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1 Ú ó

3ý�>få�4+¥, Ò4´��'��Ü
���, §û½X�)>få��þÚ>6rÝ�
ëê. éur6âfå, cÙ´Nõ^u�)põ
Ç�Å (HPM) �>få-y, Ù>6�Ý��Ñ
�Lê kA/cm2, 8cý�õê��^½¬^ HPM

Ñæ^X7á�¿>fu�Ò4 [1]. �¿>f
u����L§���©�n��ã [2]: ÐÏ�
ã±|�>fu��A�, Ó���XE,�9>
y�; 1���ã´�	\>|�^�ã�m��,

Ò4L¡��âå:±�¿>l�ªÅì/¤C
X3Ò4L¡�âfê�Ý�L 1018 cm−3 �È
��lfN, T�lfN�Cq@�kÃ�u�U
åu�>f; 1n�ã=½u�>f��ã,

ù��ã�u�1�Ì�É�m>Ö��6Ú	
>´¤U�)�>6���, �m>Ö��6K
d Child-Langmuir (CL) ½Æ [3,4] £ã. �¿>fu

��Ò4ÔnL§�©E,, �9¯õÔnÅn,

�©òïÄ�:8¥u�¿>fu�ÐÏÒ4L
¡�ÔnL§.

3�¿>fu��ÐÏ, ½=Ò4�lfN�
�/¤�c, Ò4L¡Ì�´>|Or:�|�
u�, |�u��)ér�>6¬éÒ4L¡�)
��\9�^, l��Y�¿>fu�L§C½
Ä:. 3yk�âf�[^�¥, :'5�´>
fu�Ñ5���Ñ$1�, éuÒ4L¡þ�
mºÝ��!�mºÝ4á�Ôny�ïÄ��,

'X3 MAGIC ^� [5] ¥, âfu�>.��|
^ CL ½Æ�Ñ>fu��Ý,  CL ½Æ´3b
�Ò4L¡®²ä�Ã�u�Uå, �Ò4L¡>
|� 0 ��¹e�Ñ�(Ø, ¢Sþ, Ò4L¡
�>|3�¿>fu�ÐÏ¿Ø� 0. Feng |^â
f�[^� OOPD1 (object-oriented plasma device)

ïÄ
l|�u���m>Ö��u��LÞL
§¥��m>Ö���5K� [6].

du¢�Eâ�ØäuÐ, é�¿>fu��
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ÔnÅn®²��
�
@£, �E,�3�
Ø
�Ù�¯K [7]. �©3ïáÔn�.�Ä:þ, Ï
Lg1?§, éØÓ�	\r>|�¹eÒ4L¡
¢S>|1�?1
ïÄ, òkÏu�Ð/@£�
¿>fu�Ån, kÏun)ÃX�¿>fu��
ý�>L§!|�u�:->lL§Úý�ÂB
�ÔnL§ [8−10].

2 Ôn�.9�{

Xã 1 ¤«, �ïÄ�¿>fu�ÐÏÒ4L
¡>|�Ôn1�, ¿��Ä®u�Ñ�>féÒ
4L¡>|���5K�, æ^��²�AÛ(�
��4+�., T�4+dü¬7á>4|¤, �
>´Ò4, m>´�4, Ò4á�æ^X¾7á, ¾
´�4+Ò4¥^��õ�7áá���, cÙ´
3r>6�Ý�¹e, Ù¦^Æ·��. 	\>|
� E0 = −V0/d, Ù¥ −V0 ´	\>Ø, d ´�4+
Ò�4�m�mYål. β �Ò4L¡�>|Or
Xê, ϕ �4�>³.

ã 1 ²�ý��4+AÛ(�«¿ã

2.1 |||���uuu���ÔÔÔnnn���...

�¿>fu��ÐÏ±|�u��Ì�A�,

�4+Ò4±|�>fu��ª�mY«u�>
f. �k	\R�.¡�>|�3�, 7á-ý�
.¡�>fu�L§�±ÏLþf���A5?
n, Fowler Ú Nordheim 3b�>fl7á>4u
�9L¡³�n�³�Ä:þ, æ^gd>fCq

� WKB �{, ��
 Fowler-Nordheim (FN) |�
>fu�úª [11]

JFN =
AE2

s

φt2(y)
exp

(
−Bφ3/2θ(y)

Es

)
, (1)

Ù¥, JFN ´u��>6�Ý, Es ´Ò4L¡>|,

φ ´Ò4á��ºÑõ, t(y) Ú θ(y) ´ Nordheim ¼
ê, §�Ñ´ y = (eEs/4πε)1/2/φ �¼ê. A Ú B

´ü�²�ëê. 3ê��[¥, ·�æ^CqL
�ª [12] θ(y) = 1+0.1107y1.33, t(y) = 1−y1.69. d
°ÜËØ(½5�n�Ñ�|�>fu�I��
�$>|K�Xe [7]:

E =
2π(2mφ3)1/2

he
, (2)

ª¥, h ´ÊK�~ê, m Ú e ©O´>f��þÚ
>Öþ, é7á¾ó, ÙºÑõ� 4.52 eV, Ïdé
A�>|u�K� E ≈ 5×109 V/m.

ÏL>fw�º�*	uy, Ò4L¡�3�
þØ5K���âå, ù«Ø5K���âå¬¦
�Ò4L¡�>|'Ò�4mY«�m�>|O
rê��$�þz��õ. �
�Äù«>|Or
�A, k½Â��>|OrÏf β[13], ÛÜ>|O
rÏf��«�~�½Â� β = Es/E0, Ù¥ Es

Ú E0 ©O�Ò4L¡�>|Ú�4+ü4��m
�	\>|.

2.2 ÑÑÑttt���§§§999���[[[���...

�©Ûu�Ñ�>féÒ4L¡>|�K�,

æ^�� Particle-in-Cell (PIC) ·>�. [14], £ã
>f�m>Ö�A�Ñt�§Ú>|L�ªXe:

∂2ϕ

∂x2
= − ρ

ε0
, (3)

E = −∇ϕ, (4)

Ù¥, ϕ �>³, ρ ´>Ö�Ý, ε0 ´gd�m�0
>~ê, Ñt�§æ^�>.^��ü4��>³
�, = ϕc = −V0 Ú ϕa = 0.

>f�$ÄKÏL¦) Newton-Lorenz $Ä�
§��

dxi

dt
= vi, i = 1, 2, · · · , (5)

dvi

dt
=

qiE

mi
, (6)

ª¥, xi Ú vi ©O´�[âf� �Ú�Ý, qi

Ú mi ©O´âf�>ÖþÚ·��þ. 3�[�
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z���mÚå©��, �½êþ�>fòlÒ
4L¡u�?\��[«�, zgu��>fêþ
� dNe = JFN · S · dt/e, Ù¥ S ´Ò4L¡�¡È,

3·�����[¥, u��>6�ÝÚÒ4L¡
¡ÈÃ'. 3z���mÚ¥, u�Ñ>f��, I
�ò>f>ÖUì�½����©����:
þ, 3z����:þ¦)Ñt�§, ,�O�Ñ
��:þ�>|, 2ò>|�5���>f �,

í?>f$Ä, �¤���mÚ��[, �[�Ä
�6§�ã 2.

ã 2 �[�Ä�6§ã

3 �[(J9©Û

|^þã�., �©¥�4+Ò�4ålÀ
� d = 10 µm, 	\>Ø¦��4+mY«Ð©
�	\>|©O� –8×108 V/m, –9×108 V/m Ú
–10×108 V/m, duÒ4L¡���âå¦�ÛÜ
>|Orê��, ëê β �äN�� 10, 15 Ú 20,

�[��mÚ�� 1×10−16 s, z��[âf¥�
¹�ý¢>fê� 107 �. du�[±Y��m�
éupØóÀ±Y�mA� ns óéá, Ïd�
.¥Cqæ^�6pØ.

3.1 ���[[[(((JJJ

ã 3 ´�	\>Ø V0 = 10 kV, =	\>|
� –10×108 V/m, >|OrÏf β = 10 �^�e
����[(J. 3�[O��, )Ñt�§�L
§¥Ø�9�>|OrÏf β, ò)Ñt�§��
�Ò4L¡>|¦± β ��\ (1) ª¥��>f
u�>6�Ý, �e©¥P¹�Ò4L¡>|�
�mCz��¹þ´Ñt�§)Ñ�Ò4L¡>
|¦± β ���>|�. ã 3(a) ´�[L§¥Ò

4L¡�>| Es ��mCz�ã�, lã¥�w
Ñ, Ò4L¡>|��mØä��, ���ÌÝ�
5�f, �ª����½�. lÐ©��m©, �
�4+ü4��m\þr>Ø�, Ò4L¡á=
�)ér���Ò4L¡�>|, 3Tr>|�
^e, Ò4L¡�ì|�u�½Æ (1) ªu�>f,

>f?\��4+mY«��, duÙ�m>Ö
�A, ¬éÒ4L¡�>|�)¶-�f�^, �
�Ò4L¡>|�rÝm©eü, ã 3(a) �N�
>|�ýé�ü$, du��Ò4L¡>|�r
Ýeü, ¬¦�e���u�>fê8~�, ù�
ÔnL§��mØä?1, �Ò4L¡�>|rÝ
eü���C (2) ª£ã�|�>fu�méK
� –5×109 V/m �, d�Ò4L¡u��>f>6
òò¬~�, $�Øu�, �X�mí£, >fÅì
$Ä�lÒ4, mY«�>féÒ4L¡þ>|�
¶-�^ü$, >|rÝm©O�, lÒ4L¡
�>|¬Ñy��1�, �ªÒ4L¡>|ò��
��½�G�.

ã 3(b) ´�4+mY«>|©Ùã�, lã
�þw, Ð©��Ò�4mY«�>|??��,

þ� –1×109 V/m, �¥m,���:, X� t =

2×10−13 s �, ±ålÒ4L¡� 3.6 µm � ��
©.:, �CÒ4�mY«�¥>|rÝ¥��5
eü©Ù, �lÒ4�@Ü©mY«>|K�Nþ
�Ð©��k¤Or. éìã 3(c) ¥�4+mY
«>Ö�Ý©Ù5w, 3 t = 2×10−13 s �, u�Ñ
�>f��fÐ$Ä�åÒ4L¡� 3.6 µm �
 �,  u 0—3.6 µm �m�>f¦��CÒ4
L ¡ � m Y « > | r Ý ü $, � l Ò 4 L ¡ �
>|rÝOr. � t = 1.2×10−12 s �, lã 3(a)

¥wÑ, Ò4L¡>|®²Ä�?\½G�,

ã 3(b) ¥�¢�´ t = 1.4×10−12 s ��éA�
mY«>|©Ù�¹, lã 3(c) ¥wÑ, �Ò4
L¡>|��½G��, �4+mY«�>Ö
Ì�8¥3Ò4L¡NC, ÏdÒ4L¡NC�
>|Cz�ì�, ��lÒ4L¡, >|Cz�
ªu²�.

lã 3(b) � t = 1.4×10−12 s ����, Ò4L
¡>|��½G���, �4+mY«�>|¥
y�Ô�©Ù, `²�4+®²?\�m>Ö��
6�G�, ù�G�Ú Child-Langmuir �m>Ö�
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�½Æ�5Æ´�Î�.

ã 3(d) ´ØÓ��Ò�4mY«>³�©Ù
�¹. lã¥wÑ, Ð©��vku�>f�, �4
+mY«vk>f�m>Ö�3, mY«>³Cz
�Ò4��4m�ål¤�5'X. �u��>f
?\�4+mY�, mY«¤k ��>³þk¤
ü$, ��5�õ�>f?\mY«�, mY«�

>³�ü$��õ, ��@u��>f$Ä��
�4�áÂ½öÚÑmY«��, mY«�>³q
¬k¤£,, �ªmY«>³ò����½G�,

Xã 3(d) �¢�¤«. lã 3(d) ¥��±wÑ, t =

8×10−13 s Ú t = 1.4×10−12 s ü����>³©Ù
�Ä�Ü, `² t = 8×10−13 s ���>³©
Ù®�C½G�©Ù.

ã 3 � E0 = –10×108 V/m, β = 10 ���[(J (a) Ò4L¡>|��m�Cz; (b) ØÓ���4+mY«>|©Ù; (c)

ØÓ��>Ö�Ý©Ù; (d) ØÓ��>³©Ù

3.2 >>>|||OOOrrrXXXêêê���KKK���

ã 4 ´�	\>|� –8×108 V/m �, ØÓ>
|OrXêeÒ4L¡>|��m�Czã�. d
ã 4(a) �wÑ, 3Ó��	\>|^�e, Ò4L
¡>|OrXê��, Ð©�ãÒ4L¡>|Cz
�-�, � β = 20 �, dã¥�wÑÒ4L¡>
|Ñy
�=, =Ò4L¡��dÐ©���K�
C¤
��, ù´Ï�3�Ó�mÚ�^�e, >
|OrXê��, Ð©��u�>f�õ, lu
�Ñ�>féÒ4L¡>|�¶-�^�r. d
ã 4(b) �wÑ, du>|OrXêØÓ, Ò4L¡
�>|�ª��½G����ØÓ, >|Or

Xê��, Ò4L¡>|�ª�����ýé
���, β = 20 � β = 10 éA��>|���
� 0.32×109 V/m.

ã 5(a) Ú (b) ©O´	\>| E0 = –9×108

V/m Ú E0 = –10×108 V/m, ØÓ>|OrXê�
¹���Ò4L¡>|��m�Cz�. dã¥
�wÑ, Ò4L¡>|Úã 4(b) ¥��¥y���
���5Æ. lã 5(a) Ú (b) ¥��±wÑ, �
	\>| E0 = –9×108 V/m �, β = 20 � β = 10

éA��>|���� 0.25×109 V/m, �	\
>| E0 = –10×108 V/m �, üöéA��>|
���� 0.21×109 V/m, =�	\>|���, >
|OrXê�CzéÒ4L¡�ª��>|�
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ã 4 3 β �ØÓ��>|��m�Cz�

ã 5 � (a) E0 = –9×108 V/m Ú (b) E0 = –10×108 V/m, Ø
Ó β eÒ4L¡>|��m�Cz

�K���, ùÌ�´Ï��	\>|���, å
©�ã�mSu�?\�4+«�>fê8�'

	\>|�����, Ï>f�m>ÖéÒ4L
¡>|�K��²w.

3.3 			\\\>>>|||���KKK���

ã 6 ´>|OrXê β = 10 �, ØÓ	\>|
^�eÒ4L¡>|��mCz��, lã¥�
±wÑ, �>|OrXê�½�, 	\>|�r, Ò
4L¡>|�ª������rÝ��, ¿�l
>|��m©��½G�¤I���m��á.

l (1) ª¥�wÑ, >|rÝ�r, u��>6�Ý
���, >6�Ý��mCz�¹ÚÒ4L¡>|
��m�Cz�¹´���, �Ò4L¡>|rÝ
eü�¯�C|�u�K��, >6u��Ý¬�
�. ��¡, ØÓ	\>|^�eÒ4L¡>|�
�m�Cz5Æ¬É�|�u�>6�Ý�K�,

,��¡, Ò4L¡�¢S>|�rfq��û½
XÒ4L¡u�>6�Ý���, üö�m´��
gU�"²ï�G�.

ã 6 >|OrXê β = 10, ØÓ	\>ØeÒ4L¡>|�
�mCz�'�

4 ( Ø

�©æ^�� PIC ·>�., gU�[��

�¿>fu�ÐÏÒ4L¡>|��mCz�
¹, ¿À�
ØÓ�	\>|ëêÚÒ4L¡>
|OrXê?1ïÄ. �[(JL², 3�¿>f
u�ÐÏ, duÒ4L¡�|�>fu�, >f?
\��4+Ò�4mY�¬éÒ4L¡�¢S>
|�)K�, Ò4L¡�¢S>|�X�m�í
?¥y��G�, ���ÌÝ�5�f, �ª²L
� 0.001 ns ����½G�.
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Ò4L¡�>|´���©'��Ônþ, §
û½XÒ4L¡u�>6�rÝ, Ó�u�Ñ�>
f>6q¬�L5K�Ò4L¡>|�G�. 	\
>|rÝ��, Ò4L¡>|�ª�����r
Ý��; Ò4L¡>|OrXê��, Ò4L¡>
|�ª�����rÝ��. du�¿>fu�
�Ò4ÔnL§�©E,, �u�Ñ>f��m>

Ö�AéÒ4L¡>|�)��5K�, �©��
[��
�¿>fu�ÐÏÒ4L¡¢S>|Ô
n5Æ, òkÏu�Ð/@£�¿>fu��Ån.

a�Ü�ØEâïÄ¤ã�]ïÄ
!é|Wa¬±
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Investigation of the cathode electric field at the initial
stage of explosive electron emission∗
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Abstract

To investigate a complex physical phenomenon and its evolution law at the cathode surface at the initial stage of the explosive

electron emission process in a high-power diode, in this paper we present a model of a planar vacuum diode with a field emission

cathode. The model is one-dimensional and nonstationary. To study the space charge effect of the emitted electrons on the electric field

at the cathode surface, Poisson’s equation is solved numerically by using our developed code, and the time-dependences of the electric

field at the cathode surface for different cases are obtained. The results show that the electric field at the cathode surface first oscillates

and finally yields a steady state. The absolute value of the steady electric field at the cathode surface is higher for the higher field

enhancement factor at a given applied electric field, and the applied electric field has the same effects on the steady value at a certain

field enhancement factor. The electric field at the cathode surface completely determines the extracted field emission current density

from the cathode, and at the same time, the electric field at the cathode surface is influenced by the emitting current density.

Keywords: field emission, space charge, electric field, cathode surface
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