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�©JÑ�«�»Ú±ÏV6Ä��þ!�Å� TE0n �ªC�ì. ÏLÍÜÅnØ (CWT) Úê�`z�
{éT�ªC�ì?1ïÄ, O�(J�>^�ý^�Ä���. �DÚ�þ!(��»�6�ªC�ì'�, �
þ!6Ä(� TE0n �ªC�ì�±3���Å«±ÏS¢ypuþ!(���ª=��Ç, 95%õÇ=�ýé�
°O\ 150%, ì��Ý~��C��. �©�ïÄó���O¶�º�á!ó��°�!=��Çp�põÇ£
^+	��ªC�ìJø
�ë�.

'�c: £^+, �ªC�ì, �þ!6Ä(�, ÍÜÅ�§|

PACS: 52.35.Hr, 42.68.Ay

1 Ú ó

ISéÎ�Å£^ì�®�
��\�ï
Ä [1−4], Ù¥põÇ�ªC�ì�ïÄäk��
¿Â. �»�6�ªC�ì´põÇ£^+¥~^
��ªC�ì, ÙõU´ò£^+ÑÑ� TE0n �
ª=�� TE01 �, ¿?�Ú=���4z HE11 �
ÏLU�Ë� [5−9]. lþV 60 c��8, ý�õ
êÆöÑæ^ Kovalev JÑ�±ÏÅ�6ÄEâ�
O��é¡�ªC�ì [10−12], ÙA:´Å��»
þ!ìC!�Ì6Ä. �X£^+ÑÑõÇ�Jp,
ÑÑÅ�ÊHæ^pL�(�, ��þ!(���
»�6�ªC�ì�p�º�O\, �°CÄ. �

~�p��Ý, O��°, IS	Æöé�»�
þ!Cz� TE0n �ªC�ì?1
ïÄ [13−15].
ù
�þ!6Ä(���»6ÄÌÝ�Cþ, �±
¢ypuþ!±Ï�6(��=��Ç,  á�ª
C�ì�¶�º�¿Jpó��°, Ku Åãó�
�ù«�ªC�ì�¶��Ý á 8.9%, �°O
\�L 50%[14]. �©�éó�ªÇ� 0.22 THz, ó
��ª� TE03 �£^+, JÑ
�»Ú±ÏV

6Ä��þ!(� TE0n—TE01 �ªC�ì. T�
ªC�ì3��z�ª=��Ço��°ó��
°�Ä:þ?1�O,  á
Å«Å��AÛ±Ï
�Ý, �ÌÝO\
Å«6Ä���, ¶��Ý 
áÚ�°O\'~���Lþã©z�Ñ�(J.
ÏLê�¦)ÍÜÅ�©�§|��
�`z�
�Oëê, ¿|^pª(��[^� HFSS ?1

�ý, ���(JÄ���. �©�ó���O;
n!p�!°��£^+	��ªC�ìJø

��ë�.

2 �»ìC�ªC��Ä��n

Å�¥�Øþ!5, X�Å�¶���!Å
��»�ìC�, ¬ÚåÅ�¥�DÑ�ªm�U
þÍÜ, l�)�ªC� [16,17]. �¢yü«�ª
m���=�, Å�S9�AÛ±Ï�p�^�Å
êmI÷v±e��'X [18]:

λp = (1 + δ)λb = (1 + δ)2π/|βn − βm|, (1)

ª¥, δ �AÛ±ÏÏf, λb �ü�p�^�ª�
ûÅÅ�, βn Ú βm ´ü�p�^�ª�� ~ê.
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�Å��»ìC�ªC�ì���(��u
)Cz, TEqn—TEqm ��ªÍÜ�K÷v n−m =
±1. �¢y TE0n— TE0(n−1) ��ªC�, Ï~�
Å�¥æ^� ��Eâ��»þ!�6�ª
C�ì��»Cz¼êªXe [19]:

a(z) =a0

[
1 −

∑
n>1

εn cos(2nπz/λp)
]

/(
1 −

∑
n>1

εn

)
, (1 6 n 6 4), (2)

ª¥, a0 ��Å��²þ�», εn ´»�6ÄÌ�,
Z �¶��Ý. ù«�»þ!6Ä(��Ì�Øv
3u�°Ä, �ªC�ì�p��Ý��. �d�
©JÑ�«�»Ú±ÏV6Ä��þ!(�

a(z) =a0

[
1 − ε1 cos

(
2πz

λp

)(
1 − cos

(
2πz

Nλp

))
− ε2 cos

(
2mπz

λp

)
×

(
1 − cos

(
2mπz

Nλp

))]
, (3)

Ù ¥, ε � Å « 6 Ä Ï f, m � ± Ï 6 Ä X ê,
m > 1, N �±Ïê.

õê�»�6�ªC�ì��OÑ´Äu
¦ ) Í Ü Å ~ � © � § | � > � ¯ K, Ù Ä �
�§� [20]

dA+
mn′

dz
= − 1

2
d(ln γmn′)

dz
A−

mn′ − γmn′A+
mn′

+
∑
+mn

A+
mnC+

(mn′)(mn)

+
∑
−mn

A−
mnC−

(mn′)(mn), (4)

dA−
mn′

dz
= − 1

2
d(ln γmn′)

dz
A+

mn′ + γmn′A−
mn′

+
∑
+mn

A+
mnC−

(mn′)(mn)

+
∑
−mn

A−
mnC+

(mn′)(mn), (5)

ª¥ A+
mn, A−

mn L«�����DÂ� mn Å�
Ì�, C+

(m′n′)(mn), C−
(m′n′)(mn) L« mn Å�Ó�

9��Å m′n′ �ÍÜXê, γmn = αmn + jβmn

� mn ��DÂ~ê, αmn �P~~ê, βmn ��
 ~ê. γ Ú C þ� Z �¼ê.

TEmn →TEmn′ �ÍÜXê� [20,21]

C±
[mn′][mn] =

(Rmn′X2
mn ± RmnX2

mn′)X2
mnX2

mn′

(RmnRmn′)1/2(X2
mn − m2)1/2(X2

mn′ − m2)1/2(X2
mn′ − X2

mn)
× 1

a
× da

dz
× (−1)n+n′

. (6)

TE ��P~~ê αmn
[22] �

αmn =
1
α0

Rs

η0

(
1 −

( Xmn

2πα0
λ0

)2
)−1/2

×
[( Xmn

2πα0
λ0

)2

+
( m

Xmn

)2

/(
1 −

( m

Xmn

)2
)]

, (7)

ª¥ Xmn �1 m � Bessel ¼ê Jm(Xmn)(TM �)
½Ù�ê J ′

m(Xmn) (TE �) �1 n �":ê�;
Rmn = βmn/k0 �8�zÏ�, k0 �gd�mÅê;
Rs �Å�á��L¡>{Ç, η0 = 376.7 �gd
�mÅ{|, λ0 �gd�mÅ�. �=�ì��Ý
� L, ÙÑ\àk\�Å,-Ùªà��Å� 0, =
k>.^�

A+
mn|z=0 = [(1, 0), (0, 0), · · · , (0, 0)]T, (8)

A−
mn|z=L = [(0, 0), (0, 0), · · · , (0, 0)]T, (9)

ª¥�þ [A+
mn] �1�����LÑ\ó��ª

�Ì�, 1�����LÑÑó��ª�Ì�, Ù

{�ª��L��M)�, KëÓ (4), (5) ª�¤
ÍÜÅ�©�§|�>�¯K, ¦)T¯K=�
¦�c�ÅÌ� A+

mn Ú��ÅÌ� A−
mn ÷ Z ¶

�©Ù.

3 ê�`z�O�(J©Û

�Ä�õÇNþ¯K, ¥%ªÇ� 0.22 THz �
£^+ÑÑÅ�´�»� 5 mm �pL��Å�,
I�����»6Ä±ÏâU¢y TE03—TE01 �
=�. £^+ÑÑ�ª TE03 =�� TE01 I�üã
(�, = TE03—TE02 Ú TE02—TE01 �»ìC�ª
C�ì. æ^� ��Eâ�O��»�6�
ªC�ì�±¼��p��ª=��Ç, ù«�ª
C�ì´�«�»þ!�ÌCz�(�, p�º�
��. �
ïÄ�þ!»�6Ä(�3Jp=��
Ç! áp�º�ÚO\�°�¡�`³, �þ!
(�À�Úþ!(��Ó�²þ�»?1`z�
O, ±Bu'�. `z�OÏLg?� Matlab ê�
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O�§S¢y, L§´: ÄkÀ½��Å«±ÏÐ
©�, ïá�)Å«6ÄÏf!±Ï6ÄXê!±
Ïê�õëê`z�., ±=��Ç��z�Ì�
�I, o�=�ìó��°?1`z; UCÅ«±
Ï, Eþã`zÚ½, 3���`z�Oëê�
2|^n�>^�ý^� HFSS ?1�y. éu¥
%ªÇ� 0.22 THz Ú²þ�»� 5 mm � TE03—
TE01 �ªC�ì, �DÑ� TE0n �� n 6 7, du
pg�ª¹þé�, nÜ�ÄO�°ÝÚ�Ý, O
���� 5 �DÑ�ª.

3.1 TE03—TE02 ���ªªªCCC���ììì���OOO

¥%ªÇ fc = 0.22 THz, TE03—TE02 �ªC
�ìAÛ(�Xã 1 ¤«, Ù¥ã 1(a) �þ!�
�þ!(��»�Ó+, ã 1(b) � N = 5, TE03—
TE02 �þ!(�C�ì� HFSS �ý�.. l
ã 1(a) ¥�±uy�þ!(��AÛ±Ï�Ñ�
uþ!(�, ±Ïê�'� 5:9, �cö�²þ»�
6ÄÌ�²w�u�ö, ÷¶���þ!Cz, Ï
d�þ!(��±3�á�p��Ýþ¢y�ª
=�. ê�O�L§¥, �Ä
õ�!��Å!î
0�Ñ�Ï�, |^o�Ê�9� - ¥©{?1`

zS�, ���`z(JXL 1 ¤«.

ã 1 fc = 0.22 THz, TE03—TE02 C�ìAÛ(� (a)
N = 9 �þ!(�� N = 5 ��þ!(�»�Ó+; (b)
N = 5, �þ!(� HFSS �ý�.

L 1 TE03-TE02 C�ìü«(��AÛëê�O�(J'� (fc = 0.22 THz, ²þ�» 5 mm)

λb/mm λw/mm N �Ý /mm ε1/ε2 δ m 95%�° /GHz �ª=��Ç /%

þ!(� 24.7 26.0633 9 234.5697 0.0216 0.0552 — 4 98.91(CWT)

/0.0033 98.92(HFSS)

�þ!(� 24.7 25.52 5 127.6 0.03800 0.0332 5 10 99.00(CWT)

/0.0022 99.00(HFSS)

ã 2 ¤«� fc = 0.22 THz, ü«(� TE03—
TE02 �ªC�ì�¶��éõÇ©Ù. lã¥�
±wÑC�ìÑ\�ª TE03 ��õÇÑ÷¶�
Åì~�ªu 0, 8I�ª TE02 ��õÇÑ÷
¶�ÅìO\ªCu 1, �þ!(�ÑÑàNC
� TE02 ��õÇÓo�ÑÑõÇ� 99.00%, þ!
(�� 98.91%. �þ!(�du»�CzÇ�, �
ª¿���-�, M)�ª± TE01 Ú TE04 �Ì,
þ!(�M)�ª± TE01 �Ì. �þ!(�C
�ì¥ã TE04 Ú TE01 �©OÑy���Ì�, �
3�àÌ�Ñ³��
 0 NC. l8I�ªõÇC
z�w, þ!(�´�«�ú4O�ª³, �

þ!(�duÙ»�6ÄÌÝ�, ±Ï6Ä�?1

`z, 8I�ª TE02 ��õÇ¯�O\, Ïd�
'uþ!(�Ù¶�Cz�ÝwÍ~�.

ã 3 ¤«� fc = 0.22 THz, ü«(� TE03—
TE02 �ªC�ì�=��Çª��. �¥%ª
Ç fc = 0.22 THz � TE02 ��õÇ�����,
3¸�:üý TE02 ��õÇé¡þ!eü. �
þ!(��ª=��Ç 95%±þ�°� 10 GHz,
éAªÇ��� 216—225 GHz. þ!(��ª=
��Ç 95%±þ�°=� 4 GHz, éAªÇ��
� 219—222 GHz, �þ!(��ªC�ìUwÍ
ÿÐ�°. æ^ÍÜÅnØ`z§SO��(J
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� HFSS ^��ý(JÄ���.
ã 4 ¤«� fc = 0.22 THz, �þ!(� TE03—

TE02 �ªC�ì�ª=��Ç�Å«±ÏêCz
�. �Å«±Ïê N = 5 �, TE02 ��=��
Ç����� 99.00%; �X N �O\, TE02 ��
=��Ç¥±Ï5Cz, Cz±Ï� 10 �Å«;
du�Ä
Å�æ�î0�Ñ, 3 N > 5 �Ñy
� TE02 ��=��Ç¸�Øä~�.

ã 2 fc = 0.22 THz, TE03—TE02 C�ì¶�õÇ©Ù
(a) N = 9, þ!(�; (b) N = 5, �þ!(�

ã 3 fc = 0.22 THz, TE03—TE02 C�ì=��Ç�ªÇ
�Cz

ã 4 fc = 0.22 THz, �þ!(� TE03—TE02 C�ì=
��Ç�±Ïê�Cz

3.2 TE02—TE01 ���ªªªCCC���ììì���OOO

fc = 0.22 THz, TE02—TE01 �ªC�ìAÛ
(�Xã 5 ¤«, Ù¥ã 5(a) �þ!��þ!(
��»�Ó+, ã 5(b) � N = 3, TE02—TE01 �þ
!(�C�ì� HFSS �ý�.. lã 5(a) ¥�
±uy�þ!(��AÛ±Ï�Ý�Ñ�uþ!
(�, ±Ïê�'� 3:5, �²þ»�6ÄÌ�²
w�u�ö. ÏLê�O���þ!Ú�þ!(
� TE02—TE01 �ªC�ì�`z(JXL 2 ¤«.
lL¥�±wÑ, �þ!(�¥%ªÇ?=��Ç
puþ!(�, p��Ý²w~�, �°wÍO\.

ã 5 fc = 0.22 THz, TE02—TE01 C�ìAÛ(� (a)
N = 5 �þ!(�� N=3 ��þ!(�»�Ó+; (b)
N = 3, �þ!(� HFSS �ý�.
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L 2 TE02—TE01 C�ìü«(��AÛëê�O�(J'� (fc = 0.22 THz, ²þ�» 5 mm)

λb/mm λw/mm N �Ý /mm ε1/ε2 δ m 95%�° /GHz �ª=��Ç /%

þ!(� 40.7 47.4 5 237 0.062 0.1646 — 8 99.18(CWT)

/0.0103 99.20(HFSS)

�þ!(� 40.7 45.21 3 135.63 0.09924 0.1108 2 15 99.28(CWT)

/0.01241 99.32(HFSS)

ã 6 � fc = 0.22 THz, ü«(� TE02—TE01

�ªC�ì�¶�õÇ©Ù. lã¥�±wÑù
«¶�õÇCzª³�ã 4 ¥*	��y�Ä�
�Ó. �3T�þ!(�C�ì¥, Ì�M)�ª
� TE03 Ú TE04 �, 3C�ì�¥ã-y�Ì��
�, 3üàÄ�Ñ�³�.

ã 6 fc = 0.22 THz, TE02—TE01 C�ì¶�õÇ©Ù
(a) N = 5, þ!(�; (b) N = 3, �þ!(�

ã 7 �Ñ
 fc = 0.22 THz, ü«(� TE02—
TE01 �ªC�ì�ê�O�� HFSS �ý��
� = � �Çª �  �, l ã ¥ � ± w Ñ ü ö (
JÄ���. �þ!(�=��Ç 95%±þ�°
� 15 GHz, þ!(� 95%±þ�°� 8 GHz.

ã 8 � fc = 0.22 THz, �þ!(� TE02—
TE01 �ªC�ì�8I�ª=��Ç�Å«±Ï
êCz�. �X N �O\, TE01 ��=��Ç¥
±Ï5Cz, Cz±Ï� 6 �Å«; du�Ä
Å
�æ�î0�Ñ, ¸�=��ÇÅì~�.

ã 7 fc = 0.22 THz, TE02—TE01 C�ì=��Ç�ªÇ
�Cz

ã 8 fc = 0.22 THz, �þ!(� TE02—TE01 C�ì=
��Ç�±Ïê�Cz

ã 9 � Ñ
| ^ HFSS � ý � � � fc =
0.22 THz �, �þ!(� TE03—TE01 �ªC�ì
¶���î�¡>|rÝ©Ùã. �Ñ\à��ü
�� TE03 �ª�, ÑÑà�=���ªXÝép
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� TE01 �ª.

ã 9 �þ!(��ªC�ìî�¡>|rÝ©Ù (a)
N = 5, TE03—TE02 C � ì; (b) N = 3, TE02—TE01

C�ì

4 ( Ø

� © Ï L Í Ü Å nØ( Ü ê � O � � {

± 9 HFSS � ý E â é � « � þ ! 6 Ä ( �
� TE03—TE01 �ªC�ì?1
ïÄ. T�ªC
�ì�¥%ªÇ� 0.22 THz, �þ!�6(��',
�þ!6Ä(�¥: TE03—TE02 C�ì3 5 �±
ÏS�¤�ªC�, p��Ý á
 106.9697 mm,
õÇ=��Ç�� 95%±þ��°O\
 6 GHz;
TE02—TE01 C�ì3 3 �±ÏS�¤�ªC�,
p��Ý á
 101.37 mm, �°O\
 7 GHz;
TE03—TE01 �ªC�ì�o�Ý á
 44.18%,
�°O\
 150%. duù«�þ!(�æ^Å«
ÌÝÚ±Ï�V6Ä, 8I�ª�õÇ=��Ý
¯, (�;n, �|u¢y� ��, �ª=��
Ç�p. �,�ª=�L§¥M)�ª-y�Ì�
��, �3�ªC�ìüàþ�k�³�. ê�O
�(J� HFSS �ý(JÄ���. �©�ïÄó
���O¶�º��!�°�ó��põÇ£^
+�ªC�ìJø
��Ôn�.ÚnØë�.
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Abstract

In this paper, we present an optimal design of TE0n nonuniform ripple-wall mode converter in circular waveguide. The research

work is based on the general coupled wave theory and numerical optimization method. The results of numerical calculation are in good

agreement with those of simulation by HFSS. Compared with traditional TE0n mode converter of periodic waveguide perturbations, the

TE0n nonuniform ripple-wall mode converter can achieve a high mode conversion efficiency with less corrugated periods. The length

of the converter is shortened nearly by a half and the operating bandwidth with over 95% mode conversion is increased by 150%. The

research work provides an important theoretical reference and a physics model for designing high power gyrotron mode converter with

small axial size, wide operating bandwidth and high conversion efficiency.

Keywords: gyrotrons, mode converters, nonuniform ripple-wall, coupled wave equations
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