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ØrÚ�ÅõÇ´píØ�í�Å�>¥�ü��K�Ï�, ��é�>L§¥�lfNÄåÆA�9g
|�(�kX���K�. |^k�*Ñ�.ÚV���{, é�>L§¥ØrÚ�ÅõÇ�K�?1
ê�ï
Ä. (JL², Ørü$��>�lfNòlm�©²��lfN�:(�C��ì¥*ÑA5��lfN, �
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1 Ú ó

20 V 40 c��Ï,�)ûX�XÚ¥��
ÅÂB�>¯K, Brown Ú MacDonald �Ägég
d�m¥�píØ�Å�>y�?1
XÚ�ï
Ä, ù
@ÏïÄ�¤JÑ�Â¹3 Mac Donald
�;Í¥ [1]. 20 V 80 c�, /ÏFÃ¤Ù�£
^��+Eâ [2], <�égd�m��Å�>mÐ

2��¢�ïÄ, ¿5¿�
píØ�Å�>L
§¥°[g|�(���3 [3], �du"yk��
*	Ãã, ïÄö�éÙÄåÆL§�,"y�\
�
)Ú@£. �C�Ãup��KEâ±9põ
Ç�ÅEâ��vuÐ, épíØ�ÅÂB�>¥
�lfNÄåÆL§�[�*	¤��U. CÏ�
¢�ïÄL²3�½�^�epíØ�ÅÂB�
>¬/¤5K��²ï�lfNg|�(�, ¿�
X\�Å���uÐDÂ [4−6].

du�Å��lfN�mE,��p�^,
)Û�{3píØ�Å�>¯K¥�A^É�é

���, �'�ê�ïÄ�mk��. �C Nam
Ú Verboncoeur[7] ^��6N�.éù�¯K?1

ê�ïÄ, du�.¥À^
ØT��>f*
ÑXê, ÙO�����lfN�ÝÉ~ p (>
4.5×1023 m−3). �éù�¯K, Boeuf ��©�ö
� [8−11] JÑ
�«O¥56N�., �.¥^�
«#L�k�*ÑXê5£ã�lfNDÂL§
¥*ÑA5�=C, 3�Ó�^�e�.�ê�(
J�©z [4—6] �¢�(JkéÐ���5. �©
3± ïÄ�Ä:þ/Ïù��., éØrÚõÇ
é�Å�>�lfNg|�(��K�?1ê�
ïÄÚ©Û.

2 Ôn�.

©z [8] JÑ�píØ�ÅÂB�>�lfN
�.¥^ Maxwell �§

∇× E = −µ0
∂H

∂t
, (1)
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∇× H = ε0
∂E

∂t
+ Jc (2)

5£ã�Å, ¿ÏL>�>6� Jc ��lfN�
.�ÍÜ, 3p-E�lfN¥lf>6�éu>
f>6�±�ÑØO, ¤±>�>6�±��

Jc = −enu, (3)

Ù¥ u�>f¶Â�Ý, �d>f�Äþ[£�§

∂u

∂t
= − e

me
E − νmu (4)

¦�, Ù¥ νm �>fÚ¥5âf�m�Äþ=£
-EªÇ. >6�¥�>fê�Ý n d£ãp-E
�lfN�ëY�§�Ñ,

∂n

∂t
−∇ · (D∇n) = S. (5)

�*ÑXê D�~ê, ��¥=�Ä>l�
A (= S = νine) �, �§ (5) �pdì?)���

n (r, t) = At−2/3 exp [νit − r/4Dt] , (6)

Ù¥ r� �¥þ.
�Ý�§ (6) �c÷DÂäkg�q5, DÂ

�Ý�

V = 2
√

νiD, (7)

c÷A�°Ý�½Â�

L =
∣∣∣ n

∇n

∣∣∣ =
√

D/νi. (8)

��§ (5) ��¥�Ä>f�lf�EÜ
�, = S = νin − rein

2, �§ (6) òäk�\E,�
/ª [12].

d�§ (7) Ú (8) ��*ÑXê��K��l
fNc÷�DÂ�ÝÚg|�(��	*. Nam
Ú Verboncoeur[7] ¦^V4*ÑXêO���
L
p��lfN�Ý, ´Ï�V4*Ñ=·^u�Ý
�p�«�, 3�lfN�>�du>f�Ý�$,
Debye �Ý��, >f�gd*ÑAÓÌ�/ .
�£ãù�*ÑA5�=C,©z [8] JÑ
�«
k�*ÑXê

Deff =
αDe + Da

α + 1
,

α = νiτM = λ2
D/L2, (9)

Ù ¥ τm = ε0/en (µi + µe) �0 > t µ � m
(½ Maxwell t µ � m), λD =

(
ε0kTe/e2ne

)1/2

� Debye �Ý, De Ú Da ©O�gd*ÑXêÚV
4*ÑXê.

éupª|¥�p-E�lfN, 3�/|b
�e, >lªÇ νi =�ûuk�>| Eeff (�(�
/`´�zk�>| Eeff/p)[1]:

Eeff =
Erms√

1 + ω2/ν2
m

, (10)

Ù¥ Erms�þ���Å>|, ω��Å�ªÇ.

3 ê��{

3.1 � � k � � © { (finite-difference-
time-domain FDTD)

FDTD ´¦) Maxwell �§�²;�{, �2
�A^u>^Æ¯K¥. 3Ñ�¯K¥Ï~ò\�
|ÚÑ�|©l, Et = Ei + Es, Ht = Hi + Hs, e
I i, s Ú t ©OL«\�|!Ñ�|Úo|, \�
|d°()Û�§�Ñ, Ñ�|ÏL FDTD �{O
�, ù�?n�±k�/ü$O�Ø��È\ [13].

> f Ä þ [ £ � § (4) � � l Ñ�È © �
ª [14]

un+1 − un

∆t
+ νm

un+1 + un

2
= − e

me

En+1
t + En

t

2
.

(11)
nÜ�§ (11) Ú�§ (2) � FDTD ¥��a�ª,
��:

En+1
s = En

s

1 − β

1 + β
+

en∆t

2ε0

1 + α

1 + β
un

− β

1 + β

(
En+1

i + En
i

)
+

∆t

(1 + β) ε0
∇× H, (12)

un+1 = αun − e∆t

2meγ

(
En+1

t + En
t

)
, (13)

α =
1 − a

1 + a
, β =

ω2
p∆t2

4γ
,

γ = 1 + a, a =
νm∆t

2
, (14)

Ù¥ ωp��lfNªÇ, þI n L«�mÚ.
�§ (12)—(14) ��§ (1) �DÚlÑ�ª�

(Ü=�3 Yee ¼��þ�O¦)�Å>|Ú^
| [15].

gd�m�Ñ�¯K¥I�éÑ�|��	
Ë�>., �©¦^
 Mur[16] JÑ�áÂ>..
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3.2 �lfNëY�§�lÑ

|^k�*ÑXê Deff , ¿3�¥Ó��Ä
>l νi ÚEÜ rei, �lfNëY�§ (5) ���

∂n

∂t
−∇ · (Deff∇n) = nνi − rein

2. (15)

�§lÑ�*ÑÚ>l��^{üw�ª, ��
� rein

2 K�¦^�Û�ª5?n, ±;�ÑyK
��Ý�,

nn+1
e(k,l) =

1
1 + ∆tpreinn

e(k,l)

×
{

nn
e(k,l) [1 + ∆tpνi]

+
Deff

∆2sp

[
nn

e(k+1,l) + nn
e(k−1,l) + nn

e(k,l+1)

+nn
e(k,l−1) − 4nn

e(k,l)

] }
. (16)

gd�m¯K¥eO�«���u�lfN
«, 3O�>.�é�Ý¦^EÜ>., =ò>.
?�N�Ý�½� 0 �.

3.3 V��

3píØ�Å�>L§¥, du�Å>|Ú�
lfN�mr����5ÍÜ, �lfNDÂc÷
Ü©��ÝFÝ�~�, ëY�§ (15) é��°[
Ý��¦ (λ/1000) �pu FDTD (λ/50). ��¯K
¥, ��Å>|��R�uO�²¡�, �±^V
��5÷v�Ý�§Ú Maxwell �§é��º
��ØÓ�¦.

�©O�¥ Maxwell �§ (FDTD) ¦^�o÷
��º�P� ∆SM, �lfNëY�§¦^�°
[��º�P� ∆SP. ¦)L§¥, ��lfëY
�§ (15) ¥�Ñ$ëêI�d Eeff 5(½�, ÏL
�5��5¼�°[��þ� Eeff �, ��°[�
�þ�#��Ý���, 2ÏL�A����{5
�#o÷��þ��Ý, ±?1e���mÚ Eeff

�¦).

4 ê�(J�©Û

O�¥æ^
�í���>íN, ¿b½>f
§Ý�~� 2 eV, ¤£Xê�' µe/µi = 200, �Ñ
lf*Ñ.

ã 1 ¤«�O�«�ÚÐ©^�, O�«��
�� 2.5λ×2.5λ, 110 GHz � z-4z²¡ TEM Ål
�ý\�, Ð©>f u¶��m� �, Ð©>
fäk Gaussian �Ý©Ù, ��� 1015 m−3, IO

� 20 µm. ã 2 �Ñ
�©O�¥¤^�>lª
Ç νi �k�>| Eeff �m�'X [17,18].

ã 1 O�«�9Ð©^�

4.1 Ør�K�

X ã 2 ¤ «, > l ª Ç Ó � É Ø r Ú \ �
õ Ç � K �, O � ¥ ¦ ^ 
 � Ó � � z k �
\ � | r Ei,eff /p = 6.9×103 V/m·Torr (1 Torr =
133.322 Pa), ±¦þ©lüö�m���K�, EÜ
Xê rei �~�� 0.5×10−13 m3·s−1.
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Eeff/p(kVSm-1STorr-1)

ã 2 �z>lªÇ��zk�>|�Cz

ã 3�ØÓØreg|�(���m�Cz.
O�(Jw«, �XØr�ü$, �Å�>�lf
N�DÂ�ÝÄ��±��, g|�(�%l>
.�ß��:GãY (ã 3(a)) ÅÚC�>.�

Ø���lfNì (ã 3(c)). ÏLg�qc÷DÂ
�Ý V = 2

√
νiDe 9c÷A�°Ý L ≈

√
De/νi

�±éÐ/n)ã 3 ¥�(J. *ÑXê�Ør¤
�', ��zk�>|�±ØC�>lªÇ�Ør
¤�', ¤±�Ørü$� L O�, c÷�Ýü$.
�Ý�ü$�f
�lfNé�Å���, c÷�
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DÂ�la�5C�ëY5, lã 4(b) ¥�±�
\�ß/wÑù�=C. ù
(J� Vikharev � [3]

@Ï�¢�ïÄ9 Cook � [6] CÏ|^p���
Å�¢�*	äkéÐ���5.

ã 3 ØÓØre�Å�>�lfNg|�(���m�Cz
(a) p = 800 Torr, max = 4.2×1021 m−3; (b) p = 400 Torr, max =

2.2×1021 m−3; (c) p = 200 Torr, max = 7.1×1020 m−3

ã 4 ©O�Ñ
¶�þc÷���ÝÚc÷
�éuÐ©>f©Ù¥%� ���m�Cz.
dã 4(a) ��, �Ør�ü$, c÷���Ý~
�, Ù��ÌÝ���f. ã 4(b) ¥pØr�¹
e (800 Torr) ��FG��L
�lfNc÷�
X\�Å�a�5DÂ, Ù¥�R�Ü©éA#
�lfN�:�/¤, Ù��Y²Ü©K�L#�
:�uÐ, ã¥�w«Ør� 800 Torr �3��
�[L§¥�lfNc÷Ñ�±a�5DÂ, é
uØr�$��¹, 400 Torr Ú 200 Torr c÷=3
m©�A�B¦S¥a�5DÂ. lã 4(b) ¥��
±��, �Ó��zk�\�|re�lfNc÷
�DÂ�ÝÄ�Ø�ØrCz.

4.2 \�õÇ�K�

píØ�Å�>L§¥�g|�(�é�
ÅõÇ/\�>|�Ì (E0) ��~¯a, 3Ør
�½��¹e, \�õÇO��c÷°Ý L ≈√

De/νi ò ~ �,  D Â � Ý V = 2
√

Deνi K
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ã 4 ØÓØre�lfc÷ (a) ���ÝÚ (b) �éuÐ©>
f©Ù¥%� ���m�Cz

ã 5 ØÓ\�|re�lfNg|�(���m�Cz
(a) E0 = 4.5 MV/m, max = 1.4×1021 m−3; (b) E0 = 5.3 MV/m,
max = 2.8×1021 m−3; (c) E0 = 6.0 MV/m, max =

3.5×1021 m−3

òO�. dc÷°ÝÚDÂ�Ý�\�õÇ�Cz
ª³�±ýÏ�\�õÇO\�, ò��DÂ�Ý
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�¯>.��\©²�g|�(�. ©z���O
�(J�w«, ���lf�:�m�ål¬��
ÅõÇ�O\~�.

ã 5 ¤«�Ør� 710 Torr �, n�ØÓ\
��Ì 4.5, 5.3 Ú 6.0 MV/m (éA�ÅõÇ©O
� 2.6, 3.4 Ú 4.7 MW/cm2) eg|�(���m�
üzL§.
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ã 6 ØÓõÇe�lfc÷ (a) ���ÝÚ (b) �éuÐ©>
f©Ù¥%� ���m�Cz

ã 5 �O�(Jw«: 1) �\��ÅõÇ�
� (E0 = 4.5 MV/m) �g|�(�¥�lfN�:
�m�>.�©�
, 3 180 ns ����(�ðC
����cëYDÂ��lfN�; 2) �\�>|

�ÌO\� 5.3 MV/m �, �:�m�>.C��
�²ß; 3) E0 = 6.0 MV/m �, �lfN�c÷C
��\Í�, �lfN�:�m�m���\²w.

ã 6 �O�«�¶�þ�lfNc÷��Ý
���±9c÷�éuÐ©>f©Ù¥%� �
��m�Cz. ã 6(a) ¥ E0 = 4.5 MV/m Ú E0 =
5.3 MV/m �w«, õÇ��c÷���Ý��
m����wÍ, E0 = 6.0 MV/m �vk��w
yÑ��m���, ù´Ï�p\�õÇ��
p
�DÂ�Ý, Xã 6(b) ¤«, 3���ÝLyÑ�
�A5�c, c÷®²��
O�«��>..

Xc¤ã, �lfNc÷ ��¥�R�Ü
©éA#�lfN�:�/¤, Y²Ü©K�L
#�:�uÐL§. �\(�/`�R�Ü©�
�Ý�L
�lfN�:�m�ål, Y²Ü©
��ÝK�N
�:uÐ��m±Ï. dã 6(b) �
�, �\�õÇ��, c��lfN�:��Ýþ
,��¯, �:�m�ålKÑk~�.

5 ( Ø

3píØ�í�ÅÂB�>L§¥, ØrÚ\
�õÇ��û½
�>�lfNg|�(��/
�9Ùc÷�DÂA5. �Ó��zk�\�|r
e, Ør�ü$ò��g|�(�l*dm�©²
��lfN�:C�¥*ÑA5!>.�
Ø�
��lfNì, �lfN�DÂ�ÝKA�ØÉ
ØrK�. ØrØC�, \��ÅõÇÓ�é�l
fNg|�(�ÚDÂ�ÝkXr��K�, õÇ
����>�lfN=3Ð©�ã¥ya�5D
ÂÚm�²w��:(�, �ÒüC¤���ë
YDÂ��lfN�, �XõÇ�O\�lfND
Â�Ýé¯Jp, (���\©²¿U3���>
L§¥�±a�5DÂ. �©¤k�O�Ú©ÛÑ
�´�é��.�ÅÂB�>, æ�.�¹ò3�
YØ©¥�±?Ø.

[1] MacDonald D 1966 Microwave Breakdown in Gases (New York:
John Wiley & Sons)

[2] Litvak A 1994 Freely localized gas discharges in microwave
beams. in Applications of High Power Microwaves, edited by
Gaponov-Grekhov A V, Granatstein V L (Boston: Artech House)
pp145–167

[3] Vikharev A L, Gil’denburg V B, Golubev S V, Eremin B G, Ivanov
O A, Litvak A G, Stepanov A N, Yunakovskii A D 1988 Sov. Phys.

JETP 67 724

[4] Hidaka Y, Choi E M, Mastovsky I, Shapiro M A, Sirigiri J R,
Temkin R J 2008 Phys. Rev. Lett. 100 035003

[5] Hidaka Y, Choi E M, Mastovsky I, Shapiro M A, Sirigiri J R,
Temkin R J, Edmiston G F, Neuber A A, Oda Y 2009 Phys. Plasma
16 055702

[6] Cook A, Shapiro M, Temkin R 2010 Appl. Phys. Lett. 97 011504

[7] Nam S K, Verboncoeur J P 2009 Phys. Rev. Lett. 103 055004

235202-5



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 23 (2012) 235202

[8] Boeuf J P, Chaudhury B, Zhu G Q 2010 Phys. Rev. Lett. 104
015002

[9] Chaudhury B, Boeuf J P, Zhu G Q 2010 Phys. Plasma 17 123505
[10] Zhu G Q, Boeuf J P, Chaudhury B 2011 Plasma Sources Sci. Tech-

nol. 20 035007
[11] Chaudhury B, Boeuf J P, Zhu G Q 2011 J. Appl. Phys. 110 113306
[12] Ebert U, Saarloos W 2000 Physica D: Nonlinear Phenomena

164 1
[13] Kunz K S, Luebbers R J 1993 The Finite Difference Time Domain

Method for Electromagnetics (Baca Raton, Ann Arbor, London,
Tokyo: CRC Press) p13

[14] Cummer S A 1997 IEEE Trans. on Antennas and Propagation
45 3

[15] Yee K K 1966 IEEE Trans. on Antennas and Propagation
AP-14 3

[16] Mur G 1981 IEEE Trans. on Electromagnetic Compatibility
EMC-23 4

[17] Raizer Y P 1991 Gas Discharge Physics (Berlin: Springer) pp53–
57

[18] Warne L K, Jorgenson R E, Nicolaysen S D 2003 Ionization Coef-
ficient Approach to Modeling Breakdown in Nonuniform Geome-
tries Sandia Report SAND 2003–4078

235202-6



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 23 (2012) 235202

Effects of pressure and incident power on
self-organization pattern structure during

microwave breakdown in high pressure air∗
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Abstract
Pressure and microwave power are the most important parameters during microwave breakdown in air and affect the self-

organization plasma pattern structure and its propagation directly. In order to study the effects of pressure and microwave power,
an effective-diffusion fluid plasma equation is solved together with Maxwell’s equations, and the double grid method is also used to
meet the different grid size requirement of plasma equation and finite-difference-time-domain for Maxwell’s equations. The numerical
results show that with lower pressure the plasma behaves as a more diffuse plasmoid instead of a well defined plasma pattern structure
under higher pressure, and the increase of incident microwave power will lead to a rapid growth of the front propagation velocity and a
well separated and sharp pattern structure, and the higher incident power also results in jump-like front propagation.

Keywords: microwave breakdown, self-organization pattern structure, pressure, microwave power
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