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�?�Ú�«¿�íåì�>Ï��Ú>f§Ýp� 50—60 eV ��Ï, |^��âf�[�{ïÄ
¿�í
åì¥>f§Ý��É5é�lfN�9¡�p�^�K�, ÚO
�lfN�9¡�p�^��Ônþ, X>
f�9¡�-EªÇ!Ï�>f39¡�Uþ�È9�g>féÏ�>f�e%. (JL², �>f§Ý�$�,

>f§Ý��É5é�lfN�9¡�p�^�K���; �>f§Ý�u 24 eV �, �lfN�9¡�p�^²
wOr, ¿�>f§Ý��É5¬wÍ/ü$>f�9¡�-EªÇ, ~�>f39¡�Uþ�È, ~f}�éÏ
�>f�e%�A. >f§Ý���É5ÏL~fÏ�>f�9¡��p�^, k|uJp¿�íåì�>Ï��
�Ú>f§Ý.

'�c: ¿�íåì, >f§Ý��É5, �lfN�9¡�p�^, âf�[

PACS: 52.40.Hf, 52.40.Kh, 52.65.Rr

1 Ú ó

¿�íåìq¶��lfNuÄÅ, ´�«
k?�>í?C� [1,2]. �>L§3ü�ý�@Ù
�m�¤�dÄÏ�¥?1. Ï�üà�\
��
AzÏ��>>Ø. Ï�¥��÷»��r^|å
P>f, �¶�>|�Ó�)���>¤£±ü$
>f[£Ç. Ï�Ï��A�ºÝ3lf£^�»
�êþ?, ¤±�±|^¿��A¦^z�>f�
�^z�lf�$Ä©l: ��¡¦>fkv
�
Ê3�m5>l�f; ,��¡, ¶��r>|¦
lf\��Ñ/¤íå. duÏ��L¡È��u
�¡È, ¿�>f3»�ØÉ^|�å, Ïd3�
>L§¥, �lfN�9¡�p�^�©ª�, ¤

�K��lfN�>Úíåì5U����Ô
nL§ [2−5].

�lfN�9¡�p�^, ��¡¬E¤lf
39¡EÜ, ü$ó�|^ÇÚ>Ø|^Ç; ,�
�¡¬E¤>f39¡�ÈUþ, ü$Ï�>f§
Ý, ?K�ó�>l [4,6]. ��, ïÄÏ��lf
N�9¡�p�^éu@£¿�íåì�>5U
�K�Ï�äk�¿Â. ,, ØÓu���ð
�d�©Ù��Ó5�lfN, ¿�íåì¥��
lfN�9¡�p�^�3XeAÏ5: 1) âf�
[ [7,8] Ú6N�[ [6] L², Ï���÷»��r
^|��3, íåì²1u9¡���>f²þÄ
U´R�u9¡���ÐA�, >f§ÝLy�r
��É5; 2) �'u7á9¡, �z'>bá�ä
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k�r��g>fu�A5, �3\�>fUþ$
u 30 eV ��5��A5²w, Ñ�>fUþØ�
�Ñ [6]; 3) �>Ï�>f§Ý�Cz���� (l
A�>fÏ�Ê8�>fÏ)[9], �>f§Ý��
�, C9}�Ly����m��A5 [5,10]. du
DÚ�Äu6NCq��[�{ØUÓP}��
��A5, ��Å�e>f�9¡�p�^¬u
)²wCz [11], Ïd, �©æ^U
�N>fÄå
Æ���âf�[�{5ïÄØÓ>f§Ý^�
é¿�íåì¥�lfN�9¡�p�^�K�.

®k¢�ïÄL², �X�>>Ø�O\, ¿
�íåì¥���>f§Ý¬Ñy�Ú (=>f
§ÝÄ�ØC), ��Ú>f§Ý�� 50—60 eV[9],

²w�u6N�[�Cq� 18 eV[12]. 8c, �Ä
�}�?\�m>Ö�ÚÅ��>f�9¡�p
�^wÍOr [13], <�ÊH@�C9}�3p>
f§Ý^�eÑy��m>Ö�ÚÅ�´Úå§
Ý�Ú��Ï [14,15]. ,, 3Ï�>f§Ý��
Ó5�b�e, ¿�íåì¥��z'á�9¡
}�?\�m>Ö�ÚÅ���.>f§Ý��
� 26 eV[6], E,²w�u�Ú>f§Ý. ù¿�X,

�'u>f§Ý��Ó5, ¿�íåì¥>f§Ý
���É5�U¬~fÏ�>f�9¡��p�
^. ¦+c<æ^��âf�[�{é¿�íåì
¥��lfN�9¡�p�^�
�A�ïÄ, �
Ñæ^>f§Ý��Ó5b� [5,16], Tb��¿�
íåì¥¢S�>f§Ý��É5²wØÎ [6−8].

�©�´3®kïÄ�Ä:þ, æ^��âf�[
�{?�ÚïÄ>f§Ý��É5é¿�íåì
¥�lfN�9¡�p�^�K�.

2 O��.

®kê�ïÄL², �9¡o�g>fu�X
ê σ̄ → 1 �, }�l²;��}�Å�=C�ä
k�m>Ö�Ú�±Ï5����Å� [10,17,18].

3��}�Å�e, �þäk�$Uþ��lfN
«>f��±�Ñ}�³^��9¡þ, lwÍ
/Or
>f�9¡��p�^ [11]. Ïd, �Ä¦
^U
�N}�Ä�1����âf�[�{5
ïÄ>f§Ý��É5é¿�íåì�lfN�
9¡�p�^�K� [5,16]. âf�[�{ÏL�l

�þü��*âf�$Ä, ¿ÚO²þ, �±��
âf�÷*A5. éu}�ó, æ^âf�[�
{, �±¼�Ï��lfN�9¡�p�^�÷*
Ônþ, X>f�9¡-E�ªÇ!>f39¡�
Uþ�È!C9}�éÏ�>f�e%�. e¡Ò
�©¦^�âf�[�{�{�0�.

� ¿ � í å ì ¥ � ; . ë ê: � l f N �
Ý N0 = 1018/m3, >f§Ý Te = 20 eV, ��÷»
�^|�rÝ B = 0.02 T, ��>f.#�£^�
» (≈ 0.75 mm) ��u�~�Ý (λD ≈ 0.03 mm).

du}�þÝ�A��~�Ýþ?, ¤±3O�¥
Ø�Ä^|é>f$Ä�K�. du�lf�þ�
�u>f�þ (mi À me), ÏdO�¥rlf��
�µ, Ù�Ý ni Ú�Ý Vi 3}«�±ØC, }>l
f�ÝUì Bohm �Ý�½ (Vi = Vi0 =

√
Te/mi).

ã 1 ��âf�[«�ã

�.«��Ï�¶� (z ��) 200 λD Ú»
� (x ��) 10 λD (Xã 1 ¤«). �mÚ� ∆z =

∆x = 0.5λD, �mÚ� ∆t = 0.1ω−1
Pe , Ù¥ ωPe �

�lfNªÇ. ¿�íåìÌ6«�lfN÷v>
¥5^�, ¿�>f§Ý��É5. Ïd, ·�3�
.¥ål}> (r = r0 = 0.035 m) 3λD �Ý��S
þ!/Ù�>fÚlf, �Ýþ� N0 = 1018/m3,

é>fæ^ “V§Ý” 9²ïb�, =�lfN>f
3R�u9¡�� (x ��) Ú²1u9¡�� (yz

²¡) �gÑlØÓ�ð¼©Ù, �A�§Ý� Te⊥

Ú Te‖ (æ^Uþü ). }�¥�>|ÏL¦)Ñ
t�§¼�, =

∂2φ

∂z2
+

1
r

∂

∂r

(
r
∂φ

∂r

)
= −e (ni − ne)

ε0
, (1)

Ù¥ φ �>³, ne �}�¥>f��Ý (�¹
5
g�lfN«�>fÚl9¡u���g>f), ε0

�ý�0>~ê. �[«���müýæ^±Ï5
>.^�. ý�9¡>|�>.^�� E = −ρ/ε0,

Ù¥ ρ �9¡>Ö�Ý. O�¥�Ä
�z'ý�
9¡��g>fu�. ¢�êâ [6] w«, =¦\�
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>fUþ εP é$�, �z'ý�9¡��g>f
u�Xê σ (εP) �©ª�u 0.5. �Ï3u�5�
�Xê3\�>fUþ εP < 30 eV �×�O�, ¿
�3�� εP = 5—10 eV ��� 0.5 þ? [6]. �U
þ� εP ��g>f��9¡þ�, �Uu)�¯
��VÇ�

W0 (εP) = P0 exp
(
−ε2

P/α2
0

)
,

Wr (εP) = Pr exp
(
−ε2

P/α2
r

)
,

W1 (εP) = 1 − W0 (εP)

−Wr (εP) − W2 (εP) ,

W2 (εP) = 1 − exp
(
−ε2

P/α2
2

)
,

(2)

ª ¥ W0 (εP) � 9 ¡ á N V Ç, Wr (εP) � � 5
��VÇ, W1 (εP) ��Ñ��ý�g>fVÇ,

W2 (εP) ��Ñü�ý�g>fVÇ.

u ´ � � � g > f u � X ê σ (εP) =

Wr (εP) + W1 (εP) + 2W2 (εP). O�¥�A�ë
ê���: P0 = 0.5, α0 = 43.5, Pr = 0.5, αr = 30,

α2 = 127.9. lã 2 �±wÑ, �.���z'
ý�9¡�g>fu�Xê�¢�êâÎÜ. ,	,

b�9¡u���g>fÑl��Ó5ð�d�
©Ù, �g>f�§Ý� 1/3 �Ï���Ó5>f
§Ý [18](= Tse = Te/3).

ã 2 �z'>b9¡�g>fu�Xê�¢�êâ [6] 9�
g>fu��.�'�

æ^DÕÝ
��{)��:�>³©Ù, æ
^NÈ\�{O�âf¤3 � (z, x) ?��l
fëê. O�¥��lfN>f§Ý��� Te =

3—50 eV.

3 O�(J

�ââf�[ [7] Ú6N�[ [6] �(J, ¿

�íåì�>Ï�²1u9¡���>f²þÄ
U ε̄‖ �R�u9¡��>f²þÄU ε̄⊥ �'
�� 4, = ε̄‖/ε̄⊥ 6 4. �>f§Ý��Ó5�,

ε̄‖/ε̄⊥ = 2. Ïd 2 6 ε̄‖/ε̄⊥ 6 4, Ù¥ ε̄‖ = Te‖,

ε̄⊥ = Te⊥/2, Ø�Ä>f±�¤£U. u´���
�É5§Ý�'���� 1 6 κ = Te‖/Te⊥ 6 2.

O�¥��Ó5>f§Ý� Te = (Te⊥ + 2Te‖)/3,

�ëê����

κ = Te‖/Te⊥ = 1, 1.5, 2,

Te = 3—50 eV.
(3)

·�ÚO
ïþ�lfN�9¡�p�^r
f��Ônþ, X>f�9¡�-EªÇ!>f
39¡�Uþ�È!}�éÏ�>f�e%�.

3.1 >>>fff999¡¡¡---EEEªªªÇÇÇ

>f�9¡�-EªÇ�N
�lfN�9
¡�p�^�ì�§Ý. �
¦Ñ>f�9¡�-
EªÇ, I�kÚO\�>fÏþ sw (Xã 3(a) ¤
«). âd, �â SPT-100 .¿�íåì�AÛëê
9�lfNëê, �±¦Ñ>f�9¡�-Eª
Ç νew.

� ∆s �Ï�9L¡È, ∆v �Ï�NÈ, ��
�lfN>f�9¡-E�oÏþ� sw × ∆s, Ï
�¥�o>fê� N0 × ∆v. u´��Ï�¥ü�
>f�9¡-E�²þªÇ�

νew =
sw × ∆s

N0 × ∆v
=

sw × Θ

N0
, (4)

Ù¥ Θ = ∆s/∆v = 500/7 �Ï�¡N', |^þ
ª¦Ñ�>f�9¡-EªÇXã 3(b) ¤«.

lã 3 �±wÑ, �>f§Ý Te '�$�, \
�>fÏþ sw Ú>f9¡-EªÇ νew �úO
\, >f§Ý��É5é sw Ú νew �K�é�, ù
´Ï���¡}�Ly��A5 [5,10,16]; ,�
�¡9¡�²þ>³ φ̄w é$, �>f§Ý��É
5é φ̄w �K�é� (Xã 4 ¤«). � Te > 24 eV

�, sw Ú νew ×�O\, >f§Ý��É5é sw

Ú νew �K�wÍOr. ù´Ï�, ��¡}�L
y��m��A5, �R�u9¡��þ (x ��)

�9¡>³��ér� [5,10,16], ���þ$U�
\�>f�U��9¡þ; ,��¡ φ̄w �p, �
�éu>f§Ý��Ó5, >f§Ý��É5ü$

 φ̄w (Xã 4 ¤«), l3�½§Ýþ~f
>f
�9¡�p�^.
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ã 3 >f�9¡�p�^ëê, Te = 3—50 eV, κ = 1, 1.5, 2 (a) \�>fÏþ Sw; (b) >f9¡-EªÇ νew

ã 4 ØÓ>f§Ý�>f§Ý��É5é9¡²þ>³ φ̄w

�K�

3.2 999¡¡¡UUUþþþ���ÈÈÈ

¿�íåì�>Ï�ý�9¡�§ÝU�
� 102 ◦C þ? [19], ÙÌ��ÏÒ´�lfN9
¡Uþ�È. ��/, >f½lfñÂ9¡Ñ¬
E¤9¡Uþ�È, �´>f9¡Uþ�È´�
¤ � l f N 9 ¡ U þ � È � Ì � Ü ©, ù ´ Ï
�: Äk, du>f�^z, lf�^z, ¬E
¤Ï�¥�»�>f6��ulf»�6; Ù
g, l�}���Ý5w, 9¡\�>f6Ï
þ Γew = Γiw/(1 − σ̄), � � � o � g > f u �
Xê σ̄ → 1 �, >f\�Ïþ��ulfÏþ,

= Γew À Γiw.

·�ÚO
9¡?�\�>fUþÏþ εwe1,

Ñ�>fUþÏþ εwe2, ±99¡�Uþ�ÈXê

Λw = (εwe1 − εwe2)/εwe1, (5)

ÚO(JXã 5 ¤«.

�>f§Ý Te '�$�, εwe1 Ú Λw �úO
\, >f§Ý��É5é εwe1 Ú Λw �K�é�.

ù´Ï���¡}�Ly��A5 [5,10,16]; ,�
�¡9¡�²þ>³ φ̄w é$, �>f§Ý��É
5é φ̄w �K�é� (Xã 4 ¤«). � Te > 24 eV

�, εwe1 Ú Λw ×�O\, >f§Ý��É5é εwe1

Ú Λw �K�wÍOr, ù´Ï�, ��¡}�L
y��m��A5, �R�u9¡��þ (x ��)

�9¡>³��ér� [5,10], ���þäk�$
Uþ�\�>f�U��9¡þ, ¿r�Ü©Uþ
�È39¡þ; ,��¡ φ̄w �p, ��éu>f
§Ý��Ó5, >f§Ý��É5ü$
 φ̄w (X
ã 4 ¤«), l3�½§Ýþ~f
>f�9¡�
p�^.

3.3 CCC999}}}���éééÏÏÏ���>>>fff���eee%%%

Ï�>f²L}�³^�~��^�, ��9
¡�>fr�Ü©Uþ�È39¡, Ó�)¤$U
��g>f. �g>f²LC9}��\��^�
?\Ï��Ï��lfN�·, éÏ�>fke%
�^. �
ïþC9}�éÏ�>f�e%�^,

·�ÚO
�lfN-}�>.�\�>fUþÏ
þ ε0e1 ÚÑ�>fUþÏþ ε0e2, ±9e%Xê

Λ0 = (ε0e1 − ε0e2)/ε0e1, (6)

ÚO(JXã 6 ¤«.

ε0e1 �>f§Ý Te �O\Cq¥�5O\, >
f§Ý��É5é ε0e1 �K�ÅìO\. �>f
§Ý Te '�$�, Λ0 �úO\, >f§Ý��É
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5é ε0e1 Ú Λ0 �K�é�. ù´Ï���¡}�
Ly��A5 [5,10,16]; ,��¡9¡�²þ>
³ φ̄w é$, �>f§Ý��É5é φ̄w �K�é
� (Xã 4 ¤«). � Te > 24 eV �, Λ0 ×�O\,

>f§Ý��É5é Λ0 �K�wÍO\, ù´Ï
�, ��¡}�Ly��m��A5, �R�u9
¡��þ (x ��) �9¡>³��ér� [5,10,16],

���þäk�$Uþ�\�>f�U��9

¡þ, )¤��þ$U�g>f?\Ï�; ,�
�¡ φ̄w �p, ��éu>f§Ý��Ó5, >f
§Ý��É5ü$
 φ̄w (Xã 4 ¤«), l3
�½§ÝO�
}>Ñ�>f�ÄU. �>f§
Ý?�ÚO�� Te > 36 eV �, d�9¡)¤�
�g>fêþ�UYO� (Xã 3(a)), �´ ε0e1 O
���é×�, Ïd>f§Ý��É5é Λ0 �K
�C�.

ã 5 >fUþ�Èëê, Te = 3—50 eV, κ = 1, 1.5, 2 (a) \�>fU6 εwe1; (b) Uþ�ÈXê Λw

ã 6 }>>fU6ëê, Te = 3—50 eV, κ = 1, 1.5, 2 (a) \�>fU6 ε0e1; (b) e%Xê Λ0

4 ( Ø

æ^��âf�{ïÄ
>f§Ý��É5
é¿�íåì¥�lfN�9¡�p�^�K�.

(JL²: �>f§Ý�$�, >f§Ý��É5
é�lfN�9¡�p�^�K���; �>f
§Ý�u 24 eV �, �lfN�9¡�p�^²

wOr, ¿�>f§Ý��É5¬wÍ/ü$>
f�9¡�-EªÇ, ~�>f9¡Uþ�È, ~
f}�éÏ�>f�e%�A. ù
(JkÏu
·�n)¿�íåì�>Ï���>f§Ý (�
� 50—60 eV[9]) �u6N�[�ýÿ� (18 eV[12])

±9�m>Ö�Ú}���.>f§Ý 26 eV[6].
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Abstract

To further reveal the physical mechanism of the saturated electron temperature which is about 50–60 eV in the discharge channel

of Hall thruster, the effect of electron temperature anisotropy (ETA) on plasma-wall interaction in Hall thruster is studied by using a

2D3V particle-in-cell sheath dynamic model. Some important physical parameters such as electron-wall collision frequency, electron

energy deposition at wall and the cooling effect of near-wall sheath on channel electron are calculated. Numerical results indicate that

the influence of ETA on plasma-wall interaction is neglectable when electron temperature is low. However, when Te > 24 eV, the

ETA can significantly reduce electron-wall collision frequency, thereby reducing the electron energy deposition at wall and weakening

the cooling effect of near-wall sheath on channel electron. It suggests that the anisotropy of electron temperature tends to increase the

saturated electron temperature in the discharge channel of Hall thruster through remarkably weakening the interaction between channel

electron and wall.

Keywords: Hall thruster, electron temperature anisotropy, plasma-wall interaction, particle-in-cell simulation
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