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1 Ú ó

£^1Å+ (Gyro-TWT) U
3Î�ÅÚæÎ
�ÅªÇ���)êzZ�þ?��Z>^ÅË
� [1], ´e��p©EÇ¤�X�!p�Ç�§Ï
&�>fXÚÄÀ�põÇ>^ÅË�, 3I�
S� [2−4] �¡äk��ÔÑ¿Â. 3 Gyro-TWT
�uÐL§¥, �
Jp§�ÑÑõÇ, *Ð§�
�°¿Or§�½5, IS	�ïÄÅ�mÐ

�þ�ïÄó�, 3dL§¥, ZyÑ
�
#L
�p�^>´.

þV 80 c�@Ï, {I°�¢�¿ (NRL)[5]

mÐ� Gyro-TWT ¢�æ^7á�Å� TE01 �ó
�. þV 90 c�, NRL æ^Ý/Å�î�¡ì
C(�, ¤õ/*Ð
 Gyro-TWT �ª�°Ý [6].
3Ó��Ï, Chu �mÐ
Äu�Å� TE11 �Ä
Åp�^ Gyro-TWT ¢� [7,8], T¢�æ^S9æ
C�Ñ�$���Å��p�^pª(�, ¢�
3 35 GHz Kα Åã��
 93 kW �ÑÑ, >f�

Ç�� 26%, OÃ�� 70 dB, 3 dB �°�� 8.6%.
Äu©Ù�ÑÅn, {I\²�Æâë�©� (UC
Los Angeles) Ú��d©� (UC Davis) mÐ
�g
�Å [9] Úng�Å [10] Gyro-TWT ¢�. ¢�©O
æ^
m¿Å�ÚmøÅ��p�^pª>´. ü
«p�^>´��ÑÅnaq, ÷¶�m¿U
�
ä¿��ª3Å�9þ�aA>6, ¦ÙlÅ�ø
¿¥Ë�Ñ�, ��Ñá�áÂ, l�¤�ªÀ
J©Ù�Ñ>´. 3 2000 c±�, NRL[11,12] ëY
mÐ
 Gyro-TWT ¢�. æ^�p�^>´´Äu
�Ñ0��Ú7á�m�ü��¤�©Ù�Ñ(
��m¿Å�. c�«p�^>´¦�ó��ªÉ
�$P~, ¿��ªÉ�rP~. ��«p�^(
�¦�£^1Å+äk
p²þõÇÚ�ªÀJ
Uå [13,14]. þã�EâU?¦ Gyro-TWT �5U
3ØÓ�¡k¤Jp.

3 1996 c, d Denisov �< [15,16] JÑ
^Ú
^Å«Å��pª(�5Jp£^1Å+��Ç,
O\£^1Å+��°. Ï�, �p�Åê��"
�, Ú^Å«Å��ÚÑA5�éu�Å�k
é
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��UC, Xã 1 ¤«, 3Ú^Å«Å�¥, �p
�ÅêCq�"�, >^|�+�3�°�ªÇS
Cq�~ê�Ø�". ù�ÚÑA5k|uJp
£^+����°, Jp>f5�Ç, ¿~�>f
�ÝlÑéÙ5U�K�. IS [17,18] éõü Ñ
éTa.�£^1Å+?1
�\�ïÄ. �©3
c<ïÄ�Ä:þ, XÚ/í�
Ú^Å«Å��
ÚÑ�§9Ú^Å«Å�£^1Å+5Åp�^
���5nØ. �âTnØ, �©�Ñ
 X ÅãÚ
^Å«Å�£^+�O�, ê�O�(J�®k�
¢�(JÄ��Î, `²©¥¤æ^�nØ�.Î
Ü¢SÔnL§, ^�©¤0��nØ�±ÐÚ(
½�½ó�ªãeÚ^Å«Å�£^1Å+��
�ëê. 3dó��Ä:þ, �©�O
 W Åã
Ú^Å«Å�£^1Å+, ¥%ªÇ 95 GHz, ó�
>Ø 80 kV, ó�>6 5 A, T£^1Å+� 3 dB
�°�±�� 4.5%, �ÚOÃ 52 dB, >f�Ç�
� 20%—35%, ��, �©©Û
>Ø!>6!Ñ
\õÇCzéÚ^Å«Å�£^1Å+5U�K
�. (Jw«, Ú^Å«Å�£^1Å+�±3�
��ëê��SkõÇÑÑ, �éu>65`, >
Ø�Ñ\õÇ�UCé£^+�5UK���.

ã 1 Ú^Å«Å����ª«¿ã

ã 2 ó��ªÚÑA5«¿ã

2 Ú^Å«Å��ÚÑA5

Ú^Å«Å�¥��ªÍÜ�§|I�lk
ð�d��§| (1) Ñu5).

∇× E = −jωµH − M ,

∇× H = jωεE + J ,
(1)

M �^6, J �>6. b�Ú^Å«Å�¥|
�L«Xe:

Et = Vkek,

Ht = Ikhk,
(2)

Ù¥, ek, hk �|.¼ê, Vk, Ik �|.¼ê��Ì,
|.¼ê½ÂXe:

ek = iz ×∇tΠk, hk = iz × ek, (3)

Ù¥ Πk �â[¼ê, §÷v²0¿[�§

∇2
tΠk + k2

ckΠk = 0, (4)

)�

Πk =

√
2
π

cos (mφ) Jm (kcr)

÷
{[

(kca)2 − m2
]1/2

Jm (kca)
}

.

Ú^Å«Å�/GXã 3 ¤«3�Å�L¡k�
���/C, Ù�» r �

r = r0 + a1 cos (mBφ + kBz) , (5)

± r0 ? � ë � � Å � L ¡ � », ∆r =
a1 cos (mBφ + kBz), ∆r �Å�L¡ lë�²¡
�ål. ·�^�6{5¦)Ú^Å«Å��¥�
ÍÜ¯K, 3¦)L§¥, Cq/b½�Å�L¡
���£Äé�5L¡þ��^|Ú{�>|�
K��±�Ñ, §��^==´3�5�Å�L¡
þ�)Ñ��>|, ù�|3>.£Äc´Ø�
3�, b�Ú^Å«Å�L¡/C� ∆r, K§3�
Å�ë�¡Úå�N\>|� [19]

∆E · it = jωµ∆r(in × H) · it + ∇(En∆r) · it, (6)

it Ú in Ú©O�L�Å�SL¡���Ú{�ü
 ¥. L¡�6>|����L¡^6 M , ��L
¡^6�

M = −in × ∆E. (7)

ò (2) ª�\� (6), (7) ª, ��L¡^6�ä>L
��ªXe:

M = iφ

(
jωµ∆rHφ +

∂(Er∆r)
(∂z)

)
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+iz

(
jωδHz −

1
r

∂(Er∆r)
(∂φ)

)
. (8)

�
O��B, Ó��Ä�3Ú^Å«Å�L¡�
3p�±Ï, ·��Xeb�:

Vi = Bi+eikBz + Bi−e−ikBz, (9)

3e©¥, eI i L«\�� TE11 �, eI k L
«ÍÜÑ� TE21 �. ^ Bi+eikBz L«\�Åc�
Å��Ì, ^ Bi−e−ikBz L«\�Å��Å��Ì.
ò (8), (9) ª�\� (1) ª, ��ÑXeÍÜ�§|:

d2Vk

dz
= −k2

zkVk − κBi+, (10)

∂Bi+

∂z
− ihBl+ = i

1
2
κVk, (11)

Ù¥

κ = υkυi

[
r4
0k

2
ckk

2
ci − r2

0mkmi

(
k2
ck − kBh

)] a1

r3
0

,

h = kzi − kB,

mi, mk L«�ª����ê, mB �Å���¡
þ�òºê, nö÷v mi − mk = mB. �Ò´
` mi = 1, mk = −2, mB = 3, =\�� TE11 �4
z���ÍÜÑ� TE21 ��4z����, ù�
:�~�, Ï��TÅ�^�£^1Å+�pª
(��, I��âd5(½Ñ>f�^=��, Ä
K>fØUòUþD4�>^|. b��§äk/
ª) e−iβz , �\ (10) ª, ��XÚ�eÚÑ�§�

(β2 − 2∆f)
(

β + ∆g −
∆f

h0

)
=

2σ2

h0
, (12)

Ù¥, ∆f = (k − k0)/k0, ∆g =
(
h̄ − h0

)
/k0, h0 =√

k2
c21 − k2

0B/k0, σ = κ/k2
c21. h0 L « Å ê �

u TE21 ���Åê�� TE11 �8�zp�Å
ê, h̄ �Å�L¡�p�Åê, b� d �Å�p�±
Ï, K h̄ = 2π/d. Ú^Å«Å�ó��ªÚÑA5
Xã 2 ¤«. «� D �£^+�ó�ªã, E :�
8�z�+��$:. AOI�5¿��, +��
�:3î�I¶þ� ��~�, §ò��K�
	\^|���, lK�5Åp�^�ÓÚ^�
UÄ�ª¢y.

ã 3 Ú^Å«Å�«¿ã

3 >f$Ä�§

b � � > f p � ^ � TEmn � p � ^ |
L«�

Hz = if(z)Jm(kmnρ)ei(ωt−mφ), (13)

K3±>f£^¥% O1 ��:, ±p�� z ¶�
��Ú�IX (Xã 4) eî�|��©þ�

Hr =
kz

kmn
f (z) J ′

s (kmnrL)

× Jm−s (kmnrc) eiωt−i(m−s)φc−isθ, (14)

Hθ = − iskz

rLk2
c

f (z) Js (kmnrL)

× Jm−s (kmnrc) eiωt−i(m−s)φc−isθ, (15)

Er = − iω
crLk2

c

sf (z) Js (kmnrL)

× Jm−s (kmnrc) eiωt−i(m−s)φc−isθ, (16)

Eθ = − ω

ckmn
f (z) J ′

s (kmnrL)

× Jm−s (kmnrc) eiωt−i(m−s)φc−isθ. (17)

>f?\�p�^ã±�, ÉâÔ[å�^, Ù$
ÄG�ò¬UC, 3dL§¥, >fòÙ��ÄU
D4�pª|l¦�|���, �âÚî1�½
Æ��>fÉå�§�

dp

dt
= −e

[
E +

v

c
× (H0 + H)

]
, (18)

Ù¥, p = γmev �>f�Äþ, ©¥O��b�ó
�^|�÷¶��þ!·^|, = H0 = H0ez , H

�I����pª^|. >fUþ�Cz^Äþ½
n5L«:

dε

dt
= −evtEt, (19)

ε = γmec
2 L«>f�Uþ, Et L«ó��ª�î

�>|. 3�Ú�IXe, >fÉå�¥þ�§Ï
~�±©)�8�Iþ�§, =>f¶�Äþüz
�§, >fî�Äþüz�§, >f£^�üz�
§, >f�Ú¥%�»�¥%�üz�§. 3¢S
�O�¥, ²~�Ñ�Ú¥%�¤£, �, éu>
f�î�Äþ, p�Äþ9Ù�éØÏfùn�C
þ, �I��Ù¥��þ, =�Cq¦ÑÙ¦ü�
þ. ¤±�±^ü��§5L«��>f�$ÄG
�Cz, =�éØÏf��CÏf�üz�§. ²
LO��±�þãü�§�äNL�/ª�

dϑ

dς
+

k

kc21
− s

kH

γ

βz
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=
e

mec2

1
γβtβz

× Im
[(

s2

rH
− rH

)
1

kc21
fe−iϑ

]
× Js (kmnrL) Jm−s (kmnrc) , (20)

dγ

dς
=

e

mec2

βt

βz
J ′

sJm−s

× Re
(

1
k0

fe−iϑ

)
, (21)

Ù¥, �C��½Â� ϑ = sθ − ωt + (m − s) φc.
kc21 � TE21 ����Åê, s ��Åê, rL �.
#��», rc �>f£^¥%�Å�¥%�ål.
βt, βz �8�z�î�>f�Ý�p�>f�Ý.
ò (13) ª�\ (1) ª��ó��ª�Ì�üz
�§�

d2

d(k0z)2

(
e

mec2

1
kc21

f

)
+

(
kz

k0

)2 (
e

mec2

1
k0

f

)

= −i
8

eI

mec3
Jm−s(kmnrc)

NA

1
2π

×
∫ 1π

0

βt

βz
J ′s(kmnrL)eiϑldθ0, (22)

Ù¥, NA = J2
m (kmnrw)

(
χ2

mn − m2
)
.

ã 4 >f�Ú�IX«¿ã

4 5Åp�^�§|

3Ú^Å«Å�£^1Å+¥, >f5��
� TE21 �p�^, ¦�Uþ3>f� TE21 ��m
ÍÜ, Ó�, Å�L¡�/CJø
,	�«Uþ

ÍÜÅn, ¦�Uþ3 TE11 � TE21 ��mÍÜ.
Äuù«ÔnL§, Ú^Å«Å�£^1Å+�5
Åp�^nØ��Å�£^1Å+�p�^nØ
�kØÓ. lêÆ�Ý©Û, Ò´�éÜ�§ (10)
��§ (20), 3L«�>fp�^� TE21 ��Ì
üz�§ (20) �m>\þÍÜ� −2κBi+, L«>
f�Uþ3ÍÜ���Ó� TE21, �ÍÜ� TE11

�. ��p�^�§|��õ\\��L«Uþ3
ü��ª�mp�ÍÜ��§, =�§ (11). �

�����5Åp�^�§|, �I���
êÆ
þ�?n. '� (1) ª� (23) ª�±��

Vk = −[ωfk(z)]/[Ckck
2
c ], (23)

Ù¥, Ck =
√

2
π

/

{[
(kca)2 − m2

]1/2

Jm (kca)
}

, �

8�zXê. ò (34) ª�\� (30) ª��

∂

∂ς
[kfi(z)eikBz] + i

(
∆f

h0
− ∆g

)
×[Kfi(z)eikBz]

= −i
σ

h0
fk, (24)

Ù¥

K =
[(kcia)2 − m2

i ]
1/2Jmi(kcia)

[(kcia)2 − m2
k]1/2Jmk(kcka)

k2
ck

k2
ci

, (25)

fi L « \ � � TE11 � � � Ì, fk L « Í Ü Ñ
� TE21 ���Ì. nþ¤ã, éÜ (10), (11), (20),
(21), (22) ª, ���Ú^Å«Å�£^1Å+�p
�^�§|Xe:

dγ

dς

=
βt

βz
J ′

s(rH)Jm−s(kmnrc)Re
(
fe−iϑl

)
, (26)

dϑ

dς
+

(
k

kc21
− skH

γ

)
/βz

= − 1
γβtβz

Re
[
i
(

s2

rH
− rH

)
fe−iϑl

]
× Js(rH)Jm−s(kmnrc), (27)

d2f

dς2
+ 2∆ff

= −2σb − i
8ÎJmA−s(r̂g)

NA

× 1
2π

2π∫
0

βt

βz
J ′

s(r̂H)eiθdθ0, (28)

∂

∂ς
b + i

(
∆f

h0
− ∆g

)
b
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= −i
σ

h0
f, (29)

Ù¥�ëê�

rH = γβt/kH, kH = eH0/
(
mec

2kc21

)
,

h0 =
√

k2
c21 − k2

c11/k2
c21,

K =
[(kcia)2 − m2

i ]
1/2Jmi(kcia)

[(kcia)2 − m2
k]1/2Jmk(kcka)

k2
ck

k2
ci

,

b = K
e

mec2kc21
eikBzfk(z),

f =
e

mec2kc21
fi, σ = κ/k2

c21,

∆f = (k − kc21)/kc21,

∆g = (h̄ − h0)/kc21. (30)

35Åp�^�§|¥ γ L«>f��éØÏf,
ϑ L«�C� , f L«8�z� TE21 ���Ì, b

L«8�z� TE11 ��Ì, ς L«8�z�p�^
ål, kc21 � TE21 ����Åê, Ù¦��ëê�
¹Âuþª¥�Ñ. I�5¿, rc �L�´>f5
�£^¥%?��», 3Ú^Å«Å�£^1Å+
¥, æ^�´�;�£^>fl, rc = 0. 'u f � b

�ÍÜ�§¥, �A�§Ò®²�K. 35Åp�
^�§|¥, �§ (24), (25) þ¹k Jm−s (kmnrc),
�l�¼ê�5�Xã 5 ¤«, �k"��l�¼
ê3gCþªu"�¼ê�Ø�". 3Ú^Å«
Å�£^1Å+¥, ¤æ^��£^�»>fl,
s = 2, ¤±�k�pª|����ê m �u 2 �,
�§ (24), (25) �m>âØ�u", �Ò´`, 3Ú
^Å«Å�£^1Å+�¥, >f5�� TE21 �
u)p�^.

ã 5 �l�¼ê)�5�

XJ^ Pin L«Ñ\õÇ, KÑ\õÇ�pª

|�Ì�'XXe:

Pin =
c

8
(ifi)2

kkz

k4
ci

(p2
mn − m2

i )J
2
m(pmn). (31)

dd�±�� b �Ð��

b(0) = Kfi(0)

=
−i

[(kcka)2 − m2
k]1/2Jmk(kcka)

× kcka

kcia

√
8k4

ci

ckkz
Pin. (32)

5¿3ùp, ò fi (0) �Ð���

fi (0)

= −i

√
8k4

ci

(p2
mn − m2

i ) J2
mi

(pmin) ckkzi
Pin.

\þJêü ´�
��3¦õÇ�ÑyKÒ. >
f�Ç�O�

η =
〈

γ0 − γ

γ0 − 1

〉
, (33)

〈· · ·〉 �Lé¤k>f?1²þ, 3d·�b�¤k
>f���Uþ�Ü=z�|O\�Uþ. I�`
²�´, 3(½ó�^|��ÿ, ���âó��
ª��$+�:?1��. �âc©í�, 5Åp
�^�L�ª�

∆f = ∆H + h1βz0, (34)

h1 �ó��ª���+�, XJ�Ñþªm>1�
�, K ∆f ≈ ∆H, ùL²��+�¤3:� �ò
��K�T£^1Å+�^| ∆H ���, �Ò´
`Å��L¡åÏ�p��6±ÏéT£^1Å
+�5Uk�~��K�.

5 ê�©Û

� 
 � y p � ^ � § | � � ( 5, � © æ
^ Bratman 3 2000 c [20] ��� X ÅãÚ^Å«
Å�£^1Å+�ëê?1
O�, (Jw«, �
©O��(J (ã 6) �¢S¢�¤ÿêâ (ã 7 e
¡��¤«) Ä��Î. O��¤æ^�ëêX
e: Å�²þ�» 14.2 mm, Å�L¡åÏ 1.5 mm,
Å�L¡p�±Ï 37.5 mm, ó�^| 0.22 T, >
Ø 185 kV, >6 19 A, T£^1Å+���ÑÑõ
Ç�� 1.1 MW, �ÚOÃ�� 35 dB. ê�O�(
J�¢���(JÄ��Î, `²�©æ^�nØ
�.´ÎÜÚ^Å«Å�£^1Å+�¥�¢S
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ÔnL§�, ^§�±ÐÚ�OÚ^Å«Å�£^
1Å+���ëê.

�©3þãó��Ä:þ�O
 W ÅãÚ^
Å«Å�£^1Å+, ¿éÙ��ëêé£^+5
U�K�?1
O�. �Ä�¢Só§�¹, O�
��©æ^
f�éØ>f, >Ø 80 kV, >6 5 A,
Ñ\õÇ 1 W, O�(JXã 8 ¤«. ± 95 GHz �
¥%ªÇ, W ÅãÚ^Å«Å�£^1Å+� 3dB
�°�� 4.5%, �ÚOÃ�� 52 dB, >f�Ç
� 20%—35%. ²O�uy, >6�Czé>f�
Ç¿vk���K�, Xã 9 ¤«, �>6O\�,
�A�OÃ\�, ¤±3Ú^Å«Å�£^1Å+

ã 6 O�¤� X ÅãªÇ�OÃ�'X

ã 7 ¢�ÿ� X ÅãªÇ�OÃ�'X [20]

ã 8 ÑÑõÇ�ªÇ�'X

ã 9 >6UCéOÃ�K�

ã 10 >ØUCé>f�Ç�K�

ã 11 Ñ\õÇUCé>f�Ç�K�

��O¥, A�¦þJp>fl�>6, ù�¬¦
�Ñ\>f5�õÇO�, l¦�OÃO�. ,
	, lã 10 �±wÑ>Ø�UCØ=é>f�Ç
�UC��, �§�¬Úå���°�UC9�
�ÑÑõÇ¤3�ªÇ:, ù´Ï�>Ø�UC¦
�5Åp�^�ÓÚ^�Ø2÷v, l¦1Å+
ØU�Uó�. ã 11 �NÑÑ\õÇCz�, é£
^+�¬�)��K�, §�Cz�>Ø��¬Ó
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�UC>f�Ç, ���°9��ÑÑõÇ¤éA
�ªÇ:. ¤±�
½Ú^Å«Å�£^1Å+
�ÑÑõÇ, �±§�½5, A�¦þ½Ú^
Å«Å�£^1Å+�ó�>Ø, Ó�A�¦pª
|�Ñ\õÇ�±½.
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Abstract
Gyro-TWT is one of the most promising candidates for the application of the transmitter microwave source of the next-generation

imaging radar; meanwhile, it plays an important role in national security. Gyro-TWT with helical waveguide is capable of generating

broad-bandwidth radiation, as well as high stable ability. In this paper, we derive the dispersion equation of helical waveguide and

the non-linear theory of calculating the beam-wave interaction. Numerical stimulation results accord with the experimental results.

We design a W-band gyro-TWT operating at a 80 keV, 5 A electron beam, which can produce an output power of 142 kW, with 3 dB

bandwidth 4.5%, cantral frequency 95 GHz and saturation gain 52 dB. Finally, we calculate the effect of variation of voltage and current

on the output performance of gyro-TWT with helical waveguide.

Keywords: gyro-TWT, helical waveguide, non-linear beam-wave interaction
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