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Γɺ·ͨɺۙͷڀݚʹ͓͍ͯɺෆ҆ఆ֩ͷ֩ࢠͷҰཻيࢠಓ͕ςϯιϧྗʹΑͬͯେ͖͘มԽ͢Δ͜ͱͰɺࢠݪ
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։ൃͨ͠ɻඪతʹϓϥενοΫγϯνϨʔλنͰɺ͜ΕΒͷΛղܾ͢ΔͨΊʹɺԠ͕ಛఆͰ͖ΔඪతΛ৽ڀ
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1

ୈ 1ষ

ΠϯτϩμΫγϣϯ

1.1 ςϯιϧྗ

Δɻ֩ྗͷϙςϯ͢ࡏͿɻͦͷ֩ྗͷҰͭͷʹςϯιϧྗ͕ଘݺΛ݁ͼ͚ͭΔྗͷ͜ͱΛ֩ྗͱࢠͷ֩֩ࢠݪ

γϟϧԼهͷࣜͰද͞ΕΔɻ

V֩ྗ = Vத৺ྗ(r) + VLS(r)L · S + Vtensor(r)S12 (1.1)

֩ྗͷҰͭͷ߲Ͱ͋Δத৺ྗɺيಓ֯ӡಈྔΛอଘ͢ΔͷͰɺ͜ͷ߲͕֩ྗʹେ͖ͳӨڹΛٴ΅͢ɻೋͭͷ߲

ɺεϐϯيಓྗͱݺΕيಓ֯ӡಈྔΛอଘ͢Δӡಈྔͷ̍࣍ͷ߲ͱͯ͠ѻΘΕΔɻͦͯ͠ɺ̏൪ͷ߲͕ςϯιϧ

ྗͱݺΕΔྗͰɺيಓ֯ӡಈྔΛอଘ͠ͳ͍ɺ͔ͭɺӡಈྔʹґଘ͠ͳ͍ྗͰ͋Δɻςϯιϧԋࢠࢉɺ

S12 = 3
(σ1 · r)(σ2 · r)

r2
− (σ1 · σ2)

=
3

r2

∑

i,j

(xixj −
1

3
r2δij)σ1iσ2j

(1.2)

Ͱද͞ΕΔɻ͜ͷԋ͕ࢠࢉςϯιϧྗͱݺΕΔཧ༝ɺԋࢠࢉͷதʹ̎֊ͷςϯιϧͰ͋ΔΫϩωοΧʔͷσϧλͱ

ύϦྻߦΛؚΜͰ͍Δ͜ͱʹ༝དྷ͍ͯ͠Δɻςϯιϧྗ֩ࢠͷεϐϯํͱ૬ର࠲ඪͱͷؒͷ֯ʹґଘ͢ΔྗͰ

͋Γɺςϯιϧྗͷํʹؔ͢Δཧղͱͯ͠ɺ֩ࢠͷεϐϯํͱಉ͖͡ʹ࣓ੴΛಋೖ͢Δͱ༰қʹཧղ͕Ͱ͖Δɻ

ਤ 1.1 Ͱಇؒ͘ࢠ͘͠ͳΔͨΊɺ̎֩ੑۃ͢Δྡʹ͍ޓಉ͡߹ɺ͕͖ฒͼɺεϐϯͷʹߦฒ͕ࢠ֩̎

ྗੱྗͱͳΔɻͦͷҰํɺεϐϯͷ͕͖ҟͳΔ߹ɺ͍ޓʹྡ͢ΔੑۃରʹͳΔͨΊɺ̎֩ؒࢠͰಇ

͘ྗҾྗͱͳΔɻ

ςϯιϧྗ̏ͭͷಛΛ༗͍ͯ͠Δ

1. ςϯιϧྗ pnؒͰͷΈಇ͘

2. ૬ରӡಈྔͷߴ pͱ nͷରΛੜΈग़͢

3. ςϯιϧྗɺ2ཻࢠ 2ۭ (2p-2h)ҐΛ࡞Γͩ͢



ୈ 1ষ ΠϯτϩμΫγϣϯ 2

1.Λ͑ߟΔͨΊʹ·ͣɺ̎֩ܥࢠͷಈؔΛ͑ߟΔɻ

ψ(1, 2) = φ(r)ϕ(1, 2)υ(1, 2) (1.3)

Ұͭͷφ(r)ۭؒ෦ͷಈؔɻೋͭͷϕ(1, 2)͕εϐϯ෦ͷಈؔɻ̏ͭͷυ(1, 2)͕ΞΠιεϐϯ෦

ͷಈؔͰ͋ΔɻΞΠιεϐϯ Tɺ ରͯ͠ରͰ͋Δʹͷަࢠ֩ T=1ͱରশަͰ͋Δ T=0Λ͏ͪ࣋Δͷ

ͰͦΕͧΕʹ͍ͭͯ͑ߟΔɻ

T = 1ͷ࣌ɺTz = (1, 0,−1)ͱͳΓɺΞΠιεϐϯࡾॏ߲ͷঢ়ଶΛͭ࣋ɻ͜ΕΒͷঢ়ଶɺΫʔϩϯྗΛແ͢ࢹΔͱ

ॖୀ͓ͯ͠Γશ͕ͯඇଋറঢ়ଶͱͳΔɻ࠷͍ॱҐͷ߹ɺۭ ؒ෦ͷಈؔͷॏͳΓ͕࠷େʹͳΔ L = 0ͷ S ঢ়

ଶΛͱΔɻͦͷ࣌ͷύϦςΟ (−)L = +ͱͳΔɻ֩ࢠϑΣϧϛΦϯͰ͋ΓύϦςΟରশͱͳΔɻैͬͯɺεϐ

ϯରশͰͳ͚ΕͳΒͳ͍ͨΊɺS = 0ͱͳΔɻ

T = 0ͷ࣌ɺTz = 0ͱͳΓɺΞΠιεϐϯ̍ॏ߲ͷঢ়ଶΛͭ࣋ɻۭؒ෦ͷύϦςΟ T = 1ͷ࣌ͱಉ༷ʹ+ͱͳΔ

ɻैͬͯɺεϐϯରশʹͳΓɺS = 1ͱͳΔɻ

ΞΠιεϐϯ εϐϯ

Ұॏ߲ (np) T=0 S=1

ॏ߲ࡾ (np,nn,pp) T=1 S=0

ͦͯ͠ɺςϯιϧԋࢠࢉ S12 = 3 (σ1·r)(σ2·r)
r2 − (σ1 · σ2) S = 0ͷ࣌ɺσ1 = −σ2ͭ·Γ S12 = 0ͱͳΓɺςϯ

ιϧྗಇ͔ͳ͍ɻै ͬͯɺS=1ͷ࣌ͷΈςϯιϧྗಇ͖ɺͦΕ p-nϖΞͷΈͱͳΔͨΊɺςϯιϧྗ p-nؒͰ

ͷΈಇ͘ྗͱ͑ݴΔɻ

2.֩ྗπަͰੜ·ΕΔྗͰɺπϙςϯγϟϧ

Vπ =
f2
π

3m2
π

k2

k2 +m2
π

(
−σ1 · σ2 − S12(k)

)
τ1 · τ2 (1.4)

ͱͳΔɻ͜ͷϙςϯγϟϧதͷɺS12
k2

k2+m2
π
ͷ߲͕͋ΔͨΊɺ֩ࢠߴӡಈྔΛ͏ͪ࣋Δɻ

ਤ 1.2 12Cͷجఈঢ়ଶ.ςϯιϧྗʹΑͬͯ 2p-2hঢ়ଶ͕ࠞ߹͍ͯ͠Δ.

3.ςϯιϧྗʹΑΓɺ2ཻࢠ Ґ͕2ۭ

ఈঢ়ଶʹࠞ߹͢Δ͜ͱʹͳΔɻྫجͷ֩ࢠݪ

͑ sيಓʹΊΔதੑࢠɾཅࢠͱʹ pي

ಓʹભҠ͢ΔΑ͏ͳҐͰ͋Δɻςϯιϧྗ

ʹΑͬͯيಓ֯ӡಈྔ͕϶ L=2ͱมԽ͢Δɻ

ͦΕͱಉ࣌ʹɺˢ·ͨˣͷதੑࢠཅࢠͱ

϶Λม͑ΔͨΊ͖ʹ S=2ͱͳΔɻ2p2h

Ґͷࠞ߹ʹΑΓ֩ࢠݪԠͷࡍɺԠͷऴঢ়

ଶ͕มΘΔɻैͬͯɺऴঢ়ଶͷஅ໘ੵΛଌఆ

͢ΕɺςϯιϧྗޮՌΛ୳͢ࡧΔ͜ͱ͕Ͱ

͖Δɻ
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1.2 ςϯιϧྗͷ୳ࡧ

ैདྷͷ҆ఆ֩ͷڀݚͰɺฏۉۙࣅʹΑΔ֩ߏʹΑͬͯ֩ࢠݪΛཧղ͖ͯͨ͠ɻ͔͠͠ͳ͕Βɺۙ࠷ͷෆ҆ఆ

ங͞ߏͰڀݚ֩ࢠݪಓ͕ෆ҆ఆ֩Ͱେ͖͘มԽ͢ΔͳͲɺϕʔλ҆ఆઢۙͷيࢠͷҰཻࢠ֩֩ࢠݪͰɺڀݚ֩

ΕͨฏۉܕͰઆ໌Ͱ͖ͳ͍࣮݁ݧՌ͕ใ͞ࠂΕͨɻෆ҆ఆ֩ڀݚͰɺͱΓΘ͚ςϯιϧྗͷѻ͍͕ॏཁͰ͋Δ

͜ͱ͕ࣔࠦ͞Ε͍ͯΔͨΊɺ৽͍֩͠ࢠݪཧͷߏங͕ඞཁͱ͑ݴΔɻςϯιϧྗΛཅʹऔΓೖΕͨ֩ࢠݪཧʹΑ

Γɺෆ҆ఆ֩ͷΈͳΒͣฏۉܕͰઆ໌͕͔ͭͳ͔ͬͨ҆ఆ֩ͷڀݚൃలͤ͞ΒΕΔͱ͍ͯ͑ߟΔɻ

1.2.1 ςϯιϧྗʹؔ͢Δઌڀݚߦ

ͷଌఆʹޭ͠ɺςϯιϧྗͷؔ༩Λࣔ݁͢Ռ͕ಘΒΕͨɻ͜ࢠӡಈྔதੑߴͰ֩ࢠݪͰ͋Δ16O֩ࢠݪ͍ܰ

ͷ࣮ݧ16O(p, d)Ԡ͕༻͍ΒΕͨɻ͜ͷཧ༝ͱͯ͠ɺྫ͑ knock outԠΛ༻͍࣮ͨݧͰɺ12C͔Β208Pb·Ͱ

֩ͷςϯιϧྗޮՌ͕ௐΒΕ͕ͨɺڑྗʹද͞ΕΔྗͷӨڹʹΑΓɺςϯιϧྗʹΑΔޮՌΛ໌നʹநग़͢

Δ͜ͱ͕Ͱ͖ͳ͔ͬͨɻͦͷҰํɺ(p, d)ԠͰɺதੑࢠͷӡಈྔΛબతʹར༻͢Δ͜ͱ͕Ͱ͖Δͱ͍͏ར͕͋

Δɻ(p, d)ԠͰɺೖࣹཅ͕ࢠඪత͔֩ΒҰͭͷதੑࢠΛϐοΫΞοϓ͢Δ͜ͱͰɺॏཅ͕ࢠੜ͞ΕΔɻ͜ͷੜ

աఔʹ͓͍ͯɺӡಈྔҠߦͰ͋Δೖࣹཅࢠͱࢄཚॏཅࢠͷӡಈྔͷࠩ Pd −Ppɺೖࣹཅ͔ࢠΒϐοΫΞοϓ͞Εͨ

ॏཅࢠதͷதੑࢠͷӡಈྔʹ͍͠ɻैͬͯɺ༷ʑͳӡಈྔҠߦͷΛऔΓɺ͔ͭɺதੑࢠϐοΫΞοϓʹؔ͢ΔԠ

அ໘ੵͷӡಈྔґଘੑΛௐΔ͜ͱͰɺதੑࢠͷӡಈྔΛܾఆ͢Δ͜ͱ͕Ͱ͖Δɻ࣮ݧ RCNPαΠΫϩτϩϯ

,ΘΕͨɻ198ߦઃͷWSίʔεͰࢪ 295, 392 MeVͷΤωϧΪʔͷཅࢠϏʔϜΛ༻͠ɺதੑࢠΛϐοΫΞοϓ͢Δ͜

ͱͰੜ͞ΕͨॏཅࢠɺGrand RaidenͰӡಈྔ͕ଌఆ͞Εͨɻ2 fm−1Ͱͷӡಈྔଌఆ͢ΔͨΊʹɺॏཅࢠͷࢄཚ֯

Λ 5◦͔Β 25◦·Ͱͷ֯ʹ͓͍ͯͰଌఆΛߦͳͬͨɻଌఆ݁Ռ͕ਤ 1.2Ͱɺਤ 1.2ͷ16O(p, d)15OԠͷྭىε

ϖΫτϧɺೖࣹཅࢠͱଌఆ͞Εͨࢄཚॏཅࢠͷ֯ɺӡಈྔΛ༻͍ͯಘΒΕͨͷͰ͋Δɻଌఆؒ࣌̍ؒ࣌ɺϏ

ʔϜڧ 2 nAͰɺ15Oͷجఈঢ়ଶٴͼྭىঢ়ଶʹର͢Δ͍͔ͭ͘ͷϐʔΫΛ؍ଌ͢Δ͜ͱ͕Ͱ͖ͨɻҰൠతͳཧ

ղͱͯ͠ɺԠஅ໘ੵӡಈྔґଘੑΛ͍ߴͪ࣋ӡಈྔҠߦʹରԠͯ͠ݮগ͢Δɻ͔͠͠ͳ͕Βɺ(a)ͱ (b)Λൺֱ

͢Δͱɺ(b) ͔Β (a) ͱೖࣹཅࢠͷΤωϧΪʔΛେ͖͘͢ΔߴӡಈྔྖҬͷதੑࢠͷϐοΫΞοϓԠʹ͓͍ͯɺ
15Oͷ 5.2 MeVۙͷਖ਼ͷύϦςΟͷঢ়ଶ͕ෛͷύϦςΟঢ়ଶͱൺֱ͢ΔͱɺΧϯτ͕؇͔ͳݮগ·ͨ૬ର

తʹ૿Ճ͍ͯ͠Δ͜ͱ͕Θ͔Δɻ

ਤ 1.3ɺྭىঢ়ଶͷࢄཚஅ໘ੵΛجఈঢ়ଶͷࢄཚஅ໘ੵͰׂͬͨͷͰɺྭىঢ়ଶͱͷ૬ରڧΛݟΔͨΊͷͷ

Ͱ͋Δɻന͍ه߸ R−ୈ ঢ়ଶىྭࡾ3 1
2

−
Λද͠ɺه͍ࠇ߸ R+ୈ ঢ়ଶى2ྭ 5

2

+
Λද͍ͯ͠Δɻࠇͷࠓ͕ܗ֯ࡾճ

ͷ࣮ݧͰಘͨσʔλͰ͋ΔɻR+ͷஅ໘ੵͷ͕ܹٸʹେ͖͘ͳ͍ͬͯΔɻ·ͨɺࡾຊͷۂઢͷ͏্ͪͱԼͷۂઢɺ௨

ৗͷࢄཚܕͱ֪ܕͷಈؔΛ༻͍ͨ݁ࢉܭՌͰ͋Δ͕ɺͲͪΒʹؔͯ͠ɺൺେ͖͘มԽ͍ͯ͠ͳ͍ɻͦͷҰ

ํɺਅΜதͷۂઢɺςϯιϧྗͷޮՌΛؚΜͩ4HeͷಈؔΛ༻͍ͯ࡞ΒΕͨཧ͕ͩࢉܭɺ࣮ݧͱΑ͘Ұக͠

͍ͯΔɻͭ·Γɺ15Oͷୈ ঢ়ଶͷભҠςϯιϧྗͷޮՌΛड͚͍ͯΔ͜ͱ͕ࣔࠦ͞Εͨɻ·ͨɺςϯιϧྗى2ྭ

ͷޮՌΛ͍ࣔࠦͯ͠Δࠓճͷ࣮ݧɺ(p, d)֩ࢠҠߦԠ͕ςϯιϧྗڀݚʹ͓͍ͯ༗ޮͳखஈͰ͋Δ͜ͱ໌͍ࣔͯ͠

Δɻ
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ਤ 1.3 (a) ೖࣹཅࢠͷΤωϧΪʔ͕ 392 MeV, ೖࣹϏʔϜʹର͢Δॏཅࢠͷࢄཚ͕࣮֯ܥࣨݧͰ 10◦ ͷ߹ɻ

(b) ೖࣹཅࢠͷΤωϧΪʔ͕ 198 MeV, ೖࣹϏʔϜʹର͢Δॏཅࢠͷࢄཚ͕࣮֯ܥࣨݧͰ 10◦ ͷ߹ɻ(c) ೖ

ࣹཅࢠͷΤωϧΪʔ͕ 45.34 MeV,ೖࣹϏʔϜʹର͢Δॏཅࢠͷࢄཚ͕࣮֯ܥࣨݧͰ 20.1◦ͷ߹ɻ

ਤ 1.4 1
2

−
ͷෛύϦςΟͱ 5

2

+
ͷਖ਼ͷύϦςΟΛجఈঢ়ଶ 3

2

−
ͰׂΓൺͰදͨ͠ͷɻࠓճͷ࣮ݧͰಘΒΕͨσʔ

λࠇͷܗ֯ࡾɻͦͷ΄͔ͷσʔλɺ45,65,100,200ٴͼ 800 MeVͷཅࢠϏʔϜΛ༻͍ͯಘΒΕͨͷͰ͋Δɻ

ਅΜதͷۂઢςϯιϧྗͷޮՌΛؚΜͩཧɻ্ͱԼͷۂઢ௨ৗͷࢄཚܕͱ֪ܕʹΑͬͯಘΒΕͨཧ

ɻ
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1.3 6Liͱ 6HeΛ༻͍ͨςϯιϧྗ୳ݧ࣮ࡧ

1.1.2 Ͱࣔͨ͠Α͏ʹɺςϯιϧྗͷޮՌΛత֬ʹநग़ͦ͠ͷޮՌΛௐΔͨΊʹɺ֩ࢠҠߦԠΛར༻͠

ͨ (p, d) Ԡ͕༗ޮͰ͋Δɻ(p, d) ԠͷརΛ͔ͭͭ͠׆ςϯιϧྗͷޮՌΛௐΔ࣮ݧͱͯ͠ɺզʑٯӡಈ

ଛޫ๏ܽྔ࣭ͮ͘جʹֶ (missing mass) Λ༻͍ͨ6Li(p, d)5Liͱ6He(p, d)5He ͷൺֱ࣮ݧΛܭը͍ͯ͠Δɻ͜ͷ
6Li(p, d)5Liͱ6He(p, d)5Heͷൺֱ࣮ݧͰɺ1.1.1Ͱࣔͨ͠ςϯιϧྗͷಛΛੜ͔͍ͯ͠Δɻ6Heཅݸ̎ࢠதੑࢠ

ͱࢠΔͱɺαཻ͍͑ݴɺݸ̐ n-nϖΞͰߏ͞Ε͍ͯΔɻͦͷҰํ6Liཅݸ̏ࢠதੑݸ̏ࢠɺ͍͑ݴΔͱɺαཻࢠ

ͱ p-nϖΞͰߏ͞Ε͍ͯΔɻςϯιϧྗ p-nϖΞؒͰಇ͘ྗͰ͋ΔͨΊɺ6Heͱ6LiΛൺֱ͢Δ͜ͱɺςϯιϧ

ྗͷޮՌͷҧ͍ΛݟΔ͜ͱʹͳΔɻࠓճͷ࣮ݧͰར༻͢Δٯӡಈֶͱɺෆ҆ఆ֩ཧΛ͢ڀݚΔ࣌ʹ༻͍ΒΕΔख๏

Ͱ͋Δɻ௨ৗͷॱӡಈֶͰɺௐ͍ͨ֩ࢠݪΛඪతͱͯ͠औΓѻ͍ͦ͜ʹϏʔϜΛরࣹ͢Δํ๏ͷ͜ͱͰɺௐ͍ͨ

Λ֩ࢠݪΛඪతͱͯ͠ѻ͑Δ߹ʹͷΈ༻͍Δ͜ͱ͕ՄͰ͋ΔɻͦͷҰํण໋ͷ͍ෆ҆ఆ֩Ͱɺௐ͍ͨ֩ࢠݪ

ඪతͱͯ͠ัଊ͓ͯ͘͜͠ͱ͕ෆՄͰ͋ΔͨΊॱӡಈֶΛ༻͍Δ͜ͱͰ͖ͳ͍ɻ͔͠͠ͳ͕ΒɺϏʔϜͱඪతͱͷ

ͱ͕ՄͱͳΔ͜͏ߦΛݧΔɺͭ·Γɺෆ҆ఆ֩ΛϏʔϜͱͯ͠ར༻͢Δ͜ͱͰɺෆ҆ఆ֩ʹ͓͍࣮ͯ͢ʹٯΛؔ

ɻ͜ΕΛٯӡಈֶͱݺͿɻ࣭ྔܽଛޫ๏ (missing mass)Ͱɺෆ҆ఆ֩Ͱ͋ΔͨΊଌఆͰ͖ͳ͍5Heͱ5Liͷ࣭

ྔΤωϧΪʔΛɺೖཻࣹࢠͷΤωϧΪʔͱཻࢠͷ֯ɾΤωϧΪʔɺ5Heͱ5LiҎ֎ͷཻࢠͷ࣭ྔΛ༻͍ͯࢉܭʹΑ

ঢ়ଶͷஅ໘ੵΛΔ͜ͱ͕Ͱىఈঢ়ଶͱྭجͷ֩ࢠݪΊΔํ๏Ͱ͋Δɻ͜ͷ࣭ྔܽଛޫ๏ʹΑͬͯɺௐ͍ͨٻͯͬ

͖Δɻਤ 1.46Li(p, d)5Liͱ6He(p, d)5HeͷԠͰ͋Δɻ6Li(p, d)5Liͱ6He(p, d)5He͍ͯࣅΔԠΛ༻͍͍ͯΔ

ͨΊɺ࣮ݧͷࡍʹɺҟͳΔ࣮ݧηοτΞοϓΛ͏ඞཁ͕ͳ͘ɺsystematicΤϥʔΛখ͘͞Ͱ͖ΔಛΛ͍ͯͬ࣋Δɻ

ਤ 1.5 6Li(p, d)5Liͱ6He(p, d)5He ͷԠࣜɻ5Liͱ5Heͱʹෆ҆ఆ֩ͳͷͰ͙͢͞·ೋମ่յ͢ΔɻͲͪΒ

ͷԠಉ͡ηοτΞοϓͰ࣮ݧΛ͑ߦΔͨΊɺsystematicΤϥʔΛখ͘͢͞Δ͜ͱ͕Ͱ͖Δɻ
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ਤ (1.6) ֬ີ ρ(k)ͷͰ͋Δɻk = 2[fm−1]Ͱࢠ֪֩֎࠷ͷີρ(k) ͕ೋܻҟͳΔ͜ͱ͕֬ೝͰ͖Δ

ɻզʑɺෆ҆ఆ֩Ͱ͋Δ6HeΛ 400-800 MeV/uͷ̎࣍ϏʔϜͱͯ͠༻͢ΔͨΊɺதߴΤωϧΪʔͷϏʔϜΛ࣮ݱ

Ͱ͖ɺ͔ͭɺೖࣹ֯ഁࡅยஔΛ༗͍ͯ͠ΔυΠπ GSIͰͷ࣮ݧΛܭը͍ͯ͠Δɻ

ਤ 1.6 ԣ࣠: kɻॎ࣠:֬ີ ρɻग़ల: W. Horiuchi and Y. Suzuki, PRC76(2007)
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1.3.1 ୳ݧ࣮ࡧͷཁ

,ը͍ͯ͠Δ6Li(pܭ d)5Liͱ6He(p, d)5He ͷൺֱ࣮ݧɺ2µb/sr ͱஅ໘ੵ͕খ͘͞ෆ҆ఆ֩ϏʔϜੜͷͨΊʹ̎

Λิ͏ͨΊͷखஈɺඪతΛް͘͢ΔྔܭͰͳ͍͜ͱ͕༧͞Ε͍ͯΔɻ౷े͕ྔܭΔͨΊɺ౷͢༺ϏʔϜΛ࣍

ɺ·ͨɺϏʔϜڧΛ্͛Δ͜ͱͰ͋Δɻඪͱ͢Δ౷ྔܭΛ 100Πϕϯτʹઃఆ͠ɺඞཁͳϏʔϜڧɺඪతްͷ

ɻͨͬߦग़Λࢉ

Yield =
dσ

dΩ
·∆Ω ·Nthickness ·NBeam ≈ 100(event) (1.5)

ඍࢄཚஅ໘ੵ dσ
dΩ 2µb(cm2/sr)ɻॏཅࢠΛଌఆ͢ΔεϖΫτϩϝʔλͷཱମ֯ 1msrɻඪతͷް͞ 1.02g/cm310mmɻϏʔϜڧ 107

Hzɻ͜ͷ݅Ͱ౷ྔܭ 163ΧϯτಘΒΕΔ͕ɺඪతްͷ૿ՃԠͷෆఆੑΛট͖ɺݕग़͢ΔࢄཚཻࢠͷΤω

ϧΪʔղͷྼԽΛট͍ͯ͠·͏ɻ࣮ݧඪͰ͋Δୈೋྭىঢ়ଶͱୈىྭࡾঢ়ଶͷ͓Αͦ 2 MeVͷ۠ผ͕Ͱ͖ͳ͘

ͳͬͯ͠·͏ɻγϛϡϨʔγϣϯͰɺ͜ΕΒͷྭىঢ়ଶΛ۠ผ͢ΔͨΊʹλʔήοτͷҐஔղΛɺࡏݱͷ 2.9

mm(10 mmް)͔Β 0.29 mmҎԼʹ͠ͳ͚ΕͳΒͳ͍ͱ͍͏݁ՌΛಘͨɻ࣮ݧཁ݅Λຬͨͨ͢Ίʹɺඪతͷް͞

 10 mmͷ··ͰɺҐஔղΛ 0.29 mmҎԼʹ͠ͳ͍ͱ͍͚ͳ͍ɻ͜ͷͷղܾࡦͱͯ͠ɺଟϓϥενοΫ

γϯνϨʔλܕΞΫςΟϒඪతΛ։ൃͨ͠ɻ͜ͷஔʹΑΓɺेͳඪతްΛ֬อͭͭ͠ඪతͷҐஔղ্͕Ͱ͖

Δɻͳ͓ɺΞΫςΟϒඪతʹؔ͢Δৄࡉ̎ষͰղઆΛ͏ߦͱ͢Δɻ
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ୈ 2ষ

ଟϓϥενοΫγϯνϨʔλܕΞΫςΟϒඪ
తͷ։ൃ

2.1 ΞΫςΟϒඪత֓ཁ

2.1.1 ඪతͷબఆ

6Li(p, d)5Liͱ6He(p, d)5Heͷ࣮ݧΛܭը͍ͯ͠ΔͨΊɺඪతཅࢠΛ͏༧ఆͰ͋Δɻཅࢠඪతͱͯ͠ϙϦΤνϨ

ϯӷମਫૉඪతɺݸମਫૉඪత͕ީิʹ͛ڍΒΕΔɻϙϦΤνϨϯਫૉ (ཅࢠ)Ҏ֎ʹૉΛؚΜͰ͓Γɺͦͷ

ૉʹΑΔόοΫάϥϯυͷӨ͕ڹେ͖͍ɻӷମਫૉඪతϙϦΤνϨϯඪతͷܽΛิ͑ΔΑ͏ʹ։ൃ͞Ε͓ͯΓɺ

ྫ͑ɺඪత༝དྷͷόοΫάϥϯυଟॏࢄཚʹΑΔӨڹΛ͑Δ͜ͱ͕Ͱ͖Δɻར͕͋ΔҰํɺཅࢠΛӷԽ͢Δ

ͨΊʹྫྷ٫Ψεͷ༻ͦΕʹ͏ߴਅۭͷҡ࣋ͳͲஔͷอ࣋ʹσϦέʔτͳཧΛཁ͢Δɻ·ͨɺ͜ΕΒͷඪత

ɺզʑ͕ܭը͍ͯ͠ΔΑ͏ͳஅ໘ੵ͕খ͔ͭ̎࣍͘͞ϏʔϜΛར༻͢Δ࣮ݧʹ͓͍ͯɺ౷ྔܭͷ֬อͷͨΊͷඪత

ްͷ૿ՃʹΑͬͯɺඪతதͰͷԠͷෆఆੑΛ૿େͤͯ͞͠·͏ɻԠͷෆఆੑɺඪతதͰͷཻࢠͷΤωϧΪʔ

ͷෆఆੑΛট͍ͯ͠·͍ɺͦͷ݁ՌɺΤωϧΪʔεϖΫτϧͷղͷྼԽΛҾ͖ͯ͜͠͠ى·͏ɻ

2.1.2 ͦͷଞͷΞΫςΟϒඪత

ΞΫςΟϒඪతͱɺඪతͱݕग़ثͷ྆ํͷׂΛͭ࣋ͷͰɺ໊લͷ༝དྷཻݕࢠग़Մͳঢ়ଶ (ΞΫςΟϒ)Λ

อͨ࣋͠··λʔήοτͱͯ͑͠Δ͜ͱ͔Βདྷ͍ͯΔɻಛʹۙ࠷ͰɺΞΫςΟϒඪతΛ༻͍ͯԠۙͰ͜ىΔ

ཧݱΛௐͨΓɺԠΛಛఆ͢Δ͜ͱͰԠͷෆఆੑʹ͏ΤωϧΪʔղͷྼԽΛ͙͜ͱΛඪʹ։ൃ

͞Ε͍ͯΔɻؔ࿈ڀݚͱͯ͠ɺژେֶͷാάϧʔϓͰɺΨεܕΞΫςΟϒඪతͷ։ൃ͕ߦΘΕ͍ͯΔɻژେֶ

ͷΨεܕΞΫςΟϒඪతͷಛɺཻࢠͷࢄཚΛ̏ݩ࣍తʹτϥοΩϯάͰ͖ɺཻࢠͷΤωϧΪʔΛଌఆͰ͖Δ͜

ͱͰ͋Δɻژେֶͷാάϧʔϓɺ10C(α,α
′
)10CԠͷ࣮ݧΛܭը͍ͯ͠ΔͨΊɺඪతΨεͱͯ͠4HeΛ༻͠

͍ͯΔɻݩ࣍ࡾτϥοΩϯάγεςϜͷݪཧɺՙిཻࢠͰ͋Δ10C͕ഔ࣭Ͱ͋Δ4HeࢠݪͷిࢠΛిͤ͞ɺͦͷి

ͨ͠ిࢠҰ༷ిதΛυϦϑτ͢Δɻిʹฏߦͳ ɻΨ͏ߦΛߏΒ͔ؒ࣌Ґஔใʹؔͯ͠ɺυϦϑτݩ࣍2

εݕग़ثͷఈ໘ʹઃஔͯ͋͠ΔϚΠΫϩϐΫηϧνΣϯόʔʹυϦϑτ͖ͯͨ͠ిؾి͕ࢠ৴߸Λ༠ൃ͢Δ͜ͱͰɺి

ʹਨͳ ݩ࣍ࡾதͷඈΛثग़ݕ͢Δ͜ͱͰΨεߏ࠶ҐஔใΛݩ࣍Ґஔใऔಘ͞ΕΔɻͦΕͧΕͷ̎ݩ࣍2

తʹΔ͜ͱ͕Ͱ͖Δɻ
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2.1.3 ଟϓϥενοΫγϯνϨʔλܕΞΫςΟϒඪతͷίϯηϓτ

ଟϓϥενοΫγϯνϨʔλܕΞΫςΟϒඪతɺඪతʹϓϥενοΫγϯνϨʔλΛ༻͠ɺͦͷϓϥενοΫ

γϯνϨʔλΛଟʹॏͶͨߏΛ͍ͯ͠ΔɻϓϥενοΫγϯνϨʔλͷ CHͰ͋Γɺཅࢠඪతͱͯ͠ར༻Ͱ

͖ΔΛ׆༻͍ͯ͠Δɻ·ͨɺϓϥενοΫγϯνϨʔλͷ௨ৗͷ༻్Ͱ͋ΔΤωϧΪʔݕग़ͷػΛ͜͏ͱͰɺଟ

ʹॏͶΒΕͨϓϥενοΫγϯνϨʔλ͔ΒΤωϧΪʔσϙδοτΛಘΔ͜ͱ͕Ͱ͖ɺͦͷΤωϧΪʔσϙδοτͷ

૬ؔΛಡΈղ͘͜ͱͰ֩ࢠݪԠͷԠΛग़͢͜ͱΛ։ൃͷίϯηϓτͱ͍ͯ͠ΔɻΨεܕΞΫςΟϒλʔήοτͱ

ͱͷҧ͍ͱͯ͠ɺΨεΞΫςΟϒλʔήοτͷ߹ɺݩ࣍ࡾతʹ֩ࢠݪԠͷԠΛಛఆͰ͖ΔҰํɺେͳνϟϯ

ωϧಡΈग़͠։ൃίετͷߴಅͱظԽɺۭؒిՙޮՌͷӨڹʹΑΔϏʔϜڧͷ੍ݶͳͲͷӨڹΛड͚ͯ͠·͏ɻ

͔͠͠ͳ͕ΒɺଟϓϥενοΫγϯνϨʔλܕΞΫςΟϒλʔήοτͷ߹ɺԠͷಛఆΛϏʔϜํʹಛԽ͢

Δ͜ͱʹΑΓɺطଘͷͰ͋ΔϓϥενοΫγϯνϨʔλͱϑΥτϚϧνΞϊʔυ (PMT)ͷΈͰ։ൃΛ͜͏ߦͱ͕

Ͱ͖ɺ։ൃͷίετΛ͑ΒΕΔಛ͕͋Δɻ1ষͰड़ͨΑ͏ʹɺ࣮ݧ݅Λຬͨͨ͢ΊʹɺඪతͷҐஔղΛ

2.99 mm͔Β 0.29 mmʹ͠ͳ͚ΕͳΒͳ͍ɻਤ 2.1͕ଟϓϥενοΫγϯνϨʔλܕΞΫςΟϒඪతͷ֓ܗͰ͋

Δɻ1 mmްͷγϯνϨʔλ͕ 10ຕଟߏʹͳΔΑ͏ஔ͞Ε͍ͯΔɻ6He(p, d)5HeͷԠͰɺԠ͕ 5th ϨΠ

Ϡʔͷ߹ɺ֤ϨΠϠʔͰͷΤωϧΪʔσϙδοτԼهͷάϥϑͷΑ͏ʹͳΔɻ

Pl layear 1st 2nd 3rd 4th 5th 6th 7th 8th 9th 10th

dE(MeV) 1.2 1.2 1.2 1.2 2.2 3.0 3.0 3.0 3.0 3.0

Ԡલ 400 MeVͷ6He͕མͱͨ͠ΤωϧΪʔɻBethe-Blochͷࣜ dE/dx ∼ Z2/β2 ͔ΒΘ͔ΔΑ͏ʹɺ͍ߴΤ

ωϧΪʔͷ࣌ൺֱతՙిཻࢠΤωϧΪʔΛམͱ͞ͳ͍ͨΊɺ֤ϨΠϠʔ (1st ∼ 4th) ͰͷΤωϧΪʔσϙδοτ

খ͍͞ɻͦͷҰํԠޙɺ5He ͱ d ʹΤωϧΪʔ͕͞ΕΔɻ5He ण໋ͷ͍֩ࢠݪͳͷͰɺੜޙ·ͳ

͘ αͱ n ʹ่յ͢Δɻཻ֤ࢠͷΤωϧΪʔೖཻࣹࢠʹର͓ͯ͠Αͦ͢ݮΔͨΊɺΤωϧΪʔϩεͷେ͖͘ͳ

Δɻ·ͨɺԠޙ 5Heͱ dͷ ΔͨΊɺ֤ϨΠϠʔ͕͋ڹΑΔΤωϧΪʔϩεͷӨʹࢠ2ཻ (6th ∼ 10th)ͰͷΤωϧ

ΪʔσϙδοτԠલΑΓେ͖͘ͳΔɻ

ਤ 2.1 ଟϓϥενοΫγϯνϨʔλܕΞΫςΟϒඪతͷ֓ܗ
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ਤ 2.2 .ػͱͯ͠ͷثग़ݕ:.ӈਤػਤ:λʔήοτͱͯ͠ͷࠨ

2.2 ଟϓϥενοΫγϯνϨʔλܕΞΫςΟϒඪతͷιϑτΣΞ։ൃ

2.2.1 γϛϡϨʔγϣϯίʔυͷ։ൃ

ଟϓϥενοΫγϯνϨʔλܕΞΫςΟϒඪతͷ։ൃॳظஈ֊Ͱ͋ΔͨΊɺ·ͣɺγϛϡϨʔγϣϯΛ͍ߦ։ൃ

ίϯηϓτʹଥੑ͕͋Δ͔Ͳ͏͔ௐΔඞཁ͕͋Δɻଥੑͷ֬ೝͷޙɺԠಛఆͷͨΊͷࢉܭϓϩάϥϜͷ։

ൃ͕ඞཁͱͳΔɻҎ্ͷཧ༝ͰɺγϛϡϨʔγϣϯͷͨΊͷࢉܭϓϩάϥϜΛ৽ن։ൃͨ͠ɻͳ͓ɺιʔείʔυʹ

CޠݴΛ༻ͨ͠ɻ

2.2.2 ૬ରతӡಈֶʹͮ͘جೋମԠ

ఆ͍ͯ͠Δຊ࣮ݧɺ400-800 MeV/u ͷϏʔϜΛ༻͢ΔͨΊɺΤωϧΪʔྖҬతʹ૬ରͷิਖ਼͕ඞཁʹͳ

Δɻ6Li(p, d)5Liͱ6He(p, d)5HeͷԠͰɺ2ମԠΛ૬ରతӡಈֶʹ͠ࢉܭ͍ͯͮجͳ͚ΕͳΒͳ͍ɻࢉܭϓ

ϩάϥϜجຊతʹɺh Nuclear and Particle Physicsʱͷ TRANSFORMATION BETWEEN CENTOR OF MASS

AND LABORATORY SYSTEMS ͷষΛߟࢀʹͨ͠ɻࢉܭϓϩάϥϜͷུ֓ɺ֩ࢠݪ͍ͨ͠ࢉܭԠΛ࣮ܥࣨݧ

Ͱઃఆ͢ΔɻͦͷޙɺԠલͷ ΛܾΊΔɻΤωϧΪʔɾӡಈྔͷอଘଇ͔Βɺܥͷӡಈྔ͕͘͠ͳΔΑ͏ॏ৺ࢠ2ཻ

Ͱͷܥͷॏ৺ޙԠ֩ࢠݪ 2 ͷͨΊඪม࠲ͷܥࣨݧΒ࣮͔ܥɺॏ৺ʹޙ࠷ΊΔɻٻͷӡಈྔɾΤωϧΪʔΛࢠཻ

ʹɺϩʔϨϯπϒʔετΛ͜͏ߦͱͰ 2ମԠͷ͑ߦ͕ࢉܭΔɻtan θLAB = PLAB
x /PLAB

y ͷؔࣜΛɺΛ ॏ৺ܥͷ

ʹม͢ΔͱԼهͷ͕ࣜಘΒΕΔɻ

tan θLAB =
PCM
3 sin θCM

βγECM
3 + γPCM

3 cos θCM
(2.1)

͜ΕΛ cos θCMʹ͍ͭͯల։͢Δͱɺ

(
tan θLABγP

CM
3 )2 + (PCM

3 )2
)2

cos θ2CM+
(
2 tan2LAB βγ

2ECM
3 PCM

3

)
cos θCM + (tanLAB βγE

CM
3 )2 − (PCM

3 )2 = 0
(2.2)

͕ಘΒΕΔɻࣜ (2.2)ͷ cosθCMͷ̎ํ࣍ఔࣜΛղ͖ɺͦͷؔࣜΛιʔείʔυͷதʹೖΕΔ͜ͱͰɺ࣮ܥࣨݧͰ

Ͱ͖Δɻࢉܭͷ֯ͱΤωϧΪʔ͕ࢠΤωϧΪʔͱཻࢠཚཻࢄఆͨ͠߹Ͱɺࢦཚ֯Λࢄ

2.2.3 ͷೋମ่յࢠӡಈΛ͍ͯ͠Δཻݩ࣍ࡾ

௨ৗͷ 2ମԠͷ߹ɺϏʔϜʹਫฏͳ͔̍͠ํݩ࣍Λͨ࣋ͳ͍ͨΊɺϩʔϨϯπϒʔετԼهͷࣜͱͳΔɻ

⎛

⎜⎜⎝

t′

x′

y′

z′

⎞

⎟⎟⎠ =

⎛

⎜⎜⎝

γ −βγ 0 0
−βγ γ 0 0
0 0 1 0
0 0 0 1

⎞

⎟⎟⎠

⎛

⎜⎜⎝

t
x
y
z

⎞

⎟⎟⎠ (2.3)
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ͦͷҰํɺݩ࣍ࡾӡಈΛ͍ͯ͠Δཻ͕ࢠೋମ่յ͢Δ߹ɺ࣮͔ܥࣨݧΒॏ৺ܥʹม͢Δͱ͖ʹҙ͕ඞཁͰ͋

Δɻ3ݩ࣍ͷ߹ɺೋͭͷܥͷۭؒ࠲ඪ͕ฏߦͰͳ͍ͨΊϩʔϨϯπϒʔετ͢Δ͜ͱ͕Ͱ͖ͳ͍ɻϩʔϨϯπϒʔ

ετΛͨ͏ߦΊʹɺೋͭͷܥͷۭؒ࠲ඪ͍ޓ͕ܥʹฏߦʹͳΔΑ͏࠲ඪܥͷճసΛՃ͑ͳ͚ΕͳΒͳ͍ɻԼهͷࣜ

͕ҰൠํͷϩʔϨϯπมͰ͋Δɻ

⎛

⎜⎜⎝

t′

x′

y′

z′

⎞

⎟⎟⎠ =

⎛

⎜⎜⎜⎝

γ −βxγ −βyγ −βzγ
−βxγ 1 + (γ − 1)β̂x

2
(γ − 1)β̂xβ̂y (γ − 1)β̂xβ̂z

−βyγ (γ − 1)β̂xβ̂y 1 + (γ − 1)β̂y
2

(γ − 1)β̂zβ̂y

−βzγ (γ − 1)β̂xβ̂z (γ − 1)β̂zβ̂y 1 + (γ − 1)β̂z
2

⎞

⎟⎟⎟⎠

⎛

⎜⎜⎝

t
x
y
z

⎞

⎟⎟⎠ (2.4)

β̂i =
βi
β

(i = x, y, z)

ͨ͠ࢉܭϓϩάϥϜͷུ֓ɺ2.2.2ষͰࢉܭ 2ମԠͷཻࢠͷ 2ମ่յΛࢠཻ͢͜ىʹରͯ͠ɺॏ৺ܥͱ࣮ࣨݧ

๏ํࢉܭඪΛճసͤ͞Δɻ2ମ่յͷ࠲ͷۭؒܥࣨݧͳΔΑ͏࣮ʹߦඪ͕ฏ࠲ͷͦΕͧΕͷۭؒܥ 2ମԠͱಉ͡Ͱ

͋ΔͨΊɺΤωϧΪʔɾӡಈྔ͕อଘ͢ΔΑ͏ʹ่յཻࢠͷΤωϧΪʔɾӡಈྔΛٻΊΔɻͦͷޙɺॏ৺͔ܥΒ࣮ࣨݧ

࠲ͳΔΑ͏ճసۭͤͨؒ͞ʹߦͷͦΕͧΕ͕ฏܥࣨݧͱ࣮ܥɺॏ৺͍ߦΔͨΊʹϩʔϨϯπϒʔετΛ͢ඪม࠲ʹܥ

ඪΛͱʹ͢ɻ͜ΕΒҰ࿈ͷૢ࡞ΛҰൠํͷϩʔϨϯπมͱݺͿɻ

2.2.4 ଟϓϥενοΫγϯνϨʔλܕΞΫςΟϒඪతதͰͷ dEࢉܭ

dEࢉܭΛ͢ΔͨΊʹ RangeͷࣜΛ༻ͨ͠ɻՙిཻࢠͷ࣭தͰͷ rangeࣜԼهͰهड़͞ΕΔɻk, γ, crange

ࣜͷϑΟοςΟϯάύϥϝʔλɺAͱ Zՙిཻࢠͷ࣭ྔͱిՙɺE/Aՙిཻࢠͷ֩ͨ͋ࢠΓͷӡಈΤωϧΪʔɻ

R ≃ k
A

Z2

(E
A

)γ
+ cA (2.5)

ϑΟοςΟϯάύϥϝʔλɺΤωϧΪʔϩεγϛϡϨʔγϣϯιϑτͰ͋Δ SRIMͷσʔλΛ༻͍ͯͨͬߦɻ

Parameter k γ c
6He 0.1427 1.4531 -17.3188
6Li 0.1354 1.2523 -7.3435

d 0.3028 1.3438 -135.0289

p 0.0177 1.81018 0.0059

α 0.2124 1.3937 -23.4828

Parameter k γ c
6He 0.01657 1.77573 -0.05133
6Li 0.01558 1.78769 -0.00145

d 0.03361 1.64447 -5.54623

p 0.0523 1.5 6599 -3.63761

α 0.01969 1.74072 -0.195347

࣭ͷް͞Λ t[mm]ͱ͢Δͱɺ࣭௨աޙͷ Range R-tͰهड़Ͱ͖Δɻ࣭௨աޙͷΤωϧΪʔΛ E’ͱ͢Δͱ

(2.6)ࣜͱ tΛ༻͍ͯද͞ΕΔɻ

E′ =

(
Z2

kA
(R− t− cA)

)γ

A (2.6)
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ਤ 2.3 ΞΫςΟϒඪతΤωϧΪʔϩεͷγεςϜ

(2.7)ࣜͰ࣭௨աޙͷ EࢉܭͰ͖ΔͷͰɺ࣭தͰͷ dE E-E’Ͱද͢͜ͱ͕Ͱ͖Δɻ

ਤ (2.4)ଟϓϥενοΫγϯνϨʔλܕΞΫςΟϒλʔήοτͷུ֓ਤͰ͋Δɻ֤ʑͷϓϥενοΫγϯνϨʔ

λΛΞϧϛφΠζυϚΠϥʔͰ͍͍ͯרΔͨΊɺ྆Ξϧϛ͕ଘ͢ࡏΔɻϓϥενοΫγϯνϨʔλͷαΠζॎ

30mm,ԣ 60mmͳͷͰɺࢄཚɾཻࢠશͯͷϓϥενοΫϨΠϠʔΛ௨ա͢ΔͱԾఆ͍ͯͯ͠͠ࢉܭΔɻdEͷγ

εςϜ֩ࢠݪԠͷԠٴͼࢄཚɾཻࢠͷΤωϧΪʔɾ֯ʹґଘ͢ΔͨΊɺԠΛج४ͱͯ͠ 3ͭʹ߹

͚Λͯ͠ࢉܭϓϩάϥϜΛ։ൃͨ͠ɻϓϥενοΫγϯνϨʔλͷΛ nɺް͞ T [mm]ɺԠΛ r [mm]ͱ͢Δɻ

(i)Ԡ͕͜ىΔϓϥενοΫϨΠϠʔΑΓલͰͷ dEͷγεςϜɻೖཻࣹࢠɺΞϧϛφΠζυϚΠϥʔˠϓ

ϥενοΫγϯνϨʔλˠΞϧϛφΠζυϚΠϥʔͷॱ൪ͰΤωϧΪʔΛམͱ͍ͯ͘͠ɻ1 ຕͷϓϥενοΫϨΠ

ϠʔͰΤωϧΪʔΛམͱͨ͠ޙɺ2ຕͷϓϥενοΫϨΠϠʔͰΤωϧΪʔΛམͱ͢ɻ͜ͷΑ͏ʹɺΤωϧΪʔϩ

ε͍ͯͬͨ͠ೖཻࣹࢠͷΤωϧΪʔΛ࣍ͷϨΠϠʔʹܧঝ͠ɺԠϨΠϠʔͷͻͱͭલ·Ͱ܁Γฦ͢͜ͱͰΤωϧΪʔ

Λ͍ͯ͘͠ɻࢉܭ

(ii)Ԡ͕ͨͬ͜ىϓϥενοΫϨΠϠʔͰͷ dEͷγεςϜɻೖࣹͷೖΓޱͰΞϧϛφΠζυϚΠϥʔʹΑͬͯ

ΤωϧΪʔΛམͱ͢ɻͦͷޙɺԠϨΠϠʔʹ͓͍ͯԠ͕͜ىΔલ·Ͱͷ dE r -

floor(r)−1∑

i=1

T [mm]ͷrangeΤω

ϧΪʔϩεΛ͢Δɻ֩ࢠݪԠΛޙͨ͜͠ىɺࢄཚ֯ͱΤωϧΪʔ͕ಘΒΕΔͨΊɺԠ͕ͯͬ͜ىԠϨΠϠʔΛ

௨ա͢Δ·Ͱͷڑʹ૬͢Δ

( floor(r)∑

i=1

T − r

)
/ cos θ [mm]ͷΤωϧΪʔϩεΛͦΕͧΕͷࢄཚɾཻࢠʹର͠

Λ͢ΔɻࢉܭɺΞϧϛφΠζυϚΠϥʔͷΤωϧΪʔϩεʹޙ࠷ɻ͏ߦΛࢉܭͯ

(iii)ԠޙͷϓϥενοΫϨΠϠʔͰͷ dEͷγεςϜɻجຊίϯηϓτ (i)ͱಉ͡Ͱ͋ΔɻҟͳΔཻ͕ࢠೋ

ͭ͋Δ͜ͱɺཻࢠͷي͕ਐͰͳ֯͘Λͭ࣋͜ͱͰ͋ΔɻԠϨΠϠʔͷ࣍ͷϨΠϠʔ͔Β T/cosθ ͷΤω
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ϧΪʔϩεࢉܭΛɺͦΕͧΕͷࢄཚɾཻࢠʹରͯ͠͏ߦɻ͜ͷҰ࿈ͷࢉܭΛޙ࠷ͷϨΠϠʔ·Ͱܧଓͯ͠͏ߦɻ

ਤ 2.4 ̎ମԠͷγεςϜ

ਤ 2.5 ϓϩάϥϜͷϑϩʔνϟʔτࢉܭ

ਤ 2.5 ຊ࣮ݧΛఆͨ͠ࢉܭϓϩάϥϜͷϑϩʔνϟʔτͰ͋Δɻྫ͑ɺ6He(p, d)5He ͷ߹ɺ2 ମԠͰ
5Heͱ d͕ੜ͞ΕΔɻͦͷޙɺ5Heฏۉण໋͕͍ͨΊɺαͱ nʹ 2ମ่յ͢ΔɻैͬͯɺΞΫςΟϒඪతͰͷΤω

ϧΪʔσϙδοτͷࢉܭɺd,α, nʹ͍ͭͯߦΘͳ͚ΕͳΒͳ͍͕ɺnγϯνϨʔλதͰΤωϧΪʔϩε͠ͳ͍
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ͨΊ͔ࢉܭΒআ֎͍ͯ͠Δɻ

2.2.5 ϞϯςΧϧϩγϛϡϨʔγϣϯ

૬ରతӡಈֶͷࢉܭաఔͰɺॏ৺ܥͷࢄཚ֯Λղੳతʹղ͘͜ͱ͕Ͱ͖ͳ͍ɻͭ·Γɺॏ৺ܥͷࢄཚํత

Ͱ͋Δͱ͍͏͜ͱ͕ಋ͔ΕΔɻॏ৺ܥͷࢄཚ֯ʹཚΛ༩͑Δ͜ͱͰɺ֩ࢠݪԠͷϞϯςΧϧϩɾγϛϡϨʔγϣ

ϯΛ͜͏ߦͱ͕Ͱ͖ΔɻཚੜϓϩάϥϜɺϝϧηϯψɾπΠελΛ༻͍ͨɻϝϧηϯψɾπΠελɺपظ

(219937− 1)ɾݩ࣍ߴ Ͱ༗໊Ͱ͋ΔɻϝϧηϯψɾπΠελͰ༩͑Βࣄɺཚੜ͕ૣ͍ͪ࣋Λۉ(ݩ࣍623)

ΕΔٖࣅཚɺ0ʙ1·ͰͷҰ༷࣮ཚͰ͋ΔͨΊɺํతͳ֯ʹରͯ͠ཚΛ༩͑Δ߹ʹɺ୯Ґٿ໘ʹҰ༷

͢ΔཚΛ࡞Βͳ͚ΕͳΒͳ͍ɻؒҧ͍͍͢ྫͱͯ͠ɺθ,φ)ͷ࠲ۃඪ (x = sinθcosφ, y = cosφ, z = cosθsinθ)Λ

ಋೖͯ͠ɺθʹ 0◦ʙ180◦φʹ 0◦ʙ360◦ͷҰ༷ཚΛ༩͑ΔͱɺcosθͷมԽྔ͕ 0◦ʹ͍ۙ΄Ͳେ͖͘ͳΔ͜ͱͰੜ͡Δ֯

ґଘੑʹΑΓɺཚʹภΓ͕ੜͯ͡͠·͏ɻ·ͨɺ(θ,φ)ʹ͓͍ͯɺϠίϏΞϯ sinθdθdφͰ͋ΔͨΊɻϠί

ϏΞϯΛ؆୯ʹѻ͏ͨΊɺz = cos θͰมมΛ͍ߦ dz = − sin θdφͱ͢Δɻz ʹରͯ͠ [−1, 1]ʹཚΛ༩͑ɺφʹ

ؔͯ͠ [0, 2π]ʹཚΛ༩͑Δɻ

x =
√

1− z2 cosφ

y =
√

1− z2 sinφ

z = z

(2.7)

(z,φ)ͷ̎มΛ༻͍Δ͜ͱͰɺਤ 2.3ͷٿ໘্ͷҰ༷ཚ͕ಘΒΕΔɻࠓճͷγϛϡϨʔγϣϯͰɺඪతதͰͷ

dEͷΛௐΔ͜ͱʹಛԽ͍ͯ͠ΔͨΊɺஅ໘ੵͷӡಈྔͱ֯ґଘੑྀ͍ͯ͠ߟͳ͍ɻ

1.5−
1− 0.5−

0 0.5 1 1.5x

1.5−
1−

0.5−
0

0.5
1

1.5y
1.5−

1−

0.5−

0

0.5

1

1.5z

Entries  10000
Mean x 0.004633− 
Mean y 0.0003868− 
Mean z  0.001856
Std Dev x  0.5778
Std Dev y  0.5778
Std Dev z  0.5764
Integral    1e+04

Entries  10000
Mean x 0.004633− 
Mean y 0.0003868− 
Mean z  0.001856
Std Dev x  0.5778
Std Dev y  0.5778
Std Dev z  0.5764
Integral    1e+04

ਤ 2.6 ϝϧηϯψɾπΠελʹΑΔҰ༷ཚ.ཚͷʹภΓແ͍.

2.2.6 Ψεཚͷੜ

ΞΫςΟϒඪతͷԠಛఆͷଥੑ͕͋Δ͔Ͳ͏͔͔֬ΊΔͨΊʹɺϓϥενοΫγϯνϨʔλͱ PMTͷղ

ྀͯ͠ߟγϛϡϨʔγϣϯΛ͍͍ͨߦɻγϯνϨʔλͷղɺൃޫྔͷมಈɺൃޫूͷมಈͰܾ·ΔɻPMT

ͷղɺޫి໘ͷྔޮࢠɺޫిࢠͷμΠϊʔυͷऩूޮɺμΠϊʔυͷ ͷ૿ഒͷൺͰܾ·Δɻ͜Εࢠి࣍2

ΒͷΏΒ͗ΛΨεཚͰද͢ɻΨεཚੜ Box-Muller ๏Λ༻͍ͨɻBox-Muller ๏ൣғ͕ (0,1) ͷೋͭͷ
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ಠཱͳཚΛ༻͍ͯද͢ɻೋͭͷಠཱཚΛ ri, rjͱ͢ΔͱɺΨεʹै͏͍ޓʹಠཱͳ֬ม Zk, Zl ͕ಘΒ

ΕΔɻ

Zk =
√
−2lnri cos 2πrj

Zl =
√
−2lnri sin 2πrj

(2.8)

ฏۉΛµඪ४ภࠩΛσ ͱ͢ΔͱɺΨεɺ

Ψε =
n∑

i,j

(
µ+ σ · Z(ri, rj)

)
(2.9)

ͰಘΒΕΔɻ

ਤ 2.7 Box-Mullar๏ʹΑͬͯٻΊͨΨεؔ.µ = ϓϥενοΫγϯνϨʔλ̍ຕͷΤωϧΪʔσϙδοτ

.σ = ղ 20%
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2.3 ଟϓϥενοΫγϯνϨʔλܕΞΫςΟϒඪతͷϋʔυΣΞ։ൃ

ଟϓϥενοΫγϯνϨʔλܕΞΫςΟϒඪతͷ։ൃ͔̌Βελʔτͨ͠ɻ2017 5݄͔Βελʔτͤ͞ 2018

·Ͱʹ 2ճͷϏʔϜΛ༻͍ͨੑධՁ࣮ݧΛͨͬߦɻୈҰஈ֊ͱͯ͠ɺଟϓϥενοΫγϯνϨʔλܕΞΫςΟϒ

ඪతॳܕظΛ։ൃ͠ɺ2018 6݄ʹ౦େֶ CYRICͰ̍ճͷੑධՁ࣮ݧΛͨͬߦɻ͜ͷ࣮ݧͰಘͨվળΛվ

өͤ͞ɺ2017ʹܕྑ 11݄ʹ 2ճͷੑධՁ࣮ݧΛͨͬߦɻ

ਤ 2.8 ଟϓϥενοΫγϯνϨʔλܕΞΫςΟϒඪతͷϨΠΞτ

2.3.1 ଟϓϥενοΫγϯνϨʔλܕΞΫςΟϒඪతॳܕظ

ຊ࣮ݧͰ 10 mmްͷϓϥενοΫγϯνϨʔλΛ༻͢Δ༧ఆ͕ͩɺݱஈ֊։ൃॳظͰ͋Γݪཧ͕࣮ূͰ͖Δ

͜ͱʹॏ͖͕͓͔Ε͍ͯΔͨΊɺ։ൃқΛԼ͛Δͱ͍͏ҙຯͰ 5 mmγϯνϨʔλͰ։ൃΛͨͬߦɻਤ 2.8ΞΫ

ςΟϒඪతॳܕظͷུ֓ਤͰ͋Δɻத৺ʹॎ 30 mmԣ 60 mmް͞ 1 mmͷϓϥενοΫγϯνϨʔλΛઃஔ͠ɺͦ

ͷ྆Λ 16ch PMTͰڬΜͰ྆ಡΈग़͠ΛՄʹ͍ͯ͠Δɻ྆ಡΈग़͠Λ͢Δ͜ͱͰ 1
√
2͚ͩΤωϧΪʔղ

ΛΑ͘͢Δ͜ͱ͕Ͱ͖ΔɻPMTͷʹಡΈग़͠ϘʔυΛऔΓ͚৴߸ಡΈग़͠Λ͍ͯͬߦΔɻ

2.3.2 ϚϧνΞϊʔυ PMTͱϓϥενοΫγϯνϨʔλ

ਤ 2.11 ϓϥενοΫγϯνϨʔλ.ϓ

ϥενοΫγϯνϨʔλܺؒΛ։͚Δ

͜ͱͳ͘ҰମԽ͍ͯ͠Δ.

ΞΫςΟϒඪతͷԠಛఆೖࣹϏʔϜํʹಛԽ͍ͯ͠ΔͨΊɺ

ೖࣹϏʔϜํʹ৴߸ಡΈग़ׂ͕͠͞Ε͍ͯΔ H10515B-20Λݕग़ث

ͱͯ͠બΜͩɻϑΥτΧιʔυҰຊ͋ͨΓͷް͞ 0.8 mmɺΧιʔυؒ

ͷϐον 1.0 mmͰ͋ΔͨΊɺϓϥενοΫγϯνϨʔλͷް͞ 1 mm

Λઃஔ͢Δ݅Λຬ͍ͨͯ͠ΔɻϓϥενοΫγϯνϨʔλ NE-102A

Λ༻ͨ͠ɻີ 1.032 g/cm3, ۶ં 1.581,C/H ൺ 1.104,  423

mmɻਤ 2.11 ҰମԽͨ͠ϓϥενοΫγϯνϨʔλɻ5 ຕͷγϯν

Ϩʔλͷؒͱ྆αΠυʹϑΥτϯͷ֎෦࿙ӮΛ͙ͨ࠹ΊʹΞϧϛφΠζ

υϚΠϥʔͰ෴ΘΕ͍ͯΔɻPMTͷϑΥτΧιʔυ 1 mmϐονͰ

ྻ͞Ε͍ͯΔͨΊɺ1 mm ްͷγϯνϨʔλΛܺؒͳ͘ஔ͢Δ͜ͱ

ͰɺϑΥτΧιʔυͱγϯνϨʔλͷத৺ͷҐஔ͘͠ͳΔɻϓϥε

νοΫγϯνϨʔλͷ྆ςϑϩϯςʔϓͰ͍͋ͯרΔɻ
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ਤ 2.9 ϓϥενοΫγϯνϨʔλ.NE-102A
ਤ 2.10 ϚϧνΞϊʔυ PMT.H10515B-20

2.3.3 ಡΈग़͠Ϙʔυͷઃܭ

ਤ 2.24։ൃॳظஈ֊ͷσβΠϯͰ͋Δɻج൫ͷઢ͓Αͼ߅ͷઃஔཱମతͳߏΛ͓ͯ͠ΓɺϓϥενοΫ

γϯνϨʔλͱ PMTΛݻఆ͢Δαϙʔλʔͱׯবͯ͠͠·͏ɻ͜ͷׯবΛݮΒͨ͢ΊʹɺϓϦϯτج൫ՃػΛ͍

͔͞Βͳ͍ج൫Λͨ͠࡞ɻ

ਤ 2.12 ಡΈग़͠Ϙʔυද

ਤ 2.13 ಡΈग़͠Ϙʔυཪ

ϚϧνΞϊʔυ PMTಡΈग़͠ͷ͕ 16 ch͋ΔͷͰɺ16 chͷγάφϧઢͱ 1ͭͷάϥϯυઢɺHVڅڙϥΠ

ϯΛͳΔ͘ׯব͕͖ىͳ͍Α͏ઃͨ͠ܭɻ༻͢Δ HV 600-900 VΛܭը͍ͯͨ͠ͷͰɺͦͷిѹʹ͑ΒΕΔ

ͷͱͯ͠ PMTͷ HVઢͷڅڙ LEMOίωΫλܦ༝Ͱͨͬߦɻ్தͷઢ RG174/Uͷ֎ບΛണ͗ਊઢͱಁ

໌ͷઈԑບΛ༻ͨ͠ɻHV ઢͱάϥϯυઢରʹͳ͓ͬͯΓిѹʹ;Β͖͕ͭͰͳ͍Α͏ʹ͞Ε͍ͯΔɻϚϧνΞ

ϊʔυ PMT͔Βͷγάφϧάϥϯυͱͱʹѹணܕϑϥοτέʔϒϧ༻ίωΫλʹૹΒΕΔɻ16 chͷγάφϧͱ

άϥϯυฒߦʹѹணܕϑϥοτέʔϒϧ༻ίωΫλʹૹΒΕ͍ͯΔ͕ɺͦͷ్தʹνοϓ߅Λ༻͍ͯ͠Δɻνο
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ਤ 2.14 ଟϓϥενοΫγϯνϨʔλܕΞΫςΟϒඪత (ϓϩτλΠϓ)

ϓ߅ϩʔϜࣾͷMCR03EZJPγϦʔζΛ༻ͨ͠ɻνοϓ߅ͷׂ৴߸ͷࣹΛݮΒ͢͜ͱΛతʹऔΓ

͚ͨɻ

߅ͷɺ51 Ω, 100 Ω, 110 Ω, 120 Ω, 130 Ω, 150 ΩΛ༻͠ɺΦγϩείʔϓͰҰ൪ࣹ͕গͳ͘ͳΔ 120 Ωͷ

߅Λ࠾༻ͨ͠ɻ

ਤ 2.15 ΦγϩείʔϓͰࣹ͕Ұ൪খ͘͞ͳΔ߅Λ࠾༻.্ਤ 120Њͷ࣌ͷܗ.
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2.3.4 ϓϥενοΫγϯνϨʔλͱ PMTͷݻఆ

ਤ 2.16 ϓϥενοΫγϯνϨʔλͱ PMT Λݻఆ

͢Δαϙʔλʔ. ӈࠨ 12 ͜ͷωδʹΑͬͯϓϥε

νοΫγϯνϨʔλͱ PMTΛڬΈࠐΉ.

ϓϥενοΫγϯνϨʔλͱ PMT ͷޫి໘ͷؒʹɺ

Ψϥεͱಉ͡۶ંͷΦϓςΟΧϧάϦʔεʹΑͬͯண

͞Ε͍ͯΔɻΦϓςΟΧϧάϦʔε೪ੑ͕͋Γணͷػ

͋Δ͕ݻఆ͢ΔʹෆेͰ͋ΔͨΊɺαϙʔλʔͷ

ௐωδʹΑͬͯɺϓϥενοΫγϯνϨʔλͱ PMTͷ

ɻϓϥενοΫγϯνϨʔλ͕ྡ͢ΔϑΥͨͬߦఆΛݻ

τΧιʔυΛΦʔόʔϥοϓͯ͠͠·͏ͨΊɺϑΥτΧ

ιʔυؒͷڑ͕ 2 mm Ͱ͋Δ͜ͱΛྀ͢ߟΕɺϓϥ

ενοΫγϯνϨʔλͱ PMTͷ૬ରҐஔͷௐͷਫ਼

1 mmҎԼͰߦΘͳ͚ΕͳΒͳ͍ɻࢄཚ૧ͷத৺Ґஔ

Λඪతͷܥͷத৺ҐஔͱԾఆ͢Δ͜ͱͰɺαϙʔλʔͷԼ

ྲྀଆͱ্ྲྀଆͷ 2ͭͷΛج४ͱͨ͠ܭଌʹΑͬͯ૬

ରҐஔ֬ೝΛͨͬߦɻαϙʔλʔԣ 130 mm ॎ 40 mm

Ͱ͋ΔͨΊɺ্ྲྀଆͷαϙʔλʔͷΛج४ͱͯ͠ɺγ

ϯνϨʔλͷ্ྲྀ໘·Ͱ 17 mmɺPMTͷ্ྲྀଆ໘·Ͱ 5

mmͷҐஔؔʹͳΔΑ͏ௐΛͨͬߦɻԼྲྀଆͷαϙʔ

λͷಉ༷ʹɺγϯνϨʔλԼྲྀ໘·Ͱ 18 mmPMTͷԼྲྀଆଆ໘·Ͱ 5 mmͷҐஔؔʹͳΔΑ͏ௐΛͨͬߦɻ

ਤ 2.17 ଟϓϥενοΫγϯνϨʔλܕΞΫςΟϒඪ

తॳܕظ.ද
ਤ 2.18 ଟϓϥενοΫγϯνϨʔλܕΞΫςΟϒඪ

తॳܕظ.ཪ

2.3.5 ଟϓϥενοΫγϯνϨʔλܕΞΫςΟϒඪతॳܕظͷվળ

2017 6݄ͷ౦େֶ CYRICͰͷੑධՁ࣮ݧͰɺଟϓϥενοΫγϯνϨʔλܕΞΫςΟϒඪతॳܕظͷ

ੑ༧͍ͯͨ͠ΑΓѱ͍݁ՌʹͳͬͨɻݪҼϓϥενοΫγϯνϨʔλͱ PMTͷݻఆ๏ʹ͕͋Δͱ͍͏

݁ΛಘͨɻॳܕظͷϓϥενοΫγϯνϨʔλͷஔͷ߹ɺϓϥενοΫγϯνϨʔλʔྡ͓ͯ͠ΓΞϧϛφ

ΠζυϚΠϥʔͰ෴͍͑ͯͳ͍ͱ͜Ζ͕͋ΔɻͦͷΑ͏ͳॴʹ͓͍ͯɺଞͷϨΠϠʔͷϑΥτϯͷ࿙Ӯݱ͕ੜ

·Εͯ͠·͍ΫϩετʔΫ͕େ͖͘ͳͬͯ͠·͏ɻ·ͨɺϓϥενοΫγϯνϨʔλͱ PMTͷ૬ରҐஔௐʹؔͯ͠

ɺௐ͕ྔͰߦͳΘΕ͓ͯΓਫ਼ʹ͕͋Δͱͨ͑ߟɻ·ͨɺϏʔϜํʹؔ͢ΔҐஔௐߦͳ͍ͬͯͨ

͕ɺϓϥενοΫγϯνϨʔλ͕த৺ʹ͘ΔΑ͏ͳௐ (ϏʔϜʹରͯ͠ԣํͷௐ)͑ߦͳ͍ΈվΊΔඞ

ཁ͕͋ͬͨɻ͜ͷɺϓϥενοΫγϯνϨʔλ͕ϏʔϜத৺ʹௐͰ͖͍ͯͳ͍͚ͩͰͳ͘ɺ྆ͷ PMT
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ਤ 2.19 ϓϥενοΫγϯνϨʔλ 3ຕͷ࣮ݧσʔλ.

ແԠϐʔΫͱԠϐʔΫ͕۠ผ͕ࠔ.

ਤ 2.20 ϓϥενοΫγϯνϨʔλ 3 ຕͷγϛϡϨʔ

γϣϯσʔλ.ແԠϐʔΫͱԠϐʔΫͷ۠ผ͕༰қ.

͕ϓϥενοΫγϯνϨʔλΛڬΈࠐΉྗ͕ͳ͍͜ͱΛҙຯ͠ɺ৮ͷѱ͞ʹΑΔϊΠζͷ૿ՃΛҾ͖͔͍ͨͯ͜͠ى

͠Εͳ͍ͱ͑ߟΒΕΔɻ

ਤ 2.20ϓϥενοΫγϯνϨʔλ̏ຕͷ࣌ͷγϛϡϨʔγϣϯ݁ՌͰ͋ΔɻԠϓϥενοΫγϯνϨʔ

λ 0 - 5 mmͷྖҬͰҰ༷ཚΛ༩͑ͨɻ࣮֯ݧηοτΞοϓతʹ 40◦͔Β 50◦ͷൣғͰཚΛ༩͑ͨɻϓϥεν

οΫγϯνϨʔλͷղΛྀ͢ߟΔͨΊɺΤωϧΪʔղ 20%ͱԾఆͯ͠ɺಘΒΕͨϓϥενοΫγϯνϨʔλ

ͷΤωϧΪʔσϙδοτʹΨεཚΛ༩͑ͨɻਤ 2.20ͷࠨଆɺཻ֩ࢠݪ͕ࢠԠͤͣʹ௨աͨ͠߹ͷωϧΪʔ

σϙδοτͷϐʔΫͰɺӈଆͷϐʔΫԠޙͷΤωϧΪʔσϙδοτͷϐʔΫͰ͋ΔɻγϛϡϨʔγϣϯͰɺϓϥ

ενοΫγϯνϨʔλͷղΛྀͯ͠ߟແԠϐʔΫͱԠޙϐʔΫ͕༰қʹ۠ผͰ͖Δɻ͔͠͠ͳ͕Βɺଟϓ

ϥενοΫγϯνϨʔλܕΞΫςΟϒඪతॳܕظΛݧ࣮ͨ͠༺σʔλͰ͋Δਤ 2.19ͰɺϊΠζͷׂ߹͕େ͖͘ແ

ԠϐʔΫͱԠޙϐʔΫͷ۠ผ͕͍͠ɻ
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2.4 ଟϓϥενοΫγϯνϨʔλܕΞΫςΟϒඪతվྑܕ

ଟϓϥενοΫγϯνϨʔλܕΞΫςΟϒඪతվྑܕͰҎԼͷ 4ʹཹҙͯ͠։ൃΛͨͬߦɻ

1. ϓϥενοΫγϯνϨʔλͱ PMTͷݻఆ

2. ϓϥενοΫγϯνϨʔλͱ PMTͷϏʔϜํͷ૬ରҐஔௐ (γϯνϨʔλͷத৺ͱϑΥτΧιʔυͷத৺

Λ߹ΘͤΔ)

3. ϓϥενοΫγϯνϨʔλͱ PMTͱͷѹͷ্

4. ΫϩετʔΫͷܰݮ

2.4.1 αϙʔλʔٴͼΫοΩʔ࡞

ਤ 2.21 ܭ߹ 4ͭͷΫοΩʔʹΑͬͯ PMTͱϓϥενοΫγϯνϨʔλΛݻఆ͢Δ

ਤ 2.22 ΫοΩʔද

ॳܕظαϙʔλʔͱ PMT ͼϓϥενοΫγϯνٴ

ϨʔλͷݻఆϏʔϜํͱͦͷ͔ํٯΒͷωδʹΑΔ

Ͱαϙʔλʔͱܕఆ͔͠͞Ε͍ͯͳ͔ͬͨͷͰɺվྑݻ

PMT Λݻఆ͢ΔͨΊͷؒݻఆஔͱͯ͠ΫοΩʔΛ

ఆ͢ΔͨΊݻɻPMTʹରͯ྆͠ଆ͔Βͨ͠࡞ 1ͭͷ PMT

ʹରͯ̎͠ݸͷΫοΩʔΛͨͬ࡞ɻΫοΩʔͷࡐྉδϡ

ϥίϯͰ͋ΔͨΊߴɺ Թ࣌ͷਫੑɺΞϧΧϦੑɺ༉

ੑʹ༏Ε͍ͯΔɻPMT ͷޫి໘ଆͷΫοΩʔఈ໘ʹα

ϙʔλʔͱͷݻఆͷͨΊͷωδ͕݀։͚ΒΕ͍ͯΔɻωδ

݀ͷݻఆʹΑΓճసٴͼαϙʔλʔத৺ͱΫοΩʔٴͼ

PMTͷத৺ઃܭஈ֊Ͱௐ͞Εͨ͜ͱʹͳΓɺॳܕظͷ

Α͏ʹվΊͯҐஔௐΛ͏ߦඞཁ͕ͳ͘ͳͬͨɻΫοΩʔ

ͷ྆ʹ։͚ΒΕͨ݀ʹωδΛ௨͠ɺΫοΩʔʹΑͬͯ

PMT ΛڬΈࠐΉΑ͏ʹφοτΛకΊΔ͜ͱͰΫοΩʔͱ

PMT ݻఆ͞Ε͍ͯΔɻ͜ͷߏػͰɺPMT ଆͷํޙ

ΫοΩʔΛத৺ํʹԡ͠ग़ͤΔͨΊɺϓϥενοΫγϯ

νϨʔλͱ PMTͱͷѹΛ্ͤ͞Δ͜ͱ͕Ͱ͖Δɻ·ͨɺϓϥενοΫγϯνϨʔλͷஔʹมߋΛՃ͑ͨɻ

ॳܕظͰ֤ϓϥενοΫγϯνϨʔλ͕ྡ͢ΔΑ͏ஔ͞Ε͍͕ͯͨɺվྑܕͰɺ֤γϯνϨʔλ͕ 1 mmͷؒ



ୈ 2ষ ଟϓϥενοΫγϯνϨʔλܕΞΫςΟϒඪతͷ։ൃ 22

ִΛઃ͚ͨɻ͜͏͢Δ͜ͱͰɺϓϥενοΫγϯνϨʔλͷ৮ʹΑΔӨڹͱಡΈग़͠ϑΥτΧιʔυͷྡʹΑΔӨ

֎ΒΕ͍ͯΔͷɺӈ͕ࠨΒ͢͜ͱ͕Ͱ͖Δɻޫి໘ଆͷΫοΩʔͷݮΒ͢͜ͱ͕͖ɺΫϩετʔΫͷׂ߹ΛݮΛڹ

෦ݕग़ࢄʹثཚ͢ΔཻࢠͱͷׯবΛ͙ͨΊͰ͋Δɻ

ਤ 2.23 ଟϓϥενοΫγϯνϨʔλܕΞΫςΟϒඪతվྑܕϞσϧ
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ਤ 2.24 ଟϓϥενοΫγϯνϨʔλܕΞΫςΟϒλʔήοτվྑػ࣮ܕ
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3.1 p(p,pp)ԠʹΑΔੑධՁ࣮ݧ

ຊ࣮ݧͰ 6Li(p, d)5Liͱ6He(p, d)5Heͷ࣮ݧΛܭը͍ͯ͠Δ͕ɺຊ࣮ݧΛ࣮ʹ͢ݱ࠶ΔͱͳΔͱෆ҆ఆ֩Ϗʔ

ϜΛ͏ඞཁ͕͋ΓɺΞΫςΟϒඪతͷੑධՁͱ͍͏Ͱ͑ߟΔͱෆ͖Ͱ͋ΔɻੑධՁ࣮ݧͰओʹϓϥενο

ΫγϯνϨʔλͷΤωϧΪʔσϙδοτʹয͕ͯΒΕ͓ͯΓɺ֤ϨΠϠʔͷϓϥενοΫγϯνϨʔλͷΤωϧ

Ϊʔσϙδοτͷ͕ؔຊ࣮ݧͷ 6Li(p, d)5Liͱ6He(p, d)5Heʹ͍ۙͰ͋ΕੑධՁ͜͏ߦͱ͕Ͱ͖Δɻຊ࣮

Ԡͱͯ͠ೖࣹϏʔϜ֩ࢠݪΔ͑ߦΘΔੑධՁΛʹݧ 70 MeVͷ p(p,pp)ԠΛબͨ͠ɻ

ਤ 3.1 6He(p, d)5He.5He ण໋֩Ͱ͋ΔͨΊɺੜ

ೋମ่յͯ͠αͱʹ͙͢ޙ nʹͳΔɻ
ਤ 3.2 p(p,pp)ੑࢄཚஅ໘ੵ͕େ͖࣮͘ݧқ͕͍.

͜ͷ࣌ͷϓϥενοΫγϯνϨʔλͷΤωϧΪʔσϙδοτɺ6He(p, d)5He ͷ߹ɺ∆E1= 1.24 MeV, ∆E2=

2.21 MeV, ∆E3= 3.02 MeVɻp(p,pp) ͷ߹ɺ∆E1= 0.93 MeV, ∆E2= 2.15 MeV, ∆E3= 3.50 MeVɻ֤γϯν

ϨʔλͷΤωϧΪʔσϙδοτ͍ۙΛऔ͍ͬͯΔɻैͬͯੑධՁ࣮ݧɺΤωϧΪʔσϙδοτͷ͍ؔͯࣅ͕

ͯɺ͔ͭɺஅ໘ੵ͕େ͖͍ p(p,pp)ԠΛ༻͍ͨɻ

3.2 ϏʔϜϥΠϯݧ࣮

ੑධՁ࣮ݧɺ౦େֶαΠΫϩτϩϯϥδΦΞΠιτʔϓηϯλʔ (CYRIC)ୈ 4λʔήοτࣨͰߦΘΕͨɻ౦

େֶ CYRICͷՃث ܕ930 AVFαΠΫϩτϩϯΛ༻ͨ͠ɻ930ܕ AVFαΠΫϩτϩϯͷجຊεϖοΫɺ

࣭ྔղ 1/100000ɺ࠷େ࣓ 2ςεϥɺ࣭ྔ 200τϯɻΠΦϯ͔ݯΒ͞څڙΕͨΠΦϯɺαΠΫϩτϩϯ෦ͷ

2ͭͷ DeeిۃͷిۃΞʔε൘ΛҠಈ͢Δ࣌ʹిޯͷӨڹΛड͚Ճ͞ΕΔɻͦͷ 2ͭͷిۃʹɺਖ਼ͱෛͷి
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ѹ͕ҰఆपΛ͔͚ΔࣄͰՃ͞Ε͍ͯΔ͕͜ͷप͕ Radio Frequency (RF) Ͱ͋ΔɻՃ͞ΕͨΠΦϯ֤

ϏʔϜϥΠϯʹ͞څڙΕΔɻୈ 4 λʔήοτࣨߴղϏʔϜϥΠϯͱେࢄܕཚ૧͕ઃஔ͞Ε͍ͯΔɻϏʔϜͷε

ϙοτௐͱӡಈྔੳɺ1/6000ͷΤωϧΪʔղΛ࣓ͭిۃੴ ANA1,ANA2ͱεϦοτʹΑͬͯߦΘΕ

͍ͯΔɻՃ͞ΕͨΠΦϯୈ 4λʔήοτࣨதͷେࢄܕཚ૧ʹ༌ૹ͞ΕΔɻେࢄܕཚ૧ಠཱͯ͠ճసͤ͞Δ͜ͱ͕

Ͱ͖Δ 2ͭͷۦಈܥΛ͍ͯͬ࣋ΔͨΊɺࢄཚ૧ͷݕग़ثλʔήοτΛԕִૢ࡞ʹΑͬͯۦಈͤ͞Δ͜ͱ͕Ͱ͖Δɻ

ਤ 3.3 ౦େֶαΠΫϩτϩϯϥδΦΞΠιτʔϓηϯλʔ (CYRIC)ͷશମਤ. ग़య: ʮh౦େαΠΫϩͰͷத

ʱPower͚ͯʹԽڧར༻ͱେࢠੑ Point εϥΠυ
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3.3 ηοτΞοϓݧ࣮

ΞΫςΟϒඪతͷԠಛఆͷੑධՁΛͨ͏ߦΊʹɺଞͷݕग़ثʹΑΔԠಛఆʹΑΔධՁ͕ඞཁͰ͋Δɻ

ԠಛఆͷͨΊͷ֎෦ݕग़ثͱͯ͠ɺॎ 50 mm,ԣ 50 mm,5 mmϐονͷ Si-stripݕग़ثͱॎ 50 mm,ԣ 50 mm,55

mmްͷ CsI(TI)ݕग़ثΛར༻ͨ͠ɻ͜ͷ 2ͭͷݕग़ثʹΑͬͯ֯ɾΤωϧΪʔͷଌఆɺཻࣝࢠผΛ͜͏ߦͱ͕Ͱ

͖Δɻਤ 3.4 ࣮ݧηοτΞοϓͰ͋ΔɻSi-strip ͱثग़ݕ CsI(TI) ճసத৺ʹରͯ͠ثग़ݕ 45◦ ʹઃஔͯ͋͠

Δɻͦͷԣʹ͋ΔMPR-16 Si༻ͷϓϦΞϯϓͰਅۭதͰ͑ΔͷͰ͋Δɻࢄཚ૧ͷதʹઃஔͯ͋͠Δཧ༝ɺ

ͤ͞ݮΛڹϊΠζ͕૿෯͞ΕΔӨʹࡍ͕͘ͳΔͱɺͦͷؒͰϊΠζ৴߸͕ࠞೖͨ͠ڑͱϓϦΞϯϓͷؒͷثग़ݕ

ΔͨΊͰ͋Δɻࢄཚ૧த৺ʹଟϓϥενοΫγϯνϨʔλܕΞΫςΟϒλʔήοτΛઃஔ͍ͯ͠Δɻଟϓϥενο

ΫγϯνϨʔλܕΞΫςΟϒඪతɺԣ 60 mmॎ 30 mmް͞ 1 mmͷγϯνϨʔλ̑ຕɺ྆ଆʹ 16 chϚϧνΞ

ϊʔυ PMTʹΑͬͯߏ͞Ε͍ͯΔɻࢄཚ૧ӈଆʹ͋ΔϏʔϜϓϥενοΫɺࢄཚ૧ͷۦಈܥʹΑͬͯϏʔϜத৺

Ͱ͋Δɻثग़ݕͱ͕ՄͰɺϏʔϜϨʔτΛଌఆ͢ΔͨΊͷ͍ͯͬ࣋͘͜ʹ

ਤ 3.4 ηοτΞοϓݧ࣮
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લճͷ࣮ݧͰɺϏʔϜϨʔτଌఆͰ͖͕ͨΞςωΠλʔͱͷʹໃ६͕ੜͯ͡͠·͍ɺͦͷʹ৴པੑ͕ͳ͔ͬ

ͨɻͦͷݪҼͱͯ͠ɺϏʔϜϓϥενοΫ 1400 Vͱ͍͏͍ߴͷ HVΛ༻͍ͯͨͨ͠ΊͰ͋Δɻैͬͯࠓճ

ͷ࣮ݧͰɺϏʔϜϓϥενοΫͷ HVڅڙʹϒʔελʔΛՃͨ͠ɻϏʔϜϓϥενοΫͷྡʹ͋ΔεΩϟλʔϓϥ

ενοΫɺp(p,pp)ԠͷλΠϛϯάΛ֬ೝ͢ΔͨΊͷͷͰ͋Δɻ͜ͷݕग़ثɺ2017 ͷϏʔϜλΠݧ6݄࣮

Ϝதͷճ࿏ௐ্͕ख͍͔͘ͳ͔ͬͨ͜ͱͷল͔Βࠓճͷ 2017 Ͱಋೖͨ͠ɻݧ11݄࣮

ਤ 3.5 .ཚ૧ͷηοτΞοϓࢄ .ΑͬͯճసΛಈ͔͢͜ͱ͕Մʹܥಈۦཚ૧ͷࢄ ճసΛಈ͔͢͜ͱͰ

ϏʔϜϓϥενοΫΛϏʔϜྲ্ྀ࠷ͷத৺ʹ߹ΘͤΔ͜ͱ͕Ͱ͖Δ.εΩϟολʔϓϥενοΫͰࢄཚཻࢠͷλΠϛ

ϯάΛଌఆ͢Δͱ͖ɺճసͷճసʹΑͬͯ Si-stripݕग़ثͷલํʹηοτͰ͖Δ.
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ਤ 3.6 Si-strip ثग़ݕ ਤ 3.7 CsI(TI)ݕग़ث

ਤ 3.8 ϏʔϜϓϥενοΫ

ਤ 3.9 εΩϟλʔϓϥενοΫ



ୈ 3ষ ౦େֶ CYRICͰͷੑධՁ࣮ݧ 29

3.3.1 CH2 ඪతͷ࡞

ΞΫςΟϒඪతͷσʔλΛओʹଌఆ͕ͨ͠ɺ֎෦ݕग़ثͷੑධՁΛͨ͏ߦΊʹɺް͞ʹΑΔӨ͕ڹগͳ͍ඪతΛ

͏ඞཁ͕͋Δɻ֎෦ݕग़ثͷੑධՁΛͨ͏ߦΊʹɺCH2 ඪతΛࣗͨ͠࡞ɻ

ਤ 3.10 CH2 λʔήοτ

λʔήοτϥμʔͷ্ஈʹ CH2 ඪతΛ༻͍ͯ͠Δɻ͜ͷඪత͞ൢࢢΕͯ

͍ΔαϥϯϥοϓΛ༻͍͍ͯΔɻ͜ͷ͞ൢࢢΕ͍ͯΔϥοϓΛ 16ຕॏͶͯɺͦ

ΕΛԖϒϩοΫͰҰ൩ϓϨεͯͨ͠͠࡞ɻ໘ੵ࠷খ୯Ґ͕ 0.5 mmͷఆن

Λ༻͍ɺಡΈऔΓ͕ͦࠩޡͷ࠷খ୯Ґͷ͋ΔͨΊɺॎ 24.0±0.25 mmԣ

45.0±0.25 mmͱͳΔɻ࣭ྔͷܭଌɺ࠷খ୯Ґ 0.01 gͷσδλϧ͔ΓΛ

༻ͨͨ͠Ίɺ࣭ྔ 0.18±0.001 gͰ͋Δɻް͞ (µm)ɺ࠷খ୯Ґ 50 µmͷϊ

ΪεͰଌఆΛ͍ߦɺ250±25 µmͰ͋ͬͨɻଌఆαϥϯϥοϓʹදࣔ͞Ε͍ͯΔ

̍ຕ͋ͨΓͷް͞ 10 µm͕ͩɺਫ਼ʹؔͯ͠৴པੑ͕ͳ͍ͨΊɺ߹ͭ̏ܭͷ

ํ๏Ͱް͞ (g/cm2)ΛٻΊͨɻ໘ੵ cm2,࣭ྔ g,ް͞ µmܭଌͨ͠Ͱɺີ

 g/cm3 ѴԽͷٕज़ࢿྉ͔ΒີϙϦΤνϨϯͷ 0.91g/cm3 ΛҾ༻

ͨ͠ɻࠩޡΛؚΜͩࣜࢉܭԼهʹࣔ͢ɻ͋Δ M1 ʹର͢ΔࠩޡΛ ϵ1 ͱ͠ɺ

M2 ʹର͢ΔࠩޡΛ ϵ2 ͱද͢هΔ࣌ɺࠩޡΛؚΜͩআͷࣜɺ

(M1 ± ϵ1)× (M2 ± ϵ2) = (M1 ×M2)±
√
(M2ϵ1)2 + (M1ϵ2)2 (3.1)

M1 ± ϵ1
M2 ± ϵ2

=
M1

M2
±

√( 1

M2
ϵ1
)2

+
(M1

M2
2

ϵ2
)2

(3.2)

1. ໘ੵ cm2 ͱ࣭ྔ g

t1 = 0.017± 0.001(g/cm2) (3.3)

2. ଌʹΑΔް͞ܭ µmͱີ g/cm2

t2 = 0.023± 0.002(g/cm2) (3.4)

3. දࣔͷް͞ µmͱີ g/cm3

t3 = 0.015± 0.001(g/cm2) (3.5)

͜ͷ̏ͭͷʹରͯ͠ՃॏฏۉΛͱΔɻՃॏฏۉͱՃॏฏۉͷࠩޡͷࣜΛԼهʹࣔ͢ɻ

g =

∑n
i=1

(
1
σ2
i
gi
)

∑n
i=1

1
σ2
i

(3.6)

σ =

√
1∑n

i=1
1
σ2
i

(3.7)

ՃॏฏۉΛͱͬͨ CH2 ͷް͞ tɺ
t = 0.017± 0.001(g/cm2) (3.8)

͜ͷް͞ (g/cm2)ͷɺCH2 λʔήοτΛ༻͍ͨղੳɺಛʹ Siͱ CsIͷΩϟϦϒϨʔγϣϯղධՁͷࡍʹ

ΘΕΔɻ
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ਤ 3.11 ֎෦ݕग़ثͷδΦϝτϦʔॳظ

3.4 ֎෦ݕग़ث

3.4.1 ֎෦ݕग़ثͷδΦϝτϦʔ

֎෦ݕग़ث Si-stripͱ CsI(TI)Ұରͷؔʹ͋Δɻલํͷ Si-stripͰ֯ใΛऔಘͦ͠ͷใΛ CsIʹೖΕࠐ

Ή͜ͱͰ֯ʹԠͨ͡ΤωϧΪʔଌఆ͕ՄͱͳΔɻैͬͯɺ֯ใΛਖ਼֬ʹѲ͢Δ͜ͱ͕ඇৗʹॏཁʹͳΔɻਤ

3.11֯ͱڑͷδΦϝτϦʔͰ͋Δɻදࣔ͞Ε͍ͯΔɺSi-stripͷத৺ (5thͱ 6thͷؒ)ͱͷ֯ͱͦͷؒͷ

Ͱ͋ΔɻSi-stripڑ 5 mmϐονͰ֤ετϦοϓ 0.92◦ ͷ͕֯ࠩ͋Δɻ

θL = 45.62 + (5.5− j) ∗ 0.92 (j = Strip No) (3.9)

θR = 44.74 + (j− 5.5) ∗ 0.92 (j = Strip No) (3.10)

Si-strip No 1st 2nd 3rd 4th 5th 6th 7th 8th 9th 10th

Left Angle 49.76 48.84 47.92 47.00 46.08 45.16 44.24 43.32 42.40 41.48

Right Angle 40.60 41.52 42.44 43.36 44.28 45.20 46.12 47.04 47.96 48.88

CsI(TI) ɻͨͬߦͷδΦϝτϦʔνΣοΫΛثग़ݕͷΤωϧΪʔΩϟϦϒϨʔγϣϯʹΑͬͯɺ֎෦ثग़ݕ ղ

ੳͷͨΊʹ CH2λʔήοτͷଌఆ݁ՌΛར༻ͨ͠ɻCH2 λʔήοτཅࢠඪతͷΈͳΒͣૉؚΜͰ͍ΔͨΊɺ

p(p, pp),C12(p, d)C11,C12(p, p)C12
1st,C

12(p, p)C12
3rd ͷԠΛར༻ͨ͠ɻଌఆ݅ 70 MeVɺSi-strip 5th ͱ 6th ͷ

ήʔτΛ CsIʹ༩͑ͨɻࢄཚޙͷཻࢠɺCH2 ඪతͱ Siݕग़ثͰΤωϧΪʔϩεͨ͠ޙͷ݁ࢉܭՌΛॎ࣠ʹදࣔͯ͠

͍Δɻԣ࣠ CsIݕग़ثͷ chใͰ͋ΔɻϑΟοςΟϯάʹΑΔΩϟϦϒϨʔγϣϯύϥϝʔλɺ

EL(MeV) = 0.01186 ∗ ch− 0.890775 (3.11)

ER(MeV) = 0.011107 ∗ ch + 1.350096 (3.12)
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ਤ 3.12 CsIݕग़ثͷΤωϧΪʔ

ਤ 3.13 CsI Left ΤωϧΪʔΩϟϦϒϨʔγϣϯ ਤ 3.14 CsI Right ΤωϧΪʔΩϟϦϒϨʔγϣϯ

δΦϝτϦʔͷؔਤ (Si-strip ͷ֯) ͕ਖ਼͘͠ٻΊΒΕͳ͍߹ɺΩϟϦϒϨʔγϣϯͷ͕ͮΕͯ͠·͏ɻ֎

෦ݕग़͕ثਖ਼͍͠δΦϝτϦʔʹઃஔ͞Ε͍ͯΔ߹ɺશͯͷϐʔΫ͕ॏͳΔ͕ɺਤ 3.12 ΛͯݟΘ͔ΔΑ͏ʹɺ

(p,p)ԠͷϐʔΫ͕େ͖ͣ͘Ε͍ͯΔɻ
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3.4.2 ֎෦ݕग़ثͷδΦϝτϦʔิਖ਼ ver1

֯ʹෆఆੑΛͨΒ͢ཁૉͱͯ͠ɺೖࣹϏʔϜͷҐஔɺSi-strip ͔Βλʔήοτத৺·Ͱͷڑɺλʔήοτͱ

Si-stripͷ૬ର֯ͷ̏ͭͷෆఆੑͷࣗ༝͕͋ΔɻҰͭҰͭͷύϥϝʔλΛม͑ͯ֯ิਖ਼Λ͜͏ߦͱͰ͖Δ͕ɺ

େมࠔͰ͋Δ͜ͱ͕༧͞ΕΔɻैͬͯɺ֯ͷิਖ਼ิਖ਼߲ΛՃ͢Δ͜ͱͰͨͬߦɻ·ͨɺ1ͭલͷղੳͰ

σελϧΛྀ͍ͯ͠ߟͳ͔͕ͬͨɺิਖ਼߲ΛٻΊΔʹ͋ͨΓσελϧϐʔΫΛ 0 MeVͱͯ͠ղੳΛͨͬߦɻ

θL = 45.62 + (5.5− j) ∗ 0.92 +ิਖ਼߲ (j = Strip No) (3.13)

θR = 44.74 + (j− 5.5) ∗ 0.92 +ิਖ਼߲ (j = Strip No) (3.14)

ิਖ਼߲ͷٻΊํɺิਖ਼߲ͷΛม͑ͨ࣌ͷ֯ͷ͔ΒࢉܭͰٻΊ֤ͨࢄཚཻࢠΛॎ࣠ʹϓϩοτ͢Δɻͦͷϓ

ϩοτͨ͠ΛϑΟςΟϯάͤͨ࣌͞ʹ χ2 ͷ͕Ұ൪খ͘͞ͳΔͷΛิਖ਼߲ͱͯ͠બΜͩɻ

θL = 45.62 + (5.5− Strip No) ∗ 0.92− 0.6 (3.15)

θR = 44.74 + (5.5− Strip No) ∗ 0.92− 0.5 (3.16)

EL(MeV) = 0.011815 ∗ Ch− 0.488788 (3.17)

ER(MeV) = 0.011411 ∗ Ch− 0.397834 (3.18)

ਤ 3.15 CsI Left ΤωϧΪʔΩϟϦϒϨʔγϣϯ ਤ 3.16 CsI Right ΤωϧΪʔΩϟϦϒϨʔγϣϯ

δΦϝτϦʔิਖ਼ʹΑͬͯಘΒΕͨ֯Λͱʹ Si strip 6thͰ CUTΛ͔͚ͨ࣌ͷ CsI Leftͱ RightͷΤωϧΪʔ

ΛٻΊͨɻਤ 3.17͔Β͔ΔΑ͏ʹɺCsI Leftͱ RightͰ p(p,pp)ԠͷϐʔΫΛ߹ΘͤΒΕ͍ͯΔ͜ͱ͕֬ೝ

Ͱ͖Δɻ



ୈ 3ষ ౦େֶ CYRICͰͷੑධՁ࣮ݧ 33

ද 3.1 ֯ද

Si-strip No 1st 2nd 3rd 4th 5th 6th 7th 8th 9th 10th

Left strip Angle 49.16 48.24 47.32 46.40 45.48 44.56 43.64 42.72 41.80 40.88

Right Kinematics Angle 39.80 40.72 41.63 42.55 43.47 44.39 45.31 46.24 47.16 48.09

Right strip Angle 40.10 41.02 41.94 42.86 43.78 44.70 45.62 46.54 47.46 48.38

ɹɹ

ɹ

ਤ 3.17 Si 6thͰΧοτΛ͔͚ͨ࣌ͷ CsIݕग़ثͷΤωϧΪʔ

ਤ 3.18 ॎ࣠:HitNo Left.ԣ࣠:HitNo Right

͔͠͠ͳ͕Βɺิਖ਼ΛೖΕͨ֯ؔͰɺKine-

matics ͷ࣮݁ݧՌΛຬ͍ͨͯ͠ͳ͍͜ͱ͕ਤ 3.18

͔Β֬ೝ͢Δ͜ͱ͕Ͱ͖Δɻਤ 3.18  Si Left ͱ

Rightͷ Hit IDͰ͋Δɻྫ͑ɺͰғ·Εͨ෦

Λ͑ߟΔͱɺSi Left 7th ͏࣌ཚͨ͠ࢄ͕ࢠཻʹ

Ұํͷཻࢠ Si Right 6thʹࢄཚ͍ͯ͠Δ͜ͱΛද

͍ͯ͠Δɻ͜ͷ࣮݁ݧՌΛද 3.1͕ຬ͍ͨͯ͠Δ͔

Ͳ͏͔֬ೝ͢ΔͱɺදͰ Si Left 6th(44.56◦)ʹҰ

ͭͷཻࢄ͕ࢠཚͨ࣌͠ɺ͏Ұํͷཻࢠ p(p,pp)

ͷ KinematicsʹΑΔͱ ཚ͢Δ͜ͱʹͳࢄʹ◦44.39

Δɻ͜ͷ 44.39◦  Si Rightݕग़ثͷ 6thʹࢄཚ͠

ͨ͜ͱʹͳΔɻ͜ͷ݁Ռઌ΄Ͳͷ࣮݁ݧՌͱҰக

͠ͳ͍ɻैͬͯɺࠓճͷิਖ਼ͷํ๏ɺKinematics

Λຬ͍ͨͯ͠ͳ͍ͱ͍͏ཧ༝Ͱ͑ͳ͍͜ͱ͕Θ͔

Δɻ



ୈ 3ষ ౦େֶ CYRICͰͷੑධՁ࣮ݧ 34

3.4.3 ֎෦ݕग़ثͷδΦϝτϦʔิਖ਼ ver2

ਤ 3.18ͷ࣮࣮ࣄݧΛଚॏ͢Δ֯ؔΛٻΊΔɻSi-stripݕग़ثઃஔॳɺλʔήοτத৺ʹରͯ͠ Si-stripத

৺ (5thͱ 6thͷؒ)͕ͪΐ͏Ͳ 45◦ʹηοτ͍ͯͨ͠ɻ͜ ͷԾఆΛج४ʹ֯ΛٻΊͨ͠ɻSi-strip Left 7thʹཻࢠ

ཚͨ͠߹ɺKinematicsࢄ͕ తʹ͏ยํͷཻࢠ ཚ͢Δɻ45.33◦Si-stripࢄʹ◦45.33 Right 6th ʹҰ൪͍ۙͰ͋

Γɺਤ (3.18)ͷ࣮࣮ࣄݧͱ߹ੑ͕औΕΔɻ

ද 3.2 ද͍֯ͨͮجʹظηοτΞοϓॳݧ࣮

Si-strip No 1st 2nd 3rd 4th 5th 6th 7th 8th 9th 10th

Left strip Angle 49.14 48.22 47.30 46.38 45.46 44.54 43.62 42.70 41.78 40.86

Right Kinematics Angle 39.83 40.74 41.66 42.57 43.49 44.41 45.33 46.25 47.18 48.10

Right strip Angle 40.86 41.78 42.70 43.62 44.54 45.46 46.38 47.30 48.22 49.14

ਤ 3.19 CsI L vs R

ਤ 3.20 ͷ૬͕ؔऔΕ͍ͯΔྖҬͷࠨ CUT ΛՃͨ͠

CsI Left ͱ Right ͷΤωϧΪʔ. efficiecy ͷ

ղফ͞Ε͕ͨɺΤωϧΪʔྖҬʹͮΕ͕͋Δ.

͔͠͠ͳ͕Βɺද 3.2ͷ֯ؔͷ߹ɺਤ 3.18ͷ Kinematicsຬ͍ͨͯ͠Δ͕ɺΤωϧΪʔͷؔΛද͍ͯ͠Δ

ਤ 3.20ຬ͍ͨͯ͠ͳ͍ɻਤ 3.20͕͍ࣔͯ͠Δ͜ͱɺ͕֯ؔ 1 stripͣΕ͍ͯΔ͜ͱͰ͋Δɻͭ·Γද 3.2

ͷؔΛຬͨ͠ɺ͔ͭɺ1stripͷͣΕΛิਖ਼͢Δඞཁ͕͋Δɻ1stripͷ֯ࠩ 0.92◦ ͋ΔͷͰɺղܾࡦͱͯ͠ɺSi

LeftΛ +0.46◦Si RightΛ-0.46◦ ͷ֯ௐΛ͏ߦɻ֯ௐΛͨͬߦ߹ͷ֯ؔද͕Լͷද 3.3Ͱ͋Δɻ

ද 3.3 ֬ఆ൛ͷ֯ද

Si-strip No 1st 2nd 3rd 4th 5th 6th 7th 8th 9th 10th

Left strip Angle 49.60 48.68 47.76 46.84 45.92 45.00 44.08 43.16 42.24 41.32

Right Kinematics Angle 39.37 40.28 41.20 42.12 43.03 43.95 44.87 45.79 46.72 47.64

Right strip Angle 40.40 41.32 42.24 43.16 44.08 45.00 45.92 46.84 47.76 48.68

ද 3.3ΛݩʹɺΤωϧΪʔΩϟϦϒϨʔγϣϯΛ CsIʹରͯͨͬ͠ߦɻCsI L6 33.10 MeVɺCsI R6 33.04 MeV

ͱͳΓɺΤωϧΪʔͷղܾ͞Ε͍ͯΔɻ
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ਤ 3.21 CsI LeftΤωϧΪʔΩϟϦϒϨʔγϣϯ ਤ 3.22 CsI RightΤωϧΪʔΩϟϦϒϨʔγϣϯ

ਤ 3.23 CsI Left ͱ Right ͷ̒ th

3.4.4 ଟϨΠϠʔͷҐஔʹΑΔ֯ؔ

ϓϥενοΫγϯνϨʔλ 1mm ִؒͰஔ͞Ε͓ͯΓɺ·ͨଟϓϥενοΫγϯνϨʔλܕΞΫςΟϒλʔ

ήοτͷத৺λʔήοτத৺͔Β 0.5mmͮΕ͍ͯΔɻγϯνϨʔλͷத৺͕֤ʑҧ͏ͨΊɺಉ͡ Si-stripʹೖࣹ͢

Δ߹ͰҟͳΔ֯ΛͱΔɻSi-strip left 6thͷ߹ɺ̍ຕͷϓϥενοΫγϯνϨʔλͷ֯ɺ44.41◦ɺ2ຕ

 44.67◦ɺ3ຕ 44.93◦ɺ4ຕ 45.20◦ɺ5ຕ 45.47◦ɻҎԼશͯͷ߹ʹ͍ͭͯͷϓϥενοΫγϯνϨʔλ

ͱ Si-stripͷ૬ର֯ΛٻΊͨɻ͜ΕΒͷ֯ͷΞΫςΟϒඪత͕ඪతதͷԠΛग़ͨ͢Ίͷؔͷύϥϝʔλ

ΛٻΊΔʹࡍΘΕΔɻ
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ਤ 3.24 Si L 6thͷ࣌ͷ֤γϯνϨʔλͷ֯ͷؔਤ

ද 3.4 ΞΫςΟϒඪత֯ Left

Target-SiR 1st 2nd 3rd 4th 5th 6th 7th 8th 9th 10th

Active Target 1st 48.97 48.06 47.14 46.23 45.32 44.41 43.50 42.59 41.68 40.77

Active Target 2nd 49.25 48.33 47.42 46.50 45.59 44.67 43.76 42.84 41.93 41.01

Active Target 3rd 49.53 48.61 47.69 46.77 45.85 44.93 44.02 43.10 42.18 41.26

Active Target 4th 49.81 48.89 47.97 47.05 46.12 45.20 44.28 43.35 42.43 41.51

Active Target 5th 50.10 49.17 48.25 47.32 46.39 45.47 44.54 43.61 42.68 41.75

ද 3.5 ΞΫςΟϒඪత Right

Target-SiR 1st 2nd 3rd 4th 5th 6th 7th 8th 9th 10th

Active Target 1st 39.86 40.77 41.68 42.59 43.50 44.41 45.32 46.23 47.14 48.06

Active Target 2nd 40.10 41.01 41.93 42.84 43.76 44.67 45.59 46.50 47.42 48.33

Active Target 3rd 40.34 41.26 42.18 43.10 44.02 44.93 45.85 46.77 47.69 48.61

Active Target 4th 40.58 41.51 42.43 43.35 44.28 45.20 46.12 47.05 47.97 48.89

Active Target 5th 40.83 41.76 42.68 43.61 44.54 45.47 46.39 47.32 48.25 49.17
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ਤ 3.25 ճ࿏ਤ 1
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ਤ 3.26 ճ࿏ਤ 2
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ୈ 4ষ

ͷղੳͱੑධՁݧ࣮

4.1 ֎෦ݕग़ثͷੑධՁ

֎෦ݕग़ثͷੑΛධՁ͢ΔͨΊʹΤωϧΪʔղΛௐΔɻ֎෦ݕग़͔ثΒඪతதͰͷԠΛಛఆ͢Δ࣌ɺ

CsIݕग़ثͷΤωϧΪʔΛ༻͍Δɻͭ·ΓɺΤωϧΪʔղɺ֎෦ݕग़͕ثλʔήοτதͷԠΛܾΊΔࡍͷਫ਼

ʹӨڹΛٴ΅ͨ͢ΊɺΤωϧΪʔղΛਖ਼͘͠ධՁ͢Δඞཁ͕͋ΔɻଟϓϥενοΫγϯνϨʔλܕΞΫςΟϒ

ඪతͷԠಛఆͷੑΛධՁ͢ΔͨΊʹɺͦΕͷਫ਼ΑΓ֎෦ݕग़ثͷਫ਼ͷํ͕༏ҐੑΛͨ࣋ͳ͚ΕͳΒͳ

͍ɻSi-stripओʹ֯ใऔಘͷͨΊʹΘΕΔɻ֎෦ݕग़ثͷΤωϧΪʔղͷղੳͰɺϏʔϜڧ 107Hzɺ

ϏʔϜΧϨϯτ 800pAɺSi-ORτϦΨʔɺඪతʹΑΔΤωϧΪʔͷ͕ΓΛྗۃ͑ΔͨΊʹ CH2 ඪతͷଌఆΛར༻

ͨ͠ɻ

4.1.1 Si-stripݕग़ثͷੑධՁ

CH2 λʔήοτͰɺλʔήοτཻࢠཅ͚ͩࢠͰͳ͘ૉؚ·Ε͍ͯΔͨΊɺཅࢠɾཅࢠੑࢄཚͷνϟϯω

ϧΛબͳ͚ΕͳΒͳ͍ɻ ཅࢠ-ཅࢠੑࢄཚͷબɺSi Leftͱ Rightͷ CoincidenceΛར༻ͨ͠ɻ

ਤ 4.1 Si-strip Left Rightͷ ೋݩ࣍ώετάϥϜ ਤ 4.2 Si-strip 6th ώετάϥϜ

Si-stripݕग़ثͷΤωϧΪʔͷ༳Β͗ CsIݕग़ثͷΤωϧΪʔͷ༳Β͗ʹൺͯେ͖͘ͳ͍ͨΊɺCsIݕग़ثͷΤ

ωϧΪʔͷӨڹແͯ͠ࢹΑ͘ɺࢄཚ֯ʹରͯ͠ CUTΛ༻͍Δ࣌ʹͷΈ༻͞ΕΔɻͳ͓ɺ֎෦ݕग़͔ثΒͷ

ԠಛఆͷࡍͷࢉܭͰɺSi-stripͰͷΤωϧΪʔϩεྀ͞ߟΕ͍ͯΔɻ
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4.1.2 CsIݕग़ثͷΤωϧΪʔղ

ਤ 4.3 Si strip L6 ͱ R5 Ͱ CUT Λ͔͚ͨ CsI Left +

RightͷΤωϧΪʔ

֎෦ݕग़ثͷׂͱͯ͠ɺ֯ͷଌఆ Si-strip

ɺΤωϧΪʔଌఆ͍ߦͰثग़ݕ CsI(TI)ݕग़ثͰ

ɻCsI͏ߦ ͷΤωϧΪʔΛ༻͍ͯඪతதͷثग़ݕ

ԠΛಛఆ͢ΔͨΊɺCsI ͷΤωϧΪʔղثग़ݕ

ΛௐΔ͜ͱॏཁͰ͋Δɻਤ 4.3 ɺSi strip

L6 ͱ R5 Ͱ CUT Λ͔͚ͨ CsI Left ͱ Right ͷΤ

ωϧΪʔͷͰ͋ΔɻCsI L + R ͷ͔ΒಘΒΕ

ͨМΛ σexp ͱ͢Δɻσexp ɺԼهͷཁૉΛؚΜͰ

͍Δɻ

σ2
exp = σ2

Beam + σ2
Target + σ2

Intringic + σ2
Kinematics + σ2

Si

(4.1)

ϏʔϜͷ͕Γͱݻ༗ղআڈͰ͖ͳ͍ɻ

σKinematics  Siͷ 1ͭͷ stripͷ Kinematicsͷ

͕ΓΛҙຯ͠ɺ͜ͷͱ σSi  CsI Λղੳ͢ثग़ݕ

Δࡍඞ͖ͣͭ·ͱ͏আڈͰ͖ͳ͍ͷͰ͋ΔɻCsI

ͷΤωϧΪʔղΛग़͢తɺCsIثग़ݕ ΒλʔήοτதͷԠΛಛఆ͢Δ͜ͱ͕తͰ͋ΔͨΊɺ͔ثग़ݕ

σTargetͷް͞ͷίϯϘϦϡʔδϣϯআڈͰ͖ΔɻσTarget ࣮ݧσʔλ͔ΒٻΊΔ͜ͱͰ͖ͳ͍ͨΊɺ2ষͰ։ൃ

ͨ͠γϛϡϨʔγϣϯ͔ΒٻΊͨɻγϛϡϨʔγϣϯ݅ɺೖࣹϏʔϜΛཅࢠɺඪతΛ CH20.187 mmɺࢄཚ֯Λͦ

ΕͧΕͷετϦοϓͷ֯ͱͨ͠ɻ

ਤ 4.4 CH2 λʔήοτͷΤωϧΪʔͷ͕Γ. ݅:CH2 ͷް͞ 0.187 mm, ೖཻࣹࢠཅࢠ, ΤωϧΪʔ 70MeV,

ཚ֯ࢄ Si 6th(44.54◦)

CH2 ඪతͷ͕ΓͷӨڹΛड͚ͨ CsI ͷΤωϧΪʔ࿈ଓҰ༷ͱͳΔɻྫͱͯ͠ɺSiثग़ݕ L6ͱ R5Ͱ

CUTΛ͔͚ͨ߹ɺCsI Leftݕग़ثͷೖࣹ֯ 44.54◦(Si RҰҙతʹܾ·Δ)ͱͳΓɺ϶ 0.40MeVͱͳΔɻ

͜ͷ࣌ CH2 λʔήοτͷް͞ͷඪ४ภࠩɺ
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σTarget =
∆√
12

= 0.20 (MeV) (4.2)

ैͬͯɺٻΊ͍ͨ CsI L6ͱ R5ͷΤωϧΪʔղɺ

σ2
CsIL = σ2

exp − σ2
Target = 0.43 (MeV) (4.3)

ͱͳΔɻશ 10 ͷݸ Si-strip ରͯ͠ɺࢄཚ֯Λม͑ͯશͯͷඪ४ภࠩΛٻΊΔɻԼهͷද͕ٻΊͨඪ४ภ͔ࠩΒ

ΤωϧΪʔղ (М)ΛٻΊͨͷͰ͋Δɻͳ͓ɺSi L1stʹରԠ͢Δ Si Rͷ strip͕ଘ͠ࡏͳ͍ͨΊ࣮ݧσʔλ

ͳ͍ɻ

ද 4.1 CsI & RͷΤωϧΪʔղ

CsI L&R-SiL Si 1st Si 2nd Si 3rd Si 4th Si 5th Si 6th Si 7th Si 8th Si 9th Si 10th

σexp No data 0.52 0.50 0.46 0.46 0.48 0.47 0.46 0.49 0.52

ECsI(MeV) No data 67.70 67.64 67.45 67.31 67.27 67.31 67.44 67.60 67.69

∆ETarget(MeV) No data 0.73 0.72 0.715 0.70 0.70 0.70 0.70 0.71 0.72

σTarget(MeV) No data 0.21 0.20 0.206 0.20 0.20 0.20 0.20 0.20 0.20

σCsI(MeV) No data 0.47 0.45 0.415 0.42 0.43 0.42 0.42 0.44 0.47

R(σ)(%) No data 0.71 0.67 0.62 0.62 0.65 0.64 0.62 0.66 0.70
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4.2 ֎෦ݕग़ثʹΑΔԠͷಛఆ

֎෦ݕग़ثͷԠಛఆɺSi-strip Ͱ (p,p) ԠΛબͼɺCsI ΘΕΔɻਤߦͷΤωϧΪʔଌఆʹΑͬͯثग़ݕ 4.5

 CsIݕग़ثʹΑΔԠಛఆͷݪཧͰ͋ΔɻSi Left 8thͱ Right 2nd (p,p)ԠΛબΜͰ͍Δ͜ͱΛද͍ͯ͠Δɻ

ΞΫςΟϒඪత 1ຕͰԠ͕͖࣌ͨىͱ 2ຕͰ͖࣌ͨىͰɺඪతதͰͷΤωϧΪʔϩε͕ҟͳΔͨΊɺCsI L&R

͕ड͚औΔΤωϧΪʔʹҧ͍͕ग़ΔɻԠ͕ 1ຕͷ࣌ɺE=42 MeVɺͦͷҰํ 2ຕͷ࣌ɺE=46 MeVͱͳΔɻ

ਤ 4.5 CsI Ԡಛఆͷݪཧ

۩ମతͳ CsIݕग़ثʹΑΔԠಛఆͷख๏ɺࢉܭϓϩάϥϜʹ͍ͨͮج CsIͷΤωϧΪʔ͔ΒඪతதͷԠΛ

ग़͢͜ͱ͕Ͱ͖ΔؔΛ༻͍ͨɻ͜ͷؔɺࢉܭϓϩάϥϜ͔ΒಘͨԠͱΤωϧΪʔͷ ϓϩοτΛݩ࣍2 range

ࣜͰϑΟοςΟϯάͤ͞Δ͜ͱͰಘͨɻϑΟοςΟϯάͰ rangeࣜΛ༻͍ͨཧ༝ɺඪతதͷԠ͕ΤωϧΪʔϩε

ఆͰ͖Δ͜ͱʹ༝དྷ͍ͯ͠ΔɻA=࣭ྔɺZ=ిՙɺECsI=CsI͕ଌఆͨ͠ΤωϧΪʔɺk,γ,cϑΟοܾ͍ͯͮجʹ

ςΟϯάύϥϝʔλͰ͋ΔɻࠓճͷଌఆɺཅࢠཅࢠੑࢄཚͳͷͰɺA=Z=1Ͱ͋Δɻ

Reaction Point(mm) = k
A

Z2

(
ECsI

A

)γ

+ cA (4.4)

֤ stripʹର͢ΔϑΟοςΟϯάύϥϝʔλͷ݁ՌҎԼͷΑ͏ʹͳͬͨɻSi LeftΛج४ͱͯ͠ɺSi Rightͷ֯

ࢉܭϓϩάϥϜͷ KinematicsʹΑͬͯҰҙతʹܾఆ͍ͯ͠Δɻ

ද 4.2 CsIݕग़ثԠಛఆͷͨΊͷϑΟοςΟϯάύϥϝʔλ

Parametors-Si Si 1st Si 2nd Si 3rd Si 4th Si 5th

k×10−2 1.87212 2.14083 2.48936 2.74147 3.24992

γ 1.74606 1.72054 1.69146 1.67876 1.64649

c -0.071879 -0.771153 -1.56165 -2.41438 -3.41677
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Parametors-SiL Si 6th Si 7th Si 8th Si 9th Si 10th

k×10−2 3.79922 4.88075 5.17192 5.31946 5.79363

γ 1.6192 1.56826 1.56748 1.5747 1.56693

c -4.53299 -5.89347 -7.1478 -8.49032 -10.0339

ਤ 4.6 Ԡ (mm) vs CsIݕग़ث (MeV)

4.3 ଟϓϥενοΫγϯνϨʔλܕΞΫςΟϒඪతͷΤωϧΪʔΩϟϦϒϨʔ

γϣϯ

ϓϥενοΫγϯνϨʔλͷΤωϧΪʔΩϟϦϒϨʔγϣϯɺઢݯΛ༻͍ͨΩϟϦϒϨʔγϣϯΛ͑ߦͳ͍ͨΊɺ

ɺଟϓϥενοΫγϯνϨʔλͷ͠༺ͷϏʔϜΛࡍ࣮ ANDτϦΨʔͷσʔλΛ༻͍ͨɻANDτϦΨʔͷσʔλ

Λ༻ͨ͠ཧ༝ɺϏʔϜ͕ϓϥενοΫγϯνϨʔλΛԠͤͣʹ௨աͨ͠ࡍͷϐʔΫ͕͑Δ͔ΒͰ͋Δɻ

ਤ 4.7 ΞΫςΟϒඪత AND τϦΨʔ
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ਤ 4.8 Si OR τϦΨʔ

ਤ (4.7)͕ɺϓϥενοΫγϯνϨʔλ AND τϦΨʔͷσʔλͰ͋Δɻ͜ͷσʔλϓϥενοΫγϯνϨʔλࣗ

͕τϦΨʔΛ͔͚͍ͯΔͨΊσελϧ͕Ε͍ͯΔɻσελϧͷԣͷϐʔΫ͕ϓϥενοΫγϯνϨʔλΛ௨ա

ϏʔϜ͕མͱͨ͠ΤωϧΪʔ͔Βੜ·ΕΔϐʔΫͰ͋Δɻʹࡍͨ͠ Si OR τϦΨʔͷ߹ͰɺϨΠϠʔલํͰ͋Ε

λʔήοτதͰແԠͷϐʔΫଌఆͰ͖Δ͕ɺSi OR τϦΨʔͷੑ্࣭ɺλʔήοτதͰԠΛͨ͜͠ىΠϕϯτ

ΛϝΠϯʹଌఆ͍ͯ͠Δɻਤ (4.9)ɺΞΫςΟϒඪత͕ࣗτϦΨʔͰͳ͍ͨΊσελϧϐʔΫ͕ݱΕ͍ͯΔɻ

ϓϥενοΫγϯνϨʔλ ANDτϦΨʔ͔ΒɺϏʔϜ͕γϯνϨʔλͰԠͤͣ௨աͨ࣌͠ͷϐʔΫΛಡΈऔΓɺSi

ORτϦΨʔ͔ΒσελϧϐʔΫΛಡΈऔͬͨɻΤωϧΪʔΩϟϦϒϨʔγϣϯʹඞཁͳϏʔϜ͕γϯνϨʔλͰ

Ԡͤͣ௨ա͠ɺΤωϧΪʔϩεͨ࣌͠ͷࢉܭϓϩάϥϜ͔ΒٻΊͨɻ

ਤ 4.9 ࢉܭϓϩάϥϜ͔Βಘ֤ͨγϯνϨʔλͰͷΤωϧΪʔσϙδοτͷࢉܭ

ΤωϧΪʔΩϟϦϒϨʔγϣϯ͕ଥͰ͋Δ͔Ͳ͏͔͔֬ΊΔͨΊʹɺγϛϡϨʔγϣϯͱͷൺֱΛͨͬߦɻγϛϡ

ϨʔγϣϯԠʹҰ༷ཚɺϐʔΫͷ͕Γͷݱ࠶ʹМ 20%ͷΨεཚΛͦΕͧΕ༩͑ͨɻΞΫςΟϒඪత

ͷ֤γϯνϨʔλͷΤωϧΪʔɺCsI Left Right ͱ ΞΫςΟϒඪతͷΛද͢ ώετάϥϜͰ૬͕ؔऔݩ࣍2

Ε͍ͯΔྖҬͰ CUTΛ͔͚Δ͜ͱͰٻΊͨɻ࣮ݧσʔλ͕৭ͰγϛϡϨʔγϣϯσʔλ͕੨৭Ͱ͋Δɻ
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ද 4.3 γϯνϨʔλΤωϧΪʔΩϟϦϒϨʔγϣϯͷύϥϝʔλ Ver.1

Active Layer L 1st L 2nd L 3rd L 4th L 5th

Slope 0.014898 0.015407 0.0109436 0.0116646 0.0122564

Offset -3.49877 -3.0783281 -2.3296697 -2.6860159 -2.8141996

Active Layer R 1st R 2nd R 3rd R 4th R 5th

Slope 0.0111297 0.0113366 0.0128084 0.0130823 0.0115852

Offset -2.460995 -2.6704602 -2.9493849 -3.0603331 -2.7313175

ਤ 4.10 CsI LR vs Active Target 2 ώετάϥݩ࣍

Ϝ.ppͷ૬͕ؔݱΕ͍ͯΔྖҬͰ CUTΛ͔͚Δ.
ਤ 4.11 ΞΫςΟϒඪత 1ຕͷΤωϧΪʔ

ਤ 4.12 ΞΫςΟϒඪత 2ຕͷΤωϧΪʔ ਤ 4.13 ΞΫςΟϒඪత 3ຕͷΤωϧΪʔ

ਤ 4.14 ΞΫςΟϒඪత 4ຕͷΤωϧΪʔ ਤ 4.15 ΞΫςΟϒඪత 5ຕͷΤωϧΪʔ
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γϛϡϨʔγϣϯͱͷൺֱΛ͏ߦͱ 1-4ຕͷͦΕͧΕͷϐʔΫͷத৺͕ͣΕ͍ͯΔ͜ͱ͕֬ೝͰ͖ΔɻԠಛ

ఆͷͨΊͷख๏γϛϡϨʔγϣϯͱಉ͡ࢉܭϓϩάϥϜΛϕʔεʹ͍ͯ͠ΔͨΊɺͦΕͧΕͷϐʔΫத৺͕ͣΕ͍ͯ

Δ͜ͱԠಛఆͷਫ਼ʹӨڹΛٴ΅͢ɻैͬͯɺ5ຕΛআ֤͘ϨΠϠʔͷΤωϧΪʔΩϟϦϒϨʔγϣϯɺ࣮

ΤωϧΪʔΩϟϦϒϨʔ࠶ɻͨͬߦΒಘͨΤωϧΪʔͷϐʔΫͱγϛϡϨʔγϣϯͷͦΕ͕ಉ͡ʹͳΔΑ͏͔ݧ

γϣϯͨ݁͠Ռ͕ද 4.4Ͱ͋Δɻ

ද 4.4 γϯνϨʔλΤωϧΪʔΩϟϦϒϨʔγϣϯͷύϥϝʔλ Ver.2

Active Layer L 1st L 2nd L 3rd L 4th L 5th

Slope 0.0136976 0.01766129 0.01235135 0.01220513 0.0122564

Offset -3.1905852 -3.78387097 -2.92243243 -2.86564103 -2.8141996

Active Layer R 1st R 2nd R 3rd R 4th R 5th

Slope 0.010577 0.01288235 0.01406154 0.0140654 0.0115852

Offset -2.3417991 -3.3604602 -3.5493849 -3.5803331 -2.7313175

ਤ 4.16 ΞΫςΟϒඪత 1ຕͷΤωϧΪʔ ਤ 4.17 ΞΫςΟϒඪత 2ຕͷΤωϧΪʔ

ਤ 4.18 ΞΫςΟϒඪత 3ຕͷΤωϧΪʔ ਤ 4.19 ΞΫςΟϒඪత 4ຕͷΤωϧΪʔ
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4.4 ଟϓϥενοΫγϯνϨʔλܕΞΫςΟϒඪతͷΤωϧΪʔղ

ਤ 4.20 ΞΫςΟϒඪత 1ຕͷ PMTLͱ Rͷ

ΞΫςΟϒඪతͷΤωϧΪʔղɺ྆

ଆ͖ͷ PMTͷΛ༻͍ͨɻΛ༻͍Δ͜

ͱʹΑͬͯɺยଆ͚ͩͷ߹ʹൺͯ 1/
√
2

͚ͩղ͕Α͘ͳΔɻ

Active Target layer 1st 2nd 3rd 4th 5th

Resolution(М) ˋ 17.0 16.4 15.9 16.2 15.8

ΞΫςΟϒඪతʹΑΔԠಛఆɺ࣮͔ݧΒಘΒΕͨΤωϧΪʔʹͨ͏ߦ͍ͯͮجΊɺΤωϧΪʔղ͕Ԡ

ಛఆͷਫ਼ʹͭͳ͕Δɻ

4.5 PileupରࡦͷΞϧΰϦζϜ

ੑධՁ࣮ݧΛߦͳͬͨ౦େֶ CYRIC ୈ 4 λʔήοτࣨͷϏʔϜɺαΠΫϩτϩϯՃ͔ثΒͷϏʔϜͰɺ

ϏʔϜͷपظ RF(Radio-Frequency)ʹΑܾͬͯ·ΔɻͦͷϏʔϜͷཻࢠͷؒ࣌ҰఆͰͳ͘ɺϙΞιϯ

ʹै͏ɻϙΞιϯɺ

P (X = k) =
λke−λ

k!
(4.5)

ͱද͞ΕΔ (λ > 0, X ͱ k ࣗવ)ɻϏʔϜڧΛ R ɺήʔτ෯Λ ∆tͱ͢ΔͱɺϏʔϜཻࢠͷͷظɺ

λN = R ·∆t (4.6)

ͱͳΔɻ͋ΔཻࢠʹΑͬͯϏʔϜτϦΨʔ͕Ͱ͖ɺ͜ͷτϦΨʔ৴߸͕ QDCήʔτΛ࡞Δͱ͖ɺτϦΨʔཻࢠҎ֎

ͷཻ͕ࢠདྷΔΠϕϯτ (Pileup Πϕϯτ)͕͜ىΔ֬ɺ

P (k ≥ 1) =
∞∑

k=1

λkNe−λ

k!
= e−λ

(λN
1!

+
λN
2!

+
λN
3!

+
λN
4!

+ · · ·
)

= e−λ(e−λ − 1)

= 1− e−λ (4.7)

ɺQDCήʔτݧճͷ࣮ࠓ 91n secɺϏʔϜڧ 2 ʷ 106 HzͰ͋ΔͨΊɺЕ= 0.18ͱͳΔɻύΠϧΞοϓ͕͜ى

Δ֬ɺ

P (k ≥ 1) = 16.47% (4.8)
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1 pileup͕͜ىΔ֬
P (k = 1) = 15.03% (4.9)

2 pileup͕͜ىΔ֬
P (k = 2) = 1.35% (4.10)

3 pileup͕͜ىΔ֬
P (k = 3) = 0.08% (4.11)

Pileupରࡦͱͯ͠ೋͭͷํ๏Λͨ͑ߟɻ

1. γϯνϨʔλ 1ຕͷΠϕϯτΛΓࣺͯԠಛఆͷਫ਼ΛߴΊΔख๏

2. γϯνϨʔλ 1ຕͷΠϕϯτΛΓࣺͯͳ͍ख๏

ʰ1.γϯνϨʔλ 1ຕͷΠϕϯτΛΓࣺͯԠಛఆͷਫ਼ΛߴΊΔख๏ʱʹ͍ͭͯɻNo Pileupͷ߹ (a)ɺγ

ϯνϨʔλͷΤωϧΪʔσϙδοτ 1 MeVɻ1 Pileupͷ߹ (b)ɺ2 MeVɻ2 Pileupͷ߹ (c)ɺ3 MeVɻ3 Pileup

ͷ߹ (d)ɺ4 MeVɻΤωϧΪʔσϙδοτͷͰ߹͚Λͯ͠ Pileup ༰Ͱ͖ΔΤωϧڐɻͨͬߦͷબผΛࣄ

Ϊʔ෯࣮͔ݧΒಘͨΤωϧΪʔղͷ͔Β 20%ͱͨ͠ɻ͜ͷղੳͷɺγϯνϨʔλ 1ຕͰԠ͕ى

ͬͨ͜߹ͷΠϕϯτΛࣺͯΔ͜ͱʹͳΓɺશମͷ౷ྔܭΛݮΒͯ͠͠·͏͜ͱͰ͋Δɻ

ਤ 4.21 1.γϯνϨʔλ 1ຕͷΠϕϯτΛΓࣺͯԠಛఆͷਫ਼ΛߴΊΔख๏

ʰ2.γϯνϨʔλ 1ຕͷΠϕϯτΛΓࣺͯͳ͍ख๏ʱʹ͍ͭͯɻγϯνϨʔλ 1 ຕͷԠΛࣺͯͳ͍ͨΊʹɺ

Ԡʹ͏ඪతதͷΤωϧΪʔ֩ࢠݪௐΔɻ؆қఆͷํ๏ɺ͔͖ͨىॳʹ؆қతʹͲ͜ͷϨΠϠͰԠ͕࠷ͣ·

ϩεͷγεςϜ͕ԠલޙͰܹٸʹมԽ͢ΔཧݱΛར༻͍ͯ͠Δɻͭ·ΓɺγϯνϨʔλͷΤωϧΪʔσϙδοτ

ͷ֤લޙϨΠϠͷࠩΛಡΈɺͦͷ͕࠷େʹͳΔॴ͕ԠϨΠϠͱఆͰ͖Δͱ͍͏͜ͱͰ͋Δɻ͜ͷ؆қఆͰɺ

ԠϨΠϠ͕ 1ຕͰͳ͍߹ɺh 1.γϯνϨʔλ 1ຕͷΠϕϯτΛΓࣺͯԠͷਫ਼ΛߴΊΔख๏ʱͱಉ

͡ख๏Λ͜͏ͱ͕Ͱ͖ΔɻͦͷҰํɺ؆қఆʹΑͬͯԠ͕ 1ຕͰ͋Δͱఆ͞Εͨ߹ɺҟͳΔख๏ͰԠ

Λಛఆ͢ΔɻࢉܭγϛϡϨʔγϣϯ͔ΒɺͦΕͧΕͷ PileupࣄͷΤωϧΪʔྖҬΛѲ͍ͯ͠ΔͨΊɺͦͷ݁Ռ

Λݩʹ PileupͷผΛ͏ߦɻNo Pileupͷ߹ (a)ɺ25-30 MeVɻ1 Pileupͷ߹ (b)ɺ30-35 MeVɻ2 Pileup

ͷ߹ (c)ɺ35-40 MeVɻ3 Pileupͷ߹ (d)ɺ40-45 MeVɻ
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ਤ 4.22 2.γϯνϨʔλ 1ຕͷΠϕϯτΛΓࣺͯͳ͍ख๏

4.6 ଟϓϥενοΫγϯνϨʔλܕΞΫςΟϒඪతʹΑΔԠͷಛఆ

֤γϯνϨʔλ͔ΒಘΒΕͨΤωϧΪʔσϙδοτͷ͔ΒΞΫςΟϒඪతͷԠͷಛఆΛ͏ߦɻਤ 4.23Ԡ

ಛఆ͕ϓϥεγοΫγϯνϨʔλͷ͔Β͑ߦΔ͜ͱΛද͍ͯ͠ΔɻՙిཻࢠͷΤωϧΪʔϩεϕʔςϒϩοϗͷ

ࣜͰ͑ߟΔͱɺΤωϧΪʔ͕খ͍͞΄ͲΤωϧΪʔϩε͕େ͖͍ɻͭ·ΓɺඪతதͰͷΤωϧΪʔϩεɺԠ͕ૣ͍

ஈ֊Ͱ͖࣌ͨىͷ΄͏͕େ͖͘ͳΔɻ·ͨɺԠޙཻ͕̎֯ࢠΛࢄͯͬ࣋ཚ͢ΔͨΊɺγϯνϨʔλͷΤωϧΪʔ

σϙδοτԠલʹൺΔͱ༏Ґʹେ͖͘ͳΔɻ

ReactionPoint(mm) = −k
A

Z2

(
ECsI

A

)γ

+ cA (4.12)

۩ମతͳԠಛఆͷख๏ɺࢉܭϓϩάϥϜ͔ΒಘΒΕͨԠ (mm)ͱΞΫςΟϒඪతΤωϧΪʔσϙδοτͷ

ͷ ώετάϥϜਤݩ࣍2 4.24Λࣜ 4.12ͷؔͰϑΟοςΟϯάͤ͞Δ͜ͱͰɺΤωϧΪʔ͔ΒԠΛग़͢͜ͱ͕

Ͱ͖ΔؔΛಘͨɻਤ 4.24ͷΤωϧΪʔͷɺ֤γϯνϨʔλͷྀ͕֯ࠩ͞ߟΕ͍ͯΔɻ

ਤ 4.25࣮͔ݧΒಘͨΞΫςΟϒඪతͷΤωϧΪʔͷ 1 ՌΛࣜ݁ݧώετάϥϜͰ͋Δɻ͜ͷ࣮ݩ࣍ 4.12Λ༻͍

Δ͜ͱͰɺਤ 4.26ͷԠͷ ώετάϥϜ͕ಘΒΕΔɻݩ࣍1

ͰɺSiݧճͷੑධՁ࣮ࠓ 10 strip͋ΓɺͦΕͧΕࢄཚ֯มΘΔͨΊɺͦΕͧΕʹԠͨ͡ԠಛఆͷͨΊ

ͷؔͷύϥϝʔλΛٻΊͨɻͳ͓ɺSi Left 1stʹؔͯ͠ରԠ͢Δ Si Rightͷ strip͕ͳ͍ͨΊ༻͠ͳ͍ɻ

ද 4.8  Pileup ڧը͍ͯ͠ΔϏʔϜܭͰݧͷԠಛఆͷύϥϝʔλͰɺຊ࣮࣌ͳ͍͖ى͕ 107Hz Ͱ͋Γɺ

Pileupࣄ͕ൃੜ͢ΔͨΊɺͦΕʹରԠͨ͠ύϥϝʔλٻΊͨɻPikeupɺϏʔϜཻࢠͷؒ࣌ΛϙΞιϯ

Ͱ͋ΔͱԾఆͨ࣌͠ɺ֬తʹಉ࣌ʹ དྷΔ͕ࢠ4ཻ 3 Pileup·Ͱ͕͜ىΔͱԾఆͯ͠ύϥϝʔλΛٻΊͨɻ
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ਤ 4.23 ΞΫςΟϒඪతͷԠಛఆͷݪཧ

ਤ 4.24 Ԡ (mm) vs ΞΫςΟϒඪత (MeV)

ද 4.5 No pileupͷ߹ͷԠಛఆͷύϥϝʔλ

Parametors-SiL Si 1st Si 2nd Si 3rd Si 4th Si 5th

k No data 0.577686 0.5239 0.502719 0.503787

γ No data 0.719824 0.750417 0.764955 0.766427

c No data 6.93017 6.83326 6.79777 6.80484
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ਤ 4.25 ΞΫςΟϒඪతΤωϧΪʔσϙδοτ ਤ 4.26 ΞΫςΟϒඪతԠ

Parametors-SiL Si 6th Si 7th Si 8th Si 9th Si 10th

k 0.522192 0.56106 0.629075 0.752401 0.99494

γ 0.757369 0.737367 0.705048 0.6556 0.582265

c 6.84419 6.92075 7.04809 7.26774 7.67182

ද 4.6 1 pileupͷ߹ͷԠಛఆͷύϥϝʔλ

Parametors-SiL Si 1st Si 2nd Si 3rd Si 4th Si 5th

k No data 1.13698 0.906908 0.812935 0.78721

γ No data 0.586448 0.641932 0.670796 0.680724

c No data 9.51086 9.08789 8.91519 8.87813

Parametors-SiL Si 6th Si 7th Si 8th Si 9th Si 10th

k 0.809909 0.881867 1.02266 1.28649 1.84346

γ 0.675227 0.655329 0.620104 0.566574 0.486962

c 8.939 9.096 9.37854 9.86669 10.7986

ද 4.7 2 pileupͷ߹ͷԠಛఆͷύϥϝʔλ

Parametors-SiL Si 1st Si 2nd Si 3rd Si 4th Si 5th

k No data 2.14435 1.55033 1.32519 1.26385

γ No data 0.481387 0.549956 0.585583 0.597699

c No data 13.0512 12.0175 11.6094 11.5144

Parametors-SiL Si 6th Si 7th Si 8th Si 9th Si 10th

k 1.31375 1.48094 1.82862 2.54688 4.3445

γ 0.590601 0.565572 0.521511 0.454822 0.35605

c 11.6411 11.9915 12.6542 13.8848 16.5672
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ද 4.8 3 pileupͷ߹ͷԠಛఆͷύϥϝʔλ

Parametors-SiL Si 1st Si 2nd Si 3rd Si 4th Si 5th

k No data 4.19288 2.75012 2.22617 2.07909

γ No data 0.381715 0.459636 0.50186 0.516815

c No data 18.3427 16.0751 15.1839 14.9498

Parametors-SiL Si 6th Si 7th Si 8th Si 9th Si 10th

k 2.19516 2.55854 3.42273 5.20431 9.45524

γ 0.507427 0.478499 0.42466 0.351334 0.25796

c 15.2108 15.9044 17.3962 20.0985 25.6727
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4.7 Ԡಛఆ 104 Hz݁Ռ

ਤ 4.27 104Hz݁Ռ.Pileupରࡦແ͠

ਤ 4.28 Ԡ (ΞΫςΟϒඪత) - Ԡ (CsI)ͷ ࣍1

ώετάϥϜݩ

ϏʔϜڧ͕খ͍͞߹Ͱ͋Δ 104 Hzͷ߹Λ͑ߟΔɻਤ 4.27ɺԣ࣠Λ CsI͔ΒܾΊͨԠɺॎ࣠ΛΞΫςΟ

ϒඪత͔ΒܾΊͨԠͷ ਤͰ͋Δɻࢄݩ࣍2 1ͷਖ਼ൺྫͷؔʹ͋ΔϥΠϯͷԼʹɺओʹೋͭͷ૬ؔͷ͑ݟ

Δࣶ༷͕͋Δɻ͜ͷόοΫάϥϯυΛ͑ߟΔͱɺ104 Hz ͷ߹ Pileup ͕ੜ͡Δ֬ඇৗʹখ͍ͨ͞Ί͜ىΓ

ಘͳ͍ͱ͑ߟΔ͜ͱ͔ࢉܭΒͰ͖Δ͕ɺϏʔϜڧҰఆͰͳ͍ͨΊ Pileup ͷӨڹ൱ఆͰ͖ͳ͍ɻਤ 4.27

ͷ͑ݟʹ্ࠨΔόοΫάϥϯυɺ໌Β͔ͳ֩ࢠݪԠͰ͋Δͱ͑ߟΒΕΔɻղੳͰɺSi-strip ͍ͨ༺Λثग़ݕ

KinematicsʹΑΔ p(p,pp)ԠΛநग़͢ΔཻࣝࢠผΛ͍ͯͬߦΔͨΊɺૉ༝དྷͷԠআ֎͍ͯ͠Δɻ͔͠͠ͳ͕

Βɺ12C(p, pp)11Bͷ४ੑࢄཚআ֎͞Ε͍ͯͳ͍ͨΊɺͦͷӨڹ͑ߟΒΕΔɻਤ 4.27͔ΒҐஔղΛධՁ͢Δ

ͨΊɺҐஔղΛΞΫςΟϒඪత͔Β CsI Ίͨͱ͢Δɻxi=ԠٻͷԠΛҾ͍͔ͨΒඪ४ภࠩΛثग़ݕ

(ΞΫςΟϒඪత)-Ԡ (CsIݕग़ث)

σ =

√√√√ 1

N

n∑

i=1

(xi − µ)2 (4.13)

104Hzͷ߹ɺΠϕϯτ=957ɺҐஔղ (mm)=0.60 mmɻ͜ͷ݁ՌɺόοΫάϥϯυͷӨڹΛؚΜͰ͍

Δ݁ՌͰ͋Δɻ͜ΕΒͷόοΫάϥϯυΛྀ͠ߟͳ͍Ґஔղͷ݁ՌΛผͷํ๏ͰٻΊΔɻ

ҐஔղΛҟͳΔํ๏ͰٻΊͨͷ͕ਤ 4.28ͰɺΞΫςΟϒඪతͱ CsIݕग़ثͷԠͷࠩͷ ώετάϥݩ࣍1

ϜͰ͋Δɻ͜ͷΨεΛϑΟοςΟϯάͤ͞Δ͜ͱͰҐஔղΛٻΊɺͦͷ݁Ռ σ= 0.19 mmͱͳͬͨɻ͜

ͷղੳͷख๏ͰόοΫάϥϯυΛআ֎ͤ͞Δ͜ͱ͕Ͱ͖ͨ߹ɺҐஔղඪͱ͍ͯ͠Δ 2.99 mmҎԼΛୡ

Ͱ͖͍ͯΔ͜ͱ͕֬ೝͰ͖Δɻ
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4.8 Ԡಛఆ 106 Hz݁Ռ

ਤ 4.29 106Hz݁Ռ.Pileupରࡦແ͠
ਤ 4.30 106Hz ݁Ռ.Pileup ରࡦ 2.ʰγϯνϨʔλ 1 ຕ

ͷΠϕϯτΛΓࣺͯͳ͍ख๏ʱ

ਤ 4.29ɺ106 Hzͷ࣌ͷԠಛఆͷ݁ՌͰ͋Δɻ 1ͷਖ਼ൺྫͷؔʹ͋ΔϥΠϯͷӈԼ PileupͷӨڹΛ

ड͚͍ͯΔ͜ͱ͕Θ͔Δɻ্ࠨ 104 Hzͷ࣌ͱಉ༷ʹͦͷଞͷ֩ࢠݪԠͷӨ͕ڹදΕ͍ͯΔɻ͜ͷ݁ՌΛʰ2.γϯ

νϨʔλ 1ຕͷΠϕϯτΛΓࣺͯͳ͍ख๏ʱͰ PileupରࡦΛ݁ͨͬߦՌ͕ɺਤ 4.30Ͱ͋ΔɻӈԼͷ PileupͷӨ

Ε͍ͯΔɻ·ͨɺԠݱ૬ؔͷ͋ΔϥΠϯ͕ʹ্ࠨফ͍͑ͯΔ͕ɺͦͷڹ 0-1 mmͷԠಛఆʹ͕͋Δ͜ͱ

͕໌Β͔ʹΘ͔Δɻ͜ͷݪҼɺh 2.γϯνϨʔλ 1ຕͷΠϕϯτΛΓࣺͯͳ͍ख๏ʱͷԠಛఆͷ؆қఆʹ

͕͋Δ͜ͱ 1ຕͰԠ͕࣌ͨͬ͜ىͷԠಛఆͷख๏ʹ͕͋Δ͜ͱΛҙຯ͍ͯ͠Δɻ

ਤ 4.31 106Hz ݁Ռ.Pileup ରࡦ 1.ʰγϯνϨʔλ 1 ຕ

ͷΠϕϯτΛΓࣺͯԠͷਫ਼ΛߴΊΔख๏ʱ

ਤ 4.32 Ԡ (ΞΫςΟϒඪత) - Ԡ (CsI)ͷ ࣍1

ࡦώετάϥϜ.Pileupରݩ 1Λ༻ͨ͠߹.
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ਤ 4.31ɺh γϯνϨʔλ 1ຕͷΠϕϯτΛΓࣺͯԠಛఆͷਫ਼ΛߴΊΔख๏ʱͰղੳͨ݁͠ՌͰ͋Δɻӈ

Լͷ PileupͷӨڹফ͑ 1ͷਖ਼ൺྫͷؔʹ͋ΔϥΠϯʹҠಈ͍ͯ͠Δ͜ͱ͕֬ೝͰ͖Δɻ͔͠͠ͳ͕ΒɺΞΫ

ςΟϒඪత 1-3 mm ʹҙຯͷ͋Δ૬͕ؔදΕͨɻ͜ͷݪҼɺ0-1 mm ͰԠ͕͖ͨى߹ΛΔΞϧΰϦζϜʹ͋

Γɺͦͷதɺ1ຕͰԠͨ࣌͠ͷΤωϧΪʔσϙδοτͱɺ1ຕҎ֎ͰԠ͕͖ىಉ࣌ʹ 1 Pileup͖ىΔ࣌

ͷΤωϧΪʔσϙδοτ͕ɺಉ͡ΤωϧΪʔྖҬʹ͋Δ͜ͱͰ͋Δɻਤ 4.32ɺਤ 4.31ͷࠩΛ ʹώετάϥϜݩ࣍1

ͨ݁͠ՌͰ͋Δɻ͜ͷ࣌ͷҐஔղɺ0.24 mmͰ౷ܭ 1801ͱͳΓɺPileupରࡦͳ͠ (౷ܭ 3700)ͷ౷ܭ

͔Β 48.68 ͱͳͬͨɻ106ݮ% HzͷέʔεͰɺඪͷҐஔղ (0.29 mm)ୡͰ͖͕ͨɺ౷ྔܭͷେ෯ͳݮগ

͕՝Ͱ͋Δɻ



56

ୈ 5ষ

݁ɾల

ຊจͰɺ107HzʹىҼ͢Δ PileupʹରԠͰ͖ɺ͔ͭɺ10 mmްͷϙϦΤνϨϯඪతΛ༻ͨ͠߹ͰɺҐஔ

ղ 0.29 mmΛ࣮ݱͰ͖Δ͜ͱΛඪͱͨ͠ଟϓϥενοΫγϯνϨʔλܕΞΫςΟϒඪతͷ։ൃΛͨͬߦɻΞΫ

ςΟϒඪతɺඪతதͷԠͷಛఆʹΑͬͯҐஔղͷ্ΛਤΔ͜ͱΛ։ൃίϯηϓτͱͨ͠ɻΞΫςΟϒඪ

తͷ։ൃॳظஈ֊Ͱ͋ͬͨͨΊɺϋʔυΣΞͱιϑτΣΞͷ྆ํΛ৽نͰ։ൃͨ͠ɻΞΫςΟϒඪతͷϋʔυ

ΣΞઃܭͰɺ1ճͷੑධՁ࣮ݧͷলΛ͔͠׆ɺγϯνϨʔλͱ PMTͷѹͷ্γϯνϨʔλத৺ͱ

PMTத৺͕ॏͳ͍ͬͯΔ͜ͱΛઢݯͰ͔֬ΊΒΕΔߏػΛ࣮ͨ͠ɻιϑτΣΞ։ൃͰɺ࣮ࡍͷΞΫςΟϒඪత

Λఆͨ͠ࢠݪԠͷࢉܭϓϩάϥϜΛ։ൃ͠ɺΤωϧΪʔ͔ΒඪతதͷԠΛಛఆͰ͖ΔΞϧΰϦζϜΛ։ൃ͠

ͨɻ։ൃͨ͠ΞΫςΟϒඪత౦େֶ CYRICͰ࣮ݧΛ͍ߦɺԠಛఆͷਫ਼ΛධՁͨ͠ɻ104 Hzͷ߹ɺҐஔ

ղ 0.19 mmΛୡͨ͠ɻͳ͓ɺ͜ͷ݁ՌͷόοΫάϥϯυʹɺ४ੑࢄཚͰ͋Δ 12C(p, pp)11BͷԠ͕ࠞ

ೖ͍ͯ͠ΔͨΊɺͦͷݪҼͷղ໌ͱରޙࠓ͕ࡦඞཁͱͳΔɻ106 Hzͷ߹ɺh 1.γϯνϨʔλ 1ຕͷΠϕϯτΛ

ΓࣺͯԠಛఆͷਫ਼ΛߴΊΔख๏ʱͰղੳͨ݁͠ՌɺҐஔղ 0.24 mmɺ౷ܭͷݮগ 48.68 %ʹͳͬͨɻ

ඪͱ͢ΔҐஔղ 0.29 mmͰ͋ΔͨΊɺ͜ͷࠀ͞Ε͍ͯΔ͕ɺࠓճͷ࣮ݧ 10 mmްͰͳ͘ 5 mm

ްͷඪతΛ༻͍ͯ͠Δ͜ͱɺϏʔϜڧ͕ຊ࣮ݧͷ 107 HzΑΓ 1ܻগͳ͍ͰߦΘΕ͍ͯΔͨΊɺޙࠓͷ։ൃ

ͰͦΕΒͷӨڹΛྀ͠ߟͳ͚ΕͳΒͳ͍ɻ·ͨɺຊ࣮ݧͰগͳ͍౷ྔܭͰ͋Δ͜ͱ͕γϛϡϨʔγϣϯͰ༧͞

Ε͍ͯΔͨΊɺ౷ܭͷΛݮΒ͞ͳ͍ PileupରࡦͷΞϧΰϦζϜ։ൃ͕ඞཁͱͳΔɻͦͷଞɺ107 HzͷϏʔϜڧͰ

ੜ͡Δ (PMTͷήΠϯมԽಛੑγϯνϨʔλͷଛই)ΛಘΒΕ࣮ͨݧσʔλ͔Β͍ͯ͘͠ূݕඞཁ͕͋Δɻ·

ͨɺΞΫςΟϒඪతͷҐஔղΛධՁ͢Δࡍʹɺ֎෦ݕग़ثͷҐஔղͷӨڹΛड͚͍ͯΔͨΊɺͦͷӨ͕ڹͲͷ

͘Β͍Ͱ͋Δ͔ධՁ͢Δ͜ͱɺͭ·Γɺ֎෦ݕग़ثͷҐஔղΛΤωϧΪʔղ͔ΒٻΊΔ͜ͱ͕ඞཁͰ͋Δɻ



57

ँࣙ

Ԧܙਔ͞Μɺम࢜จࣥචͷͨΊʹ̍ճͷࣦഊͷޙʹ̎ճͷ࣮ݧΛ͖ͯ͠·ͨ͠ɻͦͷ͓͔͛Ͱम࢜จΛ

ॻ͘͜ͱ͕Ͱ͖େม͓ͯ͠ँײΓ·͢ɻʑͷڀݚʹ͓͍ͯଟ͘ͷ͜ͱΛਔ͞Μ͔Βֶͼ·ͨ͠ɻڞಉऀڀݚͷౢࣉ

͞ΜɺΞΫςΟϒඪతͷੑධՁ࣮ݧΛओಋ͖ͯ͠ɺ͞ౢࣉΜ͕͍ͳ͚Ε࣮ݧཱ͍ͯ͠ͳ͔ͬͨ΄ͲྗΛ

ି͖ͯ͠·ͨ͠ɻ੨Ҫ͞ߟΜɺղੳ݁ՌվળͷͨΊͷ࠷దͳΞυόΠεΛ͖ͯ͠ɺͦͷ͓͔͛Ͱݟҧ͑Δ΄Ͳ

݁Ռ͕Α͘ͳΓ·ͨ͠ɻम࢜ͷ 2 ؒͷதͰҰ൪ָ͔͍ͬͨ͠ࢥग़ɺ੨Ҫ͞Μͱڀݚ༰ʹؔͯٞͨ͜͠͠ͱͰ

͢ɻಉ͡ڀݚάϧʔϓͷ trong͞ΜɺROOTॳ৺ऀͷํ͍ʹࢲΛ͔̍Βͩͯ͑͘͞ڭΓɺղੳͷख๏ʹؔͯ͠

ଟ͘ͷΞυόΠεΛͯͩ͘͠͞Γ·ͨ͠ɻtrong͞Μ͍ͭ༏͘͠པΓʹͳΔଘࡏͰͨ͠ɻ౦େֶͰͷ࣮ݧͰɺ

CYRICͷদా༸ฏ͞Μɺҏ౻ਖ਼ढ़͞Μɺੴڮཅ͞ࢠΜɺԬຊ५͞ΜɺཧԽֶڀݚॴ͔Βོത͞Μɺژେֶ͔Βদ

ຊᠳଡ͞Μͷ͓ྗΛ͓आΓ࣮ͯ͠ݧΛ͜͏ߦͱ͕Ͱ͖·ͨ͠ɻ࣮ͯ͠ྗڠʹݧ͍ͨօ༷ʹେม͓ͯ͠ँײΓ·͢ɻ

M1ͷ࣌ʹɺాத७͞وΜʹେม͓ੈʹͳΓ·ͨ͠ɻߕೆେֶͷ࣮ݧʹ༠͖ͬͯɺ࣮ݧΛ௨ͯ͠ଟ͘ͷ͜ͱΛֶ

ͿػձΛఏ͖͍ͩͨͯ͠ڙ·ͨ͠ɻ࣮ݧऴྃޙɺγϛϡϨʔγϣϯͷͨΊͷࢉܭϓϩάϥϜͷ࡞ΓํΛͯ͑ڭ͖ɺ

ͦͷࢉܭϓϩάϥϜࢲͷڀݚςʔϚͷࠜװͱͳΔԠಛఆͷΞΠσΟΞʹ͕ܨΓ·ͨ͠ɻՃثάϧʔϓͷחܙ

ଠ͞Μ͔ΒɺҐஔղͷධՁํ๏ʹؔͯ͠ΞυόΠεΛ͖·ͨ͠ɻ෭ࠪͷਆాߒथ͞Μɺम࢜จͷ৹ࠪͷա

ఔͰɺղੳ݁ՌվળͷͨΊʹʹͳ͖ͬͯ߹͍͖ͬͯͨͩ·ͨ͠ɻͦͷ΄͔ RCNPʹ͍Δଟ͘ͷਓ͔Β͝ࢦಋ͍

͖ͨͩ·ͨ͠ɻౢୡ͞ࢤΜ࣮ݧ TAΛ௨ͯ͠ճ࿏पΓΛ͍͍ͨͩͨͯ͑ڭ΄͔ɺڵຯਂ͍ཧͷΛͯͩ͘͠͞Γ·

ͨ͠ɻ٢ాӳஐ͞ΜɺཧͷϞνϕʔγϣϯύʔτͷࢿྉΛఏͯ͠ڙ͍ͨଞɺษڧձͰଟ͘ͷ࣭Λ͔͚͛ͯ

ͩ͘͞Γɺ٢ా͞Μ͔Βਂ͑͘ߟΔඞཁੑΛ͡ײΔ͖͔͚ͬΛ͍͖ͨͩ·ͨ͠ɻོ࣏͞ޱࡔΜɺղੳ༰ʹؔͯ͠૬

ஊʹ͖ͬͯ·ͨ͠ɻM1ͷ࣌ʹɺҪ্Ѹ͞Μ͕࣮ݧʹ༠ͬͯͩ͘͞Γɺͦ͜Ͱ࣮ݧͱͲ͏͍͏ͷͳͷ͔͡ײ

ΔػձΛ͖·ͨ͠ɻຽҪ३͞ΜɺಛʹษڧձͰଟ͘ͷΞυόΠεΛ͍͖ͯͨͩ͠·ͨ͠ɻখྛ৴೭͞Μɺඇৗʹ

༗ͳΣϒαΠτΛ௨ͯ͡ʡӄͳ͕ΒউखʡʹࢧԉΛ͍͖ͯͨͩ͠·ͨ͠ɻಉظͷօ͞ΜͱɺݶʹڀݚΒͣࢲੜ׆

Ͱ͓ੈʹͳΓ·ͨ͠ɻಛʹɺཧ෦ͷ܅ɺ͠ΜɺԂ܅ͱڀݚҟͳ͍ͬͯ·͕ͨ͠ɺҰॹʹ৯ࣄ

Λͨ͠ΓٿΛͨ͠ΓͰ͖͓͔ͨ͛Ͱɺແຯס૩ʹͳΓ͕ͪͳຖʹͪΐͬͱָͨ͠͠ΈΛݟग़͢͜ͱ͕Ͱ͖·ͨ͠ɻ

Λ͜͜·Ͱਐڀݚ༑ୡͱͯ͠ྑ͖ͤͯ͘͞·ͨ͠ɻߦͳͲɺཱྀߦ࡚Թઘཱྀߦཱྀژͷେੴ͞Μɺࣗసंࣄ

ΊΔ͜ͱ͕Ͱ͖ͨͷɺଟ͘ͷ֩ཧڀݚηϯλʔ৬һͷํʑͷ͓͔͛Ͱ͢ɻ

Λਃ্͛͠·͢ɻँײ͘ਂʹɺେֶӃਐֶΛαϙʔτͯ͘͠Εͨ྆ʹޙ࠷
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