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1 Ú ó

Ê�!ÊU!»�Ú���Eâ���uÐ,

½�I�òE,6|��|w«Ú'�ëê�ÿ
þd$§ÿÐ�p§«�. k�, ý¢�p§E,
6|¿�ü�6, ¬k�N�â��3, 'X, »�
uÄÅ-�¿Ú�� [1]. �d, ®kïÄò»�u
ÄÅ��w��«�D�lfN, ïÄÙ�ÅP~
A5 [2]. ¯¢þ, �DâfÊH�3u�»�¥, ´
�»�NÔ���«�3/ª; 
�»�m¥�í
NÔ�~~?u>l½öÜ©>l��lfNG
�. ù�, �lfN�Ev3Ù¥��DâfÒ/
¤
��E,XÚ —– �D�lfN. §2��3
u�»�m [3,4], X(S�m!/¥>l�±9Þ
�Ú1(��; Ó�, §3àC�Aì [5,6] Ú�l
fN\óó�C� [7] ¥�ÊH�3. I	, g 20

­V 90 c�m©, �D�lfNnØ�ïÄ [8],

Tsytovich[9] ²(�Ñ
�D�lfN«OuÊÏ
�lfN�n�7�á5: 1) �Dâf¤�>ÖØ

´~ê, �6uâf��Ú±��lfN�á5;

2) �lfN¥�âf±ér���5�^ò�D
âf��X; 3) �Dâf�)�8Ü�AØ´á6
�3�y�.
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N�m�É5�²(�ã¦�'u§�ïÄÅì
Oõ, Ì��9pÅØ­½5 [10]!�Dâf¬N
A5 [11] ±9é>^ÅÑ��ïÄ [12,13] �. �´,

'u�D�lfNáÂP~A5�ïÄé��, �
��CAcâk�'�� [14−16]. lyk��D�
lfNáÂP~A5�ïÄ¥ØJuy, �ïÄá
ÂA5lØmé>�Ç?��Ä:þ��ÙE0
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, 3þã
í�áÂXê�L§¥, kïÄ~~�Ñ�Dâf
��µ�lfN�m�>³�é>�Ç�K�; 

�8���²(��L²dK�����Ñ. Ïd,

I�(½>³�é>�Ç�K��.kõ�, ù:
U
��Ð/@£ÚïÄ�D�lfN�áÂA
5Jø�½�ë�.
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³�é>�Ç�K�?1nØ©ÛÚ?Ø, �'(
Jòk|u�õ�D�lfNáÂA5�ïÄ.

2 nØÚí�

2.1 ÄÄÄ���nnnØØØ

�D�lfN¥>fÚlfé�Dâf�¿
>¬¦>ÖNX3âfþ, ���Dâf>þ¬3
,��NCåÏ, PåÏ>þ� qd, §÷v [8]

∂qd

∂t
+ υchqd = Ie + Ii , (1)

(1) ª´ Shukla �§, §£ã
�Dâf¿�>�
ÔnL§, Ù¥, I e Ú Ii ©O´>fÚlfé�D
âf�¿>>6, υch ´¿>ªÇ.

Ú\>ÖÅð½ÆÚ¿>>6�î0½Æ

∇ · jd +
∂ρd

∂t
= 0, (2)

jd = σcdE, (3)

Ù¥, ρd = qdNd , Nd ´�Dâfê�Ý, σcd ´�
¿>�éA�E>�Ç, E �\�>^Å|r.

éÜ (2), (3) ª±9 qd = ρd/Nd , ��

∂qd

∂t
= −σcd

Nd
∇ · E =

σcd

Nd
ikE, (4)

Ù¥, k ´\�>^ÅÅê.

d (4) ª��

qd =
kσcd

ωNd
E, (5)

Ù¥, ω ´\�>^Å�ªÇ.

ò (4) Ú (5) ªÓ��\ (1) ª, Kk
σcd

Nd
ikE + υch

kσcd

ωNd
E = I e + Ii . (6)

w,, ����¿>�éA�E>�Ç σcd, ÄkA
��>fÚlfé�Dâf�¿>>6.

2.2 ¿¿¿>>>>>>666

ÃØ´ I e �´ Ii þ�|^XeúªO� [8]:

Ij = qj

∫ ∞

vm
j

vjσ
d
j fj dvj , (7)

Ù¥, qj , vm
j , vj , σ

d
j , fj ©OL«1 j «¤© (>

f e!lf i) >þ!EÂ�D����Ý!�Ý!
��Dâf�-E�¡±9�Ý©Ù¼ê.

±>fé�Dâf�¿>>6 I e �~?1ä
Ní�. d©z [17] ��, 3k>|�^�, >f�

©Ù¼ê� f = f0(v e) +
v e · f1(v e)

v e
, Ù¥, f0 =

�6u�Ý��� v e , =´ f �é¡Ü©, 
 I e �
ûu f ��é¡Ü©. Ïd, >fé�Dâf�¿
>>6A�

I e = −e

∫ ∞

vm
e

v eσ
d
e f dv e = −e

∫ ∞

vm
e

v eσ
d
e f1dv e

= −4πe

∫ ∞

vm
e

σ
d
e f1v

3
e dv e , (8)

Ù ¥, e ´ > Ö ~ ê, vm
e ´ > f E Â � D

â f � � � � Ý, σ
d
e = πr2

d

(
1 +

2eφd

m ev
2
e

)
´

> f � � D â f � - E � ¡, rd ´ � D â
f � », m e ´ > f � þ, φd ´ � D â f
� � µ � l f N � m � > ³ �. f1(v e) =

eNeE

2
√

2m eπ
3/2(iω + υeff)

( m e

kBT e

)5/2

v e e
−

m e
2kBT e

v2
e [14]

,

N e Ú T e ©O´>fê�ÝÚ§Ý, υeff ´�lf
Nk�-EªÇ, kB ´À�[ù~ê.

ò f1 �\ (8) ª, �±��

I e = −
4π2e2r2

dN eE

2
√

2m eπ
3/2(iω + υeff)

(
m e

kBT e

)5/2

×
∫ ∞

vm
e

(
1 +

2eφd

m ev
2
e

)
v4

e e
−

m e
2kBT e

v2
e dv e

= −
4π2e2r2

dN eE

2
√

2m eπ
3/2(iω + υeff)

(
m e

kBT e

)5/2

×
( ∫ ∞

vm
e

v4
e e

−
m e

2kBT e
v2

e dv e

+
2eφd

m e

∫ ∞

vm
e

v2
e e

−
m e

2kBT e
v2

e dv e

)
. (9)

b�>fEÂ�Dâf����Ý vm
e = 0, Kþã

È©�|^ykÈ©úª

I e = −
4π2e2r2

dN eE

2
√

2m eπ
3/2(iω + υeff)

(
m e

kBT e

)5/2

×
(

3
√

π

8

(2kBT e

m e

)5/2

+
eφd

√
π

2m e

(2kBT e

m e

)3/2
)

= −
3πe2r2

dN eE

m e(iω + υeff)
−

2πe2r2
dN eE

m e(iω + υeff)

(
eφd

kBT e

)
= −

3πe2r2
dN eE

m e(iω + υeff)

(
1 +

2
3

eφd

kBT e

)
. (10)
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Ó�, aq�í���lfé�Dâf�¿>>
6 Ii �

Ii =
3πe2r2

dNiE

mi(iω + υeff)

(
1 − 2

3
eφd

kBTi

)
. (11)

XJ vm
e 6= 0

(
vm

e =
(2eφd

m e

)1/2[8])
,
∫ ∞

vm
e

(
1 +

2eφd

m ev
2
e

)
v4

e e
−

m e
2kBT e

v2
e dv e ØU��ÄuykÈ©

úª, äNí�ÚO�Xe:∫ ∞

vm
e

v4
e e−

mev2
e

2kBTe dv e

=
1
2

∫ ∞

(vm
e )2

x3/2 e
−

m e x

2kBT e dx

= −
kBT e

m e

∫ ∞

(vm
e )2

x3/2d
(

e
−

m e x

2kBT e

)
= −

kBT e

m e

[
x3/2 e

−
m e x

2kBT e

∣∣∣∞
(vm

e )2

− 3
2

∫ ∞

(vm
e )2

e
−

m e x

2kBT e x1/2dx

]

=
kBT e

m e

[
(vm

e )3 e
−

m e (vm
e )2

2kBT e

+
3
2

∫ ∞

(vm
e )2

e
−

m e x

2kBT e x1/2dx

]
, (12)

∫ ∞

vm
e

v2
e e

−
m e v2

e
2kBT e dv e

=
1
2

∫ ∞

(vm
e )2

x1/2 e
−

m e x

2kBT e dx. (13)

3 (12) Ú (13) ª¥ÑÑy
Ó���È©�∫ ∞

(vm
e )2

e−
m e x

2kBTe x1/2dx

= − 2kBTe

m e

∫ ∞

(vm
e )2

x1/2d
(
e
−

m e x

2kBT e

)
= −

2kBT e

me

[
− vm

e e
−

m e (vm
e )2

2kBT e

− 1
2

∫ ∞

(vm
e )2

e
−

m e x

2kBT e x−1/2dx

]

=
2kBT e

m e

[
vm

e e
−

me(vm
e )2

2kBT e

+
∫ ∞

vm
e

e
−

m e v2
e

2kBT e dv e

]
. (14)

ª¥��È©��?�Úí�∫ ∞

vm
e

e
−

m e v2
e

2kBT e dv e

=
∫ ∞

−∞
e
−

m e v2
e

2kBT e dv e −
∫ vm

e

−∞
e
−

m e v2
e

2kBT e dv e

=

√
2πkBT e

m e
−

∫ vm
e

−∞
e
−

m e v2
e

2kBT e dv e

=

√
2πkBT e

m e
−

√
2kBT e

m e

∫ √
m e

2kBT e
vm

e

−∞

× e
−
(√

m e
2kBT e

v e

)2

d
(√

m e

2kBT e
v e

)

=

√
2kBT e

m e

(√
π − Φ(u)

)
, (15)

Ù¥, u =
√

m e

2kBT e
v e , Φ(u) =

∫ √
eϕd

kBT e

−∞ e−u2
du.

�ª, vm
e 6= 0 �>f�¿>>6�

I ′e = −
2π1/2e2r2

dN eE

m e(iω + υeff)

((
3 +

4eφd

kBT e

)

×
(

eφd

kBT e

)1/2

e
−

eφd
kBT e

+
(

3 +
2eφd

kBT e

)(√
π − Φ(u)

))
. (16)

(16) ª£ã�¿>>6Ø�B?1O�Ú©Û, �
©òäN?Ø vm

e = 0 ��E>�Ç.

2.3 EEE>>>���ÇÇÇ

du mi/m e ∼ 104, �±�Ñlfé�Dâf
�¿>>6, ò I e �\ (6) ª���

σcd = −
3πr2

de2N eNd

m e(iω + υeff)(iω + υch)

× ω

k

(
1 +

2
3

eφd

kBT e

)
. (17)

vm
e = 0 �, �Dâf>³� φd =

Ze

4πε0rd
, K

σcd = −
3πr2

de2N eNd

m e(iω + υeff)(iω + υch)

× ω

k

(
1 +

Ze2

6πε0rdkBT e

)
= −

3πr2
de2N eNd

m e(iω + υeff)(iω + υch)
ω

k
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−
3πr2

de2N eNd

m e(iω + υeff)(iω + υch)

× ω

k

Ze2

6πε0rdkBT e

= − ηed

(iω + γeff)(iω + υch)
ω

k

−
ηφd

(iω + υeff)(iω + υch)
ω

k

=
(ηed + ηφd )(ω2 − υeffυch)

(ω2 + υ2
eff)(ω2 + υ2

ch)
ω

k

+
iω(ηed + ηφd )(υeff + υch)

(ω2 + υ2
eff)(ω2 + υ2

ch)
ω

k
. (18)

� ì © z [14] ¥ > f ¿ > � A Ï f � ½ Â,

� © ¥ ηed =
3πr2

de2N eNd

m e
; Ó �, ò ηφd =

e4

2ε0m ekB

ZN eNdrd

Te
½Â��Dâf>³K�Ï

f. w,, >³K�Ïf��Dâf���!ê�
Ý!>Öê±9�µ�lfN�>f§ÝÚê�
ÝÑk'. '�¿>�AÏfÚ>³K�Ïfuy,

�Dâf��é¿>�AÏf�K�'é>³K
�Ïf�K��²w. �ª, Ó��Ä-EÚ¿>,

¿Cq@� ω/k = c, �D�lfNE>�Ç�L
«�

σ e =σe(r) + iσe(i)

=
ε0ω

2
pυeff

ω2 + υ2
eff

+
c(ηed + ηφd )(ω2 − υeffυch)

(ω2 + υ2
eff)(ω2 + υ2

ch)

+ iω
[
c(ηed + ηφd )(υeff + υch)
(ω2 + υ2

eff)(ω2 + υ2
ch)

−
ε0ω

2
p

ω2 + υ2
eff

]
. (19)

3 ©ÛÚ?Ø

3.1 >>>³³³KKK���ÏÏÏfff

>³K�Ïf�N�´�Dâf��µ�l
fNm>³�é>�Ç�K���, §��Dâf
¤�>Öê Z!ê�Ý Nd!�» rd ±9�µ�
lfN>fê�Ý N e ¤�'. ù´Ï�, �Dâ
f>³�Ù¤�>Öþ¤�', 
�Dâf�>Ö
þ�ûu�µ�lfN¥�>âféÙ�-EÚ
¿>. �DâfÚ>fê�Ý��, -EVÇ¬�
p, �Dâf¤�>ÖÒ¬�õ; Ó�, âf�»�
�, -EVÇ�¬�p, �Dâf¤�>ÖÒ¬�
õ. �´, >³K�Ïf��µ�lfN¥>f§

Ý¤�', ù:�±l9åÆ�Ýù�n): 3�
½�Øre, �X§Ý�,p, âfê�Ý~�, ¦
��lfN¥�>âf��Dâf�-EVÇü
$, é�D¿>�VÇ~�, �Dâf¤�>ÖÒ
¬~�.

�©±»����;.¢~�Ñ�DâfÚ
�µ�lfN�m>³�é>�Ç�K�, Ï�
»���¥�Dâf�ßÝÚ��Ñé�ÅP~
k­�K� [18]. »����;.ëê [8]: Nd =
108/cm−3, N e = 1013/cm−3, Nn = 1018/cm−3,

T e = 3000 K. ã 1 �Ñ
þã;.ëê^�e
ØÓâf�»�, >³K�Ïf��Dâf�>Ö
ê Z �Cz, uy�X>ÖêÚ�»�O�, >³
K�ÏfO�.

ã 1 >³K�Ïf�>Öê Z �Cz'X

½Â'~Ïf δ = ηφd /ηed, §�u

δ =
e2

6πε0kB

Z

T erd
≈ 1.113 × 10−5 Z

T erd
. (20)

nØþ5ù, �'~Ïf δ ÷v δ 6 δ0 (δ0 AT´
����u 1 �~ê) �, >³K�Ïf�éu>
f�¿>�AÏf�±�Ñ, =

Z

T erd
6 δ0

6πε0kB

e2
= 8.988 × 104δ0. (21)

b� δ0 = 1/100, ùÒ¿�X� Z/T erd 6 898.8
�, >³K�Ïfé>�Ç��z�éu>f�¿
>�AÏfé>�Ç��z�±�Ñ. �´, é�
k�D�lfNUÎÜd^�, ùÒL²
ïÄ>
³�é>�ÇK��7�5.

154202-4



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 15 (2012) 154202

3.2 ééé���ÅÅÅãããEEE>>>���ÇÇÇ���KKK���

�»����§Ý� 3000 K �, �»� 1 µm

Ú 10 µm � � D â f � > Ö ê Z © O � 570

Ú 5691[2]. �â�Dâf�>ÖêÚ�»�m
�'�CqÎÜ�5'X�5Æ [19], �±��Ñ
d§Ýe, �»� 0.1 µm ��Dâf¤�>Öê�
� 57. 3¢SO��, �I^��ëê: k�-Eª
Ç υeff ≈ υen (υen ´>fÚ¥5âf�m�-Eª
Ç), �lfNªÇ ωp ≈ ωpe =

√
N ee2/ε0m e

[20]
,

¿>ªÇ υch ≈ ωpi√
2π

rd

λD
(1 + τ + z) (λD ´�~

� », ωpi ´ l f � l f N � ª Ç, τ = Ti/T e

Ú z = Ze2/rdT e ´�D�lfNo��Ä�
ëê¥�ü� [21]). ã 2 �Ñ
A½�Dâf�»
Ú>Öêe, \�>^Å�ªÇ ω 3 109—1011 Hz

��S, �Ä (ηφd 6= 0) ÚØ�Ä (ηφd = 0) >³�
�»����E>�Ç.

ã 2 E>�Ç (�» 0.1 µm, >Öê 57) (a) ¢Ü; (b) JÜ

dã 2 �±wÑ, �X\�>^ÅªÇ�O\,

�Dâf��µ�lfN�m�>³�éE>�

Ç¢ÜÚJÜ�K�Ñ3~�.

3.3 éééCCCùùù			ÅÅÅãããEEE>>>���ÇÇÇ���KKK���

ã 3 ´ � ã 2 ^ � � � � � ¹ e, & ÿ ª
Ç ω � 1012—1014 Hz(Cù	) ��(J. �'�
Åã, U²wwÑE>�Ç¢ÜÉ>³�K��
ªÇ��C�
, 
JÜ3�Ä (ηφd 6= 0) ÚØ�
Ä (ηφd = 0) >³�ü«�¹e�­���­Ü.

�
y²ã 3 ¥Ñy�E>�ÇJÜ3ü«�¹
e��­Ü´Ün�, ·�ÏLUC�D�lfN
ëê?1�y, (JXã 4 ¤«.

'�ã 3 Úã 4 uy, �Dâf�»Ú>Öê
UC�, JÜE,Ñy
�ã 3 ���(J, ùÒ
L²T(JûØ´�«ó,. ù�5©Û, E>�
ÇJÜdüÜ©|¤, §��'��

ζ =
ε0ωω2

p/(ω2 + υ2
eff)

cω(ηed + ηφd )(υeff + υch)/(ω2 + υ2
eff)(ω2 + υ2

ch)

=
ε0ω

2
p(ω2 + υ2

ch)
c(ηed + ηφd )(υeff + υch)

. (22)

ã 3 E>�Ç (�» 0.1 µm, >Öê 57) (a) ¢Ü; (b) JÜ
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ã 4 E>�Ç (�» 1 µm, >Öê 570) (a) ¢Ü; (b) JÜ

é»���
ó, �\�>^Å´Cù	1�,

k υ2
ch ¿ ω2 ¤á. ¤±, '� ζ �Cq�

ζ ≈
ε0ω

2
pω2

c(ηed + ηφd )(υeff + υch)
. (23)

ò»����;.ëê�\þª, ��

ζ →

 1.1976 × 10−20ω2, rd = 0.1 µm,

1.0704 × 10−22ω2, rd = 1 µm.
(24)

w,, 3ã 3 Úã 4 �½� ω ��S ζ À 1, ��X
\�ªÇ�O�, ζ O�. ùÒ¿�X, 3Cù	Å

ã��S, E>�ÇJÜÌ�d −
ε0ωω2

p

ω2 + υ2
eff

ù��

û½, Ï
É>³K�Ïf�K�é�, â¬Ñy
ã 3(b) Úã 4(b) ¥�(J. ã 3 Úã 4 �L², 3
Cù	ÅãSE>�Ç�¢Ü'�ÅãS�éõ,

ùÒ¿©`²��Å�'Cù	1�U¬´�Ð
�Ï&Åã.

4 ( Ø

�©JÑ
�Dâf�>³´K��lfN
>�Ç�Ï���, ¿ÏL½Â>³K�Ïf£ã

�Dâf��µ�lfNm�>³�é�lf
N>�Ç�K�. 3�Ä
>³�K��Ä:þ,

í�Ú�õ
E>�Ç�., uy>³K�Ïf�
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Effect of dust particle potential on plasma
conductivity∗
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Abstract

In this paper, the concept of electrical potential influencing factor is proposed to describe the effect of electrical potential difference

between the dust particle and background plasma on conductivity, based on which the conductivity model of dusty plasma is improved.

The electrical potential influencing factor is directly proportional to the charge number, number density, radius of the dust particle,

and the electron number density of the background plasma. Meanwhile, it is inversely proportional to the electron temperature of the

background plasma. Taking rocket exhaust plume for example, the conductivities with and without considering potential difference

are given both in the microwave and near infrared regions. In the given dusty plasma parameters condition, the influence of electrical

potential difference on electrical conductivity reduces as the incident frequency increases. When the frequency increases to the near-

infrared light region, the influence of electrical potential difference on the imaginary part of the conductivity can be ignored.
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