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͋Δɻதੑࢠϋϩʔͱ͸ɺ௨ৗͷ֩ີ౓Λ࣋ͭίΞ֩ͱͦͷपΓʹ 1ͭ·ͨ͸ 2ͭͷதੑ͕ࢠബ͕ͨͬ͘޿

ີ౓෼෍Λ࣋ͭ֩ߏ଄Ͱ͋Δɻຊڀݚͷର৅Ͱ͋ΔதੑࢠυϦοϓϥΠϯ֩ͷ 22C͸ೋதੑࢠϋϩʔ֩Ͱ

͋Δɻ22CͷϋϩʔΛܗ੒͢ΔೋதੑࢠͰ͸ɺμΠχϡʔτϩϯ૬ؔͱݺ͹ΕΔۭؒతʹ͍ڧ૬͕ؔൃୡ͠

͍ͯΔͱ͑ߟΒΕ͓ͯΓ஫໨ΛूΊ͍ͯΔɻຊڀݚͰ͸ 22Cʹ͓͚ΔμΠχϡʔτϩϯ૬ؔͷੑ࣭Λ୳ࡧ

͠ɺ22Cͷߏ଄Λ໌Β͔ʹ͢ΔͨΊɺԖඪతΛ༻͍ͨ 22CͷΫʔϩϯ෼ղ൓Ԡ࣮ݧΛ͍ߦɺ22CͷΫʔϩϯ

෼ղஅ໘ੵͱࢉ׵ભҠ֬཰ B(E1)෼෍Λಋग़ͨ͠ɻ

ॴͷڀݚ͸ཧԽֶݧ࣮ RIBF ͰߦΘΕͨɻ֩ͨ͋ࢠΓ 235 MeV ͷ 22C ͸ BigRIPS ʹΑΓ෼཭ɾࣝผ

͞ΕɺԖඪత͓Αͼ୸ૉඪతʹೖࣹ͢ΔɻཻࣝࢠผʹΑΓ 22C ͷΠϯΫϧʔγϒೋதੑࢠ෼཭அ໘ੵ͸
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෍Λಋग़ͨ͠ɻಘΒΕͨஅ໘ੵ෼෍Λ૬ରΤωϧΪʔ 0-5 MeV ͷൣғͰੵ෼ͨ͠஋͸ԖඪతͰ 934 ± 52

mbɺ୸ૉඪతͰ 70 ± 18 mbͰ͋ΓɺΤΫεΫϧʔγϒΫʔϩϯ෼ղஅ໘ੵ͸ 745 ± 71 mb͕ಘΒΕͨɻ

͜ΕΒͷେ͖ͳΫʔϩϯ෼ղஅ໘ੵ͸ 22C ͕ೋதੑࢠϋϩʔ֩Ͱ͋Δࣄͱໃ६͠ͳ͍ɻ·ͨɺequivalent

photon methodʹΑΓࢉ׵ભҠ֬཰෼෍Λಋग़ͨ͠ɻࢉ׵ભҠڧ౓෼෍Λ 0-5 MeVͷൣғͰੵ෼ͨ͠஋͸

1.27±0.11 e2fm2 Ͱ͋Γɺଞͷೋதੑࢠϋϩʔ֩ͱಉఔ౓ͷେ͖ͳભҠ֬཰ΛಘͨɻಘΒΕͨࢉ׵ભҠ֬཰

ͱฏۉ৔ۙࣅΛ༻͍ͨཧ࿦ࢉܭͷൺֱΛ͍ߦɺ22Cͷߏ଄Λ͑ߟΔ͏͑Ͱ ν2s1/2 ͱ ν1d5/2 ͷ഑Ґࠞ߹͕ॏ

ཁͰ͋Δ͜ͱΛࣔࠦ͢Δ݁ՌΛಘͨɻ͞ΒʹɺE1 cluster sum ruleΛ༻͍ͯಘΒΕͨೋͭͷϋϩʔதੑࢠ

ͷॏ৺ͱίΞ֩ͷڑ཭͸ 4.23±0.18 fmͰ͋Γɺ҆ఆ֩ʹ͓͚Δ֩ࢠݪ൒ܘͷۙࣜࣅ 1.3A1/3 [fm]ʹൺ΂ͯ

16%େ͖ͳ஋Ͱ͋ͬͨɻ



Abstract

In the recent years, study on unstable nuclei located far from the beta stability line have attracted

much attention, especially for the nuclei close to the neutron-drip line. Thanks to the development of

radioactive isotope beam facilities, new physics phenomena have been discovered for the neutron-rich

nuclei, which are not observed in the stable one. One of these exciting phenomena is one- or two-

neutron halo structure, which consists of a core nucleus with a normal nuclear density while one or two

neutrons have a low density. The present work focuses on the neutron-drip-line nucleus 22C, which is

thought to have a two-neutron halo structure. These two neutrons in 22C are expected to have a strong

spatial correlation i.e., di-neutron correlation. To explore the di-neutron correlation and investigate

the nuclear structure in 22C, Coulomb-breakup reaction was performed in the present work. Both

coulomb breakup cross-section and E1 strength B(E1) distribution were obtained.

The experiment was preformed at Radioactive Isotope Beam Factory, operated by RIKEN Nishina

Center and Center for Nuclear study, University of Tokyo. 22C at 235 MeV per nucleon was made by the

BigRIPS separator and impinged on lead and carbon targets. The inclusive two-neutron removal cross

section on the lead and carbon targets were obtained to be 2093 ± 100 mb and 268 ± 9 mb respectively,

resulting in a large inclusive Coulomb-breakup cross section of 1369 ± 103 mb. The momentum vectors

of the reaction residue 20C and out going two neutrons were measured by SAMURAI spectrometer in

order to reconstruct the invariant mass of the excited state of 22C. By Integrating the relative energy

with the range of 0-5 MeV, the exclusive cross sections were obtained to be 934 ± 52 mb and 70 ± 18

mb for the lead and carbon target respectively. A large exclusive Coulomb breakup cross section of

745 ± 71 mb was deduced, indicating a consistency with that 22C has a two-neutron halo structure. In

addition, the B(E1) distribution was obtained and its value was extracted by using equivalent photon

method. A large energy-integrated B(E1) strength of 1.27 ± 0.11 e2fm2 was deduced by integrating

the relative energy of 0-5 MeV and this value is close to the one of 11Li that is two neutron halo

nucleus. Comparison of the E1 strength distribution with a mean-field calculation suggests that the

halo in 22C is probably due to the mixture of ν1d5/2 configuration. Furthermore, the distance between

core nucleus and center-of-mass of two neutrons was determine to be 4.23 ± 0.18 fm by using E1 cluster

sum rule. This value is 16% larger than the approximate radius formula 1.3A1/3[fm] which is widely

used in the stable nuclei.
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ෆ҆ఆ֩ͷڀݚ͸ɺۙ೥ͷՃ଎ٕثज़ͷਐలʹΑͬͯٸ଎ʹൃలͭͭ͋͠Γɺ͜Ε·Ͱͷ֩ࢠݪ෺ཧͷৗࣝΛ෴͢ಛ

ҟͳ෺ཧݱ৅͕؍ଌ͞Ε͍ͯΔɻಛʹதੑࢠͷଋറݶքͰ͋ΔதੑࢠυϦοϓϥΠϯۙ๣Ͱ͸ɺ҆ఆ֩Ͱ͸ݟΒΕͳ

͔ͬͨಛҟͳߏ଄͕ଟ͘ݱΕΔͨΊ஫໨͞Ε͍ͯΔɻதੑࢠϋϩʔ֩΋ͦͷҰͭͰ͋Δɻதੑࢠϋϩʔͱ͸ɺ௨ৗͷ֩

ີ౓Λ࣋ͭίΞ֩ͱͦͷपΓʹ 1ͭ·ͨ͸ 2ͭͷதੑ͕ࢠബ͘ີ͕ͨͬ޿౓෼෍Λ࣋ͭ֩ߏ଄Ͱ͋Δɻਤ 1.1ʹཅࢠ਺

10ҎԼͷ֩ͷ֩ਤදΛࣔ͢ɻਤʹ͓͍ͯ੨৭ͷઢ͕தੑࢠଋറݶքͰ͋ΔதੑࢠυϦοϓϥΠϯΛ͋ΒΘ͠ɺԫ৭ͷ

ઢʹڬ·Εͨൣғ͸యܕతͳຐ๏਺Ͱ͋Δɻ·ͨɺࠇ৭ͰృΓͭͿ͞Εͨ֩͸҆ఆ֩Ͱ͋ΓɺͦΕҎ֎ͷ֩͸ෆ҆ఆ֩

Ͱ͋Δɻಛʹ྘৭੺৭ͰృΓͭͿ͞Εͨ֩͸ͦΕͧΕҰதੑࢠϋϩʔ֩ɺೋதੑࢠϋϩʔ֩Λද͓ͯ͠Γɺதੑࢠυ

ϦοϓϥΠϯۙ๣Ͱෳ਺ൃ͞ݟΕ͍ͯΔɻதੑࢠϋϩʔߏ଄͸ऑଋറͳՁதੑ͕ࢠτϯωϧޮՌʹΑͬͯ֩ද໘ʹଘࡏ

͢Δԕ৺ྗϙςϯγϟϧΛ௒͑ͯɺ֩ྗϙςϯγϟϧͷ֎ଆʹછΈग़͍ͯ͠Δͱ͍͏ඳ૾ͰཧղͰ͖ΔɻͦͷͨΊதੑ

෼཭ΤωϧΪʔ͕খ͍͜͞ͱͱԕ৺ྗϙςϯγϟϧࢠ੒ʹ͸ɺதੑܗϋϩʔ֩ͷࢠ l(l + 1)!2/2µr2ʢlɿՁதੑࢠͷي

ಓ֯ӡಈྔɺµɿίΞ֩ͱՁதੑࢠͷྔ࣭ࢉ׵ɺrɿίΞ֩ͱՁதੑؒࢠͷڑ཭ʣ͕ 0·ͨ͸খ͍͜͞ͱ͕ཁ͞ٻΕΔɻ

෼཭ΤωϧΪʔ͕ࢠϋϩʔ֩͸தੑࢠΕ͖ͯͨதੑ͞ݟൃʹɺ͜Ε·Ͱࡍ࣮ 1 MeVఔ౓͔ͦΕҎԼͰ͋ΓɺՁதੑࢠ

ͷيಓ֯ӡಈྔ l͸ 0·ͨ͸ 1Ͱ͋Δɻ·ͨதੑࢠϋϩʔ֩͸ɺͦͷඳ૾͔Β΋Θ͔Δ௨ΓՁதੑ͕ࢠඇৗʹେ͖ͳ൒

ϋϩʔ֩Ͱ͋ΔࢠΛ࣋ͭɻྫ͑͹ɺೋதੑܘ 11Liͷϋϩʔதੑࢠͷฏۉ൒ܘ͸ 208Pbʢr = 1.2A
1
3 fmͱͯ͠ 7.1 fmʣ

ʹඖఢ͢Δ΄Ͳେ͖͍ͱ࣮ݧతʹΘ͔ͬͨ [3]ɻ

ਤ 1.1 Z ≤ 10ͷ֩ਤදɻྖ͍ࠇҬ͕҆ఆ֩ɺͦΕҎ֎ͷ֩͸ෆ҆ఆ֩Ͱɺಛʹ྘ͱ੺ͷ֩͸தੑࢠϋϩʔ֩Λද

͢ɻ੨ͷઢ͸தੑࢠυϦοϓϥΠϯΛ͓ࣔͯ͠Γɺԫ৭ͷઢ͸యܕతͳຐ๏਺Λ͍ࣔͯ͠Δɻ

தੑࢠϋϩʔ֩ʹ͸ιϑτ E1ྭىΛ࣋ͭͱ͍͏ಛ௃͕͋͛ΒΕΔɻ௨ৗͷ֩ࢠݪͰ͸ྭىΤωϧΪʔ Ex = 10 ∼
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25 MeVʹڊେ૒ڞࢠۃ໐ʢGiant Dipole Resonanceʣͱݺ͹ΕΔ΋ͷ͕͋Δɻϋϩʔ֩Ͱ͸͜ΕʹՃ͑ͯɺ1 MeV

෇ۙͷ௿ྭىΤωϧΪʔʹιϑτ E1ྭىͱݺ͹ΕΔ͍ڧ E1ભҠ֬཰͕ݱΕΔɻιϑτ E1ྭىΛ࣮؍ʹࡍଌ࣮ͨ͠

ϋϩʔ֩Ͱ͋Δࢠͷྫͱͯ͠ɺҰதੑݧ 11Beͷ࣮ݧ [1]͕͋͛ΒΕΔɻ͜ͷ࣮ݧͰ͸֩ͨ͋ࢠΓ 70 MeV/uͷ 11Be

ΛԖඪత͓Αͼ୸ૉඪతʹೖࣹͤ͞ɺ11BeͷΫʔϩϯ෼ղ൓Ԡͱ֩ྗ෼ղ൓ԠΛ؍ଌͨ͠ɻਤ 1.2ʹ͜ͷ࣮ݧʹ͓͚Δ
11Beͷஅ໘ੵ෼෍Λࣔ͢ɻԖඪతʹ͓͚Δஅ໘ੵ͸୸ૉඪతʹൺ΂ͯඇৗʹେ͖͘ɺΫʔϩϯ෼ղஅ໘ੵ͸ 1510(92)

mbͱඇৗʹେ͖ͳ஋͕ಘΒΕͨɻ͜Ε͸ࢉ׵ભҠ֬཰ B(E1) = 1.05± 0.06 e2fm2 ʹ૬౰͠ɺయܕతͳιϑτ E1ྭ

Ͱ͋Δɻى

ਤ 1.2 11Be →10 Be + n ൓ԠͷԖඪత͓Αͼ୸ૉඪతʹ͓͚Δஅ໘ੵ෼෍ [1]ɻErel ͱ͸૬ରΤωϧΪʔ෼෍ͷ

͜ͱͰɺྭىΤωϧΪʔ Ex ͱதੑࢠ෼཭ΤωϧΪʔ Sn Λ༻͍ͯ Erel = Ex − Sn ͱද͞ΕΔɻ

ೋதੑࢠϋϩʔ֩ʹ͓͍ͯ͸μΠχϡʔτϩϯ૬ؔͷଘ͕ࠦࣔ͞ࡏΕ͍ͯΔɻμΠχϡʔτϩϯ૬ؔͱ͸ϋϩʔΛܗ

੒͢Δೋதੑ͕ۙࢠ઀͢ΔΑ͏ͳۭؒతʹ͍ڧ૬ؔͷ͜ͱͰ͋Δɻ͜ͷμΠχϡʔτϩϯ૬ؔ͸௿ີ౓ͷڥ؀ԼͰݱΕ

Δ͜ͱ͕ཧ࿦తʹ༧͞ݴΕ͍ͯΔ [2]ɻྫͱͯ͠ 11LiͷΫʔϩϯ෼ղ൓Ԡ࣮ݧ [3]͕͋͛ΒΕΔɻਤ 1.3ʹ͜ͷ࣮ݧͰ

ଌఆ͞Εͨ 11LiΫʔϩϯ෼ղஅ໘ੵͱࢉ׵ભҠ֬཰Λࣔ͢ɻࠨਤͷஅ໘ੵ෼෍ʹ͓͍ͯ 0.3 MeV෇ۙʹιϑτ E1ྭ

ࢠ੒͢Δೋதੑܗͱൺֱ͓ͯ͠ΓɺϋϩʔΛࢉܭભҠ֬཰෼෍Λཧ࿦ࢉ׵ͱΈΒΕΔϐʔΫ͕֬ೝ͞ΕͨɻӈਤͰ͸ى

ʹ͓͍ۭͯؒతͳ૬ؔΛ༧͢ݴΔཧ࿦ࢉܭͷ݁ՌͱΑ͘Ұக͍ͯ͠Δ͜ͱ͕Θ͔Δɻ͜ͷ͜ͱ͔Β 11Liʹ͓͚ΔμΠ

χϡʔτϩϯ૬͕ؔࣔࠦ͞ΕͨɻμΠχϡʔτϩϯ૬ؔ͸ɺ഑Ґࠞ߹Λ͍ͯ͜͠ىΔ͜ͱ͕ਂ͍ؔͯ͘͠܎Δͱ͑ߟΒ

Ε͍ͯΔɻ11Li͸ N=8Ͱதੑࢠ਺͕ຐ๏਺Ͱ͋ΔͨΊೋͭͷՁதੑࢠ͸ 1p1/2 ʹೖΔͱ͑ߟΒΕΔ͕ɺ࣮ࡍ͸ 2s1/2

ೖͬͨ഑Ґ͕ࠞ߹͍ͯ͠Δɻ͢ͳΘͪɺ11Liͷ೾ಈؔ਺͕ࢠಓʹೋͭͷதੑي Ψ(11Li)͸ 9Liͷ೾ಈؔ਺ Ψ(9Li)Λ༻

͍ͯҎԼͷΑ͏ʹද͞ΕΔɻ

|Ψ(11Li)⟩ = α |Ψ(9Li)⊗ (ν1p1/2)
2⟩+ β |Ψ(9Li)⊗ (ν2s1/2)

2⟩ (1.0.1)

= α |(1p1/2)2⟩+ β |(2s1/2)2⟩ (1.0.2)

͜ͷ೾ಈؔ਺Λ༻͍ͯ 11Liʹ͓͚ΔೋͭͷՁதੑࢠͷͳ֯͢ θ12 ͷ༨ݭ cos θ12 ͷظ଴஋Λද͢ͱɺ
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⟨cos θ12⟩ = ⟨Ψ(11Li)| cos θ12 |Ψ(11Li)⟩ (1.0.3)

=α2 ⟨(1p1/2)2| cos θ12 |(1p1/2)2⟩+ β2 ⟨(2s1/2)2| cos θ12 |(2s1/2)2⟩
+ 2αβ ⟨(1p1/2)2| cos θ12 |(2s1/2)2⟩

=2αβ ⟨(1p1/2)2| cos θ12 |(2s1/2)2⟩

ͱॻ͚Δɻͨͩ͠ɺೋதੑࢠͷͳ֩͢ θ12 ͷఆٛ͸ਤ 1.4 ʹࣔͨ͠௨ΓͰ͋Δɻࣜʢ1.0.3ʣͷೋߦ໨ͷୈҰ߲ͱୈ

ೋ߲͸ cos θ12 ͷؔح਺ੑͷͨΊ 0 ʹͳΔɻͭ·Γɺ(2s1/2)
2 ͷঢ়ଶͱ (1p1/2)

2 ͷঢ়ଶ͕ࠞ߹Λ͍ͯ͠ͳ͍৔߹ʹ͸

⟨cos θ12⟩ = 0 ͢ͳΘͪ ⟨θ12⟩ = 90 deg ͱͳΓɺೋͭͷதੑؒࢠʹ૬͕ؔͳ͍ͱ͍͏͜ͱʹͳΔɻ11Li ͷΫʔϩϯ෼

ղ൓Ԡ࣮ݧʹ໭Δͱɺࢉ׵ભҠ֬཰෼෍ͷੵ෼஋͔ΒٻΊΒΕͨίΞ֩ʹର͢Δೋதੑࢠͷͳ֯͢ θ12 ͷظ଴஋͸

⟨θ12⟩ = 48+14
−18 degͰ͋Γɺ૬ؔͷͳ͍৔߹ͷ ⟨θ12⟩ = 90 degͱൺ΂ͯখ͍͞ɻ͜ͷ݁Ռ͔Βɺ11LiͷμΠχϡʔτϩ

ϯ૬ؔͷଘݧ࣮͕ࡏతʹࣔࠦ͞Εͨɻ

ਤ 1.3 11LiͷΫʔϩϯ෼ղ൓Ԡ࣮ݧ [3]ʹ͓͚Δஅ໘ੵ dσ/dErelʢࠨਤʣͱࢉ׵ભҠ֬཰ dB(E1)/dErelʢӈਤʣ

ਤ 1.4 ೋதੑࢠϋϩʔ֩ʹ͓͚Δೋதੑࢠͷͳ֩͢ θ12 ͷఆٛ

Ұํɺཧ࿦తͳμΠχϡʔτϩϯ૬ؔͷཧղͱͯ͠͸ɺ͘ݹ͸ 1973೥ʹ A.B.MigdalʹΑͬͯଋറ͢Δ΄Ͳ͘ڧ૬

ؔͨ͠ೋͭͷதੑ͕ࢠ௿ີ౓ʢρ/ρ0 ∼ 10−4 − 0.5ʣͷ֩ද໘ʹݱΕΔ͜ͱ͕༧͞ݴΕͨ [4]ɻۙ೥Ͱ͸ഡ໺ɾࠤ઒ʹΑ

Δ 9Li+n+nͰද͞ΕΔࡾମ໛ߦ͕ࢉܭܕΘΕɺ11Li ͷೋͭͷՁதੑࢠͷͳ֯͢ θ12 ͷ෼෍͕ಘΒΕͨ [5]ɻͦͷ݁Ռ

Λਤ 1.5ʹࣔ͢ɻ͜ͷਤ͸ίΞ֩ʹର͢ΔதੑࢠͷҐஔϕΫτϧ r⃗1ɺr⃗2 Λ r = |r⃗1| = |r⃗2|ͱ͠ɺίΞ֩ʹର͢Δೋத
ͷͳ֯͢Λࢠੑ θ12 ͱͨ͠৔߹ͷີ౓෼෍Λද͍ͯ͠Δɻ͜ͷ෼෍ʹ͓͍ͯཧ૝తʹ͸ ⟨θ12⟩ ∼ 0 deg͸μΠχϡʔτ

ϩϯ૬ؔΛҙຯ͠ɺ⟨θ12⟩ ∼ 180 deg ͸தੑࢠ-ίΞ-தੑࢠͱҰ௚ઢʹฒͿ༿ܕר૬ؔͱݺ͹ΕΔ૬ؔͰ͋Δɻਤ 1.5
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͔ΒΘ͔ΔΑ͏ʹɺ⟨θ12⟩ ∼ 20 degʹ͍ڧϐʔΫ͕ݱΕ͍ͯΔɻ͜ͷϐʔΫ͸͍޿ r ͷൣғʹΘͨͬͯ෼෍͓ͯ͠Γɺ

μΠχϡʔτϩϯ૬ؔͷൃୡΛҙຯ͍ͯ͠ΔɻҰํͰ ⟨θ12⟩ ∼ 100 deg ʹ΋ϐʔΫ͕ݟΒΕΔ͕ɺແ૬ؔΛҙຯ͢Δ

⟨θ12⟩ = 90 degʹۙ͘ɺີ౓෼෍͸μΠχϡʔτϩϯ૬ؔʹରԠ͢Δ ⟨θ12⟩ ∼ 20 degʹൺ΂ͯখ͍͞ɻ

ਤ 1.5 ഡ໺ɾࠤ઒ʹΑΔ 11Liͷ 9Li+n+nͰද͞ΕΔࡾମ໛ࢉܭܕͷ݁Ռ [5]ʢࠨਤʣɻఆٛ͸ਤ 1.4ͷ΋ͷΛ༻

͍ɺr = |r⃗1| = |r⃗2|ͱ͍͏ԾఆͰࡾମ໛ࢉܭܕ͸ߦΘΕͨɻ

Ҏ্ͷΑ͏ʹ 11Liʹ͓͚ΔμΠχϡʔτϩϯ૬ؔͷଘࡏ͸࣮ݧతʹ΋ཧ࿦తʹ΋ࣔࠦ͞Ε͍ͯΔɻҰํͰɺ11LiҎ

֎ͷೋதੑࢠϋϩʔ֩Ͱ͸ͲͷΑ͏ʹμΠχϡʔτϩϯ૬͕ؔൃୡ͍ͯ͠Δͷ͔ʹ͍ͭͯڵຯΛ࣋ͨΕ͍ͯΔɻ

ຊڀݚͷର৅Ͱ͋Δ 22C͸୸ૉಉҐମͷதͰ࠷΋࣭ྔ਺ͷେ͖ͳ֩ࢠݪͰɺμΠχϡʔτϩϯ૬͕ؔݱΕΔՄೳੑ͕

͋Δೋதੑࢠϋϩʔ֩Ͱ͋ΔɻཧԽֶڀݚॴͰߦΘΕͨ֩ͨ͋ࢠΓ 40 MeVͷ 22Cʹ͓͚ΔӷମਫૉඪతΛ༻͍ͨஅ

໘ੵଌఆ࣮ݧ [6]ʢҎ߱ɺాதΒͷ࣮ݧʣͰ͸ɺશ൓Ԡஅ໘ੵ͸ σR = 1338± 274 mbͱٻ·ͬͨɻ·ͨɺάϥ΢όʔܭ

͸ܘೋ৐൒ۉΊͨͦͷฏٻ͍ͯ༺Λࢉ r̃m = 5.4± 0.9 fmͰ͋Γɺ22CͷೋͭͷՁதੑ͕ࢠ 1s1/2 ഑తʹ઎༗ࢧಓΛي

͍ͯ͠Δͱ͍͏݁࿦Λಘ͍ͯΔɻͦͷޙʹಉ͘͡ཧݚͰߦΘΕͨ֩ͨ͋ࢠΓ 235 MeVͷ 22Cʹ͓͚Δ୸ૉඪతΛ༻͍

ͨ૬࡞ޓ༻அ໘ੵଌఆ࣮ݧ [7]ʢҎ߱ɺ௪໺Βͷ࣮ݧʣͰ͸ɺ૬࡞ޓ༻அ໘ੵ͸ σI = 1280± 23 mbͱٻ·Γɺͦͷฏۉ

ೋ৐൒ܘ r̃m ͸ r̃m = 3.44± 0.08 fmͱɺΑΓ͍ߴਫ਼౓Ͱٻ·ͬͨɻҎ্ͷೋͭͷ࣮ݧͰಘΒΕ࣭ͨྔ਺ Aʢ͋Δ͍͸

தੑࢠ਺ Nʣͱฏۉೋ৐൒ܘ r̃m ͷؔ܎Λਤ 1.6ʹࣔ͢ɻͲͪΒͷ৔߹ʹ͓͍ͯ΋ 22Cͷฏۉೋ৐൒ܘ r̃m ͸ɺ20Cʹ

ൺ΂ܹͯٸʹେ͖͘ͳ͍ͬͯΔ͜ͱ͕Θ͔Δɻ·ͨɺ௪໺Βͷ࣮ݧͰ͸ಉ࣌ʹೋதੑࢠ෼཭ΤωϧΪʔ S2n(22C)΋ಋ

ग़͓ͯ͠ΓɺS2n(22C) = 0.56+0.27
−0.20 MeVͱ͍͏஋Λಘ͍ͯΔɻ͜ͷ஋͸ L. GaudefroyΒͷ 22Cͷ௚઀࣭ྔଌఆ࣮ݧ

[9]ͰಘΒΕͨ S2n(22C) = −0.14(46) MeVͱໃ६͠ͳ͍஋Ͱ͋Γɺ҆ఆ֩ʹ͓͚Δయܕతͳதੑࢠ෼཭ΤωϧΪʔͰ

͋Δ 7-8 MeVͱൺֱ͢Δͱඇৗʹখ͞ͳೋதੑࢠ෼཭ΤωϧΪʔͰ͋Δɻ͞Βʹɺ22Cͷೋதੑࢠ෼཭൓ԠʹΑΓੜ

੒͞ΕΔ 20CͷӡಈྔΛଌఆ͢Δ࣮ݧ [12]Ͱ͸ɺ൓Ԡޙͷ 20Cͷӡಈྔ෼෍ͷ͕޿Γ͕ 73 MeV/c[FWHM]ͱ͘ڱɺ

͜Ε͸ Heisenbergͷෆ֬ఆੑݪཧͱ߹ΘͤΔͱ 22CͷೋͭͷՁதੑۭ͕ؒࢠతʹ͕ͯͬ޿෼෍͍ͯ͠Δ͜ͱΛࣔࠦ͠

͍ͯΔɻ·ͨɺ͜ͷ࿦จʹ͓͍ͯ΋ 22CͷೋͭͷՁதੑࢠ͸ 1s1/2 ഑తʹ઎༗͍ͯ͠Δͱ͍͏݁࿦Λಘ͍ͯࢧಓΛي

Δɻ͜ΕΒͷ࣮݁ݧՌ͸ 22C͕ೋதੑࢠϋϩʔ֩Ͱ͋Δ͜ͱΛཪ෇͚͍ͯΔɻཧ࿦తʹ͸ਤ 1.7ʹࣔ͢Α͏ʹ 22Cʹ

͓͚Δೋதੑࢠͷີ౓෼෍͕ಘΒΕ͓ͯΓ [8]ɺೋதੑࢠͷͳ͕֯͢ ⟨θ12⟩ ∼ 0෇ۙʹ͓͍ͯଟ͘෼෍͓ͯ͠ΓɺμΠ

χϡʔτϩϯ૬͕ؔൃୡ͍ͯ͠Δ͜ͱ͕Θ͔Δɻਤ 1.8ʹ 22Cͷجఈঢ়ଶͷ഑ҐΛࣔ͢ɻؙͰғ·Εͨ਺ࣈ͸ຐ๏਺

Λ͍ࣔͯ͠Δɻࣜʢ1.0.1ʣͰࣔͨ͠ 11Liͷيಓࠞ߹ͱಉ༷ʹɺ22C΋يಓࠞ߹͕͍ͯͬ͜ىΔͱ͢Δͱɺྫ͑͹ҎԼ

ͷΑ͏ͳࠞ߹يಓΛऔΓಘΔɻ

|Ψ(22C)⟩ = α |Ψ(20C)⊗ (ν2s1/2)
2⟩+ β |Ψ(20C)⊗ (ν1f7/2)

2⟩ (1.0.4)

͜͜Ͱࣔͨ͠يಓࠞ߹ͱ͸ҟͳΔՄೳੑ΋͋Δ͕ɺ͍ͣΕʹͯ͠΋ 22C Ͱ͸ 11Li ͱ͸ҟͳΔதੑيࢠಓʹΑΔμΠ
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χϡʔτϩϯ૬ؔΛ؍ଌ͢Δ͜ͱ͕ظ଴͞ΕΔɻ

ਤ 1.6 ୸ૉಉҐମͷฏۉೋ৐൒ܘͷ࣭ྔґଘੑɻ֩ͨ͋ࢠΓ 40 MeVͷ 22Cʹ͓͚ΔӷମਫૉඪతΛ༻͍ͨஅ໘

ੵଌఆ࣮ݧ [6]ʢࠨਤʣͱ֩ͨ͋ࢠΓ 235 MeVͷ 22Cʹ͓͚Δ୸ૉඪతΛ༻͍ͨ൓Ԡஅ໘ੵଌఆ࣮ݧ [7]ʢӈਤʣͦ

ΕͧΕʹ͓͚Δ݁Ռɻ

ਤ 1.7 22Cʹ͓͚Δೋதੑࢠͷີ౓෼෍ͷཧ࿦ࢉܭ [8]ɻθ ∼ 0෇ۙͰμΠχϡʔτϩϯ૬͕ؔൃୡ͍ͯ͠Δ

ຊ࿦จͰ͸ɺԖඪతΛ༻͍ͯଌఆͨ͠ 22C ͷΫʔϩϯ෼ղ൓Ԡஅ໘ੵͱιϑτ E1 ભҠ֬཰෼෍ʹ͍ͭͯใ͠ࠂɺ
22Cʹ͓͚ΔμΠχϡʔτϩϯ૬ؔʹ͍ͭͯٞ࿦͢Δɻ࣮ݧ͸ཧԽֶڀݚॴͷ RI Beam Factoryʹ͓͍ͯେڧ౓ RI

ϏʔϜΛ༻͍ͯͨͬߦɻ֩ഁࡅ൓ԠʹΑͬͯੜ੒ͨ͠ 22CΛԖඪతʹೖࣹͤ͞ɺ෼ղޙͷ 20CͱೋͭͷதੑࢠΛେཱ

ମ֯εϖΫτϩϝʔλͰ͋Δ SAMURAIͰಉ࣌ݕग़͢Δɻଌఆཻͨ͠ࢠͷ࢛ݩӡಈྔ͔Βෆม࣭ྔ๏Λ༻͍ͯ 22Cͷ

૬ରΤωϧΪʔ෼෍Λಋग़ͨ͠ɻҎԼୈ 2ষͰ͸࣮ݧͷݪཧͱख๏ʹ͍ͭͯड़΂ɺୈ 3ষͰ͸࣮ࢪݧઃ΍ݕग़ثɺτϦ

Ψʔ΍σʔληοτʹ͍ͭͯઆ໌͢Δɻୈ 4ষͰ͸࣮ݧσʔλͷղੳํ๏ʹ͍ͭͯड़΂ɺୈ 5ষͰ͸ಘΒΕͨ݁ՌΛࣔ

͠ɺٞ࿦Λ͏ߦɻͦͯ͠ɺୈ 6ষͰ͸ຊ࿦จͷ·ͱΊͱޙࠓͷల๬ʹ͍ͭͯड़΂Δɻ



6 ୈ 1ষ ং

ਤ 1.8 22Cͷجఈঢ়ଶͷ഑Ґɻp͸ཅࢠ਺ɺn͸தੑࢠ਺Λද͍ͯ͠Δɻ
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ୈ 2ষ

ཧݪݧख๏ͱ࣮ݧ࣮

2.1 Ϋʔϩϯ෼ղ൓Ԡ

2.1.1 Ϋʔϩϯ෼ղஅ໘ੵͱࢉ׵ભҠ֬཰

ຊ࣮ݧͰ͸ɺԖඪతΛ༻͍ͯ 22CͷΫʔϩϯ෼ղ൓ԠΛ؍ଌ͠ɺΫʔϩϯ෼ղஅ໘ੵΛಋग़͢ΔɻԖͷΑ͏ͳཅࢠ਺

Zͷେ͖ͳۙ֩ࢠݪ๣Λ 22C͕ߴ଎Ͱ௨ա͢Δͱి͍ڧ৔ύϧεΛड͚ͯΫʔϩϯྭ͢ىΔɻ22C͸ऑଋറͰ͋Δͨ

ΊɺΫʔϩϯྭ͢ىΔͱ௚ͪʹ 20Cͱೋதੑࢠʹ෼ղ͢Δɻ͜ͷ൓ԠΛΫʔϩϯ෼ղ൓ԠͱݺͿɻequivarent photon

method[10]Ͱ͸ɺΫʔϩϯྭىΛԾ૝ޫࢠͷٵऩʹΑΔྭىͱΈͳ͕͢ࣄͰ͖ɺΫʔϩϯ෼ղஅ໘ੵ σcoul (Ex)ΛԾ

૝ޫࢠ਺ NE1 (Ex)ͱޫٵऩஅ໘ੵ σE1
γ (Ex)Λ༻͍ͯɺ࣍ͷΑ͏ʹදΘ͢ɻ

dσcoul

dEx
=

NE1 (Ex)

Ex
σE1
γ (Ex) (2.1.1)

·ͨɺޫٵऩஅ໘ੵ σE1
γ (Ex)͸ࢉ׵ભҠ֬཰ B (E1)Λ༻͍ͯɺ

σE1
γ (Ex) =

16π3Ex

9!c
dB (E1)

dEx
(2.1.2)

ͱදΘ͕͢ࣄͰ͖ΔͷͰɺΫʔϩϯ෼ղஅ໘ੵ σcoul (Ex)ͱࢉ׵ભҠ֬཰ B (E1)ͷؔ܎͸Ծ૝ޫࢠ਺ NE1 (Ex)Λ༻

͍ͯɺ

dσcoul

dEx
=

16π3

9!c NE1 (Ex)
dB (E1)

dEx
(2.1.3)

ͱදͤΔɻ͜͜ͰɺԾ૝ޫࢠ਺ NE1 (Ex)෼෍͸ిֶ࣓ؾͰ͢ࢉܭΔ͜ͱ͕Ͱ͖ɺਤ 2.1.1ʹࣔ͢Α͏ʹ௿ྭىΤωϧ

ΪʔଆͰԾ૝ޫࢠ਺͕ଟ͘ɺ௿ྭىΤωϧΪʔྖҬʹݱΕΔιϑτ E1ྭىʹର͠ඇৗʹྑ͍ײ౓Λ࣋ͭɻຊ࣮ݧͰ͸

Ϋʔϩϯ෼ղஅ໘ੵ σcoul (Ex)Λಋग़͠ɺ্هͷࣜΛ༻͍ͯࢉ׵ભҠ֬཰ B (E1)෼෍ͷಋग़Λ͏ߦɻ

ભҠ֬཰ࢉ׵తʹಋग़͞Εͨݧ࣮ B (E1)͸ɺE1 cluster sum rule[11]Λ༻͍ͯ

B (E1) =

∫ ∞

0

dB (E1)

Ex
dEx (2.1.4)

=
3

4π

(
Ze

A

)2

⟨r⃗12 + r⃗2
2 + 2|r⃗1| · |r⃗2| cos θ12⟩ (2.1.5)

=
3

π

(
Ze

A

)2

⟨r2core−2n⟩ (2.1.6)

ͱදͤΔɻ͜͜Ͱ r⃗1, r⃗2 ͸ϋϩʔΛܗ੒͢ΔೋதੑࢠͷίΞ֩ʹର͢ΔҐஔϕΫτϧΛද͠ɺθ12 ͸ r⃗1, r⃗2 ͷͳ֯͢ɺ

rcore−2n ͸ೋதੑࢠͷॏ৺ͱίΞ֩ͷڑ཭ΛදΘ͍ͯ͠Δɻଌఆͨ͠ B (E1)΍ભҠ֬཰෼෍ͷܗͳͲ͔Βɺ22Cͷ֩

Ͱ͖Δɻ͕ࣄ͏ߦ଄ʹ͍ͭͯͷٞ࿦Λߏ
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ਤ 2.1 Γͨ͋ࢠ֩ 235 MeVͷ 22C+ Pbʹ͓͚ΔԾ૝ޫࢠ਺ NE1 (Ex)෼෍

2.1.2 εέʔϦϯάϑΝΫλʔ

Ϋʔϩϯ෼ղ൓ԠΛ؍ଌ͢Δʹ͋ͨͬͯɺԖ (Z=82)ͷΑ͏ʹཅࢠ਺ Zͷେ͖ͳඪతͰ͸ɺೖཻࣹࢠ 22Cͱͷ૬ޓ

΋ؚ·ΕΔɻͦͷͨΊɺ७ਮͳΫʔϩϯ෼ղ༺࡞ޓ഑తʹͳΔ͕ɺΘ͔ͣʹ֩ྗʹΑΔ૬ࢧ͕༺࡞ޓ͸Ϋʔϩϯ૬༺࡞

அ໘ੵΛٻΊΔͨΊʹ͸֩ྗʹΑΔد༩Λࠩ͠Ҿ͘ඞཁ͕͋Δɻຊ࣮ݧͰ͸ɺཅࢠ਺ Z͕খ͍͞୸ૉ (Z=6)ඪతͰ͸

શͯͷ൓Ԡ͕֩ྗʹΑΔ΋ͷͰ͋ΔͱԾఆͯ͠ɺ֩ྗ෼ղ੒෼Λಋग़͢ΔɻεέʔϦϯάϑΝΫλʔ Γͱ୸ૉ͓Αͼ

ԖඪతͰଌఆ͞ΕΔ෼ղஅ໘ੵ σCɺσPb Λ༻͍ͯɺΫʔϩϯ෼ղஅ໘ੵ σcoul ͸ҎԼͷΑ͏ʹಋग़͞ΕΔɻ

dσcoul

dEx
=

dσPb

dEx
− Γ

dσC

dEx
(2.1.7)

͜ͷ࣌εέʔϦϯάϑΝΫλʔ Γ͸Ұதੑࢠ෼཭ΤωϧΪʔ Sn ͱҎԼͷΑ͏ͳؔ܎ʹ͋Δ [14]ɻ

Γ = (2.30± 0.41)e−Sn + (2.43± 0.21) (2.1.8)

ຊղੳͰ͸ೋதੑࢠ෼཭ΤωϧΪʔ S2n ͱεέʔϦϯάϑΝΫλʔ Γ ʹ΋૬͕ؔ͋Δͱ͢Δɻ22C ͷεέʔϦϯά

ϑΝΫλʔ Γͱೋதੑࢠ෼཭ΤωϧΪʔ S2n ͷ͕ؔ܎ೋதੑࢠϋϩʔ֩Ͱ͋Δ 19Bͱಉ༷Ͱ͋ΔͱԾఆͯ͠ɺ19Bͷ

Ϋʔϩϯ෼ղ൓Ԡ࣮ݧ [13]ʹ͓͍ͯ༻͍ΒΕͨҎԼͷࣜΛ༻͍ͨɻ

Γ = −0.9ln(S2n) + 2.18 (2.1.9)

2.2 ෆม࣭ྔ๏

22CͷΑ͏ͳதੑࢠυϦοϓϥΠϯ֩͸தੑࢠ෼཭ΤωϧΪʔ͕ 1 MeVҎԼͰඇৗʹখ͘͞ɺྭىঢ়ଶ͸ओͱͯ͠

ඇଋറͰ͋ΔͨΊɺྭ͢ىΔͱ௚ͪʹதੑࢠΛ์ग़ͯ͠෼ղ͢ΔɻͦͷͨΊɺྭىঢ়ଶ͔Βͷ୤ྭى γ ઢΛ؍ଌ͢Δ
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ΠϯϏʔϜ γ ઢ֩෼ޫΛ༻͍Δ͜ͱ͸ग़དྷͳ͍ɻຊ࣮ݧͰ͸ɺෆม࣭ྔ๏Λ༻͍ͯ 22CͷྭىΤωϧΪʔΛಋग़͢Δɻ

ෆม࣭ྔ๏ͱ͸ɺ෼ղޙͷશཻࢠͷ࢛ݩӡಈΛ؍ଌ͢Δ͜ͱͰɺ෼ղલͷཻࢠͷෆม࣭ྔΛٻΊΔख๏Ͱ͋Δɻ

෼ղޙͷཻ֤ࢠͷӡಈྔΛ PiɺΤωϧΪʔΛ Ei ͱ͢Δͱ෼ղલͷཻࢠͷෆม࣭ྔM∗ ͸

M∗ =

√√√√
(
∑

i

Ei

)2

−
(
∑

i

Pi

)2

(2.2.1)

ͱॻ͚Δɻ·ͨɺ͜ͷཻࢠͷ૬ରΤωϧΪʔ Erel ͸ɺ෼ղޙͷཻ֤ࢠͷ࣭ྔmi Λ༻͍ͯ

Erel = M∗ −
∑

i

mi (2.2.2)

ͱॻ͚ΔɻྭىΤωϧΪʔ Ex ͸૬ରΤωϧΪʔ Erel ͱதੑࢠ෼཭ΤωϧΪʔ Sn ͷ࿨

Ex = Erel + Sn (2.2.3)

Ͱ͋ΔͨΊɺຊ࣮ݧͰ͸ɺ͜ͷ૬ରΤωϧΪʔ Erel Λಋग़͠ɺಘΒΕͨ Erel ෼෍͔Βஅ໘ੵ΍ભҠ֬཰෼෍Λಋग़

͢Δɻ

ਤ 2.2 Ϋʔϩϯ෼ղ൓Ԡʹ͓͚ΔϨϕϧਤɻಋग़ͨ͠ Erel ෼෍͔Βஅ໘ੵͱࢉ׵ભҠ֬཰Λಋग़͢Δ
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ݧ࣮

ຊ࣮ݧ͸ 2012೥ 5݄ʹཧԽֶڀݚॴͷෆ҆ఆ֩ϏʔϜՃ଎ࢪثઃ RIBF(RI Beam Factory)ʹͯߦΘΕͨɻ

ຊষͰ͸௒఻ಋෆ҆ఆ֩ϏʔϜੜ੒෼཭૷ஔ BigRIPS,ଟཻࢠଌఆ૷ஔ SAMURAIͷৄࡉͱɺ࣮ݧͷτϦΨʔ৚݅

͓Αͼσʔληοτʹ͍ͭͯઆ໌͢Δɻ

3.1 ௒఻ಋෆ҆ఆ֩ϏʔϜੜ੒෼཭૷ஔ BigRIPS

ΠΦϯ͔ݯΒੜ੒ͨ͠Ұ࣍ϏʔϜͰ͋Δ 48Ca͸ɺઢܗՃ଎ث RILAC΍௒఻ಋϦϯάαΠΫϩτϩϯ SRCͳͲΛ༻

Γͨ͋ࢠ͍֩ͯ 345 MeV·ͰՃ଎͞ΕɺҰ࣍ඪతͰ͋Δ Beඪతʢ20 mmʣʹೖࣹ͠ɺೖࣹ֩ഁࡅ൓ԠʹΑΓೋ࣍Ϗʔ

ϜͰ͋Δ 22C͕ੜ੒͞ΕΔɻBigRIPS͸ੜ੒ͨ͠ೋ࣍ϏʔϜΛࣝผɾ෼཭͢ΔεϖΫτϩϝʔλͰ͋ΔɻBigRIPSͷ

શମਤΛਤ 3.1ʹࣔ͠ɺ֤য఺໘ؒʹ͓͚Δத৺يಓͷ Bρ஋ͱ֤য఺໘ͷεϦοτ෯Λද 3.1ʹࣔ͢ɻ

ਤ 3.1 BigRIPSͷશମਤ

F0-F1 F1-F2 F2-F3 F3-F4 F4-F5 F5-F6 F6-F7 F7-F8 F8-F12 F12-F13

Bρ஋ [Tm] 9.4 9.015 9.015 8.975 8.975 8.767 8.767 8.74 8.74 8.74

F1 F2 F5 F7 F8 F12

εϦοτ෯ [mm] 240 20 240 240 340 340

ද 3.1 BigRIPSͷ֤য఺໘ؒʹ͓͚Δத৺يಓͷ Bρ஋ʢ্දʣͱεϦοτ෯ʢԼදʣ
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3.1.1 BPC

BPC (Beam Proportional Chamber)͸ F5য఺໘ʹઃஔ͞ΕͨϚϧνϫΠϠʔൺྫܭ਺؅Ͱ͋ΔɻF5য఺໘͸ӡ

ಈྔ෼ࢄয఺໘Ͱ͋Γɺয఺໘ʹ͓͚Δ௨աཻࢠͷਫฏҐஔ͕࣓ߗؾ౓ BρʹରԠ͢Δɻ࣓ߗؾ౓͸࣓৔ B [T]ͱۂ཰

൒ܘ ρ [m]ʹΑͬͯද͞ΕΔ஋Ͱ͋Γɺిֶ࣓ؾͰٻΊΔͱՙిཻࢠͱҎԼͷΑ͏ͳؔ܎ʹ͋Δɻ

Bρ[Tm] =
P[MeV/c]

Ze
=

1

c[mm/ns]

P[MeV/c]

Z
(3.1.1)

64ຊͷΞϊʔυϫΠϠʔ͕ 4 mmִؒͰฒͿ໘Λೋ໘ฒ΂ͨߏ଄Λ͓ͯ͠Γɺ෧ೖΨε͸ 50 torrͷ i-C4H10 Ͱ͋Δɻ

ຊ࣮ݧͰ͸ɺBPCʹ͓͚ΔਫฏҐஔ͔Β࣓ߗؾ౓ BρΛٻΊɺೋ࣍ϏʔϜͷཻࣝࢠผͳͲʹ༻͍ͨɻ

ਤ 3.2 BPCͷ֎ܗ [15]

3.1.2 F7ϓϥενοΫγϯνϨʔλ

F7য఺໘ʹ͸ް͞ 3 cmͷϓϥενοΫγϯνϨʔλͱͦͷ྆୺ʹޫి૿ࢠഒ؅͕औΓ෇͚ΒΕͨݕग़͕ثઃஔ͞

Ε͍ͯΔɻSAMURAIΤϦΞͷ SBTʢޙड़ʣͱ߹Θͤͯ F7-SBTؒͷඈؒ࣌ߦ TOFΛଌఆ͢ΔͨΊʹ༻͍ͨɻଌఆ

ͨ͠ TOF͸ೋཻ࣍ࢠͷཻࣝࢠผͳͲʹ༻͍ΒΕΔɻ

3.2 ଟཻࢠଌఆ૷ஔ SAMURAI

SAMURAI (Superconducting Analyzer for MUlti-particle RAdiation Isotope beams)͸ೖࣹϏʔϜݕग़ثɺ௒఻

ಋ૒࣓ిۃੴɺՙిཻݕࢠग़ثɺதੑݕࢠग़͔ثΒߏ੒͞ΕΔେཱମ֯εϖΫτϩϝʔλͰ͋ΔɻશମਤΛ 3.3ʹɺͦ

ͷඪతपΓͷ֦େਤΛਤ 3.4ʹɺ௒఻ಋ૒࣓ిࢠۃੴͱݕग़ثͷҐஔΛਤ 3.5ࣔ͢ɻ·ͨɺຊ࿦จͰ͸ޙࠓɺඪతೖࣹ

Ϳ͜ͱͱ͢ΔɻݺΛՙిϑϥάϝϯτͱࢠͷՙిཻޙ
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ਤ 3.3 SAMURAIͷશମਤ [15]

ਤ 3.4 SAMURAI্ྲྀͷඪతपΓͷ֦େਤ [15]
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ਤ 3.5 SAMURAIͷ௒఻ಋ૒࣓ిࢠۃੴͱݕग़ثͷҐஔ [16]

3.2.1 SBT

SBT (Scintillator Before Target)͸ް͞ 0.5 cmͷϓϥενοΫγϯνϨʔλͷ྆୺ʹޫి૿ࢠഒ؅͕औΓ෇͚Β

Εͨݕग़ثͰɺඪత্ྲྀ໿ 3 mͷҐஔʹ 80 mmͷִؒͰೋͭʢϏʔϜ্ྲྀ͔Β SBT1ɺ2ʣઃஔ͞Ε͍ͯΔɻBigRIPS

ͷ F7ϓϥενοΫγϯνϨʔλͱ߹Θͤͯ F7-SBTؒͷඈؒ࣌ߦ TOFΛଌఆ͠ɺೋཻ࣍ࢠͷཻࣝࢠผͳͲʹ༻͍ͨɻ

3.2.2 ICB

ICB (Ionization Chamber for Beam)͸ 10૚ͷཅۃ໘ͱ 11૚ͷӄۃ໘͔ΒͳΔΠΦϯνΣϯόʔͰɺ֤ཅۃ໘͔

ΒಘΒΕΔΤωϧΪʔଛࣦ∆Ei ͷฏ͔ۉΒΤωϧΪʔଛࣦ∆E ΛٻΊΔݕग़ثͰ͋ΔɻΤωϧΪʔଛࣦ∆E ͸ඈ࣌ߦ

ؒ TOFͱ߹Θͤͯೋཻ࣍ࢠͷཅࢠ਺ Zͷࣝผʹ༻͍ͨɻ෧ೖΨε͸ ѹͷؾ1 P10ΨεͰ͋ΔɻICBͷ֎ܗΛਤ 3.6

ʹࣔ͢ɻ
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ਤ 3.6 ICBͷ֎ܗ [15]

3.2.3 BDC

BDC (Beam Drift Chamber)͸ཻࢠͷ௨աҐஔΛଌఆ͢ΔͨΊͷυϦϑτνΣϯόʔͰɺಡΈग़͠༻ͷΞϊʔυϫ

ΠϠʔ͸ 1૚͋ͨΓ 16ຊɺ5 mmִؒͰுΒΕ͓ͯΓɺϫΠϠʔͷ͖޲͸ਫฏํ޲ XͱԖ௚ํ޲ YʹͦΕͧΕ 4૚

ͣͭɺܭ 8૚͔Βߏ੒͞Ε͍ͯΔɻ෧ೖΨε͸ 100 torrͷ i-C4H10 Ͱ͋Δɻඪత্ྲྀ 1 mͱ 2 mͷҐஔʹઃஔ͞Εͯ

͍Δೋ୆ͷ BDCʢϏʔϜ্ྲྀ͔Β BDC1ɺ2ʣΛ༻͍ͯඪతೖཻࣹࢠͷҐஔͱ֯౓Λ֎ૠͨ͠ɻ

ਤ 3.7 BDCͷ֎ܗ

3.2.4 ൓Ԡඪత

൓Ԡඪత͸Ԗʢ1.789 g/cm2ʣɺ୸ૉʢ3.254 g/cm2ʣɺۭɺΞϧϛχ΢Ϝʢ20 mmʣඪతͷ࢛छྨΛ༻͍ͨɻඪత͸

ਫฏํ޲ʢXʣɺԖ௚ํ޲ʢYʣʹͦΕͧΕ 80 mmͷਖ਼ํܗͰ͋ΔɻԖඪత͸Ϋʔϩϯ෼ղ൓Ԡ੒෼Λௐ΂ΔͨΊʹ༻

͍ɺ୸ૉඪత͸֩ྗ෼ղ൓Ԡ੒෼Λௐ΂ΔͨΊʹ༻͍ͨɻۭඪత͸όοΫάϥ΢ϯυΛௐ΂ΔͨΊʹ༻͍ɺΞϧϛχ΢

Ϝඪత͸ੜ੒͢Δ γ ઢʹΑΔ NEBULAͷֱ࣌ؒਖ਼ͷͨΊʹ༻͍ͨɻ
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3.2.5 ඪత·Ͱͷ෺࣭ͱͦͷີ౓

F7γϯνϨʔλ͔Β൓Ԡඪత·Ͱͷ෺࣭ͷҰཡΛද 3.2.5ʹࣔ͢ɻ
ثग़ݕ ෺໊࣭ ෺࣭ް ෺࣭ް

F7 ϓϥενοΫ plastic 3 mm 309.6mg/cm2

ਅۭোน kapton 125 µm 17.8mg/cm2

ؾۭ air 100 µm 14.28mg/cm2

SBT1 ϓϥενοΫ plastic 0.5 mm 51.6mg/cm2

൓ࣹࡐ mylar 12µm× 4 6.7mg/cm2

sheet 100 µm× 2 26mg/cm2

ؾۭ air 80 mm 9.52mg/cm2

SBT2 ϓϥενοΫ plastic 0.5 mm 51.6mg/cm2

൓ࣹࡐ mylar 12µm× 4 6.7mg/cm2

sheet 100 µm× 2 26mg/cm2

ؾۭ air 60 mm 7.14mg/cm2

ICB ਅۭোน kapton 30µm 4.3mg/cm2

Ψε P10(1ؾѹ) 511 mm 81.8mg/cm2

ཅۃ໘ mylar 12 µm× 10 16.8mg/cm2

ӄۃ໘ mylar 12 µm× 11 18.5mg/cm2

ਅۭোน kapton 30µm 4.3mg/cm2

ؾۭ air 50 mm 5.95mg/cm2

ਅۭোน kapton 80 µm 11.36mg/cm2

BDC1 ਅۭোน kapton 80µm 11.4mg/cm2

Ψε ΠιϒλϯʢCH(CH3)3 : 100 torrʣ 90 mm 2.9mg/cm2

ӄۃ kapton 4µm× 2 + 8 µm× 9 11.4mg/cm2

ਅۭোน kapton 80µm 11.4mg/cm2

BDC2 ਅۭোน kapton 80µm 11.4mg/cm2

Ψε ΠιϒλϯʢCH(CH3)3 : 100 torrʣ 90 mm 2.9mg/cm2

ӄۃ kapton 4µm× 2 + 8 µm× 9 11.4mg/cm2

ਅۭোน kapton 80µm 11.4mg/cm2

ܭ߹ 777.34mg/cm2

ද 3.2 F7γϯνϨʔλ͔Β൓Ԡඪత·Ͱͷ෺࣭ͷҰཡ

3.2.6 DALI2

DALI2 (Detector Array for Low Intensity radiation 2)͸ RIϏʔϜΛ༻͍ͨΠϯϏʔϜ γ ઢ෼ޫ࣮ݧͷͨΊʹઃ

ஔ͞Εͨ γ ઢݕग़ثͰ͋Γɺ140ݸͷ NaI(Tl)γϯνϨʔλ͔Βߏ੒͞Ε͍ͯΔ [17]ɻ
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3.2.7 FDC1

FDC1 (Forward Drift Chamber 1)͸ඪతԼྲྀ 1 mʹઃஔ͞Εɺඪత൓ԠޙͷՙిϑϥάϝϯτͷҐஔͱ֯౓Λଌ

Δݕग़ثͰ͋ΔɻಡΈग़͠༻ͷΞϊʔυϫΠϠʔ͸ 1૚͋ͨΓ 32ຊɺ10 mmִؒͰுΒΕ͓ͯΓɺϫΠϠʔͷ͕͖޲

Ԗ௚ํ޲ͷ X໘͕ 6૚ɺ͔ͦ͜Β ±30 o ͚ͨ܏ U໘ɺV໘͕ͦΕͧΕ 4૚ͷܭ 14૚͔Βߏ੒͞Ε͍ͯΔɻ෧ೖΨε

͸ 50 torrͷ i-C4H10 Ͱ͋Δɻ

ਤ 3.8 FDC1ͷ֎ܗ

3.2.8 SAMURAIϚάωοτ

SAMURAIͷ௒఻ಋ૒࣓ిۃੴ͸࠷େ࣓ଋີ౓ 3.08 Tɺ༗ޮ࣓ڑؒۃ཭ 80 cmΛ࣋ͪɺ͜ΕʹΑΓ 7 Tmͷ͍ߴภ

Αͬͯճస֯౓ΛʹݧΞΫηϓλϯεΛಘΔɻ·ͨɺSAMURAIϚάωοτ͸ճస୆ʹ৐͓ͬͯΓɺ࣮͍޿ೳྗͱ޲

ม͑Δ͜ͱ͕Ͱ͖Δɻຊ࣮ݧͰ͸ɺి࣓ੴΛ 30o ճసͤͨ͞ঢ়ଶͰ࢖༻ͨ͠ɻ

3.2.9 FDC2

FDC2 (Forward Drift Chamber 2)͸ SAMURAIϚάωοτԼྲྀʹઃஔ͞ΕɺSAMURAIϚάωοτͰيಓΛۂ

͛ΒΕͨՙిϑϥάϝϯτͷҐஔͱ֯౓ΛଌΔݕग़ثͰ͋ΔɻಡΈग़͠༻ͷΞϊʔυϫΠϠʔ͸ 1 ૚͋ͨΓ 112 ຊɺ

20 mmִؒͰுΒΕ͓ͯΓɺϫΠϠʔͷ͖޲͸ FDC1ಉ༷ɺX໘͕࿡૚ɺ͔ͦ͜Β ±30o ͚ͨ܏ U໘ɺV໘͕ͦΕͧ

Ε 4૚ͷܭ 14૚͔Βߏ੒͞Ε͍ͯΔɻ෧ೖΨε͸ ѹͷؾ1 He + 50 %C2H6 Ͱ͋ΔɻFDC1ͱ FDC2ͰͷҐஔͱ֯

౓͔Βՙిϑϥάϝϯτͷ࣓ߗؾ౓ BρΛٻΊͨɻ

3.2.10 HODF

HODF (HODoscope for Fragment) ͸෯ 10 cmɺ͞ߴ 120 cmɺް͞ 1 cm ͷϓϥενοΫγϯνϨʔλ 16 ຊΛ

ԣฒ΂ʹ഑ஔͨ͠ݕग़ثͰ͋ΔɻFDC2 ௚ޙʹઃஔ͞Ε͓ͯΓɺՙిϑϥάϝϯτͷΤωϧΪʔଛࣦ͓Αͼඈؒ࣌ߦ

TOFΛଌΔͨΊʹ༻͍ͨɻ
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ਤ 3.9 FDC2ͷ֎ܗ

ਤ 3.10 HODFͷ֎ܗ
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3.2.11 NEBULA

NEBULA (NEutron detection system for Break up of Unstable nuclei with Large Acceptance)͸෯ 12 cmɺߴ

͞ 180 cmɺް͞ 12 cmͷϓϥενοΫγϯνϨʔλΛԣํ޲ʹ 30ຊɺ2ྻฒ΂ͨ΋ͷΛ 1૚ͱͯ͠ɺ2૚ܭ 120ຊ

ͷϓϥενοΫγϯνϨʔλ͔Βߏ੒͞Ε͍ͯΔେܕதੑݕࢠग़ثͰ͋ΔɻϓϥενοΫγϯνϨʔλͷ্Լʹ͸ޫి

ഒ؅ʢPMTʣ͕औΓ෇͚ΒΕ͓ͯΓɺ্Լͷ૿ࢠ PMTͰ৴߸͕ݕग़͞Εͨ৔߹ɺͦͷγϯνϨʔλͰώοτ͕͋ͬ

ͨͱ͢Δɻ֤૚ͷલʹ͸ՙిཻࢠΠϕϯτআڈͷͨΊʹɺVETOΧ΢ϯλʔʢԣ 32 cmɺ͞ߴ 190 cmɺް͞ 1 cmͷ

ϓϥενοΫγϯνϨʔλʣ͕ઃஔ͞Ε͍ͯΔɻ

ਤ 3.11 NEBULAͷ֎ܗਤ

3.3 τϦΨʔ৚݅

ͷσʔλऔಘͷͨΊͷτϦΨʔճ࿏ʹ͍ͭͯɺਤݧ࣮ 3.12ɺ3.13ɺ3.14 ʹ࿦ཧճ࿏Λࣔ͢ɻਤ 3.12 ͷ SBT1Lɺ

SBT1R͸ SBT1ʹऔΓ෇͚ΒΕͨޫి૿ࢠഒ؅ʢPMTʣΛࣔ͠ɺͦΕͧΕ beamํ͔޲Βࠨͯݟଆͱӈଆͷ΋ͷΛ

ҙຯ͢ΔɻSBT2LɺSBT2R ΋ಉ༷Ͱ͋ΔɻSBT1,2 ʹ 2 ຊͣͭऔΓ෇͚ΒΕͨ߹ܭ 4 ຊͷ PMT Ͱ৴߸͕ಉ࣌ܭଌ

͞Εͨ৔߹ʹ Beam τϦΨʔΛੜ੒͢ΔɻDALI τϦΨʔ͸͍ͣΕ͔ͷ DALI ΫϦελϧ͔Β৴߸͕ݕग़ͨ͠৔߹

ʹੜ੒͞ΕΔɻਤ 3.14 ͷ NEUT1UɺNEUT1D ͸ NEBULA γϯνϨʔλͷ্ԼʹऔΓ෇͚ΒΕͨ PMT Λද͢ɻ

NEBULAͰ͸͋ΔγϯνϨʔλͷ্ԼʹऔΓ෇͚ΒΕͨ PMT྆ํͰ৴߸͕͋ͬͨ৔߹ɺͦͷγϯνϨʔλͰώοτ

͕͋ͬͨͱ൑அ͠ɺNEBULAͷҰͭҎ্ͷγϯνϨʔλͰώοτ͕͋ͬͨ৔߹ NEBULAτϦΨʔΛੜ੒͢Δɻ
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ਤ 3.12 ϏʔϜτϦΨʔͷ࿦ཧճ࿏ਤ

ਤ 3.13 DALIτϦΨʔͷ࿦ཧճ࿏ਤ

ਤ 3.14 NEBULAτϦΨʔͷ࿦ཧճ࿏ਤ

3.4 σʔληοτ

ද 3.3ʹຊղੳͰ࢖༻ͨ͠σʔληοτΛࣔ͢ɻCඪతͷΠϕϯτ͸֩ྗ෼ղ൓Ԡ੒෼ͷআڈͷͨΊɺۭඪత͸ͦͷ

ଞͷόοΫάϥ΢ϯυΠϕϯτͷআڈͷͨΊʹ༻͍ͨɻ·ͨɺ15C + Al͸ NEBULAͷ TOFֱਖ਼Λͨ͏ߦΊͷ΋ͷ

Ͱ͋ΔɻDSB͸μ΢ϯεέʔϧϏʔϜτϦΨʔΛҙຯ͠ɺDSF͸ͦͷμ΢ϯεέʔϧϑΝΫλʔͰ͋Δɻ
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Run൪߸ ೋ࣍ϏʔϜ ೋ࣍ඪత τϦΨʔ DSF

49-54 15C Al(20 mm) DSB ∪ (Beam ∩ NEBULA) 1000

58-90 22C (235.5MeV/u) C(1.789 g/cm2) DSB 1

95-112 22C (235.2MeV/u) Empty DSB ∪ (Beam ∩ NEBULA) ∪ (Beam ∩ DALI) 10

113-166 22C (235.4MeV/u) Pb(3.254 g/cm2) DSB ∪ (Beam ∩ NEBULA) ∪ (Beam ∩ DALI) 10

167-176 22C (235.8MeV/c) C(1.789 g/cm2) DSB ∪ (Beam ∩ NEBULA) ∪ (Beam ∩ DALI) 10

ද 3.3 ຊղੳͰ༻͍ͨσʔληοτɻೋ࣍ϏʔϜͷׅހ಺͸ͦͷΤωϧΪʔΛ͓ࣔͯ͠Γɺඪతͷׅހ಺͸ͦͷ

ް͞Λ͍ࣔͯ͠Δɻ·ͨɺDSF͸μ΢ϯεέʔϧϏʔϜϑΝΫλʔͰ͋ΓɺϏʔϜτϦΨʔΛ͜ͷ஋͚ͩμ΢ϯε

έʔϧͯ͠μ΢ϯεέʔϧϏʔϜτϦΨʔΛੜ੒͢Δɻ





23

ୈ 4ষ

ղੳ

ຊষͰ͸࣮ݧͷղੳʹ͍ͭͯઆ໌͢Δɻ4.1અͰ͸ೋ࣍ϏʔϜͷղੳʹ͍ͭͯઆ໌͠ɺ4.2અͰ͸෼ղޙͷՙిཻࢠ

ͷղੳʹ͍ͭͯઆ໌͢Δɻ·ͨɺ4.2.4અͰ͸ΠϯΫϧʔγϒͳஅ໘ੵʹ͍ͭͯઆ໌͠ɺ4.3અͰ͸தੑࢠͷղੳʹ͍ͭ

ͯઆ໌͢Δɻ

4.1 ೋ࣍ϏʔϜͷղੳ

ೋ࣍ϏʔϜͷࣝผ͸ BigRIPSͰཻ֤ࢠͷ Zͱ A/ZΛಋग़͢Δ͜ͱͰ͏ߦɻ

4.1.1 Zͷಋग़

ཅࢠ਺ Z͸ɺICBͰଌఆͨ͠ΤωϧΪʔଛࣦ∆EɺF7-F13ؒͷඈؒ࣌ߦ TOF͔ΒٻΊͨ଎౓ β ͔ΒɺBethe-Bloch

ͷࣜΛ༻͍ͯಋग़͢ΔɻBethe-Blochͷࣜ͸

−dE

dx
= 2πNar

2
emec

2ρ
Z

A

z2

β2

[
2 ln

(
2meγ2β2c2

I

)
− 2β2

]
(4.1.1)

ͱද͞ΕΔɻ͜͜Ͱɺ

Na : ΞϘΨυϩఆ਺

re : ܘ൒ࢠయతͳిݹ

me : ྔ࣭ࢠి

ρ : ෺࣭ͷີ౓

Z : ෺࣭ͷࢠݪ൪߸

A : ෺࣭ͷྔࢠݪ

I : ෺࣭ͷࢠݪͷฏىྭۉΤωϧΪʔ

z : ೖཻࣹࢠͷిՙ

Ͱ͋ΔɻICB಺ͷΨε͸ ѹͷؾ1 P10Ψε (Ar:90% , CH4:10%)ͳͷͰɺ

ρ =

(
9

10
· 0.00166g/cm3 +

1

10
· 0.00067g/cm3

)
= 0.00156g/cm3

Z =
9

10
· 18 + 1

10
· 10 = 17.2

A =
9

10
· 40 + 1

10
· 16 = 37.6

I =
exp

(
9
10ZAr log IAr +

1
10ZCH4 log ICH4

)

9
10ZAr +

1
10ZCH4
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Λ༻͍ͨɻͨͩ͠ɺ40
18ArɺCH4 ͷฏىྭۉΤωϧΪʔ͸

I

Z
= 12 +

7

Z
[eV] (Z < 13)

I

Z
= 9.76 + 58.8Z−1.19[eV] (Z > 13)

ͱ͍͏ۙࣅ [18]Λ༻͍ͯٻΊͨɻ݁Ռͱͦͷ෼ղೳΛਤ 4.1ɺද 4.1ʹࣔ͢ɻಘΒΕͨཅࢠ਺ Z͸Θ͔ͣʹେ͖ͳ஋͕

ಘΒΕ͍ͯΔ͕ɺे෼ʹ֤ Z͸෼཭Ͱ͖͍ͯΔɻ

ਤ 4.1 ೋཻ࣍ࢠͷཅࢠ਺ ZɻϐʔΫҐஔ͸ͦΕͧΕͷத

৺ʢZ=5,6,7ʣΑΓΘ͔ͣʹେ͖ͳ஋Ͱ͋Δ͕ɺ֤ Z͸े

෼ʹ෼཭Ͱ͖͍ͯΔɻ

Z 5 6 7

∆Z(FWHM) 0.472 0.398 0.377

Z/∆Z(FWHM) 10.6 15.1 18.6

ද 4.1 ೋཻ࣍ࢠͷཅࢠ਺ Zͷ෼ղೳ

4.1.2 A/Zͷಋग़

࣭ྔ਺ AΛཅࢠ਺ ZͰׂͬͨ஋Ͱ͋Δ A/Z͸ɺBPCͰଌఆ࣓ͨ͠ߗؾ౓ Bρ[Tm]ɺF7-F13ؒͷඈؒ࣌ߦ TOF[ns]

͔ΒٻΊͨ଎౓ β ͔Βɺ૬ର࿦తͳӡಈํఔࣜ

A

Z
=

Bρ · c
muβγ

(4.1.2)

Λ༻͍ͯಋग़͢Δɻͨͩ͠ɺmu ͸ྔ࣭ࢠݪ୯ҐͰ͋Γɺmu = 931.478MeVͰ͋Δɻ

F5য఺໘͸௨ա͢Δཻࢠͷਫฏํ޲ͷҐஔ͕࣓ߗؾ౓ BρʹରԠ͢Δӡಈྔ෼ࢄয఺໘ (dispersive focal plane)Ͱ

͋Γɺͦͷ෼ࢄ DF5 ͸ 3300 mmͰ͋ΔɻͦͷͨΊ࣓ߗؾ౓ Bρ͸ɺF5য఺໘ʹஔ͔Εͨ BPCͰଌఆͨ͠ਫฏҐஔ

͔ΒҎԼͷࣜΛ༻͍ͯಋग़͢Δɻ

Bρ = Bρ0

(
1 +

xbpc

DF5

)
(4.1.3)

xbpc ͸ BPCͰଌఆͨ͠ਫฏҐஔ [mm]Ͱ͋ΓɺBρ0 ͸ BPCͷத৺Λ௨ա͢Δཻࢠͷ࣓ߗؾ౓ [Tm]Ͱ͋Δɻ

Ίͨٻ A/Zͷ෼෍ͱ࣭ྔ਺ Aͷ෼ղೳΛͦΕͧΕਤ 4.2ɺද 4.2ʹࣔ͢ɻ

ಠཱʹٻΊͨ Z ͓Αͼ A/Z Λ༻ཻ͍ͯࣝࢠผਤΛ࡞੒ͨ͠ɻ࡞੒ཻͨࣝ͠ࢠผਤΛਤ 4.3 ʹࣔ͢ɻ͜ͷਤ͔Β

5.66 < Z < 6.62ɺ3.67 < A/Z < 3.71ͷൣғΛ 22Cͱͯ͠બ୒ͨ͠ɻ
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ਤ 4.2 ೋཻ࣍ࢠͷ A/Zɻ ӈਤ͸ 5.66 < Z < 6.62 ͷൣғͰ Z ʹήʔτΛ͔͚ͨ࣌ͷ A/Z ͷ෼෍ɻେ͖ͳ 4 ͭ

ͷϐʔΫ͸ӈ͔Β 22Cɺ20Cɺ19Cɺ18Cʹ֘౰͠ɺA/Z∼3.4,3.8 Δখ͞ͳϐʔΫ͸ͦΕͧΕ͑ݟʹ 17Bɺ19Bͷࠞ

͟Γʹ֘౰͢Δɻ

A 19 20 22

∆A 0.0742 0.0793 0.126

A/∆A 256 252 175

ද 4.2 ೋཻ࣍ࢠͷ࣭ྔ਺ Aͷ෼ղೳ

ਤ 4.3 ೋཻ࣍ࢠͷཻࣝࢠผਤɻ੺͘ғΜͩൣғʢ5.66 < Z < 6.62ɺ3.67 < A/Z < 3.71ʣΛ 22Cͱͯ͠બ୒ͨ͠ɻ
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4.1.3 ඪతͰͷϏʔϜϓϩϑΝΠϧ

ೋ࣍ϏʔϜͷඪత΁ͷਫฏํ޲ͷೖࣹҐஔ X(target)ͱ֯౓ θx(beam)͸ɺBDC1͓Αͼ BDC2Ͱݕग़ͨ͠Ґஔ৘

ใΛ༻͍ͯҎԼͷΑ͏ʹ֎ૠͨ͠ɻ

X(target) =
X(BDC2)−X(BDC1)

Z(BDC2)− Z(BDC1)
· |Z(target)− Z(BDC1)| (4.1.4)

θx(beam) = arctan

(
X(BDC2)−X(BDC1)

Z(BDC2)− Z(BDC1)

)
(4.1.5)

·ͨɺԖ௚ํ޲ͷҐஔ Yͱ֯౓ θy(target)ʹ͍ͭͯ΋ಉ༷ʹٻΊͨɻٻΊͨҐஔͱ֯౓ͷ෼෍Λਤ 4.4ͷ্ࠨਤͱӈ

্ਤʹࣔ͢ɻඪతͷେ͖͞͸ X,Yํ޲ʹͦΕͧΕ 80 mmͰ͋Δ͕ɺ࣮֬ʹඪతʹೖࣹͨ͠ΠϕϯτΛղੳ͢ΔͨΊ

ʹ |X(target)| < 35mmɺ|Y (target)| < 35mmͰ͋ΔΠϕϯτͷΈΛղੳͨ͠ɻ

ਤ 4.4 ೋ࣍ϏʔϜͷλʔήοτ΁ͷೖࣹҐஔʢ্ࠨਤʣͱ֯౓ʢӈ্ਤʣ͓Αͼλʔήοτ͔Βͷ์ग़֯౓ʢԼਤʣ

ՙిϑϥάϝϯτͷඪత௚ޙͷਫฏํ޲ͷ֯౓ θx(fragment)͸ FDC1ͰͷҐஔ৘ใͱඪతͰͷҐஔ৘ใΛ༻͍ͯɺ



4.2 ՙిϑϥάϝϯτͷղੳ 27

ҎԼͷΑ͏ʹಋग़ͨ͠ɻ

θx(fragment) = arctan

(
X(FDC1)−X(target)

Z(FDC1)− Z(target)

)
(4.1.6)

·ͨɺԖ௚ํ޲ͷ֯౓ θy(fragment)ʹ͍ͭͯ΋ಉ༷ʹٻΊͨɻٻΊͨ֯౓Λਤ 4.4ͷԼਤʹࣔ͢ɻඪత΁ͷೖࣹҐஔ

͸தੑࢠͷӡಈྔΛಋग़͢ΔͨΊʹ༻͍ɺඪతલޙͷ֯౓͸ϏʔϜͷࢄཚ֯౓Λಋग़͢ΔͨΊʹ༻͍ͨɻ

4.1.4 ඪత্ྲྀଆͷݕग़ثͷݕग़ޮ཰

ඪత্ྲྀଆͷ֤ݕग़ثͷݕग़ޮ཰ͱͦͷٻΊํʹ͍ͭͯઆ໌͢Δɻݕग़ޮ཰ͷಋग़ʹ͸ۭඪతͷσʔληοτΛ༻

͍ͨɻ

BPCͷݕग़ޮ཰ ϵBPC ͸ɺICBͰݕग़͞Εཅࢠ਺ Z͕ܾఆ͞ΕͨΠϕϯτ਺ N(ICB)ͱͦͷ͏ͪ BPCͰݕग़͞Ε

਺ݸͷࢠཻͨ N(BPC)Λ༻͍ͯҎԼͷΑ͏ʹఆٛ͢Δɻ

ϵBPC =
N(BPC)

N(ICB)
(4.1.7)

BDC1ͷݕग़ޮ཰ ϵBDC1 ͸ɺ·ͣ͸͡ΊʹඪతͰ͸ཻࢄ͕ࢠཚ͠ͳ͔ͬͨ΋ͷͱΈͳ͠ɺBDC2ͱ FDC1ͰͷҐ

ஔ͔Β BDC1ͰͷҐஔ X′,Y′(BDC1)Λ֎ૠ͢ΔɻX′,Y′(BDC1)͕ڞʹ ±30 mmͷΠϕϯτʹ͍ͭͯɺICBͰݕग़

͞Εཅࢠ਺ Z͕ܾఆ͞Εཻͨࢠͷݸ਺ N(ICB)ͱͦͷ͏ͪ BDC1Ͱ X,Y͕ڞʹτϥοΩϯάʹΑΓಋग़Ͱ͖ͨݸ਺

N(BDC1)Λ༻͍ͯҎԼͷΑ͏ʹఆٛͨ͠ɻ

ϵBDC1 =
N(BDC1)

N(ICB)
(|X′(BDC1)|, |Y′(BDC1)| < 30mm) (4.1.8)

·ͨɺBDC2Ͱ΋ಉ༷ʹͯ͠ݕग़ޮ཰ ϵBDC2 Λఆٛͨ͠ɻٻΊͨݕग़ޮ཰Λද 4.3ʹࣔ͢ɻ

ೋ࣍ϏʔϜͷཅࢠ਺ Z 5 6 7

ϵBPC 99.72 % 99.92 % 99.89 %

ϵBDC1 99.23 % 99.84 % 99.95 %

ϵBDC2 99.16 % 99.75 % 99.89 %

ද 4.3 BPCͱ BDC1,2ͷݕग़ޮ཰

4.2 ՙిϑϥάϝϯτͷղੳ

4.2.1 Zͷಋग़

ՙిϑϥάϝϯτͷཅࢠ਺ Zͷಋग़ʹ͸ HODFͷൃޫྔ Qͱඈؒ࣌ߦ TOFΛ༻͍Δɻ

HODFͰͷଟॏώοτ

HODFͰݕग़͢ΔΠϕϯτʹ͸ଟॏώοτΛ͢͜ى΋ͷ͕ଘ͢ࡏΔɻHODFͰώοτ͕͋ͬͨΠϕϯτʹ͍ͭͯɺ

ൃޫྔ Qͱਫฏํ޲ͷೖࣹҐஔ Xͷ૬ؔΛਤ 4.5ͷ্ࠨʹࣔ͠ɺͦͷ͏ͪଟॏώοτ͕ͨͬ͜ىΠϕϯτΛӈ্ʹࣔ

͢ɻͨͩ͠ɺHODF΁ͷਫฏํ޲ͷೖࣹҐஔ X͸ FDC2Ͱݕग़ͨ͠Ґஔͱ֯౓͔Β֎ૠͨ͠ɻଟॏώοτͷΠϕϯτ

Ͱ͸ਫฏํ޲ͷҐஔʹ͍ͭͯҰఆִؒͰےͷΑ͏ͳ΋ͷ͕͑ݟΔɻ͜ΕΒͷΠϕϯτ͸ HODFͷγϯνϨʔλͷڥք

ʹ͓͍ͯଟ͘؍ଌ͞Εɺ͍ͯ͑ݟΔےͷִؒ͸γϯνϨʔλͷ෯ʹ૬౰͢Δɻ·ͨɺଟॏώοτͷΠϕϯτ͸ൃޫྔ Q

͕খ͘͞ݕग़͞ΕΔ৔߹͕ଟ͘ɺཅࢠ਺ Z ͕ਖ਼ࣝ͘͠ผ͞Εͳ͍Մೳੑ͕͋ΔɻͦͷͨΊຊղੳͰ͸ HODF Ͱଟॏ

ώοτΛͨ͜͠ىΠϕϯτΛഁͨ͠غɻਤ 4.5ͷࠨԼʹ୯ҰͷώοτͷΈͷΠϕϯτʹ͍ͭͯ HODFͷൃޫྔͱೖࣹ
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Ґஔͷ૬ؔΛऔͬͨਤΛࣔ͢ɻ·ͨɺਤ 4.5ͷӈԼʹ HODͷϞδϡʔϧ IDͱ FDC2͔Β֎ૠͨ͠ HODF΁ͷೖࣹ

Ґஔͷؔ܎Λࣔ͢ɻ

ਤ 4.5 HODFͷൃޫྔ Qͱ HODF΁ͷೖࣹҐஔ Xͷ૬ؔɻHODFʹώοτ͕͋ͬͨΠϕϯτ͢΂ͯʹ͍ͭͯ

ࣔͨ͠෼෍Λ্ࠨʹɺଟॏώοτ͕ͨͬ͜ىΠϕϯτʹ͍ͭͯͷ෼෍Λӈ্ʹɺ୯ҰͷώοτͷΈͨͬ͜ىΠϕϯ

τʹ͍ͭͯͷ෼෍ΛࠨԼʹࣔ͢ɻXʹରͯ͠౳ִؒʹݱΕΔਨ௚ͳے͸΄ͱΜͲ͕γϯνϨʔλڥքͰͷଟॏώο

τʹΑΔ΋ͷͰɺຊղੳͰ͸ଟॏώοτͷΠϕϯτΛഁ͢غΔɻHODF΁ͷਫฏํ޲ͷೖࣹҐஔ X͸ FDC2ͷҐ

ஔͱ֯౓͔Β֎ૠ͓ͯ͠ΓɺHODFͷϞδϡʔϧ IDͱͷ૬ؔΛਤͷӈԼʹࣔ͢ɻ

ൃޫྔ Qͷֱਖ਼

HODFͷൃޫྔ Q͸ΤωϧΪʔଛࣦ∆EʹରԠ͢ΔͷͰɺࣜʢ4.1.1ʣ͔Β΋Θ͔Δ௨Γཻࢠͷ଎౓ɺͭ·Γ͸ඈߦ

࣌ؒ TOFʹґଘ͢ΔɻHODFͷγϯνϨʔλ͝ͱʹൃޫྔ QΛඈؒ࣌ߦ TOFͷҰ࣍ؔ਺ͱͷࠩΛऔΔ͜ͱͰ TOF

ʹґଘ͠ͳ͍ Zraw ʹม͢׵Δɻͭ·ΓɺZraw ͸ൃޫྔ Qͱඈؒ࣌ߦ TOFΛ༻͍ͯҎԼͷΑ͏ʹද͞ΕΔɻ

Zraw = Q− (p0 + p1 · TOF) (4.2.1)

ͨͩ͠ύϥϝʔλ p0ɺp1 ͸ɺ֤γϯνϨʔλ ID͝ͱʹ Qͱ TOFͷ෼෍Λ֬ೝ͠ɺݱΕΔ Z=6ͷΠϕϯτ (22C΍
20CͳͲ)ͷϐʔΫͷத৺Λ͍ͩܨ௚ઢͷ͖܏ͱ੾ยʹରԠ͢ΔɻHODFͷ ID=3ͷγϯνϨʔλʢ20C͕ଟ͘ώοτ
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͢ΔγϯνϨʔλͷҰͭʣʹ͍ͭͯɺՙిϑϥάϝϯτͷඈؒ࣌ߦ TOFͱ HODFͷൃޫྔ Q͓Αͼ Zraw ͷ૬ؔΛ

ਤ 4.6ʹࣔ͢ɻ

ਤ 4.6 HODFͷൃޫྔ Qͷֱਖ਼ɻHODFͷϞδϡʔϧ ID=3ʹ͓͚Δՙిϑϥάϝϯτͷ TOFͱ HODFͷ

ൃޫྔ Qʢࠨʣ͓Αͼ Zrawʢӈʣͷ૬ؔɻ੺ઢ͸ Z=6Ͱ͋ΔΠϕϯτͷϐʔΫΛ݁ΜͩઢͰ͋Γɺࠨਤͷ੺ઢΛ

ද͢Ұ࣍ؔ਺ͱൃޫྔ QͷࠩΛऔΔ͜ͱͰ Zraw ΛٻΊͨɻ

ֱਖ਼ͨ͠ Zraw ͸ɺྡΓ߹͏ೋͭͷϓϥενοΫγϯνϨʔλͷڥք ±10 mmʹ͓͍ͯ TOF-Zraw ෼෍͕ಉ͡Ͱ͋

ΔͱԾఆͯ͠ɺγϯνϨʔλؒͷ૬ରతͳֱਖ਼Λߦͳͬͨɻ·ͨɺZraw ͸ཅࢠ਺͕ 6ͷՙిϑϥάϝϯτͷϐʔΫ͕

Zraw = 0 ʹଗ͍ͬͯΔͷͰɺZ = Zraw + 6 ͱ͢Δ͜ͱͰཅࢠ਺ Z Λಋग़ͨ͠ɻֱਖ਼લͷൃޫྔ Q ͓Αͼֱਖ਼ޙͷ

ཅࢠ਺ Zͷ HODF΁ͷՙిϑϥάϝϯτͷೖࣹҐஔͱͷ෼෍Λਤ 4.7ʹࣔ͢ɻ·ͨɺٻΊͨཅࢠ਺ Zͷ෼෍Λਤ 4.8

ʹɺͦͷ෼ղೳΛද 4.4ʹࣔ͢ɻ

ਤ 4.7 ՙిϑϥάϝϯτͷཅࢠ਺ Zɺൃޫྔ Q ͱ HODF ͰͷώοτҐஔͷ૬ؔɻ͜ͷ෼෍͔Β HODF ͷϞ

δϡʔϧ ID͝ͱͷ૬ରతͳ QͷΦϑηοτΛ߹Θͤͨɻ



30 ୈ 4ষ ղੳ

ਤ 4.8 ՙిϑϥάϝϯτͷཅࢠ਺ Z

Z 5 6 7

∆Z[FWHM] 0.216 0.251 0.291

Z/∆Z[FWHM] 23.1 23.9 24.1

ද 4.4 ՙిϑϥάϝϯτͷཅࢠ਺ Zͷ෼ղೳ

4.2.2 A/Zͷಋग़

ՙిϑϥάϝϯτͷ࣭ྔ਺ AΛཅࢠ਺ ZͰׂͬͨ஋ A/Zͷಋग़ʹ͸࣓ߗؾ౓ Bρͱඈؒ࣌ߦ TOFΛ༻͍ͯɺೋ࣍

ϏʔϜͷࣝผಉ༷ɺࣜʢ4.1.2ʣ͔Βಋग़͢Δɻͨͩ͠ɺՙిϑϥάϝϯτ͸ SAMURAIϚάωοτʹΑͬͯيಓΛۂ

͛ΒΔͨΊɺͦͷي੻͔Β࣓ߗؾ౓ BρΛٻΊΔ͜ͱ͕Ͱ͖ΔɻຊڀݚͰ͸ɺGeant4γϛϡϨʔγϣϯΛ༻͍ͯɺϚ

άωοτલޙͰͷՙిϑϥάϝϯτͷҐஔͱ֯౓͔Βͦͷ BρΛܾఆ͢Δؔ਺ΛٻΊɺͦͷؔ਺ͰಘΒΕΔ஋Λՙిཻ

ͷࢠ Bρͱͯ͠༻͍Δɻ

Geant4γϛϡϨʔγϣϯʹΑΔՙిϑϥάϝϯτͷ Bρͷܾఆ

ҎԼͷΑ͏ͳΠϕϯτΛੜ੒ͨ͠ɻ

• ֩छ: 20C

• ඪతͰͷҐஔ : x = ±40 mmͷҰ༷෼෍

• ඪతͰͷ֯౓ɿθx = ±40 mradͷҰ༷෼෍

• ӡಈྔ෼෍ : Bρ = 5.0 ∼ 9.0 TmͷҰ༷෼෍

ಘΒΕͨ݁Ռͷ͏ͪɺFDC1 ΁ͷೖࣹҐஔ XFDC1ɺYFDC1 ͱඪత௚ޙͷՙిϑϥάϝϯτͷ֯౓ θx(fragment)ɺ

θy(fragment)ɺFDC1΁ͷਫฏํ޲ͷҐஔ XFDC2 ͱ֯౓ θx(FDC2)Λ༻͍ͯՙిϑϥάϝϯτͷ࣓ߗؾ౓ BρΛٻ

ΊΔؔ਺ Bρ(XFDC1, YFDC1, θx(fragment), θy(fragment),XFDC2, θx(FDC2))Λܾఆͨ͠ɻ

Bρext = Bρ(X(FDC1), Y (FDC1), θx(fragment), θy(fragment),X(FDC2), θx(FDC2)) (4.2.2)

·ͨɺಉ༷ʹγϛϡϨʔγϣϯΛ༻͍ͯՙిϑϥάϝϯτͷඈؒ࣌ߦ TOFext Λಋग़͢Δؔ਺

TOF(XFDC1,YFDC1, θx(fragment), θy(fragment),XFDC2, θx(FDC2))ΛٻΊɺͦͷؔ਺Λ༻͍ͯ HODFͷ࣌ؒ৘ใ

ͷΦϑηοτΛܾఆͨ͠ɻ

TOFext = TOF (X(FDC1), Y (FDC1), θx(fragment), θy(fragment),X(FDC2), θx(FDC2)) (4.2.3)



4.2 ՙిϑϥάϝϯτͷղੳ 31

HODFͷ࣌ؒ৘ใ Tͱ TOFext ͷࠩΛ dT[ns]ͱ͠ɺ൓Ԡޙʹ Z=6Ͱཻ͋ͬͨࢠʹ͍ͭͯ dTͱ HODFͷਫฏҐஔ

X[mm]ͷ૬ؔΛਤ 4.9ʹࣔ͢ɻdT ∼ 0ʹ෼෍͍ͯ͠Δཻࢠ͸ 20CͰ͋ΓɺdT͕େ͖͍ํ͔Βॱʹ 22Cɺ20Cɺ19Cɺ
18Cɺ17Cɺ16Cɺ15Cͱͳ͍ͬͯΔɻ

·ͨɺٻΊͨ Bρͷؔ਺Λ༻͍ͯɺࣜʢ4.1.2ʣͱಉ༷ʹՙిϑϥάϝϯτͷ A/ZΛಋग़ͨ͠ɻ

A

Z
=

Bρext · c
muβγ

(4.2.4)

Ίͨՙిϑϥάϝϯτͷٻ A/Zͷ෼෍Λਤ 4.10ʹɺͦͷ෼ղೳΛද 4.5ʹࣔ͢ɻ

ਤ 4.9 HODFͰͷਫฏํ޲ͷώοτҐஔ X[mm]ͱγϛϡϨʔγϣϯͱ࣮ݧͷඈؒ࣌ߦͷࠩ dT[ns]ɻdT ∼ 0ʹ

෼෍͍ͯ͠Δཻࢠ͸ 20CͰ͋ΓɺdT͕େ͖͍ํ͔Βॱʹ 22Cɺ20Cɺ19Cɺ18Cɺ17Cɺ16Cɺ15Cͱͳ͍ͬͯΔɻ

ਤ 4.10 ՙిϑϥάϝϯτͷ A/Z

A 19 20 22

∆A[FWHM] 0.563 0.443 0.367

A/∆A[FWHM] 33.7 45.1 59.9

ද 4.5 ՙిϑϥάϝϯτͷ࣭ྔ਺ Aͷ෼ղೳ

ಠཱʹٻΊͨ Zͱ A/ZΛ༻͍ͯՙిϑϥάϝϯτͷཻࣝࢠผਤΛಋग़ͨ͠ɻೋ࣍ϏʔϜ͕ 22CͰ͋ΔΠϕϯτʹͭ

͍ͯɺٻΊཻͨࣝࢠผਤΛਤ 4.11ʹࣔ͠ɺ੺͍ઢͰғΜͩൣғʢ5.65 < Z < 6.28ɺ3.19 < A/Z < 3.36ʣͷΠϕϯτ

Λ 20Cͱͯ͠બ୒ͨ͠ɻ
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ਤ 4.11 ՙిϑϥάϝϯτͷཻࣝࢠผਤɻ੺͘ғΜͩൣғʢ5.65 < Z < 6.28ɺ3.19 < A/Z < 3.36ʣΛ 20Cͱͯ͠બ୒ͨ͠ɻ

4.2.3 ඪతԼྲྀଆͷݕग़ثͷݕग़ޮ཰

ඪతԼྲྀଆͷݕग़ثͷݕग़ޮ཰ͱͦͷධՁํ๏ʹ͍ͭͯઆ໌͢Δɻ

FDC1ͷݕग़ޮ཰ ϵFDC1 ͸ HODFͰݕग़͞Εཅࢠ਺ Z͕ܾఆ͞ΕͨΠϕϯτ਺ N(HODF)ͱͦͷ͏ͪ FDC1Ͱ

X,Y͕ڞʹτϥοΩϯάʹΑΓಋग़Ͱ͖ͨΠϕϯτ਺ N(FDC1)Λ༻͍ͯɺҎԼͷΑ͏ʹධՁͨ͠ɻ

ϵFDC1 =
N(FDC1)

N(HODF)
(4.2.5)

FDC2ͷݕग़ޮ཰ ϵFDC2 ʹ͍ͭͯ΋ಉ༷ʹධՁΛͨͬߦɻFDC1,2ͷݕग़ޮ཰Λՙిϑϥάϝϯτͷཅࢠ਺ Z͝ͱʹ

ද 4.6ʹࣔ͢ɻ

ՙిϑϥάϝϯτͷཅࢠ਺ Z 5 6 7

ϵFDC1 98.50 % 99.97 % 99.94 %

ϵFDC2 97.66 % 99.41 % 99.33 %

ද 4.6 FDC1,2ͷݕग़ޮ཰

HODFͷݕग़ޮ཰ ϵHODF ͸ɺ·ͣ͸͡Ίʹ 20C͕ HODFʹଟ͘ώοτ͢ΔҐஔͱ֯౓Λܾఆ͢ΔɻͦͷྖҬʹ

ೖࣹͨ͠Πϕϯτͷݸ਺ N(FDC2)ͱͦͷ͏ͪ HODFͷώοτଟॏ౓͕ 1ͷΠϕϯτͷݸ਺ N(HODF)Λ༻͍ͯɺҎ

ԼͷΑ͏ʹఆٛ͢Δɻ

ϵHODF =
N(HODF)

N(FDC2)
(4.2.6)

20Cͷ HODFʹώοτͨ͠ਫฏํ޲ͷҐஔͱ֯౓ͷ૬ؔΛਤ 4.12ͷࠨʹࣔ͢ɻਤ 4.12ͷӈਤ͸ 20Cͷಛʹώοτ͕

ଟ͔ͬͨҐஔʹ͍֦ͭͯେͨ͠ਤͰ͋Γɺ෯ͷ͍޿෼෍ͷதͰҰ෦ώοτͷ਺͕ݮʹܹٸগ͍ͯ͠Δ͜ͱ͕Θ͔Δɻ͜
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Ε͸ HODFͷγϯνϨʔλڥքʹ͓͍ͯͨͬ͜ىଟॏώοτΛআͨͨ͠ڈΊʹ͑ݟΔ΋ͷͰ͋Δɻ·ͨɺਤ 4.12͔Β

Ίͨٻ 20C͕ HODFʹଟ͘ώοτ͢ΔҐஔͱ֯౓ͱͦͷྖҬʹ͓͚Δ HODFͷݕग़ޮ཰Λද 4.7ʹࣔ͢ɻ

ਤ 4.12 20Cʹ͍ͭͯɺHODFʹೖࣹͨ͠Ґஔͱ֯౓ͷ૬ؔʢࠨਤʣͱ HODFʹೖࣹͨ͠Ґஔͷ֦େਤʢӈਤʣ

த৺Ґஔ [mm] ෯ [mm] த৺֯౓ [mrad] ֯౓෯ [mrad] ग़ޮ཰ݕ

Pbඪత 743.2 202.2 293.4 38.3 96.03 %

Cඪత 748.3 180.0 293.6 37.1 96.04 %

ۭඪత 832.3 164.4 310.1 34.6 95.95 %

ද 4.7 20C͕ HODFʹଟ͘ώοτ͢ΔྖҬͱͦͷྖҬͰͷ HODFݕग़ޮ཰

4.2.4 அ໘ੵͷಋग़

அ໘ੵ σ̃exp ͸ೋ࣍ϏʔϜͷΠϕϯτ਺ Nbeam ͱՙిϑϥάϝϯτͷΠϕϯτ਺ Nfrag Λ༻͍ͯҎԼͷΑ͏ʹද͞

ΕΔɻ

σ̃exp =
Nfrag

Nbeam

1

Nt
(4.2.7)

ͨͩ͠ɺNt ͸ඪత֩ͷݸ਺Ͱ͋Δɻ͜ͷࣜ͸ඪత͕ແݶʹബ͍৔߹ͷۙࣜࣅͰ͋Γɺඪత͕ް͍৔߹͸ඪతͰͷ൓Ԡɾ

Δඞཁ͕͋Δɻඪత͕ް͍৔߹ͷஅ໘ੵྀ͢ߟΛڹΔՄೳੑ͕͋ΔͨΊɺ͜ͷӨ͜ىཚ͕ෳ਺ճࢄ σexp ͸

σexp = (R−Ro)

(
σR(beam)− σR(frag)

e−σR(frag)Nt − e−σR(beam)Nt

)
1

ϵ
(4.2.8)

R : ඪత͋Γͷ৔߹ͷ൓Ԡ཰

(
=

Nfrag

N beam

)

Ro : ඪతͳ͠ͷ৔߹ͷ൓Ԡ཰

(
=

Nfrag
o

N beam
o

)

σR(beam) : ೋ࣍ϏʔϜͷશ൓Ԡஅ໘ੵ

σR(frag) : ՙిϑϥάϝϯτͷશ൓Ԡஅ໘ੵ

ϵ : ग़ޮ཰ݕηοτΞοϓͷݧ࣮
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ͱදͤ [12]ɺ൓Ԡલޙͷཻࢠͷશ൓Ԡஅ໘ੵ͕ඞཁͱͳΔɻશ൓Ԡஅ໘ੵ σR ͸Ϋʔϩϯ෼ղ൓ԠʹΑΔ੒෼ σcoul
R

ͱ֩ྗ෼ղ൓ԠʹΑΔ੒෼ σnucl
R Λ༻͍ͯҎԼͷΑ͏ʹදͤΔɻ

σR = σcoul
R + σnucl

R (4.2.9)

ຊղੳͰ͸Ԗඪతʹ͓͚Δશ൓Ԡஅ໘ੵͷΫʔϩϯ෼ղ൓ԠʹΑΔ੒෼ σcoul
R (Pb)͸Ϋʔϩϯ෼ղஅ໘ੵ σcoul

exp (E1)

ͱ౳͍͠ͱ͠ɺ୸ૉඪతʹ͓͚Δશ൓Ԡஅ໘ੵ σR(C)͸Ϋʔϩϯ෼ղ൓ԠʹΑΔد༩͕ͳ͍ͱԾఆ͠ ʢͨσcoul
R (C) ∼ 0ʣɻ

͢ͳΘͪɺ

σR(Pb) = σcoul
exp (E1) + σnucl

R (Pb) (4.2.10)

σR(C) = σnucl
R (C) (4.2.11)

ͱͳΔɻ·ͨɺຊղੳͰ༻͍Δશ൓Ԡஅ໘ੵͷ֩ྗ෼ղ੒෼Λද 4.8ʹࣔ͢ɻσnucl
R (Pb)͸ J. TostevinʹΑΔཧ࿦ܭ

ͷ஋Ͱ͋Γɺσnuclࢉ
R (C) ͸௪໺ΒʹΑΔ࣮ݧ [7] ͰಘΒΕͨ૬࡞ޓ༻அ໘ੵ σI(C) Λ σnucl

R (C) ∼ σI(C) ͱͯ͠༻͍

ͨɻσexp ͷಋग़ʹ͸͞Βʹ σcoul
R ͷ஋͕ඞཁʹͳΔ͕ɺ͜Ε͸ޙʹड़΂Δํ๏ʹΑΓͨ͠ࢉܭɻ

σnucl
R (Pb) [mb] σnucl

R (C) [mb]
22C 5208 1280 ±25(stat)± 13(syst)
20C 3711 1111 ±8(stat)± 9(syst)

ද 4.8 22Cɺ20C͓Αͼ 19Cͷશ൓Ԡஅ໘ੵͷΫʔϩϯ෼ղ੒෼ɻσnucl
R (Pb)͸ J. TostevinʹΑΔཧ࿦ࢉܭͰ͋

Γɺσnucl
R (C)͸௪໺ΒʹΑΔ࣮ݧ஋ [7]ͰಘΒΕͨ૬࡞ޓ༻அ໘ੵΛ༻͍ͨɻ

அ໘ੵͷް͞ิਖ਼

ࣜʢ4.2.8ʣͷް͞ิਖ਼ͷ߲Λ f(σR)ͱͯ͠ɺඪతͷް͞Λྀͨ͠ߟஅ໘ੵ σexp ͸ඪతͷް͞Λྀ͠ߟͳ͍৔߹ͷஅ

໘ੵ σ̃exp Λ༻͍ͯҎԼͷΑ͏ʹදͤΔɻ

σexp = σ̃exp · f(σR) (4.2.12)

f(σR) =
σR(beam)− σR(frag)

e−σR(frag)Nt − e−σR(beam)Nt
·Nt (4.2.13)

͜ͷ f(σR) ʹΑΔد༩Λௐ΂Δɻਤ 4.13 ʹิਖ਼߲ f(σR) Λશ൓Ԡஅ໘ੵͷΫʔϩϯ෼ղ੒෼ σcoul
R (beam)ʢࠨਤʣɺ

σcoul
R (frag)ʢӈਤʣͦΕͧΕͷؔ਺ͱͯࣔ͢͠ɻͨͩ͠ɺೋ࣍ϏʔϜ͸ 22Cɺՙిϑϥάϝϯτ͸ 20Cͱ͠ɺࠨਤͰ

͸ σcoul
R (frag) = 0.1 bɺӈਤͰ͸ σcoul

R (beam) = 2.0 bͱͨ͠ɻิਖ਼߲ʹΑΔӨڹ͸ σcoul
R (22C + Pb)ͷؔ਺ͱͯ͠

4 ∼ 7%Ͱ͋Γɺσcoul
R (20C+ Pb)ͷؔ਺ͱͯ͠ 5 ∼ 6%Ͱ͋ͬͨɻ

ΠϯΫϧʔγϒஅ໘ੵ

4.1અɺ4.2અͰಋग़ཻͨࣝ͠ࢠผਤʢਤ 4.3ɺਤ 4.11ʣ͔Β 22C →20 C+ XͷΠϯΫϧʔγϒೋதੑࢠ෼཭அ໘ੵ

Λಋग़ͨ͠ɻΠϯΫϧʔγϒೋதੑࢠ෼཭அ໘ੵͱ͸தੑݕ͕ࢠग़͞Εͨ৚݅Λཁ੥͠ͳ͍Ͱಋग़ͨ͠அ໘ੵͷ͜ͱͰ

͋ΔɻΠϯΫϧʔγϒஅ໘ੵʹରͯ͠ɺதੑݕ͕ࢠग़͞Εͨ৚݅Λཁ੥ͯ͠ಋग़ͨ͠அ໘ੵΛΤΫεΫϧʔγϒஅ໘ੵ

ͱݺͿɻຊղੳͰͷஅ໘ੵಋग़ͷखॱΛҎԼʹ·ͱΊΔɻ

1. σcoul
R (20C+ Pb) = 0.1bͱ͢Δ

2. σcoul
R (22C+ Pb) = σ̃exp ͱ͢Δ

3. ࣜʢ4.2.8ʣΛ༻͍ͯɺPbඪతɺCඪతʹ͍ͭͯஅ໘ੵ σexp(Pb)ɺσexp(C)Λಋग़͢Δ

4. ࣜʢ2.1.7ʣΛ༻͍ͯΫʔϩϯ෼ղஅ໘ੵ σexp(E1)Λಋग़͢Δ

5. શ൓Ԡஅ໘ੵͷΫʔϩϯ෼ղ੒෼ σcoul
R (22C+ Pb) = σexp(E1)ͱͯ͠࠶౓֤அ໘ੵΛಋग़͢Δ
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ਤ 4.13 அ໘ੵͷิਖ਼߲

ԖඪతͰ͸͜ͷૢ࡞Λ܁Γฦ͜͠͏ߦͱͰஅ໘ੵΛಋग़ͨ͠ɻஅ໘ੵͷ஋͸͜ͷૢ࡞Λ 3ճఔ౓܁Γฦ͜͠͏ߦͱͰऩ

ଋͨ͠ɻٻΊͨஅ໘ੵ͸ҎԼͷΑ͏Ͱ͋Δɻͨͩ͠ɺ୸ૉඪతͷΠϯΫϧʔγϒೋதੑࢠ෼཭அ໘ੵͷจݙ஋͸খྛΒ

ʹΑΔ࣮ݧ [12]ͰಘΒΕͨ஋Ͱ͋Δɻ·ͨɺຊ࣮ݧͰͷࠩޡʹ͸౷ࠩޡܭͷΈΛࣔͨ͠ɻ୸ૉඪతʹ͓͚ΔΠϯΫϧʔ

γϒʹதੑࢠ෼཭அ໘ੵ͸খྛΒͷ࣮ݧʹΑΔ஋ͱΑ͘Ұக͍ͯ͠Δɻ

Pbඪత [mb] Cඪత [mb]

ຊ࣮ݧ 2093(100) 268(9)

จݙ [12] - 266(29)

ද 4.9 22CͷΠϯΫϧʔγϒͳஅ໘ੵɻ୸ૉඪతʹ͓͚ΔΠϯΫϧʔγϒஅ໘ੵ͸খྛΒͷ࣮ݧ [12]ʹΑΔ஋ͱ

Α͘Ұக͍ͯ͠Δɻ

4.3 தੑࢠͷղੳ

ຊղੳͰ͸ɺਅͷதੑࢠͰ͸ͳ͍ͱ൑அͨ͠ΠϕϯτΛআ͠ڈɺͨͬ࢒Πϕϯτͷ͏ͪ࠷΋ૣ͘ NEBULAʹώοτ

ͨ͠ 1ͭͳ͍͠ 2ͭͷΠϕϯτΛਅͷதੑࢠͱͯ͠બ୒͢Δɻ͜͜Ͱ͸ɺਅͷதੑࢠͷΠϕϯτ͔൱͔Λ൑அ͢Δ৚݅

ͱɺͦΕʹΑͬͯಘΒΕΔ૬ରΤωϧΪʔ෼෍ʹ͍ͭͯઆ໌͢Δɻ

4.3.1 NEBULAͷֱ࣌ؒਖ਼

NEBULAͷֱਖ਼ʹ͍ͭͯ͸ɺ2012೥ ΘΕͨߦʹ3݄ SAMURAIίϛογϣχϯά࣮ݧͰాதོࢯݾͷղੳʹΑΓ

ಘΒΕͨύϥϝʔλʔΛ༻͍ɺTOFͷΦϑηοτͷΈΛ 15C+ AlͷσʔληοτͰ͋Δϥϯ൪߸ 50Λ༻ֱ͍ͯਖ਼Λ

ͳͬͨɻ15Cߦ + Alͷσʔληοτ͸ߴΤωϧΪʔ γ ઢΛൃੜͤͯ͞ɺNEBULAͷ TOFΛֱਖ਼͢Δ໨తͰऔಘ͞

Εͨɻ

NEBULAͷ TOFͷֱਖ਼ʹ͸ NEBULAͰͷώοτҐஔ͔Βඈڑߦ཭ΛٻΊɺͦͷώοτ͕ඪత෇ۙͰൃੜͨ͠ γ

ઢͰ͋Δͱͨ͠৔߹ͷඈؒ࣌ߦ Tγ Λ༻͍ΔɻTγ [ns]͸ҎԼͷΑ͏ʹٻΊΔɻ

Tγ =
|X⃗(NEBULA)− X⃗(target)|

c
(4.3.1)
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ͨͩ͠ɺX⃗(NEBULA)ɺX⃗(target) ͸ NEBULA ͓Αͼඪతʹ͓͚ΔώοτҐஔͷݩ࣍ࡾϕΫτϧͰ͋Δɻਤ 4.14

ͷࠨਤ͸ɺඪత͔Β NEBULA·Ͱͷඈؒ࣌ߦ T [ns]ͱ Tγ ͷࠩ T−Tγ Λॎ࣠ʹɺԣ࣠ʹ͸ NEBULAͷγϯνϨʔ

λͷ IDΛϓϩοτͨ͠ਤͰ͋ΔɻT − Tγ ∼ 0 nsͷӶ͍ϐʔΫ͕ γ ઢͷΠϕϯτͰ͋Δɻ͜ͷϐʔΫҐஔ͕ 0ʹͳ

ΔΑ͏ʹ TOFͷΦϑηοτΛܾఆͨ͠ɻ·ͨɺ͜ͷϐʔΫͷ෯͔Β NEBULAͷ࣌ؒ෼ղೳ͸ 0.93[FWHM] nsͱٻ

·ͬͨɻ

ਤ 4.14 NEBULAͷ TOFͷֱਖ਼ɻࠨਤ͸ 15C + AlͷσʔληοτΛ༻͍ɺඪత͔Β NEBULA·Ͱͷඈ࣌ߦ

ؒ T ͱ NEBULA ͰͷώοτҐஔ͔ΒٻΊͨ γ ઢͷඈؒ࣌ߦ Tγ ͷࠩʢॎ࣠ʣͱ NEBULA ͷγϯνϨʔλͷ

IDʢԣ࣠ʣͷؔ܎Λࣔͨ͠ɻӈਤ͸ͦͷ −10 ns ≤ T − Tγ ≤ 60 ns ͷྖҬͰͷ Y ࣠΁ͷࣹӨͰɺ͜ͷ෼෍͔Β

NEBULAͷ࣌ؒ෼ղೳΛٻΊͨɻ

4.3.2 ൃޫྔεϨογϣϧυ

ຊ࣮ݧͰ͸ϓϥενοΫγϯνϨʔλΛ༻͍ͯதੑࢠΛݕग़͢ΔͨΊɺதੑࢠͱͷඇ஄ੑࢄཚʹΑͬͯྭͨ͠ى 12C

ͷ୤ྭى γ ઢʢୈҰྭى४Ґ 4.4 MeVʣͱਅͷதੑࢠΛ۠ผ͢Δඞཁ͕͋Δɻ୤ྭى γ ઢ͸தੑࢠʹൺ΂ϓϥενο

ΫγϯνϨʔλʹམͱ͢ΤωϧΪʔ͕খ͍͞ɻͦͷͨΊຊղੳͰ͸ൃޫྔ 6 MeVeeҎԼͷΠϕϯτΛഁ͢غΔ͜ͱͰɺ

୤ྭى γ ઢʹΑΔώοτΛআͨ͠ڈɻ

4.3.3 TOFԼݶ஋

NEBULA Ͱ͸ೋ࣍ϏʔϜ͕ඪతͰ൓Ԡͨ͜͠ͱʹΑΔதੑࢠͷଞʹɺඪతۙ๣͔Βͷ γ ઢͳͲͷόοΫάϥ΢ϯ

υΠϕϯτ͕؍ଌ͞ΕΔ৔߹͕͋ΔɻຊղੳͰ͸ɺআ͞ڈΕͳ͔ͬͨΠϕϯτͷ͏ͪɺ࠷΋ૣ͘ NEBULA ʹώοτ

͕͋ͬͨΠϕϯτΛਅͷதੑࢠͱ൑அ͢Δ͕ɺඪతۙ๣͔Βͷ γ ઢ͸ β ∼ 1 Ͱ͋Γɺ൓ԠʹΑͬͯੜ੒ͨ͠தੑࢠ

(β ∼ 0.6)ΑΓ΋ૣ͘ NEBULAʹ౸ୡ͢ΔͨΊɺதੑࢠͱͯ͠૝ఆ͞ΕΔඪత͔Β NEBULA·Ͱͷඈؒ࣌ߦ TOF

ͷԼݶ஋ΛఆΊΔ͜ͱͰɺͦͷΑ͏ͳόοΫάϥ΢ϯυΠϕϯτΛআ͢ڈΔɻTOFͷԼݶ஋͸ NEBULAҰ૚໨͸ 40

nsɺೋ૚໨͸ 42 nsͱͨ͠ɻ͜Ε͸଎౓ʹ͓ͯ͠Αͦ β ∼ 0.9Ͱ͋Δɻ

4.3.4 VETOղੳ

NEBULA ͷ֤૚ͷ௚લʹ͸ VETO ͱݺ͹ΕΔதੑࢠͱՙిཻࢠΛ۠ผ͢ΔͨΊͷݕग़ثͰ͋ΔϓϥενοΫγ

ϯνϨʔλ͕ઃஔ͞Ε͍ͯΔɻඪతۙ๣Ͱੜ੒ͨ͠ՙిཻࢠ͸ SAMURAI ϚάωοτʹΑͬͯيಓΛ͛ۂΒΕΔͨ

ΊɺNEBULA ʹೖཻࣹͨ͠ࢠ͸΄΅શ͕ͯதੑࢠͰ͋Δ͕ɺՙిཻࢠΠϕϯτ͸׬શʹ͸ഉআ͞Εͳ͍ɻຊղੳͰ
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ਤ 4.15 15 +Alͷ γ ઢΠϕϯτͰͷ NEBULAͷඈؒ࣌ߦͱൃޫྔͷ෼෍ɻࠨਤ͕Ұ૚໨Ͱӈਤ͕ೋ૚໨Λࣔ͠

͓ͯΓɺҰ૚໨͕ΑΓඪతʹ͍ۙҐஔʹઃஔ͞Ε͍ͯΔͨΊඈ͕ؒ࣌ߦখ͍͞޲܏ʹ͋Δɻ

͸Ұ૚໨ͷ VETO Ͱώοτ͕͋ͬͨ৔߹ɺՙిཻ͕ࢠೖࣹͨ͠ͱΈͳ͠ɺͦͷΠϕϯτΛഁͨ͠غɻ·ͨೋ૚໨ͷ

VETOͰώοτ͕͋ͬͨ৔߹ɺҰ૚໨ͷγϯνϨʔλ͔Βͷ൓௓ཅ͕ࢠଟ਺ʹͳΔͨΊɺೋ૚໨ͷ VETOͱͦͷํޙ

ͷ NEBULAͰͷ XYฏ໘ʹ͓͚ΔώοτҐஔͷ͕ࠩ 70 cmҎԼͷ৔߹ΠϕϯτΛഁ͢غΔɻ

4.3.5 ΫϩετʔΫղੳ

Ұͭͷதੑ͕ࢠ NEBULA ͰೋͭҎ্ͷώοτΛ͢͜ىΑ͏ͳΠϕϯτͷ͜ͱΛΫϩετʔΫΠϕϯτͱݺͿɻ

NEBULAΛ༻͍ͯ෼ղޙͷೋͭͷதੑࢠΛݕग़͢Δ৔߹ɺΫϩετʔΫʹΑͬͯੜ੒ِͨ͠ͷೋதੑࢠΠϕϯτ͕બ

୒͞ΕΔ͜ͱΛ๷͙ͨΊɺΫϩετʔΫΠϕϯτͷআ͕ڈඞཁʹͳΔɻҎԼͰ͸ΫϩετʔΫ͕ൃੜ͢ΔओͳݪҼʹͭ

͍ͯड़΂ɺͦͷআڈ৚݅Λࣔ͢ɻ

ΫϩετʔΫ͕ൃੜ͢ΔओͳཁҼʹ͸ҎԼͷΑ͏ͳ΋ͷ͕ଘ͢ࡏΔɻ

• γϯνϨʔλͰੜ੒͞Εͨ൓௓ཅ͕ࢠผͷγϯνϨʔλʹೖࣹ͠ݕग़͞ΕΔ৔߹
• γϯνϨʔλͰࢄཚͨ͠தੑ͕ࢠผͷγϯνϨʔλʹೖࣹ͠ݕग़͞ΕΔ৔߹
• தੑࢠͱγϯνϨʔλதͷ֩ͱ͕൓Ԡ͠ɺதੑࢠ΍ γ ઢͳͲ͕ೋ࣍తʹੜ੒͠ɺͦΕΒ͕ผͷγϯνϨʔλʹೖ

߹ग़͞ΕΔ৔ݕࣹ͠

͜ΕΒͷΫϩετʔΫΠϕϯτΛআ͢ڈΔ৚݅Λܾఆ͢ΔͨΊɺGeant4Λ༻͍ͨγϛϡϨʔγϣϯΛͨͬߦɻγϛϡ

ϨʔγϣϯͰ͸ҰதੑࢠͷΈΛൃੜͤ͞ɺΫϩετʔΫΠϕϯτʹݱΕΔ෺ཧྔͷ૬ؔΛௐ΂Δ͜ͱͰΫϩετʔΫͷ

আڈ৚݅Λܾఆͨ͠ɻ

γϛϡϨʔγϣϯʹΠϯϓοτ͢Δ৚݅͸ҎԼͷ௨ΓͰ͋Δɻ

• ೖཻࣹࢠɿ234 MeV/uͷ 20C

• ೖࣹҐஔɿX࣠ Y࣠ڞʹ σ = 12 cmͷΨ΢ε෼෍

• ೖࣹ֯౓ɿX࣠ Y࣠ڞʹ σ = 12 mradͷΨ΢ε෼෍

• ૬ରΤωϧΪʔɿ0-10 MeVͷҰ༷෼෍

• ෼ղ൓Ԡɿ20C →19 C+ nͷ Phase space decay

• ੜ੒ɿ100ສΠϕϯτ

γϛϡϨʔγϣϯͰಘΒΕͨώοτʹରͯ͠ɺҎԼͷॱʹૢ࡞Λ͏ߦɻ
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1. ൃޫྔͷεϨογϣϧυʹΑΔ γ ઢΠϕϯτͳͲͷআڈ

2. TOFͷԼݶ஋ʹΑΔ γ ઢΠϕϯτͳͲͷআڈ

3. VETOղੳʹΑΔՙిཻࢠΠϕϯτͷআڈ

4. same wallͷΫϩετʔΫղੳ

5. different wallͷΫϩετʔΫղੳ

6. আ͞ڈΕͳ͔ͬͨΠϕϯτͷ͏ͪ TOF͕΋ͬͱ΋খ͍͞ೋͭͷώοτΛਅͷதੑࢠͱ͢Δ

ΫϩετʔΫղੳͰ͸ΠϕϯτதͷೋώοτΛൈ͖ग़͠ɺώοτλΠϛϯά͕ૣ͍ํΛώοτ 1ɺ஗͍ํΛώοτ 2ͱ

͠ɺͦͷൃޫྔΛͦΕͧΕ Q1ɺQ2 ͱ͢Δɻώοτ 1ͷҐஔͱ͔࣌ؒΒͨ͠ࢉܭඪత-ώοτؒͷ଎౓Λ β01ɺώοτ

1ɺ2ؒͷ଎౓Λ β12 ͱͯ͠ɺ͜ΕΒͷ෺ཧྔͷؔ܎ΛΠϕϯτதͷશώοτͷ૊Έ߹Θͤʹ͍ͭͯௐ΂Δ͜ͱͰΫϩ

ετʔΫͷ൑ผΛ͏ߦɻ͜ΕΒͷ෺ཧྔͷఆٛΛਤ 4.16ʹࣔ͢ɻͨͩ͠ɺβ12 ͸ϏʔϜํ޲Λਖ਼ͱ͠ɺͦͷٯΛෛͱ͢

Δɻ·ͨɺΫϩετʔΫΠϕϯτ͸બ୒ͨ͠ೋώοτ͕ಉҰ૚͔ͦ͏Ͱͳ͍͔ʹΑͬͯ؍ଌ͞ΕΔ෺ཧྔͷ૬͕ؔҟͳ

ΔͷͰɺಉҰ૚ͷΠϕϯτΛ same wallɺͦ͏Ͱͳ͍ΠϕϯτΛ different wallͱݺͼɺผʑʹ൑ผΛ͏ߦɻ

ਤ 4.16 ΫϩετʔΫղੳʹ༻͍Δ෺ཧྔͷఆٛɻώοτλΠϛϯά͕ૣ͍ํΛώοτ 1ɺ஗͍ํΛώοτ 2ͱ͠ɺ

ͦͷൃޫྔΛͦΕͧΕ Q1ɺQ2 ͱ͢Δɻώοτ 1 ͷҐஔͱ͔࣌ؒΒͨ͠ࢉܭඪత-ώοτؒͷ଎౓Λ β01ɺώοτ

1ɺ2ؒͷ଎౓Λ β12 ͱ͠ɺβ12 ͸ϏʔϜํ޲Λਖ਼ͱ͠ɺͦͷٯΛෛͱ͢Δɻ

same wallͷΫϩετʔΫղੳ

same wallͷ৔߹ʹݱΕΔΫϩετʔΫΠϕϯτͷଟ͘͸ NEBULAγϯνϨʔλͰதੑݕ͕ࢠग़͞Εɺੜ੒͞Εͨ

൓௓ཅ͕ۙࢠ઀ͨ͠ผͷγϯνϨʔλͰ΋ݕग़͞ΕΔࣄ৅Ͱ͋Δɻਤ 4.17ͷ্ਤʹγϛϡϨʔγϣϯ 20C →19 C + n

ʹ͓͚Δ same wallΠϕϯτͷώοτ 1ɺ2ؒͷڑ཭ dr ͱώοτͷ࣌ؒࠩ dtͷ૬ؔΛࣔ͢ɻਤ 4.17ͷ্ਤʹࣔ͢Α
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͏ʹɺsame wallͰͷΫϩετʔΫΠϕϯτͷଟ͘͸࣌ؒతɾۭؒతʹۙ઀͍ͯ͠ΔͷͰɺώοτ 1ɺ2ؒͷڑ཭ dtͱ

ώοτͷ࣌ؒࠩ dtΛ༻͍ͯҎԼͷΑ͏ͳ৚݅Λຬͨ͢Πϕϯτʢਤ 4.17ͷ੺͍ପԁͷ಺ଆʣΛΫϩετʔΫͱͯ͠আ

ɻͨ͠ڈ

(
dr − dr0

3σr

)2

+

(
dt− dt0

3σt

)2

< 1 (4.3.2)

dr0 = 155.1mm, σr = 51.8mm

dt0 = 0.260ns, σt = 0.534ns

ͨͩ͠ɺdr0ɺσrɺdt0ɺσt ͸ɺਤ 4.17ͷ্ਤΛ X࣠ Y࣠΁ࣹӨͨ࣌͠ͷ෼෍ͷϐʔΫத৺ΛͦΕͧΕ dr0ɺdt0ɺ෼

෍ΛΨ΢γΞϯϑΟοτͨ࣌͠ͷ σ ΛͦΕͧΕ σrɺσt ͱͨ͠ɻ

·ͨɺώοτ 2͕ώοτ 1͔Βੜ੒ͨ͠ΫϩετʔΫͰ͋Δͱ͢Δͱɺώοτ 1ɺ2ؒͷ଎౓ β12 ͕ඪత-ώοτ 1ؒ

ͷதੑࢠͷ଎౓ β01 ΑΓେ͖͘ͳΔ͜ͱ͸ͳ͍ɻͦͷͨΊɺ؆୯ʹ͸

β01

β12
> 1 (4.3.3)

ͱ͍͏৚݅ͰΫϩετʔΫΠϕϯτΛআ͢ڈΕ͹ྑ͍ɻ͜ͷ৚݅͸ β01/β12 ͷ෼ղೳ͕ແݶେʹྑ͍ͱ͢ΔͱΫϩε

τʔΫΠϕϯτΛ׬શʹআ͢ڈΔ͜ͱ͕Ͱ͖Δ͕ɺ࣮ࡍʹ͸ β01/β12 ͸༗ݶͷ෼ղೳΛ࣋ͭͨΊɺ͜ͷ৚݅Ͱ͸ਅͷ

தੑࢠΠϕϯτʹΫϩετʔΫΠϕϯτ͕ࠞͬͯ͟͠·͏ɻͦͷͨΊຊղੳͰ͸ɺΑΓޮ཰ͷྑ͍৚݅Λܾఆ͢Δͨ

Ίώοτ 2ͷൃޫྔ Q2 ͱ߹ΘͤͯΫϩετʔΫΠϕϯτআڈͷ৚݅Λܾఆͨ͠ɻਤ 4.17ͷࠨԼʹγϛϡϨʔγϣϯ
20C →19 C + nͷ same wallΠϕϯτʹ͓͚Δ dr-dt෼෍ʹΑΔΫϩετʔΫআڈʢࣜʢ4.3.2ʣʣޙͷ β01/β12 ͱ Q2

ͷ෼෍Λࣔ͢ɻ͜ͷ෼෍͔ΒٻΊͨΫϩετʔΫΠϕϯτͷআڈ৚݅ΛҎԼʹࣔ͢ɻ

(
Q2 < 7.556 · β01

β12
+ 51.33

)
∩
(
Q2 < −68 · β01

β12
− 62

) (
β01

β12
< 0

)
(4.3.4)

(
Q2 < 88 · β01

β12
− 82

)
∩
(
Q2 < −9.778 · β01

β12
+ 64.67

) (
β01

β12
> 0

)
(4.3.5)

͜ΕΒͷ৚݅ࣜ͸ͦΕͧΕ (Q2,β01/β12) = (6,−6)ͱ (40,−1.5)ɺ(40,−1.5)ͱ (6,−1)ɺ(6, 1)ͱ (50, 1.5)ɺ(50, 1.5)

ͱ (6, 6)Λ͙ܨ௚ઢͰ͋Δɻਤ 4.17ͷࠨԼਤʹ͓͚Δ੺͍ઢ͸ࣜʢ4.3.4ʣɺࣜʢ4.3.5ʣʹࣔ͢ΫϩετʔΫআڈ৚݅ͷ

ɻͨ͠ڈքΛҙຯ͠ɺ੺͍ઢͷԼଆʹҐஔ͢ΔΠϕϯτΛΫϩετʔΫΠϕϯτͱͯ͠আڥ

ࣜʢ4.3.2ʣͱࣜʢ4.3.4ʣɺࣜʢ4.3.5ʣʹΑΔΫϩετʔΫআޙڈͷ 1/β12 ͱώοτ 2ͷൃޫྔ Q2 ͷ෼෍Λਤ 4.17

ͷӈԼʹࣔ͢ɻ͜ͷਤͰݟΒΕΔΑ͏ͳൃޫྔ͕খ͘͞ɺβ12 ∼ 1ͷΠϕϯτ͸ώοτ 1Ͱੜ੒͞Εͨ γ ઢΠϕϯτΛ

ҙຯ͢ΔɻͦͷΑ͏ͳΠϕϯτΛআ͢ڈΔͨΊҎԼͷΑ͏ͳ৚݅ͰΫϩετʔΫΠϕϯτͷআڈΛͨͬߦɻ

(∣∣∣∣

∣∣∣∣
1

β12

∣∣∣∣− 1

∣∣∣∣ < 3× 0.2393

)
∩ (Q2 < 15) (4.3.6)

different wallͷΫϩετʔΫղੳ

different wallͷΫϩετʔΫͷআڈʹ͍ͭͯ΋ same wallͷΫϩετʔΫআڈ৚݅ͷࡍʹ΋ड़΂ͨΑ͏ʹɺ؆୯ʹ

͸ β01/β12 > 1Ͱ͋ΔΠϕϯτΛআ͢ڈΕ͹ྑ͍͕ɺຊղੳͰ͸ޮ཰ͷྑ͍আڈ৚݅Λܾఆͨ͠ɻਤ 4.18ͷࠨਤʹ͸

଎౓ͷൺ β01/β12 ͱώοτ 1ͷൃޫྔ Q1 ͷ෼෍Λࣔ͢ɻ੺͍ઢͷ֎ଆͷΠϕϯτΛΫϩετʔΫΠϕϯτͱͯ͠আڈ

͢Δɻͦͷࡍͷআڈ৚݅͸ҎԼͷ௨ΓͰ͋Δɻ
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ਤ 4.17 γϛϡϨʔγϣϯ 20C →19 C + n͔ΒಘΒΕΔ same wallͷΫϩετʔΫΠϕϯτɻ্ਤ͸ώοτͷ࣌

ؒࠩ dtͱώοτҐஔͷࠩ dr ͷ෼෍ɻࠨԼਤ͸ dr-dt෼෍Ͱͷআޙڈͷ଎౓ͷൺ β01/β12 ͱώοτ 2ͷൃޫྔ Q2

ͷ෼෍ɻӈԼਤ͸଎౓ͷൺͰͷআޙڈͷ β12 ͷٯ਺ͱ Q2 ͷ෼෍ɻ੺͘ғ·ΕͨྖҬͷΠϕϯτΛΫϩετʔΫͱ

ͯ͠আͨ͠ڈɻ

Q2 < 182.5 · β01

β12
− 131.1

(
β01

β12
> 0

)
(4.3.7)

β01

β12
< −1.5

(
β01

β12
< 0

)
(4.3.8)

ࣜʢ4.3.7ʣ͸Ұ૚໨ͷγϯνϨʔλͰࢄཚͨ͠தੑࢠ΍ੜ੒ͨ͠൓௓ཅ͕ࢠೋ૚໨ͷγϯνϨʔλͰݕग़͞ΕΔΠϕϯ

τΛআ͢ڈΔͨΊʹ༻͍ɺࣜʢ4.3.8ʣ͸ೋ૚໨ͷγϯνϨʔλͰೋ࣍తʹੜ੒ͨ͠தੑ͕ࢠҰ૚໨ͷγϯνϨʔλͰݕ

ग़͢ΔͨΊʹ༻͍ͨɻ

·ͨɺ੺͍ઢʹڬ·ΕͨྖҬʹݟΒΕΔॎͷے͸ γ ઢΠϕϯτͰ͋Γɺ͜ͷআڈʹ͸ β12 ͷٯ਺ͱώοτ 2ͷൃޫྔ

Q2 ͷ૬ؔΛ༻͍ͨɻβ01/β12 ͱ Q1 Ͱͷআޙڈͷ β12 ͷٯ਺ͱώοτ 2ͷൃޫྔ Q2 ͷ෼෍Λਤ 4.18ͷӈਤʹࣔ͢ɻ

੺͘ғ·ΕͨྖҬͷΠϕϯτΛΫϩετʔΫͱͯ͠আ͢ڈΔɻͦͷࡍͷ৚݅Λࣜʢ4.3.9ʣʹࣔ͢ɻ

(∣∣∣∣

∣∣∣∣
1

β12

∣∣∣∣− 1

∣∣∣∣ < 3× 0.0996

)
∩ (Q2 < 15) (4.3.9)
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ਤ 4.18 γϛϡϨʔγϣϯ 20C →19 C + n ͔ΒಘΒΕΔ different wall ͷΫϩετʔΫΠϕϯτɻࠨਤ͸ same

wall ʹ͓͚Δ dr-dt ෼෍ͰͷΫϩετʔΫআޙڈͷ଎౓ͷൺ β01/β12 ͱώοτ 1 ͷൃޫྔ Q1 ͷ෼෍ɻӈਤ͸

β01/β12 ͱ Q1 Ͱͷআޙڈͷ β12 ͷٯ਺ͱώοτ 2 ͷൃޫྔ Q2 ͷ෼෍ɻ੺͘ғ·ΕͨྖҬͷΠϕϯτΛΫϩε

τʔΫͱͯ͠আͨ͠ڈɻ

4.3.6 தੑࢠͷݕग़ޮ཰

ຊղੳʹ͓͚Δதੑࢠͷݕग़ޮ཰ͱ͸தੑ͕ࢠੜ੒͢ΔΠϕϯτͷ͏ͪɺSAMURAIϚάωοτͷग़ޱ૭Λ௨ա͠ɺ

NEBULAʹΑͬͯݕग़͞ΕΔ֬཰ͷ͜ͱΛҙຯ͢Δɻதੑࢠͷݕग़ޮ཰͸ same wallͱ different wallͰҟͳΔͨΊɺ

ग़ޮ཰ͷิਖ਼͸ݕ same wall ͱ different wall Ͱผʑʹ͏ߦඞཁ͕͋ΔɻͦͷͨΊɺݕग़ޮ཰͸ Geant4 γϛϡϨʔ

γϣϯΛ༻͍ͯɺsame wallɺdifferent wallʹ͍ͭͯผʑʹಋग़ͨ͠ɻγϛϡϨʔγϣϯʹ՝ͨ͠৚݅ΛҎԼʹࣔ͢ɻ

• ೖཻࣹࢠɿ234 MeV/uͷ 22C

• ೖࣹҐஔɿ࣮ࡍͷ 22CͷೖࣹҐஔͱಉ༷ͷ෼෍ʹͳΔΑ͏ʹϥϯμϜʹੜ੒

• ೖࣹ֯౓ɿ࣮ࡍͷ 22Cͷೖࣹ֯౓ͱಉ༷ͷ෼෍ʹͳΔΑ͏ʹϥϯμϜʹੜ੒

• ૬ରΤωϧΪʔɿ0-10 MeVͷҰ༷෼෍

• ཚ֯౓ɿ0-25ࢄ mradͷҰ༷෼෍

• ෼ղ൓Ԡɿ22C →20 C+ 2nͷ Phase space decay

• ੜ੒ɿ3000ສΠϕϯτ

γϛϡϨʔγϣϯͰಘΒΕͨ݁Ռʹରͯ͠ 4.3.5અͱಉ༷ͷૢ࡞Λ͍ߦɺೋதੑࢠͷݕग़ޮ཰Λಋग़ͨ͠ɻٻΊͨݕ

ग़ޮ཰෼෍Λਤ 4.19ʹࣔ͢ɻ
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ਤ 4.19 22C →20 C + n + n൓Ԡʹ͓͚Δೋதੑࢠͷݕग़ޮ཰෼෍ɻX࣠͸૬ରΤωϧΪʔ Erel[MeV]ͰɺY࣠

͸ࢄཚ֯౓ θ[rad]ͰɺZ࣠͸ݕग़ޮ཰ ϵ2n Ͱ͋Δɻ

4.3.7 Ұதੑࢠղੳ

γϛϡϨʔγϣϯͰಘΒΕͨ 20CͷҰதੑࢠ෼཭൓Ԡʢ20C →19 C + nʣʹ͍ͭͯΫϩετʔΫղੳΛ͜͏ߦͱͰɺ

4.3.5 અͰड़΂ͨΫϩετʔΫղੳͷ৚݅ΛධՁ͢ΔɻධՁʹ͸ओʹΫϩετʔΫ࢒ଘ཰ͱ͍͏ྔΛ༻͍ΔɻΫϩε

τʔΫ࢒ଘ཰ Rcross ͸ɺΫϩετʔΫղੳޙͷ NEBULAͰͷώοτଟॏ౓M͕ 1Ҏ্ͷΠϕϯτ਺ NM≥1 ͱͦͷ

͏ͪM ≥ 2ͷΠϕϯτ਺ NM≥2 Λ༻͍ͯҎԼͷΑ͏ʹද͢ɻ

Rcross =
NM≥2

NM≥1
(4.3.10)

ຊղੳͰ͸ β01/β12 ͱ Q2 ʹΑΔআڈʹ͍༷ͭͯʑͳ৚݅Λൺֱͨ͠ɻsame wallͰ͸ҎԼͷͭࡾͷ৚݅ʹ͍ͭͯൺ

ֱΛ͏ߦɻ

• ৚݅ 1
∣∣∣∣
β01

β12

∣∣∣∣ > 1 (4.3.11)

• ৚݅ 2

Q2 < −68 · β01

β12
− 62

(
β01

β12
< 0

)
(4.3.12)

Q2 < 88 · β01

β12
− 82

(
β01

β12
> 0

)
(4.3.13)

• ৚݅ 3
(
Q2 < 7.556 · β01

β12
+ 51.33

)
∩
(
Q2 < −68 · β01

β12
− 62

) (
β01

β12
< 0

)
(4.3.14)

(
Q2 < 88 · β01

β12
− 82

)
∩
(
Q2 < −9.778 · β01

β12
+ 64.67

) (
β01

β12
> 0

)
(4.3.15)

·ͨɺਤ 4.20 ʹ͜ΕΒͷ৚݅Λࣔ͢ɻਤ͸γϛϡϨʔγϣϯ 20C →19 C + n ͰಘΒΕͨ β01/β12-Q2(Q1) ෼෍Ͱ͋

Γɺ੺͍ઢ͕৚݅ͷڥքΛ͍ࣔͯ͠Δɻ

different wallͰ͸ҎԼͷ࢛ͭͷ৚݅ʹ͍ͭͯൺֱΛ͏ߦɻ
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ਤ 4.20 ൺֱΛ͏ߦ same wallͰͷΫϩετʔΫআڈ৚݅ɻͦΕͧΕ৚݅ 1ʢ্ࠨʣɺ৚݅ 2ʢӈ্ʣɺ৚݅ 3ʢԼʣ

Λ͍ࣔͯ͠Δɻ

• ৚݅ A
∣∣∣∣
β01

β12

∣∣∣∣ > 1 (4.3.16)

• ৚݅ B
∣∣∣∣
β01

β12

∣∣∣∣ > 0.9 (4.3.17)

• ৚݅ C
∣∣∣∣
β01

β12

∣∣∣∣ > 1.1 (4.3.18)

• ৚݅ D

Q2 < 182.5 · β01

β12
− 131.1 (4.3.19)
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ͨͩ͠ɺ͜ΕΒͷ৚݅͸ β01/β12 > 0ʹ͍ͭͯͰ͋Γɺβ01/β12 < 0ʹ͍ͭͯ͸ࣜʢ4.3.8ʣͷ৚݅Λ༻͍ͨɻ·ͨɺਤ

4.21ʹ͜ΕΒͷ৚݅Λࣔ͢ɻਤ͸γϛϡϨʔγϣϯ 20C →19 C + nͰಘΒΕͨ β01/β12-Q2(Q1)෼෍Ͱ͋Γɺ੺͍ઢ

͕৚݅ͷڥքΛ͍ࣔͯ͠Δɻ

ਤ 4.21 ൺֱΛ͏ߦ different wallͰͷΫϩετʔΫআڈ৚݅ɻͦΕͧΕ৚݅ Aʢ্ࠨʣɺ৚݅ Bʢӈ্ʣɺ৚݅ C

ʢࠨԼʣɺ৚݅ DʢӈԼʣΛ͍ࣔͯ͠Δɻ

৚݅ͷͦΕͧΕͷ૊Έ߹Θͤʹ͍ͭͯɺγϛϡϨʔγϣϯ 20C →19 C+ nʹ͓͚ΔΫϩετʔΫ࢒ଘ཰ Rcross ͱγ

ϛϡϨʔγϣϯ 22C →20 C+ n+ nʹ͓͚Δೋதੑࢠʹର͢Δݕग़ޮ཰ ϵɺͦΕΒͷൺ Rcross/ϵΛද 4.10ʹࣔ͢ɻຊ

ղੳͰ͸ΫϩετʔΫ࢒ଘ཰ Rcross ͕খ͘͞ɺݕग़ޮ཰ ϵ͕େ͖͍ɺ͢ͳΘͪΑΓ Rcross/ϵ͕খ͍͞৚݅Λબ୒͢Δɻ

ͨͩ͠ɺຊղੳͰಘΒΕΔ 22C + Pb →20 C + n + n + XͷΠϕϯτ਺͸Ͳͷ৚݅ʹ͓͍ͯ΋ same wallͰ 350Πϕ

ϯτఔ౓ɺdifferent wallͰ 200Πϕϯτఔ౓Ͱ͋ͬͨɻͦͷͨΊΫϩετʔΫ࢒ଘ཰͕ 1%ҎԼͰ͋Ε͹Ϋϩετʔ

ΫΠϕϯτͷࠞ͟Γ͸౷ࠩޡܭʹൺ΂ͯे෼ʹখ͍͞ɻຊղੳͰ͸ Rcross/ϵ ͷ஋͕খ͘͞ɺΑΓ౷ྔܭͷଟ͍ same

wall৚݅ 3ɺdifferent wall৚݅ DΛ༻͍ͨɻ
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৚݅ ΫϩετʔΫ࢒ଘ཰ [%] ग़ޮ཰ݕ [%] R/ϵ

same wall different wall Rcross(same) Rcross(different) ϵ(same) ϵ(different) same different

ͳ͠ ͳ͠ 36.0 5.70 17.86 4.190 2.02 1.36

1 A 0.263 0.539 2.423 2.067 0.109 0.261

1 D 0.263 0.176 1.924 1.566 0.137 0.112

2 D 0.488 0.176 2.301 1.813 0.212 0.097

3 A 0.762 0.539 2.616 2.062 0.291 0.261

3 B 0.762 0.217 2.618 1.750 0.291 0.124

3 C 0.762 1.23 2.613 2.512 0.292 0.490

3 D 0.762 0.176 2.619 1.812 0.291 0.097

ද 4.10 ΫϩετʔΫআڈ৚݅͝ͱͷΫϩετʔΫ࢒ଘ཰ Rcross ͱݕग़ޮ཰ ϵɺͦͷൺ Rcross/ϵ

4.3.8 ೋதੑࢠղੳ

૬ରΤωϧΪʔ෼෍͸ same wall ͱ different wall ͷΞΫηϓλϯεͷҧ͍ͷͨΊɺผʑʹಋग़͠ɺͦΕͧΕʹͭ

͍ͯΞΫηϓλϯεิਖ਼Λ͏ߦඞཁ͕͋Δɻ࣮ݧͰಘͨ 22C →20 C൓Ԡʹର͠ɺ4.3.5અͰड़΂ͨૢ࡞Λ͜͏ߦͱͰ
22C →20 C+ n + nͷ૬ରΤωϧΪʔ෼෍Λ same wallͱ different wallʹ͍ͭͯผʑʹಋग़ͨ͠ɻಋग़ͨ͠Ԗඪతʹ

͓͚Δ 22Cͷ૬ରΤωϧΪʔ෼෍Λਤ 4.22ͷ্ࠨɺӈ্ਤʹࣔ͢ɻ୸ૉඪతʹ͍ͭͯ΋ಉ༷ʹਤ 4.23ͷ্ࠨɺӈ্ਤ

ʹࣔ͢ɻԖඪతͰ͸ 1 MeV෇ۙʹ͍ڧ૬ରΤωϧΪʔ෼෍͕ಘΒΕͨɻ·ͨɺਤ 4.19Λ༻͍ͯ૬ରΤωϧΪʔ෼෍͔

Βஅ໘ੵ෼෍Λಋग़ͨ͠ɻԖඪతʹ͓͚Δೋதੑࢠ෼཭அ໘ੵ෼෍Λਤ 4.22ͷࠨԼɺӈԼਤʹࣔ͢ɻ͜ͷஅ໘ੵ෼෍

Λ૬ରΤωϧΪʔ 0-5 MeVʹ͍ͭͯੵ෼ͨ͠஋͸

σexp(Pb) = 1005± 72mb(samewall) (4.3.20)

σexp(Pb) = 807± 69mb(differentwall) (4.3.21)

ͱͳͬͨɻͨͩ͠ɺஅ໘ੵಋग़ͷͨΊʹ 20Cͷશ൓Ԡஅ໘ੵͷΫʔϩϯ෼ղ੒෼͸ 0.1 bΛ༻͍ɺ22Cͷશ൓Ԡஅ໘ੵ

ͷΫʔϩϯ෼ղ੒෼͸ 1.37b ͱͨ͠ɻޙʹ͕ࣔ͢ɺ22C ͷશ൓Ԡஅ໘ੵͷΫʔϩϯ෼ղ੒෼͸ຊ࣮ݧͰಘΒΕͨ 22C

ͷΠϯΫϧʔγϒஅ໘ੵ σincl
exp (E1)ͷ஋Λ༻͍ͨɻಉ༷ʹ୸ૉඪతʹ͓͚Δೋதੑࢠ෼཭அ໘ੵ෼෍Λਤ 4.23ͷࠨԼɺ

ӈԼਤʹࣔ͢ɻ͜ͷஅ໘ੵ෼෍Λ૬ରΤωϧΪʔ 0-5MeVʹ͍ͭͯੵ෼ͨ͠஋͸

σexp(C) = 82± 22mb(samewall) (4.3.22)

σexp(C) = 32± 25mb(differentwall) (4.3.23)

ͱͳͬͨɻ

·ͨɺ4.3.7 અͰൺֱͨ͠ΫϩετʔΫআڈ৚݅͝ͱʹԖඪతʹ͓͚Δ 22C ͷ૬ରΤωϧΪʔ෼෍ͱஅ໘ੵ෼෍Λ

ಋग़ͨ͠ɻಋग़ͨ͠૬ରΤωϧΪʔ෼෍ͷ͏ͪɺʢsame wall ৚݅,different wall ৚݅ʣͱͯ͠ (ͳ͠, ͳ͠)ɺ(1,A)ɺ

(1,D)ɺ(2,D)Λਤ 4.24ʹɺ(3,A)ɺ(3,B)ɺ(3,C)Λਤ 4.25ʹࣔ͢ɻಋग़ͨ͠அ໘ੵ෼෍͸ΫϩετʔΫআڈ৚݅͝ͱ

ʹਤ 4.26 ʹࣔ͢ɻਤ 4.24 ͷ৚݅ (1,D)ɺ(2,D) ͸ same wall Ͱͷ৚݅ͷΈΛม͍͑ͯΔͷͰɺdifferent wall ͷ૬ର

ΤωϧΪʔ෼෍͸มԽ͍ͯ͠ͳ͍͜ͱ͕Θ͔Δɻ·ͨਤ 4.24Ͱ΋ different wallͷ৚݅ͷΈΛม͍͑ͯΔͷͰɺsame

wallͷ૬ରΤωϧΪʔ෼෍͸มԽ͍ͯ͠ͳ͍͜ͱ͕Θ͔ΔɻͲͷ৚݅ʹ͓͍ͯ΋ɺ૬ରΤωϧΪʔ෼෍ɺஅ໘ੵ෼෍ͷ

͸େ͖͘มԽ͢Δ͜ͱͳ͘ɺsameܗ wallͱ different wallͷ෼෍͸ࠩޡͷൣғͰҰக͍ͯ͠Δɻ·ͨɺද 4.11ʹ֤Ϋ

ϩετʔΫআڈ৚݅͝ͱͷΠϕϯτ਺ͱΤΫεΫϧʔγϒஅ໘ੵΛ·ͱΊΔɻ
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ਤ 4.22 Ԗඪతʹ͓͚Δ 22Cͷ෼ղ൓Ԡʢ22C + Pb →20 C + n + nʣͰͷ same wallʢࠨਤʣͱ different wall

ʢӈਤʣͷ૬ରΤωϧΪʔ෼෍ʢ্ஈʣ͓Αͼೋதੑࢠ෼཭அ໘ੵ෼෍ʢԼஈʣɻΫϩετʔΫͷআڈ৚݅͸ʢsame

wall৚݅,different wall৚݅ʣͱͯ͠ (3,D)Ͱ͋Δ

৚݅ Πϕϯτ਺ ΤΫεΫϧʔγϒೋதੑࢠ෼཭அ໘ੵ [mb]

same wall different wall counts(same) counts(different) σ(Pb(same)) σexp(Pb(different))

ͳ͠ ͳ͠ 2645 594 - -

1 A 237 231 855(66) 791(64)

1 D 237 201 855(66) 819(69)

2 D 307 200 950(71) 816(69)

3 A 352 228 1005(72) 780(64)

3 B 352 169 1005(72) 694(66)

3 C 352 298 1006(72) 800(59)

3 D 352 198 1005(72) 807(69)

ද 4.11 Ԗඪతʹ͓͚ΔΫϩετʔΫআڈ৚݅͝ͱͷ 22Cͷೋதੑࢠ෼཭൓Ԡʢ22C →20 C+n+ n+XʣͷΠϕ

ϯτ਺͓ΑͼΤΫεΫϧʔγϒஅ໘ੵ
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ਤ 4.23 ୸ૉඪతʹ͓͚Δ 22Cͷ෼ղ൓Ԡʢ22C+ C →20 C+ n + nʣͰͷ same wallʢࠨਤʣͱ different wall

ʢӈਤʣͷ૬ରΤωϧΪʔ෼෍ʢ্ஈʣ͓Αͼೋதੑࢠ෼཭அ໘ੵ෼෍ʢԼஈʣɻΫϩετʔΫͷআڈ৚݅͸ʢsame

wall৚݅,different wall৚݅ʣͱͯ͠ (3,D)Ͱ͋Δ
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ਤ 4.24 Ԗඪతʹ͓͚Δ 22Cͷ෼ղ൓Ԡʢ22C+Pb →20 C+n+nʣͰͷΫϩετʔΫআڈ৚݅͝ͱͷ same wall

ʢࠨਤʣͱ different wallʢӈਤʣͷ૬ରΤωϧΪʔ෼෍ɻΫϩετʔΫͷ৚݅͸ਤதʹࣔͨ͠ɻ
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ਤ 4.25 Ԗඪతʹ͓͚Δ 22Cͷ෼ղ൓Ԡʢ22C+Pb →20 C+n+nʣͰͷΫϩετʔΫআڈ৚݅͝ͱͷ same wall

ʢࠨਤʣͱ different wallʢӈਤʣͷ૬ରΤωϧΪʔ෼෍ɻΫϩετʔΫͷআڈ৚݅͸ਤதʹࣔͨ͠ɻ
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ਤ 4.26 Ԗඪతʹ͓͚Δ 22Cͷ෼ղ൓Ԡʢ22C+ Pb →20 C+ n + nʣͰͷΫϩετʔΫআڈ৚݅͝ͱͷஅ໘ੵ෼

෍ɻ੨ͷσʔλ఺͕ same wallͷஅ໘ੵΛ͓ࣔͯ͠Γɺ੺ͷσʔλ఺͕ different wallͷஅ໘ੵΛ͍ࣔͯ͠ΔɻΫ

ϩετʔΫͷআڈ৚݅͸ਤதʹࣔͨ͠ɻ
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݁Ռͱٞ࿦

ຊষͰ͸ୈ 4ষͰड़΂ͨղੳख๏ʹΑΓಘΒΕͨ݁ՌΛड़΂Δɻ

5.1 22CͷΫʔϩϯ෼ղஅ໘ੵ

Ԗඪతʹ͓͚Δ 22Cͷஅ໘ੵ෼෍ʢਤ 4.22ͷࠨԼɺӈԼਤʣΛ same wallͱ different wallʹ͍ͭͯ౷ྔܭʹΑΔॏ

Έ෇͚Λͨ͠ฏۉΛ͢Δ͜ͱͰಘΒΕͨ 22CͷԖඪతʹ͓͚Δஅ໘ੵ෼෍Λਤ 5.1ʹࣔ͢ɻ૬ରΤωϧΪʔ 0-5 MeV

ʹ͍ͭͯஅ໘ੵ෼෍Λੵ෼ͨ͠஋͸

σexp(Pb) = 934± 52mb (5.1.1)

ͱͳͬͨɻ

ਤ 5.1 ԖඪతΛ༻͍ͨ 22Cͷ෼ղ൓Ԡʢ22C + Pb →20 C + n + n + Xʣʹ͓͚Δஅ໘ੵ෼෍ɻ͜ͷஅ໘ੵ෼෍

͸ same wallͱ different wallͷஅ໘ੵ෼෍Λ౷ྔܭͰॏΈ෇͚ͨ͠ฏۉͷ෼෍Ͱ͋Δɻ

ಉ༷ʹ୸ૉඪతʹ͍ͭͯ΋ same wall ͱ different wall ʹ͍ͭͯ౷ྔܭʹΑΔॏΈ෇͚ฏۉΛͨ͠அ໘ੵ෼෍Λਤ

5.2ʹࣔ͢ɻ22Cͷ୸ૉඪతʹ͓͚Δஅ໘ੵ෼෍Λ 0-5 MeVʹ͍ͭͯஅ໘ੵ෼෍Λੵ෼ͨ͠஋͸

σexp(C) = 70± 18mb (5.1.2)

ͱͳͬͨɻͨͩ͠ɺ͜͜ʹࣔࠩ͢ޡ͸౷ࠩޡܭͷΈͰ͋Γɺܥ౷ࠩޡ͸ؚ·Ε͍ͯͳ͍ɻ

Ίͨஅ໘ੵΛදٻ 5.1ʹ·ͱΊΔɻͨͩ͠ɺ22C →20 C+X͓Αͼ 19B →17 B+XʹରԠ͢Δ஋͸ͦΕͧΕͷ൓Ԡ

ʹ͓͚Δೋதੑࢠ෼཭ΠϯΫϧʔγϒஅ໘ੵΛ͓ࣔͯ͠Γɺ22C →20 C + n + n + X͓Αͼ 19B →17 B + n + n + X
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ਤ 5.2 ୸ૉඪతΛ༻͍ͨ 22Cͷ෼ղ൓Ԡʢ22C+ C →20 C+ n + n + Xʣʹ͓͚Δஅ໘ੵ෼෍ɻ͜ͷஅ໘ੵ෼෍

͸ same wallͱ different wallͷஅ໘ੵ෼෍Λ౷ྔܭͰॏΈ෇͚ͨ͠ฏۉͷ෼෍Ͱ͋Δɻ

ʹରԠ͢Δ஋͸ͦΕͧΕͷ൓Ԡʹ͓͚Δೋதੑࢠ෼཭ΤΫεΫϧʔγϒஅ໘ੵΛ͍ࣔͯ͠Δɻ·ͨɺখྛΒʹΑΔ 22C

ͷ୸ૉඪతʹ͓͚ΔΠϯΫϧʔγϒஅ໘ੵ [12]ͷ஋ͱ K.J.CookΒʹΑΔ 19Bͷ݁Ռ [13]΋ද 5.1ʹࣔ͢ɻຊڀݚͰ

ಘΒΕͨ୸ૉඪతʹ͓͚Δ 22CͷΠϯΫϧʔγϒஅ໘ੵ͸খྛΒͷ݁Ռͱඇৗʹ͍ۙ஋Ͱ͋ͬͨɻ·ͨɺຊڀݚͰಘ

ΒΕͨ 22CͷԖඪత͓Αͼ୸ૉඪతͦΕͧΕʹ͓͚ΔΠϯΫϧʔγϒɺΤΫεΫϧʔγϒஅ໘ੵͷ஋͸ͲΕ΋ೋதੑ

ϋϩʔ֩Ͱ͋Δࢠ 19BͷͦΕͱ͍ۙ஋Ͱ͋ͬͨɻϋϩʔΛܗ੒͍ͯ͠ͳ͍֩ʹ͓͍ͯɺԖඪతͱ୸ૉඪతͦΕͧΕͷ

அ໘ੵͷൺ σPb/σC ͸ 2 ∼ 4ఔ౓ʹͳΔͷʹର͠ɺ22CͰ͸ΠϯΫϧʔγϒஅ໘ੵͰ 7.0(6)ɺΤΫεΫϧʔγϒஅ໘ੵ

Ͱ 13(4)Ͱ͋ΓɺԖඪతʹ͓͍ͯஅ໘ੵ͕ඇৗʹ૿େ͍ͯ͠Δɻಉ༷ͷ޲܏͸ 19BͰ΋ݟΒΕɺ͜Ε͸ϋϩʔΛܗ੒͢

Δ֩ʹݟΒΕΔιϑτ E1ྭىͷଘࡏΛҙຯ͍ͯ͠Δɻ
൓Ԡ Pbඪత [mb] Cඪత [mb] σPb/σC

22C →20 C+X ຊڀݚ 2093(100) 268(9) 7.0 (6)

[12] - 266(29) -
22C →20 C+ n + n + X ຊڀݚ 934(52) 70(18) 13(4)

19B →17 B+X [13] 1800(60) 251(5) 7.1(3)
19B →17 B+ n + n + X [13] 1160(30)(70) 54(3)(3) 22(1)

ද 5.1 22Cͱ 19Bͷஅ໘ੵɻ19Bͷσʔλ͸ K.J.CookΒʹΑΔ࣮ݧ [13]ͷ஋Ͱ͋Γɺ22Cͷ୸ૉඪతʹ͓͚Δ

ΠϯΫϧʔγϒஅ໘ੵͷ஋͸খྛΒͷ࣮ݧ [12]ʹΑΔ΋ͷͰ͋Δɻͨͩ͠ɺ22C →20 C+X͓Αͼ 19B →17 B+X

ʹରԠ͢Δ஋͸ͦΕͧΕͷ൓Ԡʹ͓͚Δೋதੑࢠ෼཭ΠϯΫϧʔγϒஅ໘ੵΛ͓ࣔͯ͠Γɺ22C →20 C+n+n+X

͓Αͼ 19B →17 B + n + n + XʹରԠ͢Δ஋͸ͦΕͧΕͷ൓Ԡʹ͓͚Δೋதੑࢠ෼཭ΤΫεΫϧʔγϒஅ໘ੵΛ

͍ࣔͯ͠Δɻ

ಘΒΕ֤ͨඪతʹ͓͚Δஅ໘ੵ͔Βࣜʢ2.1.7ʣΛ༻͍ͯ 22C ͷΫʔϩϯ෼ղஅ໘ੵΛಋग़ͨ͠ɻͨͩ͠ɺೋதੑ

ݧ෼཭அ໘ੵ͸௪໺Βͷ࣮ࢠ [7] ʹΑΓಘΒΕͨ S2n = 0.56 MeV ͱ͠ɺࣜʢ2.1.9ʣ͔ΒεέʔϦϯάϑΝΫλʔΛ

Γ = 2.7ͱͨ͠ɻ22CͷΠϯΫϧʔγϒΫʔϩϯ෼ղஅ໘ੵ σincl
exp (E1)͸

σincl
exp (E1) = 1369± 103mb (5.1.3)

Ͱ͋ͬͨɻ͜ͷ σincl
exp (E1)͸ԖඪతͷΤΫεΫϧʔγϒஅ໘ੵͷಋग़ͷͨΊʹ 22Cͷશ൓Ԡஅ໘ੵͷΫʔϩϯ෼ղ੒

෼ σcoul
R = σincl

exp (E1)ͱͯ͠༻͍ͨɻ·ͨɺಘΒΕͨΫʔϩϯ෼ղஅ໘ੵ෼෍Λਤ 5.3ʹࣔ͢ɻ૬ରΤωϧΪʔ 1 MeV

෇ۙʹେ͖ͳΫʔϩϯ෼ղஅ໘ੵ͕ಘΒΕɺιϑτ E1 ଌ͞Εͨɻ·ͨɺ22C؍͕ىྭ ͷΫʔϩϯ෼ղஅ໘ੵ෼෍Λ
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0-5 MeVʹ͍ͭͯੵ෼ͨ͠஋͸

σexp(E1) = 745± 71mb (5.1.4)

Ͱ͋Γɺඇৗʹେ͖ͳΫʔϩϯ෼ղஅ໘ੵ͕ಘΒΕͨɻ

ਤ 5.3 22CͷΫʔϩϯ෼ղஅ໘ੵ෼෍ɻεέʔϦϯάϑΝΫλʔ Γ͸ Γ = 2.7Λ༻͍ͨɻ

ಘΒΕͨΫʔϩϯ෼ղஅ໘ੵ෼෍Λࡾମ໛ࢉܭܕͱൺֱ͢Δɻഡ໺ࢯʹΑΔࡾମ໛ࢉܭܕʹΑͬͯಘΒΕͨΫʔϩϯ

෼ղஅ໘ੵ෼෍Λਤ 5.4ʹࣔ͢ɻͨͩ͠ɺ͜ͷࢉܭ͸ 22Cதͷ 20C͕தੑࢠ഑Ґ ν1d5/2 ·Ͱશͯຒ·ͬͨɺجఈঢ়ଶ

Ͱ͋ΔԾఆͷ΋ͱߦΘΕͨɻ͢ͳΘͪɺ22Cͷ೾ಈؔ਺͸

|22C⟩ = α |20C⟩ ⊗ |(ν2s1/2)2⟩+ β |20C⟩ ⊗ |(ν1d3/2)2⟩+ γ |20C⟩ ⊗ |(ν1f7/2)2⟩ · · · (5.1.5)

|20C⟩ = |14C⟩ ⊗ |(ν1d5/2)6⟩

ͱ͍͏ԾఆͰ͋Δɻ͜ͷԾఆʹ͓͍ͯ͸ϋϩʔΛܗ੒͢Δೋதੑࢠ͸ ν2s1/2 ΍ ν1d3/2ɺͦΕҎ্ͷ഑ҐΛऔΔ͜ͱ͸

͋Δ͕ɺν1d5/2 ΍ͦΕҎԼͷ഑ҐΛऔΔ͜ͱ͸ͳ͍ɻࡾମ໛ࢉܭܕʹΑΔஅ໘ੵ͸ຊڀݚͰಘΒΕͨஅ໘ੵʹൺ΂ͯ

ඇৗʹେ͖ͳ஋Ͱ͋ΓɺΑΓ௿ΤωϧΪʔʹϐʔΫΛ࣋ͭɻ
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ਤ 5.4 ࢉܭܕମ໛ࡾ 22CͷΫʔϩϯ෼ղஅ໘ੵ෼෍ʢӈਤʣͱԾఆͨ͠ίΞ֩ 20Cͷ഑Ґʢࠨਤʣɻࢉܭ͸ഡ໺ࢯ

ʹΑΔ΋ͷͰ͋Δɻ

5.2 ભҠ֬཰ࢉ׵

લઅͰࣔͨ͠அ໘ੵ෼෍ dσ/dErel ͔Βࢉ׵ભҠ֬཰෼෍ dB(E1)/dErelɺdB(E1)/dEx Λಋग़ͨ͠ɻࢉ׵ભҠ֬

཰෼෍Λਤ 5.5ʹࣔ͢ɻB(E1)෼෍ಋग़ʹඞཁͱͳΔԾ૝ޫࢠ਺ͷࢉܭʹ͸ೋதੑࢠ෼཭ΤωϧΪʔ S2n ͱিಥύϥ

ϝʔλͷ࠷খ஋Λ༻͍ͨɻೋதੑࢠ෼཭ΤωϧΪʔ͸௪໺Βͷ࣮ݧͰಘΒΕͨ஋ S2n=0.56 MeV Λ༻͍ɺিಥύϥ

ϝʔλͷ࠷খ஋͸Ԗͷ൒ܘ r208Pb = 1.3A1/3 [fm]=7.70 fmͱ 22Cͷ൒ܘ 3.44 fmͷ࿨Λͱͬͯ 11.14 fmͱͨ͠ɻ

ਤ 5.5 22Cͷࢉ׵ભҠ֬཰෼෍ dB(E1)/dErelʢࠨਤʣɺdB(E1)/dExʢӈਤʣɻೋதੑࢠ෼཭ΤωϧΪʔ S2n =

0.56 MeVͱিಥύϥϝʔλ 11.14 fmΛ༻͍ͨɻ

ಘΒΕͨ dB(E1)/dErel ෼෍Λ 0-5MeV·Ͱੵ෼ͯ͠ಘΒΕͨ஋ B(E1)͸

B(E1) = 1.27± 0.11 e2fm2 (5.2.1)

Ͱ͋Δɻ͜ͷେ͖ͳ B(E1)΋ϋϩʔ֩ʹݟΒΕΔιϑτ E1ྭىͷଘࡏΛҙຯ͍ͯ͠Δɻྫͱͯ͠ɺ22Cͱಉ͘͡ೋத

ϋϩʔ֩Ͱ͋Δࢠੑ 11Li[3]΍ 19B[13]Ͱ B(E1)͸ͦΕͧΕҎԼͷ஋͕ଌఆ͞Ε͍ͯΔɻ

B(E1) = 1.42± 0.18 e2fm2 (Erel ≤ 3MeV )(11Li) (5.2.2)

B(E1) = 1.64± 0.06(stat)± 0.12(sys) e2fm2 (Erel ≤ 6MeV )(19B) (5.2.3)



5.2 ભҠ֬཰ࢉ׵ 55

ͨͩ͠ɺࢉ׵ભҠ֬཰ B(E1)͸ࢉ׵ભҠ֬཰෼෍ dB(E1)/dErel Λ૬ରΤωϧΪʔ Erel Ͱੵ෼ͨ͠஋Ͱ͋Γɺੵ෼

ൣғ͸ 11Li ͷ৔߹ Erel ≤ 3 MeVɺ19B ͷ৔߹ Erel ≤ 6 MeV Ͱ͋Δɻ22C ʹ͓͚Δ B(E1) ͸େ͖ͳ஋Ͱ͋ΔҰํ

Ͱɺ11Li΍ 19Bʹൺ΂ൺֱతখ͞ͳ஋Ͱ͋ͬͨɻ

ಘΒΕͨࢉ׵ભҠ֬཰ B(E1)෼෍Λࡾମ໛ܕͷཧ࿦ࢉܭͱൺֱ͢Δɻࡾମ໛ܕΛ༻͍ͨཧ࿦ࢉܭͷ݁Ռɺਤ 5.6ͷ

্ਤʹࣔ͢Α͏ͳඇৗʹେ͖ͳࢉ׵ભҠ֬཰Λಘͨɻਤ 5.6ͷࠨԼਤʹ͸ຊڀݚͷ݁Ռͱഡ໺ࢯʹΑΔࡾମ໛ࢉܭܕͷ

݁ՌΛೋதੑࢠ෼཭ΤωϧΪʔ S2n = 0.4 MeVͷ৔߹ʹ͍ͭͯॏͶͯࣔ͢ɻ·ͨɺ෼෍ͷ෯ͱϐʔΫͷҐஔΛൺֱ͢

ΔͨΊʹഡ໺ࢯʹΑΔཧ࿦ࢉܭͷ஋Λ 1/3ഒͨ͠෼෍Λਤ 5.6ͷӈԼਤʹࣔ͢ɻຊڀݚͰಘΒΕͨࢉ׵ભҠ֬཰͸ࡾମ

໛ࢉܭܕͱൺֱ͢ΔͱΑΓ͍ߴΤωϧΪʔʹ෯ͷେ͖ͳϐʔΫΛ࣋ͭɻஅ໘ੵ෼෍͓Αͼࢉ׵ભҠ֬཰෼෍͕ཧ࿦஋ͱ

஋Ͱେ͖͘ҟͳ͍ͬͯͨ͜ͱ͔Βɺ22CͰ͸ίΞ֩Ͱ͋Δݧ࣮ 20C͕தੑࢠ഑Ґ ν1d5/2 ·ͰΛશͯຒΊͨࣗ༝ۭؒʹ

͓͚Δ 20Cͷجఈঢ়ଶͱ͸ҟͳΔՄೳੑ͕͑ߟΒΕΔɻ

ਤ 5.6 22C ͷࡾମ໛ࢉܭܕʹΑͬͯಘΒΕͨࢉ׵ભҠ֬཰෼෍ dB(E1)/dErelʢ্ਤʣ͓ΑͼຊڀݚͰಘΒΕͨ

݁ՌͱͷൺֱʢԼஈʣɻͨͩ͠ɺӈԼਤͰ͸ཧ࿦ࢉܭͷ஋Λ 1/3 ഒ͍ͯ͠Δɻೋதੑࢠ෼཭ΤωϧΪʔ S2n ͸ 0.4

MeV Λ༻͍ͨɻཧ࿦ࢉܭ͸ຊڀݚͰಘΒΕͨ஋ʹൺ΂ඇৗʹେ͖ͳ஋Ͱ͋Γɺ௿͍ΤωϧΪʔʹӶ͍ϐʔΫΛ

࣋ͭɻ

ଓ͍ͯɺҴ૔ࢯʹΑΔฏۉ৔ۙࣅΛ༻͍ͨཧ࿦ࢉܭ [20]ͱͷൺֱΛ͏ߦɻ͜ͷࢉܭͰ͸தੑࢠͷϑΣϧϛΤωϧΪʔ

ϵF Λ༩͑ͯɺҰཻيࢠಓʹ͍ͭͯௐ΂ΔΑ͏ͳࢉܭͰ͋Δɻ͜ͷࢉܭʹ͓͍ͯதੑࢠ෼཭ΤωϧΪʔ Sn ͸தੑࢠϑΣ

ϧϛΤωϧΪʔ ϵF ͷઈର஋ͱ౳͍͠ͱ͍͏Ծఆͷ΋ͱߦΘΕ͓ͯΓɺೋதੑࢠ෼཭ΤωϧΪʔ S2n ͸ S2n ∼ 2|ϵF |ͱ
Ծఆ͞Ε͍ͯΔɻਤ 5.7ͷࠨਤʹҴ૔ࢯʹΑΔฏۉ৔ۙࢉܭࣅͷ݁ՌͱຊڀݚͰಘΒΕͨࢉ׵ભҠ֬཰෼෍ΛॏͶͯࣔ
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͢ɻฏۉ৔ۙࢉܭࣅ͸தੑࢠϑΣϧϛΤωϧΪʔ ϵF = −0.28 MeVʢS2n ∼ |2ϵF | = 0.56 MeVʣͷ৔߹ͷ݁ՌͰ͋Γɺ

ຊڀݚͷσʔλ͸ೋதੑࢠ෼཭ΤωϧΪʔ S2n = 0.56 MeVͷ݁ՌΛ͍ࣔͯ͠ΔɻҴ૔ࢯͷฏۉ৔ۙࢉܭࣅ͸ຊڀݚ

ͷ݁ՌͱࠩޡͷൣғͰҰக͍ͯ͠Δ͜ͱ͕Θ͔ͬͨɻҰํͰɺҴ૔ࢯʹΑΔࢉܭʹ͓͍ͯਤ 5.7 ͷӈਤʹࣔ͢Α͏ʹ

ϵF = −0.5 MeV෇ۙΛڥʹ ν1d5/2 ͱ ν2s1/2 ͷ഑Ґ͕ٯస͍ͯ͠Δ͜ͱ͕Θ͔Δɻ20Cͷجఈঢ়ଶ͸ ν2s1/2 ͷ഑Ґ

ڀݚߦΔ͜ͱ͕ઌ͍ͯͬ͜ى͕߹ࠞ [12]ʹ͓͍ͯࣔ͞Ε͓ͯΓɺ22Cͷߏ଄Λ͑ߟΔ্Ͱ΋ ν2s1/2 ͱ ν1d5/2 ͷ഑Ґ

ࠞ߹͕ॏཁͰ͋Δ͜ͱΛຊڀݚͷ݁Ռ͸͍ࣔࠦͯ͠Δɻ

ਤ 5.7 ฏۉ৔ۙࣅΛ༻͍ͨཧ࿦ࢉܭͱຊڀݚͰಘΒΕͨ݁Ռͷൺֱʢࠨਤʣͱ ν2s1/2ɺν1d5/2 ͷதੑࢠϑΣϧϛ

ΤωϧΪʔ ϵF ͷؔ܎ʢӈਤʣɻͨͩ͠ɺf0 ͸ฏۉ৔ͷத৺ϙςϯγϟϧʹؔͨ͠܎ύϥϝʔλͰ͋Δɻཧ࿦ࢉܭ͸

ϵF = −0.28 MeVΛԾఆ͓ͯ͠Γɺຊڀݚͷ݁Ռ͸ೋதੑࢠ෼཭ΤωϧΪʔ S2n = 0.56 MeVͱͨ͠ɻ

22C ʹ͓͚ΔίΞ֩ͱதੑࢠͷڑ཭ΛٻΊΔɻίΞ֩Ͱ͋Δ 20C ͱϋϩʔΛܗ੒͢Δೋதੑࢠͷॏ৺ͱͷڑ཭

rcore−2n ͷظ଴஋͸ E1 cluster sum rule[11]Λ༻͍ͯࢉ׵ભҠ֬཰ B(E1) = 1.27± 0.11 e2fm2 ͔Β

⟨rcore−2n⟩ =
A

Z

√
B(E1)π

3
= 4.23± 0.18 fm (5.2.4)

ͱͳͬͨɻͨͩ͠ɺ͜͜ʹ͞هΕ͍ͯΔࠩޡ͸౷ࠩޡܭͷΈͰ͋Γɺܥ౷ࠩޡ͸ؚ·Ε͍ͯͳ͍ɻ·ͨɺ⟨rcore−2n⟩
ͷಋग़ʹ༻͍ͨࢉ׵ભҠ֬཰ B(E1)͸૬ରΤωϧΪʔ Erel Λ 0-5MeVͷൣғͰੵ෼ͯ͠ಘΒΕͨ஋Ͱ͋Γɺ࣮ࡍͷ

B(E1)͸͜ͷ஋ΑΓେ͖͘ɺ⟨rcore−2n⟩͸ 4.23 fmҎ্ͷ஋ΛऔΔͱ͑ߟΒΕΔɻҰํͰɺಘΒΕͨ ⟨rcore−2n⟩͸҆
ఆ֩ʹ͓͚Δ֩ࢠݪ൒ܘͷۙࣜࣅ r ∼ 1.3A1/3 fmʹൺ΂ͯ 16%େ͖ͳ஋Ͱ͋Γɺ22C͕தੑࢠϋϩʔ֩Ͱ͋Δ͜ͱͱ

ໃ६͠ͳ͍ɻ
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ຊڀݚͰ͸ɺԖඪతΛ༻͍ͨ 22CͷΫʔϩϯ෼ղ൓ԠΛଌఆ͠ɺ22CͷΫʔϩϯ෼ղஅ໘ੵͱࢉ׵ભҠ֬཰ B(E1)

෼෍Λಋग़ͨ͠ɻ࣮ݧ͸ཧԽֶڀݚॴͷ RIBFͰߦΘΕͨɻ֩ͨ͋ࢠΓ 235 MeVͷ 22CΛԖඪత͓Αͼ୸ૉඪతʹ

ೖࣹͤ͞ɺྭىঢ়ଶͷ 22C͔Β์ग़ͨ͠ 20CͱೋͭͷதੑࢠͷӡಈྔΛଟछཻݕࢠग़૷ஔ SAMURAIΛ༻͍ͯಉ࣌

ͷӡಈྔΛ༻͍ͯɺෆม࣭ྔ๏ʹΑΓࢠͷཻ֤ޙग़ͨ͠ɻಘΒΕͨ෼ղݕ 22Cͷ૬ରΤωϧΪʔ෼෍Λಋग़ͨ͠ɻಘ

ΒΕͨΫʔϩϯ෼ղஅ໘ੵ͸ΠϯΫϧʔγϒͰ 1369 ± 103 mbɺΤΫεΫϧʔγϒͰ 745 ± 71 mbͰ͋Γɺ௨ৗͷݪ

ΒΕΔιϑτݟʹϋϩʔ֩ࢠൺ΂ඇৗʹେ͖ͳஅ໘ੵ͕ಘΒΕͨɻ͜Ε͸தੑʹ֩ࢠ E1ྭىΛ͍ࣔࠦͯ͠Δɻ·ͨɺ

Equivarent photon methodΛ༻͍ͯΫʔϩϯ෼ղஅ໘ੵ͔Βࢉ׵ભҠ֬཰ B(E1)෼෍Λಋग़͠ɺ0-5 MeV·Ͱͷੵ

෼஋ B(E1) = 1.27 ± 0.11 e2fm2 ΛಘͨɻB(E1)෼෍Λࡾମ໛͓ࢉܭܕΑͼฏۉ৔ۙࢉܭࣅͱൺֱ͢Δ͜ͱͰɺ22C

ͷߏ଄Λ͑ߟΔ͏͑Ͱ ν2s1/2 ͱ ν(1d5/2)ͷ഑Ґࠞ߹͕ॏཁͰ͋Δ͜ͱΛࣔࠦ͢Δ݁ՌΛಘͨɻ͜ͷ B(E1)ͷ஋͔Β

E1 cluster sum rule Λ༻͍ͯٻΊͨϋϩʔΛܗ੒͢Δೋதੑࢠͷॏ৺ͱίΞ֩ͷڑ཭ͷظ଴஋ ⟨rcore−2n⟩ ͸ 4.23 ±
0.18 fmͰ͋Γɺ҆ఆ֩ʹ͓͚Δ֩ࢠݪ൒ܘͷۙࣜࣅ r ∼ 1.3A1/3 [fm]ʹൺ΂ͯ 16%େ͖ͳ஋Ͱ͋ͬͨɻ͜ΕΒͷ஋

͸ͲΕ΋ 22C͕தੑࢠϋϩʔ֩Ͱ͋Δࣄͱໃ६͠ͳ͍ɻ

ಓࠞ߹ͷׂيͷࢠͷ૬ؔ΍ϋϩʔதੑؒࢠͱͷൺֱΛਐΊΔ͜ͱͰɺೋͭͷϋϩʔதੑࢉܭͷల๬ͱͯ͠͸ཧ࿦ޙࠓ

߹ͳͲͷٞ࿦Λ͜͏ߦͱ͕Ͱ͖Δɻ
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ຊڀݚΛਐΊΔʹ͋ͨΓɺଟ͘ͷํʑʹ͝ࢦಋͱॿݴΛ௖͖·ͨ͠ɻࢦಋ׭ڭͰ͋Δதଜོ࢘ڭतʹ͸ɺຊڀݚͷΈ

ͳΒ༷ͣʑͳ֩ࢠݪ෺ཧֶͷ஌ࣝΛ͖͍ͩͨͯ͑ڭɺ·ͨ SAMURAIάϧʔϓͷ࣮ࢀʹݧՃ͍ͤͯͨͩ͘͞ͳͲଟ͘

ͷوॏͳݧܦΛͤͯ͞௖͖·ͨ͠ɻॿڭतͷۙ౻༸հࢯʹ͸ղੳʹؔ͢Δଟ͘ͷॿݴΛ௖͖ɺࢲͷཧղ͕଍Γͳ͍৔߹

ʹ΋Ώͬ͘Γஸೡʹ͖͍ͩͨͯ͑ڭ·ͨ͠ɻಛ೚ॿڭͷԦְࢯʹ͸ղੳʹ͍༷ͭͯʑͳҙݟΛ௖͖·ͨ͠ɻK.J.Cook

͍ͩͨͯ͑ڭ͸அ໘ੵಋग़ʹؔ͢Δղੳख๏Λʹࢯղੳͷखຊͱͯ͠Կ౓΋ॿ͚ͯ௖͖·ͨ͠ɻখྛ৴೭ࢠ͸தੑʹࢯ

͖·ͨ͠ɻཧ࿦ࢉܭΛ͍͍ͯͨͩͨ͠Ҵ૔߃๏ࢯɾഡ໺ߒҰࢯʹ͸ɺຊڀݚʹ͍ͭͯٞ࿦͍͍͚ͯͨͩͨͩ͠Ͱͳ͘ɺ

͸པΕΔઌഐͱ͠ࢯਓوɾేถࢯರඒ౻ࡈɻത࢜՝ఔͷͨ͠·͖͍ͩͨͯ͑ڭతͳ಺༰ʹ͍ͭͯ΋ૅج෺ཧֶͷ֩ࢠݪ

ͯɺಌΕͱͱ΋ʹඇৗʹ৺͍ͯ͡ײ͘ڧ·ͨ͠ɻౡా఩࿕ࢯɺࡾ໦੖ྤࢯ͸Կࣄʹ΋ੵۃతͰɺͦͷ͔࢟Β೔ʑͷྗ׆

Λ͍͍͓ͨͩͯΓ·ͨ͠ɻ٢ཹ༐ࢯىɺ҆ా੟ࢯɺLee Hyejiࢯɺւ࿝໊௚थࢯɺ߁ڮߴฏࢯ͸ਅ᎜ʹڀݚʹऔΓ૊Ή

Λ׆ɺ7೥ؒͷ௕͍େֶੜʹޙ࠷Λਃ্͛͠·͢ɻँײʹଟ͘ͷํʑͨͬͩͯ͑͘͞ࢧΛڀݚ௖͖·ͨ͠ɻͯ͑ࢧʹ࢟

มΘΒͣݟकͬͯ͘ΕͨՈ଒ʹ͠ँײ·͢ɻ


