
म࢜จ

ςϨείʔϓΞϨΠ֦ு࣮ݧͷͨΊͷ

༺ଌ؍ΤωϧΪʔӉઢߴ࠷

දཻݕࢠग़ثͷੑධՁ

The evaluation of the performance

of particle surface detectors

to observe the highest energy cosmic rays

for the Telescope Array Extension

౦ژେֶେֶӃ

ཧֶڀݚܥՊ ཧֶઐ߈

ా ฏߒ

ڭಋࢦ

ߦࠤ

2019



 ࣍

ୈ 1ষ ߴΤωϧΪʔӉઢ 1

1.1 ӉઢͷΤωϧΪʔεϖΫτϧ . . . . . . . . . . . . . . . . . 1

1.2 ӉઢͷՃߏػ . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2.1 ϑΣϧϛՃ . . . . . . . . . . . . . . . . . . . . . . . 1

1.3 GZKΧοτΦϑ . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.4 GZKݶքΛ͑ΔӉઢͷݯى . . . . . . . . . . . . . . . . . 5

1.4.1 ϘτϜΞοϓϞσϧ . . . . . . . . . . . . . . . . . . . 5

1.4.2 τοϓμϯϞσϧ . . . . . . . . . . . . . . . . . . . 7

1.5 γϟϫʔؾۭ . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.5.1 ి࣓γϟϫʔ . . . . . . . . . . . . . . . . . . . . . . . 8

1.5.2 ϋυϩϯγϟϫʔ . . . . . . . . . . . . . . . . . . . . . 9

1.5.3 ଌ؍γϟϫʔͷؾۭ . . . . . . . . . . . . . . . . . . . 10

ୈ 2ষ ςϨείʔϓΞϨΠ࣮ݧ 11

2.1 ςϨείʔϓΞϨΠ࣮ݧͷ֓ཁ . . . . . . . . . . . . . . . . . 11

2.2 දݕग़ث (Surface Detector, SD) . . . . . . . . . . . . . . . 11

2.2.1 γϯνϨʔλϘοΫε෦ . . . . . . . . . . . . . . . . 15

2.2.2 SDͷσʔλऩू . . . . . . . . . . . . . . . . . . . . . 16

2.3 େޫܬؾԕڸ (Flourescence Detector, FD) . . . . . . . . . . 19

2.3.1 FDͷσʔλऩू . . . . . . . . . . . . . . . . . . . . . 20

2.3.2 ΩϟϦϒϨʔγϣϯ . . . . . . . . . . . . . . . . . . . 21

2.4 TAͷݱঢ় . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

ୈ 3ষ ςϨείʔϓΞϨΠ֦ு࣮ݧ (TAx4࣮ݧ) 25

3.1 දݕग़ثͷมߋ . . . . . . . . . . . . . . . . . . . . . . . 25

3.1.1 PMTͷมߋ . . . . . . . . . . . . . . . . . . . . . . . 25

3.1.2 γϯνϨʔλϘοΫεͷมߋ . . . . . . . . . . . . . 25

3.1.3 ௨৴ౝ . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

ୈ 4ষ TAx4 SDͷੑධՁ 29

4.1 1MIP peak . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

4.1.1 γϯνϨʔλͷ 1MIP peakଌఆ . . . . . . . . . . . 30

4.1.2 SDͷ 1MIP peakଌఆ . . . . . . . . . . . . . . . . . 36

1



4.2 Linearity(ઢੑܗ) . . . . . . . . . . . . . . . . . . . . . . . . . 44

4.2.1 ଌఆ . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

4.3 Uniformity(Ұ༷ੑ) . . . . . . . . . . . . . . . . . . . . . . . . 50

4.3.1 ଌఆ . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

4.4 GPS Timing . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

4.4.1 ଌఆ . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

4.5 CPU Check . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

ୈ 5ষ TASDͱ TAx4SDͷ

ͱੑͷҧ͍ͷ·ͱΊ༷ 62

ୈ 6ষ ถࠃͰͷ SDͷΈཱ͓ͯΑͼઃஔ 65

ୈ 7ষ ·ͱΊ 74

2



֓ ཁ

ɹٿ౸དྷ͢ΔӉઢΤωϧΪʔ͕େ͖͘ͳΔʹͭΕස͕খ͘͞ͳΓɺ

5× 1018eVͰ 1particle/(km2 · year)ɺ1020eVͰ 1particle/(100km2 · year)ͱ
ͳΔɻͦͷͨΊ 2008ʹΞϝϦΧ߹ऺࠃϢλभͰ࢝·ͬͨςϨείʔϓΞϨ

Π࣮ݧ (TA࣮ݧ)Ͱ 507ͷදݕग़ث (SD)Λ 1.2kmִؒͰઃஔ͢Δ͜

ͱʹΑΓ͓Αͦ 700km2 ͷ؍ଌ໘ੵͰ͓Αͦ 1018eVҎ্ͷߴΤωϧΪʔӉ

ઢͷ؍ଌΛ͖ͨͯͬߦɻ11 ؒͰΤωϧΪʔεϖΫτϧͷ 1019.81±0.03eV

ʹཧతͳ༧Ͱ͋Δ GZK ͨ·ଌͨ͠ɻ؍քͱໃ६͠ͳ͍ΧοτΦϑΛݶ

ܦ 144.3◦ɺҢ 40.3◦ ͷํʹ 5.7× 1019eVҎ্ͷӉઢͷϗοτεϙο

τ (ҟํੑ)͕͋Δ͜ͱ͔ͬͨɻ

ͦ͜ͰσʔλͷऔಘεϐʔυΛՃ͢ΔͨΊʹ 2019  4 ݄ʹՔಇΛ։࢝

ͨ͠ͷ͕ςϨείʔϓΞϨΠ֦ு࣮ݧ (TAx4 (ݧ࣮ Ͱ͋ΔɻTAx4 Ͱݧ࣮

SDͷઃஔΛ૿͢͜ͱͰݕग़໘ੵΛ࠷ऴతʹTA࣮ݧͷ͓Αͦ 4ഒͰ͋Δ

3000km2 ·Ͱ͛Δ༧ఆͰ͋Δɻ͜ΕʹΑΓैདྷͷ͓Αͦ 4ഒͷσʔλΛऔ

ಘ͢Δ͜ͱ͕ՄͱͳΓɺ1020eVۙͷߴ࠷ΤωϧΪʔӉઢͷΑΓਖ਼֬ͳ

ΤωϧΪʔεϖΫτϧͷଌఆϗοτεϙοτͷ֬ೝΛ͍ߦɺ͞Βʹൃੜى

ΛͱΒ͑Δ͜ͱΛඪͱ͢Δɻݯ

TAx4SD ͷଌఆثͰɺTA ͱൺͯྔޮࢠ͓ΑͼϦχΞϦςΟͷΑ͍

ɺϑΝΠόʔͷऔΓճ͠Λม͑ͯϑΝΠόʔͯͬഒʢPMT)Λ૿ࢠిޫ

ͷΛݮΒ͍ͯ͠Δ͜ͱ͕ओͳมߋͰ͋ΔɻຊจͰ 2015ʹܾఆ͠

ͨ TAx4SD ͷσβΠϯΛͱʹྔͨ͠࢈ TAx4SD ͷੑධՁͱɺ2019  3

݄ʹ SDͷઃஔΛऴྃͯ͠؍ଌΛ։࢝͢Δ·Ͱͷݱه͍ͯͭʹۀ࡞ड़͢Δɻ

1MIP peak ࠓճ TAx4 ༻ʹͨ͠࡞ΛؚΉ SD305 ʹ͍ͭͯଌఆ

Λͨͬߦɻͳ͓ 1MIP peakೖࣹͨ͠ϛϡʔΦϯ͕γϯνϨʔλͰͲͷఔ

ΤωϧΪʔΛଛࣦ͔ͨ͠Λࣔ͢ྔͰɺ͜ΕΛଌఆ͢Δ͜ͱͰ SD͝ͱͷൃޫ

ྔͷҧ͍Λิਖ਼͢Δ͜ͱ͕Ͱ͖ΔɻถࠃͰͷଌఆͰ࠷Ͱ 14.3±0.1p.e.

ͷ 1MIP peakΛͭ࣋͜ͱ͕Θ͔Γɺ1ͭͷϛϡʔΦϯೖࣹʹର͠ඪͰ

͋Δ 10p.e.ΑΓेେ͖͍ͱΘ͔ͬͨɻTAx4SDʹରͯ͠ϦχΞϦςΟଌఆ

Λ͍ߦɺFADCͷϨϯδ (4095ADCΧϯτະຬ)Ͱฏۉతʹ 4.5%ఔϦ

χΞϦςΟ͕Լ͢Δ͜ͱ͕Θ͔ͬͨɻTASD Ͱฏۉ 3000ADCΧϯτ

ఔͰ 5%Լ͢ΔͨΊɺϦχΞϦςΟੑ্ͨ͠ɻ·ͨγϯνϨʔλ

ͷԠͷҰ༷ੑΛௐΔςετͰɺϛϡʔΦϯͷೖࣹҐஔʹΑͬͯثग़ݕ

৴߸ͷେ͖͕͞±10%ఔҎɺ࠷େͰ-19.6%ɺ+19.2%ఔͷฏ͔ۉΒͷ

Β͖͕ͭ͋Δ͜ͱ͕Θ͔ͬͨɻSD͝ͱʹऔΓ͚ͨɺؒ࣌ଌఆ༻ͷGPSͷ

ΦϑηοτଌఆͰج४ͷ GPS Ϩγʔόʔʹର͠૬ରతʹ-5.0±3.8ns ͷΦ

ϑηοτ͕͋Δ͜ͱ͕Θ͔Γɺ͜ͷ͔Β֎ΕͨͱΈͳͨ͠ ͷGPSϨݸ3

γʔόʔ༻͠ͳ͔ͬͨɻ·ͨ࡞Ͱ SD ΤϨΫτϩχΫεͷෆྑΛݟ



͚ͭɺ͔ͳΓͷ෦͕ͨ͠ࡌ CPUͰ͋Δ͜ͱΛಥ͖ࢭΊͨɻCPUަͷ

ͨΊʹ৽ͨʹߪೖͨ͠ CPU ͷதʹෆྑ͕ͳ͍͔Ͳ͏͔Λ͚ͭݟΔͨΊͷ

ςετΛ 200ຕ͍ߦɺ͏ͪ 3ຕ͕ෆྑͰ͋ͬͨɻ࠷ऴతʹͯ͢߹֨͠

ͨ SDΤϨΫτϩχΫεΛ SDʹͨ͠ࡌɻ

2019  3 ݄·Ͱʹ 257 ͷ SD ͷઃஔΛྃ͠༗ޮͳݕग़໘ੵ TA Λ

ؚΊͯ TAͷ 2.5 ഒ·Ͱ֦ுͨ͠ɻ2019  5 ݄ ∼8 ݄ͷؒظʹՔಇ͍ͯͨ͠

SD46 ʹ͠ 5.7× 1019eV Λ͑ΔߴΤωϧΪʔӉઢΛ 4 ଌ؍ࣄ

ͨ͠ɻޙࠓ TA άϧʔϓͰɺઃஔͨ͠શ SD ͷ҆ఆՔಇΛ͠ࢦɺΑΓਫ਼

ີͳߴ࠷ΤωϧΪʔӉઢͷ؍ଌΛ͏ߦ༧ఆͰ͋Δɻ
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ୈ1ষ ߴΤωϧΪʔӉઢ

1.1 ӉઢͷΤωϧΪʔεϖΫτϧ

ӉઢߴΤωϧΪʔͰӉΛඈͼަ͏์ࣹઢͰ͋ΔɻӉઢͷ΄ͱΜͲ

͕୯ମͷཅࢠͰ͋Δ͕ɺα ͳͲࢠཻ Fe ͘Β͍·Ͱͷ͍͔ͭ͘ͷछྨͷࢠݪ

͕֩ 10%ఔɺ୯ମͷిࢠ (β ઢ) 1%ఔؚ·ΕΔɻ͜ΕΒͷӉઢৗ

ʹٿʹ߱Γ͍Ͱ͍Δ͕ɺදʹ౸ୡ͢Δલʹେؾͱ૬࡞ޓ༻Λ͢͜ىɻ

ٿʹ߱Γ͙Ӊઢͷ͏ͪେؾதͷ֩ࢠݪͱͷ૬࡞ޓ༻Λ͢͜ىલͷͷ

Λ Λࢠతʹൃੜ͢Δཻ࣍ΑΓೋʹ༺࡞ޓӉઢɺ૬࣍1 Ӊઢͱ͍͏ɻ࣍2

ӉઢͷΤωϧΪʔ 109eV͔Β 1020eVͱ͍͏ൣғʹΘͨΓ (ਤ 1.1)ɺ

ͦͷස͓ΑͦE−3 ʹൺྫͯ͠ݮগ͢Δɻ͍͔ͭ͘ͷཁҼ͕ͦΕͧΕࢧ

తʹͳΔ͜ͱͰΤωϧΪʔεϖΫτϧͷ͕͖एׯมΘΔͱ͜Ζ͕͋Δͱߟ

͑ΒΕ͍ͯΔɻಛʹ E = 1018∼19eV ۙͰͷંΕۂΓҎ͓͕͖߱Αͦ

E−2.6 ʹൺྫ͢Δႈؔͱͳ͍ͬͯΔɻ͜ΕҎ্ͷΤωϧΪʔΛͭ࣋Ӊઢ

ΛߴΤωϧΪʔӉઢ (Ultra-high-energy cosmic ray, UHECR)ͱ͍͏ɻ

1.2 ӉઢͷՃߏػ

ΤωϧΪʔͷӉઢ͕ͲͷΑ͏ʹͯ͠Ճ͞ΕΔ͔·ͩΘߴ͍ͨͬ͏͜

͔͍ͬͯͳ͍ɻ࠷؍ଌʹ͍ۙϞσϧͱͯ͠ϑΣϧϛՃ͕ߏػఏএ͞Εͯ

͍Δɻ

1.2.1 ϑΣϧϛՃ

ؒӢΛཻ͕ࢠ௨ա͢ΔࡍʹΤωϧΪʔΛड͚औΔϝΧχζϜϑΣϧϛՃ

ͱݺΕɺݹయతͳྗֶͰهड़Ͱ͖Δɻ͜ΕʹΑΕিಥ͝ͱʹ∆E = αE

͚ͩΤωϧΪʔ͕૿͑Δ͕ɺα͕ؒӢΛߏ͢Δཻࢠͷ͞ Vͷೋʹൺ

ྫ͢ΔͨΊɺϑΣϧϛೋ࣍ՃͱݺΕΔɻ͜ͷϞσϧͰӉઢͷΤωϧ

ΪʔεϖΫτϧ͕ႈؔʹͳΔ͜ͱઆ໌Ͱ͖Δ͕ɺ࣮ࡍͷؒӢͷύϥϝʔ

λͰՃ͕Γͳ͍ͱ͞ΕΔɻ1970ʹ৽͘͠ɺ৽֚ͷͭ͘Δি

ܸ໘ͰޮΑ͘ϑΣϧϛՃ͕͜͞ىΕΔ͜ͱ͕ࣔ͞Εͨɻ
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ਤ 1.1: ٿ౸དྷ͢ΔӉઢͷΤωϧΪʔεϖΫτϧɻ௨ৗ ankleۙΑΓ

Ϳɻ[1]ݺΤωϧΪʔӉઢͱߴӉઢΛͭ࣋ΤωϧΪʔΛ͍ߴ

2



ϑΣϧϛҰ࣍Ճ

 vw Ͱӡಈ͢ΔนʹཅࢠͳͲӉઢʹͳΓ͏Δཻ͕ࢠ v Ͱিಥ͢

Δ͜ͱΛ͑ߟΔɻͦͷΑ͏ͳཻࢠͷিಥલͷӡಈྔͱΤωϧΪʔಛघ૬ର

ͷཁʹΑΓɹ

Px = γmvx E = γmc2 (1.1)

γ =
1√

1− |v|2/c2
(1.2)

িಥޙͷΤωϧΪʔ

E′ = γmc2γ2
w

[
1 + 2

vw
c

vx
c

+
(vw

c

)2
]

(1.3)

γw =
1√

1− |vw|2/c2
(1.4)

৽֚ͷিܸޫʹର͠ेখ͍͞ͱۙࣅͰ͖ΔͨΊ, |vw|$cͱ͢

Δͱɺཻ͕ࢠিܸʹҰিಥͯ͠ड͚औΔΤωϧΪʔ
〈
∆E

E

〉
=

4

3

v1 − v2
c

(1.5)

ͱ͞ࢉܭΕΔɻv1 িܸͷଆͷ͞Ͱɺv2 িܸͷ֎ଆͷ͞Ͱ͋

Δɻ͜ͷաఔΛ lճ܁Γฦͨ࣌͠ʹ֎ଆԕํʹཻ͕ࢠϩε͢Δ֬

Ploss =
֎ଆԕํͰͷϑϥοΫε

িܸ໘ʹଆ͔ΒྲྀΕࠐΉϑϥοΫε
(1.6)

=
nv2

n/2 · c/2l (1.7)

=
4v2
c

(1.8)

nཻࢠͷີͰ͋ΔɻΏ͑ʹ l ճিܸ໘Λԟ෮͢Δ֬

Sl = (1− Ploss)
l = (1− 4v2

c
)l (1.9)

(1.5)ͱ (1.9)͔Β

Sl
∼=
(
El

E0

)−3v2/(v1−v2)

=

∫∞
El

N(E)dE
∫∞
E0

N(E)dE
(1.10)

͜͜Ͱ͋ΔΤωϧΪʔ E ͷཻࢠΛN(E)ͱͨ͠ɻ͜ΕʹΑΓ

N(E)∝E−p , p =
v1 + 2v2
v1 − v2

(1.11)

ͱͳΔɻ͜ΕӉઢͷΤωϧΪʔεϖΫτϧ͕ႈവͰද͞Εͨ͜ͱʹଞ

ͳΒͳ͍ɻ

3



ਤ 1.2: ӉઢͷΤωϧΪʔͱӉۭؒͰͷݮਰڑͷؔɻ6 × 1019eV Α

Γ͍ߴΤωϧΪʔͰύΠΦϯͷੜ͕͜ىΓɺฏࣗۉ༝ߦఔ͕ܹٸʹ͘

ͳΔɻ[4]

1.3 GZKΧοτΦϑ

ӉӉϚΠΫϩഎࣹ์ܠ (Cosmic Microwave Background, CMB)ͱ

ɻCMB͢͜ىΛ༺࡞ޓΕΔి࣓Ͱຬͨ͞Ε͓ͯΓɺӉઢ͜Εͱ૬ݺ

ࡏݱͷӉͰ 2.7Kͷࠇମ์ࣹʹඇৗʹ͍ۙεϖΫτϧΛͨͭ࣋Ίɺ௨

ৗ 10−4 ∼ 10−3eVͱখ͍͞ΤωϧΪʔ͔ͨ࣋͠ͳ͍͕ɺ 1019eVҎ্ͷ

ΤωϧΪʔͰӡಈ͢ΔӉઢ ͱͬͯେ͖͍ޮՌʹ(ΤωϧΪʔӉઢߴ࠷)

Λͭ࣋Α͏ʹͳΔɻ۩ମతʹύΠΦϯͷੜԠ

p+ γCMB → p+ π0 (1.12)

p+ γCMB → n+ π+ (1.13)

ͷີࢠΤωϧΪʔΛࣦͬͯ͠·͏ɻ·ͨCMBͷޫࢠΓɺཅ͜ى͕ n ∼
3× 108m−3ɺΨϯϚઢʹΑΔύΠΦϯͷੜஅ໘ੵ σ ∼ 10−32m2 Ͱ͋Γɺ

ͦͷฏࣗۉ༝ߦఔ Λ ∼ 10Mpc1΄ͲͰ͋ΔͨΊɺۜՏ֎ʹͦͷ͕͋ݯىΔ

ͱ͢ΕɺͦͷΤωϧΪʔΛอͬͨ··ٿʹ౸དྷ͢Δ͜ͱͰ͖ͳ͍ɻ

1966 ʹ G.T.Zatsepin ͱ V.A.Kuzumin[2] ͓Αͼ K.Greisen[3] ͕ɺಠཱ

ʹ 6 × 1019eV ͷۙʹӉઢͷΤωϧΪʔͷ্͕ݶଘ͢ࡏΔ͜ͱΛ༧ଌ͠

ͨɻ͜ͷ্ݶఏএऀͷ಄จࣈΛऔͬͯʮGZKΧοτΦϑʯͱݺΕΔɻਤ

1.2 ʹӉઢͷݮਰͷࢉܭΛࣔ͢ɻ5 × 1019eV ΑΓ͍ߴΤωϧΪʔͰݮਰ

͕ܹٸʹ͘ͳ͍ͬͯΔɻ

1pcɿύʔηΫɺ1pc  3.26 ޫ
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ਤ 1.3: ӉઢՃݯͷީิఱମɻԣ࣠ఱମͷେ͖͞ɺॎ࣓࣠ͷ͞ڧɻ

ӈ্͘ߦ΄ͲӉઢΛߴΤωϧΪʔʹՃ͢Δ͜ͱ͕Ͱ͖Δ͕ɺߴ࠷Τω

ϧΪʔӉઢ (> 1020eV)Λे࡞ΕΔఱମͳ͍ɻ[6]͜͜ͰEeV 1018eV

ͰɺZeV 1021eVͰ͋Δɻ

1.4 GZKݶքΛ͑ΔӉઢͷݯى

ۜՏܥ֎ͷߴ࠷ΤωϧΪʔӉઢཧ্ٿ౸དྷ͠ͳ͍͜ͱʹͳΔ

͕ɺAGASAͷڀݚͰ [5]͜ͷΤωϧΪʔΛ͑ΔӉઢ͕ൃ͞ݟΕͨՄ

ੑ͕͋ͬͨͨΊɺ͍͔ͭ͘ͷݯىϞσϧ͕ఏএ͞Εͨɻ

1.4.1 ϘτϜΞοϓϞσϧ

ϘτϜΞοϓϞσϧӉͷԿΒ͔ͷߏʹΑΓՙిཻ͕ࢠՃ͞ΕΔͱ

͍͏ϞσϧͰ͋Δɻ͜ͷ߹ΤωϧΪʔ EͱϥʔϞΞܘ (= R < 1
2L)ͷؔ

ࣜ

E

1020eV
<

1

2

(
L

100kpc

)(
B

1µG

)
Zβ (1.14)

Λຬͨ͢ඞཁ͕͋ΔɻLՃثͷେ͖͞ɺBՃثͷ࣓ͷ͞ڧɺZӉ

ઢͷిՙΛిؾૉྔͰׂͬͨͷɺβ ӉઢͱՃثͷ૬ର (v = βc)

Ͱ͋Δɻ

͍͔ͭ͘ͷީิఱମΛ֓આ͢Δɻ
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தੑࢠ (Neutron Star)

ଠཅͷ 8∼10 ഒఔͷॏ͍߃͕ظ࠷ʹॏྗ่յΛࡍ͢͜ىɺͦͷաఔͰ

ͱࢠΒ͑ΒΕɺࣗ༝தੑัʹࢠதͷཅ֩ࢠݪ͕ࢠѹॖ͞ΕΔ͜ͱͰి͕ࢠݪ

ͳ͔ͬͯࢠݪΒग़ͯΏ͘ɻ͜ΕʹΑΓ΄ͱΜͲ͕தੑࢠͰߏ͞Εͨதੑࢠ

͕Ͱ͖Δɻதੑࢠଠཅͱ΄ͱΜͲಉ࣭͡ྔΛͪ࣋ͳ͕Βܘ 10km

ఔͱඇৗʹີߴͷఱମͰ͋Δɻ֯ӡಈྔอଘଇ͔Βඇৗʹେ͖͍͞Ͱ

ࣗసΛ͍ͯ͠ΔͨΊʹͦͷද໘ʹू·ͬͨՙిཻ͕ࢠେ͖ͳ࣓Λܗ͢Δɻ

ಈۜՏ֩׆ (Active Galactic Neuclei, AGN)

΄ͱΜͲͷۜՏத৺ʹଘ͢ࡏΔ 106∼9M& ΄Ͳͷେ࣭ྔϒϥοΫϗʔϧ͕

पΓͷΨεΛҿΈࠐΈɺδΣοτͱͯ͠์ग़͍ͯ͠Δঢ়ଶͰ͋ΔɻM& ଠ

ཅ࣭ྔͰ͋Δɻ์ग़͞ΕΔδΣοτޫɺX ઢɺΨϯϚઢͳͲ༷ʑͳछྨͷ

ి࣓͕ͩɺ͜ͷδΣοτిϩʔϒͱݺΕΔਧ͖ཷΓΛ࡞Δɻ͜ͷྖ

Ҭ͕ՙిཻࢠͷՃߏػͷީิͰ͋Δɻ

ΨϯϚઢόʔετ (Gamma Ray Bursts, GRB)

ΨϯϚઢόʔετΨϯϚઢྖҬͷޫ͕ࢠؒ࣌ʹଟ؍ଌ͞ΕΔݱͰ

͋Δɻؒ࣌ͱͯͬݴ 10−2∼3secͱͦͷܧଓؒ࣌ʹ͕ࠩ͋ΓɺΨϯϚ

ઢྔͷؒ࣌มԽͷ༷ࢠ؍ଌྫʹΑͬͯେ͖͘ҟͳΔɻ1990͝Ζ͔Β؍

ଌ͕ൃ׆Խͨ͠ɺൺֱత৽͍͠ڀݚͰ͋ΔɻϞσϧʹΑΔ͕ɺδΣοτͷ

શΤωϧΪʔ Eγ = 1044J ఔͰɺͦͷ͏ͪి࣓ 0.1%ͱੵݟΒ

Ε͍ͯΔɻͦΕͰۜՏͻͱͭͱಉఔͷޫʹୡ͢ΔɺۃΊͯߴΤωϧ

ΪʔͷݱͰ͋Δɻ΄΅ޫͰ์ग़͞ΕΔΨϯϚઢͷ΄͔ɺޫͷे%ఔ

ͷ͞Ͱӡಈ͢ΔίΫʔϯ (cocoonɿຨ)ͱݺΕΔྖҬ͕ଘ͢ࡏΔͱ͍͏

Ծઆ͕͋Δɻ͜ͷྖҬమͳͲॏ͍ݩૉؚΜͰ͓Γɺߴ࠷ΤωϧΪʔӉ

ઢͷՃݯͷީิͷҰͭͱ͞ΕΔɻ

ۜՏஂ

ۜՏஂɺଟ͍ͷͰ ΒΕͯɺॏྗʹΑͬ࡞ͯͬ·Ҏ্ͷۜՏ͕ूݸ1000

ͯଋറ͞ΕͨӉ࠷େͷఱମͰɺͦͷൣғ 106∼7pcɺ࣭ྔ 1015M& ͱڊ

େͰ͋ΔɻۜՏஂۜՏಉ͕࢜িಥͯ͠গͣͭ͠େ͖͘ͳΔͱݟΒΕ͓ͯΓɺ

ۜՏஂಉ͕࢜িಥ͢Δࡍେ͖ͳॏྗͰ 1000km/s Ҏ্ʹՃ͢ΔͨΊি

ܸ͕ܗ͞ΕΔɻ͜ͷՃث׆ಈۜՏ֩ΨϯϚઢόʔετɺதੑࢠͱ

ൺΔͱখ͍࣓͔ͨ࣋͞͠ͳ͍͕ɺͦͷܥͷେ͖͞ͷͨΊߴ࠷ΤωϧΪʔ

ӉઢΛੜ͢Δީิͱͳ͍ͬͯΔɻ

ਤ 1.3ʹ͍Ζ͍ΖͳఱମͷయܕతͳαΠζͱ࣓Λࣔ͢ɻͨͱ͑ઢΑΓ

্ʹ͋ΔఱମͰ͋ΕͰ͋Ε 1020eV (100EeV)ͷཅ͕ࢠՃՄͰ͋Δɻ
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ਤ 1.4: Ӊઢͱͯ͠ϋυϩϯ͕ೖࣹͨ͠Ϟσϧɻి࣓ଟॏΫʔϩ࣍1

ϯࢄཚʹΑΓԣํʹൃୡ͢Δɻ[7]

1.4.2 τοϓμϯϞσϧ

ΤωϧΪʔͷཻ͍ࢠΛՃ͢ΔϞσϧ͚ͩͰͳ͘ɺ࣭ྔͷେ͖͍ະͷ

յ͢Δ͜ͱͰ่͕ࢠཻ 1020eV Λ͑ΔӉઢΛੜ͢ΔϞσϧݕ౼͞Ε

ͨɻྫ͑Ӊॳ͖ىʹظΔ૬సҠ (૬࡞ޓ༻ͷԽͳͲ)͕࡞ΔҐ૬ܽؕʹ

ΑΓӉͻϞϊϙʔϧ͕Γɺ͜ΕΒ่͕յ͢Δ͜ͱͰΤωϧΪʔΛ์

ग़͍ͯ͠Δͱ͢Δ͑ߟͰ͋Δɻ

1.5 γϟϫʔؾۭ

ͯ͠༺࡞ޓதͷ࣭ͱ૬ؾ౸དྷ͢ΔͱେٿΤωϧΪʔͷӉઢ͕ߴ 2

Δɻ·ͨ͜ͷ࡞ӉઢΛ࣍ 2 ɺγϟ͜͠ىΛ༺࡞ޓʑͱ૬࣍ʹ͞Βࢠཻ࣍

ϫʔͷΑ͏ʹਫฏํʹԁঢ়ʹ͕Γͳ͕Β༷ʑͳཻࢠΛ߱ΒͤΔɻ͜Ε

ΛۭؾγϟϫʔͱΑͿɻಛʹ 1014eV Ҏ্ͷӉઢͷγϟϫʔද·Ͱ౸

ୡ͢ΔͨΊɺ্Ͱͷ؍ଌ͕ՄͱͳΔɻͨͩ͠Ӊઢͷ౸དྷස 1015eV

Ͱ 1particle/(m2 · year)ɺ1018.5eVͰ 1particle/(km2 · year)΄ͲͰ͋ΔͨΊɺ

ଟ͘ͷۭؾγϟϫʔΛ؍ଌ͢ΔͨΊʹ͍໘ੵΛඞཁͱ͢Δɻཻ૿͕ࢠՃ

͢Δʹཻ͕֤ͨͬͯ͠ࢠͷΤωϧΪʔݮগ͢ΔͨΊɺ͋Δஈ֊·Ͱཻࢠ

͕૿Ճ͠࠷େʹͳͬͨͷͪݮগ͢ΔɻཻࢠͷมԽ͢ΔաఔΛΧεέʔυͱ

ΑͿɻ

7



1.5.1 ి࣓γϟϫʔ

ରੜɺࢠಥೖ͢ΔͱͦΕͧΕిʹؾେ͕ࢠΤωϧΪʔͷΨϯϚઢిߴ

੍ಈࣹ͕Ҿ͖͜͞ىΕΔɻ

Ѝ → e− + e+ (1.15)

e± → e± +Ѝ (1.16)

͜ΕʹΑΓࢦؔతʹిࢠɾཅࢠɾΨϯϚઢͷݸ͕૿͑ɺͦͷաఔΛి

࣓ΧεέʔυͱΑͿɻ

ΤωϧΪʔ E0 ͷిࢠ͘͠ΨϯϚઢ͕େؾʹೖࣹ͢Δ߹Λ͑ߟΔɻ 1©
૬࡞ޓ༻Ͱੜ͞ΕΔ࣭ʹΤωϧΪʔ͕͘͠͞ΕΔɺ 2©2 ͭͷ૬

ఔߦ༝ࣗۉΔ·Ͱͷฏ͖ىΕͧΕ͕ͦ༺࡞ޓ X0 ͍͠ɺͱ͍͏ 2 ͭͷۙ

ͷਂ͞ؾ४ͱͨ͠େجΛ༺࡞ޓॳͷ૬࠷ͱɺ͏ߦΛࣅ tX0 Ͱͷిࢠɾཅిࢠɾ

ΨϯϚઢͷ૯ Nͱ͓ͷ͓ͷʹ͞ΕΔΤωϧΪʔ ε

N(t) = 2t (1.17)

ε(t) = E0/N(t) (1.18)

ͱද͞ΕΔɻ͜͜Ͱ t ૬࡞ޓ༻ͷੈΛද͢ɻۭؾதͰిࢠରੜ੍

ಈ์ࣹΛͤ͜ىΔΤωϧΪʔͷԼݶɺ͢ͳΘͪྟքΤωϧΪʔΛ ε0(େؾத

Ͱ 85MeV)ͱ͢Ε Nͷ࠷େ Nmax ͱͦͷ࣌Ͱͷେؾͷਂ͞ tmaxX0 

Nmax = E0/ε0 (1.19)

tmaxX0 = X0log2(E0/ε0) (1.20)

ͱͳΔɻ 1© 2© ͱҧ͍ɺ࣮ࡍʹ͞ΕΔΤωϧΪʔ 0∼1 ͷؒʹɺ૬

ڑͰͷ·͢͜ىΛ༺࡞ޓ X0 ͷपΓʹͦΕͧΕΛͨͭ࣋Ί࠷େൃୡ

Λܴ͑ͨޙͷ N(t)؇͔ʹݮগ͢Δɻ

ి࣓γϟϫʔதͷిࢠۭؾதͰଟॏΫʔϩϯࢄཚΛͨ͢͜ىΊɺ1 ࣍

Ӊઢͷೖࣹ࣠ͷपΓʹ͢Δɻڑ tX0 ΛਐΉͱ͖ɺଟॏΫʔϩϯࢄཚ

ͷࢄཚ֯ͷೋฏۉϥβϑΥʔυࢄཚͷެࣜΑΓ

〈
θ2
〉
≈ (Es/E)2t (1.21)

ͱ͞ࢉܭΕΔɻͳ͓Es ≈ 21MeVͰ͋ΔɻྟքΤωϧΪʔEc Λͬͨి͕ࢠ

X0 ΛਐΉؒͷฏۉత͕Γ rm[gcm−2] ΛϞϦΤʔϧ୯Ґͱ͍͍ɺۭؾγϟ

ϫʔͷԣ͕ΓΛද͢ॏཁͳύϥϝʔλͱͳΔɻ

rm = X0 tan 〈θ〉 (1.22)

≈ X0 · (Es/E) (1.23)

= (Es/E)X0 (1.24)
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·ͨɺ͔࣠Βͷਨڑ rͰͷిࢠͷཻࢠີ ρe(r)ɺx = r/rm ͱ

ʹతࣅۙͯ͠

ρe(x) =
Ne

r2m
C(s)xs−2(1 + x)s−4.5 (1.25)

ͱॻ͘͜ͱ͕Ͱ͖ɺNKG ؔͱ͍͏ɻs  age parameter ͱΑΕɺ1

ҐஔͰ͢͜ىΛ༺࡞ޓॳʹ૬࠷Ӊઢ͕࣍ 0ɺ࠷େൃୡ tmaxX0 Ͱ 1ͱͳΔ

୯ௐ૿ՃؔɺC(s)֨نԽఆɺNe ిࢠͷ૯Ͱ͋Δɻ

1.5.2 ϋυϩϯγϟϫʔ

1 ىΛ༺࡞ޓͱ֩૬֩ࢠݪʹॳ࠷ೖࣹͯ͠ʹؾͰ͋ΕେࢠӉઢ͕ཅ࣍

͜͢͜ͱͰύΠΦϯ (π தؒࢠ)ɺέΠΦϯ (Kதؒࢠ)ɺཅࢠɺதੑࢠΛੜ

͢Δɻେ෦ύΠΦϯͰɺͦͷ࣍ʹέΠΦϯͰ͋Δɻ୯ମͷཅࢠͰͳ͍͘

͔ͭ͘ͷཅࢠɾதੑ֩ࢠݪ͕ࢠΛߏͯ͠ೖࣹ͢Δ߹ɺॳΊͷিಥͰ΄΅

༺࡞ޓಉ༷ʹϋυϩϯΛੜ͢Δɻ͜ͷ૬ޙશʹΒΒʹͳΓɺͦͷ

ΤωϧΪʔͷ͔͗͢ڐΓ࿈͠ɺ֩ΧεέʔυͱΑͿɻ

ύΠΦϯʹ π±ɺπ0 ͷࡾछ͕͋Γɺ΄΅ಉׂ͡߹Ͱ࡞ΒΕΔɻੜ͞Ε

ͨύΠΦϯ͕ҎԼʹ่ࣔ͢յΛ͢Δ͔ɺͦΕͱ֩ࢠݪͱͷ֩૬࡞ޓ༻Ͱ࣍

ͷϋυϩϯΛੜ͢Δ͔ɺ่յ͢Δ·Ͱͷฏڑۉͱ֩૬࡞ޓ༻ͷฏࣗۉ

༝ߦఔͱͷΓ߹͍Ͱܾఆ͞ΕΔɻύΠΦϯͷΤωϧΪʔ Eπ ͕େ͖͍΄Ͳ

લऀ͕େ͖͘ͳΔͨΊ֤૬࡞ޓ༻͕ଓ͖ɺೖࣹ͕֯ਫฏʹ͍ۙ΄Ͳฏࣗۉ༝

Βೖࣹͨ͠߹ɺ͔ํ͍ۙʹఔ͕ԆͼΔͨΊઌʹ่յͯ͠͠·͏ɻఱߦ

1015eVҎ্ͷΤωϧΪʔΛ͍ͬͯΕेʹද·Ͱ֩Χεέʔυ͕ଓ͘ɻ

π0 ࣍ͷ่յ

π0 → 2Ѝ (1.26)

Λ࣓ిͯ͜͠ىΧεέʔυҠ͢ߦΔɻ

π± ผͷ่յΛ͢͜ىɻ

π+ → µ+ + νµ (1.27)

π− → µ− + νµ (1.28)

ϛϡʔΦϯిࢠͱൺ࣭ͯྔ͕ඇৗʹେ͖͍ͨΊɺ੍ಈ์ࣹΛͣ͜͞ىΤ

ωϧΪʔΛࣦ͍ͳ͕Βද౸ୡ͢ΔɻΤωϧΪʔͷখ͍͞ϛϡʔΦϯ

µ+ → e+ + νe + νµ (1.29)

µ− → e− + νe + νµ (1.30)

ͷΑ͏ʹ่յ͢Δɻ
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ਤ 1.5: େޫܬؾεϖΫτϧɻ300∼400nm ͰओʹޫΔͷ͕ૉࢠݪͰ͋Δɻ

[8]

1.5.3 ଌ؍γϟϫʔͷؾۭ

ϋυϩϯ͕ ʹΑͬͯγϟϫʔߏೖࣹ͢ΔͱɺͦͷʹؾӉઢͱͯ͠େ࣍1

ͷ࠷େൃୡͷਂ͞Xmax มԽ͢Δɻ·ͣɺ֩૬࡞ޓ༻ͷฏࣗۉ༝ߦఔࢠݪ

ྔAʹର͠A−2/3 ͷׂ߹Ͱ͘ͳΔɻ·ͨ͢Ͱʹड़ͨΑ͏ʹཅࢠͰͳ͍ݪ

֩ࢠ (ΤωϧΪʔ E0) ͕ೖࣹ͢Δ߹࠷ॳͷিಥͰΒΒʹͳΔͱۙࣅ

Ͱ͖ΔͨΊɺ͡Ί͔Β E0/AͷΤωϧΪʔΛͬͨ Aݸͷཻ͕ࢠೖࣹ͢Δ

ͱ͑ߟΒΕΔɻ͜ͷͱ͖ɺXmax ∝ log2(E0/A) ͳͷͰ A ͕େ͖͍΄Ͳɺ͢ͳ

Θͪೖࣹ͢Δ͕֩ࢠݪॏ͍΄Ͳ࠷େൃୡͷਂ͞ઙ͍ɻ͑ݴʹٯ E0 

දͰͷXmax ͷଌఆʹΑͬͯ AΛಛఆ͢Δ͜ͱ͕Ͱ͖Δɻ

ͱ͜ΖͰɺେؾΛߴͰӡಈ͢Δཻࢠۭؾதͷ (ओʹ) ૉࢠΛྭ͠ىɺ

300∼400nm ۙͷͷޫܬΛ์ग़͢Δɻ͜ͷେޫܬؾͷ໌Δͦ͞ͷ

ॴͰͷཻࢠ Nʹൺྫ͢ΔͨΊɺԕڸΛ༻͍ͯ؍ଌ͢Δ͜ͱͰॎํͷൃ

ୡͷ༷ࢠΛଊ͑Δ͜ͱ͕Ͱ͖ɺXmax E0 ΛΔͷʹཱͯΔ͜ͱ͕Ͱ͖Δɻ

·ͨɺ1 Λಛఆ͢Δख͕͔ΓͱͳݯىΛΔ͜ͱͰͦͷӉઢͷ౸དྷํ࣍

ΔɻදʹۭؾγϟϫʔΛݕग़͢Δݕग़ثΞϨΠΛൣғʹઃஔ͢Δ͜ͱͰɺ

ͦͷݕग़λΠϛϯάͷࠩͳͲ͔ΒزԿֶతʹۭؾγϟϫʔͷγϟϫʔ࣠Λܾ

ఆ͢Δ͜ͱ͕Ͱ͖Δɻ
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ୈ2ষ ςϨείʔϓΞϨΠ࣮ݧ

2.1 ςϨείʔϓΞϨΠ࣮ݧͷ֓ཁ

ߴΤωϧΪʔӉઢʹؔͯ͠ɺओʹ

• ͦͷΤωϧΪʔεϖΫτϧΛ؍ଌ͔ΒٻΊɺGZKΧοτΦϑͷ༗ແΛ

͔֬ΊΔ͜ͱ

• ͦͷ౸དྷํΛٻΊͯɺݯىͱͳΔఱମΛಛఆ͢Δ͜ͱ

• ͦͷཻߏࢠΛXmax ͳͲ͔Βಛఆ͢Δ͜ͱ

Λతʹ 2003 ʹݐઃ։࢝ɺ2008 ͔ΒఆৗӡసΛ͍ͯͬߦΔͷ͕ςϨε

ίʔϓΞϨΠ࣮ݧ (Telescope Array experiment, TA࣮ݧ)Ͱ͋ΔɻߴΤω

ϧΪʔӉઢͷ౸དྷසখ͍ͨ͞Ί (1018.5eVͰ 1particle/(km2 · year))
େͳΛඞཁͱ͠ɺΞϝϦΧ߹ऺࠃϢλभத෦ͷ࠭യଳ͓Αͦ 700km2

ʹ 507 ͷݕग़ثΛల։ͯ͠ՔಇதͰ͋ΔɻTA ग़ݕΒΕΔද͍༺ʹݧ࣮

ؾΛར༻ͨ͠େޫܬؾγϯνϨʔγϣϯޫΛར༻ͨ͠ͷͰɺՃ͑ͯେث

ڸԕޫܬ 3ઃஔ͍ͯ͠Δɻ࣮ݧʹ࠭യ͕બΕͨͷͷ͞ͷଞ

ʹɺ͜ͷେޫܬؾΛ؍ଌ͢ΔͨΊʹେ໌ಁ͕ؾͰ֗ͷ໌͔Γ͕΄ͱΜͲͳ͍

͜ͱҰΛ௨ͯ͠Ε͍ͯΔ͜ͱ͕ଟ͍ͱ͍ͬͨཧ༝͕͋Δɻେޫܬؾ

ԕڸXmax  E0 Λಛఆ͢Δͷʹ༏Ε͍ͯΔ͕ɺ݄ͷग़͍ͯͳ͍Ͱ͋Δ͜

ͱಶ͍ͬͯͳ͍͜ͱͳͲΛཁ͢ٻΔͨΊՔಇ 10%΄ͲͰ͋Δɻ͜Εʹ

ରͯ͠දݕग़ثৗ࣌Քಇ͕ՄͳͨΊՔಇ͕΄΅ 100%Ͱ͋Γɺେؾ

ͱ͕Ͱ͖Δɻ͜͜͏ߦಉ༷ΤωϧΪʔγϟϫʔ࣠ͷܾఆͳͲڸԕޫܬ

ͷ૬ิతͳϋΠϒϦου؍ଌʹΑΓৄࡉʹӉઢΛղੳ͢Δ͜ͱ͕Ͱ͖Δɻ

2.2 දݕग़ث (Surface Detector, SD)

ਤ 2.2 ʹࣔͨ͠ͷ͕දݕग़ثͰ͋Δɻ֎؍ϓϥενοΫγϯνϨʔλ

Λີ෧ͨ͠γϯνϨʔλϘοΫεɺσʔλऩू༻ΤϨΫτϩχΫε (ਤ 2.3)

ిڅڙݯ༻όοςϦʔΛऩೲ͢ΔεςϯϨεϘοΫε (ਤ 2.4)ɺిڅڙݯ༻

ιʔϥʔύωϧɺ௨৴༻Ξϯςφɺ͜ΕΒΛݻఆ͢ΔͨΊͷۚଐϑϨʔϜͰ

֤ͨ·͞Ε͍ͯΔɻߏ SD ͷใΛऩू͠औΓ·ͱΊΔ௨৴ౝ͕ 3 ͔ॴʹ

ઃ͞Ε͍ͯΔݐ (ਤ 2.1)ɻ
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ਤ 2.1: TAαΠτͷਤ [9]ɻSD͕ 507ઃஔ͞Ε͓ͯΓɺഁઢͰ۠ΒΕ

ͨྖҬ͝ͱʹ͋Δ௨৴ౝ (MDCTɺLRCTɺBRCT)ͷσʔλऩूγεςϜͱ

௨৴Λ͏ߦɻ[9]

ਤ 2.2: දݕग़ثͷ֎؍ɻιʔϥʔύωϧͰൃి͠ɺཪͷεςϯϨεϘο

ΫεͷόοςϦʔʹॆి͢Δ͜ͱͰಶΓͷଌఆ͕͑ߦΔɻΞϯς

φد࠷Γͷ௨৴ౝ (ਤ 2.5) ͷํΛ͍͍ͯͯใͷ௨৴Λ͏ߦɻγϯν

ϨʔλϘοΫεۚଐͷࠜͰ෴ΘΕ͍ͯͯɺ͜ͷࠜͷ্ʹGPSΞϯς

φ͕औΓ͚ͯ͋Δɻιʔϥʔύωϧͷʹࢭ·ͬͨௗʹΑΔฅ͕ύωϧ

Λ෴ͬͯ͠·͏ͱଠཅޫ͕ःΒΕͯ͠·͏ͨΊɺௗ͕ࢭ·Βͳ͍Α͏όʔ

υεύΠΫΛͱΓ͚ͭͯ͋Δɻ
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ਤ 2.3: ΤϨΫτϩχΫεͷ෦ߏ [10]ɻϝΠϯϘʔυͷ FADCͷ 2ͭͷΠ

ϯϓοτͰγϯνϨʔλ্Լ͔Βͷ৴߸ΛͦΕͧΕड͚औΔɻ·ͨϦχΞ

ϦςΟςετ༻ LEDPMTʹϝΠϯϘʔυ͔ΒిѹΛ͔͚ΔɻGPSϘʔ

υϝΠϯϘʔυͷ্ʹऔΓ͚ΒΕ͍ͯΔɻϝΠϯϘʔυͷԼʹWLAN

Ϙʔυ͕औΓ͚ΒΕ͓ͯΓɺ௨৴ౝͱͷૹड৴Λ͏ߦɻνϟʔδίϯτϩʔ

ϥʔओʹιʔϥʔύωϧ͔ΒόοςϦʔͷաॆిΛׂ͙Λͭ࣋ɻ

ਤ 2.4: εςϯϨεϘοΫεͷதɻΫʔϥʔϘοΫεͷதʹόοςϦʔɺ

Reboot TimerɺεΠονϘʔυ͕ऩೲͯ͋͠ΔɻΫʔϥʔϘοΫεͷ্ʹ

ΤϨΫτϩχΫε͕ݻఆ͞Ε͍ͯΔɻ
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ਤ 2.5: ௨৴ౝ KMCTͷ֎؍ɻڑ௨৴༻ͷύϥϘϥΞϯςφɺιʔϥʔ

ύωϧɺ͞ΒʹιʔϥʔύωϧͷཪʹɹόοςϦʔɺσʔλऩूͷͨΊͷػ

ड़ͷޙΛ֨ೲ͢Δίϯςφ͕ઃஔ͞Ε͍ͯΔɻͳ͓ɺ͜Εث TAx4༻௨৴

ౝͷ͏ͪ KMCT(3.1.3અ)Ͱ͋Δ͕ɺجຊతʹߏ TAͱಉ͡Ͱ͋Δɻ
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ਤ 2.6: γϯνϨʔλϘοΫε෦ͷུ֓ਤɹγϯνϨʔλःޫޫܬΛ

ࣹͤ͞ΔతͰλΠϕοΫγʔτͰ෴͏ɻ͜͜ʹॻ͔Ε͍ͯͳ͍͕Ұ൪֎

ଆϒϥοΫγʔτͰ෴͏ɻ

2.2.1 γϯνϨʔλϘοΫε෦

γϯνϨʔλϘοΫε෦ͷߏΛਤ 2.6ʹࣔ͢ɻSDγϯνϨʔλ (γʔ

ΞΠࣾۀɺCIMS-G2) ্͕ͱԼͷ 2 ߏʹͳ͍ͬͯΔɻҰʹ

PMT1(Electron Tubeࣾɺ9124SA)ΛڬΜͰࠨӈʹ 4ຕͣͭ߹ܭ 8ຕͷγ

ϯνϨʔλ͕ฒΒΕɺݕग़໘ੵ 3m2 Ͱ͋ΔɻγϯνϨʔλ 4ຕ͝ͱʹ

ࣹ 90%ఔͷλΠϕοΫγʔτͰ෴͍ͬͯΔɻ ·ͨޫ࿙Εͱଞ͔Βͷ

ΤωϧΪʔ์ࣹઢόοΫάϥϯυ Λ͢ࢭΔͨΊɺ্ͱԼͷ্ؒԼ

ͷγϯνϨʔλ͔Βͷޫ͕ΫϩετʔΫ͠ͳ͍Α͏ʹ 1mm ͷް͞ͷες

ϯϨε൘ͰΒΕ͍ͯΔɻߋʹҰ൪֎ଆϒϥοΫγʔτͰγϯνϨʔλ

ͱϑΝΠόʔશମΛ෴͍ͬͯΔɻγϯνϨʔλʹ 2cmִؒͰ͕͋ߔΓɺ

มϑΝΠόʔ (ΫϥϨࣾɺY-11(200)) Λு͍ͬͯΔɻγϯνϨʔλ 1

ຕ͋ͨΓɺ5mͷϑΝΠόʔ͕ 13ຊுͬͯ͋Δɻย 8ຕͷγϯνϨʔλʹ

ுͬͯ͋Δ 104 ຊͷϑΝΠόʔͷ྆Λͻͱͭʹ·ͱΊɺ1 ͭͷ PMT Ͱޫ

ΛಡΈऔΔɻ͝ͱʹ 1 ຊͷ PMT ͰಡΈग़͢͜ͱͰɺ֤Λ௨աͨ͠ՙి

ग़͢Δ͜ͱ͕Ͱ͖Δɻ·ͨ͜ΕΒ্ͱԼ͔Βͷ৴߸ͷίݕʹΛಠཱࢠཻ

ΠϯγσϯεΛऔΔ͜ͱͰɺڥΨϯϚઢͷϊΠζͱͳΔ৴߸ΛऔΓআ͍

ͯ S/N ൺͷ͍ߴσʔλΛऔಘ͢Δ͜ͱ͕ग़དྷΔɻ λΠϕοΫγʔτͷ্͔

ΒϦχΞϦςΟଌఆ༻ͷ LED ͕औΓ͚ΒΕɺγϯνϨʔλϘοΫεͷத

৺ͷࢧபʹԹٴܭͼ࣪ݻ͕ܭఆ͍ͯ͞Δɻ

1Photomultiplierɺޫి૿ࢠഒ
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ϓϥενοΫγϯνϨʔλ

TA࣮ݧͰ ΄ʢ௨ৗͷӉઢࢠӉઢͱ্ͯ͠ʹ౸ୡ͢Δՙిཻ࣍2

ͱΜͲ͕ϛϡʔΦϯʣΛγϯνϨʔλʹ௨աͤ͞Δ͜ͱͰɺͦͷΤωϧΪʔ

ͷҰ෦ΛγϯνϨʔγϣϯޫͱͯ͠ޫΤωϧΪʔʹมͤ͞ɺݕग़͢Δɻද

2.2.1ͦͷγϯνϨʔλͷεϖοΫΛ·ͱΊͨͷͰ͋Δɻ

ද 2.1: ϓϥενοΫγϯνϨʔλͷεϖοΫ

໊ CIMS-G2

ੇ๏ 150 cm ʷ 25 cm ʷ 1.2 cm

ࢷྉथݪ MS-IM-62-01

Wavelength of Maximum Scintillation1 420nm

Scintillation Efficiency 60% Anthracene2

ؒ࣌ਰݮ 3.0∼3.2ns

۶ં 1.5∼1.58

ີ 1.04g/cm3

1 ಁաεϖΫτϧʹ͓͚Δ
2 Ξϯτϥηϯ (C14H10)Ͱͨͬ࡞γϯνϨʔλͷൃޫྔΛج४ͱ͢Δɻ

มϑΝΠόʔ

มϑΝΠόʔޫϑΝΠόʔͷҰछͰ͋ΓɺγϯνϨʔλͷൃޫΛ

PMT ʹ͑ΔׂΛͭ࣋ɻޫϑΝΠόʔ௨ৗͦͷଆ໘ʹೖࣹͨ͠ޫΛશ

ࣹͤ͞Δ͜ͱͰ͖ͳ͍ɻͦ͜ͰมࡐΛࠞͥΔ͜ͱͰޫΛٵऩɾ࠶

ൃޫ͢ΔͷͰɺൖ͢ΔޫྔΛ૿͢͜ͱ͕Ͱ͖ΔɻTAͰΫϥϨࣾ Y-

11(200)M-SܕϑΝΠόʔ 1mmφͷͷΛ༻͍ͯ͠ΔɻY-11ม

ͨ͠߹ͷछྨɺ(200)ࡐ Y-11ͷೱͱϑΝΠόʔͷܘΛ͔͚ͨͷ

Ͱ͋ΔɻMϑΝΠόʔ͕Multi-CladdingλΠϓͰ͋Δ͜ͱΛ͍ࣔͯ͠Δɻ

ҰൠʹޫϑΝΠόʔத৺෦ͷίΞ (core)ͱपΓΛ෴͏Ϋϥου (clad)ͷ۶

ંͷҧ͍Λར༻͢Δ͕ɺMulti-CladdingλΠϓͷϑΝΠόʔΫϥου͕

ೋॏʹͳ͓ͬͯΓɺී௨ͷϑΝΠόʔʹൺτϥοϓޮ͕ྑ͍ (ਤ 2.10)ɻ

S S-typeͷ͜ͱͰ͋Δ͕ɺίΞΛܗ͢Δࢠͷ͕͖ଗ͍ͬͯΔͨΊʹ

ɺNon-S͘ڧʹ͛ۂ্ߏ typeʹൺখ͍͞ܘͰ͛ۂΔ͜ͱ͕Ͱ͖Δ (ਤ

2.8, ਤ 2.9)ɻγϯνϨʔλϘοΫεʹϑΝΠόʔΛऩೲ͢ΔऔΓճ͠Λ͑ߟ

Δ্ͰॏཁͳੑͰ͋Δɻ

2.2.2 SDͷσʔλऩू

SDͷσʔλऩू֤ SDͷΤϨΫτϩχΫεͰߦΘΕɺαΠτʹෳݐઃ

͞Εͨ௨৴ౝͷλϫʔΤϨΫτϩχΫεΛܦ༝ͯ͠ TAαΠτͷ౦ํɺDelta
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ਤ 2.7: Y-11ม͕ࡐɺTAͰ༻͍ΔγϯνϨʔλͷ์ग़͢Δޫͷʹ

͋͏͜ͱ͕Θ͔Δɻ(ද র)[11]ࢀ2.1

ਤ 2.8: ϑΝΠόʔͷ͛ۂܘͱͨ͛͜ۂͱʹΑΔޫͷଛࣦͷؔɻϩεʹେ

͖͘ҧ͍͕ग़Δͷܘ 40mmҎԼʹͨ͛ۂͱ͖͕ͩɺΫϥϨࣾ 1mmφͷ

ϑΝΠόʔͷ͛ۂͷ্ݶNon-S typeͰܘ 200mmɺS typeͰܘ 100mm

Λਪ͢Δɻ[11]

ਤ 2.9: ͷఆٛܘͷ͛ۂ [11]

ਤ 2.10: Multi-CladdingϑΝΠόʔͰͷޫͷͷࣜਤɻMulti-Cladding

ͰୈҰͷΫϥουͰશࣹ͠ͳ͘ͱɺୈೋͰर͑Δ߹͕͋Δɻ[11]
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ਤ 2.11: αϒΤϨΫτϩχΫεͰͷσʔλऩू

ʹ͋Δࢢ CRC(Cosmic Ray Center)ૹΒΕΔɻͦͷؒҎԼʹड़Δ 3छ

ྨͷτϦΨʔΛੜ͢ΔΈ͕ଘ͢ࡏΔɻ

αϒΤϨΫτϩχΫε

PMTͰ૿෯͞Εͨ৴߸্ԼผʑʹαϒΤϨΫτϩχΫεͷ 2ͭͷνϟ

ϯωϧ͕ड͚औΔɻ͜ͷ৴߸ FADC(Flash ADC)͕σδλϧαϯϓϦϯά

ͯ͠ܗΛه͢ΔɻFADC࠷େ 2VͷిѹΛ 12bit(2ਐͰ 4095·Ͱ)ɺ

50MHz(1bin/20ns)ͰαϯϓϦϯά͢Δ͕ɺਫ਼Λ্͛ΔͨΊʹϩʔύεϑΟ

ϧλ (ΧοτΦϑप:9.7MHz)Λ௨ͯ͠ߴपऔΓআ͘ɻ

• level-0 τϦΨʔ

͜͏ͯ͠σδλϧԽͨ͠৴߸ʹ͍ͭͯɺFPGA ͷϓϩάϥϜͰఆ

Λ͏ߦɻ·ͣ͋Δؒ࣌ T = T0 ·Ͱͷ 8bin ͷ৴߸ͷੵ S0 Λɺ

T = T0 − 12bin͔Β T = T0 − 4bin·Ͱͷ 8binͷ৴߸ͷੵ S−1

ͱൺֱ͢Δɻ্ԼͰ S0 − S−1 > 1/3MIPͰ͋Δͱ͖ (MIPʹ͍ͭͯ

 4.1અͰৄड़)ɺόοϑΝʹ T0 ͱɺT = T0 − 35bin͔Β 128binͷ

৴߸͕ه͞ΕΔɻఆ͕ྃ͢Δͱ 4binਐΊͯ܁Γฦ͞ΕΔɻ

• level-1τϦΨʔ

S0 − S−1 > 3MIP Ͱ͋Δͱ͖ɺlevel-0 τϦΨʔͱผʹ level-1 τϦ

ΨʔΛੜ͢Δɻlevel-1 τϦΨʔςʔϒϧʹ T0, S0 ͷ΄͔όοϑΝ

தͷରԠ͢ΔॴͷϙΠϯλ͕ه͞ΕΔɻ
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λϫʔΤϨΫτϩχΫε

TA αΠτʹ 3 ͷ௨৴ౝ͕͋Γɺ֤αϒΤϨΫτϩχΫε͋Β͔͡

ΊܾΊΒΕͨ௨৴ౝ (ϗετ)ͱ௨৴Λ͏ߦɻ௨৴ౝʹλϫʔΤϨΫτϩχ

Ϋε͕ઃஔ͞Ε͍ͯͯɺ1HzͰ֤ SDʹσʔλૹ৴ͷཁٻΛૹΔɻ

• level-2 τϦΨʔ

ཁٻΛड͚֤ͯ SD͔ΒλϫʔΤϨΫτϩχΫεʹ level-1τϦΨʔςʔ

ϒϧ͕ૹΒΕΔɻྡͨ͠ 3 ͷ SD ͔Β 8µs Ҏͷ level-1 τϦΨʔ

Λड͚औͬͨ࣌ɺۭؾγϟϫʔͱఆͯ͠ level-2τϦΨʔ͕ੜ͞Εɺ

֤ SDͷ૬͢ΔܗΛه͢Δɻ

քτϦΨʔڥ

લड़ͨ͠Α͏ʹ TASD ΞϨΠʹ௨৴ౝ͕ 3 ઃஔ͞Ε͓ͯΓ (ਤ 2.1)ɺ

֤ SDܾΊΒΕͨ௨৴ౝͱτϦΨʔςʔϒϧͳͲͷΓͱΓΛ͏ߦɻ

֤௨৴ౝͷ୲͢Δ SDྖҬ͝ͱʹۭؾγϟϫʔͷఆΛ͏ߦ level-2τϦ

ΨʔΛੜͯ͠͠·͏ͱɺSD ྖҬΛ·͙ͨγϟϫʔͷݕग़͕͞Εͨͱ͖ͦ

ΕΒΛͻͱͭͷΠϕϯτͱͯ͠ೝࣝͰ͖ͣɺਖ਼͍͠σʔλΛऔಘ͢Δ͜ͱ͕

Ͱ͖ͳ͘ͳΔɻ͜ΕΛ͙ͨΊʹڥքۙͷ SD ͷτϦΨʔςʔϒϧͷΈผ

ʹ༻ҙ͞Εͨηϯτϥϧ PC(SKCT ʹઃஔ) ૹΒΕɺಠཱͨ͠τϦΨʔ

ఆΛ͏ߦɻτϦΨʔ݅ level-2 τϦΨʔͱಉ͡ɺྡͨ͠ 3ͷ SD͔Β

8µsҎͷ level-1 τϦΨʔΛड͚औͬͨͱ͖ʹͳ͍ͬͯΔɻͨͩ͜͜͠Ͱͷ

ʮྡʯڥքΛ·͙ͨ͜ͱ͋ΔͨΊɺ࠷ڥքʹ͍ۙ SD͚ͩͰͳͦ͘ͷ

ͻͱͭଆͷ SD ͷτϦΨʔςʔϒϧ֬ೝ͞ΕΔඞཁ͕͋Δɻηϯτϥϧ

PCͰτϦΨʔ͕ੜ͞ΕΔͱશ௨৴ౝͷશܗใ͕ऩू͞ΕΔɻ

2.3 େޫܬؾԕڸ(Flourescence Detector, FD)

TAͰେޫܬؾԕڸΛ3ϲॴͰӡ༻͓ͯ͠Γɺͦ ΕͧΕਤ2.1ͷMD(Middle

Drum)αΠτɺLR(Long Ridge)αΠτɺBRM(Black Rock Mesa)αΠτͱ

ΕΔॴʹઃஔ͞Ε͍ͯΔɻMDݺ  HiRes ڸ1͔ΒҠઃ͞Εͨԕݧ࣮

Ͱ͋ΔɻLR ͱ BR ͷߏ͘͠ɺ12 ͷࣹԕڸͦΕͧΕ֯ܗͷ

͕ڸ 18ຕɺϋχΧϜঢ়ʹฒΒΕٿ໘ڸΛͭ͘Δɻ͜ΕΒͷٿ໘ڸ֯ڼΛ

3◦ ∼ 33◦ɺํҐ֯Λ CLFத৺ʹ 108◦ Χόʔ͢Δɻ͜ΕΒͷڸͰूΊΒΕͨ

ޫ PMTΧϝϥʹΑΓ૿෯͞Εͯిؾ৴߸ͱͯ͠ऩू͞ΕΔɻPMTΧϝϥ

͞Βʹ ͷݸ256 PMTͰߏ͞Ε͍ͯΔɻFDͰ༻͍Δ PMTদϗτχ

Ϋεࣾ R6234Λ༻͓ͯ͠ΓɺSchottࣾ BG3ϑΟϧλʔͰૉࢠͷ

1High-Resolution Fly’s Eye ݧ࣮ TA ͕Քಇ͢Δલʹ 2006 ·ͰϢλभͰߦΘΕ͍ͯͨ
Ӊઢ؍ଌ࣮ݧɻFD ͷΈͰߴΤωϧΪʔӉઢͷ؍ଌ͕ߦΘΕͨɻHiRes ͷ FD Λ࠶ར༻
ͨ͠ MDFD ࣹԕ͕ڸ 14 Ͱ͋Γɺ֯ڼ 3◦ ∼ 31◦ɺํҐ֯ 114◦ ΛΧόʔ͢Δɻ
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ਤ 2.12: ԕڸͷσʔλऩूͷྲྀΕ

ͷεϖΫτϧޫܬ 300nm∼400nmҎ֎ͷޫΛΧοτ͢ΔΑ͏ʹ͍ͯ͠Δ (ਤ

1.5)ɻ৴߸ PMTͱϓϦΞϯϓͰήΠϯ͕ 4×106 ͱͳΔΑ͏ҹՃిѹ͕ௐ

͞ΕΔɻ

2.3.1 FDͷσʔλऩू

૿෯͞Εͨ৴߸Ұ࿈ͷτϦΨʔγεςϜʹૹΒΕΔ (ਤ 2.12)ɻ͢ͳΘͪɺ

SDF(Signal Digitizer and Finder) ϞδϡʔϧɺTF(Track Finder) Ϟδϡʔ

ϧɺCTD(Central Trigger Distributor)ϞδϡʔϧͷࡾछྨͰ͋Δɻ

SDF

1ͭͷڸʹ͖ͭ 16ຕͷ SDFׂ͕ΓͯΒΕΔɻSDFϞδϡʔϧͰFADC

ʹΑͬͯ 12bitɺ40MHzͷαϯϓϦϯάΛ͓͜ͳ͏ɻαϯϓϦϯάσʔλ

4ͭ (100ns)͝ͱʹੵ͞ΕɺόοϑΝʹه͞ΕΔɻ͜ͷੵσʔλʹର͠

ᮢͱͷൺֱͰ৴߸ͷఆ͕ߦΘΕΔ (ϑΝʔετϨϕϧτϦΨʔ)ɻ͜ͷ

ఆͷ݁Ռ TFʹૹΒΕΔɻ

TF

1 ͭͷڸʹ͖ͭ 1 ຕͷ TF ׂ͕ΓͯΒΕΔɻTF Ͱ SDF ͰτϦΨʔ͠

ͨ৴߸ʹۭؒత͕Γɾؒ࣌త࿈ଓੑ͕͋Δ͔ͷఆ͕ߦΘΕΔɻ۩ମతʹ

࣍ͷࡾछྨͷج४Λઃ͚Δ (ηΧϯυϨϕϧτϦΨʔ)ɻ

• ࿈ଓͨ͠ 5ͭͷ PMTͰ৴߸͕͋Δɻ

• ΧϝϥͷͰ࿈ଓͨ͠ 3ͭͷ PMTͰ৴߸͕͋Δɻ
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• 1ͭͷ PMTͰᮢΛ͑ͨ৴߸͕͋Δɻ

͜ͷఆͷ݁Ռ CTDʹૹΒΕΔɻ

CTD

1 ͭͷεςʔγϣϯʹ 1 ຕͷ CTD ׂ͕ΓͯΒΕΔɻσʔλऩूΛ͢Δ

ऴతͳτϦΨʔ࠷ (ϑΝΠφϧϨϕϧτϦΨʔ)Λશ৴߸هܥʹൃ৴͢Δ΄

͔ɺΧϝϥΛ·͍ͨͩτϥοΫΛఆͨ͠Γ֤ΤϨΫτϩχΫεͷΫϩο

ΫॳظԽΛ͏ߦɻGPSϞδϡʔϧʹΑͬͯΠϕϯτൃੜࠁ࣌ͷܾఆ͏ߦɻ

2.3.2 ΩϟϦϒϨʔγϣϯ

େޫܬؾԕڸΛͯͬXmax  E0 ΛٻΊΔʹ͋ͨͬͯɺͦͷաఔʹେ

ͰมԽ͠͏Δ͞·͟·ͳύϥϝʔگͳͲཧతঢ়ޮࢠͷঢ়ଶPMTͷྔؾ

λ͕͋ΓɺͦΕͧΕΛਫ਼ྑ͘ଌఆ͓ͯ͘͜͠ͱ͕ॏཁͰ͋ΔɻͦͷͨΊଟ

͘ͷΩϟϦϒϨʔγϣϯ͕ߦΘΕ͓ͯΓɺҎԼͦͷҰ෦Ͱ͋Δɻ

PMT ήΠϯͷֱਖ਼ͷͨΊɺܾΊΒΕͨޫྔͷޫݯΛ༻͍ͯҹՃిѹͱήΠ

ϯͷؔΛௐΔ CRAYS(Calibration using RAYleigh Scattering) Ͱج४

PMTΛܾΊ͓ͯ͘ɻ

େؾঢ়ଶΛϞχλϦϯά͢ΔҰͭͷํ๏ͱͯ͠ CLF(Central Laser Facility)

Λ༻͍ΔɻCLF  3 ͭͷ FD εςʔγϣϯ͔Βڑ (20.8km) ͷҐஔʹ͋

Γɺେؾ͔ͯͬਨʹࢵ֎ઢϨʔβʔΛࣹग़͢Δɻ͜ͷϨʔβʔͷࢄཚ

Λ֤ FDεςʔγϣϯ͕؍ଌ͢Δ͜ͱͰେؾͷಁ໌Λଌఆ͢Δ͜ͱ͕Ͱ͖

ΔɻେޫܬؾԕڸΛ༻͍ͯͷ؍ଌதʹ 30ʹҰ͜ͷΩϟϦϒϨʔγϣ

ϯΛ͍ͯͬߦΔɻ

2.4 TAͷݱঢ়

TA࣮ݧ 2008 5݄ʹఆৗӡసΛ։࢝͠ɺ2019 5݄Ͱ 11͕ܦա͠

ͨɻߴΤωϧΪʔӉઢͷ؍ଌ૿͖͑ͯͨͨΊɺͦͷݱঢ়Λهड़͢Δɻ

ΤωϧΪʔεϖΫτϧ

TA࣮ݧͰ 2019 5݄·ͰͷσʔλΛ࡞ʹݩ͞ΕͨΤωϧΪʔεϖΫτ

ϧΛਤ 2.13 ʹࣔ͢ [12]ɻ͜ΕʹΑΕΧοτΦϑ͕ log (E/eV ) = 19.81 

ۙͰଘ͓ͯ͠ࡏΓɺGZK ΧοτΦϑͷଘࡏΛࣔࠦ͢Δɻ·ͨೆٿͰߦΘ

Ε͍ͯΔߴΤωϧΪʔӉઢͷڀݚͰ͋Δ Pierre Auger ͱͷൺֱɺݧ࣮

ਤ 2.14ʹࣔ͢ [13]ɻ͜ΕΛݟΔͱΧοτΦϑΤωϧΪʔͷ͕྆ऀͰҟͳͬ

͍ͯΔ͜ͱ͕Θ͔ΔɻPierre Auger ଌ͠ɺTA؍Λٿओʹೆݧ࣮ ݧ࣮
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ਤ 2.13: TA࣮ߴͮ͘جʹݧΤωϧΪʔӉઢͷΤωϧΪʔεϖΫτϧɻ[12]

ਤ 2.14: TASD ͱ Pierre Auger ΤωϧΪʔӉઢͷΤωϧߴͮ͘جʹݧ࣮

ΪʔεϖΫτϧɻTAͷεϖΫτϧͱAugerͷεϖΫτϧΛͦΕͧΕࣔͨ͠ɻ
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ਤ 2.15: TAͰ؍ଌͨ͠ 57EeVҎ্ͷΤωϧΪʔΛͭӉઢͷ౸དྷํͷ

ಓ࠲ඪͷϓϩοτɻ[14] Ӊઢͷ౸དྷํΛ੨ҹͰࣔͨ͠ɻͷۂઢ࠷

༗ҙͷํ͍ߴΛத৺ͱͨ͠ࢹܘ 25ͷԁͰ͋Δɻഁ͍ࠇઢΑΓ্

TAͷࢹͰ͋ΔɻSGPۜՏ໘ɺGPۜՏ໘ɺGCۜՏத৺Λࣔ͢ɻ

ओʹٿΛ؍ଌ͍ͯ͠Δɻ؍ଌྖҬͷҧ͍ʹΑͬͯΧοτΦϑΤωϧΪʔ

ͷҐஔ͕ҧ͍ͬͯΔՄੑ͕͋Δɻ·ͨ Pierre Auger࣮ݧ TA࣮ݧͱಉ͡

͘දݕग़ثͱେޫܬؾԕڸͷϋΠϒϦου؍ଌͰ͋Δ͕ɺදݕग़ث

TA Ͱ༻͍ΔϓϥενοΫγϯνϨʔλͰͷγϯνϨʔγϣϯޫͰͳݧ࣮

͘ɺਫλϯΫΛ༻͍ͨνΣϨϯίϑޫͷݕग़Λ͏ߦͷͰɺ؍ଌʹײ͕͋Δ

ܥͷҧ͍͋Δ͍ղੳํ๏ͷҧ͍ʹؔ࿈ͨ͠ثҟͳΔɻͦͷͨΊଌఆ͕ࢠཻ

౷ࠩޡͷӨڹʹΑΓΧοτΦϑΤωϧΪʔͷҧ͍͕ੜ·Ε͍ͯͳ͍͔ޙࠓਫ਼

ࠪ͢Δඞཁ͕͋Δɻ

౸དྷݯى

TA࣮ݧͰ 2008͔Β 2019·Ͱͷؒʹ 57EeVҎ্ͷӉઢ Τߴ࠷)

ωϧΪʔӉઢ) Λ 168 Πϕϯτ؍ଌͨ͠ɻ͜ΕΒͷ౸དྷํΛಓ࠲ඪͰ

ϓϩοτͨ͠ͷ͕ਤ 2.15 Ͱ͋Δɻ͞Βʹࢹܘ 25 Ͱ˃ΦʔόʔαϯϓϦϯ

άͯ͠ٻΊͨɺόοΫάϥϯυʹର͢Δ؍ଌͷ༗ҙͷϚοϓΛਤ 2.16

ࣔͨ͠ɻTA ͷใ͕ͩɺ͜ٿΘΕ͍ͯΔͨΊओʹߦΞϝϦΧͰݧ࣮

ͷਤʹΑΔͱܦ 144.3◦ɺҢ 40.3◦ ͷํࣄʹલ֬ 5.1σɺ֬ޙࣄ

2.9σ ͷ༗ҙΛͭ࣋ϗοτεϙοτ͕͋Δ͜ͱ͕Θ͔Δɻ
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ਤ 2.16: TAͰ؍ଌͨ͠ 57EeVҎ্ͷӉઢͷ౸དྷํʹର͠ 25 ͷ˃ࢹܘ

ͰΦʔόʔαϯϓϦϯάͨ͠ਤɻΧϥʔίʔυࣄલ֬Λද͢ɻόοΫά

ϥϯυͱൺֱͯ͠ɺ৭؍ଌ͕աͰ͋Δ͜ͱΛࣔ͠ɺ੨৭؍ଌ

͕গͳ͍͜ͱΛࣔ͢ɻ[14]
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ୈ3ষ ςϨείʔϓΞϨΠ֦ு࣮
(ݧTAx4࣮)ݧ

2.4 અʹهड़ͨ͠Α͏ͳ TA ग़໘ੵΛݕͷ݁ՌΛड͚ͯɺΑΓେ͖ͳݧ࣮

ΤωϧΪʔӉઢͷߴӉઢσʔλऩूͷϖʔεΛ্͛ͯޮΑͯͬ͘

ͷ͕ͨͬ·࢝ʹΛΔͨΊࡉৄ TAx4 Ͱ͋ΔɻTAݧ࣮ ग़໘ੵݕͷݧ࣮

700km2 Ͱ͋Δͷʹର͠ɺTAx4࣮ݧͰ࠷ऴతʹ 3000km2 ·ͰΞϨΠΛల

։͢ΔܭըͰ͋Δ (ਤ 3.1)ɻΞϨΠͷִؒTA࣮ݧͰͷ 1.2kmʹൺ 2.08km

ͱ͘ͳ͍ͬͯΔ͕ɺ͍ߴΤωϧΪʔͷ (!57EeV)ӉઢͰใͷ࣭େ

͖͘མͪͳ͍͜ͱ͕Θ͔͍ͬͯΔ [15]ɻେޫܬؾԕڸ̩̖࣮ݧͷMDFD

ͱ BRFDαΠτʹ̩̖ x̐ΞϨΠͷํ૿͚ͯʹઃ͞Εͨɻ

3.1 දݕग़ثͷมߋ

3.1.1 PMTͷมߋ

TASD ͷ PMT  Electron Tube ࣾͷ 9124SA ΘΕ͍͕ͯͨɺTAx4͕

ͰদϗτχΫεࣾͷ R8619ม͞ߋΕͨɻ͜ΕʹΑΓ PMTͷྔޮࢠ

͕͓Αͦ 10%͔Β 19%ఔ·Ͱ্ͨ͠ [16]ɻPMT ʹೖࣹͨ͠ޫޫి໘

Ͱిࢠʹม͞ΕΔ͕ɺ͜ͷมޮ ͱ͍͍ɺޮࢠΛྔ(ࢠޫ/ࢠిޫ)

͜Ε͕େ͖͍ͱײߴͱ͍͑Δɻ

3.1.2 γϯνϨʔλϘοΫεͷมߋ

ϑΝΠόʔΛूΊͯݻఆ͠PMTͷೖࣹ૭ʹ৮ͤ͞ΔΫοΩʔͱݺΕΔ

෦ɺTASDͰಁ໌ͷΞΫϦϧͰ͋ͬͨͷΛന৭ͷPOM1ʹม͠ߋ

ͨ (ਤ 3.2)ɻ͜ΕʹΑΓಁ໌ͷΞΫϦϧͷ߹ʹ PMTͱϑΝΠόʔͷଓ

෦ͷ͔ܺؒΒಀ͍͛ͯͨޫ͕ࣹ͞ΕɺPMTೖࣹ͢Δޫྔ͕ 10.6±0.6%

૿Ճͨ͠ [16]ɻPMTͱΫοΩʔͷมߋͰ PMTͷޫి໘͔Β์ग़͞ΕΔޫి

ɾݮͰޫϑΝΠόʔͷຊऔΓճ͠ΛݧΊɺTAx4্࣮ͨͨ͠ࢠ

ʹऴత࠷ɻͨ͠ݮඅ༻Λ࡞Δ͜ͱͰಉఔͷޫྔΛอͬͨ··͢౼ݕ࠶

 1©γϯνϨʔλʹԊΘͤΔϑΝΠόʔ 2cmִؒͰ͋ͬͨͷΛ 4cmؒ

1ϙϦΞηλʔϧ (polyacetal) ·ͨϙϦΦΩγϝνϨϯ (PolyOxyMethylene
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ਤ 3.1: ਤதԝۙͷͰࣔͨ͠ 507ͷSD͕TASDΞϨΠͰ͋ΔɻTASD

ͷଆͱೆଆʹ৭ͷͰࣔͨ͠ྖҬ͕ɺ࠷ऴతʹ TAx4SDΛՃ͢Δ༧ఆ

ͷ SD ྖҬͰ͋ΔɻTASD ΞϨΠͱൺͯେ෯ʹ໘ੵ͕૿͍ͯ͠Δ͜ͱ͕Θ

͔ΔɻଆͷྖҬ͓Αͼೆଆͷ SD ྖҬʹ͋Δઔͷཁʹ TAx4 FD Λݐઃ͠

ͨɻઔ FD ͷࢹΛࣔ͢ɻ৭ͷܗ࢛֯ͷഎܠΛ͚ͯࣔͨ͠ͷ TAx4

༻ͷ 6ͭͷ௨৴ౝͰ͋Δɻ
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ਤ 3.2: ϑΝΠόʔͷΛଋͶͯ໘Λ PMT ͷೖࣹΨϥε૭ʹ৮ͤͯ͞

Ε·Ͱ༻͍͍ͯͨΫοΩʔɻಁ໌ͳ͜(ࠨ)Ϳʣݺఆ͢Δಓ۩ʢΫοΩʔͱݻ

ྉͰͰ͖͍ͯΔͷͰޫ͕Ұ෦ಀ͛ͯ͠·͍ͬͯͨɻ(ӈ)TAx4Ͱ༻͍ΔΫοࡐ

Ωʔɻന͍ࡐྉͰޫΛࣹͤͯ͞ϩεΛݮΒ͢͜ͱ͕Մʹͳͬͨɻ

ਤ 3.3: TAx4SDͷγϯνϨʔλϘοΫεͷਤɻ

ִʹ͢Δ 2©γϯνϨʔλද໘ͷߔͻͱͭʹ͖ͭҰຊͷϑΝΠόʔΛ༻ͯ͠

྆ͱ PMTଓ͍ͯͨ͠ͱ͜ΖΛɺยଆΛ Uλʔϯͤͯ͞ྡͷߔΛ௨

ͯ྆͠ΛಡΈऔΔ͜ͱͰೋͭͷߔʹ͖ͭҰຊͷϑΝΠόʔΛ༻͢Δํ๏

ม͢ߋΔ͜ͱʹΑͬͯϑΝΠόʔͷ༻ྔΛ Β͢͜ͱ͕Ͱ͖ͨɻ(ਤݮ67%

3.4,ਤ 3.5)

3.1.3 ௨৴ౝ

TAx4࣮ݧͰΞϨΠͷ֦େʹͬͯ 6ͭͷ௨৴ౝ͕૿ઃ͞Εͨ (ਤ 3.1)ɻ

ଆΞϨΠ༻ʹDesert Mountain Communication Tower(DMCT)ɺKeg Moun-

tain CT(KMCT)ɺSmelter Knoll North CT(SNCT)ɺೆଆΞϨΠ༻ʹ Black

Rock Mesa FD CT(BFCT)ɺSouth Crickets CT(SCCT)ɺSand Ridge CT(SRCT)

ͱݺΕΔ௨৴ౝ͕͋Δɻ
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ਤ 3.4: TASD(ࠨ) ͷϑΝΠόʔऔΓճ͠ͷਤɻߔҰຊʹ͖ͭҰຊͷϑΝΠ

όʔΛ༻͠ɺ྆ଆΛ·ͱΊͯPMTʹଓ͢Δɻ(ӈ)TAx4SDͷϑΝΠόʔ

औΓճ͠ͷਤɻϑΝΠόʔΛંΓฦͯ͠ଞͷߔΛ௨͠ยଆ͔ΒϑΝΠόʔΛ

·ͱΊͯ PMTଓ͢Δɻ

ਤ 3.5: TASD(ࠨ) ͷϑΝΠόʔִؒجຊతʹ 2cm ͰҰຕͷγϯνϨʔλ

ʹ 13 ຊ༻͢Δɻ(ӈ)TAx4SD ͷϑΝΠόʔִؒجຊతʹ 4cm ͰҰຕͷ

γϯνϨʔλʹ 7ຊ༻͢Δɻ
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ୈ4ষ TAx4 SDͷੑධՁ

3 ষͰड़ͨ TAx4SD ͷେྔ࡞ʹ͍ɺੑධՁɾނোνΣοΫΛత

ͱ͍͔ͯͭ͘͠ͷଌఆΛͨͬߦɻ4.1અͰγϯνϨʔλΛ௨ա͢Δ ͷࢠ1ཻ

৴߸ͷେ͖͞ͷֱਖ਼ʹΘΕΔ̍ MIP peak ͷଌఆͷ݁ՌΛࣔͨ͠ɻ4.2 અ

ͰγϯνϨʔλ͔Βಡग़ճ࿏·ͰؚΊͨ৴߸ͷ Linearity(ઢੑܗ)ͷଌఆͷ

݁ՌΛࣔͨ͠ɻ4.3અͰཻ͕ࢠγϯνϨʔλΛ௨ա͢ΔॴʹΑͬͯ৴߸ͷ

େ͖͕͞ͲͷΑ͏ʹґଘ͢Δ͔ (Uniformity) Λଌఆͨ݁͠ՌΛࣔͨ͠ɻ4.4

અͰදݕग़ثͰؒ࣌ଌఆʹΘΕΔGPS TimingͷΦϑηοτͱղ

Λଌఆͨ݁͠ՌΛࣔͨ͠ɻ4.5 અͰ TAx4 ༻ΤϨΫτϩχΫεͰ༻͢Δ

CPUͷνΣοΫͷ݁ՌΛࣔͨ͠ɻ

4.1 1MIP peak

γϯνϨʔλʹՙిཻ͕ࢠೖࣹ͢Δͱ͖ɺଛࣦ͢ΔΤωϧΪʔ Bethe-

BlochͷࣜʹΑͬͯهड़͞ΕΔɻ

S =

〈
−dE

dx

〉
= Kz2

Z

A

1

β2

[
1

2
ln
2mec2β2γ2Tmax

I2
− β2 − δ(βγ)

2

]
(4.1)

ͳ͓ K ൺྫఆɺA ࣭ͷྔࢠݪɺTmax ཻ͕ࢠ࣭தͷిࢠʹ

େͷΤωϧΪʔɺI࠷͢ ฏىྭۉϙςϯγϟϧͱݺΕ࣭தͷཻ͕ࢠݪ

༗ͷఆͰ͋ΔɻδݻΛද࣭͢ྔۉΒड͚औΔΤωϧΪʔͷฏ͔ࢠ ࣭

ີʹΑΔิਖ਼߲Ͱɺೖࣹ͢ΔཻࢠͷΤωϧΪʔ͕େ͖͍΄Ͳ૬ରతʹେ

͖͍ޮՌΛͨΒ͢ɻ͜Ε࣭ݻ༗ͷؔͰ͋Δɻ͜ͷࣜʹΑΕϓϥε

νοΫγϯνϨʔλதͰϛϡʔΦϯ͕ଛࣦ͢ΔΤωϧΪʔͦͷ͞ (Τωϧ

Ϊʔ) ͷΈʹґଘ͢ΔɻೖཻࣹࢠͷΤωϧΪʔ͕େ͖͘ͳΔʹͭΕͦͷଛࣦ

ΤωϧΪʔେ͖͘ͳΔ͕ɺ͋ΔͰۃΛΉ͔͑ͨޙ؇͔ʹݮগ͢Δ

(ਤ 4.1)ɻ͜ͷ࠷খͷΤωϧΪʔΛ࣭தͰଛࣦ͢ΔཻࢠΛMinimun Ionizing

Particle(MIP)ͱΑͿɻೋ࣍Ӊઢͱͯ͠γϯνϨʔλ͕ݕग़͢ΔϛϡʔΦϯ

ͷଟ͘ MIP ͱͯ͠ৼΔ͏ͨΊɺ֤ SD Ͱ͋Β͔͡Ί MIP ͕γϯνϨʔ

λͰଛࣦͨ͠ΤωϧΪʔʹΑͬͯൃੜͨ͠γϯνϨʔγϣϯޫͷେ͖͞ (ޫ

ྔ)Λଌఆ͠ɺͦͷࠩΛֱਖ਼͢ΔΑ͏ʹ PMTͷήΠϯΛௐ͢Δɻ

ͨͩ͠ਤ 4.1ͷۂઢͰද͞ΕΔೖཻࣹࢠͷ֤ΤωϧΪʔͰͷଛࣦΤωϧΪʔ

ฏۉͰ͋Γɺཻ͕ࢠೖࣹ͢Δ࣭͕ബ͍΄Ͳߏ͢Δࢠݪͱͷিಥճ
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ਤ 4.1: ͍Ζ͍Ζͳ࣭தʹ͓͚ΔՙిཻࢠͷిଛࣦʹΑࣦͬͯΘΕΔΤω

ϧΪʔͷׂ߹ɻಉҰ࣭தͰͷϛϡʔΦϯͷΤωϧΪʔଛࣦͦͷೖࣹͷ

͞ʹΑΔɻೖࣹରͷ࣭ͷछྨʹΑͬͯMIPͷେ͖͞มΘΔɻ[17]

ʹΒ͖͕ͭੜ·ΕɺϙΞιϯ౷ܭʹΑͬͯߴΤωϧΪʔଆʹ͕ΓΛͬ࣋

ͨϥϯμͱݺΕΔܗʹΤωϧΪʔ͕͢Δ (ਤ 4.2)ɻϥϯμ

ͷ֬ີࣜ 4.2Ͱද͞ΕΔɻ

p(x) =
1

π

∫ ∞

0
exp(−tlnt)sin(πt)dt (4.2)

TA࣮ݧ TAx4࣮ݧͰ͜ͷͷϐʔΫͷΤωϧΪʔΛ 1MIP peak

ͱΑͼMIPͷଛࣦΤωϧΪʔͱͯͦ͠ΕͧΕͷγϯνϨʔλ SDʹ͍ͭͯ

ଌఆΛͨͬߦɻ

4.1.1 γϯνϨʔλͷ 1MIP peakଌఆ

γϯνϨʔλࡐྉ༹͕͚͍ͯΔঢ়ଶͰ֧፩͠ݻͯ͠ܗΊΔ͕ɺ͜ͷա

ఔʹ͓͍ͯੑʹݸମ͕ࠩੜ͡Δ͜ͱ͕Θ͔͍ͬͯΔɻͦͷͨΊ SD ʹΈ

ʹΉલࠐ 1MIP peakΛଌఆ͠ج४ͷγϯνϨʔλͱൺͯج४ͷ 80%ʹ

ຬͨͳ͍ͷෆྑͱͯ͠ SDʹ༻͠ͳ͍͜ͱʹͨ͠ɻ

ଌఆํ๏

͜ͷγϯνϨʔλͷޫྔͷநग़ଌఆγϯνϨʔλ͕ೲ͞ΕΔͨͼʹ౦

ͳͬͨɻଌఆ͢ΔߦͯʹࣨݧॴͷҰ֊ͷ࣮ڀݚେֶദΩϟϯύεͷӉઢژ
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ਤ 4.2: ϥϯμͷਤɻMIP ͕γϯνϨʔλͰଛࣦ͢ΔΤωϧΪʔ͜

ͷʹै͏ͨΊɺϐʔΫΛͱΔΤωϧΪʔΛ 1MIP peakͱఆٛͨ͠ɻ

ͷͨ͠࡞શͯͷγϯνϨʔλͷ͏ͪ #50 ͝ͱʹ 1 ຕൈ͖ग़ͨ͠ͷͰ

͋ΓɺUPPER ͱ͢Δ (্ଆʹஔ͘)ɻ͜ΕͱผʹίΠϯγσϯεͤ͞Δͨ

ΊͷγϯνϨʔλΛ LOWERͱ͢Δ (Լଆʹஔ͘)ɻͲͪΒޫϑΝΠόʔ

ΛԊΘͤ PMT ʹଓ͢Δ͕ɺࠪݕ༻ͷγϯνϨʔλࡁ͕ݧࢼΜͩΒೖΕ

ସ͑ΔͨΊʹ UPPERͷޫϑΝΠόʔͱ PMT͕ଓ͞ΕΔΫοΩʔͷ෦

શͳݻఆ (ண) ͠ͳ͍ (ਤ 4.6)ɻ·ͨ PMT ʹ͔͚ΔిѹήΠϯ͕

5× 106 ʹͳΔΑ͏ௐͨ͠ɻ·ͨ 2.2.2Ͱड़ͨΑ͏ʹ PMT͕૿෯ͤͨ͞

ిྲྀͱͳͬͯΤϨΫτϩχΫεͷࢠి FADC͕ड͚औΓɺσδλϧαϯϓ

ϦϯάΛ͏ߦɻσδλϧԽ͞Εͨ ADC Count A ͱ PMTͷޫి໘͔Βൃੜ

͢Δޫిࢠ xʹ࣍ͷ͕ؔ͋Δɻ

x[p.e.]× PMT Gain× e[C] = α[charge/count]×A[count] (4.3)

eૉిՙɺα༻͢Δ ADCʹݻ༗ͷͷͰ͋ΓɺTAx4࣮ݧͰ α ∼
0.18[pC/ADC Count]Ͱ͋Δɻx=1ݸͷޫిࢠͷೖࣹʹର͠ 4.5ADC Count

ͱσδλϧԽ͞ΕΔɻ

τϦΨʔ࣮ࡍͷσʔλऩूͱҟͳΔ (2.2.2અࢀর)ɻ͋Δؒ࣌ T = T0

Λج४ͱͯ͠ɺT0 − 8bin ∼ T0 ͷ৴߸ͷੵ S−1 ͱ T0 ∼ T0 + 8binͷ৴

߸ͷੵ S0 ͕ S0 − S−1 > 12count ΛΈͨ͢ͱ͖ɺT0 ͔Β 16bin Λੵ

͠MIPͷੵ ADCΧϯτͱ͢Δͱ͢Δ (ਤ 4.3)ɻ

ଌఆ݁Ռ

ਤ 4.7 ʹࣔ͢ͷ͕ ɺయܕతͳҰຕͷγϯνϨʔλʹͨͬߦ 1MIP ͷݧࢼ

݁ՌͰ͋Δɻӡಈதͷՙిཻ͕ࢠ࣭தΛ௨ա͢ΔࡍͷΤωϧΪʔଛࣦྔ
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ਤ 4.3: S0 − S−1 > 12count ΛΈͨ͢ͱ͖ɺT0 ͔Β 16bin ͷ ADC Χϯ

τΛੵͯ͜͠ͷMIPͷੵ ADCΧϯτͱ͢Δɻ

ਤ 4.4: ଌఆγεςϜͷུ֓ਤɻଌఆ࣌ͷଓΛࣔͨ͠ɻଌఆͷͨͼʹUpper

ͷΈःޫγʔτΛͻΒ͍ͯɺγϯνϨʔλΛަ͢Δɻ

ਤ 4.5: ϑΝΠόʔΛԊΘͤɺ྆ΛมʹߔγϯνϨʔλͷ্໘ͷ:ࠨ

ςʔϓͰࢭΊΔɻӈ:औΓճ͠Ͱ͛ۂؾʹܘΛ͚ͭΔɻ
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ਤ 4.6: ϑΝΠόʔணͤͣɺPMTͷޫి໘ʹ৮ͤͯܺؒ͞άϦʔε

ͰຒΊΔɻ

Landau ʹै͏͕ɺ࣮ࡍʹޫిࢠͷൃੜͷΒ͖ͭͳͲͰ͞Βʹ

͕ͬͨʹͳΔͷͰɺΨεؔΛΈࠐΜͩ Landau-Gaussianؔ

ͰϑΟοτ͢Δɻ͜ͷϐʔΫͷΧϯτϖσελϧΛؚΉͨΊɺ5× 104

Χϯτ͝ͱʹ PMT ͔ΒͷೖྗͱผʹτϦΨʔΛͤ͞ɺ͜ͷΛϖσε

λϧͱ͢Δɻ͚͔ݟͷ 1MIP peak  227.7±1.3ADC Count ͔Βɺଌఆ͞

Εͨϖσελϧ (ਤ 4.7 ӈਤ) ͷ peak  80.03±0.077ADC Count ΛҾ͍ͨ

147.63±1.28ADC Count ͕ਅͷ 1MIP peak ͱͳΔɻ·ͨਤ 4.7 ࢁଆͷࠨ

ϊΠζͳͷͰɺ͜Ε͕ೖΒͳ͍ൣғͰؔΛϑΟοςΟϯά͢Δ (ઢ)ɻ

ਤ 4.8શͯͷγϯνϨʔλͷج४γϯνϨʔλʹର͢Δޫྔ (1MIP peak

) ൺΛγϯνϨʔλͷ൪߸ʹରͯ͠ϓϩοτͨ͠ͷͰ͋Δɻಉ͡γϯν

ϨʔλͰԹͷӨڹͳͲͰଌఆͷͨͼʹ͕มԽ͢Δ [16]ɻࣄલʹेޫ

ྔ͕͋Δͱஅ͞ΕͨγϯνϨʔλΛ༻ҙ͠ɺ֤ଌఆͷ࢝ΊͱऴΘΓʹ 3

ճͣͭͦͷ 1MIP peakΛଌఆ͠ɺ͜ΕΛ֤ͷج४ͱ֤ͯ͠γϯνϨʔ

λͱͷൺΛॎ࣠ͱͨ͠ɻ

ϓϩοτͷ৭͕มΘΔͷϩοτͷ۠ΓͰɺ# 3000ۙ (ΦϨϯδ)

·Ͱ 2016·Ͱͷ࡞ɺ# 4000ۙ ()·Ͱ 2017ͷ࡞ɺͦΕ

Ҏ߱ (ࠇ)  2018 ͷ࡞Ͱ͋Δɻ͝ظ࣌࡞ͱʹޫྔʹΪϟοϓ͕͋Δ

͜ͱ͕Θ͔Δɻ

·ͨޫྔͷมԽγϯνϨʔλ࣌࡞ͷͷԹͷมԽ͕Ώͬ͘ΓͰ

͋Δ͜ͱͳͲ͔Β࿈ଓతͱ༧͞ΕΔ͕ଟগͷΒ͖͕ͭ͑ݟΔɻ͜Ε֤

γϯνϨʔλͷଌఆͷͨͼʹશͯͷޫϑΝΠόʔΛ֎͠ɺ͚͢ख͕ۀ࡞

͋Δ͜ͱ͕େ͖ͳཁҼͱ͑ߟΒΕΔɻϑΝΠόʔͱ PMT ͷଓ໘શͳ

ʹࡍఆ͞Ε͍ͯͳ͍ͨΊɺ࣮ݻ SD ʹΈࠐ·Εͯӡ༻͢Δࡍʹ͜ͷ݁

ՌΑΓྑ͍ੑΛࣔ͢͜ͱ͕༧͞ΕΔɻ

33



ਤ 4.7: యܕతͳ 1MIP peakଌఆͷ݁Ռɻ(ࠨਤ)MIP͕ࣦ͏ΤωϧΪʔʹ

Β͖͕ͭ͋ΔͨΊɺLandau-Gaussian ͰϑΟοςΟϯά͢Δɻ࣮ࡍ

ʹΨεΛΈࠐΉલͷϥϯμͷύϥϝʔλΛऔΓग़͠ɺϐʔ

ΫΛͱΔADCΧϯτΛ 1MIP peakͱ͢ΔɻࠨͷઑͬͨࢁϊΠζ

Ͱ͋ΓɺτϦΨʔͨ͠ͷͷ MIP ʹΑΔൃޫͰͳ͔ͬͨͱ͑ߟΒΕΔ

ΠϕϯτͰ͋Δɻ(ӈਤ)ࠨਤͷ 1MIP peakϖσελϧΛؚΉͨΊ ADC

Count͕࣮ࡍΑΓେ͖͘ଌఆ͞Ε͍ͯΔɻͦͷͨΊ 5×104 Χϯτ͝ͱʹ

σετϦΨʔΛೖྗ͠ɺͦͷͷϐʔΫΛϖσελϧͱ͢Δɻ࠷ऴతͳ

1MIP peak ࠨਤͷ peak ͔Βӈਤͷ peak ΛҾ͍ͨͱͳΔɻ(͜ͷ

ଌఆͰ 32p.e.)
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ਤ 4.8: #50͝ͱʹγϯνϨʔλΛ 1ຕൈ͖ग़͠ 1MIP peakଌఆΛͨͬߦɻ

ॎ࣠ج४ͷγϯνϨʔλͱͷ 1MIP peak ͷൺͰ͋Δɻϩοτ͝ͱʹϓ

ϩοτͷ৭Λม͍͑ͯΔɻಉ৭ϓϩοτͷγϯνϨʔλ࿈ଓͯ͠͞࡞Ε

͍ͯΔͨΊ 1MIP peakͷมԽ࿈ଓͰ͋Δɻ͡Ίͷ 3ճͷϩοτ 2015

ಛʹᒵˠˠࠇͷϩοτؒ͋Δ͍Ұ΄Ͳͷؒ࣌తΪϟοϓ͕͋Γɺ

1MIP peakෆ࿈ଓʹมԽ͍ͯ͠Δɻ
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ෆྑγϯνϨʔλ

ਤ 4.8ेͳޫྔ͕͋ΔͱೝΊΒΕ࣮ࡍʹ SDʹΈࠐ·ΕͨγϯνϨʔ

λͷΈͷใͰ͋ΔɻҰ෦γϯνϨʔλʹ্͍ͭͯهͷࠪݕʹΑΓޫྔ͕

ෆेͱஅ͞ΕͨͨΊ SDʹΈࠐ·Ε͓ͯΒͣɺ·ͨ͜ͷਤʹϓϩο

τ͍ͯ͠ͳ͍ɻ2018 ͨͬߦʹ2݄ 1MIP peakͷଌఆͰɺ#4100ͷγϯ

νϨʔλͷ 1MIP peak ͕͏·ܾ͘ఆͰ͖ͣɺޫྔ͕খ͍͜͞ͱ͕Θ͔ͬͨ

(ਤ 4.9)ɻ

ͦ͜Ͱ #4051∼ #4150(͜ͷظ࣌ͷϩοτͰ #1 ∼ #100) ʹ͍ͭͯผ

Ͱৄ͘͠ 1MIP peakଌఆΛͨͬߦɻਤ 4.11ͷԣ࣠ͷϩοτ൪߸͜ͷ࡞

Δ൪߸Λࣔ͢ͷͰ͋Δɻॎ࣠͜Ε·Ͱͷ͚͓ʹظ 1MIP peakଌఆͰ༻

͍ͨͷͱಉ͡ج४γϯνϨʔλΛൺͨ૬ର 1MIP peakͰ͋ΔɻTA࣮

४ͷγϯνϨʔλʹର͠جͰݧTAx4࣮ݧ 1MIP peak͕ 80%Ҏ্Ͱ͋

Εेޫྔ͕͋Δͱ͓ͯ͠Γɺ͜ͷਤʹΑΕ௨͠൪߸Ͱ#4051 ∼ #4100

͜ͷج४ҎԼͱΈͳ͞ΕɺTAx4SDʹ༻͠ͳ͔ͬͨɻ

͝ظ࡞ͱͷ 1MIP peakͷΪϟοϓ

ਤ 4.8 ΛݟΔͱɺ2017 ࡞ͷγϯνϨʔλଞͱൺͯ 20∼40%΄Ͳ

1MIP peak͕େ͖͍͜ͱ͕Θ͔Δɻଌఆͷܥ౷ࠩޡʹදతͳͷͱ͠

ͯԹมԽͷӨ͕͋ڹΔ͕ɺ͜ͷଌఆͰج४ͱͳΔγϯνϨʔλͷ 1MIP

peak Λ֤ͷଌఆͷ࢝ΊͱऴΘΓʹଌఆ͠ɺ͜ΕΒͷฏۉΛͦͷͷج

४ͱ͢Δ͜ͱͰԹͷҧ͍ͷӨڹΛআ͘Α͏ʹͨ͠ɻ·ͨෳճͷଌఆͰ

10%Λ͑Δࠩ֬ೝͰ͖ͳ͔ͬͨͨΊɺ͜ͷΪϟοϓଌఆ࣌ͷࠩޡͰͳ

͘͝ظ࡞ͱͷ࣭ͷҧ͍Ͱ͋Δͱ͚݁ͮͨɻγϯνϨʔλͷ࡞ɺද

2.1 ͷݪྉΛ፩ͨ͠ͷܾͪΊΒΕͨܗʹԡ͠ग़ͯ͠Χοτ͢Δͱ͍͏ॱং

ͰߦΘΕΔ͕ɺओʹ፩ͷϑΣΠζͰγϯνϨʔλͷ࣭͕ܾఆ͢Δɻ2017

࡞ͷγϯνϨʔλ (ਤ 4.8ͷ৭Ͱࣔ͞Εͨظ࣌࡞)͜ͷ፩͕ͳΜ

Β͔ͷཧ༝Ͱൺֱత͏·͍ͬͨ͘͜ͱ͕͑ߟΒΕΔɻ·ͨఴՃࡎͷ࣭ؔ

͕͋Δ͔͠Εͳ͍͕ɺ͜ͷใಘΒΕ͍ͯͳ͍ɻ͍ͣΕʹͯ͠ 1MIP

peak͕େ͖͍ʹ SDͷ࣭ʹ͕ͳ͍ͷͰɺ͜ΕҎ্ͷݪҼٻ

͠ͳ͔ͬͨɻ

4.1.2 SDͷ 1MIP peakଌఆ

γϯνϨʔλຊͰγϯνϨʔλϘοΫεʹΈࠐ·Εͨޙ (30 ؖ

༌ૹ͞ΕͨͷͪʹࢢΈ)ɺDeltaࠐͰΈࠃ SDͱͯ͠ΈཱͯΒΕΔɻγϯ

νϨʔλϘοΫεͷঢ়ଶͰ 1MIP peakΛຊ͋Δ͍ؖࠃͰଌఆ͠ɺ༌ૹ

ͰࢢͷDeltaޙ SDΈཱͯલʹ 1MIP peakͷଌఆΛͨͬߦɻ͜ΕΒ

֤Έཱ͕ͯ͏·͘Ͱ͖͍ͯΔ͔ɺ༌ૹ࣌ͷഁଛ͕ͳ͍͔Λ֬ೝ͢Δత͕
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ਤ 4.9: upper͕௨͠൪߸Ͱ#4100(͜ͷظ࣌ͷϩοτͰ#50)ͷ 1MIP peak

ͷଌఆ݁Ռɻ্ͷ̎ͭͷਤ͕ upperͷ݁ՌͰɺԼͷ̎ͭͷਤ͕ Lowerͷ݁

ՌͰ͋Δɻࠨͷ̎ͭͷਤUpperͱ LowerͷϖσελϧͰɺӈͷ̎ͭͷ

ਤγϯνϨʔλͷ৴߸Ͱ͋ΔɻϑΟοςΟϯά͕͖Ε͍ʹͰ͖͍ͯͳ͍ͷͰ

upperɺlowerڞʹύϥϝʔλͷ͓͓Αͦͷߟࢀ͕ͩɺίΠϯγσϯε

༻ͷ lowerʹൺͯ 50%ҎԼͷޫిࢠ͔͠ൃੜ͍ͯ͠ͳ͍͜ͱ͕Θ͔Δɻ
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ਤ 4.10: Ͱͷൺֱɻதԝͷγϯ؟ͷޫൃޫܬ౮ԼͰͷγϯνϨʔλͷޫܬ

νϨʔλ (#1) ଌఆͨ͠ޫྔ͕͔ͬͨͷͰɺͨݟͰ྆ଆͷਖ਼ৗͳ

γϯνϨʔλͱҧͬͯͨ͑ݟɻͨͩͨ͠ݟʹޫܬͷൃޫ͕ऑ͘ͱଌ

ఆ͢Δޫྔ͕খ͍͞ͱݶΒͳ͍ɻ
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ਤ 4.11: ॎ࣠ج४γϯνϨʔλͱͷ૬ରޫྔɻԣ࣠͜ͷϩοτʹ͓͚Δ

ॱʹ͚ͭΒΕͨ൪߸ɻ#50(௨͠൪߸Ͱ#4100)࡞ ۙҎ߱Ͱج४ͷγϯν

Ϩʔλͷ 85%ఔͷޫྔͰ͋ΔͨΊɺTAx4SDʹ༻Ͱ͖Δͱஅ͞Εͨɻ

͋ΔɻطʹγϯνϨʔλͷޫྔʹ͕ͳ͍ࣄ֬ೝ͞Ε͍ͯΔͨΊࠓճ

۩ମతͳج४ઃ͚ͣɺ͓͓Αͦ 10p.e.Ҏ্ͷ 1MIP peak͕͋Δ͜ͱ

͕֬ೝ͞ΕΕΑ͍ͱͨ͠ɻ·ͨࠓճͷଌఆͰͦΕͧΕͷγϯνϨʔλϘο

Ϋεʹ PMTͷऔΓ͚͕͍ͯྃ͠ΔͨΊɺ֤ PMTήΠϯ͕ 5×106 ʹͳ

ΔΑ͏দϗτχΫε͔ࣾΒͷσʔλγʔτΛͱʹҹՃిѹΛௐͨ͠ɻ

༌ૹલ

γϯνϨʔλϘοΫεΛΈཱͯͨޙʹଌఆͨ͠యܕతͳ 1MIP peak

ਤ 4.12 ͰɺγϯνϨʔλϘοΫεͷΈཱͯॱʹ 1MIP peak Λϓϩοτ

ͨ͠ͷ͕ਤ 4.13 ͰɺώετάϥϜʹͨ͠ͷ͕࣍ͷਤ 4.14 Ͱ͋Δɻγϯν

Ϩʔλ΄΅൪߸ॱʹ SD ʹΈࠐ·Ε͍ͯΔͨΊɺਤ 4.8 ͷ݁Ռͱ΄΅

Ұகͨ͜͠ͱ͕Θ͔Δɻ

༌ૹޙ

Deltaࢢ༌ૹޙʹಉ͡ςετΛ͍ߦɺ༌ૹલͱൺֱͨ͠ɻ

ਤ4.15ͱਤ4.16͕ͦͷ݁ՌͰ͋Γɺ1MIP peakҰ൪খ͘͞ͱ14.3±0.1

p.e. ͩͬͨɻ·ͨ༌ૹલͱ༌ૹޙͰ 1MIP peak Λൺֱ͢ΔͨΊਤ 4.13 ͱ

ਤ 4.15ͷͷൺΛऔͬͨͷ͕ਤ 4.17Ͱ͋Δɻ

ॎ࣠ɺಉ͡γϯνϨʔλϘοΫεͰ༌ૹޙͷ 1MIP peak Λ༌ૹલͷ

1MIP peakͰׂͬͨͷͰ͋Δɻ͜Ε͕ 1Ͱ͋Ε༌ૹલޙͰ 1MIP peak

͕શ͘มΘΒͳ͔ͬͨͱ͍͏͜ͱ͕ͩɺਤ 4.17ʹΑΔͱશମతʹ༌ૹޙ
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ਤ 4.12: γϯνϨʔλϘοΫεΈཱͯޙͷయܕతͳ 1MIP peak ଌఆ݁

Ռɻ্ͷ̎ͭͷਤ͕ upper ͷ݁ՌͰɺԼͷ̎ͭͷਤ͕ Lower ͷ݁ՌͰ͋Δɻ

ͷ̎ͭͷਤUpperͱࠨ LowerͷϖσελϧͰɺӈͷ̎ͭͷਤγϯν

Ϩʔλͷ৴߸Ͱ͋Δɻࠓճ֤ʹର֤͠ PMT ఆͯ͋͠ΔͨΊɺҹՃݻ͕

ిѹݻఆͰͳ͘ήΠϯ͕ 5×106 ͱͳΔΑ͏ͦΕͧΕҟͳΔΛઃఆͨ͠ɻ
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ਤ 4.13: γϯνϨʔλϘοΫεΈཱͯޙͷ 1MIP peakΛޫిࢠʹม

ͨ͠ϓϩοτɻ΄΅γϯνϨʔλͷ൪߸ॱʹ SDʹΈࠐΉͨΊɺਤ 4.8ͱࣅ

ͷάϥϑʹͳ͍ͬͯΔɻܗͨ

ਤ 4.14: ຊٴͼؖࠃͰγϯνϨʔλϘοΫεΈཱͯޙɺถࠃͷ༌ૹલ

ʹଌఆͨ͠ 1MIP peak
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ਤ 4.15: SD࡞ॱʹฒͨɺ༌ૹޙͷ SDͷ 1MIP peak

ਤ 4.16: ༌ૹޙͷશγϯνϨʔλϘοΫε (305×2=610)ͷ 1MIP

peakΛώετάϥϜʹͨ͠ͷɻ
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ਤ 4.17: ༌ૹޙͷ 1MIP peak Λ༌ૹલͷ 1MIP peak ͰׂͬͨΛ SD

͝ͱʹϓϩοτͨ͠ͷɻ৭্͕Ͱɺࠇ৭͕Լͷ݁ՌͰ͋Δɻ༌ૹޙ

DeltaࢢͰͷଌఆౙͩͬͨͷͰ 1ΑΓେ͖͘ͳΔʹ͋Δɻ

ʹ 1MIP peak ͕େ͖͘ͳΔʹ͋Γɺ࠷େͰ 30%ఔ૿Ճͨ͠ͷ

͋ͬͨɻγϯνϨʔλʹԹ͕͍΄Ͳޫྔ͕େ͖͘ͳΔੑ࣭͕͋Δ͜ͱ

͕Θ͔͍ͬͯͯɺ࣮ࡍʹຊͰͷଌఆՆʹɺDelta ΘߦʹͰͷଌఆౙࢢ

ΕͨͨΊʹͦͷԹࠩʹΑͬͯ 1MIP peak͕૿Ճͨ͠ͱ͑ߟΒΕΔɻ

ͦ͜Ͱ 1MIP peak ଌఆ࣌ʹϞχλϦϯά͍ͯ͠ΔγϯνϨʔλϘοΫ

εͷԹΛ༻͍ͯɺԹࠩ ×1%ͷิਖ਼Λͨͬߦͷ͕ਤ 4.18 Ͱ͋Δɻͳ͓

ݙจߟࢀ [16]ʹΑΕ TAx4SDͷγϯνϨʔλݕग़ثʹ͓͓Αͦ-1%/C◦

ͷԹґଘੑ͕͋ΔɻγϯνϨʔλʹԹࠩʹର͓͠Αͦ 10%Ҏʹऩ·

ΔΑ͏ʹͳ͕ͬͨɺ#260ۙ ∼ #302ͷ SDͷ 1MIP peak༌ૹલޙͰ

10%Ҏ্ͱൺֱతେ͖ͳ͕ࠩ͋Δ͜ͱ͕Θ͔ͬͨɻDelta Ͱͷࢢ 1MIP peak

ଌఆɺ֎ʹอͯ͋͠ΔγϯνϨʔλϘοΫεΛՍʹͷͤͯ

ӡͼೖΕɺ͔ʹ։࢝͞ΕΔɻ͜ͷͱ͖ࣨ 15◦C ∼ 20◦CอͨΕ͍ͯΔ

ͷʹର͠ɺ֎ؾͷԹʹΑΔ͕ 0ˆΛԼճΔ͜ͱ͋ΔɻͦͷͨΊଌ

ఆͷ࢝ΊͱऴΘΓͰγϯνϨʔλͷԹ͕มΘͬͯ͠·͏ͷͰଌఆͷલʹ

ԹΛଌ͔ͬͨɺޙʹଌ͔ͬͨͱ্͍ͬͨۀ࡞ͷҧ͍ͰγϯνϨʔλͷԹ

Λਖ਼֬ʹଌΕ͍ͯͳ͍͜ͱ͕ɺ༌ૹલޙͷޫྔ͕ࠩଌఆظ࣌ʹΑͬͯҟͳΔ

ཧ༝ͷҰͭͱ͑ߟΒΕΔɻ
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ਤ 4.18: ਤ 4.17 ͷ݁ՌʹԹࠩ ×1%ͷิਖ਼Λ͘Θ͑ͨɻ·ͨ Delta Ͱͷࢢ

ଌఆΛ͝ظ࣌ͨͬߦͱʹ۠ͬͨɻ

4.2 Linearity(ઢੑܗ)

SD ͷॏཁͳੑ࣭ͷͻͱͭʹμΠφϛοΫϨϯδ͕͋ΔɻγϯνϨʔλͷ

ޫྔʹର͠ FADC Λ௨ͯ͠σδλϧมޙͨ͠ͷ৴߸͕ൺྫͨ͠ԠΛ͢

Δ͜ͱΛϦχΞϦςΟ͕͋Δͱ͍͍ɺͲΕ͚ͩͷޫྔ·ͰϦχΞϦςΟ͕͋

Δ͔ΛμΠφϛοΫϨϯδͱݺͿɻαϒΤϨΫτϩχΫεͷΞφϩά෦

ADC ΧϯτͰ 4095 Χϯτ·ͰઢܗʹଌఆͰ͖ΔɻPMT ͷग़ྗͷϦχ

ΞϦςΟΛௐΔͨΊʹɺPMT ͔Βͷग़ྗ৴߸ͷిѹΛ 12bitɺ50MHz Ͱ

αϯϓϦϯάͨ͠ʢFADC Count) Λ f(x) ͱ͠ɺγϯνϨʔλʹऔΓ͚

ͨ̎ͭͷಠཱͳൃޫݯ (LED) ͔Βೖྗ͞ΕΔޫࢠ x1ɺx2 ʹରͯࣜ͠ 4.4

͕Γཱͭ f(x1 + x2)ͷൣғΛଌఆͨ͠ɻ

f(x1 + x2) = f(x1) + f(x2) (4.4)

͜ΕγϯνϨʔλʹෳͷϛϡʔΦϯ͕ೖࣹͨ͠ࡍʹ΄΅ಉ࣌ʹෳՕॴ

Ͱൃޫ͕͖ىΔ͜ͱͱରԠ͢ΔɻجຊతʹμΠφϛοΫϨϯδΛ͑ͨޫྔ

Λड͚औͬͨ߹౸དྷཻࢠΛਖ਼͘͠ධՁ͢Δ͜ͱ͕ࠔʹͳΔͨΊɺಛ

ʹΤωϧΪʔͷ͍ߴӉઢ͕౸དྷͨ͠ͱ͖ɺγϟϫʔத৺ͳͲͰॏཁͱ

ͳΔɻ

4.2.1 ଌఆ

ຊͰͷ 275ɺؖࠃͰͷ 30ͷγϯνϨʔλϘοΫεͷΈཱͯΛͬߦ

ͨ͋ͱɺϦχΞϦςΟଌఆΛͨͬߦɻγϯνϨʔλϘοΫεʹ্ɾԼ

ʹͦΕͧΕ 2ͭͣͭγϯνϨʔλͷଆ໘ʢ1.2cmͷް͞ଆͷ໘ʣLEDΛઃ
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ਤ 4.19: γϯνϨʔλϘοΫεͷஔਤɻγϯνϨʔλΛۭ৭ͰɺϑΝΠ

όʔΛ৭ͰɺPMTΛփ৭Ͱࣔͨ͠ɻPMTʹ৮͍ͯ͠Δ৭ͷܗ࢛֯

ΫοΩʔΛද͢ɻγϯνϨʔλͷ໘ʹ LEDʢϕʔδϡ৭ͷؙʣΛऔΓ͚

ͨɻϑΝΠόʔͷऔΓճ͠ TASDͷͷ͕ͩɺTAx4SDͰ LEDͷҐஔ

ʹมߋͳ͍ɻLEDx2ɺγϯνϨʔλͷ্ɾԼͱʹ্͔Βͦͯݟͷ

Ґஔʹʢଆ໘ʹʣऔΓ͚ͨ͜ͱΛҙຯ͢Δɻͳ͓ɺLEDλΠϕοΫγʔ

τͷ֎ଆʹऔΓ͚ͨɻ

ஔ͍ͯͯ͠ (ਤ 4.19)ɺ͜ΕΒΛ͔͋ͨγϯνϨʔγϣϯޫ͔ͷΑ͏ʹΈͳ

͠1ɺͦͷޫྔΛ (3.1) ͷ x1ɺx2 ʹରԠͤͯ͞มԽͤ͞ɺμΠφϛοΫϨϯ

δͷ্ݶΛ͔Δ͜ͱ͕Ͱ͖Δɻͳ͓ LED ʹ͔͚Δిѹ͕খ͍͞ͱޫྔʹ

େ͖͍ͨΊʹϦχΞϦςΟ͕ਖ਼͘͠ଌఆͰ͖ͳ͍ͷͰɺेখ͍͕ࠩ͞ޡ x1

ɺx2 ʹؔͯ͠ PMTͷϦχΞϦςΟ͕Γཱ͍ͬͯΔ͜ͱΛԾఆ͢Δɻ2ͭ

ͷ LED ʹ͔͚ΔిѹͷҰྫΛਤ 4.20 ʹࣔ͢ɻLED ʹҹՃ͢Δిѹ 5Vɾ

8bit(255Χϯτ)ͷDACిѹͰ͋Δɻͦͷ݁ՌΛయܕతͳ݁ՌΛਤ 4.21ʹ

ࣔ͢ɻԣ࣠ PMT ͔Βͷ৴߸Λ FADC ͕σδλϧʹม͋ͨ͠ͱͷ ADC

Χϯτ f(x1) + f(x2) Ͱ͋ΔɻࠓճͷςετͰϦχΞϦςΟͷΓཱͬ

͍ͯΔ߹͍ΛྔతʹධՁ͢ΔͨΊ f(x1+x2)/(f(x1)+ f(x2))− 1ͱ͍͏ྔ

Λॎ࣠ʹઃఆͨ͠ɻFADC ͷαϯϓϦϯάͷϨϯδ 4095 Χϯτ·ͰͰ

͋ΔͨΊɺf(x1) + f(x2)ͷϦχΞϦςΟܹٸʹѱ͘ͳΔɻPMTͷੑͱ

ͯ͠ 4095Χϯτ·ͰʹͲͷఔϦχΞϦςΟ͕อͨΕ͍ͯΔ͔Ͳ͏͔͕

ॏཁͰ͋Γɺయܕతͳ PMTͷ 4095Χϯτۙ·ͰଌఆΛ݁ͨͬߦՌΛਤ

4.22ʹࣔ͢ɻ͜Ε TASDʹ༻͍ΒΕ͍ͯͨ PMTͷଌఆ݁Ռಉ࣌ʹࣔ͠

ͯ͋Γɺ4000 Χϯτ·Ͱʹ TASD ͷ PMT ϦχΞϦςΟ͕ 10%ఔ

Լ͍ͯ͠Δ͕ɺTAx4SDͷ PMT 1%ఔ͔͠མ͍ͪͯͳ͍ɻ

1LED ͷύϧε 400ns ʹઃఆͯ͋͠ΓɺۭؾγϟϫʔʹΑΔޫࢠͷೖࣹ͋ͯͤࣅʹؒ࣌
Δɻ

45



ਤ 4.20: ͱ্ࠨ 2 ͭͷ LED ʹೖྗ͢Δ DAC ిѹͷϖΞͷҰྫΛද

͢ɻଌఆલʹݟΛ͚ͭͯ DAC ిѹΛ͔͚ɺग़ྗ͕े saturate ͍ͯ͠Δ

͜ͱ͕֬ೝͰ͖ͨΒͦͷ࣌ͷ DAC Λ্ݶͱ͠ɺ20 Χϯτͬͨ DAC

ΛԼݶͱ͢Δɻ1ཱ͕͍ͬͯΔ DACΛͦΕͧΕ͔͚ͯΏ͘ɻDAC͕

y ͷ࣌ͷޫిࢠΛ Xy ͱ͢Δͱɺ͜ͷਤͷ߹ྫ͑ f(X121)ɺf(X124)ɺ

f(X121)+ f(X124)͕ଌఆ͞ΕΔͨΊɺf(X121+X124)/(f(X121)+ f(X124))−1

Λ͢ࢉܭΔ͜ͱ͕Ͱ͖Δɻଞͷͯ͢ͷΈ߹Θͤʹ͍ͭͯ͜ΕΛ͠ࢉܭɺ

ϦχΞϦςΟධՁͷͨΊͷࢦඪͱ͢Δɻ
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ਤ 4.21: యܕతͳϦχΞϦςΟଌఆͷ݁Ռɻ্ਤͱԼਤͦΕͧΕγϯνϨʔ

λϘοΫε B264 ͷ্ͷ PMTɺԼͷ PMT ͷϦχΞϦςΟͷ݁ՌΛࣔ

͢ɻਤ 4.20ͷ 1ཱ͕͍ͬͯΔશͯͷϖΞʹ͍ͭͯଌఆΛ͍ߦɺϓϩοτͨ͠ɻ

FADC 4095ΧϯτͰ saturate͢ΔͨΊɺ4095ΧϯτҎ߱ͷϦχΞϦ

ςΟ PMTͷੑͱؔͳܹ͘ٸʹԼ͢Δɻ
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ਤ 4.22: TASD ͷ PMT(Electron Tube ࣾɺ9124SA)(৭ͷσʔλ) ͱ

TAx4ͷ PMT(দϗτχΫεࣾR6234)(੨৭ͷσʔλ)ͷయܕతͳϦχΞ

ϦςΟςετ݁ՌɻTASD FADC͕ saturate͢Δ 4095Χϯτʹ౸ୡ͢

Δલʹ 10%ఔϦχΞϦςΟ͕མ͍ͪͯΔͷʹൺɺTAx4SD  4000 Χ

ϯτఔͰ 1%΄ͲͷԼ͔͠ݟΒΕͳ͍ɻ

ถࠃͰͷଌఆ

ถࠃϢλभͷDeltaࢢͰ༌ૹ࣌ͷഁଛͷνΣοΫ݉Ͷͯ࠶શͯͷ SD

ʹ͍ͭͯϦχΞϦςΟͷςετΛͨͬߦɻશσʔλͷϓϩοτΛॏͶॻ͖͠

ͨͷ͕ਤ 4.23 Ͱ͋Δɻ·ͨਤ 4.24 ʹࣔ͢ͷɺશ͔Β 4095 Χϯτʹ

͍ۙϓϩοτΛऔΓग़ͨ͠ώετάϥϜͰ͋ΔɻFADC࠷ ͷϨϯδͰ

SD ฏۉతʹ 4.5%ఔϦχΞϦςΟ͕Լ͢Δ͜ͱ͕Θ͔ͬͨɻ574 

ͷσʔλͷ͏ͪɺ4095ΧϯτҎʹϦχΞϦςΟ͕ 5%Ҏ্Լ͢Δͷ

80 /574  ∼ 14% Ͱɺ10%Ҏ্Լ͢Δͷ 4 /574  ∼ 0.7% ͩͬͨɻ

͢ͳΘͪ 86%ఔͷ SD FADCͷϨϯδͰ 5%Ҏ্Լ͠ͳ͔ͬͨɻ͜

͜Ͱਤ 4.25 ʹ TASD ͷϦχΞϦςΟ͕ 5%Լ͢ΔిྲྀΛࣔ͢ɻిྲྀ

̍ mA∼100ADC count ͱม͞ΕΔͨΊฏۉ 3000 ΧϯτఔͰ͋Γɺ

TAx4SDͰϦχΞϦςΟੑ͕େ্͖ͨ͘͜͠ͱ͕Θ͔Δɻ
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ਤ 4.23: ถࠃʹ༌ૹޙଌఆͨ͠ϦχΞϦςΟΛશσʔλॏͶͨͷɻԣ࣠

FADC͕ saturate͢Δ 4095Χϯτ·Ͱදࣔͯ͋͠Γɺయܕతʹ 5%ఔ

ϦχΞϦςΟ͕Լ͢Δ͜ͱ͕Θ͔ͬͨɻ

ਤ 4.24: 4000 Χϯτ͔Β 4095 Χϯτͷσʔλʹ͓͚ΔϦχΞϦςΟͷ

ԼɻFADCͷ࠷େϨϯδۙͰฏۉ 4.5%ఔϦχΞϦςΟ͕མ͍ͪͯ

Δ͜ͱ͕Θ͔Δɻ
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ਤ 4.25: TASD ͷϦχΞϦςΟ͕ 5%Լ͢Δ࣌ʹ PMT ʹྲྀΕΔిྲྀͷώ

ετάϥϜɻฏۉ͓Αͦ 3000ADC CountͰ͋Δɻͳ͓ 1Χϯτʹ૬

͢Δిྲྀ I I∼ (2V/4095)/(50Ω) ∼ 1mAͰ͋Δɻ[10]

4.3 Uniformity(Ұ༷ੑ)

γϯνϨʔλҰຕ͕෯ 25cmɺ͕͞ 150cmͷͷΛ্ԼͦΕͧΕ 8ຕ

ͣͭ༻͍֤ͯ̏m2 ͷ໘ੵΛΊΔɻ͜ͷ໘ͷͲ͜Λཻ͕ࢠ௨Δ͔Ͱ PMT

ͷड͚औΔޫྔมԽ͢ΔɻγϯνϨʔλͷͲ͕͜ޫΔͱ 1MIP peak͕Ͳ

ͷ͘Β͍มԽ͢Δ͔ௐͨɻ

4.3.1 ଌఆ

2017 ͱ 2018 ͷՆɺࢁསݝైࢢͷӉઢڀݚॴ໌؍ଌॴʹ͓͍ͯ

7 ͷ SD ʹ͍ͭͯɺ1MIP peak ͷҐஔґଘੑΛௐͨɻ15cm×15cm ͷ

γϯνϨʔλʹ PMT Λͨ͠খܕϓϩʔϒΛ 8 ҙ͠ɺ͜Εͱ༺ݸ SD

ͷγϯνϨʔλͱͷίΠϯγσϯεΛऔΔ͜ͱͰͦͷॴͷ 1MIP peakΛ

ଌఆͨ͠ɻࠓճγϯνϨʔλͷ্Ͱ֨ࢠঢ়ʹ 8×4 ͷ 32 Օॴɺ্Լ߹Θ

ͤΔͱ 64ͷσʔλΛऔಘͨ͠ɻ

ͦͷయܕతͳ݁ՌΛਤ 4.27,ਤ 4.28ʹࣔ͢ɻ͝ͱʹ 32͔ॴͷ 1MIP peak

ͷฏۉ͔ΒͷͣΕΛ৭Ͱ͍ࣔͯͯ͠ɺ্ͱԼͰҐஔʹΑͬͯ 1MIP

peakʹภΓ͕͋Δ͜ͱ͕Θ͔Δɻͦ͜Ͱ͜ͷΧϥʔϓϩοτͱਤ 4.29Λݟ

ൺΔͱɺPMT͔Βԕ͍΄ͲϑΝΠόʔͷݮਰͷӨ͕ڹେ͖͘ɺ1MIP

peak͕খ͘͞ͳͬͯ͠·͏͜ͱ͕ಡΈऔΕΔɻ·ͨγϯνϨʔλͷͰ

ൃੜͨ͠ޫ͕ࢠ֎ʹಀ͛ͯ͠·͍ϑΝΠόʔʹΘΒͳ͍ޮՌ͋Δͱ͑ߟ

ΒΕΔɻ

ͷਤ࣍ 4.30ʹଌఆͨ͠ 7×2ͷଌఆ݁ՌͷώετάϥϜΛࣔ͢ɻશ

σʔλͷ͏ͪ 412/437∼94%͕ ±10%Ҏʹऩ·ͬͨɻ
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ਤ 4.26: ʹγʔτͷԼ͍ࠇɻܠ෩ۀ࡞ SD ͷγϯνϨʔγϣϯΧϯλ͕͋

Δɻγʔτͷ্ʹ 15cm×15cmͷϓϩʔϒ͕ ஔ͍ͯ͋Δɻݸ8

ਤ 4.27: SD245 ্(ࠨ) (ӈ)Լͷ 1MIP peakͷҐஔґଘੑͷଌఆ݁Ռɻ

8 ͷϓϩʔϒΛݸ SD ͷ্ͱίΠϯγσϯεͤ͞ΔଌఆΛॴΛͣΒͯ͠

4ճ͍ߦɺશ෦Ͱ 32͔ॴͷଌఆΛ͏ߦɻதԝʹޫి૿ࢠഒΛઃஔ͍ͯ͠

ΔͷͰɺγϯνϨʔλͳ͍ɻ32 Օॴͷ 1MIP peak Λฏͨ͠ۉ͔ΒԿ

%ͣΕ͍ͯΔ͔ΛΧϥʔϓϩοτͰࣔͨ͠ɻ

·ͨଌఆͨ͠ 7 ͷ͏ͪฏۉ͔ΒͷͣΕ࠷େͰ-19.6%ɺ+19.2%Ͱ

͋ͬͨɻTASDͷඇҰ༷ੑ࠷େ 30%Ͱ͋ͬͨ [16]͜ͱͱൺֱ͢Δͱ্͠

ͨɻͱ͜ΖͰ 1MIP͕ೖࣹͨ͠߹యܕతͳޫిࢠ 20p.e.ఔͰ͋Δ͕ɺ

͜ͷޫిࢠϙΞιϯʹै͏ͨΊͦͷΒ͖ͭ∼
√
20 ∼ 4.5 = 22.5%

ఔͱੵݟΒΕΔɻނʹɺγϯνϨʔλͷೖࣹҐஔʹΑΔ ͷ৴߸ͷࢠ1ཻ

Β͖ͭޫిࢠͷΒ͖ͭΑΓখ͘͞ɺγϯνϨʔλͰͷଛࣦΤωϧΪʔ

Λ͢ࢉܭΔࡍʹϥϯμʹΨεΛΈࠐΉ͜ͱͰ͜ΕΒͷΒͭ

͖γϛϡϨʔγϣϯʹөͰ͖Δɻ

51



ਤ 4.28: SD242 ্(ࠨ) (ӈ)Լͷ 1MIP peakͷॴґଘੑͷଌఆ݁Ռɻ

ਤ 4.29: γϯνϨʔλϘοΫεͷϑΝΠόʔͷऔΓճ͠ɻബ͍ࢵ৭Ͱࣔͨ͠

ͷ্͕ͷγϯνϨʔλͰ͋ΔɻϑΝΠόʔͷू·͍ͬͯΔ͍ࠇ෦͕ PMT

Ͱ͋ΔɻϑΝΠόʔͷॏͳΔ෦͕ݟ͍͢Α͏ʹͱ੨ͷ 2৭Ͱࣔͨ͠ɻ
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ਤ 4.30: ֤ SDɾ֤ͷ 1MIP peakͷฏۉ͔ΒͷͣΕͷɻ͓͓·͔

ʹ 10%ఔҎʹऩ·͍ͬͯΔɻ

4.4 GPS Timing

SDͰه͢Δσʔλͷࠁ࣌GPSʢGlobal Positioning SystemʣͷΞϯς

φ͓ΑͼϨγʔόʔʹΑͬͯऔಘ͢ΔɻΤϨΫτϩχΫεʹΈࠐΉGPS

Ϩγʔόʔݸମ͝ͱʹҟͳΔΦϑηοτΛͨͭ࣋Ίɺ͜ΕΛิਖ਼͢ΔͨΊ

ʹଌఆΛͨͬߦɻTAx4࣮ݧͷલʹ࢝·ͬͨ TALE࣮1ݧͰ i-Lotusࣾͷ

γϦΞϧ൪߸͕ RD ͔Β࢝·ΔΛ͕͍ͨͯͬɺ͜Ε͕ੜ࢈தࢭʹͳͬ

ͨͨΊ TAx4 Ͱಉ͘͡ i-Lotus ࣾͷޙଓͰγϦΞϧ൪߸͕ RG ͔Β

ճͷଌఆͰࠓΔΛ༻͍Δɻ·࢝ RD γϦʔζ͔Βج४ͱͳΔ GPS Ϩ

γʔόʔͱͯ͠ RD4569ΛબͼɺTAx4ʹ༻͍Δ RGγϦʔζ ͍ͭʹݸ281

ͯτϦΨʔλΠϛϯάͷଌఆΛͨͬߦɻ

4.4.1 ଌఆ

2017  8 ݄ͱ 2018  8 ɻηοτͨͬߦଌॴʹͯଌఆΛ؍໌ݝསࢁʹ݄

Ξοϓਤ 4.31∼4.33 ͷ௨ΓͰ͋Δɻ࠷େ 5 ͷ SD ΤϨΫτϩχΫεʹ 1

ͭͷ GPS Ξϯςφ͔ΒͷใΛૹΔɻΤϨΫτϩχΫεʹ·ͨप͕

0.45Hz ͷύϧεΛೖྗ͠ɺͦͷτϦΨʔλΠϛϯάΛಡΈऔΔɻGPS 

ใύϧεͷೖྗλΠϛϯάಉࠁ࣌ͷ͕ͣͩɺ֤ GPS Ϩγʔόʔͷ

४ͱ͢ΔGPSϨγʔجΔͨΊɺಡΈऔͬͨλΠϛϯάΛ͕͋ࠩޡʹͱ͝ܭ࣌

1TA Low energy Extension ɻTASDݧ࣮ ΑΓີʹ (400mɺ600mɺ1200m ִؒͷ 3 ஈ֊)
ฒΒΕͨ 103 ͷදݕग़ثͱ MDFD αΠτʹݐઃͨ͠ΤωϧΪʔ༻ࢹ֯ڼߴΛͭ
େޫܬؾԕڸʹΑΔӉઢ؍ଌ࣮ݧɻlog10(E/eV) = 16.0 ∼ 18.5 ఔͷ TA ΑΓ͍Τω
ϧΪʔଳͷӉઢΛਫ਼ີʹଌఆ͠ɺΤωϧΪʔεϖΫτϧΛΑΓਖ਼֬ʹٻΊΔ͜ͱͳͲΛతͱ
͍ͯ͠ΔɻԕڸͰ͜Ε·Ͱ log10(E/eV) = 15.3 ·ͰͷεϖΫτϧΛଌఆͨ͠ɻ
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όʔͷͷͱൺֱ͢Δ͜ͱͰΦϑηοτඪ४ภࠩͷଌఆ͕Ͱ͖Δɻଌఆ͢

ΔGPSϨγʔόʔͱج४GPSϨγʔόʔ͕τϦΨʔ͢ΔλΠϛϯάࠩΛ͋

Δ GPSϨγʔόʔʹର͓ͯ͠Αͦ ͨ͠ɻਤهؒ࣌9 4.34ʹλΠϛϯά

ࠩΛଌఆؒ࣌͝ͱʹϓϩοτ͠ɺਤ 4.35ʹλΠϛϯάࠩͷΛࣔͨ͠ɻ͜

ͷώετάϥϜΛΨεͰϑΟοςΟϯά͠ɺͦͷฏۉΛ͜ͷGPSϨ

γʔόʔͷج४Ϩγʔόʔʹର͢ΔΦϑηοτͱ͢Δɻ

͜ΕΛ TAx4Ͱ༻͢Δશͯͷ GPS ϨγʔόʔͰ݁ͨͬߦՌΛਤ 4.36ʹ

ࣔ͢ɻԣ࣠ RD4569ʹର͢ΔτϦΨʔλΠϛϯάͷΦϑηοτͰ͋Δɻ

ͱ੨ܕ൪ͷҧ͍ͰɺRD(੨)TALE࣮ݧͰΘΕ͍ͯΔͷɺRG()

TAx4 Ͱ৽͘͠ΘΕΔΑ͏ʹͳͬͨͷͰ͋ΔɻRD γϦʔζͷଌఆ

2017 ʹ͕ͨͬߦɺಉ͘͡ RD4569 Λج४ͱ͍ͯ͠ΔͷͰൺֱͷͨΊදࣔ

ͨ͠ɻRG γϦʔζ͕ϚΠφεଆʹͣΕ͍ͯΔͷ RD γϦʔζ͔Β RG γ

ϦʔζͷҠߦͰ෦ύʔπͷม͕ͨͨͬ͋ߋΊͱ͑ߟΒΕΔɻ͜ͷਤ͔Β

Θ͔ΔΑ͏ʹTAx4SDʹ༻͍ΒΕΔRGγϦʔζͷΦϑηοτͷΒ͖ͭ

σ = 3.75nsͰɺSDͷִ͕ؒ 2.08kmͰ͋Δ͜ͱΛྀ͢ߟΕेখ͍͞ɻ·

ͨ 20nsҎ্ͷൺֱతେ͖͍λΠϛϯάΦϑηοτΛͭ࣋GPSϨγʔόʔ

3 ͭ͋ͬͨͨΊɺ೦ͷͨΊ͜ΕΒΛল͍ͨͷΛ TAx4 Ͱ༻͍ΔΤϨΫτϩ

χΫεʹΈࠐΜͩɻ

RGγϦʔζͷGPSϨγʔόʔͷ૬ରλΠϛϯάΦϑηοτͷඪ४ภࠩ

ਤ 4.37 Ͱ͋Δɻฏۉ 14.89±0.354ns Ͱ͋ΔͷͰɺGPS ϨγʔόʔҰ͋ݸ

ͨΓͷղ 10.5nsఔͰ͋Δ͜ͱ͕Θ͔ͬͨɻ

͍ͯͭʹ४GPSϨγʔόʔRD4569ج

४ͱͯ͠ج RD4569 Λ࠾༻͢ΔͨΊʹ༧උͷݧࢼͳͲ͍ͯͬߦͳ͍͕ɺ

ͷ࣍ 2͔Β RD4569ͷΦϑηοτඪ४ภࠩయܕతͰ͋Γ݁Ռతʹଥ

Ͱ͋ͬͨͱ͑ߟΒΕΔɻ

• ਤ 4.36 ΛݟΔͱ RD γϦʔζͷΦϑηοτͷฏۉͷ͓Αͦ 0ns

ʹϐʔΫΛͭɻ͢ͳΘͪ RD4569 ͷΦϑηοτ RD γϦʔζͷத

ͰయܕతͰ͋ͬͨɻ

• ͋Δଌఆʹ͍ͭͯਤ 4.39 ʹ 4 ͭͷώετάϥϜΛࣔ͢ɻ͜ͷଌఆͰ

RD4569Λج४ͱͨ͠ 4ͭͷGPSʹؔ͢Δσʔλ͕͋Δ͕ɺ͜ΕΒͷ

ࠩΛऔΔ͜ͱͰج४GPSͷӨڹΛআ͍ͨΦϑηοτ͕ͦΕͧΕࣔ͞

ΕΔɻ͜ͷ 4ͭͷώετάϥϜͷඪ४ภࠩਤ 4.37ͷͷฏۉʹे

ۙ͘ɺج४GPSϨγʔόʔͰ͋Δ RD4569ͷඪ४ภࠩయܕతͳ

ͷͰ͋Δ͜ͱ͕Θ͔ͬͨɻ
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ਤ 4.31: ্ʹઃஔͨ͠ GPS ΞϯςφɻϑϨʔϜʹͤͨ 3 ͭͷ͍ࠇ৭ͷ

GPS Ξϯςφͷ͏ͪɺӈͷͻͱͭͷΈ༻͠ɺͷ GPS Splitter Ͱׂ

ͯ͠αϒɾϗετΤϨΫτϩχΫεʹͦΕͧΕଓͨ͠ɻ

ਤ 4.32: GPS TimingΛଌఆͨ͠ηοτΞοϓͷࣸਅɻDividerΛ͍ͪͯಉ

ෳͷαϒΤϨΫτϩχΫεͰଌఆ͢Δɻʹ࣌
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ਤ 4.33: GPS Timing Λଌఆͨ͠ηοτΞοϓͷࣜਤɻΞϯςφ͔Βͷ৴

߸ͱύϧεδΣωϨʔλͷ৴߸ΛෳͷΤϨΫτϩχΫεʹૹ৴͢Δɻج४

ͷGPSϨγʔόʔʹର͠࠷େ 4ͭͷGPSϨγʔόʔʹ͍ͭͯτϦΨʔλΠ

ϛϯάΛଌఆ͢ΔɻGPS splitter ͷԆεϖοΫͰ 1ns ҎԼͳͷͰࠓճ

ͷଌఆͰͦͷӨڹແࢹͰ͖ΔɻࠓճͷଌఆͰ௨ৗͷ DAQ ΛͯͬߦΠϕ

ϯτͷλΠϜελϯϓΛಡΉͷͰɺ5 ͭͷαϒΤϨΫτϩχΫεͷऔಘσʔ

λϗετΤϨΫτϩχΫε (௨ৗ௨৴ౝʹઃஔ͞ΕΔͷ)ʹແઢ௨৴Ͱૹ

ΒΕΔɻ

ਤ 4.34: มԽɻԣ࣠ଌఆ։ؒ࣌४GPSϨγʔόʔͱͷλΠϛϯάࠩͷج

४جͰɺॎ࣠τϦΨʔλΠϛϯά͔Βؒ࣌աܦΒͷ͔࢝ GPS Ϩγʔόʔ

τϦΨʔλΠϛϯάΛҾ͍ͨࠩͰ͋Δɻ
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ਤ 4.35: ͋ΔGPS Timing͔Βج४GPS TimingΛҾ͍ͨؒ࣌ɻਤ 4.34

ΛώετάϥϜʹͨ͠ͷɻ͋ΔGPSʹؔͯ͠ج४GPSͱͷ૬ରతͳΦϑ

ηοτͱΒ͖͕ͭΘ͔Δɻ

ਤ 4.36: શGPSϨγʔόʔͷΦϑηοτͷฏۉͷɻج४GPSͷλΠ

ϛϯάʹର͢ΔΦϑηοτ͕-20nsΑΓখ͍͞ͷ 2ͭͱ+ଆʹେ͖ͣ͘Ε

͍ͯΔ 1ͭͷ߹ܭ 3ͭΦϑηοτ͕େ͖͗͢Δͱͯ͠ΤϨΫτϩχΫεʹ

Δͷ͔Βআ͍ͨɻ͢༺

57



ਤ 4.37: RGγϦʔζͷશGPSϨγʔόʔͷඪ४ภࠩΛώετάϥϜʹͨ͠

ͷɻΨεͰϑΟοςΟϯάͨ͠ͱ͖͜ͷ͔Βେ͖͘֎ΕΔGPS

Ϩγʔόʔͳ͔ͬͨͨΊɺΒ͖ͭͷେ͖͕͞ݪҼͰΤϨΫτϩχΫε

ͷ༻Λதͨ͠ࢭͷͳ͍ɻ

ਤ 4.38: Ͳͷ GPS Ϩγʔόʔ͕ଞͱҧ͍ͬͯΔ͔Λஅ͢ΔͨΊʹͲͷ

Έ߹ΘͤͰࠩΛऔ͔ͬͨͷઆ໌ɻଌఆσʔλৗʹҰͭͷGPSϨγʔόʔ

(RD4569) Λج४ͱ͢ΔͨΊɺଌఆσʔλͷΒ͖ͭ RD4569 ͷΒ͖ͭ

ʹӨ͞ڹΕͯ͠·͏ɻͦͷͨΊଌఆσʔλͷ֤ࠩΛऔΔ͜ͱͰ RD4569ͱ

ແؔͳώετάϥϜΛඳ͘͜ͱ͕Ͱ͖Δɻ
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ਤ 4.39: ਤ 4.38 ͷ࢛ͭͷ߹ΘͤͰٻΊͨ GPS ϨγʔόʔͷλΠϛϯά

ͷࠩͷɻͲͷਤ 4.37 ͷʹे͓͞·͍ͬͯΔ͜ͱ͔Βɺ

RD4569ͷΒ͖ͭಛผେ͖͘খ͘͞ͳ͍యܕతͳͷͱஅͨ͠ɻ

4.5 CPU Check

2017ʹTAx4༻ΤϨΫτϩχΫεͷͨΊͷϝΠϯϘʔυ͕࢝࡞·ͬͨɻ

ϝΠϯϘʔυ 300 ຕͷ֤ૉࢠͷऔΓ͚͕࣍ྃ͠ୈ֤෦ͷిѹνΣοΫ

ϑΝʔϜΣΞͷॻ͖ࠐΈςετ͕ߦΘΕͨɻͦͷ݁Ռɺ300ຕத 47ຕͷϝ

ΠϯϘʔυ͕ىಈͤͣɺϑΝʔϜΣΞͷॻ͖ࠐΈ͕Ͱ͖ͳ͍τϥϒϧ͕ൃ

ੜͨ͠ɻ֤෦ͷৄࡉͳిѹςετʹΑΓ CPU(6417750S F167V)ʹ͕͋

Δ͜ͱ͕Θ͔ͬͨɻ

ͦͷͨΊ CPUΛඞཁ৽͘͠ങ͍͠ɺ2018ळҎ߱ͦͷશͯʹ͍ͭͯ

ਤ 4.41ʹࣔͨ͠ςετ༻ϝΠϯϘʔυΛ༻͍ͯࣄલʹνΣοΫΛͨͬߦɻ͜

ͷςετ༻ϝΠϯϘʔυCPUͷऔΓ͚ҐஔʹCPU༻ͷιέοτ͕Μ

͚ͩͯ͋͠ΔͨΊɺCPUΛ͚ͨΓ֎ͨ͠Γ͢Δ͜ͱ͕Ͱ͖Δɻ͜ͷςε

τͰ͜ͷ CPU Λಈ͔͢ςετϑΝʔϜΣΞΛ ROM ʹॻ͖ࠐΉ͜ͱͰ

CPUͷಈ࡞ςετΛ͏ߦɻςετ༻ͷϑΝʔϜΣΞϝΠϯϘʔυʹ֎

͚Ͱ͖ΔROM(ਤ 4.42)ʹॻ͖ࠐΜͰ͋ΓɺPC͔Β͜ͷϑΝʔϜΣΞ

Λ CPUͷετϨʔδʹॻ͖ࠐΉίϚϯυΛૹΔɻ

CPU ·ͣ 2018 ʹ 30 ຕΛ৽ߪنೖ͠ɺ͜ΕΒʹ͍ͭͯͷςετ͔Β

։ͨ࢝͠ɻ͜ͷ݁Ռ͡Ί 7/30 ͔͠νΣοΫΛ௨Βͳ͔͕ͬͨɺCPU ι

έοτͷకΊ͕͋·͍͜ͱ͕Θ͔ͬͨͨΊ࠶νΣοΫʹΑΓ 25/30͕νΣοΫ

ʹ߹֨ͨ͠ɻ͜ΕΒΤϨΫτϩχΫεʹ༻͞Εͨɻ·ͨΓ 5ຕͷෆ߹

֨औΓѻ͍࣌ʹ CPU ͷϐϯ͕ંΕͯ͠·ͬͨΓઍΕͯ͠·ͬͨΓͨ͠

తഁଛʹΑΔͷͰ͋ΓɺνΣοΫͷࡍͷ CPUͷऔΓѻ͍ํ๏վળ͢Δ

ඞཁ͕͋ΔͱΘ͔ͬͨɻ

ͦ͜ͰCPUΛιέοτʹ͚֎͢͠Δࡍ༻͍͍ͯΔٵணϐϯηοτΛEN-

PLAS ࣾ HP-100 ͔Β HAKKO ࣾ vacuum pick-up 394-01 มͨ͠ߋɻ
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ਤ 4.40: ΤϨΫτϩχΫεʹΈࠐΉલͷ CPUɻࣸਅͷϓϨʔτʹͬͨঢ়

ଶ͔Β࣍ͷਤ 4.41ʹࣔ͢ςετ༻ϘʔυʹٵணεϙΠτͰͤࡌΔɻ

ਤ 4.41: CPU νΣοΫ༻ϝΠϯϘʔυɻதԝͷιέοτʹ CPU Λஔ͖ɺӈ

ͷ֖ΛඃͤͯకΊΔͱϐϯ͕௨ి͢ΔΑ͏ʹ࡞ΒΕ͍ͯΔɻ

60



ਤ 4.42: ϝΠϯϘʔυʹऔΓ͚ͯ͏֎͚ ROMɻςετ༻ͷϑΝʔϜ

ΣΞ͕ॻ͖ࠐΜͰ͋Δɻ

ਤ 4.43: มߋલͷٵணϐϯηοτ ணϐϯηοτɻٵͷޙߋͱม(্ࠨ)

ͪ͜ΒిࣜͳͷͰΑΓ҆ఆͯ͠ CPU ΛऔΓѻ͑ΔΑ͏ʹͳͬͨɻ(ਤ

4.43)

ʹ࣍ 2019 Նʹ༧උΛ݉Ͷͯ 50 ຕͷ CPU Λߪೖͨ͠ɻશͯͷ CPU ʹ

͍ͭͯಉ༷ͷςετΛߦͳͬͨͱ͜Ζɺ50ຕશ͕ͯνΣοΫʹ߹֨ͨ͠ɻٵ

ணϐϯηοτͷมߋʹΑΓ CPU ͷऔΓѻ͍͕վળ͞Εɺϐϯͷతഁଛ

΄ͱΜͲͳ͔ͬͨɻ

2019ౙɺTALE࣮֦ݧுͷͨΊʹ 120ຕͷ CPUʹ͍ͭͯಉ༷ͷςετ

Λߦͳͬͨͱ͜Ζɺ3ͭͷCPUʹ௨ి͍ͯ͠ͳ͍෦͕͋ΔՄੑ͕͋Δ͜

ͱ͕Θ͔Γɺ༻͠ͳ͔ͬͨɻ

ʹͰ·ࡏݱ 200ຕͷςετΛߦͳ͕ͬͨ 3ຕ͔͠ෆྑ͕ൃ͞ݟΕͳ͔ͬ

ͨͨΊɺ͡Ίʹෆྑ͕ଟ͔ͨͬͭ͘ݟͷͦΕ͕ۮવෆྑϩοτͰ͋ͬ

ͨՄੑ͕͋Δɻ
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ୈ5ষ TASDͱTAx4SDͷ
ͱੑͷҧ͍ͷ·ͱΊ༷

ຊষͰ TASDͱ TAx4SDͷ༷ͷҧ͍Λ·ͱΊΔɻPMTͱϑΝΠόʔ

͓ΑͼϑΝΠόʔΛݻఆ͢ΔΫοΩʔͷҧ͍ɺ·ͨిڅڙݯ༻ͷόοςϦ

ऩೲ Cooler BoxɺιʔϥʔύωϧɺReboot TimerɺLVDMɺ͓Αͼσʔλ

ͷهࠁ࣌༻ GPSϞδϡʔϧͷҧ͍Λද 5.1ɺද 5.2ʹࣔ͢ɻ

ͦͷଞɺTAx4SDʹ༻ͨ͠ SDΤϨΫτϩχΫεσʔλऩूγεςϜ

 TALE SD ͷͨΊʹ։ൃ͞ΕͨͷΛ༻͓ͯ͠Γɺৄࡉʹ͍ͭͯߟࢀ

จݙ ͍ͯͭʹ௨৴ʹؔͯ͠ɺTAڑΕ͍ͯΔɻ·ͨ͞ࡌهʹ[18] [9]ʹɺ

TAx4ʹ͍ͭͯ Ε͍ͯΔɻ͞ࡌهʹ[19]

·ͨɺຊจͰهड़ͨ͠ SDͷ֤ੑʹ͍ͭͯɺTASDͱ TAx4SDͷҧ͍

Λද 5.3ʹ·ͱΊͨɻ

ද 5.1: TASDͱ TAx4SDͷγϯνϨʔλϘοΫεͷ༷ͷҧ͍ (3.1અ)

TASD TAx4SD

PMT Electron Tube:9124SA দϗτχΫε:R8619

ϑΝΠόʔऔΓճ͠ ਤ 2.6ɺਤ ࠨ3.4 ਤ 3.3ɺਤ 3.4ӈ

ϑΝΠόʔִؒ 2cm(ਤ (ࠨ3.5 4cm(ਤ 3.5ӈ)

ϑΝΠόʔ 1040m 341.6m

ΫοΩʔ ಁ໌ (ਤ (ࠨ3.2 ന (ਤ 3.2ӈ)

γϯνϨʔλϘοΫεͷ͞ߴ 100mm 66.2mm

ද 5.3: TASDͱ TAx4SDͷੑͷҧ͍

TASD TAx4SD
PMT ͷྔޮࢠ  10%[16]  20%[16]
1MIP peak ͷ࠷ 10p.e. ఔ [10] 14.3±0.1p.e.(4.1 અ)

ੑܗͷઢثग़ݕ
ฏۉ 2930±590count Ͱ
-5%[10]

ฏۉ 4095count ఔͰ
-4.5%(4.2 અ)

ͷҰ༷ੑثग़ݕ େ࠷ ±30%[16] େ-19.6%ɺ+19.2%(4.3࠷ અ)
GPS Ϩγʔόʔͷ
ΦϑηοτͷΒ͖ͭ

σ =2.8ns1[20] σ =3.75ns(4.4 અ)

GPS Ϩγʔόʔͷ
τϦΨʔλΠϛϯάͷ
Ұ͝ͱͷΒ͖ͭ

σ =10ns ఔ 1[20] σ =10.5ns ఔ (4.4 અ)

1 TASD ༻ GPS Ϩγʔόʔͷ͏ͪ 17 Ռ݁ͨ͠ݧࢼൈ͖ग़͍ͯͯͭ͠ʹݸ
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ਤ 5.1: TAx4SD ͷγϯνϨʔλϘοΫε෦Λԣ͔ΒࣸͨݟਅɻγϯνϨʔ

λϘοΫεʹࠜΛऔΓ͚Δͱԣʹ͕ܺؒͰ͖ௗ͕ೖΓ͜ΜͰ͠·͏ͨ

Ίɺۚଐͷ൘ͱϝογϡΛऔΓ͚ͨɻ

ਤ 5.2: ৽͘͠ΘΕͨ Reboot Timer(ΦϜϩϯࣾ ZEN-10C3DR-D-V2)
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ද 5.2: ͦͷଞ֤෦ͷ༷ͷҧ͍
TASD TAx4SD

Bird Spike ແ͠ ϓϥενοΫ

Bird Plate ແ͠ ϝογϡͷͷ (ਤ 5.1)

Cooler Box DAIWA:GU1600 DAIWA:RX GU 1800X

Solar Panel ηϥ:KC120Jژ
ηϥ:KD145SX-UFUژ

/DASOL:DS-A18-135

Reboot Timer ແ͠ (Ұ෦ CN101A)
omron:ZEN-10C3DR-D-V2

(ਤ 5.2)

LVDM(ୈ 6 ষ) ແ͠ CZH-LABS:D1077(ਤ 5.3)

GPS module
MOTOROLA:HAWK

/Synergy Systems:AR-10N
Synergy Systems:ANT-15S

ਤ 5.3: TAx4SDͰ৽͘͠ΘΕͨLow Voltage Disconnect Module(LVDM)ɻ

disconnectͱ reconnectͷిѹΛબͿεΠον͕͋Δɻ
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ୈ6ষ ถࠃͰͷSDͷΈཱ͓ͯ
Αͼઃஔ

DeltaࢢͰͷSDͷΈཱͯۀ࡞2017͝Ζ͔Β࢝·Γɺ257ͷTAx4SD

ͷઃஔۀ࡞ 2019  2 ݄ͱ 3 ड़ه͍ͯͭʹɻ͜͜Ͱͦͷաఔͨͬߦʹ݄

͢Δɻ

2016 5݄ͱ 2017 1݄͔Β 2018 12݄·Ͱ

͜ͷؒظࢁསݝʹ͋Δ໌؍ଌॴͰΈཱͯΒΕͨγϯνϨʔλϘοΫ

εͱถࠃͰ͢࡞ΔՍҎ֎ͷ SD෦͕ຊ͔ΒΞϝϦΧւ্༌ૹ͞Εɺ

ΑͬʹऀۀͷࠃϑΣʔζͰ͋ͬͨɻΈཱͯɺถ͏ߦͰͷΈཱͯΛݱ

ͯ͞࡞ΕͨՍͷ্ʹɺιʔϥʔύωϧͷऔΓ͚ɺγϯνϨʔλϘοΫ

εͷऔΓ͚ɺεςϯϨεϘοΫεͷऔΓ͚ΛޙͨͬߦɺSDͷނো͕ͳ͍

͔֬ೝ͢ΔςετΛͨͬߦɻ͕ͳ͚ΕΤϨΫτϩχΫεͱόοςϦʔ

ΛεςϯϨεϘοΫεͷதʹઃஔ͠ɺγϯνϨʔλϘοΫεͱͷઢΛͬߦ

ͱͳΔɻSDͷΈཱͯྃͯ CRCͰ͍ߦɺͨ͠ SD CRCͷྡʹ

͋Δʹฒͯอͨ͠ (ਤ 6.3)ɻ֤ SDΛઃஔ͢Δ༧ఆͷ࠲ඪΛͱʹɺ

2017 όΪʔΧʔྠ࢛ʹ6݄ (શܗରԠं)Ͱɺ·ͨ 2017 8݄ʹϔϦ

ίϓλʔͰԼ͠ݟɺܗͳͲͷཧ༝Ͱઃஔ͕ࠔͱ͞ΕΔ࣌ۙͷฏΒͳ

ॴΛઃஔީิ࠲ඪͱͯ͠ߌΛଧͭۀ࡞ͨͬߦɻͳ͓֤ஈ֊Ͱݱͷऀۀ

ݣձ͔ࣾΒ͞ݣΕͨऀۀ࡞ͷิॿΛಘͯۀ࡞Λͨͬߦɻ

όοςϦʔͷނো

্ड़ͷۀ࡞Λ 2017 1݄ɺ2݄ʹͨͬߦͷͪɺ2017 11݄͝Ζͦͷશͯ

ͷόοςϦʔ͕ిѹ߱ԼʹΑΓނোͨ͜͠ͱ͕Θ͔ͬͨɻΤϨΫτϩχΫε

ΛతʹऔΓ͚چͷ෮Λ͍ͬͯͨͨΊిྗΛফඅ͠ͳ͍͕ɺ௨৴োݯి

ΒΕͨ Reboot Timer ిݯΛ͍ͬͯͯগͣͭ͠ిྗΛফඅͨ͜͠ͱ͕

ҼͰ͋ͬͨɻ͜ΕΛ͙ͨΊݪ 1©Έཱͯͷࡍʹ·ͩόοςϦʔʹଓͤ

ͣɺ࣮ݧαΠτʹઃஔ͢Δલʹଓ͢Δ 2©LVDM(Low Voltage Disconnect

Module)Λճ࿏ʹΈࠐΈɺԿΒ͔ͷཧ༝ͰόοςϦʔ͕ނো͠͏Δిѹ (͓

Αͦ 10V ҎԼ) ʹԼ͕ΔલʹࣗಈͰ Reboot Timer ΤϨΫτϩχΫεͷి

Λஅ͢ΔΑ͏ʹͨ͠ɻݯ
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ਤ 6.1: γϯνϨʔλϘοΫεΛՍʹऔΓ͚͍ͯΔͱ͜Ζɻ͜ͷۚޙଐ

ͷࠜΛ͔͚ΔɻγϯνϨʔλͷ্֖ͷதԝʹஔ͔Ε͍ͨࠇνϡʔϒͷதʹ

GPSΞϯςφͷέʔϒϧΛ௨͢ɻGPSϨγʔόʔࠜͷʹݻఆ͢Δɻ
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ਤ 6.2: ΫʔϥʔϘοΫεͷઢɻόοςϦʔʹReboot TimerɺLVDMɺ

εΠονϘʔυ͕ଓ͞ΕΔɻReboot Timer UTCͰՐ༵ͷ ࡞ʹ࣌18

ಈ͢ΔΑ͏ʹઃఆͨ͠ɻLVDM 10.7VͰDisconnectɺ11.4VͰReconnect

͢ΔΑ͏ઃఆͨ͠ɻεΠονϘʔυΤϨΫτϩχΫεଆʹଓ͞Ε͍ͯͯɺ

όοςϦʔ͔Βͷిྗͷ ON/OFF ͕Γସ͑ΒΕΔɻ·ͨނোΛ͙ͨΊ

όοςϦʔͷࢠʹ SAҠಈલ·ͰಋઢͷଓΛߦΘͣɺςʔϓͰ෴ͬͨɻ

ਤ 6.3: CRCͷ౦ଆͷɻࠨԞʹ͑ݟΔനΈ͕͔͍ͬͯΔݐ͕ CRCͰɺ

खલʹ 2017 2݄ 10ͷ࣌Ͱ 173ͷ SD͕อ͞Ε͍ͯΔɻ
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2019 2݄

SD ͷΈཱ͕͓͓ͯΑͦऴΘΔͱɺ࣮ݧαΠτʹ߹ܭे͔ॴઃ͚ΒΕ

ͨεςʔδϯάΤϦΞ (Staging Area,SA) ༌ૹ͕ߦΘΕͨɻ༌ૹʹɺҰ

ʹ 6 ͷ SD ΛੵࡌͰ͖ΔେܕτϨʔϥʔ͕ 2 ༻͍ΒΕͨɻ֤ SD ʹ

Γͷد࠷ऴతʹઃஔ͞ΕΔॴ͕ܾΊΒΕ͓ͯΓɺ࠷ʹط SAʹ༌ૹ͞Εͨɻ

͜ͷҠಈγϯνϨʔλϘοΫεʹͱͬͯ།Ұͷ্༌ૹͰ͋Γɺฮ͞Ε

͍ͯͳ͍ಓ࿏Λ௨Δ͜ͱ͋ΔͨΊʹ࠷ৼಈʹΑΔނোϦεΫ͕େ͖͍ɻ

·ͨ߱ઇͷӨڹͰΦϑϩʔυͷ࿏໘͕͵͔ΔΈɺҠಈɾܜٳ༻ʹ༻ҙ͞Εͨ

τϨʔϥʔϋε͕ελοΫ͢ΔͳͲɺ্ۀ࡞ͷτϥϒϧ͕ଟ͍ϑΣΠζͱ

ͳͬͨɻSA Ͱ֤ SD ͷނোνΣοΫͱͯ͠࠶ͼ 1MIP peak ଌఆ͕ߦΘ

Εͨɻଆͷ SAʹ༌ૹ͞Εͨ 130ͷ SDͷ͏ͪ 3ʹ͍ͭͯਖ਼ৗͳ 1MIP

peak͕֬ೝͰ͖ͳ͔ͬͨɻτϥοΫ༌ૹ࣌ͷ PMTͷഁଛ͕ݪҼͰ͋ͬͨ

ͨΊɺCRCͰमཧ͕ߦΘΕͨɻ·ͨΤϨΫτϩχΫεʹؔͯ͠ىಈͰ͖ͳ

͍ͳͲͷτϥϒϧ͔ॴͰൃੜͨ͠ɻ͜Ε༧උͷΤϨΫτϩχΫεͱͷ

ΊΔඞཁ͕͋ࢭҼΛಥ͖ݪଟൃ͢ΔΑ͏Ͱ͋ΕޙࠓͰରԠ͕ͨ͠ɺަ

Δɻ·ͨ௨৴༻ΞϯςφͱΞϯςφϙʔϧ SAͰऔΓ͚͕ߦΘΕͨͷͪɺ

௨৴ςετͱΤϨΫτϩχΫεʹΠϯετʔϧͨ͠௨৴༻ϑΝʔϜΣΞͷ

ςετΛ͔ͶͯɺϥζϕϦʔύΠίϯϐϡʔλͱωοτϫʔΫதܧ༻ͷແઢ

LAN ϧʔλΛ༻͍ͯ ping ίϚϯυʹΑΔଓνΣοΫΛߦͳͬͨ (ਤ 6.5)ɻ

ଆͷ SA ͷҠಈ͕ྃ͢Δͱઃஔ͕࢝ۀ࡞·Δ͕ɺ͜Εͱฒͯ͠ߦೆଆ

ͷ SAͷҠಈߦΘΕͨɻ127ͷ SDͷ͏ͪɺ3ͷ SDͷ PMT͕ഁଛ

ͨ͠ɻ

ΞϯςφϙʔϧͷऔΓ͚Ґஔ

SD ͷ௨৴༻ΞϯςφϙʔϧιʔϥʔύωϧͷʹऔΓ͚ΒΕΔ͕ɺ

TASDͷ͜Ε·Ͱͷ؍ଌͰΞϯςφʹௗ͕ͱ·ΓɺฅͰιʔϥʔύωϧ

෴ΘΕͯଠཅޫ͕ःΒΕΔ͜ͱͰόοςϦʔʹॆి͞Εͳ͍τϥϒϧ͕සൃ

ͨ͠ɻͦͷͨΊ TAx4SDͰΞϯςφͷҐஔΛ࠷దԽ͢Δ͜ͱͰ͜ͷඃΛ

Λͨ͠ɻਤΒ͢ݮ 6.6ʹɺ4͔ॴͷΞϯςφऔΓ͚ҐஔΛࣔ͢ɻSD͔

Βͯݟ௨৴ౝ͕Ͳͷํ֯ʹ͋Δ͔ʹΑͬͯɺΞϯςφͷηϯλʔϑΟʔυ͕

SD ͷ֎ଆʹ͘Α͏ 4 ͔ॴͷऔΓ͚Ґஔ͔Βܾఆ͢Δɻ͜ΕʹΑͬͯ

ௗ͕ΞϯςφͷϦϑϨΫλʔηϯλʔϑΟʔυʹࢭ·ͬͯฅ͕ιʔϥʔ

ύωϧʹམͪʹ͘͘ͳΔɻ

SAͷҠಈͷԆ

SA ΛؚΉ࣮ݧαΠτϢλभͷཧہ (Bureau of Land Manage-

ment,BLM)ͷཧԼʹ͋ΔͨΊɺSAͷҠಈҎ߱ͷϑΣΠζʹ͔͘ࡉਃ
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ਤ 6.4: SD Λ SA Ҡಈͨ͠ۀ࡞ͷࣸਅɻ(্ࠨ)SD ΛτϨʔϥʔͰӡΜͰ

SA͍͔ͯͬΔͱ͜Ζɻ(ӈ্)ΫϨʔϯΛ༻͍ͯ SAʹ౸ணͨ͠ SDΛԼ

Ζ͍ͯ͠Δͱ͜Ζɻ(ࠨԼ)SAͷԾஔ͖͕ͨྃ͠ SDɻ(ӈԼ)ނো͕ͳ͍

͔ςετΛͨͬߦͷ֤ͪ SDʹΞϯςφΛऔΓ͚ͨɻ

ͱڐՄ͕ඞཁʹͳΔ1͕ɺ2018  12 ݄ 21 ͝Ζʹ࢝·ͬͨΞϝϦΧ

ͰڹͷӨͷҰ෦ดؔػ BLMͱͷަবఀͨ͠ࢭɻܭըͰ 2019 1݄ʹ

SA ͷҠಈ࢝·Δ༧ఆ͕ͩͬͨɺด͕ղআ͞ΕΔ 2 ݄·Ͱ SD ͷ

SAͷҠಈͷ։͕࢝Ԇ͢Δ͜ͱʹͳͬͨɻ

2019 2݄ɺ3݄

֤ SA ʹ༌ૹ͕ͨྃ͠ SD ɺϔϦίϓλʔʹΑͬͯҰܾͣͭΊΒΕ

ඪӡͼɺઃஔͨ͠ɻ1ʹ༌ૹՄͳ࠲ͨ SD͡Ί 10ఔͰ͋ͬ

͕ͨɺيಓʹΔͱ 30∼40ͷϖʔεͰҠૹɾઃஔͰ͖ͨɻ·ͨಉ࣌ฒߦͰ

௨৴ౝͷݐઃߦΘΕͨɻ֤ SD ͷ௨৴༻Ξϯςφͷํௐ௨৴ౝݐઃ

ͷͨྃ͠ ͨྃ͠Ͱʹஔͷ·ظ࣌ΘΕͨɻ͜ͷߦʹ3݄ SDਤ 6.9ɺਤ

6.10Ͱࣔ͞Εͨ߹ܭ 257Ͱ͋Δɻ

1BLM ͔ΒͷڐՄΛඞཁͱͨ͠ओͳ߲ɺSD ͷ SA ͷҠಈͷ։࢝ɺ௨৴ౝͷݐઃͷ
։࢝ɺϔϦίϓλʔʹΑΔ SD ͷઃஔͰ͋ͬͨɻ·ͨ 3 ݄͔Β 8 ݄·ͰௗͷอؒظޢͰݪଇ
ϔϦίϓλʔ͕ۀ࡞Ͱ͖ͳ͍͕ɺಛผʹڐՄΛಘͯௗͷͷॴΛҙਂ֬͘ೝͭͭ͠ઃஔΛ
ɻͨͬߦ
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ਤ 6.5: SA ʹ͓͚Δ SD ͷ௨৴ςετͷࣜਤɻిؾͷ௨͍ͬͯͳ͍ॴͳ

ͷͰɺंͷόοςϦʔ͔ΒిݯΛऔͬͨɻ

ਤ 6.6: SD ͷΞϯςφͷऔΓ͚ҐஔͷީิΛࣔͨ͠ਤɻSD ͔Βͯݟ௨৴

ౝ͕͋Δํ֯ʹΞϯςφΛ͚࣌ͨɺΞϯςφ͕ SD ͷ֎ଆʹ͘Α͏ͳҐ

ஔʹΞϯςφϙʔϧΛऔΓ͚Δɻ
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ਤ 6.7: SA ʹԾஔ͖ͨ͠ SD ϔϦίϓλʔʹΑͬͯࢦఆ͞Εͨ࠲ඪͷઃஔ

ॴ·ͰӡΕΔɻ

ਤ 6.8: ผͷϔϦίϓλʔͰ໊͔͕ͨͬઌʹઃஔͰ͓ͯ͠ػΓɺԼ

Ζͨ͠ SDΛܾΊΒΕͨʹݻఆ͢Δɻ
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ਤ 6.9: ଆΞϨΠͷஔɻஔࡁΈͷ SD130 ΛͰృΓͭͿ࢛ͨ֯͠ҹ

Ͱࣔ͠ɺະઃஔͷ SDΛృΓͭͿ͍ͯ͠ͳ͍࢛֯ҹͰࣔͨ͠ɻ

2019 4݄Ҏ߱

4 ݄ʹ DAQ Λ։ͯ࢝͠Ҏདྷ௨৴ౝͱͷ௨৴ʹؔ͢Δτϥϒϧ͕ൃੜͯ͠

͍͕ͨɺϓϩάϥϜίʔυͷରԠ͢Δ෦ͷॻ͖͑௨৴ౝʹઃஔ͞Εͯ

͍ΔϋʔυΣΞͷަͰղܾ͞Εͨɻ·ͨΤϨΫτϩχΫεͷނোτϥϒ

ϧɺεϖΞͷΤϨΫτϩχΫεͱͷަͰղܾ͞Εͨɻͦͷ΄͔ݸʑͷτ

ϥϒϧ͕༷ʑ͋ΔͨΊʹ DAQ ϦετʹೖΕΔ SD ͷʑมಈ͍ͯ͠Δ

ͷͷɺ2019  12 ݄ʹಉ࣌ʹ 248 /257 Ͱ DAQ Λ͍ͯͬߦΔɻଞʹ 4

ɺҎલՔಇ͍ͯͨ͠ͷ͋Δɻ2019 5 ݄͔Β 8 ݄·Ͱͷ 104ؒɺ

KMCT ྖҬʹઃஔͯ͠ DAQ Ճͨ͠ࢀʹ 46 ͷ SD(ݕग़໘ੵʹ͢ࢉΔͱ

 182km2)ͷऔಘσʔλʹؔͯ͠ߏ࠶Λ݁ͨͬߦՌɺߴ࠷ΤωϧΪʔӉ

ઢͷީิͰ͋Δ 57EeV Ҏ্ͷӉઢ 4 Πϕϯτ؍ଌ͞Εͨɻਤ 6.11 ʹͦ

ͷ͏ͪͷ 1ͭͷΠϕϯτΛࣔ͢ [21]ɻ
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ਤ 6.10: ೆଆΞϨΠͷஔɻஔࡁΈͷ SD127ΛͰృΓͭͿ࢛ͨ֯͠ҹ

Ͱࣔ͠ɺະઃஔͷ SDΛృΓͭͿ͍ͯ͠ͳ͍࢛֯ҹͰࣔͨ͠ɻ

ਤ 6.11: TAx4SD Ͱऔಘͨ͠ߴΤωϧΪʔӉઢσʔλͷྫɻ(ࠨ) ؾۭ

γϟϫʔͷ footprintɻ֤ SDͷ৴߸ͷ͞ڧԁͷେ͖͞ɺؒ࣌৭Ͱࣔͯ͠

͋Δɻ(ӈ)֤ SDͷܗใɻ
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ୈ7ষ ·ͱΊ

ถࠃϢλभͰՔಇ͍ͯ͠ΔςϨείʔϓΞϨΠ (TA)࣮ݧߴ࠷ΤωϧΪʔ

ӉઢͷݯىΛղ໌͢Δ͜ͱΛओతͱ͢Δɻߴ࠷ΤωϧΪʔӉઢͷۭؾ

γϟϫʔΛ؍ଌ͢ΔͨΊʹถࠃϢλभͷߥʹ 507ͷϓϥενοΫγϯν

ϨʔλͰ 700km2 ΛΧόʔ͢Δදݕग़ث (SD)܈ͱͦΕΛࠐݟΉΑ͏ʹ 3

͔ॴʹେޫܬؾԕڸΛݐઃ͠ՔಇதͰ͋ΔɻTA࣮ݧͰ 11ؒͰ 57EeVҎ

্ͷߴΤωϧΪʔӉઢΛ 168Πϕϯτ؍ଌͨ͠ɻ·ͨ 1018.2eVҎ্ͷӉ

ઢͷσʔλղੳʹΑΕɺΤωϧΪʔεϖΫτϧʹ 19.81±0.03log10(E/eV)

ʹΧοτΦϑΛ͕͋Δ͜ͱΛ؍ଌ͠ɺGZKݶքʹໃ६͠ͳ͍݁Ռͱͳͬͨɻ

͞Βʹܦ 144.3◦ɺҢ 40.3◦ ͷํࣄʹલ͕֬ 5.1σɺ֬ޙࣄ͕ 2.9σ ͷ

༗ҙΛͭ࣋ϗοτεϙοτ (ҟํੑ)͕͋Δ͜ͱ͔ͬͨɻ͜ΕΒͷ݁Ռ

Λड͚ɺؒظͰଟ͘ͷσʔλΛऔಘͯ֬͠ূΛ௫ΉͨΊʹ༗ޮݕग़໘ੵΛ

ʹऴత࠷ 4 ഒʹ֦ு͢Δ͜ͱΛ͢ࢦ TAx4 ͕ݧ࣮ 2019  4 ݄ʹՔಇΛ։

ɻຊจͰͨ࢝͠ TAx4SDͷ࡞ஈ֊ʹ͓͚ΔੑධՁɺ·ͨݱͰͷઃ

ஔه͍ͯͭʹۀ࡞ड़ͨ͠ɻ

ߴΤωϧΪʔӉઢͷΤωϧΪʔΛܾΊΔͨΊʹɺۭؾγϟϫʔ͔Β

Կཻࢠ SD Λ௨ա͔͕ͨ͠ॏཁͰ͋ΔɻͦͷͨΊʹ௨ৗͷӉઢΛ༻͍ͯ̍

ͨΓͷࢠཻ SD ͔Βͷฏۉͷޫྔ (1MIP peak ) Λ SD ͝ͱʹଌఆͨ͠ɻ

γϯνϨʔλϘοΫεຊମຊ (30ؖࠃ)ͰΈཱͯͨͷͰɺถࠃͷ

༌ૹલޙͰ͜ͷଌఆΛ݈ͯͬߦશੑΛ֬ೝͨ͠ɻ͜ͷաఔͰɺΈࠐΉલͷ

50ຕ͝ͱͷγϯνϨʔλͷޫྔଌఆΛͱʹɺγϯνϨʔλ 50ຕʢSD 3

ʣΛޫྔෆͱஅ͠আ͍ͨɻ

શͯͷ SDͷ PMTʹ͍ͭͯϦχΞϦςΟଌఆΛ͍ߦɺ4095ADC countͰ

ͷϦχΞϦςΟ͕-5%ΛԼճΔ PMT ͕ 80 ຊ͋ͬͨɻ4095ADC count ҎԼ

Ͱ-̑%ΛԼճΔ PMT ʹରͯ͠ɺϦχΞϦςΟ͔ΒͣΕΔ ADC count Ҏ

্ͷΛͭ࣋߹ʹ༻͠ͳ͍ͳͲͷऔΓѻ͍Λ͢Δඞཁ͕͋Δɻ

γϯνϨʔλ্ͰͷҰ༷ੑʢॴʹΑͬͯޫྔ͕ҧΘͳ͍͔Ͳ͏͔ͷੑ࣭ʣ

 7ͷ SDʹ͍ͭͯɺͻͱͭͷʹ͖ͭ 32ϱॴͷ 1MIP peakଌఆΛͬߦ

ͨɻPMT͔ΒͷڑʹΑͬͯฏۉͷ࠷େ-19.6%ɺ+19.2%ఔޫྔ͕มԽ

ͨ͠ɻฏۉతͳͣΕ±10%ఔͰ͋ͬͨɻTASDͰ࠷େ±30%ͷͣΕ͕

͋ͬͨ͜ͱͱൺֱͯ͠ɺҰ༷ੑ্ͨ͠ɻ·ͨɺ͜Εͨͱ͑ PMT ͷ

ޫి໘Ͱͷޫిࢠ͕ϙΞιϯͷ͕ΓΛͭ࣋ͱ͢Δͱ±20%ͷΒ

͖͕ͭ͋Δ͜ͱΛྀ͢ߟΕɺಥग़ͯ͠େ͖͍ӨڹͨΒ͞ͳ͍ͱ͑ߟΔ
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͜ͱ͕Ͱ͖Δɻ

GPSTAx4ͷΤϨΫτϩχΫεʹऔΓ͚ΒΕΔϨγʔόʔ ͭʹݸ281

͍ͯτϦΨʔλΠϛϯάͷղͱΦϑηοτΛଌఆͨ͠ɻGPSҰͨ͋ݸΓ

ͷλΠϛϯάͷղ 10.5nsఔͰɺΦϑηοτͷΒ͖ͭ σ =3.75ns

Ͱ͋ͬͨɻ֤Φϑηοτσʔλͷิؒ࣌ਖ਼ʹར༻͞ΕΔɻ͜Εج४GPS

ϨγʔόʔΛجʹͨ͠૬ରతͳิਖ਼Ͱ͋Γઈରతͳิਖ਼Ͱͳ͍͕ɺ֤ SD

ͷσʔλͷλΠϜελϯϓΛಉ͢ظΔͱ͍͏ҙຯͰेͰ͋Δɻ

2016 5݄∼2019य़ 3݄·Ͱճʹ͚ͯϢλभDeltaࢢʹ͓͚Δ SD

ͷΞηϯϒϦۀ࡞ɺαΠτͷઃஔߦ͕ۀ࡞ΘΕͨɻSD৽ͨʹ 55ͷΞ

ηϯϒϦΛͨ͠ͷͪطʹอͯ͋ͬͨ͠ͷΛؚΉ 234 ͷ SD ʹ͍ͭͯΤ

ϨΫτϩχΫεɾόοςϦʔΛؚΉిࢠ෦ͷऔΛεςϯϨεϘοΫεʹ

ɻ͜ΕΒͷͨͬߦ SD ͱ TALESD αΠτʹݧࢼ༻ʹઃஔ͍ͯͨ͠ TAx4SD

ͷస༻Ͱ 23ɺ߹ܭ 257͕αΠτʹઃஔ͞Εͨɻ

ઃஔ͞Εͨ 257ͷ SDͷ͏ͪɺ͜Ε·Ͱ࠷ଟͰಉ࣌ʹ 248Ͱσʔλऩ

ΘΕͨɻ·ͨ௨৴ౝͷҰͭߦ͕ू KMCT ͕σʔλऩूΛ୲͢ΔྖҬʹ

͠ɺ2019  5 ݄ 1  ∼8 ݄ 24 ͷ 104 ؒ (8 ݄ 6  ∼8 ݄ 24 σʔ

λऔಘͰ͖ͳ͔ͬͨͷͰআ͍ͨ)ʹՔಇ͍ͯͨ͠ 46ͷ SDͰ 57EeVҎ্ͷ

ߴΤωϧΪʔӉઢΛ ଌͨ͠ɻ؍ࣄ4
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ँࣙ

ຊจΛࣥච͢Δʹ͋ͨΓɺଟ͘ͷॿݴΛͩͬͨ͘͞ࠤڭߦतʹਂ

ʹͰಛ্͏ߦΛڀݚถͰͷʹڭಛॿ࣏ӳށɻ·ͨ͢·͍ͨ͠ँײ͘

खް͍͝ࢦಋΛ͍͖ͨͩ·ͨ͠ɻਂ͍ͨ͘͠ँײ·͢ɻதහॿڭɺ ా

ਖ਼ॿڭɺོ͜͞ࢤ।ڭतʹڀݚΛ্͏ߦͰඇৗʹوॏͳ͝ࢦಋ͝ҙݟ

͖·ͨ͠ɻ ͷิॿΛݧ࣮ʹࢯࢢһͷؔࠤக͠·͢ɻٕิँײ͘ਂ

͍͍ͯͨͩͨ͠΄͔ɺถࠃͰͷۀ࡞Ͱଟ͘ͷ͝ࢦಋΛ͍͖ͨͩ·ͨ͠ɻ

ɺ༷ࢠರ࣍һͷࠤิࣄக͠·͢ɻँײ͘ਂ Ҫށଜ༷ࢠوʹɺ ཱྀඅͷ

ਃͳͲࣄखଓ͖Ͱ͓ੈʹͳΓ·ͨ͠ɻ͋Γ͕ͱ͏͍͟͝·ͨ͠ɻͳ

͓ɺ ຊڀݚຊֶज़ৼڵձͷՊֶڀݚඅॿۀࣄ ಛผਪਐڀݚ ( ฏ 27

 ฏ 31 ʮ ֦ுςϨείʔϓΞϨΠ࣮ݧ - ΤωϧΪʔӉઢߴ࠷

Ͱղ໌͢ΔۙݶۃӉʯɺ ՝൪߸ 15H05693ɺڀݚදऀࠤߦ)͓Α

ͼ౦ژେֶӉઢڀݚॴڞಉར༻ڀݚͳͲͷࢧԉΛಘͯ͠ߦ·ͨ͠ɻ

76



ݙจߟࢀ

[1] S. P. Swordy, “The Energy Spectra and Anisotropies of Cosmic Rays”,

Space Science Reviews, Vol. 99, No. 1, pp. 85–94, 2001.

[2] G. T. Zatsepin and V. A. Kuzmin, “Upper Limit of the Spectrum of

Cosmic Rays”, JETP Lett, Vol. 4, p. 78, 1966.

[3] K. Greisen, “End to the Cosmic-Ray Spectrum?”, Phys. Rev. Lett.,

Vol. 16, pp. 748–750, 1966.

[4] S. Yoshida and M. Teshima, “Energy Spectrum of Ultra-High En-

ergy Cosmic Rays with Extra-Galactic Origin”, Progress of Theoretical

Physics, Vol. 89, No. 4, pp. 833–845, 1993.

[5] M.Takeda et al., “Extension of the Cosmic-Ray Energy Spectrum

beyond the Predicted Greisen-Zatsepin-Kuz’min Cutoff”, Phys. Rev.

Lett., Vol. 81, pp. 1163–1166, 1998.

[6] Graciela B. Gelmini, “High energy cosmic rays”, Journal of Physics:

Conference Series, Vol. 171, p. 012012, 2009.

[7] M. S. Longair, High energy astrophysics, Cambridge University Press,

2010.

[8] Ҫ্Ұ, খࢁউೋ, ,ڮߴ ਫຊ, ͷఱจֶݱ 17 Ӊͷ؍ଌ (3)

,ΤωϧΪʔఱจֶߴ ຊධࣾ, 2008.

[9] T. Abu-Zayyad et al. (Telescope Array Collaboration), “The surface

detector array of the Telescope Array experiment”, Nuclear Instru-

ments and Methods in Physics Research A, Vol. 689, pp. 87–97, 2012.

[10] ށӳ࣏, ςϨείʔϓΞϨΠ࣮ݧʹΑΔߴۃΤωϧΪʔӉઢ؍ଌͷ

ͨΊͷେنදݕग़ثͷ։ൃ, Master’s thesis, ౦ژେֶ, 2007.

[11] ΫϥϨࣾ, Plastic scintillating fibers Χλϩά.

[12] S.Ogio, Icrc 2019 presentation.

77



[13] Abbasi R. et al. (Telescope Array Collaboration), “Evidence for Decli-

nation Dependence of Ultrahigh Energy Cosmic Ray Spectrum in the

Northern Hemisphere”, 2018.

[14] K.Kawata, Internal discussion.

[15] Eiji Kido, “The TAx4 experiment”, 2016, “Proceedings of

2016 International Conference on Ultra-High Energy Cosmic Rays

(UHECR2016)”.

[16] ᴡ౻ެل, ֦ுςϨείʔϓΞϨΠ࣮ݧͷͨΊͷߴ࠷ΤωϧΪʔӉઢ

,ͷ։ൃثग़ݕࢠଌ༻දཻ؍ Master’s thesis, ౦ژେֶ, 2017.

[17] Beringer J. et al., “Review of Particle Physics”, Phys. Rev. D, Vol. 86,

p. 010001, 2012.

[18] ,ྋհݪࠤ Tale࣮ݧදݕग़ثͷͨΊͷ৽نσʔλऩूγεςϜͷ։ൃ

ͱͦͷӡ༻, Master’s thesis, େཱࢢࡕେֶ, 2018.

[19] T. Nonaka et al., “Long distance network link for TAx4 expansion”,

Pos(ICRC2019)372.

[20] E.Kido, Internal discussion.

[21] Hyomin Jeong, Internal discussion.

78


