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1.1 Úó

1. �o´·>&�

�\�lfN¥��>>4£Ï~�7áN¤§§�	>��§T

>�¦&� �3�éu�lfN> ��½K�> þ§K&�

3ØÓ �> þ¤Â8�>6�Jø&�¤3?�lfN�&E"

ã 1.1: ·>&�

2. &�nØ�E,5
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¯Kµ &��\�lfN¥/¤#��lfN>.§3ù�>.NC

û½�lfN$ÄA���§u)Cz§=O¥5^�Ø¤á§

/¤}�"3}�S>fÚlf��ÝØÓ§�k��>|/

¤"

ïÄµ &�é�lfN�K�´�oº–/¤}�

&�XÛÛ�/é�lfN�)6Äº– Û�5

T6Äé�lfN��?��6Ä��lfNk�o'Xº– ½

þ'X

3. ;.�&�A5�

Xã1.2¤«§;.�&�I-VA5�©�3�Ü©§A«�>f�Ú

>6Â8«§C«�lf�Ú>6Â8«§¥m�B«�LÞ«"

ã 1.2: ;.�&�A5�µA->f6Â8«¶B-LÞ«¶C-âf6Â8

«"

4. }�{0

�á�N��lfN�>§¬k�o�¹u)ºdíNÄåØ�±�
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ã 1.3: }�«¿ã

�§ü �mSl�ýÏLü ¡È�âfê(=âfÏþ�Ý)�µ

Γ =

∫ ∞
0

nf(υx)υxdυx (1.1)

=
1

4
nῡ (1.2)

Ù¥ῡ´âf�²þ9$Ä�Ý§ῡ =
√

8kT/πm"b½�lfN�>

f§ÝÚlf§ÝCq��§=µTi ' Te"@o§>fÚlf�)�

Ïþ©O�µ

Γe =
1

4
neῡe =

1

4
ne

(
8kTe
πme

)1/2

(1.3)

Γi =
1

4
neῡi =

1

4
ne

(
8kTi
πmi

)1/2

(1.4)

dumi � me§KΓe � Γi§�>6�j = e(Γe − Γi) ' eΓe"

Ïd§}¡ÈòkLõ�K>ÖÈ\§l¦9> é¯eüC�

K> §±ü$>f��9L¡�Ïþ"ù�N!L§��±Y�µ

��9L¡�·>6�Ý�u"��§ù��á�N¤���> �

]2> "

ù�9L¡NC/¤���>Ö�§=3T�S§ni > ne§±¶-9

> ��lfN> �¤/¤�>|�K�"
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ã 1.4: }�S©Ùëê«¿ã

5. �~¶-�}�

�b�lfØÄ�§�~�Ý�µ

λD =

(
ε0kTe
e2n0

)1/2

(1.5)

}�þÝδs��A��λD"

6. -E�K�

-E�K�Ï~´~�&�Â8�>6§Ï�3-EØ��Ñ�§�

>âf�ÏL*ÑâU��&�L¡§Ø2´ÏLgd�1��

&�L¡"

'u-E�K��n)Xeµr&�NC��lfN��äk*ÑX

ê�D�ëY0�?n§�b½&�?u�lfN> þ§Ø�3

>|6Ä§ù��ÏL¦)*Ñ�§¦���&�L¡�âfÏ

þ"

�&��¥&�§§�n�áÂN§K��*Ñ�§�µ

∇2n = 0 (1.6)
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3¥�Ie§XJθÚφ��´é¡�§@o*Ñ�§L«�µ

d

dr

(
r2
dn

dr

)
= 0 (1.7)

ÙÏ)/ª�µ

n(r) = A− B

r
(1.8)

|^&�L¡>.^�µ

Γ(a) = D|∇n| = 1

4
nῡ (1.9)

n(r →∞) = n∞ (1.10)

@o��µ

A = n∞ (1.11)∣∣∣∣dndr
∣∣∣∣
r=a

=
B

a2
=

1

4

n(a)ῡ

D
(1.12)

⇒B =
1

4

n(a)ῡa2

D
(1.13)

@on(r)�µ

n(r) = n∞ −
n(a)a2ῡ

4D

1

r
(1.14)

rr = a�\§��µ

n(a) = n∞ −
ῡa

4D
n(a)⇒ n(a) =

n∞

1 +
ῡa

4D

(1.15)

�âfÏþ�µ

Γ =
1

4
n(a)ῡ =

1

4
n∞ῡ

1

1 +
ῡa

4D

(1.16)

qÏ�*ÑXê�µ

D ≡ kT

mν
=

1

3
λ2ν (1.17)
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-EªÇν�µν ≡ ῡ/λ§Ù¥λ´-E²þgd§§@okµ

⇒ D =
1

3
ῡλ (1.18)

�µ

Γ
∣∣∣
r=a

=
1

4
n∞ῡ

1

1 +
3a

4λ

(1.19)

�a/λ � 1�§Γ =
1

4
n∞ῡ§=-E²þgd§��u&�º��¹

e§-E�A�±�Ñ"

�a/λ� 1�§Γ =
1

4
n∞ῡ

4λ

3a
"

&�nØ¥^�n���A�ëêµ

a(R)µ &��A�ºÝ

λDµ �~�Ý§û½}�þÝ

λµ ²þgd§

§��m��é'Xû½
�«&��ØÓCqnØ�·^��"

éu²;&�nØµλ� akn«�¹µ

• λ� a(R)� λDµDÚ��}nØ

• λ� λD � a(R)µ;�4�þ}nØ

• λD � λ� a(R)µ-Eþ}nØ

1.2 3Ã^|!Ã-E�lfN¥�·>&�

Ä�b�µ

1. �lfNÃ�þ!§¿3Ã�þ!?÷vO¥5^�¶

2. ^| B = 0¶
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3. >f!lf�-Egd§(λ)��u&�º�§=λ/R� 1¶

4. >f�Ý©Ù¼ê÷vð¼©Ù§�lf§Ý��u>f§Ý¶

5. �lfN�Ýv
p§¦�}þÝ�'&�º��§λD/R� 1¶

6. &�L¡´XáÂN§g?>fu�Xê��Ñ¶

7. &�L¡´Ã��²¡§²¡&��>��A�±�Ñ"

ã 1.5: }S> ©Ù

þã�.´Ã^|!Ã-E����²�&��."d	�
�BO

�§b½�lfN> Vp = 0§&�L¡> V0 < 0§�m?¿�:�> 

�V (x)§3x→∞?���6Ä��lfN§=V (∞) = Vp = 0"

1.2.1 }��/¤�Bohm�â

1. �Ý©Ù

Äk§�ââfêÅð§3��m¥�?¿��âf�;,kµ

f(x, υ)dxdυ = f(x∞, υ∞)dx∞dυ∞ (1.20)
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Ùg§�â��m¥�4��½n(Liouville’s theorem)1§�|âf

¤Óâ���mNÈ´~ê§=

dxdυ = constant (1.21)

@ok

f(x, υ) = f(x∞, υ∞) (1.22)

2�ââfUþÅð(V∞ = Vp = 0)§kµ

1

2
meυ

2(x)− eV (x) =
1

2
meυ

2
∞ (1.23)

rþ¡�§Ü¿���

f(x, υ) = n∞

(
me

2πkTe

)1/2

exp

(
−meυ

2
∞

2kTe

)

= n∞

(
me

2πkTe

)1/2

exp

− 1

2
meυ

2(x)− eV (x)

2kTe

 (1.24)

K

ne(x) =

∫ υc

−∞
f(x, υ)dυ (1.25)

Ù¥

υc =

{
2e[V (x)− V0]

me

}1/2

(1.26)

´>f3x?�
�Ñ&��>½å�Â8¤I����Ý(cutoff�

Ý)"dd§È©�υcdüa>f¤(½µ

(1)�&�$Ä�>f§υ < 0¶

(2)�&�> ü½����>f§0 < υ < υc¶

1T½näó��m�©Ù¼ê÷XXÚ�;,´~ê))=�½��XÚ:§3��

mi{L§¥§T:�C�XÚ:��Ý'u�m´~ê"
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ã 1.6: Â8>f©Ù¼ê

@o3x:?�>f�Ý�µ

ne(x) =
1

2
n∞ exp

[
eV (x)

kTe

]1 + erf

√e(V (x)− V0)
kTe

 (1.27)

Ù¥Ø�¼êerf�µ

erf(x) ≡ 2√
π

∫ x

0

e−y
2

dy (1.28)

kXe5�µlimx→∞ erf(x) = 1§erf(0) = 0

ã 1.7:

@o§�V (x)− V0 � kTe/e�§k

ne(x) = n∞ exp

[
eV (x)

kTe

]
(1.29)
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þªÒ´Boltzmann©Ù£39²ï^�e§>f3>³|¥�©

Ù¤"¢Sþ§��A�¤k�>fÑ���§=V (x)− V0 � kTe/e§

Boltzmann©ÙCqé¤kAÛ/G(�ÎÚ¥�)�&�Ñ¤á"

2. âfÏþ

ã 1.8:

3c¡®²`L§>f��Å9$Ä§@o>fÏþ÷v

Γe(x) =
1

4
ῡene(x) =

1

4
ῡen∞ exp

[
eV (x)

kTe

]
(1.30)

lf�½�\�$Ä

Γi(x) = ni(x)υi(x) (1.31)

3ý}«x > xs§÷v>¥5^�µ

ni(x) = ne(x) = n∞ exp

[
eV (x)

kTe

]
(1.32)

d	§dlfUþÅðµ

1

2
miυ

2
i (x) + eV (x) = 0(x =∞) (1.33)

@o

υi(x) =

[
−2eV (x)

mi

]1/2
(1.34)
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¤±§ý}«(x > xs)lfÏþ�µ

Γi(x) = n∞ exp

[
eV (x)

kTe

] [
−2eV (x)

mi

]1/2
(1.35)

3}«Sx < xs§duvklf��)6§@okµ

Γi(x) = Γi(xs) = n∞ exp

[
eVs
kTe

] [
−2eVs
mi

]1/2
(1.36)

3. }>.> ÚBohm�â

du3��}«S§lfÏþÅð§Ïkµ

ni(x) =
ni(xs)υi(xs)

υi(x)
= ni(xs)

√
Vs
V (x)

(1.37)

>f��Ý©Ù�µ

ne(x) = ne(xs) exp

[
e(V (x)− Vs)

kTe

]
(1.38)

Ï3}>.þ§O¥5^�¤á§=

ni(xs) = ne(xs) = ns (1.39)

ù�§}�S�Ñt�§�µ

∇2V = − e

ε0
[ni(x)− ne(x)]

= −ens
ε0

[(
Vs
V

)1/2

− exp

(
eV − eVs
kTe

)]
(1.40)

3}�>.NC§Ñt�§�^�V?êÐm§¿��?Cq��µ

∇2V = −ens
ε0

(
− 1

2Vs
− 2

kTe

)
(V − Vs)

=
ens
ε0

(
1

2Vs
+

2

kTe

)
(V − Vs) (1.41)
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T�§k���)�7�^�´:

1

2Vs
+

2

kTe
≥ 0 (1.42)

=µ

e|Vs| ≥
kTe
2

(1.43)

½ö

υi(x) ≥
(
kTe
mi

)1/2

= Cs (1.44)

þãúªÒ´}�/¤�Bohm�â"Ù¥Cs´lf(�µ

Cs =

√
kTi + kTe

mi

=

√
kTe
mi

(1.45)

þ¡·��Ñ
lf§Ý�0§=Ti = 0�¹e�Bohm�â

υ2i ≥ C2
s (1.46)

�Ti 6= 0�§�lÄåÆ�§½ö6N�§¥�Ñ�A��â"3Ä

åÆ�§Ñu§�Ñ�2ÂBohm�â�µ∫ ∞
0

fis(υ)dυ

υ2
≤ mi

kTe
(1.47)

Ù¥fis(υ)´}>.?�1�lf�Ý©Ù¼ê"

y3�ÄoÑCq��¹§Ti 6= 0§fis(υ)�©Ù/ª�

fis(υ) =

{
(2Ci)

−1 υs − Ci ≤ υ ≤ υs + Ci

0 Ù§
(1.48)

Ù¥Ci = (kTi/mi)
1/2

òfis(υ)�\2ÂBohm�â§¿�¤È©$�§�±��µ

υs ≥ Cs =

[
k(Te + Ti)

mi

]1/2
(1.49)
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ã 1.9: Ý/©Ù��Ý©Ù¼ê

ã 1.10:

d	§l{ü���6N�§��±�ÑTi 6= 0�¹e�Bohm�

â"

b½����lfN�>flf§Ý� �Ã'"Ï�âf�&�

Â8��§����7Lkâf£X¥5íN>l�¤"Kl

fëY5ÚÄþ�§�µ

d

dx
(niυi) = S(x) (1.50)

nimiυi
dυi
dx

= −dPi
dx

+ ZeniE −miυiS(x) (1.51)

ùp®²b½lf�)�Äþ´0§�kÄþ�§�m>����§

Z�lf>Öê"dO¥5^�µ

Zni = ne = n (1.52)
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d	§·���±�Ñ>f�ëY5ÚÄþ�§§�§´3~�|

¥§·���B/A^Boltzmann©Ù^�§=µ

ne(x) = n0 exp

[
eV (x)

kTe

]
(1.53)

n0´�É6Ä��lfN�Ý§dd���µ

kTe
dne
dx

= ene
dV

dx
= −eneE (1.54)

@o�±��

ZeniE = eneE = −kTe
dne
dx

= −kTeZ
dni
dx

(1.55)

dPi
dx

= γkTi
dni
dx

(1.56)

Ù¥γ´ý9Xê§�§L§γ = 1§ý9L§γ = 5/3"

ù�§lfëY5�§�±z�µ

vi
dni
dx

+ ni
dυi
dx

= S (1.57)

υi
dυi
dx

= −C
2
s

dni

ni
dx
− Sυi

ni
(1.58)

Ù¥µ

Cs =

(
γkTi + ZkTe

mi

)1/2

(1.59)

r�Ý8�z�(�þ§Ú\êâêµ

M(x) = υi(x)/Cs (1.60)

�CþO�§¿òü�§éá¦)��µ

dM

dx
=

1 +M2

1−M2

S

niCs
(1.61)

dni
dM

= − 2M

1 +M2
ni (1.62)
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dd��§��M2 < 1§KdM/dx > 0§ùL«lf�&�L¡�

½�$Ä�§�Ý´ÅìO\�"d	§�M = 1�§dM/dx→∞§
ùL«lf�â,\��é���Ý§@oþ�§|��lfN)

Ø�3"lÔnþn)§ù��u�lfN�Ý���lfN(�

�§O¥5^�Ø2¤á§¿m©Ñy�m>Ö}�§3T}�Sk

��>|Úp�lf\�Ý£lf�Ý�u(�¤"ùÒ´}�/¤

�Bohm�â"

þ�§�)�µ

ni(x)

ni0
=

1

1 +M2
(1.63)

V (M) = −kTe
e

ln(1 +M2) (1.64)

3}�>.?x = xs§M = 1§�kµ

ns =
1

2
n0 (1.65)

Vs = −kTe
e

ln 2 ' −0.69
kTe
e

(1.66)

ù�Ti = 0�¹ed}��Ñt�§�Ñ�(J

ns = 0.61n∞ (1.67)

Vs = −0.5
kTe
e

(1.68)

ÑkØÓ§Ì��Ï´b½lf´5g:"

1.2.2 }�þÝ(lf}�)

b½}�S(x < xs)>f�Ý´�±�Ñ�(ù�kV0v
p�â¤

á)§�3�õê�¹e§��Tiv
�§§�¤á"K}S�Ñt�§

�µ

∇2V =
d2V

dx2
= − e

ε0
Γi

(
mi

−2eV

)1/2

(1.69)
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éA�>.^��µx = xs�dV/dx = 0§V = Vs"

òdV/dx¦±�§�ü>§¿�¤È©$���µ(
dV

dx

)2

=
2Γi
ε0

(2mie)
1/2
[
(−V )1/2 − (−Vs)1/2

]
(1.70)

2òþªÈ©��µ

[√
−V −

√
−Vs

]1/2 [√
−V + 2

√
−Vs

]
=

3

4

(
8Γ2

i emi

ε20

)1/4

(xs − x) (1.71)

òΓi�L�ªµ

Γi = n∞ exp(−1

2
)

(
kTe
mi

)1/2

(1.72)

�\þª§¿ò&�L¡?x = 0�> V = V0�\§��}�þÝ δ�µ

δ

λD
≡ xs
λD

=
2

3

[
2

exp(−1)

]1/4 [√−eV0
kTe

− 1√
2

]1/2 [√
−eV0
kTe

+
√

2

]
(1.73)

éu��lfN§�&�?u]2> �§= V0 = Vf Ú Γi = Γe§3ùp

·�kr�¡�§�]2> Vf�>f§ÝTe �'Xª<Ñ5^µ

eVf
kTe

=
eV0
kTe

= −1

2

[
1 + ln

(
mi

2πme

)]
(1.74)

@o
δ

λD
' 4 (1.75)

N >f}�µ

c¡·�?Ø�Ñ´lf}�§3}�«�S>f�ü½§�´,


�¹e�¬Ñy>f}�§·�rV0 > Vp�¹e�}�¡��>f}

�"3Lam[Phys. of Plasmas 8, 73(1965)]©z¥?Ø§�Ti/Te � 1�§�

UÑyV0 − Vp > 0§ù�ÿ}>.> Cq�uVp§�3}>.?>f�

ÝneÚ�Å9$Ä�Ý��lfN«�Cq��"
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3>f}¥§lf�ü½§=3~�|¥$Ä§Ù�ÝÚÏþ©O

�µ

ni(x) = n∞ exp

[
−eV (x)

kTi

]
(1.76)

Γi(x) =
1

4
ni(x)ῡi =

1

4
n∞ῡi exp

[
−eV (x)

kTi

]
(1.77)

>f´3\�|¥�\�$Ä§ù´3}>.�>fÏþ�µ

Γe(xs) = nsus (1.78)

Ù¥us´>f3}>.?R�u&�L¡�²þ�Ý©þ§§�Cq�µ

us =
ῡe
4

+

(
2eVs
me

)1/2

(1.79)

Vs´}>.> "LamuÐ
{z�nØ§TnØL²µ

(1) �Ti/Te � 1�§}>.�> Cq�µ

Vs ' 0.69
kTi
e

(1.80)

dd��§�Vs �
kTe
e
�§}>.��Å9$Ä��lfN«£�

�6Ä«¤��Å9$ÄCq�Ó"ü�^�éá��µ

Ti
Te
� 1.4 (1.81)

(2) &�L¡> V0��u}>.> Vs§=µ

V0 � Vs (1.82)

½ö

V0 � 0.69
Ti
Te

kTe
e

(1.83)
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�(1)(2)^�÷v�§Ò�±b½}«kb|�	>.§�3}>.�l

fN�A5���6Ä��lfN�Ó"d	§l}�S�Ñt�§�C

qL�ª��±�O}þ�þ?µ

d2V

dx2
=
ens
ε0

(
1

2Vs
+

e

kTe

)
(V − Vs) (1.84)

-∆V ≡ V − Vs§@o
∆V

δ2
' ens

ε0

e

kTe
∆V (1.85)

@o��µ

δ '
(
ε0kTe
e2ns

)1/2

' λD (1.86)

1.2.3 }��(

N ���.µ

1. �lfN´Ã�þ!�§ne = ni (Z = 1)¶

2. B0 = 0¶

3. λ� R� δ¶

4. fe(~υ)´ð�d�©Ù§elfTi = 0 ( Ti � Te )¶

5. &�L¡´XáÂN

N �á�N3�lfN¥/¤�> ©Ù

âf�Å9$ÄÏþ

Γe =
1

4
nec̄e (1.87)

Γi =
1

4
(1.88)

c̄g = ῡg =

√
8kTg
πmg

, g ≡ e, i (1.89)
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du c̄e � c̄i§¤± Γe � Γi

/¤}«§3}�SO¥5^�Ø¤á§/¤r>|"3ù«�¹

e§}�S�lf�Ý��u>f�Ý§ni � ne§¡�lf}"

ã 1.11: }�ëê©Ù"

N lf}�/¤^�–Bohm�â

d}�SÑt�§�)��µ

Vs ≤
kTe
2e

(1.90)

υis ≥
√
kTe
mi

(1.91)

dý}«S^6N�§�)��

υi <

√
ZkTe + γkTi

mi

(1.92)

ni
ni0

=
1

1 +M2
= exp

(
eV

kTe

)
(1.93)

dd��Bohm�âµ

υis = Cs (1.94)
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}>.�Ýµ

nis
ni∞

= exp

(
−1

2

)
' 0.61,

nis
ni0

= 0.5 (1.95)

}>.> µ

Vs = −0.5
kTe
e
, Vs = − ln 2

kTe
e

= −0.69
kTe
e

(1.96)

N >fÚlfÏþ

1. >f3~�|¥��Å9$Ä§Ù�Ý©Ù�lBoltzmann©

Ùµ

Γe(x) =
1

4
ne0ῡe exp

[
eV (x)

kTe

]
, 0 ≤ x <∞, V (x) < 0 (1.97)

2. lf3\�|¥�½�$Ä

Γi(x) =


√
−2eV (x)

mi

n∞ exp

[
eV (x)

kTe

]
x ≥ xs√

−2eVs
mi

n∞ exp

[
eVs
kTe

]
x < xs

(1.98)

N &�Â8�>6

Â8>6µI = Ie − Ii

>fÂ8>6µ

Ie = eΓe(0)Ap =
1

4
ene

√
8kTe
πme

exp

(
eV0
kTe

)
(1.99)

lfÂ8>6µ

Ii = eΓisAs = αeniCs (1.100)

– éuTi � Te§α ' 0.61§Cs =
√

kTe
mi

– éuTi . Te, α = 0.5§Cs =
√

kTe+kTi
mi
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N }�þÝ

δ ∼ λD =

(
ε0kTe
e2ne

)1/2

(1.101)

1.3 þ}–;�$Ä4�nØ(�Î§¥&�)

3þ}�¹e£=rs � a¤§?\}��âf3k%å|��^e§ò

�;�$Ä§l¦�?\}«�âf¿ØÑU��&�L¡þ�Â8"

ù�§XJ}> �Czv
�ú§&�Â8�>6ò�}> �©Ù/

GV (r)k'§Ï�âf3k%å|��^e$Ä�§ÙoUþ£ÄUÚ³

U�Ú¤Ú�Äþ´Åð�§3�Ä&�Â8>6�§·��I�Äâ

fÐ!"o�ÄþÚ�Äþ"

ã 1.12: ;�$Ä4�nØ�.

3ùp·��?1�
b�µ

1. }äkb>.§=3r = rs?§Vs = 0£�lfN> ¤¶

2. }>.?âf�ÝÚ�Ý©Ù¼ê´®��¶

3. -E²þgd§��u}þÝ§=λ� δ ≡ rs − a¶
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4. &�L¡´n�áÂN"

e}>.?(L¡?)âf�»�Ú���Ý©O�υsr!υsθ£υar!υaθ¤§K

dUþÚ�ÄþÅð§kµ{
υ2sr + υ2sθ = υ2ar + υ2aθ + 2qV0/m

rsυsθ = aυaθ
(1.102)

dd�)��µ

υ2ar = υ2sr + υ2sθ

(
1− r2s

a2

)
− 2qV0

m
(1.103)

dd��âfU��&�L¡þ�7�^�´µ

υ2ar ≥ 0 (1.104)

dd7�^��±?�Ú¦�µ�¦?\}��âfU�&�áÂ§Ù3

}>.?���\�Ý7L÷vXe^�(dþª��)µ

υ2sθ ≤
(
υ2sr −

2qV0
m

)(
r2s
a2
− 1

)−1
≡ (υ∗sθ)

2 (1.105)

�âf3}>.?��Ý©Ù�G(υsr, υsθ)§K&��Â8>6�µ

I = Asj (1.106)

j = n

∫ ∞
0

υsrdυsr

∫ υ∗sθ

−υ∗sθ

G(υsr, υsθ)dυsθ (1.107)

eâf�Ý©Ù¼ê÷vð¼©Ùµ

G(υsr, υsθ) ≡
( m

2πkT

)
exp

[
−m(υ2sr + υ2sθ)

2kT

]
(1.108)

@o�\cª§¿�¤È©$����µ

I = ApjrF (1.109)

Ù¥jr ≡
1

4
qn∞ῡ��Å9$Ä>6�Ý"éu�Î&�Ú¥&�§?�Ï

fF�L�ª©O´µ
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• �Îµ
F ≡ rs

a
erf
(√

η′
)

+ eη
[
1− erf

(√
η + η′

)]
(1.110)

• ¥µ
F ≡ r2s

a2

(
1− e−η′

)
+ e−η

′
(1.111)

Ù¥erf(x)´Ø�¼ê§ηÚη′�L�ª�µ

η ≡ e |V0 − Vp|
kTq

(1.112)

η′ ≡ a2

r2s − a2
η (1.113)

erf(x) ≡ 2√
π

∫ x

0

exp(−t2)dt (1.114)

d	§âfU��&�L¡�¿©^�´µ3}«SØ�3/³^0§=>

 ©Ù7L÷v
V (r)

V0
>
(a
r

)2
(1.115)

1. �}Cqµδ ≡ rs − a� a

ù�§

η′ ≡ a2

r2s − a2
η � 1 (1.116)

@oerf(
√
η′)→ 1

�kµ

eη
[
1− erf

(√
η + η′

)]
' eη

1√
π

exp(−η − η′)√
η + η′

=
1√
π

exp(−η′)√
η + η′

→ 0

�éu�ÎÚ¥&�§3�}Cq^�ek F = 1"
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2. þ}Cqµrs � a

ù�ÿkµη′ � 1§éuØ�¼ê�x� 1�kCqúªµ

erf(x)
∣∣∣
x�1
' 2√

π
x (1.117)

�éu�Î&�Ú¥&�§F��©O�µ

(a) �Î&�µ

F ' 2√
π
η1/2 + eη(1− erf

√
η) (1.118)

�η > 2�§��±Cq�µ

F ' 2√
π

(
η1/2 +

1

2
η−1/2

)
' 2√

π
(1 + η)1/2 (1.119)

(b) ¥&�µ

F�Cq�µ

F ' r2s
a2
η′ + (1− η′) (1.120)

= 1 + η (1.121)

ã 1.13: F (η)¼ê"
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1.4 ·>&�ÏS(I-V)A5�

�\�lfNSÜ�·>&�� �>ØXJUC§=&�L¡>

³V0Cz§@o&�Â8��>6�¬Ø��§=Â8>6´ �>Ø�

¼êµ

I = Ie − Ii = f(V ) (1.122)

¢�þ���;.&�I-VA5�Xã¤«µ

ã 1.14: &�I-VA5�

éu&��ØÓ«�§·��Xe?Øµ

1. A«µ>f�Ú6«§éAV − Vp ≥ 0

(a) �V = Vp�§&�Â8>fÚlf��Å9$Ä>6

Ie = Apjre, jre ≡
1

4
eneῡe (1.123)

Ii = Apjri, jri ≡
1

4
eneῡi (1.124)

@oÂ8>6�µ

I = Ie − Ii ' Ie =
1

4
eneῡeAp ≡ Ie0 (1.125)

Ù¥Ie0¡��>f�Ú>6"
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(b) �V > Vp�

>fÂ8>6�µ

Ie = jreAeff (1.126)

Ù¥k�Â8¡È�µAeff = ApF§ùpF®²3c¡?Ø"

lf3~�|¥�~�$Ä§@olfÂ8>6�µ

Ii = Apjri exp

[
−e(V − Vp)

kTi

]
(1.127)

dd��µ

(a) �V = Vp�§?u$:?Â8>6�

I ' Ie0 =
1

4
ene

√
8kTe
πme

Ap (1.128)

�>f§ÝTe®���ÿ§KdIe0�¦�ne

(b) éu�Î&�þ}�¹e§�

e(V − Vp)
kTe

> 2 (1.129)

��¹§Â8�>6�µ

I ' Ie =
2√
π

[
1 +

e(V − Vp)
kTe

]1/2
Apjre (1.130)

@oI2�µ

I2 =
2

π2
A2
p

e2

me

n2
e[kTe + e(V − Vp)] (1.131)

@ol I2 ∝ (V − Vp)���[Ü§�±��Ù�ÇS�µ

S ≡ 2

π2
A2
p

e3

me

n2
e (1.132)

dd�±¦�>f�Ý:

ne =
π

Ape3/2

√
meS

2
(1.133)
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d	�±d��3I = 0��å§3Vp®���¹e¦�>f§

Ýµ

kTe = e(V − Vp)
∣∣∣
I=0

(1.134)

ùp§neÚTeþ�Õá/ÿ�§�$:{dIe0¦neØÓ"

2. B«µLÞ«§V − Vp ≤ −kTe/2e

Â8>6�µ

I = ene

√
kTe

2πme

exp

[
e(V − Vp)

kTe

]
− exp(−1

2
)ene

√
kTe
mi

As (1.135)

�}þÝδ�XV − VpCz��Ñ�§As�@�´~ê¶@olfÂ
8>6�µ

Ii = exp(−1

2
)ene

√
kTe
mi

As ≡ Ii0 (1.136)

Ù¥Ii0�lf�Ú>6¶@oI + Ii0�L�ª�µ

I + Ii0 = ene

√
kTe

2πme

exp

[
e(V − Vp)

kTe

]
(1.137)

ddLÞ«��éê� ln(I + Ii0) ∼ V ��Ç�±¦�>f§Ý

Te§=

kTe =
e(I + Ii0

d(I + Ii0)/dV
= − e(V − Vp)

ln(
Ie0

I + Ii0
)

(1.138)

Ù¥§Ii0 = Ie0 exp(eVf/kTe)"d	§�I = 0�§kµ

ene

√
kTe

2πme

exp

[
e(Vf − Vp)

kTe

]
− exp(−1

2
)ene

√
kTe
mi

As = 0 (1.139)

dd���(�Ap ' As�)µ

Vf − Vp = −kTe
2e

[
1 + ln

(
mi

2πme

)]
(1.140)

dd�±ÏLþ'Xª5¦�Vp§�´TÿþØ���"
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3. C«µlf�Ú6«§V − Vp � −kTe/e

ù�>f�ü½§>fÂ8>6�0§=Ie → 0§Â8��>6�l

f>6§=µ

I ' −Ii0 = −0.61ene

√
kTe
mi

As (1.141)

éuØÓ/G�&�§As��Ø�Óµ

As =


Ap
(
1 + δ

a

)
Cylinder

Ap
(
1 + δ

a

)2
Sphere

Ap
(
1 + δ

a

)2
Flat

Ï�}þδ�X|V − Vp|�O�O�§lf>6Ii��XV − VpO�
O�"

éuþ}��¹§�A^;�$Ä4�nØ�(J§�η > 2�§kµ

Ii ' Apjri
2√
π

(1 + η)1/2 (1.142)

Ù¥§η ≡ e|V − Vp|/kTi§jri = ene
√
kTi/2πmi

þã(JéuTi . Te��¹´·Ü�¶�Ti � Te�§K^eª�

O(=¤k�TiÑ^Te�O)µ

Ii =
2√
π

[
1 +

e|V − Vp|
kTe

]1/2
Apene

√
kTe

2πmi

(1.143)

�e|V − Vp|/kTe > 2�§ù�(J��}�(JÄ�þ��"

1.5 Ù§Ï�é&�A5��K�

1.5.1 >f�Ý©Ù¼ê

3cã�?Ø¥§·�Ñ®b½>f��Ý©Ù¼ê´ü��ð¼©

Ù§ÏlLÞ«�>f>6�±ÿ½Te§�]2> ��lfN�m>
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 �m÷vXe'Xªµ

Vf − Vp = −kTe
2e

[
ln

(
mi

2πme

)
+ 1

]
(1.144)

�3¢S�¹e§>f��Ý©Ù¼ê¿Ø�½´ð¼©Ù§��U�

3A«ØÓ��Ý©Ù�|Ü§ù�§þ!���LÞ«�&�>f>6

úªÒØ·^
"�3éõ�¹e§·�F"��>f�Ý©Ù¼ê´

XÛUC&�I-VA5��§XÛl&�A5�ÿ½>f�Ý©Ù¼

êf(υ)§ùÒ´��!¤�?Ø�SN"

éu?¿��Ý©Ùf(~υ)(8�z©Ù)§K Ø�²�&�Â8�>

f>6�Ý�lXe�È©¦�µ

je = ene

∫
f(~υ)~υ · n̂d~υ

= ene

∫ ∞
−∞

dυx

∫ ∞
−∞

dυy

∫ ∞
υmin

f(υx, υy, υz)υzdυz

= ene

∫ ∞
υmin

f(υ, θ, ϕ)υ3dυ

∫ θmax

0

sin θ cos θdθ

∫ 2π

0

dϕ (1.145)

Ù¥µ

υmin ≡
[
−2e(V − Vp)

me

]1/2
(1.146)

θmax ≡ cos−1
(υmin

υ

)
(1.147)

éu��Ó5©Ù§f(υ, θ, ϕ) = f(υ)§@oþªÈ©�µ

je = πene

∫ ∞
[
−2e(V−Vp)

me

]1/2 υ3f(υ)

[
1 +

2e(V − Vp)
meυ2

]
dυ (1.148)

XJ¦^Uþ©Ù¼êf(ε)�O�Ý©Ù¼êf(υ)§=

f(υ)dυ = f(ε)
dε√
2meε

, ε ≡ 1

2
meυ

2 (1.149)

Kkµ

je =
2πene
m2
e

∫ ∞
−e(V−Vp)

εf(ε)

[
1 +

e(V − Vp)
ε

]
dε (1.150)
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�©���µ

dje
dV

=
2πe2ne
m2
e

∫ ∞
−e(V−Vp)

f(ε)dε (1.151)

d2je
dV 2

=
2πe3ne
m2
e

f(ε)|ε=−e(V−Vp) (1.152)

3���¹e§Drugvesteyn[Z. Phys. 64, 781 (1930)]®²y²§éu��

Ó5©Ù§?¿�à¡&�(��LÞ«>f>6��g�û§½öéu

���Ó5©Ù§¥&��LÞ«>f>6��g�ûþ�f(ε) ¤�'"

dd��§dLÞ«>f>6��g�û§=�ÿ�>f�Uþ(�Ý)©

Ù¼êµ

f(ε) =
m2
e

2πe3ne

d2je
dV 2

∣∣∣∣
ε=−e(V−Vp)

(1.153)

�dLÞ«>f>6�A5��ÿþ�±ÿ�>f�ÝÚ��>f§

Ý§Ù�nXe"

Ï�f(ε)´^ε ≡ 1

2
meυ

2L«���Ó5��Ý©Ù¼ê§�´8�z

�§=: ∫
4πυ2f(ε)dυ = 1,

∫
fε(ε)dε = 1

Ù¥fε(ε)´8�z�Uþ©Ù¼ê§Kkµ

fε(ε)dε = 4πυ2f(ε)dυ =
8π

me

√
ε

2me

f(ε)dε (1.154)

òf(ε)�L�ª�\þª§��µ

fε(ε)dε =
4

e3ne

√
me

2

d2je
dV 2

ε1/2dε (1.155)

d8�z^�µ∫
fε(ε)dε =

4

e3ne

√
me

2

∫
d2je
dV 2

∣∣∣∣
ε=−e(V−Vp)

ε1/2dε = 1 (1.156)

���>f�Ýµ

ne =
4

e3

√
me

2

∫ ∞
0

[−e(V − Vp)]1/2
d2je
dV 2

d[−e(V − Vp)] (1.157)
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d	§�â²þUþ�½Âµ

〈ε〉 =
3

2
kTe,eff =

∫ ∞
0

εfε(ε)dε

=
8π

m2
e

√
me

2

∫ ∞
0

ε3/2f(ε)dε (1.158)

lþª�±��>f§ÝL�ªµ

kTe,eff =
2

3
〈ε〉 (1.159)

e¡?ØA«AÏ�©Ù¼ê��¹µ

1. Ã¤£���Ó5ð¼©Ù

ð¼©Ù�±��µ

f(~υ) =

(
me

2πkTe

)3/2

exp

(
−meυ

2

2kTe

)
(1.160)

�\È©L�ªÈ©���µ

je =

 je0 exp

[
e(V − Vp)

kTe

]
V − Vp ≤ 0

je0 V − Vp > 0

(1.161)

Ù¥je0 ≡
1

4
eneῡe�>f�Ú>6�Ý"

dd�¦Ù�!���û©O�µ

dje
dV

=
e

kTe
je ∝

e

kTe
f(ε)

∣∣∣∣
ε=−e(V−Vp)

(1.162)

d2je
dV 2

=

(
e

kTe

)2

je ∝
(

e

kTe

)2

f(ε)

∣∣∣∣∣
ε=−e(V−Vp)

(1.163)

dd��§ù�LÞ«�>f>6�Ý9Ù�!���ûþ�>f�

Ý©Ù¼ê¤�'"
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2. ��Ó5üU>f

3L¡^�å�9Ò4�1�>�lfN¥§¬�3�«��Ó5ü

U>f¤©§§���9z�ð¼©Ù>f¤©��"�TüU>f

�Ý�n0§Ù©Ù¼ê�µ

f(υ) =
δ(υ − υ0)

4πυ20
(1.164)

½ö

f(ε) =
me

4πυ0
δ(ε− ε0) (1.165)

Ù¥ε0 ≡
1

2
meυ

2
0§òþã©Ù�\je�È©L�ª§,�È©��µ

je =



je0 =
1

4
en0υ0 V − Vp > 0

je0

[
1 +

e(V − Vp)
ε0

]
−ε0/e ≤ V − Vp ≤ 0

0 V − Vp < −ε/e

(1.166)

ã 1.15: üU>f�lfN>6->Ø�"
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��lfN¥>fdü«¤©|¤´µ�«´�Ý�ne�ð¼©

Ù(>f§Ý�Te)¶,�«�Ý´n0�üU>f©Ù"KLÞ«�>

f>6�Ý�µ

je =
1

4
eneῡe exp

[
e(V − Vp)

kTe

]
+

1

4
en0υ0

[
1 +

e(V − Vp)
ε0

]
(1.167)

ã 1.16: üU>f\þð¼©Ù�lfN>6->Ø�"

dd��§��3�ê�pU���Ó5üU>f¤©�§§¦�&

��]2> C��~K§l¦þ!J��Vf − VpL�ªØ·^"
ù�§�
¦ð¼©Ù�>f§ÝTe§�¦LÞ«>f§Ý«���

��û§ù�kµ

d2je
dV 2

∝
(

e

kTe

)
f(ε)

∣∣∣∣
ε=−e(V−Vp)

(1.168)

ù�c¡���Ó5�ðd©Ù>f�Ý©Ù��¹�Ó§ù´Ï�

üU>f©Ùé���ûd2je/dV
2��z�""

3. k¤£�ð�d�>f©Ù

b½f(~υ)�äk¤£�Ý�υb�ð¼©Ù§�>f�¤£ÄU�εb =
1

2
meυ

2
b��u>f§ÝkTe"ù��u�lfN?u$> «§,
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��lfN*Ñ£¤£¤�p> «"T©Ù¼ê�L«�µ

f(~υ) =
( m

2πk

)3/2 1

Tb⊥
√
Tb‖

exp

[
−me(υz − υb)2

2kTb‖

]
exp

[
−
me(υ

2
x + υ2y)

2kTb⊥

]
(1.169)

�²�&�{�²1u¤£�Ý���§ÙLÞ«>f>6�Ý�µ

je = enb

(
me

2πkTb‖

)1/2 ∫ ∞
υmin

exp

[
−me(υz − υb)2

2kTb‖

]
υzdυz

= enB

(
kTb‖
2πme

)1/2

exp(−χ2
m) +

1

2
nbυbe[1 + erf(χm)] (1.170)

Ù¥µ

υmin ≡
[
−2e(V − Vp)

me

]1/2
(1.171)

χm ≡
√

me

2kTb‖
(υb − υmin) (1.172)

ÙA5�Xeã¤«§

ã 1.17: äk¤£�ð¼©Ù>f�>6->Ø�"

TA5�aqu�lfN> �C(Vp − ε/e)��A5�"��
lfN¥>f´dü«¤©>f|¤�§=þã�äk¤£�ð¼©
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ÙÚÃ¤£�ð¼©Ù�>f|¤�§LÞ«�>f>6�µ

je =
1

4
eneῡe exp

[
e(V − Vp)

kTe

]
+ enb

(
kTb‖
2πme

)1/2

exp(−χ2
m) (1.173)

ÙA5�Xeã¤«"

ã 1.18: ü«¤©äk¤£�ð¼©Ù>f�>6->Ø�"

dã��§ù�A5�kü�$:§�Vp�εb/eé�C�§éJl

A5��$:«©Vp�εb"eéje����û§��µ

d2je
dV 2

∝ nb exp

[
−me(υmin − υb)2

2kTb,‖

]
+ ne exp

(
−meυ

2

2kTe

)
(1.174)

ù�§�g�ûA5�Xeã¤«µ

ã 1.19: ü«¤©äk¤£�ð¼©Ù>f�>6->Ø�g�û�"
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ùp®²b½ε > kTe§�Tb‖ÚTe´�'��§KdT��©O¦

Ñü«¤©�>f�Ý©Ù¼ê"

�cã�Ó§�ð¼©Ù>f¥�3�þ�¤£ð¼©Ù>f¤

©�§¬¦&�A5��o]2> C��p"l¦þ!��

�Vf − Vp�'XªØ¤á"

1.5.2 -E�K�

-Eéu~�âf�Â8vkK�§Ï��>âf3~�³|¥�©

Ù(Boltzmann©Ù)´ÏL-E���"Ïd§3ùp·�Ø�Ä-Eé

LÞ«>6Â8�K�§��Ä-Eé\�âf�Â8�K�"

-Eéucã�Ã-E&�nØ�K�kü��¡µ

a). XJ-E²þgd§λ�u}�A�þÝδ�§=λ/δ < 1�§K�>

âf3}S�$ÄòØÓugd�1§ýO}S�> ©ÙÚ&�>

6òu)Cz"

b). XJλØ´wÍ�u&�º�a�§=λ/a . 1�§K3Ã-E«>.

��Ý©ÙòØÓu�6Ä�©Ù§Ï�&��º�ò��v±	K

�Ü©âf��ù�>.§ù´7L�Ä-Eé&�>.©Ù¼ê�

K�"

Ïd§3λ� δ½öλ� a�^�Ø�÷v��¹e§·�7L�Ä-

EéÂ8>6�K�"

1. V = Vp§>f�Ú>6�Â8

�-EØ�±�Ñ�§>f�Ñ$Ïþ´d*ÑÚ[£û½�§=

kµ

Γe = −De∇ne − µene∇V (1.175)

�V = Vp�§∇V ' 0§�>fÏþ�±��µ

Γe = −De∇ne (1.176)
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Ï�ÏþÅð§@o∇Γe = 0§�b½De�~ê§KÙ*Ñ�§�µ

∇2ne = 0 (1.177)

éu¥&�§T*Ñ�§�Ï)�µ

n(r) = A− B

r
(1.178)

|^>.^�µ

Γe(a) = De
dne
dr

∣∣∣∣
r=a

=
1

4
ne(a)ῡe (1.179)

ne|r→∞ → n∞ (1.180)

@o�±��µ

ne(r) = n∞ −
ne(a)ῡea

2

4Der
(1.181)

dd�±��µ

ne(a) =
n∞

1 +
ῡea

4De

(1.182)

2¦^'Xªµ

De =
λeῡe

3
(1.183)

@o>.?>f�Ý�µ

ne(a) =
n∞

1 +
3a

4λe

(1.184)

>.?>fÏþ�µ

Γe(a) =
1

4
ne(a)ῡe =

1

4
n∞ῡe

1

1 +
3a

4λe

(1.185)

• �a/λe � 1�§

Γe =
1

4
n∞ῡe (1.186)
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• �a/λe � 1�§

Γe =
n∞ῡe

4

4λe
3a

(1.187)

y3·�£L5w∇V = 0�b�"þãí�élf�·^"d

uλi�λeØÓ§¦�&�Â8�>f!lfÏþΓeÚΓi�ØÓ§ù�

7,k>|§±¦�üÏþ��²ïΓe = Γi"Ïd§�λ/a���§

¢SþØ�U¦&� �3Vpþ§Ï�&���3òUCÙ±���

m> "

�&��»�-E²þgd§λ�±'��§du&��ñ	�A§

¦�ål&�L¡��²þgd§?�>f�Ý©Ù¼êØ2´��

Ó5�§§ØÓu�6Ä«�©Ù¼ê"·�±¥&��~§5�Ä

&��ñ	�Aé>f>6Â8�K�"

ã 1.20: -EáN�"

Xã¤«§P:�¥&�L¡�ål�λ§ù�l&�mý���á

N��πa2/λ2�>fØU��P:"dd��§�λ���§P:��

C&�L¡§©Ù¼ê�C����Ó5"dd�¦��&�¶-�

áN��µ

2π

[
1− 1 + α

(1 + 2α)1/2
+

α2

(1 + 2α)1/2(1 + α)

]
Ù¥α ≡ a/λ"�P�Cu&�L¡�§K�¶-�áN��2π§ù

�¤kl&�mý��P:�>fÑ�&�¶-
ØU��P:§

Kù�&�Â8�âfÏþ�µ

Γ =
1

2
n(λ)ῡ (1.188)



N
ot
Fo
r
D
is
tr
ib
ut
io
n1.5 Ù§Ï�é&�A5��K� 43

��/§�λ� a�§ÙÏþ�µ

Γ =
1

4
n(λ)ῡ (1.189)

Ïd§�λ ∼ a�§&�Â8�âfÏþ�CqL«�µ

Γ =
n(λ)ῡ

4K
(1.190)

Ù¥§K�L�ª�µ

K ≡ 1− 1

2

[
1− 1 + α

(1 + 2α)1/2
+

α2

(1 + 2α)1/2(1 + α)

]
(1.191)

2. ��>l�lfNµ

éu��>l�lfN§>f-E�¡´µ

σ =

(
e2

4πε0

)2
4π ln Λ

m2
eυ

4
e

(1.192)

Ù¥ln Λ´-Eéê"K-E²þgd§�µ

λe ≡
1

neσ
=

4π

ln Λ
neλ

4
De ' (neλ

3
De)λDe (1.193)

éu�lfN§A÷v�lfN^�§=�~¥Sâfê��u1µ

neλ
3
De � 1§�kµ

λe � λDe ∼ δ (1.194)

Ïd§3��>l�lfN¥§3r>³6Ä�}«S§�lfN´

Ã-E�¶�k3f>l��lfN§�¥5âf�-EªÇv


�§±¦�λe . λDe§Ïd}´-E�"

1.5.3 �g>fu��K�

ùpÌ��Ä>fÚå��g>fu�"Ï�>fUþ��Az>

fÏA(Ee ≥AzeV )�§Ò¬u)�g>fu�§lf�kUþEi ≥
1keV�â¬pu�g>fu�"
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�g>fu��3��¹e§&�Â8�>6�µ

Itotal = I∈ − Is = Iin − γeIin = (1− γe)Iin (1.195)

Ù¥γe ≡ Is/Iin§@o>fÂ8>6�µ

Ie = Ie0(1− γe) exp

[
e(V − Vp)

kTe

]
(1.196)

�&�]2�§]2> �?��µ

Vf − Vp = −kTe
2e

{
ln

[(
mi

2πme

)
(1− γe)2

]
+ 1

}
(1.197)

lþª�±wÑ§��3�g>fu��¹�§]2> '�> �

 �§lÔnþ�±n)�l&�u�Ñ>f§l> ���� £"

d	§�g>fu�¬�X&�L¡§Ý�,pC�N´§Ï�>f�

�ÑL¡U¤I�Uþ~�
§3¢�¥²~U
*ÿ�&�9KÖ��

½§Ý�§Ñy�þ�g>fu�y�§3]2> ÿþ¥Ly�]2>

 â,���� £"

1.5.4 �ª|é&��K�

�ª(RF)>|��3¬¦��lfN�m> �)��§ùò¬K�

&�é16f�Â8"ùp·��ÄRF|ªÇ�$��¹§=frf < fpe§

¦�>fU�þ>³�Cz"ù�§RF>|¦Vp�)�6©þ§=\3}

�þ�>ØØ
�6>ØVdc	§�k���6>ØVac sinωrf t"du}�

��6�^Ú&�A5����5§¦&�¢SþÂ8��´²þ>6§

¦&�I-VA5�u)ÆC"

·�b�&�þ� �>ØL�ª�µ

V = Vdc + Vac sinωrf t (1.198)
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�Vac < Vdc§V − Vp < 0§K&�Â8�>6�µ

I = Ie0 exp

[
e(Vdc − Vp + Vac sinωrf t)

kTe

]
− Ii0

= Ie0 exp

[
e(Vdc − Vp)

kTe

]
exp

[
eVac sinωrf t

kTe

]
− Ii0 (1.199)

ã 1.21: �ªK�e�&�A5�"

K���ª±ÏS§&�Â8�>f²þ>6�µ

〈Ie(t)〉 = Ie0
ωrf
2π

∫ 2π/ωrf

0

exp

[
eVac sinωrf t

kTe

]
dt× exp

[
e(Vdc − Vp)

kTe

]
= Ie0I0

(
eVac
kTe

)
exp

[
e(Vdc − Vp)

kTe

]
(1.200)

Ù¥I0(x)´1�a?��l�¼ê§@o²þ>6�µ

〈I〉 = Ie0I0

(
eVac
kTe

)
exp

[
e(Vdc − Vp)

kTe

]
+ Ii0 (1.201)

-〈I〉 = 0§�±��d��]2> �µ

eV ′f = eVp − kTe
{

ln

(
Ie0
Ii0

)
+ ln

[
I0

(
eVac
kTe

)]}
= eVf − kTe ln

[
I0

(
eVac
kTe

)]
(1.202)
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-V ′f ��]2> Vf����∆V = V ′f − Vf§@o

∆V = −kTe ln

[
I0

(
eVac
kTe

)]
< 0 (1.203)

ù´RF3&�þg)�K Ø§¤±

〈I〉 = Ie0 exp

[
e(Vdc −∆V − Vp)

kTe

]
− Ii0 (1.204)

ù��u�lfN�m> ü$
∆V"

ã 1.22: �ªK�e�&�A5�"

1.5.5 ^|¥�K�

1. ��K�

^|é&�A5��K�����Ï´§>fÚlf3^|¥´�

£^$ÄØ´��$Ä§ùÒ¦�âf�$Ä´��É5�§=î

�^|�²þgd§´£^�»ρc²1u^|�²þgd§E´-

E²þgd§λ"

éw,§^|�A��5Ì�´d£^�»�&�A��Ý�'û

½�"XJρc � a§K^|vkK�§±c�(JE,�±A^"
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d	§du>f£^�»'lf£^�»�éõ(�^|�Ó§§Ý

��)§Ïd3^|�Ó�§^|é>f$Ä�K��'élf�K

����õ"�^|é&��K��²w/Ly�>f�Ú>6�l

f�Ú>6�'§=Ie0/Ii0��X^|B0O�eü"

^|é&�A���K�§�U^|�rf©aµ

(a) f^|µρce, ρci � a

^|�K�é�§�±�Ñ"

(b) ¥�^|µρce < a§ρci � a

kXeK�µ

• >f�Ú>6�~�¶

• 3&�> v
K�LÞ«§�Ü©>fÑ�&�}�S�
 ^¤ü½���§ù�>f�ÝE�dBoltzmann©Ù

û½§LÞ«S>f>6EÑl�êP~5Æ¶

• lf�Â8Ä�þØÉK�§Ù>6EdneÚlfÄåÆû
½¶

• �|^> v
K�LÞ«ÿTe§|^lf�Ú6ÿne"

(c) r^|µρce � a§ρci < a

ù�§lf�Ú>6�É^|K�§�du3^å���

þBohm�âE,¤á§ÏdB = 0�ÿ�Ñ�lf�Ú6�

úªE�UY¦^§�´Â8¡È�?�"8c�vk÷¿�

nØ��ÑÂ8¡È?��)ÛL�ª"

(d) 4r^|µρce, ρci � a

ù�lf�$Ä�w¤�O��$Ä§B = 0��lf�Ú6ú

ªE�^§�´Â8¡ÈAU�ÝK¡È"3ù«�¹e§Ø

�3Ã-E�&�nØ"

3ù«�¹e§}�E´��§�÷^|���ý}«�Ýé

�§/¤��Ïþ+"AO´�&�´áÂlf�(K> )§?
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ã 1.23: 4r^|e�&�Â8>6Ï´"

\}��lfÏþA���´dî�^|*Ñ?\Ïþ+�

lf�z�§làÜ?\Ïþ+�lf��z´é��"ù�

�ââfêÅð§kµ

Γ‖A‖ = Γ⊥A⊥ (1.205)

Ù¥Γ‖ =
1

2
n∞Cs§A‖ = πa2§Γ⊥ = −D⊥∇⊥n§A⊥ = 2πaL§Ù

¥·��Cq@��ÝFÝ∇⊥n ' n∞/4a§@o�±��µ

L ' a2Cs
D⊥

(1.206)

d=�3²1u^|���þý}�Ý§¡�Â8�Ý(Ïþ+

�Ý)"

�lf-E²þgd§λei > L�§�OÃ-Eý}(²1uB0)

2. r^|¥>f�Ú>6�Â8(V ≥ Vp)

1982cStangeby[J. Phys. D15, 1007(1982)]í�
3^|¥Â8�>

f�Ú>6�úª§¿ïÄ
^|éIe�K�"b½µλei > L �
d� ρce, λD§�Ñ��Ú>f>6úª�µ

Ie =
1

4
eneῡe

R

1 +R
Ap (1.207)

R ≡ 2
λei
d

√
De⊥

De‖

(
1 +

Ti
Te

)
(1.208)
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dd��§�B0 = 0�§R� 1§�k

Ie =
1

4
eneῡeAp ≡ Ie0 (1.209)

�B0é��§¦De⊥ � De‖§ÏR� 1§�k

Ie =
1

4
eneῡeRAp � Ie0 (1.210)

ã 1.24: r^|e�&�>f�Ú6"

dd��§3^|¥§>fÂ8>6Ie0�~�§Ii0Ä�ØC"Ï

�Ie0�XR�~�~�§

R ≡ 2λei
√
α

1 + τ

d
∝
√
α =

√
De⊥

De‖
(1.211)

��3r^|¥§>fî�^|�*Ñ´�~�§§�lBohm*Ñ

½IÇ£¢�¤§=µ

DB
⊥ ' 0.06

Te[eV ]

B[T ]
[m2/s] (1.212)
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dd��§�XBO�§D⊥~�§@oR�~�§ÏIe0/Ii0�XBO

�~�"

Ùg§duIe0�XBO�~�§§�K�CVp?�LÞ«A5

�§¦dLÞ«�Ñ�Tek���Ø�"�dþ¡�±�Ñ§3Vf?

NC§LÞ«I-VA5�Ä�þØÉ^|�K�§dTÜ©�I-V

�E����°(�>f§ÝTe"

ã 1.25: JETC�ÿþ>f§Ý�(J"

3. -Eélf�Ú>6Â8�K�µλi < L��âStangeby�í�§l

fÏþúª�µ

Γi = n∞υ0
R

R + 1
(1.213)

ùpυ0´k�lf6�Ý§Ï~�âBohm�â§§A�µυ0 ' Cs/2§

KR�±z�µ

R =
2D‖
aCs

√
D⊥
D‖

(
1 +

Te
Ti

)
(1.214)

3Ã^|��¹e§D‖ = D⊥§@o

R =
2D

aCs

(
1 +

Te
Ti

)
=

2λ′

3a

(
1 +

Te
Ti

)
' 4λ′

3a
(1.215)



N
ot
Fo
r
D
is
tr
ib
ut
io
n1.6 Ù§·>&� 51

Ù¥λ′ = 3
D

Cs
§���-E²þgd§"

3k^|��¹eµλ′ = 3(D‖D⊥)1/2/Cs

@okµ

Γi =
1

2
n∞Cs

4λ′

3a

1 +
4λ′

3a

(1.216)

�λ′ � a�§k

Γi =
1

2
n∞Cs

4λ′

3a
(1.217)

1.6 Ù§·>&�

1.6.1 V&�(Double Probe)

ã 1.26: V&�«¿ã"

V&�¦^�|Üµ

1. vk�^�ë�>4¶

2. Vpk���]�Þá§§¬¦Te�ÿþk���Ø�¶

3. 3È��lfN¥§F"ÚÑ�&�>6��§d{é�lfN�Z

6��"
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V&�´V]2&�XÚ§§´dü�L¡ÈÚ/G�C(Ï~´��

�Ó�)�&�¤|¤"ó�>Ø´\3ü&��m§�§�´�N]2

X§Ï�vk·>6ÚÑ§§é�lfN�Z6��"

dV&�ã��§ü�&�Ñó�uV − Vp < 0�«�"eü&��

Ó§§�¤?��lfN´þ!�§�äk�Ó��lfNXêÚ�m>

 §K§��g�A5�´�Ó�"�3V&�XÚ¥§6\�&�

�>67½´6Ñ,�&��>6"Ïdü&��ó�:7½ u�&�

A5�¥]2> �üý�K>6ýé����:þ§Xeã¤«"

ã 1.27: V&��n"

dV&�A5���Ñe��§|µ



ID = Ie1 − Ii1 = Ii2 − Ie2
VD = V1 − V2

Ie1 = Ie01 exp

[
e(V1 − Vp)

kTe

]
Ie2 = Ie02 exp

[
e(V2 − Vp)

kTe

]
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dd�§���µ

Ie1
Ie2

=
ID + Ii1
Ii2 − ID

=
A1

A2

exp

(
eVD
kTe

)
(1.218)

ID = Ii1

exp

(
eVD
kTe

)
− 1

A1

A2

exp

(
eVD
kTe

)
+ 1

(1.219)

dID
dVD

∣∣∣∣
ID=0

=
e

kTe

Ii10Ii20
Ii10 + Ii20

(1.220)

Ù¥§Ii10ÚIi20´V&�>6ID = 0?�lf�Ú>6"�A1 = A2�§

kµ 

ID = Ii tanh

(
eVD
2kTe

)
= Ii

exp

(
eVD
kTe

)
− 1

exp

(
eVD
kTe

)
+ 1

kTe
e

=
Ii0

2

(
dID
dVD

)
ID=0

(1.221)

V&��`:µ

1. ¤¦�Te��lfN�m> Ã'¶

2. ÏV&�ó�3]2> VfNC§^|éÙK���§¤ÿ�Te��

°("

V&��":µ

&�æ��´>f�Ý©Ù¼êfe(υ)�pU�n§éN´ÉpU>f

¤©�K�"

1.6.2 n&�

§´d��V&�Ú��ü]2&�|¤"
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ã 1.28: n&�«¿ã"

n&��^åµ^uÓ�ÿþne!TeÚVf"

�n�&�ëê���Ó§�¦�¤?��lfNëê���Ó�§

�±kµ 

I1 = Ie0 exp

[
e(V1 − Vp)

kTe

]
− Ii0

I2 = Ii0 − Ie0 exp

[
e(V1 − Vp)

kTe

]
I3 = 0

I1 = I2 = ID, V1 − V2 = VD

Ii0 = Ie0 exp

(
eVf
kTe

)
dd��µ

2 exp

(
eVf
kTe

)
1 + exp

(
−eVD
kTe

) = exp

[
e(V1 − Vp)

kTe

]
(1.222)

�V&� ØVDv
��§=µVD � kTe/e§Kkµ

exp

(
−eVD
kTe

)
→ 0 (1.223)
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�>f§Ý�µ
kTe
e

=
1

ln 2
(V1 − Vf ) (1.224)

d	§>6ID�µ

ID = Ii0

{
exp

[
e(V1 − Vf )

kTe

]
− 1

}
(1.225)

lf�Ú6�µIi0 = αeCsneAs ' αeCsneAp§@o�±��>f�Ý

�µ

ne =
ID

αeCsAp

{
exp

[
e(V1 − Vf )

kTe

]
− 1

} (1.226)

�VDv
��§>f�Ý�O�ª�±{z�µ

ne '
ID

αeCsAp
(1.227)

�±wÑ§6L&�þ�>6�'u�lfN�ÝÚ>f§Ý�²��§

=µ

ID ∝ ne
√
Te (1.228)

n&��`:µ�ëYiÿTeÚne§ÃI¼����I-VA5�"

1.6.3 *�Å{ÿþ>f§Ý

3ü&��LÞ«§Â8>6�µ

I = Ie0 exp

[
e(V − Vp)

kTe

]
− Ii0 (1.229)

Ù¥ Ie0 =
1

4
eneῡeAp§Ii0 = 0.5eneCsAp"e3&�þ\1�u��>Ø&

Òµ

V = V0 + U0 cosωt (1.230)
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ùpU0´�u��>ØÌÝ§V0´�Ä�u>Ø¤�)�g Ø��]2

> "¤±kµ

I = Ie0 exp

[
e(V0 − Vp)

kTe

]
exp

(
eV0 cosωt

kTe

)
− Ii0

= Ie0

{
exp

[
e(V0 − Vp)

kTe

] [
I0

(
eU0

kTe

)
+ 2

∞∑
m=1

Im

(
eU0

kTe

)
cos(mωt)

]}

− Ii0 (1.231)

Ù¥§�6©þ�µ

Idc = Ie0

{
exp

[
e(V0 − Vp)

kTe

]
I0

(
eU0

kTe

)}
− Ii0 = 0 (1.232)

@o�±��µ

eV0 = eVp + kTe ln

 Ii0Ie0 1

I0

(
eU0

kTe

)


= eVp + kTe ln

(
Ii0
Ie0

)
− kTe ln

[
I0

(
eU0

kTe

)]
= eVf − kTe ln

[
I0

(
eU0

kTe

)]
(1.233)

§Ò´�Ä�u>Øg Ø��#�]2> "d	§�6>6©þ�µ

Iac = Ii0


2

I0

(
eU0

kTe

) ∞∑
m=1

Im

[
eU0

kTe
cos(mωt)

] (1.234)

AO´éu1,2g�Å�>6'(ÌÝ')�µ

I2ω
I1ω

=

I2

(
eU0

kTe

)
I1

(
eU0

kTe

) (1.235)
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�eU0/kTe < 1�§�éI1§I2�?êÐm¿�1��§��

I2ω
I1ω

=
eU0

4kTe

⇒ kTe =
eU0

4

I1ω
I2ω

(1.236)

^ù«�Å{�ëYÿþTe9ÙÞáT̃e�üz"��5¿ω�ÀJ�uÞ

á��°�ü�"d	§�Kþù?¿�Å'Ñ�±^5ÿþTe§�´d

u�X�Å�ê�O�§ÙÌÝ×�eü§l¦ÿþ�&D'é�§Ï

dÏ~^1ωÚ2ωü��$��Å?1ÿþ"

1.6.4 ~�|Uþ©Ûì

lþ¡�©Û��§±þ�«·>&�ÑØU^5ÿþlf§ÝÚl

f�Ý©Ù¼ê"~�>|Uþ©Ûì´{ü�·>&��í2§§Ø=

�^5ÿþlfUþ©Ù¼êÚlf§Ý§���ÿþ>f©Ù¼ê"

Ùó��nXeµ

ã 1.29: ~�|Uþ©Ûì�n"

þã´·>Uþ©Ûì�«¿ã"§dd¿§»�G1!G2!G3ÚÂ8

4|¤"��Ü©��^Xeµ
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1. \�d¿��^´/¤v
þ!�}�§ÏÙº��v
�§±¦

�}�þ!§Ó��v
�§±�ykv
�âfU
?\©Ûì§

Ï~Ù���uλD"

2. G1��^´^5ü½>f¶

3. G2´^5���Â8�lfUþ§§´å©Û�^�§Ù>Ø�C"

4. G3��^´³�Â84u��g>f"KÂ84¤Â8��lf>

6�V2�'X�µ

I =

 TeA(0.5n0Cs) exp

(
−eV2
kTi

)
V2 ≥ 0

TeA(0.5n0Cs) V2 < 0

(1.237)

KdI-V2�Ò�¦ÑTi"Ù¥T´ß�Xê§§���Uþk'§

���?Cq��Ñ§�Uþ�'X§°(���^�Monte-

Carlo�{O�T (Ei)"

1.6.5 u�&�

u�&�¢Sþ´97áj&�§§�\9��p�§Ý±�)9Ò

4u�>f"�u�&�� �> puÛ���lfN> �§9u�

�$U>fò���£�&�L¡§ù�u�>6�"¶�&� �> 

$u�lfN> �§9u��>fU
øl&���lfN¤áÂ§

§��u&�Â8lf>6"�Kþù|^
ù�¯¢�±^5ÿþu�

&�?��lfN> "duù�L§����lfN> k'§�>

fÄUÃ'§Ïd§é�lfN�6Ä£¤£$Ä¤Ø(¯¶�§Ï�

\9L¡��´'�ZÀ�§Ï§ÿ���lfN> é&�L¡�À

/Ø¯a"�§�Â8&�ØÓ§§ØU^5ÿ½>f�ÝÚ>f§Ý"

u�&�� �>´;.�I-VA5�Xeã¤«"

ddA5�§�±w�kA��A��±^5ÿþ�lfN>

 µ
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ã 1.30: u�&�«¿ã�ó�A5�"

1. u�&�(9&�)ÚÃu�&�£e&�¤�A5�3�lfN>

 NCªu*d©m§üA5�m©©l?� Ø����lfN

> ��«¶

2. �&�\9�§�X\9>Ø�\�§&��]2> ¬��> �

�£Ä§§¬�Cu�lfN�m> ",§3ru�&�NC§

du�m>Ö�Aò/¤V}�§l¦Ù>fu�>6´�m>Ö

���§§òK�^1�«�{ÿþ�lfN> �°Ý"

ã 1.31: �m>ÖÈ\�A"

éu�½�&� �>ØV§�m>Ö�A�X>fu�>6�O�
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C�wÍ"du�m>Ö�A�&�NC�Û�>|k'§Ïd§é&

�AÛ/Gé¯a§~Xµ3�Ó� ØVe§�ÎÚ¥&��>|'²

�&�NC�>|réõ§�é�N½¥&�§Ù�»��§L¡NC

�>|�r§�m>Ö�A�ØwÍ"Ïd§u�&�L¡Ï~´^�»

é��7á£¾j¤�¤§±~��m>Ö�A�K�"

e¡´u�&�{z�nØµ

1. {z�nØ

�
{zu�&�A5�£ã§·�Äk�Äfu�&���¹§Ï

ù��m>Ö�AØ�wÍ§l�±�Ñ"ù«{z�nØ´k^

�§kÏué$:�{£3"u�4�e¤Ú�©u�&��n)§

��±�Ñru��¹e�½5(J"

��m>Ö�A��Ñ�§l97áju��>6�L«�µ

Ie =

 Ie0 exp

[
−e(V − Vp)

kTe

]
g(V − Vp) V > Vp

Ie0 V ≤ Vp

aq�§l§Ý�Te�ð�d��lfNÂ8�>f>6�L«�µ

Ic =

 Ic0 exp

[
−e(V − Vp)

kTe

]
V ≤ Vp

Ic0 g
′(V − Vp) V > Vp

n��Â8Úu�&��I-VA5�Xã1.32¤«"

Ù¥§¼êg(V − Vp)Úg′(V − Vp)´�Ä}�þÝ�X ØCz�¼
ê§éu�ÎN&�§�Ù�»'}�þÝ��§gÚg′ ¼ê�Cq

L«�µ

g(V − Vp) =
2√
π

[
1 +

e(V − Vp)
kTw

]1/2
, V > Vp (1.238)

g′(V − Vp) =
2√
π

[
1 +

e(V − Vp)
kTe

]1/2
, V > Vp (1.239)
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ã 1.32: �ÎN&��Â8Úu�I-VA5�"

2. ]2> 

]2> Ò´&��·>6�"��> "éuu�&�§Ï~´Q

u�>fqÂ8>6§ÏÙo&�>6�µ

(a) �V ≤ Vp�

I = Ic0 exp

[
e(V − Vp)

kTe

]
− Ie0 − Ii0 (1.240)

(b) �V > Vp�

I =
2√
π
Ic0

[
1 +

e(V − Vp)
kTe

]1/2
− 2√

π
Ie0 exp

[
−e(V − Vp)

kTw

] [
1 +

e(V − Vp)
kTw

]1/2
(1.241)

Ï§Ù]2> �L�ª3ü«ó�G�e´ØÓ�"

éufu��&�§Ie0 ≤ Ic0§Ù]2> Vf ≤ Vp§�kµ

Ic0 exp

[
e(Vf − Vp)

kTe

]
= Ie0 + Ii0 (1.242)
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���¹e§lf�Ú6'>f�Ú6��õ§�±�Ñ§@o]2

> �µ

Vp − Vf =
kTe
e

ln
Ic0
Ie0

(1.243)

dd��§�Xu�>6�O�§]2> Vf��Cu�lfN>

 §AO´Ie0 = Ic0�§Vf = Vp"

éuru��&�(Ie0 > Ic0)§]2> Vf > Vp"dc¡�?Ø�

±��§3ru���¹e§u�>6òÉV}���m>Ö��

�"du> ]ø���A�kTw/e�þ?§�Ï~Tw � Te§Ï

�m>Ö�Ì�K�´¦�Ù]2> 'vk�m>Ö�A��A

�kTw/e"ù�§E�^Ã�m>Ö�A��u�&�A55�Or

u���]2> "ù�Vf > Vp§Ïkµ

Ie0 exp

[
−e(Vf − Vp)

kTw

] [
1 +

e(V − Vp)
kTw

]1/2
= Ic0

[
1 +

e(V − Vp)
kTe

]1/2
(1.244)

�e(Vf − Vp)� kTe�§dd��µ

ln

(
Ie0
Ic0

)
=
e(Vf − Vp)

kTw
− 1

2
ln

[
1 +

e(Vf − Vp)
kTw

]
(1.245)

dd��§Ï~]2> '�lfN> �A�kTw/e§�Xu�>

6%CÂ8>6Ie0 → Ic0§Ù]2>  �lfN> �C"

3. ">64�e�$:�{

ln��u�&�A5(�u�ØÂ8)§�V ≥ Vp�§u�>f��

�£�&�L¡§Ùu�>6�Cu0§d�§l¢S�u�&�

A5£u�+Â8¤§�±w��V ' Vp�§&�>6�&�> �

CzÇ��§Ï|^A5��ù�A:k�Uÿ½�lfN�m

> "

ò&�o>6é ØV��û§��µ
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(a) �V ≤ Vp�

dI

dV
=
eIe0
kTe

exp

[
e(V − Vp)

kTe

]
(1.246)

(b) �V > Vp�

dI

dV
=
eIc0
kTe

1√
π

[
1 +

e(V − Vp)
kTe

]−1/2
− 2√

π

eIe0
kTw

exp

[
−e(V − Vp)

kTw

]
×

{
1

2

[
1 +

e(V − Vp)
kTw

]−1/2
−
[
1 +

e(V − Vp)
kTe

]1/2}
(1.247)

;.�¢�¿�lfNëêe§dþªÿ���dI/dV ∼ V�X

ã1.33¤«"

ã 1.33: u�&�dI/dV ∼ V�"

lãþ�±w�§�V = Vp�§u�&���©A5�k�Û�§

�¸°Ý���§ÝTwþ?"ã¥�V = Vp�ØëY§ùp�Ñ


�m>Ö�A�(J"�,y3�vk�)�m>Ö�A�u�&
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���)ÛL�ª"�´�±ýOdu�m>Ö�A§3V = 0NC

�u�>6ÚÂ8>6ò~�§ùòªu¦V = Vp?�ØëY5�

�§l¦�©A5�3V = VpNCk�¸�"Ïd§·��±�

&§XJ&�ó�3v
$�u�>6G�§±¦�m>Ö�A�

�§ù�§u�&��©A5��¸�> òªuVp§ùÒ´3"

u�>64�e^$:{ÿ½�lfN> ��{§Ù°Ý���

ukTw/e"

1.6.6 r^|¥�êâ&�

êâ&�nØ¦^�b��)µ

(1). OÃ-Eµ-E²þgd§�uÏþ+Â8�Ýλ > Lc§lf£^�

»�u&�º�ρci < a¶

(2). &� �uv
p�> þ§±Â8lf�Ú>6

êâ&��(�Xã1.34¤«µ

ã 1.34: êâ&�(�ã"

êâ&�Ì��)±eü«�.µ

1. Stangeby �.[Phys. Fluids 27, 2099 (1984)]µ1D�.

âfÅðÚå²ï�§éá��µ
d

dx
(nυ) = S

mnυ
dυ

dx
= −dP

dx
+ ZenE − Sm(υ − υ∞)
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�Ñ>f§Ý3��ü>�Cz§k

⇒


d

dx
(nυ) = S

υ
dυ

dx
= −C

2
s

n

dn

dx
+
ZeE

m
− S

n
(υ − υ∞)

ùp·�@�3��üý�lfN�m> ��§=E = 0§¿½Â

êâêMµ

M ≡ υ

Cs
, M∞ ≡

υ∞
Cs

(1.248)

@oCþO����±��µ

dM

dx
=

S

nCs

1−M∞M +M2

1−M2
(1.249)

dn

dM
= −n 2M −M∞

1−M∞M +M2
(1.250)

|^>.^�µx→∞�, M = M∞§n = n∞ ��µ

n(M)

n∞
=

1

1−M∞M +M2
(1.251)

�}>.^�£Bohm�â¤µMs = ±1"éuþi}>.£lf6�

&�¤§�Ms = −1¶éuei}>.§�Ms = +1"�|M∞| < 1�§

Kkµ

R ≡ Γiu
Γid

=
nsu
nsd

=
2−M∞
2 +M∞

> 1 (1.252)

M∞ = 2
1−R
1 +R

(1.253)

ùp§ÏLÿþþi(niu)Úei(nid)&���Ý'§5¼�êâê

£6�¤"

2. Hutchinson�.[Phys. Rev. A37, 4358 (1988)]µ2D�.
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�±�ÑâfêÅðÚÊ¢�§µ{
∇ · (n~υ) = 0

∇ · (nm~υ~υ) +∇(nkTi) + en ~E −∇ ·
↔
Π = 0

Ù¥
↔
Π´Ê¢�rÜþ"|^>f�Boltzmann©Ù§��µ

∇(nTi) + en ~E = (γkTi + kTe)∇n (1.254)

��Äþ�§�²1©þ��µ

∇‖(nυ‖) = −∇⊥(n~υ⊥) ≡ S (1.255)

∇‖(nmυ‖υ‖) + (γkTi + kTe)∇‖n = −∇⊥ · (nm~υ⊥υ‖) + (∇ ·
↔
Π)‖ ≡ Sm

(1.256)

·�^���R�*Ñ�§�OR�Äþ�§µ

n~υ⊥ = −D⊥∇⊥n (1.257)

b½²1Ê¢�±�Ñ§K}�Ê¢�rd±e�§�Ê¢Xêû

½µ

(∇ ·
↔
Π)‖ = ∇⊥ · (η∇⊥υ‖) (1.258)

ù�§k'R��Ý�þ�^þã�*Ñ�§L«§k'R�FÝ

�^R�I�CqL«µ

∇⊥
(
n

υ‖

)
→
{
n∞ − n
υ‖∞ − υ‖

}
1

a

∇2
⊥

(
n

υ‖

)
→
{
n∞ − n
υ‖∞ − υ‖

}
1

a2

ò�CþÃþjzµ

z/a→ z, y/a→ y,

∫
D⊥
Csa2

dx→ x

n

n∞
→ n,

υ‖
Cs
→M
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KëY5�§ÚÄþ�§C�µ
M
dn

dx
+ n

dM

dx
= 1− n

dn

dx
+ nM

dM

dx
= (M∞ −M)

(
1− n+

η

mn∞D⊥

)
-µ

α ≡ η

mn∞D⊥
(1.259)

´Äþ*Ñ�âf*ÑXê�'§�§�DÃ'§þ�§|�?�Ú

z�µ 
dM

dx
=

(M∞ −M)[1− n(1− α)]M − (1− n)

n(M2 − 1)

dn

dM
= n

(1− n)M − (M∞ −M)[1− n(1− α)]

(M∞ −M)[1− n(1− α)]M − (1− n)

�α = 0�§=�ÑKÊ¢å§@oþ�§|z{��µ
dM

dx
=

1− n
n

1−M∞M +M2

1−M2

dn

dM
= −n 2M −M∞

1−M∞M +M2

ùÒ´c¡J��Stangeby�."rþã�§����§����ü

�6N�§�O�(J�'�§o(�Xe�}>.lfÏþ�L�

ªµ

Γi = f n∞Cs (1.260)

Ù¥f�L�ª�µ

f(M∞, α) ≡ exp
[
−1− 1.1M∞ + (1−

√
α)(0.31 + 0.6M∞)

]
(1.261)

¢�L² α ' 1§ù�f�µ

f(M∞, α = 1)
.
= exp(−1− 1.1M∞) (1.262)
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XJþi&��6��−M∞§ei�6��M∞§@oþei�l
fÏþ�'�µ

Γiu
Γid

=
exp(−1 + 1.1M∞)

exp(−1− 1.1M∞)
' exp

(
M∞
Mc

)
(1.263)

Ù¥Mc ' 0.45"

1.7 ·>&�A^(�()

1. ²ïþ�ÿþ

(a) >f§ÝTe

i. ü&�LÞ«µ

Ie = I + Ii0 = Ie0 exp

[
e(V − Vp)

kTe

]
(1.264)

kTe
e

=
1

d(ln Ie)/dV
(1.265)

ii. V&�µ(A1 = A2)

ID = Ii tanh

(
eVD
2kTe

)
(1.266)

kTe
e

=
Ii0

2

(
dID
dVD

)∣∣∣∣
ID=0

(1.267)

Ii0´ID = 0��lf�Ú>6"

iii. n&�
kTe
e

=
V+ − Vf

ln 2
(1.268)

iv. *�Å&�
kTe
e

=
Vac
4

I1ω
I2ω

(1.269)

�eVac/kTe ' 0.5�§Ø��1%¶�eVac/kTe ' 1�§Ø�

�5%"
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v. þ}�Î&�>f�Ú6« e(V − Vp)/kTe > 2

I2 =
2

π2
A2
p

e2

me

n2
e [kTe + e(V − Vp)] (1.270)

�I2 ∼ |V − Vp|�[Ü����å(I2 = 0)§��µ

kTe = e(V − Vp)|I2=0 (1.271)

vi. ÏL>f�Ý©Ù¼ê¦k�>f§Ý

kTe,eff =
4
√

2me

3e3ne

∫ ∞
0

ε3/2
d2je
dV 2

dε (1.272)

Ù¥ε = −e(V − Vp)"

(b) lf§Ý

i. ~�|(»�)Uþ©Ûì

Ii = αeniCsApT exp

[
−e(V − Vp)

kTi

]
, V > Vp (1.273)

kTi
e

=
Ii∣∣∣∣dIidV

∣∣∣∣ (1.274)

XJ�3^|§@oÿ��´²1��©þ�lf§Ý§

=υ‖"

ii. Katsumata&�

úªÓþ§��U3�3^|��¸eÿþ§ù�ÿÿ��

´R���þlf§Ý§=υ⊥"

(c) >f£lf¤�Ý

i. ü&�>f�Ú6 (V = Vp?)

I ' Ie0 = eneAp

√
kTe

2πme

(1.275)
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ii. üV&�lf�Ú>6

Ii0 = αeneCsAs (1.276)

iii. þ}�Î&�>f�Ú>6«£e(V − Vp) > 2kTe¤

I2 ∼ |V − Vp|�[Ü����ÇSL�ª�µ

S ≡ 2

π2
A2
p

e3

me

n2
e (1.277)

@o>f�Ý�µ

ne =
π

Ap
√
e3

√
Sme

2
(1.278)

iv. ü&�>6�g�û�È©

ne =
2
√

2me

e2

∫ ∞
0

√
ε
d2je
dV 2

dε (1.279)

Ù¥ε = −e(V − Vp)"

(d) �lfN�m> Vp

i. ü&�A5�$:£�g�û�4��¤¶

ii. ü&�A5��g�ûL"�¶

iii. ü&�]2> 

Vp =Vf +
kTe
2e

[
ln

(
mi

2πme

)
+

1

2

]
(1.280)

=Vf +
kTe
e

ln

(
Ie0
Ii0

)
(1.281)

(e) >|E

E = −∇Vp (1.282)

(f) >f�Ý©Ù¼ê
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éu��Ó5§à¡&�§LÞ«>6��g�ûkµ

d2je
dV 2

=
2πe3ne
m2
e

f(ε)

∣∣∣∣
ε=−e(V−Vp)

(1.283)

@of(ε)kµ

f(ε) =
m2
e

2πe3ne

d2je
dV 2

(1.284)

f(ε)´��Ó58�z��Ý©Ù§=µ∫
f(ε) dε =

∫
4πυ2 f(ε) dε = 1, ε =

1

2
meυ

2 (1.285)

Uþ©Ù¼êfε(ε)�L�ª�µ

fε(ε) = 4π

√
2

m3

√
εf(ε) =

2
√

2me

e3ne

d2je
dV 2

√
ε (1.286)

k�§Ýµ

kTe,eff =
2

3
〈ε〉 =

2

3

∫ ∞
0

ε3/2f(ε)dε∫ ∞
0

ε1/2f(ε)dε

=
4
√

2me

3e3ne

∫ ∞
0

[−e(V − Vp)]3/2
d2je
dV 2

d[−e(V − Vp)] (1.287)

(g) lf�Ý©Ù¼ê

~�|Uþ©Ûì>6����ûµ

d2Ii
dV 2

∝ f(ε)

∣∣∣∣
ε=e(V−Vp)

, V > Vp (1.288)

(h) 6N�Ý

êâ&�µ3r^|�¸¥ÿþ²1^|���6N�Ýυ‖"

2. ÞáþÚÑ$Ïþ�ÿþ
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(a) �ÝÞáñ >f�Ú>6Úlf�Ú>6�L�ª©O�µ

Ie0 =
1

4
eneAp

√
8kTe
πme

, Ii0 = αeneAs

√
kTe
mi

@o§§��Þáþ/ª�µ

Ĩe0
Ie0

=
ñe
ne

+
1

2

T̃e
Te
' ñe
ne
, (�Te�K���Ñ�) (1.289)

Ĩe0
Ii0

=
ñe
ne

+
1

2

T̃e
Te
' ñe
ne
, (�Te�K���Ñ�) (1.290)

3^|�¸¥§�Kþ¦^>f�Ú>6Úlf�Ú>6Ñ�

±^5ÿþ�ÝÞá§�´du>f�Ú>6Cz��§��

�¦^lf�Ú>65ÿþ"

(b) �m> ÞáṼp

lVpÚVf�'XÑuµ

Vp = Vf +
kTe
2e

[
ln

(
mi

2πme

)
+

1

2

]
= Vf + µkTe/e (1.291)

@o�m> Þá�µṼp = Ṽf + µkT̃e/e§¦^kTe8�z��

�µ
eṼp
kTe

=
eṼf
kTe

+ µ
T̃e
Te

(1.292)

�Ñ>f§ÝÞá�K��µṼp ' Ṽf"

�T̃eK�Ø�±�Ñ��ÿµ

〈
ñe
ne

〉
rms

=

( Ĩ

I

)2

− 1

4

(
T̃e
Te

)2

+

〈
Ĩ T̃e

〉
I Te

1/2

(1.293)

〈
eṼp
kTe

〉
rms

=

(eṼf
kTe

)2

+ µ2

(
T̃e
Te

)2

+ 2µ

〈
eṼf T̃e

〉
T 2
e

1/2

(1.294)
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(c) >f§ÝÞá

i. n&�{

kTe =
e(V+ − Vf )

ln 2
⇒ T̃e =

e ˜(V+ − Vf )
ln 2

(1.295)

ii. *�Å&�{

Te =
eVac

4

(
I1ω
I2ω

)
⇒ T̃e =

eVac
4

(̃
I1ω
I2ω

)
(1.296)

iii. ×£V&��[Ü{

&�Â8>6�µI = αeneAs
√

8kTe/mi tanh[e(VD−Vd)/2kTe]§
@o>6Þá�µ

Ĩ2 =f 2
1 ñ

2
e + f 2

2 T̃
2
e + f 2

3 Ṽd + 2f1f2

〈
ñ2T̃e

〉
+ 2f1f3

〈
ñeṼd

〉
+ 2f2f3

〈
T̃eṼd

〉
(1.297)

Ù¥µ

f1 = tanh
x

2

f2 =
1

2

[
tanh

x

2
− x sech 2x

2

]
f3 = −1

2
sech 2x

2

x =
eVD
kTe

Ĩ =
Ĩ

I
, ñe =

ñe
ne
, T̃e =

T̃e
Te
, Ṽd =

eṼd
kTe

Vd´ü&�:?]2> �"

(d) >|Þá

Ẽ = − Ṽp1 − Ṽp2
∆r

' − Ṽf1 − Ṽf2
∆r

(1.298)
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(e) î�^|�Ñ$Ïþ

»�âfÏþΓr�µ

Γr = 〈ñeυ̃r〉 =

〈
ñeẼθ

〉
B

(1.299)

9Ñ$ÏþQr�µ

Qr =
5

2

〈
P̃ υ̃r

〉
=

5

2
ne

〈
kT̃eυ̃r

〉
+

5

2
〈ñeυ̃r〉 kTe

=
5

2
ne

〈
kT̃eẼθ

〉
B

+
5

2
kTe

〈
ñeẼθ

〉
B

(1.300)

Ù¥υ̃r =
Ẽθ
B
"

3. 5¿¯�

(a) ÑÑ{|

3V = Vf�§>6�Oþ��∆I ' Ii0§Ù�A�>ØCz

�∆V = kTe/e§�ÑÑ{|£�lfNK1{|¤�µ

R0 =
∆V

∆I
' kTe
e Ii0

(1.301)

�ÿþ�Ú>6�§�¦ÿþ>{��u�lfN>{µR �
R0¶�ÿþ]2> �§�¦ÿþ>{��u�lfN>{µ

R� R0"

(b) ^|¥ÿþ�§�;���&��¶-�A"

(c) 5¿�9>f�K�

(d) ;�rf>|�K�

i. �m²þ

ii. �ÄRFÖ�
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iii. ÈÅEâµPlasma Source Sci. Tech. 1, 36 (1992);Plasma

Source Sci. Tech. 3, 162 (1994)

(e) ·^��

• ne = 108 ∼ 1019m−3

• Te = 0.1 ∼ 100eV

• Vp = 0.1 ∼ 103V

• P = 10−6 ∼ 1Torr
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