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�
ïÄ�D�lfN¥�D�â±9}�¥âf�Ý©Ù�A5, é�D�â�3^�e�lfN}�(
��æ�ê��[. æ^�Ã-E��D�lfN}��., éÀ0�â!�D�â�Ö>5�!²�}�«�
�>³©Ù9}�Sâf©ÙA5?1
XÚ�ê��[ïÄ. O�(Jw«, }�>��D�âê�Ý�O\!
�D§Ý�,p, òÚå�á�D�âé>fáNUå�~f, 8N�A�É��½§Ý�K�; �öÓ�élf
À0�Ý±9}�þÝ�O\ÑkX4��r?�^. }�>³3�Ce4«?üá×�, Ì�à83�CÒ44
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1 Ú ó

C 20 c5, �D�lfNÔn (dusty plasma)
�uÐ?\
��#��Ï. UNÔnÆ�uÐ!
#��8¤>´±9L¡�ÈEâ�ó²I¦,
¦��D�lfN®¤��lfNÔnÆ��
���c÷©|. §��)é�mÔn!��
NÔn!á��Æ�Æ�Ú�lfNzÆí��
È (PEVCD) !�lfNí�Ú¡�±9�>f\
óó²�ó�)�+�Ñ�)
���K�Úã
��íÄ [1]. @3 100 õcc, U©ÆþÒ*ÿ�

3(S�m!Þ(�Ú¦�?ÑyÏb	Ëì
�>��D�â. 1924 c, J¸� (Langmuir) �
<3¢�¿�lfNïÄ¥uy
í�âfáN
>f�y� [2]. ��, ù�#,c÷Æ�uÐ�
ú, �� 1985 c, Roth Ú Spears �< [3] ��
3
�lfN\óL§¥k�â/¤�y�, ¿|^
-1Ñ�{ (laser light scattering) *ÿ�
3�l
fN}�>.k�D�âà8�y�, ��Nõ
�ÆöºY3�6Ú�ª�>¥uy
Ó��Ô
nL§ [4−6]. 1989 c, Selwyn �< [4] uy�D�
â3¡�L§¥¤��äk��m�¸¥��D

�â�Ó�Ôn5� [7]; 20 V 90 c�¥�Ï,
Thomas �< [8] ¢y
�D�lfN�¬�(�,
Barkan �< [9] 3��lfN¥*ÿ�
�D
�â$Ä-uÑ��D(Å. �Ï±5, Ø��ï
<
é�lfN�>L§¥�D�â�\È9Ñ
$�Ðm
2��ïÄ [10,11]. 8c, �D�lf
N¥/¤��ÉÚ�� [12−14]!¬�Å [15]!êâ
I [16,17] ±9��58NÅÄ�A [18] ÑÚå
<
�4�/ïÄ9�Ú,�. lfÚ�D�â3�l
fN}�>.NC�(�5�!©ÙA59�â
1�, éu���D�â3}�>.NC�Ñ$k
X�K� [19−22].

�ud, æ^�²�}��.!6N�§Ú
�D�â¿>�§gU�. [23] 5XÚ/ïÄ�D
�â3}�¥�Ö>5�!�m>|>³!�â
�©ÙA59À0�â. 3c<�Ä:þ [23−30],
��
�
#�(J, �?�ÚïÄ¢S)�L§
¥�D�â�Ñ$A5Jø�½�ë�d�.

2 ��D�lfN}�6N�.

�©Ì�ÄuÃ-E!�
(∂F

∂t
= 0, F �
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���m ��'�åÆþ
)

��lfN}��
.. 6N�.¥, �lfN}��¹n«�>â
f: >f!elfÚduáN�>âf�>��
D�â. �>f÷v9²ï^�, =÷vÀ�[
ù (Boltzmann) ©Ù. XJ�D�â´� )¤�,
�»����â��Ý'�p (Ø´Ý\��ê
�â), �Ä�D�â�8N�A, �Ø�Ä�p�
mÉå$Ä, �D�â��w¤À�[ù©Ù5?
n. Ïd, >f�ÝÚ�D�â�Ý©Ù�deª
�Ñ:

N e = Nes exp
(eφ(x)

kT e

)
,

Nd = Nds exp
(Zdeφ(x)

kTd

)
. (1)

�lfN}�>�÷vO¥5^� (quasi-
neutrality condition)

Nis =Nes exp
(eφ(0)

kT e

)
+ ZdNds exp

(Zdeφ(0)
kTd

)
. (2)

}�>�> é�, Cqk φ(0) = 0, (2) ª�{
z�

Nis = Nes + ZdNds, (3)

ª¥ N e , Nd, Ni ©O�L}�«�K>f!�D
�âÚ�lf�âfê�Ý©Ù, ��m ��¼
ê; Nes, Nds, Nis ©O�L}�>.n«âf�ê
�Ý, ÷vO¥5^�; T e , Td �>fÚ�D�â
�§Ý, k �À�[ù (Boltzmann) ~ê, e �>f
>þ, φ(x) �²�}�m��m>³, Zd ��D�
â��>fê8.

Ã-E��lfN}��.�±^6N�
§ÚUþÅð�§\±£ã:

Nisνis = Niνi ,

1
2
miν

2
i + eφ(x) =

1
2
miν

2
is + eφ(0), (4)

νi , νis ©OL«lf3}�S9�fý}|\��
?\}�«���Ý, mi �lf�þ, du�Ü©
�lfNó²¥, Ñæ^�í�>, ¤±�
�b
C)�¢S�¹, ��.¥�lfæ^�lf5?
1O�.

�lfNS>³ φ(x) dÑt�§�½:

∇2φ(x) = − e

ε0
(Ni − N e − ZdNd). (5)

ò (1), (3), (4) ª�\ (5) ª, ¿Ú\ëê αd =
Nds

Nis
,

βd = Zdαd , ��

∇2φ(x) = − e

ε0
Nis

[
1√

1 − 2eφ(x)/miν
2
is

− (1 − βd) exp
(

eφ(x)
kT e

)
− βd exp

(
Zdeφ(x)

kTd

)]
. (6)

é þ ª z { ¿ A ^ } � > . ^ � E|x=0 =

− dφ

dx

∣∣∣
x=0

= 0, ¼��D�lfN}�«�>³

©Ù [31](
dη

dξ

)2

=2
{

(1 − βd)( e−η − 1)

+
βd

γZd
( e−Zdγη − 1)

+ M2

(√
1 +

2η

M2
− 1

)}
, (7)

Ù ¥, η = −eφ(x)/kTe, λD =
√

ε0kTe/e2Nis,
ξ = x/λD, M = νis/

√
kTe/mi , γ = Te/Td, λD ��

~�Ý, M �lf�À0 (Bohm) �Ý, ±þëþþ
�Ãþjzëê, (7) ª�Ãþjz���§.

2.1 ���DDD���âââ¿¿¿>>>���...

�D�â±�½�Ð©�Ý?\�lfN}
��, ��lfN¥��'âf�p�^, lá
N9$Ä�r�>fÚ9$Ä�é�f�lf. d
u>f9$Ä�r, ¤±>f��D�âáN�l
f�õ, l3�D�âL¡du>fL�¥yK
>5. �,�k�D��>��¹, ~X�D�â
�á��±Úu�g>fu�½?urb	Ë�
�¸eË�1fpu1>f� [7], éuÙ¿>Ån
�ë�©z [32]. 3>Ö��²ï�, �D�âþ
�>f6Úlf6Ïþ��, ?¦�D�âþ�
¿>>6�", Xeª [7] ¤«:

Ie + Ii =
dQd

dt
= 0, (8)

Ie, Ii ©O´�âf�Ý�'�>f6!lf6.
Äu�;���nØ (OML nØ), �ö�Lã�±
e/ª:

Ie = −NesRKe exp
(

eUd

kTe

)
,
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Ii = NisRKi

(
1 − eUd

kTi

)
,

Ud =
Qd

4πε0rd
=

e

4πε0

Zd

rd
, (9)

Kx =
√

8kTx

πmx
(x = e, i), R = eπr2

d, Tx, mx (x =

e,i) ©OL«>f!lf�§ÝÚ�þ, rd ��D
�â���», Ud ��DL¡¤2³, Qd ��D
�â��>Öþ. ò (9) ª�\ (8) ª��

Nes = Nis

Ki

Ke

(
1 − e2

4πε0kTi

Zd

rd

)
× exp

(
− e2

4πε0kTe

Zd

rd

)
. (10)

(Ü (3) ª¼� Zd, αd �'X�§

Zdαd +
Ki

Ke

(
1 − e2

4πε0kTi

Zd

rd

)
× exp

(
− e2

4πε0kTe

Zd

rd

)
= 1. (11)

�©æ^�.Ì�ëêXe: Nis = 109/cm3, >f
§Ý kTe = 2.0 eV, �lf§Ý kTi = 0.1 eV, �D
�â�» rd = 100 nm.

3 �[(J9?Ø

3.1 >>>ÖÖÖÞÞÞááá

Cþ Zd L«�á�D�â���>fê8.
Cþ αd L«}�>.?�D�âÚlf�ê�Ý
�'. Cþ βd L«}�>.?ü NÈS�D�
â�lf�>Ö', LyÑ�´�D�â�>�8
N�A. é�§ (11) ?1ê��[, �±�� Zd,
βd � αd �Þá'XXã 1 �ã 3 ¤«, ã¥ αd

�Ææ^± 10 �.�éê�I. ã 1 w« αd O
\, =}�>��D�â�ÝO�, �á�D�â
��>fê8~�. �D�â�ÝO�, ���â
�m�pK�Ú����^åOr, ¦�é>f�
áNUå~f. ã 2 �L², �D�â�»��, k
��>¡ÈÒ��, 8N�A�wÍ, é>f�á
N�r. ã 3 �Ñ
ØÓ�»!ØÓ�Ý�>Öê
8Þá�, Ù¥ αd d����g� 10−3, 10−2.5,
10−2, 10−1.5. lã 1 �±wÑ, � αd (�L��D
�â��Ý) O\�, �D�â��>þ3Åìe
ü, 3 [10−5—10−4.5] «�Seü�¯, ��eü
ª³~�. lã 2 ¥�±wÑ, �X αd (�D�â
�Ý) O\, }�>.?ü NÈS�D�â�l

f�>Ö'Åìeü, �3�D�â�» (rd) O
\��¹e, ù«eüª³��²w. lã 3 ¥�
±wÑ, �D�â�»�O�¬��>Öê8Ñy

ã 1 Zd � αd(éê�I) Cz�

ã 2 βd � αd(éê�I) Cz�

ã 3 �D�»é�âÖ>þÞá�K�
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Þá, �X�D�Ý�O\, ��>Öê8� �
�}�>�? £. éE¤ù«y��)º: �D
�â�» (rd) é��, �D�âm�²þål��
�u�D�â�²þgd§ (d À λD), �âm��
p�^��Ñ, d�, �X�â�»�O�, �>f
�>�k�¡ÈO�, l¦>ÖþO�; � rd

�L�½K��, �âmå d � λD �'[, �â
mò�)�p�^, ¦>fÉ�ü½$�-�, ?
Úu
>Öþ�2güá. ã 1 �ã 3 Ì�&?

�D�â����5�: >ÖÞáy�. �D
�â�>Ö´���C�ÄåÆëþ, ��â��
�!§Ýþk�½�'X, �lfN�Ý!>³�
Ù¦ëþé>ÖÞá9ÅÄ5�þ�E¤4��
K� [7].

3.2 ÀÀÀ000}}}������âââ

À0}��â (Bohm criterion of sheath) ´�
D�lfNÔn¥ïþ}�½5���â, §
´3Ã-E!V6N�.¥���}�½�3
�7�^� [22], À0�â��'ïÄ [23−28] 3�
D�â��lfN}���p�^¥kXØ��
À�¿Â��^.

ã 4 Bohm �Ý� αd, γ Cz'Xã

ò (7) ª3 η = 0 ??1�V?êÐm, ��

�Cq¿(Ü>.^�
dη

dξ

∣∣∣
η=0

= 0, �D�lf

N}��À0�âXe:

M2 =
1

1 − βd + βdZdγ
. (12)

lã 4 ¥�±wÑ αd, γ é?\�lfN}��l

fÀ0�Ý M �K�, ã¥ αd, γ þæ^± 10 �
.�éê�I. γ O�, =�D�â§Ý Td ü$, M
~�; �X αd �O\, M O�. ��D�â§Ý
eü�, é?\}��lfö�å~f, ��I�
��?\�Ý=�; �D�â�ÝO\, é?\
�lf�)���åP, ?¦ÙI����À0
�Ý5�»d«^����, cÙ´3�D�â�
Ý�Clf�Ý�.

3.3 âââfff©©©ÙÙÙAAA555

ÏLæ^o�9� - ¥© (Runge-Kutta) {, ?
��'§S, ê��[ (7) ªÒ��
}�>³�
�m©ÙA5. lã 5 �±wÑ, �X�mål�
O\, >³ýé�O�, �3�CeÜ>4«�>
³üá�Ý\¯, �â>³�>| (E = −∇φ) �
'X, �±wÑ�XålO\, >|�3ÅìOr.
}�>³�½ (−55 V), γ ��, αd ��, =�D�
â§Ý�$!ê�Ý��, }�þÝ�þ. >f!
�D�â9lf3}�¥©ÙA5ê��[(J
�ã 6 �ã 8 ¤«. ã 6 �ã 8 �NÑ}�¥�
3âf�8�z©ÙA5, 3}�þ>�, >fÚ
lf�3���Ý, ��e>4�C�, âf�Ý
¥�êeüª³; é�D�âó, }�¥Ñy

âfê�Ý��.¸�. � αd ~��, =}�>
��D�â�Ýeü, lf�Ý©Ù�A~�, 
Ù{ü«âfdu�«E,�ÄåÆA5��C
z5Æ��E,, �©ª÷vO¥5^�. du}
�>|��^, �D�âÌ�à83}�>�NC,
3ål}�þ>� 0.3 mm �/�, Ù�Ý���
�. >fÚlf��Ý3}�þ>�m©eü, 3
ål}�þ>� 1—3 mm �«�eüª³c�²
w, Ù���, 3Åì�Ce4���ÿ����
�. lã 5 �ã 8 �±w�k�D�â�3�¹e,
}�NC��«âf (lf, >f±9�D�â) �
©Ù5Æ: >f, lf3}�NC¥�êP~; �D
�âÌ�8¥u}�NC, 3,�«�����.
ù«5Æ��3Ì�´Ï��D�â��3é}
�>|å�
�½�K�, �X�D�â§ÝO
\!�ÝO\, }�þÝC��5��. ù
(J
éuó�)�L§XÛ���D�âéu)�ó
²�K��U¬å��½�È4�^.
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ã 5 }�>³�mCz�

ã 6 }�«>fê�Ý©ÙA5 ã 7 }�«�D�âê�Ý©ÙA5
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ã 8 }�«lfê�Ý©ÙA5

4 ( Ø

ÏLnØ©Ûïá
�Ã-E²�}��
., ÏLê��[��{XÚïÄ
}�>³©
Ù!>ÖÞáy�!À0�â9}�âf�©Ù
A5, ¿�Ñ
�A�Ôn)º. �©�[�©Ù

A5�o(�±e�¡: 1) �X�D�â�Ý�
O\, �á�D�âé>fáN5UÚ8N�A3
�½§ÝþÑÉ��f. 2) �D�âé>fáN
Uå��â�»k', �±ÏLÔn½zÆó²¼
�Ü·����â5¼��Z�Ö>5�, ?¢
yAÏ�õU. 3) �D§Ý,p, �â�ÝO�þ
���lfÀ0�Ý�O�. 4) >³3}�¥e
>4NCüá×�, >|�Czª³����. 5)
}�þÝÉ��â�ÝÚ�D§Ý�VK�, �
��¹e (ÎÜó�)�IO) , $§!$�Ý�
�D�âk|u}�þÝ�O\. 6) }�«n«
âf�©ÙA5÷vO¥5^�, �mºÝþ>f
Úlfþ¥�ê.P~, �D�â�3�.�,
õêâf8¥3}�¥þÜ. ÏLé¤ïÄ��D
�lfN}��.?1XÚ��[, �±��þã
�X��(J, ù
(J�¼��±�ó�)�¥
�D�â��
A5ïÄ (~X, �lfN�¡L
§¥�D�â�À/, ±9 PEVCD L§¥�D�
â�)��) Jø
nØÄ:, �?�Ú)�¢�
Jø
B|^�.
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Simulation of interaction between dust particles and
plasma sheath and its distribution∗
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Abstract
Collisionless steady plasma sheath model is taken into account to study the interaction between dusty particles and plasma sheath

as well as the density distributions of electrons, ions and dusty particles. Numerical simulation results are obtained, showing that
the ability of an isolated charge to absorb electrons weakens with the increase of dusty particle density and its temperature, while
the collective effect strengthens with the radius of dusty particle. Simultaneously, Bohm velocity and the sheath thickness are also
greatly affected. The sheath potential decreases significantly and the E-field is stronger near the electrode. In addition, the densities
of electrons and ions reduce exponentially but the dusty particle has a critical value. The three particles satisfy the quasi-neutrality
condition.

Keywords: plasma sheath, dust particles, charges fluctuation, specie density distribution
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