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כ◙כ꜠ │◄Ⱡꜟ◑כ ≤ ╩ ⌐ ≢⅝╢─≢⁸ ●☻─ Ɽ

ꜝⱷכ♃ ⅜ ⌐ ↄ⌂╢(1)⁹ ⁸↓─ ╩ ⇔≡⁸ ∟ →⅛╠

─ ⅔╟┘ ⁸↕╠⌐⁸ ─ ╕≢ ₁⌂ ה ⅜

╦╣≡™╢⁹ ─ ≢│⁸ ─ ≤ ◄Ⱡꜟ◑כ≤─ ⌐│

⅜ ∆╢─≢⁸ ╩ ∆╢≤꜡◔♇♩ ╙╒╓ ╕∫≡⇔╕℮⁹

כ◙כ꜠⁸ ≥כⱤ꞉כ◙כ꜠│≢ ─ ╩∕╣∙╣ ⌐ ≢⅝

╢─≢⁸ ─ ╩ ⌐ ™ ≢ ≢⅝╢⁹≈╕╡⁸ ◦☻♥ⱶ

─ ⌐ ∂≡ ⌂ ⅜≢⅝╢≤™℮↓≤≢№╢⁹ 

כ◙כ꜠⌂℮╟─↓⁸│≢  ─ כ◙כ꜠╙≢ ⱪꜝ☼ⱴ≤ ╩

↕∑≡ ╩ ╢ ☻ꜝ☻♩♅ꜗfiⱣ⁸≡™≈⌐כ▬○fi ╩ ™≡∕─ⱪꜝ

☼ⱴ─ ╩ ⇔⁸ ─ ╩ ℮↓≤╩ ≤⇔√⁹ 

 ─ │ ─≤⅔╡≢№╢⁹ 2 ≢│ ≤ ☻ꜝ☻♩♅ꜗfiⱣכ─

⁸ ─ ⌐≈™≡ ═╢⁹ 3 ≢│ ⌐≈™≡ ═╢⁹ 3

≢│ ☻ꜝ☻♩♅ꜗfiⱣכ─ ≤⇔≡♁꜠ⱡ▬♪◖▬ꜟ╩ ™√

כ◙כ꜠╢↑⅔⌐ ⱪꜝ☼ⱴ─ ⌐≈™≡ ═╢⁹ 5 ≢│ ⇔√

─ ⌐≈™≡ ═╢⁹ 6 ≢│ ⌐≈™≡─ ╩ ═╢⁹  
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2  

כ◙כ꜠ ꜡◔♇♩─  

כ◙כ꜠ 2.1 ꜡◔♇♩ 

1977 ⌐ NASA⌐╟╡ ∟ →╠╣√ ₈Ⱳ▬☺ꜗ1כ 2ה ₉│⁸

∟ →⅛╠ ⌐ ╢╕≢⁸ ↄ─ ⌂ ╩ ⌐ ╡ ↑≡™╢(3)⁹╕√⁸

7 ─ ╩ ≡⁸ ₈▬♩◌꞉₉⌐≡◘fiⱪꜟ ╩ ™ ⌐ ⇔√

─ ₈│╛┬↕₉─ │ ⌐ ⇔™⁹↓─╟℮⌂ ─

⌐╟╡⁸ ─ ┼─ ⅜ ₁ ╩ ┘≡⅝≡™╢⁹⇔⅛⇔⁸ ⌐╟

╢ ⌐≈™≡│ ─ ⁸ ⅜ ⅝⌂ ≤⇔≡ →╠

╣╢⁹∆⌂╦∟⁸ ─ ⌐╟╢ ┌ↄ╛◌ꜟ◦►ⱶ ⁸ ≢

─ ⌐╟╢ ⌂ ⌂≥≢№╢⁹↓─ ╩ ∆╢√╘⌐│⁸ ⅜

≢№╢ ─ ⅜ ╘╠╣╢(4)⁹ 

⌐╟╢ ⌂◄Ⱡꜟ◑כ╩ ™⁸ ─ ╛ ⌐ ═≡ ⅝⌂

╩ ╖ ∆ ꜡◔♇♩│⁸ ─ ─ ≤⇔≡ →╠╣╢⁹

∕─ ≢╙⁸ ∆╢ ☻ꜝ☻♩♅ꜗfiⱣכ╩ כ◙כ꜠√™ ꜡◔♇♩│

─╟℮⌂ⱷꜞ♇♩╩ ∆╢⁹ 

ᵑ ≤ ═≡ ™ⱪꜝ☼ⱴ ╩ ⇔⁸ ≤ ╩ ⌐

≢⅝╢⁹↓─ ™ │⁸ ─ ⌐╟╢꜡◔♇♩─ ─

⌐≈⌂⅜╡⁸◖☻♩ ⌐≈⌂⅜╢(1)⁹ 

ᵒ ꜠כ◙כ ⱪꜝ☼ⱴ│꜠כ◙כⱤ꞉כ≤ ─ │ ⌂─≢⁸ⱪ

ꜝ☼ⱴ─ ≤ ╩ ⌐ ∆╢↓≤⅜≢⅝⁸Ⱶ♇◦ꜛfi⌐ ∂√

⌂ ⅜ ⅎ╢(2,5)⁹ 

ᵓ ⱪꜝ☼ⱴ│ ⌐╟∫≡ ╩ ↕╣╢─≢⁸ⱡ☼ꜟ⌂≥─ ⌐

╩ ⅎ∏⁸ ⌂ ≤⌂╢⁹ 

כ◙כ꜠─↓ ꜡◔♇♩─ ≤⇔≡│⁸ Lawrence Livermore ─

Orth╠─◓ꜟכⱪ⅜ Fig. 2.1⌐ ∆ ₈VISTA₉╩ ⇔√(6)⁹⇔⅛⇔⁸∕─

⌐ ⇔≡ ⌂ ⅜⌂↕╣≡™╢≤│ ™ ↄ⁸ ╩ ∆╢⌐│

∫≡™⌂™⁹ 

∕↓≢⁸ │ⱪכꜟ◓ כ◑ꜟⱠ◄כ◙כ꜠ ☿fi♃כ≤ ≢

☻ꜝ☻♩♅ꜗfiⱣכ─◦Ⱶꜙ꜠כ◦ꜛfi╩ ℮≤ ⌐⁸ ☿fi♃כ─

╩ ⇔≡⁸ ☻ꜝ☻♩♅ꜗfiⱣכ⌐≈™≡─ ╩ ™⁸↓─ ─

╩ ∫≡™╢⁹ 
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Fig.2.1 ₈VISTA₉  

 

 

2.2 ☻ꜝ☻♩♅ꜗfiⱣכ─  

☻ꜝ☻♩♅ꜗfiⱣכ─ ╩Fig. 2.2⌐ ∆⁹ ⌐╟∫≡ ∂╢◄Ⱡꜟ

⁸ⱪꜝ☼ⱴ⁸│כ◑ ⁸ ─ ≢ ↕╣╢⁹∕─℮∟⁸ⱪꜝ☼ⱴ│

≢№╡ ⌐╟∫≡∕─ ⅜ ∆╢⁹◖▬ꜟ⌐╟∫≡ ╠╣√ ≢

╩ ↓⇔ⱪꜝ☼ⱴ╩ ↕∑√≤⅝⁸↓─ⱪꜝ☼ⱴ│ ⅝⌂ ◄Ⱡꜟ◑כ╩ ∫

≡™╢⁹◖▬ꜟ ⌐ ∆╢ⱪꜝ☼ⱴ│Larmor ⇔⁸ ⅜ ╣╢╟℮⌐

⅝⌂⅜╠ ╩ ∆╢⁹ │ ↕╣╢↓≤≢╟╡ ⅜ ⇔⁸ⱪꜝ☼ⱴ⌐

⇔≡ ⌐ ™ ╩ ╓∆╟℮⌐⌂╢⁹↓╣⌐╟∫≡ⱪꜝ☼ⱴ│ ↕╣⁸ⱪꜝ☼ⱴ

⅛╠ ┼◄Ⱡꜟ◑כ⅜ ↕╣╢⁹↕╠⌐⁸ ⌐╟∫≡ ↕╣√ⱪꜝ☼ⱴ│╛

⅜≡ ⇔⁸ ─◄Ⱡꜟ◑כ─ ⅜ⱪꜝ☼ⱴ─◄Ⱡꜟ◑כ╟╡╙ ↄ⌂╢≤ │

ⱪꜝ☼ⱴ╩ ⇔ ∆╟℮⌐⌂╢⁹∕╣⌐ ∫≡⁸ⱪꜝ☼ⱴ│ ⌐╟╡ ┼ ↕

╣╢⁹↓─≤⅝⌐⁸ ⅛╠ⱪꜝ☼ⱴ┼◄Ⱡꜟ◑כ⅜ ⅎ╠╣╢⁹↓─╟℮⌐⇔≡⁸

⅜ⱪꜝ☼ⱴ ─ ╩ ↕∑⁸ ⇔ ∆ ⌐╟╡ ╩ ╢↓≤⅜

≢⅝╢⁹ 
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Fig2.2 ☻ꜝ☻♩♅ꜗfiⱣכ─  

 

2.3  

⅜ⱪכꜟ◓ ⌐ ∫√⁸ ≤⇔≡◖▬ꜟ╩ ™√ ≢│ ☻ꜝ

☻♩♅ꜗfiⱣכ⌐╟∫≡ ╩ ╠╣╢↓≤⅜ ↕╣≡™╢⁹(7,8)⁹⇔⅛⇔⁸◖▬ꜟ

╩ ↕∑╢ ⌐╟╢ ♃כ♦⁸╡╟⌐(8) ⅜ ⌂™↓≤⅜ ≤⇔

≡ →╠╣╢⁹ 

LFR─ ⌐ ↑≡⁸◦Ⱶꜙ꜠כ◦ꜛfi ≤─ ⌐╟╢☻ꜝ☻♩♅ꜗfiⱣכ─

╩ ⇔≡™ↄ↓≤⅜ ≢№╢⁹ ⌐│ 1T ─ ╩⅛↑≡⁸ⱪꜝ☼

ⱴ─ ⇔ ⇔╩ ∆╢ ⅜№╢⁹↓─ 1T ╩⅛↑╢√╘⌐│ ⅜

⌐⌂╢─∞⅜⁸ ⌐╟╢ ─ כ◙כ꜠╛ ─ ╛ ⌐╟╢

╩ ╢☻ꜝ☻♩☻♃fi♪─ ≤™∫√ ⅜№╢⁹↓─ ╩ ⇔⁸ ⌂ↄ

╢⅝≢⅜≥↓╢≥╩♃כ♦ ╩ ∆╢⁹ ⌐⁸↓─ ╩

כ◙כ꜠⁸≡™ ⱪꜝ☼ⱴ─ ╩ ⇔⁸◦Ⱶꜙ꜠כ◦ꜛfi≤─ ╩⇔≡™ↄ⁹

↓─ 2 ╩ ≤⇔√⁹ 
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3    

3.1 ─  

⇔≡™√ (8)╩ Fig.3.1⌐ ∆⁹↓╣│Ɽꜟ☻ⱨ◊כⱵfi◓Ⱡ♇♩꞉כ◒

(PFN) ≢№╢⁹↓─ PFN│ ns ─ ™Ɽꜟ☻╩ ╠╣╢ ≢№╢⁹

◖fi♦fi◘⌐│ 32ɡF±10 ⁸ 5.0kV ─○▬ꜟ◖fi♦fi◘╩ ⇔≡

™√⁹ R│ ⌐◖fi♦fi◘⅛╠─ ⅜ ⅝√ ⌐ ☻▬♇♅⅜ ∆╢

─╩ ←√╘─╙─≢№╢⁹◖▬ꜟ⌐│ Fig.3.2⌐ ∆╟℮⌐◄♇☺꞉▬☼◖▬ꜟ╩ ™

√⁹◄♇☺꞉▬☼◖▬ꜟ≤│♁꜠ⱡ▬♪◖▬ꜟ≢ ╩ ⅝⌐⇔√╙─≢№╢⁹∕

─ ⅝↕│ 24mm⁸ 36mm≢♃כfi │ fi⁸כ♃10 ↕│ 10mm≢№╢⁹ 

 

 

Fig.3.1 ─  

 

 

Fig.3.2 ◄♇☺꞉▬☼◖▬ꜟ 

 

 

↓─ ⌐ ╩ ⇔√ ╩ Fig.3.3⌐ ∆⁹ 
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Fig3.3 ─ ⌐⅔↑╢ ≤ ─  

 

Fig.3.3╟╡ ╩ 5kV ⅛↑≡⁸ ╩ 8000A ∆↓≤⌐╟∫≡ ╩ ⇔⁸ⱪ

ꜝ☼ⱴ─ ╩ ∫≡™√⅜⁸↓─ ╩⅛↑≡ ╩ ∆↓≤⌐╟∫≡⁸™ↄ≈

⅛─ ⅜ ↓∫√⁹╕∏⁸ ⌐╟╢ ≢№╢⅜⁸ ╩⅛↑╢↓≤⌐╟∫≡⁸

☻▬♇♅╩ OFF⌐⇔≡™╢⌐╙⅛⅛╦╠∏⁸◖▬ꜟ≤ ─ ≤─ ≢ ⇔≡⇔╕∫

√╡⁸꜠ ⅜כ◙כ ╩ ↓⇔√╡∆╢⌂≥⁸ ⌐ ⌂ ╩ ╓⇔≡™√⁹

⌐ ─ ≢№╢⅜⁸ ╩ ∆≤ Fig.3.4⌐ ∆☻ꜝ☻♩☻♃fi♪≤ ┌╣╢

╩ ⇔≡ ╩ ╢ ⌐╙ ⅜ ╣⁸ ─ ≤ ╩ ↓⇔⁸

∆╢↓≤⌐╟∫≡⁸ ⌂ ╩ ⇔≡⇔╕℮↓≤⅜№∫√⁹↓╣╠─ ⅜

⌐ ╩ ╓∆↓≤⌐╟╡⁸ ╩ ∆╢ ⅜№∫√⁹ 

 

 

Fig.3.4 ☻ꜝ☻♩☻♃fi♪ 
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3.2 ─  

3.1─ ─ ─ ╩ ╕ⅎ≡⁸ ─ ╩ ∫√⁹╕∏ ⌐

∆╢ ≤⇔≡ 32ɡF─○▬ꜟ◖fi♦fi◘ 3≈⅛╠ 165F─ ◖fi♦fi◘

3≈⌐ ⇔√⁹ ◖fi♦fi◘─ │ Fig.3.5⌐ ∆⁹◖fi♦fi◘─ ╩

⅝ↄ∆╢↓≤⌐╟∫≡⁸ ╩ ↄ√╘╠╣╢╟℮⌐⌂╡⁸⅛↑╢ ╙ →╢↓≤⅜

≢⅝√⁹ 

 

 

Fig.3.5 ◖fi♦fi◘ 

 

⌐ ⌐ ∆╢ ≤⇔≡◖▬ꜟ─ ╩ ∫√⁹ ╩ →≡⁸ ╩

─ 10 ─ 1 ╒≥⌐ →╢ ╦╡⌐⁸10 ↄ ™√⁹ ⇔√♁꜠ⱡ▬♪◖▬ꜟ│

Fig.3.6⌐ ∆⁹↓─◖▬ꜟ│ 26mm⁸ 40mm⁸♃כfi 8≢ ⌐ 12

™≡ 96 ™√⁹ 

 

 

Fig.3.6 ⇔√◖▬ꜟ 
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╕√⁸☻▬♇♅⌐│ IGBT(1MBI900V-120-50)╩ ⇔√(9)⁹IGBT ─ ╩ Fig3.7⌐

∆⁹IGBT│ ○fi ⁸ ⅜ ≢ IGBT(1MBI900V-120-50)│ 1200V⁸◕כ

♩ │±20V≢№╢⁹ 

 

 

Fig.3.7 IGBT(1MBI900V-120-50) 

 

⌐ ⇔√ │ Fig.3.8⌐ ∆⁹ 

 

 

Fig.3.8 ⇔√  

 

⌐│ 48V ─ ╩ ™≡⁸◖fi♦fi◘ ─ ∫√ ─ ─ ⌐│ 10Ɏ─

╩ ⌐ →≡⁸3.3Ɏ⌐⇔√ ╩ ™√⁹ ⌐ ∆╢ ⌐│⁸◖fi♦fi◘⌐

╩√╘≡⁸IGBT ⌐ ╩ ♩כ◕⁸╡ ╩⅛↑≡◖fi♦fi◘─ ╩ ⌐

⇔⁸◖▬ꜟ ╩ ↕∑╢≤™∫√ ╣≢ ∆╢⁹ 
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3.3 ◦Ⱶꜙ꜠כ◦ꜛfi 

⇔√◖▬ꜟ─ ◦Ⱶꜙ꜠כ◦ꜛfi╩ ∫√⁹Fig.3.9⌐ ∆╟℮⌐◖▬ꜟ 1T

≤ 10T╩ ∆╢≤⁸ ⅜╒╓ ╦╠⌂™↓≤⅜╦⅛╢⁹∆⌂╦∟⁸1T╩ ⅎ╢≤╒

╓ ∂ ╩ ╠╣╢≤™℮↓≤╟╡⁸1T─ ╩ ⌐◖▬ꜟ─ ╩ ∫√(10)⁹╕

√⁸3.2╟╡◖▬ꜟ⌐ ∆ │ 1000A≤⇔≡⁸ ◦Ⱶꜙ꜠כ◦ꜛfi╩ ∫√⁹ 

 

Fig.3.9 ─  

 

◦Ⱶꜙ꜠כ◦ꜛfi ╩ Fig.3.10≤ Fig.3.11⌐ ∆⁹Fig.3.10⌐⅔™≡⁸◖▬ꜟ─

╩ ⅜ ⅛╠ ┼ ↄ╟℮⌐ ⅜≢⅝≡™╢⁹╕√⁸Fig.3.11╟╡◖▬ꜟ⌐ ╩

1000A ∆↓≤⅜≢⅝╣┌⁸◖▬ꜟ ⅛╠ 14mm─ ≢│ 1.08T⁸26mm─≤↓╤≢

│ 0.62T⁸38mm─≤↓╤≢│ 0.35T≤™℮╟℮⌐◖▬ꜟ ≢ 1T╩⅛↑╠╣╢↓≤⅜

╦⅛∫√⁹ 
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Fig.3.10 ◖▬ꜟ ─ ◦Ⱶꜙ꜠כ◦ꜛfi  

 

 

Fig.3.11 ◖▬ꜟ ─≢╕♩♇◕כ♃╠⅛ ◦Ⱶꜙ꜠כ◦ꜛfi  
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3.4 ◖▬ꜟ ≤ ─  

Fig.3.12─╟℮⌐ ⇔√◖▬ꜟ⌐ ╩ ≢ⱪכ◖☻꜡◦○⁸⇔ ╩ ⇔√⁹ 

 

 

Fig.3.12 ◖▬ꜟ─  

 

⌐ ╣√ ─ ╩ ─ Fig.3.13⌐ ∆⁹ 

 

Fig.3.13 ─  
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Fig.3.14╟╡ │ ─≤⅝⁸ 17.5A ╣√⁹↓─↓≤╟╡◖▬ꜟ─ │ 0.5Ɏ

≢№╢≤╦⅛∫√⁹ ⌐⁸◖▬ꜟ─ ─≢╕♩♇◕כ♃╠⅛ d=0mm─ ≢

∫√ ─ ╩ ∆⁹ 

 

Fig.3.14 d=0mm⌐⅔↑╢ ─  

 

Fig.3.14╟╡ d=0mm⌐⅔↑╢ ─ ⅝↕│Ⱨכ◒ ╩ ⇔≡ 29.5mT≢№∫√⁹ 

╕√⁸d=14mm⌐⅔↑╢ ─ ⅝↕│ ⇔≡ 19.1mT≢⁸d=38mm⌐⅔↑╢ ─

⅝↕│ ⇔≡ 11.6mT≢№∫√⁹ 

 

↓╣╠│ 17.5A⅜◖▬ꜟ⌐ ╣≡≢⅝√ ≢№╢⁹↓╣╩◖▬ꜟ⌐ 1000A ╣√

≤⅝─ ─ ╩ Table.3.1⌐ ∆⁹ 

 

Table.3.1 ◖▬ꜟ⌐ 1000A─ ⅜ ╣√≤⅝─ ─  

 ◖▬ꜟ⅛╠─ [mm] ─ ⅝↕[T]  

0 1.68 

14 1.09 

26 0.66 

 

Table.3.1╟╡⁸◖▬ꜟ⌐ 1000A╩ ∆↓≤⅜≢⅝╣┌⁸ ⌐◖▬ꜟ 1T╩◖▬

ꜟ ≢ ∑╢↓≤⅜╦⅛∫√⁹ 
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4   

כ◙כ꜠ ⱪꜝ☼ⱴ≤─  
 

כ◑ꜟⱠ◄כ◙כ꜠ ☿fi♃כ─ ≢№╢ EUV ♃כ♦

ⱬכ◙כ꜠☻כ ⌐≡⁸ ⇔√ ─ ≤ ☻ꜝ☻♩♅ꜗfiⱣכ⌐ ∆╢

⌐⅔↑╢ⱪꜝ☼ⱴ ╩ ∫√⁹ ⌐│◖▬ꜟ⌐ ╩ ⇔≡

↕∑√ ╩ ™√⁹ ≢ ⱪꜝ☼ⱴ─▬○fiכ◙כ꜠√∑↕ ╩

⌐╟╡ ⇔√⁹∆⌂╦∟⁸7 ╣∙╣⧵╩כ♃◒꜠◖☺כꜗ♅─≈ ⌂╢ ⌐

⇔⁸ ─ ≤ ⌐╟╢▬○fi ╛ ┼─ ╩ ═⁸∕╣∙╣─

╩ ∫√⁹ 

 

4.1  

4.1.1 ♅ꜗfiⱣכ 

─ ≢ ⇔√ EUV♦כ♃ⱬכ◙כ꜠☻כ ─ ─ ╩ Fig.4.1⌐

∆⁹↓─◖▬ꜟ─ ⅜כ◙כ꜠╩ ⌐♩♇◕כ♃⁸╡ ↕∑⁸ⱪꜝ☼ⱴ╩

↕∑╢⁹ 

 

 

Fig.4.1 ♅ꜗfiⱣכ  
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כ◙כ꜠≥♩♇꜠Ɑ♩♇◕כ♃ 4.1.2 ⱪꜝ☼ⱴ 

│⌐♩♇꜠Ɑ♩♇◕כ♃ Fig. 4.2⌐ ⇔√╟℮⌂ 500 mm─ⱳꜞ☻♅꜠fi ♃

╩♩♇◕כ ™√⁹∕─ │ [-CH2-CH(C6H6)-]n ≢№╢⅛╠⁸ ∆╢ⱪꜝ☼

ⱴ ─▬○fi│ ▬○fi≤ ▬○fi≢№╢⁹ │כ◙כ꜠╢∆ Nd:YAG꜠כ◙

─⧵⁸≢כ ⌂Ɽꜝⱷכ♃╩ Table. 4.1⌐ ∆⁹ 

 

 

Fig. 4.2 ⱳꜞ☻♅꜠fi  ♩♇◕כ♃

 

Table. 4.1 Nd:YAG꜠כ◙כ─Ɽꜝⱷכ♃ 

Number of incident laser 1 beam/shot       

Wavelength 1064 nm 

Pulse width 8.3±0.3ns 

Laser intensity 4.5±0.1 J 

 

 

─♩♇◕כ♃≥כ◙כ꜠ ⌐╟╢ⱪꜝ☼ⱴ │ ─ⱪכꜟ◓

─ ⌐ ⅜№╢√╘(7)⁸↓↓≢ ⇔ↄ כ◙כ꜠⁹™⌂⇔│≥↓╢∆ ⱪꜝ☼

ⱴ─ │ ─ ≢ ↕╣⁸↓╣╩ n≤∆╢≤ 

n=
4́ me

ɛ
0
Ὡ‗

 (4.1) 

≤ ↕╣╢⁹↓↓≢⁸me│ ⁸m0│ ⁸e│ ⁸l│꜠כ◙כ─

≢№╢⁹ ⇔√ Nd:YAG ─כ◙כ꜠ │ Table. 4.1╟╡ 1.064 mm≢№╢⅛

╠⁸ⱪꜝ☼ⱴ─ │ 4.1 ╟╡ 9.87 × 1026 m-3≤ ╘╢↓≤⅜≢⅝╢⁹ 
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 כ♃◒꜠◖☺כꜗ♅ 4.1.3

│כ♃◒꜠◖☺כꜗ♅ ∆╢ⱪꜝ☼ⱴ▬○fi╩ ≢ ↑╢↓≤⌐╟╡⁸▬○fi

╩ ─ ≤⇔≡ ≢⅝╢⁹▬○fi─ L╩ t ≢ ∫√╙─⅜

▬○fi vi⌐ fi○▬│≢כ♃◒꜠◖☺כꜗ♅⁹╢∆ ─ │ ≢№╢

⅜⁸ ─▬○fi ⌐ ⇔≡∕─ ╩ ═╢─⌐ ≢№╢⁹╕√⁸ ≢

⌐ ≢⅝⁸ ♅ꜗfiⱠꜟ⌐╟╢ ─ ⅜ ⅎ╢≤™℮ⱷꜞ♇♩╩ ⇔⁸

כ◙כ꜠ ⱪꜝ☼ⱴ ─√╘─ ≤⇔≡ ⇔√(11)⁹ 

 ─√╘⌐ ╩כ♃◒꜠◖☺כꜗ♅√⇔ Fig. 4.3⌐ ─כ♃◒꜠◖☺כꜗ♅⁹∆

⌐│ ─ⱨ□ꜝ♦כ◌♇ⱪ╩ ™≡⅔╡⁸▬○fi╛ ─ ⌐╟╡

⅛╠ ⅝ ↕╣╢ 2 ─ │ ≢⅝╢⁹↓─◌♇ⱪ⅜ ↑╣┌ ™╒≥ 2

│ ↕╣╢⁹╕√⁸ⱨ□ꜝ♦כ◌♇ⱪ⌐│ⱴ▬♫☻─Ᵽ▬▪☻ ╩⅛

↑⁸ⱨ□ꜝ♦כ◌♇ⱪ≤Ⱨfiⱱכꜟ◌♇ⱪ ⌐ ╩ ⇔≡™╢⁹∕─√╘⁸

│ ⌐╟∫≡ ╩ ╕╣⁸▬○fi─ ─╖⅜ ⌐ ↕╣╢ Fig. 4.4 ⁹

V│V ḻ (Z/E)(meMϳ ) ╩ √∆ ⅜№╢⁹↓↓≢⁸E/Z│ Z─▬○fi─

№√╡─◄Ⱡꜟ◑⁸כme≤ M│ ≤▬○fi─ ≢№╢⁹ ≢│⁸ⱨ□ꜝ♦כ

◌♇ⱪ⌐-30 V─ ╩ ⇔⁸1 kɋ─ ⌐⅛⅛╢ ╡╟⌐ⱪכ◖☻꜡◦○╩

⇔√⁹ 

 ⱪꜝ☼ⱴ⅜ ⇔√ ╩ t = 0≤∆╢≤⁸◖꜠◒♃כ─▬○fi It│

№√╡─ ⌐ ∆╢▬○fi ─ ⌐ ⇔ↄ 

It=
Vi

R
=ὤӶe
dN

dt
 (4.2) 

≤ ↕╣╢⁹↓↓≢⁸Vi │ ⁸R│ ⁸Z │▬○fi─ ⁸e│

≢№╢⁹↓↓≢⁸▬○fi vi │▬○fi─ L╩ ™≡ 

vi=
L

t
 (4.3) 

≤ ∑╢─≢⁸▬○fi─ │ 

 

dN

dvi
=
ÖN

Öt

dt

dvi
=
Vi

ὤӶeR

t2

L
 (4.4) 

≤⌂╢⁹ ─ ╩ ™≡⁸▬○fi ⅛╠▬○fi─ ╩ ╘╢↓≤

⅜ ╢⁹ 
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Fig. 4.3 ♅ꜗכ♃◒꜠◖☺כ─  

 

 

Fig. 4.4 ♅ꜗכ♃◒꜠◖☺כ⌐ ⇔√▬○fi≤ ─  
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4.2  

4.2.1  

─ ─ ╩ Fig.4.5⌐ ∆⁹Fig.4.5 ─ d│◖▬ꜟ

─≢╕♩♇꜠Ɑ♩♇◕כ♃╠⅛ ≢№╡⁸d=26mm,d=14mm,d=38mm⌐ ⇔

√⁹26mm│◖▬ꜟ─ ≢№╡⁸ ─ ╡⁸◦Ⱶꜙ꜠כ◦ꜛfi⌐╟╢

─ ⇔ ⇔⅜ ╙ ╠╣╢ ≢№╢≤ ↕╣√ ≢№╢⁹d=14mm≤

d=38mm│◖▬ꜟ─ ╟╡╙ ™ ≤ ™ ≢ 26mm≤─ ─√╘⌐

⇔√⁹╕√⁸ ╩ ↕∑⌂™ ≢│◖▬ꜟ╩ ⇔⌂⅛∫√⁹ 

 

 

4.5  
 

 

⅜ⱪꜝ☼ⱴ│כ♃◒꜠◖☺כꜗ♅ ⌐╟╡ ⇔ ↕╣╢≤ ⅎ╠╣╢ ⌐│ 5

≈─ A,Aô,E,F,G⁸◖▬ꜟ╩ ⇔√ ⌐│ 2≈─ B,H⅔™≡ ╩⇔√⁹A

│ ≢ x ⅛╠ 14 deg. ─╠⅛♩♇◕כ♃ 150 mm─ ⌐№╢⁹Aô │

≢ x ⅛╠ 14 deg. ─╠⅛♩♇◕כ♃ 200 mm─ ⌐№╢⁹E,F,G

│ ≢∕╣∙╣ x ⅛╠ 45deg,60deg,75deg─ ⅛♩♇◕כ♃⌐╙≥⁸╡№⌐

╠─ │ 150mm≢№╢⁹A,Aô,E,F,G│ ⌐╟∫≡ ⌐ ⇔ ↕╣╢▬

○fi╩ ∆╢√╘─╙─≢№╢⁹B,H │ ≢∕╣∙╣ x ⅛╠ 104 

deg.162deg─ ─╠⅛♩♇◕כ♃⁸╡№⌐ 150 mm≢№╢⁹ ⅜№╢

⌐│ B ⌐ ∆╢▬○fi│ ╩ ╢ ⅜№╡⁸Aô,E,F,G≤ ∆╢↓≤≢

☻ꜝ☻♩♅ꜗfiⱣכ─ ╩ ⅛╘╢ ™⅜№╢⁹A ≤ H │∕╣∙╣
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⁸ ⌐ ⇔⁸y ⌐ ⇔≡ ≢№╢√╘ ≤ ⌐≈™≡ ⌐

∆╢↓≤⅜≢⅝╢⁹ 

כ◙כ꜠ 4.2.2 ≤  

Fig.4.6⌐꜠כ◙כ ≤ ─ ─ ╩ ∆⁹↓─ │◖▬ꜟ

כ◙כ꜠≥ ─♃▬Ⱶfi◓╩ ╦∑╢√╘─╙─≢№╢⁹0ms⌐꜠כ♃╩כ◙כ◕

♇♩Ɑ꜠♇♩⌐ כ◙כ꜠⁸∏╕⁹╢∆≥╢∑↕ ─ 68ms ⌐

⌐ ─ ⅜ ╠╣╢⁹∕─ ⁸58ms ≢ ╩ ╠∑⁸

כ◙כ꜠ ─ 10ms ⌐◖fi♦fi◘─ ─☻▬♇♅(IGBT)⌐ ╩ ╡⁸☻

▬♇♅╩ ╣≡⁸12ms 15ms ╩ ⇔⁸◖▬ꜟ ╩ ◙כ꜠⁸∟╦⌂∆⁹╢∆

כ 10ms⅛╠꜠כ◙כ 2ms 5ms╕≢ ⅜ ↕╣≡™╢╟℮⌐⇔√⁹

⌐│ 3.2≢ ═√ ╩ ⇔√⁹╕√⁸Fig.4.7⌐ ∆╟℮⌐ Ɽꜟ☻

⌐│ SRS(Stanford Research Systems)─ DG645╩ ™√⁹ 

 

 

Fig.4.6 ꜠כ◙כ ≤ ─  
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Fig.4.7 DG645 

 

─כ♃◒꜠◖☺כꜗ♅ 4.3  

╡╟⌐כ♃◒꜠◖☺כꜗ♅  ╠╣√ כ◙כ꜠╠⅛ ⱪꜝ☼ⱴ─▬○fi◄

Ⱡꜟ◑כ ╩ ⇔√⁹↕╠⌐⁸ ⌐⅔↑╢▬○fi ─ ╩

═⁸ ╩ ∫√⁹▬○fi◄Ⱡꜟ◑כ ─ ⌐⅔™≡│ ─ ⅛♃כ♦

╠ ⅛╠ ▬○fi  Z = 4 ≤⇔√⁹ 

 

4.3.1 ≤  

Fig.4.8⌐ ⌐⅔↑╢ d=26mm─≤⅝─▬○fi ╩ ∆⁹Fig.4.8⌐

כ◙כ꜠⌐♩♇◕כ♃⁸⌐℮╟∆ ⌐⁸ ⌐ ⅜ ╣≡™╢↓≤⅜╦⅛╢⁹∆

≥◓ⱪꜝ☼ⱴ⌐⌂╢♃▬Ⱶfi⅜♩♇◕כ♃⁸∟╦⌂ ─♃▬Ⱶfi◓⅜ ∫≡™╢

↓≤⅜ ↕╣√⁹╕√⁸ ⌐│ ⅜ ⇔≡ 95A─ ⅜ ╣√⁹ 

 

 

Fig.4.8 ▬○fi ≤  

 

⌐⁸↓─ ⌐╟╡ ⇔√ ─ ─╠⅛ꜟ▬◖─♩♇◕כ♃≥↕⅝ ─

╩ Table.4.2⌐ ∆⁹ 

Table.4.2 ⇔√ ─ ⅝↕ 

◖▬ꜟ⅛╠─ [mm] ─ ⅝↕[mT] 

14 105 

26 61 

38 31 
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⌐⁸↓─◖▬ꜟ⌐95A─ ╩ ⇔√≤⅝─ ◦Ⱶꜙ꜠כ◦ꜛfi─ ╩Fig.4.9⁸

Fig.4.10⌐ ∆⁹ 

 

Fig.4.9 ◖▬ꜟ ─ ◦Ⱶꜙ꜠כ◦ꜛfi  

 

 
Fig.4.10 ◖▬ꜟ ─≢╕♩♇◕כ♃╠⅛ ◦Ⱶꜙ꜠כ◦ꜛfi  

 

Fig.4.10╟╡ ◦Ⱶꜙ꜠כ◦ꜛfi─ ≤ ⌐ ⇔√ ⅜╒╓ ∂ ⅝↕≢№

╢↓≤⅜╦⅛∫√⁹∆⌂╦∟⁸ ◦Ⱶꜙ꜠כ◦ꜛfi⅛╠ ╩ ⇔√↓≤⅜ ⇔⅛

∫√↓≤╩ ∆⁹ 
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4.3.2 ▬○fi  

Fig.4.11⌐ ⅜⌂™ ─▬○fi ╩ ∆⁹ 0km/s 40km/s ╕≢│ⱡ

▬☼≢№╢⁹ ⌐ ∆╢ B,H ⌐ ⅎ≡⁸ ─ F,G ≤™∫√ ⌐ ™

─▬○fi⅜ כ◙כ꜠⅜♩♇꜠Ɑ♩♇◕כ♃│╣↓⁹╢⅛╦⅜≥↓™ ⌐ ⌐

∑∏⁸ ⅛╠ ⇔ ╘⁸ ╕≢ ≡ ⇔⌂™√╘⁸ ⌐▬○fi

⅜▪Ⱪ꜠כ◦ꜛfi∆╢√╘∞≤ ⅎ╠╣╢⁹╕√⁸▬○fi │ ─ B,H ⁸

⌐ ™ ─ F,G ≢│ 50km/s 150km/s⁸ ─ A,Aô,E ≢│ 50 100km/s─

▬○fi⅜ ™↓≤⅜╦⅛╢⁹ 

 

 

Fig.4.11 ▬○fi ( ⌂⇔) 

 

⌐⁸ ⅜ ∆╢ ─▬○fi ╩ Fig.4.12⁸Fig.4.13⁸Fig.4.14⌐ ∆⁹

≢№╢ Aô,H ≢│ 50 150km/s─▬○fi⅜ ↄ⁸A ≢│ 50 100km/s⁸E,F,G

≢│ 50 130km/s─▬○fi⅜ ™↓≤⅜╦⅛╢⁹B ≢│ d=26mm,14mm⌐⅔™≡│ 50

70km/s─▬○fi⅜ ™⅜⁸d=38mm⌐⅔™≡│ ─ ⅝↕⅜ ↕™√╘⁸50

130km/s≤ ↄ ⅜ ⇔≡™√⁹ ⅜№╢ ≤⌂™ ≢│⁸№╢ ⅜

─▬○fi⅜ ⅎ≡™╢↓≤⅜╦⅛╢⁹ 
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Fig.4.12 d=26mm⌐⅔↑╢▬○fi  

 

 

Fig.4.13 d=14mm⌐⅔↑╢▬○fi  

 

 

Fig.4.14 d=38mm⌐⅔↑╢▬○fi  
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4.3.3 ─▬○fi  

d=26mm⌐≈™≡─▬○fi ╩ Fig.4.15⅛╠ Fig.4.21⌐ ∆⁹ ─ ≤⇔≡│

61mT,31mT,0T≢ ⇔√⁹ ⌐№╢ A,Aô,E,F,G ⌐⅔™≡⁸ ⅜ ⅝ↄ⌂╢⌐⇔

√⅜∫≡⁸▬○fi─ ⅜ ⇔≡™╢↓≤⅜╦⅛╢⁹╕√⁸ ⌐№╢ B ≢│

⅜ ↕™╒≥⁸▬○fi─ ⅜ ⇔≡™╢↓≤⅜╦⅛╢⁹∆⌂╦∟⁸ ⅜ ⅝↑╣┌

⅝™╒≥⁸ ╟╡ ⌐▬○fi⅜ ⅎ≡™╢≤ ⅎ╠╣╢⁹⇔⅛⇔⁸꜠כ◙כ

꜡◔♇♩─ ╩ ∆ A,Aô ≢▬○fi─ │ ⅎ≡™╢⅜⁸ ─ ⇔ ⇔╩

∆ 2 ⅜ ≢ ╠╣⌂⅛∫√↓≤⅛╠⁸▬○fi┼─ ─ ⅜ ≢⅝√╕

≢⌐≤≥╕∫√⁹↓╣│ ─ ⅜ ≢№∫√↓≤⅜ ≤⇔≡ ⅎ╠╣╢⁹

⌐⁸H ⌐ ⇔≡│⁸ ─ ╢ ⇔⌐ ╦╠∏⁸▬○fi─ ⅜ ™↓≤⅜╦⅛╢⁹∆

⅜fi↕╣√▬○fiꜛ◦כ꜠Ⱪ▪≡∫╟⌐כ◙כ꜠⁸∟╦⌂ ⌐ ∫≡⁸H ╕≢

⇔≡™╢≤ ⅎ╠╣╢⁹ 

 

Fig.4.15 A ⌐⅔↑╢▬○fi ─  

 

 

Fig.4.16 Aô ⌐⅔↑╢▬○fi ─  
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Fig.4.17 E ⌐⅔↑╢▬○fi ─  

 

 

Fig.4.18 F ⌐⅔↑╢▬○fi ─  

 

 

Fig.4.19 G ⌐⅔↑╢▬○fi ─  
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Fig.4.20 B ⌐⅔↑╢▬○fi ─  

 

 

Fig.4.21 H ⌐⅔↑╢▬○fi ─  

 

⌐ d=14mm⌐⅔↑╢▬○fi ─ ╩ Fig.4.22⅛╠ Fig.4.28⌐ ∆⁹

≤⇔≡ №╡(105mT)⁸ ⌂⇔(0T)≢ ⇔√⁹A,Aô,E,F,G ─ ─

│ ⅜№╢ ⅜⌂™ ⌐ ═≡⁸▬○fi⅜ ⇔≡™╢↓≤⅜╦⅛╢⁹╕√⁸

─ B ≢│ ⅜№╢ ⅜⌂™ ⌐ ═≡⁸▬○fi⅜ ⇔≡™╢↓≤⅜╦⅛╢⁹∆

⌂╦∟⁸d=14mm⌐⅔™≡╙ ⅜№╢ ⅜ ─▬○fi⅜ ⇔≡™╢↓≤⅜╦⅛

╢⁹⇔⅛⇔⁸ ⅜ 100mT╩ ⅎ≡╙ 2 ╩ ╢↓≤⅜≢⅝⌂⅛∫√⁹↓↓⅛╠╙

⌂ ⅜ ╠╣≡™⌂™↓≤⅜╦⅛╢⁹╕√⁸H ⌐≈™≡│ ⅜№╢╒℮⅜ H

⌐ ∆╢▬○fi⅜ ⅛∫√⁹ 
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Fig.4.22 A ⌐⅔↑╢▬○fi ─  

 

 

Fig.4.23 Aô⌐⅔↑╢▬○fi ─  

 

 

Fig.4.24 E ⌐⅔↑╢▬○fi ─  
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Fig.4.25 F ⌐⅔↑╢▬○fi ─  

 

 

Fig.4.26 G ⌐⅔↑╢▬○fi ─  

 

 

Fig.4.27 B ⌐⅔↑╢▬○fi ─  
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Fig.4.28 H ⌐⅔↑╢▬○fi ─  

 

⌐ d=38mm─ ─▬○fi ─ ╩ Fig.4.29⅛╠ Fig.4.35╕≢ ∆⁹

≤⇔≡│⁸ №╡(35mT)⁸ ⌂⇔(0T)≢ ⇔√⁹ ⌐⅔™≡│

⅜ ™╒≥⁸▬○fi─ ⅜ ⅎ≡™╢↓≤⅜╦⅛╢⅜⁸ ⌐⅔™≡│⁸B ≢│

⅜ ∆╢ ⅜▬○fi─ ⅜ ↄ⁸H ⌐⅔™≡│ ⅜⌂™ ⅜▬○fi─ ⅜ ⅛

∫√⁹↓╣│◖▬ꜟ ⅜ ↕ↄ⁸ ⌐╟╢ ⅜ ↕⅛∫√⅛╠≢│⌂™⅛≤ ⅎ

╠╣╢⁹ 

 

 

 

Fig.4.29 A ⌐⅔↑╢▬○fi ─  

 






























