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1.1  

 2010 , ⱴ▬◒꜡ ▬○fi◄fi☺fiɡ10 ╩ ⇔√ ₈│╛┬↕₉

│, ⌐№╢ ─ ⌐ ⇔≡─◘fiⱪꜟꜞ♃כfi⌐ ≢ ╘≡

⇔√.  ╕√⁸∕─ ≢№╢₈│╛┬↕ ₉⅜ 2014 12 3 ⌐ ∟ →╠╣

√↓≤│╕∞ ⌐ ⇔™∞╤℮.↓╣⌐╟╡ⱴ▬◒꜡ ▬○fi◄fi☺fi│

↕╣, │ 40000 ╩ ⅎ ∕─ ─ ↕⅜ ↕╣√.ⱴ▬◒

꜡ ▬○fi◄fi☺fi≤│ ≤ ╦╣╢╙── ≢, ◄Ⱡꜟ◑כ╩

™≡ ╩ ╢ ≢№╢. ─ ╩ ⇔√ ≤ ∫≡ ╛

╩ ≢⅝╢ ↓─√╘ №√╡─ ╩ ⌐ ⅝ↄ∆╢

↓≤⅜ ≢№╡ ⌂ ─ ⅜ ╘╢ ↕╣≡™╢ ⌂

♃☻ꜝ☻ꜟכⱱ╛♃☻ꜝ☻♩♇▼☺◒כ▪│ ∕⇔≡▬○fi◄fi☺fi≢№╢ ▬○

fi◄fi☺fi│ ─ ≤ ⇔≡╙ ⅜ ↄ ─ ─

╛ ⌐ ⇔≡™╢ ⌐⅔™≡│ ▬○fi◄fi☺fi│ ⅜ ™ ≢

│ ⌐ ═≡ ⇔ↄ ↕™. ∕─√╘, ⌂ ⅜ ╠╣╢╕≢ ↄ─

╩ ∆╢. ₈│╛┬↕₉╙ ╕≢⌐ 7 ⅛⅛╡, ⅜ ≤⌂∫√√

╘ ⅜ ╘╠╣≡™╢  

 

1.2 ▬○fi◄fi☺fi 

1.2.1 ▬○fi◄fi☺fi─  

▬○fi◄fi☺fi─ ╩ 1. 2. 1 ⌐ ∆ ▬○fi◄fi☺fi│▪כ◒ ╛ⱴ▬◒꜡

⌂≥≢ ╩ ה ↕∑≡ⱪꜝ☼ⱴ╩ ⇔ 2 ⌂™⇔│ 3 ⅛╠⌂╢

─ ⌐ 1000 V ─ ╩ ↕∑≡▬○fi╩ ∆╢≤™℮ ─

≢№╢ ▬○fi◄fi☺fi│ ⌐ 3≈─ ⅛╠ ↕╣≡™╢  

ᵑ ╩ ∆╢▬○fi  Ionization  

ᵒ ↕╣√▬○fi╩ ⌐ ⇔≡ ╩ ╢  Acceleration  

ᵓ ↕╣√▬○fiⱦכⱶ╩ ⌐ ∆╢  Neutralization  

↓╣╠─ │∕╣∙╣▬○fi ⌐╟∫≡ ╦╣╢  

 



 

2 

 

 
1. 2. 1 ⱴ▬◒꜡ ▬○fi◄fi☺fi  

 

1.2.2 ▬○fi◄fi☺fi─  

ⱪꜝ☼ⱴ ─ ⌐╟∫≡▬○fi◄fi☺fi─ ╩ ℮ ⅜ ™⁹↓╣╕≢⌐

↕╣≡⅝≡™╢▬○fi◄fi☺fi│ ⅝ↄ ─ 5 ⌐ ↑╢↓≤⅜ ╢⁹ 

 

1)  ◌►ⱨⱴfi ex) UK- 10 ESA  

 

2)  ◌☻ⱪ ex) NSTAR NASA XIPS25 Boeing) 

 

3)  ex) RIT10 ESA  

 

4)  ⱴ▬◒꜡ ex) ɡ10JAXA HiPEP NASA  

 

5)   

 

1)⅔╟┘ 2)│⁸ ⱪꜝ☼ⱴ─ ⌐ ⅛╠─ ⌐╟╢ ╩ ™╢♃▬

ⱪ≢⁸1)≢│ ⌐╟╢ ─ ⅜⁸2)≢│ ⌐╟

╢◌☻ⱪ ⅜⁸ⱪꜝ☼ⱴ─ ∂↓╘≤ ─√╘⌐ ↕╣≡™╢⁹ ╙

ↄ ⌐ ⇔√─│◌►ⱨⱴfi ≢№╡⁸ │ ╛ QinetiQ ≢

↕╣≡™╢⁹ꜞfi◓◌☻ⱪ ─▬○fi◄fi☺fi│ ≢ ╙ ↄ ↕╣≡⅔╡⁸ 

─ DeepSpace1⁸Dawn ─ ≢№╢NSTAR╛⁸L3 ⅜ ⌐

⇔≡™╢ XIPS◦ꜞ⁹╢№⅜☼כNSTAR ◄fi☺fi│▬○fi◄fi☺fi ≢─

16000 ─ ╩ ≈⁹↓─╟℮⌂ ⌂ ⅜№╢ ▬

○fi◄fi☺fi≢№╢⅜⁸ ≢ ⇔√▬○fi⅜ ™ ⌐╟∫≡ ╩☻Ɽ
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♇♃ꜞfi◓ ⇔⁸ ⇔√ ⅜ ╩ ∆╢⌂≥─ ⅜ ∆╢⁹╕√

≤⌂╢ ╙⁸ ⌂ⱨ▫ꜝⱷfi♩⅛╠ⱱ꜡כ♁◌כ♪⌂≥─ ⌐ ╣

√╙─⌐ ╦∫√⅜⁸ ◘▬◒ꜟ⌂≥⌐╟╢ⱱ꜡כ♁◌כ♪─ⱥכ♃כ─ ╛⁸◗

Ⱶ─ ⌐╟╢ ─ ⌂≥─ ⁸◦☻♥ⱶ─ ┼≤ ∆╢ ⅜

№╢⁹ 

3)│ RF Radio Frequency (1- 1)≤╙ ┌╣⁸kHz -  MHz ─ ╩ ⅛

╠ ⅎ╢↓≤≢ ⌐ ⌐ ⌂◄Ⱡꜟ◑כ╩ ⅎ⁸ⱪꜝ☼ⱴ╩ ∆╢⁹ 

4)│ ECR Electron Cyclotron Resonance) ≤╙ ┌╣⁸ ⅜GHz ─ⱴ▬◒

꜡ ⌐╟╡ ─ ╩ ⌐ ה ∆╢↓≤≢ ⌐╟╢ ⅜ ↕

╣╢⁹3)╛ 4)│₈ ⱪꜝ☼ⱴ ₉╩ ∆╢↓≤≢⁸ ⅝⌂▪♪Ᵽfi♥כ☺╩

≈⁹ ⌐╟∫≡ ↕╣√ⱪꜝ☼ⱴ│ ≤─ ⅜ ↕ↄ⁸☻Ɽ♇

♃ꜞfi◓⅜ ⇔⌂™⁹╕√ ─ ╙ ≤⇔⌂™⁹ 

5)─ │ ╟╡╙ ─ ⅝™ ⌐ ╩ ↕∑╢↓≤≢

▬○fi ╩ ℮ ≢№╢⁹ 

 ≢│ 4)─ⱴ▬◒꜡ ▬○fi◄fi☺fi(1- 2)(1 - 3)╩ ™ ╩ ℮⁹ⱴ▬◒

꜡ ≤│⁸ⱴ▬◒꜡ ─ ⌐╟∫≡ ╩ ⇔⁸ ≤

⌐╟╡ ─ ⅜ ⇔ ⅜ⱪꜝ☼ⱴ ↕╣ ⅜ ↕╣╢↓≤≢№╢⁹ⱴ▬◒꜡

▬○fi◄fi☺fi─◦☻♥ⱶ ╩ 1.2.2 ⌐ ∆⁹ⱪꜝ☼ⱴ ╩ ⌐⁸

≤ ╩ ⌐Ᵽ▬▪☻∆╢√╘─ ≈─ ─ ⅜ ↕╣≡™╢⁹ⱪꜝ☼ⱴ

≤ ─ ╩ ≈─ ≢ ↕╣╢↓≤⅜ ™⅜⁸₈│╛┬↕₉─▬○fi◄fi

☺fi◦☻♥ⱶ≢│ ─Ⱬꜟ☻⸗♬♃╛ ─ ─√╘⌐ ─ ╩

⅝⁸∕╣∙╣─ ╩fiꜝ▬fiכ♃ꜞ─ ⌐ ⇔≡™╢⁹ 

 

1.2.2  ⱴ▬◒꜡ ▬○fi◄fi☺fi─  
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1.2.3 ◘▬◒꜡♩꜡fi  

 ⱴ▬◒꜡ ▬○fi◄fi☺fi│⁸ⱪꜝ☼ⱴ─ ⌐ ◘▬◒꜡♩꜡fi  

( Electron Cyclotron Resonance : ECR) ╩ ⇔⁸ ─ ╩ →≡™╢⁹ 

ECR─ ╩ 1.2.3 ⌐ ∆⁹ ⌐ ∆╢ │ ♠fi꜠כ꜡≢ ╩

↑╢⁹↓─ ─√╘ ⌐ ⅝≈ↄ╟℮⌂◘▬◒꜡♩꜡fi ≤ ┌╣╢

⅜ ╣╢⁹ ⌐⅔↑╢ ─ │ ≢ ↕╣╢⁹ 

 

  (1.2.1)  

 

↓↓≢m│ ─ ⁸v │ ⱬ◒♩ꜟ⁸e│ ⁸B│ ≢№╢⁹↓─≤⅝

─ ─ r L│ꜝכⱴ ≤ ┌╣⁸ 

 

  (1.2.2)  

≢ ⅎ╠╣╢⁹↓↓≢ vכ│ ─ B ⌐ ∆╢ ⌂ ─ ⅝↕≢№╢⁹ 

ⱪꜝ☼ⱴ╩ ⇔≡™╢ │ ≡ ≢№╢√╘⁸◘▬◒꜡♩꜡fi ─

─ │⁸ ─ ⅝⌐ ⇔≡ ─ ⌐╟∫≡≢⅝╢ ⅜⁸ ⌐

╩ ↄ ≢№╢⁹≈╕╡ │ ⌐ ⇔≡ ╡─ ╩ ℮⁹↓─

─ │◘▬◒꜡♩꜡fi ≤ ┌╣⁸ 

 

  (1.2.3)  

 

≢ ⅎ╠╣╢⁹ │ ≤ ⅝⌐ ↕╣╢√╘⁸ ─ ─ ≤

⅝⌐⁸ ∆╢ ↕⅜ ⇔

™ ╩⅛↑╢≤

│ ⌐ ↕╣⁸

⅛ ╠ ⌐◄

Ⱡ ꜟ ◑ ╩כ ↑≤╢

↓≤⅜≢ ⅝╢⁹↓╣⅜

◘▬◒꜡♩ ꜡fi

≢№╢⁹ 

 

 

 

 

Bv
v

³-= e
dt

d
m

Be

mv
rL

^=

m

Be
ce =w

 

E 

B 

 E 

B 

 

B 
E 

B 

E 

 

1.2.3 ECR─  
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1.2.4 Ⱶꜝכ  

ECR⌐╟∫≡ ╩ ∆╢↓≤⌐⅔™≡⁸ ╩ ⌐ ⅜↕∏⌐ ╟ↄ ↕∑

╢↓≤⅜≢⅝╢ ⌐ Ⱶꜝכ⌐╟╢ ─ ∂ ╘⅜№╢⁹ ⌐ ⌂ ─

─ │, ─ ╡╩╕╦╢╟℮⌂ ╩ ↄ↓≤│ ≢ ═√⁹↓↓≢│⁸

ⱪꜝ☼ⱴ ⌐ 1.2.4 ⌐ ∆╟℮⌂ ⅜ ∆╢ ╩ ⅎ╢⁹↓─ ─ O⌐

─ ╩ ∟⁸  ὺ ⌐ ⌂ , ⌐ ⌂ ╩ ≈ ⅜№╢

≤∆╢⁹ ─ ◄Ⱡꜟ◑כ─ ╟╡ 

 

 

ὺ  ὺ᷇  +  ὺ 

           ὺ᷇ȟ  ὺȟ 

                  ὺ 

 

 

(1.2.4)  

 

≤⌂╢⁹╕√⁸ ⅜ ╛⅛⌐ ∆╢ ‘ ♩ⱷfiכ⸗ άὺȾὄ ⅜ ⌐

√╣╢↓≤╩ ∆╢≤⁸ ⅜ ∆╢⌐ ™⁸ ─ ⅜ ⇔≡™

⅝⁸№╢ ≢ │ ─ ™ ┼ ↕╣╢⁹↓─╟℮⌂ ⌐╟╢

─ ╩ Ⱶꜝכ≤ ┬⁹‘ ─ ╟╡⁸ 

 

  =  
  

(1.2.5)  

 

≢№╢⁹╕√⁸ 

 

 ὺ ὺÓÉÎ—  ὺÓÉÎ— (1.2.6)  
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≢№╢↓≤╩ ⇔⁸ (1.2.6) ╩ (1.2.5) ⌐ ∆╢≤⁸ 

 

 
ÓÉÎ—

ὄ
 
ÓÉÎ—

ὄ
 (1.2.7)  

 

≤⌂╢⁹╟∫≡ ≢─ │⁸ὺ᷇ π ≤ ʃ ωπЈ ≢№╢─≢⁸ 

 

 ὄ  
ὄ

ÓÉÎ—
 (1.2.8)  

 

≤⌂╢⁹ 

 

 

1.2.4 ⌐╟╢ ─  
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1.2.5 Ⱶꜝכ⌐╟╢ ─ ∂ ╘ 

 

1.2.5 ⱴ▬◒꜡  

ⱴ▬◒꜡ ▬○fi◄fi☺fi⌐│ ∕─▬○fiⱦכⱶ⌐ ─ ╩ ⇔

⌐ ∆╢ ≤™℮ ⅜ ↕╣╢ ↓╣⌐╟╡ ◄fi☺fi╛ ⅜ ⌐

⇔ ⇔√▬○fi╩ ⅝ ∆↓≤⌂ↄ ╩ ∆╢↓≤⅜ ╢ ⅜

⇔ ⅛╠▬○fi─╖⅜ ↕╣╢↓≤⌐⌂╢≤▬○fiⱦכⱶ─ ⅜ ≤⌂

╢  

⌂ ▬○fi◄fi☺fi≢│ ≤⇔≡ⱱ꜡כ♁◌כ♪⅜ ↕╣≡⅔

╡ ☻ꜝ☻♃ ≤ ⌐ ─ ╛ ─ ⅜ ─ ≤⌂∫≡™╢

≢Ɽ♇꜡כꜜ ╪⌐ ⅜ ╦╣≡™╢ ▬○fi☻ꜝ☻♃(1- 4)≢╙ ⌐

│ⱱ꜡כ♁◌כ♪⅜ ↕╣≡™╢⅜ ↓─ │ ↕╣≡™⌂™╕╕≢№╢  

↓─ⱴ▬◒꜡ │ ≤ ═√ ─╟℮⌂ⱷꜞ♇♩⅜№╢  

 

1.  ⱥכ♃כ╩ ™⌂™√╘ ⅜ ≤⌂╡ ™ ⅜ ╢  

2.  ⱴ▬◒꜡ ▬○fi◄fi☺fi ─ⱴ▬◒꜡ ⅜ 1 №╣┌

─ⱪꜝ☼ⱴ╙ ⌐ ∆╢↓≤⅜ ⌂√╘ ◦☻♥ⱶ ─ ╛

─ ╕√ ─ ⅜ ╣╢  

 

⌐ ═√╟℮⌐ⱴ▬◒꜡ ││╛┬↕⌐ ↕╣ ⌂ ≤

⅜ ╠╣√≤™℮ ⅜№╢ ⇔⅛⇔ ⌐ ∆╢╟℮⌂◘▬☼─ │

∞ ↕╣≡⅔╠∏ ∕─ ⅜ ≤⌂∫≡™╢  

≢│ ┼─ ╩ ⇔√ ⱴ▬◒꜡ ▬○fi◄fi☺fi╩

⇔≡⅝√ ◄fi☺fi ⌐≈™≡ ╣√ ⅜ ╠╣√ ⌐⅔™≡│

↕╣╢◘▬☼ ≢╙ ─ ╩◒ꜞ▪⇔≡⅔╠∏ ⌐ ↑≡

╩ ╣≡™╢  

1.2.6 │ ⌐⅔™≡ ─ⱴ▬◒꜡ ─ ≢№╢

│ 21 mm─ ≢№╡ ○ꜞⱨ▫☻ 10 mm 32 mm≢№
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╢ ≤ ⌐ Sm- Co ╩ ⇔ ↕╣√ ⌐╟∫≡ ECR⌐

⌂ ╩ ∆╢ ▪fi♥♫│⸗ꜞⱩ♦fi ≢№╢  

 

1.2.6  ⱴ▬◒꜡ ─  

 

 

1. 2.7  ⱴ▬◒꜡  
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1.3 ⱴ▬◒꜡ ─  

1.3.1 │╛┬↕⌐⅔↑╢  

₈│╛┬↕₉⌐ ↕╣√ⱴ▬◒꜡ ▬○fi◄fi☺fi₈µ10₉│

JAXA ─ ⌐≡ ↕╣⁸∕⇔≡ ≢ ─

↕╣√ECR ▬○fi◄fi☺fi≢№╢⁹ ─ⱴ▬◒꜡ ▬○fi◄

fi☺fi─ │ ⅛╠ ╘╠╣⁸ ⌐ Y- I ⅜ ∆╢⁹

∕─ ⅜ ⌡╠╣⁸ ⌐│₈µ10₉⌐⅔™≡⁸ ⌐⇔≡ ⁸

▬○fi ◖☻♩⌐⇔≡ 1/10 ╙─ ≤ ─ ╩ ⇔√⁹₈µ10₉⌐

↕╣√ │⁸ ⌐╙ ═√╟℮⌐⁸ ─ ≤ ⌂╡⁸ⱪꜝ☼ⱴ ─ ⌐

╩ ≤⇔⌂™ⱴ▬◒꜡ ╩ ⇔≡™╢⁹ ⱴ▬◒꜡ │ 8 W⁸●☻

│ Xe╩ ⇔⁸∕─ │ 0. 05 sccm(standard cubic centimeter per minute : 

⌐⅔↑╢ 1 №√╡─ )⁸ ∆╢√╘─ ⅜⁸ ⌐ ╩ ╢

√╘⌐ ▬○fi╩ ⇔≡™╢▬○fi ≤ ─ 135 mA≢ ⅜ 22 V ≤⌂

╢ 

 

1.3.2 ☻Ɽ♇ꜞfi◓ 

▬○fi⌐╟╢☻Ɽ♇♃ꜞfi◓│ ─♩♇◕כ♃ ⌐◄Ⱡꜟ◑כ╩ ∫√▬.○fi⅜

∆╢↓≤≢ ∆╢ ↓─▬○fi│ ▬○fi≤ ┌╣ ↓╣≤ כ♃√⇔

◕♇♩ │ ≤ ┌╣╢ ↓─ │ ─ ⅛╠ ⅛

╣√╠ ♩♇◕כ♃─ ≤ ╩ ↓∆ ↓─ ─ │ ≥♪כ◔☻◌ ┌╣

≤ ⅜ ─ ╩ ↑╢∞↑─◄Ⱡꜟ◑כ╩ ≈ ╡ ↄ

♩♇◕כ♃⌐ ⅜☻Ɽ♇♃↕╣≡ ⌐ ┘ ∆√╘⌐│ ♩♇◕כ♃⅜

≢ ⌐ ⅛℮╟℮⌂ ≢ ⅛╣ ≈∕─ ─◄Ⱡꜟ◑כ⅜ ◄Ⱡꜟ◑כ

╩ ⅎ╢ ⅜№╢ ↓─ ─♪כ◔☻◌ ╩ ⌐ ⇔√ ╩ 1.3.1 ⌐ ∆

☻Ɽ♇♃ꜞfi◓│ ☻Ɽ♇♃ ( Y )≢ ↕╣╢ ↓╣│ ≈─ ▬○fi √╡™

ↄ≈─☻Ɽ♇♃ ⅜ ∆╢⅛╩ ∆╙─≢ 1.3.1 ─ │ ≈─▬○fi⅜ ∫≡

⅝√─⌐ ⇔ ⌐ ≡™╢ ─ ⅜ ≈⌂─≢☻Ɽ♇♃ Y 3≤⌂╢  

 ☻Ɽ♇♃ │▬○fi─ ◄Ⱡꜟ◑כ ♩♇◕כ♃ ─

◄Ⱡꜟ◑כ⌐ ∆╢ ▬○fi─ ⅜ ⅎ╢⌐≈╣☻Ɽ♇♃ │ ∆

╢ ╕√ ◄Ⱡꜟ◑כ⌐ ⇔≡™ⅎ┌▬○fi─◄Ⱡꜟ◑כ⅜☻Ɽ♇♃ꜞfi◓ ≢

№╢≤☻Ɽ♇♃ꜞfi◓╩ ↓↕∏ ↓╣╩ ⅎ╢≤ ∆╢ ⇔⅛⇔⌂⅜╠ 0.1 eV№

√╡ ⅎ╢≤ ▬○fi⅜♃כ◕♇♩─ ⌐ ⇔ ↄ ╡ ╖∆⅞╢√╘ ⅛╠

⅜ ⌐ↄↄ⌂╡☻Ɽ♇♃ │ ∆╢ ⌐ ⌐≈™≡ ═╢ ☻Ɽ♇♃ │

♩♇◕כ♃⅜ ─ ⌐ ∆╢ ⅜ 60°⌐⌂╢╕≢ ≤ ⌐ ⇔∕─

│ 90°≢ 0⌐⌂╢╕≢ ╡ ↑╢  

 Sigmund│☻Ɽ♇♃ꜞfi◓╩ 1.3.2 ⌐ ∆╟℮⌐◦fi◓ꜟⱡ♇◒○fi ◌☻

♪כ◔ ☻Ɽ▬◒ ─ 3♃▬ⱪ⌐ ⇔√ ↓╣│ ▬○fi─◄Ⱡꜟ◑כ⌐╟∫≡
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╕⅛⌐ ≢⅝╢ ╕∏ 1 eV ─ ◄Ⱡꜟ◑כ≢ ↓╢◦fi◓ꜟⱡ♇◒○fi

☻Ɽ♇♃ꜞfi◓≢│ │♪כ◔☻◌ ⇔⌂™ ↓─ ⌐ ⌐ ⅝

↕╣╢☻Ɽ♇♃ │ ─ ▬○fi⌐╟╡ ⅝ ↕╣╢√╘ ⌂™ ⇔⅛ ↓

↕⌂™ ╕√ ♪כ◔☻◌ ─☻Ɽ♇♃ꜞfi◓│ 1~300 eV ≢ ↓╡ ∕─

─ ╡ ╩♪כ◔☻◌ ↓∆ ↓─ ─☻Ɽ♇♃ │ ⌐╟∫≡ ⅝ ↕

╣╢⅜ ≤ ♩♇◕כ♃─ ≤─ ≢ ⅜ ↓╢─│ ≢№╢ 100 eV

⇔ↄ│ ▬○fi─ⱨꜝ♇◒☻⅜ ⅝™ ⌐ ⅝╢☻Ɽ▬◒ ─☻Ɽ♇♃ꜞfi◓

╙ ╩♪כ◔☻◌ ↓⇔ ╕√▬○fi─◄Ⱡꜟ◑כ⅜ ™√╘ ↄ─ ⅜ ⅝╢

⌐↓─ ─ ≤⇔≡ ⌐ ─ ⌐╟╡ ⅛╣ ™≡™╢ ⌐ ⇔≡ ⌐

∆╢≤™∫√↓≤⅜ ⅝╢ ▬○fi ─╟℮⌂ ◄Ⱡꜟ◑כ─▬○fi╩

℮╙─≢│ ⌐◦fi◓ꜟⱡ♇◒○fi ─☻Ɽ♇♃ꜞfi◓╩ ↓∆  
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1.3.1   ♪כ◔☻◌ 

 

 

 

(a) ◦fi◓ꜟⱡ♇◒○fi

 
(b) ♪כ◔☻◌  (b) ☻Ɽ▬◒  

< 1 keV 1 keV~300 keV >100 keV 

1.3.2  Sigmund⌐╟╢☻Ɽ♇♃ꜞfi◓─  
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1.3.3 ─ (1- 2) 

 ─ │ ─ ≤™℮ ≢ ╣╢ 1.3.3 ⌐ ─ ─

╩ ∆ │ 1.3.3 ─( a)⌂ ╩ ∆ ─◓ꜝfi♪│ ⌐

↕╣ ↓╣⅜ ─ⱪꜝ☼ⱴ─ ≤ ⇔ↄ⌂╢ ↓─ⱪꜝ☼ⱴ─ ⌐ ⇔≡

▬○fiⱦכⱶ≤ ⅜∕╣∙╣ ↕╣≡ ⅜ⱪכꜟ ∂╢ │▬○fi

ⱦכⱶ≤ ⇔ↄ⌂╢╟℮⌐ ↕╣ ∕─ ╩ ⅝ ∆─⌐ ⌂

⅜ ⌐ ↕╣╢ ⇔⅛⇔ ⅜ ╖ ─ ≢⅝╢꜠fi☺╩ ⅎ╢≤▬○fi

≤ ─Ᵽꜝfi☻│ ╣ ⅜ ⇔⌂ↄ⌂╢ ∕─ ▬○fiⱦכⱶ⅜

⌐ ⇔√ ─ ⌐ ⅝ ↕╣◓ꜞ♇♪╛ ─ ⇔™ ╩ ⅝ ↓

∆( 1.3.3( b))  

 ↓─ ⌂ ─ ─ ─ │₈│╛┬↕₉ⱪ꜡☺▼◒♩

(JAXA)─ (ISAS)⌐╟╡ ╦╣√ ↓╣⌐╟╢≤☻Ɽ♇

♃ꜞfi◓⅜ ⌂ ≢№╢≤↕╣≡™╢(1- 5) ∆⌂╦∟ ─╟℮⌂ⱷ◌♬☼ⱶ╩

⇔√ 1.3.4 ⌐∕─ ╩ ∆ ─ⱪꜝ☼ⱴ│◦כ☻⌐╟╡ ⌐

⇔≡ ─ ╩ ≈ ↓─√╘ ▬○fi│ ┼ ⅛∫≡ ↕╣ ∆╢ ↓─

▬○fi─◄Ⱡꜟ◑כ⅜☻Ɽ♇♃ꜞfi◓─ ╩ ⅎ╢≤☻Ɽ♇♃ꜞfi◓╩ ↓∆ ↓─

≤⅝ ⇔√ ─☻Ɽ♇♃ │ ╩ ⇔ ⌐ ┘ ⌐

∆╢ ↓─ ⌂☻Ɽ♇♃ ─ │▪fi♥♫╩ ⇔≡™╢ ┼≤ ∆╢

↓╣⌐╟╡ⱴ▬◒꜡ ─ ─♪כ⸗ ╙⇔ↄ│ ⌐╟╡ ⱪꜝ☼ⱴ≤ⱴ

▬◒꜡ ─◌♇ⱪꜞfi◓─ ╩╙√╠⇔ ≤⇔≡ⱪꜝ☼ⱴ ─ ⅜ ↓╢≤

ⅎ╠╣╢ ↓╣⌐ ℮ ⱦכⱶ─ ╩ ←√╘ ─ ╩

↕∑╢(1- 2). ⇔⅛⇔⌂⅜╠ ↓─ ╩ →╢≤ ─ ─ ╩

ↄ√╘(1- 6) ⌂╢☻Ɽ♇♃ꜞfi◓╩ ⇔ ≤⌂╢ ☻Ɽ♇♃ │ ⌐ ⇔≡

⌐ ∆╢↓≤⅛╠ ⅜ ™ ≢ ╩ ↑╢≤ ─ ⌂

╩ ↄ(1- 2)☻Ɽ♇♃ꜞfi◓─℮∟ ⌐ ─◐☿ⱡfi▬○fi─☻Ɽ♇♃ꜞfi◓⅜

─ ─ ╩ ╘≡™╢(1- 5) ↓╣│ ─ ⅜ 20~30V ≢№

╢─⌐ ⇔ ╒≤╪≥─ ─☻Ɽ♇♃ꜞfi◓ ⅜ 30eV ≢№╢√╘ ▬

○fi≢│╒≤╪≥☻Ɽ♇♃ꜞfi◓─ ╩ ⅎ⌂™√╘≢№╢  

 ╕√ 1.3. 5⌐ ╩ ↕∑ ↑√≤⅝─ ─ ╩ ∆(1- 5)

─ ⅜ 1 5000 ⌐ ⌐ ╣≡™╢│ ─ ⌐╟╢

☻Ɽ♇♃ ─ ⌐ ∆╢≤ ⅎ╠╣╢  
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(a) ─  (b) ─  

1.3.3  ─ ─  

 

 

 1.3.4 ─ ─ⱷ◌♬☼ⱶ 
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 1.3.5 ─ ( 1- 5) 

     ,    , Γⱴ▬◒꜡

─ ⱷ◌♬☼ⱶ≤∕─ Δ STEP- 2010- 058  
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1.4  

 ≢│ ↓╣╕≢ ╛ ╩ ™≡ ─☻Ɽ♇♃ ─

╩ ⇔≡⅝√ ⇔⅛⇔ ☻Ɽ♇♃ ⌐╟╢ ┼─ ─ │ ╦╣≡™

⌂⅛∫√ ↓─ ╩ ⌐╟╡ ╡ ⇔ ℮↓≤│ ≢№╢ ─ │

10,000 ↕∑ ↑≡⅛╠ ∆╢ ↓─√╘ ⌐ ⌐╟╡ ₁⌂

≢ ╩ ↕∑ ⌂ ╩ ∆╢↓≤│ ⌂ ≤ ╩ ∆╢↓≤

⅜ ≤⌂╢ ↓─ ⌂ │ ⌐ ⌂ ≢№╢  

─ │ ╩ ™╢↓≤≢ ≤ ╩ ⇔,☻Ɽ♇♃ ⌐╟╢

┼─ ╩ ⇔, ─ ╩ ⅎ╢↓≤≢ ┼ ∆

╢↓≤≢№╢.  

∕─√╘, ─▪fi♥♫ ⌐ ╩ ⇔, ↕╠⌐☻Ɽ♇♃ ╩

⇔√ ╩ ⌐ ⇔, ≤ ─ ╩ ⇔√.  
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(1- 1)    : ⱪꜝ☼ⱴ ─ⱱכꜟ☻ꜝ☻♃┼─ ,  

, , 2010  

(1- 2)   : ▬○fi◄fi☺fi⌐╟╢ ₈│╛┬↕₉─

, J. Plasma Fusion Re s. Vol.86, No.5 (2010)282 - 292 

(1- 3)  , ,  : ▬○fi◄fi☺fi⌐╟╢  ( ☼כꜞ◦

8,2006) 

(1- 4)  N. Wallace, P. Jameson, IEPC, 2011, 327  

(1- 5)       ,    , Γⱴ▬◒꜡

─ ⱷ◌♬☼ⱶ≤∕─ Δ STEP- 2010- 058 

(1- 6)  Noriyoshi Onodera,et al., ΓElectron Emission Mechanism of Microwave 

Discharge Neutralizer,Δ IEPC- 99- 160,2002 
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2   

2.1 ⱪꜝ☼ⱴ (2 - 1)  

2.1.1  

ⱪꜝ☼ⱴ─ ╩ ∆╢ ─ ≤⇔≡ ╩ ™╢ ╩ ⌐ ∆  

 ( )BvE
v

³+=q
dt

d
m  (2.1.1)   

 v
x
=

dt

d
 (2.1.2)   

↓↓≢ m│ v│ ─ x│ ─ t│ q│ ─ ≈

E│ B│ ╩ ╦∆ ⌂ ⱪꜝ☼ⱴ│ 1 cm3 ╡⌐ 1010

1014 ⅜ ╕╣ ↓─ ╩ ╡ ℮↓≤│ ╩♃כꜙfiⱧ◖כⱤכ☻─ ™≡

╙ ≢№╡ ≢⌂™ ∕↓≢ ◦Ⱶꜙ꜠כ◦ꜛfi≢ ╡ ℮ ≤⇔≡

─ ─ ╩ ⌐ ∫√╕╕ ─ ─ ≤ ╩ ≈⌐╕≤╘

√ (2- 2)╩ ∆╢ │ ☿ꜟ⌐ ╕╣╢ ⅜ 10 ⌐⌂╢ ≤

╡ ℮ ╟╡╙ ─ ╖⅜ ⌂™ ⅛╠ ⅛╠ ∆╢   

2.2 ⌐ leap- frog ⌐╟╢ ╩ ∆≤  

 21
1

+
+

=
D

- n
nn

t
v

xx
 (2.1.3)   

≤⌂╢ ↓↓≢ ─ ⅝ ⅎ │ ⌐ ∆╢╙─≢ n│♃▬ⱶ☻♥♇ⱪ≢

№╢ (2.1 ) ⌐ ╩ ∆≤  

 ( )
ý
ü
û

í
ì
ë

³++=
D

- +
+

nn-nn
n-n

m

q

t
BvvE

vv 2121
2121

2

1
 (2.1.4)   

≢№╢ 21n- │№╢ n⅛╠ 2tD ∞↑ ─ ≢№╢↓≤╩ ∆ ⌐ 21+n │

№╢ n⅛╠ 2tD ∞↑ ╪∞ ≢№╢↓≤╩ ∆  

 ⱪꜝ☼ⱴ ─ ╩ ╘╢√╘⌐ (2.4 ) ⌐⅔™≡ ≢№╢ 21+n
v ⌐≈™≡

⅝ ╘√ 21+n
v ≤(2.3 ) ╟╡ √⌂ ─ 1+n

x ╩ ╘╢↓≤⅜≢⅝╢ (2.4 )

╩ ∆╢≤  

 SAv =+ 21n  (2.1.5)   

≤ ↑╢ ↓↓≢ a ╩dהgהbה ─╟℮⌐ ∆╢  

 
nB

m

tq
x

2

D
=a  (2.1.6)   

 
nB

m

tq
y

2

D
=b  (2.1.7)   
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nB

m

tq
z

2

D
=g  (2.1.8)   

 2221 gbad +++=  (2.1.9)   

⌂⅔ ↓↓≢─E B│ ⌐⅔↑╢∕╣∙╣─ ╩ ╦⇔≡™╢ ↓╣╠╩ ™

≡ A≤ⱬ◒♩ꜟ S│ ─╟℮⌐ ↕╣╢  

 
ö
ö
ö

÷

õ

æ
æ
æ

ç

å

-

-

-

=

1

1

1

ab

ag

bg

A  (2.1.10)   

 
ö
ö
ö

÷

õ

æ
æ
æ

ç

å

-++

-++

-++

=
mmnm

mmnm

mmnm

vvcEv

vvcEv

vvcEv

yxzz

xzyy

zyxx

ab

ga

bg

S  (2.1.11)   

↓↓≢ mtqc D= 21-=nm ≢№╢ ↕╠⌐(2.5 ) ╩ ─╟℮⌐⇔≡ ⇔

╩ ╘╢↓≤⅜≢⅝╢  

 SAv
121 -+ =n  (2.1.12)   

 
ö
ö
ö

÷

õ

æ
æ
æ

ç

å

+-+

++-

-++

=-

2

2

2

1

1

1

1
1

gabgbag

abgbgab

baggaba

d
A  (2.1.13)   

 

2.1.2 ⱷ♇◦ꜙ◘▬☼ה♃▬ⱶ☻♥♇ⱪ(2- 3) 

 ⌐ ™╢ⱷ♇◦ꜙ◘▬☼D│ Te Ⱳꜟ♠ⱴfi kb ne⅛╠

↕╣╢  

♦Ᵽ▬ ɠDe  

 
2

e

eb0

De
en

Tke
l =  (2.1.14)   

⌐ ⇔≡  

 
Del¢D  (2.1.15)   

≢№╢↓≤⅜ ╕⇔™ ╕√ ♃▬ⱶ☻♥♇ⱪ│ⱪꜝ☼ⱴ ɮpe  

 

0e

2

e

pe
e

w
m

en
=  (2.1.16)   

⌐ ⇔≡  



 

19 

 

 1

pe

-¢D wt  (2.1.17)   

≤∆╣┌ ⌂ │ ∂⌂™ ─ ╕≢ ⅎ╢≤ │ 

 1

pe20 -¢D w.t  (2.1.18)    

⅜ ™╠╣╢ ╕√ ─ ─◘▬◒꜡♩꜡fi ⌐≤╙⌂℮ ╩◦Ⱶꜙ

│⌐╘√╢∆♩כ꜠ ◘▬◒꜡♩꜡fi ɮc 

 

em

eB
=cw  (2.1.19)   

⌐ ⇔≡  

 1

c

-
<<D wt  (2.1.20)   

≢№╢ ⅜№╢ ╠⌐╟╢≤ ⌂ↄ≤╙ 100 ─ ⌐⇔⌂™≤◄Ⱡꜟ◑כ⅜

↕╣⌂™↓≤⅜ ╠⅛⌐⌂∫√√╘  

 
D t <<

w c

100
 (2.1.21)   

≤⌂╢╟℮⌐ ⇔√  

 

2.1.3 PIC (2- 4) 
◦Ⱶꜙ꜠כ◦ꜛfi≢│ ╩ ≢ ╘╢ ∕─√╘ ─

╩ ─ ⌐ ⇔ ⱴ◒☻►▼ꜟ ╩ ™≡ ╩ ⇔⌂↑

╣┌⌂╠⌂™ ╕√ ⅜ ∂╢ ╩ ∆╢ ⌐ ╡ ╠╣√

╩ ∆╢ ⅜№╢ ↓─╟℮⌂ ╩ ℮√╘ ◦Ⱶꜙ꜠כ◦ꜛfi⌐⅔™≡

⌂ ≢№╢ PIC Particle In Cell method ╩ ™╢  

╕∏ ─ ⅛╠ ─☿ꜟ ( )k,j,i ╩ ╘╢ ⌐ 2.1 ⌐ ∆

212121 dz,dz,dy,dy,dx,dx ╩ ╘╢ ∕─ ╩ ™≡ ⌐№╢╟℮⌂ 81 VV₩ ─

╩ ╘╢ ↓─ ⅛╠ ⅜ ∂╢ ╩ ∆╢↓≤⅜≢⅝╢  

 ⌐│ ( )z,y,x ⌐№╢ ⅜ ∂╢ ( )z,y,xE │ ☿ꜟ─ ╩V

⌐ ∆╟℮⌂ ⌐╟∫≡ ╠╣√ ╩∕╣∙╣ 81 VV ≤∆╢≤

─ ╖│ 

 ( )81n
n ₩== n

V

V
A  (2.1.22)   

≤⌂╡  
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 E x, y,z( ) = A1E i, j,k( ) + A2E i +1, j,k( ) + A3E i +1, j,k+1( ) + A4E i, j,k+1( )

+ A5E i, j +1,k( ) + A6E i +1, j +1,k( ) + A7E i +1, j +1,k+1( )

               + A8E i, j +1,k+1( )

 (2.1.23)   

≤ ╦↕╣╢  

  

 

2.1 .1  PIC ⌐⅔↑╢☿ꜟ─  

 

2.1.4  ⅔╟┘  

 │∕╣∙╣ 2.1 ⌐ ↕╣╢☿ꜟ─ ≢ ↕╣ ☿ꜟ

⌐N ─ ╩ ⇔√ 1 ─ ⅜ ⇔√≤⅝ ( )kji ,, ⌐ ╡ ╠╣╢

│  

 ( ) qN
V

V
k,j,i

2

1=r  (2.1.24)   

≤⌂╢ ∆═≡─ ⌐≈™≡ ╩≤╣┌ ≢─ ⅜ ╠╣╢ ╕√

│ 

 vj qn=  (2.1.25)   

╟╡  

 ( ) vj qN
V

V
k,j,i

2

1=  (2.1.26)   

 

2.1.5 ≤ ─  
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 │ ─ ╩ ↑≡ ≤ ∆╢ ⱪꜝ☼ⱴ│ ▬○fi

⅛╠⌂╢≤∆╢ ≤▬○fi─ │ ─ ╟╡ ⌐ ↕™

√╘ - -▬○fi ▬○fi-▬○fi─ │ ≢⅝╢╙─≤∆╢

≤ │ ╩∆╢≤ ∆╢ ⌂⅔ ⌐ ™╢ (2- 5)

│( 0,1) ⌐ ⌐ ∆╢ ≢№╢  

2.1.6 ≤ (2- 5) 

a ↕ l ∕─ ─ N─ ╩ ⅎ╢ ◄Ⱡꜟ◑כE─ ⱦכⱶ⅜

a⌐ ⌐ ╢╙─≤∆╢ ╩∑∏⌐ ╩ ⇔≡ↄ╢ │ ╟╡

∆╢.∕─ │s╩ ─ ≤∆╣┌  

 dlnNdn s-=  (2.1.27)   

≤ ╦↕╣ ↓╣╟╡ 

 ( )lNexpnn s-= 0  (2.1.28)   

≤⌂╢ ↓↓≢ 0n │ a 0=l ≢─ⱦכⱶ ─ ≢№╢ ∕╣╝ⅎ dll,l +

≢ ─ ⅜ ↓╢ │  

 () ( ) dlNlNexpdllPinitial ss-=  (2.1.29)   

≤⌂╡ l ≢ ⌐ ⅜ ↓╢ │  

 P l( ) = Pinitial l( )
0

l

ò dl

=1 - exp - Ns l( )
 (2.1.30)   

≤⌂╢ ─ ╕≢⌐ ⅜ ╢ l│ ()lP ─ ╢№≢♩ⱷfiכ⸗─  

 
()

s

l

N

dlllP

1

0

=

=ñ
¤

 (2.1.31)   

↓╣╩ ≤™℮ ╟∫≡⸗fi♥◌ꜟ꜡ ⌐╟∫≡ ─ ⅛╠ ⇔

─ ⅜ ↓╢╕≢─ l╩ ╘╢⌐│ r╩ ™≡  

 ()

ö
÷

õ
æ
ç

å
--=

=

l

l
exp

lPr

1
 (2.1.32)   

≢ ╦↕╣ ↓╣╩ ⇔≡  

 ( )rl --= 1lnl  (2.1.33)   

≤⌂╢ ↓↓≢ r│ ≢№╢⅛╠ r-1 ╩ r≤∆╣┌  

 )ln(rl l-=  (2.1.34)   
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≤ ╦↕╣╢ ╕√ ↕ v─ ⅜ ≤ ∆╢ ─ ╩s≤∆╣┌ ↓

─ ⅜ ⌐ ≤ ∆╢ u│  

 

Nv

v

s

l
u

=

=
 (2.1.35)   

≤⌂╡ ↓╣╩ ≤™℮  

 

2.1.7 ה   

∆═≡─ ─ │ ─ ◄Ⱡꜟ◑כ─ ≤⇔≡ ╦↕╣╢  

 ()Ess=  (2.1.36)   

⅜╦⅛╣┌ ≤ ─ ⌐⅔↑╢ ⅜╦⅛╡

totalu ⅜╦⅛╢ ⇔√⅜∫≡ №╢ m─ mcollision,P │ ─ ≢

╦∆↓≤⅜≢⅝╢  

 
mtotalgastotal vn su =  (2.1.37)   

 ( )
( )texp

tvnexpP

D--=

D--=

total

mtotalgasmcollision,

1

1

u

s
 (2.1.38)   

↓↓≢ gasn │ ─
mv │ m─ totals │ ≢№╢

№╢
1r 10 1<<r ╩ ™≡ 1mcollision, rP > ─≤⅝⌐ m│♃▬ⱶ☻♥♇ⱪ tD─

⌐ ⅜ ↓╢≤∆╢  

 

2.1.8  

 
2r ╩ ™≡ ─╟℮⌐ ─ ╩ ╘╢ ↓↓≢│ ≤⇔≡ ≤

─ ⌐≈™≡ ∆ ╩ elastics ╩ excitations

╩ ionizations ≤∆╢  

 

total

elastic
20
s

s
¢¢* r  ≢№╣┌  

 

total

excitationelastic
2

total

elastic

s

ss

s

s +
¢¢* r  ≢№╣┌  

 

total

ionizationexcitationelastic
2

total

excitationelastic

s

sss

s

ss ++
¢¢

+
* r  ≢№╣┌  

↓↓≢ ionizationexcitationelastictotal ssss ++= ≢№╢ ↓─╟℮⌐ ─ ≤ ╩ ↕

∑ ─ ╩ ╘╢ ≢│ ≤⇔≡◐☿ⱡfi╩ ™ ∕─ ♃כ♦



 

23 

 

(2- 7)(2- 8) (2- 9)╩ 2.2 ⌐ ∆ ─ ≢│ │ ⇔≡™⌂™  

 

2. 1. 2 ≤ Xe─  

 

2.1.9 ◄Ⱡꜟ◑כ≤  

│ ─ ≢◄Ⱡꜟ◑כ─ ↑ ⇔╩ ™ ↕╣╢ ⌐∕╣∙╣─

⌐⅔↑╢◄Ⱡꜟ◑כ≤ ⌐≈™≡ ═╢  

ᵑ  

 ╕∏ ─ ╩ ⅎ╢ ( )21 vv , ╩ ≈ ─ ─ ╩

( )21 vv ¡¡, ≤∆╢≤  

 ( )uvvv ¡-+=¡ 211
2

1
 (2.1.39)   

 ( )uvvv ¡++=¡ 212
2

1
 (2.1.40)   

≤ ╦∆↓≤⅜≢⅝╢ ↓↓≢
12 vvu ¡-¡=¡ ≢№╢ ≤ ─

╙ ⌐ ⅎ╢ ─ ─ ╩∕╣∙╣ ev ה
nv ─ ─ ╩

∕╣∙╣ ev¡ה
nv¡≤∆╢ ≤ ─ ≢│ │ ⌐ ═ ⅜

⌐ ↕™√╘ ─╖⅜ ↕╣╢ ─
nv ╩ ∆╣┌ │

een vvvu -@-= ≤⇔≡╟™ ╟∫≡ ─ ╩m ─ ╩M≤∆╣┌

⅜ ∆╢(2- 10)  
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¢ve =

m+ M cos c

m+ M
ve +

M sin c

m+ M
h  (2.1.41)    

h─ │ 

 fcosvh erx =  (2.1.42)   

 

er

ezeeyex

v

sinvvcosvv
hy

ff-
-=  (2.1.43)   

 

er

eyeezex

v

sinvvcosvv
hz

ff-
-=  (2.1.44)   

↓↓≢  

 2

ez

2

eyer vvv +=  (2.1.45)   

 2

ez

2

ey

2

exe vvvv ++=  (2.1.46)   

≢№╡ c│ f│ ─ ≢№╢. (2.1.41) │◄Ⱡꜟ◑כ ╩ ╪≢™╢  

⌐ ─◄Ⱡꜟ◑כ ╩ ⅎ╢ ─ ─◄Ⱡꜟ◑כ╩
eincident,E ≤⇔

─ ─◄Ⱡꜟ◑כ╩
escattered,E ≤∆╣┌ ◄Ⱡꜟ◑כ │ ─╟℮⌐ ╦↕╣

╢  

 
eincident,escattered, EE =  (2.1.47)    

│ ◄Ⱡꜟ◑כ eincident,E ⅜ ↕™≤⅝ ↕╣ ⅝™≤⅝│ ⌐ ≤

⌂╢ ↓╣╩ ⇔√ c─ ╩ ()cg ≤⇔≡ ⌐ ∆(2- 25) ↓↓≢
eincident,E

─ ╩eV≤∆╢  

 g c( ) =
Eincident,esin c

2  1+ Eincident,esin2 c

2
ln  1+ Eincident,e{ }

0 £ c £ p( )  
(2.1.48)    

↓╣╩ ↑┌  

 

cos c =1+
2  1 - 1+ Eincident,e( )

 r3{ }
Eincident,e

 (2.1.49)    

≤⌂╢ ↓─ ╩(2.1.41) ⌐ ™≡ ─ ╩ ╘╢ ↓─≤⅝ ─ │ 

 42 rpf=  (2.1.50)    

≤⇔≡ ⅎ╢  

ᵒ  

 ⌐№╢ ╩№╢ ⌐ ⇔√≤⅝ ⅜ ℮ ◄Ⱡꜟ◑כ╩

excitationE ≤⇔ ─◄Ⱡꜟ◑כ╩
eincident,E ─◄Ⱡꜟ◑כ╩

escattered,E ─
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╩v~≤∆╢ ◄Ⱡꜟ◑כ │  

 
excitationeincident,escattered, EEE -=  (2.1.51)    

≤ ╦↕╣ ─ │ 

 

eincident,

excitation

e 1
E

E~ -=vv  (2.1.52)    

≤⌂╢ ╩ ≤ ⌐ ↑≡ ⅎ╣┌ ≢◄Ⱡꜟ◑כ╩ ∫√

⌐(2.1.52) v~─ ≢ ╩∆╢≤ ⅎ╢↓≤⅜≢⅝╢ (2.1.41) ev ⌐v~

╩ ™≡ ─ ev¡╩ ╘╢ ↓─≤⅝─ ⌐│(2.1.49) ╩ ™╢⅜

( 2.1.49) ─ eincident,E ⌐│(2.1.51) ⅛╠ ╘╠╣╢ escattered,E ╩ ™╢ ◄Ⱡꜟ◑

כ excitationE │ ◐☿ⱡfi─ 8.34 eV ╩ ™≡™╢   

ᵓ  

 ─◄Ⱡꜟ◑כ╩
eincident,E ─◄Ⱡꜟ◑כ╩

escattered,E ─◄Ⱡꜟ

╩כ◑
ecreated,E ◄Ⱡꜟ◑כ╩

ionizationE ≤∆╢ ◄Ⱡꜟ◑כ │ 

 
ionizationeincident,ecreated,escattered, EEEE -=+  (2.1.53)    

≤ ╦↕╣╢  

─ ─◄Ⱡꜟ◑כ│ ─╟℮⌐ ╘╠╣╢(2- 12)  

 

ý
ü
û

í
ì
ë

öö
÷

õ
ææ
ç

å -
=

B

EE
tanrtanBE

2

ionizationeincident,1-

5escattered,  (2.1.54)    

↓↓≢ B│●☻⌐ ─ ≢◐☿ⱡfi≢│ 8.7 eV ≤⌂╢  

╕√ ⅜ ⌐╟∫≡ ℮◄Ⱡꜟ◑כ╩ ED ≤∆╢≤  

 
escattered,eincident, EEE -=D  (2.1.55)    

≤ ╦↕╣╢ (2.1.52) ⅛╠ ─ ─ │  

 

eincident,

e 1
E

E~ D
-=vv  (2.1.56)    

≤⌂╡ ─ ≤ ⌐ ↓─ ≢ ╩∆╢≤ ⅎ╢ (2.1.41)

ev ⌐v~╩ ™≡ ─ ev¡╩ ╘╢ ⌐│(2.1.49) ╩ ™╢⅜ (2.1.49)

─
eincident,E ⌐│(2.1.54) ⅛╠ ╘╠╣╢

escattered,E ╩ ™╢ ◄Ⱡꜟ◑כ
ionizationE │

◐☿ⱡfi─ 12.13 eV ≢№╢  

─ ─ ≈◄Ⱡꜟ◑כ│  

 
ionizationecreated, EEE -D=  (2.1.57)   

≤⌂╢ ╕√ ─ ev ╩ ™≡ ─ │ 
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m

E

v

ecreated,

e

e
ecreated,

2v
v =  (2.1.58)   

≤ ╦↕╣╢ ↓─ ≢ ╩∆╢≤ ⅎ╣┌ ecreated,v ╩ ev ─ ╦╡⌐(2.1.41)

⌐ ⇔≡ ─ ╩ ╘╢ ↓─≤⅝─ │ ─◄Ⱡꜟ◑כ

ecreated,E ╩ ™≡(2.1.49) ⅛╠ ╘╢  

 

2.1.10 Null - collision (2- 11)(2- 12)(2 - 13) 

 ─√╘ Null - collision ╩ ™╢ ↓╣⌐│ ─ fakes

╩ ∆╢ ∆═≡─ ─◄Ⱡꜟ◑כE⌐ ⇔≡ 

 
totalfake ss <  (2.1.59)   

≢№╢≤⇔ ⅎ┌ ≤ ─ ⌐⅔™≡│ 

 
fakeionizationexcitationelastictotal sssss +++=  (2.1.60)   

≤∆╢ ↓↓≢  

 constant
ngas

collision

total ==
u

s v  (2.1.61)   

╩ √∆ fakes ╩ ∆╣┌ collisionu ⅜ ∆⌂╦∟ mcollision,P ⅜ ≤⌂╡◄Ⱡꜟ◑כ

⌐ ⇔⌂™ ⇔√⅜∫≡ ⌐ mcollision,P ╩ ∆╢ ⅜ ↄ⌂╡ ⌐

⇔≡ ╩ ╦∏ ╩ ↓∆ ─╖⌐≈™≡ ─ ╩ ╘╣┌╟™ ↓

╣⌐╟╡ ╩ ⌐ ≢⅝╢ ─ ╩ ╘╢≤⅝│ 2.1.8 ⌐⅔™≡

fakeionizationexcitationelastictotal sssss +++= ≤⇔  

 
12

total

ionizationexcitationelastic ¢¢
++

* r
s

sss
 
─≤⅝

Null - Collision 

Process 

≤∆╢  

Null - Collision Process ⅜ ┌╣√≤⅝⌐│ ─ │ ╠ ⇔⌂™╙─≤∆

╢ 2.1.3 ⌐ ≤ ─ ⌐⅔↑╢◐☿ⱡfi●☻─ ≢ ⇔

√ ╩ ∆ ≢│Null - Collision ≢ ™√ ὺ Ⱦὲ  ─ │ 2×

10- 12 m3/sec ≢№╢  
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2.1.3 Xe ─ ≢ ⇔√ ─ Xe─  

 

 

  



 

28 

 

2.2 (2- 14)(2- 15) 

2.2.1   

 ⱴ▬◒꜡ ⌐│ FDTD Finite Difference Time Domain method ╩ ™

╢ FDTD │ ─ ⌐⅔™≡ ♩ⱷfiכ⸗ ╛ ≤ ⌐ ▪

fi♥♫╛ ⌂≥ ↄ─ ⌂ ⌐ ↕╣ ⌂ ≤⇔≡ ↄ ™

╠╣≡™╢ ⌐│ ⱴ◒☻►▼ꜟ ╩ ≤⇔≡ ™╢ ⌐ ≤⇔

≡ ™╢ ─ⱴ◒☻►▼ꜟ ╩ ∆  

 
tµ

µ
-=³Ð

H
E 0m  (2.2.1)    

 
J

E
H +

µ

µ
=³Ð

t
0e  (2.2.2)    

↓↓≢ E│ H │ 0m│ ─ 0e│ ─ J│ ╩

╦∆  

 

2.2.2  

 ─ FDTD ≢ ™╠╣╢ ─ ╩ 2.2.1 ⌐ ∆ ↓─╟℮⌐

ה ≤╙⌐ ⌐ ⌐ ↕╣ │☿ꜟ─ ⌐ ∫≡ │☿ꜟ

─ ≢ ⅎ╠╣╢ ↓╣│ Yee⌐╟∫≡ ↕╣(2- 16) ─ E³Ð ⅜ ╩

─ H³Ð ⅜ ─ ╩ √∆╟℮⌐ ↕╣≡™╢  

 ↓─ ─ ─╙≤  (2.2.1) , (2.2.2) ╩ ≤╙ ⇔√

╩ ⌐ ∆ ( (2.2.3) ~(2.2.8) ) ↓↓≢ zyx DDD ,, │ tD│ ⅎ

( )kji ,, │☿ꜟ ≢─ ⅎ n│ ☻♥♇ⱪ╩ ╦∆  

Hx

n+
1

2 i, j +1 2,k+1 2( ) = Hx

n-
1

2 i, j +1 2,k+1 2( ) +
D t

m 0 i, j +1 2,k+1 2( )

Ey

n i, j +1 2,k+1( ) - Ey

n i, j +1 2,k( )
D z

+
Ez

n i, j,k+1 2( ) - Ez

n i, j +1,k+1 2( )
D y

ë
ì
î

íî

û
ü
î

ýî

 (2.2.3)    

Hy

n+
1

2 i +1 2, j,k+1 2( ) = Hy

n-
1

2 i +1 2, j,k+1 2( ) +
D t

m 0 i +1 2, j,k+1 2( )

Ez

n i +1, j,k+1 2( ) - Ez

n i, j,k+1 2( )
D x

+
Ex

n i +1 2, j,k( ) - Ex

n i +1 2, j,k+1( )
D z

ë
ì
î

íî

û
ü
î

ýî

 (2.2.4)    

Hz

n+
1

2 i +1 2, j +1 2,k( ) = Hz

n-
1

2 i +1 2, j +1 2,k( ) +
D t

m 0 i +1 2, j +1 2,k( )

Ex

n i +1 2, j +1,k( ) - Ex

n i +1 2, j,k( )
D y

+
Ey

n i, j +1 2,k( ) - Ey

n i +1, j +1 2,k( )
D x

ë
ì
î

íî

û
ü
î

ýî

 (2.2.5)    
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( ) ( )
( )

( ) ( )

( ) ( )
( )

î
ý

î
ü

û

+-
D

++--+
+

î
í

î
ì

ë

D

-+-++

+

D
++=+

++

++

+

k,j,iJ
z

k,j,iHk,j,iH

y

k,j,iHk,j,iH

k,j,i

t
k,j,iEk,j,iE

nn

nn

nn

21
21212121

21212121

21
2121

x

2

1

y
2

1

y

2

1

z
2

1

z

0

x

1

x
e

 

(2.2.6)    

( ) ( )
( )

( ) ( )

( ) ( )
( )

î
ý

î
ü

û

+-
D

++-+-
+

î
í

î
ì

ë

D

-+-++

+

D
++=+

++

++

+

k,j,iJ
x

k,j,iHk,j,iH

z

k,j,iHk,j,iH

k,j,i

t
k,j,iEk,j,iE

nn

nn

nn

21
21212121

21212121

21
2121

y

2

1

z
2

1

z

2

1

x
2

1

x

0

y

1

y
e

 

(2.2.7)    

( ) ( )
( )

( ) ( )

( ) ( )
( )

î
ý

î
ü

û

+-
D

++-+-
+

î
í

î
ì

ë

D

+--++

+

D
++=+

++

++

+

21
21212121

21212121

21
2121

z

2

1

x
2

1

x

2

1

y
2

1

y

0

z

1

z

k,j,iJ
y

k,j,iHk,j,iH

x

k,j,iHk,j,iH

k,j,i

t
k,j,iEk,j,iE

nn

nn

nn

e

 

(2.2.8)    

 

( (2.2.3) ~(2.2.8) ) ⅛╠ ☻♥♇ⱪ⅜ 21+n ≢─ 2

1
+n

H │ ∕─ ☻♥♇ⱪ

≢─ n
E ≤ ☻♥♇ⱪ ─ 2

1
-n

H ⅛╠ ╘╢↓≤⅜≢⅝ ☻♥♇ⱪ⅜ 1+n ≢

─ 1+n
E │ ☻♥♇ⱪ ─ 2

1
+n

H ≤ ☻♥♇ⱪ ─ n
E ⅛╠ ╘╢↓≤⅜≢⅝

╢ ⌐≈™≡│ 2

1
+n

H │ n
E ⅛╠ ↕╣╢─≢ ▪fi♥♫─ ⌐ n

rE ∞↑

╩ ⅎ╢  
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2.2.1  FDTD ⌐⅔↑╢ ≤ ─  

 

2.2.3 ▪fi♥♫   

≢│▪fi♥♫╩ ≢ ↕╣≡™╢╙─≤⇔≡⸗♦ꜟ ∆╢

│ ╩ꜟⱩכ◔ ⇔ 2.2.2 ⌐ ∆╟℮⌐ ─ ≈─ ╩ ⌐

ⅎ╢ ╩ ™╢.╕√, ▪fi♥♫ ⌐│ 2.2.3 ─╟℮⌐ ∆╢ Mur

─ ╩ ⅎ, ⌐ ═≡ ↕⅜ ≢⅝╢ↄ╠™ ™ ─

▪fi♥♫╩ ∆╢ ∕─ ⌐ ∫≡ ╩ 0 ≤∆╣┌╟™ ╕√, │ L

▪fi♥♫╩ ⇔√ ⌐≈™≡ ⇔ↄ ═╢≤ ⌐ ⅎ╢ ─

x ╩ Ex y ╩ Ey│ ⌐ 

 
Ὁ

ὠ

ὶὰὲ
ῳὼ
ὥ

 
(2.2.9)    

 
Ὁ

ὠ

ὶὰὲ
ῳώ
ὥ

 (2.2.10)    

≢ ⅎ╠╣╢. √∞⇔,  V │ ≤ ─ , ὶ │ ─ , 

ὥ │▪fi♥♫─ ≢№╢.  
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☻fi♄כⱩꜟ─▬fiⱧכ◔ ,√╕ Z│ ─ ≢ ↕╣╢.  

 
ὤ

‘

‐

ρ

ς“
ÌÎ
Ὑ

ὶ
 (2.2.11)    

↓↓≢, R│ ─ , r │ ─ ≢№╢. ⱴ▬◒꜡│ ╩ P≤∆╢

≤  

 
ὖ
ὠ

ςὤ (2.2.12)    

≤⌂╡ (2.2.11) (2.2.12) ╟╡ V ╩ ╘ (2.2.9) (2.2.10) ╟╡▪fi♥

♫⌐ ⅎ╢ ╩ ╘╢ ↓↓≢ Ex ╩ ὶ ῳὼȾς─ ≢ Ey ╩ ὶ ῳώȾς ─ ≢

↕∑╢≤  

 Ex(IFED,JFED,KFED) = - Ex(IFED - 1,JFED,KFED)

= -
V(nD t)

D x

2
ln

D x

a

å

ç
æ
õ

÷
ö

 (2.2.13)    

 Ey(IFED,JFED,KFED) = - Ey(IFED,JFED - 1,KFED)

= -
V(nD t)

D y

2
ln

D y

a

å

ç
æ
õ

÷
ö

 (2.2.14)    

↓↓≢ ─ ὍὊὉὈȟὐὊὉὈȟὑὊὉὈ│ ╩ ∆╢ ╩ ⅎ╢  

 

 

2.2.2   
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2.2.3  ▪fi♥♫⸗♦ꜟ 
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2.2.4  

 ─ ↕╩ ≈√╘ ─ zr DD, │ l⌐ ═≡ ↕ↄ⌂↑

╣┌⌂╠⌂™ 10l  

 ☻♥♇ⱪ tD│ Courant─ ╟╡ 

 

( ) ( ) ( )222

111

1

zyx
v

t

D
+

D
+

D

¢D  
(2.2.15)    

╩ √↕⌂↑╣┌⌂╠⌂™ ↓─ │ ╘≡ ⇔ↄ ╦∏⅛≢╙ ⇔⌂↑╣┌

⅜ ⌐⌂╢  

 

2.2.5 PEC(Perfect Electric Conductor )  

 ⅜ ─╟℮⌂ ≢№╢ ⌐ ⌂ ╩ 0≤∆╢ PEC

╩ ™╢ │ ╩ ⇔≡™╢─≢ ↓─ ╩ ∆╢  

 

2.2.6 Mur ─ (2- 17) 

 ╩ ╡ ℮ ╩ ⌂ ≢ ∂⌂↑╣┌⌂╠⌂™ ↓─

╩ ≤™™ ↓─ ⅜ ≢⌂↑╣┌ ⅜ ⌐ ∫≡⇔╕

™ ─ ≤⌂╢ ↓↓≢│ ⅜ ≢ ↄ ↕╣≡™╢Mur─

╩ ™╢  

 0=x ─ ⌐ x─ ─ ⅛╠
zE ╩ ≈ ⅜ ∆╢ ╩ ⅎ╢

╩v≤∆╢≤ x─ ─ ⌐ ╗ │ 

 ( )vtxEE += zz
 (2.2.16)    

≤ ╦↕╣ ─ ╩ ∆╢  

 
0

1 zz =
µ

µ
-

µ

µ

t

E

vx

E  (2.2.17)    

0=x ─ ≢ ⌐ ⅜⌂™⌂╠┌ │(2.2.16) ─ ╩ ∫√╕╕ ∆╢│

∏≢№╢ ∆⌂╦∟ ≢╙(2.2.17) ⅜ ↕╣╢ ↓╣╩ FDTD ─ ⌐

∆╢√╘ ⌐≈™≡ ∆╢≤ 

 

x

E
v

t

EE

t

E

n

nn

µ

µ
=

D

-
=

µ

µ

-

-

2

1

z

1

zzz

 (2.2.18)    

≤⌂╢ ─ x⌐≈™≡─ │ ⅜ xx D= ,0 ⌐ ╡ ≡╠╣≡™╢↓≤⅛╠

2xx D= ≢ ™ (2.2.17) ⌐ ∆╢≤ 
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( ) ( ) ( ) ( )

z

niEniE
v

t

niEniE
nn

nn

D

--
=

D

---
--

- 1,,21,21, 2

1

r
2

1

r

1

rr  (2.2.19)    

≤⌂╢ (2.2.18) ─ ( ) ( )2121 1

zz

-nn E,E ╙ FDTD ≢│ ╘╢↓≤│≢⅝⌂™√╘

─ ≢ ⇔≡ ╘╢ ∕⇔≡
zE ⌐≈™≡╕≤╘╢≤ 

 Ez

n 0, j,k+1 2( ) = Ez

n- 1 1, j,k+1 2( )

                            +
vD t - D x

vD t + D x
Ez

n 1, j,k+1 2( ) - Ez

n- 1 0, j,k+1 2( ){ }
 (2.2.20)    

≤⌂╢ ↓╣╩Mur─ 1 ≤™℮ │ ⌐ ⌂ ⌐≈

™≡ ↕╣╢  

 

2.2.7 ⱳ▬fi♥▫fi◓ⱬ◒♩ꜟ(2 - 18) 

 ╩ ╣╢ ╩ ╘╢√╘⌐│ ⱳ▬fi♥▫fi◓ⱬ◒♩ꜟ╩ ∆╢ Maxwell

─ ╩ ∆╢≤ ─ ≤⌂╢  

 
( ) dv

HE

t
dvd

vols vol

ññ ñ öö
÷

õ
ææ
ç

å
+

µ

µ
+Ö=Ö³-

22

22 me
EJSHE  (2.2.21)   

─ 1 │ ≢ ⱶכ○╢╣↕ ─ 2 │ ≤ ⌐ ⅎ

╠╣≡™╢ ◄Ⱡꜟ◑כ≢№╡ ⌐ ∆╢ ╩≤╢↓≤⌐╟∫≡ ↓─ │

⌐ ⅎ╠╣√◄Ⱡꜟ◑כ─ ∆⌂╦∟ ─ ◄Ⱡꜟ◑כ╩

↕∑╢ ≤⌂╢ ╟∫≡ │ ↓─ ⌐ ╣ ╗ ≢⌂↑╣┌⌂╠⌂™

⅛╠ ∕─ ⅛╠ ╣ ╢ ≤⌂╢ E×H│ⱳ▬fi♥▫fi◓ⱬ◒♩ꜟ≤

┌╣ W/m2─ ╩ ≈ ≢№╢ ↓─ ╩▪fi♥♫ ≢ ∆╢↓≤⌐╟

╡ ╩ ⇔√  
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2.3  
 ≢│ⱴ▬◒꜡ ⌐╟╢ⱪꜝ☼ⱴ─ ⅛╠ⱪꜝ☼ⱴ─ ⌐∕╣⌐ ℮☻

Ɽ♇♃ꜞfi◓╩ ⇔∕╣⌐╟╡ⱴ▬◒꜡ ─ ⅜ ∆╢≤™℮ ╡ ⇔╩ ≡

⌐╟╡ ∆╢↓≤╩ ≤⇔≡™╢ ↓╣╩ ℮⌐№√╡, ─ ╩╙

≤⌐,☻Ɽ♇♃ ─ ╩ ⇔,☻Ɽ♇♃ ─ ⌐╟╢ⱴ▬◒꜡ ─

─ ╩ ∫√.  

 

 
 

2.3.1  ─ ─ ╣ 
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2.3.1  

 2.3.2 ⌐ ⌐⅔™≡ ⇔√ ╩ ∆ ─ ≢◒כꜜ╩ ╖

○ꜞⱨ▫☻ ╟╡ ╩ ∆╢ ☻Ɑכ◘כ⌐╟∫≡○ꜞⱨ▫☻≤─ ╩

⇔≡™╢ ─ │ 14 ≤⇔ ╩ ╪∞ .  

 

 

2.3.2   

2.3.2  

│ ─ ↕╩ 0.5 mm≤⇔ x ⌐ 40 y ⌐ 40 z ⌐ 36

╩ ⇔≡™√⅜, │▪fi♥♫≤ꜜכ◒─ ⌐☿ꜝⱵ♇◒≤ ╩ ∆

╢√╘,╟╡ ⅛™ ─ ↕╩ 0.25 mm≤⇔, x ⌐ 80 y ⌐ 80 z

⌐ 72 , 460800 ╩ ⇔√.  

 

2.3.3 ♃▬ⱶ☻♥♇ⱪ 

 PIC ─ ╖│
13

pic 100.5 -³=Dt  sec FDTD ─ ╖│ 
12

FDTD 100.2 -³=Dt  sec

≤∆╣┌ 2.1.2 ╛ 2.2.4 ≢ ═√ ╩ √∆ FDTD◖כ♪⅜ 10 ↕╣√

PIC◖כ♪╩ 1 ↕∑√  

 

2.3.4   

 1 Ⱳ◒☿ꜟ √╡ ⇔⅛ ⅜⌂™ ⱡ▬☼⅜ ⅝ↄ⌂╡ ╕⇔ↄ⌂™(2- 12)

10 ⅛╠ 100 ─ ⅜ ⇔≡™╢≤╟™≤↕╣≡™╢ │ 1Ⱳ◒☿

ꜟ⌐ 25 ─ ⅜ ╕╣╢╟℮⌐ ╩ ⇔√  
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─ ⌐⅔↑╢ 5.46×10- 6 m3 ⌐╟╢ │ 10- 17~10- 18 m- 3≤ ⅛

∫≡™╢─≢ ⇔≡ 5×10- 17m- 3≤⇔√ │ 100 ≤⇔≡ 1≈

⅜ ∆╢⅛│ ≤ ╟╡ 1 ≈│ 27 ╩ ∆╢≤ ⇔

√   

 

2.3.5   

│◐☿ⱡfi≤⇔ │2.1×1020 /m3  │ 0. 05 mg/s ≤⇔√  

 

2.3.6   

 │ ≤⇔≡│╛┬↕⌐╙ ↕╣≡™╢ 2.45GHz╩ ™╢ ⱴ▬◒꜡

≤ ◘▬◒꜡♩꜡fi ⅜ ∆╢≤⅝─ │ 0. 085 mT ≢№╢ ∕─ ╩

∆ ╩ ECR ≤ ┬ ⌐│ Advanced Science Laboratory, Inc ─ 3

♁ⱨ♩╩ ⇔√(2- 28)   

 

2.3.7 ה  (2 - 14) 

2.3.3 ─╟℮⌐,▪fi♥♫≤ꜜכ◒─ ⌐☿ꜝⱵ♇◒─ ╩ ⇔√.↓─≤⅝

│▪fi♥♫⅛╠ 1☿ꜟ ╣≡™≡, ↕ 0.25 mm, ↕ 7.75 mm, 7.4

≤⇔≡™╢.  ╕√ ─ ⌐ ∆╢☻Ɽ♇♃ ╩, ╩ ™≡ ⇔

√.  

│ ⌐ ™ ╩ ≢⅝,☿ꜟ╩ ↕ↄ∆╢↓≤⌐│ⱷ⸗ꜞ⌐ ⅜№╢

√╘, ─╟℮⌐ ≤⇔≡ ╘≡ ™ ╩ ∆╢ ⌐ ≢№╢.FDTD

≢│, ⌐ ╩☿ꜟ ≢ ∆╢√╘, ─ ↕╩ ≤∆╢ ⅜

№╢.≈╕╡, ⌐ ™ ╩ ∆╢ ,  2.3.3(a) ⅔╟┘(b) ─╟℮⌐

≢╙1☿ꜟ≢ ⇔,⸗♦ꜟ ∆╢↓≤⌐⌂╡,☿ꜟ◘▬☼ ─ ╖╩ ∆╢ ≤

⇔≡ ∆╢↓≤⌐⌂╢.⇔⅛⇔, ─ (2.3.1) ╩ ™╢≤, 2.3.3(c) ─╟℮

⌐ 1 ≈─☿ꜟ─ 1 ⌐─╖ ╩ ∆╢↓≤≢, ⌐ ™ ╩ ∆╢

↓≤⅜≢⅝╢.↓─ ≤⇔≡, 2.3.5(a) ─╟℮⌐, ≤ ─ ⌐⅔↑╢☿

ꜟ─ Ὄ
Ⱦ
─ │, ⌂ ─⸗♦ꜟ ≢│, Ὄ

Ⱦ
≤⇔≡ ⅎ, ─

╩ ≤─ ≤⇔, ─ │ Ὁ ╕≢─ ≤⇔≡ ⅎ╢√╘≢

№╢.⇔⅛⇔, Ὄ
Ⱦ
│, ─ ╩ ™≡ ↕╣√ Ὁ ≤ ─

╩ ™≡ ↕╣√ Ὁ ─ ⌐⅔↑╢ ─ ╩ ≤⇔⌂™

, 2.3.5(b) ─╟℮⌐, ≤ ≤─ ─ ─ ⌐⌂╢≤ ⅎ╠╣

╢.↓─╟℮⌐, (Ὄ )─ │, (Ὁ )≤ (Ὁ )─ , ∆⌂╦∟,☿ꜟ─ ─

⌐ ⇔, ☿ꜟ ≢ ⅎ╢≤, ─ ─ │ ☿ꜟ ╕≢ ⇔≡

™╢↓≤⌐⌂╢.╕√,1 ≈─☿ꜟ─ 1 ─╖⌐ ╩ ⇔≡ ╩ ⇔√
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, ≢ ☿ꜟ ─ ╩ ↑≡™╢√╘, ≢1☿ꜟ ─ ╩ ↑≡™╢≤

ⅎ╢↓≤⅜≢⅝╢.∕─√╘, ╩ ∆╢☿ꜟ⌐ ⇔≡ ∆╢ ─ │,

(2.3.1) ⅛╠ ⇔,∕─ ⌐ ─ ↕ t │, ⌐ 1 ☿ꜟ ─

◘▬☼╩ ™≡ ∆╢.  

─ ⅛╠, │ ─ ⌐ ↕╩ √∏, ☿ꜟ─ ⌐ ⇔

√.↓─≤⅝ ↕│7.75 mm≤⇔, │ ┘ ─ ╩╙≤⌐2.58

×10- 2, 1.29×10- 3S/m╩ ™,FDTD ─ ─ ≢─ ─ ⌐ ╖ ╪∞.↓

─≤⅝ ╩ ™≡, ▪fi♥♫─ ⅛╠─ ≢ , , ,◒כꜜ ⱪꜝ☼

ⱴ╩ ⇔,▪fi♥♫─ ⅛╠5.0×10- 4m─ , ⇔√ ╩ ∆╢╟℮

⇔√.  

╩ ⌐ ∆.  

 tRs s/1=  ( 2.3.1)  

 ↕ t m, ʎ S/m, Rs З 

─ ─ ─  

 )0.2/()0.2(),,,1( sigdtepssigepskjjtx ³+³-³=  ( 2.3. 2)  

 )0.2/()0.2(),,,1( sigdtepssigepskjjtx ³+³-³=  ( 2.3.3 )  

 )0.2/()0.2(),,,1( sigdtepssigepskjjtx ³+³-³=  ( 2.3.4 )  

 )0.2/(0.2),,,2( sigdtepsdtkjjtx ³+³³=  (2.3.5)  

 )0.2/(0.2),,,2( sigdtepsdtkjjtx ³+³³=  (2.3.6)  

 )0.2/(0.2),,,2( sigdtepsdtkjjtx ³+³³=  (2.3.7)  

eps,  sig  

 

FDTD ─ ─ ╩ ⅎ√≤⅝, (2.2.1 ) ┘(2.2.2) ≢ ⇔√ⱴ◒☻►▼ꜟ

╩,Ἄ ‘ἒȟἎ ‐Ἇȟἔ ʎἏ╩ ™≡ ↄ≤,  

 ‬╔

‬ὸ

„

‐
╔

ρ

‐
ᶯ ╗ ( 2.3.8 )  

 ‬╗

‬ὸ

ρ

‘
ᶯ ╔ ( 2.3.9 )  

≤⌂╢⁹ ─╟℮⌐, ☻♥♇ⱪ⅜ 21+n ≢─ 2

1
+n

H │ ∕─ ☻♥♇ⱪ ≢─
n

E ≤ ☻♥♇ⱪ ─ 2

1
-n

H ⅛╠ ╘╢↓≤⅜≢⅝ ☻♥♇ⱪ⅜ 1+n ≢─
1+n

E │ ☻♥♇ⱪ ─ 2

1
+n

H ≤ ☻♥♇ⱪ ─ n
E ⅛╠ ╘╢↓≤⅜≢⅝╢√

╘, ┘ ─ │,  

 ‬╔

‬ὸ Ў

╔ ╔

Ўὸ
 ( 2.3.1 0)  
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‬╗

‬ὸ Ў

╗ ╗

Ў◄
 ( 2.3.1 1)  

≤⌂╢.↓─≤⅝ ( 2.3.10 ),( 2.3.11 )╩ ( 2.3.8 ),( 2.3.9 )⌐ ∆╢≤,  

 ╔ ╔

Ўὸ

„

‐
╔

ρ

‐
ᶯ ╗  ( 2.3.1 2)  

 
╗ ╗

Ўὸ

ρ

‘
ᶯ ╔  ( 2.3.1 3)  

≤⌂╢.↕╠⌐, ( 2.3.12 )─ 1 ─ │Ô Î ρςϳ ЎÔ⌐⅔↑╢ ≤⌂∫≡™

╢√ 

╘,ʎ╔ ϳ╩ ∆╢≤ ─╟℮⌐⌂╢.  

 
ʎ╔ ϳ ᵼ„

╔ ╔

ς
 ( 2.3.1 4)  

╟∫≡,╔ȟ╗ ϳ⌐≈™≡╕≤╘╢≤,  

 
╔

ς‐ „Ўὸ

ς‐ „Ўὸ
╔

ςЎὸ

ς‐ „Ўὸ
ᶯ ╗  ( 2.3.1 5)  

 
╗ ╗

ρ

‘
ᶯ ╔  ( 2.3.1 6)  

≤⌂╢.↓─ ─ ( 2.3.15 )─ 1 , 2 ╩ ─ ─ ─  

≤⇔≡™╢.  
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(a)                       (b)                     (c)  

2.3.3 ─ ⸗♦ꜟ 

 

2.3.4 ─ ▬ⱷכ☺  

 








