
 

 

 

 

 

 

 

 

 

27  

 

  

◦☻♥ⱶ  

 

 

─ ─

╩ ∂√ ⸗♦ꜟ⌐ ∆╢  
 

 

 

 

 

 

 

 

 

 

28 3  

   



 

 

 

 

 

 
 

│⁸ ─ ◦☻♥ⱶ

⌐╟╢ ≤⇔≡⁸

 ⅜ ⇔√ 24 27

₈ ─ ─

╩ ∂√ ⸗♦ꜟ⌐ ∆╢

₉─ ╩ ╡╕≤╘√╙─≢∆⁹ 



 

 

i  

 

 

 ................................ ................................ ...............  IX 

1  │∂╘⌐ ................................ ................................ ....  1- 1 

1.1  ─  ................................ ..............................  1- 1 

1.2  ─  ................................ ..............................  1- 1 

1.3  ─ ה ה ⌂≥ ................................ ............  1- 2 

1.3.1   ................................ ..........................  1- 2 

1.3.2  ┼─  ................................ ......................  1- 2 

1.3.3  ─  ................................ ..........................  1- 3 

2   ................................ ................................ ....  2- 1 

3  ─ ┘  ................................ ......................  3- 1 

3.1  ─  ................................ ......................  3- 1 

 AMOC ─  ................................ ..................  3- 1 

b.  ⱦכⱶ─ ≤∕╣╩ ™√ ( )  .  3- 12 

 3 ▪♩ⱶⱪ꜡כⱩ(3D- AP) [5 ] [6 ] [7 ]  ................................ .  3- 35 

 (TEM)  ................................ .....................  3- 68 

3.2  ⸗♦ꜟ─ ( )  ................................ .  3- 86 

a.  ─⸗♦ꜞfi◓ ................................ ............  3- 86 

b.  ≤ ╩≈⌂←⸗♦ꜞfi◓ ............................  3- 99 

3.3   ................................ ................................  3- 106 

4   ................................ ................................ ........  4- 1 

4.1   ................................ ................................  4- 1 

4.1.1  Cu ─ (0.05wt.% ╩ )  ................................ .  4- 1 

4.1.2  Cu ─ (0.05wt.% ╩ )  ................................ .  4- 1 

4.2   ................................ ..............................  4- 2 

4.3  ─  ................................ ................................  4- 2 

5   ................................ ................................ ....  5- 1 

 

  



 

 

ii  

 

 

 3.1-1 ╠╣√ ⱦכⱶ─ ─  .................................................................... 3-18 

 3.1-2 ─ ⱬכ☻ ⱦכⱶꜝ▬fi≤─  .................................................... 3-18 

 3.1-3 HeliosNanoLab600i  ................................................................................................... 3-36 

 3.1-4 ⱬꜟ◑כDoel-2 ─ (wt.%) ......................................................... 3-38 

 3.1-5 №╢ ─ (wt.%) ......................................................... 3-41 

 3.1-6 №╢ ─  3-41 ................................................................ ♃כ♦

 3.1-7 5≈─ ⌐⅔↑╢ P─ Monolayer coverage ................................................................ 3-49 

 3.1-8 ⱨ▫fiꜝfi♪ Lovissa-1 ─ (wt.%) ........................................... 3-50 

 3.1-9 ⱨ▫fiꜝfi♪ Lovissa-1 ─ ┘  ...................................... 3-50 

 3.1-10 Cu ─ (at.%) ................................................................................... 3-53 

 3.1-11 ▪ꜟ♀fi♅fi Atucha-1 ─ (wt.%) .......................................... 3-57 

 3.1-12 A533B ─ (wt.%) ........................................................................................... 3-60 

 3.1-13 ≢─ A533B ┘ Fe ─ Cu─  .................................... 3-66 

 3.1-14 ≢─ A533B ┘ Fe ─ Cu  .................................... 3-66 

 3.1-15 JEM-ARM200F  ....................................................................................................... 3-68 

3.2-1 ◦Ⱶꜙ꜠כ◦ꜛfi⌐ ™√  ....................................................................................... 3-88 

 3.2-2  3.2-1(a)─ ⁸1ô 9ô≤ a  d │∕╣∙╣ 573K⁸1.5×10-8dpa/s ≤ 563 K⁸

3.3×10-7 dpa/s ≢ ↕╣√ ................................................................................................... 3-89 

3.2-3 1 ─ ─  3-90 ................................................ [34][1]♃כ♦─

 

 

  



 

 

iii  

 

 

 1.2-1 ╩ ⅎ╢  ············································································· 1-2 

 1.3-1  ···························································································· 1-3 

 2.1-1 ⅔╟┘  ·········································································· 2-1 

 3.1-1 ⌐ ⇔√ Fe─ ☻Ɑ◒♩ꜟ ············································· 3-2 

 3.1-2 ≤ ─  ···································································· 3-3 

 3.1-3 Fe⁸ Cu⁸ ⇔√ Fe─(a)◄Ⱡꜟ◑כ☻Ɑ◒♩ꜟ⁸(b)  ··· 3-4 

 3.1-4 AMOC ─  ················································································ 3-5 

╩ⱪכ◖☻꜡◦○ꜟ♃☺♦ 3.1-5  ™√ AMOC ─  ··························· 3-5 

 3.1-6 №╢▬ⱬfi♩─♦☺♃ꜟ○◦꜡☻◖כⱪ ↕╣√ ⁹(a)10ɛs⁸(b) ─

─ 100ns ⁸ ⁸ ⌐ ∆╢ ─╖ ≢⅝╢⁹ ··········· 3-6 

 3.1-7 AMOC ─ 2 ☻Ɑ◒♩ꜟ⁹(a) Fe, (b) Cu ······································ 3-7 

 3.1-8 ⌐ ⇔≡ ⇔√ AMOC☻Ɑ◒♩ꜟ⁹ ················································ 3-8 

 3.1-9 Fe≤ Cu⌐ ∆╢WⱤꜝⱷכ♃─  ································· 3-9 

 3.1-10 High-Cu ─ ─ AMOC2 ☻Ɑ◒♩ꜟ ······· 3-9 

 3.1-11 High-Cu ─ ⅔╟┘ Fe⁸ Cu─WⱤꜝⱷכ♃

─  ························································································· 3-9 

 3.1-12 Low-Cu ─ ⅔╟┘ Fe⁸ ⇔√ Fe

─WⱤꜝⱷכ♃─  ································································· 3-11 

 3.1-13 Low-Cu ─ ⅔╟┘ ⇔√ Fe─ AMOC☻Ɑ◒♩ꜟ⌐⅔

↑╢ (♃▬ⱶ♀꜡ (-0.1ns 0.1ns)⅔╟┘ 0.3~0.5ns)⇔√( Fe⌐ ∆╢)

 ············································································································· 3-11 

 3.1-14 Low-Cu ─ ⅔╟┘ Ni─ Fe⌐ ∆╢ CDB  ········ 3-11 

 3.1-15 KUR─ ─ ≤ B1 ─  ······················································ 3-13 

 3.1-16 KUR-B1 ( )─  ······································································ 3-13 

 3.1-17 ─  ······················································································ 3-13 

 3.1-18 ─ ╩ ∆  ································································· 3-14 

 3.1-19 ╩ ─Ⱪכꜞ☻╢∆  ··························································· 3-15 

 3.1-20 ♄◒♩─  ·········································································· 3-15 

 3.1-21 ⱦכⱶꜝ▬fi─  ································································· 3-15 

 3.1-22 ╖ ≡ ─ ⱦכⱶꜝ▬fi─  ·················································· 3-16 

 3.1-23 ⱦכⱶꜝ▬fi─  ································································· 3-16 

 3.1-24 ⱦכⱶꜝ▬fi─  ··························································· 3-17 

 3.1-25 ⇔√ ⱦכⱶ⌐╟╢ MCP☻◒ꜞכfi─  ································· 3-17 

 3.1-26 ─  ············································································· 3-19 

 3.1-27 ⌂  ·········································································· 3-19 

 3.1-28 ⌐ ⇔√ CDB☻Ɑ◒♩ꜟ ························································· 3-20 

 3.1-29 ◦☻♥ⱶ─  ············································································· 3-20 

 3.1-30 Ɽꜟ☻ ─  ············································································· 3-21 



 

 

iv  

 

 3.1-31 Ɽꜟ☻ ─ ─Ⱪ꜡♇◒  ····················································· 3-22 

 3.1-32 Ɽꜟ☻ ─  ······································································· 3-22 

 3.1-33 Ᵽfi♅ꜗכ ─  ································································· 3-23 

 3.1-34 Ɽꜟ☻ ─ ⌐ ™√ ─  ··············································· 3-23 

 3.1-35 Ɽꜟ☻ ─ ─Ⱪ꜡♇◒  ····················································· 3-24 

 3.1-36 ─  ······························································ 3-25 

 3.1-37 ⱦכⱶ─Ɽꜟ☻ ─  ································································· 3-25 

 3.1-38 ⱦכⱶⱤꜟ☻ ─◖▬ꜟ  ·················································· 3-25 

 3.1-39 ─Ɽꜟ☻ ─  ······································································· 3-26 

 3.1-40 ─  ·········································································· 3-27 

 3.1-41 ≢─ ─  ······························································ 3-28 

 3.1-42 ─ⱦכⱶ ─  ························································ 3-29 

 3.1-43 ─  ············································································· 3-30 

 3.1-44 ⇔√ ─ ≤ ꜠fi☼─  ······································ 3-30 

 3.1-45 ─ ⅛╠ ╕≢─  ············································ 3-31 

 3.1-46 ⌐ ⇔√Ɽꜟ☻ ─ ꜝ♇◒ ······································ 3-31 

 3.1-47 ⱦכⱶ╩ ™√ ─ ─  ································ 3-32 

 3.1-48 ⱦכⱶ ─꜠fi☼  ··························································· 3-32 

 3.1-49 ⱦכⱶ ⌐ ⇔√ ─  ··································· 3-33 

 3.1-50 ≢ √ⱦכⱶ ─꜠fi☼  ································ 3-33 

 3.1-51 (a) ≢ ⇔√ ⱦכⱶꜝ▬fi─ , (b)KURⱦכⱶꜝ▬fi⌐

↕╣√ AMOC  ······················································································ 3-34 

 3.1-52 ◄Ⱡꜟ◑כ כ◙כ꜠ ▪♩ⱶⱪ꜡כⱩ─  ················· 3-35 

3.1-53 Helios NanoLab600i  ······································································· 3-36 

 3.1-54 ─ SEM (a) ⁸(b)Cu-Fe  ······························ 3-37 

 3.1-55 ⱴ▬◒꜡◘fiⱪꜞfi◓─ ⁹ ······························································ 3-37 

 3.1-56 ─  ············································································· 3-38 

 3.1-57 ⱬꜟ◑כDoel-2 ─ 3D-AP  ········································ 3-38 

 3.1-58 ⁸ⱦ♇◌כ☻ ⁸Cu ⌐╟╢ ─

 ················································································································ 3-39 

 3.1-59 №╢ 1 ( 1.18×1019n/cm2)─ 3D-AP

 ············································································································· 3-41 

 3.1-60 №╢ 2 ( 2.97×1019n/cm2)─ 3D-AP

 ············································································································· 3-42 

 3.1-61 №╢ 3 ( 7.19×1019n/cm2)─ 3D-AP

 ············································································································· 3-42 

 3.1-62 №╢ 4 ( 1.09×1020n/cm2)─ 3D-AP

 ············································································································· 3-43 

 3.1-63 Ni-Mn-Si◒ꜝ☻♃כ ─  ··············································· 3-43 



 

 

v 

 

 3.1-64 Ni-Mn-Si◒ꜝ☻♃כ ─  ·················································· 3-44 

 3.1-65 Ni-Mn-Si◒ꜝ☻♃כ ─  ··············································· 3-44 

 3.1-66 ─  ···································································· 3-45 

─┼ⱪכꜟ 3.1-67   ·········································································· 3-45 

─ⱪכꜟ 3.1-68  Cd ········································································· 3-45 

ⱪכꜟ 3.1-69  ─  ··························································· 3-46 

ⱪכꜟ 3.1-70  ─  ························································ 3-46 

 3.1-71 ⱦ♇◌כ☻ ⅛╠ ╠╣√ (ȹHv)─ ⁹ȹHvSC(3D-AP

≢ ↕╣√ SC ⌐╟╢ )⁸ȹHvLoop( ≢ ↕╣√ ╟⌐ⱪכꜟ

╢ )⁸ȹHvLoop(positron)( ≢ ↕╣√ ╢╟⌐ⱪכꜟ )╙ ╦

∑≡ ∆⁹ ································································································· 3-47 

 3.1-72 №╢ 4 ─ 3D-AP  ··················· 3-48 

 3.1-73 №╢ 4 ≢─ P─ ⱪ꜡ⱨ□▬ꜟ········ 3-49 

 3.1-74 X Ɽ♃כfi (a) 2—= 35-75°⁸(b) 2— = 42-48° ···································· 3-50 

 3.1-75 ⱨ▫fiꜝfi♪ Lovissa-1 ─ 3D-AP [20] ························ 3-51 

 3.1-76 Cu ─ ⁸ ⁸ [20] ········································· 3-53 

 3.1-77 ( ⅔╟┘ Cu ⌐╟╢ ─ ╙╡ )[20] ·············· 3-54 

 3.1-78 ⱨ▫fiꜝfi♪ Lovissa-1 ─ [20] ························· 3-54 

 3.1-79 ⱨ▫fiꜝfi♪ Lovissa-1 ─ CDB [20] ··························· 3-55 

 3.1-80 ▪ꜟ♀fi♅fiAtucha-1 ─ ⅔╟┘ ─

⁹ │ ≢ ∆ ≢ ↕╣√⁹ ········································ 3-56 

 3.1-81 ▪ꜟ♀fi♅fi Atucha-1 (CV SET-1 LS⅔╟┘ CV SET-2 LS)─

─│∂⅝ ⇔ ⁹│∂⅝ ⇔ dpa│⁸dpa = dpafast + k dpathermal ≢№

╡⁸ k │(a) ─ (k=1)⅔╟┘(b) ─ (k=2.8)≤⇔≡ ↕╣√⁹k=2.8│⁸

♩꜠fi♪⅜ ─ ≥♃כ♦ ∆╢╟℮⌐ ╘╠╣√⁹ ·················· 3-56 

 3.1-82 ▪ꜟ♀fi♅fiAtucha-1 ⁸ ─ ⁸BR2≢─

─∕╣∙╣⌐⅔™≡⁸dpa╩ ◄Ⱡꜟ◑כ≢ ↑√ ─  ······················ 3-57 

 3.1-83 ▪ꜟ♀fi♅fi Atucha-1 ⅔╟┘ BR-2 ─ 3D-AP 3-58 

 3.1-84 Cu ─ Cu ─ⱥ☻♩◓ꜝⱶ⅔╟┘ Cu ─  · 3-59 

 3.1-85 A533B ─ EBSD  ·································································· 3-60 

 3.1-86 750ϴ×600s─ ╩⇔√ Cu-Fe ─ 3D-AP  ························ 3-61 

 3.1-87 Cu-Fe ─ Fe ⌐⅔↑╢Cu ( ⅝ )⅔╟┘ (3-21)⌐╟╢ⱨ▫♇♥▫

fi◓ ( ) ···························································································· 3-62 

 3.1-88 Fe ─ Cu ─▪꜠♬►☻ⱪ꜡♇♩ ··········································· 3-63 

 3.1-89 Fe ─ Cu ─  ···················································· 3-64 

 3.1-90 700 °C≢ 3,000 s ⇔√ Cu/A533B ─ ─ 3D-AP  ···· 3-64 

 3.1-91 ─ A533B ⅔╟┘ Fe ─ Cu ⱪ꜡ⱨ□▬ꜟ ·················· 3-65 

 3.1-92 A533B ┘ Fe ─ Cu ─▪꜠♬►☻ⱪ꜡♇♩ (Tc: Curie ) · 3-66 

 3.1-93 A533B ┘ Fe ─ Cu─ ─  ····························· 3-67 



 

 

vi  

 

 3.1-94 JEM-ARM200F  ··········································································· 3-68 

 3.1-95 Helios NanoLab600i♅ꜗfiⱣכ  ····························································· 3-69 

 3.1-96 EBSDⱴ♇Ⱨfi◓⌐╟╢◘fiⱪꜞfi◓ ─  ······································· 3-69 

 3.1-97 FIB⁸ (Pt ♦ⱳ)─  ····························································· 3-70 

 3.1-98 FIB⁸◘fiⱪꜞfi◓ ─  ·························································· 3-70 

 3.1-99 FIB⁸ ≤Wⱪ꜡כⱩ ─  ························································· 3-70 

 3.1-100 FIB⁸TEMⱷ♇◦ꜙ┼ ─  ·························································· 3-71 

 3.1-101 FIB⁸ ─  ········································································ 3-71 

 3.1-102 FIB ─ ⅜ⱪכꜟ ≤∆╢ ≤Ⱨ◒☿ꜟ◘▬☼ ················· 3-72 

 3.1-103 WB-STEM─  ············································································· 3-72 

 3.1-104 №╢ 4 ⁸(a) STEM (1 nm/pixel), 

Ddomain = 3.3Ñ0.6ɛm, (b) STEM (0.25 nm/pixel) (c) ♦▫☻◒Ɽ♃כfi

{111}zone(Camera length = 5 cm) ······································································ 3-73 

 3.1-105 №╢ 4 ─ B=[111], ··················· 3-74 

 3.1-106 bcc-Fe [111]⌐⅔↑╢  ···················································· 3-74 

 3.1-107 №╢ 4 ─ ─ ⁹ ········· 3-75 

 3.1-108 ≤ ⅝≈─♩☻ꜝ♩ⱪ─◖fiכꜟ  ·········································· 3-76 

 3.1-109 №╢ 4 ─ ⱪ─WB-STEMכꜟ  ··· 3-77 

 3.1-110 №╢ 4 ─ ☼▬◘─ⱪכꜟ  ········· 3-77 

 3.1-111 WB-STEM ⌐╟∫≡ ⇔√№╢ ─ ⱪכꜟ

─ ⁹(a): , (b): 1 , (c): 3 , (d): 4  ································· 3-78 

 3.1-112 (a):ARM 200F─ ꜠fi☼ ≤ , (b): ↕╣√

( ⁸▪⸗ꜟⱨ□☻◌כⱲfi ─ ♫ⱡ ) ······································ 3-79 

 3.1-113 №╢ <111> ⅛╠─ HRTEM (a): (ii)⌐ ╩

╦∑√ , (b): (i)⅔╟┘ (iii)⌐ ╩ ╦∑√  ··················· 3-79 

 3.1-114 №╢ <100> ⅛╠─AC-TEM (a): ≤

, (b): HRTEM (40 ) ························································· 3-80 

 3.1-115 №╢ <100> ⅛╠─ AC-TEM (a): TEM

, (b): ─√╘─[110]  ······························································ 3-80 

 3.1-116 ─ ⅛╠ ↕╣╢ ·············································· 3-81 

 3.1-117 №╢ ⁸ ⌐⅔↑╢  ····················· 3-82 

 3.1-118 №╢ ⁸EDX ⌐╟╢  ···················· 3-83 

 3.1-119 №╢ ⁸ ─  ···································· 3-84 

 3.1-120 №╢ ⁸ ─ TEM  ········································· 3-85 

 3.2-1 KUR≢ ⇔√ Fe-0.6wt.%Cu─ S-W (a)≤◦Ⱶꜙ꜠כ◦ꜛfi (b)⁸(c)│

(b)╩ ↕∑√╙─ ···················································································· 3-89 

3.2-2 KUR ≢ ↕╣√ Fe-0.6wt.%Cu─Ɽꜝⱷכ♃(Fe-0.6%Cu))╩ ™√ 1 ─

─ ─◦Ⱶꜙ꜠כ◦ꜛfi  ················································· 3-90 

 3.2-3 3.2-1 ─ ( )─ ╩ ™√ ─ ─ ≤



 

 

vii  

 

1 ─ ⌐ ╕╣╢ ─◦Ⱶꜙ꜠כ◦ꜛfi ⁹ ⅝⌂ 2 │⁸

1 ─ 3 ≤ 4 ─ ─  ····································· 3-91 

 3.2-4 3.2-1 ─ ( )─ ╩ ™√ ─ ─ ≤

1 ─ ⌐ ╕╣╢ ─◦Ⱶꜙ꜠כ◦ꜛfi ⁹ ⅝⌂ 2 │⁸

1 ─ 3 ≤ 4 ─ ─  ····································· 3-91 

 3.2-5 JMTR ≢ 563K ≢ ⇔√ ─Ⱳ▬♪─ ≤◘▬☼─◦Ⱶꜙ꜠כ◦ꜛfi

⁸ ─ ⅝⌂ │ JMTR─♦3-92 ·························································· ♃כ 

 3.2-6 JMTR⁸563K≢ 3.9×1019n/cm2╕≢ ⇔√ ─  ····················· 3-93 

 3.2-7 9 ─ ─  ································································· 3-96 

 3.2-8 ─ ≤∕─ ⁸ ⅝⌂◦fiⱲꜟ│ ─

 ················································································································ 3-97 

ⱪכꜟ 3.2-9  ─ ⁹ ⅝⌂◦fiⱲꜟ│ ─  ········· 3-97 

⌐ⱪכꜟ 3.2-10  ∆╢ ⁹ ₈Simulation₉│ ⁸₈PAL₉│

╟╡⁸₈TEM₉│ ╟╡ ╘√  ····················· 3-98 

 3.2-11 ─ ─  ············································· 3-100 

 3.2-12 ⌐╟╡ ╘√ ⌐╟╢ȹRTNDT ··········································· 3-101 

 3.2-13 ─ ─ ╕≢─ ☺ꜗfiⱪ ( ⇔√ ⁸ )─

 ··········································································································· 3-102 

 3.2-14 Mn⁸Ni⁸Si ┘Mo─ ┼─ ≤∕╣╠─ ⌐⅔↑╢ ⁹Mo⅜ⱴ

♩ꜞ♇◒☻⌐ ⇔≡™╢≤⇔√  ··························································· 3-103 

 3.2-15 Mn⁸Ni⁸Si ┘Mo─ ┼─ ≤∕╣╠─ ⌐⅔↑╢ ⁹Mo│

⇔≡⅔╡⁸ ⌐╟╡ⱴ♩ꜞ♇◒☻⌐ ∆╢≤⇔√ ······················· 3-104 

 3.2-16 C─ ≤ ≢─ ─  ········································ 3-105 

 4.1-1 Cu ⸗♦ꜟ ·············································································· 4-1 

 4.1-2 Cu ⸗♦ꜟ ·············································································· 4-1 

  



 

 

viii  

 

 

   

3D- AP 3 Dimensional Atom Probe 3 ▪♩ⱶⱪ꜡כⱩ 
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CDB Coincidence Doppler broadening  
♪♇ⱪꜝכ
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◖fi☻♃fi♩הⱨꜝ◒◦ꜛfi
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◖fi☻♃fi♩הⱨꜝ◒
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EPMA Electron Probe MicroAnalyzer  ⱪ꜡כⱩ  
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☺▼ⱠꜝꜟהⱤהꜟ◒▫♥כ 
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KUR Kyoto University research Reactor   
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MD Matrix Damage ⱴ♩ꜞ♇◒☻  

NEPOMUC NEutron- induced POsitron source MUniCh  ⱵꜙfiⱫfi  

PC Personal Computer Ɽכ♁♫ꜟ◖fiⱧꜙכ♃ 

TAC Time Amplitude Converter   

SC Solute Cluster  כ♃☻ꜝ◒ 

SEM Scanning Electron Microscope   

STEM Scanning Transmission Electron Microscope   

TEM Transmission Electron Microscope   

WB- STEM 
Weak Beam 

Scanning Transmission Electron Microscope  

 ⱶכⱦ◒כ▫►
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─ ╩ ⇔⁸ ⌐ ∆╢ ─ ╩ ┘ ∆╢√╘⌐│⁸

─ ⌂ ─ ╩ ⇔ↄ ⇔ ∆╢↓≤⅜ ≢№╢⁹ ≢│⁸

─ ⌐╟╢ ⌂ ╩⁸ ─♫ⱡ ( ⁸3

▪♩ⱶⱪ꜡כⱩ( 3 Dimensional Atom Probe 3D- AP) ⁸ )╩ ⇔≡ ⇔⁸

⌐ ≠™√ ⸗♦ꜟ╩ ∆╢↓≤╩ ≤⇔⁸ ─ ╩ 24 27

⌐ ∫√⁹ 

 

ᵑ ─  

a. AMOC ─  

΅ ( Age- Momentum Correlation : AMOC) ≤│⁸ ⁸ ₁⌐

╦╣≡™╢ ≤♪♇ⱪꜝכ ⅜╡ ─ ╩ ∆╢ ≢№╢⁹ │⁸

⅜ ↕╣╢◘▬♩─ ⁸∆⌂╦∟ ╛∕─◘▬☼⌐ ∆╢ ⅜ ╠╣

╢─⌐ ⇔≡⁸♪♇ⱪꜝכ ⅜╡ │∕─◘▬♩─ ─ ╩ ∆╢↓≤⌐╟╡⁸

╩ ╢↓≤⅜≢⅝╢⁹↓╣╠─ ╩≤╢↓≤⌐╟∫≡⁸ ≤ ה

─ ⁸↓╣╠─ ⁸≈╕╡⁸ ─ ─ ⌐⌂╢≤ ⅎ╠╣╢ⱴ♩

ꜞ♇◒☻ ( Matrix Damage: MD)≤ )כ♃☻ꜝ◒ Solute Cluster : SC) ─ ⅜

╠⅛⌐⌂╢≤ ↕╣╢⁹ 

─ │⁸ ─ ╩ ™√ ≢│ ∆╢√╘⁸ ⌐│

( Kyoto University research Reactor : KUR)╩ ™√ ⱦכⱶ

╩ ™≡ ╩ ℮↓≤╩ ⇔(ᵑ b)⁸KUR⌐⅔↑╢ ⱦכⱶꜝ▬fi ≤ ⇔≡ AMOC

◦☻♥ⱶ╩ ⌐≡ ⇔√⁹ ⁸KUR─ ─ ⌐╟╡ KUR─

─ ╣⅜ ↕╣√√╘( ⁸ 28 3 ╕≢⌐ ⇔⌂⅛∫√)⁸ ◦☻♥ⱶ╩

KUR⌐ ⇔KUR⅜ ∆╣┌AMOC ⅜≢⅝╢↓≤╩ ∆╢≤≤╙⌐⁸ 25 │⁸

─ ╩ ™≡⁸ ─ ─ ⌐╦√╢ AMOC ╩ ™⁸

MD≤ SC─ ⌐ ∆╢ ╩ ╢↓≤⅜≢⅝√⁹ ⅎ┌⁸ ™ 1 ─

⌐ ⌂ ─ ™ ( High - Cu )≢│⁸ ™ ≢ ( Cu) ≤─

⅜ ∆╢─⌐ ⇔≡⁸ ⅜ ≢№╢ ™ ≢│⁸Cu

≤─ ⅜ ⌂ↄ⌂╢↓≤⅜╦⅛∫√⁹∆⌂╦∟⁸ ⌐ ↕╣╢ MD│⁸ ⌐ Cu

⅜ ≤⌂╢ SC≤│ ◘▬♩⌐ ↕╣╢↓≤⅜ ↕╣√⁹ ⁸ 2 ─

─ ™ ( Low- Cu )≢│⁸ ⌐╟∫≡⁸ ◘▬♩⅜ ∆╢╟℮

⌂ │ ╠╣∏⁸MD≤ SC(♬♇◔ꜟ( Ni)⁸ⱴfi●fi( Mn)⁸◦ꜞ◖fi( Si)⅜ )⅜ ◘▬

♩⌐ ⁸∆⌂╦∟MD≤ SC─ ╩ ⇔≡™╢↓≤⅜ ↕╣√⁹ 

 

b. ⱦכⱶ─ ≤∕╣╩ ™√ ( )  

 AMOC ◦☻♥ⱶ╩ ™≡⁸ ⌐ ↄ─ ╩ ∆╢ ≢⁸ ╩ ⇔√

ⱦכⱶꜝ▬fi╩KUR⌐≡ ⇔√⁹╕∏⁸KUR─B1 ⌐ ≤ ─ⱦכ

ⱶꜝ▬fi╩ ⇔⁸ ─ ╕≢ⱦכⱶ╩ ⅝ ⇔≡ ─ ╕≢ ⱦכⱶ

╩ ↄ ╩ ⇔√⁹ⱦכⱶꜝ▬fi │ ⱳfiⱪ⌐╟╡ ⌐ ⇔√⁹KUR─



 

 

x 

 

fiכꜞ◒☻⁸⌐ ─ⱴꜟ♅♅ꜗfiⱠꜟⱪ꜠כ♩( Micro Channel Plate : MCP)⌐╟╢ⱦכⱶ☻

ⱳ♇♩ ╛⁸ ♅ꜗfiⱣכ⌐⅔↑╢ ●fiⱴ ⅛╠ ⱦכⱶ─ ⅜ ↕╣√⁹ ╠

╣√ ⱦכⱶ │⁸ 1MW≤ 5MW ⌐⁸∕╣∙╣ 1. 4×106 ┘ 6. 2×106 e+/s ≢

№∫√⁹ 

⌐⁸AMOC ⌐⅔↑╢ ⌐ ≤⌂╢Ɽꜟ☻ ╩ ♅ꜗfiⱣכ ⌐

⇔√⁹Ɽꜟ☻ ╩ ∆╢ ─ ⁸Ɽꜟ☻ ─ │ ≢№╢↓≤

╩ ⇔√⁹∕⇔≡ ⱦכⱶ╩ ™√ ⌐⅔™≡⁸Ɽꜟ☻ ≢ ╠╣√Ɽꜟ☻ ╩

⇔√≤↓╤⁸ ≢ 135ps ─ ⅜ ╠╣⁸ ⱦכⱶ⌐╟╢ ⌐

≤↕╣╢ 250ps ─ ╩ ╢√╘─ ≤⌂╢ 150ps╩ ∆╢ ⅜ ↕╣√⁹ 

↕╠⌐⁸KUR≢ ∆╢ ⱦכⱶ│ 30mm№╡⁸ ⌐ ∆╢ ◘▬☼╟╡ ⅝™

√╘⁸ⱦכⱶ ╩ ╟ↄ ∆╢√╘─ ╩ⱦכⱶꜝ▬fi ⌐ ⇔√⁹

ⱦכⱶ╩ ™√ ⌐⅔™≡⁸ 15mm─ⱦכⱶ⅜ 2. 9mm╕≢ ≢⅝⁸ ⌂

⅜ ≢⅝╢↓≤⅜ ⅛∫√⁹↓─ │ ─ ≤╙ ↄ ⇔√⁹ 

↓╣╠─ ⅛╠⁸KUR⌐ ⇔√ ⱦכⱶꜝ▬fi│AMOC ╩ ℮√╘⌐ ⌂

≤ ╩ ∫≡™╢↓≤⅜ ↕╣√⁹ 

 

c. 3 ▪♩ⱶⱪ꜡כⱩ(3D- AP)  

╕∏⁸ ( Field Emission : FE) - SEM ⅝ ▬○fiⱦכⱶ ( Focused Ion 

Beam: FIB)╩ ⇔⁸ ⌂≥─ ╩ ⌐ ╗╟℮⌂ 3D- AP ─ ╩ ╟ↄ

≢⅝╢╟℮⌐⇔√⁹↓╣╩ ™≡⁸ ⌂≥─ ─ 3D- AP ╩ ╘√⁹ 

↓╣╕≢─ ╩ ™√ ─ ╟╡⁸SC ─ ┼─

⁸∆⌂╦∟ MD─ ⅜ ↕╣√⅜⁸∕╣╩ ≢ ⌐ ∆√╘⌐⁸ⱬꜟ◑כ

Doel- 2 ( High - Cu )─ ╩ ™⁸3D- AP⌐╟╢SC─ ⌐ ⅎ≡⁸

⁸ ╩ ∑≡ ⇔√⁹∕─ ⁸5×1019n/cm2 ─ ╩450ϴ╕≢

∆╢≤ SC⌐ │╒╓ ╠╣⌂™─⌐ ⇔≡⁸ │∆≢⌐ ⇔≡™√⁹≈╕╡⁸

─ │SC ( MD)≢№╢↓≤⅜╦⅛∫√⁹ 

↕╠⌐⁸ ™ ⌐⅔↑╢ ╩ ═╢√╘⁸ 1×1020n/cm2─ ╕≢ ↕╣

√№╢ ( Low- Cu )╙ ⇔√⁹ ≢│ SC│╒≤╪≥ ╠╣⌂∫

√⅜⁸ 7×1019n/cm2─ ⌐⌂╢≤SC( Ni- Mn- Si ⅜(כ♃☻ꜝ◒ ⌐ ↕╣√⁹⇔⅛⇔⁸

↕╠⌐ ⅜ ╪∞ 1×1020n/cm2≢│ Ni- Mn- Si │⌐כ♃☻ꜝ◒ ⅝⌂ │⌂⅛∫√⁹↓─

SC ─ │⁸ ─∕╣≤│ ⌂∫√⁹ ⌐⁸ ─ ≤ 1×

1020n/cm2 ─ ≢─ │⁸ ╛ (ᵑ d ≢ )

⌐╟∫≡ MD─ ╩ ↄ ⇔√⁹╕√⁸1×1020n/cm2≢│ ╩ ╦⌂™ ⅜ ╦╣√√╘⁸

∕─ ≤ ⅎ╠╣╢ ╩ ═√⅜⁸ ╩ ⅝ ↓∆╒≥─ ─ ( P) │

∂≡™⌂™↓≤⅜╦⅛∫√⁹ 

⌐╙⁸ ( )⌐╟╡ ⇔√ ╩ ↕∑√ ⁸ ┘ ( )⇔√

╛⁸ ⌐ ═≡ ⅜ ⌐ ™ ─ ╙ ═⁸∕╣╠─

≤ ─ ╩ ╠⅛⌐⇔√⁹ 

 ╕√⁸ ⌐⅔™≡ ⌂Ɽꜝⱷכ♃≤⌂╢ Cu─ ╛ ╩ 3D- AP╩ ™



 

 

xi  

 

≡ ⇔√⁹ ─ Fe ─ Cu─ ⁸│♃כ♦ (300ϴ )╟╡ ⅛⌐ ─

700ϴ ∞↑≢№∫√⅜⁸ ⌐╟∫≡ ╟╡╙150ϴ ╙ ⌐ ™

≢─ ─ ⌐ ⇔√⁹╕√⁸ │⁸ ─ ⌂ ⌐╟╢ ╟╡╙⅛⌂╡

↕™ ≢№╢↓≤╩ ╠⅛⌐⇔√⁹↓╣│ Cu ─ ⅜ ™↓≤╩ ∆ ⌂ ≢№

╢⁹ 

 

d. ( TEM)  

─ ( Aberration Corrected Transmission Electron 

Microscope: AC- TEM)⌐╟╡⁸ ─ ≢│ ↕╣≡™⌂™ ה ≢

⌐╟∫≡ ↕╣╢ MD╩ ∆╢↓≤⅜ ≢№╢⁹ ≢│⁸

( STEM)╩ ⇔≡⁸♫ⱡ☻◔כꜟ─ ╩ ∆╢√╘─ ⱶכⱦ◒כ▫►™⇔

( WB- STEM)╩ ⇔√⁹↓─ WB- STEM ╩ ─ ⌂╢ ─№╢

⌐ ↕╣╢ ─ⱪכꜟ ⅔╟┘◘▬☼ ╩ ⌐ ⇔√⁹∕─

⁸ ≢ ─ⱪכꜟ ⅜ ⇔ↄ ⇔⁸ ─ ≢│ ≢⅝⌂

™ ≢№╢↓≤⅜ ╠⅛⌐⌂∫√⁹ 

⌐⁸AC- TEM─ ( High Resolution Transmission Electron 

Microscope:HR- TEM)╩ ™≡⁸ ─ ⱪכꜟ ─ ─ ≤⌂╡℮╢ ─

≤ ╩ ∫√⁹HR- TEM⌐╟∫≡⁸ ─ⱪכꜟ ⌐ 0. 1° ─ ⌂

⅜№╢↓≤⁸ ≢│ ⅜ⱪכꜟ ⇔√ ⅜

ↄ ∆╢↓≤⅜ ↕╣√⁹↓╣│⁸ ─ ⅛╠ ⌐ ⇔≡™√ ⌐⁸

⌐╟∫≡ ⇔√ ╛ ⅜ⱪכꜟ ⇔≡≢⅝╢ ⌂Ⱡ♇♩꞉כ◒

≢№╡⁸ ─ ⌐⅔↑╢ ≢─ ≤ ≤─ ─ ─

≈≢№╢ ⅜№╢⁹ 

─ ⅔╟┘ ─ ─ ╩ ≤⇔√WB- STEM⅔╟┘HR- TEM⌐

ⅎ⁸ ꜝfi♄ⱶ ─ ╩ ∫√⁹◄Ⱡꜟ◑כ ( Energy Dispersive 

X- ray Spectroscopy : EDX)⌐╟╢ │⁸ꜝfi♄ⱶ ⌐⸗ꜞⱩ♦fi( Mo) ≤ Mn

⅜ ⇔≡™╢↓≤⁸∕⇔≡⁸∕╣╠─ │ ─ ⅛╠ ⌐ ⇔⁸ ≢╙∕

─ ⅜ ⅝ↄ ∆╢↓≤│ ⅛∫√⁹EDX ─ │⁸↓╣╕≢ ⇔√ 3D- AP─

≤╙ ↄ ⇔√⁹ 

 

ᵒ ⸗♦ꜟ─ ( )  

a. ─⸗♦ꜞfi◓ 

╕∏⁸ ─⸗♦ꜟ ≢№╢ Fe- 0. 6wt.%Cu─ ≤⁸Ⱳ▬♪ ה ╩

∆╢√╘⌐ ⌐ ≠ↄ ╩♪כ◖ ⇔√⁹KUR─ ╩ ≢№╢ 1. 5

×10- 8 dpa/s ≤⇔≡◦Ⱶꜙ꜠כ◦ꜛfi∆╢≤⁸Cu─ ╩ ∆ ♪♇ⱪꜝכ

⅜╡( Coincidence Doppler broadening : CDB) ─ ╩ ↄ ≢⅝√⁹ 

⌐⁸ 1 ─ ─ ─ ╩◦Ⱶꜙ

fi∆╢─⌐⁸Feꜛ◦כ꜠ ─ Cu─ ⌐ ⁸≢♪כ◖√™ ⌐ ≤ ╩

⌐ ⅎ√∞↑≢│⁸Ⱳ▬♪⅜ ∑∏⁸ ⱪכꜟ ⅜ ⌂ↄ⁸ ⅜ ™≤™℮ ╩ ╢
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↓≤│ ≢№∫√⁹∕─√╘ ─Ɽꜝⱷכ♃╩ ⅎ≡⁸ ╩♃כ♦─ ≢⅝╢╟

℮⌐ ⇔√⁹ ⁸≢♪כ◖∂ ה ( JMTR)  290ϴ⌐⅔↑╢

─ ⌐∆╢≤⁸Ⱳ▬♪⅜ ∆╢≤™℮ ⅜ ╠╣√⁹↓╣│ JMTR≢ ⇔√ ─

╩ ⇔≡™╢⁹ 

⌐ ─ ─ ⌐ ≠™≡⁸ ─⸗♦ꜞfi◓╩ ∫√⁹

⌐ ≠ↄ◦Ⱶꜙ꜠כ◦ꜛfi◖כ♪╩ ↕∑⁸ ⅜ ╩ⱪכꜟ

≤⇔≡ ∆╢↓≤╩ ╡ ╣≡⁸Ɽꜝⱷכ♃╩ ∆╢↓≤⌐╟╡⁸№╢

( Low- Cu )─ ╩ ≢⅝√⁹ 

 

b. ≤ ╩≈⌂←⸗♦ꜞfi◓ 

 ⸗♦ꜟ╩ ∆╢√╘⌐⁸ ≤ ╩ ↕∑╢⸗♦ꜞfi◓

─ ─♪כ◖ ╩ ∫√⁹ ⌐ ≤⇔≡│⁸ ↕╣≡™╢ ∞↑≢

⌂ↄ⁸ ─ ╙ ⇔√⁹ 

⌐⁸ ⅛╠ ╛ ( Ductile - Brittle Transition 

Temperature: DBTT) ╩ ↄ ⌐≈™≡ ⇔⁸ ≤ ╩ ↕

∑╢⸗♦ꜞfi◓─ ─♪כ◖ ╩ ∫√⁹ 

№╢ ≢ ↕╣≡™╢╟℮⌐⁸1×1020n/cm2 ─ ≢ DBTT╩

⅝ↄ ↕∑╢ ≤⇔≡⁸Orowan⸗♦ꜟ⅜ ∆╢╟℮⌂ ─ ⁸ ─

⁸ⱬ▬♫▬♩ ─ ╩ ⇔√⁹╕√ ⌐╟╡ ∑∏ ⌐╟╡ ∆

╢≤ ─ ≢ ↕╣≡™╢ Mn─ ─ ─ │⁸ ╟╡╙

⅜ ™√╘⁸5×1019n/cm2 ─ ≢ ∆╢ ⅜№╢↓≤╩ ⇔√⁹ 

─⸗♦ꜞfi◓⌐╟╡ ╠╣√ ⅛╠⁸ ╩ ⇔√⁹

№╢ ─ DBTT─ ╩⁸ ─ ┼─ ⌐╟╢ ≤⇔≡

⇔√⁹ 

 

─ ה ╩ ⇔≡⁸ ⌐ ≠ↄ ⸗♦ꜟ╩ ⇔√⁹ ⌐⁸

⌐│ SC∞↑≢⌂ↄ MD─ ╩ ╣╢↓≤⅜╟╡ ⇔™⸗♦ꜟ≤⇔≡ ↕╣√⁹ │

⌐ ∆╢⁹
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1  │∂╘⌐ 

1.1  ─  

│ ─ ╩ ╘╢ ⌂ ≢№╡⁸ ⌐╟╢

│ ─ ⌐≤∫≡ ≢№╢⁹ ─ ™│ ⌐ ⇔√ ⌐╟∫

≡ ↕╣≡™╢⅜⁸2010 ⅛╠ 40 ⇔√ ─

⅜♃כ♦ ─ ╩ ⌐ ╢ ╩ ∆ ⅜ ↕╣ ╘√[ 1] ⁹ ╙

─ ╩ ∆⌂╠┌∕─ ╩ ⅛╠ ⇔⁸╟╡ ⌂ ⸗♦ꜟ╩ ∆╢↓

≤⅜ ≢№╢⁹ 

╕≢─ ↄ─ ⌐╟╡⁸ ─ │⁸SC(70 ╕≢⌐ ↕╣√ 1

─ ≢│ Cu⅜ ─ nm ─ )⁸MD≥(כ♃☻ꜝ◒ ≤⇔≡ כꜟ

ⱪ≤ ⅎ╠╣≡™╢⅜ │ )─2≈≤↕╣≡™╢⁹ ⌐⁸ ─3 ▪♩ⱶⱪ꜡כⱩ(3D-

AP) ─ ⌐╟╡⁸SC⌐ ∆╢ ↄ─ ⅜ ╠╣╢╟℮⌐⌂∫√⅜⁸MD⌐ ⇔≡│ ≤⇔

≡ ┼─ ⌐ ⇔≡ ≢№╢⁹ ⅜ ─ ╩ ╗ ≈⅛─ ≢│ SC ⌐ ═≡

MD─ ⅜ ≢⅝╢ ↕™≤⇔≡™╢⅜⁸ ─ ₁─ ⌐╟╡ MD─ ╙ ≢⅝⌂

™↓≤⅜ ╠⅛⌐⌂∫≡⅝√[ 2] ⁹╕√⁸ ╦⅛∫≡™╢ SC╛ MD ─ ─ ╙

↕╣≡™╢[ 3]⁹ 

∕↓≢ │⁸ ─ ≢ ⅝╢ ╩╟╡ ⌐ ⇔⁸∕╣╩ ⌐

╩ ∆╢⸗♦ꜟ╩ ∆╢↓≤╩ ≤⇔≡⁸ ─ ╩ ℮⁹ 

1 ╩ ─ ╩ ⇔≡ ⇔⁸ ─ ≢ ─ MD─ ╩

⇔ↄ ∆╢≤≤╙⌐⁸SC, MD ─ ╩ ╠⅛⌐∆╢( ≢ (

)╩ ⇔≡™╢─│ ─╖)⁹ 

2 ─ ≤│⁸3D- AP ⌐ ⅎ≡⁸∕↓≢│ ⌐ ╦╣≡™⌂™ ─ ⁸

≈⅝ ≢№╢⁹ 

3 ⌐ ⅎ≡⁸ ⌐ ∂≡ ⌂≥╙ ⇔⁸

≤ ה ╩ ∆╢⁹↓╣╠╩ ⌐⁸ ─⸗♦ꜞfi◓⁸↕╠⌐⁸

◦Ⱶꜙ꜠כ◦ꜛfi╛ ╩ ⇔≡⁸ ╩ ⌐≈⌂←⸗♦ꜞ

fi◓╩ ™⁸ ⇔™ ⸗♦ꜟ╩ ∆╢⁹ 

 

1.2  ─  

│ ⌐ ─ ╩ ╘╢ ⌂ ≢№╡⁸ ─

⌐╟╢ │ ─ ⌐≤∫≡ ≢№╢⁹ ─ ™│ ⌐ ⇔√

(◦ꜗꜟⱧכ ⌂≥) ╩ ╡ ⇔≡ ╩ ℮↓≤⌐╟∫≡ ⇔≡™╢⁹≤↓╤

⅜⁸2010 ⅛╠ ╩ ╘√ ≢ 40 ⇔√⁸™╦╝╢

─ ─ ─♃כ♦ ⅜⁸ ─ ╩ ⌐ ╢ ╩ ∆↓≤⅜ ╠⅛⌐

⌂∫≡⅝√[ 1]⁹  1.2- 1│⁸ ─ ─ ─♃כ♦ ╩ ∆( ה

⁹♃כ♦ │ ─ ≢№╢ DBTT⁹ │ )⁹ 1 ⌐ ╠╣╢╟℮⌐⁸70

╕≢⌐ ↕╣√ 1 ≢ Cu ⅜ ™ ⌐⅔

™≡⁸ ≢ ⇔√ ╩ ⅝ↄ ∫≡™╢↓≤⅜╦⅛╢⁹⇔⅛⇔⌂⅜╠⁸ ↕╣≡™
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╢ ─ ⅛╠│∕─ ⅜ ≢№╢⁹ ╙ ─ ╩ ∆⌂

╠┌⁸∕─ ╩ ⅛╠ ⇔⁸╟╡ ⇔™ ⸗♦ꜟ╩ ∆╢↓≤⅜ ≢№╢⁹ 

 

 1.2- 1 ╩ ⅎ╢  

 

1.3  ─ ה ה ⌂≥ 

1.3.1   

│⁸ ⌐ ≠™√⁸╟╡ ⌂ ╩ ⅎ╢↓≤⌐╟∫≡⁸ ─ ─ ⌐

∆╢ ╩ ∆╢↓≤⅜≢⅝╢⁹╕√⁸ ≢ ╠╣╢ │⁸ ↄ ─ ה

╙ ∆╢√╘⁸ ⌐ ↕╣√ ≤≤╙⌐ ─ ⌐╙ ─ ≤⇔

≡╙ ≢⅝╢⁹╕√⁸ ─ ─√╘⌐│⁸ ─ ⌐ ∆╢ ─ ⅜

≢№╢⁹∕─ ≢╙ │ ─ ⌐ ∆╢╙─≢№╢⁹ 

─♫ⱡ │⁸ ⌐≤≥╕╠∏⁸ ⁸ ♦Ᵽ▬☻╛

⁸ ─ ⌐╙ ™⌐ ↕╣≡™╢⁹ ⅎ┌⁸ │ 3D- AP╩ ™≡⁸

♦Ᵽ▬☻ ♩Ɽfiכ♪─ ─ ─ ⌐ ⅝ↄ ⇔⁸ ╕╡─ ─

√╘─ ╩ ⅎ⁸ ⅝⌂ ╩ →≡™╢⁹ 

│⁸ ─ ≤⇔≡ ↄ ╠╣≡™╢⅜⁸ ≢ ℮AMOC─╟℮⌂

─ ─ ─√╘⌐│⁸ ⅜ ≢№╢⁹ ─ ꜠ⱬꜟ≢│

( 22Na)╩ ™╢⅜⁸ ⅜ 2 ╡⌂™⁹KUR─ ╩ ↄ ∆╢↓≤⌐╟∫≡⁸

─ ⌂ ╩ ↄ ↄ─ ⅜ ⅎ╢ ≤⇔≡ ⇔⁸ ⅛╠ ⁸

╕≢ ™ ⌐ ≢⅝╢⁹ 

 

1.3.2  ┼─  

≢│⁸ ∆╢ ─ ↄ⅜ 40 ─ ⅜ №╢ ≢ ∆╢⁹ ⌐⁸

≢│⁸↓╣╕≢ ─ ⌐│ ╦∫≡™⌂⅛∫√ ⌂ ⅜⁸ ╠─

╛ ─ ╩ ⇔≡⁸ ⅜ ≢ ╙ ⌂ ─ ─ ⌐ ╡
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╗ ≢№╢⁹™╕⁸ ─ ⌐≤∫≡⁸ ╩ ⅎ√ ╩ ∆╢↓≤↓∕⁸

─ ≤ ⅎ≡™╢⁹ 

 

1.3.3  ─  

│⁸ ─ ⌐≤∫≡ ╙ ⌂ ⌐ ⇔≡⁸ ⌐╟╢

⌂ ╩ ─♫ⱡ ╩ ⇔≡ ⇔⁸∕╣⌐ ≠™√ ⸗♦

ꜟ╩ ∆╢↓≤╩ ≤∆╢⁹ ⁸ ─ ─ ⁸⅜♃כ♦ ─

≢│ ≢⅝⌂™ ⅝⌂ ╩ ⇔√⁹ │⁸∕─ ╩ ⌐ ⇔⁸╟╡

⌂ ╩ ⅎ╢↓≤⌐╟∫≡⁸ ─ ─ ⌐ ∆╢ ─ ╩ ∆⁹ 

 

 1.3- 1  

 

─ ( JEAC4201- 2007: ╩ ⇔√≤↕╣╢ )≢│⁸ ─

│⁸SC(70 ╕≢⌐ ↕╣√ 1 ─ ≢│ Cu⅜ ─ nm

─ )⁸MD≥(כ♃☻ꜝ◒ ≤⇔≡ ≥ⱪכꜟ ⅎ╠╣≡™╢⅜ │ )─ 2≈≤⇔≡

™╢⁹⇔⅛⇔⁸MD╩ ⇔≡™╢ ⅜ ─ ₁─ ⌐╟╡ ╠⅛⌐⌂∫≡⅝√⁹

╕√⁸ ╦⅛∫≡™╢SC╛MD ─ ─ ╙ ↕╣≡™╢⅜ │ ≢№

╢⁹ 

∕↓≢ │⁸ ─ ≢ ⅝╢ ╩ ⇔ↄ ⇔⁸∕╣╩ ⌐

╩ ∆╢⸗♦ꜟ╩ ∆╢↓≤╩ ≤⇔⁸ ─ ╩ ℮⁹ 

1 ₈ ₉ ╩ ─ ╩ ⇔≡ ⇔⁸ ─ ≢ ─MD─ ╩

⇔ↄ ∆╢≤≤╙⌐⁸SC, MD ─ ╩ ╠⅛⌐∆╢( ⁸ │ⱬꜟ
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⁸ⱨ▫fiꜝfi♪⁸▪ꜟ♀fi♅fiכ◑ 3◌ ─ ( ─ ⅜ )╩ ⇔≡™╢⁹

─ ≢│⁸ ─ ╩ ⇔≡™╢─│ ₁─╖≢№╢⁹ ≢│⁸

─ │ ⌐│ ה ↕╣≡™⌂™)⁹ ⅎ┌⁸ⱬꜟ◑כDoel- 2

│ ⅜ 5. 1×1019n/cm2 ─ ⅜№╡⁸ ⌐  1.2- 1─ ╩ ⅎ╢ ╩ ⇔≈≈№

╢ ≢№╢⁹ 

2 ─ ≤│⁸3D- AP ⌐ ⅎ≡⁸∕↓≢│ ⌐ ╦╣≡™⌂™ ─ ⁸

≈⅝ ( TEM) ≢№╢⁹ 

⇔™ │⁸ ─ ⅜ ⌂ ≤ ─ ⅜ ⌂

♪♇ⱪꜝכ ⅜╡ ╩ ₁⌐ ℮─≢│⌂ↄ⁸∕╣╠─ ╩ ╠⅛⌐∆╢ ⇔™ AMOC

╩ ∆╢⁹↓─ │⁸ ─ ≤∕─ ─ ╩ ⌐ ℮↓≤⅜

≢⁸↓╣⌐╟∫≡⁸ ∞∫√ SC≤ MD ─ ⅜ ╠⅛⌐⌂╢⁹↓╣⅜⁸ ─

≤ ─♃כ♦ ╩ ∆╢ ╙ ⌂ ─ ≈≢№╢⁹ ≢│ AMOC

◦☻♥ⱶ╩ ⇔⁸ ⌐╟╡ AMOC ─ ╩ ∆╢⁹ ╩ ⌐ ↄ─

╩ ∆╢√╘⌐│ ⅜ ⌐⌂╢⅜⁸KUR≢ ↕╣╢ ╩ ∫√ ⇔™

╩ ∆╢⁹ ≢│⁸ ⱦכⱶ─Ɽꜟ☻ ⁸ ⁸ ♅▼fiⱣ─ ╩

™⁸ ⇔√AMOC╩ ™≡ ─ ╩ ℮⁹ 

─ ≢│⁸3D- AP│ SC─ ─╖╩ ∫≡™╢⅜⁸ ─ ⌐╟╡ P⌂≥

─ ⌐╟╢ ╛ ─ ≤⌂╢ ⌂≥⁸↓╣╕≢ ╩ ∫≡™⌂™╟╡

™ ⅛╠ ╩ ⇔≡ ╩ ℮↓≤╙ ≢№╢⁹∕─√╘⌐│ ⌂ ╩

⇔≡∕╣╩ ╗ 3D- AP ─ ╩ ∆╢ ⅜№╢⁹ ≢│⁸FE- FIB╩

⇔≡ ∆╢⁹↓╣⌐╟∫≡⁸ ⅎ╠╣≡™⌂⅛∫√ √⌂ ─ ╩ ℮⁹

( FE- FIB│ ⌐ ═╢ ( TEM)─ ≢╙ ∆╢⁹)  

 TEM≤⇔≡│⁸ ≢│╕∞ ≥ ↕╣≡™⌂™⁸ ─ ⅝─

TEM╩ ⇔≡⁸ ─TEM ≢│ ≢⅝⌂⅛∫√ ─ ╩ ℮⁹ 

3 ⌐ ⅎ≡⁸ ⌐ ∂≡ ╙ ⇔⁸ ≤

ה ─ ╩ ℮⁹↓╣╠╩ ⌐⁸ ─ ─ ⌂ ╩ ╠⅛⌐⇔⁸ ◦

Ⱶꜙ꜠כ◦ꜛfi╛ ╩ ⇔≡⁸ ⇔™ ⸗♦ꜟ╩ ∆╢⁹↓─⸗♦ꜟ│ 2

≈─ ⅛╠⌂╢⁹1≈│ ─◦Ⱶꜙ꜠כ◦ꜛfi◖⁸╡№≢♪כ

⁸ ⁸ ⌐ ≠™≡ ∆╢⁹╙℮ 1≈│∕─ ╟╡ ╩

│♪כ◖─↓⁹╢№≢♪כ◖╢∆ ⌐╟╢ ─╖⌂╠∏⁸ ╕≢ ↕╣≡™╢

─ ╠⅛♃כ♦ ╩ ≢⅝╢╙─≤∆╢⁹ 
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2   

─ ₈ ─ ─ ╩ ∂√ ⸗♦ꜟ⌐

∆╢ ₉ 

 

 ( )  

 ( )  

│⁸ ( ⁸ ⁸ ⁸ ⁸ )⅔

╟┘ ( ⁸ ⁸ ⁸ ⁸ )─

⌐╟∫≡ ℮⁹ ≢─ │ ◄Ⱡꜟ◑כ ☿

fi♃⁸כ ≢─ │ ≢№╢⁹ │↓╣╕≢ ─

⌐ ⇔≡ ⅜ ≢ ╙ ╩ →√ ≤™℮ ⅜№╡⁸ ≤⇔≡

─ ╩ ∆╢⁹ ⁸ │⁸ ↄ⅛╠ ─⸗♦ꜞfi◓⌐ ╡ ╖⁸ ⌐

⌐ ⇔≡ ⅝⌂ ╩ →≡⅝≡⅔╡⁸ ≤⇔≡ ⸗♦ꜟ─ ╩ ∆╢⁹

ⅎ≡⁸KUR≢│⁸ ⌐╟╢ ─ ⅜ ╪≢⅔╡⁸↓╣⌐ ─AMOC

ⱦכⱶꜝ▬fi╩ ⅎ╢↓≤⌐╟∫≡⁸ ─ ⌐ ∆╢ ⅝⌂ ⅜ ≢⅝╢⁹ 

─ ─ ⅝⌂ │⁸ ⅜ ⌂╢₈ ₉≤™℮ ─ ∞↑≢│

⌂ↄ⁸ ≤⌂∫≡ ─ ╩ ⇔≡ ╡ ╗≤↓╤≢№╢⁹ ⌐⁸KUR⌐≡ ∆╢

ⱦכⱶ─ ≤∕╣╩ ™√ ⇔™ │⁸KUR≤ ⅜ ⌐ ∆

╢⁹ ≤ ⁸⅔╟┘∕╣╠─ ─ │ ⌐ ∆⅜⁸ ↄ─ ⌐⅔™

≡⁸ ─ ─ ⌐ ↕∑╢─≢│⌂ↄ⁸ ╩ ⌐⇔≡⁸ ─

⅜ ⌐ ╡ ╗ ╩≤╢⁹ 

⁸ ╙ ↄ ╘╠╣≡™╢─│⁸ ⌐ ⌐ ≠™√ ─ ≢№╡⁸ ה

( )≤│

╩ ⇔⁸ ╩

∆╢ ⅜ ⌂

╡ ≢ ╩

╘╢↓≤⅜ ≤

ⅎ╢⁹↓─√

╘⁸ ─

⌂ ╩

ⅎ╢ 2≈─

(

≤ KUR)⌐╟

╢ ⌂ ⌐╟

╢ ╩

⇔√⁹

┘ ╩  

2. 1- 1⌐ ∆⁹ 

  

 

 2. 1- 1 ⅔╟┘  



 

 

2- 2 

 

 ─ ╩∕╣∙╣ ⌐ ∆⁹ 

(1)  ─  

ᵑ AMOC ─  

1)  24  

⌐ ∆╢ ─ ≤ ─♃כ♦ ╩ ∆╢√╘⁸ ◒ꜝ☻

)כ♃ SC)≤ MD─ ─ ╩ ╠⅛⌐≢⅝╢  ΅ ( AMOC) ◦☻♥

ⱶ╩ ∆╢⁹ ─ ≤♪♇ⱪꜝכ ⅜╡ ⌐⁸ ♦☺♃ꜟ▪♫ꜝ▬

╩ⱪכ◖☻꜡◦○ꜟ♃☺♦┘╟⅔כ◙ ⇔⁸♥☻♩ ╩ ℮⁹ 

2)  25  

24 ⌐ ⇔√AMOC ◦☻♥ⱶ╩ ™≡ ─ ╩ ™⁸AMOC ⌐

╟∫≡ SC≤MD ─ ⌐ ∆╢ ╩ ⌐ ≢⅝╢↓≤╩ ∆╢⁹ 

3)  26  

25 ⌐ ⅝ ⅝⁸AMOC ◦☻♥ⱶ╩ ™≡ ─ ╩ ™⁸SC≤ MD ─

⌐ ∆╢ ╩ ∆╢⁹ 

4)  27  

26 ⌐ ⅝ ⅝⁸AMOC ◦☻♥ⱶ╩ ™≡ ─ ╩ ™⁸SC≤ MD ─

⌐ ∆╢ ╩ ∆╢⁹ 

 

ᵒ ⱦכⱶ─ ≤∕╣╩ ™√ ( )  

1)  24  

KUR⌐⁸ ⱦכⱶ╩ ↕∑ ⌐ ⇔ AMOC ╩ ℮√╘⌐ ⌂

ⱦכⱶꜝ▬fi ┘ ╩ ⇔⁸ AMOC─ ┼─ ⌐ ↑≡ ╩

℮⁹ 

2)  25  

24 ⌐ KUR⌐ ⇔√ ⱦכⱶꜝ▬fi╩ ─ AMOC ⌐ ∆

╢√╘⁸ ⱦכⱶ╩Ɽꜟ☻ ∆╢√╘─ ╩ ⱦכⱶꜝ▬fi ⌐ ∆╢⁹ 

3)  26  

⌐ ⅝ ⅝⁸ ⱦכⱶꜝ▬fi╩ ∆╢≤ ⌐⁸ ≢ ⇔√ AMOC

( )╩ ⌐ ה ∆╢⁹ 

4)  27  

 ⌐ ⅝ ⅝⁸ ⱦכⱶꜝ▬fi╩ ∆╢≤ ⌐⁸ ≢ ⇔√ AMOC

⌐ ≠ↄ ╩ ∆╢⁹ⱦכⱶꜝ▬fi≤ ─ ⁸ ─ AMOC ╩

∆╢⁹KUR─ ─ ⌐│⁸ ₈ᵑ AMOC ─ ₉⌐⅔↑╢ ╟

╡⁸ ─ ╩ ↄ↓≤≤∆╢⁹ 

 

ᵓ 3 ▪♩ⱶⱪ꜡כⱩ(3D- AP)  

1)  24  

( P)⅔╟┘ ( S)⌂≥─ ⌐╟╢ ╛ ─ ≤⌂╢ ⌂≥─ ┼─

─ ╩ ∆╢√╘⁸╟╡ ™ ─ ╩ ⇔≡ 3D- AP ─ ╩ ⇔⁸
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3D- AP─♥☻♩ ╩ ℮⁹╕√⁸ ≢ ╦╣╢ TMS2013 ⌐ ⇔⁸3D- AP

┘∕╣╩ ™√ ⌐ ∆╢ ╩ ℮⁹ 

2)  25  

─ (ⱬꜟ◑⁸כ▪ꜟ♀fi♅fi⅔╟┘ⱨ▫fiꜝfi♪)─ 3D- AP ╩ ™⁸

( P)⅔╟┘ ( S)⌂≥─ ⌐╟╢ ╛⁸ ─ ≤⌂╢ ⌂≥─ ┼─

─ ╩ ╠⅛⌐∆╢⁹ 

3)  26  

⌐ ⅝ ⅝⁸ ─ ─ 3D- AP ╩ ™⁸♫ⱡ☻◔כꜟ─ ≤

─ ╩ ╠⅛⌐∆╢⁹ ⅎ≡⁸ ─ ⌂ ⌐ ╦╢ ⌂ ≢№╢

─ ╩⁸ ⌐ ™ ≢ ⇔⁸ ⸗♦ꜟ─ ╩♃כ♦─╘√─

∆╢⁹ 

4)  27  

⌐ ⅝ ⅝⁸ ─ ─ 3D- AP ╩ ™⁸♫ⱡ☻◔כꜟ─ ≤

─ ╩ ╠⅛⌐∆╢⁹ ⅎ≡⁸ ─ ⌂ ⌐ ╦╢ ⌂ ≢№╢

─ ╩⁸ ⌐ ™ ≢ ⇔⁸ ⸗♦ꜟ─ ╩♃כ♦─╘√─

∆╢⁹ 

 

ᵔ ( TEM)  

1)  24  

⅝─ ( TEM) ─√╘⁸ ╩ ╘√ ─

╩ ∆╢⁹ 

2)  25  

─ ⅝─ ( TEM) ⌐╟╡⁸ ⌂ ▬ⱪ╛♫ⱡⱲכꜟ

♪⌂≥⁸ⱴ♩ꜞ♇◒☻ ─ ─ ╩ ╠⅛⌐∆╢⁹ 

3)  26  

⌐ ⅝ ⅝⁸ ─ ⅝─ ( TEM) ⌐╟╡⁸ ─ ≢

│ ↕╣≡™⌂™ⱴ♩ꜞ♇◒☻ ─ ─ ╩ ╠⅛⌐∆╢⁹ 

4)  27  

⌐ ⅝ ⅝⁸ ─ ⅝─ ( TEM) ⌐╟╡⁸ ─ ≢

│ ↕╣≡™⌂™ⱴ♩ꜞ♇◒☻ ─ ─ ╩ ╠⅛⌐∆╢⁹ 

 

(2)  ⸗♦ꜟ─ ( )  

ᵑ ─⸗♦ꜞfi◓ 

1)  24  

(1) ≢ ⌐ ↕╣╢ ╩ ⌐ ∆╢√╘⁸ ╩ ╗ ≢─

─◦Ⱶꜙ꜠כ◦ꜛfi◖כ♪─ ╩ ℮⁹ 

2)  25  

⌐ ⅝ ⅝⁸ ⌐ ↕╣╢ ╩ ⌐ ∆╢√╘⌐⁸ ╩ ╗

≢─ ─◦Ⱶꜙ꜠כ◦ꜛfi◖כ♪─ ╩ ℮⁹ 
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3)  26  

─ ─ ( ≥☼▬◘─ⱪכꜟ ┘

─◘▬☼≤ )⌐ ≠™≡⁸ ─⸗♦ꜞfi◓╩ ℮⁹ 

4)  27  

─ ─ ( ≥☼▬◘─ⱪכꜟ ┘

─◘▬☼≤ )⌐ ≠™≡⁸ ─⸗♦ꜞfi◓╩ ℮⁹ 

 

ᵒ ≤ ╩≈⌂←⸗♦ꜞfi◓ 

1)  24  

⸗♦ꜟ╩ ∆╢√╘⌐⁸ ≤ ╩ ↕∑╢⸗♦ꜞfi◓

─ ─♪כ◖ ╩ ℮⁹ ─ ─ ╩ ™⁸ ⌐ ⅛╠

╩ ↄ ⌐≈™≡ ∆╢⁹ 

2)  25  

⅛╠ ╩ ↄ ⌐≈™≡ ⇔⁸ ≤

╩ ↕∑╢⸗♦ꜞfi◓─ ─♪כ◖ ╩ ℮⁹ 

3)  26  

⌐ ⅝ ⅝⁸ ─⸗♦ꜞfi◓⌐╟╡ ╠╣√ ⅛╠⁸

╩ ∆╢⁹ 

4)  27  

⌐ ⅝ ⅝⁸ ─⸗♦ꜞfi◓⌐╟╡ ╠╣√ ⅛╠⁸

╩ ∆╢⁹ 

 



 

 

3- 1 

 

3  ─ ┘  

3.1  ─  

AMOC ─  

AMOC ≤│⁸ ⁸ ₁⌐ ╦╣≡™╢ ≤♪♇ⱪꜝכ ⅜╡ ─

╩ ∆╢ ≢№╢⁹ │⁸ ⅜ ↕╣╢◘▬♩─ ⁸∆⌂╦∟

╛∕─◘▬☼⌐ ∆╢ ⅜ ╠╣╢─⌐ ⇔≡⁸♪♇ⱪꜝכ ⅜╡ │∕─◘▬♩─

─ ╩ ∆╢↓≤⌐╟╡⁸ ╩ ╢↓≤⅜≢⅝╢⁹↓╣╠─ ╩≤╢↓

≤⌐╟∫≡⁸ ≤ ה ─ ⁸↓╣╠─ ⁸≈╕╡⁸

─ ─ ⌐⌂╢≤ ⅎ╠╣╢SC≤MD ─ ⅜ ╠⅛⌐⌂╢≤ ↕╣╢⁹ 

─ │⁸ ─ ╩ ™√ ≢│ ∆╢√╘⁸ ⌐│

KUR╩ ™√ ⱦכⱶ╩ ™≡ ╩ ℮↓≤╩ ⇔₈2 (1)  ᵒ ⱦכ

ⱶ─ ≤∕╣╩ ™√ ( )₉⁸KUR⌐⅔↑╢ ⱦכⱶꜝ

▬fi ≤ ⇔≡AMOC ◦☻♥ⱶ╩ ⌐≡ ⇔√⁹ ⁸KUR─

─ ⌐╟╡ KUR─ ─ ╣⅜ ↕╣√√╘( ⁸ 28 3 ╕≢⌐ ⇔⌂

⅛∫√)⁸ ◦☻♥ⱶ╩ KUR⌐ ⇔ KUR⅜ ∆╣┌ AMOC ⅜≢⅝╢↓≤╩ ∆╢≤≤

╙⌐⁸ 25 │⁸ ─ ╩ ™≡⁸ ─ ─

⌐╦√╢AMOC ╩ ™⁸MD≤ SC─ ⌐ ∆╢ ╩ ╢↓≤⅜≢⅝√⁹ 

≢│⁸ ≢ ™√ AMOC ─ ⅔╟┘ ─ ⌐⅔↑╢ AMOC♦כ♃╩

∆╢√╘⌐⁸ ⌐≈™≡ ⌐ ⇔√─∟⁸AMOC≤∕─ ⌐≈™≡

═╢⁹( AMOC ─ │⁸3D- AP─ ≢╙ ∑≡ ™╠╣╢─≢⁸ ≢ ⌐

∆╢⁹)  

 

(1)   

│♫ⱡⱲ▬♪╛ ⱪכꜟ ╩ ⌐ ≢⅝╢√╘⁸ ─ MD─

⌂≥─ ⌂ ≤⇔≡ ╠╣≡™╢⁹ ─ ≢№╢ │⁸ ⌐ ∆╢≤

─ ─ ≈≤ ⇔⁸ ↄ─ 2 ─‎ ╩╒╓ ⌐ ∆╢⁹↓─ ‎

╩ ═╢↓≤≢⁸ ⌐ ⅜ ⇔√◘▬♩─ ─ ╩ ╢ ⅜

≢№╢⁹ │ ─ ╩ ≈√╘⁸ ⌂≥ ⌂ ╩╙∫√ ⌐ ╘≡ ⌐♩

ꜝ♇ⱪ↕╣╢⁹↓─≤⅝─ │⁸Ᵽꜟ◒ ≢─ ≤ ═≡ ↄ⌂╢⁹╕√⁸

─ ⌐╟╡⁸ ⅎ┌ ( Fe) ≢─ ( Cu)─ ⌐⅔™≡ ⌐ ⅜ ↕╣╢√╘⁸

♫ⱡ ─ ╙ ℮↓≤⅜≢⅝╢⁹ ≢─ ─ ‎ ╩ ↄ ∆╢↓

≤≢⁸ ─ ─ ≢№╢ MD╛ Cu ⌂≥─ SC⌐ ∆╢ ⌂ ⅜ ╠

╣╢⁹ 

 

(2)   

ᵑ  

│⁸ ≢ ⅜ ⇔≡⅛╠ ─ ≤ ∆╢╕≢─ ╩

∆╢⁹ .Á⅜‍ ╩⇔√ ⌐ ↕╣╢ 1275keV─‎ ─ ╩ ─ ≤

⇔⁸ ─ ≤ ─ ⌐╟╡ ↕╣╢ 511keV─‎ ─ ╩ ≤∆╢⁹ 
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⌐⅔↑╢ ‗│ ≢─ ⌐ ∆╢⁹ †│⁸‗─

(ρȾ‗)≤⇔≡ ↕╣╢⁹ │ ⅜ ↕╣╢◘▬♩⌐╟∫≡ ⌂╢⁹ ⅎ┌

⌐ ↕╣╢≤⁸ │ ⅜Ᵽꜟ◒ ╟╡ ™√╘ɠ│Ᵽꜟ◒ ╟╡

↕ↄ⌂╡†│ ⅝ↄ⌂╢⁹↕╠⌐ ⌐⅔↑╢ │⁸ ─ ⅝↕⌐ ∆╢√╘⁸

─◘▬☼⅜ ⅝ↄ⌂╢⌐ ∫≡ │ ↄ⌂╢⁹ 

 

ᵒ ☻Ɑ◒♩ꜟ 

≤⇔≡⁸ ⌐ ⇔√ Fe─ ☻Ɑ◒♩ꜟ╩  3.1- 1⌐ ∆⁹ │ ( ▬

ⱬfi♩╩ ⇔≡ ╠╣╢ ─ )≢№╡⁸

│ [ns] ╩ ⇔≡™╢⁹ ☻Ɑ◒♩

ꜟ│ ≢ ↕╣⁸ │ ⅜

Ⱨכ◒(♃▬ⱶ♀꜡─ )─ρȾὩ≤⌂╢ (

)≤ ↕╣╢⁹ 

─ ☻Ɑ◒♩ꜟ│ ─ ◘

▬♩─ ☻Ɑ◒♩ꜟ─ ⌡ ╦∑≤⌂

╢⁹⇔√⅜∫≡⁸╙⇔ ⌐ ⅜ ⌂

╩ ≡┌⁸ ─ ╩†⁸∕─ ╩Ὅ

≤∆╢≤⁸ὒὸ│⁸ 

 ὒὸ

î
í

î
ì

ë

ö
ö
÷

õ
æ
æ
ç

å
ä

 

Ű

t

Ű

In

i ii

i

00

0exp
1  ( 3- 1)  

≤⌂╢⁹ ⌐ ╠╣╢☻Ɑ◒♩ꜟὊὸ│⁸ὒὸ⌐ ─  Ὃὸ⅜ ╖ ╕╣⁸↕╠⌐

Ᵽ♇◒◓ꜝ►fi♪B⅜ ╦∫√╙─≤⌂╢⁹ 

Ὂὸ ( )()ñ
¤

¤
+- Bdt't'Lt'tG  ( 3- 2)  

│ ●►☻ ─ ≢ ∆╢⁹ ─☻Ɑ◒♩ꜟ ≢│ ╩ 2 ≈⅛

3≈─●►☻ ─ ≢ ⇔⁸Ὃὸ╩ 

Ὃὸ  ä ö
ö
÷

õ
æ
æ
ç

å32

1
2

2

2
exp

2

or

i ii

ir

ů

t

ˊů

I
 ( 3- 3)  

≤⇔≡ ∆╢⁹↓↓≢„│ ●►☻ ─ ≢№╡⁸ │ 2(2ln 2) 1/ 2ɨi ≢ ↕╣╢⁹ 

I r i │ ●►☻ ─ ≢№╢⁹ ─ │⁸↓─Ὃὸ─ ≢ ↕╣╢⁹ 

 

(3)  ♪♇ⱪꜝכ ⅜╡  

ᵑ  

⅜ ∆╢ ⁸ ה ⅜ ╩ ∫≡™╢≤⁸ ɘ ─◄Ⱡꜟ◑כ│

511keV⅛╠♪♇ⱪꜝכ◦ⱨ♩∆╢⁹↓─√╘⁸ ↕╣╢ ɘ ─◄Ⱡꜟ◑כ │ ⅜╡╩

≈⁹ │ ⇔≡⅛╠ ∆╢√╘⁸ ɘ ─◄Ⱡꜟ◑כ │ ─ ─

 

 3.1- 1 ⌐ ⇔√ Fe─

☻Ɑ◒♩ꜟ 

0 2 4 6 8
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╩ ⇔≡™╢⁹ ɘ ─◄Ⱡꜟ◑כ ⅜╡╩ ⌐ ∆╢↓≤≢ ─

╩ ═╢ ╩⁸♪♇ⱪꜝכ ⅜╡ ≤™℮⁹ 

 3.1- 2─╟℮⌐⁸ ὖ╩ ≈ ה

⅜ ⇔≡⁸ ὴ ὴ─ 2 ─ɘ

⅜ ↕╣√≤∆╢⁹ὖ─ɘ ⌐ ∆╢

╩ὖ⁸ ╩ὖ≤⇔≡⁸◄Ⱡꜟ

≥כ◑ ─ ─ ╩ ≡╢≤⁸ 

2242

021 )2( cpcmcpcp +=+  ( 3- 4)  

LT
ppp =- qcos

21  ( 3- 5)  

TT
pp =qsin

2  
( 3- 6)  

≤⌂╢( 0m ─ ⁸c )⁹↓╣╩ ↄ≤⁸2 ─ ɘ ─◄Ⱡꜟ◑כ 1E ⁸ 2E

│∕╣∙╣⁸ 

2

2

01
Lcp

cmE +=  ( 3- 7)   

2

2
02

Lcp
cmE -=  ( 3- 8)  

≤⌂╢⁹↓─╟℮⌐◄Ⱡꜟ◑כ│
2

Lcp
∞↑♪♇ⱪꜝכ◦ⱨ♩∆╢⁹ ─♪♇ⱪꜝכ ⅜╡

≢│⁸2 ─ 1 ─ ɘ ─◄Ⱡꜟ◑כ╩ ⇔≡ ɘ ─ ╩ ╘╢⁹ 

2 ─ ɘ ─◄Ⱡꜟ◑כ╩≤╙⌐ ⇔⁸∕─◄Ⱡꜟ◑כ ⅛╠╙ ╩ ╘╢↓

≤⅜≢⅝╢⁹↓─ ⁸ │ ↄ⌂╢╙──⁸Ᵽ♇◒◓ꜝ►fi♪╩ ⌐ ≢⅝╢√╘⁸

( )─ ─ ⅜ ⌐⌂╢⁹↓╣╩ ♪♇ⱪ

כꜝ ⅜╡( CDB) ≤™℮⁹ 

 

ᵒ ⁸S/WⱤꜝⱷכ♃ 

♪♇ⱪꜝכ ⅜╡ ≢ ╠╣√☻Ɑ◒♩ꜟ│ Fe ─☻Ɑ◒♩ꜟ≢ ∆╢⁹ ≤⇔≡⁸

 3.1- 3( a)  ⌐ ↄ ↕╣√ Fe⁸ Cu⁸ ⇔√ Fe─ ⁸ ┘( b)⌐

Cu≤ ⇔√ Fe─ ╩ Fe≢ ⇔√ ╩ ∆⁹ 

 

 3.1- 2 ≤ ─  
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 3.1- 3 Fe⁸ Cu⁸ ⇔√ Fe─( a)◄Ⱡꜟ◑כ☻Ɑ◒♩ꜟ⁸( b)  

 

 3.1- 3( b)─ ─ ↕╣√ Fe( ™ )⌐≈™≡ ∆╢≤ ⅜ 0 4×10-

3m0c ≢│ 1╩ ⅎ≡⅔╡⁸ ─ ⌐≈╣≡ ⅜╡⁸ ⅜ 10×10- 3m0c ╩ ⅞╢≤╒╓

≤⌂╢⁹ Fe│ ↕╣╢≤ ⅜ ↕╣⁸∕↓⌐ ⅜ ↕╣╢⁹

↓─ ⁸ │ ⌐ ≤ ∆╢⅜⁸ │ ⅜ ™√╘⁸

╟╡ ™ ╩ ≈⁹↓─√╘⁸ ─ ( 0 4×10- 3m0c )⌐ ╡ ⅜

╡⅜ ∂╢⁹ ⁸ Cu─ ≢│⁸ ⅜ 8×10- 3m0c ⅛╠ ⇔ ╘⁸25×10- 3m0c 

─Ⱨכ◒╩ ≡ 30×10- 3m0c №√╡⌐╕≢ ┬ Ⱨכ◒⅜ ╠╣╢⁹↓╣│ ≤Cu─

(3d )≤─ ⌐╟╡ ╣╢ ≢№╢⁹Cu─ │[Ar] 3d104s1≢ Fe─

[Ar] 3d64s2≤ ═╢≤ 3d ─ ─ ⅜ 4≈ ™⁹↓─√╘⁸CuⱣꜟ◒ ≢│⁸FeⱣꜟ◒

≤ ═≡⁸ ⅜ ≤ ∆╢ ⅜ ∆╢⁹↓─√╘⁸  3.1- 3( b)⌐ ∆╟℮

⌐⁸ Cu─ CDB ≢│⁸ ─ ™Ⱨכ◒⅜ ∂╢⁹↓─╟℮⌐⁸

─ ╩ ═╢↓≤≢ ◘▬♩─ ╩ ℮↓≤⅜≢⅝╢⁹ 

 

(4)  AMOC  

ᵑ  

- ( Age MOmentum Correlation: AMOC) ≤│⁸↓╣╕≢⌐ ═

≡⅝√ (♪♇ⱪꜝכ ⅜╡)≤ ─ ╩ ℮ ≢№╢⁹  3.1- 4

⌐⁸AMOC ─ ╩ ∆⁹22Na ⅛╠ ⅜ɗ ⌐╟∫≡ ↕╣╢≤⅝⌐

1275keV ─ɘ ⅜ ↕╣╢⁹↓╣╩◦fi♅꜠כ◦ꜛfi ⌐╟∫≡ ⇔⁸ ⅜ ∂√

≤∆╢⁹ ⅜ ≢ ∆╢≤⁸ 511keV─ 2 ─ ɘ ⅜ ↕╣╢⅜⁸

╩ ─◦fi♅꜠כ◦ꜛfi ≢ ⇔⁸ ⅜ ⇔√ ≤∆╢⁹↓─ ╩

∆╢─│ ─ ─ ≤ ∂≢№╢⁹AMOC ≢│⁸╙℮ ─ ɘ ╩ Ge

≢ ⇔⁸∕─◄Ⱡꜟ◑כ ⅜╡⁸∆⌂╦∟ ─ ה ─ ╩ ⌐

∆╢⁹↓╣⌐╟∫≡⁸ ps ─ ≢ ⇔√ ⅜≥─╟℮⌂ ╩ ∫√ ≤

⇔√⅛⁸∆⌂╦∟⁸ ─ ⅜ ≢⅝╢⁹√≤ⅎ┌⁸

─ ─ ⌐ ⇔⁸∕─ ╩ ═╢↓≤≢⁸ ⌐ ⇔√

⅜ ≢№╡⁸↓─ │ ◘▬♩( ╛ )─ ≤∕─ ─

╩ ⌐ ℮↓≤⅜ ⌂ ≢№╢⁹ 
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↓─ │⁸ ≤⇔≡ⱳ☺♩꜡♬►ⱶ ─ ≢ ⌐ ™╠╣≡™╢⁹ ─ ─

│⁸ ₁230ps( )≢№╢⁹ ⅜ ™ ( ps ns)╩ ≤

∆╢ⱳ☺♩꜡♬►ⱶ ≢│⁸↓─ ─ ≢ ≢№╢⅜⁸Cu♫ⱡ ─

⅜ ™ ( ps)⌐ ⇔≡│ ≢№╢⁹ ≢│ ─ ─√╘⌐⁸

╩ⱪכ◖☻꜡◦○ꜟ♃☺♦ ™√ ─AMOC ╩ ™≡™╢⁹ 

 

 3.1- 4 AMOC ─  

 

ᵒ ≢ ™√AMOC◦☻♥ⱶ 

≢ ™√ ╩ⱪכ◖☻꜡◦○ꜟ♃☺♦─ ™√ AMOC ─ ╩  3. 1- 5⌐

∆( ─ ╩ H.V. ⁸ ─ ╩ Amp.≢ ∆)⁹↓─ ≢│◦fi♅

fiꜛ◦כ꜠ ─ ╩ ⌐ⱪכ◖☻꜡◦○ꜟ♃☺♦ ╡ ╖⁸∕─ ╩○ⱨꜝ▬fi

≢ ⌐ ∆╢↓≤⌐╟∫≡⁸ ⌐ ╩ ↕∑≡™╢⁹ 

 

 3.1- ╩ⱪכ◖☻꜡◦○ꜟ♃☺♦ 5 ™√AMOC ─  

511keV 511keV

1275keV

H.V.

digital oscilloscope

universal
CFDD

CFDD

coincidence
Fast

delay

coincidence

Amp.

start

stopstop

sample

511keV 511keV

1275keV

Wavepro 7000

◦fi♅꜠כ◦ꜛfi

trigger

H.V.
H.V.

Ge

Fast Amp.

Discri
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2≈─◦fi♅꜠כ◦ꜛfi (◦fi♅꜠כ♃│BaF2)╩ ™≡⁸ ─ ≤

─ ╩ ∫√ɘ (∕╣∙╣ 1275keV≤ 511keV)╩ ∆╢↓≤│ ╦╡⌂™⅜⁸ ⅛╠

─ │ 2≈⌐ ⇔⁸ │ ▬꜡◒꜠)ⱪכ◖☻꜡◦○ꜟ♃☺♦ WavePro 7000)⌐

⇔≡⁸ ╩▬ⱬfi♩↔≤⌐ ∆╢⁹╙℮ │⁸ ─ ≤ ─ ╩

∫√ɘ ─₈ ₉(⅔╟┘Ge ─ )╩ ╩ⱪכ◖☻꜡◦○ꜟ♃☺♦╖─⅝≥√⇔

כ●ꜞ♩─╘√╢∆ ╩ ╢√╘⌐ ™╢⁹↓─√╘⁸ ◖fi☻♃fi♩הⱨꜝ◒◦ꜛ

fi ( Constant Fraction Differential Discriminator : CFDD)⌐╟∫≡ 1275keV⁸511keV─

◄Ⱡꜟ◑כ ⇔√ ⁸ⱨ□ה♩☻כ◖▬fi◦♦fi☻⌐ ⇔⁸100ns ⌐ 2≈─ ⅜

⇔√ ─╖⁸ ─ ≤ ─ ╩ ∫√ 2 ─ɘ ╩ ⇔√≤ ∆╢⁹

ɘ ─╙℮ │ ╩ ∆╢√╘⌐Ge ≢ ↕╣⁸ⱪꜞ▪fiⱪ─ │▪fi

ⱪ╩ ⇔≡⁸ ⌐ⱪכ◖☻꜡◦○ꜟ♃☺♦ ⇔≡⁸ ╩▬ⱬfi♩↔≤⌐ ∆╢⁹ ≢

∆╢╟℮⌐⁸▪fiⱪ─ │ 2≈⌐ ⌐ⱪכ◖☻꜡◦○ꜟ♃☺♦≡↑ ∆╢⁹╕√ⱪꜞ

▪fiⱪ─╙℮ ≈─ │ ▪fiⱪ≢ ⇔⁸511keV⌐ ∆╢ ─╖ ⇔√ ⁸

─ ─ ≤ ╩ ℮√╘⁸ꜚ♬Ᵽהꜟ◘כ◖▬fi◦♦fi☻⌐ ∆

╢⁹↓↓≢ ╩ ⇔⁸3≈─ɘ ⅜ ≡ ⇔ↄ ↕╣√≤⅝─╖⁸♦☺♃ꜟ○◦꜡☻

╩ⱪכ◖ ⁸Ge⅝≥─↓⁹╢↑⅛╩כ●ꜞ♩╢∆ ⅛╠─◄Ⱡꜟ◑כ ⅜

╟╡╙ ɡs ™─≢⁸ ─ │ ↕∑≡♃▬Ⱶfi◓╩ ╦∑√ ⁸ꜚ♬Ᵽכ◘

⌐☻fi◦♦fi▬◖הꜟ ∆╢⁹ 

↓℮⇔≡⁸ ─ ⁸ ⁸ ɘ ─◄Ⱡꜟ◑511)כkeV⅛╠─♪♇ⱪꜝכ◦

ⱨ♩ )─ ╩╙∫√ ╩▬ⱬfi♩↔≤⌐♦☺♃ꜟ○◦꜡☻◖כⱪ⌐ ∆╢⁹

─ ≢│⁸1▬ⱬfi♩↔≤⌐ ∆╢─≢│⌂ↄ⁸50▬ⱬfi♩ ⇔≡⅛╠╕≤╘≡ ∆

╢⁹∕─ ⅜⁸ ⅝ ╖ ─꜡☻╩ ╠⇔⁸ ╩ ≢⅝╢⅛╠≢№╢⁹ ⅜ ⇔

√ ○ⱨꜝ▬fi≢ ╩ ⌐ ∆╢↓≤⌐╟∫≡⁸ ⅜ ⌐ ⇔√⁹№╢▬ⱬ

fi♩─ ─ ╩  3.1- 6( a)⌐ ∆⁹ 

 

 3.1- 6 №╢▬ⱬfi♩─♦☺♃ꜟ○◦꜡☻◖כⱪ ↕╣√ ⁹( a) 10ɡs⁸( b) ─ ─

100ns ⁸ ⁸ ⌐ ∆╢ ─╖ ≢⅝╢⁹ 

( a)  (b)  
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─ ⁸ ⌐ ∆╢◦fi♅꜠כ◦ꜛfi ⅛╠─ │⁸  3.1- 6( a)

─ ( 1275keV)⅔╟┘ ( 511keV)≢№╢⁹↓╣╠─ │Ge ⅛

╠─◄Ⱡꜟ◑כ ⌐ ═≡ ⌐ ™( ─ 100ns )↓≤⅜╦⅛╢⁹↓─ ╩ ⇔√

╙─⅜  3.1- 6( b)≢№╢⁹Ɽꜟ☻─ ∟ ⅜╡│ 1ns≢№╡⁸ ⌐ ≢№╢⁹

╩ ╘╢⌐│⁸10ɡs─ │ ⌂ↄ⁸ ─ 100ns ≢ ≢№╢⁹ ⁸

⅜ ↕╣╢─≢⁸ ™◘fiⱪꜞfi◓ ⅜ ≢№╢⁹╟∫≡⁸5GS(1 ⱳ▬fi♩

√╡ 200ps)≢ ─ 500ⱳ▬fi♩( 100ns)─╖╩ ⇔√⁹ ╠╣√ │ 170ps

≢№∫√⁹ 

⌐⁸Ge ─Ɽꜟ☻ ╩ ╘╢⁹ ɘ ─◄Ⱡꜟ◑⁸511│כkeV ⅛╠─∏╣⅜⁸ ₁

10keV ≢№╢⅜⁸∕╣╩ 1 2keV─ ⁸∆⌂╦∟ 0. 2 0. 4%─ ≢ ╘⌂↑╣┌⌂╠⌂

│♃כ♦─ⱪכ◖☻꜡◦○ꜟ♃☺♦⁹™ 1 Ᵽ▬♩(256)≢№╢─≢⁸ ⅝⌂♦☺♃ꜟ○ⱨ☿♇♩

╩⅛↑≡⁸▪fiⱪ ─Ⱨכ◒ ╩ ∆╢ ⅜№╢⁹ ≢│⁸511keV⌐ ∆╢Ɽꜟ

☻ ╩1V⌐⌂╢╟℮⌐▪fiⱪ─◕▬fi╩ ⇔⁸- 1V─○ⱨ☿♇♩╩⅛↑√⁹↓℮⇔≡ ╠╣√

⅜⁸  3.1- 6( a)─ ≢№╢⁹↓─Ⱨכ◒ ↕⅛╠ɘ ─◄Ⱡꜟ◑כ╩ ╘╢⁹↓↓≢

⅜ ⌂─│⁸Ge ─ │ ™√╘⁸Ɽ▬ꜟ▪♇ⱪ⅜ ⌐ ⅝╢↓≤≢№╢(

─ ─ ⅜ ™√╘⁸№╕╡ ⌐⌂╠⌂™)⁹∕─╟℮⌂ ╩ ∆╢√

╘⌐⁸ ∂▪fiⱪ─ ╩⁸○ⱨ☿♇♩╩⅛↑∏⌐ ⌐ ∆╢⁹↓℮⇔≡ ╠╣√ ⅜⁸

 3.1- 6( a)─ ≢№╢⁹╙⇔⁸Ɽ▬ꜟ▪♇ⱪ⅜№╢≤⁸0 1ɡs─ ⁸№╢™│10ɡs

─ ≢ ⅝⌂ ⌐⌂╢─≢⁸∕─╟℮⌂ ╩ ∆╣┌⁸Ɽ▬ꜟ▪♇ⱪ╩ ≢⅝╢⁹

─ ≢│⁸ ─ 100ns─╖╩ ∆╣┌ ⅛∫√⅜⁸Ge ─ │⁸0 10

ɡs ≡─ ⅜♃כ♦─ ≢№╢⁹⇔⅛⇔⁸♦☺♃ꜟ○◦꜡─ ╩ 5GS⌐∆╢ ⅜№╢

─≢⁸10ɡs ╩♃כ♦─ ≡ ∆╢≤⁸1▬ⱬfi♩⌐≈⅝ 50,000 ⱳ▬fi♩≤⌂╡⁸♦כ♃◘▬

☼⅜ ⅝ↄ⌂╡∆⅞╢⁹∕↓≢ 250ⱳ▬fi♩⌐ 1ⱳ▬fi♩─ ≢ fiⱪꜞfi◘╩♃כ♦≡™

◓∆╢⁹↓╣⌐╟∫≡⁸1▬ⱬfi♩ √╡ 200ⱳ▬fi♩─╖ ∆╣┌╟™⁹Ge ⅛╠─◄

Ⱡꜟ◑כ │⌂∞╠⅛⌂ ⌂─≢⁸ ─◘fiⱪꜞfi◓≢ ≢№╢⁹↓℮⇔≡ ╠╣√

≤♪♇ⱪꜝכ◦ⱨ♩( )╩ 2 ─ⱥ☻♩◓ꜝⱶ≤⇔≡♦כ♃╩ ⇔≡ ╠

╣√╙─⅜⁸AMOC2 ☻Ɑ◒♩ꜟ≢№╢⁹  3.1- 7( a)⌐ Fe⁸( b)⌐ Cu─ AMOC2 ☻Ɑ

◒♩ꜟ╩ ∆⁹ 

 

 3.1- 7 AMOC ─ 2 ☻Ɑ◒♩ꜟ⁹( a)  Fe, ( b) Cu 
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↓─ AMOC2 ☻Ɑ◒♩ꜟ╩ ⌐ ⇔≡ ∆╢↓≤≢⁸ ─♪♇ⱪꜝכ ⅜╡─☻Ɑ◒

♩ꜟ╩ ╢↓≤⅜≢⅝╢⁹  3.1- 8( a)⌐⁸↓℮⇔≡ ╠╣√ Fe⅔╟┘ Cu─♪♇ⱪꜝכ

⅜╡☻Ɑ◒♩ꜟ╩ ∆⁹AMOC ─Ᵽ♇◒◓ꜝ►fi♪│CDB ≤ ⇔≡ ⅝™√╘⌐⁸

─ ⌐╟╢ ⌂ │ ≢№╢⅜⁸Fe≤ Cu─ ≢№╣┌⁸ ─ ─

( CuⱧכ◒─ ⌐ ∆╢ )≢ Cu─ ⅜ Fe⌐ ═≡ ⅝™↓≤⅛╠ ⅛╢⁹╕√⁸

⌐ ⇔≡ ∆╢↓≤≢ ☻Ɑ◒♩ꜟ╩ ╢↓≤⅜≢⅝╢(  3.1- 8( b)) ⁹ 

 

 3.1- 8 ⌐ ⇔≡ ⇔√ AMOC☻Ɑ◒♩ꜟ⁹ 

(a)  ♪♇ⱪꜝכ ⅜╡☻Ɑ◒♩ꜟ⁸( b) ☻Ɑ◒♩ꜟ 

 

≢ ═√╟℮⌐ AMOC─☻♃כ♩ ≤⇔≡ 22Na─ 1275keV─ɘ ╩◦fi♅꜠כ◦ꜛfi

≢ ∆╢ ─ AMOC◦☻♥ⱶ╩ ⇔√⅜⁸KUR─ ⱦכⱶ╩ ™≡ AMOC ╩ ℮

♩כ♃☻⁸│⌐╘√ ╩ 22Na─ 1275keV─ɘ ≢│⌂ↄ⁸ ♩כ♃☻─ ⅜ ⌐⌂╢⁹∕

↓≢⁸▪Ᵽꜝfi◦▼ⱨ◊♩♄▬○כ♪( APD)╩ ™≡⁸ ⅜ APD ⇔√ ⌐ ∂╢

♩כ♃☻╩ ≤∆╢ ─AMOC◦☻♥ⱶ╩ ⇔⁸APD⅛╠─ ╩ ≢⅝⁸ɘ ⌐

♩כ♃☻╢╟ ≤ ⌐℮╕ↄ ↄ↓≤╩ ⇔√⁹ 

 

ᵓ WⱤꜝⱷכ♃─  

AMOC2 ☻Ɑ◒♩ꜟ─WⱤꜝⱷכ♃╩ ─╟℮⌐ ∆╢⁹ 

7 Ô  
᷿ .ÐȟÔÄÐ

.᷿ÐȟÔÄÐ
 
᷿ .ÐȟÔÄÐ

,Ô
 ( 3- 9)  

↓↓≢ ─ │⁸ὴ = 13×10- 3m0c⁸ὴ= 22×10- 3m0c ≤⇔⁸ὒὸ│ ☻Ɑ◒

♩ꜟ╩ ⇔≡™╢⁹  3.1- 9⌐ Fe⅔╟┘ Cu─WⱤꜝⱷכ♃─ ╩ ∆⁹

≤╙ WⱤꜝⱷכ♃─ │ ⅜ ↄ⌂╢╒≥ ↕ↄ⌂╢ ⌐№╢⁹↓╣│⁸ ─

( 380ps)│ Fe⌐⅔↑╢ (108ps)╛ Cu⌐⅔↑╢ (114ps)╟

╡╙ ™√╘⁸ ⅜ ™ ≢│ ─WⱤꜝⱷכ♃⅜ ⌐ ╣╢√╘≢№╢⁹ 

(a)  ( b)  
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 3.1- 9 Fe≤ Cu⌐ ∆╢WⱤꜝⱷכ♃─  

(5)   

⇔√AMOC ╩ ™≡⁸ 1 ─ ⌐ ⌂High - Cu ≤ 2

─ Low- Cu ─ ─ ╩ ™⁸MD≤ SC─ ⌐ ∆

╢ ╩ √⁹ 

 3.1- 10⌐ High - Cu ─ ─ AMOC2 ☻Ɑ◒♩ꜟ≤⁸  3.1- 11⌐WⱤꜝ

ⱷכ♃─ ─ ╩ ∆⁹꜠ⱨ□꜠fi☻≤⇔≡⁸ Fe⅔╟┘ Cu─Ɽꜝⱷכ♃─

─ ╙ ╦∑≡ ∆⁹ 

─WⱤꜝⱷ⁸│♃כ ⅜ 0s⌐ ™ ≢│ Fe─WⱤꜝⱷכ♃≤ ™ ≢

№∫√⁹ ⅜ 0s⌐ ™ ⁸≈╕╡ ⅜ ≢╒≤╪≥ ∑∏⌐ ⇔≡™╢

√╘⁸MD╛ SC⌐ ↕╣≡™⌂™─≢ Fe─WⱤꜝⱷכ♃≤ ↄ⌂∫√≤ ⅎ╠╣╢⁹

⅜ 0s⅛╠ 0. 2ns≢│⁸WⱤꜝⱷכ♃│ ⅝ↄ⌂╡⁸Cu─WⱤꜝⱷכ♃⌐ ≠ↄ ⌐

⇔√⁹↓╣│ ⌐ ⅜Cu╩ ≤∆╢ SC⌐ ↕╣≡ ⇔√↓≤╩ ∆╢⁹↕

╠⌐⁸ ⅜ 0. 2ns ≢│WⱤꜝⱷכ♃│∞╪∞╪≤ ↕ↄ⌂╡⁸Cu─WⱤꜝⱷכ♃⅛

 

 

 3.1- 10 High - Cu ─

─ AMOC2 ☻Ɑ◒♩ꜟ 

 

 

 3.1- 11 High - Cu ─

⅔╟┘ Fe⁸ Cu─W

Ɽꜝⱷכ♃─  

C
o
u
n
ts

Time [ns]

Momentum 

[10-3mc]

0 0.5 1
0.08

0.1

0.12

0.14

0.16

 PureFe
 PureCu
☻ⱬ▬ꜝfiכ◘ 

Time [ns]

W
-p

a
ra

m
e

te
r

High-Cu
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╠ ╣⁸Fe─WⱤꜝⱷכ♃⌐ ≠™≡™╢⁹ ⅜ ™≤™℮↓≤│ ⅜MD⌐ ↕

╣≡⅛╠ ⇔≡™╢ ≢№╡⁸↓─≤⅝─WⱤꜝⱷכ♃⅜ ↕ↄ⌂∫≡ Fe─ ≤

™≤ ℮↓≤│⁸MD ⌐ Cu⅜ ⇔≡™⌂™↓≤╩ ⇔≡™╢⁹≈╕╡⁸

⅜ ™ ≢│Cu ≤─ ⅜ ↄ⁸ ≤─ ⅜ ≤⌂╢ ™

≢│Cu ≤─ ⅜ ⌂ↄ⌂╢≤™℮↓≤│⁸MD≤ Cu╩ ≤∆╢ SC│ ◘▬♩

⌐ ↕╣╢↓≤╩ ∆╢⁹↓╣│⁸↓╣╕≢ ₁⌐ ∫≡™√ ≤♪♇ⱪꜝכ

⅜╡ ─ ╩≤╡⁸ ─ ⅜ ╕╣╢ ( WⱤꜝⱷכ♃)─

╩ ═╢↓≤⌐╟∫≡ ╘≡ ╠╣√ ≢№╢⁹ 

⁸  3.1- 12⌐ Low- Cu ─ (№╢ 30

╩ ↑√ 4 )─WⱤꜝⱷכ♃─ ─ ╩ ∆⁹꜠

ⱨ□꜠fi☻≤⇔≡⁸ Fe⅔╟┘ ≢ ⇔√ Fe( 9.0×1019n/cm2⁸

290ϴ)─WⱤꜝⱷכ♃─ ─ ╙ ╦∑≡ ∆⁹╕√ Low- Cu ─

─ AMOC☻Ɑ◒♩ꜟ⌐⅔↑╢ (♃▬ⱶ♀꜡ ( - 0. 1ns 0. 1ns)⅔╟┘ 0. 3

0. 5ns)⇔√( Fe⌐ ∆╢) ╩  3.1- 13⌐ ∆⁹꜠ⱨ□꜠fi☻≤⇔≡⁸ ⇔

√ Fe─♃▬ⱶ♀꜡ ( - 0. 1ns 0. 1ns)⅔╟┘ 0. 3 0. 5ns⌐⅔↑╢( Fe⌐ ∆╢)

╙ ╦∑≡ ∆⁹AMOC ─Ᵽ♇◒◓ꜝ►fi♪│CDB ≤ ⇔≡ ⅝™√╘⌐⁸CDB

╒≥─ │⌂™⅜ ╕⅛⌂ │ ≡≤╢↓≤⅜≢⅝╢⁹  3.1- 12⌐⅔™≡ ⅜

™ ⌐⅔™≡⁸Low- Cu ─ ─WⱤꜝⱷ⁸│♃כ Fe╛ ⇔√ Fe

╟╡╙ ™⅜⁸  3.1- 13─ ╩ ╢≤⁸Low- Cu ─ ─ Ɽꜝⱷכ♃⅜

⇔√ Fe╟╡╙ ⅝™√╘⁸ ⌐WⱤꜝⱷכ♃⅜ ↕ↄ⌂∫√√╘≤ ⅎ╠╣╢⁹

Low- Cu ─ ─ ─ │ ⇔√ Fe╟╡╙ ↄ⁸

≢│ ─ ⅜ ⌐ ↕╣≡⅛╠ ⇔≡™╢↓≤╩ ⇔≡™╢⁹╕√  

3.1- 13─ ╩ ╢≤⁸ ⇔√ Fe≢│ ⌐⅔™≡│╒╓ ≢№╢

⅜⁸Low- Cu ─ ≢│╦∏⅛≢│№╢⅜⁸ ─ ─ ⅜ ╡

⅜∫≡⅔╡⁸Ⱨכ◒╠⇔⅝╙─⅜ ≢⅝╢⁹↓╣│⁸  3.1- 14⌐ Low- Cu ─

─ CDB⌐╟╢ Fe⌐ ∆╢CDB ╩ ∆╟℮⌐⁸ ⅛⌐ ≢ ⇔ ╡

⅜∫≡⅔╡⁸ ─ │◖fi◦☻♥fi♩≢№╢⁹↓─ ─Ⱨ⁸3│◒כD- AP ≢

↕╣≡™╢Ni⁸Mn⁸Si ╩ ≤∆╢NiMnSi◒ꜝ☻♃כ─Ni ≤─ ⌐╟╢ ≤ ╦

╣╢⁹╕√- 0. 1ns 0. 1ns─ ≤ 0. 3 0. 5ns─ ─ ≢│⁸ Fe≢│

⅜ ─ ⅜ ⅝ↄ⌂╡⁸ ⅜ ⅜╢⁹↓╣│⁸ ⅜ ≈⌐≈╣≡

⅜ ⌐ ↕╣╢ ⅜ ↄ⌂╢√╘≢№╢⅜⁸Low- Cu ─ ≢│

⌐╟╢ ─ │╒≤╪≥ ≢⅝⌂⅛∫√⁹↓╣│MD─ ⅜ ↄ⁸

│ ™ ⅛╠MD⌐╙ ↕╣≡ ⇔≡™╢↓≤╩ ⇔≡™╢⁹╕√ ⅜ ™

≢╙NiMnSi◒ꜝ☻♃כ⌐╟╢≤ ╦╣╢ ⌐Ⱨכ◒╠⇔⅝╙─⅜ ⇔≡™╢↓≤

⅜╦⅛╢⁹↓─↓≤│⁸ ⅜ ™ ≈╕╡╒≤╪≥─ ⅜MD⌐♩ꜝ♇ⱪ⇔≡⅛╠

⇔≡™╢ ⌐⅔™≡╙⁸ │NiMnSi◒ꜝ☻♃כ≤ ⇔≡™╢↓≤╩ ⇔≡

™╢⁹↓╣│⁸╒≤╪≥─ ⅜ ⌐♩ꜝ♇ⱪ↕╣≡⅛╠ ⇔≡™╢ ™ ⌐

⅔™≡⁸  3.1- 12─ Low- Cu ─ ≤ Fe─W- parameter─ ╩ ∆

╢≤⁸Low- Cu ─ ─╒℮⅜ ™↓≤⅛╠╙ ≢⅝╢⁹↓─↓≤│⁸Low- Cu ─
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≢│MD≤NiMnSi◒ꜝ☻♃כ( SC)⅜ ⌐ ⇔⁸MD≤ NiMnSi◒ꜝ☻♃כ( SC)─

╩ ⇔≡™╢↓≤╩ ⇔≡™╢⁹ 

High- Cu ≤ Low- Cu ─ 2 ─ ⌐╟╢ AMOC ─ ⁸High- Cu ≢│⁸

⌐ ↕╣╢MD│⁸ ⌐Cu⌂≥─SC≤│ ◘▬♩⌐ ↕╣╢↓≤⅜ ↕╣⁸Low- Cu

≢│⁸MD│ ⌐NiMnSi⌂≥─ SC≤│ ◘▬♩⌐ ⇔ ╩ ⇔≡™╢↓≤⅜

↕╣√⁹High- Cu ≢│⁸Cu │ ─ ™ ⅛╠ ⇔⁸ MD│ ⌐╟∫≡Cu

≤│ ⌐ ∆╢≤ ⅎ╠╣╢√╘⁸MD│ Cu ( SC)≤│ ─ ⌐ ∆╢≤ ⅎ╠

╣╢⁹ ⁸NiMnSi◒ꜝ☻♃כ─ │⁸Ni ╛ Si │▪fi♄כ◘▬☼≢№╢√╘ ≤

⌐ ⇔≡™╢≤ ↕╣⁸MD⅜

─ ⱪ≢№╢≤∆╢≤⁸כꜟ ⱪכꜟ

─Ni ╛ Si ⅜ ≤⌂∫≡NiMnSi◒ꜝ☻

⅜כ♃ ∆╢╙─≤ ⅎ╠╣╢⁹≈╕╡⁸

MD≤ NiMnSi◒ꜝ☻♃כ( SC)⅜ ╩ ⇔

≡™╢≤ ⅎ╠╣╢⁹↓─↓≤⅛╠⁸

─ ⌐╟∫≡MD≤ SC─ ⅜ ─╟℮

⌐ ⌂╡⁸ ⌐ ∆╢ ─ ╙ ⌂╢

↓≤⅜ ╠⅛⌐⌂∫√⁹ 

⁸ ─ ⁸ ⅎ┌⁸ ⌂ כꜟ

ⱪ╩ 3 ≢ ≢⅝╢

⌐╟╢ ♩⸗◓ꜝⱨ▫כ≤ SC╩ ≢⅝

╢ 3D- AP╩ ⌐ ⇔≡ ∆╢⌂≥⁸

╟╡ ⌂MD≤ SC≤─ ╩ ≢

⅝╢≤ ↕╣╢⁹ 

 

 3.1- 13 Low- Cu ─ ⅔╟┘

⇔√ Fe─ AMOC☻Ɑ◒♩ꜟ⌐⅔↑╢

(♃▬ⱶ♀꜡ ( - 0. 1ns 0. 1ns)⅔╟┘

0. 3~0.5ns)⇔√( Fe⌐ ∆╢)  

 

 3.1- 14 Low- Cu ─ ⅔

╟┘ Ni ─ Fe⌐ ∆╢ CDB   

 

Momentum [10-3mc]
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a
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e
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e

 

 3.1- 12 Low- Cu ─

⅔╟┘ Fe⁸ ⇔√

Fe─WⱤꜝⱷכ♃─  

Time [ns]

W
-p

a
ra

m
e
te

r

0 0.2 0.4 0.6 0.8 1

0.006

0.008

0.01

0.012

0.014  Fe
  Fe
 Low-Cu  
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b. ⱦכⱶ─ ≤∕╣╩ ™√ ( )  

(1)  ⱬכ☻ ⱦכⱶꜝ▬fi─  

 AMOC( Age- Momentum Correlation) │ ●fiⱴ ─◄Ⱡꜟ◑כ (♪♇ⱪ

כꜝ ⅜╡ )≤ ─ 2 ─ ╩ ⌐ ™ ╩ ╢ ≢№

╢⁹ ─ ╩ ∫√ ⌐│⁸ ─ ⌐ ℮●fiⱴ ⁸ ─

⌐ ℮ 2 ─●fiⱴ ⁸ 3 ─●fiⱴ ⌐ ∆╢ ╩ ℮↓≤⌐⌂╢√╘⁸

│ ⅛╠ ⌐ ┬ ⌐ ™╙─⌐⌂╢⁹ ↄ─ ╩ ⇔⁸ ─

╩ ↄ ℮√╘⌐│⁸ ╩ ∆╢↓≤⅜ ≢№╢⁹↓─√╘⌐│⁸ ─

⅜ ≤⌂╢⁹↓─ ⅛╠ ≢│⁸ ╩ ™√ ⱦכⱶ─ ╩ ∫

√⁹ ╩ ™╢↓≤≢⁸≢⅝╢∞↑ ™ ╩ √™≤™℮ ⌐ ╠∏⁸

ⱦכⱶ╩ ™╢≤ ─Ɽꜟ☻ ⅜ ≢№╡⁸ ⇔√ 3 ─●fiⱴ ⌐ ∆╢

≢│⌂ↄ⁸ ⌐ ⇔√ 2 ─●fiⱴ ─╖╩ ≤⇔√ ╩ ⅎ┌ ↄ⁸ ─

╖⌂╠∏ ─ ≢╙ ≤⌂╢⁹ 

 ↓╣╕≢⌐ ₁⌂ ─ ⅜ ↕╣≡™╢⅜⁸ ⌂ │⁸ɗ+ ∆╢

╩ ™╢ ⁸ ◄Ⱡꜟ◑כ─●fiⱴ ◄♇◒☻ ⌐╟╢ ╩ ™╢

─ ≈≢№╢⁹ ≤⇔≡⁸ 2. 6 ─ Na- 22⅜ ╙ ↄ ™╠╣≡™╢⅜⁸

∕─ ⌐│ ⅜№╡⁸●fiⱴ ─ ╩ ™╢ ⌐ ═≡ ╠╣╢

│ ™⁹↕╠⌐ Na- 22─ ⅜ ≢ 1 ⇔⅛⌂ↄ⁸ ∕─ ⅜ ╡⅜∟≢⁸ ─

≤ ─ ⅜ ≤⌂∫≡™╢⁹ ⁸ ╩ ∆╢ ≤⇔≡│⁸

≤ ╩ ™╢ ⅜ ≢№╢⁹ ─ ⌐│⁸ ⇔√ ⱦכⱶ╩♃כ

◕♇♩⌐ ⇔≡ ⌐╟╡◄♇◒☻ ╩ ⇔⁸∕─ ⅝╢ ╩ ∆╢⁹

⌂ ◄Ⱡꜟ◑כ⅜ 10MeV⌐ ┬↓≤⅛╠⁸ ≢│⌂ↄ ⁸ ⌐│

⅜ ™╠╣╢⁹ ─ ⁸ ⱦכⱶ│Ɽꜟ☻≢№╡⁸∕─♦ꜙכ▫♥כ

│ 10- 4 ≢№╢⁹ ∆╢ ─ ╙ ⱦכⱶ⌐ ∏╢√╘⁸↓─√╘╕╕≢│

⌐ ⇔≡™⌂™⁹↓─√╘⁸ ╩ ™≡Ɽꜟ☻ ╩ →⁸ ⱦכⱶ⌐∆╢

⅜№╡⁸ ─ ⁸ ─ ─ ╩ ↄ⁹ ⁸ ⅛╠ ╢●fiⱴ ⌐╟

╢ ╩ ∆╢ ⁸ ⌐ ∆╢ │ ≢№╡⁸ ╛Ɽꜟ☻☻♩꜠♇♅

⌂≥╩ ≤⇔⌂™⁹↓─ ⌐⅔™≡⁸ ╩ ™╢ ⌐│ ⅜№╢⁹ 

KUR│⁸1964 ⌐ ⌐ ⇔√ ≢№╢⁹☻▬Ⱶfi◓ⱪכꜟ♃fi◒ ≢⁸ 20%─

►ꜝfi╩ ≤⇔≡ ™⁸ ╩ ה ≤⇔√  5 MW⁸  

3×1013 n/cm2s ─ ≢№╢⁹  3.1- 15⌐ KUR─ ╩ ∆⁹ ⱦכⱶꜝ▬fi─ ╩

∆╢⌐№√╡⁸B- 1 ⅜ ≤⌂∫√⁹B- 1 │ ⱨ▫ꜟ♃ⱦכⱶ ≢⁸

24keV ╩ ה ∆╢√╘⌐ ↕╣√╙─≢№╢⁹⇔⅛⇔⁸ ↕╣≡™⌂

⅛∫√↓≤⁸ ⌐ ™√ ─ ≢№╢↓≤⌂≥⅛╠⁸ ⱦכⱶꜝ▬fi─

⌐ ⇔≡™╢≤ ↕╣√⁹↓─√╘⁸ ≢│↓─ ╩ ⇔≡⁸ ⱦכⱶꜝ▬

fi╩ ⇔√⁹  3.1- 16 │ ⱦכⱶꜝ▬fi╩ ∆╢ ⁸B- 1 ⅜ ⱨ▫ꜟ♃כⱦכ

ⱶ ≢№∫√ ─ ≢№╢⁹ 
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 3.1- 15 KUR─ ─ ≤ B1 ─

 

 

 

 3.1- 16 KUR- B1 ( )─  

 

 │⁸ ─ ⱬכ☻

ⱦכⱶꜝ▬fi⁸ ─ ꜞ♬▪♇◒ⱬכ

☻ ⱦכⱶꜝ▬fi╩ ⁸ ⇔√

⁸  3.1- 17 ⌐ ∆╟℮⌂ ≤⇔√⁹

⅛╠ ╢●fiⱴ ⌐╟╡ ╩ ↓

⇔≡ ╩ ↕∑╢√╘─◖fiⱣ⁸♃כ

◖fiⱣכ♃≢ ⇔√ ╩ ◄Ⱡꜟ◑כ

╕≢ ∆╢( כ꜠♦⸗─╘√(╢∆

♃⁸ ה ↕╣√ ╩ⱦכⱶ

ꜝ▬fi⌐ ↄ ⅝ ⇔ ⁸◖fiⱣכ♃≤⸗

╩♃כ꜠♦ ╗◌♪♬►ⱶ( Cd) ⅛╠ ∫≡™╢⁹◖fiⱣכ♃│ 30mm⁸ ↕ 1mm─♃fi◓

☻♥fi( W) │♃כ꜠♦⸗⁸ ↕ 50ɡm─W╩ⱷ♇◦ꜙ ⌐ ⌐ ╪∞╙─╩ ™√⁹ 

≢ ∆╢ ≤ ─ ◄Ⱡꜟ◑כ─ T │⁸E╩●fiⱴ ─◄Ⱡꜟ◑⁸כ

mec2╩ ─ 0. 511MeV≤∆╢≤⁸ 

Ὕ Ὁ  άὧ ( 3- 10)  

≢№╢⁹ ─●fiⱴ │ 0. 1MeV ╩Ⱨכ◒≤⇔≡ MeV╕≢ ┘⁸◄Ⱡꜟ◑כ⅜ ™≤

│ ∟╢⁹ ⁸ ─ │ 1.0 22MeV ╩⇔⅝™ ≤⇔≡⁸◄Ⱡꜟ◑כ⅜ ™╒≥

│ ↄ⌂╢⁹ ⇔√W◖fiⱣכ♃─ ↕1mm─ ⁸2MeV─ ─ ⅜ ≢⅝╢

─ ↕≢№╢(2MeV⌐⅔↑╢ ∟ ╖ ↕│ 0. 4mm)⁹⸗♦꜠כ♃⌐ ⇔≡│⁸

0. 1ɡm ≢ ⇔√ ⇔⅛ ⅛╠ ↕╣⌂™√╘⁸ ─ ∞↑╩ ⅎ╢≤№

╕╡ ↄ≡╙ ♃כ꜠♦⸗⁸⅜™⌂⅜ ─ ╛ ⁸◖fiⱣכ♃≤⇔≡─ ╩ √∑

╢↓≤╙ ⅎ╢≤⁸№╢ ─ ↕│ ≢№╡⁸ ™√ ↕ 50ɡm│ ⌂ ≢№╢≤

ⅎ╠╣╢⁹⌂⅔ ⇔√ W⸗♦꜠כ♃ │ ≢№╡⁸ ╛ ─ │ ─

╩ ↕∑╢√╘⁸ ⱦכⱶ ╩ ™≡ ≢ ╩ ™⁸ ╩

↕∑√╙─╩ ⇔≡™╢⁹Cd ⌐ ⇔≡│⁸Cd- 113(n, ɘ) Cd- 114 ⌐╟╡⁸Cd- 113⅜

Core

B-1

 

 3.1- 17 ─  

W-converter
Solenoid coils

Cd W-moderator

Extraction electrode
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╩ ∆╢ ⌐ ∆╢ ●fiⱴ ╩ ⇔≡ ─ ╩ ↕∑╢ ≢

╡ ↑≡™╢⁹ ─ⱦכⱶꜝ▬fi≢│⁸ ↕ 1mm─ Cd╩ Al ─ ⌐ ⇔√╙─╩ ∫

≡™╢⁹╕√⁸ ─ ╩ ∆╢√╘⁸ ♄◒♩─ ⁸Cd╩ ⇔√▪ꜟⱵ♬►ⱶ

( Al) ─ ⌐ ╩ ⇔⁸ ─ ─ ╩ ≢⅝╢╟℮⌐⇔√⁹ 

≢♃כ꜠♦⸗  ↕╣√ │ W─ ─ ( - 3eV)╩ ∫≡ ⌐ ↕╣╢⅜⁸

ⱦכⱶ♄◒♩ ⌐ ╩ ↄ√╘⁸ ⅝ ⇔ ≤♁꜠ⱡ▬♪◖▬ꜟ╩ ™╢⁹ ⅝ ⇔

╩◓ꜝ►fi♪ (ⱦכⱶ♄◒♩≤ ∂ )⌐⇔⁸◖fiⱣכ꜠♦⸗⁸♃כ♃⌐ 10V○כ♄כ─

╩ ∆╢↓≤⌐╟╡⁸10eV○כ♄כ─◄Ⱡꜟ◑כ╩ ≈ⱦכⱶ≤⇔≡⁸ ⅝ ⇔ ⅛╠

ⱦכⱶ♄◒♩┼ ⅜ ⅝ ↕╣╢⁹ ╩ ℮ ≢♁꜠ⱡ▬♪◖▬ꜟ⅜ ╡ ↑╠╣

≡⅔╡⁸↓╣╠╩ ∆╢↓≤⌐╟╡⁸ ╩ ™⁸ ⅜ ⌐ ⇔≡ ╦╣

╢↓≤╩ ←⁹ 

  3.1- 18│ ─ ╩ ∆ ≢№╢⁹  3.1- 18( a)≤( b)│⁸∕╣∙╣◖fiⱣכ♃

╡ ↑ ─ ≢⁸  3.1- 18( a)≢│⸗♦꜠כ♃─ⱷ♇◦ꜙ ⅜ ↄ ⅛╢⁹╕√⁸  

3.1- 19│ ╩ ⇔≡™╢ ─ ╩ ⇔≡™╢⁹ ≥Ⱪכꜞ☻כ♃►▪⅜ ┌╣⁸

⌐ ╘ ↕╣≡™√ ≢№╢( ─ ─Ⱪכꜞ☻כ♃►▪⁹(╢╣↕⌂╖≥

│ ⌐ ⇔≡™╢⁹∕─ │▬fi♫כꜞ☻כⱩ≤ ┌╣⁸ⱦכⱶꜝ▬fi ☻כ♃►▪⅜

⌐Ⱪכꜞ ╣≡ ╩ ⅎ╢╟℮⌂ ╩ ←√╘⌐ ™╠╣╢⁹ ─ ⱬכ☻

ⱦכⱶꜝ▬fi≢│▬fi♫כꜞ☻כⱩ─╟℮⌂ │ ™╠╣≡™⌂™⅜⁸ ≢│

≤⇔≡▬fi♫כꜞ☻כⱩ⅜ ≢№╢⁹ ⱨ▫ꜟ♃ⱦכⱶ ─√╘⌐ ↕╣≡™√ ™

▬fi♫כꜞ☻כⱩ│ ╡ ⅛╣⁸ ─√╘⌐ √⌂▬fi♫כꜞ☻כⱩ⅜ ↕╣√⁹∕─

⌐ ♄◒♩⅜№╡⁸↓─ │ ⅝↕╣≡™╢⁹∟⌂╖⌐ ♄◒♩⁸▬fi♫כꜞ☻כ

Ⱪ⁸▪►♃כꜞ☻כⱩ─ │ ≢№╢⁹╕√⁸ ●▬♪─√╘─♁꜠ⱡ▬♪─◖▬ꜟ│

♄◒♩─ ⌐ ⅛╣≡™╢⁹  3.1- 20 ⌐ ♄◒♩─ ╩ ∆⁹ ♄◒♩─

⌐ⱦכⱶ●▬♪♅ꜙכⱩ⅜№╡⁸↓╣│ ≤ ⌐ ↕╣√ ╩ ∆╢√╘⌐

™╠╣⁸ ⱦכⱶ│↓─ ╩ ╢⁹ 

 

 

  

 3.1- 18 ─ ╩ ∆  

(a) (b)
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 3.1- 19 ╩ ─Ⱪכꜞ☻╢∆   

 3.1- 20 ♄◒♩─

 

 

 ─ │ ⅛╠ ∆╢ ⅜ ╪≢ ╢√╘⁸Ᵽ♇◒◓ꜝ►fi♪─

⅜ ↄ⌂╡⁸ ⌐ ╩ ⅎ╢⁹↓─√╘⁸ⱦכⱶꜝ▬fi│ B1 ⅛╠╕∫∆←

╤⌐ ┌∆─≢│⌂ↄ⁸™∫√╪ 90°⌐ ⅜╢ⱦכⱶ♄◒♩╩2 ∫≡⅛╠⁸ ╤⌐ ┌

∆ ≤⇔≡™╢(  3.1- 21)⁹↓─ ╩ ╢ ⌐╟╡⁸ ─ ⌐│ Ⱪ꜡♇◒╩

™≡ ⅛╠ ╢ ╩◌♇♩∆╢↓≤⅜≢⅝╢⁹ 

 

 

 3.1- 21 ⱦכⱶꜝ▬fi─  

 

  3.1- 22 │ ⱦכⱶꜝ▬fi ╖ ≡ ─ ╩ ∆ ≢№╢⁹ │ ⌐

╦╣≡™╢⁹ ⱨ▫ꜟ♃כⱦכⱶ ─√╘⌐ ↕╣≡™√ │∆═≡ ╡ ⅛╣⁸▬

fi♫כꜞ☻כⱩ ╡ ↑ ⌐ ⅜ ∟ ╢↓≤⅜≢⅝╢╟℮⌐⇔√⁹ ─90°⌐ⱦכⱶꜝ▬

fi⅜ ⅜∫≡™╢ │ ⅛╠╙ ⅛╢⁹ⱦכⱶꜝ▬fi─ │ Al ─ ⌐ ∑╠╣⁸

│ ⌐ ∫√▪fi◌כ♫♇♩╩ ™≡ ⇔√⁹ 

Vacuum 

Duct
Beam

Guide

Inner

Sleeve

Outer

Sleeve

1520
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 3.1- 22 ╖ ≡ ─ ⱦכⱶꜝ▬fi─  

 

ⱦכⱶꜝ▬fi ⌐ B1 ⌐ √⌂ ≢ Ⱪ꜡♇◒╩ ╖ →√⁹ ─

│⁸ ⅛╠ ≡ↄ╢ ╩ ← ⌐⁸ ─▪ꜟ◗fi( Ar)●☻⅜ ⅛╠ ╣√

╩ ∆╢ 40Ar ( n, ɘ) 41Ar ⌐╟╡ ↕╣╢ 1. 8 ─ Ar- 41─ ╩ ∆╢

↓≤≢№╢⁹ ≢│⁸ ─ ─

─ ⅜ 0. 1Bq/cm3 ⌐⌂╢≤⁸ ╩ ∆╢≤ ╘╠╣≡™╢↓≤⅛╠⁸↓─ ╩

ⅎ⌂™↓≤⅜ ≤⌂╢⁹ ─ ≤⇔≡│⁸ ◖fi◒ꜞכ♩Ⱪ꜡♇◒⌐ ⅎ≡⁸

─ ≤⌂╢ⱳꜞ◄♅꜠fi≤⁸ ⅜ ↕╣√ ⌐ ∆╢●fiⱴ ╩ ∆╢ Ⱪ

꜡♇◒╩ ™╢ ⌐⇔√⁹╕√⁸ ◖fi◒ꜞכ♩Ⱪ꜡♇◒≤ⱦכⱶꜝ▬fi─ ⅛╠─●fi

ⱴ ─ ╩ ∆╢√╘⌐ ─ ╩ ⌐ ╘ ╪∞⁹ 

 3.1- 23│⁸3 ⌐

⇔√ ⱦכⱶꜝ▬

fi─ ≢№╢⁹ ⇔

√╟℮⌐⁸B1 ─

⌐│ ⅜

⅛╣⁸ⱦכⱶꜝ▬fi│∕─

╩ ℮╟℮⌐ ─

⌐ ⅛╣≡™╢↓≤⅜

⅛╢⁹ │ⱦכⱶꜝ▬

fi─ ⌐ ∂

╘↕╣╢─≢⁸↓─╟℮⌂ ⅝ↄ ⅜∫√ⱦכⱶꜝ▬fi ≢╙ ⱦכⱶ╩ ⅛╠

♅ꜗfiⱣכ╕≢ ↄ↓≤⅜ ≢№╢⁹ 

  3.1- 24 │ ⱦכⱶꜝ▬fi─ ─ ≢№╢⁹ⱦכⱶꜝ▬fi─

⅛╠ ╕≢─ │▬○fiⱳfiⱪ 3 ( IP1⁸IP2⁸IP3)╩ ⇔≡™╢⁹▬○fiⱳfi

ⱪ─ ∟ Ⱳכ♃⌐╘√─→ ⱳfiⱪ( TMP1⁸TMP2)≤♪ꜝ▬ⱳfiⱪ( DP1⁸DP2)╩ ⇔≡™╢⁹

Ⱳכ♃ ⱳfiⱪ≤ ╖ ╦∑╢ⱳfiⱪ≤⇔≡꜡כꜞ♃כⱳfiⱪ⅜ ↕╣╢↓≤⅜ ™⅜⁸

─ ╩ ↑╢√╘⁸ ╩ ⇔⌂™♪ꜝ▬ⱳfiⱪ╩ ⇔≡™╢⁹ⱦכⱶꜝ▬fi─

─ ♅ꜗfiⱣכ ┘Ɽꜟ☻ ─ Ⱳכ♃⁸│ ⱳfiⱪ( TMP3⁸TMP4) ┘♪ꜝ▬ⱳfiⱪ

( DP3⁸DP4)≢ ⅝⇔≡™╢⁹ ♅ꜗfiⱣכ │ ⌐ ™ ─ ⅜ ⅝™↓

 

 3.1- 23 ⱦכⱶꜝ▬fi─  

Reactor

core

Brightness enhancement unit
Pulsing unit

Sample 

chamber

Positron 

source
Beam 

monitor

Water tank

(MCP)
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≤⁸TMP4─ ╡ ↑╠╣≡™╢ │ ─√┘⌐ ╩◒כꜞ ℮↓≤⅛╠⁸▬○

fiⱳfiⱪ≢│⌂ↄ♃כⱲ ⱳfiⱪ─╖⌐╟╡ ╩ ℮↓≤≤⇔√⁹ⱦכⱶꜝ▬fi─

⁸ ⌐▬fi♫כꜞ☻כⱩ⌐ ↕╣≡™╢ ⌐≈™≡│⁸ ♄◒♩⌐ ◖▬ꜟ⅜ ⅛╣

≡™╢─≢⁸◖▬ꜟ ⌐╟╡ ⅜№╡⁸ ⅜ ∆╢√╘⁸ ─ ⌐

Ⱳכ♃ ⱳfiⱪ╩ ∫≡ ⌐ ●☻╩ ∫√⁹ Ⱳכ♃⅜ ⱳfiⱪ─ ↄ⌐

∞↑ ╡ ↑╠╣≡™╢⁹ ⁸◖▬ꜟ ─ │⁸ כ♃─

Ⱳ ⱳfiⱪה▬○fiⱳfiⱪ ≢│ 1×10- 6 Pa ⁸ ♅ꜗfiⱣ≢│ 1×10- 5 Pa ≢№

╡⁸ ⌂ ⅜ ╠╣≡™╢⁹ 

 

 

 3.1- 24 ⱦכⱶꜝ▬fi─  

 

 ⱦכⱶꜝ▬fi─ ≢№╢ ⁸ ◖▬ꜟ⁸ ⌂≥⅜ ⇔√ ⁸

─ ⅜ ╦╣√⁹ ─ │ 1 ⅛↑≡ ─ 5MW╕≢ ⇔∏≈ ↕╣√⁹

∕─ ⌐⁸ ⌐ ╙ ™ ⱳfiⱪ ─ ≤ ─ ╩ ⇔√⁹ │ 8

×10- 7Pa ⅛╠ ─ ⁸ ─ ≤≤╙⌐ ⇔⁸5MW ⌐│ 1×10- 3Pa ╕≢ ⇔

√⅜⁸∕─ ╩ ↑╢℮∟⌐ 10- 5Pa ╕≢ ⇔√⁹ ⌐≈™≡│⁸ ─

⁸1MW ⌐│ 101ϴ⁸5MW

⌐│ 302ϴ╕≢─ ╩

⇔√⁹ ─√╘─♁꜠ⱡ▬♪◖▬

ꜟ⌐ ∆╢≤⁸↕╠⌐ ⅜

⅝⁸1MW ⌐⁸◖▬ꜟ⌐ 4A ─ ╩

∫√≤↓╤⁸ 162ϴ╕≢─ ≢

№∫√⁹↓─╟℮⌂ ⅛╠⁸ ≤

│ ⅜ ⌂ ⌂Ɽꜝ

ⱷכ♃≢№╢↓≤⅜ ↕╣√⁹ 

 ⌐ ⌐ ⌂ ⅝

⇔ ╩ ⇔⁸ ─♁꜠ⱡ▬

♪◖▬ꜟ⁸Ⱬꜟⱶⱱꜟ♠◖▬ꜟ┼─

╩ ∫√≤↓╤⁸MCP☻◒ꜞכfi ─

Sample 

chamber

Load-

lock

Pulsing

MV2
GV5

M
o
n

it
o

r

Brightness 

enhance. 

GV4GV3

M
o
n

it
o

r
Transport

GV2

TransportSource

LV

IG5

MV3

DP4

MV1

DP3

IG4

DP2

RV3

IP2 IP3

RV2

IG3IG2

IP1 DP1

RV1

IG1

GV1

Transport

TMP2TMP1 TMP3

TMP4

 

 3.1- 25 ⇔√ ⱦכⱶ⌐╟╢MCP☻◒

─fiכꜞ  
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⅜ ╠╣√(  3.1- 25)⁹↓─ ⁸MCP ⌐│- 2. 5 3.0kV ⌐ ╩ ⇔≡⅔╡⁸ ─

│ ⅎ╠╣⌂™⁹↓─↓≤⅛╠⁸ ─ ≤ⱦכⱶꜝ▬fi ┼─ ⅜MCP☻◒ꜞכfi

⌐╟╡ ↕╣√≤ ⅎ╢⁹∕─ ⁸ⱦכⱶꜝ▬fi ⌐ ™√ Ge ≢╙

●fiⱴ ─ ⅜ ↕╣⁸↓─↓≤⅛╠╙ ⱦכⱶ─ ⅜ ↕╣√⁹ Ge

╩ 22Na ≢ ⇔⁸ ⱦכⱶ ╩ ⇔√⁹ │ ╩Kapton(ⱳꜞ▬Ⱶ♪)

ⱨ▫ꜟⱶ≤⇔⁸ ◄Ⱡꜟ◑כ╩ 20keV≤⇔√⁹ ╩  3.1- 1⌐╕≤╘╢⁹

─ ⅜ 1MW─ ⌐⁸ⱦכⱶ │ ≢ 1. 4×106e+/s ⁸ ⅜ 5MW─ ⌐│ 6. 2×

106e+/s ≢№∫√⁹ 

 

 3.1- 1 ╠╣√ ⱦכⱶ─ ─  

( MW)  

◖fiⱣכ♃

 ( V)  

1♃כ꜠♦⸗

 ( V)  

2♃כ꜠♦⸗

 ( V)  

ɘ

 ( cps)  ( e+/s )  

1 10 6. 5 3 239 7.0×105 

1 30 20 10 448 1. 3×106 

1 50 30 10 471 1. 4×106 

5 50 30 10 2112 6. 2×106 

 

 ╠╣√ ⱦכⱶ ╩ ─ ⱬכ☻ ⱦכⱶꜝ▬fi≤ ⇔√ ╩  

3.1- 2 ⌐ ∆⁹ │ ─ ⌐ ═≡╕∞ ≤│ ⅎ⌂™⅜⁸ ─ ─

≤ ─ ╩ ⌐⇔≡⁸ ─ ╩ ∆╢≤⁸ ─ ⌐ ™ ⅜

╠╣≡™╢⁹√∞⇔⁸ ⱦכⱶ─ MCP☻◒ꜞכfi ⅛╠ ⅛╢╟℮⌐⁸ ≢│ ™ ─

ⱦכⱶ⅜ fiכꜞ◒☻⁸⅜╢№≢∏│╢™≡╣↕ ≢│ⱦכⱶ│ ↄ⌂ↄ⁸ ≢ ⇔√

ⱦכⱶ─ ⇔⅛ MCP⌐ √∫≡™⌂™↓≤│ ╠⅛≢№╢⁹ ─Ɽꜝⱷכ♃╩ ∆

╢∞↑≢╙╟╡ ™ ╩ ╢↓≤⅜ ↕╣╢⁹ⱦכⱶꜝ▬fi─ ⌂ │

─ ⌐╟╡ ≢⅝√⁹ ╩ ╘≤⇔≡⁸AMOC ⌂≥ ─

⌐ ∆╢√╘⌐ ─ ≤∕─ ⅜ ≢№╢⁹ 

 

 3.1- 2 ─ ⱬכ☻ ⱦכⱶꜝ▬fi≤─  

 Neutrons Source 
Diameter ( cm)  

Slow e+/s  
( Total )  

Positron 
generation 
efficiency  

POSH  8 4×108  

NEPOMUC 2×1014 6. 5 1×1010 2. 3 

NCSU 2. 5×1012 23 7×108 1 

KUR 3×1011 3 1. 4×106 1 

( ) POSH⁸NEPOMUC⁸NCSU│∕╣∙╣♦ꜟⱨ♩ ⁸ⱵꜙfiⱫfi ⁸ⱡכ☻◌꜡ꜝ▬
♫ ─ ⱬכ☻ ⱦכⱶꜝ▬fi⌐ ∆╢⁹ 

   

  3.1- 26 │ ♅ꜗfiⱣכ⌐⅔↑╢ ─ ╩ ⇔≡™╢⁹ ⱦכⱶ

≢│⁸ ≢ ↕╣√ ╛⁸ ↕╣√ ⅜ⱦכⱶꜝ▬fi─ ⌐  
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↕╣⁸ ≢

⇔ ↕╣≡ ┘

⌐ ∆╢↓

≤⌐╟╡⁸◘♥ꜝ

▬♩Ⱨכ◒─

╛Ᵽ♇◒◓ꜝ►fi

♪꜠ⱬꜟ─ ⌂

≥╩ ↄ⁹↓─√

╘⁸ ─

│ ⌐

≢№╢⁹

⌐│ │

─ ≢ ╖⁸ ╩ ╠⌂™╟℮⌐∆╢ ≢ ↕╣≡™╢⁹↓╣│ ⅜

∂╢↓≤⌐╟╡꜠fi☼ ⅜ ∂≡⁸ⱦכⱶ─ ╩ ↄ√╘≢№╢⁹ ─ ≢♪ꜞⱨ♩

╠⅛Ⱪכꜙ♅ ⌐ ∆╢ │⁸ⱷ♇◦ꜙ ╩ ™≡⁸ ─ ╣⅜ ∂⌂™╟

℮⌐⇔≡™╢⁹ ⌐ ™╢◦fi♅꜠כ◦ꜛfi │⁸ ⅛╠ ⇔⁸≢⅝

╢∞↑ ⌐ ≠↑╢≤≤╙⌐⁸ ≤ ─ ⌐♃fi◓☻♥fi─ 10mm─▪Ɽכꜗ♅כ

╩ ⅝⁸ⱦכⱶ─ 10mm ⅛╠ ∂╢ ●fiⱴ ╩ ⌐ ∆╢╟℮⌐⇔≡™╢⁹ 

  3.1- 27│⁸ ─ⱦכⱶꜝ▬fi≢ ⌂ 4≈─ ⌐ ⇔√ ╩

⇔≡™╢⁹ ( a)│ ╩ ≢ ℮ ⁹( b)│♪♇ⱪꜝכ ⅜╡ ╩ ≢

℮ ⁹( c)│ ♪♇ⱪꜝכ ⅜╡( Coincidence Doppler Broadening : CDB)

─ ⁹( d)│ ≤♪♇ⱪꜝכ ⅜╡ ─ ( AMOC)─ ╩ ⇔≡™

╢⁹↓╣╠─ ⌐ ∆╢√╘⌐⁸ⱦכⱶ─ ⌐ ⇔≡⁸ ⅛╠─ 2 ⁸

⅛╠─ 1 ─ 3 ⅛╠ ╩ ≢⅝╢╟℮⌂ ≤⇔√⁹ 

  

  

 3.1- 27 ⌂  

 

e+

Sample

(a) Lifetime

e+

Sample

(b) Doppler broadening

e+

Sample

(c) CDB

e+

Sample

(d) AMOC

 

 3.1- 26 ─  
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ⱦכⱶꜝ▬fi─ ╩ ═╢√╘⁸

ⱱꜟ♄כ⌐ ↕╣√ Fe╕√│ Cu

╩ ⇔⁸ ◄Ⱡꜟ◑30כeV≢

CDB ╩ ∫√⁹  3.1- 28 │ Cu─

CDB ─ ≢⁸Fe─ CDB ─

⌐ ∆╢ ╩ ∆⁹ 1 ╩ ⅎ

╢ ™Ⱨכ◒⅜ ╠╣⁸↓╣│ Cu

╩ ⇔≡™╢↓≤╩ ⇔≡™╢⁹

⁸Cu─Ⱨ10×23│◒כ- 3mc ⌐ ╣

╢⅜⁸  3.1- 28 ─Ⱨכ◒│∕╣╟╡

⇔ ™ ≢ ╣√⁹↓╣│ ─

◄Ⱡꜟ◑כ⅜ ↄ⁸ ─ ↄ⅜

≢ ⇔≡√╘≢№╢≤ ⅎ╠╣╢⁹ 

 ⇔√ ╡⁸ ⱦכⱶꜝ▬fi╩ ∆╢⌐ √╡⁸ ─ ≤ │ ⌂Ɽꜝ

ⱷ⁸√╕⁹╢№≢♃כ ⇔ↄ│ ─ ≢╙ ═╢⅜⁸ⱦכⱶꜝ▬fi ⌐ ╩

∆╢ ⅜№╡⁸ ─ ─√╘▪◒ꜞꜟⱤⱠꜟ≢ⱦכⱶꜝ▬fi╩ ∫≡™╢⁹╕√⁸

│ ⌐Ⱪכꜞ☻כ♃►▪╙≡∫№⅜ ╩ ⅎ⌂™╟℮⌐ ↕╣≡™╢⅜⁸

⌐│ⱦכⱶꜝ▬fi╩ ╛⅛⌐ ∆╢↓≤⅜ ╕⇔™⁹↓╣╠─ ⅛╠⁸ⱦכⱶꜝ▬fi─

◦☻♥ⱶ╩ ⇔√⁹  3.1- 29│ ◦☻♥ⱶ─ ╩ ⇔≡™╢⁹( a)│ ⱤⱠꜟ

─ ─ ╩ ⇔≡⅔╡⁸ⱤⱠꜟ ─ Interlock ☻▬♇♅╩ ∆≤⁸ ⅜ ↕╣√ ⁸

╩ ╘√╡⁸ ╩ ⇔√╡∆╢↓≤⅜ ≢№╢⁹╕√⁸( b)│Ɽכ♁♫

ꜟ◖fiⱧꜙכ♃( Personal Computer:PC)─ ≢№╢⅜⁸ ◦☻♥ⱶ─ ⱪ꜡◓ꜝⱶ⅜ ∫

≡⅔╡⁸ⱦכⱶꜝ▬fi─ ⅜ ↕╣╢⁹↕╠⌐⁸ ╛ ─ ─꜡◓╩ ╢↓≤⅜

≢⅝╢⁹╕√ ≢ꜟכⱷ⌐כ◙כꜚ⁸│⌐ ╠∑╢ ╩ ∫≡™╢⁹↓─ ⱪ꜡◓ꜝⱶ

─▬fi☻♩כꜟ↕╣√ PC╩ ╩◒כⱠ♇♩꞉▪ꜞ◄ꜟ◌כ꜡⁸™ ∂≡ ⅛╠╙◦☻♥ⱶ

─ ╩ ≢⅝╢⁹ 

 

  

 3.1- 29 ◦☻♥ⱶ─  

 

 

(a) (b) 

 
 3.1- 28 ⌐ ⇔√ CDB☻Ɑ◒♩ꜟ 

0 10 20 30 40

0.8

1

1.2

1.4

1.6

R
a

ti
o

 t
o

 p
u

re
 F

e

pL (10
-3

mc)



 

 

3- 21 

 

(2)  Ɽꜟ☻ ─  

 ⱦכⱶꜝ▬fi─Ɽꜟ☻ │⁸ ⌐│ ≢№╡⁸AMOC ─

╩ ∆╢⁹ ─Ɽꜟ☻ │⁸ ⌐│⁸ ≢ ↕╣√

≤ ─ ≢ ↕╣≡™╢⁹  3.1- 30⌐∕─ ╩ ∆⁹ ⌐ ╢10eV○כ♄כ─

ⱦכⱶ╩ⱷ♇◦ꜙ ⌐╟╢ ─♅ꜛ♇Ɽכ≢ 2 3ns ⌐ ╩Ɽꜟ☻ ∆

╢⁹ ⌐ 200eV⌐ⱦכⱶ╩ ⁸ⱪꜞⱣfi♅ꜗכ ⌐╟╡Ɽꜟ☻╩ ∆╢⁹∕⇔≡⁸Ᵽfi

כꜗ♅ ⌐╟╡↕╠⌐Ɽꜟ☻╩ ⇔⁸♪ꜞⱨ♩♅ꜙכⱩ╩ ≡⁸ ≢ ⌂◄Ⱡꜟ

≢╕כ◑ ∆╢⁹ⱪꜞⱣfi♅ꜗכ│ ≤⌂∫≡⅔╡⁸ ≤ ≢ ⌐╟╢

Ɽꜟ☻ ⅜ ⅝╢⁹Ᵽfi♅ꜗכ │ 1/ 4 ≤⌂∫≡⅔╡⁸ ─ ─◑ꜗ♇

ⱪ⌐ ╩ ↕∑╢⁹ ⌐ ∆╢ ≢ ⌂ ⅜ ⅝╢╟℮⌐ ─

╩ ⇔⁸ ⌐│ 100ps ─Ɽꜟ☻ ⌐∆╢↓≤╩ ⇔≡™╢⁹ 

 

 3.1- 30 Ɽꜟ☻ ─  

 

  3.1- 31 │Ɽꜟ☻ ─ ─Ⱪ꜡♇◒ ╩ ∆⁹♅ꜛ♇Ɽ⁸כⱪꜞⱣfi♅ꜗ⁸כⱣ

fi♅ꜗכ─ 3 ─ ⌐ ↑╠╣╢⅜⁸∕╣╠─ │ ⇔≡ ↕∑╢ ⅜№╢√╘⁸

─▪♫꜡◓ ─ ╩ ⇔≡ ™≡™╢⁹ │ 125MHz─ ≤

⌂∫≡™╢⅜⁸Ᵽfi♅ꜗכ ─ ⌐ ╦∑╢⁹Ᵽfi♅ꜗכ ⅜כ♫כꜙ♅│⌐

⇔≡⅔╡⁸ ─ ⅜ ≢№╢⁹♅ꜛ♇Ɽכ ≤ⱪꜞⱣfi♅ꜗכ │

╩ 4 ⇔√ ≢ ∆╢⁹3 ─ ─ │∕╣∙╣⁸▪♇♥Ⱡכ♃≢ ∆╢⁹

⌐│♅ꜛ♇Ɽכ ─♃▬Ⱶfi◓╩ ≤⇔⁸∕╣⌐ ╦∑╢ ≢ⱪꜞⱣfi♅ꜗכ ≤

Ᵽfi♅ꜗכ ⌐ ↕╣╢ ─ ╩ ⅎ╢⁹∕─√╘⁸ⱪꜞⱣfi♅ꜗכ ≤Ᵽfi

כꜗ♅ ─ ⌐│ ⅜ ↕╣√⁹╕√♅ꜛ♇Ɽכ ⌐ ↕╣╢Ɽꜟ☻

─ │ ⌐│ ─ 1/ 4 ≢№╢⅜⁸Ɽꜟ☻ ⌐╟╡ ⅝╩ ℮↓≤⅜≢⅝⁸

─N ⌐ ≢⅝╢⁹N─ │ 1⅛╠ 12╕≢ ≢⅝╢⁹╕√Ɽꜟ☻ │ 0. 5ns─

≢ ≢⅝╢⁹  3.1- 32│ 3 ─ ⌐ ↕╣╢ ╩ ⇔√╙─≢№╢⁹↓

─ ♅ꜛ♇Ɽכ ≢│ N=1 ─ ≤⌂∫≡™╢⁹♅ꜛ♇Ɽכ ⌐ ↕╣╢ │≢⅝╢

╡Ɽꜟ☻ ⅜ ↄ⌂╢╟℮⌂ ≤∆╢⅜⁸Ɽꜟ☻ ─ ╩ ↄ⇔≡™ↄ≤⁸Ɽꜟ☻ ─

╩ ↄ√╘⁸ ∏⇔╙ ╩ ↕ↄ∆╣┌ ™╦↑≢│⌂ↄ⁸  3.1- 32 ─ │Ɽꜟ☻

─ │ 1ns≢№∫√⁹ 

e+

Chopper

Sub-harmonic 

pre-buncher
Buncher Drift tube Sample
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 3.1- 31 Ɽꜟ☻ ─ ─Ⱪ꜡♇◒  
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 3.1- 32 Ɽꜟ☻ ─  

 

ⱪꜞⱣfi♅ꜗכ ≤Ᵽfi♅ꜗכ ┼│ ⅜ ↕╣╢⁹ ┼─ ─ ╩ ℮

≤ ⅜ ∂╢⅜⁸ ─ │⁸ ┼─ │ ≢⅝╢ ≢№∫√⁹♅ꜛ♇Ɽכ

─ ≢│ ─ ⅜◘♥ꜝ▬♩Ⱨכ◒─ ≢ ╠╣╢⅜⁸∕╣≢╙Ɽꜟ☻ ⌐│ ⇔

⌂™ ≢№∫√⁹♅ꜛ♇Ɽכ │ ≢№╡⁸ ⌐№╦∑√ ╩ ∆

╢ ⅜№╢⁹  3.1- 33 │♅ꜛ♇Ɽכ ─ ╩ ∆⁹ ≤ ╩⁸

╩ ⅎ⌂⅜╠ ⇔⁸∕─ ╩ⱪ꜡♇♩⇔√╙─≢№╢⁹ ⌂ ⅜ ╠╣⁸ ─

│ 20dB(100 )≢№╡⁸Ɽꜟ☻ ≤⇔≡ ⌂ ╩ ∫≡™╢↓

≤⅜ ⅛∫√⁹╕√ ╩כ♫כꜙ♅ ⇔√ ⌐⇔≡™╢─≢⁸ │Ᵽfi

כꜗ♅ ─ ╟╡ ↄ 122MHz─ ⅜ ╠╣√⁹ 
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 3.1- 33 Ᵽfi♅ꜗכ ─  

 

 Ɽꜟ☻ ─ ─ ╩

ⱦכⱶ≢ ∫√⁹ ⌐│

☻Ɑ◒♩ꜟ─ ≤⇔≡ ⌂

⅜ ╠╣╢╟℮⌐Ɽꜟ☻ ─ ╩

℮↓≤⅜ ≢№╢⅜⁸ ☻

Ɑ◒♩ꜟ│ ─ ─

╩ ↑╢√╘⁸ ⌐Ɽꜟ☻ ─

╩ ═╢─≢№╣┌⁸ ⱦכⱶ╩

™╢ ⅜╟╡ ⇔≡™╢⁹ ≤⇔

≡│⁸ ≤ ⇔√ ≤

╩ ≈ⱦכⱶ╩ ╢√╘⌐⁸ ╩

⇔√ ╩ ♩♇◕כ♃⁹√™

≤⇔≡│ⱴ◓Ⱡ◦►ⱶ( Mg)(

1. 2eV)╩ ™⁸ ≤⇔≡ ꜝfiⱪ

( 254nm)╩ ⇔≡™╢⁹ ⌐ ™√Mg⌐ ⇔≡⁸ ⅛╠ ╩ ⇔≡

╩ ∆╢⁹Mg─ ⌐ ™√ ⅝ ⇔ ⌐╟╡ ⱦכⱶ╩ ⅝ ∆⁹ ⅝ ⇔ │ 10V

≤⇔√⁹ ⌐│ ⅝ ⇔ ╩◓ꜝ►fi♪꜠ⱬꜟ⌐ ⇔⁸Mg─ ⌐- 10V ╩ ⇔≡™╢⁹

 3.1- 34 │ ⇔√ ─ ╩ ⇔≡™╢⁹♅ꜛ♇Ɽכ ⌐Ɽꜟ☻ ⌂⇔≢ Ᵽ▬

▪☻ ∞↑ ⇔⁸ ∆╢ ⱦכⱶ ─Ᵽ▬▪☻ ╩ ═√⁹( a)│ כ♦

♃≢⁸( b)│∕╣╩ ⇔√ ≢№╢⁹( b)⅛╠│ ⱦכⱶ─◄Ⱡꜟ◑כ ⌐ ⇔⁸10eV

╩Ⱨכ◒≤∆╢ ⱦכⱶ⅜ ╠╣≡™╢↓≤⅜ ⅛╢⁹◄Ⱡꜟ◑כ ─Ⱨ⁸│◒כ╒╓ ⅝

⇔ ─ ⌐ ↄ⁸ ꜝfiⱪ⅛╠ ╢ ─◄Ⱡꜟ◑⁸│כ ⅜ Mg⅛╠ ╩ ⅝

∆√╘⌐ ↕╣≡™╢↓≤⅜ ⅛╢⁹ 

  3.1- 35 │ ⱦכⱶ─Ɽꜟ☻ ⌐ ™√ ≤ ─Ⱪ꜡♇◒ ≢№╢⁹ ⱦכ

ⱶ─ ⌐│⁸ ≤ ⌂╡●fiⱴ ╩ ™╢↓≤⅜≢⅝⌂™√╘⁸▪ⱡכ♪ ─ MCP╩

⇔√⁹●fiⱴ ╩ ∆╢ ⌐│◦fi♅꜠כ◦ꜛfi ╩ ⇔⁸ ⅛╠

╩ ╡ ∆⅜⁸▪ⱡכ♪ MCP⅛╠│╒╓ ─ ⅜ ╠╣╢↓≤⅜ ⅛∫≡™╢⁹

1 ⅜ ∆╢≤ MCP─▪ⱡכ♪ ⅛╠ ─Ɽꜟ☻ ⅜ 1 ↕╣╢⁹↓─Ɽꜟ☻

≤⁸♅ꜛⱤכ ─ ⅛╠ ╠╣√Ɽꜟ☻ ╩∕╣∙╣⁸◖fi☻♃fi♩הⱨꜝ◒◦ꜛ

fi ( Constant Fraction Discriminator : CFD) ⌐ ⇔≡Ɽꜟ☻ ─ ─ ╩

(a) (b)

 

 3.1- 34 Ɽꜟ☻ ─ ⌐ ™√ ─
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™√ ⌐⁸TAC( Time Amplitude Converter ) ≢∕─ ╩Ɽꜟ☻ ⌐ ⇔⁸ ╠╣√

Ɽꜟ☻ ╩ⱴꜟ♅♅ꜗfiⱠꜟ▪♫ꜝ▬◙( Multi - Channel Analyzer: MCA)≢ ═√⁹

─ ≤ ─Ɽꜟ☻ ╩ ℮√╘⌐│⁸MCP─ ⌐ ≤ ⌐ ◄

Ⱡꜟ◑כ ─ ╩ ∆╢ ⅜№╢⁹↓─√╘⁸ │ ⌐ ╩ ⇔√

ꜝ♇◒⌐ ⇔⁸ ⌂ │ ♩ꜝfi☻╩ ∂≡◓ꜝ►fi♪ ⅛╠ ⇔√⁹MCA─

╩ ╢√╘─ PC│ ⅜ ≢⅝╢╟℮◓ꜝ►fi♪ ⌐ ⅝√™─≢⁸ ⱨ□▬

Ᵽכ◔╢╟⌐כⱩꜟ╩ ⇔≡⁸MCA≤ PC ╩ ⇔√⁹ 

 

 

 3.1- 35 Ɽꜟ☻ ─ ─Ⱪ꜡♇◒  

 

 ─ ≢ ⱦכⱶ─Ɽꜟ☻ ╩ ∆╢ ⌐⁸ ─ ╩ ⇔

√⁹  3.1- 35─ ⌐⅔™≡⁸♅ꜛ♇Ɽכ ╩ ⇔⁸▪ⱡכ♪ MCP⅛╠─ ─

╦╡⌐ CFD ⌐ ⇔√⁹ ≈─♅ꜛ♇Ɽכ ╩ ∆╢↓≤⌐⌂╢⅜⁸ ╩ ∆╢

─ꜟⱩכ◔ ↕╩ ⅎ╢↓≤≢⁸ ≈─ ─ ─ ╩ ∆╢↓≤⌐⌂╡⁸

╩ ™√ ─ ╩ ∆╢↓≤⅜≢⅝╢⁹  3.1- 36 ⌐ ╩ ∆⁹Ɽꜟ☻

─ ⅜ ╠╣⁸∕─ │ 44ps ≢№∫√⁹ ≤∆╢Ɽꜟ☻ │ 100ps ≢№╢

√╘⁸ ⌂ ⅜ ╠╣≡™╢⁹ 

 ⌐⁸ ⱦכⱶ╩ ⇔⁸♅ꜛ♇Ɽ⁸כⱪꜞⱣfi♅ꜗ⁸כⱣfi♅ꜗכ─Ɽꜝⱷכ♃╩ ⇔

⌂⅜╠  3.1- 35 ─ ⌐╟╡ ⱦכⱶⱤꜟ☻─ ╩ ⇔√⁹∕─ ╩  

3.1- 37⌐ ∆⁹╒╓ ─Ⱨכ◒─ ∫√ ⅜ ╠╣≡™╢⁹∕─ │135ps≢

№∫√⁹ ─ ≤⇔√ ⱦכⱶꜝ▬fi─Ɽꜟ☻ (

250ps ╩ )≢ ⌐ ╩ ∫√ ⌐│ 153ps ─ ⅜ ↕╣≡⅔╡⁸ ⱦכⱶ

Ɽꜟ☻ 150ps⅜ ≈─ ≤⌂╢ ≤ ⅎ╢⁹↓─ ≤ ═≡⁸ ≢│ ⌂Ɽꜟ☻ ─

⅜ ≡™╢↓≤⅜ ⅛∫√⁹  3.1- 36⌐ ⇔√ ─ ╩ Ⱥɩcircuit =44ps⁸Ɽ

ꜟ☻ ≢ ╠╣√Ɽꜟ☻ ╩ Ⱥɩtotal =135ps⁸ ─ ╩ ™√Ɽꜟ☻ ╩ Ⱥɩpulse≤∆

╢≤⁸ ⌐│ 
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ɝʐ ɝʐ ɝʐ  ( 3- 11)  

─ ⅜№╢≤ ⅎ╠╣⁸∕─ ⁸Ⱥɩpulse=128ps ≤™℮ ⅜ ╠╣╢⁹↓─ │ ─

╩ ╪∞ ≢№╢─≢⁸ ⱦכⱶ─Ɽꜟ☻ │⁸╒╓ 100ps ─ ⅜ ╠╣≡™╢≤

↕╣╢⁹↓─ ⅛╠╙⁸ ⌐ ⇔≡™√ │ ╠╣≡™╢↓≤⅜ ⅛∫√⁹ 

 

 3.1- 36 ─  

 

 3.1- 37 ⱦכⱶ─Ɽꜟ☻ ─  

 

 ⱦכⱶ─Ɽꜟ☻ ⅜ ≢⅝√√╘⁸Ɽꜟ☻ ┼─ ─ ╩ ═√⁹Ɽꜟ☻

─ ─Ɽꜝⱷכ♃│ ⇔√⅜⁸ ─ ╩ ℮ ╙№╢⁹ ─Ⱬꜟⱶⱱ

ꜟ♠◖▬ꜟ─ ╩ ↕∑⁸Ɽꜟ☻ ─ ╩ ∫√ ╩  3.1- 38⌐ ∆⁹( a)│◖

▬ꜟ─ ⌐ ∆╢ ≢⁸( b)│ ∂ ⌐⅔™≡⁸ ─ ≢ⱪ꜡♇♩⇔√

≢№╢⁹ ╠⅛⌐ ─ ⅜Ɽꜟ☻ ⌐ ⇔≡™╢↓≤⅜ ⅛╢⁹ ≤⇔≡│

≤Ɽꜟ☻ ≤─ ─ ⌐╟╢ ⌂ ≤⁸ ⅜ ╦∫≡⁸Ɽꜟ☻ ╩ ╢

ⱦכⱶ─ ⅜ ╦∫√↓≤⌐╟╢ ⌂ ─ ≈⅜ ⅎ╠╣╢⁹ 

 

  

 3.1- 38 ⱦכⱶⱤꜟ☻ ─◖▬ꜟ  
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  3.1- 39 │ 20keV─ ⱦכⱶ≢

⌐ ╠╣√Kapton─ ☻Ɑ◒♩

ꜟ≢№╢⁹╕∞ ⅜ ≢│⌂ↄ⁸

Ⱨכ◒ Ᵽ♇◒◓ꜝ►fi♪ ⅜

≢⁸⇔⅛╙Ᵽ♇◒◓ꜝ►fi♪⅜ ≢⌂

ↄ◘♥ꜝ▬♩Ⱨכ◒⅜ ╠╣╢⁹2

⅛╠⌂╢ ╩ ⇔≡☻Ɑ◒♩

ꜟ─ ╩ ∫√≤↓╤⁸ ─

1 │ 0. 34ns ≢№╡⁸ 2 │

3. 5ns≢№∫√⁹ ⌐ ∆╢ 1

⌐ ⇔≡│⁸ ⌂ ⌐

™ ⅜ ╠╣≡™╢⁹╕√⁸ ─ ≤⇔≡1 ╩ ⇔√⅜⁸∕─ ⁸0. 44ns─

⅜ ╠╣≡™╢⁹Kapton─ │⁸↓╣╕≢─ ⅛╠│ 0. 38ns ─ ⅜ ╠╣≡⅔╡⁸∕

╣╟╡│ ™ ≤⌂∫≡™╢⁹↓╣│ ─Ɽꜟ☻ ⅜ ≢│⌂ↄ⁸☻Ɑ◒♩ꜟ─ ⌐

─ 2 ⌂≥ ⌂Ᵽ♇◒◓ꜝ►fi♪ ⅜ ⇔≡™╢√╘≢│⌂™⅛≤ ⅎ╠

╣╢⁹™∏╣⌐⇔≡╙⁸ ≤⇔≡│ ⌂ ⅜ ╠╣≡⅔╡⁸↕╠⌐ ╩ ⅎ┌⁸╟

╡ ⌂꜠ⱬꜟ⌐ ∆╢↓≤⅜ ↕╣╢⁹ 

 

(3)  ─ ≤  

 ≢ ⇔√ ⱦכⱶꜝ▬fi─ ─ │ 30mm№╡⁸ ↕╣╢ⱦכⱶ╙↓╣

⌐ ∏╢⁹ ⁸ ⌂ ◘▬☼│ 10mm ≢№╢↓≤⅜ ™⁹╕√⁸ ⌂ ≢Ɽꜟ

☻ ╩ ℮√╘⌐│⁸Ɽꜟ☻ ─ ∞↑╩ ⅎ╢╟℮⌂ⱦכⱶ ≢№╢↓≤⅜ ╕⇔

™⁹↓╣╠─ ╩ ⅎ╢≤⁸ ⱦכⱶ 30mm─ⱦכⱶ╩∕─╕╕ ℮↓≤│≢⅝⌂™⁹ ╙

⌂ ≤⇔≡│⁸▪Ɽכꜗ♅כ╩ ™≡ⱦכⱶ╩ ∆╢ ⅜№╢⁹√∞⇔▪Ɽכꜗ♅כ

╩ ™╢≤⁸ ⇔⌂⅛∫√ⱦכⱶ╩ ≡╢↓≤⌐⌂╢√╘⁸ ⌂ ─ ╩ ⅝ↄ ℮

↓≤⌐⌂╢⁹ ⁸ ꜠fi☼╩ ∫√≤⇔≡╙⁸ ⌐ ⇔≡╙ ≢ ↕╣√ ⁸ⱦכⱶ

│ ⅜∫≡⇔╕℮√╘⁸∕─╕╕ ∆╢↓≤│≢⅝⌂™⁹ ⇔√ ≢ⱦכⱶ╩ ∆╢√

╘⌐⁸ ≤™℮ ╩ ⇔√⁹ 

 3.1- 40⌐ ─ ╩ ∆⁹ ⅛╠10eV○כ♄כ─◄Ⱡꜟ◑כ≢

↕╣≡⅝√ ⱦכⱶ╩ ⇔√ ⁸™∫√╪ ─ ™ ⌐ ∆╢⁹ⱦכⱶ│ ∆╢

⅜⁸∕╣╩ ꜠fi☼≢ ∆╢⁹ ─ ⌐ ≤ ┌╣╢ ( ≢│

Ni)╩ ↄ⁹ │ ⌐ ⇔≡ ─ ╩ ∟⁸ ─ ∞↑◄Ⱡꜟ◑כ╩

ⅎ╠╣≡⁸ ⅛╠ ↕╣╢⁹ ─ ◄Ⱡꜟ◑כ≤ ─ ↕╩℮╕ↄ ═

┌⁸ ⇔√ ≤ ─ ≢ ╩ ↄ ℮↓≤⅜≢⅝╢⁹ ↕╣√ │ ┘

⌐╟╡ ♅ꜗfiⱣכ╕≢ ∆╢⁹ 

 

 

 3.1- 39 ─Ɽꜟ☻ ─  
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 3.1- 40 ─  

 

⌐ ∆╢∞↑≢│⁸ ⱦכⱶ─ ( ⁸ №√╡─ )│

⇔⌂™⁹ ⌐ ╩ ∆↓≤≢⁸ ─ │№╢ ╦╣╢╙──⁸ ⅜

↕╣╢√╘ │ ∆╢⁹↓╣⅜ ─ ≢№╢⁹ ≢│⁸ ─ ◄Ⱡ

╩כ◑ꜟ 5keV≤⇔⁸ ≤⇔≡ ↕ 150nm─ Ni ╩ ™╢⁹↓─ ⁸ ⌐⅔

™≡ ∆╢ ≤ ↕╣╢ ─ ( )│ 10%⅛╠ 20%─ ⅜ ≢⅝

╢⁹ ╩ 10%≤⇔≡╙⁸꜠fi☼─ ╩ 3. 3 ╟╡ ⅝ↄ∆╣┌ ™ ≤⌂╡⁸

│ ≢№╢⁹⌂⅔  3.1- 40 ⌐│⁸ ╩ ╗ ─ ─Ⱬꜟⱶ

ⱱꜟ♠◖▬ꜟ⅜ ⅛╣≡™⌂™⅜⁸ ⇔⌂™ │ ≥⅔╡ ⇔⁸ ∆╢ ⌐

│ ⇔⌂™≢⁸ ⌐ ↕╣√꜠fi☼ ─ ─◖▬ꜟ╩ ∆╢⁹ 

 ─ ≤⇔≡│⁸ ⅝ↄ ↑≡ ≈№╢⁹(1)  ⇔⌂™ ⌐│⁸ ≥⅔╡

ⱦכⱶ 30mm─ⱦכⱶ╩∕─╕╕Ɽꜟ☻ ⁸ ♅ꜗfiⱣכ╕≢ ≢⅝╢↓≤⁹(2)  

─ ≤Ɽꜟ☻ ─ ─ ╩ ( 1)≤∆╢↓≤⁹↓╣╠ ≈─

⌐ ∫≡ ╩ ∫√⁹ │ ≢ ↕╣√ ⱴ▬◒꜡ⱦכⱶ

─ ⅎ ⌐ ∫≡™╢⅜⁸ ─ ≢│ ⁸ ∆╢─⌐

⇔⁸KUR─ ≢│ ∆╢ ⅜ ⅝ↄ ⌂╢⁹ ─ ⌐№√∫≡│⁸

╩♪כ◖ ⇔≡ ⅔╟┘ ╩⅔↓⌂∫≡ ⌂ ╩ ⇔√⁹ ≥♪כ◖√⇔

⇔≡⁸ ⌐ ⇔√ⱪ꜡◓ꜝⱶ─ ⌐⁸ ⌐╟╢ ♁ⱨ♩ Poisson 

Superfish ♪כ◖ ┘⁸ ♁ⱨ♩⁸☺▼ⱠꜝꜟהⱤכ◘כ꜠♩הꜟ◒▫♥כ

( General Particle Tracer : GPT)◖כ♪╩ ™√⁹ 

 ∆╢ ꜠fi☼│ꜜכ◒⅜ 1 ≥☻כ◔ꜟ▬◖≢ ≢⅝╢ ≤⇔√⁹↓─ ≤∆╢

↓≤≢⁸ ╩◒כꜜ─ ⌐ ™≡ ⌐≢⅝╢∞↑ ≠↑╢≤≤╙⌐( ╩

∆╢↓≤⅜≢⅝╢)⁸◖▬ꜟ│ ⌐ ™≡⁸◖▬ꜟ─ ∆╢ ╩ ╟ↄ ∆╢↓≤

⅜≢⅝╢ⱷꜞ♇♩⅜№╢⁹  3.1- 41│⁸ ꜠fi☼ ─ ( a)≤ ⌐⅔↑╢

◒כꜜ╩ ╩ ⅎ≡ ⇔√ ≢№╢⁹↓─ ◒כꜜ⁸╡╟⌐ ╩ 50mm≤∆

╢≤⁸ ─ │ 50G≤⌂╡⁸Ɽꜟ☻ ─ ≤ ─ ⌐∆╢↓≤⅜≢

⅝╢( ╩ 1 ◒כꜜ⁸√╕⁹(╢⅝≢⅜≥↓╢∆⌐ ⅜ 50mm№╣┌⁸ ⇔⌂™

─ⱦכⱶ╩∕─╕╕ ↕∑╢↓≤⅜ ≢№╢⁹↓─ ⌐ ◒כꜜ⁸⅝≠ ╩ 50mm⌐

⇔√⁹ 

Transport coil

Helmholzcoil Remoderator(c-Ni)Magnetic lens

5KeV

WD=10mm

10eV

Beam
~10eV

Extraction electrode
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 3.1- 41 ≢─ ─  

 

 ⇔√꜠fi☼ ⌐ ≠⅝⁸GPT◖כ♪≢ ⱦכⱶ ─ ╩ ∫√⁹  3.1- 42( a)

│∕─ ─ ╩ ∆⁹ ─ │ ─ ≢⁸ ─ │ ⌐ ™√ ─

≢№╢⁹ ─ ◄Ⱡꜟ◑כ│ 5keV⁸ ─◄Ⱡꜟ◑כ│ 10eV≢ ⇔≡™╢⁹

ⱦכⱶ│™∫√╪ ⇔√ ⁸ ꜠fi☼≢ ↕╣≡ ⌐ ↕╣√ ⁸ ─

⅛╠ ↕╣√ⱦכⱶ⅜ⱦכⱶ ╩╒╓ ∫√╕╕ ↕╣╢↓≤⅜  3.1- 42( a)⅛

╠ ⅛╢⁹╕√⁸  3.1- 42( b)│⁸ ⇔⌂™≢ⱦכⱶ╩ ↕∑╢ ─ ≢№╢⁹

↓─ ⁸ ─√╘Ⱬꜟⱶⱱꜟ♠◖▬ꜟ≢ ∆╢ ╩ ꜠fi☼─ꜜכ◒⅜ ∆↓≤⌐⌂

╢√╘⁸ ꜠fi☼╩ ↄ ∆╢↓≤≢⁸ ─ ╣╩ ⌐ ⅎ⁸ ⱦכⱶ 30mm─

ⱦכⱶ╩℮╕ↄ ≢⅝╢↓≤⅜ ↕╣√⁹ 

 

(a) (b)



 

 

3- 29 

 

 

 

 

 3.1- 42 ─ⱦכⱶ ─  

 

  3.1- 43 │ ─ ╩ ⇔≡™╢⁹ ⌐│ ⅛╠ ↕╣≡™╢ ─Ⱬ

ꜟⱶⱱꜟ♠◖▬ꜟ( LD⁸LE⁸LF)╩ ⇔≡⁸ ╩ ╦⌂™ ⌐│⁸ ≤ ⌐

⌐ ∆╢⁹ ─ ≤⇔≡⁸ ─Ⱬꜟⱶⱱꜟ♠◖▬ꜟ( MA⁸MB)≤♁꜠

ⱡ▬♪◖▬ꜟ( SC)⁸ ◑ꜗ♇ⱪ⁸ ꜠fi☼╩ ⇔√⁹ ⌐│⁸ ⱱ

ⱶכ⁸ⱦ≥כ♄ꜟ fiכꜞ◒☻─ MCA⅜ ↕╣√⁹↓─ ≈─ │ ⇔ ╣ 

(a)

(b)



 

 

3- 30 

 

⅜ ⌂ ≤⌂∫≡⅔╡⁸ ⇔⌂™ ≤

ⱦכⱶ ─ ⌐│ ⱱꜟ♄כ╩

⅛╠ fiכꜞ◒☻⁸⇔ MCA⌐≈™≡╙⁸ⱦכ

ⱶ ─ ⌐│ ⅛╠ ∆≤™℮

™ ⅜≢⅝╢╟℮⌐⇔√⁹  3.1- 44⌐ ⇔√

─ ≤ ꜠fi☼─ ╩ ∆⁹

꜠fi☼─ꜜ⁸◒כ ⱱꜟ♄⁸כ☻◒

fiכꜞ MCP⁸♁꜠ⱡ▬♪◖▬ꜟ( SC)⌂≥╩ ╘

╢√╘⌐⁸ ─ ♅ꜗfiⱣכ│

─ⱦכⱶꜝ▬fi⌐ ⇔≡ ─ ⅝™╙─≤⌂∫

≡™╢↓≤⅜ fiכꜞ◒☻⁸√╕⁹╢⅛ MCP⅛

╠─ ╩ ⅛╠ ∆╢√╘─ ╛⁸

─ ╩ ∆╢√╘─ ⌂≥⅜ ™≡™

╢⁹ ꜠fi☼─ │ ⱨꜝfi☺⌐ ╖ ╪

∞ ╩ ⇔≡™╢⅜⁸ ⌐ כꜜ⁸⌐℮╟√⇔

◒│ ⁸◖▬ꜟ│ ⌐ ↕╣╢⁹ ◒כꜜ│ ⅛╠ ↕╣√╙─≢⁸ ≢

╩ ∫√ 50mm─ꜜכ◒ ╩ ≢ ∆⁹ 

 

  

 3.1- 44 ⇔√ ─ ≤ ꜠fi☼─  

 

 ◦☻♥ⱶ≢│⁸ ╩ ℮√╘⌐│ ⱦכⱶ╩ 5keV ╕≢ ∆╢⁹∕─√╘

⅛╠ │∆═≡ 5keV─ ⌐ ≈↓≤⌐⌂╢⁹ ╩ ≤⇔√ (ⱳ♥fi

◦ꜗꜟ) ╩  3.1- 45⌐ ∆⁹ ⌐│ 10eV○כ♄כ─ ─Ᵽ▬▪☻ ╩ ∆╢⁹

⌐│◖fiⱣכ♃כ꜠♦⸗⁸כ♃כ⌐│ ─ ╩≈↑╢√╘∕╣∙╣∆↓⇔∏≈ ⌂╢

╩ ∆╢⅜⁸↓─ ≢│ │ ⇔≡™╢⁹ ╩ √ⱦכⱶ♄◒♩ ⅜◓ꜝ►fi♪

≤⌂╡⁸ ─ ≢- 5kV≢ ∆╢⁹∕─ │⁸Ɽꜟ☻ ╕≢│ ╩ ∟⁸

Ɽꜟ☻ ≢│⁸♅ꜛ♇Ɽכ─ ≤ⱪꜞⱣfi♅ꜗהכⱣfi♅ꜗכ │ 200V─

⁸♅ꜛ♇Ɽכ─ ≤♪ꜞⱨ♩♅ꜙכⱩ │ 500V ─ ╩ ⅎ╢⁹ ⌐

│ Vsample
+≤⇔≡ ─ ╩ ⇔⁸ ─ ┼─ ◄Ⱡꜟ◑כ╩ ∆╢⁹ ─

─ ◄Ⱡꜟ◑כ│ Vsample
+≢№╡⁸ ⌐ ⌂ 5keV ╩ ⇔ ™√╙─⌐⌂

╢⁹ ⌐ ∆╢√╘─ │ - 30kV ─ ╩ ⇔√─≢⁸ ⌐│

50 mm

 
 

 3.1- 43 ─  

 

/ MCP
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30keV⁸ ⌐│ ⌐│ 25keV╕≢─ ╩ ℮↓≤⅜

≢№╢⁹ 

 

 

 

 3.1- 45 ─ ⅛╠ ╕≢─  

 

 ↓─╟℮⌐⁸ ⌐│ⱦכⱶꜝ▬fi

⌐- 5keV⅜ ↕╣⁸Ɽꜟ☻ ─

╙ ≢│⌂™⁹- 5keV⌐ ↕╣√ ≢╙Ɽꜟ

☻ ╩ ℮↓≤⅜≢⅝╢╟℮⌐⁸ ∆╢

╩ ⇔√ꜝ♇◒⌐ ╘⁸ꜝ♇◒ ╩ⱦכⱶꜝ

▬fi ≤ ⌐≢⅝╢╟℮⌐⇔√⁹  

3.1- 46 │Ɽꜟ☻ ─ ╩ ⇔√

ꜝ♇◒─ ≢№╢⁹ ╩▪◒ꜞꜟⱤⱠꜟ≢

╖⁸AC100V─ │ 10kV─ ╩ ≈ ♩ꜝfi

☻╩ ∂≡ ⇔≡™╢⁹Ɽꜟ☻ ─ ─

⌐ ⇔≡│⁸ │ ⱨ□▬Ᵽכ◔כⱩꜟ╩

∂≡ ≢⅝╢⅜⁸╕∞∆═≡─ ╩ ≢⅝╢╟℮⌐│⌂∫≡™⌂™√╘⁸

≢⅝⌂™ ⌐≈™≡│⁸ ╩ ™√ ≤⇔≡™╢⁹ ▬fi♃כⱨ▼כ☻│

↕╣≡™╢√╘⁸ ⌐│∆═≡─ ╩ ⌐∆╢↓≤⅜ ≢№╢⁹ 

 ─ ╩ ∆╢√╘⁸ ⱦכⱶ⌐╟╢ ╩ ∫√⁹ │Ɽꜟ☻

─ ≢ ⇔√╙─≤ ∂≢№╢⁹ ─▪Ɽכꜗ♅כ╩ ∆╢↓≤≢ ⱦכⱶ

╩ ≢⅝╢⁹  3.1- 47 │ ─ ─ ╩ ∆⁹ │

─ ∫≡™╢ ─ ⌐ ↕╣≡⅔╡⁸ ⅝ ⇔ │Ɽꜟ☻ ─ ─ ≤ ∂

10V≢№╢(  3.1- 34 )⁹◖▬ꜟ⌐ ⇔≡│⁸ Ⱬꜟⱶⱱꜟ♠◖▬ꜟ LA⁸LB⁸LC≤⁸

◖▬ꜟ╩ ⇔√( ─ ╡≈┬⇔√◖▬ꜟ)⁹ ⱦכⱶ │ ⌐ ⇔√☻◒

fiכꜞ MCP≢ fiכꜞ◒☻⁸⇔ ─ⱦכⱶ☻ⱳ♇♩ ╩ ♅ꜗfiⱣכ ⅛╠ ╩ ⇔≡

꜠ⱨ◌ⱷꜝ≢ ∆╢⁹∕⇔≡⁸ ╠╣√ כ♃כꜙfiⱧ◖╩♃כ♦ ≢ ≤ ╩

™ⱦכⱶ ╩ ⇔√⁹ ─ ⌐│⁸MCP ─ │ 10mm≢№╢─≢⁸MCP ╩

≤⇔√⁹ ꜠ⱨ◌ⱷꜝ≢ ∆╢⌐№√╡⁸◌ⱷꜝ ⌐╟╢ ╩

e+

GND
~10 V

5 kV

~200 V~500 V

Ve+

Positron 

source
Drift tube

Sample
E

le
c
tr

ic
 p

o
te

n
ti
a

l

Vsample

 

 3.1- 46 ⌐ ⇔√Ɽꜟ☻

─ ꜝ♇◒ 
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↑⁸◌ⱷꜝ─▬ⱷכ☺☿fi◘( CCD)≢ ╠╣√ ╩♃כ♦ ∆╢ ≤⇔√⁹╕√⁸MCP─

⌐≈™≡╙⁸ ⱦכⱶ ≤ ─ ─≥♃כ♦ ⌐⁸ ╢ ╡ ⅜ √╣⁸

─♃כ♦ ⅜ ⅝⌂™╟℮⌂ ╩ ╪≢ ╩ ∫√⁹ 

 

 3.1- 47 ⱦכⱶ╩ ™√ ─ ─  

 

  3.1- 48│ ⱦכⱶ⌐╟╢ ╩ ∆⁹↓─ ⌐ ─ ⱦכⱶ │15mm≢

№∫√⁹◓ꜝⱨ ─ 4 ─ │ ⌐ MCP─☻◒ꜞכfi⌐ ╠╣√ⱦכⱶ☻ⱳ♇♩─

≢№╢⁹∕╣∙╣─ ⅛╠ⱦכⱶ ─ ╩ ⇔⁸ ꜠fi☼─ ≤⇔≡╕≤╘

√╙─⅜◓ꜝⱨ≢№╢⁹ 2. 35A─ ⌐2. 9mm─ ⱦכⱶ ⅜ ╠╣√⁹ⱦכⱶ ⅜15mm⅛

╠ 2. 9mm⌐ ↕╣√≤™℮↓≤│ ≢│ 1/ 26. 8 ─ ⌐⌂╢⁹ ╩ ∆╢ ⁸

│ ≢ ≤⇔⁸ ─ ⅜ 10%≤∆╢≤⁸2. 68 ─ ⅜≢⅝╢⁹ 

 ⁸ ∂ ⌐⅔™≡⁸ ♪כ◖ GPT≢ ─ ╩◦Ⱶꜙ꜠כ◦ꜛfi⇔√

╩  3.1- 49 ⌐ ∆⁹ ∞↑≢⌂ↄ⁸ ≢─ⱦכⱶ─ ⁸

≤ ─ⱥ☻♩◓ꜝⱶ ╩ ⇔√⁹ⱥ☻♩◓ꜝⱶ ─ ⅛╠ⱦכⱶ ╩ ⇔√≤

↓╤⁸ ╙ ⅜ ╦╣╢ ≢ⱦכⱶ 3. 1mm─ ⅜ ╠╣≡™╢⁹ ⌐⅔↑╢ⱦכⱶ

─ ⁸ ⌐⅔↑╢ Ɽꜝⱷכ♃─ ⌂≥╩ ∆╣┌⁸ ™ ╩ ⇔≡™

╢≤ ⅎ╠╣╢⁹ 

 

 

 3.1- 48 ⱦכⱶ ─꜠fi☼  

 

 3.1- 50 │⁸ ◦Ⱶꜙ꜠כ◦ꜛfi⅛╠ ╠╣╢ⱦכⱶ ─꜠fi☼ ─

2.9 mm
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≢№╢⁹  3.1- 48─ ≢│ ⱦכⱶ ╩ 15mm≤⇔√⅜⁸↓─ ≢│ 30mm─ ╙

⇔≡™╢⁹ ⱦכⱶ 30mm─ ⌐│ ⱦכⱶ 5. 5mm⅜ ╠╣≡⅔╡⁸  3.1- 48⁸  

3.1- 49─ ⅛╠⁸ ─ⱦכⱶ ╙↓╣⌐ ™ ⅜ ╠╣╢≤ ↕╣╢⁹∆⌂╦∟⁸

≤⇔√10mm ─ⱦכⱶ │ ⌐ ≢№╢⁹╕√⁸ ꜠fi☼─ ⅜2. 3 2. 4A

─ ⁸ ≢─ ─ │ 41 42G≢№╡⁸ 1 ⌐ ™ ⅜ ≢⅝√↓≤╙

⅛∫√⁹ 

 

 

 3.1- 49 ⱦכⱶ ⌐ ⇔√ ─  

 

  
 3.1- 50 ≢ √ⱦכⱶ ─꜠fi☼  

 

 ↓─╟℮⌐ ≤⇔√ 10mm ─ⱦכⱶ ⁸ 1 ⌐ ™ ⁸ ─

ⱦכⱶ ≤™℮ ╩ √∆↓≤⅜≢⅝√⁹ ≤ │ ⅜ ≢№╢∞↑≢ │ ∂

≢№╡⁸ ─ ╩ ∆╢∞↑≢ ∂ ⅜ ╠╣╢≤ ⅎ╠╣╢⁹↓─↓≤⅛╠⁸

─ ╩ ≢⅝√≤ ⅎ≡ ™⁹ 

 

(4)  ≤⇔≡─  

↓↓╕≢ ⇔√ ⌐ ⱦכⱶꜝ▬fi(  3.1- 51(a) )─ ─ ⌐≈™≡ ╩

(a) 15 mm

3.1 mm

(b) 30 mm

5.5 mm
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™⁸∕─ ╩ ╘√⁹ 

ⱶꜝ▬fiכⱦה ( ⁸ ⁸ ♅ꜗfiⱣ⁸כ ◦☻♥ⱶ)  

☻ꜟⱤה  

ה  

∕─ ≢⁸ ⱦכⱶꜝ▬fi╩ ™≡ ─ ≤ ⌂ ┘CDB ⌐

⇔≡™╢⁹Ɽꜟ☻ ─ ─ ≤ ─ ─ │ ⱦכⱶ≢

∫≡™╢⅜⁸ ≤ ─ⱦכⱶ ⌐ ∆╢ ⅛╠⁸ ╠╣√ │∕─╕╕

≢ ≢№╢⁹↓╣╠─ ⅛╠⁸KUR⌐ ⇔√ ⱦכⱶꜝ▬fi│ AMOC ╩

℮√╘⌐ ⌂ ╩ ∫≡™╢↓≤⅜ ↕╣√⁹ 

 AMOC ─ │₈3.1 a(4) ₉⌐ ∫≡ 27 ⌐ ™⁸ⱦכⱶꜝ▬fi⌐

⇔√⁹ ╩  3.1- 51( b)⌐ ∆⁹KUR⅜ ⇔⌂⅛∫√√╘⌐⁸ ─ │ ⌐

⅔™≡₈3.1 a(5) ₉─ ╩ ™√⁹  

 

 

 3.1- 51 (a) ≢ ⇔√ ⱦכⱶꜝ▬fi─ , (b) KURⱦכⱶꜝ▬fi⌐

↕╣√ AMOC  

(a)  

( b)  
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3 ▪♩ⱶⱪ꜡כⱩ(3D- AP) [ 5] [ 6] [ 7]  

 3 ▪♩ⱶⱪ꜡כⱩ(3D- AP)│⁸ ─ ╩╒╓ ꜠ⱬꜟ─ ≢ ≢⅝

╢ ≢№╢⁹↓─√╘⁸ ⅝↕⅜◘Ⱪ♫ⱡⱷכ♩ꜟ ─ SC╙ ≢№╡⁸SC─ ⁸

⁸ ⌂≥─ ⅜ ╠╣╢⁹ ≢│⁸◄Ⱡꜟ◑כ (ꜞⱨ꜠◒♩꜡fi)⁸

( Local Electrode )╩ ⅎ√◄Ⱡꜟ◑כ כ◙כ꜠ ▪♩ⱶⱪ꜡כⱩ 

( CAMECA ⁸LEAP3000X- HR⁸ LEAP4000HR⌐ )╩ ™√⁹ ╩  3.1- 52⌐ ∆⁹ 

≢│⁸ ⌐ ╩ ╘≡ ╩ ↕∑╢Ɽꜟ☻ כ◙כ꜠⁸≥♪כ⸗

╩ ⌐ ⇔ ⌐ ⌐ ╩ ⅎ╢↓≤≢ ╩ ≥♪כ⸗☻ꜟⱤכ◙כ꜠╢∑↕

╩ ⌐ ∂≡ ╡ ⅎ≡ 3D- AP ╩ ∫√⁹Ɽꜟ☻ ╢╟⌐כ◙כ꜠│ ⅜⌂™

√╘ │ ™⅜⁸ ⅜ ⇔ ™⁹ ☻ꜟⱤכ◙כ꜠ ╢╟⌐כ◙כ꜠⁸│

⌐╟╡ ⅜ ⇔ ™⅜⁸ ⌐╟╡ ─ │Ɽꜟ☻ ╟╡

╢⁹∟⌂╖⌐ ↕ ─ │Ɽꜟ☻ ≤ ≤ ⅎ╠╣≡™╢⁹ ≢│

⌐⅔™≡⁸ ⅜ ⌂ ╛ ─ │Ɽꜟ☻ ╩ ™⁸

╩ ╘╢√╘⌐ ╩ ≤∆╢ ─ ☻ꜟⱤכ◙כ꜠│ ╩ ∫√⁹

╕√ Cu─ ≢│⁸Cu- │ ⅜ ↄ ⅜ ⇔ Ɽכ◙כ꜠╘√™

ꜟ☻ ╩ ∫√⁹ │ ↕ ─ ⅜ ☻ꜟⱤכ◙כ꜠⁸╘√⌂ ≢ ™≤

ⅎ╠╣╢⁹ 

 3D- AP ─√╘─ ≢│⁸ ( 0. 5×0. 5×10mm─ ⌐ ╩ ╡

⇔⁸ ╩ ™≡ ╩ ⌐∆╢ )⅔╟┘ FIB ( FIB╩ ™≡ ╩Si ⌐ⱴ▬

◒꜡◘fiⱪꜞfi◓⇔⁸ ⌐ ∆╢ )─ 2 ╡╩ ™√⁹ │ ─ ⅜

↓╡⌐ↄↄ⁸╕√ FIB ≢│⁸ ─ ─ FE- SEM ⅝ FIB ╩ ∆╢↓≤≢⁸

⌂ ╩ ⇔≡ ─ ╩ ⌐ ≢⅝╢⁹ │ 26 ⌐ ↕╣≡™╢⁹

≢│⁸ ─ ⌐│ ╩⁸ ─ ─ ⅜ ≤⌂╢

╛Cu ─ ⌐│ FIB ╩∕╣∙╣ ™√⁹ 

 

 3.1- 52 ◄Ⱡꜟ◑כ כ◙כ꜠ ▪♩ⱶⱪ꜡כⱩ─   

sample tip

~100 nm

field evaporated ions

Fe
2+

position sensitive detector

(x, y)

HV pulser
start

stop

16 ch TDC P C

time of flight

Tip of Sample  

Pulse voltage

start

Position sensitive detector

Local Electrode

Reflectron

HV
Pulse laser

(or Pulese voltage) 

HV

(x, y) 

Pulser

stop

T
im

e
 o

f 
fl
ig

h
t

HV
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(1)   FE- SEM ⅝ ▬○fiⱦכⱶ ─  

ᵑ ─  

 ╛ ─ ╩ ∆╢√

╘⁸FE- ( SEM)≈⅝─ FIB :FEI

₈Helios NanoLab600i ₉╩ ⇔√ (

3.1- 53) ⁹ Helio s NanoLab600i │ ⁸ FEI ─

DualBeam◦ꜞכ☼─ ⌐ ↕╣≡⅔╡⁸▬○fi

ⱦכⱶ⁸ ⱦכⱶ⁸Ɽ♃כfi ⅔╟┘↕╕↨╕

⌂ ╩ ⇔⁸Ⱶꜞfi◓⁸▬ⱷכ☺fi◓⁸ ⅔

╟┘ ─ⱪ꜠Ɽ꜠כ◦ꜛfi╩ ≢♫ⱡ☻◔כ

ꜟ≢ ℮⌂≥⁸ ⌐⅔↑╢ ⌐

⇔≡™╢ ≢№╢⁹ 500V╕≢─ kV

⌐╟╡ ─♄ⱷכ☺╩ ⌐ ⅎ╢↓

≤⅜≢⅝⁸ 65nA ╕≢─ⱦכⱶ ⌐╟╡

≢─ ⅜ ≢№╢⁹ │ 150x150 mm 

─ ™ ⁸ ™ ╩╙≈ ≢№

╢⁹ ╩  3.1- 3⌐ ∆⁹ 

 3.1- 3 HeliosNanoLab600i  

 Helios NanoLabГ600i ( FEI )  

ⱦכⱶ  1.0 nm( 15kV)⁸1. 6nm( 5kV)⁸ 

2. 5nm( 1kV)⁹ 

▬○fi ⱦכⱶ  4. 5nm( 30kV)⁸2. 5nm( 30kV)⁹ 

 ⱦכⱶ 2. 3mm⁸▬○fi ⱦכⱶ 1.0 mm⁹ 

ꜝfi♦▫fi◓  350V 30kV( ⱦכⱶ)⁸500V 30kV(▬○fi ⱦכⱶ)⁹ 

ⱪ꜡כⱩ  22nA( ⱦכⱶ)⁸1pA - 65nA(▬○fi ⱦכⱶ)  

 XY 150mm⁸Z 10mm⁸T - 10°  +60°⁸R  x360° (◄fi♪꜠☻)  

 Elstar ▬fi꜠fi☼ SE  ( TLD- SE)  

Elstar ▬fi꜠fi☼ BSE  ( TLD- BSE)  

Everhart - Thornley SE  ( ETD)  

◌ꜝⱶ IR camera 

♪▪ ⱴ►fi♥♇♪ Nav CamГ 

ⱦכⱶ  

♅ꜗfiⱣכ  < 2. 6×10- 6ⱵꜞⱣכꜟ( 24 )♅ꜗfiⱣכ 

 

ᵒ FE- SEM ⅝ FIB⌐╟╢ ╩ ╗ 3D- AP  

⇔√ FE- SEM ⅝ FIB ╩ ™╢↓≤≢⁸ ─ SEM ⅝ FIB ≢│ ─ ⇔⅛∫

√ ╛ ─ ╩ ╗ 3D- AP ╩ ╟ↄ ∆╢↓≤⅜ ⌐

⌂∫√⁹∕─╟℮⌂ ─ ╩⁸ ( ⅜ )⅔╟┘ Cu- Fe

 

3.1- 53 Helios NanoLab600i  
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( ⅜ )╩ ⌐ ⌐ ∆⁹ ⌐ ╩ ⇔◘fiⱪꜞfi◓ ╩ ∆╢

(  3.1- 54)⁹ ⌐ⱪꜝ♅♫( Pt)♦ⱳ☺♇♩( ⁸Pt ♦ⱳ)⌐╟╡ ⌐ ╩ ⇔(  

3.1- 55( a) )⁸Pt ♦ⱳ─ ╩ ╩ ⇔≡ ∆╢ (  3.1- 55( b) )⁹ ╩Wⱪ꜡כⱩ⌐

⇔√ ⁸ ⅛╠ ⌐ ╡ ∆(  3.1- 55( c)) ⁹ ╡ ⇔√ ╩ Si ─ ⌐ ⇔⁸W

ⱪ꜡כⱩ⅛╠ ╡ ∆(  3.1- 55( d)) ⁹Si ⌐ ∑√ │⁸ ⅛╠ ⱦכⱶ╩№≡

≡ FIB ⇔⁸ ╛ ⌂≥ ╩ ╗╟℮⌂ ┼ →╢(  3.1- 56)⁹ 

 

 

 3.1- 54 ─ SEM ( a) ⁸( b) Cu- Fe  

 

 

 3.1- 55 ⱴ▬◒꜡◘fiⱪꜞfi◓─ ⁹ 

( a)  Pt ♦ⱳ☺♇♩⌐╟╢ ⁸( b)  ─ ⁸ 

( c)  ⅛╠─ ╡ ⇔⁸( d)  3D- AP ┼─ⱴ►fi♩ 

( a)  (b)  

( a ( b

( c ( d
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 3.1- 56 ─  

 

(2)  ( Cu )─  

↓╣╕≢─ ─ ╟╡⁸SC ⌐╙ ⅜ ∆

╢↓≤⅜ ↕╣≡™╢[ 8] [ 9] ⁹∆⌂╦∟⁸MD╙ ⌐ ∆╢ ⅜ ⅎ╠╣╢⁹↓─↓≤

╩⁸ ⌐≈™≡╙ ═╢√╘⁸ ─ ⌐≈™≡

╩ ∫√⁹ 

ᵑ ⅔╟┘ [ 10]  

 3.1- 4⌐ ─ ╩ ∆⁹Cu

─ ⅜ 0. 30wt.%≤ ™ High Cu ≢№

╡⁸ ≢№╢⁹ⱬꜟ◑כDoel- 2 ≢

20 ↕╣√⁹ │⁸

8. 5×1010n/cm2/s ( E > 1MeV)⁸

300ϴ⁸ 5. 1×1019n/cm2≢

№╢⁹250ϴ⅛╠ 700ϴ╕≢ 50ϴ⅔⅝⌐⁸

30 ─ ╩ ∫√⁹ 

 

ᵒ 3D- AP  

 3.1- 57 ⌐⁸ ╕╕ ⅔╟┘ 500ϴ

─ 3D- AP ╩ ∆⁹ ╕╕

≢│ Cu ⅜ ↕╣√⁹SC⌐

│ P⁸Mn⁸Ni ─ ⅜ ╠╣√⁹500ϴ

╙ Cu ⅜ ↕╣√⁹

╕╕ ≢│ Ni- Mn- Si ⅜כ♃☻ꜝ◒ ↕

╣√⅜⁸550ϴ │ ⇔√⁹ 

↓╣╠3D- AP ⅛╠⁸Envelope ╩

™≡ Cu ─ ⅔╟┘ ╩

⇔√⁹ Ɽꜝⱷכ♃│ dmax = 0. 7 

 3.1- 4 ⱬꜟ◑כDoel- 2 ─

( wt.%)  

 

 

 3.1- 57 ⱬꜟ◑כDoel- 2 ─ 3D- AP
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nm⁸Nmin = 20⁸dgrid  = 0. 1nm≤⇔⁸ ≢ SC⅜ ↕╣⌂™↓≤╩ ⇔√⁹Envelope

╟╡ ╠╣╢ SC─ ( radius of gyrationso n, ὰ)⅛╠⁸◑♬◄ ( Guinier radius, 

r G)╩
gG lr ³=

3

5 ─ ╟╡ ╘[ 6]⁸ ≢│ r G╩╙∫≡Cu ─ ≤⇔√⁹ 

╕√⁸Cu ─ VCu- ppt.╩ r G─ ⅛╠ ╘⁸VCu- ppt.⌐⁸ ↕╣√ Cu

─ ( NCu- ppt. )╩ ∂≡ Cu ─ Vf≤⇔√( Vf =VCu- ppt.×NCu- ppt. )⁹ 

╕╕ ≢│ Cu ╩ ∆╢ Cu │ 240 ⁸Cu ─ │ 7. 1

×1022/m3≢№╡⁸500ϴ ≢│∕╣∙╣ 250 ⁸8.0×1022/m3≤ ╘╠╣√⁹⇔√⅜∫≡⁸

500ϴ ╙Cu ─ ⅔╟┘ ⌐│╒≤╪≥ ⅜⌂™↓≤⅜ ⅛∫√⁹ 

 

ᵓ ─  

 3.1- 58 ⌐⁸ (ɩave)

⅔╟┘ⱦ♇◌כ☻ ( Hv)─

╩ ∆⁹ɩave│⁸ ╕╕ ≢

│ 160 ≤ ↄ⁸ ┼─

⅜ ∂≡™╢⁹400ϴ ╕≢│№╕╡

⇔⌂™⅜⁸450ϴ ⅛╠ ╩│

∂╘⁸500ϴ │ ɩave =130 ≤ ↄ

⌂∫√⁹∕╣ ─ ™ ≢╙

ɩave│╒≤╪≥ ⇔⌂⅛∫√↓≤⅛

╠⁸ │ 500ϴ ⌐╒╓

⇔≡™╢╙─≤ ⅎ╠╣╢⁹Hv│⁸

╕╕ ≢│ 201 ≤ ↄ⁸400ϴ ╕≢

│╒≤╪≥ ⇔⌂⅛∫√⅜⁸450ϴ

⅛╠ ╩│∂╘⁸500ϴ │

Hv=183 ≤ ↄ⌂∫√⁹600ϴ ─

≢│ Hv=165 ≢╒╓ ≤⌂∫

√⁹↓─ ≢│ ⅜ ⇔

⌂™√╘ ─ Hv │ ∞

⅜⁸600ϴ ≢│ ⅜ ⇔≡

™╢≤ ∆╣┌⁸ ╕╕ ⅔╟┘

500ϴ ⌐⅔↑╢ (ȺHv)│⁸∕╣∙╣ 36(=201- 165)⅔╟┘ 18(=183- 165)≤ ↕╣

╢⁹  3.1- 58⌐│⁸Cu ⌐╟╢ ȺHvCu- ppt.╙ ∆⁹ȺHvCu- ppt.│⁸3D- AP ⅛╠

╘╠╣√Cu ─ ⁸ ⁸ ╩Russell - Brown⸗♦ꜟ⌐  

 

 3.1- 58 ⁸ⱦ♇◌כ☻ ⁸Cu

⌐╟╢ ─  
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⇔≡ ⇔√[ 11] ⁹↓─⸗♦ꜟ≢│⁸Cu ⌐╟╢ ─ ysD │ ─ ≢

ⅎ╠╣╢⁹ 

↓↓≢⁸† │∑╪ ⁸Æ│Schmid factor ( = 2. 5[ 11] )⁸Ὃ│ⱴ♩ꜞ♇◒☻─ ( 8. 3 

× 104 MPa[ 54] )⁸ὦ│Ᵽכ●כ☻ⱬ◒♩ꜟ─ ⅝↕( BCC Fe│ 0. 248 nm)⁸ὒ│ SC ─ ≢

SC─ ὠ╩ ™≡⁸ 

fV

r
L 77.1=  ( 3- 14)  

≢ ↕╣╢⁹Ὁ⁸Ὁ│∕╣∙╣ SC─ ⁸ ⌐№╢ ─ ↕ √╡─◄Ⱡꜟ◑כ≢№

╢⁹↓╣╠─◄Ⱡꜟ◑כ─ │⁸ 

( )
( )

( )
( )00

0

2

1

2

1

ln

ln

ln

ln

rR

rR

rR

rr

G

G

E

E
+=  ( 3- 15)  

≢ ╘╠╣╢⁹Ὃ│SC─ ⁸ὶ│SC─ ≢№╢⁹╕√⁸ὶ│ ─ ─◌♇♩○ⱨ

⁸Ὑ│ ─ ─◌♇♩○ⱨ ≢⁸∕╣∙╣⁸ὶ= 2. 5b⁸Ὑ= 2500b [ 11] ≤⇔√⁹Ὃ─ │

≢№╢⅜⁸↓↓≢│ὋȾὋ=0.8╩ ™√⁹ ─ ≤ ⌐│ ⅜№╢≤↕

╣⁸ ≢│∕─ ╩ 0. 41[ 12]  ≤⇔≡ȺHvCu- ppt. =0.41Ⱥɨy≤⇔√⁹ ╕╕ ⅔╟┘

500ϴ ⌐⅔↑╢ȺHvCu- ppt.│⁸∕╣∙╣ 20⅔╟┘ 18≤ ╘╠╣√⁹ 

 500ϴ ≢│⁸ ─ ⅛╠ │╒╓ ⇔≡™╢─≢⁸ │ ⌐

Cu ⌐╟╢╙─≤ ⅎ╠╣╢⁹ ⁸500ϴ ≢│ȺHv≤ȺHvCu- ppt.≤│ ↄ

⇔≡™╢⁹╕√⁸↓╣╟╡ȺHvCu- ppt.─ │ ≢№╢≤ ⅎ╠╣╢⁹∕╣╩┤╕ⅎ≡ ╕

╕ ╩ ⅎ╢≤⁸ȺHv=36⌐ ⇔≡ȺHvCu- ppt. =20≢№╡⁸ȺHvCu- ppt.─╖≢│ ╩ ≢⅝

⌂™↓≤⅜ ⅛∫√⁹↓─↓≤│⁸ ╕╕ ≢│Cu ─MD⌐╟╢ ⅜

∆╢↓≤╩ ⇔≡™╢⁹↓╣│ ╕╕ ≢ ⇔√ ─ ⅜ 500ϴ ≢ ⇔≡

™╢↓≤≢╟ↄ ∆╢↓≤⅜≢⅝╢⁹ 

 

(3)  ( Cu )─  

 Cu ⅜ ™ ⌐≈™≡ ╩ ™⁸ ↕ ≤ ⇔≡

╩ ⇔√⁹ ⌐⁸ ™ (1×1020n/cm2 )⌐≈™≡╙ ═⁸ ⌐⅔↑╢

─ ╩ ═√⁹ 

ᵑ ⅔╟┘  

  3.1- 5 ⌐ ─ ╩ ∆⁹Cu─ │ 0.04wt.%≤ ™ Low Cu ≢№╢⁹  

3.1- 6⌐ ╩ ∆⁹ │№╢ ⌐≡ 30 ╕≢─ ≢ ╦╣√⁹ ═

√ 4 ─ ⌐≈™≡⁸ ⅜ ™ ⅛╠ 1 ⁸ 2 ⁸ 3 ⁸ 4 ≤ ∆╢⁹ 

sy fÖ=D ts  ( 3- 12)  

  

4
3

2

2

12 1
ù
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ú
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ö
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õ
æ
æ
ç

å
-=

E

E

L

bG
t  ( 3- 13)  
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 3.1- 5 №╢ ─ ( wt.%)  

 

 3.1- 6 №╢ ─  ♃כ♦

 

 │◦ꜗꜟⱧכ (10×10×55mm3)≤⇔≡ ↕╣√⁹◦ꜗꜟⱧכ ─

⅛╠ ╩ ╡ ⇔⁸ ⅔╟┘ ⌐╟∫≡ ╩ ⌐ ⇔√─∟⁸

(3D- AP ⁸ ⁸ )⅔╟┘ⱦ♇◌כ☻

╩ ∫√⁹ 

 

ᵒ ─  

1)  3D- AP  

 1 ⅛╠ 4 ─ ⌐ ∆╢ 3D- AP ╩  3.1- 59  3.1- 62⌐ ∆⁹ 1

≢│Cu≤ P─SC⅜↔ↄ╦∏⅛⌐ ↕╣√⁹ 2 ≢│Cu≤ P─SC⌐ ⅎ≡Ni- Mn- Si ◒

╙כ♃☻ꜝ ↕╣√⁹⇔⅛⇔≥∟╠─ SC╙∕─ │ ⌐ ↕⅛∫√⁹ 3 ⅔╟

┘ 4 ≢│⁸Ni- Mn- Si ⅜כ♃☻ꜝ◒ ⌐ ↕╣√⁹⌂⅔⁸ 27 │

╩ →╢√╘⁸ 1 ⅛╠ 4 ─ ╩ ⇔≡ ∫√⁹ 

 

 3.1- 59 №╢ 1 ( 1. 18×1019n/cm2)─ 3D- AP  

C S P Si Mn Ni Cr Cu Mo V Al N

0.022 0.012 0.011 0.230 1.30 0.73 0.11 0.04 0.50 0.01 0.015 0.008

[year]

(fluence)

[n/cm2]

(flux)

[n/cm2/s]

1 3.3 1.18×1019 1.12×1011

2 6.5 2.97×1019 1.44×1011

3 14.6 7.19×1019 1.56×1011

4 28.3 1.09×1020 1.22×1011

Cu Ni Mn Si P 
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 3.1- 60 №╢ 2 ( 2. 97×1019n/cm2)─ 3D- AP  

 

 

 3.1- 61 №╢ 3 ( 7. 19×1019n/cm2)─ 3D- AP  

Cu Ni Mn Si P 

Cu Ni Mn Si P 
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 3.1- 62 №╢ 4 ( 1.0 9×1020n/cm2)─ 3D- AP  

 

SC─ │ Envelope ╩ ⇔√⁹ Ɽꜝⱷכ♃│ dmax = 0. 55 nm⁸Nmin = 70⁸dgrid  = 0. 20 

nm≤⇔⁸ ≢ SC⅜ ↕╣⌂™↓≤╩ ⇔√⁹0 ≢ ═√╟℮⌐◑♬◄ r G╩

╙∫≡ SC─ ≤⇔√⁹╕√⁸SC─ VSC╩ r G─ ⅛╠ ╘⁸VSC⌐⁸ ↕╣√ SC

─ ( NSC)╩ ∂≡ SC─ Vf ≤⇔√( Vf =VSC×NSC)⁹ 

SC─ ─ ╩  3.1- 63⌐ ∆⁹SC─ │ 2 ╕≢│ ↕ↄ⁸ 3 ≢

⅝ↄ⌂∫√⁹Ni- Mn- Si ─כ♃☻ꜝ◒ ≤ ╩⌐ ∆⁹Ni- Mn- Si ─כ♃☻ꜝ◒

│ ─ ⌐ ™⁸ ⅝ↄ⌂∫√⁹Ni- Mn- Si ─כ♃☻ꜝ◒ ╩  3.1- 65⌐ ∆⁹SC

─ │ 3 ≢ ⅝ↄ⌂╡⁸ 4 ≢│ 3 ≤╒╓ ≢№∫√⁹ 

 

 

 3.1- 63 Ni- Mn- Si כ♃☻ꜝ◒ ─  

 

Cu Ni Mn Si P 
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 3.1- 64 Ni- Mn- Si כ♃☻ꜝ◒ ─

 

 

 3.1- 65 Ni- Mn- Si כ♃☻ꜝ◒ ─

 

 

2)   

─ ╩  3.1- 66⌐ ∆⁹ │ ⅛╠ 1 ─ ≢

⇔⁸ 2 ⅛╠ 4 ─ ≢╙ ⅜ ╠╣√⁹↓╣│ ⅛╠ ⅜ ↕╣≡™

╢↓≤╩ ∆╢⁹↓─ │ 3D- AP≢ ═√ SC─ ≤ ⌂╢⁹ ─ ⅛

╠⁸ №╢™│ ─┼ⱪכꜟ ⅜ ↕╣√⁹╕√⁸ 1 ⅔╟┘ 2

≢│⁸ (†)│†, calc. ( 2- state trap ping model ╩ √∆≤⅝─ɩ1─ [ 13] )≤

ↄ ⇔≡™╢↓≤⅛╠⁸2- state trapping model ⅜ ↄ ╡ ∫≡™╢↓≤⅜ ⅛∫√⁹ 

∕↓≢⁸ 1 ⅔╟┘ 2 ⌐ ⇔≡⁸ ◘▬♩─ ╩ ⇔√⁹

◘▬♩╩ 1 ─ ≥╖─ⱪכꜟ ⇔⁸ ─┼ⱪכꜟ ɟ╩⁸ 

ö
ö
÷

õ
æ
æ
ç

å

-

-
=

avD

Bav

B tt

tt

t
k

1

 

( 3- 16)  

╟╡ ╘√⁹↓↓≢⁸ɩav│ ⁸ɩB│ FeⱣꜟ◒ ≢─ ⁸ɩD│

─≢ⱪכꜟ ≢№╡⁸↓↓≢│ɩB=106ps⁸ɩD=165ps≤⇔√⁹  3.1- 67⌐⁸ ╠╣√

ɟ╩ ∆⁹ɟ│ ─ⱪכꜟ Cd⌐ ⇔⁸ɟ=ɡCd─ ⅜№╢⁹↓↓≢ɡ│ ─

≢№╡⁸ɡ=7.0×10- 5m2/s [ 14] ⅜ ↕╣≡™╢─≢∕╣╩ ™╢≤⁸ ─ │

 3.1- 68⌐ ∆╟℮⌐ ↕╣√⁹ 
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 3.1- 66 ─   

 

 3.1- ─┼ⱪכꜟ 67  

 

 3.1- ─ⱪכꜟ 68 Cd 

 

3)   

₈3. 1 d. ( TEM) ₉≢ ∆╢ ≢⁸ ≢ ≥ⱪכꜟ ⅎ╠╣

╢ ╩ ⇔√⁹ ⌐ ⇔≡│ ₈3. 1 d. ( TEM) ₉⌐⅔™≡

∆╢⁹∕─ ⅔╟┘ ╩  3.1- 69 ⅔╟┘  3.1- 70⌐∕╣∙╣ ∆⁹ │ⱪכꜟ

1 ≢│╒≤╪≥ ↕╣⌂⅛∫√⅜⁸ 3 ≢│ ↄ ↕╣≡ │ 1. 2×

1022m- 3≢№╡⁸ 4 ≢│ ⌐ ⇔≡ 3. 4×1022m- 3≤ ⌐ ⇔≡™√⁹

│ 1 ⅛╠ 4 ╕≢№╕╡ ∑∏⁸ 4 5nm≢№∫√⁹ 
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 3.1- ⱪכꜟ 69 ─  

 

 3.1- ⱪכꜟ 70 ─

 

 

4)  ≤─  

3D- AP ≢ ╠╣√Ni - Mn- Si ─כ♃☻ꜝ◒ ≤ ╩Russell - Brown⸗♦ꜟ[ 11] ⌐

⇔≡⁸Ni - Mn- Si ╢╟⌐כ♃☻ꜝ◒ (ȺHvSC)╩₈3. 1 c. (2)  ᵓ ─ ₉≤ ⌐

⇔≡ ╙∫√⁹SC≤ⱴ♩ꜞ♇◒☻≤─ │ 0. 95≤⇔√⁹ 

╕√⁸ ≢ ╠╣√ ─ⱪכꜟ ≤ ╩Orowan[ 15] ⸗♦ꜟ⌐ ⇔

≡⁸ ╢╟⌐ⱪכꜟ (ȺHvLoop)╩ ╙∫√⁹Orowan⸗♦ꜟ≢│ 

NdGbfHv sLoop a41.0=D  ( 3- 17)  

≢№╡⁸fs ◦ꜙⱵ♇♩ ⁸ɖ ⁸G ⁸b Ᵽכ●כ☻ⱬ◒♩ꜟ⁸N: 

ⱪכꜟ ⁸d ⱪכꜟ ≢№╢⁹∕╣∙╣─ │ fs 2. 5⁸ɖ 0. 1⁸G 8. 3×

104MPa⁸b 0. 248nm⁸N: ꜟכⱪ ─ (  3.1- 69 )⁸d ⱪכꜟ

─ (  3.1- 70 )╩ ™√⁹ 

↕╠⌐⁸ 1 ⅔╟┘ 2 ⌐ ⇔≡│⁸ ⅛╠ ╘╠╣√

ⱪכꜟ ╩ Orowan⸗♦ꜟ⌐ ⇔⁸ ╩ ╙∫√⁹↓╣╩ȺHvLoop( positron )≤

∆╢⁹  3.1- 71⌐ⱦ♇◌כ☻ ⅛╠ ╠╣√ (ȺHv)─ ╩ ∆⁹

ȺHvSC⁸ȺHvLoop⁸ȺHvLoop( positron )╙ ∆╢⁹ 

ȺHv│⁸ 1 ≢ 16≢№╡⁸ ™ ⅛╠ ⅜ ∂√⁹ 2 ≢│ 1

⅛╠╒≤╪≥ ╦╠⌂⅛∫√⅜⁸ 3 ≢│ 33≤ ⅜ ⅝ↄ⌂╡⁸ 4 ≢│

43≤↕╠⌐ ⅝ↄ⌂∫√⁹ 

ȺHvSC│⁸ 1 ≢│╒≤╪≥♀꜡∞∫√⅜⁸ 2 ≢│ 6≤╦∏⅛⌐ ⅎ⁸ 3

≢│ 23≤ ⅝ↄ⌂∫√⁹ 4 ≢│ 24≤ 3 ⅛╠╒≤╪≥ ╦╠∏⁸SC⌐╟╢

│ 3 ≢ ⇔≡™√⁹↓╣│⁸  3.1- 63⌐ ∆╟℮⌐⁸SC─ ╛ ⅜ 3

≢╒≤╪≥ ⇔≡™╢↓≤⌐╟╢⁹ 

ȺHvLoop│⁸ 1 ≢│╒≤╪≥♀꜡∞∫√⅜⁸ 3 ≢│ 13≤ ⅝ↄ⌂╡⁸ 4

≢│ 25≤↕╠⌐ ⅝ↄ⌂∫√⁹ ─ ≤≤╙⌐ ∆╢ ⅜ ╘╠╣√⁹ 
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ȺHvLoop( positron )│⁸ 1 ⅔╟┘ 2 ≢ 15 18 ≢№∫√⁹ 

╟╡⁸ │ ─╟℮⌐ ⅎ╠╣╢⁹ 

1 ⁸ 2 ≢│ ⅜ ⇔™⅜ ≢│ ⌂

⅜ ⇔⁸ ⌐ ∆╢⁹ 2 ≢│⁸3D- AP≢ ≢⅝╢ SC╙╦∏⅛⌐

⌐ ∆╢⁹ 

3 ⌐ SC⅜ ⌐ ∆╢⁹ ≢ ≢⅝╢ ─ⱪכꜟ ╙

╠╣╢⁹ 

4 SC⅔╟┘ ⅜ⱪכꜟ ⌐ ∆╢⁹SC⌐╟╢ │ 3 ≢ ∆

╢⅜⁸ ╢╟⌐ⱪכꜟ │ ≤≤╙⌐ ∆╢⁹ 

 

 3.1- 71 ⱦ♇◌כ☻ ⅛╠ ╠╣√ (ȺHv)─ ⁹ȺHvSC(3D- AP≢

↕╣√ SC⌐╟╢ )⁸ȺHvLoop( ≢ ↕╣√ ╢╟⌐ⱪכꜟ

)⁸ȺHvLoop( positron ) ( ≢ ↕╣√ ╢╟⌐ⱪכꜟ )╙ ╦∑≡ ∆⁹ 

 

ᵓ ─  

 ⅜1×1020n/cm2 ─ ≢│⁸ ⌐ ╩ ╦⌂™ (

)⅜ ∂╢ ╙ ↕╣≡™╢⁹ ─ ≤⇔≡ ⅎ╠╣≡™╢

⌐≈™≡ ═╢√╘⁸ ╙ ─ ™ 4 ╩ ≤⇔≡ ╩ 3D- AP≢ ⇔

√⁹╕√⁸ ─ ≤⌂╢ ╛ ⱴꜟ♥fi◘▬♩ ╩ ═╢√╘⁸X ╙

∫√⁹  
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