ྔɺٵऩମΑΓ 1ܻҎ্খ͘͞ɺ࣮ٵʹࡍऩମͷ
༰ྔ͕ 1.8ഒʹͳ͍ͬͯΔͱ͑ߟʹ͍͘ɻҰํͰɺࠓճͨͬߦγϛϡϨʔγϣϯͰిྲྀײ
βI Λྀ͓ͯ͠ߟΒͣɺͦͷӨڹΛ༰ྔΛ 1.8ഒʹͯ͠ิਖ਼͢Δ͜ͱͰܗΛݱ࠶Ͱ͖ͨՄ
ੑ͕͋Δɻ͕ͨͬͯ͠ຊষͰɺTESͷ৴߸ܗͷղੳతͳղΛ༻͍ͯɺԹײαIɺిྲྀ
ײ βI ͕ɺ্ཱ͕ͪΓ࣌ఆɺཱͪԼ͕Γ࣌ఆʹରͯ͠ͲͷఔӨ͢ڹΔͷ͔ΛੵݟΔɻ

6.2 ղੳղͱ֤ύϥϝʔλͷൺֱ
TESͱٵऩମͷ෦ಋΛྀ͠ߟͳ͍߹ͷɺσϧλؔతͳೖྗʹର͢Δ্ཱ͕ͪ
Γ࣌ఆͱ্ཱ͕ͪΓ࣌ఆɺ[13]ΑΓ

1

τrise
=

1

2τel
+

1

2τI
+

1

2

√(
1

τel
− 1

τI

)2

− 4
R0

L

LI(2 + βI)

τ

1

τfall
=

1

2τel
+

1

2τI
− 1

2

√(
1

τel
− 1

τI

)2

− 4
R0

L

LI(2 + βI)

τ

(6.1)

ͱදͤΔɻද 6.1ʹ COMSOLͷ৴߸Λͨ͠ݱ࠶ઃఆͱΠϯϐʔμϯεଌఆ͔ΒٻΊͨΛ
ࣔ͢ɻ6.1ࣜʹද 6.1Λೖ͢Δ͜ͱͰɺిྲྀײ βI ͷӨڹΛੵݟΔɻ

ද 6.1: ࣌ݱ࠶ܗͷγϛϡϨʔγϣϯͷઃఆͱΠϯϐʔμϯεଌఆͰಘΒΕͨύϥϝʔλͷൺֱ

Cabs[pJ/K] CTES[pJ/K] αI βI Gabs[W/K/m] Gabs[W/K/m]

COMSOL 1.6 0.048 40 0 7 0.33

Πϯϐʔμϯεଌఆ 0.8 100 1.8 ∞ ∞
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6.3 Πϯϐʔμϯεଌఆͷ݁ՌΛ༻͍ͨ߹
ෳૉΠϯϐʔμϯεଌఆͰٻΊͨԹײ αIɺిྲྀײ βIɺ༰ྔ CΛ༻͍ͯɺ෦
ಋΛແͨ͠ࢹ߹ͷܗͷ্ཱ͕ͪΓͱཱͪԼ͕Γ࣌ఆΛٻΊΔɻ4ষͷΠϯϐʔμϯε
ଌఆͷ݁Ռ͔ΒɺTESͷ֤ಈ࡞߅ʹ͓͚Δ࣌ఆΛ݁ͨ͠ࢉܭՌΛࣔ͢ɻ

ਤ 6.1: Zଌఆ͔ΒٻΊ্ཱ͕ͨͪΓ࣌ఆͱཱͪԼ͕Γ࣌ఆ

্ཱ͕ͪΓ࣌ఆ

্ཱ͕ͪΓ࣌ఆɺXઢরࣹݧࢼͷ݁Ռͱൺֱ͢Δͱ 1ܻఔ࣌ఆ͕ૣ͍͜ͱ͕Θ͔
Δɻ͜Ε෦ಋΛແͨ͠ࢹӨڹͰ͋ΔɻΠϯϐʔμϯεଌఆͰ༻͍ͨOneblock Model

ɺٵऩମͱTESΛҰମͱͯ͠ɺཋͱಋGͰ͍͕ͯͬܨΔܥͱͳ͍ͬͯΔɻOneblock

ModelɺٵऩମͱTESͷ෦ಋ͕ແݶʹྑ͍ͱԾఆ͍ͯ͠ΔͨΊɺٵऩମʹΘͬͨ
ॠ࣌ʹTESʹΘΔ͕ɺTESͷճ࿏ܥͷ߅ͱίΠϧʹΑΔϩʔύεϑΟϧλʔʹΑͬ
্ཱ͕ͯͪΓ͕ಷΔܗͱͳΔɻ͜ͷ߹ɺ্ཱ͕ͪΓͱͯ͠ϩʔύεϑΟϧλʔͷޮՌ͕ࢧ
తͰ͋Γɺిؾతͳ࣌ఆͰ͋Δ τelʹΑ্ཱ͕ͬͯͪΓ͕ؒ࣌͞ΕΔɻࠨਤͷࠇʹɺ
τelͷಈ࡞ґଘੑΛਤʹࣔͨ͠ɻXઢরࣹݧࢼͷ৴߸Ͱɺ͜ͷΑ͏ͳ 0.1µsεέʔϧͷཱͪ
্͕Γ͍ؒ࣌ͯ͑ݟͳ͍ɻ͕ͨͬͯ͠ɺ্ཱ͕ͪΓ࣌ఆʹٵऩମɺTESͷ෦ಋ
ͷد༩͕େ͖͍ͱ͑ߟΒΕΔɻ

ཱͪԼ͕Γ࣌ఆ

ҰํͰɺ20%ಈ࡞ʹ͓͚ΔཱͪԼ͕Γ࣌ఆɺXઢরࣹݧࢼͰಘΒΕཱͨͪԼ͕Γ࣌ఆ
ͱ΄΅Ұக͍ͯ͠Δ͜ͱ͕Θ͔Δɻ͜Ε৴߸ͷཱͪԼ͕Γ࣌ఆ͕ɺTESͱٵऩମͷ෦
ಋͷӨڹΛ΄΅ड͚ͣɺ༰ྔ C ͱཋͱͷಋGͷతͳޮՌͱɺETFʹΑͬ
ͯઆ໌Ͱ͖Δ͜ͱΛ͍ࣔͯ͠Δɻ
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6.4 ڹβIͷӨײྲྀి
ײྲྀి βI Λྀͨ͠ߟ߹ͷɺETFΛؚΊཱͨͪԼ͕Γ࣌ఆɺΠϯϓοτίΠϧͷΠ
ϯμΫλϯε L͕ेʹখ͍͞ͱ͖ɺ

τeff =
C

G

1 + βI +Rth/RTES

1 + βI +Rth/RTES + (1−Rth/RTES)LI
(6.2)

ͱදͤΔɻXઢরࣹ࣌ݧࢼͷ֤ύϥϝʔλΛೖ͢Δͱɺ

τeff ∝ C
1.3 + βI

1.3 + βI + 0.23× αI
(6.3)

ͱͳΔɻ͜͜ͰγϛϡϨʔγϣϯͷͰ͋Δ αI = 40Λ༻͍ͯɺిྲྀґଘੑΛྀ͠ߟͳ͍߹
(βI = 0)ͱΠϯϐʔμϯεଌఆ͔ΒٻΊͨ βI = 1.8ͷ߹ͰൺΛऔΔ͜ͱͰɺిྲྀґଘੑʹ
ΑཱͬͯͪԼ͕Γ࣌ఆ͕ͲͷఔมԽ͢Δ͔ੵݟΔɻͦΕͧΕͷ߹Ͱ͢ࢉܭΔͱɺ

τβI=1.8
fall /τβI=0

fall = 1.81 (6.4)

ͱͳΔɻ6.2ࣜɺ༰ྔCʹൺྫ͢ΔͷͰɺ͜ͷཱͪԼ͕Γ࣌ఆͷҧ͍͕શͯ༰ྔͰઆ໌
Ͱ͖ΔͱԾఆ͢ΔͱɺγϛϡϨʔγϣϯ্Ͱ༰ྔΛఆͷ 1.81ഒʹ͢Δ͜ͱͰܗΛݱ࠶
Ͱ͖Δ͜ͱΛ͍ࣔͯ͠ΔɻγϛϡϨʔγϣϯ্Ͱɺ༰ྔΛఆͷ 1.79ഒʹ͢Δ͜ͱͰ
Δ͜ͱͰɺ༰ྔͷ૿ՃΛෳૉΠϯϐʔྀ͢ߟͰ͖͍ͯΔ͜ͱ͔ΒɺిྲྀґଘੑΛݱ࠶Λܗ
μϯεଌఆ͔ΒಘΒΕͨ༰ྔͷਪఆࠩޡͷൣғͰઆ໌Ͱ͖Δ͜ͱ͕Θ͔ͬͨɻ
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ୈ7ষ ·ͱΊͱޙࠓͷల

7.1 ·ͱΊ
զʑ͕։ൃΛߦͳ͍ͬͯΔ TESܕϚΠΫϩΧϩϦϝʔλʹରͯ͠ෳૉΠϯϐʔμϯεଌఆ
Λ͍ߦɺTESΛಛ͚ͮΔύϥϝʔλͰ͋ΔԹײ αIɺిྲྀײ βIɺ༰ྔͷಈ࡞ʹର
͢ΔґଘੑΛܾఆͨ͠ɻ͜ͷ݁Ռ͔Βɺٵऩମͱ TESͷ߹ܭͷ༰ྔఆʹ͍ۙ͜ͱ͕
Θ͔ͬͨɻ·ͨXઢরࣹݧࢼͷ݁Ռ͔ΒɺTESܕϚΠΫϩΧϩϦϝʔλͷΤωϧΪʔղ͕
7.07eV(@5.9keV)Ͱ͋ΓɺΠϯϐʔμϯεଌఆ͔ΒٻΊΒΕ֤ͨݻ༗ϊΠζʹΑΔղͷྼ
Խ͚ͩͰઆ໌Ͱ͖ͳ͍͜ͱ͕Θ͔ͬͨɻ͜ΕʹXઢͷೖࣹҐஔʹର͢Δґଘੑɺྫྷౚػ
ͷԹ҆ఆͳͲͷཁҼ͕͑ߟΒΕΔɻ͜ͷೖࣹҐஔʹର͢Δґଘੑɺͻ͍ͯ TESܕϚΠ
ΫϩΧϩϦϝʔλͷ৴߸ܗΛཧղ͢ΔͨΊʹɺXઢরࣹݧࢼͰಘΒΕͨ৴߸ܗͷݱ࠶Λγ
ϛϡϨʔγϣϯ্Ͱͨͬߦɻ༗ݶཁૉ๏ (COMSOL)ʹΑΔγϛϡϨʔγϣϯͰɺIVଌఆ͔
ΒٻΊͨ߅ͱԹͷؔΛిؾಋͷґଘੑͱͯ͠ఆٛ͠ɺTESͷిϑΟʔυόο
ΫޮՌͷݱ࠶ΛࢼΈͨɻXઢೖࣹΛԾఆͨ͠৴߸ܗɺ࣮ࡍͷ৴߸ܗͱΑ͘Ұக͕ͨ͠ɺ
ߴͱཱͪԼ͕Γ࣌ఆΛઆ໌͢ΔʹγϛϡϨʔγϣϯ্ͷ༰ྔΛۃԹͰͷಋ
͔Βਪఆͨ͠ͷ 1.8ഒʹ͢Δ͜ͱ͕ඞཁͰ͋ͬͨɻͨͩ͠ɺෳૉΠϯϐʔμϯεଌఆͷ݁Ռ
͔ΒಘΒΕͨ߅มԽͷిྲྀґଘੑΛྀ͢ߟΔͱɺͦͷิਖ਼ྔ 1.2ഒఔͰ͋Γٵऩମͷ
༰ྔఆఔͰઆ໌͕͖ͭɺ༰ྔਪఆͱଌఆࠩޡͰҰக͢Δͱ͑ݴΔɻ͜ͷ͜
ͱ͔ΒɺγϛϡϨʔγϣϯʹిྲྀґଘੑऔΓࠐΉ͜ͱͰɺ࣮ࡍͷTESܕϚΠΫϩΧϩϦϝʔ
λͷిϑΟʔυόοΫڥԼͰͷಈ࡞Λ΄΅ݱ࠶Ͱ͖Δͱ͑ߟΒΕΔɻ

7.2 ͍ͯͭʹޙࠓ
ͷൃలʹ͍ͭͯड़Δɻڀݚͷ՝ͱຊޙࠓ

7.2.1 ߅ऩମԼͷTESͷٵ

COMSOLʹΑΔγϛϡϨʔγϣϯͰɺ180µm× 180µmͷશͯͷྖҬ͕Ұ༷ʹಋঢ়ଶ
ͷసҠҬʹଘ͢ࡏΔͱԾఆ͍ͯ͠Δɻ͔࣮͠͠ࡍͷTESܕΧϩϦϝʔλͰɺٵऩମͷԼͷ
TESৗಋঢ়ଶͰଘ͍ͯ͠ࡏΔͱใ͞ࠂΕ͍ͯΔɻࠓճɺ͜ͷޮՌʹྀ͍͓ͭͯͯ͠ߟ
ΒͣɺৗಋͷྖҬ͕ଘ͢ࡏΔ͜ͱͰిྲྀͷྲྀΕΔํ͕TESͷ֎ଆʹ੍͞ݶΕΔͨΊɺ֎ଆ
δϡʔϧൃ͕େ͖͘ͳΓɺTESͷத৺෦ͱ֎ଆͰԹ͕ࠩੜ͡Δͱ͑ߟΒΕΔɻޙࠓ͜
ͷΑ͏ͳ࣮ࡍͷϚΠΫϩΧϩϦϝʔλͷੑ࣭ΛγϛϡϨʔγϣϯʹө͢Δ͜ͱͰɺΑΓ࣮ଌ
ʹ͍ۙ݁Ռ͕ಘΒΕΔͱ͑ߟΒΕΔɻ
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7.2.2 ೖࣹҐஔʹର͢Δ࣌ఆͷมԽ

ճͷγϛϡϨʔγϣϯͰɺ͕ΧϩϦϝʔλͷத৺ʹೖࣹͨ͠߹ʹ͍ͭͯͷΈٞ͠ࠓ
ͨɻ͔͠͠ຊڀݚͰ݁ݧ࣮ͨͬߦՌ͔Βɺզʑ͕ٵͨ͠࡞ऩମް 5µmͷΧϩϦϝʔλɺTES
༗ͷϊΠζҎ֎͕ཁҼͰΤωϧΪʔղ͕ѱԽ͍ͯ͠Δ͜ͱ͕໌Β͔ʹͳͬͨɻ͜Εݻʹ
ͷೖྗҐஔʹΑΔܗͷΒ͖ͭɺଌఆڥͷԹ҆ఆͳͲͷཁҼ͕͑ߟΒΕΔɻ͜Ε
Λ͢ূݕΔͨΊʹɺͷೖྗҐஔΛมԽͤͨ͞ܗγϛϡϨʔγϣϯΛ͜͏ߦͱͰɺೖࣹҐஔ
ʹର͢ΔґଘੑʹΑͬͯͲͷఔΤωϧΪʔղ͕ྼԽ͢Δ͔ੵݟΔ͜ͱ͕Ͱ͖Δɻ

7.2.3 ෳૉΠϯϐʔμϯεଌఆ݁ՌͷΈࠐΈ

TESͷ߅ɺԹͱిྲྀʹґଘ͢ΔؔͰ͋Γɺ͋Δ߅R0͔Βͷ߅ͷมԽɺ
ԹͱిྲྀͷඍখมԽ δT = T − T0ɺδI = I − I0ʹରͯ͠ɺ

R(T, I) = R0(1 + αI
δT

T0
+ βI

δI

I0
) (7.1)

ͱද͢͜ͱ͕Ͱ͖ΔɻࠓճɺෳૉΠϯϐʔμϯεଌఆ͔ΒٻΊͨԹײ αIɺిྲྀײ βIɺ
༰ྔCʹ͍ͭͯɺγϛϡϨʔγϣϯʹΈࠐΉ͜ͱ͕Ͱ͖ͳ͔ͬͨɻ͔࣮͠͠ࡍͷΧϩϦϝʔ
λͷ߅ɺ্ࣜͰࣔ͢Α͏ͳԹͱిྲྀͷ྆ํʹґଘ͢ΔؔͰ͋Δɻ͜ΕΛγϛϡϨʔγϣ
ϯͰ͢ݱ࠶ΔʹɺαIɺβIࣗମ͕Թͱిྲྀʹରͯ͠ͲͷΑ͏ʹґଘ͢Δͷ͔Λଌఆ͔Β໌Β
͔ʹ͢Δඞཁ͕͋ΔɻͦͷͨΊʹɺཋԹͱೖྗ͢Δަྲྀిѹͷৼ෯Λม͑ͯɺαIɺβIΛ
ϞσϧԽ͢Δඞཁ͕͋Δɻޙࠓɺ͜ͷΑ͏ͳେنͳଌఆΛ͜͏ߦͱͰɺΧϩϦϝʔλͷి
ྲྀґଘੑʹ͍ͭͯγϛϡϨʔγϣϯͰ͕ݱ࠶ՄͰ͋Δͱ͑ߟΒΕΔɻ
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 A Twoblock Modelͷಋग़

TESͱٵऩମͷؒʹಋΛྀͨ͠ߟTwoblock Modelͷಋग़ํ๏ʹ͍ͭͯࣔ͢ɻిؾճ
࿏ํఔࣜͱɺTESɺٵऩମͷಋํఔࣜҎԼͷΑ͏ʹॻ͚Δɻ

L
dI

dt
= Vth − (Rth +RTES(TTES, ITES))ITES (A.1)

CTES
dTTES

dt
= Gabs−TES(Tabs − TTES)−GTES−bath(TTES − Tbath) + I2TESRTES (A.2)

Cabs
dTabs

dt
= Gabs−TES(TTES − Tabs) (A.3)

ఆৗঢ়ଶʹ͓͚ΔిྲྀɺԹΛ T0,I0ͱͯ͠ɺδI = ITES − I0ɺδTTES = TTES − T0ɺδTabs =

Tabs − T0Λఆ্ٛͯࣜ͠Λॻ͖͑Δͱɺ

L
dδI

dt
= Vth − (Rth +RTES(TTES, ITES))(δI + I0) (A.4)

CTES
dδTTES

dt
= Gabs−TES(δTabs − δTTES)−GTES−bathδTTES + (δI + I0)

2RTES (A.5)

Cabs
dδTabs

dt
= Gabs−TES(δTTES − δTabs) (A.6)

ͱͳΔɻ·ͨɺRTES(TTES, ITES)Λ (T0, I0)पΓͰςΠϥʔల։͢Δͱ

RTES(TTES, ITES) = R0(1 + αI
δT

T0
+ βI

δI

I0
) (A.7)

Ͱ͋Γɺఆৗঢ়ଶͰɺTESͷࣗൃݾͱཋ͔Βͷྲྀೖ͕Γ߹͍ͬͯΔͱ͑ߟΒΕΔ
ͷͰɺ

RTES(T0, I0)I
2
0 = GTES−bath(T0 − Tbath) (A.8)

Ҏ্ 2ࣜΛ༻͍ͯ δͷೋ࣍Ҏ߱ͷ߲Λແ͢ࢹΔͱɺ

L
dδI

dt
= Vac − (Rth +R0(1 + βI))δI − (αI

I0R0

T0
)δTTES (A.9)

CTES
dδTTES

dt
= R0I0(2+βI)δI+(αI

I0R0

T0
−GTES−sink)δTTES−Gabs−TES(δTTES− δTabs) (A.10)
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Cabs
dδTabs

dt
= −Gabs−TES(δTabs − δTTES) (A.11)

ͱͳΔɻ͜ΕΛCh3ͱಉ༷ʹ͢ࢉܭΔͱɺ

ZTES = Z∞ + (Z0 − Z∞)
1

1− iωτeff
(A.12)

Z0 = −R0
LI + βI + 1

LI−1
(A.13)

τeff =
1

G(LI − 1)
(CTES + Cabs − Cabs

iω Cabs
Gabs

1 + iω Cabs
Gabs

) (A.14)

ͱͳΔɻ
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 B TESܕϚΠΫϩΧϩϦϝʔλͷϊ
Πζಛੑ

TESͷԠɺࣗͷঢ়ଶมʹΑΔͷࢄҳͷӨڹΛड͚ΔɻͦΕͧΕిؾ߅ʹΑΔ
ͷࢄҳΛδϣϯιϯϊΠζ (φΠΩετϊΠζ)ɺΠϯϐʔμϯεʹىҼ͢ΔͷΛϑΥϊϯ
ϊΠζ (Thermal fluctuation noise)ͱݺͿɻ͜ΕΒɺTESͷݪཧతͳΤωϧΪʔղͷϦ
ϛοτʹͳ͍ͬͯΔɻଞͷϊΠζݯͱͯ͠ɺಋঢ়ଶʹ͓͚Δ࣓ଋͷͳͲͷӅΕͨঢ়ଶม
ͷ༳Β͕͗͑ߟΒΕɺ༰ྔͷ݁߹͕ऑ͍΄Ͳ༳Β͕͗େ͖͘ͳΔɻຊઅͰɺӅΕͨঢ়ଶม
ͷ༳Β͕͗ଘ͠ࡏͳ͍߹ (Ϛϧίϑաఔ)ΛԾఆͯ͠ྗֶతϊΠζΛٞ͢Δɻ(??)ࣜͷ
ిྗͱిѹ֬తͳྗͰ͋Γɺࢄҳʹ͓͚Δঢ়ଶมͷ૬ؔʹΑܾͬͯ·Δ Langevinํ
ఔࣜͰ͋ΔɻLangevinํఔࣜɺঢ়ଶมʹϥϯμϜͳྗΛ༩͑ͨ࣌ͷԠΛද͢ํఔࣜͰ͋
ΓɺLangevinํఔࣜʹ༳ಈࢄҳఆཧΛద༻͢Δ͜ͱͰɺྗֶతϊΠζΛཧղ͢Δ͜ͱ͕Ͱ͖
Δɻ༳ಈࢄҳఆཧΛ༻͍Δ߹ɺঢ়ଶมʹΑΔڞྗ͕ԿͰ͋Δ͔ಛఆ͢Δ͜ͱ͕ॏཁͰ
͋Δɻ
ඍํఔࣜͰɺిྲྀؾి I͕ঢ়ଶมɺిѹV ྗʹରԠ͍ͯ͠ΔɻΠϯμΫλϯεLͷڞ͕
Έ͕ճ࿏ʹଘ͠ࡏɺཋԹ͕Ұఆʹݻఆ͞Ε͍ͯΔ߹ɺࣗ༝ΤωϧΪʔɺF = LI2/2ͱ
ͳΔɻ͜ ͷͱ͖ڞӡಈྔɺp = ∂F/∂I = LIͰ͋Γɺڞྗɺdp/dt = LdI/dt = V ͱͳΔɻ
ԹTΛมಈՄͳঢ়ଶมͱΈͳ͠ɺTESͷ༰ྔɺԹ͕ݻఆ͞ΕͨཋʹίϯμΫλ
ϯεΛ௨ͯ͡ଓ͞Ε͍ͯΔͱԾఆ͢ΔɻΧϊχΧϧΛద༻͢ΔͱɺཋͱTESؒΛ dQ

͕ྲྀΕΔͱ͖ɺࣗ༝ΤωϧΪʔɺdF = −SdT ͚ͩมԽ͠1ɺڞྗɺdp/dt = LdI/dt = V

ͱͳΔɻྲྀɺdQ = TdSͰද͢͜ͱ͕Ͱ͖ɺڞྗɺdp/dt = −(1/T )dQ/dT = −P/T

Ͱ͋Δ2ɻ
ঢ়ଶมͱڞྗͷؔͰ͋Δ LangevinํఔࣜΛɺΠϯϐʔμϯεྻߦΛ༻͍ͯද͢ͱɺ

Z

(
Iω
Tω

)
=




Vω

Pω

T0



 (B.1)

ͱͳΔɻTESͷΠϯϐʔμϯεɺ




1

τel
+ iω

LIG

I0L

−I0R0(2 + βI)

C

1

τI
+ iω





(
Iω
Tω

)
=





Vω

L

Pω



 (B.2)

1S ɺΤϯτϩϐʔΛද͢ɻ
2ϥϯμϜྗͷූ߸ҙͰ͋Γɺࢉܭͷ߹্ P/T Λڞྗͱͯ͢͠ࢉܭΔɻ
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Ͱ͋Γɺ͜ΕΛڞྗΛ༻͍ͯॻ͖͑Δͱɺ




(
1

τel
+ iω

)
L

LIG

I0

−I0R0(2 + βI)

T0

(
1

τI
+ iω

)
C

T0





(
Iω
Tω

)
=





Vω

L

Pω



 (B.3)

ͱͳΔɻ֎෦ճ࿏ͷΠϯϐʔμϯεΛҎԼͷΑ͏ʹఆٛ͢Δɻ

Zext =





(
1

τel
+ iω

)
L

LIG

I0

−I0R0(2 + βI)

T0

(
1

τI
+ iω

)
C

T0




(B.4)

(B.4)ࣜͰɺTESͷδϡʔϧൃΛ PJ = IVTES = IR2ɺిѹΛ VTES = IRͱԾఆ͓ͯ͠Γɺ
δϣϯιϯϊΠζͳͲʹΑΔిѹͷมಈʹΑͬͯTESͷిྲྀ͕มԽ͢Δɻ͔͠͠ɺPJ ʹ͓͍
ͯɺόΠΞεిྲྀࣗମͷมԽʹΑΔిѹͷӨڹྀ͞ߟΕ͓ͯΒͣɺిѹݯͷ෦Ͱൃੜ͢
Δిྗશͯ֎෦ճ࿏Ͱফඅ͞ΕΔɻ·ͨɺిѹݯ෦Ͱൃੜ͢ΔδϣϯιϯϊΠζిྗ
ɺTESʹతͳࢄҳΛ͢͜ىཁҼͱͳΓɺVTES = IR + Vnoiseͱද͢͜ͱ͕Ͱ͖Δɻిѹ
ҳɺԾతͳϥϯμϜྗʹΑΔࢄҼ͢Δىʹ෦ݯ (B.3)ࣜͷӈล߲ͰදݱͰ͖Δɻ͜ͷ
ͱ͖TES෦ʹ͓͚ΔδϡʔϧൃʹΑΔࢄҳɺ

PJ = IVTES = I(IR + Vnoise) = I

(
Vbias − IRL − L

dI

dt

)
(B.5)

ͱද͢͜ͱ͕Ͱ͖ɺ͜Εɺઢ߅Ҏ֎ͰͷࢄҳΛද͍ͯ͠Δɻ(B.5)ࣜΛ δIΛඍখྔͱ
ͯ͠ I0पΓͰςΠϥʔల։͢Δͱɺ

PJ = I20R0 + I0(R0 −RL)δI − I0
dδI

dt
(B.6)

ͱͳΔɻ͜ΕΛϑʔϦΤม͢Δͱɺ

PJ(ω) = (I0(R0 −RL)− iωLI0)Iω (B.7)

͕ͨͬͯ͠ (B.7)ࣜͰTESΠϯϐʔμϯεͷδϡʔϧൃ߲Λࣔ͢ͱɺ

Zint =





(
1

τel
+ iω

)
L

LIG

I0

−(I0(RL −R0) + iωLI0)

T0

(
1

τI
+ iω

)
C

T0




(B.8)

ͱͳΔɻฏߧঢ়ଶͰɺΠϯϐʔμϯεྻߦʹΑͬͯঢ়ଶมͷྗֶతมಈͷ૬ؔΛܾఆ͢
Δɻ༳ಈࢄҳఆཧʹΑΓɺฏߧͰྔࢠ༳Β͕͗খ͍͞ͱ͖ͷɺঢ়ଶม uͷ༳Β͗ͷύϫʔε
ϖΫτϧີɺΞυϛολϯε Y (ω)Λ༻͍ͯɺ

Su(ω) = 4kBT Re{Y (ω)} (B.9)
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Sui(ω) = 4kBT Re{Yii(ω)} (B.10)

ͱදͤΔɻ·ͨɺԾతͳྗ FͷύϫʔεϖΫτϧີɺ

SF (ω) = 4kBT Re{Z(ω)} (B.11)

ͱද͢͜ͱ͕Ͱ͖ΔɻTESͷྗֶత༳Β͗ɺ(B.11)ࣜʹ෦ɾ֎෦ΠϯϐʔμϯεΛೖ
͢ΕٻΊΒΕΔ͕ɺ͜ͷ݁Ռ࣮݁ݧՌͱҰக͠ͳ͍ɻ͜Εɺ୯७ͳ༳ಈࢄҳఆཧ͕ɺ
తʹฏߧͰઢܗͳిؾճ࿏ͰͷΈΓཱ͔ͭΒͰ͋Δɻ࣮ࡍLangevinํఔ͕ࣜ҆ఆͰ͋ΔՄ
ੑ͋Δ͕ɺిѹ͕ݯଘ͢ࡏΔݶΓɺTESͷԹͱཋԹҰக͠ͳ͍ͨΊɺܥશମͱͯ͠
ඇฏߧঢ়ଶʹ͋Δɻ
͜͜Ͱ linear equilibrium ansatz(LEA)ͱ͍͏ԾఆΛ༻͍ͯTESͷϊΠζΛٞ͢ΔɻLEAɺ
ฏߧঢ়ଶͰઢܗཁૉΛ༻͍ͯ༳ಈࢄҳఆཧ͔Β༧͞ΕΔϥϯμϜྗ͕ɺঢ়ଶมͷมಈΛܾ
ఆ͢Δͱ͍͏ͷͰ͋ΔɻLEAɺҰൠతͳ component-level resistor noise modelͱಉͰ͋
ΓɺόΠΞεճ࿏ʹґଘ͠ͳ͍ɻઢݶۃܗ (βI = 0)͔ͭฏߧ (I0 = 0)ͰΠϯϐʔμϯεͷ࣮
෦ɺ

Re {Zint,ext} =





R0 +RL 0

0
G

T0



 (B.12)

ͱද͢͜ͱ͕Ͱ͖Δɻ(B.11)ࣜʹ (B.12)ࣜͷର֯ཁૉΛೖ͢Δͱɺ




SV

SPTFN

(T 2
0 )



 = 4kBT0





R0 +RL

G

T0



 (B.13)

ͱͳΔɻ͜͜ͰɺSV = SVTES + SVL , SVTES = 4kBT0R0ɺTESʹ͓͚ΔδϣϯιϯϊΠζΛ
ද͓ͯ͠ΓɺSVL = 4kBT0RLɺઢ߅ͷδϣϯιϯϊΠζɺSPTFN = 4kBT 2

0Gɺί
ϯμΫλϯε GʹΑΔࢄҳϊΠζͰ͋ΔɻTESͷԹΛ T0ɺઢ߅ͷԹΛ TLͱ͢Δ
ͱ SVTES = 4kBT0R0ɺSVL = 4kBTLRLɺSPTFN = 4kBT 2

0G × F (T0, Tbath)ͱද͢͜ͱ͕Ͱ͖Δɻ
F (T0, Tbath)ɺίϯμΫλϯεʹࢦతʹґଘ͠ɺڥք໘ʹ͓͚ΔϑΥϊϯͷڸ໘ࢄཚɺ֦
ͨ·ΑͬͯมԽ͢Δɻʹࢄ F (T0, Tbath)ɺTESԹ T0ͷؔͰ͋Γɺయܕతʹ 0.5 − 1ͱͳ
Δ͜ͱ͕ΒΕ͍ͯΔɻFLINK(T0, Tbath)Λ༻͍ͯɺ

F (T0, Tbath) = FLINK(T0, Tbath)(Tbath/T0)
n+1 (B.14)

ͱද͢͜ͱ͕Ͱ͖ΔɻLEAͰɺిѹϊΠζܾఆͷࡍʹɺઢܗ߅ʹରͯ͠Թґଘੑ͘͠
ɺిྲྀґଘੑΛྀ͓ͯ͠ߟΒͣɺ࣮ࡍͷճ࿏ܥʹ༻͍Δ߹ LEAͷม͕ܗඞཁͰ͋Δɻ
͜͜ͰɺTESͷϊΠζղ໌ख๏ͱͯ͠ nonlinear equilibrium ansatz(NLEA)Λಋೖ͢ΔɻLEA

ʹՃ͑ͯɺ߅ͷඇઢܗͳిྲྀґଘੑΛྀ͢ߟΔͱɺTESʹର͢ΔిѹϊΠζɺిྲྀͷς
Πϥʔల։Λ ξ(I)ͱ͢Δͱɺ

SVTES = 4kBT0R0ξ(I0) (B.15)

ξ(I) = 1 +
dξ

dI
|I=0I +O(I2) (B.16)
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ͱͳΔɻ2࣍ͷిྲྀͱిѹͷؔͱͯ͠ɺ

V = rI +
1

2
γI2 (B.17)

ͱఆٛ͢Δɻ͜ͷͱ͖ిѹͷ Power Spectrum Densityɺ

SV = 4kBT

[
r +

3

2
γI +O(I2)

]
(B.18)

ͱͳΔɻTESͷ߅Λɺ

R0 ≡
V

I
= r +

1

2
γI (B.19)

ͱఆٛ͢Δͱɺిྲྀײ βI ɺ

βI =
I

R

dR

dI
=

I

2R0
γ (B.20)

ͱͳΔɻ͕ͨͬͯ͠ిѹͷ Power Spectrum Densityɺ

SV = 4kBT

[
r +

3

2
γI +O(I2)

]
= 4kBT

[
R0 + γI +O(I2)

]
= 4kBT

[
R0 +

2βI

I
R0I +O(I2)

]

= 4kBTR0

(
1 + 2βI +O(I2)

)

(B.21)

ͱද͢͜ͱ͕Ͱ͖Δɻ
͜ͷͱ͖ Phonon noiseɺిྲྀԠੑ sIΛ༻͍ͯҎԼͷΑ͏ʹද͢͜ͱ͕Ͱ͖Δɻ

Iphonon =
√

4kBT 2
0G× F (T0, Tbath)× |sI(ω)| (B.22)

TESʹ͓͚Δ Johnson noiseɺ

IJTES =

√

4kBT0I20R0
1 + β

L2
I

(1 + ω2τ 2) |sI(ω)| (B.23)

Shunt߅ͱTESͷճ࿏ܥʹ͓͚Δدੜ߅ͷ Johnson noiseɺ

IJth =

√

4kBTthI20Rth
(LI − 1)2

L2
I

(1 + ω2τ 2I ) |sI(ω)| (B.24)

ͱͳΔɻ
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