
 8

2      
2.1    (2-1) 

 2.1.1     

ⱪꜝ☼ⱴ─ ╩ ∆╢ ─ ≤⇔≡ ╩ ™╢ ╩ ⌐

∆  

 � �BvE
v

��� q
dt

d
m  (2.1.1)  

 v
x
�

dt

d
 (2.1.2)  

↓↓≢ m │ v │ ─ x │ ─ t│ q│ ─
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(2.1.3)  

↓╣╠╩ Runge-Kutta ⌐≡ ™√⁹ 
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(2.1.5)  



 9

 

� �

� � � �	 
 � �� �33334

2222
3

1111
2

1

1

22

1

22

22

1

22

rrzzzrrrzz

r
r

z
zz

r
rr

z
z

r
r

z
zz

r
rr

z
z

r
zrrz

tbvtbv
r

BtbvBtbvE
m

q
b

tb
v

tb
v

r
B

tb
vB

tb
vE

m

q
b

tb
v

tb
v

r
B

tb
vB

tb
vE

m

q
b

r

vv
BvBvE

m

q
b

������������

�
�



�
�

� �
��

�



�
�

� �
��

�
�
�

�
�
�

�
�



�
�

� �
���

�



�
�

� �
���

�
�



�
�

� �
��

�



�
�

� �
��

�
�
�

�
�
�

�
�



�
�

� �
���

�



�
�

� �
���

����

��

��

��

�
��

 
(2.1.6)  
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(2.1.7)  

⌂ ⱪꜝ☼ⱴ│ 1 cm3 ╡⌐ 1010 1014 ⅜ ╕╣ ↓─ ╩

╡ ℮↓≤│ ╩♃כꜙfiⱧ◖כⱤכ☻─ ™≡╙ ≢№╡ ≢⌂™

∕↓≢ ◦Ⱶꜙ꜠כ◦ꜛfi≢ ╡ ℮ ≤⇔≡ ─ ─ ╩

⌐ ∫√╕╕ ─ ─ ≤ ╩ ≈⌐╕≤╘√ (2-2)╩ ∆╢

│ ☿ꜟ⌐ ╕╣╢ ⅜ 10 ⌐⌂╢ ≤ ╡ ℮ ╟╡

╙ ─ ╖⅜ ⌂™ ⅛╠ ⅛╠ ∆╢   

 

��������������������    ⱷ♇◦ꜙ◘▬☼הⱷ♇◦ꜙ◘▬☼הⱷ♇◦ꜙ◘▬☼הⱷ♇◦ꜙ◘▬☼ה♃▬ⱶ☻♥♇ⱪ♃▬ⱶ☻♥♇ⱪ♃▬ⱶ☻♥♇ⱪ♃▬ⱶ☻♥♇ⱪ���������

 ⌐ ™╢ⱷ♇◦ꜙ◘▬☼�│ Te Ⱳꜟ♠ⱴfi kb

ne⅛╠ ↕╣╢  

♦Ᵽ▬ �De  

 

2
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� �  (2.1.8)  

⌐ ⇔≡  

 De���  (2.1.9)  

≢№╢↓≤⅜ ╕⇔™ ╕√ ♃▬ⱶ☻♥♇ⱪ│ⱪꜝ☼ⱴ ɮpe  
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 1
pe
��� �t  (2.1.11)   

≤∆╣┌ ⌂ │ ∂⌂™ ─ ╕≢ ⅎ╢≤ │ 

 1
pe20 ��� �.t  (2.1.12)   

⅜ ™╠╣╢ ╕√ ─ ─◘▬◒꜡♩꜡fi ⌐≤╙⌂℮ ╩◦

Ⱶꜙ꜠כ♩∆╢√╘⌐│ ◘▬◒꜡♩꜡fi ɮc 

 
em

eB
�c�  (2.1.13)   

⌐ ⇔≡  

 1
c
���� �t  (2.1.14)   

≢№╢ ⅜№╢  

 

2.1.3    PIC ���	�    

◦Ⱶꜙ꜠כ◦ꜛfi≢│ ╩ ≢ ╘╢ ∕─√╘

─ ╩ ─ ⌐ ⇔ ⱴ◒☻►▼ꜟ ╩ ™≡ ╩

⇔⌂↑╣┌⌂╠⌂™ ╕√ ⅜ ∂╢ ╩ ∆╢ ⌐ ╡

╠╣√ ╩ ∆╢ ⅜№╢ ↓─╟℮⌂ ╩ ℮√╘ ◦Ⱶꜙ꜠

≡™⅔⌐fiꜛ◦כ ⌂ ≢№╢ PIC Particle In Cell method ╩ ™╢  

╕∏ ─ ⅛╠ ─☿ꜟ � �ji, ╩ ╘╢ ⌐ 2.1 ⌐ ∆

2,1,2,1 dzdzdrdr ╩ ╘╢ ∕─ ╩ ™≡ ⌐№╢╟℮⌂ 41 SS ─

╩ ╘╢ ↓─ ⅛╠ ⅜ ∂╢ ╩ ∆╢↓≤⅜≢⅝╢  

 ⌐│ � �zr, ⌐№╢ ⅜ ∂╢ � �zrE , │ ☿ꜟ─ ╩ S

⌐ ∆╟℮⌂ ⌐╟∫≡ ╠╣√ ╩∕╣∙╣ 81 SS ≤∆╢≤

─ ╖│ 

 � �41n
n �� n

S

S
A  (2.1.15)  

≤⌂╡  

 � � � � � � � � � �1,1,1,1,, 4321 �������� jiEAjiEAjiEAjiEAzrE  (2.1.16)  

≤ ╦↕╣╢  



 11 

 
2.1.1 PIC ⌐⅔↑╢☿ꜟ─  

 

 

2.1.4    ⅔╟┘⅔╟┘⅔╟┘⅔╟┘     

 │∕╣∙╣ 2.1 ⌐ ↕╣╢☿ꜟ─ ≢ ↕╣ ☿

ꜟ ⌐ N ─ ╩ ⇔√ 1 ─ ⅜ ⇔√≤⅝ � �ji, ⌐ ╡

╠╣╢ │  

 � �
V

qN

S

S
ji 1, ��  (2.1.17)  

≤⌂╢ ∆═≡─ ⌐≈™≡ ╩≤╣┌ ≢─ ⅜ ╠╣╢ ╕

√ │ 

 vj qn�  (2.1.18)  

╟╡  

 � � vj
V

qN

S

S
ji 1, �  (2.1.19)  

 

 

2.1.5    ≤ ─≤ ─≤ ─≤ ─     

 │ ─ ╩ ↑≡ ≤ ∆╢ ⱪꜝ☼ⱴ│ ▬○

fi ⅛╠⌂╢≤∆╢ ≤▬○fi─ │ ─ ╟╡

⌐ ↕™√╘ - -▬○fi ▬○fi-▬○fi─ │ ≢⅝╢╙

─≤∆╢ ≤ │ ╩∆╢≤ ∆╢ ⌂⅔
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⌐ ™╢ │(0,1) ⌐ ⌐ ∆╢ ≢№╢ ─ ™ ╖ ╖

ran()─ │ ↑ Mersenne Twister(2-5)╩ ⇔√ │(219937-1)≢№╡

╙ ™  

 

2.1.6    ≤≤≤≤ ���
�    

� ↕ l ∕─ ─ N ─ ╩ ⅎ╢ ◄Ⱡꜟ◑כE ─ ⱦכⱶ⅜

�⌐ ⌐ ╢╙─≤∆╢ ╩∑∏⌐ ╩ ⇔≡ↄ╢ │

╟╡ ∆╢.∕─ │� ╩ ─ ≤∆╣┌  

 dlnNdn ���  (2.1.20)  

≤ ╦↕╣ ↓╣╟╡ 

 � �lNexpnn ��� 0  (2.1.21)  

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

≢ ─ ⅜ ↓╢ │  

 � � � � dlNlNexpdllPinitial ����  (2.1.22)  

≤⌂╡ l ≢ ⌐ ⅜ ↓╢ │  

 � � � �
� �lNexp

dllPlP
l

initial

����

� �
1

0  (2.1.23)  

≤⌂╢ ─ ╕≢⌐ ⅜ ╢ �│ � �lP ─ ╢№≢♩ⱷfiכ⸗─  
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 (2.1.24)  

↓╣╩ ≤™℮ ╟∫≡⸗fi♥◌ꜟ꜡ ⌐╟∫≡ ─ ⅛╠ ⇔

─ ⅜ ↓╢╕≢─ l╩ ╘╢⌐│ r ╩ ™≡  

 � �

�
�
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�
l

exp

lPr

1
 (2.1.25)  

≢ ╦↕╣ ↓╣╩ ⇔≡  

 � �rl ��� 1ln�  (2.1.26)  

≤⌂╢ ↓↓≢ r │ ≢№╢⅛╠ r�1 ╩ r ≤∆╣┌  

 )ln(rl ���  (2.1.27)  

≤ ╦↕╣╢ ╕√ ↕ v─ ⅜ ≤ ∆╢ ─ ╩� ≤∆╣┌

↓─ ⅜ ⌐ ≤ ∆╢ !│  
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 (2.1.28)  

≤⌂╡ ↓╣╩ ≤™℮  

 

 

הההה    2.1.7  

 ∆═≡─ ─ │ ─ ◄Ⱡꜟ◑כ─ ≤⇔≡ ╦↕╣╢  

 � �E�� �  (2.1.29)  

⅜╦⅛╣┌ ≤ ─ ⌐⅔↑╢ ⅜╦⅛

╡ total! ⅜╦⅛╢ ⇔√⅜∫≡ №╢ m ─ mcollision,P │

─ ≢ ╦∆↓≤⅜≢⅝╢  

 
mtotalgastotal vn �! �  (2.1.30)  

 � �
� �texp

tvnexpP

����

����

total

mtotalgasmcollision,

1

1

!

�
 (2.1.31)  

↓↓≢ gasn │ ─ mv │ m ─ total� │ ≢№╢

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

─ ⌐ ⅜ ↓╢≤∆╢  
 

2.1.8     

 2r ╩ ™≡ ─╟℮⌐ ─ ╩ ╘╢ ↓↓≢│ ≤⇔≡ ≤

─ ⌐≈™≡ ∆ ╩ elastic� ╩ excitation�

╩ ionization� ≤∆╢  
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20
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2
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�
���

�
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�

# r  ≢№╣┌  

↓↓≢ ionizationexcitationelastictotal ���� ��� ≢№╢ ↓─╟℮⌐ ─ ≤ ╩

↕∑ ─ ╩ ╘╢ ≢│ ≤⇔≡◐☿ⱡfi╩ ™ ∕─

╩(2-9)(2-8)(2-7)♃כ♦ 2.2 ⌐ ∆ ─ ≢│ │ ⇔≡™⌂™  
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2.1.2 ≤ Xe ─  

 

 

 

2.1.9    ◄Ⱡꜟ◑כ≤◄Ⱡꜟ◑כ≤◄Ⱡꜟ◑כ≤◄Ⱡꜟ◑כ≤  

│ ─ ≢◄Ⱡꜟ◑כ─ ↑ ⇔╩ ™ ↕╣╢ ⌐∕╣∙╣─

⌐⅔↑╢◄Ⱡꜟ◑כ≤ ⌐≈™≡ ═╢  

ᵑ  

 ╕∏ ─ ╩ ⅎ╢ � �21 vv , ╩ ≈ ─ ─ ╩

� �21 vv $$ , ≤∆╢≤  

 � �uvvv $���$ 211 2

1
 (2.1.32)   

 � �uvvv $���$ 212 2

1
 (2.1.33)   

≤ ╦∆↓≤⅜≢⅝╢ ↓↓≢ 12 vvu $�$�$ ≢№╢ ≤

─ ╙ ⌐ ⅎ╢ ─ ─ ╩∕╣∙╣ ev ה nv ─

─ ╩∕╣∙╣ ev$ה nv$≤∆╢ ≤ ─ ≢│ │

⌐ ═ ⅜ ⌐ ↕™√╘ ─╖⅜ ↕╣╢ ─ nv ╩

∆╣┌ │ een vvvu �%�� ≤⇔≡╟™ ╟∫≡ ─ ╩m

─ ╩M ≤∆╣┌ ⅜ ∆╢(2-10)  

 hvv
Mm

sinM

Mm

cosMm

�
�

�
�

�$
&&

ee  (2.1.34)    

h─ │ 
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 �cosvh erx �  (2.1.35)   

 

er

ezeeyex

v

sinvvcosvv
hy

�� �
��  (2.1.36)   

 

er

eyeezex

v

sinvvcosvv
hz

�� �
��  (2.1.37)   

↓↓≢  

 2
ez

2
eyer vvv ��  (2.1.38)   

 2
ez

2
ey

2
exe vvvv ���  (2.1.39)   

≢№╡ &│ �│ ─ ≢№╢ (2.1.34) │◄Ⱡꜟ◑כ ╩ ╪≢™

╢  

⌐ ─◄Ⱡꜟ◑כ ╩ ⅎ╢ ─ ─◄Ⱡꜟ◑כ╩ eincident,E ≤

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

╦↕╣╢  

 
eincident,escattered, EE �  (2.1.40)   

│ ◄Ⱡꜟ◑כ eincident,E ⅜ ↕™≤⅝ ↕╣ ⅝™≤⅝│ ⌐

≤⌂╢ ↓╣╩ ⇔√ &─ ╩ � �&g ≤⇔≡ ⌐ ∆(2-25) ↓↓

≢ eincident,E ─ ╩ eV ≤∆╢  

 � � � �'&
&

&
& ��

�
�
�

�
�
� ��

� 0
1

2
12 2

e,incidente,incident

e,incident

ElnsinE

sinE
g  

(2.1.41)   

↓╣╩ ↑┌  

 � �	 

eincident,

r 
eincident,

3112
1

E

E
cos

��
��&  (2.1.42)   

≤⌂╢ ↓─ ╩(2.1.34) ⌐ ™≡ ─ ╩ ╘╢ ↓─≤⅝ ─

│ 

 42 r'� �  (2.1.43)   

≤⇔≡ ⅎ╢  

ᵒ  

 ⌐№╢ ╩№╢ ⌐ ⇔√≤⅝ ⅜ ℮ ◄Ⱡꜟ◑כ

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

─ ╩ v~ ≤∆╢ ◄Ⱡꜟ◑כ │  
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excitationeincident,escattered, EEE ��  (2.1.44)   

≤ ╦↕╣ ─ │ 

 

eincident,

excitation
e 1

E

E~ �� vv  (2.1.45)   

≤⌂╢ ╩ ≤ ⌐ ↑≡ ⅎ╣┌ ≢◄Ⱡꜟ◑כ╩

∫√ ⌐(2.1.45) v~ ─ ≢ ╩∆╢≤ ⅎ╢↓≤⅜≢⅝╢ (2.1.34)

ev ⌐ v~ ╩ ™≡ ─ ev$╩ ╘╢ ↓─≤⅝─ ⌐│(2.1.42) ╩

™╢⅜(2.1.42) ─ eincident,E ⌐│(2.1.44) 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 ���  (2.1.46)   

≤ ╦↕╣╢  

─ ─◄Ⱡꜟ◑כ│ ─╟℮⌐ ╘╠╣╢(2-12)  

 

�
�
�

�
�
�

��
�



��
�

� �
�

B

EE
tanrtanBE

2
ionizationeincident,1-

5escattered,  (2.1.47)   

↓↓≢ B │●☻⌐ ─ ≢◐☿ⱡfi≢│ 8.7 eV ≤⌂╢  

╕√ ⅜ ⌐╟∫≡ ℮◄Ⱡꜟ◑כ╩ E� ≤∆╢≤  

 
escattered,eincident, EEE ���  (2.1.48)   

≤ ╦↕╣╢ (2.1.45) ⅛╠ ─ ─ │  

 

eincident,
e 1

E

E~ �
�� vv  (2.1.49)   

≤⌂╡ ─ ≤ ⌐ ↓─ ≢ ╩∆╢≤ ⅎ╢ (2.1.36)

ev ⌐ v~ ╩ ™≡ ─ ev$╩ ╘╢ ⌐│(2.1.42) ╩ ™╢⅜

(2.1.42) ─ eincident,E ⌐│(2.1.47) ⅛╠ ╘╠╣╢ escattered,E ╩ ™╢ ◄Ⱡꜟ◑

כ ionizationE │ ◐☿ⱡfi─ 12.13 eV ≢№╢  

─ ─ ≈◄Ⱡꜟ◑כ│  

 
ionizationecreated, EEE ���  (2.1.50)  
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≤⌂╢ ╕√ ─ ev ╩ ™≡ ─ │ 

 

m

E

v
ecreated,

e

e
ecreated,

2v
v �  (2.1.51)  

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

(2.1.36) ⌐ ⇔≡ ─ ╩ ╘╢ ↓─≤⅝─ │ ─◄

Ⱡꜟ◑כ ecreated,E ╩ ™≡(2.1.42) ⅛╠ ╘╢  

 

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

 ─√╘ Null-collision ╩ ™╢ ↓╣⌐│ ─ fake�

╩ ∆╢ ∆═≡─ ─◄Ⱡꜟ◑כ E ⌐ ⇔≡ 

 totalfake �� �  (2.1.52)  

≢№╢≤⇔ ⅎ┌ ≤ ─ ⌐⅔™≡│ 

 fakeionizationexcitationelastictotal ����� ����  (2.1.53)  

≤∆╢ ↓↓≢  

 constant
n gas

collision
total ��

!
� v  (2.1.54)  

╩ √∆ fake� ╩ ∆╣┌ collision! ⅜ ∆⌂╦∟ mcollision,P ⅜ ≤⌂╡◄Ⱡꜟ

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

⌐ ⇔≡ ╩ ╦∏ ╩ ↓∆ ─╖⌐≈™≡ ─ ╩ ╘

╣┌╟™ ↓╣⌐╟╡ ╩ ⌐ ≢⅝╢ ─ ╩ ╘╢≤⅝│

2.1.8 ⌐⅔™≡ fakeionizationexcitationelastictotal ����� ���� ≤⇔  

 

 12
total

ionizationexcitationelastic ��
��

# r
�

���
 ─≤⅝ Null-Collision Process 

≤∆╢  

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

∆╢ 2.1.3 ⌐ ≤ ─ ⌐⅔↑╢◐☿ⱡfi●☻─ ≢

⇔√ ╩ ∆ ≢│ Null-Collision ≢ ™√ gascollision n!
─

│ 2×10-12 m3/sec ≢№╢  
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