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�©é�«Äu|�u�Ò4
� (FEA) ��â[Ë��ÔnÅn?1
nØ©ÛÚâf�[�y. æ^
|��{©Û
ì��pª|(�, (½ π ���ì���`ó��ª; |^�5nØ©Û
ì��5Åp�^L
§, �«
pª|é FEA Ò4u�>6�ýN��^±9>f3Ò�4mY�Þ��m�A´ì�å��Ôn�
Ï; ©Û�Ñ
 π �å�^�; âf�[(J�nØ©Ûäk�Ð���5.

'�c: �â[, FEA, ýN�, Þ��m�A

PACS: 79.70.+q, 42.72.−g

1 Ú ó

�â[Å´�ªÇ3 0.1—10 THz �m�>^
Å, ´>^ÅÌ¥î8��ÿ����mu�Åã.

ÏÙ3)·�Æ, á��Æ, Ï&Eâ±9I[S
��õ�+�äk2,�A^cµÉ�IS	�
Æ[�ÊH'5, �â[�Æ�Eâ����#,
�Æ��3ÅÚ¤.. �â[Ë��uÐ´�â
[�ÆEâuÐ�Ä: [1−10].

Äu�\óEâ��ý�>fì�´k"
3 � â [ ª ã ¢ y � � õ Ç Ñ Ñ � � a  �
ì� [11−19]. Tì��Ø%´|�u�Ò4

� (FEA). nØÚ¢�L², FEA Ø=U
�)4
p>6�Ý�>f5�N´¢y�\ó, �±�
��ý�>fÆ�â[��Ä:. 2005 c, Lin

�<JÑ
�«Äu FEA u�>6�ÝýN��
A�ý�>fÆ�â[Ë��ì��. [20−22].

�[(Jw«: �.3 1 kV �ó�>Øe¼�

� 1 THz �>^ÅÑÑ. Tì�(�{ü�ØI�
	\^|, N´¢y�.z, �"uÐ¤#.�â
[Ë�, �´Tì�ó��ÔnÅn�I?1�

�\�&¢ïÄ.

�©�3édaì�ó��ÔnÅn?1&
?, ÏLâf�[�nØ©Û�(Ü, ©Û
pª
XÚ|©ÙA595Åp�^ÔnÅn, �Ñ
ì
��ó��ªÚå�^�, �[(J�nØ©ÛU

��Ä����(J. �©�ïÄ(Jò�Ta
�â[ì��uÐJønØ|±.

2 ì��.9ÔnÅn0�

ì�Ôn�.Xã 1 ¤«: ì���4�þ�
�
�X�Ý/��n, §��Ò�4mY�å�
¤ì��pªXÚ, Ò4�>fu�æ^ FEA, z
�Ò�4mY�.Ü�>fu�«�. |�u�Ò
4�>f5>6�Ý J �ÙL¡>| Es �3Xe
¼ê'X [23−25]:

J =
AE2

s

ϕt(y)2
e−

Bv(y)ϕ3/2

Es0 , (1)

Ù ¥, A, B � Fowler-Nordheim ~ ê; ϕ �k �
õ ¼ ê (§ � A Ò 4 L ¡ � o ÷ Ý § Ý); t(y)

� v(y) 3Ï~�¹e�±de¡�ªf�Ñ: y =

3.79 × 10−5E
1/2
s /ϕ, t(y)2 = 1.1 , v(y) = 0.95 − y2.

* I[g,�ÆÄ7�c�ÆÄ7�8 (1OÒ: 61001031) ]Ï��K.
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�±w�, Ò4u��>6�Ý´ÙL¡>|��
�'¼ê.

ì�ó��ÔnL§�±{�V)Xe: d
u � 4 � � n � � 3, Ò 4 u � �> f ò 3 ù

��n¥±9Ò�4mY-yåA½�ª�
p ª |, ù � p ª | � L 5 � ^ 3 | � u � Ò

4�L¡, éÒ4u�>6�Ý (ÏL (1) ª) ?
1N�, ²L�ÝýN��>f53 �4$Ä
�L§¥�pª|?1�p�^, e>f5�+
à¥%á3pª|�~�«, K>f5ò�pª
|�ÑUþ��pª|, �±pª���^|
?1.

ã 1 Ôn�.

3 pªXÚ�>^�ª©Û

�(½ì���`ó��ª9ÙªÇ,·�Ä
kæ^|��{¦)pª(� (Ø¹>f5) �A
��§9��ª�|©Ù. 3ã 1 ¤«��IX¥,

p�^«Ú��n¥�|©þ©O�±�¤:

p�^«:

EI
z =

∞∑
n=−∞

EI
n

sin(kxnx)
sin(kxnd)

e−jkznz,

EI
x =

−jkzn

kxn

∞∑
n=−∞

EI
n

cos(kxnx)
sin(kxnd)

e−jkznz,

HI
y =

−jωε

kxn

∞∑
n=−∞

EI
n

cos(kxnx)
sin(kxnd)

e−jkznz. (2)

�4Ý/n«:

EII
z = EII sin(k(d + h − x))

sin(kh)
,

HII
y =

jωε

k
EII cos(k(d + h − x))

sin(kh)
. (3)

Ù ¥, EI
n, EII �� ½ X ê, kxn =

√
k2 − k2

zn,

k = ω/c, kzn = kz0 +
2nπ

L
, ω ��ªÇ, c �ý

�¥�1�.

|^>.��^���(��A��§

− a

L

∞∑
n=−∞

k

kxn

[
sin(

kzna

2
)

kzna

2

]2

cot(kxnd)

= cot(kh). (4)

�â (4) ªÒ�±(½ØÓ�ª���ªÇ (=p
ª(���Ì). I��Ñ�´, 3 (2) ª¥,·�æ
^
±Ï>.^�, =@���n��ê´Ã�
�, ùò��3Ó��Ùp�«SòkÃê��
��ª. 3¢Sì�¥, �4��n��ê´k
��, =�kk�����ª�3uÓ��Ùp
�«S. ØJuy, n��ê�õ, ����ª�
��ªÇ��C, ùN´���ª¿�K�ì
�ó��½5 [26]. ��, XJn�êL�Kp
ª��òJ±ïá�5Åp�^Ø
¿©K�
ì��ÑÑõÇÚ�Ç. �u±þ�Ä, �©À½
n��ê�8. Ù���ªUìü���n��
£�©O�¤ π/6 �, 2π/6 �, 3π/6 �, 4π/6 �,

5π/6 �, π �.

�¦>f53Ò�4mY�pª|?1¿©
k��Uþ��, Ò�¦mYäk©Ùþ!�Ì�
½�î� (x �) >|. Ïd, ÀJó��ª�'
�´�âÙ3p�^«�|©Ù. |^>.��^
�, p�^«î�>|L�ª (2) �C�

EI
x =EII−j2

L

∞∑
n=−∞

1
kxn

sin
(

kzna

2

)

× cos(kxnx)
sin(kxnd)

cos
(

θ +
z

L
2nπ

)
, (5)
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Ù¥, θ�ü�±Ï��£ (=�ª).

L 1 �.(�ëê

a/µm h/µm d/µm L/µm �Ñê

20 60 8 60 6

ÏLé�.(�?1`z,·�À½ó�3�
â[ªã�ì�(�ëêXL 1 ¤«, ã 2 �|
^ (5) ªO���p�^mYØÓ�ª�î�>
| EI

x � z �Cz. �±w�, π �|3zü���
p�^mY����, ����, �3z�p�^
mYÑk©Ùþ!�Ì�½�î�>|. ù`²,

π �|3z�Ò�4mYÑU�>f5?1k�
��p�^, k|uJpì���Ç9ó�½5.

� π �ª�|©Ù3mYK¥y²w�Øþ!,

ØU÷v5Åp�^�¦, éì��½ó�w,

´Ø|�. ã 3�O�Å�[������ª3p
�^«�|©Ù�¹, �±w�Ù(J�nØO�
�(J´ÎÜ�.

ã 2 ØÓ�ª EI
x Ì�� z �©Ù

ã 3 ØÓ�ª|©Ù��[(J
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nþ¤ã, �Jpì��ó��ÇÚ½5,

A¦þ¦Ùó�3 π �, =π��ì�ó���Z
�ª. ã 4�nØO���[����Ìã. �±
w�, π���ªÇ��1.06 THz, nØO�Ú�[
(J��.

ã 4 pªXÚ�Ìã

4 5Åp�^Å�©Û

�!?Ø>f5�pª|�p�^L§, l
(½ì��å�^�. ·��Xe©Û: b�
XÚ¥®²�3 π �|©Ù, �	>f5�|�
�p�^, XJÙ(J´>f5�pª|�ÑU
þ, K��U
�±, = π �U
k�å�, ¤
I�>f5^� (>Ø^�) =ì�� π �å�
^�.

du π �3z�p�^mY�|©Ù3��
±ÏS´�Ó�, �Ò´`3��±ÏSz�mY
�5Åp�^L§´�d�, Ïd©Û��I�Ä
>f53Ù¥��mY��¹. �âã 1 �Ñ��
.9�IX, �Ò�4�m\þ�6>Ø�, >f
5lÒ4L¡uÑ, 3Ò�4mY-yåpª|,

ù�3p�^mYQ�3�6|q�3pª|. d
umY�p� (z �) �Ý��u (x �) mY°Ý,

�±@�z�mY�|3 z �©Ù´þ!�. d�
mYS x ��>|�L«��6©þ�pª©þ
��5U\

Ex = E0 + E1 sin(ωt + φ0), (6)

Ù¥ E0 �L�6©þ�Ì, Ù��6>Ø V0 �
'X� E0 = Va/d, E1 �Lpª{�©þ�Ì,

ω �pª| (= π �) ��ªÇ, φ0 �Ð©� .

ò (6) ª�\ (1) ª, |^�&Òb� E1 ¿ E0,

Ñ � p ª © þ � � g �, � � Ò 4 u � > 6
�Ý

Jx =
A(E2

0 + 2E0E1 sin(ωt + φ0)
ϕt(y)2

× e−
Bv(y)ϕ3/2

E0 . (7)

(7) ªL², Ò4u��>6�ÝÓ���¤�6
©þ�pª©þ��5U\

Jx = J0 + J1 sin(ωt + φ0), (8)

Ù¥

J0 =
AE2

0

ϕt(y)2
e−

Bv(y)ϕ3/2

E0 ,

J1 =
2AE0E1

ϕt(y)2
e−

Bv(y)ϕ3/2

E0 .

�Ò4u�>f�Ð©�Ý� v0, K|^>6
�ÝL�ª J = ρv0 �±¦Ñ>f5?\mY�
Ð©���>Ö�Ý�

ρst = ρ0 + ρ1 sin(ωt + φ0), (9)

Ù ¥ � 6 © þ � p ª © þ © O � ρ0 =
1
v0

AE2
0

ϕt(y)2
e−

Bv(y)ϕ3/2

E0 , ρ1 =
2AE0E1

v0ϕt(y)2
e−

Bv(y)ϕ3/2

E0 .

�±w�>f53?\pªmY�Ð©��Ò®
²²L
�ÝN�.

�©ÛmY�5Åp�^L§, Äk�Äü�
>f�pª|��p�^. ü�>f3Ò�4mY
�ÄåÆ�§�L«� [27]

m
d2x

dt2
= −e(E0 + E1 sin(ωt + φ0)). (10)

|^�ÝÐ©^�
dx

dt

∣∣∣
t=0

= vst éÙÈ©��>

f�ÝL�ª

v =vst −
e

m
E0t −

e

ωm

× E1(cos φ0 − cos(ωt + φ0)). (11)

2|^ £Ð©^� x|t=0 = 0 é (11) ªÈ©��
>f$Ä�§

x =vstt −
eE0

m

t2

2
− eE1

ωm
t cos φ0

+
eE1

ω2m
(sin(ωt + φ0) − sinφ0). (12)

�
¦) (12) ª, -

t = t0 + δ(φ0), (13)
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Ù¥, t0 ��6|üÕ�3�¹eü�>f3Ò�
4�m�Þ��m, Ù�÷vª

d = vstt0 −
eE0

m

t20
2

, (14)

δ(φ0)��Äpª|���?�þ, �â�&Òb
�Ù÷v δ(φ0) ¿ t0 . ò (13) ª�\ (12) ª¿�
Ñ δ(φ0) �g���

x =vstt0 −
eE0

m

t20
2
− eE1

ωm
t0 cos φ0

+ δ

(
vst −

eE0

m
t0 −

eE1

ωm
cos φ0

)

+
eE1

ω2m

(
sin(ωt0 + ωδ + φ0) − sinφ0

)
. (15)

½Â
θ0 = ωt0 (16)

��6Þ��. ò (15) ªmà¹ δ ��3 θ0 + φ0

??1�V?êÐm¿�ÑÙ�g9�pg��

sin
(
θ0 + φ0 + ωδ(φ0)

)
≈ sin(θ0 + φ0) + ωδ(φ0) cos(θ0 + φ0). (17)

ò (14) ªÚ (17) ª�\ (15) ª�� δ(φ0)�÷v
�§

δ(φ0) =
θ0 cos φ0 − sin(θ0 + φ0) + sin φ0

ω2m

eE1
vst −

ωE0

E1
θ0 − ω cos φ0 + ω cos(θ0 + φ0)

. (18)

'� (18) ª©1�ªuy, 3�&Òb� (E0 À E1) �^�e
ωE0

E1
θ0 ��uÙ¦ü�, Ïd�Ñ�,	ü

�ò (18) ªz{�

δ(φ0) = −E1

E0

θ0 cos φ0 − sin(θ0 + φ0) + sin φ0

ωθ0
. (19)

ùÒ´�Ä
pª|��>fÞ��m�?�þ. òÙ�\ (13) ª=��3�6|�pª|�Ó�^e�
>fÞ��m. 2ò>fÞ��m t �\�ÝL�ª (11), ��>f���4����Ý�

v = v0 +
eE1

mω

(
− sin(θ0 + φ0) + sin φ0 + θ0 cos(θ0 + φ0)

θ0

)
, (20)

Ù¥, v0��6|üÕ�3�¹e>f���4��Ý. (20) ªL²�ÄmYpª|��>f���4��
Ý´��6Þ�� θ0 ÚÐ©�  φ0 Cz�¼ê, ù�´>f�pª|�p�^�(J. Ïd, >f���
4��ÄU�L«�

mv2

2
=

mv2
0

2
+ v0

eE1

mω

(
− sin(θ0 + φ0) + sin φ0 + θ0 cos(θ0 + φ0)

θ0

)

+
m

2

(
eE1

ωm

(
− sin(θ0 + φ0) + sin φ0 + θ0 cos(θ0 + φ0)

θ0

))2

, (21)

Ù¥, mv2
0/2��6|üÕ�3e>f���4�äk�ÄU, �âUþÅð½ÆÙ��u eVa. �±w�,

3pª|�3��¹e>f���4��ÄUØ2´ eVa , ´��6Þ�� θ0 ÚÐ©�  φ0 k'�¼
ê. �â�&Ò^�, Ñ� E1 �g�, ¿�-

f(θ0, φ0) =
− sin(θ0 + φ0) + sin φ0 + θ0 cos(θ0 + φ0)

θ0
, (22)

K (21) ª�{z�

mv2

2
=

mv2
0

2
+ v0

eE1

mω
f(θ0, φ0). (23)

>f´lpª|¼�Uþ�´�pª|�ÑUþ,

d�ªm>�1��û½, eÙ��u", K>f
lpª|¼�Uþ, ��, K>f�pª|�ÑU

þ. 5¿�>| E1 ���� v0 �����, Ïd

e f(θ0, φ0) �u", K
mv2

2
<

mv2
0

2
, =>f��

�4��Uþ'�6|üÕ�3��, ~��>f
ÄU=zpª|Uþ; ��, � f(θ0, φ0) �u", K
>flpª|áÂUþ, ÄUO\, ùé�±pª
��w,´Ø|�.

127901-5



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 12 (2012) 127901

±þ�Ä�´ü�>f�pª|�p�^�
�/. ì�å�I��ÄÒ4ØÓ��u��¤
k>f�pª|�^��Ó�J, �k��pª
|�ÑUþ�>f'lpª|¼�Uþ�>fõ
�, 5Åp�^��N�Jâ´��pª|¦
���±�±. ÏdI��Ä+à¥%>féA
� f(θ0, φ0) ���K�¹. �âc¡�©Û, Ò4
u��>f53?\p�^«�ÐÒ®²L
p
ª|N�, d (9) ª�±¦Ñ>f5Ð©>Ö�Ý
L�ª� (t = 0)

ρst = ρ0 + ρ1 sinφ0. (24)

d (24) ª��, Ð©�  φ0 �u π/2 �>f�Ò
4u�>f5�+à¥%, Ïdì�´ÄU
å�
�ûu f(θ0,π/2) ��K. �â (22) ª�±¦Ñ�
�±ÏS f(θ0,π/2) ��6Þ�� θ0 �Cz�¹
Xã 5 ¤«. �±w�, � 0 < θ0 < 0.6π � (ã¥ A

:�>«�)f(θ0,π/2) ��u 0, >f5lpª|
áÂUþ, ì�ØUå� π �; � 0.6π < θ0 < 2π

� f(θ0,π/2) ��u 0, >f5�pª|�ÑU
þ, ì�U
å� π �, �A� θ0 ����=�
+f� π �å�^�. éu�½(�º��ì�
5`, ��>f5ó�>Ø(½, �6Þ��Ò
´(½�. Ïd θ0 �å�^��±=��éA
>f5>Ø�å�^�, ùéì�5`�ä¢S
¿Â.

ã 5 f(θ0, π/2) � θ0 �Cz�¹

±þ�´üÕ�Ä π ��å�^�. ¯¢þ3
�½ó�>Ø^�eì��UÓ�-yA«�ª
�pª|, =Ñy�ª¿�. Ïd�¦ì�üÕó

�3 π �, ATN!>Ø¦Ùó�3 f(θ0,π/2) �
���: (Xã 5 ¥� B :). Ï�d�>f5�p
ª| (π �) �Ñ�Uþ�õ, p�^�Ç�p, B

:�=� π ��n�ó�:.

5 5Åp�^âf�[�y

9ÿ�[E,æ^L 1 ¤«�.(�ëê. O
���ØÓ�4>Ø�¹e f(θ0,π/2) �Xã 6 ¤
«. �±w�, ó�>Ø3 0.68 kV � 2.2 kV �m
���þ÷v π �å�^�, �4>Ø 1 kV éA
����,� π ��n�ó�>Ø. âf�[�, >
f5>Ø©O� 0.7 kV, 1 kV Ú 1.5 kV, ¤�(JX
ã 7 ¤«.

ã 6 f(θ0, π/2) �ó�>Ø�Cz

�±w�, �>f5>Ø 1 kV �pª���
½, l|©ÙÚªÌã (pª|ªÇ� 1.06 THz)

�±wÑd�ì�-y π �, �nØ©Û�(JÎ
Ü. ã 7(a) L², �>f5>Ø� 0.7 kV �, ì�Ó
�-yå
ü��ª, `²d�>ØÓ�÷vü�
�ª�å�^�, ì�u)
�ª¿�. ã 7(c) L
², ��4>Ø 1.5 kV �, (�¥�pª��Ó�
Ø½, ØU
k�å� π �. �±w�, 3�ü«
�¹eì�(�¥-y�pª|Ì�²w� π �
�Zó��¹e�pª|Ì�$. ã 8 ?�Ú*	

 π �ó� (ó�>Ø 1 kV) ��Ò4u�>69
ÙªÌ. �±w�, Ò4u�>6��6©þÚ�
6©þ�U\, ù`²©Ù¥���5nØ©Û´
Ün�.
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ã 7 ØÓ>Ø�¹e�9ý�[(J (a) ó�>Ø 0.7 kV ���[(J (a1�|©Ùã, a2�|��ã, a3�|ªÌã); (b)

ó�>Ø 1 kV ���[(J (b1�|©Ùã, b2�|��ã, b3�|ªÌã); (c) ó�>Ø 1.5 kV ���[(J (c1�|©Ù
ã, c2�|��ã, c3�|ªÌã)

ã 8 Ò4u�>6�Ý (a) 9ÙªÌ (b)
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ã 9�π�-y�¹eØÓ��âf���m
©Ùã. �±w�, å��cz�mY>f5�U
þ©Ù´�Ó�, Ù��ÄU (���4��ÄU)

�u�4�6>Øû½�³U; å���>f��
�mãu)wÍCz: ý�Ü©>f�Uþ$uþ
ã³U, �k�Ü©�>fUþ��½�Lù�³

U. ù`²�Ü©>f��
Ü©ÄUòÙ=£
�pª|, �k�Ü©>flpª|áÂUþ¦
ÄUO\. o��J´>f5�pª|�ÑUþ
¦��±Y?1, ù�nØ©Û�(J´ÎÜ�.

ã¥ØÓ����p�^mY>f� �m©Ù
3� þfÐ��, ù��A
π�|(��A:.

ã 9 >f5�Uþ��m©Ù (a)�å��cUþ��m©Ù; (b), (c) ©O�å� π ��ØÓ���Uþ��m©Ù

6 ( Ø

�©éÄu|�u�Ò4��â[�ó�
�n?1
�[�nØ©ÛÚâf�[�y. ©Û
uy π �|(�´ÙU
��ì�ó��ª��

Ï; pª|é|�u�Ò4�u�>f5>6�Ý
�ýN��^±9>f53Ò�4mY�Þ��
m�A´ì�ó��ÔnÅn. �©|^�5nØ
�Ñ
ì�å��^�, nØ©Û�âf�[�(
JU
�Ð�ÎÜ.
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Abstract

The micro-vacuum electronic device is one of the most promising sources for the generation of high power THz-wave radiations.

In this paper, the systematical theoretical analyses and computer simulations on the physical mechanism of a kind of micro-vacuum

electronic THz radiation source based on the cathode of field-emission array (FEA) are carried out. The mode matching method is

used to study the electromagnetic characteristics of the structure, and π-mode is confirmed to be an optimal operation mode for its field

distribution. Linear theory (small signal theory) is used to analyze the beam-wave interaction of this kind of source, and the starting

condition of the π-mode oscillation is derived. The premodulation of electron beam emitted from FEA and the electron transit time

effect in the interaction gap are the physical cause of the electromagnetic oscillation. These results are well verified by the computer

simulations.

Keywords: THz sources, FEA, premodulation, transit time effect
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