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3¢�þïÄ
pØ�6>lu)ì>4mY�íN�>9�lfN��, *	�
íN�>L§¥�B¦
óÀ. ±>f�6N$Ä�§Úð�d��§�nØÄ:, |^ δ ¼ê5£ã�C	>|�^e>4?�>fæÈ
y�, ïá
~ØeíN�>��lfN3	>|¥���nØ�., ÏL Laplace C�¦)Ñ>4m��>>Ø.

nØ�¢�(JÄ�ÎÜ, l���Ñ¢�¥�lfN�>fê�Ý� 1.3 × 1012/m3.
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1 Ú ó

Cc5, ~Ø�²ï�lfNduÙAk�`
³Úã��A^cµ�É<��'5. 3�í¥ü
�>4þ�\v
p�>Ø�¬u)íN�>y
�, >4m�íN¬�>ll�)~Ø�lfN.
3íN>lL§¥¬�)�þ�àÄ!¹5Ïf
ÚgdÄ, íN¥�k³Ô�¬3�>L§¥�©
)½�z, ¤±íN�>�lfNäk�Øk³Ô
�lÀz�í��^. ,	, 3íN�>L§¥
>4mäkép�Uþ, �±k�/à«�í¥�
�)Ô, X�ÁÚtÿ�. duÃI[B�4ÙE
,�ý�XÚ, ��3�í¥�>�), ¤���
ü$, �±��^uUõá��L¡A5 [1−3], ¿
3�lfN�Æ+�k2��A^ [4−8].

~Ø�lfN��)Ï~kü«�{, �«´
æ^��>
�, ,�«´æ^óÀ>Ø°Ä�
> [9]. óÀ>Ø°Ä�>�±�)�þ�þ!~
Ø�lfN, äk�p�¹5��f!Ï����
)�Ç, ¤�)��lfN�>fê�Ý�p!�
lfN�²þ>fUþ��. Ïd~Ø�²ï�l
fN´ISÚIS�CAc,å���9:ïÄ
�K. 20 VÐJÑ� Townsend nØÚ65nØ

´ïÄíN�>�Ä:, �3)ºB¦óÀ¢�
þþ�3�½"� [10]. Ïd365nØ�Ä:þ,
Mesyats �JÑ
>f�ónØ [11] Ú Kunhardt �
JÑ
<º>f�. [12] ^u)ºíN�B¦ó
Ày�. Aleksandrov � [13] ÏLéíN�>�lf
N�ïÄJÑ
>fUþ��Ån. �óÀ�>í
Ym�\�>|,p��½§Ý�, ¬��>f3
üg-E�m���Uþ�uÙ��µíN-E
¤���Uþ, ùÒ¦>fÏ±Y\�?u<º
G� [14,15]. ÏLïÄuy1>lÅn3~Ø�l
fN�6í?¥�üX���Ú [16,17]. ISï
Ä�|Äu²;��>nØ¿l65�>�âÑ
u&?
B¦óÀíN�>nØ, ¿ïÄ
pU¯
>f3�>L§¥��^9$Ä;, [18,19]. ·�
¢��|l6NåÆ�§Úð�d��§Ñu, |
^ δ ¼ê£ã>fæÈL§, ïá
íN�>�l
fN���nØ�., nØ[Ü�¢�(JU
Ä
�ÎÜ.

2 ¢�C�Ú(J

íN�>�lfN¢�C�{ãXã 1 ¤«,
gÍCØì B1 �,ØCØì B2 Jø 0—220V �
��N�>Ø. �>N C1 ¥¤¿>Ø��>4 G1
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�ÂB>Ø�, G1 m��í�ÂB, 3£´ N3–C1–
G1 ¥�)pª��. N4 ´��CØì B3 �g?
,Ø��, �>>4 G2 ?um´G�. «Åì�u
�� N5 üà, Ò�±*	�£´�pª��Å/.

3«Åìþ*	����Å/Xã 2 ¤«.

ã 2(a) � N3–C1–G1 £´�)�{Z��. lÛÜ
���ã 2(b) ¥�±w�3{Z��Å/�Å¸
ÚÅ�?Ñy
��±Ï3B¦þ?�óÀ. ·�
3©z [20,21] ¥rù
B¦óÀ8ÏuíN�>
L§¥�)��lfN��.� � � � � � � � � � � � � 	
 � 
 � 
 	 
 �� � 
 � � �

ã 1 íN�>�lfN¢�C�

� � � � � � � � � �� � �� � �� ���� �� �� �� �
� � � � � � � � � � � �� � �� � �� ���� �� �	
 	
� �  � � 

ã 2 ¢�ÿþ����lfN��Å/ (a) ��NÅ/; (b) �Å/ (a) 3�mºÝþ�Ðm

3 nØ©ÛÚ?Ø

�
Bu©Û, æ^XenØCq: 1) du�
lf��þ��u>f��þ, �±�Ñ�lf�
$Ä, ��Ä>f�$Ä, ¿�ò>f�$Ä�Ä
¤>f6N�$Ä; 2) ¢�¥ü>4måé�, �
±@�Ùm/¤÷¶�����mCz�þ!>
|; 3) >f�3÷²1u>|���$Ä (�� x

¶); 4) 3>f$Ä�Ý����¹e, �±Ø�Ä
^|!9ØrÚ>f6NÅ5�K�.

�>fê�Ý� n, >f²þ�Ý� v, >f6
N$Ä�±^Xe�§£ã [22]:

∂n

∂t
+ ∇ · (nv) = −αn, (1)

m
dv

dt
= m

(
∂v

∂t
+ v · ∇v

)
= −e

(
Ei + E e

)
, (2)

Ù¥ (1) ª´>f6N$Ä�ëY5�§, α ´ü

 �mü NÈS�v�>fê'Ç. (2) ª´>
f6N3>|�^e�$Ä�§, Ei L«>fê�
Ý©ÙØþ!/¤�>|, E e L«ü>4m/¤
�	>|.

�²ï�>fê�Ý� n0, d�>f�>Ö�
Ý��lf�>Ö�Ý��-�. edu,«6Ä
¦>fê�Ý l
 n0, K¬�)·>£Eå,
¦�lfNS�>Ö©Ùu)��. �âpd½n

∇ · Ei = − (n − n0) e/ε0, (3)

Ù¥ n′ = n − n0 Ú v ��?�þ. 3ü>4m
r>f�$Ä{z�÷	>|�����$Ä�,
(1)—(3) ª��5zÚ��z�

∂n′

∂t
+ n0

∂v

∂x
= −α (n0 + n′) , (4)

∂v

∂t
= − e

m

(
Ei + E e

)
, (5)
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∂Ei

∂x
= − e

ε0
n′. (6)

ü>4m�>|üNCz�, >f3>|�^
e�\�$Ä, �Ø¬�)�lfN��. XJü
>4m��C�>|, �>|²L4�:�, >f
$Ä�éu>|kò´, 3ü>4m¬�)>f
�ÛÜæÈ, >fê�ÝØþ!¿��K>Ö�Ø
þ!©Ù, l/¤�lfN��. du>fæÈ
L§��mºÝ4á (� 1/2πωp, ωp ��lf�

���ªÇ), ·�Ú\¼ê βδ

(
∂E e

∂t

)
5L�ù

«>fæÈL§. Ù¥ β ´��'~Xê, ^5L
�>fæÈL§Úå�>fê�Ý©ÙØþ!�
§Ý.

3 (4) ªm>O\>fæÈ���
∂n′

∂t
+ n0

∂v

∂x
= −α (n0 + n′) + βδ

(
∂E e

∂t

)
. (7)

ù� (5)—(7) ªÒ�±L��lfN¥�>f3	
>|Úg��)�>|�^e�$Ä. (7) ªü>
é t ¦ �ê, (5) ªü>é x ¦ �ê, ¿�Ä�

éu	>|
∂E e

∂x
= 0, K

∂2n′

∂t2
+ n0

∂2v

∂x∂t
= −α

∂n′

∂t
+ β

∂

∂t

[
δ

(
∂E e

∂t

)]
,

(8)

∂2v

∂x∂t
= − e

m

∂Ei

∂x
. (9)

ò (6) ªÚ (9) ª�\ (8) ª, �±��
∂2n′

∂t2
+ α

∂n′

∂t
+

e2n0

mε0
n′ = β

∂

∂t

[
δ

(
∂E e

∂t

)]
. (10)

�âþã�§, ��� n′ (t), �\ Ji = −n′ev0 (v0

´>f�²þ�Ý), =�£ã�lfN��é>6
�Ý�K�.

,��¡, 3é (5) ª¦ x � �ê�, ò E e

�K
. ¢Sþ, ù�´ò E e é�Ý v ��^©l
Ñ�
, E e üÕé v ��^K^

∂v

∂t
= − e

m
E e (11)

5L�. d� J e = −n0ev (n0 ´>f�²þê�
Ý), �

∂J e

∂t
=

n0e
2

m
E e . (12)

3·�¢�¥	>| E e d LC ��>´�), /
X

E e = Ee0e
−kt cos ωt. (13)

éá (12) ªÚ (13) ª)�

J e = J e0 e−kt cos
(
ωt + ϕJ e

)
, (14)

Ù¥ J e0 =
n0e

2

m

E e0√
ω2 + k2

, ϕJ e = tan−1
(ω

k

)
. l

·���
3Ø�Ä�lfN����¹e, �
lfN¥�>6�Ý J e . d (14) ª��, J e �{
Z��.

� § (10) � ± Ï L Laplace C � { ¦ ).

� L [n′] = N(s), L

[
δ

(
∂E e

∂t

)]
= ∆ (s), Ð ©

^ � � n′|t=0 = 0 Ú
∂n′

∂t

∣∣∣∣
t=0

= 0. � â (13)

ª δ

(
∂E e

∂t

)∣∣∣∣
t=0

= 0, é (10) ªü>� Laplace

C�, K

s2N + αsN +
e2n0

mε0
N = βs∆, (15)

N =
βs∆

s2 + αs + e2n0
mε0

. (16)

² L Laplace _ C � �, � � n′. l  d Ji =
−n′ev0, �±��

Ji = β

√
1 +

p2

q2

∑
m

Jim, (17)

Ù¥

p =
α

2
, q =

√
e2n0

mε0
− α2

4
,

Jim =



0, t < tm,

− ev0∣∣∣∂2E e

∂t2

∣∣∣
t=tm

∣∣∣ e−p(t−tm)

× cos
[
q(t − tm) + tan−1

(p

q

)]
, t > tm,

tm = − 1
ω

tan−1

(
k

ω

)
+

mπ

ω
, m = 1, 2, 3, · · ·

P

Jim0 = −β

√
1 +

p2

q2

ev0∣∣∣∂2E e

∂t2

∣∣∣
t=tm

∣∣∣ ,
ϕJi = tan−1

(
p

q

)
,

¿�Ä�c¡)�� J e , �±���lfN¥�
>6�Ý�

J =J e + Ji = J e0 e−kt cos
(
ωt + ϕJ e

)
+

∑
m

Jim, (18)
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Jim =


0, t < tm

Jim0 e−p(t−tm)

× cos [q (t − tm) + ϕJi ] , t > tm,

tm = − 1
ω

tan−1

(
k

ω

)
+

mπ

ω
, m = 1, 2, 3, · · ·

dd���lfN¥�>6�Ý J �©�üÜ©:
1�Ü©�	>|Úå�{Z��; 1�Ü©K´
Ï>fæÈÚå�õ�{Z���U\, ù
�
��å�:þ u�C	>|��4�:?.

3�¢��¥, du��£´�>N (Ì�
´ C1) é�, �±Cq@� U ∝ i [23], Ù¥ U � N5

üà�>Ø, i ���£´¥�>6, ½=6L�>
>4 G1 �>6.  i ∝ J , u´ U ∝ J .(18) ª�±
��'u U �L�ª

U =U e + Ui = U e0 e−kt cos
(
ωt + ϕJ e

)
+

∑
m

Uim, (19)

Uim =


0, t < tm

Uim0 e−p(t−tm)

× cos [q (t − tm) + ϕJi ] , t > tm,

tm = − 1
ω

tan−1

(
k

ω

)
+

mπ

ω
, m = 1, 2, 3, · · ·

Ù ¥ U e ´ N3—C1—G1 £ ´ ¥ u ) { Z � �
� N5 üà�>Ø, U e0, k Ú ω ©O� U e �Ð
©�Ì!P~XêÚ�ªÇ. |^���¦{[Ü,
�±�� U e0 = 11.23 V, k = 2.51 × 106 s−1,ω =
0.095× 106 s−1, Uim0 = 6.19 V, p = 5.65× 106 s−1,
q = 65.33 × 106 s−1. U (19) ª, nØ[Ü(J
Xã 3 ¤«. (Ü[Ü���ëêÏL p =

α

2

Ú q =

√
e2n0

mε0
− α2

4
, ��±��Ñ>4mY�l

fN¥�>fê�Ý�

n0 =
mε0

(
p2 + q2

)
e2

= 1.3 × 1012 /m3. (20)

� � � � � � � � � �� � �� � �� � �� ���� �� �� �� �
� � � � � � � � � � � �� � �� � �� ���� �� �	


	

� � 
� � 

ã 3 ¢��nØO�(J�'�, Ù¥¢��¢�êâ,
J��nØ[Ü(J

4 ( Ø

�©l6NåÆ�§Úð�d��§Ñu, |
^��AÏ� δ ¼ê£ã
�lfN3pª��
	>|¥Ñy�>fæÈL§, ïá
~Ø�lf
N���nØ�.. nØ[Ü��¢��Ä
�ÎÜ, lnØþ`²
>f�ÛÜæÈ=>fê
�ÝØþ!©Ù´�)~Ø�lfN���Ì�
Ån.
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Experimental and theoretical studies on gas discharge
and plasma oscillation at atmospheric pressure∗

Wu Jin-Ze Tang Jin-E† Dong You-Er Zhang Guo-Feng Wang Yan-Hua

( College of Physics and Electronics Engineering, Shanxi University, Taiyuan 030006, China )

( Received 13 January 2012; revised manuscript received 28 February 2012 )

Abstract

The gas discharge and plasma oscillation between the electrodes of high-voltage alternating current arc generator are studied,

and the nanosecond pulsed phenomenon in the gas discharge process is observed at atmospheric pressure. Electron accumulation

phenomenon under the action of alternating electric field is described by using a δ function. Based on the equation of electron fluid

motion and Maxwell equations, the discharge voltage between the electrodes is depicted theortically. Theoretical and experimental

results are consistent with each other basically, and the electron density is estimated to be 1.3 × 1012/m3.

Keywords: gas discharge, plasma oscillation, nanosecond pulse, δ function
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