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¿3 FDTD-PIC �n�Ä:þ?�
^�, ©O¢y
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1 Ú ó

gl9>fu�uy±5, 9Ò4Ò�2�A
^3DÚ��Åý�>fÆ¥. ùaÒ4�±3p
ý��¸¥��mJø­½��m>Ö��6, A
O·^u$6r½¥�6r�|Ü. 
|�u��
uy)û
pr6ù�¯K, 3JøpØ��¹e,

kàeÒ4U�� 107 A/cm2, �'
ó9>fu
�Ò4���UJø 100 A/cm2 �>6�Ý. 3ù
«�¹e|�u�×�uÐ, 3�+�ÑkXé�
�uÐ. 
3¢S�¹e, |�u�L§¥¿Ø�
3ý��eÒ4, 3|�u��L§¥9>fu�
~~´Ø�;��. 
��§Ý���½§Ý�,

9>fu�¬é|�u��L§k��K�, ·�
��¡ù«�¹�9|�u�. ù�L§äkéõ
`û�A: [1], ,
8cÆâ.é|�u��[�
ó�Cc5�©9�, �´%�ké9|�u�?
1£ãÚ�[���.

	/Ò4äku�¡È�!���»4>N
Úzü �Ý���ª��`:, Ïd, 3pª�
¦^	.u�Näk�õ�`: [2−4]. ,
IS�
ê��[õÛ�u��§S [5], éu	/Ò4�ï

��O��Òõæ^I	^� (X MAGIC)[4], ,

I	�`D^�y3�Ñ (�) MAGIC) ®é·I
B$, Ï
mugÌ�£���n�O�§S´�
©k7��.

�©éþ¡n«u��ÔnÅnÚ>6�Ý
úª?1�ïÄÚí�, ¿ÏLín�Ñ
§��
g�·^��. ¿3 CHIPIC ^�²�þ¢y
ù
�L§, ÏL���	/Ò4�4+�ê��[©
O�y
Ù�(5.

2 u��Ä�nØ

2.1 |||���uuu���ÄÄÄ������nnn

3kà|�u�¥, d·>A5��, éuì
��N(�, 3�lkàÜ©�|�S> ©Ù
Ä�´þ!�. �´du3IkNC�)>|Æ
C, ¦|rk��Cz. Fowler–Nordheim �§�Ñ

u�>6�Ý J(A/m2) Úu�Nºkþ�>|
rÝ E(V/m)!u�Ná��õ¼ê φ (eV) �m
�'X

j =
AE2

s

φ · t2(y)
exp

[
− B · v(y) · φ3/2

Es

]
, (1)
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ª ¥, A = 1.54 × 10−6A · eV · V2, B = 6.83 ×
109 eV−3/2 ·V ·m−1, t2(y) = 1.1, v(y) = 0.95− y2,

y = 3.79 × 10−4E
1/2
s /φ , Es = (EcAc − q/ε0)/As.

Ù¥, Es �L¡>|, Ec ����>|, éA
/, Ac �����¡È, As �L¡¡È, q ���
��>þ, 
 ε0 �ý�¥�0>~ê [6,7].

du|�u��>fUþ��é� (Ñ�u¤
�U?), Ï
3r|¥�±{z@�Ð��", �
�±@½�3Ñ�u¤�U?NC¥yað�d
�©Ù, �°� 1 eV �m, =��Ä
$§9>f
u���¹. Ï��âþfåÆ�©Û, 3ýé"
Ý�, ´ØAT�3'¤�U?p�u�>f. �
,du¢Sþ�¿Ø�3ýé"Ý��u�Ò4,

�
þ¡�ü«CqÑ´k¢S¿Â�. �©æ^
�´1�«©Ù�ª.

2.2 999>>>fffuuu������ÄÄÄ���nnnØØØ

éu7á�9>fu�, ·�kXe�úª:

j = A0T
2 exp

[
− φ

kT

]
, (2)

Ù¥ A0 =
4πemk2

h3
= 1.204 × 106(A · m−2 · K−2),

´u�~ê�nØ�, éu¤k7áÑ´Ó��. k

� Boltzmann ~ê, φ ´¤^7á�ºÑõ.


9>fu���ó�3\�|e, �â�A
Ä�AºÑõ¬ü$, d�·��±^eª5£ã:

j = j(0) e(0.439
√

E)/T , (3)

Ù¥ j(0) �"|��9>fu�>6�Ý, E �Ò
4L¡�>|rÝ [7]. dª���±½55L«\
�|e�9>fu��Ý, Ó���±^5L«Ò
4L¡§Ý��6�úª.

�Ò4L¡>|�Cu"�, (3) ªòz� (2)

ª, =`²3"|�, (3) ªE,´·^�. �>|
rÝ���½§Ý (��� 108 V/m ±þ) �¬�
)|�u�, ù�Ò7L¦^9|�u�úª
.

�u�>f/¤��m>Ö�Ýv
��, 9
>f�Ð�ÒØUw��". ù�Ò7L�Ä>f
�Ð�9Ð�©Ù�K�. 
���¹e9u�>
f�Ð�·�@�§÷vð�d� - À�[ù©Ù
5Æ:

d6n

d3vd3x
=exp

(
− mv2

2kT

)
, (4)

d6jemit

dvdφdθd3x
=v3 sin(θ) cos(θ)

× exp
(
− mv2

2kT

)
. (5)

���¹e, 9>fu�J±���m>Ö�
�6²w��¹, ,
3éõr|!p§��¹
e (X9|�u�!>flÒ4�) �´�±��
�, ù
�¹eþ¡�Ð�©Ùâ�k¿Â.

2.3 999|||���uuu���nnnØØØ

���¹e3|rf, §Ýp��u�, ·�
��æ^dn�Ü�§ (3) ª5£ã, 
§Ý$!
|rr��¹e, ·�æ^ Fowler–Nordheim �
§ (1) ª5£ã, 
�k�«�¹, =�§ÝÚ|r
ÑØpØ$��¹, 0uc¡üö�m, ù�ü«
u�ÑÃ{��Ñ, ·�¡ù«�¹�9|�u�.

�âþfåÆ*:, ·�b½ß�>fÑ´�
¤�U? EF NC�>f, ù�u�>6È©ª�

j(T ) =
4πemkT

h3

∫
e−c+

E−EF
d

× ln
(
1 + e−

E−EF
kT

)
dE. (6)

{z��

j(T ) = j(0)

πkT

d

sin
πkT

d

, (7)

Ù¥, j(0) � (1) ª3ýé"Ý��>6�Ý, 
 K

�ìù~ê, T �Ò4§Ý,

d =
heE

4π
√

2m|φ|t(y0)
, (8)

c =
8π

√
2m|EF |3/2θ(y)

3heE
, (9)

Ù¥ E �Ò4|r, φ �7áºÑõ, t(y0) Cq
� 1.

(7) ª¤á�^�� d > kT , d (8) ª{z
� E > 8.83 × 105φ1/2T , ù´|�u��.�. �
§Ýpuù�.��, `²k�õpU?�>fº
Ñ�, � E �Ø�� (Ï�7áL:��§ÝØ�
UÃ�O�). ù�ÒATÌ��Ä9>fu��
¹, d (3) ª5�Ä. 
XJ§Ýé��, d��)
�u�ÒÌ��|�u� (XJ�±�)|u��
{), ù�Ò�±d (1) ª5�Ä.

� T ª?u"�, (7) ªòz� (1) ª, =�¦
�ýé"Ý��|�u�.
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� T Ø���, ·�Ðm (7) ªk

j(T ) = j(0)
[
1 +

1
6

(πkT

d

)2

+ · · ·
]
. (10)

d (8) ªk

πkT

d
= 2.77 × 102 T

√
φ

E
. (11)

·��±w�� T C��, �±@�´éýé
"Ý>6�Ý���?�. ·�±¾Ò4�~, 3
L¡|r�� 4×109 V/m, ¿§e= T = 300 K �,
πkT

d
��u 0.4, d (6) ª��, j(T ) = 1.03 × j(0).


�§ÝJ,� 1000 K �,
πkT

d
��u 1.5, ù�

d (10) ª��, j(T ) = 1.5 × j(0). dd���§Ý
l T = 0 K ,� T = 300 K �, 9>fu�ØLo
ê� 3%, 
�§Ý,� 1000 K �, Kkn©��
�>f´d9>fu�, lpU?ºÑ� [7].

��5`, 9>fu�u��>fUþ¬'¤
�U?pA�>fÏ, o�Uþ�´'��, ��
�¹eE��Ä�". 37L�Ä>fÐ�9Uþ
©Ù��¹e�±aqþ¡�©Û, �Ñ9>fu
��'~, ,�©OUþ¡�ü«u��¹5£ã.

3 �[�y

3.1 ììì���(((���

�©æ^�´�	/Ò4, (�ãXã 1 ¤«.

	�´����N�n, pÚ°Ñ´ 0.31 mm, �
� 1.21 mm, Ù¥n9þ� 0.01 mm, 	/Ò4��
� 0.95 mm, Ò4kà�­Ç�»�� 0.2 µm, 3
|��9|�u�ÿÁÒ4Ñ�½�¾Ò4 (õ¼
� 4.5 eV).

ã 1 ì�(�ã

ã 2 ØÓõ¼e�9>fu�ã�

3.2 999>>>fffuuu������yyy

é (9) ªü>�éê, Kk

lg
(

j

T 2

)
= lgA +

0.434
T

(
0.439

√
E − φ

k

)
. (12)

·�æ�"|�[, þªg,�Cqòz�

lg(
j

T 2
) = lgA − 5040

φ

T
. (13)

· � d O � � Ñ � Ø Ó § Ý e � j, ¿
^ lg

( j

T 2

)
�p�I, 10000/T �î�I, �±�

�ã 2. Xã 2 ¤«, õ¼ØÓ����n^�
�. âÙ�Çd (13) ª�Ñõ¼©O� 4.504 eV,

3.511 eV, 2.521 eV, ��Ð�½� 4.5 eV, 3.5 eV,

2.5 eV Ä���. �
Bu*	n^���p�I
��:, ·�A½À�
 T � 5000 K Ú 10000 K

�:, �´ù
:3¢Só§¥¿Ø�3, Ï�Ò
4@®Lz. �±w�, n^���p�I��:
Ñ3 6.0 NC, ù� lgA(�� 6.08) Ä�ÎÜ, ù�
:�÷v (13) ª. dd�±wÑ9>fu��¬�
�(5.

3.3 |||���uuu������yyy

Ó��, é (1) ª?1C��éêk

lg
(

j

E2

)
=lg

(
A

φt2(y)

)
− 0.434

Bv(y)φ3/2

E
. (14)

Ï�Ò4L¡�? E ¿Ø¦�Ó, Ï
oN>
6�Ý¿ØU±�:|r5û½. dukà�A¥
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�:�|r�Ò4>Øk��a�'�'X, ·�
Ø��½ E = βU , ·�± lg(j) �p�I, 1/U �
î�I, nØþAT�¬���^��. dã 3 Ú
ã 4 �±wÑ, 3|rØ����ÿ (AB ã) Ä�
ÎÜ��, �´3p|r? (BC ã) ¬k l, ù
Ì�´du|rp��ÿ>6�ÝC�, �m>Ö
�Am©²w. 
�|rUYO\ (CD ã) �, �
m>Ö�A¬�\²w, u�>6�ÏSA5¬¥
y�©�ng�½ÆA5. Ø
�±wÑ|�u�
�Ä��(�	, �UwÑ^�gU/�Ä
�m
>Ö�A�K�.

ã 3 |�u�>6�Ý�>ØA5ã

ã 4 |�u�>6�>ØA5ã

3.4 999|||���uuu������yyy

ã 5 �±�Ù�wÑ, �§Ý�u 1000 K �,

§Ýé>6�Ý�K�é�, 
�§ÝCp�, K

�wÍO�. 
3r>|e, §Ý�K��´�f
�, ùÌ�´Ï�3r>|e, UBL³^ºÑ�
>f�õ, 9>fu��K�C��Øv�
. ù
�:ÚnØ [6,7] ��ÎÜ.

��·�b½>f3Ã¡�?�³U�", d
�¤�U?�õ¼ê (4.5 eV) ��. ·�±>Ø
� 230 kV �~, é¤ku��âfUþ?1Jl
8�z?n�ã 6, duþ¡JL�|�u�âf
Ð©©ÙCq��Ï, ùpvk�Ä T = 0 K ��
©Ù�¹. �±wÑ>f�Uþ©Ù3 500 K ��
Ì�±�u¤�U?�>fºÑ, 
3 1000 K �
Òk
�õ�pu¤�U?�>fºÑ
. ùp�
(J�nØ [7] íÑ�Ä���, �±wÑ>fÐ
©G��b½Ä�þ´�(�.

ã 5 9|�u�¥§Ýé>6�Ý�K�

ã 6 9|�u�¥>fÐ©Uþ8�z©Ùã

4 ( Ø

�©lþfåÆ�ÔnÅnÑu, ©OïÄ
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|�u�, 9>fu�Ú9|�u�úª, ¿�
â^��Ñ
§�©O�·^��, ?Ø¿�Ñ

A«�.�âfÐ©G�. ¿3 CHIPIC ²�
þ¢y
ù
u�, ÏL���	/Ò4�4+
��[, ©O?1
�(5��y, ¿�±wÑd
u FDTD-PIC �{�1�5�n�`³, 3O�¥
gU��Ä
�m>Ö�A�K�. 
XJ�âf
�m�)-E!Uþ����¹�K�Ø��Ñ
�, ÷âfCqÒ7L�Ú\�AkÛ�{Ú§Ý
�{5��.

�|r�$��k|�u��3�, ·�æ^

9>fu��.5O�; 
�|r�©���ÿ,

·��±���Ä|�u�, �,ù���±�Ä
¦^9|�u��.5¢y, (J´�Øõ�; 

�|r���, §Ý%�p (�� 1000 K ±þ) �
�ÿ, ·�Ò7L�Ä9|�u���..

éu§ÝK�Ø��Ñ�ì�¥¦^9|�
u�½´9>fu�5¢y§Ý��6�A�´
�©k¿Â�. 
n�§SUé�«�é¡�(
� (X	/Ò4) ?1�[3IS�WÖ
·Iù
�¡��x.
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Abstract

In this paper, we study the basic theory of field emission, thermionic emission and the thermal field emission, derive their current

density formula, the initial distribution of the particles and their initial momentum. And then we achieve a field emission model,

thermionic emission model and thermal field emission model on the basis of FDTD-PIC algorithm software. Finally, we verify its

correctness using a wedge-shaped-cathode device.
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