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1 Ú ó

Î�Å1Å+���a�~��põÇË
�, �2�A^uÎ�ÅX�!ÔâÏ&!>f
é|±9Ë�ÿþ�¯õ+� [1−5]. úÅ(��
�?15Åp�^�Ü�, K´1Å+�Ø%, Ù
5U��û½
ì��EâY². �ó�ªÇJp
�Î�Åã��ÿ, du\ó°Ý, Ñ9Uå�Ï
����, ¦�1Å+�ÑÑõÇîeü [6−10].

Ïd, Ï¦�«°ª�!�õÇ±9(�{ü´u
\ó�#.úÅ(�´�©7��.

��±Ï\17áÎ�Å�(��@�´�
«ékdåA^upõÇÎ�Å1Å+¥�úÅ
(� [11,12], §´l�2�A^uêÔ�Åì�¥
�0��(��Ä:þU?5�. ÏL3pª(
�¥�0��L¡æ��é���>��, ÙþÝ
���u0��SL¡�ªÇ�Ý, �±;�>Ö

È\ [13]. �DÚ�úÅ(��', ��±Ï\17
áÎ�Å�(�äk(�{ü!�p�õÇNþ
±9ûÐ��°A5�`:. �´, T(�´��
L�ì�, ¤I��ó��ª TM01 ¿Ø´Ä�, Ï
d�3�ª¿��ºx, �U¬é1Å+>´ó�
�½5E¤K�. Ïd, �
)ûù�¯K, �«
�#�m�.��±Ï\17áÎ�Å�(��
JÑ. #(�´òµ4.(�¥�7á¶-��K,

/¤m�(�, äN�(�Xã 1 ¤«. ÏL·�
�º��O, #(��±k�/³��ª¿� [14],

lkF"Jp1Å+�5 - Åp�^�ÇÚì�
ó��½5. ÏL��Óº��µ4.(�pª
A5�'��±uy, m�.(�U
k�/Jp
ÍÜ{|, Ó�(��UCéÚÑA5�K�é�,

Ïd, Äuù«m�.��±Ï\17áÎ�Å�
(��1Å+k"¼��p�p�^�Ç [14].

�©3#(��>f5Ï�SÚ\��/>
f5, ¿�b�T>f5�þÝ�Ã��, =©Û
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¥Ø�Ä>f5�þÝ. æ^|����{, ïá

m�.��±Ï\17áÎ�Å�úÅXÚp
�^�gU|nØ�., í�Ñ
�&Ò^�e
� “9” ÚÑ�§, ©Û
(�º�Ú>f5ëê
é�&ÒOÃ�K�. ��, '�
m�.(�Ú
µ4.(��OÃA5.

2 Ú\�/>f5�¹e�|©Ù

m�.��±Ï\17áÎ�Å�(�Xã 1

¤«. ã 1 ¥ h L«úÅ(���Ý, R1 ´0��
�	�», R2 ´7áÎ�S�», R3 ´0���S
�», Rbeam ´Ã���/>f5��», 7áÎ
þÝ d = R1 − R2, 7áÎ�Ý ϕL,i = ϕe,i − ϕs,i.

úÅXÚ��±ÏL«� ϕp = 2π/N , ùp, N �
7áÎ��ê.

ã 1 m�.��±Ï\17áÎ�Å�(�«
¿ã (a) n��.; (b) nØ©Û�.

3>f5Ï�SÚ\����/>f5, ¶�
Ð�Ý� ve = v0ez , Ù�/>f5�¡�Ý [15] L
«�

n0(r) = nb∆Rbeamδ(r − Rbeam), (1)

Ù¥, nb L«>f5�N�Ý, �/>f5�þÝ
Ú�»©Od ∆Rbeam Ú Rbeam L«. d	, 3e
¡�©ÛL§¥, U0, I0 Ú ve ©OL«>Ø!>6
±9�/>f5�Ð�Ý.

ÏL¦) Maxwell �§|!>f�$Ä�
§ÚëY5�§, Ò�±��Ú\>f5�¹e
� “9” ÚÑ�§. �
©Û{B, ·�òT(�
3Î�I (r, ϕ, z) e, ÷»� r ©� 5 �«�: «
� 1 ( r > R1), «� 2 (R2 < r < R1), «� 3

(R3 < r < R2), «� 4 (Rbeam < r < R3) Ú«� 5

(r < Rbeam). b�pª|��m t Ú z �CzXê
� e(jωt−jβz), Ï�ù�Ïfé��|©þÑ´�
��, ¤±·��ÑKù�CzXê e(jωt−jβz). 3
e¡�í�L§¥, �Ñ
�«��p�|©þL
�ª, Ù{�|©þ�±ÏLp�|{¦�. Ù¥,

ω L«�ªÇ, β L«>^Å�� ~ê, εr L«0
�á���é0>~ê. d	, pª|3��Cz
�±Ï, �Ò´�ª����ê, �©¥d m L«.

«� 1 (r > R1):

E1z =
+∞∑

n=−∞
A1nKkI

n
(kc1r) exp(jkI

nϕ),

E1ϕ =
−jβ
k2
c1

· 1
r

∂

∂ϕ
E1z,

E1r =
−jβ
k2
c1

∂

∂r
E1z,

H1ϕ =
−jωεrε0

k2
c1

∂

∂r
E1z,

H1r =
jωεrε0

k2
c1

· 1
r

∂

∂ϕ
E1z.

(2)

«� 2 (R2 < r < R1):

3ù��©«S, du��±Ï5\1
7á
Î, T«�|÷ ϕ ��¥y7Å�/ª, �±Ðm
��X�Ã���7Å¦Ú�/ª, u´Ò�±�
�1��«��|L�ª

E2z,i =
+∞∑
l=1

[Al,iJkl,i
(kc2r) + Bl,iYkl,i

(kc2r)]

× sin[kl,i(ϕ − ϕs,i)]. (3)

«� 3 (R3 < r < R2):

E3z =
+∞∑

n=−∞
[A3nJkIII

n
(kc3r) + B3nYkIII

n
(kc3r)]

× exp(jkIII
n ϕ). (4)
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«� 4 (Rbeam < r < R3):

E4z =
+∞∑

n=−∞
[A4nIkIV

n
(kc4r) + B4nKkIV

n
(kc4r)]

× exp(jkIV
n ϕ). (5)

«� 5 (r < Rbeam):

E5z =
+∞∑

n=−∞
A5nIkV

n
(kc5r) exp(jkV

n ϕ). (6)

(2)—(6) ª¥, A1n, Al,i, Bl,i, A3n, B3n, A4n, B4n

Ú A5n � � « Ì � X ê, Jkn(kcr), Ykn(kcr),

Ikn(kcr), Kkn(kcr) �1�a!1�a�l�¼ê
ÚC��l�¼ê, Ù¥, kI

n = kIII
n = kIV

n = kV
n =

nN +m, ±9 kl,i = lπ/ϕL,i; k2
c2 = k2

c3 = k2
0εr−β2,

k2
c1 = k2

c4 = k2
c5 = β2 − k2

0 ©OL««� 1, 2, 3, 4,

5 �»�DÂ~ê; k2
0 = ω2ε0µ0 L«gd�mÅ

ê; ε0 �ý�¥�0>~ê; µ0 �ý�¥��^X
ê.

3 “9” ÚÑ�§

3�.¡ r = R1, r = R2, r = R3 Ú r = R4

þ, ÷v>|���©þëY, =
N∑

i=1

∫ ϕe,i

ϕs,i

E2z,i|r=R2 dϕ =
∫ 2π

0

E1z|r=R2 dϕ, (7)

N∑
i=1

∫ ϕe,i

ϕs,i

E2z,i|r=R3 dϕ =
∫ 2π

0

E3z|r=R3 dϕ, (8)

E3z|r=R4
= E4z|r=R4

, (9)

E4z|r=R5
= E5z|r=R5

. (10)

3�.¡ r = R2, r = R3 Ú r = R4 þ, ÷v^|
���©þëY, =∫ ϕe,i

ϕs,i

H2ϕ,i|r=R2 dϕ =
∫ ϕe,i

ϕs,i

H1ϕ|r=R2 dϕ, (11)

∫ ϕe,i

ϕs,i

H2ϕ,i|r=R3 dϕ =
∫ ϕe,i

ϕs,i

H3ϕ|r=R3 dϕ, (12)

H3ϕ|r=R4 = H4ϕ|r=R4 . (13)

�
{z©Û, b�3 r = R5 ?Ú\��/
>f5�þÝ�Ã��, =3í�L§¥Ø�Ä>
f5�þÝ. Ï�p�>|»���ê3>f5L
¡¿ØëY, ¤±, �.¡ r = R5 þ÷v¤¢��
�^� [15,16]

dE4z

dr

∣∣∣∣
r=R5+

− dE4z

dr

∣∣∣∣
r=R5−

=
ω2

pdr

ω2
dγ3

E4z|r=R5
, (14)

þª¥, ωd L«�lfªÇ, γ L«�éØÏf.

�â�«�|�§Ú>.^�, ²L��z?
n, Ò�±���|'u�«�Ì�Xê��§|:

+∞∑
l=1

N∑
i=1

{ +∞∑
q=−∞

A1qKkI
q
(kc1R1)R(kI

q, kl,i)R(−kI
n, kl,i)

2
ϕL,i

}
− 2πA1nKkI

n
(kc1R1) = 0,

+∞∑
l=1

N∑
i=1

{
+∞∑

q=−∞
[A3qJkIII

q
(kc3R2) + B3qYkIII

q
(kc3R2)]R(kIII

q , kl,i)R(−kIII
n , kl,i)

2
ϕL,i

}
−2π[A3nJkIII

n
(kc3R2) + B3nYkIII

n
(kc3R3)] = 0,

A3nJkIII
n
(kc3R3) + B3nYkIII

q
(kc3R3) − A4nIkIV

n
(kc4R3) − B4nKkIV

n
(kc4R3) = 0,

−jωεrε0

kc3
[A3nJ′kIII

n
(kc3R3) + B3nY′

kIII
n
(kc3R3)] +

jωε0

kc4
[A4nI′kIV

n
(kc4R3) + B4nK′

kIV
n

(kc4R3)] = 0,

A4nIkIV
n

(kc4R5) + B4nKkIV
n

(kc4R5) − A5nIkV
n
(kc5R5) = 0,

[kc4I′kIV
n

(kc4R5) − εdk2
c5

KkIV
n

(kc4R5)]A4n + [kc4I′kIV
n

(kc4R5) − εdk2
c5

KkIV
n

(kc4R5)]B4n

−kc5I′kV
n
(kc5R5)A5n = 0.

(15)
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� (15) ªk�")�, =|Ì��Xê1�ª
�u", Ò�Ñ
�3>f5�, m�.��±Ï
\17áÎ�Å�(�� “9” ÚÑ�§, T�§
´��Ã¡1!Ã¡��1�ª. Ïd, |^ MAT-

LAB ¦)�, 7L�â°Ý�¦�k��?1O
�. ùp� n = −1, 0, 1, l=z��� 18×18 �
1�ª, u´ “9” ÚÑ�§�±z{� (16) ª:

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

A
(1)
1,−1,−1 0 0 0 0 0 A

(1)
1,−1,0 0 0 0 0 0 A

(1)
1,−1,1 0 0 0 0 0

A
(1)
1,0,−1 0 0 0 0 0 A

(1)
1,0,0 0 0 0 0 0 A

(1)
1,0,1 0 0 0 0 0

A
(1)
1,1,0 0 0 0 0 0 A

(1)
1,1,0 0 0 0 0 0 A

(1)
1,1,1 0 0 0 0 0

0 A
(2)
3,−1,−1 B

(2)
3,−1,−1 0 0 0 0 A

(2)
3,−1,0 B

(2)
3,−1,0 0 0 0 0 A

(2)
3,−1,1 B

(2)
3,−1,1 0 0 0

0 A
(2)
3,0,−1 B

(2)
3,0,−1 0 0 0 0 A

(2)
3,0,0 B

(2)
3,0,0 0 0 0 0 A

(2)
3,0,1 B

(2)
3,0,1 0 0 0

0 A
(2)
3,1,−1 B

(2)
3,1,−1 0 0 0 0 A

(2)
3,1,0 B

(2)
3,1,0 0 0 0 0 A

(2)
3,1,1 B

(2)
3,1,1 0 0 0

0 A
(3)
3,−1 B

(3)
3,−1 A

(3)
4,−1 B

(3)
4,−1 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 A
(3)
3,0 B

(3)
3,0 A

(3)
4,0 B

(3)
4,0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 A
(3)
3,1 B

(3)
3,1 A

(3)
4,1 B

(3)
4,1 0

0 A
(4)
3,−1 B

(4)
3,−1 A

(4)
4,−1 B

(4)
4,−1 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 A
(4)
3,0 B

(4)
3,0 A

(4)
4,0 B

(4)
4,0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 A
(4)
3,1 B

(4)
3,1 A

(4)
4,1 B

(4)
4,1 0

0 0 0 A
(5)
4,−1 B

(5)
4,−1 A

(5)
5,−1 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 A
(5)
4,0 B

(5)
4,0 A

(5)
5,0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 A
(5)
4,1 B

(5)
4,1 A

(5)
5,1

0 0 0 A
(6)
4,−1 B

(6)
4,−1 A

(6)
5,−1 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 A
(6)
4,0 B

(6)
4,0 A

(5)
5,0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 A
(6)
4,1 B

(6)
4,1 A

(5)
5,1

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

= 0

(16)

Ù¥,

A
(1)
1nq =

+∞∑
l=1

N∑
i=1

{ +∞∑
q=−∞

KkI
q
(kc1R1)R(kI

q, k
i
l)R(−kI

n, ki
l)

2
ϕL,i

}
− 2πδnqKkI

n
(kc1R1),

A
(2)
3nq =

+∞∑
l=1

N∑
i=1

{ +∞∑
q=−∞

JkIII
q
(kc3R2)R(kIII

q , ki
l)R(−kIII

n , ki
l)

2
ϕL,i

}
− 2πδnqJkIII

n
(kc3R2),

B
(2)
3nq =

+∞∑
l=1

N∑
i=1

{ +∞∑
q=−∞

YkIII
q
(kc3R2)R(kIII

q , ki
l)R(−kIII

n , ki
l)

2
ϕL,i

}
− 2πδnqYkIII

n
(kc3R2),

A
(3)
3n =JkIII

n
(kc3R3),

B
(3)
3n =YkIII

n
(kc3R3),

A
(3)
4n = − IkIV

n
(kc4R3),

B
(3)
4n = − KkIV

n
(kc4R3),

A
(4)
3n = −

jωεrε0J′kIII
n
(kc3R3)

kc3
,

B
(4)
3n = −

jωεrε0Y′
kIII

n
(kc3R3)

kc3
,

A
(4)
4n =

jωε0I′kIV
n

(kc4R3)

kc4
,

B
(4)
4n =

jωε0K′
kIV

n
(kc4R3)

kc4
,

A
(5)
4n =IkIV

n
(kc4R5),

B
(5)
4n =KkIV

n
(kc4R5),

A
(5)
5n = − IkV

n
(kc5R5),

A
(6)
5n = − kc5I′kV

n
(kc5R5),

A
(6)
4n =kc4I′kIV

n
(kc4R5) − εdk2

c5
IkIV

n
(kc4R5),

B
(6)
4n =kc4K′

kIV
n

(kc4R5) − εdk2
c5

KkIV
n

(kc4R5),

εd =
ω2

pdr

ω2
dγ3

=
I0ve

√
µ0/ε0

4πR5γ3U0c(k0 − βve/c)2
,

ve =
√

2ηU0

√√
η2U2

0

c4
+ 1 − ηU0

c2
,

ωp =ω − βve, γ = 1/
√

1 − v2
e/c2,

w2
d =

en0

mε0
, η =

e

m
.

e L«>f>þ, m L«>f�þ, c L«1�.

4 ê�O�9(J©Û

� ωp = 0 �, �Ò´vk>f5�3, (16) ª
òz�©z [14] ¥� “e” ÚÑ�§. 35 - Åp�
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^L§¥, >f5�pª(�¥�ú>^Åu)p
�^, �÷vÓÚ^��, üö�m�±?1k�
�Uþ��, ¢y�ÅUþ���. e¡, ·�òÏ
L MATLAB ê�¦)�§ (16), Ò�±��m�
.��±Ï\17áÎ�Å�(�ü �Ý��
&ÒOÃ:

G = 20 lg(exp[Im(βL)]) = 8.686 Im(βL), (17)

ª¥, Im L«Eê)�JÜ, L úÅ(���Ý, Ù
¥ G �ü � dB zü �Ý.

ã 2 7áÎþÝ d é�&ÒOÃ��K� (a) ØÓó
�ªÇ; (b) ó�ªÇ� 33 GHz

�â�©í���5nØ, ·�òc[?Ø(
�º�Ú>f5ëêCzé�&ÒOÃA5�K
�. Äk, 3ã 2 ¥, �Ñ
úÅ(�º�� ε = 10,

R1/R4 = 2.25, ϕL,i/ϕp = 1/3, N = 8, R4 = 2 mm,

R5 = 1.5 mm, >f5ëê� U0 = 53 kV, I0 = 1 A

�, UC7áÎþÝ d, �5OÃ�XªÇ�Czª
³. lã 2(a) ¥�±wÑ, 7áÎþÝ d ©O� 0.6,

1 Ú 1.2 mm �, OÃ¸�kO\�~�, é�°�
K�Ø�, ù��cém�.(�� “e” ÚÑA
5�©Û(J´���. d	, ·��3ã 2(b) ¥
ïÄ
��Zó�:ªÇ�½� 33 GHz �, �&
ÒOÃ�X7áÎþÝ�Cz5Æ. 7áÎþÝ d

é�&ÒOÃ�K���²w, lã 2(b) ¥�±�

Ù/w�, �XþÝ d �O\, OÃkO\�~�,

ù�ã 2(a) ¥�Czª³��. Ïd, �±�Ñù
��(Ø: 3Ù¦ëê�±ØC��¹e, �3�
��Z�7áÎþÝ¦�OÃ��. ùp, �é�
© KαÅã�äN�O, d = 1 mm ´�Zëê�.

7áÎ�Ý ϕp-ϕL,i 3�&Ò^�eé5 -

Åp�^�K�Xã 3 ¤«. ùp, 7áÎ�þ
Ý d = 1 mm, Ù{ëþ���ã 2 ¥�Ó. ã 3 �
(JL², �X7áÎ�Ý ϕp-ϕL,i �O�, �&Ò
OÃ�¸�3O\, �°%3~�. ù´Ï��X
7áÎ�Ý�~�, ¦���(��²þ0>~ê
O\, ùò��8�z��~�, �Zó�:�$
ªà£Ä, ¦�ÚÑCr, ÍÜ{|O\. Ó�, A
T5¿�7áÎ�Ý�O\¬ü$(��m�5.

Ïd, �
Jp1Å+�p�^5U, Ó��Ä�
7áÎ�Ýé#(�³��ª¿��K� [14], �
O�7Lé7áÎ�(�ëê?1@ý`z. nÜ
�Ä ϕp-ϕL,i �� 25◦ ��Ü·.

ã 3 7áÎ�Ý ϕ é�&ÒOÃ��K�

>f5>Ø U0 ém�.(���&ÒOÃA
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�Cz�¹. Ï�>f5��Ýd>f5�>Øû
½, �k�>f5��ÝÚ>^Å���÷vÓÚ
^���ÿ, 5 - Åp�^�r, OÃ�����.

ã 4 ¥�(JL², 3Ù¦(�ëê�±ØC�,

�X>f5>Ø U0 �O\, OÃ¸���O\, �
�$ªã£Ä. Ó�AT5¿�, p�^�°��
~�. ù�Ò�3��`z�>f5>Øëê, ¦
�OÃÚ�°5UÑU
¼�éÐ�o�.
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�O¥, ¿ØUÀJL�>6, ù´Ï�>f5>
6LpØ=¬O\à�XÚ�JÝ, Ó���~Ø
|u>f5�DÑ, AO´3Î�Å��ì¥ù«
¯Kc�âÑ.
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Abstract

A novel slow-wave structure, i.e., an open-style dielectric-lined azimuthally periodic circular waveguide (open-style DLAP-CW)

which can be applied to millimeter wave traveling-wave tube, is proposed. The hot dispersion characteristics are derived by the self-

consistent relativistic field theory. And the electron beam interaction in the novel slow-wave structure (SWS) is analyzed in a linear

frame. The linear gain characteristics of the DLAP-CW is studied analytically for dimensions of the improved SWS and the parameters

of the electron beam. The results illustrate that selecting the appropriate dimensions of the metal rods can improve the small-signal

gain. Finally, a comparison of the small-signal gain of this structure with a close-style DLAP-CW is made, and the results validate that

the novel SWS has an advantage over the close-style DLAP-CW in gain with little influence on the bandwidth, which can potentially

improve electron efficiency in the beam wave interaction. The research in this paper will also be a foundation of the theory for open-style

dielectric-lined azimuthally periodic circular waveguide traveling-wave tube.
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