
Ô n Æ � Acta Phys. Sin. Vol. 61, No. 17 (2012) 178501

140 GHz ���õõõÇÇÇ������VVV»»»111ÅÅÅ+++������OOOÚÚÚ���[[[ïïïÄÄÄ*
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( >f�E�ÆÔn>fÆ�, �Å>ý�ì�I[?­:¢�¿, ¤Ñ 610054 )

( 2011 c 11 � 16 FÂ�; 2011 c 12 � 15 FÂ�?Uv )

æ^��V»(�, (Ü�G>f5, ïÄ
�«ó�3 140 GHz ªã��õÇ1Å+. ���ê�O�
L²T(�äkûÐ�ÚÑA5ÚÍÜ{|. �é¤æ^�úÅ(�, JÑ
úÅLÞ(�!Ñ\ÑÑÍÜì
Ú8¥P~ì, �y
1Å+�ûÐó�. |^n��&Ò�[O���{���(Jw«, �>f5�6õÇ
� 5.115 kW, Ñ\&ÒõÇ� 0.1 W �, ¤ïÄ�1Å+U3 132—152 GHz ��SJø�u 300 W �¸�õÇ, Ù
¥3 138 GHz �����õÇ 546 W, éAOÃ� 37.37 dB. �3 0.027—0.46 W SN!Ñ\&ÒõÇ, �±�±T
1Å+3 128—152 GHz ª�S���u 440 W �¸�õÇ, éA�>f�Ç�u 8.6%. (Jw«T1Å+ò3�
õÇáÎ�Å+�äk­�¿ÂÚd3A^d�.

'�c: ��V», 1Å+, �G>f5, 140 GHz

PACS: 85.45.Bz, 84.40.Fe, 84.30.Le

1 Ú ó

140 GHz ªã´U W Åã�,	���~­
��áÎ�Å�íI�ªã, Tªã�>^Åäk
ÅåÄ!U���$!©EÇp!ýéª�°�
`:, 3X�!��!��&ÿ!p�ÇÏ&!¤
��Nõ�¡���2�A^ [1,2]. Cc5du�
�ì��ó�ªÇ�ÿÐÚÑÑõÇ�Jp, \�
õÇÜ¤�Eâ�uÐ, ¦���õÇ��ì3¥
�õÇA^+�Óâé��©þ. �X�Å>fÆ
�uÐ, éuáÎ�Å��ì3�õÇ�¡�I¦
Fì;½, ý�>fì�KU÷vù�I¦, Ù¥
1Å+´A^�2���Lì� [3−6]. 3IS	,

éó�3 100 GHz ±e�1Å+ïÄ�õ, �kN
õ¤Ù+.¡�½|; �é 140 GHz 1Å+�ïÄ
ó�mÐ�é�ú, �kï�¤õ���. 3Eâ
�¡, DÚ�úÅ(�Ju��ó�3Xdp�ª
ã, ¿�ÙÑ9�´��¯K; én�(�, ~5�

\ó�{®²ØU÷vTªã�úÅ(�9Ù|
�é°Ý��¦; d	�A�ÿÁÚ¢����'
�"y. 3A^�¡þ, 140 GHz ªã��@�Â
ÅÚu�Å¿vk2�¦^, <�éù�ªã�@
£Ú|^�vk��v
p�Y². ù
Ñ´�
� 140 GHz 1Å+�uÐ�Ï�.

äk��(����V»�7áúÅ(�3
�½§ÝþU
�Ö±þ�Øv, Ù(�Xã 1 ¤
«, ²Lc<��[�nØO�, @�òÙ��1
Å+úÅ>´¬äk'���A^cµ [7]. Äu
ù«(�, �©JÑ
�«|^�G>f5ó�
3 140 GHz NCªã��õÇ1Å+)û�Y, F
"Ù3���°�ª�S�)�L 400 W �¸�
ÑÑõÇ. T(�äkU,��G>f5Ï�, �
±3�$�>6�Ýe, ��|^DÚ�/>f5
ó��Ã{'[�ÑÑõÇ; Ó�äk�°�ó�
�°, U÷v�õê¢SI¦; æ^�úÅ(�á
u�Nª�7á��(�, äkûÐ�pªÑ95
U!9/C�, ·Ü���õÇ1Å+pª>´
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�\óN´, �8��ï�ó�Jø
nØ�âÚ
y¢�y.

ã 1 ��V»úÅ(�n�«¿ã (Ù¥�¹�G>f5)

éuù«Å�.�úÅ(�, Ø�DÚ�Ú^
�ÚòUÅ�úÅ(�1Å+@�äkU,�Ñ
\ÑÑÅn [8−10], I�;��OúÅLÞ(�Ú
Ñ\ÑÑÍÜì, ùé&Ò�DÑA5K�é�,

?
��K��+�ó��°ÚÑÑõÇ. �
�
�1Å+duÑ\ÑÑÍÜì±9\óØ�E¤
�úÅ�Øþ!5��5���Úå��, �õê
�¹eI�3úÅ(��·� ���P~ì½
´���äúÅ� [11], ±�äUþ�"£´, ³�
����; Ó�I�4���P~ì½�ä��¤
�)���¦�U/�. Shin �<��
¦��é
��»(��O�Ñ\ÑÑÍÜìÚ�ä>´�
., �ÍÜì������Ø�n�, �ä>´�
==´��nØb� [12], �vkòÙA^u�+
�(J. ù
¯K3�©¥��
k�/)û, ·
��O
�«#L�úÅLÞ(�ÚÑ\ÑÑÍ
Üì; Ó�JÑ
P~ì�)û�Y, k�/³�

g-��. ù
38�ï�Å�.úÅ(��ý
�>fì�äkd3�A^d�. éuTa�G>
f51Å+�>f1ÆXÚ, ·�l>fl!à�
XÚÚÂ84n�¡�
?Ø, ¿�O
�|U

��©ïÄ�1Å+¤^��G>fl. ��JÑ

úÅ(��\ó�Y. é¤�O�1Å+?1�
&Òâf�[O�¿©Û
$�(J, w«
T1
Å+`û�ó�A5.

2 ��V»úÅ(�

úÅ(��AÛëêdÙ¤ó��ªãÚ
ó�>Ø��(½, ¿9±ê��[ O�N�

�, ��Xã 2 ¤«�ëêe�úÅ(�ó�
3Ä� (a TE10 �) K�g�m�Å�ÚÑ­
�. � â ù ^ Ú Ñ ­ � · � @ � T ( � ä k '
� ° � “e” � °, � ± ¢ y 3 � � � ° ª �
S (� 128—158 GHz) �±>^Å�>f5ÓÚ.

�
L�úÅXÚ¥>^Å�>f5�p�^�
k�§Ý, ·�O�
T(�>f5�¡þ�²þ
ÍÜ{|, ù´ÏL3>f5�¡ x ��þþ!
� 50 �:, 3 y ��þþ!� 10 �:, O�ù 500

�:�ÍÜ{|�2�²þ���, Xã 3 ¤«.

ã¥��Ñ
úÅ(�3 H ¡�p�>|©Ù, ·
�uy, 3�C»�ºà?>|�r, 3>f5Ï
�¥
|�f, ù�3O�>f5�¡þ�:�Í
Ü{|�¤y¢: �C»ºà«�ÍÜ{|p, 5
Ï�¥%NC«�ÍÜ{|$. lù�:w5, X
J>f5U÷>f5Ï�bXþe»$Ä, ¬��
���p�^�Ç, ��Ä��G5�à���Ò
é(J, >f5�»�m±9�ý¡�mI�3v

�mY, ±��>´é>f��¼.

ã 2 ü±Ï���O����ÚÑ­� (�ã�úÅ(��
º�I5, J��ó�>Ø�)

ã 3 >f5�¡þ�²þÍÜ{|­� (þ��ã�úÅ(
� H ¡�p�>|©Ù; e��ã¥Ý/ÒK«�L«>f5
î�¡)
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·�æ^p�Ã�Ô��úÅ(�9ÙNá
��á�, éuó�3 140 GHz NC�1Å+, ò
¢S\ó¤7,E¤�7áL¡o÷ÝÚ\ó�
Øþ!5�Ïê�Ä3S, O��7á�k�>�
ÇA� σ = 2.2 × 107 S/m[13].

3 �+�.!âf�[9(J©Û

Ñ\ÑÑÍÜì´�|1Å+�7LÜ�,

§�5U��K��+�5U. ·�¤F"�Ñ
\ÑÑÍÜìI�3úÅ>´ó�ª�Sk¦
�U$���ÚP~, Ó�¦>f5U^|?\
Ú6ÑúÅ>´, ��;�Ù��(�L uE
,. Carlesten �<�¦��Î�Å�G51Å+
�O
5U'�ûÐ�Ñ\ÑÑÍÜì, ,
æ
^
VÑ\ÑÑà�, (�LuE,, O\
¢^
z�JÝ [14].

·�JÑ
�«#.�Ñ\ÑÑÍÜì, (�
Xã 4(a) ¤«, düã�Ýþ� gl = 3.44 mm �
BpÝìC�VBÅ�Ú��\1º�v
��
>fl/Â84>f5Ï�� 90◦ ÷/VBÅ� (3
ã 4(a) ¥e�üÕ�Ñ) �¤. BpÝìCVBÅ
��BpÝd 0 ²wìC� gh = 0.23 mm, B°
� gk = 0.08 mm; ÷/VBÅ��BpB°©O
� gh Ú gk, nãÅ�fÐë�3�å. �
O�Ù
DÑA5, ·�3ü�VBÅ��à�©Oë�þ

�ãÝ/Å�, à�©O�à� 1 Úà� 2, >f
l/Â84�>f5Ï�à��à� 3. ã 4(b) �
Ñ
¤�O�Ñ\ÑÑÍÜì� S ëê­�, �
±w�3 128—155 GHz ªãS, S11 ëê�±3

 –23 dB ±e, S21 ëê�±3 –0.25 dB ±þ, `
²T(�3���°�ª�Säk�~$�P~
Ú��, U
�1Å+¤^.

�éTúÅ(��A:, ·��O
úÅ(�
�LÞ(� [15]. ÏLúÅ(�»�pÝÚþÝ�
ìC, Ó��y��»�¥% ��m�ål�±
�úÅ(��ü±Ï�, dúÅ(�ÅÚLÞ�Ý
/Å�, Ý/Å�2�Ñ\ÑÑÍÜì�VBìC
Å�à��ë, Ò�¤
lÑ\�ÑÑ���&Ò
Ï�. �³�du��Úå���, ·�¦^P~
ìòúÅ(�©¤nã: lúÅ(�Ñ\à1 30

�±Ïm©, 3úÅ(�þeü»���»�m\
1þÝìC�P~>b¡, � 24 ¡��1 42 �±

Ï(å, ��2òY
 53 �±Ï�úÅ(�, ,�
�LÞ(�ÚÑÑÍÜì. P~á�À^ BeO-SiC,

Ù�Ñ���� 0.3, 0>~ê� 11.5, 
�kûÐ
��95U, ù¦�§�±«É�p�õÇ. �+
��.dã 5 �Ñ, Ù¥�¹
P~ìÚúÅL
Þ(����ã, �.��Ý (à� 3 �à� 4 �
ål) � 96.95 mm. ù|1Å+�DÑA5dã 6

�Ñ, 3 128—152 GHz ��°S, Ù S11 ëêþ�
u –12 dB, S21 ëêþ�u –24 dB; duÑ\ÑÑ
ÍÜì�ý3>f5Ï�éuT1Å+�ó�ª
ã�>^Å´���, ��3Xé� (< −40 dB)

� S31 Ú S41 ëê.

ã 4 Ñ\ÑÑÍÜì (a) ÍÜì�.; (b) ÍÜì�DÑA5

�
�y¤�O�1Å+�ó�5U, ·�
|^ CST-PS PIC ¦)ì?1
 3 ��&Òâf
�[O�. �Ä�I�4úÅ(�é>f5��
¼¦�U/�, Ó�I�4>f5�>^Åk�
/�^, ·�ò>f5åP3>f5Ï��°þ
� 60%�¥%«�, Xã 3 ¥�ÒK«�, >f5
�¡� 0.7326 mm×0.1416 mm. �3à� 3 ��°
Úpþ�úÅ(�>f5Ï��¡º� 0.6 ��>
fu�N. u�>6� 0.25 A, >f>Ø 20.461 kV,

Xã 2 ¤«�ó�>Ø�, d�éA�>6�Ý
� 241 A/cm2. ·�æ^ 74 �÷âf?1�ý$
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�, Ñ\�u&ÒõÇ� 0.1 W, æ^rÝ� 1.2 T

�p�þ!^|^u>f5à�. ¦^�O�²�
��1 AMD Phenom II 3.74 GHz CPU Ú 3.25 GB

S���<O�Å. éuT�.± 86 ���¿©,

�[T1Å+ 8 ns �ÄåÆL§I�� CPU �m
�� 41 h.

ã 5 �¹Ñ\ÑÑ(�!LÞ(�ÚP~ì�1Å+n��.

ã 6 1Å+�.�DÑA5

·�Äk± 140 GHz �~f�[`²T1
Å+�ó�A5, 2òÙó�ªÇ*Ð���
�°���, *	ÙÌª�AA5. ã 7 �Ñ

ó�3 140 GHz �­½�,��1Å+÷p�
�>^&ÒUþ©Ù­�Ú�Ù�éA�OÃ
­�, ã¥úÅ(��å© �� 0, (å �
� 0.792 × 95 = 69.3 mm. ü^­�£±
úÅX
Ú¥>^Å�>f5�mUþ���L§: �X
>f5�$Ä, Ü©>fòÙUþ��>^Å, 3
P~ì?>^Å�áÂ; ®²É�N��>f5
3ÏLP~ì�¬-yå>^&Ò, T&ÒáÂ
�Ü©>f�Uþ
3úÅ>´¥���, ��
3ÑÑà�����. 3P~ì�c, &Ò���

õÇ�� 3.54 W, OÃ�� 15.5 dB; ��duP
~ì��^>^&ÒõÇü$� 0.075 W, ��P
~ì(å �&Ò�UY��. 3úÅ(�(å
 �õÇ����� 531 W, éAuT�+&Ò
O�Ç� 0.538 dB/mm. ÑÑ&ÒõÇ��m�C
zdã 8 �Ñ, 3� 2 ns �&ÒõÇ��­½¿
�±�O��m(å (8 ns), ·�vk*	���
y�, 3Ñ\à�*ÿ����&ÒõÇ�±3

 0.0009 W ±e. ·�òÑ\!ÑÑÚ��&Ò
©O�Fp�C�Ò��
Xã 9 ¤«�&Òª
Ìã, ÑÑ&Ò�ªÌ��XÀ, �,3 280 GHz,

420 GHz �ª:NC-yå
pg�Å&Ò, �
ù
�Å�õÇ��u (�u 45 dB) ó�:�Ñ

ã 7 ÷úÅ>´p�&ÒõÇ©Ù­�9éA�OÃ­�
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ã 8 ÑÑ&ÒõÇ�ó��m�Cz

ã 9 Ñ\!ÑÑÚ��&Ò�ªÌ­�

ã 10 �Ñ\&ÒõÇ� 0.1 W �ó�ª�S�ÑÑõÇ9
OÃ­�

ÑõÇ. 3 140 GHz ó�:�¸�'Ñ\&Ò�
p 36.35 dB, ùCquù|1Å+3Tó�:�O
Ã; ��&Ò�¸�'Ñ\&Ò�¸��$ 26 dB,

w«
P~ì³����ûÐ5U.

��, ·�À�
 14 �3 140 GHz NC�ª:
©O?1âf�[O�, 3�±c¡¤ã�O�ë
êØC��¹e, ��
Xã 10 ¤«�ÑÑõÇ
9éA�OÃ�ó�ªÇ�Cz­�. 3 138 GHz

?k���õÇ 564 W, éAOÃ� 37.5 dB, >f

�Ç� 11.03%; 3 132—152 GHz ª�SÑÑõÇ
�±3
 300 W ±þ. ã 11 �Ñ
3�±Ù¦ó
�ëêØC��¹e, ÏLN�Ñ\&Ò�õÇ
3 0.027—0.46 W �mCz, O�3 128—152 GHz

S 7 ��Lª:�ÑÑõÇ. Xã¤«, ù
ª:
�õÇÑ�±3
 440 W ±þ, w«
T1Å+û
Ð�Î�Å��5U. I�AO`², ©¥¤J�
�&ÒõÇþ�¸�õÇ, ���²þõÇKA~
�, >f�Ç�AT~�.

ã 11 N�Ñ\&ÒõÇ�1Å+�ÑÑõÇ­�

4 >f1ÆXÚ

�
��úÅ(�¥p�^¤I�>f5 (\
�>Ø� 20.46 kV, >6� 0.25 A, ¤±F"�)�
>f5�¡� 0.7326 mm×0.1416 mm), ·�;�
�O
�G5>fl. �
¦þü$Ò4�u��
Ý±�y>flÆ·, >fl�Ø '3°>��
� 4 : 1, Ä>��� 5 : 1, oØ '� 20 : 1, d�I
��Ò4u�¡º�� 2.9304 mm×0.713 mm, I
��>6u��Ý� 12.05 A/cm2, ù´y��Æ
·Ò4N´���.

|^ CST-PS Tracking ¦)ì, ·��O
÷
vþã�¦�>fl, Xã 12 ¤�Ñ��., �¹
Ò4, Ò4à�>4, �4�6Ï�, ¶-{=�.

ã 13 �Ñ
>fl­½ó��3 (a) x-z ²¡±
9 (b) y-z ²¡�âf�m©Ù. âfiÿì3>f
lÑ�?iÿ�� 6356 �÷>f3 x-y ²¡�©
Ù, Xã 14 ¤«, >f5�¡Ä��±
CqÝ/,

�°©O�� 0.725 mm Ú 0.141 mm,÷vp�^
¤Ï"�>f5/G.

3 � Ð � � Y ¥, · � �Äæ ^ ± Ï [
^ (PPM) à�XÚ, ���uy��Ä¢S�¹
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ã 12 >fl(� (a) >fl 3 ��.ã; (b) >flÒ4à
�>4ÚÒ4>4

ã 13 �G5>fl�âf�m©Ù (a) 3 x-z ²¡*	;

(b) 3 y-z ²¡*	

�, =B¦^kX���^�Ý (1.3 T) �tc'
½q�^c, ÃØ´^~{ (Wiggler) ^|(��
´±Ï¬�^| (PCM) ½±Ïo4^| (PQM) (

�Ñ�Ué���>6�Ý��G5?1ûÐà
�, �>6�ÝC��ùA«^|(��U¬�
�. ©z [16] lnØþ�[?Ø
æ^ÊÏ PCM

½ Wiggler ^|é�G>f5à��Ø­½5, ¿
JÑæ^Ú�+�)�p�þ!^|�±¢y�
>6�Ý��G>f5�­½à�, 
ù�~·Ü
�G5Î�Å1Å+��ì. �d·�3âf�
[O�¥��æ^p�þ!^|5¢y>f5�
à�. �CkÆöJÑæ^4Ü PCM ^|(��
±k��å�G>f¿ýÿù«(��±¢y�
ål�G5�DÑ, �EI?�ÚïÄÚ¢���
y [17]. éu�ïÄ�ùa�G>f5ì�¤I^
�õ?üØÂ84·���
ÐÚïÄ [18], O�
uyòÂ84>49�>4>f5\�Ï��O
¤ý�/G, U
p�/Â8p�^���G>f
5
�Â84>4Ñ9þ!, l
��Jp�+�
Ç�8�.

ã 14 3>flÑ�?iÿ��>f5�¡

5 \óEâ

éu�©ïÄ�1Å+¤æ^�úÅ(�9
ÙLÞ(�ÚÑ\ÑÑÍÜì, ��@�\óØ�
3 5 µm ±Sì��5UØ¬É���K�, y�
°�ê�\óEâ�±��¤I¦�°Ý. éu�

ã 15 úÅ(�9ÙLÞã�\ó�Y
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©¤ïÄ�úÅ(�, �{ü��{´l y-z ý9
²¡¿m\ó, ,�2òü�ÏL�¹½ÚSÜ¿
3�å, Xã 15 ¤«. 3¢S\ó¥, p�VK¤
æ^��Î/V
\óÑ�úÅ(�¬3þeü
»�.Ü/¤­Ç�»�V
�»���, ÏLO
�uyùé>´�DÑA5´k|�, 
é5-Å
p�^A�vkK�. XJæ^1�!>Ò!5
� (LIGA)!�Ý�Alf�¡ (DRIE) �\ó�{
�±���Ð�\ó°Ý [19].

6 ( Ø

ò��V»(�$^uó�3 140 GHz NC
�1Å+úÅ>´, æ^�G>f5ó�, ��

T1Å+ûÐ�pªA5Ú&Ò��5U. ·��
O
�éT1Å+�úÅLÞ(�ÚÑ\ÑÑÍ
Üì, ¦�&ÒU±é����ÚP~"\úÅ(

�, �yûÐ�5 - Åp�^, ¿Uò����&Ò
lúÅ(�"à��ÑÑ. �
³���Úå��
�, ·�3úÅ(�¥\1
deZP~>b¡�
¤�8¥P~ì, �'uvkP~ì�(�, T1
Å+ó��~­½. ÏLéÙ3 140 GHz ��ó�
A5��[?ØÚéÙ3���°ª�SÌªA
5��[O�, ·�uy�ó�>Ø� 20.461 kV,

>f5>6 0.25 A, Ñ\&ÒõÇ� 0.1 W �, T
1Å+3 132—152 GHz SÑÑ&Ò¸�õÇ�
u 300 W, Ù¥3 138 GHz ������ 564 W, é
A�OÃÚ>f�Ç©O� 37.5 dB Ú 11.03%; �
N!Ñ\&Ò�õÇ3 0.027—0.46 W Cz��¦
T1Å+3 128—152 GHz ��S�±ÑÑ&Ò¸
�õÇ�u 440 W. ·�@��©ïÄ�1Å+¬
äk��A^då, U
¤��|5U`É�áÎ
�Å��ì.
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Abstract

Staggered double vane slow wave structure (SWS) and sheet electron beam are employed to investigate a 140 GHz high power

traveling wave tube. Numerical calculation of eigenmode shows that the SWS has a good characteristic of dispersion and interaction

impedance. The transition structure, input/output coupler and concentrated attenuator are especially proposed for the circuit to ensure

that the tube will work well. Particle-in-cell simulation results demonstrate that the traveling wave tube can provide over 300 W of peak

power in a frequency range of 132–152 GHz with a maximum of 546 W and a corresponding gain of 37.37 dB at 138 GHz assuming

a beam power to be 5.115 kW and input power to be 0.1 W. The output power of the tube can exceed 440 W in a frequency range of

128–152 GHz with a corresponding interaction efficiency of over 8.6% when the input powers range from 0.027 W to 0.46 W. Such a

traveling wave tube has a great significance and a potential application in high power short millimeter wave field.
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